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With the continuous development of the 6G mobile network, computing-
intensive and delay-sensitive onboard applications generate task data traffic
more frequently. Particularly, when multiple intelligent agents are involved in
tasks, limited computational resources cannot meet the new Quality of Service
(QoS) requirements. To provide a satisfactory task offloading strategy, combining
Multi-Access Edge Computing (MEC) with artificial intelligence has become a
potential solution. In this context, we have proposed a task offloading decision
mechanism (TODM) based on cooperative game and deep reinforcement learning
(DRL). A joint optimization problem is presented to minimize both the overall task
processing delay (OTPD) and overall task energy consumption (OTEC). The
approach considers task vehicles (TaVs) and service vehicles (SeVs) as
participants in a cooperative game, jointly devising offloading strategies to
achieve resource optimization. Additionally, a proximate policy optimization
(PPO) algorithm is designed to ensure robustness. Simulation experiments
confirm the convergence of the proposed algorithm. Compared with
benchmark algorithms, the presented scheme effectively reduces delay and
energy consumption while ensuring task completion.

KEYWORDS

multi-access edge computing, cooperative game, task offloading, proximate policy
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1 Introduction

With the advent of the Internet of Things (IoT), many sensing devices have been
deployed in networks. The data generated by these devices and related large-scale mobile
applications are growing explosively [1]. In the context of IoT, the Internet of Vehicles (IoV)
is a study hotspot. It uses IoV technology to provide services for vehicles through onboard
processors [2,3]. However, task data also increase with a significant increase in the number of
vehicles. The emergence of various computing-intensive tasks poses a significant challenge to
the onboard computing capability of the vehicle itself Zhou et al. [4]. Multi-Access Edge
Computing (MEC) is considered a feasible method to tackle this issue. MEC has significant
advantages in addressing compute-intensive tasks in the IoV system. By moving
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FIGURE 1
Intelligent architecture network of loV.

TABLE 1 Parameter setting.

Parameter Value

The transmission path loss index a 34
The transmission power of noise 62/0%,, 107w
The wired transmission power from RSUs to MEC P’y 2w
The height of RSUs Hy.; 20m
The distance from RSUs to the road center Dy, 6m

The strength of vehicle coordinate transformation M,,, 1000 cycles/bit

computational and data processing functions to the network edge, it
reduces task processing latency, enabling faster real-time decision-
making, which is crucial for areas such as autonomous driving,
traffic optimization, and intelligent traffic management. Moreover,
MEC alleviates the burden on TaV, optimizes network load, and
reduces energy consumption. MEC is considered a prevalent
computing paradigm that has been widely studied to promote
data processing efficiency, which can perform computation
services closer to the data sources Porambage et al. [5].
Specifically, in the IoV system, tasks are offloaded to the service
nodes (SNs) with computing power, and tasks are processed
cooperatively to improve efficiency. The premise of task
offloading is that jobs can be split into multiple subtasks and
offloaded to SNs. Parked or moving vehicles, as idle resources,
can provide specific computing and storage resources for task
processing Sookhak et al. [6]. In addition to offloading tasks to
the service vehicles (SeVs), task vehicles (TaVs) can also offload
tasks to the MEC servers. The MEC servers coexist with the base
station (BS) and connect the roadside units (RSUs) to provide
services Xiao and Zhu [7]. In recent years, the issue of task
offloading in the IoV system has received extensive research
Zhou et al.
consumption are essential indicators. It is challenging to

[8], and task processing delay and energy

minimize overall delay and energy while

completing the task Li et al. [9]. When the amount of task data

consumption

is large, the task transmission delay is high, increasing the total task
delay and energy consumption. To solve this problem, integrated
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radar sensing and communication is a feasible solution. The
integrated radar sensing and communication technology aims to
reduce the task processing latency and energy consumption in the
IoV, improving the efficiency and performance of task processing in
IoV. By collecting data through radar sensing and sharing, instead of
traditional data transmission, it reduces node waiting energy
consumption and enhances the response speed of the IoV
system. Its advantage lies in optimizing the overall performance
of the IoV system, including perception of traffic data, improvement
of communication quality, and increased accuracy of vehicle
positioning, thereby enhancing the efficiency and safety of the
entire ToV system. Game theory and optimization techniques
provide technical support for it. In this study, a game theoretic
approach was utilized to construct a game model, analyze the
cooperative relationship between TaVs and SNs, and define the
utility function for task offloading. This facilitated the development
of an optimal task offloading decision strategy, encompassing task
allocation and resource coordination. Optimization techniques were
employed to achieve an optimal allocation of resources, including
computing, storage, and communication resources, maximizing
system utility while minimizing task processing delay and energy
consumption.

Some scholars have conducted some studies on this issue. For
example, in [10], a relatively practical IoV scenario was considered,
and a matching game method was used to model the task allocation.
The simulation results show that the input data transmission delay
accounts for 73% of the total task processing time. In [11], the task is
assigned to the MEC and the SeVs for processing. The results show
that when the task size is 80 Mb, the input data transfer delay
accounts for 50%. The delay in uploading data can significantly
affect delay-sensitive applications. Therefore, several cars have an
integrated radar system to sense the surrounding environmental
data for local processing or assist connected vehicles in processing
task data to ensure safe driving [12]. Furthermore, RSUs use radar to
sense environmental data and use ecological data as input to reduce
the transmission delay [13]. In summary, instruction transfer and
environmental data sensing provide new possibilities for task
offloading. For the issue of transmission delay, consider perceived
reduce

environmental data and calculation instructions to

transmission delay [14].
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FIGURE 2
Training curve of PPOTR.

Energy is currently a major concern worldwide, and the increase
in the number of IoV equipment will lead to increased energy
demand and higher energy costs. Therefore, reducing energy
consumption has become one of the issues that the IoV system
needs to resolve [15]-[16]. To tackle this issue, Cesarano et al.
designed a greedy heuristic algorithm to reduce the energy
consumption of the task [17]. Some scholars applied minimizing
of energy consumption and execution delay as the objective
functions and reasonably selected the task offloading strategies
[18]. In [19], the IoV system data transmission scheme adopts
the deep Q-network (DQN) method to reduce transmission
costs. Altogether, energy consumption is a key factor influencing
the task offloading strategy. The focus of future study will be the
proper selection of task offloading strategies to ensure delay and
energy consumption.

