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ABSTRACT Vehicular networks are facing the challenges to support ubiquitous connections and high quality
of service for numerous vehicles. To address these issues, mobile edge computing (MEC) is explored as a
promising technology in vehicular networks by employing computing resources at the edge of vehicular
wireless access networks. In this paper, we study the efficient task offloading schemes in vehicular edge
computing networks. The vehicles perform the offloading time selection, communication, and computing
resource allocations optimally, the mobility of vehicles and the maximum latency of tasks are considered.
To minimize the system costs, including the costs of the required communication and computing resources,
we first analyze the offloading schemes in the independent MEC servers scenario. The offloading tasks
are processed by the MEC servers deployed at the access point (AP) independently. A mobility-aware
task offloading scheme is proposed. Then, in the cooperative MEC servers scenario, the MEC servers can
further offload the collected overloading tasks to the adjacent servers at the next AP on the vehicles’ moving
direction. A location-based offloading scheme is proposed. In both scenarios, the tradeoffs between the
task completed latency and the required communication and computation resources are mainly considered.
Numerical results show that our proposed schemes can reduce the system costs efficiently, while the latency

constraints are satisfied.

INDEX TERMS Vehicular network, edge computing, resource allocation, offloading, mobility.

I. INTRODUCTION

With the rapid development of internet of things (IoT) tech-
nologies, the vehicular networks have become an indispens-
able part of the intelligent transportation systems. Including
the normal applications (e.g., advertisements, path planning
and navigation), the vehicular networks support numerous
complex applications for both the vehicles and passengers,
such as: automatic driving, intelligent auxiliary driving for
vehicles and augmented reality (AR), online interactive gam-
ing and other rich media applications for passengers [1]-[3].
These applications require intensive communication and
computation resources. It is a big challenge to ensure these
high complexity services, especially in the vehicular net-
works. Along with the rapid increasing of the traffic density
on the road, the gap between the communication/calculation
service requirements and the limited capacities of vehicles
becomes a serious problem.

The associate editor coordinating the review of this manuscript and
approving it for publication was Zhenhui Yuan.

To address this issue, cloud-based vehicular networks had
been envisioned as a potential solution [4]-[6]. The computa-
tion tasks are offloaded to the remote cloud servers. However,
the long distance between the vehicles and remote central
servers and the fluctuant wireless channels lead to consid-
erable latency, which causes the task offloading efficiency
is affected seriously. To cope with the time-sensitive and
complex task requirements, mobile edge computing (MEC)
and other 5G network technologies (e.g., dynamic spec-
trum access (DSA)) become the promising solutions, to pro-
vide both the available communication and computation
resources [7]-[10]. With the DSA, the emerging vehicular
networks can lease the available spectrum from the exist-
ing cellular networks via the base stations (BS) or access
points (AP) around the road [11], [12]. The MEC servers with
computing and storage resources are deployed at the edge of
vehicular networks (i.e, at the roadside AP) [3], [13], the sys-
tem model of vehicular edge computing networks (VECN)
is shown as Fig. 1. The vehicles on road can access
the MEC servers by the vehicular-to-infrastructure (V2I)
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FIGURE 1. System model of vehicular edge computing networks.

communication links. Although the vehicles have a certain
local computing resources, they cannot execute the cumber-
some and heterogeneous computation tasks by itself. More-
over, not only the computation requests of vehicles, but also
the requests from passengers need to be satisfied [1], [3].
The task completed maximum latency thresholds are differ-
ent under different applications. For example, the maximum
latency thresholds of video caching/sharing in AR applica-
tion (e.g., multi-seconds) for passengers is larger than the
intelligent vehicle driving applications (i.e., milliseconds)
for vehicles. VECN can help the vehicles to address these
challenges.

As shown in Fig. 1, the computation task offloading pro-
cess in VECN includes three parts: 1) Offloading: Same as the
data offloading scheme in vehicular Ad Hoc networks [14],
the vehicles send the computation tasks to the MEC servers
via 5G DSA strategy. Note that the various wireless channel
status, the available spectrum resources and the data sizes
of tasks affect the offloading latency. 2) Calculation: After
receiving the offloading tasks, the MEC servers at AP execute
the tasks via the computation resource allocation strategies.
Meanwhile, when huge amounts of tasks arrive, the MEC
servers can further send part of tasks to other MEC servers
at neighboring APs. 3) Computation results feedback: The
MEC servers send the computation results back to the vehi-
cles. Although the task offloading schemes in both MEC
networks and VECN had been studied, the computation,
communication and the storage resources are analyzed and
optimized [8], [15]-[18]. It is still the open problems about
how to design an efficient task offloading scheme and how
to manage the resources in VECN to maximize the system
performances. Different from the previous works of the task
offloading and resource allocation in VECN [8], [17], [18],
we consider the mobility of vehicles mainly. When the
vehicles move closer to the AP, the transmission distance
reduces, the channel data transmission rate of V21 commu-
nication will be increased. Thus, the vehicles should decide
whether/when/how to send the computation tasks, and how
much communication and computation resources are needed,
based on the initial locations, moving speeds of vehicles and
the heterogeneous latency thresholds of tasks.

In this paper, we focus on the design of task offloading
schemes in VECN, the tradeoffs between the system costs and
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the task completed latency are mainly considered. In detail,
the system costs include the computation and communication
resource costs. In the former, along with the development of
microgrids and wireless charging technologies, the roadside
APs can be powered by the renewable energy for the con-
venience consideration [19]. Energy consumption becomes
an important concern for the roadside APs. It is reasonable
that the MEC servers in APs gain revenues from providing
computation resources for the offloading tasks [17]. In the
latter, when the traffic density of vehicles increases, the exist-
ing spectrum resources may become scarcer. The vehicles can
obtain the available spectrum resources via spectrum leasing
with the cellular network, to support the task offloading.

In our work, we analyze the efficient task offloading
schemes in two scenarios: independent and cooperative MEC
servers. In the first scenario, a vehicle passes through the
coverage area of a AP with high speed, the computation
tasks are processed by the MEC servers deployed at the AP
independently. The channel transmission data rate increases
when the vehicle is moving close to the AP. The vehicle
can send more tasks to AP with low communication cost,
via selecting an optimal task offloading time. We propose a
mobility-aware task offloading scheme. In the optimization
problem of our proposed scheme, the offloading decisions,
offloading time and the computation resource allocation in
MEC servers are jointly optimized. In the second scenario,
we consider a common case, in which many vehicles send
the computation tasks to MEC servers. When more tasks with
heterogeneous requirements are offloaded, the MEC servers
should decide whether perform calculation locally, or further
send part/all of the received tasks to other MEC servers
deployed at the next AP on the vehicles’ moving direction.
We propose a location-based task offloading scheme. The
initial location and moving speed are two critical factors to
lead the vehicles select different offloading schemes: local
computing, offloading to the MEC servers or further offload-
ing to the next AP. In fact, the vehicles are divided into
different groups, and the resource allocation of vehicles in
different groups are formulated as convex optimization prob-
lems, respectively. In summary, the main contributions of this
paper are as follows:

o We propose the framework of task offloading schemes
in VECN, the impacts for the task offloading caused by
the moving of vehicles are considered mainly.

