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Abstract: This study synthesizes a model of the main engineering and production chains in the Smart
factory of Industry 4.0. This study has three main stages: an overview of the main definitions of the
concepts “engineering and production chain” and “model”, the generation of working definitions
of these concepts for the purposes of this article, and synthesis of a model of the main engineering
and production chains in the Smart factory of Industry 4.0. It was concluded in the course of the
analysis that the defined six main engineering and production chains in the Smart factory of Industry
4.0 are part of its cyber—physical production system. The tools that support the Model of the main
engineering and production chains in the Smart factory of Industry 4.0 are also synthesized in this
article. The essential added value for science and production engineering of the Model in the main
engineering and production chains in the Smart factory of Industry 4.0 are defined for the first time
in the literature as an option to deepen the processes of re-structuring the real traditional physical
production into a cyber—physical production process by integrating specialized software products in
the operation of each of the defined chains and the entire cyber—physical production system.
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1. Introduction

Changes in the economic environment, robust technological development, and the
digitization of all sectors of socio—economic and public life have led to the need to define
new terms, new concepts, and new models that adequately reflect the changes in the envi-
ronment and its factors. Today, more and more concepts sound archaic and irrelevant to the
changed macro-environment. The intensive technological, market, production, technical,
engineering, economic, and financial changes are increasingly leading to the rejection of
classic production methods at the expense of new engineering and production models and
business models. Thus, the traditional physically based production system is restructured
in terms of organizational-technical and engineering—technological aspects into a new type
of production and organizational form—a cyber—physical production system.

According to some authors [1], the restructuring of traditional production into a
cyber—physical production system is based on the application of four main concepts:

e aconcept of computer-integrated production that achieves automation of production
processes based on control and data exchange in the entire production process by
using computers in a closed system;

e  aconceptof a computer-integrated enterprise that integrates all aspects of the company
in a computerized automated system and serves as a tool to support the decision
making in the fields of management, engineering design, marketing, and sales;

e  aconcept of factory automation consisting of the implementation of technologies and
systems for automating the production process to increase productivity and reduce
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costs, wherein the automation can involve only one operation or the entire production
cycle, ignoring human intervention;

e a“justin time” concept, which is a management strategy that aligns supplies directly
with the needs of the production plans and schedules, resulting in increased production
efficiency and reduced waste.

These concepts are upgraded with engineering and technological resources such as
information and communication technologies and form a new type of chain, cumulatively
possessing production and engineering characteristics and features and determining the
essence of the Smart factory of Industry 4.0. These chains are conscious, interactive, and
efficient and are primarily associated with a certain degree of intelligence. This new type of
chain also provides the framework for the “smart environment”, which is one of the main
distinguishing features of the Smart factory.

The definition of the essence, tasks, and functions of the engineering and production
chains of the Smart factory of Industry 4.0 should be based on a review of the basic
definitions of the concepts of “production chain” and “engineering”.

According to several researchers [2—4], the production chain includes all processes that
businesses use to turn raw materials into finished products that are ready for sale, and these
processes include the supply of raw materials, production, quality control, distribution,
and after-sales service. The development of technologies necessitates narrower production
specialization and this is also associated with longer production chains which reflect the
specifics of the highly specialized production process. At the same time, however, longer
production chains are more vulnerable and riskier [5].

The foundation for the definition of the concept of “engineering system” should be the
concept of “engineering”. Many sources [6-12] define engineering as a practice, process,
profession, and application of scientific knowledge. According to the United States Council
of Professional Development Engineers, engineering means the creative application, cumu-
latively or independently, of scientific principles for the design, development, construction,
and operation of structures, machines, apparatus, or production or work processes, for
predicting their behavior under specific operating conditions. Based on the given defini-
tions of the concept of “engineering”, it can be concluded that this is unique and specific
scientific knowledge aimed at the optimal transformation of certain resources to satisfy
specific economic, consumer, public, social, or other needs.

