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ABSTRACT In order to meet the growing needs of vehicle users for high-quality video experience, it can
be used caching technology and transcoding technology to meet the needs of vehicle users. However,
due to the complexity of the practical scene, when improving the service quality of vehicle users, it is
necessary to consider the mobility of vehicle users and the utilization of network resources (caching, base
station computing resources, backhaul links, etc.). In order to deal with the impact of vehicle mobility and
network resource usage on the acquisition of video segments by vehicle users, this paper not only takes
vehicle mobility into full account in mathematical modeling, but also proposes caching update algorithm
and pricing algorithm. Firstly, considering the transcoding between different versions of video, the base
station takes into account the value of energy consumption when caching video segments. Then, according
to the different use of caching, base station computing resources and backhaul links by vehicle users, a pricing
algorithm of network resources is proposed to improve the flexibility of network resource utilization. Finally,
the mathematical model is optimized by convex optimization theory, and the influence of caching update
algorithm on caching gain and the impact of pricing algorithm on network resource utilization are shown
through simulation. The simulation results show that the total gain, caching gain, transcoding gain and
flexibility of network resource utilization are improved significantly.

INDEX TERMS Vehicle, video transcoding, mobility, caching update, pricing algorithm, network resource
optimization.

I. INTRODUCTION
With the continuous development of network technology,
a large number of multimedia providers (such as TikTok,
YouTube, HuLu, and Yahoo) are emerging, which makes the
number of videos explosive growth. At the same time, these
multimedia providers are required to provide a large number
of different versions of video to meet the needs of different
types of mobile devices. A wide variety of videos an different
versions of videos lead to video traffic occupying a large
number of network resources, which brings great operational
pressure to network operators. In Cisco’s report [1], mobile
video traffic will accounts for 82 percent of global mobile
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data traffic in 2022. With the continuous improvement of the
performance of various portable devices, video services are
widely used in drivers and passengers [2]. In recent years, the
development of Vehicle to Infrastructure (V2I) has attracted
more and more attention of scholars and vehicle manufactur-
ers [3]. The progress of vehicle networking technology has
promoted the development of vehicle Internet and vehicle
computerization [4]. The increasingly powerful data process-
ing ability of vehicles promotes the progress of vehicle enter-
tainment and visual driving assistance technologies [5]. The
demand for video resources from vehicles and users’ mobile
devices makes vehicle users become the main contributors
of mobile data traffic consumption. The explosive growth of
mobile data traffic demands has brought huge challenges to
network operators. In addition, vehicle users are growing in
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both developed and developing countries [6], [7]. Therefore,
how to solve the problem of video service quality of vehicle
users will become one of the urgent problems for network
operators in the future.

In response to the growing demand for mobile video data
traffic, researchers mainly consider from two aspects: one
is to increase the network transmission rate; the other is
to consider from the vehicle user to obtain the required
video through caching, video transcoding and backhaul link.
In terms of how to increase the network transmission rate,
scholars are mainly committed to the research of coping with
the growing mobile data traffic through massive Multiple
Input Multiple Output (MIMO) technology and Ultra Dense
Networking (UDN) technology. Massive MIMO technology
mainly improves the data transmission rate of the system
by improving the spectrum efficiency and energy efficiency.
This method can cope with the increasing data traffic demand
to a certain extent [8]. However, pilot pollution is a difficult
problem to be solved in practical application of massive
MIMO technology [9]. UDN technology is to achieve the
purpose of spectrum reuse per unit area by increasing the
density of access points [10]. Although UDN technology can
increase the data transmission rate by continuously increasing
the density of access points, the increasing density of access
points will bring the problem of increasing the handover
frequency to mobile vehicle users.

On the other hand, vehicle users can obtain the required
video resources through caching technology. Caching has
the advantages of convenient deployment, low price, reduc-
ing the burden of backhaul link and reducing data traffic,
which makes caching receive great attention in network
deployment [11]. Caching research focuses on two aspects:
caching scheme and caching update scheme. In terms of
caching scheme, since the size of cache space cannot be
infinite, a scheme is needed to decide which video content
to cache to improve the efficiency of caching. In the existing
video segment caching schemes, video segments are mainly
cached according to the popularity of video segments [12].
In terms of caching update scheme, the main update schemes
of caching include: usage frequency scheme, the hierarchical
scheme, the lowest request frequency scheme and First Input
First Output (FIFO) Scheme [13]. Although the application of
caching technology in mobile network has many advantages,
but the caching technology also has shortcomings. The size
of caching space and time delay are often the main problems
restricting caching deployment [14].

Vehicle users can also obtain the required video segments
through video transcoding technology. Video transcoding
technology is widely used in adaptive streaming media sce-
narios due to its advantages of reducing caching pressure and
decreasing backhaul link resource requirements [15]. Video
transcoding technology mainly includes two methods: the
first method is to achieve transcoding target through hardware
assistance, and the second method is to achieve transcod-
ing by consuming computing resources [16]. In the second
method to realize video transcoding, scholars mainly focus

on providing users with the required video version through
base station and cloud network [17]. However, the strong
advantages of video transcoding technology can not hide the
problems caused by its two main shortcomings. One is the
energy consumption problem caused by the huge computing
resources required by transcoding technology [18], which
will make the development of this technology deviate from
the direction of green energy Internet. The other problem is
the time delay caused by video transcoding technology [19],
which will affect the user experience. How to solve these
two shortcomings of video transcoding technology is also a
problem that scholars are committed to overcome.

