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Abstract: Conventional traffic light controllers operate on static, pre-programmed time cycles, leading
to significant delays, increased fuel emissions, and suboptimal road utilization, particularly when lane
distribution is highly asymmetric. This paper presents the design and realization of a low-cost, dynamic,
density-based smart traffic management system aimed at mitigating urban gridlocks. The core
architecture leverages an array of Infrared (IR) transmitter-receiver sensor pairs positioned at
predefined intervals along each approach lane of an intersection to quantify real-time vehicle density.
The sensor matrix interfaces directly with an AT89S52 microcontroller, which processes the
asynchronous input state signals to prioritize and adaptively compute optimal green-light duration.
Experimental implementation shows that the timing intervals scale dynamically based on real-time
occupancy: lanes with zero-to-low traffic receive a base clearance window of 5 seconds, single vehicle
occupancy extends the interval to 7 seconds, and heavily congested corridors (two or more vehicles)
trigger an extended 9-second window. To address critical urban infrastructure demands, the framework
integrates an asynchronous emergency override loop (e.g., for ambulances) and a localized wireless
vision subsystem using an ESP32-CAM module to facilitate remote real-time traffic monitoring. The
prototype provides a highly scalable and financially viable paradigm for modern smart city optimization.

Keywords: Smart Traffic Management, AT89S52 Microcontroller, Density-Based Signal Control, IR
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I. INTRODUCTION

The relentless expansion of urban populations coupled with rapid vehicular growth has severely strained modern
transportation infrastructures. Traditional intersections manage traffic flows utilizing fixed-time signaling intervals.
While simple to deploy, static timing regimes fail to adapt to highly fluctuating traffic densities throughout the day,
resulting in scenarios where completely vacant arterial lanes receive green lights while adjacent congested corridors
experience compounding queues. This inefficiency heavily contributes to prolonged travel times, localized air pollution
due to excessive idling, and substantial economic losses stemming from wasted fuel.

To address these vulnerabilities, researchers are increasingly transitioning toward Intelligent Transportation Systems
(ITS). While high-end approaches utilize deep learning vision algorithms or buried inductive loop detectors, they suffer
from prohibitive installation overheads, high computational resource demands, or vulnerability to harsh ambient
conditions. This research demonstrates a cost-effective, decentralized alternative: a Density-Based Traffic Light
Control System designed around an 8-bit embedded microcontroller. By deploying discrete optical sensor arrays along
intersection boundaries, the architecture senses queue lengths and converts this physical distribution into precise digital
metrics. The system targets United Nations Sustainable Development Goals (SDG) 11 (Sustainable Cities and
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Communities) and SDG 13 (Climate Action) by actively minimizing delay vectors and optimizing multi-lane
operations.

II. LITERATURE REVIEW
The paradigm shift from rigid automation to sensor-driven adaptive control is thoroughly documented in modern
embedded automation literature.

e Embedded Control Paradigms: An embedded system operates under strict deterministic timing constraints
to satisfy dedicated operational requirements. As noted by classical system designers, utilizing localized
microcontrollers allows for structural optimization, minimizing hardware complexity and deployment
expenditures while maximizing runtime reliability.

e Sensor Infrastructure: Historically, vehicle counting relied on inductive loop sensors sliced into road asphalt
or ultrasonic transceivers mounted on overhead gantries. However, infrared radiation-based remote sensing
offers a highly competitive option for commercial, localized short-range networks. Utilizing modulated IR
pulses (typically operating between 30kHz and 60kHz) helps isolate the optical receiver module from ambient
environmental noise, ensuring crisp digital high/low state toggles upon vehicle interception.

e Architecture Selection: The choice of processing units in smart traffic prototypes balances operational
throughput with architectural simplicity. The Intel 8051-derived architecture, specifically the Microchip/Atmel
AT89S52, remains an industrial and academic staple for control loops due to its dedicated internal timers, bit-
addressable special function registers (SFRs), and robust In-System Programming (ISP) capabilities.

III. METHODOLOGY AND SYSTEM ARCHITECTURE
The proposed system operates as an integrated multi-lane junction controller structured around an hardware-software
co-design loop.

3.1 Hardware Topology
The framework is partitioned into four operational modules: the Power Supply Unit (PSU), the Sensor Acquisition
Array, the Central Processing Node, and the Signal Output/Monitoring Subsystem.

e  Power Supply Unit (PSU): To convert residential 230V AC line voltage into a stabilized low-voltage direct
current (DC) rail suitable for TTL logic, a step-down transformer decreases the amplitude to an intermediate
AC level. This is routed into a full-wave bridge rectifier using a four-diode configuration to deliver high
rectification efficiency and superior Transformer Utilization Factors (TUF) compared to half-wave topologies.
A parallel smoothing capacitor filters high-frequency ripple voltages, creating an unregulated DC voltage that
feeds an LM7805 three-terminal positive linear voltage regulator. The output yields a precise +5V DC rail
with internal thermal overload and short-circuit current limiting features.

