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Abstract

In today’s data-driven industrial landscape, Big Data Analytics (BDA) is reshaping the way manufacturers approach quality
management. Traditional quality control methods often react to defects after they occur, leading to inefficiencies and
increased production costs. This paper proposes a comprehensive framework for implementing predictive quality management
by leveraging BDA tools and technologies. The framework is structured around four critical phases: data acquisition, data
integration, predictive modeling, and continuous improvement. Data acquisition involves the collection of real-time information
from sensors, machines, and production environments using Industrial Internet of Things (lloT) technologies. Integration
ensures that heterogeneous data sources are standardized and processed for analysis. In the modeling phase, advanced
analytics and machine learning algorithms are used to identify patterns, detect anomalies, and predict defects before they
affect production. Finally, continuous feedback mechanisms allow for ongoing adjustments and refinements, creating a dynamic
and adaptive quality management system. The proposed approach enhances operational efficiency, reduces waste, improves
product reliability, and supports faster decision-making. Real-world applications show that integrating BDA into manufacturing
systems not only improves quality outcomes but also contributes to overall business agility. Despite the benefits, challenges such
as high implementation costs, data security, and workforce skill gaps must be addressed for successful adoption. This framework
provides a practical roadmap for industries aiming to embrace predictive analytics in quality management and paves the way
for smarter, more sustainable manufacturing practices.

Keywords: Big Data Analytics, Predictive Quality Management, Smart Manufacturing, Machine Learning, Industrial Internet
of Things (I1oT), Quality Control, Data Integration, Industry 4.0, Manufacturing Optimization, Real Time Monitoring

1. Introduction

The volume and speed of data in the background of the
manufacturing environment are increasing at an exponential
rate. As a result, access to critical information has become
relatively more important to improve the manufacturing
process and optimize quality output. Data analytics and
quality management have evolved throughout various

technological eras, benefiting manufacturing processes.
Earlier manufacturing technologies have given birth to
skyrocketing data transactions, giving momentum to big
data. Big data has an essential role in capturing, extracting,
and analyzing data to monitor the process, optimize handling
of defective systems, and produce efficiently .see fig 1 [1-6].

Figure 1: Integration Between Manufacturing and Quality
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Quality management remains an essential part of
manufacturing. There is a typical strategy known as
traditional quality management systems, which are mostly
reactive and proactive. Further, reactive and proactive
strategies have either correlation or optimal integration with
digital manufacturing. On the other hand, a quality prediction
model, also known as a predictive quality management
system or predictive maintenance, works in a priori stage
of system processing. Consequently, these models predict
product quality statically and dynamically and monitor
quality in such a way that results in minor adjustments to
product quality during the manufacturing process. Now, a
question arises related to advanced prediction on what we
have already discussed; various challenges occur during the
implementation of IQM. IQM is not possible merely using

the traditional quality management system. This section
articulates the core importance of quality protection using
advanced quality protection techniques and has plenty
of room to expand constraints in the production system
handling, thus promoting the need for big data analytics. The
paper is structured as follows: in the subsequent section,
literature surveys followed by the motivation for choosing
the machining process are reviewed. The section discusses
the evolution and history of manufacturing in Industry 4.0.
The framework for enhancing quality management via big
data analytics will be discussed [7-11]. The section states
the implementation phases of the data analysis frameworks
and scenarios in which frameworks and strategies are
implemented. Finally, the conclusion and future work are
discussed.

~ Importance of QMS for manufacturing industries

Advantages QMS offers to the manufacturers

Figure 2: Quality Management System (QMS) for Manufacturing Industry]

1.1. Background and Significance

The integration of information technology in manufacturing
systems has led to unprecedented innovations and transfor-
mations in the area of quality management over the last few
decades. As the manufacturing industry continuously tries
to improve existing quality practices and align them with
the current manufacturing technologies, the potential of big
data analytics has attracted a sizeable amount of attention.
Big data analytics is a leading technological capability spe-
cifically used to leverage the volume, variety, and velocity of
data available for predictive insights. It builds upon many
decades of analytical methodologies that have enabled the
industry to learn from internal and external operating prac-
tices.

Years of data analysis have resulted in the development of so-
phisticated rules, defect and causal analysis, process control
and signaling, design of quality systems, and many others.
Current practices of predictive analytics have been proposed
for spare parts manufacturing, radiation therapy manufac-
turing, and product life cycle management. The convergence
of technologies such as the integration of device-generated
sensors, social media, mobile technology, and cloud comput-
ing, along with advanced machine-learning capabilities, has
been leveraged by manufacturing companies to lower their
costs, enhance their operational efficiencies, and provide su-
perior customer service. Despite the breadth of these inter-
esting empirical-based arguments of big data, there are no
extant frameworks based on the application and empirical
validation of big data concepts specific to quality manage-
ment in the manufacturing area. Issues such as sensors for

data collection and potential integration of product and pro-
cess big data in building a predictive quality-driven analysis
to avoid quality-related events also represent an area of un-
derdevelopment [12-14].

Turning challenges into opportunities, we propose a model
for a possible framework for the implementation of predic-
tive quality analytics based on big data in manufacturing. We
note that our conceptual framework is based on empirical
findings involving the general manufacturing processes and
supports innovation and quality in organizations for further
empirical validation. Our global and industry-dispersed data
sources, if validated, will have a unique significance for op-
erations and quality management in the context of organiza-
tions simultaneously exploring various trends of big data in
manufacturing another area that sees a paucity of scholarly
literature at the time of drafting this paper. Data analytics
seems to be more effective when coupled with an appropri-
ate sensing data collection system. Rapid advances in senso-
ry technologies have made it more affordable for manufac-
turers to adopt a more ‘proactive’ stance, enhancing human
endeavor with sensor-based measurement of unique param-
eters. As a consequence, with the increasing digitization,
leading-edge business organizations realized the centrality
of harnessing predictive and sensory data for investigating
the quality of the future.

