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Abstract Recent advances in artificial intelligence (Al)
have significantly enhanced quality management, enabling
more effective handling of complex, high-dimensional,
and multi-modal data. Al methods, including machine
learning (ML) and deep learning (DL), have been pivotal
in advancing key areas such as quality optimization, moni-
toring, and diagnosis. These methods have increased
adaptability, efficiency, and scalability, making them
particularly suitable for modern industrial applications.
This review provides a comprehensive examination of Al
methods in quality management, covering the integration
of surrogate models, Bayesian optimization (BO), intelligent
control charts, change-point detection (CPD), and inter-
pretable quality diagnosis. The review concludes with
proposed directions for future research aimed at overcoming
existing challenges and enhancing the deployment of Al in
real-world quality management implementation.

Keywords  quality control, Bayesian optimization,
statistical process control, stream of variation, causal
inference

1 Introduction

Quality management has long been a central concern in
industrial production because it determines product
conformance, cost efficiency, and operational safety
across diverse domains such as semiconductor manufac-
turing (Hansen et al., 1997), healthcare (Yang et al.,
2020), aerospace maintenance (Eltoukhy et al., 2020),
and wind energy (Carroll et al., 2016). Historically, the
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foundations of quality management trace back to early
work in Statistical Process Control (SPC) (Shewhart,
2022; Weibull, 1951). While these classical approaches
are still widely applied, the growing complexity of indus-
trial processes calls for new methodologies.

Data-driven methods have greatly advanced quality
management, especially in quality optimization, monitor-
ing and diagnosis. First, quality optimization increasingly
relies on surrogate modeling and Bayesian optimization
to efficiently explore high-dimensional design spaces
under limited experimental budgets (Sacks et al., 1989;
Jones et al., 1998; Shahriari et al., 2016; Frazier, 2018).
Second, quality monitoring focuses on the detection of
process anomalies. Classical tools such as Shewhart
charts, Cumulative Sum (CUSUM) control chart, and
Exponentially Weighted Moving Average (EWMA)
control charts are still central to identifying shifts in
process behavior (Montgomery, 2020). Beyond control
charts, change-point detection (CPD) provides a comple-
mentary detection mechanism for identifying process
shifts (Basseville and Nikiforov, 1993; Page, 1954,
Truong et al., 2020). Third, quality diagnosis translates
anomalies into actionable guidance. This step is crucial
for identifying the root causes of variations and supporting
process recovery and adjustment (Mason et al., 1995;
Jardine et al., 2006).

As industrial systems scale and integrate Industrial
Internet of Things (IIoT) technologies, they generate
increasingly complex data sets, characterized by higher
sampling rates, complex distributions, and heterogeneous
data types (including time series, images, and logs).
These characteristics pose significant challenges for tradi-
tional statistical methods, which often assume that the
data types are simple and the data stationarily follow well-
known distributions. For example, heterogeneous data
often exhibit varying structures and characteristics,
making it difficult for traditional statistical methods to
perform effectively, particularly when dealing with the
fusion of multi-modal data and complex interrelationships
between data streams. While various extensions of tradi-
tional statistical methods have been developed to address
complex data sets with high dimensionality and nonlin-
earity, robust and scalable solutions capable of managing
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nonstationarity, multi-modality, and heteroscedasticity
remain a critical challenge. These limitations highlight
the need for more adaptive and flexible methods, such as
Al-based methods, including conventional machine
learning, deep learning with complex model architec-
tures, and emerging foundation models.

Conventional ML approaches provide foundational
methods for dimension reduction, classification, regres-
sion, and clustering tasks. These techniques, such as prin-
cipal component analysis (PCA), decision trees, support
vector machines (SVMs), and k-nearest neighbors (k-
NN), have found broad applications in quality management
(Xu and Saleh, 2021). Unlike traditional statistical meth-
ods, classical ML methods are more flexible, learning
directly from the data without relying on predefined
distributions or strong assumptions. However, their
performance typically depends on handcrafted features
and substantial domain knowledge. In highly complex
systems, this reliance on manual feature engineering not
only constrains the use of raw (multi-modal) data but also
limits the models’ ability to generalize and transfer across
operating conditions, product variants, and deployment
environments.

With the rapid growth of data availability and computa-
tional power, DL has emerged as a transformative tool in
quality management. DL models, such as Autoencoders
(AEs), Convolutional Neural Networks (CNNs), Recurrent
Neural Networks (RNNs), and Long Short-Term Memory
(LSTM) networks, excel in their ability to model
complex relationships and dependencies in the data, often
uncovering patterns that traditional statistical methods
often fail to capture. The ability to process raw data, such
as images, sensor readings, and log files, without extensive
preprocessing has made DL an end-to-end approach for
tackling high-dimensional, multi-modal data sets
commonly encountered in modern industrial environ-
ments.

Despite their impressive performance, DL models are
often considered “black boxes” due to their lack of inherent
interpretability. This presents challenges in domains like
quality diagnosis, where actionable insights and transpar-
ent decision-making are crucial. However, recent
advancements in explainable Al (XAI) and causal
inference have the potential to address these concerns by
providing methods to interpret model predictions. These

methods allow for a deeper understanding of the factors
driving model decisions, making deep learning models
more suitable for quality diagnosis.

Looking ahead, the emergence of large pre-trained
models that can be fine-tuned for specific tasks holds
significant potential for quality management. These
models, which are trained on vast amounts of data, have
demonstrated strong generalization capabilities across
various applications, including text, image, and time-
series tasks. As they become more accessible, their ability
to adapt to diverse industrial scenarios could enable
substantial advances in quality management.

In light of these advancements, this review aims to
systematically survey the applications of Al methodolo-
gies—ranging from classical ML and DL to emerging
large pre-trained models—within the domain of quality
management. While quality management broadly covers
the entire product lifecycle, including reliability assess-
ment and maintenance, we limit our scope to three funda-
mental pillars—quality optimization, monitoring, and
diagnosis—which constitute the core workflow of
modern quality management. Despite the growing interest
and advancements in Al methods for quality manage-
ment, most existing reviews focus on either classical
statistical approaches (Montgomery, 2020) or specific Al
applications in particular aspects of quality management,
such as CPD (Xu et al., 2025) or anomaly detection (Du
et al., 2025). In contrast, our work aims to offer a broader
perspective by comprehensively reviewing the applications
of Al in quality optimization, monitoring and diagnosis.

To identify the foundational methodologies and repre-
sentative contributors in quality management, we first
summarized the influential scholars and research groups
in this domain. Table 1 highlights key pioneers, catego-
rizing their primary research focus into quality optimiza-
tion, monitoring, and diagnosis. This mapping provides
readers with a guide to the leading communities shaping
the theoretical foundations of the field.

To provide a quantitative overview of how Al is being
adopted in this rapidly evolving field, we curated a list of
flagship journals that serve as core publication venues for
the pioneers identified in Table 1. These venues compre-
hensively cover the full spectrum of modern quality
management. Subsequently, we conducted a targeted
literature search in the Web of Science Core Collection.

Table 1 Representative research groups and key contributors in Al-driven quality management

Representative scholar Institution

Primary research focus

C. F. Jeff Wu Georgia Institute of Technology, USA

Jianjun Shi Georgia Institute of Technology, USA
William H. Woodall Virginia Tech, USA
University of Florida, USA

HKUST, China

Peihua Qiu
Fugee Tsung

William J. Welch University of British Columbia, Canada

Experimental design, robust parameter design, computer experiments
Multistage manufacturing quality modeling, stream of variation
Social network monitoring, profile monitoring, health surveillance
Image and video-based process monitoring, jump regression analysis
High-dimensional SPC, statistical monitoring of big data streams

Computer experiments, Gaussian process modeling, screening designs
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The search query retrieved articles containing Al-related
keywords (e.g., “machine learning,” “deep learning,”
“Bayesian optimization”) published over the past decade
(2015-2025). Figure 1 illustrates the publication volume
across these journals.

Building on this perspective, this review examines how
Al techniques are integrated across the main stages of
quality management, forming a continuous chain for
design, monitoring, and diagnosis as shown in Fig. 2. We
begin with quality optimization, where surrogate modeling
and Bayesian optimization serve as the computational
backbone of design exploration. The discussion covers
both classical Gaussian-process (GP)-based surrogates
and their Al-driven extensions, such as deep GPs
(DGPs), Bayesian neural networks (BNNs), and physics-
informed architectures, highlighting how these models
enhance efficiency in high-dimensional or multi-fidelity
design spaces. Next, the review addresses quality moni-
toring, focusing on how ML- and DL-based control
charts and advanced CPD frameworks augment traditional
detection capabilities in complex data streams. Subse-
quently, the third part provides a dedicated examination
of quality diagnosis, emphasizing how variation propaga-
tion, causal inference, and XAl empower root cause anal-
ysis to support transparent decision-making. Finally, the
review concludes by discussing emerging challenges
such as data imbalance, multi-modal uncertainty quantifi-
cation (UQ), model transferability and interpretability,
and Al-empowered decision making. These challenges
delineate a clear agenda for future quality management
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research and practice.

The paper is structured as follows. Section 2 reviews
quality optimization using surrogate modeling and
Bayesian optimization. Section 3 focuses on quality
monitoring, covering Al-enhanced control charts and
CPD. Section 4 discusses quality diagnosis, structured
around variation propagation, causal inference, and XAl
The paper closes with open challenges in Section 5 and a
brief conclusion in Section 6.

2 Quality optimization

Quality optimization encompasses the systematic devel-
opment of products and processes to achieve high perfor-
mance while maintaining robustness under uncertainty
(Liu et al., 2023; Jin, 2023). This paradigm shift from
traditional deterministic engineering to modern, uncer-
tainty-aware methodologies underscores the increasing
role of proactive risk management and robust optimization
in complex engineering systems (Fernandez-Godino,
2023). The overall workflow of quality optimization is
illustrated in Fig. 3, highlighting the central roles of
surrogate modeling and BO.

In this section, we provide an overview of data-driven
frameworks for modern quality optimization. We first
review recent advances in GP-based surrogate modeling,
covering extensions to multi-output, functional-output,
qualitative-quantitative (QQ), distributional-input, and
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Fig. 3 Paradigm of quality optimization.

integration of Al, including deep learning and hybrid
neural-probabilistic models, as scalable surrogates for
complex quality-centric tasks. Finally, we survey BO
strategies that leverage surrogate models for efficient and
principled search for optimal quality designs under uncer-
tainty.

2.1 GP-based surrogate modeling

High-fidelity (HF) computer simulations have become
indispensable in modern quality optimization, yet the
sheer computational burden can be prohibitive, especially
when exploring vast design spaces or quantifying uncer-
tainty. Furthermore, in many engineering domains, each
evaluation may require not only hours of simulation but
also costly and time-consuming physical experiments. GP-
based methods have emerged as a key class of surrogate
models for efficient optimization and rigorous UQ

(Fernandez-Godino, 2023; Li and Wang, 2025b; Pires
et al., 2025), offering a principled way to approximate
expensive simulators with acceptable loss of fidelity. In
this section, we highlight recent methodological advances
in GP surrogates and survey their demonstrated and
prospective applications in robust product design, process
reliability assessment, and intelligent manufacturing
systems. Table 2 summarizes representative GP-based
surrogate modeling variants and their typical input—
output structures and engineering applications.

2.1.1 Single-output GPs

As a probabilistic surrogate with built-in UQ, the classical
single-output GP (SOGP) remains a cornerstone for quality
optimization tasks involving expensive simulations,
limited data, and reliability-aware modeling (Rasmussen
and Williams, 2006; Santner et al., 2018; Fernandez-
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Table 2 Representative GP-based surrogate modeling methods and their engineering applications

Input Type Output Type Literature Application

Vector Single Feng et al. (2025) 3D printing

Vector Single Pires et al. (2025) Structural frame

Vector Single Lin et al. (2025a) Turbine rotor

Vector Multiple Ghosh et al. (2021) Low-E glass manufacturing process
Vector Multiple Wang et al. (2023d) Ceramic product density
Vector Functional Tan (2018) Heating of a tissue containing tumor
Vector Functional Ma et al. (2022) NASA’s OCO-2 mission
Vector Functional Liu et al. (2025) Fuselage shape control

QQ Single Lin et al. (2024b) Cooling system design
Multi-fidelity Single Charisi et al. (2025) Cantilever beam stress analysis
Multi-fidelity Single Wiegand et al. (2025) High-pressure compressor rotor
Multi-fidelity Multiple Lin et al. (2021) NACAO0012 airfoil
Distributional Single Li et al. (2023a) Metro passenger-flow
Distributional Single Da Veiga (2025) Beam bending
Functional Single Tan (2019) Mindlin plate bending
Functional Single Damiano et al. (2022) Structural vibration response prediction
Functional Single Sung et al. (2024) Inverse scattering problems

Godino, 2023; Li and Wang, 2025b). In robust parameter
design and reliability modeling, SOGPs are frequently
employed to approximate expensive limit-state functions
and noisy environmental factors. Recent developments
focus on embedding structural constraints and active
learning to improve data efficiency. For example, incor-
porating symmetry constraints and variable selection has
been shown to be effective for high-dimensional robustness
(Feng et al., 2025). Furthermore, Kriging and denoising
GP frameworks (Lin et al., 2025a; Pires et al., 2025) have
demonstrated significant computational savings in esti-
mating failure probabilities under noisy simulation
outputs, reducing reliance on costly finite-element evalu-
ations.

2.1.2 Multi-output GPs

In quality-centric engineering problems, system perfor-
mance is often multi-dimensional, involving correlated or
competing objectives such as cost, workload, and energy
consumption (Zhang et al., 2024b). Modeling each output
independently ignores inter-output correlations and can
impair trade-off analysis (Lin et al., 2021). Such trade-
offs are often formalized through Pareto optimality,
where no objective can be improved without degrading
another (Miettinen, 1999). Multi-output GPs (MOGPs)
address these limitations by jointly modeling correlated
outputs, thereby improving predictive accuracy and
enabling principled multi-objective quality optimization
(Wang et al., 2025d; Ma and Alvarez, 2023).

Traditional MOGP models often assume Gaussian

observation noise across all outputs, which limits their
applicability to heterogeneous data types, incomplete
input domains, or partially related tasks. To address this,
representative  MOGP extensions introduce output-
specific likelihoods, domain alignment, and regularized
latent representations to enable selective information
sharing across outputs (Moreno-Mufioz et al., 2018;
Wang et al., 2023¢). Building on these advances, MOGPs
naturally accommodate transfer learning and domain
adaptation. By selectively transferring information from
historical processes or related tasks, methods utilizing
partial domain generalization (Li and Wang, 2025a) and
nonlinear input warping (Pan et al., 2025) have substan-
tially enhanced modeling efficiency and robustness under
data-scarce manufacturing regimes.

2.1.3  Functional-output GPs

With the rapid advancement of sensing technologies,
quality management is increasingly confronted with func-
tional data, where quality characteristics are recorded as
high-resolution curves or surfaces rather than scalars (Liu
et al., 2024a; Brunel et al., 2025). To model such high-
dimensional structured outputs, functional-output GP
(FOGP) models have emerged, integrating GP regression
with functional data analysis (FDA) to enable uncertainty-
aware prediction of entire functional responses (Shi and
Choi, 2011).

A key challenge is the curse of dimensionality. While
classical Functional Principal Component Analysis
(FPCA) reduces dimensionality via orthogonal basis
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functions (Brunel et al., 2025), recent work has explored
dimension reduction strategies explicitly tailored for
simulation-based outputs. Two-stage output-adapted
projections leveraging linear causal modeling (Marque-
Pucheu et al., 2020), as well as one-stage Latent Functional
GPs (LFGP) that utilize B-spline bases with output-corre-
lated latent variables (Liu et al., 2025), have successfully
overcome traditional bottleneck limitations. For
extremely high-dimensional scientific outputs, joint input-
output dimension reduction combined with scalable near-
est-neighbor inference has proven highly effective (Ma
et al., 2022). Furthermore, to incorporate domain knowl-
edge in physics-governed settings, physics-informed
FOGP variants explicitly embed boundary conditions or
analytical approximations into kernel constructions (Tan,
2018).

2.1.4 GPs for complex and mixed inputs

Traditional GP surrogates typically assume precise,
continuous vector inputs. However, practical quality opti-
mization frequently encounters categorical variables,
uncertain input distributions, or functional inputs (e.g.,
dynamic loading curves). Extending GPs to handle these
heterogeneous input spaces has been a major focus of
recent research.

Quantitative-qualitative and categorical inputs. To
jointly model continuous and discrete factors without
inflating dimensionality via one-hot encoding, modern
approaches embed categorical levels into continuous
latent spaces (Zhang et al., 2020; Oune and Bostanabad,
2021). Advanced structured partitioning strategies (Lin
et al., 2024b) and interpretable adjustment terms (Xiao
et al., 2021) further scale these models to high-cardinal-
ity, mixed-variable experiments, overcoming the limita-
tions of fitting separate GPs for each category.