According to the authors [13], systems engineering focuses on:

e the establishment, balancing, and integration of the goals for the success of the engi-
neering and production units in the engineering work;

e the determination of the actual or expected needs of the users of the products of a
certain engineering work;

e the elaboration of a model of the life cycle of the engineering work based on the
operational concept and functionality of certain processes or products;

e overcoming the complexity, uncertainty, modification, and diversity in the engineering
work by implementing a process approach and effective management structures;

e the generation and evaluation of concepts and architectures for alternative solutions
in the engineering work;

e the modeling of a specific decision-making architecture at each phase of the life cycle
of the engineering work;

e the design synthesis, verification, and validation of the engineering work.

Systems engineering as a concept encompasses the problem areas and solution op-
tions in a particular engineering work. The following is needed for the architectural and
structural development of the engineering work:

to analyze its constituent systems;

to identify the elements and their interdependencies;

to investigate the influence of the elements of the systems in terms of the behavior and
efficiency of the entire engineering work;
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e to define how all factors impacting the process of development are balanced to achieve
an effective result.

Systems engineering ensures facilitation, guidance, and leadership to integrate the rel-
evant fields of knowledge and specialized processes into a coherent effort, thus forming an
appropriately structured development process that translates from concept into production,
operation, evolution, and eventual disposal [13].

A working definition of the concept of a engineering and production chain can be
created based on the overview and analysis of the concepts of “engineering”, “systems
engineering”, and “production chain” as follows: a system of engineering and production
processes aimed at or related to the transformation of physical assets into a finished final
product through the use of specific engineering and production technologies, solutions,
equipment, software, or another technological approach.

The definition of engineering and production chains in the Smart factory of Industry 4.0
should step on its characteristic feature—the “smart environment”. On this basis, the
engineering and production chains in the Smart factory of Industry 4.0 can be defined as
a system of computer-integrated and automated engineering and production processes
aimed at or related to the transformation of smart materials into a finished final smart
product through the use of embedded systems, a network of connected different devices,
sensors, and processors, and with an option to store and use data in a certain cyber—physical
production system by using the capabilities of the Internet of Things and the Internet of
Services (Figure 1).

INTERNET OF SERVICES
CYBER-
SMART PHYSICAL SMART
MATERIAL PRODUCTION PRODUCTS
SYSTEM

INTERNET OF THINGS

Figure 1. Functional structure of a modern Smart factory.

2. Object, Subject, Goal, and Main Tasks

The relevance of this study stems from the need to determine, define, and place in
a system framework the main engineering and production chains in the Smart factory
of Industry 4.0. Against the background of many developments related to the nature
and organization of the modern Smart factory, there are insufficient studies of its basic
engineering and production chains. This becomes even more relevant because it generates
the specific added production and financial and economic value. This study is therefore
relevant and caters to the needs of science.

The object of study in this paper is investigation of the engineering and production
chains in the Smart factory of Industry 4.0.

The subject of the study is the modeling of the main engineering and production
chains in the Smart factory in a single system.

The study aims to generate a model of the main engineering and production chains in
the Smart factory of Industry 4.0.

The tasks of the current analytical work consist of the following:

e  definition for the study of the concept of “engineering and production chain in the
Smart factory of Industry 4.0”;
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definition of the concept of “model” for this study;
synthesis of a model of the main engineering and production chains in the Smart
factory of Industry 4.0.

The following methods were used to achieve the tasks of the study and make the
analysis: system analysis, synthesis, comparison, formalization, deduction, and correlation.

3. Defining the Term “Model” for the Study

The Model is generally a construction of a specific original (object) and is used for
forecasting, testing, and analysis of a certain part of reality. The properties of the Model
reflect the properties of the original object.

According to the encyclopedic dictionary [14], a model is a small but exact copy of
something from the objective reality, most often in the form of a figure. A model can also
be a description or an analogy used to visualize something that cannot be directly observed
or, in other words, a theoretical projection of a possible or imagined system [14]. Thus, a
model can be defined as information created by someone for someone who will use that
information for some purpose. According to some authors [15], a model has three main
characteristics: it is based on an original, it reflects only a specific part of the original, and it
must be repeatedly used instead of the original to achieve a certain cognitive goal.

At the same time, a distinction should be made between a model and a copy, with a
model being a description of something [16,17].

These definitions allow for us to draw a reasonable conclusion that the Model repre-
sents schemes, constructions, or algorithms created for cognitive purposes, which recreate
a simplified image of objects from the objective reality, processes, or phenomena and repro-
duce their main properties and characteristics in a specific way. This means that the Model
does not recreate all features of the object, process, or phenomenon that is modeled, but
only the most essential and the most fundamental features that are important to fulfill the
purpose of the modeling and that give the main purpose of the modeled image.

