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Al Workload Management: A Comparative
Analysis of Process Scheduling Algorithms
Evaluating Scheduling Algorithms for Al
Optimization

Lucci Ania L. J. Fagela
University of the Cordilleras
1j£7925 @students.uc-bcf-edu.ph

Abstract—Efficient workload management is critical for
optimizing the performance of Al-based systems, especially
in environments with diverse and dynamic processing
requirements. This study presents an extensive examina-
tion of five CPU scheduling algorithms with regard to
their performance in managing AI workloads, focusing
on First-Come, First-Served (FCFS), Shortest Job First
(SJF), Shortest Remaining Time First (SRTF), Priority
Scheduling, and Round Robin (RR). Through a scenario-
based approach, each algorithm was analyzed based on its
waiting time and turnaround time. To gather the data, a
simulation tool was used with random arrival times and
burst times, which provided insights into their adaptability
for various AI processes. The results revealed SRTF to
be the superior one among the five despite its frequent
context switching. FCFS and RR excel in simplicity and
fairness but face inefficiencies such as the convoy effect
and high context-switching overhead. On the other hand,
SJF and Priority Scheduling perform well in predictable
or hierarchical workloads, minimizing turnaround and
waiting times, but encounter challenges with starvation
and dynamic task management. The study concludes that
no single algorithm universally outperforms the others,
as their effectiveness depends on workload characteristics
and system requirements. This highlights the importance
of selecting scheduling algorithms aligned with specific
Al workload demands to maximize system efficiency and
performance.

Index Terms—Keywords—CPU scheduling algorithms;
Artificial intelligence optimization; Process management;
Scheduling performance metrics; Modeling and simulation.

I. INTRODUCTION
A. Background of the Study
Technology paved the way for the development of
computers and mobile devices that enabled people to
manage all aspects of daily life, such as shopping,

online learning, booking appointments, and chatting. At
the core of this technological shift are computers and
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mobile devices, which have become indispensable tools
in modern life. These devices are able to seamlessly
function with the advent of operating systems, a type
of system software that manages the resources of the
computer and facilitates the system’s management and
control.

When a user uses a computer and performs a task,
such as opening a document, there are often background
jobs for sending or receiving email. In these instances,
the numerous processes need to be handled by the
Central Processing Unit (CPU), which is responsible for
processing computer operations. However, only a single
process is allocated to the CPU at a time. This is called
scheduling, which is the allocation of computer resources
to tasks in order to make full use of the CPU [1].
Scheduling algorithms are developed to help the system
efficiently manage process execution even while other
processes are on hold.

In recent years, artificial intelligence (AI) has emerged
as a transformative technology that enables machines to
perform tasks that typically require human intelligence
. As evident, modern processors, such as the Intel Core
Ultra, now integrate Al into their operating systems to
support more advanced software and meet the growing
demands of AI applications. These systems rely on
powerful computational resources to process complex
data; hence, the choice of scheduling algorithm for man-
aging Al workloads in these systems becomes critical to
ensuring the smooth execution of multiple and complex
processes.

1) Research gaps: While scheduling algorithms have
been extensively studied, limited investigations have ex-
amined their performance specifically within the context
of managing Al workloads. Although existing studies
have evaluated various scheduling algorithms [2]-[4],
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they have not fully explored how well these algorithms
meet Al-specific demands.

In 2018, OpenAl reported that the computational
power required to train the largest Al models had been
doubling every 3.4 months since 2012, debunking the
predictions of Moore’s Law, where computing power
doubles every two years [5]. This situation calls for
an urgent need to deeply understand how advanced
systems must be implemented to effectively manage Al
workloads.

As Al continues to advance and integrate into various
fields, determining which scheduling algorithms are best
suited for managing AI workloads becomes essential.
This ensures that systems are built with algorithms
capable of managing resources effectively even under
advanced processing power. Furthermore, only a few
studies have conducted a comprehensive comparison of
the five selected scheduling algorithms considered in this
study, highlighting a notable gap in the current research
landscape.

2) Current body of knowledge: Attificial intelligence
(Al), along with machine learning (ML), is one of
the defining technological trends of the modern era.
Technologies ranging from computers to mobile de-
vices increasingly incorporate Al capabilities. This trend
continues to evolve, impacting various fields including
business, industry, and everyday life.

The foundation of Al lies in analyzing, categoriz-
ing, and predicting outcomes based on user input data,
thereby facilitating improved decision-making processes.
Al aims to replicate human thought and behavior, focus-
ing on aspects such as perception, reasoning, learning,
and prediction. Xu [6] suggests that by understanding
these human concepts, society may progressively replace
certain forms of human labor and resources.

As Al continues to evolve, its applications expand
across diverse sectors including healthcare, finance,
transportation, and many others. These applications rely
heavily on AI’s ability to process large volumes of
data, adapt to new inputs, and generate predictions
through complex algorithms, which in turn leads to
highly resource-intensive workloads.

Al workloads refer to tasks performed by AI sys-
tems that often involve processing vast amounts of data
and executing complex computations [7]. These tasks
include predictive analysis forecasting, Natural Language
Processing (NLP), anomaly detection, image or video
recognition, and recommendation algorithms [8].

Such workloads are highly resource-intensive, requir-
ing substantial computational power, memory, and stor-
age to process complex computations and analyze ex-
tensive datasets [9]. As Sekar [10] explains, Al work-
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loads are characterized by their significant computational
requirements during both the training and inference
phases of machine learning models. Training may involve
millions of iterations of algorithm optimization, while
inference requires rapid computations to deliver real-time
results.

Consequently, efficient handling of data movement,
computational resources, and algorithm optimization is
required to achieve effective outcomes [7]. Despite their
advantages, Al workloads present several challenges that
complicate their implementation. According to Vohra
[9], resource demand remains a primary concern, with
workloads requiring high-performance hardware such
as GPUs, TPUs, or ASICs to support computational
intensity.

Data movement also poses a significant challenge,
as Al tasks require efficient handling of large datasets
across distributed computing systems. Furthermore, the
complexity of deploying multiple interdependent compo-
nents—including data preprocessing, model training, and
monitoring—necessitates advanced management tech-
niques.

Scalability represents another major challenge. In-
creasing data volumes and algorithmic complexity de-
mand infrastructures that can scale seamlessly [7]. Tra-
ditional computing systems often struggle to meet these
requirements, leading to performance limitations.

Efficient management of Al workloads requires strate-
gies that optimize both resource utilization and opera-
tional efficiency. Pacheco [8] highlights the importance of
high computational power that enables parallel process-
ing and supports Al workloads effectively. Specialized
hardware configurations are essential for Al systems to
operate efficiently and achieve high performance.

Key hardware components include Central Processing
Units (CPUs), Graphics Processing Units (GPUs), Tensor
Processing Units (TPUs), Field-Programmable Gate Ar-
rays (FPGAs), and Application-Specific Integrated Cir-
cuits (ASICs), each serving distinct roles in optimizing
Al functionality.

CPUs provide essential processing power and system
control, managing complex Al tasks at a fundamen-
tal level. GPUs, with their strong parallel processing
capabilities, are particularly suitable for the intensive
computations associated with Al operations, especially
neural network training.

TPUs are specifically designed to accelerate Al com-
putations, significantly improving performance for deep
learning tasks. FPGAs offer a combination of perfor-
mance and flexibility through their reconfigurability,
enabling implementation of customized algorithms for
evolving Al applications.



International Journal on Optimization and Applications
LJOA. Vol. 06, Issue No. 01, Year 2026, www.ijoa-journal.com i70A
Copyright ©2026 by International Journal on Optimization and Applications

Finally, ASICs are custom-designed hardware solu-
tions optimized for specific tasks, maximizing efficiency
by tailoring hardware to dedicated AI functions and
achieving peak performance for specialized applications
[11]. Leveraging these hardware accelerators can signif-
icantly enhance the performance of Al workloads [8].
However, when such hardware resources are limited,
another key factor that can support the management of Al
workloads is parallelization and distributed computing.
Parallelization and distributed computing play a crucial
role in handling AI workloads by breaking tasks into
smaller and manageable units that can be processed
simultaneously across multiple systems [7]. Sekar [10]
further supports this by demonstrating that dynamic
resource allocation and containerization can improve
resource utilization by up to 85%. This approach not
only accelerates data processing and model training but
also ensures scalability, enabling Al applications to man-
age larger datasets and increasingly complex algorithms
without being constrained by hardware limitations.

Efficient Al workload management has become a crit-
ical component of modern computing, allowing organi-
zations to maximize the potential of artificial intelligence
while optimizing resource utilization and operational
costs. According to Vohra [9], efficient workload man-
agement reduces latency by ensuring that Al applications
receive the required resources at the appropriate time,
thereby preventing performance bottlenecks. Addition-
ally, scalability and flexibility are significant advantages,
as they allow systems to dynamically adapt to fluc-
tuations in workloads. This adaptability ensures con-
sistent performance even during varying computational
demands.

The growing complexity and diversity of computing
environments have emphasized the importance of ef-
ficient scheduling algorithms in AI and broader com-
puting systems. As explained by Mohammadjafari and
Khajouie [12], early computing systems relied on simple
batch processing techniques to execute tasks sequentially.
However, the evolution of computing environments now
requires more sophisticated scheduling approaches. Pro-
cess scheduling is fundamental to modern computing
systems, as it governs how CPU time is allocated among
multiple processes. Scheduling mechanisms ensure fair
resource distribution while minimizing idle time, thereby
improving system performance and maintaining opera-
tional stability.

Recent developments in computing architectures have
introduced heterogeneous processing units such as CPUs,
GPUs, and ASICs, which provide unprecedented com-
putational capabilities. Nevertheless, Mohammadjafari
and Khajouie highlight that effectively utilizing these
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resources requires scheduling strategies specifically de-
signed for heterogeneous architectures. Effective sched-
ulers must consider the diverse computational resources
available within a system and analyze thread behavior
patterns to optimize their performance across different
cores, as emphasized by Nemirovsky and others [13].

Algorithms serve as the foundation of artificial intel-
ligence by enabling machines to mimic human intelli-
gence and execute complex computational tasks. These
algorithms process data to derive meaningful insights and
continuously adapt to new information. The effectiveness
of AI systems largely depends on the selection and
implementation of appropriate algorithms. A wide range
of algorithms contributes to enhancing Al capabilities
in data analysis, pattern recognition, search optimiza-
tion, and performance improvement [11]. Common Al
algorithms include search and optimization algorithms,
supervised and unsupervised learning algorithms, neural
networks, reinforcement learning algorithms, computer
vision algorithms, and natural language processing (NLP)
algorithms. Exploring diverse algorithmic strategies is
highly recommended for improving current and future
Al systems and expanding their functional capabilities
[14].

Among these computational approaches, scheduling
algorithms play a crucial role in determining the per-
formance of AI workloads, as they directly influence
resource allocation, system latency, and computational
throughput. The efficiency of Al systems strongly de-
pends on how computational resources are distributed
and how tasks are prioritized. However, a major chal-
lenge lies in adapting these algorithms to the specific
requirements of Al workloads.

This study investigates and compares five schedul-
ing algorithms in order to determine which algorithm
is the most efficient for managing Al workloads. The
algorithms examined in this study include: (a) First-
Come, First-Served (FCFS), (b) Shortest Job First (SJF),
(c) Shortest Remaining Time First (SRTF), (d) Priority
Scheduling, and (e) Round Robin.

The First-Come, First-Served (FCFS) algorithm is con-
sidered the simplest scheduling approach [15], [16], as it
processes tasks in the order in which they arrive without
preemption. In CPU scheduling, preemptive scheduling
occurs when the currently executing process is forced to
release the CPU because a higher-priority process arrives
in the queue, such as system interrupts or system calls
[17]. The simplicity of FCFS ensures fairness because
all processes are eventually executed, thereby eliminat-
ing starvation [18]. Starvation occurs when a process
is deprived of CPU resources because other processes
continuously utilize them.
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Despite its fairness, FCFS suffers from several per-
formance limitations. One major drawback is the convoy
effect, where processes with long CPU burst times signif-
icantly increase the waiting time and turnaround time for
other processes [19]. Waiting time refers to the total time
a process spends in the ready queue before execution,
while turnaround time represents the total time required
to complete a process from submission to completion
[15]. Goel and Garg [18] highlight that the absence
of prioritization in FCEFS can lead to reduced system
throughput, as long processes may monopolize the CPU.
Consequently, although FCFS ensures simplicity and
fairness, it often leads to inefficient resource utilization
and poor response times in systems with diverse process
burst durations.

The Shortest Job First (SJF) algorithm improves upon
FCFS by addressing the convoy effect. SJF prioritizes
tasks with the shortest execution time, allowing smaller
tasks to complete earlier. Specifically, SJF selects the
process with the smallest burst time, which significantly
reduces average waiting time and turnaround time [15].
However, SJF also presents several practical challenges.
One major limitation is the difficulty of accurately esti-
mating the burst time of processes in advance [16], [18].
Furthermore, although SJF improves overall efficiency,
it introduces the possibility of starvation for processes
with longer burst times, particularly in heavily loaded
systems. This trade-off between efficiency and fairness
makes SJF suitable for optimizing throughput but less
appropriate for systems requiring equal attention to all
processes. Nevertheless, the SJF algorithm remains an
effective strategy for reducing queue waiting time and
improving overall The Shortest Remaining Time First
(SRTF) is a preemptive variant of SJF that processes
the task that is closest to the completion of its execu-
tion. This dynamically reallocates the CPU to processes
with shorter remaining burst times upon their arrival, as
described by Gonzalez-Rodriguez [16]. This approach
offers further improvements in turnaround and waiting
times over SJF but at the cost of increased context
switching [19]. Context switching refers to the process
of storing and restoring the state of a CPU so that it can
switch from executing one process to another. Whenever
a new process arrives with a shorter remaining time than
the currently running process, the algorithm preempts
the current process, leading to frequent switches. Each
context switch introduces overhead as the system must
save and restore the state of processes, consuming valu-
able CPU cycles. CPU overhead refers to the additional
time and resources consumed by the CPU that are not
directly related to executing the actual tasks or processes.
It is the extra “cost” brought by managing tasks rather
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than performing them. In environments with numerous
processes arriving in quick succession, this overhead ac-
cumulates, which reduces overall efficiency and resource
utilization. While SRTF is more efficient for systems with
frequently varying process bursts, it suffers from similar
starvation issues as SJF, particularly for processes with
long burst times in environments with continuous short
processes [19]. This adaptability makes SRTF suitable for
systems prioritizing quick response but raises concerns
about fairness and overhead. In comparison with Shortest
Job First, SJF has a much slower execution than the
SRTF. This algorithm allows for easier management of
updates and replacements and enables efficient memory
usage.

Priority Scheduling is a method that assigns each task
a priority level, and tasks with higher priority values
are processed first. Shakor [15] and Goel and Garg [18]
emphasize that this method ensures responsiveness for
high-priority tasks, and meeting deadlines effectively.
However, the algorithm’s drawback lies in the potential
starvation of lower-priority processes, a recurring issue
that can be mitigated through the aging technique, where
the priority of a process increases as it waits in the
ready queue [19]. Additionally, equal-priority processes
may experience increasing waiting times due to sequen-
tial scheduling [18]. Priority scheduling’s emphasis on
responsiveness and deadline adherence makes it valu-
able for critical systems, though careful management is
required to prevent starvation and imbalance. Priority
Scheduling is often used in scenarios where certain
tasks are more critical than others, ensuring that high-
priority tasks receive the necessary resources before
lower-priority ones. Round Robin (RR) is a widely
implemented scheduling algorithm that aims to distribute
resources evenly among tasks by assigning a fixed time
quantum to each. This is the period of time a process
is permitted to run in a preemptive multitasking system.
Round Robin is designed for fairness and responsiveness,
utilizing time quantum to cyclically allocate CPU re-
sources to processes. It has the ability to mitigate FCFS’s
drawbacks by balancing process execution [15], [16].
However, Pemasinghe and Rajapaksha [19] caution that
the effectiveness of RR depends on the quantum size; too
small a quantum increases context switches, while a large
quantum becomes similar to FCFS. As discussed by Goel
and Garg [18], a shorter time quantum can cause many
context switches that lower the CPU efficiency while a
longer time quantum leads to poor response time. They
further note that due to high waiting times, deadlines
are rarely met in this method. Despite these challenges,
RR is well-suited for time-sharing systems requiring
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equitable CPU distribution. This approach ensures that
all tasks receive a fair share of processing time, making
it suitable for time-sharing systems where responsiveness
is essential.

3) Applications of CPU Scheduling Algorithms: CPU
scheduling is fundamental to Al for optimizing resource
use, improving system performance, and ensuring effi-
cient execution of computationally intensive tasks. Effec-
tive CPU scheduling enables maximum CPU utilization,
which is crucial for managing AI workloads that de-
mand heavy computations and translation processes. By
strategically allocating CPU time, scheduling maximizes
throughput, allowing AI systems to handle tasks with
high efficiency and avoid resource wastage. According
to Mehta and Mehta [4], throughput refers to the number
of processes that are successfully executed per time unit.

Given the variability and intensity of Al workloads,
which often require dynamic resource allocation, CPU
scheduling helps maintain efficiency under changing de-
mands. It optimizes task execution in order to reduce
latency, thus decreasing waiting and response times, the
key factors for real-time Al applications. Additionally, by
ensuring multiple tasks are processed smoothly, schedul-
ing enhances throughput, which facilitates the completion
of more tasks within a given period.

Priority management is another significant benefit
CPU scheduling brings to Al systems. It ensures eq-
uitable resource distribution among various users and
processes, preventing system overload and supporting
collaborative environments. Priority handling allows Al
tasks to be ranked based on urgency and importance,
enabling systems to handle high-priority tasks promptly
without disrupting others.

Lastly, CPU scheduling supports scalability, allowing
Al systems to process large datasets and manage com-
plex models without compromising performance. This
scalability is essential as Al applications continue to
grow in complexity and scale. Overall, CPU scheduling
in Al contributes to optimized resource utilization, im-
proved efficiency, and sustained performance, even with
demanding and variable workloads [20]. FCFS processes
tasks in the exact order they arrive. This is particularly
useful in Al task scheduling applications, as Al systems
often process numerous tasks or operations. By executing
tasks based on arrival order, FCFS facilitates efficient
resource allocation and shared resource access, which
is crucial for generating timely responses. FCFS also
offers a systematic method for data handling, where
data preprocessing tasks are queued to ensure sequential
processing. Furthermore, FCFS effectively models real-
world applications, aiding in the analysis and optimiza-
tion of service workflows. Its primary benefit lies in its
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predictability, as the straightforward, sequential execu-
tion order makes it highly reliable [21].

Similar to FCFS, SJF is beneficial in Al for task schedul-
ing, as it optimizes execution order by prioritizing shorter
tasks, thereby enhancing overall efficiency. In batch
processing systems, SJF minimizes throughput time by
completing shorter tasks first, freeing up resources for
subsequent processes. Given AI's demand for timely
task processing, SJF aids in improving task comple-
tion efficiency with reduced wait times. Additionally,
SJF models queuing behavior and resource allocation
effectively, providing performance enhancements across
varying workloads [22].

Meanwhile, SRTF selects the process with the least
remaining execution. This is often implemented on mod-
ern operating systems for managing CPU scheduling,
often in applications where quick responses are utilized.
Moreover, SRIF is often applied to real-time systems and
cloud computing systems, whereas this algorithm can be
used to ensure that critical tasks are prioritized effectively
and able to run multiple virtual applications concurrently.
It allows for better optimization of resource allocation
by ensuring that shorter tasks are completed quickly.
Overall, SRJF helps in managing workload effectively
and minimizes latency [23].

The Priority Scheduling algorithm assigns priority levels
to tasks, ensuring that higher-priority tasks are executed
before lower-priority ones. In Al, this algorithm is essen-
tial for real-time processing, as it allows urgent tasks to
be completed without delay, enhancing responsiveness.
It optimizes batch processing by prioritizing resource
allocation to higher-priority tasks, enabling the system to
handle processes effectively based on urgency and impor-
tance. This leads to improved efficiency and responsive-
ness, making Priority Scheduling theoretically beneficial
for Al applications requiring timely task execution [24].

The Round Robin algorithm allocates CPU time to each
process in a rotating, cyclic order, ensuring each process
receives an equal share of CPU resources. This approach
is advantageous in Al for managing CPU resources,
as it enables Al workflows to handle multiple tasks
concurrently. Round Robin supports real-time processing
in Al applications, allowing critical and complex tasks to
run without significant delays. Additionally, it provides
valuable insights into system performance under vary-
ing workloads and is often employed in simulations to
model effective task management and resource allocation
strategies [25].
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B. Objectives of the Study

From the outlined research gaps, the main objective of
this study is to perform a comparative analysis of the five
algorithms: First-Come, First-Served (FCFS), Shortest
Job First (SJF), Shortest Remaining Job First (SRJF),
Priority Scheduling, and Round Robin, and identify the
most suitable algorithm for managing AI workloads
within Al-based systems. The specific objectives and the
research questions that this study aims to address are as
follows:

o To determine the advantages and disadvantages of
the scheduling algorithms based on the performance
metrics.

o To examine and assess the capability of the schedul-
ing algorithms in managing Al workloads.

o To identify which scheduling algorithm is the most
optimal for use as a primary method in Al data
handling tasks.

C. Methodology

In order to evaluate and compare the five scheduling
algorithms, this study employed a quantitative compara-
tive research design. Quantitative research utilizes statis-
tical software, mathematical models, and computational
algorithms to analyze numerical data [26]. This method
significantly helped in evidence-based decision-making,
which aided in determining which scheduling algorithm
was the most efficient. On the other hand, a comparative
research design is used to compare the performance of
the scheduling algorithms across various performance
metrics. In the context of the quantitative approach, this
design involves comparing the values of two or more
cases based on relevant variables and assessing them
after [27].

D. Dataset

CPU scheduling has two key concepts that will be
utilized in this research study as part of the dataset:
arrival time and burst time. Arrival time indicates when
a process enters the ready queue and begins waiting for
execution, representing the moment a process is available
to start its assigned tasks [28]. It depicts the time frame
at which the process becomes available to complete the
assigned job. This concept is fundamental in scheduling
algorithms that prioritize processes based on their entry
order, as it dictates which process is selected next. For
instance, the First-Come, First-Serve (FCFS) algorithm
uses arrival time to allocate CPU resources to processes
in the order they arrive.

Arrival time can be determined by the formula:

Burst time, also known as execution time, represents
the total CPU time a process needs to complete its exe-
cution. Measured in milliseconds, burst time specifically
indicates the time required by the CPU to execute a given
task, excluding any I/O time. During this period, the
process transitions from a running state to a completion
state. Several factors influence burst time, including the
complexity of the task, code efficiency, and the system’s
available resources.

Burst time can be determined by the formula:

Burst Time = Complete Time — Waiting Time

The key difference between arrival time and burst time
lies in their roles within the process lifecycle. Arrival
time marks the process’s entry point into the ready
queue, while burst time indicates the duration required
by the CPU to execute the process to completion. Arrival
time is determined before the process begins execution,
whereas burst time is known once the process has been
completed. Simply put, arrival time denotes when a
process enters the queue, while burst time defines how
long it will take for the process to execute [28], [29].
Incorporating both arrival time and burst time into CPU
scheduling strategies enables the development of efficient
algorithms that optimize overall system performance and
responsiveness.

By considering these key parameters, scheduling can
better manage processes within the operating system, en-
suring resources are allocated in a timely and organized
manner.

For this study, the data used to test the algorithms was
adapted from the randomly generated arrival times and
burst times simulated by Algabri et al. [30] who used a
Java-based simulation framework. The current research
study also used the five scenarios they detailed, which
already have the arrival times and burst times needed
for the study’s analysis. Making use of eight processes
similar to theirs, this approach allowed for a simulation
of a wide array of operational conditions that reflect
the dynamic and often complex nature of real-world
computing environments.

Arrival Time = Completion Time—Turnaround Time

IJOA ©2026
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TABLE I

DATASET ADAPTED FOR THE STUDY (TAKEN FROM ALGABRI ET AL. [30]).

