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Abstract: Cognitive radio vehicle ad hoc networks (CR-VANETs) can utilize spectrum
resources flexibly and efficiently and mitigate the conflict between limited spectrum re-
sources and the ever-increasing demand for vehicular communication services. However,
in CR-VANETs, the mobility characteristics of vehicles as well as the dynamic topology
changes and frequent disruptions of links can lead to large end-to-end delays. To address
this issue, we propose the social-based minimum end-to-end delay routing (SMED) al-
gorithm, which leverages the social attributes of both primary and secondary users to
reduce end-to-end delay and packet loss. We analyze the influencing factors of vehicle
communication in urban road segments and at intersections, formulate the end-to-end
delay minimization problem as a nonlinear integer programming problem, and utilize
two sub-algorithms to solve this problem. Simulation results show that, compared to the
intersection delay-aware routing algorithm (IDRA) and the expected path duration maxi-
mization routing algorithm (EPDMR), our method demonstrates significant improvements
in both end-to-end delay and packet loss rate. Specifically, the SMED routing algorithm
achieved an average reduction of 11.7% in end-to-end delay compared to EPDMR and
25.0% compared to IDRA. Additionally, it lowered the packet loss rate by 24.9% on average
compared to EPDMR and 32.5% compared to IDRA.

Keywords: social network; cognitive radio; vehicular ad hoc networks; delay minimization

1. Introduction
As a special type of mobile ad hoc network, owing to IEEE 802.11p/DSRC technol-

ogy [1], the research and development of vehicular ad hoc networks (VANETs) holds signif-
icant importance for the advancement of intelligent vehicles and intelligent transportation
systems [2]. Cognitive radio technology addresses the spectrum scarcity issue in VANETs,
forming cognitive radio vehicular ad hoc networks (CR-VANETs). In CR-VANETs, there
are primary users (PUs) and secondary users (SUs). PUs are paying customers and have the
privilege to access authorized channels for communication at any time. SUs are non-paying
users or vehicles, and they can utilize the authorized channels when PUs are idle [3]. This
technology enables vehicles equipped with cognitive radio devices to dynamically utilize
spectrum resources allocated to PUs, thereby enhancing network efficiency.

Figure 1 presents a multi-hop vehicle-to-vehicle (V2V) communication system within
an urban expressway context, considering an overlay cognitive radio (CR) network. The pri-
mary network is composed of several cellular base stations (BSs) and primary users (PUs).
Each BS serves multiple PUs within its coverage area. We assume the expressway is divided
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into a number of segments, each fully covered by the transmission range of at least one BS.
The BS with the largest coverage area for a specific road segment is selected to handle
V2V communication in that segment. In CR-VANETs, the key difference from traditional
VANETs is the addition of the cognitive radio functionality across the stack, which enables
dynamic spectrum management and efficient utilization of the spectrum. The protocol
stack can integrate various standard vehicular communication protocols (like IEEE 802.11p)
with cognitive radio mechanisms for spectrum management and interference mitigation.
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Figure 1. A typical scenario of CR-VANETs.

CR-VANETs have cognitive properties like intermittent, dynamic access to the PUs’
authorized channel. In CR-VANETs, vehicles cannot move around arbitrarily because
of road structures, and vehicles usually move quickly. These factors lead to a lot of link
disruptions and instability that cause some end-to-end delays. It implies the unsuitability
of traditional ad hoc networks routing protocols and the necessity of improved routing
protocols compatible with CR-VANETs [2].

Social attributes among users are long-term and stable relationships, which can be
utilized to implement reliable routing strategies in CR-VANETs and reduce the delay
caused during vehicular communications [4]. Specifically, the social attribute of PUs
refers to the stable behavior patterns they tend to follow. This is because PUs, such as
cell phone users and TV viewers, are either human-operated or controlled by humans,
and their behaviors typically exhibit predictable and stable patterns. Moreover, the key
attributes of SU vehicles focus on similarity and centrality. On one hand, a higher similarity
between two vehicles leads to more frequent and prolonged encounters, which enhances
link stability and reduces the likelihood of link interruptions. On the other hand, a vehicle’s
centrality in the network—characterized by the number of connections it maintains or the
frequency of shorter paths that pass through it—makes it more prone to relaying data,
thereby ensuring the maintenance of stable communication links. Therefore, in this paper,
we conduct a routing study on the characteristics of CR-VANETs and social attributes
among users, utilizing the users’ social attributes to make routing decisions and minimize
end-to-end delays.

Vehicles that are equipped with wireless communication devices can communicate and
share information among themselves. The US Federal Communications Commission (FCC)
has allocated dedicated short-range communication channels for intelligent transportation
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system services. However, in recent years, with the increasing number of vehicles and
the growing demand for vehicular applications (such as collision avoidance, safety alerts,
remote vehicle diagnostics, file downloads, web browsing, and video streaming), wireless
spectrum resources are becoming increasingly limited [5,6]. To enhance the utilization of
wireless spectral resources, researchers have integrated cognitive radio technology with
vehicle communication to utilize limited resources more flexibly and efficiently, thus giving
rise to CR-VANETs [7].

Existing research on CR-VANETs predominantly focuses on the lower layers of the
protocol stack, such as the physical layer and the medium access control (MAC) layer.
However, the routing scheme poses a critical bottleneck in the overall network perfor-
mance, and CR-VANETs still face numerous unresolved issues. Unlike traditional cognitive
scenarios, the dynamic spectrum of the cognitive environment and the mobility of vehicles
frequently cause links between vehicles to disconnect, making routing decisions difficult [2].
Direct application of existing cognitive ad hoc networks or vehicular ad hoc network rout-
ing protocols to CR-VANET will lead to outdated decisions and packet loss issues [8,9].
Consequently, the design of routing strategies for CR-VANET environments is challenging.

Researchers have designed routing strategies for a fully interconnected environment
in CR-VANETs, aiming to establish end-to-end connections from source vehicles to target
vehicles. However, unlike traditional networks, the links between vehicles are unstable
and prone to disconnections due to frequent changes in network topology, which can lead
to waiting delays. The delay is one of the primary metrics to be considered when designing
protocols or routing algorithms, and a low-latency network is not only a prerequisite for
ensuring a good user experience in CR-VANETs but also a prerequisite for low-latency
vehicular applications. Traditional cognitive ad hoc networks typically use fixed or mo-
bile phone nodes for communication, which move slowly without considering dynamic
spectrum access or the high-speed mobility characteristics of vehicles [10,11]. Therefore,
routing strategies in traditional cognitive ad hoc networks are not suitable for CR-VANETs,
which prompted researchers to look for long-term network characteristics that are more
stable than spectrum changes and node mobility characteristics.

Social relationships in CR-VANETs reflect human interactions due to the human-
centric nature of devices like vehicles, similar to those in MANETs, PSNs, and MSNs.
These relationships are stable as people tend to follow consistent behaviors, encountering
each other due to shared routines and interests [12,13]. Additionally, the predictable
activity patterns of PUs offer insights into the available spectrum for SUs in CR-VANETs,
further supporting the stability of social relationships [14]. Thus, social relationships
in CR-VANETs truly reflect the relationships between people and are relatively stable
with long-term characteristics, and they can be used to design reliable routing strategies
in CR-VANETs. Most existing analytical models of social networks mainly consist of
two components, centrality and community [15]. Centrality is defined as a metric to
measure the topological importance of nodes in a network, while community indicates
that individuals naturally form groups based on their social relationships. Recently, some
routing strategies based on social awareness have been proposed, mainly used in cognitive
ad hoc networks and VANETs, using centrality and community metrics to improve delivery
performance. However, these methods only consider the social patterns of the PUs or
only focus on the social characteristics of the vehicle mobility patterns, which fails to find
an optimal solution in CR-VANETs, which will lead to a routing strategy. Therefore, in
this paper, we introduce the concept of social attributes into CR-VANETs to explore the
interrelationships between wireless devices and design routing algorithms.

This paper is based on our previous work, which focused on the social-based cognitive
radio vehicular ad hoc networks model in urban scenes (SVMU). The SVMU utilized
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social attributes to model and predict the activity patterns of PUs and the probability
of link stability. According to the SVMU, we propose the Social-based Minimum End-
to-End Delay (SMED) routing algorithm for CR-VANETs in this paper. We first analyze
the factors affecting inter-vehicle communication in road segments and at intersections.
We compute the end-to-end delay of communication that is from the source vehicle to
the destination vehicle, deduce the constraints, and formulate the routing optimization
problem as a nonlinear integer programming problem. Moreover, we propose the delay-
minimizing routing algorithm for the two environments of road sections and intersections,
respectively. We employ routing metrics based on the social attributes of PUs and the
similarity of SU vehicles and adopt the social-based minimum delay routing strategy in
road segments. Furthermore, we employ routing metrics by considering the social attributes
of PUs, the angle between the intersection segment and the destination vehicle, and the
social attributes of SU vehicles. We take into account the interference of social attributes,
intersection directions, and traffic lights with vehicle communication. Additionally, we
adopt the social-based minimum delay routing strategy in intersections to achieve the
objective of end-to-end delay minimization.

2. Related Work
2.1. Current Research of Social-Aware Cognitive Ad Hoc Networks Routing

Cognitive radio ad hoc networks (CRAHNs) can enable SUs to timely access the
spectrum allocated to PUs. Given the intermittent connections and spectrum availability,
the challenge in CRAHN is to reliably and effectively transmit messages between SUs.
To address this challenge, T. Jing et al. [16] came up with SoRoute, a social-aware oppor-
tunistic routing and relay selection scheme. It first uses a new mobility model that takes
into account social relationships to predict how reliable a link will be and then combines
SU relationships to decide on routing and relays. Additionally, many works have not con-
sidered SUs’ activities in spectrum analysis and decision-making. Considering this issue,
J. Lu et al. [17] used real data sets of cell phone usage records to estimate the likelihood
of PUs’ activities. They then used PUs’ activities to figure out the spectrum opportunities
between two communicating SUs. L. Zhang et al. [18] defined two new routing metrics:
transmission success probability and average transmission delay. These metrics were used
to estimate spectrum availability, assess the dynamic state of global statistical spectrum
usage, and determine the local instant spectrum resources. According to the proposed
routing metrics, two relevant routing algorithms are designed. J. Yang et al. [19] studied
cooperation between the PU’s network and the SU’s network through content caching.
Based on the CCRN system model, an optimization problem is formulated to maximize
the transmission rate of SUs under the constraint of minimizing the data transmission
rate of PUs. Recent works have extensively addressed social-based VANET link reliability
estimation and prediction, which is crucial for improving network performance in vehicular
communication. Notable studies in this field include Petrov et al. [20], which presents
an analytical approach for estimating vehicular communication reliability for intersection
control applications. Gatate et al. [21] proposed a routing mechanism based on spectrum
availability. The estimation of spectrum availability and spectrum quality is based on dis-
tance and the Received Signal Strength Indicator (RSSI). Routing is executed by assigning
path weights and selecting the best path with the smallest path weight.

