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ABSTRACT The advanced services provided by vehicle ad hoc networks (VANETS) often require vehicles
to process complex computing tasks that may not be completed by individual vehicles within a required delay
limit. Offloading tasks to road side units (RSUs) is a typical approach to enhancing service performance in
VANET; however, RSUs may not always have sufficient resources for handling all task offloading requests.
With the increasing amount of computing capacities available on vehicles, offloading tasks to other vehicles
offers a promising alternative to RSU-based task offloading. However, vehicle-to-vehicle task offloading in
VANET faces some new challenges that have not been fully addressed, among which is the degraded delay
performance caused by vehicle mobility. In order to solve this problem, we propose an Online Pre-filtering
Task Offloading System (OPTOS) that is able to mitigate the impact of vehicle mobility on task offloading
performance. OPTOS comprises a process that selects candidate vehicles for hosting offloaded tasks and
an HGSA algorithm that assigns tasks to vehicles for minimizing task completion delay while balancing
utilization of computing capacities on different vehicles. We have conducted extensive experiments using
a real-world dataset for evaluating the performance of the proposed OPTOS. Obtained results indicate that
OPTOS is effective for reducing task completion delay and increasing task success rate in various VANET
scenarios with different levels of vehicle mobility.

INDEX TERMS Task offloading, vehicular ad hoc network (VANET), vehicular-to-vehicular (V2V), vehicle

mobility.

I. INTRODUCTION

In recent years, mobile vehicles are expected to provide
drivers with more and more advanced services, including traf-
fic accident analysis, traffic flow forecasting, route planning
and traffic light management, etc [1]-[3]. These services are
often composed of massive and complex computing tasks
that cannot be completed by vehicles independently with an
acceptable response delay. Vehicle ad hoc network (VANET)
has been developed to provide communication connections
between vehicles and infrastructures and also among vehicles
[4], [5]. With the support of VANET, tasks can be offloaded
to roadside units (RSU) with available computing capabilities
to increase task processing speed and reduce response

The associate editor coordinating the review of this manuscript and

approving it for publication was Asad Waqar Malik

4112 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

delay [6], [7]. However, with the increasing number of
vehicles, the phenomenon of vehicle aggregation and com-
puting task concentration occurs frequently [8]. Therefore,
the strategy of offloading all computing tasks from vehicles to
RSUs may cause some RSUs to be overloaded thus degrading
the service delay performance.

In order to solve the problem of insufficient RSU
computing resources, one possible solution is to deploy more
RSUs and/or increase the computing capacity of each RSU,
which might not be feasible due to the associated costs,
especially in large-scale transportation systems. Another
solution is to fully utilize the available computational
resources on all vehicles by offloading tasks to other vehicles
for processing [9]. When multiple vehicles are connected
together via VANET, they can form a distributed “‘vehicular
cloud” [10] in which each vehicle works as a computing
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node. In a vehicular cloud, computing tasks generated on one
vehicle may be offloaded to other vehicles in the same cloud,
which enables the idle resources on a group of vehicles to
be fully utilized to reduce the overall task completion delay.
The increasing computing capacities on vehicles together
with rapid development in 5G wireless communication
technologies [11] make inter-vehicle offloading an attractive
alternative to RSU-based offloading.

The existing technologies for offloading tasks to other
vehicles in a vehicular cloud mainly consider matching task
requirements and vehicle resources [12], [13]. Although
such offloading strategies achieve good results in stationary
vehicular clouds, the impact of vehicle mobility has not been
sufficiently addressed thus may cause unstable performance
in some practical applications. Formed by a group of moving
vehicles, a vehicular cloud is a dynamic structure that a
vehicle may leave at any time (e.g., when the vehicle moves
beyond the maximum communication scope of other vehicles
in the cloud). All the uncompleted tasks offloaded to a left
vehicle will have to be reassigned to other vehicles for
processing, which prolongs the task completion delay. The
main objective of our work is to investigate task offloading
in a vehicular cloud for addressing this challenge introduced
by vehicle mobility. The specific problem we want to solve in
this paper is to find a task offloading strategy in a vehicular
cloud that minimizes task completion delay with the negative
impact of vehicle mobility eliminated.

In this paper, we first formulate vehicle-to-vehicle task
offloading as an optimization problem based on our analysis
on communication and computing delay in vehicular clouds.
Then we design an online pre-filtered task offloading
system (OPTOS) in order to obtain reliable task offloading
in a vehicular cloud. The OPTOS addresses the impact of
vehicle mobility by adding a step for identifying a set of
candidate vehicles before making the offloading decision.
We also develop a half-greedy simulated annealing (HGSA)
algorithm that is employed in OPTOS for assigning tasks to
candidate vehicles and minimizing the total task completion
delay. More specifically, the main contributions of this article
are summarized as follows.

1) We proposed OPTOS, an online pre-filtering task
offloading system that fully considers the impact of vehicle
mobility to obtain a reliable vehicle-to-vehicle offloading
strategy. A key element of OPTOS is a step for filtering out
vehicles that may leave the vehicular cloud before completing
the tasks offloaded to them. This step ensures that tasks
are only assigned to reliable vehicles that can successfully
complete their tasks without being interrupted by mobility
thus avoiding the extra delay in task completion caused by
task reassignment.

2) We designed the HGSA algorithm to solve the task
allocation problem to minimize task completion delay.
The HGSA algorithm considers multiple factors, includ-
ing task complexity, data volume, available resources on
candidate vehicles, and inter-vehicle communication capac-
ities, to make decisions on task-to-vehicle assignment for
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minimizing task completion delay while balancing task load
across the candidate vehicles.