Process Scenario 1 (AT, BT) Scenario 2 (AT, BT) Scenario 3 (AT, BT) Scenario 4 (AT, BT) Scenario 5 (AT, BT)

1 AT: 0, BT: 10 AT: 8, BT: 4 AT: 1, BT: 10 AT: 0, BT: 4 AT: 6, BT: 1

2 AT: 3, BT: 10 AT: 10, BT: 4 AT: 1, BT: 10 AT: 2, BT: 8 AT: 8, BT: 6

3 AT: 4, BT: 1 AT: 11, BT: 5 AT: 2, BT: 9 AT: 3, BT: 5 AT: 10, BT: 10

4 AT: 9, BT: 4 AT: 13, BT: 8 AT: 2, BT: 7 AT: 5, BT: 4 AT: 11, BT: 4

5 AT: 12, BT: 4 AT: 14, BT: 1 AT: 10, BT: 2 AT: 6, BT: 5 AT: 14, BT: 2

6 AT: 16, BT: 10 AT: 16, BT: 4 AT: 14, BT: 10 AT: 6, BT: 7 AT: 15, BT: 7

7 AT: 18, BT: 7 AT: 18, BT: 5 AT: 15, BT: 8 AT: 10, BT: 6 AT: 15, BT: 10

8 AT: 18, BT: 10 AT: 20, BT: 2 AT: 16, BT: 1 AT: 15, BT: 4 AT: 17, BT: 2

TABLE 11
FIVE SCENARIOS ADAPTED FOR THE STUDY (TAKEN FROM ALGABRI ET AL. [30]).
Scenario  Arrival time characteristics Burst time characteristics General observation

1 Steady, starting from time O with a  Ranges from 1-10, with several Potentially longer waits for processing
noticeable initial gap longer bursts

2 Later starts, spread out arrivals Shorter on average, mostly under 5  Quicker processing, less initial congestion

units

3 Early and congested, most arriving  Varied, from 1-10, unpredictable de-  Early congestion, varied processing times
within the first 2 units lays

4 Early like scenario 1, more evenly = Moderate, none exceeding 8 units Balanced processing load
spread over time

5 Later starts like scenario 2, arrivals  Mostly short, between 2 and 7 units  Quick processing, less congestion

spread out

The randomness of the data reflected various scenarios,
each representing varying levels of system load and oper-
ational demands. These are designed to capture different
levels of complexity and unpredictability, providing a
robust test environment for evaluating different schedul-
ing algorithms. This setup facilitated a comprehensive
understanding of a wide range of operational algorithms,
contributing to the development of more resilient and
flexible scheduling solutions capable of supporting a
dynamic and robust system [30]. 2.2 Data gathering
instruments The study employed simulation tools as
the main instrument to analyze the performance of the
five process scheduling algorithms. A simulation tool is
software or a program that imitates the dynamics of a
real-world process or system. The system’s predefined
history allows for gaining an insight into its characteris-
tics and workings under a real-world scenario [31]. With
a simulation model, the system’s behavior is studied. Yin
and McKay [33] defined the modeling and simulation do-
mains. Among the modeling and simulation techniques,
the current research study specifically requires a process
and system simulation, which relates to the simulation
of operational systems with the purpose of understanding
their processes. With this in mind, the researchers looked
for existing process scheduling simulation tools that are
utilized in the study and deemed Deepak Aggarwal’s
program to be the most appropriate. The chosen tool
allowed for the testing of algorithms using predefined
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inputs for arrival time and burst time and provided the
key performance metrics needed in the study, which are
waiting time and turnaround time. The tool supports the
simulation of five process scheduling algorithms chosen
for the study, which are First-Come, First-Served, Short-
est Job First, Shortest Remaining Job First, Round Robin,
and Priority Scheduling. By employing this simulation
tool, the collected data on waiting time and turnaround
time are used to compare how each algorithm performs
across the eight distinct scenarios. This provided insights
into the efficiency of the five algorithms and helped in
determining the algorithms appropriate for managing Al
workloads.

E. Data Gathering Procedures

The data gathering procedure for this study involved
several key steps. First, the study adapted the research
method from Algabri et al. [30], which utilized a Java-
based simulation tool to generate random arrival times
and burst times across five distinct scenarios. To maintain
consistency, the arrival times and burst times from the
original study were used, as they already effectively cap-
ture the values appropriate for each scenario, simulating
eight processes that were also made use of in the current
study (see Tables I and II).

A simulation tool that supports the five chosen
scheduling algorithms was to be selected to assess their
performance under the varying scenarios. However, since
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the original simulation tool used in the original paper was
not publicly available, an alternative tool was selected
instead, which is Deepak Aggarwal’s program that sim-
ulates FCFS, SJF, SRTF, Priority Scheduling, and Round
Robin algorithms. The simulation tool is available in
GitHub, a platform that allows developers to share their
work and code within the field. It is also published as a
web application, which the researchers utilized due to its
user-friendly interface, simplifying the testing process.

The priority ranking used for the Priority Scheduling
for processes 1 to 8 is 4, 3, 5, 1, 6, 4, 1, and 2,
respectively. In real-world systems, priorities are usually
based on criteria such as urgency, importance, deadlines,
or resource requirements. However, for theoretical or
academic purposes, randomly assigned priorities can help
test a scheduling algorithm, particularly across diverse
and unstructured scenarios.

In evaluating the Round Robin algorithm, varying sizes
of time quantum were employed. This included a time
quantum of 1, a time quantum of 5, and a time quantum
of 10. This ensured that the choice of time quantum,
which is a key concept of Round Robin, is considered
as a factor that can influence its results.

Next, the input data consisting of the arrival times
and burst times was fed into the simulation tool. Each
simulation was run multiple times to ensure accuracy and
to minimize variability in the results. The simulation tool
output the two metrics needed in the study, waiting time
and turnaround time, which helped to assess the effec-
tiveness and performance of each scheduling algorithm
in the context of managing Al workloads.

The output generated by each simulation was metic-
ulously logged in a structured format, capturing all
relevant timing data for each process, including the afore-
mentioned two metrics for every scheduling algorithm.
Each scenario was then analyzed using descriptive statis-
tical methods, focusing on calculating averages for these
key performance metrics. This approach allowed for a
thorough assessment of the differences in performance,
showing how each algorithm handles varying loads and
process characteristics.

For instance, averages for waiting time and turnaround
time provided insights into how promptly and efficiently
each algorithm processes tasks in each scenario. The
results were then represented visually through bar charts
to illustrate and compare each algorithm’s performance
across different scenarios. Special emphasis was placed
on arrival and burst times to observe how fluctuations in
these variables impact the overall efficacy of the schedul-
ing algorithms. This graphical representation enabled
clear comparisons, revealing strengths, weaknesses, and
patterns in each algorithm’s performance.
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Finally, the study contextualized these findings by ex-
amining their relevance to Al systems and assessing the
capability of each algorithm in managing AI workloads.

F. Data Analysis Metrics

The selection of the appropriate scheduler for systems
is an important task as it needs to ensure an efficient
utilization of resources [33]. There are several CPU
scheduling criteria that must be taken into consideration
when designing a scheduler. Some criteria that are com-
monly used are turnaround time, waiting time, through-
put, response time, and CPU utilization [4], [30], [33].
These metrics help to evaluate how well an algorithm
manages system resources while maximizing system
performance and minimizing delays. Each algorithm has
its own characteristics and preferences. For this particular
reason, which parameters to be used for the analysis has
a huge influence on what algorithm is considered to be
the best [4].

For this research, the focus was specifically on waiting
time and turnaround time. The reason why these two
metrics were chosen is driven by their relevance to the
nature of the phenomena being studied—workloads of
Al-based systems. Both waiting time and turnaround
time are key metrics that directly influence how quickly
tasks are completed and how responsive the system is in
processing tasks. Therefore, these two measures should
be well considered when analyzing CPU scheduling
algorithms in relation to system performance [34].

For Round Robin, however, since it is directly affected
by the time quantum, it was evaluated with varying quan-
tum values (1, 5, and 10). This variation allows for an
assessment of how different time slice lengths impact the
overall performance of the algorithm in terms of the two
key metrics mentioned. With all these considerations, the
capabilities of the algorithms in managing Al workloads
are established. The two metrics mentioned are further
discussed in the sections below.

1) Turnaround Time: The turnaround time is the total
amount of time taken from when a process arrives in the
systems to when it is terminated [16]. This is the duration
that is required for a process to complete its procedure,
which is important for evaluating a system’s performance
and responsiveness [30]. The turnaround time should be
lower to achieve an efficient scheduling algorithm [4]. A
short turnaround time would mean that processes finish
faster, which is particularly essential in computational
tasks implemented in Al for faster system performance.
The formula for determining the turnaround time is as
follows:
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Turnaround Time = Completion Time— Arrival Time

(I.1)

The completion time refers to the time the process

completes its execution while the arrival time is the time

when the process is now in the ready state. Alternatively,

if the inputs for the waiting time and burst time are

available, the turnaround time can also be calculated
using the formula:

Turnaround Time = Burst Time + Waiting Time
(1.2)

While this provides the total execution time,
turnaround time alone does not output any details of
delays that occur during the waiting period. This is why
waiting time is an important additional metric to consider
for a more comprehensive analysis.

2) Waiting Time: According to Gonzalez-Rodriguez
et al. [16], waiting time is the total amount of time the
processes spend in the ready queue before their execu-
tion. This significantly helps in assessing how efficient a
scheduling algorithm is. A low waiting time is preferred
for a good scheduling algorithm [4]. Evaluating the
waiting time is vital for system performance because this
determines how long processes are delayed before they
can actually start running. For systems that need high
hardware requirements such as Al software or gaming
applications, longer waiting times can cause noticeable
delays, which will negatively affect user experiences. The
formula for determining the waiting time is as follows:

Waiting Time = Turnaround Time — Burst Time
(1.3)

II. FINDINGS
A. Simulation Results for the Average Waiting Time

The bar chart (Fig.1) showcases the comparison of
the average waiting time for CPU scheduling algorithms:
First-Come, First-Serve (FCFS), Shortest Job First (SJF),
Shortest Remaining Time First (SRTF), Priority Schedul-
ing, Round Robin with quantum 1 (RR1), Round Robin
with quantum 5 (RR5), and Round Robin with quantum
10 (RR10) across five distinct scenarios. The analysis
of average waiting times, where lower values indicate
better performance, revealed clear differences among the
scheduling algorithms across the five scenarios.

In Scenario 1, SRTF achieved the lowest waiting time
with 10.375 ms, followed by SJF with 10.375 ms. Mean-
while, RR1 had the longest delay at 20.375 ms, followed
closely by RRS. In Scenario 2, SRTF once again led
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with a better performance of 5.875ms of waiting time,
followed by SJF at exactly 6 ms. RR1 further obtained
the highest waiting time, performing at 14.75 ms.

Scenario 3 shows SRTF and Priority Scheduling out-
performing the others with the lowest waiting time within
the range of 14 ms. Meanwhile, FCFS, SJF, and RR10 all
tied at 23 ms. Similar to some of the previous scenarios,
RR1 (29 ms) and RRS (29.125 ms) obtained the highest
waiting times compared to other algorithms.

In Scenario 4, SRTF had the lowest waiting time at
10.25 ms, followed by FCFS, SJF, and RR10, which all
recorded waiting times of 13.125ms. For this scenario,
the Round Robin algorithms RR1 and RRS5 had the
highest waiting times.

Finally, in Scenario 5, SRTF and SJF achieved the low-
est waiting times, performing at 7.125ms and 7.25ms,
respectively. Priority scheduling recorded a waiting time
of 10.125ms, while FCFS and RR10 both had slightly
higher times at 12.25 ms. RR1 and RRS5 had the highest
waiting times at 14.75ms and 15.375 ms, respectively.

These results highlight the differences in performance
among the scheduling algorithms across various scenar-
ios, with SJF and SRTF generally delivering the lowest
average waiting times.

In the analysis of the average turnaround time (Fig.2),
where a lower turnaround time indicates better perfor-
mance, distinct patterns emerged across the five scenarios
for the various scheduling algorithms.

In Scenario 1, RR1 achieved the lowest turnaround
time at 14.75ms, followed closely by SJF and SRTF,
both at 16.75ms. The highest turnaround time in this
scenario was recorded by Round Robin with a quantum
of 5 (RRS), reaching 25.5 ms.

For Scenario 2, SRTF performed the best with the
lowest turnaround time of 8ms, followed by SJF at
10.125ms. FCFS, RRS5, and RR10 obtained similar
turnaround times of approximately 14 ms, while RR1
reached a higher value of 18.75 ms.

In Scenario 3, SJF and Priority Scheduling per-
formed equally well with turnaround times of 21.375 ms
and 21.15ms, respectively. In contrast, RR1 and RRS5
recorded the highest turnaround times of 36.125 ms and
36.25 ms.

For Scenario 4, SRTF again demonstrated strong per-
formance with a low turnaround time of 15.625ms,
followed by SJF at 18.5ms and Priority Scheduling at
18.75 ms. Meanwhile, RR1 recorded a higher value of
27.625 ms.

Finally, in Scenario 5, SJF and SRTF delivered the best
results with turnaround times of 12.375 ms and 12.5 ms,
respectively. In contrast, RR1 and RR5 exhibited signif-
icantly higher values within the range of 20 ms.
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Fig. 2. Simulation results for the average turnaround time.

Overall, these results highlight that SJF and SRTF
consistently provide lower turnaround times across most
scenarios, indicating their efficiency in handling work-
loads that require faster task completion.
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III. DISCUSSION

A. Strengths and Limitations

1) First-Come, First-Served: The FCFS algorithm
demonstrated simplicity in processing tasks in the order
of their arrival without preemption, as highlighted by
Shakor [15]. However, the results revealed that FCFS
suffered from high waiting and turnaround times, partic-
ularly in scenarios involving processes with diverse burst
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times. For instance, in Scenario 3, where the arrival times
are early and congested while the burst times are high
with unpredictable delays, FCFS recorded its highest
average waiting time of 23 ms and its highest turnaround
time of 30.125 ms.

This reflects the “convoy effect” described by Goel
and Garg [18]. This phenomenon, where long burst-
time processes delay shorter tasks, leads to increased
inefficiencies and poor throughput, as the algorithm
lacks prioritization mechanisms. In contrast, Scenario 2
showed the opposite results since the burst times are
shorter on average (mostly under 5 units), allowing FCFS
to attain its lowest waiting time of 9.875 ms and lowest
turnaround time of 14 ms.

While FCFS eliminates starvation due to its fairness
in eventually processing all tasks [18], the lack of
optimization in waiting and turnaround times makes it
less suitable for dynamic and resource-intensive environ-
ments. These results reaffirm the theoretical limitation of
FCFS: its inability to prioritize or adapt, resulting in poor
responsiveness in workloads with diverse burst times.

2) Shortest Job First: The SJF algorithm took advan-
tage of its ability to prioritize shorter tasks, consistently
achieving low waiting and turnaround times across most
scenarios. In Scenario 2, characterized by short burst
times mostly under 5 units, SJF delivered its lowest
waiting time of 6 ms and its lowest turnaround time of
10.125 ms, reflecting its ability to address the convoy
effect by prioritizing tasks with the shortest burst times.

This finding is consistent with Shakor [15], who stated
that SJF prioritizes processes with the least burst times,
significantly improving the average waiting time and
average turnaround time. However, in Scenario 3, where
burst times are high, SJF recorded its highest waiting
time and highest turnaround time, tied with FCFS in both
metrics. As noted by Goel and Garg [18], SJF can cause
starvation for longer processes in saturated systems with
frequent short tasks.

In addition, the practical implementation of SJF
is hindered by the difficulty of accurately estimating
process burst times, a limitation noted by Gonzalez-
Rodriguez [16] and Goel and Garg [18]. This implies
that while SJF is effective in reducing waiting times
and turnaround times, its real-world application may re-
quire enhancements, such as burst-time prediction mech-
anisms, to mitigate its fairness issues.

3) Shortest Remaining Time First: The SRTF algo-
rithm, being a preemptive variant of SJF, consistently
delivered the lowest waiting and turnaround times across
most scenarios. In Scenario 5, where processes had
highly varied arrival times, SRTF outperformed every
other algorithm, showcasing its adaptability in dynamic
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environments. This performance underscores its capabil-
ity to dynamically reallocate CPU resources, as high-
lighted by Gonzalez-Rodriguez [16].

However, like SJF, it suffers from starvation is-
sues [19]. This is reflected in Scenario 3, where SRTF
recorded its highest waiting time and turnaround time.
In this scenario, arrival times are early and congested,
mostly starting within the first two time units. When
processes arrive in quick succession, the scheduler fre-
quently checks for the shortest or highest-priority task.
In algorithms such as SRTF, this behavior leads to rapid
preemptions and frequent context switching, which likely
contributed to its relatively higher turnaround and waiting
times compared to other scenarios.

In Scenario 2, however, SRTF achieved the lowest
waiting time and turnaround time because the arrival
times were more spread out and began later. When
processes arrive with larger intervals, the scheduler has
sufficient time to complete tasks before new ones enter
the queue, thereby reducing context switching. This
observation supports the findings in the literature [19],
which indicate that although SRTF is highly efficient, it
introduces overhead due to frequent process preemptions.

These results imply that SRTF is particularly suitable
for environments requiring quick responses but may
encounter efficiency challenges in systems with excessive
context-switching occurrences. Despite these challenges,
SRTF remains an effective choice for systems prioritizing
quick response and low latency, as it outperformed most
algorithms in scenarios characterized by rapidly changing
workloads.

4) Priority Scheduling: The performance of Priority
Scheduling in the study highlights its distinct advantages
and limitations. Priority Scheduling assigns processes a
priority value and schedules them based on these rank-
ings, with lower numerical values representing higher
priority. In the context of the given priority rankings
for processes 1 to 8—4, 3, 5, 1, 6, 4, 1, and 2,
respectively—the algorithm prioritized processes with
higher ranks (lower numbers) over those with lower ranks
(higher numbers).

In Scenario 3, where arrival times are congested with
most processes arriving within the first two units, the
algorithm struggled, resulting in high waiting times and
high turnaround times. This poor performance stems
from the simultaneous arrival of multiple processes,
coupled with their assigned priority rankings. In this case,
higher-priority processes, such as those with priorities 1,
2, and 3, monopolized the CPU, which forced lower-
priority processes (e.g., with priorities 5 and 6) to wait
for extended periods.

Shakor [15] and Goel and Garg [18] highlight that
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Priority Scheduling heavily depends on the priority val-
ues, meaning that processes with lower rankings are
deprioritized, leading to starvation or excessive waiting
times [18], especially in congested scenarios like Sce-
nario 3. The diversity in burst times corresponding to the
priority rankings also added to the delay, as some higher-
priority processes required longer CPU bursts, further
increasing the waiting times for lower-priority tasks.

In contrast, Scenario 5 provided a more favorable
environment for Priority Scheduling, with later and more
spread-out arrivals as well as shorter and evenly dis-
tributed burst times. The algorithm achieved its lowest
waiting time and lowest turnaround time in this sce-
nario, demonstrating its efficiency when handling bal-
anced workloads. Additionally, the shorter burst times
reduced the likelihood of monopolization by any single
process, enabling smoother transitions between tasks.
Priority Scheduling’s emphasis on responsiveness makes
it suitable for systems with critical deadlines but still
necessitates careful management to avoid starvation and
imbalance.

5) Round Robin: The performance of Round Robin
scheduling across scenarios reflects the direct influence
of the quantum size and the characteristics of the work-
load. The findings reveal that RR with a quantum of
1 (RR1) consistently performed poorly, with the highest
waiting times across scenarios, particularly in Scenario 3
(29 ms) and Scenario 4 (22.25 ms).

Similarly, RR with a quantum of 5 (RRS5) exhibited
high waiting times, suggesting inefficiencies when pro-
cesses require significant CPU bursts. Pemasinghe and
Rajapaksha [19] explained that shorter quantum sizes,
such as 1 or 5, may lead to incomplete processing of
tasks before another context switch occurs, adding delays
in the waiting queue.

RR5 performed slightly better than RR1 but still
lagged behind other algorithms due to similar ineffi-
ciencies in handling diverse workloads. In contrast, the
larger quantum size of Round Robin with a quantum
of 10 (RR10) provided a balance between minimizing
context switches and ensuring fairness in CPU allocation,
resulting in moderate performance across scenarios.

While RR10 did not achieve the best results with re-
gard to the evaluated metrics, its performance was closer
to FCFS, avoiding the drawbacks of excessive context
switching associated with smaller quantum sizes. This
aligns with Pemasinghe and Rajapaksha’s [19] assertion
that larger quantum sizes approximate FCFS behavior.
Despite its fairness in distributing CPU time, the findings
reveal that careful selection of the quantum size is crucial
to optimize performance.
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B. Process Scheduling on AI Workloads

The findings from the literature and the comparisons of
various scheduling algorithms provide a comprehensive
understanding of how they can manage Al workloads.
FCFS is the simplest scheduling algorithm, where pro-
cesses are executed in the order they arrive. While
this algorithm is straightforward, its simplicity does not
necessarily translate into efficiency when managing Al
workloads.

Its vulnerability to the convoy effect can lead to in-
efficiencies in waiting and turnaround times, particularly
when dealing with tasks of varying burst lengths [18].
The findings highlight that long tasks that arrive first
block shorter tasks, leading to excessive waiting and poor
system performance. This is particularly problematic in
Al workloads that involve mixed tasks, such as training
machine learning models while simultaneously perform-
ing real-time inference [8]. Moreover, as highlighted
by Mohammadjafari and Khajouie [12], these delays
in process execution can lead to poor performance and
reduced user satisfaction.

FCFS is also unable to dynamically prioritize tasks
based on urgency or computational requirements, which
further limits its usefulness in Al systems that demand
rapid processing and responsiveness.

In contrast, SJF addresses these inefficiencies by pri-
oritizing tasks with the shortest burst times, thereby
improving average waiting and turnaround times. In envi-
ronments where Al workloads are predictable or involve
computationally lighter tasks, such as natural language
processing (NLP) or simpler predictive analytics, SJF can
be an effective algorithm.

However, SJF faces challenges when tasks vary sig-
nificantly in burst times, as it can lead to starvation of
longer tasks (as observed in the findings), especially in
Al systems that involve mixed workloads. Furthermore,
it relies on accurate estimation of burst times, which is
often difficult to obtain in real-world environments. Its
tendency to cause starvation in heavily loaded systems
limits its applicability in dynamic Al environments [15].

SRTF, as the findings suggest, adapts dynamically
across different scenarios, which is critical in Al systems
where computational loads are dynamic and change
rapidly. This dynamic adjustment to task arrival and
execution times makes SRTF highly effective for Al
workloads with unpredictable or fluctuating resource
demands.

As discussed by Vohra [9], Al workload management
often involves unpredictable task patterns, which SRTF
can handle effectively, as demonstrated in the results.
SRTF also minimizes waiting time by processing shorter
tasks as soon as they arrive, which is crucial for Al
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systems relying on real-time data processing and im-
mediate decision-making, such as anomaly detection or
recommendation systems.

However, the downside of SRTF lies in the potential
overhead caused by frequent context switching, espe-
cially when tasks have similar execution lengths. In such
cases, the overhead can reduce the overall performance
gains obtained through reduced waiting times.

Priority Scheduling provides an effective mechanism
for managing tasks with varying levels of importance,
which is common in Al applications involving critical
and time-sensitive tasks, such as autonomous driving or
healthcare diagnostics. However, its strict prioritization
can lead to starvation of lower-priority tasks, particularly
in environments where high-priority tasks continuously
arrive.

This aligns with observations by Vohra [9], who
notes that Al systems often require balancing multiple
processes with different priorities and computational
requirements. Consequently, the inflexibility of Priority
Scheduling may reduce its effectiveness compared to
adaptive algorithms such as SRTF.

Round Robin is particularly suitable for Al workloads
operating in multi-user or multitasking environments,
such as cloud-based Al platforms or shared comput-
ing infrastructures. Its time-sharing mechanism ensures
fairness by allocating equal CPU time to all processes,
preventing resource monopolization.

This property supports parallel task management [35],
which is beneficial for scalable Al systems [10]. How-
ever, Round Robin can introduce high overhead due to
frequent context switching. The results show that this
leads to increased waiting times, which may negatively
affect Al workloads requiring low latency and rapid
response times.

C. Optimal Scheduling for Al Systems

Each of the algorithms analyzed presents unique
strengths and limitations, but not all are equally suited to
the demands of modern Al systems. Algorithms such as
FCFS and Round Robin excel in simplicity and fairness,
with FCFS ensuring tasks are processed in the order
they arrive and RR providing equal CPU time allocation.
However, these benefits are overshadowed by significant
inefficiencies.

FCFS suffers from the “convoy effect,” leading to
high waiting times and poor responsiveness. In contrast,
Round Robin’s frequent context switching, especially
with smaller quantum sizes, introduces a high overhead
that hampers performance when implemented in inten-
sive Al workloads.
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SJF and Priority Scheduling perform relatively better
in terms of minimizing waiting and turnaround times,
particularly in scenarios with predictable or hierarchical
workloads. SJF excels when tasks are short and burst
times are predictable, while Priority Scheduling offers
flexibility in prioritizing critical tasks. However, both
algorithms face challenges in dynamic settings, with SJF
prone to starving longer tasks and Priority Scheduling
struggling with shifting task priorities, which may lead
to delays for lower-priority tasks.

Among the five algorithms, SRTF consistently outper-
formed the others in most scenarios, making it stand
out as the most effective algorithm for AI workloads
due to its efficiency. SRTF demonstrated low waiting
and turnaround times, which are critical metrics for Al
applications such as real-time data processing, anomaly
detection, and recommendation systems.

A key strength of SRTF lies in its responsiveness.
Unlike non-preemptive algorithms such as SJF, SRTF
dynamically preempts ongoing tasks when a shorter
task arrives, reallocating CPU resources in real time.
This adaptability allows it to outperform other algo-
rithms in scenarios with rapidly changing workloads,
ensuring optimal resource utilization and minimizing
delays. For example, in scenarios with highly varied
arrival times, SRTF demonstrated the best performance
by efficiently handling all processes without being overly
constrained by the arrival sequence. However, SRTF
also has its drawbacks. The frequent context switch-
ing innate in its preemptive design can result in CPU
overhead. This drawback can reduce overall system
efficiency, making SRTF less ideal for workloads that
involve sustained, long-running computations, such as
training large machine learning models or processing
massive datasets in parallel. Additionally, the potential
for starvation of longer tasks—while mitigated compared
to SJF—remains a concern in busy systems. These lim-
itations indicate that while SRTF showed low average
waiting times and low average turnaround times, it is
only best suited to specific Al use cases that prioritize
low latency and rapid response times. Nonetheless, SRTF
consistently demonstrated superior performance across
all of the scenarios, gaining its position as the most
efficient scheduling algorithm among the five. Its dy-
namic nature aligns well with the demands of managing
Al workloads requiring high adaptability and responsive-
ness, making it an indispensable choice for many modern
applications.

IV. CONCLUSION

With the rise of artificial intelligence (AI), there is
an increasing demand for complex applications across
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various fields. To ensure that this technology delivers
high performance while providing users with efficient
applications, different computational approaches must
be explored. This research focused on analyzing five
CPU scheduling algorithms—First-Come, First-Served
(FCES), Shortest Job First (SJF), Shortest Remaining
Time First (SRTF), Priority Scheduling, and Round
Robin—in the context of Al workload management.

