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Controller design for second order systems to
track sinusoidal signals with zero steady state
error and prescribed transient response

Alon Kuperman
Ariel University
Beer-Sheva, Israel
alonku@ariel.ac.il

Abstract—In this paper, resonant controller structure is
derived according to prescribed tracking behavior of general
second order systems, excited by sinusoidal input. It is shown
that while the typically employed proportional-integrative-
derivative (PID) control structure is incapable of
tracking/rejecting such signals with zero steady state error,
the proposed controller guarantees both near-ideal tracking
and disturbance rejection while following a prescribed
transient response. The validity of presented theoretical
analysis is validated by simulations applied to a three-level
single-phase pulse-width-modulated (PWM) inverter, and
supported by experimental results of its low-power
equivalent circuit.

Keywords— Second-order systems, sinusoidal excitation,
transient performance, resonant controller.

I. INTRODUCTION

In order to achieve zero steady state current tracking
error in DC and AC systems, PID control in stationary or
synchronous frame is the conventionally utilized
technique [1], [2]. Stationary frame resonant
compensators, capable of achieving zero steady state error
at AC frequency became popular in the last decade [3] —
[7]. The use of resonant controllers in AC systems is
based on internal model principle [8], [9] utilizing
integrative controllers in DC systems and resonant
controllers in AC systems [10]. Derivation of PR
converters is mostly performed either from equivalent
synchronous frame PI controllers [6], [11] or using
conventional Bode diagram tools, since the resonant term
of conventional PR controller has little contribution
outside the resonant frequency [5], [6]. Consequently, the
proportional gain is mainly used to shape the frequency
response.

Recently, a method for deriving proportional-resonant
controller structure and coefficients according to desired
transient behavior of AC signal amplitude, applied to
typical power converter current loop was presented in
[12], where AC signal envelope was treated as DC signal
and its transient behavior was shaped utilizing well-known
approach employed in DC systems loop shaping.

Unfortunately, proportional-resonant controllers
proposed by far are usually designed mainly for first-order
systems. Nevertheless, it is well-known that many typical
plants in power electronics and motion control are
represented by second order transfer functions.
Consequently, this paper suggests a method of designing
resonant controllers for second order systems based on
desired time-domain tracking performance. It is revealed
that the resulting structure contains proportional,

derivative and resonant terms and the controller is hence
referred to as proportional-derivative-resonant. The
validity of the presented analysis is confirmed by
simulation and experimental results.

II. PROBLEM FORMULATION

Consider an uncertain generalized second-order system
with disturbance, described by the following differential
equation,

ay(t) + by(t) + cy(O)=hu(t)+/(1) M
where the coefficients may be split into nominal (known)
and uncertain pars as

a=a,+Aa,b=b,+Ab,c=c,+Ac, h=h,+Ah(2)
with subscript "n" denoting nominal terms. In (1), y(?),
u(t) and f{(r) denote system output, control input and
disturbance input, respectively. Substituting (2) into (1)
and rearranging, there is

V+a7'byy +aztc,y = agthy(u + d), A3)
with

d = h;*(f — Aay — Aby — Acy + Ahu) 4

denoting lumped uncertainty and disturbance. Applying
Laplace transform, there is

Y(s) = P(s)(U(s) + D(s)), ®

where Y(s) = L{y®)}, U(s) = L{u(y)} and D(s) = L{d(1)}
with L{-} symbolizing the Laplace transform operator and

G
P(s)=— £ 5 (6)
§*+28,0,5 + @,
with
G,=a'h, w,=a'c, 2&w,=a'b. (1)

Closed-loop block diagram of the system is shown in Fig.
1. The goal of the controller C(s) is forcing the system
output to track a reference given by

y'(t) = Rsin (a)ot) (8)

while rejecting the following disturbance,
f(t) = Fsin(awy+0). ©)
Therefore following (4), the steady state lumped

uncertainty and disturbance is also given by

d(t)= Wsin(a)ot +9).
y(t)

()
H?—’ b P(s)

Fig. 1. Closed-loop block diagram of the system.

(10)

y(t)




In DC systems, the plant (6) is usually stabilized by a PID
controller given by e.g.

2 2
Wy S™+2E,0,5+ @;
s G,

in order to create the following closed-loop tracking and
disturbance rejection behaviors,

C(s)= (11)

Y(s) e
H = = 12
T (S) Y* (S) S+ a)CL ( )
and
H(s)= 1) _ SGp ,(13)

D(s) (s+ a)CL)(s2 +2E,0,5 + a);)

espectively, with Y'(s) = L{y"(1)}. Nevertheless, as shown
in [12], (12) possesses both non-unity gain and non-zero
phase for any w, > 0. Likewise, it may be easily shown
that the gain of (13) is larger than zero for any w, > 0.
Consequently, employing (11) would result in both
amplitude and phase steady state errors.

III. PROPOSED SOLUTION

Following [12], it is proposed to define the prescribed
transient response by
(14)

y(t) = A(l —e ! )sin(a)ot),
reflecting amplitude transient time constant of wgz. and

zero steady state amplitude and phase error. Taking the
Laplace transforms of (8) and (14), there is

2
Aw, 20,8 + g,

Y(s)= : =Y'(s)-H,(s) (15)
) s2+a)§ (s+a)CL)2+a)§ (5)-Hr(s)
with
2 2
HT(S) _ C(s)P(s) _ D¢ S +2wCL . (16)
1+C(s)P(s) (s+o,) +a
The loop gain is then obtained as
2 2
C(s)P(s) = 222 % (a7
+

o
leading to a resonant proportional-derivative-resonant
(PDR) controller given by

2 2 2
2005+ 0y S +28,0p5 + @)

C(s)= 2 2

57+, G, (18)

K,s+K

=K, +K,s+ L —
s>+ ]
with
K, = wéL +48,0,00, K, =20,

Ky = 2§P(0Pa)éL + ZwCLa)Iz’ _ngD’ (19)

2 2 2
KRZ = O, Wp _KPa)O'

Employing (18), disturbance rejection capability is
governed by

H o (5)=—21)  _
P 1+ P(s)C(s)
G, (s +a7) 20

(s2 +2&,0,8 + a),f)((s + a)CL)2 + a)g ) ’

obviously possessing zero gain at @ = w, and thus any
disturbance described by (10) will be completely rejected
in steady state.

IV. VERIFICATION

A. Simulation framework

Consider a single-phase three-level PWM inverter,
shown in Fig. 2. The converter is fed by an equally split
DC source and feeds linear loads. The power stage
consists of switching circuitry and an LC filter, as shown.
The PWM circuitry used to operate the inverter is shown
in Fig. 3. It receives the control signal -1 <d <1 from the
controller and generates appropriate switching signals fed
to power transistors.

[> |LZL|>Q1

)vae DRVA

i (2 t} @2

/
DRV2

c

. Vioad
DRV3

@, e

Cj\ Vdc DS\M

(4>

/5 Rload
i: Lload
| L Gioad
}m L L

Fig. 2. Power stage of a three-level single-phase inverter.

O
. PWM_Carrier

Fig. 3. PWM circuitry.

Consequently, the plant is governed by the following

transfer function,
%C || Z load

de
sL+ %C || Zload

with Z;000 = Rioaa + SLioaa + 1/SCzoad' In case of pure

P(S) — Vluad (S) —

21
= 1)

resistive load, the plant is given by

L

C
P(s) = , (22)
2.8 1
s ﬁa,oadc+/Lc
i.e. matches (6) with
v v 1
G,=—%, @=—4 2@ =——. (23)
et Tt Le Srr R _.C

load

The controller is then designed following (18) with a
small modification as follows: an additional pole at half
switching frequency wg/2 is added in order to make the



controller transform function proper, i.e.

Ky s+K,,
s +ay

N

0.5m,

Taking into account simulation data, given in Table I,
bode diagrams of Hz{(s) and Hp(s) magnitudes are shown
in Fig. 4. Unity gain of the former and zero gain of the
latter at w = w, are evident.

K, +K, s+

C(s) = (24)

1+

TABLE 1. SIMULATION DATA.

Parameter Value Units
DC voltage, Ve 400 \Y
Switching frequency, ws 40000 rad/s
Filter inductance, L 1 mH
Filter capacitance, C 4.7 uF
Nominal resistive load, Ryyaq 16 Q
Excitation frequency, @ 1007 rad/s
Transient time constant, wc;, 4007 rad/s
Reference amplitude, 4 230v2 A%

Magnitude [dB]

Magnitude [dB]

frequency [Hz]

Fig. 4. Closed-loop tracking (top) and disturbance rejection (bottom)
capabilities.

GO0

400

= 200
0

voltage

-20

=

o 002 0.04

voltage [V]

0.04 0.08
time [s]

i
1] 002
Fig. 5. Simulation results — nominal system.

Time-domain simulation results of the system with
nominal parameters and rated load are shown in Fig. 5. It
may be concluded that the system reaches zero steady
state error after a short transient. Frequency content of

tracking error is shown in Fig. 6, revealing that the error
contains mainly switching ripple components.

In the second simulation, the controller was designed
according to nominal parameters while the inverter was
modified as follows: DC link voltages were reduced to
350V each (12.5% uncertainty), filter inductance was
reduced to 0.5mH (50% uncertainty) and filter capacitance
was reduced to 2.35uF (50% uncertainty).
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Fig. 6. Tracking error frequency content.
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Fig. 7. Simulation results — uncertain system with disturbances.
Moreover, the following load variations were applied,
64Q, 0<t<50ms
R, =132Q, 50ms<t<100ms . (25)

162, 100ms <t <150ms

The results are shown in Fig. 7. It may be concluded that
the system is able to reach zero-steady state error despite
parameter uncertainties and disturbances.

B. Experiments

In order to verify the proposed method experimentally,
a low-power equivalent of (22) was realized using
analogue circuitry with Vdc = 12V and the controller (24)
was implemented in digital form using a TMS320F28332
Texas Instruments Digital Signal Processor (DSP).
Experimental setup is pictured in Fig. 8.
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During the experiments, the amplitude of the reference
signal was varied according to

10V, 0<t<500ms
A=15V, 500ms<t<1000ms . (26)
10V, 1000ms <t <1500ms

Experimental results are shown in Fig. 9 (for better
visibility, zoomed and shifted results are given in Fig. 10).
As expected,

!

Fig. 8. Experimental setup.

tracking error is kept near zero both during transients and
in steady state.
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Fig. 9. Experimental results.

V. CONCLUSIONS

A method for deriving proportional-derivative-
resonant controller structure and according to desired
transient behavior of second order systems, excited by
sinusoidal signals, was proposed in the paper. The
controller allows obtaining zero steady state tracking error
even if parameter uncertainty is present. The presented
findings were validated by both simulation and
experimental results.
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Fig. 10. Experimental results (zoomed and shifted).
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Abstract—In the paper, the GIS-based multi-criterial
model of decision-making support for industrial site
selection is proposed. The formalized description of spatial
decision-making process is based on the use of multi-
criterial decision analysis in a spatial context, where
alternatives, criteria, and other elements of solution to the
problem have spatial dimensions. The method of
decomposition of the set of source objects influencing the
decision making on the thematic layers of criteria, is
described. The sampling procedure for vector layers for
criteria is described in a raster model, which allows a set of
cells, attributes of which contain information about the
value of function of the effect of layer objects as well as
method of determining the set of possible alternatives,
taking into account constraints that may be imposed on
attribute values. The method of standardization of criteria
based on fuzzy logic methods, which allows using expert
knowledge in spatial analysis, is proposed. It is shown that
phasing of criteria, that is, the transformation of their values
of attributes into a fuzzy set on the basis of the expert
estimation of a fuzzy membership function allows further
combining of criteria with the help of fuzzy rules of output.
Fuzzy logic operations such as intersection or union may be
used for this purpose. Different methods for determining the
standardized weighting criteria and aggregation operators
that can be used in the GIS environment, are described. It is
noted that it is more reasonable to use the OWA operator,
which allows to formalize expert information about the
acceptable form of compromise between values according to
different individual criteria with the help of a fuzzy
quantifier. It is shown that the use of fuzzy logic in the
decision making model allows to take into account the
uncertainty of the source information and to obtain a more
informative combined suitability map by determining the
rank of suitability of alternatives, that is, to perform ranking
of territories according to the degree of suitability for
industrial site selection.

Keywords—geographic information system; decision
support system; multiple-criteria decision analysis; fuzzy logic;
site selection analysis.

[. INTRODUCTION

Modern geographic information systems (GIS) are an
important component of decision support systems (DSS)
thanks to advanced functions of preservation, processing
and analysis of spatial data, simulation tools and
availability of visualization tools. Spatial solutions by
their nature are always multi-criteria [1], so DSSs that are
designed to support spatial decision-making are often
used in cases where a large number of alternatives should
be evaluated based on several criteria.

Iryna Buchynska
dept. of Information Technologies
Odessa State Environmental University
Odessa, Ukraine
buchinskayaira@gmail.com

In the last 20 years, GIS actively integrates various
methods of multi-criteria decision analysis (MCDA) [2-
4]. Separate attempts to fully integrate MCDA and GIS
tools in the general interface revealed problems with the
lack of flexibility and interactivity of similar systems that
can not provide the necessary freedom of action for
analysts [5]. Therefore, the choice of procedure and
appropriate methods of MCDA, which can provide a
better solution to a specific problem, is an urgent task for
developers. In addition, preferences of the decision
maker (DM), which are often vague, are unimportant,
play an unclear role in the MCDA procedure. To take into
account subjective fuzzy DM judgments, it is expedient to
improve methods of MCDA with the help of the
apparatus of "soft" computing, the fuzzy sets theory [6].

II. FORMALIZATION OF THE PROCESS OF MULTI-CRITERIA
DECISION ANALYSIS IN GIS

Consider the use of multi-criteria decision analysis to
support the adoption of managerial decisions on finding
the best location of an industrial object. The general
process diagram is shown in Fig. 1. In solving such a task
it is important to take into account multiple factors that
influence the decision making: the geographical location
of the site and its physical characteristics, resource supply
of production, transport and social infrastructure, the
condition of natural environment and possible negative
impact on it, regulatory and legal constraints, etc. There is
a complex structure of interaction of various objects and
factors of different physical and socio-economic nature.
The more precise these factors will be determined at the
preliminary stage of study of the problem, the more
adequate the model will be. For example, in [7] authors
developed a multi-criteria model for making decisions on
placement of landfills for solid household waste in the
south of the Odessa Region, which took into account
physical, environmental and socio-economic factors. In
general, 14 criteria were formulated, which were
presented in the geo database in the form of vector and
raster layers.

We describe the method of decomposing a plurality of
objects belonging to the investigated territory and
influencing decision-making in the thematic layer of
criteria.
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Fig. 1.  General diagram of the process of multicriterial

decision analysis in GIS

Let us imagine some finite set of objects that
influence the solution be given:

0={o,} :{(G’{If}),—}’ i=Ln, j=Lm, (1)

where G is information on the spatial position of the
object; [ is attributive information about the object; n is
the total number of objects belonging to the investigated
area and affect the decision; m is the number of attributes
of the object.

It is necessary to select a set of O; subsets that
influence the decision on any factor (availability of
transport infrastructure, type of soil, ecological safety,
etc.) from a set of objects O and combine them into
separate vector layers of criteria.

t
0=]Jo,,0, 0. ©)
Jj=1

The method of decomposing objects involves
performing an analysis of their spatial and attributive
information. Decomposition is usually performed
according to following features:

e the set of geometric properties G' ={g; g, g3/,
where g; is point objects; g; is linear objects; g3 is
polygon objects;

e the set of attributive properties I' = {Q, N},
where Q is a set of qualitative properties that determines
belonging of an object to a certain thematic group
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(transport infrastructure, water objects, settlements, etc.);
N is the set of quantitative characteristics of the properties
of the object (for example, for entities belonging to the
"Settlements" thematic group, one can make a
decomposition according to the population size).

Thus, belonging of objects to a certain layer of criteria
can be determined by following set of properties:

S=(G.I'). 3)

Schematically, the process of decomposition of the set
of objects O on thematic layers of criteria is shown in Fig.
2.

Set of thematic
layers {Ki}

Fig. 2. Scheme of decomposition of objects in thematic layers

After the process of decomposing objects and
structuring the problem, we obtain a vector map K
representing a set of thematic vector criteria layers K;
(Fig. 2):

K={K},i=Lt, ©)

K, ={0/}.j=1L ®)

where 7 is a number of map layer K, j is an object number
in the i-th layer.

For conducting a spatial modeling, it is convenient to
use a raster data model. Therefore, it is advisable to
represent the received vector layers of objects as a set of
cells (pixels) in a GIS raster model, which has the form of
a two-dimensional discrete rectangular grid of nxm cells,
where Ax=Ay=Ar is a cell size:

A= {ai |a, =nAr, mAr} (6)

The set A is a set of alternatives. To reduce the
equation (5), it can be written as follows:

A:{al.|i:1,n-m} (7)

It is important to choose such a sampling procedure
for vector layers of the criteria in the raster, which will
receive a set of cells whose attributes contain content



information about the value of impact function of objects
of the layer. For example, attributes can be derived from
vector maps that contain point objects of observation
points by the value of some factor using different
methods of interpolation.

Often, the distance measurement is used to study the
relationship between objects and their interaction, for
example, using the Euclidean metric, the value of which
between two point objects O; (x;, y;) and O; (x,, y,) is
calculated by equation:

ED(Onoz):\/(xl _xz)z"'(J’l _yz)z- ®)

In the case of a raster data model, the distance from
any cell of the raster to the object O; will be equal to the
minimum distance from this cell to each cell that covers
the object being investigated.

After completing the sampling procedure, since
attributes are variable solutions, you can represent the
result of the solution as x;;, that is, the value of the j-th
attribute according to the i-th alternative:

X:{xi/.|i=1,n—-m, ]:1,_1‘} €)

There may be restrictions imposed on the set of
alternatives A: onto attribute values (non-spatial
constraints) or onto placements (spatial constraints). For
example, in [7], taking into account the State Building
Regulations of Ukraine, vector layers of restrictive zones
around reserves, airfields, forests and forest plantations,
agricultural lands were created with the help of the
buffering procedure.

The general restrictive vector layer K™ was
constructed using an overlay union operation:

R
Kconst;‘ _ UKF, Rc T, (10)
r=1

where K, is a thematic vector boundary layer; R is the set
of thematic vector layers on which the general boundary
layer is constructed; 7 is a total number of thematic vector
layers.

After performing the rasterization and reclassification
operations of the K" layer C, a raster, cells of which
are invalid alternatives, have a value of 0, cells that are
possible alternatives — value 1, can be obtained.

(7:{q|cie{0J}},i=1J14n. (11)

To determine the set of possible alternatives 4’ from
the set of alternatives 4, we must remove the set of
bounding cells by conjunction operation.

III. USE OF FUZZY LOGIC APPARATUS TO STANDARDIZE
CRITERIA

Layer criteria typically have different ranges or scale
values of attributes. The normalization procedure allows
you to transfer output values of attributes from the
unprocessed scale to the [0, 1] scale.

The description of spatial information based on
methods of fuzzy logic is based on transformation of

values of attributes of the i-th layer in the sense of degree
of belonging to the fuzzy set a;:

a ={(x, 1, () | xeU}, u/(x):x>[01],(12)

where x is the value of the attribute, and U is a continuous
set of attribute values.

The membership function u,(x) indicates the degree of
membership of the attribute x to to the fuzzy set a,.
Typically, the membership function is built under
participation of an expert (expert group), so that the
degree of membership is approximately equal to the
intensity of manifestation of some factor. In practice,
following types of membership functions are applied:
linear, triangular and trapezoidal (linear-lump); nonlinear
(Gaussian function, sigmoid function, spline).

Fuzzification of criteria, that is, conversion of their
attribute values to a fuzzy set, based on expert assessment
of the fuzzy membership function, allows further
combining the criteria with the help of fuzzy rules of
output. Fuzzy logic operations such as intersection or
merge may be used for this purpose.

The standard fuzzy intersection of sets a;, ay, ..., a, for

all x €U is defined as follows:

(' () =min[ 2, (%), 41,” (2),..co 1, (x) ] (13)

i=1

The standard fuzzy union of sets a;, a,,... , a, for all

x €U is defined as follows:

U (0= max [ 41, (), 1,7 ()svoes /() |- 14

The use of a fuzzy intersection operation (13) leads to
alternative ranking based on only the lowest rank, that is,
it is a pessimistic approach to decision making. Fuzzy
union operation (14) takes into account only best
evaluations of all criteria.

IV. METHODS FOR DETERMINING THE NORMALIZED WEIGHT

OF CRITERIA

Using multi-criteria decision analysis involves
assigning weight criteria to specify their relative
importance. In the case of ¢ criteria, the set of weights is
defined as follows:

Wz{m|2w:1,i=L_t}. (15)

The easiest way to evaluate the importance of criteria
is to rank, that is, to streamline criteria by an expert in
order of importance. Once the rating is set, we can
calculate weights according to the equation:

t—r+1
Wo=—t (16)

LX)

where w; is the normalized weight for the i-th criterion, ¢
is the number of criteria considered (j = 7, 2, ..., t), and r;
is the rank position of a criterion.

Weights of criteria can be found directly by experts on
the basis of a given scale, for example, from 0 to 100. In

13



this case, the normalized weight of a criterion is
calculated as follows:

!

s (17)
2w

where w; is the normalized weight for the i-th criterion,
and w'; is the score for the i-th criterion.

14}1_:

The normalized weights of criteria can be calculated
by the Analytical Hierarchy Process (AHP) [8], which is
based on a pair comparison of criteria using the 9-point
fundamental Saaty scale of absolute numbers. According
to the results of the pair comparison of t criteria, we can
construct a matrix (zx¢) in which each element ay, i, j =
1, 2, ..., t is the estimation of a pair comparison of the i-th
criterion with the j-th criterion. For the matrix, own
numbers and their own vectors are calculated, and a
vector of local priorities is formed.