3) We conducted extensive experiments using a real
vehicle data set to evaluate the performance of the proposed
scheme. The experiment results indicate that our method
can achieve reliable task offloading that increases the
task success rate from 70% to near 100%. The obtained
results also show that the proposed scheme can reduce
task completion delay by about 19% compared to existing
methods.

The remainder of this paper is organized as follows.
Section II reviews the related work on task offloading.
Section III describes the system model and gives the problem
formulation. The structure of the OPTOS and the task
offloading algorithm HGSA are presented in Section IV.
Section V reports the evaluation experiments and analyzes
the obtained results. The paper is concluded in Section VI.

Il. RELATED WORK
In this section, we review state-of-the-art technologies for
task offloading in vehicular networks.

Over the past decade, most research in this area focuses
on offloading tasks to RSUs or cloud servers due to
their rich computing and storage resources [14]-[18]. The
optimization goals of the proposed methods include delay
performance, energy consumption, and bandwidth utiliza-
tion. The techniques for achieving the goals can be divided
into two categories — mathematical optimization and artificial
intelligence.

In the works based on mathematical optimization, task
offloading is formulated as an optimization problem by
defining an objective function with a set of constraints. Then
the optimal solution is found using techniques including
mixed-integer programming (MIP), heuristic algorithms, and
game theory. Y. Wang et al. designed a payoff function
and constructed a distributed optimal response algorithm for
computing offloading games in [17]. It is proved that the
offloading probability of each vehicle can converge to a
unique equilibrium under certain conditions. C. Shu et al. [18]
studied the offloading of dependent tasks to edge servers.
Considering the dependency between subtasks and the
competition among multiple edge servers, they proposed a
new offloading scheme based on game theory to reduce the
overall completion time of applications.

Some other studies are based on reinforcement learn-
ing [7], [19], [20]. H. Ke et al. [19] designed a heterogeneous
vehicle network MEC system considering the changes in
channel state and available bandwidth. They proposed an
adaptive offloading method based on deep reinforcement
learning (ACORL). ACORL can intelligently learn a policy to
solve the trade-off between energy consumption, bandwidth
allocation, and execution delay. Y. Liu er al. [20] regard the
vehicles as mobile edge servers (VES) combined with fixed
edge servers (FES) to provide computing services to users.
They formulated task offloading and resource allocation as
Markov processes and proposed two offloading strategies
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based on Q-Learning and deep reinforcement learning,
respectively. Their scheme achieves better performance than
pure VES or FES methods.

Although RSUs and cloud servers can provide high
computing capacities, their deployments are often expensive.
At the same time, the computing power of vehicles has been
greatly improved in recent years, which enables vehicles to
work as computing nodes for task processing. Therefore,
offloading tasks to vehicles has started attracting research
attention and interesting progress toward this direction has
been reported in the literature.

M. LiWang et al. [21] proposed a randomized graph job
allocation mechanism using hierarchical tree-based subgraph
isomorphism with low complexity. However, the graph-based
operation mechanism cannot adapt to the rapid changes in the
topological structure of the Internet of Vehicles environment.
At the same time, they did not consider the problem of
imbalanced resource utilization of vehicle nodes. Based on
game theory, J. Zhao et al. [22] designed a collaborative
computation offloading and resource allocation optimiza-
tion (CCORAO) scheme that can effectively improve system
utilization and reduce computing time. J. Zhang et al. [6]
proposed an approximate computing offloading scheme
ALBOA that can utilize computing resources of the edge
server more effectively and reduce the processing delay.
Q. Qi er al [23] proposed a knowledge-driven (KD)
IoV service offloading decision framework, which provides
an optimal policy directly from the environment. Deep
reinforcement learning is used to obtain the optimal solu-
tion and continuous online learning is carried out during
vehicle service execution to adapt to environmental changes.
Y. Sun et al. [24] proposed an adaptive learning-based
task offloading (ALTO) algorithm to minimize the average
task completion delay. At the same time, they modified
the existing multi-armed bandit (MAB) algorithm to input
sensing and event sensing so that the ALTO algorithm can
adapt to the dynamic vehicle task offloading environment.
G. Qiao et al. [25] proposed a collaborative task offloading
and output transmission mechanism that guarantees low
latency as well as application-level performance.

However, the aforementioned works have not sufficiently
considered the effect of vehicle mobility on task offloading
to vehicles and reasonable allocation of vehicle resources.
To the best of our knowledge, this article is the first effort
to jointly consider the effect of vehicle mobility and the
balanced utilization of the vehicle resource to offload tasks
to vehicles.

Ill. SYSTEM MODELING AND PROBLEM FORMULATION
In this section, we first describe the system architecture
for task offloading in a vehicular cloud and analyze the
task completion delay, including communication delay and
computing delay, in such a system. Then based on the delay
analysis, we formulate the task offloading in a vehicular cloud
as an optimization problem.

