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Abstract:
Industrial Engineering, through its role as design, planning and organizational body of the industrial production,
has been crucial for the success of manufacturing companies for decades. The potential, expected over the
course of Industry 4.0 and through the application of Data Analytic tools and methods, requires a coupling to
established methods. This creates the necessity to extend the traditional job description of Industrial Engineering
by new tools from the field of Data Analytics, namely Industrial Data Science. Originating from the historic
pioneers of Industrial Engineering, it is evident that the basic principles will remain valuable. However, further
development in view of the data analytic possibilities is already taking place. This paper reviews the origins of
Industrial Engineering with reference to four pioneers, draws a connection to current day usage, and considers
possibilities for future applications of Industrial Data Science.

Key words:
Scientific Management, Industrial Engineering, Industrial Data Science, Data Science, Data Analytics,
Process Chain.

1. Introduction
Ever since the First Industrial Revolution in the
18th century, optimization measures and operational
decisions in the manufacturing industry rely on
quantitative and fact-based assessments. Fact-based
decision-making has always been the cornerstone
within the field of engineering, extensively taught
by technical education and widely practiced in realworld operations.
Modern advancements due to the still on-going
digitalization and globalization of nowadays world
of work represent a logical continuation of the

observable movements in science and technology.
Against the background of this natural and inevitable
development, emerging potentials through Data
Science do not necessarily represent a paradigm
shift, but rather a continuation of the development
of Industrial Engineering (IE). This development
may greatly extend the established tools of today‘s
engineers, but still draws on traditional IE principles
that have been known for decades if not centuries.
In view of the inflated expectations with regard to
Data Science‘s problem solving capabilities and its
promises of economic rationalization, this paper
draws references to some of the main representatives
and pioneers of IE, such as Frank and Lillian
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Gilbreth, John Burbidge, William E. Deming and
Eliyahu M. Goldratt.
These five pioneers are among the most prominent
contributors to the field of industrial engineering and
sparked novel research directions. By examining the
respective field of research of these four pionieers
of IE, this paper provides a comprehensive review
of the historical development of IE to date. Based
on the patterns of this historical development,
this paper outlines a broad view of contemporary
movements, before also considering emerging
trents for future research objectives within these
four branches of research. Summarizing, the paper
embraces these pioneers of IE and it aims to help
rediscovering established ideas and principles of
Industrial Engineering at times when Data Science is
permeating the manufacturing domain.

2. Fundamentals
2.1. Origin of scientific management
The roots of IE stem from Frederick W. Taylor, whose
main work Principles of Scientific Management was
instrumental in shaping the course of industrial
manufacturing (Taylor, 1911). By many, Taylor
is considered to be one of the most influential
scientists of the 19th and 20th century. In addition to
his contribution to the invention of high-speed steel,
Taylor is best known for working in the area of labor
studies. His principles build on the assumption that
work needs guidance by precise instructions given
by management. This is based on the postulate
that there is just one safest and most efficient way
to accomplish a given work task. To identify this
sequence, Taylor proposed a five-step process:
1. Select 10-15 worker from varied factories/
backgrounds, trained in a targeted activity
2. Observe each elementary movement the tool
usage during execution of the activity
3. Measure the execution time of each element and
select the fastest method for each
4. Eliminate all incorrect, slow or unnecessary
movements from the best practice
5. List the fastest method and the best tools for
performing the activity in a table
These five focusing steps help to identify and
document optimal movement sequences and suitable
tool usage in a standardized manner, using time
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recordings of any activity. With standard processes,
best practice workflows are established; the efforts
of the continuous improvement process are secured
and made available across plants (Deuse et al.,
2020). Along the belief in One Best Way to perform
a given task, Scientific Management strictly enforces
fact-based decision-making based on quantitatively
measurable data. Thus, quantifiably optimal solutions
take the place of practices previously determined
by formerly used rule-of-thumb methods (Merkle,
1980). The onset of a worldwide adoption of
Scientific Management Principles defines a starting
point for the continuous evolution of Taylor‘s vision.
It led to the emergence of IE and it is well established
in modern manufacturing.
The term IE includes all tasks concerned with ‘the
design, improvement and installation of integrated
systems of people, materials, information, equipment
and energy. It draws upon specialized knowledge
and skills in the mathematical, physical and social
sciences together with the principles and methods of
engineering analysis and design, to specify, predict
and evaluate the results to be obtained from such
systems’, as defined by the Institute of Industrial and
Systems Engineers (IISE, 2021).
As such, Industrial Engineers lead continuous
improvement processes and provide system
understanding, method knowledge and problemsolving-competences, along the ever-evolving
requirements of various other skills (Richter &
Deuse, 2011). In this context, we consider the ability
to utilize Industrial Data Science as the latest addition
to this catalogue of competences.

2.2. Emergence of Industrial Data Science
The domain of Data Analytics experienced an
increase in attention over the past years. Industrial
Data Science (IDS) refers to the use of Data Analytics
in industrial applications (Mazarov et al., 2019). Early
applications of structural data analysis date back
almost 70 years before the work of Taylor. A U.S.
naval officer and hydrographer, named Matthew F.
Maury, recommended supplementing the previously
undescribed nautical charts with information, such
as longitude, latitude and other notes that seafarers
collected on their routes (Maury, 1963). This served to
shorten the time at sea, since each seafarer could profit
from the experiences of the others. He supplemented
the pure information of the route with many additional
variables, which all have an influence on the target
variable ‘journey time’. He found patterns in this data,
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derived structures and generated knowledge from it.
In doing so, he piloted a process, which we nowadays
interpret as the basic problem solving approach of
Industrial Data Science (Wierse & Riedel, 2017).
In manufacturing, Taylor was among the first
to identify a demand of data for fact-based
decision-making within an industrial production
environment. Due to scale and complexity of the
ever-increasing data acquisition, manual methods
for data processing become uneconomical. Hence,
manufacturing companies seek the use of IDS for
the efficient evaluation and utilization of implicitly
available knowledge. As for Knowledge Discovery
in Databases, IDS includes all non-trivial measures
to identify valid, novel, potentially useful, and
ultimately understandable patterns in industrial
datasets (Fayyad et al., 1996). It draws on methods
from multiple disciplines: Machine Learning,
responsible for generation and generalization of
knowledge by computers and Statistics, the science
of collecting, organizing and deriving conclusions
from data, being the most relevant (Awad &
Khanna, 2015). This basic idea behind the analysis
of data is methodically carried out in the industrial
environment today according to the Cross-Industry
Standard Process for Data Mining (CRISP-DM).
With this five-step procedure, todays data scientists
perform projects in a structured way from business
understanding to deployment (Chapman et al.,
2000). We interpret CRISP-DM as a formalization
of the basic procedures of Maury and Taylor with a
view to today’s conditions and challenges.
The application of these methods and procedures
in today’s industrial environment is both effective
and unavoidable. This is explained by the increased
complexity in making decisions, as in nowadays
systems more variables have to be considered.
Simultaneously digitalization has also provided the
infrastructure needed to record more data on these
variables. The integration of computer technology
in the form of Embedded Systems in industrial
processes is standard today and enables the recording
of a wide variety of data on products and processes.
With the help of these Cyber-Physical Systems,
all steps from data acquisition with sensors to data
storage in databases can be carried out in order to use
IDS methods to make intelligent, targeted decisions
based on the analysis of every variable required
(Lee, 2006).
Some consider the use of IDS tools and methods as
part of the Fourth Industrial Revolution, often called
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Industry 4.0. Other state that it has traits of a more
gradual development of quantitative approaches that
extend the traditional tools of IE. The emergence of
IDS shows distinct characteristics of an evolutionary
process and is in line with the development trend of
the past century. Following approaches such as Lean
Thinking or Agile Manufacturing, IDS represents the
latest facet of this traditional evolution of production
principles. The advent of the Internet of Things and
the availability of Big Data storage systems support
the need for data-driven decisions. The approach
for data-based decision-making has a predeceasing
model in time management and is presented in the
following section on the basis of the process chain
of data analytics.

2.3. Process chain of Industrial Data
Science
IE and IDS involve closely related tasks for a
fact-based decision-making processes. With the
process chain of time management, all activities
for fact-based decision-making are broken down
into subtasks and handled consecutively. This has
led to the development of the process chain of data
analytics, which follows a similar approach. In four
stages, tasks of data collection, analysis, use and
administration are carried out (Figure 1).
Data
Access

Data
Analysis

Data
Application

Data Administration

Figure 1. Process Chain of Industrial Data Science.

Since all fact-based decisions require a data basis
for quantification, the first step in the process chain
is to access all data sources that are necessary and
related to the current task or project. This often
includes the identification of relevant sources for
a given analysis task, recoding missing data with
suitable collection methods, and providing the data
to an analysing system. The step is closely related to
the initial phases of the well-established CRISP-DM
and required not only a good data understanding but
also a solid business understanding. After ensuring
a reliable end-to-end access to relevant data, the
next step of the process chain is to analyse the
provided data. For this, a suitable method for the
analysis task must be selected from the wide range
of available options. A number of pre-processing
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steps and transformations for subsequent usage may
accompany the application of the analysis. While the
first two steps are arguably necessary, a monetary
gain will only arise through the operational use
of the information generated during the analysis.
Hence, the third step is to apply the results of the
analysis to the industrial use case, creating economic
value. This includes both the application of selective
analyses for specifically targeted questions as well
as the implementation of continuous monitoring
systems. Finally, to administrate these tasks a wealth
of supporting duties needs to be fulfilled. Among
others, this includes assigning a long-term data
stewardship, allocating a clear data governance,
ensuring an end-to-end data security or securing an
ethical data usage.

3. Pioneer Case Studies
3.1. Time and Motion Study – Frank and
Lillian Gilbreth
Past. Temporal measurements of industrial process
increments form the basis for operational planning
and decision-making processes. For IE, time data
is essential for the analysis, design, modelling
and simulation of production systems as well as
for the design of workplaces and the control of
manufacturing and assembly systems. Time and
Motion Study enables an Industrial Engineer to
control and plan from a quantitative basis, according
to Taylor’s basic idea. Frank and Lillian Gilbreth,
whom we consider pioneers of Time and Motion
Study, recognized at the beginning of the 20th
century that the conversion of movements into time
data is essential for work analyses (Gilbreth, 1912).
The Gilbreth Clock allowed a detailed analysis
with regard to a tasks duration and usefulness, so
that value-adding and non-value-adding elements
become distinctive. The stopwatch was the device for
manual data recording.Gilbreth determined that the
time to carry out an activity for a singular sequence
with equal practice, equal aptitude and equal effort of
the workers within realistic limits depends solely on
the method used. Asa B. Segur assigned standardized
time values to the standard elements in industrial
processes devised by Gilbreth by studying numerous
workers of different skill levels (Maynard & Zandin,
2001). This enabled analyzing work processes using
a standardized scheme. Thus, Motion Time Analysis
is considered the first predetermined motion time
system.

4
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Present. Still, time recordings hold a fundamentally
vital role for process management. Predetermined
motion time systems are still widespread today.
Numerous companies leverage the MTM method,
developed between 1940 and 1950, to analyze
manual work processes today. In German-speaking
countries, over 250 companies belong to the MTM
Association, thus representing over 2 million
employees (MTM ASSOCIATION e. V., 2021). This
underlines the relevance of precise data recording and
attention to detail. Today, time data from production
forms the core of strategic and operational process
planning. The analysis of work processes via video
recordings and motion capturing approaches makes
the use of systems of predetermined times even more
direct and universal (Bortolini et al., 2020).
Future. IDS research deals with automatic data
access through image recognition via machine
learning or the use of sensor technology. The ease
of access to the technology underlying vision-based
and sensor-based analysis serves as enabler for
further development. It is equally conceivable to
apply Gilbreth’s visionary ideas to the use of robots
and to the optimization of industrial human-machine
interaction (Wang et al., 2011). Motion data in the
form of human silhouettes or human skeletons
elaborates human movement. Additionally, the
movement of robots can be captured by the control
system. The combination of such data as well as an
enrichment by other data sources and the necessary
forces for the different tasks forms the basis for
the analysis and optimization of the technologydetermined workstations (Figure 2).
The usage of machine learning is a possible
potential to be explored for automatically analyzing
recorded motions. It allows suggestions of process
improvements based on MTM studies using motion
capturing data (Deuse et al., 2019). The integration of
MTM approaches with Virtual Reality (VR) provides
the advantage of preventing suboptimal workplace
designs during the planning phase without the need
for physical mock-ups (cardboard engineering) for
data collecting (Gorobets et al., 2021).

3.2. Group Technology – John Burbidge
Past. For IE, Group Technology is essential for
production optimization. The term describes
the approach of grouping objects and resources
according to their similarity. Organizing processes
and structures is often more efficient and effec-tive
based on such groupings. Sergei P. Mitrofanov was
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Hidden
Layer

Labelled Motion
Capture Data

Hidden
Layer

Input

Basic Motions
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Output

…
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2 Graph-Layers
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…

Reach

Release

Grasp

Position

Move

Figure 2. Convolutional Neuronal Networks (CNN) with 2 Graph Layers, 2 fully connected layers as one Machine Learning
Method to Enhance MTM (Own figure, MTM Summit 2021).

the first to research the idea of classifying process
methods based on the shape of the resulting products
using the research results of A. P. Sokolowski
(Sokolowski, 1938; Mitrofanov, 1946). He
established a classification system that structured
work pieces according to function, shape and
technological features based on his finding to work
on similar parts of a group with the same equipment
of a lathe (Burbidge, 1991). John Burbidge, whom
we consider as pioneer of Group Technology, based
his research on Mitrofanov and Sokolowski and
successfully applied the grouping on a larger scale
(Burbidge, 1975). Thereby, he validated the prior
research and coined the terms ‘group’ as a set of
machines, and ‘family’ as a set of parts. Burbidge
introduced a production analysis method with the
Production Flow Analysis. According to his research,
products passing through the same machines
should also be manufactured in one machine group
(Burbidge, 1963).
Present. Searching and finding similarities in
industrial processes is essential for economically
successful enterprises and possible with four different
procedures: Classification systems, productionanalytical methods, cluster-analytical methods and
artificial intelligence methods. Classification is the
key method used by Sokolowski and Mitrofanov.
Production-analytical methods use the frequency of
the production sequences or work piece-resourcematrices for part family formation. Cluster analytical
methods use methods of multivariate statistics, such
as regression, to analyze different characteristic
values for similarities and identify homogeneous
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groups between which there is a possibility of
dissimilarity. Last, it is possible to use knowledgebased approaches and artificial neural networks,
both methods of artificial intelligence for part
family formation (Eversheim & Deuse, 1997;
Kusiak & Dagli, 1994). Those approaches help with
different challenges, such as building structures in
low volume and high mix productions. Levelling
taking into account product families helps serving
transparency, calming of variability and leads to
output improvement (Bohnen et al., 2013). Research
in practical pattern recognition by using sensors
and software for analyzing images, characters
and text show high potential (Feng & Hua, 2020).
For subsequent analyses, it is necessary to record
different data which is then analyzed for similarities.
Visualization using flowcharts allows easy access the
subject matter.
Future. As manufacturing processes and products
become more complex, simplification becomes more
difficult. The search for similarities based on shape or
machine group is also no longer efficient in variable
production environments due to the high complexity
of products and increased amount of different
manufactured variants. For the homogenization
of the product routes of a production the use of
statistical methods like Modified Jaccard Index
is feasible (Maschek et al., 2014). Other methods
for identifying process-routes weaknesses and
subsequent their improvement, such as Value Stream
Mapping as a tool from the field of lean management
are also evolving with the tools currently available
to map, predict and control dynamic effects on value

Int. J. Prod. Manag. Eng. (2022) 10(1), 1-12
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streams. Emerging technologies provide completely
integrated production environments with realtime data gathering and transmission (Valamede &
Akkari, 2020). The cloud connects all resources on
the manufacturing floor to supervisory and control
terminals and and combines data from different
sources. This is combined with ontology-driven
modeling-based graphical database technology
or a multi-agent system based on Cyber-Physical
Systems to visualize the productivity of customerdriven dynamic manufacturing processes. (Huang
et al., 2019)
Another approach to simplify complex process
systems is Process Mining. Based on business
process management, Van der Aalst developed
a method for analyzing the data of event logs of
processes that uses the process knowledge implicit
in these events to graphically represent process
sequences and information of process steps on the
basis of paths, thus making potentials visible (van
der Aalst et al., 2012). Process mining techniques
can help increasing the management productivity
by modelling production planning processes in a
manufacturing company (ER et al., 2018). With this
information it is possible to identify the commonly
unrecorded operations implemented to adapt the
production plan to any changes in demand. This
improves the ability to optimize its production
process by balancing production efficiency and
flexibility (Corallo et al., 2020). In combination
with different IT systems of a company, process
mining enables the visualization and optimization
of both value-added production processes and their
management and planning processes (Knoll et al.,
2019).
Considering Burbidge‘s ideas, we see the consistent
use of all data as a logical step to streamline
processes by searching for similarities and forming
groups, especially in highly complex systems. For
IDS, using Process Mining in industrial systems is
the logical next step in the development of Group
Technology.

3.3. Quality Management – William E. Deming
Past. Quality Management (QM) holds an integral
part of continuous improvement in IE, since it serves
as a prominent starting point for process improvement
and often acts as significant driver of costs. Early on,
Taylor acknowledged QM as a crucial factor for the
maximization of productivity in industrial processes.
In the 1920s, Walter A. Shewhart recognized that
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preventing quality related issues is significantly
more economical than sorting out defective parts
or repairing them, as Taylor had suggested. His
invention of Quality Control Charts serves as a
static method for process control that allows for
scientifically based and economically founded
decisions based on recorded process metrics. For this
purpose, it was necessary to develop target metrics
and a tolerance range for all processes recorded on
the control chart. The observed deviation between
actual system performance and target metrics allowed
for unprecedented levels of process monitoring and
control (Shewhart, 1931). We consider William E.
Deming, a student of Shewhart, as pioneer in the
field of QM, for he specified and propagated the early
ideas. While initially unnoticed in the Western world,
Japanese companies adopted Deming’s methods in
the 1950s and established his status as a visionary in
QM. Particularly successful was the application of
Statistical Process Control, which aimed for efficient
process operation by producing more specificationconfirmative products while causing less rework
or scrap. Consideration of the temporal course of
statistical values, such as current the range between
actual and target metric, paired with the visualization
on control charts allowed for detection of negative
deviation as well as short-term adjustments during
production (Deming, 1950).
Present. Several of Deming’s approaches can
be found in widely used standards, such as the
prominent PDCA-Cycle that is included in the ISO
9001. The principles of Statistical Process Control
lead to the emergence of the ideal of Zero-Defect
Manufacturing (ZDM) that modern manufacturing
companies still seek to achieve. ZDM aims to
reduce defects through prevention and targets the
development of workers desire to perform a job
correctly at all times (Wang, 2013). To quantifiably
record the occurrence of any defects, manufacturing
companies utilize different strategies or platforms to
bundle the wide range of potential sources for quality
data. Such collections allow using newer approaches,
such as Machine Learning, to detect different types
of defects on a large scale (Schulte et al., 2020). A
mayor task is building autonomous QM systems that
achieve trustworthy results within an Industry 4.0
setting, while remaining economically viable.
Future. Quality control is usually reactionary and
can only detect defects, not proactively prevent
them. As an ongoing research subject, modern QM
is primarily concerned with predicting future quality.
The increased data availability allows drawing
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conclusions about the quality of products that are
still in production, only using the recorded process
data. Utilizing supervised and unsupervised Machine
Learning models, allows for advanced quality-based
process control (Lieber et al., 2013). Additionally, it
enables the prediction of quality-related features and
identification of ideal process parameters (Schmitt
et al., 2019) (Figure 3).
Random forest integrated inside the Bayesian optimization approach are one option to enable organizations to manage large-scale product quality prediction in process industrial cyber–physical systems
(Wang et al., 2020). In another example, measurements such as tightening data of screw driving processes help to predict the final condition of engines
without requiring end-of-line testing (West et al.,
2021). Identifying process anomalies and predicting
likely assembly defects with IDS enables early initiation of corrections, such as a partial deconstruction.

3.4. Production Control – Eliyahu M. Goldratt
Past. With the Theory of Constraints (ToC), Eliyau M.
Goldratt introduced a novel approach to Production
Control in 1984. According to ToC, the output of
every production system is inevitably constrained
by one single limiting factor. Similar to the weakest
link in a chain, such a factor poses a bottleneck for
the entire system. All improvement activities must
target that bottleneck, since optimizations of nonbottleneck stations do not improve the performance
of the system but cause increased Work in Process
(Goldratt & Cox, 1984). With regard to Production
Control, this meant that the control system must also
primarily account for the bottleneck. To implement
bottleneck-oriented Production Control, Goldratt

proposed the Drum-Buffer-Rope (DBR) method. In
the ToC, DBR is a method for process scheduling
that increases production flow by leveraging the
system’s bottleneck (Goldratt & Fox, 1986). Through
DBR, only a bottleneck needs scheduling, which is
easier than scheduling every job at every station.
In addition, the bottleneck’s capacity provides a
simple way to plan due dates, since it matches the
system’s overall output. Through the development of
ToC and its application using DBR, Goldratt made
an innovative contribution that shaped the further
course of IE.
Present. While ToC and DBR were primarily aiming
to manage static bottlenecks, modern production
systems often encounter shifting bottlenecks. Due
to variability-related factors, such bottlenecks
move between workstations over time. Adaptations
of the ToC, led to new methods for real-time
bottleneck identification. Such methods require
continuous monitoring of the production system,
which only became possible in the last decade due
to the increasing digitalization. Whereas Goldratt,
for example, suggested interviewing employees
to identify bottlenecks, these methods utilized
quantified metrics. A prominent example is the Active
Period Method (APM) that identifies a bottleneck as
the station working the longest without interruption.
APM assumes that stations in interconnected
production systems starve or block each other. An
active machine running for extended periods is more
likely to block or starve other machines. Hence, the
machine with the longest uninterrupted active period
has the largest effect on the overall output and acts as
the current bottleneck (Roser et al., 2002). Near realtime knowledge of bottleneck locations, as well as

Technical integration 5.
Technical implementation

1

Data
storage

2

Data collection and
processing

3

4.

Model training and
scoring

Model deployment

Physical process
Figure 3. Framework for predictive model-based quality inspection (Schmitt et al., 2020).
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knowledge of the relative frequency of occurrence,
enables a targeted Production Control and realtime fault repair prioritization (Wedel et al., 2015).
However, identification methods do not manage to
avoid productivity losses at shifting bottlenecks, but
only help to mitigate the effects.

Benefit

Future. In modern manufacturing systems,
identifying bottlenecks will continue to be the
focus of research due to the prevailing dynamics
of increasingly complex systems. To minimize
bottleneck-related losses of potential outputs,
anticipatory knowledge about future system
behavior is required. This thought led to the idea
of bottleneck prediction, as a current subject of
research. Predicting a bottleneck shifting before
it occurs, allows a production control system to
counteract this change and prevent a shift. While
established approaches for bottleneck detection
require a measurable effect, their nature is similar to
fire-fighting strategies known in maintenance. Only
by anticipating an emerging bottleneck, the effect can
be controlled without effecting the overall output. In
addition, the recent idea of bottleneck prescription
proposes a novel type of system that fully subjects
a system‘s control mechanism to the predictions of
future bottleneck occurrences (West et al., 2022).
Since a bottleneck’s existence is inevitable, this
approach will not eliminate a bottleneck, but it can
avoid or reduce the adverse influence of shifting
bottlenecks. Predicting bottlenecks requires a realtime, databased bottleneck identification capability
(Deuse et al., 2016; Roser et al., 2017). While
theoretical approaches to bottleneck prediction
are emerging in the scientific literature, practical
implementation represents a future need for action
in IDS (Figure 4).

On-going
research
Methods
available

Bottleneck
Detection

4. Discussion
The development of the individual fields of industrial
engineering shows the strong connection to data
analysis from the beginning. The pioneers mentioned,
Gilbreth, Burbidge, Deming and Goldratt, proved
the dependence of optimisation and improvement
on data analysis. The present solutions prove the
relevance of this approach equally. Industrial Data
Science is therefore the logical evolutional step of
working with data in Industrial Engineering. Many
manufacturing companies face much more complex
and complicated problems in parallel. For these
companies, we consider Industrial Data Science as
a novel tool that enables them to utilize the original
ideas of the four pioneers in a more efficient, largescale and goal-oriented fashion.
The different fields of IE need to be differentiated
in this context. Every company uses the ideas of
Gilbreth, Burbidge and Deming, in many productions
they are even the basis of optimisations and the
continuous improvement process in different sectors.
The methods of Industrial Data Science extend the
previous procedures making them reach the next
stage of their development. Image recognition
enables fast, accurate time recordings, machine
learning enables the automatic creation of work
plans of products of the same group and product
and process quality can be dynamically detected,
predicted and thus predictively improved in real
time.
Industrial Data Science is influencing the field of
Bottleneck Analysis, pioneered by Goldratt, in a
different way. Although Goldratt‘s ideas have a
fundamental character for all production systems,

Forthcoming
field
Bottleneck
Prediction

Bottleneck
Diagnosis

(Deuse et al., 2016)

Bottleneck
Prescription
(West et al., 2022)

(Wedel et al., 2015)

(Roser et al., 2002)
Effort

Figure 4. Methodology for Bottleneck Analysis with corresponding research based on West et al. (2022).
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the detection of a bottleneck is not possible for
every company with the developed methods. This
is a result of the dynamic behavior of the different
variables affecting the processes and consequently
the occurrence of shifting Bottlenecks. In addition,
different methods for bottleneck detection do not
always have the same result. This complicates the
interpretation of the analyses and their target-oriented
use. The application of Industrial Data Science is an
Enabler in this field, as it allows industrial users to
generate more knowledge about their processes and
to analyse a larger amount of data more precisely.
This opens up the field of bottleneck analysis to a
variety of other companies.
These two functions, Enable and Extend, can be
transferred to other fields of IE. Kingman and
Little, for example, are Pioneers in the field of
Operations Research (Kingman, 1961). They have
mathematically proven correlations between queue
length, arrival time and utilisation of a system (Little,
1961). This dependencies are used to Material
Flow and Buffer research questions in production
environments in the literature (Lödding, 2013). This
works under certain boundary conditions. In this
field, Industry 4.0 and Machine Learning approaches
can be both Enabler and Extender by enhancing
the current limits of application of their ideas by
capturing further influencing parameters, making
them measurable and providing tools to recognise
even more complex patterns (Gallina et al., 2021).
What applies to this practical field of IE can be
transferred to the organisational field. Projects have
existed for thousands of years, but it was not until the
1940s that US military industry-academic-research
project management was formalized in institutional
processes (Johnson, 2013). Getting combined with
Systems Engineering and Operations Research
later, it became an essential aspect of the Industrial
Engineer‘s tasks (Johnson, 1997). As of today, the
IIoT and different AI approaches connect project
management directly to events the shopfloor.
With Lean principles as a pillar of IE and selfoptimisation equally as a pillar of Lean principles,
the question of effort and benefit in IE has always
arisen. With the value-creating processes at the
centre of its own basic idea, Industrial Engineering,
as a staff unit only indirectly involved in value
creation, constantly questions itself. Sustainable
economic successes by finding the right balance
between good work preparation and targeted
continuous improvement have proven the role of
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IE in the past (Deuse et al., 2006). The expansion
through and development towards Industrial Data
Science poses the question of effort and benefit
again. The initial effort to enable its production
to use modern approaches to data analysis seems
large. In addition to increasing the knowledge of
the workforce involved, physical resources must be
digitised or replaced, hardware must be purchased
and installed, and software licences must be
acquired. In addition to increasing the knowledge
of the workforce involved, a company must digitise
or replace physical resources, purchase and install
hardware and acquire software licences. In addition,
sensors support the former manual data acquisition,
artificial intelligence helps with decisions or even
relieves the industrial engineer.
The rapid development of recent years refutes
those arguments in different ways. First, the initial
costs on the hardware side are declining due to
the high demand and the resulting sharp increase
in availability. Open source solutions also make
simplify starting with interface management and
IIoT in order to be able to analyse data using different
methods (Strauß et al., 2018). At the same time, the
range of educational opportunities in the industrial
sector has grown considerably, so employees can
easily be empowered. Second and most relevant,
digitalization and the application of IDS has a direct
impact on a company‘s financial performance (Eller
et al., 2020). The development of the individual
areas of IE and the markets as such shows that
a company without targeted digitization and the
application of data science will not be marketable in
the future. Strategic and operational implementation
is essential for success (Dold & Speck, 2021). IDS
helps the Industrial Engineer in multiple ways and
sometimes replaces some decisions, but brings new
challenges to the job profile. Domain knowledge is
still indispensable for industrial issues, the industrial
engineer must select and connect the right data
sources as well as manage the targeted application
of Hardware, AI approaches and employee‘s datascience-education. The benefits overcome the effort
of implementing IDS mid- and long-term by a
multiple.

5. Conclusion
The case studies of the pioneers of IE have shown
the development of Scientific Management in four
different domains as a rather evolutionary process.
The contemporary trend towards a more widespread
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application of Industrial Data Science is an
inevitable result of a decade-spanning development
process. Leveraging the growing data sources is
merely the next logical step in an environment that
relies on fact-based and quantified decision-making.
Thus, the application of Data Science in Industrial
Engineering under the umbrella of Industrial Data
Science will continue to grow in importance in the
coming decades.
At their core, manufacturing companies will continue
to use the original concepts of the discussed pioneers,
but increase the effectiveness through the addition
of digital and data-driven methods and tools, even
in other fields of Industrial Engineering. Accessing,
analyzing, applying and administrating data is going
to be vital for future applications of Industrial Data
Science.
The pioneers presented in the paper, as well as their
associated research areas, were selected primarily
due to their high relevance to IE. Nevertheless,
these representatives have to be called a selection of
pioneers. In the continuing development of Scientific
Management since Taylor, many scientists have

distinguished themselves. As research limitations,
we would therefore emphasize the small number
of pioneers studied and the selection of application
examples.
For future competitiveness, an Industrial Engineer‘s
collection of applicable methods and tools has to be
expanded to accommodate for the capabilities of
IDS. At the same time, companies must create the
technical and educational basis for applying IDS in
order to be able to assert themselves in the market.
In addition, the multitude of requirements for an
integrated and networked application of industrial
data analysis in dynamic value creation networks
will shape the further course of IDS research.

Acknowledgement
The work on this paper has been supported by the
German Federal Ministry of Education and Research
(BMBF) as part of the funding program ‘Industry
4.0 - Collaborations in Dynamic Value Networks
(InKoWe)’ in the project AKKORD (02P17D210).

