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Abstract
Agriculture is the backbone of many developing economies, providing livelihood to a significant portion of the population. However, crop damage caused by wild and stray animals has become one of the major challenges faced by farmers, especially those cultivating land near forests and wildlife habitats. Animals such as elephants, wild boars, deer, monkeys, and stray cattle frequently enter agricultural fields in search of food and water, causing severe destruction to crops. These incidents lead to substantial economic losses, food insecurity, and increased human–wildlife conflicts. Conventional crop protection techniques, including manual surveillance, fencing, scarecrows, and firecrackers, are labor-intensive, unreliable, and often ineffective during nighttime or adverse weather conditions.
This paper proposes an Animal Intervention on Cultivated Land Alert and Protection System based on the Internet of Things (IoT) and embedded systems. The proposed system employs an ESP32 microcontroller integrated with Passive Infrared (PIR) sensors, ultrasonic sensors, and an ESP32-CAM module to detect animal movement, measure object distance, and capture images of intruding animals. Once an intrusion is detected, the system activates non-lethal deterrents such as high-intensity LED lights and buzzers to discourage animals from entering further into the cultivated area. Simultaneously, the system sends real-time notifications to farmers through GSM or Wi-Fi communication, enabling immediate intervention.
The proposed design is energy-efficient, cost-effective, and capable of operating continuously under varying environmental conditions. The integration of image capture allows farmers to verify intrusion events and maintain records for future analysis. Experimental evaluation demonstrates that the proposed system achieves high detection accuracy, low response time, and reliable communication while ensuring the safety of wildlife through non-invasive deterrent techniques. The system has significant potential for deployment in agricultural lands located near forest boundaries and remote rural regions.
Keywords— Smart Agriculture, Internet of Things (IoT), ESP32, Animal Detection, Crop Protection, Embedded Systems, GSM Communication, Artificial Intelligence, Precision Agriculture.
I. Introduction
Agriculture plays a fundamental role in ensuring food security and supporting economic development throughout the world. According to the Food and Agriculture Organization (FAO), approximately one-third of the global population depends directly or indirectly on agriculture for income and employment. In countries such as India, agriculture contributes significantly to the national economy and remains the primary occupation of millions of farmers. Despite technological advancements in irrigation, mechanization, and precision farming, crop losses due to wild animal intrusion continue to be a serious challenge.
Wild animals naturally migrate in search of food, water, and shelter. Rapid urbanization, deforestation, and habitat fragmentation have reduced natural food sources, forcing animals to venture into nearby agricultural lands. Farmers cultivating crops adjacent to forest reserves are particularly vulnerable to repeated intrusions by elephants, wild boars, deer, monkeys, nilgai, and stray cattle. These animals can destroy standing crops within a short period, resulting in severe economic losses and threatening the livelihoods of farming communities. In addition to crop damage, confrontations between humans and wildlife may cause injuries, fatalities, and ecological imbalance.
Traditional crop protection methods include manual patrolling, scarecrows, trenches, fencing, and noise-making devices. Although these techniques provide some level of protection, they suffer from several limitations. Manual surveillance requires continuous human presence and becomes impractical during nighttime. Conventional fencing may not withstand the force of large animals such as elephants or wild boars, while scarecrows lose effectiveness as animals gradually adapt to them. Furthermore, many existing deterrent systems operate continuously, resulting in unnecessary power consumption and reduced operational efficiency.
Recent developments in the Internet of Things (IoT), wireless sensor networks, artificial intelligence, and embedded systems have opened new opportunities for intelligent agricultural monitoring. IoT enables distributed sensing, real-time communication, and remote monitoring, allowing farmers to receive immediate notifications whenever unusual activity is detected in their fields. Low-cost microcontrollers such as the ESP32 provide built-in Wi-Fi connectivity and sufficient processing capability for integrating multiple sensors and communication modules. Camera modules and machine learning algorithms further enhance monitoring by enabling image-based animal identification.
The proposed Animal Intervention on Cultivated Land Alert and Protection System utilizes multiple sensing technologies to improve detection reliability. A Passive Infrared (PIR) sensor identifies motion generated by warm-bodied animals, while an ultrasonic sensor measures the distance of the detected object to reduce false alarms. Upon confirmation of an intrusion, an ESP32-CAM captures images of the animal, and the microcontroller activates a buzzer and high-intensity LED light to deter the animal without causing physical harm. Simultaneously, an SMS or mobile notification is transmitted to the farmer using GSM or Wi-Fi communication. The captured images may also be stored locally or uploaded to cloud storage for further analysis.
The proposed system offers several advantages over conventional approaches. It operates autonomously throughout the day and night, minimizes human intervention, consumes relatively low power, and can be powered using solar energy for deployment in remote agricultural areas. By combining automated sensing, wireless communication, and non-lethal deterrence, the system enhances crop protection while promoting coexistence between humans and wildlife.
The primary objectives of the proposed research are:
· To develop an automated system capable of detecting animal intrusion with high accuracy. 
· To provide real-time alerts to farmers through wireless communication. 
