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This article investigates the hierarchy of the manufacturing
system, which consists of a set of interrelated processes aimed
at converting information, knowledge, energy, materials, and
other resources into value for the consumer based on the
principles of lean production. Modern manufacturing systems
are becoming more and more complex to manage. The
problems that need to be solved are associated with a
significant number of time-varying parameters, large time
delays, high non-linearity of processes, and a complex
relationship between input and output parameters. Depending
on the parameters of internal components and characteristics
of external conditions, the state of manufacturing systems can
change in an unpredictable manner. The paper considers many
types of discrete states in which the system can be. The
estimation of the probability of finding the manufacturing
system in any of the given states was carried out using discrete
Markov analysis. The article also presents the results of studies
of possible transitions between states in which the production
system is presented in the form of a transition matrix.
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1 INTRODUCTION

With globalization and the ever-increasing demands and
expectations of customers and other stakeholders,
organizations are forced to continually adapt and improve their
business organization. A systematic approach is a guiding
principle in solving existing and emerging problems.
Organizations are participants in the creation and users of
various systems. The system can be considered a product or
services provided that ensure this product. There is a wide
range of systems [Zaloga 2019], differing in terms of purpose,
scope, complexity, scale, novelty, adaptability, quantitative
characteristics, location, a fragment of a lifetime, and
evolution. The modern development of technologies, including
information technologies, allows the use of a large number of
heterogeneous complex systems consisting of interacting
subsystems, as a result of which they acquire emergent
properties. Complex manufacturing systems, as a rule, include,
in addition to a set of hardware, software, and operational
personnel [Bochen 2009, Zaloga 2020]. Every system has a life
cycle. The life cycle of a product and the life cycle of a system
that is associated with it may have common stages and phases.

Life cycles vary according to the nature, purpose, product and
system use, and prevailing circumstances. Modern business
seeks to ensure the sustainability of the system life cycle
processes [Modrak 2020]. Complex systems are characterized
by many states. Each state is determined by a specific set of
parameters. A change in the values of parameters that
characterizes a separate element of the system can lead to a
change in the output parameters of the system as a whole and
its state. The latter, along with the presence of complex
functional dependencies, greatly complicates formalization in
describing the processes of functioning of such systems. The
Lean Manufacturing Management System (LMMS) is the
control system in relation to the manufacturing system,
ensuring the alignment of value streams with customer order
streams. The work of the LMMS is aimed at continually
improving the capabilities and flexibility of the manufacturing
system. The LMMS like the manufacturing system can exist in
various states, each of which is determined by a specific
combination of the states of its elements. In the case of a large
number of states and transitions when making decisions about
system optimization, there is a high probability of errors and
distortions. Markov analysis is one of the analytical methods
that can be applied to any system to analyze its states. Despite
the fact that from a theoretical point of view, the analysis of
the state space is flexible and universal, solving difficult
practical problems of integrating capabilities for manufacturing
systems requires special methods. The functioning of any
manufacturing system as a set of interrelated processes that
transform information, knowledge, energy, materials, and
other resources are determined by the needs of the consumer.
The application of the concept of lean manufacturing in the
functioning of manufacturing systems involves a certain way of
thinking, considering any activity in terms of value for the
consumer and reduction of all types of losses. With the
development of modern industry, management objects
become more and more complex. This creates many new
problems that can be associated with a significant number of
time-varying parameters, long-time delays, high non-linearity of
processes, and complex relationships between input and
output parameters. In the context of sustainable development,
the information gathered about the manufacturing process of
an industrial product is critical to the life cycle of that product
and the organization of its production. The key to sharing
information is ensuring data interoperability. Production
management, taking into account the concept of lean
production, is considered as a function of directing or
regulating the flow of goods in the entire production cycle from
the purchase of raw materials to the delivery of final products,
including the impact on resource management. An original
approach to multipurpose optimization of lean and resource-
efficient manufacturing systems is proposed in the works of
some authors [Solke 2018, Greinacher 2020, Mourtzis 2018]. In
such systems, the assessment of production efficiency using the
system of economic and environmental indicators, which is
described in the works of some authors [Jordan 2019, Darestani
2019, Leong 2019], can be used in the development of a
production process management system that relies on the
concept of lean manufacturing. In some researches [Panda
2014, 2018a,b, 2019; Valicek 2016 and 2017, Macala 2009 and
2017; Pandova 2018, Flegner 2019 and 2020, Markulik 2016,
Prislupcak 2014] developed a method for assessing the
individual properties of a system, which allows determining the
parameters of the operating state and longevity of functioning,
including manufacturing systems. Some authors [Yilmaz 2020,
Zhang 2019, Gelmez 2020, Razali 2020, Kopylov 2020] offered
an interesting and accessible research tool that involves the
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creation of a value stream mapping (VSM) using estimates of
lean manufacturing in combination with discrete event
modeling. Some authors [Jbara 2019, Asokan 2020] used
another compact conceptual approach — Object-Process
Methodology (OPM), which is considered as an up-to-date
methodology for modeling the components of complex,
multidisciplinary dynamic systems and for decision support
using information technologies. The relevance of the problem
study ensuring the functionality of manufacturing systems is
confirmed by numerous studies in this area, in particular, the
works of other authors [Thomassen 2019, Arvidsson 2018].