References
Awad, M., & Khanna, R. (2015). Efficient Learning Machines: Theories, Concepts, and Applications for Engineers and
System Designers. Apress Media. https://doi.org/10.1007/978-1-4302-5990-9
Bohnen, F., Buhl, M., & Deuse, J. (2013). Systematic procedure for leveling of low volume and high mix production. CIRP
Journal of Manufacturing Science and Technology, 6(1), 53–58. https://doi.org/10.1016/j.cirpj.2012.10.003
Bortolini, M., Faccio, M., Gamberi, M., & Pilati, F. (2020). Motion Analysis System (MAS) for production and
ergonomics assessment in the manufacturing processes. Computers & Industrial Engineering, 139(1–4).
https://doi.org/10.1016/j.cie.2018.10.046
Burbidge, J. L. (1963). Production flow analysis. Production Engineer, 42(12), 742. https://doi.org/10.1049/tpe.1963.0114
Burbidge, J. L. (1975). The Introduction of Group Technology. W. H.
Burbidge, J. L. (1991). Production flow analysis for planning group technology. Journal of Operations Management, 10(1),
5–27. https://doi.org/10.1016/0272-6963(91)90033-T
Chapman, P., Clinton, J., Kerber, R., Khabaza, T., Reinartz, T., Shearer, C., & Wirth, R. (2000). CRISP-DM 1.0. SPSS Inc.
Corallo, A., Lazoi, M., & Striani, F. (2020). Process mining and industrial applications: A systematic literature review.
Knowledge and Process Management, 27(3), 225–233. https://doi.org/10.1002/kpm.1630
Deming, W. E. (1950). Elementary Principles of the Statistical Control of Quality: A Series of Lectures. Nippon Kagaku
Gijutsu Remmei.
Deuse, J., Dombrowski, U., Nöhring, F., Mazarov, J., & Dix, Y. (2020). Systematic combination of Lean Management
with digitalization to improve production systems on the example of Jidoka 4.0. International Journal of Engineering
Business Management, 12(3), 184797902095135. https://doi.org/10.1177/1847979020951351
Deuse, J., Lenze, D., Klenner, F., & Friedrich, T. (2016). Manufacturing data analytics to identify dynamic bottlenecks in
production systems with high value-added variability (in German). In C. Schlick (Ed.), Megatrend Digitalisierung (pp.
11–26). GITO.
Deuse, J., Stankiewicz, L., Zwinkau, R., & Weichert, F. (2019). Automatic Generation of Methods-Time Measurement
Analyses for Assembly Tasks from Motion Capture Data Using Convolutional Neuronal Networks. International
Conference on Applied Human Factors and Ergonomics, 141–150. https://doi.org/10.1007/978-3-030-20040-4_13

10

Int. J. Prod. Manag. Eng. (2022) 10(1), 1-12

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

Rediscovering Scientific Management – The Evolution from Industrial Engineering to Industrial Data Science

Deuse, J., Wischniewski, S., & Fischer, H. (2006). Rediscovering Industrial Engineering – Methods for applying lean
production principles (deutsch: Renaissance des Industrial Engineering - Methoden für die Umsetzung Ganzheitlicher
Produktionssysteme.). Werkstattstechnik Online, 96(1/2), 57–60.
Dold, L., & Speck, C. (2021). Resolving the productivity paradox of digitalised production. International Journal of
Production Management and Engineering, 9(2), 65. https://doi.org/10.4995/ijpme.2021.15058
Eller, R., Alford, P., Kallmünzer, A., & Peters, M. (2020). Antecedents, consequences, and challenges of small and
medium-sized enterprise digitalization. Journal of Business Research, 112, 119–127. https://doi.org/10.1016/j.
jbusres.2020.03.004
ER, M., Arsad, N., Astuti, H. M., Kusumawardani, R. P., & Utami, R. A. (2018). Analysis of production planning in a
global manufacturing company with process mining. Journal of Enterprise Information Management, 31(2), 317–337.
https://doi.org/10.1108/JEIM-01-2017-0003
Eversheim, W., & Deuse, J. (1997). Formation of Part Families based on Product Model Data. Production Engineering (2),
97–100.
Fayyad, U., Piatetsky-Shapiro, & Smyth, P. (1996). Knowledge Discovery and Data Mining: Towards a Unifying
Framework. International Conference on Knowledge Discovery and Data Mining, 2(1), 82–88.
Feng, Z., & Hua, X. (2020). Pattern Recognition and Its Application in Image Processing. Journal of Physics: Conference
Series, 1518, 12071. https://doi.org/10.1088/1742-6596/1518/1/012071
Gallina, V., Lingitz, L., Breitschopf, J., Zudor, E., & Sihn, W. (2021). Work in Progress Level Prediction with Long
Short-Term Memory Recurrent Neural Network. Procedia Manufacturing, 54, 136–141. https://doi.org/10.1016/j.
promfg.2021.07.047
Gilbreth, F. B. (1912). Primer of scientific management. D. Van Nostrand C.
Goldratt, E. M., & Cox, J. (1984). The Goal. North River Press.
Goldratt, E. M., & Fox, R. E. (1986). The Race. North River Press.
Gorobets, V., Holzwarth, V., Hirt, C., Jufer, N., & Kunz, A. (2021). A VR-based approach in conducting MTM for
manual workplaces. The International Journal of Advanced Manufacturing Technology, 117(7), 2501–2510.
https://doi.org/10.1007/s00170-021-07260-7
Huang, Z., Kim, J., Sadri, A., Dowey, S., & Dargusch, M. S. (2019). Industry 4.0: Development of a multiagent system for dynamic value stream mapping in SMEs. Journal of Manufacturing Systems, 52, 1–12.
https://doi.org/10.1016/j.jmsy.2019.05.001
IISE. (2021). What is industrial and systems engineering? (IISE official definition). Institute of Industrial & Systems
Engineers. https://iise.org/details.aspx?id=282
Johnson, S. B. (1997). Three Approaches to Big Technology: Operations Research, Systems Engineering, and Project
Management. Technology and Culture, 38(4), 891. https://doi.org/10.2307/3106953
Johnson, S. B. (2013). Technical and institutional factors in the emergence of project management. International Journal
of Project Management, 31(5), 670–681. https://doi.org/10.1016/j.ijproman.2013.01.006
Kingman, J. F. C. (1961). The single server queue in heavy traffic. Mathematical Proceedings of the Cambridge
Philosophical Society, 57(4), 902–904. https://doi.org/10.1017/S0305004100036094
Knoll, D., Waldmann, J., & Reinhart, G. (2019). Developing an internal logistics ontology for process mining. Procedia
CIRP, 79(1), 427–432. https://doi.org/10.1016/j.procir.2019.02.116
Kusiak, A., & Dagli, C. H. (1994). Artificial Neural Networks for Intelligent Manufacturing. Springer Netherlands.
Lee, E. (2006). Cyber-Physical Systems - Are Computing Foundations Adequate?
Lieber, D., Stolpe, M., Konrad, B., Deuse, J., & Morik, K. (2013). Quality Prediction in Interlinked Manufacturing
Processes based on Supervised & Unsupervised Machine Learning. CIRP Conference on Manufacturing Systems, 46,
193–198. https://doi.org/10.1016/j.procir.2013.05.033
Little, J. D. C. (1961). A Proof for the Queuing Formula: L = λ W. Operations Research, 9(3), 383–387.
https://doi.org/10.1287/opre.9.3.383
Lödding, H. (2013). Handbook of Manufacturing Control: Fundamentals, description, configuration. SpringerLink Bücher.
Springer. https://doi.org/10.1007/978-3-642-24458-2
Maschek, T., Heuser, C., Hasselmann, V.-R., Deuse, J., & Willats, P. (2014). Variability-based classification of production
systems.: Basis for individual design and management concepts. Zeitschrift Für Wirtschaftlichen Fabrikbetrieb, 109(9),
591–594 ((in German)). https://doi.org/10.3139/104.111204
Maury, M. F. (1963). The Physical Geography of the Sea, and Its Meteorology. Harvard University Press.
https://doi.org/10.4159/harvard.9780674865280
Maynard, H. B., & Zandin, K. B. (2001). Maynard’s industrial engineering handbook (5th ed.). McGraw-Hill.

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

Int. J. Prod. Manag. Eng. (2022) 10(1), 1-12

11

Deuse et al.

Mazarov, J., Wolf, P., Schallow, J., Nöhring, F., Deuse, J., & Richter, R. (2019). Industrial Data Science in Value
Creation Networks (in German). Zeitschrift Für Wirtschaftlichen Fabrikbetrieb, 114(12), 874–877 (Concept
of a Service Platform for Data Integration and Analysis, Competence Development and Novel Business Models).
https://doi.org/10.3139/104.112205
Merkle, J. A. (1980). Management and Ideology: The Legacy of the International Scientific Management Movement. UC Press.
Mitrofanov, S. P. (1946). Scientific Principles of Group Technology.
MTM ASSOCIATION e. V. (2021). Brand History. MTM ASSOCIATION e. V. https://mtm.org/en/brands/brand-history
Richter, R., & Deuse, J. (2011). Industrial Engineering in Modern Production (in German). Zeitschrift F. Angew.
Arbeitswissenschaft, 207(1), 6–13.
Roser, C., Lorentzen, K., Lenze, D., Deuse, J., Klenner, F., Richter, R., Schmitt, J., & Willats, P. (2017). Bottleneck
Prediction Using the Active Period Method in Combination with Buffer Inventories. IFIP-APMS, 374–381. https://doi.
org/10.1007/978-3-319-66926-7_43
Roser, C., Nakano, M., & Tanaka, M. (2002). Shifting Bottleneck Detection. Proc. Of the Winter Simulation Conference(1),
1079–1086. https://doi.org/10.1109/WSC.2002.1166360
Schmitt, J., Bönig, J., Borggräfe, T., Beitinger, G., & Deuse, J. (2020). Predictive model-based quality inspection
using Machine Learning and Edge Cloud Computing. Advanced Engineering Informatics, 45, 1–10.
https://doi.org/10.1016/j.aei.2020.101101
Schmitt, J., Hahn, F., & Deuse, J. (2019). Practical Framework for Advanced Quality-based Process Control in Interlinked
Manufacturing Processes. IEEE-IEEM, 511–515. https://doi.org/10.1109/IEEM44572.2019.8978870
Schulte, L., Schmitt, J., Meierhofer, F., & Deuse, J. (2020). Optimizing Inspection Process Severity by
Machine Learning Under Label Uncertainty. Advances in Human Factors and Systems Interaction, 3–9.
https://doi.org/10.1007/978-3-030-51369-6_1
Shewhart, W. A. (1931). Economic Control of Quality of Manufactured Product. Martino Publishing.
Sokolowski, A. P. (1938). Problems of Typification of Technological Processes. Lenitomasch.
Strauß, P., Schmitz, M., Wöstmann, R., & Deuse, J. (2018). Enabling of Predictive Maintenance in the Brownfield through
Low-Cost Sensors, an IIoT-Architecture and Machine Learning. In 2018 IEEE International Conference on Big Data
(Big Data). https://doi.org/10.1109/BigData.2018.8622076
Taylor, F. W. (1911). The Principles of Scientific Management. Harper & Brothers Publishers.
Valamede, L. S., & Akkari, A. C. S. (2020). Lean 4.0: A New Holistic Approach for the Integration of Lean Manufacturing
Tools and Digital Technologies. International Journal of Mathematical, Engineering and Management Sciences, 5(5),
851–868. https://doi.org/10.33889/IJMEMS.2020.5.5.066
van der Aalst, W., Adriansyah, A., de Medeiros, Ana Karla Alves, Arcieri, F., Baier, T., Blickle, T., Bose, J. C., van den
Brand, P., Brandtjen, R., Buijs, J., Burattin, A., Carmona, J., Castellanos, M., Claes, J., Cook, J., Costantini, N.,
Curbera, F., Damiani, E., Leoni, M. de,... Wynn, M. (2012). Process Mining Manifesto. In F. Daniel, K. Barkaoui,
& S. Dustdar (Eds.), Business Process Management Workshops (pp. 169–194). Springer Berlin Heidelberg.
https://doi.org/10.1007/978-3-642-28108-2_19
Wang, K.-S. (2013). Towards zero-defect manufacturing (ZDM)—a data mining approach. Advances in Manufacturing,
1(1), 62–74. https://doi.org/10.1007/s40436-013-0010-9
Wang, L., Zhao, G., Cheng, L., & Pietikäinen, M. (2011). Machine Learning for Vision-Based Motion Analysis. Springer
London. https://doi.org/10.1007/978-0-85729-057-1
Wang, T., Wang, X., Ma, R., Li, X., Hu, X., Chan, F. T. S., & Ruan, J. (2020). Random Forest-Bayesian Optimization for
Product Quality Prediction With Large-Scale Dimensions in Process Industrial Cyber–Physical Systems. IEEE Internet
of Things Journal, 7(9), 8641–8653. https://doi.org/10.1109/JIOT.2020.2992811
Wedel, M., Hacht, M., Hieber, R., Metternich, J., & Abele, E. (2015). Real-time Bottleneck Detection and Prediction
to Prioritize Fault Repair in Interlinked Production Lines. Procedia CIRP, 37, 140–145. https://doi.org/10.1016/j.
procir.2015.08.071
West, N., Schlegl, T., & Deuse, J. (2021). Feature extraction for time series classification using univariate
descriptive statistics and dynamic time warping in a manufacturing environment. IEEE-ICBAIE, 2(1), 762–768.
https://doi.org/10.1109/ICBAIE52039.2021.9389954
West, N., Syberg, M., & Deuse, J. (2022). A Holistic Methodology for Successive Bottleneck Analysis in Dynamic
Value Streams of Manufacturing Companies. In A.-L. Andersen, R. Andersen, T. D. Brunoe, M. S. S. Larsen, K.
Nielsen, A. Napoleone, & S. Kjeldgaard (Eds.), Lecture Notes in Mechanical Engineering. Towards Sustainable
Customization: Bridging Smart Products and Manufacturing Systems (pp. 612–619). Springer International Publishing.
https://doi.org/10.1007/978-3-030-90700-6_69
Wierse, A., & Riedel, T. (2017). Smart Data Analytics: Mit Hilfe Von Big Data Zusammenhänge Erkennen und Potentiale
Nutzen. Walter de Gruyter GmbH. https://doi.org/10.1515/9783110463958
12

Int. J. Prod. Manag. Eng. (2022) 10(1), 1-12

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

I
J

International Journal of
Production Management
PME and Engineering

https://doi.org/10.4995/ijpme.2022.16084
Received: 2021-08-10 Accepted: 2021-09-30

Solving Stochastic Multi-Manned U-shaped Assembly Line Balancing
Problem Using Differential Evolution Algorithm
Mohammad Zakaraia a1, Hegazy Zaher a2, Naglaa Ragaa a3
Faculty of graduate studies for statistical research, Cairo University,
5 Ahmed Zewail, Ad Doqi, Dokki, Giza Governorate, Egypt.
a1
zicooo82@gmail.com, a2 hgsabry@gmail.com, a3 naglaa777subkiii@yahoo.com
a

Abstract:
The U-shaped assembly lines help to have more flexibility than the straight assembly lines, where the operators can
perform tasks in both sides of the line, the entrance and the exit sides. Having more than one operator in any station
of the line can reduce the line length and thereby affects the number of produced products. This paper combines the
U-shaped assembly line balancing problem with the multi-manned assembly line balancing problem in one problem.
In addition, the processing times of the tasks are considered as stochastic, where they are represented as random
variables with known means and variances. The problem is formulated as a mixed-integer linear programming and
the cycle time constraints are formulated as chance-constraints. The proposed algorithm for solving the problem is
a differential evolution algorithm. The parameter of the algorithm is optimized using experimental design and the
computational results are done on 71 adapted problems selected from well-known benchmarks.
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1. Introduction
The assembly lines play an important role in
industry. They reduce the learning aspects by
dividing the assembly work into a set of stations that
move in some kind of transportation system, such as
conveyer belt, and they help to produce products in
a fixed time called the cycle time. The assembly line
balancing problem is the problem that is related to
optimizing the assignment of the tasks to the stations
in order to achieve some specific objectives, such as
minimizing the number of stations and minimizing
the cycle time. The simplified assumptions of the
problem consist of three set of constraints. The first
set of constraints is the set of assignment constraints,
which ensures that each task is assigned in only one
station. The second set of constraints is the cycle time
constraints, which ensures that the total processing

time of any station doesn’t exceed the cycle time.
The third set of constraints ensures that each task has
to be assigned after its predecessors. The problem
in research is classified into two categories, which
are the simple assembly line balancing problems
(SALBP) that only cover the simplified assumptions,
and the general assembly line balancing problems
(GALBP) which contain some other constraints
related to the practical relevancies.
The U-shaped assembly line balancing problem
(UALBP) represents one of GALBP. Its additional
practical constraints are related the shape of the
line, where the modification here is done on
the precedence constraints by considering the
successors beside the predecessors in the assignment
procedure. The reason of having the successors in
the assignment procedure is the shape of the line
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allows to have the operators inside the line, where
they can perform tasks either in the entrance or the
exist sides of the line. The multi-manned assembly
line balancing problem (MALBP) is another form
of GALBP. It adds another set of constraints to
the problem by considering the sequencing of the
tasks that may restrict assign tasks to the additional
operators in the same station. The contribution of
this paper is that it combines both of UALBP and
MALBP in one problem and presents a new mixedinteger programming model for such new problem.
In addition, the problem is solved under uncertainty
by having the stochastic processing times of the
tasks. Therefore, the mathematical model shows the
cycle time constraints as chance-constraints. Due to
the combinatorial nature of the problem that makes it
one of the NP-hard problems, the selected approach
for solving it is an efficient metaheuristic called
differential evolution algorithm (DE).
The paper is organized as follows. The second section
shows a literature review that covers some of word
presented in both of UALBP and MALBP. The third
section presents the mathematical model of the new
problem. The fourth section illustrates the developed
DE for solving the problem. The fifth section shows
a numerical example. The sixth section discusses
the parameters of the proposed DE and optimizing
its parameters using design of experiments (DOE).
Eventually, the seventh section is the conclusion.

2. Literature Review
This paper discusses a combination between UALBP
and MALBP. Therefore, this section covers some
the previous works which are presented in both
problems.
The first work in UALBP is presented by Miltenburg
and Wijngaard (1994). They showed the advantages
of using UALBP instead of using SALBP. UALBP
in research can be classified into three categories
according to objective functions: type-1, type-2, and
type-E (Rabbani, Kazemi, and Manavizadeh, 2012).
Type-1 is concerned with minimizing the number of
stations for a given cycle time (Yilmaz et al., 2020).
Type-2 objective is to minimize the cycle time with
a given number of stations. Type-E is to maximize
the line efficiency when the number of stations and
the cycle time are unknown (Oksuz, Buyukozkan,
and Satoglu, 2017). This paper considers multiobjectives for the new problem. The first objective is
to minimize the number of stations and the second is
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to minimize the number of operators. The reason of
having the number of operators as an objective is due
to having the multi-manned concept of MALBP. In
terms of minimizing the number of stations, there are
a lot of papers that were presented in UALBP. For
example, Ajenblit and Wainwright (1998) developed
an ordered-based genetic algorithm for solving
UALBP type-1 (UALBP-1). Scholl and Klein (Scholl
and Klein, 1999) proposed a branch and bound
procedure for solving many types of UALBP. Gökçen
et al. (2006) presented a shortest route formulation
for UALBP. Sabuncuoglu et al. (2009) developed ant
colony optimization for solving UALBP. Kara et al.
(2011) presented a resource dependent mathematical
model for UALBP. Hamzadayi and Yildiz (2012)
presented a genetic algorithm for solving UALBP
in case of having parallel stations and mixed
models. Hamzadayi and Yildiz (2013) developed a
simulated annealing for solving UALBP in case of
assembling mixed models. Jayaswal and Agarwal
(2014) proposed a simulated annealing approach the
resource dependent UALBP. Kucukkoc and Zhang
(2015) proposed a hybrid design for the assembly
line balancing problem that combines UALBP
with the parallel assembly line balancing problem.
They developed a heuristic procedure for solving
such hybrid design. Fathi et al. (2016) developed
a simulated annealing based proposed heuristic for
solving UALBP. Li et al. (2017) presented a rulesbased heuristic for solving UALBP. Sresracoo
et al. (2018) developed DE algorithm for solving
UALBP-1. Nourmohammadi et al. (2019) proposed
a water flow inspired algorithm for solving UALBP.
Zhang and Xu (2020) considered the energy cost
in objective functions and solved UALBP using
an improved flower pollination algorithm. Yılmaz
(2020a) produced a robust optimizatoin for the
U-shaped assembly line balancing problem with
worker assignment in case that the processing times
of the tasks are uncertain. Ö. F. Yılmaz (2020b)
developed a mathematical model for an integrated
bi-objective U-shaped assembly line balancing
problem that considers heterogenity inhert of
workers. He aimed to minimize the operational cost
and workload balance. Li et al. (2021) developed an
enhanced beam search heuristic for solving both of
type-1 and type-2 of UALBP.
The first mathematical model of MALBP showed
up in (Fattahi, Roshani, and Roshani, 2011a). They
solved the problem using ant colony optimization
algorithm. Fattahi et al. (2011b) developed an
improved simulated annealing for solving MALBP.
Their objectives are to minimize the number of
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stations and to maximize the line efficiency. Kellegöz
and Toklu (2015) proposed a genetic algorithm for
solving MALBP. Their objective is to minimize
the number of stations. Kellegöz (2017) another
mathematical model for MALBP. He proposed a
simulated annealing that uses a Gantt-based heuristic
for solving the problem. Michels (2018) proposed
genetic algorithm for solving MALBP. His objective
is to minimize the costs per production unit. Michels
et al. (2019) presented a mixed integer programming
model for MALBP that can be solved using Benders’
Decomposition Algorithm. Abidin Çil and Kizilay
(2020) proposed a constrainted programming
approach to solve MALBP. Their objectives are to
minimize the cycle time as primary objective and
to minimize the number of stations as secondary
objective. Zhang et al. (2020) developed an ant
colony optimization algorithm that solves MALBP
in case of having space constraints.
To the best of knowledge, the only work that considers the combination of UALBP and MALBP is
presented by Zakaraia et al. (2021), which the problem was sovled using stochastic local search (SLS).
The proposed DE algorithm herein is more intellegent than SLS, where the proposed DE contains better priority structure for constructing feasible solutions and it contains learning procedures to ignore
the worse solutions from the search space by replacing them with new random ones to increase exploration.

3. The Optimization Model
As aforementioned, this study concerns with
combining UALBP and MALBP under uncertainty
by having the processing times of the tasks as
stochastic random variables with known means
and variances and they are normally distributed.
Therefore, the cycle time constraints are formulated
using probabilistic constraints that are restricted by
predetermined chance probability. The mathematical
model can be formulated as follows:

3.1. Notations
i={1,…, n}

The set of tasks

j={1,…, m} The set of stations
k={1,…,l}

The set of operators

ct

Cycle time

kmax

The maximum number of operators in any
station
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ti

The processing time of task i (random
variable)

E(ti)

The expected processing time of task i

Var(ti)

The variance of task i

IP(ti)

The immediate predecessors of task i

IS(ti)

The immediate successors of tasks i

3.2. Decision Variables
1 if task i assigned to operator k in station j

xijk

0 otherwise


n


1
if
x ijk  0

y j  
i 1


 0 otherwise
The opened station decision variable

n


1
if
x ijk  0


R k  
i 1


 0 otherwise
The operator assignment decision variable

m
m


1
if
j
x

j x hjk  h  IPi 



ijk
P i  
j 1
j 1


 0 otherwise
The immediate predecessor’s assignment decision
variable

m
m


1
if
j
x

j x hjk  h  IS i 



ijk
S i  
j 1
j 1


 0 otherwise
The immediate successors assignment decision
variables

3.3. The Objective function
m

Min 

y j

j 1

l

1

k  1R k (1)

3.4. The Constraints
m

x ijk  1 i  {1  n }

(2)
j 1

P

n
i

t i x ijk

1

k m ax ct

α

j

{1

m}

(3)
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P ti xijk

α

P

n
i

k max

k 1 g iP i

j

t i xijk

1

t g x gjk

{1

ct

n

k max
k 1 h iS i

t h x hjk

k

{1

P i  S i  1 i  {1  n }

l}

(5)

The mathematical model contains some chanceconstraints that can be converted into deterministic
in order to be solved. The processing times herein
are normally distributed random variables with
known means and variance. Taha (2017) shows
how to overcome the chance-constraints through
converting them into non-linear deterministic
constraints. Therefore, the set of constraints (3),
(4), and (5) can be converted into the non-linear
deterministic form as shown in (7), (9), and (8)
respectively.

1

Var(ti)x ijk

kmax ct

1

i

j {1
m}
where Kα is the standard normal value of α

kmax

E(ti)xijk

E(tg)xgjk

k 1 g IP(i)

Kα Var (ti)xijk

(6)

The objective function (1) seeks to minimize the
number of stations and the number of operators.
The set of constraints (2) is the set of assignment
constraints, which ensures that each task is assigned
in only one station. The set of constraints (3) shows
that the maximum total processing time of the
assigned tasks of any station must be less than or
equal the cycle time multiplied by the maximum
number of operators. The set of constraints (4) is
the sequencing constraints that ensures that if any
of the immediate predecessors or successors of any
task are assigned on its station, then their processing
time added to the task processing time must not
exceed the cycle time. This set of constraints helps
to avoid assigning tasks to more than one operator
without considering the processing times of the
predecessors and successors. The set of constraints
(5) is the cycle time constraints for operators,
which ensures that the total processing time of any
assigned tasks to an operator must not exceed the
cycle time. The sets of constraints (3), (4), and (5)
are sets of chance-constraints, which are restricted
by a predetermined chance probability. The set
of constraints (6) is the set of predecessors and
successors constraints, which ensures that each
task has to be assigned either before its immediate
predecessors or before immediate successors.

n

E(tl) x ijk Kα

i

(4)

m}

α

ct

ct

n
i

j

{1

kmax

k

{1

E(th)xhjk

k 1 h IS(i)

Var(tg)xgjk

k 1 g IP(i)

kmax

l}

n
i

Var t i x ijk

1

(8)

Var(th)xhjk

k 1 h IS(i)

m}

E ti x ijk Kα

1

kmax

(7)





ct

(9)


4. The Proposed DE Algorithm
DE is one of the population-based metaheuristics
that consists of four phases. The first phase is the
initialization, which concerns with generating the
initial population of solutions. The second phase
concerns with the mutation procedure. The third
phase is concerned with the crossover procedure. The
fourth phase is the selection procedure. All of these
phases work iteratively until reaching the stopping
criterion, which is herein the number of iterations.

4.1. The initialization Phase
In the initialization phase, a set of random solutions
is to be generated in order to cover diversified areas
of the solution space. The problem here can have
random solution by generating random sequence
of the tasks. Such random sequence (T) represents
the priority of the tasks. So, any opened station will
have the top priority tasks that satisfy the problem
constraints through using the following heuristics:
Algorithm 1: The heuristic procedure
j=1, station Sj=Ø, and solution =Ø while T≠Ø do:
find the assignable tasks (AS) that ensure the
problem constrains if AS≠Ø then:
Assign the highest priority (P) task in T to Sj
T=T–{P}
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else:

the population through mutation and crossover
procedures and either select to keep solutions or
replace them. All of these steps are to be done in
iterative manner until reaching a stopping criterion,
which is herein the number of iterations.

solution = solution ∪ Sj
j = j+1 and Sj=Ø
return solution
DE algorithm uses vectors in its search methodology.
Therefore, the random sequence of tasks can be
generated using a vector that its length equal to
the number of tasks and its values are randomly
generated using the following equation:
Vi= rand (0,1)

(10)

Such random vector represents the position of the
solution. The next step of generating the random
sequence using such generated vector is to use the
bubble sort algorithm as follows:
Algorithm 2: Bubble sort for creating a random
sequence of tasks
T=the tasks vector arranged by index number
in ascending order
n=the number of tasks
Continue=1

4.2. The Mutation Phase
In the mutation phase, each solution in the population
is to be mutated using its positional vector. The
mutation procedure uses three positions to generate
new position Posnew. The first position is the position
of the best solution found Posbest. The second position
is the position of the current solution Poscurrent .
The third position Posother is a position of randomly
selected solution from the population that isn’t equal
to the current solution.
Posnew=Posbest–β(Poscurrent–Posother)

(11)

Algorithm 1 now is ready to be used to obtain
new solution using Posnew. The new solution is
to be compared with the best solution found and
replaces it if it is better. The parameter β is called the
differential weight, which helps to define how far the
new position from the three used positions.

i=1

4.3. The Crossover Phase

while Continue=1 do:

The crossover procedure uses both of Posnew and
Posother. In such process a new position is to be
generated by having properties from t Posnew
and Poscurrent. The process is controlled by a new
parameter CR, which is the crossover probability. So,
each value of the crossover position Poscross can be
generated using the following equation:

Continue=0
i'=1
while i'≤ n–i do:
if Vi' ≤Vi' +1 then
Temporary1=Vi'
Temporary2=Ti'
Vi'=Vi'+1
Ti'=Ti'+1
Vi'+1=Temporary1
Ti'+1=Temporary2
Continue=1
i'=i'+1
return T
By using equation (10), Algorithm 1, and Algorithm
2, the initial population can have a set of randomly
generated candidate solutions C(S). The next steps
of the algorithm are to update the solutions of
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Poscross

i

Poscurrent
Posnew

i

i

if rand 0 1
otherwise

CR

(12)


The solution of Poscross is to be generated and it will
replace the best solution if it is better.

4.4. The Selection Phase
The selection phase determines the new position of
the new solution in the next iteration. So, it can be
replaced by Posnew if it produces a better solution
than the current solution, or it will be replaced by
another solution that is generated randomly using a
random position Posrandom by using equation (10).
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5. Numerical Example
This section shows a numerical example to further
illustrate the model and the proposed DE algorithm.
The numerical example consists of 6 tasks. Its
cycle time is 8 and its precedence graph is shown
in Figure 1. The number of operators is 2 and the
chance probability is 0.95.

sorted RV vector (SRV), is to be used along with
another position vector of a random solution to find a
neighbor of the current solution. For illustration, VC
represents the position vector of the current position,
VCR represents the position vector of a random
solution, and VCN represents the position vector of
the neighbor solution. Table 2 shows the VCN after
using β=0.3.
Table 2. Generating neighbour using mutation phase.
Tasks
VC
SRV
VCR
VCN

Figure 1. The precedence graph of the numerical example.