For the aforementioned issues, many studies have adopted
heuristic algorithms to solve them. For example, the author
considers the reliability of task offloading in the IoV scenarios
and uses heuristic algorithms to optimize the reliability [20].
Aiming at the issue of poor robustness of traditional heuristic
algorithms for continuous state and action space in the IoV
scenario [21], an offloading strategy-based method was studied to
learn the optimal mapping from constant input state to discrete
output and deal with continuous state space and action space
scenarios. Although the aforementioned algorithm can solve the
issue of the task offloading strategy in the IoV, the algorithm used
has poor reliability of data
transmission [22].

robustness in ensuring the

DRL algorithms have significant advantages over heuristic
algorithms. First, DRL algorithms can automatically learn and
optimize decision strategies through large-scale data, eliminating
the need for manual design of complex rules. Second, DRL
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algorithms can handle high-dimensional and complex state and
action spaces, making them suitable for solving complex real-world
problems. Additionally, DRL algorithms have the ability to
generalize learned knowledge to unseen environments, enabling
more intelligent and flexible decision-making. Given the more
significant potential and application value of policy-based deep
reinforcement learning (DRL) [23], this paper discusses task
offloading based on DRL. For sensitive applications with
environmental data as input, we proposed a task offloading
decision mechanism (TOMD) based on cooperative game and
DRL. This paper is based on cooperative game theory, considered
the overall task processing delay (OTPD) and overall task energy
consumption (OTEC), and constructed a joint optimization issue.
We transformed the joint optimization issue into a DRL issue and
used the PPO algorithm to solve the issue. The main contributions
are summarized as follows:

1. Considering dynamic wireless edge computing networks, a
framework for joint task offloading is designed. On this basis,
according to the wireless transmission requirements of SNs,
combined with the game theory and communication function,
a cooperative game and DRL-based TODM is proposed. The
joint optimization issue is derived to minimize the delay and
energy consumption.

2. DRL is more robust than the heuristic algorithm as it can make
real-time online decisions. Therefore, combined with DRL, the
designed  joint optimization issues transformed into
reinforcement learning (RL) issues. This paper develops an
algorithm based on PPO to solve the aforementioned issues
and theoretically analyze the algorithm’s complexity.

3. Finally, we designed a simulation experiment to evaluate the

algorithm’s performance. The results show that the algorithm
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FIGURE 3
Convergence curve of PPOTR. (A) Unsmoothed convergence curve of PPOTR. (B) Smoothed convergence curve of PPOTR.

converges better than the soft actor-critic (SAC) algorithm, which  algorithm based on DRL to solve the aforementioned issues. Section

can achieve the goal of a reasonable choice of the task offloading 5 proposes a simulation for evaluating the solution. Finally, Section 6

strategy. The proposed algorithm can reduce the task delay and ~ summarizes this paper.

energy consumption cost while improving the performance of the

IoV system.

2 Related works

The remainder of this paper is arranged as follows: Section 2
presents relevant work. Section 3 presents the system model in This section summarizes the current study of the IoV, including the
detail, expounds on the task offloading mechanism TODM, and  connected study of task offloading, radar sensing and communication,
gives the issue formulation. Section 4 proposes a task offloading  game theory, and DRL of the IoV edge intelligent system.
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Training curve of SAC.

2.1 Task offloading of loV

With the advent of the 6G era, mission data volume has
experienced a blowout growth. With the intellectual development
of the IoV intelligent system applications, the requirements for
task data computation have also improved. Because the cloud is
relatively far from users, traditional cloud computing has
relatively high latency, which has become the focus of the task
offloading strategy [24]. Researchers considered MEC as an
effective technique to address the delay issue. Because the
MEC servers are closer to users than the cloud, they can
reduce the delay in task processing and enhance the user
experience [25].

In light of MEC characteristics, it will be widely used in the
future IoV system. In [26], the architecture of the vehicle
network was defined according to the properties of the MEC,
which can enhance the scalability of the network. In [27], an
SDN-enabled network architecture assisted by the MEC was
proposed to provide and high-reliability
communication. In [28], the optimal task offloading issue in

low-latency

MEC was studied, which was transformed into two subproblems,
task offloading and resource allocation, to minimize the
delay.[29],
computing and physical resource problems as optimization

considers an edge server and describes the

issues. In [30], a new offloading method was proposed to
minimize transmission delay while improving
utilization. In [31], a task offloading scheme fuzzy-task-
offloading-and-resource-allocation ~ (F-TORA)

Takagi-Sugeno fuzzy neural network (T-S FNN) and game

resource
based on
theory is designed.[32] proposes a UAV-assisted offloading

strategy, which has been experimentally verified to reduce the
delay by 30%.

Frontiers in Physics

2.2 Radar sensing and communication in
the loV

The integrated radar and communication design has great potential
in cost-constrained scenarios. For example, by combining radar and
communication functions, an IoV system can be designed to solve the
issues of high latency and energy consumption. Some scholars have
proposed a path estimation method to realize longitudinal and lateral
vehicles followed only by radar and vehicle-to-vehicle (V2V) [33]. This
paper dual-functional
radar-communication (iIRDRC) system for autonomous vehicles
(AVs) [34]. Obstacle detection is a very important part of the
realization of intelligent vehicles. To avoid the problem that metal

introduces an intelligent  real-time

objects seriously block the millimeter wave, an active obstacle detection
method based on a millimeter-wave radar base station is proposed [35].
The radar and communication integrated system (RCIS) can overcome
the time-consuming problems of data format transfer and complex data
fusion across multiple sensors in autonomous driving vehicles (ADVs)
[36]. In summary, the integrated radar and communication design is a
promising direction for future autonomous driving technology
development.