In order to control the consistency of expert
assessments, two related characteristics, the Consistency
Index, C.I. and the Consistency Ratio, C.R., are
introduced. The reasonable level of consistency in paired
comparisons is C.R.<0.10, while C.R.>0.10 indicates
conflicting expert judgments.

V. METHODS OF AGGREGATION

Aggregation of attributes according to different
criteria can be accomplished using various methods of
MCDA, which are implemented in GIS. The easiest
method is the weighted linear combination (WLC)
method, which is based on finding of the average value.
The alternative membership function is calculated as
follows:

T
wC(x) =D wou (x). (18)
j=1

where 1/ (x;) is the function of the membership of the
alternative to the i-th criterion, and w; is the normalized

T
weight of the i-th criterion and Z w; = 1.
J=1

The weighted product method (WPM) uses the
multiplication operation:

T Wi
w o) =TT ) (19)
Jj=1

An alternative to the GIS aggregation operators
considered is the OWA operator, which was developed in
the context of the theory of fuzzy sets [9]. It includes a
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weighted averaging for specific cases, and maximum and
minimum operators — as extremums. The method has two
sets of scales: the importance of the criterion and order
one. By changing weighting rates of order, you can create
maps for different decision making strategies. The OWA
operator is flexible and allows to formalize expert
information on the permissible form of compromise
between values according to different individual criteria
with the help of a fuzzy quantifier.

Finally, we note the importance of analyzing the
sensitivity of evaluation results to the change in
parameters of the model of multicriterial task before
formation of final recommendations of DMs, which
usually involves analyzing sensitivity of results of
ranking alternatives to change in weight rates of criteria.

VI. CONCLUSION

Based on the proposed GIS-based multi-criteria
decision support model, a composite map of suitability
can be constructed and ranking of territories according to
the degree of suitability for placement of industrial
objects can be completed. Application of fuzzy logic in
the model of apparatus allows to take into account expert
knowledge and judgment, which partially compensates
for the lack of information through the use of experts'
experience.
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Abstract — The work is devoted to research and e the system should provide high speed response to

development of an integrated parallel fault-tolerant
consensus algorithm for distributed processing and storage
systems with low latency. An essential feature of this
algorithm is the economic model which embedded into
algorithm structure. This economic model ensures
sustainable development of the system in accordance with the
objectives of the usage. The proposed algorithm allows for
one pass of the protocol to obtain coordinated decisions on the
following issues: what information will be put into storage, in
which place of the synchronized repository it will be written
and; what will be the reward for correct functioning. The
algorithm is based on the ideas of the algorithms SBFT and
Raft. It involves resistance to two types of errors - Byzantine
errors and crush equipment failures.

Keywords—Blockchain, consensus algorithm, distributed
system, fault tolerance.

L INTRODUCTION

There is a fairly wide range of tasks, which requires the
formation of trusted relations between participants. A
practically useful option for organizing such relations is the
PKI infrastructure, based on the use of asymmetric
cryptography.

The characteristic trend of modern information systems
is the transition to a distributive architecture. In this case it
is important to provide the following requirements:

e performance;

e scalability;

e tolerance relative to various types of attack;
e immutable and tampering safety;

e logic consistency.

To support such a set of characteristics recently used
technology, which is commonly called BlockChain. Due to
the distributed nature of these systems, the consensus
mechanism (the ability to make concerted decisions) plays
a key role. In traditional systems based on BlockChain
technology, a proof-of-work consensus (Bitcoin, Ethereum)
is used. However, for many applications this type of
consensus is not acceptable due to low system performance
(low throughput).

The aim of this paper is to develop a version of the
consensus protocol that will meet the following
requirements:

o the scale of the system that is typical for corporate
tasks (that is, the system presents a high entry
threshold to new nodes and as a result, the number
of network nodes is limited to several hundreds);

the client request;

e processing nodes of the system are functionally
equal, ensuring its decentralization;

e the usefulness of the system's functionality for
network clients is to obtain signed certificates;

e customer requests in the system are handled
separately, without uniting the blocks (this reduces
client waiting time by increasing the overall system
performance);

o the system should be economically motivated (this
factor is intended for its sustainable functioning).

1L THE PROTOCOL FOR ISSUING A CERTIFICATE

The system consists of nodes communicating over a
peer-to-peer protocol. At different stages of the
communication protocol, the nodes perform different roles:

e ordinary node which signs and stores certificates;

o receptionNode which receives a client CSR
(Certificate Signing Request). It also receives a
client payment and performs remuneration for
nodes;

e Jeader which coordinates
between the other nodes.

message exchange

To maintain the necessary level of synchronization, the
protocol introduces two supplementary notions:

e term (t) - the number of the epoch from the moment
the network starts functioning, within which the
next leader operates. The number of the term is
increased by one when the leader changes;

e Dbeat is the sequence of protocol steps performed
from the CSR receiving to the certificate recording
in the system blockchain.

All node’s messages transmit information in a
cryptographically signed form, in order to avoid its
distortion during the transmission by the communication
channel.

In order to provide sustainable functionality the system
has to satisfy the next requirement: the total node number n
must be greater than 2f+c where

e f{ - the maximum number of faulty (byzantine)
nodes;

e ¢ - the maximum number of crashed nodes (at least
within established period of time).
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At every communication stage the current leader gets
not less than 2f+1 uncorrupted messages with no more than
f faulty messages among them. Thus there are always at
least f+1 identical messages which is sufficient for the
majority considerations.

If the node receives a message that is valid at this stage
of the protocol within a certain time, it generates a
subsequent message. Otherwise, there is a so-called timeout
and this node initiates the re-clection of the leader. In fact,
a new leader is determined by the implementation of a
special Raft protocol [2].

Let's consider the information flows that arise when the
certificate is issued using the modified SBFT based scheme

[3] (Fig.1).

applicationfues:  Preparedrepes:  Preparedaes i igned ted

CRRONEONE

1
i
i
s
{
N

O node { ) node-reception G node-leader

Fig. 1. Data flow during issuing certificate

1) receptionNode sends to all nodes the
applicationRequest message (a request to receive a
certificate with payment confirmation) with a client public
key.

2) After receiving the applicationRequest message the
current leader sends the prepreparedRequest message with
its First Free Ledger Number to all nodes:

3) Every node sends to the current leader the
preparedRequest ~ message ~ with  just  received
prepreparedRequest message. Thus, the leader collects the
data from all nodes. In case the node's ledger is incomplete
compared to the leader's ledger, the node starts the process
of updating its ledger.

4) After receiving the 2f+1 messages (it will be enough
for majority rule) the leader sends them inside the
commitedRequest message as an array to all nodes.

5) At this stage of the protocol, the certificate is issued
based on the received message array by the rule of majority
and sent to the leader in the signedRequest message. Note
that in diagram on Fig.1 the change of the current leader as
a result of re-elections is reflected as an example in step 4.

6) Leader (Executor) accumulates 2f + 1 signedRequest
messages and passes them in executionRequest message as
an array.

7) If there are f + 1 identical records in the message, the
information is considered valid and persists in the ledger by
all nodes, and the signed certificate is sent to the client
(receptionNode).
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I1I. FAULT TOLERANT ELECTION PROTOCOL

Information flows of the fault tolerant election protocol
are shown on Fig. 2

Each node maintains in its state an integer value, called
a term (t). At the beginning of each leader election
procedure, node-candidate increases the value of its term by
1. Thus, the term used as the conventional discrete time of
a distributed system for synchronizing nodes activity. It
expresses the number of attempts (not necessarily
successful) to re-elect a new leader.
startElection

requestVote grantVote

leaderAcknowledge

O node

Fig. 2. Data flow during leader election

2N
{_ ) node-candidate G node-leader

The protocol consists of five steps.

1) A timeOut event occurs, if for a certain period of time
the node does not receive messages from other nodes or
receives incorrect data from them. As a result, this node
increases its term by 1 and initiates the re-election of the
new leader, sending the node with the number t mod n
inside the message startElection.

2) If the node has received a sufficient (2f+1) number of
checked startElection messages with the same t it becomes
the node-candidate for the term t. As a result, it sends a
requestVote message to all nodes. This message contains
the value of term, the last element of its ledger and 2f+1
startElection requests:

3) node that receives the requestVote message checks
the following condition

( trequest\/ote >= thode)
and
(requestVote has 2f+1 checked
startElection messages)
and
(lastLogEntryrequestvote COrresponds
lastLogEntrynoge)

If all checks are successful, node gives its vote to the
node-candidate by sending it a grantVote message.

If the above check fails, the node tries to initiate the re-
election procedure (step 1-2)

4) If the node-candidate receives 2f+1 valid grantVote
messages, it becomes the node-leader and sends to the rest
nodes the leaderAcknowledge message certifying the fact



of its leadership. This message contains the leader's term
and information about the nodes that voted for the leader.

5) The node that receives the message
leaderAcknowledge, checks it, taking into account the
value of term (the term in the message is greater than the
term of the node), increases its term and becomes a node-
follower (usual node) using this leader.

If this check fails, the node tries to initiate the re-
election procedure (step 1-2)

Iv. TOKENOMICA: COMMON DESCRIPTION AND
AGREEMENTS

Tokenomica is an arrangement between elements of a
distributed system which is based on the application of
crypto currency (tokens). In our system the tokenomica is
aimed at ensuring high performance of individual
components (fault tolerance, integrity and performance).
Such performance of individual components should ensure
the stability of the system as a whole.

The system is operated by the transmission and
processing of asynchronous messages between nodes.

To find the optimal parameters for the functioning of the
system and its components, we define an information model
containing information about the chronology of the actions
performed by participants in the action system.

Such a model can be formulated in a natural way on the
basis of a representation of the functioning of the system in
the form of an oriented loaded graph whose nodes are the
servers of the system (more precisely, their participation in
a certain stage of interaction in a certain role protocol);
communications are messages or queries marked with
information accompanying these communications.

A route in such graph describes the sequence of stage
executions of the communication protocol which leads to
the achievement of the result. At this point you can
determine the share of the participant's remuneration based
on the effectiveness of his participation in the protocol.

The proposed tocenomic system is functioning under
the following agreements:

1. The certificate and all transactions for the transfer of
funds for its issuing and maintenance are stored together in
blockchain, forming a separate unit.

2. When the request for work appears, the nodes make
stakes, which guarantees their honest and reliable
functioning. The amount of these stakes and the payment of
the certificate by the Client form the overall budget of the
certificate.

3. When the protocols are executed, information about
the contribution of each node to the overall work is
transmitted.

4. The remuneration (budget) of each measure is
distributed in accordance with the stake and the share of
each bona fide node within its current clock cycle.

5. When charging remuneration for the issuing and
maintenance of certificates, the commission is not charged.

V. BUDGET FORMATION

For the issuance and maintenance of the life cycle of
each certificate system gets from the client (via
receptionNode) a certain token amount Siient. It is called the
internal price of the certificate in system tokens. Then by s;
we denote the stake of the i-th node, which is lost if the node
was among f (faulty) or ¢ (crashed) nodes in the current
beat. The purpose of the stakes is to stimulate reliable
functioning. Then the budget of the certificate can be
calculated using the following formula:

Besg = Sciiene T Z Si
There are four staking models:

1) Free Stake Fixed Model: All nodes of the network
can either play at a fixed stake o, or not play at all;

2) Free Stake Gambling Model: A model that provides
the freedom to choose a stake in a certain range, or not play
at all;

3) Force Stake Fixed Model: Participants play only at a
fixed rate o;

4) Force Stake Gambling Model: The model that is
obliged to play, however, allows you to independently
determine the value of the stake in the range.

Forced stakes make it economically unsuitable for node
downtime. Multiple downtime jeopardizes the functioning
of the quorum in the certificate issuance system. Gambling
Model allows nodes to build their reputation, reliable nodes
can afford to make stakes of a larger size. Thus, the Force
Stake Gambling Model is the preferred option for efficient
and stable network operation.

Note that the proposed scheme of tokenomics provides
economic motivation for all processes implemented by the
proposed protocol: issuing a certificate, writing to the
ledger and maintaining its integrity.

VL CONCLUSIONS.

A consensus protocol is proposed for use in the system
of issuing certificates. The protocol provides a trusting
relationship and, as a consequence, maintaining the
coordinated state of the ledger between the participants,
despite the presence of an acceptable number of Byzantine
errors in the system.

The search for specific parameters of the tokenomics for
the effective operation of the system is the subject of further
research. Due to the fact that the tokenomics parameters in
the proposed scheme are expressed in the protocol
messages, it is possible to build a multifactor simulation
model for the optimal configuration of the model.
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Abstract—In the paper, definitions of object symmetry
have been discussed. Dermatological asymmetry measure in
shape (DASMShape) and its two implementations are also
presented. Then, the results of (a)symmetry classification
using several methods have been compared: kNN, NN, C4.5,
Random Forrest and SVM. They have been applied to the
skin lesion asymmetry assessment. Comparing the results of
DASMShape measures and a lesion asymmetry given by the
experts in PH2 dataset we achieved the best accuracy
(83.2%) using SVM with RBF kernel function for the
DASMShape. Although the NN results are lower by 9.5% it
is always overestimating the asymmetry.

Keywords—dermatological asymmetry of skin lesion,
classification of dermatological features, support vector
machine, KNN, neural network.

1. INTRODUCTION

Symmetry of the object is an important feature in many
different areas. Symmetry is usually associated with the
mathematical concept, but it is equally important, for
example in psychology or medicine. It plays a significant
role in the field of computer vision. It can be useful both
for detecting objects in an image and for classifying them.
Symmetry of objects has been studied by many authors.
They have suggested a great variety of methods of
defining it. The first works of the symmetry as an
computer science instance appeared with the rise of the
computers epoch in 40’s and 50’s of 20 century. The most
important ones are summarized below:

e Shape description using weighted symmetric axis
features. The symmetry axial transform (SAT).
SAT has an ability to retrieve only maximal axes of
symmetry [15].

e SURF is a patented local feature detector and
descriptor, applied in object recognition, image
registration, classification or 3D reconstruction.
SURF was conceptually based on scale-invariant
feature transform (SIFT) descriptor [3].

e Retrieving of a global symmetry (if it exists) from
the local curvature of contours, through the locus of
mid-edge-point pairs [16].

e A vector potential is constructed from the gradient
field extracted from filtered images. Edge and
symmetry lines are extracted through a
topographical analysis of the vector field [17].

e Symmetries are based on the evaluation of the axial
moment around its center of gravity. Gray levels
are considered the point masses. The descriptor has
been applied at a local level to define DST. Object
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symmetries are studied with axial moments of
regions previously selected [6].

The scale-invariant feature transform (SIFT) is an
algorithm in computer vision to detect and describe
local features in images [13][19].

A “measure” of symmetry and an axis orientation
are provided at each point. It is computed in
convolving with the first and second derivative of
Gaussians [18].

The symmetry descriptor of a given object is based
on a cross correlation operator evaluated on the
gray levels [9].

Axial symmetry of pigmentation refers to pattern
symmetry around any axis through the center of the
lesion. This does not require the lesion to have
symmetry of shape [10].

Complex moments - Fourier or Gabor transforms
of the images [14][20].

A measure is built of two terms: symmetric and
asymmetric energy. Minimizing the asymmetric
term of the energy over an image [21].

The automatic extraction of skin lesion's boundary
to measure symmetry applying minimal boundary
box [29].

The axial symmetry of pigmentation refers to
pattern symmetry around any axis through the
center of the lesion [31]

Axial symmetry of pigmentation refers to shape,
hue/color and structure distributed on symmetry
around any axis through the center of the lesion or
two perpendicular axes [32].

The lesion is bisected by two lines that are placed
90° to each other. The first line attempts to bisect
the lesion at the division of most symmetry and the
other one is placed 90° to it [33]

Based on selection of equidistant points along
contours or equiangular edge points around the
patterns centre-of-mass (centroid). From these n
points the nearest Cn-symmetric pattern is built in
rotating the average of the counter rotation version
of the points by 2in/n, [0 <i<n-1][7]

Given any symmetry transform S, SK of a pattern P
is the maximal included symmetric sub-set of P for
all directions and shifts. The associated symmetry



measure is a modified difference between the
respective surfaces of a pattern and its kernel [22].

Symmetry in Dermatological/Dermoscopic Images

In many areas, the notion of symmetry deviates
slightly from its mathematical definition. For example, in
dermatology, symmetry is an significant element in the
diagnosis of skin lesions. It should be noted, however, that
this concept includes not only the symmetry of shape, but
also the symmetry of color and structure of skin lesion,
which are understood as a kind of differentiation in the
lesion area. Diagnosis of the lesions requires an algorithms
detecting disease changes [30]. There are several known
methods used by dermatologists in the case of disease
changes detecting: ABCD or ABCDE rule, three-point or
seven-point checklist [2]. The expanded version of 3-point
checklist are CASH algorithm[11] and extended 3PCLD
(x3PCLD) [12]. Each of these methods takes into account
symmetry of the lesions. They are defined as follows:

e 3-point checklist [2][32] — symmetry is treated as
symmetry of shape, color/hue and/or structure in
one or two perpendicular axes;

e 7-point checklist [8] — this method doesn’t take into
account symmetry directly but takes into account
irregularity of some parameters as shape and
distribution of pigment network, dots, globules or
streaks;

e ABCD and ABCDE rule [8] — first point of both
rules is Asymmetry - the two halves of the area
may differ in shape. This rules also takes into
account irregularity of the lesion border;

e CASH algorithm [11] — one of four criteria taking
into account in this method is symmetry;

e Menzies method [10] — this method uses so called
“negative” and “positive” features. Symmetry is in
the group of negative ones and it means symmetry
of all pattern structures, including color along any
axis through the center (of gravity) of a lesion.

The examples of the methods of symmetry applied for
the images can base on textures rotation invariance like in
[23]. For the melanoma asymmetry there are several
approaches like in Hernandez [24] and Milczarski [25].

The skin lesion asymmetry measure methods can be
divided into two groups. The first approach is based on a
description of several regions in reference to a set of axes
e.g. in [26], [27]. The second approach use is to region
convexity from which asymmetry is inferred [28].

In the paper, we will check which -classification
method SVM, kNN, Random Forrest, NN and C4.5 is the
best in dermatological asymmetry assessment.

The paper is organized as follows. Section II shows
dermoscopic asymmetry measure as a function of a shape,
hue/color and structure. In addition, results and
observations of different asymmetry of shape functions are
shown in Section III as well as the conclusions.

II. DERMATOLOGICAL ASYMMETRY MEASURE IN SHAPE

Dermatological asymmetry (DAS) was defined by the
dermatologists [2] and in our previous works [4] and [5].

The method of calculation of the asymmetry values and
DASMShape measure consists of six steps.

In the first step the geometrical center of the lesion (or
binary mask of the lesion) is calculated.

In the second step the axis is put through the
geometrical center. The resemblance in the shape of two
obtained, partial images is calculated and compared to the
size of the lesion. If the result is higher than the threshold
ti, then the axis is regarded as the symmetry axis for that
shape with a threshold ti. The number of symmetry axes
for that threshold n(ti) is raised by 1. To speed out the
method the resemblance in shape and number of symmetry
thresholds are calculated at the same time for a chosen set
of thresholds { t1, ..., tn}, where n>1.

Then the axis is rotated by the defined earlier angle e.g.
5°. The second step calculations are done again and n(ti)
are increased by 1 if they fulfill the conditions described in
step 2. The method is continued until the axis is rotated
180° around the geometrical center.

The number of symmetry axes n(ti) has maximum that
depends on the initial rotation angle e.g. for 5° we achieve
180°/5°=36. To avoid regarding 2 symmetry axes as the
one we regard 2 axes as one if they differ less than 10°.
Hence, we can result in the maximum number of 18
symmetry axes.

In the third step the vector of the shape symmetry W
for the given image is calculated. It is defined as

W= [n(t1)7 I’l(tg),..., I’l(t;)] (1)

In the paper, the vector W is calculated using 5
thresholds:

n(t)={0.9, 0.93, 0.94, 0.95, 0.97} ©)

In the fourth step, the DASMShape function is
designed as the one depending on the vector W. We
propose to build the DASMShape function as an
exponential or a rational one.

Dermatological Asymmetry Measure in Shape was
presented as exponential and rational ones normalized in
values to the interval (0,2>. The first, exponential type
function is described by the formula:

DASMShape(W) = 2e(—f (W) 3)

where f: Rk &> R+ {0} and can be regarded as a
polynomial function of the n(ti). In the paper, the
exponential function is labelled as DASMShape2 with the
coefficients of the inner (W) function given like in [5].

The second example of the DASMShape function, a
rational one is given as function of W:

DASMShape(W) = 2 4)
JSW)

where inner function f: R¥ 5 <I, o) and it is also a
polynomial function of n(#). In the paper, the exponential
function is labelled as DASMShapel with the coefficients

of the inner (W) function given like in [5].

Both functions are wused in the procedure in
asymmetry/symmetry of the lesion asymmetry derivation.
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In the fifth step, for each of the DASMShape functions
a set of two crisp shape thresholds (ST): ST={Ist, ust} (see
Diagram 1) is introduced. The values of /st and ust are
from the interval (0,2) and might be related to the type of
the function given in equations. (2) and (3) as well as the
formula of the function f{W) [4][5].

The final choice of the coefficients /st and ust is
derived using optimization procedure that takes into
account maximum accuracy and minimum number of
underestimated cases. From the dermatological point of
view it is better to overestimate the result of non-invasive
diagnosis. That is why the second optimization criterion
has been used.

In the last step, using the formulas that are in the last
position of the Diagram 1, the DASMShape value is
achieved.

Dermoscopic datasets

There are a few publicly available databases
of dermoscopy images. PH2 [34] and EDRA [35]
image databases are most commonly used by the
research communities. The other example is the ISIC
Archive for the Melanoma project which is a large
public database of dermoscopy images [1] created by
International ~ Skin Imaging Collaboration (ISIC).

