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DEVELOPMENT

OF THE CRITERION
AND THE METHOD
OF ESTIMATION

OF THE COMPLEXITY
OF THE STRUCTURE
OF TECHNOLOGICAL
SYSTEMS

Pospobaeno memod ouinxu cxaradnocmi cmpyxmypu
MeXHON02IMHUX cucmeM, AKULL 0A3YemvbCa HA BUKOPUC-
manHi Kpumepito, w0 6PAX0BYE HUCAO eJleMEHMI8 cucme-
MU Ma 36’°A3Ki6 MIJC esleMeHmamu, 36’°a3Ki6 Midc ejlemen-
mamu ma 306HIUHIM cepedosuuleM, A MAKO0NC IEPaAPXIUHUL
pisens enemenmis. 3acmocyséanna Ha npaxmuyi po3poo-
Jlen020 Memody 00360J15€ Gupimumu 3a0ary 06’ eKmuenoz0
ananizy cmpyxmypu mexHoa02iMHUX cucmem i 0amu Kijiv-
Kicny ouinky ix cxaaonocmi. Haeedeno npuxnad euko-
pucmanns Kpumepiio i Memooy 0 aHaizy cCmMpyKxmypu
cucmem mexHoN02iMH020 00NAOHAHHA A2JOMEPAUTUHUX
¢aopux Kpusopizviozo 3anizopyonozo 6aceiiny (Yxpaina)

Kniouoei cnosa: mexnonoeiuni cucmemu ma eaemenmu,
CMpYKmypa mexHon02iMHuUX cCucmem, Kpumepiil CKaaoHoC-
mi cmpyKxmypu mexHoa02iMHUX Cucmem

[, u|

Paspaboman memoo ouenxu CAOHCHOCMU CMPYKmMY-
Pl MEXHON02UMECKUX CUCmeM, KOMOPbL 0a3upyemcs Ha
UCNOIb306AHUU KPUMEPUSL, YUUMBLEAIOUE20 HUCTO0 Jie-
MEHMOB cucmemvl U C8s3eU MeHCOY IeMeHmamu, cesa3ell
Mescoy Inemenmamu u 6HewHel cpedoil, a maxice uepap-
xXuueckuil ypoeeno snemenmos. Ilpumenenue na npaxmu-
Ke paspabomannozo memooda no3eonsem pewums 3aoary
005eKMUBHO20 AHANUIA CMPYKMYPHL MEXHOTLOZUMECKUX
cucmem u 0amo KOIUMECMEEHHYIO OUEHKY UX CAOHCHOCMU.
IIpugeden npumep ucnonv3osanus Kpumepus u memooa
015 AHANU3A CMPYKMYPDL CUCTEM MEXHOT02ULECK020 000-
pyodosanus aznomepayuonnvix Paopux Kpusopoicckozo
scenesopyonoezo 6acceiina (Yipauna)

Kmouesvie cnosa: mexnonozuneckue cucmemol u dJe-
MeHmbl, CMPYKMYPa MexHoN02U1eCKUx cucmem, Kpume-
Ppuil CAOHCHOCIU CIMPYKMYPbL MEXHOI02UUECKUX CUCTEM
u| o

Yu. Rud

Doctor of Technical Sciences, Professor,
Head of Department*®

E-mail: rudusprof@gmail.com

V. Belonozhko

Senior Lecturer®

E-mail: v.u.belonozhko@gmail.com
*Department of Applied Mechanics
and General Engineering Disciplines
Kryvyi Rih National University
Vitaliya Matusevycha str., 11,
Kryvyi Rih, Ukraine, 50027

