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Abstract: The article presents an answer to the current challenge about needs to form
methodological approaches to the digital transformation of existing industrial enterprises (EIE).
The paper develops a hypothesis that it is advisable to carry out the digital transformation of
EIE based on considering it as a complex technical system using model-based system
engineering (MBSE). The practical methodology based on MBSE for EIE digital
representation creation are presented. It is demonstrated how different system models of EIE
is created from a set of entities of the MBSE approach: requirements—unctions—components
and corresponding matrices of interconnections. Also the principles and composition of tasks
for system architectures creation of EIE digital representation are developed. The practical
application of proposed methodology is illustrated by the example of an existing gas
distribution station.
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1. Introduction

The modern development of the economy requires for industrial enterprises (IE)
transition to manufacturing, which is based on the mass introduction of information
technologies and digital models of both individual products and the IE infrastructure
as a whole (Ghobakhloo and Fathi, 2019; Kaiser et al., 2023). This transition is
commonly referred to as the fourth industrial revolution within Industry 4.0 concept
(Cimino et al., 2023; Fang et al., 2023; Matarazzo et al., 2021; Schlemitz and
Mezhuyev, 2024; Veile et al., 2020). The digital transformation for existing industrial
enterprises (EIE) that have been operating since the last century, is a more serious
problem than for new ones (Chen et al., 2024; Skare et al., 2023). To take all the
advantages of digital technologies during EIE digital transformation, it is necessary to
create a digital representation of EIE in the virtual (digital) world and to connect it
with a physical object in the real world with two-way information links (Figure 1).
This representation is often called a “digital twin (DT), but the scientific community
has not yet come to a common understanding of what an IE DT is and this issue
continues to be widely discussed (Liu, et al., 2024; Tong et al., 2024). Thus, ideally,
we are talking about the creation of an EIE digital twin and forming an EIE digital
asset (Fett et al., 2023; Kukushkin et al., 2022; Psarommatis and May, 2023; Yadykin,
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et al., 2021). Modern approaches to product manufacturing involve the creation of IE
digital representation based on introducing digital technologies throughout all steps of
IE life cycle: from design to operation, balancing all criteria: technological, economic,
environmental and social (Bai et al., 2020; Bolshakov et al., 2023a; Varriale et al.,
2024). However, for an EIE, it is sometimes more economically advantageous to
create a new enterprise instead of modernizing the old one (Gajo and Akyuz, 2023).

It is advisable to use system engineering methods for the creating of the EIE
digital representation, because EIE is a complex technical system (Badenko, et al.,
2021; Bolshakov, et al., 2023a). When considering such systems, many specialists,
including the US Department of Defense and NASA, distinguish the “system” and
“system of systems” concepts (SoS) (Elhabbash et al., 2024; Maier, 1998; Swickline
et al., 2024). Enterprises are unanimously classified as SoS. This situation defines
another problem in EIE digital representation creation, related to the complexity of
objects.

The real/physical world Virtual/digital world
Environment Environment
in real world in virtual world
Existing industrial enterprise: Digital representation
infrastructure & equipment —= of
(complex technical system) complex technical system

Figure 1. Complex technical systems in the real (physical) and virtual (digital)
worlds.

Thus, the task of EIE digital representation creation is urgent and requires a
special methodological approach. The authors suggest that this task should be carried
out on the basis of system engineering tools and its modern version of a model-based
system engineering (MBSE) (Henderson et al., 2024; Madni and Sievers, 2018;
Papavasiliou et al., 2024). In general, engineering includes methodology, methods of
representation, tools and processes for the creation and application of artificial objects
(Henderson and Salado, 2021; Vernadat, 2014). The practical application of MBSE in
a development of digital representations of technical objects has shown that different
models (verbal, expert, mathematical, digital, intellectual) are effectively complement
each other. Therefore, an urgent task is to form practical methodological approaches
to the systematic and effective integration of mentioned different models (Bolshakov
et al.,, 2023b; Tikayat Ray et al., 2023). MBSE is originated and developed as a
response to these challenges, allowing combination and use of various types of models
in engineering (Henderson et al., 2024; Madni and Sievers, 2018; Younse et al., 2022).
According MBSE, we propose to arrange a reference structure of system engineering
models on the principle of development sequence: verbal (logical-semantic models)—
ontological models—architectural models—parameterized architectural models—
mathematical models—computer models (Figure 2). Verbal (logical-semantic models)
represent selected significant semantic elements of information in the form of
keywords and identify relationships between them. Ontological model is a breakdown
structure of terms and concepts. Architectural models are a representation of main
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MBSE entities (requirements, functions, components) by breakdown structures and
their interconnections in a matrix form. Parameterized/attributed architectural models
expand architectural models with quantities and qualities characteristics (attributes) of
entities. In mathematical models, information about entities is represented in
mathematical symbols and expressions that formulate relationships between entities
attributes. Computer models represent mathematical models in as a set of data and
program code to be executed in a computer environment. Each subsequent model type
is harmonized with the previous representations, inherits and complements them with
new additional properties and characteristics.

