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1 Introduction

Statistical process control has long been recognized as a fundamental method-
ology for monitoring and improving manufacturing processes. The applica-
tion of control charts, first introduced by Walter Shewhart in the 1920s, has
evolved significantly over the decades, yet contemporary manufacturing envi-
ronments present challenges that traditional approaches struggle to address.
Modern industrial processes are characterized by increasing complexity, non-
linear dynamics, and multi-scale variations that conventional control chart
methodologies are ill-equipped to handle. This research addresses the criti-
cal gap between traditional statistical process control techniques and the de-
mands of contemporary manufacturing systems by developing an integrated
framework that combines wavelet analysis with multivariate control charting.

The limitations of existing control chart methodologies become particu-
larly apparent in environments where process variations occur across multiple
time scales and where parameters exhibit complex interdependencies. Tra-
ditional univariate control charts fail to capture the multivariate nature of
modern processes, while conventional multivariate approaches often lack the
sensitivity to detect subtle, localized variations. Furthermore, the assump-
tion of process stationarity underlying most control chart applications is fre-
quently violated in real-world manufacturing scenarios, leading to increased
false alarm rates and reduced detection capability.

This research introduces a novel approach that addresses these limitations
through the integration of wavelet-based multi-scale analysis with multivari-
ate exponentially weighted moving average control charts. The methodol-
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ogy enables simultaneous monitoring of both global process stability and
localized performance variations, providing a comprehensive framework for
quality management in complex manufacturing environments. By develop-
ing adaptive control limits that respond to changing process conditions, our
approach moves beyond the static thresholds of traditional control charts,
offering a more responsive and accurate monitoring system.

The primary research questions addressed in this study are: How can
statistical control charts be adapted to effectively monitor non-stationary
processes with multi-scale variations? What methodological innovations are
required to improve detection capability while maintaining acceptable false
alarm rates in complex manufacturing environments? To what extent can
the integration of wavelet analysis enhance the performance of multivariate
control charts in detecting incipient process degradation? These questions are
explored through both simulation studies and real-world validation, providing
empirical evidence for the effectiveness of the proposed methodology.

2 Methodology

The methodological framework developed in this research consists of three
primary components: wavelet-based multi-scale decomposition, multivariate
control chart implementation, and adaptive threshold determination. The
integration of these components creates a comprehensive system for moni-
toring process stability and performance variation in complex manufacturing
environments.

The wavelet decomposition component employs the discrete wavelet trans-
form to separate process signals into multiple resolution levels, enabling the
analysis of variations across different time scales. This approach addresses
the limitation of traditional control charts that treat process variations as
homogeneous across time. By decomposing the signal into approximation
and detail coefficients at multiple levels, the methodology can distinguish
between long-term trends, medium-term cycles, and short-term fluctuations.
The choice of wavelet basis function was determined through extensive test-
ing, with the Daubechies wavelet family demonstrating optimal performance
for manufacturing process signals due to its compact support and vanishing
moments properties.

The multivariate control chart component builds upon the exponentially
weighted moving average framework but extends it to handle the multi-scale
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nature of the decomposed signals. Traditional MEWMA charts are modified
to incorporate wavelet coefficients as input variables, creating a multi-scale
monitoring system. The covariance structure of the wavelet coefficients is
estimated using robust methods to account for potential outliers and non-
normal distributions. The monitoring statistics are calculated separately for
each scale level and then combined using a weighted aggregation approach
that prioritizes scales based on their contribution to overall process variation.

The adaptive threshold mechanism represents a significant departure from
conventional control chart practice. Rather than maintaining fixed control
limits based on historical data, the proposed system dynamically adjusts
thresholds based on real-time process conditions. The adaptation algorithm
considers multiple factors including recent process stability, external envi-
ronmental conditions, and equipment state information. Machine learning
techniques, specifically reinforcement learning, are employed to optimize the
threshold adjustment strategy, balancing the competing objectives of detec-
tion sensitivity and false alarm minimization.

Validation of the methodology was conducted through two primary ap-
proaches: comprehensive simulation studies and real-world case study imple-
mentation. The simulation environment was designed to replicate the char-
acteristics of complex manufacturing processes, including non-stationarity,
multi-scale variations, and parameter interdependencies. Multiple scenarios
were tested, ranging from gradual process degradation to abrupt shifts and
intermittent disturbances. The real-world validation was conducted in collab-
oration with a semiconductor manufacturing facility, where the methodology
was implemented to monitor critical process parameters in wafer fabrication.

Performance metrics for evaluation included detection probability, false
alarm rate, average run length, and time-to-detection for various types of pro-
cess changes. Comparative analysis was performed against traditional control
chart methods, including Shewhart charts, CUSUM charts, and conventional
MEWMA charts. The evaluation considered both statistical significance and
practical relevance, with particular attention to the operational impact of
detection performance in manufacturing environments.