By examining the advantages and disadvantages of
these algorithms and evaluating their performance met-
rics, particularly turnaround time and waiting time, the
study highlighted their suitability for varying workloads.
Using randomly generated arrival time and burst time
data, the algorithms were tested across five distinct
scenarios. The simulation results illustrated differences
in turnaround times and waiting times, providing insights
into how each scheduling algorithm manages varying
computational loads. The results revealed the strengths
and limitations inherent in each scheduling method.

FCFS, while simple and fair in processing tasks
sequentially, is hindered by inefficiencies such as the
“convoy effect,” particularly in environments with diverse
task burst times. This limitation reduces its effectiveness
for Al systems requiring high responsiveness and effi-
ciency. In contrast, SJF excels in minimizing waiting and
turnaround times by prioritizing shorter tasks. However,
its effectiveness depends on accurate burst-time predic-
tions, and its tendency to starve longer tasks makes it
less suitable for heterogeneous workloads.

SRTF, a dynamic and preemptive alternative, demon-
strated superior adaptability across the tested scenarios,
making it particularly effective for real-time and latency-
sensitive Al applications. Nevertheless, frequent context
switching may introduce overhead, which can reduce ef-
ficiency in workloads involving prolonged computations.
Priority Scheduling provides flexibility in prioritizing
critical tasks, making it suitable for time-sensitive Al
applications. However, it may lead to starvation of lower-
priority processes, especially in heavily loaded systems.

Round Robin, designed to ensure fairness in multi-
user environments, distributes CPU time evenly among
tasks. However, its performance is strongly influenced
by the size of the time quantum. Smaller quantum sizes
may result in excessive context switching, increasing
waiting times and reducing overall efficiency in resource-
intensive Al workloads.

Overall, the analysis indicates that no single schedul-
ing algorithm universally outperforms the others, as each
possesses specific strengths and limitations depending on
the nature of the workload. However, among the five
algorithms analyzed, SRTF consistently demonstrated su-
perior performance in dynamic environments that require
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adaptability and low latency. In contrast, algorithms such
as SJF or Priority Scheduling may be more appropriate
for predictable or structured Al tasks.

These findings highlight the importance of selecting
scheduling algorithms according to the specific require-
ments of Al workloads. Future work may explore hybrid
scheduling strategies or adaptive scheduling mechanisms
capable of dynamically balancing overhead, fairness, and
responsiveness to further optimize Al system perfor-
mance.
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Abstract—The migration from DevOps to DevSecOps
aims to address the growing needs for security in software
development, but the integration of security itself into
the workflow introduces new challenges that organizations
often struggle to overcome. This study aimed to explore
DevSecOps to gain a comprehensive understanding on
the impact of its implementation as a security-integrated
approach to software development. Through qualitative
research design and Systematic Literature Review (SLR),
existing studies related to the objectives were gathered and
analyzed. In hand with this, using Thematic Analysis, the
data was examined and patterns were extracted related
to common barriers to successful DevSecOps adoption,
its advantages, and strategies to mitigate the identified
challenges. The findings revealed twelve recurring barriers
across key aspects of software development, which are
centered around people, processes, and technology. On the
other hand, eight advantages were outlined, highlighting the
ability of DevSecOps to reduce vulnerabilities and risks and
improve the robustness of the system. Finally, five general
strategies were found, emphasizing the role of automation in
every strategy to improve security integration. These results
highlight that the implementation of DevSecOps brings both
advantages and disadvantages that must be considered.
Therefore, its impact is dependent on how organizations
adopt, implement, and utilize strategies to ensure a seamless
and successful transition to DevSecOps.

Index Terms—Agile software development, software de-
velopment methods, software development process manage-
ment, systems security, security and privacy.

I. INTRODUCTION

Nowadays, modernization has pushed organizations to
adopt advanced technologies in order to stay compet-
itive and meet increasing demands for efficiency and
innovation. This shift has transformed how businesses
operate, with a growing reliance on digital tools and
automated processes to streamline workflows and deliver
products and services effectively. As software becomes
an essential component of business operations, orga-
nizations must adopt development methodologies that
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enable them to build, deploy, and maintain systems effi-
ciently. One such solution is Agile methodologies, which
promote a flexible and iterative approach to software
development, allowing faster software releases [1]. While
Agile methodologies enhance development speed and
adaptability, they fail to fully address the challenges of
managing development and operations [2].

This limitation led to the emergence of DevOps, a
critical software development technique that bridges the
gap between development (Dev) and operations (Ops)
teams to enhance collaboration, automate processes, and
accelerate software delivery. Research demonstrates that
DevOps adoption significantly improves productivity,
reduces time-to-market, and enables organizations to
respond rapidly to changing market needs [3]. For this
reason, DevOps has become a cornerstone of modern
agile software development [4]. However, a major draw-
back of DevOps is its tendency to prioritize speed over
security until the later stages of the development lifecy-
cle. Studies have identified misconfigurations, insecure
code, and exposure to cyber threats as common risks
in DevOps environments, often resulting from delayed
security integration [4].

To address this issue, DevSecOps was introduced as
a paradigm that integrates security practices into every
phase of the DevOps lifecycle [5]. By embedding secu-
rity into planning, development, testing, and deployment
processes, DevSecOps aims to overcome the security
limitations of DevOps while maintaining agility and ef-
ficiency. Nevertheless, integrating security practices into
DevOps introduces certain trade-offs that may signif-
icantly alter development workflows. Unlike DevOps,
which primarily emphasizes speed and delivery, DevSec-
Ops incorporates tasks such as security assessments and
compliance verification that may slow down development
if not implemented effectively. This shift in workflow
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may impact several key aspects of software development,
including OPC (organization, people, culture), process
capabilities, technology, and business strategy [6], [7].

Although DevSecOps provides a potential solution to
the limitations of DevOps, it also introduces complex-
ities that organizations may find difficult to manage.
Many organizations struggle to successfully implement
security practices while maintaining efficiency during
the transition [7], [8]. By identifying these complexities,
organizations can develop informed strategies that bal-
ance security with agility and ensure the development of
secure and robust software systems.

For these reasons, this research aims to conduct a
Systematic Literature Review (SLR) on DevSecOps to
obtain a comprehensive understanding of the impact of
implementing DevSecOps as a security-integrated ap-
proach to software development. Furthermore, the study
seeks to identify both the advantages and disadvantages
of DevSecOps in order to provide insights into more
effective implementation strategies.

Specifically, the study addresses the following research
questions:

1) What are the common barriers that prevent or-
ganizations from achieving successful DevSecOps
implementation?

2) What are the key advantages that DevSecOps offers
to organizations?

3) What strategies can be employed to address the
challenges of successfully implementing DevSec-
Ops?

II. METHODOLOGY

This study employed a qualitative research design
using a Systematic Literature Review (SLR) as the pri-
mary research method. This systematic approach allowed
for an extensive examination of existing literature to
obtain valuable insights on DevSecOps and develop a
comprehensive understanding of the topic in relation to
the research questions.

The primary databases used to identify relevant lit-
erature included ACM Digital Library, IEEE Xplore,
Springer, and ScienceDirect. These databases were se-
lected due to their extensive collections of studies related
to DevOps and DevSecOps.

To ensure the relevance and quality of the selected
studies, specific inclusion criteria were established. The
reviewed papers had to focus on DevSecOps or secu-
rity practices within DevOps environments. Additionally,
publications were limited to journal articles or confer-
ence proceedings published between 2019 and 2025. To
ensure credibility, studies from predatory journals were
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excluded, and only publications written in English and
available in full text were included in the review.

The main keywords used for the literature search
included “DevSecOps” and “Secure DevOps” across all
objectives. Additional keywords such as “challenges” OR
“barriers,” “advantages” OR “benefits,” and “strategies”
OR “solutions” were applied specifically to address the
first, second, and third research objectives respectively.

After applying the filtering process, a total of 68 stud-
ies were selected for analysis. The researchers followed
a structured process to organize and review the collected
data thoroughly. Using the Thematic Analysis Method,
the selected studies were systematically examined by
identifying and labeling relevant features aligned with
the research objectives. These features were then coded,
analyzed for potential thematic patterns, and grouped into
broader themes.

The application of thematic analysis provided a struc-
tured and systematic approach for examining the liter-
ature, enabling an in-depth exploration of the research
domain. This process allowed the study to effectively
evaluate the impact of integrating security into software
development practices and address the research ques-
tions.

ITI. FINDINGS AND DISCUSSIONS
A. Common Barriers to DevSecOps Implementation

To identify the common barriers that prevent orga-
nizations from successfully implementing DevSecOps,
the researchers conducted a literature search using the
keywords “DevSecOps,” “Secure DevOps,” “challenges,”
and “barriers” across several academic databases. The
initial search yielded 875 results. After screening the
studies for relevance to the research objective and apply-
ing the defined inclusion criteria, the number of selected
papers was reduced to 27.

To ensure the reliability of the findings, only themes
that appeared across multiple studies were considered.
This approach ensured that the identified challenges
represent widely recognized barriers in DevSecOps adop-
tion.

The recurring themes identified from the analyzed
studies are summarized in Table I.
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TABLE I
THEMES OF THE COMMON BARRIERS TO DEVSECOPS IMPLEMENTATION

Themes

Description

Citations

Balancing Speed and Se-
curity

The extensive security measures add up to additional time that causes delays
in deployment cycles.

(71 (9] [10] [11] [12] [13]

Resistance to Change

The migration to DevSecOps faces resistance because of the cultural shift
required, where security becomes a responsibility shared by development and
operations teams. Developers and operators who are accustomed to traditional
methods may become reluctant to adopt the changes.

[81[10] [14] [15] [16] [17]
[19] [20] [21] [22]

Knowledge and Skills Gap

Many engineers are outdated or lack the necessary expertise to integrate security
measures effectively into the development pipeline.

(7] [8] [10] [15] [16] [18]
[21] [22] [23] [24]

Security Tools

The complexity of security tools combined with insufficient training of the
team often results in tool selection and integration challenges.

[71 [10] [15] [16]

Complexity of Automa-
tion

The automation of security processes introduces an additional layer of com-
plexity to workflows, especially when integrating advanced technologies such
as AI/ML models that require specialized expertise.

[10] [21] [25]

Integration to Complex In-
frastructure

Integrating security into complex infrastructures may create technical integra-
tion challenges and increase financial costs that demotivate organizations.

[71115] [26]

Team Collaboration

Developers and security teams often have conflicting priorities along with un-

(71 [8] [14] [15] [17] [27]

clear communication, which can lead to instability in security implementations. 28] [29]
Unrestricted Excessive collaboration can sometimes increase security risks because more | [30] [31]
Collaborations people have access to sensitive information.

Compliance Issues

Ensuring security measures while adhering to compliance requirements and
regulations makes integration of security practices difficult, particularly when
policies are inconsistent or poorly defined.

[8] [15]

Resource Constraints

Migration to DevSecOps requires significant financial and human resources,
along with system modifications that may cause financial strain.

[71 [17] [22] [26]

More Complex Develop- | Multiple security measures introduced during development increase process | [13] [23]
ment Process complexity.
Lack of Planning Many organizations implement DevSecOps without a well-defined strategy | [32] [33]

and standardized methodology, which increases the risk of disruptions and

inefficiencies in development.

The findings reveal several themes that hinder success-
ful DevSecOps adoption. Resistance to Change emerges
as a primary barrier as integrating security into the
workflow requires a significant cultural shift that teams
accustomed to traditional methods tend to resist [8], [10],
[14], [17]. This problem is further reinforced by the steep
learning curve teams struggle to overcome, as found in
the theme Knowledge and Skills Gap. They are found to
lack expertise in security practices [15], secure coding
standards [8], or the operation of advanced security
tools [7]. This makes Balancing Security and Speed
a major challenge, especially when additional security
measures must be taken into account. As emphasized
by Desai and Nisha [2021], DevOps emphasizes agility
and delivery, but the integration of security into these
practices introduces delays. The excessive security scans
and additional automated processes to ensure security
compromise deployment speed [12], [13]. Along with
the integration of Sec into DevOps comes the Team
Collaboration issues, often resulting from conflicting
priorities of the security and DevOps teams [17], [29].
While the promotion of collaboration is indeed crucial
for team management, Unrestricted Collaboration may
rather expose sensitive information and increase security
risks when teams collaborate too closely [30], [31].
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Moreover, with an overwhelming number of options
and a lack of expertise to make informed choices, orga-
nizations often struggle with the selection and integration
of Security Tools. As addressed by several authors [7],
[15], [16], selecting and configuring the right tools can
get complex, especially for teams that lack training.
Similarly, the Complexity of Automation can become
technically challenging, especially in environments han-
dling large volumes of data [10]. For organizations oper-
ating in cloud-native or hybrid infrastructures, Integration
into Complex Infrastructure introduces both technical
and financial challenges. This contributes to Resource
Constraints, which are particularly evident for smaller
organizations with limited budgets and personnel [11],
[17].

Organizations also face Compliance Issues, as consid-
ering the adherence to security standards and regulatory
requirements, while in the process of a cultural shift,
can restrict the integration of security [15]. Additionally,
the multiple security measures needed for the integration
increase the effort required for security validation, lead-
ing to a More Complex Development Process [13], [23].
Finally, many implementations fail due to Lack of Plan-
ning, where pipelines that are built rapidly without proper
engineering can lead to disruptions and inefficiencies that
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may happen during the development process [32], [33].
These findings reveal that the barriers to the successful
transition to DevSecOps are not isolated but are deeply
intertwined, which affects one another if not resolved.
Ultimately, these persistent barriers identified suggest
that while DevSecOps provides a strong framework for
security integration, it requires organizations to consider
strategic plans to overcome these barriers and ensure
success in implementation.

B. Advantages of adopting DevSecOps

The table below (Table 2) provides an overview of the
positive impacts associated with adopting DevSecOps.
To address the study’s second objective, which focuses
on evaluating these benefits, only 27 papers from 662
results were analyzed. These papers were identified us-
ing keywords such as “Secure DevOps,” “DevSecOps,”
“advantages,” and “benefits.” Table II outlines the key
themes derived from the reviewed literature, along with
their descriptions.

Despite the challenges associated with its adoption,
research indicates that the implementation of DevSecOps
also offers several advantages by integrating security
throughout the development process. One of the most
cited benefits is how it leads to More Robust Systems. By
embedding security early and into every stage of devel-
opment, organizations can detect vulnerabilities sooner
[18], [49], reduce risks [11], [22], and build stronger
infrastructures [24], [26]. Not only does it reduce the
risks of breaches, but it also introduces automated self-
healing mechanisms [24] that address any detected issues
without manual intervention. The reduction of delays as
a result of automation leads to Operational Efficiency.
As noted by Qasim and Bilal [2024], the automation of
security practices minimizes any repetitive tasks, which
results in faster detection of security issues, reduced
rework, and improved productivity [12], [41]. Conse-
quently, DevSecOps supports Faster Software Delivery,
with the reduction of deployment delays reaching 40%
[12].

Another important advantage is Enhanced Collabora-
tion due to having a shared responsibility. The breaking
down of traditional silos enforces collaborative culture,
which speeds up feedback cycles and enhances deploy-
ment speed [36], [39], [48]. Moreover, by detecting
issues earlier, DevSecOps helps in Cost Efficiency. Since
issues are detected sooner, fixing them during develop-
ment is considerably more cost-effective than resolving
them after. The automation also helps in continuously
fixing security problems during the development process
[43]. Beyond technical efficiency, the agile method also
supports Compliance Efficiency due to security controls
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in the pipeline that help accelerate adherence to regu-
latory requirements [18], [22], [49]. Automating com-
pliance checks and embedding them directly into the de-
velopment pipeline not only simplifies how organizations
meet security regulations and industry standards but also
helps them avoid penalties, reduce risks, and maintain
trust with customers without slowing down development.
Subsequently, DevSecOps helps companies to strengthen
their Reputation Management by demonstrating security
commitment to stakeholders and creating an edge over
competitors through faster and more secure releases. As
noted by Mao et al. [2020], a strong emphasis on security
earns organizations customer trust and satisfaction, which
is an essential element in a competitive market. Com-
bining evidence from these studies, it can be said that
adopting DevSecOps transforms traditional development
by aligning speed, security, resources, collaboration, and
compliance, which all provide value for both technical
and business improvement.

C. Strategies for Implementing DevSecOps

In identifying the strategies that can be employed to
address the challenges of implementing DevSecOps, the
researchers conducted a literature search using the key-
words “DevSecOps,” “Secure DevOps,” “strategies,” and
“solutions” to look for relevant literature. From the initial
set of 789 results retrieved from academic databases,
55 research papers were relevant and were subsequently
analyzed in relation to the third objective. The recurring
themes under the strategies are summarized in Table III.
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TABLE 11
THEMES OF THE ADVANTAGES OF ADOPTING DEVSECOPS

Themes

Description

Citations

More Robust Systems

Embedding security practices throughout the development cycle enables orga-
nizations to detect vulnerabilities earlier and mitigate risks effectively.

[11] [18] [22] [24] [26]
[34] [35] [40] [42] [43]
[44] [46] [48] [50]

Reputation Management

This protects organizational credibility by preventing breaches and adherence to
regulatory standards, which not only avoids financial penalties but also builds
the trust of stakeholders.

[10] [17] [21] [36]

Operational Efficiency

The adoption optimizes workflow through automation, which eliminates manual
bottlenecks, reduces human error, and allows faster delivery cycles.

[12] [16] [38] [41] [42]
[45]

Faster Software Delivery

Integrating security checks creates a balance between speed and security,
ensuring rapid releases without compromising safety.

[12] [16] [22] [43]

Enhanced Collaboration

Through shared tools, cross-training, and cultural alignment, different teams
foster a unified approach to security.

[36] [39] [48] [50]

Cost Efficiency

Expenses are reduced through proactive security measures and automation.

[18] [37] [41] [43] [47]
[50]

Compliance Efficiency

Adhering to regulatory requirements is simplified by automation and real-time
monitoring.

[18] [22] [49]

Competitive Advantage

This enables companies and organizations to deliver secure, high-quality
software faster than traditional approaches, which drives customer trust and
market differentiation.

(171 [21]

TABLE III
THEMES OF THE STRATEGIES FOR IMPLEMENTING DEVSECOPS

Themes

Description

Citations

Automation and Integra-
tion

Automation and integration enable early vulnerability detection, consistent
security measure implementation, and streamlined processes. These include the
integration of proper automation into pipelines to ensure continuous security
testing and seamless workflows.

(51 [18] [19] [20] [22] [25]
[30] [32] [34] [35] [37]
[38] [46] [S51] [53] [56]
[57] [60]

Governance and Compli-
ance

This theme focuses on strategies that emphasize compliance and rules as
essential for aligning security practices with industry standards while reducing
manual effort.

[91 [31] [34] [39]

Collaboration and Com-
munication

Collaboration and Communication points to breaking down silos between
development, operations, and security teams critical for effective DevSecOps
adoption.

[14] [27] 1297 [31] [33]
[42] [45] [48] [50] [53]
[59] [62]

Tool Selection and Opti-
mization

This refers to selecting the right tools that are vital for streamlining security
processes while maintaining agility. Strategies focus on leveraging open-source
tools, ensuring compatibility with existing workflows, and adopting advanced
technologies like AI/ML for real-time threat detection.

[5] [7] [19] [20] [21] [24]
[26] [28] [43] [44] [47]
[52] [56] [57] [58] [59]
[60] [67]

Risk Management

This refers to integrating threat modeling and continuous risk assessment
from the start (shift-left approach) and throughout the development lifecycle.
Strategies include automating these processes to identify vulnerabilities early
and adapting to evolving threats effectively.

[21] [30] [40] [47] [49]
[51] [54] [55] [60] [69]
[71]

To overcome challenges in the integration of secu-
rity within DevSecOps, organizations can adopt several
strategic solutions. As one of the most cited strategies
in literature, the findings reveal that Automation and
Integration is central to DevSecOps as it ensures se-
curity measures across the development process. The
integration of real-time scanning tools and services helps
maintain security beyond deployment, helping organiza-
tions shift from reactive to more proactive approaches.
As emphasized across numerous studies [18, 20, 38,
66], automation not only enhances efficiency but also
reduces human error, lowers financial costs, and speeds
up regulatory compliance, which ultimately makes it
an essential aspect of a successful implementation of
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DevSecOps. Under this theme are practices such as
Security as Code (SaC) [37] and Infrastructure as Code
(IaC) [63] that treat security configurations and infras-
tructure as programmable objects, making them easier
to audit and maintain. Moreover, with the integration
of automation within the pipelines comes continuous
Governance and Compliance. The role of Al can be
seen in the automation of compliance checks to verify
adherence to standards while maintaining speed. Desai
and Nisha [2021] emphasize codifying security policies
to ensure that the environment is regulated and that
suitable security controls are in place. These compliance
standards should be regularly updated to align with the
latest security frameworks. Collaboration and Commu-
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nication among the teams are another critical strategy
to the successful execution of DevSecOps practices. Li
and Zalialetdzinau [2022] point out that in DevSecOps,
security is no longer isolated to a single department
but is now embedded across all teams. Essentially, a
successful collaboration entails behavioral change [14],
cross-training [54], and constant communication between
teams [62]. Training programs and appointing “Secu-
rity Champions” or security specialists are also highly
suggested to embed security practices in the team [45,
54]. A crucial addition is the feedback loop, which
places channels for continuous feedback that improve
coordination and address security challenges at the same
time [33]. When teams are properly trained and col-
laborate well, they are better equipped for selecting the
appropriate tools. Under the theme of Tool Selection and
Optimization, studies recommend that the tools should
be automated [44, 47, 52], up-to-date [5], and suitable
to the infrastructure [7, 26] to be effectively utilized in
rapid development cycles. Using the proper tools should
be taken into consideration to streamline the processes
while maintaining agility. Many studies also highlight
the integration of Artificial Intelligence (AI) into tools
to make it more efficient, though it still has to overcome
ethical and adoption challenges as noted by Pakalapti
et al. [2023]. Fundamental to every other solution is
Risk Management, which involves integrating security
considerations throughout the development lifecycle. A
widely cited strategy under this theme is the shift-left
approach, where security is incorporated early in the
development [30, 49, 54]. Complementing this is contin-
uous risk assessment, which automatically and regularly
updates security measures to evolving threats [40, 55,
60]. Techniques like threat modeling further strengthen
risk management by identifying potential vulnerabilities
during the planning phase to ensure a robust foundation
[51, 54, 55, 69]. Given these points, Al is essentially a
core strategy in DevSecOps to enable efficient and more
secure processes. These findings highlight that the imple-
mentation of DevSecOps requires a holistic transforma-
tion as its benefits can only be realized when supported
by cultural, procedural, and governance changes.

IV. CONCLUSION

The study aimed to conduct a literature review to
gain a comprehensive understanding of the impact of
DevSecOps as a security-integrated paradigm to software
development. Based on the findings, it can be concluded
that the effect of the adoption is neither inherently
positive nor negative. Rather, its success largely depends
on how it is adopted and sustained within an orga-
nization. Its effectiveness is deeply influenced by the
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practices employed, as proper implementation strategies
are needed to leverage the positive effects of DevSecOps
on software development. This study was able to exam-
ine the common barriers, advantages, and strategies of
adopting DevSecOps, focusing on its ability to provide
security throughout the DevOps lifecycle while making
sure operations are still running efficiently. The findings
revealed twelve barriers that are deeply interconnected
rather than isolated. These related issues disrupt collabo-
ration, slow down deployment and delivery, and increase
the risk of insecure products. With barriers identified,
such as Team Collaboration, Resistance to Change, and
Security Tools, the results imply that DevSecOps is not
just simply a methodical process, but rather a more
complicated approach that entails holistic changes in
people, processes, and technology. Despite the multi-
faceted challenges, the study highlights eight advantages
organizations experience during the adoption. With a
more secure posture, the integration of early and contin-
uous security enables faster detection of vulnerabilities,
fewer issues to mitigate post-release, and overall, more
robust systems. These results demonstrate that when
integrated properly, it creates synergy between speed,
security, collaboration, and business value. For a more
effective implementation, the study identifies five general
themes for strategies that can be applied to overcome the
identified barriers. Results proved that the integration of
automation is highly suggested in enhancing processes
and reducing vulnerabilities. Moreover, cooperation and
collaboration between the teams were critical factors in
successfully adopting the methodology. When done right,
DevSecOps not only mitigates risks but also improves
compliance and lessens resource constraints. Ultimately,
the impact of DevSecOps lies not in the methodology
alone, but in how it is applied and how the organization
utilizes available strategies to enable secure and agile
development even in fast-paced environments.

V. RECOMMENDATION

The following suggestions from the methodological
and objective perspective can be considered to improve
the paper. From a methodological standpoint, expanding
the database searches beyond the resources used can
contribute to a more comprehensive literature review.
Moreover, using gray literature or industry white pa-
pers, code documentation, and other technical reports
can provide more insights into information overlooked
in academic writing. Additionally, real-world validation
by actual DevSecOps professionals through a mixed-
methods approach can enhance the depth of the study.
There should also be a focus on the long-term impact
of implementing DevSecOps to review its efficacy. The
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objectives standpoint can focus on the following top-
ics: sector specificity and emerging technologies. The
current study can be enhanced by focusing on specific
industries and tailoring the DevSecOps methodology for
each field. Furthermore, given the role of automation
in DevSecOps as found in the results, concentrating on
emerging technology, such as cloud-native architectures,
quantum computing, and AI/ML in DevSecOps practices,
can be valuable for future topics. To better facilitate the
implementation of the DevSecOps methodology and to
open opportunities for future research, the previously
discussed recommendations are provided.
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Abstract—As the cybersecurity landscape evolves, the
development of advanced and efficient malware detection
systems has become increasingly crucial. This research
addresses the persistent challenge of identifying malware
and safeguarding digital assets against cyber threats. Tra-
ditional detection methods often struggle to adapt to the
dynamic nature of malicious activities [1], highlighting the
need for innovative approaches that enhance detection ac-
curacy while considering current cybersecurity challenges.