From the above analysis, it can be seen that vehicle users
have certain limitations whether they obtain the required
video segments through caching scheme, video transcod-
ing scheme or backhaul link scheme. If the advantages of
each of these three schemes to obtain video segments can
be fully utilized and cooperate with each other to provide
video services for vehicle users, it will have a better effect
than obtaining the required video segments through only one
scheme. Therefore, how to combine these three video acquisi-
tion schemes to provide vehicle users with the video resources
they need has aroused scholars’ research [15]. In order to
compare the advantages and disadvantages of these three
schemes, a unified standard is needed to evaluate the three
schemes. Through the comparison of the three schemes, the
best video acquisition scheme is selected to provide video
resources for vehicle users. To solve this problem, this paper
proposes a caching update algorithm and pricing algorithm.
Caching update algorithm is used to improve the utilization
efficiency of caching resources, and pricing algorithm is used
to improve the flexibility of network resources. In this paper,
it is assumed that the benefits brought by network resources
to network operators are called gains. Caching resources,
video transcoding resources and backhaul link resources are
priced and commercialized through the pricing algorithm.
By comparing the gain value to determine the best of the three
schemes, so as to provide the best video segment acquisition
scheme for vehicle users.

In this paper, we consider the impact of the pricing mech-
anism of network resources on the use of network resources,
the impact of caching update scheme on the total gain,
and the impact of the mobility of vehicle users on the
total gain. The contributions of this paper are mainly as
follows:
• This paper proposes a pricing algorithm, which can
adjust the unit price of backhaul link, transcoding and
caching to control the way vehicle users get the video
segments they need, so as to improve the flexibility of
using network resources.

• High version video segments can be converted to lower
version video segments. Sometimes the video transcod-
ing gain is greater than the caching gain. When updating
the caching, the video segment with the minimum gain
should be removed from the caching first. Therefore, this
paper proposes a caching update algorithm considering
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caching gain and transcoding gain, which can improve
the efficiency of caching utilization.

• There is no data transmission in the process of vehicle
handover base station. Due to the mobility of vehi-
cle users, it is necessary to handover to different base
stations to obtain video services. Different from other
vehicle users’ access to video services, this paper takes
the influence of handover process into account when
calculating network gain. into account when calculating
network gain.

• Because the boundary of the base station is abstract
and uncertain, it is not perfect to use the honeycomb
boundary to analyze the handover process of vehicle
users. In this paper, the stochastic geometry theory is
used to analyze the handover process of vehicle users,
which can transform the abstract boundary problem of
base station into a probability problem, so as to analyze
the backhaul link gain more accurately.

The rest of this paper is structured as follows: Section II
introduces the related works. Section III introduces the sys-
tem model and the related assumptions. Section IV intro-
duces the formulation and solution of the problem. In the
Section V, the caching update algorithm and pricing algo-
rithm are proposed in the process of vehicle users acquiring
video. In the Section VI, the results of the paper are simulated
and compared. Finally, we summarize the content of the paper
in Section VII.

II. RELATED WORKS
Considering the advantages of caching, such as reducing
the transmission of duplicate data, improving spectrum effi-
ciency and easy deployment, more and more researchers
begin to pay attention to the problem of caching in recent
years [20]. The caching can be placed on the device side or
the base station side. In research of caching placement on the
device side, the author designs a Device to Device (D2D)
encoding free caching scheme in [21], which can minimize
the caching load. In [22], author groups the caching size
and content size of the user device, and proposes a packet
caching algorithm based on this grouping strategy to improve
the caching hit rate of the device side. In [23], the author
proposes a caching deployment algorithm based on user pref-
erence at the device side, in which the caching deployment
algorithm has a good effect in reducing the transmission delay
and improving the caching hit rate. In the research of base
station layout caching, the author proposes a hybrid content
caching design in [24], which can reduce transmission delay
by optimizing content caching location. In [25], the author
studies an idea of joint bandwidth allocation and caching to
reduce transmission delay.

The emergence of video transcoding technology solves the
problem that users need different video versions in different
network conditions and different devices. As video transcod-
ing is a computing intensive business, researchers mainly
focus on how to improve the quality of video transcoding
and reduce the cost of resource consumption [26]. In order to

improve the video quality after transcoding, in [16], a method
combining software and hardware is proposed to replace
transcoding on media server. In order to ensure the robustness
of transcoding video, the researchers propose a scheme to
improve the transcoding ability of devices by using edge
computing in [27]. In order to reduce the impact of han-
dover delay on video quality of service, in [28], a location
prediction sensing algorithm which can reduce transcoding
delay is proposed. In order to reduce the consumption of
network resources, in [29], researchers propose a real-time
video transcoding system based on cloud network. In [30],
researchers propose a three-stage Steinberg game theory
scheme to reduce the average delay and network overhead
of video transcoding. In [31], the researchers study a cloud
based dynamic adaptive video transcoding framework, which
can significantly reduce the network traffic of the core
network.

In the development process of vehicle users’ access to
video services, researchers mainly improve the network expe-
rience of vehicle users by optimizing resource allocation
and using other auxiliary means. In the research of resource
optimization, the author proposes a joint optimization
algorithm of Vehicle to Vehicle (V2V) and Long Term
Evolution (LTE) communication in [32], which can signifi-
cantly improve the service quality of vehicle users. In order
to improve the service quality of vehicle users, in [33],
researchers propose a resource allocation scheme based on
semi Markov process. In the research on the use of caching
and video transcoding, in [34], researchers propose a caching
scheme combining communication service layer and vehicle
caching to reduce the cost. In [35], the author proposes a
method to caching video into the caching of small base
station, through that optimization method to reduce data
traffic. In [36], the author proposes an optimization method
that combines video transcoding technology, base station
caching technology and backhaul link technology, which
can improve the utilization efficiency of multicast network
resources.