In the initialization phase, the population of solutions
is to be generated using algorithm 1 and 2. So, the
generation of one of these solutions can be illustrated
as follows. Firstly, the number of tasks herein is 6.
Therefore, one of the random vectors (RV) can be
shown as follows:
Tasks
RV

1
0.3

2
0.8

3
0.9

4
0.4

5
0.2

6
0.5

After using the proposed bubble sort, algorithm 2,
the arrangement of the tasks that should be used with
the heuristic algorithm is as follows:
Tasks
RV

3
0.9

2
0.8

6
0.5

4
0.4

1
0.3

5
0.2

Now algorithm 1, the heuristic procedure, is ready to
be used. Table 1 shows the heuristic solution using
RV vector.
Table 1. The heuristic solution using RV.
Task
Processing time
Station
Operator
Completion time

3
4
1
1
4

6
6
1
2
6

1
1
1
2
7

2
5
2
3
5

4
3
2
3
8

5
5
3
4
5

The mutation phase is about to find another solution
in the local space of the current solution using the
linear combination found in Equation (11), where
it uses the position vector of the best solution
and a position vector of a random solution. If it
considered that the solution found in Table 1 is the
best solution, then its position vector, which is the
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1
0.9
0.9
0.9
0.9

2
0.6
0.8
0.8
0.9

3
0.5
0.5
0.7
0.6

4
0.4
0.4
0.3
0.35

5
0.2
0.3
0.2
0.3

6
0.1
0.2
0.1
0.2

The crossover phase is about to generated new
position vector using the position vector of the
current solution and the position of the random
solution, where this process selects characteristics
from both solutions. Table 3 shows the crossover
process, where the highlighted numbers show the
selected characteristics from each solution.
Table 3. Generating new solution using crossover process.
Tasks
VC
VCR
VCN

1
0.9
0.9
0.9

2
0.6
0.8
0.6

3
0.5
0.7
0.5

4
0.4
0.3
0.3

5
0.2
0.2
0.2

6
0.1
0.1
0.1

6. Experimental Design
The proposed algorithm is developed using python
programming in PC that has 2.93 GHz core2duo CPU
and 4 GB rams. It has five parameters, which are the
population size Popsize, the number of iterations Maxit,
the minimum values of the differential weight βmin, the
maximum value of the differential weight βmax, and
the crossover probability CP. Each parameter has four
levels shown in Table 4. The number of experiments
required to make the full factorial design is 45=1024
experiments. Such number of experiments can be
radically reduced using the Taguchi method by having
L16 orthogonal array, which only have 16 experiments.
The corresponding L16 orthogonal array for the current
experimental design is in shown in Table 5.
Table 4. The parameter levels of the experimental design.
Popsize

Maxit

βmin

βmax

CP

25
50
75
100

25
50
75
100

-1
-0.5
0
0.5

0
0.25
0.5
1

0.1
0.2
0.3
0.4
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Table 5. The required orthogonal array for the experimental
design.
Trail
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Popsize
25
25
25
25
50
50
50
50
75
75
75
75
100
100
100
100

Maxit
25
50
75
100
25
50
75
100
25
50
75
100
25
50
75
100

βmin
-1
-0.5
0
0.5
-0.5
-1
0.5
0
0
0.5
-1
-0.5
0.5
0
-0.5
-1

βmax
0
0.25
0.5
1
0.5
1
0
0.25
1
0.5
0.25
0
0.25
0
1
0.5

CP
0.1
0.2
0.3
0.4
0.4
0.3
0.2
0.1
0.2
0.1
0.4
0.3
0.3
0.4
0.1
0.2

The selected problems for design of experiments
are taken from well-known benchmarks can be
found in https://assembly-line-balancing.de/salbp/.
The problems included in such benchmarks are
deterministic and need to be adapted to fit the
mathematical model of this paper. Therefore, the
processing times of tasks in the selected problems
must have expected values and variances. In order
to adapt the problems, the expected values of the
processing times are considered the same as the values
of the original processing times and the variances
are calculated by subtracting each processing time
from the expected value and divide the output by
1000. Table 6 shows the selected problems for the
experimental design.

Table 6. The selected problems for experimental design.
Serial
1
2
3
4
5
6
7
8
9
10
11
12

Problem
JACKSON
JACKSON
MITCHELL
MITCHELL
HESKIA
HESKIA
SAWYER30
SAWYER30
ARC83
ARC83
ARC111
ARC111

Cycle time Number of tasks
7
11
9
11
14
21
15
21
138
28
205
28
25
30
27
30
5048
83
5853
83
5755
111
8847
111

The response value for the experimental design
includes the value of the objective function and the
CPU time where that leads to better solutions with
a little time consumption. Equation (13) shows
the required response value for each trail in the
experimental design.
Response 

m

y j

j 1

l

1

k  1R k



1
CPU time

(13)

The selected problems are different and each has
different solution and response value. Therefore, the
response values are normalized as shown in Table 7.
The analysis of variance for the parameter levels is
done in order to study main effects. Table 8 shows
the F-value and P-value for each parameter.

Table 7. The normalized values for the responses for each selected problem.
Trail
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

1
0.062
0.062
0.062
0.062
0.062
0.062
0.063
0.063
0.062
0.062
0.063
0.062
0.062
0.063
0.062
0.062

2
0.063
0.063
0.063
0.062
0.063
0.063
0.063
0.062
0.063
0.062
0.063
0.063
0.063
0.063
0.063
0.063

3
0.063
0.063
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.063
0.062
0.062
0.063
0.062
0.062
0.063

4
0.062
0.063
0.063
0.062
0.063
0.062
0.062
0.062
0.062
0.063
0.063
0.063
0.063
0.062
0.062
0.063

5
0.062
0.060
0.063
0.061
0.065
0.061
0.064
0.064
0.061
0.062
0.065
0.066
0.065
0.060
0.061
0.061
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6
0.069
0.061
0.057
0.063
0.073
0.056
0.069
0.061
0.069
0.057
0.060
0.055
0.058
0.060
0.072
0.062

7
0.061
0.062
0.058
0.062
0.060
0.063
0.063
0.058
0.067
0.061
0.063
0.063
0.063
0.063
0.069
0.061

8
0.062
0.059
0.060
0.067
0.061
0.061
0.067
0.067
0.061
0.059
0.065
0.066
0.059
0.059
0.066
0.060

9
0.061
0.061
0.063
0.064
0.064
0.067
0.067
0.061
0.061
0.061
0.061
0.061
0.065
0.060
0.061
0.061

10
0.062
0.058
0.063
0.063
0.064
0.058
0.064
0.063
0.058
0.064
0.065
0.065
0.063
0.065
0.064
0.059

11
0.063
0.063
0.063
0.063
0.063
0.063
0.063
0.063
0.063
0.063
0.059
0.063
0.063
0.059
0.063
0.061

12
0.062
0.064
0.063
0.064
0.059
0.064
0.063
0.061
0.063
0.062
0.063
0.062
0.062
0.061
0.063
0.065
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Table 8. The analysis of variance for each parameter.
Parameter
Popsize
Maxit
βmin
βmax
CP

F-value
0.59
3.54
1.42
1.60
0.45

P-value
0.62
0.016
0.24
0.19
0.71

The null hypothesis is accepted in all parameters
except in the number of iterations. Therefore, the
Tukey’s honest significant difference test is applied
to show which parameter levels differ. Figure 2
shows that the worst parameter level for the number
of iterations is 75 iterations and there is no significant
difference between the remaining levels.

Figure 2. Tukey’s interval plot for the number of iterations
parameter.

7. Computational Results
This section shows the results of applying the proposed
DE algorithm on 71 adapted problems for the same
benchmarks found in the experimental design section.
Table 9 shows the computational results.
Table 9. The computational results.
Problem
Problem size Cycle time Result CPU time
MERTENS
7
6
3.83
0.001
MERTENS
7
7
2.83
0.001
MERTENS
7
8
2.83
0.001
MERTENS
7
10
2.75
0.001
MERTENS
7
15
1.5
0.001
MERTENS
7
18
0.5
0.005
BOWMAN8
8
17
4.83
0.001
BOWMAN8
8
20
3.8
0.003
BOWMAN8
8
21
3.8
0.005
BOWMAN8
8
24
3.8
0.001
BOWMAN8
8
28
2.8
0.003
BOWMAN8
8
31
1.67
0.001
JAESCHKE
9
6
5.88
0.001
JAESCHKE
9
7
5.86
0.001
JAESCHKE
9
8
5.86
0.002
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Problem
Problem size Cycle time Result CPU time
JAESCHKE
9
10
3.8
0
JAESCHKE
9
18
2.67
0
JACKSON
11
7
5.88
0.029
JACKSON
11
9
4.86
0.001
JACKSON
11
10
3.83
0.003
JACKSON
11
13
2.75
0.005
JACKSON
11
14
2.75
0.001
JACKSON
11
21
1.67
0.001
MANSOOR
11
45
2.8
0.019
MANSOOR
11
54
2.75
0.001
MANSOOR
11
63
1.67
0.026
MANSOOR
11
72
1.67
0.001
MANSOOR
11
81
1.67
0.001
MITCHELL
21
14
7.9
0.002
MITCHELL
21
15
6.9
0.004
MITCHELL
21
21
3.86
0.023
MITCHELL
21
26
2.8
2.247
MITCHELL
21
35
2.75
0.003
MITCHELL
21
39
1.67
2.439
HESKIA
28
138
4.88
0.192
HESKIA
28
205
2.83
0.833
HESKIA
28
216
2.8
0.086
HESKIA
28
256
2.8
0.009
HESKIA
28
324
1.75
0.013
HESKIA
28
342
1.75
0.014
SAWYER30
30
25
7.94
6.457
SAWYER30
30
27
7.93
0.51
SAWYER30
30
30
7.92
0.132
SAWYER30
30
36
5.9
0.016
SAWYER30
30
41
4.89
8.426
SAWYER30
30
54
3.86
0.027
SAWYER30
30
75
2.8
0.008
KILBRID
45
57
5.9
1.401
KILBRID
45
79
3.88
0.016
KILBRID
45
92
3.86
0.01
KILBRID
45
110
2.83
0.277
KILBRID
45
138
2.8
0.009
KILBRID
45
184
1.67
15.791
TONGE70
70
176
11.96
0.447
TONGE70
70
364
5.91
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TONGE70
70
410
4.89
1.524
TONGE70
70
468
3.88
4.191
TONGE70
70
527
3.86
0.018
ARC83
83
5048
8.94
18.726
ARC83
83
5853
7.93
3.26
ARC83
83
6842
6.92
32.885
ARC83
83
7571
5.91
9.666
ARC83
83
8412
5.9
1.057
ARC83
83
8998
4.89
7.431
ARC83
83
10816
3.88
1.209
ARC111
111
5755
15.97 31.141
ARC111
111
8847
9.95
0.43
ARC111
111
10027
8.94
13.533
ARC111
111
10743
7.93
88.503
ARC111
111
11378
7.93
3.89
ARC111
111
17067
4.89
8.653
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Solving Stochastic Multi-Manned U-shaped Assembly Line Balancing Problem
Using Differential Evolution Algorithm

8. Conclusion
The problem handled in this paper considers a
combination between UALBP and MALBP under
uncertainty. Such combination leads to minimize
the line length through having more than one
operator in any station and utilizing the flexibility
of the task’s assignment in U-shaped lines. The
processing times of the tasks differ from operator
to another, where that leads to uncertain values of
them. Thus, the processing times of the tasks are
represented as random variables with known means
and variances. Therefore, the cycle time constraints
of the mathematical model for such combined

problem are represented as chance-constraints. The
proposed approach for solving the problem is DE
algorithm. The algorithm parameters are optimized
and 71 adapted problems have been solved as a
computational result. The future points of research
may include the following:
-

Formulating the same problem with another
type of uncertainty such as fuzzy and rough
programming.

-

Including space constraints.

-

Including worker assignment.

-

Proposing other approaches for solving the same
problem.
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Abstract:
The adoption of lean manufacturing (LM) in small and medium-sized enterprises (SMEs) is not as vigorous as in
large organizations. This purpose of this study is to assess the maturity level of LM implementation in the machinery
and equipment (M&E) SMEs. The close-ended survey questionnaire method was adopted in three Malaysian
manufacturing M&E SMEs, and data was collected for the descriptive analysis. The findings showed that these
case companies are generally at a low-to-moderate level in terms of LM understanding. Meanwhile, the extent of
LM implementation and the success level is still moderate. The proposed LM conceptual model provides valuable
perspectives and establishes a holistic understanding of the phenomena in LM maturity status for M&E SMEs.
The proper synchronization of LM understanding, implementation, and success are vital to building the strong LM
maturity foundation for lean organizational transformation. It serves as useful guidance and strategic framework to
other companies in dealing with the operational excellence challenges. The significance of this study will help M&E
SMEs to identify their current position and promote progress in the lean application journey. This will benefit the
management team and lean practitioners in decision-making and enhance tactics to attain a higher level of success.

Key words:

Lean manufacturing, Small and medium-sized enterprises, Lean maturity, Machinery and equipment, Conceptual
model.

1. Introduction
Small and medium-sized enterprises (SMEs) are
always constantly searching for new chances
to continuously develop their business sector
transformation in the globally competitive market.
Nowadays, the manufacturing industry faced various
challenges in business sustainability, operational
efficiency, and cost-saving. Lean manufacturing
(LM) is one of the systematic management systems
or tools that can help firms provide value-added
processess to customers and minimize unnecessary
waste (Achanga et al., 2006; Driouach et al.,

2019; Womack et al., 1990). Lean production
implementation leads to operational excellence and
enhances product quality (Driouach et al., 2019;
Liker, 2004; Shah and Ward, 2002; Ulewicz and
Kucȩba, 2016; Womack et al., 1990; Yahya et al.,
2019). In Malaysia’s manufacturing sector, SMEs are
classified as companies with sales of RM50 million
or not exceeding 200 full-time employees (SME
Corp. Malaysia, 2020). SMEs are the core of the
economy and contribute to the nation’s development.
Malaysian SMEs gross domestic product (GDP)
grew by 5.8% in 2019 compared to 6.2% in 2018. The
share of GDP contributed by SMEs rose to 38.9%
in 2019 from 38.3% in the previous year (DOSM,
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2020). Although LM is commonly applied in large
enterprises, many existing studies still illustrated the
inconsistency of LM adoption in different industries
and countries, especially in SMEs (Abu et al., 2019;
Khusaini et al., 2014; Nordin et al., 2013). Achanga
et al. (2006) stated that many SMEs had not adopted
LM. Driouach et al. (2019) claimed that many SMEs
are still struggled to introduce LM to their processes.
In the Malaysian 11th Programme, the machinery and
equipment (M&E) sector serves as a driving force to
shift to higher economic growth. The sub-sectors of
M&E had contributed RM41.5 billion to exports in
2019 compared to RM40.5 billion in 2018 (MIDA,
2020). This reflects Malaysia’s efficient and fastexpanding economy in achieving towards Regional
Production Hub for M&E. Malaysian M&E sectors
are categorized into four main sub-sectors (MIDA,
2020):
i. Specialized process machinery or equipment for
specific industry;
ii. Metalworking machinery;
iii. Power generating machinery and equipment;
iv. General industrial machinery & equipment,
components, and parts.
Shah and Hussain (2016) found that the textile
sector in Pakistan just begin to implement LM, and
more than half are in-transitional due to insufficient
understanding of the lean concept. Kherbach et al.
(2019) indicated that 87% of the surveyed small
manufacturers in Romania need lean training,
especially for their engineers and supervisors. Based
on the study conducted by Antosz and Stadnicka
(2017), 55% of the automotive SMEs in Poland
did not implement LM, and for those who have,
29% are used the 5S lean tool solely. Sumantri
(2017) recorded low lean implementation in logistic
operations among SMEs in East Java of Indonesia,
attributed to internal resistance, unavailability
of resources, lack of leadership, and inadequate
training. From the survey of 84 manufacturing SMEs
in North Africa, Belhadi et al. (2018) concluded that
despite their great need for lean, its implementation
is very low due to the lack of resources and cultural
issues. Nordin et al. (2013) revealed weak LM
implementation in their preliminary survey at
30 Malaysian automotive component manufacturing
firms. The LM practices implementation in the
Malaysian food and beverage industry is at its
infancy based on the questionnaire survey of
53 organizations (Khusaini et al., 2014); besides, the
majority of surveyed firms considered the negative
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perception towards LM as the most critical barrier.
Abu et al. (2019) studied the LM implementation
in 148 Malaysian furniture companies, found that
employee-related matters such as lack of labour
resources, poor application of know-how, and
employee resistance to change are the barriers in
lean organizations. Ali Maasouman and Demirli
(2015) presented a lean maturity model, which is
crucial in achieving a sustainable lean status but is
limited to manufacturing cells. Yadav et al. (2019b)
highlighted that SMEs are frequently overlooked
by researchers when it comes to lean adoption in
comparison to large enterprises. Even though there
are no statistically significant differences between
SMEs shown in the maturity of lean practices
adoption in Brazilian manufacturing companies, the
findings vary when smaller companies are compared
to large enterprises (Bento and Tontini, 2019).
Accordingly, the above studies indicated that LM
implementation remains surprisingly low and
lacks attention by the researchers. Although it was
introduced in several industries in many countries
other than the automotive industry, most SMEs still
struggle to advance their lean practices. Furthermore,
the present literature research on LM adoption for
Malaysian M&E is just 2.3%, much less than the
automobile industry’s 37.1% (Osman et al., 2020).
As a result, this study aims to assess the maturity
level of LM implementation in M&E SMEs to close
the current gaps. According to literature reviewed by
Zanon et al. (2020), a greater lean maturity status is
linked to better operational performance. The created
LM conceptual model provides useful perspectives
into understanding phenomena in LM maturity
progress in M&E SMEs. It serves as useful guidance
and strategic framework to other companies in
dealing with operational challenges. The significance
of this study will help M&E SMEs to identify their
current position in the lean application journey.
This paper is outlined into six sections: the first
section mentions the overall LM implementation
maturity level at different countries or industries. It
highlights the problem statement and gap analysis.
The second section reviews the current LM maturity
assessment frameworks or models application. The
third section contains the research methodology
and overview of the case companies background.
The fourth section presents the survey analysis. The
LM maturity conceptual model is developed and
discussed in the fifth section. Lastly, the sixth section
explains the conclusions, research implications, and
future works recommendations.
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2.

Review of LM Maturity
Assessment Frameworks in SMEs

Driouach et al. (2019) stated that SMEs, especially
Very Small Business (VSBs), still have difficulties
adapting LM to their process within the organizations
based on the various lean implementation
frameworks presented in their literature review.
Carvalho et al. (2019) revealed that the large
organizations in Brazil have already demonstrated
some reluctance in implementing LM. Still, small
businesses are unaware that LM exists or is too cozy
to rethink and implement it practically. Majava and
Ojanperä (2017) stated that the lean philosophy
application is a workable and famous approach in
developing and enhancing production activities from
a case study analysis in Finnish-based manufacturing
SMEs. The findings from Sahoo and Yadav (2018)
suggested overall positive effects on a firm’s
operational performance as a result of adopting lean
tools and philosophy in Indian SMEs. Rose et al.
(2010) recommended fifteen feasible lean practices
for SMEs split into three category levels: basic,
intermediate, and advanced. Basic lean techniques
are fundamental tools and soft skills executed at the
operational level, such as 5S, visual control, quality
circle, and teamwork. Intermediate lean practices
would require cross-department initiatives and
include cellular manufacturing, setup time reduction,
continuous improvement, etc. Finally, advanced lean
methods use the first two categories to carry out
more intricate lean functions, such as small lot sizes,
Kanban, and continuous flow. Belhadi et al. (2016)
proposed an implementation framework for lean
production in SMEs, comprising of the necessary
components (process, tools, success factors) in three
phases.
Afonso and Cabrita (2015) developed a lean
supply chain framework based on the performance
measurement perspective, but it lacks process
performance indicators and other soft lean practices
(human elements). Leite et al. (2016) formulated a
roadmap for applying lean techniques within SMEs’
product development teams; Hemilä and Vilko
(2015) developed a model in manufacturing industry
supply chain SMEs, but both lean methodologies
are not applicable in terms of production operation
perspective. Sousa et al. (2018) implemented project
management good practices with lean production
methodologies to enhance the process efficiencies
in a SMEs Portuguese innovation company via
an action research methodology. Five phases of
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implementation were developed to enhance the
production from the “As-Is” model to the future
“To-Be” model by applying lean principles and
tools. Belhadi et al. (2017b) presented a significant
improvement in the lean performance indicators
with the successful deployment of the framework of
lean principles through a set of success factors. Ali
Maasouman and Demirli (2015) proposed a visual
maturity model to evaluate the overall leanness
for LM cells through analysis of lean in seven
axes. Zanon et al. (2020) developed the integrated
lean maturity model showed that the performance
assessment practices through the application of a
performance measurement system (PMS) could
foster lean practices and promote improvements in
the organizations.
Kolla et al. (2019) stated that there are many
evaluation models which are available to assess the
performance of an organization in accordance with
either Lean Production System (LPS) or Industry 4.0;
however, these models are also complicated and
do not meet the specific needs of SMEs for further
progression. This is one of the key issues that
prohibit the effectiveness and advancement of LM
applications in SMEs. Ramadas and Satish (2018)
showed that employee barriers in LM implementation
for SMEs are substantial inadequate training and
experienced staff, lack of knowledge of experienced
specialists, and cultural resistance to change. Shah
et al. (2019) proposed the lean manufacturing in
small-sized engineering organizations (LEMSEO)
model for implementing LM successfully in
three phases which consists of 20 steps for SMEs,
namely LM awareness, the confidence of successful
implementation, and full-scale sustainable LM
projects. Abu et al. (2021) presented that culture
and human behaviour, knowledge, and resources are
three main factors that have a synergetic impact on
LM implementation in manufacturing industries.
Based on the presented literature review, there is an
apparent lack of investigation of the detail regarding
LM implementation maturity level, specifically
mapping with the M&E SMEs. So far, this subject’s
research does not furnish a comprehensive LM
framework for enhancing lean maturity among
employees and establishing a robust lean culture in
SMEs. Most of the existing frameworks are focused
on the LM implementation operational steps, lean
principles enhancement, lean tools application, and
lean performance measurement. Before proceeding
with the actual LM implementation, the current LM
maturity level assessment is still less highlighted
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in the early beginning stage. Besides that, there is
a lack of synchronization and proper alignment for
the thorough LM understanding, implementation,
and success level to enhance the effectiveness and
efficiency of the lean application in SMEs. This
always resultant in poor LM implementation and
caused the lean initiative to fail eventually. Therefore,
there is a strong need to develop a practical LM
maturity assessment model specifically created to
provide a valuable guide for LM adoption in M&E
SMEs to bridge this gap.

3. Research Methodology
This study was carried out by using a multiple
case studies approach. The purposive sampling
approach was used to choose three SMEs that shown
high interest and desire to partake. The case study
explored a holistic understanding of the phenomenon
for LM implementation experiences in M&E
SMEs. The selection criteria are M&E companies
that fulfilled the Malaysian manufacturing SME’s
definitions are eligible for this study. Table 1
depicts the overall background of the three case
companies. All organizations have been in operation
for more than 10 years and have varying degrees
of LM implementation. The targeted respondents
were questioned about their current extent of
LM implementation maturity in the company in
terms of three different dimensions of assessments
(understanding, implementation, and success). The
interview questionnaires structures are divided into
two sections as following:

i. The first part is about the general company
information and the background of respondents.
ii. The second part is to assess LM maturity in terms
of understanding, implementation, and success
level.
All case companies were informed three weeks in
advance before the visit. The survey questionnaires
were distributed on site. The questionnaires
developed were checked by the two local university
academicians who are specialist in the LM area and
good manufacturing practices for pilot study before
ready for field data collection. This validated that the
SMEs’ respondents comprehended the questions’
context and ensured the results’ trustworthiness.
A total of 40 respondents from M&E SMEs were
selected from executive-level and manager-level
staff to answer the close-ended survey in the company
premises. In the survey questionnaires, there is
a total of three questions. These questions were
formed based on a five-point Likert scale in order
to gauge each variable’s level of implementation.
The scale was ranged from 1 to 5 where 1 = very
low, 2 = low, 3 = moderate, 4 = high, and 5 = very
high. The respondents were briefed and requested
to rate against the questions (variables) in assessing
their agreement by given values ranging from 1
(lowest) to 5 (highest). During the site plant tours,
the operation process on the production floor was
examined to verify the respondents’ replied. This is
followed by descriptive analysis of the data collected
using Microsoft Excel, and the results were tabulated
for discussion.

Table 1. Case Studies Company Background Information.
Company name
Year of establishment

A
1990

B
2006

C
1997

Company ownership

Family own

Joint venture

Joint venture

32

60

40

No. of full-time
employees
Year sales turnover
(RM)

Within 10 million to 15
million range

Main products

Rubber machinery

Surface treatment

Industrial wires

Certifications/
achievements

SMEs SCORE 4 Star (2019)

ISO 9001:2015; AS9001;
NADCAP; SME Award 2015

ISO 9001:2015;
ISO 14001:2015

≈3 years

≈7 years

≈15 years

High mix low volume

High mix low volume

Low mix high volume

General industrial M&E parts

Specialized process in M&E
agriculture

Specialized process in M&E
aerospace

No. of years LM
implementation
Manufacturing type
Type of M&E
sub-sector

26

Within 5 million to 10 million Within 5 million to 10 million
range
range
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4. Survey Analysis of LM Maturity
Level in the Case M&E SMEs
Most respondents of the case SMEs stated that the
level of understanding towards LM in their company
was only moderate (73%), while 13% indicated that
it was at a high level. Likewise, the extent of LM
implementation in the case companies was around
58% at a moderate level and 30% at a high level.
Half of the total respondents claimed that the level
of success towards LM implementation projects
was at an intermediate level, and 30% agreed it was
high. None of the respondents replied that the status
of LM implementation maturity was very high. The
extent of LM maturity of the three M&E cases was
evaluated, as shown in Figure 1. In summary, the
overall mean score achieved for the level of LM
understanding in the M&E SME cases was found at
low-to-moderate level (2.90), while the extent of LM
implementation (3.15) and present success (3.08) is
at a moderate level.
Employee involvement and the lack of appropriate
lean subject matter knowledge and personnel skills,
especially in SMEs, need to be emphasized as a key
issue. In each case, the top management leadership
teams support the lean initiative programs and are
willing to allocate relevant resources to the project
to ensure the LM implementation is successful.
However, fundamental lean training on lean
principles must be provided to all employees at
the beginning stage of the project management and
encourage them to practice the lean principles in the
workplace. This will make the employees feel that
what they have learned is valuable and can be applied

directly to achieve successful outcomes. However,
the correlation for the respondents’ perception in
the context of the current lean adoption versus the
actual real-life LM application in the case companies
still needs to be practically validated via in-depth
empirical study. From the results analysed, there was
still much room for improvement to achieve a better
performance in these three case companies towards
mature lean organizations and readiness of LM
implementation from end-to-end in a higher level for
the long-term sustainability.
The study found a similar perception of LM in terms
of understanding, implementation, and success level
in these cases, echoing the literature review (Nordin
et al., 2013; Punnakitikasem et al., 2012; Shah and
Hussain, 2016). In general, lean applications in the
case of SMEs are still fragmented and imbalanced.
The current extent of LM implementation in these
SMEs was far from being world-class.
Human factors (soft lean methods) are critical for
SMEs (Mamat et al., 2015). Despite sufficient
training provided, SMEs are usually unable to achieve
the intended results of LM adoption ultimately. Staff
needs to put their newly acquired abilities into action
as fast as possible in order to build up and deepen
their grasp of LM. This should be incorporated
into the employee’s performance management
plan. Employees will value lean concepts more if
they are connected to and convinced that LM will
make their jobs easier. SMEs are often found to be
overconfident in their abilities and capabilities to
apply lean practices in one go (Rose et al., 2017).
However, SMEs are unable to sustain massive losses
in business due to their financial capacities. The

Figure 1. A Survey Analysis of LM Maturity Level.
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LM adoption is obviously still not broad but rather
restricted to specific parts of the organization with
minimal success. The issue is common among SMEs
that are dealing with more acute resource and LM
skills limitations.

5. Development of LM Maturity
Conceptual Model
The LM implementation maturity in M&E SMEs was
assessed in the three critical dimensions: the level of
LM understanding, the extent of LM implementation,
and the LM implementation success level. All these
three dimensions were investigated independently
rather than together in previous studies. The analysis
shows that the overall LM implementation maturity
level in the M&E SMEs is low to moderate. This
finding aligns with the research presented by
Yadav et al. (2019b), which indicates that the lean
implementation in SMEs are not explicit, as many
SMEs have minimal understanding and knowledge
in LM. The M&E SMEs respondents perceived that
they have obtained the basic LM understanding and
adopted the fundamental lean tools practices in a
particular process application. However, the extent
of LM implementation is still very limited or covered
in specifically selected areas but not expand on a
large scale at the entire organizational level. Figure 2
shows the combination of these three dimensions
and their integrated elements that formed the LM
maturity conceptual model for enhancement.

From analysis, the success level achieved was
fragmented, as there is still inconsistency of LM
implementation in SMEs. SMEs management and
lean practitioners can utilize this proposed model
to gauge the status of LM maturity and define the
right strategy to move on. Abdallah et al. (2021)
stated that both social (human aspects) and technical
(tools and techniques) LM were discovered to have
a beneficial impact on operational performance in
manufacturing SMEs. Puvanasvaran et al. (2015)
performed a study of lean behavior in business
development and information technology (IT) found
out that the employees were lack of substantial lean
implementation expertise and skillsets. The results
revealed that employees’ lean behaviour practices
had been improved after adopting the lean tools. The
strong connection of these dimensions, with the total
commitment of employees from all organization
levels, play an essential role to create a sustainable
LM maturity culture for continuous improvement as
follows:
i. LM thinking improvement mindset – Right lean
thinking and positive attitude can speed up the
improvement efforts.
ii. LM theory learning and application – The
fundamental knowledge about lean concepts or
principles of learning needs to be appropriately
applied in the workplace for problem-solving.
iii. LM key performance measurement – The
relationship of key performance input variables

Figure 2. Conceptual Model of LM Maturity Level.
28

Int. J. Prod. Manag. Eng. (2022) 10(1), 23-32

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

Conceptual Model for Assessing the Lean Manufacturing Implementation Maturity Level in Machinery and
Equipment of Small and Medium-sized Enterprises

with process approach adoption aligned with key
performance output variables (cost, quality, time,
delivery, etc.) in LM result assessment.
Amrani et al. (2018) conducted the lean maturity
assessment by calculating the leanness level divided
into three categories: structural, organizational, and
human metrics. The continuous improvement cycle
is another essential component of this LM maturity
model. Lean maturity evaluation process steps are an
iterative cycle and an ongoing improvement journey.
Thus, SMEs must practice the feasible lean tools to
grasp the in-depth understanding and expand the
LM implementation to other critical areas in order to
achieve tremendous success at entire organizational
level.

