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ABSTRACT: This paper presents an Internet of Things (loT) and machine learning-based real-time stampede
detection and management system aimed at improving safety in crowded public spaces such as religious gatherings,
transportation hubs, and large events. Stampede incidents often happen because there is no continuous monitoring or
early warning systems in place, leading to serious injuries and loss of life. The system uses vibration sensors to monitor
ground vibrations caused by crowd movement. When the detected vibration intensity goes beyond a set limit, the
system automatically turns on visual and audible alerts using LED indicators and a buzzer. Additionally, servo motors
lift and control access gates to manage crowd entry and exit during critical situations. Real-time vibration data, system
status, and alert notifications are sent to users through a cloud-based loT platform. Sensor data is logged periodically
into a cloud-hosted database at regular intervals for centralized storage and further analysis. A Decision Tree machine
learning model analyzes the historical data and classifies crowd conditions, allowing for the early identification of
potential stampede situations. Experimental results show that the system effectively detects unusual crowd behavior
and offers timely alerts, thereby enhancing response time and lowering the risk of stampede incidents. The system is
cost-effective, scalable, and suitable for real-world crowd management applications.

KEYWORDS: Internet of Things (loT), Stampede Detection, Crowd Management, Vibration Sensors, Machine
Learning, Decision Tree

I. INTRODUCTION

Stampede incidents are some of the most serious crowd disasters. They often lead to a high number of deaths and
severe injuries in a short period. These incidents usually happen in crowded public places, such as religious gatherings,
festivals, transit stations, stadiums, and political events. When crowds move uncontrollably, panic can set in, and
sudden increases in crowd density can quickly turn into dangerous situations. This leaves authorities with little time to
step in and help. Conventional crowd management practices mainly rely on surveillance cameras, manual monitoring,
and analysis after events. Although video systems offer visual coverage, they often miss early signs of stampede
formation, like unusual ground vibrations caused by sudden crowd pressure and movement. Additionally, these
approaches require constant human supervision, which makes them inefficient in large-scale or fast-changing
environments. The lack of real-time sensing and automated response mechanisms greatly limits how well traditional
systems work.

Recent advancements in the Internet of Things (10T) have enabled real-time monitoring with low-cost sensors, wireless
communication, and cloud-based data processing. Vibration sensors offer an effective way to detect early warning signs
of unusual crowd behavior by measuring ground-level disturbances from human movement. With cloud connectivity,
these sensors can provide real-time alerts, remote monitoring, and centralized data storage for further analysis.
Additionally, machine learning techniques have become important in smart decision-making systems because they can
analyze historical data and spot patterns that may not be obvious with just threshold-based methods. Decision Tree
algorithms are particularly well-suited for safety-critical applications due to their simplicity, easy understanding, and
low computational needs. Inspired by these findings, this paper suggests a real-time stampede detection and
management system based on the Internet of Things and machine learning. To improve crowd safety, the system uses
vibration sensing, automated alerts, servo motor-based gate control, cloud-based monitoring, and Decision Tree
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analysis. The proposed strategy aims to lower the chances of stampede incidents in real situations by providing early
detection, quick response, and predictive insights.

Il. PROBLEM IDENTIFICATION

Stampede incidents are a continuing problem in managing large public gatherings. High crowd density, panic
situations, and sudden surges can create dangerous conditions quickly. A major issue with current crowd safety
methods is the lack of real-time, on-site detection that can spot early signs of stampede formation. Often, warning signs
like unusual pressure and vibration buildup go unnoticed until the situation becomes critical. Today’s crowd monitoring
systems mainly depend on manual surveillance, closed-circuit television (CCTV), or analyzing events after they
happen. These methods react to problems after they arise, relying on human intervention that may be slow or
ineffective when crowd dynamics change rapidly.

Moreover, visual monitoring is limited by factors like lighting, obstructions, and camera angles, which lowers its
reliability in crowded and chaotic settings. Another significant challenge is the lack of automated response systems that
can help manage crowds during emergencies. Most current systems can generate alerts, but they cannot physically
control crowd movement, such as managing entry or exit points. This limitation makes early warnings less effective
since corrective actions still depend heavily on manual crowd management.