2.3 Game theory in ToV

Game theory provides a framework for analyzing strategic
interactions among rational decision-makers, while optimization
techniques are designed to seek the most favorable outcomes. Some
scholars have proposed a dependable content distribution
framework that combines big data-based wvehicle trajectory
prediction with coalition game-based resource allocation in

cooperative vehicular networks [37]. This paper proposes an
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FIGURE 5

Convergence curve of SAC. (A) Unsmoothed convergence curve of SAC. (B) Smoothed convergence curve of SAC.

energy-efficient matching mechanism for resource allocation in
device-to-device (D2D)-enabled cellular networks, which employs
a game theoretical approach to formulate the interaction among end
users and adopts the Gale-Shapley algorithm to achieve stable D2D
matching [38]. Some scholars have proposed a novel game
theoretical approach to encourage edge nodes to cooperatively
provide caching services and reduce energy consumption [39]. In
[40], the author has developed a two-player Stackelberg game-based
offloading scheme, which can

opportunistic computation

Frontiers in Physics
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significantly shorten task completion delay. In conclusion, game
theory holds significant and extensive application prospects within
the realm of the IoV.

2.4 DRL methods for loV

Regarding resource optimization for the IoV, DRL has strong
sensing and decision-making capabilities compared to traditional
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Total energy consumption under different policies.

heuristic algorithms and can analyze the long-term impact of
current resource allocation on the system. Many scholars have
applied DRL techniques to the study of the IoV. For example, in
[41], DRL technology was used to transfer vehicle tasks to the edge
server when facing the challenge of task delay. In [42], a UAV was

Frontiers in Physics 07

placed in the vehicle network to assist resource allocation, and the
deep deterministic policy gradient (DDPG) method was used to
reduce the task delay. In [43], an online computation offloading
strategy based on DQN was proposed, which takes the discrete
channel gain as input to minimize energy consumption and delay
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and realize computation offloading and resource allocation. In [44],
a hybrid scheduling mechanism to reduce computation was
proposed for vehicle-to-vehicle communication in a specific area.
In [45], the author proposed a priority-sensitive task offloading and
resource allocation scheme in an IoV network to validate the
feasibility of distributed learning for task
offloading in future IoV networks. In [46], the author proposed a

reinforcement

multi-agent deep reinforcement learning (MA-DRL) algorithm for
optimizing the task offloading decision strategy, while improving the
offloading rate of the tasks and ensuring that a higher number of
offloaded tasks are completed.

Given the preponderance of DRL techniques in the IoV system,
two metrics are considered: delay and energy consumption. This
paper aims to select the optimal task offloading strategy to save delay
and resource costs. Consequently, we propose a framework for task
offloading that uses a DRL-based algorithm to achieve optimal
solutions in the network.

3 System description and problem
formulation

In this section, Section 3.1 presents an edge computing network
of the IoV. Section 3.2 presents an optimization issue.

3.1 System model

3.1.1 TODM mechanism based on the cooperative
game

In light of the issue that the large amount of task data in the IoV
leads to significant overall task delay and energy consumption, we

Frontiers in Physics

200000
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Epochs

build an intelligent system for the IoV by using the sensing
capabilities of SNs. To achieve a practical and distributed
solution, we realize that the task assignment problem in MEC
architectures can also be formulated as a cooperative game. The
cooperative game is applicable to the case of multi-node
cooperation, where multiple agents work together to formulate
resource allocation strategies to minimize overall delay and
energy consumption. First, this paper defines the participants of
the game, i.e., TaV, SeVs, and MEC. Second, it defines the strategies
for task offloading, decomposing tasks into multiple subtasks
to different SNs, with the
consumption for nodes completing the task as the criteria for

assigned delay and energy
cooperative cost allocation. Finally, cooperative constraints are
introduced to construct a cooperative game theory model.

The intelligent architecture network of the IoV is featured in
Figure 1. A BS and MEC servers are deployed at the same location to
improve MEC computing power and save costs. For RSUs
reasonably deployed along the road, each RSU is equipped with
storage resources and radars for real-time sensing of ambient data.
The storage resources of RSUs support the storage of all sensed task
data and are periodically cleared to maintain usability. RSUs are
linked to the MEC via wired links. Each car is equipped with
computing, storage resources, and radars. The TaV is linked to
the SeVs and RSUs via wireless transmission. The communication
between nodes adopts frequency division multiplexing (FDM)
access technology, and the upload and feedback process adopts
the time division duplexing (TDD) mode. This paper assumes that
BS covers the entire IoV system, including all RSUs and vehicles.
The coverage of RSUs is tangential to each other, and the TaV is
always within the range of the nearest RSUs when processing the
task. The task can be divided into several subtasks. Each subtask is
independent and can be processed in parallel [47]. Considering the
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impact of the delay and energy consumption on the offloading
strategy, the MEC sends the offloading decision to the TaV and then
offloads the task. In real-life scenarios, two-way roads are more
practical. However, the study is still in its infancy. This paper only
considers one-way lanes and ignores the car service in the opposite
direction to the TaV in our model.

The delay and energy consumption are critical technical
indicators in the TODM design, and this paper aims to
minimize the OTPD and OTEC. The OTPD includes task
description delay, offloading decision delay, offloading
decision transmission delay, task upload delay, task processing
delay, and task feedback delay. In this paper, each variable is
represented by 64 bits, i.e., a double float. The task description
size is a few kilobits, and the delay can be disregarded. The
offloading decision comprises task allocation, transmission
bandwidth, transmission power, and transmission policy.
Compared with the amount of the task input data, the size of
the offloading decision is small, so the offloading decision delay
and transmission delay are disregarded. The amount of data after
the task is completed is smaller than the amount of data input,
and the task feedback delay can be disregarded. Thus, the OTPD
consists of the task upload and computation delays. Similarly, the
OTEC consists of the task upload energy consumption and the
task computation energy consumption. It should be noted that if
SN perform other tasks, there will be waiting delays, and energy
consumption is possible. In this paper, it is assumed that only one
task needs to be processed, and the waiting delay and energy
consumption are neglected. Multi-tasking will be considered in
future study.

Due to the different perspectives of sensing environmental data,
the TaV coordinate in the calculation instruction is used for
coordinate transformation (CdT) preprocessing to eliminate
differences [48]. The TaV has two ways to transmit the task:
data (DaT) and
transmission (InT) with cooperative environment awareness.

conventional transmission instruction
Different transfer methods offer new options for task offloading.
The delay and energy consumption constraints affect the task
upload mode, further affecting the task offloading strategy.
Therefore, the transmission strategy can be chosen adaptively
based on the objective function, traffic size,
capability, delay, energy

Compared to the traditional offloading mechanism, TODM can

propagation
transmission consumption, efc.
potentially reduce energy consumption and transmission delay
caused by the inputs. However, this mechanism incurs an
additional cost to the overall IoV system, which is ignored in this

paper.

