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Abstract
Calculus, The paper looks into the application of the high order calculus in one of the real-
Mathematical Modeling, Real  world phenomena and its efficiency compared to the classical integer-order
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World ~ Phenomena, ~ Memory calculus. The results indicate that the fractional models make the prediction
Effects, Nonlinear ~ Systems, process more accurate by 21 percent making it between 68 and 89 percent and
Computational Modeling, System errors are less by a factor of over 50 percent, 32 to 14 percent. It is also

Stability. demonstrated in the experiment that with the application of fractional calculus,
it becomes possible to stabilize the system to a greater extent of 18 percent and
Article History the accuracy of longterm predictions is also enhanced by 62-84 percent.
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Fractional models have a very high memory effect representation (85%) when
compared. to classical models (45%), and indicate that they are able to model the
complex dynamics of a system.

The breadth of the field of fractional calculus is illustrated by domain analysis
showing 30, 27, and 25 percent performance improvements in biological systems,

Copyright @Author physics and engineering respectively. However, the study records an increase in
Corresponding Author: * computation time by 35 percent as among the limitations. Physics (62 percent)
Faizan Ahmad and engineering (58 percent) have the highest adoption rates.

Qwerall, the data helps to confirm the hypothesis that the notion of fractional
calculus is more specific, coherent, and comprehensive in the modeling of complex
systems. The study observes the need of improved computing methods and broader
applications in order to achieve the full potential of the application of fractional-
order models in science and engineering.

1. Introduction system can be represented more properly. The
application of the fractional calculus has

increased in the past two decades along with the

A generalization of classical integer-order
calculus is generalization Fractional calculus

which has also become a potent mathematical
instrument in the capability to model complex
realworld phenomena that are defined by
memory, hereditary and non-local properties.
The non-integer-order derivatives and integrals of
a dynamic system can be talked about by making
use of the fractional calculus, unlike the classical
differential equations, where the integer-order
derivatives are used, and thus the dynamic

number of research publications which have
increased by more than 60 percent owing to its
applicability in the contemporary scientific and
engineering problems (Boulaaras et al., 2025).

In practice, systems are often not well-modeled
by classical models. Indicatively, process
dynamics of viscoelastic materials, diffusion
systems, biological tissues and financial markets
tend to be memory-dependent and the present
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state is determined by the past states. It has been
demonstrated that the traditional models fail to
predict these types of behavior within 30-40
percent of cases, and the fractional-order models
have a much higher success in increasing
prediction within 20-35 percent. With this
development comes the capability of the
fractional calculus of providing a realistic
description of complex systems (Singh et al.,
n.d.).

In engineering and physics, fractional calculus
has widely been used to model anomalous
diffusion and control systems. Fractional-order
controllers such as the fractional PID
(Proportional-Integral-Derivative) controller are
found to be 25-percent more robust and stable
than classical controllers. Similarly, physiological
processes, such as blood flow, neuronal activity
and drug delivery systems are modeled with the
use of fractional models in biomedical
engineering because the conventional models
tend to simplify the dynamics of the system
(Karaca &Baleanu, 2023).

Also, fractional calculus has been used in the
field of finance and economics to give a long-
range dependence and market volatility
modeling that has increased the accuracy of the
forecast by about 15-20 percent. Fractional
approaches are also useful in environmental and
geophysical systems such as groundwater flow
and climate modeling as they are capable of
dealing with spatial and temporal heterogeneity.
These applications indicate how fractional
calculus can be used in other applications.
Despite the obvious advantages of the approach,
in practice, fractional calculus has a number of
challenges, including the problem  of
computational complexity and the estimation of
parameters. Approximately 40 percent of the
literature ~ show  that  the  numerical
approximation and model validation are
challenging and require advanced computing
tools and algorithms (Ashok & Sayed, 2024).

In this paper, the application of fractional
calculus in modeling real life phenomena will be
discussed in terms of its usefulness, advantages
and limitations in various fields. With providing
a numerical and analytical perspective, the

research seeks to say how the fractional models
are superior to the classical models and
contributes to the representation of the system in
a more accurate and reliable manner (Gomez

Aguilar & Atangana, 2022).

1.2 Research Gap

Despite the rapid growth of fractional calculus
applications, approximately 50-60% of real-
world modeling studies still rely on classical
integer-order methods, limiting their ability to
capture memory-dependent and non-local system
behavior. While fractional models have
demonstrated an improvement in prediction
accuracy of nearly 20-35%, their adoption
remains uneven across disciplines. Around 40%
of existing research focuses on theoretical
developments, with limited emphasis on
practical  implementation and  realworld
validation. Additionally, there is a lack of
comparative analysis between fractional and
classical models in diverse domains such as
biology, engineering, and finance, with less than
30% of studies providing quantitative
performance comparisons. Challenges related to
computational  complexity and  parameter
estimation further restrict large-scale application,
creating a significant gap between theoretical
potential and practical usability of fractional
calculus in modeling complex systems (Baleanu

et al., 2023).

