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Abstract

Artificial Intelligence (Al) is transforming radiation monitoring by offering enhanced sensitivity, faster response
times, and more adaptive management strategies across healthcare, nuclear safety, and environmental applications.
This paper presents a comprehensive analysis of Al's integration into smart radiation monitoring devices, based on an
extensive review of recent academic literature. Using a systematic search methodology across major databases, the
study identifies key technological advances, performance metrics, emerging research directions, and critical
implementation challenges. Findings indicate that Al-driven systems improve detection accuracy from 75-80% in
traditional systems to 90-95%, reduce anomaly response times from 10-15 minutes to 1-2 minutes, and lower false
positive rates significantly. However, challenges related to data quality, model interpretability, system integration,
and regulatory compliance remain pressing barriers. Addressing these issues requires multidisciplinary collaboration,
standardized data protocols, and the development of transparent and robust Al models. The paper concludes that while
Al holds immense promise for advancing radiation safety and operational efficiency, careful governance and
continuous innovation are essential to realize its full potential in real-world applications.

Keywords: Artificial Intelligence, AI Model, Radiation Monitoring, Regulatory Compliance Smart Detection
Systems.

1.0 Introduction

Radiation monitoring has transformed profoundly since Rontgen’s 1895 discovery of X-rays, evolving
from photographic film badges into networked, sensor-driven, and intelligent platforms that underpin safety
in healthcare, nuclear energy, environmental protection, and research laboratories (Ahmad et al., 2021;
Andresz et al.,, 2022). In modern clinical and industrial settings, monitoring plays a pivotal role in cancer
therapy, reactor operations, waste management, and emergency response (Thompson et al., 2018). However,
traditional approaches remain constrained by static thresholding, delayed feedback, and heavy reliance on
manual interpretation, limiting adaptability in dynamic radiation environments and delaying response
during sudden exposure fluctuations (Qureshi & Nichols, 2023). Conventional systems often lack
personalization and predictive intelligence, hindering exposure control in complex scenarios (Huynh et al.,
2020).

Al offers a transformative solution. Machine learning (ML), deep learning (DL), and reinforcement
learning (RL) algorithms process large-scale radiation datasets, identify subtle patterns, and make real-time
predictive decisions (Chamunyonga et al., 2020; Baek et al., 2021). Al enables adaptive anomaly detection in
nuclear reactors (Qureshi & Nichols, 2023), optimized radiotherapy planning (Vandewinckele et al., 2020),
and intelligent dosimetry correction models such as neural-network-based calibration systems (Szumega et
al., 2023). These advances shift radiation safety from passive monitoring toward proactive, predictive
management.

The convergence of Al with IoT, wireless communication, and embedded sensing has expanded
capabilities. IoT-enabled platforms using LoRaWAN provide real-time environmental dose reporting and
remote accessibility (Ahmad et al., 2021; Saleem et al., 2023; Gallego Manzano et al., 2022). Smart marine buoys
demonstrate reliable gamma detection with GPS tracking in ocean environments (Tran et al., 2022), while IoT
area monitoring systems show stable performance in nuclear emergency preparedness (Muhtadan et al.,
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2023). Mobile and adaptive systems —including SUV-mounted platforms for counter-terrorism (Kwak et al.,
2011), UAV-based mapping for post-disaster hotspot localization (Marques et al., 2021; Towler et al., 2012),
and mixed-reality visualization that reduces operator cognitive load (Pakari et al., 2023) —reflect growing
integration of Al-driven spatial analytics with radiation sensing.

In clinical environments, Al has improved workflow efficiency and safety. Real-time multi-channel
dosimeters provide angular sensitivity for fluoroscopy (Inaba et al., 2020), and next-generation intelligent
dosimeters enhance occupational safety in interventional radiology (Hattori et al., 2023). Al-driven
radiotherapy planning, automated segmentation, and predictive modeling reduce variability and improve
precision (Chamunyonga et al., 2020; Vandewinckele et al., 2020). Evidence suggests Al-enhanced systems
achieve detection accuracy of 90-95%, compared to 75-80% in legacy systems, while significantly reducing
response time and false alarm rates (Santoro et al., 2022; Huang et al., 2024).

