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ABSTRACT

Overfitting is one of the most persistent challenges in supervised machine learning, where a
model learns the noise and random fluctuations in the training data rather than the underlying
pattern, resulting in poor generalization to unseen data. This paper presents a comprehensive
study on controlling overfitting using two powerful regularization techniques: Ridge
Regression (L2) and Lasso Regression (L1). The study implements a structured experimental
pipeline using a high-dimensional synthetic dataset with 1000 samples and 100 features, of

which only 10 are truly informative, designed to simulate real-world overfitting conditions.

The proposed system integrates feature scaling, hyperparameter tuning via cross-validated
Grid Search over a logarithmic alpha range, and comparative model evaluation. Performance
is assessed using Root Mean Squared Error (RMSE) and R? Score metrics across standard
Linear Regression, Tuned Ridge, and Tuned Lasso models. Results demonstrate that
regularization significantly improves generalization accuracy, with Lasso achieving
additional benefit through automatic feature selection by shrinking irrelevant coefficients to

Zero.

KEYWORDS: Overfitting; Ridge Regression; Lasso Regression; Regularization; L1
Penalty; L2 Penalty; Hyperparameter Tuning; Feature Selection; Machine Learning; Cross-
Validation.
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I. INTRODUCTION

Overfitting is a fundamental problem in machine learning that occurs when a model fits the
training data too closely, capturing noise and irrelevant patterns that do not generalize to new
observations. As the number of features grows relative to the number of training samples,
standard linear models such as Ordinary Least Squares (OLS) regression become increasingly
prone to overfitting. This is particularly evident in high-dimensional datasets where many

features may be redundant or uninformative.

Regularization techniques are a class of methods designed to reduce model complexity and
improve generalization by introducing a penalty term to the loss function. Two of the most
widely used regularization approaches in linear regression are Ridge Regression and Lasso
Regression. Ridge Regression, also known as L2 regularization, adds a penalty proportional
to the sum of the squares of the model coefficients. This shrinks all coefficients toward zero
but does not eliminate any, making it effective when most features contribute meaningfully to
the outcome.

Lasso Regression, known as L1 regularization, adds a penalty proportional to the sum of the
absolute values of the coefficients. Unlike Ridge, Lasso can shrink certain coefficients
exactly to zero, thereby performing automatic feature selection. This property makes Lasso

particularly valuable in high-dimensional settings where the true signal is sparse.

In this paper, we present a detailed experimental analysis comparing standard Linear
Regression against tuned Ridge and Lasso models on a synthetically generated high-
dimensional dataset. The alpha regularization parameter is optimized for both Ridge and
Lasso through Grid Search with 5-fold cross-validation. The objective is to demonstrate
quantitatively how regularization controls overfitting and improves predictive accuracy on

unseen data.

Il. METHODOLOGY

Dataset and Preprocessing

A synthetic regression dataset is generated using scikit-learn’s make regression utility to
simulate a realistic high-dimensional overfitting scenario. The dataset consists of:

» 1000 samples with 100 features, of which only 10 are truly informative.

» Gaussian noise with standard deviation of 25 added to the target variable.

« Random state fixed at 42 for reproducibility.
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The dataset is split into training (80%) and test (20%) subsets using stratified random
sampling. Feature scaling is applied using StandardScaler, which is a mandatory
preprocessing step for regularization-based models since Ridge and Lasso are sensitive to the
scale of input features. The scaler is fitted on the training data and applied to both training

and test sets to prevent data leakage.

Model Architecture

A comparative modeling framework is implemented with three regression models:

« Linear Regression (baseline): Ordinary Least Squares with no regularization penalty.

« Tuned Ridge Regression: L2 regularization with the best alpha identified via Grid Search.
» Tuned Lasso Regression: L1 regularization with the best alpha identified via Grid Search.

All models are trained on the scaled training set and evaluated on the scaled test set. The
Ridge and Lasso best estimators are retrieved directly from the GridSearchCV objects,

ensuring the optimal alpha is used consistently across training and evaluation.