1. Introduction functioning of the system as a whole. The components of sub-

systems are the equipment that implements the technological

Technological systems of modern industrial enterprises
belong to the class of complex ones and are intended for
the transformation of matter, energy, information in the
process of production, materials processing, assembly of
finished products, quality control [1]. In [2], it is noted that
technological approaches, based on technology, are a means
of increasing the productivity of an enterprise. A complex
technological system consists of many interacting subsys-
tems (parts of systems), whereby it acquires new properties
that are absent at the level of subsystems [3—6]. In system
studies [7-9], the concept of «complex system» is used
when it becomes impossible or difficult enough to accurately
describe and predict the behavior of the system. One of the
first definitions of a complex system was given in [10, 11],
where it was noted that the important properties of complex
systems are the possibility of dividing the system into sub-
systems, as well as the existence of a hierarchical structure.
In the practice of research, the allocation of subsystems is
carried out in such a way that the goals of the operation of
subsystems ensure the possibility of realizing the goals of the

processes that ensure the transformation of the physical and
mechanical properties of the processed product. The result
of the functioning of technological subsystems is an inter-
mediate or final product, which requires further processing
at other industrial enterprises. A certain technology can be
implemented using equipment of different manufacturers
and productivity, which leads to the creation of subsystems
with a structure of different hierarchical levels. Accordingly,
the reliability, efficiency and cost of such systems will also
be different and may vary significantly. Therefore, when de-
signing and manufacturing complex technological systems, it
is necessary to have the means and criteria for assessing the
perfection of their structure.

2. Literature review and problem statement

The structure of the technological system is its most
essential components and connections, which change little
with time and ensure the stable existence of the system and




the preservation of its basic properties [12]. The main cha-
racteristic of the structure of the technological system is its
complexity [13]. The concept of complexity of a finite object
was introduced in the paper and is based on a key theorem,
first discovered and described in [15—17]. Complexity is the
minimum number of binary digits that contains all informa-
tion about a given object, sufficient for its recovery (deco-
ding). The first consequence of the key theorem is that there
is no effective way of complexity computation, so the prac-
tical application of this criterion of complexity is difficult.
For schemes of functional elements realizing the functions of
the algebra of logic, an asymptotic equality is proposed that
makes it possible to estimate the complexity of the object
L(n) using the criterion [18]

L(n)=c2"/n, 1)

where n is the number of variables xq, x5, x3,..., x,,; ¢ is the
constant depending on the basis.

It should be noted that methods of logic algebra are
applicable to elements that have only two possible states,
when the condition of working capacity can be expressed as
a Boolean function. In addition, the definition of complexity by
equation (1) depends essentially on the decoding method, and
the measure of complexity is not a computable function [19].

In fact, by the complexity of the structure, the authors of
many works mean only the number or state of the elements
contained in the system [20, 21]. However, technological
systems are characterized not only by a large number of
elements (equipment), but also by the complexity of the
internal structure — various kinds of redundancies, direct
and reverse connections, and so on. Therefore, the number of
elements that complete the system cannot serve as a measure
of complexity of the structure of technological systems. The
complexity of the internal structure leads to the appearance
of a new system quality, depending both on the number of
elements and on the relationships between them. This ap-
proach to the complexity of the structure is carried out in
the general systems theory [22, 23], as well as in a number of
modern scientific publications.

In [24], a model and indices for estimating the structural
complexity of the layout of production systems are presen-
ted. Six complexity indices are introduced and formulated
based on the physical structural characteristics of the layout.
The overall complexity index of the layout combines all the
indices. The proposed model and indices are applicable for
assessing the structural complexity of the layout of a pro-
duction facility, but not a real technological system. It is
noted in [25, 26] that the variety of products and the growing
requirements for the flexibility of the system increase the
complexity of the structure. An approach based on opera-
tions for measuring the complexity of the configuration of
the production system is proposed. It is proposed to measure
the complexity of the configuration of the production system
using information entropy. This approach is of some interest,
but it is difficult for practical application. The authors of [27]
note that complexity reduction is an effective way to improve
the reliability of production systems. Nevertheless, studies on
complexity analysis based on reliability for production sys-
tems are rare. In [28], it is stated that with increasing product
complexity, traditional methods of reliability design do not
contribute to the realization of high reliability requirements.
To build a structure with high reliability became a problem
that requires an urgent solution. It is proposed to use the

theory of axiomatic design to solve problems of reliability
design. In [29], the problem of reliability optimization and
the problem of reliability redundancy distribution are con-
sidered. To maximize the reliability of systems, a strategy is
proposed to change their structure by using active or standby
redundancy for each subsystem. The authors of [30] empha-
size that technical systems are complex, endowed with sets
of properties and functions, and require constant monitoring
of their condition. There is an opportunity to assess the state
of the technical system and its structure through a measure
of the uncertainty of information entropy. However, because
of the variety of system states, it is impossible to apply any
known methods for determining the amount of entropy.

