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ABSTRACT: The Internet of Things (IoT) has emerged as an important future technology. IoT-Fog is a new computing
paradigm that processes IoT data on servers close to the source of the data. In IoT-Fog computing, resource allocation
and independent task scheduling aim to deliver short response time services demanded by the IoT devices and
performed by fog servers. The heterogeneity of the IoT-Fog resources and the huge amount of data that needs to be
processed by the IoT-Fog tasks make scheduling fog computing tasks a challenging problem. This study proposes
an Adaptive Firefly Algorithm (AFA) for dependent task scheduling in IoT-Fog computing. The proposed AFA is a
modified version of the standard Firefly Algorithm (FA), considering the execution times of the submitted tasks, the
impact of synchronization requirements, and the communication time between dependent tasks. As IoT-Fog computing
depends mainly on distributed fog node servers that receive tasks in a dynamic manner, tackling the communications
and synchronization issues between dependent tasks is becoming a challenging problem. The proposed AFA aims to
address the dynamic nature of IoT-Fog computing environments. The proposed AFA mechanism considers a dynamic
light absorption coefficient to control the decrease in attractiveness over iterations. The proposed AFA mechanism
performance was benchmarked against the standard Firefly Algorithm (FA), Puma Optimizer (PO), Genetic Algorithm
(GA), and Ant Colony Optimization (ACO) through simulations under light, typical, and heavy workload scenarios.
In heavy workloads, the proposed AFA mechanism obtained the shortest average execution time, 968.98 ms compared
to 970.96, 1352.87, 1247.28, and 1773.62 of FA, PO, GA, and ACO, respectively. The simulation results demonstrate the
proposed AFA's ability to rapidly converge to optimal solutions, emphasizing its adaptability and efficiency in typical
and heavy workloads.

KEYWORDS: Fog computing; scheduling; resource management; firefly algorithm; genetic algorithm; ant colony
optimization

1 Introduction

The rapid evolution of the Internet of Things (IoT) has been a driving force behind numerous
technological advancements, connecting an ever-growing array of devices and sensors [1-3]. An IoT system
can be defined as a network of connected devices that interact and communicate with the cloud as well as
between the devices themselves. IoT-Fog is a new computing paradigm that processes IoT data on servers
close to the source of the data. Resource and task management in fog computing is considered a challenging
problem due to the heterogeneity of IoT resources and the huge amount of data that need to be processed by
fog servers [4,5]. Fog computing is an efficient computing solution that has been integrated into IoT systems
as a complementary to cloud computing [6]. Fog computing aims to enhance the efficiency of IoT systems
as the distributed fog servers process the IoT tasks near data sources, which reduces the processing and the
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communication latency [7-9]. The architecture of IoT-Fog computing systems consists of three main layers,
as shown in Fig. 1.
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Figure 1: IoT-Fog computing solutions architecture
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Fig. 1 describes the IoT-Fog computing architecture. The fog computing technology presents a multi-
layered approach to data processing within an Internet of Things (IoT) ecosystem. The first layer of the fog
computing architecture is the thing layer. In this layer, various IoT devices such as sensors, actuaries, and
mobile devices generate data or perform specific functions based on data they receive from the environment.
The middle layer in the IoT solutions architecture is the fog computing layer. This layer consists of fog nodes,
which are often distributed closer to the data source. Fog nodes perform preprocessing, analysis, and storage
of data to reduce latency, decrease bandwidth usage, and enable quicker decision-making. The topmost layer
is the cloud computing layer. The cloud layer contains centralized data centers with high computational and
storage capabilities. In the IoT system, the application data that requires intensive computation or long-term
storage is sent from the fog nodes to the cloud data centers [10].

Task scheduling in IoT-Fog computing involves distributing and allocating IoT tasks to fog nodes to
optimize the fog system’s performance. Several task scheduling mechanisms are presented in the literature
to schedule IoT-Fog computing tasks [11-13]. Integrating fog computing into IoT networks introduces new
complexities, particularly in resource management, such as resource allocation and task scheduling [14,15].
The IoT-Fog tasks are critical in optimizing the performance of fog computing environments, requiring a
balance between response time, cost, and resource utilization [12,16].

However, due to the heterogeneity of IoT-Fog resources and the dependencies between tasks, the
scheduling process in fog computing is considered a challenging problem. The current task scheduling mech-
anism in JoT-Fog computing provides good but not optimal solutions [15,17]. Optimization mechanisms are
used for task scheduling in IoT-Fog computing. The Firefly Algorithm mimics the behavior of fireflies and
is a form of swarm intelligence, and it is adept at solving complex optimization problems [18-20].
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The rapid growth of the Internet of Things (IoT) has introduced new challenges in managing fog com-
puting resources effectively. IoT systems produce massive amounts of data that require efficient processing
to maintain low latency and high reliability. IoT-Fog computing aims to allocate IoT tasks to devices closer
to the data source. The main goals of IoT-Fog computing are to minimize system latency and increase
its reliability. In IoT-Fog systems, the heterogeneity of resources and the dynamic nature of tasks produce
significant challenges for the IoT-Fog computing task scheduling process. Dependent task scheduling in IoT-
Fog computing environments requires an optimal mechanism considering synchronization requirements
and communication delays [21-23].

Current task scheduling mechanisms present a good but not optimal scheduling process in IoT-Fog
computing environments with synchronization requirements and communication delays. The main problem
of scheduling dependent tasks in IoT-Fog computing is finding an optimal mapping between fog tasks and
the available resources to optimize the allocation process that considers synchronization requirements and
communication delays [24,25].

