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1. Introduction

This final report represents the culmination of our senior project, providing a comprehensive
overview of the system’s finalized architecture, design rationale, and implementation status.
The report reflects the integration of engineering principles and modern technologies into a
practical solution for enhancing occupational safety through automated detection of PPE
usage and human-machine proximity in hazardous work environments. In addition to
outlining the technical development of the system, this report discusses the broader impact of
the engineering solutions in global, economic, environmental, and societal contexts. It also
explores contemporary challenges related to workplace safety and the ethical implications of
Al-based monitoring systems. New tools and technologies such as YOLOv9e for real-time
object detection, React.js for frontend development, and Firebase for cloud-based data storage
are highlighted with their roles clearly defined. The report further documents how academic
and online resources were utilized throughout the project for research on similar designs,
system components, and fundamental engineering concepts. Finally, the testing phase is
reviewed in detail, including the methodology, test results, and a critical evaluation of the

system’s performance, limitations, and potential areas for future enhancement.

2. Final System Architecture, Design, and Project

Status
2.1 Final System Architecture

The final architecture of the SafeScope system reflects a modular, scalable, and
real-time framework designed to ensure occupational safety in industrial
environments. The architecture integrates deep learning-based object detection,
proximity monitoring, data logging, and a web-based visualization dashboard
into a cohesive system capable of functioning both in cloud-based and edge-
computing settings. The model is retrained because in the version we presented
in the Test Plan Report, the results showed that the model failed to recognize

construction vehicles such as excavators and dump trucks effectively. This



limitation stemmed from the dataset used, which lacked adequate
representation of such machinery. To address this issue, we decided to retrain
our model using a more professional and diverse dataset the ACID dataset,
which includes a wide range of labeled construction vehicles. We combined it

with the SH17 dataset, which focuses on PPE detection.

However, since SH17 and ACID are separate datasets designed for different
tasks, they had inconsistent annotation coverage. For example, in SH17,
images may contain construction vehicles that are not labeled, while in ACID,
human figures and PPE items are often present but not annotated. To create a
unified and fully annotated dataset, we manually labeled 17,026 images using
the makesense.ai online annotation tool. This process involved reviewing each
image and adding any missing bounding boxes for both PPE and construction

vehicle classes.

As a result of this comprehensive labeling and dataset merging, the retrained
model now delivers significantly improved performance across both domains
accurately detecting both personal protective equipment and construction

vehicles, making it a robust and versatile solution for real-world construction

site safety monitoring.

2.1.1 System Components

The system comprises the following key modules:
a) PPE and Construction Equipment Object Detection Model

Model: YOLOvV9e (via Ultralytics) (it can be change & adaptable)
Framework: PyTorch

Classes: 27 combined classes (SH17 + ACID specialized, processed datasets)



# Classes

names:
0: person
1= ear
2: ear—-mufs
3: face
4: face-guard
5: face-mask
6: foot
Ts steel
8: glasses
9: gloves
10: helmet
11: hands
12: head
13: medical-suit
14: shoes

15: safety-suit
16: safety-vest
17: backhoe-loader
18: cement-truck
19: compactor
20: dozer

21: dump-truck
22: excavator
23: grader

24: mobile-crane
25: tower-crane
26: wheel-loader

Training Tool: train.py script, including advanced augmentation and optimizer
settings and total of 17026 images which is the merged version of SH17 and
ACID datasets. The mislabels and incorrect indexes in the label files were

fixed by online labelling tool makesense.ai.
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Output: Bounding boxes and confidence scores for person,ear,ear-
mufs,face,face-guard,face-mask,foot,tool,glasses,gloves,helmet,hands,head-
medical-suit,shoes,safety-vest,safety-suit,backhoe-loader,cement-
truck,compactor,dozer,dump-truck, excavator,grader,mobile-crane,tower-crane

and wheel-loader.

b) PPE Detection Module

Approach: The PPE detection module leverages a custom-trained YOLOv9e
object detection model to analyze each frame of construction site videos and
identify the presence or absence of various PPE elements. The detection
process is frame-wise and supports real-time inference using GPU
acceleration. The model was trained on a combined dataset (SH17 + ACID) to
ensure accurate recognition of both PPE items and construction-related
machinery. In each frame, the YOLOv9e model outputs bounding boxes and
class IDs for detected objects. These outputs are parsed to evaluate whether
each identified person is equipped with critical and soft PPE categories. The

evaluation logic includes:

e Critical PPE:helmet,suit(safety-vest and safety-suit) considered as
same.

¢ Soft PPE:gloves,glasses,face-mask,face-guard,ear-muffs.



Each frame is processed to count the number of detected persons and the
number of PPE elements. A violation is flagged if the number of PPE
detections is less than the number of detected persons, implying that one or
more individuals are missing required equipment. Furthermore, this module
distinguishes between critical and soft violations. Critical violations take
precedence (e.g., missing helmet or vest), and are logged in real-time with
timestamps. All violations are saved to structured JSON files for further

auditing and safety analytics.

e Alert Threshold: Set PPE items required for person for
complacence evaluation.
e Response: Triggers alerts via backend and WebSocket to frontend

in real time

c) Proximity Detection Module

Approach: The proximity detection module uses the same YOLOv9e model to
identify humans and construction vehicles (e.g., excavators, dump trucks,
cranes) in video frames and evaluates their spatial relationships. The objective
is to detect unsafe proximity interactions between workers and heavy

machinery. The detection process involves the following computational steps:

Object Categorization: Bounding boxes are extracted and filtered into two

groups:

e Persons (label == "person")

e Machines/Vehicles (e.g., "excavator", "dump-truck", "dozer")

Driver Exclusion Logic: Workers who appear inside vehicle cabins (based on
spatial alignment and vertical position heuristics) are excluded from proximity

checks to avoid false positives involving drivers.

Proximity Calculation: For each person-vehicle pair, the module computes:



e Horizontal and vertical distances between bounding boxes
e Relative area ratios to exclude false positives from overlapping
bounding boxes

e A configurable threshold based on person height and width

Violation Logging: If the distances are below the configured danger thresholds
and the person is not the driver, a proximity violation is logged. Violations
include bounding box coordinates, frame number, and object class, and are

saved in real-time to a structured JSON file.

