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ABSTRACT

The evolution of intelligent manufacturing has necessitated the development of
integrated simulation and control frameworks capable of synchronizing physical
operations with digital decision-making environments. This study infroduces and
empirically validates a Hybrid Discrete-Event and Agent-Based Simulation Framework
(H-DEABSF) augmented by Model Predictive Control (MPC) and Digital Twin (DT)
technologies for real-fime cyber-physical process confrol in smart factory
environments. The research addresses the limitations of single-paradigm simulation
models by establishing a hybrid architecture that unifies the event-driven precision of
Discrete-Event Simulation (DES) with the autonomous, adaptive decision-making
capabilities of Agent-Based Simulation (ABS). Through the incorporation of MPC and
real-time DT synchronization, the framework achieves continuous bidirectional
communication between physical equipment and virtual models, enabling predictive
decision support and dynamic reconfiguration under stochastic production
conditions. A quantitative experimental design was employed using a cyber-physical
testbed comprising interconnected programmable logic controllers, lloT-enabled
sensors, and a virtual simulation layer that replicates factory operations. Empirical data
were collected across twelve operational trials under varying workload intensities and
analyzed using descriptive, inferential, and multivariate statistical methods including
ANOVA, regression, MANOVA, and correlation modeling. The hybrid configuration
achieved a 22.8% increase in throughput efficiency, a 39% reduction in response
latency, and a 96.2% predictive accuracy rate, outperforming fraditional DES-only
and ABS-only control architectures. Furthermore, fault recovery time decreased by
53%, while overall machine utilization improved by 11.7%, coupled with a 15.8%
reduction in energy consumption, demonstrating the hybrid system'’s efficiency and
sustainability advantages. The integration of predictive control and digital twin
feedback enhanced both operational adaptability and stability, ensuring robust
performance across variable manufacturing conditions. The results substantiate that
H-DEABSF constitutes a validated and scalable architecture for intelligent process
optimization, fusing simulation modeling, predictive analytics, and cyber-physical
synchronization info a single self-regulating control ecosystem. This research
contributes a significant advancement to the domain of smart manufacturing by
providing empirical evidence of how hybrid simulation frameworks can operationalize
the core principles of Industry 4.0, promoting data-driven autonomy, resilience, and
sustainable production intelligence in next-generation industrial systems..
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INTRODUCTION

The concept of a cyber-physical system (CPS) is defined as an infegrated environment that unites
computational algorithms, communication networks, and physical components to interact in real
time, facilitating continuous data exchange and system optfimization (Dobaqj et al., 2022). CPS
architecture forms the backbone of smart manufacturing, allowing machines, sensors, and
controllers to communicate and act intelligently across distributed networks (Greis et al., 2022).
Closely linked to CPS is the digital twin (DT)—a dynamic virtual replica of a physical asset, process, or
system that evolves through continuous synchronization with real-time operational data. Digital twins
enable predictive analysis, simulation-driven decision-making, and performance monitoring in
manufacturing environments (Badakhshan et al., 2022). Another foundational concept in this
research is Model Predictive Control (MPC), a model-based optimization strategy that predicts future
system behavior over a finite horizon and computes control actions to achieve desired outcomes
while respecting operational constraints. MPC's capability to manage multivariable systems with
dynamic constraints has made it highly relevant in manufacturing, particularly for optimizing energy
consumption, reducing waste, and enhancing throughput (Eneyew et al., 2022). The integration of
CPS, DT, and MPC represents a significant step toward self-regulating, autonomous industrial
operations. Within this ecosystem, hybrid simulation frameworks—which combine Discrete-Event
Simulation (DES) for process flow modeling and Agent-Based Simulation (ABS) for decentralized
decision-making—provide a versatile analytical foundation for representing both deterministic

system behavior and emergent adaptive dynamics (Bellavista et al., 2021).

Figure 1: Integration Framework of Cyber-Physical Systems
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Internationally, the convergence of CPS, digital twins, and predictive control technologies has
become central to the global Industry 4.0 movement, influencing industrial policies, innovation
strategies, and fechnology roadmaps (Lv, 2023). Germany'’s Industrie 4.0 framework, China’s Made
in China 2025, the United States’ Smart Manufacturing Leadership Coalition, and Japan's Society 5.0
initiative all emphasize the transformative power of CPS and DT integration in industrial ecosystems
(Bauer et al., 2024; Rezaul, 2021). These initiatives prioritize connectivity, automation, and data-driven
optimization, enabling factories to evolve into intelligent, self-configuring production systems. Globall
market analyses indicate a rapidly expanding investment in digital twin and smart factory
technologies, projected to surpass USD 120 billion by 2030 (Danish & Zafor, 2022; Escriba-Gelonch et
al., 2024). Within this international context, model predictive control and hybrid simulation have
emerged as vital tools for ensuring process stability, flexibility, and reliability in an increasingly
complex global supply chain. Research in Europe, Asia, and North America has demonstrated that
hybrid simulation can reduce system downtime, increase throughput, and improve decision
responsiveness. The intfernational adoption of hybrid simulation frameworks underscores the growing
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consensus that infegrating DES and ABS within digital twins supports cross-border interoperability,

allowing manufacturers to replicate, analyze, and opfimize their production systems irrespective of

geographic location or infrastructure variation. This global significance illustrates the need for a

robust, real-time framework—such as the proposed H-DEABSF—to unify predictive control, simulation,
and digital intelligence across industrial networks.

Figure 2: H-DEABSF: MPC-Integrated Hybrid Simulation Loop
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Over the past two decades, simulation has been a cornerstone of industrial process optimization, but
its scope has expanded dramatically from offline analytical modeling to real-time, data-driven
decision support (Bauer et al., 2024; Danish & Kamrul, 2022). Discrete-Event Simulation (DES) has been
the dominant paradigm for analyzing queue-based systems, production scheduling, and resource
utilization, particularly in manufacturing control and logistics (Naderi & Shojaei, 2023). However,
fraditional DES assumes static conftrol logic and centralized decision-making, limiting its applicability
in adaptive and decentralized environments (Chwif et al., 2013). Agent-Based Simulation (ABS)
emerged to address this gap by modeling autonomous entities capable of perceiving, learning, and
intferacting with their environment. ABS allows representation of distributed inteligence and human-
machine collaboration—key characteristics of smart factories. The fusion of DES and ABS into hybrid
frameworks enables simultaneous modeling of macro-level process flows and micro-level agent
behaviors, resulting in a more holistic representation of industrial systems. The evolution from
traditional to hybrid simulation mirrors the transition from reactive to proactive and predictive control
in manufacturing (Jahid, 2022; Kosse et al., 2022). The inclusion of model predictive control within
hybrid simulations allows continuous optimization through forecasting and scenario evaluation,
aligning simulation-based decision-making with real-time control strategies (Ismail, 2022; Minerva et
al., 2020).

Integrating MPC with hybrid simulation offers a methodological advance that merges predictive
optimization with adaptive behavioral modeling. In a manufacturing context, MPC uses simulation-
derived state estimations to calculate optimal confrol inputs that minimize error and resource
consumption while maintaining system constraints (Hossen & Afiqur, 2022; Tao et al., 2019). When
embedded within a hybrid DES-ABS environment, MPC can access both real-time event data and
agent-based behavioral insights, thereby improving predictive accuracy and decision latency.
Recent studies demonstrate that combining MPC with digital twins allows closed-loop feedback
between simulation and the physical process, where digital models not only mirror but also guide
system operations (Kamrul & Omar, 2022; Minerva et al., 2020). This synergy fransforms traditional
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process control from a deterministic system into an intelligent, self-regulating network capable of
dynamic adaptation. The framework proposed in this study—H-DEABSF—extends this infegration by
embedding MPC directly within a hybrid simulation architecture, allowing real-time optimization of
scheduling, fault detection, and process flow management. Such integration ensures that model
updates, predictive adjustments, and control actions occur continuously, maintaining alignment
between the digital twin and the physical factory floor (Razia, 2022).
The digital twin serves as the interface linking physical manufacturing assets with their computational
counterparts. Within hybrid simulation, the DT operates as a real-time repository of operational data,
continuously updating process models, performance indicators, and system states. Through loT-
enabled sensors and industrial networks, the DT receives live input regarding machine status,
environmental condifions, and process flow dynamics, feeding these data intfo the hybrid DES-ABS
framework (Piroumian, 2021; Sadia, 2022). The reciprocal data flow from the simulation to the
physical system supports real-time feedback conftrol, predictive maintenance, and fault diagnosis.
The concept of digital twin—-driven process conftrol therefore unites simulatfion, control, and analytics
info a cohesive system that mirrors, predicts, and influences real-world operations (Danish, 2023;
Suhail, Igbal, Hussain, et al., 2023). Within the proposed H-DEABSF, the DT operates not as a passive
visualization tool but as an active decision-support mechanism that enables real-time control
optfimization via model predictive algorithms. By enabling a cyber-physical feedback loop, this
approach advances smart factory capabilities in responsiveness, energy efficiency, and operational
precision (Arif Uz & EImoon, 2023; Naseri et al., 2023).
Real-fime implementation of hybrid simulation within a CPS environment presents considerable
technical and computational challenges, including latency management, synchronization
accuracy, and model scalability (Hossain et al., 2023; Tao et al., 2017). The H-DEABSF model
addresses these challenges through modular architecture and real-time data coupling. The cyber-
physical testbed employed in this study replicates a flexible manufacturing system equipped with
sensors, actuators, and industrial loT communication protocols. The digital twin continuously
synchronizes with the physical plant, updating the hybrid model based on real sensor data and
tfransmitting optimized control actions computed via MPC. This bi-directional exchange ensures
alignment between simulated and real-world states with latency thresholds below industrial
tolerances (Acharya et al., 2024; Hasan, 2023). Validation metrics focus on throughput efficiency,
energy consumption, equipment utilization, and predictive accuracy of maintenance schedules.
Empirical testing under stochastic conditfions—including machine breakdowns and fluctuating
demand—demonstrated that the hybrid simulation-based control system sustained stable operation
while reducing downtime and process variability. These results confirm the operational feasibility of
hybrid simulation for real-fime industrial control, advancing beyond static modeling approaches by
embedding decision intelligence within the CPS framework (Shoeb & Reduanul, 2023; Negri et al,,
2017).
The primary objective of this study is to design, implement, and validate a Hybrid Discrete-Event and
Agent-Based Simulation Framework (H-DEABSF) integrated with Model Predictive Control (MPC) and
Digital Twin (DT) architectures to enable real-time cyber-physical synchronization and adaptive
process control in smart manufacturing systems. This objective is grounded in the necessity to
develop a robust modeling environment that captures both the structural logic of production
processes and the autonomous, dynamic decision-making behaviors of agents operating within
these systems. The framework seeks to unify event-driven process modeling with decenftralized
control infelligence, thereby bridging the gap between deterministic process optimization and
adaptive operational flexibility. A critical aim is o fransform hybrid simulation from a stafic analytical
tool into a live, data-driven control platform capable of supporting predictive decision-making in
rapidly changing industrial contexts. The study also aims to experimentally validate the H-DEABSF
within a real-fime cyber-physical testbed, demonstrating its capacity to handle stochastic
disturbances, machine variability, and operatfional uncertainty. Through continuous feedback
between the physical and virtual layers, the framework will maintain synchronized system states,
optimize scheduling, and enhance predictive maintenance accuracy. Furthermore, the study aims
to quantify the performance gains of hybrid simulation-based control through metrics such as
throughput improvement, downtime reduction, and latency minimization. By integrating hybrid
simulation with MPC and DT technologies, the overarching objective is to establish a comprehensive
and scalable methodology that supports inteligent process control, resource optimization, and
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system resilience in Industry 4.0 manufacturing environments. This objective not only emphasizes the
scienfific advancement of hybrid modeling theory but also targets practical applicability in industrial
settings where real-time decision-making, interoperability, and system adaptability are critical to
operational excellence.
LITERATURE REVIEW
The body of research surrounding hybrid simulation, model predictive control (MPC), and digital-
twin—-driven cyber-physical systems (CPS) has evolved rapidly in parallel with the broader
transformation of manufacturing under the Industry 4.0 paradigm (Mubashir & Jahid, 2023; Negri et
al.,, 2017). As manufacturing systems become increasingly dynamic, data-intensive, and
inferconnected, fraditfional simulation and control methods are insufficient fo address real-time
decision-making and adaptive process regulatfion. The literature indicates that Discrete-Event
Simulation (DES) provides robust modeling of process flows and resource allocation, while Agent-
Based Simulation (ABS) contributes flexibility, autonomy, and behavioral inteligence to complex
manufacturing models. Intfegrating these paradigms has produced hybrid frameworks capable of
modeling both structured operations and decentralized agent behaviors. Alongside these
developments, MPC has emerged as a critical predictive control method, using process models to
optimize control actions under constraints, and has been progressively integrated into CPS
environments (Dobaj et al., 2022; Razia, 2023). The Digital Twin (DT) concept complements these tools
by linking the physical factory floor with a continuously updated virtual representation that mirrors,
predicts, and informs real-time operations. Within this expanding research field, significant progress
has been made in modeling individual elements—simulation, predictive control, and digital twins—
but fewer studies have achieved real-time integration across all three. Existing literature often focuses
on offline simulation or theoretfical architectures without empirical cyber-physical validation.
Therefore, the present review critically examines the state of the art across these interconnected
domains to identify the methodological gaps, integration opportunities, and performance outcomes
that define the frontier of hybrid modeling research. The review is organized thematically to reflect
the chronological and conceptual progression from simulation foundations to cyber-physical
integration. The following outline provides a structured roadmap for the literature review, detailing
each thematic subsection, its focus, and its relevance to the proposed H-DEABSF framework.
Overview of Simulation in Manufacturing Systems
Simulation has long been recognized as a fundamental analytical and decision-support tool in
manufacturing system design, control, and opfimization. Historically, Discrete-Event Simulation (DES)
emerged as the primary methodology for modeling production systems characterized by discrete
events and process flows, such as machine operatfions, job scheduling, and material handling (de
Oliveira et al., 2024). DES gained traction due to its ability to represent dynamic interactions within
complex production lines under stochastic variability. Early applications focused on bottleneck
identification, throughput estimation, and system layout optfimization in job-shop and flow-shop
environments. As computing capabilities evolved, simulation models became increasingly
sophisticated, integrating multi-product assembly lines, variable batch processes, and machine
reliability models (Negri et al., 2017; Reduanul, 2023). Researchers also applied simulation to strategic
factory planning, emphasizing its role in decision-making during system design and capacity
expansion. DES was adopted widely due to its fransparency and modular structure, which facilitated
scenario-based experimentation without interrupting production (Zhong et al., 2017). Despite its
advantages, DES was limited by its centralized conftrol logic and static decision structure, which
stfruggled to model decentralized decision-making and adaptive human-machine interaction
(Sadia, 2023; Vachdlek et al., 2021). These limitations gradually led to the emergence of hybrid
simulation paradigms that incorporated intelligent agent behavior and adaptive control features.
The early literature, therefore, positioned simulation as both a predictive and diagnostic mechanism
for manufacturing performance assessment, laying the groundwork for its infegration into intelligent
and cyber-physical manufacturing systems (Danish & MZafor, 2024; Zhou et al., 2015).
In manufacturing process control, discrete-event simulation has played a vital role in evaluating
control policies, scheduling heuristics, and flow management strategies under operational
uncertainty. Studies have used DES to analyze material flow efficiency, machine utilization, and
system responsiveness across various manufacturing domains (Jahid, 2024a; Jeschke et al., 2016).
Researches demonstrated that simulation-driven process control supports rapid evaluation of
sequencing, batching, and dispatching rules, leading to measurable improvements in production
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lead time and work-in-process inventory management. DES has also been insfrumental in the analysis

of Just-in-Time (JIT) and Lean Manufacturing principles, allowing manufacturers to test process

configurations before full-scale implementation (Jahid, 2024b; Zhou et al., 2015). In flexible and

reconfigurable manufacturing systems, simulation has enabled the evaluation of layout adaptability

and retooling performance under changing product mixes (Ismail, 2024; Vachdlek et al., 2021).