2.2. Current Research of Social-Aware Vehicular Ad Hoc Networks Routing

Actually, routing algorithms designed for CRAHN cannot be applied to VANET.
The challenge is that the unique characteristics of the vehicular environment, such as high
mobility and the potential for vehicle cooperation, add complexity to maintaining stable
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communication links and making effective routing decisions. By identifying people’s
social behaviors, the effectiveness of routing mechanisms in VANET can be enhanced.
Hafeez et al. [22] introduced a fuzzy-aided social-based routing (FAST) protocol. FAST
utilizes human social behaviors to improve routing decisions. To transmit data from source
to destination, it uses previous traffic-related information. Y Song et al. [23] proposed a
social prominence-based routing (SPBR) algorithm that can accurately identify the nature of
connections between nodes. They also proposed a social universality to evaluate the social
strength of nodes in the system. T Le et al. [24] proposed a socially aware routing technology
that can improve fairness and throughput. To complete the task at hand, a node is selected
based on the possibility of multi-hop delivery and its line length. Abdelaziz et al. [25]
established a connection between VANET and OSN, assessed the honesty of drivers using
their OSN data, and integrated vehicle-to-vehicle and OSN-based trust to determine the
overall trust in various vehicles and their drivers. Kerrache et al. [26] proposed a trust-aware
communication architecture (TACASHI) for social IoV. TACASHI provides a trust-aware
social in-vehicle and vehicle-to-vehicle communication architecture for SIoV and also
considers the driver honesty factor based on OSN, which is superior to previous proposals
(i.e., RTM and AD-IoV).

2.3. Current Research of Cognitive Radio Vehicular Ad Hoc Network

X Tang et al. [27] proposed a network coding-based CRAHN geographic segmented
opportunistic routing scheme, which calculates the forwarding set for each short-term
opportunity routing segment using only local spectrum opportunities, topology informa-
tion, and geometric conditions, thus better adapting to the dynamic spectrum environment
and constantly changing network topology in CRAHN. J. Wang et al. [28] proposed a
social-aware routing scheme for CRAHN based on cognitive radio, aiming to improve
the data packet delivery rate and reduce the overhead rate. They also developed a social
community division algorithm to classify SUs into intracommunity and intercommunity
groups. Priyadharshini et al. [29] built a vehicular sensor network based on cognitive radio
and an optimal tree routing protocol, where the cognitive radio network’s tree routing
protocol effectively coordinates the tree routing module and channel allocation module. An
artificial fish swarm algorithm is used to select the optimal root channel. Smida et al. [30]
introduced a link efficiency and experience quality-aware routing protocol (LEQRV) to
improve video stream configuration in urban vehicular ad hoc networks. LEQRV uses an
enhanced greedy forwarding method to create and maintain stable, high-quality video
streaming routes. It improves experience quality performance by increasing the achieved
QoE score and reducing end-to-end delay and frame loss. R. Shen et al. [31] studied the
power allocation problem in downlink MIMO-NOMA systems, first formulating the power
allocation problem as a weighted rate maximization problem and then introducing a series
of transformations based on quadratic transformation and Lagrange dual transformation
to convert the original problem into a convex problem. J. Wang et al. [32] proposed a
delay-tolerant routing and message scheduling (DTRM) scheme for non-real-time appli-
cations in CR-VANET, aiming to maximize delivery rate and reduce delivery overhead.
J. Wang et al. [33] proposed a multi-hop forwarding scheme to minimize the end-to-end de-
lay in CRAHN supported by cognitive radio. A low-delay forwarding strategy is proposed
by considering channel availability and delay costs of relay candidates in different scenar-
ios. In order to improve forwarding efficiency, Lee et al. [34] designed a relay selection
algorithm that encourages occasional co-riding on a common path to a public intermedi-
ate point. R C et al. [35] proposed a framework model for collaborative centralized and
decentralized spectrum bandwidth-aware vehicular networks to demonstrate the value
of spectrum efficiency. The designed architecture addresses the challenges of spectrum
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depletion and high mobility. Singh et al. [36] proposed a new routing strategy for vehicular
delay-tolerant networks. The proposed routing strategy selects efficient vehicular relays to
complete data packet transmission and intelligently reduces packet loss to achieve timely
packet delivery. Awe et al. [37] proposed and studied a classifier that uses a second-order
Kalman filter tracker based on the pilot to estimate the slowly changing channel gain
between the PU transmitter and the mobile SU. Reddy et al. [38] proposed an integrated
solution that integrates reliability routing, estimated link failure, and selective backup
routing to minimize packet loss through retransmission, reconstruction, and rerouting,
while also monitoring congestion through packet rate control. Z Zhang et al. [39] designed
an efficient waiting channel hopping sequence for rapid channel convergence between
nearby SUs and proposed a new link metric, transmission efficiency, which characterizes
the transmission distance and channel convergence delay.

In urban environments, cognitive radio vehicular networks experience significant
delays, and existing research has not considered the social attributes of both PUs and SUs,
failing to achieve optimal routing effects. Much of the research that considers social at-
tributes is based on traditional cognitive ad hoc networks, where nodes are predominantly
fixed or mobile at a slower pace, such as mobile phone nodes. These do not reflect the
characteristics of rapid vehicle mobility and the dynamic nature of topology changes in
cognitive radio vehicular networks and thus cannot be directly applied to such networks.
Moreover, current routing protocols in cognitive radio vehicular networks do not aim to
minimize delay, nor have they taken into account the impact of the PU’s activity and the
relationships between SUs on end-to-end communication delays during vehicle communi-
cation. Additionally, urban environments have numerous intersections, which limit the
direction of vehicle movement, and traffic lights at intersections also have a significant
impact on inter-vehicle communication. So, vehicle communication in urban cognitive
radio vehicular networks is influenced by a combination of intersection directions, traf-
fic lights, PU interference, and link stability factors. However, existing research has not
comprehensively considered all these factors in the design of routing algorithms.

3. Social-Based Link Reliability Prediction Model for CR-VANETs
In this study, we propose a model that integrates PU and SU behaviors to pre-

dict link reliability and minimize delay in vehicular networks. The assumptions for
Algorithms 1 and 2 are grounded in theoretical frameworks that are commonly used in the
literature [40,41], including the IEEE 802.11p standard for vehicular communication and
models for sensing channel occupancy and PU activity probability. To better account for
real-world dynamics, we have incorporated elements such as vehicle mobility, PU activity,
and intersection scenarios into our model. These elements are modeled probabilistically
using social attributes, including encounter frequency and encounter duration between
vehicles, as well as the behavior of PUs.

We simulate the urban road environment and model the system with social attributes
and network characteristics. This is the basis for designing an urban environment to
minimize end-to-end delay routing. In our previous work [42], we designed a cognitive
vehicular network model that integrates PUs’ and SUs’ social attributes and accurately
predicts the probability of active PUs and link stability. We abstracted the urban road
scenario as an idealized grid structure, considered the impact of PUs’ and SUs’ social
attributes on vehicular communication, and designed the PU’s social model and SU’s social
model according to the PUs’ and SUs’ social characteristics, respectively. Since the network
model is the basis of routing algorithm design, we also establish a network model based
on social attributes, including the PU’s network model and the SU’s network model, and
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perform link stability prediction based on social attributes. We have proved the correctness
and reliability of this model in our previous work [42].

In the PUs’ social model, since PUs are human beings and the activity of each human
being has a certain regularity, it can be inferred that the PUs’ activity situation in the
cognitive vehicular network is consistent with the user activity situation. Previous analysis
of the MIT Reality and UCSD traces [43] reveals that the activity distribution of PU closely
follows a normal distribution. While other distributions, such as the folded normal, log-
normal, or Rayleigh distributions, could be considered, we chose the normal distribution
for its simplicity, mathematical properties, and strong fit to the data. In our previous study,
we concluded that the activity of master users follows a normal distribution N(µ, σ), where
µ is the expectation, σ is the variance, and f (x) is the probability density function, as
shown in Equation (1).

f (x) =
1

σ
√

2π
e−

(x−µ)2

2σ2 (1)

In Equation (1), x represents time, and “activity” refers to the probability of a user being
active at each specific time x, with the distribution describing how this probability varies
over time. In the context of a normal distribution, a negative value usually corresponds to
a data point located to the left of the mean on the distribution curve. When computing a
“z-score”—a standard measure of how far a data point deviates from the mean—a negative
z-score signifies that the value is below the mean. Thus, it models the symmetric behavior
of activity around a mean time, with values of x (time) being both positive and negative
relative to the mean.

The cumulative density equation is shown in Equation (2).

F(x) =
∫ x

−∞
f (t) · dt = ϕ(

x− µ

σ
) (2)

The probability p(t1, t2) (discrete time) that a PU will be active from t1 to t2 can be
calculated as shown in Equation (3).

p(t1, t2) = ϕ(
t2 − µ

σ
)− ϕ(

t1 − µ

σ
)(discrete time) (3)

Thus, the probability pt that the PU is active in the time slot si can be calculated, as
shown in Equation (4).

pt = ϕ(
tτ − µ

σ
)− ϕ(

(t− 1)τ − µ

σ
)(discrete time) (4)

Then the probability that there is no available channel from t1 to t2 can be obtained
by Equation (3), as shown in Equation (5),

q(t1, t2) = (p(t1, t2))
C (discrete time) (5)

where p(t1, t2) represents the probability that the PU is active from t1 to t2, calculated by
Equation (3), and C is the total number of channels.

Similarity is defined as the product of encounter frequency and duration, reflecting
the strength of the relationship—higher frequency and longer duration indicate stronger
connections and more stable communication. Vehicles classified as “friends” based on
higher similarity are more likely to establish stable communication links with a higher prob-
ability of successful data transmission. Thus, we define similarity based on the encounter
frequency and the encounter time of the SU vehicle, as shown in Equation (6),
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sim(Vi, Vj) =

{
fij · tij Vi and Vj are f riends

0 else
(6)

where fij represents the encounter frequency between Vi and V j, and tij represents the
encounter duration between Vi and Vj. Following Granovetter’s theory [44], we classify ve-
hicle relationships into four categories based on encounter frequency and duration: (1) high
frequency/long duration, (2) high frequency/short duration, (3) low frequency/short dura-
tion, and (4) low frequency/long duration. Vehicles in categories (1) and (4) are considered
“friends”, while those in categories (2) and (3) are “strangers”.

