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1. Introduction:

An analytical solution describes the physical system with a set of mathematical expressions to
produce an exact solution or an approximation at every point. The common mathematical modeling
techniques used in engineering practice are based on the law of conservation of mass, the law of conservation
of momentum, the law of conservation of energy, and the second law of thermodynamics. These laws describe
the relationship between the changes in a system and the forces and energy transfer with the surroundings.
Computer generated solutions to certain problems can quickly become time consuming and costly.
Mathematical modeling can be thought of as a way of expressing a mathematical description of a system,
seeking to simplify the complex systems theory, and ignoring complex physical and environmental
phenomena. Every system can be described mathematically to a degree, no matter how complex it may seem.
[1] It is by the process of simplifying the problem that mathematical modeling begins to be useful. Models
should be thought of as the most efficient means of establishing a workable accounting of a system's
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component parts and understanding the behavior of that system. However, the limitations of human
computational ability make it impossible to derive exact solutions for even the simplest nonlinear differential
equations that arise in practical system modeling. Consequently, the solution of practical problems usually
requires the application of approximation techniques in conjunction with mathematical methods for
identification or optimization. Model capacity is defined as the level of abstraction and the level of detail used
in modeling a system. As models are more complex, the potential for the introduction of untraceable error
and low resolution arises. The use of analytical methods in conjunction with model reduction techniques may
decrease errors produced by complex models, although the rate of discrepancy introduced through this means
may not be constant as systems change and develop. [2] [3] Mathematical models change over time with the
progression of model dimensions. As the problem domain increases and decreases, models are subject to the
necessary adaptation, to maintain model capacity and accuracy. Model dimensions, which include the domain
of the problem set, act as a measure of the complexity of the system. Every system has several physical
dimensions, be this space or property based, and a model ought to reflect this. For example, a model of the
earth's atmosphere should at least be in possession of a 4-D solution, since three dimensions describe the
physical space of the earth, and a further dimension is needed to describe how tangible properties, such as
pressure, change. Models should not become overly complex but should aim to represent the system
effectively and efficiently in as great a capacity as the computational method or understanding afforded. [4]

1.1. Background

Mathematical models have been a crucial tool in computer and information science since the introduction of
Boolean algebra by George Boole in 1854. [5] They are used in IT system design to evaluate proposed designs
based on goodness criteria, and the best design is chosen for implementation. Optimization is a central concept
in computer and information science, used for various purposes such as finding optimal locations, minimizing
resource usage, and determining query strategies. [6]

Modern IT systems have become complex and large-scale due to increasing demand for practical applications.
Technological advancements and the increasing power of computer hardware have facilitated real-time
adaptability. However, new challenges have arisen, such as the need to exploit vast amounts of data and the
efficiency of optimization.

Technological and theoretical progress have opened new territories for computer and information science,
making mathematical methods and models crucial in IT system design. By applying mathematical models,
representations and products become precise and structured, making system understanding and maintenance
easier. [7] [8]

1.2. Objectives

This research explores the impact of Fuzzy Logic Controllers and Coverage Path Planning algorithms on the
design of IT systems and optimization mathematical models in robotic guided vehicles. Key elements include
navigation systems, coverage path planning (CPP), IT system optimization, and specific mathematical models
used in CPP optimization. The study focuses on real-world problems using CPP and how these models
contribute to finding solutions. The findings will be beneficial to robotics research, logistics, and process
automation professionals. The goal is to assess how the adoption of robots can help overcome challenges in
modern industries, such as increasing production volume and quality, reducing waste and cost.

1.3. Scope

The research will explore the background of IT systems, their relevance in modern business, and the
objectives driving their design. It will also explore the importance of maintaining mathematical models
throughout system operation. The research emphasizes the importance of automated optimization techniques
and systematic methods for improving algorithms in complex real-world problems, ensuring efficient systems
design throughout a system's life cycle.

