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NEW ASPECTS OF THE METHODOLOGY FOR ASSESSING
THE COMPLEXITY OF THE STRUCTURE OF TECHNOLOGICAL SYSTEMS
OF THE MINING AND METALLURGICAL COMPLEX

Purpose. To develop a new approach to evaluating the complexity of the structure of technological systems of mining and
metallurgical complex with the proposed integrated index. The practical application of this indicator is due to the methodological
difficulties arising when determining the hierarchical level of the elements of the systems studied.

Methodology. A systematic approach is applied that allow us to explore industrial complexes of equipment as systems objects
and present them in the form of technological systems. Methods of analysis and synthesis are used that allow us to identify com-
mon elements in the known methods for estimating the complexity of systems and to develop a new methodological approach to
the process of decomposition systems. Methods of simulation of technological systems are applied, which allow submitting them
in the form of models — structural-element schemes.

Findings. A new methodological approach is proposed to quantify the complexity of the structure of technological systems of
mining and metallurgical complex, in which the process of decomposition of the system is performed by the method of successive
cut-off of element connections with the system. Using the proposed decomposition method provides high accuracy and reliability
when comparing technological systems with the structure of different hierarchical levels and consisting of a different number of
subsystems and elements. Approbation of the developed method on the example of the pelletising plant pellets No. 2 of Pivnichnyi
Mining and Processing Plant (Kryvyi Rih). It is shown that in the real technological systems the complexity of the structure occurs
mainly due to the series connection of extra equipment rather than creating new relations. To increase the index of relative com-
plexity of the technological system management structure, it is reasonable to use a combined series-parallel connection of addi-
tional technological equipment, which ensures the highest hierarchical level of the elements in the system.

Originality. The originality of the new approach to assessing the complexity of structure of the technological systems of mining
and metallurgical complex is to develop a method of decomposition of the system, the essence of which consists in the successive
cutting off of the connection of the elements with the system.

Practical value. The practical value of methodological approach the developed by the authors to estimate the complexity of the
structure of the technological systems of the mining and metallurgical complex is that in contrast to the known method, the quan-
titative evaluation of system structure complexity is performed without performing the operation of the formal description of the

structure. It provides high accuracy and reliability of the result, reduces the complexity of the evaluation process.
Keywords: technological system, the hierarchical level, decomposition of the system, the pelletizing plant pellets

Introduction. Industrial enterprises of the mining and met-
allurgical complex for the extraction and processing of iron ore
raw materials are complex technological systems. These sys-
tems are a collection of production equipment and service per-
sonnel that interact in a common material, energy and infor-
mation flow. Raw materials, energy and information enter the
technological system. The output of the system involves fin-
ished products (materials), production waste and information
(other). The technological systems of the mining and metal-
lurgical complex are distinguished by the use of unique pro-
duction equipment with high productivity, a complex struc-
ture of construction and interaction, and a high hierarchical
level. An important problem arising when designing techno-
logical systems of the mining and metallurgical complex is to
obtain a reliable quantitative assessment of the complexity of
their structure. Technological systems that have different
structural complexity and are equipped with different nomen-
clature of equipment, while performing the specified produc-
tion functions, will have significant differences in technical,
operational, economic and other important parameters. When
choosing the best technological system, the less complex is
usually chosen from two identical systems, therefore, the com-
plexity must be quantified. The authors of [1] emphasize that
complexity continues to be a problem in production systems.
Complexity assessment realizes the ability to reduce and man-
age the sources of complexity, which helps to reduce the as-
sociated engineering costs and time, and increases the produc-
tivity and profitability of systems. In [2], it is noted that the
main reason for studying the complexity of production systems
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is that the behavior of such systems should be understandable
and predictable. This will enable the development of more ef-
ficient and predictable production systems. The authors of the
article [3] note that the complexity assessment is necessary so
that it can be effectively controlled, but now there are no prac-
tical tools for this. One of the reasons for an unsuccessful engi-
neering solution may be a lack of understanding of the conse-
quences of changes in projects due to their complexity. The
work [4] presents a method for determining the degree of in-
fluence on the cost of production and project delay of various
levels of complexity, as well as assessing alternative options for
changes. A prerequisite for understanding the behavior of pro-
duction systems is the presence of quantitative indicators of
complexity. A quantitative assessment of the complexity of the
structure of different systems, when they perform the specified
functions, is associated with a number of technical, operation-
al, economic and other important qualities. Unlike modern
production systems, the MFF system architecture presented in
|5] allows one to more accurately estimate the required level of
complexity and better adapt the effective ontological complex-
ity to this level. The authors of [6] note that despite efforts to
manage complexity in product development, manufacturing
around the world is facing high and growing complexity. Mea-
suring the complexity of a production is critical to its manage-
ment, so a practical measurement tool is provided that cap-
tures the complexity factors and the resulting effects of com-
plexity. The complexity of the structure determines the capital
costs for the construction of technological systems and the
current costs of their operation. The second important task to
be solved when designing technological systems of the mining
and metallurgical complex is the selection of the range of tech-
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nological equipment for filling the structure of the system. The
range of equipment should ensure the full implementation of
the technological process for processing iron ore raw materi-
als, the reliability and continuity of this process, and obtaining
of the maximum economic effect at the lowest cost.