5.1. LM Thinking Improvement Mindset
The LM change management is essential as
early readiness for all employees towards the
cultural changes in SMEs. The creation of the LM
environment and culture will build a positive lean
thinking mindset towards a continuous improvement
journey. The end in mind concept shall be instilled
in every employee’s mindset to visualize the LM
success result in the future. Critical lean thinking has
been introduced by Liker (2004) with emphasized
the five key lean principles, which are: specify the
value, mapping the value stream, creating flow,
establishing pull, and pursuing perfection. The LM
thinking involves eliminating the waste and creating
value-added activities in fulfilling the customer’s
requirements. The application of lean thinking in
SMEs can significantly improve organizational
efficiency in India (Yadav et al., 2019a). The processbased approach and risk-based thinking can assist in
identifying the top pareto of waste areas. The top
management shall inform the strategic planning in
the company and support the employees in working
towards the common lean goals successfully.
The current state of “As-Is” needs to define and
the future state “To-Be” state in a lean roadmap
established. The right LM thinking mindset will
affect the employee’s attitude and strive to achieve
excellent job performance in LM implementation.
Management is crucial in deciding an organization’s
success or failure. The management should always
promote the benefits of LM and convince their
employees of the significant implication of LM
if they execute systematically. The employer can
develop their employee and nurture the talents to
unleash their workforce’s limitless potential by
instilling them with correct lean behaviours.
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5.2. LM Theory Learning and Application
The LM theory learning is still very poor, especially
in SMEs; this is due to the lack of an in-depth
understanding of the real meaning of the lean concept.
Belhadi et al. (2017a) stated that the true meaning of
the lean theory and principles does not seem to be
readily grasped or perceived by SMEs, which could
be a major obstacle to achieving anticipated results.
It is claimed that if stakeholders understand the lean
benefits, they will be more inspired to implement the
initiative (Yadav et al., 2019c). Many SMEs claimed
that they already apply lean but without knowing
that in detail. This caused them to apply the wrong
lean tool and techniques in their workplace. The
common barrier in LM implementation is the misuse
or wrong application of LM tools practices. Belhadi
et al. (2017a) claimed that the deficiency of tailored
lean implementation approaches in the improvement
programs always leads SMEs to a major problem
in adapting the implementation process to suit their
requirements. This always caused the LM initiative
to fail and not able to deliver the intended results.
SMEs should adopt suitable approaches in the LM
application as not all the lean tools are appropriate
to apply in SMEs. Puvanasvaran et al. (2010)
proposed the People Development System (PDS) to
improve the problem-solving capabilities among its
staff while applying lean process management. The
management should allocate the necessary resources
and encourage the employee to upgrade their skills
expertise in problem-solving. The management shall
lead as a role model in cultivating the applied learning
environment in the organization. The engagement
of lean consultants will transfer the elementary
knowledge for the employees in order to for them
to be well prepared for the lean task assigned. The
lean principles learned should have cross-link to
their respective daily jobs perform in the workplaces
and apply it directly to assess the effectiveness in
problem-solving.

5.3. LM Key Performance Measurement
The proper selection of key performance measurement
matrices is crucial to determine and assess the
success level of LM implementation in SMEs. The
more remarkable LM maturity level will create better
operational performances. It has been found that
after lean practices have been completely applied in
the targeted areas with established key indicators,
the intended results will be attained (Santos Bento
and Tontini, 2018). The active involvement from all
the employees will motivate each other and move
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forward with teamwork. The individual or team
performance in job competency and capability is
strongly tied with the performance measurement in
providing the rewards and promotion to higher-level
jobs. Amrani et al. (2018) analyzed the leanness
metrics across three elements: consistency, frequency,
and relevancy to evaluate the advancement of lean
implementation. The lean assessment can be carried
out to assess the various key performances such
as people, process, and technology for continuous
improvement. The high involvement of employees
in lean will increase LM implementation at the entire
organizational level and create a solid lean culture.
According to the findings from Galeazzo (2019),
the degree of leanness is unrelated to financial
performance, while lean maturity favorable influence
on financial performance. Therefore, the key focuses
on performance outcomes are cost, quality, and
time, creating value-added to customers. The critical
success factors for enhancing the LM implementation
in SMEs need to be identified to improve the
possibility of success. SMEs need to place the top
pareto of waste areas with prioritization, as knowing
that the SMEs have limited resource capability in
lean project implementation. The selection of key
performance input variables (process parameter
setting) is vital to match with its corresponding key
performance output variables (cost, quality, time,
delivery, etc.), producing the quantifiable result
in fulfilling the customer requirements with good
product quality.

The findings from the three case studies revealed
that the LM understanding level in the M&E
SMEs is low to moderate. In contrast, the present
LM implementation level and success level is still
moderate. There are some critical challenges and
inhibitors encountered during the LM adoption,
especially on the human-related factors such as lean
understanding knowledge adoption in enhancing
employee’s lean skills expertise application that
needs to be focused thoroughly by top management.
The LM maturity level in M&E SMEs is assessed
in three dimensions combined with three essential
integrated elements to form a conceptual model.
The implication of the proposed model provides the
strategy guidelines for M&E SME’s lean practitioner
and management level staff in prioritizing the
available resources in enhancing the LM maturity
sustainability to a higher level of success. The
proper synchronization of LM understanding,
implementation, and success are vital to building
the strong LM maturity foundation towards the lean
transformation in Industry 4.0 for M&E SMEs. The
limitation of this study is this conceptual model is
still not yet practically validated. It is suggested
that it be applied in the actual case study to verify
the effectiveness further. The correlation of the key
elements presented can be expanded via statistical
analysis to test the significance level of the
relationship in future studies.

6. Conclusions

The authors would like to thank the SMEs case
companies and Universiti Teknikal Malaysia Melaka
(UTeM) as the research institution for their strong
support in completing this study.

This study aims to assess the current maturity level
of LM implementation, specifically in M&E SMEs.
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Abstract:
This study aims to analyze the failure factors of PT. XYZ in 2018 – 2020 in terms of time, cost, labor, Health,
Safety, and Environment (HSE), and quality based on the Success Project Factor (SPF). It includes 183 projects
with the Non-Probability Sampling technique. The researcher uses fishbone and Pareto to identify problems.
The results showed Schedule Performance Index (SPI) < 1 indicated the project is in the late category, the Cost
Performance Index (CPI) < 1 indicated cost overrun, Safety Performance Index (SFPI) > 0 indicated the K3 target
could not be reached, the Client Satisfaction Index (CSI) = 34.03, indicated that it is in the dissatisfied category,
then Productivity Coefficient Plan < Realization, it meant the workforce was less productive. After the analysis
of fishbone and Pareto, the data show that the highest cause was 13% due to lack of supervision, project cost
aspects were 13% due to delays, HSE project aspect were 13% due to no K3 process before work begins, the
quality aspect was 17% due to no training, and the labor aspect was 17% due to poor worker discipline.

Key words:

Success Project Factor, Schedule Performance, Cost Performance, Safety Performance, Productivity
Coefficient, Client Satisfaction.

1. Introduction
Each project construction has a limited source of
funds and project time. Therefore, a leader must
be able to plan the project budget (cash flow) and
project time (scheduling) to be more effective and
efficient in project implementation. In this study,
the researcher took the projects of PT. XYZ Oil
and Gas Division and Power Generation System in
2018 – 2020. First, the researcher looked at several
projects that experienced a mismatch between the
planning and realization of Profit Margin at PT.
XYZ Oil and Gas Division and Power Generation
System for the 2018 – 2020 period. In addition, the
researcher also saw a mismatch in the project time,
in other words, the project could not be completed
in accordance with the agreed project contract. After

knowing several projects constrained in this aspect,
the researcher made the selected projects as research
samples. The following are Profit Margin data of PT.
XYZ Oil and Gas Division and Power Generation
System for the 2018 – 2020 period:
From Table 1, it is explained that there are 5
projects at PT. XYZ Oil and Gas Division and
Power Generation System for the 2018-2020 period
which are considered not to reach the Profit Margin
according to the budget plan, even suffers a minus
or loss. The projects included projects G, H, and I
in 2018, the AF Project in 2019 and the BA Project
in 2020. As for facilitating the discussion of these
projects, the researchers made the project numbers
and coding as follows:
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Table 1. PM PT XYZ Oil and Gas Division and Power Generation System (Source: Data of PT. XYZ Profit and Loss
(2018-2020)).
P
A
B

R1
30%
35%

2018
R2
29%
35%

G
H
I
AF
BA

14%
16%
16%
42%
25%

4%
8%
15%
42%
25%

S
0%
0%

R1
30%
51%

2019
R2
30%
51%

S
0%
0%

R1
30%
10%

2020
R2
30%
11%

S
0%
1%

-10%
-7%
-1%
0%
0%

18%
25%
21%
10%
21%

21%
38%
22%
6%
21%

3%
13%
0%
-4%
0%

20%
15%
17%
29%
7%

20%
15%
16%
29%
-5%

0%
0%
0%
0%
-12%

Description: R1 = Planned Budget, R2 = Actual Budget, S = Difference, P = Project.

Table 2. Project Number and Code (Source: Data of PT.
XYZ (2018-2020)).
Project Number
118040037
118040038
118040039
116020059
116020040

on the termination of the project because it is not
in accordance with the provisions of the project
contract. Research on work delays has actually
been done by many other researchers. Arianie &
Puspitasari (2017) research on increasing project
effectiveness and efficiency. Arianie & Puspitasari
(2017) tried to analyze by optimizing the project
schedule using PERT/CPM. The difference in the
scope of this research is that it discussed the root
of the problem in 5 aspects (project time, project
costs, HSE, quality, and project labor). In the case
of this research, the 5 projects mentioned above also
experienced a mismatch between the project schedule
planning and realization which resulted in the project
timing being not achieved. In the calculations the
researcher has calculated from the total time of the
project implementation, only the effective hours of
work are taken after the reduction of working hours
per day and holidays.

Project Code
A
B
C
D
E

Projects A, B, and C are projects with a typical
Detail Engineering Design (DED) which is a plan
for toll road drawings for 3 tracks with different
areas. Project D is an asset mapping project and the
creation of an application for the distribution of assets
in Indonesia using the Geographical Information
System (GIS) application model. Meanwhile, the
last project, project E, is the construction of an
Electric Transmission Network. The 5 projects are
Oil and Gas Division Projects and Power Generation
Systems at PT. XYZ.

Figure 1 indicates that projects A, B, and C
experienced delays in project execution time in the
sense that they were not in accordance with the
project contract. The planning for the completion
of projects A, B, and C is 1312 hours, but in reality
they have been completed in 2648, 2944, and 2944

The non-optimal planning and supply capacity for
project needs will result in losses for both the user
or the project contractor. The problem that will arise
from the contractor’s side is the decrease in the
value of customer satisfaction which has an impact
3.500
2.944

3.000

2.944

2.648

2.500
1.912

2.000
1.500

1.312

1.312

1.312
872

1.000

472

500

752

-

A

B

Planned Duration (Hours)

C

D

Actual Duration (Hours)

E

Figure 1. Project Time Planning and Realization of Project Completion of PT. XYZ (Source: Data of PT. XYZ (2018-2020)).
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hours respectively. While the planning for the
completion of projects D and E are 472 and 752
hours respectively, but in the implementation, they
reach 872 and 1912 hours. The problem of duration
had been studied by many authors. One of them is
by comparing the triangular distribution and beta
distribution, then the two distributions will find the
optimal project completion time (Maidamisa, 2017).
The difference is, in this study, the researcher tries to
examine other aspects that are likely to be the factors
causing the delay itself.
20%

Profit Margin

15%

16%

16%

14%

15%

10%

-5%
-10%

7%

8%

5%
0%

10%

6%

4%

A

B

C

D

E

-5%

Project Code

Figure 2. Sample Project of PT. XYZ Which did not reach
the Target Profit Margin (Source: Data of PT. XYZ (20182020)).

(2019), project scheduling is a very important
stage, involving the detailed allocation of resources
in the form of people, finances, and equipment for
the activities needed.
Project workforce is one of the success factors of a
project, as explained in the analysis of Kamau, Jane,
& John (2018). In their findings, factors related to
the project workforce have a marginal influence
on project success and are dominated by external
environmental factors in influencing the success
of construction projects. Changes in the amount
or volume greatly affect the project cost plan, the
amount or volume is the most basic thing in the
budget plan. Figure 3 explains that the planning and
realization differences are not so significant where
project A, B, and C planning are 27 people and the
realization is 25, 28, and 23 people, respectively.
While projects D and E planning are 28 and 21
people and the realization is 26 and 19 people.
30
25
20
15
10
5
0

27

25

A
As a result of delays in the implementation of a
project, it has an impact on the swelling of the project
budget costs that have been allocated. Surely, it is very
influential on the target profit margin of PT. XYZ.
Consequently, the project work addendum resulted in
additional project time and project costs. Of course,
this resulted in the target profit margin not being in
accordance with the plan as shown in Figure 2. In
the Figure 2, the target that was almost achieved was
only in project C where the planning was 16% but
the realization only reached 15%. In project E, it
actually suffered a loss where the project obtained a
Profit Margin of -5%.
This discrepancy between planning and realization
is certainly a minus for company management.
According to Rochman & Wahyuni (2018),
planning and control in construction projects are
the most basic functions in realizing the success of
an activity in a construction project. The success
of a project cannot be separated from a series
of activities that include good planning stages.
According to Sutawidjaya, Nawangsari, & Djamil
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28

27

28

27

26

23

B

C

21

D

19

E

Planning of the Number of Workers
Realization of the Number of Workers

Figure 3. Project Workforce Planning and Realization
Volume (Source: Data from the Customer Satisfaction
Division of PT. XYZ Oil and Gas Division and Power
Generation System (2018-2020))

In the face of global competition, improving the quality
of services as a survey and consulting company is very
important. Therefore, one way to win the competition
from its competitors is to provide services in
accordance with customer expectations and desires. If
the quality of service enjoyed by customers turns out
to be below what they expect, they will lose interest
in the company’s products and services. Likewise,
if the opposite happens (Meiliawan, & Nugroho,
2020). Therefore, apart from the project workforce,
the phenomenon of this research is also included in
the IKP (Customer Satisfaction Index) graph that has
been processed as follows (Figure 4).
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40%
35%
30%
25%
20%
15%
10%
5%
0%

31%

33%

38%

36%

38%

38%

Order & Contact

36%

38%

38%

38%

33%

29%

27%

A

38%

36%

B

Quality of Product

C

D
E
Problem Handling, Communication, & Relationship

Figure 4. Order and Contact Satisfaction Level, Quality of Product, & Problem Handling, Communication, & Relationship
(Source: Data from the Customer Satisfaction Division of PT. XYZ Oil and Gas Division and Power Generation System
(2018-2020)).

Table 3. Differences with Previous Research.
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Research differences
Quality Aspect
Research does not
discuss product
quality to project
customers/users

Research (year) Title
Wicaksono (2016).
Worker Performance
Analysis on the
Delay in the
Fabrication Process
of PT Alstom Power
Esi's Coal Fired
Boiler Project Work

Time Aspect
The difference in
this study is the
presence of the
highest frequency
presentation, so the
main causes are
more specific to
the lack of project
workforce.

Labor Aspect
The indicator
of the cause of
the problem, the
researcher focuses
more on the time
aspect where the
cause of the delay is
the lack of worker
skills.

Dharsika, Budiartha,
& Yansen (2017).
Analysis of the
Quality of Project
Managers on the
Implementation
of Construction
Projects (Case
Study: Denpasar and
Badung)

The research
does not discuss
the project time
aspect of project
completion delays

The project quality
aspect, according
to the researcher, is
caused by the poor
quality of managers
in this study, the
main factor is the
lack of supervision
and discipline of
workers

Ismiyati,
Sanggawuri, &
Handajani (2019).
Application of Risk
Management in the
Construction of a
Log Pier Extension
Project

The researcher
discusses the work
accident which is
one of the factors
for project delays.
This research is
for the time aspect,
the main cause is
the lack of project
manpower and poor
project scheduling

Research does not
Research does not
address labor aspects discuss product
quality to project
customers/users

According to the
researcher, the
HSE aspect is
more directed at
a comprehensive
risk management
solution for work
accidents. In this
study, it is more
directed to the
causes specifically
in the case of the
project being studied

The researcher
discusses the work
accident which is
one of the costs
overrun factors.
In this study for
the time aspect the
main cause is the
lack of supervision
and discipline of
workers.

Ayano, & Teshome
(2018). Factors
Contributing
for Delay in
Government
Construction
Projects in Oromia,
Ethiopia

The researcher
mentions the main
aspect of project
delays due to poor
integrity between
project clients and
project managers

Research does not
Research does not
address labor aspects discuss product
quality to project
customers/users

The research does
not discuss aspects
of work accidents

Research does not
address the cost
aspect
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HSE Aspect
The research does
not discuss aspects
of work accidents

Cost Aspect
Research does not
address the cost
aspect

Aspects of project
The research does
quality, according
not discuss aspects
to researchers, are
of work accidents
caused by the quality
of managers while
in the study the main
cause is the absence
of comprehensive
workforce training.

Research does not
address the cost
aspect
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Table 4. Customer Satisfaction Index (Source: Data from
the Customer Satisfaction Division of PT. XYZ Oil and
Gas Division and Power Generation System (2018-2020)).
No
1.
2.
3.
4.
5.

Index Value (100%)
80% < SI ≤ 100%
60% < SI ≤ 80%
40% < SI ≤ 60%
20% < SI ≤ 40%
0% < SI ≤ 20%

Criteria
Very satisfied
Satisfied
Quite satisfied
Less satisfied
Not satisfied

Description: SI = Satisfaction Index.

Figure 4 and Table 4 explain that the average
customer satisfaction in each project is in the
range of 20% - 40%, indicating that the Order and
Contact, Quality of Product, and Problem Handling,
Communication, and Relationship variables are at
the Less Satisfied level and only a few percent adrift
are in the Not Satisfied category. Therefore, there
needs to be a significant improvement to improve the
quality of PT. XYZ. According to Wang & Nagahira
(2017) in their research, they conclude that there
are 3 success factors in project implementation that
can increase customer satisfaction including user
innovation and successful new product development,
degree of product market and technological novelty,
R&D strategy, and user expertise. However, in this
study, the process has not led to a new direction in
management. This category indicates the weak level
of company service, so it is necessary to have a
management approach in an organization that has a
focus on customers (Kathongo, 2017). From the HSE
aspect, the cumulative data for PT XYZ projects for
the 2018-2020 period are seen from the Fatal and
Non-Fatal Accident aspects:
4,5
4
3,5
3
2,5
2

Based on Figure 1-5, what are the factors causing
the non-conformance of realization in terms of time,
cost, labor, quality, and HSE? And what needs to be
done to minimize the non-conformance of realization in terms of time, cost, labor, quality, and HSE?
On the basis of the 5 aspects mentioned in Figure 1 - 5,
the researcher is interested in conducting research
with the title “Project Analysis Through Aspects of
Time, Cost, Manpower, HSE, and Project Quality
Viewed from the Success Project Factor (SPF) at PT
XYZ”.

2. Theoritical Review

1,5
1
0,5
0

Sutawijaya, & Nawangsari (2018) explained that
the project element has a relatively higher accident
rate compared to other activities. Because project
activities can cause some unwanted impacts,
especially on safety and work environment.
Therefore, risk management has an important role in
mitigating things that are not desirable in the project.
Risk management in several studies has been shown
to have a positive influence on project performance,
one of which is in terms of Helty and Safety risk
management in a project (Ogolla, Mugambi, &
Obwongi, 2019). Figure 5 explains that during the
project period there had been 4 fatal accidents which
were caused by being infected with the Covid-19
pandemic and 2 accidents with non-fatal categories.
In the Non-Fatal incident, the accident occurred
because the glass was scratched during the building
renovation process and the second was the incident
where an employee was squeezed by SPI ASS
Which while working. From these data, it has been
confirmed that 1 fatal accident occurred in project
A and 1 other in project D, while one non-fatal
accident occurred in project C and E respectively.
This becomes important to discuss as in the research
of Dharma, Putera, & Parami (2017) explained that
project accidents on construction works can be one
of the causes of disruption of project activities.

2018

2019

2020

Year
Fatal

0

0

4

Non Fatal

1

1

0

Fatal

Non Fatal

Figure 5. Event Recapitulation of Fatal and Non Fatal
Accident Categories (Source: HSE K3 Data of PT. XYZ
Oil and Gas Division and Power Generation System
(2018-2020)).
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Frefer, Mahmoud, Haleema, & Almamlook (2018)
explained that in the analysis there are at least 2
measuring tools in measuring Success Project
Factors, namely Objective Measurement and
Subjective Measurement. Objective Measurement
is a measuring tool factor consisting of project
time (Time), project cost (Cost), health and safety
(Healthy & Safety) and profit (Profitability).
Meanwhile, Subjective Measurement is a measuring
tool consisting of Quality, Technical Performance,
Functionality, Productivity, Satisfaction, and
Environmental Sustainability.
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2.1. Schedule Performance Index (SPI)
In finding the Schedule Performance Index (SPI)
researcher uses the formula:

SPI=

EV
PV

(1)

where: EV=Earn Value; PV=Planned Value.
The SPI provisions include:
If SPI = 1 = on time project
If SPI > 1 = faster project
If SPI < 1 = late project
Source: Frefer, Mahmoud, Haleema, & Almamlook
(2018).

2.2. Cost Performance Index (CPI)
In finding the Cost Performance Index (CPI) the
researcher uses the formula:

CPI=

BCWP
ACWP (2)

where: BCWP=Budget Cost for Work Performed;
ACWP=Actual Cost for Work Performed.
The SPI provisions include:
If CPI = 1 = the project cost is based on plan
If CPI > 1 = the project cost is smaller/saving
If CPI < 1 = the project cost is bigger/wasteful
Source: Frefer, Mahmoud, Haleema, & Almamlook
(2018).

2.3. Safety Performance Index (SFPI)
In finding the Safety Performance Index (SFPI)
researcher uses the formula:

SFPI =

Number of Accidents X 200.000
Total of Working Hours in Field (3)

In this case, the focus of the discussion is accidents
due to activities with SFPI provisions, including:
If accident = 0 = Acceptable (target);
If accident ≥ 1 = Not Acceptable

38

Int. J. Prod. Manag. Eng. (2022) 10(1), 33-49

Source: Frefer, Mahmoud, Haleema, & Almamlook
(2018).

2.4. Project Labor Productive Coefficient
The project labor coefficient is determined to
determine the number of project workers and the
project time used to complete one work item with a
certain volume (Messah, Sina, & Manubulu, 2013).
In search. The Coefficient of Labor Productivity of
the research project uses the formula:
Productivity Coeffi. =

Workers x Project Duratio
Volume

(4)

Provisions for Project Workforce Include:

In looking for the project labor coefficient, the
researcher looks at the comparison between the
planning coefficient and the realization coefficient,
the smaller the coefficient, the lower the project
cost, thus showing the productivity of the project
workforce.

2.5. Customer Satisfaction Index (CSI)
In finding the Customer Satisfaction Index (CSI), the
researcher uses the formula:

CSI=
where:

∑pi=1 Wsi
x 100 (5)
5

p= number of attributes of interest.
The CSI provisions include:
Table 5. CSI Value Scale.
No.
1.
2.
3.
4.
5.

Description
Not satisfied
Less satisfied
Quite satisfied
Satisfied
Very satisfied

Rating Scale Value
20%-35%
36%-51%
52%-67%
68%-83%
84%-100%

Source: Yanova (2015).

CSI is general enough to allow the incorporation
of additional customer satisfaction areas as deemed
necessary. In all cases, the sum of all weights
corresponding to each area of concern in finding
the customer satisfaction index starts from the
Project Schedule Control Weight, Project Weight
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Within Client’s Budget, Work Quality Weight,
Effective Communication Weight, Response Weight
to Complaints, and Weights of Environmental and
Safety Procedures.

2.6. Project Management
A Project involves many activities. Each activity
takes time, which is interpreted as Duration. Duration
is a probabilistic statistical quantity described as a
unit of value. In addition to project time / project
schedule aspects of project costs and scope are also
aspects of project management. There are at least 3
limiting factors in a project management including
scope, project time, and project costs (Lesmana, &
Antika, 2019).

2.7. Fishbone Analysis
Fishbone Diagrams may also be called Cause-andEffect Diagrams or Ishikawa Diagrams to provide a
basis for identifying potential root causes for project
performance problems. Tools such as Failure Mode
and Effects Analysis and Fishbone Diagrams can be
used to initiate and document the organized thought
processes needed to separate the main cause of the
discrepancy from the contributing causes (Kerzner,
2010).

According to Septiawan, & Bekti (2016) Fishbone
diagrams have a structure that helps the team in a
systematic way. The advantage of using a Fishbone
Diagram is to help identify the root cause of
problems that arise in a structured way and make
research easier when identifying the location of data
collection.

2.8. Pareto Diagram
The Pareto Diagram is a bar graph which is usually
combined with a line chart consisting of various
factors and has a relationship with variables that
have been arranged based on the magnitude of the
impact of the problems that arise. A Pareto Diagram,
also known as a Pareto Chart, is a specific type of
histogram, which is required by the repetition of
events. It shows the number of defects made by type
or class of identified causes (Septiawan, & Bekti,
2016).

2.9. Research Process Flow
In the analysis, this research uses qualitative methods.
Qualitative methods are needed because the purpose
of this study is to determine the classification of
actions. The character of the problem requires
qualitative methods. The flow of the analysis
process in this study begins with determining the

Figure 6. Research Process Flow (Source: Processed Data (2020)).
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categorization of the level of project success by
using the Success Project Factor (SPF) scale. In
the analysis, the researcher identifies the results of
project activities according to the provisions of the
calculation of formulas 1-5 regarding the index of
each aspect of the research.

After calculating the project’s effective time for
8 hours per day, it is known that the total hours
between the plan and realization are quite significant,
as shown in Figure 1. This is clarified by index,
namely the Schedule Performance Index (SPI) which
can be seen in the calculation in Table 6.

After knowing the results of the provisions of the
index, the researcher determines the categorization
of each aspect whether every aspect of each project
under the study is successful or not, if in the result
the aspect of each project is not successful, the
researcher conducts a factor analysis using Fishbone
analysis of the 5 aspects of the project, consisting of
Time, Cost, Labor, HSE, and Quality. After knowing
the factors, the next step is to identify the main cause
wit pareto diagram.

Table 6. Schedule Performance Index (SPI) (Source:
Processed Data (2021)).

3. Reseach Design and Methodology

Planned
Value
6.032
7.618
8.069
6.121
2.574

WP
41 %
31 %
22 %
44 %
62 %

Earn
Value
2.812
2.372
1.793
2.704
1.582

SPI
0.46
0.31
0.22
0.44
0.61

Category
Late Project
Late Project
Late Project
Late Project
Late Project

Description: WP=Works Progress when Contract Expired; P=Project.

An example of calculating the Schedule Performance
Index (SPI) in Table 6 no 1 is as follows:

In this research used mix methods. To analyze the
category of project success or not (Success Project
Factor) the researcher used Schedule Performance
Index, Cost Performance Index, Safety Performance
Index, Project Labor Productive Coefficient, and
Customer Satisfaction Index. After knowing the
category in the project, the researcher analysis using
fishbone and Pareto methods to find the main causes
of problems in each aspect and find solutions to solve
the problem. The data used consists of secondary data
on financial data, budget plan, Addendum, Project
Workforce, IKP (Customer Satisfaction Index), and
HSE as well as premier data on the 5 projects for
the 2018-2020 period in the form of interviews to be
conducted on employees involved in related projects

SPI = 2.812 IDR/ 6.032 IDR = 0.46

4. Finding and Discussion

Table 7. Cost Performance Index (CPI) (Source: Processed
Data (2021)).

4.1. Schedule Performance Index (SPI)
Earned Value (EV) can be calculated by multiplying
the cumulative percentage of realization progress by
the number of project time plans for the completion
of a job.
The cumulative percentage of realization progress
is the cumulative project achievement that has
been achieved within the project period stated in
the project contract. The cumulative percentage of
realization progress is obtained from the final project
report.
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Based on Table 5, almost every project is not more
than 1 in the Schedule Performance Index (SPI).
Therefore, it can be concluded that if SPI < 1 then the
project is late from the predetermined plan.

4.2. Cost Performance Index (CPI)
Cost Performance Index (CPI) serves to analyze
project cost efficiency. It measures the value of the
work completed compared to the actual project costs
that have been incurred. The Cost Performance Index
(CPI) determines how much of the project’s budget
has been realized and it shows how well the project
is working within the project budget.

Project
A
B
C
D
E

BCWP
2.812
2.372
1.793
2.704
1.582

ACWP
5.334
6.920
7.371
5.441
2.398

CPI
0.53
0.34
0.24
0.50
0.66

Category
Waste
Waste
Waste
Waste
Waste

An example of calculating the Cost Performance
Index (CPI) in Table 6 no 1 is as follows:
CPI = 2.812 IDR/ 5.334 IDR = 0.53
Based on Table 7, almost every project is not
more than 1 in the Cost Performance Index (CPI).
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Therefore, it can be concluded that if the CPI < 1
then the project cost is greater/wasteful than the
predetermined plan.

4.3. Safety Performance Index (SFPI)
Risk management in several studies has been shown
to have a positive influence on project performance,
one of which is in terms of Helty and Safety risk
management in a project (Ogolla, Mugambi, &
Obwongi, 2019). This is very important because
Safety will be able to provide a sense of security to
workers and reduce the risk of inhibiting activities.
Table 8. Safety Performance Index (SFPI) (Source:
Processed Data (2021)).
Total of
Number of Working
Project Accidents Hours
A
1
2.648
B
0
2.944
C
1
2.944
D
1
872
E
1
1.912

SPFI
75.53
0.00
67.93
229.36
104.60

Category
Not Acceptable
Acceptable
Not Acceptable
Not Acceptable
Not Acceptable

An example of calculating the Safety Performance
Index (SFPI) in Table 7 no 1 is as follows:
SFPI = 1 x 200.000 / 2.648 hour = 75.53
As explained in Table 8, it is explained that during
the project period there have been 4 fatal accidents
which were caused by being infected with the
Covid-19 pandemic and there were 2 accidents with
non-fatal categories. In the Non-Fatal incident, the
accident occurred because the glass was scratched
during the building renovation process and the
second was the incident where an employee was
squeezed by SPI ASS Which while working. From
these data, it has been confirmed that 1 fatal accident
occurred in project A and 1 other in project D, while
one non-fatal accident occurred in project C and
E respectively. In Table 7, it is explained that only
project B did not have a work accident so it was
included in the Acceptable (Target) category.

4.4. Project Labor Productivity Coefficient
Quantum index coefficient that shows the project
time is required to work on each unit volume of
work at a predetermined project time. The smaller
the project labor coefficient, the more productive
workers in a project are. Because the project labor
coefficient is very influential on the Unit Price

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

Analysis (AHSP). The greater the coefficient, the
more the project budget required will increase.
Table 9. Coefficient of Project Labor Productivity (Source:
Processed Data (2021)).
Project
A
B
C
D
E

Coefficient Plan
0.014
0.003
0.014
0.282
0.537

Coefficient Realization
0.026
0.008
0.027
0.484
1.236

An example of calculating the Project Labor
Productivity Coefficient in Table 9 Project A is as
follows:
Coefficient = 27 x 200.000 x 1.312 hour/2.570.177 m2
= 0.014
Therefore, based on Table 8, it shows that the
Realization of the Project Labor Productivity
Coefficient is greater than the plan, it can be
concluded that each project is less productive in
carrying out work.