2. Mathematical Models in IT System Design
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Mathematics plays a crucial role in business decision making, particularly in management science. It helps
solve simple business problems and manage complex global organizations. IT systems must satisfy
requirements such as reliability, manageability, availability, cost effectiveness, scalability, performance, and
security. Mathematical models are used to understand and predict system behavior and performance.
However, with advancing computer technologies and complex models, these models may become outdated.
Empirical studies show that 60%-80% of IT activities are focused on support and maintenance activities over
the system's lifecycle. [9] Applying mathematical models can lead to cost reduction and quality improvement
in system management. For example, optimizing helpdesk assistant allocation can be achieved by using
mathematical models that characterize the system, workloads, and traffic patterns. This can increase work
efficiency by 35% and improve resource utilization by 42%. [10]

2.1. Definition and Importance

Mathematical models in IT system design are the process of using mathematical calculations and logic to be
used in a system for performing complex and easy computations in a systematic way. If we want to find
measures, conversions, and representations of a system, we need mathematical formulas and logic. This helps
describe and predict the system by incorporating physical laws, unintended interactions, and empirical
parameters. The most important thing is system control and model optimization. For example, we use a PID
controller for system control and optimization to understand the system better. Mathematical models are also
used for software optimization, process optimization, and control optimization in IT systems. The accuracy
of the model can be used in many applications, such as increasing efficiency and reducing human effort in
system design. Errors can be minimized, and accurate results can be determined. Models can also reduce time
and complexity in analysis. The accuracy of the model depends on various parameters and factors. To improve
the system and optimize it correctly, it is recommended and essential to create the model in compliance and
verify and validate its accuracy.

2.2. Types of Mathematical Models

Mathematical models are divided into three main types: deterministic, stochastic, and heuristic. Deterministic
models describe systems in mathematical equations, providing an exact solution. Stochastic models
incorporate randomness or individual behavior, resulting in different outputs for the same inputs. They are
used to simulate processes that evolve over time, like stock prices or queuing theory. Heuristic models, on
the other hand, use trial and error methods to find the best solution. Deterministic models are used for
determining issues, stochastic models for examining variability, and heuristic models for complex problems.
[11][12]

2.3. Benefits and Limitations

Mathematical models are a valuable tool for understanding and optimizing systems, but they also have
limitations. They can be too restrictive and require careful consideration of input precision. In the real world,
collecting precise input data is challenging due to technology limitations and time constraints. Traditional
methods like trial and error are impractical, and the cost of changing a working system can be high. Despite
these limitations, model-based design approaches are increasingly popular due to their cost-effectiveness and
the ability to represent complex systems using mathematical models. It is essential to be cautious and critical
when creating and using models, as they are only a simplified representation of reality and should be kept
open-minded. [2] [13] [14]

3. Optimization Techniques in IT System Design

Optimization is a crucial discipline in system design, aiming to create the most efficient and ideal system
within specific constraints. It involves determining the best configuration of a system's components or
structure to maximize its potential. [16] [17] In IT system design, optimization techniques involve activities
and processes to develop systems that operate efficiently and effectively, utilizing optimal resources such as
processing power, data storage, and user interactivity time. The benefits of well-optimized systems extend
beyond academics, as they can prevent cost and budget overruns, missed product delivery deadlines, and
system failures. By understanding the key concepts and activities in optimization, it is hoped that less bad
designs will enter professional systems work, reducing the risk of system failures in the industry. [18] [19]
[15]
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3.1. Overview of Optimization

Optimization in IT system design involves selecting the best solution from feasible alternatives and is a crucial
tool for decision-making. It can be deterministic or stochastic, depending on the model's parameters and
model specifications. There are two categories of optimization: linear and nonlinear. Linear optimization
minimizes or maximizes linear functions, while nonlinear optimization numerically approximates nonlinear
functions. Modern optimization methods and software, like LINGO and MATLAB, can solve complex linear
optimization problems. Modern operations research focuses on creating high-performance decision support
systems, and technology shifts from mainframe-oriented to distributed, real-time, multidisciplinary, internet-
based spatio-temporal forecasting systems. Optimization efficiently utilizes resources and energy, directly
impacting society. [20] [21]

3.2. Commonly Used Optimization Methods

There are several methods of optimization commonly used in IT system design [22] [23] [24] and these
include:

1. Linear Programming: Here, the mathematical model is constructed with a linear objective function and a
set of linear inequality or equality constraints. Then, the values of the variables are altered in such a way that
the value of the objective function is minimized or maximized. Linear programming is widely used in
different areas such as production scheduling, transportation, and financial portfolio management.

2. Genetic Algorithms: Genetic algorithms are problem-solving methods that mimic the process of natural
evolution. These algorithms use the ideas of selection, crossover, and mutation operators to find the best
solution to an optimization problem. Genetic algorithms have been applied to various optimization problems
including robotics, scheduling, and route optimization.

3. Mixed Integer Programming: This is a class of optimization methods where the objective function is to
minimize or maximize something, subject to a set of linear or non-linear inequality and higher than or equal
to and less than or equal to constraints. The difference of these methods from other optimization methods is
that they have calculations in terms of whole numbers - in the form of integer rather than decimal. These
types of optimization methods are often applied where a solution must be a whole number, such as the case
in production run.

