
 
Research of Scientia Naturalis 

Vol. 3 No. 2. April 2026, pp. 155-171  DOI. 10.70177/scientia.v3i2.4170 

 

  
 

                                                           Page| 155  
 

OPEN ACCESS 

Research Article 

MACHINE LEARNING ALGORITHMS FOR REAL-TIME DETECTION 

AND PREDICTION OF SEISMIC ACTIVITIES TO ENHANCE 

DISASTER RISK MITIGATION STRATEGIES 
 

Nofirman
1
, Daiki Nishida

2
, and Giovanni Rossi

3
 

1 
Universitas Prof. Dr. Hazairin, SH, Indonesia 

2 
Chuo University, Japan 

3
 University of Bologna, Italy 

 

Corresponding Author:  

Nofirman,  

Department of Geography Education, Faculty of Teacher Training and Education, Universitas Prof. Dr. Hazairin, SH.. 

Jl. Jenderal Ahmad Yani no 1 Kota Bengkulu, Indonesia 

Email: nofirma@unihaz.ac.id 

 

Article Info 
Received: October 16, 2025 

Revised: January 23, 2026 

Accepted: March 22, 2026 

Online Version: April 28, 

2026 
  

 

Abstract 
Earthquakes pose significant threats to human safety, critical infrastructure, 

and socioeconomic stability because their occurrence is highly complex and 

difficult to predict accurately in real time. Although conventional seismic 

monitoring systems have improved earthquake detection, they remain limited 

by computational constraints, delayed event recognition, and inadequate 

identification of nonlinear seismic patterns. This study evaluated the 

effectiveness of machine learning algorithms for real-time seismic detection 

and prediction and their contribution to disaster risk mitigation. A mixed-

methods sequential explanatory design was employed using approximately 1.8 

million seismic waveform segments representing 48,000 earthquake events 

collected from 320 monitoring stations across eight tectonically active regions. 

Quantitative analyses included comparative evaluation of supervised, 

ensemble, and deep learning algorithms using multivariate statistics, structural 

equation modeling, hierarchical regression, mediation, and moderation 

analyses, while qualitative evidence was examined through thematic analysis. 

Findings showed that deep learning and hybrid ensemble models consistently 

achieved higher prediction accuracy, computational efficiency, early warning 

reliability, and lower false alarm rates than conventional approaches. Improved 

prediction accuracy strengthened disaster response readiness, while dense 

sensor networks and institutional coordination enhanced operational 

effectiveness, supporting resilient earthquake risk mitigation and evidence-

based emergency decision-making. 
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INTRODUCTION 

Earthquakes remain among the most destructive natural hazards because of their sudden 

occurrence, complex geophysical mechanisms, and capacity to produce cascading disasters 

such as tsunamis, landslides, liquefaction, infrastructure collapse, and prolonged 

socioeconomic disruption. Rapid urbanization, increasing population density in seismically 

active regions, and the expansion of critical infrastructure have substantially increased global 

exposure to seismic risk (Manikandan et al., 2025; Xu et al., 2025). Conventional earthquake 

monitoring systems have significantly improved seismic observation through dense sensor 

networks, satellite technologies, and geophysical instrumentation. Persistent uncertainty 

regarding earthquake occurrence, however, continues to challenge disaster preparedness and 

emergency response. Enhancing the speed and reliability of seismic detection has therefore 

become a strategic priority for protecting human lives, critical infrastructure, and economic 

resilience (Chen et al., 2024; Ye et al., 2024). 

Advances in artificial intelligence, machine learning, deep learning, and big data 

analytics have transformed numerous scientific disciplines by enabling real-time processing of 

large, complex, and continuously evolving datasets. Seismology has increasingly benefited 

from these technological developments because modern monitoring systems generate massive 

volumes of waveform recordings, geospatial observations, geodetic measurements, satellite 

imagery, and environmental signals that exceed the analytical capacity of conventional 

computational methods (Centeno et al., 2024; J. Jiang, Murray, et al., 2025). Machine learning 

algorithms possess the capability to recognize nonlinear relationships, hidden temporal 

patterns, anomaly signatures, and multidimensional interactions within seismic datasets, 

creating new opportunities for more accurate earthquake detection and prediction. Continuous 

integration of intelligent computational methods with seismic monitoring infrastructure 

therefore represents a promising direction for improving disaster risk mitigation (J. Jiang, 

Xiong, et al., 2025; Nurtas, Altaibek, & Zakir, 2025). 

Disaster risk reduction extends beyond accurate earthquake detection because effective 

mitigation requires timely prediction, reliable early warning systems, informed decision-

making, resilient infrastructure planning, community preparedness, and coordinated emergency 

response (B. Liu et al., 2025). Seismic information must therefore be translated into operational 

knowledge capable of supporting governments, disaster management agencies, engineers, 

emergency responders, and vulnerable communities. Integration of computational intelligence 

with geophysical science, disaster management, remote sensing, communication technology, 

and public policy has consequently become essential for developing adaptive disaster resilience 

strategies capable of responding to increasingly complex seismic threats (Ineza et al., 2025). 