1.2. Research Objectives

Manufacturers have leveraged data analytics to gain insights
to improve their management of the production process out-
comes. This paper aims to investigate how big data analytics
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can be leveraged for predictive quality management in man-
ufacturing. Drawing on the review of the relevant literature,
the study develops a two-tier set of objectives. In the first
tier, the research intends to develop a framework that inte-
grates big data analytics in predictive quality management.
The second tier objectives are to demonstrate the practica-
bility of the developed framework by conducting empirical
experimentation in different manufacturing environments
and by identifying elements that would hinder the imple-
mentation of this framework [15-18].

The integration of data analytics in production process man-
agement is still superficial in the context of manufacturing.
Previous studies have also paid little attention to big data
applications in the context of predictive quality management
in manufacturing. This has posed challenges to harness the
smart manufacturing infrastructure objectives. Therefore,
from the gaps identified in the literature, this paper attempts
to address a set of following objectives: First tier Research
Objectives (Sub-Objectives) to develop a framework that in-
tegrates big data analytics in predictive quality management;
Second tier Research Objectives to demonstrate the practica-
bility of the framework developed by this research through
empirical experimentation in different manufacturing sys-
tems; and to document the crucial physical, organizational,
and data-related constraints that hinder the practical imple-
mentation of this framework. The operational process qual-
ity in manufacturing is a matter of concern and frequently
requires continuous improvement in manufacturers’ perfor-
mance. The developed framework can guide the manufactur-
ers to embrace this framework in their manufacturing sys-
tem, particularly if they aim to digitalize their environment
by leveraging Big Data technologies. The empowerment of
industries through the use of such a framework, including
the first application, will contribute to improving the quali-
ty of not only products but the manufacturing processes as

Advanced Analytics
and Al-Powered
Decision Making

well. Therefore, the former will increase the competitiveness
of the products of industries. As a result, the two contributo-
ry aspects of the practices of smart manufacturing will also
endorse the scientifically endorsed modes of quality man-
agement in manufacturing.

1.3. Big Data Analytics in Manufacturing

Introduction There is a rapid increase in the amount of dig-
ital data available, leveraging big data for developing ad-
vanced analytics techniques to transform businesses. The
importance of big data for manufacturing is highlighted,
and a systematic review of all relevant works in the litera-
ture is discussed. The discussion includes a comprehensive
description of big data and big data analytics in a manufac-
turing scenario. The 3V characteristics of big data (i.e., vol-
ume, velocity, and variety) are discussed in detail. The basic
entities and attributes by which data is defined, collected,
stored, and processed by the systems in the domain (manu-
facturing) are also elaborated through a perspective forming
an important attribute. Moreover, those advanced analytics
techniques that can process and interpret the data in near
real-time or real-time and provide ‘understandable’ results
for informed decision-making are considered in a manufac-
turing setup [19-21].

Before moving on to the treatments described, at the out-
set, systems such as event-based systems, MES, a motley
group of discrete and distinct elements, and enterprise-wide
systems are treated as being part of the above-mentioned
domain(s). Once the discussions are done to include these
systems within the manufacturing domain, they are not con-
sidered as part of future discussions. The facilities and sys-
tems are assumed to have the capability to generate data in
an unstructured, semi-structured, and/or structured form,
not in a batch mode but in a continuous one. Data or a parti-
tioned version of data is also mentioned. See fig 3.
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Figure 3: The Impact of Big Data in Manufacturing Industry
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1.4. Overview of Big Data Analytics

Big data analytics has emerged as a state-of-the-art analytical
approach in recent years. This approach has the capability of
processing the massive volumes of disparate data to produce
valuable insights. Volume, velocity, and variety, known as the
3Vs, are the three main components of big data. Big data
technologies have been designed to tackle the 3Vs and derive
analytics from them. The technological revolution in the last
decade has been the major driver behind the emergence of
big data technologies. Users and businesses are now able to
collect and analyze data on a scale that was never previously
possible. Big data is characterized by high-volume, high-ve-
locity, and/or high-variety information assets that demand
cost-effective, innovative forms of information processing
that enable enhanced insight, decision-making, and process
automation.

Machine learning is one of the core components of the big
data analytical approach. Indeed, machine learning algo-
rithms are increasingly being employed across an array of
applications, and because of this, most of the data analytic
firms are now focusing on these algorithms. It is typically
positioned to deal with the analysis of high volume and/or
high-dimensional noisy data. Using traditional data anal-
ysis approaches, such as statistics, machine learning, and
data mining, without big data platforms is extremely diffi-
cult. In conventional analytical methods, the focus is on us-
ing more structured data in appropriate and ready-to-use
formats. In this era of big data analytics, one of the prime
concerns before applying various analytics methods is the
difficulty in managing such a large volume of structured
and unstructured data assets. The large volumes of data cre-
ate challenges for storage, visualization, and acquisition of
useful patterns. Effective and efficient data governance and
data management systems are considered necessary steps
towards fully leveraging the power of big data to improve
quality outcomes. Overall, the big data analytic approach is
not a panacea. It is only as intelligent and as effective as the
quality of the people making use of it. This creates a gap in
skilled personnel needed to manage the big data revolution.
Manufacturing is the bedrock of the modern global economy.