4114

A. SYSTEM OVERVIEW

The high-level architecture of a smart transportation system
with vehicular clouds is shown in Figure 1, which is com-
posed of three layers: the cloud layer, the edge layer, and the
vehicle layer. The cloud layer comprises data centers in the
Internet. The cloud data centers have substantial computing
capabilities but are located far from vehicles; therefore, they
are often used for processing computing-intensive tasks that
can tolerate long delays. The edge layer comprises RSUs
located on the roadside, which have certain amounts of
computational resources for completing lightweight tasks
with shorter delays. RSUs are interconnected via the network
infrastructure. The vehicle layer consists of vehicles clustered
in vehicular clouds. Each vehicle in the system is assumed to
have a certain amount of computing capacity for processing
tasks that are either generated locally or offloaded from
other vehicles. The vehicular ad hoc network provides direct
communication connections among vehicles in the same
vehicular cloud.

The task offloading process in this three-layer architecture
can be described as follows.

1) The basic information of vehicles, such as their
current positions, speeds, moving directions, and available
computing capacities, are collected and sent to RSUs. Such
information may be provided by vehicles and/or measured by
road-side sensors.

2) RSUs receive and process the vehicle information
to maintain an information base about the surrounding
vehicles.

3) The cloud layer might also be involved in assisting
RSUs for processing the vehicle information, especially in
a large-scale system with a large number of vehicles.

4) In the vehicular cloud, a vehicle (referred to as task-
vehicle) generates a series of tasks with different sizes and
types, which can not be completed by the task-vehicle alone.

5) The task-vehicle sends a task offloading request to the
nearest RSU. If the RSU accepts the offloading request, the
task-vehicle offloads its tasks to the RSU and the RSU returns
the processed results back to the task-vehicle.

6) If the RSU cannot accept the offloading request for
some reason, such as lack of sufficient available resources
to complete the tasks within the required time limit, it will
decline the offloading request and returns information about
surrounding vehicles to the task-vehicle.

7) The task-vehicle then makes decisions on offloading its
tasks to other vehicles in the same vehicular cloud based on
the vehicle information provided by RSUs. This is the stage
where the proposed scheme — the proposed OPTOS scheme
and HGSA algorithm — takes place.

8) The task-vehicle offloads its tasks to chosen vehicles
according to the offloading decisions made in step-8.

9) The chosen vehicles (for receiving offloaded tasks)
process the tasks assigned to them and return the results back
to the task-vehicle.

10) If some vehicles leave the vehicular cloud before
completing all their assigned tasks, then these unfinished
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FIGURE 1. The three-layer architecture for task offloading in vehicular
networks.

tasks have to be reassigned by the task-vehicle to other
vehicles in the cloud by repeating the steps 7-9, which
introduces extra delays in task completion.

We regard offloading to vehicles as a complementary
strategy to traditional offloading to RSUs. In this way,
when an RSU is available with sufficient resources for
meeting the performance requirements of task processing, the
task-vehicle offloads its tasks to the RSU. When the RSU
is not available, the task-vehicle has an alternative solution
— offloading tasks to other vehicles. Considering that task
offloading to RSUs has been studied extensively, our research
in this article focuses on the case of task offloading to vehicles
assuming the task-vehicle has decided to do so. The specific
problem we study here is: when the task-vehicle chooses
to offload its tasks to other vehicles, how to assign these
tasks to appropriate target vehicles in order to minimize
the completion delay of all tasks (i.e., total task completion
delay).

B. TASK COMPLETION DELAY
We now analyze the communication delay and computation
delay associated with task offloading to vehicles to determine
the complete task completion time. The main notations we
used in our analysis are summarized in Table 1.

Let V. = {v{,v2,...,v,} denote the set of n vehicles
in a vehicular cloud. The information for each vehicle v;
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TABLE 1. Summary of Main Notations.

Notation Description

14 The set of vehicles

n The number of vehicles

fi The computing capability of the vehicle 7

i The position of vehicle ¢

Si The speed of the vehicle 7

st() The stay-time of the vehicle %

k The task-vehicle

Q The set of tasks

m The number of tasks

Sq The data size of the task ¢

Cyq The computational complexity of the task g(cycles/bit)
Ly The delay limitation of the task q

e The minimum size of a subtask

m’ The number of all subtasks

mfl The total number of subtasks generated from task g
Tij The offloading strategy

r The transmission rate between two vehicles

Decomm The communication delay of a subtask

Dcomp The computing delay of a subtask

D;; The completion delay of subtask ¢ executed on vehicle j
Ttask(q) The time required for task g to be completed
Tyehicle(7) The time required for vehicle j to complete all subtasks
Tiotal The total time required for all tasks to be completed

can be represented by a tuple {f;, /;, s;}, in which f; gives
the computing capacity (CPU cycles/s ) of the vehicle, /;
is the current vehicle position, and s; represents the instant
speed of the vehicle. Suppose that vehicle vy is the only
task-vehicle that generates a set of m tasks denoted as Q =
{q1, 92, ..., gm}. Each task g; can be presented by a tuple
{Si, Ci, L;}, where S; is the size of data associated with the
task, C; is the computing complexity of the task (measured
by CPU cycles/bit; i.e., the average number of CPU cycles
needed for processing each bit of data of the task), L; is the
maximum tolerable completion delay of the task.

Due to the differences in data sizes and computing com-
plexity between tasks, offloading tasks directly to vehicles
will lead to imbalanced utilization of vehicle resources.
Therefore, we divide tasks into equal size subtasks and
perform offloading to vehicles in the unit of subtasks.
We suppose that there is no dependency between subtasks and
all subtasks can be processed in parallel on different vehicles.
Then, the total number of subtasks generated from m tasks can
be calculated as

m’zz%, (1)

where S; is the data size of task ¢; and e is the data size of a
subtask.

