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Abstract. The rapid advancement of drone technology has significantly transformed
environmental monitoring, enhancing capabilities for observing and managing agricultural,
forestry, and aquatic ecosystems. This paper presents a comprehensive technical framework
for implementing advanced drone-based systems into ecosystem monitoring, focusing on
integrating high-resolution sensors, data processing, and artificial intelligence-based
analytics. The framework incorporates modern technologies, including drones from Da-Jiang
Innovations or First-Person View drones equipped with metric cameras for aerial
photogrammetry. These can be further enhanced with multispectral and Light Detection and
Ranging sensors to acquire real-time data, enabling more effective analysis. Furthermore, the
Proxmox Virtual Environment is the core of the system’s architecture, increasing effective
virtualisation and deployment. Core data processing technologies include Python scripts,
Quantum Geographic Information System, and Pix4D software for photogrammetric
reconstruction, as well as Elasticsearch for database management, acquisition, and storage.
The Kibana platform ensures interactive data visualisation and supports evidence-based
decision-making. The service-oriented structure and system modularity enable the rapid
integration of new analytical tools that are adaptable to diverse ecological contexts.
Validation in operational environments confirms the framework’s ability to address
challenges in ecosystem management, particularly in remote areas. This integrated approach
contributes to more sustainable and adaptive ecosystem monitoring and management
practices.

Keywords: drone-based monitoring, ecosystem management, real-time data processing, ai-driven
analytics, precision agriculture.

Rezumat. Evolutia acceleratd a tehnologiei dronelor a transformat semnificativ procesul de
monitorizare a mediului, extinzand capacitdtile de observare si gestionare a ecosistemelor
agricole, forestiere si acvatice. Lucrarea prezinta un cadru tehnico-stiintific complex pentru
implementarea sistemelor avansate de monitorizare ecologica bazate pe drone, cu accent pe
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integrarea senzorilor multispectrali si a tehnologiei de detectare si mdsurare a distantei prin
lumina, precum si a analiticii avansate asistate de inteligenta artificiala. Arhitectura este
fundamentata pe mediul virtual Proxmox, care permite virtualizarea scalabila si
implementarea modulara a componentelor. Fluxurile de achizitie si procesare a datelor
utilizeaza scripturi automatizate in Python, sistemul geografic de informatii Quantum pentru
analiza geospatiala, Pix4D pentru reconstructie fotogrammetrica si Elasticsearch pentru
stocare si indexare performanta. Platforma Kibana asigura vizualizarea interactiva a datelor
si sprijina procesul decizional bazat pe dovezi. Structura orientatd pe servicii si modularitatea
sistemului permit integrarea rapidd a noilor instrumente analitice, adaptabile diverselor
contexte ecologice. Validarea experimentald in medii operationale confirma eficienta
metodologiei propuse in depdsirea constrangerilor geografice, promovand astfel o
guvernanta ecologica sustenabila si adaptativa, bazata pe tehnologii de teledetectie de
generatie noud.

Cuvinte-cheie: monitorizare bazatd pe drone, managementul ecosistemelor, procesarea datelor in
timp real, analize bazate pe inteligenta artificiald, agriculturd de precizie.

1. Introduction

The swift advancements in drone technology have dramatically reshaped the field of
environmental monitoring, offering innovative solutions for efficiently managing agricultural,
forestry, and aquatic ecosystems. Unmanned Aerial Vehicle (UAV) imagery has become a
crucial data source for Geographic Information Systems (GIS), providing high-resolution visual
data that is essential for spatial analysis and informed environmental decision-making [1].
Equipped with advanced sensors and real-time data processing capabilities, drone systems
have become essential instruments for better resource management and improved ecosystem
care practices. The increasing preference for UAVs can be attributed to their affordability,
ease of use, and ability to minimise fieldwork. Their efficiency in rapidly collecting
photogrammetric data, combined with the high accuracy and detail of the resulting analyses,
has made them a preferred option in environmental studies [2].

The foundation of the digital photogrammetry technique lies in image processing and
analysis, enabling the generation of precise data [3,4]. Integrating low-cost UAVs with digital
cameras provides a viable and cost-effective alternative for documenting surface structures
and generating 3D models from collected data [4,5]. High-resolution drone imagery enables
the creation of detailed terrain maps, which are valuable in urban planning, land-use
management, and environmental monitoring. These maps, derived from UAV data, deliver
accurate and comprehensive representations of various landscapes, enabling informed
decision-making [6].

GIS-integrated drone technology is a notable application in disaster management and
emergency response. UAVs equipped with thermal cameras can detect and monitor wildfires
or other natural disasters, providing real-time data that is crucial for timely intervention.
Additionally, drones can assess post-disaster damage and pinpoint areas that require
immediate attention. The integration of GIS enables the analysis of this data, the production
of maps that illustrate the extent of damage, and the pinpointing of critical areas for
emergency response efforts [1,6].