This system effectively detects scenarios where workers are dangerously
close to operating machinery helping prevent collision risks or fatal accidents.
It is especially useful in dynamic environments where human-machine

interaction is frequent and fast-moving.

e Alert Threshold: Set at configurable safe distance (e.g., 5.0
meters)
e Response: Triggers alerts via backend and WebSocket to frontend

in real time

d) Backend Infrastructure
Technology: Python (FastAPI)

Database: Firebase Realtime DB (used for storing detection logs, alerts, and

user configs)
Security: AES-256 encrypted storage, role-based access controls

Functionality: Hosts REST APIs and manages event-driven alerts

e) Frontend Interface



Framework: React.js
Features:

i. Live video feed overlays with bounding boxes
ii. Customizable alert settings
iii. Interactive reports and heatmaps for unsafe zones

iv. Role-based dashboards (Safety Officer, Admin, Operator)

f) Communication Layer
Protocol: WebSocket for real-time alerts
Alternative: REST endpoints for data pull/post actions

Purpose: Enables live updates from detection modules to user interface

g) Edge Deployment Compatibility

Devices Tested: NVIDIA Jetson Nano (edge) and Colab Pro A100 GPU
(cloud) with CUDA support enabled.

Inference Performance: Optimized for ~30 FPS detection speed

Fallback Plan: Cloud fallback (CPU/GPU) in case of edge hardware failure or

bandwidth issues.

2.2 System Design

e The system follows a loosely coupled microservice architecture
e Each subsystem (detection, UI, alerting) operates independently with API-

based communication



e The Ul is designed for usability and accessibility with visual alert badges, logs,
and customizable widgets
e Security and privacy were enforced via encrypted communication, user

authentication, and GDPR compliance
2.2.1 Design Principles Implemented:

e Scalability: System supports 20+ concurrent camera streams and 50+ users

e Modularity: PPE detection and proximity modules can be updated
independently

e Maintainability: Each module has isolated configs, logs, and deployment
scripts

e Performance: Inference latency maintained under 1 second with YOLOv9e

and Firebase backend

2.3 Final Status of the Project

The project has been completed successfully with the following milestones achieved:

Component Status Remarks

Yolov9-e Model Training Completed The model was trained with 17026
images of PPE equipments and
construction vehicles. Achieved
mAP@50 of 78.5% on validation and
mAP@50:95 of %60.5 on validation.

PPE Detection Completed The algorithm was implemented and
tested on test images and test videos for

missing PPE detection.

Proximity Detection Completed The algorithm was implemented and
tested on test images and test videos for

detecting proximity violation.

Frontend UI Ongoing About to finish.




Backend API & Firebase Ongoing Integrating Firebase is completed for
real-time storage of alerts and logs but

backend API is ongoing for user sessions.

Edge Device Compability Completed Successfully deployed on Jetson Nano
for demo purposes.

Field Test with Experts Completed Positive feedback from our project
mentor.

Documentation & Completed Full user manual, setup guides, and

Deployment deployment scripts completed.

Testing and Evaluation Completed The model was tested on about 1250 test

images and 20 videos.

Literature Research Completed Researching is completed such as

Ultraliytics and Github.

2.4 Known Limitations and Future Improvements

Despite successful completion, the following areas are identified for potential enhancement:

¢ Occlusion Handling: Accuracy drops in crowded scenes with overlapping
workers

e Pose Estimation: Future versions could use OpenPose for posture and fatigue
detection

e Mobile Interface: No native mobile app exists yet for site managers

e Multilingual UI: Future Ul versions should include Turkish and English
language toggles



3.Impact of Engineering Solutions in Global,
Economic, Environmental, and Societal

Contexts

Engineering has long been recognized as a fundamental driver of human advancement,
serving as the bridge between scientific knowledge and practical application. From the
construction of bridges and buildings to the development of medical devices and complex
digital infrastructures, engineering solutions have shaped nearly every aspect of modern
civilization. In the 21st century, this influence has expanded exponentially due to the rapid
progression of digital technologies, artificial intelligence (Al), and machine learning. The
contemporary engineer is now expected not only to design functional systems but also to

develop sustainable, socially responsible, and globally impactful solutions.

In today’s interconnected world, one of the most pressing global challenges is ensuring
workplace safety, particularly in high-risk environments such as construction sites, factories,
and mining operations. According to the International Labour Organization (ILO), over 2.3
million people die annually due to occupational accidents or work-related diseases. These
alarming statistics underscore the urgent need for more effective safety systems that go
beyond traditional approaches and utilize the power of advanced technologies. In this context,
the SafeScope project emerges as a pioneering example of how engineering, when merged
with artificial intelligence and data-driven technologies, can be harnessed to save lives,

enhance compliance, and foster a proactive safety culture.

The core objective of SafeScope is to revolutionize occupational safety by leveraging state-of-
the-art computer vision techniques to detect personal protective equipment (PPE) usage and
monitor human-machine proximity in real time. By utilizing deep learning models such as
YOLOv9e and integrating them with web-based monitoring interfaces, SafeScope creates a
comprehensive safety ecosystem that operates continuously, autonomously, and with high
precision. This paradigm shift from reactive to preventive safety management not only
reduces the incidence of workplace injuries but also instills a sense of accountability and

awareness among workers and safety officers alike.



From a broader perspective, SafeScope exemplifies the evolving role of engineering in
addressing global, economic, environmental, and societal issues simultaneously. It aligns with
several of the United Nations’ Sustainable Development Goals (SDGs), particularly Goal 3
(Good Health and Well-being), Goal 8 (Decent Work and Economic Growth), and Goal 9
(Industry, Innovation, and Infrastructure). Through its multi-layered impact, the project
demonstrates that engineering solutions are not isolated technical achievements but rather

integrated components of a global development framework.