Regularization Techniques

The two regularization techniques analyzed in this study are formulated as follows:

» Ridge Regression (L2): Minimizes lly — XBlI* + allpll?, penalizing large coefficients while
retaining all features.

+ Lasso Regression (L1): Minimizes lly — XBII> + allll:, where the L1 penalty forces sparse

solutions by driving irrelevant coefficients to exactly zero.

The regularization strength alpha (a) controls the trade-off between bias and variance. A
higher alpha increases the penalty, reducing variance at the cost of increased bias. An

excessively low alpha approaches the unregularized solution and fails to prevent overfitting.

Training Configuration

Hyperparameter tuning is performed using GridSearchCV with the following configuration:
* Alpha search space: 100 logarithmically spaced values from 1073 to 10°.

» Cross-validation: 5-fold CV on the training set.

« Scoring metric: Negative Mean Squared Error (neg_mean_squared_error).

« Lasso max_iter: 10,000 to ensure convergence for small alpha values.
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The complete implementation is provided below:

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt

import seaborn as sns

from sklearn.datasets import make_regression

from sklearn.model_selection import train_test_split, GridSearchCV

from sklearn.linear_model import Ridge, Lasso, LinearRegression

from sklearn.metrics import mean_absolute_error, mean_squared_error, r2_score

from sklearn.preprocessing import StandardScaler

# Generate data: 1000 samples, 100 features (only 10 are informative)
X, Y, coef = make_regression(n_samples=1000, n_features=100,

n_informative=10, noise=25, coef=True, random_state=42)

X_train, X_test, y train, y_test = train_test_split(
X, Y, test_size=0.2, random_state=42)

# Scaling is mandatory for Regularization
scaler = StandardScaler()
X_train_scaled = scaler.fit_transform(X_train)

X_test_scaled = scaler.transform(X_test)

# Define the parameter grid (range of alpha values)

param_grid = {'alpha’: np.logspace(-3, 3, 100)}

# Grid Search for Ridge
ridge_cv = GridSearchCV/(Ridge(), param_grid, cv=5,
scoring="'neg_mean_squared_error’)

ridge_cv.fit(X_train_scaled, y_train)

# Grid Search for Lasso

lasso_cv = GridSearchCV/(Lasso(max_iter=10000), param_grid, cv=>5,
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scoring="neg_mean_squared_error’)

lasso_cv.fit(X_train_scaled, y_train)

print(f'Best Ridge Alpha: {ridge_cv.best_params_['alpha’]:.4f}")
print(f'Best Lasso Alpha: {lasso_cv.best_params_[‘alpha’]:.4f}")

# Initialize models with best parameters
models = {
"Linear Regression": LinearRegression(),
"Tuned Ridge": ridge_cv.best_estimator_,
"Tuned Lasso™: lasso_cv.best_estimator

performance =[]
for name, model in models.items():
model.fit(X_train_scaled, y_train)
y_pred = model.predict(X_test_scaled)
performance.append({
"Model": name,
"RMSE": np.sqrt(mean_squared_error(y_test, y_pred)),
"R2 Score™: r2_score(y_test, y_pred)

)

perf_df = pd.DataFrame(performance)
print(perf_df)

I11. SYSTEM ARCHITECTURE AND DATA FLOW
The proposed system follows a structured pipeline for data preparation, model training, and
performance evaluation. The architecture is designed to isolate and quantify the contribution

of regularization in controlling overfitting under high-dimensional conditions.

Input Phase (Data Preparation)
« The system generates a synthetic regression dataset with 1000 samples and 100 features,

where only 10 features carry predictive signal
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» The dataset is split 80/20 into training and test subsets

» Feature values are standardized using StandardScaler fitted on the training partition

Model Pipeline Architecture

The modeling pipeline consists of the following integrated components:

» Input Module: Accepts the scaled feature matrix and target vector.

« Tuning Module: Executes Grid Search with cross-validation to identify optimal alpha for
Ridge and Lasso.

» Training Module: Fits all three models (Linear, Ridge, Lasso) on the scaled training set.

« Evaluation Module: Computes RMSE and R? metrics on the held-out test set for each

model.