We adopt the degree centrality and the betweenness centrality to measure the degree
of importance of a node in the whole network, as shown in Equations (7) and (8).

d(i) = ε∑j∈Fi
λ ,j ̸=i lij + ∂∑j∈V,j/∈Fi

λ ,j ̸=i lij (7)

The degree centrality indicates the sum of the number of links between node i and
its strangers and the number of links between i and its friends. Where ε + ∂ = 1, ε > ∂, lij
denotes the weight over link between Vi and Vj , Fi

λ is the friend set of Vi.

bc(i) = ∑| j ̸= i ̸= k
| j, i, k ∈ V

ωjk(i)
ωjk

(8)

In our model, the betweenness centrality is based on the number of shortest paths
passing through vehicle Vi. Specifically, for each source-destination node pair (vehicle Vj

and Vk ), we count the number of shortest paths passing through node Vi (denoted as ωjk(i))
and divide it by the total number of shortest paths between all node pairs (denoted as ωjk).
This gives us the centrality metric for vehicle Vi, reflecting its importance in facilitating
communication, compared to other vehicles in the network.

We assume that the PU uses the channel in an exclusive manner, i.e., a channel can
only be used by one PU. We view the occupancy state of an authorized channel as a
repetitive process that alternates between the blocking and available states. The blocking
state signifies that the authorized channel is currently in use, while the available state
indicates that no PU is currently using the authorized channel. In each time slot, the PU is
either transmitting data or remains in a quiescent state. The active and idle time lengths
of the master user follow an exponential distribution with parameters λbusy and λidle,
respectively, the time that the master user occupies the channel and does not occupy the
channel is shown in Equations (9) and (10), respectively.

Tbusy =
1

λbusy
(9)

Tidle =
1

λidle
(10)

One important indicator of network performance is the reliability of the communica-
tion link, where link failure will result in an increased delay due to the waste of network
resources. Based on the causes of link failure, these can be divided into two categories:
physical failure and cognitive failure. When the distance between two nodes exceeds the
transmission range Rv, the link is considered physically failed. If the communication
path between vehicles Vi and Vj becomes unavailable or encounters interference, it is
recognized as a cognitive failure. Typically, communication does not require continuous
use of the link, but when it is necessary to maintain the link, we model this based on the
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scenario described in Section 2.2. The probability that the link between vehicles Vi and Vj

does not experience failure is calculated by Equation (11), as shown below.

rk
ij(t) = Yk

ij(t) · Ik
ij(t) (11)

where Yk
ij(t) is the probability that no physical interruption occurs in the link between Vi

and Vj , Ik
ij(t) is the probability that no cognitive interruption occurs in the time slot t.

From Equation (11), the probability that a continuously available link exists between
any two vehicles during the time (t1, t2) can be calculated as shown in Equation (12),

pv(t1, t2) = (rk
ij(t))

⌊ t2−t1
τ ⌋ (12)

where rk
ij(t) represents the probability that the link is continuously available in channel

k during the time slot t. In addition, in Equation (11), Ik
ij(t) indicates the probability that

no cognitive disruption occurs, while Yk
ij(t) represents the probability that no physical

disruption occurs.
In this model, t is treated as a continuous variable when calculating the probability of

link availability over time or modeling the time period during which the link is continuously
available. This is applicable when considering ongoing link stability and cognitive or
physical disruptions. However, when referring to specific time intervals, such as during
the calculation of primary user activity or during time-slot-based calculations, t is treated
as a discrete variable. We list the main symbols in Table 1.

Table 1. Symbols.

Symbol Meaning Symbol Meaning

G Number of parallel roads O Number of road intersections

H Number of road segments e Length of road segments

f Width of the road µ Expectation of the normal distribution

σ Variance of the normal distribution f (x) Probability density function

F(x) Cumulative density function p(t1, t2) Probability that the primary user is active
from t1 to t2

p′(t) Probability that the primary user is active
in the t-th time slot q(t1, t2) Probability that there is no available

channel from t1 to t2

fij
Frequency of encounters between vehicle i

and vehicle j tij
Encounter time between vehicle i and

vehicle j

sim(Vi, Vj) Similarity between vehicle i and vehicle j d(i) Degree centrality of vehicle i

V Set of all vehicle nodes Fli Set of friends of vehicle i

K Number of friend vehicles of vehicle i D Number of neighbor vehicle nodes of
vehicle i

ε Weight of a friend link α Weight of a normal link

lij Link between vehicle i and vehicle j bc(j) Betweenness centrality of vehicle j

ωjk
Number of shortest paths from vehicle j to

vehicle k sjk Base number of vehicles

N Number of primary users M Number of secondary users

C Total number of channels ci The i-th channel

Ψ Set of all channels Pi The i-th primary user

Vi The i-th secondary user vehicle Si The i-th base station

Rp Primary user transmission radius ρv Secondary user transmission radius
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Table 1. Cont.

Symbol Meaning Symbol Meaning

θij
Availability of the link from vehicle i to

vehicle j dij
Euclidean distance between vehicle i and

vehicle j

Ni Set of neighbor nodes of vehicle i T_busy Time the primary user occupies the channel

d_density Density of vehicles T Total number of time slots

T_idle Time the primary user does not occupy
the channel ei Edge between vehicle i and vehicle j

rij(t)
Probability that the link between vehicle i
and vehicle j is not interrupted at time t Yij(t)

Probability that the link between vehicle i
and vehicle j does not suffer physical

interruptions at time t

Ipk Probability that the primary user does not
interfere at time k It

i(t)
Probability that no cognitive interference

occurs in the t-th time slot

pv(t1, t2) Probability that the link remains stable
from t1 to t2

E_error Error rate in primary user
activity prediction

m(i) Secondary user attribute measure E′_error Error rate in link stability prediction

Ep Actual value of link stability prediction Ee Predicted value of link stability

ETT Transmission time per hop on a link di Waiting time for an available channel

r Packet transmission rate p Packet error rate per channel

rij(t)
Probability of link stability between vehicle

i and vehicle j E Expected delay in the road segment

Tct_w Waiting time for an available channel ti Time the hop starts

Tr_hop Delay of one hop in a road segment hφ Number of hops in a road segment

E(Tr_road) Expected delay in a road segment dr Number of road segments

Tr_road Expected delay in a road segment Tr_red Remaining red light time at the
current moment

E(Tr_road) Expected delay in a road segment χ Vehicle speed

Vs Vehicle weight V_d Target vehicle

C_list Set of road segments selected from source
vehicle to target vehicle Φ

Set of road intersection segments selected
for routing

W Set of angles between the road segment
and target vehicle

4. Social-Aware Minimum Delay Routing for CR-VANETs
In CR-VANETs, the interference from PUs and the high mobility of vehicles lead to

extreme instability in network topology. This causes transient loss of end-to-end paths,
resulting in large end-to-end delays. Traditional routing protocols typically make routing
decisions based on network topology or geographical information, but these routing
protocols are unsuitable for VANETs due to the rapid movement of vehicles. Moreover,
conventional vehicular network routing protocols do not take into account the social
attributes of users, failing to achieve optimal routing. To solve the problem of large
communication delays of urban road vehicles, we will discuss the SMED algorithm based
on the SVMU model.

4.1. Problem Formulation

The goal of this paper is to minimize the end-to-end delay, which includes trans-
mission delay, channel switching delay, waiting delay, and queuing delay. In this paper,
transmission delay and waiting delay are mainly considered, where transmission delay
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includes roadway transmission delay and road intersection transmission delay, and waiting
delay primarily includes waiting for red light delay and waiting for available channel delay.

Different factors affect vehicles when transmitting data in road segments and at inter-
sections. When the vehicle is traveling in the road section, the inter-vehicle communication
is affected by three factors, i.e., available channel, PU’s interference, and link interruption.
When the vehicle reaches the intersection, not only do the above three factors interfere with
inter-vehicle communication, but traffic signals, vehicle travel direction, and the inconsis-
tency between data packet transmission direction and neighboring vehicle travel direction
also cause interference. Aiming at the different influencing factors, this paper discusses the
end-to-end delay in two scenarios: in the road section and at the intersection.

4.1.1. Delay in Road Sections

In this paper, the effective transmission time ETT is used to calculate the time required
for one-hop transmission of a link. ETT is the ratio of the packet length to the product of
the transmission power and the packet delivery rate as shown in Equation (13), which has
been proven to be correct in the literature [45],

ETT =
1

(1− p) · r (13)

where p is the packet error rate for a single channel and r is the rate of packet transmission.
When the vehicle has packets to transmit and all channels are occupied by the PU,

the vehicle needs to carry the packets and wait until there is an available channel. At this
time, the waiting delay of waiting for the available channel will be generated, and then
the waiting delay of the vehicle waiting for the available channel at ti time is shown in
Equation (14),

Tcti
w = ETT · q(ti, ti + ETT) · Tbusy (14)

where ti is the time of the start of the transmission of the hop i, and ETT is the time required
for one-hop transmission, as shown in Equation (13). q(ti, ti + ETT) is the probability
of the arrival of the PU in one-hop transmission time starting from ti time, which is
obtained from Equation (5), i.e., the probability of the PU occupying the channel in one-hop
transmission. Then ETT · q(ti, ti + ETT) is the number of times the PU arrives in one hop
of data transmission. Tbusy obtained from Equation (9) is the time of the channel occupied
by the PU for each arrival.

Since the delay generated when the vehicle is traveling in the road section is divided
into transmission delay and waiting delay generated by waiting for available channels,
the delay generated by one hop when the vehicle is transmitting data in the road section
is the sum of transmission delay and waiting for available channel delay, as shown in
Equation (15),

Tr
hop = (ETT · pv(ti, ti + ETT) · (1− q(ti, ti + ETT)) + Tcti

w (15)

where pv(ti, ti + ETT) is the probability of link stabilization, obtained from Equation (12).
q(ti, ti + ETT) is the probability that the PU arrives in one-hop transmission time from
the moment of ti, which is obtained from Equation (5). Then (1− q(ti, ti + ETT)) is the
probability of having an available channel. ETT · pv(ti, ti + ETT) · (1− q(ti, ti + ETT)) is
the one-hop transmission delay. Tcti

w is the waiting delay when there is no available channel
within one-hop transmission, which can be obtained from Equation (14).

Then the delay of the vehicle in the road section j is the cumulative sum of the delay
generated by all the hops of data transmission in the road section j, i.e., the expectation of
the delay generated by the vehicle in the road section j is shown in Equation (16),
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E(T j
road) = ∑

hj
i=1 Tr

hop (16)

where hj is the number of hops passed in the road segment j and Tr
hop is the delay generated

by one hop in the road segment, which is obtained from Equation (15).
From the above equation, the total delay generated by the vehicle from the source

vehicle to the target vehicle on the roadway is the sum of the delay generated on all the
roadways, i.e., the delay expectation generated by the vehicle on all the roadways is shown
in Equation (17),

E(Troad) = ∑κ

j=1 E(T j
road) (17)

where κ is the number of road segments passed from the source vehicle to the target vehicle,
and E(T j

road) is the expectation of the delay generated in the road segment j, which is
obtained from Equation (16).

