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Abstract. Internet of Things technology was introduced to allow many physical devices to connect

over the Internet. The data and tasks generated by these devices put pressure on the traditional

cloud due to high resource and latency demand. Vehicular Fog Computing (VFC) is a concept that

utilizes the computational resources integrated into the vehicles to support the processing of end-

user-generated tasks. This research first proposes a bag of tasks offloading framework that allows

vehicles to handle multiple tasks and any given time step. We then implement an evolution-based

algorithm called Time-Cost-aware Task-Node Mapping (TCaTNM) to optimize completion time and

operating costs simultaneously. The proposed algorithm is evaluated on datasets of different tasks

and computing node sizes. The results show that our scheduling algorithm can save more than 60% of

monetary cost than the Particle Swarm Optimization (PSO) algorithm with competitive computation

time. Further evaluations also show that our algorithm has a much faster learning rate and can scale

its performance as the number of tasks and computing nodes increases.

Keywords. Evolutionary algorithm; Task offloading; Vehicular fog computing.

1. INTRODUCTION

In recent years, promising advancements in fields such as artificial intelligence, machine
learning, and the emergence of technologies like 5G has brought about rapid development
in the Internet of Things (IoT). International Data Corporation estimated that by 2025,
there would be 41.6 billion devices connected to IoT that will generate 79.4 Zettabytes of
data [13]. The ability of IoT to provide sensor information and enable device-to-device
communication is driving a wide range of applications. An example of these applications is
IoT in the automotive industry, which results in designs of vehicles that see a performance
increase, reduced cost, and facilitated quality control. Furthermore, IoT connectivity enables
solutions for fleet management that aid fleet operators by monitoring driver performance and
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optimizing maintenance and logistics. Users also benefit by having a better in-car experience
with infotainment applications and more safety and efficiency overall. Ensuring the Quality of
Service (QoS) of these applications often requires intense computational power and constant
data processing, which are difficult considering intrinsic limitations of IoT devices such as
low battery life, computing capabilities, and storage. Mobile cloud computing (MCC) [8] is
introduced as a solution to alleviate this problem by utilizing the cloud to handle resource-
demanding tasks offloaded by IoT devices. However, the centralized nature of the cloud leads
to high transmission delay and cost.

Multi-access edge computing (MEC) [18] is a distributed computing paradigm that aims
to extend the cloud by moving the computing traffic and services to the edge of the network
and closer to the generation source, thus, reducing latency and bringing real-time perfor-
mance to high-bandwidth applications [3,27]. Moreover, the MEC network can be integrated
alongside cloud platforms to take advantage of the cloud’s scalability and on-demand, pay-
as-you-go services, which further improves MEC’s robustness and resilience [2, 16]. Vehicle
Fog Computing (VFC) is another promising solution that can expand MEC’s resources by
exploiting idle computing power of vehicles [11,21,22], therein, vehicles on streets, roadways,
and parking lots will be treated as computing nodes. The owners of these vehicles could rent
out excess onboard resources and benefit economically.

The main contributions of this paper are as follows:

� Develop a two-phase task offloading framework in VFC which allows each vehicle to
process multiple tasks in batches while minimizing offloading time and operation cost.

� Formulate problem in each phase as task-node mapping problem and resource alloca-
tion problem, respectively.

� Propose a Time-Cost-aware Task-Node Mapping algorithm based evolutionary strat-
egy to solve the task-node mapping problem and utilize an exact polynomial-time-
complexity algorithm for resource allocation problem.

� Evaluate and compare the performance of the proposed algorithm against PSO algo-
rithm.

The organization of this paper is as follows. In Section 2, we discuss the related works
of this paper. Section 3 provides the formal definition of the network model and problem
formulation. Details about our proposed solution are presented in Section 4. In Section 5,
simulation results are analyzed to verify the performance of the proposed algorithms. Finally,
Section 6 concludes the paper.

2. RELATED WORK

For several years, the task offloading problem in fog computing have gotten a lot of
attention. Many studies have been published on this topic, especially since VFC [12,17] was
introduced. These works propose solutions and algorithms for problems with one or multiple
goals simultaneously. The objectives and strategies used to solve the problems are presented
below.