Distributional inputs. When inputs are subject to
aleatory or epistemic uncertainties, representing them as
probability distributions is more rigorous. By leveraging
Wasserstein geometry (Bachoc et al., 2018), regularized
optimal transport (Sinkhorn) divergences (Bachoc et al.,
2023), or distributional encoding (Da Veiga, 2025),
recent GPs directly construct valid kernels over probability
measures, facilitating robust tolerance analysis and opti-
mization under uncertainty.

Functional inputs. For physics-based simulations
driven by function-valued inputs, functional data analysis
is integrated into the GP kernel. While standard methods
rely on basis expansions (e.g., B-splines or PCA) (Tan,
2019; Betancourt et al., 2020), recent innovations introduce
automatic dynamic relevance determination to highlight
influential subdomains (Damiano et al., 2022) and define
kernels directly over function spaces to avoid truncation
errors (Sung et al., 2024).

2.1.5 Multi-fidelity GPs

Multi-fidelity (MF) modeling offers an effective strategy
for the data scarcity challenge in quality-centric design.
The core idea is to synergistically combine a small
number of accurate but costly HF evaluations with a
larger set of inexpensive low-fidelity (LF) data derived
from simplified physics or coarser discretizations
(Fernandez-Godino, 2023).

A seminal framework is the recursive co-kriging model
(Le Gratiet and Garnier, 2014), which established the
foundation for efficiently exploiting multiple fidelity
levels. Rather than enumerating individual applications,
recent literature demonstrates that embedding composi-
tional kernels (Charisi et al., 2025) and integrating adjoint
sensitivities (Wiegand et al., 2025) into autoregressive
MF schemes can achieve near-HF predictive accuracy
while drastically reducing computational costs. Further-
more, MF-GP formulations have been seamlessly
extended to jointly model multiple correlated outputs and
functional responses, enabling the simultaneous exploita-
tion of fidelity information and output structure (Lin
et al., 2021; Brunel et al., 2025).

2.1.6 Discussion

Despite their flexibility and theoretical elegance, GPs
suffer from severe computational limitations, primarily
due to the O(N?) complexity of inverting the NxN
kernel matrix. To address this, recent advances incorporate
inducing-point approximations and stochastic variational
inference frameworks that reduce complexity while main-
taining predictive accuracy (Jiang et al., 2025). Comple-
mentary strategies such as structured kernel exploitation
and distributed GP inference further enable GPs to scale
to industrial-scale quality optimization tasks (Li et al.,
2024e; Lin et al., 2025b).

Moreover, MOGPs rely on the assumption of meaningful
correlations between outputs, but this assumption can
lead to negative transfer when spurious dependencies are
shared across unrelated tasks. To mitigate this, recent
efforts employ output structuring techniques such as
directed acyclic graph (DAG)-based conditional indepen-
dence modeling (Dey et al., 2022) or latent factor regular-
ization (Li and Kontar, 2022), allowing the model to
adaptively allocate information only where justified.

In many quality optimization scenarios, domain knowl-
edge is encoded in physical laws such as partial differential
equations, conservation rules, or boundary conditions.
Physics-informed GPs (PIGPs) aim to embed such
constraints into the GP framework, either by designing
specialized kernels or by penalizing deviations from
known physics during training (Cross et al., 2024; Tan,
2018; Ding et al., 2025). While equality-type constraints
are relatively tractable, incorporating complex or
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inequality-based priors remains challenging (Pensoneault
et al., 2020). Nonetheless, PIGPs represent a promising
direction toward hybrid modeling that enhances extrapo-
lation and physical consistency.

In summary, standard homoscedastic GP models
provide a coherent probabilistic foundation for quality
optimization across diverse input—output structures;
however, their practical deployment must explicitly
contend with scalability constraints, negative transfer,
and the nontrivial incorporation of complex physical
priors. This motivates the next subsection, which reviews
Al-driven surrogates that trade some of GP’s analytic
structure for representational flexibility in modern quality-
centric applications.

2.2 Al-driven surrogate modeling

Recent developments in Al, particularly deep learning,
have introduced powerful alternatives to GP-based surro-
gates. Models such as DGPs, BNNs, physics-informed
neural networks (PINNs), deep kernel learning (DKL),
and GP variational autoencoders (GP-VAEs) offer
greater flexibility and scalability for complex, high-
dimensional quality optimization tasks. This section
surveys these emerging methods and their potential in
quality optimization. Representative Al-driven surrogate
modeling methods and their diverse engineering applica-
tions are summarized in Table 3.

2.2.1 Deep GPs

DGPs extend the representational capacity of standard

GPs by hierarchically stacking multiple GP layers, forming
a deep probabilistic architecture where the output of each
layer serves as the input to the next (Dunlop et al., 2018).
This hierarchical composition enables the model to
capture highly nonstationary behavior and abrupt transi-
tions (Yang et al.,, 2025), which commonly arise in
quality-critical engineering systems such as degradation
processes (Toumba et al., 2024).

Beyond their hierarchical expressiveness, DGPs have
been effectively combined with Bayesian active learning
strategies to improve sample efficiency in computationally
intensive experiments. Sauer et al. (2023b) developed an
active learning framework for DGPs based on elliptical
slice sampling, and showed that carefully designed acqui-
sition functions enabled DGP surrogates to target regions
of high complexity or uncertainty, outperforming station-
ary and treed GPs in both predictive accuracy and data
efficiency. To address the computational demands of
large-scale, high-dimensional computer experiments,
recent advances employ inducing-point variational infer-
ence and sparse approximations such as the Vecchia
scheme. For example, Sauer et al. (2023a) leveraged local
conditional independence to make DGPs scalable for
massive simulation data sets while maintaining reliable
uncertainty quantification. In practical engineering appli-
cations, DGPs have demonstrated particular value in
industrial health monitoring and degradation modeling,
where systems often display abrupt changes and multi-
regime behaviors. Toumba et al. (2024) applied a varia-
tional DGP framework to degradation prediction in a real-
world manufacturing plant, enabling joint modeling of
key dependability metrics and delivering interpretable

Table 3 Representative Al-driven surrogate modeling methods and their engineering applications

Literature Model

Application

Carbery et al. (2018) Bayesian network

Li et al. (2025b) BNN
Wau et al. (2025) BNN
Zhang et al. (2022) BNN
Toumba et al. (2024) Deep GP
Yazdi et al. (2024) Deep GP
Sauer et al. (2023a) Deep GP
Sauer et al. (2023b) Deep GP
Chen et al. (2022) PINN
Lu et al. (2024) PINN
Wang et al. (2024) PINN
Laugksch et al. (2023) PINN
Wang et al. (2025a) PINN
Wang et al. (2022) DKL
Ashman et al. (2020) GP-VAE
Zhu et al. (2023) GP-VAE

Fault diagnosis in large-scale manufacturing (Bosch)
Lunar sampling
Diesel engine multi-station assembly
Online quality prediction for debutanizer column
Mills in semolina plant
Compact object mergers (binary black holes)
Satellite drag
Satellite drag
Bearing remaining useful life (RUL) prediction
RUL prediction
Lithium-ion battery SOH estimation and prognosis
Steady-state thermofluid systems
Shield tail clearance estimation and control
Traffic flow and air quality prediction
Japanese weather data

Robot action prediction




8 ENGINEERING Management

uncertainty estimates.

These studies collectively highlight DGPs’ advantages
in handling nonstationary, data-scarce, and reliability-
critical quality management tasks.

2.2.2 Bayesian neural networks

BNNs represent a principled extension of conventional
neural networks, wherein model parameters, such as
weights and biases, are treated as probability distributions
rather than fixed values. By inferring the posterior distri-
bution over these parameters conditioned on observed
data, BNNs naturally quantify predictive uncertainty and
offer confidence intervals for predictions (Li et al.,
2025b; Wu et al., 2025; Zhang et al., 2022). This uncer-
tainty quantification is particularly valuable in quality
management, where process variability, limited data, and
multi-modal system behaviors are common.

Recent advances highlight several important applications
of BNN-based surrogate models in quality management.
Li et al. (2025b) developed a BNN-based surrogate
model combined with active learning to enhance coring
efficiency in lunar sampling. By leveraging predictive
uncertainty, the proposed method reduced the number of
costly experiments needed to achieve high-precision
recovery. For online quality prediction in chemical and
process industries, Zhang et al. (2022) proposed a BNN
with efficient prior selection to mitigate epistemic uncer-
tainty and improve model generalization under small-
sample conditions. In the context of complex assembly
manufacturing, Wu et al. (2025) designed an uncertainty-
aware BNN framework integrated with Shapley additive
explanations (SHAP) analysis for robust probabilistic
prediction and feature attribution, enabling engineers to
trace root causes when assembly quality deviates. Finally,
Bayesian network approaches have been used for fault
diagnosis in large-scale manufacturing. Carbery et al.
(2018) introduced a Bayesian network learning system
for modeling faults in printed circuit board (PCB) micro-
drilling processes, achieving superior predictive perfor-
mance compared to conventional models.

In summary, these studies illustrate that BNNs and
related Bayesian methods are emerging as practical, inter-
pretable, and uncertainty-aware surrogates for quality-
centric design, online monitoring, and process diagnosis.

2.2.3  Physics-informed neural networks

PINNSs integrate physical laws directly into the training of
deep neural networks (DNNs), encouraging model
predictions to align with established physics (Xu et al.,
2023). This hybrid paradigm can enhance the robustness,
interpretability, and data efficiency of surrogate modeling
for quality management. PINNs are particularly advanta-
geous when labeled data are scarce but domain knowledge

is abundant, and they have shown significant promise in
lifetime prediction, health monitoring, and other quality-
centric tasks (Xu et al., 2023; Lu et al., 2023b; Wang
et al., 2024; Al-Adly and Kripakaran, 2024).

Recent advances demonstrate the versatility of PINN-
based surrogate models across a range of quality-critical
engineering scenarios. For instance, Wang et al. (2024)
proposed a PINN for state-of-health (SOH) estimation in
lithium-ion batteries, combining empirical degradation
models with neural networks to capture battery dynamics
under diverse chemistries and usage protocols. Their
hybrid PINN achieved high-precision SOH prediction,
remained robust to small sample sizes, and supported
knowledge transfer across data sets, outperforming
conventional multi-layer perceptron (MLP) and CNN
approaches in both accuracy and stability. In mechanical
systems, Chen et al. (2022) proposed a physics-informed
DNN (PDNN), termed the degradation consistent recurrent
neural network for bearing prognosis, which incorporated
the monotonic degradation knowledge (captured by
temperature signals) into the learning process, ensuring
that latent features were consistent with the physical
degradation state. Their approach combined vibration and
temperature signals to achieve accurate and interpretable
RUL prediction in run-to-failure experiments. Similarly,
Lu et al. (2024) introduced a physics-guided neural
network framework for predicting the RUL of rolling
bearings, leveraging LSTM networks dynamically
weighted by degradation process knowledge to improve
prognostic accuracy and interpretability.

Beyond component-level health prediction, PINNs
have been applied to complex, integrated engineering
systems. Laugksch et al. (2023) demonstrated a PINN-
based surrogate modeling methodology for steady-state
integrated thermofluid systems, incorporating physical
constraints into the loss function to improve the accuracy
and generalizability of surrogate models used in simulation
and optimization. In the context of large-scale infrastruc-
ture, Wang et al. (2025a) developed an online PDNN to
predict and control shield tail clearance during tunnel
construction. By embedding geometric and mechanical
equations into an online-updated DNN framework and
coupling with multi-objective optimization, their method
achieved superior predictive accuracy and actionable
control for real-time engineering decision-making.

Collectively, these studies illustrate that PINNs and
their variants are increasingly used as practical tools for
robust, physically consistent surrogate modeling in quality
management. Their ability to encode domain knowledge
and enforce physical constraints directly within data-
driven models can improve predictive accuracy and
increase trust in model-driven decision support, especially
in data-limited or safety-critical applications. Neverthe-
less, PINNs are known to suffer from training instability
and optimization pathologies in practice. These issues
often arise from loss imbalance between data-fitting and
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physics-based residual terms, stiffness of the resulting
optimization landscape, and sensitivity to collocation
strategies and hyperparameter choices, which can lead to
slow convergence or suboptimal solutions (Karniadakis
etal., 2021; Wang et al., 2021; Rathore et al., 2024). As a
result, careful loss weighting, adaptive sampling, or
hybrid formulations are often required to achieve stable
and reliable performance of PINNS.

2.2.4 Deep kernel learning

DKL is a landmark surrogate modeling framework that
unites the expressive feature learning capability of DNNs
with the nonparametric flexibility and GP-based UQ.
Unlike traditional GPs, which are limited by fixed, shallow
kernels such as the radial basis function, DKL constructs
a composite kernel by feeding the output of a neural
network feature extractor into a base kernel, enabling
flexible, data-adaptive similarity measures (Wilson et al.,
2016a). Formally, the DKL kernel is given by
Kpk (xi’xj) = Kpase (Prn (X)), Prv (xj))a where ¢y denotes
a DNN transformation and k.. is a learnable kernel
function, such as a spectral mixture kernel. All parame-
ters, including network weights and kernel hyperparame-
ters, are jointly optimized by maximizing the GP
marginal likelihood, thus providing an integrated, data-
driven approach to representation and kernel learning
(Wilson et al., 2016b). It is worth noting that DKL’s epis-
temic uncertainty quantification is typically approximate
and depends on the quality of the learned neural represen-
tations.

Recent years have witnessed a surge of methodological
innovations that further enhance the flexibility, robust-
ness, and interpretability of DKL surrogates. Achituve et
al. (2023) proposed Guided Deep Kernel Learning
(GDKL), which leveraged Neural Network Gaussian
Processes (NNGPs), the infinite-width limit of BNNSs, to
guide DKL training and align its uncertainty quantifica-
tion. This approach substantially improved the reliability
of DKL uncertainty estimates and reduced overfitting,
especially in low-data regimes. Huang et al. (2023) rigor-
ously analyzed the expressiveness of hierarchical kernels
in deep kernel learning, showing that recursive composi-
tion of Gaussian and polynomial kernels expanded the
associated reproducing kernel Hilbert space (RKHS),
while exponential kernels did not, thereby guiding kernel
choice in DKL. Wang et al. (2022) introduced physics-
informed DKL (PI-DKL), which incorporated known
physical laws or PDE constraints into the DKL frame-
work. By embedding physical priors into the kernel
and/or network architecture, PI-DKL achieved improved
extrapolation and uncertainty quantification for scientific
and engineering tasks governed by physical laws. Beyond
static regression, Moss et al. (2024) extended DKL to
nonlinear latent force models, allowing uncertainty-aware
inference of latent dynamical processes in systems

governed by complex differential equations, and broaden-
ing the role of DKL surrogates in physics-driven engi-
neering applications.

In summary, Deep Kernel Learning has emerged as a
versatile and scalable framework for constructing Al-
driven surrogate models in quality-centric engineering,
seamlessly combining deep representation learning and
Bayesian inference. Its ongoing methodological evolu-
tion—including guided, hierarchical, and physics-
informed variants—continues to expand the frontiers of
robust, interpretable, and uncertainty-aware modeling for
design optimization and reliability analysis.

2.2.5 GP-variational autoencoders

GP-VAEs are a class of hybrid deep generative models
that combine the expressive power of neural network-
based variational autoencoders (VAEs) with the princi-
pled, flexible nonparametric priors of GPs. By replacing
simple parametric priors with GP priors, GP-VAEs natu-
rally capture temporal or spatial dependencies and
provide principled UQ, making them attractive for surro-
gate modeling under noisy or irregularly sampled condi-
tions (Fortuin et al., 2020; Jazbec et al., 2021; Gondur
etal., 2024).

Recent advances have focused on improving the scala-
bility, expressiveness, and interpretability of GP-VAE
surrogates. Ashman et al. (2020) introduced the Sparse
GP-VAE (SGP-VAE), which combines multi-output
sparse GP priors with variational autoencoders via partial
inference networks, enabling amortized variational infer-
ence and principled treatment of missing observations in
spatio-temporal data. However, as with multi-output GP-
based generative models, scalability can still be challeng-
ing when the output dimensionality becomes large. To
improve scalability for high-frequency time series, Zhu
et al. (2023) introduced Markovian GP-VAEs, leveraging
locally correlated GP priors and Kalman filtering to
achieve linear-time training.

Beyond standard settings, GP-VAEs have been
extended to handle heterogeneous and multi-modal data
as well as to incorporate domain knowledge for improved
interpretability and physical consistency. Representative
developments include multi-modal GP-VAEs that disen-
tangle shared and modality-specific latent structures, and
physics-enhanced or physics-informed GP-VAE variants
that embed physical constraints or generators into the
latent modeling process; please refer to Gondur et al.
(2024); Beckers et al. (2023); Spitieris et al. (2025) for
details.

In essence, GP-VAEs have become a core tool for Al-
driven surrogate modeling, providing robust, inter-
pretable, and uncertainty-aware solutions for quality-
centric engineering, scientific data analysis, and intelligent
experiment design.
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2.2.6 Discussion

Reliable UQ is fundamental to quality management, as it
underpins trustworthy prediction, risk-aware decision-
making, and sample-efficient optimization (Guth et al.,
2024; Semenova et al., 2025). In this context, both
aleatoric uncertainty (data-inherent variability) and epis-
temic uncertainty (model uncertainty due to limited data
or extrapolation) should be considered, particularly in
safety- or reliability-critical applications (Wang et al.,
2025¢; Mucsanyi et al., 2024).