Furthermore, simulation-based control has proven critical in optimizing batch release policies,

kanban systems, and CONWIP control mechanisms, where the flow of information and materials is
modeled dynamically (Mesbaul, 2024; Shionsky & Wagner, 2005).

Figure 3: Simplified H-DEABSF: Cyber-Physical Deployment and Validation Framework

NEC

Studies expanded the use of DES to semiconductor and electronics manufacturing, illustrating its
potential fo handle complex reentrant flow processes (Jeschke et al., 2016; Omar, 2024; Negri et al.,
2017). Moreover, DES has served as a platform for integrating performance metrics such as energy
efficiency, machine downtime, and production yield. However, while DES provides quantitative
precision in modeling, its reliance on centralized scheduling rules limits its ability to replicate adaptive
decision-making or decentralized control found in modern cyber-physical factories. The literature
consistently concludes that DES serves as a crucial analytical foundation for manufacturing control,
yet its rigidity has prompted the search for hybrid approaches that incorporate behavioral and
cognitive elements into production modeling (Rezaul & Hossen, 2024; Vachdlek et al., 2021).
Recent research situates simulafion as a central enabler of intelligent, interconnected
manufacturing systems driven by data analytics and real-time feedback. Within Cyber-Physical
Systems (CPS), simulation operates as both a predictive and adaptive layer that connects sensing,
computation, and control across networked machines. The emergence of Digital Twins (DTs) has
further strengthened this role, tfransforming simulation from an offline analysis tool into a continuously
updated digital mirror of the physical production environment. Integrated simulation frameworks are
now used to support predictive maintenance, quality control, and energy management, ensuring
that decision-making is informed by real-time data rather than static assumptions (Oliveira et al.,
2024; Momena & Praveen, 2024). Hybrid DES-ABS models embedded within digital twin architectures
have demonstrated superior performance in coordinating multi-agent systems, optimizing
production flow, and maintaining process stability under uncertainty. Empirical studies in automotive,
aerospace, and electronics sectors have shown that cyber-physically integrated simulation improves
responsiveness, reduces downtime, and enhances overall equipment effectiveness (Leitdo et al,,
2017; Muhammad, 2024). Collectively, the literature reveals that simulatfion in manufacturing has
evolved from a descriptive modeling technique to an integral component of intelligent control
architectures. Through hybridization and cyber-physical integratfion, simulation now serves as the
analytical core of smart factories, supporting adaptive scheduling, predictive decision-making, and
real-time process optimization.

Discrete-Event Simulation (DES) in Manufacturing Control

Discrete-Event Simulation (DES) is defined as a modeling approach that represents a system as a
chronological sequence of events, where each event friggers a change in the system'’s state (Saleh
et al., 2019). In manufacturing contexts, DES has served as a principal method for analyzing process
flows, resource allocation, and performance variability in discrete production systems (Meephu et
al., 2023; Noor et al., 2024). The technique provides a framework for evaluating time-dependent
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phenomena such as queue formation, machine utilization, and throughput efficiency. Early DES
applications focused on factory layout design, line balancing, and operatfional sequencing,
establishing simulation as a critical component in production planning. These studies demonstrated
that simulation-based experimentation offers a non-intrusive means of testing alternative scheduling
policies and capacity scenarios without interrupting physical operations (Abdul, 2025; Saleh et al,,
2019). Vdazquez-Serrano et al. (2021) highlighted DES's ability to model high-complexity
manufacturing environments such as semiconductor fabrication, where stochastic variability and
machine downtime require probabilistic modeling. Over time, DES evolved into a decision-support
tool that informs policy development for production confrol, maintenance scheduling, and quality
assurance. Although computationally efficient, traditional DES models primarily relied on static
control structures (EImoon, 2025), limiting their capability to represent distributed decision-making or
dynamic human-machine collaboration. Nevertheless, its precision in modeling event-driven
processes made DES the foundation upon which hybrid and cyber-physical simulation frameworks
were |ater constructed (Elmoon, 2025).

Figure 4: Discrete-Event Simulation (DES) in Manufacturing Control

DISCRETE-EVENT
SIMULATION
IN MANUFACTURING
CONTROL
- { N fr——
PROCESS MODELING FLEXIBLE
* Event-driven systems »| MANUFACTURING
» Workflow analysis » Adaptability
|+ Queue dynamics testing
1 . * Reconfigura-
SCHEDULING & | A
OPTIMIZATION "| production

* Production scheduling
» Dispatching rules
« Lead time reduction

-

STOCHASTIC ANALYSI
» Random events
» System disturbancses
| * Control strategies

DES has played a pivotal role in evaluating production scheduling and optimization policies under
condifions of uncertainty. Early studies employed DES to analyze job-shop scheduling, batching rules,
and dispatching heuristics aimed at minimizing lead time and work-in-process inventory (Hozyfa,
2025; Pérez Briceno et al., 2025). These models demonstrated that simulation can quantify trade-offs
between throughput and system utilization, offering insights unattainable through static
mathematical programming. Sousa et al. (2019) applied DES to flexible manufacturing systems,
showing that rule-based dispatching combined with stochastic demand modeling improved
resource allocation efficiency. Similarly, Vazquez-Serrano et al. (2021) reported that DES-assisted
optimization enables more accurate evaluation of bottleneck behavior and re-enfrant flow
processes. In semiconductor and automotive manufacturing, where variability and setup
dependencies complicate analytical control, DES has been instrumental in designing adaptive
sequencing mechanisms. Simulation studies have also analyzed the impact of lean strategies and
just-in-fime production control, revealing that DES can identify the optimal balance between buffer
size and throughput stability (Jahid, 2025b). Moreover, research on manufacturing line balancing
illustrates how simulation helps maintain synchronized task allocation among machines to reduce
idle time (Jahid, 2025a; Alam, 2025). The accumulation of these studies underscores DES as an
indispensable method for quantifying performance improvement across diverse manufacturing
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systems. Its adaptability to complex, stochastic processes allows precise modeling of production
dynamics, making it a core analytical instrument for manufacturing confrol and optimization.
Agent-Based Simulation (ABS) in Smart Manufacturing
Agent-Based Simulation (ABS) is a computational modeling approach that represents systems as
collections of autonomous, interacting entities called agents—each capable of independent
decision-making and adaptive behavior (Clausen et al., 2019; Masud, 2025; Arman, 2025). Within
manufacturing research, ABS is widely recognized for its ability to replicate decentralized decision-
making, emergent behaviors, and dynamic interactions among machines, operators, and control
systems ((Hotfchkiss et al., 2005; Jakaria et al., 2025; Mohaiminul, 2025). Early work established the
foundations for multi-agent systems, defining agents as entities possessing autonomy, reactivity,
proactivity, and social ability. This theoretical framework provided the basis for ABS applications in
manufacturing, logistics, and supply chains, where individual entities interact to achieve system-wide
coordination. ABS differs from traditional Discrete-Event Simulation (DES) by emphasizing behavioral
rules rather than event scheduling, allowing it to capture learning, negotiation, and collaboration
within production environments (Bonabeau, 2002; Mominul, 2025). The literature identifies ABS as an
effective method for modeling human-machine collaboration, distributed control systems, and
adaptive production planning. In particular, ABS facilitates modeling of local decision-making
processes that influence global system performance—an essential feature of modern smart factories
driven by artificial inteligence and cyber-physical connectivity (Rezaul, 2025; Yousefi & Ferreirqg,
2017). Through these capabilities, ABS provides a modeling foundation for capturing the behavioral
complexity, heterogeneity, and autonomy that characterize Industry 4.0 manufacturing ecosystemes.
A defining strength of ABS lies in its ability to model autonomy and adaptability, especially within
human-centered and robot-assisted manufacturing systems. In confrast to DES, where processes
follow predetermined rules, ABS agents possess the capacity to perceive their environment and
modify decisions in response to contextual changes (Tracy et al., 2018). Charte et al.(2015) applied
ABS to represent human operators as intelligent agents capable of learning and skill development,
enabling simulation of human variability and its influence on productivity. Similarly, Hotchkiss et al.,
(2005) demonstrated that modeling human behavioral factors within ABS can improve the realism of
production system simulations, particularly when analyzing workforce flexibility, fatigue, and shift
scheduling. In collaborative manufacturing, agents can represent both humans and robots,
capturing their interaction patterns, task sharing, and safety coordination (Bonabeau, 2002;
Hotchkiss et al., 2005; Rezaul & Rony, 2025; MHasan, 2025). Studies incorporated autonomous agents
to evaluate adaptive responses to disturbances such as equipment failures and resource constraints.
This capability allows ABS to analyze emergent system behaviors that arise from local decision-
making and communication among multiple agents (Yousefi & Ferreira, 2017). Research in socio-
technical systems further highlights the use of ABS to explore human decision biases, training effects,
and cognitive load within manufacturing feams ((Bonabeau, 2002; Milon, 2025; Rabiul, 2025).
Collectively, these studies demonstrate that ABS bridges the technical and behavioral dimensions of
smart manufacturing, enabling the simulation of decision-making processes that reflect both
mechanical performance and human adaptability within complex production environments.
ABS has become instrumental in representing distributed control architectures that are central to
smart manufacturing systems. Traditional centralized control models, often implemented through
DES, assume that a single decision-making entity optimizes all system parameters. In contrast, ABS
allows control decisions to be distributed among aufonomous agents—each responsible for
localized objectives while confributing fo global system stability (Hasan & Abdul, 2025; Farabe, 2025;
Yousefi & Ferreira, 2017). Research also that distributed control modeled via ABS enhances system
robustness by enabling flexible reallocation of resources during operational disruptions. In
manufacturing execution systems, agents can represent machines (Momena, 2025; Mubashir, 2025;
Tracy et al., 2018; Yousefi & Ferreira, 2017), tools, or production cells that negotiate task assignments
and schedule adjustments dynamically. Such agent-based negotiation processes reflect real-world
practices in adaptive scheduling and production coordination. Studies revealed that ABS supports
resilience by allowing agents to independently select recovery strategies in the presence of
disturbances or machine breakdowns. In complex logistics systems, ABS has been applied to model
autonomous vehicles, inventory nodes, and human workers operafing cooperatively within
distributed control networks (Pankaz Roy, 2025; Rahman, 2025; Tao et al., 2024). Research on hybrid
manufacturing control demonstrated that agent-based systems can achieve performance levels
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comparable to centralized optimization, but with greater fault tolerance and scalability (Rakibul,
2025; Reduanul, 2025; Yousefi & Ferreira, 2017). Through these applications, ABS has become
essential in representing decentralized, adaptive, and communication-driven control mechanisms
that define smart manufacturing architectures.
Hybrid DES-ABS Simulation Frameworks
The integration of Discrete-Event Simulation (DES) and Agent-Based Simulation (ABS) emerged as a
response to the methodological limitations inherent in single-paradigm simulation models. DES, while
effective in modeling process flows, scheduling, and queuing systems, assumes a cenfralized
decision structure and lacks the capacity to represent individual behaviors or local decision-making
processes. Conversely, ABS focuses on decentralized inteligence and interaction among
autonomous agents but often struggles with representing the structured temporal and event-driven
processes characteristic of manufacturing systems (Hofchkiss et al., 2005; Rony, 2025; Saba, 2025).
Researchers identified that combining these paradigms allows simultaneous modeling of operational
workflows and behavioral dynamics, creating a multi-layered analytical environment. The hybrid
DES-ABS framework therefore represents a methodological evolution that captures both macro-
level process control and micro-level decision autonomy within a single simulation environment (Kim
et al., 2004; Kumar, 2025; Praveen, 2025). Empirical applications have demonstrated that hybrid
models enhance analytical precision by integrating event scheduling from DES with the adaptive
behavior and communication capabilities of ABS. This hybridization enables researchers and
practitioners to analyze how distributed decision-making among agents affects global process
performance, a capability that tfraditional DES cannot achieve in isolation. As a result, hybrid DES-
ABS frameworks have become instrumental for modeling intelligent manufacturing systems where
human, machine, and digital agents interact dynamically within structured production processes.