This study focuses specifically on detecting malware
through network traffic analysis. We propose a machine-
learning-based framework for malware detection, empha-
sizing the effectiveness of two prominent algorithms: Ran-
dom Forest (RF) and Support Vector Machine (SVM).

Our comparative performance analysis reveals that the
model utilizing the Random Forest algorithm exhibits
superior results. Notably, both classifiers achieve a True
Positive Rate (TPR) exceeding 97 %, while maintaining a
False Positive Rate (FPR) of less than 4%. This indicates a
robust capability in accurately identifying malware without
generating excessive false alarms.

The model developed in this research has significant
potential to assist organizations and cybersecurity profes-
sionals in anticipating and mitigating malware threats. By
integrating this model into daily network operations, it
can facilitate proactive decision-making and enhance the
overall security posture of organizations. Additionally, our
findings contribute to the broader field of cybersecurity by
offering insights into effective machine-learning strategies
for malware detection.

Index Terms—Machine learning, Malware Detection, In-
trusion Detection, Malware Analysis, Random Forest, SVM

I. INTRODUCTION

In today’s digital age, many electronic devices face
significant risks from malware. The term “malware”
refers to malicious software specifically designed to
damage or disrupt a target system. Malware can infiltrate
networks, infect computers and other smart devices, steal
sensitive data, damage vital infrastructure, and more [2].

These programmes include malware such as ran-
somware, rootkits, worms, spyware, bots, and viruses.
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According to [3], IT services claims that in only one
year, one billion emails were exposed, impacting one in
five internet users, and resulting in data breaches that
cost organisations, on average, $4.35 million in 2022.
The first half of 2022, there were about 236.1 million
ransomware assaults worldwide.

In 2021, the accounts of one in two internet users in
America were compromised and we can also give the
example of the National Social Security Fund (CNSS),
on April 8, 2025 in Morocco, which was the victim of
a major cyberattack that resulted in the leak of sensi-
tive data. This attack targeted the CNSS’s information
systems, resulting in a data leak concerning millions of
citizens.

Malware attacks are becoming more complicated over
time, despite improvements in detection, proper family
class classification, and continual evolution, malware
continues to be a serious threat to the internet [4]. Mal-
ware has also increased the risk of sophisticated attacks,
such as multi-stage attacks [5]-[8] and Distributed Denial
of Service (DDoS) attacks [9], [10], which have been a
serious threat in recent years.
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To reduce the risk of cyberattacks, Intrusion Detection
Systems (IDSs) are employed to monitor network traffic.
The capability to detect viruses on a computer enables
the development of malware prevention solutions, often
incorporating unique signatures to identify infections.
Malware can manifest in various forms, such as ran-
somware designed to extort money and spyware intended
for surveillance.

Despite the advancement of several Machine Learning
(ML) techniques for detecting anomalies in network
traffic, human expertise remains crucial in creating many
tools and methods. Specifically, handcrafted features play
a vital role in traditional ML-based malware analysis
methods. These features reflect what cybersecurity pro-
fessionals consider the most important characteristics of
malware. However, the feature engineering process can
be labor-intensive, and the features created are often
specific to particular tasks and subject to individual
judgment.

Traditional ML methods have proven effective for mal-
ware detection, but they heavily rely on the knowledge
and experience of security professionals to define the
features characterizing malware. Research has shown
a need for representations of malware that are less
dependent on human expertise, addressing a significant
yet unresolved challenge in the field.

This paper proposes a machine-learning-based ap-
proach for malware detection, with particular attention
to the Random Forest (RF), Support Vector Machine
(SVM).

The remainder of this paper is organised as follows.
Section 2 presents the related to malware detection,
section 3 describes the proposed methodology, section
4 shows the evaluation results, Section 5 presents a
performance analysis of the utilised ML algorithms and
Section 6 concludes the paper.

II. RELATED WORK

With the rapid evolution of technology, malware
threats and cybersecurity challenges are becoming in-
creasingly difficult to counter. Malware, commonly re-
ferred to as a computer virus, is malicious software
designed to infiltrate systems, damage files, and compro-
mise user data. Some forms of malware, such as Trojans,
disguise themselves as legitimate applications in order to
gain unauthorized access and potentially take full control
of a victim’s computer [11].

The continuous emergence of malware variants and
vulnerabilities in cloud environments raises the critical
question of how assets can be effectively protected. To
address this, various malware recognition techniques,
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particularly those leveraging machine learning, have been
explored as promising solutions [12].

Machine learning offers significant advantages for
classification tasks such as malware detection. By learn-
ing behavioral patterns and malicious activities, machine
learning models can help mitigate the damage caused
by malware. However, as highlighted in [13], detecting
sophisticated and unpredictable malware remains chal-
lenging. Therefore, models must be trained and tested
on diverse datasets containing a wide range of malware
in order to improve detection accuracy, especially in
high-risk scenarios involving destructive attacks. This
demonstrates the need for rigorous and comprehensive
evaluation.

Beyond malware detection, machine learning also pro-
vides useful applications in other domains, with several
studies showcasing its versatility.

A. Different Categories of Malware

Different categories of malware are commonly dis-
cussed in the literature. For example, viruses are pieces
of code that replicate until they corrupt files or system
structures [14]. Worms spread automatically across net-
works to infect multiple machines. Trojans, disguised as
harmless programs, trick users into downloading them
before revealing their malicious intent.

Runtime malware may steal or encrypt data, often
demanding ransom for recovery. Such attacks can be
especially harmful to organizations managing sensitive
customer information, as they can lead to data breaches,
financial loss, and reputational damage.
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Fig. 2. Proposed ML malware detection method

Because malware is constantly evolving, rule-based
and signaturebased detection methods are often insuf-
ficient. Signature-based detection identifies threats using
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byte patterns stored in a database. While accurate for
known threats, this approach fails against novel or poly-
morphic malware and requires frequent human updates.

Signature-less methods attempt to classify programs
based on predefined suspicious behaviors (e.g., unusual
assembly calls, unauthorized file permission changes, or
abnormal file modifications). A threshold is then applied
to determine whether the activity should be flagged
as malicious. However, these approaches also require
careful tuning and large datasets for effective training.

Anomaly detection techniques, capable of identifying
new or unknown threats, offer another line of defense but
suffer from high false-positive rates. Malware analysis
is generally divided into two categories: static analysis,
which inspects code without execution (allowing style
recognition and code flow profiling), and dynamic anal-
ysis, which observes behavior during execution. Both
approaches are widely used in research and industry.

Recent studies confirm that malware continues to grow
in scale and sophistication, exploiting vulnerabilities in
modern operating systems and even in browsers with
built-in VPN services. These weaknesses are often lever-
aged by attackers, sometimes targeting inexperienced
users, to launch severe cyberattacks that compromise
system and network security.

III. PROPOSED METHODOLOGY

The proposed approach consists of several key stages:

A. Stage 1 — Environment Setup

The first step involves setting up the development
environment.

B. Stage 2 — Log Generation with Anomalies

Synthetic log data containing both normal and anoma-
lous events is generated. A custom Python script
(logs_generator.py) is used to create a structured
dataset, stored in CSV format, which serves as the
foundation for the training and evaluation phases.

C. Stage 3 — Data Preprocessing

The generated logs are preprocessed to ensure quality
and usability. This includes cleaning, normalization, fea-
ture extraction, and transformation into numerical vectors
suitable for machine learning models.

D. Stage 4 — Model Training

Two supervised machine learning algorithms are
employed: Random Forest (RF) and Support Vector
Machine (SVM). Random Forest, an ensemble-based
method, is chosen for its robustness and ability to handle
high-dimensional data, while SVM is selected for its
effectiveness in classifying anomalies in complex feature
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spaces. Both models are trained to distinguish between
normal and abnormal log patterns.

E. Stage 5 — API Development

To enable real-time usability, an API is created to serve
the trained models. This API allows external systems to
send logs and receive classification results (normal or
anomalous).

F. Stage 6 — Log Simulation

A simulation process is implemented to mimic the
continuous flow of logs. The logs are sent through the
API to test the model’s ability to process and classify
data streams in near real time.

G. Stage 7 — Deployment and Monitoring

Finally, the solution is deployed in a test environment
with monitoring mechanisms in place to track model
performance and adapt to changes in data patterns.

H. Evaluation Metrics

The performance of the models is assessed using
standard metrics, including accuracy, precision, recall,
and Fl-score, to measure the detection quality of both
algorithms.

IV. SYSTEM DESIGN AND WORKFLOW
A. Environment Setup

The development environment was prepared using
Python and its scientific ecosystem. Key libraries such as
NumPy and Pandas were used for data manipulation and
numerical analysis, while Redis was integrated as an in-
memory database for caching and session management.
Celery handled asynchronous and background tasks, and
Uvicorn served as the lightweight server for deploy-
ing Python applications. Additionally, other essential
libraries, such as Matplotlib for data visualization and
Scikit-learn for machine learning, were also utilized.
This setup ensured scalability, efficiency, and smooth
execution throughout the project.

B. Logs Generation

To create a realistic dataset for training and testing the
anomaly detection models, a Python script was developed
to generate synthetic logs containing both normal and
anomalous events. Using the Faker library, the script pro-
duces random IP addresses, HTTP methods, status codes,
API endpoints, and response times within a defined time
range.

The process involves three main steps:

o Timestamp creation: Generating ordered times-
tamps across a specified period.
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o Anomaly interval definition: Introducing intervals
of abnormal behavior, such as client errors, server
errors, and timeouts, by randomly selecting IP ad-
dresses and error types.

Dataset assembly: Writing all generated events into
a structured CSV file, including normal traffic and

e Grouped logs by user_ip to calculate statistics
such as error_count, unique_error_types,
avg_response_time, and max_response_time.

o Created a categorical feature re-
sponse_time_category (fast, normal, slow) based
on response time.

injected anomalies.

This automated generation ensures a diverse and con-
trolled dataset that closely mimics real-world conditions,

making it suitable for model training and evaluation.

Fig. 3. Logs generations

TABLE I

DESCRIPTION OF DATASET FEATURES

Column Description

method The HTTP request method used (e.g. GET,
POST).

end_point The targeted resource or URL (e.g. /login,

/data).

response_time

The server’s response time in milliseconds.

hour_of_day The hour when the request was made (0—
23).

day_of_week The day of the week (0 = Monday, 6 =
Sunday).

month The month of the year (1-12).

is_weekend Indicates whether the request occurred on a
weekend (1 = yes, 0 = no).

index The original log entry index in the dataset.

error_count

Number of errors (4xx or 5xx) for the IP
address.

unique_error_types

Number of distinct error types encountered.

max_response_time

Average response time for the IP address.

C. Data Preprocessing

To prepare the log data for analysis and machine learn-
ing, a custom preprocessing pipeline was implemented.

The process includes several key steps:
1) a. Feature Parsing and Transformation:

o Converted status_code to string format and extracted
temporal features from the timestamp (hour, day of

week, month).

¢ Added a binary indicator is_weekend to distinguish

weekend traffic.
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Added an is_potential_anomalous flag to mark po-
tential anomalies (e.g., high latency or error codes).

2) b. Feature Engineering for Machine Learning:

Selected numeric features (e.g., response times, er-
ror counts) to scale using StandardScaler.

Selected categorical features (e.g., method, end-
point, weekend flag) to encode using OneHotEn-
coder.

3) c. Preprocessing Pipeline:

Combined numeric and categorical transformations
using ColumnTransformer.

Ensured unknown categories during inference are
handled gracefully.

4) d. Dataset Splitting:

Implemented a function to split the dataset into
training and testing subsets according to a config-
urable ratio.

This modular design ensures the dataset is properly
cleaned, transformed, and ready for further anomaly
detection and machine learning tasks.

D. Model Training

To detect abnormal behaviors in application logs, we
implemented a machine learning-based anomaly detec-
tion module. Two unsupervised models were used:

1) Isolation Forest — an ensemble algorithm that iso-

lates anomalies by randomly partitioning the data.

2) One-Class SVM (Support Vector Machine) —

a boundary-based algorithm that identifies data
points that deviate significantly from the normal
profile.

The workflow is as follows:

Data preparation: The preprocessed and engi-
neered features obtained from the log dataset are
split into training and testing sets.

Model training: Both models are trained on
the training data using the IsolationForest and
OneClassSVM implementations from Scikit-learn.

Model persistence: Trained models are saved to
disk using joblib for later reuse without retraining.
Prediction and scoring: For any new dataset, the
system can predict whether each entry is normal or
anomalous and compute anomaly scores for deeper
analysis.
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o Evaluation: The distribution of anomaly scores
is visualized using histograms, and the ratio of
detected outliers is calculated for each model.
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Fig. 4. Model Training

E. Results Interpretation

1) Top Histogram: Isolation Forest:

o Description: The histogram for the Isolation Forest
algorithm is shown at the top.

o X-axis: Represents anomaly scores ranging from -
0.15 to 0.05.

o Y-axis: Indicates the frequency of occurrences for
each score.

o Interpretation: The majority of the data points are
clustered near the 0.05 score, suggesting that the
Isolation Forest algorithm has identified most of the
data as normal. Scores close to zero indicate typical
behavior, while lower scores may indicate detected
anomalies.

2) Bottom Histogram: One-Class SVM:

o Description: The histogram for the One-Class SVM
algorithm is displayed at the bottom.

o X-axis: Represents anomaly scores, with a wider
range of values.

o Y-axis: Indicates the frequency of occurrences for
each score.

o Interpretation: The One-Class SVM shows a dif-
ferent distribution of anomaly scores. The scores
appear to be more spread out, indicating a wider
variation in detected anomalies. This suggests that
the One-Class SVM may have identified more out-
liers compared to the Isolation Forest, with some
scores reflecting significant deviations from normal
behavior.
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F. API Development

In the API creation phase, I installed FastAPI and
developed the main.py file to establish a robust frame-
work for log anomaly detection. The FastAPI application
is designed to handle various HTTP requests, providing
endpoints for adding log entries, checking model sta-
tuses, and retrieving prediction results.

Utilizing Pydantic, I defined a LogEntry model to
ensure data validation when logs are submitted. Redis
was integrated as an in-memory database for efficient
caching and session management, while Celery was
employed to manage asynchronous tasks, enabling batch
processing of log data.

Key functionalities include the ability to trigger
anomaly detection when the log buffer exceeds a spec-
ified threshold, retrieve prediction results by their IDs,
and monitor the status of processing tasks.

set to 1824

https://redis.io

;51:23.728 * Server initialized

Fig. 5. Instalation of redis

Logs anomaly detection AP|®® <@

default

Fig. 6. API Development

G. Log Simulation

A simulation process has been implemented to mimic
the continuous flow of logs. The log simulator code reads
entries from a CSV file containing log data and sends
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each log to the previously designed API. This approach
tests the model’s ability to process and classify data
streams in near real time.

Using the LogSimulator class, batches of logs are
sent to the API, allowing for the evaluation of the
anomaly detection system’s effectiveness in a dynamic
environment.

H. Deployment and Monitoring

Finally, the solution was deployed in a test envi-
ronment with monitoring mechanisms in place to track
model performance and adapt to changes in data patterns.
The application generated status logs, indicating that
the log processing and prediction tasks are functioning
correctly.

Continuous monitoring ensures that the model remains
effective and can be adjusted based on new trends
detected in the data.

Fig. 7. Test environment

V. CONCLUSION

In conclusion, the development of a machine learning-
based Intrusion Detection System (IDS) for malware
detection represents a significant advancement in the on-
going battle against cyber threats. By leveraging powerful
algorithms such as Random Forest and Support Vector
Machine, this research not only enhances detection accu-
racy but also addresses the dynamic and evolving nature
of malware.

The findings demonstrate that robust detection capa-
bilities can be achieved, with high True Positive Rates
and low False Positive Rates, ultimately enabling orga-
nizations to proactively safeguard their digital assets. As
cyber threats continue to grow in complexity, integrating
such intelligent detection systems into daily operations
becomes imperative.

Future research should focus on refining these models
and exploring innovative techniques that reduce reliance
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on human expertise in feature engineering, paving the
way for more autonomous and adaptive cybersecurity so-
lutions. This approach not only strengthens the resilience
of networks but also contributes to the broader landscape
of cybersecurity, fostering a more secure digital environ-
ment for all users.
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Abstract—Financing decision-making is one of the main
challenges facing organizations in a complex and multi-
alternative economic environment. In this context, this
research ought to improve funding decisions by employing
the linear programming model, in particular the transport
model, supported by the simulation of linear weighting,
in the distribution of financing resources within OCP to
four strategic projects. The research aims to provide a
quantitative model that supports decision-making in the
absence of accurate data on demand, with a focus on
achieving a balance Between the strategic priorities and
financial constraints associated with the various sources
of financing, represented in international bonds, strategic
partnerships and international loans. The methodology
relied on building a mathematical model that represents
the funding relationships between projects and sources,
and used linear weight simulation to determine the relative
importance of each project, then the data was processed
and analyzed using Python programming tools. The results
showed that the proposed model contributed to providing
an effective and objective funding distribution that reflects
the relative importance of projects without exceeding the
imposed restrictions, and also allowed flexibility in testing
multiple scenarios and possible data updates. The added
value of this model is highlighted in its ability to support
decisions Finance in environments of uncertainty and a
multitude of alternatives, providing a quantitative tool
applicable at the level of strategic institutions. Thus, the
research concludes that the integration of linear program-
ming with linear weighting simulation constitutes a prac-
tical framework for improving the efficiency of resource
allocation and enhancing the quality of financial decision
in contemporary institutions. .

IJOA ©2026

Index Terms—linear programming, transfer problems,
linear weighting simulation of weight distribution, institu-
tional finance.

I. INTRODUCTION

In light of the increasing economic challenges and
complexities of the modern financial environment, im-
proving institutional financing decisions has become crit-
ical to ensure the sustainability of institutions and en-
hance their competitiveness. Mathematical models have
emerged as effective tools to achieve this goal, offering
an accurate quantitative framework for analyzing financ-
ing alternatives and optimizing the allocation of financial
resources. This study aims to explore how mathematical
programming models, especially linear programming and
transport models, can be used to improve financing deci-
sions for organizations, focusing on practical applications
in diverse contexts. OCP Group has launched the Green
Investment Program for 2023-2027, which is part of
its strategy to achieve carbon neutrality by 2040. This
ambitious program aims to invest approximately 136578
million MAD in sustainable projects, including the de-
velopment of renewable energies, water desalination, the
production of green hydrogen and green ammonia, and
the strengthening of industrial infrastructure associated
with fertilizer production. This program is an advanced
model for integrating environmental and economic objec-
tives, where Adopting accurate quantitative analysis tools
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is required to effectively channel funding towards chang-
ing and complex strategic priorities. This study seeks
to provide an advanced mathematical model based on
linear programming and transport models, supported by
linear weighting simulation, to improve the distribution
of funding among strategic projects based on relative
importance, and in accordance with available funding
constraints, ensuring the highest levels of efficiency and
transparency in resource management. The importance of
this study lies in its theoretical and practical contribution.
In theory, it offers a new framework for integrating math-
ematical models into financial decision-making, broad-
ening the scope of the existing literature. In practice,
the proposed model provides a viable tool for organi-
zations to improve the allocation of financial resources,
reduce costs, and increase efficiency. The problem of
this research is the challenges faced by institutions when
making decisions related to the distribution of financing
resources between multiple projects in light of funding
constraints and disparities in strategic priorities, with
the absence of accurate data on the size of the funding
demand for each project. This challenge is increasing in
large institutions that rely on different sources of funding,
which imposes the need for a quantitative model that
helps in scientific and flexible decision-making. Based on
this, the problem is that: How can the transport model,
supported by linear weighting simulations, be employed
to improve the efficiency of funding distribution in
a multi-project and resource-constrained environment?
This research seeks to achieve a set of theoretical and
applied objectives, most notably building a mathematical
model using linear programming “transport model” to
distribute funding in a systematic manner between mul-
tiple projects with the employment of linear weighting
simulation to estimate the relative weights of projects in
the absence of accurate data on demand and provide a
quantitative tool that supports financing decision-making
within institutions, as well as applying the model to the
case of the OCP process. To test its validity and interpret
its results while proposing practical recommendations
that contribute to improving the efficiency of the allo-
cation of financial resources. This study is divided into
several main sections: it begins with a theoretical frame-
work that identifies basic concepts such as institutional
finance and mathematical models in finance, followed by
a presentation of research gaps in the previous literature.
The proposed mathematical model and its application
methodology are then presented, followed by analysis
and discussion of the results. Finally, the study concludes
with recommendations for future research and a summary
of the most prominent methodology: The research is
based on a quantitative analytical approach, based on
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modeling the decision to allocate funding using linear
programming, in particular the transfer model, which
allows the distribution of resources between multiple
units under quantitative constraints. This model was
supported by linear weighting simulation that enables
the conversion of qualitative estimates (materiality) into
mathematical processable numerical weights. The model
was applied to real-world OCP data, and Python and
Excel Solver tools were used.To perform calculations,
simulations, and quantitative analysis of the results.

II. STUDY OF THE LITERATURE
A. Previous Research

A study entitled: “The use of linear programming
and goal programming models in the effectiveness of
choosing the optimal production mix is a comparative
study on engineering industry companies in the public
and private sectors in Syria”, is one of the studies that
aims to apply the models of linear programming and goal
programming in the companies under study in order to
choose the optimal production mix, and then compare the
results of the application of the two models and the actual
reality in public and private companies in the field of
engineering industries, and conduct a sensitivity analysis
of the results of solving these two models to reach
alternatives and multiple options for the decision maker
that help them choose the optimal production mix. The
results can then be applied to companies that are similar
in nature of work to the companies under study. In this
study, (Al-Sheikh Hassan, 2024) relied on the descriptive
approach in the theoretical framework of the research.
As for the practical study, the researcher conducted a
survey study by designing a survey list and distributing
it to workers in the senior and middle management in
the engineering industry companies under study, and
then analyzing the answers using appropriate statistical
methods and programs. The researcher also relied on the
practical side by applying linear programming models
and goal programming in the companies under study
through building models, selecting them, analyzing their
results, and conducting sensitivity analysis of the results
of the models used. The study found that the use of
linear programming and goal programming models in
the companies under study helps to choose the optimal
production mix effectively.

In the same vein, a study by (Aarab, 2020) entitled:
“Improving the Performance of Economic Enterprises
Using Numerical Linear Programming: A Case Study of
the Metal Packing Corporation IMP Algeria”, aimed to
show the importance of applying the numerical linear
programming model on the metal packet institution, as
well as understanding the productive activity of the
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institution and the resources involved in the production
process. The study then built and analyzed the numerical
linear programming model of the institution. The study
relied on the descriptive approach when presenting the
theoretical side by collecting scientific material from
secondary sources, while the practical side was repre-
sented by applying the numerical linear programming
model in the metal packages institution and solving the
model using the LINDO program. The study found that
the proposed production program enabled the institution
to achieve profits that exceeded its actual earnings,
highlighting the importance of linear programming in
enhancing institutional performance and supporting ef-
fective decision-making, whether to maximize profits or
reduce costs.

In this context, a study titled “The Use of Linear Pro-
gramming Method in Planning the Optimal Production
of Al-Mamoun Factory for the Year 2017 — Iraq” by
(Faeq & Hassan, 2024) aimed to develop a scientifically
grounded production plan to minimize resource waste
and improve productivity. This approach allowed the uti-
lization of surplus resources to increase production levels
and meet the needs of citizens. The researchers adopted
a descriptive method for the theoretical framework and
used the IN CANE program to define the constraints
of the linear programming model and analyze the data.
The study concluded that linear programming resulted in
an optimal production plan that involved fewer products
than the actual plan but achieved a higher profit margin.
Moreover, the study found a surplus in the number of
workers at the Al-Mamoun factory.

On another level, the study by (Tayebnasab, Mohebali,
Farhad, & Hamid Reza Maleki, 2021) titled “Linear pro-
gramming model to reduce patient payments and increase
hospital income at the same time in Iran” explored the
application of a bi-level linear programming model in a
specialized hospital setting. The goal was to maximize
hospital income while simultaneously reducing financial
burdens on patients. The researchers used a descriptive
method for the theoretical part and applied a two-level
linear programming model in the practical phase. Sec-
ondary data was collected from the Specialized Hospital
in Iran in order to solve the model using statistical
methods for operations research. The application of the
linear programming model showed its effective role in
the performance of the hospital, as the results indicated
a decrease in the costs paid by the patient and an increase
in hospital revenues.

B. Theoretical Concepts

Building the conceptual framework is an essential step
in any scientific research because of its role in clarifying
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the basic concepts on which the analysis is based. In
this context, the most important concepts related to the
research topic will be presented and interpreted, with
reference to approved scientific references.

In this context, institutional finance is defined as a type
of financing provided by large financial institutions (such
as banks, investment funds, and insurance companies) to
productive or service institutions. This type of financing
aims to support economic growth by financing major
projects and providing the necessary liquidity for the
continuity of economic activity. Institutional finance is
a vital component of modern financial markets, con-
tributing to more efficient resource allocation and sup-
porting the stability of the financial system [15]. It also
constitutes the backbone of the global financial system,
with institutional financial institutions providing essential
services to corporations, governments, and other large
organizations. They also play a pivotal role in facilitating
economic growth, capital formation, and maintaining
financial stability [17].

On the other hand, financial decision-making is the
essence of the administrative process within the institu-
tion, as it is related to choosing the most appropriate
financing or investment alternatives in order to achieve
the strategic objectives of the organization. These deci-
sions include project financing, resource allocation, profit
distribution, and cost and risk management. Financial
decision-making is based on quantitative and qualitative
bases that include financial analysis, predictive models,
and risk assessment [6]. In this regard, finance is about
decision-making, which requires weighing costs and ben-
efits. When the benefits are bigger than the costs, the
decision is a good one; when smaller, it is a bad one
[13].