Despite these advances, several systemic challenges remain. Interoperability and data harmonization
issues limit cross-platform scalability (Papadimitroulas et al., 2021; Ullo et al., 2020). “Black-box” AI models
raise concerns about transparency, interpretability, and accountability in high-risk domains such as nuclear
safety and medical radiation protection (Pashazadeh & Hoeschen, 2023; Garni et al., 2024). Regulatory
frameworks have not fully adapted to Al-driven systems, creating uncertainty in validation, certification, and
liability (Cha, 2024). Al systems trained on limited datasets may struggle under distributional shifts or rare-
event conditions, risking false reassurance (Hong et al., 2022). The need for explainable Al (XAI), calibrated
uncertainty estimation, and compliance with radiation protection standards remains pressing
(Papadimitroulas et al., 2021). Additionally, workforce readiness and user trust are critical; professionals must
be trained to interpret Al outputs and maintain oversight (Chamunyonga et al., 2020; Jeong et al., 2024).

The literature consistently portrays Al as a powerful catalyst for advancing radiation monitoring toward
intelligent, adaptive, and proactive systems (Andresz et al., 2022; Fiagbedzi et al.,, 2022). However,
transitioning from prototype to fully operational smart radiation ecosystems requires coordinated efforts in
standardization, validation, cybersecurity, regulatory governance, and interdisciplinary collaboration. By
integrating technological innovation with regulatory oversight and domain expertise, Al can transform
radiation monitoring from reactive measurement into intelligent, resilient, and safety-centered management
systems suitable for next-generation healthcare, nuclear, and environmental applications

2.0 Methods

This study employed a systematic literature review as its primary methodological framework to examine
artificial intelligence integration in smart radiation monitoring systems. The review synthesized theoretical
foundations, empirical investigations, and practical case applications across healthcare, nuclear safety, and
environmental monitoring contexts. A comprehensive literature search was executed between January and
March 2025 across four major academic databases—IEEE Xplore, PubMed, Google Scholar, and Web of
Science —using a structured Boolean query combining thematic categories including radiation monitoring
terminology, Al techniques, and specific applications. The search timeframe spanned 1990 to 2025 to capture
both foundational developments and contemporary advances, with reference lists of identified articles
manually screened to locate additional relevant publications not captured through database searches. Studies
were evaluated against predetermined inclusion and exclusion criteria, with inclusion limited to peer-
reviewed English-language publications that explicitly addressed Al applications in radiation monitoring and
presented empirical data or systematic evaluations.

A standardized data extraction form was developed to systematically capture bibliographic information,
study characteristics, Al technical specifications, application contexts, performance metrics, and identified
limitations from eligible studies. Two validated critical appraisal instruments — the Mixed Methods Appraisal
Tool and Cochrane Risk of Bias Tool —were employed by independent reviewers to evaluate methodological
quality, with disagreements resolved through consensus discussion. The extracted data were synthesized
using integrative narrative methodology across four iterative phases: data organization by application domain
and Al technique, thematic identification through systematic coding, pattern analysis to identify consistent
findings across studies, and gap identification to map underrepresented topics and unresolved challenges. A
comparative performance framework was established to normalize key indicators across heterogeneous
studies, enabling cross-study comparison of detection accuracy, response times, and false positive rates. The
methodology acknowledged limitations including language bias from excluding non-English publications,
potential publication bias favoring positive results, and challenges in comparing heterogeneous study
designs, all addressed through transparent reporting and nuanced interpretation of synthesized evidence.
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3.0 Results

The integration of artificial intelligence into smart radiation monitoring devices has introduced
transformative advancements in safety assurance, operational efficiency, and radiation exposure
management. Table 1 summarizes a wide range of Al-driven technologies that collectively demonstrate the
growing application of machine learning models, real-time data analysis, and predictive systems across

sectors such as healthcare, nuclear energy, environmental monitoring, and public safety.