The authors of [31] write: «It seems that the concept of
complexity for a control theory is as fundamental as the con-
cept of «force» in mechanics or «measure» in mathematics».
However, only the author of [32] presented a method and
a criterion for estimating the complexity of a structure,
which makes it possible to obtain a quantitative estimate of
this parameter:

S=(1+va)Y Sk, (2)

i=1

where v is the coefficient that takes into account the com-
plexity of the connections in comparison with the complexity
of system elements; o is the coefficient characterizing the
number of realized connections; S; is the complexity of sys-
tem elements; &; is the number of elements of the i-th type
included in the system.

With all the validity and reliability of the mathematical
expression (2), its practical application to real technolo-
gical systems is difficult in connection with the significant
subjectivity of determining the coefficients that take into
account the complexity of the connections v and elements of
the system S;.

Thus, the development of a criterion and a method for
assessing the complexity of the structure of technological sys-
tems, which will enable reliable and objective quantification, is
of theoretical and practical interest. This is especially impor-
tant for technological systems when considering them from
the standpoint of system engineering. Accounting for the com-
plexity of the structure provides a qualitatively new approach
to investigating the problem of reliability and increasing the
productivity and efficiency of technological systems.

3. The aim and objectives of the study

The aim of the work is to develop a method for an objec-
tive assessment of the perfection of the structure of techno-
logical systems using a quantitative criterion.

To achieve the aim, the following objectives are set:

— in well-known studies on the problem of evaluating the
structure of complex systems of different functional purpo-
ses, to find rational elements of solutions suitable for use in
technological systems;

—to develop a criterion and a method for quantifying
the structure of complex technological systems that are
sufficiently accurate, intuitively acceptable and suitable for
practical research;

— to carry out approbation of the developed criterion and
method on the example of systems of technological equip-
ment of sintering plants of the Krivoy Rog basin (Ukraine).



4. Development of a criterion and method for assessing
the complexity of the structure of technological systems

The criterion for quantitative estimation of the complexi-
ty of the structure of technological systems is fulfilled under
the following initial assumptions [13].

1. The element of the system has one «input» and one
«outputy, through which it interacts with other elements of
the system or the external environment (Fig. 1, @). «Input»
refers to the channel through which the preceding element of
the system or the external environment acts on this element,
changing its state. «Output» refers to the channel through
which this element affects the subsequent element of the
system or the external environment, by changing their states.
In Fig. 1, «<input» and «output» of elements and systems are
shown by a short horizontal line.

2. The state of the system element is uniquely determined
by the state of its «input».

3. The complexity of the structure of the unit ele-
ment S(n) is one, that is, S(n=1)=1.

4. The complexity of the structure of the system consis-
ting of an infinite number of elements S(n) is infinite, that is,
S(n=o0)=oco.

5. The complexity of the structure of the system S(n) is
determined by the number of elements of the system 7, the
number of connections between them and the external envi-
ronment m, and also by the hierarchical level of the element
in the system .

Logical realization of the initial assumptions 1-5 makes
it possible to describe the criterion for the complexity of the
structure of the system S(n) consisting of n elements by the
following mathematical expression:

S(n)=(m—1)nl, 3)

where 7 is the number of system elements; m is the number
of connections between elements, as well as elements and the
external environment; [ is the hierarchical level of elements
in the system.

Applying the mathematical expression (3), we calcu-
late the index of complexity of the system S(n) consisting
of n consecutively connected elements [3], for n=1, m=2,
I=1 (Fig. 1).

S(n=1)=(2-1)-1-1=1. 4)

input =4 1-01 output

Fig. 1. Symbol of a system element

We continue the calculation of the complexity index
of the system S(n) with increasing number of elements
n=2,3,.., connected in series, with m=3,4, ... (Fig. 2, 3).
The mathematical expression for determining the index of
complexity of the system S(n), consisting of n consecutively
connected elements, is as follows:

S(n)=n?l. (®)

1-01 1-02

Fig. 2. Series connection of system elements, n=2

The hierarchical level I of the element in the system of
a simple structure consisting of n consecutively connected
elements 1-01 and 1-02 (the first digit is the number of the
branch of the structure, the second digit is the element num-
ber) is equal to one, i.e. I=1.