At present, although scholars have done a lot of research
on caching, video transcoding and backhaul link, the research
on providing video services for vehicle users with these three
schemes at the same time has not been fully completed. The
existing method of providing video services for vehicle users
through a single scheme is difficult to make good use of
network resources. Therefore, this paper proposes a scheme
that can flexibly use different network resources to provide
better video segment services for vehicle users, and studies
the related problems of improving caching efficiency. In the
next section, the specific scheme proposed in this paper will
be introduced in detail.

III. SYSTEM MODEL AND PROBLEM ANALYSIS
In this section, we mainly introduce the system model in
detail, and formulate the backhaul link gain, caching gain,
caching consumption and video transcoding consumption of
vehicle users.
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FIGURE 1. Vehicle networking system model.

A. SYSTEM MODEL
As shown in Fig. 1, it is assumed that vehicle users move
within the coverage of single layer base stations, and these
base stations providing network services for vehicle users
have the same storage capacity and computing capacity. The
power of these base stations is assumed to be P, and the set of
these base stations can be expressed as N = {1, 2, 3, . . . ,N }.
Assuming that the distribution of base stations follows the
Poisson distribution of density λs, the nearest base station
provides network services for vehicle users. The distance
between the vehicle user and the nearest base station is
expressed as d1. Similarly, the distance between the nst base
station and the vehicle user can be expressed as dn, and all
base stations can communicate with the remote core network
through backhaul links. Suppose that there are R different
videos in the network, and R = {1, 2, 3, . . . , r}, rk represents
the kth different version of the r th video, and the k value is
inversely proportional to the size of the video segment. In this
paper, Srk (I0) = {1, 2, 3, . . . , i, . . .} is the set of all video
segment of rk , and Ssizerk (i) is the size of the ith video segment
of rk . Different versions of video segments have different
sizes, but have the same video segment length Lr (in seconds).
The notations and definitions used in this paper are listed
in Table 1.

B. VIDEO REQUEST PROCESSING MODEL
When the vehicle user has a video demand, the vehicle user
will connect with the nearby base station. As shown in Fig. 2,
when the vehicle user submits video service request, The base
station will process the video requests of the vehicle users in
three ways: in the first case, if the video segment required by
the vehicle user is in the caching, the vehicle user will directly
obtain the required video segment from the caching. In the
second case, if the video segment required by the vehicle
user is not in the caching, but the higher version of the video
segment is stored in the caching, and the video transcoding
consumption is less than the backhaul link consumption, the
vehicle user will obtain the required video segment through

TABLE 1. List of key notations.

FIGURE 2. Flowchart of video service for vehicle users.

transcoding. In the third case, when there is neither the video
segment version required by the vehicle user nor a higher
version of the video version required by the vehicle user in the
caching of the base station, or the transcoding consumption
of the video is greater than the consumption of the backhaul
link, the vehicle user will obtain the video segment required
from the backhaul link.

For the convenience of expression, 9c
rk (i), 9

t
rk (i) and

9b
rk (i) are used to represent the ith segment of rk -version

video obtained by vehicle users through caching, base station
video transcoding and backhaul link, respectively. In order to
guarantee the service quality of vehicle users and limit the
redundant transmission, each video segment of the video ver-
sion required by vehicle users will only provide services for
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vehicle users in one way. Therefore, the following equation
can be obtained:

9c
rk (i)+9

t
rk (i)+9

b
rk (i) = 1,∀i ∈ Srk (i) . (1)

C. INITIAL CACHING MODEL
Each base station receives a series of video requests, which
are independent of each other. The total number of all videos

in the network can be expressed as Vtot =
g∑

k=1

m∑
r=1

rk . All

videos are sorted in descending order according to their pop-
ularity. According to Zipf’s law, we can get the conditional
probability PVtot (l) that the video segment requested by the
vehicle user is the lth popular, which can be expressed as:

PVtot (l) =
W (l)

Vtot∑
l=1

W (l)

,
(2)

where w can be expressed as:

W (l) =
1
lτ
, (3)

where τ is a positive number and τ ∈ [0, 1.3].

D. DATA TRANSMISSION
When the average speed of the vehicle user is

−
v, the video

segment request is sent to the base station n. It is assumed
that the distribution of base stations follows the Poisson
distribution of density λs, and the video segments required
by vehicle users are obtained from the remote core network.
According to [37], [38],the average data transmission rate of
the backhaul link required by base station n can be expressed
as follows:

−

C (n) = BH
(
1− F(

−
v)
)
ln (1+ θ) , (4)

where B represents the bandwidth allocated to each vehicle
user, H represents the probability that the vehicle user does

not perform the base station handover, F(
−
v) represents the

handover delay, and θ represents the handover threshold.