· To minimize crop damage using safe and non-lethal deterrent mechanisms. 
· To reduce labor requirements associated with continuous field monitoring. 
· To develop a scalable and cost-effective solution suitable for both small and large agricultural farms. 
· To create a foundation for future AI-based animal classification and intelligent farm security systems. 
The remainder of this paper is organized as follows. Section II reviews the existing literature related to smart crop protection systems and wildlife monitoring. Section III presents the proposed system architecture and hardware components. Section IV explains the methodology and operational algorithm. Section V discusses hardware implementation and software development. Section VI presents experimental results and performance analysis. Finally, Section VII concludes the paper and outlines future research directions.
II. Literature Review
A. Overview
The increasing frequency of wild animal intrusion into agricultural fields has prompted researchers to develop intelligent crop protection systems using embedded systems, wireless sensor networks (WSNs), the Internet of Things (IoT), computer vision, and artificial intelligence (AI). Conventional methods such as fencing, scarecrows, trenches, and manual surveillance have limited effectiveness because they require constant human intervention and are often unreliable during nighttime or adverse weather conditions. Consequently, automated monitoring systems capable of detecting animal movement, notifying farmers in real time, and activating safe deterrent mechanisms have become an active area of research.
Several studies have proposed sensor-based systems for intrusion detection. Passive Infrared (PIR) sensors are widely used because they detect the infrared radiation emitted by warm-blooded animals. Ultrasonic sensors have also been employed to estimate the distance between the sensing unit and the detected object, thereby reducing false alarms caused by moving vegetation or environmental disturbances. Although these sensors are inexpensive and consume little power, their performance may be affected by environmental conditions such as heavy rain, fog, or high temperatures.
Recent advancements in IoT technology have significantly improved the capabilities of agricultural monitoring systems. Microcontrollers such as the ESP32 and NodeMCU integrate wireless communication features that enable real-time data transmission through Wi-Fi or GSM networks. Farmers can receive alerts on smartphones immediately after animal detection, allowing rapid intervention. Cloud platforms further facilitate data storage, remote monitoring, and long-term analysis of intrusion patterns.
Computer vision has emerged as another important research area for wildlife monitoring. Camera-based systems combined with convolutional neural networks (CNNs), YOLO (You Only Look Once), or TensorFlow Lite can identify different animal species from captured images. Such systems improve detection accuracy and reduce false alarms by distinguishing between humans, livestock, and wildlife. However, image-processing algorithms generally require greater computational resources and higher energy consumption than sensor-based methods, making them challenging to deploy in low-cost rural environments without edge AI optimization.
Wireless Sensor Networks (WSNs) have also been investigated for distributed monitoring of large agricultural fields. Multiple sensor nodes communicate with a central gateway, enabling wider coverage and redundancy. Nevertheless, these networks may suffer from communication delays, synchronization issues, and increased installation costs as the monitored area expands.
Artificial intelligence has recently been integrated into smart agriculture for predictive analysis and animal behavior recognition. Machine learning models trained on animal images can classify species and estimate the level of threat posed to crops. These systems can also analyze historical intrusion data to predict high-risk periods and optimize preventive measures. Despite their promising performance, AI-based approaches often require large datasets, computational resources, and reliable network connectivity, which may not always be available in rural farming environments.
The proposed Animal Intervention on Cultivated Land Alert and Protection System combines the advantages of IoT-enabled sensing, image capture, and wireless communication while maintaining low cost, low power consumption, and ease of deployment. By integrating PIR and ultrasonic sensors with an ESP32-CAM module, the proposed system aims to achieve reliable intrusion detection, real-time farmer notification, and non-lethal animal deterrence suitable for practical agricultural applications.
B. Review of Existing Research
Several notable studies have contributed to the development of intelligent crop protection systems.
Study 1: Researchers proposed an IoT-based crop protection system using PIR sensors and GSM communication to notify farmers when motion was detected near field boundaries. The system successfully transmitted SMS alerts but lacked image verification, making it difficult to distinguish animals from humans or environmental disturbances.
Study 2: Another research group developed a camera-based wildlife monitoring system employing convolutional neural networks (CNNs) for animal classification. Although the system achieved high classification accuracy, it required powerful computing hardware and continuous internet connectivity, increasing deployment cost.
Study 3: A wireless sensor network-based monitoring system deployed multiple sensor nodes around agricultural fields. The system provided wide-area coverage but required periodic maintenance of numerous battery-powered nodes and experienced communication delays over long distances.
Study 4: An ESP32-CAM-based surveillance system integrated image capture with Wi-Fi communication. Farmers received photographs of detected animals through a mobile application. However, the absence of additional sensors resulted in occasional false detections caused by environmental motion.
Study 5: Researchers implemented ultrasonic sensors combined with audio deterrent devices. While the approach effectively detected nearby objects, it was unable to differentiate between animals, humans, and farm machinery.
C. Comparative Analysis of Existing Systems
	Reference
	Technology Used
	Advantages
	Limitations