UAV-supported remote sensing techniques have been effectively employed across
several environmental domains. Notable examples include forest monitoring [7-10],
agricultural assessments [11-13], and studies of aquatic ecosystems [14-16]. UAV
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technology presents a time- and cost-efficient framework, enhancing data resolution and
offering new perspectives on observed objects and phenomena. This approach is especially
advantageous for monitoring settings such as remote or complex underwater habitats, where
conventional techniques may be insufficient.

This paper outlines a comprehensive technical architecture for a drone-based
monitoring system, highlighting the incorporation of advanced sensors and artificial
intelligence (Al) algorithms for effective data analysis. The proposed system utilises drones
manufactured by Da-Jiang Innovations (DJI) and First-Person View (FPV) drones equipped with
multispectral cameras to collect and process data in real-time, ensuring an accurate and
detailed visualisation of the monitored ecosystems. The primary objective of this framework
is to enhance environmental monitoring techniques and provide effective approaches for
sustainable resource management.

The primary objective of this project is to develop an adaptable system for overseeing
and controlling agricultural lands, forests, and water environments using drones and
advanced data processing technologies. This study focuses on establishing UAV-based data
acquisition protocols alongside GIS-based image processing guidelines to enhance the
monitoring and management of these ecosystems. Specifically, the research addresses critical
applications across three environmental domains: the agricultural, forestry, and aquatic
systems.

For the agricultural system, the guidelines are customised to assist with various
monitoring tasks, such as spraying field crops [17] and overseeing irrigation practices, while
evaluating crop conditions during different growth stages, including winter wheat seeding.
Identifying and diagnosing diseased areas is a crucial process for preventing plant disease
outbreaks and safeguarding both public health and the economy [6,18]. In the forestry
system, the project aims to facilitate the monitoring of deforestation, landslides, and other
natural disasters that threaten forested areas. Lastly, for the aquatic system, the guidelines
are geared towards monitoring the health of lakes and rivers, providing insights into water
quality and detecting ecological disturbances.

Through the implementation of this comprehensive monitoring solution, the project
pursues the following key goals:

1. Real-time monitoring of crop and forest health and water quality using multispectral
sensors and high-resolution cameras. This feature facilitates interventions and well-
informed resource management decisions.

2. Data processing and analysis using Al to detect and mitigate ecological issues, such
as soil degradation, illegal deforestation, and water pollution. Al-driven analysis
enhances the precision and speed of data interpretation, providing actionable insights
to effectively prevent and manage environmental challenges.

3. Integration and management of real-time data through a scalable and efficient
platform. The proposed system utilises Proxmox Virtual Environment for virtualisation
alongside open-source software solutions for data storage and visualisation. This
approach ensures that the platform is flexible, easily adaptable, and capable of
handling large volumes of data while maintaining high performance and reliability.
The project is designed to create a robust framework that leverages UAV technology

and GIS-based data processing to optimise the monitoring and management of various
ecosystems. By advancing the capabilities of environmental monitoring, this research aims to
support sustainable practices and promote the efficient use of natural resources.
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2. Materials and Methods

2.1. Platform Architecture

The technical architecture of the proposed monitoring and management system
(Figure 1) is founded on a Service-Oriented Architecture, which ensures the modularity and
scalability necessary for integrating emerging technologies. The system utilises Docker
containers to deploy and manage individual services, including data storage and processing,
within the Proxmox Virtual Environment. This virtualisation infrastructure facilitates efficient
resource allocation and the streamlined execution of services.

The platform is designed to exhibit a high degree of flexibility, facilitating the
seamless integration of new functionalities as the needs of its users evolve. This flexibility is
demonstrated through the ease with which additional features, such as advanced image
analysis algorithms or the incorporation of external data sources, can be added to enhance
the system'’s capabilities. The architecture's modular design ensures that these integrations
do not disrupt existing functionalities but complement and expand the system's operational scope.

This adaptability is particularly beneficial in addressing the diverse requirements of
various end-users, including researchers, decision-makers, and agricultural managers. Each
of these groups has distinct needs for data analysis, monitoring, and reporting, and the
platform’s design allows it to provide tailored solutions accordingly. The platform can
facilitate detailed and customizable analyses for researchers, supporting scientific
investigations and data-driven discoveries. Conversely, decision-makers may benefit from
real-time data processing and visualisation capabilities, enabling informed and timely
decisions that are critical in dynamic environments. Agricultural managers can leverage the
platform to precisely monitor plantations and aquatic surfaces, utilising the insights
generated to optimise resource management and improve productivity.
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Figure 1. Architecture of the monitoring and management platform for plantations and
aquatic surfaces.
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The platform is versatile and robust because it supports a wide range of use cases. It
is capable of meeting both current monitoring needs and anticipating future requirements,
ensuring long-term utility and relevance across various fields of application. The system’s
inherent flexibility promotes innovation and the integration of cutting-edge technologies,
ensuring that the platform remains responsive to the continuously evolving landscape of user
demands and technological advancements [19].