Moreover, mathematical models in finance refer to
formulas and equations that are used to represent and
analyze financial phenomena with the aim of under-
standing the behavior of markets and making decisions
based on quantitative data. There are many of these
models, including statistical models, linear programming,
Markov series, probabilistic models, and simulation mod-
els. These tools provide the possibility of evaluating alter-
natives and predicting the outcome of decisions, thereby
improving the quality of financial decision-making [26].

In the same vein, risk analysis is the process of identi-
fying and assessing risks that may affect the outcome of a
financial decision. These risks include market risk, credit
risk, liquidity risk, and operational risk. Risk analysis
improves the organization’s resilience and ability to adapt
to unexpected fluctuations through the use of tools such
as Value at Risk (VaR) models and scenario simulation
models [16].
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Finally, optimization is a branch of applied mathemat-
ics used to find the best possible solutions under a set of
constraints. In finance, optimization techniques are used
to determine the optimal combination of funding sources
or to maximize return with the least risk. Linear and
nonlinear programming are among the most widely used
optimization techniques in this field [10].

C. Identifying Research Gaps in Previous Studies

A review of previous studies that have been relied
upon shows that they have made significant contribu-
tions to employing mathematical programming models
to improve institutional performance, especially in the
productive and operational aspects. However, a critical
analysis of these studies reveals a set of scientific and
methodological gaps that justify the need for a new study
in this area.

With regard to limiting itself to the productive field
without financial consideration, previous studies, such as
the studies of Fidaa Sheikh Hassan, Aarab, Yassin Faeq
and Marwa Hassan, have focused on the application of
linear programming and goal programming to improve
production performance or to choose the optimal produc-
tion mix. The study of Tayebnasab et al. examined a two-
tier model with the aim of improving hospital income
and reducing costs for patients. Despite the importance
of these efforts, these studies did not address strategic
financial decisions as an area of application of these
models. In particular, there was no attempt to improve
financing structures, financial resource planning, or the
trade-off between sources of financing and investment.

Accordingly, a clear gap emerges in the absence of a
link between optimization models and financial decision-
making within organizations, leaving a scientific gap in
the literature. In terms of the limited types of models
used, although these studies succeeded in applying tools
such as linear or numerical programming or even simple
binary models, they nevertheless remained within the
traditional framework of mathematical programming.

Thus, these studies could not exploit the broad poten-
tial of advanced models such as multi-objective program-
ming, which reflects the reality of organizations where
multiple goals coexist (profit, risk, liquidity). Similarly,
dynamic programming, which addresses time-varying
decisions, and probabilistic programming, which takes
into account uncertainty in the financial environment,
were not explored. Hence, an additional gap emerges:
the limited methodological diversity and the continued
reliance on classical approaches despite the increasing
complexity of financial environments.

With regard to the absence of overlap with the con-
cepts of quantitative finance, previous studies do not

IJOA ©2026

indicate any real use of quantitative financial concepts
and instruments, despite their increasing importance in
supporting financial decision-making. Examples include
risk management using optimization techniques, asset
allocation models, variance analysis, options pricing, and
composite financial instruments.

Accordingly, previous studies have remained isolated
from recent literature on quantitative finance despite the
direct relationship between these two fields. Thus, a
third gap can be identified: the weak integration between
mathematical programming and quantitative financial ap-
proaches, which reduces the effectiveness of the proposed
models in real-world applications.

D. Justification of the Contribution of the Present Study

In light of the previous gaps, the current study makes
a distinct scientific and academic contribution through
several aspects. While the efforts of previous studies fo-
cused mainly on solving operational problems, this study
aims to employ optimization models in developing fi-
nancial decision-making within institutions. Specifically,
the study proposes a model that helps in selecting the
best financing structure, distributing financial resources
efficiently, and comparing investment alternatives based
on quantitative indicators.

Thus, optimization models are transformed from
production-only tools into instruments that support strate-
gic financial planning. On the other hand, the study
aims to employ advanced mathematical models by go-
ing beyond traditional approaches and integrating linear
programming into the proposed framework in order to
better simulate complex financial realities.

This methodological shift contributes to providing a
more flexible and realistic model, enabling decision-
makers to evaluate financial alternatives more accu-
rately within a rigorous mathematical framework. Con-
sequently, the proposed approach enhances the applied
value of the study and increases its usability within
institutional decision-making environments.

I1I. METHODOLOGY
A. Description of the Methods Used

1) Linear Programming: Linear Programming is a
mathematical tool used to solve optimization problems,
and it has been widespread since the development of
the simplex algorithm in 1947, which made it applied in
various fields such as banking, education, transportation,
forestry, and petroleum (Wayne L. Winston & Jeffrey
B. Goldberg, 2004). Linear programming is primarily
concerned with optimizing a linear objective function
while respecting linear constraints including equality or
inequality imposed on decision variables. It forms a basic
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foundation for many optimization techniques and is used
in practice in areas such as production and transportation
planning (Michel Goemans, 2015).

In addition, linear programming is defined as a math-
ematical method of allocating scarce resources in order
to achieve a specific goal, which can be expressed in
linear constraints. Thus, it contributes to making optimal
decisions related to the allocation of human and material
resources to achieve the maximum return or the lowest
cost within a set of constraints (Students, 2016).

minz=» Y Cy;X; (IIL1)
i=1j=1
Xij >0 (I11.2)

In this research, the Transportation Model was applied
as one of the applications of linear programming to
represent the relationship between available sources of
financing (such as loans, bonds, and partnerships) and
the needs of the four targeted projects. This model aims
to distribute funding in a way that balances supply (from
sources) and demand (from projects), while taking into
account the maximum limits of each funding source.

We chose linear programming because the nature of
the problem (the problem of optimizing financing in
OCP) is suitable for linear modeling. This approach pro-
vides a strict quantitative model for distributing funding
from multiple sources to different projects in order to
reduce costs while respecting the financial constraints of
each source. In addition, this model is characterized by
scalability and flexibility, allowing the addition of new
sources of funding or the modification of variables and
constraints.

2) Linear Weighting Simulations for Weight Distribu-
tion: Simulation is a set of processes that imitate real-
world systems or processes over a given period, whether
these systems are physical or computational. Simulation
involves studying the system and observing the impact
related to the operational characteristics of the system
in the real world (Faez Hassan, 2020). To achieve this,
assumptions must be made about how these systems
operate. These assumptions usually lead to mathematical
and logical equations that together form the system
model (Al-Qutli, 2018).

When it becomes difficult to solve problems using
analytical or numerical methods, simulation represents an
important alternative approach. In many situations, it may
be the only viable method for solving complex problems.
Simulation methods rely on resampling techniques and
the generation of random numbers and variables with
specific characteristics (Bari, 2002).
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3) Weight Function: The weight function is a math-
ematical tool used when performing operations such as
addition, integration, or averaging in order to give certain
elements greater importance or influence than others
within the same set. The application of a weight function
produces either a weighted sum or a weighted average.

Weighting functions are widely used in statistics and
data analysis and are closely related to the concept of
measurement. They can be applied in both discrete and
continuous environments and are used in constructing
mathematical frameworks known as “weighted calculus”
(Jane, Michael, & Robert, 1980).

In this study, the Linear Weighting Method was
adopted within a deterministic simulation framework in
order to distribute financial resources among several
projects in a quantitative and systematic manner. This
method relies on assigning relative weights to each
project, reflecting its priority or strategic importance
within the framework of the approved investment plan.

Algorithm 1 Funding Distribution Algorithm Using Lin-
ear Weighting Simulation

Import required libraries: numpy, pandas, mat-
plotlib, seaborn, Arabic_reshaper, bidi.algorithm De-
fine Arabic reshaping function: reshape_ar(text)
= get_display(Arabic_reshaper.reshape(text)) Define
list of projects and reshape project names using
reshape_ar Define dictionary of funding sources
with corresponding total amounts Reshape funding
source names using reshape_ar Define weight vector
weights such that > weights = 1 Define func-
tion distribute_exact(total, weights) to: Compute
raw allocation: raw = weights x total Apply
floor: base = |raw| Compute remainder =
total — Y (base) Identify indices with largest
fractional parts  Increment top remainder indices
in base  Return final integer allocation each fund-
ing source s in sources Compute allocation using
distribute_exact(amountg, weights) Store result as a
pandas Series indexed by project names Combine
all allocations into a pandas DataFrame Reshape
DataFrame column names and index labels using
reshape_ar Print allocation table and display sum
totals for each funding source Plot stacked bar chart
of the allocations using matplotlib Apply reshaped
Arabic labels to title, axis labels, and legend Display
the final plot

B. Justification of the Methods Used

We have chosen the linear weighting method in this
study due to its simplicity, clarity, and effectiveness in
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dealing with decisions that require rational distribution
of resources among multiple alternatives. This method
is one of the applications of the SAW (Simple Additive
Weighting) technique, where the decision-maker assigns
an importance weight for each criterion. These weights
are later used as coefficients multiplied by the numerical
evaluations of each criterion, and the results are then
aggregated to obtain the total score for each alternative.
This process enables the construction of a clear and
effective quantitative model for decision support [?].

As for digital simulations, they were adopted because
they provide high flexibility in testing the distribution
of funding under different scenarios without the need
for accurate data on demand, which is consistent with
the nature of the problem that depends on estimates and
strategic directions rather than final quantitative data.
Simulation is also considered an implementation of the
model over time, bringing the model to life and showing
how a particular object or phenomenon will behave. It is
useful for testing, analysis, and training by representing
realistic systems or concepts through a model [?].

Moreover, the model used is able to generate accurate
and logical results while maintaining the sum of the
original funding without decimals, thanks to the adopted
algorithm that relies on approximation of values. This
enhances the applicability of the results in practice.
Overall, this choice combines quantitative accuracy with
applied flexibility and provides an appropriate tool to
support financing decision-making in strategic contexts.

1) Solver: Solver is an advanced analytical tool used
to make data-driven decisions by building mathematical
models based on techniques such as mathematical op-
timization, decision-making rules, Monte Carlo simula-
tion, risk analysis, data mining, and forecasting. This tool
is often integrated into the Excel environment through
a range of products such as Analytic Solver, enabling
analysts and managers to build complex decision models
without the need for prior programming expertise.

These models are used to analyze uncertainty and
allocate limited resources such as money, equipment,
and human resources, often resulting in improved per-
formance and significant financial savings. Solver has
become a leading academic choice in business schools
around the world, where it is taught in hundreds of
universities and used in dozens of specialized scientific
books [?].

We have chosen Excel Solver because it is easy to
use and includes a visual interface within Excel without
the need for programming. It helps in solving com-
plex problems that may include hundreds of variables
and constraints. In addition, it provides rapid analysis
capabilities, allowing users to modify parameters and
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immediately observe the impact on results. Therefore, it
is particularly suitable for research studies and scientific
reports.

Algorithm 2 Algorithm for Distributing Funding Sources
to Green Investment Program Projects (2023-2027)
1: Define Arabic project names and funding data for
each source
2: Reshape Arabic text for correct display using
Arabic_reshaper and python-bidi
3: Create a DataFrame df with projects as index and
funding sources as columns
4: for each text element in the DataFrame columns and
index do
5:  Apply Arabic reshaping and the bidi algorithm
6: end for
7: Generate a stacked bar chart from the DataFrame
using matplotlib
8: Add title, axis labels, legend, and grid to the chart
9: Display the chart using plt.show ()

2) Python: Python is a programming language that is
currently used very widely. It was created by Guido van
Rossum in the late 1980s. Python is a powerful language
whose code can be easily and simply read, which makes
it easier for programmers to quickly develop applications.
In addition, Python can be executed on some of the most
popular operating systems such as Windows and Mac OS
[22].

Python is also considered a highly readable and versa-
tile language, and its name is inspired by a British com-
edy group called Monty Python. Its syntax is straight-
forward and provides immediate error reports, making
it an excellent choice for beginners and newcomers to
programming [21].

Going back to its origin, Python is a high-level
programming language created by Guido van Rossum
in 1986 while working at the Centrum Wiskunde &
Informatica research center. Since then, the language
has continued to develop with the addition of many
features, becoming one of the most popular programming
languages ever [9].

Moreover, Python has been advancing at an excep-
tional rate compared to all other programming languages,
and it has been the most widely used language since
2017 until now. It is also ranked as the second easiest
language in the world after Ruby, while surpassing it
in terms of performance, popularity, number of libraries,
and technical support [2].

Finally, Python is a portable, dynamic, free, and ex-
tensible programming language. It allows (but does not
require) the use of modular and object-oriented program-
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ming (OOP) approaches. Python was developed in 1989
by Guido van Rossum along with a large number of
volunteers and contributors. It is a portable language, not
only across various Unix systems but also on operating
systems such as Mac, BeOS, NextStep, MS-DOS, and
different versions of Windows [19].

Python was selected for this research due to its flexi-
ble, precise, and open-source programming environment,
which allows the implementation of complex mathemati-
cal algorithms and the graphical representation of results,
even in Arabic. This supports financial decision-making
in the absence of accurate data. It is also scalable and
easily updatable, which aligns with the requirements of
the applied research on OCP.

C. Data Used

In this study, three sources of financing were relied
upon, represented by financing through bonds, loans, as
well as partnerships with companies, as shown in the
following tables.

The first table aims to provide a comprehensive

overview of the loans granted to OCP projects, specifying
the financing banks, loan amounts, and the targeted
projects. The table highlights the diversity of banking
funding sources and their contributions to various envi-
ronmental and industrial sectors.
Table 1 show that the largest loans were directed towards
water desalination and green hydrogen projects, while re-
newable energy and climate technology projects received
relatively lower funding. This reflects the company’s
preference for projects with direct strategic impact and
higher banking financing costs. The second table shows
the different bond issuances aimed at financing OCP
projects, with details on maturity dates, amounts, and
interest rates. This demonstrates the importance of bonds
as a financing tool to secure long-term resources

Table 2 indicates that the company relied on multi-
ple maturity issuances to distribute financial risks and
achieve a balance between interest obligations and the
total financing amount. The additional releases in Febru-
ary 2025 also reflect the company’s flexibility in meeting
changing financial needs. As for partnerships, two part-
nerships have been signed, the first with ENGER and
the second with IFC Bank, but so far, the value of the
partnerships has not been declared either for OCP or
other companies.
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IV. RESULTS AND DISCUSSION
A. Presentation of Results

Within the framework of this study, and after applying
the transportation model for the distribution of OCP
project financing, which has a total value of 136578
million MAD, the analysis focused on four main projects:
industrial infrastructure and fertilizers, water desalina-
tion, green hydrogen and ammonia, as well as renewable
energies and climate technology.

The financing structure is based on three main sources
of funding: loans, bonds, and partnerships. The obtained
results reveal the pattern of financial resource distribution
allocated to each project. This discussion aims to analyze
how these resources are distributed and to evaluate the ef-
ficiency of this allocation in meeting project demand and
directing funding according to project priorities. From
the table 3, it is evident that international partnerships
were allocated evenly across all projects, while loans
and bonds were directed to specific projects. This re-
flects different financing strategies for each source, with
partnerships representing a long-term strategic approach,
whereas loans and bonds tend to cover specific needs.

The fourth table shows the final distribution results
after using Excel Solver to optimize funding allocation,
achieving the minimum total cost while meeting all
project requirements.
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TABLE 1
LOANS PROVIDED FOR A COMPANY PROJECT OCP

Banks Loan Value (Million Dirhams) Target Project

IFC 1088.26 Renewable energies and climate technology
KFW 2162.4 Green hydrogen, ammonia and desalination
EBRD 2103.44 Desalination

AFDB 1511.4 Desalination

CACF 181.368 Desalination

CIF 201.52 Renewable energies and climate technology
Total 7249 M MAD

Source: Produced by the author using data from the institution

TABLE 11
BONDS ISSUED FOR A COMPANY PROJECT OCP

History Due

Publications 2 May 2034 2 May 2054
May 2024 release 12312.5M MAD at 7.5% interest ~ 7387.5M MAD at 6.75% interest rate
Additional release in February 2025 2537.25M MAD 746.25M MAD

Source: Produced by the author using data from the institution

Funding and project distribution by sources (in MAD)
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Fig. 1. Chart of Funding Allocation Using Linear Weighting Simulation for Weight Distribution (Python Output Produced by the Author)

TABLE III
DISTRIBUTED SPREADSHEET

Industrial Infrastructure & Fertilizers Desalination = Green Hydrogen and Ammonia

Energies and Climate Tech

Financing & Loans 0 5418 541 1290
International Bonds 9197 3449 4599 5748
International Partnerships 42534 15951 21267 26584
Total (Ask) 51731 24818 26407 33622

Source: Produced by the author using data from the institution

The table 4 indicates that bank loans were directed

entirely to the industrial infrastructure and fertilizers Mip 7 — 26584 x 33622 + 15951 x 24818 + 21267 x 26407

project, while bonds focused on other main projects. In-
ternational partnerships covered all four projects evenly,
reflecting efficient allocation of financial resources ac-
cording to project priorities and the goals of the Green 7 — 2976756 582
Investment Program for the period 2023-2027.
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+ 0 x 7249 4 9197 x 22993 + 42534 x 21489

av.1)

Iv.2)
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TABLE IV
DISTRIBUTION RESULTS AFTER USING THE EXCEL SOLVER PROGRAM

Industrial Infrastructure & Fertilizers Desalination = Green Hydrogen and Ammonia Energies and Climate Techn
Financing & Loans 7249 0 0 0
International Bonds 22993 0 0 0
International Partnerships 21489 24818 26407 33622
Total (Ask) 51731 24818 26407 33622

Source: Produced by the author using data from the institution

Funding Distribution by Project and Source (Stacked Bar)
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Fig. 2. Chart of Funding Sources Allocation to the Green Investment Program Projects (2023-2027) (Python Output Produced by the Author)

Through the results obtained from the above table, we
note that the total offer value is equal to the total value of
the demand which is 136578 million dirhams, which will
contribute to solving the table directly without adding an
imaginary column or row. Which is added with the aim
of balancing the total values of demand and supply as for
the distribution of funding sources, we note that interna-
tional companies were directed to the four projects with
similar values for a total of 106335.97 Million dirhams.
This shows that it is the lowest cost of the three sources.
International bonds were also directed to the same project
only at a value of 22,993 million dirthams, which means
that they were likely resorted to after exhausting the
maximum allocated amount of strategic partnerships.
While the international loans were fully directed to the
industrial infrastructure and fertilizer project, they only
used partial financing of the latter in the amount of 7249
million MAD, which indicates that it is relatively more
expensive and therefore will only be used when needed.
To cover the remaining demand and from here it appears
to us that it has Greater emphasis was placed on the
infrastructure project, which received funding from the
three sources worth 51,731 million MAD. This reflects
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its great importance in the Green Investment Program
for the period between 2023 and 2027 as for projects.
that received a value of 0 in some funding sources This
means that they have not received any funding from the
available funding sources due to the fact that if they
take funding from sources with a value of zero, it will
become a cost Funding is high. Hence, we note that
loan financing reflects the desire of the institution to use
high-cost and interest financing in projects that achieve
a quick return, of course, after directing it mainly to the
industrial infrastructure project. As for bond financing, it
represents a suitable medium term financing tool, which
makes it suitable for projects that require stable financing
without the need for rapid recovery as is the case with
loans. Finally, partnership financing reflects the strategic
dimension of these projects within the framework of
sustainable development and energy transition, which
also confirms the interest of international partners in
supporting projects with environmental dimensions and
positive effects on environmental resources. As for the
achieved result MIN Z =2976756582 , it represents the
lowest possible cost to achieve the financing targets
within the framework of improving the financing deci-
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sions of the Green Investment Program for the period
2023-2027.

B. Comparison of Results with Previous Studies

In light of the results of the current study, which
relied on a linear programming model supported by
linear weighting simulation, an optimal distribution of
financing resources was reached among four OCP strate-
gic projects, based on two main sources of financing:
international bonds and partnerships. The Solver tool
in Excel was used to solve the model, allowing great
flexibility in adjusting criteria and funding constraints
and simulating multiple scenarios. This approach made
it possible to account for the relative importance of each
project, especially in the absence of accurate demand
data. The results showed the efficiency of this approach
in improving resource allocation and balancing financing
constraints with strategic objectives, while remaining
reusable and adaptable to market changes.

Compared to previous studies, the methods and
methodologies used are diverse, but the common de-
nominator is the pursuit of improved resource allocation
and support for managerial and productive decisions. For
example, a study relied on linear programming models
and goal programming to choose the optimal production
mix in engineering industry companies in Syria and
focused on sensitivity analysis to offer alternatives to
decision makers. The study employed numerical linear
programming using the LINDO program [1], [4] to
present a model that achieves profits exceeding the actual
results observed in an Algerian institution, highlighting
the importance of mathematical models in improving
economic performance.

On the other hand, another study aimed to plan
optimal production in an Iraqi factory using the IN
CANE program [7], where the model demonstrated the
ability to allocate resources efficiently and reduce waste,
resulting in increased profitability. At the service level,
Tayebnasab et al. [23] proposed an advanced two-level
linear programming model to reduce patient payments
while simultaneously maximizing hospital income in
a complex healthcare environment requiring a balance
between social and financial objectives.

In terms of the methods used, our study is charac-
terized by the adoption of linear weighting simulation
as a decision-support mechanism. Unlike some previous
studies that relied on goal programming or binary mod-
els, this study focused on a unified linear programming
framework using the Solver tool to generate the optimal
solution based on estimated weights. This model is
simpler and more flexible, particularly in environments
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that lack accurate data or require easy-to-use decision-
support tools.

Therefore, the present study can be considered both
complementary and distinctive. It provides a simpli-
fied and effective model that combines widely available
analytical tools (Excel/Solver) with a linear weighting
approach, making it practically applicable within finan-
cial environments characterized by uncertainty and data
scarcity. The results also reinforce the applied value of
linear models in improving funding allocation, consistent
with previous studies that demonstrated the feasibility of
these models in different production and service contexts.

C. Discussion of Practical Implications and Limitations

The transportation model is an analytical tool that
enables the distribution of funds to be organized in
a deliberate manner, especially when multiple projects
and diverse funding sources are involved. By applying
this model to the situation of OCP, several practical
advantages can be derived, as well as a number of
challenges that may affect the accuracy and feasibility
of the results. In practice, this model provides an ef-
fective support tool that assists decision-makers within
the company, as it offers a quantitative framework based
on linear programming and transportation models. This
framework helps determine the optimal allocation of
funding between different projects, based on the available
financing sources and the needs of each project.

In addition to improving resource utilization, the
model helps reduce waste and maximize the use of avail-
able financial resources, particularly when there is dispar-
ity in financing capacities among different sources (such
as costly loans versus free or semi-free partnerships).
Moreover, the model is flexible and easily updatable,
as the data allocated to each project can be modified
when new information becomes available. The model
also provides an analytical perspective on the distribution
of financing according to its source (bonds, loans, and
partnerships), which contributes to understanding the
level of dependence on each financing instrument and
evaluating its potential risks or suitability. Furthermore,
the same model can be reused for future projects simply
by modifying the initial data, making it a long-term
planning tool for financial decision-making.

However, despite the practical advantages offered by
the model, several limitations must be considered. First,
the model does not incorporate a temporal dimension,
meaning that it does not provide funding distribution
across time phases (short, medium, or long term), while
some projects may require financing over multiple years.

Second, the model ignores detailed economic feasibil-
ity. It does not evaluate the financial return or economic
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viability of each project, relying instead on estimated
weights, which may affect its accuracy in complex fi-
nancing situations.

Third, the model ignores the interaction between fund-
ing sources, as each financing source was analyzed
independently without examining potential overlaps or
complementarities between them, such as covering spe-
cific costs through a mix of financing sources.

Fourth, the absence of sensitivity and risk analysis
is another limitation. The model does not test how
the funding allocation would change if the weights or
the total available budget were modified. Such analysis
is essential in real-world environments where financial
conditions and data can change rapidly.

V. CONCLUSION

This study found significant results that enhance the
effectiveness of using linear programming models and
linear weighting simulation techniques in improving
financing decisions within OCP. The financial trans-
portation model demonstrated the ability to distribute
resources optimally among four strategic projects, taking
into account different sources of financing, especially
international bonds and international partnerships. This
contributed to achieving the lowest possible cost of
financing within realistic financial constraints.

In the same vein, the use of simulation techniques,
such as the Linear Weighted Scoring Model, enabled the
integration of multiple criteria including the cost of fund-
ing and the degree of risk, resulting in more balanced and
objective financing decisions. The results showed that
diversifying funding sources provides greater financial
and strategic flexibility compared to relying on only one
source of funding.

Moreover, the study showed that the model is flexible
and adaptable to changing financial data, making it a
reusable tool in long-term investment planning. Overall,
the results confirm that quantitative models such as
linear programming and simulation represent practical
and effective tools that support decision-makers in ad-
dressing financing complexities and help identify optimal
alternatives according to the company’s priorities and
objectives.

However, it is necessary to note some limitations
that may affect the accuracy or comprehensiveness of
the results. The model does not take into account the
time dimension of funding distribution, ignores detailed
economic analysis of each project, and addresses fund-
ing sources independently without considering potential
overlap or complementarity between them. In addition,
no sensitivity analysis or testing of the impact of chang-
ing data such as budget or weights was conducted, which
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is necessary to ensure that the model adapts to changing
economic conditions.

Based on the above, this study provides a set of re-
search recommendations to improve financing decision-
making and enhance its effectiveness in applied business
environments. First, future research should study the
impact of global market fluctuations on optimal financing
models by exploring how interest rates and international
bond markets influence financing decisions in large in-
dustrial companies such as OCP. Second, a compari-
son between linear programming results and artificial
intelligence models could be conducted to analyze the
effectiveness of techniques such as neural networks or
genetic algorithms in improving funding decisions.