Classical GP models offer principled UQ through
closed-form posterior distributions and remain a reference
standard for epistemic uncertainty modeling (Li and
Wang, 2025b; He et al., 2025). However, standard
homoscedastic GPs are inherently limited in modeling
input-dependent  (heteroscedastic) or  multi-modal
aleatoric uncertainty, and their tractability does not
extend easily to high-dimensional or highly nonlinear
problems (Moreno-Mufioz et al., 2018; Sauer et al.,
2023a; Yazdi et al., 2024). Advanced variants such as
deep GPs enhance model expressiveness but introduce
significant computational burdens, limiting their practical
scalability (Yazdi et al., 2024).

In contrast, Al-driven surrogate models (e.g., neural
networks) offer superior scalability and representational
flexibility but typically rely on approximate or heuristic
UQ schemes (Wang et al., 2025c; He et al., 2025). Many
neural network-based approaches rely on strong distribu-
tional assumptions or approximate inference, which can
underestimate uncertainty—especially in regions with
little data or complex (e.g., multi-modal) noise patterns
(Li et al., 2025a; He et al., 2025). To enhance UQ in Al-
driven surrogate models, representative strategies have
been explored, including deep ensembles for improved
empirical robustness and conformal prediction for finite-
sample coverage guarantees, yet they do not fully resolve
the challenge of modeling conditional uncertainty or
disentangling aleatoric and epistemic effects in complex
design spaces (Angelopoulos and Bates, 2023; Rahaman,
2021; Lakshminarayanan et al., 2017).

A critical limitation of most Al-based surrogates lies in
their treatment of uncertainty merely as pointwise predic-
tive variance, without explicitly modeling the conditional
distribution (Abdar et al., 2021; Murphy, 2022). This
contrasts with GP surrogates, where posterior covariance
naturally encodes data-to-data influence and underpins
active learning and Bayesian optimization (Rasmussen
and Williams, 2006; Cheng et al., 2025). Extending similar
conditional uncertainty representations to Al-driven
surrogates remains an open research challenge.

Finally, despite ongoing advances, the limited
interpretability of deep surrogate models, driven by
complex architectures and non-transparent learned repre-
sentations, continues to hinder trust and adoption in quality

management contexts (Linardatos et al., 2021; Zhang
et al., 2021; Saleem et al., 2022). While physics-informed
architectures and post-hoc explanation tools can partially
alleviate this issue, they do not remove the fundamental
non-transparency of deep parametrizations, nor do they
guarantee uniquely identifiable or causally grounded
explanations in complex quality optimization tasks
(Linardatos et al., 2021; Saleem et al., 2022; Saranya and
Subhashini, 2023).

In summary, Al-driven surrogate models substantially
broaden the feasible scale and complexity of quality opti-
mization, but remain constrained by approximate or cali-
bration-sensitive UQ and limited transparency, which can
undermine risk-aware decision-making in safety- or relia-
bility-critical settings. In the next subsection, we review
BO frameworks built on both GP-based and Al-driven
surrogates, focusing on two core components, namely
acquisition function design and the choice of surrogate
model, and illustrating their implications for practical
performance in quality optimization.

2.3 Bayesian optimization

BO is a sequential design strategy for optimizing expensive
black-box functions and is highly relevant to quality
management, where each experiment or simulation can
be costly and time-consuming (Garnett, 2023). By itera-
tively updating a probabilistic surrogate to guide the
selection of new evaluations, BO supports sample-efficient
quality and reliability improvement under uncertainty
(Paulson and Tsay, 2025); please refer to Frazier (2018)
for a tutorial treatment.

2.3.1 Acquisition function

A central component of BO is the acquisition function
(AF), which selects new candidate points based on the
surrogate model’s predictions and uncertainty (Wang
et al.,, 2023d). The AF balances the trade-off between
exploration (sampling in regions of high uncertainty to
reduce epistemic risk) and exploitation (focusing on
regions predicted to be optimal) (Garnett, 2023). This is
particularly important in quality management, where each
evaluation can be costly or high-stakes.

Classical AFs typically include expected improvement
(EI), probability of improvement (PI), upper confidence
bound (UCB), knowledge gradient (KG), and entropy-/
information-theoretic criteria (Frazier, 2018; Garnett,
2023). To overcome the limitations of these standard
AFs—such as over-greedy exploitation, poor scalability
to large batches, or difficulties with high-dimensional
constraints—recent literature has introduced sophisticated
variants tailored for complex engineering tasks.

Several approaches structurally enhance standard criteria
to better balance exploration and exploitation. For
instance, Chen et al. (2024b) developed Hierarchical EI
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(HEI) by embedding parameter uncertainty into a closed-
form AF to prevent premature convergence, while Chen
et al. (2025c) proposed Penalized EI (PEI) with a
variance-weighted penalty to accelerate early-stage opti-
mization under strict evaluation budgets. Bridging
improvement-based and information-theoretic criteria,
Cheng et al. (2025) introduced Variational Entropy
Search (VES), a unified framework that encompasses EI
as a variational inference approximation of Max-value
Entropy Search. For scenarios requiring parallel evalua-
tions or robust noise handling, Teufel et al. (2024) formu-
lated BEEBO, a scalable batch AF grounded in statistical
physics that seamlessly navigates heteroscedastic envi-
ronments. Furthermore, to tackle high-dimensional
spaces and strict industrial constraints, Fan et al. (2024)
introduced MinUCB to bypass local gradient approxima-
tions in high-dimensional BO, and Paulson and Lu (2022)
developed COBALT, which reformulates constrained
expected utility into a tractable nonlinear programming
problem for gray-box models.

These advances have substantially broadened the scope
of BO for complex, resource-constrained, or reliability-
critical engineering problems.

2.3.2 GP-based BO

Another central component of BO is the surrogate model,
which provides probabilistic predictions and uncertainty
estimates to guide the exploration—exploitation trade-off
(Garnett, 2023). Among various surrogates, GPs remain
the gold standard due to their nonparametric flexibility
and closed-form UQ (Rasmussen and Williams, 2006;
Frazier, 2018). In quality management, GP-based BO has
enabled the efficient optimization of constrained
processes (Song et al., 2024; Li et al., 2026), robust
design under uncertainty (Tang et al., 2024; Astudillo and
Frazier, 2021), and safety-critical systems with minimal
experimental effort (Awasthi et al., 2025).

This subsection reviews recent advances in GP-based
BO for quality management, organized into three
settings: single-output BO for scalar quality objectives,
multi-output BO for correlated attributes or tasks, and
Bayesian functional optimization (BFO) for function-
valued decision variables. For each setting, we highlight
representative methodological developments and engi-
neering applications. Table 4 presents a concise selection
of representative GP-BO methods and AFs, together with
typical engineering applications.
2.3.2.1 Single-output BO
Recent advances in BO have substantially expanded its
applicability in quality management by leveraging struc-
tural information and domain constraints. For example,
Astudillo and Frazier (2021) studied BO on function
networks and proposed the Expected Improvement for
Function Networks (EI-FN) AF, which leverages inter-
mediate node observations to accelerate optimization and
was shown to be asymptotically consistent in both
synthetic benchmarks and multi-step vaccine manufactur-
ing. Cost-aware BO has also attracted attention in settings
where switching between configurations is expensive.
Representative path-based strategies, such as Sequential
BO via Adaptive Connecting Samples (SnAKe) and its
variants, explicitly minimize transition costs while main-
taining competitive optimization performance; please
refer to Folch et al. (2022, 2023).

Beyond structural and cost-aware designs, GP-based
BO has been extended to address practical constraints and
safety-critical objectives. Contextual and constrained BO
frameworks have been applied to sustainable manufactur-
ing and autonomous system validation, enabling efficient
optimization under quality, environmental, and safety
requirements; please refer to Vincent et al. (2025);
Awasthi et al. (2025) for representative applications.

Table 4 Overview of representative GP-based BO frameworks and engineering applications

Setting AF Literature Application
Single-output EI Astudillo and Frazier (2021) Multi-step vaccine manufacturing
Single-output EI/UCB Folch et al. (2022) Water quality monitoring
Single-output EI Vincent et al. (2025) FDM 3D printing
Single-output TS, PI Awasthi et al. (2025) Autonomous driving
Single/Multi-output EI/UCB Folch et al. (2023) Water quality monitoring
Multi-output EI Tang et al. (2024) HDPE production
Multi-output EI Lin et al. (2024a) Metamaterial vibration isolator
Multi-output EI/UCB Liibsen et al. (2024) Laser synchronization (LbSync)
Multi-output uCB Wang et al. (2025b) Material type determination
Multi-output UCB Shen et al. (2023) Raw material properties
Functional variable UCB Vellanki et al. (2019) Recirculating fiber manufacturing
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2.3.2.2 Multi-output BO

Many quality management problems demand the simulta-
neous optimization of multiple, often correlated quality
attributes or process tasks. This shift has motivated the
development of multi-output BO frameworks. Represen-
tative approaches extend GP-based BO with multi-objec-
tive, multi-fidelity, or safety-aware acquisition strategies
to address trade-offs, constraints, and coupling across
tasks. For example, Lin et al. (2024a) proposed a
constrained multi-fidelity, multi-output BO framework
that integrates multi-objective acquisition design and
parallel optimization, demonstrating improved efficiency
on both benchmark and metamaterial vibration isolator
problems.

Beyond multi-objective settings, safety and robustness
considerations have driven the development of safe and
adaptive multi-task BO methods. Safe multi-task BO
frameworks provide probabilistic safety guarantees under
task and hyperparameter uncertainty, while competitive
or adaptive task-selection strategies enable efficient opti-
mization when the primary task is unknown (Liibsen
et al., 2024; Wang et al., 2025b). Multi-task BO has also
been applied to simulation-based optimization and high-
dimensional quality control, where task coupling and
target specifications are explicitly incorporated into the
surrogate or optimization strategy; please refer to Shen
et al. (2023); Tang et al. (2024) for representative exam-
ples.

Despite these advances, multi-output/multi-task BO
methods critically rely on the assumption of meaningful
inter-task correlations. As discussed in Section 2.1.6, mis-
specified or weak correlations may lead to negative trans-
fer, which can misguide AFs and degrade optimization
efficiency in practice.

2.3.2.3 Bayesian functional optimization

While BO has achieved remarkable success for finite-
dimensional parameters and multi-output spaces, many
quality management applications require optimizing
function-valued decision variables, such as time-dependent
control laws, spatially varying process profiles, or entire
policies and schedules. This challenge has motivated the
emergence of BFO, which extends classical BO from
vector spaces to infinite-dimensional function spaces. A
foundational framework was introduced by Vien et al.
(2018), who modeled the function domain as a RKHS
endowed with a GP prior. This formulation enabled clas-
sical acquisition functions, such as EI and GP-UCB, to be
generalized to functional objectives and optimized via
analytic functional gradients, providing theoretical regret
guarantees in infinite-dimensional settings and enabling
flexible optimization without restrictive parameteriza-
tions.

Building on this foundation, Vellanki et al. (2019)

proposed a functional BO framework based on adaptive
Bernstein polynomial representations, which facilitates
incorporating shape constraints and expert priors (e.g.,
monotonicity or unimodality) through dynamic basis
adaptation for under-specified control laws. This line of
work illustrates how domain-informed structure can
substantially improve the practicality of BFO in engineer-
ing design and control. Other extensions, such as kernel
functional optimization in hyper-RKHS spaces and
dynamic BFO with mechanisms to handle non-stationary
environments, have also been studied; please refer to
Anjanapura Venkatesh et al. (2021); Bardou et al. (2024).

2.3.3 Al-driven BO

Recent advances in machine learning have greatly
expanded the landscape of BO, moving beyond the clas-
sical GP surrogate to a new generation of Al-driven
models (Binois and Wycoff, 2022; Li et al., 2024f; Rode-
mann and Augustin, 2024). These approaches leverage
DNNs (Snoek et al., 2015), ensemble tree models (Lei
et al.,, 2021), BNNs (Brunzema et al., 2024), and large
language models (Chang et al., 2025) to address GP’s
limitations in scalability, flexibility, and handling
complex or high-dimensional design spaces (Binois and
Wyecoff, 2022). This section reviews major methodological
innovations in Al-driven BO, with an emphasis on their
motivations and potential for large-scale and engineering-
oriented optimization tasks.

Among Al-driven surrogates, DNNs and BNNs have
received significant attention for their scalability and
expressive power. Snoek et al. (2015) introduced the
Deep Networks for Global Optimization (DNGO) frame-
work, which combined deep networks for nonlinear
feature extraction with Bayesian linear regression on the
learned representations. This approach allowed BO to
scale linearly with sample size, enabling efficient opti-
mization in settings with large data sets or substantial
parallelism, such as hyperparameter tuning of deep learn-
ing models. Recent studies have systematically bench-
marked BNN-based surrogates, deep kernel learning, and
related methods. Li et al. (2024f) comprehensively
compared GPs, BNNs (using various inference algo-
rithms), deep kernel learning, and deep ensembles in a
range of BO tasks. Their results revealed that no single
surrogate dominated across all problem settings: high-
quality Bayesian inference, such as Hamiltonian Monte
Carlo, yielded robust performance for fully stochastic
BNNs but was computationally intensive; deep kernel
learning offered a scalable alternative with competitive
results; deep ensembles were less effective in sample-
efficient BO; and infinite-width BNNs, which are
equivalent to neural tangent kernel GPs, showed particular
promise in high-dimensional regimes. These findings
underscore the importance of tailoring surrogate model
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choice to the problem structure and illustrate how modern
neural surrogates expand the applicability of BO to large-
scale and complex engineering optimization challenges.
More recently, Brunzema et al. (2024) proposed a varia-
tional Bayesian last-layer (VBLL) approach, which
applied variational inference only to the final layer of a
neural network surrogate. This design achieved analytic
Gaussian predictive distributions, significantly reduced
computational cost, and enabled BO to handle high-
dimensional and nonstationary objectives through contin-
ual learning and robust AFs. Empirical results demon-
strated that VBLL achieves state-of-the-art performance
on challenging high-dimensional and nonstationary
benchmark problems.

Tree-based models, such as Bayesian Additive Regres-
sion Trees (BART) and Bayesian Multivariate Adaptive
Regression Splines (BMARS), have demonstrated signif-
icant advantages in BO, particularly when handling high-
dimensional and non-smooth objective functions. Lei
et al. (2021) showed that BMARS and BART, unlike
traditional GPs, offered greater flexibility and efficiency
in managing complex, sparse data sets. BMARS and
BART are both nonparametric approaches that use product
spline basis functions and ensemble learning, respec-
tively, to automatically select relevant features. These
models have shown superior performance in materials
discovery tasks, outperforming several GP variants in
terms of search efficiency and robustness. Additionally,
van Hoof and Vanschoren (2021) introduced Hyperboost,
a novel approach that leveraged Gradient Boosting Deci-
sion Trees (GBDT) to enhance BO, particularly for high-
dimensional or discrete design spaces. Hyperboost inte-
grated quantile regression for uncertainty estimation and
Manbhattan distance-based exploration to optimize hyper-
parameters more efficiently. This method showed
competitive performance in hyperparameter optimization
tasks, particularly in larger, more complex configuration
spaces. BART, BMARS, and Hyperboost highlighted the
growing importance of tree-based surrogates in optimizing
complex, high-dimensional problems, offering both flexi-
bility and computational efficiency.

Recent advancements in generative models and large
language models (LLMs) are introducing a new paradigm
for BO, moving beyond traditional surrogates that predict
outcomes to models that can intelligently propose novel
candidate designs. The core philosophy of this hybrid
approach is to combine the contextual reasoning strengths
of LLMs for early exploration with principled statistical
models for efficient exploitation. Yin et al. (2024)
proposed the ADO-LLM (Analog Design Optimization)
framework, which leveraged the LLM’s ability to infuse
domain knowledge to rapidly generate viable design
points to remedy BO’s inefficiency in finding high-value
design areas. The framework ran a GP-BO proposer in
parallel with an LLM agent that proposed candidates
based on high-quality examples from a shared data set.

This method was validated on real-world circuits, including
a two-stage differential amplifier and a hysteresis
comparator, demonstrating notable improvements in
design efficiency and effectiveness compared to traditional
methods. Similarly, Chang et al. (2025) developed the
LLINBO (LLM-in-the-Loop BO) framework to address
the risks of relying solely on LLMs for optimization. The
authors proposed a hybrid framework that leveraged
LLMs for early exploration while relying on statistical
surrogates for exploitation, and introduced three mecha-
nisms (Transient, Justify, and Constrained) that enable
this collaboration. They further established theoretical
regret bounds for the proposed mechanisms, showing that
the hybrid approach controlled long-term risk. The
framework was empirically validated on synthetic bench-
marks, hyperparameter tuning tasks, and a 3D printing
case study aimed at reducing stringing, demonstrating
early lead and overall competitive performance versus
traditional BO. These models collectively highlight a
significant trend in which AI’s creative power and
domain knowledge are fused with the statistical rigor of
BO, paving the way for more efficient and trustworthy
engineering optimization.

