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Abstract: 

                Linear Algebra is the branch of mathematics that deals with scalars, vectors, and matrices. The main motivation 

behind developing linear algebra was to solve the system of linear equations. Linear equations represent the basic objects in 

geometry such as lines and planes. Thus solving the system of linear equations computes the intersection of planes and lines. 

It is applied in physics and engineering to model many natural phenomena and calculate their efficiency. Linear algebra also 

plays an important role in Data Science. Data Science is the interdisciplinary field that deals with extracting meaningful 

insights from data using machine learning algorithms and computational techniques. Linear Algebra provides a mathematical 

framework to represent , understand , manipulate and obtain information from the data.It is also used  in machine learning 

algorithms for prediction , classification  and optimization.Linear algebra is foundational to data science, providing the tools 

for working with data in high-dimensional spaces, making complex data transformations, and optimizing machine learning 

algorithms. Linear algebra techniques are used for dimension reduction and recommendation systems. Data presentation and 

manipulation using vectors and matrix operations  in Linear algebra. Principal component analysis(PCA)  is a widely used 

technique to reduce the dimension of the data  which uses the eigenvalue  and eigenvectors in Linear Algebra.  Natural 

Language process ( NLP)  is one of the important areas of Data science which focuses on human and computer interaction. 

Linear Algebra provides a platform to represent , analyze and transform textual information in NLP. NLP models use Linear 

Algebra to process and understand natural language efficiently. In Data science, image processing and computer vision is 

used to extract ,interpret and analyze  information from  visual data. Linear algebra plays a key role in image processing and 

computer vision systems to obtain information in visual data . This paper focuses on such applications of Linear algebra in 

Data Science especially in  machine learning algorithms, NLP, image processing and computer vision . 
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1. Introduction  

    Linear Algebra is the branch  of  Mathematics which deals with the study of vectors ,scalars and matrices. The main 

concepts of  Linear Algebra  are used to solve linear equations and used  for geometric representation. Linear algebra include 

various topics which have wide range of applications such as: 

● Vector space 

● Affine space 

● Linear transformation 

● Matrices 

● Matrix Decomposition 

● Bilinear mapping 

● Projection space 
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Data science is a multidisciplinary field that uses statistical methods ,mathematics and computational techniques to extract 

meaningful insights from structured and unstructured data. Linear Algebra provides the mathematical framework for Data 

Science Algorithms to manipulate , interpret , optimize  and perform computation efficiently.Data Scientists find it easier  to 

use  programming languages in analyzing big data instead of taking advantage of mathematical tools like Linear 

Algebra(Hasheema,2019).  A solid understanding of  Linear algebra allows the Data scientists to select and implement  

algorithms on complex data sets more efficiently and effectively. The studies indicate a deep understanding of Linear Algebra 

helps Data scientists to develop robust and scalable solutions(Yahaya et al,2024). Neural networks is a computational model 

in machine learning which mimics the complex human brain . It consists of interconnected neurons  to process the data and 

to learn from the data. These  contain multiple layers ,where each layer applies linear transformation in case of Linear neural 

networks on the input of the previous network .These are feedforward neural networks with output layer perform prediction 

and classification. This paper  explores various topics of Linear  algebra which are essential for various subfields of  data 

science such as machine learning algorithms, NLP, image processing and computer vision .  

 

1.1 Literature Review 

The basic foundation of Data Science is data  and Linear algebra is used in  Data science from representation of the data  to 

interpretation of the data.Most of the data in machine learning is in tabular form where rows represent the number of 

observations and columns represent  number of features. The mathematical structure in Linear algebra such as matrix is used 

to represent the data. Other than data analysis the matrix is used in a variety of scientific fields such as physics, zoology , 

botany and animation ( Sharma et al,2022). Eigenvalue and Eigenvectors have a wide range of applications in the field of 

quantum mechanics,vibration analysis, Optimization theory etc(Munir, 2015). Eigenvalue and Eigenvectors  play a crucial  

role in statistical methods like Principal component analysis that identify the features of Data while reducing the dimension 

of the data. Similar to PCA there is another technique in Linear Algebra which reduces the dimension of  data is singular 

vector decomposition (SVD). SVD can be applied to non-square matrices , non-invertible matrices  and complex data ( 

Thi,2023).Tensors Word embedding  refers to the representation of words in vector in higher dimensional space  based  on 

similarity of words and also  on the basis  of semantic meaning of the words. The technique is gaining importance in NLP 

applications such as classification ,sentiment analysis( Asudani et al, 2023). The  concepts of linear algebra are used in linear 

activation functions in linear neural networks. 