e Sensor Acquisition Array: Each lane of a four-way intersection features a pair of IR transmitter-receiver
modules strategically positioned at set intervals from the stop line. The transmitter constantly radiates an
infrared signal. When a vehicle parks or passes through the sensing lane, it breaks the line-of-sight path,
altering the electrical impedance of the collector stage—often amplified via a Darlington configuration to
ensure high input impedance and maximum current gain. This triggers a logic change (from high to low or
vice versa) delivered directly to the microcontroller.
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e Central Processing Node: The system utilizes an AT89S52 microcontroller operating at an external clock
frequency of 11.0592 MHz driven by a quartz crystal oscillator. This specific frequency allows for precise
baud-rate generation and deterministic execution of internal Timer 0 and Timer 1 loops used to track signal
delay intervals. Port 0 is equipped with external pull-up resistors to act as an 8-bit bi-directional data bus for
system tracking.

e Signal Output and Monitoring Subsystem: Visual tracking is managed via a 16x2 character Liquid Crystal
Display (LCD) driven by a Hitachi HD44780 controller connected via Port 0 data lines and Port 1 control lines
(Register Select - RS, Enable - E). High-intensity Red and Green Light Emitting Diodes (LEDs) are wired to
designated 1/0O ports through current-limiting resistors to replicate actual intersection lights. For visual
monitoring, an independent ESP32-CAM module operates on a localized 2.4 GHz WiFi network profile
(configured with a generic gateway address of 192.168.4.1), broadcasting a real-time JPEG compressed
video stream accessible from any authorized browser client within network range.

IV. HARDWARE DESIGN AND INTERFACING MATRIX
The hardware pins are meticulously distributed across the AT89S52 I/O configurations to optimize state tracking:

Hardware Component Controller Pin / Port | Operational State / Logic
Assignment Description
IR Sensor Array (North, South, | Port 2 (P2.0 to P2.7) Reads digital inputs from
East, West) proximity sensors; logic drops
during vehicle interception.
LCD Data Bus (DO - D7) Port 0 (P0.0 - P0.7) Transfers alphanumeric

character strings to display
current lane statistics.

LCD Control Pins (RS, E) Port 1 (P1.2, P1.3) Toggles between internal
Command/Data registers and
latches execution strobes.
Traffic Light LED Matrix Port 3 Pin Lines Drives specific Red/Green LED
pins through low-power current
limiting resistors.

Emergency Push Button Dedicated Interrupt / Control | Simulates preemption signal via
Pin an external pull-down trigger
loop.

V.IMPLEMENTATION AND ALGORITHMIC LOGIC
The firmware was developed using the Keil $\mu$Vision Integrated Development Environment (IDE) and cross-
compiled into standard Intel HEX format via Embedded C paradigms. Embedded C allows for direct bit-level access to
Port registers and Special Function Registers (SFRs) using sbit and sfr tokens.

5.1 Preemption and Override Protocol
To handle critical public safety priorities, the main program structure features a highly responsive preemption check
loop. When an emergency vehicle (e.g., an ambulance) approaches, a dedicated button simulates an automated
prioritization beacon. The controller detects this logic transition, halts the active lane timing sequence, forces all non-
emergency approaches to display a Red light, and instantly displays a Green light on the target corridor. Once the
system clears the emergency condition, it resets the peripheral matrix to its standard rotational tracking state.
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VI. RESULTS, EVALUATION, AND DISCUSSION
The integrated embedded prototype was comprehensively evaluated against a simulated physical multi-lane junction.
The operational data verified that the system successfully completely avoids the severe inefficiencies tied to standard
fixed-interval controllers.

e  Congestion Mitigation: In standard setups, a completely vacant lane forces opposing lanes to wait through an
entire pre-programmed delay block. Under this adaptive model, if a lane is empty, the microcontroller
executes a minimal 5-second clearance buffer or completely skips long cycles, shifting focus directly to lanes
displaying immediate vehicle accumulation.

e System Response: The AT89S52 managed asynchronous I/O transitions with high timing accuracy. Sensor
changes were captured near-instantaneously, and the emergency preemption routine consistently routed
priorities with zero clock-cycle lag.

e Vision Reliability: The auxiliary ESP32-CAM module provided continuous local wireless streaming up to its
maximum network edge boundary. This integration confirms that the prototype can scale up to support
broader IoT-driven traffic tracking applications.

VII. CONCLUSION AND FUTURE WORK

This paper demonstrates a reliable, cost-effective, and smart density-based traffic signal controller built using an 8-bit
microcontroller framework. By shifting intersection timing from static intervals to dynamic, sensor-driven adjustments,
the design optimizes vehicle throughput, eliminates unnecessary delays, and minimizes urban idling emissions.

Future iterations can expand on this core architecture by replacing the local IR pairs with advanced time-of-flight (ToF)
laser sensors or radar-based micro-arrays to prevent interference from direct sunlight or heavy airborne dust.
Furthermore, the local ESP32-CAM network can be linked directly with cloud-based machine learning environments,
allowing for predictive regional gridlock forecasting across multi-junction urban networks.
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