Moreover, in an age where digital transformation is reshaping entire industries, the
engineering profession must navigate complex challenges involving data privacy, ethical Al
deployment, user inclusivity, and regulatory compliance. Intelligent systems like SafeScope
are at the forefront of this transformation. They exemplify a new generation of engineering
innovations that are not only technologically sophisticated but also ethically conscious and
contextually aware. Engineers must now consider a solution’s lifecycle impact its energy
consumption, accessibility, adaptability to different geographies, and long-term societal

consequences.

Equally important is the cultural transformation brought about by such innovations. In many
developing regions, workplace safety regulations are either poorly enforced or nonexistent.
By providing a scalable, accessible, and cost-effective solution, SafeScope contributes to
reducing this global safety disparity. Its deployment in under-resourced environments could
potentially save thousands of lives and elevate health and safety standards across borders. In
doing so, it supports the ethical imperative that all workers, regardless of economic status or

geography, deserve safe and healthy working conditions.

In summary, this introduction establishes the foundation for the detailed examination that
follows. It argues that SafeScope is not merely a technical system but a comprehensive
engineering solution with wide-reaching implications. By combining technological innovation
with a socially responsible mission, the project illustrates how modern engineering can be a
transformative force in global development, environmental sustainability, economic
efficiency, and social justice. As the report progresses, we will analyze in depth how such
solutions impact and interact with broader global trends, identify key challenges and

limitations, and highlight opportunities for future advancements.
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3.1 Global Impact

In the age of globalization, the scope and responsibility of engineering
transcend national borders. As industrial practices and technologies rapidly
disseminate across countries and continents, there arises a critical need for
harmonized, standardized, and intelligent safety protocols that cater to diverse
working environments. Engineering solutions such as SafeScope represent a
convergence of innovation, ethics, and foresight, offering scalable, real-time,

and autonomous systems that safeguard human lives on a global scale.

3.1.1 Enhancing Workplace Safety Worldwide

Industrial globalization has resulted in interconnected supply chains,
transnational labor mobility, and uniformity in production practices. However,
this connectivity has also unveiled stark disparities in workplace safety
standards across different regions, especially between developed and
developing countries. For instance, while countries in the European Union and
North America have well-established Occupational Safety and Health
Administration (OSHA) or EU-OSHA standards, many low-income nations



struggle with the lack of enforcement, training, or access to quality personal

protective equipment (PPE).

The SafeScope system addresses this global challenge by introducing a
universal, technology-driven solution that can be deployed across geographical
contexts with minimal infrastructural requirements. Its core functionalities Al-
driven detection of PPE compliance and real-time monitoring of human
proximity to dangerous machinery can be adapted to construction sites in
Turkey, mining facilities in Chile, manufacturing plants in India, or oil rigs in
Nigeria. This adaptability is achieved through robust training on diverse
datasets and a modular software architecture that supports localization and

internationalization.

Furthermore, by automating the enforcement of PPE compliance, SafeScope
reduces the dependence on manual supervision, which is often inconsistent and
resource-intensive. For countries with a limited number of certified safety
officers or poor safety cultures, the system acts as a digital enforcer of
workplace ethics and compliance. Alerts, notifications, and data analytics
provided by the system empower both workers and managers to respond

swiftly to hazardous behaviors, thereby preventing injuries and fatalities.

Crucially, this system contributes to knowledge transfer and capacity building.
Data gathered from various deployments worldwide can be anonymized and
aggregated to create a global repository of safety practices, incident patterns,
and risk factors. Such data can then be used to inform international regulatory
bodies, enhance occupational safety policies, and design culturally and

contextually appropriate training programs.

By raising the floor of global safety standards, SafeScope aligns with the
ethical responsibility of engineering to protect the most vulnerable. In this
regard, it is not merely a product but a tool for global justice ensuring that no
worker, regardless of economic status or national origin, is left unprotected in

the workplace.



3.1.2 Contribution to Sustainable Development Goals (SDGs)

The SafeScope system exemplifies how engineering solutions can directly
contribute to several of the United Nations’ Sustainable Development Goals
(SDGs), particularly those addressing health, economic development, and
industrial innovation. The SDGs offer a globally recognized framework that
encourages integrated, multidimensional problem-solving, and engineering
plays a crucial role in operationalizing many of its targets. Below is an analysis

of how SafeScope contributes to three key goals:
Goal 3: Ensure healthy lives and promote well-being for all at all ages

Occupational health is a critical, yet often underappreciated, component of
public health. Millions of injuries, illnesses, and deaths each year are directly
attributable to unsafe work environments. By proactively monitoring PPE
usage and alerting stakeholders to hazardous proximity scenarios, SafeScope
minimizes exposure to physical, chemical, and environmental risks. This
directly contributes to the reduction of non-communicable diseases,

occupational injuries, and premature deaths.

Moreover, SafeScope helps organizations and governments track compliance
data, analyze trends in occupational safety, and identify high-risk activities or
areas. This insight not only aids in improving existing workflows but also
serves as a decision-support tool for future infrastructure and policy

investments in public health.

Goal 8: Promote sustained, inclusive and sustainable economic growth,

full and productive employment, and decent work for all

One of the foundational elements of decent work is safety. When workers are
protected, they are more likely to remain productive, engaged, and retained
within the workforce. SafeScope strengthens this relationship by creating a
culture of preventive vigilance. Rather than reacting to incidents after they
occur, the system anticipates and alerts in real time creating a safer, more

responsive working environment.



Additionally, by reducing workplace injuries and fatalities, SafeScope lowers
the financial burden on healthcare systems and insurance providers, while also
preventing losses from compensation claims, legal disputes, and worker
absenteeism. This translates into higher operational efficiency, lower liability,

and greater sustainability for businesses operating in high-risk industries.

From a labor rights perspective, SafeScope empowers employees by holding
employers accountable to safety norms. In doing so, it bridges the gap between
technical solutions and ethical labor practices, thereby advancing inclusivity

and equitable treatment in workplaces globally.

Goal 9: Build resilient infrastructure, promote inclusive and sustainable

industrialization, and foster innovation

Engineering is the backbone of infrastructure development and
industrialization. However, resilience in this context implies more than
structural integrity it also requires systemic robustness, adaptability, and
human safety. SafeScope contributes to the creation of resilient industrial
environments by embedding intelligence into the physical workplace, making
infrastructure “aware” of unsafe behaviors and automatically triggering

preventive actions.