The main objective of this study is to present an Adaptive Firefly Algorithm (AFA) for dependent task
scheduling in IoT-Fog computing. The fitness function of the proposed AFA mechanism considers three
important factors: the execution times of tasks, the impact of task synchronization and the communication
time between IoT-Fog computing tasks. As IoT-Fog computing depends mainly on distributed fog node
servers that dynamically receive tasks, tackling the communications and synchronization issues between
dependent tasks is becoming a challenging problem. The proposed AFA aims to address the dynamic nature
of IoT-Fog computing environments. The proposed AFA mechanism considers a dynamic light absorption
coeflicient to control the decrease in attractiveness over iterations. Furthermore, the light absorption
coefficient function provides an adaptive control of the exploration-exploitation balance over time in the
proposed AFA mechanism. Considering the multilayered architecture of IoT-Fog computing, the proposed
AFA mechanism is situated primarily in the Fog layer, where it adaptively schedules the IoT tasks to the
fog nodes.

This study presents an Adaptive Firefly Algorithm (AFA) for dependent task scheduling in IoT-Fog
computing environments. The proposed AFA uniquely incorporates a dynamic light absorption coefficient
that adapts based on workload and iteration progress, enhancing convergence speed and solution accuracy.
Furthermore, the proposed AFA mechanism addresses critical task synchronization and communication
times issues, which are essential in dynamic fog computing scenarios with interdependent tasks. The sim-
ulation results revealed the proposed AFA’s superiority under different workloads compared to established
algorithms. The proposed AFA provides a significant improvement in scheduling efficiency, making it a
valuable contribution to the IoT-Fog computing literature.

Additionally, the adaptive light absorption coeflicient in our AFA dynamically balances exploration and
exploitation, enhancing convergence speed and solution quality over iterations. This adaptive mechanism is
not present in the evolutionary algorithm approach discussed in the cited work.

The method presented in [26] presents an evolutionary algorithm (EA) for clustering and scheduling
tasks in IoT edge computing. This method is primarily focusing on improving resource utilization and reduc-
ing latency through task clustering. In contrast, the proposed AFA mechanism introduces an Adaptive Firefly
Algorithm (AFA) tailored specifically for dependent task scheduling in IoT-Fog computing environments.
The proposed AFA addresses task execution times and handle task synchronization and communication
delays between dependent tasks, which are important issues in dynamic IoT-Fog networks.
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The motivation for this research stems from the need to efficiently manage fog computing nodes,
handling task dependencies, and considering the synchronization delays and communication overhead in
the scheduling process.

This paper has five sections. Section 2 analyzes the related works. Section 3 demonstrates the proposed
Adaptive Firefly Algorithm for task scheduling. Section 4 illustrates the performance evaluation. The
conclusion is presented in Section 5.

2 Related Works

The Internet of Things (IoT) has emerged as an essential future technology. However, IoT devices sufter
from limitations in computation and storage capacity [27]. Cloud computing is integrated with IoT to process
IoT device’s data remotely on the internet [28,29]. Regardless of efforts to improve IoT applications with
cloud capabilities, IoT device computation issues remain unresolved, as IoT applications generally demand
specific features such as mobility, geographical distribution, location awareness, and low latency [30,31].
Fog computing technology was introduced as a solution to enable computing at the edge of the network,
offering new services for IoT devices [8,32,33]. In IoT-Fog computing, fog servers are the computing nodes
that provide computational resources for IoT applications at the network edge [34]. In IoT-Fog computing,
resource management processes such as resource allocation and task scheduling aim to provide short
execution times and cost-effective computation processes for IoT devices [35-37]. In this context, enhancing
the IoT task scheduling in IoT-Fog computing is crucial for optimizing the performance of IoT environments.
The literature reveals a range of mechanisms and methods addressing task scheduling in IoT-Fog computing,
focusing on improving the execution times of applications [17,38-40].

The study in [41] presents a bees swarm mechanism for enhancing scheduling in fog computing.
The bees swarm mechanism is the trade-oft between power consumption and computation latency when
scheduling tasks in fog computing. The study in [42] proposed a job scheduling mechanism for IoT-
Fog computing based on a modified artificial ecosystem-based optimization to choose a fog computing
provider and allocate the IoT jobs on it [42]. Furthermore, the study in [33] has improved the Harris Hawks
Optimization (HHO) mechanism and introduced a Discrete Opposition-based mechanism, indicated as
DO-HHO, for IoT-Fog computing task scheduling.

A classification study of IoT-Fog computing task scheduling mechanisms on the basis of multiple
factors such as throughput, execution times, and fairness of resource allocation is introduced in [43]. The
classification process revealed that traditional task scheduling mechanisms have shown certain limitations
in handling the dynamic nature of IoT-Fog computing environments [43].

Several studies in the literature examined have focused on adaptable and robust IoT task scheduling
mechanisms, such as those offered by swarm intelligence [13,44,45].

Task scheduling mechanisms based on Particle Swarm Optimization (PSO) and Ant Colony Opti-
mization (ACO) have been observed for their efficiency in resource management and task scheduling
in IoT-Fog computing [46,47]. Furthermore, there is a growing interest in exploring alternative swarm-
based mechanisms that could offer even greater efficiency and adaptability in IoT-Fog computing task
scheduling [48,49]. Puma Optimizer (PO) is a new metaheuristic mechanism that mimics the intelligence
and life of Pumas. PO has considered efficient exploration and exploitation techniques to enhance the
optimization process [50]. The study in [51] presented a modified firefly algorithm for addressing task
scheduling in cloud-edge environments. A new study in [52] presented task allocation mechanism using
the fitness function of two metaheuristic methods: The Krill Herd Algorithm (KHA) and PSO. An artificial
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Hummingbird mechanism for task scheduling in fog computing is combined with Opposition-Based
Learning (OBL) optimization to optimize the scheduling process [53].

This study explores the application of an Adaptive Firefly Algorithm for task scheduling in fog
computing for IoT networks. The standard Firefly Algorithm, characterized by its simplicity and flexibility,
mimics fireflies’ social and communicative behaviors [54-56]. By adopting the Firefly Algorithm for task
scheduling in IoT-Fog computing, this research aims to contribute to the growing body of knowledge in
efficient resource management for optimizing the IoT-Fog computing performance [57].