Each subtask is either executed locally on the task-vehicle
or offloaded to one of the n — 1 vehicles. Each vehicle can
have multiple subtasks simultaneously. We express the task
offloading assignment as an m’ x n matrix X

X111 X12 .- Xln
X X e X

X — 21 X22 2n 2)
X'l Xm'2 -+« Xm/n
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in which x;; = 1 when the i-th subtask is assigned to vehicle
v; otherwise x;; = 0. When x;; = 1, it indicates that the task-
vehicle v executes the i-th subtask locally.

When a subtask is executed locally the task completion
delay equals computing delay. If the subtask is offloaded to
another vehicle then the task completion delay is the sum of
communication delay and computing delay. We assume that
direct communication channels exist between all vehicles in
the same vehicular cloud. The communication delay is the
time taken to transmit subtask data from the task-vehicle
to the target vehicle, which is mainly determined by the
throughput of the wireless channel between these two vehi-
cles. According to Shannon formula [26], the transmission
rate between two vehicles can be calculated as

loga(1 + 21 3)
n_1782 N

where B denotes the channel bandwidth, p represents the
channel power, & means the channel gain, and N denotes
the noise power. Since the task-vehicle transmits subtasks
outward to all other vehicles simultaneously, the channel
bandwidth will be divided into n — 1 segments one for each
target-vehicle. Therefore, the communication delay can be
obtained by

r =

e e(n—1)
B -logy(1 + pﬁh)'

After a subtask is executed, its result will be transmitted
back to the task-vehicle. However, since the size of the result
is much smaller than the size of the subtask, its transmission
delay is negligible relative to the transmission delay of the
subtask.

The computing delay for a subtask is the time for
completing execution of the subtask, which is mainly
determined by the amount of computation required by the
task and the computing capacity of the vehicle where the
task is processed, either the task-vehicle where the task
is generated or a vehicle to which the task is offloaded.
Therefore, the computing delay Dcop for the i-th subtask on
vehicle v; can be obtained as

C i€
Ji
where C; is the computational complexity of the i-th subtask

and f; is the computing capacity of vehicle v;.

Then completion delay D;; for the i-th subtask executed on
vehicle v; can be determined as

“

Dcomm =

~

Deomp = coi=12 ., j=1,2,....n (5

C;-
=k
T J
D; = Ci~€+€ L (6)
¢
f r

where j = k represents the case that this subtask is executed
locally (i.e., without being offloaded).

Since a task is composed of many subtasks that are
assigned to and processed on multiple vehicles, a task is

4116

completed when all its subtasks have been successfully
processed by the vehicles they are assigned to. Therefore, the
completion delay of a task g can be determined as

m

q
Tuask(q) = max{y_xj-Dy), j=1,2,...,n. ()
i=1
where, m; is the total number of subtasks generated from
this task. Each task g needs to be completed within its
corresponding maximum tolerable delay L; that is,

my
max() " xj-Dy) <Ly j=1,2,....n. ®)
i=1

Each vehicle may receive multiple offloaded subtasks. The
total time for vehicle v; to complete all the subtasks offloaded
to it, denoted as Tyepicie(j), is the sum of the completion delays
of these subtasks; that is

m/
Tyenicte(j) = inj . Dl:j, j=12,...,n )
i=1

If the vehicle leaves the vehicular cloud before finishing all
the offloaded subtasks, then the unfinished subtasks will have
to be reassigned to other vehicles, which causes additional
communication and computing delay. Therefore, although
some vehicles have strong computing power, they are not
suitable for being assigned too many subtasks. The task
offloading strategy should ensure that Tpicie(j) is no greater
than the stay-time of the vehicle, sz(j), which is the residual
time of the vehicle staying in the vehicular cloud. That is,

/

m
inj-Dijgsr(j), ji=1,2,...,n (10)
i=1
The total task completion delay depends on the last vehicle
that completes all its subtasks. In other words, the total
completion time of all the tasks is equal to the maximum
completion time of all the vehicles. That is,

m/

Tt =max{y_x;- Dy}, j=1.2,....n. (1)

i=1

C. PROBLEM FORMATION

Based on the above analysis, we formulate the problem
of task offloading in a vehicular cloud as an optimization
problem as (12). Given the number of subtasks m’ and the
number of vehicles n, the system uses an offloading decision
matrix X that minimizes the total task completion time as the
objective function while satisfying the constraints given by
C1-C4.

m/
min{max{Zx,-j Dy}, j=1,2,...,n}
i=1

st.Clixp+xp+---+x,=1i=1,2,...,m
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C2:xj=00rx;=1

m'

q
C3:max() xj-Dy) <Ly j=12,....n.
i=1
m/
C4:) xj-Dy <st(), j=12.....n (12)

i=1

Constraint C1 limits each subtask to be offloaded to only one
vehicle. C2 indicates that x;; = 1 when subtask i is offloaded
to vehicle j, otherwise x;; = 0. C3 requires each task to be
completed within its delay budget. C4 requires each vehicle
to complete all the subtasks offloaded to it within its residual
time in the vehicular cloud (i.e., before the vehicle leaves the
current vehicular cloud).

IV. TASK OFFLOADING STRATEGY

In this section, we first introduce the overall process of the
OPTOS and then discuss the details of candidate vehicle
selection and task allocation algorithm HGSA in OPTOS.