Additionally, current safety systems often do not use historical data for predictive analysis. Without smart, data-driven
decision-making, authorities cannot spot recurring patterns or potential high-risk situations ahead of time. Without
machine learning analysis, systems stay the same and cannot adjust to different crowd behaviors in various
environments and events. These drawbacks highlight the need for a solution that provides cloud-based data logging,
smart analysis, automated alerts, physical crowd control, and real-time sensing. The proposed 0T and machine
learning-based stampede detection and management system discussed in this paper aims to tackle these problems.
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I1l. LITERATURE SURVEY

Recent advancements in crowd safety and disaster prevention technologies have focused on using sensor-based
monitoring systems to detect unusual crowd behavior in public spaces. Early research looked at video surveillance
techniques for estimating crowd density and analyzing movement. These systems used image processing algorithms to
find congestion and unusual motion patterns. However, their performance was limited by lighting conditions, camera
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placement, and high computational demands. This made them unsuitable for real-time stampede detection in crowded
environments [1].

Several studies examined pressure and force-based sensing methods to analyze crowd-induced stress on structures.
These methods showed that unusual pressure changes could signal potential stampede situations. While they were
effective in controlled settings, deploying pressure sensors across large public areas was found to be expensive and
hard to scale [2].

With the rise of the Internet of Things (10T), researchers suggested using distributed sensing architectures for real-time
crowd monitoring. l0T-based systems that integrated wireless sensor networks allowed for continuous data collection
and remote monitoring. These systems improved response times and scalability, but many depended on static threshold-
based decision logic. This limited their ability to adapt to changing crowd conditions [3].

Vibration-based sensing has become a popular method for detecting unusual crowd movement. Studies show that
human footsteps and crowd surges create unique vibration patterns that low-cost vibration sensors can capture. These
methods allowed for early detection compared to visual systems; however, most implementations only focused on local
alerts without connecting to the cloud or using data analysis [4].

Cloud-based crowd management solutions were developed to deal with issues of data access and central monitoring.
These systems allowed for real-time data visualization and remote alerts on web and mobile platforms. While cloud
integration helped improve situational awareness, many solutions did not include physical response mechanisms to
actively manage crowd movement during emergencies [5].

Machine learning techniques have been increasingly used to analyze crowd behavior and address the limitations of
rule-based systems. Research on Support Vector Machines, Neural Networks, and clustering algorithms showed better
accuracy in identifying unusual crowd behaviors. However, these models often needed large datasets and significant
computing power, which made them less suitable for embedded and real-time systems [6].

Decision Tree algorithms were suggested as an alternative due to their ease of understanding and low computational
demands. Various studies found that Decision Trees worked effectively in safety-critical situations, providing quick
decision-making and easy rule extraction. These features make them a good fit for real-time crowd monitoring systems
with limited processing power [7].

Hybrid systems that combine loT and machine learning have also been studied for use in disaster management. These
systems brought together sensors, cloud platforms, and predictive models to detect emergencies like fires, earthquakes,
and crowd panic. While promising, many studies concentrated on simulations rather than real-world applications [8].

Research on automated alert systems emphasized the need for multi-channel notification options, such as mobile apps
and cloud dashboards. These systems improved communication during emergencies but often did not connect with
physical devices for active intervention [9].

The research studies demonstrated how actuator-based control systems with automated gates and barriers performed
crowd management functions. The research demonstrated that controlled access systems effectively reduced crowd
congestion by activating their systems during specific time windows. The research showed that actuator control
systems rarely operated together with smart sensors, which used predictive analytics, according to source [10].

Researchers now study data logging and historical analysis to create better crowd safety plans. The system stored data
continuously. This allowed experts to analyze events after they happened while building risk assessment models for
upcoming events. However, most systems failed to apply their stored information for immediate predictive decision
support during operational activities [11].

To decrease the latency in crowd monitoring systems, the proposals for edge computing methods included processing
the data near the source. Even though this reduced the latency significantly, it became a barrier for the implementation
of advanced analytics at the edge due to the limited processing resources available [12].

The applications of wearable sensor-based crowd monitoring systems were also looked into as a means of obtaining
direct measurements of human movements and physiological parameters. While these types of systems offered precise
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data at the individual level, they also had to deal with problems such as user compliance, privacy issues, and large-scale
deployment [13].

