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2 Understanding Gradient Descent using Perceptron

The perceptron is one of the earliest and simplest forms of artificial neural networks, developed by Frank
Rosenblatt in 1958 Rosenblatt| (1958)). It serves as a binary classifier that makes predictions using a linear
decision boundary. Mathematically, a perceptron can be represented as f(z) = sign(w - « + b), where w
represents the weight vector, z is the input vector, b is the bias term, and the sign function returns +1 if
its argument is positive and —1 otherwise. Despite its simplicity, the perceptron laid the groundwork for
modern neural networks. However, it has a significant limitation: it can only classify linearly separable
data, meaning it fails on problems like the XOR, function, which requires a non-linear decision boundary.
The limitations of single-layer perceptrons were rigorously demonstrated by [Minsky and Papert| (1969),
who proved they could not solve problems that are not linearly separable.

To elucidate the fundamental principles underlying the procedure of machine learning, we present a
simplified perceptron model as an illustrative example. This perceptron implementation utilizes a single
weight parameter without incorporating a bias term, thus reducing the complexity while preserving the
essential learning mechanism. The loss function for this demonstration is explicitly defined as:

L(W) =5W —14)* + 10 (1)

It should be noted that this particular loss function is selected for didactic purposes and does not
represent a standard loss function employed in practical perceptron implementations. Rather, it serves
to demonstrate the gradient descent optimization process in a controlled analytical context.

The dimensionality of the loss function’s domain corresponds directly to the number of trainable
parameters in the model. In the case where the loss function depends solely on a single parameter W, as
demonstrated in our example, the loss function manifests as a one-dimensional curve in the parameter-
loss space. When the loss function depends on two weights, the geometric interpretation extends to a
two-dimensional surface. As the parameter space expands to three or more dimensions, the loss function
generalizes to a hypersurface in the corresponding higher-dimensional space. This geometric perspective
provides valuable intuition for understanding optimization challenges in neural networks, where the
dimensionality of the parameter space typically extends to millions or billions of dimensions.

To formalize the optimization process, we must analyze the differential properties of the loss function
with respect to the model parameters. For a loss function dependent on a single weight parameter, the
differential can be expressed as:

oL
OL = s dW (2)

Extending this to a more complex case where the loss function depends on multiple parameters, such
as weights and biases across multiple layers:

L(Wil?bzl7Wi27b12) (3)

The differential of such a function with respect to a subset of parameters, for instance two weights
W1 and Wy, can be mathematically formulated as:

oL oL

This expression can be elegantly represented in matrix notation as:

oL OL dWy

L= g

d [awl awg]{dwz} (5)
—_—

VaL

In this formulation, dL represents the ’ total differential ‘ of the loss function, while 0L/0W; denotes
the partial derivative with respect to the specific weight parameter W;. This matrix representation
offers a compact and mathematically rigorous notation for the differentiation process. The first term,

denoted as VL, is formally defined as the of the loss function with respect to the weight
parameters, which plays a central role in gradient-based optimization techniques employed in neural
network training. VL points in the direction of ’ steepest z'ncrease‘ of L. Consequently, —V L points in

the direction of | steepest decrease | See section |A|for more details on gradients.
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Various notational conventions exist in the literature for representing gradients with respect to param-
eter vectors. The following equivalent expressions are commonly encountered in mathematical treatments
of neural network optimization:

VaL = grad (L) = grad(L, @) (6)

To characterize the temporal evolution of the loss function during the iterative optimization process,
we introduce a time-dependent notation where each iteration or epoch is indexed sequentially. The loss
at a specific epoch ¢ can be formally expressed as:

Ly = L(Wy) (7)

where t denotes the epoch index in the training sequence. A fundamental criterion for effective learning
can then be mathematically formulated as:

Lt+1 < Ly (8)

This inequality encapsulates a core principle in optimization theory: each successive iteration should
yield a reduction in the loss function compared to the previous iteration, thereby ensuring monotonic
convergence toward a local or global minimum. This property is essential for establishing the theoretical
convergence guarantees of gradient-based optimization algorithms employed in neural network training.