3 The Proposed Adaptive Firefly Algorithm for Task Scheduling in Fog Computing

This study proposes an Adaptive Firefly Algorithm (AFA) for optimizing the independent task schedul-
ing process in IoT-Fog computing. The proposed AFA is a modified version of the standard Firefly Algorithm
(FA) considering the execution times of the submitted tasks, the impact of synchronization requirements and
the communication time between dependent tasks. As IoT-Fog computing depends mainly on distributed
fog node servers that receive tasks in a dynamic manner, tackling the communications and synchronization
issues between dependent tasks is becoming a challenging problem. The proposed AFA aims to address the
dynamic nature of IoT-Fog computing environments.

3.1 The Proposed Algorithm Architecture

The structure of the proposed AFA mechanism for task scheduling in IoT-Fog computing consists
of five phases: initialization, fitness evaluation, attractiveness and movement, iterative optimization, and
convergence. The first phase of the proposed AFA mechanism is the initialization phase, in which the
proposed AFA mechanism generates an initial random population of fireflies. Each firefly in the initial
population represents a schedule of fog computing tasks to resources. The second phase of the proposed AFA
mechanism is the fitness evaluation phase, in which each schedule in the firefly’s population is evaluated
using the objective function of the proposed AFA. The fitness function of the proposed AFA mechanism
considers three important factors: the execution times of tasks, the impact of task synchronization and the
communication time between IoT-Fog computing tasks. As in the standard Firefly Algorithm, the firefly’s
fitness represents the firefly’s attractiveness or brightness, and the population movements are based on the
attractiveness and the distance between the fireflies. In the proposed AFA mechanism, the attractiveness
corresponds to the efficiency of the schedule. The attractiveness of a firefly decreases with the distance,
which here represents the dissimilarity between population schedules. In the proposed AFA mechanism,
each schedule in the population moves towards brighter fireflies, meaning schedules with less fitness value are
more likely to be emulated. In the iterative optimization phase, in each iteration, every schedule in the firefly
population adjusts its position in response to other fireflies to find a more efficient scheduling position in the
solution search space. In the movement equation of the proposed AFA mechanism, the randomness factor
ensures that the proposed AFA mechanism explores different areas of the solution search space. This process
enhances the search space convergence and prevents the mechanism from trapping in local optimal solutions.
The last phase of the proposed AFA mechanism is the convergence phase. In this phase, the proposed AFA
mechanism iteratively enhances the population schedules of each generation, converging towards an optimal
or near-optimal solution. The optimal schedule is the one that achieves the best fitness value based on
the objective function for all submitted tasks across the fog nodes. The key features of the proposed AFA
mechanism are adaptability and efficiency. The proposed AFA mechanism adapts its movement parameters
based on the synchronization process and the communication times between dependent IoT-Fog tasks.
Furthermore, the proposed AFA mechanism is adaptable to various task scheduling scenarios in IoT-Fog
computing and capable of handling dynamic and heterogeneous IoT-Fog environments. By minimizing task
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execution times, the proposed AFA mechanism enhances the overall efficiency of the IoT-Fog computing
system. The proposed AFA mechanism is suitable for IoT networks utilizing fog computing, where efficient
resource utilization and quick response times are crucial. By optimizing task scheduling, the proposed AFA
mechanism can significantly improve the performance of the IoT-Fog computing system, leading to more
efficient and reliable IoT-Fog applications.

The communication type in the proposed AFA mechanism follows a broker-based approach. In the
proposed AFA mechanism, a central broker or scheduler is configured [6]. This central broker is responsible
for managing task assignments, coordinating communication between dependent tasks, and synchronizing
task execution between the various fog computing nodes [58].

3.2 Mathematical Modelling of the Proposed AFA Mechanism

The following subsections provide an overview of how the proposed AFA mechanism works by
describing its objective functions, population movements and convergence process. The process of the
proposed AFA mechanism iterates continuously to adjust the population schedules, searching for more
optimal solutions.

3.2.1 The Proposed AFA Mechanism Initialization

Let T = [t, tp,...t, | represent a set of n IoT-Fog computing-dependent tasks that are to be scheduled
onR =[ry, ry,.....rm] aset of m IoT-Fog server resources with corresponding speeds S = {s1, $2,...,Sm }-

Let C = {c¢;j | 1< i, j < n} represent the communication time required between tasks ¢; and task t;. This
is particularly relevant for dependent tasks where data need to be transferred from one task to another.

Let S = {s;j|1< i, j < n} represent the synchronization times between tasks t; and task t;, capturing
the additional time needed to synchronize ta6sks that are dependent on each other.

Let L = {l}, l,...,1,} represent the lengths of n IoT-Fog computing tasks, where [i is the length of the
task ¢;.

Initialize the first random firefly population Yy = [y1, y2, ... yk], where k is the number of fireflies. In
the firefly population, y; is a scheduling vector representing a task-fog server mapping, as each element in
y; corresponds to an IoT-Fog server resource allocated to a fog task.

The initialization phase of the proposed AFA mechanism is considered an important step as it sets
the basis for the following exploration and exploitation phases of the AFA mechanism. This phase starts by
generating a random initial population of fireflies. Each firefly in the population corresponds to a candidate
solution for the task scheduling problem in the IoT-Fog environment. In the proposed AFA mechanism,
the position of each firefly in the initial population is generated randomly within the solution search space,
ensuring a diverse scheduling candidate at the beginning of the optimization process. This randomness
process in the proposed AFA mechanism is constrained by the feasible schedules in the solution search space,
considering the task synchronization and the communication time. The randomness process in the proposed
AFA mechanism is based on a permutation function P(r). P(r) allocates the IoT-Fog tasks to fog server
resources randomly. For each y;, P(r) generates a random sequence of resource indices for the IoT-Fog task
allocation. The initial position of each firefly y; is determined by applying P(r) for the set of IoT-Fog tasks
resulting in a random but feasible IoT-Fog task-resource mapping. The initial allocation for firefly y; can be
expressed as in Fq. (1):

yi=P(r)(T) M
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where P(r)(T) denotes the application of the random permutation function to the set of IoT-Fog tasks T,
resulting in a random task-resource mapping that satisfies the IoT-Fog scheduling’s constraints.