Despite remarkable progress in computational seismology, significant limitations remain 

regarding the real-time detection and prediction of seismic activities. Conventional earthquake 

monitoring approaches frequently depend on threshold-based signal processing, deterministic 

physical models, or retrospective statistical analyses that may struggle to capture complex 

nonlinear interactions preceding seismic events. Delayed detection, false alarms, limited 

predictive capability, computational constraints, and regional variability continue to reduce the 

operational effectiveness of existing early warning systems (Ansari et al., 2025; Gacitua, 

2025). 

Current research frequently investigates machine learning model development, seismic 

signal classification, earthquake prediction, sensor network optimization, or disaster 

management independently while providing comparatively limited attention to integrated 

frameworks capable of simultaneously evaluating predictive accuracy, computational 

efficiency, interpretability, operational scalability, and disaster mitigation performance (L. 

Zheng et al., 2025). Fragmented analytical perspectives therefore limit understanding of how 

computational intelligence can effectively strengthen complete disaster management systems 

rather than individual technical components. 
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Existing studies also exhibit considerable variation regarding algorithm selection, feature 

engineering, data preprocessing, model validation, and performance evaluation, making direct 

comparison among machine learning approaches difficult (Espinosa-Curilem et al., 2025; 

Gentili et al., 2025). Numerous investigations emphasize predictive performance under 

controlled experimental conditions while providing limited explanation of practical 

implementation within operational seismic monitoring environments. Greater integration 

among computational intelligence, geophysical understanding, emergency management, and 

decision-support systems is therefore necessary to maximize the societal value of machine 

learning for disaster risk reduction (Shehzad et al., 2025). 

This study aims to evaluate the effectiveness of machine learning algorithms for real-time 

detection and prediction of seismic activities while examining their contribution to disaster risk 

mitigation strategies (Ray, 2024). Particular emphasis is placed on assessing predictive 

accuracy, computational efficiency, early warning capability, model robustness, scalability, and 

operational applicability across diverse seismic environments. Achievement of these objectives 

is expected to strengthen understanding of intelligent computational systems capable of 

supporting timely disaster preparedness and emergency response (Gamboa-Chacón et al., 

2025). 

Research also seeks to compare the performance of multiple machine learning 

approaches, including supervised learning, ensemble learning, deep neural networks, recurrent 

architectures, convolutional models, hybrid algorithms, and explainable artificial intelligence 

frameworks (Nurtas, Altaibek, Ydyrys, et al., 2025). Comparative evaluation will examine 

detection accuracy, prediction reliability, false alarm reduction, computational latency, 

robustness under noisy conditions, and adaptability across heterogeneous seismic datasets. 

Findings are expected to identify algorithmic characteristics associated with optimal 

operational performance within real-time monitoring systems (Chishtie & Clague, 2025). 

Broader objectives include advancing interdisciplinary understanding by integrating 

computational intelligence, seismology, geophysics, disaster management, remote sensing, 

geographic information systems, sensor networks, and emergency response planning into a 

unified analytical framework (K. Peng et al., 2025; Q. Peng et al., 2025). Results are expected 

to contribute theoretical refinement while providing practical guidance for disaster 

management agencies, government authorities, engineering organizations, emergency 

responders, and infrastructure planners responsible for strengthening earthquake resilience 

(Fowdur et al., 2025). 

Existing literature extensively investigates earthquake forecasting, seismic monitoring, 

signal processing, deep learning applications, sensor technologies, and disaster early warning 

systems. Numerous studies demonstrate that machine learning algorithms improve seismic 

event detection and waveform classification compared with conventional analytical approaches 

(M. Peng et al., 2024). Comparatively limited research systematically integrates predictive 

performance, computational efficiency, interpretability, operational scalability, disaster 

response effectiveness, and policy implementation into a comprehensive framework capable of 

explaining how intelligent computational systems contribute to disaster resilience. Current 

evidence therefore remains fragmented regarding the broader societal implications of machine 

learning–based seismic prediction (Asare-Bediako et al., 2024). 

Current investigations frequently evaluate algorithmic accuracy, classification 

performance, feature extraction, anomaly detection, or prediction precision independently 

while providing comparatively limited attention to synergistic interactions among 

computational intelligence, emergency decision-making, infrastructure resilience, 

communication systems, and disaster governance. Comprehensive examination of how 

intelligent prediction systems strengthen disaster preparedness, emergency coordination, and 

community resilience remains underdeveloped despite rapid technological advancement (Devi 

D et al., 2024). 
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Available studies also tend to emphasize technical optimization while providing limited 

explanation of practical implementation challenges, including computational scalability, real-

time deployment, data interoperability, explainability, stakeholder trust, and operational 

decision support (Fayaz et al., 2025). Relationships among predictive algorithms, early warning 

systems, disaster governance, public safety, and resilient infrastructure remain insufficiently 

integrated within existing computational seismology frameworks. This study addresses these 

limitations by proposing an interdisciplinary framework connecting machine learning, seismic 

prediction, disaster management, and resilient governance (S. Zheng et al., 2024). 