4.1.2. Delay at Intersections

When vehicles approach intersections, inter-vehicle communication is influenced not
only by available channels, interference from PUs, and link stability but also by traffic
signals, vehicle travel direction, and the consistency between the directions of relay vehicles
and the direction of data packet transmission, which makes the situation more complex. So,
the communication scenarios are divided into two types in this paper based on the signal
light color: red light and green light.

(1) The current traffic signal is red.

1⃝ Available channels

When the traffic signal is red and a channel is available, the vehicle carrying the data
packet must wait at the intersection. However, if there are enough neighboring vehicles
and an available channel, the vehicle can forward the packet to a neighboring vehicle
for data transmission. In this scenario, the delay in data transmission is solely due to
the transmission delay, and there is no additional waiting time, which is referred to as
scenario 1. This scenario is described in detail below.

Scenario 1 analysis: as shown in Figure 2, assuming that vehicle 1 is the vehicle
carrying the data packet, at this time the north–south direction traffic light is red and the
east–west direction traffic light is green; the specific situation is analyzed as follows.
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a. When the direction of packet transmission is straight, if vehicle 1 can send all
the packets to vehicle 5 which has passed the intersection during the red light (i.e.,
f + vTi

red ≤ Rv, where f is the width of the intersection, v is the speed of the vehicle,
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Ti
red is the current remaining time of the red light, and Rv is the transmission distance of

the vehicle), the packets can be transmitted through one hop at this time; if vehicle 1 cannot
send all the packets to vehicle 5, which has passed the intersection during the red light (i.e.,
f + vTi

red > Rv), the packet can be forwarded through the intersection via multiple hops
through vehicle 2, vehicle 6, vehicle 3, and vehicle 4, and the delay caused at this time is
the transmission delay.

b. When the direction of vehicle movement differs from the direction of packet trans-
mission, the vehicle may forward the packet in the same lane as the packet transmission,
resulting in a transmission delay.

The above analysis shows that the delay under scenario 1 is a transmission delay, and
no additional waiting delay is generated. That is, the transmission delay of the vehicle at
the hop i under scenario 1 is shown in Equation (19),

di
tr = ETT · pv(ti, ti + ETT) · (1− q(ti, ti + ETT)) (18)

where pv(ti, ti + ETT) is the probability that the link is stable, obtained by Equation (12).
(1− q(ti, ti + ETT)) is the probability of having an available channel, which is obtained by
the calculation of Equation (5).

2⃝ No available channel

When the traffic signal is red and there is no available channel, in addition to generat-
ing a transmission delay, there will be two kinds of waiting delay: when the waiting time
for the red light is less than the waiting time for the available channel, the waiting delay is
the waiting time for the red light time; when the waiting time for the red light is greater
than the waiting time for the available channel, the waiting delay is the waiting time for
the available channel time, as shown in Equations (19) and (20).

Tl1
w = P

{
Ti

red ≤ Tcti
w

}
· Ti

red (19)

Tl2
w = P

{
Ti

red > Tcti
w

}
· Tcti

w (20)

Among them Tl1
w is the waiting delay generated when the signal light at the intersection

is red and there is no available channel; the waiting time for the red light is less than the
waiting time for the available channel; Tl2

w is the waiting delay generated when the traffic
signal light at the intersection is green and there is no available channel; the waiting time
for the red light is greater than the waiting time for the available channel; and Ti

red is the
remaining time of the red light at the current moment. Tcti

w calculated by Equation (14)
is the delay time for waiting for the available channel. P

{
Ti

red ≤ Tcti
w

}
is the probability

that the waiting time for the red light is less than the waiting time for an available channel,
P
{

Ti
red > Tcti

w

}
is the probability that the waiting time for the red light is greater than the

waiting time for an available channel.

(2) The current traffic signal is green.

When the traffic signal is green, it is discussed in two cases based on the availability of
available channels.

1⃝ Available channels

When the traffic signal is green and there is an available channel since it is assumed
in this paper that the density of vehicles is large enough and the vehicles have enough
neighboring vehicles, the vehicle carrying the packet can forward the packet to the neigh-
boring vehicles; at this time the resulting delay is the transmission delay. In this paper, this
situation is called scenario 2, which will be analyzed in detail below.
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Scenario 2 analysis: as shown in Figure 3, assuming that vehicle 1 is the vehicle
carrying the packet, the north–south lanes are green, and the east–west directions are red.
At this point, there are three scenarios to discuss.

Figure 3. Scenario 2 forwarding vehicle layout.

a. When the transmission direction of the data packet is north, if the traveling direction
of vehicle 1 is straight, at this time, vehicle 1 can forward the data packet to vehicle 2, vehicle
5, or select vehicle 3 or vehicle 4 as the relay vehicle, which will forward it to vehicle 5.

b. When the direction of transmission of the packet is west, vehicle 1 may forward the
packet to vehicle 8, vehicle 6, and vehicle 2.

c. When the direction of transmission of the packet is east, vehicle 1 may forward the
packet directly to vehicle 3 or choose to forward the packet to vehicle 2, which will forward
the packet to the vehicle on the east road segment.

The above analysis shows that when the traffic signal is green and there is an available
channel, the vehicle’s delay at this time is the transmission delay.

2⃝ No available channels

When the traffic signal is green but there are no available channels, the vehicle must
wait for the available channel, resulting in a delay that combines both the transmission
delay and the waiting time for the available channel.

Combining the above discussion of the two cases (1) and (2), it can be seen that the
one-hop delay at an intersection is shown in Equation (21),

Tin
hop = di

tr + Tcti
w + Tl1

w + Tl2
w (21)

where di
tr is the transmission delay in the case that the link is not interrupted and there is an

available channel at the hop i, which can be calculated by Equation (18). Tcti
w is the delay

time for waiting for the available channel, which can be calculated by Equation (14). Tl1
w is

the waiting delay when the intersection signal is red and there is no available channel, and
the waiting time for the red light is less than the waiting time for the available channel,
which is calculated by Equation (19). Tl2

w is the waiting delay when the intersection signal
is green and there is no available channel, and the waiting time for the red light is greater
than the waiting time for the available channel, which is calculated by Equation (20).

Then the delay generated by the vehicle at the intersection x is the cumulative sum of
the delay generated by each hop transmission at the intersection, i.e., the delay expectation
generated by the vehicle at the intersection x is shown in Equation (22),

E(Tx
in) = ∑hx

x=1 Tin
hop (22)
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where hx is the number of hops transmitted at the intersection x and Tin
hop is the delay

generated by one hop at the intersection, obtained from Equation (21).
According to the above equation, the total delay generated by the vehicle from the

source vehicle to the target vehicle at the intersection is the sum of the delay generated at
all intersections, i.e., the delay expectation generated by the vehicle at all intersections is
shown in Equation (23),

E(Tin) = ∑χ

x=1 E(Tx
in) (23)

where χ is the number of intersections passed from the source vehicle to the target vehicle,
and E(Tx

in) is the delay incurred by the vehicle at the intersection x as calculated by
Equation (22).

In summary, a vehicle’s end-to-end delay for packet transmission on an urban roadway
consists of both the delay in the road segment and the delay at the intersection, i.e., the
vehicle end-to-end delay expectation is shown in Equation (24),

E(Te) = E(Troad) + E(Tin) (24)

where E(Troad) is the expectation of the road segment delay, which is obtained from
Equation (17). E(Tin) is the intersection delay expectation, which is obtained from Equation (23).

In summary, the objective function of this paper can be derived as:

argmin{E(Te)} (25)

Constraints:

∑κ

j=1 hj + ∑χ

x=1 hx ≤ h (26)

Tcti
w ≤ TTH

w (27)

∑j∈vi
θij(t) + ∑k∈vi

θki(t) ≤ 1 (28)

Equation (25) is the objective function of this paper, which is to minimize the end-to-
end delay. Where h is the total number of all vehicles between the source vehicle and the
target vehicle, hj is the number of hops passed in the road segment j, κ is the number of
road segments passed from the source vehicle to the target vehicle, hx is the number of
hops transmitted at the intersection x. χ is the number of intersections passed from the
source vehicle to the target vehicle. Constraint (26) represents that the number of vehicles
passed between the transmissions of the packet from the source vehicle to the target vehicle
should be less than the total number of vehicles between the source vehicle and the target
vehicle. Constraint (27) represents that the waiting delay in one-hop transmission should
be less than the waiting delay threshold, where TTH

w is the waiting delay threshold, which
is proven to be correct in the literature [46]. In constraints (28), pt denotes the link from
Vi to Vj in the time slot t, and θki(t) denotes the link from Vk to Vi in the time slot t, and
this constraint indicates that a vehicle node cannot receive and send data at the same time.
In conclusion, we observe that the aforementioned issue is a nonlinear integer programming
problem, which is NP-hard due to its unsolvable nature. Therefore, this paper focuses on
studying and designing the SMED algorithm to minimize the end-to-end delay.

4.2. Minimum End-to-End Delay Routing Algorithm

In CR-VANETs, urban scenarios are affected by the dual effects of unstable links
in road segments and complex environments at intersections, leading to larger delays.
Characteristics such as inconsistent direction of vehicle movement and faster changes in
network topology lead to unstable inter-vehicle links. The low market penetration rate of
VANET devices makes the entire VANETs seriously affected by intermittent connectivity
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problems for at least the next decade, even if the density of vehicles in urban scenarios
is sufficiently high. On the other hand, there are a large number of intersections on
urban roads, so the routing verdicts of vehicles at intersections play a crucial role in
routing performance.

In this section, routing metrics and algorithms for minimizing latency are designed
for road segments and intersections based on the SVMU model, considering the different
factors affecting vehicle communication in these environments. Specifically, channel se-
lection is based on the active patterns of PUs, relay selection in road segments is based
on the similarity between SU vehicles and the current vehicle, and direction selection at
intersections is based on the angle between the intersection road segment and the desti-
nation vehicle, as well as the stable time of links on the road segment. Additionally, the
social attributes of SUs are used to define vehicle weights and select the optimal direction
and relay, and the social-based minimum delay routing in road segment (SMDR) and the
social-based minimum delay routing in intersection (SMDI) are designed to achieve the
purpose of minimizing the end-to-end delay.

4.2.1. Routing Metrics Design

The vehicle’s motion environment in cities can be categorized into road segments and
intersections. When vehicles are moving in road segments, inter-vehicle communication is
influenced by interference from PUs and link stability. Conversely, when vehicles are at
intersections, they are not only affected by the aforementioned two factors but also by the
direction of the intersection and traffic signals. Therefore, when designing routing metrics
in this paper, it is divided into the design of routing indicators in road segments and the
design of the routing index at intersections.

Before vehicles communicate in road segments, channel selection is the first step. Since
inter-vehicle communication in road segments is affected by interference from PUs and
link stability, when the probability of PUs’ activity on a channel is low, the interference
they may cause to communication between SU vehicles is relatively small. Predicting the
active probability of PUs based on their social attributes is used in this paper for channel
selection. That is, when multiple channels are available, the active probability of PUs on
each channel, denoted as pt, is sorted according to Equation (4), and the channel with the
lowest active probability of PUs is selected for data transmission to ensure minimal PU’s
interference and achieve the goal of minimizing end-to-end latency.