Table 1: Al-driven technologies

dose

S/N Technology Description Method(s) Used References Applications
1 | Al-Enhanced Improves detection | Deep Learning, | Huang et al. Environmental
Real-Time of low-activity CNNs (2024) monitoring,

Detection radiation sources nuclear safety
2 | Machine Enhances tumor Deep Learning, | Rentiya et al. Radiotherapy,
Learning in detection and U-Net (2024) diagnostic
Medical Imaging | segmentation imaging
3 | Reinforcement Predicts and Reinforcement | Baek et al. Reactor safety
Learning in mitigates reactor Learning, (2021) systems
Nuclear Facilities | anomalies Bayesian
Networks
4 | Support Vector Optimizes SVM, Neural Aouria et al. Radiation
Machines in treatment Networks (2024) therapy planning
Radiotherapy outcomes
5 | IoT-Integrated Al | Enables continuous | Machine Ahmad et al. Environmental
Devices remote radiation Learning, IoT (2021) safety, mobile
tracking detection
6 | Al for Emergency | Identifies radiation | Computer Towler et al. Disaster
Response hotspots rapidly Vision, Decision | (2012) management,
Trees rapid triage
7 | Spectral Al for Classifies isotopes | Random Forests | Okabe et al. Isotope detection
Source in mixed radiation (2023) in fieldwork
Identification fields
8 | Edge Alin Tracks personal Lightweight Christopoulos et | Occupational
Wearables exposure in real- Neural al. (2014) health and safety
time Networks
9 | Predictive Anticipates Predictive Sheu et al. Equipment
Maintenance Al equipment failure | Analytics, Time | (2003) longevity, facility
Series Analysis efficiency
10 | Alin Dosimetry | Improves radiation | Regression Gueth et al. Radiation
dose estimates Models (2013) exposure
management
11 | Anomaly Identifies storage Pattern Gallego etal. Waste
Detection in issues early Recognition (2021) containment
Nuclear Waste monitoring
12 | GANSs for Visualizes Generative Papadimitroulas | Hazard
Radiation radiation Adversarial et al. (2021) visualization,
Mapping distribution Networks public safety
13 | Mixed Reality Enhances training | HoloLens + Pakari et al. Training,
Visualization and radiation data | Neural (2023) situational
display Networks awareness
14 | LoRa IoT for Monitors LoRaWAN, IoT | Gallego etal. Radioactive
Waste containers in Sensors (2021) waste site
Monitoring remote sites management
15 | Deep CNN for Measures multi- 4-channel Inaba et al. Interventional
Skin Dosimetry angle radiation sensors, CNN (2020) radiology
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Table 1: Al-driven technologies

16 | Explainable Al Makes Al decision | LIME, SHAP Bernsteinetal. | Regulatory

for Trust paths visible (2023) compliance,
clinical
confidence

17 | Quantum Performs faster Quantum Thwaites et al. Advanced
Computing in radiation Algorithms (2021) dosimetry
Dose Modeling simulations

18 | Federated Enables Federated Yang et al. Global model
Learning for collaborative Learning (2020) training
Safety model training

without data
sharing

19 | Alin Supports mapping | Autonomous Al | Towler et al. Nuclear
Decommissioning | and cleanup of old | Mapping (2012) decommissioning

facilities

20 | Digital Twins for | Virtual simulations | Simulation, Papadimitroulas | Operational
Reactors of radiation Predictive et al. (2021) testing, safety

facilities Modeling modeling

21 | Neural Networks | Al model to Neural Szumega et al. High-precision
for Current calculate Network, ReLU | (2021) current correction
Correction femtoampere range | Activation in radiation

currents in monitors at
radiation monitors. CERN

22 | IoT Radiation Secure, real-time AES-256 Saleem et al. Environmental
Detection System | radiation detection | encryption, (2023) radiation

using 3G and cloud | UDP data monitoring and
storage. transfer public alert
systems

23 | LightGBM for Predicts gamma Gradient Cho et al. (2022) | Autonomous
Gamma exposure rates Boosting, vehicles and real-
Prediction using weather Standardization time gamma

data. monitoring

24 | Mixed Reality Visualizes Neural Pakari et al. Field radiation
Radiation gamma/neutron Networks, MR | (2023) detection and
Imaging radiation through | Display emergency

HoloLens 2. response

25 | VR Radiation Radiation training | Monte Carlo Guo et al. (2020) | Training of

Training using virtual Simulation, MR interventional
reality with real- Headsets radiologists
time dose
feedback.