Literature review. Technological systems of the mining and
metallurgical complex belong to the class of complex systems,
since they have the following properties: a large number of ele-
ments (technological equipment) that make up the system; sys-
tem elements are represented by a wide range of technological
equipment with different properties; variety of possible forms
of connections between elements and subsystems; complex
functioning of the system, which is expressed in the implemen-
tation of technological processes that are difficult to describe
mathematically; high level of hierarchical structure of the sys-
tem. A quantitative assessment of the complexity of the struc-
ture of technical systems is one of the most difficult problems of
systems engineering, which is the subject of a number of scien-
tific works of domestic and foreign scientists. In [7], it is noted
that in recent years a number of methods have been proposed
for analyzing the complexity of production, developed on the
basis of different theories and approaches. The definition of the
concept of complexity is given and a number of ideas about the
types of complexity are given. The complexity of systems can
be physical and functional. In turn, physical complexity is fur-
ther classified into two types, namely static and dynamic ones.
Static complexity, also called structural complexity, is related
to the structure and configuration of the system, the types of
components in the system. Dynamic complexity refers to the
uncertainty in the behavior of a system over a period of time
and deals with the probability that the system will be under
control. Dynamic complexity is associated with reliability. In
[8], a method based on the use of information entropy is used
to measure the complexity of a production system configura-
tion. The article [7] proposes metrics of sensitivity and com-
plexity based on one-time values and system relationships. The
relationship between performance and complexity provides the
ability to create an optimized system configuration with tar-
geted properties. It is fairly argued that the level of complexity
of existing systems is different from the optimal one. It is pro-
posed to use sensitivity analysis to determine the coefficient of
relevance of various types of connections, which will contrib-
ute to a more accurate measurement of the complexity of the
system. In [9], it is argued that one of the problems of systems
analysis is the estimation of their complexity. The complexity
of the system is a qualitative characteristic for which there are
still no formal assessment methods. The complexity of systems
should depend on its structure, but the number of elements and
connections does not directly affect the complexity of the sys-
tem. The need to assess the complexity of systems is due to the
need to determine the operational, technological, technical,
and economical and design characteristics of the created or ex-
isting systems. The authors of [ 10] note that with an increase in
the complexity of production systems, traditional design meth-
ods do not contribute to the implementation of high require-
ments for their reliability. They revised complexity theory and
the relationship between complexity and reliability. In [11], it is
noted that in the models previously presented to optimize the
reliability of sequential and parallel systems, there is a limiting
assumption that all components of a subsystem must be homo-
geneous. This limits the choice of components for industrial
system designers and prevents higher levels of reliability from
being achieved. A new model for optimizing the reliability of
sequential and parallel systems is proposed, which allows the
use of heterogeneous components in each subsystem. In [12], it
is believed that the main reasons for the constantly growing
complexity of production systems are a variety of factors, in-
cluding technological advances, the uncertainty of the global
market and mass personalization. The authors of [13] believe
that a reliable production system is required for the flawless
manufacture of designed products. An effective way to improve

the reliability of production systems is to reduce their complex-
ity. Reliability-based complexity analysis studies for a manu-
facturing system are rare. An axiomatic model for analyzing the
complexity of a production system based on a fuzzy axiomatic
domain mapping is proposed. In [14], a method is proposed for
a comprehensive assessment of the complexity of the structure
of technological systems of mining and processing plants. The
method includes the analysis of the production system using
the criteria for the occurrence of failures of elements (techno-
logical equipment) and the restoration of their performance;
construction of a structural element diagram of a technological
system; formal description of the technological system; assess-
ment of the hierarchical level of elements and subsystems;
quantitative assessment of the complexity of the structure of
technological subsystems and the system as a whole. The
method has been brought to a level suitable for practical use,
has been tested in assessing the complexity of the structure of
technological systems of mining and processing plants. How-
ever, the practical application of the criterion is associated with
certain methodological difficulties in assessing the hierarchical
level of the elements of the systems under study. Thus, a large
number of works are devoted to the problem of assessing the
complexity of the structure of systems for various purposes (for
example, in article [1], reference is made to 93 scientific works.

Purpose. Development of a new method for assessing the
complexity of the structure of technological systems of the
mining and metallurgical complex, which is distinguished by a
methodological approach to determining the hierarchical level
of the studied elements and subsystems.

Methods. When performing the work, a systematic ap-
proach was applied, which made it possible to study industrial
complexes of equipment as system objects and represent them
in the form of technological systems. The methods of analysis
were used, which made it possible to identify the most impor-
tant common elements in the known methods for assessing the
complexity of systems, as well as synthesis methods, on the
basis of which a new methodological approach to assessing the
complexity of the structure of technological systems was de-
veloped. Methods for modeling real technological systems
were applied, which made it possible to represent them in the
form of models — structural element diagrams. Experimental
methods, the role of which is emphasized in [15], are relevant
for the studies performed.

Peculiarities of the methodology for assessing the complex-
ity of the structure. The proposed method for quantitative as-
sessment of the complexity of the structure Sy(n) of techno-
logical systems Cy(n) is based on the following initial assump-
tions [14]: 1). Each i” element of the technological system
Cy(n) has one “input A” and one “output B”. “Input A” of the
i" element is understood as a channel through which the pre-
vious (i — 1) element of the system or the external environ-
ment affects this element, changing its state. “Output B” of
the ith element is understood to be the channel through which
this element acts on the next (i + 1)” element or the external
environment by changing its state. 2). The state of “output B”
of the ith element is uniquely determined by the state of its
“input A”. 3). The complexity of the structure S(n = 1) of a
unit element of the technological system Cy(n = 1) is equal to
one, i.e. Si(n = 1) = 1. 4). The complexity of the structure
Sy(n) of the technological system Cy(n), consisting of n ele-
ments, tends to infinity as n — oo, i.e. limSy(n) =cc. 5). The

n—o
complexity of the structure Sy(n) of the technological system
Cy(n) is determined by the number of elements of the system
n, the number of connections between them #. ; and the ex-
ternal environment #, as well as the hierarchical level /,(n) of
the system.

In accordance with the provisions of paragraphs 1—5, the
quantitative value of the complexity index Sy(#) of the techno-
logical system Cy(n) of the hierarchical level [y(n) is deter-
mined by the following mathematical expression
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where 7 is the number of elements of the technological system.