To develop a more rigorous mathematical framework for optimization, we can leverage the Taylor
series expansion of the loss function to derive insights into its local behavior. Considering a perturbation
é from the current parameter vector Wy, the first-order Taylor approximation yields:

L(W;+8) ~ L(W;) + VL(W,)" s (9)
When conceptualizing the parameter update between consecutive training iterations, the perturbation

d can be interpreted as the parametric transition from Wy to Wy 1. This allows us to reformulate the
approximation as:

L(W,1) =~ L(W,) + VL(W,)"§ (10)
L(Wii1) — L(W;) =~ VL(W;)" (11)
(12)

The term VL(W;)T § represents the ’directional dem‘vative‘ of the loss function L at W, along
the direction specified by 8. This directional derivative exhibits critical properties that determine the
evolution of the loss function:

e When § is oriented in alignment with VL(W,), the inner product VL(W;)"é& > 0, resulting in an
increase in the loss function value.

e Conversely, when & is oriented in opposition to VL(W,), the inner product VL(W,)Td < 0,
leading to a decrease in the loss function value.

This mathematical analysis leads to a fundamental principle in gradient-based optimization: to
achieve a local reduction in the loss function L(W), the optimal strategy under first-order approxi-
mation is to select a parameter update direction proportional to the negative gradient:

SW o — VL(W,). (13)

This relationship establishes the theoretical foundation for gradient descent algorithms and elucidates
why moving in the negative gradient direction facilitates convergence to local minima in the parameter
space.

Multiple methodologies for parameter updates can be formulated in accordance with the principle of
gradient-based optimization. For clarity, we present the most fundamental approach while acknowledging
that more sophisticated variants exist in the literature.

W = —aVL(W,). (14)

where « is the , a critical hyperparameter that governs the optimization dynamics.

For a more comprehensive exposition on parameter update methodologies, readers are directed to
(Goodfellow et al.l|2016, s.6.5). Utilizing the update rule specified in Equation the iterative parameter
update can be expressed as:

Wt+l = Wt - OéVL(Wt) (15)
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Interpretation

The gradient descent algorithm, as formulated above, embodies several key mathematical and optimiza-
tion principles:

1. Direction of Steepest Descent: The negative gradient vector —V L(W,) identifies the direction
in parameter space along which the loss function L exhibits the most rapid local decrease, as
substantiated by the first-order Taylor approximation.

2. Step Size Calibration: The learning rate parameter « functions as a scaling factor that deter-
mines the magnitude of displacement along the negative gradient direction in each iterative update.
An optimally calibrated « establishes an equilibrium between convergence velocity and algorithmic
stability.

3. Sequential Optimization Process: Each iterative parameter update effects a local reduction in
the loss function as predicted by the first-order approximation. Through successive iterations, this
process typically converges toward a local (or potentially global) minimum of L, particularly when
the loss landscape exhibits convexity and the learning rate « is appropriately constrained.

Returning to our illustrative perceptron example, we can now apply these optimization principles to
the specific loss function introduced earlier. Let us label the loss function from our perceptron model for
reference:

L(W) =5(W —14)* 4 10 (16)

Perceptron Loss Function: L(W) = 5(W-14)2 + 10
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Figure 1: Graphical representation of the perceptron loss function L(W) = 5(W — 14)%2 + 10. The
parabolic curve illustrates the convex nature of the loss landscape, with a global minimum at W = 14
where the loss value is 10.

Computing the gradient of this loss function with respect to the weight parameter yields:
VL(W) =10(W — 14) (17)

Consequently, the parameter update mechanism for our perceptron model, following the gradient
descent framework established in Equation can be formulated as:

Wt+1 = Wt — a X 10(Wt — 14) (18)
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An illuminating special case arises when we select the learning rate as = 0.1. Substituting this
value into Equation [1§ and simplifying:

Wyt =W, — 0.1 x 10(W, — 14) (19)
=W, — (W, — 14) (20)
=14 (21)

This remarkable result demonstrates that for this particular combination of loss function and learning
rate, the optimization process converges to the optimal weight value W = 14 in precisely one iteration,
irrespective of the initial weight configuration. This property stems from the quadratic nature of the
loss function and the specific choice of learning rate, which together create an exceptional case where
the algorithm exhibits perfect convergence behavior. While such immediate convergence is atypical in
more complex neural network optimization scenarios, this example provides valuable insight into the
fundamental mechanics of gradient descent-based learning.