However, various studies have shown that there is a gap be-
tween advanced big data management and big data analytics
tools available in businesses and the actual use of data for
informed decision-making.

1.5. Applications in Manufacturing

Information and knowledge drive decision-making, and le-
veraging big data can provide valuable insights. Predictive
analytics—the analysis of big data—equates to better deci-
sion-making through connecting, resolving, and interpreting
data, making attempts to be deterministic. The literature
offers numerous examples of ways in which big data can
provide valuable decision-making insights within manufac-
turing environments. Thus, predictive technologies are be-
ing used to analyze historical data, to forecast asset or other
part failure, with an aim to avoid unscheduled downtimes.
Clearly, when it comes to making instant decisions, having
predictive tools is meaningful only when repair and main-
tenance can be scheduled in the future that most favors the
manufacturer. On achieving this, reduced inventory, expendi-
ture, and human capital can be realized.

Predictive analytics also plays a significant role in product
quality improvement through enhancing product consisten-
cy while avoiding waste and rework. Maintenance of product
quality has long been taken as one of the pivotal strategies
for just-in-time operation, minimizing buffer inventories and
making improvements in the production system’s operation.
Hence, the inputs of past production events and practices
are valuable for making future product quality predictions.
Further, the incorporation of local quality characteristics,
environmental, socio-economic characteristics, weather
conditions, and consumer demographics into predictions is
typical in the field of viticulture and food and beverage pro-
duction. As a consequence, this practice tends to enhance co-
ordination and improve supply chain efficiency in dynamic
as well as optimized demands. Lastly, within an asset-inten-
sive industry, pulp and paper manufacturers are deploying
the predictive ability of big data to enhance supply and de-
mand-matching decisions [22].

Manufacturing Analytics
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Figure 4: Manufacturing Analytics
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1.6. Quality Management in Manufacturing

Quality management is essential in a manufacturing envi-
ronment. It can be considered an approach to align the var-
ious processes in both product development and manufac-
turing. This is also to ensure that the product’s parameters
perform as the customer desires. A number of traditional
quality management systems have been employed, such as
quality check inspectors, quality control measures, and vig-
orous research quality maintenance mechanisms based on
quality approaches such as Total Quality Management and
Six Sigma. Six Sigma is a process that helps in lowering de-
fects created due to manufacturing processes and products.
Six Sigma initiatives usually aim to make fewer than 3.4 de-
fects per one million opportunities. Six Sigma is employed
in many industries; black belts and green belts are some of
the Six Sigma roles that contain various phases like define,
measure, analyze, improve, and control.

Six Sigma has been instrumental in reducing waste in manu-
facturing industries, and the core principles behind the tech-
niques have spread to other industries. The philosophy of Six
Sigma is that defects in the product are a result of process
variation. In this approach, organizing an expert team under
a particular head, involving all the employees, and working
at regular intervals in rotational shifts to involve everyone
in quality improvement is advised. The prime concept is to
focus, measure, analyze, improve, and control, wherein the
focus should be on valuable objectives. The measured oper-
ation needs to be arranged, avoiding all failures in the en-
tire process that are done to meet the goals. Improvements
are made in the process, and controlling the entire process
against new requirements is accomplished. However, these
approaches have their own constraints, especially in terms
of speed, accuracy, cost, and the requirement of domain ex-
perts [23-25].

Due to the advent of the industry 4.0 revolution, where man-
ufacturing and product quality are being assessed on new
generation equipment such as CNC, robots, 3D printing, and
VLSl instead of optical instruments, x-ray machines, or CMM
systems, the existing methods did not practically save and
capture data in real-time, nor were they employed to pre-
dict the quality of the manufactured artifacts. Therefore, new
techniques like predictive quality management have been
incorporated to maintain the level of quality of the manu-
factured products. In conventional quality control process-
es, if any non-conformance is detected, one tries to pursue
the method to reject the defaulting part in the process, or
with higher cost, it goes directly to rework. However, with
the utilization of predictive analytics methodology in this
digital era, people usually desire to understand the pos-
sible development of defaults so that they can make their
decisions upfront to change process settings, if required, to
avoid non-conformance or to undertake measures that will
mitigate the resulting downside likely to be caused by the
default, rather than resorting to quality checks.

1.7. Traditional Quality Management Approaches
Traditional quality management approaches take advantage
of statistical models and historical data for assurance pur-

poses. Here, we discuss different approaches to quality as-
surance.

1.8. Statistical Process Control (SPC)

SPC is the application of statistical techniques to ensure that
the process is under control. It works on the principle of us-
ing statistical methods at every stage of the production pro-
cess to monitor production and service processes for con-
sistency. Therefore, SPC is capable of identifying problems
during the production phase. One of the key aspects of SPC is
its primary focus on defects. However, SPC does not recom-
mend a target for reduction in variability [26].

1.9. Total Quality Management (TQM)

TQM is the management approach of an organization that is
centered around quality, involving every element and mem-
ber in the organization being responsible for creating quality
in a service or product. TQM functions on the premise that
the quality of products and processes is the responsibility of
everyone involved with the creation or consumption of the
products or services that are being offered by an organiza-
tion. It is a way of looking at and managing a business. It is
believed that regardless of whether an organization manu-
factures or provides services, quality is a critical factor. Satis-
fying the customers is the major goal. If it is not achieved, the
actual customers will be lost to others, which ultimately re-
sults in a loss of profit. Satisfying the customers is achieved
through the optimum combination of quality, service, and
price, which gives value to the customer’s money. TQM ulti-
mately results in customer contentment.