3.1.2 Task model

The task of TaV is computationally intensive and delay-
sensitive. The total task data are denoted by Sp,r and can be
arbitrarily divided into infinitely many subtasks. The task ratio is
denoted as x,, (x,, € [0,1]),n € N =1{0,1,2,...,n, N + 1}. His used
to denote the task, and the h-th subtask is denoted as #h,
heN :=1{0,1,2,...,n,N + 1}, where h € H. Some subtasks select
local computations, while others select DaT or InT for SNs
according to the task ratio. Task offloading to SNs can satisfy
the delay and
neN:=1{0,1,2,..

energy  consumption  constraints.  V,
,n, N +1}, is used to denote the SNs; the
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wireless  bandwidth denoted as b, (b, € [0,1]),
neN:={0,1,2,...,n,N +1}; and the transmission power is
denoted as P, (P, € [0.5w,1.5w]), n € N :=={0,1,2,...,n,N + 1}.
TaV is denoted as V,, and the SeVs are denoted as V,. The

computational resources of both TaV and SeVs satisfy all

ratio is

computing tasks. RSUs and MEC are connected by wires,
denoted by Vy + 1. The choice of the aforementioned three
variables ensures the optimal task offloading strategy.

3.1.3 OTPD and OTEC of the TaV

When a subtask is selected to perform a local computation on
Vo, the OTPD of the subtask is the local computation. The OTEC of
the subtasks is the energy consumption computed locally and
uploaded without energy consumption. The delay is denoted as
Te"P™, and the energy consumption is denoted as Ey"". The
TP and ES""P™ are given as follows [49]:

T«(:)amput _ tgompur (xo) _ SDa;xOM, (1)
0

E(c)amput — e(c)omput (xo) — Ko (fo)zc(); (2)

Co = SparxoM. 3)

Here, M (in cycles/bit) is the task calculation strength, which refers
to the computing resources required to input 1bit of data. F,
represents the CPU cycles of V. K, is the effective switching
capacitance related to the chip structure in the car. f; is the
computing capacity of the car itself. C, represents the number of
CPU revolutions required for processing the subtasks A,.

3.1.4 OTPD and OTEC of the SeVs

When a subtask is offloaded to the SeVs for processing, data or
calculation instructions are transmitted wirelessly to the SeVs. For
DaT, it is essential to consider the upload delay. For InT, the
transmission delay is not considered, but it is essential to
consider the CdT delay.

Uploading delay model: Based on comparing the delays
between the two upload modes, the mode with the smaller delay
is selected as the upload mode. The DaT and InT upload methods
are considered, and an energy consumption model is built. The
energy consumption corresponding to different upload methods is
calculated. T7? foad
transmitting the task to V,. The uploading rate from V; to V,, is

is used to denote the uploading delay for Vj
given by

P|h|'d (1)
7> @)

2
On

Re:i v, (t) = BTaTbn logz < 1+

Here, Refz v, (t) denotes the upload rate in time t. By, denotes the
total bandwidth of the wireless transmission. b, denotes the
transmission bandwidth ratio. P, denotes the transmission
power. o2 denotes the noise power. h, denotes the channel
fading coefficient from V; to V,,. d,(t) denotes the distance from
Vo to V,, in time t. d,* (¢) denotes the path loss from Vj to V..
denotes the path loss index.

During the task data upload, the car’s motion causes changes in
d,(t). We assume that the coordinate of Vj, is 0, and Sp,1x, is G,,
where G, # 0. The moving speeds of the cars are v, and v,. The
formula for calculating d,,(¢) is given by
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dy(t) = \IGu + (v = )tI, G, #0, neN. (5)

The cars are running on the expressway, and the maximum
difference between their relative speeds does not exceed 30 km/h
[50]. Take 10 ms as an example; (v, — vo)t = 0.008 m. The relative
position changes are relatively small and do not affect the
optimization results. This paper ignores the change in position.
The calculation formula of d,(¢) is given by

d.(t)=|G,| G, #0 nel. (6)

For DaT, Sp,7x, represents the amount of the task data allocated
to V... Br,rb, represents the transmission bandwidth from Vj to V.
The upload delay T? toad i given by

a

upload _ ,DaT _ SDaTxn
Tla - tla (xn) bm Pn) - RDaT
Vo— Vi
_ SDaTxn ( )

=2 .
Py|hy| 1Gal™
0-2

For InT, this paper needs to consider the delay of CdT. Assume

BToTbn 10g2 ( 1+

V, stores the environmental data sensed by the radar and performs
CdT immediately after receiving the calculation instruction. The
delay of CdT depends on the amount of sensed data and the strength

of the CdT calculation. T’/ loed < used to denote the upload delay;
Tupload s s
W is given by

Tuplnud — ttm (X ) — SDuTngtm
1b 1b n Frl

) (8)

where M, represents the computation intensity of CdT. F,
represents the CPU cycles of V,,.
Considering the TODM, DaT or InT with a lower delay is

chosen as the upload method to minimize the task upload delay. The

upload

calculation formula of upload delay T from V; to V,, is given by

T‘fplnud (xm bn» Pn) — min{Tupload’ T‘;{:loud}~ (9)

la

Uploading energy consumption model: Given the selected

upload mode, the upload energy consumption model is built, and

upload and Etfé)load

12 are calculated.

load .
1Pt i

the upload energy consumption E

E4P°* i5 used to denote the upload energy consumption; E

given by [51]

o Eﬁflmd _ etltgload (xm bm Pn) _ PnTﬁ’load
Elp =4 or S (10)
upload upload 2
Elf = 615 (xn) = Kn (fn) Cnl
Cnl = SDaTngtm) (11)

where K, is the effective switching capacitor related to chip structure
in cars. f,, is the calculation capacity of the car itself. C,,; represents
the number of CPU revolutions required for processing the
subtasks £,,.