It is imperative to acknowledge that contemporary machine learning research has developed a diverse
ecosystem of optimization methodologies that extend beyond the elementary gradient descent algorithm
discussed thus far. These advanced techniques aim to address various challenges encountered in the
optimization of high-dimensional, non-convex loss landscapes characteristic of modern neural networks.
Gradient-based optimization algorithms can be taxonomically categorized based on their underlying
mathematical principles:

e Classical Gradient Descent: The foundational approach wherein parameters are updated pro-
portionally to the negative gradient of the loss function, as previously elucidated. This method
provides theoretical guarantees of convergence for convex optimization problems when the learning
rate is appropriately calibrated.

e Momentum-Based Methods: These algorithms, exemplified by momentum SGD and the Adam
optimizer, incorporate information from previous gradient computations to modulate the parameter
update trajectory. By maintaining an exponentially decaying average of past gradients, these
methods effectively dampen oscillations in high-curvature directions while accelerating convergence
along low-curvature dimensions of the parameter space.

e Stochastic Gradient Descent (SGD): This probabilistic variant computes gradient estimates
using randomly selected subsets (mini-batches) of the training data, rather than the entire dataset.
This approach substantially reduces the computational complexity per iteration, facilitates the
processing of large-scale datasets, and introduces beneficial noise that can aid in escaping shallow
local minima during optimization.

The selection of an appropriate optimization algorithm represents a critical design decision in the de-
velopment of neural network systems, with significant implications for convergence rates, computational
efficiency, and generalization performance. The optimal choice depends on factors including the specific
architecture, dataset characteristics, and computational constraints of the application domain.
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3 New Learner’s Tech Stack for Machine Learning

3.1 Python: The Foundation of Modern Machine Learning

Python has emerged as the de facto programming language for machine learning and data science. Its
popularity in the ML community stems from several key advantages:

Why Python Dominates ML Development

e Readability and simplicity: Python’s clean syntax makes it accessible to newcomers and efficient
for experienced developers.

e Extensive ecosystem: Libraries like NumPy, Pandas, Scikit-learn, TensorFlow, and PyTorch
form a comprehensive toolkit for every ML task.

e Community support: A vast community of developers and researchers continuously contribute
to Python’s ML ecosystem.

e Versatility: Python seamlessly integrates with other technologies and supports various program-
ming paradigms.

e Industry adoption: From startups to tech giants, Python is the standard language for production
ML systems.

3.2 Jupyter: Interactive Computing for ML
Jupyter notebooks have revolutionized how data scientists and ML practitioners develop, document, and
share their work. Originally stemming from the IPython project, Jupyter has become a cornerstone of
the ML workflow.
3.2.1 What Are Jupyter Notebooks?
Jupyter notebooks are web-based interactive computing environments that combine:

e Live code execution in multiple programming languages

e Rich text elements (Markdown, LaTeX)

e Visualizations and multimedia output

e Narrative documentation alongside executable code

3.2.2 Why Jupyter Is Essential for ML Development
Exploratory Data Analysis
Jupyter notebooks excel at iterative data exploration:

e Immediate visualization of dataset characteristics

e Quick hypothesis testing with immediate feedback

e Progressive refinement of data cleaning and preparation steps

e Interactive plots for detecting patterns and anomalies

Model Development and Experimentation

The interactive nature of notebooks supports the ML development cycle:
e Step-by-step model building with visible intermediate outputs
e Easy parameter tuning and performance evaluation
e Side-by-side comparison of different approaches

e Persistent record of experiments and their results
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Communication and Reproducibility

Jupyter notebooks serve as self-documenting artifacts:
e Interleaved narrative explanation and executable code
e Embedded visualizations with contextual interpretation
e Shareable documents that others can execute and verify

e Conversion to various formats (HTML, PDF, slides) for presentations

3.2.3 Jupyter Ecosystem

The Jupyter ecosystem has expanded beyond the classic notebook:
e JupyterLab: A next-generation web-based interface with enhanced features
e Jupyter Book: For creating publication-quality books and documentation
e Voila: Converts notebooks into standalone interactive dashboards
e nbconvert: Transforms notebooks into various formats for sharing

e Google Colab & Kaggle Kernels: Cloud-based notebook environments with free GPU access