4. Simulated Annealing: Simulated annealing is a combinatorial optimization method based on the annealing
process in metallurgy. It aims to achieve global optimization for a given objective function by heating and
cooling materials to reduce defects and create a free energy minimum state.

5. Decision Trees: Decision trees are a technique for making decisions by classifying possible outcomes.
They start at the theoretical root and make binary decisions based on the answer to questions. The optimal
solution is reached at each branch, making it suitable for design problems.

6. Queuing Theory: Queuing theory is a method used in IT systems to analyze resource requests and optimize
performance. It models system behavior and servers mathematically, helping find the optimal number of
resources for minimal delay and maximum capacity.

3.3. Application of Optimization Techniques in IT System Design

A simulation-based approach to IT system optimization is beneficial for users, suppliers, and maintenance
engineers. Users can use the optimized system model to select their desired performance, configure the
operating environment, and gain insights into the final solutions. This helps in system setup, maintenance,
and development over its lifetime. [25]

Deterministic and simulation-based optimization are two main approaches to designing IT systems.
Deterministic optimization uses an iterative trial and improvement method, discarding or altering algorithms
that don't meet the predetermined objective function. Simulation-based optimization uses mathematical
models to assess the effectiveness of overall IT systems, using system objectives like profit, growth, and
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efficiency. Variations in model results are used to pick the optimal solution or understand variable values.
[26] [27]

Optimization is crucial in IT system design, from initial configuration selection to testing and maintenance.
Complex computer systems have numerous parameters and constraints, making it difficult to consider all
possible solutions. However, experience shows that a small subset of optimal solutions may be the only
feasible and acceptable answer.

4. Impact of Mathematical Models on IT System Performance

Mathematical models can significantly improve the performance of IT systems, especially in factory control
systems. Computer simulation models are often used to assess alternative methods. However, selecting a
realistic and authentic model is crucial for system optimization. The first step in research is to construct a
model, investigating the mathematical models used in the system type. The model's appropriateness depends
on the study's objectives and aims. [28] Mathematical models can help system analysts understand the
system's intrinsic workings, identify weak components, and study how changes affect the entire system.
Simulation and optimization techniques like discrete event simulation and evolutionary algorithms can be
enabled. [29] The accuracy of mathematical models is crucial for contracts, government policies, and senior
management's decisions in the IT sector.

4.1. Enhancing System Efficiency

Mathematical models can enhance the efficiency of IT systems by predicting changes that might lead to
efficiency improvements. By describing a system in mathematical terms, analyzing performance measures,
and using simulations, designers can make changes to the model to see if they improve performance. This
process, known as simulation, involves developing the model, validating it, running simulations under
different conditions, and analyzing the results. The findings from the simulation can be used to make decisions
about changes to the real system, either to enhance efficiency or evaluate the effects of other changes. By
employing mathematical models and simulation work, significant efficiency gains can be achieved,
contrasting with many topics, such as leisure and business processes, which are beyond the scope of even the
most sophisticated mathematical models and current understanding of mathematical principles. [27]

4.2. Improving Resource Allocation

Mathematical models offer flexibility and power in resource allocation, allowing for easy re-evaluation of
optimal solutions under various industry circumstances. They can also be applied to solving resource
allocation problems in production lines, helping to determine the best task assignment and quantify efficiency,
aiding in decision-making in the industry. This approach not only improves network throughput but also
ensures fair resource distribution among users. [30]

A typical example is to use queuing models to analyze and optimize the performance of computer networks.
Queuing models are built upon the queuing theory, which is a mathematical study of the formation of queues
or lines as they are often called. By analyzing different queuing models that represent the network under
different conditions, it is possible to optimize the network such that the average waiting time experienced by
packets, or the probability of a packet being delayed, is minimized.

Resource allocation is the efficient distribution of resources, such as CPU, memory, storage, and input/output
devices, in IT system design and operation. Using mathematical models can help ensure proper allocation
and efficiency.

4.3. Minimizing Downtime and Delays

The IT industry has evolved over the past three decades to reduce downtime and delays, meet growing client
demands, and develop new services. Despite the increasing cost of specialized maintenance downtime, IT
frameworks can now be designed to ensure higher availability using continuous scientific models. Discrete-
time replication is a proven method for demonstrating system strength, as it can be used to understand the
impact on the system. However, there are various internal and external factors that must be considered.
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Maintenance strategies, such as routine adherence, are essential for maintaining system health. The six-sigma
approach emphasizes downtime and helps manufacturers prevent everyday issues leading to downtime
events. Real-time simulations have gained popularity due to advancements in computer technology and the
ability to test protocol changes and upgrades without causing downtime. [27]

5. Case Studies of Mathematical Models in IT System Design

The case study provides research-based guidance on strategically locating network facilities to minimize
business impacts from network system transformation. It introduces the p-Center problem, critiques its
limitations, and discusses future developments. The chronological order of theory to practice and potential
issues provides a clear understanding of the profession's progress.