The system is designed using the open-source Proxmox Virtual Environment, which
optimises the management and utilisation of hardware resources. Proxmox is a powerful and
flexible virtualisation platform that facilitates the deployment, operation, and oversight of
both virtual machines and containers. This capability ensures a highly robust, efficient, and
scalable infrastructure that meets the demands of modern virtualised environments.

The system's hardware configuration is based on multiple Lenovo ThinkCentre mini
PCs, specifically models M700, M73, and M710Q. These devices have been upgraded with
more powerful Intel i3 and i5 processors to boost performance. Additionally, the storage
capacity has been significantly enhanced by integrating solid-state drives and hard disk
drives, providing a balance between speed and storage capacity.

These mini PCs are integrated into a cluster environment, which allows them to
function as a cohesive unit managed through a single, centralised web interface. This
configuration simulates the operational framework of a traditional data centre. The system
ensures streamlined management, optimised resource allocation, and enhanced reliability by
leveraging the cluster capabilities. This infrastructure provides a comprehensive and scalable
solution, ideally suited for efficient and centralised hardware resource management
scenarios.

Within this architectural framework, services are strategically developed and deployed
using either containers or virtual machines, selected based on criteria such as resource
efficiency and software compatibility requirements. Containers, known for their lightweight
design and reduced overhead, are generally the preferred method for deploying services
when optimal resource utilisation is essential. Their efficiency arises from sharing the host
operating system's kernel, which reduces the duplication of system resources and accelerates
the deployment and scalability of applications.

Nonetheless, virtual machines are employed when specific platform services require
an operating system different from Linux, which containers predominantly support. Virtual
machines offer the flexibility to run a completely isolated operating system, complete with
its kernel, thereby accommodating software environments and dependencies that are not
natively compatible with the Linux-based container ecosystem. This dual deployment
strategy ensures that the platform remains versatile and capable of supporting a broad
spectrum of software environments, from container-optimised applications to services that
demand a more traditional virtualised infrastructure.

Moreover, the architecture facilitates the seamless integration of additional hardware
components or external workstations. This adaptability is enabled through robust
connectivity options, supporting communication and data exchange over local networks or
the Internet. Such integration capabilities enhance the system’s extensibility, allowing both
internal and external resources, including specialised software applications and web-based
services, to be efficiently incorporated into the platform. By enabling smooth communication
between disparate hardware and software components, the architecture ensures that the
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system can expand and evolve to meet diverse operational demands, fostering an adaptable
and future-proof environment.

Considering the diverse requirements and the dynamic conditions during system
design and development, a microservice-based architectural approach was selected as the
foundational framework. This architectural paradigm, rooted in Service-Oriented Architecture
(SOA) principles, effectively organises software components into a collection of independent
and self-contained services. Each microservice performs a specific function and operates
autonomously. Therefore, all services within the system communicate seamlessly using
standardised protocols, such as HTTP, SOAP (Simple Object Access Protocol), or REST
(Representational State Transfer).

A Service-Oriented Architecture framework ensures that each microservice has well-
defined interfaces, such as HTTP APIs or messaging systems, that facilitate smooth
communication and data exchange between services. This decoupling of services is a crucial
feature, as it significantly reduces the direct dependencies that often complicate software
systems. Consequently, this modular design enables the modification, enhancement, or
updating of individual services without compromising the overall system's functionality or
performance.

Moreover, this microservice-based approach provides substantial flexibility in
addressing varying performance and usage demands. Since each service operates
independently, scaling can be performed per service, ensuring efficient resource utilisation.
For instance, services experiencing high loads can be scaled to accommodate increased
demand, while other services that require fewer resources can remain unaffected. This
scalability ensures the system remains robust and responsive, even under fluctuating
workloads or expanding functionalities.

Adopting a microservice architecture also enhances the system'’s ability to adapt to
evolving requirements. As new features or services become necessary, they can be integrated
seamlessly into the existing architecture without necessitating a comprehensive redesign.
This capacity to incorporate changes efficiently is particularly advantageous in environments
subject to rapid technological advancements or shifting user needs, ensuring that the system
remains relevant and future-proof. Overall, the microservice-based design promotes
maintainability, scalability, and continuous system improvement, making it a highly effective
and sustainable architectural choice.

2.2. Technologies Used

The proposed monitoring platform is designed to integrate a diverse array of
technologies, providing comprehensive support for data collection, processing, and
visualisation. The foundational infrastructure is built upon the Proxmox Virtual Environment,
an open-source platform that delivers a robust and efficient solution for container
virtualisation and the optimal management of hardware resources. Proxmox’s virtualisation
capabilities are instrumental in efficiently handling multiple workloads, enabling the
seamless deployment and management of virtual machines and containers on a unified platform.