Despite their popularity, some vehicular applications are computationally complex, time-
consuming, and real-time [5]. Taking too long to process the application’s actions can have
a negative impact on performance, data validity, and even the safety of passengers on the
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vehicle. The main goal of the computation offloading technique is to reduce application
response time (also known as task processing time and computation overhead). However,
sending tasks to be processed on other network devices sometimes be challenging. It can also
cause transmission and processing delays (e.g., sending tasks to overloaded devices would be
a bad decision). Rahman et al. [20] proposed an offloading scheme to address transmission
failures and offloading delays by allowing vehicles to take the idle resources from nearby
vehicles. The authors in [23] proposed a mechanism to determine where and when to offload
tasks to ensure the delivery of high-reliability and low-latency computing services to users.
The work in [26] proposed a federated offloading scheme to achieve the lowest total latency
possible. Another goal mentioned in some papers is to lower the financial cost of offloading.
Vehicles, for example, may be charged for computation and communication services. The
vehicle may be charged for data transmission and reception using cellular communications.
The vehicular server may charge a fee to handle the end-user tasks in computing. From
the server’s perspective, providing computing services can be profitable. However, it may
be required to pay the grid operator for electricity and the network operator for wireless
bandwidth rental [7]. In [24], the authors focused on effectively using the vehicle’s resources
and performing optimal resource allocation for cost savings based on application context.
The research in [10] reduced the financial cost by managing the content caching, computing,
and networking at vehicular networks. The cost in the above studies may vary depending
on hardware, vehicle location, and energy consumption.

Following are some strategies for solving task offloading problems. The study in [7] pro-
posed a task offloading and resource allocation problem as linear programming and used
Lyapunov optimization to minimize the cost of vehicle and fog servers. The authors in [29]
designed a collaborative task offloading and resource allocation scheme. Then, they used the
game theory approach to take offloading decisions and Lagrangian relaxation for resource
allocation. Joint load balancing and offloading with the vehicle is the subject of [4] to max-
imize system utility under latency threshold. The problem is formulated as a mixed-integer
non-linear programming problem. A greedy approach called JSCO (Joint Optimization for
Selection, Computation, and Offloading algorithm) is used to solve this problem. Intend-
ing to maximize the network utility, the authors consider the computational offloading and
resource allocation problem in vehicular edge computing networks using time-varying chan-
nels. They proposed a linearization-based branch-and-bound (LBB) algorithm and a closest
rounding integer (CRI) algorithm to solve the static and dynamic problems. In [19], the
authors proposed a scalable vehicle-assisted MEC (SVMEC) scheme to extend the com-
puting resources. The problem is formulated as a mixed-integer non-linear programming
(MINLP) problem and split into sub-problems: resource allocation problem and Node selec-
tion problem. Karush-Kuhn-Tucker (KKT) conditions are used to obtain an optimal resource
allocation plan. Meanwhile, the branch-and-bound algorithm determines which task will be
executed on which node.

Most of the above-related studies consider the problem of task offloading in Vehicular
Edge Computing (VEC) environments, where there are two main types of computing re-
sources: vehicular server and edge server. Accordingly, computational tasks can be offloaded
to neighboring vehicles or edge servers. In this environment, powerful cloud servers are not
selected to perform tasks. As a result, computing capacity is limited to edge servers and a
few vehicles. Unlike the mentioned studies, our study focuses on task offloading in VFC,
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where tasks are not only performed at the edge of the network but can also be sent to the
remote cloud. The model in [19] is similar to VFC. However, the authors considered of-
floading one task to one vehicle, so the maximum number of tasks that can be offloaded is
equal to the number of vehicles. While the number of tasks can be up to thousands, tens of
thousands, the actual number of vehicles is much lower. In addition, because each vehicle
can only perform one task, it is impossible to utilize the vehicle’s idle resources fully. This
study proposes a task offloading scheme that can process tasks in batches to fully use the
vehicle’s resources. Then, we implement algorithms based on the evolutionary strategy to
achieve an optimal trade-off between processing delay and cost.

3. SYSTEM MODEL

3.1. Network model

We consider the system consisting of three main components: the Stationary Fog, the
Cloud, and the Vehicular Fog Servers (VFS). The Stationary Fog includes a base station,
a resource controller, and the local servers. IoT devices operating in the range of the base
station send their jobs to the Stationary Fog via nearby access points. The resource controller
is responsible for keeping track of available resources in the whole system. Upon receiving a
task, the resource controller extracts that task’s information and identifies resources needed
for processing. It then delegates the task to be executed on either the remote Cloud, the
vehicular mounted Fog servers, or the local server.