3.2.4 Best Practices for Jupyter in ML Projects
To maximize the benefits of Jupyter in ML workflows:
e Organize notebooks with clear sections and documentation
e Refactor mature code into Python modules for reusability
e Use version control for tracking notebook changes
e Implement reproducible environments with environment.yml or requirements.txt
e Consider notebook-specific extensions for enhanced productivity
Jupyter notebooks bridge the gap between exploratory coding and formal documentation, making

them indispensable tools for both learning and applying machine learning concepts.

3.3 Integrated Development Environments (IDEs)

An Integrated Development Environment (IDE) is a software application that provides comprehensive
facilities to computer programmers for software development. IDEs typically include a source code editor,
build automation tools, and a debugger. For machine learning development, IDEs offer additional benefits
such as code completion for ML libraries, visualization tools, and integrations with data science packages.
3.3.1 Visual Studio Code

Visual Studio Code (VS Code) is a lightweight but powerful source code editor developed by Microsoft
that runs on your desktop. It is available at https://code.visualstudio.com/.

Key Features

e Open-source and free

Cross-platform (Windows, macOS, Linux)

Integrated Git support

Extensive marketplace with ML-specific extensions

Built-in terminal
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Extensions for ML Development

e Python extension - Provides linting, debugging, and intellisense

Jupyter - Enables working with Jupyter notebooks directly in VS Code

Pylance - Offers fast, feature-rich language support for Python

Python Docstring Generator - Automatically generates documentation

GitHub Copilot - AT pair programmer for code suggestions

3.3.2 PyCharm

PyCharm is a dedicated Python IDE developed by JetBrains with built-in tools for Python development.
It is available at https://www. jetbrains.com/pycharm/.

Key Features

e Professional version (paid) and Community Edition (free)

Deep Python intelligence with advanced code completion

Integrated debugger and test runner

Scientific tools with support for Jupyter notebooks

Database tools and SQL support

Customization for ML

e Data Science View - Specialized interface for data analysis

Scientific mode - Support for interactive Python development

Remote development capabilities for GPU workloads

Docker integration for containerized ML environments

3.3.3 Zed

Zed is a high-performance, multiplayer code editor built with a modern, Rust-based architecture. It is
available at https://zed.dev/|

Key Features

e High-performance, low-latency editing

Multiplayer coding capabilities for pair programming

Clean, minimal interface

Built-in terminal

GitHub integration

Extensions and Customization
e Python language support
e Jupyter notebook integration

e Extension marketplace (growing)
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Choosing an IDE for ML Development

When selecting an IDE for machine learning projects, consider:

Language support for Python and other languages you might use

Integration with ML libraries and frameworks

Notebook capabilities for exploratory data analysis

Performance with large datasets

Debugging tools for ML model development

Extension ecosystem relevant to data science and ML

3.4 Version Control and Publishing with Git and GitHub

Version control is essential for ML development, especially when working with complex models and
datasets. Git provides a robust system for tracking changes, while GitHub offers a platform for collabo-
ration and publishing.

3.4.1 Git: The Foundation of Modern Version Control

Git is a distributed version control system that enables developers to track changes in their code and

collaborate effectively.

Key Benefits for ML Practitioners

Track changes to code, notebooks, and configuration files

Create branches to experiment with different models or approaches

Revert to previous versions if new experiments fail
e Document the evolution of model development

Enable collaboration with other data scientists

3.4.2 GitHub: Collaboration and Community

GitHub is a web-based platform built around Git that adds collaborative features and serves as the
world’s largest code repository.