Ontological

Architectural

Parameterized/attributed architectural

Mathematical

Computer

Figure 2. The basic reference structure of MBSE models.

The systems engineering community has turned to MBSE to improve an
efficiency in a managing complexity, maintaining consistency, and ensuring systems
development process traceability (Madni and Sievers, 2018; San Cristcébal et al., 2018;
Swickline et al., 2024; Voth and Sturtevant, 2022). If MBSE is used for digital-based
manufacturing transition, the reengineering methodology will be successful for
performing the stages of a reverse engineering and restructuring (Henderson et al.,
2023; Huang et al., 2020; Madni and Purohit, 2019). MBSE, according Madni and
Sievers, 2018, is a holistic system engineering approach centered on the evolving
system model, which serves as the “sole source of truth” about the system. Despite the
fact that MBSE is beginning to find wide application in many industries, there is still
an insufficient information about specific achievements that realize all MBSE
advantages (Bemmami and David, 2021; Cameron and Adsit, 2018; Henderson and
Salado, 2024; Schummer and Hyba, 2022).

The digital transformation of EIE is one of the most important phenomena of the
21st century and is determined by new technologies driven by Industry 4.0 concept
(Fang et al.,, 2023; Matarazzo et al., 2021). However, existing reengineering
methodologies use ideal business processes collected using subjective information
from interviews with industry experts or company’s documentations, rather than actual
processes collected based on real data (Weerakkody et al., 2021). MBSE solves this
contradiction, and its tools will serve as the basis for planning digital transformation
and provides manufacturing companies with simple and effective implementation
plans (Henderson and Salado, 2024; Huldt and Stenius, 2019). At the same time, there
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are lot of evidences that digital twin technologies, together with MBSE, provide
effective continuous updating of system models throughout EIE entire life cycle
(Badenko, et al., 2021; Laing et al., 2020; Yang et al., 2023). This trend is confirmed
by the fact that in Russia in 2022 and in China in 2023, national standards “Digital
Twin of Products” were introduced, which provided an ontological description of the
terms and concepts of digital twins, as well as general provisions and requirements for
the development and application of digital twins (Kukushkin et al., 2022).

In general, it should be noted that although system engineering has been
developing for quite a long time, its practical application is still lagging behind (Bretz
et al., 2019; Huldt and Stenius, 2019; Meiferet al., 2021; Verbruggen and Snoeck,
2023). In a recent publication (Henderson at al., 2024), in particular, it is noted that
successful stories, studied during MBSE implementations, are one of the key ways to
disseminate best practices and recommendations for MBSE. Based on the literature
and interviews with practitioners in this study, there is likely still a lack of
understanding or confusion about what MBSE is and how to implement MBSE in
practice. Therefore, the development of practical methodology for systems engineers,
that describe techniques and steps for creation of EIE digital representation is relevant

Often the existing practical recommendations are either narrow-profile and
focused on newly created facilities, or too general (Buschhaus et al., 2024; Hennig and
Szajnfarber, 2023; Henderson and Salado, 2024). The growing understanding of needs
to develop practical recommendations for expanding the introduction of new digital
technologies, in particular digital twins, is actively forming new methods and tools of
digital system engineering that allow ensuring the proper level of adequacy (Bone et
al., 2019; Campo, et al., 2022; Henderson et al. 2023; Madni et al., 2019). Also it is
interesting to note as verbal models created within the framework of MBSE using
ChatGPT, took their place in system engineering methods development (Mitola and
Prys, 2023; Titus, 2024; Zhang and Yang, 2024).