« We propose a mobility-aware task offloading scheme
in the independent MEC servers scenario, the task
offloading decisions, offloading time and the computa-
tion resource allocation are jointly optimized.

« We propose a location-based task offloading scheme
in the cooperative MEC servers scenario, both the task
offloading decisions, offloading time and the coopera-
tion between MEC servers deployed at two adjacent APs
are considered.

The rest of this paper is organized as follows. We review

the related work in Section II. In Section III and Section V,
we describe the system model and formulate the problem

26653



IEEE Access

C. Yang et al.: Efficient Mobility-Aware Task Offloading for VECN

in the independent MEC servers scenario. In Section VI,
we analyze the system performances in the cooperative MEC
servers scenario. Simulations are conducted in Section VII.
Finally, we draw conclusions of our work in Section VIII.

Il. RELATED WORK
The MEC servers can bring flexible computation and storage
resources to the edge of wireless access network, to cope with
the delay-sensitive, computational intensive and high reliabil-
ity applications. MEC has attracted increasing attention from
both academic and industrial areas [7]. The existing stud-
ies always focus on multi-resources management schemes,
the optimal design of task offloading polices in both 5G
and IoT networks [9], [10], to minimize the task processing
energy consumption or latency [7], [16], [20]-[31]. In [23],
based on the time-division multiple access (TDMA) and
orthogonal frequency-division multiple access (OFDMA)
strategies, energy efficient resource allocation schemes are
studied for a multi-user system. In [7]and [21], energy effi-
cient task offloading schemes are analyzed, in which the
tradeoffs between energy consumptions and task completed
latencies are considered. In [24], an offloading framework
with one device and multiple APs is proposed, the flexible
CPU frequency of AP and the task offloading are optimized.
The wireless channels’ status affect the efficiency of com-
putation task offloading. In [31], the multi-user computation
task offloading problem is analyzed, while the interfer-
ences among channels are considered. Furthermore, in [20],
the computation task offloading scheme and interference
management are jointly optimized. According to the multi-
access characteristics of file transmission in 5G networks,
the energy-efficient offloading schemes are proposed to help
the devices make optimal decisions [25], [26]. Multi-access
task offloading schemes in 5G ultra-dense networks are ana-
lyzed in [9] and [10]. Although the MEC servers endow
computational resources, the computing capabilities are lim-
ited due to the installation and operation maintenance cost.
In order to prevent the quality of service (QoS) degradation
when the traffic load is huge, the MEC servers can further
relay the excessive workloads to the remote cloud [27], [32],
or other around servers [28], [29]. The tradeoffs between the
computation delay and communication delay are considered.
However, all of the above researches are based on a condi-
tion that the devices are fixed or moving with low speeds.
In VECN, the characteristics of vehicular networks cause that
the system performances will be degraded when the existing
task offloading schemes in 5G networks are utilized directly.
In the VECN, MEC becomes an efficient solution to sup-
port the automatic driving services, a two-level architecture
including the vehicles and roadside BSs is proposed in [3].
To overcome the limited computational capacity of MEC
server, a collaborative MEC framework for vehicular net-
works is analyzed in [33]. In [34], an autonomous vehic-
ular edge framework is proposed, the vehicles on road are
teamed up via the help of GPS information, an efficient job
caching scheme is designed to support the task offloading.
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In [17] and [8], two cloud-based vehicular edge computing
offloading frameworks are proposed. The contract theory and
Stackelberg game theoretic approaches are used respectively,
to maximize the benefits of both the MEC servers and vehi-
cles. Task offloading scheme in VECN is the special case of
the data offloading in vehicular networks [14]. In [18], two
efficient collaborative task offloading schemes are proposed
in the fiber-wireless (FiWi) enhanced VECN. In [35], a credit-
based clustering scheme is proposed, the cluster head and
the covered vehicles share the interested geo data. Similarly,
a vehicular fog computing framework is proposed in [36],
in which the near-located vehicle resources are utilized coop-
eratively, to improve the communication and computation
capacities of the operation vehicles on road. However, none
of above cited papers consider the fast moving characteristics
of vehicles. In fact, the channel transmission data rate and
efficient contact durations in V2I communication are affected
by the data transmission distance. In this paper, our proposed
task offloading schemes aim at the VECN system benefits of
minimizing the task completed system costs, while the task
completed latency, the mobility and locations of vehicles are
mainly considered.

IlIl. SYSTEM MODEL

In this section, we present the framework of VECN firstly,
specially, the spectrum leasing scheme among the APs and
the covered vehicles is introduced. Then, we will give the
detail of the analytical model, including the communication
process, computation model and system costs.

O MEC servers

— V21 uplink

<—> Backhaul between APs

— — = 12V downlink

FIGURE 2. The vehicular edge computing network framework.

A. FRAMEWORK OF VECN

Fig. 2 shows the framework of VECN. With finite communi-
cation, computation and storage resources, the MEC servers
are deployed at the roadside APs. The APs are connected
with a wired communication line, and the channel trans-
mission rates are fixed. With the powerful antenna and the
adequate power supply from onboard energy, the vehicles can
perform data transmission and computation simultaneously.
When the vehicles enter the coverage area of a AP, upon
the computation requests arrive, the vehicles should decide
whether/when/how to offload computation tasks to the MEC
servers. Heterogeneity of tasks and the tradeoffs between
system costs (i.e., costs caused by the leased spectrum and
computation resources) and the task completed latencies
(i.e., data offloading and processing latencies) are taken into
account by the proposed optimal task offloading decisions.
The locations of vehicles affect the channel transmission data
rate between the vehicles and AP. When the vehicles move
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closer to the AP with high speed, the data rate becomes
larger as the data transmission distance decreases. The task
offloading time should be optimized. When overwhelming
workloads arrive, the MEC servers can further send part of
them to other servers deployed at the adjacent AP on the
vehicles’ moving direction. Moreover, when the APs send
back the task calculation results to vehicles, the distances
between the APs and vehicles should be estimated.