1.10. Need for Predictive Quality Management

Although traditional quality management is well established
in companies, there is a need to deploy a more proactive ap-
proach to quality management due to changes in the manu-
facturing environment. Predictive quality management is a
way forward with a targeted effect to enhance the bottom
line of companies by reducing costs due to failures or poor
product quality through defect prediction upfront. New par-
adigms such as smart manufacturing, Industry 4.0, and digi-
tal enterprise are introducing technology-driven changes in
the way companies function. Efficient and agile manufactur-
ing is driven by the intelligent use of data from across the
product lifecycle and manufacturing processes. Since a lot of
data is being generated through various means, the trend to-
day is to analyze everything.

To handle large datasets, namely big data, novel analytics
methods must be employed. Big data analytics applies ad-
vanced analytic approaches including machine learning and
artificial intelligence to identify patterns and make predic-
tions for virtually any application. This approach, applied to
manufacturing or assembly data, allows for quantifying and
tracing the behavior of products and processes, both normal
and abnormal. Embedding such data-driven decision-mak-
ing into industrial processes leads to more precision and
control. Predictive analytics, a specific branch of big data an-
alytics, allows for forecasting certain behaviors like product
defects, identifying root causes when things go wrong, and
recommending potential corrective actions. Subsequently,
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predictive quality management refers to the act of issuing a
prevention or remedial action upfront, therefore acting be-
fore the defect becomes real. The true value of preventive
quality lies in minimizing waste and downtime. Field data
shows that out of the total cost of poor quality, the cost of
prevention alone represents more than 80% of it, showing
the cost-effectiveness of investing in preventing issues from
happening. Predictive analytics can minimize the cost to
maintain a product at a certain level of quality and reduce
the risk of losing clients.

1.11. Integration of Big Data Analytics and Quality Man-
agement

Over the last decades, the big data ecosystem has been and
continues to be embraced in principle and in practice in a
vast number of domains. Quality scientists and practitioners
alike realized the potential synergy between the increasing
powers of big data analytics and the traditional quality initia-
tives. Few organizations have succeeded in integrating them,
especially within the manufacturing sector, where initiatives
in predictive maintenance and zero-failure production re-
flect an essence of this integration. Integration of these two
domains holds many challenges. Data silos are one of them,

whereby business units do not have open access to the com-
pany’s data. This separation makes it practically more chal-
lenging to harness the richness of big data analytics. The
required expertise that translates big data signals and pat-
terns into meaningful and actionable insights can also be a
bottleneck. Even if management decides to bear the cost of
external expertise, this might be met with resistance on be-
half of operating personnel who may see such approaches
as intrusive mechanisms. As with any other manufacturing
control, a big data analytics strategy is more about a success-
ful implementation that can produce the right cultural shift
required to make our insights valid and useful [27-28].

Contrary to established literature and to the best of our
knowledge, predictive maintenance goes beyond mere cost
avoidance to also involve the quality domain. We propose
that the logical extension of big data analytics in manufac-
turing is to move from mere cost avoidance and cheap oper-
ations to producing a quality haven that can breed many fi-
nancial benefits. This view can be substantiated by practical
examples of companies that harnessed big data and quality
management. See fig 5.
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Figure 5: Taxonomy of Existing Al-Big Data Analytics Frameworks

1.12. Challenges and Opportunities

Since the implementation of big data analytics into the ex-
isting quality management system is still expected to be
explored extensively, several researchers identified it as a
research gap consisting of minor research contributions.
Indeed, such integration of data is expected to encounter a
range of technical as well as organizational challenges. Giv-
en the context of opportunities, such an approach to quali-
ty management is expected to significantly contribute to a
range of performance improvements, such as the improve-
ment of the OEE. Not only could predictive analytics signifi-
cantly impact quality management and defect elimination,

but it could also be used for wider applications of opera-
tional decision-making in real time, enhancing overall oper-
ational efficiency. Given the literature, the implementation of
big data analytics is associated with both opportunities as
well as significant and multifaceted challenges. The oppor-
tunities stem from data-based continuous improvement of
processes and quality due to the capacity of predictive ana-
lytics to make inferences based on current data and predict
future outcomes. Hence, there is the possibility to optimize
operational decisions as well as reduce waste and minimize
downtime to remain relevant in an increasingly competitive
and fast-moving manufacturing industry.
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The several challenges associated with the integration of big
data into quality management systems shed light on the pos-
sible reasons why the full potential in terms of the novel type
of processes and quality control still needs extensive explo-
ration. Various technical issues in terms of data integration,
data storage, scalability, and data processing and analytics
capabilities are expected to be encountered with such inte-
grations. Issues alike challenges in data cleansing and data
harmonization are also expected to be associated with the
implementation. Although the latter two could be reduced
by targeting a limited number of data sources, the hetero-
geneity of integrated data remains. In the organization, such
an extensive technological approach may encounter an or-
ganizational barrier such as the culture of no “technological
hands-on” mindset. Mismatch in required IT or big data spe-
cific skills and compensations, desires, and skill sets of possi-
ble employees may create an obstacle for investments and, at
worst, create a paradox where no investments are made due
to lacking skills, while at the same time acknowledging that
no improvements will be made in effective human capital by
not investing [29-31].