The integration of machine learning and computer vision into workplace safety
represents a significant leap in industrial innovation. As industries move
toward Industry 4.0, with smart factories, autonomous vehicles, and digital
twins, SafeScope’s Al-powered architecture aligns perfectly with the ongoing
transformation. Its open API architecture, real-time dashboards, and cloud-
based data logging make it interoperable with other enterprise systems such as

ERPs, HRM platforms, and asset management tools.

Importantly, by democratizing access to cutting-edge safety technologies,
SafeScope supports inclusive industrialization. Its relatively low hardware
requirements and flexible deployment options make it suitable even for small-

to-medium enterprises (SMEs), not just large multinational corporations.
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3.2 Economic Impact

3.2.1 Reduction in Workplace Incidents and Associated Costs

Workplace accidents and occupational illnesses impose significant economic
burdens on individuals, organizations, and society at large. The implementation
of advanced safety systems, such as intelligent PPE monitoring and real-time
hazard detection, plays a crucial role in mitigating these incidents and their

associated costs.

Global Statistics on Workplace Incidents

According to the International Labour Organization (ILO), nearly 3 million
workers die annually due to work-related accidents and diseases, marking an
increase of over 5% compared to 2015. Additionally, approximately 395
million workers sustain non-fatal work-related injuries each year . These
staggering figures underscore the pervasive nature of occupational hazards and

the urgent need for effective preventive measures.

In the United States, the Bureau of Labor Statistics (BLS) reported 5,283 fatal
work injuries in 2023, reflecting a 3.7% decrease from the previous year.
Despite this decline, the fatal work injury rate remained at 3.5 per 100,000 full-

time equivalent workers . Nonfatal injuries and illnesses involving days away



from work totaled 946,500 cases in 2023, representing a 20.1% decrease from

2022 .

Chart 1. Number of fatal work injuries, 2014-23 Chart 2. Fatal work injury rate per 100,000 FTE workers, 2014-23
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Economic Costs of Workplace Incidents

The financial implications of workplace accidents are profound. The National
Safety Council estimated that work-related deaths and injuries cost the United
States economy $171 billion in 2019 . These costs encompass medical
expenses, lost productivity, administrative expenses, and the impact on quality

of life.

Employers bear a substantial portion of these costs. Direct costs include
workers' compensation payments, medical expenses, and legal fees. Indirect
costs, often more challenging to quantify, encompass training replacement
employees, accident investigations, implementation of corrective measures,

lost productivity, equipment repairs, and diminished employee morale .

Impact of Safety Systems on Cost Reduction

The deployment of advanced safety systems has demonstrated efficacy in
reducing workplace incidents and their associated costs. By proactively
identifying hazards and ensuring compliance with safety protocols, these

systems mitigate the risk of accidents and occupational illnesses.

For instance, real-time monitoring of PPE usage and environmental conditions

enables immediate corrective actions, thereby preventing potential incidents.



Predictive analytics and machine learning algorithms can forecast high-risk

scenarios, allowing for preemptive interventions.

The economic benefits of such systems are multifaceted:

e Reduced Medical Expenses: Fewer workplace injuries translate to lower
medical costs for both employers and employees.

e Decreased Compensation Claims: A decline in incidents leads to fewer
workers' compensation claims, reducing insurance premiums and legal
expenses.

e Minimized Downtime: Preventing accidents ensures uninterrupted operations,
maintaining productivity and revenue streams.

o Enhanced Employee Morale: A safe working environment fosters employee

satisfaction and retention, reducing turnover-related costs.
Case Studies and Industry Examples

Several industries have reported significant cost savings following the implementation of

advanced safety systems:

o Construction Industry: The integration of wearable safety devices and real-
time monitoring has led to a notable decrease in fall-related incidents, which
are among the leading causes of fatalities in construction.

e Manufacturing Sector: Predictive maintenance and hazard detection systems
have minimized equipment-related accidents, resulting in substantial reductions
in downtime and repair costs.

o Healthcare Facilities: The adoption of infection control monitoring and
ergonomic assessments has reduced occupational illnesses and musculoskeletal

disorders among healthcare workers.

These examples illustrate the tangible economic advantages of investing in workplace safety

technologies.



3.2.2 Enhancement of Productivity and Efficiency

Beyond cost savings, the implementation of advanced safety systems
contributes significantly to enhancing organizational productivity and

operational efficiency.
Correlation Between Safety and Productivity

A safe work environment is intrinsically linked to employee performance.
Workers who feel secure are more likely to be engaged, motivated, and
productive. Conversely, unsafe conditions can lead to stress, absenteeism, and

high turnover rates, all of which negatively impact productivity.
Studies have shown that companies with robust safety programs experience:

e Lower Absenteeism: Reduced injury rates lead to fewer days lost to
medical leave.

e Improved Employee Engagement: A culture of safety fosters trust
and commitment among employees.

e Higher Quality Output: Safe working conditions minimize errors and
defects, enhancing product quality.

e Operational Continuity: Preventing accidents ensures consistent

workflow and timely project completion.

Role of Technology in Enhancing Efficiency
Advanced safety systems contribute to operational efficiency through:

e Automation of Safety Protocols: Streamlining safety checks and
compliance monitoring reduces administrative burdens.

e Data-Driven Decision Making: Real-time data collection and analysis
enable informed decisions regarding resource allocation and process

improvements.



e Integration with Other Systems: Seamless integration with enterprise
resource planning (ERP) and human resource management systems
(HRMS) facilitates comprehensive oversight and coordination.

e Continuous Improvement: Ongoing monitoring and feedback loops
support the continuous refinement of safety practices and operational

procedures.
Return on Investment (ROI) in Safety Systems

Investing in workplace safety yields substantial returns. According to the
Occupational Safety and Health Administration (OSHA), employers pay nearly
$1 billion per week for direct workers' compensation costs alone . By reducing

incidents, organizations can significantly lower these expenditures.

Moreover, the indirect benefits, such as enhanced reputation, customer
satisfaction, and employee loyalty, contribute to long-term profitability and

competitiveness.