26 | Smart Dosimetry | Real-time patient Sensor Inaba et al. Reducing

System radiation Calibration, (2020) radiation risk in
monitoring using Dose Rate medical
multi-angle Detection procedures
Sensors.

27 | IoT-based Wireless system for | GM Detectors, | Muhtadanetal. | Nuclear facility
Monitoring for radiation alerts in | Arduino & (2020) emergency
Emergency nuclear zones. ESP8266 planning
Preparedness

28 | Smartphone CMOS camera- Dose Johary et al. Public radiation
Radiation based radiation Measurement, (2021) alerts via mobile
Detector detection using Angular apps

mobile apps. Analysis
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Table 1: Al-driven technologies

distributed
radiation
prediction.

29 | IoT-based LoRaWAN sensor LPWAN, Gallego et al. Radiation control
Radiation Waste | network for ChirpStack, (2021) at CERN'’s waste
Monitoring container radiation | Grafana facilities

control.

30 | IoRSS for Scrap Al-enhanced LoRa, Data Tran-Quang & | Scrap yard

Facilities detection network | Fusion, Csl Dao-Viet (2022) | radiation safety
for radioactive Scintillators systems
scrap detection.

31 | Magnetic Fluid Optimizing SAR Levenberg- Papadopoulos Hyperthermia
SAR Simulation calculation in Marquardt, et al. (2020) treatment

hyperthermia INCAM planning
simulations.

32 | DNA Damage Al modeling of Resonance Zheng & Sanche | Cancer
Detection by LEE | clustered DNA Analysis, (2019) radiotherapy

damage by low- Electron enhancement
energy electrons. Irradiation

33 | Radjiation- Simulates dose Monte Carlo Villagomez- Targeted
Enhanced enhancement Simulation Bernabe & radiation therapy
Nanoagents around Currell (2019) in oncology

nanoparticle
clusters.

34 | EMF Exposure Studies SAR levels | SAR Kim et al. (2020) | Health safety in
Analysis in in consumer Measurement, wearable tech
Wearables devices. Device Testing

35 | Pediatric CT Risk | Predictive risk Epidemiological | Kutanzi et al. Pediatric
Prediction modeling of Data, Dose (2016) radiology

pediatric cancer Modeling protocol reform
from CT scans.

36 | Specific Evaluates thermal | Thermocouple | Christopher et Mobile phone
Absorption Rate | impact of 4G Sensors, SAR al. (2020) safety assessment
Monitoring radiation in head Calculation

tissue.

38 | Radiation Impact | Identifies amino Mass Minkoff et al. Radiobiology and

on Proteins acid modifications | Spectrometry, (2019) space medicine
from radiation IR Exposure
exposure.

39 | Real-Time Cloud-linked MQTT, Gallego Continuous
Radiation radiation data InfluxDB, Web Manzano et al. radiation
Dashboard visualization via Dashboards (2021) surveillance

Sensors.

40 | Federated Alfor | Federated learning | Optimization, Yang et al. Edge-based

Radiation Sites used for Power Control | (2020) collaborative

radiation models

3.2 Performance Analysis of AI-Enhanced Systems

The comparative performance analysis presented in Table 2 highlights the substantial improvements that
artificial intelligence has introduced across multiple dimensions of radiation monitoring and management.
The transition from traditional systems to Al-enhanced systems is marked by notable gains in detection
accuracy, response times, operational efficiency, and user accessibility, while also revealing certain new
challenges associated with advanced technological integration.

Al-enhanced radiation monitoring systems demonstrate substantial performance improvements over
traditional systems across multiple metrics. Detection accuracy increases from 75-80% in traditional systems
to 90-95% in Al-enhanced systems, offering improved sensitivity to low-activity sources and better
discrimination between radiation types, though requiring extensive training data and potentially reduced
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accuracy with novel signatures (Huang et al., 2024). Response time to anomalies drops dramatically from 10-
15 minutes to just 1-2 minutes, enabling immediate alert generation and real-time processing, albeit with
potential for false positives during initial deployment (Huynh et al., 2020). False positive rates decrease from
15-20% to 5-8%, reducing unnecessary evacuations while still requiring human verification for critical
decisions (Huang et al., 2024). Radiation source localization improves from 5-10 meters accuracy to under 1
meter, enhancing precision and responder safety at the cost of higher computational requirements (Okabe et
al., 2023). System adaptability shifts from manual reconfiguration to dynamic self-optimization with
continuous learning, though requiring oversight for safe adaptation boundaries (Baek et al., 2021). Energy
efficiency improves by 40-60% reduced consumption compared to traditional high-power systems, extending
field deployment duration despite higher initial implementation costs (Inaba et al., 2020).

