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ABSTRACT

Accurate cycle time prediction is critical for optimizing throughput, managing WIP, and ensuring responsive-
ness in semiconductor manufacturing. This systematic review synthesizes literature from Google Scholar,
Web of Science, and IEEE Xplore, covering analytical, statistical, Al-driven, and hybrid approaches. The
key contributions are: (1) a structured, comparative evaluation of predictive techniques in terms of accuracy,
interpretability, and scalability, and (2) identification of research gaps and emerging directions, such as
self-adaptive models, generative Al for data augmentation, and enhanced human-AlI collaboration. This
review provides insights to support the development of robust forecasting systems aligned with the evolving
demands of semiconductor manufacturing.

1 INTRODUCTION

The semiconductor manufacturing industry serves as the backbone of modern technological advancement,
driving progress across electronics, computing, telecommunications, and other high-tech sectors. With
surging global demand fueled by the proliferation of smart devices, artificial intelligence (Al), and the
Internet of Things (IoT) manufacturers face mounting pressure to optimize operations, reduce costs, and
boost responsiveness to remain competitive (Monostori 2014).

Among the core challenges is accurately predicting cycle time (CT) which, in the case of a wafer
fabrication factory (wafer fab), the total time it takes to transform one lot of wafer of silicon into one
lot of integrated circuits (IC). This key performance indicator closely tied to the estimation of lead time,
e.g. the time between a customer order and its delivery, the management of lot Work-in-Progress (WIP),
e.g the occupation level of a wafer fab, lot throughput, and customer satisfaction. CT prediction is tough
due to the industry’s high variability and reentrant production flows. Reliable CT estimates enable better
resource allocation, early identification of bottlenecks, and more agile responses to market fluctuations an
imperative underscored by recent global component shortages (Ivanov and Dolgui 2020).

Traditional modeling methods often fail to capture the inherent complexity of semiconductor production.
Processes are multi-stage, non-linear, and subject to numerous stochastic influences, including equipment
behavior, operator variability, and product mix changes. Moreover, massive volumes of data generated
throughout the manufacturing pipeline exceed the capabilities of conventional analytical techniques. This
has spurred interest in advanced modeling approaches, notably those based on Al, machine learning (ML),
and Digital Twin (DT) technologies (Kang et al. 2016).

Digital Twins, in particular, have emerged as powerful tools, offering real-time synchronization between
physical systems and virtual counterparts. Using various degrees of abstraction, these digital models replicate
the measured behaviors of a real wafer fab, enabling dynamic forecasting, anomaly detection, and process
optimization by continuously integrating real-time production data (Qi et al. 2021).
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Despite these technological advances, few studies have holistically examined the synergy between
CT predictive modeling, real-time anomaly detection, and Digital Twin implementation in real-world
manufacturing environments. Existing literature often isolates these components, overlooking their potential
integration (Chang and Liao 2006). This review aims to bridge that gap through a structured synthesis of
predictive methods and enabling technologies.

The primary objectives of this review are threefold: (1) to evaluate traditional and Al-based CT
prediction methods, including Multiple-Factor Linear Combination (MFLC), Artificial Neural Networks
(ANN), and Deep Learning; (2) to examine the role of Digital Twins in supporting adaptive, real-time
prediction; and (3) to assess the practical performance, scalability, and limitations of various approaches
in real manufacturing settings.

The remainder of this paper is organized as follows: Section 2 outlines the systematic review methodology.
Section 3 discusses key predictive methods. Section 4 explores Digital Twin integration. Section 5 presents
model validation strategies. Section 6 examines influential scientific articles and trends in Explainable Al
(XAI). Sections 7 synthesize findings, address current challenges, and propose future research directions
and we end the article with Section 8.

2 SYSTEMATIC REVIEW METHODOLOGY

This section outlines the systematic methodology employed to collect, screen, and analyze relevant literature
on cycle time (CT) prediction in semiconductor manufacturing. The review process was designed to ensure
thorough coverage, replicability, and transparency across four main stages: (1) search strategy formula-
tion, (2) article selection and screening, (3) temporal and geographical analysis, and (4) methodological
categorization.