The V2I communication network performs spectrum leas-
ing with the cellular network. We set that the roadside APs
perform as the network operator, to lease both the available
spectrum resource blocks in cellular network and computa-
tion resources in MEC servers to vehicles, in exchange for
remuneration [17]. Through the leased spectrum resource
blocks, the vehicles can send excessive computation tasks
to the nearest MEC servers. In detail, the roadside APs
broadcast the available spectrum resource blocks periodi-
cally. Then, the vehicles determine the optimal task offload-
ing decisions cooperatively, based on the data size, required
CPU cycles and other constraints of tasks in each vehicle.
The vehicles should decide how wide a spectrum band is
needed and for how long. When multiple vehicles offload
the tasks simultaneously, the vehicles perform data trans-
mission in different spectrum bands via OFDMA technol-
ogy, same as the IEEE standard 802.11p/D3.0 for vehicular
networks [37], [38], no mutual interference among different
spectrum bands exists.

B. ANALYTICAL MODEL
We consider a VECN system with N vehicles and two adja-
cent APs, the coverage areas of each AP are the same. The
VECN is a saturation network, each vehicle has multiple
tasks to be executed all the time. The computation task i of
vehicle n is described as a tuple {s,, ;, cp.i}, n € {1,2,--- , N},
ie{l,2,--., 1}, wheres,;denotes the data size, ¢, ; denotes
the required CPU cycles to process the task. Due to the dis-
tinguished applications and the predefined priorities, a total
task completed maximum latency threshold 7;'** exists for
vehicle n. Assume the initial location of vehicle is [0, when
the computation request arrives. If the task i of vehicle 7 is
executed locally, the completion time Tl';’c’ is given as

Tl = Cn.i/CL> (1)
where ¢ denotes the local computing ability of vehicle n,
we set that the local computing abilities of vehicles are the
same.

In fact, in order to obtain better system performances,
the vehicle n may offload part of computation tasks to the
MEC servers via the V2I communication. For simplicity,
the MEC servers at AP have non-overlapping steps, that they
should begin to calculate the computation tasks sequentially
after collecting. Hence, the vehicles should select an opti-
mal offloading time t,,, when they are moving close to the
AP. As the distance between the vehicle and AP becomes
shorter, the vehicle can send more tasks to the MEC servers
with lower communication cost and transmission latency.
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At the offloading time t,, the channel transmission rate is
expressed as

wo

R, = By log, {1 - Duclng g } ; 2

where B,, is the bandwidth of the leased transmission channel
between vehicle n and AP, P;, is the transmission powerl,
hug denotes the channel gain, wy is the power level of white
noise and d,g denotes the distance between the vehicle n
and AP, which is associated with the initial location of vehi-
cle l,?, the moving speed v, and the offloading time t,,

is shown as

2.
\/1§ + (Dg/2 =19 —vy1n)”, if 19 < Dg/2,

2.
B+ (0 =Dy24vm) i 10> D2,
where Dy is the coverage area and [, is the height of the AP.
When vehicles are moving close to the AP, l,? < D,/2,
the distance between the vehicles and AP reduces with 7,
otherwise, it increases with T1,,.

Since task offloading may produce the potential benefits,
the vehicles, who had already leased the available spec-
trum blocks, can offload part of tasks to the MEC servers.
Denote the price of unit leased spectrum resource block is ¢
per Hzsec. The communication cost of vehicle n is associated

with the bandwidth of the leased spectrum B, and the occu-

pied time duration #,, denoted as F,l, is formulated as

Fr} = ¢1Byty,

dng =

where 7, also denotes the uplink transmission time duration,
the data size of the offloading task affects it directly. Let a,, ;
denotes the offloading decision. a,; = 1 denotes that the
task i of vehicle n is offloaded to the MEC servers deployed
at the AP, a,,; = 0 denotes that the task is processed locally.
Then, we have

I
Iy, = .Zian,isn,i/Rm
i=
Denote the price of the unit leased computation resource
as ¢, per cycle/sec. When more computation resources
are tenant, the computation latency becomes smaller, but
the computation cost increases. The computation cost of
vehicle n, F 3 is formulated as

1
F2=¢Y Buicm,
i=1

where ¢, denotes the computing capacity of the MEC servers,
Bn.i denotes the fraction of computation capacity for task i in
vehicle n. The vehicle should determine the task offloading
schemes optimally, while the tradeoff between the task com-
pleted latency and the system cost (i.e., communication and
computation costs) is mainly executed.

IV. TASK OFFLOADING FOR INDEPENDENT MEC SERVERS
In this paper, we focus on the design of task offloading
schemes in VECN. We aim to minimize the task processing
system costs under the task completed maximum latency and

IWe set that the transmission powers of vehicles are the same. The energy
consumptions of data transmission in vehicles are not considered.
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other special constraints in vehicular networks. We analyze
this problem in a simplified scenario firstly, a vehicle passes
through the coverage area of AP with fast moving speed, and
the offloading tasks can be processed by the MEC servers
deployed at AP independently. In this scenario, the vehi-
cle should determine the leased spectrum and computation
resources based on the data size, the computation request and
the latency of tasks.

A. PROBLEM FORMULATION

When the vehicle n moves into the coverage area of AP,
it should select an optimal offloading time 7, to transmit
part of the computation tasks to the MEC servers. Actually,
the offloading time selection affects the system communi-
cation cost directly. Within a given offloading task, when
the vehicles move closing to AP, the channel transmission
data rate between the vehicles and AP increases, and the
communication cost will be decreased. We propose the task
processing for vehicle n in the independent MEC servers
scenario, as Fig. 3.

Vehicle Vehicle sx\l::ecrs s::\l::ecrs Vehicle
| | | |
| | | | |
| | | | |
T e e L R "
| | | | |
| | | | |
I I I I l
| | | | ~l
1 1 1 1 |

T

n

— - » MEC computing — —> Data transmission

----- # Results broadcasting  ——  Local computing

FIGURE 3. Task processing for vehicle n in independent MEC servers
scenario.

As shown in Fig. 3, when the task computation requests
arrive, the vehicle n schedules the tasks based on the pre-
defined priorities firstly. The vehicle calculates part of them
{(1 — ay,i)sn,i} locally. Then, at the offloading time 7, other
tasks {a,,;sn, i} are offloaded to the MEC servers. After the
data uplink transmission phase, the MEC servers perform task
processing. Finally, the AP sends back computation results
to the vehicle n via the 12V downlink channels. For the
data size of computation results is smaller than the one of
the offloading data, the AP can broadcast the results in its
coverage area, the results feedback time is fixed as 75. The
task completed latency ¢, ; is shown as

Ini= (- a"’i)cL‘Llli T an.i (js_n[ + ﬁ:.'ll"cith + tB) ' )

The total task completed latency of all tasks in vehicle n,
t, is given by

I
Cn,i
t, = max E 1 =apnN)—, 1
_— CcL
1=

1
Ay iSn.i an.iCn.i
+Z< n,Rjnn,l + n,i n,t>+tB}. (4)
i=1

,Bn,icth
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Then, the task processing system cost of vehicle n, Fj,
includes the communication and computation costs, as

F,=F'+F2.