3.2.2 The AFA Mechanism Objective Function (Fitness Evaluation)

The proposed AFA mechanism calculates the execution time of each schedule in the population using
the objective function. The execution time function considers the fog task length, fog resource speed, and
the overheads due to communication and synchronization between dependent tasks.

The execution time e;; for task ¢; on resource r; can be calculated by dividing the task length by the
resource speed and adding any communication and synchronization overheads. If task t; is dependent on
the task 4, the communication time c;; and synchronization time s;; need to be included in the execution
time calculations. The proposed AFA mechanism calculates the execution time as in Eq. (2):

I,
eij= S_;+ZkGD(i)(Cik+5ik) (2)

where D(i) represents the set of tasks that t; is directly dependent on, and it is assumed that c;; and s; are
zero if there is no direct dependency between tasks ¢; and t;. The proposed AFA calculates the total execution
time of a schedule TE; as the sum of all individual IoT-Fog task execution times, adjusted for any additional
wait times due to dependencies and synchronization requirements.

Eq. (2) calculates the execution time (e;;) for task i when assigned to resource j. The execution
time is consisting three components i—}, Cir and s;i. Sl—] term represents the processing time, where /; is
the length of the task and s; is the speed of the resource. The communication delay between task iand
other dependent tasks, accounting for data transfer times between fog servers. s, is the synchronization
delay, which represents the waiting time required to synchronize with dependent tasks. In real IoT-Fog
environments, tasks often depend on each other, requiring both communication and synchronization delays
to be considered in the total execution time.

If IoT-Fog computing tasks are executed in parallel, the total execution time is influenced by the task
with the longest execution path, including dependencies, as in Eq. (3):

TEyi :maxwieT(ZkeD(i) eik) (3)

where D(i) includes task t; and all its dependencies. This formula calculates the maximum sum of execution
times along any dependency path in the schedule. For example, assume a simple case with three tasks
(t1, tp, t3) where t, depends on t;, and t; depends on f,, and each task is assigned to a different resource.
If the execution times including dependencies are 10, 20, and 15 ms, respectively, the total execution time
would be the time taken to complete ¢3, which is the last task in this dependency chain.

The objective function of the proposed AFA mechanism can be defined as in Eq. (4):

.. . n m li
minimize F(Y) = Zl:l ijlxij(; + ZkeD(i)(Cik +5ik)) (4)
j

where

»  Xx;jj is a binary variable that equals 1 if task ¢#; is assigned to resource r; and 0 otherwise.
o I is the length of task t;.

+ sjis the speed of resource r;.

o cji is the communication time required between task ¢; and task .
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o s;k is the synchronization time required between task t; and task ¢,
o D(i) represents the set of tasks that task ¢; is directly dependent on.

The dependency constraints model the dependencies between fog computing tasks to ensure that a task
can only start if its dependent tasks have finished. The dependency constraint model defines the start time
tstarti to represent the starting time of task ¢; and the finish time ¢¢;,;,; to represent the finishing time of
task t; calculated as the start time of task ¢; plus its execution time as in Eq. (5):

rinishi = tstarti + €ij (5)

where e;; is the execution time of IoT-Fog task ¢; on resource 7;.

To ensure that task ¢; does not start until all tasks ¢ that it depends on have completed, the proposed
AFA mechanism impose the following constraints for all tasks ¢; and their dependencies ¢, in set D(i ), which
contains the indices of tasks that have be completed before task t; can start as described in Eq. (6):

Estarti 2 tfinishk Vke D(l) (6)

This constraint ensures that the start time of task ¢; is greater than or equal to the finish time of each
task ¢4 it depends on.

Consider an example of fog computing scenario with three tasks t;, t,, and t3;, where ¢, depends on t,

(i.e., t; cannot start until #; is completed). ¢3 depends on both # and ¢,. The mathematical Constraints can
be defined as:

Lstart2 2 tfinishl
tstarts 2 tfinishz

tstarts 2 tfinishi (if t3 also depends directly on t;)

If t;, t;, and t; have execution times based on the resource they are assigned to, the equations also
consider these values. For instance, if ¢, is assigned to ry, t, to r,, and 3 to r3, and each task-resource pair
has a known execution time ¢; js then:

ffinish1 = Estarnn + €11
Lfinish2 = Estartl + €22
tfinish3 = tstarnn + €33
These dependency constraints of modeling are crucial for scheduling dependent tasks in IoT-Fog

computing environments, where tasks are interdependent. The scheduling process needs to consider not only
resource allocation but also the order and timing of task execution.

3.2.3 Movement and Update of Fireflies of the Proposed AFA Mechanism

The third step of the proposed AFA mechanism is the movement of fireflies in the population towards
a more attractive one. The proposed AFA mechanism updates the position of the firefly i towards the more
attractive firefly j using Fq. (7) [14]:

Vis1 = Vi + ﬁoe_yd?f (yi—yj)+a-(rand - 0.5) (7)

where f is attractiveness at a distance of 0 (the execution time calculated using Eq. (3)), y is the light
absorption coefficient, d; is the distance between the schedules y; and y;, « is the randomization parameter,
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and rand is a random number in [0, 1]. The distance between fireflies in the proposed AFA mechanism
represents the dissimilarity between population schedules. The proposed AFA mechanism orders the fog
resources in ascending order based on their speeds and calculates the distance between schedules as the
difference in their resource allocations. This method transforms the distance between schedules into a
sequence comparison task, where the sequence elements are the ordered positions of resources based on
their speeds.