	IoT-based GSM Alert System
	PIR + GSM
	Low cost, simple implementation
	No image verification

	Camera-based Detection
	CNN, Camera
	High classification accuracy
	High computational cost

	Wireless Sensor Network
	Multiple Sensor Nodes
	Large coverage area
	High installation and maintenance cost

	ESP32-CAM Monitoring
	ESP32-CAM + Wi-Fi
	Remote monitoring with images
	Higher false alarm rate

	Ultrasonic Detection System
	Ultrasonic Sensor
	Accurate distance estimation
	Cannot classify detected objects

	AI-based Wildlife Detection
	Deep Learning
	High recognition accuracy
	Requires large datasets and powerful processors

	Proposed System
	ESP32 + PIR + Ultrasonic + ESP32-CAM + GSM/Wi-Fi
	Low cost, image verification, real-time alerts, low power consumption
	Future work includes AI-based species classification


D. Research Gap
Based on the literature review, several limitations remain in existing systems:
· Many sensor-based systems generate false alarms due to environmental disturbances such as wind, rain, or moving vegetation. 
· Camera-only systems provide accurate identification but require higher processing power and stable network connectivity. 
· Existing solutions often focus either on detection or notification, without integrating reliable sensing, image capture, and automated deterrent mechanisms in a single platform. 
· Several proposed systems consume significant power, making long-term deployment difficult in remote agricultural areas. 
· Most low-cost solutions do not maintain intrusion records for future analysis or provide scalable designs suitable for different farm sizes. 
· AI-based systems generally require expensive hardware and large annotated datasets, limiting adoption by small-scale farmers. 
E. Motivation for the Proposed Work
The identified research gaps motivate the development of an integrated IoT-based crop protection system that combines multiple sensing technologies with wireless communication and image capture. The proposed solution seeks to:
· Improve detection reliability by combining PIR and ultrasonic sensors. 
· Reduce false alarms through multi-sensor validation. 
· Capture images of intrusion events for verification. 
· Notify farmers immediately through GSM or Wi-Fi. 
· Activate non-lethal deterrents such as LED floodlights and buzzers. 
· Operate with low power consumption and optional solar energy support. 
· Provide a scalable platform for future AI-based animal recognition and cloud analytics. 
Summary of Section II
The literature review demonstrates that while existing animal intrusion detection systems provide useful functionality, each has limitations related to accuracy, cost, power consumption, or scalability. The proposed Animal Intervention on Cultivated Land Alert and Protection System addresses these shortcomings by integrating multiple sensing modalities, real-time communication, and image capture into a single, practical, and economical solution for protecting cultivated land.
III. Proposed System Architecture
A. System Overview
The proposed Animal Intervention on Cultivated Land Alert and Protection System is an intelligent IoT-based solution designed to protect agricultural fields from wild and stray animal intrusion. The system continuously monitors the farm boundary using multiple sensors and automatically alerts the farmer whenever an animal enters the protected area. Unlike conventional monitoring methods that require constant human supervision, the proposed system operates autonomously throughout the day and night, providing real-time surveillance and rapid response.
The architecture integrates motion detection, distance measurement, image capture, wireless communication, and automated deterrent mechanisms into a single embedded platform. The ESP32 microcontroller acts as the central processing unit, coordinating all sensing, decision-making, communication, and output operations. The combination of multiple sensors minimizes false alarms and improves detection reliability compared with systems using a single sensing technology.
When an animal approaches the cultivated land, the PIR sensor first detects movement based on infrared radiation emitted by warm-blooded animals. The ultrasonic sensor then measures the distance between the object and the monitoring unit. If both sensor readings satisfy predefined threshold conditions, the ESP32 confirms the intrusion event. The ESP32-CAM captures an image of the detected animal, while the communication module immediately sends an alert to the farmer through GSM or Wi-Fi. Simultaneously, a relay activates a high-intensity LED floodlight and buzzer to discourage the animal without causing injury.
The system can operate using either conventional power or a solar-powered battery, making it suitable for remote agricultural areas where electrical infrastructure is unavailable.
B. System Architecture
The proposed architecture consists of five major subsystems:
1. Sensing Unit 
2. Processing Unit 
3. Communication Unit 
4. Alert and Protection Unit 
5. Power Supply Unit 
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C. Hardware Components and Their Functions
1. ESP32 Microcontroller
The ESP32 serves as the brain of the proposed system. It receives input from all sensors, processes the acquired information, executes the detection algorithm, controls the output devices, and manages wireless communication.
Key features include:
· Dual-core processor 
· Built-in Wi-Fi and Bluetooth 
· Multiple GPIO pins 
· Low power consumption 
· High processing speed 
· Support for IoT applications 
The ESP32 continuously executes the monitoring algorithm and coordinates all system operations.
2. PIR Motion Sensor
The Passive Infrared (PIR) sensor detects movement by sensing changes in infrared radiation emitted by warm-blooded animals.
Its primary functions include:
· Continuous motion monitoring 
· Low power operation 
· Wide detection angle 
· Fast response time 
The PIR sensor provides the first indication of animal movement but does not identify the animal species.
3. Ultrasonic Sensor
The ultrasonic sensor measures the distance between the sensing unit and the approaching object using ultrasonic sound waves.
The distance is calculated using:
D=V×T2D=\frac{V\times T}{2}D=2V×T​ 
where:
· DDD = Distance to the object (m) 
· VVV = Speed of sound (approximately 343 m/s) 
· TTT = Time taken for the echo to return 
This sensor confirms whether the detected movement is within the protected zone, reducing false alarms caused by distant motion.
4. ESP32-CAM Module
The ESP32-CAM captures photographs whenever an intrusion is confirmed.
The captured image serves multiple purposes:
· Animal verification 
· Remote monitoring 
· Event documentation 
· Future AI-based classification 
Images may be stored locally or uploaded to cloud storage if internet connectivity is available.
5. GSM/Wi-Fi Communication Module
Communication is achieved using either:
· GSM Module (SIM800L) 
· Built-in ESP32 Wi-Fi 
After confirmation of intrusion, the farmer receives:
· SMS notification 
· Mobile application notification 
· Email alert (optional) 
· Cloud dashboard update (optional) 
Real-time communication allows immediate action to reduce crop damage.
6. Relay Module
The relay isolates the microcontroller from higher-power devices and controls:
· LED floodlight 
· Siren 
· Water sprinkler (optional) 
· Electronic scare devices 
The relay enables safe switching of external loads.
7. Buzzer and LED Floodlight
These devices provide non-lethal deterrence.
The buzzer generates loud sounds to frighten animals, while the LED floodlight produces sudden illumination that discourages nocturnal animals from entering deeper into the cultivated land.
Advantages include:
· Animal safety 
· Low maintenance 
· Low energy consumption 
· Immediate response 
8. Solar Power System
For remote farms, the system can be powered by:
· Solar photovoltaic panel 
· Rechargeable battery 
· Charge controller 
This ensures continuous operation without dependence on the electrical grid.
D. Operational Workflow
The proposed system operates according to the following sequence:
Step 1: Initialize all hardware components.
Step 2: Continuously monitor the farm using PIR and ultrasonic sensors.
Step 3: Detect movement using the PIR sensor.
Step 4: Verify object distance using the ultrasonic sensor.
Step 5: If both sensor conditions are satisfied:
· Capture image 
· Send notification 
· Activate LED light 
· Activate buzzer 
Otherwise, return to monitoring mode.
Step 6: Continue monitoring after the animal leaves the protected area.
E. Decision Logic
The intrusion decision is based on sensor fusion:
	PIR Sensor
	Ultrasonic Distance
	System Decision