2.Material and Methodology  

2.1 Role of Linear Algebra  in Machine learning : From Data representation to model optimization 

Linear algebra plays an important role in machine learning , serving as the backbone for many computational processes  and 

algorithms. Here  are  some of the overviews  of contribution of linear algebra in machine learning  from data representation 

to optimization: 

 

2.1.1 Data Representation  

 

Linear algebra primarily focuses on the study of vectors, matrices, and their transformations, providing the tools to analyze 

and manipulate multidimensional data.The data points represented by n-dimensional vectors where n is the number of features 

describing data point and  if data  is represented by mxn matrices then m rows represent the number of samples and n columns 

represent the number of features of the data . For example,  5 samples of data with four features(Name,height, weight,age) 

represented by a 5x4 matrix X as display in table: 

 

 

 

 

http://www.ijsrem.com/


         
  International Journal of Scientific Research in Engineering and Management (IJSREM) 

                         Volume: 09 Issue: 04 | April - 2025                             SJIF Rating: 8.586                                      ISSN: 2582-3930                                                                                                                                               

 

© 2025, IJSREM      | www.ijsrem.com                                         DOI: 10.55041/IJSREM44650                                              |        Page 3 
 
 

Table 1 

                             Matrix representation of Data  

Name height(cm) weight(kg) age(years) 

A 165 74 32 

B 155 61 34 

C 144 52 35 

D 159 59 36 

                                                

             Vector representation  of the data points 

             (A,165,74,32), (B,155,61,34),(C,144,52,35),(D,159,59,36) 

      Multidimensional arrays(tensors) are used for representing complex data containing images, text, or video . For 

instance,an image can be represented as: 

● A 2D matrix of pixel intensities (grayscale images). 

● A 3D matrix for RGB images (height, width, and 3 color channels). 

Hence, the data representation simply means transformation of data into basic mathematical structures in linear algebra such 

as matrices, vectors and tensors so that data can be easily manipulated using addition , subtraction  and transformation. 

 

2.1.2 Data Transformation  

Data transformation using linear algebra involves applying mathematical operations to reshape, manipulate, or analyze data 

represented in matrix form. Linear algebra techniques are foundational in fields like machine learning, computer graphics, 

and scientific computing. Rescaling the data  especially before machine learning algorithms for uniformity  of data. For 

instance, applying  the min-max scaling on columns(features ) of matrix X in Table 1 

                                                   ……………..(1) 

After Applying this transformation in each numeric columns of X  then X matrix transformed to  

Table 2 

               Transformated Data representation  

Name height(cm) weight(kg) age(years) 

A 1 1 0 

B 0.52 0.41 0.5 

C 0 0 0.75 

D 0.714 0.32 1 
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Transforming images using matrices involves applying linear algebra techniques to manipulate pixel data. This is widely 

used in computer graphics, image processing, and machine learning. Common transformations include translation, scaling, 

rotation, and shear.Each pixel's coordinates (x,y) can be transformed using matrix operations. For instance, scaling of image 

(resizing or compressing the image ) is done by multiply the below matrix with original pixels 

 
Where  are the scaling constant. 

2.1.3 Dimension Reduction 

Principal Component Analysis (PCA) is a statistical technique used to reduce the dimensionality of data while preserving as 

much variance as possible. It achieves this by transforming the data into a new coordinate system defined by orthogonal axes 

called principal components.To identify the principal components axes , this technique employs  linear algebra technique of 

eigenvalues and eigenvectors.If the data is stored in X matrix  then first step is standardized the data applying  following 

transformation in the columns(features) of X: 

 

Where  are the mean and Standard deviation  of 𝑗𝑡ℎ Column of X, 

Then compute the covariance matrix which represent the relationships between features.For instance if there are 3 

columns(features) of X  namely x,y and z  then  covariance matrix is a 3x3 symmetric matrix given by  

 
Where, 

 

 
 

Compute the eigenvalues and eigenvectors of the covariance matrix and rank the eigenvalues in descending order and select 

the top k components.For 3x3 covariance matrix there  are three eigenvalues and 3 corresponding eigenvectors . Selecting 

the first two highest eigenvalue and corresponding  eigenvectors  give the two significant principal components  and 

discarding the less significant (low value eigenvalue). These two eigenvectors form  the feature vectors. At the last project 

the data along the principal component by multiplying the feature vectors by the standardized data and hence essentially 

projected the given data  into lower dimensions. 