An object for this research is an existing industrial enterprise (EIE), that is not
often found in publications. The paper objective is to present practical methodology
for development of an adequate EIE system architecture, which can serve as the basis
for the EIE digital representation creation and in a future for a EIE digital twin. EIE
digital representation based on MBSE will ensure the integration of process and events
models, consolidating information into an accessible centralized source (Guide, 2024;
INCOSE, 2023) for predicting EIE behavior. According methodology proposed the
EIE and its digital representation will have a single system architecture model. The
authors consider an urgent task of developing a sufficiently universal practical
methodology. The methodology has been developed on a base of the MBSE principles
as a practical tool for system engineers. To illustrate the proposed methodology, a
problem of digital representation creation of a standard gas distribution station (GDS)
is considered. Such facilities are an integral part of any gas distribution network
worldwide. The example is a typical one and can be used as a reference for projects
for creation of EIE digital representations in a number of energy and mechanical
engineering sectors. The versatility of the proposed methodology allows it to be used
in other industries and countries.
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2. Materials and methods

The materials for this work were documents from The International Council on
Systems Engineering (INCOSE) in practicular last Released 6 May 2024 (Guide, 2024)
and published case studies of specific projects. Materials from projects implemented
at Peter the Great St.Petersburg Polytechnic University (Russia) and Moscow State
University named M.V.Lomonosov (Russia) were also used
(https://ncmu.spbstu.ru/article/publikacii-ncmu).  When developing the practical
methodology, the method of analysis and synthesis of the activities of systems
engineers was used.

MBSE-based digital representation projects start with a domain ontology creation
(Elhabbash et al., 2024; Lu et al., 2021; Sanfilippoet al., 2019). Ontology consist of
basic concepts definitions reference books that are used during the creation of EIE
system architectures. Such models are textual descriptions of system model entities in
a unified form of reference books, hierarchically structured entities (requirements,
functions, components and processes) (Browning, 2015; Henderson et al, 2024;
INCOSE, 2023; Lu, 2021; Purohit and Madni, 2021).

System modeling treats the EIE as a system. It starts with the architectural
modeling of the system and covers, first of all, the compilation, analysis and synthesis
of reference books of requirements for the EIE and its functions and components,
including its interconnections using interlevel and intralevel dependency matrix
(Purohit and Madni, 2021). The concept of requirements for target objects is part of
the key principles used in system engineering (Boehmet al., 2012; Bolshakov et al.,
2023b; Madni and Sievers, 2018). The requirements reflect, in the form of compact
text entries, the engineer’s ideas about what the EIE should correspond to, its goals,
the value of the EIE as an artificially created system, the functions, the criteria and
limitations that the EIE must meet. When documenting requirements, an unambiguous
indication in the imperative mood is recommended and formulated according to
SMART (Specific, Measurable, Achievable, Relevant) rules, essential at the selected
level of hierarchies of consideration, traceable and available for analysis.
Requirements are presented in the form of an indexed hierarchically ordered directory,
which we will call requirement models or Requirement Breakdown Structure (RBS).
Requirements are validated (assurance of their correctness is provided, for example,
through expert assessments) and verified (verification of correctness is provided, for
example, through tests).

The requirements representation and modeling policies are as follows:

*  The description is carried out within the given subject area boundaries, for
example, EIE physical and technical components;

*  Requirements records are placed in a reference table, in which indexing reflects
requirements hierarchical ordering and its taxonomy;

* Requirements attributes are set taking into account their measurement units;

*  The text records of the requirements comply with the SMART rules.

Identification of the EIE physical components is conducted in such a way to
ensure of the EIE requirements and functions fulfillment. In practice, a significant part
of the components is identified on the basis of existing components with the addition
of new innovative components during reengineering, taking into account alternative
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options for the EIE physical architecture. Text records about components are arranged
in the form of an indexed hierarchically ordered set of physical components, which we
will call physical architecture of EIE or Component Breakdown Structure (CBS). The
records about physical components, as well as the requirements, are validated and
verified.