In the single vehicle case, the objective of the proposed
optimization problem is to minimize the task completed
system cost of vehicle n, while the task completed maxi-
mum latency is satisfied. The task offloading decision ay ;,
the bandwidth B,, of the leased spectrum resources, the frac-
tion B, ; of the leased computation resources, and the offload-
ing time 7, are jointly optimized. The optimization problem
is formulated as P1.

{an,ivglnl:’;ln.vﬂn,i} F
subject to f,, < T, (5)
Qap,i € {0,1}, 0< ,Bn,i < Binax, Vi, (6)
By < Bmax, )

where By, is the maximum bandwidth of the leased spec-
trum resources, SBy,qx 1S the maximum fraction of the available
computation resources.

It is a challenge to solve the problem P1 which has integer
constraint a, ; € {0, 1} and division mathematical operation
of the variables. P1 is a mixed integer non-linear program-
ming problem (MINLP), and it is usually NP-hard. To make
the problem tractable, we analyze the objective function
firstly.

1 1
F, = ¢1B, Zan,isn,i/Rn + ¢ Z ,Bn,icth7

i=1 i=1
1

Z Aan,iSn,i 1
i=1
= Prclimgdng | | 2 Z’g miCh:
log, 414 — 287 i=1
wo

®)

we find that the value of B, do not affect the objective
function result. Then, based on the constraints Eqs. (5)(7),
we set that B, = By,x. In the independent MEC servers
scenario, the vehicle can access the leased available spectrum
with the maximum bandwidth.

Lemma 1: When the variables a,, ; are relaxed to 0 < a,,; <
1, Vi, the problem P1 is a convex problem.

Proof: See Appendix.

Note that the problem P1 is transformed as a convex
problem with multiple variables, the existing typical convex
optimal algorithms (e.g., dual decomposition algorithm [39])
can be used to solve it directly. However, the solving overhead
is huge, especially when the number of tasks I becomes
excessive. We can find other simple solving algorithms, via
the formulations of objective function and the constraints in
the problem.

B. MOBILITY-AWARE TASK OFFLOADING SCHEME
According to the formulations of task completed system
cost F, and latency t,, we find that the initial location l,?,
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the moving speed v, of vehicle and the maximum latency
threshold 7,** affect the performance of the proposed opti-
mization problem directly.

When the computation task requests arrive, if the vehicle n
is moving close to the AP, l,? < D,/2,the vehicle can select an
optimal data offloading time 7, to reduce the communication
cost. In detail, under the leased spectrum resource By,

when the data size of offloading Z Qp,iSn.i 1s determined, the

distance between the vehicle n and AP decreases, the data
uplink transmission duration and the communication cost are
reduced. For the vehicle can perform data transmission and
calculation simultaneously, as shown in Fig. 3 and Eq. (4),
itis an efficient way that the time duration of local computing
in vehicle is the same as the one of task offloading in MEC
servers. Thus, we have
an,lcl’l,l) +1p

1
Cn,i An,iSn,i
E(la)—:r—i—g(”—}—
nz " 1 R, ,Bn,icth

< T, €))

For the objective of problem P1 is to minimize the task
completed system cost, which is associated with the data size
of offloading tasks directly. Thus, the vehicle n should per-
form local computing as much as possible. Set a predefined
threshold ¢,, following the descending order of the required
CPU cycles of tasks ¢, ;, we can find a set of tasks to make

(T,f”“" Z(l — an z)c’“) < én. (10)
i=1

Then, other tasks are offloaded to the MEC servers,
task offloading decisions {a, ;} are obtained. The offloading
time 7, is expressed as the function with 8, ;.

L (1—api)cn,i ( ! (an iSn,i  Qn icni> )
T, =Y — L R
' z; crL ; R, ﬂn,icth
(11)

Then, P1 becomes an optimal problem with variables
{Bn.i}, as sub-problem P1-1.

max. Fy,
{Bn.i}
subject to Eq. (11) and 0 < B,,.; < Bimax, Vi

The sub-problem P1-1 is a typical convex optimal problem,
some convex optimization algorithms [39] can be used to
solve it directly.

When the computation task requests arrive, if the vehicle n
is leaving the coverage area of AP, l,? > D, /2, the distance
between the vehicle and MEC servers is increasing. When the
tasks are offloaded latter, the vehicles need to pay for more
data transmission costs. Thus, the offloading tasks should be
transmitted to MEC servers at the offloading time 7, = 0.
The data rate R is

P hy0(d, =0)~"
RS — B, log, {1 n x ng( ng(fn ) }’

wo
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where

dng(fn =0)= \/lg + (l,(l) - Dg/2)2.

Similarly, with the expression of Eq. (9), we obtain the task
offloading decisions {a, ;}, P1 becomes an optimal problem
with variables {8, ;}, as the sub-problem P1-2.

min. F,, 12
Buid 12)

subject to the obtained optimal {ay, ;}, By = Bmax, Tn = 0 and
0< ,Bn,i = ,Bn,mux’ Vi

The main difference between the sub-problems P1-1 and
P1-2 is that in problem P1-2, the offloading time is t, =
0. The same convex optimal algorithms can be used to
solve these two problems directly. Above all, based on
the solution of problem P1, the task offloading scheme in
independent MEC servers scenario named as ‘“Mobility-
Aware Task Offloading (MATO) scheme”, is shown as
Algorithm 1.

Algorithm 1 MATO Scheme for the Vehicle n

Require: For vehicle n, the computation task i arrives, i €
{17 21 R I}? {Cn i Sn l‘}v Vi, CL, Cth, T’;’Vlux.

1. if Z cnifcr < T then

2: The vehicle n selects the local computing;

3: else

4:  The vehicle n sends part of tasks {ay,sn.i;} to MEC
servers at the offloading time t,;

if [ < D,/2 then

6: B,, = By.max, {an.i} 1s obtained via Eq. (10), t, =

1
(I—=an,i)cn.i _ An,iSn,i An,iCn,i
Z CL (lZi ( Ry + lgn iCth ) + tB>

i

7 { ,Bn i} s obtained via convex optimization algorithm
for sub-problem P1-1;
8: else
9: 7, =0, By = Bax;
10: {By.i} 1s obtained via convex optimization algorithm
for sub-problem P1-2;
11:  end if
12: end if
Ensure: The suitable mobility-aware task offloading
scheme.