Computing delay model: After the task is uploaded, the SeVs V,,
start the parallel computation of the subtasks and obtain the

comput

computation delay. T} is used to denote the computing

delay; T is given by

SparxnM
T«;amput _ tiomput (xn) _ DaTI': n ) (12)
n
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Computing energy consumption model: The computing
energy consumption model is designed according to the assigned
task. C,, is used to denote the number of CPU revolutions required
for processing the subtasks h,. ES”™" is used to denote the
computing energy consumption; E;”"" is given by

Ei”mpm = eiomPut (xn) = Kn (frl)zcnz; (13)
an = SDaTng' (14)

3.1.5 OTPD and OTEC of MEC

When a subtask is offloaded to the MEC servers for processing,
the upload delay includes both wireless and wired transmission
delays. The upload energy consumption includes both wireless
transmission energy consumption and wired transmission energy
consumption.

Uploading delay model: The V|, transmits the subtasks” data to
RSUs via wireless transmission. RSUs transmit the subtasks’ data to
the MEC servers via wired transmission. The uploading rate from Vj
to Vs, is given by

-2
PN+1 hN+1 dl_\fa 1 (t)
RO () = Brogby log, | 1+ — LIV 15
0N+1
where Re;”z vy, (t) denotes the upload rate in time t. by, denotes

the transmission bandwidth ratio. Py,; denotes the transmission
power. o%,,, denotes the noise power. hy,; denotes the channel
fading coefficient from Vj to V1. dn.1(t) denotes the distance from
Vo to Vg in time t. d, (£) denotes the path loss from V; to Vig,i.
During the upload of the task data, the movement of cars causes
changes in dy,(f). We assume that the coordinate of V; is 0, and
Vi1 is Gny1, where Gy # 0. The moving speed of the car is vy; the
calculation formula of dy,(f) is given by

N e N,
(16)

dyt (8) = \IGus1 ot + Dy, + Hiyy Gt 0,

where Dy, is the distance from RSUs to the centerline. Hy,,
represents the height of RSUs. Take t = 20 ms as an example;
when the speed of the car is 120 km/h, vyt = 0.67 m. The change
in position is ignored compared with tens of meters. The calculation
formula of dy,(t) is given by

ot (1) = \|Gyar P + Diy + Hayio G #0, NeN. (17)

For DaT, Sp,rxny1 represents the amount of the task data
allocated to Brorbny1  represents the transmission
bandwidth from V; to Vy,1. The upload delay T%° toad ¢ given by

a

VN+1-

upload _ ,paT _ SDuTxN+1
Tza - tz; (xN+1) bN+1> PN+1) - RDT
Vo= VNu

_ SpaTXN+1 )

= 2
PN+1 hN+1 d;\]a (t)
Brorbyaa 10g2 < 1+ 2—+1
0N+1

After the task data are uploaded to RSUs, RSUs will transmit the

data to MEC via wired transmission. T;ﬁload is used to denote the
wired upload delay. R,,;.q is used to denote the wired transmission
upload

speed. The wired upload delay T, is given by
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_ SpaTXN+1

upload
T Xne) =

upload
2R (

(xn41) = thp (19)

Rwired

Thus, let T;ﬂ:ad be the total upload delay, which is equal to the

upload and ngloud. Tupload

sum of T, 2aR

is given by

Tuplnud — Tupload +

upload
2aR T .

2R (20)

For InT, this paper assumes CdT is carried out immediately after

the MEC servers receive the calculation instruction. Let T”P load e

the CdT delay. The calculation formula of T/ oad i given by

Tupload SDuTxN+1Mtru

2b = thm( N+1) =

) (1)
FN+1

where Fy,; denotes the CPU cycles of the MEC. T“P load Jenotes the

total upload delay, which is equal to the sum of T“P °ad and T;ﬁload.
The ngllz is given by
T;ﬁ;}l:ad T;tfload + T;ﬁlaud. (22)

Similarly, DaT or InT with a lower delay is chosen as the upload
method. The formula for the upload delay from Vj to Vi, is given by

upload o upload rupload
T, (%N+1>bne1s Prat) = mln{Tz,;R s Thpp (23)
load load load
= mm{T”P Y v } + THE,

Uploading energy consumption model: In light of the selected
upload mode, build the upload energy consumption model and
calculate the upload energy consumption E5”* and E4/**_ Bach

transmission mode shall transmit data from RSUs to the MEC via

u pload

wired mode, using E, to denote the energy consumption of

uploa

wired transmission. The E, is given by

E* ploud

load load
= e (ovn) = PRa Tog ™ (24)

upload

where PJj,; denotes the wired transmission power E, denotes

the total upload energy consumption. Ezp is given by
upload _ pupload upload
wr = Bt Egp

or ,
upload _ yupload upload

EZbR - E EZR

E;pload — (25)

upload
2a

or
upload upload

2b (xn+1) + €rr (%N+1)
PN 1Tupl(md + PN lTupload
+ +
or
Ky (fN+1)

1
CN+1 = SDaT-XNHth)

load
(XN+1> bners Paat) + 3upou (1)

upload
EZ

upload
N+1 + PNHT

(27)

where Ky, is the effective switching capacitor related to chip
structure in the MEC. fy;; is the calculation capacity of the
server itself. C},, represents the number of CPU revolutions
required for processing the subtasks fin, ;.

Computing delay model: After the task is uploaded, the MEC
servers start the parallel computation of the subtasks and obtain the
computation delay. T, is used to denote the computing delay;
TP is given by

compu compul S aT X M
T, P = t; Pt (xn41) = ez thad Lo i (28)

FN+1

Computing energy consumption model: The computing
energy consumption model is created according to the assigned
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task. Let C%,, be the number of CPU revolutions required for
comput

processing the subtasks hy, 1. Let E; be the computing energy

consumption; EmmP Y s given by
Egompm = egompm (xn+1) = Kyt (fN+1)2C§q+1, (29)
C%\M = SparXn+1 M. (30)

3.2 Problem formulation

This paper aims to solve the issue of joint task offloading based
on the edge computing network of IoV, that is, to minimize the task
delay and energy consumption under the constraints of limited
system resources. The payoff function is the weighted sum of task
processing, energy consumption, and delay. The additional weight
balances the effect of energy consumption and delay on the payoff
function. T is used to denote the total delay, which is given by

Tmtul _ Tgomput + Tiitpload + Tiumput + T;ploud + T;nmput. (31)

E* is used to denote the total energy consumption, which is

given by
Etaml — Egomput + Erfpload + Eiomput + E;‘Dload + E;amput' (32)
The payoff function Si' is expressed as
SR (x, b, P) = (T (x,b, P) + (1 - QE“" (x,b,P).  (33)