Considering the set of resources R, the proposed AFA mechanism orders the resources in ascending
order of their speeds to obtain an ordered set Rordered = {To1> 702> - +> Tom }> Where so1 <502 < ... < Som. As
defined previously, each schedule y; in the firefly population represents a sequence of resource allocations
to tasks, where each element in the sequence corresponds to the ordinal position of the allocated resource in
the ordered set Rordered. For example, if the task # in schedule y; is allocated to the fastest resource (which
is now 7,1), the first element of y; would be 1, representing the first position in the ordered resource list.
Given two schedules y; and y;, each represented as a sequence of ordinal positions y; = [0;1, 0i2, ..., 0in]
and y = [0 i1 0j25...5 0 jn] (with # tasks), the distance between these schedules based on the difference in
resource allocations is calculated as in Eq. (8):

d(yi> y;) =D py |0k —0jk | (8)

where | 0 — 0 | calculates the absolute difference in the ordinal positions of the resources allocated to the
task f; in schedules y; and y;. This metric captures the dissimilarity in terms of resource allocation speed
preferences between the two schedules. This distance calculation quantifies the differences between two IoT-
Fog computing task schedules in terms of their resource speed. For example, consider a fog computing system
with four resources R = {ry, r, 13, r4} with corresponding speeds S = {2, 5, 1, 10}. After ordering by speed,
Rordered = {3, 11, 72, r4}. Suppose schedule y; assigns tasks to resources based on some criteria, resulting
in the allocation sequence corresponding to their speeds: y; = [r3, 11, 72, 74] and schedule y; has a different
allocation as y; = [y, 14, 13, 12], the distance d(y;, y;) can be calculated as:

d(yi, yj)=|1-2]+|2-4|+|3-1]|+|4-3|
d(yiyj)=1+2+2+1=6

The calculated distance of 6 represents the cumulative difference in resource allocation positions
between schedules y; and y;. This example shows that in the two different schedules y; and y; some tasks are
allocated to resources with more similar speed differences of 1, while other tasks are allocated to resources
with more disparate speed differences (differences of 2).

3.2.4 Optimization Process of the Proposed AFA Mechanism

In the proposed AFA mechanism, the optimization phase iterates the scheduling process for a prede-
fined number of generations or until convergence. As defined in the movement phase, the proposed AFA
mechanism updates the positions of IoT-Fog schedules based on their relative attractiveness and calculates
the new fitness. Based on the objective function, the optimal IoT-Fog computing schedule is the one with
the minimum total execution time considering the synchronization and the communication time between
dependent tasks. The proposed AFA mechanism considers a dynamic light absorption coeflicient y to control
the decrease in attractiveness over iterations. The proposed AFA mechanism defines the light absorption
coefficient y as a function of iteration number iter. The light absorption coeflicient function y(iter) provide
an adaptive control of the exploration-exploitation balance over time in the proposed AFA mechanism. The
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function of y(iter) is described in Eq. (9):
y(iter) = yo - e Viter 9)

where yj is the initial light absorption coefficient at iter = 0, A is a decay rate that determines how fast the
exploration-exploitation balance changes towards exploitation and iter is the current iteration number. In
the proposed AFA mechanism, the optimization process starts with a higher y(iter) making the population
schedules move towards distant schedules, resulting in high exploration for the solution search space. This
process allows the proposed AFA mechanism to explore more areas of the solution space, searching for
potential schedules. As the optimization iterations progress, the light absorption coefficient y(iter) decreases,
and the AFA mechanism changes to optimization exploitation. In the exploitation phase, the population
schedules are less influenced by far-away schedules. This process makes the proposed AFA mechanism focus
more on refining the population schedules found so far instead of searching for new schedules.

3.2.5 Convergence Criterion of the Proposed AFA Mechanism

The last phase of the proposed AFA mechanism is the optimization convergence criterion. In this phase,
the proposed AFA mechanism defines two approaches to applying the convergence criterion: a threshold in
the change in fitness values and a maximum number of iterations.

The termination criteria for the proposed AFA mechanism optimization process have two forms: a
predefined maximum number of iterations and when an optimal or near-optimal solution is found. The
proposed AFA mechanism considers a predefined maximum number of iterations of the optimization
process as iter > T max, where iter the current iteration number of optimizations and T max is the maximum
allowed number of iterations. The second termination condition of the proposed AFA mechanism is when
the change in the best fitness value over a certain number of optimization iterations is below a predefined
threshold, as stated in Eq. (10):

Terminate if | fbest(iter) — fbest(iter — Aiter) |< & (10)

fbest(iter) is the best fitness value at iteration iter, Aiter is a specified number of previous iterations to
compare against and ¢ is the convergence threshold parameter.

The assumptions of the proposed Adaptive Firefly Algorithm (AFA) are based on practical scenarios in
IoT-Fog computing. The proposed mechanism assumes tasks arrive dynamically as in real-world IoT systems
where data is generated and processed in real-time. Furthermore, the proposed AFA mechanism considered
task dependencies, such as synchronization and communication delays, which are common in distributed
fog networks where tasks often rely on each other’s output.

3.3 The Proposed Algorithm Pseudo-Code

The provided pseudo-code outlines the Adaptive Firefly Algorithm for Dependent Task Scheduling in
IoT-Fog computing. This detailed pseudo-code illustrates each step of the proposed AFA mechanism. The
key elements of the proposed AFA mechanism, such as the initialization of parameters and the repetitive
process of optimization, play a crucial role in attaining the targeted results in independent task scheduling
in IoT-Fog computing (see Algorithm 1):

Algorithm 1: Adaptive firefly algorithm for dependent task scheduling in IoT-Fog computing

1: 1. Initialize Parameters:
2: - Set Bo (base attractiveness at distance 0)

(Continued)
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Algorithm 1 (continued)

3 - Set « (randomization parameter)

4 - Set yo (initial light absorption coefficient)

5 - Set A (decay rate for y)

6: -Set Tmax (maximum number of iterations)
7 - Set & (convergence threshold)

8 - Determine the number of fireflies (k)

9: 2. Initialize Firefly Population (Y,):