The Cloud is introduced to the system to mitigate the computational strain put on the
Stationary Fog by utilizing the Cloud’s vast resources, which significantly improves services,
but it is expensive. Moreover, communicating with the Cloud server takes time. The network
also consists of several vehicular fog servers, aiming to exploit the vehicle’s idle resources.
Buses are ideal for applying this model due to their fixed routes and predictable span inside
the base station’s range. A fee is rewarded to the bus owners on each task completion to
incentivize resource sharing. In [19], the authors only consider sending a single task to each
vehicle, therefore at any given moment, the number of tasks processed by the vehicular fog
is bounded by the number of vehicles in the communication range of the base station. In our
model, each vehicle receives tasks depending on its capability and routes. The set of tasks
is stored on a queue, and, at each instance, a task is processed.

3.2. Computing node and task model

Tasks are sent to the network in cycles. Each task ti consists of three components:
{dreqi , wi, dresi}, where dreqi is the size of the computational task requested by IoT devices,
wi is the number of CPU cycles required to complete, and dresi represents the size of return
data containing the results after the task is finished. The tasks considered in this paper are
indivisible. Consequently, each computation task can only be executed on the Cloud, the
MEC server, or a vehicular fog node. Let T = {τ1, τ2, τ3, ..., τn} denote the set of tasks in
each cycle that the MEC provider has to complete while keeping track of available resources
and communication quality of the systems.

In each cycle, the set of vehicles operating in range of the MEC provider is denoted by
{p1, ..., pm}, which is subset of P = {p−1, p0, p1, ..., pm}, representing all computing nodes
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in the system. Note that computing node pj ∈ P holds two special values, -1 and 0. Here,
j = −1 implies that the computing node is the MEC server, while j = 0 indicates the
Cloud server. The strategy of processing tasks includes two phases, each of them has an
optimization problem to solve:

1. Task-node mapping problem: select computing node to which tasks are sent to be
executed, i.e., the remote Cloud, local MEC server, or vehicular nodes.

2. Resource allocation problem: allocate computing resources for the Cloud and the MEC
server.

We utilize different approaches for task-node mapping problem, which is formulated in
Subsection 3.4. Time-Cost-aware Task-Node Mapping, our proposed algorithms is presented
in Subsection 4.1. Optimal solution for resource allocation problem, given a feasible solution
after solving task-node mapping problem, is mathematically proved in Subsection 4.2, and
the algorithm are polynomial time complexity.

3.3. Computing model

3.3.1. Tasks computation on local MEC server

Computing tasks locally on the MEC server results in no monetary setbacks as the MEC
provider owns the computing resources. The time it takes the MEC server to complete a
task τi is expressed as

ti,−1 =
wi

fi,−1
, (1)

where wi, as stated in the prior section, is the computational intensity of task τi and fi,−1 is
the computational resource (CPU cycles per second) that the MEC server allocates to task
τi. Under the position of MEC service provider, the fee of renting MEC server is 0

ci,−1 = 0. (2)

3.3.2. Tasks computation on remote Cloud server

The Cloud’s completion time for a given task τi is the sum of the transmission time
between the Cloud and local MEC server, which includes time sending task information and
receiving the result from the Cloud and the task’s computation time

ti,0 =
dreqi
R0

+
wi

fi,0
+

dresi
R0

, (3)

where, R0 is the communication rate between MEC and Cloud server, and fi,0 is the com-
putational resource allocated by the Cloud for processing task τi.

The service cost of using the Cloud’s resources is

ci,0 = δcomp
0 wi, (4)

where, δcomp
0 is the unit cost of computation on the Cloud.
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3.3.3. Tasks computation on vehicular fog nodes

There are two main components of a base station to take into account regarding its place-
ment: The geographic coordinate (x0, y0) and the maximum communication radius Dr. Due
to the bus routes’ rigidity, estimating each vehicle’s span within the communication range of
the base station is relatively simple. Denote ∆tm the duration that vehicle node pj (j = 1,m)
operates within range of the MEC base station and Ij = {(x1, y1), (x2, y2), ..., (xk, yk)} are
it’s discrete coordinates during that duration. Thus, the Euclidean distance has the following
constraint

dji =
√

(xi − x0)2 + (yi − y0)2 ≤ Dr, i = 1, 2, 3, ...k. (5)

The transmission rate at each coordinate (xi, yi) is given by

Rji = W log2

(
1 +

Pjid
−η
ji

|h0|2

N0

)
, (6)

where W is the channel bandwidth, Pji is the transmission power of base station to coordi-
nate (xi, yi), h0 is the complex Gaussian channel coefficient which follows complex normal
distribution CN(0, 1) and N0 is the additive white Gaussian noise (AWGN) at the bus
receivers.