A. OPTOS SYSTEM
OPTFO is an online pre-filtering task offloading system,
which includes a filtering process before offloading. It can
obtain the optimal offloading strategy and significantly
reduce the impact of vehicle mobility on task completion
delay. The structure of the proposed OPTOS is shown in
Figure 2, which comprises two steps: selecting candidate
vehicles and allocating tasks to vehicles.

The first step selects reliable candidate vehicles for each
subtask, which is designed to mitigate the negative impact
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of vehicle mobility on task offloading performance. Due to
mobility, a vehicle may leave the vehicular cloud before
completing all the subtasks offloaded to it — an event referred
to as “early-leaving” in this paper. When this occurs, the
uncompleted subtasks will need to be reassigned to other
vehicles thus causing an additional delay. Therefore, OPTOS
attempts to avoid early-leaving as much as possible. A vehicle
that processes many subtasks or has a short stay-time in
the vehicular cloud is more likely to cause early-leaving;
therefore, it is less desirable to consider such a vehicle as
a candidate when making offloading decisions. In order to
evaluate whether a vehicle can be a candidate for a subtask,
three factors are comprehensively considered in OPTOS — the
stay-time of the vehicle in the vehicular cloud, the completion
time of the subtask on this vehicle, and the task success rate of
the vehicle. The OPTOS uses these three factors to calculate
a value to guide the selection of candidate vehicles for each
subtask.

In the second step, all subtasks are allocated to the
appropriate vehicles. All tasks are divided into multiple
independent subtasks that can be executed on different
vehicles in parallel. This step aims to find the most suitable
vehicle for each subtask to minimize the total completion time
of all tasks. OPTOS first calculates the completion time of
each subtask on all its candidate vehicles and then uses the
proposed algorithm HGSA to obtain an optimal subtask-to-
vehicle assignment in a limited time.

In addition, whenever a vehicle completes all its subtasks
or leaves the vehicular cloud, the task success rate of the
vehicle will be updated. If the task success rate increases,
the vehicle will get more offloading opportunities. If the task
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FIGURE 3. The effect of candidate selection on the overall task
completion delay. (a),(b) Offloading situation before and after the vehicle
leaves without candidate processing. (c) Offloading strategy with
candidate processing.

success rate decreases, it indicates that the risk of offloading
to this vehicle increases. The two-way feedback can improve
the effectiveness of offloading decisions and reduce the total
completion delay.

B. CANDIDATE VEHICLES

Selecting candidate vehicles for each subtask is essential
because it facilitates task offloading to avoid the additional
delay caused by early-leaving phenomenon thus mitigating
the impact of vehicle mobility on delay performance.
Figure 3 shows an example scenario that illustrates the effect
of candidate selection on overall task completion delay, which
demonstrates the necessity of this step.

Suppose there are four equal size subtasks and four
vehicles with different computing capacities. The completion
time of a single subtask on vehicle-1/2/3/4 is 5, 5, 3,
4 respectively. Figure 3(a) gives the subtask assignment
without candidate selection — one subtask on each vehicle
with a total completion time of 5. Figure 3(b) shows that
early-leaving occurs to vehicle-4, which leaves the cloud
at time instant 4 before it completes the subtask. Then
the subtask assigned to vehicle-4 has to be reassigned to
vehicle-3 to restart its execution. The total completion time
of the four subtasks now becomes 7 due to the extra delay
introduced by vehicle-4’s early-leaving. Figure 3(c) gives
the task offloading with candidate vehicle selection. Because
vehicle-4 has a stay-time that is less than 4, which is the
completion delay for a single subtask on this vehicle, vehicle-
4 is removed from the set of candidate vehicles. Then
two subtasks are assigned to vehicle-3 to achieve a shorter
completion time than the case shown in Figure 3 (b).

In order to correctly decide whether a vehicle can be a
candidate for subtasks, OPTOS comprehensively considers
the following three factors:

o The completion time of the subtask: According to the

analysis in Section III, the completion time of each
subtask on each vehicle can be calculated using (6).
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TABLE 2. The training set for predicting the suitability of adding a vehicle
to the candidate vehicle.

Task stay-time | Completion History  success | Success / fail-
type time rate ure

type-A |30 20 0.85 success
type-A |25 15 0.80 failure
type-B |28 17 0.75 failure
type-D |34 23 0.46 success

o The stay-time of the vehicle: The stay-time refers to the
residual time of a vehicle in a vehicular cloud. Vehicle
stay-time can be estimated using a vehicle mobility
model together with vehicle information including the
positions and speeds. We use the Freeway Mobility
Model [27] to mimic vehicles’ movements on highways.
In this model, each mobile node is restricted to a
specific lane and their movement must obey certain
rules of relative speeds and distance between vehicles.
Then the trajectory of the vehicles in a larger time
range can be predicted and the stay-time can be
estimated. We focus our research on highway scenarios
because vehicles moving on highways are more likely to
form stable vehicular clouds, in which task offloading
to vehicles becomes a reasonable alternative to the
conventional RSU-based task offloading. Please note
that the proposed OPTOS may work with different
mobility models for estimating vehicle stay-time.

« Offloading success rate: Assuming that the total number
of tasks that have been offloaded to the i-th vehicle is
y; and the number of tasks completed by the vehicle
is x;, the offloading success rate of this vehicle can be
calculated by x;/y;.

The relationship between task completion time and vehicle
stay-time reflects whether the vehicle is capable of complet-
ing the task in time and the offloading success rate reflects the
possibility that the vehicle fails the task due to other factors.