Figure 5: Hybrid DES-ABS Simulation Frameworks
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Hybrid DES-ABS frameworks rely on robust structural design to ensure synchronization between event-
driven processes and agent-based decision logic. In these models, the DES layer manages system-
level events such as task initiation, machine state changes, and queue progression, while the ABS
layer governs agent behaviors, interactions, and learning mechanisms (Shaikat, 2025; Zaki, 2025;
Stosch & Glassey, 2018). Temporal synchronization between the two simulation domains is one of the
central challenges, as DES typically operates on discrete fime steps while ABS relies on asynchronous
decision updates. To address this issue, researchers have developed hierarchical and modular
coupling architectures that coordinate the temporal resolution of DES and ABS components (TKanfi,
2025; Vdazquez-Serrano et al., 2021). Hybrid models often employ message-passing systems that allow
agents to respond to DES-triggered events, ensuring that behavioral adaptation aligns with
operational constraints. Mustafee et al. (2021) highlighted that synchronization fidelity is crucial for
preserving model accuracy, particularly when modeling large-scale systems involving human
operators, automated machinery, and robotic agents. Modular integratfion techniques enable the
separation of process logic and agent inteligence, which enhances scalability and reduces
computational complexity. Moreover, standardization efforts have focused on developing common
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simulation ontologies and data exchange protocols to facilitate interoperability between DES and
ABS software platforms. Through these advances, hybrid frameworks maintain both the structured
event scheduling of DES and the autonomy-driven adaptability of ABS, resulting in coherent, multi-
layered representations of manufacturing systems capable of capturing both procedural flow and
emergent behavior.
The literature documents a growing number of applications of hybrid DES-ABS models in
manufacturing, production logistics, and industrial process optimization. Studies in flexible and
reconfigurable manufacturing systems demonstrate that hybrid simulation effectively models both
operational workflows and adapftive decision-making (Gutierrez-Franco et al., 2021). These models
represent machines, robots, and operators as autonomous agents interacting within the event-
based structure of production processes. Vazquez-Serrano et al. (2021) employed a hybrid DES-ABS
approach to evaluate distributed scheduling mechanisms in a reconfigurable production line,
demonstrating improved resource utilization and throughput stability. Similarly, Gutierrez-Franco et
al., (2021) applied hybrid frameworks to analyze system resilience under stochastic disturbances,
reveadling that decentralized agent negotiation enhances system recovery time after disruptions.
Research in assembly and logistics systems further illustrates that hybrid models provide a balanced
representation of transport coordination, queue management, and agent decision-making
(Mustafee et al.,, 2021). In automated production environments, the combination of DES for event
sequencing and ABS for adaptive task assignment supports dynamic reconfiguration and self-
organizing behavior. Empirical case studies confirm that hybrid frameworks reduce bottleneck
effects, improve utilization rates, and enhance predictive performance across multi-stage
production systems. By enabling concurrent modeling of operational logic and infelligent agent
behavior, hybrid DES-ABS simulation offers a comprehensive analytical foundation for understanding
modern manufacturing systems characterized by autonomy, interconnectivity, and dynamic
adaptability.
Model Predictive Control (MPC) in Dynamic Manufacturing Systems
Model Predictive Control (MPC) is a constrained, optfimization-based control paradigm that
computes control actions by repeatedly solving a finite-horizon prediction problem using an explicit
process model and applying only the first control move before re-optimizing at the next sampling
instant (Viot et al., 2018). Within the control community, MPC’s defining characteristics are
multivariable handling, explicit constraint management, and the capacity to encode economic or
fracking objectives directly in the cost function. In manufacturing contexts, these properties align
with plant requirements that couple interacting unit operations, machine limits, safety envelopes,
and quality specifications, under variable demand and nonstationary disturbances. The industrial
lineage of MPC in the process industries documents widespread, long-horizon deployments in
chemical, refining, and pulp-and-paper facilities due fo its fractable quadratic programming
structure and favorable operator acceptance. Extensions address model mismatch and
disturbances through output-feedback formulations, offset-free tracking with disturbance models,
and estimator designs that incorporate Kalman filtering or moving-horizon estimation (Liu et al., 2018).
Manufacturing systems infroduce hybrid dynamics—setup changes, transport delays, batch
fransitions, resource switches—that interact with continuous actuators and discrete events,
motivating formulations that embed mixed-logical or hybrid models within MPC optimizations.
Economic and reference-tracking MPC variants have been examined for production rate control,
energy-quality trade-offs, and quality-of-service metrics in tightly integrated lines. Collectively, these
foundations establish MPC as a model-centric framework compatible with multivariable constraints,
fransient performance objectives, and the hybrid characteristics that frequently occur in dynamic
manufacturing systems.
Uncertainty in manufacturing—arising from unmeasured disturbances, variable cycle times, tool
wear, and demand fluctuations—has been addressed by robust and stochastic MPC formulations
that preserve feasibility and performance under bounded or probabilistic variations. Tube-based
robust MPC encapsulates uncertainty within an invariant “tube” around a nominal trajectory,
yielding tractable optimizations with guaranteed constraint satisfaction. Stochastic MPC introduces
chance constraints and scenario frees to represent demand variability, batching uncertainty, or
random breakdowns within the optimization problem (Baban et al., 2015). In discrete manufacturing,
mixed-intfeger MPC (MI-MPC) captures sequence-dependent setups, on/off logic, and routing
decisions, linking combinatorial scheduling with continuous control envelopes. Hybrid automata and
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piecewise-affine models extend representational fidelity where operating modes change with tool
state, buffer occupancy, or shift boundaries. Offset-free tracking, infegral action in the estimator,
and disturbance-augmented models reduce steady-state bias caused by unmodeled losses or slow
drift, a recurrent issue in lines with wear and fouling (Pannocchia & Rawlings, 2003). Economic MPC
(EMPC) replaces set-point tracking with profit- or cost-driven objectives that internalize utilities, scrap
penalties, and throughput targets, which is pertinent for energy-intensive unit operations and taki-
time constraints (Pereira et al., 2018; Zobayer, 2025). These streams of work delineate a spectrum of
MPC formulations that align with uncertainty structures and logical constraints common to dynamic
manufacturing.
Digital Twin and Cyber-Physical Systems
The concept of the digital twin (DT) originated as a virfual representation of a physical product or
process that is confinuously updated with real-time data, creatfing a closed information loop
between the physical and digital domains (Tao et al., 2024). A cyber-physical system (CPS),
conversely, infegrates computation, communication, and physical actuation in a unified feedback
framework (Bellavista et al., 2021). When combined, these two paradigms create a continuously
synchronized environment in which sensors, machines, and digital models interact to optimize
manufacturing performance. The DT serves as a virtual mirror that captures the physical system'’s
status, behavior, and evolution, while CPS provides the embedded control architecture that links
sensing, computation, and actuation. This integration has been widely recognized as a cornerstone
of Industry 4.0, promoting real-time visibility, adaptive control, and data-driven decision support.
From a systems-engineering perspective, the DT encapsulates multiple layers—physical, virtual, and
service—connected through a data-communication network enabling contfinuous feedback.
Studies in aerospace, automotive, and industrial automation domains have confirmed that digital
twins reduce maintenance costs, shorten development cycles, and enhance product traceability.
As such, DT and CPS together form the technological infrastructure that enables the fransformation
of conventional manufacturing into intelligent, autonomous, and predictive systems capable of self-
optimization and self-diagnosis.

Figure 6: Model Predictive Control (MPC) in Dynamic Manufacturing Systems
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The architecture of digital-twin-driven cyber-physical systems is typically layered to include data
acquisition, model management, synchronization, and control modules. In a canonical design,
sensors and |oT devices collect high-frequency data that populate the digital model in real time
(Martinez et al., 2021). The DT maintains a bidirectional link between the virtual and physical realms,
allowing changes in either domain to propagate automatically. Lei et al.(2023) proposed a
classification scheme distinguishing digital models, digital shadows, and digital twins according to
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the degree of data coupling and feedback. The fightest form—true digital twin synchronization—
enables real-fime decision-making by embedding physics-based or data-driven models that mirror
actual operational states. Within this framework, Model Predictive Control (MPC) and optimization
algorithms serve as intelligence layers, interpreting DT data to issue control commands through the
CPS actuation layer. Empirical studies in flexible manufacturing and smart assembly have
demonstrated that digital-twin integration reduces latency in feedback loops and improves
scheduling precision. Architectures employing service-oriented middleware and standardized
communication protocols such as OPC-UA and MQITT ensure interoperability between
heterogeneous components. The architectural literature consistently identifies synchronization
accuracy, tfemporal resolution, and semantic interoperability as decisive factors for the stability and
scalability of digital-twin-enabled CPS infrastructures in manufacturing.
Data Fusion, Modeling, and Simulation Integration
A cenfral challenge in digital-twin-based cyber-physical integration is the fusion of heterogeneous
data from machines, sensors, and enterprise systems. Manufacturing environments generate multi-
scale data—including physical measurements, control variables, and quality indices—that must be
harmonized into a coherent digital representation (Bellavista et al., 2021). Advanced data-fusion
techniques employ signal processing, statistical filtering, and machine-learning pipelines to integrate
streaming data into simulation and control modules (Escriba-Gelonch et al., 2024). The coupling of
simulation frameworks such as Discrete-Event Simulation (DES) and Agent-Based Simulation (ABS)
within the digital twin provides an operational backbone for predictive analysis and adaptive
scheduling (Lv, 2023). In such hybrid models, DES captures event-driven process logic, whereas ABS
represents autonomous decision behavior among machines and human operators. Studies
integrating DTs with hybrid DES-ABS simulation have shown improved fault detection and dynamic
reconfiguration under disturbances (Naderi & Shojaei, 2023). Furthermore, real-time synchronization
between simulation outputs and physical systems allows predictive maintenance strategies to pre-
empt faults before they propagate. Data-driven digital-twin models increasingly utilize surrogate
modeling, neural networks, and Bayesian inference to update system states, closing the loop
between model prediction and physical feedback. These integrated data-fusion and simulation
processes position the digital twin as both an analytical and operational core of modern cyber-
physical manufacturing systems.
Applications in Smart Manufacturing and Industrial Automation
The deployment of digital-twin-enabled CPS architectures has demonstrated measurable gains in
efficiency, flexibility, and resilience across industrial sectors. In automofive and aerospace
production, digital twins support assembly-line synchronization, defect prediction, and lifecycle
management (Bauer et al., 2024). Semiconductor fabrication facilities employ DT-based monitoring
to maintain nanometer-scale folerances by integratfing real-time metrology data with predictive
control algorithms. In process industries, CPS-driven DT systems provide adaptive control of reactors,
heat exchangers, and batch operations, balancing yield and energy consumption. Research on
smart factories reveals that digital twins enable reconfiguration under varying demand conditions
by coordinating autonomous robots and additive-manufacturing equipment. Predictive
maintenance studies demonstrate reductions in unplanned downtime exceeding 20 %, attributed to
early detection of machine anomalies through DT-based analytics (Michael et al., 2022). Energy-
optimized CPS control layers integrated with digital twins reduce consumption through adapftive
scheduling of high-load equipment. Empirical case studies further illustrate how DT platforms foster
vertical and horizontal integration across enterprise, production, and shop-floor levels, aligning with
the interoperability goals of Industry 4.0 reference architectures (Acharya et al., 2024). Collectively,
these applications confirm that digital-twin technology, when embedded within cyber-physical
conftrol loops, enhances manufacturing intelligence by providing continuous situational awareness
and closed-loop optimization. This section will synthesize the literature on real-time and cyber-
physical deployment of hybrid simulations. It will address technical issues such as latency
management, synchronization fidelity, and computational efficiency. Studies that implemented
hybrid or DT-linked simulations in operational testbeds will be analyzed, focusing on performance
evaluation, sensor-data coupling, and control responsiveness. This subsection will justify the need for
the H-DEABSF validation experiments by highlighting the Ilimited number of real-world
implementations in the current literature.
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METHOD
This study employed a quantitative experimental design fo examine the operational performance
and predictive accuracy of the Hybrid Discrete-Event and Agent-Based Simulation Framework (H-
DEABSF) integrated with Model Predictive Control (MPC) and Digital Twin (DT) technologies in a
cyber-physical manufacturing environment. The objective of the research design was to statistically
evaluate the causal relationships among simulation-based control parameters, predictive model
responsiveness, and real-time system performance indicators. The methodological approach
followed a deductive paradigm, grounded in quantitative reasoning, using numerical data from
controlled industrial testbeds and simulation outputs fo validate the hypothesized improvements in
throughput efficiency, latency reduction, and predictive accuracy. The experiment was designed
as a multi-stage validation process involving simulation calibration, real-tfime deployment, and
empirical measurement under varying operational loads. Data were recorded through sensor
networks, programmable logic confrollers (PLCs), and digital twin interfaces embedded within the
smart factory system. The study confrolled for confounding variables such as machine cycle time
variability, buffer capacity, and demand fluctuation by maintaining constant production flow
scenarios for each test condition. A repeated-measures quantitative structure was adopted,
allowing each system configuration (DES-only, ABS-only, and hybrid DES-ABS) to be tested under
identical conditions for statistical comparability. This design ensured reliability of observed differences
across dependent variables including throughput rate, utilization efficiency, and response latency.
The quantitative structure was therefore aimed at producing empirically verifiable, statistically
significant results on the operational effectiveness of H-DEABSF within a cyber-physical conftrol
framework.
Data collection occurred in a cyber-physical laboratory testbed replicating a smart manufacturing
cell with infegrated sensors, actuators, and control systems. The physical subsystem consisted of
automated workstations connected by a conveyor and monitored through an industrial Internet of
Things (lloT) network using MQTT and OPC-UA protocols for data synchronization. The Digital Twin was
implemented as a real-time digital replica of the physical system, confinuously updated by live data
streams from sensors and controllers. The hybrid simulation model was developed in a multi-agent
simulation platform (AnyLogic 8.7) and linked to the physical environment through a communication
middleware enabling bidirectional data exchange. The Model Predictive Control algorithm was
implemented using MATLAB Simulink and integrated with the digital twin for dynamic process
optimization based on model forecasts. During experimentation, data were collected at one-
second intervals across 12 independent operational cycles, each lasting 60 minutes, yielding
approximately 43,200 data points per test condition. Collected data included metrics such as cycle
time, queue length, throughput, machine utilization, idle time, and energy consumpftion. Each
experimental run was repeated three fimes to ensure statfistical consistency and reduce
measurement error. Environmental variables such as femperature and power stability were
monitored to maintain experimental control. Raw data were stored in structured time-series
databases and preprocessed using Python for outlier detection, normalization, and missing value
tfreatment. The data collection procedures followed ISO 10303 and ASTM E2932 guidelines for digital
manufacturing data integrity. All measurements were calibrated and validated prior to analysis to
ensure reliability and accuracy across digital and physical data sources.
The quantitative analysis was structured around independent, dependent, and control variables
operationalized through numerical indicators relevant to process control and system performance.
The independent variable was the conftrol architecture type—specifically, the configuratfion of the
simulation and control framework (DES-only, ABS-only, and hybrid DES-ABS integrated with MPC). The
dependent variables comprised measurable system performance mefrics: throughput rate
(units/hour), utilization ratio (% of machine activity), average response latency (milliseconds),
predictive accuracy (% deviation between forecasted and actual performance), and fault recovery
fime (seconds). Additional dependent measures included queue stability index, energy
consumption (kWh/unit), and data synchronization error (latency variance between physical and
digital signals). Conftrol variables such as environmental stability, product mix, and operator
intervention were held constant across all experimental runs. Quantitative measures were derived
through real-time system logs and validated by cross-checking against the digital twin dataset. Each
meftric was standardized using z-score normalization for comparability across trials. Throughput and
utilization were calculated using established formulas based on cumulative production and
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operating fime, while latency and predictive accuracy were determined from timestamped event

data and model forecasts. Fault recovery time was computed by measuring the duration between

detected disruption and resumption of normal operation. The variable selection ensured that each

construct was empirically measurable, statistically testable, and directly related to the functional

performance of H-DEABSF. Collectively, the defined variables enabled comprehensive quantitative
evaluation of the framework’s real-time control efficiency and predictive modeling reliability.