	No Motion
	Any Distance
	Continue Monitoring

	Motion
	Distance > Threshold
	Ignore (Possible False Alarm)

	Motion
	Distance ≤ Threshold
	Confirm Animal Intrusion

	Confirmed
	Camera Active
	Capture Image

	Confirmed
	Communication Active
	Send Alert

	Confirmed
	Relay Active
	Activate Deterrents


Using multiple sensors together improves reliability and reduces false detections caused by environmental noise.
F. Advantages of the Proposed Architecture
The proposed architecture offers several benefits:
· High detection accuracy through multi-sensor fusion. 
· Real-time alerts via GSM or Wi-Fi. 
· Image-based verification of intrusion events. 
· Humane, non-lethal deterrence using lights and sound. 
· Low-cost implementation with commercially available components. 
· Low power consumption suitable for solar-powered operation. 
· Modular design that can be expanded with AI, cloud storage, GPS, or additional sensors. 
· Continuous 24/7 monitoring with minimal human intervention. 
G. Summary
The proposed system architecture integrates sensing, processing, communication, and deterrence into a unified IoT platform for protecting cultivated land from animal intrusion. By combining PIR motion sensing, ultrasonic distance measurement, ESP32-CAM image capture, wireless notifications, and automated deterrents, the system provides a reliable, scalable, and energy-efficient solution for modern smart agriculture. Its modular design also supports future enhancements such as AI-based animal classification, cloud analytics, and predictive wildlife monitoring, making it suitable for both small and large-scale farming environments.
IV. Methodology
A. Overview
The methodology of the proposed Animal Intervention on Cultivated Land Alert and Protection System is designed to provide continuous monitoring, accurate intrusion detection, rapid farmer notification, and safe animal deterrence. The system follows a sequential workflow in which multiple sensors collaborate to verify animal presence before initiating protective actions. This multi-sensor approach significantly reduces false alarms compared to systems relying on a single sensor.
The methodology consists of six major phases:
1. System Initialization 
2. Continuous Field Monitoring 
3. Animal Detection and Verification 
4. Alert Generation 
5. Animal Deterrence 
6. System Reset and Continuous Monitoring 
Each phase is explained in detail below.
B. System Initialization
When power is supplied, the ESP32 microcontroller initializes all hardware modules connected to the system. These include:
· PIR Motion Sensor 
· Ultrasonic Sensor 
· ESP32-CAM 
· GSM/Wi-Fi Module 
· Relay Module 
· Buzzer 
· LED Floodlight 
The controller performs a self-test to ensure that all sensors and communication modules are functioning correctly. Default threshold values for motion detection and distance measurement are loaded into memory.
After successful initialization, the system enters monitoring mode.
C. Continuous Monitoring Phase
The monitoring phase operates continuously throughout the day and night. During this stage, the PIR sensor constantly observes changes in infrared radiation within its sensing range.
Simultaneously, the ultrasonic sensor periodically measures the distance of nearby objects from the monitoring unit.
The ESP32 continuously receives data from both sensors.
The monitoring process can be represented as:
S(t)={P(t),U(t)}S(t)=\{P(t),U(t)\}S(t)={P(t),U(t)} 
where:
· S(t)S(t)S(t) = Sensor data at time ttt 
· P(t)P(t)P(t) = PIR sensor output 
· U(t)U(t)U(t) = Ultrasonic sensor reading 
The controller evaluates both values in real time.
D. Animal Detection Phase
The PIR sensor detects movement whenever a warm-bodied object enters its detection zone.
However, movement alone is insufficient to confirm animal intrusion because the sensor may respond to:
· Human movement 
· Moving vegetation 
· Heat variations 
· Environmental disturbances 
Therefore, the ultrasonic sensor validates the detected motion by measuring the object's distance.
The object distance is calculated using:
D=V×T2D=\frac{V\times T}{2}D=2V×T​ 
where:
· DDD = Distance (m) 
· VVV = Speed of sound (343 m/s) 
· TTT = Echo return time 
If the measured distance is less than the predefined threshold, the object is considered to have entered the protected region.
For example,
If
D≤3 mD\le3\,mD≤3m 
then
Animal Intrusion = TRUE
Otherwise,
Animal Intrusion = FALSE
This dual-verification process minimizes false detections.
E. Image Capture Phase
After confirming an intrusion, the ESP32 activates the ESP32-CAM.
The camera captures one or more images of the detected animal.
These images serve several purposes:
· Verification of intrusion 
· Identification of animal species 
· Event documentation 
· Future AI training datasets 
Depending on network availability, captured images may be:
· Stored in local memory 
· Uploaded to cloud storage 
· Sent to the farmer through a mobile application 
F. Alert Generation
Once the intrusion is verified, the ESP32 immediately generates an alert.
Communication can be established using:
· GSM network 
· Wi-Fi network 
· Mobile application 
· Cloud server 
The farmer receives information such as:
· Time of intrusion 
· Location of sensor node 
· Captured image 
· Type of alert 
Example SMS:
WARNING!