2.1 Search Strategy

The search strategy was built upon both direct and snowballing methods to ensure a comprehensive collection
of relevant studies. Direct searches were performed using targeted keyword queries on leading academic
databases, including IEEE Xplore, ScienceDirect, SpringerLink, Taylor & Francis, Web of Science, and
Google Scholar. The primary keywords combination used were “cycle time prediction AND semiconductor
manufacturing,” and “lot completion time prediction AND wafer fabrication.” To maintain relevance, the
scope was limited to publications from 2000 onward.

To complement the database queries, a backward and forward citation analysis (snowballing) was
conducted using seminal papers identified in the initial screening. This helped capture influential studies
potentially missed by database search filters, thereby increasing coverage.

2.2 Article Selection and Screening

The article selection process began with an initial set of 54 publications identified through title and abstract
screening across major databases. Each article was then assessed in detail against a set of clearly defined
inclusion and exclusion criteria to ensure its relevance, methodological rigor, and contribution to the field
of cycle time (CT) prediction in semiconductor manufacturing. To be considered for inclusion, studies
had to focus specifically on CT prediction, or a directly connected prediction such as those of remaining
CT, completion times and due dates, within the semiconductor domain, it had be published in reputable
peer-reviewed journals or high-impact conferences, and include some form of empirical validation such
as simulation experiments, industrial datasets, or applied case studies. Furthermore, to reflect current
developments, only articles published from the year 2000 onward were eligible.

Conversely, papers were excluded if they addressed unrelated manufacturing processes, lacked method-
ological depth or empirical evidence, or were identified as redundant or preliminary versions of already
included work. After applying these criteria, the dataset was refined into three categories. A total of
29 articles were fully retained as they satisfied all inclusion criteria and demonstrated clear empirical
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contributions. Fourteen articles were labeled as borderline, requiring further detailed examination due to
partial compliance or methodological ambiguity. The remaining 11 articles were excluded on grounds of
irrelevance or insufficient rigor.

Figure 1: Number of publications per 5-year period categorized by inclusion status.

2.3 Temporal and Geographical Trends

An examination of the selected literature across time periods revealed a clear evolution in methodological
focus. Between 2000 and 2010, research was primarily centered on foundational statistical and simulation
techniques, laying the groundwork for later innovations. The following decade, from 2010 to 2020, saw a
marked shift toward artificial intelligence, with increasing adoption of artificial neural networks (ANNs)
and fuzzy logic to capture complex relationships in dynamic manufacturing systems. More recently, the
period from 2020 to 2025 has been characterized by the integration of hybrid models, the emergence of
Digital Twin frameworks, and a growing interest in Explainable Al (XAlI), reflecting the industry’s need
for real-time, interpretable, and resilient predictive tools.

From a geographical perspective, the distribution of contributions shows that research activity is
concentrated in several global innovation hubs. As illustrated in Figure 2, the majority of publications
originate from China, South Korea, and the United States. These countries have established themselves
as leaders in semiconductor research, benefiting from strong academic-industry collaboration, advanced
manufacturing capabilities, and strategic national investments in Al and smart manufacturing technologies.

2.4 Categorization of Methods and Research Goals

The selected articles were further analyzed and classified according to two essential dimensions: the
methodological approach employed and the research objectives pursued. This dual categorization helps
clarify the diverse modeling paradigms adopted across the literature and reveals distinct thematic patterns
in CT prediction research.

In terms of methodology, the articles reflected a wide spectrum of modeling strategies. Some studies
relied on analytical or queueing models to derive theoretical insights into production dynamics. Others
employed statistical techniques such as regression analysis or time-series forecasting to model cycle time
based on historical data trends. A significant portion of the literature focused on Al-based methods, including
artificial neural networks, deep learning architectures, and fuzzy logic systems, particularly in scenarios
requiring non-linear pattern recognition. Case-Based Reasoning (CBR) approaches were also observed,
leveraging past operational cases to predict current outcomes. Many of the most recent contributions
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Figure 2: Geographical distribution of publications.

embraced hybrid models, which combine multiple techniques to balance accuracy, interpretability, and
adaptability. Finally, simulation-based methods remained popular, offering rich, event-driven representations
of production systems.

