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ABSTRACT

Introduction: Fumigant gases in maritime and container chains, along with occupational noise in marine
and manufacturing industries, are among the most significant chronic risk factors. They are usually
assessed separately, despite their simultaneous impact on workers” health. The importance of this study
lies in presenting an integrated approach for real-time monitoring of combined risk and aligning it with
occupational exposure limits (OELs). The aim is to develop and validate an interpretable, regulation-
oriented framework for predicting combined risk.

Material and Methods: This research integrated and normalized data from the Global Burden of Disease
(GBD) 2021 study including age-standardized disability rates (ASDR) and average annual percentage
change (AAPC) for 204 countries with occupational exposure limit tables for fumigants. A Sugeno-type
fuzzy inference system with three inputs and four rules was designed. Weights and membership function
boundaries were optimized using the Prairie Dog Optimization algorithm, and a threshold-based scenario
generation module was applied to produce high-risk synthetic data. Model performance was evaluated
through an OEL compliance test.

Results: Findings revealed that the proposed optimization reduced the loss function by 42% compared
to random search. The mean absolute error (0.028 + 0.006) and root mean square error (0.041) were
obtained. Threshold-based scenario generation improved data coverage in high-risk regions from 0.62
to 0.90 and increased the accuracy of critical condition detection from 0.71 to 0.89. The OEL compliance
index reached 0.93, confirming input weighting as the most influential factor.

Conclusion: The proposed framework simultaneously ensures numerical accuracy, interpretability, and
regulatory compliance with occupational exposure limits. It can be deployed within real-time monitoring
dashboards for ports and factories. Future research should integrate IoT sensors and multi-objective
optimization to enable dynamic updates in response to evolving regulations and operational conditions.

Keywords: Threshold-based scenario generation, Occupational noise-induced illness, Occupational exposure
limits, Human factors in accidents
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1. INTRODUCTION

Ensuring the health and safety of workers
who face simultaneous exposure to high-intensity
industrial noise and residual fumigants remains a
criticalyetunder-explored challengein global supply
chains. Epidemiological evidence extracted from
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the Global Burden of Disease (GBD 2021) dataset
shows that occupational noise-induced hearing loss
(ONTIHL) still accounts for a noteworthy portion of
disability-adjusted life years (DALYs), particularly
in low- and middle-income coastal economies
where maritime freight dominates. Parallel to these
auditory hazards, the transport of fumigated cargo

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International license (https://creativecommons.
org/licenses/by-nc/4.0/). Non-commercial uses of the work are permitted, provided the original work is properly cited.


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://jhsw.tums.ac.ir/article-1-7203-en.html

led from jhsw.tums.ac.ir on 2026-03-14 ]

[ Dowl

H. Esmaeili et al. / An Evolutionary Rule Based Framework for Real-Time Risk

continues to introduce toxic substances, such as
phosphine and methyl bromide, into loading docks,
warehouses, and vessel holds, often exceeding
international occupational exposure limits (OELs).
Conventional risk assessment methods tend to
analyses these stressors in isolation, rely heavily on
sparse incident records, and seldom incorporate
regulatory compliance as an explicit optimization
goal.

To bridge these shortcomings, we propose an
integrated Real-Time Risk Monitoring System that
unites a zero-order Sugeno fuzzy inference engine
with a continuous variant of the Prairie-Dog
Optimization (PDO) algorithm. The architecture
links three modulesin a closed optimizationloop: (i)
a Risk Inference System that synthesizes normalized
indicators of age-standardized DALY rates (ASDR),
average annual percentage change (AAPC), and
the relative stringency of fumigant OELs; (ii) a
Rule-and-Parameter Optimizer powered by PDO
for concurrent tuning of membership boundaries,
rule confidences, and composite weights; and (iii)
a Scenario Generator that constructs synthetic,
threshold-weighted data to mitigate class imbalance
in high-risk zones. By embedding compliance
checks against internationally harmonized OEL
tables, the framework explicitly reflects regulatory
constraints while learning from data.

2. MATERIAL AND METHODS

Data Sources. Three chained databases were
assembled. First, thirty years of regional ASDR
and AAPC values for ONIHL (1990-2019) were
retrieved from the public GBD 2021 portal. Second,
country-level DALY and all-cause mortality
statistics for Iran (location ID 142, age group 22)
were downloaded for cross-validation of local
patterns. Third, an eight-compound OEL reference
table, covering phosphine, methyl bromide, sulfuryl
fluoride, ethylene oxide, dichloromethane, ethylene
dichloride, carbon monoxide, and carbon dioxide,
was adapted from the toxic-gas compilation used by
Liu et al. (2024) to represent permissible workplace
limits.