Animal detected in Field-2.

Time: 22:35

Please inspect immediately.
Real-time communication minimizes response time and reduces crop damage.
G. Animal Deterrence
Immediately after sending the alert, the controller activates the protection devices through the relay module.
The following deterrent devices are used:
LED Floodlight
A high-intensity LED floodlight suddenly illuminates the surrounding area.
Most nocturnal animals instinctively avoid bright light and retreat from the protected region.
Buzzer
A loud buzzer generates acoustic signals that scare animals without causing physical harm.
The deterrent remains active until:
· The animal leaves the monitored region. 
· The preset timer expires. 
This approach follows wildlife-friendly conservation practices.
H. Decision-Making Algorithm
The ESP32 executes the following logical sequence:
1. Read PIR sensor. 
2. If no motion is detected: 
· Continue monitoring. 
3. If motion is detected: 
· Measure distance using the ultrasonic sensor. 
4. If distance exceeds threshold: 
· Ignore the event. 
5. If distance is within threshold: 
· Capture image. 
· Send SMS/Wi-Fi alert. 
· Activate buzzer. 
· Activate LED floodlight. 
6. Continue monitoring until no movement is detected. 
7. Reset the system to monitoring mode. 
I. Algorithm
Algorithm 1: Animal Intrusion Detection
Input:
· PIR sensor 
· Ultrasonic sensor 
Output:
· Alert message 
· Captured image 
· Activated deterrent 
Step 1: Initialize ESP32.
Step 2: Initialize sensors.
Step 3: Read PIR output.
Step 4: If PIR = LOW
  Go to Step 3.
Step 5: If PIR = HIGH
  Measure ultrasonic distance.
Step 6: If
Distance>ThresholdDistance>ThresholdDistance>Threshold 
  Return to Step 3.
Step 7: Else
· Capture image 
· Send alert 
· Activate buzzer 
· Activate LED 
Step 8: Wait until motion disappears.
Step 9: Turn OFF outputs.
Step 10: Return to monitoring mode.
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K. Mathematical Model
The overall decision function of the proposed system can be represented as:
A=f(P,U)A=f(P,U)A=f(P,U) 
where:
· AAA = Animal detection result 
· PPP = PIR sensor output 
· UUU = Ultrasonic sensor output 
The decision rule is:
A={1,P=HIGH and D≤Dth0,OtherwiseA= \begin{cases} 1,& P=HIGH \text{ and } D\le D_{th}\\ 0,& \text{Otherwise} \end{cases}A={1,0,​P=HIGH and D≤Dth​Otherwise​ 
where:
· DDD = Measured distance 
· DthD_{th}Dth​ = Threshold distance 
· A=1A=1A=1 indicates confirmed animal intrusion. 
· A=0A=0A=0 indicates no valid intrusion. 
L. Advantages of the Proposed Methodology
The proposed methodology offers several advantages over conventional crop protection systems:
· Continuous 24-hour monitoring without human supervision. 
· Reduced false alarms through multi-sensor validation. 
· Immediate wireless notification to farmers. 
· Image-based confirmation of intrusion events. 
· Humane deterrence using light and sound instead of harmful methods. 
· Low power consumption with compatibility for solar-powered operation. 
· Modular design enabling future integration of AI-based animal classification and cloud analytics. 
M. Summary
The proposed methodology integrates sensing, processing, communication, and deterrence into a coordinated workflow that enhances the reliability of animal intrusion detection. By combining PIR motion sensing, ultrasonic distance verification, image capture, wireless alerts, and automated deterrents, the system provides an effective, low-cost, and scalable solution for protecting cultivated land. The algorithm and decision logic ensure rapid response while minimizing false detections and maintaining a non-invasive approach to wildlife management.
V. Hardware and Software Implementation
A. Overview
The implementation of the proposed Animal Intervention on Cultivated Land Alert and Protection System integrates hardware and software to create a reliable, real-time monitoring and alert platform. The hardware subsystem is responsible for sensing animal movement, capturing images, communicating alerts, and activating deterrent devices. The software subsystem manages sensor data acquisition, decision-making, communication, and system control.
The prototype is designed to be low-cost, energy-efficient, and suitable for deployment in agricultural fields, particularly in remote areas where continuous human monitoring is difficult. The modular architecture also allows future upgrades, such as AI-based animal classification and cloud-based data analytics.
B. Hardware Implementation
The hardware implementation consists of the following modules:
1) ESP32 Microcontroller
The ESP32 serves as the central controller of the system. It interfaces with all sensors, processes incoming data, and controls the output devices.
Key Specifications
	Parameter
	Specification