From the perspective of research objectives, studies typically targeted one or more of the following:
prediction of mean full cycle time for completed lots, estimation of remaining cycle time for in-process
lots, forecasting the distribution of cycle times to assess variability, predicting lot output quantities, and
supporting due-date assignment through upstream CT estimation. These objectives reflect both operational
and strategic decision needs within the semiconductor manufacturing environment.

Together, these classifications provide a structured lens through which the subsequent sections analyze
modeling performance, integration with Digital Twins, and pathways for industrial implementation.

3 PREDICTION METHODS IN SEMICONDUCTOR MANUFACTURING

This section examines the main categories of predictive methods used for cycle time (CT) estimation in
semiconductor manufacturing. The literature reveals seven key methodological families: analytical models,
statistical techniques, artificial neural networks (ANNs), case-based reasoning (CBR), fuzzy modeling,
hybrid approaches, and simulation. Each is described below with its principles, strengths, and limitations.

3.1 Analytical Models

Analytical approaches use mathematical and queueing theory formulations to estimate CT, often under
simplifying assumptions. Models such as M/M/1 or G/G/1 queues help estimate waiting times and throughput
based on arrival and service distributions. Little’s Law, which relates average WIP, throughput, and CT,
is frequently applied (Little 1961). These models offer interpretability and low computational cost but
typically assume system stationarity and struggle with complex dynamics in modern fabs.

3.2 Statistical Techniques

Statistical models rely on historical production data to generate regression-based or time-series forecasts.
Multiple-Factor Linear Combination (MFLC) models and ARIMA (AutoRegressive Integrated Moving
Average) are common examples. While they provide transparency and ease of implementation, their
assumptions about linearity and stationarity limit performance in environments with high variability or
non-linear dependencies (Wang et al. 2018).
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3.3 Artificial Neural Networks (ANNs)

ANNSs are data-driven models inspired by biological neural networks. They are well-suited for capturing
non-linear relationships and learning complex input-output mappings. Backpropagation neural networks
are commonly applied for CT prediction. For example, as shown in Chen (2007) and Wang et al. (2018)
work, BPNs outperform traditional statistical methods and even some rule-based systems in CT forecasting
accuracy, especially when trained on high-dimensional process data. More recently, deep learning variants
such as CNNs and RNNs have shown superior performance in recognizing temporal and spatial patterns.
However, these models often require large datasets and computational resources, and may lack interpretability
(Wang et al. 2018).

3.4 Case-Based Reasoning (CBR)

CBR systems retrieve similar past production cases to solve current prediction problems through analogy.
This method excels in scenarios with strong historical precedent and can adapt to changes in production
context. Notable examples include CBR systems enhanced by expert systems or combined with k-nearest
neighbor algorithms (Chang et al. 2001). The main limitation lies in the need for well-maintained case
libraries and representative data.

3.5 Fuzzy Modeling

Fuzzy logic handles uncertainty and imprecision by allowing variables to belong to multiple fuzzy sets
with varying degrees of truth. It is useful for modeling vague concepts such as "high congestion" or "low
machine reliability." Fuzzy clustering and fuzzy inference systems have been used to estimate CT under
uncertain conditions (Chen 2008). While this approach handles noise and variability well, interpretability
may degrade in high-dimensional or rule-intensive systems (Lee and Gao 2021).

3.6 Hybrid Approaches

Hybrid methods combine two or more modeling paradigms to capitalize on their respective advantages.
For instance, integrating fuzzy systems with neural networks or simulation allows improved adaptability
and accuracy. Chen (2007) presented a model combining k-means clustering and fuzzy BPNs, while Seidel
et al. (2020) showed how hybrid models integrated into digital twins enhance predictive capability and
real-time decision support.

3.7 Simulation-Based Methods

Simulation techniques such as discrete-event simulation (DES) model the detailed behavior of manufacturing
processes over time. These models enable scenario testing and CT distribution analysis. DES is highly
accurate but resource-intensive to develop and calibrate (Morrison and Martin 2007). Recent work also
includes continuous simulation for flow-based processes and agent-based models for system-level behavior
(Deenen et al. 2024). Simulation offers deep insight but often lacks real-time responsiveness and scalability.

Each method has its trade-offs in terms of accuracy, interpretability, data requirements, and scalability.
Table 1 summarizes their comparative strengths.