Building on the foundation of GP-based multi-fidelity
BO, recent research has explored more flexible and scalable
surrogate models to tackle complex, real-world engineer-
ing challenges. Li et al. (2020) introduced DNN-MFBO,
a multi-fidelity BO framework that used a stacked neural
network architecture to capture complex, nonlinear, and
nonstationary relationships between fidelity levels. This
was a key methodological contribution, as it allowed the
model to capture intricate inter-fidelity dependencies
more effectively than traditional methods that assume
simple correlation structures. To enable efficient opti-
mization, the authors further developed a computationally
tractable AF based on mutual information, approximating
the objective using sequential, fidelity-wise Gauss-
Hermite quadrature and moment-matching. Their
approach demonstrated significant speed and cost advan-
tages in both synthetic and real-world engineering design
applications, including mechanical plate vibration design
and thermal conductor design. Following this trend,
Thebelt et al. (2022b) proposed using tree ensembles as
scalable surrogates for multi-objective constrained opti-
mization in energy applications. Their method was well-
suited for nonlinear, multi-objective problems with
heterogeneous variable spaces, which traditional GP-
based methods could struggle with. The authors designed
a framework that effectively handled input constraints
and efficiently explored the Pareto frontier, demonstrating
its advantages on challenging energy-related benchmarks
like wind farm layout optimization and lithium-ion
battery design.

Beyond these advancements, researchers are also
extending BO to handle non-traditional constraints and
alternative surrogate models. A key challenge in physical
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experiments is to manage sequences of actions when each
new state is dependent on the previous one, which is
known as a transition constraint. To address this, Folch
et al. (2024) introduced a transition-constrained BO
framework based on Markov Decision Processes
(MDPs). This method modeled the sequential optimization
problem as an MDP and proposed a new utility function
derived from hypothesis testing, which was then optimized
via a Frank-Wolfe algorithm and an inner reinforcement
learning (RL) subproblem. The framework was theoreti-
cally proven to converge and showed superior performance
in applications, such as the Knorr pyrazole synthesis
reaction, free-electron laser tuning, and automatic moni-
toring of Lake Ypacarai. In parallel, other efforts have
focused on using non-GP models as surrogates to
improve online optimization efficiency. Zhou et al.
(2024) developed the BO sequential support vector
regression (SVR) based on the online robust parameter
design (BOSSVR-RPD) framework, which used sequential
€-SVR as the response surface for online robust parameter
design. The key innovation was a nested BO loop that
automatically optimized the SVR’s hyperparameters
using a GP prior and an EI AF with each new sample.
This approach was validated on synthetic benchmarks
and a real-life case study on signal quality research for
color TV signal transmission, demonstrating improved
accuracy and convergence speed in online scenarios
where data arrives sequentially and the model must be
updated with minimal computational overhead.

2.3.4 Discussion

BO has evolved into a cornerstone of modern quality
management, offering an efficient and principled means
to optimize expensive black-box systems under uncertainty
(Garnett, 2023; Lu et al., 2023a). Methodological innova-
tions across AF design, surrogate modeling, and hybrid
AI-BO integration have greatly broadened BO’s applica-
bility, enabling successful deployment in diverse domains
such as advanced manufacturing, process optimization,
and safety-critical system validation (Garnett, 2023;
Frazier, 2018; Astudillo and Frazier, 2021; Vincent et al.,
2025; Awasthi et al., 2025). The growing adoption of Al-
driven surrogates, such as DNNs, BNNs, tree ensembles,
and LLMs, has further enriched the BO toolkit, enabling
more flexible modeling of complex, high-dimensional,
and heterogeneous design spaces (Li et al., 2024f; Binois
and Wycoff, 2022; Snoek et al., 2015; Lei et al., 2021;
Thebelt et al., 2022b; Chang et al., 2025; Yin et al.,
2024).

A key observation is that the boundary between classical
GP surrogates and Al-driven models is increasingly
blurred (Semenova et al., 2025; Lu et al., 2023a). Many
Al-inspired surrogate structures, such as tree ensembles
(Thebelt et al., 2022a), neural network embeddings

(Westermann and Evins, 2021), and deep kernels (Lu
et al., 2023a), can be directly implemented within the GP
framework via specialized kernel design, thereby unifying
probabilistic inference with expressive model architec-
tures. For instance, Thebelt et al. (2022a) showed that
tree ensemble kernels enabled GPs to emulate the hierar-
chical and discrete representations typically associated
with tree-based Al models, facilitating BO in mixed-
feature and constraint-rich settings. This methodological
convergence suggests that the distinction between “GP-
based” and “Al-driven” BO is often a matter of imple-
mentation detail rather than a fundamental divide. Hybrid
approaches can combine the uncertainty quantification of
GPs with the expressive power of modern Al surrogates.

Robust and interpretable UQ remains central to BO’s
effectiveness, particularly in quality management, where
risk-aware and sample-efficient decision-making is
essential (Li et al., 2025a; Li and Wang, 2025b; Wester-
mann and Evins, 2021). Classical GPs naturally provide
closed-form posterior variance and enable principled
acquisition optimization (Rasmussen and Williams,
2006). However, many Al-driven surrogates require addi-
tional calibration mechanisms to ensure trustworthy UQ,
such as deep ensembles (Yang and Yee, 2024; Thuy and
Benoit, 2025; Li et al., 2024f), variational inference
(Brunzema et al, 2024), conformal prediction
(Angelopoulos and Bates, 2023), or quantile regression
(van Hoof and Vanschoren, 2021). As hybrid frameworks
and generative models become more prevalent, developing
unified and theoretically sound approaches to UQ across
diverse surrogate classes remains an active and practically
significant research direction.

Beyond numerical optimization, recent advances utiliz-
ing Google’s PaLM (Anil et al., 2023) and large language
models as optimizers (OPRO) (Yang et al., 2023) have
demonstrated the potential to solve optimization problems
through natural language prompting. Similarly, domestic
coding models like CodeGeeX (Zheng et al., 2023) are
increasingly applied to automate the generation of simu-
lation scripts for complex experimental designs, reducing
the barrier for quality engineers.

Looking forward, key challenges and opportunities
include scaling BO to high-dimensional, data-intensive,
and dynamic design problems; integrating domain knowl-
edge, multi-fidelity, and multi-modal data; and achieving
formal safety and robustness guarantees in complex,
constrained environments. The rapid advancement of
generative models and LLMs offers new possibilities for
creative, context-aware candidate proposal and intelligent
experimental design, but also raises critical questions
regarding interpretability, theoretical guarantees, and
long-term reliability (Chang et al., 2025; Yin et al,
2024). Addressing these problems will be essential for
realizing the full potential of BO as a foundational tool
for intelligent, trustworthy, and scalable quality manage-
ment.
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3 Quality monitoring

Once the optimal process parameters are established
using the surrogate modeling and BO techniques
discussed in Section 2, the focus shifts to maintaining
operational stability. However, even optimally designed
processes are subject to stochastic disturbances and envi-
ronmental shifts during actual production. Consequently,
quality monitoring serves as the vigilant eye of quality
management, dedicated to the real-time assessment of
process stability and product conformance. Its primary
objective is the timely detection of deviations from the
target in-control (IC) state (Montgomery, 2020; Qiu,
2013). While classical statistical methods provide the
foundation for stability analysis, modern monitoring
increasingly integrates data-driven and Al methods to
enable intelligent detection of anomalies in high-dimen-
sional, multi-modal, and nonlinear data streams.

With the advancement of AI methods, the modern
monitoring workflow has evolved into a continuous, data-
driven process. The core task is to monitor process data
continuously to identify potential anomalies or distribu-
tional changes using control charts and CPD. When a
significant deviation or change point is detected, the
system raises an alarm to signal an abnormal state. These
alarms serve as the critical input for the subsequent diag-
nosis phase (detailed in Section 4), laying the groundwork
for any necessary remedial actions or parameter adjust-
ments. In this section, we examine the application of Al
methods to the two core components of quality monitor-
ing: intelligent control charts and CPD.

3.1 Control charts

Control charts, pioneered by Shewhart (1930), are the
primary tools for SPC. In practice, control charts are
applied in two phases as shown in Fig. 4. Phase I uses in-
control (IC) data to estimate process parameters and
establish control limits; Phase II applies these limits for
online monitoring and raises alarms when observations
indicate an out-of-control (OOC) state (Montgomery,
2020; Qiu, 2013; Woodall and Montgomery, 1999).
Beyond classical univariate (X-bar (Shewhart, 1930),
EWMA (Hunter, 1986), CUSUM (Page, 1954), etc.) and
multivariate (Hotelling’s T* (Hotelling, 1992), Multivari-
ate EWMA, Multivariate CUSUM, etc.) control charts,
modern applications extend the framework to profile,
image, and batch data. Comprehensive overviews of
these charts can be found in recent surveys (Jalilibal
et al., 2024; Liu et al., 2024a; Ottenstreuer et al., 2023;
Ramos et al., 2021; Aykroyd et al., 2019).

Recent work enhances traditional control charts with
Al Qiu (2024) summarized three generic frameworks for
integrating machine learning with control charts: one-
class classification, artificial contrasts, and transparent

sequential learning. These frameworks primarily address
the common constraint that only IC data are available in
most control chart applications. Additionally, a broader
range of Al methods has been explored for SPC. In this
survey, we group these methods into two families, as
depicted in Fig. 4: classical machine learning (e.g., SVM,
PCA, tree-based methods, and ensemble learning) and
deep learning (e.g., AE/VAE, neural networks, proba-
bilistic models, and hybrid models).

3.1.1
charts

Classical machine learning methods for control

3.1.1.1 Support vector machines

SVMs are supervised classifiers trained via convex opti-
mization that seek a separating hyperplane with maximum
margin. Through the kernel trick, they implement nonlinear
decision functions as linear separators in a high-dimen-
sional feature space. In control charts, SVMs have been
applied in several ways: (i) pattern recognition for identi-
fying abnormal patterns in control charts, (i) one-class
SVM and support vector data description (SVDD) using
IC data only, and (iii) SVR-based risk-adjusted EWMA
control charts.

SVMs are widely used for control chart pattern recog-
nition (CCPR), which treats Phase II monitoring as a
supervised classification task that assigns control chart
windows to in-control or abnormal patterns. Early studies
showed that SVMs can robustly recognize trends, sudden
shifts, mixtures, and cycles when variables move jointly,
outperforming traditional discriminants (Cheng and
Cheng, 2007). A prominent line of work treats CCPR
explicitly as an imbalanced classification problem and
uses weighted SVMs to improve sensitivity to rare abnor-
mal pattern classes without compromising overall accuracy
(Xanthopoulos and Razzaghi, 2014). Another practically
important line targets autocorrelated processes: SVM-
based online recognizers achieve consistent gains over
competing baselines across multiple AR (autoregressive)
structures and coefficient settings, indicating robustness
when independence assumptions fail (Lin et al., 2011).
Beyond single-pattern cases, concurrent patterns can be
recognized by combining feature transforms (e.g.,
wavelets) with multiclass SVMs for real-time monitoring
(Du et al., 2013). To improve robustness under distribu-
tional misspecification, hybrid schemes combine unsu-
pervised grouping (e.g., spectral clustering) with SVM
classifiers for CCPR under non-normal conditions (Lee
et al., 2022). For broader, practice-oriented comparisons
of SVM-based CCPR implementations, see Cuentas et al.
(2017).

Another application of SVMs in control charts is one-
class SVM and SVDD models, which are trained on
Phase I IC data to learn the IC region and then, in Phase
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II, monitor a distance or score statistic to raise alarms. An
early study by Sukchotrat et al. (2009) formalized this
paradigm for multivariate control charts by introducing
“one-class classification—based control charts” and show-
ing how Phase I modeling of the IC data set yields practical
Phase II decision rules. A closely related line of research
used SVDD to define a kernel distance as the charting
statistic—often called the K-chart—providing a nonpara-
metric alternative to Hotelling’s 7° for multivariate
monitoring; see Sun and Tsung (2003) for the original
kernel-distance formulation and subsequent develop-
ments. Subsequent studies addressed design choices and
operating characteristics. For parameter and limit selec-
tion, Weese et al. (2017) analyzed bandwidth selection
for the K-chart and reported its impact on Phase I and
Phase II performance. To improve robustness and adap-
tivity, Lee and Kim (2018) developed a time-adaptive
SVDD that tracks nonstationary IC regimes and non-
normal data, thereby improving detection stability under
drift. For high-frequency streams, Kakde et al. (2017)
introduced the KT-chart, an SVDD-based variant that
addresses the original K-chart’s shortcomings at high
sampling rates. Control limit construction has also been
extended beyond parametric thresholds. Ahsan et al.
(2023) proposed SVDD-KDE (Kernel Density Estima-
tion) limits that estimate thresholds nonparametrically
based on the SVDD statistic; simulations demonstrated
performance gains across several shift scenarios and in an
application to network intrusion data. In parallel, error-
rate control has been made explicit: Kim and Kim (2018)
designed SVDD charts with explicit false-alarm control
by calibrating limits to achieve desired in-control error
properties, outperforming baseline SVDD charts in
experiments. Recently, SVDD scores have been
hybridized with cumulative schemes (e.g., Multivariate
EWMA) to strengthen small-shift sensitivity in multivari-

ate settings (Nguyen et al., 2025).

Finally, we review SVR-based risk-adjusted EWMA
charts, which follow the classical risk-adjusted EWMA
logic (Steiner and Jones, 2010). Noor-ul Amin et al.
(2024) modeled patient risk via SVR and applied EWMA
to SVR residuals, demonstrating better small-shift detec-
tion than conventional risk-adjusted EWMA on simula-
tions and cardiac-surgery data. To improve responsive-
ness, Kazmi and Noor-ul-Amin (2024) introduced an
SVR-based adaptive EWMA that updates smoothing or
decision parameters online as a function of predicted risk
or recent residual behavior, yielding gains in average run
length (ARL) performance for small location shifts; the
article also discusses kernel choice and Phase I tuning.

3.1.1.2  Principal component analysis

Control charts based on PCA learn an IC subspace from
historical data and then monitor principal component
scores with a Hotelling’s 72 control chart, and the residual
subspace with a Q (Squared Prediction Error) control
chart. This two-chart paradigm and its approximate
control limits are well established in the MSPC literature
and industrial tutorials (e.g., MacGregor and Kourti
(1995)).

For batch or trajectory data, multiway PCA (MPCA)
constructs control charts directly on batch-wise time
trajectories; the standard reference is Nomikos and
MacGregor (1995), which defines MPCA-based
Hotelling’s 7* and Q control charts with demonstrated
online monitoring of new batches. To handle temporal
dependence and decrease false alarms from autocorrela-
tion, dynamic PCA (DPCA) incorporates time-lagged
variables within the PCA modeling step while retaining
Hotelling’s 7° and Q control charts layer. Chen and Liu
(2002) presented online batch monitoring using dynamic
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PCA, reporting simple charting rules and improved track-
ing of batch progress and upsets relative to static MPCA.
Follow-on work included adaptive variants and time-slice
dynamic schemes for modern high-rate batch settings (Li
et al., 2024a; Du et al., 2022; Zhang and Edgar, 2007).

When quality characteristics deviate from normality or
include mixed types (continuous and categorical), the
usual chi-square approximations for PCA-chart limits
may be unreliable. Ahsan et al. (2024) developed and
evaluated PCA-mix Hotelling’s T? control charts with
kernel-density control limits, documenting improved
error control and shift detection under simulated non-
normal and real mixed-type scenarios. For nonlinear rela-
tions among variables, Kemel PCA (KPCA)-based
control charts have been proposed and compared against
linear PCA-mix; KPCA consistently improves detection
for nonlinear/mixed characteristics while maintaining
competitive behavior for large mean shifts in balanced
categorical proportions (Ahsan et al., 2022).

3.1.1.3 Tree-based methods

Tree-based methods, including classification and regres-
sion trees (CART), random forests, and gradient-boosted
trees, are commonly applied in statistical process control.
They function both as classifiers for CCPR and as gener-
ators of monitoring statistics or residuals, which can then
be monitored using EWMA control charts.

Decision trees have been widely used for CCPR. A
representative early study applied CART to detect six
canonical patterns, reporting competitive classification
performance while providing transparent decision rules,
thus establishing tree-based methods as practical tools for
CCPR (Wang et al., 2008). More recent CCPR work
addressed multiple patterns co-occurring. An online
approach combined singular spectrum analysis (SSA) for
feature extraction with a random forest classifier to
recognize concurrent patterns in real time, showing
improved recognition relative to baselines (Chiu and
Tsai, 2021). A survey dedicated to concurrent CCPR
synthesizes design choices and evaluation protocols
across this subarea and documents the growing role of
ensemble trees (Garcia et al., 2022).