Multi-sensor fusion methods which integrate vibration, sound, and visual data were implemented to boost detection
accuracy. Although these systems proved to be more reliable, they also brought about increased complexity and cost of
the system [14].

From the reviewed literature, it is clear that existing systems focus on sensing, alerting, or analysis separately. There is
a significant research gap in creating an integrated solution that combines vibration-based sensing, 1oT-enabled real-
time monitoring, automated gate control, cloud-based data logging, and lightweight machine learning analysis. Filling
this gap motivates the proposed 10T and machine learning based stampede detection and management system presented
in this paper [15].

IV. PROPOSED SYSTEM ARCHITECTURE

The proposed system architecture aims to overcome the shortcomings that were pointed out in the problem
identification and literature review by combining real-time sensing, automatic response, cloud connectivity, and smart
data analysis. The architecture is modular and scalable, which allows dependable stampede detection and management
in very crowded public places.

A. Overall System Overview:

The system is built around an ESP32 microcontroller, which serves as the main processing and communication unit.
Two vibration sensors are placed in key locations to constantly monitor ground vibrations caused by crowd movement.
These sensors produce analog signals that reflect vibration intensity, which the ESP32 collects and processes in real
time. Under normal crowd conditions, the system works in a monitoring mode, where vibration values stay below the
set threshold and a green Led shows safe conditions. If it detects abnormal vibration levels that suggest a potential
stampede, the system switches to alert mode and a red led indication would be triggered.

B. Alert and Crowd Control Mechanism:

When vibration levels go above the threshold, the ESP32 activates several response mechanisms at once. A red LED
and a buzzer turn on to provide immediate visual and sound alerts at the site. Additionally, servo motors operate to lift
or close access gates, controlling crowd entry and exit to reduce congestion and prevent further issues. It is always
dependent on the manual intervention of solidarity responders. It ensures a much faster response when there is a crisis
or a catastrophic event.

C. Cloud Communication and Data Logging:

The ESP32 uses its built-in Wi-Fi to send real-time system status, vibration count values, and alert notifications to a
cloud loT platform. The Blynk platform offers an easy-to-use interface for remote monitoring. This allows authorities
to see live crowd conditions and get instant alerts on their mobile devices. At the same time, vibration data and system
status information are uploaded to a Google Sheet in the cloud at regular intervals, every 30 seconds. This provides
organized data storage for analysis, reporting, and future reference.

D. Machine Learning-Based Decision Support:

The data stored in the cloud is used for both offline and online analysis with a Decision Tree machine learning model.
The model is trained on historical vibration data to classify crowd conditions as normal or abnormal. By looking at
patterns in vibration intensity and frequency, the Decision Tree gives predictions about possible stampede situations.
The use of machine learning improves system intelligence by allowing flexible decision-making instead of just relying
on fixed thresholds.

E. System Workflow Summary:
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The full workflow starts with vibration sensing, then moves to real-time processing on the ESP32, automated alert and
gate control, cloud-based visualization, and data-driven analysis with machine learning. This complete system ensures
early detection, quick response, and continuous learning, making it effective for managing stampedes in real-life
situations. Overall, the proposed system architecture emphasizes reliability, real-time responsiveness, and scalability
while maintaining low implementation complexity. By integrating vibration-based sensing with ESP32-based
processing, automated gate control, cloud-enabled monitoring, and machine learning-driven analysis, the architecture
provides a comprehensive framework for effective stampede detection and management. The modular design allows
the system to be easily adapted to different public environments and crowd scales. The detailed hardware configuration
and software implementation of the proposed architecture are discussed in the subsequent section.

Fig: circuit diagram

V. HARDWARE AND SOFTWARE REQUIREMENTS

This section details the hardware parts and software tools needed to implement the proposed loT-based stampede
detection and management system. The chosen components and tools are selected to ensure reliability, low cost, and
easy deployment.

A. Hardware Requirements:

Below are the hardware components that were used in the proposed system:

I. ESP32 Microcontroller:

The ESP32 microcontroller serves as the main processing and communication unit of the system. It handles sensor data
collection, decision-making, actuator control, and Wi-Fi communication for connecting to the cloud.

I1. Vibration Sensors (Two Units):

Vibration sensors detect ground vibrations caused by crowd movement. These sensors give early warnings of unusual
crowd behavior and are essential for detecting stampedes.