In the paper, PH2 is used as the reference dataset in
our research. The examples of the skin lesions with
binary masks are given in Fig. 1. The coefficients of the
vector of shape symmetry W are provided in the left
part of Tab. I for the images from PH2 with ids
IMDO075, IMD211, IMD404, IMD406.

After optimization of the thresholds values for
the coefficients ay ,ay, @, for the exponential version
of the DASMShape function are used [5]. The
coefficients an, and ay are used for the polynomial one

[5].

The values of the DASMShape function for that
images are provided in the right part of Tab. I. The column
with the coefficient a, is the one used in DASMShapel
and the column a, is the one used in DASMShape2. The
other vectors a are shown to present the values of the
dermatological symmetry function.

III. RESULTS AND CONCLUSIONS

In the research, several versions of function f (W) in
(2) and (3) with different coefficients and for a different
subset of thresholds but for the same symmetry thresholds
given in (1).

In the DASMShapel and DASMShape2 cases the
vectors of shape symmetry W have been constructed using
the same values , see Tab. L.

TABLE L. THE EXAMPLES OF SHAPE SYMMETRY VECTORS W
FROM THE TRAINING SET
No Number of symmetry axes DASM
" | n(0.9) | n(0.93) | n(0.94) | n(0.95) | n(0.97) | Shape
1 16 16 16 16 16 0
2 4 4 4 4 4 0
3 2 2 2 2 2 0
4 8 6 4 4 2 0
5 8 6 4 2 1 0
6 4 4 3 3 2 0
7 1 0 0 0 0 2
8 1 1 0 0 0 2
9 3 1 0 0 0 2
10 5 0 0 0 0 2
11 5 1 0 0 0 2
12 2 1 1 0 0 2
13 5 3 2 1 1 1
14 3 3 2 1 1 1
15 2 1 1 1 1 1
16 8 5 3 3 3 1
17 5 3 3 3 3 1
18 7 3 1 1 1 1

In our experiments we have tested three versions
of KNN (INN, 3NN, 5NN), 2 versions of SVM (RBF
and linear function), C4.5, Random Forrest and NN
classifiers with different set of properties. We have
prepared the training set containing 38 cases of shape
symmetry vector

W. Some example are presented in Tab. I.

In the first step the training set was cross-validated to
check the baseline accuracy. The cross-validation accuracy
was 86.8% for 3NN, 97.4% for NN and 100% for SVM,
C4.5 and Random Forrest.

TABLEII. THE VECTORS OF SHAPE SYMMETRY W FOR THE EXAMPLE IMAGES FROM THE PH2 DATASET
Image ID VoSS vector W coefficient values DAS DASMShape values for f(W) and coefficients a
from PH2| n(0.9) | n(0.93) | n(0.94) | n(0.95) | n(0.97) | (PH2) ax ay a, ax am
IMD152 10 2 2 0 0 0 0.50991 0.57888 | 0.66131 1.60 0.66667
IMD211 2 1 1 1 0 1 1.25627 1.48164 1.18193 1.31406 | 0.90909
IMD242 3 0 0 0 0 2 1.82786 1.82786 1.92928 1.99401 1.53846

a) b)

Fig 1. The masks of the selected lesions from PH2 dataset [13] with dermatological asymmetry DAS:

a) IMD152 (Common Nevus) DAS=0;

20

b) IMD211 (Nodular Melanoma) DAS=1;

c) IMD242 (Lentigo Maligna) DAS= 2



TABLE III.

SKIN LESION ASYMMETRY CLASSIFICATION RATE USING THE BEST CLASSIFIERS

Classifier Type of DAS/ Numper of Corr. Incglrl:'r.ngle;sgiffied Class. ratio L
DASMShape Classified Instances 0 1 2 0 1 2
Instances
DAS(PH2) 57 110 34.1 187 | 61.3 | 62.1 | 10.0 | 55.9 | 20.3
3NN DASMShapel 97 70 58.1 30.2 100 | 82.1 | 0.0 | 493 | 0.0
DASMShape2 100 67 59.9 289 [ 967|957 | 0.0 | 482 | 0.8
DAS(PH2) 83 84 49.7 48.6 | 419 | 62.1 | 23.3 | 31.6 | 19.6
(%VB'\'Q) DASMShapel 134 3 802 | 756 | 960 | 804 | 12 | 225 | 00
DASMShape2 139 28 83.2 71.1 100 | 95.7 | 2.6 | 19.0 | 0.0
DAS(PH2) 76 91 45.5 40.2 | 452 | 655 | 16.7 | 33.8 | 254
NN DASMShapel 107 60 64.1 53.5 | 60.0 | 82.1 | 8.6 | 31.7 | 7.2
DASMShape2 123 44 73.7 589 | 76.7 | 100 | 0.0 | 27.0 | 5.8
DAS(PH2) 71 96 45.5 40.2 [ 29.0 | 655 | 18.3 | 28.7 | 33.3
C45 DASMShapel 122 45 73.1 62.8 | 80.0 | 85.7 | 0.0 | 19.7 | 15.3
DASMShape?2 123 44 73.7 60.0 | 73.3 | 100 | 0.0 | 19.0 | 15.0
DAS(PH2) 67 100 40.1 346 | 355 | 655 | 150 | 33.1 | 33.3
RF DASMShapel 114 53 68.3 53.5 80 [ 857 | 0.0 | 254|153
DASMShape2 115 52 68.9 51.1 | 73.3 | 100 | 0.0 | 24.8 15

In the Tab. III, the best classification ratios as well as
true positive and false positive classification ones are
presented. We achieved the best results for 3NN, SVM
with radial basis kernel function (RBF) and neural
network with one hidden layer with 10 nodes. Although
for the DASMShape2 measure, the SVM with RBF is
achieving the best results (83.2% accuracy), the NN
classifier (73.7%) always overestimated the asymmetry of
the lesion while SVM was underestimating the
classification results in two asymmetric cases (DASM=2)
and gave them the asymmetry equal 0. The 3NN
classifier is achieving almost 60% accuracy but taking
into account that using the training set we achieved inner
accuracy 86.8%, we can assume that its overall accuracy
is around 70%.

In the case of dermatological asymmetry measure that
is provided in PH2 dataset [34] the vectors of shape
symmetry W have been constructed using the same values
as in the DASMShapel and DASMShape2 cases. DAS
measure from PH2 is giving the lowest results but that
measure takes also into account asymmetry in color/hue
and structures distribution.

It can be concluded that the mathematical definition of
the symmetry summarized in the first section generally
differs from the dermatological one. The results shown in
the row for DAS(PH2) confirm that.
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Abstract—The analysis carried out in this paper
describes the functionality of existing investment decision
support systems. A business process for the formation of an
investment portfolio as part of the company development
program was proposed. The portfolio consists of three parts:
a portfolio of development projects of the company, a
portfolio of projects of other companies and a portfolio of
securities. The architectural solution for the software
implementation of the decision support system in the field of
portfolio investment is presented. It is proposed to present
the DSS for the formation of an investment portfolio in the
form of five containers, in which the corresponding tasks are
performed: evaluation of investment projects; evaluation of
securities; Assessment of the importance of investments for
the development of the company; allocation of the company
investment funds between portfolios; formation of the
company investment portfolio. This decision support system
is associated with Enterprise Performance Management
systems which are designed for information and analytical
support of strategic company management processes.
Implementing of DSS that the user can solve package
investment problems for making certain investment
decisions and solve them in package for implementing the
company development program during the strategic period.

Keywords—investment, decision support system, software
architecture, service-oriented architecture.

[. INTRODUCTION

The investment program is the mean of the company’s
strategic plan implementation. The investment program is
the whole of investment projects and amounts of their
financing within the strategic period. The plan for
implementing a set of investment projects is determined
by the company investment policy, which, in turn,
depends on the strategic objectives of the company. The
investment program of the company also covers the
determination of the size and structure of the capital
necessary for its implementation. Since the formation and
implementation of the investment program involves the
collection and analysis of a large number of heterogeneous
information, with the solution of a multitude of tasks,
decision support systems are being introduced into the
investment management system. The software market
offers various systems that support the processes of
managing companies' investments in information and
analytics. However, in the conditions of a dynamic
investment market, with the advent of new mechanisms
and sources of financing for the activities of various
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companies, there is a need to use new information
technologies and to revise the structure of such systems. In
this paper, an architectural solution for a decision support
system is proposed. It will allow implementing of DSS in
the form of a software package in such a way that the user
can solve package investment problems for making certain
investment decisions and solve them in package for
implementing the company development program during
the strategic period..

II. LITERATURE REVIEW

Not only advanced information technologies in the
field of collection, storage and analysis of data on
investment objects are used in modern DSS, but also new
models, methods for solving investment problems, for
example, investment valuation, investment portfolio set-
up, etc. This is due to the fact that the objects of
investment, the nature of the factors affecting the
investment attractiveness of these facilities, etc. change. In
the conditions of the modern investment market
functioning some questions arise with regard to attracting
investments for social projects For example, the decision-
making model for participation in social venture capital
(SVC) was proposed in [1]. The evaluation is carried out
using this model for various aspects related to investment
decisions. The investment attractiveness of a company that
needs investments is assessed in terms of the following
aspects: previous experience of the investor with the
company (past); financial condition of the company and its
intangible assets (present); a proposed project for
investment, which is assessed on the basis of financial and
social criteria (future). As a result, the investment object is
estimated using 26 criteria and 160 indicators, their
priorities are determined by the process of the variant
analysis method (AHP). This, on the one hand, makes it
possible to simplify the difficult task of assessment
through hierarchical analysis, but, on the other hand,
subjective judgments of experts are used, which cannot
always reflect the real situation. The models of
mathematical programming are most often used for the
investment portfolio forming. The task of forming project
investment portfolios is traditionally considered as the
multi-criteria problem. For example, the DSS proposed in
[2] is based on single-criterion and multi-criteria
optimization models with the possibility for an investor to
choose different criteria for profitability and risk for
project selection. Methods of mathematical programming
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are also widely used to form a portfolio of securities [3, 4].
Multi-criteria decision-making technology is used in [5].
The choice of an investment object is simplified if you use
the AHP method. As a result, the system allows you to
create a rating of criteria for selecting securities by the
user, and then evaluate them and make investment
decisions. This approach is appropriate only for making
decisions on the purchase of a individual securities, it will
be difficult to form an investment portfolio for a long
period with the help of this system. Many scientific
references pay great attention to the analysis of
information about the object of investment. The three-
layer structure of DSS is proposed in [6] and consists of
Analysis, Synthesis and Investment Decision Support
System. The multidimensional dynamics of the investment
market is determined at the first level. Multidimensional
dynamics is synthesized to reflect real and potential
market situations at the second level. The support for
making investment decisions is based on traditional
methods of solving investment problems at the third level.
Conclusions can be made on the basis of analysis of
structures and  analytical-algorithmic  support  of
investment decision-making processes. The systems that
were offered are mainly intended for analysis and decision
making on one type of investment object - either securities
or investment projects, in some cases - real estate objects
[7]. A number of studies most often contemplate an
investment object on the basis of indicators of profitability
and risk. Investments invested in projects or securities are
not analyzed from the perspective of the development of
an investor company which makes it difficult to use such
systems for making long-term decisions, for the formation
of a development program for the company.

III. PURPOSE AND OBJECTIVES OF THE RESEARCH

A. Business process of investment portfolio formation

We will assume that all projects, that are included in
the investment program, relate to the activities of the
enterprise in the field of external and internal investment.
By internal investment we will understand the investment
of the company funds for its own development, for
example, modernization and expansion of production
capacities, introduction of new technologies, etc. External
investment involves investing in the company securities
and projects that are implemented by other organizations,
companies, etc. The goal of external investment can be not
only obtaining investment profit, but also, for example,
merging enterprises within the strategy against
competitors, the strategy of horizontal or vertical
integration of related enterprises, etc. The strategy,
investment policy and investment portfolios are developed
for each type of investment activity. Thus, within the
framework of the investment policy it is necessary to
form:

e investment
development;

projects portfolio of company

e real and financial investment portfolios within the
framework of external investment activities.

Then the business process of forming an investment
portfolio is proposed to be presented in the form of the
following basic procedures (Fig. 1).
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Al. Allocation of investment resources to the types of
investment portfolios. For this, an algorithm is used that
implements the mechanism of proportional allocation of a
homogeneous resource. The utility function is proposed as
the allocation criterion. The utility function includes the
criteria of profitability and risk, as well as a criterion for
estimating investments in an object in terms of the
importance of such an investment for the company
development prospects.

A2. Formation of an investment projects portfolio
which will be implemented in this company as a part of
the enterprise development program. The general process
of the formation of this program is presented in [8]. This
process is built on the concept of strategic alignment [9,
10]. The plans of the divisions are formed over the years
of the strategic period. Based on the decomposition of
strategic objectives and cascading key performance
indicators. The key indicators that characterize the
company investment activity are also determined.
Investment projects are evaluated in terms of their
significance for the development of the enterprise. This
portfolio is a set of projects for the years of the strategic
period.

A3. Portfolio of external investment is formed by a
preliminary analysis of investment projects that will be
implemented by other companies. The portfolio of projects
is formed on the basis of this analysis, and the formation
of portfolios is carried out over the years of the strategic
period according to the model of multi-criteria
optimization. The following criteria are considered as
criteria: maximizing the profitability of investments,
minimizing risks, and maximizing the importance of
investing investment funds in a project for the
development of an investor company.

A4. Preliminary selection is carried out during the
implementation of the procedure for forming a portfolio of
securities which are important for the company from the
perspective of its development prospects. Then, models of
financial portfolio formation are used, which use the
criteria for maximizing the profitability of investments and
minimizing their risks.

A5. The company total investment portfolio is formed
as a combination of three portfolios. Here, the overall
yield of the portfolio, the risks and the significance of
future investments for development are analyzed. Key
indicators of investment activity were determined during
the development program, they will form the basis for
deciding whether to approve or revise the portfolio of
investments [8].

Therefore, it is possible that it will be necessary to
reconsider the importance of selection criteria for
investment objects — securities and projects, after
analyzing the formed portfolios. Next, it will be necessary
to implement this process again, beginning with procedure
Al

Thus, as a result of the iterative process, the portfolio
of investments will be formed; such a portfolio will be
implemented by the company within the framework of
investment activities in the strategic period.



B. The software package architecture that implements
the DSS for investment portfolio formation

Software packages that have different architectures:
monolithic; modular; component; client-server; service-
oriented, are used to solve investment problems [11].
Applications of monolithic architecture are applicable for
solving individual investment problems, for example,
assessing the effectiveness of investment projects, forming
a portfolio of securities. This limits the use of such

architecture for the implementation of DSS in the field of
investment management of the company.

Software products with a modular or component
architecture assume the decomposition of the application
into several parts that can be used multiple times. Such
architecture makes it possible to build multifunctional
software packages, so it is often used for DSS
development. However, the modules must be universal
and all together represent a localized softwarepackage.
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resources
allocaticn Mode for assessment -
l investment project Algonithm for assessment
Information about Algorithm for formin investment
internal projects Allocation of | projects peetfolio importance for compamry
resources development
Information about within e Moddl toe
extemal projects imvestment B um?{:’;ﬁ;g
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Informatioa about : o stocks portfolio  Algorithen for forming
stocks Al Forméing investment portfolio
portfolio for
intermal Forming
L lavestment external
A2 N portfolio
investment
- A3
\—>»{ Forming
stocks
| Projectmamager DSS pocticlio
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| Forming
investment Iy
L portfalio for | portfolio
L3 v
AS
Fig. 1. Business process for the formation of the company investment portfolio

Number equations consecutively. Equation numbers,
within parentheses, are to position flush right, as in (1),
using a right tab stop. To make your equations more
compact, you may use the solidus ( /), the exp function, or
appropriate exponents. Italicize Roman symbols for
quantities and variables, but not Greek symbols. Use a
long dash rather than a hyphen for a minus sign. Punctuate
equations with commas or periods when they are part of a
sentence, as in:

Client-server architecture implements the logic of
clients’ autonomous work with a certain business
application that interacts with the server part - the DBMS
or the file server. Here, heterogeneous modules interact
through information and communication networks. DSS
for the formation of an investment project portfolio is built
with this architecture according to investment estimates,
etc. In service-oriented architecture (Service Oriented
Architecture), the interaction of two or more allocated
software modules is most fully realized. SOA is used to
build package allocated information systems based on the
integration of Web services. Since the specifics of large
companies, that are engaged in different types of
investment, involves the use of different data servers,
standalone applications that solve individual investment
problems and must be combined together logically into
one system for supporting investment decision-making.
Therefore, based on the analysis of architectural solutions

of software products in the field of investment, it was
concluded that SOA is the most acceptable solution for
building DSS for investment within the company
development management system [12]. SOA allows you
to establish links with micro-services, which are focused
on solving individual business problems. It is proposed to
present the DSS for the formation of an investment
portfolio in the form of five containers, in which the
corresponding tasks are performed (Fig. 2): evaluation of
investment projects; evaluation of securities; Assessment
of the importance of investments for the development of
the company; allocation of the company investment funds
between portfolios; formation of the company investment
portfolio. This decision support system is associated with
Enterprise Performance Management (EPM) systems
which are designed for information and analytical support
of strategic company management processes [12]. EPM is
a process and software system designed to help companies
link their strategies to their plans and their
implementation. The objective of EPM is to ensure that
strategic goals and objectives are clearly communicated
and understood by managers, and are reflected in their
budgets and plans. Getting all of the various departments
of an organization aligned around goals and objectives is a
critical starting point.
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IV. CONCLUSIONS

1) The analysis of the existing investment decision

support systems functionality was conducted.

2) The business process for an investment portfolio

formation as part of the company's development program
was proposed. The portfolio consists of three parts: a

portfolio of the company’s development projects, a
portfolio of other companies’ projects of and a portfolio
of securities.

3) The architecture for software that implements a

decision support system in the field of investment
portfolio was proposed.
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Fig. 2. The software package structure that implements DSS for formation investment portfolio
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Abstract — The procedure for the strategic goals setting
has been considered as a part of the business process for
creation of the enterprise development program. For goals
selection it is proposed to use the Analytic Hierarchy
Process. In consequence of application of direct and reverse
analytic hierarchy process, are determined the estimates of
changes in the enterprise performance when the goals are
reached. Realizing the Analytic Hierarchy Process is carried
the comparison of the estimates of changes in the company
performance indicators when achieving the goals in
question. By analyzing these estimates the potential goals
and achievement strategies are selected. Strategies are
defined by the aspects of the company development:
production, finance, personnel, marketing. The result of this
procedure is desired strategic goals selected from among all
of such goals which would be less risky, i.e. would be to a
lesser extent subject to external impacts. The business
process of the development program forming is the basis of
the strategic planning module of the Enterprise
Performance Management system. Implementation of such a
process will permit to realize the strategic alignment and to
increase the company efficiency by setting adequate
strategic goals.

Keywords —  strategic alignment,
development  strategy, development
hierarchy process

strategic
program,
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[. INTRODUCTION

Present-day businesses face multiple challenges with
regard to strategic management. One of the major
challenges is setting the proper strategic goals and
development of strategies to achieve these goals. On a
practical level the SMART tool (specific, measurable,
achievable, relevant, time-based) is widely used to
formulate the goal. Its advantage is the elegancy, it allows
the company to move beyond the fuzzy goal and to set the
specific result to be achieved. However, the goal statement
does not allow assessing its feasibility. Therefore, the
issue of setting goals achievable in the conditions of the
functioning company continues to be relevant. Also the
task is not only to set a strategic goal, but to select
effective achievement strategies as well. Therewith, the
company must pay due regard to the factors of the external
and internal environment influencing the effectiveness of
the strategy implementation and the goals feasibility [1].
Such strategic level tasks are solved within the scope of
information systems of the company performance

management: EPM -  Enterprise =~ Performance
Management (alternative names: CPM — Corporate
Performance Management, BPM — Business Performance
Management. At the IT market such systems are offered
both by major companies like Oracle EPM, IBM Cognos
Disclosure Management, SAP EPM, SAS Strategy
Management and small enterprises like Host Analytics,
Infor, Longview Solutions, etc. However, these systems
do not pay enough attention to verification of the strategic
goals feasibility and justification of the choice of the
company development goals.

II. LITERATURE REVIEW

Presently, to solve the problems of strategic plans
implementation, the strategic alignment process is used.
Strategic alignment is seen as a tool to achieve the
intended goals [2]. By applying the strategic alignment
process the company identifies the processes required for
strategies implementation.[3].

Paper [4] deals with the resolution of resource conflicts
between the strategies, the conclusion is that it is essential
to make allowance for changes in resource needs during
the strategies implementation. However, no attention is
paid to the procedure for these strategies development, the
way of the strategies selection depending on the
company’s desired goals is not given due regard either.

For successful strategy implementation, some
approaches for aligning the company’s business processes
with the strategic plan are proposed [5]. For instance, the
proposed methodology for aligning the processes with the
ongoing planning [6] allows for strategic alignment in the
company. It is based on generation of system charts for all
business processes executors. Such charts permit to
increase the organizational understanding of processes.
The processes are assessed prospectively; the processes
strategic significance is determined by linking each
process with the strategic goal directly. Such an approach
will unambiguously allow all processes to be linked to the
company's goals. However, the paper does not show the
mechanisms of the company's goals forming depending on
the internal organizational changes that can occur during a
long period of the goals achieving.

The widespread use got the concept of cascading the
company strategy by management levels down to the
individual doers. For instance, paper [7] focuses on
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building effective communications, which are necessary to
convey the strategy to the lowest management level.

Paper [8] proposes to maintain consistency between
the strategy and its operative implementation by
establishing a direct link between strategic goals, success
factors and project performance indicators. Practical
application of such cascading mechanisms permits to
improve the efficiency of the company’s plans in progress;
however, their realizeability will depend on the extent to
which the goals themselves are adequate with regard to
both the external environment and the internal company
status. And such issues are practically not touched upon in
these studies.