4 INTEGRATION OF DIGITAL TWINS

Digital Twin (DT) technology represents a transformative innovation in semiconductor manufacturing by
enabling real-time synchronization between physical assets and their virtual counterparts. This section details
how DTs enhance cycle time (CT) prediction through continuous data integration, predictive accuracy, and
dynamic decision support. We discuss three primary areas where Digital Twins are being applied: real-time
CT forecasting, lot quantity and due-date estimation, and continuous model calibration and extrapolation.
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Table 1: Comparison of predictive modeling approaches.

Method Accuracy Interpretability | Scalability | Data Requirement
Analytical Models | Low/Medium High High Low
Statistical Models Medium Medium/High | Medium/High Medium
ANNSs High Low High High

CBR Medium Medium Medium Medium
Fuzzy Models Medium Medium Medium Medium
Hybrid Approaches High Medium Medium High
Simulation High High Low High

4.1 Real-Time Cycle Time Forecasting

Digital Twins facilitate real-time CT forecasting, particularly for remaining CT, by integrating data from
IoT devices, sensors, and manufacturing execution systems (MES). This data-driven environment allows
for dynamic simulation and prediction that reflect current shop-floor conditions. For example, Tao et al.
(2019) demonstrated that real-time data collected from photolithography tools significantly improves the
responsiveness of predictive models. The continuous feedback loop between physical operations and
digital replicas supports anomaly detection and rapid schedule adjustments, reducing delays and improving
throughput.

4.2 Lot Quantity and Due-Date Estimation

Accurately forecasting lot completion quantities and due dates is vital for production planning and customer
satisfaction. Digital Twins improve these estimations by leveraging current and historical production data.
In highly variable environments, such as those with frequent equipment changes or product mix variability,
DTs dynamically adjust their forecasts. Chen, Lin, and Lin (2024) introduced a fuzzy collaborative DT
system that updates due-date estimates in real time based on fluctuating WIP levels and capacity changes,
demonstrating higher reliability compared to static models.

4.3 Model Calibration and Scenario Extrapolation

One of the most powerful features of Digital Twins is their ability to maintain predictive accuracy over
time through continuous calibration. As new production data is ingested, model parameters are updated
to reflect operational changes. This capability ensures sustained reliability even in evolving manufacturing
contexts. Moreover, DTs enable predictive extrapolation—testing “what-if” scenarios such as equipment
upgrades, new product introductions, or extreme throughput constraints. Deenen et al. (2024) showed
how DTs define validity zones and extend forecasting capabilities into unobserved or future production
scenarios.

4.4 Tmplementation Challenges and Research Opportunities

Despite their promise, implementing Digital Twins in semiconductor fabs presents several challenges:

* Data Quality and Integration: High-fidelity, synchronized data across multiple systems is a
prerequisite for effective DTs. Missing or misaligned data can compromise model reliability.

*  Computational Infrastructure: Real-time simulation and prediction require substantial computa-
tional resources and efficient data pipelines.

* Technical Expertise: Integrating AI models, IoT systems, and simulation engines into a coherent
DT framework demands specialized interdisciplinary skills.
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Future research should focus on overcoming these hurdles by exploring edge computing for real-
time responsiveness, developing lightweight DT architectures for resource-constrained environments, and
enhancing explainability to support operator trust and human-Al collaboration.

Digital Twins significantly improve CT prediction accuracy, adaptability, and decision-making in
semiconductor manufacturing. They support responsive, data-driven production planning but require robust
infrastructure and expertise. Their integration marks a shift toward smart, resilient factories capable of
adapting to continuous change.

S MODEL ANALYSIS AND VALIDATION

Evaluating the performance and reliability of predictive models is a critical step in ensuring their suitability
for real-world semiconductor manufacturing environments. This section examines the different dimensions
of model validation, including the metrics used to assess predictive performance, the protocols designed
to test generalizability, and the practical considerations necessary for successful implementation.