I11. Servo Motors (Two Units):

Servo motors open and close access gates during critical moments. By controlling entry and exit points, the servo
motors help manage crowd flow and lessen congestion.

IV. LED Indicators (Red and Green):

LED indicators show the system status visually. The green LED signals normal operating conditions, while the red
LED points out alert or unusual crowd situations.

V. Buzzer:

The buzzer produces an audible alert when it detects high vibration levels. It warns nearby personnel and the crowd
during emergencies.

VI. Power Supply Unit:

The power supply unit gives a regulated and reliable voltage to the ESP32 microcontroller and additional devices.
Correct voltage regulation guarantees the reliable and continuous operation of the system. Here, we are using a 12v Dc
adapter with a inbuilt dc-dc converter in expansion board for esp32.
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B. Software Requirements:

The following software tools and platforms are needed for developing, deploying, and analyzing the proposed loT-
based stampede detection and management system:

I. Arduino Integrated Development Environment (IDE):

The Arduino IDE is for writing, compiling, and uploading the embedded C/C++ program to the ESP32 microcontroller.
It provides a straightforward development environment and supports the libraries needed for sensor interfacing,
actuator control, and Wi-Fi communication.

I1. ESP32 Board Support Package and Libraries:

ESP32-specific board packages and libraries help configure the microcontroller, manage Wi-Fi connectivity, and
connect with sensors and actuators. These libraries ensure stable hardware management and communication.

I11. Blynk loT Platform:

The Blynk 10T platform is for real-time monitoring and alert notifications. It offers a mobile-based dashboard that
shows vibration sensor readings, system status, and alert messages received from the ESP32.

IV. Google Sheets:

Google Sheets serves as a cloud-based data logging platform to store vibration sensor readings and system status
updates regularly. It allows easy access to historical data for monitoring and analysis.

V. Google Colab:

Google Colab is a cloud-based Python environment for machine learning analysis. It is used to implement and train the
Decision Tree model using historical vibration data saved in Google Sheets.

V1. Machine Learning Libraries:

Standard Python machine learning libraries are used in the Google Colab environment to develop and assess the
Decision Tree model for classifying crowd conditions.

VI. HARDWARE IMPLEMENTATION

The hardware setup for the stampede detection and management system aims to provide reliable sensing, quick
response, and smooth communication with cloud platforms. The choice of components emphasizes low power use, cost
efficiency, and easy deployment in public settings.

A. ESP32 Microcontroller Unit:

The ESP32 microcontroller acts as the main control and processing unit of the system. It gathers sensor data, makes
decisions, controls actuators, and manages wireless communication. The built-in Wi-Fi feature of the ESP32 allows it
to connect directly to cloud platforms without needing extra communication modules. Its dual-core design and adequate
memory make it suitable for real-time data processing and loT tasks.

B. Vibration Sensors:

Two vibration sensors are placed at key locations to detect ground vibrations from crowd movement. These sensors
turn mechanical vibrations into electrical signals, which are sent to the analog input pins of the ESP32. Under normal
crowd conditions, vibration intensity stays within a safe range. A sudden rise in vibration levels points to unusual
crowd behavior and acts as an early warning for potential stampede situations.

C. Visual and Audible Alert Units:

To provide immediate alerts on-site, LED indicators and a buzzer are included in the system. A green LED shows
normal operating conditions, while a red LED indicates an abnormal or critical crowd state. The buzzer sounds at the
same time during alert situations to grab attention and warn nearby personnel and the crowd. These alert systems ensure
quick local awareness, even without remote monitoring.

D. Servo Motor-Based Gate Control:

Servo motors serve as actuators to raise or close access gates during critical situations. When vibration levels exceed
the set threshold, the ESP32 sends control signals to activate the servo motors. This system allows for automated
management of crowd entry and exit points, helping to ease congestion and prevent further crowd pressure increases.

E. Power Supply Unit:

A regulated power supply unit provides stable voltage to the ESP32, sensors, and other devices. Proper power
management ensures the system operates reliably and protects components from voltage changes. The system can be
powered with an external adapter or a battery-backed supply to maintain operation during emergencies. The hardware
implementation consolidates the four main functions at the same time. The use of vibration sensors for early detection,
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ESP32 for real-time processing and communication, and servo motors for active crowd control facilitates the
management of stampedes. Software implementation, cloud integration, and data handling .