Compared with the original optimization problem P1,
the number of independent variables in the problems of the
proposed MATO scheme are reduced from {a,_;, By, Tn, Bn.i}
to {B,.;}. The solution computational complexity is reduced
directly. For the complexities are different when we use
different algorithms to solve these problems, in this paper,
we select the typical Newton-Raphson methods [39] to solve

the convex problems P1-1 and P1-2. Set Ny, Z an.i,

the computational complexity is shown to be O(N, ,"f,)
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V. TASK OFFLOADING FOR COOPERATIVE MEC SERVERS
In this section, we analyze the design of task offloading
schemes in VECN in a common scenario: cooperative MEC
servers scenario. When multiple vehicles enter the cover-
age area of a AP, the task computation requests increase.
Many vehicles may offload computation tasks to the MEC
servers. Both the communication and computation resource
allocations are executed for the heterogeneous applications
of tasks. However, the computing capacity of MEC servers
is limited. To reduce the task completed latency, one of the
recommended solution is that the excessive workloads are
outsourced, to further be offloaded to other MEC servers
deployed at the adjacent AP on the vehicles’ moving direc-
tion. The cooperation between the MEC servers deployed at
these two adjacent APs should be considered.

A. PROBLEM FORMULATION

For vehicle n, n € {1,2,---,N}, when the computation
requests arrive and the local computing capacity cannot meet
the latency constraints, the vehicle can offload part of tasks
{an.isn,i} to the MEC servers. In detail, for the MEC servers at
AP, when multiple tasks arrive or the data size of tasks is huge,
it can further send part of tasks to the MEC servers deployed
at the adjacent AP. The vehicles perform data transmission
via the OFDMA. The interferences between channels are
not considered. The computing capacities of MEC servers at
these two APs are the same as cy,. Part of the computation
resources BaxCry are allocated to the calculation requests
from the vehicles in the coverage area of AP. And other
resources (1 — Byax)cm, are prepared for the outsourced com-
puting tasks from the adjacent AP. Same as the analysis in
single vehicle case, a,; € {0, 1}. We denote b,; € {0, 1}
as the further offloading decision for task i in MEC servers.
Specially, b,; = 1 denotes the MEC servers decide to
further offload task i to the adjacent servers, while b, ; = 0
otherwise. In order to express the task offloading scheme in
the cooperative MEC servers scenario clearly, we propose the
model of task processing for vehicle n, as Fig. 4.

MEC Servers — MEC Servers MEC Servers MEC Servers yepicle
utl AP al next AP at AP al next AP

| | |
| | | |
l__,|_4_4_:.._.,1 ......... »l
|
|

Vehicle Vehicle
| |

|
|

| |

| |

|
b
| | :

t t T

| | |

T

n

———>» Local computing — — » Data transmission

» Further data transmission _—

¥ MEC computing at AP

— - —» MEC computing at next AP ==-----3 » Results broadcasting

FIGURE 4. Task processing for vehicle n in cooperative MEC servers
scenario.

As shown in Fig. 4, after the data uplink transmission
between the vehicles and MEC servers, the MEC servers
decide whether to calculate the received tasks locally or
further to send part of them out. Specially, both the vehi-
cles and MEC servers can perform data transmission and
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calculation simultaneously. The calculation results will be
sent back to the vehicles. All of the tasks should be processed
before the maximum latency threshold 7,***. The task com-
pleted latency of task i in vehicle n is shown as

S
Ini = (11— anl) +al’ll(1 nl)( i ,3 o +tB)
n,iCt

+ 1B
,3,, ,Cth )

where Ry is the backhaul channel transmission data rate
between APs. B, ; denotes the computation resource alloca-
tion in the ad]acent MEC servers. The total task completed
latency of tasks in vehicle # is given by

! (1 —anieni
= max | - = tnlons,

C,
i=1 L

Snl Cn
7 1-b tB,
T+ Zant( nt)( ﬁnlcth)+ B

Sn,i Sn,i Cn,i
E: — tpy. (13
T+ anznz( +Rf+,3n,th)+3} (13)

The task completed system cost is shown as

F— Z{¢1BZ nzsnz+¢foZantntSnz

I

+¢2 Y (Buica + Byicu) } (14)

i=1

Sn,i
b, omi
+an,ibn,i <Rn + +

where ¢ and By are the unit communication cost and band-
width of the backhaul channel, respectively. We set that the
values of ¢y and By are fixed. Simplify, in order to reduce the
computation latency, we set that the MEC servers deployed at
the next AP provide all of the prepared computation resources
for the outsourced computation requests, as

N I
> > Byicn = (1 = Buax)eun- (15)
n=1i=1
In the cooperative MEC servers scenario, we aim to min-
imize the total task processing system cost. The offloading
decisions a, ; and b, ;, the uplink spectrum resource alloca-
tion B,, computation resource allocation S, ; and the offload-
ing time T, are jointly optimized. The optimization problem
is formulated as P2.

min. F,
{an,isbn,ivﬂn,i»anfn}
subjectto t, < T)"*, Vn, (16)
N
> "By < Buax. (17)
n=1
N
0 < Z/gn,i =< ,Bmam (18)
n=1
ani € {0,1}, by €{0,1}, Vn,i.

19)
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Due to the fact that a,, ; and b, ; are binary variables, and
in the formulations of objective function F as Eq. (14) and
constraint #, as Eq. (13), there exist product relationships
between variables a, ; and b, ;, the problem P2 is a complex
non-convex MINLP. It is difficult to solve it directly, Thus,
a sub-optimal and low-complexity solution for problem P2 is
proposed in the next subsection.

B. LOCATION-BASED TASK OFFLOADING SCHEME

In this section, we present a Location-Based Task Offload-
ing (LBTO) scheme to obtain a sub-optimal solution for
problem P2. Based on the different initial locations, moving
speeds of vehicles, and latency requirements, we divide the
vehicles into different groups. The task offloading schemes
in each group are analyzed separately. The solution becomes
low-complexity. In detail, the LBTO scheme includes three
steps, which are shown as follows.