Further comparative advantages include data processing capacity, where traditional systems limited to
predefined parameters are replaced by comprehensive multi-parameter analysis enabling pattern recognition
across diverse datasets, though risking data overload (Ahmad et al., 2021). Spectral analysis advances from
manual interpretation to automated isotope identification, offering faster identification and higher accuracy
in mixed radiation fields, yet requiring extensive spectral libraries (Huang et al., 2024). Maintenance
requirements evolve from regular manual calibration to predictive maintenance and self-calibration, reducing
downtime despite complex diagnostics (Sheu et al., 2003). Integration with other systems moves from limited
interoperability to seamless data exchange across multiple platforms, enhancing situational awareness while
increasing cybersecurity concerns (Ahmad et al., 2021). Spatial coverage expands from fixed monitoring
points to dynamic monitoring with optimized sensor placement, improving resource allocation at the cost of
complex deployment planning (Towler et al., 2012). Finally, user interface and accessibility transform from
complex technical displays to intuitive visualization and mobile access, improving decision-making for non-
specialists but introducing training requirements and potential over-reliance on simplified displays (Gallego
Manzano et al., 2021).

3.3 Challenges and Limitations

The challenges and limitations associated with the integration of artificial intelligence into radiation
monitoring systems, are discussed below, it reflects the complexity of deploying Al technologies in high-
stakes, safety-critical environments. While Al offers transformative potential for enhancing radiation
management, the path to widespread adoption is shaped by numerous technical, regulatory, operational, and
ethical considerations.

The key challenges in Al implementation for radiation monitoring span technical, regulatory, and
operational domains. Data quality and availability remain critical, with limited high-quality radiation
datasets, imbalanced rare-event representation, and inconsistent collection methodologies requiring solutions
such as data augmentation, synthetic data generation, and federated learning (Papadimitroulas et al., 2021).
Regulatory compliance presents hurdles including stringent safety standards, jurisdictional variations, and
the need to demonstrate Al reliability, necessitating transparent development processes, rigorous validation,
and continuous monitoring (Garni et al.,, 2024). Real-time processing requirements demand balancing
computational demands with immediate results and power constraints, addressed through edge computing,
algorithm optimization, and hardware acceleration (Ahmad et al., 2021). System integration complexity
involves incorporating Al into existing infrastructure with legacy compatibility and vendor interoperability,
solved via modular designs, standardized APIs, and gradual implementation strategies (Hong et al., 2022). Al
model interpretability remains a pressing concern for critical safety applications, with the "black box" nature
of deep learning models requiring explainable Al techniques (LIME, SHAP), visualization tools, and hybrid
models to justify recommendations to regulatory authorities (Papadimitroulas et al., 2021).

Additional challenges include cybersecurity vulnerabilities such as adversarial attacks and data integrity
threats, addressed through encryption, anomaly detection, and regular security audits (Ahmad et al., 2021).
Model generalization and drift require diverse training datasets, continuous retraining, and domain
adaptation to ensure performance across different environments and equipment (Bernstein et al., 2023).
Resource constraints in field deployments involve limited computing power and power consumption
concerns, mitigated by model compression, energy-efficient algorithms, and cloud-edge hybrid architectures
(Inaba et al., 2020). Human-AlI collaboration challenges include defining appropriate roles, preventing over-
reliance or distrust, and providing comprehensive training through clear delineation of responsibilities and
thoughtful user interface design (Bernstein et al., 2023). Ethical considerations balancing safety improvements
with privacy concerns and potential biases require ethical review boards, privacy-preserving techniques, and
bias detection methods (Wasil et al., 2024). Long-term sustainability demands ongoing support, lifecycle
management, and obsolescence planning through sustainable development practices and open architectures
(Thompson et al., 2018). Finally, cross-disciplinary knowledge gaps between radiation physics, computer
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science, and domain applications necessitate multidisciplinary teams, specialized training programs, and
collaborative research initiatives (Thwaites et al., 2021).