Figure 7: Research Method adopted for this study
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The study employed a combination of descriptive, inferential, and correlational statistical techniques
to analyze the collected data. Descriptive statistics summarized performance distributions using
measures of central fendency and dispersion (mean, standard deviation, variance, and coefficient
of variation). Inferential analyses tested hypotheses regarding the comparative efficiency of control
frameworks using one-way and two-way Analysis of Variance (ANOVA) tests. Post hoc comparisons
(Tukey's HSD) identified statistically significant differences between experimental groups (DES-only,
ABS-only, and hybrid). Regression analysis was used to examine predictive relationships between
system latency, throughput, and control responsiveness under dynamic conditions. Pearson
correlation coefficients quantified the degree of association between simulation accuracy and
operational efficiency, while multivariate analysis (MANOVA) evaluated the joint effect of control
architecture and disturbance level on multiple performance outcomes. A confidence level of 95%
(p <.05) was adopted as the threshold for staftistical significance. In addition, fime-series analysis and
Fourier decomposition were applied to latency and throughput signals fo detect temporal patterns
and periodicity in control performance. Residual diagnostics validated the assumptions of normality
and homoscedasticity for regression models. The data analysis was performed using SPSS (v.29) and
MATLAB (R2024a) toolboxes, ensuring computational reproducibility. Statistical reliability was
assessed through Cronbach’s a (> .80) for measurement consistency and Cohen’s d for effect-size
estimation. These analytical techniques collectively provided quantitative evidence of the
performance differentials between traditional and hybrid control architectures, ensuring a rigorous
statistical foundation for validating the H-DEABSF framework.

FINDINGS

Throughput Efficiency

The quantitative results demonstrated a consistent improvement in throughput performance when
the Hybrid Discrete-Event and Agent-Based Simulation Framework (H-DEABSF) was deployed in
comparison with conventional simulation and control approaches. Table 1 summarizes the
descriptive statistics obtained across twelve experimental cycles under three configurations:
Discrete-Event Simulation (DES)-only, Agent-Based Simulation (ABS)-only, and the integrated Hybrid
DES-ABS with Model Predictive Confrol (MPC). The hybrid configuration achieved a mean
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throughput of 512 units per hour, representing a 22.8% increase relative to the DES-only baseline and

a 17.6% improvement over the ABS-only configuration. The standard deviation for the hybrid model

was also markedly lower, suggesting greater process consistency and lower variability under

dynamic loading conditions. Statistical testing using one-way ANOVA yielded an F-value of 19.47 (p

< .001), confirming that the performance differences among configurations were statistically

significant at the 95% confidence level. These results demonstrate that integrating hybrid simulation

with MPC and digital-twin feedback mechanisms substantially enhances the production flow's

responsiveness to stochastic variations. The hybrid framework maintained throughput stability across

all twelve trials, whereas both the DES-only and ABS-only systems exhibited significant fluctuations

caused by queuing delays and delayed resource reallocation. The quantitative evidence therefore

confirms that the hybrid simulation framework not only improves productivity but also establishes a
more stable and predictable manufacturing process under cyber-physical conditions.

Table 1: Comparative Throughput Performance under Three Simulation Configurations

Configuration Mean Throughput Std. % Improvement vs. ANOVA p-
(units/hr) Deviation DES F value
DES-only 417 34.5 —
ABS-only 435 29.1 +4.3% 19.47 <.001
H-DEABSF 512 18.2 +22.8%
(Hybrid)

Response Latency and Real-Time Synchronization

Latency and synchronization represent critical determinants of cyber-physical control stability. The
empirical findings showed that the hybrid configuration yielded a significant reduction in both
communication and execution delay relative to fraditional models. As presented in Table 2, the
mean latency for the H-DEABSF configuration was 182 milliseconds, substantially lower than the 298
milliseconds recorded under DES-only and the 263 milliseconds under ABS-only configurations. The
hybrid model consistently maintained signal synchronization across simulation and physical layers
with a maximum deviation of 0.19 seconds during high-frequency data transfer events. Variance
analysis produced an F-value of 16.82 (p <.001), confirming statistically significant latency differences
between configurations. Moreover, cross-correlation analysis revealed a synchronization coefficient
of 0.97 between digital and physical datasets for the hybrid system, compared with 0.89 for DES-only
and 0.91 for ABS-only models. These results underscore the hybrid system's superior ability to
coordinate real-time feedback within fight temporal tolerances, an outcome largely attributed to
the integration of MPC with digital-twin streaming. The reduction in latency not only ensures rapid
system reactivity but also enhances predictive adjustment accuracy, as the system can execute
control actions nearly instantaneously after deviations are detected. Consequently, the hybrid
approach exhibits robust synchronization performance critical for adaptive manufacturing systems
operating under variable production loads.

Table 2: Average Latency and Synchronization Performance in Real-Time Operations

Configuration Mean Latency Max Sync Sync Correlation ANOVA p-
(ms) Deviation (s) (r) F value
DES-only 298 0.31 0.89 16.82 <.00T
ABS-only 263 0.27 0.91
H-DEABSF 182 0.19 0.97
(Hybrid)

Predictive Accuracy and Model Reliability

The hybrid framework’s integration with Model Predictive Control significantly enhanced forecasting
precision and overall model reliability. As shown in Table 3, the Root Mean Square Error (RMSE)
between predicted and actual process states was lowest for the hybrid configuration at 0.042,
compared to 0.093 for DES-only and 0.079 for ABS-only. The corresponding predictive accuracy,
defined as the percentage of correctly anticipated deviations, reached 96.2% for the hybrid model,
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outperforming the standalone configurations by over 10 percentage points. The correlation between
predicted and actual performance trends in the hybrid framework yielded a coefficient (r) of 0.98,
indicating near-perfect alignment between the model's forecasts and observed outcomes.
Regression diagnostics confirmed that the hybrid model’s predictive outputs accounted for 94% of
the variance in system behavior (R? = .94), validating the model’s strong explanatory power.
Statistical comparisons using paired-sample t-tests between predicted and actual series showed
non-significant differences for the hybrid framework (t = 1.21, p = .23), confirming forecast reliability.
These findings substantiate that embedding predictive conftrol within hybrid simulation reduces
model drift and improves the accuracy of decision-making under real-fime operational conditions.
In manufacturing environments characterized by stochastic variability, the ability of H-DEABSF to
maintain a forecast error below 5% signifies its maturity as a validated predictive analytics instrument.

Table 3: Predictive Accuracy and Forecast Error Comparison

Configuration RMSE Predictive Accuracy (%) Correlation (r) R? t-statistic p-value

DES-only 0.093 84.7 0.91 83 3.42 .002
ABS-only 0.079 86.4 0.94 87 297 .005
H-DEABSF (Hybrid) 0.042 96.2 0.98 924 1.2] .23

Resource Utilization and Energy Optimization

Quantitative evaluation of resource efficiency and energy performance revealed that the hybrid
simulation framework achieved superior optimization in both machine utilization and energy
consumption. Table 4 illustrates that average machine utilization under the hybrid configuration
reached 91.5%, representing an 11.7% improvement compared to DES-only and a 9.2% improvement
compared to ABS-only systems. Energy consumption per production cycle decreased by 15.8%
relative to the DES-only configuration, indicating that predictive scheduling and intelligent control
reduced idle periods and redundant operations. MANOVA analysis confimed a stafistically
significant joint effect of control architecture on both utilization and energy consumption metrics
(Wilks® A = 0.73, F(4, 48) = 9.65, p < .001). Pearson correlation analysis between energy use and
throughput yielded a coefficient of -0.84 for the hybrid model, signifying that increased output was
associated with proportional reductions in energy input—a result consistent with optimal predictive
conftrol performance. The stability of utilization rates over time also exhibited low variance (02 =
0.018), reflecting balanced resource allocation across production cycles. The findings affirm that
integrating MPC within the hybrid simulation enabled dynamic scheduling and adaptive load
distribution, enhancing both operational efficiency and sustainability metrics in cyber-physical
manufacturing contexts.

Table 4: Resource Utilization and Energy Perfformance Comparison

Configuration Machine Energy Consumption Variance Wilks’ p-
Utilization (%) (kWh/unit) (o?) A value
DES-only 79.8 1.42 0.045 0.73 <.001
ABS-only 82.3 1.36 0.031
H-DEABSF 91.5 1.19 0.018
(Hybrid)

Fault Recovery and System Stability

System fault recovery and operational resilience were critical indicators of the hybrid model’'s conftrol
reliability. Table 5 presents comparative data for mean time to detect (MTTID) and mean time to
recover (MTIR) from simulated disturbances. The hybrid configuration exhibited an average
detection time of 2.3 seconds and recovery time of 6.8 seconds, outperforming DES-only (4.9 seconds
MTTD; 14.6 seconds MTTR) and ABS-only (3.7 seconds MTID; 11.2 seconds MTIR). Statistical analysis
yielded an F-value of 24.63 (p < .001), confirming significant variance reduction in recovery durations.
The hybrid model also maintained a stability index of 0.93, defined as the proportion of time the
system remained within operational thresholds, compared to 0.81 for DES-only and 0.86 for ABS-only
systems. The improvement reflects the hybrid model’s ability to leverage predictive fault detection
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and coordinated agent responses through real-time feedback. Time-series analysis of recovery

intervals revealed smooth post-fault stabilization without oscillatory overshoot, indicating robust

closed-loop conftrol characteristics. Quantitatively, the reduction in average recovery duration by

53% under hybrid simulatfion underscores the framework’s effectiveness in maintaining production

continuity during disruptions, validating its capacity for resilient operation in cyber-physical
manufacturing settings.

Table 5: Fault Detection, Recovery, and Stability Metrics

Configuration MTTD (s) MTIR (s) Stability Index F-value p-value
DES-only 4.9 14.6 0.81 24.63 <.001
ABS-only 3.7 11.2 0.86
H-DEABSF (Hybrid) 2.3 6.8 0.93

The aggregated results across all performance dimensions confirm that the hybrid simulation
framework statistically outperformed the standalone DES and ABS models. The multivariate analysis
revealed significant overall differences (p < .001) across all dependent variables tested, including
throughput, latency, predictive accuracy, and fault recovery. Effect size calculations produced
large magnitudes (Cohen’s d = 1.28-1.64), indicating substantial practical significance beyond
statistical thresholds. Reliability tests produced Cronbach’s a = 0.91, confirming high internal
consistency among repeated measurements. Figure-based correlation analysis (not shown here)
further illustrated strong positive relationships between predictive accuracy, utilization efficiency,
and throughput. Collectively, the findings validate the H-DEABSF framework as a statistically robust
and empirically verified method for real-fime process optimization within smart factory environments.
The hybrid infegration of discrete-event and agent-based simulation with model predictive conftrol
and digital-twin feedback constitutes a quantitatively superior architecture for achieving adapfive,
efficient, and stable cyber-physical manufacturing performance.

DISCUSSION

The quantitative findings of this study demonstrated that the integration of the Hybrid Discrete-Event
and Agent-Based Simulation Framework (H-DEABSF) with Model Predictive Control (MPC) and Digital
Twin (DT) technologies produced statistically significant improvements across all operational
dimensions. These results align with an expanding body of research emphasizing hybrid simulation as
a key enabler of adaptive and intelligent manufacturing systems. Previous investigations established
that while Discrete-Event Simulation (DES) effectively models process flows, it lacks behavioral depth,
and while Agent-Based Simulation (ABS) captures decision autonomy, it cannot model detailed
process dependencies alone. The present findings validate these theoretical distinctions by showing
that the hybrid integration yields superior throughput, stability, and responsiveness under dynamic
condifions. The observed throughput improvement of 22.8% and latency reduction of 39%
correspond closely with findings by Suhail, Igbal and Jurdak (2023), who reported similar gains in
adaptive scheduling through hybrid architectures. Likewise, Leng et al. (2021) demonstrated that
hybridized simulation models improve the precision of operational forecasting, which mirrors the
predictive accuracy (96.2%) achieved in the current experiment. These comparative outcomes
confirm that coupling event-driven control with decentralized agent interactions results in better
coordination and decision adaptability. The integration of MPC further extends the theoretical
framework proposed by Malakuti and GrUner (2018), whose work emphasized model-based
predictive adjustments for maintaining stability under uncertainty. Thus, the convergence between
this study’s empirical outcomes and earlier theoretical propositions reinforces the assertion that
hybrid, model-predictive frameworks represent a viable evolution in intelligent process control for
cyber-physical manufacturing environments.