For the j” subsystem of the hierarchical level I(n), the
quantitative value of the complexity indicator Sj(nj) is deter-
mined by the following mathematical expression

Si(n) = nl(ny), (2)

where 7, is the number of elements of the ™ subsystem.

Since the technological system Cy(n) is formed from j se-
parate subsystems Sy(n) by aggregation, the system complexity
indicator Sy(n) has the additively property, i.e. for the system
Cy(n), the following equality holds

So(n):iSi(n):inili(nj). (3)
= il

The practical implementation of the initial premises of the
well-known method [14] for the quantitative assessment of the
complexity index Sy(n) of technological systems Cy(n) is asso-
ciated with serious methodological difficulties arising in deter-
mining the value of the hierarchical level I(n)) of the ™ subsys-
tems, as well as the system as a whole /j(#). To determine the
hierarchical level Iy(n;) of the j™ subsystems and the system
1y(n), it is necessary to first perform the operation of a formal
description of the technological system Cy(n). The ambiguity
and complexity of the known approach to determining the hi-
erarchical level of all components of the system Cy(#) can lead
to errors in assessing the complexity of the structure Sy(#) of a
technological system.

This article presents a simple and logical way to assess the
hierarchical level I(n;) of the Jj™ subsystems, as well as the sys-
tem as a whole /,(ny), which differs in the way of decomposi-
tion of the system. The decomposition process is performed by
sequentially cutting off the connections of elements with the
system, which provides an accurate and reliable estimate of the
complexity of the structure Sy(#n) of the technological system
Cy(n). To determine the general laws of the decomposition
process when assessing the hierarchical level [(n) of the Nk
subsystems with a different number of elements » and the na-
ture of their connection in different structures, we will con-
sider several arbitrary systems Cy(n), consisting of one, two,
etc. elements (n=1, 2, 3,...).

System Cy(n = 1), consisting of one element 1—01, has two
communication channels with the external environment —
“input A” and “output B” (Fig. 1). The total number of links
in such a system is equal to two n. = 2. In the process of de-
composition of the system Cy(n = 1), two operations of cutting
the connections of the element 1—01 with the external envi-
ronment “input 4” and “output B” are performed; the num-
ber of operations to cut the connections of the element with
the external environment n- = 2. In accordance with item 3 of
the initial prerequisites, the complexity of the structure of a
unit element Sy(n = 1) of the technological system Cy(rn = 1) is
equal to one, i.e. Sy(n = 1) = 1. According to the mathematical
expression (1), So(n =1) =1 - I, =1, whence [, = 1 when the
ne=2. Then the quantitative estimate of the hierarchical level
Iy(n = 1) of the system Cy(n = 1), consisting of one element,
can be found by the following formula

Ln=1)=1=ncc-1, 4)

where n¢ ¢ is the number of operations to cut ties of the ele-
ment with other elements or the external environment.
Consider the technological system Cy(n = 2), consisting of
two elements 1—01 and 1—02, connected in series (Fig. 2).
The first element of the 1—01 system has two communica-
tion channels: with the external environment “input A” and
with the 1-02 system’s element, i.e. no = 2. In the process of
decomposition, two operations are performed to cut the
named connections of the first element of n - = 2. After cut-
ting off the connections of the element 1—01, the second ele-
ment of the system 1—02 retains the connection only with the

4 1-01 Z

Fig. 1. The system C(n), consisting of one element 1—01

Fig. 2. System Cy(n = 2), consisting of two elements 1—01 and
1—02 connected in series

external environment “output B”: no= 1. In the process of de-
composition of element 1—02, one operation of cutting the
connection of element 1—02 with the external environment
“output B” is performed: n. = 1. Thus, in the process of de-
composition of the system Cy(n = 2), consisting of two series-
connected elements 1—-01 and 1—02, it is necessary to carry
out three operations of cutting the connections of the elements
between them and with the external environment “input 4”
and “exit B”, i.e. the number of operations of cutting the links
of the element of the system n = 3. In accordance with for-
mula (1), the quantitative estimate of the hierarchical level
Iy(n = 2) of the system Cy(n = 2), consisting of two elements,
will be

I(n=2)=ncc-1=2. (5)

Consider the technological system Cy(n), consisting of n
elements 1—-01, 1-02, ..., n, connected consequently (Fig. 3).

The first element of the 1—01 system has two communica-
tion channels: with the external environment “input A” and
with the 1-02 system’s element, i.e. ne = 2. In the process of
decomposition, two operations of cutting the named connec-
tions of the first element are performed: n = 2. After cutting
off links of element 1—01, element of system 1—02 retains con-
nection with the third element of system 1—03, i.e. no= 1. In
the process of decomposition, one operation of cutting the
connection of element 1—03 with element 1—04 is performed:
n¢c = 1. The decomposition procedure must be repeated n
times for all subsequent elements 1—04, 1-05,..., (n — 1)*,
which have n— 1 link between each other. After cutting off the
connections of the (n — 1) element, the nth element of the
system has a connection only with the external environment
through the “output of element B”. In the process of decom-
position, the operation of cutting the connection of the n” ele-
ment through “output B” with the external environment is
carried out, i.e. ngc= 1.

Thus, in the process of decomposition of a technological
system consisting of n sequentially connected elements, it is
necessary to carry out an (n + 1) — n operation of cutting the
connections of elements between them and with the external
environment through “input A” and “output B”: noc=n+ 1.
Taking into account item 3 of the initial prerequisites, accord-
ing to which the complexity of the structure Sy(#) of the unit
element of the technological system Cy(n = 1) is equal to one,
i.e. So(n = 1) = 1, and the mathematical expression (1), an es-
timate of the hierarchical level /j(n) of the system Cy(n) with n
series-connected elements through the number of operations
of cutting the links 7n. . elements with the external environ-
ment or other elements of the system can be performed by the
formula

lysgr(n)=ncc—1=n, (6)

where 7 is the number of sequentially connected elements of
the technological system.

