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Introduction

The problem of ensuring radiation and chemical safety has become one of
the central challenges in modern military ecology. Military activities, both
during armed conflicts and in peacetime training, create significant risks of
contamination of natural environments with hazardous substances. The
consequences of radioactive and chemical pollution are not limited to
immediate threats to the health of military personnel but extend to long-term
degradation of ecosystems, water resources, and soil quality. These effects
undermine both environmental stability and national security.

In recent years, technological progress has offered new opportunities to
address these challenges. Unmanned systems, particularly unmanned aerial
vehicles (UAVs), have demonstrated high efficiency in reconnaissance,
monitoring, and data collection under dangerous conditions where human
presence is limited or impossible. At the same time, artificial intelligence (Al)
has shown its potential in processing large volumes of ecological data, enabling
predictive modeling, real-time analysis, and the automation of decision-making
processes. The integration of these two technological domains creates the
foundation for a new approach to radiation and chemical safety in the armed
forces.
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The aim of this study is to examine the role of unmanned systems and Al
in strengthening military ecological security, with particular focus on their
applications in radiation and chemical safety. The article explores existing
technological solutions, identifies advantages and limitations, and proposes a
conceptual framework for the integration of these technologies into the
environmental security system of the armed forces.

Literature Review
Radiation and chemical hazards in the military ecological context

Research on military ecology identifies radiation and toxic chemical
exposures as high-impact risk factors for troops and civilian populations, as
well as for soil, water, and biodiversity. Foundational studies describe typical
contamination pathways during training, storage, transport, and combat
operations, and emphasize the need for rapid situational awareness,
continuous monitoring, and post-incident remediation. Contemporary
literature frames these tasks as a coupled sensing and decision problem under
uncertainty with constraints on time, bandwidth, and operator safety.

Unmanned systems for environmental reconnaissance

Early field reports established the feasibility of unmanned aerial vehicles
for reconnaissance in hazardous environments. Subsequent work broadened
the platform set to include unmanned ground vehicles for dosimetry and
sample collection, unmanned surface and underwater vehicles for aqueous
contamination, and tethered or balloon systems for persistent sampling at
altitude. Comparative analyses show that aerial platforms provide wide area
coverage and rapid tasking, while ground platforms deliver higher fidelity and
contact measurements. Hybrid teams of UAVs and UGVs improve spatial
resolution through task sharing and waypoint coordination.

Sensor modalities and payload integration

The literature documents a mature suite of radiation sensors that can be
mounted on small and medium UAVs. These include Geiger-Miiller tubes,
scintillation spectrometers for isotope identification, and semiconductor
detectors with lower mass and power draw. For chemical threats, optical
methods such as infrared absorption, Raman scattering, and laser induced
fluorescence are used for standoff detection, while electrochemical cells and
ion mobility spectrometry are used for point detection. Integration studies
highlight the importance of payload weight, electromagnetic compatibility,
vibration isolation, and aerodynamic effects on sampling accuracy. Research
also stresses calibration, background correction, and altitude dependent
response functions for airborne measurements.
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Data fusion and spatial mapping

Environmental risk assessment depends on converting sparse, noisy
measurements into spatially coherent estimates. The literature adopts
Bayesian filtering and smoothing, Gaussian process regression for continuous
fields, and occupancy grid methods for discrete hazard mapping. Multi robot
data fusion architectures align asynchronous observations using time-space
registration with GPS and simultaneous localization and mapping. Studies
demonstrate that model based priors, such as plume physics or terrain
constraints, significantly reduce uncertainty and improve interpolation
between transects.

Dispersion and transport modeling

A significant body of work couples unmanned sampling with atmospheric
and hydrological transport models. For airborne releases, Gaussian plume and
puff models are used for fast assessment, while computational fluid dynamics
with large eddy simulation is used near complex terrain and urban canyons. For
waterborne contaminants, advection diffusion models in rivers, lakes, and
coastal zones are linked to mobile sensing paths. Recent studies evaluate
adaptive sampling, where flight paths are updated online to target regions of
highest predictive entropy or highest expected information gain.

Artificial intelligence for detection, classification, and prediction

Al research in this domain targets three layers. First, signal processing
with machine learning to denoise sensor streams, identify spectral lines, and
detect anomalies under low signal conditions. Second, pattern recognition to
classify release types and likely source terms, including multi label
classification that combines radiation spectra with meteorological and terrain
features. Third, predictive modeling to estimate plume evolution and to
propose protective actions. Deep learning models show advantages when
labeled data are available, while physics informed neural networks and hybrid
models mitigate data scarcity by embedding conservation laws and source term
constraints. Active learning strategies reduce the labeling burden by querying
the most informative samples from ongoing missions.

Edge computing, communications, and autonomy

Operational constraints motivate computation at the edge. Studies report
onboard inference for detection and navigation, with lightweight models
quantized for embedded GPUs and FPGAs. Communications are treated as
contested and bandwidth limited, which motivates map compression, priority
transmission of alerts, and opportunistic synchronization. Autonomy research
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covers multi UAV task allocation, collision avoidance, and plume seeking
behaviors based on gradient ascent, probabilistic roadmaps, and ergodic
exploration. Safety literature addresses flight over contaminated zones, fail safe
behaviors, and assurance cases for mission software.
Command, control, and decision support

Human factors and decision support emerge as critical elements.
Interfaces that present fused hazard maps, confidence intervals, and
recommended actions improve operator comprehension. Decision frameworks
combine threat level matrices with doctrine and legal constraints. Some work
integrates optimization models that allocate protective equipment,
decontamination assets, and evacuation routes in near real time. Studies
emphasize traceability and audit logs that link sensor evidence to decisions,
which is important for after action review and compliance.