The pronounced improvement in throughput observed in the H-DEABSF configuration substantiates
earlier findings regarding hybrid simulation’s capacity to optimize production flow under stochastic
demand and variable process conditions. The results corroborate the assertions (Minerva & Crespi,
2021), who noted that DES-based control models alone are often insufficient for managing dynamic
disturbances in high-mix production systems. The hybrid model’s throughput gain of more than 20%
over traditional frameworks confirms the theoretical premise advanced by Kuruvatti et al. (2022),
that distributed decision intelligence embedded within agent-based components can alleviate
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process congestion and enhance resource coordination. Similar throughput acceleration was
documented in studies by Liu et al. (2018), where hybrid systems consistently outperformed
sequential and centralized scheduling models in manufacturing simulations. The high process stability
observed in the present research also supports the conclusions drawn by Ivanov et al. (2016), who
identified hybrid modeling as a stabilizing factor in supply chain dynamics through improved flow
control and feedback regulation. Moreover, the consistency of the hybrid system’s throughput
variance with findings from Badakhshan et al. (2022) demonstrates that predictive scheduling can
reduce idle and queuing times even in reconfigurable production systems. The significant ANOVA
results (p <.001) reinforce empirical frends reported in the literature, validating that hybrid integration
is not only theoretfically sound but also statistically reliable as a mechanism for throughput
optimization. By aligning empirical performance data with previous simulatfion research, this study
confirms that the infegration of DES, ABS, and MPC yields a multi-layered control mechanism that
promotes sustainable, high-efficiency production across variable operational contexts.
Latency reduction and synchronization fidelity emerged as critical indicators of real-time system
integration in this study. The hybrid model's mean latency of 182 milliseconds aligns closely with the
response tfime improvements reported by Ricci, Croatti, Mariani, et al.(2022), who examined the
effect of digital twin synchronization on cyber-physical manufacturing responsiveness. The strong
synchronization correlation (r = 0.97) obtained here corresponds with findings by Ricci, Croatti, and
Montagn (2022), who demonstrated that digital twin-enabled systems reduce communication lag
and improve bidirectional data consistency. Similarly, Negri et al. (2017)argued that cyber-physical
architectures depend on tight temporal coupling between computation and actuation to ensure
operational stability, a principle confirmed empirically in the present data. Compared to the
standalone DES and ABS configurations, the hybrid model’s synchronization lag reduction of nearly
40% mirrors the latency improvements achieved by Platenius-Mohr et al.(2020) in their hybrid
simulation of logistics networks. The results also reinforce the theoretical predictions of Suhail, Igbal,
Hussain, et al., (2023) , who proposed that hybrid architectures are inherently capable of managing
asynchronous data through multi-tier feedback control loops. The integration of MPC within the
hybrid system further supports observations by Bellavista et al. (2024) that predictive control minimizes
lag through anticipatory adjustments based on real-time feedback. The strong alignment between
digital and physical signals observed in the hybrid setup thus validates the practical realization of
Mustafee et al. (2023) cyber-physical synchronization framework. Taken together, these results
confirm that hybrid DES-ABS modeling, when augmented by predictive control, achieves
communication precision and temporal coherence consistent with the most advanced theoretical
models of cyber-physical synchronization described in recent literature.
The high predictive accuracy (96.2%) and low RMSE (0.042) achieved in this study substantiate the
superiority of hybrid model predictive control relafive to traditional simulation paradigms. These
findings are consistent with the theoretical claims of Perno et al, (2022), who emphasized that MPC
frameworks outperform conventional rule-based conftrollers by optimizing over a receding horizon
while explicitly accounting for process constraints. The strong correlation (r = 0.98) between
predicted and actual system behavior parallels empirical outcomes from Angeli et al. (2012), who
demonstrated that economic model predictive control improves forecast alignment by maintaining
steady-state stability under fluctuating demand. Similarly, Human et al.(2023) reported prediction
errors below 5% in energy-intensive production systems utilizing hybrid MPC, which is consistent with
the 4.2% error margin recorded in the present study. The current findings also mirror those of Martinez
et al. (2021), who observed enhanced reliability in hybrid simulation models through embedded
feedback mechanisms. The low predictive deviation in this study provides further support for the
assertions by Lei et al. (2023)and Fleischmann et al. (2018) that coupling agent-based learning and
discrete-event dynamics enhances the adaptability of control systems under uncertainty. In line with
(Badakhshan & Ball, 2021), the hybrid digital twin interface continuously recalibrated simulation
models using live data, ensuring high-fidelity representation of the physical system'’s evolving state.
These parallels across independent studies reinforce that the predictive robustness of hybrid
frameworks stems from their capacity to integrate real-time sensing, probabilistic forecasting, and
optimization algorithms. Collectively, the comparative evidence consolidates the position of H-
DEABSF as an advanced analytical instrument that bridges the gap between predictive modeling
theory and real-world cyber-physical control.
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The observed improvement in resource utilization (?1.5%) and reduction in energy consumption
(15.8%) within the hybrid simulation framework aligns closely with the sustainability-oriented
manufacturing research conducted over the past decade. Lei et al. (2023) emphasized that hybrid
digital architectures enable energy-efficient scheduling by synchronizing production tasks with
system load variations, a finding directly reflected in the present data. The inverse correlation
between throughput and energy intensity (r = -0.84) confirms the hypothesis advanced by Tao et al.,
(2024), who proposed that real-time feedback in digital twin systems can simultaneously increase
productivity and reduce energy expenditure. Similar patterns of energy optimization were observed
by Villalonga et al. (2021), where model-driven predictive control dynamically minimized peak
power demand across multiple machine cells. The stafistically significant MANOVA results obtained
in this study (p < .001) corroborate the outcomes of Vachdlek et al.(2021), who highlighted
multivariate efficiency as a defining characteristic of cyber-physical integration. Furthermore, the
low variance in utilization (0?2 = 0.018) corresponds to the stability benchmarks set by Ricci, Croatti,
and Montagna (2022), reinforcing the hybrid framework's capacity for balanced resource
distribution. These consistent results extend the arguments of Liu et al. (2018) regarding the role of
hybrid models in achieving eco-efficient manufacturing through adaptive scheduling and
predictive optimization. The empirical evidence in this research confirms that H-DEABSF achieves not
only operational excellence but also sustainable performance by aligning predictive modeling with
intelligent energy management. This convergence between productivity and sustainability reflects
a broader trend in the literature advocating for hybrid, model-predictive control as a pathway
toward carbon-conscious, resource-efficient smart factories.
The hybrid system'’s rapid fault recovery fime and superior stability index demonstrate the operational
resilience of predictive hybrid frameworks, corresponding strongly with prior studies on fault-tolerant
control in manufacturing systems. The mean fime to detect (2.3 seconds) and mean tfime to recover
(6.8 seconds) achieved in the current research substantiate the assertions of Tripathi et al. (2024),
who documented similar reductions in disturbance propagation through hybrid control logic. The
high stability index (0.93) parallels the findings of Jin et al. (2022), who emphasized that cyber-physical
feedback loops enhance system recovery by ensuring coordinated information exchange between
the physical plant and its digital twin. Tripathi et al. (2024) reported that hybrid architectures
integrating ABS components improved fault response rates by facilitating localized decision-making,
an outcome mirrored by the rapid recovery observed in this study. Likewise, Platenius-Mohr et al.,
(2020) demonstrated that model-based predictive mechanisms significantly shorten stabilization
periods after disruptions, aligning with the present study’s findings. The smooth post-fault recovery
observed in fime-series analyses also supports the results of Dobaj et al. (2022), who described hybrid
simulation’s capacity to prevent oscillatory overshoots through confinuous predictive adjustment.
Collectively, the comparative literature reinforces that hybrid simulation frameworks provide self-
healing characteristics through the fusion of decentralized conftrol, predictive modeling, and digital
synchronization. The empirical results from this research thus contribute confirmatory evidence that
the H-DEABSF architecture embodies the resilience traits necessary for autonomous fault
management and stable operation in cyber-physical manufacturing systemes.
When situated within the broader theoretical landscape of digital manufacturing and systems
conftrol, the outcomes of this study reinforce the conceptual unity between hybrid simulation theory,
predictive control, and cyber-physical integration. The significant quantitative improvements across
all measured dimensions extend the foundational work of Suhail, Igbal, and Jurdak (2023), who
positioned cyber-physical systems as the architectural backbone of Industry 4.0. The empirical
evidence also substantiates the integrative modeling principles described by Negri et al. (2017), who
argued that hybrid simulatfion bridges the micro-macro gap between operational dynamics and
agent decision behaviors. By embedding MPC within a hybrid simulation framework, the present
research advances the applied dimension of predictive analytics beyond what was achieved in
earlier studies, demonstrating that digital twin feedback can dynamically calibrate optimization
models for real-fime decision support. The outcomes corroborate the claims of Zeb et al. (2022) that
hybrid, data-driven frameworks constitute a core mechanism for achieving adaptive autonomy in
smart factories. Furthermore, the cross-dimensional stafistical relationships observed here—where
improvements in predictive accuracy directly correlate with gains in throughput, utilization, and
stability—illustrate the systemic nature of hybrid inteligence as theorized by Bellavista et al. (2024).
The present findings thus move beyond isolated validation of simulation efficiency to demonstrate a
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unified cyber-physical opfimization paradigm in which modeling, sensing, and control operate
cohesively. Collectively, these results contribute a quantitative and theoretical advancement to the
literature by establishing H-DEABSF as a validated analytical and operational model that embodies
the principles of intelligent, adaptive, and data-driven process control fundamental to the next
generation of smart manufacturing systems.
CONCLUSION
This study demonstrates that Al-powered chatbots have become indispensable tools in U.S. banking,
The present study established a comprehensive quantitative evaluation of the Hybrid Discrete-Event
and Agent-Based Simulation Framework (H-DEABSF) integrated with Model Predictive Control (MPC)
and Digital Twin (DT) technology, confirming its efficacy as a real-time cyber-physical control
architecture for smart manufacturing systems. The experimental findings validated that the hybrid
framework consistently outperformed conventional control configurations across all measured
parameters, including throughput efficiency, response latency, predictive accuracy, energy
optimization, and fault recovery stability. The hybrid model achieved a statistically significant 22.8%
improvement in throughput and a 39% reduction in response latency relative to traditional systems,
thereby demonstrating that combining event-based operational logic with agent-level decision
autonomy vyields an adaptive control mechanism capable of sustaining high performance under
dynamic manufacturing conditions. Predictive accuracy exceeded 96%, underscoring the
framework’s ability to anticipate and compensate for disturbances through continuous model
recalibration driven by real-time data from digital twin feedback. The integration of MPC allowed
the hybrid architecture to optimize energy consumption while maintaining high utilization rates,
thereby aligning production efficiency with sustainability goals. Furthermore, the system'’s rapid fault
detection and recovery confirmed its resiience and operational robustness in managing
uncertainty, fulfilling key requirements of Industry 4.0-driven process control. In theoretical terms, the
findings reinforce and extend prior work on hybrid simulation, predictive control, and cyber-physical
integration by empirically demonstrating the synergistic relationship among these paradigms. The
validated results affirm that the H-DEABSF framework provides a scalable, data-driven, and self-
regulating foundation for intelligent decision-making in modern manufacturing systems. By unifying
simulation, predictive modeling, and digital synchronization within a single adaptive conftrol
ecosystem, this study contributes a substantive advancement in the field of intelligent industrial
automation, establishing a benchmark for the development of future cyber-physical architectures
in smart factory applications.
RECOMMENDATIONS
The outcomes of this research provide a strong foundation for several actionable and scholarly
recommendations aimed at advancing intelligent manufacturing, hybrid simulation modeling, and
cyber-physical integration. From an industrial perspective, it is recommended that manufacturers
progressively adopt hybrid simulation frameworks such as the H-DEABSF for process optimization, real-
fime decision support, and predictive maintenance applications. The empirical evidence
demonstrates that the integration of discrete-event and agent-based simulation models with model
predictive control and digital twin technologies can significantly enhance throughput efficiency,
minimize latency, and improve system stability; thus, industrial practitioners should prioritize the
development of interoperable architectures that enable seamless synchronization between physical
assets and digital models. It is also recommended that organizations adopt open communication
protocols such as OPC-UA and MQTT fo ensure continuous data exchange between simulation
environments and shop-floor confrol systems, thereby promoting scalability and interoperability
across heterogeneous manufacturing platforms. For research institutions and simulation model
developers, emphasis should be placed on refining hybrid model coupling strategies, particularly
focusing on temporal synchronization fidelity, multi-resolution modeling, and distributed computation
methods that can further reduce execution time without compromising model accuracy. The
incorporation of arfificial inteligence and machine learning into predictive confrol layers is
recommended to allow the hybrid system to autonomously refine its forecasting algorithms through
self-learning mechanisms. Furthermore, expanding the application of H-DEABSF beyond discrete
manufacturing—into process industries, logistics networks, and sustainable energy systems—would
validate its versatility across multiple operational domains. It is also advised that future research
explore the integration of hybrid frameworks with edge and cloud computing infrastructures to
enhance real-time responsiveness and enable large-scale, mulfi-factory digital twin ecosystems.
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Finally, regulatory and standardization bodies should collaborate with academic and industrial
stakeholders to develop guidelines ensuring data integrity, cybersecurity, and validation protocols
for hybrid digital systems. By implementing these recommendations, both researchers and
practitioners can extend the transformative potential of hybrid simulation and predictive cyber-
physical architectures toward achieving resilient, energy-efficient, and autonomous smart

manufacturing systems worldwide.
REFERENCES

1.

[2].

[3].

[4].

[5].

[4].

[7].

[8].

[10].

[11].

[12].

[13].

[14].

[15].

[16].

[17].

[18].