After selecting the available channels, inter-vehicle link stability is also a very impor-
tant assessment criterion for vehicle communication quality. According to the similarity
between vehicles in the SU’s social model, it can be seen that the higher the similarity
between the two vehicles, the higher the frequency of the two vehicles’ encounters, and
the longer the duration of each encounter, the more stable the link formed between the
two vehicles, and the lower the probability of link interruption. Therefore, in this paper,
when carrying out the selection of relay vehicles in the road section, we will prioritize the
vehicles with high similarity to the current vehicle as the relay vehicle, and the similarity
calculation process is shown in Equation (6).

When the vehicle arrives at intersections, it is also necessary to select the channel first.
Since the PU’s interference is taken into account, the channel with the lowest probability
of PU’s interference is selected for data transmission, following the same method as the
channel selection in the road section.

When the channel is selected, direction selection is needed to make the packet trans-
mission direction closer to the target vehicle. In this paper, the optimal and suboptimal
direction selection is carried out by comparing the angle between the current intersection
where the vehicle is located and the target vehicle, as shown in Figure 4. When the vehicle
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arrives at the intersection, a directed graph is established with the current intersection

as the starting point, including vectors
→
xd,

→
xN,

→
xW,

→
xE, respectively, which represent the

vector composed of the intersection and the target vehicle, the vector composed of the
intersection and the north road section, the vector composed of the intersection and the
west road section, and the vector composed of the intersection and the east road section.

Among them, αi(i = 1, 2, 3) represents the angle between the vectors
→

xW,
→

xN,
→
xE and

→
xd,

respectively. The smaller the angle is, the more the road section is biased towards the
direction of the target vehicle. Typically, there are two closer angles, which represent the
two better road sections.
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After obtaining the better road sections, it is necessary to make the optimal choice
between the two road sections. Since traveling in a road section may cause link interruptions
due to distance or interference to the PU, the communication stability of the two road
sections needs to be compared. We utilize the inter-vehicle communication link stability
prediction and define the time when the link on the road section n can be transmitted stably
without interruption tn , as shown in Equation (29),

tn = rk
ij(t) ·

e
v

(29)

where rk
ij(t) is the probability of link stabilization, which can be calculated by Equation (11).

e is the length of the road section, v is the speed of the vehicle, and e
v represents the time

that the vehicle travels on the road section.
By comparing the link stability time of two better road sections, the optimal and

suboptimal road sections are selected from the two better road sections. When a vehicle
carries out data forwarding, it not only needs to consider the direction of the road section
but also needs to consider the importance of the neighboring vehicles on the road section
in the whole network, so with the help of the vehicle centrality to define the metric ωi that
represents the importance of the node i in the whole network, as shown in Equation (30),

ωi = d(i) + bc(i) (30)

where d(i) is the point centrality of the node, calculated by Equation (7). The larger the
value of d(i), the more popular the node. bc(i) is the intermediate centrality of the node,
obtained by Equation (8), and represents the number of shortest paths passing through
node i, this criterion is a key measure of the overall importance of the node, the larger the
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value of bc(i), the greater the number of shortest paths passing through node i, and the
more important node i is in the whole network.

After selecting the optimal road section, the current vehicle selects the neighbors
whose movement direction is consistent with the packet transmission direction from the
neighboring vehicles located at the intersection of the optimal road section and puts them
into the forwarding set Fi. The neighboring vehicles in the forwarding set are then sorted
based on their weights ωj, and the neighbor with the highest weight is selected to forward
the data packet.

4.2.2. Minimum Delay Routing in Road Segments

This subsection mainly introduces the workflow of the SMDR algorithm, giving the
assumptions on which the algorithm design is based, the description of the algorithm steps,
the corresponding pseudo-code, and the algorithm interpretation and analysis, respectively,
to explain the algorithm design process in detail. In addition, the algorithm in this section
performs routing according to the metrics in the design of road segment routing metrics in
Section 4.2.1.

The algorithms in this section are designed based on the following assumptions:
We assume that the vehicle density on the road segment is sufficient when a vehicle has
information to transmit; it will not encounter a situation where there are no neighboring
vehicles available. All vehicles are equipped with two cognitive transceivers, one for
transmitting and receiving data messages and another for receiving and transmitting
control messages via a common control channel. In real life, vehicle communication will be
interfered with by various obstacles, so in this paper, we assume that a vehicle traveling on
a road section can only communicate with other vehicles on the same road section, not with
those on other road sections. Similarly, a vehicle at an intersection can only communicate
with other vehicles on the same intersection or with those on the reverse lanes of its current
road section, but not with vehicles across the intersection. All vehicles can obtain their
geographic location information and driving direction information through GPS and can
exchange this information with neighboring vehicles. We also assume that each vehicle
node cache is large enough that there will not be a case of insufficient cache resulting in
packet loss. Each packet has its survival time; if the packet cannot be delivered to the target
vehicle in its survival time, this packet will be discarded. Since the topology of the urban
road structure network changes rapidly and routing paths are decided dynamically during
packet transmission rather than planned in advance. The vehicle can acquire all channels in
the current time slot occupied by the PU. Since the vehicle is equipped with GPS, the vehicle
can know the destination information of other vehicles. When a vehicle transmits data in
a road section, it first performs channel detection, and if there is no available channel, it
carries packets and waits. When there is an available channel, the current vehicle sorts
the channels according to the active probability of the PU on the channel and selects the
channel with the smallest active probability of the PU for data transmission.

After selecting the channel, the vehicle makes a judgment based on the geographic
location of the target vehicle, which is divided into three scenarios.

Scenario 1: The source vehicle and the target vehicle are on the same road segment,
and the target vehicle is in the transmission range of the source vehicle.

Scenario 2: The source vehicle is on the same road segment as the target vehicle, but
the target vehicle is not in the transmission range of the source vehicle.

Scenario 3: The source vehicle is not on the same road segment as the target vehicle.
Our SMDR sub-algorithm initializes the channel set Clist, the relay vehicle set Clist,

the forwarding set Vs = Vj and the weight set ωi to empty. When the vehicle Vrelay

enters the road section, the vehicle Vrelay carries out channel detection, if there is no
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available channel, it carries the data packet and waits, if there is an available channel, it
selects the channel with the lowest active probability of the PU as the optimal channel for
communication, i.e., for the vehicle Vrelay , the optimal channel Fi selected at this time is
as shown in Equation (31),

ci = min
(

pt) (31)

where pt is the value of the active probability of the PU on the current channel, which is
calculated by Equation (4), the smaller the value indicates that the smaller the probability
of interference by the PU in the communication process of the SU vehicle using the channel.
Therefore, the channel with the smallest active probability of the PU is selected as the
optimal channel and added to the set Clist.

After the channel is selected, the forwarding set Vs = Vj is updated according to
the current position information, and the relay vehicle is selected according to different
scenarios. If it is scenario 1, the vehicle Vrelay forwards the packet directly to the target
vehicle Vrelay; if it is scenario 2, greedy forwarding is used to select the vehicle closest to
the target vehicle Vrelay as the relay vehicle from the forwarding set Vs = Vj, and forward
the packet to add the current relay vehicle to the set Clist, and update the source vehicle
Vrelay to the current relay vehicle; if it is scenario 3, calculate the similarity values between

the vehicles in the forwarding set Vs = Vj and Vrelay according to Equation (6), and get the
weight set ωi, and select the vehicle with the maximum similarity value Vj as the relay
vehicle, forward the packet, add the current relay vehicle to the set Clist, and update the
source vehicle Vrelay to V j, and then the vehicle Vj will become the new source vehicle
carrying the packet. In summary, for the vehicle Vrelay, the relay vehicle at this time is
shown in Equation (32),

Vj =


Vd Scenario1

min(djd) Scenario 2
max(sim(Vs, Vj)) Scenario 3

; where Vj ∈ Fs, sim
(
Vs, Vj

)
∈ Zs (32)

where Fs is the forwarding set of vehicle Vrelay, ωi is the set of similarity values of Vrelay

with Vrelay in the forwarding set of vehicle, Vrelay is the target vehicle, djd is the Euclidean
distance between Vj and Vrelay, and sim(Vs, Vj) is the similarity value between V j and
Vrelay, which is calculated by Equation (6). Return to the selected set of channels Clist and
the set of relay vehicles Clist in the communication process from the source vehicle to the
target vehicle, where the set of relay vehicles represents the path of packet transmission in
the communication process. The SMDR sub-algorithm is shown as follows.

Algorithm 1: SMDR Algorithm

Inputs: source vehicle Vrelay, target vehicle Vrelay

Output: channel set Clist, relay vehicle Clist

1. Define the sets Clist ← ∅ , Vrelay ← ∅ , Fs ← ∅ , Zs ← ∅
2. while Vrelay! = Vrelay

3. Channel detection for SU vehicles
4. if all channels are occupied by the PU
5. Store the packet and wait for Tcti

w , Tcti
w is calculated by Equation (15)

6. Channel detection for SU vehicles
7. else
8. Calculate the active probability of the PU on the available channels pt according to
Equation (4), and sort the available channels in the set of channels Ψ.
9. Select the channel Fi with the lowest active probability of the PU pt and add Fi to
the set of channels Clist
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Algorithm 1: Cont.

10. if (sd! =sd)
11. Select neighboring vehicles in the same direction of motion as the packet
transmission direction to join the forwarding set Fs

12. According to Equation (6), calculate the vehicles in the forwarding set Vrelay and
their similarity value Vj, and get the set of Vj values in the forwarding set Vs = Vj.ωi

13. Select the largest vehicle Vj from the set Zs V j and merge it into the set Clist.
14. Vs = Vj

15. else
16. if (Vd ∈ Fs) Pass the packet
17. else Greedy Forwarding
18. Merge Clist into Vrelay

19. end if
20. end if
21. end if
22. end while
23. return Clist, Clist

Line (1) of the algorithm is the initialization, and line (2) is the end-of-procedure
judgment, which indicates that if the vehicle currently carrying the packet is not the target
vehicle, the subsequent procedure is executed. Line (3) indicates that the PU performs
channel probing, and lines (4) to (6) indicate that if there is no available channel, the
vehicle carries the packet and waits for Tcti

w before performing channel probing again.
Lines (7) to (9) indicate that if there is an available channel, the optimal channel selection is
done based on the active probability of the PU. Lines (10) to (14) indicate that when the
current vehicle and the target vehicle are not in the same road segment, the forwarding
set is constructed, and the vehicle with the largest similarity value is selected as the relay
vehicle according to the similarity ranking between the vehicles in the forwarding set and
the current vehicle. Lines (15) through (16) indicate that if the current vehicle and the target
vehicle are in the same road section and the target vehicle is within the transmission range
of the current vehicle, the packet is directly sent to the target vehicle. Line (17) indicates
that if the target vehicle is not in the transmission range of the current vehicle, greedy
forwarding is used; line (18) indicates that the current vehicle is merged into the set of relay
vehicles; and line (23) is the return value of this algorithm.