To assess predictive accuracy, researchers typically rely on quantitative error metrics that compare
predicted and actual cycle time values. Among the most widely used is the Mean Squared Error (MSE),
which amplifies larger prediction deviations by squaring the error terms, thereby penalizing models that
produce substantial outliers. Closely related is the Root Mean Squared Error (RMSE), which retains the
benefits of MSE but expresses the error in the same units as the original data, offering more intuitive
interpretability for practitioners. The Mean Absolute Error (MAE) is another critical indicator, particularly
useful in environments with significant noise or uncertainty, as it measures the average magnitude of
prediction errors without over-penalizing large deviations. The Mean Absolute Percentage Error (MAPE)
and its symmetric version (SMAPE) offer a relative error measure providing a more meaningful interpretation
of the scale of the model quality performances. These metrics are commonly used in semiconductor
applications, as seen in Wang et al. (2018) and Chen (2007) works. In addition, researchers often examine
the distribution of residual errors to detect systematic bias or instability an approach recommended in robust
model development frameworks like those discussed in Meidan et al. (2011) work.

However, evaluating performance on historical data alone is not sufficient. Cross-validation techniques,
such as k-fold cross-validation, are essential for assessing a model’s ability to generalize to unseen data.
This method is widely adopted in the predictive modeling literature, including Lee and Gao (2021) work,
where hybrid models are rigorously tested across multiple folds. More advanced validation protocols
include empirical testing in live or near-live environments, as emphasized in Seidel et al. (2020) work,
where simulation-integrated Digital Twins are tested against real fab operations. These validations account
for practical constraints like data latency, missing values, and shifting process dynamics, supporting the
concept of validity zones a method detailed in Deenen et al. (2024) work to ensure predictions remain
reliable under defined operational conditions.

Model validation also entails evaluating operational aspects beyond statistical accuracy. One key
consideration is computational efficiency. In high-throughput fabs, predictions must be generated quickly,
as discussed in Chen (2008) work, which highlights real-time forecasting requirements for lot output
times. Additionally, interpretability is crucial: while deep learning models like CNNs and RNNs offer high
accuracy (see Wang, Zhang, and Wang (2018)), their black-box nature can hinder adoption unless paired
with explainability tools—a challenge explored in (Meidan et al. 2011).

Data quality is another major factor influencing model reliability. Semiconductor data often suffer
from missing values, noise, and inconsistencies due to sensor or logging issues. Effective preprocessing,
including outlier detection and normalization, is emphasized in Chen (2007) and Wang, Zhang, and Wang
(2018) works, where feature selection and data cleaning led to significant accuracy improvements.

Scalability concerns are addressed in studies like Seidel et al. (2020) and Deenen et al. (2024) works,
where predictive systems are tested across multiple fabs or production segments. These implementations
often involve ensembles of models, each tailored to specific tools or products, supported by monitoring
systems and automated retraining protocols.
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Finally, successful deployment depends on human-Al collaboration. Studies like Chen (2007) and Wang,
Zhang, and Wang (2018) emphasize the need for interfaces that offer confidence levels, alert prioritization,
and explainable insights, helping engineers and planners integrate predictions into their workflows. This
interaction between models and users is central to achieving long-term value.

A holistic model validation process encompasses statistical performance, cross-scenario robustness,
and operational feasibility. These considerations ensure that CT prediction models can deliver reliable,
actionable insights in the dynamic environment of semiconductor manufacturing.

6 EXPLORATION OF SCIENTIFIC ARTICLES

This section explores key scientific contributions that have shaped the development of predictive modeling for
cycle time estimation in semiconductor manufacturing. The analysis highlights both historically influential
articles and emerging trends that signal the future direction of research.

Among the most impactful studies, Wang, Zhang, and Wang (2018) proposed a domain-specific
data-driven model for cycle time prediction, incorporating feature selection tailored to semiconductor
fabrication. Their methodology significantly improved prediction accuracy and demonstrated the importance
of incorporating industry-specific knowledge into model design. Similarly, Chen (2007) developed a hybrid
framework that integrated statistical learning with neural networks to predict wafer lot output time. Their work
showcased the advantages of combining multiple techniques to enhance model robustness and applicability
across diverse production settings.

Anomaly detection has also received considerable attention, particularly through hybrid approaches. For
instance, Lee and Gao (2021) presented a fuzzy clustering-based system combined with genetic algorithms
and machine learning techniques. Their method proved highly effective in identifying deviations and
providing stable CT forecasts in the presence of noisy or uncertain data. These developments underscore
the growing importance of robustness and adaptability in prediction systems.