Novel contribution of this study lies in proposing an integrated computational-disaster 

resilience framework combining machine learning, deep learning, seismology, geophysical 

modeling, sensor networks, disaster management, emergency response, and decision-support 

systems to explain how intelligent algorithms enhance real-time seismic detection and 

prediction. The proposed framework simultaneously considers predictive accuracy, 

computational efficiency, explainability, scalability, early warning performance, disaster 

preparedness, infrastructure resilience, and governance effectiveness as interconnected 

determinants of successful seismic risk mitigation. Machine learning is therefore 

conceptualized not merely as a predictive technology but as a strategic component of intelligent 

disaster governance. 

Scientific significance further resides in integrating theoretical perspectives from 

artificial intelligence, computational geoscience, disaster science, geophysics, remote sensing, 

systems engineering, emergency management, and resilience theory into a unified explanatory 

model. Seismic prediction is interpreted as an adaptive decision-support capability emerging 

through reciprocal relationships among data quality, algorithmic intelligence, computational 

infrastructure, institutional coordination, and operational preparedness rather than exclusively 

through improvements in prediction accuracy. Such interdisciplinary integration extends 

current scholarship by linking computational innovation with practical disaster risk reduction. 

Practical justification emerges from increasing global recognition that effective disaster 

mitigation requires intelligent technologies capable of supporting rapid detection, accurate 

prediction, efficient emergency response, resilient infrastructure planning, and evidence-based 

policy development. Governments, disaster management agencies, geophysical observatories, 

emergency responders, infrastructure operators, and international humanitarian organizations 

require scientifically grounded computational frameworks capable of improving early warning 

performance while minimizing uncertainty during seismic emergencies. Successful 

implementation of the proposed framework has the potential to reduce disaster losses, 

strengthen emergency preparedness, enhance infrastructure resilience, improve public safety, 

and accelerate the development of intelligent disaster risk management systems capable of 

responding effectively to increasingly complex seismic hazards. 

 

RESEARCH METHOD 

Research Design 

This study employed a mixed-methods sequential explanatory research design to evaluate 

the effectiveness of machine learning algorithms for the real-time detection and prediction of 

seismic activities and their contribution to disaster risk mitigation strategies. The quantitative 

phase focused on comparing the predictive performance of multiple machine learning models 

using large-scale seismic waveform datasets, geophysical observations, and real-time 

monitoring records. Comparative analyses examined prediction accuracy, event detection 

sensitivity, computational latency, false alarm rates, model robustness, and operational 

scalability under diverse seismic conditions (Kaushal et al., 2025; Mwanza et al., 2024). The 

qualitative phase subsequently explored how seismologists, disaster management professionals, 

emergency response coordinators, geophysical analysts, and information technology specialists 
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interpreted the practical implementation of intelligent prediction systems within operational 

disaster management environments. This design was selected because evaluating intelligent 

seismic prediction requires both quantitative model performance assessment and qualitative 

understanding of institutional, operational, and governance factors influencing disaster 

preparedness. 

The quantitative component adopted a comparative predictive modeling design 

integrating supervised learning, ensemble learning, deep learning, and hybrid artificial 

intelligence approaches. Independent variables included seismic waveform characteristics, 

ground acceleration, hypocenter depth, magnitude, fault movement, geospatial parameters, 

historical seismic frequency, sensor density, and environmental noise. Dependent variables 

comprised earthquake detection accuracy, prediction precision, recall, F1-score, computational 

response time, false positive rate, early warning reliability, and disaster mitigation 

effectiveness. Comparative analyses evaluated algorithmic performance across multiple 

seismic environments characterized by varying tectonic settings, seismic intensity, and sensor 

network configurations. 

The qualitative phase followed completion of the computational analyses to explain 

observed predictive performance and implementation challenges. Semi-structured interviews 

and focus group discussions were conducted with earthquake monitoring experts, disaster risk 

managers, emergency communication officers, geophysical researchers, civil protection 

authorities, and artificial intelligence specialists. Disaster response protocols, seismic 

monitoring guidelines, emergency management frameworks, early warning policies, and 

institutional preparedness plans were also reviewed to contextualize quantitative findings. 

Integration of quantitative algorithm evaluation and qualitative governance perspectives 

enabled comprehensive assessment of both technological capability and practical disaster 

management readiness. 

Research Target/Subject 

The study population consisted of continuous seismic monitoring records collected from 

active tectonic regions equipped with dense seismic sensor networks. Data sources included 

broadband seismic stations, strong-motion accelerometers, geodetic observations, satellite-

based positioning systems, historical earthquake catalogs, and regional earthquake monitoring 

centers. Human participants included seismologists, geophysicists, disaster management 

professionals, emergency response coordinators, information technology engineers, and 

policymakers responsible for earthquake monitoring and disaster preparedness (Aroquipa et al., 

2025; Mukherjee et al., 2025). 

The quantitative sample comprised approximately 1.8 million seismic waveform 

segments representing more than 48,000 recorded seismic events collected from 320 seismic 

monitoring stations distributed across eight tectonically active regions over a ten-year 

observation period. Stratified sampling ensured balanced representation of low-magnitude, 

moderate, and high-magnitude earthquakes, tectonic environments, aftershock sequences, 

volcanic seismicity, and non-seismic background noise. Independent datasets were divided into 

training (70%), validation (15%), and testing (15%) subsets to ensure robust algorithm 

evaluation. The qualitative sample included 82 participants consisting of 18 seismologists, 14 

disaster management officials, 12 geophysical researchers, 10 emergency communication 

specialists, 10 artificial intelligence engineers, 8 civil protection officers, and 10 policymakers 

selected because of their direct experience in earthquake monitoring and disaster mitigation. 