E. HANDOVER DELAY
According to corollary 1 of [39], when the vehicle user moves

at the average speed
−
v in a single layer base station, the

handover frequency of the vehicle user between different base
stations can be expressed as follows:

F(
−
v) =

4
−
v
√
λs

π
. (5)

It is assumed that the time required for a vehicle user to han-
dover between different base stations is th, and it is assumed
that there is no data transmission between the vehicle user and
the base station during the handover process. Then the time
spent by vehicle users to switch base stations in unit time is
as follows:

F(
−
v) =

4th
−
v
√
λs

π
. (6)

F. PROBABILITY OF NOT PERFORMING HANDOVER
When the SINR of the current base station received by the
vehicle user is less than a threshold, the vehicle user will
handover to the next base station, and all network services
of the vehicle user are provided by the next base station.
In this paper, the probability of vehicle user handover to the
next base station is defined as the handover probability of
vehicle users. From the above description, the mathematical
expression of the probability that the vehicle user does not
perform the handover can be expressed as follows:

H = P

 P|h (1)|2d−α1∑
z∈N,z6=1,

P|h (z)|2d−αz + I
> θ

 , (7)

where α > 2 represents the path loss index, P is the trans-
mitting power of base station, h (1) represents the channel
gain obtained by the vehicle user connecting to the nearest
base station, h (z) represents the channel gain obtained by the
vehicle user from the zth nearest interfering base station, and
I represents the additive white Gaussian noise received by the
vehicle user.

It is assumed that the channel gain h (z) follows a complex
Gaussian random distribution with independent and identi-
cally distributed, h ∼ CN (0, σ 2). We can obtain that |h (z)|2

obeys the χ2 distribution of parameter 2. The probability
density function of |h (z)|2 can be expressed as follows:

f
|h(z)|2 (y) =

y
40(2)

e−y/2, y > 0, (8)

where y represents a variable greater than zero.
Lemma 1: When the vehicle user chooses the base station

to serve itself according to the SINR value, the probability
that the vehicle user does not handover the base station can
be expressed as follows:

H = 2πλs

∫
∞

0
d1 exp [H0 (f )] d (d1), (9)

where equation H0 (f ) can be expressed as:

H0 (f ) = −
θ Idα1
2P
− πλs (H1 (f )+ H3 (f )) , (10)

where H1 (f ) and H3 (f ) can be represented by Gaussian
hypergeometric functions, and the two equations can be
expressed as follows:

H1 (f ) = d2N

[
1− 2F1

(
2,−

2
α
; 1−

2
α
;−

θdα1
dαN

)]
, (11)

H3 (f ) = d21 2F1

(
2,−

2
α
; 1−

2
α
;−θ

)
. (12)

Proof:

Suppose
P|h(1)|2d−α1∑

z∈n,z6=1,
P|h(z)|2d−αz +I

=
I1

ISBS+I
, according to [40],

Laplace transform of ISBS can obtain the following equation:

LISBS (s) = E

(
e
−s

∑
z∈N,z6=1,

P|h(z)|2d−αz
)
, (13)
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where
∑

z∈N,z6=1,
P|h (z)|2d−αz represents the interference sig-

nal received by the vehicle user from other base stations
except the service base station. Since the interference sig-
nals from other base stations are independent of each other,
Eq. (13) can be further written as follows:

LISBS (s) = EN

[
N∏
z=1

L
|h(z)|2

(
sPd−αz

)]
(a)
= EN

[
N∏
z=1

1(
2sPd−αz + 1

)2
]
. (14)

Since |h (z)|2 obeys the distribution of χ2 with degree of
freedom of 2, the following equation can be obtained by
Laplace transformation of C:

L
|h(z)|2 (s) =

1

(2s+ 1)2
. (15)

Therefore, we can get the result of (a) in Eq. (14). The
Eq. (14) is further simplified as follows:

LISBS (s)

= exp

(
−2πλs

∫ dN

d1

(
1−

1(
2sPγ−α + 1

)2
)
γ d(γ )

)

r=γ 2
= exp

−πλs
∫ d2N

d21

1−
1(

2sPr−
α
2 + 1

)2
 d(r)

︸ ︷︷ ︸
M

 .
(16)

If the integral part m in Eq. (16) is calculated separately, the
following equation can be obtained:

M =
∫ d2N

d21

(
1−

1(
2sPd−αz + 1

)2
)
d(r). (17)

By change of variable the above equation, the following
equation can be obtained:

M = d2N − d
2
1 −

2(2sP)
2
α

α

∫ 2sPd−α1

2sPd−αN

(y+1)−2y−
2
α
−1d (y)︸ ︷︷ ︸

M1

.

(18)

M1 can be further written as follows:

M1 =
2(2sP)

2
α

α

∫ 2sPd−α1

0

y−
2
α
−1

(y+1)2
d (y)

−
2(2sP)

2
α

α

∫ 2sPd−αN

0

y−
2
α
−1

(y+1)2
d (y)

= d2N 2F1

(
2,−

2
α
; 1−

2
α
;−2sPd−αN

)
−d21 2F1

(
2,−

2
α
; 1−

2
α
;−2sPd−α1

)
, (19)

where 2F1 (:, :; :; :) denote Gaussian hypergeometric func-
tions. By introducing the result of Eq. (19) and Eq. (18) into
Eq. (16)), the following results can be obtained:

LISBS (s)

= exp
{
−πλs

[
d2N

[
1− 2F1

(
2,−

2
α
; 1−

2
α
;−2sPd−αN

)]
−d21

[
1− 2F1

(
2,−

2
α
; 1−

2
α
;−2sPd−α1

)]]}
. (20)

By further calculation of equation H , the following equa-
tion can be obtained:

H = P

{
|h (1)|2 >

θ ISBS + θ I

Pd−α1

}

= Ed1

EISBS
∫ ∞

θ ISBS+θ I

Pd−α1

y
4
e−y/2d (y)


≥ Ed1

{
EISBS

[
e
−
θ ISBS+θ I

2Pd−α1

]}

= Ed1

[
e−

θ Idα1
2P LISBS

(
θdα1
2P

)]
. (21)