By leveraging the Proxmox Virtual Environment, the monitoring platform effectively
optimises the performance of servers and Lenovo ThinkCentre mini-PCs, which serve as key
hardware components. The integration of these hardware resources is streamlined, with
Proxmox ensuring efficient resource allocation and load balancing, thereby enhancing the
overall system's performance and reliability. This optimization extends to data storage and
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analysis processes, where Proxmox’s advanced features facilitate the efficient management
and processing of large datasets, reducing latency and improving throughput.

Furthermore, the architecture's inherent scalability is a significant advantage. As the
platform’s data processing and analysis requirements grow, the Proxmox Virtual Environment
allows for the seamless addition of new resources, such as servers or containers, without
compromising system stability or performance. This scalability is crucial for adapting to
growing data volumes and evolving monitoring requirements, offering a future-proof solution
that accommodates advancements in data analysis technologies.

The performance and scalability benefits of this architecture are illustrated in Figure
2, which depicts how Proxmox’s efficient virtualisation framework enhances the platform’s
capacity to handle complex and data-intensive operations. By integrating these technologies,
the platform meets current operational demands and remains adaptable to future
developments, ensuring long-term sustainability and effectiveness in diverse monitoring
applications.

Proxmox Cluster
===y

Internet

Figure 2. Universal development and deployment infrastructure.

For data collection, the proposed monitoring platform utilises advanced unmanned
aerial vehicles, specifically DJI and FPV drones [20, 21], equipped with high-precision metric
cameras and state-of-the-art multispectral sensors. These sophisticated sensing devices can
capture high-resolution images and generate extensive datasets, providing detailed and
accurate visual representations of the monitored ecosystems. Integrating metric cameras
ensures that spatial data is collected with high accuracy. At the same time, multispectral
sensors enable the acquisition of spectral information essential for analysing vegetation
health, water quality, and other ecological indicators.

The drones are engineered to transmit collected data in real-time, thereby facilitating
immediate analysis and rapid response in dynamic monitoring situations. For scenarios where
instantaneous data analysis is not required, the drones are also equipped to store captured
information on SD cards, enabling subsequent data processing at a more convenient time.
This dual capability ensures the system is flexible and can be adapted to various monitoring
scenarios, from emergency response and rapid environmental assessment to more
comprehensive and in-depth post-mission analyses.

Once the images and datasets have been acquired, they are subjected to rigorous
analysis using Geographic Information System (GIS) software, such as QGIS and Pix4D. These
advanced geospatial tools are crucial for interpreting the collected data, as they support the
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creation of accurate and detailed maps and models of the monitored ecosystems. QGIS, an
open-source GIS application, facilitates the analysis and visualisation of spatial data through
various geoprocessing tools [6], while Pix4D specialises in photogrammetry and 3D mapping,
enabling precise modelling and measurement of environmental features.

Integrating drone-based data acquisition with GIS technologies significantly enhances
the overall efficiency and precision of the monitoring process. The platform can generate
high-quality geospatial information that informs and improves decision-making processes by
leveraging these advanced analytical tools. This integration is valuable for real-time
environmental management, allowing stakeholders to respond quickly and effectively to
changing conditions. Moreover, combining high-resolution data collection and sophisticated
GIS analysis contributes to a more holistic understanding of ecosystem dynamics, supporting
immediate interventions and long-term environmental monitoring and management
strategies.

2.3. Platform Functionality

The data processing framework embedded within the proposed monitoring platform
is designed to be highly robust and capable of managing and analysing the complex, high-
volume information collected from diverse ecosystems, such as forests, agricultural
landscapes, and aquatic environments. This framework employs state-of-the-art software
solutions and sophisticated algorithms to ensure that data is efficiently processed, securely
stored, and effectively visualised, all aimed at facilitating proactive and informed ecosystem
management.

At the core of the data processing pipeline are Python scripts, which are strategically
deployed within dedicated containers to optimise performance and scalability. These scripts
harness advanced artificial intelligence and machine learning algorithms to analyse the high-
resolution images and comprehensive datasets that drones capture. The primary objective of
these algorithms is to automate the detection and classification of various environmental
anomalies, including critical issues such as deforestation, soil erosion, forest fires, water
pollution, and other forms of ecological disturbance. The framework's capability to conduct
real-time analysis ensures that significant environmental threats are rapidly identified,
enabling swift intervention and enhancing the responsiveness of monitoring operations.

Regarding data management, the platform employs a sophisticated multi-layered
storage and retrieval system that ensures both the security and efficiency of data handling.
Raw data, which includes live video streams and high-resolution image files collected by
drones, is initially stored in a secure File Storage Container. This setup provides a scalable
and organised repository for large volumes of unprocessed data, facilitating efficient data
access and retrieval for subsequent analysis. After data processing, the refined and analysed
datasets are transferred into a JSON-based database managed by Elasticsearch.