In this study, to generate a model of the main engineering and production chains in
the Smart factory of Industry 4.0, “Model” is understood as a logical abstraction based on
description, analysis, and synthesis made based on an analogy of a real object, process, or
phenomenon from the objective reality and presented in the form of a drawing, figure, or
algorithmic sequence, which reflects the essential qualitative features of the modeled image
to satisfy specific cognitive goals.

For this study, the Model of the main engineering and production chains in the Smart
Factory of Industry 4.0:

1.  establishes ongoing trends in the development of various socio-economic processes
in the Smart factory of Industry 4.0;

2. simply defines a broad system of functions, essentially expressing the most important
causal relationships between the elements of the cyber—physical production system
and between it and the elements of its environment;

3. makes it possible to evaluate the future values of all operating variables, thus
creating real prerequisites for drawing up optimal plans and developing optimal
production activities;

4.  contains independent variables, key factors, endogenous indicators, and a set of
methods that must be determined in advance [18];

5. sets the specific parameters of the future development of the Smart factory of
Industry 4.0 through:

e the deterministic approach based on the unambiguous calculation of the estimated
quantities;

e the stochastic approach based on the relationship between the quantities correspond-
ing to interval or intermediate forecasts.
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4. Model of the Main Engineering and Production Chains in the Smart Factory of
Industry 4.0

Defining the term “Smart factory” for this article is the first step towards the proper
and correct determination of its main engineering and production chains. Thus, the Smart
factory of Industry 4.0 can be defined as a sustainable engineering and production model
based on the use of the added value of the cyber—physical production system, integrating
the physical and cyber environments into a system unity through communication-network-
based relationships between people, machines, and robots based on the contact between
physical systems and smart-based computers, tablets, devices, machines, equipment, sen-
sors, and other technologies that make autonomous, independent, and human-independent
decisions, influence the physical systems, and provide optimal results when reporting the
changes and dynamics in the external and internal environments of the production system.

The main engineering and production chains in the Smart factory of Industry 4.0
can be synthesized by deducing the main elements of the structural architecture of the
cyber—physical production system (Figure 2).

& ) other systems

human system to connect
connection system with other systems

software system

hardware system
sensor system

robotic and automated production facilities J
Cyber - physical production system

Figure 2. Systems that determine the main engineering and production chains in the Smart factory of
Industry 4.0 [19].

The systems determining the essence, content, characteristics, and functions of the
main engineering and production chains in the Smart factory of Industry 4.0 are:

robotized and automated real production system;
machine-embedded system;

sensor system,

hardware system;

software system;

human factor connection system;

system for connection with other systems.

Based on this chain relationship between various structural elements of the architecture
of the Smart factory of Industry 4.0, six main two-way engineering and production chains
can be synthesized, which determine its production processes:

chain of “resource planning—provision of resources”;
chain of “available resources—production planning—production capacity planning-
control of the capabilities of production facilities”;

e  chain of “production planning—production process planning—operational production—
control of production processes and operations”;
chain of “strategic control-operations and production control”;
chain of “production process—quality testing—production management software—
operations and production software”;

e  chain of “quality testing—transport and commercial logistics”.
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The defined basic engineering and production chains in the Smart factory of
Industry 4.0 are an inseparable foundation of the cyber—physical production system. These
engineering and production information flows underpin the Model of the main engineering
and production chains in the Smart Factory of Industry 4.0 and draw data from embedded
and physical systems operating in real-time [20]. This is achieved through a systematic set
of smart engineering systems, artificial intelligence, cloud technologies, communication
systems, blockchain, management tools, additive materials, big data sets, the Internet of
Things and Services, cloud computing, social platforms, and physical production systems
(Figure 3).

| internet of things | | internet of things |

| artificial intellect blockchain |

I big data / cloudy computing |

additive ’——-i social platforms |
materials

physical production
management — T~ and industrial

tools systems

communication networks | | smart engineering systems

Figure 3. Tools supporting the Model of the main engineering and production chains in the Smart
factory of Industry 4.0.