This demonstrates the use of mathematical tools in business operations and helps new industry members
understand how theoretical models can be applied with real data. It emphasizes the potential of algorithmic
practices in decision-making and strategic planning, leveraging advancements in computer processing power
and parallel computing.

This case study specifically discusses the use of a well-known designing model used for solving location
problems, the p-Center problem. First, the objectives, decision variables, and constraints of the model are
presented and discussed in detail. Then it moves on to the analysis of some real-world scenario data set, of
which the application and effectiveness of the base case and derived case studies are also illustrated.

The case study explores the use of mathematical models in network design, highlighting the challenges faced
by communication service providers in identifying optimal locations and infrastructure resources for internet
services.

5.1. Case Study 1: Network Optimization

The case study discusses network optimization under budget constraints. It introduces a mathematical model
and defines the objective function of minimizing total network cost based on dependent variables and
parameters. The problem is modeled using an algebraic approach, and sensitivity analysis is performed to
investigate the impact of changes in parameters. The study concludes that the optimization approach
successfully found the most efficient design, and that a wide range of network changes can be easily tested
by changing model parameters. The case study explains the process, methods, and outcomes of using
mathematical models in real network optimization scenarios, making it accessible to readers from various
academic and professional disciplines. However, more comparisons with other types of networks and
potential real-life impacts could be added to emphasize the study's significance. [31]

5.2. Case Study 2: Capacity Planning

The case study demonstrates the use of mathematical models in improving capacity planning in the retail
industry. The business, which supplied multiple physical retail outlets, sought to reduce costs by identifying
the optimal number of stock keeping units (SKUSs) to hold at each outlet. [32] A two-step mathematical model
was developed, using historical demand data to produce probability distributions of daily demand at each
outlet. The model then used simulated annealing to identify the combination of SKUs at each location that
resulted in minimum sustained availability across the retail network. The model provided a clear set of
suggestions on which scenarios of SKUs to select, and the model also provided insight into the sensitivity of
the 'optimum' solutions to changes in average demand. The model allowed the retail network to adjust SKU
allocations at any time, resulting in a savings of around 3.2 million euros per year. [33] The case study
concludes with a perspective on the successful deployment of the model and its wider implications for other
capacity planning problems in the retail and warehousing sector.

5.3. Case Study 3: Workforce Scheduling

Workforce scheduling is a crucial aspect for large transportation companies, such as airlines and trucking, to
efficiently manage their workforce. This involves assigning employees to different work shifts, days off, and
locations based on labor rules. Developing a good schedule manually can be time-consuming and can be
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complicated by the mathematical methods used. To disseminate this technique, an operations research team
has prepared an article explaining its application from the perspective of operations research. The article will
cover a real-world case, objectives, main characteristics, linearity integer programming, mathematical
modeling, implementation steps, and results. The article will also demonstrate the benefits of workforce
scheduling, such as improved service levels and reduced labor hours. [34]

6. Challenges and Limitations of Mathematical Models in IT System Design
6.1. Data Accuracy and Availability

Accuracy and availability are crucial aspects of data management in IT systems. Accuracy refers to the
accuracy of computation results, while availability refers to the usability of data. With the exponential growth
of data, it is difficult to ensure perfect accuracy due to limited computing capabilities, storage, and human
errors. To improve data accuracy, techniques like error checking, manual examination, and statistical methods
can be used. However, availability is not guaranteed due to factors like natural disasters, terrorism, and
malware attacks. General programming principles like error handling and good software design can help
maximize data availability. Backup facilities can also be used to restore data instantly. Despite these
challenges, IT experts continue to apply best practices and make constant efforts to improve in these areas.
[35]

6.2. Complexity and Scalability
I. Complexity of mathematical models

Complex mathematical models in IT system design can be challenging to understand and maintain due to
their inclusion of multiple parameters and the choice of a model with cryptic real-world relationships. The
implementation of these models requires a connection between the model and the applied process. [5]

Complex models require more computational resources, increasing start-up time and limiting adaptiveness.
Algorithms with high time complexity, such as O(N"2), are not computationally friendly and may take too
long to process large data sizes. Large problems often have large data sizes, making linear time algorithms
insufficient. Complex algorithms, with time complexity exceeding O(N”2), are only used for optimized
problem solving, limiting their use to a small extent.