Elasticsearch is a high-performance, scalable database system that supports rapid data
querying and is essential for conducting in-depth data analysis. Implementing Elasticsearch
streamlines data retrieval and enhances the system's ability to recognise complex patterns
and environmental trends. This capability is especially crucial for effective ecosystem
monitoring and management. Furthermore, Elasticsearch's integration with the platform
enables the deployment of advanced, machine learning-driven mechanisms that monitor
infrastructure for potential anomalies [22]. These mechanisms can automatically generate
alerts, notifying managers or administrators when environmental or infrastructural issues are
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detected, ensuring that timely and informed decisions are made. This integration supports
efficient and accurate environmental monitoring, empowering stakeholders to make data-
driven decisions and implement rapid response measures to mitigate ecological threats.

The data processing workflow within the proposed monitoring platform is structured
into two primary stages: image pre-processing and advanced analysis. During the image pre-
processing phase, raw data captured by drones and sensors is converted into formats
optimised for integration and compatibility, such as GeoJSON. This conversion step ensures
that the data are standardised and seamlessly interact with the broader monitoring system.
By establishing a uniform and optimised data structure, this phase lays a critical foundation
for the detailed and complex analysis that follows.

In the subsequent stage, advanced machine learning algorithms are employed to
conduct in-depth analyses and generate comprehensive maps of the monitored ecosystems.
These algorithms process pre-formatted data to produce high-resolution, geospatially
accurate maps that visually delineate areas at risk of ecological degradation. These detailed
maps serve as an essential resource for researchers and policymakers, visually representing
environmental vulnerabilities and enabling targeted intervention strategies for ecological
preservation and sustainable management.

PostgreSQL is integrated as the primary relational database management system to
further augment the platform’'s analytical capabilities. PostgreSQL’s robust architecture
allows it to efficiently handle complex queries and manage extensive datasets, organising
the data to facilitate seamless access, refinement, and analysis. This integration is particularly
valuable for supporting high-precision data analysis tasks, as it provides a stable and efficient
foundation for managing the large volumes of information generated by the monitoring
activities.

Data visualisation constitutes a vital component of the overall data processing
framework and is accomplished using Kibana, an open-source analytics and visualisation tool.
Kibana enables the creation of dynamic and interactive dashboards that allow stakeholders
to explore and interpret data patterns through intuitive graphical representations. These
dashboards highlight critical findings and trends, making it easier for environmental
managers, researchers, and decision-makers to gain actionable insights and engage in data-
driven decision-making. By offering a user-friendly interface, Kibana enables stakeholders to
make informed decisions regarding resource allocation, environmental protection, and
ecosystem management.

Additionally, the platform extends its data processing and analysis capabilities
through a dedicated Windows Virtual Machine. This virtual environment hosts specialised
software tools, such as DJI Terra and 3DSurvey, for photogrammetric analysis and generating
three-dimensional models from drone imagery. Integrating these tools is crucial for
conducting detailed structural assessments of ecosystems and creating advanced
topographical maps. The addition of this 3D modelling capability significantly enhances the
platform’s analytical potential, allowing for a more nuanced understanding of ecosystem
structures and landscape changes, which is indispensable for advanced environmental
studies and management efforts [4].

Overall, the data processing system is characterised by a modular design, further
strengthened by a containerised architecture. This approach ensures that the platform is both
scalable and adaptable, enabling it to evolve in response to the changing needs of research
and monitoring initiatives. By combining state-of-the-art artificial intelligence algorithms,

Journal of Engineering Science June 2025, Vol. XXXII (2)



M. Gutu, L. Rotaru, V. Alexei, M. Kapusteanski 117

efficient data storage solutions, and intuitive visualisation tools, a comprehensive and highly
effective framework for modern environmental monitoring is provided. This integration of
advanced technology ensures that the platform can deliver accurate, timely, and actionable
insights, making it a powerful tool for addressing complex environmental challenges and
promoting sustainable resource management.

3. Results

Comprehensive empirical results are currently unavailable, as the research remains in
the development and local testing phase. Nevertheless, preliminary observations have
highlighted the proposed platform’s significant potential for enhancing environmental
monitoring and management practices. Integrating advanced technologies, including drone-
based data collection and artificial intelligence-driven data processing, presents a promising
framework that could substantially improve real-time ecosystem analysis and facilitate more
effective environmental interventions.

Initial testing efforts have primarily focused on evaluating the functionality and
interoperability of the platform's integrated hardware and software components. The
system’s modular architecture, which leverages Docker containers for efficient resource
management within the Proxmox Virtual Environment, has demonstrated noteworthy
flexibility and adaptability. These preliminary tests have validated the seamless operation of
individual components, such as Python-based data processing scripts and the Elasticsearch
database utilised for high-performance data storage and retrieval. Specifically, the Python
scripts are responsible for executing machine learning algorithms designed to analyse and
interpret drone-captured imagery, while Elasticsearch ensures that processed data is
organised and accessible for subsequent analysis and decision-making.