Mathematical expressions (4, 5 and 6) are recurrent, so
formula (6) is universal and can be used for any technological
systems Cy(n) consisting of #n elements connected in series.

Consider a technological system Cy(n = 2) consisting of
two elements 1—01 and 2—01 connected in parallel (Fig. 4).

4 1-011-02 ----— 1-n 5

Fig. 3. System Cy(n), consisting of n elements connected in series
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Fig. 4. A system Cy(n = 2) consisting of two elements
1—-01 and 2—01 connected in parallel

System elements 1—01 and 2—01 have two communication
channels between themselves and a common communication
channel with the external environment — “input A” and “out-
put B”, total n.= 4. In the process of decomposition, first two
operations are performed to dissect the connections of the sys-
tem with the external environment — “input A” and “out-
put B”: nc o= 2. After cutting off these connections, two con-
nections between elements 1—01 and 2—01 are preserved:
ne=2. Inthe process of further decomposition, two operations
are performed to dissect the links between elements 1—01 and
2—01: ne e = 2. Thus, in the process of decomposition of the
system Cy(n = 2), consisting of two parallel connected ele-
ments 1—-01 and 2—01, four operations are performed to dis-
sect the connections of elements between them and the exter-
nal environment “input 4” and “output B”, i.e. ngc=4. In
accordance with the mathematical expression (6), the indica-
tor of the hierarchical level /j(n) of the system Cy(n = 2), con-
sisting of n parallel connected elements, is equal to

I(n=2)=ncc—1=2n—1=3. 7

Consider a system Cy(n), consisting of n elements 1—01,
2—01, ..., n connected in parallel (Fig. 5).

The elements of the system 1—01 and 2—01, ..., n have 2n
communication channels between themselves and common
communication channels with the external environment —
“input A” and “output B”, i. e. the total communication chan-
nels of the n- = 2n + 2. In the process of decomposition, two
surgeries are performed that cut ties with the external environ-
ment — “input A” and “output B”: nc = 2. After clipping
those ties, there remain 2z items 1-01, 2—01, ..., #. In the pro-
cess of further decomposition, there are performed 2n. - op-
erations on dissection of relations between the elements 1—01,
2—02,..., n, i.e. the total number of operations for dissecting
the connections between the system elements and the external
environment “input A” and “output B” is npsccp=2ncc—2 +
+ 2 = 2n. Taking into account the above considerations, the
formula (7), as well as the mathematical expression (6), we
take the general formula for quantifying the hierarchical level
1y(n) of the system Cy(n), consisting of n parallel connected
elements, in the following form

Ly par(n)=nce—1=2n-1, ()

where 7 is the number of elements of the technological system
connected in parallel.

Consider a technological system Cy(n = 4) of an arbitrary
structure, which consists of four elements: 1—-01, 2—01, 3—01
and 4—01 (Fig. 6).

Elements 2—01 and 3—01 are connected in parallel and
form a separate subsystem, which is connected in series with
elements 1—01 and 4—01. System elements 1—01 and 4—01
have communication channels with the external environment

Fig. 5. A system Cy(n) consisting of n elements connected in
parallel

A

—=—1-01

4-01 |—B>

Fig. 6. Variant of the system structure Cy(n = 4) of four elements

“input A” and “output B”, as well as communication channels
with the subsystem consisting of elements 2—01 and 3—01. In
the process of decomposition of the system, two operations are
performed for dissecting its connections with the external en-
vironment “input A” and “output B”: ny -=2. Then the chan-
nels of connections of elements 1—01 and 4—01 with the sub-
system consisting of elements 2—01 and 3—0 are cut off. These
are another two dissection operations n - = 2. After separating
the subsystem consisting of elements 2—01 and 3—01, the links
between elements 2—01 and 3—01 are preserved.

In the process of decomposition, two operations are per-
formed to dissect the links between elements 2—01, 3—01: ny o= 2.
Thus, in the process of decomposition of a system consisting of
four elements 1—-01, 2—01, 3—01 and 4—01, two of which are
connected in parallel, and two in series, six operations are per-
formed to dissect the connections between the elements and the
external environment “input A” and “output B”,i.e. no=6.In
accordance with the mathematical expression (6), the hierarchi-
cal level of the system under consideration is /,(n =4) = 5. The
technological system Cy(n = 4) is formed from three separate
subsystems C;(1-01), C,(2—01) and C,(3—01) and C;(4—01) by
aggregation. The total value of the hierarchical level /y(n = 4) of
the technological system under consideration Cy(n =4) of an ar-
bitrary structure is expressed as the following sum (3)

In=8=Ln=0)+Ln=2)+Ln=1)=1+3+1=5, (9)

where [,(n = 1), I,(n=2), I;(n = 1) respectively, the hierarchi-
cal levels of subsystems of the technological system Cy(n = 4)
and their quantitative estimates.

The result of equality (9) is equal to the value of the hierar-
chical level /y(n = 4) of the technological system under consid-
eration Cy(n =4), which is obtained by the method for sequen-
tially cutting off the connections of elements. In addition, the
value of the hierarchical level /y(n = 4) = 5 confirms the addi-
tively property possessed by the proposed complexity criterion.

Thus, the method for decomposition of systems by sequen-
tially cutting off the connections of elements is applicable for
technological subsystems and systems as a whole with a different
number of elements having an arbitrary structure. The indicator
of the hierarchical level /(n) of the system has the property of
additively and the total value of the hierarchical level /y(n) of the
technological system Cy(n) of an arbitrary structure can be de-
termined as the sum of the hierarchical levels /(n;) of the corre-
sponding subsystems C(n;) of the technological system Cy(n).