4.5. Client Satisfaction Index (CSI)
Based on data from the Customer Satisfaction Division
of PT. XYZ, the researcher obtained questionnaire
data consisting of 6-point questionnaires that are used
as assessments, namely project schedule suitability,
project budget suitability, quality, effective
communication, response/complaint resolution, and
the weight of Environmental and Safety Procedures.
The calculation results of the Client Satisfaction
Index (CSI) are as follows:
Table 10. Client Satisfaction Index (CSI) (Source:
Processed Data (2021)).
No.
2
3
4
5
6
7
Total

MIS

MSS

WF

WS

WT

CSI

a
1.67
1.70
1.73
1.67
1.70
1.63
10.10

b
1.87
1.67
1.73
1.60
1.87
1.47

c
16.50
16.83
17.16
16.50
16.83
16.17

d
30.80
28.05
29.75
26.40
31.42
23.72

e=b*c

f

170.14

34.03

Description:
MIS = Mean Importance Score
MSS = Mean Satisfaction Score
WF = Weight Factors
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WS = Weight Score
WT = Weighted Total

the Dissatisfied category according to table 4 of the
CSI Value Scale.

An example of calculating the Client Satisfaction
Index (CSI) in table 10 Project A is as follows:

4.6. Fishbone & Pareto Diagram Project
Time Aspects

Determine the Mean Importance Score (MIS), as
follows:

2+1+1+3+1+2+3+1+1+2+1
3+1+1+3+3+2+1+3+3+1+3+1
1+3+1+3+1+3+1
MSS=
30
56
MSS=
30
MSS= 1.87
Determine the Weight Factors (WF), as follows:

1.67
WF=
x 100=16.50
10.10
Determine the Weight Score (WS), as follows:
WS=16.50 x 1.87=30.80
Determine the Weighted Total (WT), as follows:
WT=30.80+28.05+29.75+26.40+31.42+23.72=170.14
Determine the Weighted Total (WT), as follows:

CSI=

170.14
x 100%=34.03 %
5

Based on data from Table 9 Client Satisfaction Index
(CSI), CSI is at number 34.03 which means it is in

In Figure 7 Fishbone explains the factors that cause
project delays. Then these factors are classified
into 5 causes in terms of Man, Method, Process,
Equipment, and Environment.
In the Man Factor, it was found that the cause of
delays was due to frequent work delays and lack of
supervision of aspects of workers in the field. This
results in workers not being able to complete each
activity effectively.
Method factor affects the efficiency of project
execution time. In the field, it was found that the
factors that caused delays are less optimal project
scheduling, planner errors in interpreting planning
data, and delays in determining project milestones.
These factors are the cause of the delay in the
completion of the project in accordance with the
project time that has been determined. For example,
in determining the location, where the client has not
provided a clear location and coordinates in project
execution such as land acquisition in building
electricity transmission substations in the field.
Environmental factors affect the project completion
time. If the environment is not cooperative with
the project being carried out, it will certainly be
an obstacle in terms of project completion time.

Figure 7. Fishbone Diagram of Project Time Aspects (Source: Processed Data (2021)).
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Figure 8. Graph of the Causes of the Project Time Aspect (Source: Processed Data (2021)).

Environmental factors in the time aspect of this
project consist of difficult licensing, uncooperative
communities, and natural disasters.
The Equipment factor affects the project completion
time where the work requires qualified equipment
specifications to support project needs. As for
the time aspect of the project, the problem factors
are that the equipment specifications do not meet
the standards, the quantity of work equipment is
lacking, maintenance support work does not go well,
supporting parts work using, and the reliability of the
use of the equipment.
The last factor in project delays is the process in
project work caused by repeated revisions, less
thorough work inspections, design changes by
consultants, additional work, and uncertainty in
planning and specifications.

Based on the fishbone diagram in Figure 7, the
frequency of each category of causes of accidents
is obtained. From this frequency, it will then be
analyzed using Pareto analysis to obtain which
category should be improved first.
From Figure 8, it can be seen that the highest cause is
13% due to lack of supervision. So in this aspect of
project time, the cause of failure to reach the agreed
project time is the lack of supervision for the main
factor of this aspect.

4.7. Fishbone and Pareto Diagram of
Project Cost Aspects
Based on the Figure 9, there are 5 factors that
affect project cost overruns (Project Cost Overrun)
namely Man, Method, Environment, Equipment and

Figure 9. Fishbone Diagram of Project Cost Aspects.
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Process. In the Man Factor, it was found that there
were 4 sub-factors causing them, including the lack
of productivity of project workers, lack of quality of
project workers, lack of quantity of project workers,
and inappropriate placement of project personnel

estimate outside the calculation of the project cost
budget plan.
Based on the fishbone diagram in Figure 10, the
frequency of each category of causes of accidents
is obtained. From this frequency, it will then be
analyzed using Pareto analysis to obtain which
category should be improved first. Figure 10 is a
Pareto analysis table for the case of a cost overrun
project.

In Factor Method, there are 5 sub-factors that
become obstacles from the financial side of the
project, including planning errors in interpreting
planning data, errors in calculating project cost
estimates, funding for unplanned project activities,
inappropriate project cost management, and
inaccuracy of project cost estimates.

From Figure 10, it can be seen that the highest cause
is 13% due to project delay. So that in the cost aspect
of this project, the cause of the project cost overrun
is project delay.

In Environmental factors, there are 3 sub-factors, the
most significant factor is the lack of uncooperative
communities when project work requires approval.
For example, at the time of land acquisition, the
agreement was very difficult to determine the selling
price of land owned by the community for project
work.

4.8. Fishbone and Pareto Diagrams HSE
Aspects
The occurrence of accidents is caused by several
main factors, including Man, Method, Environment,
Equipment and Process and these five factors have
varied sub-factors such as the Man factor, the subfactors include limited knowledge about work
safety making workers reluctant to work with tools.
protective equipment and get used to what it is
without personal protective equipment.

The Equipment factor affects the project completion
time where the work requires qualified equipment
specifications to support project needs. As for
the time aspect of the project, the problem factors
are that the equipment specifications do not meet
the standards, the quantity of work equipment is
lacking, maintenance support work does not go well,
supporting parts work using, and the reliability of the
use of the equipment.

In the case of a project accident, it can be seen in
Figure 11. The figure classifies into 5 sections where
each section is searched for the frequency of each
category causing accidents. From the results of these
frequencies, it will then be analyzed using a Pareto
diagram to find out which category needs to be
repaired first, as shown in the Figure 12.

The Process factors that become obstacles when
working on this project can be seen in Figure 9. Of
the 5 sub-factors, the most significant cause of cost
overrun is the lack of an unexpected project cost

47%

3%

3%
3%

7%
7%

3%
13%

17%
3%

20%

3%

23%

3%

27%

3%

30%

3%

50%

63%

57%

67%

70%

73%

77%

80%

83%

87%

93%

97%

100%

33%

13%

3%

7%

7%

3%

3%

3%

3%

3%

3%

3%

7%

3%

3%

In
ac
c

ur
at
e

La
bo
rp
ro
Po
du
or
ct
in
iv
qu
ity
th
a
lit
e
Pl
y
pl
an
o
ac
ni
f
Sh
la
em
ng
or
bo
en
er
ta
r
ro
ge
to
rs
fp
of
in
ro
lab
in
je
or
te
Er
ct
rp
ro
pe
re
ri
rs
tin
n
on
Un
co
g
ne
pl
pl
st
an
an
l
es
ne
ni
tim
ng
d
at
fu
d
io
at
nd
n
a
in
ca
In
go
lcu
ap
fp
la
pr
ro
tio
op
j
e
n
ria
ct
te
ac
In
co
t
ivi
ac
st
tie
cu
m
s
ra
an
cy
ag
of
em
co
en
st
t
es
tim
at
io
Pr
n
oj
ec
tD
Na
Un
el
tu
ay
ex
ra
pe
ld
ct
i
s
ed
as
Do
te
ly
So
es
rs
ba
cie
no
Th
d
ty
er
ta
w
is
ea
e
cc
n
w
t
ou
ot
he
as
nt
r
co
ad
fo
op
el
ru
er
ay
n
a
tiv
in
ex
pe
e
di
sb
ct
ur
ed
De
sin
co
sig
gt
st
s
he
n
ch
pa
an
ym
g
e
Eq
en
b
T
ui
Un
yc
t…
he
pm
cl e
on
re
en
su
ar
is
ts
lta
ad
in
pe
nt
di
Pl
tio
cif
an
ica
na
ni
ng
lw
tio
Th
&
or
ns
e
s
k
qu
pe
do
M
an
cif
no
ai
t
ica
nt
ity
tm
en
tio
of
ee
an
n
w
ts
ce
or
ta
ke
w
nd
or
qu
ar
ks
i
d
p
up
s
m
po
en
rt
ti
Ou
sl
is
td
es
no
at
s
tg
ed
oi
w
ng
or
w
ks
e
up
ll
De
po
vic
rt
e
pa
us
rts
ag
e
re
lia
bi
lit
y

120%
100%
80%
60%
40%
20%
0%

Percentage

Cumulative

Figure 10. Graph of the Causes of Project Cost Aspects (Source: Processed Data (2021)).

44

Int. J. Prod. Manag. Eng. (2022) 10(1), 33-49

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

Analysis of the Project Success Factor Through Time, Cost, Labour,
Health Safety Environment and Quality Aspects at PT XYZ

Figure 11. Fishbone Diagram of Occupational Safety Aspects (Source: Processed Data (2021)).

From Figure 12, it can be seen that the highest cause
is 13% due to no K3 verification process before
work begins. So in this work safety aspect, the cause
of the work accident project is that there is no K3
verification process before the work begins.

4.9. Fishbone and Pareto Diagrams Quality
Aspects
From the data collection and observation, it is known
that there are differences in the primary and secondary

factors of the dimensions of employee service
quality between the target dimensions of employee
service quality and user expectations. Differences or
discrepancies in the dimensions of employee quality
to customers require an action that can overcome
these problems. Fishbone analysis in Figure 13 is
an analytical technique that uses a diagram showing
the relationship between cause and effect to help
identify the root cause of a problem, in the fishbone
case in Figure 13, it explains the 5 causal factors in
terms of Man, Method, Environment, Equipment,
and Process.

Figure 12. Graph of Causes of Safety Aspects (Source: Processed Data (2021)).
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Figure 13. Quality Aspect Fishbone Diagram (Source: Processed Data (2021)).

Process aspects, it is known that the aspects in the
Figure 15. The Man aspect is caused by several
causes including errors in the quality of work that do
not match field conditions, Workers not complying
with SOPs, Unable to carry out work properly and so
on as well as other factors.

In the case of the cause of the project accident, it
can be seen in Figure 13. The figure classifies into
5 sections where each section is sought for the
frequency of each category of cause of accidents.
From the results of these frequencies, it will then be
analyzed using a Pareto diagram to find out which
category needs to be repaired first, as shown in the
diagram Figure 14.

In the case of a decrease in the performance of the
project workforce, it is divided into 5 parts where
each section is sought for the frequency of each
category of causes of accidents. From the results of
these frequencies, it will then be analyzed using a
Pareto diagram to find out which category needs to
be repaired first, as shown in the Figure 16.

From Figure 14, it can be seen that the highest cause
of 17% was due to no training. So that in this aspect
of decreasing quality, it is caused by no training and
further improvements need to be made in terms of
SOPs and management.

From Figure 15, it is known that the highest cause
of 17% is due to the discipline of project workers is
not good. While the next cause is 10% as a result of
the selection process is No worker supervision. So
that in the aspect of decreasing the performance of
this project’s workforce, the thing that needs to be
improved is the problem of worker discipline.

4.10. Fishbone & Pareto Diagram Aspects of
Project Workforce
From the results of Figure 15 on the decline in
the performance of the project workforce seen in
the Man, Method, Environment, Equipment, and

7%

10%
7%

17%7%

17%
23%

40%
3%

43%
3%

57%

47%
10%

3%

60%

3%

63%

3%

70%

67%

3%

3%

73%

3%

77%

3%

80%

3%

83%

3%

87%

3%

90%

3%

93%

3%

97%

100%

3%

An

er
ro
ro
cc
ur
W
re
or
d
ke
in
rs
th
e
do
qu
no
al
tc
ity
om
of
…
pl
yw
ith
Ca
n'
S
OP
td
o
a
go
od
Th
er
jo
e
b
w
No
as
am
tra
in
isc
in
om
Co
g
m
m
pl
un
ai
ica
nt
tio
re
Pr
so
n
es
lu
su
tio
re
n
fro
is
no
m
Un
t…
m
ex
an
pe
ag
em
ct
ed
e
ly
nt
So
ba
cie
d
w
ty
ea
is
th
no
er
tc
Th
oo
er
pe
e
ra
w
Na
tiv
as
tu
e
an
ra
er
ld
Th
r
isa
or
e
qu
s
in
te
al
th
rs
ity
e
Th
qu
of
e
an
th
re
tit
e
sp
w
y
on
or
of
se
…
ki
to
sn
Th
re
e
ot
sp
ce
go
ee
ivi
o
d
d
ng
of
Co
co
ha
m
m
nd
m
pl
un
ai
lin
nt
i ca
gc
s…
tio
om
n
pl
w
a
Eq
i
i
th
nt
ui
s
m
pm
is…
an
Th
en
ag
e
ts
qu
em
pe
an
e
cif
nt
tit
ica
yo
is…
tio
fw
ns
or
M
d
k
ai
o
eq
nt
n
ot
ui
en
pm
…
an
en
ce
ti
w
s
o
le
rk
Ou
ss
su
td
pp
at
ed
or
ti
w
sn
or
ks
ot
…
up
De
po
vic
rt
pa
e
us
rts
ag
e
re
lia
bi
lit
y

120%
100%
80%
60%
40%
20%
0%

Percentage

Cumulative

Figure 14. Graph of Causes of Quality Aspects (Source: Processed Data (2021)).

46

Int. J. Prod. Manag. Eng. (2022) 10(1), 33-49

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

Analysis of the Project Success Factor Through Time, Cost, Labour,
Health Safety Environment and Quality Aspects at PT XYZ

Figure 15. Fishbone Diagram of Project Workforce (Source: Processed Data (2021)).

5. Conclusion and Suggestion

2.

The factors causing the discrepancy in the
realization seen from the aspect of the project
cost of PT. XYZ from the results of the analysis
using the fishbone method. The causative factors
are found based on Figure 9 both in terms of
process, man, environment, equipment, and
method. Based on Figure 10 the most dominant
factors are project delay.

3.

The factors causing the discrepancy in the
realization seen from the aspect of labor PT.
XYZ from the results of the analysis using the
fishbone method. The causative factors are found
based on Figure 15 both in terms of process,
man, environment, equipment, and method.
Based on Figure 16, the most dominant factor is
due to poor discipline of project workers.

4.

The factors causing the discrepancy in the
realization seen from the aspect of the project

5.1. Conclusion
This index becomes a reference in finding what
factors are the cause of the decline in the index,
from the results of the analysis using the fishbone
and Pareto methods found the causal factors, among
others:
1.

The factors causing the discrepancy in the
realization seen from the aspect of the project
time of PT. XYZ from the results of the analysis
using the fishbone method. The causative factors
are found based on Figure 7 both in terms of
process, man, environment, equipment, and
method. Based on Figure 8 the most dominant
factor is due to lack of supervision.
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quality of PT. XYZ from the results of the
analysis using the fishbone method. The
causative factors are found based on Figure 13
both in terms of process, man, environment,
equipment, and method. Based on Figure 14, the
most dominant factor is caused by no training.
5.

6.

7.

8.

9.

48

The factors causing the non-conformance of
realization seen from the HSE aspect of the
PT. XYZ from the results of the analysis using
the fishbone method. The causative factors
are found based on Figure 11 both in terms of
process, man, environment, equipment, and
method. Based on Figure 12 the most dominant
factor is caused by There is no K3 verification
process before work starts.
Based on Figures 7 and 8 things that need to
be done in minimizing the discrepancy in the
realization seen from the aspect of PT. XYZ is
to further improve the supervision of workers by
building a performance monitoring system.
Based on Figures 9 and 10 things that need to
be done in minimizing the discrepancy in the
realization seen from the aspect of the project
cost of PT. XYZ is to by increasing project
scheduling where work that should be done
simultaneously cannot be realized it increases
the duration and affects the completion and cost
of the project. If this can be overcome, the work
will be more efficient so that it can reduce the
rental rate for project needs and project delays
can be minimized.
Based on Figures 15 and 16 things that need to
be done in minimizing the discrepancy in the
realization seen from the aspect of labor PT.
XYZ apart from the discipline of workers must
be further improved. These two causes actually
intersect each other so that with the construction
of a good project supervision system, it will be
in line with the discipline of workers towards a
significantly better direction.

10. Based on Figures 11 and 12 things that need to
be done in minimizing the discrepancy in the
realization seen from the HSE aspect of the
PT. XYZ is to further improve the readiness
process of workers before starting their work.
Construction K3 standards must be further
improved so as to minimize the occurrence of
work accidents during project work.

5.2. Suggestion
Here are some suggestions that the author can give
from the results of this study:
1.

In the aspect of project time, management
should tighten supervision of the Man (Human)
aspect in the project work process so that there
is no work process that is ineffective in utilizing
project time and work delays.

2.

In addition, to be more efficient in the aspect
of project costs, the authors suggest the
management of PT. XYZ to see more about the
progress of the completion of the work so that
it is as expected and pay more attention to the
accuracy of project work.

3.

The author’s suggestion on the occupational
safety aspect should be that the OHS section
of the project can do a crosscheck first so that
the verification process before the work can run
well.

4.

In terms of quality, the suggestion to be given
is for project management to upgrade the skills
of workers by providing trainings that support
work more effectively and efficiently.

5.

The next aspect is the aspect of the project
workforce, the authors suggest that management
should tighten supervision so that worker
discipline will work well to achieve project
goals in accordance with the project contract
agreement.

Based on Figures 13 and 14 things that need
to be done in minimizing the discrepancy in
the realization seen from the aspect of project
quality PT. XYZ is to build worker skills by
holding training. With the hope that the training
will improve services that will be enjoyed by
customers and increase interest in the company’s
services.
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Abstract:

Cyber-physical production systems (CPPS) represent a relevant aspect related to industry 4.0 and the advances promoted by the
digitization and use of artificial intelligence in the production environment in the search for the development of smart factories.
This study aims to assess the maturity level of cyber-physical production system (CPPS) within manufacturing industries in the
Amazon. The research uses a quali-quantitative approach to analyze the problem by conducting exploratory case studies (indepth case) and the research framework used aimed to evaluate and measure the CPPS within three manufacturing industries
in the Amazon (n = 3) to measure their maturity. Findings reveal a positive relationship between the type of production system
adopted by the company, the level of automation, and the maturity of the CPPS. The proposed methodology can assist other
companies in the development of the technological strategy, supporting the digital transformation process in order to obtain
competitive advantage. The study contributes by addressing the topic of cyber-physical production systems from the point of
view of operations management and strategy.
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1. Introduction
Industry 4.0 increases the digitization of
manufacturing with the cyber-physical system
(CPS), in which connected networks of humans and
robots interact and work together with shared and
analyzed information, supported by big data and
cloud computing along value chains whole industrial
plants (Yang, 2017). CPS bring more functionality,
autonomy, multi-area integration, application in all
sectors, such as industry, medical systems, service/
user relationship, among others (Baheti & Gill,
2011) being characterized by robustness, security,
and protection (Sha et al., 2008) and where self-

organized manufacturing, context-/situation-aware
control and symbiotic human-robot collaboration
can play an important role in transforming current
factories into factories of the future with greater
stability and security (Wang et al, 2015).
The application of CPS in the production and
manufacturing environment gave rise to the term
Cyber-Physical Production Systems (CPPSs) which
have great potential to make production systems
intelligent, resilient and self-adaptive (Wu et al.,
2019a). In CPPSs systems, the model generated
for cyberspace forecasting incorporates data from
sensor networks for each critical asset to reflect
changes. They are online networks of social machines
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that interconnecting to information technology
with mechanical and electronic components that
communicate using RFID technology (Radio
Frequency Identification), for example (Lee et al.,
2017; Delloite, 2015).
Since 2011, models have emerged to assess
Industry 4.0, such as the Acatech Maturity Model
(Schuh et al., 2020), Impuls – VDMA (Lichtblau
et al., 2015), Uni-Warnick (Agca et al., 2017) and
PricewaterhouseCoopers – PWC (Geisbauer et al.,
2016).
Recently studies have investigated CPPSs in the most
different contexts, such as digital twin (Zhang et al.,
2019; Zang et al., 2020; Liu et al., 2020; Ait-Alla
et al., 2019), internet of things (Berlak et al., 2020;
Stock et al., 2020), cloud computing (Mourtizis
& Vlachou, 2016; Mourad et al., 2020; Borangiu
et al., 2020), voice assistant (Afanasev et al., 2019)
and shop floor (Romero-Silva & Hernández-López,
2020; Govender et al., 2019; Torres et al., 2019;
Rocha et al., 2019).
There are researchs/reports that assess Industry 4.0
readiness, however the characteristics that make up
cyber-physical production systems from the point of
view of operations management remain unexplored.
Therefore, the following research questions were
developed for investigations:
RQ1: Does the company implement practices
associated with cyber-physical production systems?
RQ2: Does the research framework provide adequate
assessment of CPPS practices?
RQ3: What is the level of implementation observed
in the company concerning the literature?
In this context, this study aims to assess the maturity
level of cyber-physical production systems (CPPS)
within manufacturing industries in the Amazon. The
second section deals with the literature background
on the concepts and applications of CPPS existing
over the last few years in the literature. Section three
discusses the study’s methodology and its research
framework; section four deals with the presentation
of the case study companies; section five presents
the results and discussion carried out throughout the
study. Finally, the last section presents the conclusion
with the final position in the study.
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2. Literature background
2.1. The concept of CPPSs
The implementation of Industry 4.0 in manufacturing
environments occurs with the development and
complete industrial implementation of cyberphysical production – CPS (Francalanza et al., 2017).
CPSs represent an emerging area of research that
has attracted the attention of many researchers due
to expectations that they will play an important role
in the design and development of future engineering
systems (Sanislav & Miclea, 2012), being introduced
by Helen Gill of National Science Foundation in the
United States in 2006 (Gill, 2008).
CPS can be considered an extremely important
step in the development of future manufacturing
(Monostori et al., 2016) to make manufacturing more
competitive by integrating advanced computing and
CPS to adapt and take advantage of the current big
data environment (Lee et al., 2013).
Over the last few years the concept of CPS has
expanded as a result of the advancement and
complexity of instruments that are related to industry
4.0 improving for cyber-physical production system
(CPPS).
CPPSs consist of autonomous and cooperative
elements, as well as subsystems; these elements
are connected and can communicate independent
situations, at all levels of production, from the field
device and process level to the factory and production
planning levels (Francalanza et al., 2018), that is,
denotes a mechatronic system (physical world)
coupled with software and digital information
entities (cyber part), both allowing the concept of
the intelligent factory for the Industry 4.0 paradigm
(Cruz Salazar et al., 2019).
CPPSs offer new possibilities for production planning
and control (PPS) due to their characteristics of
decentralized organization, real-time capacity, and
intelligent data processing (Berger et al., 2019),
integrating physical and computational resources
due to sensors and power increasingly available
processing tools. This allows the use of data, to create
additional value, such as monitoring or optimization
of conditions (Bunte et al., 2019) and involves multidisciplinary engineering activities that depend on
the exchange of effective and efficient knowledge
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for better collaboration between engineers from
different disciplines (Meixner et al., 2019).
Lee et al. (2018) present a CPPS architectural
framework, where the core elements (sub-system) are
(1) big data analytics, (2) detection and coordination,
and (3) KPI simulation. Among the components are
big data storage, quality prediction model builder,
model repository, real-time data listener, quality
and productivity detector, coordinator, cyber model
builder, simulation engine, and reference KPI builder.
In conclusion, the manufacturing processes at CPPS
allow for more self-regulation and self-organization
in semi-autonomous production teams, create greater
complexity and dynamics in the work process,
require more collaboration, communication, and
problem-solving skills from operators, enable new
forms of human-machine-human collaboration, and
can significantly increase the productivity and quality
of manufactured products (Mühlfelder, 2019).

2.2. CPPSs applications
Numerous authors have expressed interest in the
applications of CPPSs in the most diverse contexts.
Four categories of studies related to CPPS stand
out. The first related to industrial application
and manufacturing, highlighting the studies of
implementation of CPPS in a real factory to predict the
quality of metal casting and control of the operation
from the design of a CPPS architecture framework
(Lee et al., 2018), or even, implementation of the
cyber-physical production system in intelligent
manufacture estimating how companies want to
implement disruptive technologies (DrennanStevenson, 2019), 5C architecture as a cyberphysical development guide for industrial application
(Lee et al., 2017), Chawla et al. (2020) presented a
generalized synergic framework between different
production facilities and in different geographical
locations to obtain an efficient and energy-saving
CPPS for the production of different types of jobs
in the context of industry 4.0, implementation of
CPPS using low-cost devices in a simulated factory
to control the industrial process and integrate
shop floor communications using the AMQP Advanced Message Queuing Protocol (Llamuca
et al., 2019), Ferreira et al. (2020) contributed
data on the applicability of CPS components in
the current SMEs (small and medium enterprises)
environment, with the intention of improving the
performance of manufacturing processes (within the
concept of CPPS), Lins & Oliveira (2020) presented
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the standardization of the retrofitting process to
transform old equipment into a CPPS, and Pinzone
et al. (2020) dealt with the implications of operative
and sustainability functionalities on the health,
learning and operational performance of human
workers within the concept of CPPS.
The second category presents studies involving new
CPPS application models, highlighting the studies
of a new event-based approach (Berger et al., 2019),
such as the 3S-oriented design concept for resilient
and integrated cyber-physical systems based on three
standards: stability, security, and systematicity (Hu
et al., 2016), design patterns of multi-agent systems
(MAS), indicating that agent-based patterns greatly
benefit the design of CPPS (Cruz Salazar et al., 2018),
a new event-based approach (Berger et al., 2019),
Prist et al. (2019) who proposed an intermediate layer
in the architecture that allows each device, production
line and machine to be connected independently,
despite the protocol adopted, Bunte et al. (2019)
analyzed the existing reference architecture on their
cognitive skills (related to CPPS), architectures that
define the structure and interaction of components
software development in CPPS (Mayrhofer et al.,
2019), a software module for a monitoring system
focused on the evolution of the ICPS - Industrial
Cyber-Physical System (Iglesias Sagardui & Arellano,
2019), development of a computer-based model to
simulate physical aspects of the material flow using a
physical mechanism in CPPS (Glatt & Aurich, 2019),
Eckhart et al. (2019) proposed a methodology called
Security Development Lifecycle for Cyber-Physical
Production System (SDL-CPPS) that aims to promote
security designed for CPPS, Stock et al. (2019),
approach to create a cyber-physical data access
layer, based on in the self-description capability of
CPPs components, Wu et al. (2019b) proposed a
meta model to formalize the integrative link between
CPPS and enterprise information systems (EIS),
Patalas-Maliszewska & Schlueter (2019) explored the
possibility of integrating the Knowledge Management
System (KMS) and System Integrator (s) in Cyberphysical Production Systems (CPPS), and simulation
of various degrees of autonomy in a CPPS using a
hybrid lab approach (Gronau, 2019).
The third category involves digital twin studies and
their application to smart shop-floor at scale via
digital twin (DT), highlighting the opportunities
to use DT for CPPS to support work scheduling
during operation (Zhang et al., 2019), the concept of
Intelligent Digital Twin that can be used to perform
autonomous CPPS (Ashtari Talkhestani et al., 2019),
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cyber-physical system (CPS) and digital twin to build
the interconnection and interoperability of a physical
shop floor and correspondent cybershop floor (Ding
et al., 2019), transforming traditional manufacturing
into a CPPS through the e-CORE approach
(Loucopoulos et al., 2019), and Park et al. (2020)
proposed a digital twin based CPPS architectural
framework that overcomes performance obstacles.
In conclusion, the fourth category involves support
for the decision-making process. Highlights are the
studies of Alves & Putnik (2019) presented research
on the influence of the duration of decision making
at CPPS on the performance of the manufacturing
system, for different programming paradigms,
an innovation system for effective planning of
production and maintenance integrated into the
CPPS complex using multi-criteria decision-making
(Schreiber et al., 2019).

3. Methodology
A mixed method was adopted to analyze the problem.
This approach enables a better understanding of
the research problems that each of the approaches
(quantitative and qualitative) would allow separately.
The combined methods make it possible to expand
the understanding of research problems (Miguel,
2012; Creswell, 2009), as occurred in this study.
The purpose of this research was to conduct
exploratory case studies (McCutcheon & Meredith,
1993) in which the conclusions obtained from
the analysis of the data will be based on empirical
evidence. The choice of single cases is justified by
the need for greater depth in the research framework
(Voss et al., 2002).
The case study is a methodological procedure
in which it examines a phenomenon as a whole,
using multiple data collection methods to collect
information from one or a few entities, such as
people, groups, or organizations. It examines
contemporary events where the behavior of the
research subjects cannot be manipulated, having a
generalized character to the theoretical prepositions.
It can also be used to analyze longitudinal change
processes. Thus, it aims to expand and generalize
theories and not populations and universes (Benbasat
et al., 1987; Eisenhardt, 1989; Yin, 1994).
The research framework used in the study aimed to
evaluate and measure the cyber-physical production
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system (CPPS) within three manufacturing industries
in the Amazon to identify the maturity level of these
organizations.
The
constructs
were
determined
from
PricewaterhouseCoopers
(2014),
European
Parliament (2016), Thiede (2018), Thiede et al.
(2016), Germany Trade & Invest (2014), Delloite
(2015), Lee et al. (2017) and Lee et al. (2018).
This research framework considers 15 constructs,
consisting of a form containing 42 questions to
provide an adequate assessment of the evaluated
productive system. The constructs considered are
(1) Organization of the machines in a network; (2)
Integration of machines and the production process;
(3) Sensors and control elements; (4) Data exchange
and control in real-time; (5) KPI simulation, (6)
Dashboard, (7) Data treatment and storage, (8)
System interoperability; (9) Level of autonomy;
(10) Vertical integration; (11) Connection; (12)
Conversion; (13) Cyber; (14) Process cognition
and optimization; and (15) Configuration - artificial
intelligence and machine learning. Table 1 presents
the relation between constructs and source.
Table 1. Relation between constructs and source.
Constructs
Organization of the machines in
a network
Integration of machines and the
production process
Sensors and control elements
Data exchange and control in
real-time
KPI simulation
Dashborad
Data treatment and storage
System interoperability
Level of autonomy
Vertical integration

Source

Delloite (2015)

PWC (2014)
Lee et al. (2018)
Thiede (2018) &
Thiede et al. (2016)
EP (2016)
GTAI (2014)

Connection
Conversion
Cyber
Process cognition and
optimization
Configuration - artificial
intelligence and machine learning

Lee et al. (2017)

Source: Authors.

Each question received a score according to the
evidence that was presented by the company
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and observed in loco on a Likert scale (1 to 5) to
adequately measure the evaluated production
system. The scores are: 1 - Practice not even thought
out, rarely occurs, does not apply to the reality of the
company; 2 - Some awareness, but disorderly and
occasional responses, informal systems, Basic level
of implementation of CPPS; 3 - Consciousness and
appropriate formal systems - but could be further
improved, Intermediate level of implementation of
CPPS; 4 - Effective and highly developed systems,
Advanced level of CPPS implementation, including
provisions for improvement and development; 5
- Highly effective and developed systems, Highly
advanced level of CPPS implementation, including
self-configuration and organization of systems.

interview); and (3) extensive direct observation
(application of form).

