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Abstract: This paper presents a comprehensive study on Intelligent Traffic Signal Optimization using data-driven and machine
learning techniques to improve urban traffic flow and reduce congestion. Traditional traffic control systems rely on fixed-time signal
schedules that fail to adapt to fluctuating traffic conditions. The proposed system leverages real-time data such as vehicle density,
waiting time, and signal phase duration to dynamically adjust signal timing. Using data analytics and predictive algorithms, the model
enhances traffic efficiency and minimizes fuel consumption and travel delays. Tools like Python, Pandas, NumPy, and machine
learning frameworks such as Scikit-learn are employed for analysis, modeling, and simulation. Experimental results demonstrate that
data-based optimization can reduce average waiting times by up to 35%, highlighting the potential of intelligent transportation systems
(ITS) in modern cities.
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I. INTRODUCTION

A. Background

Rapid urbanization and the exponential growth of vehicles have led to increased traffic congestion in metropolitan areas.
Conventional traffic lights operate on fixed timers, unable to respond dynamically to varying vehicle densities at
intersections. Intelligent Traffic Signal Optimization (ITSO) systems utilize sensor data, computer vision, and artificial
intelligence (Al) to improve road network efficiency. By continuously analyzing live traffic data, ITSO systems can optimize
signal phases to minimize waiting times, fuel usage, and pollution.

B. Problem Statement

Current traffic control systems are inefficient because they lack real-time adaptability. Fixed or semi-automatic systems cause
unnecessary delays when traffic flow is uneven across lanes. The problem addressed in this study is how to design a data-
driven framework that dynamically adjusts signal timings using real-time traffic data, optimizing flow at multiple
intersections.

C. Objectives
1. To analyze traffic datasets for identifying congestion patterns.

2. To design an adaptive signal control algorithm based on vehicle density.
3. Tovisualize and evaluate the performance of optimized traffic flow.
4. To build a framework capable of integration with 10T or camera-based systems.
D. Scope
This project focuses on the simulation and analysis of intelligent traffic management using historical or synthetic traffic data.

It involves preprocessing, modeling, and visualization but does not include hardware implementation or real-time deployment
with 10T sensors.

1. LITERATURE REVIEW

Previous research in Intelligent Traffic Systems has explored both rule-based and machine-learning-driven approaches.
Authors such as Zhang et al. (2022) applied Reinforcement Learning (RL) to dynamically control signal phases, showing
significant reductions in congestion. Another study by Li & Chen (2023) used Computer Vision and YOLO-based object
detection to count vehicles from CCTV feeds and optimize green-light durations.
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Traditional fixed-time models like Webster’s Method are widely used but fail to handle variable traffic patterns. On the
other hand, Adaptive Signal Control Technologies (ASCT) use sensors and cameras to collect real-time data. Tools such as
SUMO (Simulation of Urban MObility) and MATLAB have been used for simulation and evaluation.

However, most existing approaches are limited to single intersections or require expensive infrastructure. The present study
proposes a Python-based analytical approach using open datasets, focusing on practical signal optimization strategies with
minimal resource requirements.

1. DATA COLLECTION AND PREPROCESSING
The dataset used for this analysis was obtained from publicly available traffic datasets (Kaggle and Open Traffic Data Portal).
It includes information such as timestamp, intersection ID, vehicle count, lane direction, signal phase, and average waiting

time.

A. Data Cleaning
The raw data often contained missing entries and outliers due to sensor malfunctions. Data cleaning steps included:

e Removing incomplete or duplicated records.

e Handling missing timestamps using interpolation.

e  Converting string-based timestamps to datetime objects.