Tree ensembles have also been used to define the charting
statistic itself when only IC data are available. A recent
multivariate control chart built on Isolation Forest (iFor-
est): Phase I learns the IC region; Phase II monitors the
iForest anomaly score with calibrated limits, outperform-
ing Hotelling’s 7* under complex, non-Gaussian condi-
tions (Wang and Liu, 2024). Choi and Jung (2025)
showed how data distribution and bootstrap settings
affect iForest performance in SPC contexts, providing
guidance for parameterization before chart construction.
In practice, iForest and other one-class methods are often
used to compress multivariate data into a single anomaly

score (Gbashi et al., 2025). This score is subsequently
charted with a conventional EWMA control chart.
Another common approach fits tree regressors in Phase
I to model covariate and temporal effects; during Phase
II, residuals are monitored with EWMA to identify devia-
tions from the baseline. Alfasanah et al. (2025) fit
XGBoost and monitored residuals with EWMA control
charts, reporting superior detection with minimized false
alarms relative to direct monitoring of the raw series;
although demonstrated on environmental data, the archi-
tecture is readily transferable to industrial streams.
Related studies compared tree-residual EWMA against
alternative learners (e.g., SVR) within the same two-stage
scheme for control charts (Rahim and Ahsan, 2025).

3.1.1.4 Others

Beyond SVMs, PCA, and tree models, several other
established machine learning techniques have been incor-
porated into the methodology and operational workflows
of control charts.

K-NN mechanisms have been used to learn the in-
control region from Phase I data and to define a monitoring
statistic in Phase II. Li et al. (2021) built nonparametric
CUSUM schemes in which a k-NN learning step
produces an empirical score that feeds an empirical
cumulative sum (ECUSUM) chart. This k-NN-ECUSUM
design improves sensitivity without parametric distribu-
tional assumptions and has been validated on multivariate
data. Another approach is to use k-NN as a novelty/
density model and construct a chart directly on k-NN-
based distances or density weights. Liu et al. (2020)
showed that a density-sensitive k-NN control chart can
efficiently monitor multivariate processes under complex
distributions, aligning it with the broader class of one-
class, nonparametric charts.

Recent studies combine multiple base learners into
ensembles to strengthen CCPR, with particular benefits
for small shifts and for complex or concurrent pattern
detection. For example, a feature-enhanced stacking
ensemble integrated several classifiers for dimensional-
accuracy monitoring, while a multi-scale weighted
ordinal-pattern ensemble was tailored to small shifts;
both reported gains over single-model baselines (Chu
etal., 2024; Li et al., 2024d). Similarly, for small-variation
patterns on X-bar control charts, a heterogeneous ensemble
(e.g., decision tree, SVM, k-NN, ANN) achieved substan-
tially higher recognition accuracy than individual learners
and can serve directly as the Phase II decision rule
(Alwan et al., 2023).

The Real-Time Contrasts (RTC) framework -casts
monitoring explicitly as a real-time classification prob-
lem, with the classifier’s output serving as the charting
statistic and decision rule. A random-forest implementation
using weighted voting improved detection delay and
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robustness compared with original distance-based
contrast approaches (Jang et al., 2017). Later studies
augmented RTC with variable-importance and novelty-
detection components, and investigated adaptive break-
points together with symbolic aggregation to support
streaming scenarios (Lee et al., 2020; Shin et al., 2019).

3.1.2 Deep learning methods for control charts

3.1.2.1 Autoencoders

AEs learn a low-dimensional representation of IC data
and provide two types of Phase II monitoring statistics:
latent-space scores and reconstruction residuals. Two
implementation patterns dominate. First, latent-space
monitoring applies multivariate control charts to encoder
outputs. Lee et al. (2019) developed a VAE-based T
scheme for high-dimensional, nonlinear processes and
reported simultaneous reductions in false alarms and
missed detections relative to latent-variable baselines.
This approach can be regarded as a “deep analogue” of
PCA-based monitoring, in which limit calibration is
performed in the learned latent space (Lee et al., 2019;
Ahmed et al., 2025).

Second, residual-driven monitoring treats reconstruction
errors or latent-distance measures as univariate or scalar-
ized statistics and monitors them with EWMA- or
CUSUM-type procedures to improve sensitivity to small
shifts. This workflow is particularly useful for count data
or other non-Gaussian signals. For example, a recent
design for Poisson multistage processes trained stacked
AEs within a state-space representation and recommends
EWMA on AE errors in Phase II, showing performance
gains in simulation studies (Yeganeh et al., 2025). Indus-
trial implementations similarly operationalized AE resid-
uals or latent distances as monitoring statistics in multi-
variate in-process control (Biegel et al., 2022). Quality
management work demonstrated that deep AEs effectively
capture nonlinear variation in high-dimensional profiles,
providing a practical modeling basis for either latent- or
residual-based monitoring in Phase II (Howard et al.,
2018).

3.1.2.2 Probabilistic models

Probabilistic formulations integrate stochastic modeling
directly into monitoring by three complementary strate-
gies: using likelihood- or predictive-distribution—based
statistics (often with risk adjustment); modeling latent
regimes (for example, hidden Markov or state-space
models) and monitoring residuals or log-likelihood ratios;
and placing a probabilistic prior over profiles or trajectories
(e.g., Gaussian processes) and assessing deviations from
posterior predictions.

A common probabilistic route constructs the monitoring

statistic from a likelihood or posterior predictive distribu-
tion, frequently incorporating risk adjustment to account
for case mix. A landmark example is the risk-adjusted
CUSUM (RA-CUSUM) of Steiner et al. (2000), which
scored each case by its log-likelihood contribution condi-
tional on patient covariates. This approach reduced spuri-
ous alarms due to changing case mix and remains the
standard RA chart in surgical monitoring, with extensive
follow-up work on calibration and estimation error
(Steiner et al., 2000; Jones and Steiner, 2012). More
recent Bayesian designs exploited priors or power priors
to obtain predictive control limits and favorable head-
start properties when historical data are scarce (Bourazas
et al., 2022). Bayesian EWMA variants—including adap-
tive or variable-sample-size forms that update posterior
beliefs online and set limits from the posterior predictive
distribution—have also been proposed to improve small-
shift detection and to support dynamic sampling strategies
(Khan et al., 2024). For multivariate profiles, Bayesian
translations of profile CUSUM vyield regression-based
scores that propagate uncertainty coherently through the
monitoring statistic (Ahmadi Yazdi et al., 2024).

When regime switches or serial dependence dominate
the data, latent-state models are commonly paired with
monitoring based on residuals or log-likelihood ratios.
One approach is to fit a hidden Markov model (HMM) to
Phase I IC dynamics and then monitor log-likelihood
ratios or model residuals in Phase II. For Poisson HMMs,
log-LR CUSUMs have been shown to provide clearer
detection advantages over Shewhart or ordinary CUSUM
procedures when latent states drive the counts (Ottenstreuer
et al., 2021). Related implementations fit state-space or
HMM predictors and chart the one-step-ahead innovations
with Individuals/EWMA methods, which improves false-
alarm control under strong autocorrelation (Li et al.,
2022b, 2018).

For monitoring functional profiles or trajectories with
within-profile correlation, GP regression supplies a flexible
probabilistic prior over functions; Phase II monitoring
then assesses GP predictive discrepancies or residuals.
GP-based schemes naturally accommodate time-varying
covariates and autocorrelated profiles, and they integrate
straightforwardly with CUSUM/EWMA decision rules
by using predictive means and variances to form stan-
dardized scores. Recent designs and transfer-learning
variants demonstrated the practicality of GP monitoring
for complex profiles and showed improved detection and
UQ in applied evaluations (Ding et al, 2024;
Fallahdizcheh and Wang, 2025).

3.1.2.3 Neural networks
Neural networks enhance control charts in three principal

ways: as the Phase II decision rule for CCPR, as Phase |
forecasters whose residuals or adjusted scores are
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monitored in Phase II, and as direct statistic generators
for image or spatial data. Across these roles, studies have
employed a range of architectures, including artificial
neural networks (ANNs), CNNs, RNNs and LSTM
networks, attention-based models such as transformers,
generative adversarial networks (GANs), and hybrid
models (e.g., CNN-RNN or CNN—transformer). In what
follows, we focus on representative uses rather than
enumerating model variants.

A substantial literature has investigated neural
networks as Phase II decision rules for CCPR. Recent
contributions replaced hand-crafted features with 1D-
CNNs and attention mechanisms, reporting higher recog-
nition rates and better handling of concurrent or variable-
length patterns (Xu et al., 2019; Hong et al., 2019; Zan
et al., 2025). In these studies, the output is the Phase II
decision rule, so the monitoring statistic is the network’s
score or class probability.

A second stream fits a neural network in Phase I to
model covariates and/or dynamics; Phase II then monitors
residuals or adjusted scores with EWMA to improve
small-shift sensitivity and to manage autocorrelation.
Representative designs reported gains for autocorrelated
multivariate processes and clinical/industrial  risk-
adjusted settings (Ahmadini et al., 2025; Lee and Liao,
2023). Methodologically, these approaches mirror
SVM/SVR residual charts but substitute neural network
regressors when strong nonlinear effects would otherwise
inflate false alarms.

For products and processes observed as images or
spatial fields (e.g., textures, speckle patterns), CNNs are
used to compute a monitoring statistic (feature-map score
or learned distance) that is smoothed by EWMA or
compared with calibrated limits. Recent work proposed
CNN-EWMA procedures and benchmarked them against
Hotelling’s 7> and generalized likelihood ratio alterna-
tives, showing improved detection of localized and subtle
changes (Okhrin et al., 2025; Sabahno and Khodadad,
2025). Here, the network furnishes a scalar (or low-
dimensional) statistic per frame or region, preserving
standard Phase I/Phase II practice while leveraging
learned spatial features.

3.1.3 Discussion

In practice, different data regimes call for different Al
integrations. When only in-control (IC) data are avail-
able, one-class and other nonparametric statistics (e.g.,
SVDD, Isolation Forest) provide natural Phase II moni-
toring scores (Sun and Tsung, 2003; Wang and Liu,
2024). Label-scarce settings motivate contrast-style
formulations that turn window-level predictions into
decision rules. For correlated or dynamic processes,
sequential learning and residual-based monitoring help
separate assignable causes from ordinary dependence.

A central cross-cutting issue is nonstationarity and
serial dependence. Modern streams—ranging from
networked sensors to batch trajectories and image/video
frames—often violate i.i.d. assumptions underlying clas-
sical limits. Two complementary strategies are well-
established. First, time-series or latent-state predictors
(ARMA, state-space, HMM, etc.) are fit in Phase I, and
Phase II monitoring is performed on one-step-ahead inno-
vations, typically with Individuals/EWMA charts; this
centers the decision on unexpected changes while
accounting for serial correlation. Second, sequential
learning methods make dependence explicit within the
learning objective and pass stabilized scores to the chart.
Both approaches reduce spurious alarms and yield operat-
ing characteristics that can be calibrated under correla-
tion, extending the residual-monitoring ideas popularized
in the SPC literature for autocorrelated data.

A second theme is calibration and evaluation when
monitoring statistics are model-derived. Classical crite-
ria—ARL, expected detection delay (EDD), and false-
alarm probability—continue to govern design, but
learned scores (latent distances, anomaly indices, posterior
or predictive log-likelihoods) require principled limit
setting and accounting for estimation error. Longstanding
SPC guidance emphasizes that issues such as correlated
observations, variable sampling schemes, and economic
design materially affect performance and should be made
explicit in study protocols; these points remain pertinent
for Al-assisted monitoring. In multiunit deployments—
many features, windows, or parallel streams—multiplicity
becomes system-level: controlling the false discovery rate
(FDR) offers a practical way to manage aggregate false
alarms while preserving sensitivity, and recent work
examines both batch and online FDR control for surveil-
lance-type monitoring (Javanmard and Montanari, 2018).

A third, unavoidable challenge is concept drift (Gama
et al., 2014). Tool wear, recipe changes, supply variation,
and operator effects induce gradual evolution that may or
may not be quality-relevant. While several reviewed
methods include online adaptation (e.g., smoothed residu-
als or time-adaptive boundaries), the broader drift literature
suggests complementary mechanisms—explicit tests for
distributional change, adaptive/semisupervised updates,
and validation protocols that distinguish benign evolution
from shifts warranting intervention. Codifying such drift-
aware procedures for Al-driven monitoring remains an
open opportunity.

A fourth emerging theme is the interpretability and
operationalization of monitoring outcomes. While tradi-
tional Al models excel at detecting signals, they often
function as “black boxes,” leaving operators to decipher
the context of an alarm. The integration of LLMs offers a
transformative solution by converting numerical anomalies
into semantic insights. For instance, multi-modal models
such as Google’s Gemini (Team et al., 2023) show
promise in directly interpreting visual control chart
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patterns. Furthermore, domestic models like Alibaba’s
Qwen (Bai et al., 2023), DeepSeek (Guo et al., 2025),
and ByteDance’s Doubao (Qin et al., 2025) are being
explored to automatically generate daily quality monitor-
ing reports from heterogeneous data streams, enhancing
the interpretability of SPC systems.

Finally, practice and reproducibility deserve emphasis.
Many case studies report gains, but comparisons are often
based on bespoke data sets with heterogeneous prepro-
cessing and tuning. Shared benchmarks spanning univari-
ate/multivariate, autocorrelated, image, and profile
settings—coupled with transparent limit-calibration
recipes—would make evaluations more comparable and
accelerate adoption. Within risk-adjusted applications, for
example, building the monitoring statistic from a likelihood
or predictive distribution (as in risk-adjusted CUSUM)
remains influential precisely because the scoring rule,
covariate adjustment, and limit calibration are specified
end-to-end.

3.2 Change-point detection

CPD identifies time indices at which the distribution of a
data stream changes (Basseville and Nikiforov, 1993;
Page, 1954; Truong et al., 2020). It is applied to signals,
images, videos, and other multi-modal data from industrial
sensors. Classical methods include offline segmentation
via Pruned Exact Linear Time (PELT), sequential
schemes such as CUSUM, and Bayesian online change
detection. In-depth discussions on these methods and
their applications can be found in recent comprehensive
reviews on CPD (Truong et al., 2020; Aminikhanghahi
and Cook, 2017; Niu et al., 2016).

Al methods enhance this pipeline under two data
regimes, as shown in Fig. 5. When labels are available,
each segment of the training data are assigned a class
label. Supervised methods can cast CPD as a window-
level classification task, learning a mapping from input

Time series data
Industrial sensors

Image/Videos

Multi-modality

Traditional methods

PELT

Bayesian online CPD

CUSUM

Enhancing

segments to labels. When labels are unavailable, unsuper-
vised methods learn the underlying structure from the
data and detect distributional shifts to localize potential
change points. This section reviews how AI methods
implement CPD and what improvements they bring in
terms of detection accuracy and robustness.

3.2.1 Unsupervised methods for CPD

3.2.1.1 Kernel-based methods

Kernel-based CPD compares distributions across candidate
segments via RKHS embeddings, so that any shift in
law—not just mean or variance—can be expressed as a
change in a kernelized discrepancy. Early work formalized
this viewpoint for single and multiple changes and
connected it to dynamic-programming segmentation
(Harchaoui et al., 2008). Building on that foundation,
Arlot et al. (2019) introduced the KCP procedure with a
nonasymptotic model-selection penalty that chooses the
number of changes directly in a kernel empirical-risk
framework. The same line of work established consistency
and localization guarantees under characteristic kernels
and mild regularity (Garreau and Arlot, 2018). In parallel,
kernel two-sample testing ideas were adapted to scanning
and sequential CPD: Li et al. (2015) developed the M-
statistic with a tail characterization that yields calibrated
thresholds (controlling significance offline and average
run length online), and Li et al. (2019) proposed the Scan-
B statistic that stays computationally tractable when large
background data are available. A more recent theme is to
learn the kernel for CPD. Chang et al. (2019) optimized a
lower bound on test power using an auxiliary deep
generator, effectively endowing MMD-style tests with a
data-driven deep kernel while retaining the interpretability
and calibration benefits of two-sample testing. These
works show how kernel CPD scales from principled
offline segmentation to fast, thresholded detectors, and
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Fig. 5 Al-enhanced framework for CPD.



Yangyang HUANG et al. Al for quality management: A review 21

how kernel choice—either fixed and characteristic, or
learned—controls sensitivity to high-dimensional, struc-
tured changes.

3.2.1.2 Probabilistic models

Bayesian online CPD (BOCPD) frames streaming CPD
as inference over the run length, the time since the last
change, so that posterior updates combine a hazard prior
with predictive likelihoods under a within-segment model
(Adams and MacKay, 2007). This modular construction
makes it straightforward to swap in appropriate segment
models while retaining a coherent online posterior over
change times. Recent advances kept the spirit but pushed
practicality. Knoblauch and Damoulas (2018) extended
BOCPD to online model selection across a family of
spatio-temporal vector autoregressions, performing
prediction and Maximum A Posteriori (MAP) segmenta-
tion jointly with constant memory and linear time. Han
et al. (2019) added confirmatory tests that guard against
spurious alarms by validating changes in the covariance
structure of a local GP surrogate. Sellier and Dellaportas
(2023) replaced the GP with a reduced-rank Student-t
process and dependent t noise to gain robustness to heavy
tails while preserving fast approximate updates. These
contributions illustrated the BOCPD template’s key
advantage for industrial monitoring: one can tailor the
within-segment dynamics, regularize the hazard, and still
reason probabilistically about both alarms and forecast
performance in real time.