10: For each firefly i=1 to k:
11: - Generate a random schedule y; = P(r)(T), where P(r) is a permutation function
12: - Calculate initial fitness f(y;) based on execution times synchronization, and communication times
13: 3. Optimization Loop:
14: -iter =0
15: - Repeat until iter >= Tmax or convergence criterion is met:
16: - Update y(iter) using: y(iter) = yo - e Viter
17: - For each firefly i in the population:
18: - For each firefly j+ i in the population:
19: - Calculate distance d;; between y; and y;j:
20: - For each task k=1 to n:
21: - Order resources R in ascending order based on their speeds to obtain an ordered set
Rordered = {To1>To2> - >Tom > where so1 < 852 < ... < Som-
22: For each task k=1 to n
23: - Calculate the absolute difference in the ordinal positions of resources allocated to task k in y; and y;
24: d(yi yj) = Xka | 0ik = 0jk |
25: -If f(yi) < f(yj) (j is more attractive than i):
26: - Update position of firefly i towards j using:
27: Viel = Vi + ﬁoe_yd?f (yi—yj) +a-(rand - 0.5)
28: - Recalculate fitness f(yi new)
29 - Update the best schedule based on the fitness values of all fireflies
30: - iter = iter +1
31: - Check for convergence (Termination Criteria):
32: - If the change in the best fitness value over a certain number of iterations is below €, terminate
optimization
33: 4. Convergence Phase (Termination Criteria):
34: -If iter >= Tmax or |f_best(iter) - -_best(iter-Aiter)| < e&:
35: - Termination is triggered
36: - Identify the optimal schedule based on the best fitness value across all fireflies
37: - Return the optimal schedule and its corresponding fitness value

38: 5. End Algorithm

4 Performance Evaluation

This study conducted several simulation experiments to evaluate the performance of the proposed
Adaptive Firefly Algorithm (AFA) in IoT-Fog computing. In the simulation process, this study considered
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three distinct scenarios with varying numbers of jobs and resources to test the performance of the proposed
Adaptive Firefly Algorithm (AFA) in different situations.

The parameters for the proposed Adaptive Firefly Algorithm (AFA) were selected based on optimization
methods in the literature and fine-tuned through experiments. The main parameters of the proposed
mechanism such as population size, light absorption coefficient (y), and attractiveness () were set to
balance exploration and exploitation. To ensure experiments fairness, the proposed AFA mechanism was
compared against FA, PO, GA, and ACO under different workload scenarios. Each mechanism executed for
100 iterations and the average execution time is calculated.

4.1 Simulation Setup

Server Specifications: The simulations were performed on a DELL server equipped with an Intel(R)
Core(TM) 19-10900 CPU, operating at 2.80 GHz with 9 cores and 32 GB of RAM.

Operating System: Ubuntu 20.04 LTS.

Simulation Software: The experiments were conducted using Java version 21, leveraging libraries such
as Apache Commons Math for numerical computations to ensure precise execution of the algorithms. To
fairly evaluate the proposed Adaptive Firefly Algorithm (AFA) mechanism, the simulation experimentation
selected a mix of both well-established and modern optimization algorithms for comparison. These include
the standard Firefly Algorithm (FA), Genetic Algorithm (GA), Ant Colony Optimization (ACO), and the
recently developed Puma Optimizer (PO). The simulation considered PO specifically because it represents
a strong, up-to-date optimization method, making it a valuable benchmark. All the mechanisms were tested
under the same simulation conditions, using identical hardware, software environments, and a range of
workload scenarios (light, typical, and heavy).

4.1.1 Simulation Metrics
Firefly Algorithm (FA) and Adaptive Firefly Algorithm (AFA)

o Population size: 50 fireflies

« Light absorption coeflicient (y): 1.0

o Attractiveness (f3): 0.2

o Dynamic adjustment factor for AFA: Details provided in Section 3.2.4 on how y is adjusted over itera-
tions.

Puma Optimization

« Population size: 50

o Stalking factor r = 0.1
o Ambush factor = 1.0
o Hunt factor = 1.0

e  Mutation rate = 0.1

Genetic Algorithm (GA)

« Population size: 50 chromosomes
e Crossover rate: 0.8
e  Mutation rate: 0.02

Ant Colony Optimization (ACO)

o Number of ants: 50
o  Pheromone evaporation rate (p): 0.5
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4.1.2 Simulation Scenarios

Workload Characteristics

o  Task Characteristics: Tasks varied from 1 KB to 10 MB, representing diverse IoT applications.
+  Resource Characteristics: Fog nodes varied in computational capabilities from low-power edge devices
to high-performance servers.

Scenarios

« Lightweight Load: 10 tasks distributed among 3 fog nodes.
o Typical Load: 50 tasks distributed among 10 fog nodes.
» Heavy Load: 100 tasks distributed among 20 fog nodes.

Iteration Process

« Each algorithm was run for 100 iterations, with execution times recorded for task allocation, computa-
tion, and communication overhead.
« Random Seed: A constant seed (e.g., seed = 42) was used in all simulations to ensure repeatability.

4.2 Experimental Results

This section describes the simulation experiments and the results.

4.2.1 The First Scenario: Lightweight Load

Fig. 2 presents the execution times for the proposed Adaptive Firefly Algorithm (AFA) across 100
iterations under a lightweight load. The results in this scenario reveal a consistent improvement in the
execution times of the proposed AFA mechanism. In the first few iterations, the results show that the
execution times are stable at approximately 186.37 ms. A significant drop to 155.85 ms is obtained in iteration
9. A gradual improvement in the AFA execution times is achieved in a number of iterations from 10 to 38.
Another reduction in the execution times to 122.65 ms is achieved in iteration number 42. Towards the end of
the 100 iterations of the simulation process, the proposed AFA mechanism execution times decrease further
to 122.65 ms and then to 116.89 ms, with the final iterations stabilizing at approximately 113.19 ms.

Table 1 and Fig. 3 compare the execution times of the proposed Adaptive Firefly Algorithm (AFA)
algorithm with the standard Firefly Algorithm (FA), Puma Optimizer (PO), Genetic Algorithm (GA), and
Ant Colony Optimization (ACO) across different iterations under a lightweight load. The proposed AFA
mechanism for task scheduling in IoT-Fog computing started with 251.31 ms execution time at the first
iteration of the optimization process. The execution times of the proposed AFA mechanism continue to
improve significantly as iterations progress. In the 50th iteration, the final execution time was reduced
significantly to 134.54 ms. The execution times of the remaining scheduling mechanisms in the last iteration
were FA, 209.59, PO, 109.44, GA, 247.95, and ACO, 395.93 ms. The ACO mechanism for task scheduling in
IoT-Fog computing has the worst execution at 412.01 ms. These results show that the PO mechanism has the
shortest execution times in optimizing execution times under lightweight load scenarios.