1) VEHICLE GROUPING

The objective of problem P2 is to minimize the system

costs, under the task completed latency thresholds. Thus,

the vehicles should select local computing as much as

possible. We divide these vehicles into a group, denoted

as Gr, in which the local computing capacity can meet the
I

latency constraint, a,; = 0,Vi. When )_ ¢, i/c; < TI'™,

we have n € G. =

The second group, denoted as Gr, is defined that the
vehicles should send part of tasks to the MEC servers, and
these offloaded tasks should further be transmitted to the
MEC servers deployed at the next AP on the moving direction
of vehicles. For the calculation results will be sent back to
vehicles, the vehicles should arrive the coverage area of the
next AP before the task processing completed. The initial
locations and moving speeds of vehicles affect the arriv-

I
ing positions. When Y ¢, i/c. > T and (Dg — l,(,))/
vp < T, we have nlélg]:.

Besides these two groups mentioned before, the other vehi-
cles are assigned to the group Gp, n € Gp. The vehicles
belonged to the group Go, must offload part of their com-
putation tasks to the MEC servers, and the tasks should be
processed when the vehicles stay at the coverage area of
the AP. Same as the analysis in the single vehicle case, the
vehicles in the group are divided into two sub-groups g% and
gé, g% Ugé = Go, based on the initial positions of vehicles.
When 10 < Dy/2,n € G4 Otherwise, [ > D,/2,n € G5.

2) OFFLOADING TIME CALCULATION

The vehicle n can send part of tasks to MEC servers at the
offloading time t,,. For the vehicles in group Gr, n € Gr,
their offloading tasks will further be transmitted to MEC
servers deployed at the next AP, b, ; = 1, Vi. The vehicles
are leaving the coverage area of the AP, the data trans-
mission distances between the vehicles and AP increase.
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Therefore, the vehicles should send the data out as soon as
possible, the offloading time is 7, = 0, whenn € Gr.

For the vehicles in group G, n € Gp, the vehicles can send
part of tasks to the MEC servers. When l,? <Dg/2,ne gg,
the vehicle n is moving close to the AP, the optimal offloading
time t, is obtained via the solution of problem P1-1. Oth-
erwise, l,? > Dg/2,n € gé, the vehicle n is leaving the
coverage area of the AP, the offloading time is 7, = 0.

3) RESOURCE ALLOCATION

In the third step, both the communication and computa-
tion resources are allocated, when the vehicles perform data
offloading synchronously. All of the vehicles in group G and
sub-group Qé}) send the computation tasks to MEC servers
when t,, = 0, resource allocation should be considered for
these vehicles.

When n € Gr, we have b,; = 1, Vi. Due to the for-
mulations of #, and F in Egs. (13)(14), the task completed
latency and system cost of vehicle n in group G =, denoted as
¢t} and F | are shown as

L (1= ayeni
t}%:max{z#,

C
i=1 L

I
Sn,i Sn,i Cn,i
ani| g T 5=+ 73— +lB},
2 (R2 ; ﬂ)

1 1 1

A an.iSn.i Ay iSn.i

Fy=¢1B,) =0+ B > n}éfnyl +02) Bicun
n i=1 i=1

i=1

When n € Gé, we have b,; = 0, the task completed
latency and system cost, denoted as t,% and F, 3, are shown as

1
Aan,iSn,i Aan,iCn,i
() )

n IBn, iCth

1 1

~n @ s

Fy = ¢1By ) =5 +¢2 3 Bu.icon.
i=1 n i=1

The problem P2 is rewritten as a sub-problem P2-1, as

{an,TB{fbn,i} Z Fat Z ki

neGr neG§
subjectto ! < ">, ne Gr, (20)
2 <TM, negp, 1)
Y. Bi<Bua, (22)
ne(Grugs)
0< > Bui < Buar, (23)
negé

ani € 10,1}, Vine(Grugh. (4
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We set that the MEC servers deployed at the next AP
provide the remain computation resources for the arriving

I
tasks, as Eq. (15), wehave Y )" B, = (1 — Buax). Same
neGri=1 ’
as the analysis in problem P1-1, the efficient way to minimize

the system cost is that the latency of local computing is the
same as the one of task offloading. Thus, when n € G,
we have

1
(I —an,i)cn,i U Sn.i Sn.i Cni
B 7 PPl (AT N RC /N Sy RN

— cr. I; i R(r:; Ry ﬁ,;YiCrh

i=1

< Tmax, (25)

With Egs. (10) and (25), we can obtain the task offloading
decisions {a, ;}. And the bandwidth B, of vehicle n in group
G r is expressed as a equation with {a, ;}.

Whenn e g(%, we have

1

1
Cn,i An,iSn,i An,iCn,i
(1 —ay i — Aomi | ImiCni) g
NURCT 5

=1 =1 ﬂn, iCth
< 1y, 6)

The task offloading decisions {a, ;} can also be obtained
via Egs. (10) and (26). Then, the variables of problem P2-1
becomes {B,, Bu.i}, n € gé. P2-1 becomes a convex optimal
problem, and some typical algorithms can be used to solve it.

For the other vehicles in subgroup G4, n € GY, the vehi-
cles send part of computation tasks to the MEC servers at dif-
ferent offloading times {z,}. Thus, the whole communication
resources are utilized, B, = By, The optimal offloading
decisions {a, ;} and other variables of each vehicle n are
obtained via the solution in problem P1-1, separately.

Above all, we obtain the task offloading scheme named:
“Location-Based Task Offloading (LBTO) scheme”, the
detail is shown as Algorithm 2.

In the proposed LBTO scheme, the computational com-
plexity primarily come from the step 2 and step 3. In step
2, offloading time calculation, n € Qzé’, the vehicles send the
tasks at different times, the solution algorithms (i.e., Newton-
Raphson methods [39]) used in problem P1-1 can also be

1

used. Set Nj; = Y a,,, the computational complexity is
i=1

oYy, Nyp). In step 3, resource allocation, we select the

neg%

same Newton-Raphson methods to solve the convex opti-

mization problem P2-1. Set |G x| and |Qé| as the number of

vehicles in groups G and gé, the computational complexity

is O((|GF| + |g5|) >~ Njp). Then, the total computa-
ne(Grugs)

tional complexity of the solution algorithms in LBTO scheme

isOC Y Np+(G#I+165) > N

neGY ne(Grugh)

VI. NUMERICAL RESULTS
In this section, we conduct numerical simulations to evalu-
ate the performance of the proposed task offloading schemes
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Algorithm 2 LBTO Scheme for Multiple Vehicles

Require: For vehicle n, n € {1,2,---, N}, computation
tasks, {cn,i, Sni}, i € {1,2,---,1I}, v, cr, cap, T,
ﬁmax» Bmax, Rf~

1: Stage 1: Vehicle grouping
I
2: if Z Cn,i/CL < T;mlx then

i=1

3 nelg;

4: else

50 if (Dg — 19)/v, < T then
6: ne g]:;

7 else

8 if 1) < D,/2 then
9 nedgy,

10: else

11: ne gé;

12: end if

13:  endif

14: end if

15: Step 2: Offloading time calculation

16: n € G, the vehicles select the local computing;

17: n € (GrUGh), 1, =0;

18: n € g%, B, = By, T, is obtained via the solu-
tion of problem P1-1, while the resource allocations
{an.i, Bn, Bn.i} of vehicle n are obtained separately.