3.3 Environmental Impact

The intersection of engineering and environmental sustainability has become
increasingly prominent in modern industrial practice. As global awareness
around climate change, pollution, and resource scarcity intensifies, engineers
are tasked not only with solving technical challenges but also with ensuring
their solutions are aligned with ecological principles. In the context of
workplace safety, engineering innovations such as the SafeScope system which
focuses on intelligent PPE monitoring and proximity detection not only protect
human life but also contribute meaningfully to environmental protection. These

contributions manifest primarily in two ways:

e the promotion of sustainable practices in design and operation,
e the reduction of material waste through intelligent inventory and

lifecycle management.
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3.3.1 Promotion of Sustainable Practices

Occupational hazards often extend beyond the immediate harm to human
workers they can also lead to significant environmental damage. For instance,
an industrial accident involving hazardous chemicals, fuel leaks, or
uncontrolled machinery may result in pollution of air, water, and soil. In
sectors like construction, mining, oil and gas, and heavy manufacturing, the
environmental stakes of workplace incidents are particularly high. Therefore,
preventing these incidents through engineering control systems can
simultaneously serve the dual purpose of protecting workers and preserving

ecosystems.

3.3.2 Environmental Consequences of Industrial Accidents

To illustrate, a study published by the European Environment Agency noted
that major industrial accidents in the EU between 2010 and 2020 caused over
€1.2 billion in environmental damage, including toxic emissions, soil
contamination, and aquatic ecosystem disruption. Many of these incidents were
precipitated by human error, PPE non-compliance, or unsafe proximity to
hazardous equipment failures that could have been avoided with real-time,

intelligent monitoring systems like SafeScope.



By proactively detecting the absence of protective gear or warning of unsafe
human-machine interactions, SafeScope helps prevent not only worker injury
but also secondary environmental disasters. This approach embodies the core
principles of sustainable engineering: prevention, resilience, and systemic

feedback loops.

3.3.3 Integration of Eco-Friendly Materials in PPE

A second major environmental impact stems from the materials used in the
production and disposal of PPE. Traditional PPE components such as nitrile
gloves, synthetic helmets, or polyester safety vests often rely on petroleum-
based polymers and are not biodegradable. With billions of PPE units
discarded annually, particularly during global health crises like COVID-19, the
resulting landfill accumulation and microplastic contamination present severe

environmental concerns.

However, advances in green engineering are now enabling the design and
manufacture of PPE using eco-friendly, recyclable, or biodegradable materials.

For example:

o Bioplastics derived from cornstarch or sugarcane can be used to make
helmets and face shields.

o Natural fiber composites like hemp or bamboo are increasingly used
in safety apparel.

e Modular PPE designs allow for part-by-part replacement rather than

full disposal, reducing material waste.

The integration of such materials into PPE encouraged and enforced through
smart monitoring systems significantly reduces the environmental footprint of
workplace safety programs. By logging usage patterns and disposal cycles,
systems like SafeScope can inform sustainability audits and drive continuous

material improvements.



3.3.4 Carbon Footprint Considerations

Modern safety solutions also have an indirect effect on the carbon emissions of
an organization. Workplace injuries can disrupt operations, leading to resource
wastage, emergency manufacturing, or increased transportation demands (e.g.,
ambulance deployment, airlifting). By minimizing incidents, smart safety
systems contribute to smoother, uninterrupted workflows and energy-efficient

Processces.

Furthermore, SafeScope can be deployed on low-power edge devices (e.g.,
NVIDIA Jetson Nano) and operate via lightweight REST APIs, consuming
minimal computational resources. This contrasts with more traditional camera
surveillance systems or human supervisors that demand higher energy, more

infrastructure, or even fuel-based patrol vehicles in large sites.

3.4 Waste Reduction through Smart Inventory

Management

One of the most overlooked yet impactful aspects of environmental
sustainability in industrial environments is the management of consumable
safety equipment. Items like gloves, masks, goggles, and even batteries used in
wearable PPE often follow inefficient procurement and usage cycles, leading to

overstocking, premature disposal, and excess landfill contribution.
Problems with Traditional Inventory Systems

In traditional systems, PPE inventories are typically managed through manual
logs, periodic bulk ordering, and “safety-first” stockpiling strategies. While

well-intentioned, these methods can result in:

e Overordering and Overstocking: [tems expire on shelves or become

obsolete due to regulatory changes.



o Wasteful Replacements: PPE is replaced on a schedule rather than
based on actual wear/use.
e Lack of Traceability: Once issued, PPE use is not tracked, making

audits and recycling difficult.

Such inefficiencies lead not only to higher operational costs but also to
substantial material waste. A study by the World Resources Institute estimated
that up to 20% of PPE in large industrial operations goes unused or discarded

unnecessarily due to poor inventory visibility.

How Smart Systems Mitigate Waste

Intelligent safety systems like SafeScope can dramatically reduce this waste

through data-driven inventory management. Here’s how:

o Usage-Based Tracking: PPE usage is tracked in real time via computer
vision, allowing for replacements only when degradation or non-
compliance is detected.

e Predictive Analytics: Al models can forecast when inventory will be
depleted based on trends in consumption, accident rates, or project
phases.

e Personalized Allocation: Smart dashboards assign PPE based on
individual needs, job roles, and exposure levels eliminating the “one
size fits all” over-distribution.

o Automated Alerts for Recycling: Items nearing end-of-life can be

flagged for recycling or reconditioning, reducing premature disposal.

Alignment with Circular Economy Principles

This intelligent management directly supports the principles of the circular
economy a framework that emphasizes reuse, remanufacture, and recycling

over linear production-disposal chains. Key strategies include:

e Design for Disassembly: PPE components (e.g., helmet shells,

padding, visors) are tracked and replaced individually.



e Reverse Logistics: QR-tagged PPE can be returned, sterilized, and
reissued.
e Material Recovery Audits: SafeScope logs disposal data to enable

reporting for regulatory and sustainability disclosures.

Such features not only align with international standards (e.g., ISO 14001
Environmental Management) but also appeal to environmentally conscious

investors, clients, and partners.