Table 2 and Fig. 4 compare the average execution times of the proposed AFA, FA, PO, GA, and ACO
mechanisms when dealing with a lightweight workload scenario. The proposed PO mechanism demonstrates
the best performance with an average execution time of 111.65 ms, while the average execution times of the
proposed AFA, FA, GA, and ACO mechanisms were 193.03, 226.20, 261.66, and 397.22 ms, respectively.
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Figure 2: The execution times of 100 iterations of the proposed AFA (Lightweight load)

Table 1: The execution times of the proposed AFA algorithm compared to the firefly algorithm, GA and ACO in ms
(Lightweight load)

Iteration no. AFA FA PO GA ACO

1 251.31 28510 125.97 31942 412.01
10 226.66 232.26 114.35 28250 395.93
20 226.66 22542 109.44 25891 395.93
30 17423  215.60 109.44 24795 395.93
40 147.04 214.24 109.44 24795 395.93
50 134.54 209.59 109.44 24795 395.93

450 |

N

o

o

J
I

w

a

o
T

w
o
o

n

o

o
T

Execution Times in ms
N
(2]
o
f}(
|

Xf :

100 | I i i i I |
5 10 15 20 25 30 35 40 45 50

lteration Numbers

—_
a
o
T
f

Figure 3: The execution times of the proposed AFA compared to FA, PO, GA and ACO (Lightweight load)
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Table 2: The average execution times of the proposed AFA algorithm compared to FA, GA and ACO in ms (Lightweight
load)

Algorithm AFA FA PO GA ACO
Average execution times 193.03  226.20 111.65 261.66 397.22

430 Lightweight Load

400
350

300

250
200
150
100
5
0
AFA FA PO GA ACO

Figure 4: The average execution times of the proposed AFA compared to GA and ACO (Lightweight load)

Execution Times in ms

o

4.2.2 The Second Scenario: Typical Load

As shown in Fig. 5, under a typical load scenario, the proposed Adaptive Firefly Algorithm (AFA)
consistently improves its execution times. In the first iteration, the execution time of the proposed Adaptive
Firefly Algorithm (AFA) was 509.79 ms. In the next iterations, the execution times of the proposed AFA
mechanism dropped to 443.50 ms. Then, the proposed AFA mechanism optimization process showed a
consistent decrease in the execution times until it reached 430.61 ms in the final iteration.

In summary, the proposed AFA mechanism for IoT-Fog scheduling in a typical workload scenario
revealed a gradual decrease and stabilization of execution times.

Under a typical load scenario, the proposed AFA mechanism revealed efficient execution times com-
pared to the FA, PO, GA, and ACO mechanisms described in Table 3 and Fig. 6. Throughout the simulation
iterations, the four mechanisms improved execution times; however, the proposed AFA mechanism consis-
tently performed the best in optimizing the execution times. In the last iteration of the simulation process,
the execution time of the proposed mechanism was 419.73 ms compared to 428.49, 524.63, 565.39, and 877.62
ms for FA, PO, GA and ACO, respectively. These results emphasize the proposed AFA’s potential as a highly
effective task-scheduling mechanism for IoT-Fog computing in typical workloads.
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Figure 5: The execution times of 100 iterations of the proposed AFA (Typical load)

Table 3: The execution times of the proposed AFA algorithm compared to FA, PO, GA and ACO in ms (Typical load)

Iterationno. AFA FA PO GA ACO

1 509.68 625.21 826.17 668.56 891.37

10 438.20 478.70 643.99 565.39 877.62

20 438.20 464.86 600.03 565.39 877.62

30 438.20 464.02 586.84 565.39 87762

40 438.20 428.49 53746 565.39 877.62

50 419.73 428.49 524.63 565.39 877.62
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Figure 6: The execution times of the proposed AFA compared to FA, PO, GA and ACO (Typical load)
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As shown in Table 4 and Fig. 7, the average execution time for the proposed Adaptive Firefly Algorithm
AFA was 43778 ms, while the average execution times of FA, PO, GA, and ACO were 467.34, 602.41, 575.98,
and 878.32, respectively. These results indicate that the proposed algorithm has the shortest execution times
on average compared to FA, GA, and ACO in a typical load scenario.

Table 4: The average execution times of the proposed AFA algorithm compared to GA and ACO in ms (Typical load)

Algorithm AFA FA PO GA ACO
Average execution times 43778 467.34 602.41 575.98 878.32

Typical Load
1000
900
800
700

600

500
400
300
200
100

0

AFA FA PO GA ACO

Execution Times in ms

Figure 7: The average execution times of the proposed AFA compared to FA, PO, GA and ACO (Typical load)

4.2.3 The Third Scenario: Heavy Load

In the case of heavy load conditions, the proposed AFA mechanism started with a higher execution
time of 1081.42 ms, as visualized in Fig. 8. Then, the execution time dropped to 1015.65 ms, indicating early
optimization improvement. The next iteration of the optimization process revealed a gradual reduction in
execution times until it stabilized at 935.86 ms for a long number of iterations. Towards the end of the 100
iterations, the proposed AFA mechanism showed a slow reduction in the execution time, ending with 882.90
ms at the last iteration.
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Figure 8: The execution times of 100 iterations of the proposed AFA (Heavy load)

Table 5 and Fig. 9 present the execution times for the proposed AFA mechanism compared to the
standard FA, PO, GA, and ACO mechanisms under a heavy load condition. The proposed AFA mechanism
begins with an execution time of 1104.90 ms, which is less than the execution times of FA (1227.09 ms), PO
(1712.11 ms), GA (1369.14 ms), and ACO (1901.72 ms). The standard FA started at 1227.09 ms, indicating better
optimization integration than GA and ACO. As iterations advance, the proposed AFA mechanism for IoT-
Fog scheduling significantly improves. The execution times decreased to 864.93 ms by the 40th iteration and
remained constant until the end of the simulation. The standard FA’ results also show a good performance in
the execution times through the optimization iterations by reducing the execution time to 865.36 ms, close
to AFA’s by the 50th iteration of the simulation. However, GA and ACO obtained longer execution times,
ending with 1193.04 and 1763.48 ms, respectively.