1.13. Benefits of Integration

Joining data analytics with quality management practices
has immense benefits. This can result in better accuracy
in quality assessment or monitoring vis-a-vis human in-
terventions. It can also make the manufacturing practices
more transparent. The system will help in visualizing nodal
points of concern in the product profile. This, in turn, will
promote process transparency. This approach could bring
in a lot of positive attributes in addressing specific activities
of the manufacturing environment such as production man-
agement, inspection, WIP management, and dealer manage-
ment: issues based on production cost, quantification of the
frequency of failure counts in inspection, benchmarking or
comparative assessment of the properties of the matrices
dealing with machinery, products, raw materials, and in-
spection, addressing the target date operational efficiency,
unplanned downtimes, stock availability at the WIP/inven-
tory vis-a-vis demand commitment, product reliability to a
large number of customers, system times, etc. Despite these
advantages, it also predicts the possible glitches in various
systems from a quality standpoint that affect the manufac-
turing field and customer satisfaction at large. This method
will be implemented as part of continuous feedback upgrade
systems that are required for making a dent in the effective
operationalized quality. By employing big data analytics into
the existing quality paradigms, a manufacturing entity is not
only made cost-effective due to the operational improvement
capabilities but also helps in improving customer satisfaction
by ensuring timely benchmark deliveries with predictable
failure and quality levels. This will also help an organization
to move up the ladder from just being a “Good Manufactur-
ing Practices” organization to one level higher; hence, this
step will ensure that the system is embracing technology and
is more effective and time-savvy in taking corrective actions
in the quality domain. Furthermore, this will also gear them
on the path to continue as a leader ensuring the transition
to an “excellent quality management system” compliant with
IS0 9001:2015 with 100 percent customer orientation.

1.14. Proposed Framework

The proposed framework is illustrated step-by-step to fos-
ter its adoption and application for businesses. In doing so,
this section provides specific data sources and big data an-
alytics tools that should be integrated within the proposed
framework. Potential quality metrics that can be employed
to assess product quality are presented as well. The expected
outcomes and benefits of applying the proposed framework
are outlined. Leveraging advanced big data analytics tools as
part of the proposed framework can support achieving such
benefits.

The proposed framework is customizable and modifiable
according to the operational context, deployment of tech-
nologies in an organization, and its actual infrastructure.
It is highly concerned with data acquisition procedures. A
systematic approach provides an opportunity to generate
valuable insights, ideas, further actions, and non-confor-
mance level indicators using a wide range of data sources.
Based on the utilization of several procedures, which make
use of data from a wide range of data sources, this section
provides an inclusive vision of how to perform a thorough
and detailed overview of product quality, resulting in a high
degree of conformity of industrial products with customer
specifications. The procedure aims to facilitate and improve
the implementation of predictive systems for quality assur-
ance in manufacturing. By offering such a determined struc-
ture, organizations can move from theory to practice more
easily and, eventually, take the lead in the field of predictive
quality management.

1.15. Components of the Framework

5.1. Components of the Framework. We propose various
components of the predictive quality framework (PQMf).
Firstly, this includes a suitable data architecture that inte-
grates historical and contextual data. This data architecture
is independent of the technological implementation and con-
siders various data sources. The data architecture is able to
consider data from different sensors and industries, such as
manufacturing. It is not narrowed down to either IT-based
data or information. Our approach also integrates non-phys-
ical quality inspection systems. One of the central data
sources for quality inspection systems is the feed-in from ac-
tual production systems. This data will be integrated into the
PQMI( to get a more holistic view [32-35].

An essential component of the PQMf is a selection of differ-
ent analytical tools that depend on goals and strategies in or-
ganizations. The alignment of these tools is necessary due to
the immense potential of big data exploration and analytics
to gain insights into manufacturing processes. These insights
need to be in line with the organizational goals and strate-
gies, such as customer relationship management, predictive
maintenance management, warranty and service manage-
ment, production logistics control, production technology
developments, or new insights for research and develop-
ment. The central idea is that organizations aim simultane-
ously to engineer a comprehensive system for data analytics,
quality prediction, and analysis, as well as a system to infer
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knowledge automatically based on a set of components. It
is expected that there are and should be different processes
in manufacturing organizations that deal with the knowl-
edge and operation levels. While the knowledge level should
provide interactions between QA, maintenance, predictions,
or planning, the operation level should conduct the ‘result
actions’ as an automated system. The automated system de-
fines: (1) inspection planning; and (2) initiating/controlling
the right measures, including warehousing and production.
This is a new disposition for organizations to manage knowl-
edge in a different way.

1.16. Implementation Steps

To date, few corporations have implemented a substantive
framework for leveraging big data analytics in predictive
quality management. Our framework translates these ad-
vancements into concrete implementation steps. In the sec-
tion below, we offer a blueprint for manufacturers who want
to embark on their predictive quality management journey
with data analytics. The implementation process we pro-
pose starts with an assessment of current IT and available
data, proceeds to the identification and selection of the most
pertinent quality KPIs, continues with the development and
testing of different predictive models and the selection of
appropriate smart data integration strategies, and ends with
the close involvement of operators and the final design of a
plan for sustainable deployment. Implementation steps:

1.16.1. Assess Current Data and Analytics Capabilities
Best Practice: Define a clear governance structure that is
inclusive of the IT department, data architects, and data sci-
entists.

1.16.2. Quality KPIs Assess Existing and Define New
Quality KPIs

Best Practice: The team responsible for acquiring data ca-
pabilities should use a bottom-up approach to define stake-
holders’ data needs.