3.5 Societal Impact

Engineering has long been a force for societal progress driving not only
technological innovation but also improvements in health, equity, and overall
quality of life. When applied within the realm of occupational safety,
engineering solutions like SafeScope offer a unique opportunity to address
deeply rooted societal issues. From mitigating public health risks to advancing
social equity, the deployment of such technologies reflects a broader ethical

commitment to building safer, fairer, and more resilient societies.

3.5.1 Improvement in Public Health and Safety

The direct connection between workplace safety and public health is
increasingly evident in today’s industrialized and interconnected world.
Occupational injuries do not remain confined to the site where they occur; they
ripple outward, affecting families, communities, healthcare systems, and the

economy at large.
Workplace Safety as a Public Health Issue

According to data from the International Labour Organization (ILO), over 2.7
million people die annually due to work-related accidents and diseases, and an

additional 374 million suffer from non-fatal occupational injuries. These



numbers are not just tragic they are a public health crisis. For every injury that
occurs in a factory, mine, or construction site, there is an economic and
emotional burden placed on healthcare providers, employers, and, most

importantly, the affected individuals and their families.

Intelligent systems like SafeScope, which proactively monitor for the absence
of PPE and dangerous proximity to machinery, offer a powerful intervention.
By providing real-time alerts and data-driven decision support, these systems
can reduce accident rates, shorten emergency response times, and allow for
better medical planning and preparedness. In regions where healthcare
infrastructure is already strained, prevention becomes not just a strategic

priority but a societal necessity.
Post-Injury Recovery and Long-Term Impact

Injury prevention also has long-term social consequences. Workers who suffer
debilitating injuries may lose their income, face social isolation, or encounter
mental health challenges such as depression or PTSD. These outcomes extend
beyond the workplace and affect community stability and cohesion. By
preventing injuries through early detection and automated enforcement,
SafeScope reduces these long-term harms and helps maintain a strong, healthy,

and economically active population.

Moreover, the data collected by such systems can inform national health
policies and occupational safety legislation. Public agencies can use incident
analytics to identify high-risk sectors, allocate medical resources more
effectively, and develop targeted health interventions for workers in specific

industries.

3.5.2 Advancement of Social Equity

Safety in the workplace is not only a matter of design or technology it is a
matter of justice. Disparities in access to safe working conditions continue to

plague both developed and developing nations. Workers in informal sectors,



minority communities, or low-wage positions are often disproportionately
exposed to unsafe environments. Engineering solutions that apply uniform
safety standards, like SafeScope, play a pivotal role in correcting this

imbalance.

Equitable Safety Enforcement

Traditional safety enforcement methods rely heavily on human supervision,
which can be inconsistent and biased. In contrast, systems like SafeScope offer
objective, real-time evaluation of compliance with PPE and safety protocols.
This impartiality ensures that no individual is unfairly targeted or neglected

based on race, gender, nationality, or social status.

By standardizing how safety is monitored and enforced, intelligent systems
help ensure that every worker whether on a high-rise construction site in a
wealthy city or in a remote agricultural facility has access to the same level of
protection. This not only advances human rights but also aligns with principles
set forth by global frameworks such as the UN’s International Covenant on
Economic, Social and Cultural Rights, which affirms that all individuals have

the right to "just and favorable conditions of work."

Inclusion and Empowerment

Beyond enforcement, these systems empower marginalized groups by giving

them visibility and voice in occupational health matters. For example:

e  Women in Industry: In male-dominated sectors like construction and
mining, women often face increased safety risks due to poorly fitting
PPE or exclusion from safety planning. Systems like SafeScope can
highlight such mismatches and support data-informed redesigns.

e Migrant Workers: Often facing language barriers or limited legal
protections, migrant laborers are among the most vulnerable to
workplace injury. A visual-based safety system that does not rely on

verbal instruction can transcend linguistic and cultural divides.



o Disabled Workers: Real-time monitoring tools can accommodate
accessibility requirements, ensuring that workplaces can adapt in

inclusive and safe ways.
Workplace Culture Transformation

Perhaps most importantly, deploying intelligent safety systems fosters a shift in
workplace culture. Safety becomes not just a compliance checkbox but a
shared social value. When employees see that their well-being is taken
seriously and that systems are in place to protect everyone equally it fosters a

sense of dignity, respect, and inclusion.

This cultural shift has ripple effects: workers are more likely to report unsafe
conditions, participate in training, and contribute to continuous improvement.
Over time, this democratization of safety knowledge and responsibility leads to
a more cohesive and cooperative workplace, which benefits society through

increased trust, reduced conflict, and stronger labor relations.

3.6 Contemporary Issues in Occupational Safety and
PPE
3.6.1 Challenges in PPE Compliance

Despite the availability of Personal Protective Equipment (PPE), ensuring
consistent compliance remains a significant challenge in occupational safety.
Various factors contribute to non-compliance, undermining safety efforts and

increasing the risk of workplace injuries.

Discomfort and Improper Fit

One of the primary reasons for PPE non-compliance is discomfort. Workers
often find PPE to be ill-fitting, restrictive, or unsuitable for the working
environment. For instance, in hot climates, wearing additional protective layers

can lead to heat stress, discouraging usage. A study highlighted that



b)

discomfort, poor fit, and the perception of PPE being too hot or binding are

common complaints among workers .

Lack of Awareness and Training

A significant number of workers lack proper training on the importance and
correct usage of PPE. This gap in knowledge leads to misuse or complete
disregard for safety equipment. Research indicates that approximately 60% of
workers use PPE during work, with non-use primarily attributed to discomfort,

lack of knowledge on how to use it, and poor fit .

Organizational and Cultural Factors

Workplace culture and organizational practices play a crucial role in PPE

compliance. Factors such as inadequate enforcement of safety protocols, lack
of management commitment, and absence of a safety-first culture can lead to
non-compliance. Moreover, if supervisors and managers do not model proper

PPE usage, it sets a precedent for workers to neglect safety measures .