Pre-Processing

All disease rates were standardized to per
100,000 population, while gas concentrations were
unified to mg m™ Missing entries (= 2 %)were
imputed with a five-year moving average; gaps larger
than five consecutive years triggered row deletion.
Min-max normalization rescaled every feature to
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[0, 1], enabling weight comparability. Merged keys
Location and Fumigant produced a consolidated
matrix comprising regional ONIHL burdens, Iran-
2021 summaries, and compound-specific OEL
data. Fuzzy Inference System. Three normalized
inputs x, =4SDR,,,, ,x, =AA4PC,,, ,x,=OEL —ratio,,,,
feed a four-rule Sugeno system. Each rule’s firing
strength is the product of trapezoidal membership
values, and each consequent is a fixed singleton ¢,
. The predicted continuous risk is -5 Initial rule
consequent {0.15,0.40,0.70,0.90} map liriguistically to
Low, Medium, High and Critical classes, respectively.

Prairie-Dog Optimization

Each candidate solution 6=[w,CF.a,b.c.d]
contains composite weights w, rule confidence
factors CF, and trapezoid break-points. The
objective function combines mean-square error
against expert-labelled risk references with an ¢2
regularize that penalizes deviation from uniform
weights. A population size of P =50 prairie dogs,
mutation rate #=0.08, and a switching iteration
Tgwicn =100 balance exploration (burrow expansion)
and exploitation (predator escape). Convergence is
declared when | AL |<107 or 300 generations elapse.

Scenario Generation

A Gaussian-noise input z ~~N (0,7)is fed to a
generator network G(z;9) trained to minimize
the  Kullback-Leibler ~ divergence  between
empirical and synthetic joint distributions of
(¥1,x2,x3) Each artificial vector receives a weight
w (R)=exp[-a(R-T)] if its risk surpasses the safe
quantile F;'(0.25); otherwise, w=1. Injecting these
weighted scenarios boosted data-coverage of the
convex-hull volume from 0.62 to 0.90.

Validation Metrics

Continuous accuracy was assessed via mean
absolute error (MAE) and root-mean-square
error (RMSE). Binary accuracy on the Safe vs
Unsafe split was measured using Precision and
Recall. Regulatory alignment was captured by
an OEL-Compliance ratio y, defined as the
fraction of predictions whose compound-specific
concentration does not exceed its OEL.

3. RESULTS AND DISCUSSION

Optimization reduced RMSE by 42 % relative
to the baseline fuzzy system with equally spaced
membership points. The PDO optimizer showed
faster and more stable convergence variance of
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final loss across five runs fell by 25 % compared
with random search. Elasticity analysis revealed
that weighting coefficients www exert the
strongest influence on loss(E, =042), followed
by mutation rate £, =0.18and population size
Ep =0.11, Scenario injection improved recall of
Critical cases from 0.71 to 0.89 without degrading
precision, demonstrating that threshold-weighted
synthetic data can temper class imbalance.
Cross-checking against the 2021 Iranian
burden corroborated the global models validity:
predicted risk exceeded the safe threshold for
three of the eight fumigants, aligning with local
air-sampling campaigns carried out by national
health authorities in 2022. Furthermore, an OEL-
Compliance ratio of x=09signifies that the
model rarely underestimates exposures, thereby
reducing the likelihood of regulatory violations.
When benchmarked against state-of-the-art hybrid
approaches e.g., fuzzy BWM-MARCOS for route
planning, MFIS-FMEA for dam construction,
and ANFIS-FMEA for building projects the
proposed  framework achieved competitive
MAE (0.037) while uniquely integrating dual-
risk domains (noise + fumigant) and explicit
regulation checks. Sensitivity tests across +30 %
perturbations indicated robust performance; only
severe downward weighting of ASDR increased

Journal of Health and Safety at Work 2025; 15(3)

error markedly, underscoring the public-health
relevance of that indicator.

4. CONCLUSIONS

The study introduces a fully data-driven yet
regulation-aware platform capable of real-time
monitoring and prioritization of dual noise-
chemical hazards in maritime and industrial
settings. Key operational takeaways include:

- A Sugeno-type fuzzy engine, optimized via
Prairie-Dog meta-heuristics, can jointly tune rule
confidences and membership geometry, delivering
interpretable risk scores within milliseconds.

- Threshold-weighted scenario  synthesis
effectively expands sparse, high-risk regions of the
data space, boosting classification recall without
sacrificing precision or compliance.

- The multi-metric validation suite MAE, RMSE,
Precision-Recall, and the novel OEL-Compliance
ratio provides a balanced view of model fidelity and
legal safety.

Future work should embed IoT sensor streams
and computer-vision outputs to capture temporally
resolved noise and gas concentrations, extend the
optimization objective to multicriteria formulations
(e.g., cost and energy sustainability), and update
disease-burden priors beyond 2019 to account for
post-COVID workplace realities.
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