Information technology (IT) is widely used for
implementation of strategic management processes. A lot
of studies are devoted to the issues of strategic IT
alignment. Paper [9] proposes a model for studying the
interrelationships between IT capabilities and business
strategies; it also considers the IT strategies alignment in
the context of the company development. However, these
studies contemplate the issues of organization of the
analysis forming processes and the development goals
revising simultaneously with setting of IT goals mainly on
the “proclamatory” (declarative) level.

Thus, reviewing the existing studies in the field of
strategic alignment, it can be concluded that the
researchers put main emphasis on creating a link between

However, the issues of checking the adequacy of the
strategic goals actually formed as a result of strategic
analysis are almost neglected. Still remains the unresolved
problem of selecting of all the goals those that not only
would be achieved, but also would allow the company to
stay effective. Therefore, still remain urgent the issues of
developing effective mechanisms and technologies for
formation of potential strategic goals that would be
adequate with respect to changing conditions of the
company’s operation. These technologies should be
implemented within the EPM system of the company.

III. PURPOSE AND OBJECTIVES OF THE RESEARCH

A. Study of the process of formation of the company
development program

Papers [10, 11] propose the process of forming the
company development program that realizes the concept
of the strategic alignment. From the goals development to
the formation of the company plans system the strategic
goals as well as relevant indicators are decomposed down
to the budget indicators. Fig. 1 presents the business
process of development program forming. Implementation
of each procedure results in formation of performance
indicators, the company plans and plans of its
subdivisions. The effectiveness of this process depends
largely on the goals selected. Therefore, the procedure
(A2) for forming the company potential goals is
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Fig. 1. Business process of the company development program formation

The company management forms the goals based on
the on the market situation analysis and the desired
prospects of the company development. However, it is
necessary to analyze the consequences for the company of
achieving these goals in terms of business performance.
Also these goals should be checked for feasibility in terms
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of the company resource capabilities. And with that done,
the selected goals are taken as planned ones and become
the basis for the company plans.

Implementation of such a process within the scope of
the EPM system will permit to realize the strategic



alignment and to increase the company efficiency by
setting adequate strategic goals.

B. Business process of potential strategic goals
formation

The business process of forming of the company
potential strategic goals is presented in graphical notation
IDEFO (Fig. 2). The company’s performance and its
market perspective are assessed based on results of the
strategic analysis. Previously, the market situation is
predicted for the strategic period and the company’s
competitiveness is assessed Based on results obtained the
company management and the owners form the desired
goals for the strategic period. However, the success of
such goals implementation will heavily depend on the

degree of impact of various factors, as well as the selected
achievement strategies.

Therefore, before accepting these goals as the planned
ones it is proposed to conduct procedures for verifying
them for realizability. The first procedure involves
analyzing the impact of various factors on the
effectiveness and the risk of a failure to achieve the goals,
the second procedure is the a verification of their
feasibility in terms of the company resource capabilities.
Let’s have a closer look at the first procedure which in the
business process in Figure 1 is presented as A2.
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Fig. 2. Business process of potential strategic goals formation

The result of this procedure is desired strategic goals
selected from among all of such goals which would be less
risky, i.e. would be to a lesser extent subject to external
impacts. For these goals potential achievement strategies
are identified. Strategies are defined by the aspects of the
company development: production, finance, personnel,
marketing. For goals selection it is proposed to use the
Analytic Hierarchy Process (AHP) [12]. Realizing the
direct and reverse process is carried the comparison of the
estimates of changes in the company performance
indicators when achieving the goals in question. The

proposed business process for goals formation has been
implemented for the Ukrainian agricultural company.
Three strategic goals were considered: 1) to increase the
market value of the business; 2) to enter the top ten market
leaders; 3) to fulfill business diversification (Fig. 3). For
each goal development scenarios by the aspects of activity
were elaborated. Iterative procedures have been
implemented in accordance with the AHP for all goals.
Priority strategies by the aspects of the company
development were identified for achieving each goal.
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Fig. 3. Examples of development strategies for strategic goals for the Ukrainian agricultural company

IV. CONCLUSIONS

1. The business process of the company development
program formation and the business process of forming of
the company potential strategic goals are presented.

2. The business process for the strategic goals setting
was proposed. For goals selection it is proposed to use the
Analytic Hierarchy Process. The result of this procedure is
desired strategic goals selected from among all of such
goals which would be less risky.

3. The proposed business process for goals formation
has been implemented for the Ukrainian agricultural
company. Priority strategies by the aspects of the company
development were identified for achieving select goals.

4. Mathematical and algorithmic support for other
procedures for the development program forming is
considered in other works of the author.

5. The business process of the development program
forming is the basis of the strategic planning module of the
EPM system.
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Quality indicators for reproducing fine details of
digital images with threshold limiting of spectral
components
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Abstract—The article considers the effect of compression
of the information stream on high-definition image quality
image parameters on the receiving side. In order to assess
objectively the quality of the reconstructed images, two
parameters are selected: the peak-to-noise ratio and the
ratio of the peak signal-to-noise value at the boundaries of
the image objects. The boundaries of objects are proposed to
be selected by the gradient method, after that to make a
binary matrix whose area will depend on the set threshold of
significant signal values. With the wuse of spectral
transformations and the rejection of small spectral
components, the compression of the digital stream is carried
out with losses. Several quantization matrices of frequency
components are considered and it is shown that, in some
cases, image textures that have low contrast are distorted or
disappeared. Compression coefficients and corresponding
signal-to-noise ratios for frequency-dependent quantization
matrices are calculated. In this work, we have also resulted
in the dependence of the decoded image quality parameters
depending on the length of words that define the brightness
and color difference signals.

Keywords—image, compression,
quantization, quality indicators

frequency-dependent

I. INTRODUCTION

Advances in digital image processing and image
processing technologies have revolutionized our way of
life. The acquisition of images, storage, transmission,
viewing, and processing technologies have undergone
incredible achievements in recent years.

In our daily life, we use a number of applications for
image processing with or without our knowledge. For
example, when someone captures a scene using a mobile
phone, the image captured by the sensor after appropriate
correction is compressed in JPEG format and stored in
memory. The image can then be transferred to the social
media network via the communication channel. [1-7]. The
user on the computer screen may later view the image; the
pixel size is smaller than the actual image size. In this
case, the image must be changed in order to fit on the
display screen.

During these operations, the original image undergoes
changes that may affect image quality. Therefore, it is
necessary to evaluate the suitability of the received
(extracted) image for use for its intended purpose. Since
most images are ultimately intended for viewing by
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observers, the only reliable test for evaluating image
quality is a subjective examination that allows you to
visually evaluate an image by a group of observers and
derive a statistically reliable quality assessment [4-6].
Subjective image estimation not only takes a long time,
but also a very expensive. The procedure is not practical in
real-time applications. In addition, there may be individual
factors that can affect perceived image quality. Therefore,
it is necessary to evaluate the image quality objectively,
taking into account the properties of the human visual
system (HVS) as the basis for such an assessment. Any
objective algorithm for assessing the quality of IQA
images must meet the following requirements: (1) it must
have a close connection with visual perception; (2) it must
work in a wide range of types of distortion; (3) it must be
computationally simple and efficient, and (4) it can be
embedded in imaging systems or allow real-time
evaluation.

II.  ALGORITHM FOR ASSESSING THE QUALITY

Accordingly, IQA algorithms can be broadly
classified into three categories, namely, without
comparison with a reference image, without reference
IQA (No-Reference IQA), algorithms wusing partial
references to the reference image (Reduced Reference
1QA), and algorithms determining image quality by a full
comparison with the standard, called the Full Reference
IQA.

The method for predicting image quality using the
Full-Reference IQA (FR-IQA) algorithm uses a reference
image to estimate the quality of the distorted image. Since
this method has complete information about the reference
image, the FR-IQA results must be higher than other
prediction algorithms IQA: Some approaches to FR-IQA
are based on the accuracy of image representation,
accumulated errors, RGB or HVS color characteristics,
image structure, content, image statistics and machine
capabilities etc.

A. Mean Squared Error

This algorithm calculates the root-mean-square error
between the examined image and the original image pixel-
by-pixel. Usually the MSE is calculated according to
formula (1):
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MSEZﬁ ZZ|:Br(xay)_Bd(x’y):|2 (1)

m=0n=0
B,(x,y) the reference image;
By(x,y) the distorted image;
M x N the image dimension.

The advantage of this metric is its simplicity, but the
MSE has a poor correlation with the subjective test results.

B. The Ratio of the Peak Value of the Signal to the
Average Value of the Noise

The ratio of the peak value of the signal to the average
noise (PSNR). This method also compares the reference
image and the distorted image for each pixel and
calculates the PSNR [9-11] as follows (2):

PSNR =10lo & dB 2)
S0V SE”

Parameter P is the bit depth of the image representation
of the pixel brightness. The main disadvantage of PSNR is
a weak correlation with HVS.

Expression (2) can be represented in the form (3):

B '(X,J/)
PSNR =20log, | —£5=—== |, dB 3)
“{ JMSE
where B ,;.(x,y) is the maximum value of image

signal.

PSNR is most commonly used to measure the quality
of reconstruction of lossy compression codecs (e.g., for
image compression). The signal in this case is the original
data, and the noise is the error introduced by compression.
When comparing compression codecs, PSNR is an
approximation to human perception of reconstruction
quality.

Typical values for the PSNR in loss image and video
compression are between 30 and 50 dB, provided the bit
depth is 8 bits, where higher is better. For 16-bit data,
typical values for the PSNR are between 60 and 80 dB, [9,
10]. Acceptable values for wireless transmission quality
loss are considered to be about 20 dB to 25 dB, [11, 12].

C. The PSNR of the edge areas
The PSNR of the edge areas (EPNSR) is computed as

follows:
2
P— . dB (4)
MSE 44,

average noise near bounders.

EPSNR =10log, 0[

where:
P : peak pixel value;

MSE edge

In the model, this EPSNR is used as a basic objective
video quality score.

In the model, an edge detection operator is first
applied, producing edge images. It is noted that this edge
detection algorithm is applied to the source image (fig.1).
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Then, a mask image (binary edge image) is produced by
applying thresholding to the edge image. In other words,
pixels of the edge image whose value is smaller than
threshold, 7., are set to zero and pixels whose value is
equal to or larger than the threshold are set to a non-zero
value. Fig. 2 and fig. 3 show examples of mask images.
Although one may apply the edge detection algorithm to
processed images, it is more accurate to apply it to the
source images. Next, differences between the source
image and processed image, corresponding to non-zero
pixels of the mask image are computed. In other words,
the squared error of edge areas of the frame is computed
as follows to (1).

To estimate EPSNR for separation boundaries and
their surroundings, the gradient of the image brightness
distribution function is used as the sum of the gradient

projection modules grad, ;... (*,») and grad, .. (x,»)
on horizontal and vertical axes (4):

grad(x’ y) = |gradhorizontal (x9 y)| +|gradverlical (x’ y)| El (5)

where x coordinates

and y are the
horizontally and vertically.

image

Fig. 2. Example of an edge image “Vehicles truck”

Fig. 3. Example of a mask image “Vehicles truck”



The resulting mask is multiply per pixel by the
brightness component of the image, highlighting the
values on the contours. In some cases, it is advisable to
subject the luminance signal to low-frequency filtering.

III. FREQUENCY-DEPENDENT QUANTIZATION OF
SPECTRAL COMPONENTS

The progress of compression methods for still images
and intra-frame compression of video sequences is a key
element in the construction of broadband image
transmission systems for various purposes. In this respect,
the main criterion for the degree of compression is the
estimates obtained by measuring distortions of the sharp
image boundaries arising as a result of nonlinear
processing of the spectral components.

In this work, the main attention is paid to the problem
of choosing a threshold level on the basis of a
compromise between the achievable compression ratio
and the possible preservation of the image texture and the
corresponding estimates are given. This compromise can
be of great importance both for broadcast applications and
for a wide range of video applications, in which a large
number of stages of production, processing, storage,
transmission and reproduction of video information where
texture transmission can play a significant role are
realized.

When you try to save a digital image in a smaller
volume, you often have to decide what "quality settings"
(compression level) to use. The JPEG file format allows
you to choose the appropriate trade-off between file size
and image quality. It is important to understand that JPEG
(and almost all lossy file formats) are not suitable for
intermediate editing because repetitive saving usually
reduce the quality of the working file. In addition to the
cumulative introduction of visual artifacts, repeated
decompression also leads to destructive color changes. It
is for these reasons that the preferred choice for
intermediate processing is lossless compression of file
formats (such as TIFF, PSD, BMP, etc.). JPEG should
only be used to store the final image.

Suppose that there is a color image with dimensions
N x N = 2048 x 2048 pixels, each element is represented
by m = 10-bit code in each of the three components. In
this case, the required amount of memory V needed to
store one still image RGB or Y Cb Cr is (5):

M=3xNxNxm= (6)
M= 3 x 2048 x 2048 x10 = 120 Mbit.

To reduce the required amount of memory, lossy
compression is used based on spectral transformations.
The most common is the Fourier transform. Compression
of information about color images consists of several
stages, including both lossless compression based on
statistical properties, and lossy compression based on the

generalized discrete Fourier transform F( vgy,vy ).
T(Tabhe spectrum of the two-dimensional image signal

consists of horizontal vy, vertical vy and diagonal vp
spatial frequencies (7):

N,-1N, -1

jan Y
Fgv)=Y > Bx.ye [”* NJ 7

x=0 y=0

Thanks to the numerous algorithms for fast Fourier
transforms, it is possible to obtain the spectrum of the
entire image in an acceptable time. The main energy of
the spectrum is concentrated at low frequencies, and the
high-frequency components are usually very small in
amplitude and. in a number of cases, they can be
neglected, equating them to zero. The greater the number
of high-frequency components will be equated to zero,
the greater the compression ratio can be obtained.
However, from the point of view of storage and
transmission of the image spectrum obtained by the
formula (6), a significant drawback is the need to work
with two arrays representing the real and imaginary part
of the complex numbers of the spectrum.

In practice, special cases of Fourier transforms are
used, such as discrete cosine transform (DCT) or discrete
sine transformation (DSP). The JPEG and MPEG-2
standards use DCT. A feature is segmentation in blocks -
raw image data is divided into blocks of 8 x 8 pixels (these
blocks are the minimum coded block). This means that the
JPEG compression algorithm largely depends on the
position and alignment of the boundaries of these blocks.
In MPEG-4, the block sizes vary from 4 x 4 to 16 x 16
pixels.

Taking into account the obtained values of the spectral
coefficients at the DCT step, they are sorted in order of
increasing numbers from the low-frequency components
(changes that occur at a greater distance from the image
block) to high-frequency components (changes that can
occur with each pixel). It is widely known that people are
more critical of errors in low-frequency information than
high-frequency information. The JPEG algorithm discards
many of these high-frequency (noise-like) details and
saves slowly changing information about the image. This
is done by dividing all the spectral coefficients by the
corresponding value in the quantization table and
rounding the result to the nearest integer. Components
that either had a small coefficient or a large divisor in the
quantization table are likely to be rounded to zero. The
lower the quality setting, the greater the divisor, which
gives a greater chance of getting a zero result. On the
other hand, the setting for the highest quality would have
the values of the quantization table of all frequencies
equal to one, which means that all the original data of the
discrete cosine transform (or sinus) is stored.

If the quantization tables correspond to the standard
trend of limited compression in low-frequency
components that increase to moderate compression in
high-frequency components, then the approximate quality
factor can really give an idea of how the overall quality
can be displayed.

IV. RESULTS OF COMPUTATIONAL EXPERIMENTS

At the first stage, the values of the spectral components
were limited, depending on the peak value of the
luminance signal in the selected area with a low-contrast
texture. Limit thresholds were 0.5%: 1%; 2% and 5%. The
results are given in Table I for test images Tab II.
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TABLE I. QUALITY INDICATORS FOR FOURIER TRANSFORMATION

Test Image Threshold of restriction

05% | 1% | 2% | 5%

EPSNR, dB

Vehicles truck 25.1 22 19.8 18.4

Flowers 28.3 26 24.6 21.9

Sea 22.4 21 19.2 18.6

EPSNR, CR are summarized in Table IV for one of the
test images "Sea"

TABLE IV. DEPENDENCE OF EPSNR ON THE Q-MATRIX

Music Box 23.7 21 20.2 18.7

TABLE IL TEST IMAGES

Quantization Table Sea

Q-matrix DCT DST
EPSNR, dB EPSNR, dB

SONY - DSC-N2 (fine) 45.1 448

IMAGE NAME TEST IMAGE

NIKON - E8800 (EXTRA) 455 46.3

Canon EOS 10D (fine) 46.1 45.2

Flowers

NIKON - COOLPIX S10 (FINE) 46.8 46.5

NIKON D80 (FINE) 47.4 46.6

Canon PowerShot A700 48.2 49.1
(superfine)

JPEG standard 48.4 45.8

SEA

Music Box

Subjective  evaluation of reconstructed images
corresponds to a satisfactory estimate, there is blurring of
boundaries and fading of details of low-contrast textures.

In the next step, we calculated signal-to-noise ratios
PSNR, EPSNRS and the DCT compression ratio (CR) for
the four signal-word lengths. (Table III).

TABLE IIIL DEPENDENCE OF EPSNR AND CR ON THE WORD
LENGTHS
Bit | EPSNR | PSNR | CR | EPSNR [ PSNR | CR
Flowersr Sea

6 30.5 39.2 27 33.5 42.8 29
31.3 40.1 24 34.5 44.1 27

31.9 40.9 22 353 45.1 26

32.5 41.7 18 36.1 46.0 23

Music Box Vehicles truck

6 36.2 46.1 27 36.5 46.5 33
8 36.2 46.2 31 37.1 47.2 29
36.4 46.3 22 37.5 47.8 30

36.7 46.0 18 37.9 48.3 24

We carried out frequency-dependent quantization
using the quantization matrices Q of the cameras of known
manufacturers. The results of calculating the PSNR

Analysis of the results shows that all these frequency-
dependent quantization matrices of the spectral
coefficients give an acceptable quality of the reconstructed
image, but not a very high compression ratio. Conclusion

CONCLUSION

The use of such quality indicators of recovered images
as PSNR, or even better, EPSNR allows you to objectively
predict the reproduction of boundaries and textures.
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Abstract—The concept of designing and building
networks for digital data transmission, including the 5G
network, includes the choice of a small area where we test
solutions in real conditions. The basis for the selection of
such area is the presence of the phenomena characteristic
for the entire area, on which we build the network. The
agreement for the Strategy "'5G for Poland™ for the pilot
5G network chose the city of L6dz for the territory of
Poland. Using the same selection criteria to choose the
author proposes the city of Odessa as a pilot area for the
coast of the Black Sea. 5G technology is characterized by
the fact that the frequency of the signal and the size of the
cell vary depending on the subscriber's density. For the
highest density of subscribers we have the highest carrier
frequency and the smallest cell. Signal strength may not
exceed the permissible PEM values for areas inhabited by
people. The data transmission between base stations is
implemented in fiber optics and between the mobile
subscriber stations over the air. Odessa and Lé6dz will
cooperate to reduce the costs of pilotage and accelerate
the receipt of test results.

Keywords—5G, a pilot city, mobile network, Internet of
Things, a smart city

I. INTRODUCTION

The idea of designing large systems includes the
element that first a fragment of such system is built in a
small area and only in the case of receiving positive
effects; it is expanded throughout the planned area. In
Poland concluded on 28 June 2017 Agreement for the
Strategy "5G for Poland" by and between Minister of
Digital Affairs, hereinafter referred to as the "Leader"
and President of the Office of Electronic
Communication, hereinafter referred to as the "Partner"
and National Institute of Telecommunication hereinafter
referred to as the "Organizer" and other Parties in
number 50. This agreement was chosen by the city of
L6dzZ as a pilot area for the construction of a 5G network
for the Polish area. Using the same criteria, we choose
the city of Odessa as a pilot area for building a 5G
network for the Black Sea area. The city of L6dz is a
partner city for Odessa, which will undoubtedly
facilitate the transfer of experiences from the pilotage of
L6dZ to Odessa.

II. THE ESSENCE OF 5G TECHNOLOGY

The 5G network in its assumption will use many
techniques and solutions that are necessary to provide
functionalities previously unachievable in existing
mobile and cellular networks. It is difficult to talk about
the details of many of these solutions, due to the fact
that full technical specifications for the 5G system have
not yet been developed. The analysis of the current
state of knowledge, however, allows us to formulate
some observations and predictions in this respect. In
order to meet IMT-2020 requirements for medium and

peak gigabit data rates for a wide range of users and
devices, as well as low signal delays, it is assumed that
5G network transmitters should be connected with
optical fiber lines. This applies to both macro cells
(range up to several or a dozen kilometers) in rural and
suburban areas, and for microcells (range up to 2km) in
city centers. In addition, small cells (pico and femto
cells), for which the range will be from a dozen to
several dozen meters, will be used as local access
points in places such as stadiums or public space. To
achieve the planned technical parameters of the 5G
network will be necessary in particular:

e The use of multi-antenna MIMO technology
(Multiple Input Multiple Output) in the massive
variant with a large number of antennas, thanks
to which it will be possible to transmit signals in
the range of high frequency bands and
simultaneously transmit signals for a large
number of users. The main assumption of MIMO
massive is the use of large antenna arrays in base
stations in the physical layer for simultaneous
operation of many autonomous terminals.

e The use of dense networks (the size of the cell
adapts to the number of subscribers working in a
given area) will significantly increase the
spectral efficiency of data transmission channels.

e The use of full duplex, information can be sent in
both directions simultaneously in both directions
without a decrease in spectral efficiency.

e The use of various multi-access techniques:
OFDMA  (Orthogonal  Frequency-Division
Multiple Access), PDMA (Pattern Division
Multiple Access), MUSA (Multi-User Shared
Access), IMDA (Interleave Division Multiple
Access). The use of non-orthogonal methods of
multiple accesses is also envisaged, including
SCMA (Sparse Code Multiple Access) and
NOMA (Non-orthogonal Multiple Access).
Orthogonality generally helps to eliminate the
problem of interference and provides a large
capacity, but at the price of complex signaling
and longer delays.

e Use of Multi-RAT (Multi-Radio Access
Technology), which is a kind of 5G network
integration with other solutions: Wi-Fi, 4G, 3G.
Users will be able to automatically connect using
the optimal interface at the moment (depending
on their requirements or network load).