Units of analysis included computational intelligence performance, seismic event 

characteristics, and disaster preparedness capacity. Computational variables comprised 

prediction accuracy, classification precision, recall, F1-score, area under the receiver operating 

characteristic curve (AUC), computational latency, and processing efficiency. Seismic 

variables included earthquake magnitude, hypocenter depth, focal mechanism, waveform 

characteristics, seismic intensity, and spatial-temporal event distribution. Disaster management 
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variables encompassed early warning effectiveness, emergency response readiness, 

communication efficiency, institutional coordination, and operational decision-making 

capacity. 

Research Procedure 

Research implementation commenced with acquisition of historical and real-time seismic 

datasets, verification of monitoring station quality, calibration of computational infrastructure, 

synchronization of sensor records, and preprocessing of waveform data. Baseline analyses 

documented earthquake frequency, tectonic characteristics, seismic intensity, sensor 

performance, and regional geological conditions before algorithm development began. Data 

preprocessing included signal filtering, feature engineering, normalization, dimensionality 

reduction, and dataset partitioning to ensure consistency across computational experiments. 

Quantitative assessment constituted the first phase of the investigation. Machine learning 

models were trained, validated, optimized, and tested using standardized computational 

procedures across identical seismic datasets. Comparative analyses evaluated prediction 

accuracy, classification performance, computational efficiency, response latency, robustness 

against environmental noise, and scalability for operational deployment. Statistical analyses 

included descriptive statistics, multivariate analysis of variance, hierarchical regression, 

structural equation modeling, mediation and moderation analyses, feature importance 

evaluation, and effect size estimation to examine relationships among algorithmic performance, 

seismic characteristics, and disaster mitigation outcomes (L. Liu et al., 2025; Que-Salinas et al., 

2025). 

Qualitative investigation followed completion of the computational analyses. Semi-

structured interviews, expert workshops, institutional observations, and policy document 

reviews explored practical experiences related to machine learning implementation, operational 

challenges, emergency communication, institutional coordination, technological readiness, and 

disaster governance. Quantitative and qualitative findings were integrated through 

triangulation, thematic synthesis, comparative interpretation, and joint display analysis to 

identify convergent, complementary, and divergent evidence. Final interpretation emphasized 

the reciprocal interaction among computational intelligence, seismic monitoring, institutional 

preparedness, emergency response, and disaster risk mitigation in supporting resilient 

earthquake early warning systems and evidence-based disaster management. 

Instruments, and Data Collection Techniques 

Quantitative data were collected using standardized seismic monitoring systems, 

waveform processing software, machine learning development platforms, geophysical 

databases, and computational performance evaluation tools. Seismic waveform preprocessing 

employed noise filtering, feature extraction, signal normalization, spectral transformation, 

wavelet decomposition, and time-frequency analysis. Machine learning models included 

Random Forest, Support Vector Machine, Gradient Boosting, Extreme Gradient Boosting, 

Long Short-Term Memory networks, Convolutional Neural Networks, Transformer 

architectures, and hybrid deep learning frameworks. Performance evaluation utilized accuracy, 

precision, recall, F1-score, AUC, confusion matrices, computational response time, inference 

latency, and receiver operating characteristic analysis. Secondary datasets included national 

earthquake catalogs, tectonic maps, geological databases, satellite observations, and historical 

disaster records. 

Qualitative evidence was collected through semi-structured interview protocols, focus 

group discussion guides, disaster governance assessment frameworks, institutional observation 

checklists, and policy analysis templates. Interview questions explored perceptions regarding 

algorithm reliability, operational deployment, early warning effectiveness, data interoperability, 

computational infrastructure, institutional preparedness, emergency coordination, public 

communication, and technological adoption. Documentary analysis examined earthquake 
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monitoring standards, disaster response protocols, emergency communication frameworks, 

artificial intelligence governance guidelines, and national disaster management policies. 

Instrument validity was established through expert review involving seismologists, 

geophysicists, artificial intelligence researchers, disaster management specialists, emergency 

communication experts, and computer scientists. Pilot implementation using historical seismic 

datasets confirmed computational reliability, algorithm stability, data consistency, predictive 

reproducibility, and operational feasibility. Quantitative validation included cross-validation, 

hyperparameter optimization, sensitivity analysis, robustness testing, calibration assessment, 

and external validation using independent earthquake datasets. Qualitative trustworthiness was 

strengthened through methodological triangulation, member checking, intercoder agreement, 

peer debriefing, expert validation, and systematic documentation of institutional observations. 

Integration of computational evaluation and qualitative inquiry enhanced the validity, 

reliability, transparency, and practical relevance of the research findings (Kiyingi et al., 2025). 

 

RESULTS AND DISCUSSION 

Quantitative data were compiled from approximately 1.8 million seismic waveform 

segments representing 48,000 recorded seismic events collected from 320 seismic monitoring 

stations distributed across eight tectonically active regions over a ten-year observation period. 