System engineering involves taking into account, documenting and balancing the
interconnections of the EIE entities (requirements, functions and components). This
reflects the essence of a system approach to the modeling and design of technical
objects. For the EIE entities relationships modeling, entity interconnectivity matrices
are formed according to the selected levels of the object hierarchy. Such design
structure matrices (DSM), also called the dependency structure matrices, have become
a widely used modeling framework across MBSE applications (Browning, 2015;
Hennig and Szajnfarber, 2023; Purohit and Madni, 2021; Rehberg and Brem, 2024;
Sharon et al.,, 2013). In this matrix-based approaches for MBSE, the system
architecture is represented as a N x N square matrix in which the rows and columns
represent the N entities while the body of the matrix represents the interactions
between the entities. These matrices should also be considered as structured text
models of the EIE in the form of a text records database about the structure of the
entities and their relationships. Thus, all models of EIE behavior should be based on
EIE entities interactions (Guide, 2024). The general methodological approach
proposed by the authors within the framework of MBSE to structuring of EIE
representation in the form of system architecture models set is shown in Figure 3.

Verbal models of EIE Hierarchical indexed Tables/matrices/graphs/connectivity
system entities entity models (entities DSM models of EIE hierarchical entity
(Ei - requirements, break down structures) A(a)={E,E(a),[E(a),E(a)]}
functions, components) with attributes E(a)

O (=)

E(a) composed of ...

lis connected with J
the type of connection is k

Figure 3. A structured representation of EIE in the form of architectural models A(a)

={E.E(a),[E(2).E(a)]}-

For system models descriptions, it is recommended to use, according to three
pillars of MBSE tools: tool, method, language (Khandoker et al., 2022), specially
developed languages. The most common among the languages for creating system
models is undoubtedly SysML (Fang et al., 2023; Shoshany-Tavory, et al., 2023;
Swickline et al., 2024). However, when developing the EIE system architecture
models, one of the most important requirements is accessibility for understanding by
all stakeholders. Therefore, sometimes it is more convenient to use simpler software,
for example, MS Excel. This approach will be used in the rest of the manuscript.
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Thus, a general scheme for the EIE digital representation creation of can be seen
in Figure 4, which shows a framework of the proposed methodology in the form of
an iterative process. The essence of the proposed mrthodology to EIE digital
transformation is in the iterative processes supporting that forms the basis of the
MBSE methodological approach: Verbal models — Architectural models —
Parameterized architectural models — Mathematical models — Computer models —
Digital models.

During the implementation of the proposed methodology, the representation of
the connectivity (interconnections) of the EIE entities for a system model in the form
of the DSM s particularly difficult. When filling out the DSM, the system engineer
must overcome the systemic contradiction: “describe minimally, but enough.” For the
EIE, it is proposed to use the following classification of types of interconnections:

* by physical interactions;

* by spatial constraints;

* by material and energy flows;

* by information flows;

* by system restrictions;

» according to the logic of the interaction of physical components.

Iteratio_r_l__
— | S— — e
- - — ~
~ -
e / \
A A Ala) MiA@)] | [ MA@
\V‘A’mﬁ'\ ¥ Architectural = Parameterized |4  Mathematical =)  Computer l
Qd‘gls models architectural models models /
N models s
"~ _
~ -~ o -

—

e e e

Figure 4. The process of developing a digital representation of EIE.

When adding attributes to architectural models (Figure 4), it is recommended to
use the following parameters: spatial, physical, managerial, economic, risks,
Technological Readiness Level (TRL analysis) and others. The parameters of
architectural models can be both quantitatively measurable and qualitative, compiled
on the basis of expert assessments (Strong-Neutral-Weakness, SNW analysis). Figure
5 shows a representation of the architectural model supplemented by quantitative (al)
and qualitative (a2) parameters. This allows the system engineer to evaluate options
for system architecture models quickly.
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A — architectural a — architectural
RBS CBS
model (RBS, CBS) model parameters
DSM (RBS, A(a1) =[RBS(a1)]
RBS DSM (RBS, CBS)
CBS) A(a2) =[RBS(a2)]
DSM (PBS, A(a1) =[CBS(a1)]
CBS DSM (PBS, CBS)
CBS) A(a2) =[CBS(a2)]

Figure 5. Architectural model representation supplemented by quantitative and
qualitative parameters.