Standards, validation, and ethical considerations

There is growing attention to standards for sensor -calibration,
intercomparison protocols, and reporting formats for environmental data
collected by unmanned systems. Validation campaigns use test ranges with
controlled sources or traceable simulants. Ethical discussions focus on privacy
in environmental surveillance, civilian harm mitigation, and responsible Al,
including bias in training data, model robustness, and transparency of
automated recommendations.

Gaps and research opportunities

The literature highlights persistent gaps. First, limited availability of high
quality labeled datasets that pair sensor streams with ground truth across
diverse meteorological regimes. Second, challenges in generalizing models
trained on one geography or platform to another, which suggests a need for
domain adaptation and transfer learning. Third, end to end system evaluations
that include sensing, fusion, prediction, and decision support under realistic
constraints remain rare. Fourth, resilience to adversarial or confounding
conditions such as jamming, spoofing, clutter, and sensor degradation requires
systematic study. Finally, integration with logistics and remediation workflows
is underexplored, although it determines real impact on troop safety and
environmental recovery.

This review motivates a methodological focus on integrated sensing and
Al pipelines that are validated under operational conditions, with explicit
treatment of uncertainty, adaptability across theaters, and alignment with legal
and ethical requirements. The next section develops a system architecture and
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methodological framework that address these gaps and connects platform
capabilities with actionable decision support.
Methodology

This study applies a straightforward and practical approach to show how
unmanned systems and artificial intelligence can strengthen radiation and
chemical safety in the military ecological context.

System setup. Unmanned aerial and ground vehicles are equipped with
radiation and chemical sensors. These platforms collect data in areas where
human access is dangerous or impossible.

Data transfer.All measurements are transmitted through secure
communication channels to command centers or mobile stations.

Al processing. Artificial intelligence algorithms clean the data, detect
anomalies, and classify contamination sources. Predictive models are then used
to forecast the spread of radioactive and chemical agents.

Decision support. The processed information is transformed into maps,
alerts, and recommendations that help commanders decide on protective
measures, troop movement, and decontamination strategies.

Evaluation. System performance is measured by speed of detection,
accuracy of contamination mapping, and reduction of personnel exposure
compared to traditional methods.

Results and Discussion

The use of unmanned systems together with artificial intelligence has
shown clear advantages for strengthening radiation and chemical safety in the
military ecological field. In practice, unmanned aerial vehicles allow rapid
surveys of large territories and help to identify areas of potential contamination
much faster than traditional methods. Ground robots can then enter dangerous
zones to take detailed measurements without putting soldiers at risk.

Another important result is the speed of information processing. Artificial
intelligence makes it possible to analyze data almost instantly and generate
hazard maps in real time. This drastically reduces the time gap between the

moment of detection and the moment when a commander can make a decision.
What earlier required hours of manual work can now be done in minutes.

Accuracy has also improved. When sensor readings are combined with Al
prediction models and meteorological data, forecasts of the spread of
radioactive or chemical plumes become more reliable. This allows the armed
forces not only to react to contamination but also to anticipate how the
situation will develop.
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A major advantage of these technologies is the reduction of direct human
exposure to dangerous environments. Soldiers no longer need to risk their
health while conducting reconnaissance in contaminated areas. Instead, robots
and drones perform this task, which significantly lowers the risks for
personnel.

At the same time, some challenges remain. The endurance of UAVs is still
limited, especially when heavy or sensitive sensors are used. Data transmission
may be interrupted in combat conditions due to electronic warfare. In addition,
Al models require constant training and adaptation to remain effective in
different operational settings.

Despite these limitations, the combined use of unmanned systems and Al
opens up new opportunities not only at the tactical level but also in the broader
strategic context. These technologies can be used for environmental
monitoring of training grounds, for assessing and cleaning up areas affected
after conflicts, and for quick response to industrial accidents. Their application
strengthens both national security and long-term environmental stability.

Conclusion

The study shows that the integration of unmanned systems and artificial
intelligence can play a decisive role in strengthening radiation and chemical
safety in the military ecological context. Drones and ground robots make it
possible to conduct reconnaissance and monitoring without risking the health
of personnel. Artificial intelligence ensures fast and accurate analysis of large
volumes of data, allowing commanders to receive real-time maps, forecasts,
and recommendations.

The results confirm that such technologies not only reduce the time of
detection and increase the precision of assessments, but also provide a higher
level of protection for troops. At the same time, several limitations need to be
taken into account: the limited endurance of UAVs, vulnerability of
communication systems in combat conditions, and the necessity of continuous
development and training of Al models.

Despite these challenges, the advantages outweigh the drawbacks. The
combined use of unmanned platforms and Al creates a foundation for a modern
system of military ecological security. This system can be applied both in direct
combat conditions and for monitoring training areas, post-conflict recovery,
and prevention of industrial or environmental disasters.

In the long term, such innovations support not only national defense but
also global environmental stability, making them a vital element of a
sustainable and secure future.
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