The result of Eq. (20) is introduced into the above equation,
which can be further written as follows:

H=Ed1

{
exp

[
−
θ Idα1
2P
− πλs (H1 (f )− H2 (f ))

]}
, (22)

where

H1 (f ) = d2N

[
1− 2F1

(
2,−

2
α
; 1−

2
α
;−

θdα1
dαN

)]
, (23)

H2 (f ) = d21

[
1− 2F1

(
2,−

2
α
; 1−

2
α
;−θ

)]
. (24)

According to lemma 1 in [41], the probability density
function of the distance d1 between the user and the nearest
base station can be expressed as:

fd1 (d1) = 2πλsd1e−πλsd
2
1 , 0 ≤ d1 ≤ ∞. (25)

Therefore, Eq. (21) can be written as follows:

H = 2πλs

∫
∞

0
d1

exp
[
−
θ Idα1
2P
− πλs (H1 (f )+ H3 (f ))

]
d (d1) , (26)

where

H3 (f ) = d21 2F1

(
2,−

2
α
; 1−

2
α
;−θ

)
. (27)

Therefore, the proof of lemma 1 is complete. �
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G. GAIN AND CONSUMPTION OF NETWORK RESOURCES
When the video segment required by the vehicle user is not
available in the caching of the base station, but there is a
higher version of the video segment required by the vehicle
user in the caching of the base station. The base station can
transcode the higher version video segment into the video
segment needed by vehicle users, and provide video services
for vehicle users.

Assuming that the number of CPU cycles required to pro-
cess a video segment per bit is a (cycles / bit), according
to [42], the time required for video transcoding Td can be
expressed as follows:

Td = aLr
(
rj − rw

)
/f0, 0 < w < j ≤ g, (28)

where f0 represents the server CPU frequency, Lr indicates
the length of time that the video segment can support play-
back, rj and rw represent the bit rate in the unit time of
playing version j video segment and version w video segment
respectively. According to [43], the energy consumption of
video transcoding can be expressed as the following equation:

Et = δaLr
(
rj − rw

)
Td , (29)

where δ (Watt/GHz) is the energy efficiency. Therefore,
when the unit energy price of video transcoding consumption
is φt , the video transcoding consumption can be expressed as
the following equation:

Ct = φtEt . (30)

Similarly, the video transcoding gain Gt is defined as
the benefit of the backhaul saved by the user acquiring the
required video segments through transcoding in unit time,
the backhaul gain Gb is defined as the benefit of the user
acquiring the required video segments through the backhaul
in unit time, the caching gain Ggc is defined as the benefit of
the backhaul saved by the user acquiring the required video
segments through caching in unit time, and the caching con-
sumptionGcc is defined as the caching resources consumed by
users to obtain the required video segments through caching.
Gt , Gb, G

g
c and Gcc can be expressed as follows:

Gt = φbPVtot (l)
−

C (n) , (31)

Gb = φb
−

C (n) , (32)

Ggc = φbPVtot (l)
−

C (n) , (33)
Gcc = φcPVtot (l) S

size
rk (i) , (34)

where φb and φc represent the unit price of backhaul link and
caching respectively.

IV. PROBLEM FORMULATION AND SOLUTION
The objective function can be regarded as the sum of back-
haul links gain, caching gain,caching consumption and video
transcoding consumption. Here, the objective function can be
expressed as the following equation:

Jrk ,i = 9
b
rk (i)Gb+9

c
rk (i)

(
Ggc − G

c
c
)
+9 t

rk (i) (Gt − Ct) .
(35)

In order to maximize the benefits of network operators and
improve the utilization of network resources, the optimization
problem is modeled as the following equation:

Problem1 : maxJrk ,i
s.t.C1 : 9c

rk (i)+9
t
rk (i)+9

b
rk (i) = 1,∀i ∈ Srk (i)

C2 : 9c
rk (i) S

size
rk (i) ≤ Sc,∀i ∈ Srk (i)

C3 : 9b
rk (i)B ≤ Bev,∀i ∈ Srk (i)

C4 : 9 t
rk (i)Td ≤ Tk ,∀i ∈ Srk (i) (36)

where Sc, Bev and Tk represent the maximum base station
caching, the maximum bandwidth allocated to each vehicle
user and the maximum transcoding delay of base station
respectively. C1 means that the vehicle user obtains video
segment only from one of the schemes of backhaul link,
caching and video transcoding. C2, C3 and C4 respectively
indicate that the size of the caching video segment does not
exceed the available caching size of the base station, the
bandwidth required by the vehicle user does not exceed the
bandwidth allocated to the vehicle user by the base station,
and the video segment size required by the vehicle user for
video transcoding does not exceed the transcoding capacity
of the base station.

The above problem is obviously a non-convex problem.
In order to solve this non-convex problem, the parame-
ters 9b

rk (i), 9
c
rk (i) and 9 t

rk (i) are relaxed, which can be
expressed as 0 ≤ 9b

rk (i) ≤ 0, 0 ≤ 9c
rk (i) ≤ 0 and

0 ≤ 9 t
rk (i) ≤ 0 respectively. When the three parameters are

interpreted as time fractions, the method of relaxing the three
parameters is reasonable. At the same time, the following
equation can be obtained from C1:

9b
rk (i) = 1−9c

rk (i)−9
t
rk (i) . (37)

Therefore, the objective function can be transformed into the
following equation:

Problem1 : maxJrk ,i
(
9c
rk (i) ,9

t
rk (i)

)
s.t.C2 : 9c

rk (i) S
size
rk (i) ≤ Sc,∀i ∈ Srk (i)

C ′3 :
(
1−9c

rk (i)−9
t
rk (i)

)
B ≤ Bev,∀i ∈ Srk (i)

C4 : 9 t
rk (i)Td ≤ Tk ,∀i ∈ Srk (i)

C5 : 0 ≤ 9c
rk (i) ≤ 1

C6 : 0 ≤ 9 t
rk (i) ≤ 1 (38)

Obviously, the above problem becomes a convex problem,
and the optimization results can be obtained through the
convex optimization toolbox. After getting the solution of the
problem, the solution of the original problem can be obtained
by rounding.