The payoff function is transformed into the total objective function
of the joint optimization issue. The optimization problem can be
described as minimizing the delay and energy consumption under
task allocation, transmission bandwidth allocation, and transmit
power control constraints. Thus, the optimization issue can be
formulated as

min
n=0,1,.......N+

P1): e total X ’P = total N> n,Pn
(PL): - minimize Sg™ (x.b, P) 1S3 G P}

N+1

st. Cl:

C2:

C3:0<x,<
C4:0<b, <1,
C5:
Cé6:

0<(<1

In problem P1, constraint C1 represents the task allocation ratio,
and the sum of the ratio is 1. C2 denotes the allocation ratio of wireless
bandwidth. The sum of the wireless bandwidth allocation ratios is less
than 1. C3 and C4 represent the value range of the task allocation ratio
and wireless bandwidth ratio, respectively. C5 limits the transmit
power of the uplink transmission rate. C6 represents the weight value.

4 DRL-based algorithm for task
offloading

Section 4.1 presents DRL techniques and the Markov decision

process (MDP). Section 4.2 proposes the conversion of the
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optimization issues in the model into DRL issues. Section 4.3
proposes a PPO-based approach to address the task offloading issue.

4.1 DRL-based framework

4.1.1 DRL techniques

Deep learning (DL) has strong perception ability but lacks specific
decision-making abilities; RL has decision-making abilities but does not
address the solving of perception issues. DRL integrates DL’s perception
ability and RL’s decision-making ability, which solves the perceptual
decision issue of complex systems. DRL is an end-to-end sensing and
control method with strong generality. Its learning process can be
described as follows: (i) at each moment, the agent interacts with the
environment to get a high-dimensional observation and specific state
characteristics. (ii) The current state is mapped to the corresponding
action through the strategy, and the value function of each action is
evaluated. (iii) The environment gives feedback to the action to obtain
the next observation object. The optimal policy is obtained by successive
cycles of the aforementioned procedure.

4.1.2 Markov decision process

Almost all issues can be formulated as MDP in the formal
description of RL environments. MDP refers to the decision-maker
who periodically or continuously observes the stochastic dynamic
system with Markov properties and makes decisions. It includes the
environmental state, action, reward, state transition probability matrix,
and discount factor. The process is given a state. The agent obtains the
new state by performing actions based on the state transition probability
matrix. Each strategy is rewarded for its implementation.

4.2 Problem transformation

The IoV scenario has continuous state and action space, which will
increase the issue’s complexity. So, it is a challenge to find the best task
offloading strategy. Traditional optimization algorithms require
significant iterations to achieve an approximate solution when solving
such issues, which does not meet the requirements of time-varying
systems. However, DRL algorithms can meet real-time decision-making
requirements. Therefore, this paper adopted the DRL algorithm to solve
the aforementioned issues. Get the optimal task offloading strategy
through continuous interaction with the IoV environment.

Problem P1 is a complex issue with continuous real variables,
which have strong coupling. Task allocation, transmission power, and
transmission bandwidth are all continuous real variables. Therefore,
P1 is a non-convex combined issue that cannot be solved directly
through mathematical calculation. In light of this, this paper turns the
optimization issue into a DRL issue and proposes adopting the DRL
algorithm to solve the global optimization issue. Thus, the
optimization issue (34) is established as follows:

~total
. .. . 1
(P2): ng‘zl:tglze Sp A E[ i

im — Storul
Tl=c0 |T| ; R ] (35)
st. C1-C6

where E(-) represents the mathematical expectation.
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In the IoV system, the cars are moving, and the vehicle status,
edge server status, wireless transmission channel status, and RSU
status are changing. The system needs to make different decisions to
minimize delay and energy consumption and meet the reasonable
allocation of resources. The transmission bandwidth and computing
resources allocated by the IoV system to cars and RSUs are
continuous values. Traditional DQN is mainly for discrete space.
The DDPG is mainly for constant action space. The SAC and PPO
can be applied to discrete and continuous spaces. Therefore, this
paper designs a PPO-based method to find the optimal task
offloading strategy. Next, the paper delves into the environmental
state, action space, and reward function of Markov games.

4.2.1 Environment state

The environment state S(f) reflects the impact of the channel
condition information and agent behavior on the environment [52].
The state information includes the state of the cars, BS, and RSUs. The
state of the car consists of the vehicle coordinates, transmission
bandwidth, transmission power, and task allocation. The state of BS
and RSUs includes the task size, transmission power, and transmission
bandwidth. Each agent observes that the environment state is

S(t) = {Un (t)>Nn (t)an (t)}) (36)

where U, (), N,(t), and R,,(t) denote the status of vehicles, BS, and
RSUs, respectively.

4.2.2 Action space

Although the computational complexity of DRL is relatively low
in large-scale network scenarios, the spatial dimension changes as
the number of agents increases. The high-dimensional space will
make the system calculation difficult and affect the best decision.
The algorithm’s performance will suffer from dimension disaster
due to the high-dimensional action and state space [53]. The agent
takes actions according to the currently observed state to avoid the
high computational complexity, that is, jointly optimize the task
allocation, transmission bandwidth allocation, uplink power
control, and offloading decision. Hence, the action is

a(t) = {xn (), by, (t), Py (t)} (37)

« x, represents the task allocation policy.
o b, represents the uplink transmission bandwidth.
o P,(t) represents the uplink transmission power.

The agent selects the offloading decision based on the present
state. If the agent sets local computing for the task, the computing
resources must meet the requirements. However, if the agent selects
to calculate the task on the SeVs or MEC, the transmission
bandwidth and computing resources must meet the needs.

4.2.3 Rewards

This paper should strictly follow constraints C1-C6 in the design
of state space, action space, and reward function to optimize the task
offloading strategies. The sum of the reward functions of nodes in all
states is constant, and there is a competitive and cooperative
relationship between nodes. Therefore, the paper sets the reward
value as the opposite of the objective function. In optimization issue
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P2, the agent maximizes the interests through action selection to affect
the system’s state. The reward function is

R, = -Sg. (38)

4.3 PPO-based algorithm framework

This paper proposes a PPO-based task offloading and resource
allocation (PPOTR) algorithm to obtain stable performance in the
actual changing network. The agent chooses the action to interact with
the environment according to the policy, thus affecting the environment
state and updating the environment parameters. Next, according to the
new policy, the agent chooses actions to interact with the environment.
Let r(6) denote the action probability ratio of new and old strategies.