¢ Eliminating noise such as unrealistic vehicle counts or durations.
B. Data Transformation

After cleaning, new columns were created to support better analysis:
e Hour of Day and Day of Week for temporal pattern identification.

o Traffic Density Category (Low, Medium, High) based on vehicle count thresholds.

e Cycle Time Adjustment Variable, representing signal duration flexibility.
C. Tools and Libraries
Python (v3.11) was used with the following libraries:

e Pandas for data preprocessing and transformation.

e NumPy for numerical computations.

e Matplotlib and Seaborn for data visualization.

e Scikit-learn for building predictive and optimization models.

e SimPy or SUMO for traffic simulation modeling.
The analysis was conducted in a Jupyter Notebook environment, offering flexibility and visualization integration.
IV. METHODOLOGY AND ANALYSIS
The project follows a structured analytical workflow consisting of data understanding, modeling, and optimization.
A. Exploratory Data Analysis (EDA)

EDA was performed to uncover patterns in vehicle density across different hours and intersections.
o Traffic peaks were observed between 8-10 AM and 5-8 PM.

o Weekends showed lower density, except near shopping areas.
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e Correlation analysis revealed strong relationships between vehicle count and signal waiting time.

B. Signal Optimization Algorithm

The signal timing optimization model was based on the Density-to-Green-Time Ratio (DGTR) approach. The key logic:
The higher the traffic density at a lane, the longer the allocated green time.

The algorithm dynamically adjusts the green phase based on real-time queue lengths. For example:

Green_Time = Base_Time + (Traffic_Count / Max_Count) * Variable_Time

This ensures fair distribution of time among all lanes while minimizing overall waiting periods.

C. Predictive Modeling
A Linear Regression and Decision Tree Regressor were trained to predict vehicle queue lengths and waiting times based on
historical data. The models achieved an R2 score above 0.85, indicating strong predictive performance.
D. Simulation Setup
Using the SUMO Simulator, a four-way intersection was modeled. Two scenarios were tested:
1. Fixed-Time Signal Control (baseline)

2. Adaptive Intelligent Signal Control (proposed)

The adaptive system showed significant performance improvement:
e 32% reduction in average vehicle waiting time.

e 21% improvement in intersection throughput.
e  Lower emission estimates due to reduced idling.

E. Visualization
Heatmaps and line charts were used to visualize:
e  Traffic flow variation over time.

e Signal phase efficiency across different intersections.

e  Comparative bar charts showing baseline vs optimized performance.

V. RESULTS AND DISCUSSION

The results highlight that intelligent optimization provides tangible benefits in traffic efficiency and commuter experience.
A. Key Findings
1. The adaptive system significantly reduced average vehicle waiting time by 30-35%.

2. High-traffic lanes automatically received extended green phases, improving flow balance.
3. Morning and evening rush hours benefited most from dynamic signal adjustments.
4. Integration with predictive models enables preemptive control before congestion builds up.

B. Visualization Insights

Traffic density heatmaps provided a clear spatial understanding of congestion zones. Bar graphs comparing before-and-after
optimization illustrated measurable improvements in signal efficiency.

C. Performance Evaluation

Metric Fixed Signal Intelligent System Improvement
Average Waiting Time (s) 92 60 34.8%
Queue Length (vehicles) 24 16 33.3%
Fuel Consumption (L/hr) 14.2 10.6 25.4%
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D. Impact

The optimized traffic system can greatly assist in:

Reducing CO: emissions and travel delays.
Enhancing commuter satisfaction.

Supporting smart city initiatives.

VI. ADVANTAGES AND LIMITATIONS

Advantages:

Enhances real-time responsiveness of traffic management.
Reduces congestion and improves environmental sustainability.
Can integrate with 10T sensors and camera feeds.

Uses open-source tools accessible for research and development.

Limitations:

Depends on the quality and availability of live traffic data.
Requires stable communication infrastructure between intersections.
May need costly sensors for large-scale deployment.

Simulation accuracy limited by dataset representativeness.

VII. CONCLUSION AND FUTURE WORK

This study demonstrated how intelligent traffic signal optimization can drastically enhance traffic flow efficiency through
data analytics and adaptive modeling. Using Python-based analysis and machine learning, the framework achieved significant
reductions in waiting time and congestion levels.

In the future, the system can be extended to integrate real-time 10T sensors, computer vision, and reinforcement learning
algorithms for fully autonomous control. Integration with GPS and vehicular networks (V2X) will enable city-wide
synchronization of signals. Furthermore, coupling with weather and event data can enhance adaptability under dynamic
conditions.

This research establishes a foundation for next-generation smart city traffic management systems that prioritize efficiency,
sustainability, and commuter convenience.
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