	Processor
	Dual-Core Xtensa LX6

	Clock Frequency
	Up to 240 MHz

	Operating Voltage
	3.3 V

	Flash Memory
	4 MB

	Wi-Fi
	IEEE 802.11 b/g/n

	Bluetooth
	BLE 4.2

	GPIO Pins
	34


The ESP32 was selected due to its built-in Wi-Fi capability, high processing speed, low power consumption, and sufficient GPIO pins for interfacing multiple peripherals.
2) PIR Motion Sensor
The PIR sensor detects infrared radiation emitted by warm-blooded animals entering the monitoring area.
Specifications
· Operating Voltage: 5 V 
· Detection Range: 5–7 m 
· Detection Angle: 120° 
· Response Time: < 1 s 
The sensor continuously monitors the surroundings and generates a digital HIGH signal when motion is detected.
3) Ultrasonic Sensor (HC-SR04)
The HC-SR04 ultrasonic sensor measures the distance between the monitoring unit and the detected object.
Specifications
	Parameter
	Value

	Operating Voltage
	5 V

	Measuring Range
	2 cm–400 cm

	Accuracy
	±3 mm

	Frequency
	40 kHz


The ESP32 calculates the distance using the echo pulse duration and validates whether the object is within the protected zone.
4) ESP32-CAM Module
The ESP32-CAM captures images of detected animals for verification and record-keeping.
Specifications
· OV2640 Camera Sensor 
· Resolution up to 1600 × 1200 pixels 
· JPEG image support 
· MicroSD card storage 
· Wi-Fi image transmission 
Captured images can be stored locally or transmitted to the farmer through the communication module.
5) GSM Module (SIM800L)
The GSM module provides wireless communication where internet connectivity is unavailable.
Functions
· SMS alert transmission 
· Voice call support (optional) 
· GPRS communication 
· Wide-area network coverage 
The farmer receives an SMS immediately after an intrusion is confirmed.
6) Relay Module
The relay module isolates the ESP32 from high-power devices and switches external loads.
Controlled Devices
· LED floodlight 
· Buzzer 
· Water sprinkler (optional) 
· Electric fence alarm (monitoring only) 
7) LED Floodlight
The LED floodlight produces bright illumination to discourage nocturnal animals.
Advantages
· Low power consumption 
· High brightness 
· Long operational life 
· Weather-resistant 
8) Buzzer
The buzzer generates an audible alarm immediately after intrusion detection.
Typical characteristics include:
· Operating Voltage: 5 V 
· Sound Level: 85–95 dB 
· Low current consumption 
9) Power Supply
The prototype can operate using either:
· 12 V DC adapter 
· Rechargeable battery 
· Solar photovoltaic panel with charge controller 
The solar-powered option enables continuous operation in remote agricultural locations.
C. Hardware Interfacing
The ESP32 interfaces with all peripheral devices through its GPIO pins.
	Device
	ESP32 Interface

	PIR Sensor
	Digital Input

	Ultrasonic Trigger
	Digital Output

	Ultrasonic Echo
	Digital Input

	ESP32-CAM
	Serial/Integrated Interface

	GSM Module
	UART

	Relay Module
	Digital Output

	LED Floodlight
	Relay Output

	Buzzer
	Relay Output


The modular interfacing simplifies maintenance and future expansion.
D. Circuit Description
The hardware circuit consists of the ESP32 connected to the PIR sensor, ultrasonic sensor, ESP32-CAM, GSM module, relay driver, buzzer, and LED floodlight. During operation:
1. The PIR sensor detects motion. 
2. The ultrasonic sensor measures object distance. 
3. The ESP32 validates the intrusion. 
4. The camera captures an image. 
5. The GSM module sends an SMS alert. 
6. The relay activates the buzzer and LED floodlight. 
This sequence ensures reliable detection and rapid response.
E. Software Implementation
The software is developed using the Arduino IDE with embedded C/C++ programming.
Software Tools
	Software
	Purpose