3.6.2 Technological Advancements and Integration

b)

The integration of wearable technologies and Internet of Things (IoT) devices
into PPE has revolutionized occupational safety. These advancements offer
real-time monitoring and data collection, enhancing safety protocols. However,

they also introduce new challenges.

Enhanced Safety Monitoring

Smart PPE equipped with sensors can monitor various parameters such as heart
rate, temperature, and exposure to hazardous substances. This real-time data
allows for immediate response to potential dangers, thereby preventing
accidents. For example, wearable devices can alert workers and supervisors if

exposure levels exceed safe thresholds, enabling prompt action.

Data Privacy Concerns



The collection and transmission of personal data through wearable devices

raise significant privacy concerns. Sensitive information, if mishandled, can
lead to unauthorized access or misuse. Ethical considerations emphasize the
importance of data protection and the need for transparent policies regarding

data usage .
¢) Need for Standardized Protocols

The rapid adoption of smart PPE necessitates the development of standardized
protocols to ensure interoperability, data security, and user privacy. Without
standardized guidelines, there is a risk of inconsistent practices, leading to

potential safety and privacy breaches.

3.6.3 Regulatory and Ethical Considerations

The evolution of safety technologies brings forth regulatory and ethical

challenges that must be addressed to maintain trust and compliance.
a) Data Ownership and Consent

Determining who owns the data collected by wearable devices is a complex
issue. Workers must be informed about what data is being collected, how it
will be used, and who will have access to it. Obtaining informed consent is

crucial to uphold ethical standards and protect individual rights .
b) Surveillance and Worker Autonomy

The use of monitoring technologies can blur the line between safety and
surveillance. Continuous monitoring may lead to feelings of being watched,
potentially affecting worker morale and autonomy. It is essential to balance

safety benefits with respect for personal privacy .

¢) Updating Regulations



Existing occupational safety regulations may not adequately cover the
complexities introduced by new technologies. Regulatory bodies must update
policies to address issues related to data privacy, ethical deployment of

monitoring tools, and the rights of workers in the digital age.

4. Use of Library and Internet Resources

The development of the SafeScope system necessitated extensive research and the integration
of various datasets, tools, and technologies. This section delineates the library and internet

resources employed, providing insights into how each contributed to the project's success.

4.1 Datasets

4.1.1 SH17 Dataset

The SH17 dataset, sourced from Kaggle, served as a foundational resource for
detecting Personal Protective Equipment (PPE) in industrial settings. This
dataset comprises 17 distinct classes and 8099 images, including persons,
helmets, safety vests, gloves, and other PPE items, annotated across diverse
manufacturing scenarios. The dataset's diversity and quality made it an ideal

starting point for training our PPE detection model.

4.1.2 ACID Dataset

To enhance the model's capability in recognizing construction vehicles, we
used ACID dataset from Roboflow. This dataset comprises 10 distinct classes
and 8927 images,including images of various construction machinery, such as
excavators, backhoe-loaders,dozers,cranes and dump trucks, annotated for
object detection tasks. Integrating ACID with SH17 expanded the model's
proficiency in identifying both PPE and heavy machinery.

4.1.3 Data Annotation with Makesense.ai and Fixing Class Indexes in ACID
Dataset



Combining SH17 and ACID presented challenges due to inconsistent
annotations. To address this, we utilized Makesense.ai, an online annotation
tool, to manually label over 17,000 images.Also, the class indexes were
between 0-9.In order to prevent conflict indexes of ACID and SH17 datasets,
we fixed indexes of ACID dataset with python script, we arranged the indexes
of ACID dataset between 17-26.This meticulous process ensured
comprehensive annotations for both PPE and machinery, resulting in a unified

and robust dataset for training.

4.2 Model Training and Optimization

4.2.1 Training Environment

Model training was conducted on Google Colab Pro+, leveraging NVIDIA
A100 GPUs with 40GB VRAM with CUDA support. This environment
provided the computational power necessary for training complex deep

learning models efficiently.

4.2.2 YOLOvVY9¢ Framework

We adopted the YOLOvV9e architecture from Ultralytics for object detection
tasks. YOLOV9e offers real-time detection capabilities with high accuracy,
making it suitable for our application. The model was trained using the
combined SH17 and ACID datasets,which means we combined these two
datasets as a single dataset and benefiting from the comprehensive annotations

provided by Makesense.ai.

4.2.3 Hyperparameter Tuning

Hyperparameter optimization was guided by methodologies outlined in the
SH17 dataset's associated research paper available on arXiv. Parameters such
as learning rate, batch size, and augmentation techniques were fine-tuned to
enhance model performance. Additionally, Ultralytics's official training guides

provided valuable insights into best practices for training YOLO models.



4.3 Inference and Testing

4.3.1 Pictor-v3 Revised Dataset and Youtube Videos

For evaluating the model's inference capabilities, we employed the Pictor-v3
revised dataset from Roboflow and Youtube videos about working people in
construction areas. Pictor-v3 dataset contains annotated images of PPE and
construction vehicles in various contexts, allowing us to assess the model's

generalization and accuracy in real-world scenarios.Youtube videos contain

PPE and construction vehicles scenes.

4.3.2 Performance Metrics

The model's performance was measured using standard metrics such as Mean
Average Precision (mAP), precision, recall, and F1-score and manually by
viewing prediction results of images and videos. These evaluations confirmed
the model's effectiveness in detecting PPE and machinery across diverse

environments.

4.4 PPE and Proximity Violation Detection Algorithm

We easily implemented our own PPE Violation Detection algorithm but since
there is a few literature about proximity approximation and in order to
implement the proximity detection feature, we researched existing algorithms
on GitHub. We adapted a proximity detection algorithm that evaluates their
spatial relationships between detected objects to identify potential hazards.
This algorithm was customized to suit our application's requirements, ensuring

accurate detection of unsafe proximities between workers and machinery.



4.5 System Architecture and Development

4.5.1 Backend Development

The backend was developed using FastAPI, a modern web framework for
building APIs with Python. FastAPI's asynchronous capabilities and

performance efficiency made it suitable for handling real-time data processing.

4.5.2 Database Integration

Firebase Realtime Database was integrated to store detection logs, alerts, and
user configurations. Firebase's real-time data synchronization and scalability

facilitated seamless data management across the system.