Since W , h0, and N0 are constants and Pji is proportional to d−η
ji

. The access point (AP)
needs to increase its power to maintain the transmission rate as the bus gets further.

To sustain transmission rate R∗
j at every time step i, transmission power has to follow

the formula

Pji =
(2R

∗
j /W − 1)N0

dj |h0|2
. (7)

The average transmission power is calculated as follows

Pj =

∑k
i=1 Pji

k
, i = 1, 2, ..., k. (8)

In addition, the vehicles also have to vary their transmission power every time step to
maintain a stable communication rate, Rresponse

j , which is smaller than that of the base
station. Hence, Rresponse

j < R∗
j .

The computation time of a task executed on vehicular fog server is given by

ti,j =
dreqi
R∗

j

+
wi

fj
+

dresi
Rresponse

j

, (9)

where fj is the computational capacity of vehicle node j.

The computation cost comprises of two factors: The monetary incentives paid to the bus
owners in exchange for their resources and the energy cost of maintaining communication
with the base station. Define δcomp

m and β the unit cost of service and power consumption,
respectively. The computation cost can be obtained by

ci,m = δcomp
j wi + βPj

dreqi
R∗

j

, ∀pj (j = 1,m). (10)
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3.4. Task-node mapping problem formulation

The task offloading problem in Vehicular Fog Computing can be formulated as follows:

Input:

T = {t1, t2, t3, ..., tn}: a set of n independent tasks

P = {p−1, p0, p1, p2, ..., pm}: a set of processing nodes including Cloud server, local server,
and m Vehicular Fog Servers, respectively

Output:

X =
{
xi,j ∈ {0, 1}|ti ∈ T, pj ∈ P,

∑m
j=−1 xi,j = 1

}
: an assignment of each task executed

into processing nodes, where xi,j = 1 if the decision of offloading task ith to server jth,
xi,j = 0 otherwise.

Objective:

Minimize the utility function

min
m∑

j=−1

n∑
i=1

xi,j(γ ∗ ti,j + (1− γ) ∗ ci,j),

s.t. xi,j = {0, 1},
m∑

j=−1

xi,j = 1, ∀i = 1, n.

(11)

4. PROPOSAL

In this section, we consider and give the solution to the problem of each phase as men-
tioned in Subsection 3.2.

(i) Task-node mapping problem.

(ii) Resource allocation problem.

4.1. Time-cost-aware task-node mapping (TCaTNM) algorithm

Since Task-node mapping problem is NP-Hard [9], we propose the Time-cost-aware task-
node mapping algorithm, which is based on an evolutionary algorithm called the Genetic
algorithm (GA), as shown below.

4.1.1. Chromosomes encoding

A task-node mapping solution can be represented by a chromosome sample in GA. An
array of n genes corresponding to a sequence of n tasks is used to encode the chromosomes.
Each gene holds an integer k ranging [1;m] representing the node that task is assigned to,
with m is the total number of nodes.

For example, a chromosome sample [3, 1, 3, 2, 1, 2, 2, 3, 1, 3] means Node 1 is responsible
for tasks {2, 5, 9}, Node 2 handles tasks {4, 6, 7}, and tasks {1, 3, 8, 10} are assigned to Node 3.

This chromosome encoding method makes it easier to perform genetic operators, such as
crossover and mutation over the solution search space to create new offsprings that inherit
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the quality gene segments of the parents. Here, the tasks’ order is not considered because it
has no effect on the makespan and the total cost objectives.

In our model, suppose there is a task-node mapping option X then each vehicular fog
server pj will be assigned a set of tasks T j . According to Equation (10), the total cost of
renting vehicular fog is constant. We will prioritize the least demanding task in T j first to
minimize the objective function.