 

  

 2.2 Linear Algebra Foundation of Natural language processing (NLP): From word embedding to transformers. 

Natural language processing(NLP) is the field of linguistic research where the capability of computers is explored  for 

understanding the content  of text and documents.  There are many different challenging techniques that can be used to solve 

NLP .  Linear algebra  can also play an important role in  many aspects of  (NLP), especially because it provides a framework 

for representing and manipulating text in a structured way. In NLP, there is a need to transform the words, sentences, and 

documents into mathematical representations such as vectors and matrices that can be efficiently processed by 

algorithms.There are many tools and techniques in  Linear algebra for such transformations. In NLP, words are often 

represented as vectors. This allows for mathematical operations to establish the relationships between words. Commonly 

Used  vector representations of words as follows : 
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● One-hot Encoding: Each word in a vocabulary is assigned with a Sparse vector where each word is assigned 

a unique index and the vector for a word has a 1 in the index corresponding  to the word and rest all 0s. However, 

one-hot vectors do not capture semantic meaning or relationships between words and  with increase of words in 

vocabulary   requiring  large space to store the vectors  

● Word Embeddings: Dense vector representations that capture the meaning of words in a continuous vector 

space. These embeddings are learned from a large corpora of text. Popular embeddings include Word2Vec, GloVe, 

and FastText. These vectors are typically low-dimensional (e.g., 100–300 dimensions), and the geometry of the 

vector space captures semantic relationships between words. 

These embedding rely heavily on linear algebra concepts such as vector addition, scalar multiplication and dot product. 

Linear transformations are central to many NLP algorithms. For example: 

Word2Vec (Skip-gram and CBOW models): These models learn to map words to dense vectors. The process involves 

projecting words into a high-dimensional vector space, and the optimization procedure involves linear transformations of 

these word vectors. 

Cosine Similarity and Inner Products 

The cosine similarity between two vectors is a measure of similarity based on the angle between them. It’s computed as the 

dot product of the two vectors divided by the product of their magnitudes. Mathematically: 

 

In NLP,Cosine Similarity is often used to compare the similarity between two text presentations 

2.3 Linear Algebra backbone of neural networks 

Linear Algebra forms the mathematical foundation of neural networks, playing a critical role in their architecture, 

functionality, and optimization. Here are the key ways in which Linear Algebra serves as the backbone of neural networks: 

Representation of Data and Parameters 

● Vectors and Matrices: 

Neural networks handle input data, weights, biases, and activations as vectors or matrices. 

○ Example: An image is often represented as a vector of pixel intensities, while weights for a layer are 

organized in a matrix. 

● Tensors: 

Higher-dimensional generalizations of matrices, tensors, are used to manage complex data like batches of images or 

video frames. 

  Transformations and Computations 

● Matrix Multiplication: 

Linear Algebra underpins forward propagation, where inputs are multiplied by weight matrices and combined with 

biases to compute activations. 
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Example:  

Where W  is the weight matrix, x  is the input vector and b is the bias vector 

● Linear Transformations: 

Each layer in a neural network applies a linear transformation followed by a non-linear activation. Linear Algebra 

enables efficient implementation of these transformations. 

Training and Optimization 

● Gradients and Derivatives: 

Linear Algebra is central to backpropagation, where gradients of the loss function with respect to weights are 

computed. 

                 Example: Gradients often involve operations like transposes of matrices  

● Gradient Descent: 

Updating weights using derivatives relies on efficient matrix computations to adjust parameters. 

 

 

2.4 Implementation of Linear algebra in Computer Vision  

Linear Algebra is integral to computer vision (CV), enabling efficient data representation, transformation, and processing. 

Here's a detailed breakdown of its implementation in key areas of computer vision: 

Linear Algebra is used for transforming images, such as flipping,scaling, rotation, and translation. These transformations are 

achieved by performing complex operations on images after  computing pixel values and pixels in matrices , vectors and 

tensor forms. 

Images and Convolutions 

● Convolution: 

Linear Algebra describes how filters (kernels) slide over images to extract features. 

○ Mathematically, convolution is implemented as a dot product between the kernel and the local pixel 

neighborhood. 

○ Convolutions are essential in edge detection, sharpening, and smoothing, as well as in Convolutional 

Neural Networks (CNNs). 

● Matrix Multiplication Approximation: 

Some operations approximate convolutions using matrix multiplication for efficiency. 

Object Detection and Recognition 

● PCA (Principal Component Analysis): 

PCA reduces image dimensionality by representing it in a lower-dimensional subspace while retaining important 

features. 

○ Example: Eigenfaces for facial recognition. 
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● Singular Value Decomposition (SVD): 

Used in low-rank approximations of image data for tasks like compression and reconstruction. 

Conclusion  

Linear Algebra is a foundational discipline for data science, providing the tools to analyze and manipulate data, optimize 

algorithms, and solve problems efficiently. Linear Algebra is indispensable in data science. It enables efficient data 

manipulation, feature extraction, and algorithm optimization. A strong understanding of its principles is essential for building 

robust and scalable models.Linear Algebra is necessary for data scientists because it: 

1. Represents and manipulates data efficiently. 

2. Forms the mathematical foundation of machine learning algorithms. 

3. Enables dimensionality reduction and feature engineering. 

4. Enhances computational efficiency in large-scale data processing. 

5. Provides tools for understanding high-dimensional data and statistical relationships. 

Without Linear Algebra, a data scientist would struggle to work effectively with data or understand the inner workings of the 

tools and models they use.  
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