Applying the mathematical expression (5), we calcu-
late the index of complexity of the system S(n) consisting
of n consecutively connected elements, for n=c, m=oco,
=1 (Fig. 3).

S(n=co)=o0? 1 = oo, (6)

701 H1-02 o 1-n |-

Fig. 3. Series connection of system elements, n=2,..., «

We continue the calculation of the complexity index of
the system S(n) with a further increase in the number of ele-
ments n=23, 4, ... connected in parallel, and m=6, 7, ... (Fig. 4).
The mathematical expression for determining the complexity
index of the system S(n) consisting of n parallel-connected
elements is as follows:

S(n)y=2n—1)nl. (8)

Fig. 4. Parallel connection of system elements, n=2

Applying the mathematical expression (8), we calculate
the complexity index of the system S(n) consisting of n pa-
rallel connected elements, for n=c0, m=oo, =1 (Fig. 5).

S(n=co)=(200-1)-o0-1 =00, )

1-01

2-01

n-01

Fig. 5. Parallel connection of system elements, n= 2,...,

Consider several systems that have more complex struc-
tures, which consist of n elements with a combined serial and
parallel connection and form separate subsystems. Subsys-
tems, as part of the system, are included in it in series. In [33],
it is noted that many researchers of the problem of reliability
optimization consider the best structure using elemental re-
dundancy — a series-parallel structure.

Fig. 6 shows a system consisting of two subsystems: one
subsystem consists of one element 1-01, the other subsystem —
of two parallel elements 2-02 and 3-02. The hierarchical level I
of the subsystems obtained by the first division of the system
is two, that is, I=2. The first division of these subsystems (the
second division of the system) provides a hierarchical level



I1=3, etc. According to the mathematical expression (3), the
complexity of the system S(n) for n=3, m=5, [=2:

S(n=3)=(5-1)-3-2=24. (10)

Fig. 6. Combined series-parallel connection of system
elements, n=3

We complicate the system shown in Fig. 6, by intro-
ducing another element connected in series into the first
subsystem. We obtain the following
characteristics: n=4, m=6, [=2:

From the analysis of the results of solutions (12) and
(13), we can draw the following conclusion: in order to ma-
ximize the complexity of the structure of the system, it is first
necessary to increase the number of parallel circuits.

The results of calculation of the complexity indices of
systems S(n) consisting of n series, parallel and combined
connected elements are given in Table 1.

As the structure of the system becomes more complicated
due to the increase in the number of elements and the creation
of new connections, its functional capabilities are expanded.
At the same time, the number of types of technological ope-
rations performed by individual subsystems grows, addi-
tional reserve connections between the elements are created.
As aresult, the reliability of the system and the stability of its
functioning in the event of interference increase.