Abdul, H. (2025). Market Analytics in The U.S. Livestock And Poultry Industry: Using Business Intelligence
For Strategic Decision-Making. International Journal of Business and Economics Insights, 5(3), 170- 204.
https://doi.org/10.63125/xwxydb43

Acharya, S., Khan, A. A., & Pdivarinta, T. (2024). Interoperability levels and challenges of digital twins in
cyber—-physical systems. Journal of Industrial Information Integration, 42, 100714-100714.
https://doi.org/10.1016/].ji.2024.1007 14

Baban, C. F., Baban, M., & Suteu, M. D. (2015). Using a fuzzy logic approach for the predictive
maintenance of textile machines. Journal of Intelligent & Fuzzy Systems, 30(2), 999-1006.
https://doi.org/10.3233/ifs-151822

Badakhshan, E., & Ball, P. (2021). APMS (4) - Reviewing the Application of Data Driven Digital Twins in
Manufacturing Systems: A Business and Management Perspective. In (Vol. NA, pp. 256-265). Springer
International Publishing. https://doi.org/10.1007/978-3-030-85910-7_27

Badakhshan, E., Ball, P., & Badakhshan, A. (2022). Using digital twins for inventory and cash
management in supply chains. IFAC-PapersOnLine, 55(10), 1980-1985.
https://doi.org/10.1016/].ifacol.2022.09.689

Bauer, P., Hoefler, T., Stevens, B., & Hazeleger, W. (2024). Digital twins of Earth and the computing
challenge of human interaction. Natfure  computational  science,  4(3), 154-157.
https://doi.org/10.1038/543588-024-00599-3

Bellavista, P., Bicocchi, N., Fogli, M., Giannelli, C., Mamei, M., & Picone, M. (2024). Exploiting
microservices and serverless for Digital Twins in the cloud-to-edge confinuum. Future Generation
Computer Systems, 157(NA), 275-287. https://doi.org/10.1016/j.future.2024.03.052

Bellavista, P., Giannelli, C., Mamei, M., Mendula, M., & Picone, M. (2021). Application-Driven Network-
Aware Digital Twin Management in Industrial Edge Environments. IEEE Transactions on Industrial
Informatics, 17(11), 7791-7801. https://doi.org/10.1109/1ii.2021.3067447

Bonabeau, E. (2002). Agent-based modeling: Methods and techniques for simulating human systems.
Proceedings of the National Academy of Sciences of the United States of America, 99(suppl_3). 7280-
7287. https://doi.org/10.1073/pnas.082080899

Charte, F., Rivera, A. J., del Jesus, M. J., & Herrera, F. (2015). Addressing imbalance in multilabel
classification: Measures and random resampling algorithms. Neurocomputing, 163(NA), 3-16.
https://doi.org/10.1016/j.neucom.2014.08.091

Clausen, U., Brueggenolte, M., Kirberg, M., Besenfelder, C., Poeting, M., & Gueller, M. (2019). Agent-
Based Simulation in Logistics and Supply Chain Research: Literature Review and Analysis. In (Vol. NA,
pp. 45-59). Springer International Publishing. https://doi.org/10.1007/978-3-030-13535-5_4

Danish, M. (2023). Data-Driven Communication In Economic Recovery Campaigns: Strategies For ICT-
Enabled Public Engagement And Policy Impact. International Journal of Business and Economics
Insights, 3(1), 01-30. https://doi.org/10.63125/qdrdve50

Danish, M., & Md. Zafor, . (2022). The Role Of ETL (Extract-Transform-Load) Pipelines In Scalable Business
Intelligence: A Comparative Study Of Data Integration Tools. ASRC Procedia: Global Perspectives in
Science and Scholarship, 2(1), 89-121. https://doi.org/10.63125/1spaé877

Danish, M., & Md. Zafor, I. (2024). Power Bl And Data Analytics In Financial Reporting: A Review Of Real-
Time Dashboarding And Predictive Business Intelligence Tools. International Journal of Scientific
Interdisciplinary Research, 5(2), 125-157. https://doi.org/10.63125/yg?zxt61

Danish, M., & Md.Kamrul, K. (2022). Meta-Analytical Review of Cloud Data Infrastructure Adoption In
The Post-Covid Economy: Economic Implications Of Aws Within Tc8 Information Systems Frameworks.
American Journal of Interdisciplinary Studies, 3(02), 62-90. https://doi.org/10.63125/1eg7b369

de Oliveira, V. F., Matiolli, G., Junior, C. J. B., Gaspar, R., & Lins, R. G. (2024). Digital Twin and Cyber-
Physical System Integration in Commercial Vehicles: Latest Concepts, Challenges and Opportunities.
IEEE Transactions on Intelligent Vehicles, 9(4), 4804-4819. https://doi.org/10.1109/tiv.2024.3378579

de Sousa, W. T., Montevechi, J. A. B., de Carvalho Miranda, R., & Campos, A. T. (2019). Discrete
simulation-based optimization methods for industrial engineering problems: A systematic literature
review. Computers & Industrial Engineering, 128(NA), 526-540. https://doi.org/10.1016/j.cie.2018.12.073
Dobaqj, J., Riel, A., Krug, T., Seidl, M., Macher, G., & Egretzberger, M. (2022). Towards digital twin-enabled
DevOps for CPS providing architecture-based service adaptation & verification at runtime. Proceedings
of the 17th Symposium on Software Engineering for Adaptive and Self-Managing Systems, NA(NA), 132-
143. https://doi.org/10.1145/3524844.3528057

770


https://rast-journal.org/index.php/RAST/index
https://doi.org/10.63125/yrkm0057
https://doi.org/10.63125/xwxydb43
https://doi.org/10.1016/j.jii.2024.100714
https://doi.org/10.3233/ifs-151822
https://doi.org/10.1007/978-3-030-85910-7_27
https://doi.org/10.1016/j.ifacol.2022.09.689
https://doi.org/10.1038/s43588-024-00599-3
https://doi.org/10.1016/j.future.2024.03.052
https://doi.org/10.1109/tii.2021.3067447
https://doi.org/10.1073/pnas.082080899
https://doi.org/10.1016/j.neucom.2014.08.091
https://doi.org/10.1007/978-3-030-13535-5_4
https://doi.org/10.63125/qdrdve50
https://doi.org/10.63125/1spa6877
https://doi.org/10.63125/yg9zxt61
https://doi.org/10.63125/1eg7b369
https://doi.org/10.1109/tiv.2024.3378579
https://doi.org/10.1016/j.cie.2018.12.073
https://doi.org/10.1145/3524844.3528057

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

Review of Applied Science and Technology
Volume 04, Issue 02 (2025)
Page No: 501 - 526
Doi: 10.63125/yrkm0057
Elmoon, A. (2025a). Al In the Classroom: Evaluating The Effectiveness Of Intelligent Tutoring Systems For
Multilingual Learners In Secondary Education. ASRC Procedia: Global Perspectives in Science and
Scholarship, 1(01), 532-563. https://doi.org/10.63125/gcq1qr39
Elmoon, A. (2025b). The Impact of Human-Machine Interaction On English Pronunciation And Fluency:
Case Studies Using Al Speech Assistants. Review of Applied Science and Technology, 4(02), 473-500.
https://doi.org/10.63125/1wyj3p84
Eneyew, D. D., Capretz, M. A. M., & Bitsuamlak, G. T. (2022). Toward Smart-Building Digital Twins: BIM and
loT Data Integration. IEEE Access, 10(NA), 130487-130506. https://doi.org/10.1109/access.2022.3229370
Escribd-Gelonch, M., Liang, S., van Schalkwyk, P., Fisk, I., Long, N. V. D., & Hessel, V. (2024). Digital Twins
in Agriculture: Orchestration and Applications. Journal of agricultural and food chemistry, 72(19), 10737-
10752. https://doi.org/10.1021/acs.jafc.4c01934
Greis, N. P., Nogueira, M. L., & Rohde, W. (2022). Towards Learning-Enabled Digital Twin with Augmented
Reality  for  Resilient  Production  Scheduling.  IFAC-PapersOnlLine,  55(10), 1912-1917.
https://doi.org/10.1016/]j.ifacol.2022.09.678
Gutierrez-Franco, E., Mejia-Argueta, C., & Rabelo, L. (2021). Data-Driven Methodology to Support Long-
Lasting Logistics and Decision Making for Urban Last-Mile Operations. Sustainability, 13(11), 6230-NA.
https://doi.org/10.3390/su13116230
Hotchkiss, J. R., Strike, D. G., Simonson, D. A., Broccard, A. F., & Crooke, P. S. (2005). An agent-based
and spatially explicit model of pathogen dissemination in the intensive care unit. Critical care medicine,
33(1), 168-176. https://doi.org/10.1097/01.ccm.0000150658.05831.d2
Hozyfa, S. (2025). Artificial Intelligence-Driven Business Inteligence Models for Enhancing Decision-
Making In U.S. Enterprises. ASRC Procedia: Global Perspectives in Science and Scholarship, 1(01), 771-
800. https://doi.org/10.63125/b8gmdc4é
Human, C., Basson, A. H., & Kruger, K. (2023). A design framework for a system of digital twins and
services. Computersin Industry, 144(NA), 103796-103796. https://doi.org/10.1016/j.compind.2022.103796
Jahid, M. K. A. S. R. (2022). Quantitative Risk Assessment of Mega Real Estate Projects: A Monte Carlo
Simulation  Approach. Journal of Sustainable Development and Policy, 1(02), 01-34.
https://doi.org/10.63125/nh269421
Jahid, M. K. A. S. R. (2024q). Digitizing Real Estate and Industrial Parks: Al, 10T, And Governance
Challenges in Emerging Markets. International Journal of Business and Economics Insights, 4(1), 33-70.
https://doi.org/10.63125/kbqsé122
Jahid, M. K. A. S. R. (2024b). Social Media, Affiliate Marketing And E-Marketing: Empirical Drivers For
Consumer Purchasing Decision In Real Estate Sector Of Bangladesh. American Journal of
Interdisciplinary Studies, 5(02), 64-87. https://doi.org/10.63125/7c1ghy29
Jahid, M. K. A. S. R. (20250). Al-Driven Optimization And Risk Modeling In Strategic Economic Zone
Development For Mid-Sized Economies: A Review Approach. International Journal of Scientific
Interdisciplinary Research, 6(1), 185-218. https://doi.org/10.63125/31wna449
Jahid, M. K. A. S. R. (2025b). The Role Of Real Estate In Shaping The National Economy Of The United
States. ASRC Procedia: Global Perspectives in Science and Scholarship, 1(01), 654-674.
https://doi.org/10.63125/34fgrj75
Jeschke, S., Brecher, C., Meisen, T., Ozdemir, D., & Eschert, T. (2016). Industrial Internet of Things and
Cyber Manufacturing Systems. In (Vol. NA, pp. 3-19). Springer International Publishing.
https://doi.org/10.1007/978-3-319-42559-7_1
Jin, A.S., Hogewood, L., Fries, S., Lambert, J. H., Fiondella, L., Strelzoff, A., Boone, J., Fleckner, K., & Linkov,
[. (2022). Resilience of Cyber-Physical Systems: Role of Al, Digital Twins, and Edge Computing. IEEE
Engineering Management Review, 50(2), 195-203. https://doi.org/10.1109/emr.2022.3172649
Khairul Alam, T. (2025). The Impact of Data-Driven Decision Support Systems On Governance And Policy
Implementation In U.S. Institutions. ASRC Procedia: Global Perspectives in Science and Scholarship,
1(01), 994-1030. https://doi.org/10.63125/3v98q104
Kim, C. O., Jun, J., Baek, J. K., Smith, R. L., & Kim, Y.-D. (2004). Adaptive inventory control models for
supply chain management. The International Journal of Advanced Manufacturing Technology, 26(9),
1184-1192. https://doi.org/10.1007/s00170-004-2069-8
Kosse, S., Vogt, O., Wolf, M., Kénig, M., & Gerhard, D. (2022). Digital Twin Framework for Enabling Serial
Construction. Frontiers in Built Environment, 8(NA), NA-NA. https://doi.org/10.3389/fbuil.2022.864722
Kuruvatti, N. P., Habibi, M. A., Partani, S., Han, B., Fellan, A., & Schotten, H. D. (2022). Empowering 6G
Communication Systems With Digital Twin Technology: A Comprehensive Survey. IEEE Access, 10(NA),
112158-112186. https://doi.org/10.1109/access.2022.3215493
Lei, B., Janssen, P., Stoter, J., & Biljecki, F. (2023). Challenges of urban digital twins: A systematic review
and a Delphi expert survey. Automation in  Construction, 147(NA), 104716-104716.
https://doi.org/10.1016/j.autcon.2022.104716

771


https://rast-journal.org/index.php/RAST/index
https://doi.org/10.63125/yrkm0057
https://doi.org/10.63125/gcq1qr39
https://doi.org/10.63125/1wyj3p84
https://doi.org/10.1109/access.2022.3229370
https://doi.org/10.1021/acs.jafc.4c01934
https://doi.org/10.1016/j.ifacol.2022.09.678
https://doi.org/10.3390/su13116230
https://doi.org/10.1097/01.ccm.0000150658.05831.d2
https://doi.org/10.63125/b8gmdc46
https://doi.org/10.1016/j.compind.2022.103796
https://doi.org/10.63125/nh269421
https://doi.org/10.63125/kbqs6122
https://doi.org/10.63125/7c1ghy29
https://doi.org/10.63125/31wna449
https://doi.org/10.63125/34fgrj75
https://doi.org/10.1007/978-3-319-42559-7_1
https://doi.org/10.1109/emr.2022.3172649
https://doi.org/10.63125/3v98q104
https://doi.org/10.1007/s00170-004-2069-8
https://doi.org/10.3389/fbuil.2022.864722
https://doi.org/10.1109/access.2022.3215493
https://doi.org/10.1016/j.autcon.2022.104716

[40].

[41].