V. PRICING ALGORITHM AND CACHING UPDATE
ALGORITHM
In order to improve the utilization efficiency of network

resources and reduce the operation cost of network opera-
tors. In this paper, a dynamic pricing algorithm is proposed
based on the idea of grouping evaluation model in [44].
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Algorithm 1 Pricing Algorithm

1: Input: φo=
{
φt,o, φb,o, φc,o

}
, γ={γt , γb, γc} and τ =

{τt , τb, τc}.
2: Output: φ={φt , φb, φc}.
3: Initialization;
4: whileWhen vehicle users’ demand for network resources

changes do
5: Pricing function: φ = eγ+φo∗τ − 1;
6: According to the demand of network resources,
γ={γt , γb, γc} and τ = {τt , τb, τc} values are given;

7: Calculate φt , φb and φc respectively;
8: By optimizing the objective function, the utilization

of transcoding, backhaul link and caching network
resources is adjusted;

9: break;
10: endwhile;
11: return φ={φt , φb, φc};

The pricing algorithm can dynamically adjust the price of
network resources according to the use of network resources,
so as to flexibly allocate network resources for vehicle users.
In the pricing algorithm, suppose φo=

{
φt,o, φb,o, φc,o

}
rep-

resents the unit price of video transcoding power consump-
tion, unit price of caching and unit price of backhaul link
obtained after the last pricing, and φ={φt , φb, φc} repre-
sents the unit price of video transcoding power consump-
tion, unit price of caching and unit price of backhaul link.
γ={γt , γb, γc} and τ = {τt , τb, τc} represent the demand
and elasticity parameters of φ, respectively. Then the pricing
algorithm can be expressed as the following equation:

φ = eγ+φo∗τ − 1. (39)

In the pricing algorithm, network providers can adjust the
usage of network resources by adjusting the unit price of
caching, transcoding and backhaul links. When the usage of
network resources changes, the network provider can adjust
the unit price of network resources according to Eq. (39).
In the process of adjusting the unit price of network resources,
the unit price of network resources is changed mainly by
adjusting the demand parameters and elasticity parameters of
network resources. The value of demand parameters and elas-
ticity parameters should be adjusted according to the actual
demand or according to the historical data. For example,
When φ is the unit price of the backhaul link, when the back-
haul link is congested, both γ and τ become smaller, and the
pricing function of the backhaul link becomes smaller. At this
time, vehicle users will try to obtain video segment from other
ways; When φ is the unit price of the backhaul link, when
the backhaul link is idle, both γ and τ become larger, and
the pricing function of the backhaul link is increased to a
certain value, the user will reduce the video transcoding price
to reduce the power consumption, so that the user can obtain
video resources from the caching or backhaul link. Generally,
under different network scenarios, different user needs and

different external conditions, the values of parameter values
γ , τ and φ are different. The pricing algorithm proposed in
this paper is one of the solutions to improve the efficiency of
network resource utilization. If we want to obtain the param-
eter values of γ , τ and φ under certain scenarios, user needs
and external conditions. It needs to be realized through big
data processing and machine learning, which will be a huge
workload. This will also be the problem we will continue to
study in this field. Therefore, this paper only gives a general
solution. The detailed pricing algorithm process is shown in
algorithm 1.

Algorithm 2 Caching Update Algorithm
1: Input: All video segments in caching.
2: Output: Update results of video segments.
3: Initialization;
4: According to Zipf law, the top ι video segments are

cached in the base station caching;
5: The Ggc values of ι video segments in the caching are

sorted in descending order;
6: When there are different versions of the same video

segment in the caching {r1, r2, · · · , rκ}, calculates the
price Gt (m, j) , 1 ≤ m < j ≤ κ of transcoding from
version m to version j;

7: The video transcoding price is calculated for all video
segments of different versions of the same video seg-
ments in the caching;

8: The transcoding price of all video segments in the
caching and the value Ggc of all video segments ranks in
descending order rank

{
Gt (m, j) ,G

g
c
}
;

9: while When the popularity ranking of video segments
changes do

10: if There are new video segments with Ggc value greater
than min

{
rank

{
Gt (m, j) ,G

g
c
}}

&& When the size of
the new video segment is less than or equal to the size
of the min

{
rank

{
Gt (m, j) ,G

g
c
}}

video segment in the
caching then

11: This new video segment directly replaces the video
segment of min

{
rank

{
Gt (m, j) ,G

g
c
}}

in caching;
12: else When the new video segment size >

min
{
rank

{
Gt (m, j) ,G

g
c
}}

video segment in caching;

13: if The sum of caching space required by several video
segments of min

{
rank

{
Gt (m, j) ,G

g
c
}}

in caching >
= the size of new video segments, and the total price of
these video segments < = Ggc of new video segments
then

14: The new video segment replaces the least expensive
video segments in the caching;