Analysis of technological systems with different structures,
which consist of an equal number of elements (for example, the
structures of the systems shown in Figs. 2, 4; Figs. 3, 5), shows
that the indicators of their hierarchical level /j(n) and the com-
plexity indicators Sy(n) differ in magnitude. Therefore, we can
talk about a different degree of use of the potential of the struc-
ture of technological systems, consisting of n elements, which
is important in their creation. So far we are not talking about
the most important property of systems — reliability. The rela-
tionship between structural complexity and reliability metrics
will be discussed later. To quantitatively assess the degree of use
of the potential of the structure of technological systems con-
sisting of # elements, it is proposed to use the relative indicator
of the complexity of the structure sy(#), which is determined by
the following mathematical expression

Sy (n)
SOmax(n)’

where Sy(n) and Sy,.«(7) are, respectively, the calculated (ac-
cording to this method) and the maximum value of the com-

So(m)= (10)
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plexity index of the structure of the technological system un-
der consideration Cy(n).

The value of the minimum S,,;,(#) and maximum Sy, (7)
indicators of the complexity of the structure of the considered
technological systems Cy(n) with an equal number of ele-
ments #, but different structure, is determined by their hierar-
chical level. Analysis of technological systems with serial con-
nection of elements allows expressing the minimum value of
the structure complexity index Sy,i,(7) in the following math-
ematical expression

S()min(n) = nIOmin(n) = nIO.SER(n) =n’. (1 1)

Analysis of technological systems with parallel connection
of elements allows expressing the maximum value of the struc-
ture complexity index Sy,.(#) by the following mathematical
expression

SOmax(n) = nIOmax(n) = nl&PAR(”) = }1(2}1 - 1) (12)

The value of the minimum S),,;,(7) and maximum S, ()
indicators of the complexity of the structure of systems Cy(n)
can be expressed in terms of the number of operations of cut-
ting the n. - element links with the external environment or
with other elements of the system. The minimum value of the
structure complexity index Sy,,i,(7) is described by the math-
ematical expression

Somax(n) = nloin(n) = nly spr(n) = n(ngc—1) = ”12, (13)

and the maximum value of the structure complexity index
Somax(7) is the mathematical expression

Somax(1) = nloma(n) = nlopsp(n) = n(nec— 1) =n(2n—1). (14)

The indicator of the relative complexity of the structure of
the system sy(#) provides an opportunity to assess the degree of
rationality of constructing technological systems consisting of
n elements, excluding the influence on the result of the number
of elements # and ensuring the objectivity of the assessment.

Fig. 7 shows the graphs of the dependences of the mini-
mum Sy, (7)), maximum Sy, (7) and the relative sy(n) indica-
tors of the complexity of the structure of the system Cy(#) on
the number of elements of the system 7.

According to the graphs, the values of the minimum
Somin(#) and maximum S, (n) indicators of the complexity of
the structure of systems Cy(n) grows with acceleration with an
increase in the number of elements of the system #n. The area
between the curves Syin(7) and Sy, (7)) shows the range of
possible variations of the system structure capabilities. The
graph of the dependence of the relative indicator of the com-
plexity of the structure sy(#n) of technological systems Cy(n) on
the number of elements of the system » features a hyperbolic
character and is limited by the value limit 0.5—1.0.

The nonlinear growth of indicators of the complexity of
the structure Sy(#n) of the system Cy(n) with an increase in the
number of elements n occurs due to the inclusion of addition-

so(n) Sop(n)
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Fig. 7. Graphs of the dependences of the minimum Syy,(n),
maximum Sy, (1) and relative sy(n) indicators of the com-
plexity of the structure of systems Cy(n) on the number of
system elements n

al direct and reverse structural links in the work, an increase in
the functionality of the system, and the stability of its func-
tioning. At the same time, the range of permissible deviations
of the parameters of the external environment, affecting the
system Cy(n), is expanding, redundant connections and ele-
ments are created, which leads to an increase in the reliability
and efficiency of using technological systems. The existence of
the developed method for quantitative assessment of the indi-
cators of the complexity of the structure of the technological
system Cy(n) makes it possible, even in the process of its design
and creation, to form variants of systems with structures of
varying complexity when using the same number of elements,
i.e. it is possible to purposefully control the quality of the cre-
ated technological systems of the mining and metallurgical
complex.

Fig. 8 shows a block diagram of the process equipment sys-
tem of the pelletizing plant No. 2 of Pivnichnyi Ore Mining and
Processing Plant (Kryvyi Rih). The technological scheme of
the Cy(n) system consists of separate subsystems Cy(n). The ele-
ments of the structural diagram are technological equipment
that implements the process of preparing raw materials for pel-
letizing and the process of pelletizing itself (L.K.Kokorin,
S.N. Leleko, 2004). Let us estimate the hierarchical level /,(n)
of the considered system Cy(n) for six separate subsystems Ci(n)
of the technological equipment, using the obtained formulas (4,
6, 8). The calculation results are summarized in Table 1.

A
[GoTHe-02 He-0s 604 ]

LR ) N L

Fig. 8. Block diagram of the technological equipment system of
the pelletizing plant for pellets No. 2 of Pivnichnyi Mining
and Processing Plant (Kryvyi Rih)

Table 1

The results of the assessment of the hierarchical level I(n;) of
the subsystems C(n;) of the system Cy(n) of the technological
equipment of the pelletizing plant for pellets No. 2
of Pivnichnyi Mining and Processing Plant (Kryvyi Rih)
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ga S| 22| £7
S 3 Sl 32| 3% BN
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1 | 1-01...1-04; 2—01... 71 4 | 35 [ 1,35)=34
2-04:..7-01..7-04
2 8—01...8—04; 9—-01... 7 4 35 | L(35)=34
9—-04;...14—01...14—-04
3 15-01, 15-02, 15-03; 21 3/2 6 L(5)=5
16—01, 16—02
4 [1—on,17—02,17—03; |2 |32 ]| 6 |[15)=5
18—01, 18—02
5 19-01, 19—-002, 19—-03 1 3 4 I(3)=3
20-01, 20—002, 1 3 4 1,(3)=3
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— | “input A” — “output B” | 1 1 1 IL(1)=1
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Table 2