4.2.3. Minimum Delay Routing in Intersections

The algorithm design assumptions in this section are the same as the algorithm design
assumptions in Section 4.2.2; in addition, the algorithms in this section perform routing
based on the metrics in the intersection routing metrics design in Section 4.2.1.

After the vehicle reaches the intersection, channel detection is performed, and if there
is no available channel, scene judgment is performed at this time.

Scenario 1: The traffic signal is red, and the remaining red time is less than the waiting
time for an available channel.

Scenario 2: The traffic signal is red, and the remaining red time is greater than the
waiting time for the available channel.

Scenario 3: The traffic signal is green.
If there is an available channel, the current vehicle ranks the channels according to the

active probability of the PU on the channel and selects the channel with the smallest active
probability of the PU for data transmission. After selecting the channel, the optimal road
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section and the optimal relay vehicle selection need to be carried out, which is divided into
the following scenarios.

Scenario 4: The current vehicle and the target vehicle are at the same intersection, and
the target vehicle is in its transmission range.

Scenario 5: The current vehicle and the target vehicle are at the same intersection, but
the target vehicle is not in its transmission range.

Scenario 6: The current vehicle and the target vehicle are not at the same intersection.
Our SMDI sub-algorithm initializes the set of selected intersection sections Sin, the

set of relay vehicles Vrelay, the set of selected channels Clist, the set of intersection pinch
points Φx, and the set of weights in the forwarding set Wi to empty. Vehicle Vrelay enters
the intersection and carries out channel detection; if there is no available channel, it will
perform scene judgment. If it is scene 1 and the target vehicle is not in the same road
segment as the current vehicle, the vehicle carries the data packet and waits for Ti

red; if it is
scene 2 and scene 3, it carries the data packet and waits for Tcti

w .
If there are available channels, the value of all available channels pt in the channel

set Ψ are calculated according to Equation (4), and all available channels in the channel
set are sorted according to the value of pt, the channel Fi with the smallest value of pt is
selected as the optimal channel, and this channel is added to the set Clist. The selected
optimal channel is shown in Equation (31).

After the channel is selected, the forwarding collection Vs = Vj is updated according
to the current position information, and the relay vehicle is selected according to the second
step of scene judgment. If it is scenario 4, the vehicle Vrelay forwards the data packet
directly to the target vehicle Vrelay, updates the source vehicle to Vrelay, and merges the road
section sd into the set Sin ; if it is scenario 5, greedy forwarding is used, the vehicle selects
the vehicle closest to the target vehicle Vrelay as the relay vehicle from the forwarding set
Vs = Vj, forwards the data packet, adds the current relay vehicle into the set Clist, updates
the source vehicle Vrelay to the current relay vehicle, and merges the road section sd into
the set Sin; if it is scenario 6, the vehicle Vrelay calculates the angle between the vector
composed of the current intersection x and the three road sections and the vector composed
of the intersection x and the target vehicle, and obtains the angle set Φx of the intersection
x, and selects the smaller two values from this set, and labels the two corresponding road
sections as s1 and s2, which are the better road sections. According to Equation (29), the
time of sustainable stabilization of the links on the road sections s1 and s2 t1 and t2 is
calculated, and the road section with the longer time of sustainable stabilization of the links
is selected as the optimal road section, which is merged into the set Sin. The optimal road
section selected at this time is shown in Equation (33).

sin =

{
s1 t1 > t2

s2 else
(33)

The vehicle with the same direction of movement as the direction of the target vehicle
is selected from the optimal road section to join the forwarding set, the information of the
forwarding set is updated, the weights of all the vehicles in the vehicle Vs forwarding set
ωi are calculated according to Equation (30) to obtain the weight set Wi, the vehicle Vj with
the maximum weight value from the set Wi is selected as the relay vehicle, and the data
packet is forwarded to Vj, Vj is merged into the set Vrelay, and the source vehicle is updated
to V j. In summary, for vehicle Vs, the relay vehicle at this time is shown in Equation (34),

Vj =


Vd scenario 4

min(djd) scenario 5
max(ωj) scenario 6

; where Vj ∈ Fs, ωj ∈Ws (34)
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where Fs is the forwarding set of Vs, ωj is the weight of Vj, which is calculated by
Equation (30). Ws is the set of weights of all vehicles in the forwarding set Fs of vehicle
Vrelay, Vrelay is the target vehicle, and djd is the Euclidean distance between Vj and target

vehicle Vrelay.
Return the selected set of channels Clist, the set of relay vehicles Clist and the set of

road sections Sin passed during the communication process from the source vehicle to the
target vehicle, where the set of relay vehicles represents the path of packet transmission
during the communication process. The SMDI sub-algorithm is shown as follows.

Algorithm 2: SMDI Algorithm

Inputs: source vehicle Vrelay, target vehicle Vrelay

Output: set of selected road intersection sections Sin, set of relay vehicles Vrelay, set of
selected channels Clist

1. Define the sets Sin ← ∅ , Vrelay ← ∅ , Clist ← ∅ , Φx = ∅, Wi ← ∅ , define the
variables sin = ss

2. while Vrelay! = Vrelay

/* If all channels are occupied by the PU, carry the packet and wait */
3. The SU vehicle performs channel detection
4. if all channels are occupied by the PU
5. if (Clist! =Id && Vrelay == red && Ti

red ≤ Tcti
w )

6. Store packets and wait for Ti
red

7. else
8. Store the packet and wait for Tcti

w , Tcti
w calculated by Equation (14)

9. The SU vehicle performs channel detection
10. end if
11. else
/*Channel selection when there are available channels*/
12. Calculate the active probability of the PU according to Equation (5) pt and sort the
available channels in the set of channels Ψ.
13. Select the channel Fi with the lowest active probability of the PU pt and add Fi to
the set of channels. Clist

14. if ( Clist! = Id)
15. Select the smaller two angles and label the corresponding road sections as s1

and s2 from the set of angles at the intersection x Φx

16. Calculate the duration of uninterrupted communication on the road sections s1

and s2 t1 and t2 according to Equation (29)
17. if ( t1 > t2)
18. Add s1 to Sin , sin = s1

19. else
20. Add s2 to Sin , sin = s2

21. end if
22. Select neighboring vehicles to join the forwarding pool in the same direction of
motion as packet transmission Fs

23. Calculate the weights of all vehicles in Fs according to Equation (30) and obtain
the set of weights Ws .
24. Sort to get the vehicle with the largest ω j value in the set Fs V j

25. Add V j to the collection Vrelay.
26. Vs = Vj

27. else
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Algorithm 2: Cont.

28. if (Vd ∈ Fs) Pass the packet
29. else Greedy Forwarding
30. Merge Clist into Vrelay

31. Incorporate sd into Sin

32. end if
33. end if
34. end if
35. end while
36. return Sin, Vrelay, Clist

Line (1) of the algorithm is the initialization, and line (2) is the end-of-procedure
judgment, which indicates that if the vehicle currently carrying the packet is not the target
vehicle, the subsequent procedure is executed. Line (3) indicates that the SU vehicle
performs channel detection; lines (4) to (6) indicate that if there is no available channel and
the target vehicle and the current vehicle are at the same intersection, the traffic signal is
red, and the waiting time for the red light is smaller than the waiting time for the available
channel, then the packet is stored and waits for Ti

red. Lines (7) to (9) indicate that in
the case of no available channel, the vehicle waits for Tcti

w before channel detection in
all cases except for the condition in line (5). Lines (12) to (20) indicate that the vehicle
selects two smaller angles from the set of current road intersection angles Φx, and the
two road sections corresponding to the angles are the better road sections and calculates
tn according to Equation (30), selects the road section with the larger value of tn as the
optimal road section. Lines (22) to (26) indicate the sorting of the vehicles’ weights in the
forwarding set, and the vehicle with the largest weight is selected as the relay vehicle.
Lines (27) through (28) indicate that if the target vehicle is at the same intersection as the
current vehicle and the target vehicle is within its transmission range, the packet is directly
forwarded to the target vehicle. Line (29) indicates the use of greedy forwarding if the target
vehicle is at the same intersection as the current vehicle but not within its transmission
range. Line (36) is the output of this algorithm.

5. Performance Evaluation
In this section, we analyze the factors affecting the end-to-end delay in urban environ-

ments. Moreover, we specify the details of the simulation parameters, routing algorithm
implementation, and simulation data processing. Finally, we analyze the simulation re-
sults to verify the impact of users’ social attributes on routing performance and verify the
effectivity of our proposal in terms of end-to-end delay and packet loss rate.

While our current approach relies on theoretical assumptions and simulated environ-
ments, we have demonstrated the effectiveness of our model through detailed simulations
that consider various real-world factors such as mobility patterns and traffic conditions.
The simulations are designed to capture the dynamics of real-world systems while adhering
to the theoretical foundations.

5.1. Simulation Setup and Algorithm Implementation

In CR-VANETs, the activity pattern of the PU is closely related to the availability of
the channel, and the relationship between the SU vehicles will also have an impact on
the link stability, as well as the availability probability of the channel and the quality and
stability of the link, having an important impact on the end-to-end delay. In this paper, we
assume that the density of vehicles is large enough and the vehicles have next-hop vehicles
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at any time. The SMED algorithm achieves the purpose of minimizing the end-to-end delay
by considering the effects of the PU’s activity pattern, the relationship between SUs, and
factors such as the road section and intersections of the urban environment.

Considering existing CR-VANETs routing studies rarely take into account the social
attributes of users and the routing studies that distinguish between road sections and inter-
sections, we choose the IDRA algorithm that considers intersection routing in the VANETs
environment and the EPDMR algorithm for routing in the CR-VANETs environment to be
compared with the algorithms in this paper. The IDRA algorithm utilizes an ant colony
to determine the optimal route with low latency and robustness. It also employs a greedy
transfer and forwarding mechanism to forward packets between two adjacent intersections,
thereby minimizing the movement effect of individual vehicles on the routing path and
pursuing overall latency minimization. The EPDMR algorithm is a routing algorithm based
on the CR-VANET environment, which takes into account the social attributes of the PUs
and aims to find a path with the maximum link available duration during data transmission
by analyzing the activity patterns of the PUs.

Our SMED algorithm considers the effects of PU and SU vehicles’ social attributes on
end-to-end delay simultaneously. The algorithm carries out channel selection through the
active law of the PU, takes the channel with the lowest probability of the PU’s activity as
the optimal channel, divides the vehicle environment into road sections and intersections,
carries out the relay vehicle selection in the road sections with the similarity of the SU,
selects the better road sections by the angle of the pinch, selects the optimal road sections
with the probability of the stability of the links on the road sections, and carries out the
optimal relay vehicle selection with the centrality of the SU vehicle, which is a multifaceted
consideration to achieve the purpose of minimizing the end-to-end delay.