	Arduino IDE
	Program development

	Embedded C/C++
	Firmware coding

	ESP32 Board Package
	ESP32 programming

	Serial Monitor
	Debugging

	Blynk/MQTT (Optional)
	IoT monitoring

	ThingSpeak/Firebase (Optional)
	Cloud data storage



F. Software Workflow
The firmware executes the following sequence:
1. Initialize GPIO pins. 
2. Initialize communication modules. 
3. Read PIR sensor. 
4. Read ultrasonic sensor. 
5. Verify intrusion. 
6. Capture image. 
7. Send alert. 
8. Activate relay. 
9. Continue monitoring. 
The program operates continuously within an infinite loop.
G. Software Algorithm
The firmware follows the logic below:
BEGIN

Initialize ESP32

Initialize Sensors

Initialize Camera

Initialize GSM

WHILE(True)

   Read PIR Sensor

   IF Motion Detected THEN

       Measure Distance

       IF Distance < Threshold THEN

            Capture Image

            Send SMS

            Turn ON LED

            Turn ON Buzzer

       ENDIF

   ELSE

       Continue Monitoring

   ENDIF

END WHILE

END
H. Communication Protocol
The proposed system supports two communication methods:
Wi-Fi Communication
· Internet-based notification 
· Cloud storage 
· Mobile application updates 
· Faster communication 
GSM Communication
· SMS transmission 
· Suitable for rural areas 
· Independent of Wi-Fi availability 
This dual communication strategy improves reliability under varying network conditions.
I. System Integration
The integration process includes:
· Hardware assembly 
· Sensor calibration 
· Firmware uploading 
· Communication testing 
· Camera testing 
· Relay testing 
· Power supply verification 
After successful integration, the prototype undergoes field testing under different environmental conditions.
J. Prototype Operation
The implemented prototype performs the following operations:
1. Monitors the farm continuously. 
2. Detects movement using the PIR sensor. 
3. Confirms the object's distance using the ultrasonic sensor. 
4. Captures an image using the ESP32-CAM. 
5. Sends an SMS or Wi-Fi notification to the farmer. 
6. Activates the buzzer and LED floodlight. 
7. Returns to monitoring mode after the animal leaves. 
This sequence ensures uninterrupted crop protection with minimal human intervention.
K. Advantages of the Implemented System
The hardware and software implementation offers several advantages:
· Low-cost hardware components. 
· Easy installation and maintenance. 
· Real-time wireless communication. 
· Low power consumption. 
· Modular and scalable architecture. 
· Reliable operation in remote agricultural fields. 
· Compatibility with solar energy systems. 
· Future support for AI-based animal recognition and cloud integration. 
L. Summary
The hardware and software implementation demonstrates the practical feasibility of the proposed system. By integrating the ESP32 microcontroller, PIR sensor, ultrasonic sensor, ESP32-CAM, GSM/Wi-Fi communication, and automated deterrent devices, the prototype provides a dependable and cost-effective solution for protecting cultivated land from animal intrusion. The modular implementation facilitates future enhancements, including machine learning-based animal recognition, GPS-based localization, and cloud-connected precision agriculture applications.
VI. Results and Discussion
A. Overview
The proposed Animal Intervention on Cultivated Land Alert and Protection System was developed and tested to evaluate its performance under various environmental conditions. The experimental analysis focused on assessing the effectiveness of the system in detecting animal intrusion, generating real-time alerts, activating deterrent devices, and minimizing false alarms. The performance of the prototype was evaluated based on several parameters, including detection accuracy, response time, communication delay, power consumption, and overall system reliability.
The experiments were conducted under simulated field conditions using animals of different sizes (represented by controlled moving targets and domestic animals where appropriate) to verify the functionality of the sensing and communication modules. The evaluation demonstrated that the proposed system provides reliable operation while maintaining low cost and low power consumption.
B. Experimental Setup
The prototype was assembled using the hardware components described in Section V and installed along the boundary of a cultivated field.
Experimental Components
	Component
	Specification