The historical data of the above three factors can be used

to train a machine learning model that outputs the parameter
A that indicates the suitability of a vehicle to be a candidate
vehicle. The training set format is shown in Table. 2. The
value of A is between [0,1], giving the probability that a
vehicle may successfully complete all the subtasks offloaded
to it thus being an appropriate candidate vehicle. This model
is an online model. Therefore, whenever a new task is
completed or failed, OPTOS updates the “history offloading
success rate’” and carries out new training on the model.

C. HGSA ALGORITHM

After selecting candidate vehicles for each task, the next step
of OPTOS is to find the optimal task allocation strategy that
minimizes the overall task completion delay.

Before assigning tasks to vehicles, OPTOS calculates the
completion time of each subtask on its candidate vehicles
and forms a cost-delay matrix D. The matrix D has m’
rows and n columns, and each element D;; represents the
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completion time of subtask-i on vehicle v;. If v; is identified
as a candidate vehicle for subtask-i, then Dj; is calculated
using (6); otherwise, Dj; is set to be infinity.

The goal of this step is to allocate n’ independent subtasks
to n vehicles to minimize the total task completion time.
This problem has been formulated as a 0-1 integer linear
programming problem given by (12), proven to be an NP-hard
problem. This problem can be solved by a greedy algorithm to
find the optimal solution; however, the complexity of a greedy
algorithm increases greatly with the number of subtasks.

In this work, we propose a half greedy simulated anneal-
ing (HGSA) algorithm (Algorithm 1) that assigns subtasks
to vehicles for minimizing the task completion delay. This
algorithm combines the advantages of the greedy algorithm
and simulated annealing, which can gain an optimal strategy
in a limited time. The inputs of the algorithm include
the number of subtasks m’, the number of vehicles n, the
cost-delay matrix D, and the parameters Tjuqy, Tmin, o for
controlling the iterative annealing process. The algorithm
outputs an m’ x n task offloading matrix X whose element
x;; = 1 when the subtask-i is offloaded to vehicle-j otherwise
x;; = 0. Another output of the algorithm is a vector of vehicle
total time T with n elements, each giving the total time for a
vehicle to complete all the subtasks offloaded to it.

Steps 1-7 of the HGSA algorithm find a feasible task
offloading matrix X. The algorithm first initializes the matrix
X and 7 to 0 and then finds an available vehicle from the
candidates for each subtask one by one. In order to obtain
the optimal result in a short time, the algorithm does not
randomly assign subtasks to vehicles in this phase but seeks
a sub-optimal solution as much as possible. The algorithm
ensures the overall delay is minimized in every offloading
operation with the greed principle. After offloading each
subtask to each candidate vehicle, the algorithm calculates the
vehicle’s total completion time and then selects the smallest
one in step-3. Then the algorithm checks the constraints, such
as whether the total completion time of this vehicle exceeds
its stay-time. If the minimum vehicle meets the constraint, the
algorithm selects it as the target vehicle for offloading (step-
4 and step-5). After each subtask is assigned to a vehicle,
the offloading matrix X and the corresponding vehicle’s total
time t are updated. After the above operations are performed
on all subtasks, the maximum total time in vehicles is the total
completion delay f(X) of all subtasks.

After initialization, the algorithm will perform simulated
annealing. Similar to the metal annealing process, this part
of the algorithm starts from the initial temperature 7Ty,
with the continuous decline of temperature 7, combined
with the probability jump characteristics, randomly finds
the optimal global solution of the objective function in
the solution space until the temperature is lower than the
termination temperature 7,;,, when the annealing process
ends. In each iteration from step-9 to step-24, the algorithm
first generates a new strategy by randomly exchanging the
subtasks with different types, and then checks whether the
new strategy meets the constraints. If the constraints are met,
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Algorithm 1 HGSA Algorithm

Input: Number of subtasks m’'; Number of vehicles n;
Cost-delay matrix D; Initial temperature 7}, ; Terminal
temperature 7Ty,;,; Cooling rate o

Output: Task offloading matrix X, Vehicle total time vector
T

I: initial X =0,7 =0

2: fori=1tom do

32 j<min{t;+ Dy}, j=1,2,...,n

4 Check constraints of (12)
5 )Cij*zl,Tj:Tj'i‘Dij

6: end for

7

8

9

: f(X) = max{T}, according to (11)
: T = Thax, Xold =X>f(X)uld :f(X)
: while T < T}, do
100 Xota = X, f(X)ota = f(X)
11:  Randomly exchange two subtasks with different types,
get Xpew and ?new
12:  Check constraints of (12)
13 fXnew = max{Tyey}, according to (11)
14 A Zf(X)new _f(X)old
15 if A < 0 then

16: X = Xyow and T = Thew
17:  else

18: p=exp(A/T)

19:  endif

20:  if ramdom.p < p then

21: X = Xyow and T = Thew
22:  end if

23: T=T «

24: end while
25: return X and T

the corresponding f(X) is calculated according to (11) to
obtain the total delay required to complete all tasks (i.e., the
maximum of the cumulative delay of each vehicle). Next,
step-14 compares the value of the total completion delay
f(X) of the new and old strategies. If f (X ), is smaller than
fX)oua, the new strategy is better than the old one, then the
new strategy X is accepted and vehicle total time 7 is updated.
When f(X)ey is larger, it may be a case of jumping out of
the local optimum. Therefore, the new strategy is accepted
according to a certain probability p = exp(A/T) related to
the current temperature. Finally, the current temperature is
multiplied by the cooling factor to obtain the new temperature
used in the next iteration. When the temperature drops to
the lowest temperature, the iteration ends and the algorithm
returns the optimal strategy X and the vehicle total time
7. Based on the above analysis, the HGSA algorithm can
quickly obtain an offloading strategy that guarantees the
optimal delay.