[42].
[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

Review of Applied Science and Technology
Volume 04, Issue 02 (2025)
Page No: 501 - 526
Doi: 10.63125/yrkm0057
Leitdo, P., Ribeiro, L., & Lee, J. (2017). Guest Editorial Special Section on Smart Agents and Cyber-
Physical Systems for Future Industrial Systems. IEEE Transactions on Industrial Informatics, 13(2), 657-659.
https://doi.org/10.1109/1ii.2017.2676812
Leng, J., Wang, D., Shen, W., Li, X., Liu, Q., & Chen, X. (2021). Digital twins-based smart manufacturing
system design in Industry 4.0: A review. Journal of Manufacturing Systems, 60(NA), 119-137.
https://doi.org/10.1016/].jmsy.2021.05.011
Liu, Z., Meyendorf, N., & Mrad, N. (2018). The role of data fusion in predictive maintenance using digital
twin. AIP Conference Proceedings, 1949(1), 020023-NA. https://doi.org/10.1063/1.5031520
Lv, Z. (2023). Digital Twins in Industry 5.0. Research (Washington, D.C.), 6(NA), 0071-NA.
https://doi.org/10.34133/research.0071
Malakuti, S., & Griner, S. (2018). ECSA (Companion) - Architectural aspects of digital twins in lloT systems.
Proceedings of the 12th European Conference on Software Architecture: Companion Proceedings,
NA(NA), 12-12. https://doi.org/10.1145/3241403.3241417
Martinez, E. M., Ponce, P., Macias, ., & Molina, A. (2021). Automation Pyramid as Constructor for a
Complete Digital Twin, Case Study: A Didactic Manufacturing System. Sensors (Basel, Switzerland),
21(14), 4656-NA. https://doi.org/10.3390/521144656
Masud, R. (2025). Integrating Agile Project Management and Lean Industrial Practices A Review For
Enhancing Strategic Competitiveness In  Manufacturing Enterprises. ASRC Procedia: Global
Perspectives in Science and Scholarship, 1(01), 895-924. https://doi.org/10.63125/0yjss288
Md Arif Uz, Z., & Elmoon, A. (2023). Adaptive Learning Systems For English Literature Classrooms: A Review
Of Al-Integrated Education Platforms. International Journal of Scientific Interdisciplinary Research, 4(3),
56-86. https://doi.org/10.63125/a30ehr12
Md Arman, H. (2025). Artificial Intelligence-Driven Financial Analytics Models For Predicting Market Risk
And Investment Decisions In U.S. Enterprises. ASRC Procedia: Global Perspectives in Science and
Scholarship, 1(01), 1066-1095. https://doi.org/10.63125/9csehp3é
Md Ismail, H. (2022). Deployment Of Al-Supported Structural Health Monitoring Systems For In-Service
Bridges Using 10T Sensor Networks. Journal of Sustainable Development and Policy, 1(04), 01-30.
https://doi.org/10.63125/j3sadb56
Md Ismail, H. (2024). Implementation Of Al-Integrated IOT Sensor Networks For Real-Time Structural
Health Monitoring Of In-Service Bridges. ASRC Procedia: Global Perspectives in Science and
Scholarship, 4(1), 33-71. https://doi.org/10.63125/0zx4ez88
Md Jakaria, T., Md, A., Zayadul, H., & Emdadul, H. (2025). Advances In High-Efficiency Solar Photovoltaic
Materials: A Comprehensive Review Of Perovskite And Tandem Cell Technologies. American Journal of
Advanced Technology and Engineering Solutions, 1(01), 201-225. https://doi.org/10.63125/5amnvb37
Md Mesbaul, H. (2024). Industrial Engineering Approaches to Quality Control In Hybrid Manufacturing A
Review Of Implementation Strategies. International Journal of Business and Economics Insights, 4(2), 01-
30. https://doi.org/10.63125/3xcabx?8
Md Mohaiminul, H. (2025). Federated Learning Models for Privacy-Preserving Al In Enterprise Decision
Systems. International  Journal of Business and Economics Insights, 5(3), 238- 269.
https://doi.org/10.63125/ry033286
Md Mominul, H. (2025). Systematic Review on The Impact Of Al-Enhanced Traffic Simulation On U.S.
Urban Mobility And Safety. ASRC Procedia: Global Perspectives in Science and Scholarship, 1(01), 833-
861. https://doi.org/10.63125/jj96yd66
Md Omair, F. (2024). Vendor Risk Management In Cloud-Centric Architectures: A Systematic Review Of
SOC 2, Fedramp, And ISO 27001 Practices. International Journal of Business and Economics Insights, 4(1),
01-32. https://doi.org/10.63125/j64vb122
Md Rezaul, K. (2021). Innovation Of Biodegradable Antimicrobial Fabrics For Sustainable Face Masks
Production To Reduce Respiratory Disease Transmission. International Journal of Business and Economics
Insights, 1(4), 01=31. https://doi.org/10.63125/baéxzq34
Md Rezaul, K. (2025). Optimizing Maintenance Strategies in Smart Manufacturing: A Systematic Review
Of Lean Practices, Total Productive Maintenance (TPM), And Digital Reliability. Review of Applied
Science and Technology, 4(02), 176-206. https://doi.org/10.63125/np7nnf78
Md Rezaul, K., & Md Takbir Hossen, S. (2024). Prospect Of Using Al- Integrated Smart Medical Textiles For
Real-Time Vital Signs Monitoring In Hospital Management & Healthcare Industry. American Journal of
Advanced Technology and Engineering Solutions, 4(03), 01-29. https://doi.org/10.63125/d0zkrxé67
Md Rezaul, K., & Rony, S. (2025). A Framework-Based Meta-Analysis of Artificial Intelligence-Driven ERP
Solutions For Circular And Sustainable Supply Chains. ASRC Procedia: Global Perspectives in Science
and Scholarship, 1(01), 432-464. https://doi.org/10.63125/jbws2e49
Md Takbir Hossen, S., & Md Atiqur, R. (2022). Advancements In 3D Printing Techniques For Polymer Fiber-
Reinforced Textile Composites: A Systematic Literature Review. American Journal of Interdisciplinary
Studies, 3(04), 32-60. https://doi.org/10.63125/54r5m391

772


https://rast-journal.org/index.php/RAST/index
https://doi.org/10.63125/yrkm0057
https://doi.org/10.1109/tii.2017.2676812
https://doi.org/10.1016/j.jmsy.2021.05.011
https://doi.org/10.1063/1.5031520
https://doi.org/10.34133/research.0071
https://doi.org/10.1145/3241403.3241417
https://doi.org/10.3390/s21144656
https://doi.org/10.63125/0yjss288
https://doi.org/10.63125/a30ehr12
https://doi.org/10.63125/9csehp36
https://doi.org/10.63125/j3sadb56
https://doi.org/10.63125/0zx4ez88
https://doi.org/10.63125/5amnvb37
https://doi.org/10.63125/3xcabx98
https://doi.org/10.63125/ry033286
https://doi.org/10.63125/jj96yd66
https://doi.org/10.63125/j64vb122
https://doi.org/10.63125/ba6xzq34
https://doi.org/10.63125/np7nnf78
https://doi.org/10.63125/d0zkrx67
https://doi.org/10.63125/jbws2e49
https://doi.org/10.63125/s4r5m391

[61].

[62].

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

[71].

[72].

[73].

[74].

[75].

[76].

[77].

[78].

[79].

[80].

[81].

Review of Applied Science and Technology
Volume 04, Issue 02 (2025)
Page No: 501 - 526
Doi: 10.63125/yrkm0057
Md Zahin Hossain, G., Md Khorshed, A., & Md Tarek, H. (2023). Machine Learning For Fraud Detection In
Digital Banking: A Systematic Literature Review. ASRC Procedia: Global Perspectives in Science and
Scholarship, 3(1), 37-61. https://doi.org/10.63125/913ksy63
Md. Hasan, 1. (2025). A Systematic Review on The Impact Of Global Merchandising Strategies On U.S.
Supply Chain Resilience. International Journal of Business and Economics Insights, 5(3), 134-169.
https://doi.org/10.63125/24mymg13
Md. Milon, M. (2025). A Systematic Review on The Impact Of NFPA-Compliant Fire Protection Systems
On U.S. Infrastructure Resilience. International Journal of Business and Economics Insights, 5(3), 324-352.
https://doi.org/10.63125/ne3eyé12
Md. Rabiul, K. (2025). Arfificial Intelligence-Enhanced Predictive Analytics for Demand Forecasting In
U.S. Retail Supply Chains. ASRC Procedia: Global Perspectives in Science and Scholarship, 1(01), 59—
993. https://doi.org/10.63125/gbkf5c16
Md. Sakib Hasan, H. (2023). Data-Driven Lifecycle Assessment of Smart Infrastructure Components In Rail
Projects. American Journal of Scholarly Research and Innovation, 2(01), 167-193.
https://doi.org/10.63125/wykdb306
Md. Sakib Hasan, H., & Abdul, R. (2025). Artificial Inteligence and Machine Learning Applications In
Construction Project Management: Enhancing Scheduling, Cost Estimation, And Risk Mitigation.
International Journal of Business and Economics Insights, 5(3), 30-64. https://doi.org/10.63125/jrpjje59
Md. Tahmid Farabe, S. (2025). The Impact of Data-Driven Industrial Engineering Models On Efficiency
And Risk Reduction In U.S. Apparel Supply Chains. International Journal of Business and Economics
Insights, 5(3), 353-388. https://doi.org/10.63125/y548nz02
Md.Kamrul, K., & Md Omair, F. (2022). Machine Learning-Enhanced Statistical Inference For Cyberattack
Detection On Network Systems. American Journal of Advanced Technology and Engineering Solutions,
2(04), 65-90. https://doi.org/10.63125/sw7jzx60
Meephu, E., Arwatchananukul, S., & Aunsri, N. (2023). Enhancement of Infra-hospital patient fransfer in
medical center hospital using discrete event system simulation. PloS one, 18(4), €0282592-e0282592.
https://doi.org/10.1371/journal.pone.0282592
Michael, J., Pfeiffer, J., Rumpe, B., & Wortmann, A. (2022). Integration challenges for digital twin systems-
of-systems. Proceedings of the 10th IEEE/ACM International Workshop on Software Engineering for
Systems-of-Systems and Software Ecosystems, NA(NA), 9-12. https://doi.org/10.1145/3528229.3529384
Minerva, R., & Crespi, N. (2021). Digital Twins: Properties, Software Frameworks, and Application
Scenarios. IT Professional, 23(1), 51-55. https://doi.org/10.1109/mitp.2020.29828%6
Minerva, R., Lee, G. M., & Crespi, N. (2020). Digital Twin in the loT Context: A Survey on Technical
Features, Scenarios, and Architectural Models. Proceedings of the IEEE, 108(10), 1785-1824.
https://doi.org/10.1109/jproc.2020.2998530
Mohammad Shoeb, A., & Reduanul, H. (2023). Al-Driven Insights for Product Marketing: Enhancing
Customer Experience And Refining Market Segmentation. American Journal of Interdisciplinary Studies,
4(04), 80-116. https://doi.org/10.63125/pzd8m844
Momena, A. (2025). Impact Of Predictive Machine Learning Models on Operational Efficiency And
Consumer Satisfaction In University Dining Services. ASRC Procedia: Global Perspectives in Science and
Scholarship, 1(01), 376-403. https://doi.org/10.63125/5tikae44
Momena, A., & Sai Praveen, K. (2024). A Comparative Analysis of Artificial Inteligence-Integrated BI
Dashboards For Real-Time Decision Support In Operations. International Journal of Scientific
Interdisciplinary Research, 5(2), 158-191. https://doi.org/10.63125/47jjv310
Mubashir, I. (2025). Analysis Of Al-Enabled Adaptive Traffic Control Systems For Urban Mobility
Optimization Through Inteligent Road Network Management. Review of Applied Science and
Technology, 4(02), 207-232. https://doi.org/10.63125/358p9gé63
Mubashir, ., & Jahid, M. K. A. S. R. (2023). Role Of Digital Twins and Bim In U.S. Highway Infrastructure
Enhancing Economic Efficiency And Safety Outcomes Through Inteligent Asset Management.
American Journal of Advanced Technology and Engineering Solutions, 3(03), 54-81.
https://doi.org/10.63125/hftt1g82
Mustafee, N., Harper, A., & Viana, J. (2023). Hybrid Models with Real-tfime Data: Characterising Real-
time Simulation and Digital Twins. Proceedings of SW21 The OR Society Simulation Workshop, NA(NA),
261-271. https://doi.org/10.36819/sw23.031
Mustafee, N., Katsaliaki, K., & Taylor, S. J. E. (2021). Distributed Approaches to Supply Chain Simulation:
A Review. ACM Transactions on Modeling and Computer Simulation, 31(4), 1-31.
https://doi.org/10.1145/3466170
Naderi, H., & Shojaei, A. (2023). Digital twinning of civil infrastructures: Current state of model
architectures, interoperability solutions, and future prospects. Automation in Constfruction, 149(NA),
104785-104785. https://doi.org/10.1016/j.autcon.2023.104785
Naseri, F., Gil, S., Barbu, C., Cetkin, E., Yarimca, G., Jensen, A. C., Larsen, P. G., & Gomes, C. (2023).
Digital twin of electric vehicle battery systems: Comprehensive review of the use cases, requirements,

773


https://rast-journal.org/index.php/RAST/index
https://doi.org/10.63125/yrkm0057
https://doi.org/10.63125/913ksy63
https://doi.org/10.63125/24mymg13
https://doi.org/10.63125/ne3ey612
https://doi.org/10.63125/gbkf5c16
https://doi.org/10.63125/wykdb306
https://doi.org/10.63125/jrpjje59
https://doi.org/10.63125/y548hz02
https://doi.org/10.63125/sw7jzx60
https://doi.org/10.1371/journal.pone.0282592
https://doi.org/10.1145/3528229.3529384
https://doi.org/10.1109/mitp.2020.2982896
https://doi.org/10.1109/jproc.2020.2998530
https://doi.org/10.63125/pzd8m844
https://doi.org/10.63125/5tjkae44
https://doi.org/10.63125/47jjv310
https://doi.org/10.63125/358pgg63
https://doi.org/10.63125/hftt1g82
https://doi.org/10.36819/sw23.031
https://doi.org/10.1145/3466170
https://doi.org/10.1016/j.autcon.2023.104785

[82].

[83].

[84].

[85].

[84].

[87].

[88].

[89].

[90].

[91].

[92].

[23].

[94].

[95].

[96].
[97].

[98].

[99].

[100].

[101].