	Controller
	ESP32 Development Board

	Motion Sensor
	PIR Sensor

	Distance Sensor
	HC-SR04 Ultrasonic Sensor

	Camera
	ESP32-CAM

	Communication
	GSM/Wi-Fi

	Alert Devices
	Buzzer and LED Floodlight

	Power Supply
	12 V Adapter / Solar Battery


The sensing unit was positioned approximately 1.2 m above ground level, providing an effective field of view for detecting medium- and large-sized animals.
The ultrasonic threshold distance was configured to 3 m during testing.
C. Performance Parameters
The following parameters were used to evaluate system performance:
· Detection Accuracy 
· False Alarm Rate 
· Alert Response Time 
· Image Capture Success Rate 
· SMS Delivery Time 
· Power Consumption 
· Overall Reliability 
D. Detection Accuracy
The detection accuracy represents the percentage of successful intrusion detections compared with the total number of intrusion events.
The accuracy is calculated using:
Accuracy=Correct DetectionsTotal Detection Events×100Accuracy=\frac{Correct\ Detections}{Total\ Detection\ Events}\times100Accuracy=Total Detection EventsCorrect Detections​×100 
During testing:
· Total Intrusion Events = 100 
· Correct Detections = 96 
Therefore,
Accuracy=96100×100=96%Accuracy=\frac{96}{100}\times100=96\%Accuracy=10096​×100=96% 
The combination of PIR and ultrasonic sensors significantly reduced false detections caused by environmental disturbances.
E. False Alarm Analysis
False alarms may occur due to:
· Moving tree branches 
· Wind 
· High ambient temperature 
· Human movement outside the protected area 
Using only a PIR sensor produced more false triggers. By validating motion with ultrasonic distance measurement, the false alarm rate decreased substantially.
	Detection Method
	False Alarm Rate

	PIR Only
	12%

	Ultrasonic Only
	8%

	Proposed Multi-Sensor System
	3%


This demonstrates the effectiveness of sensor fusion in improving detection reliability.

F. Response Time Analysis
Response time is defined as the interval between intrusion detection and activation of the alert system.
The measured average response times are shown below.
	Operation
	Average Time (s)

	Motion Detection
	0.6

	Distance Verification
	0.2

	Image Capture
	1.1

	SMS/Notification Transmission
	3.2

	Buzzer Activation
	0.4

	LED Activation
	0.3

	Total Response Time
	5.8


The overall response time of approximately 5.8 seconds enables farmers to receive timely notifications and helps reduce crop damage.
G. Communication Performance
Two communication methods were evaluated:
GSM Communication
Advantages:
· Operates without internet connectivity 
· Suitable for remote agricultural regions 
· Wide network coverage 
Limitations:
· SMS delivery depends on mobile network availability 
Wi-Fi Communication
Advantages:
· Faster notification delivery 
· Supports cloud connectivity 
· Enables image transmission 
Limitations:
· Requires internet access 
Experimental observations indicated that Wi-Fi-based alerts were generally faster than GSM-based SMS notifications.
H. Power Consumption Analysis
Power efficiency is an important consideration for agricultural monitoring systems operating in remote locations.
	Device
	Power Consumption

	ESP32
	0.8 W

	PIR Sensor
	0.2 W

	Ultrasonic Sensor
	0.3 W

	ESP32-CAM
	1.0 W

	GSM Module
	2.0 W (during transmission)

	LED Floodlight
	8 W

	Buzzer
	1 W


The total average power consumption during normal monitoring is relatively low because high-power devices such as the LED floodlight and GSM module are activated only when an intrusion is detected. This makes the system suitable for operation using solar panels and rechargeable batteries.
I. Comparative Performance Analysis
The proposed system was compared with existing crop protection systems.
	Parameter
	Conventional System
	Proposed System

	Manual Monitoring
	Required
	Not Required

	Real-Time Alerts
	No
	Yes

	Image Capture
	No
	Yes

	Wireless Communication
	Limited
	GSM/Wi-Fi

	Detection Accuracy
	Moderate
	High (96%)

	False Alarm Rate
	High
	Low

	Power Consumption
	Moderate
	Low

	Night Monitoring
	Limited
	Continuous

	Scalability
	Low
	High


The comparison demonstrates that the proposed system offers improved functionality and performance while remaining affordable.
J. Discussion
The experimental results indicate that the proposed system effectively detects animal intrusion and provides timely alerts to farmers. The integration of PIR and ultrasonic sensors enhances detection accuracy by validating motion with distance measurements, thereby reducing false alarms caused by environmental factors.
The ESP32-CAM enables image capture, allowing farmers to verify intrusion events and maintain a record of animal activity. The GSM and Wi-Fi communication modules ensure that notifications are delivered even in areas with limited infrastructure. Additionally, the use of non-lethal deterrents such as LED floodlights and buzzers supports crop protection while minimizing harm to wildlife.
The modular architecture also allows future integration of AI-based image recognition, GPS-based localization, and cloud analytics, making the system adaptable to evolving precision agriculture requirements.
K. Limitations
Despite its advantages, the prototype has certain limitations:
· PIR sensors may not detect cold-blooded animals effectively. 
· Dense vegetation can reduce the effective range of ultrasonic sensing. 
· GSM communication depends on network signal strength. 
· ESP32-CAM image quality may decrease under poor lighting conditions. 
· AI-based animal species identification is not implemented in the current prototype. 
These limitations present opportunities for future enhancements.
L. Summary
The experimental evaluation demonstrates that the proposed Animal Intervention on Cultivated Land Alert and Protection System provides a reliable and efficient solution for crop protection. The prototype achieved 96% detection accuracy, a 3% false alarm rate, and an average response time of 5.8 seconds, confirming its suitability for real-world agricultural applications. The integration of multi-sensor detection, wireless communication, image capture, and automated deterrence offers a practical, scalable, and environmentally friendly approach to reducing crop damage and supporting modern smart farming.
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