Essential GitHub Features

e Repository hosting for ML projects

e Issue tracking for bugs and feature requests

Pull requests for code review and collaboration

Actions for CI/CD pipelines (e.g., automatic testing of ML models)

Project management tools

Integration with popular ML tools and services

3.4.3 GitHub Pages: Effortless Project Publishing

GitHub Pages is a static site hosting service that takes files directly from a GitHub repository and
publishes a website.
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Why GitHub Pages is Valuable for ML Projects

Zero-cost hosting: Free hosting for project documentation, blogs, and portfolios
Simple workflow: Automatic deployment from your repository

Custom domains: Option to use your own domain name

Markdown support: Write documentation in the same language used for notebooks

Integration with Jupyter: Convert notebooks to web pages using tools like nbconvert or Jupyter-
Book

Interactive visualizations: Host interactive dashboards and model demos

Publishing ML Work with GitHub Pages

The process of publishing ML work through GitHub Pages is remarkably straightforward:

1.
2.
3.
4

5.

Create a repository for your ML project
Add your code, notebooks, and documentation

Enable GitHub Pages in the repository settings

. Choose a theme or create custom HTML/CSS

Push changes to automatically update your site

Many ML practitioners use this workflow to publish:

Interactive model demonstrations

Data visualization dashboards

Technical documentation for ML libraries
Tutorials and educational content
Research findings and experiment results

Personal portfolios showcasing ML projects

The combination of Git for version control, GitHub for collaboration, and GitHub Pages for publishing
creates a seamless workflow that enables ML practitioners to develop, collaborate on, and share their
work with the global community.

3.5

Essential Scientific Computing Libraries

Python’s strength in numerical and scientific computing extends beyond machine learning through a pow-
erful ecosystem of specialized libraries. These libraries form the foundation for virtually all quantitative
work in Python, from basic data analysis to advanced scientific research.

3.5.1 NumPy: The Foundation of Numerical Computing

https://numpy.org/

NumPy (Numerical Python) is the fundamental package for scientific computing in Python, provid-
ing support for large, multi-dimensional arrays and matrices, along with a collection of mathematical
functions to operate on these arrays.
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Key Capabilities
e N-dimensional array objects: Efficient storage and manipulation of large datasets
e Broadcasting functions: Perform operations on arrays of different shapes

e Tools for integrating C/C++ code: Optimize performance-critical operations

Linear algebra operations: Matrix multiplication, decomposition, eigenvalues

Fourier transforms: Process signals and analyze frequency components

¢ Random number generation: Support for various probability distributions

Beyond ML Applications

e Physics simulations and modeling

e Financial data analysis and risk modeling
e Image and signal processing

e Geographic information systems

e Computational geometry

3.5.2 SciPy: Scientific Computing Ecosystem
https://scipy.org/

SciPy builds on NumPy and provides a collection of algorithms and high-level commands for manip-
ulating and visualizing data, specializing in scientific and technical computing.

Core Functionality

e Optimization and root finding: Minimize functions, solve equations

Statistical functions: Distributions, tests, descriptive statistics

Signal and image processing: Filters, transforms, feature extraction

Interpolation and integration: Numerical approximation methods
e Ordinary differential equations: Solvers for dynamic systems

e Sparse matrices: Efficient storage and operations for sparse data

Diverse Applications
e Engineering system analysis

e Bioinformatics and computational biology

Astronomy and astrophysics

Geospatial analysis

Audio processing and acoustics

3.5.3 SymPy: Symbolic Mathematics

https://www.sympy.org/en/index.html
SymPy is a Python library for symbolic mathematics, enabling exact computation and symbolic
manipulation rather than numerical approximations.

10
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Core Capabilities

e Symbolic algebra: Manipulate mathematical expressions
e Calculus: Differentiation, integration, limits, series

e Equation solving: Algebraic and differential equations

Discrete mathematics: Combinatorics, number theory

e Geometry: Coordinate systems, vectors, geometric entities

Code generation: Convert mathematical expressions to code

Applications Beyond ML

e Theoretical physics and quantum mechanics
e Computer algebra systems

e Mathematical education and verification

e Robotics and kinematics

e Electrical engineering and circuit analysis

3.5.4 Pandas: Data Structures and Analysis

https://pandas.pydata.org/
Pandas provides high-performance, easy-to-use data structures and data analysis tools, designed to
make working with "relational” or ”labeled” data intuitive.