Further assessments have examined the platform’'s capacity to manage diverse data
formats and support rapid data retrieval, which is critical for applicability in real-world
environmental monitoring scenarios. The system’s ability to process and store data efficiently
is crucial for generating timely insights, especially in dynamic ecological contexts where
prompt responses are necessary. Additionally, the performance of data visualisation tools,
such as Kibana, has been preliminarily evaluated. Early results suggest that Kibana'’s intuitive
and interactive dashboards effectively translate processed data into graphical insights,
making complex environmental information more accessible to researchers and decision-
makers. The platform’s visualisation capabilities have shown promise in identifying and
highlighting potential ecological risks, which could be instrumental in guiding informed
management strategies.

Moreover, the deployment of machine learning algorithms for anomaly detection is
undergoing rigorous validation. These algorithms are designed to identify environmental
disturbances, such as deforestation, soil erosion, or water contamination, and their accuracy
and efficiency are being closely monitored. Early testing indicates that these algorithms have
the potential to automate the detection process effectively, enabling proactive responses to
environmental threats. However, further validation is necessary to ensure these machine-
learning models perform reliably across various ecological conditions.

As the project advances, comprehensive validation in various environmental settings
will be crucial to fully assess the platform’s scalability and overall effectiveness. The research
aims to produce detailed, high-resolution maps and generate actionable insights to inform
sustainable resource management practices. Future testing phases will be crucial to evaluate
the platform’s impact across various ecosystems, spanning from terrestrial to aquatic
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environments. The research will assess the system’s capacity to deliver real-world benefits
and contribute meaningfully to global environmental conservation and management efforts
through extensive field trials. The ongoing development and testing are expected to yield a
robust and adaptable monitoring solution that addresses complex environmental challenges.

4. Discussion

The development and initial deployment of the proposed UAV-integrated
environmental monitoring platform underscore a paradigm shift in ecosystem observation
methodologies, facilitated by the convergence of edge sensing, containerised data
processing, and geospatial intelligence. Rather than merely automating existing workflows,
the system redefines the spatial and temporal resolution at which ecological phenomena can
be captured, interpreted, and acted upon. This advancement is particularly pertinent in the
context of increasingly volatile environmental conditions, where real-time, high-fidelity data
are essential for evidence-based intervention [9].

A salient observation from the preliminary phase pertains to the system’s architectural
agility. The microservice-driven deployment model, underpinned by the Proxmox
virtualisation layer and Docker containerisation, enables the dynamic orchestration of
analytic services. Such decoupling of functionalities enhances system resilience and
facilitates rapid, iterative development, a crucial feature in ecological domains characterised
by unpredictable and heterogeneous data influxes. Moreover, this design promotes cross-
disciplinary extensibility, allowing the platform to incorporate emerging technologies (e.g.,
edge Al, semantic geospatial reasoning) without necessitating structural overhauls.

The application of machine learning models to drone-derived datasets reflects a
broader movement toward predictive environmental analytics [17]. Thus, it also exposes
foundational challenges related to model generalizability and data representativeness. While
the initial anomaly detection outcomes suggest promise, particularly in identifying
biophysical stressors such as vegetation chlorosis or aquatic turbidity gradients, these models
remain constrained by the limited scope of training data and the absence of longitudinal
environmental baselines. A rigorous validation campaign involving multi-seasonal, multi-
ecosystem deployments is required to mitigate overfitting and establish model robustness
across ecological gradients.

From a human-systems integration perspective, the visualisation layer, anchored by
Kibana dashboards, functions not only as an interpretive interface but also as a cognitive
scaffold for decision-makers. The ability to synthesise volumetric spatial-temporal data into
actionable insights represents a key advantage of the system [4]. However, the
epistemological implications of relying on algorithmically filtered representations must be
acknowledged. Future development cycles should prioritise transparency and explainability
in the Al modules to foster trust and accountability in high-stakes ecological decision-making.

Another dimension warranting attention is operational sustainability. While the mini-
PC cluster approach provides an energy-efficient and cost-effective computing backbone for
localised deployments, its efficacy in field conditions subject to environmental stressors (e.g.,
humidity, temperature extremes, network intermittency) remains to be empirically evaluated.
Additionally, the current reliance on Windows-based photogrammetric suites introduces
heterogeneity in the software ecosystem, which could complicate long-term maintainability
and integration [5, 7]. Migrating critical photogrammetric functionalities to containerised,
platform-agnostic services would enhance systemic coherence and reduce operational
friction.
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Finally, the platform’s capacity for synergistic integration with external environmental
data sources (e.g., satellite imagery, loT sensor networks, citizen science inputs) opens
compelling avenues for hybrid data fusion and multiscale modelling. These capabilities
would enable the system to transcend its current diagnostic function and evolve into a
forecasting and simulation tool, supporting anticipatory governance of environmental
resources.