The literature review shows that despite the interest of the
scientific community and stakeholders in the field of
manufacturing systems management, there is currently no
comprehensive methodology for assessing the various states of
such systems in time, which could take into account a specific
combination and change in the parameters of its individual
elements (personnel, equipment, physical assets, and
materials).

Based on the above, attention should be paid to the existence
of four characteristics of manufacturing systems that can be
considered as challenges for further research: comparability,
scalability, availability, and uncertainty of data on the systems
states. Further research in this area is necessary to develop
schemes for scaling the application of new advanced
manufacturing technologies. From the point of view of the
authors of this work, the use of Markov methods can increase
the reliability of modeling events and states of manufacturing
systems with subsequent use in the development of regulatory
documents for the management of production processes.

The purpose of this work is to improve the management system
for the life cycle of manufacturing systems, taking into account
the concept of lean manufacturing based on modeling changes
in the states of complex systems.

2 MATERIALS AND METHODS

This paper examines manufacturing systems that are used in
the specific conditions to provide products and/or services to
users and other stakeholders. The process segments that make
up the manufacturing system create end-user value. Process
segments are a logical grouping of personnel, equipment,
physical assets, and materials required to create value. Groups
of resources such as people, equipment, physical asset and
material that are involved, available or not available for a given
process segment at a particular time are considered as a
process segment opportunity. Process segment object models
are represented using UML conventions (notation) in
accordance with ISO/IEC 19501:2005. Value defines the
required classes of personnel, equipment, physical assets and
materials, as well as the amount of other required resources.
The UML model defines that a class can have zero, one or more
properties. The interrelated processes/operations of creating
and moving of Value are accompanied by a change in the states
of material (raw materials, materials, components, parts and
assembly units, finished products), information and financial
flows. For research of manufacturing systems some
requirements are accepted, which include conditions for
compliance with the principles of lean manufacturing
[Iranmanesh 2019]:

- stream organization of processes, in which the
movement of products is carried out directly from the
output of the supplier process to the input of the
consumer process, bypassing delivery to the
warehouse and delivery from the warehouse (while

the delivery function is performed by the logistic
processes);

- management of the process system through the main
characteristics of Value stream (process performance,
machine cycle and cycle times (t), product
inventories, cycle times of reverse processes, process
availability factors);

- improving the system of processes and their constant
adaptation to the changing flow of orders.

The concept of lean manufacturing covers all levels of Value
stream, starting with the interaction of organizations in the
supply chain: inter-organizational level (level 1), organizational
level (level 2), level of organizational processes (level 3) and
level of specific operations (level 4) (Fig. 1). Value creation
implies the process of changing product properties (movement
in the space of product characteristics, from the input of the
process to its output). The transfer of value implies the transfer
of products from the output of the previous process to the
input of the next one due to logistic processes (movement in
physical space).