The use of a number of new technologies: SDN
(Software Defined Networking), NFV (Network
Functions  Virtualization, MEC (Mobile Edge
Computing), C-RAN (Cloud-RAN), UDN (Ultra Dense
Network), SON (Self-Organizing Network).
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In the 5G network system, it is assumed to use in the
first order 3 frequency bands: the 700 MHz band,
channel width 5 MHz, 3.4-3.8 GHz band, channel width
50 MHz, 24.25-27.5 GHz band, channel width 100
MHz. Three scenarios of using digital data transmission
channels were also defined: eMBB (enhanced Mobile
Broad Band), mMTC (massive Machine Type
Communication), cMTC/URLLC (critical MTC/Ultra
Reliable Low Latency Communication). The 700 MHz
band enables good propagation as well as signal
penetration through damping materials, and thus can be
used to build the cover layer for services of the mMTC
type. The 3.4-3.8 GHz band allows the use of MIMO
massive and at the same time is a compromise between
propagation and the capacity resulting from spectral
resources. The 26 GHz band is limited as to the area of
use, especially due to the requirements for uplink
transmission. It can only be used for eMBB hot spots
and cMTC / URLLC picocells. As part of the 3GPP (3rd
Generation Partnership Project), i.e. a joint project of
several standardization organizations aiming at the
development of 3G mobile telephony systems, technical
aspects of the physical layer for 5G mobile
communication - NR (New Radio) are developed.
However, it should be borne in mind that work on the
specification of the 5G network has not yet been
finalized and will finally be published in the next
document dedicated to 5G networks [1].

III. SELECTION OF A PILOT CITY FOR THE
IMPLEMENTATION OF THE 5G COMMERCIAL NETWORK

When choosing a pilot city for 5G technology, pay
attention to its existing potential:

e  Many cities in Poland have been preparing
for the implementation of Smart City
services for several years: the necessary
market analyzes have already been carried
out, specific services have been designed,
and now further solutions are being slowly
implemented. The 5G pilot in such a place
is the opportunity to use ready-made
applications, check their functionality in the
real world technology, without the need to
build an application-service layer from
scratch.

e The city to implement the 5G network
should enable testing of intelligent
transport scenarios, in particular in a highly
urbanized environment and in motorway
conditions.

e To start the installation of the 5G network
should be selected locations in such places
where the current value of the electrical
component E of the PEM electromagnetic
field strength is at a level ensuring adequate
reserve in relation to the limit value of 7V /
m. (Value of the standard in force in
Poland). The supply is necessary to run the
pilot plant network 5G limit value 7V / m is
not exceeded.

e The city selected for the implementation of
the 5G network should have an attractive
location - it should be located in the
vicinity of an important transport hub, sea
port, motorway, airport, where trade routes
work - these elements will allow for testing
in the field of modern smart logistics
solutions and intelligent transport.
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e [t is advisable that there is a developed
industry in the selected city (factories,
production companies), with a strongly
developed  business base (banks,
corporation offices, fairs, state offices,
market halls, where important events are
organized).

e Of great importance is the readiness of the
city to carry out efficient piloting and
implementation of new technology, we
have in mind the openness of the city
authorities on technological innovations,
technological maturity of the municipal
office, the existence of a development
strategy taking into account technological
development.

e Scientific potential is the opportunity to
engage universities, especially those
conducting research in the 5G domain and
wireless systems, in 5G pilot tests and
prototype solutions.

e It is desirable that commercial companies
active in the city, also at the international
level, develop standards in the development
of standards and new technologies used in
5G networks.

The city of £.odzZ for the territory of Poland and the
city of Odessa for the Black Sea area meet the above
criteria, therefore they can be recommended as cities for
piloting and implementing the 5G network. The city of
16dz can provide Odessa with experience in the
implementation of certain applications such as Smart
building, innovative lighting system, and local
applications supporting residents, Electronic Urban
Traffic Control System, air quality map in real time. The
city of Lodz, because of its location near the intersection
of the main communication routes (A1, A2, S8, S14) is
one of the largest hubs in Poland, the city of Odessa is a
hub for-transport sea, air and land are good places for
the implementation of pilot services in the area of
intelligent transport, in particular for testing and
implementing the services of autonomy and automated
vehicles, for which 5G connectivity is the basis of
existence and functioning. There are strong academic
centers located in the city of L6dz (Lodz University of
Technology, University of Lodz, and Medical
University of Lodz) and the city of Odessa (Odessa I. 1.
Mechnikov National University, Odessa National
Polytechnic University, Odessa National Medical
University, Odessa National Maritime University).

IV. POTENTIAL POSSIBILITIES OF SMART CITY SOLUTIONS
BASED ON THE 5G NETWORK FOR THE CITY OF ODESSA

Two basic applications of the network built in 5G
technology are mobile television and smart city. The use
of 5G network for the construction of mobile television
has been described in [2]. Of course, the prelude of 5G
is the elimination of congestions in telephone
conversations in areas with very high density of
subscribers who are talking, for example, after sports
competitions, concerts, devotions.

The basic assumptions of choosing Smart City
solutions in the city of Odessa are as follows:

e Take into account the specificity of Odessa,
which is as follows:

- large urban agglomeration,



- located by the sea,
- animportant tourist and sanatorium center,
- developed industry and academic center.

e Benefit cost analysis takes into account the
widespread use of services provided.

e Solutions are comprehensive and integrated
under the Smart Cities model: services,
applications, communication platform, ICT
networks, and sensors.

e The data collected by the systems should be
standardized so that they can be used (real value
not only bring individual services, but also
implement them together in the whole
ecosystem).

It should be emphasized that only the submission of
individual services will constitute the environment and
potential of the entire city or agglomeration. It follows
that the service is made as a combination of information
coming from other services, and thus the information
can be reused by various services. This will be, for
example, obtaining information for the development of
investment plans, activities related to public safety,
rescue operations, crisis management, integrated
transport systems, energy and water management in the
city. For example: a car accident can include a large
number of services and entities, detection and control of
traffic, police activities, fire brigades, telemedicine and
consultation at the scene of the accident, control of
lights to give preference to the ambulance, informing
the event on the Internet. Additionally, you can also link
data related to traffic, emission, lighting and video data,
which can be simultaneously wused by traffic
management in the city, law enforcement, and parking
management. An another example, services for tourist
service can be implemented by mobile applications
providing information on available parking lots, weather
conditions, traffic in cities and on roads, air cleanliness
and information on weather hazards or other natural
disasters. It follows from the above that data must be
downloaded from parking applications, weather and
monitoring of the environment and work of central and
local services. For critical systems from the point of
view of the functioning of the city, we provide a high
level of security and always conduct a risk analysis [3].

V. METHODOLOGY OF CHOOSING THE SMART CITY
APPLICATION

There are two options for work on the selection of
Smart City applications and telecommunications
solutions:

1. Analytical variant - analysis of current Smart City
services and telecommunications resources and their
modification in order to obtain a target solution.

2. Synthetic variant - creating a target model to
which Smart City solutions will be adapted (ideal
model).

As far as the work is concerned, these can be

direction variants of works:

e Technical - taking into account the possibilities
of technical implementation resulting from the
resources and organizational capabilities.

e Social - determined by social needs and benefits.

The socio-economic analysis for the implementation
needs includes: description of the area specification,
identification of the scope of services that can be

implemented using Smart City, social benefits from the
provision of services, list of stakeholders. At the initial
pilot stage in the city of Odessa, the author proposes to
implement: remote reading and electronic invoices for
utility services, gas, electricity, water, heat, intelligent
tourist guide, intelligent parking lots, intelligent
lighting, intelligent security and intelligent transport
systems. Of course, for all these systems we are building
a common, large database and knowledge as a cognitive
dynamic system. For example, the intelligent tourist
guide will be available as a personalized mobile
application, which in addition to information functions
will enable the purchase of services and connection with
the social media environment. The tourist will receive a
presentation of the place of being on the map, also in the
rooms (location not only with GPS but also 5G),
information about events with the possibility of making
a mobile payment for participation, access to knowledge
base about tourist and cultural attractions, information
on vacancies and opportunities and remote purchase,
information on transport services, information and
weather forecast, warning about danger, placing your
own comments and photos using social media. The
information system for remote reading and electronic
invoices for utility services has been described in [4].

VI. CONCLUSION

5G technology is not a specific technical solution
for digital data transmission, but a slogan requiring
standardization to be implemented around the world.
Currently, ITU (International Telecommunication
Union) works under the WRC-19 (World
Radiocommunication Conference 2019) standards to
enroll these standards in the Radiocommunication
Regulations [5]. The role of pilot cities is huge in this
process because the services run there confirm or not, in
practice, the results of laboratory tests. The author
proposes far-reaching cooperation between Lodz and
Odessa cities, based on the exchange of test results, so
that they do not carry out identical implementation work
twice. This cooperation will contribute to lowering the
pilotage costs of both partners. State governments do not
plan to finance pilotage from central budgets, but only
create legal and organizational facilitations, so that test
network installations in 5G technology arise in the mode
of public-private ventures, where local governments are
to be on the public side.
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Abstract—It is considered basic approaches for hybrid
neuron network creation. As an example the counter
propagation neural network is analyzed. It is effectively used
for image processing. Two modes of this neuron network
functioning is considered. They are: accreditation and
interpolation. Interpolation approach permits to reveal
more complex features and can supply more precise results.
Based on this analysis it is developed a new hybrid structure
that includes Kohonnen neural network and perceptron. It
is proposed a learning algorithm of this hybrid neuron
network.

Keywords—hybrid neural networks; Kohonnen neural
network; perceptron; learning algorithm.

I.  INTRODUCTION

The problem of combining different types of neural
structures in a single architecture, which leads to
properties that they do not have separately is often
discussed [1] — [6]. The example of such combining is
counter propagation network. In this article, it is
developed a system architecture based on the counter-
distribution network, but instead of the Grossberg
network, it is taken a single-layer perceptron. Such hybrid
neural network, consisting of Kohonen layer and single-
layer perceptron has much better characteristics than the
network with one hidden layer of neurons. Figure 1 shows
a simplified version of a direct action hybrid.

Vector w; Vector v,

Input Kohonen
layer ) layer

Single layer
perceptron

» Desired
Outputs

Xn

| Ym)
Kn Yy )

Fig. 1. Simplified structure of hybrid neural network.

The ability to generalize, which allows to obtain the
correct output at an incomplete input vector is one of the
main characteristics of hybrid neural networks. It allows
you to effectively use this network for pattern
recognition.
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II.  SOLUTION OF THE PROBLEM OF STRUCTURAL
SYNTHESIS OF HYBRID NETWORK

To determine the problem of structural synthesis of a
hybrid neural network based on Kohonen and the
perceptron, it is necessary to analyze three mechanisms
necessary for the operation of this network. The first
mechanism is the criterion for selecting "winner" neurons
and the frequency of selecting the same neuron as the
"winner". This is quite an important question, because
there may be a situation when one neuron several times
becomes a "winner" and gradually increases its weight,
which will lead to the appearance of "dead" neurons that
will no longer participate in the training of the network.
One of the methods of this problem solution is the method
of "justice".

The next mechanism is the strategy of neurons —
"winners" choosing. This is done through the
interpolation mode in which the Kohonen network
operates. Let us consider in more detail the principle of
this mode.

The main difference between the accreditation mode
and the interpolation mode is the ability to choose not one
"winner", but several. The problem is how many" winners
" to choose for the pattern recognition problem, in this
case — numbers.

The third mechanism is the connection of the
Kohonen layer neurons with the layer of the perceptron.
The peculiarity of the single-layer perceptron is the
absence of "hidden" layers. This means that the input
vector immediately forms the output vector depending on
the weight on the neuron. The single-layer perceptron
does not use the back propagation method because this
learning algorithm works for multi-layer networks.
Therefore, when training the network, it is used the
correction method. Nonlinear activation functions are also
used by multilayer networks, so in our case it is more
reasonable to use the threshold activation function, which
results in 0 or 1.

III. PERCEPTRON. FEATURES AND STRUCTURE

The perceptron is the simplest network and consists of
a single layer of artificial neurons connected by weight
coefficients with multiple inputs (Fig. 2)

The perceptron is trained by feeding a set of images
one at a time to the input and adjust its weight until all the
elements have reached the desired output.
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Fig. 2. Structural diagram of the perceptron.

During training, the so-called Delta rule is used to
change the weight.

It is necessary to remark some features:

» single-layer perceptron is represented as a mesh
size a on b. As a result, it gives us a'b neurons in
the perceptron layer.

e as a result, the output from the networks is
compared to the expected value. If the network is
wrong, change the weights of those neurons that
were part of the neurons with incorrect classified
figure.

Let's start with the Kohonen network. The work of
this network takes place according to the standard
scheme. The only difference is that in combination with
the perceptron the network can operate in the
interpolation mode, not accreditation. Let us examine this
mode in more detail.

In the interpolation mode, several neurons can become
"winners". Their number depends on the task.

Algorithm for selecting neurons — "winners" has the
following form:

1) Set a certain value C (count), which will be equal
to the required number of neurons — "winners" for the
task.

2) Calculate the values of the Kohonen layer neurons
outputs

§=T—-OUT. (1)

3) After receiving the values of all output signals,
select C maximum values by format
max(OUT,), k =1..M, choosing one neuron-"winner" —
OUT, =1,C=C-1, then repeat the search for the next
maximum.

4) Choosing C neurons-"winners", the output signals
of other neurons is equal to 0.

5) We are sending output signals to the neuron-
"winners" to the input of the perceptron layer.

We will analyze how many neurons are needed for the
most optimal network operation for the pattern
recognition problem if we use a single-layer perceptron.

If C = 2, which is the minimum for the interpolation
mode, the network will select two neurons with the
highest result value according to the equation (1). Their
output will be 1 and the others 0. That is, these are the
two figures that are closest to each other. An example is a
pair of numbers 0 and 8, 3 and 8, 2 and 7, 7 and 1 and so
on. As a result, if the image was not clear enough, there is
a possibility of ignoring the required number and not
defining its class as a neuron-"winner", which will lead to
low accuracy.

If C = 3, the network will select three neurons with the
highest result value according to the equation (1). Their
output will be 1 and the others 0. That is, these are the
three figures that are closest to each other. An example is
the three digits 3, 8, and 0, and 2, 7, and 1. As a result, if
the image was not clear enough, the probability of
including the required number and determining its class
as a winner neuron is higher than in the case when C =2.
But for our case, there is a problem, because the training
immediately image of three digits may not lead to a
correct change in the weights of neurons. If it is necessary
to choose 3 or more neurons-"winners", it is more
expedient to use a multilayer perceptron.

If C = 4 and 5, the network will select four or five
neurons with the highest result value. Since the similarity
of numbers as a whole consists of three elements (given
in the example C=3), such a choice is the most optimal.

Since the optimal number of neurons - "winners" is
not determined and depends on the task, we can assume
that the optimal value is found — C= 2 and 3. In our case,
we will use 2, because it is necessary to check the quality
of the network. In the future, the network can be
developed by replacing the single-layer perceptron on the
multi-layer.

Let's move on to the key feature and at the same time
the problem of the Kohonen network — the probability of
choosing the same neuron for the "winner" neuron, which
will lead to a primitive ignoring of the training of other
neurons. The method of solving this problem is the
method of "justice". In this case, it is optimal because of
the simplicity of its implementation and, as a result, the
homogeneous training of all the neurons of the Kohonen
layer. It is determined as:

pass :%, ®)

where M is the number of iterations for which a neuron
can be only once a "winner"; pass is the value of the
neural network weight change.

The rule of use of this method is: "for a neuron that
has received the status of "winner" more than once in M
iterations, the weight decreases, but the activation of the
neuron is not canceled." Thus, for the neuron that the
second time becomes the winner for a certain number of
iterations, the weight decreases, thereby reducing its
"rank", which makes it possible to teach other neurons.
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Wegisn) = Wiy — PAsS, (3)

where w,;,,, is the new weight of neuron-"winner"; w,

+1)
the old weight of the neuron-"winner", and is the iteration
number. With this method, other neurons on
the background of such a neuron-"winner" "rise" in
its "rank".

From equation 2, we see that it is not advisable to use
a low value of M, since then the weight of the neuron will
be severely cut, which dramatically reduces its
potential to become a neuron-"winner" in the further
training of the network.

Analyze the result of the network at various values of
M: At M = 1, in fact, the network does not have
any criterion for lowering the rank, since each
subsequent iteration will be new for the entire
network and the previous neuron-"winner" will be able
to become it again. It is also inappropriate to use this
value, since the weight will decrease to a critical value.

At M = 2, the network has some control over
the situation, but only if two consecutive times one and
the same neuron claims to be the "winner". This
number of iterations makes sense, but is not very
effective. It is also inappropriate to use this value,
since the weight will decrease to a critical value.

At M = 3, the network more actively analyzes
the "winners", but there are still situations where
certain neurons will become winners every fourth
or fifth iteration, thereby not falling under the method of
"justice" and at the same time preventing the training
of other neurons. In this case, the weight is reduced
to not too large, but still sufficiently large.

At M = 7..10 the network maximally controls
the moment of determining the neuron-"winner",
which negatively affects the learning of the network. If
you take the maximum value in 10 iterations, it actually
means that for ten iterations, none of the neurons can not
be selected as a "winner" twice, because it will lead
to weight reduction.
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Given this analysis, we can conclude that the optimal
value of M is 4.5 or 6. The value of the number of
iterations for the "equity" method It's best to test software
programmatically and choose one of the three best
options that will give the network the highest accuracy.

CONCLUSION

The network of counter propagation is
analyzed. Thanks to the results of this analysis, the
architecture of the hybrid neural network based on the
Kohonen network and the perceptron, focused on the
task of recognizing handwritten digits, was designed.

In order to maximize the accuracy of the work of
the network, two basic mechanisms, the method of
e .

'justice" for the ability to teach all neurons of the
Kohonen network and the approach to choosing
neurons-"winners" in interpolation mode, are analyzed.

As a result of the conducted research, an algorithm for the
operation of the hybrid neural network was
obtained, allowing to recognize handwritten digits with
an accuracy of more than 90%. The developed model can
be used for recognition of automobile license plates, or a
more global task — X-ray detection and diagnosis.
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Abstract— Increasing popularity of web platform, in
order to make applications easily accessible, brings the need
of information security, where an availability principle
ensures that the information is readily accessible to
authorized individuals when it is needed. One of the most
dangerous threats to availability principle is Distributed
Denial of Service (DDoS) attack and there are protection
techniques against such attacks. In the article, an emulation
approach to testing on Distributed Denial of Service in web
applications is described. It supposes to develop a software
emulator of DDoS attacks, which provides experimental
testing results for a real web application to be evaluated. It
can be used for both to detect DDoS vulnerability and to test
an effectiveness of DDoS protection. To formalize this
approach the operating model of a SE is proposed, which
includes structured data, algorithms and some metrics
needed to perform DDoS vulnerability testing. The obtained
test results and their analysis are presented and discussed.

Keywords— information, security, web application,
software emulator, CIA triad, distributed denial of service,
operating model

[. INTRODUCTION

The fundamental security model [1] (a.k.a. CIA triad)
is designed to provide a baseline standard for evaluating
and implementing information security regardless of the
underlying system. CIA triad has three main principles:
(1) confidentiality principle is protecting information from
unauthorized access, (2) integrity principle is maintaining
trustworthiness of the information over its entire life-
cycle, and (3) availability principle ensures that the
information is readily accessible to authorized individuals
when it is needed. The most important principle for
organizations is availability principle. Because, if the
information is not accessible, then it cannot be
manipulated. That is why, when the availability principle
is violated, it is nonsense to consider confidentiality and
integrity principles. Moreover, violation of availability
principle can damage financially (e.g. violation of
availability principle in banking systems). Therefore, it is
important to use DDoS protection systems that can be
easily found online, such as; Intrusion Detection System
(IDS), load balancers or other DDoS protection systems.

However, these solutions do not visually represent a
web server’s behavior under different DDoS attacks on
different protocols. Thus, organizations may not know
how the protection systems works. On the other hand, if an
organization has just decided to use a DDoS protection
system, it is important to find out which type of DDoS

attacks can successfully violate the availability principle in
the current system.

The article explains how DDoS attacks work and an
algorithm for detecting DDoS vulnerabilities. This
algorithm is based on emulation of real DDoS attack
against a target server and simultaneously checking the
availability of the server. It is to mention that exactly an
emulation approach [2] is to replicate a real DDoS attack
with real servers by sending real packets over a network
while a simulation approach supposes to evaluate a DDoS
attack without having real servers sending packets over
network.

Result of these DDoS tests can help organizations
properly assess and prioritize their vulnerability
management process or test existing DDoS protection
systems’ effectiveness.

II. DISTRIBUTED DENIAL OF SERVICE ATTACK

In computing, a Denial of Service (DoS) attack is a
cyber-attack in which adversary seeks to make a machine
or network resource unavailable to its intended users by
temporarily or indefinitely disruption services of a host
connected to internet. DoS is typically accomplished by
flooding the target machine in an attempt to overload
systems and prevent some or all legitimate requests from
being processed. Therefore, DoS attack is targeting
availability principle of the CIA triad. However, DoS
attack from one adversary is mostly insufficient to
overload a system. That is why, a group of adversaries
attacks simultaneously to flood the target machine, or they
can use botnets to achieve the same effect. If more than
one DoS attack targets the same machine, then this attack
is called as Distributed Denial of Service (DDoS) attack.