The emergence of Digital Twins has marked a pivotal shift in modeling strategies. Tao, Qi, Wang, and
Nee (2019) provided foundational work on Digital Twin applications for manufacturing, illustrating how
virtual-physical synchronization could be leveraged for real-time CT prediction and equipment monitoring.
Their framework laid the groundwork for more recent studies that tightly integrate simulation, sensor data,
and Al to deliver predictive and prescriptive analytics. Likewise, Chen and Wang (2022) surveyed hybrid
modeling approaches and emphasized how Digital Twin architectures can unify various modeling paradigms
to provide richer, context-aware insights.

Explainable AI (XAI) has become increasingly prominent in recent literature. Chen, Wang, and Tsai
(2009) introduced a model that integrates SHAP (SHapley Additive exPlanations) to clarify feature contribu-
tions in deep learning-based CT prediction. Their approach bridged the gap between high-performance Al
and human-centric decision-making. Wang, Chen, and Chiu (2022) further demonstrated that interpretability
can be achieved without sacrificing model accuracy, a critical consideration for industrial adoption. In this
context, Chen, Lin, and Lin (2024) proposed a fuzzy collaborative forecasting system that uses explainable
mechanisms to manage prediction uncertainty and support operator engagement.

These articles collectively represent the evolution from traditional predictive modeling toward integrated,
interpretable, and operationally viable systems. They reflect the field’s increasing emphasis on hybrid
intelligence, real-time analytics, and human-AlI collaboration. As such, they serve as both benchmarks and
blueprints for future research in predictive modeling for semiconductor manufacturing.

7 DISCUSSION AND FUTURE PERSPECTIVES

This section synthesizes the key contributions of predictive modeling in semiconductor manufacturing,
reflecting on both the strengths of existing methods and the limitations that persist when transitioning
from research to practice. The analysis also highlights forward-looking research opportunities that could
transform the industrial adoption of CT prediction tools in complex and evolving fabrication environments.
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7.1 Synthesis of Predictive Modeling Approaches

The diversity of predictive modeling techniques reflects the multifaceted nature of semiconductor manufac-
turing processes. Analytical and statistical models provide accessible, computationally efficient solutions
grounded in queuing theory, regression analysis, or time-series forecasting. These methods are particularly
useful when interpretability and quick implementation are prioritized. However, they often fall short in
capturing the full complexity of modern fabs, particularly under high variability, nonlinearity, or reentrant
flow conditions.

Al-driven models, such as artificial neural networks, fuzzy logic systems, and hybrid intelligent
frameworks, have emerged to address these limitations. These methods exhibit strong capabilities in
learning complex patterns from historical data, adapting to changing operational dynamics, and outperforming
traditional models in terms of predictive accuracy. Yet, they also introduce new challenges, particularly
around interpretability, data dependency, and scalability. Their “black-box” nature often makes them difficult
to trust or deploy in production environments without sufficient validation and explanation tools.

Hybrid models—combining analytical, statistical, Al, and simulation components—have proven es-
pecially effective in balancing accuracy, flexibility, and interpretability. When integrated with real-time
systems like Digital Twins, these models gain the added advantage of synchronizing virtual predictions with
physical processes. This integration enables dynamic decision-making and continuous process improve-
ment, transforming static forecasting into real-time operational insight. Across all modeling strategies, the
review confirms that effectiveness is highly context-dependent. The most successful implementations align
modeling techniques with the unique characteristics of the fab, including its data infrastructure, production
mix, and decision-making workflows.

7.2 Ongoing Challenges in Deployment

Despite advancements in theory and experimentation, real-world deployment of CT prediction models
remains limited. One of the most significant barriers is data quality and accessibility. Semiconductor fabs
often generate vast quantities of data, yet this data may be noisy, incomplete, or fragmented across disparate
systems. Issues like sensor inaccuracies, data latency, and inconsistencies in event logging can undermine
model training and operational use.

Another major challenge is the gap between model sophistication and operator usability. While Al
models can achieve high accuracy, their lack of transparency creates a barrier to acceptance. Engineers
and managers need to understand, trust, and act upon predictions. Without mechanisms for explainability,
even the most accurate model may be underutilized. This is particularly true in high-stakes manufacturing
contexts where decisions have direct implications on yield, quality, and customer satisfaction.