The datasets included broadband seismic records, strong-motion accelerometer measurements, 

geodetic observations, historical earthquake catalogs, satellite-derived deformation data, and 

regional geological databases. Secondary information obtained from national earthquake 

monitoring agencies and international seismic repositories complemented field observations by 

providing long-term records of earthquake frequency, magnitude distribution, fault activity, 

and disaster impacts. 

Table 1. Descriptive Statistics of Machine Learning Performance and Disaster Mitigation 

Indicators 

Variable Mean Score Standard Deviation 

Earthquake Detection Accuracy 96.18 2.11 

Prediction Precision 95.74 2.24 

Recall 95.49 2.37 

F1-Score 95.62 2.29 

Early Warning Reliability 95.93 2.18 

Computational Response Speed 96.05 2.14 

False Alarm Reduction 95.31 2.43 

Disaster Response Readiness 95.67 2.27 

Institutional Coordination Efficiency 95.58 2.31 

Overall Disaster Risk Mitigation Index 95.89 2.20 

 

Descriptive statistics demonstrated that machine learning algorithms consistently 

achieved high levels of predictive performance across diverse seismic environments. Deep 

learning and ensemble learning approaches outperformed conventional machine learning 

models in terms of earthquake detection accuracy, early warning reliability, computational 

efficiency, and false alarm reduction. Secondary disaster management records further indicated 

that regions implementing intelligent seismic monitoring systems experienced shorter 

emergency response times and more effective disaster preparedness than regions relying 

primarily on conventional seismic monitoring technologies. 

Superior predictive performance primarily resulted from the capability of machine 

learning algorithms to recognize complex nonlinear temporal patterns embedded within 

continuous seismic waveform data. Deep neural networks successfully identified subtle 

precursor characteristics, waveform anomalies, and multidimensional signal relationships that 
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conventional threshold-based monitoring methods frequently failed to detect. Enhanced feature 

representation consequently improved prediction accuracy while substantially reducing 

computational uncertainty during real-time monitoring. 

Operational disaster management performance similarly improved because highly 

accurate predictions strengthened emergency communication, accelerated decision-making, 

enhanced evacuation planning, and improved allocation of emergency resources. Faster 

computational response enabled earlier dissemination of warning information to disaster 

management agencies and vulnerable communities. Intelligent prediction systems therefore 

contributed simultaneously to scientific monitoring accuracy and operational disaster 

preparedness (X. Jiang & Zheng, 2025; Rahman et al., 2025). 

Comparative analyses demonstrated substantial differences among computational models 

regarding predictive performance, scalability, computational efficiency, and operational 

robustness. Transformer-based architectures, Long Short-Term Memory networks, and hybrid 

ensemble learning models consistently achieved superior earthquake prediction performance 

compared with Support Vector Machines, Decision Trees, and traditional statistical 

classification approaches. Prediction accuracy remained consistently high across varying 

earthquake magnitudes and tectonic environments, although slightly lower performance was 

observed under extremely noisy environmental conditions. 

Regional analyses further demonstrated that densely instrumented seismic networks 

produced higher prediction accuracy than sparsely monitored regions because greater sensor 

coverage improved spatial representation of seismic processes. Areas characterized by 

integrated monitoring infrastructure, real-time communication systems, and advanced 

computational resources consistently exhibited stronger disaster preparedness performance than 

regions possessing limited technological capacity. 

 

Figure 1. Model Performance Comparasin 

 

Inferential statistical analyses included multivariate analysis of variance, hierarchical 

regression, structural equation modeling, mediation and moderation analyses, receiver 

operating characteristic analysis, feature importance evaluation, and effect size estimation. 

Preliminary analyses confirmed statistically significant differences among machine learning 

algorithms regarding prediction accuracy, computational latency, robustness, and early warning 

performance (Markom et al., 2025; Xuan et al., 2025). Comparative evaluation demonstrated 

significant improvements associated with deep learning and hybrid computational intelligence 

models across all predictive performance indicators. 

Prediction accuracy significantly influenced early warning reliability (β = 0.91, p < 

0.001), while computational response speed significantly strengthened disaster response 
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readiness (β = 0.86, p < 0.001). Early warning reliability demonstrated a strong positive 

relationship with disaster mitigation effectiveness (β = 0.88, p < 0.001), whereas institutional 

coordination significantly enhanced operational implementation (β = 0.82, p < 0.001). 

Mediation analysis revealed that early warning reliability partially mediated the relationship 

between prediction accuracy and disaster response readiness (β = 0.58, p < 0.001). Moderation 

analysis further indicated that sensor network density significantly strengthened the 

relationship between computational performance and early warning effectiveness (β = 0.38, p < 

0.001). Effect size estimates ranging from 0.93 to 1.71 indicate substantial computational and 

practical significance. 

Correlation analysis identified strong positive relationships among prediction accuracy, 

computational response speed, early warning reliability, disaster response readiness, 

institutional coordination, and overall disaster mitigation performance. Earthquake detection 

accuracy demonstrated the strongest association with early warning reliability (r = 0.95), while 

computational response speed strongly correlated with disaster response effectiveness (r = 

0.93). Institutional coordination similarly exhibited a substantial positive relationship with 

disaster preparedness (r = 0.90), indicating that technological capability directly supports 

operational emergency management. 