Third, the model could be expanded to include risk
analysis by integrating uncertainty through stochastic
programming or Monte Carlo simulation to evaluate
funding decisions in unstable environments. Fourth, the
development of multi-criteria decision-making (MCDM)
models such as AHP or the Linear Weighted Scoring
Model alongside linear programming could help incor-
porate environmental and social considerations. Fifth,
future work could include a comparative study between
different Moroccan companies to analyze the efficiency
of various financing sources. Sixth, long-term dynamic
analysis of financing decisions could be performed by
developing a dynamic programming model that examines
the impact of financing on a company’s financial per-
formance over several years. Finally, future studies may
explore the integration of Islamic finance instruments
such as Musharaka and Mudaraba into traditional math-
ematical models and assess their impact on profitability
and Shariah compliance.

In practical applications, the Linear Weighted Scoring
Model and its simulation techniques represent effective
quantitative tools that play a pivotal role in supporting
financial decision-making, especially in contexts requir-
ing the evaluation of multiple criteria. This methodology
is widely used in several practical applications, particu-
larly in investment budget planning, where it contributes
to the allocation of financial resources among projects
according to well-defined strategic priorities.

It also provides opportunities for investment portfolio
management by allocating assets based on criteria such
as expected return, risk, and liquidity, ensuring balanced
portfolios aligned with investors’ objectives. In the field
of banking and corporate finance, the model is valu-
able for analyzing financing alternatives and selecting
the most appropriate source, whether loans, bonds, or
partnerships, based on criteria such as financing cost,
repayment period, and risk level.

Furthermore, it is useful for assessing the relative

45



International Journal on Optimization and Applications

LJOA. Vol. 06, Issue No. 01, Year 2026, www.ijoa-journal.com

Copyright ©2026 by International Journal on Optimization and Applications

feasibility of investment projects, analyzing costs and
benefits, and directing resources toward high value-added
activities. The model also helps prioritize investment
spending under financial constraints and supports finan-
cial performance analysis using multiple indicators.

Finally, linear weighting simulation provides a frame-
work for testing multiple scenarios and evaluating the
flexibility of financing decisions under changing mar-
ket conditions. This enhances organizational adaptability
and supports long-term financial planning. Thanks to
these characteristics, the model represents a flexible and
comprehensive framework for making financial decisions
based on quantitative and objective analysis.
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Abstract—This paper examines the financial management
practices of small Moroccan investors by investigating the
extent to which their decisions are driven by economic
rationality or influenced by behavioral and contextual
constraints. The central research question is as follows:
to what extent do the financial choices of small Moroccan
investors reflect economic rationality, and to what extent are
they shaped by psychological biases and local specificities?

To address this issue, a mixed-methods approach com-
bining a structured questionnaire and qualitative insights
was conducted with a sample of 250 individual investors.
The findings reveal that, although decision-making exhibits
elements of rationality, it is significantly influenced by
behavioral biases such as loss aversion, overconfidence,
social herding, and limited portfolio diversification.

Furthermore, the Moroccan context—characterized by
restricted access to reliable financial information, low levels
of financial literacy, and the strong influence of social and
familial networks—intensifies these hybrid decision-making
patterns. The study also highlights a marked preference for
tangible assets, particularly real estate and gold.

These results emphasize the relevance of behavioral
finance in explaining the actual practices of small investors
and underline the necessity of enhancing financial educa-
tion and improving access to reliable information. Finally,
this research opens avenues for future studies aimed at
expanding the sample, incorporating real market data, and
assessing the impact of financial education programs on
investment rationality and diversification.

Index Terms—Small investors, Morocco, Economic ratio-
nality, Behavioral finance, Psychological biases, Financial
practices

I. INTRODUCTION

In recent years, the Moroccan financial landscape
has witnessed the emergence of a growing number of
small investors, primarily originating from middle- and
lower-income groups. These actors engage in various
forms of investment, ranging from traditional savings to
stock market participation, real estate investments, and
even entrepreneurial initiatives. Their role is becoming
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increasingly significant, both in terms of their contribu-
tion to economic development and their involvement in
promoting financial inclusion.

Classical economic theory assumes that investors make
rational decisions aimed at maximizing returns while
minimizing risks. However, empirical observations sug-
gest that the financial choices of small investors often
deviate from this rational framework. Indeed, psycho-
logical factors such as loss aversion, overconfidence,
and herding behavior strongly influence their decision-
making processes. These effects are further amplified
by contextual constraints specific to the Moroccan en-
vironment, including limited access to reliable financial
information and low levels of financial literacy.

Accordingly, the central research question of this study
is as follows: to what extent are the financial practices of
small Moroccan investors driven by economic rationality,
and to what extent are they affected by behavioral and
contextual constraints?

This research aims to examine both the rational foun-
dations underlying investors’ financial decisions and the
behavioral factors that may limit such rationality. It
also seeks to identify the local specificities that shape
these practices. The study contributes to the theoretical
development of behavioral finance within the Moroccan
context while providing practical insights for financial
institutions and financial education programs.

To better understand the financial behavior of small
Moroccan investors, it is essential to position this study
within the broader body of existing knowledge. Clas-
sical finance literature emphasizes economic rational-
ity as a fundamental principle, assuming that investors
make optimal decisions based on their objectives and
risk preferences. However, behavioral finance research
has demonstrated that real-world decisions are often
influenced by cognitive biases, emotions, and contextual

47



International Journal on Optimization and Applications
LJOA. Vol. 06, Issue No. 01, Year 2026, www.ijoa-journal.com i70A
Copyright ©2026 by International Journal on Optimization and Applications

constraints.

Accordingly, this paper is structured into three main
sections. The first section presents the literature review
and conceptual framework, focusing on economic ratio-
nality, behavioral constraints, and the specific character-
istics of small Moroccan investors. The second section
describes the research methodology, including data col-
lection and analysis techniques. Finally, the third section
presents the results and discussion, analyzing observed
financial practices and comparing them with existing
theoretical frameworks.

II. LITERATURE REVIEW AND CONCEPTUAL
FRAMEWORK

To understand the financial practices of small Moroc-
can investors, it is essential to situate this study within
the existing theoretical framework. Classical finance lit-
erature emphasizes economic rationality, considering that
financial decisions are primarily driven by the pursuit of
optimal returns and risk minimization. However, a grow-
ing body of research in behavioral finance has demon-
strated that actual investor behavior often deviates from
this theoretical model. These deviations are explained
by cognitive biases, emotional influences, and contextual
constraints that shape decision-making processes.

This section provides a synthesis of the relevant theo-
retical and empirical contributions. It first examines the
principle of economic rationality and its limitations, then
explores the main behavioral biases likely to affect small
investors. Finally, it highlights the specific characteristics
of the Moroccan context, particularly in terms of financial
literacy, investment preferences, and social influences, in
order to better contextualize the observed practices.

A. Economic Rationality in Financial Management

Classical economic theory is based on the assumption
that investors are rational agents who systematically seek
to maximize their utility while minimizing their exposure
to risk. This perspective relies on the expected utility
theory and assumes that individuals have access to com-
plete information, are capable of processing it without
bias, and consistently choose the optimal alternative. This
representation, embodied in the concept of the homo
economicus, constitutes the foundation of traditional
financial models and portfolio theories developed by
Markowitz [?] as well as the Efficient Market Hypothesis
proposed by Fama [?].

Within this framework, financial decisions are inter-
preted as rational trade-offs, where investors compare
expected returns with anticipated risks in order to allo-
cate their resources efficiently. This approach is central
to neoclassical finance and underlies standard financial
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models such as the Capital Asset Pricing Model (CAPM)
and modern portfolio theory.

However, such pure rationality is rarely observed in
practice, particularly among small investors. These indi-
viduals often lack the technical resources and access to
comprehensive information required to objectively eval-
uate their investment choices. Moreover, their decisions
are influenced by time constraints, limited financial re-
sources, and contextual factors. In the Moroccan context,
for instance, unequal access to financial information, the
complexity of financial products, and the prevalence of
informal investment practices further hinder the strict
application of economic rationality. As a result, a sig-
nificant gap exists between theoretical models and the
actual behavior of small investors.

B. Behavioral and Psychological Constraints

Behavioral finance has emerged as a fundamental
research field precisely to explain the gap between
theoretical rationality and observed investor behavior,
particularly since the seminal work of Kahneman and
Tversky [?]. It highlights the influence of cognitive
biases, emotions, and social environments on financial
decision-making. Unlike traditional finance, which as-
sumes optimal and fully rational choices, behavioral
finance acknowledges that individuals rely on heuris-
tics—mental shortcuts that facilitate decision-making but
often lead to systematic errors.

Among the most extensively studied behavioral biases,
loss aversion occupies a central position. Investors tend
to exhibit a stronger preference for avoiding losses than
for achieving equivalent gains. This tendency often leads
them to retain underperforming assets rather than liqui-
dating them promptly, in the hope of a future recovery.
In the Moroccan context, this bias is further reinforced
by limited financial literacy and the cautious attitude of
small investors toward markets perceived as complex and
uncertain.

Overconfidence represents another prevalent bias.
Many investors overestimate their ability to predict mar-
ket movements or identify profitable opportunities. This
overestimation can result in excessive trading activity
or a lack of diversification, thereby increasing exposure
to risk. In Morocco, this phenomenon is particularly
observable among novice investors or those relying on
unverified information obtained from social networks or
informal sources.

The confirmation bias also plays a significant role
in shaping investment decisions. Individuals tend to
favor information that confirms their prior beliefs while
disregarding contradictory evidence. Such behavior can
limit portfolio diversification and increase vulnerability
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to misjudgments. In the Moroccan context, where access
to reliable financial information may be constrained, this
bias is amplified by dependence on non-professional or
biased information sources.

Finally, social herding—commonly referred to as herd
behavior—constitutes a major driver of financial de-
cisions. Investors often imitate the perceived actions
of others, especially in environments characterized by
low institutional trust and a strong reliance on social
networks for information. In Morocco, the influence of
family advice and social circles further strengthens this
tendency, potentially leading to collective and sometimes
irrational investment movements.

These psychological biases are not merely anomalies;
they actively shape financial market dynamics and help
explain phenomena such as excessive volatility, spec-
ulative bubbles, and collective panic. Therefore, their
analysis is essential for understanding the behavior of
small Moroccan investors.

III. EMPIRICAL RESEARCH APPROACH

To rigorously examine the financial behavior of small
Moroccan investors, it is necessary to formulate research
hypotheses that allow the confrontation of the theoretical
framework with the collected empirical data. These hy-
potheses reflect the expected relationships between socio-
demographic variables, financial knowledge, information
sources, and investment behaviors. Their statistical test-
ing constitutes a crucial step in assessing the respective
influence of economic rationality and behavioral con-
straints on the decisions under study.

A. Research Hypotheses

H1: Financial literacy positively influences the ra-
tionality of investment decisions.
HO: Financial literacy has no significant impact on the
rationality of investment decisions.
HI: Financial literacy has a positive and significant
impact on the rationality of investment decisions.

H2: Behavioral biases significantly affect the invest-
ment choices of small investors.
HO: Behavioral biases have no significant impact on
investment choices.
HI: Behavioral biases have a significant impact on
investment choices.

H3: Information sources influence perceived relia-
bility and shape financial behaviors.
HO: Information sources have no significant effect on
financial behaviors.
HI: Information sources have a significant effect on
financial behaviors.
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H4: Socio-demographic characteristics (age, in-
come, occupation) influence investment practices.
HO: Socio-demographic characteristics have no signifi-
cant effect on investment practices.

H1I: Socio-demographic characteristics have a significant
effect on investment practices.

B. Type of Research

This study adopts a mixed-methods approach combin-
ing quantitative and qualitative techniques in order to
provide a comprehensive and nuanced understanding of
the financial practices of small Moroccan investors. The
quantitative approach constitutes the core of the research,
as it enables the identification of general trends, the
measurement of behavioral frequencies, and the analysis
of statistical relationships between the variables under
study. It is based on the administration of a structured
questionnaire to a representative sample, facilitating the
quantification and comparison of results.

In addition, a qualitative dimension has been incorpo-
rated through open-ended questions and, in some cases,
exploratory interviews, in order to capture respondents’
perceptions, motivations, and subjective reasoning. This
dual methodological design aims not only to identify
measurable correlations but also to better understand the
complexity of financial behavior within its specific socio-
economic and cultural context in Morocco.

C. Population and Sample

The target population of this study consists of small
Moroccan investors, defined as individuals making per-
sonal investments of relatively modest amounts, gener-
ally below 50,000 Moroccan dirhams, in various financial
or non-financial assets. This threshold was selected to
distinguish this category from individuals with higher
financial capacity and institutional investors.

Participant selection was based on several criteria:
being at least 18 years old, having a minimum of six
months of investment experience, representing geograph-
ical diversity including major metropolitan areas (such as
Casablanca and Rabat) as well as medium-sized cities
(such as Meknes, Nador, and Agadir), and providing
informed consent to participate in the survey.

The final sample consists of 250 respondents, a size
considered sufficient to ensure representativeness and
to support robust statistical analyses, including factor
analysis and multiple regression, with an acceptable level
of confidence.

D. Data Collection Instrument

The primary data collection instrument used in this
study is a structured questionnaire, developed based on
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insights from behavioral finance literature as well as em-
pirical studies conducted in the Moroccan context. The
questionnaire was designed to comprehensively cover
the key dimensions related to financial practices and
behavioral biases among small investors. It consists of
five complementary sections.

The first section gathers general information about
respondents, including age, gender, education level, em-
ployment status, and income, in order to establish a
detailed socio-demographic profile. The second section
focuses on investment experience, collecting data on du-
ration, invested amounts, and preferred asset types. The
third section examines exposure to financial information,
including the sources consulted, the role of social media,
and perceptions of information reliability. The fourth
section addresses investment behaviors and decision-
making, analyzing saving habits, reactions to gains and
losses, and diversification strategies. Finally, the fifth
section evaluates the level of financial knowledge and
literacy by assessing the understanding of key concepts
and including self-assessment measures.

Additionally, several open-ended questions were in-
corporated to allow respondents to elaborate on the
motivations and reasoning underlying their investment
decisions, thereby enriching the quantitative analysis
with a more nuanced qualitative dimension.

E. Data Analysis Methods

The data analysis relies on a set of complementary
techniques aimed at providing a descriptive, explanatory,
and interpretative understanding of the financial behav-
iors under study. First, descriptive statistics (frequencies,
means, and standard deviations) were used to charac-
terize the socio-demographic profile of respondents and
their investment practices.

Second, an exploratory factor analysis (EFA) was con-
ducted to identify the underlying dimensions of financial
behaviors and psychological biases, allowing variables
to be grouped into coherent and interpretable factors.
Furthermore, correlation tests and multiple regression
analyses were employed to examine the relationships
between key variables, particularly socio-demographic
characteristics, financial literacy, and investment behav-
iors.

Finally, a qualitative content analysis was performed
on the open-ended responses, enabling the identification
of emerging themes specific to the Moroccan context and
enriching the interpretation of quantitative findings.

F. Reliability and Validity

To ensure the scientific rigor of the study, particular
attention was given to the reliability and validity of the
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measurement instruments. Initially, the questionnaire was
pre-tested on a pilot sample of twenty participants, which
made it possible to assess the clarity of the questions,
identify potential ambiguities, and implement necessary
adjustments to improve internal consistency.

The validity of the research design was further
strengthened by grounding the questionnaire in well-
established theoretical concepts from behavioral finance,
particularly the foundational work of Kahneman and
Tversky [?], while also incorporating recent empirical
studies conducted in the Moroccan context (Hmimnat,
2024; Massiki et al., 2023). This combined approach, in-
tegrating theoretical grounding and empirical validation,
enhances the relevance and robustness of the results.

IV. RESULTS AND DISCUSSION

This section presents the main findings of the study,
derived from the questionnaire administered to small
Moroccan investors. The objective is to highlight ob-
served financial behaviors, cognitive biases, and contex-
tual influences that shape investment decisions. The data
are first analyzed descriptively to establish the socio-
economic profile and investment practices of participants.
Subsequently, relationships between variables are exam-
ined using appropriate statistical tests in order to validate
the formulated hypotheses.

The discussion goes beyond a mere presentation of
results by situating the observed behaviors within the
frameworks of classical and behavioral finance theories,
while taking into account the cultural, economic, and
institutional specificities of the Moroccan context. The
analysis aims to explain the gap between expected eco-
nomic rationality and actual practices, and to identify the
psychological and social factors influencing the financial
decisions of small investors.

A. General Information (Questions 1-5)

The socio-demographic characteristics of participants
provide an essential framework for understanding their
investment practices. They help identify the most repre-
sented profiles in terms of age, gender, education level,
employment status, and monthly income.
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TABLE 1
SOCIO-DEMOGRAPHIC PROFILE OF RESPONDENTS

TABLE II
INVESTMENT EXPERIENCE AND PRACTICES

Variable Categories Frequency | Percentage Question Categories Frequency | Percentage
(n=250) (%) (n=250) (%)
5*Age Under 25 years old 40 16% 4*Investment < 1 year 40 16%
25-34 years old 90 36% Duration
35-44 years old 60 24% 1-3 years 138 55%
45-54 years old 40 16% 3-5 years 50 20%
55 years and above 20 8% > 5 years 22 9%
2%Gender Male 138 55% 3*Average Amount | < 10,000 DH 120 48%
Female 112 45% Invested
4*Education Level Primary or below 20 8% 10,001-30,000 DH %0 36%
Secondary 65 26% 30,001-50,000 DH 40 16%
University (Bache- | 145 38% 5*Preferred Asset | Real Estate 105 42%
lor/Master) Types*
Doctorate 20 3% Gold / Precious Metals | 88 35%
4*Monthly Income | < 3,000 DH 50 20% Savings Products 75 30%
3,001-6,000 DH 110 4% Stocks / Bonds 35 14%
6,001-10,000 DH 70 28% Ent{epreneurship 28 11%
> 10,000 DH 20 8% = : Projects __
Source: SPSS Software i:r;g:/lz;tir;em Rarely (1-2 times/year) |95 38%
Occasionally (3-5|110 44%
times/year)
The sample is relatively young, with a majority (60%) E;ge‘i';;relg’r) & 6145 18%

of respondents aged between 25 and 44 years, and
slightly male-dominated (55%). The population is pre-
dominantly composed of university graduates (58%),
which may facilitate the understanding of basic financial
concepts.

In terms of income distribution, respondents are
mainly concentrated in the middle-income category, with
44% earning between 3,001 and 6,000 DH, confirming
that the study effectively targets small-scale investors.
Furthermore, the diversity in professional status allows
for capturing a wide range of investment behaviors,
from risk-averse salaried individuals to more proactive
entrepreneurial profiles.

B. B. Investment Experience and Practices (Questions
6-9)

The investment experience and behavior of participants
are crucial for understanding their financial habits and
their exposure to risk. This section examines the duration
of investment activity, the average amount invested, the
preferred asset classes, and the frequency of investment
decisions.

The majority of small investors (55%) report having
between one and three years of investment experience,
indicating relatively recent but progressively increasing
participation in financial markets. The amounts invested
remain modest, with nearly half of the respondents (48%)
allocating less than 10,000 DH, which further confirms
their classification as small-scale investors.

O*Multiple responses were allowed; therefore, percentages may
exceed 100%.
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Source: SPSS Software

Regarding asset preferences, investment choices are
predominantly oriented toward tangible assets. Real es-
tate (42%) and gold (35%) emerge as the most favored
options, whereas more abstract financial instruments,
such as stocks and bonds, remain marginal (14%). This
pattern highlights a strong degree of risk aversion and a
clear preference for security and capital preservation.

In terms of investment frequency, 44% of respondents
make investment decisions occasionally (three to five
times per year), reflecting an active yet cautious engage-
ment. Such behavior suggests that investment decisions
are often driven by perceived market opportunities rather
than continuous strategic planning.

C. C. Access to and Exposure to Financial Information
(Questions 10-11)

Access to financial information and the perceived
reliability of its sources play a critical role in shaping
the investment decisions of small investors. This section
examines the primary information channels used by
respondents, as well as the level of trust they place in
these sources.

The results indicate that social media constitutes the
primary source of financial information for 55% of
respondents, followed by advice from friends and fam-
ily (48%). Traditional media remains a relevant source
(38%), while professional channels, such as financial

O%Multiple responses were allowed; therefore, percentages may
exceed 100%.
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TABLE III
ACCESS TO AND PERCEPTION OF FINANCIAL INFORMATION

Question Categories Frequency | Percentage
(n=250) (%)
5*Main Information | Traditional media (TV, | 95 38%
Sources press, radio)
Social media 138 55%
Friends / family advice | 120 48%
Financial  advisors /| 65 26%
banks
Specialized websites /| 50 20%
platforms
4*Perceived Reliabil- | Very reliable 40 16%
ity
Fairly reliable 110 44%
Slightly reliable 75 30%
Not reliable at all 25 10%

Source: SPSS Software

advisors and specialized platforms, are less frequently
consulted.

This distribution highlights a strong reliance on infor-
mal and easily accessible information channels, which
may expose investors to cognitive biases and information
asymmetry. The limited use of professional sources sug-
gests potential gaps in financial literacy or accessibility
to expert advice.

Regarding perceived reliability, the majority of respon-
dents consider financial information to be either fairly
reliable (44%) or only slightly reliable (30%), while
a smaller proportion expresses high confidence (16%).
This indicates a moderate level of trust in available
information, reflecting a certain degree of skepticism or
uncertainty among small investors.

Overall, these findings suggest that investment deci-
sions are shaped by a combination of informal influence
and partial trust in information sources, which may
contribute to suboptimal decision-making and reinforce
behavioral biases such as herding and overconfidence.
Regarding the perception of reliability, only 16% of
respondents consider their information sources to be
“very reliable,” while 44% rate them as “fairly reliable.”
This indicates that although small investors actively seek
financial information, a substantial proportion remains
uncertain about its quality and credibility.
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Such uncertainty may significantly influence the ra-
tionality of their investment decisions and increase their
susceptibility to behavioral biases. In particular, reliance
on partially trusted information sources can amplify
cognitive distortions such as overconfidence, herding
behavior, and heuristic-driven decision-making.

D. D. Financial Behavior and Psychological Attitudes
(Questions 12—15)

The financial behavior of small investors reflects the
significant influence of psychological biases and emo-
tional factors on their decision-making processes. This
section analyzes investors’ reactions to losses, their level
of portfolio diversification, the key factors driving their
investment choices, and their self-perception regarding
the rationality of their decisions.
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TABLE IV
FINANCIAL BEHAVIORS AND PSYCHOLOGICAL ATTITUDES

Question Categories Frequency | Percentage
(n=250) (%)

3*Reaction to Finan- | Hold assets expecting re- | 170 68%
cial Loss covery

Sell quickly 60 24%

Seek advice before act- | 20 8%

ing
4*Portfolio Diversifi- | Yes, always 55 22%
cation

Sometimes 95 38%

Rarely 65 26%

Never 35 14%
4*Decision Influenc- | Personal analysis 120 48%
ing Factors

Behavior of other in-| 110 44%

vestors

Advice from experts or | 80 32%

relatives

Intuition or emotions 95 38%
4*Perception of Deci- | Very rational 40 16%
sions

Rather rational 125 50%

Rather emotional 70 28%

Very emotional 15 6%

Source: SPSS Software
TABLE V
FINANCIAL KNOWLEDGE AND EDUCATION

Question Categories Frequency | Percentage

(n=250) (%)
2*Participation in fi- | Yes 80 32%
nancial training / in-
vestment management

No 170 68%
2*Knowledge of | Yes 95 38%
risk  diversification
concept

No 155 62%

Source: SPSS Software

The observed behaviors in response to financial losses
indicate a strong degree of risk aversion, as 68% of
respondents prefer to hold their assets in anticipation of
a potential recovery rather than selling immediately. This
tendency reflects the influence of loss aversion, a central
concept in behavioral finance.

Portfolio diversification appears to be only partially
implemented. While 22% of respondents consistently
diversify their investments, a majority (38%) do so only
occasionally, suggesting a moderate and inconsistent
approach to risk management.

Investment decisions are influenced by multiple fac-
tors. Although personal analysis remains the primary
driver for 48% of respondents, peer influence and in-
tuition also play a significant role, accounting for 44%
and 38%, respectively. This highlights the coexistence
of rational evaluation and behavioral influences in the
decision-making process.
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Regarding the perception of their own decisions, 50%
of respondents consider their choices to be ‘“rather ra-
tional.” However, nearly one-third (34%) perceive them
as either “rather” or “very emotional,” illustrating the
ongoing interaction between bounded rationality and
psychological constraints.

E. E. Financial Knowledge and Education (Questions
16-17)

Financial knowledge and access to education are key
determinants of the rationality of investment decisions.
This section examines participation in financial training
programs and the level of understanding of key concepts,
such as risk diversification. The results indicate that the
majority of small investors have not received any formal
financial training (68%), which limits their ability to
objectively assess investment risks and opportunities.

Furthermore, only 38% of respondents are familiar
with the concept of risk diversification, a fundamental
technique for reducing exposure to potential losses. This
finding confirms that low financial literacy constitutes a
key factor explaining the presence of irrational decision-
making and the behavioral biases observed in previous
sections.

These findings suggest that targeted and accessible
financial education programs could enhance economic
rationality and improve investment management among
small investors in Morocco.

F. F. Hypothesis Testing

To test the first hypothesis, which postulates a rela-
tionship between education level and the rationality of
financial decisions, a Chi-square test was conducted. The
results (x2(9) = 19.83, p = 0.019) indicate a statistically
significant relationship at the 5% significance level. Thus,
higher levels of education are associated with a greater
likelihood of perceiving financial decisions as rational.
The null hypothesis is therefore rejected in favor of the
alternative hypothesis.

Regarding the second hypothesis, the analysis aimed
to examine whether loss aversion influences portfolio di-
versification. The Chi-square test results (y?(2) = 17.08,
p < 0.001) reveal a highly significant relationship.
Individuals who prefer to hold declining assets rather
than sell them exhibit a strong tendency toward limited
diversification. This finding leads to the rejection of the
null hypothesis and supports the conclusion that loss
aversion negatively affects diversification.