Mechanisms that allow for real-time monitoring and smart decision-making will be treated in the following section.
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Fig: Block diagram of the overall system connectivity for the proposed 10T Based Stampede Detection System
VIl. SOFTWARE TOOLS AND CLOUD SERVICES

The proposed stampede detection system relies on popular development tools and cloud platforms to ensure simplicity,
reliability, and easy implementation. The main software tools and services used in this system include the Arduino
development environment, the Blynk loT platform, Google Sheets for data storage, and a machine learning model for
data analysis.

A. Arduino IDE and ESP32 Programming:

The ESP32 microcontroller is programmed using the Arduino Integrated Development Environment (IDE). The
Arduino IDE offers a straightforward platform for writing, compiling, and uploading embedded C/C++ programs to the
ESP32. It includes built-in libraries for sensor interfacing, Wi-Fi communication, and peripheral control, making it
suitable for quickly developing 10T applications. Using the Arduino compiler, the program continuously reads values
from the vibration sensor, compares them with set threshold levels, and performs the required control actions. The
simplicity of the Arduino programming model helps achieve fast responses and reliable real-time operation.

B. Blynk 10T Platform:

The Blynk 10T platform is used for remote monitoring and alert notifications. It provides a mobile app interface that
allows users to see live vibration values, system status, and alert messages. The ESP32 connects to the Blynk cloud
server via Wi-Fi, allowing real-time data visualization and notifications on smartphones. Blynk makes it easy to create
IoT dashboards without needing complicated web development, which is effective for monitoring crowd conditions
from a distance.

C. Google Sheets for Cloud Data Logging:

Google Sheets serves as a cloud-based data storage platform to log vibration sensor readings and system status
information. The ESP32 uploads data to Google Sheets every 30 seconds using HTTP requests. This method offers a
simple and low-cost way to keep historical records. The stored data can be accessed from any location and is helpful for
analyzing crowd behavior patterns and system performance over time.

D. Machine Learning for Crowd Condition Analysis:

The historical vibration data recorded in Google Sheets is used for machine learning analysis. A Decision Tree
algorithm classifies crowd conditions as normal or abnormal based on vibration intensity patterns. The Decision Tree
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model is chosen for its simplicity, low computational needs, and ease of interpretation. This machine learning analysis
aids in understanding crowd behavior trends and supports better decision-making for preventing stampedes.

VIII. MACHINE LEARNING-BASED STAMPEDE PREDICTION USING GOOGLE SHEETS DATA

The proposed loT-based stampede management system uses a Machine Learning (ML) model trained with real-time
sensor data logged in Google Sheets. The collected dataset includes timestamped vibration sensor readings that show
how intense crowd movement is at monitored locations.

A. Dataset Description:

The dataset comes from vibration sensors set up at entry and exit points. Each record includes the following attributes: -
Timestamp: Date and time of data collection

Vibration-Count: Total vibration events detected within a sampling interval.

Delta-Count: Difference between consecutive vibration counts.

Status: System-detected crowd condition (SAFE or STAMPEDE).

Label: Binary class label (0 - SAFE, 1 - STAMPEDE)

The Google Sheets platform serves as a cloud repository to store and organize the sensor data in real time.

B. Data Preprocessing:

Before training the ML model, we preprocess the dataset to ensure it is reliable. We remove missing values. We also
normalize numerical features like vibration count and delta count. The Status column is changed into a binary label to
allow for supervised learning.

C. Machine Learning Model:

A Decision Tree Classifier is chosen for classification because it is simple, executes quickly, and works well in real-
time 10T environments. The model is trained with vibration-based features to predict if the crowd condition is SAFE or
STAMPEDE.

The dataset is split into training and testing subsets. This helps evaluate how well the model performs.

D. Performance Evaluation:
The trained ML model shows high classification accuracy when tested on real sensor data collected from Google
Sheets.

Overall Accuracy: 97.56%
1)SAFE Class (Label 0):
e Precision: 0.97
e Recall: 1.00
e Fl-score: 0.99
2) STAMPEDE Class (Label 1):
e Precision: 1.00
e Recall: 0.86
e Fl-score: 0.92

The results show that the model correctly identifies safe conditions and performs well in detecting stampede scenarios.
The slightly lower recall for the stampede class is acceptable because there are only a few high-risk events in the
dataset.