There are several different DDoS attack techniques [3],
but in the article, TCP SYN flood and ping of death
attacks are explained to have better understanding on
DDoS attack types and how to prepare malicious packet
that is used in DDoS emulation.

A. TCP SYN Flood Attack

The TCP three-way handshake in Transmission
Control Protocol (TCP) is the method used by TCP to set
up a TCP/IP connection over an Internet Protocol (IP)
based network. This method has three steps: (1) client
requests to connect to the server and sends a synchronize
(SYN) message, (2) server acknowledges the SYN
message and sends back a synchronize — acknowledge
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(SYN-ACK) message, and (3) client responds back with
an acknowledge (ACK) message.

The main goal in TCP SYN flood attack is to send
numerous SYN messages to the server as a first step of
three-way handshake, and do not complete the sequence
by sending ACK messages to the server. As a result, the
target server creates an entry in its connection table for
each received SYN message, responds to each with SYN-
ACK message and waits for ACK message from the
client. But, client never sends ACK message to the server.
As the client continues to send SYN messages, the
server’s connection table becomes full and it can no longer
respond to any more connection request. That is why,
availability principle is being violated. In order to
understand how to perform such attacks programmatically,
it is important to understand Internet Header [4] (IH).

o [1 ‘2 |3 b ‘5 |e |7 3 |9 |10‘11}12}13[14‘15 16|17|18[19|20|21|22|23|24[25‘ze|27|25‘29‘30]31
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Time to Live ‘

Source Address

Destination Address

Options Padding

Fig. 1. Internet header.

Fig. 1 shows IH with all components. Numbers in Fig.
1 show the data size, such as; version is 4-bits, type of
service is 8-bits, and source address is 32-bits.

In order to perform a TCP SYN flood attack, it is
needed to prepare and send an IH with spoofed source
address. Because of the fact that source address contains
the address of the client that wants to establish a
connection, sending an IH with a fake source address
results in the server sending SYN-ACK message to the
spoofed source address. Even if there is a machine in the
spoofed source address, and since that machine did not
request any connection, the server never receives an ACK
message to establish a connection.

B. Ping of Death Attack

The main goal of Ping of Death (PoD) attack is to send
numerous echo-reply messages to the target server larger
than the maximum allowable size to freeze or crash the
target server.

Internet Control Message Protocol (ICMP), echo-reply
message or ping is a network utility used to test a network
connection. While some ICMP packets are very small,
IPv4 ICMP packets can be much larger and can be as large
as the maximum allowable size of 65,535 bytes. This size
comes from the 16-bit Total Length data of IH which is
represented in Fig. 1. Total Length data holds the length of
the datagram, measured in octets (bytes), including IH and
data.

All servers must be prepared to accept datagrams of up
to 576 octets whether they arrive whole or in fragments. It
is recommended that servers only send datagrams larger
than 576 octets if and only if they have assurance that the
destination is prepared to accept larger datagrams.

In order to execute a successful PoD attack, it is
needed to prepare an ICMP packet which is larger than
65,535 octets and send the packet to the target server.
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When maliciously large packet is transmitted from client
to server, the packet becomes fragmented into segments,
each of which is below the maximum size limit. When the
server attempts to put pieces together, the total size
exceeds the maximum allowable size and a buffer
overflow can occur. As a result, it causes the server to
freeze, crash or reboot. Thus, it violates the availability
principle of the CIA triad.

C. Related Work

Our approach aims to detect DDoS vulnerability
before the real attack happens. That is why, this approach
must be used to find out how would the server behave
under DDoS attack. However, there is also a way [5] to
simulate DoS attack and detect the attack manually while
the attack is being executed.

On the other hand, there is a research [6] on simulation
and analysis of DDoS attack by specialized simulator
using virtualization. The goal in this research is to create a
virtual network using VirtualBox 4.2.6 and simulate
DDoS attacks on the virtually created network.

III. OUR APPROACH

To develop a DDoS attacks Emulator in a systematic
way an operating model techniques (OM) can be used [7].
Such an OM in our case can be represented a tuple

OM (DDoS) = <InfoBase, Algorithms, Metrics>(1)

where: InfoBase is set structured data, which is needed
for DDoS emulation, e.g. Internet headers, protocols (see
below), etc., Algorithms is a collection of algorithms to be
implemented in Emulator, and Metrics includes
quantitative in estimate some operating parameters of a
real web applications under DDoS attacks. These OM
components are described in more details below.

In order to emulate real DDoS attacks it is necessary to
use a distributed software system that is why the DDoS
scanner has to be designed exactly in this way.
Deployment diagram of the proposed DDoS Scanner is
represented in Fig. 2.

Web Interface (APl Gateway)

<<component>> &
DDoS Scanner
| <<use>>

<<component>> &
Database

REST |
[ |

Availability Controllerﬂ ‘ Availability Tester H

HTTP(S) HTTP(S)/TCP/UDP/ICMP
TargetServer

Fig. 2. Deployment diagram of proposed DDoS scanner.

DDoS scanner has three main modules: (1) web
interface that is accessible for users to start new tests and
to see test results represented as chart, (2) availability
controller that is sending HTTP(S) requests to the target
server in a short period of time and log the target server’s
response time under DDoS attack, and (3) availability



tester that is emulating the DDoS attack by sending
malicious packets explained in the previous section via
TCP, UDP, ICMP protocols. If it is required to perform
load tests, then it can also send requests over HTTP(S).
Availability tester and controller nodes are controlled by
web interface with the help of REST API calls.

Availability controller and availability tester nodes
must be deployed on different servers not to use a shared
computing resource and to work in maximum
performance. Ideally, it is better to deploy them on servers
that are using different Internet Service Providers (ISP),
not to flood DDoS scanner’s own network.

On the other hand, depending on the target server’s
performance, it is possible to add more availability tester
nodes to increase the power of the DDoS attack. In this
way, DDoS scanner is able to emulate a DDoS attack with
all availability tester nodes to find out existing
vulnerabilities, and also able to repeat DDoS attacks with
different amount of availability tester (e.g. with only one
availability tester node and with two, three or more
availability tester nodes) to find out the limits of the target
server against DDoS attacks.

Advantage of using more availability tester nodes
instead of only one more powerful availability tester node
is being safe from flooding scanner’s own network
causing a slow network due to large number of malicious
packets in the network. Therefore, it is better to have
several availability tester nodes instead of only one more
powerful node. If DDoS scanner floods its own network,
this means it attacks itself and gets affected from DDoS
attack. In this case, test results may not be illustrating the
real test results.
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Fig. 3. DDoS vulnerability detection algorithm.

Fig. 3 explains the proposed DDoS vulnerability
detection algorithm, which is a part of OM defined in
formula (1). In order to start a new DDoS test, a user
should provide at least an IP address to be stored in
database (DB). When availability tester node starts
emulating a DDoS attack, it reads the IP address of the
target server from DB. Next, it defines the attack time that
is used to end infinite loops to send malicious packets to
server and to check server’s response time. Depending on
the DDoS attack type, it must prepare the needed
malicious packet explained in the previous section. When
these preparations are completed, DDoS scanner must
create two simultaneous processes; one for availability

tester nodes and one for availability controller node. This
means, availability tester and controller nodes must work
together at the same time. Availability tester node sends
the malicious packet to the target server in an infinite loop
while availability controller node sends HTTP(S) GET
request to the home page of the target server in a time
interval which is 5 seconds in Fig. 3 and measures the
server’s response time. Server response time must be
stored in DB to create a chart as a result of this test. These
two loops work till the defined attack time is over. When
the defined attack time is over, both of availability tester
and controller nodes must stop sending packets and
request to the target server. It is also possible to add
another condition to end the test on DDoS vulnerability
detection. For example; DDoS scanner can stop the test if
server response time is increasing over time under DDoS
attack or if response time is getting longer than a pre-
defined response time.

According to the introduced OM with formula (1), we
have to define some metrics or conditions to be used for
DDoS attack’s evaluation. In the proposed approach, the
condition to successfully detect a DDoS vulnerability can
be explained with the help of Packet per Second (PPS)
which means the maximum number of packets that a client
can send, or a server can handle in a second. Let’s assume
P osier 18 availability tester node’s PPS, Ny, is number of
availability tester nodes, and P, is the target server’s
PPS. Then the appropriate condition can be defined as
follows

Nf@Sf@V X P[@Sf@r > PS@VVGV (2)

Equation (2) describes the condition when DDoS
scanner can detect a DDoS vulnerability, such as: overall
PPS limit that DDoS scanner has, must be greater than
target server’s PPS limit.

By the end of test, DDoS scanner must visually
illustrate test results based on the target server’s stored
response times. These results will help users to understand
the target server’s behavior under DDoS attack, and to
make a conclusion. Analyzing test results and conclusions
are explained in the next sections.

IV. TEST RESULTS

When tests are completed, DDoS scanner must create
charts based on server’s response time over DDoS attack
duration. These charts explain the server’s behavior under
DDoS attack.

DDoS Test Results
10

6
m Protected
4 Unprotected

Response time in seconds (sec)
ra

, | | -

1 min 5 min 10 min

Attack time in minutes (min)

Fig. 4. DDoS test result comparison of protected and unprotected
servers.
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Fig. 4 simply shows comparison of protected and
unprotected servers’ behavior under DDoS attack.
Protected server represents a server that has a DDoS
protection and unprotected server represents a server that
has no DDoS protection.

Protected server must be able to resist the attack and
server’s response time must stay in the same range during
the attack. If server’s response time is increasing under the
attack, then it is a sign of DDoS vulnerability. In the
example test result that is represented in Fig. 4, it is clear
that protected server’s response time stays in the same
range while unprotected server’s response time increases
over attack time.

V. CONCLUSION

Proposed emulation approach for DDoS tests helps us
to execute DDoS attacks without flooding our own
network. It provides realistic test results to help
organizations to assess and prioritize their vulnerability
management process. Moreover, it can also help
organizations to see effectiveness of the used DDoS
protection systems.

As a possible way to improve the proposed approach,
we propose to consider including response time limit.
Sometimes defined attack time may be much longer than
attack time that a target server can handle. In this case, it
will cause target server to crash. In order to eliminate such
side-effects, it is possible to include a condition to the
algorithm which is shown in Fig. 3, such as: if response
time is greater than a pre-defined response time limit, than
it must end all simultaneously running DDoS attacks
controlled by availability tester nodes that is explained in
Fig.2. Therefore, it is possible to check DDoS
vulnerability without violating the availability principle of
CIA triad.

On the other hand, it can also be improved by using
other DDoS attack techniques [8] to have a complete
DDoS scan to find a vulnerability. Besides that, it is a
special task to investigate some advantages and
disadvantages for DDoS protection which can be achieved
with usage of such advanced solutions as e.g. KEMP
LoadMaster product line [9], and to compare them with
the proposed approach.
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Abstract—This  paper  presents latest research
approaches in manufacturing automation based on cyber-
physical systems. Three industrial examples are given to
sketch how cyber physical systems particularly Digital Twin,
change the engineering, commissioning and operation of
manufacturing. This paper introduces the concept of the
digital twin and discusses how it can be created and kept up-
to-date throughout that lifecycle. Methodologies are
presented on how engineering data can be interconnected,
how a digital twin can be kept updated in operation and
data can be used to learn and steer operation.
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L INTRODUCTION

Cyber physical systems are a novelty in the field of
automation technology since they have been conceived
around the year 2006 by [Lee]. Cyber physical systems
are by definition a combination of the physical assets of a
real plant and the world of data, information and
software, which form the cyber aspect.

As depicted in Fig.1 physical manufacturing systems
consist of machinery, robots, gages and logistical units.
These physical assets of the plant are connected using
information technology and comprise of multiple data
which regard the engineering and the operation.

Cyber

Physical

Fig. 1: Example of a cyber physical systems in Automtive Body and
White production [4]

In today’s manufacturing systems a very large
diversity of e.g. hundreds of subsystems exists as there
are multiple manufactures who integrate their systems
with the subsystems of others. This results in an ongoing
complexity of such systems making it very difficult to
manage. The operation of such large scale systems
demands for standardization, be it classification schemas
for components and their grouping, information models
etc. This is very much required as the linkage of
components in Hard- and Software is extended. A change

or update in one instance of a domain, e.g. a mechanical
hardware device, may trigger multiple updates in other
areas, such as in the electronics or software.

As a result, the automated manufacturing systems as
of today and even more in the future are going to be a
composition of software, data, which form a digital twin
along with the electronics and mechanical hardware of the
physical systems.

II. STATE OF THE ART

It was evident in research in the early 2000 (see for
instance [3]) that the networking of physical assets results
in a large diversity of data. A swarm of sensor systems
capturing all types of information, stored in a cloud
infrastructure accessible by mobile devices anywhere has
become a reality today. Machine to machine
communication systems, the “cloud” or internet-of-things
(IoT) operating systems are available in terms of
commercial products. Furthermore the product lifecycle
of management activities have resulted in large
Engineering backbone systems.

Due to the availability of these products, research
questions evolve from a plain technical feasibility to the
question of how to master the tremendous complexity of
software systems and their data. Obviously the question is
how the step toward cyber physical systems can be made,
which assists a hybrid of “cyber” e.g. the information
world and the “physical” world of hardware. [3, 4]

A physical system and its cyber part are being created
which means in unison on a digital twin. As depicted in
Fig. 2 the characteristics and functionalities of physical
assets are pictured by a digital twin along the life cycle.

‘ Human and Environment ‘

| o -=-f-----,

‘ s ‘ : Virtual Assefs : Digital
| und their Models . Twin
|

Fig. 2: A Digital Twin is a part of a cyber physical system
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A full integration of cyber physical systems and
availability of a digital twin, i.e. a cyber representation
which could be managed in a cyber or physical way, is
still a future vision [1, 2] as a number of frontiers of the
automation technology as of today need to be overcome.

As it becomes evident from the interaction with
experts in the field [6] the following issues have been
raised and need attention:

e Improved techniques are required for establishing
the communication between the components of the
cyber physical systems in order to reduce the
effort for interoperability.

e New types of standards, e.g. for the semantic
processing of information, are required but are
difficult to conceive.

e Means to manage the complexity of very large
automation systems a yet to be invented.

e The topics of analytics, machine learning and
artificial Intelligence need to be deployed to
enable Self-X functionalities and present
limitation in automatic adjustment of systems.

The outcome of the fulfilment of these aspects, a new
way of how assets of the physical world are working with
the digital twin, being the cyber part, would result in a
new engineering and operation process for automation
systems [7].

As Fig. 3 illustrates the present engineering process as
of to date, which is rather sequential and runs through the
phase of engineering, commissioning and test until the
operation and runtime of production starts. In some cases
a retrofit might be an eventual stage in which the
manufacturing is being rebuilt, before a new operation
phase would start.

Today [ng,‘??f_[mg Commissioning / Test > LRI A Retrofit

of production

.
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/ N\
/ Produgtion!
‘.-" Quality assurance | [\
_ — |~ /‘\-_—_{.‘ \
Engineering Commissioning/ ‘ ‘ | Operation /
[ Test Test | \ & | Runtime
\‘ /; ra(g J.
\ /
\ ¥ & /;

1/

\ /

A\
Fig. 3: Design moves to runtime in which changes are omnipresent

This means that once the production has commenced,
a change of the system might be normal leading to a
situation in which new products could easily be
manufactured as the manufacturing would change that
way.

Consequently, this implies an enormous paradigm
shift as a continuous change is the normal mode of
operation. This also means that traditional concepts of
quality assurance become obsolete and dissolve with
system testing [8].

46

III.  EXAMPLES OF CYBER-PHYSICAL SYSTEMS FOR
APPLICATION IN MANUFACTURING

An illustration of the usage of Cyber-physical systems
based on examples of research work with major
manufacturing and automation supplier companies; their
perspectives are be highlighted:

1. The Engineering for Change and the modular
configuration of systems

2. The maintenance of a digital twin once automatic
changes in manufacturing are taking place

3. The utilization of big data for quality control
during operation

All three provide an overview on present research
challenges which are due to the extended availability of
data and information which form the cyber part
respectively utilize that information as a digital twin of
the physical system.

A. Example 1: How to seamlessly integrate the multiple
sub disciplines in digital twin in engineering?

To date automated manufacturing systems are
designed by means of computer aided design systems (so
called CAD or CAx-Systems). For many years these
systems have been utilized during the engineering phase
in order to design the mechanics, electrical wiring or the
sequential control.

By doing so, different views of the design data are
supported in the Engineering phase. As a result various
computer-based models of a manufacturing system exists
such as a description of the 3D appearance of the parts,
the layout of the machinery in the plant, electronics, and
models of the control software or administrative data of
the various components. A large variety of these
components can be administrated in commercial tools)”
which interconnect the information in an extended
database.

However many question arise on the seamless
integration of the information in a digital twin. Product
lifecycle databases )" entail the above mentioned data of
mechatronic components from multiple domain but the
data is very often not very well connected between each
other. Once a change in the design happens all the
different sources might be affected. For instance if a
sensor is replaced by another model it is required to
update the mechanics, the wiring as well as the software.
Despite the fact that all data might be stored in a database,
different CAx-tools need to be deployed to update the
data. In practical application such updates lead to a
significant amount of manual work which has to be done
by human operators.

This problem leads to the research question of how a
Digital twin can automatically be synchronized or at least
how a computer aided assistance function can help update
the data sets which from the digital twin of the
manufacturing installation.

The Fig. 4 illustrates the information architecture of
such an assistance system. A manufacturing cell is made
up of data in the domain of mechanical design, electrical /
electronic design and software. Each of the assets which
are represented in the digital twin has three types of data
which are stored in a repository or come from a library



which is reused. Additionally the system entails
information, e.g. on how the components are
interconnected by means of a product structure.

Assistance system

Calling the shell of Synchronization of
mechatronic component engineering models
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Fig. 4 Concept of an assistance system which keeps the digital twin of a
mechatronic manufacturing up-to-date

A method for automatic detection of changes is
researched based on the industrial setup on. In [S] we
explain how so-called anchor points can be utilized to
interconnect information models of the multiple domains.

The research work conducted has a strong empirical
aspect and requires physical installations of
manufacturing which should be typical machinery utilized
in practice. In this work, the research campus Arena 2036
is the testbed for experiments which provides the required
installation of “real life” machinery and a full set of state-
of-the-art PLM/CAX tools.

We are very fortunate to have the installation of th
Arena 2036 available for empirical research in order to
understand how the cyber physical systems evolve in
practice.

B. Example 2: How to manage the vast variety of

information of manufacturing facilities in automotive?

In automated manufacturing in the automotive

industry a huge variety of data is being created describing
the manufacturing facilities. These data need to be
systematically administrated over the course of time as
product changes and updates happen during the operation
phase.

Automotive manufacturing for instance in body-and-
white has invented an elaborated set of methods and tools
in order to obtain and administrate their data. Today, the
manufacturing planning is based on Standards and De-
factor Standards of the automotive manufacturing
company and their equipment suppliers.

In Fig. 5 an outline of today’s data is provided and the
means on how to structure them. Many ideas on standard
and schemas are already implemented in automotive,
basically aiming towards the structuring of information.
Be it by means of markup languages such as Automation-
ML or specially released standards which are agreed upon
by the stakeholders in the automotive community.
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Fig. 5: Schemas for structuring engineering data in Automotive Body
and White [4]

However, despite all efforts a central question on how
to create transparency remains, e.g. by automatically
interconnecting fragmented information. With the
appearance of cyber physical systems and the digital twin
this question becomes even more relevant as data is
required for retrofits or a contours update of the cyber-
physical equipment.

Should a new vehicle require adjustments in the
manufacturing systems, all the planning data needs to be
up-to-date. The work which is described in [4] analyses
how planning data can be updated. This means it
investigates on an automatic data update of planning
objects based on multiple methods and aims to
interconnect them.

In order to update the digital twin the following
sources of information are engaged:

*  Existing planning data which are stored in CAx-
databases as per example 1

* IT Network Scan of all fieldbus systems in the
shop floor can be utilized in order to capture all
components which are utilized in the system

* 3D Scans of the shopfloor are undertaken to
obtain volumetric data on all the physical
installation

*  High-resolution pictures of all installed systems
with high resolution panoramic cameras which
document all types of detail in the manufacturing

The research work on how to connect these pieces of
information is ongoing, but will be very much required to
create an up-to-date digital twin of the manufacturing line
in operation.

C. Example 3: How to engage data driven qulity control
during operation?

Sensor data entail information about the plant and
process and can be analyzed to improve process quality.
The control can be based on the process data obtained
during operation and can be used for Prediction and
optimization of product quality for automatic control or as
recommendation of action for the operator.

In this setting the digital twin captures operational
data which help to identify patterns which can thereafter
be used for action proposals.
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The ultimate goal for this research is that systems
learn about dynamics and disturbances based on real
process data.

As per Fig. 6 a special learning approach needs to be
conceived in order to adjust the various quality loops
which are responsible for the quality of the manufacturing
operation.

Fig. 6: Cascaded quality loops for learning control of manufacturing
operation.

The research of [9] is based on terabyte of real factory
data of machinery and all types of sensors to obtain that
quality control. Results can be achieved by deploying
learning algorithms. The challenge is however twofold:
First: The structure of the model, the manufacturing and
its quality control needs to be adequate. Second: known
correlations and relationships in the process need to be
available. Both aspects support the convergence of the
algorithms. So far, anomalies in the manufacturing
systems can be detected or even predicted which results
in an adjustment of the control loops.

CONCLUSION

This paper presents a model for the digital twin as a
core element of cyber physical production systems and
provides scenarios on how the digital twin can be utilized
in industrial application.

It is evident that the digital twin concept is very
straight forward and clearly supports the engineering,
commissioning and later operation. However, the work
also illustrates the diversity of the various data sources
which feed the digital twin. From the examples presented
it becomes obvious that the synchronization of the digital
twin with the physical world is albeit challenging, can
provide an enormous potential as it enables a new way of
work with a reconfiguration and optimization of
manufacturing operation.