19: Step 3: Resource allocation

20: n € (GF U Q(%), the resource allocations {ay i, By, Bn.i}
are obtained via the convex optimization algorithms uti-
lized in the problem P2-1.

Ensure: The suitable location-based task offloading scheme.

TABLE 1. Default parameter setup.

[ Parameter || Definition [ Value |
Ry Backhaul channel data rate between APs 20M bps
By Backhaul channel bandwidth between APs | 10M Hz
Pra Transmission powers of vehicle 1w
tp Results feedback time 0.1sec

in both independent and cooperative MEC servers scenarios.
We consider that two APs are deployed at the roadside. Simi-
lar as the ref. [40], we set the coverage of a AP is D, = 600m,
the AP is located at the center of the coverage area, the alti-
tude of AP is [, = 20m. The bandwidth of available channels
among the vehicles and AP is B,y = 20MHz, and the path
loss efficient is r = 2.5. The V2I channel is modeled as
Rayleigh fading channel with average power loss 1073W.
For the VECN, we consider the computing capacities of
vehicles are the same, as ¢; = 2 x 10% cycles/sec. The
computing capacities of MEC servers are the same, as ¢y, =
8 x 108 cycles/sec. For the system cost, we set that the cost
of unit spectrum resource block is ¢1 = 1 RMB/(MHzsec),
the cost of unit computation resources in MEC servers is
¢2 = 3 RMB/(cycles/sec), and the unit communication cost
in backhaul channel is ¢y = 1 RMB/(MHzsec), Bpnax = 0.8,
wo = 10~°W. If not specified, we summarize the default
simulation parameters in Table 1.
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The performances of the proposed task offloading schemes
(i.e., MATO and LBTO schemes) are compared with the
following baseline or simple schemes:

« Random offloading scheme: The vehicles offload the
computation tasks to the MEC serves or process them
locally randomly. a,, ; € {0, 1}. The generation of values
0 and 1 follows equal probability [30]. Other parame-
ters, such as offloading times {z,}, resource allocations
{Bn.i, Bn} are optimized as usual.

« Direct offloading scheme: The vehicles send the com-
putation tasks when they arrive, the offloading time is
7, = 0. Other parameters {a, ;, B,i, By} are optimized
as usual.

o« TDMA-based offloading scheme: The vehicles send
the computation tasks in different time slots, the offload-
ing times {t,} are optimized. For the offloading process
in vehicle n, the bandwidth of the V2I channel is B, =
Bjax [41], [42]. This scheme is suitable for the coopera-
tive MEC servers scenario, multiple vehicles send tasks
to the AP.

A. INDEPENDENT MEC SERVERS SCENARIO

In the independent MEC servers scenario, we consider that
one vehicle passes through the coverage area of AP with
high speed. v, = 100km/h. We consider the number of
computation tasks in vehicle n is I = 20. The data size of
each task {s, ;} is selected randomly from [2, 6]Mbit, and the
corresponding task required CPU cycles {c, ;} are randomly
distributed in range [40, 120]Mcycle. The performance of
the proposed MATO scheme will be compared with other
schemes. Besides the data sizes and the required CPU cycles
of tasks, the task offloading time 7, the initial positions of
vehicle /9 and the task completed latency threshold 77"
affect the system performance directly. The simulation results
are shown as Fig. 5-7.

60

~1°=150m, v, =100km/h

~-12=200m, v =100km/h
55 " "
-o-1°=200m, v, =120km/h

=+=1°=250m, v =80km/h

System cost (RMB)

35

. . . . ! 1 . . .
0.2 0.6 1.0 1.4 1.8 22 26 3.0 3.4 4.0
Offloadng time 7. (sec)

FIGURE 5. The task completed system costs of the proposed MATO
scheme.

Fig. 5 shows the task completed system costs of the pro-
posed MATO scheme under different offloading times 1,
initial locations l,?, and moving speeds v,,. The task completed
maximum latency threshold is 7,"* = 6 sec. From Fig. 5,
we can find that when the initial location of vehicle is far
from the AP and it is moving close to the AP, l,? = 150m,

VOLUME 7, 2019

80

—MATO scheme
= Random offloading scheme
++*Direct offloading scheme

~
=)
T

System cost (RMB)
3
7
\

o
s)
1
1
\
\

R

90 140 190 240 290 340 390
Initial locations \g (m)

FIGURE 6. The task completed system costs under different initial
positions of vehicles /9.
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FIGURE 7. The task completed system costs under different latency
thresholds 779%.

the system cost decreases with the increasing of offloading
time. This is because that the vehicle n is moving close
to AP, when the value of 1, increases, the distance between
the vehicle and AP is reduced, and the vehicle can send
computation tasks to the MEC servers deployed at AP with
less communication cost. Moreover, when the calculation
tasks arrive, the vehicle n is closing to the AP, as in case
l,? = 250m, v, = 80km/h, the system cost will reduce as
the increasing of t,. When t, > 2.04 sec, the system cost
will increase. The reason is that when the vehicle selects
a large offloading time, the vehicle may pass the AP. The
distance between the vehicle and AP is increasing, more
communication costs are needed. It is necessary to select an
optimal offloading time, and both the initial locations and
moving speeds affect the optimal selection.

Fig. 6 shows the task completed system cost comparisons
under different initial locations /0. We can find that: under
all of the schemes, when l,? < 300m, the system cost
decreases as the increasing of the value of l,(,) , otherwise, when
l,(l) > 300m, the system cost increases. The reason is that
the initial locations affect the distances between the vehicles
and AP. When the distance is reducing, the communication
cost for the computation tasks reduces. Meanwhile, the per-
formance of the proposed MATO scheme is better than other
two schemes, which means that the offloading time optimal
selection is beneficial, the tradeoff between the transmission
efficiency and communication cost is mainly considered. But,
when [0 > 300m, the performances of MATO is the same as
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Direct offloading scheme. This is because when the vehicle is
leaving the coverage area of AP, the vehicle in MATO scheme
selects offload the data out at 7,, = 0, same as the selection in
Direct offloading scheme.