The synthesized Model of the main engineering and engineering production chains in
the Smart factory of Industry 4.0 is the result of its interdisciplinary integration of physical
and cyberspace, digital, and physical semantic laws, real physical and virtual production,
and management processes. The main engineering and production chains in the Smart
Factory of Industry 4.0 communicate utilizing automated information as well as physical
and electronic network flow, leading to:

the actual separation of autonomous and independent production processes;
independent analysis, coordination, and regulation of these processes through self-
regulated control;

e theintegrated possibility of transmission, exchange of, and feedback from the infor-
mation flows along the “robot -machine-human” axis.

The bi-directionality of the connections in the Model of the main engineering and
production chains in the Smart factory of Industry 4.0 is achieved with self-developed
software or software applications, enabling the intelligent automated flow of the processes
in it (Figure 4).

Some of the main software applications facilitating the connection between the main
engineering and production chains in the Model are:

e  PLM Services enable the management of product lifecycles by quickly and easily con-
necting processes, people, and data throughout the product lifecycle and by capturing
critical business information and integrating tools and processes to reap benefits at
every stage of the product development;

e  Service Control Manager is a special system process from the Windows NT family that
starts, stops, and interacts with Windows service processes and allows for interaction
with Service Control Manager through a defined API that enables the management of
the services provided by Windows;

e  CRM Services manage customer relations and are a strategy that contributes to man-
aging customer interactions based on the streamlining of processes and the increase
in profitability;
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e  CMS Services deliver unique software solutions for managing compliance and provide
cost-saving solutions for collecting, reviewing, and sharing compliance materials and
documentation at the account level;

e  ERP Services are a software that connects multiple processes and enables the exchange
of information between them by providing planning of enterprise resources based
on day-to-day business activities such as accounting, supplies, project management,
risk and compliance management, supply chain operations, enterprise performance
management, planning, budgeting, forecasting, and reporting of the organization’s
financial results.
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Figure 4. Model of the main engineering and production chains in the Smart factory of Industry 4.0.

5. Conclusions

The Model of the main engineering and production chains in the Smart Factory of
Industry 4.0 developed in this article is a logical abstract synthesis by the analogy of the
related engineering and production processes in the Smart Factory of Industry 4.0. It is
descriptive and is generated based on analysis that reflects the most important qualitative,
information technology, logistics, and management characteristics of the real cyber-physical
production system. The purpose of this model is to provide knowledge about the main
engineering and production chains in the Smart factory of Industry 4.0 and to facilitate
the options for restructuring the real physical production systems into cyber—physical
production systems.

Based on the above, the Model of the main engineering and production chains in the
Smart factory of Industry 4.0 is a significant prerequisite for the development of digital
computer-integrated production that uses information and communication technologies
in the production processes. The basic engineering and production chains defined in the
Model exchange information with each other and coordinate their actions. The Model of
the main engineering and production chains in the Smart factory of Industry 4.0 is a basis
for developing further the digitalization and automation of production and contributes
to a sustainable and fast production process, corresponding to an environment where the
possibilities for errors are kept to a minimum.

The Model of the main engineering and production chains in the Smart Factory of
Industry 4.0 outlines the connections and interactions between the main processes in the
cyber—physical production system that lie at the heart of the Smart Factory of Industry 4.0
and defines:

the method for extraction, storage, processing, and presentation of data;

the approaches, mechanisms, and tools for monitoring the state of the engineering and
production structure and restructuring and/or changing the processes in the Smart
factory of Industry 4.0;
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e the algorithms for unifying the main components, elements, and information flows
that enable the processing of data in the Smart factory of Industry 4.0.

The Model of the main engineering and production chains in the Smart factory of
Industry 4.0 cumulatively bring together engineering, production, management, logistics,
finance, and marketing. On this basis, the definition of the six main engineering and produc-
tion chains in their structure contributes to the possibility of developing and implementing
specific software products that ensures the main functions of the chains and the related
activities. The added value of the defined Model of the main engineering and production
chains in the Smart factory of Industry 4.0 for the science is expressed in the enabled digital
transformation of more and more production units and the acceleration of the digitalization
of production based on the outlined connections and interdependences between the six
main engineering and production chains defined in the model.
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