The values of the calculated indicators of the complexity of the structure of technological subsystems Si(#;) of the technological
equipment system of the pelletizing plant No. 2 of Pivnichnyi Ore Mining and Processing Plant (Kryvy1 Rih)

Subsystem Formulas for calculation and quantitative values of indicators of the complexlty of the structure Sy(n;) of the j technological
number subsystems Cy(n;)

C(n))

Y Sj min(n) Sj max(n)
1 S, min (1 =28) = n} =784 S1(28) =n;- I(n) =28 - 34=952 Stmax(;=28) = (2m;— )my= (2- 28 — 1)28 = 1540
2 ) min(n; =28) =n; =784 $5(28) =n; - I(n;) =28 - 34 =952 Sy max(= 28) = (21, — D= (2- 28 — 1)28 = 1540
3 S3m‘"( j:5):n/2_:25 53(5):}1]'[](}1]):5'5:25 S}.max(njzs)z(znj_])nj:(2'5—1)5:45
4 Sy min(1; 5)=nj=25 Sy(5)=n;- I{n)=5-5=25 Symax(,=5) = Q= D= (2-5-1)5=145
5 Ss.min(1; =3)=n; =9 Ss(3)=n;- I{n)=3-3=9 Ssmax(n;=3)=2n; = Hm;=(2-3-1)3=
6 S6mm( 3)=n12'=9 56(3):n1( ) 3-3=9 Sg,,max(l’l/-=3)=(2nj—l)n/-=(2‘3—1)3:
“AT—“B” SA—Bmin(n':]):nz‘:] Se()=n;- I(n) =n*=12=1 Sy_pmax(t;=1)=Q2n;— Hm=2-1-11 =11
System Somin(M=2.8,(n,)= Sp(m) =Y 8;(n,)=1+952+25+12=990 | S, . (M= S,(n)=1+1540+45+15=1601
Co(m) =1+784+25+9=819

The formulas and values of the calculated indicators of the
complexity of the structure of technological subsystems Sy(;)
of the technological equipment system of the pelletizing plant
No. 2 of Pivnichnyi Ore Mining and Processing Plant (Kryvyi
Rih) are given in Table. 2.

The degree of use of the potential of the structure of the
real system of technological equipment Cy(n) of the pelletizing
plant No. 2 of Pivnichnyi Mining and Processing Plant (Kryvyi
Rih) is determined by the mathematical expression (10) and is

Sy(m) 990

=0.6184. 1
Syma(n) 1601 1)

so(m)=—"—"—

Conclusions. A new methodological approach to the quan-
titative assessment of the complexity of the structure of techno-
logical systems of the mining and metallurgical complex is pro-
posed, in which the process of decomposition of the system is
carried out by the method of sequentially cutting off the con-
nections of elements with the system. The use of the proposed
decomposition method provides a quantitative assessment of
the complexity of the structure of technological systems with
high accuracy and reliability, which is important for compari-
son of technological systems of the mining and metallurgical
complex, which have a different structure, consisting of a dif-
ferent number of subsystems and elements with different hier-
archical levels. Approbation of the developed decomposition
method was carried out on the example of the system of tech-
nological equipment of the pelletizing plant No. 2 of Pivnich-
nyi Mining and Processing Plant (Kryvyi Rih). The degree of
use of the potential of the structure under consideration is
0.6184, which is a satisfactory indicator. To increase the indica-
tor of the relative complexity of the structure of technological
systems, it is rational to use a combined series-parallel connec-
tion of additional technological equipment, which provides a
high hierarchical level of elements in the system.
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Hogi acnekTu MeT010J10Tii OIIHKK CKJIAAHOCTI
CTPYKTYPH TE€XHOJIOTIYHUX CHUCTEM TipHHYO-
METAJYPriifHOr0 KOMILIEKCY

10. C. Pyos, B. IO. bironosxcko

KpuBopi3bkuii HallioHaabHUM YHiBepcuTteT, M. Kpusuii Pir,
VYxpaiHa, e-mail: rudusprof@gmail.com

Merta. Po3poOka HOBOTO MiX0my 10 OLIiIHKM CKJIaIHOCTI
CTPYKTYPH TEXHOJIOTIYHUX CUCTEM TipHUYO-METaIypriiiHOTrO
KOMILJIEKCY 32 [JIOMIOMOrOI0 3arlpoOlOHOBAHOIO aBTOPaMU
KOMILJIEKCHOTO MoKa3HuKa. [IpakTuuHe 3aCTOCyBaHHSI LILOTO
IMOKa3HMKA ITOB'sI3aHe 3 METOOJIOTIYHUMU TPYTHOIIAMU, 1110
BUHUKAIOTh MPY BU3HAUYEHHI i€papXiYHOro PiBHS €JIEeMEHTIB
TOCTTTKYBAaHUX CUCTEM.

Mertoauka. 3aCTOCOBAHO CUCTEMHMI Mimxim, 110 mano
3MOTY IOCTIIUTH TIPOMUCIIOBI KOMIUIEKCU OOJIaHAHHS SIK
CUCTEeMHIi 00'€KTU Ta MPEACTAaBUTH iX y BUIJISIII TEXHOJIOTiU-
HUX cucTeM. BukopucraHi MeToau aHami3y i CMHTE3y, IO
JIO3BOJIMJIO BUAIIUTU Y BiIOMUX CIoco0ax OLIIHKM CKJami-
HOCTIi CCTeM 3arajibHi eJIeMEHTH i pO3pOOUTH HOBUI METO-
TOJIOTiIYHUI MiAXin A0 Mpoliecy NeKOMITO3MIIil cucteM. 3a-
CTOCOBaHi METOIM MOIETIOBAHHSI TEXHOJIOTIYHUX CHUCTEM,
1110 TO3BOJIMJIO TIPEICTABUTH iX Y BUTJISII MOeJel — CTPYK-
TYPHO-€JIEMEHTHUX CXEM.