A complementary Bayesian route explains regime
changes via latent discrete states whose transitions induce
segment boundaries. In finite HMMs and switching linear
dynamical systems (SLDS), change points appear when
the discrete state switches, while the continuous latent
dynamics account for within-segment evolution. To avoid
pathological rapid switching, Fox et al. (2011) introduced
the sticky HDP-HMM, a Bayesian nonparametric HMM
with state persistence that has become standard for time-
series segmentation with an unknown number of regimes.
Modern variants tied transition probabilities to the contin-
uous latent trajectory, yielding recurrent SLDS that
segment complex nonstationary signals while revealing
why a switch occurs (Linderman et al., 2017). Subsequent
multi-population extensions showed scalability and stable
inference in high-dimensional sensors (Glaser et al.,
2020). On the sequential side, quickest detection for
HMMs has seen Bayesian optimality results that quantify
delay-false-alarm trade-offs when the change pertains to
the hidden state process itself (Ford et al., 2023). For
quality monitoring, these models are appealing when
physical insight suggests few operating regimes with
regime-specific dynamics (e.g., load levels or tool condi-
tions), and when joint segmentation-and-diagnosis is
valued.

GPs serve as expressive within-segment priors, with

change points realized either by kernel compositions or
by explicit segment boundaries. A seminal construction
coupled GPs to BOCPD so that each run length indexes a
locally stationary GP expert, enabling nonparametric
forecasting and online detection in one pass (Saatci et al.,
2010). Recent work enhanced scalability and robustness.
Caldarelli et al. (2022) proposed ADAGA, adapting
kernels on the fly to track nonstationarity and detect
changes with competitive accuracy. Han et al. (2019)
provided hypothesis tests that confirm changes in the GP
covariance, tightening thresholds for BOCPD-style
alarms. In practice, GP-based CPD is attractive when one
needs calibrated uncertainty for both segmentation and
forecasting, and when domain knowledge can be injected
as kernels (e.g., periodic or spectral mixture components)
while still allowing abrupt regime switches.

3.2.1.3 Autoencoders

A popular representation-first route is to learn a compact
description of nominal dynamics and convert reconstruc-
tion (or predictive) discrepancies into change evidence. In
a carefully engineered study, De Ryck et al. (2021)
showed that training autoencoders with a time-invariant
loss tailored to CPD can sensitively capture not only
mean and variance changes but also spectral and autocor-
relation shifts, with a simple matched-filter postprocessing
to stabilize false alarms. For real-time settings with multi-
variate streams, Gupta et al. (2022) used an autoencoder-
based deep pipeline that outputs per-time change scores
and calibrates them for streaming thresholds, reporting
competitive localization on industrial-style benchmarks.
Beyond plain AEs, there is growing work that brings
variational structure to the latent space in order to separate
regime content from nuisance variability. Large-sample
supervised detectors that learn statistics from labeled
examples complement these unsupervised AEs. Li et al.
(2024b) showed that a small network can emulate likeli-
hood-ratio-type test statistics and automatically tailor an
offline detector to the user’s change model, bridging clas-
sical tests and learned representations.

3.2.1.4 Graph models

When observations are naturally relational due to sensor
correlations, line—station interactions, or user—item
events, CPD becomes a question about structural shifts of
a graph sequence. A classical starting point is to posit a
generative network model and ask whether its parameters
have changed. In evolving social networks, Peel and
Clauset (2015) formalized this idea via an online
Bayesian test around a hierarchical random graph:
changes are declared when posterior evidence favors a
new structural “norm,” and the detected times align with
known exogenous shocks. For correlation networks,
where edges summarize time-varying dependence among
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many channels, Barnett and Onnela (2016) designed a
test on the Frobenius distance between correlation matrices
before or after a candidate time, requiring minimal distri-
butional assumptions and working well on fMRI and
stock data. More recently, the field has moved beyond
fixed, hand-chosen graph distances toward learned simi-
larities tailored to the data domain: Sulem et al. (2024)
developed a metric-learning approach that adapts graph
comparisons to the detection task and showed that the
choice of distance can dominate performance. At the
same time, theory and inference have caught up with
practice: high-quality work studied CPD in partially
observed dynamic networks (Enikeeva and Klopp, 2025),
multilayer random-dot-product graphs with online tests
(Wang et al., 2026), and separable temporal ERGMs with
group-fused penalties that localize multiple parameter
shifts (Kei et al., 2025a).

When graphs carry rich node/edge attributes and struc-
ture evolves at multiple scales, graph neural networks
(GNNs) can serve as task-specific representation learners
whose outputs feed a CPD statistic. A recent example by
Penaloza and Stevens (2024) estimated modularity via a
GNN and monitors its trajectory across snapshots, flagging
change points when community structure, jointly
explained by topology and high-dimensional attributes
shifts. The method detected a real-world event in the
Iranian Twitter reply network while remaining
lightweight enough for streaming. Closely related lines
coupled decoder-only latent graph models with empirical-
Bayes priors to expose segment boundaries in time-series
of graphs, and proposed simple generative baselines for
dynamic graphs that nevertheless recover clear change
times (Kei et al., 2025b). These approaches are appealing
in industrial monitoring where edges encode process
interdependence (e.g., cross-tool correlations, line-cell
flows) and where one seeks a single boundary score that
already aggregates heterogeneous signals; the learned
graph embedding stabilizes nuisances, while the CPD
head (a calibrated discrepancy or Bayesian run-length
posterior) takes care of timing.

3.2.1.5 Self-supervised learning

Self-supervision has become a natural fit for CPD, as
labels for boundary times are often scarce. Deldari et al.
(2021) introduced TS-CP2, a contrastive predictive
coding scheme that trains by pulling together adjacent
windows and pushing apart windows that straddle a
change, yielding robust embeddings and strong gains
over classical unsupervised baselines. In a different but
highly influential line, ClaSP framed segmentation as a
classifier-based signature profile: at each candidate split,
alightweight time-series classifier is trained to discriminate
the two halves; the most discriminable split is selected,
and a recursive strategy yields multiple changes
(Ermshaus et al., 2023). ClaSP’s practical impact was

reinforced by its open-source implementations and bench-
marking in sktime, making it a reproducible workhorse
for unsupervised segmentation (Ermshaus et al., 2023).
For online CPD, contrastive ideas have been adapted to
sequential scoring without labels; Puchkin and
Shcherbakova (2023) cast run-time detection as maximiz-
ing a learned pre or post discrepancy with provable
control of false alarms under mild conditions. Together,
these works illustrated two complementary philoso-
phies—contrastive pretraining to learn stable features for
generic detectors, and classifier-at-split profiles that
directly operationalize “separability” as a boundary
cue—both well aligned with label-scarce industrial envi-
ronments.

3.2.2  Supervised methods for CPD

3.2.2.1 Classical machine learning classifiers
Several studies cast CPD explicitly as a supervised classi-
fication or regression problem and employ classical
machine learning models. A representative line of work is
random-forest—based segmentation, where change points
are inferred from differences in conditional distributions
estimated by ensembles; for example, the ChangeForest
algorithm uses random forests to detect distributional
shifts in multivariate, possibly nonlinear regression
settings and reports strong performance on synthetic and
real benchmarks (Londschien et al., 2023). In a different
direction, least-squares support vector machines (LS-
SVM) were used to learn discriminative boundaries
between pre- and post-change regimes, with change
scores derived from the LS-SVM decision function to
flag structural breaks in time series (Cheng, 2013).
Classical classifiers have also been benchmarked
against statistical baselines in application domains. In
nonlinear biomedical signals, comparative studies evalu-
ated SVMs, k-NN, and tree-based ensembles as change
detectors alongside CUSUM-type and time—frequency
methods, highlighting settings where supervised ML can
improve sensitivity or robustness to noise (Azizi, 2024).
These works showed that, when labels or reliable pseudo-
labels are available, classical ML classifiers offer a flexible
supervised alternative that bridges classical CPD test
statistics and modern representation-learning approaches.

3.2.2.2 Convolutional neural networks

CNN offers a non-recurrent route to long context with
stable gradients, and has therefore been adopted in CPD
when latency and parallelism matter. Rather than
hand-crafting a discrepancy, one trains a 1D-CNN or
TCN to produce boundary scores over time and then post-
processes peaks as candidate change points. A recent
study by Li et al. (2024b) provided a statistical perspec-
tive, showing that many classical test statistics can be
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embedded in small neural network architectures. Building
on this insight, they trained CNNs to learn the various
features of multiple change types, constructing offline
change detectors that match the accuracy of hand-crafted
procedures while retaining transparent decision rules. In
representation-first pipelines, a TCN encoder can be
combined with a differentiable boundary module to
handle both abrupt and gradual transitions. For example,
RECURVE employed a TCN backbone and optimized a
curvature-based change functional that improves robust-
ness to slowly evolving regimes (Shin et al., 2024). These
designs delivered two practical advantages in production
monitoring: efficient batch or stream inference (via
convolutions) and flexible receptive fields (via dilation),
both of which are helpful when change scales vary across
Sensors.

3.2.2.3 Recurrent neural networks

Recurrent architectures remain a practical choice when
change points are entangled with long temporal depen-
dencies. A typical recipe learns short-horizon normal
dynamics and then converts deviations in prediction or
reconstruction to change evidence. For online monitor-
ing, Atashgahi et al. (2023) proposed a memory-free
LSTM autoencoder that continuously adapts to incoming
samples without storing past windows; its run-length-
agnostic update gives near-linear throughput and compet-
itive localization across public CPD benchmarks. In a
design aimed at real-time alarms on streaming data,
Gupta et al. (2022) developed a deep neural CPD frame-
work that produced a change score at each time point and
triggers alarms by comparing these scores against cali-
brated thresholds, enabling low-latency monitoring of
multivariate industrial streams. Beyond improving raw
detection accuracy, recent work has begun to formalize
the reliability of such neural detectors. Selective-inference
procedures can be applied on top of recurrent models to
test whether detected boundaries are statistically signifi-
cant, thereby attaching principled uncertainty measures to
the reported change points (Shiraishi et al., 2024).
Together, these developments showed how RNN models
trained with unsupervised or weakly supervised objectives
can deliver fast, adaptive CPD while retaining interpretable
decision statistics (e.g., residuals or posterior scores) for
downstream root cause analysis.

3.2.2.4 Transformers

Self-attention has recently entered CPD in two ways.
First, dedicated architectures inject a change-point head
into a forecasting transformer so that the model jointly
explains nonstationary and flags structural breaks. Wan
et al. (2024) exemplified this pattern: TCDformer couples
a trend/seasonality forecaster with an explicit CPD
module and reports gains on nonstationary series where

distributional shifts degrade pure forecasters. Second,
transformers are trained end-to-end to output boundary
probabilities in domain settings with many correlated
channels; Kozlov et al. (2023) presented a self-supervised
transformer that detects operational changes in cellular
networks from multivariate key performance indicator
streams, showing strong segmentation without labeled
change times. These studies indicated that attention can
sharpen boundary localization under long-range depen-
dence and heterogeneous periodicities, while retaining a
clean post-processing interface (peak picking or Bayesian
smoothing) that is compatible with classical CPD evalua-
tion.

3.2.3 Discussion

A pragmatic division of labor has emerged across various
methods. For retrospective problems with piecewise-
constant structure and moderate dependence, penalized
dynamic programming remains a dependable default.
Optimal partitioning or PELT selects the number of
changes transparently and scales well in practice, while
multiscale procedures supply uncertainty for estimated
boundaries. When changes live in higher-order struc-
ture—spectral content, cross-dependence, or marginal
shape—kernel segmentation and density-ratio criteria
expand sensitivity beyond low-order moments yet still
admit calibrated thresholds and principled search over
segmentations (Arlot et al., 2019; Li et al., 2015, 2019;
Kawahara and Sugiyama, 2009; Kanamori et al., 2009;
Liu et al., 2013). For streaming quality control, Bayesian
templates such as BOCPD, HMM, SLDS, and GP
(including robust t-process surrogates) are attractive
because they couple alarm timing with run-length posteri-
ors, explicit hazards, and forecast calibration (Adams and
MacKay, 2007; Fox et al., 2011; Saatgi et al., 2010; Sellier
and Dellaportas, 2023). Neural sequence models—RNNSs,
TCNs, and transformers—add representational headroom
for long-range dependence; in practice, their scores or
residuals are best routed through classical smoothing and
thresholding to retain interpretability and control false
alarms (Atashgahi et al., 2023; Li et al., 2024b; Wan
et al., 2024). In inherently relational settings, correlation-
network tests and learned graph similarities expose struc-
tural breaks that remain invisible at the marginal level
(Barnett and Onnela, 2016; Peel and Clauset, 2015;
Sulem et al., 2024).

Several caveats recur in deployment. Calibration has
outsized influence: unlike univariate CUSUM with classi-
cal ARL guarantees, data-adaptive or learned detectors
often depend on resampling, carefully chosen reference
segments, and fair tolerance windows; reported gains can
collapse if hyperparameter budgets are unequal (Truong
et al., 2020; van den Burg and Williams, 2020). Closely
spaced or gradual changes are still difficult—multiscale
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ideas help, but power deteriorates as spacing shrinks or
drift stretches over long horizons (Fryzlewicz, 2014;
Baranowski et al., 2019). In high dimensions, dependence
modeling becomes the rate-limiting step: kernel scans can
suffer variance inflation without structure-aware kernels
or windowing, and correlation-network tests may lose
power near boundaries (Barnett and Onnela, 2016; Li
etal., 2015).

Looking ahead, the most promising path is not to chase
a single model but to close the loop between representa-
tion, calibration, and uncertainty. Two concrete moves
stand out. First, bring post-selection inference and multi-
scale uncertainty to kernel and neural detectors, so
boundary confidence becomes model-agnostic rather than
tied to a specific estimator (Frick et al., 2014). Second,
design structure-aware models for high-dimensional
dependence to stabilize variance and recover detection
power near boundaries (Barnett and Onnela, 2016; Peel
and Clauset, 2015). Finally, time-series foundation
models are likely to matter, but mostly as priors and scoring
engines rather than end-to-end CPD solvers. Their proba-
bilistic outputs should be converted to residuals or likeli-
hood-ratio surrogates, calibrated, and then evaluated with
standard change tests under shift (Das et al., 2024; Ansari
et al., 2024; Rasul et al., 2023). In short, statistical cali-
bratability, structural priors, and high-capacity sequence
modeling are complementary pieces; effective CPD
systems will compose them rather than pick among them.

4 Quality diagnosis

Following the detection of process anomalies in Section
3, the focus naturally moves from identifying when an
abnormality occurred to understanding why it happened.
The alarms generated by quality monitoring serve as the
critical trigger for quality diagnosis, which is essential for
translating these detection signals into process adjust-
ments. Quality diagnosis serves as the analytical core of
quality management. Its primary objective is to identify
the root cause of the anomaly and support informed deci-
sion-making. Modern quality diagnosis ensures that
process recovery is precise and efficient, often by trigger-
ing the parameter re-optimization methods discussed in
Section 2 to restore the system to its optimal state.
Traditional diagnostic approaches often struggle with
the high dimensionality and nonlinearity of modern
industrial data. Al-driven methodologies have emerged to
address these complexities. In this framework, Al-
enabled quality diagnosis operates through three comple-
mentary methodological pillars. First, variation propaga-
tion leverages the topological structure of the process to
localize root sources of variation. Second, causal inference
uncovers the mechanistic drivers of faults beyond simple
correlation. Third, XAl ensures that model predictions
are transparent and trustworthy for human engineers. In

this section, we review these advanced paradigms, high-
lighting how they enable precise, causal, and interpretable
diagnosis.

4.1 Data-driven methods

Before exploring causal and structured diagnostic frame-
works, it is essential to acknowledge the foundational
role of data-driven classification in quality diagnosis.
Over the past decade, supervised machine learning and
deep learning models have been extensively applied to
map high-dimensional process features directly to
specific fault labels or defect types.

In early implementations, latent-variable and regression-
based methods were widely adopted in industries. PCA
and Partial Least Squares (PLS) provide low-dimensional
representations that separate systematic variation from
noise; contribution plots and loading patterns then link
excursions in latent scores back to specific process vari-
ables. Comparative studies of data-science workflows for
quality diagnosis in bioprocessing reported that PLS-
based models, sometimes combined with variable-selec-
tion schemes, can localize faults more effectively than
univariate SPC when many correlated covariates shift
simultaneously (Borchert et al., 2019; Choi and Lee,
2005). Tree-based models are also particularly attractive
because their split structures and importance measures
give an initial indication of which variables are most
influential. Recent overviews of automatic diagnosis in
manufacturing highlighted such tree-based models,
SVMs, and other classical classifiers as core components
in data-driven diagnostic pipelines, often combined with
feature ranking to propose candidate faults to engineers
(e Oliveira et al., 2023; Gomez-Andrades et al., 2016).