1.16.3. Data Selection of Data to be Used for Predictive
Modeling

Best Practice: Ensure that cross-functional collaboration on
data selection occurs, incorporating partners from IT, the
data sciences team, and a senior analytical quality champion.

1.16.4. Predictive Model Development and Testing

Best Practice: While testing models, prepare for extracting
data from tools. A beta version of such data extraction should
be made available to assist in model development. Evaluate
several analytical tools where the quality department has
trained and experienced staff in place and use an IT-support-
ed system. Data integration. Smart data integration strate-
gies can involve either pure integration, augmentation, or
automation. Best Practice: The decision on the strategy to
be put in place should be discussed with data scientists and
quality technicians as well as with the operators who will
use the predicting results. Prior to the deployment of the
solution, the choice should be validated jointly by the man-
agement team [36].

1.16.5. Deployment Best Practice

Quality technicians with blue-collar jobs should be involved.
Collaboration with these technicians will provide heteroge-
neous data, and establishing a community of operators will
also support the system. Post-deployment validation will en-
sure sustainability. Execution of the plan. Quality technicians
are trained on the use of the tool.

Best Practice: Train and coach, the technicians and operators
in the new way of working.

1.17. Case Studies

This section presents real-world case studies that support
our proposed framework for implementing predictive quali-
ty management based on big data analytics in manufacturing.
We assumed that most of the readers have no background in
the manufacturing domain, so we designed the case studies
to provide specific details and insights around the evolution
of big data analytics and how it can be sequenced and em-
bedded into next-generation manufacturing systems. All de-
scriptions of the case studies have been semi-fictionalized.
We cover a variety of manufacturing industries, e.g., aero-
space, automobile, construction, as well as product types,
e.g., fasteners, two-wheel vehicles, carbon-fiber composites,
and wind turbines. Each case study applied predictive ana-
lytics to solve a unique problem that the organization faced.
By providing empirical and analytical evidence from these
case studies, our framework’s applicability and evidential
relevance are enhanced [37].

The success of these case studies exemplifies the potential
return on investment possible when incorporating big data
predictive analytics into a manufacturing quality manage-
ment system. They also demonstrate that companies from
various industries and sectors can understand the digital
maturity of their facilities and embrace Industry 4.0 cul-
ture at their own pace. Next, we offer detailed descriptions
of each case study and the solutions developed. Lessons
learned from these cases allow us to comment on our pro-
posed framework’s relevancy and contribution to research
and practice by increasing the willingness of organizations
to embrace data analytics.

1.18. Real-World Examples of Implementation

Now, we provide detailed real-world examples that outline
the variety of ways that big data analytics can support the
enhancement of predictive quality management, make tar-
geted recommendations, and demonstrate our framework.
We have worked on analytics-inspired projects with a range
of leading manufacturers:

¢ Automotive manufacturers engaged in constant develop-
ment.

e Electronics and home appliances’ large-scale production
environments are characterized by fast-paced demand,
many unknown below-repair parts, and short alpha produc-
tion timeframes.

e Continuous production processes for the manufacture of
high-quality materials.

* Reduced-scale production dynamics to deliver high-end,
blended products that meet customer specifications quickly.
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We show the specific metrics being extracted and to what
extent the application of data-driven insights has impacted
the case company’s performance. As these examples serve as
a direct illustration of the link between management theory
and practice, they also address the following questions: What
have we learned from this experience? And what practical
implications have emerged from the application of big data
analytics in quality management? Automotive Case Study. A
detailed manufacturing case of an automotive company pro-
vides a solid example from the electronics and appliance in-
dustry and further underlines the wide range of production
fields in which our envisioned framework is capable of de-
livering results. This automotive case study serves as a crit-
ical exploration of our practical guidelines for support that
sits below the threshold of ‘industrial confidentiality’: we
deliver our case company’s targeted recommendations for
predictive quality management improvements and we show
direct evidence of the impact of our work by detailing key
performance metrics. The expertise to extract good-quality
features, apply diagnostics for a large variety of univariate
and multivariate distributions, and find dynamic signals in-
teracted with the quality management department of an au-
tomotive company [38].

1.19. Evaluation and Performance Metrics

Evaluation of predictive quality management initiatives
should be done based on performance metrics. A plethora of
literature is available on quality management performance
metrics covering different industries and aspects such as
capability, capital, asset management, market performance,
and operational performance. Different from finance, stake-
holder performance has not yet been often reduced to return
and risk. Accordingly, for the development of any cohesive
quality management evaluation system, it is important to
focus particularly on the different types of key performance
indicators (KPIs) that can potentially be used for both as-
sessment and control of the entire quality management pro-
cess. Continuous monitoring and assessment of the PFM pro-
cesses are crucial for improvement as per the feedback loop.
Hence, data-driven decision-making has become a dominant
practice in manufacturing and better performance for orga-
nizations that have implemented it. Regular monitoring sup-
ports better decisions, better quality in such decisions, helps
in designing better solutions, and initiates better data or
information distribution. Process Improvement (PI) occurs
via the means of controlling the available data, correlating
the present performance against the target and/or standard,
and thereby ensuring progress through allocated feedback.
It results in upgraded system performance by taking feed-
back on every variance from the expected output and pro-
vides opportunities for making alterations so that the lev-
el of performance is raised. The process of controlling the
output also encompasses controlling the operation within
the system. There is a need to decide which PI is happening
while process controlling or monitoring. At a lower level, the
controlling information provides minor amendments relat-
ed to the out-of-control part in the cycle within the process.
At a higher level, though, it suggests deciding between dif-
ferent processes. It signals to either absorb an issue for firm
decision-making or signals the incapability of the process’s

inherent dynamics to produce desired outcomes [39-41].