Core Data Structures
e DataFrame: 2D labeled data structure with columns of potentially different types
e Series: 1D labeled array capable of holding any data type

e Index objects: Immutable arrays for axis labels and metadata

Key Functionality

e Data alignment: Automatic and explicit alignment of data

e Handling missing data: Tools for detecting and processing NaN values

Data reshaping: Pivoting, stacking/unstacking, melting/casting

Group operations: Split-apply-combine pattern for aggregations

e Time series functionality: Date range generation, shifting, lagging

I/0 tools: Read/write data in various formats (CSV, Excel, SQL, etc.)

Applications Outside ML

e Financial analysis and time series modeling
e Social science research and survey analysis

e Business intelligence and reporting

Energy consumption monitoring

e Healthcare data management

11
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3.5.5 Matplotlib: Visualization Library

https://matplotlib.org/
Matplotlib is a comprehensive library for creating static, animated, and interactive visualizations in
Python, serving as the foundation for most Python plotting libraries.

Core Components

e pyplot: Stateful interface similar to MATLAB’s plotting framework
e Object-oriented API: Fine-grained control over plot elements

e Backend architecture: Support for various output formats

Visualization Capabilities
e Line plots, scatter plots, bar charts: Basic statistical visualizations
¢ Histograms and box plots: Distribution visualization

e Contour plots and heatmaps: 3D data on 2D surfaces

3D plotting: Surface, wireframe, and scatter plots in 3D

Geographic projections: Map visualizations

Animations: Dynamic data visualization

Applications Beyond ML

e Scientific publication figures

e Engineering design and analysis
e Economic and financial reporting
e Environmental data monitoring

Educational materials and textbooks

3.5.6 The Integrated Ecosystem

These libraries are designed to work seamlessly together, creating a comprehensive ecosystem for numer-
ical and scientific computing:

e NumPy provides the array foundation used by all other libraries

e SciPy extends NumPy with specialized scientific algorithms

e SymPy complements numerical approaches with symbolic mathematics
e Pandas builds data analysis tools on top of NumPy arrays

e Matplotlib visualizes results from all of these libraries

Together, these libraries provide Python with capabilities rivaling specialized commercial software like
MATLAB, Mathematica, or R, while maintaining the flexibility and extensibility of a general-purpose
programming language.

3.6 Machine Learning Frameworks and Libraries

While the scientific computing libraries provide the foundation for numerical work, specialized machine
learning frameworks offer tools and abstractions specifically designed for developing and deploying ML
models. These frameworks vary in their approach, capabilities, and intended use cases.

12
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3.6.1 PyTorch: Dynamic Neural Networks

https://pytorch.org/
PyTorch is an open-source machine learning library developed by Facebook’s Al Research lab, de-
signed with an emphasis on flexibility, intuitive design, and efficiency.

Key Features

e Dynamic computational graph: Define-by-run approach allows for more intuitive debugging

Pythonic design: Follows Python’s idioms and integrates well with the Python ecosystem

e GPU acceleration: Seamless transition between CPU and GPU computation

TorchScript: Bridge between eager mode development and production deployment

Distributed training: Built-in support for multi-GPU and multi-node training

Rich ecosystem: Extensions for computer vision, NLP, reinforcement learning, and more

Strengths
e Excellent for research and prototyping due to dynamic nature
e Strong community support in academic and research settings

e Clean, intuitive API that closely resembles NumPy

First-class support for custom neural network architectures

Growing deployment ecosystem with TorchServe and ONNX integration

3.6.2 TensorFlow: End-to-End ML Platform

https://www.tensorflow.org/
TensorFlow is an open-source machine learning framework developed by Google Brain, designed to
be a comprehensive platform for building and deploying ML models at scale.

Key Features
e Static and dynamic graphs: Supports both define-then-run and define-by-run approaches

e TensorFlow Extended (TFX): End-to-end platform for production ML pipelines

e TensorFlow Lite: Deployment on mobile and edge devices

TensorFlow.js: ML in JavaScript for browser and Node.js

TensorFlow Hub: Repository of pre-trained models

TensorBoard: Visualization toolkit for model training

3.6.3 Keras: High-Level API for TensorFlow

https://keras.io/
Keras began as an independent high-level neural networks API and is now integrated into TensorFlow
as its official high-level API.

e User-friendly: Designed for human beings, not machines
e Modular: Compose models from building blocks with minimal restrictions
e Easy extensibility: Write custom components with minimal friction

e Sequential and Functional APIs: Multiple paradigms for model definition

13
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Strengths

e Comprehensive ecosystem for all ML, workflow stages

Strong support for production deployment across various platforms

e Extensive tooling for model optimization and serving

3.6.4

Wide adoption in industry settings

Robust performance at scale

https://scikit-learn.org/stable/
scikit-learn is a machine learning library built on NumPy, SciPy, and matplotlib, focused on tradi-

tional ML algorithms rather than deep learning.