Probabilistic graphical models provided another natural
template for post-alarm diagnosis. In a Bayesian network
(BN), nodes represent process variables and quality
outcomes, and directed edges encode conditional depen-
dencies. Once evidence from sensors is entered, belief
updating ranks candidate faults by their posterior proba-
bilities. Early case studies showed that BN-based diagnosis
can integrate heterogeneous measurements for process
variation analysis (Dey and Stori, 2005), and later work
extended this idea by fusing expert-specified substructures
with data-driven learning to handle missing sensors
(Ademujimi and Prabhu, 2021). Hierarchical and object-
oriented BN formulations further supported large assets
by assembling reusable subgraphs (Li et al., 2022a),
while dynamic Bayesian networks introduced temporal
coupling, enabling joint monitoring and diagnostic
reasoning in time-evolving processes (Mori and Yu,
2013; Amin and Khan, 2022).

With the proliferation of high-frequency sensor data,
deep learning has driven a paradigm shift in signal-
domain diagnosis. One-dimensional CNNs, temporal
convolutional networks (TCNs), and transformer
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encoders are now used to map vibration, acoustic, or
current traces to explicit fault labels. Hou et al. (2023)
introduced Diagnosisformer, an efficient transformer that
fuses time-and frequency-domain cues through attention,
reporting consistent gains over strong CNN baselines on
bearing data sets. Subsequent supervised variants empha-
sized channel-attentive mechanisms to sustain diagnostic
accuracy under operating-condition shifts (Liu et al.,
20244d).

However, these fully supervised approaches depend on
extensive labeled fault data, which are often impractical
to obtain. Motivated by this limitation, contrastive self-
supervision has matured into a practical route. Cui et al.
(2024) optimized a self-attention encoder with a
contrastive objective on unlabeled runs, improving fault
attribution under variable speeds after light fine-tuning.
Wang et al. (2023c¢) further introduced a nearest-neighbor
matching strategy in the contrastive loss to mitigate nega-
tive transfer across operating conditions. When the goal
is few-shot attribution to specific defect types, metric
learning and prototypical networks have been reported to
be effective. Zhan et al. (2022) showed that learned
prototypes deliver robust fabric-defect attribution under
severe class imbalance, while other cross-domain variants
combine attention-based embeddings with dynamic
feature selection to maintain diagnostic stability across
different factories as the label budget shrinks (Jiang et al.,
2023; Su et al., 2024; Xu et al., 2024).

To make these data-driven models more persuasive,
recent literature has increasingly integrated physics-
informed architectures and Digital Twins (DTs). Physics-
informed neural networks can reduce extrapolation error
by binding predictions to governing structures, such as
embedding kinematic/elastic relations inside a recurrent
encoder to diagnose robot joint faults (Bradley et al.,
2022; Rudolph et al., 2024; Kasilingam et al., 2024; Li
et al., 2023b, 2024c; Gao et al., 2023). Similarly, DTs
project physics into a simulable asset whose states can be
synchronized to the production line. By fusing virtual
states from a gearbox or reducer twin with physical
measurements, researchers have framed the twin as a
source of mechanistic priors that make posterior diagnostic
attribution more robust, especially in regimes where real
faults are rare or hazardous to elicit (Xia et al., 2023; Liu
et al., 2024c¢).

Despite their strong predictive performance, these
predominantly data-driven classifiers face inherent limi-
tations when scaled to complex, multi-stage manufacturing
systems. They primarily map inputs to fault labels by
exploiting statistical correlations, yet they often function
as opaque mechanisms that may not explicitly encode the
topological propagation of variations across a manufac-
turing line, distinguish genuine causation from spurious
correlation, or provide transparent, human-auditable
evidence for their predictions. Consequently, to fully
realize adaptive process control and reliable parameter

re-optimization, the frontier of quality diagnosis is
rapidly shifting from mere pattern recognition to struc-
tured, causal, and interpretable reasoning. These
advanced paradigms are detailed in the subsequent
subsections.

4.2 Variation propagation

Graph structure can make post-alarm reasoning explicit.
Parts, fixtures, sensors, and process stages form nodes;
geometric or flow relations define edges; and variation
propagates along this topology. In multistage manufactur-
ing, the Stream-of-Variation (SoV) methodology (Shi,
2006) casts propagation in state—space form and links
stage states to downstream measurements, so that a single
nonconformity can be traced back through the line.
Building on early state—space formulations for fixture-
fault diagnosis (Ding et al., 2002) and formal diagnosability
analyses that characterize when distinct upstream faults
are distinguishable at the measurement layer (Zhou et al.,
2003), the SoV review by Ceglarek et al. (2004) codifies
path-wise reasoning and contribution analysis as first-
class diagnostic tools. Recent extensions continue to cali-
brate SoV models from inspection data and engineering
priors, improving back-tracing under plant variability and
partial measurements (Moliner-Heredia et al., 2023).

From a probabilistic perspective, the same structure can
be expressed as a message-passing model. Given a
directed or factor-graph representation of the line,
evidence from sensors and gauges is entered at observed
nodes, and beliefs are updated along edges; posterior
responsibility on upstream nodes induces a ranking of
likely sources and a decomposition of contributions along
candidate paths. This perspective is practical when
topologies are incomplete or measurements are asyn-
chronous, because unobserved nodes can be treated as
latent and marginalized rather than imputed. In multistage
settings, belief updates play the role of “propagation
accounting,” while Kalman smoothing in the SoV
state—space instantiation can provide time-consistent
source localization when lot mixing and transport delays
blur stage boundaries (Ding et al., 2002; Ceglarek et al.,
2004).

Learning-based approaches exploit the same topology
with heterogeneous graph neural networks (GNNs).
Instead of fixing parametric propagation, GNNs can learn
how evidence aggregates over part—process—sensor
graphs and assigns responsibility via attention or path
scores. On aircraft final assembly lines, Chen et al.
(2025a) constructed an explainable multi-layer heteroge-
neous graph attention network that can predict process
completion time while exposing stage- and path-level
importances. Although the focus is on temporal perfor-
mance rather than defects, the mechanism—attention
over a typed assembly graph—translates to variation
attribution and station responsibility. In semiconductor
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manufacturing, a recent case study demonstrates GNN-
based anomaly interpretation with diagnostic visualization
on fab graphs, illustrating how message passing localizes
likely sources and renders human-auditable subgraphs for
engineers (Ha et al., 2025). More generally, causal or
intervention-aware GNNs designed for industrial diag-
nostics show that injecting causal priors and counterfactual
training improves robustness of source localization under
confounding, a recurring issue when parallel stages and
shared resources induce spurious correlations (Liu et al.,
2024b). These studies motivate heterogeneous node/edge
types (part—process—sensor), multi-hop attention to
capture long-range propagation, and path scoring to
report not only where the source is but also how it influ-
ences the measured nonconformity.

4.3 Causal inference

Causal inference reframes diagnosis in terms of cause and
effect rather than mere correlation. It aims to determine
which process variables, stations, or settings actually
cause the observed nonconformity, and how the outcome
would change if those factors were adjusted (Pearl,
2009). Structural causal models (SCMs) formalize this
shift by pairing a directed acyclic graph with structural
equations and “do”-interventions. In practice, this identi-
fication step anchors quality diagnosis to transparent
assumptions about confounding and mediators, which can
then be stress-tested through sensitivity analyses.

Two complementary strands of work have made these
ideas concrete for industrial diagnosis. The first focuses
on discovering, from data and partial domain knowledge,
graph structures that support diagnostic reasoning. Score-
based continuous optimization methods such as
NOTEARS recast DAG learning as a smooth constrained
program and spawned more efficient variants (e.g.,
GOLEM), enabling scalable structure discovery in high
dimensions (Zheng et al., 2018). At the same time,
critiques caution against uncritical use—scale invariance
and other issues can induce misleading graphs—so expert
constraints and stability checks are essential when
moving to the shop floor (Kaiser and Sipos, 2022). For
temporally coupled processes, conditional-independence
approaches tailored to autocorrelated time series
(PCMCI/PCMCTY) improve recall and control false posi-
tives by optimizing conditioning sets and jointly estimating
lagged and contemporaneous links; these methods have
become a reliable backbone for causal discovery in time-
indexed industrial data (Runge et al., 2019; Runge,
2020). Recent manufacturing case studies build SCMs
over process variables and quality outcomes to conduct
data-driven diagnosis: Mbogu and Nicholson (2024)
formulate diagnostic workflows within an SCM with time-
to-event simulation to quantify causal associations, and
Zhang et al. (2024a) infer causal networks for process
faults, reporting improved diagnostic accuracy and

robustness over correlation-based baselines.

The second strand targets the effects of actions, serving
as the bridge to process adjustment. Once an admissible
graph is available, modern estimators deliver average and
heterogeneous treatment effects under explicitly stated
assumptions. Toolkits such as DoWhy guide analysts
through four stages—model, identify, estimate, and
refute—making assumptions first-class citizens and offer-
ing refutation tests (placebo, bootstrap, hidden-
confounder probes) that are directly useful in audit-heavy
industrial settings (Sharma and Kiciman, 2020). When
effect heterogeneity matters across products, tools, or
operating regimes, ML-based estimators (e.g., doubly
robust learners, orthogonal forests) implemented in
EconML provide CATEs while mitigating regularization
bias through orthogonalization and cross-fitting (Oprescu
et al.,, 2019). A complementary perspective exploits
invariance across environments (lots, recipes, machines):
invariant causal prediction uses stability of conditional
distributions under environment changes to identify
causal parents and to construct confidence intervals,
guarding against spurious correlations that vary across
lines (Peters et al., 2016; Heinze-Deml et al., 2018).

Temporal propagation, which is central to manufactur-
ing, ties these threads together. Graphical discovery on
time series supplies candidate causal paths; SCM identifi-
cation clarifies which adjustments are valid under
confounding; and effect estimation quantifies the likely
benefit of changing a setpoint or replacing a tool. When
interventions are scarce, counterfactual validation can be
approximated by off-policy evaluation or by leveraging
naturally occurring environment shifts (e.g., recipe
changes) as quasi-experiments; PCMClI-style links and
invariant prediction strengthen these designs by separating
stable causal parents from nuisance associations (Runge
et al., 2019; Peters et al., 2016).

Evaluation mirrors the causal questions. Beyond stan-
dard classification metrics, quality diagnosis should
report top-k posterior or causal responsibility (does the
true cause appear in the highest-ranked set?), but also
counterfactual validity: do back-door or front-door esti-
mates agree with outcomes in held-out interventions or
quasi-experiments? Ultimately, post-intervention recov-
ery—quality restored after applying the recommended
parameter re-optimization—provides the most persuasive
evidence. In this spirit, Mbogu and Nicholson (2024)
combine SCM-based attribution with simulated interven-
tions to quantify expected gains, while Zhang et al.
(2024a) compare causal-graph-guided diagnoses against
operator-confirmed fixes. Practical concerns remain:
latent confounders, sparse interventions, and evolving
equipment can compromise identifiability. Here, expert
constraints during discovery, refutation tests in DoWhy,
and invariance-based checks across environments consti-
tute a pragmatic guardrail that keeps causal diagnosis
both interpretable and action-worthy.
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4.4 Explainable Al

Over the past decade, classical machine learning and
deep neural networks (DNNs) have fundamentally trans-
formed defect recognition and sensor fusion. Architectures
such as CNNs and RNNs have achieved unprecedented
accuracy in modeling complex, high-dimensional indus-
trial data. While these models excel at minimizing predic-
tion error, they inherently lack the physical and logical
transparency required for root cause reasoning. This
interpretability crisis is a critical bottleneck in quality
diagnosis, where engineers and operators cannot confi-
dently execute equipment adjustments based on an unex-
plained alarm. Consequently, XAI has emerged as an
indispensable bridge between complex neural representa-
tions and human-auditable engineering decisions.

Turning an alarm into an actionable diagnosis requires
more than a label: engineers ask why the model points to
a station, variable, or component, and how confident it is
in that attribution. Post-hoc attribution for deep models
has matured into a small toolbox. Gradient—path methods
such as Integrated Gradients provide axiomatic guaran-
tees—sensitivity and implementation invariance—while
yielding input-level attributions that can be aggregated to
variables, regions, or stations (Sundararajan et al., 2017).
Class-activation approaches localize evidence on images
without retraining; Selvaraju et al. (2017) introduced
Grad-CAM to produce class-conditional heatmaps for
arbitrary CNN-based architectures, and Score-CAM
removes the reliance on gradients by weighting activation
maps with their forward scores, often sharpening local-
ization on industrial imagery (Wang et al., 2020). For
models that must reason with parts, prototype/concept
architectures make the evidence itself a first-class object:
Chen et al. (2019a) designed ProtoPNet to classify by
comparing input patches to learned, class-specific proto-
types (“this looks like that), and follow-on work demon-
strates deformable prototypes that better match real-world
variability (Donnelly et al., 2022). Concept-based testing
complements these localizers: Kim et al. (2018) quantified
the global influence of human-aligned concepts (e.g.,
solder bridges, burrs, scratches) by directional derivatives
in network representation space, providing a way to
check that a model’s evidence aligns with engineering
vocabulary.

The practical value of these tools is clearest when they
are tethered to diagnostic workflows. In PCB and tire
inspection, Grad-CAM overlays have been used to
corroborate that detections concentrate on the physical
defect zone rather than on spurious background cues,
improving operator acceptance for inline deployment
(Kim et al., 2021; Saleh et al., 2024). In process monitor-
ing, CAM-based verification can gate decisions by reject-
ing suspicious explanations: Oh and Jeong (2020) learn
the manifold of “reliable” class-activation maps with a
variational autoencoder and flag out-of-manifold saliency

as untrustworthy before surfacing a diagnosis, a pattern
that directly addresses black-box concerns on the shop
floor.

Faithfulness and stability are essential. A growing body
of evidence shows that some saliency maps can be insen-
sitive to the model or data, or that small, prediction-
preserving perturbations can flip an explanation—issues
that, if unchecked, risk sending engineers on fruitless
hunts. Randomization tests and adversarial probes expose
these failure modes: Adebayo et al. (2018) show that
several visual saliency methods fail basic model/data
sanity checks. Beyond method choice, data—model
pathologies matter: shortcut learning can yield high
apparent accuracy while explanations may rely on inci-
dental correlates (e.g., fixture marks or lighting seams)
rather than the causal signal (Geirhos et al., 2020). In
industrial diagnosis, these cautions translate into practice
as routine sanity checks: run attribution on permuted
labels, ablate suspected nuisance features, and require
that salient regions align with controllable phenomena
(stations, features, specs) before authorizing corrective
action.

Uncertainty quantification closes the loop from “what
the model saw” to “how much we should trust it.” Cali-
bration metrics assess whether probabilities track empirical
frequencies; reliability diagrams and expected calibration
error (ECE) offer compact summaries, and simple post-
hoc temperature scaling is often effective (Guo et al.,
2017). When decisions must be accompanied by guaran-
teed coverage—for example, listing a small set of plausible
defect types or stations to investigate—conformal predic-
tion provides distribution-free sets with user-specified
coverage, independent of the classifier internals
(Angelopoulos and Bates, 2023). In quality diagnosis,
this means trading set size for assurance: at a given
miscoverage level «, the returned set of candidate causes
contains the truth with probability at least 1 —a, which is
often preferable to overconfident single-point predictions.

Finally, explanations should map to interventions.
Local feature weights (e.g., SHAP) can prioritize process
variables or recipe settings for a trial fix, while concept-
level tests verify that a model’s reliance on domain
concepts is aligned with engineering understanding
(Ribeiro et al., 2016; Lundberg and Lee, 2017). Where a
small set of actionable recommendations is needed, coun-
terfactual explanations specify minimally sufficient
changes to flip the model’s decision; Wachter et al.
(2018) formalize this idea without opening the black box,
and diverse, feasibility-aware variants improve practicality
by proposing multiple, non-redundant options (Mothilal
et al., 2020). In manufacturing diagnosis, this connects
explanations to the standard corrective action workflow:
highlight the implicated station or variable with saliency
or prototypes; quantify confidence through calibration or
conformal coverage; and, when safe and feasible, propose
counterfactual adjustments that trigger the re-optimization
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of the process back into conformance.
4.5 Discussion

Across the literature reviewed above, three themes
emerge that shape how quality diagnosis should be prac-
ticed and evaluated in modern manufacturing. First, when
propagation is intrinsic in multistage lines and assem-
blies, models that encode the process topology and its
physics provide sharper and more auditable diagnoses
than flat classifiers. SoV formulations and their
state—space instantiations turn downstream symptoms
into upstream responsibility through estimation and
smoothing over the line; identifiability analyses clarify
when distinct upstream faults are distinguishable at the
measurement layer (Ding et al., 2002; Ceglarek et al.,
2004; Zhou et al., 2003). In time-indexed environments,
dynamic Bayesian formulations serve a similar role, with
posterior belief updates that remain defined even under
missing or asynchronous measurements. These “structured
” approaches remain the most defensible backbone for
diagnostic processes whenever measurement layout,
fixture geometry, and stage couplings are known.