The delimitation of the universe of this research
was three manufacturing industries located in the
Amazon. A form was used to identify organizational
characteristics, based on Guérin et al. (2011) and aspects
related to CPPSs, based on PricewaterhouseCoopers
(2014), European Parliament (2016), Thiede (2018),
Thiede et al. (2016), Germany Trade & Invest (2014),
Delloite (2015), Lee et al. (2017) and Lee et al. (2018).

The quantitative data obtained from the script
responses were tabulated in a summary table,
grouped according to the content, and stratified
according to the structure of the evaluation and
measurement form of cyber-physical production
systems. For qualitative data, discourse analysis
(Bardin, 1977) was used based on the following steps:
(1) pre-analysis (systematization and establishment
of interpretation indicators), (2) data exploration
(coding, classification, and categorization), and (3)
treatment of results, inference, and interpretation. A
summary of the methodological procedures used is
presented in Table 2.

As research techniques (Marconi & Lakatos, 2002)
were used: (1) indirect documentation (documentary
and bibliographic research); (2) intensive direct
observation (In-loco observation and open structured

The study took place in four moments: (1) open
structured interview (Vergara, 2009) based on a script,
based on Guérin et al. (2001), where fundamental
information was identified to complement the forms
applied in the company, later; (2) documentary
research took place intending to collect preliminary
data in written documents (reports, internal reports,
and website) and structured observation (Vergara,
2009); there was (3) application of the form with those
responsible for the organization (after observation
and interviews); and concluding, (4) quantitative and
qualitative data were analyzed and tabulated.

Table 2. Summary of the methodological procedures.
Stage
Method
Approach to
Mixed methods
the problem

Source
Miguel (2012),
Creswell (2009)

Type of
research

McCutcheon &
Meredith (1993), Voss
et al. (2002)

Procedure

Data
gathering

Analysis of
data

Exploratory case
study (Single case)
Indirect
documentation
Intensive direct
observation Extensive
direct observation
Multiple case study In
loco observation = 15
days Open structured
interview = 20 hours
of interview Form
application = 05 days
Analysis of content

Comments
Interpretation of the opinion of the interviewees Use of
productive quantitative data
Chemical company
Thermal power plant
Plastic injection molding company
located in the Amazon

Marconi & Lakatos
(2002), Vergara (2009), Reports, internal reports, and website
Guérin et al. (2001)
Quality department
Operations management department
Marconi & Lakatos
Industrial engineering department Observation in the
(2002), Vergara (2009),
productive and administrative area Interviews with
Guérin et al. (2001)
company managers and employees Application form
with company managers and employees
Description, understanding, and explanation of research
framework (evaluation and measurement of a cyberBardin (1977)
physical production system (CPPS) from the following
steps: (1) pre-analysis, (2) data exploration, and (3)
treatment of results, inference, and interpretation.

Source: Authors.
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(Table 3 continues from the previous column)

4. Companies
4.1. Case 1. Chemical company
The first case represents a company in the chemical
sector, being one of the best known and respected
manufacturers of hygiene and cleaning products in
the world, operating in the categories of hygiene
and cleaning, personal care, insecticides, and more
recently, domestic storage. Currently, the plant
located at the Industrial Pole of Manaus (PIM) has
approximately 320 employees.

4.2. Case 2. Thermal power plant
The second case represents a thermal power plant,
operating since 2002. The company has an installed
capacity of 9MW, with a continuous production
process, and with a high level of automation.
Currently, the plant located in Amazon has
approximately 60 employees.

4.3. Case 3. Plastic injection molding company
The third case represents a plastic injection molding
company, being an important national player in
the segment of plastics for the electronics, home
appliance, automobile, and electrical products
industries. Currently, the plant located at the PIM has
approximately 400 employees.

5. Results and discussion
RQ1: Does the company implement practices
associated with cyber-physical production systems?
Case 1. Chemical company (Table 3).

Sensors and
control elements

Data exchange
and control in
real-time

KPI simulation
Dashboard

Data treatment
and storage

System
interoperability
Level of
autonomy
Vertical
integration

Table 3. Case 1 – Chemical company.
Constructs

Evidences

The company’s machines are not
organized in networks and also do not
use RFID technology or other technology.
Organization of
The machines do not share information
the machines in a
between them, such as stock levels,
network
problems or failures, changes in orders, or
levels of demand. Also, remote access to
them is not possible.
There are no sensors or control
Integration of
elements in the company that allow the
machines and
machines/equipment to be connected
the production
to the manufacturing plant, fleets, work
process
networks, and human beings.
(Table 3 continues in the next column)

Connection

Conversion
Cyber
Process
cognition and
optimization

Over the years the company has developed
a series of improvements in machines and
equipment as a result of the adoption
of lean thinking, which included the
implementation of TPM. The machines
have several productive control sensors or
fail-safe devices (Poka-Yoke), however,
they do not communicate with each other.
Information is collected by operators
directly from each machine at each
workstation through-out the production
process. Then these data are inserted in
spreadsheets and also in the ERP system
(Enterprise Resource Planning). There
is no real-time control of the production
process, however, the data collected from
each workstation, manually, is used to
monitor pro-duction.
Company has KPIs in its production
process, however they are not simulation
results.
The information generated by the
production process is located in visible
places on the plant
There is no standardized communication
proto-col between machines/equipment
and data sys-tems. The information
is not categorized and there is also no
responsibility for analyzing the data
generated by the systems.
There is no system interoperability,
does not exist the connection and
communication between human and smart
devices available (real and virtual).
The level of automation adopted by the
company is low considering industry 4.0.
Just a production process has a high level
of automation.
Vertical integration (suppliers, company,
and consumers) takes place from the
network of machines/equipment using
ERP.
There is no standardized communication
protocol between machines/equipment
and data systems. However, the company
presents an initial stage of connection
between activities, ERP and machines in
its production process
There is no big data storage and other
methods for conversion meaningful
information
There is no application and generation of
predictive/cyber models.
There is no application of decision-making
and reasoning methods to recommend
operations aimed at maintaining optimal
production.

Configuration
The system does not provide features that
- artificial
are self-configuring or involve machine
intelligence and
learning and artificial intelligence.
machine learning
Source: Authors.
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Case 2. Thermal power plant (Table 4).
Table 4. Case 2 – Thermal power plant.

Constructs
Organization of
the machines in a
network

Integration of
machines and
the production
process

Sensors and
control elements
Data exchange
and control in
real-time

KPI simulation
Dashboard
Data treatment
and storage
System
interoperability
Level of
autonomy
Vertical
integration

Connection

Conversion
Cyber

Company has KPIs in its production
process, however they are not
simulation results.
The machines are organized in a
network using PLCs for production
control.
The process can be controlled
remotely or automatically. Its main
process variables to be controlled:
pressure and temperature. Sensors are
coupled to the equipment to provide
system data to then be analyzed and
stored, then they are shown on the
screens of the computers supervised
by the operators.
The information comes from sensors
that capture the process variables of
the industrial plant.
The data is still transmitted
informally, only with the help
of intranet via radio, e-mail, and
documentary. There is control of the
entire production process in realtime
Company has KPIs in its production
process, however they are not
simulation results.
Information generated by the
production process is available in the
plant’s control room
The company uses a supervisory
system designed to capture and store
information about the production
process in a database.
There is system interoperability
through the connection and
communication between human and
machines (real and virtual)
Approximately
85%
of
the
production process is automated.
There is no vertical integration with
the raw material supplier
The company adopts well-defined
communication protocols due to
the characteristic of the production
system. Communication between
machines is observed at different
stages of the production process.
There is no big data storage and other
methods for conversion meaningful
information
There is no application and
generation
of
predictive/cyber
models.

(Table 4 continues in the next column)
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(Table 4 continues from the previous column)

There is no application of decisionProcess cognition making and reasoning methods to
and optimization recommend operations aimed at
maintaining optimal production.
Configuration
The system does not provide features
- artificial
that are self-configuring or involve
intelligence and
machine learning and artificial
machine learning intelligence.
Source: Authors.

Case 3. Plastic injection molding company (Table 5).
Table 5. Case 3 – Plastic injection molding company.
Constructs

Evidences
The machines are connected to a
central network, where the production
Organization of
data of all assets are stored, however,
the machines in a
they do not communicate with
network
each other, sharing only the storage
database.
The company has a performance,
Integration of
production, and problem control
machines and
based on remote sensing, which
the production
sends the collected data immediately
process
to the production control telemetry
system.
there is no direct communication
between
the
machines,
the
Sensors and
information generated by the
control elements productivity sensors and controllers
present in the assets are diagrammed
and sent to a control platform
There is the collection of information
directly
from
machines
and
Data exchange
workstations. This information is
and control in
available on a panel in the production
real-time
area. There is real-time control of a
significant part of the production
process.
Company has KPIs in its production
KPI simulation
process, however they are not
simulation results.
The information generated by the
production process is visible on a
Dashboard
dashboard in the production area and
in the ERP system.
The company has a communication
of its data which is transmitted
digitally. There is a great dependence
on a direct communication between
Data treatment
the PCP, engineering, logistics,
and storage
and production teams, which can
make it many times the exchange
of information that is crucial for
decision-making on the process is
inefficient.
(Table 5 continues in the next page)

Int. J. Prod. Manag. Eng. (2022) 10(1), 51-64

57

Coelho et al.

(Table 5 continues from the previous page)

Constructs

Evidences
There is system interoperability
through
the
connection
and
System
communication between human
interoperability
and machines (real and virtual).
Especially in production process.
The level of automation adopted
Level of
by the company is low considering
autonomy
industry 4.0. Just a production process
has a high level of automation.
Vertical
integration
(suppliers,
Vertical
company, and consumers) takes
integration
place from the network of machines/
equipment using ERP.
It is observed the adoption of
communication protocols in the
production process, through ERP.
Connection
However, there is a greater need for
connection between the production
process and other areas of the
company.
There is no big data storage and other
Conversion
methods for conversion meaningful
information
There is no application and generation
Cyber
of predictive/cyber models.
There is no application of decisionProcess cognition making and reasoning methods to
and optimization recommend operations aimed at
maintaining optimal production.
Configuration
The system does not provide features
- artificial
that are self-configuring or involve
intelligence and machine learning and artificial
machine learning intelligence.

In conclusion, the research framework made it
possible to assess the maturity level of cyber-physical
production systems within three manufacturing
industries in the Amazon, making it an original
contribution to operations management. When
associated with other research techniques (open
structured interview, structured observation, content
analysis, and documentary research) it provided a
more comprehensive and deeper understanding of the
phenomenon within the companies studied, as pointed
out in Voss et al. (2002), Miguel (2012), Creswell
(2009) and McCutcheon & Meredith (1993). The
internal validity of the case study is confirmed by the
systematic comparison of the literature concerning
the research framework, whereas the reliability of the
study is justified by the preparation of the database
that was organized, integrated, and synthesized
of the information obtained from different sources
of evidence, resulting from the various research
techniques employed (Villarreal, 2017; Villarreal &
Calvo, 2015; Villarreal & Landetta, 2010).
RQ3: What is the level of implementation observed
in the company concerning the literature?

Source: Authors.

Case 1. Chemical company

RQ2: Does the research framework provide adequate
assessment of CPPS practices?

Considering the information collected about the
cyber-physical production system theme at the
chemical company, the radar graph was created
(Figure 1) presenting the measurement to the
adoption of practices related to the theme. The
constructs with the best performance were (1)
integration of machines and the production process
(2.0), (2) data exchange and real-time control (2.0),
and (3) organization and networked machines in line
with Delloite (2015) and PricewaterhouseCoopers
(2014). The connection level averaged 1.5 and the
conversion level averaged 1.25. Cyber, cognition,
and configuration scored 1.0. Finally, the company’s
overall average was 1.29. The chemical company has
a level of implementation of the concepts of cyberphysical production systems in an initial stage to the
connection level (Lee et al., 2017) due to the process
of integration of the machines and the use of control
sensors still to be found in a stage that there is no
single communication between these elements in the

The instrument deals with 15 constructs that
correspond to the main aspects that involve the
concept of cyber-physical production systems. The
instrument allows a comprehensive analysis of a
company, seeking to identify the current stage of
adaptation to the precepts related to cyber-physical
production systems (PricewaterhouseCoopers, 2014;
European Parliament, 2016; Thiede, 2018; Thiede
et al., 2016; Germany Trade & Invest, 2014; Delloite,
2015; Lee et al., 2017; Lee et al., 2018), in addition
to identifying what level the company is about the
5C architecture presented in Lee et al. (2017).
Also, the complementary research techniques used
in the in-depth case provided a diversity of sources
of information and provided the scientific reliability
necessary for this case study. The realization of an
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open structured interview, structured observation,
content analysis, and document research enabled
an in-depth case that contributes to the literature by
deepening the observations in the real context about
the application of concepts involving cyber-physical
production systems in a company.
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production environment, in addition to the lack of a
single communication protocol. The standardization
of the communication equipment of the manufacture
is still lacking.
Overall performance
Q.42
Q.41

Configuration - artificial intelligence and
machine learning

Q.40

Q.38

Q.1Organization of the machines in a network
Q.2
Q.3
Integration of machines and the production process
Q.4
Sensors and control elements

Q.5

Data exchange and control in
real-time

Q.6
Q.7

3

Q.37

Q.35

System interoperability

Q.8

2

Q.36

Process cognition and
optimization

5
4

Q.39

is an organization that has a continuous production
system, with little variability in the volume of
production and no variability in terms of the
diversity of final products. A certain standardization
of manufacturing communication equipment is
evident and raw data from the production process are
converted into “meaningful” information.

Q.9
Q.10

1

Q.34

KPI simulation

Case 3. Plastic injection molding company

Q.11

0

Q.33

Q.12

Q.32

Q.13

Q.31

Dashboard
Data treatment and storage

Q.14

Cyber Q.30

Q.15 Level of autonomy

Q.29

Q.16
Q.28

Q.17
Q.27

Vertical integration

Q.18

Conversion Q.26

Q.19
Q.25

Connection

Q.24

Q.23

Q.22

Q.21

Q.20

Figure 1. Performance – Chemical company. Source:
Authors.

Case 2. Thermal power plant
Figure 2 shows the radar graph generated from the
information collected in the thermal power plant
about the cyber-physical production system. The
best performing constructs were (1) organization
of the networked machines with an average of 3.0,
followed by (2) sensors and control elements (3.0),
(3) integration of the machines and the production
process (2.0), and (4) data exchange and control
in real-time (2.0) in line with Delloite (2015) and
PricewaterhouseCoopers (2014). The connection
level averaged 2.5 and the conversion level averaged
1.25. Cyber, cognition, and configuration scored 1.0.
Finally, the company’s overall average was 1.52. The
thermal power plant has a level of implementation of
the concepts of cyber-physical production systems in
an intermediate stage at the connection level, being
possible to observe characteristics of the conversion
level (Lee et al., 2017). The very nature of the
company’s activity reinforces the results because it

Figure 3 shows the radar graph generated from
the information collected in the plastic injection
molding company regarding the cyber-physical
production system. The best performing constructs
were (1) organization of the machines in a network
(3.0), followed by (2) sensors and control elements
(3.0), (3) integration of the machines and the
production process (2.5), and (4) data exchange
and real-time control (2.0) Delloite (2015) and
PricewaterhouseCoopers (2014). The connection
level averaged 2.0 and the conversion level averaged
1.75. Cyber, cognition, and configuration scored
1.0. In conclusion, the company’s overall average
was 1.6. The plastic injection molding company has
a level of implementation of the concepts of cyberphysical production systems in a similar stage to that
observed in the thermal power plant (connection
level, being possible to observe characteristics of the
conversion level). The very nature of the company’s
activity reinforces the results because the production
process has a moderate-high level of automation. It
was possible to observe a certain standardization of
the manufacturing communication equipment with
a higher level of conversion and visualization of
product data becoming “meaningful” information.
Configuration - artificial intelligence
and machine learning

Overall performance
Q.42
Q.41

Q.40

Q.38

Q.1Organization of the machines in a network
Q.2
Q.3
Integration of machines and the production process
Q.4
Q.5

Sensors and control elements

Q.37

Data exchange and control in
real-time

Q.6
Q.7

3

Q.35

Q.9
Q.10

1

Q.34

0

Q.12

Q.32
Configuration - artificial intelligence and
machine learning

Overall performance
Q.42
Q.41

Q.40

Q.38

Q.5

Sensors and control elements

Data exchange and control in
real-time

Q.6
Q.7

3

Q.37

Q.35

System interoperability

Q.8

2

Q.36

Process cognition and
optimization

5
4

Q.39

Q.31

KPI simulation

Dashboard
Data treatment and storage

Q.14

Cyber Q.30

Q.15 Level of autonomy

Q.29

Q.16
Q.28

Q.17

Vertical integration

Q.18

Conversion Q.26

Q.10

1

Q.34

Q.13

Q.27

Q.9

KPI simulation

Q.11

Q.33

Q.1Organization of the machines in a network
Q.2
Q.3
Integration of machines and the production process
Q.4

System interoperability

Q.8

2

Q.36

Process cognition and
optimization

5
4

Q.39

Q.19
Q.25

Connection

Q.24

Q.23
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Q.21
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Q.11

0

Q.33

Q.12

Q.32

Q.13
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Dashboard
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Q.14

Cyber Q.30

Figure 3. Performance – Plastic injection molding
company. Source: Authors.

Q.15 Level of autonomy
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Q.25

Connection

Q.24
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Figure 2. Performance – Thermal power plant. Source:
Authors.
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In summary, the plastic injection molding company
obtained superior performance in the evaluation,
followed by the thermal power plant and chemical
company indicating that the cyber-physical

Int. J. Prod. Manag. Eng. (2022) 10(1), 51-64

59

Coelho et al.

production system has better performance when
considering the type of production system adopted
by the company and the level of automation in
line with the cyber-physical production system
(CPPS) architecture framework presented in Lee
et al. (2018). Companies evaluated even at an early
stage of implementing concepts of cyber-physical
production systems already have an advantage in
the competitive environment (Lee et al., 2013)
about the competition and moving towards the
concept of intelligent factories (Cruz Salazar et al.,
2019; Drennan-Stevenson, 2019) in the Amazon
context, with data processing becoming intelligent,
monitoring, optimization, and multidisciplinary
engineering activities according to Berger et al.
(2019), Bunte et al. (2019) and Meixner et al. (2019).
This study differs from the works presented in
this research regarding the application of CPPS
(Hu et al., 2016; Lee et al., 2017; Lee et al., 2018;
Drennan-Stevenson, 2019; Cruz Salazar et al.,
2018; Ashtari Talkhestani et al., 2019; among others
presented), as its focus is on the evaluation of cyberphysical production systems from the point of
view of operations management, while most of the
works on the subject work from the point of view
of the science of computing. However, the approach
to work with a focus on the shop floor stands out,
especially Romero-Silva & Hernández-López
(2020), Govender et al. (2019), Torres et al. (2019),
and Rocha et al. (2019).

6. Conclusion
This study aimed to assess the maturity level of cyberphysical production systems within manufacturing
industries in the Amazon. The research framework
enabled a comprehensive assessment of companies
by using different research techniques, making an
original contribution to operations management,
identifying opportunities for improvement, and
assessing maturity in this context. The contributions

of this research are relevant for academics and
professionals.
The theoretical contribution is in expanding
the theme by conducting research focusing on
operations management’s point of view on the
subject. we seek to initiate a discussion of cyberphysical production systems from the perspective of
planning, management, and evaluation characteristic
of business management and expanding the body of
knowledge related to the topic. All variables on the
CPPS evaluation and measurement form have been
previously examined in the literature. The study
contributes to the development of research in the
Amazon context and its application in other realities.
Among the managerial implications, the research
contributed to the reflection on the part of the
companies that participated in the study as to the
current stage in which they are about the theme.
The results can be used to optimize initiatives for
productive and managerial excellence. The adopted
form can assist other companies in the evaluation
of their cyber-physical production systems and
can be applied to evaluate an industrial sector as a
whole. The proposed methodology can assist other
companies in the development of the technological
strategy, supporting the digital transformation
process in order to obtain competitive advantage.
Our findings reveal a positive relationship between
the type of production system adopted by the
company, the level of automation, and the maturity
of the CPPS.
The limitations of the research are associated
with limited sample size, although the study was
carried out in the form of an in-depth case, which
enabled a greater level of deepening of the reality
of the companies, and the impossibility of carrying
out a longitudinal analysis. For future research, it
is recommended to conduct similar research in a
specific industrial sector, in addition to expanding
the number of cases reported per study.
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Abstract:
Understanding the scientific and social structure of a discipline is a fundamental aspect for scientific evaluation
processes, identifying trends and niches, and balancing the trade-off between exploitation and exploration
in research. In the present contribution, the production of doctoral theses is used as a proxy to analyze the
scientific structure of the knowledge area of business organization in Spain. To that end, a complex networks
approach is selected, and two different networks are built: (i) the social network of co-participation in thesis
examining committees and thesis supervision, and (ii) a bipartite network of theses and thesis descriptors. The
former has a modular structure that is partially explained by thematic specialization in different subdisciplines.
The latter serves to assess the interdisciplinary structure of the discipline, as it enables the characterization
of affinity levels between fields, research poles and thematic clusters. Our results have implications for the
scientific evaluation and formal definition of related fields.
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1. Introduction
Science mapping is an essential tool for understanding
the structure of science and determining both the
scientific strategy and the evaluation criteria of
scientific production (Sedighi, 2016). This process
is often conducted through the formal analysis of

networks such as journal citation networks or cocitation networks, among others (Newman, 2003).
One of the ways in which the mapping process can
be carried out is through the study of the doctoral
theses produced within a given field. Such an
approach, that uses theses as interaction entities,
presents some interesting particularities. The most
notable of all of them is probably that the effort
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and commitment required to undertake a doctoral
dissertation —often greater than in other scientific
enterprises, where collaborations may be more
punctual and opportunistic— has the potential to
indicate more robust trends and research lines.
Doctoral theses are a crucial source of information
to understand the scientific structure of disciplines
and identify the social dimension of science, its
main actors and protagonists, and how they are
related to each other (Repiso, Torres, & Delgado,
2011). In the case of Spain, the influence of
supervisors on the composition of the thesis
evaluation committee is a well-known phenomenon
(Villarroya, Barrios, Borrego, & Frías, 2008).
Thereupon, the co-occurrence of members and
supervisors combined with the thesis descriptors can
provide relevant information on both the academic
and social structure of the scientific field(s) under
consideration.
Scientific areas are the central element in the
evaluation and development of the scientific
career. In Spain, the knowledge area of business
organization —Organización de empresas— is one
of the most varied in terms of subjects and one of
the most numerous in the number of academics.
Previous theses-based analyses of the scientific
structure of this area have shown: (i) an unequal
distribution of participation in thesis evaluation
committees (compatible with a truncated powerlaw); (ii) a modular structure; and (iii) a positive
assortativity among network members belonging to
the same scientific association (Garrido-Labrador
et al., 2022).
The present work continues this line of research
and further uses complex networks analysis tools
(Newman, 2003) to extend and deepen previous
findings and intuitions on the TESEO database.
More specifically, we combine the co-participation
networks in thesis examination committees in
Organization and management of enterprises with
the UNESCO descriptors (UNESCO, 1988) that
define the topics and areas of each doctoral thesis.
Notably, by expanding the information on the
theses at the subdiscipline level, we find a more
detailed scientific map of the field and can relate it
to the levels and areas of scientific specialization.
Eventually, we complete our analysis by identifying
the interdisciplinary relations of Organization and
management of enterprises with the rest of existing
domains.

66

Int. J. Prod. Manag. Eng. (2022) 10(1), 65-75

2. Methods and data sources
2.1. Methodological framework: Network
science
The methodological framework used in this work
to formalize the problem is network science (also
called complex networks or network analysis). This
approach has received much attention within the
academia, and its development and applications
have grown significantly in recent years (Latora,
Nicosia, & Russo, 2017). Modeling a system as a
network is a very general abstraction, as networks
allow describing the interactions between elements
of systems of a very diverse nature —from social
and biological to technological and information
phenomena (Newman, 2003). The advantages of
modeling a system as a network lie not only in the
intuitiveness of the description but also in the fact
that, once a system has been described in network
terms, it can be analyzed using the powerful
mathematical apparatus of graph theory. Such
apparatus makes it possible to extract, analyze and
summarize information on the functioning of the
system in a powerful and tractable way, both in static
and dynamic terms.
In a network approach, the elements that constitute
a given system are modeled as nodes, and the
interactions between them as links. According
to the characteristics of these links and/or nodes,
networks are divided into different types: weighted/
unweighted, unimodal/bimodal, bipartite, etc. Once
the network is built, the resulting topology allows to
formally infer many relevant properties and patterns
of the system as a whole (Mata, 2020), the relative
importance of the nodes (Rodrigues, 2019), and/
or whether it presents structure in the mesoscale
(Fortunato & Hric, 2016), among others. In specific
applications, it is also possible to determine how
the interaction structure —network structure—
conditions the processes under study and vice versa.
Application examples of network science are bountiful
and diverse, ranging from epidemic models (PastorSatorras, Castellano, Van Mieghem, & Vespignani,
2015), interaction between species and the evolution
of social groups in ecology (Bascompte, 2007), to
the management of communications in nuclear
emergency plans (Ruiz-Martin, Ramirez-Ferrero,
Gonzalez-Alvarez, & López-Paredes, 2015), the
identification of efficacious combination therapies
in drug development (Cheng, Kovács, & Barabási,
2019) and many other applications in many different
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contexts (Havlin et al., 2012; Newman, 2018;
Schweitzer et al., 2009).
Remarkably, since the Erdős number became
famous (Grossman, 1997), the use of networks
to analyze scientific interconnectedness and
productivity has developed an important tradition.
In fact, scientometrics and bibliometrics have made
intensive use of network analysis to identify academic
patterns. Typically, the networks built to that end are
based on article citations, being co-citation networks
and bibliographic coupling common approximations
(Newman, 2018). The reason behind using article
citations is that they are a good proxy for scholarly
activity as, in general, when one article cites another,
it indicates that the cited article is relevant in some
way to the citing article. The first analyses in this line
date back to the 1960s with the pioneering work of
Price (1965). In these studies, the articles constituted
the nodes of the citation network, and directed links
were used to indicate which articles cited or were
cited by others. As regards co-citation networks,
their links represent the number of other articles that
simultaneously cite both, being hence undirected
and weighted. Eventually, in bibliographic coupling
studies, the weight of the links represents the number
of articles cited by both papers. Thanks to these
complementary approaches, it is possible not only
to map different scientific areas, but also to shed
light onto the relative influence of different scientific
ideas, their evolution, the similarity or difference
between papers, etc.
Furthermore, it is worth noting that the analysis of
scientific networks is not restricted to article networks.
As a matter of fact, co-authorship and social relations
within the academia have also been explored using
network approaches. Notably, some of these works
have served to better understand the social dimension
of science and the formation processes behind the
patterns found. See, for instance, the high clustering
and small distance between researchers, compatible
with the small-world property (Watts, 1999), and/
or the heavy-tailed collaborative distributions
identified in scientific networks (Newman, 2001a,
2001b, 2001c). Even models have been developed to
characterize the evolution of co-authorship networks
(Barabási et al., 2002).

2.2. Data
The data used in this work was collected using
the TESEO database compiled by the Spanish
Ministry of Education, Culture and Sports
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(https://www.educacion.gob.es/teseo). This repository
contains a unified database with all the doctoral theses
from Spanish universities since 1976. The database
provides information on the title of the thesis, the
university, the author, the date, the supervisors, the
examining committee, and the thesis classification
according to the UNESCO nomenclature for the
fields of science and technology. This terminology
was an international effort that began in 1966 and
was successfully completed in 1988 to create a
global standard system for classifying science and
technology. Although, initially, its objective was to
classify research articles and doctoral theses, today, the
classification standard is used for broader purposes —
classification of research projects, academic positions,
research lines, etc. (Martínez-Frías & Hochberg,
2007).
Basically, the nomenclature is organized into three
hierarchical levels of aggregation. The first level
(2-digit code) is the level corresponding to the
scientific field (e.g., Chemistry, Physics, Medical
Science); the second level (4-digit code) establishes
the level of scientific discipline (e.g., within
Chemistry: Analytical Chemistry, Biochemistry,
Inorganic Chemistry, etc.); and, finally, the third
level (6-digit code) determines the level of the
subdiscipline, thus corresponding to individual
specializations in science and technology.
In our contribution, we have filtered the complete
database to the theses that contain the UNESCO
code 5311XX —Organization and management of
enterprises. Unlike previous studies, in this work,
we have selected not only those theses that include
the four-digit code but also those that include the
six-digit code, i.e., the other nine subdisciplines
that comprise the discipline: Sales Management,
Industry Studies, Manpower Management, Financial
Management, Operations Research, Marketing,
Optimum Production Levels, Organization of
Production and Advertising.
As for the names of the supervisors and members
of the thesis examination committees, they have
been pre-processed to reduce the lack of consistency
presented by TESEO in some fields of the database
(Castelló i Cogollos, Bueno Cañigral, & Valderrama
Zurián, 2019), and/or to identify possible academics
who have been registered under different names.
The filtered database has been formalized into a
tripartite network (Figure 1), that is latter transformed
into two different bimodal and bipartite networks —
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recall that bimodal means that there are two different
groups of nodes, and bipartite implies that edges run
only between nodes of unlike group.
In the first bipartite network, the node groups are the
theses and the scholars, while in the second network,
the groups are the theses and their descriptors. As regards the theses-scholars network, there is a link between a scholar and a thesis if the academic has been
a supervisor or a member of the examination committee of that thesis. Note that the set of the UNESCO
codes of each thesis has been kept as an attribute of
the corresponding thesis node. The resulting network
is constituted by 7911 scholar nodes and 3572 theses
that were defended from 14th October 1991 to 27th
February 2020.

Figure 1. The data structure of the analysis of this work
corresponds to a tripartite network with three types of
nodes, i) academics who have been part of an evaluation
committee (TEC) or supervised a thesis (S); ii) theses
defended in the scientific field; and iii) UNESCO scientific
field descriptors of each thesis.

As for the second bipartite and bimodal network,
there is a link between each thesis and each of its
descriptors —i.e., the UNESCO codes used to
describe it in TESEO. Recall that since the set of
descriptors of each thesis is determined by its author,
some inconsistencies might be found in relation to
the categorization of topics.

3.