Review of Applied Science and Technology
Volume 04, Issue 02 (2025)
Page No: 501 - 526
Doi: 10.63125/yrkm0057
and platforms. Renewable and Sustainable Energy Reviews, 179(NA), 113280-113280.
https://doi.org/10.1016/j.rser.2023.113280
Negri, E., Fumagalli, L., & Macchi, M. (2017). A Review of the Roles of Digital Twin in CPS-based
Production Systems. Procedia Manufacturing, TT(NA), 939-948.
https://doi.org/10.1016/j.promfg.2017.07.198
Omar Muhammad, F. (2024). Advanced Computing Applications in Bl Dashboards: Improving Real-
Time Decision Support For Global Enterprises. International Journal of Business and Economics Insights,
4(3), 25-60. https://doi.org/10.63125/3xévpb92
Pankaz Roy, S. (2025). Artificial Inteligence Based Models for Predicting Foodborne Pathogen Risk In
Public Health Systems. International Journal of Business and Economics Insights, 5(3), 205-237.
https://doi.org/10.63125/7685ne21
Pereira, M. M., de Oliveira, D. L., Santos, P. P. P., & Frazzon, E. M. (2018). Predictive and Adaptive
Management Approach for Omnichannel Retailing Supply Chains. IFAC-PapersOnlLine, 51(11), 1707-
1713. https://doi.org/10.1016/]j.ifacol.2018.08.210
Pérez Briceno, C., Ponce, P., Robinson Fayek, A., Anthony, B., Bradley, R., & Molina, A. (2025). Discrete
event simulafion for photovoltaic integrafion in sustainable manufacturing— A review and future
directions. Renewable and Sustainable Energy Reviews, 216, 115676-115676.
https://doi.org/10.1016/j.rser.2025.115676
Perno, M., Hvam, L., & Haug, A. (2022). Implementation of digital twins in the process industry: A
systematic literature review of enablers and barriers. Computers in Industry, 134(NA), 103558-NA.
https://doi.org/10.1016/j.compind.2021.103558
Piroumian, V. (2021). Digital Twins: Universal Interoperability for the Digital Age. Computer, 54(1), 61-69.
https://doi.org/10.1109/mc.2020.3032148
Platenius-Mohr, M., Malakuti, S., Griner, S., Schmitt, J., & Goldschmidt, T. (2020). File- and API-based
interoperability of digital twins by model transformation: An lloT case study using asset administration
shell. Future Generation Computer Systems, 113(NA), 94-105.
https://doi.org/10.1016/j.future.2020.07.004
Rahman, S. M. T. (2025). Strategic Application of Artificial Intelligence In Agribusiness Systems For Market
Efficiency And Zoonotic Risk Mitigation. ASRC Procedia: Global Perspectivesin Science and Scholarship,
1(01), 862-894. https://doi.org/10.63125/8xmbrz19
Rakibul, H. (2025). The Role of Business Analytics In ESG-Oriented Brand Communication: A Systematic
Review Of Data-Driven Strategies. ASRC Procedia: Global Perspectives in Science and Scholarship,
1(01), 1096— 1127. https://doi.org/10.63125/4mchj778
Razia, S. (2022). A Review Of Data-Driven Communication In Economic Recovery: Implications Of ICT-
Enabled Strategies For Human Resource Engagement. International Journal of Business and Economics
Insights, 2(1), 01-34. https://doi.org/10.63125/7tkv8v34
Razia, S. (2023). Al-Powered Bl Dashboards In Operations: A Comparative Analysis For Real-Time
Decision Support. ASRC Procedia: Global Perspectives in Science and Scholarship, 3(1), 62-93.
https://doi.org/10.63125/wqd2t159
Reduanul, H. (2023). Digital Equity and Nonprofit Marketing Strategy: Bridging The Technology Gap
Through Ai-Powered Solutions For Underserved Community Organizations. American Journal of
Interdisciplinary Studies, 4(04), 117-144. https://doi.org/10.63125/zrsv2r56
Reduanul, H. (2025). Enhancing Market Competitiveness Through Al-Powered SEO And Digital
Marketing Strategies In E-=Commerce. ASRC Procedia: Global Perspectives in Science and Scholarship,
1(01), 465-500. https://doi.org/10.63125/31tpjc54
Ricci, A., Croatti, A., Mariani, S., Montagna, S., & Picone, M. (2022). Web of Digital Twins. ACM
Transactions on Internet Technology, 22(4), 1-30. https://doi.org/10.1145/3507909
Ricci, A., Croatti, A., & Montagna, S. (2022). Pervasive and Connected Digital Twins—A Vision for Digital
Health. IEEE Internet Computing, 26(5), 26-32. https://doi.org/10.1109/mic.2021.3052039
Rony, M. A. (2025). Al-Enabled Predictive Analytics And Fault Detection Frameworks For Industrial
Equipment Reliability And Resilience. ASRC Procedia: Global Perspectives in Science and Scholarship,
1(01), 705-736. https://doi.org/10.63125/2dw 11645
Saba, A. (2025). Artificial Intelligence Based Models For Secure Data Analytics And Privacy-Preserving
Data Sharing In U.S. Healthcare And Hospital Networks. Infernational Journal of Business and Economics
Insights, 5(3), 65-99. https://doi.org/10.63125/wv0baxé8
Sabuj Kumar, S. (2025). Al Driven Predictive Maintenance in Petroleum And Power Systems Using
Random Forest Regression Model For Reliability Engineering Framework. American Journal of Scholarly
Research and Innovation, 4(01), 363-391. https://doi.org/10.63125/477x5t65
Sadia, T. (2022). Quantitative Structure-Activity Relationship (QSAR) Modeling of Bioactive Compounds
From Mangifera Indica For Anfi-Diabetic Drug Development. American Journal of Advanced
Technology and Engineering Solutions, 2(02), 01-32. https://doi.org/10.63125/ffkez356

774


https://rast-journal.org/index.php/RAST/index
https://doi.org/10.63125/yrkm0057
https://doi.org/10.1016/j.rser.2023.113280
https://doi.org/10.1016/j.promfg.2017.07.198
https://doi.org/10.63125/3x6vpb92
https://doi.org/10.63125/7685ne21
https://doi.org/10.1016/j.ifacol.2018.08.210
https://doi.org/10.1016/j.rser.2025.115676
https://doi.org/10.1016/j.compind.2021.103558
https://doi.org/10.1109/mc.2020.3032148
https://doi.org/10.1016/j.future.2020.07.004
https://doi.org/10.63125/8xm5rz19
https://doi.org/10.63125/4mchj778
https://doi.org/10.63125/7tkv8v34
https://doi.org/10.63125/wqd2t159
https://doi.org/10.63125/zrsv2r56
https://doi.org/10.63125/31tpjc54
https://doi.org/10.1145/3507909
https://doi.org/10.1109/mic.2021.3052039
https://doi.org/10.63125/2dw11645
https://doi.org/10.63125/wv0bqx68
https://doi.org/10.63125/477x5t65
https://doi.org/10.63125/ffkez356

[102].

[103].

[104].

[105].

[106].

[107].

[108].

[109].

[110].

[111].

[112].
[113].

[114].

[115].

[116].

[117].

[118].

[119].

[120].

[121].

[122].

Review of Applied Science and Technology
Volume 04, Issue 02 (2025)
Page No: 501 - 526
Doi: 10.63125/yrkm0057
Sadia, T. (2023). Quantitative Analytical Validation of Herbal Drug Formulations Using UPLC And UV-
Visible Spectroscopy: Accuracy, Precision, And Stability Assessment. ASRC Procedia: Global
Perspectives in Science and Scholarship, 3(1), 01-36. https://doi.org/10.63125/fxqpds?5
Sai Praveen, K. (2025). Al-Driven Data Science Models for Real-Time Transcription And Productivity
Enhancement In U.S. Remote Work Environments. ASRC Procedia: Global Perspectives in Science and
Scholarship, 1(01), 801-832. https://doi.org/10.63125/gzyw2311
Saleh, C., Prasetiyo, R., Hendradewa, A. P., & Hassan, A. (2019). Energy Efficiency Assessment in
Production Line: An Approach towards Sustainable Manufacturing. IOP Conference Series: Materials
Science and Engineering, 530(1), 012004-NA. https://doi.org/10.1088/1757-899x/530/1/012004
Shaikat, B. (2025). Artificial Inteligence-Enhanced Cybersecurity Frameworks for Real-Time Threat
Detection In Cloud And Enterprise. ASRC Procedia: Global Perspectives in Science and Scholarship,
1(01), 737-770. https://doi.org/10.63125/yq1gp452
Sheratun Noor, J., Md Redwanul, ., & Sai Praveen, K. (2024). The Role of Test Automation Frameworks In
Enhancing Software Reliability: A Review Of Selenium, Python, And API Testing Tools. International
Journal of Business and Economics Insights, 4(4), 01-34. https://doi.org/10.63125/bvv8r252
Shlonsky, A., & Wagner, D. (2005). The next step: Integrating actuarial risk assessment and clinical
judgment into an evidence-based practice framework in CPS case management. Children and Youth
Services Review, 27(4), 409-427. https://doi.org/10.1016/j.childyouth.2004.11.007
Suhail, S., Igbal, M., Hussain, R., & Jurdak, R. (2023). ENIGMA: An explainable digital twin security solution
for cyber—physical systems. Computers in Industry, 15T(NA), 103961-103961.
https://doi.org/10.1016/j.compind.2023.103961
Suhail, S., Igbal, M., & Jurdak, R. (2023). The Perils of Leveraging Evil Digital Twins as Security-Enhancing
Enablers. Communications of the ACM, 67(1), 39-42. https://doi.org/10.1145/3631539
Syed Zaki, U. (2025). Digital Engineering and Project Management Frameworks For Improving Safety And
Efficiency In US Civil And Rail Infrastructure. International Journal of Business and Economics Insights,
5(3), 300-329. https://doi.org/10.63125/mxgx4m74
Tao, F., Cheng, J., Qi, Q., Zhang, M., Zhang, H., & Sui, F. (2017). Digital twin-driven product design,
manufacturing and service with big data. The International Journal of Advanced Manufacturing
Technology, 94(9), 3563-3576. https://doi.org/10.1007/s00170-017-0233-1
Tao, F., Zhang, H., Liu, A., & Nee, A. Y. C. (2019). Digital Twin in Industry: State-of-the-Art. IEEE Transactions
on Industrial Informatics, 15(4), 2405-2415. https://doi.org/10.1109/1ii.2018.2873186
Tao, F., Zhang, H., & Zhang, C. (2024). Advancements and challenges of digital twins in industry. Nafure
computational science, 4(3), 169-177. https://doi.org/10.1038/543588-024-00603-w
Tonoy Kanti, C. (2025). Al-Powered Deep Learning Models for Real-Time Cybersecurity Risk Assessment
In Enterprise It Systems. ASRC Procedia: Global Perspectives in Science and Scholarship, 1(01), 675-704.
https://doi.org/10.63125/137kéy79
Tracy, M., Cerdd, M., & Keyes, K. M. (2018). Agent-Based Modeling in Public Health: Current Applications
and Future Directions. Annual review of public health, 39(1), 77-94. https://doi.org/10.1146/annurev-
publhealth-040617-014317
Tripathi, N., Hietala, H., Xu, Y., & Liyanage, R. (2024). Stakeholders collaborations, challenges and
emerging concepts in digital twin ecosystems. Information and Software Technology, 169(NA), 107424-
107424. https://doi.org/10.1016/].infsof.2024.107424
Vachdlek, J., Sismisova, D., Vasek, P., Fitka, I, Slovak, J., & Simovec, M. (2021). Design and
Implementation of Universal Cyber-Physical Model for Testing Logistic Control Algorithms of Production
Line's Digital Twin by Using Color Sensor. Sensors (Basel, Switzerland), 21(5), 1842-NA.
https://doi.org/10.3390/521051842
Vdzquez-Serrano, J. |., Peimbert-Garcia, R. E., & Cdrdenas-Barrén, L. E. (2021). Discrete-Event Simulation
Modeling in Healthcare: A Comprehensive Review. International journal of environmental research and
public health, 18(22), 12262-NA. https://doi.org/10.3390/ijerph182212262
Villalonga, A., Negri, E., Biscardo, G., Castano, F., Haber, R. E., Fumagalli, L., & Macchi, M. (2021). A
decision-making framework for dynamic scheduling of cyber-physical production systems based on
digital twins. Annual Reviews in Control, 51(NA), 357-373. https://doi.org/10.1016/j.arcontrol.2021.04.008
Viot, H., Sempey, A., Mora, L., Batsale, J.-C., & Malvestio, J. (2018). Model predictive control of a
thermally activated building system to improve energy management of an experimental building: Part
[—Modeling and measurements. Energy and Buildings, 172(NA), 94-103.
https://doi.org/10.1016/j.enbuild.2018.04.055
von Stosch, M., & Glassey, J. (2018). Benefits and Challenges of Hybrid Modeling in the Process Industries:
An Infroduction. In (Vol. NA, pp. 1-12). CRC Press. https://doi.org/10.1201/9781351184373-1
Yousefi, M., & Ferreira, R. P. M. (2017). An agent-based simulation combined with group decision-making
technique for improving the performance of an emergency department. Brazilian journal of medical
and biological research = Revista brasileira de pesquisas medicas e biologicas, 50(5), e5955-NA.
https://doi.org/10.1590/1414-431x20175955

775


https://rast-journal.org/index.php/RAST/index
https://doi.org/10.63125/yrkm0057
https://doi.org/10.63125/fxqpds95
https://doi.org/10.63125/gzyw2311
https://doi.org/10.1088/1757-899x/530/1/012004
https://doi.org/10.63125/yq1gp452
https://doi.org/10.63125/bvv8r252
https://doi.org/10.1016/j.childyouth.2004.11.007
https://doi.org/10.1016/j.compind.2023.103961
https://doi.org/10.1145/3631539
https://doi.org/10.63125/mxgx4m74
https://doi.org/10.1007/s00170-017-0233-1
https://doi.org/10.1109/tii.2018.2873186
https://doi.org/10.1038/s43588-024-00603-w
https://doi.org/10.63125/137k6y79
https://doi.org/10.1146/annurev-publhealth-040617-014317
https://doi.org/10.1146/annurev-publhealth-040617-014317
https://doi.org/10.1016/j.infsof.2024.107424
https://doi.org/10.3390/s21051842
https://doi.org/10.3390/ijerph182212262
https://doi.org/10.1016/j.arcontrol.2021.04.008
https://doi.org/10.1016/j.enbuild.2018.04.055
https://doi.org/10.1201/9781351184373-1
https://doi.org/10.1590/1414-431x20175955

[123].

[124].

[125].

[126].

Review of Applied Science and Technology
Volume 04, Issue 02 (2025)
Page No: 501 - 526
Doi: 10.63125/yrkm0057
Zeb, S., Mahmood, A., Hassan, S. A., Piran, M. D. J., Gidlund, M., & Guizani, M. (2022). Industrial digital
twins at the nexus of NextG wireless networks and computational intelligence: A survey. Journal of
Network and Computer Applications, 200(NA), 103309-NA. https://doi.org/10.1016/j.jnca.2021.103309
Zhong, R. Y., Xu, X., Klotz, E., & Newman, S. T. (2017). Intelligent Manufacturing in the Context of Industry
4.0: A Review. Engineering, 3(5). 616-630. https://doi.org/10.1016/j.eng.2017.05.015
Zhou, K., Liu, T., & Zhou, L. (2015). FSKD - Industry 4.0: Towards future industrial opportunities and
challenges. 2015 12th International Conference on Fuzzy Systems and Knowledge Discovery (FSKD),
NA(NA), 2147-2152. https://doi.org/10.1109/fskd.2015.7382284
Zobayer, E. (2025). Impact of Advanced Lubrication Management Systems on Equipment Longevity
And Operational Efficiency In Smart Manufacturing Environments. ASRC Procedia: Global Perspectives
in Science and Scholarship, 1(01), 618-653. https://doi.org/10.63125/rOnébc88

776


https://rast-journal.org/index.php/RAST/index
https://doi.org/10.63125/yrkm0057
https://doi.org/10.1016/j.jnca.2021.103309
https://doi.org/10.1016/j.eng.2017.05.015
https://doi.org/10.1109/fskd.2015.7382284
https://doi.org/10.63125/r0n6bc88

