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Abstract. This article examines the theoretical foundations of linear algebra, vectors, and matrix
computations in modern artificial intelligence models, as well as their practical applications. The study
analyzes the key mathematical concepts underlying artificial intelligence systems, including vectors,
matrices, linear transformations, eigenvalues, and eigenvectors. Special attention is given to the role of
matrix operations in machine learning and deep learning algorithms, the working mechanisms of
neural networks, and computational approaches used in data processing. The research also investigates
the effectiveness of dimensionality reduction techniques such as Principal Component Analysis (PCA)
and Singular Value Decomposition (SVD), highlighting their importance in processing large-scale
datasets. Furthermore, the practical applications of linear algebra methods in natural language
processing, computer vision, recommendation systems, and generative artificial intelligence models
are discussed.
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Introduction As a result of the rapid development of information technologies, artificial
intelligence (AI) has become one of the most important fields of modern science and technology.
Today, AI systems are effectively applied in medicine, education, economics, finance, industry,
transportation, and many other areas, providing opportunities to solve complex problems, process
large volumes of data, and optimize human activities. In particular, the advancement of machine
learning and deep learning technologies has further increased the practical significance of artificial
intelligence and expanded its scope of application.

In studying the theoretical and practical foundations of AI models, various branches of
mathematics play a crucial role. Among them, linear algebra holds special importance as it forms the
mathematical basis of AI algorithms. Concepts such as vectors, matrices, determinants, eigenvalues,
and eigenvectors are essential components of modern neural networks, data analysis systems, and
optimization algorithms. Therefore, mastering the theory of linear algebra is necessary for a deep
understanding of the principles underlying artificial intelligence [Bishop C. M. Pattern Recognition
and Machine Learning. – New York: Springer, 2006.].

It is well known that modern AI systems operate with massive amounts of data. These data are
often represented in the form of vectors and matrices. For example, digital images are processed as
matrices composed of pixel values, while texts are represented as numerical vectors. In fields such as
natural language processing, computer vision, and recommender systems, the mathematical
representation of data and the execution of computational operations are directly based on linear
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algebra methods. Consequently, the efficiency and accuracy of AI models largely depend on the
proper organization of vector and matrix computations.

Matrix operations also play a central role in the development of deep neural networks. In each
neural layer, input data are received in the form of vectors and processed using weight matrices.
During this process, operations such as matrix multiplication, transposition, and other algebraic
transformations are performed. Particularly when working with large-scale data, optimizing matrix
computations becomes one of the key tasks to improve computational efficiency [Russell S., Norvig P.
Artificial Intelligence: A Modern Approach. – Pearson Education, 2021.]. Modern graphics processors
(GPUs) and parallel computing technologies enable fast execution of matrix operations, significantly
accelerating the training of AI models.

Moreover, linear algebra methods are widely used in data compression, dimensionality reduction,
and feature extraction. Specifically, techniques such as Principal Component Analysis (PCA),
Singular Value Decomposition (SVD), and other modern approaches help identify hidden patterns in
data and reduce computational costs of models. This is a crucial factor in enhancing the efficiency of
AI systems that process large-scale datasets.

Today, the development of AI technologies requires further advancement of mathematical
modeling and computational methods. From this perspective, linear algebra is significant not only as a
theoretical discipline but also as a practical foundation for modern technological solutions. In
understanding the mechanisms of AI algorithms, improving them, and creating new models, the role
of vector and matrix theory is indispensable.

Main Part

The Role of Linear Algebra in Artificial Intelligence

Artificial intelligence systems operate on complex mathematical models. Among these models,
linear algebra is considered one of the most fundamental theoretical foundations. Linear algebra
studies concepts such as vectors, matrices, systems of linear equations, eigenvalues, and eigenvectors,
which form the mathematical basis of AI algorithms.

During data processing, many objects are converted into numerical form. For example, texts are
represented as numerical indices or vectors, while images are expressed as matrices composed of pixel
values. AI systems receive this data and analyze it through mathematical operations. As a result, tasks
resembling human activities—such as classification, prediction, and decision-making—are performed.

Linear algebra appears in nearly all areas of artificial intelligence. In machine learning
algorithms, vectors and matrices are used to represent and process data. Neural networks express
connections between layers through matrices. Therefore, the efficient functioning of modern AI
models is directly dependent on linear algebra methods [Hastie T., Tibshirani R., Friedman J. The
Elements of Statistical Learning. Springer, 2009].

A vector is an ordered set of numerical values that can represent one or more features. In AI
systems, each object is described as a vector based on a set of attributes [Strang G. Introduction to
Linear Algebra. 5th Edition. Wellesley-Cambridge Press, 2016]. Each element of the vector reflects a
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specific property of the object. In machine learning algorithms, thousands or even millions of objects
are stored and processed in this vector form.

In natural language processing (NLP) systems, vectors are also crucial. Modern language
models convert words into numerical vectors, a method known as word embedding. This enables
computers to identify semantic relationships between words. For example, the words “student” and
“university” are semantically related, so their vector coordinates are located close to each other in
space.

In computer vision, each pixel of an image is represented by a number. Image data is
transformed into vectors and then processed through neural networks. This allows face recognition,
object detection, and image classification [Nielsen M. A. Neural Networks and Deep Learning.
Determination Press, 2015].