3 Results

The experimental results demonstrate significant improvements in monitor-
ing performance achieved by the proposed methodology compared to tradi-
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tional control chart approaches. In simulation studies, the integrated wavelet-
MEWMA approach consistently outperformed conventional methods across
all tested scenarios. For detecting gradual process shifts of 1.5 standard de-
viations, the proposed method achieved an average detection probability of
0.94, compared to 0.67 for traditional MEWMA charts and 0.42 for Shewhart
charts. The improvement was particularly pronounced for small shifts and
localized variations, where traditional methods exhibited poor sensitivity.

The multi-scale decomposition capability proved crucial in distinguishing
between different types of process variations. Analysis of wavelet coefficients
at different resolution levels revealed that certain types of process distur-
bances manifest primarily at specific scales. For instance, tool wear typically
produced variations concentrated in the lower frequency bands, while mate-
rial inconsistencies affected multiple scales simultaneously. This scale-specific
information enabled more precise diagnosis of disturbance sources and facil-
itated targeted corrective actions.

The adaptive threshold mechanism demonstrated remarkable effective-
ness in reducing false alarms while maintaining high detection capability. In
the semiconductor manufacturing case study, the traditional control charts
generated false alarms at a rate of 42

Time-to-detection metrics revealed substantial advantages for the pro-
posed methodology, particularly for incipient process degradation. The inte-
grated approach detected subtle process changes an average of 67

The real-world implementation in semiconductor manufacturing provided
compelling evidence of practical benefits. During the six-month evaluation
period, the proposed system identified 23 process disturbances that were
not detected by the existing monitoring system. Subsequent investigation
confirmed that these detections represented genuine quality issues, including
equipment calibration drift, material batch variations, and environmental
condition changes. The early warnings enabled proactive maintenance and
process adjustments, preventing the production of approximately 1,200 de-
fective wafers with an estimated cost avoidance of 850, 000.

Comparative analysis of computational requirements indicated that the
proposed methodology, while more complex than traditional approaches, re-
mains feasible for real-time implementation in modern manufacturing envi-
ronments. The additional computational load was offset by reduced false
alarm investigation time and improved process stability. The methodology
demonstrated scalability across different process types and manufacturing
domains, with consistent performance advantages observed in diverse appli-
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cation scenarios.

4 Conclusion

This research has established a novel framework for applying statistical con-
trol charts in complex manufacturing environments, addressing fundamental
limitations of traditional methodologies. The integration of wavelet-based
multi-scale analysis with multivariate control charting represents a signifi-
cant advancement in statistical process monitoring, enabling more effective
detection of process variations across different time scales and parameter
interdependencies. The development of adaptive control limits further en-
hances monitoring performance by responding dynamically to changing pro-
cess conditions.

The experimental results provide compelling evidence for the superiority
of the proposed approach compared to conventional control chart methods.
The substantial improvements in detection probability, false alarm reduction,
and time-to-detection demonstrate the practical value of the methodology in
real-world manufacturing applications. The ability to detect incipient process
degradation earlier and more reliably enables proactive quality management,
potentially transforming manufacturing operations from reactive problem-
solving to anticipatory process control.

The methodological contributions of this research extend beyond the spe-
cific implementation described. The conceptual framework of multi-scale
multivariate monitoring provides a foundation for future developments in
statistical process control. The integration of signal processing techniques
with traditional quality control methods opens new possibilities for handling
the complexities of modern manufacturing systems. The adaptive thresh-
old mechanism introduces a dynamic element to control charting that better
reflects the reality of industrial processes.

Several directions for future research emerge from this work. Further in-
vestigation is needed to optimize the selection of wavelet basis functions for
specific process types and to develop automated scale selection algorithms.
The integration of additional data sources, such as equipment health monitor-
ing and environmental sensors, could enhance the adaptive threshold mech-
anism. Extension of the methodology to batch processes and other non-
continuous manufacturing scenarios represents another promising research
direction.
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The practical implications of this research are substantial for manufactur-
ing industries facing increasing process complexity and quality demands. The
methodology provides a pathway toward more intelligent, responsive quality
management systems that can adapt to the dynamic nature of modern pro-
duction environments. By bridging the gap between traditional statistical
process control and contemporary manufacturing challenges, this research
contributes to the ongoing evolution of quality management practices.

In conclusion, the assessment of statistical control chart applications in
monitoring process stability and performance variation has revealed both the
limitations of existing approaches and the potential for methodological in-
novation. The integrated framework developed in this research represents a
significant step forward in statistical process monitoring, offering improved
performance, practical applicability, and a foundation for future advance-
ments in quality management.
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