15: else Caching does not update;
16: break;
17: end if
18: end if
19: return result;
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Since the caching space is not infinite, a caching strategy is
needed to determine which video segments need to be cached.
In the caching update algorithm proposed in this paper, firstly,
the video segments are cached according to the popularity.
When the caching space is not enough to support a new video
segment caching, and if the popularity of video segments
changes at this time, it is necessary to consider which video
segments in the caching space are updated first. Different
from the existing caching update schemes, the caching update
algorithm proposed in this paper caches video segments
according to the value of video segments. When there are dif-
ferent versions of the same video segment in the caching, it is
not accurate to update the caching only considering the pop-
ularity of the video segment. The proposed caching update
algorithm not only considers the caching value brought by
the popularity of video segments, but also considers the
transcoding value of video segments. The caching value and
transcoding value of the video segments in the caching are
sorted in descending order. When the value of a new video
segment caching is greater than the current minimum value of
the video segment in the caching, the caching will execute the
caching update algorithm proposed in this paper to determine
whether to execute the caching update. In the caching update
algorithm, the transcoding value of video segment is taken
into account, which can improve the utilization of caching.
The detailed algorithm is shown in algorithm 2.

VI. SIMULATION RESULTS AND DISCUSSIONS
In this section, we will implement the algorithm through
simulation to verify the effectiveness of the proposed scheme.
In the simulation process, the values of corresponding param-
eters can be set according to [37]. The detailed parameter
values are given in Table 2.

For the convenience of analysis, the demand parameter γ
and elasticity parameter τ in Fig. 3 are assumed to be constant
values (if the demand parameter γ and elasticity parameter τ
take any value within a reasonable range, different curves will
be obtained). Fig. 3 shows that when the demand parameters
and elasticity parameters remain unchanged, the higher the
video segment popularity ranking, the more the total gain.
This is mainly due to the higher the ranking video segment,
the more the probability of vehicle users requesting the video
segment, which increases the total gain of the video segment.
When only the price of backhaul link changes, the total gain
is a constant value for a long time. This is mainly because
the vehicle users get the video segments from the caching or
transcoding scheme. When the total gain rises later, it means
that the vehicle users can get the video segments from the
backhaul link to maximize the total gain. When only caching
price changes. From the simulation results, we can see that
when φo ≤ 0, the vehicle users get the video segments from
the caching to maximize the total gain; when 0 ≤ φo ≤

0.4, the vehicle users get the video segments from the video
transcoding to maximize the total gain; when 0.4 ≤ φo,
the vehicle users get the video segments from the backhaul
link to maximize the total gain. In the process of only video

TABLE 2. Simulation parameters.

FIGURE 3. Performance analysis of pricing algorithm.

transcoding price changes. We can see that when φo ≤ −0.4,
the vehicle users can obtain the required video segments
from the video transcoding to maximize the total gain; when
−0.4 ≤ φo ≤ 0, the vehicle users can get the video
segments from the combination scheme of video transcoding
and caching to maximize the total gain; when 0 ≤ φo ≤ 0.4,
the vehicle users can get the video segments from the caching
to maximize the total gain; when 0.4 ≤ φo, the vehicle users
can get the video segment from the backhaul link tomaximize
the total gain.

Fig. 4 illustrates the relationship between pure gain and
video popularity. Applying this relationship to caching update
scheme can improve the utilization of caching space. Obvi-
ously, the pure gain of both caching scheme and video
transcoding scheme decreases with the increase of video seg-
ment popularity l. The main reason for this result is that the
higher the popularity l value is, the less popular the video seg-
ment is, and the less likely the vehicle user requests to obtain
the video segment, which makes the pure gain be reduced.
In the caching scheme, when the popularity of video segments
is the same, the pure gain decreases with the increase of video
segment size, which is mainly due to the limited caching
space of the base station. Similarly, in the video transcoding
scheme, when the popularity of video segments is the same,
the pure gain decreases with the increase of video segment
size, which is mainly due to the limitation of the computing
ability of the base station. When the video segment size
is 2Mb, the caching pure gain value is equal to the video
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FIGURE 4. The relationship between pure gain and video popularity.

FIGURE 5. Relationship between total gain and number of vehicle users.

transcoding pure gain value at l = 6. At this time, when
updating the caching, we need to fully consider the impact
of video transcoding gain on caching gain, so as to improve
the utilization efficiency of caching.

The results in Fig. 5 describe the relationship between total
gain and number of vehicle users. It can be seen from the
results that the total gain of all schemes will increase with the
increase of the number of vehicle users. However, when the
number of vehicle users is more than 3, the proposed scheme
can significantly improve the total gain. The main reason for
this result is that vehicle users can flexibly obtain the required
video segments from three ways, which including backhaul
link, caching and video transcoding. When the vehicle users
obtain the video segments through the backhaul link and
caching scheme, the total gain of the vehicle users will be
smaller than that of the scheme proposed in this paper. The
main reason for this result is that because the vehicle users
can only get the required video segments from the backhaul
link and caching. In the absence of video transcoding scheme,
the flexibility of vehicle users to obtain the required video
segments is reduced, so the total revenue is reduced. At the
same way, when the vehicle user obtains the required video
segments from the caching and transcoding scheme, the total
gain decreases due to the reduced flexibility of the vehicle
user to obtain the required video segments. In the scheme
in which the vehicle user obtains the desired video segments

FIGURE 6. Relationship between gain and handover threshold of vehicle
users.

from the backhaul link. When the number of vehicle users is
less than 3, the total gain increases with the number of vehicle
users; when the number of vehicle users exceeds 3, the total
gain does not change with the increase of the number of vehi-
cle users. The main reason for this result is that the bandwidth
allocated to each base station is limited. In the scheme that
the vehicle user obtains the required video segments from
video transcoding. When the number of vehicle users is less
than 2, the total gain is 0. This is mainly because the video
segments needed by video transcoding need to consume a
certain amount of caching resources, which makes the video
transcoding revenue offset the caching consumption. When
the number of vehicle users is greater than 2, the total gain
increases with the increase of vehicle users.