Scalability is another concern. Models that perform well in laboratory or pilot settings may fail to
deliver in large-scale production environments with thousands of tools and dynamic workflows. Moreover,
integrating predictive tools into existing manufacturing execution systems (MES), enterprise resource
planning (ERP) platforms, or dispatching mechanisms often requires significant customization. These
integrations are not merely technical; they demand alignment across IT, operations, and process engineering
teams. Maintenance and model retraining also require dedicated resources, further increasing the burden
of long-term adoption.

These challenges highlight that successful deployment involves more than choosing the right algo-
rithm—it requires building a complete system that connects data, people, processes, and technology in a
cohesive and sustainable manner.

7.3 Directions for Future Research

To address these persistent challenges, future research must move beyond algorithmic performance and
consider systemic integration, human-machine collaboration, and operational resilience. One promising
direction is the development of self-adaptive models that learn continuously from new data and respond to
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changes in production without manual recalibration. Such models could incorporate reinforcement learning,
concept drift detection, or meta-learning techniques to remain robust in volatile manufacturing contexts.

Another emerging opportunity lies in the use of generative Al for data augmentation. Techniques such
as Generative Adversarial Networks (GANs) and Variational Autoencoders (VAEs) can generate synthetic
production scenarios, helping overcome data scarcity, improve model robustness, and explore edge-case
conditions that are rarely observed in historical logs but critical for risk-aware planning.

Equally important is the evolution of human-AlI interfaces. Model outputs must be communicated in
ways that are understandable, actionable, and aligned with operator expectations. Explainable Al (XAI)
frameworks can help bridge the gap, especially when embedded into visual dashboards, interactive simulation
tools, or Digital Twin environments.

On the architectural side, research should focus on lightweight and modular Digital Twin systems that can
be rapidly configured, scaled, and maintained. Technologies such as edge computing and federated learning
can enable distributed prediction capabilities that respect data privacy and reduce latency, particularly in
highly automated fabs.

Finally, resilience must become a central goal of predictive systems. Models should not only provide
accurate forecasts under ideal conditions but also maintain functionality during disruptions—be it equipment
failure, supply chain shocks, or process shifts. Indeed, these disruptions change completely the arrival and
process rates of a wafer fab as well as its priority policies, resulting in big shifts in congestion states and
CT compared to past data observations. This calls for new evaluation benchmarks and robustness testing
protocols that better reflect the realities of modern semiconductor operations.

Together, these research directions point toward a new generation of predictive modeling tools—ones
that are not only accurate and efficient, but also interpretable, integrable, and resilient in real-world
manufacturing environments. The next and final section concludes this review by summarizing its main
contributions and outlining the implications for researchers and practitioners alike.

8 CONCLUSION

This systematic review has provided a first comprehensive exploration of predictive modeling approaches
for cycle time (CT) forecasting in semiconductor manufacturing. By examining a wide range of method-
ologies—including analytical, statistical, Al-driven, hybrid, and simulation-based techniques—the study
has clarified how different approaches align with the diverse operational realities and constraints of semi-
conductor fabs. In particular, the integration of predictive models with Digital Twin architectures stands
out as a promising pathway to support dynamic, real-time decision-making.

Beyond methodology, this review has shown critical dimensions that influence the success or failure of CT
prediction models in practice. These include data quality and availability, model interpretability, scalability,
and integration within existing manufacturing systems. The analysis emphasizes that predictive accuracy
alone is insufficient; operational deployment requires careful consideration of technical, organizational,
and human factors.

Looking forward, we need to include and analyze other articles. The future of CT prediction in
semiconductor manufacturing lies in the development of systems that are not only precise but also transparent,
adaptive, and resilient. Research should focus on enhancing model self-learning capabilities, expanding
the role of generative Al. Modular Digital Twin infrastructures and distributed computing technologies
such as edge and federated learning will further support these goals by enabling scalable and real-time
deployment.

Furthermore, CT prediction models and Digital Twin infrastructures must be integrated in the supply
chain context where there are used. Indeed the direct customer of a wafer fab is most often a stock of
Available to Promise (ATP) ICs within the same company which decouples the wafer fab production from
the final customer. As such, the primary users of the models are Planners which must integrate them within
a more global decision strategy accounting for the supply chain demand and the ATP stocks available.
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