E. Real-Time Prediction and System Response:

Once trained, the ML model predicts crowd conditions in real time. When a STAMPEDE condition is detected, the
system automatically triggers alarms, updates the monitoring dashboard, and starts crowd control actions like gate
regulation.

F. Cloud Analytics Using Google Sheets:

Google Sheets allows:

Real-time data logging from ESP32 nodes.

Visualization of vibration trends. Storage of historical data for ML retraining.
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This cloud-based method avoids the need for complicated servers and offers reliable analytics and scalability.
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IX. RESULTS AND DISCUSSION

The loT-based stampede detection and management system has been suggested, implemented, and tested, to ascertain
its effectiveness in detecting the behavior of the crowd that is outside the norm and providing timely responses.
Evaluation was done on vibration sensing performance, alert generation, gate control operation, cloud data logging, and
machine learning-based analysis. In the case of a common crowd situation, the vibration sensors gave low and stable
readings. Under these conditions, the system was in monitoring mode, the green LED was lit indicating normal
operation, the buzzer was silent, and access gates were operating without restrictions. There were no false alerts, which
indicated that the threshold-based detection logic was reliable under these normal conditions. In the case of abnormal
crowd movement simulation, the sensors detected a significant increase in the intensity of the vibration. When the
vibration values crossed the specified threshold, the system switched to alert mode instantly.

The red LED and buzzer were turned on, and the servo motors were able to either open or close the access gates. This
prompt action shows that the system is capable of detecting very early signs of stampede situations and of taking
corrective measures in real time. The Blynk IoT platform displayed live vibration values, system status, and alert
notifications. Alerts were received with minimal delay, allowing for effective remote monitoring. Vibration data and
system status were logged into Google Sheets every 30 seconds.

This ensured consistent cloud-based data storage without any loss. The stored vibration data was imported into
Google Colab for machine learning analysis. A Decision Tree model was trained on the collected dataset to classify
crowd conditions as normal or abnormal. The model produced clear and understandable decision rules based on
vibration patterns, which is important for safety-critical applications. The machine learning analysis supported the
system by confirming threshold-based detection and offering insights into crowd behavior trends.

Overall, the results show that the proposed system effectively combines real-time sensing, automated alerting, gate
control, cloud monitoring, and machine learning analysis. The discussion reinforces that the mix of 10T and lightweight
machine learning improves response time, situational awareness, and reliability. This makes the system suitable for
practical stampede prevention applications.
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Fig: Google Sheet Tracker for Data

Fig: Stampede Detector at Safe State

+++ Accuracy: 98.975689756097561

precision recall fl-score  support

@ .97 1.88 8.99 34

1 1.e8 8.86 8.92 7

accuracy 8.98 41
macro avg 8.99 8.93 8.95 41
weighted avg .98 .98 .97 41

Fig: Decision Tree based ML output
X. CONCLUSION

This paper presented an 10T-based stampede management system aimed at improving crowd safety in public areas. The
system uses vibration sensors to monitor crowd movement continuously and detect unusual vibration patterns caused
by overcrowding or panic. An ESP32 microcontroller processes the sensed vibration data and displays it in real time on
an LCD. This allows on-site personnel to see crowd conditions immediately. Along with local monitoring, the system
sends vibration sensor data to Google Sheets for cloud storage and analysis. The stored data trains a Decision Tree
machine learning model that classifies crowd conditions as SAFE or STAMPEDE. Experimental results show that the
ML model reaches an accuracy of 97.56%, proving it can reliably detect dangerous crowd situations. When the system
detects a stampede condition, it automatically activates several safety mechanisms. A buzzer sounds to provide an
audible warning, a red LED lights up to signal danger, and servo motors open gates for controlled crowd evacuation.
During normal crowd conditions, a green LED stays on to show safe operation, and the system continues its regular
monitoring without alarms. The combination of vibration sensors, a local LCD display, cloud-based Google Sheets
logging, machine learning prediction, and automated control makes the system efficient, low-cost, and practical. It can
be effectively used in places like temples, stadiums, railway stations, and public events to reduce the risk of stampede
incidents and enhance public safety.
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