Based on the preceding sections, we assume an optimal node selection X0 and resource
assignment F ∗ already existed. We now consider the problem of task-node mapping in each
vehicular fog server’s queue to minimize the time cost. Since vehicular servers can process
only one task at any given moment, we utilize a wait queue Q for tasks’ ordering. The time
cost is the total wait time of all tasks in the queue. Furthermore, we formulate the wait time
of an arbitrary k-th task in Q as the total computation time of all its preceding tasks

TWk
=


k−1∑
q=1

tqi,m if 2 ≤ k ≤ |Q|,

0 otherwise,

(12)

where tqi,m is the computation time of task i, the q-th task to be computed on bus m,
which can be derived from (9). Since an optimal resource assignment, F ∗, has already been
established, we can easily calculate the computation time of each task in Q. Therefore, we
can set a task processing schedule by applying the Shortest-Job-First method, which sorts
the queue based on the ascending order of computation time.

4.1.2. Population initialization

The set of initial population is a set of scheduling solutions (chromosomes) generated at
random. This population has a size of N and ensures the diversity of the first generation.
To find the optimal solution, we perform some genetic operations on the initial population
to generate better solution generations.

4.1.3. Fitness function

The fitness function evaluates the quality of an individual in the population. A good
solution should have a high fitness value estimated by the utility function shown in Equation
(11). Through each generation, individuals can be kept or eliminated under consideration of
their fitness values.

4.1.4. Genetic operators

a. Crossover operator

Two-point crossover operation is applied to produce offspring with good genes from
parents in the population. In this operation, two crossover points are randomly chosen,
dividing the gene sequence of each parent into three segments. The first parent swaps
the middle gene segment with the second parent while preserving the rest to shape a new
individual. In the crossover stage over the population, parental selection has a significant
impact on the algorithm’s performance. Each individual has a crossover rate γ. Everyone in
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the population is likely to become the first parent with a probability of γ, and then the second
parent is chosen with the roulette wheel technique. This selection technique encourages good
quality individuals with a larger fitness value to have a higher probability of being selected,
supporting the preservation of good genes.

b. Mutation operator

After crossover and selection process, a new population with N individuals is formed.
Each individual is likely to engage in a one-point mutation with the probability of γ. The
location of the mutant is randomly determined, and the corresponding gene is substituted
by a different value; thus, another node is allocated for the chosen task’s processing.

Mutation helps to overcome the limitation of crossover operator by escaping from local
extreme values to explore the other region in the solution space or finding the optimum when
individuals are vicious around the extremes.

According to the proposed TCaTNM algorithm, some modifications are applied to the
original GA as follows:

� Parental selection: In the crossover process, each individual in the population partic-
ipates as the first parent, and the roulette wheel technique is used to find the second
parent.

� Greedy selection strategy: Only one offspring is formed in each crossover operation,
and it remains in the next-generation population if it is better than its first parent or
perishes otherwise.

c. Selection strategy

The selection operation is conducted to determine the individuals of the next-generation
population, based on Darwin’s theory of natural selection. After the crossover process, the
fitness value is calculated for each new individual, and then used for comparison between
offspring and its parent. If the offspring is superior to the parent, it is kept for the next
generation. Otherwise, the parent will survive, and the offspring will die out in the next
generation.

4.2. Resource allocation solution

Assuming that a tasks-to-computing-nodes mapping has been found, we consider the
problem of allocating system resources to minimize the computing cost on each nodes. We
denote Uj = {u ∈ Z|1 ≤ u ≤ n, xu,j = 1} with each j ∈ {−1, 0}, the resource allocation
profile as F = {fi,j |j ∈ {−1, 0}, i ∈ Uj}, the maximum computing resource capacity of the
local MEC server and the remote Cloud server as F−1 and F0, respectively. The objective is
now to minimize computation time in the local MEC server and the remote Cloud server

min
F

K(F ) =
∑

j∈{−1,0}

∑
i∈Uj

ti,j , (13a)

s.t. fi,j > 0, ∀j ∈ {−1, 0}, i ∈ Uj , (13b)∑
i∈U0

fi,0 ≤ F0, (13c)∑
i∈U−1

fi,−1 ≤ F−1. (13d)
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Note that with j ∈ {−1, 0}, i ∈ Uj , the value ti,j depends on F (equation (1), (3)). The
similar approach to solve the Resource Allocation problem can be found in Subsection 4.1
of [19] and section V-B of [25], but we include our solution for the reader’s convenience.