)! see: www.arean2036.de
)* see: www.massivumformung.de/forschung/emudig-40/
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Abstract— Aurtificial neural networks (ANN) have found
increasing consideration in forecasting theory, leading to
successful applications in time series and explanatory sales
forecasting. The conventional neural network CMAC
(Cerebellar Model Articulation Controller) can be applied in
many real-world applications thanks to its high learning
speed and good generalization capability. In this paper it is
proposed to utilize a neuro-evolutional approach to adjust
CMAC parameters. The general structure of the evolving
NN CMAC (ECMAC) is considered. The paper
demonstrates that the evolving NN CMAC can be used
effectively for the solving of time series prediction task. The
simulation of the proposed approach for various time series
is performed. The results proved the effectiveness of the
developed methods.
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I. INTRODUCTION

Using a mathematical model of the cerebellar cortex
developed by D. Marr [1] in 1975 J. Albus proposed a
model describing the motion control processes that occur
in the cerebellum, which was subsequently implemented
in the neural network controller for controlling the robot -
arm, which he called CMAC - Cerebellar Model
Articulation Controller [2, 3]. Ease of implementation and
good network of approximating properties have ensured
its wide usage not only in the tasks of controlling the
robotic arm in real time, but also to solve many other
practical problems [4, 5].

However, it should be noted that in designing a
network CMAC a number of difficulties in the selection of
parameters such as the number of levels and the
quantization levels, the shape of the receptive field, the
type of applied information hashing algorithm and
training. These parameters have a significant impact on the
accuracy and speed of CMAC network, and therefore, the
determination of the optimal values of these parameters is
an important practical problem. In this article, for
eliminating the drawbacks of traditional methods of
synthesis and functioning ANN CMAC we provide the
use of a new class of networks - evolving ANN (EANN)
in which, in addition to traditional learning it is used
another fundamental form of adaptation - evolution,
realized by applying the evolutionary computation [6, 7].

The main advantage of using evolutionary algorithms
(EA) as learning algorithms is that many ANN parameters
can be encoded in the genome and determined in parallel.
Moreover, unlike most optimization algorithms designed
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to solve a problem, EA operate with a multitude of
solutions - the population, which allows reaching a global
minimum, without getting stuck in the local ones. In this
case, information about each individual of the population
is encoded in a chromosome (genotype), and the solution
(phenotype) is obtained after evolution (selection,
crossing, mutation) by decoding.

Among EAs that are stochastic and include
evolutionary —programming, evolutionary strategies,
genetic algorithms, genetic programming, in particular,
programming with gene expression, genetic algorithms
(GA) are the most common [8, 9]. GA abstract the
fundamental processes of Darwinian evolution: natural
selection and genetic changes due to recombination and
mutation.

II. NEURAL NETWORK CMAC

ANN offer great flexibility in modelling quantitative
forecasting methods. This work is focused on time-series
point predictions with neural network ECMAC. A variable

)A/t 45, 18 predicted using only observations of the same

variable ), ,interpreting the time ¢ as the only

independent variable [10]. At a point in time ¢ (=1, ...,T), a

one-step ahead forecast ,,, is computed using

observations y,, ¥, i, ..., V,_, from n preceding points

in time ¢, 1, -2, ..., t-n—1, with n (n=1,...,N) denoting
the number of input units. This models a time-series
prediction in analogy to an non-linear autoregressive
AR(n) model [10] of the form

)A/Hl zf(yt’yt—la-"ayt—n)’

The modification of the network proposed by Albus
for solving this problem is shown in Fig. 1. The network
consists of the input, hidden and output layers, labeled L1,
L2, L3, respectively, and uses two basic conversions: S:
X= A, P: A=y, where X - N-dimensional space of
continuous input signals; A - n-dimensional space
associations; y - a one-dimensional output.

Converting S = A in turn consists of two
transformations: X = M, M => A, where M - the space of
binary variables.

The principle of the network operation as an
associative memory is as follows. Approximated function
y = f(x) is given to a limited number of points (argument
values) X constituting N-dimensional space of the input
signals. This space is divided into subspaces M formed the
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input signals X(i) (i:W). Number of subspaces M

impacts the accuracy of the network and number of
utilized memory cells. Therefore, on the one hand side it
should be big enough to ensure good approximation
capabilities of the network and on the other hand side it
should be not too big to save some memory. In
constructing the cerebellum model Albus proceeded from
the fact that the appearance of the excitation signal
activates its a certain area of the cerebellum, or receptive
field, characterized by a parameter p.

Therefore, storage of values of y(i) (network output
signal) corresponding to X(i) (i=1,M ), used p memory
cells, the number of which is constant for all vectors of the
input signals on the network. At receipt of the input signal
X(1) a signal y(i) appears at network output, which is the
sum of p addressable cells content.

Fig. 1. Albus network

Associative CMAC properties manifest themselves
in the form of used addressing, which is based on a
special coding input information and called hash
coding or hashing [11].

ITII. ENCODING INFORMATION IN CMAC

Information coding in the network means that to each
N-dimensional input vector X(i) a n-dimensional
association vector a(i), is assigned and stored in virtual
memory.

Elements of a(i) can take the values from the interval
[0, 1] (in the papers cited above it is assumed that these
elements take the values O or 1). Thus only p << n
elements of the vector have non-zero values, i.e. only p
memory elements are active.

Continuous plurality of input signals by sampling (at
the level of quantization) is converted into discrete. Thus
to represent the i-th input signal components R;
quantization levels used with the appropriate quantization
step 7; (i =1, N). It should be noted that the accuracy of

the system identification depends substantially on the size
of the quantization step, and loss of stability is possible in
digital automated control systems with an incorrect choice
of this parameter.

Each stage is characterized by a corresponding
association matrix A, (i =1, p ), only one element of which

is different from zero.

Construction associations vector as follows. For a
given total number of input signals association matrix A;
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of each quantization stage (;=1,p ) are formed. The
columns of these matrixes form association vectors a;
(i=1p)

The dimension of these vectors, n, equal to the sum of
all elements of the matrices A; (i=1,p ) and can be

calculated by the formula:

n-}p[f:uﬂ,

where R - the number of used levels for quantizing input
signals; N - the dimension of the input vector; Jo[ - means

rounded to the nearest whole number.

Since all p matrices A; (i =1, p) have only one non-

zero element, from the n components of the vector a(i)
only p are non-zero.

The quantization region are arranged in a such way,
that any of them relating to the adjacent stages, have not
more than (p - 1)-th connection. This corresponds to a
restriction on the maximum total number of cells equal to
(p - 1) used for storing two different vectors of the input
signals in which their recognition is still possible.

IV. EVOLVING ANN CMAC

During switching from ANN to EANN for all types of
networks the common evolutionary  procedure
(initialization population, an estimation of the population,
selection, cross-breeding, mutations) is used. Differences
are only in the method of encoding the structure and
parameters of a particular form of ANN in the
chromosome.

At the beginning of EA functioning, population p, that
consisting of N individuals (ANN): P, = {H,, H,,...H, }
is randomly initialized. The proper choice of the N’s value
is very important as this parameter significantly affects the
speed of the algorithm and its selection is critical for real-
time systems. Each individual in the population at the
same time gets its own unique description, encoded in the

chromosome H; =\, hy,hy s which consists of L

gene, wherein /; e[wmmwmax] - i-th value of j-gene

chromosome (w,; - the minimum and w, , - maximum
allowable values, respectively).

Figure 1 shows an example ECMAC chromosome’s
format and the correspondence between genes and
network parameters stored in the chromosome. It should
be noted that chromosome length depends on the
dimensionality of the problem and the maximum amount
of memory.

As seen from the drawing, it consists of a chromosome
gene in which information about corresponding network
parameters is stored. At the beginning of the chromosome
there are genes that contain information about the
parameters of the noise and they are active only in case of
the noisy measurements. Next gene’s block encodes the
number of levels and the quantization steps, the shape of
the receptive field of neurons and type of algorithm that is
used for hashing information.



Due to the large amount of the BF that can be used in
CMAC, there is a special gene in its chromosome BF, that
is responsible for coding the type of the used functions.
There is also a gene H in the chromosome, that encodes a
type of the hashing algorithm (If its value is set to 0, than
hashing is not used).

Then, in the chromosome there is a group of genes
encoding weighting parameters directly relevant to the
associative neurons. During the initialization phase initial
values are assigned to all these parameters by using a
random number generator.

Since during evolution mutation may occur in the
parameters affecting the amount of used associative
neurons, the length of the chromosome can vary. The use
of variable length chromosomes occur individuals with
specific genetic code segments (introns) which are not
used for coding characteristics [12].

Typically, introns are used in the EA:

1)  Asnoncoding bits that are uniformly added to the
genetic code (in this case introns only fill the
space between the active genes of the
chromosome).

2) As the nonfunctional parts of the genetic code,
i.e., parts of the decision which do not actually do
anything, thus not affect the fitness of the
chromosome (this usually occurs in the genetic
programming and in the chromosomes, which are
subject to the cycle of development after birth).

3) As posteriori useless part of the chromosome,
which do not participate in the calculation of its
fitness (usually it manifests itself in some types of
competitive-trained neural networks, in which
only neurons-winners in contrast to other neurons
that are a posteriori useless affect network
performance results).

Once the initial population is formed, the fitness of
each individual part in it evaluates by some defined fitness
function.

Conventionally, as such a function the quadratic one is
used:
1M, ’
P =3 ()= 50)) >
M i=l
where (k) - the desired network response; (k) - real
output signal; M — sample size.

The next step is the selection of individuals, the
chromosomes of which are involved in the formation of
the new generation, and subsequent hybridization.

The task of crossing operator (crossover) is the transfer
of genetic information from the parent individuals to their
offspring. After completion of the operator’s work, any
gene of any individual in the new population may mutate,
i.e. change its value.

Since chromosome uses hybrid coding, during the
mutations various operations must be performed for
different encoding methods.

For example, in case of the gene that is responsible for
neuron’s activation and uses binary encoding, inverse
mutation should be used. For coding the BF and weighting
parameters, that uses real values, different types of
mutations may be used.

Thus ECMAC algorithm can be represented as
follows.

1)  Create an initial population.
a. Initialization of each individual chromosome.
b. Estimation of the initial population.

2) The stages of evolution - the construction of a
new generation.
a. Selection of candidates for mating (breeding).
b. 2.2 Hybridization, i.e. causing by each pair of

selected candidates some new individuals.

c. Mutation.
d. Evaluation of the new population.

3)  Check the completion criterion, if not satisfied -
go to 2.

V. CONCLUSIONS

The results showed that the evolving neural network
CMAC is quite effective and convenient in solving
practical problems of time series prediction.

Some experimental results in forecasting a stationary
time series using ECMAC are computed, evaluating the
performance in competition to basic forecast methods
using various error measures.

An additional advantage of the evolutionary approach
to CMAC network training is the solution of the problem
of choice the associative neurons receptive field form that
is affecting the method and the prediction accuracy of the
studied time series. In the case ECMAC this problem is
solved automatically.
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Anomayia—Mopen10BaHHs npouecis yIpaBJliHHSA
CEKTOPHOI0 KOOIepalicld B po3nogiieHux indopmamiinnx
cHCTEMAX JI03BOJISIE 3PEAYKYBATH KOLUTH BIPOBAIKEHHS Ta
eKcIuIyaTanii TakMX CKJIQJHHX cHCTeM. 3anponoHOBaHMIA
MeToA Bisyanizauii indopmaniiinux Moneneii Bizoopaxae B
rpagivyniii  d¢opmi ckaagoBi npomecm Ta  cmpolunye
MOPO3YMiHHSI Ha cTagii aHagi3y i NpPoeKTyBaHHA MiK
3aMOBHHUKOM Ta po3podHukoM cucremu. HaBeaeHo ocHoBu
Bi3yaji3auiiiHOro MoJe/I0BaHHA Ta CHPOIIEHMII MPHUKJIAJ
po3podKH Mopesield ABOCEKTOPHOI CHCTEMH KepyBaHHS
NapKyBaHHSIM.

Abstract—Simulation of the processes of sectoral
cooperation management in distributed information systems
allows to reduce the means of introduction and operation of
such complex systems. The proposed method of visualization
of information models reflects graphically the constituent
processes and simplifies the understanding at the stage of
analysis and design between the customer and the system
developer. The basics of visualization modeling and
simplified example of development of models of two-sectoral
parking management system are presented.
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I. Bcryn

VYrpaBniHHS CKIaIHAMH CUTEMH B YMOBaX CEKTOPHOT
Koomepanii BUMarae 3acTOCyBaHHS iH(OpPMAaIiHUX
TEXHOJIOTiH, 10 3a0e3NeUyl0Th BiJOOpaXKEHHS CTaHy Ta
YMOXUIMBJIIOIOTh ~ YIPABIIHHS CHCTEMOIO B  PEXKHMI
peasibHOrO 4Yacy. Bisyamizamis npoueciB ynpaBiiHHS
JIO3BOJISIE 3HATH TICHXOJIOTIYHHEM Oapep Ta YHHKHYTH
B3a€EMHOI'O  HEMOPO3YyMiHHS MIDXK  3aMOBHHKOM  Ta
po3pobHUKOM  iHQOpMaNmidHUX  CHUCTEM, a  TaKOoX
3peIyKyBaTl KOIITH pO3pOOJIEHHS, BIPOBAKEHHI Ta
eKCILTyaTallil TAKUX CUCTEM.

MeToro ompalroBaHHA € MPEJCTABICHHS Bi3yallbHUX
METO/IiB MOJIEITIOBAHHS MIPOLIECIB YIPaBITiHHS CKJIQJHUMHU



CHCTEeMaMH B YMOBaX CEKTOPHOI Koormeparlii, a TaKoX
PO3pO0Ka CIIPOIIEHOTO MPUKIIAAY ABOCEKTOPHOI CHCTEMHU
YIPaBIiHHS MEPEKEIO MAPKIiHTIB.

HoBuzHa po6oTu nonsArae y BIpoBaKeHHi rpadidHux
METOJIIB MOJICJTIOBAHHS, [0 3a0e3MeUyIOTh Bi3yasi3amito
IIPOLIECIB  YIpaBIiHHA Ta CHpPOLICHHS PO3YMIHHS IX
nepeoiry.

IIpakTyHa 3HAYMMICTh TMOJIATAE Yy MOXIIMBOCTI
BiZIOOpaXKEHHSI ~CTPYKTYpH Ta Mepebiry IpoleciB
VIOpaBIiHHA, B YHHKHEHHI HEHNOPO3YMIHHA  IIpH
ITOCTAHOBIII 3aBJaHHs Ta 3a0e31eYeHHl BUMOT 3aMOBHHKA,
a TaKOXX 3HIDKCHHI KOILITIB PO3pPOOKM Ta eKCIUTyaTawil
CHCTEM.

YIOpaBIiHHA JBOMa BHOPaHUMHU CEKTOpaMH 00’ €Ty
indopmaTH3amii.

Kommnanist «Parkstopy» crieriianizyeTbcs Ha ynpasiiHHI
MICEKHUM IIPOCTOPOM 3 METOI0 CTBOPEHHS IMapKyBaJbHHX
MiCIlb, BUKOHYE 30BHIIIHI 3aMOBJICHHS Ha BAMOTY MiCT
a00 TpHBaTHUX YCTaHOB. JIMHAMIYHUIA  pPO3BHTOK
KOMMaHi{ 3a0e3MeYeH0 CTBOPEHHSAM aBTOCTOSHOK P & R y
BEJIMKHX MiCTaX 1 YHMCICHHUX MOoAu(DikKalisx iCHYyr4HX
ABTOCTOSIHOK y MICBKMX IIEHTpaX, W0 IIPH3BENIO M0
HeoOXximHOCTI po3pobkm IT-cmcremm, sxka wmorma 0
MOKPAIIUTH JisSIbHICTh KOMITAHiI.

IpencraBieHuit MpHUKIAN TPOSKTY I1HPOCHCTEMHU
JIOTIOMOXKE OMNTHUMI3yBaTH TPOLEC TOTOKY JaHUX B
KOMIaHii Ta 3a0e3ne4nTh e)EeKTUBHY KOMII'FOTEPHU3ALIiI0

OcHoBH Bi3yai3aliifHoro MO/IETIOBaHHS . iy .
. . . KOMIIaHii MpH CKOPOYEHHI eKcIulyaTtaliiHux KomriB. Ha
ony6nikoBaHo B [1]. Hmxue npoananizyeMo cripoleHHi . . N
N, MoZCTIoBaNN  iH(opMaLiifHol  cHCTeMH puc. 1 300paxkeHO iepapxiuHy OpraHizamiiHy CTPYKTYpPY
P A a pMar kommasii «Parkstopy.
Tonosa Crinkl
Bigzain Biazgin obcmy ri Binain cinyxo6u
AIMIHICTp ALl MAPKIHTY MAPKIHLY
1 P 1 .
Kampu (?o_c:mflra 3BITHICTE (:)({C,l:[}'rﬂ ?\'npasmg—n‘-m KOHTN].JOI[‘]) ] [ Cl‘[l]il‘l})lﬂuﬂ'il
KIII€HTIB TEXHIYHA TEPUTOPLEID TMapKIHTY CITy AKOaMIT
Puc. 1. lepapxiuna oprani3auiiina crpykrypa kommasii «Parkstop»
. . ® mimpo3min TEXHIYHOTO 00CITyroByBaHHS
II. AHAJII3 OPTAHIBALIAHUX ITIIPO3/IIJIIB KOMITAHIT 3afiMACTECS  DEMOHTOM  TA  BCTAHOBJICHHSM
lonmoBa mpaBNiHHS CHIIKA KOOPIUHYE MisUTbHICTD IapKOMaTiB, a TaKoX HaJaHHAM TEXHIYHUX
KOMIaHii Ta 04oJre poboTy BcCix migposmimiB. HMoro IOCIIYT,
MPEICTABHUK Ha [iJOBUX 3yCTpivuax BiANOBimae 3a . . . .
N . ®  TiIpo3in TEPUTOPIATILHOTO YHpaBIiHHS
MPUKAHATTS. 3aMOBJICHb Ta TMOTOYHHH HANpsSM pPO3BUTKY . .
KOMIIAHT MIATOTOBIIOE MaWAaHUYMKH Ui TapKyBaHHS,
’ BU3HAYAa€ MICI IapKOMarTiB, PO3MITKY JIiHIH
Binain agMinicTpanii: NMapKyBaHHs,  BHUPI3KYy  JEpeB,  MIATOTOBKY
. ) . . . MOYIJTUBHX TOPTOBUX MIPUMIIIICHb Ta
[ ] . .
MApO3AUL  KalplB - BIANOBIIAE  3a  IOTOYHE HaJaro/JKeHHs  MapKyBaHHS  BIANOBIAHO 10

yIpaBIiHAA Ta HaOlp MpaniBHHKIB; BiAMOBimae 3a
MIArOTOBKY Ta  PO3BUTOK  poOouoi  cuiw;
KOOpAMHY€E 3apoOiTHY TIJjary KOMIaHii Ta
31HCHIOE IPOTPaMHU CTUMYJTIOBAHHS,

e  MiApO3Iin 3aKyMiBIIi Ta TEXHIYHOTO
0o0CIyroByBaHHsS  KIIEHTIB  BIANOBiZae  3a
IiATOTOBKY MPOINO3MLIN KOMIaHil 1o TeHAepiB Ha
PO3pOOKY 3eMETbHUX IIISTHOK ISl MAapKyBaTbHUX
MiCIlb, BEJ€ CIIJIKYBaHHS Ta TICPETOBOPH 3
KJIIEHTOM, Teperisfae IiCHYHUl yrogd Ta Kepye
MapKETHHTOBHM  JIOCTHI[DKCHHSM 3  METOI0
3HAXOJKEHHS HOBHX KITIEHTIB,

® MiAPO3Mia 3BITHOCTI Ta pPO3paxyHKiB 3aliMaeTbCs
OOYHCIIEHHAM 3apo0iTHOI IUTaTH Ta PaxyHKIB y
KOMIIaHii, a TaKOX INArOTOBKOIO aHalli3iB I
KIi€HTA, $KI MPEACTaBISAOTh NPUOYTOK Bix
eKCILTyaTallil aBTOMOOITBHUX MapKiHTiB.

Binain o6¢cyroByBaHHs MapKiHTiB:

CTaHAAPTY, PO3POOICHOTO B JOTOBOPI.
Bimmin nepconary o6cTyroByBaHHS MapKiHTiB:

® TIJIPO3IiN KOHTPOJIIO 33 MApKyBaHHAM 3IIHCHIOE
KOODJIMHYBAHHS MpAI[iBHUKIB, 3aJy4CHUX JIO
MPOaX Ta MEPEBIPKU KBUTAHIIIH,

e MiApO3IiN chiBmpaui 3 crencayxOamu 3a0e3nedye
HaKJQJaHHA 3a HeoOXigHocTi ImTpadiB, abdo
€BaKyalIliio HETPaBHIBHO NPUNAPKOBAHUX
TPAHCIOPTHUX 3ac00iB IUIAXOM IOBIIOMIICHHS
BIIMIOBIHKX CITyk0, TIepeae 3BiTH Ta CTATUCTUKY
YHHHOCTEH JI0 BT 3BITIB T4 PO3PAXyHKIB.

IndopmaniiiHa cucTemMa yIOpaBIiHHA KOMIIAHIED
«Parkstop» no3Bosisie 3abesnmeuuTH 1HGOOOMIH Mix
HiIPO3iNaMy, CIiIbHE BUKOPHUCTaHHS Ta 30epiraHHAM
JNAaHUX 1, SK HACIIJIOK, ONTHUMI3allil0 CHiBOpaIi
HipO3AiNiB.
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I1I. TIPUKJIAJZIU TTPOLIECIB CUCTEMH,
SIKI MOXKE 3ICHUTH KOPUCTYBAY CUCTEMU

B Tabn. 1 3niificHeHo aHami3 cUCTEMHUX onepauii
MPOIIECY IO PO3MITII MapKyBaJTbHUX MiCIb, HATOMICIb B
tabu. Il mpoaHani3oBaHO CHCTEMHI omepalii mpoiecy mo
3aMiHi TapKoOMaTy.