6.3. Real-Time Adaptability

Mathematical models are crucial in IT system design and optimization, as they calculate information based
on input and data, predicting future system states and behaviors. Real-time adaptability is a process that allows
a system to change parameters based on the calculations of the models, enabling it to respond to unexpected
disturbances or environmental variations. This feature is essential for handling unexpected disturbances and
environmental variations, enhancing system performance and allowing for quick recovery. Real-time
adaptability is particularly important in vibration control systems, where the controller can respond to new
inputs and weather variations instantly, improving system performance and ensuring aircraft safety. The
versatility of mathematical models provides a robust platform for system designers to analyze system
behavior and optimize systems. With the advancement of mathematical models, systems and products will
have more effective, reliable, and optimal designs, and the field of research in IT system design and
optimization will continue to grow and foster more innovations in the future. [36] [37]

7. Future Trends and Innovations in Mathematical Models for IT System Design

The rapid advancement of technology has led to a growing interest in developing mathematical models for
IT systems design. These models offer a credible and meaningful way to understand and solve real-world
problems, understanding processes behind design, and aiding communication between stakeholders. As big
data and real-time analytics become more common, new and efficient mathematical techniques, such as
artificial intelligence, will become common. This area focuses on developing innovative methods, applying
existing techniques to new problems, and improving teaching of maths and computer science in schools.
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Emergent technologies, such as 4D building information modeling, machine learning, cloud computing, and
virtualization, are expected to have significant impacts in the future.

7.1. Machine Learning and Artificial Intelligence

The future of mathematical models is moving towards machine learning and Al, which enable learning from
data and applying knowledge to make decisions. This makes incorporating mathematical models in IT system
design more promising. Machine learning strategies include supervised learning, unsupervised learning, and
reinforcement learning. Professor Charles Hutchings at Liverpool John Moores University emphasizes the
importance of intelligent approaches and clever algorithms in modern IT systems. Genetic algorithms,
inspired by nature, are one such optimization technique that can solve critical tasks by simulating natural
analogues. Dr. Jason Pam, senior lecturer at the University of Wolverhampton, believes that genetic
algorithms are ideal for solving complex optimization problems, especially in IT system design, due to their
low memory consumption and inherently parallel nature. [38]

7.2. Big Data Analytics

Big data analytics (BDA) is the process of collecting, organizing, and analyzing large volumes of data to
understand and predict human behavior. It is increasingly important in IT system design due to the growing
amount of data generated from IT systems and business processes. BDA can be used in cyber security to
detect and prevent cyber attacks and in customer relationship management to design marketing strategies and
understand customer preferences. The development of big data infrastructures and tools like Hadoop and
NoSQL has made BDA mature, and many companies have realized its benefits. The long-term trend is to
integrate BDA with advanced technologies like machine learning and artificial intelligence to develop more
intelligent functions and systems. [39]

7.3. Cloud Computing and Virtualization

Cloud computing uses cloud servers to store and manage data over the internet. Virtualization creates a virtual
version of a physical IT system, allowing for more efficient use of hardware. Mathematical models are used
to predict capacity and scalability of cloud services and simulate real-world business behaviors. These models
help make decisions about cloud services, network usage, and processing needs, ensuring server availability,
network capacity, and connection speed. Simulation and optimization techniques for virtualized systems
address performance and resource optimization problems, such as server consolidation. Mathematical models
represent physical servers, workload, and power usage, allowing for accurate predictions of suitable server
configurations. [40]

8. Conclusion

Model-driven analysis and empirical work can lead to cost-effective system design solutions and avoid system
downtime. Mathematical models provide detailed knowledge for various user groups, helping IT systems
meet organizational goals. This research aims to understand the impact of mathematical models on IT system
performance, as models underpin initiatives like system consolidation and resource optimization. New
mathematical models have been developed and validated to compare the performance of this new paradigm
to conventional model-driven approaches.

The application of mathematical models in IT system design and optimization offers great advantages and
provides a basis for the discovery of new knowledge. The use of mathematical models has proved to be an
invaluable tool when analyzing the effect of system changes on performance. The models have the advantage
that it is possible to deal with many variables that may be dynamical in nature and that the construction of the
models allows one to find out cause and effect relationships, sometimes not obvious when considering a
particular system.
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