Analysis and results

3.1. Communities of scholars and their
specialization
The first step of our analyses consisted in performing
a simple weighting projection of the scholarstheses bipartite network onto the scholars’ space.
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One-mode projections are commonly used when
dealing with bimodal/bipartite networks, as the set
of mathematical tools available for their analysis is
much more developed. However, since one-mode
projections inevitably lead to the loss of information,
it is important to choose a projection procedure
with a suitable type of weighting, i.e., one that
allows preserving as much information as possible.
Among the different projection possibilities, simple
weighting is probably the most frequent of all of
them. It consists in assigning a weight to the links
that is equal to the number of times the common
association is repeated (Zhou, Ren, Medo, & Zhang,
2007).
In our case, the result of the one-mode projection onto
the scholars was an undirected monomodal network
in which the scholars constitute the nodes, and
there exists a link between two of them if they have
coincided in the same thesis (either as supervisors or
as members of the examination committee).
Interestingly, the scholar monomodal network thus
obtained reveals a giant component that contains
more than 90% of the nodes —i.e., 90% of its nodes
are connected to each other and belong to the same
component. In addition, recall that each of the nodes
in this network is endowed with two attributes: the
first is the number of theses in which the researcher
has participated; the second is her profile of
specialization in Organization and management
of enterprises. To calculate this latter attribute, we
propagated the UNESCO thesis descriptors to each
scholar at the 6-digit (subdiscipline) level. More
specifically, we considered the number of thesis
descriptors so that they summed up to one for each
thesis. For example, in a thesis with two descriptors,
Organization of Production and Industry Studies,
each subdiscipline counted 0.5. On its part, if the
thesis had only the Organization of Production
descriptor, it counted 1.0. Once all the theses related
to each researcher had been recorded in accordance
with this procedure, we calculated the relative
frequency of each UNESCO code for each person,
hence obtaining the different research specialization
profiles.
To interpret this network, we filtered it to include only
the scholars who had been in at least 10 doctoral theses
—i.e., the scholars with a degree equal to or greater
than 10. This threshold reduced the network from
7911 nodes and 41433 links to 305 nodes and 3088
links respectively, thus serving to eliminate noise,
avoid considering spurious structure and helping to
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identify the core patterns. The resulting network is
typically referred to as backbone. Afterwards, we
explored the backbone with the Louvain algorithm
for community detection (Blondel, Guillaume,
Lambiotte, & Lefebvre, 2008). Such algorithm
allows determining if a network presents a modular
structure, i.e., if it has nodes densely connected to
each other but weakly connected to the rest of the
network. To that end, the Louvain algorithm uses
a modularity maximization heuristic, i.e., it seeks
to maximize the difference between the number of
actual links between each pair of nodes, and the
expected number of links if they had been established
at random while preserving the degree of each node.
In the modularity Formula (1) m is the number of
links in the network; ki is the degree of node i; and
ci is an integer representing the community of node
i; δ(cicj) denotes the Kronecker delta, which equals 1
if both nodes belong to the same community and 0
otherwise.

Q =

ki kj
1
Aij −
δ(c c )
∑
2m ij (
2m ) i j (1)

Remarkably, in the backbone of our scholars’
network, the algorithm found a modularity value of
0.584 and identified nine different communities (see
Figure 2), hence revealing the social structure of the
network of researchers in the field of Organization
and management of enterprises in Spain. In this
regard, an interesting research question is whether
such network can be explained according to the
scientific sub-specialization of each community and/
or in accordance with the social relations between its
members. To try to answer it, we conducted various
complementary analyses.
First, we analyzed the general specialization
profile of each community from the profiles of
the researchers who belong to it. The community
profile was calculated in two ways: (i) through a
consensus distribution obtained by averaging the
profile of all the researchers in the community, and
(ii) through a weighted average using the number
of theses —i.e., the degree of the scholar— as
weight; we found that the results are robust to both
approximations. The subdiscipline distributions
obtained for each community are represented in the
lower part of Figure 2. To determine whether the
clusters are specialized or generalist, we calculated
the normalized entropy of each subdiscipline
distribution according to Equation (2), where xi
represents each subdiscipline and n the total number
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of subdisciplines —recall that the higher the entropy,
the more generalist the specialization profile of the
community and vice versa.
n or m S =

− ∑ni=1 p(xi)log2p(xi)
log2n

(2)

The results show two highly specialized
communities: community 4 (purple) in Marketing,
and community 6 (pink) in Marketing and
Advertising; interestingly, these two communities
are weakly connected between them. Community
0 (blue) is also specialized in Marketing, but with
a certain level of Financial Management; it acts as
a bridge between the purple and pink communities.
The rest of the communities show an intermediate
degree of specialization: the green community is
focused on Financial Management; the communities
1 (orange) and 3 (red) present a relevant relative
focus on Manpower Management; the 7 (gray)
and 8 (yellow) combine Manpower Management
with Marketing and Financial Management in the
former case and Organization of Production in the
latter; community 5 (brown), which is strongly
associated with the Association for the Development
of Management Engineering (Asociación para
el Desarrollo de la Ingeniería de Organización,
Adingor) —see Garrido-Labrador et al. (2022)—
also presents an intermediate level of specialization
in which Organization of Production, Operations
Research, and Industry Studies are overrepresented.
It is noteworthy that the most specialized
communities are more peripheral in the network,
as might be expected. However, some peripheral
communities are rather generalist, hence challenging
the explanation of the patterns observed exclusively
on the grounds of scientific specialization, at least for
the scale of analysis selected.
To better understand this latter issue, we decided
to address the problem as follows. We built an
additional network in which the nodes represented
each of the nine communities, and the weight of the
links represented the number of shared links (edges
between them) in the original projected network
(Figure 3).
Once such a network of communities was built, we
used as proxy for the social component of the problem
the weight of the links. Under this approach, if two
nodes have a high weight between them, they are
assumed to be closely socially related and vice versa.
As regards the second component of the problem
—i.e., the similarity/dissimilarity in the thematic
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Figure 2. At the top of the figure, the backbone of the network projected onto the scholars is shown. The colors indicate the
different communities obtained using the Louvain algorithm. At the bottom of the figure, the specialization profile of each
community is represented by its distribution and normalized entropy.
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cosθ =

Figure 3. Collapsed community network of academics.
In this network the nodes are the different communities
previously identified in Figure 2 and the weight of the links
represent the number of shared links between them. The
size of the node is proportional to the number of scholars
in each community.

specialization of the different communities— it
was formalized by means of the cosine similarity
(3) of their specialization profiles (obtained from
the descriptors of the different theses that each
community is linked to in the bipartite network).
Cosine similarity is the cosine of the angle between
two n-dimensional vectors, and it is calculated as the
dot product of the two vectors divided by the product
of their magnitudes —Equation (3).

A∙B
A

B

=

∑ni=1 Ai Bi
∑ni=1 Ai2

∑ni=1 Bi2

(3)

In order to determine if the social proximity between
communities (weights of the links in the community
network) and their thematic proximity (cosine
similarity) were correlated, we used the Spearman
coefficient. In this regard, to ascertain whether the
correlation value thus obtained was significant or
not, a reference correlation value (baseline) was
required. To establish it, we assumed a null model
according to which the network of scholars would
have formed exclusively on the basis of the social
relations between its members —i.e., regardless
of their thematic specialization. Thereupon, we
maintained the empirically found social network by
keeping the thesis evaluation committees untouched
and randomized only the theses assigned to each
scholar.
Comparison of the empirical results and the
simulation results of the null model suggest that the
formation of the different communities is partially
driven by thematic specialization. Figure 4 shows
the p-value of the normalized entropy in each of the
communities found. In all cases, the null hypothesis

Figure 4. The figure shows the expected distribution of normalized entropy under the null hypothesis that thesis committees
are randomly assigned. The empirically observed value is shown in yellow. In all cases, the null hypothesis is rejected at
0.05 significance level.
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is rejected, i.e., the empirical communities are
significantly more specialized than what would be
expected according to the null model.
Subsequently, we studied the nature of the
relationships between the 9 communities. Our results
show a positive Spearman correlation of 0.428
between the social proximity between communities
(number of shared links) and their thematic
similarity (measured by the cosine similarity
between the thematic specialization vectors of
each community). Although these results indicate a
more intense interaction with the more thematically
similar communities, the empirical correlation value
is within what would be expected according to the
distribution of the null model —i.e., that obtained
by randomizing the theses assigned to each scholar
through the permutation test (see Figure 5). Thus,
with these results, it is not possible to conclude
that the relationships found between communities
are driven by thematic similarity rather than by the
structure of the co-participation network.

Figure 5. The top part of the figure represents the
relationship between the interaction proximity between
the communities, measured by the number of shared
theses (as evaluation committee or supervision) among
their members, versus the scientific proximity measured
by the cosine similarity of the thematic distributions of
each community. The Spearman coefficient found is 0.428.
Although the value is positive and relatively high, the
significance analysis under the null hypothesis (bottom of
the figure) shows that the value is compatible with the null
hypothesis and cannot be rejected.
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3.2. Organization and management of
enterprises Ego-network
In the previous section, we identified the social
structure of the field of Organization and
management of enterprises in Spain and shed light
onto the relationship of such structure with its
own subdisciplines. Here, we complete our study
by assessing its interdisciplinary nature, i.e., how
the discipline of Organization and management of
enterprises relates to other fields.
To that end, we analyzed our second bipartite network,
the one of theses and descriptors. Please note that, as
previously stated, this network was built by filtering
the whole Teseo database to include only those theses
that have at least one UNESCO descriptor related
to the discipline of Organization and management
of enterprises at the 4- and/or 6-digit level. In this
case, the bimodal network was transformed into a
unimodal one by projecting it onto the descriptors
using hyperbolic weighting (Newman, 2001b). The
reason behind the choice of hyperbolic weighting is
as follows. In simple weighting, each node from the
mode that we do not project onto —the theses in this
case— contributes the same —a unit— to the weight
of the respective link. However, in the problem at
hand, it seems reasonable to think that two descriptors
will be more closely related if they typically appear
together but in the absence of any other descriptors
—or accompanied by just a few of them— than if
they appear together but in conjunction with plenty
of other descriptors. This phenomenon —known as
saturation effect— is accounted and compensated for
in hyperbolic weighting. Specifically, in hyperbolic
weighting, the marginal contribution of each node
decreases with the number of nodes to which it
is connected to in the initial bipartite network.
Thereupon, in our particular case, it gives a weight to
the link that is inversely proportional to the number
of UNESCO codes present in the thesis.
Once the monomodal projection onto the descriptors
was obtained, for the sake of interpretation it was
analyzed at the 4-digit level. Accordingly, in the
projection process the descriptors of the different
subdisciplines were assimilated to the discipline to
which they belong —i.e., to the immediately higher
4-digit level. Self-loops between fields were not
considered in the analysis.
The outcome obtained is an ego-network with
176 different nodes and Organization and
management of enterprises as the central node. In
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Figure 6. Ego-network of the Organization and management of enterprises descriptor and its relationship with other
descriptors in the TESEO database. The circles represent the weighted degree ranges after the projection. Colors represent
the field of each discipline according to UNESCO classification.

Figura 6, however, the network shown has only
44 nodes, as it is the core obtained after removing the
nodes that in the projection had a weighted degree of
less than 10.
Figure 6 provides an accurate picture of the
relationships between the discipline of Organization
and management of enterprises and the rest of the
scientific disciplines in Spain. In its immediate circle
of proximity, there is an important association with
other disciplines in the field of Economic Sciences
(field 53), as could be expected. Such connection
is particularly intense with Economic Sciences
and Sectorial Economics. More surprising is the
relationship of the discipline with others in the field
of Psychology, such as Social Psychology and
Occupational and Personal Psychology, which form a
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cluster with other domains that are not so intensely
related, such as different disciplines of Sociology and
Psychology. Apart from this, there is another cluster of
theses that connects Organization and management of
enterprises with more instrumental disciplines, such
as Mathematics, Statistics and Operations Research,
being Computer Science the closest to the field of
Organization and management of enterprises. This
latter cluster is also closer to applied and technological
disciplines, especially in the industrial field.

4. Conclusions and implications
The conclusions and implications of the present
study can be divided in accordance with the two
perspectives adopted in our analyses.

Int. J. Prod. Manag. Eng. (2022) 10(1), 65-75

73

Olivares-Gil et al.

The analysis of the backbone of the projection
of the theses-scholars network onto the scholars
demonstrates that specialization plays an important
role in the discipline and shapes and determines the
evaluation relationships. This structure is markedly
modular, so it may be necessary to take it into account
in general assessment processes so as to capture
the nuances and differences of evaluation specific
to each subdiscipline. Secondly, our graph reveals
the social patterns and research topics addressed in
Spain, allowing the identification of possible niches
and research opportunities still to be developed
within the discipline.
The ego-network obtained after projecting the
theses-descriptors network onto the descriptors also
provides relevant insights. It confirms the eclectic
nature of business organization, as it shows how it
interacts with a wide range of disciplines. The map
obtained shows that these relationships have various
degrees of intensity, defining different circles of
interaction. Furthermore, the proposed approach
also evinces the role of the discipline as a crossroads
between a formal, technological pole and another
pole focused on human relations and its scientific
disciplines.
Besides, this latter analysis provides a formal tool
to clarify the concept of related field (área afín),
relevant in the Spanish academic system. The
accreditation committees and the areas of knowledge
assigned to each of them are based on this idea. In
addition, commissions for the selection of university
faculty are usually composed of researchers from
the same area as the required position and, in case of
difficulty, by members of related areas. When there
are problems in the assignment of teaching duties in
universities caused by a deficit of human resources
in a given field, sometimes it is considered that
academics can teach specific courses from related
areas. Nevertheless, the definitions of the similarity
and affinity between scientific fields and disciplines

are not precise; they can evolve and are not exempt
from possible subjectivities. Such is so that the lists
of related areas are generally approved by each
university’s Governing board and may differ from
one to another. Although the results obtained in our
descriptors network do not show the relationship of
the areas of knowledge, but rather the relationship
between the disciplines according to the UNESCO
international standard system, a mapping between
the areas, the disciplines and the subdisciplines
could serve to identify similarities and to establish
the associations of affinity both appropriately and
dynamically.
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Abstract:
The concept of Servitization has been constantly developing since its outset, but in the last decade due to the
irruption of Industry 4.0, the complexity of the concept and its typologies of value propositions have evolved
considerably, opening up endless opportunities. In this sense, the main objective of this research is to show a
summary review of the evolution of Servitization since its beginnings and the new typologies that are emerging
due to the digitalization that arises through Industry 4.0. For this purpose, a systematic review of the leading
databases in the field of services has been conducted. The results of the literature review show the potential
of Servitization and the need to understand each reality in order to adapt to new capabilities that help the
companies who become service-oriented benefit from major advantages. Ultimately, it can be concluded that,
in the short term, Industry 4.0 and its new business models are the key, however, Servitization will continue to
evolve to a point where all organizations will need to adapt to new trends.

Key words:
Servitization, Service Business Model, Industry 4.0, Digitalization, Service oriented.

1. Introduction
In recent years, all manufacturing companies
have faced various challenges due to the high
competitiveness of a market affected by globalization.
For this reason, the need to offer greater value
through services rather than the traditional unique
selling points (price and quality) is undoubtedly
essential to survive in the long term.
The impact of service and manufacturing industries
is frequently considered immeasurable. Therefore,
they tend to be considered separately, due to their
potential influence over national economies, the
classification of enterprises and employment, to
name a few (Bigdeli et al., 2017; Bustinza et al.,
2013; Baines & Lightfoot, 2014). Competing
strategically through service delivery is becoming

a characteristic feature of innovative manufacturing
firms (Baines et al., 2009), boosting manufacturers’
competitive strategies and the process through
which this is achieved is commonly known as
Servitization (Baines & Lightfoot, 2014; Oliva
& Kallenberg, 2003; Reim et al., 2015). This
strategy can consolidate long-term customer loyalty
(Vandermerwe & Rada, 1988; Verstrepen et al.,
1999), generate new, safe, steady sources of revenue
(Chesbrough & Rosenbloom, 2002; Lay, 2014) and
establish major hurdles for competitors (Kinnunen,
2018; Lay, 2014).
In recent years, interest in Servitization has continued
to grow exponentially due to the innumerable
benefits it brings to its users. The key to success in
today’s market has shifted towards services, away
from the single production model employed by
manufacturers (Habegger, 2010). There is no doubt
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that the benefits of Servitization are increasing, e.g.,
Rolls-Royce earns more than 50% of its income
from services (Smith, 2013); environmental energyefficiency arguments are also decisive, along with
the huge opportunities offered by Servitization, such
as improved processes and training to mention two
(Cohen et al., 2006), continuing to raise industry’s
interest in Servitization. (In 2015, services’ value
added accounted for 74% of GPD in high income
countries (Buckley & Majumdar, 2018).
Due to this increasing interest in Servitization,
several key research challenges that require special
attention for advanced Servitization need to be
faced. These include opportunities to build the right
organizational capabilities and culture (Benedettini
& Visnjic, 2011; Brax, 2005; Vandermerwe &
Rada, 1988); improve the understanding of how to
integrate new business models (Sandström et al.,
2008; Tukker, 2015), services, economic profitability
(Anderson et al., 2006; Neely, 2008), how to provide
solutions (Galbraith, 2002a; Windahl & Lakemond,
2006) how to innovate and design successful offers
(Gebauer & Friedli, 2005; Jong & Vermeulen, 2003),
the necessary relationships with partners (Galbraith,
2002a; Sandström et al., 2008) and transformation
challenges faced by manufacturers seeking to serve
(Oliva & Kallenberg, 2003; Roscitt, 1990; Windahl
& Lakemond, 2006).
Manufacturing companies that adopt a serviceoriented strategy have to develop the necessary
organizational structures and processes (Gebauer &
Fleisch, 2007; Mathieu, 2001; Oliva & Kallenberg,
2003) and possess different capacities to those of
production (Ceci & Masini, 2011; Dachs et al., 2012;
Datta & Roy, 2011; Gebauer & Friedli, 2005; Oliva
& Kallenberg, 2003). The lack of implementation
of these service-related aspects shows why
manufacturing companies have not been able to take
advantage of the benefits that Servitization strategies
offer sooner.
This article presents a qualitative review of the
key aspects and new business models that focus on
the concept of Servitization to help understand the
concept correctly, as well as its management and
applicability.

2.

Research methodology

The main aim is to present a summary review of how
Servitization is evolving in order to understand the
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beginnings and implementation of this concept, as
well as the relevance of its implementation, Figure 1
shows the methodology applied:

Figure 1. Methodological model.

In this article the main Business for Services databases including the articles indexed in Scopus, Web
of Science, Engineering Village have been analyzed,
as these are the reference data-bases for the topic in
question, allowing sufficient critical analysis of collected data to be extracted and, subsequently, certain
conclusions and future research opportunities.

3. Theoretical background
Analyzing industry in general, historically it is
possible to define 4 different industrial revolutions
where the degree of complexity is seen to increase
(Bartodziej, 2017; Deloitte, 2015; Vuksanović et al.,
2016) over the years up to today.
Finally, the latest industrial revolution currently
happening in all industrial businesses refers to a
revolution based on a cyber-physical production
system, better known as “Industry 4.0”, one of the
most popular topics drawing attention from both
professional and academic fields (Liao et al., 2017;
Nicolae et al., 2019).
Cyber-Physical Systems (CPS) are defined as
technologies to manage interconnected systems
between physical assets and digital systems
(Lee et al., 2015; Leitão et al., 2016; Luthra et al.,
2020), being a fundamental basis of Industry 4.0
(Kim, 2017; Varghese & Tandur, 2014; Xu et al.,
2018). By integrating CPS in different company
departments (production, logistics, services, etc.) in
today’s industrial companies, the aim is to transform
the current factory into a smarter factory generating
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significant economic potential (Luthra et al., 2020;
Negri et al., 2017).
This is achieved through easy information exchange
and integrated control of products and manufacturing
machines acting simultaneously and intelligently in
interoperability (Lu, 2017; Ślusarczyk, 2018).
Industry 4.0 is an ongoing revolution and therefore
a lot of thinking is necessary to strengthen
competitiveness in a more complex environment
unknown until recently, where players have to adapt
to this type of industry and move away from the
classic manufacturing value chain. There are many
areas where companies can benefit enormously by
digitizing their business. Firstly, streamlined supply
chains and smart factories can boost efficiency in
the organization (Frank et al., 2019; Nagy et al.,
2018; Stock & Seliger, 2016). Secondly, corporate
decision-making processes can be improved
(Deloitte, 2015; Kamble et al., 2018) and, third and
lastly the possibility of developing new businesses
(Kans & Ingwald, 2016; Lee et al., 2014; Prause,
2015).
In this article we focus on the last of these
opportunities. We then explore the four business
model typologies that can generate this type of
opportunity.

3.1. Industry 4.0 Business models
Industry 4.0 is a general change of the model
established a few years ago, starting from the
optimization of physical assets to a totally
revolutionary scenario based on the cyber-physical
system as a transforming technology in order to
manage interconnected systems through advanced
data and information gathering, contributing an
improved product lifecycle. McKinsey & Company
(2015), in its study “Industry 4.0: How to navigate
digitization of the manufacturing sector”, identifies
this data optimization as an end-to-end digital
stream, briefly: a “digital thread” running through the
entire product lifecycle as its digital representation.
To advance this digitalization process, it starts
with the digital design of the product, through
the transfer of the digitally controlled production
process, leading to the digital monitoring of the
final product during operation (e.g. for productivity
improvement purposes), closing the cycle with the
recycling of the product. In each of the phases, the
aim of the digital information structure is to enable:
the easy exchange of data, the visualization of the
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controlled processes via digital interfaces/tools (e.g.
tablets, virtual glasses) and permit interconnection
via digital channels (e.g. teleservice). In addition,
the exploitation and exchange of information across
this stream will benefit from greater cross-functional
integration and closer collaboration across the entire
product lifecycle, including different stakeholders,
such as suppliers, partners or clients. The focus is
evolving from a single production site to production
networks spanning multiple sites belonging to
the company, including the entire supply chain.
Therefore, the goal of digital thread optimization is
to make the best use of information.
All Industry 4.0 technologies are similar to each
other in that they offer ways of harnessing data to
unlock its value potential (McKinsey&Company,
2015). For example, turning information into
valuable results through advanced analytics that help
decision-makers.
At present, many companies are still at a nascent
stage of this revolution. This type of technology
has shown that oil rig companies, for example,
are losing up to 99% of their data before reaching
operational decision makers through information
loss. Consequently, it is important to manage data
effectively (and incorporate it into the dynamics of
business management), as every information leak
causes inefficiencies, which would otherwise be
valuable in many places along the value chain.
In short, actively managing information to avoid
information leakage is the key to seizing the new
opportunities offered by digitalization. McKinsey
& Company (2015) therefore proposes four basic
activities to generate value from data:
1. Data capture and recording.
2. Information transfer.
3. Information processing and synthesis.
4. Converting information into results.
With the correct application of the four tasks
described above, Industry 4.0 offers opportunities
that can maximize performance and generate
profits in traditional manufacturing companies. On
the one hand, there is the so called “smart factory”
that focuses on the production process itself, using
digital tools to make production more efficient and
of a higher quality (Bag et al., 2018; Luthra et al.,
2020). On the other hand, there is the use of these
same technologies to generate new business models,
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from innovative proposals to new or potential
customers (Ayala et al., 2019; Bartodziej, 2017;
Deloitte, 2015; Frank et al., 2019; Ibarra et al., 2018;
Müller et al., 2021; Ślusarczyk, 2018). We often say
that digital technology enables the emergence of
new business models, but we are actually referring
more to the creation of innovative value propositions
rather than to business models as a whole, of which
the first concept is a part. However, it is not at all
easy to move from this level of abstraction to more
identifiable lines of action.
Accordingly, the contribution of Schaeffer (2017)
is quite enlightening. Certainly not for discovering
absolutely new things, but for visualizing them in
a more clarifying way. For this author, as shown in
Figure 2 and applicable to any sector, there are three
business models (value propositions in our language)
enabled by the irruption of digitalization: “Platforms/
Marketplaces”, “Information Value Add Business
Model” and “As a Service Business Model”.
The first of these, “Platform/Marketplace” is already
very recognizable in the consumer world (Airbnb,
Uber, etc.), however, it is gaining traction in the
industrial world, where six of the world’s largest
companies (Amazon, IBM, Cisco, General Electric,
Microsoft and PTC) are already actively vying
to lead this space of opportunity. The second of

the models, the “Information Value Add Business
Model” (data as a revenue generator), has to do
with everything related to predictive maintenance
services, for example, those most talked about in our
manufacturing environment. Nonetheless, in general
it concerns everything that arises from the analysis
of data captured from products, services, customer
experiences, etc. that allow us to anticipate and
personalize value-added services in the marketplace.
Finally, we have perhaps the most specific of all, “As
a Service Business Model”, which revolves around
pay-per-use.
With some variations, all sectors are incorporating this logic. Thus, to give just two examples,
McKinsey & Company (2015) speaks of four business models, in addition to the three previously
mentioned, the possibility of selling knowledge in a
consultancy model or selling any type of licenses, as
shown in the Figure 3.
In the second example, we can talk about another
very important area of opportunity: the circular
economy. Experts in this field, such as Könnölä
(2017), point to digitalization as a “master pillar” in
the take-off of circular economy strategies. Circular
economy in the coming years. Here again, a recent
report by Accenture strategy (2015) identifies digital
business models for the circular economy that will
be familiar to us (see Figure 4):

Figure 2. Business model in the digital age (Source: Schaeffer (2017)).
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connectivity hardware, driver time and attention,
maintenance and insurance. Hardware will become
more accessible, reducing barriers for new market
entrants. Traditional value chains will be dismantled,
creating new sources of revenue from value and,
therefore, new opportunities. One of the keys to
the future is related to being able to offer the new
business models described above to harness the
potential to create additional value and redistribute
existing value sets that Industry 4.0 offer.

Figure 3. Digital business models for Industry 4.0 (Source:
McKinsey & Company (2015)).

Figure 4. Technologies used by companies pioneering the
adoption of circular business models (Source: Accenture
strategy (2015)).

In this case, the authors highlight the platform
model and the product-as-a-service model that
encompasses the “As a Service Business Model” and
the “Information Value Add Business Model”.
These new business models are leading to a major
change from revenues from physical product sales
to revenues from more service-based platforms and
developer ecosystems, subsequently creating a shift
in the ways value is created for both manufacturers
and suppliers. While in the manufacturing industry,
sales of actual products have traditionally been
the largest value group in terms of share of total
revenue, this share is likely to decline in favor of
new business models in the coming years. For car
manufacturers, for example, sources of value are
shifting from initial revenues from vehicle sales to
recurring revenues based on usage. This is primarily
driven by interoperability, with the potential to
unleash a significant shift in revenue distribution
through five main groups in the sector: vehicle price,
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Therefore, all businesses that want to make the
leap into digital should consider whether they are
developing or planning to develop initiatives in any
of the digital models presented here, regardless of the
sector in which they operate. A digital transformation
effort that does not incorporate a change in the
business model is not very credible.
In addition to model change, there is a more
complex and uncertain landscape. Currently, many
of the breakthrough technologies are driven by
small, innovative companies that have specialized
in a particular field (McKinsey&Company, 2015).
These companies are often more agile than large,
established firms, consequently, smaller firms can
generally implement new business models more
easily, while larger firms need to consider about how
to become more agile.
Moreover, the number of players is likely to
rise, increasing the complexity and multiplicity
of interfaces. A likely outcome is the increasing
emergence of highly specialized players (Rüßmann
et al., 2015). Another consequence of changes in
the value chain may be the entry of established
operators outside traditional manufacturing, such
as telecommunications enterprises providing
solutions for machine to machine connectivity or
data security. Consequently, traditional value chains
are undergoing a radical transformation (McKinsey
& Company, 2015; Kohnová et al., 2019). Instead
of a company developing and producing a complete
product, a higher degree of specialization (value
chain disintegration) is likely to occur (Barreto et al.,
2017; Gebauer et al., 2013). This can already be seen
in the semiconductor industry, for example, where
foundries are manufacturing products for other
semiconductor companies, also known as “fabless”
manufacturing where the focus is on developing and
commercializing the technology. This is especially
of interest to manufacturing companies with high
investment needs for manufacturing workshops
and a high level of complexity, such as the aviation

Int. J. Prod. Manag. Eng. (2022) 10(1), 77-90

81

Ruiz de la Torre & Sanchez

aftermarket. Companies can apply uninterrupted
monitoring in order to enhance their maintenance
and repair business, reduce the cost generated by
services, improve the use of their facilities and
their spare parts planning. With such a significant
disruption of the value chain expected, there are still
many unknown fields (Xu et al., 2018), cybersecurity,
for example, where which type of company has the
best chance of becoming dominant player remains
open to conjecture. Will it be telecommunication
companies, IT companies or microchip suppliers,
or will a completely new player or supplier develop
around the new demand?
Next, due to their importance in the current
business context, we would like to briefly review
the “Platforms/Marketplaces” and “As a Service
Business model” business models following the
terminology previously proposed by Eric Schaeffer
(2017). The “Information Value Add Business
Model” model, which we call SERVITIZATION.
The platform concept has been defined as
“Business scale powered by the ability to leverage
and orchestrate a global connected ecosystem of
producers and consumers toward efficient value
creation and exchange”. (Choudary et al., 2015).
Therefore, in the near future, the scenario in which
we may find ourselves is one in which industrial
components are connected through the cloud on a
platform, where they can dump all the information
they collect and also interact with other industrial
objects. Customers, suppliers and other partners also
interact in this virtual space in order to optimize and
make the value chain more valuable. According to
the latest reports, in 2018 more than 50% of large
companies and 80% of companies with advanced
digital transformation strategies would be associated
with this type of industrial platforms.
The most foreseeable scenario is not that every
company will have its own cloud, but that a few
winning platforms will connect the vast majority of
industrial objects, as is the case today with mobile
phones, which are basically connected through two
or three platforms. Take the example of “Predix”, the
IoT platform that General Electric has been rolling out
in recent years. The official definition of the platform
is already quite striking: “a cloud-based operating
system for industrial application [...] The World’s
First Industrial Internet platform”. Predix is a strategic
commitment by General Electric, as mentioned at the
beginning, to position itself in a privileged position in
the digital revolution of the industry.
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In this cloud, Predix has created applications that
serve its objects or machines of various types, but the
interesting thing is that it has created a development
environment so that not only Predix but any
developer can create services and applications for
their particular case. This in turn means that a market
of applications, algorithms, etc. will be created for
the members of this ecosystem. In fact, there is
already a “Predix App Showcase” where you can
buy these applications or start developing your own.
Although we have used the example of Predix
throughout, this same orientation is repeated in the
rest of the companies that want to build this type
of platform. Seeing how this platform dynamic
has worked in other sectors, it is highly likely that,
ultimately, a few of these platforms will account for
a very high percentage of all connected industrial
objects.
In this context, we can identify two types of value
proposition that will emerge. Firstly, those companies
that build and succeed with these platforms will
be able to monetize their infrastructure through
different service channels (by connection, use and
sale of applications, etc.), however, due to the very
nature of this value proposition, we believe it is very
difficult for Basque industrial companies to do so.
SMEs, generally detached from the world’s large
technology conglomerates, have opportunities to
play a leading role in this scenario.
Nonetheless, and secondly, there is the part of new
value propositions that will be offered to customers
once machines and other industrial components
of a company’s value proposition are within this
ecosystem. By connecting to them, companies
can have access to entire data networks, find new
customers, use or develop new applications, pay-peroutcome value propositions etc. and, above all, build
product and service chains with third parties more
easily and faster than ever before.
We can highlight two aspects in this challenge.
The first has to do with interconnecting this new
information ecosystem with the organization’s
existing systems (ERP, CRM, etc.), which is why
the platform should offer openness and ease of
integration through modular systems, APIs, etc. and,
secondly, selecting the platform to which we will
connect our products, a vitally important issue as
the range of possibilities that will open up to us will
depend to a large extent on this.
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3.2. The road to Servitization
3.2.1. Definition

45% of respondents indicated that this topic was
a top-level element of importance on their boards
(Bradley et al., 2015).