PROVIDER (SUPPLIER)
Organization (Level N) that provides
aproduct or a service

PROVIDER (SUPPLIER)
Organization (Level 1) that provides
aproduct or a service

(ISO 9000:2015) (ISO 9000:2015)
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person or organization
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Figure 1. Value stream levels

Value stream (Fig. 2), which consists of elementary sequential
or series-parallel chains (Fig. 3), including the processes of
changing (creating) product properties and logistic processes of
Value movement, is characterized by speed, continuity,
uniformity, and is also accompanied by various types of losses.
Processes/operations usually have different throughput. The
concept of lean manufacturing should be harmonized with
increasing the speed of Value stream, ensure its continuity,
uniformity and eliminate waste. Equalizing throughput and
synchronizing processes allows you to organize a continuous
stream of Value creation and efficiently fulfill customer orders
with the minimum required number of material and production
assets in the shortest possible time (continuous processing
without delays and expectations).
Value transfer
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Process
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Figure 2. The structure of an elementary action to create and transfer
of value (sequential chains)
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Value transfer

Input value Output value Input value Output value
Value Creation Consumption
Process Process 1
Input Output Input Output

Consumption ‘
Process 2

Figure 3. The structure of an elementary action for creating and moving
value (series-parallel chains)

A flow occurs when a set of orders is formed as a sequence of
orders with a certain period of time, consistent with the takt
time of the processing system. The value stream is defined as
the ratio of the value that crosses the output of the process to
the time in which this value is created. The process adds value
to the output to the value that has been delivered to the input
of the process. The value stream characterizes the rate of value
creation and its movement from the output of one process to
the input of another.

The organization of the system of processes in the form of a
value stream allows you to improve indicators of cost, speed,
flexibility, level of losses, time production cycles, labor
productivity, and also creates conditions for a systematic
increase in organizational performance indicators and the basis
for continuous improvement. Continuous improvement of the
value stream is aimed at increasing the satisfaction of all
business stakeholders (shareholders/owners, management,
personnel, consumers/customers) and ensuring resilience to
fluctuations in market demand by synchronizing processes and
reducing losses both in the processes themselves and in the
transition from one value creation process to another
(reduction or elimination of redundant logistics,
control/verification processes, actions with inappropriate
products, process outsourcing).

Changes in state and transitions between them are a
consequence of a different degree of reproducibility of the
results of processes of manufacturing systems (effects that
form the consumer properties of products, movement and
consumption) under the same conditions. Analysis of the
statechart diagram allows to determine what properties the
resources (personnel, equipment, physical assets, and
materials) will have for providing the required Value.

Value Creation
Process

Figure 4. The state diagram of Value

Figure 4 shows a statechart diagram of variations of Value.
Value can be in state Sy, S, S3, S4, or Ss. Value Creation Process
changes Value state from S; to Ss. Value Creation Process with a
resulting link that creates Value with n-states S-S, (without
specifying a specific state) means that the probability of
forming Value in any particular state should be 1/n. In the
diagram (Fig. 5a), the resulting relationship between Value
Creation Process and Value having three states will mean that

Value Creation Process can create each Value state with equal
probability P, = 1/3. The diagram (Fig. 5b) illustrates a more
complex way of expressing the same situation. In general, the
probabilities of a particular connection are not equal.

It is usually assumed that transitions between states occur at
certain intervals with an appropriate transition probability
(Markov chain with discrete-time). In practice, this most often
occurs if the system is analyzed at regular intervals to
determine its condition. In some applications, transitions are
governed by exponentially distributed random time intervals
with appropriate transition rates (continuous-time Markov
chain). It. typically used for reliability analysis.

Value Value

Creation
Process

Creation
Process

a) b)
Value can be found in three Value Creation Process create
different states: s1, s2, s3. states s1, s2 or s3 for Value
Value Creation Process
creates Value

Figure 5. Equivalence the relevant and the resulting positions state-
determining Value

Graphically, along with each "spokes" connections with
probabilistic properties, there should be annotations in the
form P, = p, where p is transition probability is a numerical
value of the probability or a parameter that should indicate the
probability of the defining priorities among of a huge number
of possible areas of engagement and implementation of
concrete projects. The diagram in Fig. 6a illustrates particularly
well the probabilistic consumer fanning relationship by which
Value is consumed, with certain probabilities for Consumption
Process 1, 2, or 3. The diagram in Fig. 6b represents the
additional fact that Value can be in state S,. The Value state
means the space of product characteristics (quality, production
time, service delivery time, reliability, safety, and others). Value
state only makes sense in the context of a product.