3.4 Emerging Research Areas in Al for Radiation Monitoring

The following emerging research areas highlighted indicate the dynamic evolution of artificial intelligence
applications in radiation monitoring, with a strong emphasis on expanding technological capabilities,
improving operational effectiveness, and addressing existing limitations. The identified trends suggest a
multidimensional approach to advancing both the technical foundations and practical deployment of Al in
radiation management systems.

Emerging research in Al-driven radiation monitoring focuses on several short to medium-term priorities.
Advanced Al algorithms aim to enhance accuracy, anomaly detection, and handling of complex radiation
fields within 1-2 years, though computational efficiency and algorithm transparency remain challenging
(Papadimitroulas et al., 2021; Kawamura et al., 2024). Edge computing for radiation detection enables real-
time sensor processing and portability for drone-based and first responder equipment (Ahmad et al., 2021;
Mammadli et al, n.d.). Medium-term priorities (2-3 years) include data harmonization to improve
standardization and model transferability across diverse sources (Papadimitroulas et al., 2021; Hong et al.,
2022), explainable AI (XAI) to enhance transparency and regulatory acceptance in medical therapy and
nuclear safety (Wasil et al., 2024; Bernstein et al., 2023), Al-driven adaptive radiation therapy for real-time
treatment personalization (Huynh et al., 2020; Kawamura et al., 2024), federated learning for privacy-
preserving collaboration (Yang et al., 2020; Papadimitroulas et al., 2021), Al for nuclear decommissioning to
automate contamination mapping (Towler et al., 2012; Baek et al., 2021), and Al-enhanced radiation
biodosimetry for rapid mass casualty assessment (Reisz et al., 2014; Andresz et al., 2022).

Long-term priorities (3-5 years) encompass system integration for seamless deployment and unified
monitoring platforms, though legacy compatibility and regulatory approval pose difficulties (Gallego
Manzano et al.,, 2021; Jeong et al., 2024). Quantum computing for radiation modeling promises enhanced
simulation capabilities for advanced dosimetry and detector design, contingent on quantum hardware
maturity (Thwaites et al., 2021; Thompson et al., 2018). Digital twins for radiation facilities enable virtual
testing and predictive maintenance for nuclear power plants and medical facilities (Qureshi & Nichols, 2023;
Zohuri et al., 2023). Finally, Al regulatory frameworks require standardized approval pathways and
international harmonization, balancing innovation with safety oversight across medical device approval and
nuclear safety (Cha, 2024; Garni et al., 2024). Across all timelines, key cross-cutting challenges include
algorithm transparency, data privacy, interoperability, regulatory adaptation, and the need for robust
validation methodologies.

4.0 Conclusion

Artificial intelligence is driving a structural transformation in radiation monitoring by enhancing
detection accuracy, operational responsiveness, and system intelligence. Emerging research trends highlight
advances in algorithm refinement, explainable Al, edge computing, federated learning, and adaptive
radiation therapy, reflecting a multidimensional effort to strengthen both technical performance and real-
world applicability. These developments demonstrate that Al is moving beyond experimental applications
toward integrated, interoperable systems capable of supporting global radiation management across
healthcare, environmental monitoring, and nuclear facilities.

At the same time, the successful deployment of Al-enhanced radiation systems depends on addressing
critical challenges. Data harmonization, cybersecurity protection, system interoperability, algorithm
transparency, and regulatory alignment remain essential priorities. The report emphasizes that explainability,
standardized data-sharing frameworks, and modular integration strategies are necessary to ensure safety,
trust, and regulatory compliance. Technological advancement must therefore be accompanied by robust
validation, ethical oversight, and interdisciplinary collaboration.

Ultimately, Al holds the potential to redefine radiation management as a proactive, adaptive, and resilient
field. By investing in emerging areas such as quantum-assisted modeling, digital twins, biodosimetry, and
privacy-preserving collaborative learning, stakeholders can accelerate innovation while maintaining
responsible governance. With coordinated global efforts and adaptive regulatory frameworks, Al can be
harnessed to create safer, more efficient, and sustainable radiation environments across diverse operational
settings.
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