Table 1

The results of calculating the complexity indices of systems S(n) consisting

S(n=4)=(6-1)-4-2=40.  (11) of n series and parallel connected elements
Changing the location of an ele- Amount of | Amountofconnec- | Hierarchical |\ (oo
ment in the system dO'eS nOt. change elementsin | 108 bet(\ive}?n the ele-] l]evel Ofth% plexity indicator of the Notes
the number of connections, since the | the system , | MENS and the external} element in the system S(n)
elements are structurally connected in environment system /
the system, regardless of their position Series connection of elements
on the diagram. -
Let’s increase the number of ele- ! 2 ! S=1)=2-1)-1-1=1 Fig 1
ments to n=>5 and build two subsys- 9 3 1 S(n=2)=(3-1)-21=4 Fig. 2
tems on their basis: the 1st subsystem — -
element 1-01; the 2nd subsystem — 3 4 1 S(n=3)=(4-1)3-1=9 Fig. 3
element 2-02, connected in parallel 4 5 1 S(n=4)=(5-1)-4-1=16 | Fig.3
with the elements 3-02, 4-02 (con- - - - - -
nected in parallel) and the element 6 ! S(n=5)=(6-1)-5-1=2 Fig. 3
5-01 connected in series (Fig. 7). At 6 7 1 S(n=6)=(7-1)-6-1=36 | Fig.3
the same time, the number of con- : 8 7o o
nections will increase to m=8, the / 8 S(n=7)=(8-1)7-1=49 ig-3
hierarchical level of the system will
not change I=2. Calculation of the ) Sy — (o 1y 1= Fie 3
system characteristics by the formu- - - (n=eo)=(eo-1)-ol= | Fig
la (3) gives such results: Parallel connection of elements
S(=5)=(8-1)-5-2=70.  (12) 2 4 1 S(n=2)=(4-1)21=6 | Fig 4
3 6 1 S(n=3)=(6-1)-3-1=15 | Fig.5
4 8 1 S(n=4)=(8-1)-4-1=28 | Fig.5
5 10 1 S(n=5)=(10-1)-5-1=45 | Fig.5
6 12 1 S(n=6)=(12-1)-6-1=66 | Fig.5
7 14 1 S(n=T)=(14-1)-7-1=91 | Fig.5
Fig. 7. Combined series-parallel
connection of system elements, n=5 oo oo 1 S(n=o0)=(c0—1)-00-1=00 | Fig.5
Let us change the structure of Combined series and parallel connection of elements
the subsystems of the system without 3 5 2 S(n=3)=(5-1)-3-2=24 | Fig. 6
changing the number of elements n=>5: N ~
the 1st subsystem is the element 1-01; 4 6 2 Sn=)=(6"1)-4-2=40 _
the 2nd subsystem consists of four 4 6 2 S(n=4)=(7-1)-4-2=48* -
parallel-connected elements. In this
. . 2 =5)=(8-1)-5-2= -
case, the number of connections will > 8 S(n=5)=(8-1)-5-2=70
increase to m=09, the hierarchical level 5 9 2 S(n=5)=(9-1)-5-2=80* | Fig.7
of the system will not change I=2. 6 11 5 S(1=5)=(11-1)6-2=120" B

S(n=5)=(9-1)-5-2=80.  (13)

Note: * — complex combination of elements



5. Development of a criterion and Table 2
a method f?r assessing the relative The results of calculating the relative complexity indices s(n)
complexity of the structure of of systems consisting of n series and parallel connected elements
technological systems
| [ amounva [ s feometons T sl o e o
Comparison of the complexity elements in d the external envi- lement in th plexity indicator of the | Notes
indices of the structure of systems |thesystempn| "¢ ThCXternalenviz | elementin the system S(n)
.. . ronment m system /
S(n) consisting of different numbers
of elements n and having different Series connection of elements
numbers of connections between ele- { 9 { s(n=1)=1/1=1 Fig 1
ments and the external environment
m, as well as different hierarchical 2 3 1 s(n=2)=4/6=0.667 Fig. 2
levels of the element of the subsys- 3 4 1 s(n=3)=9/15=0.6 Fig. 3
tem I, is rather complicated. At the -
same time, it is possible to avoid 4 5 1 s(n=4)=16/28=0.571 | Fig.3
reservations on the listed parame- 5 6 1 s(n=5)=25/45=0.556 | Fig.3
ters, and complex quantitative in- 5 ; : —6)236/6620545 | Fie3
dicators cannot be obtained due to 5(n=6)=36/66=0. &
the absence of a criterion. To solve 7 8 1 s(n=7)=49/91=0.538 | Fig.3
this problem, it is proposed to use
the criterion of relative complexity
s(n), which is determined from the o0 o0 1 s(n=e0)=0.5 Fig.3
following mathematical expression: Parallel connection of elements
(1) = S(2)/Suax(n), (14) 2 i ! sn=2=6/6=1 | Fig4
3 6 1 s(n=3)=15/15=1 Fig. 5
where S(n) is the indicator of the com- .
plexity of the structure of the project- 4 8 ! s(n=4)=28/28=1 Fig. 5
ed or operating system; Spax(n) is the 5 10 1 s(n=5)=43/43=1 Fig. 5
maximum possible value of the com- — N X
plexity indicator of the structure of 6 12 ! s(n=6)=66/66=1 Fig 5
the system, constructed of 7 elements. 7 14 1 s(n=7)=91/91=1 Fig. 5
Analysis of the data of Table 1
shows that for the maximum pos-
sible value of the index of relative o o0 1 s(n=e0)=0.5 Fig.5
complexity of the structure Spax(7) Parallel connection of elements by the equation with respect to combined connection
of the system built of n elements, we .
can take the value of the complexity 3 5 2 s(n=3)=15/24=0.625 | Fig.6
index of the structure of the system 4 6 2 s(n=4)=28/40=0.7 -
with the combined connection of o
elements Seompin(72). Therefore, we 4 6 2 S(n=4)=28/48=0.583 _
accept for systems of equal hierar- 5 8 2 s(n=5)=43/70=0.614 -
chical level: 5 9 2 s(n=5)=43/80=0538* | Fig.7
Simax(1) = Scombin(1). (15) 6 11 2 s(n=6)=66/120=0550* | -
The results of calculating the in-
dicators of relative complexity s(n) of oo oo 2 s(n=0)=0.5 -