PesyabraT. 3anporoHoBaHO HOBUI METOIOJOTIUHUIA
MiAXin A0 KiJIbKiCHOT OLIHKY CKJIaJIHOCTI CTPYKTYPU TEXHO-
JIOTIYHUX CUCTEM TipHMYO-METaTypriliHOro KOMILIEKCY, B
SIKOMY TIpOlleC AEKOMIIO3UIIil CUCTEMU BUKOHYETHCS METO-
JIOM TOCJIiIOBHOTO Bi/ICiKaHHs 3B’SI3KiB €JIEMEHTIB i3 cucTe-
Moro. BukopucTaHHST 3aIpOITOHOBAHOTO METOIY IE€KOMITO-
3U1liT 3a0e31eYy€e BUCOKY TOUYHICTb i JOCTOBIpHICTh MPU IMO-
PIBHSIHHI TEXHOJIOTIYHUX CUCTEM, 1110 MAIOTh CTPYKTYpY pi3-
HOTO i€EpapXiyHOTO PiBHS Ta CKJIAJAIOThCs 3 Pi3HOI KiJIbKOCTI
nigcucreM i eneMeHTiB. [IpoBeneHa anmpobdaitis po3pobJeHo-
ro METONLy Ha NMpuKIIaai GabpuKu OrpyiKyBaHHSI OKaTHILIB
No 2 [liBHiYHOTO TipHMYO-30arauyBaJbHOTO KOMOiIHATYy
(M. Kpuuit Pir). [Toka3aHo, 1110 B peajbHUX TEXHOJOTTUHUX
CHCTeMaxX YCKJIAMHEHHS CTPYKTYPU BimOyBa€eThbCsl, B OCHO-
BHOMY, 32 paxyHOK TMOCJIiJOBHOTO BKJIIOYEHHS 1OJATKOBOIO
0o0JIaTHAaHHSA, a He CTBOPEHHSI HOBUX 3B’s3KiB. JIs1 30i1b-
IIEeHHS TTOKa3HUKAa BiTHOCHOI CKJIAIHOCTI CTPYKTYPH TEXHO-
JIOTIYHUX CUCTEM palliOHAJIbHUM € BUKOPUCTaHHSI KOMOiIHO-
BAHOTO TIOCJIiIOBHO-ITapaJIe;IbHOTO BKITIOUEHHST TOIAaTKOBO-
To TEXHOJIOTIYHOTO OOJaJHAHHSI, 3a SIKOTO 3a0e3IeYyEThCS
BUCOKUU i€EpapXiuHUii piBEHb €JIEMEHTIB y CUCTEMI.

Haykosa HoBuzHa. HoBu3HOIO Minxomy 10 OLIiHKY CKJIaI-
HOCTi CTPYKTYPM TEXHOJIOTIYHUX CHCTEM TipHUYO-MeTayp-
TiiiHOTrO KOMILJIEKCY € pO3poOKa METOAY JEKOMIIO3MIIii CHC-
TeMHU, CYThb SIKOTO TIOJIITAa€ B TIOCIZOBHOMY BiJCiKaHHI
3B’513KiB €JIEMEHTIB i3 CUCTEMOIO.

IMpakTnyna 3HayumicTs. [lpakTUyHa 3HAYKUMICTH PO3PO-
OJICHOTO aBTOPaMM METOAOJIOTIYHOIO ITAXOAY JO0 OLIHKHU
CKJIQTHOCTi CTPYKTYPU TEXHOJIOTIYHUX CUCTEM TipHUYO-MeTa-
JIYPriliHOTO KOMILJIEKCY TOJISITA€ B TOMY, 1110, Ha BiIMiHY Bil
BiJIOMOTO METOIy, KiJIbKiCHa OLIiHKA CKJIQJHOCTi CTPYKTypH
CUCTEMM TTPOBOAUTLCSI 0€3 BUKOHAHHS orepallii (popMabHOTO
onucy cTpykTypu. Lle 3ab6e3neuye BUCOKY TOYHICTb i TOCTOBIp-
HiCTb pe3yJIbTaTy, 3HUXKYE TPYIOMICTKICTb TIPOLIECY OLIIHKU.

KiouoBi cnoBa: mexwnonoeiuni cucmemu, iepapxiyHuil pi-
6€Hb, 0eKOMNO3UYIs cucmem, padpuku 0epyoKy8aHHs OKAMUULIE

HoBble acnekTsl METOI0JI0TUH OIIEHKH
CJO02KHOCTH CTPYKTYPbI TEXHOJOIMIECCKHUX
CHUCTEM TOPHO-METALTYPrU4€CKOro KOMILIEKCA

10. C. Pyow, B. IO. beaonoxcko
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Ilean. PazpaboTKka HOBOIO MOAX0/1a K OLIEHKE CJIOXKHOCTU
CTPYKTYPhI TEXHOJIOTMYECKUX CUCTEM TOPHO-METAJLTypriude-
CKOro KOMILIEKCa MpY MOMOIIM MPEITOKEHHOTO aBTOpaMu
KOMITJICKCHOTO ToKazatesisa. [IpakThyeckoe IpUMEHEHUe
9TOro MoKa3aressl CBSI3aHO C METOAOJOTMYECKUMU CIOXKHO-
CTSIMU, BOBHUKAIOLIUMHU IIPU OIpelIe]ICHUN NePapXUIeCcKOro
YPOBHS 2JIEMEHTOB UCCJIEAYEMbIX CHCTEM.