We calculate the first-order derivatives ∂K(F ). Its elements are as follows

∂K(F )

∂fi,j
= − wi

f2
i,j

, ∀j ∈ {−1, 0}, i ∈ Uj . (14)

We calculate the second-order derivatives ∂2K(F ). Its elements are as follows

∂2K(F )

∂2fi,j
=

2wi

f3
i,j

> 0, ∀j ∈ {−1, 0}, i ∈ Uj . (15)

∂2K

∂fi,j∂fm,n
= 0, ∀(i, j) ̸= (m,n), j, n ∈ {−1, 0}, i ∈ Uj , m ∈ Un. (16)

From (15) and (16), the Hessian matrix is diagonal with all entries being strictly positive,
thus, it is positive definite. Accordingly, the objective function is a convex function. More-
over, the inequality constraint functions are linear functions. Therefore, the problem in (13)
is a convex optimization problem. We can obtain its optimal solution by using Karush-Kuhn-
Tucker (KKT) conditions. Let υ = {υ−1, υ0} be the Lagrange multiplier vector associated
with constraints (13c), (13d). The Lagrange function is as follows

L(F, υ) =
∑

j∈{−1,0}

∑
i∈Uj

ti,j +
∑

j∈{−1,0}

υj(
∑
i∈Uj

fi,j − Fj). (17)

From the KKT conditions, we have

∂L(F, υ) = 0, (18)∑
i∈Uj

fi,j − Fj = 0, ∀j ∈ {−1, 0}. (19)

From (18), the first-order derivative of L(F, υ) with respect to fi,j is 0, the optimal f∗
i,j

then is as

f∗
i,j =

√
wi

υj
. (20)

From (19), ∀j ∈ {−1, 0}
Fj =

∑
i∈Uj

f∗
i,j

=
∑
i∈Uj

√
wi

υj

=

∑
i∈Uj

√
wi

√
υj

.

(21)

Therefore

√
υj =

∑
i∈Uj

√
wi

Fj
. (22)
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Table 1: Characteristics of processing nodes

Parameter Cloud Local Fog Vehicular Unit
Number of nodes 1 1 20 node

Computational capacity 10 4 {0.5, 0.8, 1.0} Ghz
Resource usage cost 0.9 0 0.5 $/gigacycles

Table 2: Parameters concerning the tasks

Properties Values Units
Input data size [1000,2000] Kb
Output data size [100,200] Kb

Number of CPU cycles [500,1500] Megacycles

From (20) and (22), the optimal computational resource allocated to task i by node j
(j ∈ {−1, 0}, i ∈ Uj) is given by

f∗
i,j =

Fj
√
wi∑

i=Uj

√
wi

. (23)

5. EXPERIMENTS

In this section, we present the simulation setup and evaluation of the proposed algorithm
to solve the problem in equation (11) based on the results of conducted tests.

5.1. Experimental settings

For the routes of vehicles, we employ the Seattle bus trace [15], which has been used in
several recent studies [6, 28, 30]. The trace shows the actual movement data of about 1200
buses on their normal routes in Seattle, USA for several weeks, a sampled map from the
dataset from 08:00 a.m to 08:10 p.m on October 31th, 2003 for our experiment. Each record
contains the bus route ID, as well as the location in terms of x- and y-coordinates, as well
as the time. The base station is assumed to be in the center of the sampled dataset’s map,
with a communication coverage of 2 kilometers. Since the trajectory of the bus is fixed, the
number and duration of the bus within the base station’s communication range within the
cycle time can be estimated.

Each node in system is assumed to have its own processing capacity, as measured by
Ghz, as well as resource usage costs. The system was built with twenty two processing
nodes, which have the characteristics listed in Table 1. Cloud node are much faster than
other nodes in terms of computation capacity. On the other hand, using resources in the
Cloud is more expensive than using resources in vehicular nodes. Due to the perspective of
the fog service provider, this study considers the price when using local fog server to be zero.

For computation task, we use five datasets with size from 100 to 500 tasks for our
simulation. Each computation task has some attributes: input data size, output data size,
the number of CPU cycles. Each attributes was generated randomly following Table 2.
Different from the previous study in [19] when the authors used a set of tasks with the same
properties, our experiment could cover a variety of scenarios, with some requiring a lot of
processing and others requiring bandwidth usage because many different types of tasks were
created.
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Table 3: Parameters of algorithm

Parameter TCaTNM MPSO
Running times 30 30
Population size 200 200
Crossover rate 90% c1=1.5, c2=1
Mutation rate 10% w = 0.5

Number of Generations 1000 1000

We use the orthogonal frequency-division multiple access (OFDMA) scheme for wireless
communication from base station to vehicular server [1]. The base station’s transmission
power (Pmi) is 46 dBm, and the channel bandwidth (W ) is 10 MHz. Furthermore, we
assume there is no interference, the path loss exponent (η) is 4, and the background noise
power (|h0|2) is −100 dBm.