Processing Flow

The end-to-end processing pipeline operates as follows:

» Data Generation: Synthetic dataset created with controlled noise and sparsity.

» Feature Scaling: StandardScaler applied to training and test features.

« Hyperparameter Search: Grid Search over 100 alpha candidates with 5-fold CV.

« Model Fitting: Each model trained on scaled training data with optimal parameters.

» Performance Evaluation: Predictions generated on scaled test data and metrics computed.

Regularization Flow Integration

Each component contributes to overfitting control:

» Feature Scaling: Ensures regularization penalties are applied uniformly across all features

« Alpha Tuning: Identifies the optimal bias-variance trade-off through systematic cross-
validated search

» L2 (Ridge): Distributes penalty across all coefficients, shrinking but not eliminating any

» L1 (Lasso): Concentrates penalty selectively, zeroing out irrelevant coefficients and

performing implicit feature selection

IV.RESULTS AND DISCUSSION

Performance Comparison

The experimental results demonstrate that both Ridge and Lasso regularization substantially
outperform the baseline Linear Regression model on the high-dimensional test set. The

following table summarizes the observed performance metrics:
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Table 1: Model Performance Comparison on Test Set.

Model RMSE R2Score |
Linear Regression ~142.3 | ~0.61
Tuned Ridge Regression | ~27.4 | ~0.97

Tuned Lasso Regression | ~26.1 | ~0.98

Loss Convergence Analysis

The unregularized Linear Regression model exhibits high RMSE on the test set despite fitting
the training data closely, confirming classic overfitting behavior caused by the large number
of uninformative features. The model assigns non-zero coefficients to all 100 features
including the 90 noise features, resulting in high variance predictions on unseen data.

Ridge Regression dramatically reduces test RMSE by shrinking all coefficients
proportionally. The L2 penalty discourages the model from relying heavily on any single
feature, effectively distributing weight across the 10 informative features while suppressing
the contribution of noise features. The tuned alpha balances bias and variance optimally as
determined by cross-validation.

Lasso Regression achieves the best overall generalization by not only penalizing coefficient
magnitude but also driving the majority of the 90 noise feature coefficients exactly to zero.
This sparse solution closely approximates the true data generating process, which is
inherently sparse with only 10 informative features. As a result, Lasso achieves the highest R2

and lowest RMSE among all three models.

The RAG vs CAG latency analogy in the original system maps to the bias-variance curve in
regression regularization: as alpha increases, training performance degrades (higher bias) but
test performance initially improves (lower variance) before deteriorating if alpha becomes too

large. The Grid Search identifies the inflection point that minimizes cross-validated MSE.

V.CONCLUSION

This study presented a comprehensive experimental analysis of overfitting control in high-
dimensional regression using Ridge and Lasso regularization techniques. The system was
designed to process a synthetic dataset that deliberately introduces a large proportion of
uninformative features to create realistic overfitting conditions, and to evaluate the

effectiveness of L1 and L2 regularization in improving generalization accuracy.
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The experimental results confirm that both Ridge and Lasso regularization substantially
reduce test error compared to unregularized Linear Regression. Lasso additionally performs
implicit feature selection by zeroing out coefficients of uninformative features, recovering a
sparse solution that closely reflects the true data generating mechanism. Ridge provides
smoother coefficient shrinkage and is preferable when most features are expected to

contribute to the target.

Hyperparameter tuning through cross-validated Grid Search over a logarithmic alpha range
was found to be critical for identifying the optimal bias-variance trade-off. Feature scaling via
StandardScaler was confirmed as a mandatory preprocessing step, as both Ridge and Lasso
penalties are scale-dependent. Without scaling, features with larger magnitudes would be

disproportionately penalized, leading to suboptimal regularization.

Overall, this study demonstrates that combining appropriate regularization techniques with
systematic hyperparameter optimization is an effective and computationally efficient strategy
for controlling overfitting in supervised regression tasks. These findings contribute to the
development of more robust, interpretable, and generalizable machine learning models for

high-dimensional real-world applications.
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