Key Features

scikit-learn: Traditional ML Algorithms

e Consistent API: Uniform interface across algorithms simplifies usage

e Comprehensive algorithm coverage: Classification, regression, clustering, dimensionality re-

duction

e Model selection tools: Cross-validation, hyperparameter tuning

e Preprocessing utilities: Feature extraction, normalization, encoding

e Pipeline construction: Chain transformations and estimators for end-to-end workflows

¢ Extensive documentation: Clear examples and tutorials

Strengths

e Excellent for traditional ML tasks and tabular data

e Low barrier to entry with intuitive API

e Efficient implementations of classical algorithms

Well-suited for small to medium datasets

3.6.5 Comparison of ML Frameworks

Strong integration with the rest of the scientific Python stack

Aspect PyTorch TensorFlow /Keras scikit-learn
Primary focus Research, flexibility Production deploy- | Traditional ML algo-
ment rithms
Graph execution Dynamic  (define-by- | Static & dynamic N/A (no computa-
run) tional graph)
Learning curve Moderate Steeper (TF), Gentle | Gentle
(Keras)
Debugging Natural Python de- | More complex in graph | Standard Python de-
bugging mode bugging

Best suited for

Research, prototyping,
custom architectures

Production  systems,
mobile/edge  deploy-
ment

Tabular data, classical
ML problems

Community

Academic, research

Industry, production

General data science

Deep learning

Strong focus

Strong focus

Limited support

14
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3.6.6 Framework Selection for This Course

For the scope of this course, we will primarily focus on PyTorch as our deep learning framework of
choice for several reasons:

e Intuitive design: PyTorch’s Pythonic approach makes it easier to learn and understand

e Dynamic computation: Allows for more natural debugging and experimentation

e Academic popularity: Widely used in research papers and cutting-edge ML development
e Growing industry adoption: Increasingly used in production environments

e Clean integration: Works seamlessly with other Python scientific libraries

While we focus on PyTorch, the concepts learned will be transferable to other frameworks. For
traditional machine learning algorithms, we will complement PyTorch with scikit-learn, which remains
the gold standard for classical ML tasks and preprocessing.

3.7 Conda: Environment and Package Management

https://anaconda.org/

Effective environment management is critical for reproducible machine learning workflows. Conda is
a powerful package and environment management system that has become the standard in the Python
data science and ML communities.

3.7.1 What is Conda?

Conda is an open-source package management system and environment management system that runs
on Windows, macOS, and Linux. It was created for Python programs but can package and distribute
software for any language.

Key Features

e Environment isolation: Create separate environments for different projects

Dependency resolution: Automatically handle complex dependency trees

Cross-platform: Works consistently across operating systems

Multi-language support: Manage packages beyond just Python
e Integration with pip: Use both conda and pip in the same environment

e Environment export/import: Share environments through configuration files

3.7.2 Anaconda vs. Miniconda

Aspect Anaconda Miniconda

Size Large (3+ GB) Small (under 100 MB)

Included packages 1,500+ pre-installed scientific pack- | Only Conda and its dependencies
ages

Installation time Longer Quick

Best for Beginners who want everything | Experienced users who prefer mini-
ready to use mal installations

Approach ”Batteries included” ”Minimal installer”

Customization Less flexible (many pre-installed | More flexible (install only what you
packages) need)

Disk space Requires more Requires less

In essence, Anaconda is a full distribution that includes Conda plus a curated collection of over 1,500
open-source packages, while Miniconda is a minimal installer that includes only Conda, Python, and the
packages they depend on.