The parameterized system architecture model (PASM) is the EIE holistic
ontological textual description, which allows, for example, during the expert strategic
sessions to discuss a digital transformation project, possible options for its
implementation, etc. The key feature of the PASM is an identification of the key EIE
entities interconnections and the parameterization of these interconnections. Based on
PASM, a first version of a target matrix of requirements and constraints (Badenko et
al., 2021; Kukushkin et al., 2022) is compiled. This matrix is a hierarchical system of
interconnected data structures containing formalized requirements for the EIE and its
components. Determining interconnection of EIE parameters is the main objective for
the architectural stage. Already at this stage, the system engineer can identify possible
scenarios (paths) for balancing requirements.

Thus, the developing of the PASM has the following stages:

*  Avrepresentation of the subject area in the form of a reference book of basic terms
and concepts;

. Development of the initial version of PASM;

*  Anexpert discussion of the proposed PASM;

*  Making a final decision on PASM.

The proposed methodological approach recommends using the following
composition of modeling levels with a transition in the “from simple to more complex”
for composition of the characteristics used in them (Figure 6):

*  System of used terms;

*  Typology of modeling strata used;

*  Architectural models used in system representations;

*  Mathematical models;

e Computer models;

* Digital models;

* Intelligent models (artificial intelligence models);

¢  Assemblies, digital platforms, and simulation and testing ranges.

Architectural Mathematical | Computer | Digital Intelligent
Terms models of EIE PASM models models models models

Entities reference guides
Matrix of entities interconnections

Assemblies, digital platforms and polygons for simulation and virtual testing

Figure 6. Composition and positioning of models.
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To describe the models of each level, it is proposed to use the following
architectural system representations:

*  Reference guides of used terms and concepts;

*  Typology of used models;

*  Model requirements reference guides;

*  Reference guides of functions performed by models to ensure compliance with
their requirements;

* Reference guides of the composition of the used models that ensure the
fulfillment of requirements and functions;

. Interconnectivity of model requirements, model functions, and model
composition both within individual strata (analysis level) and between different
strata;

*  Attributes and ratings of models.

It is proposed to use the characteristics of models from one level at other levels,
which makes it possible to link models into a single model system complex:

*  Verbal (logical-semantic) models represent significant semantic elements of
information in the form of terms and identified relationships between them,
creating the basis for the design of architectural models;

*  Architectural models systematically represent and organize parameters of
mathematical, computer, digital, and intelligent models;

*  Mathematical models are transformed in an accepted way into the form of
computer models;

»  Digital models combine sets of computer models, detail and expand them;

* Intelligent models complement and extend digital models by taking into account
large, possibly unstructured data;

* Data and parameters, mathematical, computer, digital, and intelligent models
should be linked and mutually positioned with models of the EIE physical
architecture.

As a result, the entire composition of models used can be systematically ordered
and interconnected. Models are beginning to be considered together with physical
objects as full-fledged components of a hybrid representation of the physical and
virtual world for the EIE (Figure 1). This approach allows a for a systematic and
orderly representation of the EIE in various complementary and interpenetrating
representations of modeling strata, ensuring and developing all the benefits of the
proposed methodology.

Mathematical models of the processes and phenomena in a complex technical
system, for example the EIE, in this case are, if we follow the terminology used here,
mathematical formulas involving attributes from the PASM. Abstraction levels
describe the transition from high-level models to more detailed models. This process
can be represented as follows:

*  Description of the laws and the rules linking the main components of the EIE
digital representation;

*  Study of the mathematical problems that mathematical models lead to;

*  Verification and validation of all the models;

* Interconnection of the models based on balancing of DSM.
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Thus, a digital representation of the EIE and a multi-level matrix of requirements,
resources and restrictions are formed, as a system of interconnected structures
containing formalized requirements for the EIE.

3. Results and discussion

The proposed methodology has been successfully tested on the example of an
existing gas distribution station (GDS). Such facilities are typical for gas networks in
many countries around the world. In traditional engineering, a set of technical
requirements is formed basing on regulatory requirements and an object operating
practice. With this approach, proven technical solutions for changing operating
conditions, operational improvements, automation, and optimization of the full life
cycle may not provide the declared efficiency of the GDS, and the capabilities of a
modern modeling are not fully used.

According to the proposed methodology, at the first step, in accordance with a
national regulation and standards (considered as initial data), a semantic representation
of the subject area was compiled in the form of a reference guide book of basic terms
and concepts. Such reference guide is necessary for the most unambiguous
understanding of the semantic content of the words, concepts, and expressions used.
Thus, in accordance with the standards, the basic technical requirements were
identified, systematized, hierarchically ordered. To visualize the presentation of
requirements (RBS) according to the developed method, a graph in the form of a “tree”
is used (Figure 7).