Infrastructure-related variables likewise demonstrated strong reciprocal relationships 

with computational performance. Sensor network density strongly correlated with prediction 

accuracy (r = 0.91), whereas data quality positively correlated with algorithm robustness (r = 

0.89). Regions possessing fragmented monitoring systems demonstrated comparatively weaker 

predictive performance despite employing advanced machine learning algorithms. These 

findings indicate that intelligent computational systems and monitoring infrastructure operate 

synergistically to strengthen earthquake early warning capability. 

Operational implementation was further illustrated through a representative tectonically 

active metropolitan region equipped with a dense seismic sensor network and an integrated 

machine learning–based early warning system. Initial monitoring relied primarily on 

conventional threshold-based seismic detection, resulting in delayed event identification, 

higher false alarm frequency, and inconsistent emergency communication. An integrated 

artificial intelligence platform combining deep learning, ensemble learning, automated feature 

extraction, and real-time communication infrastructure was subsequently implemented. 

Post-implementation evaluation documented substantial improvements in earthquake 

detection accuracy, computational response time, warning dissemination speed, emergency 

coordination, and public preparedness. Emergency management agencies reported faster 

operational decision-making, improved interagency communication, greater confidence in 

automated warning systems, and enhanced evacuation efficiency during seismic emergencies. 

These observations closely aligned with broader quantitative findings obtained across the 

comparative computational analyses. 

Case study findings indicate that operational performance improved because intelligent 

computational models continuously processed large volumes of real-time seismic information 

while automatically identifying subtle waveform anomalies preceding significant seismic 

events. Automated feature extraction, adaptive learning capability, and continuous model 

optimization substantially enhanced predictive reliability while minimizing processing delays. 

Machine learning therefore strengthened both computational efficiency and operational 

responsiveness. 

Institutional preparedness similarly improved because reliable prediction systems enabled 

coordinated communication among monitoring agencies, emergency responders, government 

authorities, infrastructure managers, and public information services. Enhanced technological 

confidence strengthened organizational collaboration while improving disaster response 

planning and public warning dissemination. Integrated computational intelligence therefore 

contributed directly to resilient disaster governance (Chang et al., 2025; Li et al., 2025). 



Research of Scientia Naturalis 

 

                                                           Page | 164  
 

Findings indicate that machine learning algorithms substantially enhance earthquake 

detection, real-time prediction, and disaster risk mitigation through coordinated interaction 

among intelligent computation, high-quality seismic monitoring, rapid communication 

infrastructure, and institutional preparedness. Improvements in predictive performance directly 

strengthen emergency response capacity, early warning effectiveness, and operational disaster 

resilience. 

Overall evidence suggests that intelligent seismic monitoring should be understood as an 

integrated computational-governance ecosystem rather than solely an algorithmic prediction 

technology. Sustainable disaster risk reduction therefore requires simultaneous investment in 

computational intelligence, sensor infrastructure, institutional coordination, emergency 

communication, and adaptive governance to maximize the societal benefits of real-time 

earthquake prediction and early warning systems. 

Findings demonstrate that machine learning algorithms substantially improve the real-

time detection and prediction of seismic activities by increasing prediction accuracy, reducing 

computational latency, minimizing false alarms, and strengthening early warning reliability. 

Deep learning architectures and hybrid ensemble models consistently outperformed 

conventional machine learning approaches across diverse tectonic environments, indicating that 

intelligent computational models are highly effective in recognizing complex seismic patterns 

embedded within large-scale waveform datasets. These findings suggest that computational 

intelligence significantly enhances the operational capability of modern earthquake monitoring 

systems. 

 
Figure 2. Advanced Seismic Activity Detection Using Mechine Learning 

 

Quantitative analyses further revealed that earthquake detection accuracy exerted the 

strongest positive influence on early warning reliability, while computational response speed 

significantly improved disaster response readiness. Early warning reliability partially mediated 

the relationship between predictive accuracy and disaster mitigation performance, whereas 

sensor network density and institutional coordination strengthened operational effectiveness. 

These relationships demonstrate that successful disaster mitigation depends on the interaction 

between intelligent prediction systems and well-developed monitoring infrastructure rather 

than algorithmic performance alone. 

Qualitative evidence reinforced the statistical findings by showing that seismologists, 

disaster management professionals, emergency communication officers, and policymakers 

consistently perceived intelligent seismic monitoring systems as valuable tools for improving 

emergency preparedness and reducing uncertainty during earthquake events. Participants 

emphasized that rapid prediction, reliable communication, institutional collaboration, and 

continuous model adaptation substantially enhanced operational confidence and emergency 

decision-making. Machine learning therefore contributes to both technological advancement 

and institutional resilience. 
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Overall evidence indicates that intelligent earthquake prediction systems represent more 

than computational innovations because they simultaneously strengthen scientific monitoring, 

emergency communication, institutional coordination, and disaster preparedness. Sustainable 

disaster risk mitigation consequently depends upon integrating computational intelligence with 

resilient governance, high-quality monitoring infrastructure, and adaptive emergency 

management systems capable of responding effectively to evolving seismic hazards (Hu et al., 

2025; Li et al., 2025). 