The third hypothesis focused on the role of social
media in the emergence of herding behavior. The Chi-
square test results (x?(1) = 16.71, p < 0.001) show a
highly significant association. Small investors who rely
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primarily on social media for information are more likely
to follow the behavior of other investors, confirming the
presence of herding effects. Therefore, the null hypoth-
esis is rejected in favor of the alternative hypothesis.

Finally, the fourth hypothesis examined whether
investment experience improves the rationality of
financial decisions. The Chi-square test results
(x%(3) = 16.82, p = 0.001) indicate a significant
relationship. Investors with greater experience tend to
perceive their decisions as more rational compared
to less experienced individuals. Once again, the null
hypothesis is rejected and the alternative hypothesis is
confirmed.

V. GENERAL SYNTHESIS AND DISCUSSION OF
RESULTS

The analysis of the questionnaire responses reveals
several important trends in the financial management
practices of small investors in Morocco. As shown
in :contentReference[oaicite:0]index=0, participants are
predominantly young, slightly male-dominated, and
largely university-educated, with moderate monthly in-
comes. This confirms that the sample consists mainly of
small-scale investors with limited financial resources.

Their investment experience is generally recent, and
the amounts invested remain modest, with nearly half of
the respondents allocating less than 10,000 DH. Invest-
ment preferences are primarily oriented toward tangible
assets, such as real estate and gold, while more abstract
financial instruments, including stocks and bonds, are
less commonly used. The frequency of investment de-
cisions remains moderate, reflecting a cautious approach
and a strong preference for security.

Access to financial information is mainly driven by
social media and advice from relatives, whereas pro-
fessional or specialized sources are less frequently con-
sulted. The perceived reliability of these sources is rel-
atively low, with only 16% of respondents considering
them highly reliable. This limited trust may reduce
the rationality of investment decisions and increase the
impact of behavioral biases.

These biases are clearly reflected in the observed
behaviors: loss aversion is dominant, portfolio diversi-
fication remains partial, and social influence or intuition
plays a significant role in decision-making. Furthermore,
the majority of investors have not received formal fi-
nancial training, and only a minority is familiar with
the concept of risk diversification. This lack of financial
literacy further increases their vulnerability to irrational
decision-making.
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Overall, the financial practices of small Moroccan
investors appear to be hybrid, combining bounded eco-
nomic rationality, behavioral constraints, and local con-
textual factors, such as the influence of social networks,
family culture, and traditional investment habits. These
findings highlight the importance of strengthening fi-
nancial education and providing appropriate guidance in
order to reduce cognitive and emotional biases, improve
diversification, and promote more rational investment
decisions.

Financial institutions can play a key role by offering
simple and educational financial products, while poli-
cymakers should encourage access to reliable informa-
tion sources and support the development of targeted
financial education programs. This study demonstrates
that understanding financial behavior requires combining
quantitative analysis with qualitative insights, in order to
fully capture the interaction between economic rational-
ity, psychological biases, and local context.

A. A. Comparison with Existing Literature

The results obtained largely confirm findings reported
in the international literature on small investors. Be-
havioral biases such as loss aversion, overconfidence,
and herding behavior are widely documented in the
seminal work of Kahneman and Tversky (1979), as well
as in recent studies focusing on individual investors in
emerging markets (Massiki et al., 2023; Hmimnat, 2024).

However, some observed behaviors in the Moroccan
context, particularly the strong preference for tangible
assets and the predominant influence of social networks
and family advice, reveal local specificities that are not
always present in Western contexts. These differences
highlight the importance of considering cultural and
contextual constraints when analyzing financial practices.

B. B. Theoretical Implications

The findings of this study provide valuable insights
for behavioral finance applied to small investors. They
demonstrate that economic rationality remains partial
and is strongly influenced by psychological, social, and
cultural factors.

The identification of hybrid behaviors, combining lim-
ited rational decision-making with cognitive biases, con-
firms the need to develop financial models that explicitly
incorporate behavioral dimensions. These results may
also contribute to adapting traditional portfolio theory
and risk assessment models to emerging market contexts,
where access to information is limited and financial
literacy is heterogeneous.
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C. C. Study Limitations

Several limitations should be acknowledged. First,
although the sample is relatively representative (n =
250), it mainly includes urban investors, which limits
the generalizability of the findings to rural populations
or less financially connected individuals.

Second, the use of a self-reported questionnaire may
introduce response bias, as participants may tend to
present their behavior as more rational or socially de-
sirable than it actually is.

Finally, this study focuses exclusively on the Moroccan
context, and the results cannot be directly generalized to
other countries or financial markets without caution.

D. D. Future Research Directions

This study opens several avenues for further research
aimed at deepening the understanding of financial prac-
tices among small investors. Future studies could extend
the analysis to rural populations, where financial behav-
iors may differ due to limited access to financial services
and information.

Additionally, comparative analyses based on socio-
demographic characteristics such as gender, age, and
education level could provide more nuanced insights into
investment behavior. The use of real market data would
also be valuable to validate and complement the self-
reported findings of this study.

Moreover, experimental research designs could be
employed to assess the impact of targeted financial
education programs on improving decision rationality
and reducing behavioral biases. Such approaches would
allow for a more causal interpretation of the relationship
between financial literacy and investment behavior.

VI. CONCLUSION

This study provides an in-depth analysis of the finan-
cial management practices of small investors in Morocco
by examining the interplay between economic rationality,
behavioral constraints, and contextual factors.

The findings reveal that, although investors aim to
optimize their investment decisions, their behavior is
significantly influenced by cognitive biases such as loss
aversion, overconfidence, and herding behavior. These
effects are further reinforced by limited access to reli-
able information, low levels of financial education, and
specific cultural characteristics of the Moroccan context,
particularly the strong influence of social networks and
close social circles.

The coexistence of partial rationality and emotional
decision-making highlights the complexity of financial
behavior within this group of investors.
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From a theoretical perspective, this study confirms the
relevance of behavioral finance in explaining the gap be-
tween traditional financial models and actual investment
practices. It also emphasizes the need to adapt financial
tools and models to local contexts, where information
asymmetry and heterogeneous financial literacy levels are
prevalent.

From a practical standpoint, the results suggest that
strengthening financial education is essential, particularly
with regard to portfolio diversification, risk assessment,
and financial planning. Improving access to reliable and
professional financial information is also crucial in order
to reduce dependence on informal sources such as social
media and personal networks.

Financial institutions have an important role to play
by designing simple, transparent, and secure financial
products that promote diversification and reduce risk
exposure. Furthermore, raising awareness of behavioral
biases and integrating psychological dimensions into
financial education programs could significantly enhance
decision rationality and improve the management of
gains and losses.

Finally, this research highlights the importance of pro-
moting informed and sustainable financial inclusion. Fu-
ture studies may build on this work by incorporating rural
populations, exploring socio-demographic variations, and
combining survey-based data with real market data. The
ultimate objective is to contribute to a more stable,
inclusive, and efficient financial system in Morocco.
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APPENDIX A 7. Average Amount Invested:
RESEARCH QUESTIONNAIRE e [ Less than 10,000 DH

Study Title: Financial Management Practices of « [0 10,001-30,000 DH
Small Moroccan Investors: Between Economic Rational- « [130,001-50,000 DH

ity and Behavioral Constraints 8. Preferred Investment Types (multiple answers
Note: This questionnaire is strictly confidential and possible):
intended exclusively for scientific research purposes. « [ Bank savings products

e [J Real estate

A. L General Information )
¢ [J Gold or precious metals

L. Age: o [ Stocks or bonds
« U Under 25 years old « [ Entrepreneurship / personal projects
o [J25-34 years old « U Other (please specify):

o [135-44 years old
e [J45-54 years old

o [J 55 years and above .
2. Gender: « 0 Rarely (1-2 times/year)
- ender: e [ Occasionally (3-5 times/year)

o [ Male o [ Regularly (more than 6 times/year)
o [J Female

9. Investment Decision Frequency:

3. Education Level: C. III. Access to and Exposure to Financial Information

[ Primary or below 10. Main Sources of Information:

o [ Secondary o [ Traditional media (TV, press, radio)
o [ University (Bachelor/Master) « [ Social media

o [J Doctorate o [ Advice from friends/family

4. Employment Status: o U Financial advisors / banks

« O Employee o [J Specialized websites / platforms

« O Self-employed / Trader « O Other (please specify):
o [J Entrepreneur

o [ Student 11. Perceived Reliability of These Sources:

o [ Retired o [ Very reliable

o [J Unemployed o [ Fairly reliable

5. Average Monthly Income: « U Slightly reliable

« O Less than 3,000 DH o 0 Not reliable at all

« [13,001-6,000 DH D. 1V. Financial Behavior and Psychological Attitudes

« [J6,001-10,000 DH

12. In case of financial loss, you tend to:
o [J More than 10,000 DH

o [ Hold the asset expecting recovery
B. II. Investment Experience and Practices o [ Sell quickly to limit losses

6. Investment Experience: o [ Wait and seek advice before acting

o O Less than 1 year 13. Level of Portfolio Diversification:

e [ 1-3 years o [ Yes, always
e [J3-5 years e [J Sometimes
o [ More than 5 years o [ Rarely

o [J Never

IJOA ©2026 %



International Journal on Optimization and Applications
LJOA. Vol. 06, Issue No. 01, Year 2026, www.ijoa-journal.com
Copyright ©2026 by International Journal on Optimization and Applications

14. Factors Influencing Your Decisions:

o [ Personal analysis

o [ Behavior of other investors (herding effect)
e [ Advice from an expert or relative

¢ [ Intuition or emotions

15. Perception of Your Financial Decisions:

o U Very rational

o [J Rather rational

o [J Rather emotional

o [ Very emotional

E. V. Financial Knowledge and Education

16. Participation in financial training / investment
management:

o [ Yes

o O No

17. Knowledge of risk diversification:

o [ Yes

e« [1No

18. Knowledge of compound interest calculation:

o [ Yes

e« [0 No

19. Self-assessment of financial knowledge (1 to 5):

o O 1 Very low

e 2 Low

e [13 (Medium)

e 4 Good

o O 5 Excellent

20. Perception of financial education level in Mo-
rocco:

e [ Very sufficient

o [ Fairly sufficient

o [ Insufficient

o 0 Very insufficient
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Abstract—importance of considering higher order mo-
ments in the estimation of the CVaR, when the returns are
not normally distributed. The study focuses on a portfolio
of 10 stocks listed on the New York Stock Exchange. The
results of the portfolio’s optimization by the models mean-
parametric CVaR and mean-Cornish Fisher CVaR, showed
that the risk estimated by Cornish Fisher CVaR, which
considers the Skewness and the Kurtosis, is higher than
that evaluated by parametric CVaR, which is based only
on the mean and the standard deviation in the estimation
of the risk.

Index Terms—Portfolio, Optimization, CVaR, Skewness,
Kaurtosis.

I. INTRODUCTION

Portfolio optimization has always been a concern for
researchers in financial mathematics. In this context,
Harry Markowitz (1952) introduced the “mean-variance”
model. This model uses the variance of portfolio returns
as a measure of risk. In effect, the Markowitz model
consists of minimizing variance (or standard deviation)
for a given level of return or maximizing return for a
given level of risk. Advances and research in the field
have allowed the use of more mature indicators, such as
Value at Risk (VaR) or Conditional Value at Risk (CVaR).
VaR can be defined as the worst loss expected from a
portfolio, for a certain confidence level (1-), over a time
horizon t, assuming an adverse market scenario.

Although VaR is a popular and intuitive risk measure,
it has two important limitations. First, it does not satisfy
the sub-additivity property. Second, it provides no infor-
mation about the magnitude of losses exceeding the VaR
at level . An alternative risk measure is the Conditional
Value at Risk (CVaR), which avoids both limitations.
CVaR is the expected loss given that losses exceed VaR.

Based on the Markowitz model, the mean-VaR and
mean-CVaR models were developed. However, these
models are based on the parametric estimation of VaR
and CVaR, which assumes that asset returns are normally
distributed. This assumption is problematic because fi-
nancial returns are often not normal. Moreover, the mean-
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CVaR model assumes a quadratic utility function, in
the sense that investors are only interested in the first
two moments (mean and variance), while in reality,
preferences may extend to higher-order moments such
as skewness and kurtosis.

Tobin (1958) and Rubinstein (1973) have already
shown that, in choosing a portfolio, higher order mo-
ments must be considered, and that the investor’s utility
function is not quadratic. Arditti (1975) and Krauss
and Litzenberger (1976) have shown that the investor
generally seeks a strictly positive skewness, and thus
the investor’s utility function cannot be quadratic. Scott
and Horvath (1980) showed that investors have a posi-
tive preference for odd central moments and a negative
preference for even central moments. Chunhachinda et
al. (1997) analyzed in detail the preference of investors
for skewness.

Indeed, a negative skewness means that large negative
returns occur more frequently than large positive returns.
Conversely, if the skewness coefficient is positive, it
indicates that large positive returns occur more frequently
than large negative returns. On the other hand, kurto-
sis reflects the presence of extreme events: if kurtosis
exceeds 3, the distribution is said to be leptokurtic;
otherwise, it is said to be platykurtic.

Empirically, the normality assumption is not satisfied,
which has pushed several authors to seek solutions to
this problem. Yao et al. (2013) obtained an estimated
calculation formula of CVaR using nonparametric loss
function density estimation and formulated two nonpara-
metric mean-CVaR portfolio selection models based on
two methods of bandwidth selection. Jaman et al. (2014)
replaced variance with CVaR in the mean-variance-
skewness-kurtosis model and showed that CVaR is a
better measure of risk than variance in portfolio optimiza-
tion. Zhao et al. (2015) proposed a mean-CVaR-skewness
portfolio optimization model based on the asymmetric
Laplace distribution, which is appropriate to describe the
leptokurtosis and asymmetry of financial assets. They
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added skewness to the model and proposed a simplified
model to solve the multi-objective optimization problem.
Zhai et al. (2018) designed a hybrid smart algorithm to
solve the mean-risk-skewness model they proposed.

In our study we will focus on the Cornish-Fisher
expansion, as a solution to the case of non-normality
of returns, which is commonly used by academics and
practitioners in portfolio allocation and risk management.
It is a simple tool to determine the quantiles of non-
normal distributions. It allows us to consider skewness
and kurtosis, through a formula in which higher-order
moment terms are explicitly included (Amédée-Manesme
et al., 2019).

The current challenge is as follows: Does ignoring
higher-order moments in mean-CVaR optimization lead
to a significant underestimation of portfolio risk, and how
important is it to incorporate skewness and kurtosis for
more accurate risk assessment?

The following hypotheses are proposed based on the
literature review:

e HO: The parametric CVaR underestimates the risk,
and the consideration of higher-order moments is
important in the estimation of CVaR.

e Hl: The parametric CVaR does not underestimate
the risk, and the consideration of higher-order mo-
ments is not important in the estimation of CVaR.

II. METHODOLOGY & DATA

The methodology of this study is based on the op-
timization of a portfolio composed of a set of stocks
listed on the New York Stock Exchange, first using the
mean-parametric CVaR model, and secondly using the
mean-Cornish-Fisher CVaR model, in order to compare
the results obtained.

A. Portfolio Stocks Sample

We have chosen to build this portfolio from 10 stocks,
listed on the New York Stock Exchange, from different
sectors to have a well-diversified portfolio.

TABLE 1
PORTFOLIO STOCKS SAMPLE

Companies Ticker symbol | Sectors

ExxonMobil NYSE:XOM Energy

DuPont NYSE:DD Materials

Boeing NYSE:BA Industrials

Nike NYSE:NKE Consumer Discretionary
Coca-Cola NYSE:KO Consumer Staples
Pfizer NYSE:PFE Health Care

JPMorgan Chase NYSE:JPM Financials

IBM NYSE:IBM Information Technology
Verizon Communications | NYSE:VZ Communication Services
Southern Company NYSE:SO Utilities

Source: Author’s own elaboration
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B. Data

The analysis is based on a series of data concerning
daily stock prices during the period from 03/01/2012 to
30/12/2022 for each company.

We obtain the return at time ¢ for each stock using the
formula:

R, =1In (Pt—1> (L1)

Where P; : the stock’s value on the market at ¢;
And P;_q: the stock’s value on the market at £ — 1.

C. CVaR in Portfolio Optimization

The parametric CVaR and Cornish-Fisher CVaR opti-
mization programs will be presented in this section.

1) Parametric CVaR Optimization Program: The
parametric method assumes that equity returns follow a
normal distribution, and that the C'VaR,, of a portfolio
P, at a confidence level of 1 — a, can be estimated using
the portfolio’s mean return 1, and standard deviation o,.
According to Huang (2000), the CVaR, equation can
be written as the following density formula:

CVaRy = pip + Zoop (I1.2)
Where:

1222
Loy = ——F— 1.3
V2T (13)
Zo : the order o quantile of the standard normal
distribution
Thus, the CVaR optimization program for a portfolio
is written as follows:

min X+ 2, VXTMX (IL.4)
subject to:
XTy=F* (IL.5)
xT1=1 (IL6)
X;>0 (IL.7)
Where:

w : expected returns vector of stocks;

X : stock proportions vector in portfolio;
1=(1,...,1) : unit vector of N dimension;

M : variance-covariance matrix;

E* : (constant) given expected return of the portfolio.
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2) Cornish-Fisher CVaR Optimization Program:
When asset returns do not follow a normal distribution,
the parametric CVaR would underestimate risk. Thus,
adjustments for skewness and kurtosis were implemented
in the variance-covariance model of CVaR. This approx-
imation, based on the Taylor series, uses the moments
of the distribution that deviate from the normal to cal-
culate its percentiles. According to Maillard (2012), the
Cornish-Fisher expansion is used to fit the Z, of the
traditional CVaR, when asset returns do not follow a
normal distribution, such that:

S

+(1— 22(3)5—2 + (=14 7% <§{4> ]

2
7671/22&

Wo =

o/ 2w

(IL8)
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Hence, the Cornish-Fisher CVaR optimization program
for a portfolio is written as follows:

min | X7p + Wa\/XTMX‘ (IL.9)
subject to:
Xty =FE* (11.10)
xXT1=1 (IL11)
X; >0 (IL.12)

ITI. RESULTS
Before presenting the results of the portfolio optimiza-
tion, it is important to verify stocks returns normality.
A. Verification of the normality of returns

The results of the Jarque-bera normality test are pre-
sented as follows in Table 2.

TABLE II
NORMALITY TEST OF STOCKS RETURNS
Companies | Skewness | Kurtosis | Test Value | Proba
NYSE:XOM | -0.165409 | 11.01714 | 7422.934 | 0.0000
NYSE:DD 0.103624 | 10.45335 | 6409.691 | 0.0000
NYSE:BA -0.543452 | 24.44079 | 53136.63 | 0.0000
NYSE:NKE | 0.287194 | 14.03466 | 14076.38 | 0.0000
NYSE:KO -0.858887 | 13.41912 | 12856.03 | 0.0000
NYSE:PFE | 0.153746 | 8.711631 | 3772.029 | 0.0000
NYSE:JPM | -0.101892 | 15.65106 | 18457.13 | 0.0000
NYSE:IBM | -0.789558 | 13.73453 | 13572.57 | 0.0000
NYSE:VZ -0.066413 | 7.447287 | 2282.314 | 0.0000
NYSE:SO 0.203200 | 28.68250 | 76064.34 | 0.0000

According to the Jarque—Bera test, all stock return dis-
tributions are non-normal, particularly since their kurtosis
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values are much higher than the normal benchmark of 3,
indicating that they are leptokurtic.

B. Results of the Portfolio Optimization

The study results are summarized in the following
tables: Table 3 reports the portfolios optimized using
the mean—parametric CVaR model, while Table 4 reports
those optimized using the mean—Cornish Fisher CVaR
model.

According to Tables 3 and 4 below, the results of the
portfolio optimization reveal distinct allocation patterns
under the two models.

According to Table 3, all portfolios do not con-
tain NYSE:DD and NYSE:BA after optimization us-
ing the mean-parametric CVaR model. In portfolio 1,
corresponding to the minimal CVaR (0.018435414),
NYSE:KO, NYSE:PFE, and NYSE:VZ have the highest
weights, representing more than 70% of the portfolio. On
the other hand, portfolio 9, associated with the highest
mean return, consists only of NYSE:NKE.

According to Table 4, all portfolios do not contain
NYSE:XOM, NYSE:DD, NYSE:BA, NYSE:IBM, and
NYSE:SO after optimization using the mean-Cornish
Fisher CVaR model. In portfolio 1, corresponding
to the minimal CVaR (0.028681269), NYSE:PFE and
NYSE:VZ dominate the allocation, accounting for more
than 96% of the portfolio. In contrast, portfolio 9, asso-
ciated with the highest mean return, consists exclusively
of NYSE:NKE.

Mean

—&— Comish
Fisher CVaR

0 0,01 0,02 0,0

VaR

Fig. 1. Efficient Frontiers of Mean-Parametric CVaR and Mean-
Cornish Fisher CvaR

Figure 1 shows that mean-Cornish Fisher CVaR effi-

cient frontier is under mean-parametric CVaR efficient
frontier.
Tables 3 and 4 and figure 1 prove that for a given
mean return level, Cornish Fisher CVaR is higher than
parametric CVaR. For example, portfolio 2 which has
a mean of 0.0002, parametric CVaR (0.018501662) is
lower than Cornish-Fisher CVaR (0.030428659).
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TABLE III
PORTFOLIOS OPTIMIZED BY THE MEAN-PARAMETRIC CVAR MODEL

Portfolio 1 (CVaR min) 2 3 4 5 6 7 8 9 (Mean Max)
Mean 0.0001664 0.0002000 0.0002500 0.0003000 0.0003500 0.0004000 0.0004500 0.0005000 0.0005695
St Dev 0.0090181 0.0090665 0.0092654 0.0096284 0.0101614 0.0109096 0.0119368 0.0133321 0.0174024
Skewness -0.4391531 -0.4621051 | -0.5085350 | -0.5400704 | -0.5255992 | -0.4633764 | -0.3705264 | -0.2543904 0.2873498
Kurtosis 12.777005 12.741812 13.056199 13.592985 13.428956 11.527408 10.111049 10.051639 11.056799
«a 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

z -1.64485363 | -1.64485363 | -1.64485363 | -1.64485363 | -1.64485363 | -1.64485363 | -1.64485363 | -1.64485363 | -1.644853627
Z -2.06271281 | -2.06271281 | -2.06271281 | -2.06271281 | -2.06271281 | -2.06271281 | -2.06271281 | -2.06271281 | -2.062712808

Parametric CVaR | 0.018435414 | 0.018501662 | 0.018861885 | 0.019560688 | 0.020610012 | 0.022103441 | 0.024172179 | 0.027000226 | 0.035326583

Stock weight

NYSE:XOM 0.037405475 | 0.028979195 0 0 0 0 0 0 0
NYSE:DD 0 0 0 0 0 0 0 0 0
NYSE:BA 0 0 0 0 0 0 0 0 0
NYSE:NKE 0.062258212 | 0.095200294 | 0.144226312 | 0.180334433 | 0.225421249 | 0.305232925 | 0.392574105 | 0.525654447 1
NYSE:KO 0.250770238 | 0.267560710 | 0.276049177 | 0.265651692 | 0.260418381 | 0.184189056 | 0.067877004 0 0
NYSE:PFE 0.177078497 | 0.203771064 | 0.236452721 | 0.258066357 | 0.286534889 | 0.304056398 | 0.313913709 | 0.185920366 0
NYSE:JPM 0 0.000176402 | 0.024101268 | 0.077302719 | 0.112799923 | 0.166421674 | 0.225635181 | 0.288425182 0
NYSE:IBM 0.042165190 | 0.007528701 0 0 0 0 0 0 0
NYSE:VZ 0.307761410 | 0.273097465 | 0.197099243 | 0.105453686 | 0.009743082 0 0 0 0
NYSE:SO 0.122560977 | 0.123686169 | 0.122071281 | 0.113191114 | 0.105082476 | 0.040099959 0 0 0
Source: Author’s own elaboration
TABLE IV
PORTFOLIOS OPTIMIZED BY THE MEAN-CORNISH FISHER CVAR MODEL
Portfolio 1 (CVaR min) 2 3 4 5 6 7 8 9 (Mean Max)
Mean 0.00010 0.00020 0.00025 0.00030 0.00035 0.00040 0.00045 0.00050 0.00057
St Dev 0.009979119 | 0.010126544 | 0.010296044 | 0.010697836 | 0.011303962 | 0.012024818 | 0.012493592 | 0.013517686 | 0.017402384
Skewness -0.01189906 | -0.07075662 | -0.15731496 | -0.20395444 | -0.2090435 | -0.1951683 | -0.22510796 | -0.14953065 | 0.287349798
Kurtosis 5.558918547 | 6.297584089 | 6.605835616 | 6.615974258 | 6.397023071 | 6.11158038 | 7.531875864 | 9.730223801 | 11.05679914
a 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
z -1.64485363 | -1.64485363 | -1.64485363 | -1.64485363 | -1.64485363 | -1.64485363 | -1.64485363 | -1.64485363 | -1.644853627
VA -2.06271281 -2.06271281 | -2.06271281 | -2.06271281 | -2.06271281 | -2.06271281 | -2.06271281 | -2.06271281 | -2.062712808
w -2.8842612 -3.02459169 | -3.113734 | -3.13733512 | -3.10758663 | -3.05931636 | -3.28126066 | -3.56792512 | -3.500117889
CVaR-CF 0.028681269 | 0.030428659 | 0.031809142 | 0.033262696 | 0.03477804 | 0.036387724 | 0.040544733 | 0.047730091 | 0.060340858
Stock weight
NYSE:XOM 0 0 0 0 0 0 0 0 0
NYSE:DD 0 0 0 0 0 0 0 0 0
NYSE:BA 0 0 0 0 0 0 0 0 0
NYSE:NKE 0 0.068811108 | 0.133399583 | 0.191957865 | 0.245742614 | 0.304841538 | 0.509859218 | 0.621894201 1
NYSE:KO 0.038783436 0 0 0 0 0 0 0 0
NYSE:PFE 0.291076944 | 0.497815256 | 0.537429637 | 0.587548339 | 0.645981746 | 0.695158466 | 0.490140774 | 0.236376891 0
NYSE:JPM 0 0 0 0 0 0 0 0.141728905 0
NYSE:IBM 0 0 0 0 0 0 0 0 0
NYSE:VZ 0.670139621 | 0.433373637 | 0.329170778 | 0.220493802 | 0.108275649 0 0 0 0
NYSE:SO 0 0 0 0 0 0 0 0 0

IV. DISCUSSION

The results of our study are consistent with the findings
of Maillard (2012), who showed that parametric CVaR
tends to underestimate risk when asset returns do not
follow a normal distribution. In contrast, the Cornish—
Fisher expansion overcomes this limitation, as it allows
the adjustment of Z, by incorporating skewness and
kurtosis.