A matrix is a numerical table composed of rows and columns, used in AI models to store and
process large amounts of data. Matrices allow simultaneous execution of multiple computations. Input
data in AI models is stored in matrix form, and operations such as multiplication, addition, and
transposition are performed on them [Murphy K. P. Machine Learning: A Probabilistic Perspective.
MIT Press, 2012]. In neural networks, matrix multiplication is the primary computational operation.
Since matrices enable thousands of calculations at once, modern GPUs are optimized specifically for
matrix computations, significantly reducing training time for large neural networks.

Today, platforms such as TensorFlow and PyTorch widely employ matrix operations in their
internal computations. Thus, matrices are among the core mathematical tools of AI technologies.

One of the most advanced areas of AI is deep learning, which is based on artificial neural
networks. Each neuron receives input data, applies weight coefficients, and passes the result to the
next layer. Mathematically, this process is expressed by the formula:

y=W⋅ x+b

Where:

x — input vector

W — weight matrix

b — bias vector

y — output result

This formula represents the fundamental computational mechanism of neural networks. Clearly,
the functioning of the model directly depends on operations performed on matrices and vectors. Deep
neural networks may contain millions of parameters. To optimize these parameters, the Gradient
Descent algorithm is used, which relies on linear algebra and calculus.
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When working with large datasets, reducing computational costs becomes essential. For this
purpose, dimensionality reduction methods based on linear algebra are applied. One of the most
popular methods is Principal Component Analysis (PCA), which identifies the most important
features in data and reduces redundant parameters. PCA is based on eigenvalue and eigenvector theory.
Another widely used method is Singular Value Decomposition (SVD), effective in data compression
and analysis. SVD is applied in recommendation systems, image processing, and data filtering. As
data volumes grow, these methods remain highly relevant, improving model efficiency, reducing
memory usage, and enhancing accuracy.

Literature Review and Research Methodology

Numerous foreign and local scholars have conducted research on the mathematical foundations
of AI. These studies emphasize the role of linear algebra, vectors, and matrix computations in AI
models [Goodfellow I., Bengio Y., Courville A. Deep Learning. MIT Press, 2016].

Among fundamental works in linear algebra, Gilbert Strang’s contributions hold particular
importance. His research elaborates on vector spaces, matrices, eigenvalues, and linear
transformations. These studies have shaped the mathematical foundation of modern machine learning
and deep learning algorithms.

Research by Ian Goodfellow, Yoshua Bengio, and Aaron Courville on AI and deep learning
technologies is also significant. They mathematically analyzed the functioning of neural networks,
demonstrating the central role of matrix operations and vector computations. Their findings show that
most neural network computations are based on matrix multiplication and transformation.

The reviewed literature indicates that the theoretical and practical development of AI is directly
linked to advancements in linear algebra, vectors, and matrix computations. Therefore, research in this
field remains highly relevant today.

Research Methodology

This study employed several theoretical and practical methods of scientific inquiry. The
methodological foundation includes a systematic approach, comparative analysis, mathematical
modeling, and abstract reasoning.

First stage: AI and linear algebra literature was reviewed, analyzing existing theoretical
perspectives. Monographs, scientific articles, textbooks, and international research databases were
studied to generalize theoretical knowledge.

Second stage: The application mechanisms of linear algebra elements in AI models were
examined. The role of vectors, matrices, eigenvalues, and eigenvectors in machine learning and deep
learning algorithms was mathematically analyzed [Chollet F. Deep Learning with Python. Manning
Publications, 2021]. Neural network computations were evaluated for efficiency.
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Third stage: Analysis and synthesis methods were applied. AI model components were studied
individually (analysis), and then evaluated as a unified system (synthesis). This provided a
comprehensive understanding of linear algebra’s role in AI.

Fourth stage: Comparative analysis was conducted to evaluate mathematical approaches across
different AI models. PCA, SVD, neural networks, and embedding technologies were compared in
terms of vector and matrix computations.

The reliability of research results was ensured through modern scientific sources, mathematical
theories, and practical examples. The findings contribute to a deeper understanding of the
mathematical foundations of AI models and help assess their practical effectiveness.

Conclusion

In this research, the theoretical foundations and practical applications of linear algebra, vectors,
and matrix computations in modern artificial intelligence models were examined. The analyses
demonstrated that linear algebra serves as the fundamental mathematical basis of AI technologies.
Most contemporary machine learning and deep learning algorithms operate on vectors, matrices, linear
transformations, and optimization methods.

The study highlighted the importance of vectors in representing data and the role of matrices in
efficiently organizing large-scale computational processes. In particular, it was found that matrix
multiplications and vector operations constitute the core computational mechanism of neural networks.
Furthermore, methods such as PCA (Principal Component Analysis) and SVD (Singular Value
Decomposition) were analyzed for their ability to reduce data dimensionality, eliminate redundant
information, and enhance computational efficiency.

The results of the research showed that the performance of AI systems largely depends on the
sophistication of mathematical models and computational methods. Elements of linear algebra are
significant not only theoretically but also practically, as they are widely applied in software tools and
platforms. The core computational mechanisms of modern AI frameworks such as TensorFlow and
PyTorch are also built upon matrix and vector operations.

In summary, linear algebra, vectors, and matrix computations play a decisive role in the
theoretical and practical development of artificial intelligence. Future research in this field should
focus on deepening investigations, developing new mathematical methods, and applying them to AI
models. Such advancements will serve as key drivers of technological progress.
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