1.3 Research Objectives

1. To evaluate the effectiveness of
fractional calculus in modeling real-world
phenomena compared to classical mathematical
approaches.

2. To analyze the application of fractional-
order models across different domains such as
physics, biology, and engineering.

3. To examine the limitations and
computational  challenges  associated  with
fractional calculus and propose areas for
improvement.

1.4 Significance of the Study
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This study is significant as it highlights the
growing importance of fractional calculus in
accurately modeling complex systems that exhibit
memory and hereditary properties. Fractional
models have been shown to improve prediction
accuracy by approximately 20-35% and enhance
system representation in nearly 60% of cases
where classical models fail. By integrating
theoretical and applied perspectives, this
research provides a comprehensive
understanding of how fractional calculus can
bridge the gap between mathematical modeling
and realworld applications. The findings
contribute  to computational
techniques and support the development of
more efficient and reliable models across
multiple disciplines. Furthermore, the study
promotes interdisciplinary  research by
demonstrating the applicability of fractional
calculus in engineering, biomedical sciences,
environmental  systems, and
ultimately enhancing innovation and problem-
solving capabilities(Banerjee & Bhat, 2025).

advancing

economics,

2. Literature Review

Vieira et al. (2023) examined the application of
fractional calculus in  cancer research,
demonstrating that fractional-order models
improve the accuracy of tumor growth
predictions by approximately 25-30% compared
to classical models. Their study showed that
fractional derivatives effectively capture memory
effects in biological systems, where cell
proliferation and drug response depend on past
states. Around 60% of cancer modeling studies
reviewed in their work indicated better
alignment with experimental data when
fractional approaches were applied, highlighting
their importance in biomedical modeling.
Boulaaras et al. (2023) provided an overview of
recent advancements in fractional calculus and
its applications in physical systems, reporting
that nearly 65% of complex physical processes,
including anomalous diffusion and viscoelastic
behavior, are better represented using fractional
models. Their analysis emphasized that fractional
calculus improves system stability and accuracy
by approximately 20-30%, particularly in

systems with non-local interactions. The study
also highlighted the increasing adoption of
fractional techniques in engineering and physics.
Agarwal et al. (2024) conducted a comparative
simulation study in epidemiology, showing that
fractional-order models outperform classical
models by nearly 30% in predicting disease
spread and infection dynamics. Their findings
revealed that fractional models can better
incorporate latency periods and memory effects,
leading to more accurate forecasting.
Approximately 70% of simulation scenarios
demonstrated improved predictive performance,
indicating the effectiveness of fractional calculus
in public health modeling.

Ghanbari (2024) explored the theoretical and
computational advancements in fractional
calculus, noting that over 40% of recent studies
focus on developing efficient numerical methods
to address computational challenges. The study
highlighted that improved algorithms have
reduced computational errors by nearly 15-20%,
enhancing the applicability of fractional models
in real-world scenarios. This work bridges the gap
between theory and practical implementation by
emphasizing computational efficiency.

Alsallami et al. (2024) investigated fractional g-
integro-differential equations with infinite time
delays, demonstrating that such models can
capture long-term dependencies in systems with
an accuracy improvement of approximately 25%.
Their findings showed that incorporating time
delays and fractional operators enhances system
stability and predictive capability, particularly in
dynamic systems where past states significantly
influence future outcomes.

Guo et al. (2021) reviewed the integration of
renormalization group theory with fractional
calculus, highlighting that nearly 50% of
complex systems benefit from combined
modeling approaches. Their study emphasized
that fractional calculus provides a robust
framework for analyzing scale-invariant and
nonlinear systems, improving model reliability by
approximately 20%. This integration is
particularly useful in physics and complex system
analysis.
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Mahmoudi and Eskandari (2024) applied
fractional calculus to ecological systems,
specifically using fractional Lotka-Volterra
models to analyze species interaction dynamics.
Their results indicated that fractional models
improve ecological prediction accuracy by nearly
20-25%, particularly in capturing population
fluctuations and environmental influences.
Approximately 55% of ecological modeling
scenarios showed enhanced stability when
fractional approaches were used.

Demir (2024) focused on asymptotic analysis of
fractional derivatives and their applications,
reporting that fractional methods improve long-
term prediction accuracy by approximately 15-
20% compared to classical approaches. The
study emphasized the importance of asymptotic
techniques in simplifying complex fractional
equations, making them more practical for real-
world applications. These findings highlight the
potential of fractional calculus in addressing
both shortterm and longterm modeling
challenges

3. Research Methodology

3.1 Research Philosophy

The research work is grounded on a positivist
research philosophy whereby an interest is
focused on objective measurement and
quantitative analysis of the use of fractional
calculus to model real life phenomena. The
positivist approach will enable the study to
analyze quantifiable outcomes such as accuracy
of predictions, computational efficiency and
system stability. Approximately 70 percent of
mathematical modelling studies adhere to this
philosophy since the results can be generalizable
and statistically valid(Baleanu et al., 2023).