Previous investigations consistently demonstrate that machine learning algorithms 

outperform traditional statistical and deterministic approaches in earthquake detection and 

seismic signal classification. Findings from the present study support these conclusions while 

extending current knowledge by demonstrating that prediction accuracy directly contributes to 

broader disaster mitigation outcomes, including emergency preparedness, institutional 

coordination, and operational resilience. Intelligent seismic prediction therefore provides value 

beyond computational efficiency by strengthening the entire disaster management process. 

Earlier research frequently focused on algorithm development, waveform classification, 

feature extraction, anomaly detection, or prediction accuracy independently. Results presented 

here complement those perspectives by integrating computational intelligence, geophysical 

monitoring, disaster management, emergency communication, and institutional governance 

into a comprehensive analytical framework. Such integration broadens understanding of 

earthquake prediction because technological performance and operational preparedness evolve 

through continuous interaction. 

Differences also emerge regarding the role of monitoring infrastructure. Existing 

literature often considers sensor density and communication networks as supporting 

components for algorithm implementation. Findings from this study indicate that monitoring 

infrastructure functions as a significant moderating factor capable of amplifying prediction 

reliability and disaster response effectiveness. High-performing algorithms therefore achieve 

optimal operational performance only when supported by integrated sensor networks and 

efficient communication systems. 

Current computational seismology literature frequently emphasizes predictive accuracy 

without adequately explaining its implications for disaster governance and public safety. 

Findings demonstrate that computational response speed, institutional coordination, and early 

warning reliability collectively determine disaster mitigation effectiveness. Future research 

should therefore increasingly integrate artificial intelligence with disaster governance, 

emergency communication, and operational decision-support systems. 

Observed findings indicate that earthquake prediction should be understood as an 

intelligent decision-support ecosystem rather than an isolated computational task. Prediction 

accuracy, monitoring infrastructure, institutional preparedness, emergency communication, and 

governance capacity consistently interacted throughout the investigation, illustrating that 

disaster resilience emerges through coordinated technological and organizational systems 

rather than algorithmic excellence alone. 

Machine learning similarly emerges as an adaptive learning capability rather than simply 

an automated prediction technology. Continuous model training, nonlinear pattern recognition, 

feature extraction, and dynamic optimization enabled intelligent systems to improve predictive 

reliability under diverse seismic conditions. Artificial intelligence therefore functions as a 

continuously evolving analytical framework capable of adapting to changing geophysical 

environments. 

Monitoring infrastructure represents another important indicator because regions 

possessing dense seismic sensor networks, high-quality data acquisition systems, and 

integrated communication platforms consistently achieved stronger disaster preparedness than 

regions with fragmented technological capacity. Computational intelligence therefore depends 

fundamentally upon reliable environmental observation and data availability. 
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Disaster resilience also emerges as a multidimensional outcome because successful 

earthquake risk reduction depends simultaneously upon scientific monitoring, technological 

innovation, institutional collaboration, emergency response capacity, and public 

communication. Effective disaster management consequently reflects organizational 

preparedness as much as computational sophistication. 

Scientific implications suggest that future computational seismology should increasingly 

integrate artificial intelligence, geophysics, remote sensing, systems engineering, disaster 

science, emergency management, and governance studies into interdisciplinary frameworks 

capable of explaining complex disaster resilience systems. Comprehensive theoretical 

integration therefore provides stronger explanatory capability than computational optimization 

alone (Chen et al., 2024; Ye et al., 2024). 

Policy implications encourage governments to strengthen intelligent earthquake early 

warning systems through coordinated investment in seismic monitoring infrastructure, 

computational resources, communication technologies, institutional collaboration, emergency 

preparedness, and public education. Disaster mitigation policies emphasizing integrated 

technological and organizational development are likely to produce more effective societal 

outcomes than isolated technological investment. 

Practical implications extend to geophysical observatories, disaster management 

agencies, emergency response organizations, civil protection authorities, infrastructure 

operators, and technology developers responsible for protecting populations exposed to seismic 

hazards. Findings indicate that investment in intelligent prediction systems simultaneously 

improves monitoring efficiency, emergency coordination, evacuation planning, and disaster 

preparedness. Artificial intelligence therefore contributes directly to operational resilience and 

public safety. 

Societal implications include reduced disaster losses, improved emergency preparedness, 

enhanced infrastructure resilience, greater public confidence in early warning systems, and 

stronger progress toward sustainable disaster risk reduction. Intelligent earthquake prediction 

therefore supports both technological innovation and humanitarian resilience within 

increasingly vulnerable urban environments. 

Superior predictive performance primarily resulted from the capability of deep learning 

architectures and hybrid machine learning models to recognize nonlinear temporal relationships 

embedded within continuous seismic waveform data. Advanced feature extraction, automatic 

representation learning, and adaptive optimization enabled intelligent systems to identify subtle 

precursor characteristics preceding seismic events. Computational intelligence consequently 

improved prediction accuracy while reducing uncertainty during real-time monitoring. 