We simulate the urban road traffic situation and implement the routing algorithm
based on the SVMU model defined in Section 3. A grid is used to plan the roads, a normal
distribution is used to simulate the activities of the PUs, and an exponential distribution is
used to simulate the use of the channel by the PUs. The channel becomes exclusive when
a single PU occupies it. We adopt the road environment with a grid with specifications
of 5 × 5 and a road length of 2 km, which consists of 25 intersections and 60 two-way
dual-vehicle road segments, with the red and green light durations at the intersections
being both 60 s. There are five available channels on each road segment, and the length of
the data packet is 500 bytes. The active time of PUs on each channel follows an exponential
distribution, and their arrival rate is 0.5 per second. The Mac layer utilizes the 802.11p
routing protocol. We executed it 100 times to take its arithmetic mean for result analysis.
The specific parameter settings are shown in Table 2.

Table 2. Simulation parameters.

Parameters Retrieve a Value

Number of PUs [5, 25]
Number of SUs [20, 100]
vehicle speed 50 km/h

Number of channels [1, 8]
PUs’ arrival rate 0.5/s

Channel time occupied by PUs 0.3 s
Number of roads 5

Road length 2 km
Red light time 60 s

Green light time 60 s
Vehicle transfer radius 200 m

PUs’ interference radius 250 m
MAC layer protocol 802.11p
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In the process of routing algorithm implementation, six classes are designed respec-
tively. Figure 5 displays the algorithm implementation class diagram. Here we utilize PU,
Vehicle, Channel, Forwarders, TypeHeaders, and RoutingProtocol to represent the PU, SU
vehicle, channel, forwarding set, packet header, and routing protocol, respectively.
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In the PU class, we define the variable m_on, which represents the time when the PU
occupies the channel, the attribute m_off, which represents the time when the PU does not
occupy the channel, and m_inradius, which represents the interference radius of the PU. In
addition, to represent the social attributes of the PU, we define the function PUActive() to
represent the active pattern of the PU and the attribute m_rate to represent the probability
of the PU occupying the channel.

In the Vehicle class, we define the attribute m_location to represent the geographic
location of the SU vehicle, m_radium to represent the transmission radius of the SU vehicle,
and in order to represent the social attributes between the vehicles, we define m_metric
to represent the centrality metric weights defined by Equations (4)–(17) in this paper.
Additionally, we define m_routingProtocal to represent the routing protocol class object.
Furthermore, we define the function SpectrumSensing() for detecting idle channels in the
network and the function SpectrumDecision() for channel decisions.

In the Channel class, we use the m_flag attribute to indicate whether the channel is in
the available state or blocking state, and we also design the function PUComing() to detect
the arrival rate of the PU.

In the Forwarders class, we define the attributes m_neighbors and m_canforwarders
to represent the set of neighbor nodes and the set of forwarding nodes of the vehicle. Ad-
ditionally, four functions GetSMEDIForwarders(), GetSMEDRForwarders(), GetIDRAFor-
warders(), and GetEPDMRForwarders() are defined in this paper. Among them, GetSMED-
IForwarders() and GetSMEDRForwarders() are different ways for the SMED algorithm to
obtain the set of forwarding vehicles, respectively. If the vehicle is in the road segment, the
GetSMEDRForwarders() function is called to select the forwarding vehicle set; if the vehicle
is at the intersection, the GetSMEDIForwarders() function is called for the forwarding
vehicle set selection. GetIDRAForwarders() and GetEPDMRForwarders() then indicate for-
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warding vehicle set selection based on the metrics of the IDRA algorithm and the EPDMR
algorithm, respectively.

In the TypeHeader class, we define the attribute m_source to represent the source
node of the packet, m_destination to represent the destination vehicle node of the packet,
m_forwarder to represent the set of candidates forwarding nodes for the packet, and
m_type to represent the type of the packet, in addition to the corresponding read and
write functions. Among them, the packet types contain five types: Hello, SMEDData,
IDRAData, EPDMRData, and ACK. Specifically, Hello packets are mainly used to identify
neighboring nodes; SMEDData, IDRAData, and EPDMRData denote packets forwarded
through the three routing protocols of SMED, IDRA, and EPDMR, respectively; and ACK
packets denote the receipt of acknowledgments.

In the RoutingProtocal class, we define a TypeHeader class object m_theader and a
Forwarders class object m_forwarders. In addition to this, we also define SendHello(),
RecvHello(), GetNeighbors(), SendData(), SendACK(), and RecvACK() functions. Among
them, the SendHello() function and the RecvHello() function are used to send and receive
Hello packets; the GetNeighbors() function is used to get the set of neighboring nodes;
the SendData() function is used to send data; and the SendACK() function is used to send
acknowledgment packets, i.e., ACK packets are sent when the node is the target vehicle of
the packet. The RecvACK() function is used to receive the ACK packet, and the number of
successful data packet transmissions can be obtained from the information in the packets.

Among them, the RecvHello() function calls the GetNeighbors() function in class
Forwarders to get the set of neighboring nodes, and the SendData() function selects different
routing algorithm protocols and a different set of candidate forwarding nodes based on
different data types at the time of packet sending.

Simulation Data Processing

Due to the high cost of vehicles and on-board cognitive radio devices, it was not
feasible to conduct experiments in real-world scenarios. Therefore, we referenced a large
number of high-quality foreign papers and used MATLAB for simulation to model the
algorithm. The hardware environment used in the experiments was an ASUS i7-1355U
laptop, and the software environment was MATLAB version R2021b.

Due to the comparative analysis of the end-to-end delay and packet loss rate among the
SMED algorithm, the EPDMR algorithm, and the IDRA algorithm in terms of three metrics:
the number of PUs, the number of channels, and the number of SU vehicles, it is necessary
to process the results of the three experiments. The calculation process of end-to-end
delay is shown in Equations (4)–(11), and the calculation process of packet loss rate is the
difference between the number of sent packets and the number of received packets divided
by the number of sent packets, i.e., the ratio of lost packets to the total packets.

When the number of PUs gradually increases from 5 to 25, the end-to-end delay and
packet loss rate of the three algorithms are recorded, respectively, and the step size of
PU growth is set to 5, considering the PU growth probability problem and the ratio of
the number of PUs to the number of channels. When the number of channels increases
from 1 to 8, the end-to-end delay and packet loss rate of the three algorithms are recorded,
respectively, and the step size of channel growth is set to 1, considering the limited number
of channels and the probability problem of the channel changing from the blocking state
to the available state. When the number of SU vehicles is increased from 20 to 100, the
end-to-end delay and packet loss rate of the three algorithms are recorded, respectively, and
the step size of SU vehicle growth is set to 20, considering the rapid change in topology due
to the fast movement of vehicles and the rapid change in the number of vehicles. To ensure



Electronics 2025, 14, 627 27 of 34

the accuracy of the results of the experiments, we executed the experiment 100 times, taking
the arithmetic mean as the experimental results for analysis and comparison.

5.2. Simulation Results

We analyze the end-to-end delay and packet loss rate parameters among the SMED
algorithm, the EPDMR algorithm, and the IDRA algorithm in terms of the number of PUs,
the number of channels, and the number of SU vehicles. We calculate the end-to-end delay
based on Equations (4)–(11) and calculate the packet loss rate by the difference between the
number of sent packets and the number of received packets divided by the number of sent
packets, i.e., the ratio of lost packets to the total packets.

Considering the PU growth probability and the ratio of the number of PUs to the
number of channels, the step size of PU growth is set to 5. Considering the limited number
of channels and the probability of the channel changing from the blocking state to the
available state, the step size of channel growth is set to 1. Considering the rapid change
in topology due to the fast movement of vehicles and the rapid change in the number of
vehicles, the step size of SU vehicle growth is set to 20. Each experiment was executed
100 times, and the arithmetic mean was taken as the final result, which was analyzed
and compared.

5.2.1. Performance with Different Numbers of PUs

In CR-VANETs, the activities of the PU introduce a huge uncertainty in the communi-
cation links between SUs, as the SU cannot interfere with the PU’s communication. When
the number of PUs is small, the occupancy probability of channels by PUs decreases, at this
time, the number of channels available for SU is large, and the interference probability of
PUs to the communication between SU vehicles is small, so the waiting delay and packet
loss rate will be small; when the number of PUs increases, on the one hand, the occupancy
number of channels by PUs increases, the number of channels available for SU reduces,
which increases the delay of SU’s waiting for the available channels, and on the other hand,
in the communication process of SU, the probability of interruption caused by the PU to the
SU’s link increases, and the number of interruptions increases, resulting in a larger waiting
delay and packet loss rate. Thus, it can be seen that the number of PUs has a greater impact
on the end-to-end delay and packet loss rate, so we select the number of PUs as an index to
analyze the experimental results.

As shown in Figure 6a, the end-to-end delay of the three algorithms increases with
the number of PUs. This paper’s SMED algorithm considers the interference probability
between the PU and the SU during channel selection, resulting in a smaller end-to-end
delay compared to the EPDMR and IDRA algorithms. The EPDMFR algorithm takes into
account the activity patterns of the PU, and the end-to-end delay is smaller than the IDRA
algorithm, but this algorithm does not take measures for the PU activity; it produces a larger
end-to-end delay than the SMED algorithm in this paper. Overall, the SMED algorithm
in this paper reduces the end-to-end delay by 24% and 48% in terms of the number of PU
metrics compared to the EPDMR and IDRA algorithms, respectively.

As shown in Figure 6b, with the number of PUs increasing, the interference caused by
the PU to the SU communication increases, so the packet loss rate of the three algorithms
shows a growing trend. As the SMED algorithm in this paper and the EPDMR algorithm
take into account the activity patterns of the PUs, the packet loss rate is smaller than the
IDRA algorithm, and the EPDMR algorithm does not have the corresponding processing for
the activity patterns of the PUs, so the packet loss rate is greater than the SMED algorithm.
When the number of PUs is 10, the IDRA algorithm packet loss rate appears to increase
dramatically, as the algorithm does not take into account the interference of PUs with SU
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communication and does not take any corresponding measures. At this time, the number
of PUs is close to the number of channels, causing significant interference to the use of
channels by SUs, resulting in a substantial increase in packet loss rate. Overall, the SMED
algorithm in this paper reduces the packet loss rate by 21.9% and 31.2% in the number of
PU metrics compared to the EPDMR algorithm and the IDRA algorithm, respectively.
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An important observation is that, in Figure 6b, there appears to be an anomaly in the
packet loss rate curve between 15 and 20 PUs. Specifically, the red line (SMED) remains
relatively stable between 15 and 20 primary users, while the green line (EPDMR) continues
to increase between 15 and 20 primary users. This phenomenon of stability may be related
to algorithmic parameters (such as interference handling and channel selection) and system
settings (such as the relative proportion between primary and secondary users). In addition,
the EPDMR algorithm lacks sufficient adaptability when faced with an increasing number
of primary users, leading to performance degradation as interference rises, particularly
once the number of primary users reaches a certain threshold.