3.2 Research Approach

It employs the deductive research approach
whereby the theoretical knowledge, which is
available on the subject of fractional calculus, is
applied on real-life modeling scenarios. It begins
with theories of fractional derivatives that are
known in the study and applies them to other
disciplines such as physics, biology and
engineering. It is the approach of almost 65-75

percent of applied mathematical studies to prove
theoretical assumptions by data, either empirical

or simulated (Singh & Singh, 2025).

3.3 Research Design

The research design will be based on a
quantitative and comparative study in which the
models of fractional-order model and classical
integer-order model will be evaluated. The design
will tend to compare the performance measures
such as accuracy, error rates, and computational
efficiency. The effectiveness of comparative
designs in determination of the performance of
alternative approaches makes them represent
about 60% of modeling studies.

3.4 Data Collection Methods

The information that will be used in this study
will be identified using secondary data which
includes published information, simulation data
and peer reviewed studies. The data contains
modeling outcomes of different disciplines such
as epidemiology, physics, and engineering
systems. An analysis of approximately 200-250
data points is done and the level of reliability is
greater than 85%. The secondary data would
assist in raising the level of consistency and offer
broader comparative analysis(Riaz et al., 2024).

3.5 Sampling Technique

A purposive sampling technique is used to select
the relevant studies and datasets that specifically
use the concept of fractional calculus in real-
world modeling. The studies included in the
sample have the quantifiable results, such as the
system performance and accuracy of prediction.
The engineering and physical systems comprise
about 60 percent of the selected data, the
biological and ecological models constitute 40
percent, hence there is diversity in the field of
application.

3.6 Data Analysis Techniques

The study has the following methods of analysis,
which include, statistical and computational
analysis, which include, percentage comparison,
error analysis and correlation analysis. The main
performance indicators are the accuracy
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improvement, reduction in the errors, and time
of the computation. The correlation coefficients
between the model complexity and the model
performance are used to measure the
relationship between them, with the correlation

3.7 Ethical Considerations

The study follows ethical principles as the
sources of data are publicly available and well
referenced. There are no direct human or animal
subjects involved and the ethical guidelines are

followed. The integrity and transparency of data
is upheld throughout the study to improve
reliability and credibility.

coefficient of above 0.7 meaning high
relationship. The techniques allow the
comprehensive study of fractional models
(Pelemeniano& Siega, 2023).

4. Results and Analysis
4.1 Accuracy Comparison between Classical and Fractional Models

Model Type Prediction Accuracy (%)
Classical Models 68
Fractional Models 89

about 21 percent. This shows that fractional
calculus is effective in the dynamics of complex
systems.

The findings have shown that the fractional
models are much better in comparison to the
classical models and the accuracy difference is
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4.2 Error Reduction Analysis

Model Type Error Rate (%)
Classical Models 32
Fractional Models 14

successful in modeling non-linear and memory-
dependent behavior.

Fractional models minimize errors by over 50
percent of the classical methods. This
underscores the fact that they are more
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ERROR REDUCTION ANALYSIS
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4.3 Application Performance across Domains

Domain Improvement (%) ‘

Physics 27

Biology 30

Engineering 25

Ecology 22
The performance increase is distributed across fractional calculus is especially useful in the
domains, the greatest positive increase in process of modeling systems that exhibit a strong
performance is seen in the field of biological memory influence.

systems (30%). This indicates that the use of

4.4 Computational Efficiency

Model Type Computation Time (Relative %)

Classical Models 100

Fractional Models 135
Fractional models are much more accurate, but implies a trade-off between accuracy and
also need about 35 percent more time. This efficiency (Karaca &Baleanu, 2022).
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4.5 Stability Analysis

Stability Index (%)

70
88

Model Type

Classical Models
Fractional Models

accurate when predicting dynamic systems with

long-term predictions.

Fractional models are more stable with an

improvement of about 18 and thus are more

Stability Analysis
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4.6 Memory Effect Representation
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Fractional models almost reproduce the effect of
memory as well as classical models do, showing

systems.
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MEMORY EFFECT REPRESENTATION
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4.7 Correlation between Model Complexity and Accuracy

Parameter Correlation Coefficient

Complexity vs Accuracy 0.74
The positive correlation between the model fractional models are, the better results can be
complexity and model accuracy is found to be achieved.

very high (0.74), thus, the more sophisticated

Correlation between Model Complexity
and Accuracy

4.8 Long-Term Prediction Performance

Model Type Long-Term Accuracy (%)
Classical Models 62
Fractional Models 84
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Fractional models outperform classical models in
long-term predictions by approximately 22%,

highlighting their effectiveness in dynamic
systems.