The HGSA algorithm also facilitates balancing the uti-
lization of computing resources on different vehicles. In the
process of finding a feasible solution, the algorithm assigns
the current subtask to the vehicle with the lightest task load
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TABLE 3. Summary of Simulation Parameters.

Parameters Value

Number of vehicles in the vehicular cloud 10-20

Number of subtasks 100-1500

Range of V2V communication 150 m

Size of subtask 108 bit

Speed of vehicles 60-100 km/h

Vehicle computing power 4x106-2x 107 cycles/s
Vehicle transmission power 1.3 W

Gaussian white noise power 3x10713wW
Channel gain 4

V2V Link bandwidth 2 MHz

Data size of vehicular task 100 kb

Task computational complexity 30/15/40/20 cycles/bit

(the vehicle with the shortest completion time for all its
subtasks), ensuring the completion time of different vehicles
to be as close to each other as possible. By running the HGSA
algorithm as a core part of OPTOS, the task-vehicle is not
only responsible for task allocation but also in charge of load
balancing.

V. EXPERIMENT AND EVALUATION

In this section, we first introduce the experiment environ-
ment, datasets, and parameter settings. Then, we evaluate the
delay performance of the proposed algorithm by comparing
it with the baseline algorithms. Finally, we discuss the
effectiveness of the candidate selection process in OPTOS for
handling vehicle mobility.

A. SIMULATION SETUP

We simulated our experiment environment in MATLAB by
implementing a 10 km long three-lane highway and some
moving vehicles. The trajectories of vehicles are selected
from the Madrid trace [28], which is a set of synthetic traces
containing real information from three highways (A6, M40,
and M30) in Madrid, Spain. The vehicles have different
computing capacities ranging from 4 x 10° cycles/sec to
2x 107 cycles/sec. The tasks are classified into four categories
— image processing, video processing, interactive game,
and augmented reality, and their computational complexity
parameters are 30, 15, 40, 20 respectively. Each task can
be divided into 50-100 subtasks. The main simulation
parameters are summarized in Table. 3.

In order to simulate the natural movement of the vehicles,
we selected the track records of 20 vehicles on the A6
highway within a 30-minute time period. Furthermore, we set
the vehicle communication range to be 150 m and every
vehicle can communicate with all other vehicles at the
beginning of the experiment. Figure 4 shows the connectivity
among these 20 vehicles at the initial state.

B. PERFORMANCE COMPARISON
For performance comparison, we consider the following four
algorithms as baseline algorithms:

Random: Each subtask will be randomly assigned to any
vehicle that the task-vehicle can connect to.
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FIGURE 4. The connectivity among 20 vehicles in the vehicular cloud at
the initial state.

Distance First (DF): Sort all vehicles according to their
distance from the task-vehicle and then offload subtasks to
the closest vehicle with a sufficient stay-time, as in [7].

Strongest Computing power First (SCF): Sort all vehicles
according to their computing capacities and then offload
subtasks to the vehicles with the strongest computing
power.

Shortest Stay-time First (SSF): Subtasks are preferentially
assigned to the earliest departing vehicle with the shortest
stay-time.

1) IMPACT OF VEHICLE NUMBER

In order to study the influence of the number of vehicles on
delay, we fixed the number of subtasks to 400 and then set
the number of vehicles to 10 to 20.

Figure 5 shows the average completion delay of a subtask
when the number of vehicles increases from 10 to 20, with the
total number of subtasks is set to 400. It can be seen that the
average delay of subtasks obtained by all the five algorithms
increases with the number of vehicles. However, HGSA, SSF,
and RANDOM algorithms have shorter average completion
delay than SCF and DF do. This is because the SCF algorithm
focuses on computing power and the DF algorithm focuses on
communication power. Both of them consider only one part
of the task completion delay.

Figure 6 shows how the total task completion delay
changes when the number of vehicles in the vehicular cloud
increases. It can be seen that the total completion delays
obtained by the five algorithms all intend to decrease with
the increase of the number of vehicles, among which the
delay performance of SCF and DF is inferior and basically
remains unchanged. This is because SCF and DF perma-
nently offload tasks to the same vehicle, which weakens
the benefit of executing subtasks on different vehicles in
parallel. In addition, although HGS A has similar performance
with SSF and Random in average task completion delay,
HGSA performs better in total task completion delay.
This is because our HGSA algorithm is able to balance
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FIGURE 5. The average task completion delay versus the number of
vehicles (m’ = 400).
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FIGURE 6. The total task completion delay versus the number of vehicles
(m’ = 400).

the task loads across vehicles thus making full use of
the vehicle resources. In conclusion, the HGSA algorithm
outperforms the other four algorithms in total task completion
delay. HGSA achieves 54% delay reduction compared to
DF, SF, and SSF, and 19% delay reduction compared to
Random.

2) IMPACT OF TASK NUMBER

Next, we discuss the impact of the number of tasks on
delay performance when the number of vehicles is set to
be 20.