Therefore, the proposed architecture lays a foundational framework for next-
generation environmental monitoring—one that is modular, scalable, and poised for
intelligence augmentation. The implications extend beyond technical efficacy to questions
of ecological epistemology, technological sovereignty, and the ethics of automated
environmental stewardship. Advancing this system from a functional prototype to a broadly
deployable monitoring infrastructure will require not only technological refinements but also
a sustained commitment to interdisciplinary co-design, empirical validation, and critical
reflection.

5. Conclusions

The proposed monitoring and management system enables the comprehensive
assessment of forests, agricultural lands, and aquatic ecosystems. It provides an effective
environmental monitoring and exploration structure by integrating advanced technology and
software elements. The system features are divided into services stored in containers, each
designed for a particular purpose, such as storing data, conducting analysis, or processing
information. This architecture ensures the efficient use of resources, thereby improving the
overall management of different ecosystems.

Central to the platform’s functionality is its capability to handle high volumes of data
collected by drones and other monitoring devices. The data flow begins with ingesting raw
images and sensor readings, which are then pre-processed and stored in a structured format.
Using dedicated containers for tasks such as Python-based data processing and Elasticsearch
for data management allows for the rapid and efficient handling of complex datasets. The
processed data are subsequently analysed using machine learning algorithms, which detect
patterns and anomalies, providing valuable insights for environmental monitoring.

Moreover, integrating visualisation tools like Kibana enables users to interact with the
processed data through intuitive and customizable dashboards. These visualisations support
data-driven decision-making by highlighting critical areas, such as regions susceptible to
ecological disturbances or needing immediate intervention. The platform’s modular design
ensures that additional functionalities, such as new data analysis techniques or external data
integrations, can be easily incorporated without disrupting the existing system.

Therefore, the platform’s structured and scalable data management and analysis
approach enhances its effectiveness in monitoring complex ecosystems. The platform is a
valuable tool for researchers, policymakers, and environmental managers dedicated to
sustainable ecosystem management, providing real-time insights and a high degree of
adaptability.

Acknowledgements: This research was conducted as part of the project titled “Satellite
Systems and a Monitoring Platform for Plantations and Aquatic Areas Using Space
Technologies and Drones”, under project number 020401, with an implementation period
from January 1, 2024, to December 31, 2027.

Journal of Engineering Science June, 2025, Vol. XXXII (2)



120 Advanced drone-based monitoring of agricultural, forestry, and aquatic ecosystems: technical framework

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1. Colpaert, A. Satellite and UAV Platforms, Remote Sensing for Geographic Information Systems. Sensors 2022,
22(12), 4564.

2. Kovanic, L.; Topitzer, B.; Petovsky, P.; Blistan, P.; Gergelova, M. B.; Blistanova, M. Review of Photogrammetric
and Lidar Applications of UAV. Appl. Sci. 2023, 13(11), 6732.

3. Zhang, D.; Zhang, Y.; Cheng, T.; Meng, Y.; Fang, K.; Garg, A.; Garg, A. Measurement of Displacement for Open
Pit to Underground Mining Transition Using Digital Photogrammetry. Measurement 2017, 109, pp. 187-199.

4. Kovanic, L.; Blistan, P.; Stroner, M.; Urban, R.; Blistanova, M. Suitability of Aerial Photogrammetry for Dump
Documentation and Volume Determination in Large Areas. Appl. Sci. 2021, 11(14), 6564.

5. Krsak, B.; Blistan, P.; Paulikova, A.; Puskarova, P.; Kovanic, L.; Palkova, J.; Zeliznakova, V. Use of Low-Cost
UAV Photogrammetry to Analyse the Accuracy of a Digital Elevation Model in a Case Study. Measurement
2016, 91, pp. 276-287.

6. Quamar, M.; Al-Ramadan, B.; Khan, K.; Shafiullah, M.; El Ferik, S. Advancements and Applications of Drone-
Integrated Geographic Information System Technology - A Review. Remote Sens. 2023, 15(20), 5039.

7. Goodbody, T.; Coops, N.; White, J. Digital Aerial Photogrammetry for Updating Area-Based Forest Inventories:
A Review of Opportunities, Challenges, and Future Directions. Curr. For. Rep. 2019 5(2), pp. 55-75.

8. Ecke, S.; Dempewolf, J.; Frey, J.; Schwaller, A.; Endres, E.; Klemmt, H.-J.; Tiede, D.; Seifert, T. UAV-Based Forest
Health Monitoring: A Systematic Review. Remote Sens. 2022, 14(13), 3205.

9. Srivastava, S.; Seng, K.; Ang, L.; Pachas, A; Nahuel, A.; Lewis, T. Drone-Based Environmental Monitoring and
Image Processing Approaches for Resource Estimates of Private Native Forest. Sensors 2022, 22(20), 7872.

10. Krause, S. UAV Applications for Intensive Forest Monitoring. Ph.D. Thesis, University of Bonn, Bonn,
Germany, 2024.

11. Trappey, A,; Lin, J.; Chen, K.; Chen, M. Global Patent Technology Portfolio Study of Agricultural UAV
Innovations. Adv.Transdiscip. Eng. 2023, 41, pp. 761-770.