In summary, Table 5 and Fig. 9 demonstrate that the proposed AFA mechanism for task scheduling in
IoT-Fog computing outperformed FA, GA and ACO mechanisms under heavy load conditions.

Table 5: The execution times of the proposed AFA algorithm compared to FA, PO, GA and ACO in ms (Heavy load)

Iterationno.  AFA PO FA GA ACO
1 1104.90 1712.11 1227.09 1369.14 1901.72
10 1009.12 1519.46 1065.27 1262.59 1786.88
20 1009.12 1388.62 970.50 1258.96 1763.48
30 1004.61 1299.26 931.92 122796 1763.48
40 864.93 1186.56 910.28 122796 1763.48

50 864.93 114705 86536 1193.04 1763.48
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Table 6 and Fig. 10 provide the average execution times for the proposed AFA mechanism compared to
standard FA, PO, GA, and ACO mechanisms in heavy workload scenarios. The proposed AFA mechanism
obtained the shortest average execution time, 968.98 ms. The average execution times of FA, PO, GA, and
ACO in heavy workloads were 970.96, 1352.87, 1247.28, and 1773.62, respectively.

Table 6: The average execution times of the proposed AFA algorithm compared to FA, PO, GA and ACO in ms (Heavy
load)

Algorithm AFA FA PO GA ACO
Average execution times 968.98 970.96 1352.87 124728 1773.62

The simulation experiments demonstrate that the proposed Adaptive Firefly Algorithm (AFA) mech-
anism effectively reduces execution time and handles task dependencies under various workloads (light,
typical, and heavy). These results indicate that the proposed AFA mechanism can scale to large-sized fog
computing networks with dynamic task arrivals. However, as the number of tasks and fog nodes increases
significantly, the proposed AFA mechanism computational overhead may rise due to the iterative nature
of the firefly algorithm for the task scheduling optimization process. In terms of robustness, the proposed
AFA mechanism adaptively balances the optimization exploration and exploitation process, which allows
the proposed mechanism to perform well under different workloads.

4.3 Results and Discussion

This section presents the main results of the proposed adaptive firefly algorithm for dependent task
scheduling in IoT-Fog computing.

4.3.1 The Results of the Study

The proposed Adaptive Firefly Algorithm (AFA) performance was evaluated under three workload
scenarios—light, typical, and heavy—using execution time as an evaluation metric. The proposed AFA
considered the synchronization requirements and communication delays in the execution times calculations.
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Figure 10: The average execution times of the proposed AFA compared to FA, PO, GA and ACO (Heavy load)

The simulation results demonstrate consistent improvement in execution times across all scenarios, with
AFA achieving an average execution time of 968.98 ms under heavy workloads compared to 970.96, 1352.87,
1247.28, and 1773.62 ms for FA, PO, GA, and ACO, respectively.

4.3.2 Statistical Analysis

The experimentation process considered a statistical analysis to confirm that the proposed AFA mecha-
nism achieves faster convergence and more efficient scheduling solutions than other scheduling mechanisms.
Under typical workloads, the proposed AFA mechanism reduced execution time by approximately 7%
compared to FA and 24% compared to GA. These improvements in execution times are due to the dynamic
light absorption coefficient, which balances exploration and exploitation during optimization.

4.3.3 Comparison with Related Work

Current task scheduling mechanisms, such as the Artificial Hummingbird Algorithm, focus on optimiz-
ing resource allocation processes and latency reduction of the submitted tasks. However, these mechanisms
lack the techniques to adapt dynamically to synchronization and communication delays. The proposed
AFA mechanism design addresses these challenges, making it more robust in handling dependent tasks in
dynamic IoT-Fog environments.

4.3.4 Practical Implications

The proposed AFA mechanism’s robustness and scalability suit large-scale IoT-Fog computing environ-
ments with varied workloads. AFA adaptability allows IoT-Fog computing system to perform well in stable
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and dynamic environments, providing a practical solution for IoT applications requiring low latency and
efficient resource utilization.

5 Conclusions

This study proposed an Adaptive Firefly Algorithm (AFA) for dependent task scheduling in IoT-
Fog computing. The performance evaluation of the proposed Adaptive Firefly Algorithm (AFA) under
typical and heavy workloads confirms its efficiency in IoT-Fog computing job scheduling. The proposed
AFA mechanism consistently outperforms the standard Firefly Algorithm (FA), Puma Optimizer (PO),
Genetic Algorithm (GA) and Ant Colony Optimization (ACO) across typical and heavy load scenarios.
Puma Optimizer (PO) obtained the shortest execution time under a lightweight load. The proposed AFA’s
ability to identify and exploit efficient task schedules proves its potential for real-time applications in IoT-
Fog networks. The proposed AFA mechanism balanced the scheduling solution search space exploration
and exploitation process. This balance significantly enhanced adaptability to task scheduling optimization’s
proposed AFA mechanism.

However, the proposed AFA mechanism has some limitations. Its computational overhead may be
significant for resource-constrained environments such as wireless sensor networks (WSNs). Furthermore,
the proposed AFA mechanism’s energy consumption is another consideration, as its iterative nature may not
be optimal for battery-powered devices.

Future work will address these limitations by optimizing the proposed AFA mechanism for low-power
environments. Furthermore, future work may explore the AFA’ scalability and robustness in larger-scale
fog computing networks and potential combinations with other optimization mechanisms for enhanced
performance of IoT-Fog computing.
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