Depending on the conditions of the operation and the requirements of the GDS,
the composition of the GDS components may vary. An example of a fragment of the
GDS physical components model representation (CBS) in the form of a graph “tree”
is shown in Figure 8.

R. Requirements

R.1 Functional requirements R.2 Non-Functional requirements
q
R.1.2 Ensure
RA1 the Entonethe | |R1.6 Ensure R.21 R22Ensure || o3
Ensure the | | presence of | | R.1.3 Ensure ¢| | gas heating Ensure the the Ensure the
impurities a strong- gas gas amoun to prevent regulatory regulatory lat:
gas smelling reduction | | Sonsumptio hypdrate gas odorant reg::sory
- n account at i purification | |concentration
purification substance GDS formation level in gas temperature

(odorant)

Figure 7. GDS requirements breakdown structure (RBS).

Figure 9 shows a matrix of requirements interconnections among themselves
(RBS to RBS). Figure 10 shows a matrix of physical components interconnections
(CBS to CBS). Figure 11 shows a matrix of interconnections of requirements and
physical components (RBS to CBS). In these matrices, 1 indicates the presence of
interconnections, and O indicates the absence of interconnections The indexes in
Figures 9-11 correspond to the indexes in Figures 7 and 8. At this level of hierarchies,
only the most important relationships were highlighted. This allows the system
engineer to create a description of the GDS system architecture quickly. With further
modeling and complication of the physical architecture, at the next hierarchy levels of

10
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the object description, the interrelationships of requirements and components begin to
manifest more clearly.

In the GDS requirements interconnections matrix (Figure 9) the connectivity by
functionality is indicated. For example, it is indicated that the requirement R.1.3
“Ensure gas reduction” has a relationship with the requirements R.1.1 “Ensure the
impurities gas purification”, R.1.5 “Ensure gas heating to prevent hydrate formation”
and R.2.3 “Ensure the regulatory gas temperature”.

C. Components

C.1 Technological components C.2 Infrastructure components

C.1.1 Enfrance gas G.1.2 Commutation G.1.3 Gas purification JC 1.4 Qdorization. - . - . C 1.7 Gas discharge -
pipeline GDS node d - G.1.5 Gas reduction unit C.1.6 Gas heating unit measurement uni;g C.2.1 Building
21 1 G.1.21 Valves 11 P14l ..| C.1.5.1 Main pipeline C.1.6.1 Gas boiler C.1.7.1 Subunit C.2.1.1 Gas
k| Entrance gas = on the entrance e Horizontal Odorization for gas heating for consumers reduction shop-
pipeline CT29val cyclone unit P
— T2.2 Valves CA51.1 Inlet C.1.6.2 Subunit of C172Cas floor
1 on the exit by C.1.3.2 Mesh kb pneumatic actuated :
| Pressure and — heating of rooms of metering subunit -
filter - shut-off valve C.2.1.2 Technical
temperature £.1.23 Bypass } C.1.4.2Filing gas reducton and for own needs
SENSOrs x pipeline c133 station C.1.5.1.2 Main gas automation rooms
) pressure regulator
§ ka| Pressure
v Cﬁ1.2i31 Shut sensors C.2.2 Outdoor
Ripgs ol valve G.1.5.1.3 Backup facilities
Qutlgt Lt gas pressure
pipeline p C.1.2.3.2 Control regulator C.2.2.1 Crossings
valve and platforms
Cc114 | C15.14 Outlet
Insulating | C.1.24 Safety shut-off valve > C.2.2.2 Awnings
element valves
N C.15.2 Pressure and p| C.2.2.3 Fences
by C.1.2.5 Pressure temperature sensors
Sensors C.2.2.4 Lighting

* | and lightning rods

Figure 8. Fragment of the GDS physical components representation model (CBS).

R11| R1.2 |[R13|R14| R15 |R21|R22| R23

R.1.1 0 1 0 1 0 0
R.1.2 0 0 0 0 1 0
R.1.3 1 0 0 1 0 0 1
R.1.4 0 0 0 1 0 0 1
R.1.5 0 0 1 1 0 0 1
R.2.1 1 0 0 0 0 0
R.2.2 0 1 0 0 0 0 0
R.2.3 0 0 1 1 1 0 0

Figure 9. Fragment of a matrix of requirements interconnections.