Second, evidence and uncertainty must travel together.
Supervised deep models, particularly for imagery and
vibration, have made attribution fast and accurate, but
without calibrated probabilities and error bars, they risk
overconfident recommendations. Practical deployments
that combine discriminative backbones with calibrated
posteriors (reliability diagrams, ECE) and with saliency
or prototype evidence see higher operator acceptance and
better triage, provided that explanation quality is sanity-
checked to avoid method-induced artifacts (Guo et al.,
2017; Adebayo et al., 2018). Probabilistic programs for
diagnosis generalize this idea: Bayesian networks encode
prior engineering knowledge, fuse heterogeneous signals,
and return posterior responsibility with traceable prove-
nance (Dey and Stori, 2005; Ademujimi and Prabhu,
2021). As plants move toward hybrid data regimes—rich
imagery but sparse interventions—these probabilistic
layers offer a principled place to combine data with priors
and to propagate uncertainty into maintenance decisions.

Third, interventions—not correlations—close the loop.
Causal identification and effect estimation provide the
language for actionability: which adjustment will most
likely restore conformance, and with what uncertainty.
Score-based and constraint-based discovery brings scale
to graph construction from data, but experience on the
shop floor shows that unconstrained discovery can be
brittle; expert constraints and stability checks are essential
(Zhengetal.,2018; Runge et al.,2019). Once an admissible
graph is in hand, estimators of heterogeneous treatment
effects place a quantitative value on candidate actions and
support counterfactual “what-if” analyses, with refutation
tests to keep conclusions auditable in regulated settings
(Sharma and Kiciman, 2020; Oprescu et al., 2019). The

methodological message is not to replace discriminative
diagnosis with causal modeling, but to layer them: a fast,
well-calibrated classifier narrows the search to candidate
stations or variables; a structured propagation model
(SoV/BN/DBN) apportion responsibility along paths; and
a causal module quantifies which intervention at which
node is most likely to succeed in triggering the necessary
parameter optimization.

A recurring source of error across these methods is a
mismatch between the formal model and the evolving
plant. Incomplete or drifting topologies, lot mixing, and
asynchronous measurements can erode both graph
discovery and state—space back-tracing. Here, message
passing on factor graphs and Kalman smoothing play the
role of propagation accounting under uncertainty, while
causal discovery tailored to autocorrelated time series
helps separate stable causal parents from nuisance associ-
ations that vary across regimes (Runge et al., 2019).
Where virtual assets are available, digital twins mitigate
data scarcity and support “in silico” counterfactual vali-
dation, but the twin—to—real gap must be monitored and
corrected; otherwise, diagnostic pipelines risk learning
simulator idiosyncrasies rather than plant realities.

Two pragmatic patterns appear especially durable. The
first is a hybrid stack that binds learning to structure:
discriminative encoders for high-dimensional sensors
feed into SoV/BN layers that enforce topology and prop-
agate uncertainty; causal estimators translate responsibility
into expected improvement under concrete actions. The
second is a governed workflow: explanations undergo
sanity checks; probabilities are calibrated; assumptions
are explicit and refuted where possible; and every recom-
mendation is traceable to a path, a prior, or an identified
effect. These patterns align methodological rigor with the
realities of production lines, where accountability and the
translation of diagnostic insights into adaptive process
control matter as much as raw accuracy.

5 Open challenges and future directions

In this section, we synthesize the major challenges in
applying Al to quality management and outline promising
directions for future research.

5.1 Imbalanced and scarce data

As more advanced Al methods are applied in quality
management, their performance is increasingly
constrained by the availability and quality of training
data. When the training data are highly imbalanced or
scarce, Al models typically perform poorly on the rare
but important cases, and standard evaluation metrics can
give a misleading overall high performance (He and
Garcia, 2009; Krawczyk, 2016; Chen et al., 2024a).
However, this challenge may be somewhat paradoxical
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in quality management, because the core objective is to
keep quality stable and failures rare. As quality manage-
ment matures, industrial data become dominated by long
stretches of nominal operation, and faults or abrupt
degradations occur rarely or are mitigated before they
fully manifest. Especially in high-reliability domains
such as nuclear power and aerospace industries, even
single failures can be unacceptable. At the same time,
deliberately generating defective products or inducing
failures in live production to “enrich” the data are
economically, ethically, and sometimes legally infeasible.
These features make imbalanced and scarce data an espe-
cially persistent challenge for Al in quality management.

Several strategies have emerged to mitigate scarcity in
industrial settings. Data-centric strategies include realistic
augmentation or synthesizing additional minority-class
samples to enrich fault representations or design spaces,
including the use of GAN-based augmentation (Tian
et al., 2024). Such approaches are promising, yet they
rely critically on the fidelity of generated data and can
suffer from mode collapse. Another strategy is to use
transfer learning. Instead of relying solely on scarce
labeled data from a single line or machine, these methods
reuse knowledge learned from related assets, operating
conditions, or even simulated environments to compensate
for data imbalance and scarcity in the target domain
(Zhao et al., 2021; Li et al., 2022c¢).

When labeled data are scarce or delayed, weak-supervi-
sion and semi-supervision frameworks become attractive.
For example, positive-unlabeled (PU) learning treats a
large stream of “unlabeled/mostly-normal” data alongside
a small set of verified faults, aligning well with industrial
realities (Song etal., 2025; Takahashi et al., 2024; Saunders
and Freitas, 2022). However, this paradigm brings its
own difficulties: estimating the true fault-class prior is
challenging, and the unlabeled data set may be contami-
nated by undetected faults. Few- or zero-shot ideas likewise
aim to generalize to unseen fault modes, but their success
depends heavily on relevant auxiliary information (such
as device-type metadata or physical relationships) (Shya-
lika et al., 2024).

Although notable progress has been made, key gaps
persist: public data sets rarely mirror the true rarity and
variability of industrial faults or defects, many augmenta-
tion or weak-supervision methods lack transparent evalu-
ation or uncertainty quantification, and end-to-end studies
seldom translate data imbalance into economic or safety
metrics such as false-alarm cost. Further research is
needed to bridge these gaps and enable robust deployment
in real-world production environments.

5.2 Uncertainty quantification in multi-modal models
In industrial quality management, UQ is central to

decision-making across the entire lifecycle. Traditional
statistical approaches, such as hypothesis tests, Bayesian

calibration, and prediction intervals, offer well-established
methods for expressing confidence and risk (Kennedy
and O’Hagan, 2001). These methods are most reliable
when applied to single-modal data with clearly defined
statistical assumptions.

However, modern systems increasingly fuse images,
time series, and text/logs at scale. Classical UQ tools face
challenges because the modalities involved are distribu-
tionally heterogeneous and often incomplete or
misaligned. At the same time, deep learning and recent
multi-modal large language models (MLLMs) enable such
fusion. Yet, UQ becomes more difficult: common fusion
frameworks—such as feature fusion, Mixture of Experts,
and MLLM—typically lack embedded probabilistic mech-
anisms for propagating and combining aleatoric and epis-
temic uncertainty across these modalities.

Abdar et al. (2021); He et al. (2025) have systematized
UQ techniques for deep learning, covering Bayesian
approximations and ensembles, with a rapidly growing
body of literature across vision, NLP, and other applica-
tions. Domain-specific applications are now beginning to
explicitly target multi-modal fusion uncertainty. For
example, recent work in autonomous perception quantified
feature-level epistemic uncertainty and adaptively re-
weights modalities to reduce uncertainty propagation
during fusion, achieving improvements under sensor
degradations while maintaining competitive compute
budgets (Chen et al., 2025b). GPs provide a solid frame-
work for uncertainty quantification. Deep GPs stack
multiple GP layers to propagate uncertainty through
latent mappings, offering a principled, model-embedded
Bayesian approach to UQ. The main challenges remain
training cost and mixed robustness under distribution
shifts (Damianou, 2015; Salimbeni etal., 2019). Conformal
prediction has also been extended to multi-modal
settings, offering distribution-free coverage that comple-
ments model-embedded UQ (Vishwakarma and Rezaei,
2024).

Despite recent advances, there is still no widely
accepted, model-embedded probabilistic fusion framework
for multi-modal UQ, nor standardized industrial bench-
marks and decision-centric metrics. Future research
should focus on propagating modality-specific uncertainty
during fusion, ensuring validity under shifts and modality
dropout, and evaluating methods on multi-modal quality
management data sets with coverage and calibration
criteria, alongside cost-aware utilities.

5.3  Model transferability and generalization

Models that perform well on one product, machine, or
line often degrade when moved to another. Differences in
operating regimes, sensor layouts, materials or recipes,
maintenance practices, and equipment age induce data set
shift. Surrogate models for quality design may extrapolate
poorly to new design spaces or machines; SPC detectors
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may miss shifts under altered noise spectra.

A growing body of work has explored transfer learning,
domain adaptation, and domain generalization in industrial
settings. For example, Chen et al. (2019b) proposed a
domain-adaptation extreme learning machine on real-
world image and text data sets. Zhao et al. (2021)
provided a comprehensive survey of how transfer methods
are used in diagnostics and prognostics tasks, documenting
persistent gaps in generalization across machines and
operating contexts. More broadly, surveys of transfer
learning highlighted that while many algorithms align
shared domains, they struggle with unknown classes in
the target domain and large domain shifts (Zhuang et al.,
2021).

Generalization at scale is increasingly linked to
pretraining on heterogeneous data. Recent “foundation”
approaches for time series (large pretrained transformers)
reported strong zero- or few-shot transfer across domains,
yet open challenges remain around compute cost, calibra-
tion, and domain relevance after fine-tuning (Liang et al.,
2024). In parallel, physics-guided learning offers a
complementary route to transfer by anchoring representa-
tions to site-invariant structure. Reviews and analyses of
PINNs and physics-informed ML discussed both benefits
and known failure modes, underscoring the need for careful
numerical treatment in industrial settings (Karniadakis
et al., 2021; Krishnapriyan et al., 2021).

Future work may focus on two priorities: (i) practical,
reusable frameworks for model transfer that fit industrial
quality management data, and (ii) generally pre-trained
models that can be vertically tuned to specific machines,
products, or duty cycles. Concretely, this points to standard
protocols and toolchains for data set-shift monitoring and
adaptation, in conjunction with pretraining or fine-tuning
regimes to keep models calibrated and reliable at deploy-
ment.

5.4 Model interpretability

Increasingly complex Al systems (e.g. deep neural
networks and large ensemble models) have delivered
substantial gains in prediction accuracy and fault detection
performance across quality management applications.
Yet, when these “black-box” models drive decisions
about product quality, maintenance timing or process
control, the lack of transparency becomes a critical
barrier to adoption. For quality management deploy-
ments, interpretability and explainability are now widely
regarded as prerequisites for trust, governance, and effec-
tive integration of Al outputs.

Foundational techniques now widely used include
local, model-agnostic explanations such as LIME and
SHAP (Ribeiro et al., 2016; Lundberg and Lee, 2017).
For deep networks, gradient-based attribution methods
such as Integrated Gradients and class-discriminative
saliency methods such as Grad-CAM assign contribution

scores to individual input features (Sundararajan et al.,
2017; Selvaraju et al., 2017). In parallel, concept-based
methods link internal representations to human-inter-
pretable concepts that match domain terminology,
making explanations easier to operationalize (Kim et al.,
2018). In industrial settings, case studies reported SHAP-
guided process tuning and action prioritization in semi-
conductor fabrication and explainable predictive mainte-
nance in rotating machinery—each showing that attribu-
tion summaries can be translated into actionable rules
(Senoner et al., 2022; Gawde et al., 2024).

Despite the progress, interpretability research faces
systemic challenges in real-world settings (Lipton, 2018;
Slack et al., 2020). First, many explanation methods are
developed in a laboratory environment and emphasize
local or post-hoc interpretability (e.g., feature impor-
tance) without verifying how well they generalize to the
full model behavior. Second, explanations that are techni-
cally valid may nonetheless fail to align with domain-
expert reasoning or operational workflows. Third, evalua-
tion of interpretability itself remains underdeveloped.
Many studies report anecdotal examples rather than
systematic metrics of explanation quality, consistency, or
impact on decision outcomes.

Beyond quality management, the interpretability of Al
itself remains a fundamentally hard problem. There is no
universally accepted definition, measurement protocol, or
technique that yields theoretically complete and incontro-
vertible explanations across tasks and models. Conse-
quently, the engineering use of Al in quality management
should be anchored in governance and risk-management
practice rather than a promise of perfect interpretability.
Practitioners should define explicit scope and limitations,
assign accountability, and maintain traceable documenta-
tion.

5.5 Al-empowered decision making

While most existing Al for quality management studies
emphasize data analytics (e.g., building predictive or
diagnostic models), a central objective of quality manage-
ment is decision-making under uncertainty. Despite
advances in machine learning and uncertainty quantifica-
tion, a persistent gap remains between Al outputs and
action (Soori et al., 2026; Kovari, 2024). A key open
challenge is to develop principled decision-making
frameworks that leverage Al-driven predictive and diag-
nostic models to support decision-making for quality
improvement of engineering systems.

Beyond this, most existing Al for quality management
methods are still developed and deployed in silos: surrogate
modeling and Bayesian optimization are used for offline
quality design, SPC and change detection are applied to
online process monitoring, and diagnostic models drive
downstream root cause analysis. In practice, however,
these stages often operate on the same physical assets and
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share common data streams, constraints, and risk prefer-
ences. This fragmentation is particularly problematic in
complex, multi-stage manufacturing systems, where devi-
ations in upstream stages can propagate and amplify
downstream, rendering passive monitoring insufficient.
To achieve true adaptive process control, monitoring and
diagnosis must be tightly coupled with parameter re-opti-
mization. Many quality-critical decisions are inherently
sequential—for example, dynamic process adjustments
and compensatory control—where current actions affect
future system states, information, and costs. By formulat-
ing these adjustments as a Markov decision process or a
stochastic control problem rather than a one-shot opti-
mization, advanced Al agents can leverage real-time
monitoring data to dynamically adjust downstream
process parameters. This closed-loop approach shifts the
paradigm from merely signaling alarms to actively
compensating for propagated deviations in real-time.

A promising direction is to move toward unified, deci-
sion-centric frameworks, such as digital twins, that
consistently integrate high-fidelity physics models, data-
driven surrogates, real-time sensing, and uncertainty-
aware decision-making modules (Zhong et al., 2023;
Mayer et al., 2025). Realizing such unified, decision-
centric digital twins raises several open challenges. First,
digital twin architectures for quality management must
support multi-scale and multi-fidelity modeling, allowing
models in different quality management stages to interact
through shared state representations and uncertainty
quantification (Ouedraogo et al., 2025). Second, the
framework should embed decision-making compo-
nents—for example, BO for design updates and sequential
decision rules for process adjustment and inspection—so
that learning and acting are co-designed rather than sepa-
rated. Third, lifecycle digital twins must remain trustwor-
thy and maintainable over time: models need to be
updated under distribution shift, validated against physical
constraints, and made interpretable enough for engineers
to audit and override recommended actions. Developing
such integrated, Al-enabled digital twins for quality
management, together with decision-centric benchmarks
and evaluation metrics, is a key opportunity for future
research to turn predictive intelligence into tangible,
system-level quality gains.

In practice, engineers must balance multiple, often
conflicting objectives—such as performance, reliability,
cost, and safety—within dynamic, uncertain environ-
ments. These decisions are further constrained by engi-
neering limits (e.g., capacity, regulatory requirements,
maintenance windows) and soft preferences (e.g., risk
attitudes, cost—performance trade-offs, tolerances for
false alarms versus missed detections), turning many
quality management problems into intrinsically multi-
objective and constrained optimization tasks (Shan et al.,
2025; Shahtaheri et al., 2019; Wang et al., 2023b). More-
over, in most industrial settings, engineers retain ultimate

responsibility for actions, so decision-support systems
must not only recommend policies but also provide inter-
pretable rationales and transparent trade-offs, enabling
human experts to calibrate, override, or adapt Al-generated
decisions.

6 Conclusions

This review provides a holistic synthesis of how Al meth-
ods are reshaping quality management, covering topics
ranging from quality optimization, monitoring, and diag-
nosis. These advances have allowed for more accurate,
efficient, and adaptable solutions in modern industrial
quality management.

Across these domains, a common shift is evident: quality
management practice is moving from assumption-based
statistical methods toward adaptive data-driven Al
modeling. At the same time, new challenges emerge as
industrial systems and Al models grow more complex.
On the data side, practitioners must contend with high-
dimensional, multi-modal, heterogeneous, and highly
imbalanced data. On the modeling side, they must ensure
generalization, quantify uncertainty, and provide explana-
tions that support engineering trust and decision-making
in practice. These issues cannot be solved by simply
tuning a single model because they arise at the system
level of modern quality management, encompassing data
collection, modeling, and deployment. Therefore, new
frameworks are required to integrate statistical rigor,
physical insight, and Al techniques.

Looking ahead, how to construct operationally deploy-
able Al-integrated systems that span the full industrial
lifecycle will likely define the next decade of quality
management research. The key opportunity lies in devel-
oping unified, uncertainty-aware frameworks that are
scientifically interpretable. Real progress will depend on
closer collaboration among statisticians, engineers, and
Al researchers, supported by open industrial data sets,
benchmarks, and reproducible platforms.

Ultimately, the goal is not to simply replace classical
quality management methods with Al but to augment
them by embedding data-driven intelligence and adapt-
ability within these time-tested principles. We hope this
review serves as both a conceptual road map and a call to
action for developing scalable, intelligent, and reliable
quality management for the next generation of industrial
engineering.
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