In order to understand Servitization it is necessary
to have a clear definition. The following table
summarizes some of the most important definitions
according to this research.
Within the 4 business models that are generated
through Industry 4.0, the business model we will
refer to below is the “Information Value Added
Business Model” and more specifically the possibilities that open up in the form of Servitization
and, as a more concrete example, predictive maintenance. Capital goods companies that want to
evolve towards “service-oriented” business models
will require fundamental changes in the company,
posing them a major challenge. However, there is
no doubt that the most competitive and value-added
companies will make this leap sooner rather than
later. In a survey of 600 manufacturing managers
in 13 countries, 86% of them say that the transition
from a product-based to a service-based strategy is
a key part of their growth (Macaulay et al., 2015).
However, when asked about their concrete expectations on the topic over the next five years, these are
quite low, as shown in Figure 5 (Macaulay et al.,
2015).
Obviously, the situation is explained by the fact that
all managers perceive the wave of change, but are
not yet very clear on how they are going to “surf” it.
Another recent study analyzed how despite the fact
that almost all managers understood that digitization
was key to the future of their organizations, only

Figure 5. Growth of the service business model (Source:
Macaulay (2015)).

These data towards Servitization can also be
observed in macroeconomic magnitudes. For
example, service-related jobs within manufacturing
companies are on the rise, making it increasingly
difficult for many manufacturing companies to
say whether they are manufacturers of products
or providers of services, or in other words
“manufacturing is no longer the same as the
production of goods”. Another very significant
fact is that approximately 1/3 of the value of
manufactured products consists of services. Seen
in reverse, it is estimated that 40% of the output
created by the service sector is used as intermediary
input by manufacturing firms (Stehrer et al., 2014).
Digitalization is set to boost this trend towards
Servitization exponentially in the coming years.

Table 1. Servitization definition (Source: Own elaboration).
Authors & year
Levitt, 1981

Definition
“Servitization, which entails adding extra service components to core products”.

Vandermerwe & Rada, 1988

“The increased offering of fuller market packages or ‘bundles’ of customer focused
combinations of goods, services, support, self-service and knowledge in order to add
value to core product offerings”.
“A trend in which manufacturing firms adopt more and more service components in
their offerings”.
“The innovation of a manufacturing organization’s capabilities and processes to shift
from selling product to selling an integrated product and service offering that delivers
value in use”.
“The innovations in the supply chains of companies in the latter half of the nineteenth
century lead us straight to the Servitization innovations of today; it was then in history
where service begins to be bundled with goods and controlled by the same company”.
“The Servitization phenomenon that has pervaded manufacturing has resulted in
organizations offering complex packages of both product and service to generate
superior customer exchange value and thus enhance competitive edge”.
“The transformational process of shifting from a product-centric business model and
logic to a service-centric approach”.

Bart et al., 2003
Baines et al., 2007
Schmenner, 2009
Baines & Lightfoot, 2014
Kowalkowski et al., 2017
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As shown in Table 1, the concept of Servitization has
been constantly developing over the last 40 years.
Although the first references to this term date back
to the early 1980s regarding this concept developed
by Levitt in the USA, most authors have based their
work on the Vandermerwe & Rada (1988) definition,
helping Servitization to evolve and acquire different
nuances that reflect its importance within different
scopes. The term ‘product’ is generally internalized
in the manufacturing industry, however, when
defining ‘services’, many tacitly define this based
on what is not a product (Baines et al., 2009). In
this paper, we will consider Servitization as “the
intangible economic activities that add value to core
product”.
On the basis of the Vandermerwe & Rada (1988)
definition, services began to be considered intangible,
beyond production yet needed. After the division of
products and services, many authors have presented
similar definitions with different connotations over
the years.
In addition to the main definitions of the Servitization
concept, it has also had variants and contributions
implicitly linked to the definition, as shown in the
Table 2.
Among the different definitions, variants and
contributions it is important to highlight a key factor
that was missing in most of the previous cases:
taking the customer’s needs through services into
account. This concept was integrated by a productservice system (PSS) which consists of “tangible
products and intangible services designed and
combined so that jointly they are capable of fulfilling
specific customer needs” (Tukker, 2004). The PSS
business model allows organizations to create new
sources of added value propositions focused on end

users (Baines et al., 2007), increase competitiveness
through satisfying customer needs, build stronger
relationships and, in turn, provide innovative
solutions.
The latest evolution of Servitization is related to
Industry 4.0. Today, beyond any doubt, advanced
services, digitalization and IoT are considered to be
of high added value in the manufacturing industry
as a defense against other lower cost economies
(Baines et al., 2009; Baumgartner, 1999; Tukker,
2004; Vandermerwe & Rada, 1988), mainly in
sectors with a high saturation of marketed products
(Baines et al., 2009; Baumgartner, 1999; Windahl
et al., 2004). Many authors confuse Industry 4.0
with Servitization, however, Servitization goes
further because once Industry 4.0 is established and
stabilized in the market, Servitization will continue
to evolve due to new competitive strategies.

3.3. Typologies of Servitization
The new classification of formulae to offer services
proposed in the work of Adrodegari et al. (2015), is
an important starting point to help better understand
the shift towards service-oriented business models
in manufacturing companies. Truly, one of the
innovative keys in the coming years will be the
difference in the monetization of certain models
from others, above many points to be developed. For
these authors, there are five basic forms of service
value proposition (see Figure 1) that, starting with
the most basic and ending with the most advanced,
would be what is shown in Figure 6.
-

Product focused: The supplier separately
sells the product or system and the needs of
the customers for services during the product
use phase (for example: repairs, maintenance
contract, etc.).

Table 2. Servitization variants and contributions (Source: Own elaboration).
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Variants & contributions
Performance economy

Authors & year
Stahel, 2010.

Product-Service-Systems

Tukker, 2004.

Service business expansion

Gebauer et al., 2005; Oliva & Kallenberg, 2003.

Service business performance

Fang et al., 2008; Gebauer et al., 2005.

Services growth strategies

Gebauer et al., 2010; Oliva & Kallenberg, 2003; Ulaga et al., 2011.

Service profitability

Kwak & Kim, 2016; Gebauer & Fleisch, 2007.

Solution delivery

Davies et al., 2007; Galbraith, 2002b.

Solution marketing

Tuli et al., 2007

Solutions provision

Davies et al., 2006; Galbraith, 2002b.
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Figure 6. Typologies of service value proposition models (Source: Adrodegari et al. (2015)).

-

Focused on product processes: The main
difference with the previous one is that the
company offers services, both in pre-sale and postsale phases, aimed at increasing the efficiency
and effectiveness of customer operations, e.g.,
system customization, support of use processes,
full risk maintenance contracts.

-

Focused on access (availability): The customer
does not buy the product, but pays a regular flat
fee to have access to it. The fee is not related to
the actual use of the product and may include
additional services (for example, maintenance
and insurance costs).

-

Focused on use: The customer does not buy the
product or system, but pays a variable rate that
depends on the use of the product (pay-per-use
time, pay-per-use unit...).

-

Focused on results: The customer does not buy
the product or system, but pays a fee that depends
on achieving a contractually established result
in terms of product/system performance or the
result of its use.

analysis, are capable of predicting the failure of a
machine in advance. This data processing allows
for planned maintenance and therefore increases the
efficiency of the entire system (simply put, we call
this process predictive maintenance). A further step
would be pay-per-use or per manufactured unit, i.e.,
the last stage of Servitization.

Figure 7. From basic to advanced services (Source: Baines
et al. (2014)).

In Figure 7, Baines and Lightfoot, (2014) also
explain this same idea of increasing the complexity
of an offer of advanced services in a very graphic
way.
Therefore, according to Fleisch et al. (2015) we are
faced with a scenario in which a connected product
is capable of generating data which, when properly
analyzed, is capable of being the basis on which to
build digital services that add value to the customer.
For example, a sensor-based connected machine can
generate huge amounts of data which, with proper
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Figure 8. Digital services development process (Source:
Fleisch et al. (2015)).
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4. Conclusion
As a conducted literature review, it is clear that
Servitization has evolved considerably since its
creation, ever increasing in potential with respect to
products. It is also essential to develop the necessary
capabilities to reach the advanced services required
to compete in current situations.
On the one hand, nobody doubts the improvements
and benefits associated with Servitization that
strengthen and retain customer relationships,
generate new and constant income streams or
establish differentiating competitive advantages with
respect to competitors.
On the other hand, obstacles are currently
encountered when implementing Servitization.

Primarily, furnishing organizations with the
necessary capacities to face all the new advanced
services linked to Industry 4.0 and the amount of
information available due to digitalization and
ultimately managing these new proposed product
and services business model typologies.
In conclusion, there is a need for further research
into new Business Models derived from the arrival
of Industry 4.0, with the aim of managing new
value propositions based on models focused on
customer needs. Managing the correct applicability
of these models will be the key to success when
implementing advanced services in Servitization.
To close, it is important to state that despite Industry
4.0 being key in the short term, Servitization will
continue evolving and all organizations will have to
adapt to new streams.
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Abstract:
Many important problems in engineering management can be formulated as Resource Assignment Problem
(RAP). The Workers Assignment Problem (WAP) is considered as a sub-class of RAP which aims to ﬁnd an
optimal assignment of workers to a number of tasks in order to optimize certain objectives. WAP is an NP-hard
combinatorial optimization problem. Due to its importance, several algorithms have been developed to solve
it. In this paper, it is considered that a manager is required to provide a training course to his workers in order
to improve their level of skill or experience to have a sustainable competitive advantage in the industry. The
training cost of each worker to perform a particular job is different. The WAP is to find the best assignment of
workers to training courses such that the total training cost is minimized. Two metaheuristic optimizations named
Whale Optimization Algorithm (WOA) and Flower Pollination Algorithm (FPA) are utilized to final the optimal
solution that reduces the total cost. MATLAB Software is used to perform the simulation of the two proposed
methods into WAP. The computational results for a set of randomly generated problems of various sizes show
that the FPA is able to find good quality solutions.

Key words:
Servitization, Resource Assignment Problem, Workers Assignment Problem, Metaheuristic Optimization, Whale
Optimization Algorithm, Flower Pollination Algorithm.

1. Introduction
With the increase in competition in the global
market, industrial companies are forced to improve
their manufacturing processes via cutting costs and
increasing process efficiency (Ostadi et al., 2021).
In this direction, it’s become necessary for decisionmakers to find the best strategies that utilize their
resources in order to have the best performance (Lin
and Chiu, 2018). The problem of finding the best
utilization of resources in the industrial companies
is named a Resource Assignment Problem (RAP).
Among many varieties of resources, human
resources play a significant role in the success of
the industrial organization if they are well allocated
to different services or systems, with an aim to

maximize or minimize certain objectives related to
performance and productivity (Bouajaja and Dridi,
2017). Therefore, Worker Assignment Problem
(WAP) is defined as a process of assigning workers
among various tasks for maximization of the profit
(or efficiency) or minimization of the cost (or time).
A WAP is the most widely used in the context of
industrial and engineering management such as in
production planning and maintenance management
(Krokhmal and Pardalos, 2009).
For some industrial processes, the load needs to be
distributed among workers in such a way that the
time is minimized or/and the efficiency is increased.
Moreover, it can be noticed that there are particular
workers who can perform some of the jobs with less
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time or more efficient way than others due to their
experience or skills (Mahmoud, 2009). Caron et al.
(1999) considered the case of WAP with additional
constrain that an unassigned worker cannot be given
a certain job unless the unassigned worker has the
qualification to perform that particular job. However,
if the manager focuses only on the workers which
have skills or experiences to perform the tasks
without having the right blanching of distrusting the
loads among all workers, a worker fatigue problem
might be happed in the long term (Yadav et al.,
2020; Demiral, 2017). Besides, intangible resources
represented by the skill and experience of the workers
are valuable and scarce. Moreover, the experiences
that the workers gained in the past are not enough
to have a sustainable competitive advantage in the
present (Ruiz et al., 2020). Therefore, a manager
has to provide a training course continuously to
his workers in order to improve their level of skill
or experience to have a sustainable competitive
advantage in the industry.
The problem of WAP that is considered in this paper
can be stated as follows: if the manager needs to
assign n of jobs to n of workers where the training
cost of each worker to perform that particular job is
different. The problem is to find the best assignment
of workers to training courses such that the total
training cost is minimized. The problem is NP-hard
problems with enormous search spaces (Ammar
et al., 2013).
Pentico (2007) reviewed the mathematical model for
most of the variations of the Assignment Problem
(AP) which is the general form of WAP. Bouajaja
and Dridi (2017) presented a comprehensive review
study on the numerous approaches that applied to
solve varieties classes of WAP in different application
areas. The General AP (GAP) can be formulated as
integer linear programming. Different methods such
as exact, heuristic and metaheuristic are developed
to solve the problem. Kuhn (1955) developed the
well-known Hungarian method to solve the general
AP. In Ross and Soland (1975), a Branch and Bound
(B&B) technique is proposed to solve the general AP.
Xuezhi and Xuehua (1996) described how AP can be
solved using dynamic programming. Exact methods
such as the Hungarian method, B&B technique and
dynamic programming are only effective in certain
problems with a small size of decision variables.
Therefore, larger-sized problems are often solved
by using heuristic and metaheuristic to obtain highquality solutions with reasonable computational time
(Bouajaja and Dridi, 2017).
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In terms of heuristic methods, Cattrysse et al.
(1994) proposed a column generation heuristic
method where the problem was formulated as a set
partitioning problem. On other hand, among many
metaheuristic methods, Ant Colony Optimization
(ACO) was the most approach that is utilized
to solve the problem. For example, Wang et al.
(2009) presented a detailed procedure to apply
ACO to WAP where the objective was to maximize
efficiency. Demiral (2017) implemented ACO for a
set of randomly generated WAP. Three objectives
of WAP (minimization cost, maximization sales and
maximization profit) were investigated in the study.
Statistical analysis based on mean, standard deviation
and variance was performed to help decisionmakers to select the best objective based on their
perspective. In the same direction, Suliman (2019)
examined the performance of ACO in comparison
with the traditional Hungarian method for solving the
WAP with the size of 3×3 in terms of running time,
number of iteration and quality of solutions. Besides
ACO, Chu and Beasley (1997) presented a genetic
algorithm (GA) for solving the AP. Jia and Gong
(2008) solved the multi-objective WAP using MultiObjective Particle Swarm Optimization (MOPSO).
In this paper, two metaheuristic optimizations named
Whale Optimization Algorithm (WOA) and Flower
Pollination Algorithm (FPA) are utilized final the
optimal solution that reduces the total cost. MATLAB
Software is used to perform the simulation of the two
proposed methods into WAP.

2. Training Course
Training can be defined as a process of developing
programs to ensure that employees are provided
the right skills that are needed to achieve better
positive in the market (Halawi and Haydar, 2018).
The importance of providing training courses to the
workforce of the industrial companies appears to be
a recognition strategy toward gaining a competitive
advantage in the global market competition
(Sharma, 2014). Workforces are required continuous
training courses to have sustainability professional
qualifications to cope with the recent advanced
technology within industry 4.0. According to Walsh
and Volini (2017), 80% of human resource managers
reported that workforce training is one of the
biggest problems to improve the effectiveness and
competitiveness of industrial companies.
In this direction, industrial companies are compelled
to provide workforce training strategies continuously
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to increase productivity. The present paper consideres
that a manager is required to assign n of jobs to n of
workers where the training cost of each worker to
perform a particular job is different. The problem
is to find the best assignment of workers to training
courses such that the total training cost is minimized.

3. Mathematical Model
Consider there are (n) of workers (w) are required to
be assigned to (n) of training courses (s) as shown in
Figure 1. Each worker wi (i=1,2,…,n) can be assign
to any course sj (j=1,2,…,n) with different cost
(ci,j). The problem is to find the best assignment of
workers to courses such that the total cost of training
is minimized. The number of the workers was
assumed equal to the number of courses in this study.
The WAP is formulated as (Krokhmal and Pardalos,
2009):
n

n

Min∑∑ cij xij (1)

s.t

i =1 j =1

n

∑x

ij

= 1 (j=1,2,…,n)(2)

ij

= 1 (i=1,2,…,n)(3)

i =1
n

∑x
j =1

where xij has two values, either 1 if the worker i is
assigned to job j, otherwise is zero. The constraint
in Equation (2) satisfies that each training course is
assign to a worker and the constraint in Equation (3)
satisfies that each worker is assign to a training
course.

4. Solution Approach
Bio-inspired algorithms are considered powerful
in solving NP-hard combinatorial optimization
problems (Yang, 2009). Therefore, two algorithms
which are inspired from the biological systems in
nature are proposed to final the optimal solution
that reduces the total cost. These two algorithms are
Whale Optimization Algorithm (WOA) and Flower
Pollination Algorithm (FPA). The next subsections
explain these two algorithms.

4.1. Whale Optimization Algorithm
Whale Optimization Algorithm (WOA) is a
population-based swarm optimization algorithm. It
was developed by Mirjalili and Lewis in 2016. WOA
mimics the bubble-net hunting behavior of humpback
whales. The mathematical model of this algorithm
consists of two processes named exploitation and
exploration.
In the exploitation process, the position of the
humpback whale is updated based on the location of
the prey using a bubble-net attacking strategy. In this
strategy, the movement towards the prey is performed
by two mechanisms (Satapathy et al., 2018). The
first one is the shrinking encircling mechanism. This
behavior is represented by the following equations
(Mirjalili and Lewis, 2016):
Q=2r1(4)
A=2ar2–a(5)
D=Q·p*(t)–p(t)(6)
p(t+1)=p*(t)–A·D(7)
where

Figure 1. Workers Assignment Problem.
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-

a 
Coefficient value linearly decreased from 2 to
0 for each iteration

-

Q 
Coefficient value calculated as given in
Equation (4)

-

A Coefficient value calculated as given in
Equation (5)

-

D 
Coefficient value calculated as given in
Equation (6)

-

r1,r2 Random value between [0,1]

-

t Current iteration
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-

p* Position of the prey

-

p

Position of the whale

The second mechanism is named spiral updating
position where in this strategy the whale moves
towards the prey in a helix-shaped movement. This
behavior is represented by the following equations
(Mirjalili and Lewis, 2016):
D'=│ p*(t)–p(t) │

(8)

p(t+1)=D;ebl cos(2πl)+p*(t)(9)
where
-

D' Coefficient value calculated as given in
Equation (8)

-

b 
Constant used to deﬁne the shape of the
logarithmic spiral

-

l Random value between [0,1]

To model the changes between these two strategies,
it was assumed that there is a probability of 50%
to select between the shrinking encircling strategy
and the spiral one to update the position of the
current whale in the simulation of the algorithm.
The mathematical model of this scenario can be
formulated by selecting a random value (Rand), then
if the value of the random value >50 the movement
of the individual will be performed based on
Equation (7), otherwise wiii be performed based on
Equation (9) (Mirjalili and Lewis, 2016).
In the exploration process, the position of the
humpback whale is updated randomly. The basic
idea of this strategy is to ensure the search space
explored globally. This strategy is represented by the
following equations (Mirjalili and Lewis, 2016):
D=│Q·prand(t)–p(t) │

(10)

p(t+1)=prand (p)+A·D(11)
where
-

prand 
Random position chosen from the current
population

The pseudo code of FPA is illustrated in Figure 2.
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1. Input
✓ Objective function (fitness function), population size (N), coefficient value
a, number of iteration T
2. Initialization
✓ Initialize population
✓ Evaluate Objective function
✓ Find p*
3. Loop:
✓ For t = 1:T
✓ For i = 1: N
✓ Update Q as in Eq. (4), A as in Eq. (5) and select random value θ
✓ If θ > 0.5
➢ If |A| < 1:Update the position of the current whale based on Eq. (7)
➢ If |A) > 1:Update the position of the current whale based on Eq. (9)
✓ Else
➢ Update the position of the current whale based on Eq. (11)
✓ Perform greedy selection and update p"
✓ If there is no convergence of the current solution & if t >T go to Loop
4. Print the optimal solution

Figure 2. The pseudo code of WOA.

4.2. Flower Pollination Algorithm
Flower Pollination Algorithm (FPA) is a swarmbased meta-heuristic optimization developed by Yang
in 2012. The FPA mimics the pollination phenomena
in the flower. The main idea of the pollination in
ﬂower is to transfer the pollen from the male into the
female. This process can be classified based on the
way that pollen is transferred into biotic and abiotic.
In the biotic, the pollinator can be animal or insect,
whereas in the abiotic, the pollinator is the wind and
diffusion in water (Abdel-Basset and Shawky, 2019).
The optimization procedure of the FPA starts with
randomly initialized a population of N of flowers
within the search space as given in Equation (12):
yi = yl+Rand*(yu–yl) 

(12)

where
-

i

Counter (i= 1,2,3,…)

-

Rand

Initial solution

-

yi	  Random value between [0,1]

-

yl	  Lower bound of the search space

-

yu	  Upper bound of the search space

In the FPA, there are two ways to search of the
optimum value. These are the global pollination
and local pollination (Yang, 2012). In the global
pollination stage, the movement of each individual
in the population is directed by the one that has the
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best cost function found yet. This can be represented
mathematically as:
yinew = yiold + σ*(yiold –yg)(13)
where
-

yinew	  New solution

-

yiold

Old solution

-

yg

The current best solution

-

σ	  The step size

The step size σ can be set fixed or follow a random
steps such as Lèvy flight. In terms of local pollination,
the algorithm selects two solutions randomly, and
then the new solution is generated based on the
following (Yang, 2012):
yinew = yiold + ε*(yj –yk)(14)
where
-

yj	  A solution chosen randomly

-

yk

-

ε	  Random value between [0,1]

A solution chosen randomly

The pseudo code of FPA is illustrated in Figure 3

1. Input
✓ Objective function (fitness function), population size (N), switch
probability (p), number of iteration (T)
2. Initialization
✓ Initialize population N flowers based on Eq. (12)
✓ Evaluate objective function and assign yz
3. Loop:
✓ For t = 1: T
✓ For i = 1: N
✓ If rand < p
➢ Generate a step size (σ)
➢ Generate a new solution based on Eq. (13) (global pollination)
✓ Else
➢ Choose two solutions randomly among all solutions
➢ Generate a new solution based on Eq. (14) (local pollination)
✓ Perform greedy selection and update yg
✓ If there is no convergence of the current solution & if t > T go
to Loop
4. Print the optimal solution

Figure 3. The pseudo code of FPA

5. Simulation Study
For evaluating the performance of the two algorithms
(WOA and FPA) to solve WAP, a set of different size
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randomly generated problems have been used. Three
sizes (n=5,10,15) of WAP are considered to perform
the evaluation as given in the Appendix I. MATLAB
Software is used to perform the simulation. MATLAB
becomes a powerful tool in wide applications in
engineering, economics and management. It can
handle different computational algorithms with a
reasonable time. On other words, different algorithms
could be tested and evaluated with less time. As a
consequence of using simulation, more knowledge
and insight can be gained to enhance the solution of
WAP. All simulations were conducted on a computer
with Intel(R) Core(TM) CPU i7-4500 and 8 GB
RAM. The WOA and FPA parameters are presented
in Table 1. For justify the comparison between the
WOA and FPA, the size of the population and the
number of iteration are set equally. The coefficient
value (a) is set to 2 as recommended by the (Mirjalili
and Lewis, 2016). In the same way, the value of the
switch probability (p) is set to 0.5 as recommended
by the Yang (2012).
Both algorithms were run 10 times and the statistical
data such as the average (Avg.), the maximum (Max),
the minimum (Min) and the standard deviation (Std.)
were recorded for each algorithm. Table 2 presents
the statistical data of the experiments for the three
problem size of WAP using WOA and FPA.
Table 1. WOA and FPA algorithms parameters.
Parameters
Number of population (N)
Number of iteration (T)
Coefficient value (a)
Switch probability (p)

WOA
50
100
0.5

FPA
50
100
2
-

Table 2. Statistics for solving WAP using WOA and FPA
Size
5
10
15

Method
WOA
FPA
WOA
FPA
WOA
FPA

Avg.
30
30
64.6
62.2
104.1
101.8

Min
30
30
63
61
103
101

Max
30
30
67
63
105
102

Std.
0
0
1.175
0.78
0.738
0.422

It can be noticed form Table 2 that in general for
small size problem, both algorithms are obtained a
good solution results. However, Table 2 show that
if the size of the problem increased (i.e. n=10 and
n=15), the FPA is recommended to solve the WAP.
FPA shows better performance in terms of obtaining
a less average value, less minimum value, less
maximum value and less standard deviation.
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6. Conclusions
The Worker Assignment Problem (WAP) is
an important problem faced by manufacturing
companies. WAP is an NP-hard combinatorial
optimization problem. Human resources play
a significant role in the overall performance of
manufacturing companies. Workforce training is one
of the biggest problems in the industrial companies
to improve effectiveness and competitiveness. The
paper considers the problem of assigning workers to
training courses in order to improve the level of skill
or experience of the worker to have a sustainable
competitive advantage in the industry. The training

cost to perform a particular job of each worker is
different. The WAP is to find the best assignment of
workers to training courses such that the total training
cost is minimized. Two metaheuristic optimizations
named Whale Optimization Algorithm (WOA) and
Flower Pollination Algorithm (FPA) are utilized
to final the optimal solution that reduces the total
cost. The simulations results reveal that for a small
size problem, both algorithms are obtained a good
solution result. However, for a large size problem (i.e.
n=10 and n=15), the FPA is recommended to solve
the WAP. FPA shows better performance in terms of
obtaining a less average value, less minimum value,
less maximum value and less standard deviation.
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Appendix I
This appendix presents the three randomly generated WAP that were used in this study.
Size

Example (ci,j)

⎡10
⎢8
⎢
⎢8
⎢
⎢6
⎢⎣ 8

5

98

10

⎡10
⎢8
⎢
⎢8
⎢
⎢9
⎢8
⎢
⎢10
⎢8
⎢
⎢6
⎢10
⎢
⎢⎣ 8

15

⎡8
⎢8
⎢
⎢11
⎢
⎢10
⎢8
⎢
⎢8
⎢10
⎢
⎢6
⎢10
⎢
⎢8
⎢
⎢9
⎢10
⎢
⎢9
⎢10
⎢
⎢⎣ 8

7
8
7
7
7
6
8
7
7
8

7 8 6
8 6 9
6 9 10
7 7
7 9

8
7

⎡0
⎢0
⎢
⎢0
⎢
⎢1
⎢⎣0

7⎤
8 ⎥⎥
7⎥
⎥
10⎥
6 ⎥⎦

8 6 8 8 9 7 9 11⎤
7 9 8 7 8 9 10 6 ⎥⎥
9 10 6 7 8 7 7 7 ⎥
⎥
7 8 10 6 9 7 10 9 ⎥
6 7 8 9 7 10 11 8 ⎥
⎥
8 8 9 8 9 7 9 11⎥
7 9 8 7 9 6 10 10⎥
⎥
9 10 7 7 8 7 9 7 ⎥
8 10 8 8 9 7 6 11⎥
⎥
7 9 8 7 6 9 10 10⎥⎦

8 7 9 8 7 9 6 10 10 9 8 7 7 9 ⎤ ⎡0
8 7 9 8 7 6 9 10 10 8 7 9 8 7 ⎥⎥ ⎢⎢0
10 7 8 7 9 7 8 9 7 6 11 8 7 8 ⎥ ⎢0
⎥ ⎢
6 9 7 8 7 7 8 10 8 9 7 10 9 7 ⎥ ⎢0
8 7 9 8 7 8 9 10 6 8 7 9 8 11⎥ ⎢0
⎥ ⎢
8 7 9 6 7 10 9 10 10 7 8 9 11 7 ⎥ ⎢0
8 8 8 9 8 9 7 9 11 8 6 7 9 8 ⎥ ⎢0
⎥ ⎢
7 9 10 7 7 8 7 9 7 10 7 7 8 11⎥ ⎢1
7 8 10 8 8 9 7 8 11 8 9 8 11 6 ⎥ ⎢0
⎥ ⎢
7 7 8 10 6 9 7 10 9 8 10 8 8 7 ⎥ ⎢0
⎥ ⎢
7 9 6 8 7 8 7 7 7 9 11 8 7 8 ⎥ ⎢0
9 8 7 8 7 7 8 10 8 9 7 6 7 7 ⎥ ⎢0
⎥ ⎢
6 7 8 9 10 8 7 9 9 10 11 7 7 8 ⎥ ⎢0
7 8 10 8 8 9 7 6 11 7 9 7 11 10⎥ ⎢0
⎥ ⎢
8 7 9 9 7 9 10 11 7 9 9 10 6 11⎥⎦ ⎣⎢0
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Minimum
Cost

Optimal Assignment (xi,j)

⎡0
⎢0
⎢
⎢0
⎢
⎢0
⎢0
⎢
⎢0
⎢0
⎢
⎢1
⎢0
⎢
⎣⎢0
0
0
0
1
0
0
0
0
0
0
0
0
1
0
0

0
0
1
0
0

0
1
0
0
0

1
0
0
0
0

0⎤
0⎥⎥
0⎥
⎥
0⎥
1⎥⎦

30

0 0 1 0 0 0 0 0 0⎤
0 0 0 0 0 0 0 0 1 ⎥⎥
0 0 0 1 0 0 0 0 0⎥
⎥
0 0 0 0 1 0 0 0 0⎥
0 1 0 0 0 0 0 0 0⎥
⎥
1 0 0 0 0 0 0 0 0⎥
0 0 0 0 0 0 1 0 0⎥
⎥
0 0 0 0 0 0 0 0 0⎥
0 0 0 0 0 0 0 1 0⎥
⎥
0 0 0 0 0 1 0 0 0⎦⎥
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
1
0
0
0
0

0
0
0
0
0
1
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
1
0
0
0
0
0

0
1
0
0
0
0
0
0
0
0
0
0
0
0
0

1
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
1
0

0
0
0
0
1
0
0
0
0
0
0
0
0
0
0

0
0
1
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
1
0
0
0
0
0
0
0
9

0
0
0
0
0
0
0
0
0
0
0
1
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

60

0⎤
0 ⎥⎥
0⎥
⎥
0⎥
0⎥
⎥
0⎥
0⎥
⎥
0⎥
1⎥
⎥
0⎥
⎥
0⎥
0⎥
⎥
0⎥
0⎥
⎥
0⎥⎦

90
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