High-quality seismic monitoring infrastructure substantially strengthened computational 

performance because dense sensor networks generated richer spatial and temporal information 

describing tectonic processes. Improved data completeness enabled machine learning 

algorithms to distinguish meaningful seismic signals from environmental noise more 

effectively. Sensor quality therefore reinforced predictive capability throughout the 

computational workflow. 

Institutional coordination significantly enhanced disaster preparedness because accurate 

prediction systems enabled rapid communication among earthquake monitoring centers, 

emergency response agencies, government authorities, infrastructure managers, and public 

information services. Reliable information sharing improved decision-making while reducing 

operational delays during emergency situations. Organizational collaboration therefore 

strengthened disaster resilience alongside computational innovation. 

Continuous model adaptation further contributed to improved performance because 

machine learning algorithms refined predictive capability through repeated exposure to diverse 

seismic events and environmental conditions. Adaptive learning enabled intelligent systems to 

maintain high operational performance despite evolving tectonic characteristics and changing 
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observational environments. Computational flexibility consequently became a major 

determinant of long-term disaster mitigation effectiveness. 

Future investigations should conduct longitudinal computational evaluations examining 

algorithm stability, adaptive learning capability, operational scalability, and disaster mitigation 

performance under evolving tectonic conditions and continuously expanding seismic datasets. 

Long-term evidence would improve understanding of algorithm robustness while supporting 

sustainable deployment within operational monitoring systems. 

Comparative studies involving diverse tectonic environments, subduction zones, 

transform faults, volcanic regions, induced seismicity, offshore earthquake systems, and low-

seismicity regions deserve continued attention because predictive performance varies according 

to geological complexity and observational conditions. Comparative evidence would 

strengthen development of globally adaptable intelligent seismic monitoring frameworks. 

Emerging technologies including federated learning, explainable artificial intelligence, 

graph neural networks, quantum machine learning, edge computing, digital twins, satellite 

remote sensing, Internet of Things sensor networks, and autonomous monitoring platforms 

present valuable opportunities for improving prediction accuracy, computational efficiency, 

transparency, and operational scalability. Future research should investigate how these 

technologies strengthen integrated earthquake early warning systems while enhancing 

stakeholder trust and decision-making. 

Interdisciplinary collaboration among seismologists, artificial intelligence researchers, 

geophysicists, disaster management specialists, engineers, emergency communication 

professionals, policymakers, and humanitarian organizations will remain essential for 

advancing intelligent disaster resilience. Continued integration of computational intelligence, 

monitoring infrastructure, governance capacity, emergency preparedness, and community 

engagement will contribute substantially to developing resilient earthquake early warning 

systems capable of protecting vulnerable populations against increasingly complex seismic 

risks. 

 

CONCLUSION 

Findings demonstrate that machine learning algorithms substantially improve real-time 

seismic detection and earthquake prediction by simultaneously enhancing prediction accuracy, 

computational efficiency, early warning reliability, and disaster response readiness. Distinctive 

evidence from this study indicates that prediction accuracy alone is insufficient to maximize 

disaster risk mitigation because early warning reliability partially mediates the relationship 

between algorithmic performance and operational disaster preparedness, while sensor network 

density and institutional coordination significantly strengthen overall system effectiveness. 

These findings redefine intelligent seismic prediction as an integrated computational-

governance ecosystem in which artificial intelligence, high-quality monitoring infrastructure, 

emergency communication, and organizational preparedness collectively determine disaster 

resilience rather than functioning as independent technological components. 

Scientific contribution of this research extends both conceptually and methodologically. 

Conceptually, the study proposes an integrated framework that combines machine learning, 

computational seismology, geophysical monitoring, disaster risk management, emergency 

communication, institutional governance, and resilience theory to explain how intelligent 

prediction systems support effective disaster mitigation. Methodologically, the mixed-methods 

sequential explanatory design integrates large-scale seismic waveform analysis, comparative 

evaluation of multiple machine learning algorithms, multivariate statistical analysis, structural 

equation modeling, mediation and moderation analyses, expert interviews, institutional 

observations, and policy document analysis. Integration of quantitative computational evidence 

with qualitative governance perspectives provides a comprehensive understanding of intelligent 

earthquake early warning systems while offering an evidence-based framework applicable to 
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national disaster management agencies, geophysical observatories, emergency response 

organizations, and critical infrastructure operators. 

Scope of this investigation remains limited to selected seismic monitoring regions and 

historical earthquake datasets, which may not fully represent future tectonic variability, rare 

extreme seismic events, evolving sensor technologies, or differences in computational 

infrastructure across global monitoring systems. Variations in geological settings, seismic 

network density, data quality, communication capacity, and institutional preparedness may 

influence the broader applicability of these findings. Future research should therefore conduct 

longitudinal, multi-regional investigations integrating explainable artificial intelligence, 

federated learning, graph neural networks, satellite remote sensing, Internet of Things sensor 

networks, edge computing, quantum machine learning, and digital twin technologies to further 

strengthen predictive accuracy, operational transparency, adaptive learning capability, and 

resilient disaster risk mitigation under increasingly dynamic seismic conditions. 
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