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Purpose: This study proposes a comprehensive analytical framework for identifying and reducing the
dimensions of control variables in complex multi-stage processes within the steel industry, focusing on a case
study of Mobarakeh Steel Company in Isfahan. The research is driven by the need to tackle key challenges in
large-scale industries, such as enhancing productivity, lowering production costs, controlling final product
quality, optimizing energy consumption, and minimizing environmental pollution. By utilizing statistical
methods and machine learning algorithms, this study aims to extract significant influential variables from
extensive volumes of correlated and redundant data, simplify the complexity of control models, and ultimately
design and evaluate an optimized control model to enhance overall process performance. The final output is a
practical approach that acts as a decision-making tool for managers and engineers, thereby boosting the
competitiveness of the steel industry.

Design/methodology/approach: The methodology is based on a combined quantitative approach aimed at
analyzing control variables within the complex production environment of Mobarakeh Steel Company.
Quantitative data were gathered directly from the company’s information systems (e.g., ERP) and internal
databases. The statistical population encompasses all production processes and related control variables in the
steelmaking sector, with purposive sampling employed to select representative data. Data analysis utilized a
blend of statistical methods and control charts. For qualitative data, P, NP, C, and U control charts were applied.
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For quantitative data with a single variable, univariate control charts such as X-S, X-R, or X-MR were utilized
based on sampling conditions and sample size. For multiple variables, correlation was evaluated using the KMO
test and correlation coefficients. Adequate correlation justified the application of Principal Component Analysis
(PCA) for dimensionality reduction. The resulting principal components were monitored using multivariate
control charts such as Hotelling’s T?, MCUSUM, and MEWMA, chosen based on required sensitivity and
process characteristics. Methodological validity was ensured through data and method triangulation, the use of
reliable sources and real data, and validation by industry experts. This adaptable structure facilitates precise
variable monitoring and timely detection of changes.

Findings: Focusing on the casting stage of Mobarakeh Steel’s production process, nine key control variables
and 2,881 operational data samples from the first quarter of 2024 were analyzed. After data cleaning and outlier
removal using box plots, the sample size was reduced to 2,162. Given the quantitative nature and high
dimensionality of the data (m > 3), the KMO test (value = 0.78) and Bartlett’s test (x> = 1245.32, p < 0.001)
confirmed the data's suitability for PCA. Three principal components (PC1, PC2, PC3) were extracted,
explaining over 80% of the total variance. These components were defined as linear combinations of the original
variables. Since the number of principal components (m' = 3) exceeded two and the variables were highly
sensitive, the multivariate MEWMA control chart was employed for simultaneous monitoring. The MEWMA
chart effectively detected out-of-control points in the process. For detailed analysis, univariate EWMA control
charts were also applied to each principal component. A comparison of MEWMA and EWMA results showed
significant overlap in identifying out-of-control points, confirming the accuracy and sensitivity of the proposed
method. Ultimately, this approach reduced the problem dimensions from nine variables to three principal
components, enabling efficient and integrated monitoring of the complex casting process.

Research limitations/implications: Despite its achievements, this study has limitations. First, its focus on data
from a specific company (Mobarakeh Steel) and a limited time frame (first quarter of 2024) may restrict the
generalizability of the findings. Second, as a case study, the results may not be entirely applicable to other
industrial units with different technologies and processes. Third, data reduction and outlier removal, while
necessary for accuracy, may have excluded valuable information related to rare process conditions. Fourth,
reliance on historical data and internal information systems increases the risk of systemic errors or inaccuracies
in data recording. The research implications are both theoretical and practical. Theoretically, the study enriches
the literature on multivariate statistical process control in heavy industries by providing a structured framework
for dimensionality reduction and process monitoring. Practically, it offers a solution to reduce monitoring
complexity and enhance control efficiency, replacing 45 univariate control charts with just 4 multivariate charts.
This simplification saves time and resources, allowing a focus on key factors affecting quality and productivity,
potentially reducing waste, improving product uniformity, and increasing competitiveness. However, successful
implementation requires adequate data infrastructure, skilled personnel, and management commitment to
advanced process control methods.

Practical implications: The primary practical implication is the implementation of a streamlined monitoring
system for complex industrial processes. By condensing 9 control variables into 3 principal components and
substituting 45 univariate control charts with a single multivariate MEWMA chart, the method significantly
conserves time and resources. This efficiency facilitates quicker identification of process deviations and prompt
corrective actions, resulting in reduced waste, enhanced product quality, and improved operational productivity.

Social implications: From a social perspective, the research contributes to better working conditions and
corporate social responsibility. By optimizing production processes and minimizing waste, the consumption of
natural resources and energy is reduced, leading to decreased environmental pollution. Increased productivity
and product quality bolster job security for employees, enhance customer satisfaction, and elevate the national
reputation of the steel industry. These advancements ultimately support regional sustainable development and
improved living standards.

Originality/Value: The originality and value of this research reside in its integrated operational framework for
managing complex industrial processes. The primary innovation is the fusion of dimensionality reduction (PCA)
with multivariate control charts (MEWMA) for simultaneous monitoring of critical variables. This approach not
only simplifies control system complexity but also improves sensitivity to deviations, enabling proactive process
management. The added value lies in achieving an optimal balance between technical precision and operational
efficiency in real production environments.

Keywords: Multivariate Quality Control, Principal Component Analysis (PCA), Advanced Control Charts,
Steel Industry
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