12. Yang, X.; Gao, F.; Yuan, H.; Cao X. Integrated UAV and Satellite Multi-Spectral for Agricultural Drought
Monitoring of Winter Wheat in the Seedling Stage. Sensors 2024, 24(17), 5715.

13. Kovalev, I.; Kovalev, D.; Astanakulov, K.; Podoplelova, V.; Borovinsky, D.; Shaporova, Z. Productivity
Analysis of Agricultural UAVs by Field Crop Spraying. /OP Conf. Ser. Earth Environ. Sci. 2023, 1284(1), 012026.

14. Nishi, R.; Kawamori, A.; Tsurunari, Y. UAV Potential for Aquatic and Sub-Aquatic Environmental
Monitoring. J. Jpn. Soc. Civ. Eng. Ser. B3 Ocean Eng. 2018, 74(2), |_1006-1_1011.

15. Novkovic, M.; Cvijanovic, D.; Mesaros, M.; Pavic, D.; Dreskovic, N.; Milosevic, D.; Andelkovic, A;
Damnjanovic, B.; Radulovic, S. Towards UAV Assisted Monitoring of Aquatic Vegetation within Large Rivers
- The Middle Danube (Serbia). Carpathian J. Earth Environ. Sci. 2023, 18(2), pp. 307-322.

16. Vivaldini, K.; Pazelli, T.; Rocha, L.; Santos, |.; Caldas, K.; Soler, D.; Benevides, J.; Simplicio, P.; Hernandes,
A.; Andrade, K.; Kim, P.; Alvarez, |.; Nascimento, E.; Santos, M.; Almeida, A.; Cavalcanti, L.; Inoue, R.; Terra, M.;
Becker, M. Multi-UAV Collaborative System for the Identification of Surface Cyanobacterial Blooms and
Aquatic Macrophytes, J. Intell. Robot. Syst. 2024, 110(1), 40.

17. Bah, M.; Hafiane, A.; Canals, R. Deep Learning with Unsupervised Data Labelling for Weed Detection in
Line Crops in UAV Images. Remote Sens. 2018, 10(11), 1690.

18. El Sakka, M.; Mothe, J.; Ivanovici, M. Images and CNN Applications in Smart Agriculture. Eur. J. Remote
Sens. 2024, 57(1), 2352386.

19. Rajak, P.; Ganguly, A.; Adhikary, S.; Bhattacharya, S. Internet of Things and Smart Sensors in Agriculture:
Scopes and Challenges. J. Agric.Food Res. 2023, 14, 100776.

20. Ahmed, F.; Mohanta, J.; Keshari, A.; Yadav, P. Recent Advances in Unmanned Aerial Vehicles: A Review.
Arab. J. Sci. Eng. 2022, 47(7), pp. 7963-7984.

21. Mohsan, S.; Othman, N.; Alsharif, M.; Khan, M. Unmanned Aerial Vehicles (UAVs): Practical Aspects,
Applications, Open Challenges, Security Issues, and Future Trends. Intell. Serv. Robot. 2023, 16, pp. 109-137.

22. Zamfir, V.; Carabas, M.; Carabas, C.; Tapus, N. Systems Monitoring and Big Data Analysis Using the
Elasticsearch System. In: Proceedings of the 2019 22nd International Conference on Control Systems and
Computer Science (CSCS), Bucharest, Romania, 28-30 May 2019, IEEE, NY, USA, 2019, pp. 188-193.

Journal of Engineering Science June 2025, Vol. XXXII (2)



M. Gutu, L. Rotaru, V. Alexei, M. Kapusteanski 121

Citation: Gutu, M.; Rotaru, L.; Alexei, V.; Kapusteanski, M. Advanced drone-based monitoring of agricultural,
forestry, and aquatic ecosystems: technical framework. Journal of Engineering Science. 2025, XXXII (2), pp. 108-
121. https;//doi.org/10.52326/jes.utm.2025.32(2).10.

Publisher’s Note: JES stays neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Copyright:© 2025 by the authors. Submitted for possible open access publication under the terms
and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).

Submission of manuscripts: jes@meridian.utm.md

Journal of Engineering Science June, 2025, Vol. XXXII (2)


https://doi.org/10.52326/jes.utm.2025.32(2).10
mailto:jes@meridian.utm.md

	 the need to create a fairly complex system of information assistance for drivers on traffic conditions etc.
	7. Road Usability: Roundabouts. Available online: https://lpgenerator.ru/blog/2015/12/21/yuzabiliti-dorozhnogo-dvizheniya-krugovye-razvyazki/ (accessed on 26.09.2024) [in Russian].
	13. How to determine priority at a roundabout? Available online: https://ruspdd.ru/journal/62-krugovoe-dvizhenie-prioritet/ (accessed on 27.09.2024) [in Russian].