The interconnectedness of the components (CBS to CBS) is formed to indicate
the physical interaction and the order of arrangement in the technological process
(Figure 10). For example, C.1.5 “Gas reduction unit” is interconnected (located
immediately behind it) to C.1.3 “Gas purification unit”, functionally interconnected to
C1.6 “Gas heating unit”, located in C.2.1 “Building”, and is located ahead of C.1.4
“Odorization node”.

11



Journal of Infrastructure, Policy and Development 2024, 8(14), 7983.

C.1.6 Gas
heating unit

P T

cC11/C12|C13|C14|C15|C16/C1.7|C.21|C.2.2

C.1.1 1 0 0 0 0 0 0 1

C.1.2 1 1 0 1 1 0 0 1

CA1.3 0 1 0 1 1 0 0 1

c1.4 0 0 0 1 1 0 0 1

C.1.5 0 0 1 1 1 0 1 0

C.1.6 0 1 1 1 1 1 1 1

CA1.7 0 0 0 0 0 1 1 0

C.21 0 0 0 0 1 1 1 0

c.2.2 1 1 1 1 0 1 0 0

Figure 10. Fragment of a matrix of physical components interconnections.
cC11/C1.2|/C13|C14|C1.5|C1.6/C.1.7 |C.21 |C.2.2

R.1.1 0 0 1 0 1 1 0 0 1

R.1.2 0 0 0 1 0 0 1 0 1

R.1.3 0 1 1 0 1 1 0 1 0

R.1.4 0 0 0 0 0 1 1 0 0

R.1.5 0 0 0 0 1 1 0 1 0

R.2.1 0 0 1 0 1 1 0 0 1

R.2.2 0 0 0 1 0 0 1 0 1

R.2.3 0 0 0 0 1 1 0 1 0

Figure 11. Fragment of a matrix interconnections of requirements and physical
components (RBS to CBS).
C.1.5 Gas reduction unit egendt:
P* —total gas pressure, n/m?
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C.1.5.1.3 Backup gas
pressure regulator

C.1.5.2 Pressure and temperature sensors
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iahead of a pressure
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C.1.5.2 4 Temperature
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Figure 12. An example of parameters interconnectivity of the gas reduction unit of GDS.
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The matrix of interconnections of requirements and physical components (RBS
to CBS) defines the list of the components involved in implementation of the GDS
specific requirements (Figurell). For example, in fulfilling the requirement R.1.1
“Ensure the impurities gas purification”, physical components take part: C.1.3 “Gas
purification unit”, C.1.5 “Gas reduction unit”, and C.1.6 “Gas heating unit”, located
in C.2.2 “Building”.

In the next step, the architectural models are supplemented with key attributes.
Figure 12 shows an example of the GDS gas reduction unit parameters
interconnectivity.

To create a digital representation of the GDS, it is necessary to determine the
typology of the applied mathematical models and their description. Figure 13 shows
an example of the description of such models for GDS and the attributes of these
models. Figure 13 shows only gas-dynamic and thermal mathematical models. In
addition, in the process of a digital transformation of the GDS, energy, strength,
ergonomic and resource mathematical models are used for physical components.

For the GDS according to the proposed methodology also an architecture of
mathematical models is developed. An example of the GDS architecture of
mathematical models is shown in Figure 14.

Gas-dynamic mathematical models:

Thermal mathematical models:

2 2
mv; mvj
. . L1 . i jon — —— + mghy = ——+ mgh;
1) Navier-Stokes equation — —- = — (U V)i + vA¥ — ;VI' +f 1) energy conservation equation 2 it 2 i
o )  avers ecustion (1 . c=99
2) Euler's equation of motion — — + (v-V)v=g — —Vp, ) Mayer's equation (heat capacity) — -
at P dT
3) flow continuity equation — S = Y 0 =a-VT + %
Y eq P191U01 = P00, 3) thermal conductivity equation — ~_
or c-p
2
" o vt
4) Bernoulli's equation /}2 n pgh + p = const 4) heat balance equation — Q] + Q2 + Q_,_ +...=0
Figure 13. A fragment of a mathematical model for the GDS.
Restrictions Restrictions {1 Restrictions [1  Restrictions [] (1 Optimization Regulation
Initial state l goals l ¢
d[a]ta Heat loss parameters N
Gas-dynamic A Costleconomical | Data to the customer
N > i —
Tnitial | mathematical —I L mathematical
geometric medels ] ma.lt-::::ilcal Strength > mocel®
models
- models —|—b mathematical
- : = > models Integral Costs
nitial state Technical [ mathematical D
- ata to the customer
data L Restrictions regulation l Data about vy models >
; materials
pht function Resource P
paremeters Ergonomic (;p;':'g’:grs mathematical Parameterization
Initial state [} » mathematical | " models
data h 4 h 4 models
Energy 3
mathematical
] models Electricity generation and consumption parameters v
Optimized Data to the customer
1 Consumables geometric >

models

Figure 14. An example of the GDS architecture of mathematical models.

The next step is to describe the parameters and characteristics of mathematical
models in the form of a multi-level matrix of requirements, connections and
constraints, as a system of interconnected data structures containing formalized
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requirements. In this way, mathematical models and a multilevel matrix of
requirements are formed. Further, computer and digital models are built based on
mathematical models to create a digital representation of the GDS.

4. Discussion

The results of this research show that MBSE has serious prospects for the
development of the EIE digital transformation methods. Figures 7-11 demonstrate the
GDS structure, which is understandable not only to specialists, but also to all
stakeholders. Therefore, the proposed methodology really serves as an effective tool
for justifying investments in the rather expensive EIE digital transformation process.
Thus, in our opinion, a real tool for justifying decision-making on a digital
transformation has been demonstrated. The proposed universal practical methodology
is based on the methodological approaches of INCOSE systems engineering and can
be applied to the design and reengineering of a wide range of technical objects.

The analysis and discussion of the practical results for GDS also allows us to
formulate proposals for the development and application of the EIE architectural
system models. The paper considers and organizes the approaches and tools of
architectural modeling of technical objects as systems. The modeling is based on the
formation and filling of unified reference books and matrices of interconnections of
requirements and components of the object with text entries. The presented results
show how in traditional engineering documentation unified architectural system
models can be effectively applied. Already at the initial stages of the EIE digital
transformation process, this methodological approach allows engineers to streamline
a digital representation of target features and elements, quickly and uniformly form
and evaluate the EIE structure, reduce development time and evaluate the quality of
the development.

The proposed methodology is available for rapid learning and mastering by
digital models developers, complies with the rules of system engineering and allows
it for a wide application and development in applied projects of the EIE digital
transformation. It is shown that the approach to system architecture modeling of
technical objects can be expanded by taking into account other types of models—
mathematical, cyber-physical, digital, and also intelligent models and algorithms. This
approach makes it possible to overcome the known difficulties of a hybrid description
of complex objects using many models, to form a modeling policy on systematized
repositories of component descriptions and engineering processes, without wasting
time on repeating existing developments, thereby increasing the quality and
productivity of engineering activities.

5. Conclusion

To implement the EIE digital transformation strategy using the MBSE approach,
relevant practical methodology based on common INCOSE pricipals are presented.
The proposed methodological approach is available for rapid development by system
engineers and can be widely used in a digital representation creation of existing
complex technical objects in the process of digital transformation of enterprises. The
methodology to modeling physical architectures of objects can be expanded by taking
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into account other models of target objects including mathematical, cyber-physical,
digital, and intelligent models and algorithms.

Currently, system engineering in general and MBSE in particular are increasingly
penetrating the processes of digital transformation of existing industrial enterprises.
The development of the MBSE approaches and the expansion of the use of unified
techniques will make it possible to transfer the experience of system engineering
between industries with greater efficiency.

The authors recognize that the main barrier to a widespread adoption of MBSE
in different EIE digital transformation practices is the lack of useful systems
engineering automation tools. Another problem is the lack of qualified staff who are
familiar with the principles and have an experience in the practical application of
system engineering and MBSE. At the same time, a special attention should
undoubtedly be paid to the creation of adequate language models of an industry
orientation. Therefore, the authors see the directions of a further research in the
development of technologies for automating the construction of an attributed system
architecture of an enterprise, including using language models of artificial intelligence.
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