We compare the results achieved by the TCaTNM algorithm with those obtained by
Particle Swarm Optimization (PSO) [14]. We set the balance coefficient (γ) in equation (11)
is 0.5, that means time and cost have the same priority in fitness function. The parameters
of the two algorithms are shown in the Table 3.

5.2. Experimental results

We compare TCaTNM against PSO for convergence analysis by their fitness value under
multiple experiment settings - increasing the number of tasks and the number of vehicles.
The experimental results for each setting include a line chart of fitted values across training
generations, a bar chart of converged fitted values, and a table of converged time and cost.
When compare the increasing number of tasks, we fixed the number of vehicles at 20 and
when compare the increasing number of vehicles, the number of tasks is set at 100.

5.2.1. Increasing number of tasks

Figure 1 shows the two algorithms’ fitness value under five datasets: 100 tasks, 200 tasks,
300 tasks, 400 tasks, and 500 tasks across training. For these experiments, we record and
visualize the fitness value of every ten generations.

In terms of the algorithm’s learning rate, overall, TCaTNM outperforms PSO in all
datasets across all training generations in Figure 1. With a dataset of 100 tasks, Figure
1a shows a faster convergence of TCaTNM from 400 generations, which is 60% faster than
that of PSO. As the tasks population increases, the learning rate gap also increases. In
specific, TCATNM manages to converge early at 500th generation for 200 tasks and at
1000th generation for 300 tasks which are from 70% to 80% faster than PSO. For 400 tasks
and 500 tasks, PSO converges at 2000th generation, 2 times slower than TCATNM. This
experimental result shows the stability of our algorithm fast learning rate as the size of the
environment scales compared to PSO.

Figure 2a presents the two algorithms’ converged fitness values for the number of tasks
of 100, 200, 300, 400, and 500. Figure 2a shows that on every experimental data set of the
task, the fitness value of TCaTNM is from 6% to 10% better than that of PSO. According to
both evolutionary methods, the fitness value increases as the number of tasks increases. It
can be explained that as the data set grows, so does the search space, and the two methods
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Figure 1: Convergence comparison of TCaTNM, PSO

may not be able to converge in a limited amount of iterations or examine the entire huge
space with a small population. Furthermore, figure 2a also shows the scalability potential
of TCaTNM as the performance gap between TCaTNM and PSO gets wider as the number
of tasks increases. This result shows that TCaTNM algorithm can adapt better to more
demanding environments. Not only that, in Figure 2b, we can see the increasing trend in the
deviation of both TCaTNM and PSO since the more number of tasks there are, the bigger
the search space becomes. It can also be seen clearly that the deviation of TCaTCM is much
lower than PSO.

Table 4 shows the significant difference in execution time and processing cost between
the TCaTNM method and the PSO algorithm. The processing cost of the TCaTNM’s
solution is 2.48 times lower than that of PSO for the 100 tasks dataset (59.62% improved).
As the number of tasks increases, the difference becomes more considerable to nearly 2.89
times cheaper cost for TCaTNM (65.37% improved). This result shows that the TCaTNM
algorithm can greatly reduce the computation cost compared to PSO under different datasets
and TCaTNM can scale better with task population demand.

Considering the processing time aspect, when the number of tasks is small (100), TCaTNM
still holds a competitive processing time (only 8.98%) worse than PSO. The Improved metric
is the worst in the 200-task scenario. Starting from that, as the number of tasks increases,
TCaTNM begins to improve the processing time at a faster rate. In specific, the processing
time gap slowly decreases, and in the case of 500 tasks, it remains only 6.55%. Table 4
illustrates that there can be a trade-off between processing time and cost in some scenarios.
However, the cost benefit can greatly outweighs the drawbacks of processing time.

5.2.2. Increasing number of vehicles

Figure 3 shows the fitness value of TCaTNM and PSO over 200 generations in different
number-of-vehicles settings. Here, TCaTNM only underperforms when there are too few
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Figure 2: Fitness and standard deviation comparison of TCaTNM, PSO with different num-
ber of tasks.