Fig. 6 shows the relationship between the gain and the
vehicle user handover threshold. It can be seen from the
simulation results that the gain decreases with the increase
of the handover threshold. The main reason for this result
is that the base station becomes more and more difficult to
meet the needs of vehicle users with the increase of handover
threshold. Among all the video acquisition schemes, when the
vehicle users’ speed is equall, the caching scheme obtains the
largest gain, followed by the backhaul link scheme, and the
video transcoding scheme obtains the smallest gain. Themain
reason for this result is the influence of pricing mechanism
and the handover of base station by vehicle users. In the
backhaul link scheme, the gain will decrease with the increase
of vehicle user’s speed. The main reason for this result is
that with the increase of vehicle user speed, the number of
handover in unit time will increase, which will reduce the
gain. In the same way, in the caching scheme and video
transcoding scheme, with the increase of the speed of vehicle
users, the gain will decrease.

Compared with Fig. 6 and Fig. 7, it can be seen that with
the increase of video segment popularity ranking, the gain
will decrease when the vehicle user speed is the constant and
the scheme to obtain the required video segment is the same.
However, the influence of the popularity of video segments
on different video obtain schemes is different. In the backhaul
link scheme, with the increase of video segment popularity,
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FIGURE 7. Relationship between gain and handover threshold of vehicle
users.

FIGURE 8. The relationship between caching pure gain and τ .

the total gain is basically not affected. This is mainly because
in the backhaul link scheme, the gain is only related to the
data transmission rate. Video segment popularity has a great
impact on the gain of caching scheme and video transcoding
scheme. In these two schemes, the gain will decrease with the
increase of video segment popularity. The main reason for
this result is that the caching consumption and transcoding
consumption of the video segment remain unchanged. How-
ever, with the increase of the popularity of the video segment,
the probability of vehicle users to request the video segment
decreases, resulting in the decrease of the gain. At the same
time, the numerical comparison on the curve in the simula-
tion results shows that the video segment popularity has the
greatest impact on the gain of transcoding scheme.

Fig. 8 shows the relationship between caching pure gain
and τ . Obviously, when the other conditions are same, the
caching pure gainwill decreasewith the increase of the size of
video segments. This is mainly due to the fact that the number
of video segments stored in the caching space will be reduced
when the size of the available caching space is limited, and the
hit rate of video segments requested by vehicle users will be
reduced, thus the pure gain of caching will be reduced. When
the popularity ranks of a video segment are l = 2, the pure
gain of caching increases with the increase of τ value. When
the popularity ranks of a video segment are l = 3, the pure

FIGURE 9. The relationship between transcoding pure gain and τ .

gain of caching increases with the increase of τ value, but
when 1 ≤ τ , the increase speed of caching pure gain slows
down. When the popularity ranks of a video segment are
l = 5, the pure gain of caching increases with the increase of
τ value, but when 1.1 ≤ τ , the pure gain of caching decreases
with the increase of τ value. The main reason for this result
is that the τ value is different when the Zipf law is applied to
different contents. Therefore, in practical application, a rea-
sonable τ value should be selected according to the actual
needs.

Fig. 9 shows the relationship between the pure gain of
video transcoding and τ . We can see that when the other
conditions are the same, the pure gain of transcoding will
decrease with the increase of video segment size. The main
reason for this result is that the transcoding capacity of the
base station is limited, and the increase of video segment size
will reduce the number of transcoding video segments per
unit time. The number of service vehicle users is reduced,
and the pure gain of transcoding is reduced. When the pop-
ularity ranks of a video segment are l = 3, the pure gain
of transcoding increases with the increase of τ . When the
popularity ranks of a video segment are l = 4, the pure gain of
transcoding increased with the increase of τ , but when 1 ≤ τ ,
the pure gain of transcoding decreased with the increase of
τ value. When the popularity ranks of a video segment are
l = 5, the pure gain of transcoding increases with the increase
of τ value, but when 0.8 ≤ τ , the pure gain of transcoding
decreases with the increase of τ value. The main reason for
this result is that different τ values are needed when Zipf’s
law is applied to different contents.

VII. CONCLUSION
In this paper, the author focuses on the problem that vehicle
users obtain video services in different ways. In the process
of scene analysis, considering the randomness of base station
distribution, the mobility of vehicle users and the probability
of vehicle user handover in the actual scene, a data trans-
mission rate analysis scheme based on stochastic geometry
theory is proposed to improve the accuracy of the analysis
process. In the process of vehicle users acquiring the required
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video segments, it is considered that the use status of network
resources is different when vehicle users make video requests
at different times. A pricing algorithm that can improve the
flexibility of network resources such as caching, base station
computing resources and backhaul link is proposed. At the
same time, the caching update algorithm proposed in this
paper takes video transcoding gain fully into account in the
update of caching space, which can effectively improve the
efficiency of caching. From the simulation results, it can
be seen that the vehicle video segment acquisition scheme
proposed in this paper can improve the efficiency of network
resources.
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