15
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3.7.3 Environment Management with Conda

Environment management is one of Conda’s core strengths. Here are the key operations for managing
environments:

Creating Environments

e Basic environment creation:

conda create --name myenv python=3.9

e Creating with specific packages:

conda create --name myenv python=3.9 numpy pandas matplotlib

e Creating from an environment.yml file:

conda env create -f environment.yml

Activating and Deactivating Environments

e Activating an environment:

conda activate myenv

e Deactivating the current environment:

conda deactivate

Managing Packages in Environments

e Installing packages:
conda install -n myenv numpy pandas
# or when already activated
conda install numpy pandas

e Installing from specific channels:

conda install -c conda-forge matplotlib

e Using pip within a conda environment:

pip install transformers
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Environment Maintenance

For detail info please visit https://docs.conda.io/projects/conda/en/latest/user-guide/tasks/
manage-environments.html

e Listing environments:

conda env list

Listing packages in an environment:

conda list -n myenv

Exporting an environment:

conda env export > environment.yml

Updating from an environment file:

conda env update -f environment.yml --prune

Removing an environment:

conda env remove -n myenv

3.7.4 Example environment.yml for ML Course

Below is an example environment.yml file for our course, including the libraries discussed previously

with PyTorch for deep learning. This environment is named MYZ303 as specified:

name:

MYZ303

channels:

- pytorch

- conda-forge

- defaults
dependencies:
python=3.10
pip
numpy
scipy
pandas
matplotlib
seaborn
scikit-learn
jupyterlab
ipywidgets
sSympy
pytorch
torchvision
torchaudio
cudatoolkit # Only needed for GPU support
pytorch-lightning
pip:

tensorboard

torchmetrics

jupyter—-bokeh

black # Code formatter
pylint # Code linter
pytest # Testing framework
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3.7.5 Best Practices for Conda in ML Projects

One environment per project: Keep dependencies isolated
Version pinning: Specify versions for reproducibility

Minimize environment.yml: Include only direct dependencies

Include both conda and pip packages: Use conda preferentially but include pip for packages

not available in conda

Document environment setup: Include setup instructions in project README

Regular updates: Update environments but test thoroughly before committing changes

GPU/CPU variants: Maintain separate environment files for different hardware setups

Conda’s robust environment management capabilities are particularly valuable in machine learning,
where complex dependency trees and version compatibility issues are common. By properly utilizing
Conda environments, you can ensure reproducibility and easier collaboration across different systems
and team members.
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A The Relationship Between Directional Derivatives and Gra-
dients

The optimization of neural networks fundamentally relies on understanding how the loss function changes
with respect to parameter variations in different directions. This relationship is formally captured
through the mathematical concept of directional derivatives and their connection to gradients.

A.1 Directional Derivative

For a differentiable function L : R™ — R and a unit vector @ (where ||@||= 1), the directional derivative
of L at point  in the direction of # is defined as:

DL (@) = }llin}) L(w + hz) — L(w)
—

(22)

This formulation quantifies the instantaneous rate of change of the function L when moving from
point w in the direction specified by u.

A.2 Connection to the Gradient
For differentiable functions, the directional derivative can be computed directly using the gradient
through the dot product:

DzL(W) = VL(W) - @ = ||VL(W)||||t|cos 6 (23)

where 6 represents the angle between the gradient vector VL(w) and the direction vector 4.

A.3 The Gradient as the Direction of Steepest Ascent

A fundamental property of the gradient is that it points in the direction of steepest ascent of the function.
This can be mathematically proven by finding the direction « that maximizes the directional derivative:

Hrg”axl Dz L(W) = Hrg‘axl VL(W) - (24)

From the Cauchy-Schwarz inequality, we know that:
VL(w) - @ < ||V L(w)||[|dl|= [V L(@)| (25)
The equality holds when 4 is parallel to V L(w), specifically when:

V L(w)
U= -———— (26)
VL&)
Therefore, the direction of steepest ascent is given by the normalized gradient vector. Conversely,
the direction of steepest descent is given by the negative normalized gradient:

V L(W)
U, =——— 27
descent HVL(U_},) H ( )
This mathematical relationship forms the theoretical foundation for gradient descent optimization
algorithms in neural network training, where parameters are iteratively updated in the direction of
steepest descent to minimize the loss function. For a more detailed discussion of gradient descent, see
(Boyd and Vandenberghel 2004, p. 466).
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