Table 4: Time and Cost between TCaTNM and PSO with different number of tasks

Number of Time Cost
tasks TCaTNM PSO Improved TCaTNM PSO Improved
100 168.67 154.77 -8.98% 23.89 59.16 59.62%
200 620.08 559.95 -10.74% 52 138.93 62.57%
300 1334.96 1231.19 -8.43% 78.69 221.61 64.49%
400 2388.98 2227.84 -7.23% 108.38 309.92 65.03%
500 3753.49 3522.85 -6.55% 140.35 405.32 65.37%

number of vehicles (5 vehicles). As the number of vehicles increases, the target fitness value
of TCaTNM gradually becomes better, and the performance gap between the two algorithms
also widens. In specific, in cases of 25 - 30 vehicles, TCaTNM keeps the fitness score below
50 while PSO has much slower learning rate and converges at above 100. This result proves
that TCaTNM algorithm can scales its performance with more computing nodes.

Figure 4a compares the converged fitness value between TCaTNM and PSO for the
number of vehicles increasing from 5 to 30. Compared to the scenario in Subsection 5.2.1, the
trend of fitness value is decreasing instead of increasing. More available computing vehicles
can save both computing time and cost. Overall, the TCaTNM algorithm is superior to
PSO regardless of the number of vehicles. Furthermore, TCaNM scales the improved fitness
value when the number of vehicles increases - 1.5% better fitted-score at five vehicles to
12.3% better fitted-score at 30 vehicles than PSO. This is because the GA-based TCaTNM
method effectively discovers the whole search space to identify the globally optimal solution,
whereas PSO is prone to the local extreme. However, the deviations of performances of both
algorithms seem not depends too much on the number of vehicles as can be seen in Figure 4b.

Table 5 presents the processing cost and execution time of two algorithms when the
number of processing nodes changes. TCaTNM saves from 41.35% to 61.02% of the mon-
etary cost compared to PSO. In terms of processing time, TCaTNM algorithm maintains
a competitive performance against PSO with around 10% difference in cases of more than
5 vehicles. Both algorithms effectively decrease the processing time when there are more
computing nodes to process tasks. Table 5 shows that the cost-benefit of TCaTNM still
outweighs the difference in processing time.
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Figure 3: Convergence comparison of TCaTNM, PSO

Number of vehicles

Fit
ne

ss
 va

lue

TCaTNM
PSO

5 10 15 20 25 30
0

25

50

75

100

125

150

175

(a) Fitness

Number of vehicles

Sta
nd

ar
d 

De
via

tio
n

TCaTNM
PSO

5 10 15 20 25 30
0

0.2

0.4

0.6

0.8

1

1.2

(b) Standard deviation

Figure 4: Fitness and standard deviation comparison of TCaTNM, PSO with different num-
ber of vehicles.

Table 5: Time and Cost between TCaTNM and PSO with different number of vehicles

Number of Time Cost
vehicles TCaTNM PSO Improved TCaTNM PSO Improved

5 297.64 247.13 -20.44% 27.33 46.6 41.35%
10 214.23 197.86 -8.27% 25.3 53.88 53.04%
15 186.33 169.89 -9.68% 25.15 57.92 56.58%
20 168.67 155.24 -8.65% 23.89 60.04 60.21%
25 159.72 146.06 -9.35% 24.06 60.85 60.46%
30 152.89 138.25 -10.59% 23.91 61.34 61.02%
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6. CONCLUSIONS

In this work, we focus on the task-node mapping problem for the Vehicular Fog Comput-
ing environment. The proposed evolutionary algorithm TCaTNM is introduced and evalu-
ated in various experiments. Compared with PSO, the proposed algorithm outperforms over
5 datasets of tasks and 6 datasets of vehicles in terms of the trade-off between execution
time and processing cost (TCaTNM can save up over 60% of the monetary cost while only
taking up to less than 10% longer to process). TCaTNM also has a much faster learning
rate in all instances and has better scaling potential as the environment becomes more task
demanding and when there are more computing nodes. We will research, improve, and ap-
ply more algorithms to solve the bag of task offloading problems in the future. In addition,
we plan to expand the problem by focusing on optimizing many other objectives, such as
time, transmission costs, computing resources, energy consumption to satisfy users. Budget,
deadline, and resource limitation constraints can be added for greater practicality.
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