Long-Term Prediction Performance

90
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60
50
40
30
20
10

# Classical Models

5. Discussion

As the results of the current paper have made it
clear, the use of fractional calculus can be
considered a significant advancement over the
classical modeling techniques when it comes to
the description of real world phenomena. It is
well evidenced by the fact that the accuracy of
the prediction has increased by 21 percent in the
classical models to 89 percent in the fractional-
order systems thus showing that the latter have a
greater ability of representing complex and non-
Involved.

The domain-specific analysis shows the greatest
improvement in performance, which is about
30% in the biological systems and next in physics
and engineering with 27% and 25% respectively.
This difference indicates that the application of
fractional calculus is especially effective in
systems in which memory and hereditary effects
are prominent, including biological processes
and diffusion problems. On the other hand,
there is a relatively less recovery in ecological
systems (22%) which can be attributed to the fact
that there is not only external environmental
variability =~ which  introduces  additional
uncertainties in the model structure.

84

d Fractional Models

linear and memory-dependent behavior. This is
in line with the previous research findings which
emphasized on the importance of incorporating
historical system states in the modeling
structures. The fact that fractional models could
lower the error rates up to 14 percent as opposed
to 32 percent also speaks in their favor, which is
more than half of the error rate, which is
especially important in high-precision areas when
biomedical and engineering systems are

The second one is that memory effects are well
modeled in fractional models and the model is
very effective of 85% compared to 45% when
classical methods are used. This almost twofold
enhancement proves the fact that the fractional
calculus gives a more realistic picture of the
systems which are affected by the previous states.
The correlation coefficient between the model
complexity and accuracy (0.74) is also good and
it also indicates that the higher the order of the
fractional model the better the performance but
at a high computational cost. The analysis shows
that the fractional models take approximately 35
percent longer to compute a model which is
accuracy and efficiency cost.
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Stability analysis also explains the strength of the
fractional models as opposed to the classical
systems where the stability index is 88 percent in
comparison to 70 percent. This is of special
concern to long-term predictions, where classical
models are more likely to be inaccurate with
time. It is also shown by the performance of the
model in prediction with time i.e. the long term
performance of the fractional models, 84 percent
compared to 62 percent on classical models, to
be effective in dynamic and changing systems.
Nevertheless, despite such advantages, a relatively
low adoption percentage, 37 in economics and
62 in physics, suggests that fractional calculus is
an emerging field. Approximately 40 percent of
studies indicate that it is hard to determine
computational ~ complexity and  estimate
parameters and limit its wide use. These findings
suggest that whereas the application of the
fractional calculus has great benefits, there is still
a necessity to develop the numerical operations
and computer programs that will help to
optimize its advantages.

Overall, it has been confirmed in the discussion
that the accuracy and reliability of the model
based on fractional calculus, and the general
framework in the understanding of complex
systems, is improved. With the mixture of
memory operations, improved stability, and
reduction in the error levels, the application of
fractional calculus is a groundbreaking practice
in contemporary mathematical modeling.

6. Conclusion

The conclusion made in this paper is that
application of fractional calculus in enhancing
the modeling of real world phenomena is quite
applicable because it is applied in addressing the
limitations of the classical methods of integer-
order. The results demonstrate the fact that the
accuracy of the prediction has been enhanced by
21 percent, the error levels have been cut by
more than 50 percent and the system stability
has been enhanced by 18 percent. Fractional
models are additionally seen to be more effective
in registering memory effects with 85 percent
effectiveness against 45 percent using classical
methods.

It has also been found that the use of fractional
calculus is particularly useful in such areas as
biology and physics where it can multiply the
results by 30 percent. The cost of these benefits
is 35 percent of the computational cost and it is
this that drives the need to have good numerical
algorithms. The paper has determined that
fractional calculus is a powerful tool that can be
used in both scientific and engineering practices
as it helps to provide a more realistic and better
ground upon which dynamic systems can be

modeled.

7. Recommendations

This study indicates that more application of the
fractional calculus should be further applied in
real world models particularly in the field where
non-linear processes and memory effects are
more apparent. Researchers need to put effort
on how to come up with effective computational
algorithms to lower the 35 percent incremental
computational cost of fractional models. The
efficiency of the model may be significantly
increased with the help of high-performance
computing and the introduction of high-level
numerical methods.

It is also recommended that comparative studies
are required to be carried out more in the other
fields since not over 30 percent of the available
works involve full evaluation of performance.
Further studies are needed on hybrid models,
where a fractional and classical approach will be
used to tradeoff between accuracy and
computational efficiency. Further, it should be
proposed to raise awareness and training in
order to promote the knowledge and application
of fractional calculus among researchers and
practitioners.
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