Consumption
Process 1

Consumption
Process 1

Consumption
Process 2

Consumption
Process 2

Consumption
Process 3

Consumption
Process 3

Value is consumed by
Consumption Process 1 with
probability p, Consumption
Process 2 is with probability q
or Consumption Process 3 is
with probability 1—(p—q)

b)

Value in state s2 is consumed
by Consumption Process 1
with probability p,
Consumption Process 2 is with
probability g, or Consumption
Process 3 is with probability

1-(p—q)

Figure 6. Values, with or without defined states, as sources and

receivers of probabilistic branching
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In this work, for research on the manufacturing system, the
methodology of state space analysis based on the methods of
Markov analysis was used, which is a graphical representation
of the functioning of the system and simulates aspects of the
behavior of the system in time. A time-homogeneous Markov
process is completely characterized by the matrix of transition
intensities Q = [A;] and the vector of initial probabilities at the
time t=0. The transition rate A; is determined by the
productivity process. Productivity process Value stream is
specified by the speed of elementary actions to create and
move value into the stream.

_WB-¥
A= ar ' 1)

where V; is Value at the input of Consumption Process; V; is
Value at the input of Value Creation Process; At is the time of
Value creation of in Value Creation Process and its movement
to the input of Consumption Process (the time between the
moments of two consecutive inputs of the processes). The
probabilities of transition from one state to another in the time
interval At (At is taken to be small) are given by the values
A-At. The probabilities corresponding to individual states can
be obtained on the basis of the transition matrix or by solving
the differential equations. The graphical display of the
transition intensity matrix is a statechart and transition
diagram. Consider an ordered set of states Value So, S1, S5,..., Sk
(Fig. 7). The object of management of the integrated quality
management system and lean production is a system of
interrelated processes.

Aoy A An-tn
Ao A2 An.n1

Figure 7. Sequence of Value states

It is obvious that for any moment the sum of the probabilities
of all states is equal to one:

E?:Dpi[t:] =1 2

Then the probability Pr of the state sO is determined by the

expression:
 Apadag edn—an (3)
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The formulas for determining the probability Pr of states S, S,
Sn are below:
P.(5,) =2 B.(S,),
- 11}
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The degree of discreteness of data presentation is determined
by their intended purpose. Each specific practical
implementation may require its own degree of discreteness of
data presentation for each state. To facilitate calculations, you
should build a state diagram with the minimum possible
number of states. The models in question are suitable for all
categories of production processes/operations (maintenance,
quality control, inventory management, inventory utilization,
etc.) in accordance with IEC 62264-1:2013.

3 RESULTS AND DISCUSSION

Consider P4(t), P2(t), P3(t) is the probability that at time t Value
will be in state 1, 2 and 3 in accordance with Figure 8. Using
formulas 3 and 4 with transition rate Az = 1, A1 = 4, A3 = 2,
A32 = 3 (the values in question are abstract representations
without indicating any special data types), we calculate that
P1 =0.706, P, = 0.176, P3 = 0.118. These calculations represent
a general approach to managing a project or value creation
process. Figure 8 presents options of probability that define
Value state. Value is understood as what people want to own,
use, what they want to consume, exploit, and what they want
to exchange. The diagram (Fig. 8a) presents Value Creation
Process, which can create Value in three possible states — Sy, S,
or S3 with their relevant probabilities 0.706, 0.176, and 0.118,
which are indicated along each of the resulting "spokes"
connections. The diagram (Fig. 8b) presents Value Creation
Process that can create one of Value 1, 2, or 3 in state Sz ; with
probabilities specified along each of the resulting "spokes"
connections. Value for the inner consumers is determined by
the implementation of the requirements for the supply of
products of the required quality, at the right time and place, in
the required quantity. Value stream is formed as a repetitive
sequence of value creation and movement from the inputs of
the first processes to the outputs of the last, synchronized with
the flow of orders, and is the result of the activity of a system
of processes that create value and moving services in time and
space from suppliers to consumers. Potential Value states are
identified, analyzed, and considered to help ensure stakeholder
compliance and provide alternatives for choosing the most
beneficial course of action at any point in the product lifecycle.
Throughout the product life cycle, bi-directional traceability is
maintained between the needs and requirements of interested
parties, between interested parties and sources, organizational
strategy, problems and business or destination opportunities.

Value Creation
Process P =0.706

P=0.118

P,=0.176

b)
Value Creation Process Value Creation Process
creates Value in state S; with  creates Value 1 with

probability 0.706, Value in
state S; with probability 0.176

probability 0.706, Value 2
with probability 0.176 or

or Value in state S; with Value 3 in state S3;i1 with
probability 0.118. A similar probability 0.118. A similar
deterministic case: Value deterministic case: Value
Creation  Process creates Creation Process creates only

Value only in state S;, S, or S3. Value 1, 2 or 3 in state Ss 1.