5.2.2. Performance with Different Numbers of Channels

The number of channels has a huge impact on the performance of end-to-end com-
munication. In the case of a fixed number of PUs, if the number of channels is small, the
number of available channels for SU is limited, and the probability of interference from
PU to SU communication increases, resulting in larger waiting delays and packet loss
rates; while the number of channels increases, the number of available channels for SU
also increases, and the waiting delay and packet loss rate decrease. When the number of
channels is sufficient, the end-to-end delay tends to a stable state. It can be concluded that
the number of channels has a large impact on the end-to-end delay and packet loss rate, so
we select the number of channels as an indicator to analyze the experimental results.

As shown in Figure 7a, when the number of channels increases, the end-to-end delay
generated by the SMED algorithm, EPDMR algorithm, and IDRA algorithm decreases
as the PU’s occupancy of the channel and the interference to the SU’s communication
decrease, but the SMED algorithm in this paper is always in the state of smaller delay.
For example, when the number of channels increases, the delay of the IDRA algorithm
is about 15% higher than the SMED algorithm, while the EPDMR algorithm performs
similarly to this paper. The IDRA algorithm does not take into account the fast-changing
characteristics of the topology and has a larger end-to-end delay and packet loss rate. The
EPDMR algorithm always seeks the channel section with the longest duration for data
transmission, resulting in a smaller end-to-end delay than the IDRA algorithm. However,
this algorithm relies on the assumption of sufficient and high-quality channels, which leads
to a larger delay when the number of channels is small and a smoother change when there
are four channels. The EPDMR algorithm develops the routing scheme in advance and
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cannot update the information according to the latest situation, while the SMED algorithm
in this paper dynamically considers the communication quality of the road section during
the data transmission process, which not only reduces the waiting delay for the available
channel but also ensures timely information, so the end-to-end delay produced by the
SMED algorithm is less than the EPDMR algorithm. Overall, when the number of channels
increases to a certain number, the end-to-end delay produced by the three algorithms
tends to level off, and the change is small, such as when the number of channels increases
from 5 to 8 in the process; at this time, the number of channels is sufficient, and the end-to-
end delay produced by the three algorithms tends to stabilize. Compared with the EPDMR
algorithm and IDRA algorithm, the SMED algorithm in this paper reduces the end-to-end
delay by 4.9% and 15.8% in the number of channels metric, respectively.
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As shown in Figure 7b, when the number of channels is small, the PU causes significant
interference to SU communication, resulting in a larger packet loss rate, and with the
increasing number of channels, the packet loss rate of all three algorithms decreases.
The SMED algorithm in this paper tends to select friend vehicles when relay vehicle
selection is performed, and since the link stability between friend vehicles is stronger,
the SMED algorithm in this paper is at the level of minimum packet loss rate in general.
The IDRA algorithm exhibits a higher packet loss rate because it fails to account for rapid
topology changes and channel quality issues. The EPDMR algorithm is based on the
assumption that the number of channels is sufficient and the quality of the channel is good,
and hence the packet loss rate is larger when the number of channels is small. When the
number of channels is 4, the number of channels and the number of PUs are closer, the
interference is reduced, and the decrease in packet loss rate for the EPDMR algorithm
and IDRA algorithm increases, but this is not the optimal balance point for the number of
channels and the number of PUs, so the packet loss rate of the IDRA algorithm is smaller
than the EPDMR algorithm. But when the number of channels increases to 5, the number
of channels and the number of PUs tend to be balanced, and the packet loss rate begins
to decline significantly. After the number of channels increases to 6, the packet loss rate
of the EPDMR algorithm is less than the SMED algorithm in this paper. The reason is
that when the EPDMR algorithm performs channel selection, it always selects the channel
with the longest duration, while the SMED algorithm selects the channel with the smallest
active probability of the PU, so when the number of channels is sufficient and the quality
is good, the packet loss rate of the EPDMR algorithm is less than the SMED algorithm.
Overall, compared to the EPDMR algorithm and the IDRA algorithm, the SMED algorithm
in this paper reduces the packet loss rate by 26.9% and 31.8 in the number of channels
metric, respectively.
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An important observation is that, in Figure 7b, there appears to be an anomaly in the
packet loss rate curve, where the red line (representing the SMED algorithm) flattens out
between 3 and 8 channels, and where the green (EPDMR) and black (IDRA) lines intersect
at 3.5 and 5 channels. The SMED algorithm may exhibit less sensitivity to additional
channels once a certain threshold is reached, which results in a flattened performance curve.
In contrast, the EPDMR and IDRA algorithms, which may have been designed to handle
interference or channel switching differently, show more dynamic changes as the number
of channels increases. While the experimental setup was designed to minimize external
biases (with 100 trials to calculate the arithmetic mean), fluctuations in network dynamics,
such as real-time channel quality, traffic fluctuations, or system overhead, may introduce
errors. These variations may not be perfectly modeled, leading to slight discrepancies
in the results. For example, the green and black curves intersecting at different points
(3.5 and 5 channels) may reflect minor inconsistencies or delays in the system’s response
to changes in the environment that are not fully captured by the simulation model. Thus,
these discrepancies are not necessarily errors in the algorithm itself but may stem from the
network’s dynamic conditions.

5.2.3. Performance with Different Numbers of Vehicles

When the number of SU vehicles is small, although the occupancy demand of the
channel becomes smaller, no neighboring vehicles or a small number of neighboring
vehicles will generate additional waiting delay; when the number of vehicles is large, on
the one hand, the vehicle currently carrying the packet has sufficient neighboring vehicles,
which reduces the waiting delay for the neighboring vehicles to a certain extent, but on
the other hand, the increase in the number of vehicles causes each tree node to record
more information and the spectrum routing requests between different spectrum trees lead
to high cost, so the increase in the number of vehicles implies a more complex spectrum
tree. Thus, it can be concluded that the number of SU vehicles has a large impact on the
end-to-end delay and packet loss rate, and in this paper, the number of vehicle indicators is
selected to analyze the experimental results.

As shown in Figure 8a, with the increase in the number of vehicles, the end-to-end
delay of the three algorithms all shows a decreasing trend. The SMED algorithm in this
paper is based on the assumption that the number of vehicles is sufficient and the vehicles
have the available next hop at any time to carry out the study of the most minimization
of the end-to-end delay, and there is no treatment of the vehicle without the next hop
situation; therefore, when the number of vehicles is smaller, the SMED algorithm has a
larger end-to-end delay than the EPDMR algorithm, such as when the number of vehicles
is between 20 and 40, the SMED algorithm is higher than EPFMR. But when the number
of vehicles is increased to 40, the end-to-end delay generated by the SMED algorithm
decreases rapidly. Overall, the SMED algorithm in this paper reduces the end-to-end delay
by 6.2% and 11.3% in the number of vehicles metric compared to the EPDMR and IDRA
algorithms, respectively.

As shown in Figure 8b, the packet loss rate of all three algorithms becomes larger with
the increase in the number of vehicles because the increase in the number of vehicles leads
to the complexity of spectrum usage among vehicles. The SMED algorithm in this paper has
the smallest packet loss rate by considering the social attributes of vehicles when performing
relay selection and tending to select friend vehicles and vehicles with greater centrality.
In contrast, the EPDMR algorithm and IDRA algorithm have a larger packet loss rate as
they do not consider the social attributes of vehicles, and the difference between the two is
smaller. The EPDMR algorithm carries out path planning in advance each time to ensure
the channel quality, so the packet loss rate is smaller than the IDRA algorithm. Overall,
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the SMED algorithm in this paper reduces the packet loss rate by 25.8% and 34.5% in the
number of vehicles metric compared to the EPDMR and IDRA algorithms, respectively.
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An important observation is that, in Figure 8a, the red line (representing the SMED
algorithm) closely overlaps with the black line (representing the IDRA algorithm) at around
40 vehicles and deviates significantly from the green line (representing the EPDMR al-
gorithm) and where the lines intersect at around 46 vehicles and display different rates
of decrease between 60 and 80 vehicles. The phenomenon can be attributed to several
potential causes, both related to parameter sensitivity and experimental errors. SMED may
be more sensitive to the dynamics of increasing vehicle density and efficiently manages
resource allocation, leading to a faster packet loss rate reduction compared to IDRA. The
green line (EPDMR) exhibits a different behavior, which may be due to how each algorithm
accounts for interference, vehicle mobility, and routing decisions under increasing load. The
SMED algorithm might manage traffic more efficiently, leading to a more noticeable drop
in delay, whereas the IDRA algorithm shows a more gradual decrease. This could be due to
SMED’s optimization in handling interference and vehicle-to-vehicle communication more
effectively under denser network conditions. While the experiments were conducted with
the aim to minimize error by executing the simulations 100 times, factors such as dynamic
interference patterns, small fluctuations in vehicle mobility, or network conditions during
the simulations might cause slight variations in the observed results. Thus, these errors
could explain why certain intersections between the curves occur (e.g., red and green at
46 vehicles), indicating that the system is highly sensitive to certain parameters that may
not have been perfectly controlled in the simulation.

In summary, when selecting the direction of intersections and relay vehicles, the SMED
algorithm utilizes the active behavior of PUs and the characteristics of centrality, similarity,
and friendship of SUs to ensure the stability of the selected links and the reliability of
packet transmission. We compare the end-to-end delay and packet loss rates in terms of
the number of PUs, the number of SUs, and the number of channels. We analyzed and
validated the effectiveness of the SMED algorithm by comparing experimental results.

6. Conclusions
To solve the end-to-end delays caused by unstable links in CR-VANETs, we analyzed

the factors that caused delays within road segments and at intersections in urban envi-
ronments based on the characteristics of urban roads, user social attributes, and network
features. We analyzed the metrics and measurements for channel selection, road intersec-
tion direction selection, road segment selection, and relay vehicle selection in the process of
vehicle forwarding data packets in urban scenarios. We formulated the end-to-end delay
calculation, established the objective and constraint function, and proposed the SMED
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routing algorithm to solve the problem of the end-to-end delay minimization. We sim-
ulated and analyzed the SMED routing algorithm with CR-VANETs routing algorithms
EPDMR and IDRA and compared the improvement of routing performance by considering
social attributes. We simulated end-to-end latency and packet loss rate performances with
different numbers of PUs, SUs, and channels. The SMED routing algorithm improved
end-to-end delay by an average of 11.7% compared to EPDMR and 25.0% compared to
IDRA and improved packet loss rate by an average of 24.9% compared to EPDMR and
32.5% compared to IDRA. The simulation results have verified the effectiveness of our
study. In our future work, we may consider the resilience of the proposed approach under
cyberattacks, such as packet loss due to denial-of-service (DoS) attacks [47].
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