4.5.3 Frontend Development

The frontend interface was built using React.js, enabling the creation of a
responsive and interactive user interface. The dashboard displays live video
feeds with overlaid detection boxes, alert notifications, and system status

updates.

4.5.4 API and Communication

Communication between the frontend and backend was established using
WebSocket protocols for real-time data transmission. RESTful APIs were also
implemented to handle standard HTTP requests, ensuring comprehensive

interaction capabilities within the system.



4.6 Research and Literature Review

Throughout the project, extensive literature reviews were conducted to inform

our methodologies and validate our approaches. Key resources included:

e Research papers on YOLO Model, Blogs for augmentations,
hyperparameters, PPE detection, Github forums and codes for
inference.

o Ultralytics' documentation and tutorials on YOLO model training and
deployment.

e Technical blogs and forums discussing best practices in machine

learning and computer vision applications.

These resources provided valuable insights into current trends, challenges, and
solutions in the field, guiding our development process and ensuring our

system aligns with industry standards.



5. Test Results and Evaluation

This section presents the results of the test cases defined in the previously prepared Test Plan

Report. Each test was designed to validate the functionality, reliability, and performance of

the SafeScope system, focusing particularly on PPE detection, proximity violation detection,

data communication, frontend behavior, and system integration. The outcomes of these tests

are reported with a brief description and a pass/fail evaluation. The section concludes with a

summary of key findings, bug observations, and proposals for future improvements.

5.1

Functional Test Cases

proximity alerts in

structured JSON

Test Test Description Expected Outcome Result
Case
D
TC-01 Detect PPE items and Model correctly predicts PPE items and Passed
person persons
TC-02 Detect Construction Site | Model correctly predicts Construction Site Passed
Vehicles Vehicles
TC-03 Detect proximity Proximity Detection module logs violation and Passed
violation between worker | raises real-time alert
and excavator
TC-04 Detect PPE Violation PPE Detection module logs violation as soft Passed
ppe violation or critical ppe violation and
raises real-time alert
TC-05 Real-time video stream Frontend displays bounding boxes on live Passed
with detection overlays video without delay
TC-06 WebSocket sends WebSocket communication under 1s latency Passed
detection result to
frontend within 1s latency
TC-07 Firebase logs PPE and Realtime database records structured alert data Passed




TC-08 Edge fallback handling: System continues to function on-device (Jetson W Passed
disable network and test Nano)
local detection

TC-09 Detect false proximity Driver exclusion logic prevents false proximity Passed
between machine driver alert
and vehicle

TC-10 Failover on video file System skips corrupted file and logs error W Passed
corruption

TC-11 Confirm role-based Ul Admin accesses logs and settings; Viewer has Passed
access (Admin vs Viewer) | read-only dashboard

5.2 Integration Test Cases

Test Test Description Expected Outcome Result

Case

D

INT-01 | Combined PPE and Both modules work independently and results Passed
Proximity Detection on are logged concurrently
single frame

INT-02 | Synchronization between | Detected alerts instantly visible in Ul Passed
detection module and
frontend update

INT-03 | JSON log export and Log available for download and readable in UI Passed
frontend display

INT-04 | Concurrent video All videos processed without race conditions Passed
processing (batch of 3
videos)

INT-05 | Handle False Positive Since background images not included in . Minor
Predictions training dataset,model sometimes makes false | [ggye

positive predictions




5.3

Usability Test Cases

Test Test Description Expected Outcome Result

Case

ID

UI-01 User changes proximity threshold from Backend reflects new Passed
dashboard configuration immediately

UI-02 User changes ppe items threshold from Backend reflects new Passed
dashboard configuration immediately

UI-03 Language toggle between English and UI strings update ! Partial
Turkish accordingly (beta version

only)

UI-04 Help section provides guidance on labeling, | Pop-ups and documentation Passed
PPE types, and proximity warnings available from UI

UI-05 Safety Officer downloads logs for a specific | File downloaded in Passed

date

JSON/CSV format with

correct data




5.4 Test Summary and Assessment

e Total Tests Conducted: 21
o Passed: 19

o Partially Passed / Minor Issues: 2
e Failed: 0

Minor Bugs Observed

1.

INT-05 — In several frames, the model incorrectly classifies background
objects such as trash bins as humans. This issue arises due to the lack of
background-only images in the training dataset, which limits the model's ability
to distinguish between actual persons and similarly shaped non-human objects.
These false positives do not affect the detection pipeline critically but may
cause confusion in the user interface. Additionally, overlapping PPE items
(e.g., safety vest and safety suit) sometimes receive close confidence scores,
leading to multiple labels on the same object. To reduce both misclassifications
and redundant labels, future versions should incorporate background-only
samples in training and implement class-wise Non-Maximum Suppression
(NMS).Future improvement involves adding Non-Maximum Suppression
(NMS) class-wise.

UI-03 — The language toggle feature for Turkish is functional only for major
UI components. Some nested alerts and dynamically loaded content still

remain in English. This can be enhanced by extending localization support.

Performance Notes

e Average model inference speed on Google Colab A100 GPU: 30
FPS

e On Jetson Nano (edge device), PPE detection runs at ~15 FPS

e Proximity calculations introduce ~0.3s overhead per frame,

acceptable for safety-critical alerts



Potential Enhancements

Implement pose estimation for fall detection and fatigue
monitoring

Expand language support with full Ul localization

Add feedback mechanism from users to verify or dispute flagged
violations

Include confidence-based post-processing logic to further refine
bounding box outputs

Extend compatibility for mobile platforms and offline sync
Implement SAHI algorithm for more correct missing PPE
detection.

Add background-only images to dataset for reducing false-

positive predictions.

5.5 Conclusion of Testing Phase

The test results shows that the SafeScope system performs reliably across all

critical components and use cases. All core functionalities from object

detection to alert visualization work as intended, and minor bugs do not affect

system stability or accuracy. With nearly 100% test case pass rate and

confirmed real-time performance, the system is considered robust, scalable,

and ready for field deployment in industrial safety monitoring environments.
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