Figure 8. Creating a probabilistic state-determining Value

The diagram in Fig. 9 presents the probable resulting
relationship by which the Value Creation Process creates
Value 1, Value 2, or Value 3 in the Ss; state, or Value 4 is state
in the Sa1 or Sa; state Sa.

There is a wide range of manufacturing systems that differ in
terms of purpose, scope, complexity, scale, novelty,
adaptability, quantitative characteristics, location, lifetime
fragment, and evolution.
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Value 3

Value Creation Process creates Value 1 with probability 0.3,
Value 2 is with probability 0.2, state S3.1 Value 3 is with
probability 0.1, state S41 Value 4 is with probability 0.25, state
Sa2 Value 4 is with a probability of 0.15.

Figure 9. Value State Sequence Model

The product life cycle model is formed as a sequence of Value
states, which can be appropriately superimposed and/or
repeated for the area of the considered manufacturing system,
depending on scale, complexity, changing needs, and
capabilities. The changing nature of impacts on the
manufacturing system (changes in the environment, new
opportunities for the implementation of system elements,
changes in the structure and responsibilities in the
organization) requires continuous analysis of Value states and
decision-making for each use of process resources. By
managing the many exogenous influences on the
manufacturing system, the use of Value State Sequence models
allows you to take into account the accumulated changes at
each stage of the product life cycle. Value State Sequence
Models in this paper can be used by any organization to
acquire, use, create, or supply products. They can be applied at
any level of the manufacturing system hierarchy and at any
stage of the product life cycle. Organizations can apply this
approach to modeling steady-state and add procedures,
methods, tools, and to its provisions.

Organizations must implement value stream improvement
based on planned risk actions. Improving the value stream must
be considered with unconditional customer satisfaction and a
guaranteed level of safety. At all stages of operating activities,
it is necessary to ensure the search and reduction of losses in
the value chain, aimed at continuous cost reduction.

For the implementation of most projects, it is necessary to
change the scheme of the organization's processes (adding new
ones, outsourcing, splitting, merging) or changing individual
processes. The general requirement for the result of such
changes is the observance of the principle of "built-in quality",
i.e. such a state of the process, the risks of the appearance of
nonconforming products in which do not exceed the
predetermined ones. Based on the requirements of consumers
for products and services, the organization should detail the
requirements for the volume of production, the rhythm of
production and supply, the size of the supplied batches, where
applicable. The detailed requirements for products and services
should be considered as part of the design input.

4 CONCLUSIONS

When designing products and processes, it is necessary to apply
the principles, methods, and tools of lean production to find
and reduce waste. Manufacturing systems that are built on the
principles of lean manufacturing and are organized using a
process approach to coordinate value streams, require
continual improvement. To make informed decisions for the
effective organization of processes at all stages of the
product/service life cycle, reliable technical and economic
information is required, which takes into account the change in
the hierarchical structure of the manufacturing system in the
context of varying stakeholder's requirements. The lack of
unified approaches to assessing the dynamic behavior of the
manufacturing system when internal and external conditions
change leads to significant unjustified costs of information,
material, and energy resources. To meet all stakeholder's
requirements for the effectiveness of modern manufacturing
systems, it is necessary to develop unified approaches that
could reliably predict and manage processes at all stages of the
product/service life cycle. The paper shows the advantages of
using Markov analysis in modeling discrete states of processes
in dynamically complex open manufacturing systems. The use
of this approach based on state-transition diagrams allows
controlling of the capabilities of processes to reduce costs,
increase business profitability, reduce order lead time, and
increase labor productivity. Despite the recognized advantages,
this method has some limitations that range its use. In
particular, the transition probabilities or the intensity of the
transition between the states of the system can change over
time. Moreover, it is difficult to predict the direction of
subsequent changes in the conditions of
degradation/adaptation of the system, or at the moment when
the subjective component is included when managers make
certain decisions. The modeling accuracy in these cases is
determined by the availability of the necessary data, their
constant replenishment, and verification. The research results
may be of interest in the development of guidelines for
manufacturing process managers and are intended to expand
the arsenal of methodological approaches for future scientific
research of the behavior of manufacturing systems. This
approach will further be the basis for setting the overall goals
of the organization in the field of quality and lean production.
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