1.20. Key Metrics for Success Evaluation

Key Metrics for Success Evaluation Typically, organizations
gauge manufacturing outcomes using specific variables.
These performance indicators are designed to provide in-
sights into quality results, the overall satisfaction of custom-
ers, as well as the operational efficiency of the manufactur-
ing site. In particular, for quality outcomes, the following
metrics are common: - Defect rates: A record of products
manufactured that are rejected prior to shipment. - Process
variations: Regular or standard deviations of specific control
features, such as pressure, temperature, speed, pH, etc., that
indicate the level of operation regularly. - Cycle times: The
time spent making a product, from the point of input until
delivery to the customer. Particularly relevant are metrics
based on customer feedback: - Returns/Warranty Costs: The
number or percentage of goods returned, and the price paid
to repair or replace them. - Complaints Level: The number
or percentage of customer calls, emails, or surveys gathered
indicating dissatisfaction. - Delivery on Time: The frequency
of on-time delivery of customer orders.

The metrics should be formulated with their underlying for-
mulas and methods of data collection and should reflect the
overall targets using a number showing the current result
or status. It is recommended to include some kind of perfor-
mance against a certain reference, e.g., target, last year, best
factory, industry average, etc. The gathering and interpre-
tation of these analytics are also crucial for the experience.
In order to get reliable data, particularly with respect to the
counting criteria, it is important to have definitions in place
that describe which events are considered. It is important to
ensure that metrics and results are delivered alongside other
key functional data so that they are not disclosed or analyzed
in isolation. Finally, as in any area, a fine balance between
quantitative and qualitative indicators needs to be struck, as
only numerical illustrations cannot capture the true nature
of the concern [41].

1.21. Future Trends and Innovations

The continuous surge of data from multiple and diversi-
fied sources has fostered interest in technologies such as
machine learning, artificial intelligence, and the Internet
of Things. Among the numerous opportunities that these
technologies bring to manufacturing, an enhanced version
of predictive quality management can be considered one of
the most disruptive changes for quality management. Com-
bining advanced control charts with machine learning will
not only allow companies to predict deviations in real time,
but also to understand what is causing the deviation by con-
sidering the overall context. Big data analytics enable a “da-
ta-driven” understanding, which can lead to the elimination
of “silent failures,” forecasting of incidents, as well as predic-
tive maintenance. It can also enable “virtual integrated an-
alytics” to understand the combinatory effect of numerous
deviations. Real-time integration and “virtual” viewing of
shop floor data can lead to serious innovation in industrial
data management [42].
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Companies are likely faced with rapidly changing consumer
markets with a big demand for “adapted” products. Perfor-
mance indicators need to measure “adaptability” rather than
static “quality.” Subsequently, static precision in quality con-
trol is likely to become irrelevant. The failure of companies
to identify their data requirements is a direct symptom of
this. The current stage of big data analytics in manufacturing
has shown good progress for some operations. Research into
the functionality of best-tier functionalities that support the
entire “predictive quality management” framework could be
excellent future work for researchers and the industry. How-
ever, despite the availability of data, many times also on the
cloud, data management tools are not yet available in multi-
ple integrated operations. Advances in predictive analytics
are making it possible to predict changes, patterns, or anom-
alies more than ever before. These holistic initiatives are
coming from a consolidated platform that deeply integrates
and applies a wide spectrum of advanced analytics. An ex-
ample of this includes the seamless integration of hard-core
mathematics with artificial intelligence or predictive analy-
sis.

These analytical approaches and platforms that they run
on will not only grow in size and function with more data
representational technologies, but they will also possess ad-
vanced computational speeds and capabilities. It is import-
ant to note that they will be driving improvements in the sta-
tistical machine learning components, which greatly depend
upon scaling actuarial data strategies to the power of small
unit standards. The challenges to expect with this are scal-
ability, which refers to the reduction in price of this forecast,
and the standard for the benchmark, new innovations, and
consistent advances in the recognition of advanced analyt-
ics and predictive models. These advances may even dictate
new innovations, components, and products within predic-
tive quality management. The future will bear a higher de-
mand for predictive and alternative analytical solutions as
advantages and commercial requirements. To escape these
problems, organizations should be prepared to grow with
the data. This means advanced, sustained forward progress
in research and creating prototypes and products to break
through those barriers, and above all, to integrate with those
who can support these trends moving forward [43].

1.22. Emerging Technologies in Predictive Quality Man-
agement

Predictive quality analytics is increasingly being devel-
oped in conjunction with artificial intelligence to introduce
self-learning systems for anticipating and eliminating er-
rors. Unsupervised machine learning is used for analyzing
complex data and finding underlying patterns to predict out-
comes. The shift from quality assessment to quality predic-
tion has significantly reduced the defect rate. The Internet of
Things adds significant value to predictive quality manage-
ment by sharing and exchanging real-time data, deploying
identifiers for a variety of devices. At manufacturing plants
and industrial bases, [oT-connected devices are increasing-
ly playing a critical role. Modern manufacturing plants have
integrated IoT systems to function with PEMA systems to
support production and maintenance systems. [oT is being

increasingly absorbed into the world of big data and predic-
tive analytics. These technologies are being more frequently
converged to provide a better quality assessment framework
for enabling more informed decisions.