Our results are also consistent with the contributions of
Tobin (1958) and Rubinstein (1973), who demonstrated
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Source: Author’s own elaboration

that higher-order moments should be considered in port-
folio selection. Furthermore, they align with the findings
of Jaman et al. (2014), Zhao et al. (2015), and Zhai et
al. (2018), who proposed optimization models based on
CVaR estimation that account for higher-order moments
and emphasized their importance.
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V. CONCLUSION

In conclusion, when returns are not normally dis-
tributed, it is essential to consider skewness and kurtosis
in risk estimation. The Cornish—Fisher expansion pro-
vides an effective framework to incorporate these higher-
order moments into the estimation of CVaR.

Moreover, relying solely on parametric CVaR, which
is based only on the mean and standard deviation, when
returns do not follow a Gaussian distribution, may lead
investors to underestimate the true level of risk.
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Abstract—Heat transfer in cylindrical geometries is central
to a wide range of industrial processes, from tubular heat
exchangers in power generation to metallurgical treatment of
cylindrical components. While analytical solutions of the heat
equation in cylindrical coordinates offer valuable insights, they
are typically restricted to idealized cases with simplified boundary
conditions. To overcome these limitations, this work presents a
robust Python-based solver employing the Crank Nicolson finite-
difference scheme in axisymmetric coordinates. The framework
accommodates Dirichlet, Neumann, and Robin boundary con-
ditions, accounts for axial gradients, and allows initial radial
perturbations, providing flexibility f or r ealistic s cenarios. Nu-
merical stability is ensured through implicit integration, with a
Rannacher start-up phase effectively suppressing spurious oscil-
lations. The solver is validated through transient heat conduction
simulations in iron, steel, and platinum cylinders, highlighting the
role of thermal diffusivity in shaping temperature distributions
and diffusion dynamics. Results show that high-diffusivity mate-
rials, such as platinum, achieve faster thermal homogenization,
whereas steel demonstrates greater thermal inertia. Compu-
tational performance analysis further underscores the trade-
offs between dense and sparse implementations, with potential
optimizations via LU factorization reuse and iterative solvers.
Beyond delivering physical insights, the developed tool serves as
a pedagogical platform for studying conduction mechanisms in
cylindrical systems.

2Index Terms—Heat transfer, Cylindrical geometry, Crank
Nicolson scheme, Implicit methods, Python

I. INTRODUCTION

Heat transfer in cylindrical geometry is a central issue in
many industrial processes. Indeed, cylindrical configurations
are found in a wide range of applications, from tubular heat
exchangers widely used in power plants and the chemical
industry to metallurgical processes such as ingot solidifica-
tion, rolling, or heat treatment of cylindrical parts. In these
contexts, controlling heat fluxes is e ssential to e nsure system
performance, durability, and safety. For example, in a heat
exchanger, overall efficiency directly depends on the ability of
cylindrical tubes to transfer heat between two fluids at different
temperatures. Similarly, in metallurgical processes, precise
control of thermal gradients helps avoid residual stresses,
cracking, or undesirable deformations. However, cylindrical
geometry imposes specific m athematical ¢ onstraints, particu-
larly related to the axisymmetric nature of the problem and
the singularity of the radial term near the central axis, which
makes modeling the phenomenon both rich and complex.
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Thus, the study of heat transfer in cylindrical geometry is
of great importance, both theoretically and practically, for
understanding and optimizing high-value industrial processes
[11-[3].

Given this importance, analytical solutions of the heat
equation in cylindrical coordinates have long been a key
reference. These solutions, often derived using series expan-
sions or integral transforms, provide an exact description
of the phenomenon but only in highly idealized situations
[4]. They generally assume simple boundary conditions, such
as imposed temperature (Dirichlet), zero or constant flux
(Neumann), or uniform convection (Robin) on well-defined
surfaces. Moreover, they mainly apply to infinite or semi-
infinite geometries, or to steady-state regimes without large
spatial variations. In real industrial settings, however, initial
and boundary conditions are rarely so simple: they can be
heterogeneous, time-dependent, or involve multiple physical
mechanisms simultaneously. For instance, cooling a metallic
cylinder with an external fluid may involve non-uniform con-
vection along its height, while the inner surface is maintained
at a variable temperature. In such cases, analytical solutions
become impractical, as they cannot incorporate all the geomet-
ric and physical particularities of the problem. Consequently,
although analytical approaches are valuable for validating
certain reference cases, they are not sufficient by themselves
to meet the modeling requirements of real-world applications
(51, [6].

In this context, numerical methods have gained increasing
importance, as they overcome the limitations of analytical
approaches by offering great flexibility. Among them, implicit
methods stand out as particularly robust and efficient tools for
solving the transient heat equation. Unlike explicit schemes,
which are subject to restrictive stability constraints (CFL
condition), implicit methods allow the use of larger time steps
without risk of numerical instability. This results in consid-
erable computational efficiency, especially when simulating
long-duration processes [7], [8]. The Crank Nicolson scheme,
in particular, represents an ideal compromise between accuracy
and stability: it is second-order in time, improving result
quality, while remaining unconditionally stable. In cylindrical
geometry, its use is especially advantageous as it properly
handles radial and axial derivatives, including near the axis
of symmetry where singularities may arise. Variants such as
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the Rannacher start-up further enhance the method’s reliability
by avoiding numerical oscillations caused by overly abrupt
initial conditions. In short, implicit numerical methods are
an indispensable approach for addressing realistic cylindrical
thermal problems, combining rigor, efficiency, and stability
[9].

With this perspective, the present contribution proposes the
development of a flexible Python code dedicated to simulating
heat transfer in cylindrical geometry, based on the Crank
Nicolson scheme in axisymmetric coordinates. The code ac-
counts for different boundary conditions, whether walls are
maintained at constant temperature (Dirichlet), subject to im-
posed fluxes (Neumann), or exchanging heat convectively with
an external fluid (Robin). Axial-end temperatures can be inde-
pendently fixed, thus enabling the modeling of imposed ther-
mal gradients along the cylinder’s height. The initial condition
can also be enriched with the addition of a radial perturbation,
simulating situations where thermal heterogeneities exist from
the initial instant. By using standard libraries such as NumPy
for linear algebra and Matplotlib for visualization, the tool is
both efficient and accessible. Beyond its academic value, this
code serves as a pedagogical resource, allowing exploration
of various thermal conduction scenarios and assessment of
the impact of physical, geometric, and numerical parameters
on the cylinder’s thermal behavior. In doing so, it concretely
illustrates the contribution of implicit numerical methods to
solving heat transfer problems in cylindrical geometry and
paves the way for possible extensions to even more complex
industrial cases.

II. RELATED WORK
A. Bibliometric Analysis

To provide an overview of the research landscape on tran-
sient heat conduction in cylindrical geometry using implicit
numerical schemes, a bibliometric analysis was conducted.
The search string applied was:

("transient heat conduction” OR unsteady heat con-
duction” OR “heat diffusion”) AND (“cylindrical
geometry” OR “cylinder” OR “axisymmetric”) AND
(’Crank-Nicolson” OR “implicit scheme” OR ”finite
difference” OR ”numerical simulation’)

The bibliometric dataset covers the period 1990 2024, with
a total of 77 documents retrieved from 60 different sources.
The average annual growth rate is 3.28%, and the average
number of citations per document is 18.08, indicating that the
field has a moderate but steady academic impact.

1) Evolution of Publications Over Time: Figure 1 presents
the temporal distribution of publications. The trend reveals an
irregular growth pattern, with sporadic peaks in publication
numbers, such as in 1993, 2012, 2015, and 2020. The year
2020 marks the highest peak with 7 documents, reflecting
a growing interest in the application of numerical schemes to
heat transfer problems during that period. Despite fluctuations,
the overall trajectory shows an increasing research activity
over the last three decades, confirming the sustained relevance
of the topic.
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Fig. 1. Evolution of documents on transient heat conduction in cylindrical
geometry (1990 2024).

2) Distribution by Document Type: Table I reports the
distribution of publication types. The majority of contributions
are journal articles (87%), demonstrating the preference
of researchers for peer-reviewed dissemination. Conference
papers (10.4%) also play a notable role, while only a small
fraction of the output consists of book chapters and con-
ference reviews (1.3% each). This distribution underlines
the academic maturity of the field, where rigorous articles
dominate while conferences provide a platform for early-stage
discussions.

TABLE I

DISTRIBUTION OF DOCUMENT TYPES.
Document type Count | Percentage
Article 67 87.0%
Conference Paper 8 10.4%
Book Chapter 1 1.3%
Conference Review 1 1.3%
Total 77 100%

3) Geographical Distribution of Research: Figure 2 high-
lights the contributions by country. The United States dom-
inates the field with 24 documents, followed by China
(10 documents). Other active contributors include Germany,
Iran, Japan, Brazil, Canada, and Morocco, each with
between 4 and 5 publications. Emerging contributions are
observed from Chile and India. This distribution suggests
that the research community is highly internationalized, re-
flecting the global significance of transient heat conduction in
industrial and scientific applications.

4) Keyword Analysis: In addition to temporal and geo-
graphical trends, keyword analysis was performed to identify
the main thematic areas of research. Figure 3 presents the word
cloud generated from the author keywords and Keywords Plus.

The most frequent terms include heat conduction, fi-
nite difference method, cylinders, numerical methods, and
boundary conditions, which align with the mathematical and
computational modeling focus of the field. Keywords such as
thermal conductivity, temperature distribution, and heat
transfer highlight the physical quantities of primary interest.
Emerging terms like axisymmetric, nonlinear equations,
and computer simulation reflect the increasing complexity
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Fig. 2. Top contributing countries in the field.

of studied models and the reliance on advanced numerical
approaches.
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Fig. 3. Word cloud of the most frequent keywords in the dataset.

5) Author Collaboration and Productivity: According to
the bibliometric metadata, 204 authors contributed to the
retrieved corpus, with only 5 single-authored documents,
confirming a strong trend toward collaborative research. On
average, each document involves 2.96 co-authors, which
reflects the interdisciplinary nature of the field, requiring ex-
pertise in heat transfer, numerical analysis, and computational
methods.

B. Qualitative Analysis

The study of transient heat conduction in cylindrical and
related geometries has been the subject of extensive research,
with different approaches developed to address the challenges
of stability, accuracy, and complex boundary conditions. Early
works established the limitations of analytical solutions, which
are often restricted to simple geometries and boundary con-
ditions. For instance, the analytical resolution of transient
conduction in composite cylindrical domains with internal
heat sources provides exact benchmarks but remains limited
in scope and applicability to realistic problems [10]. Such
solutions are valuable for validation but cannot handle het-
erogeneous materials or time-varying boundary conditions.

To overcome these limitations, numerical methods have
been widely applied. One of the most influential studies
compared various time-marching schemes for transient heat
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conduction, highlighting the issue of numerical “noise” as-
sociated with the Crank Nicolson scheme [11]. This work
demonstrated that while Crank Nicolson is unconditionally
stable, it may suffer from oscillations unless corrective tech-
niques such as averaging or modified start-up steps are applied.
These insights remain highly relevant for the current study,
where a Rannacher start-up strategy is employed to mitigate
oscillations.

The finite element method (FEM) has also been widely used
to solve transient heat conduction problems, particularly in
applications involving complex geometries. For example, FEM
was applied to power cables to capture transient temperature
distributions under dynamic electrical loading [12]. The study
showed that FEM offers flexibility in handling irregular bound-
aries, material discontinuities, and convective losses situations
where finite difference approaches struggle. Similarly, FEM
formulations have been developed for buried cables under
transient thermal loads, confirming its suitability for engi-
neering applications requiring detailed spatial resolution [14].
These contributions illustrate the importance of robust spatial
discretization techniques in practical engineering systems.

In parallel, finite-difference approaches have been refined to
improve stability and accuracy. A study on nonlinear transient
heat conduction in wood demonstrated the ability of implicit
finite-difference schemes to capture strongly nonlinear behav-
ior due to variable thermal properties [13]. This highlighted
the importance of accounting for material heterogeneity, which
is essential for realistic industrial applications. Another con-
tribution investigated transient conduction from two parallel
isothermal cylinders using bipolar cylindrical coordinates [15].
The study combined Fourier series expansion with a Crank
Nicolson discretization to handle the complex interaction
between neighboring cylinders, illustrating the versatility of
hybrid analytical-numerical methods for multi-body configu-
rations.

More recently, numerical studies have extended these ideas
to general axisymmetric and cylindrical geometries. For ex-
ample, finite-difference simulations of transient conduction in
composite cylindrical media explored the effects of internal
heat generation and material discontinuities [16]. The results
emphasized that diffusivity contrasts strongly affect thermal
gradients, a conclusion consistent with experimental obser-
vations in metallurgical processes. Similarly, analytical and
semi-analytical techniques for cylindrical conduction problems
remain an active research field, as seen in studies focusing
on layered or eccentric cylinders, although their practical
application is often limited by simplifying assumptions [10],
[15].

Overall, the literature demonstrates a clear evolution from
purely analytical treatments to robust numerical schemes capa-
ble of handling realistic geometries and material complexities.
Crank Nicolson remains a reference method thanks to its
accuracy and stability, though adaptations are often needed
to eliminate oscillations [11]. Finite element and finite differ-
ence methods have been successfully applied to engineering
problems such as power cables [12], [14], wood conduction
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[13], and multi-cylinder systems [15]. The present work builds
on these foundations by implementing an axisymmetric Crank
Nicolson scheme in cylindrical coordinates, combining stabil-
ity with flexibility in boundary condition treatment. Unlike
earlier works focused on specific applications, this study
emphasizes a generalizable computational framework that can
be adapted to a variety of industrial scenarios.

III. METHODOLOGY

A. Physical Model

The transient heat conduction in a homogeneous solid
cylinder is governed by the axisymmetric heat equation:

oT 10 oT 0T
(’%a<r(’9r (a)*a) M

where T'(r,z,t) is the temperature, and o = ey is the
thermal diffusivity, with k£ the thermal conductivity, p the
density, and ¢, the specific heat capacity. The computational
domain is a cylinder of radius R and height L. Axisymmetry

eliminates dependence on the azimuthal coordinate 6, reducing
the problem to two spatial dimensions (r, z).

k

B. Boundary Conditions

The following boundary conditions are considered:

o Axial boundaries:

T(T, 07 t) = Tbottom; T(Ta L7 t) = T'top~ (2)

« Radial boundary at r = R:
— Dirichlet: T(R, z,t) = Tyan,
— Neumann: 2L (R, z,t) = 0,

or
— Robin (convection):
T
4{;%(& z,t) = h(T(R,2,t) — Too(z,1)) . (3)
o Axis of symmetry at r = 0:

oT
— t) =0. 4
or (0,2,t) =0 “)

C. Initial Condition

The initial temperature distribution is prescribed as a linear
interpolation between axial boundaries:

z
T(T7 2 0) = Thottom + Z (Tlop - Tbottom) . (5)
To investigate radial diffusion, a perturbation (radial bump)

can be added:

r

T(r,z,0) < T(r,z,0)+ Aexp <— ()2> O]

To

where A is the amplitude and rg a characteristic radial
length.
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D. Numerical Method

1) Spatial Discretization: The spatial domain is discretized
using a structured finite-difference grid with (N, +1)x (N,+1)
nodes, step sizes Ar = R/N, and Az = L/N..

For an interior node (4,7), the cylindrical Laplacian is
approximated by:

10 oT N Ti1,; — 2T 5+ Tigr g
o (a) ~ A

1
+ m (Ti-f—l,j - Ti,—l,j) . (D

.3

with r; = 1Ar.
The axial derivative is discretized as:

o1

Ly =21 5+ T
022 '

L2 ®)

2%
At the axis r = 0, the singularity is removed using the
symmetry condition:

10 (0T
(=
ror \  Or
2) Time Discretization: Time integration is carried out
using the #-method:

4

~——(Tv,; —Tb;)-
0 Ar2 ( 1,5 O,]) (9)

Tn+1 _Tn
———— =a[LT" + (1-60)LT"],  (10)
At
which gives the linear system:
AT = BT 4 L (11)
with
A=1-0aAtL, B=1+ (1-0)aAtL, (12)

and f™*! includes Robin boundary contributions.

The scheme is unconditionally stable for § > 0.5. A
Rannacher start-up (few steps with § = 1) is employed to
damp initial oscillations, before switching to Crank—Nicolson
(6 = 0.5) for accuracy.

3) Boundary Condition Implementation:

o Dirichlet: rows in A and B replaced by identity.

o Neumann: included directly in L stencil.

o Robin: coefficients of A and right-hand side vector mod-
ified accordingly.

E. Post-processing

The solution vector is reshaped into a 2D field T'(r, z) at
each time step. Post-processing includes:

e 2D maps of T'(r, z)
« radial and axial temperature profiles
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IV. RESULTS AND DISCUSSION

In this section, we analyze the numerical results obtained for
three representative materials: iron, steel, and platinum. The
temperature distributions are computed using the axisymmetric
Crank—Nicolson scheme after ¢ = 1300 s of transient evolu-
tion. The bottom and top boundaries are imposed at 7" = 15°C
and T = 23°C, respectively, while the lateral wall exchanges
heat with an external fluid at 7, = 18°C through a Robin-
type convective boundary condition.

A. Thermophysical properties of materials

Table II summarizes the thermal properties used for each
material. The thermal diffusivity a = k/(pc,), which controls
the rate of heat propagation, varies significantly between
materials and directly influences the observed temperature
fields.

TABLE II
THERMOPHYSICAL PROPERTIES OF THE STUDIED MATERIALS.
Material | & [W/mK] | p [kg/m®] | ¢, [J/kgK] o [m?/s]
Tron 80 7860 452 2.25 x 1075
Steel 50 7950 490 1.29 x 10~5
Platinum 70 21450 130 2.51 x 10~°

B. Iron results

2.00
24
175
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Fig. 4. Temperature distribution in the iron cylinder (k = 80 W/mK, p =
7860 kg/m3, ¢, = 452 J/kgK).

Figure 4 shows the final temperature field for iron. The axial
gradient dominates the distribution, reflecting the boundary
conditions imposed at the top and bottom surfaces. Due to the
relatively high diffusivity of iron (a ~ 2.25 x 1075 m?/s),
heat spreads efficiently across the domain, leading to smooth
isotherms and limited radial gradients.

C. Steel results

Figure 5 illustrates the case of steel. With the lowest
diffusivity of the three materials (o ~ 1.29 x 107° m?/s),
heat propagates more slowly, resulting in sharper gradients
near the bottom boundary. Thermal inertia is more pronounced
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Fig. 5. Temperature distribution in the steel cylinder (k = 50 W/mK, p =
7950 kg/m3, ¢, = 490 J/kgK).

in this case, delaying homogenization of the temperature field.
This characteristic can be advantageous in industrial processes
where damping of thermal fluctuations is required.

D. Platinum results
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Fig. 6. Temperature distribution in the platinum cylinder (k = 70 W/mK,
p = 21450 kg/m3, ¢, = 130 J/kgK).

Figure 6 presents the results for platinum. Despite its inter-
mediate conductivity, the very high density combined with the
low specific heat capacity yields the largest diffusivity among
the three materials (o ~ 2.51 x 10> m?/s). Consequently,
heat diffuses more rapidly, leading to smoother axial profiles
and reduced radial gradients. This property makes platinum
particularly suitable for applications requiring rapid thermal
response, such as sensors or catalytic components.

E. Comparative discussion
The comparison of the three materials highlights the critical
role of thermal diffusivity in transient conduction:
e Iron: intermediate behavior, with relatively fast homog-
enization due to moderate diffusivity.
o Steel: lowest diffusivity, resulting in stronger gradients
and higher thermal inertia.
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« Platinum: highest diffusivity, promoting rapid propaga-

tion and uniformization of temperature.

These results demonstrate that material selection directly
governs the characteristic diffusion time. From an industrial
perspective, steel is suitable for applications requiring thermal
damping, whereas iron and platinum are more favorable when
rapid heat transfer and homogenization are desired. The results
confirm the ability of the Crank—Nicolson scheme to capture
the essential physics of transient conduction in cylindrical
geometries.

F. Computational complexity of the solver

Let N, and N, denote the numbers of radial and axial
intervals (code variables: Nr and Nz). The total number of
nodes is

(N 4+ 1)(Nz +1).

T = NMpodes =

With time step At (code: dt) and final time fg,,y (code:
t_final), the number of time steps is

t‘na
Nﬁleps - ’7 hAtl—‘ (COdeI n_steps).

a) Assembly.: The discrete operator L comes from a 5-
point stencil in (7, z), so the arithmetic to fill coefficients is
O(n). In the current code, however, L, A, and B are stored
as dense n x n arrays (numpy ndarray), leading to O(n?)
memory. Forming

A=1-0aAtL, B=1+(1-0)aAtL
also costs O(n?) in time. With sparse storage, both time and
memory would be O(n).

b) Per time step (current dense implementation).: At
each step, one dense matrix—vector product BT™ is computed
(O(n?)), followed by solving

AT = RHS.

The call numpy.linalg.solve performs a full LU fac-

torization at each step, which is O(n?) in time and O(n?) in

memory; the triangular solves are O(n2). Thus, as written:
Time = O(Nyeps n°), Memory = O(n?).

c) Reusing the factorization within phases.: Within each
phase, A is constant: first in the Rannacher start-up with § = 1
(build_AB(1.0)), then in the Crank—Nicolson phase with
0= % (build_AB(0.5)). If one factorizes A only once per
phase (e.g., with 1u_factor/lu_solve) and reuses it, the
complexity becomes:

Preprocessing per phase: O(n?), Per step: O(n?).

Hence, the total cost is

O(?’l3 + Nsleps n2) .
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d) Sparse and iterative improvements.: Each row of
L has only O(1) nonzero entries due to the stencil. Using
sparse storage reduces memory to O(n) and matrix—vector
products to O(n). Sparse direct solvers (depending on fill-
in) or preconditioned iterative solvers (CG, GMRES) can
further reduce runtime while preserving the accuracy of the
Crank—Nicolson scheme.
e) Summary.:
o Current dense implementation (solve at each step):
O(Ngeps n®) time, O(n?) memory.
o With LU reuse per phase: O(n® + Nyeps n%).
o With sparse solvers: O(n) memory and O(n) per it-
eration, with total cost depending on fill-in (direct) or
iteration count (iterative).

V. CONCLUSION AND PERSPECTIVES

The present study addressed the modeling and simulation of
transient heat conduction in cylindrical geometries through the
development of a Crank Nicolson based Python solver. Starting
from the governing axisymmetric heat equation, the implemen-
tation incorporated robust treatments of spatial discretization,
time integration, and diverse boundary conditions, including
Dirichlet, Neumann, and Robin formulations. The methodol-
ogy was carefully designed to handle the singularity at the
cylinder axis while ensuring stability and accuracy through
implicit time-stepping. The adoption of a Rannacher start-up
further enhanced numerical reliability, preventing oscillations
often encountered in conventional Crank Nicolson schemes.

Application of the solver to three representative materials
iron, steel, and platinum illustrated the influence of thermo-
physical properties on transient conduction behavior. Platinum,
with the highest thermal diffusivity, exhibited rapid tempera-
ture homogenization, confirming its suitability for applications
requiring quick thermal response. Iron demonstrated interme-
diate behavior, while steel, with the lowest diffusivity, retained
stronger gradients and thermal inertia, making it preferable
where damping of thermal fluctuations is beneficial. These
comparative analyses highlight the critical role of material
selection in industrial heat transfer processes, underscoring the
practical value of computational modeling.

From a computational perspective, the solver was shown
to scale unfavorably in its dense-matrix form, with per-step
complexity of O(n?). However, substantial improvements are
attainable by reusing LU factorizations within time-integration
phases, reducing the effective cost to O(n®+ Nyepsn?). Further
efficiency gains can be realized by adopting sparse storage and
solvers, which reduce memory to O(n) and enable iterative
approaches that exploit the sparsity of the finite-difference
operator. This dual perspective capturing physical insights
while analyzing computational performance provides a solid
foundation for extending the code to larger and more complex
domains.

The study contributes both academically and pedagogically.
On the academic side, it demonstrates how implicit finite-
difference schemes can overcome the limitations of analytical
solutions, offering flexibility in handling complex geometries
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and heterogeneous boundary conditions. Pedagogically, the
implementation in Python, relying on widely available sci-
entific libraries, makes the solver accessible to students and
practitioners alike. It serves as a didactic tool for exploring
the effects of geometry, boundary conditions, and material
properties on conduction processes.

Future directions include extending the solver to account
for nonlinear material properties, phase-change phenomena, or
coupling with convective and radiative modes. Integration with
sparse iterative solvers and adaptive meshing strategies would
further enhance computational efficiency, paving the way for
tackling large-scale industrial applications. Overall, the devel-
oped framework successfully balances rigor, efficiency, and
flexibility, advancing the numerical study of heat conduction
in cylindrical systems.
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