systems of one hierarchical level, con-
sisting of n series and parallel con-
nected elements, are given in Table 2.

Limit values of the indicator of relative complexity s(7)
with increasing the number of elements up to n—eo are
found as:

lim s(n)=1im

n—c0 N—300 Spm(n) N—yo0 (2n —1)71[
n
=li =0.5. 16
w21 6

The indicator of relative complexity s(n) characterizes
the perfection of the structure of the system, shows the
degree of rationality in the use of elements in the structure.

Note: * — complex combination of elements

6. Discussion of research results and practical use
of the criterion and method for assessing the complexity
of the structure of technological equipment systems

Accounting for the complexity of the structure can pro-
vide a qualitatively new approach to the study of the problem
of reliability and improving the efficiency of technological
systems. Intuitively, the structure of technological systems
is often associated with their reliability. One of the most
important ways to improve the reliability of systems is to
change their structure by reserving separate elements and
subsystems. However, the introduction of structural redun-
dancy in the system is difficult and expensive, which limits



such redundancy. A final decision on the feasibility and level
of structural redundancy of individual subsystems is possible
when using the developed method for assessing the comple-
xity of the structure of technological systems. The proposed
method provides a quantitative assessment of the complexity
of the structure of technological systems, shows the degree of
perfection of their structure, the rationality of using elements
in the system.

From the point of view of practical application, the re-
sults of the assessment of the complexity of the structure of
systems of technological equipment (STE) of sintering plants
in the Krivoy Rog iron ore basin can be indicative:

— Novo-Krivoy Rog mining and processing plant before
and after reconstruction —- NKMPP-1, 2 and NKMPP-1-2R;

— Southern mining and processing plant — SMPP-1, 2;

— Krivoy Rog metallurgical plant (KMP-1), performed
according to the proposed method (Table 3).

The absolute values of the complexity index S(n) are
given in the numerator, relative values of the complexity
index s(n)-107 [3, 13, 34] are given in the denominator. If
the considered main subsystem contains subsystems of the
first hierarchical level, then the complexity indicators S;(n)
are given in parentheses in the order of the complexity eva-
luation.

A comparative analysis of the complexity indicators of
the STE of sintering plants (Table 3) shows that after the re-
construction of the NKMPP-2P, its technological system be-
came one of the most complicated. The number of basic ele-
ments of this system increased by 27.5 % (from 136 to 186),
and the indicator of complexity of the structure reached the
value S(186)=370.

Table 3

Indicators of complexity of the structure of STE
of sintering plants

Absolute and
relative complexity
indicators of STE
S(n)/s(n)-1073

Absolute and relative
complexity indicators of
subsystems S(n),/s(n)- 1073

Company

SS-1: 28/269.2 (7/259.3);
SS-2: 240/33.1 (20,/95.7);
SS-3: 8/888.9 (2,/1000);
SS-4:32/237.1 (4,/444)

SS-1: 28/269.2 (7/259.3);
SS-2: 240/33.1 (20,/95.7);
SS-3:8/888.9 (2,/1000)