Metoauka. [IprMeHeH CUCTEMHBIN TTOAXOM, UYTO ITO3BO-
JIJIO MCCJIEIOBATh MPOMBIILIEHHbIE KOMIUIEKCh 000py10Ba-
HUST KaK CUCTEMHBIE OOBEKTHI M TTPEICTaBUTh UX B BUIIE TEX-
HOJIOTMYECKUX cucTeM. M crosib30BaHbl METONbI aHalu3a 1
CHHTE3a, YTO TO3BOJIMIIO BBIICIUTHh B U3BECTHBIX CITOCOOAX
OLIEHKM CJIOKHOCTHU CUCTEM OOILIME DJIEMEHTHI U pa3paboTaTh
HOBBII METOIOJOTUYECKUI TTOAXO K ITPOIIECCY TEKOMITO3H -
uuu cucteM. [IpuMeHeHbl METOIbl MOIEIUPOBAHUS TEXHO-
JIOTMYECKHUX CHCTEM, UTO TIO3BOJIMIIO TIPEICTABUTh UX B BUIC
MojeJieil — CTPYKTYPHO-3JIEMEHTHBIX CXEM.

PesymbraTsl. [1pennoxkeH HOBBII METOIOIOTMYECKUIA TIOM-
XOJI K KOJIMYECTBEHHOM OLIEHKE CIIOKHOCTH CTPYKTYPhI TEXHO-
JIOTUYECKUX CUCTEM TOPHO-METAUTYPTUIeCKOTO KOMITIEKCa, B
KOTOPOM ITPOLIECC IEKOMITO3UIINHA CUCTEMBbI BBITTOTHSICTCS Me-
TOIOM TIOCJICIOBATEIBHOTO OTCEYCHMSI CBSA3CH 3JIEMEHTOB C
cucTeMoii. Vcronp3oBaHe MpeIIoKeHHOIO METoa JEKOM-
MO3UITIMHU 00ECTICYMBAET BHICOKYIO TOYHOCTD M JOCTOBEPHOCTh
MPY CPaBHEHUN TEXHOJIOTMYECKUX CUCTEM, UMEIOIIUX CTPYK-
TYpY Pa3HOTO MEPApXUIECKOTO YPOBHSI M COCTOSIIIUX U3 pa3-
HOTO KOJIMIeCTBa MOJICKCTeM U 3JieMeHTOB. [IpoBeneHa anpo-
bauus pa3paboTaHHOTrO MeToaa Ha npumepe (HadpruKu OKOM-
KoBaHus okaThIieit Ne 2 CeBepHOro rOpHO-000TaTUTETbHOTO
komoOuHara (r. Kpusoii Por). [TokazaHo, 4TO B peajIbHBIX TEX-
HOJIOTMUECKHMX CHUCTEMax YCIOXKHEHUE CTPYKTYPhI ITPOUCXO-
IIT, B OCHOBHOM, 3a CYET TOCJICA0BATEIBHOTO BKIIOUEHUS
JOTIOJTHUTEJIBHOTO 000PYIOBaHMS, a HE CO3MaHMUST HOBBIX CBSI-
3eit. J11s yBemmueHust mokasaTeJisi OTHOCUTEIbHOM CJIOXKHOCTU
CTPYKTYPbI TEXHOJJOTMUECKUX CUCTEM PALIMOHAJILHBIM SIBJISIET-
¢ WMCIOJb30BaHWEe KOMOWHMPOBAHHOTO ITOC/IEIOBATEILHO-
MapajuieJIbHOTO BKIIOUEHMS TOMOJHUTEIBHOTO TEXHOJIOTYe-
CKOro o0OpyIoBaHUs, TP KOTOPOM 00ECIIeUMBAETCSI BBICO-
KUt nepapxuyeckuii ypoBeHb 3JIEMEHTOB B CUCTEME.

Hayunasa HoBusHa. HoBM3HOIM MMoaxoaa K OIEHKE CIIOXK-
HOCTU CTPYKTYPbl TE€XHOJOIMYECKUX CHUCTEM TOPHO-MeTas-
JIyprUYeCcKOro KOMITIEKCa SIBIISICTCS pa3paboTKa MeToa JIe-
KOMITO3ULIUM CUCTEMBbI, CYTh KOTOPOIO COCTOMT B IOCJIEI0-
BaTeJIbHOM OTCEYCHUM CBSI3€i1 2JIEMEHTOB C CUCTEMOIA.

IIpakTiyeckas 3HaYMMocThb. [IpakTryeckas 3HAUMMOCTb
pa3paboTaHHOTO aBTOpPaMU METOMOJOTUYECKOTO TOAX0ma K
OLIEHKE CJIOXHOCTU CTPYKTYPbl TEXHOJOTMYECKUX CHUCTEM
TOPHO-METAJLTYPTUYeCKOTO KOMILIEKCA COCTOUT B TOM, 4TO,
B OTJIMYME OT M3BECTHOTO METOJA, KOJTMYECTBEHHAs OlLlEHKA
CJIOKHOCTU CTPYKTYPBI CUCTEMBI IIPOM3BOIUTCS 0€3 BBITTON-
HEHUs orepaluny GOpMaIbHOTO OMUCAHUS CTPYKTYPhI. DTO
o0ecTieunBaeT BICOKYIO TOUHOCTh M TOCTOBEPHOCTD PE3Yiib-
TaTa, CHIZKAET TPYIOEMKOCTh IPOIIeCca OLIEHKU.

KioueBble ciioBa: mexronoeuueckue cucmemvt, uepapxue-
CKULL YposeHb, 0eKOMNO3UYUs cucmem, hadpuKu 0KOMKOBAHUS
okambluell
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