Fig. 7 shows the task completed system costs under differ-
ent latency thresholds 7,"**. We observe that the higher the
value of 7,"** is, the lower system cost is. The reason is that
we consider that the vehicles calculate tasks locally free. They
need to pay for the communication and computation costs
when they offload part/all of the tasks to the MEC servers.
When the value of 7,"* becomes larger, more tasks can be
calculated locally. The performance of the proposed MATO
scheme is better than others, and when 7,"* > 8.5 sec,
the system cost becomes zero. This is because when the
latency threshold is larger, all of the tasks are processed
locally. Task offloading is not needed and the system cost is
Zero.

In summary, in the independent MEC servers scenario,
when the vehicle n enters the coverage area of the AP and
performs the task offloading scheme, the performance of
our proposed MATO scheme is better than other schemes.
The reason is that the mobility of vehicle is considered
mainly, the task offloading time and the computation resource
allocation are optimized jointly.

B. COOPERATIVE MEC SERVERS SCENARIO

In the cooperative MEC servers scenario, we consider the
number of moving vehicles in the coverage area of AP is
N = 10. When the computation tasks arrive, the initial
locations of vehicles are randomly selected from range
[50, 550]m. The moving speeds of vehicles are randomly
selected from range [80, 100]km/h. To ensure the traffic
safety, we set the distances between two adjacent vehicles
are larger than 40m. For convenience, when the value of
the vehicle index n is large, the initial location {0 becomes
larger. For the calculation tasks, we set the data sizes {s,,;}
are selected randomly from [2, 6]Mbit, and the corresponding
task required CPU cycles {c,, ;} are randomly distributed in
range [40, 120]Mcycle, same as the setting in single vehi-
cle case. The performances of the proposed LBTO scheme
are compared with Random offloading scheme and Direct
offloading scheme.

Fig. 8 shows the system costs of each vehicle. The task
completed latency thresholds 7,"** of vehicles are distributed
in range [4, 8]sec randomly. We can see that: for the vehicles
1,2 and 4, the system costs of the proposed LBTO scheme are
lower than Random offloading scheme and Direct offloading
scheme. The reason is that in Random offloading scheme,
the vehicle selects the offloading tasks randomly, more tasks
may be offloaded. In Direct offloading scheme, the vehicle
sends the calculation tasks directly, the channel transmission
conditions between the vehicle and AP are not considered.
In our proposed LBTO scheme, the vehicle selects an optimal
offloading time, both the communication and computation
resource allocations are considered. The tradeoff between the
task completed latency and the system costs (i.e., the required
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FIGURE 9. The task completed system costs of vehicles under different
latency thresholds 7,779,

communication and the computation resources) is consid-
ered. For the vehicles 3, 5 and 7, the system costs are zeros.
The reason is that when the data sizes of computation tasks
are limited, and the task completed latency threshold is large,
the vehicles can finish the task processing locally, no other
system cost happens. In addition, for the vehicles 6, 8, 9
and 10, the performance of LBTO scheme is the same as the
Direct offloading scheme. This is because that these vehicles
are leaving the coverage area of the AP, l,? > 300m. Based on
our analysis, the optimal offloading time is 7, = 0.

Fig. 9 shows the task completed total system cost com-
parisons, under different latency thresholds. We set that the
task completed latency thresholds 7)"“* of vehicles are the
same. We find that the performance of LBTO scheme is
better than other three schemes. As the increasing of 7",
the gap of total system cost between the LBTO scheme and
other schemes becomes smaller. The reason is that when the
latency threshold increases, more tasks are processed locally,
the amount of the offloading calculation tasks decreases. The
performance of the proposed LBTO scheme is better than
the TDMA-based offloading scheme. The reason is that in
the TDMA-based offloading scheme, the vehicles send their
computation tasks in different times t,,. Only the offloading
times t, are optimized, based on the data sizes of tasks and
the initial locations of vehicles. The vehicles access all of
the maximum leased spectrum resources, and the offloading
communication costs are large. When 7"* > 7 sec, we find
that the system costs become zero. This is because that in
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this scenario, the latency is larger enough that all of the
tasks can be processed locally. No task offloading is needed.
The proposed LBTO scheme can optimize the offloading
times and perform both the communication and computation
resources allocations optimally. It is more suitable for the task
offloading in VECN.

VII. CONCLUSION

In this paper, we investigate the task offloading mechanisms
in vehicular edge computing networks, to minimize the sys-
tem costs (i.e. communication cost and computation cost),
while the task completed maximum latency and other con-
straints are satisfied. Specially, the fast moving characteristic
of vehicles is mainly considered. The vehicles should pay
for the leased communication and computation resources.
We analyze the design of task offloading schemes in both
independent and cooperative MEC servers scenarios. When
number of tasks arrive, the vehicles can send part of them
to the MEC servers. Moreover, when the offloading tasks
cannot be processed under the latency requirements, the MEC
servers can further offload part of tasks to the next AP on the
vehicles’ moving direction. Two optimization problems are
proposed. Based on the initial locations, the moving speeds
of vehicles and the task completed latencies, the vehicles
can select local computing, offloading or further offloading
optimally, to balance the tradeoff between the task completed
latency and system cost. Extensive simulations are proposed
to demonstrate the effectiveness of the proposed schemes.

APPENDIX
To prove P1 is a convex optimization problem under the
condition 0 < a,; < 1, we should prove the objective
function F, and the main constraint function #, are convex
with the variables {ay i, Bn.i, Tn, Bn}. The objective function
is shown as

1 1
F, = ¢1B, Z an,isn,i/Rn + ¢ Z ,Bn,icth~

i=1 i=1
The bandwidth B,, do not affect the values of F},. According
to the constraint Eq. (4), we have B, = Bj,. In addition,

F, is linear function with 8, ;. Then, set F; P = a"kf—fl""', we need
to calculate the Hessian matrix of F%, shown as
82 FY 3 FY
dt2 3T, 0an ;
P\ n n0dnp,i
0ay,i0Ty, aai i
‘We have
d2Fh
aT? ’

when the vehicle is moving close to the AP, l,? < Dg/2,
we have

O*F,  0°F), B —rsy,
8T,0a,;  0a,;9T, 2ImR, W,

(Vn) < 07
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when [0 > D,/2, we have
9’F)  9*F) B
0T,0an; 04,97, 2ImR, W,

—FSn,i

(—vn) > 0.

Then, we obtain H(FY) < 0. The objective function is
a concave function with the variables {ay ;, 7,4, Bs,i}. Same
as the analysis, we can find that the constraint function #,
is also concave function. Thus, the problem P1 is a convex
optimization problem.

The proof is completed.
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