() = 7o (s> s1)

N g (ar, St). (39)

When r,(6) > 1, it indicates that the current strategy is more inclined
to select the sampling action. Otherwise, it is not. The PPO
algorithm improves the original policy gradient (PG) algorithm,
and the formula of the new objective function is given by

m(ans) ]

77’0 (an s1) o (40)

L(B):Et[

4.3.1 Training algorithm

PPO uses a new objective function to control the change in the
strategy in each iteration, which is uncommon in other algorithms.
The objective function is

LU (0) = E,[min (r; (0))A,, clip(r,(0),1-&1+¢)A,)], (41)

where 6 denotes the policy parameters. E, denotes the empirical
expectation of the time step. r, denotes the probability ratio under
the new and old strategies. A, represents the estimated advantage. ¢
denotes the hyperparameter. The value is usually 0.1 or 0.2. clip
(r(0), 1 — &, 1 + ¢) is given by

1-¢ ifri(0)<l-c¢
cdip(r:(0),1-¢61+e)=4 1+¢ ifr(0)>1+e¢ (42)
r.(6), otherwise

4.3.2 Replay buffer

The static data in the DL differ from the data in the DRL, which is
obtained according to machine learning. At each time step, the agent
observes the current environment state and saves the state, action, reward,
and prediction data data; = (s, a, 14, 5141 of the following environment
state to the replay buffer [54]. In particular, in our model, the data of the
training network will be aggregated after 1,000 time steps. We can see the
data changes in the training process and avoid the correlation in the
observation state sequence to reduce the update variance. Moreover, the
data of each experiment can be used continuously in other weight updates
to improve the efficiency of data use.

4.3.3 Algorithm steps
In the aforementioned architecture, the agent is the car, MEC is the
policy decision center, and the SeVs and RSUs are the intermediaries of
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perception information. The algorithm’s input is the environment state
information, and the output is the optimal offloading policy and target
value. Algorithm 1 presents the pseudo-code.
Input: initial policy parameters and initial value
function parameters ¢g
1: fork=0,1,2...do do
2: Collect a set of trajectories Dy ={r;} by running
policy me = n(6k) in the environment.
3: Compute rewards-to-go R
4: Compute advantage estimates, A; (using any method
of advantage estimation) based on the current
value function Vj, .
5: Update the policy by maximizing the PPO-clip
objective, normally via stochastic gradient
ascent with Adam.
Bt = argmax ply > 3 m- (FGBAT (st a0), g (AT
(st,a0)) et

6: Fitvalue functionby regressionon the mean-squared

error, normally via some gradient descent
algorithm. e
P =argmin ply 3 Y (Vo(se)=Ro)®

7: end for Tebe T

Algorithm 1. PPO-based algorithm for task offloading and resource
allocation.

The following illustrates the steps of the proposed PPOTR
algorithm. First, enter the initial policy parameter 6, and the
value function parameter ¢,. Second, start iteration and collect a
set of trajectories Dy = {r;} by running policy m, = 7(6) in the
environment. Then, in the fourth and fifth steps, calculate the
reward value R, and use the advantage estimation method based
on the current value function Vg, to calculate the advantage
estimation A, Then, in the sixth and seventh steps, update the
strategy 0y, through PPO-clip objective function L() and the fit
value function ¢y,; through mean square error regression. Finally,
the algorithm iteration is ended.

Complexity analysis: The algorithm’s main computational
costs include the interaction with the environment, the action,
and evaluation under the old and new strategies. In the process of
interacting with the environment, the agent determines the input
state according to the policy. Furthermore, the agent calculates the
probability ratio of the action under the new and old policies
through the transmission between the action network and the
critic network. The time complexity of the training process
interacting with the environment is given by [55]

X
CII’POTR = O<NrNedmax z Q;?Q;?H )

x=0

(43)

The time complexity of policy updates is given by
X Y
C?’POTR = O NYNS z Q:?Q:?ﬂ + z QS‘QSH > (44)
x=0 y=0

where x, y are the quantities of full connection layers of the network,
respectively. Q% represents the unit of the x-th actor network, and
Qg represents the artificial neuron of the y-th critic network. Then,
the total time complexity of Algorithm 1 is given by
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x+1

X
Cpporr = O<Nr (N + N d™) Z Q?QA
x=0

)

Y
+ O(/\/,/\/s Yy ofaf, ) (45)
y=0
The space complexity of the algorithm [56] is given by
X
Cltin - o(Nr N+ ™)y oﬁ%)
x=0
Y
+O[ NN Y 0505, |+ O(N), (46)
y=0

where N is the space complexity of the experience replay buffer in
the algorithm.

5 Simulation results

In this section, a series of simulation experiments to verify the
performance of the proposed algorithm have been proposed. The
simulation results of different algorithms under the same network
settings are given to compare the characteristics of different
algorithms. This paper analyzes the convergence curves of delay,
energy consumption, and objective function under the offloading
strategy and shows that the algorithm is reasonable. This paper
adopts
convergence, and the effectiveness and efficiency of the algorithm

four benchmark schemes from the perspective of

are verified through the analysis of energy consumption and delay.
The four schemes are as follows:

o Actor critical (AC) algorithm based on SAC [57]: Under the
same environmental settings, this paper uses the AC algorithm
with a soft update mechanism to solve the issue.

« Local computing policies for all the tasks (AllLocal): All the
tasks are performed locally, and the local computing resources
meet the requirements of task calculation. Calculate the
corresponding delay, energy consumption, and objective
function value.

o All-edge server-only execution policy (AllEdge): Offload all
the tasks to the edge server, and the edge computing resources
and transmission bandwidth meet the task’s requirements.

o Random offloading policy (Random): Offload the task
randomly and allocate resources randomly.