Similarly, blockchain technology can improve various as-
pects of quality management, enhancing the existing frame-
work. Blockchain has the potential to manage and control
associated processes on a real-time basis, providing the
accountability to trace the aspects of quality from product
design to customization. Complaint data can be used to sup-
port activities such as the requirement for corrective action
and can stop complaints from being isolated incidents. In
spite of all these innovative technologies, companies are still
to adopt them because of cost, lack of skilled workers in the
organization, and lack of standards to support the activities.
Machine learning algorithms are faced with the ‘black box’
dilemma where predictions are made without understand-
ing the inner logics or the underlying relationships. Besides,
the cost of data integration and system implementation is
another challenge. It is also difficult to mainstream the ac-
ceptance of big data, machine learning, and IoT technology
in the real sense, primarily due to the obsolete workforce
and resistance to change [44].

2. Conclusion

The global uncertainty and the increasing demand for higher
and consistent product quality are encouraging manufactur-
ing organizations to transcend from traditional to predictive
quality management practices. Today, the increasing com-
plexity, volume, and velocity of data are changing the land-
scape of manufacturing, accentuating the necessity for big
data analytics for defect prediction. Big data analytics are
used to predict upcoming defects or issues that lead to in-
ferior product quality, processing efficiencies, and resource
optimization. The potential impacts of employing big data
analytics in predictive defect management include improved
credibility with the end users of the product, increased pre-
dictive quality capabilities, assimilating learning across all
levels of production cycles, focusing on the prediction of
multiple defects and their sensitivity, and forecasting critical
nonconformities such as dimensional, geometrical, and me-
chanical in the preforming phase.

A proactive routine to anticipate defects before they occur
is crucial for improved quality control as well as competi-
tive advantage. This paper provides manufacturers with a
clear understanding of how to leverage big data analytics
techniques to embrace a more proactive and predictive qual-
ity management approach. We propose a comprehensive
framework as an actionable roadmap for manufacturers to
deploy and implement these big data analytics techniques.
In addition, real-world case studies of aluminum casting and
sheet metal stamping from industry settings are introduced
to confirm the practical applicability of the proposed frame-
work. With the advent of Industry 4.0, it is envisioned that
the area of predictive maintenance and operationalization
for quality enhancement will significantly advance.
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Though the presented framework is comprehensive, a multi-
tude of gaps demand attention. These are the enhancement
of process robustness with the integration of the Internet
of Things, internal factors of an organization that affect its
readiness for implementing such a framework, and the en-
hancement of the implementation troubles in small and me-
dium-sized manufacturing setups. In conclusion, the deploy-
ment of such a predictive quality management framework
using big data analytics is imperative to bolster manufactur-
ers’ competitiveness.

2.1. Summary of Key Findings

Big data analytics is transformative and has the potential to
usher in the next wave of predictive quality management in
manufacturing. Analytical and predictive models can be gen-
erated by integrating a range of mathematical, statistical and
data mining tools and big data at the heart of such tools could
provide a wealth of possibilities for manufacturing sectors
to make more informed and strategic decisions. A compre-
hensive framework for implementation has been developed
using a mixed method approach. Real-world empirical case
studies have been conducted to develop this framework and
illustrate how such an implementation can be achieved and
integrated with a manufacturer’s existing quality manage-
ment system.

Big data analytics, although still in embryonic state, offers
substantial opportunities for manufacturers and other rel-
evant stakeholders to more effectively manage and predict
product and process quality. By integrating big data and es-
tablished analytical tools, manufacturers can gain suppos-
edly better insights to inform strategic decision making. The
insights generated from the use of big data analytics are po-
tentially transformative as they go beyond the use of statis-
tical process control applications to monitor the acceptance
level of product and tolerance span variability through pro-
cess monitoring in traditional product and process quality
management methods. In addition, such aspects are then
integrated to form a comprehensive, practical and multi-fac-
eted predictive quality management framework demon-
strating a direction for the research and practice. This paper
presents a comprehensive framework for the implementa-
tion of big data for predictive quality management in man-
ufacturing. By doing so, manufacturing organizations and
other relevant stakeholders can leverage technological de-
velopments to drive organizational activities and operations.

2.2. Implications for Industry

The findings of the use of big data analytics techniques for
predictive quality management have far-reaching implica-
tions for the manufacturing industry. The advanced features
and reduced costs of machine learning and big data systems
present opportunities for manufacturers to adopt new tech-
niques and practices based on predictive principles, leading
to operational efficiency and enhanced capabilities for orga-
nizational learning. This, in turn, may result in opportuni-
ties to reduce costs and improve the satisfaction of not only
their own stakeholders but also that of their customers via
an increased commitment to quality and innovation. There
are holistic organizational benefits that may be realized and

further develop the innovativeness of a firm to innovate and
develop the manufacturing process, not only with the accu-
racy of beginning and variation operators in mind but also
the previous functionality stage in the product life cycle. It is
vital to mention that many organizations are not only igno-
rant of the capabilities of the systems available but also are
not developing strategies or infrastructure to harness these
emerging technologies. It is imperative that these findings
are communicated to policy decision-makers and that indus-
trial collaboration is met in order to maximize the benefits
to be gained. A generation of data-savvy managers and the
development of courses fit for purpose in advanced big data
and sensor orientation techniques will also be important for
lifelong learning, irrespective of the current position on In-
dustry 4.0 actualization. Ongoing research between manu-
facturing organizations’ integration methods and the use of
big data-enabled technologies is needed. This can then be fil-
tered through to the existing workforce as part of an overall
technology upskilling strategy.
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