SS-1: 28,/269.2 (7/259.3);
SS-2:300/26.5 (25/77.2);
SS-3: 8,800 (2,/1000);
SS-4: 16/457.1 (4/444);
SS-5:2/1000 (1,/1000);
SS-6: 16/457.1 (4/444.4)

SS-1: 28/269.2 (7/259.3);
$S-2: 200,/39.6 (20,/95.7);
$S-3:2/1000 (1,/1000)
SS-1: 24/311.7 (6,/300);
S$S-2: 240/33.1 (20/95.7);
SS-3: 8/888.9 (2,/1000)

NKMPP-1 308/25.81

NKMPP-2 276,/28.78

NKMPP-2R 370/21.26

SMPP-1, 2 230/33.90

KMP-1 272/29.20

The number of connections between the elements of the
STE of the sintering plant NKMPP-2R increased. At the
same time, the relative indicator of the complexity of the
s(n) system structure not only did not increase, but even
decreased by 35.2 %. The number of elements of the STE

of the sintering plant NKMPP-2R, in comparison with the
systems of sintering plants NKMPP-1, SMPP-1, 2, KMP-1,
respectively, is more by 17.2 %, 37.6 %, 26.9 %. The relative
complexity of the structure s(n) of these factories is lower by
21.3 %, 59.3 %, 37.2 %, respectively.

Fig. 8 shows the graphs of the relative complexity of the
structure s(n)-107 of the systems of technological equip-
ment of sintering plants and pelletizing plants of ore mining
and processing plants depending on the number of elements
n constructed from the results of research.

s(n) 107

™

N

30
“\\ Pelletizing
plants
20 \
Sintering
plants
10 ~
0

100 200 300 400 500 600 n

Fig. 8. Graphs of the relative complexity of the
structure s(n)-1073 of systems of technological equipment
of sintering plants and pelletizing plants of ore mining and
processing plants depending on the number of elements n

As can be seen from Fig. 8, the indicator of the relative
complexity of the structure s(z) - 1073 decreases rapidly with
increasing number of elements 7 of the system. The decrease
in the relative complexity index of the structure of systems
s(n) with a large number of elements 7 is explained by the
fact that the complexity of real systems grows considerably
more slowly than the number of constituent components of
n. A hierarchical level of elements is of great importance for
the value of the indicator of the relative complexity of the
structure s(n)- 1073, And in real technological systems, the
complexity of the structure is mainly due to the sequential
inclusion of additional equipment, which cannot be consi-
dered rational.

7. Conclusions

1. A method for assessing the complexity of the structure
of technological systems by the criterion that is a complex
quantity and takes into account the number of system
elements connections between the elements, connections
between elements and the external environment, and the
hierarchical level of elements in the system is developed. The
method allows obtaining a reliable and objective quantitative
assessment of the complexity of the system structure, is intui-
tively acceptable and suitable for practical research.

2. The indicator of the relative complexity of the struc-
ture of technological systems is proposed, which is the ratio
of the indicator of the complexity of the structure of the pro-
jected or operating system to the indicator of the complexity
of the structure in a combined connection of elements, cha-
racterizes the perfection of the system structure, shows the
degree of rationality in the use of elements in the structure.
The use of the indicator of the relative complexity of the
structure ensures validity and correctness when comparing
technological systems consisting of different numbers of



elements having different numbers of connections between
elements and the external environment, as well as different
hierarchical levels of elements.

3. Approbation of the developed method on the example
of systems of technological equipment of sintering plants of
the Krivoy Rog iron ore basin (Ukraine) was carried out.
It is shown that in real technological systems, the comple-

xity of the structure is mainly due to sequential inclusions of
additional equipment, which cannot be considered rational.
To increase the relative complexity of the structure of tech-
nological systems, we can recommend the use of combined
series-parallel inclusion of additional process equipment,
which ensures a high hierarchical level of elements in the
system.
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1. Introduction

the speed of bale rotation continuously decreases in a certain

As it is known [1], filament winding is formed when
motion frequency of the yarn guide becomes multiple to the
rotation frequency of a bale. Because at frictional winding

range with an increase in diameter, the conditions for the
formation of filament structures occur periodically.

The quality of bales is defined by the winding structure,
which is closely linked to the shape of a bale. The presence