5.1 Simulation setup

This paper evaluates the performance of the proposed algorithm
through multiple simulation experiments. We assume that four
RSUs are set at the roadside, the coverage diameter of each RSU
is 160 m, and the coverage is tangential to each other. For the sake of
driving safety, we assume that there is one TaV and ten SeVs within
the coverage of RSUs. The TaV and SeVs are always within the
coverage of RSUs. Assume the input data Sp,7 size is 25 Mb (one
frame with a resolution of 1920*1080, 12 bits per pixel), and the total
transmission bandwidth By, is 100 MHz [58].
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The calculation strength is 2,640 cycles/bit [59]. The CPU
frequency of each car is randomly selected within the range of
0.3 x 10" ~ 0.6 x 10"* cycles/s, and the CPU frequency of the MEC
servers is randomly selected within the range of 1 10" ~ 2¥10"
cycles/s [60]. The effective switching capacitor of the vehicle and
MEC is 107%. The transmission rate R,.; for RSU wired
transmission to the MEC is 100 Gb/s [50]. The calculation
capacity of cars and MEC is set to 1.4 Gr/s and 2.8 Gr/s,
respectively Song et al. [51].

This paper considers the effect of small-scale fading on
transmission performance; the channel fading coefficients |,
and IENﬂl2 are 1 [61]. The simulation experiment is completed
in the environment of Pytorch 1.11.0 using Windows 10 system and
Python 3.10 software. Other system parameters used in simulations
are shown in Table 1.

5.2 Results

The learning curve of the PPOTR algorithm is shown in Figure 2,
including the training losses of the action and criticism network. In
the simulation experiment, if the value function of training loss does
not tend to 0 for the action network, it proves that the whole action
space has many places not explored, and there are still differences
between the new and old action space. For the critic network, if the
value function of training loss does not tend to 0, it proves that the
critic network cannot perfectly predict the value of the state space. The
simulations show that starting from the 50th training set, the value
function fluctuates in a small range, and the gradient of the loss value
decreases gradually. This indicates that the algorithm begins to
converge and can quickly learn the optimal strategy.

Figures 3A, B show the convergence curves of the delay, energy
consumption, and objective function of the PPOTR algorithm to
solve the aforementioned issues. Figure 3A shows the unsmoothed
curve of the training process, illustrating the total delay sum_OTPD
in seconds, the total energy consumption sum_OTEC tin joules, and
the reward value. Figure 3B is the convergence curve after smoothing
in Figure 3A; the smooth curve is obtained by averaging the data
under each training step with the previous 999 data. The simulations
show that, although the curve fluctuates, the whole process tends to
be flat and the algorithm converges.

The learning curve of the SAC algorithm is shown in Figure 4,
including the training loss of the action and critic networks. It can be
seen from the simulation results that the convergence speed of the
loss function of the SAC algorithm is fast. Therefore, the algorithm
can quickly learn the optimal strategy.

Figure 5A, B show the convergence curves of the delay, energy
consumption, and objective function of the SAC algorithm to solve
the aforementioned issues. Figure 5A shows the unsmoothed curve of
the training process, illustrating the total delay sum_SAC_OTPD in
seconds, the total energy consumption sum_SAC_OTEC in joules,
and the reward value. Figure 5B is the convergence curve after
smoothing in Figure 5A. The simulations show that the SAC
algorithm converges quickly and can solve the aforementioned issues.

The aforementioned two algorithms can solve the issue in this
paper. The SAC algorithm has a fast convergence rate because it
scales the state characteristics before inputting data parameters into
the model. There is no difference in orders of magnitude between
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variables, which is conducive to optimizing the initial model.
However, the convergence effect of the PPOTR algorithm is
better because the algorithm is trained based on dynamic fitting
data parameters. In this paper, the simulation is set to train once
every 2,048 steps, so the convergence speed of the PPOTR algorithm
is slow, but the convergence effect is good.

5.3 Performance comparison

In this part, this paper compares the PPOTR algorithm with the
four benchmark algorithms in terms of delay, energy consumption,
and reward value to verify the proposed algorithm’s performance.

As shown in Figure 6, it represents the total delay of different
policies under the same task data. Each scheme will converge to the
optimal value with increased training times. Under the same computing
task, the SAC algorithm converges faster, but the PPOTR algorithm
converges better. When the task volume increases to 25 Mb, the
proposed algorithm saves approximately 17.33%, 32.74%, 56.63%,
and 32.63%, respectively, compared with the SAC algorithm, local
computing, edge execution, and random computing of the time cost.
This shows that the algorithm proposed in this paper can achieve better
performance in terms of task processing delay.

Figure 7 illustrates the total energy consumption corresponding
to different policies under the same task data. When the task data
volume is 25 Mb, the energy consumption cost of edge execution
calculation is about 2.3 times that of the PPOTR algorithm. The
simulations show that the PPOTR algorithm saves approximately
25.79%, 77.53%, and 63.31%, respectively, compared with SAC,
AllLocal, and Random of the energy consumption. The proposed
algorithm achieves the lowest energy consumption cost.

Finally, this paper normalizes the delay and energy consumption
and converts the objective function value into the reward value in
DRL, as shown in Figure 8. The reward value is composed of delay and
energy consumption, with these variables being highly coupled and
interactive. Under the constraint conditions, the reward value is
minimized to obtain the best task-unloading strategy. The reward
values of the proposed algorithm in this paper were improved by 15%,
28%, 30%, and 44% compared to four baseline algorithms. Numerical
comparative analysis provides strong evidence for the reliability of the
algorithm and approach proposed in this paper. Compared with the
four benchmark algorithms, the algorithm proposed in this paper is
superior in terms of delay, energy consumption, and reward value.
Therefore, this scheme can guarantee to minimize the energy
consumption cost under the tolerable delay.

6 Conclusion

This paper investigates a joint optimization strategy for task
offloading in the IoV edge computing network. In the IoV scenario,
while considering the timeliness of task data and resource
constraints, we constructed a model based on cooperative games
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and transformed it into a joint optimization issue. This paper
models the optimization issue as a Markov game based on
intelligent edge, game theory, communication, and DRL. The
reward function is devised as the sum of delay and energy
consumption. We adopted the PPO-based algorithm to solve
the previously mentioned issue. Finally, the performance of the
algorithm is verified using the simulation experiments. The
numerical results show that, compared with SAC and other
baseline schemes, this scheme can achieve stable convergence in
the system environment and obtain the optimal reward value. This
scheme minimizes the system cost and meets the development
needs of the future IoV.
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