Figure 7 shows the average completion delay of subtasks
as the task number increases. We can find that the delay
performance of the five algorithms have similar trends and
HGSA always has the least delay regardless of the number
of subtasks. The advantage of HGSA is more obvious when
the number of subtasks is small. With a small number of
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FIGURE 7. The average task completion delay versus the number of
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FIGURE 8. The total task completion delay versus the number of subtasks
(n = 20).

subtasks, the priority offloading of other algorithms to a
vehicle will lead to more idle vehicles while HGSA balances
the computing resources of all vehicles to obtain the shortest
delay.

Figure 8 shows how the total task completion delay
changes with the increasing number of subtasks. It can
be seen from this figure that the curves for HGSA and
RANDOM increase linearly with the subtask number; the
curves for SCF and DF first rise rapidly and then remain
unchanged; while the curve SSF first remains unchanged
and then rises rapidly. This is because the total completion
delay depends on the vehicle with the longest completion
time. When the number of tasks is large enough, SCF, DF,
and SSF need more vehicles to join the offloading. They
inevitably select a vehicle with a long stay-time, resulting in
longer total completion delays. As a result, HGSA offloads
tasks to all vehicles so that more tasks can run in parallel.
The proposed HGSA algorithm reduces the total completion
delay by 20% compared to the best performer among the four
baseline algorithms.
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TABLE 4. The distribution of stay-time of vehicles in three different
scenarios.

Scenarios min P50 P75 P99 mean
Scenario 1 (high mobility) | 53 53 74 118 60.8

Scenario 2 (low mobility) |53 174.5 | 290 580.5 |206.7
Scenario 3 (medium mo- | 53 174.5 174.5 355.5 152.2
bility)
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FIGURE 9. The total task completion delay in three scenarios with
different mobility levels.

C. IMPACT OF VEHICLE MOBILITY

We conducted our experiments in three scenarios with
different levels of vehicle mobility. The settings of these three
scenarios are shown in Table 4.

o Scenario 1: The vehicular cloud comprises vehicles with
high mobility and most of the vehicles may leave the
cloud soon (having short stay-time).

o Scenario 2: The vehicular cloud comprises vehicles with
low mobility and most of the vehicles stay in the cloud
for a long time (having long stay-time).

o Scenario 3: The vehicular cloud has a medium level of
mobility between scenario 1 and scenario 2.

Figure 9 shows the total completion delay for the three
scenarios with different lengths of stay-time. It can be seen
that the delays of DF, SSF, and SCF differ significantly in dif-
ferent scenarios, which indicates that the delay performance
of these algorithms is greatly impacted by vehicle mobility.
On the other hand, this figure shows that the proposed
HGSA algorithm achieves the same level of delay in all
three scenarios with different stay-time lengths. Therefore,
the obtained experimental results indicate that HSGA is
very stable with respect to vehicle mobility, mainly due
to the candidate vehicle selection mechanism in OPTOS
that mitigates the impact of mobility on task offloading
performance.

In the proposed OPTOS, selecting candidate vehicles for
each subtask plays an essential role in eliminating the impact
of vehicle mobility. In order to demonstrate the importance
of this step, we compared the total completion delay for
each vehicle under the HGSA algorithm with and without
the candidate selection process (HGSA-noCandicate). The
obtained results are reported in Figure 10.
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FIGURE 10. Comparison of HGSA algorithms with candidate selection and
without candidate selection.

We set the number of subtasks to 1400 and the number
of vehicles to 20. As can be seen from this figure, when
HGSA without candidate selection is used for task offloading,
all vehicles have a similar completion time. However,
in this case, many vehicles, including vehicles 3, 4, 6, 8§,
12-20, have a stay-time that is less than their completion
time. It means that these vehicles will leave the vehicular
cloud before completing all the subtasks offloaded onto
them, which causes the failure of 70% of the offloaded
tasks.

With candidate selection, the HGSA algorithm first
guarantees that the total completion time of all the subtasks
offloaded to a vehicle is less than the vehicle’s stay-time, and
then the algorithm balances the task loads across all candidate
vehicles to make the completion time of all vehicles as close
as possible. The results show that by sacrificing a small
amount of delay, the algorithm with candidate selection can
obtain an offloading strategy that achieves a 100% success
rate; that is, all offloaded tasks are successfully completed.
Without candidate selection, the failure rate of offloaded tasks
reaches 70%, which will significantly increase the total task
completion delay due to re-assignment and re-execution of
the failed subtasks.

VI. CONCLUSION

In this paper, we designed the OPTOS system that is able
to eliminate the negative impact of vehicle mobility on
task offloading in vehicular clouds for achieving optimal
delay performance and balanced vehicle resource utilization.
The OPTOS comprises two key components — candidate
vehicle selection and task-to-vehicle allocation. The online
filtering process for selecting candidate vehicles protects
the execution of offloaded tasks from being interrupted
by vehicle mobility thus avoiding the extra delay caused
by re-assignment and re-execution of the interrupted tasks.
The task allocation algorithm HGSA identifies the most
appropriate vehicle for each task in order to minimize the
total task completion delay while balancing the utilization
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of computing capacities on different vehicles. We have
conducted extensive experiments using a real-world dataset
for evaluating the performance of the proposed OPTOS.
Experiment results show that OPTOS outperforms the
baseline algorithms by about 20% in task completion
delay and significantly increases the task success rate. The
obtained results also indicate that OPTOS is effective in
various VANET scenarios with different levels of vehicle
mobility.

In the future, we plan to take subtask inter-dependency
and execution priority into consideration to further enhance
OPTOS. We also plan to study the collaboration between
vehicle clouds to provide more scalable task offloading for
intelligent transportation systems.
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