TABJIMIS 1.  CUCTEMHI OMEPALIT ITO PO3MITIY ITAPKYBAJIbBHAX
MICIIb
JlokymeHT 3micT BignoBinanbuuii
D1.02 BcTaHOBIICHHST KOHTaKTY 3 | Bigmin
KITiEHTOM 00CITyroByBaHHS
KJI€HTIB
D2.03 Binkpurts BHyTpimHbOro | Bimmin 3BityBaHHs
KIIEHTCHKOTO PAXYHKY Ta pa3paxyHKiB
D3.02 Posmimenns y  xmapi | Bimmin
MPOEKTY KIi€HTa 00CITyroByBaHHS
KJI€HTIB
D4.05 BripoBakeHHs TexHiuHNX | Bigain
BUIIPABJICHb y MPOCKTI TEPUTOPIaILHOTO
YIpaBIiHHS
D5.05 Po3miTka Micist Ta | Bimain
Ha/ICWJIAHHS JOKYMEHTAlii | TepUTOpialibHOTO
yIpaBIiHHS
D6.02 3aTBep/pKeHHs] BUKOHaHUX | Biguin
TOCIyT 00CITyroByBaHHS
KJIi€HTIB
D7.02 Hanicnatm  Biaryk  mo | Bigain
Binginy O3 00CITyroByBaHHS
KJII€HTIB
D8.03 PospaxyHOK 3aMOBIIeHHs 3 | Bimmin 3BiTyBaHHS
KITiEHTOM Ta pa3paxyHKiB
D9.03 Bunnara 3apo6itHoi mimati | Bignmin  3BiTyBaHHS
Ta pa3paxyHKiB
TABJIWIIA 1.  CUCTEMHI OIEPALII IO 3AMIHI [TAPKOMATY
JlokyMeHT 3mict Binnosinanbunii
D1.06 Peectpauiss B cuctemi | Bipnin mapkyBaHHsS
TIOBIOMIICHHS mpo
He(YHKIIOHYIOUHiT
rapKoMar
D2.04 Bigmosiny Ha 3asBKy - | Bigain TEXHIYHOT
pineHHs 3aMiHH | CITyXOH
napKoMary
D3.05 BcranoBneHHss B cuctemi | Bimmin
IUIaHy PO3MILICHHS | TEPUTOPIaIbHOTO
HOBOTO MTAPKOMATy yIpaBIiHHS
D4.05 ITigroroBka KomTOpUCY Bimuin
TEPUTOPiaILHOTO
YIpaBIiHHSA
D5.03 Ipuitaatrs  komwTopucy | Bimnmin 3BiTyBaHHA Ta
BUTpAT pa3paxyHKiB
D6.05 Bceranosnennst napkomaty | Bigain
i BIALIPABIICHHS | TEPUTOPIAILHOTO
indopmarii o Bigminy O4 | ynpasiiHHS
D7.04 BunpoboByBaHHs Bigin TEXHIYHOL
napkomary Jio Bty O6 | ciyxbu
D8.06 Tect nmapkomary Biyin napkyBaHHs
D9.04 Hancunanns 3Bity poGiT | Bimmin TEXHIYHOT
J10 Bimminy O3 CIryKOH
D10.03 Onnara BuTpar 3rigHo | Bigumin 3BiTyBaHHS Ta
KOIUTOPHCY pa3paxyHKiB

IV. MATPUYHA MOJEJIb

MatpudHa MOAETbh TO3BOJISE Bi3yalli3yBaTH mepeoir
BUKOHAHHS CUCTEMHHUX OIepaliii B CKiIalai MpoleciB

MiANPUEMCTBA,

1o

BUKOHYIOTBCSL Y

BiAmOBITHUX

migpo3ainax B (QyHkmii uvacy. Ha puc.2 300paskeHO

MaTpU4HI MOJIENi MpPOIECIB JUIA: a) PO3MITKH MiCIb
MapKyBaHHS Ta 0) 3aMiHM TAPKOMATY.
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Puc. 2. Matpuuni Mozeni MpoleciB: a) PO3MITKH MiCllb MapKyBaHHS,
6) 3aMiHM TapKoMary.

V. MOJIEJIb CYMIILIEHWI T'PA® YACIB

3AiHCHUTH  OLIHKY IOBHOTO  OOYHMCIIIOBAJIHLHOTO
HaBaHTA)XCHHS iH(OpMamiifHOl cHCTeMH yIpaBIiHHSL
JIO3BOJISIE  MOJETbh  CYMIIIEHOTO  4acoBoro  rpady

BUKOHAHHSI CUCTEMHHX OIepalliil MpoueciB cucreMu, sika
U1 HaBEAEHOTO MPHUKIIaNy 300pakeHa Ha puc. 3.
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Puc. 3. Mojenb cyMileHoro 4acoBoro rpad)y BUKOHaHHs CUCTEMHHX OIepalliif IIPOLEeciB CUCTEMU

VI.  BJIOK-CXEMA AJITOPUTMY

Ha ocHOBi Mopeni cymimeHoro wacoBoro rpady
OyIyrOTh OJIOK-CXeMY aJITOPUTMY BUKOHAHHS MPOTpaMu
YIPaBJIiHHA CUCTEMOIO, SIKa 13 3aCTOCYBaHHSAM 00’ €KTHO-
OpIEHTOBAaHOTO MPOrPaMyBaHHS JO3BOJSAE 3AIHCHUTH

MIBUJIKY IMIDIEMEHTAII}0 IporpaMHOro 3abe3nedyeHns. Ha
puc. 4 HaBeIEHO OIOK-CXEMy QJTOPHTMY BHKOHAHHS
cucreMHux onepaniii. [1{o0 YyHUKHYTH HEOIHO3HAYHOCTI
MO3HAYEeHb CHCTEMHHUX OIEpaIliil JUIl KOXKHOTO 3 JBOX
mpoleciB, eneMeHTH mpouecy | mno3HayeHo sk "I,
HATOMICTbh €JIEMEHTH mporecy 2 - "II".
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Puc. 4. Biok-cxema alropuTMy BUKOHAHHS CUCTEMHUX omepauiit

VIL

ImiTamidHuiA  aHami3  ANsS  HepIioro  mporecy
po3pobieHoi cucreMum 3OiHHEHO B NIPOTPaMHOMY
cepenoBuii BP Simulator [2]. 3 Bsi3ky 3 iMIIeMeHTAIli€0
NPOEKTy Ha TOJbChKOMY mianmpueMcTBi «Parkstopy,

CUMVIJISILIA TTPOLIECIB PO3POBJIEHOT CUCTEMU

iMiTalifiHI Mozeni BimoOpakeHI MOBOIO OpHTIiHAIY.
BusHaueHO OKpeMi CHCTEMHI omepallii, Yacu TPUBAJIOCTI
iX BHKOHAaHHA Ta BHKOHAaBYI mimpo3aimm (puc. 5).
Cumynsiis JA03BOJIMJIA OI[IHUTH 3aTpaTH CHCTEMH 1
MOKa3aTH CepeiHii 4ac BUKOHAHHS KOKHOTO 3 MPOIIECIB.
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Puc. 5. Imitauiiinuii aHani3 neporo npouecy po3poOieHol CUCTEMH B
nporpamHoMy cepezosuii BP Simulator

Komis  panopry  cumymsanii  (yHKIIOHYBaHHS
Ppo3podIIeHOT CHCTEMH HaBeJIeHa Ha PHC. 6.

[ Created [ Completed Throughput Time
10
Wl Processng  01:40:00
5
[l Transportation 00:00:00
M Queve time  00:00:00
—m
2 4 6 8 10 12 14 16 18 20 22
40 60
20 8
0
M Queue Length 100% Summary
0 Performance
Tasks created 5
0 Tasks completed 3
Total Costs $2,230.00
Takt time 00:00:19
S —— Cycee time 01:30:00
2 4 6 8 10 12 14 16 18 20 22
www.bpsmulator. com

Puc. 6. Konist panopry cumynauii (yHKUiOHyBaHHS pO3poOIeHOl
CHCTEMH
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VIII. BHUCHOBKU

Ha ©0a3i 3anpomoHOBaHMX METOMIB  Bi3yamisarii
nepediry CHCTEMHHMX OIepalid MpoIeciB YIpaBIiHHS
CKIIAJHUMH CHCTEMaMH B YMOBaX  MDKCEKTPOBOL
Koormepailii 3aKJIaJIcH0 OCHOBM  MOJICIIOBAHHS, SKi
JO3BOJIMJIM  3IIHCHUTH  BiJOOpaXGHHS  CTaHy Ta
YMOXJIMBIIIM YIIPaBIiHHA iH(QOpPMAIiHHOIO CHCTEMOIO B
pexmmi  peampHOrOo dacy. Bisyamizamis mporeciB
yIpaBJIiHHS [03BOJIMJIA 3HATH ICHXOJOTIYHHIA Oapep Ta
YHUKHYTH B3a€MHOTO HETOPO3YMIHHS MK 3aMOBHHKOM
Ta PO3POOHMKOM IH(POPMANIHUX CHCTEM, a TaKOX
3pEeoyKyBaTH KOLITH PO3POOJICHHS, BIPOBA/PKCHHS Ta
eKCILTyaTaIli{ TAKHX CHCTEM.

IpoananizoBaHo iHpocucremy YIIpaBIIiHHSA
KOMIIAHI€I0, sIKa Haga€e IIOCIyrH 3 MapKyBaHHS.
Peanizartist po3po0IeHOT CHCTEMH 103BOJIMIIA MOKPAIIUTH
iH()OOOMIH MiX OKpEeMHMH IiPO3NITaMH 1 IepedTH Ha
CJIEKTPOHHY CHCTEMY PEECTpallil 3asBOK 1 MPOIO3HIIIH.
3aBIsIKU BIIPOBAJKEHHIO 3MiH i ABUINMIIACE
KOHKYPEHTOCIPOMOXKHICTb KOMIIaHii, JIOCSTHYTO
MIOKpAIIeHHs JIOKYBaHHA 3aco0iB, a (pyHKIiIOHANBHICTH
CHCTEMH aJalTOBAHO 10 PUHKOBHX CTaHIAPTIB.
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O1iHKa CKJIaJHOCTI HOOYIOBH 3aXUCHHUX
rpa1yHUX €JIEMEHTIB Ha OCHOBI (DpaKTaJIbHOI
reoMeTpii
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The estimation of complexity protective graphic
elements construction using fractal geometry

Ivanna Dronyuk
Automated Control Systems Department
Lviv Polytechnic National University
Lviv, Ukraine
ivanna.m.droniuk@lpnu.ua

Anomauyia—Yy po6oTi po3rAAHYTO MeTOx NOOYI0BH
YHiKaIbHHX 3aXHIIEHUX 300pa’keHb HA OCHOBi paKTAIbHOL
reomerpii. Jlas mnporo Merony po3podJieHO METOAHKY
aBTOMATH30BAHOI OLHKH CKJIAJHOCTI MOOY10BH 3aXHIIEHUX
300paxxen. Ha wmili ocHoBi peanizoBaHo BiamosigHe
nporpamMHe  3a0e3nevyenHsi.  IIpoBeaeHo  TecTyBaHHsA
Po3po0./1eHO0i METOJUKH, 110 NPOIIIOCTPOBAHO HA PHCYHKAaX.
3po0i1eHO TOPIBHAHHS CKJIAJTHOCTI MOOYAOBH 3aXHIIEHHX
300pakeHb Ha OCHOBi ¢pakTajbHOI reomMeTpii 3 iHIIMMU
BiJOMHMH METOJAMH HA OCHOBI JaHOI METOAMKH.

Abstract—The paper considers the method of
constructing unique protected images based on fractal
geometry. For this method, the method of automated
evaluation of the complexity of constructing secure images
has been developed. On this basis, the software is
implemented. The testing of the developed technique,
illustrated in the drawings, was conducted. A comparison of
the complexity of constructing protected images on the basis
of fractal geometry with other known methods is made on
the basis of this technique.

Kawuosi  cnosa—saxucni  zpagpiuni  enemenmu,
¢pakmanvna zeomempia, nonicpagpiunuit 3axucm, OuyiHKa
cKnaonocmi 2eouempuynol nodyooeu

Keywords—oprotective graphic elements, fractal geometry,
polygraphical protection, estimation of complexity geometrical
construction

I. Bctyn

Jnst 3axucTy nostirpadiqHoi mpoaykmii Bix MiapoOKn
e(beKTUBHUM CIIOCOO0OM 3axucTy € rpadiunuii. [IpoGremu
3aXHCTY APYKOBAHUX NOKYMEHTIB PO3IISAHYTI Y poboTax
[3-5], nme 3amponoHOBaHO HOBi e(eKTUBHI MeToAH
rpagiuHoro 3axucty. Meroau TOOYAOBM 3aXHCHHX

Artem Kazaryan
Department of. Computer-Aided Design
Lviv Polytechnic National University
Lviv, Ukraine
kag.software@gmail.com

rpadiuHEX eIEeMEHTIB Ha OCHOBI Ateb- QyHkmil
pO3TIIsHYTI y poOoTi [6]. Y pO3BUTOK IIMX METOJIB HAMH
3alPOIIOHOBAHO ~ METOAM  MHOOYIOBH  3aXMILCHUX
300pakeHb Ha OCHOBI (ppakTaimbHOI TeomeTpii [2].
BukopucToByroun BJIACTHUBICTH camMonoJioHOCTI
¢pakraniB  Ta  CyLUIbHE  3alOBHEHHS  IUIOIIMHU
300pakeHHA, HaMH po3poOieHHil Meroxm mOOymOBH
VHIKQJIbHUX ~ 3aXWIICHUX  300pakeHb, MOOYJOBaHUX
¢bpakranamu. [Ipukiaag podOTH METOAY NPEACTABICHO Ha
puc.l. Ilopsim 3 mnpoONeMor 3axXHCTy  JIPYKOBaHOI
MPOAYKLii BiJ WiIpOOKH BHHHUKAE TMpolieMa OIHKH
CKJIaJHOCTI TMOOYAOBH  3aXHILEHOTO 300pakeHHs.
OcCKiIbKY NMiAPOOUTH MOXKHA BCE, TOMY JUIsl €EKTUBHOCTI
3aXHCTy Ba)XKJIMBUM € CIIBBITHOIICHHS KPHUTEPIiB «dac»-
«MatepianbHi  3aTpatw». [lg mpobiemMa TakoXX TICHO
[IOB’s3aHa 3 OLIHKOIO SIKOCTI mojirpadiuHoi mpomykuii
[1]. 3po3ymino, mo 4uM CKIQAHIMIUA MeTOJ MOOYyIOBH
3aXHCHOTO  300paKeHHs, THM Oulblle vacy Ta
MaTepiaibHUX PECypCiB MOTpedye HOro BiATBOPEHHS, a
OTXKE CKJAJHIIUM € 11e 300pa)KeHHS IS MiAPOOIICHHS
3JI0BMUCHHKaMH. TOMy aKkTyaJbHUM 3aBJIaHHSIM € OI[IHKa
CKJIATHOCTI MOOYJOBH 3aXHMIICHHUX 300pakeHb. MeToro
JaHoi poOoTH € po3poOka MEeToly aBTOMATH30BaHOI
OLIHKU CKJIaJHOCTI MOOYJIOBU 3aXHCHHX 300pa)KeHb Ha
OCHOBI  (ppaKTambHOI ~ TEOMeTpii Ta  CTBOPEHHS
MIPOrPaMHOTO 3a0e3MeUYCHHS, IO peatizye JaHuH METO/I.

II. METO/ OLIHKU CKJIAZIHOCTI [TOBY/IOBU 3AXUCHIX
IPA®IYHUX EJIEMEHTIB

Bigomo [4, 6], mo moOynoBa CTaHAAPTHHX 3aXHCHHUX
CITOK peali3yeTbCcss Ha OCHOBI 3BHYAWHUX apiHHUX
NePETBOPEHb MPOCTOPY, O SKUX HAIEKATh MapaieiibHe
MIEPEHECEeHHS Ta TIOBOPOT BiJHOCHO oci. bynemo BBaxaru,
mo KoedillieHT CKIagHOCTI noOynoBH i adiHHUX
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MEPEeTBOPEHb JOpiBHIOE onuHMLI. OuiHrMO, MoOya0BaHI
po3pobiIeHo0 1HQOPMALIITHOIO TEXHOJIOTIEI0 Ha OCHOBI
(pakTajgpbHOT TreoMeTpii, 3aXHCHI CITKH JJIsl 3aXUCTY
CJIEKTPOHHUX Ta JPYKOBAaHHX MOKYMEHTIB 3a KpHUTEpieM
CKJIJTHOCT] HOOYIOBH.

YBenemMo  HO3HaueHHs:  Koe(illieHT — CKIIaJHOCTI
o0y 0BU NapajIeNbHOro IEPEHECEHHs O3HAUMMO Ky, , @
KOE(IIIE€HT CKIIAQJHOCTI MOOYA0BH TIOBOPOTOM IIJIOHIMHHU
BIIHOCHO 0OCi Kyoy. TOM1 MPUIHATI NPUIYILEHHS, MOXKHA
BUPA3UTU HACTYMHUMM (opmynaMu K, = Kkpo, =1
Hanpuknan, npencrasnena y po6oti [1] Ha cTopinmi 38.
3axucHa CciTKa YTBOpEHa MapaJieIbHUM MEePEeHECEHHIM
rpadikiB rimepOomiyHOoro Ateb-cmHyca |y 3amaHHX
MPUITYHICHHSIX Ma€ KOe]IilieHT CKIAJHOCTI MOOYI0BH, 110
JopiBHIOE 1.

IMoOymoBa  3axXMCHHX  €JIEMEHTIB HAa  OCHOBI
(pakTanbHUX MEPETBOPEHb IUIOLIMHH, METOJH, IO
onucanuii y [1, 2], MiCTUTh Taki NEPEeTBOPEHHS IIOIUHU
SIK PO3TAT 1 CTHCK y TMEBHHUX OO0JIacTsAX IuTommHU. Hexait
3amaHa  migoOnacte miaommHU  G;  poO3TATYEThCS 200
cTuckyeTbess y k pasziB. Toami OyaemMo BBaxkaTH, IO
KOe(ilieHT CKIaIHOCTI MOOYJOBH 3aXHCHOTO €JIEMEHTa Y
uiit migobnacti mopisaioe ki=k. Hexaii 3amana miomuHa,
IO MiJJIsArae 3axucty, Mae N pi3HUX migoOnacted 3
pisHMMHM KoedillieHTaMH pO3TATY YM CTHCKy. Toai
CyMapHHH KOe(]iIlieHT CKIagHOCTI MOOYHOBH Ky
BU3HAYUMO SIK CyMYy KOE(QII€HTIB CKJIaTHOCTI MOOYIOBH
KO’KHOT 001acTi

ksum = Ef’.v=1 ki' (1

SIKIIO pO3MISaTi TEXHOJIOTII TOOYAO0BH 3aXHCHOL
CITKM Ha OCHOBI (pakTainy, 1mo OyayeTbcst Ha (paxraii
[1], To A TeXHOMNOTISA KPIiM PO3TATY i CTUCKY MICTHCH IIIe
MOBOPOTH  MEBHUX  MimoOiacTedd, 110  JOJATKOBO
YCKJIQJIHIOE TOOYZIOBY 3aXHCHOI CITKM Takoi Migo0JacTi.
Bymemo BBaxkaTH, WO CKJIAJHICTH MOOYIOBH TaKOi
migobynacti  30UMbIIYETRCS HA  EMINIPUYHO  3aJaHHUU
KoeilieHT o, Jae Koe(illieHT o 3aJI0BOJILHSIE YMOBY

l=a= 1!5. Toni cymapHuii KoeillieHT CKIIaIHOCTI
1o0yn0BH Ky, BU3HAYMMO 32 HACTYITHOO (HOPMYIIOI0

ksum = Zf’.vz‘] aiki' @)

PosrisiHemMo  3axwmiieHe 300pa)KeHHs, YTBOpPEHE Ha
OCHOBI (ppakTaiy 3a METOJIOM OMHMCAHKM y MOHOTpadii [1]
Ta mpexncraBieHe Ha puc.l.  Jlag [pOro  PUCYHKY
004HCIUMO KoeilieHT CKJIaJTHOCTI no0y10BU
3aIpOTMIOHOBAHUM METOJIOM.

Jns  aBTOMaTH3alil OLIHKH CKJIAIHOCTI MOOYIOBU
3aXMCHUX  (paKkTajJbHUX  300pakeHb HaMH  OyJo
po3po0IieHe BiANOBIHE POrpaMHe 3a0e3MEYCHHSI.

PesynbraT pob0oTH IporpaMu I BUAUICHHS obacTeit
CKJIaTHOCTI MOOYMOBH TMOKa3aHui Ha puc.2. Sk Gaummo
puc.l mMae 4otupu o0nacTi pi3HOI CKJIAHOCTI TOOYIOBH,
SKi OOYHCIICHI Ha OCHOBI OIIHKH KOHTPACTHOCTI
BHXIIHOTO 300paKCHHSI.

3a KOHTpPACHICTIO JaHWH PUCYHOK pO30MBA€ThCS Ha 4
BUJIM 00JacTel:

58

1) oOnacth, 1IO BIiANOBiTAE HU3BKOMY pPIBHIO
KOHTPACTy 1 BIANOBIZHO MOYAaTKOBOMY  (hpakTaiy,
npuimMaeMo Juis 1€l o0macTi KoedillieHT CKIaJHOCTI
noOynoBu ki =1;

2) obmacth, IO BIANOBIAAE CEPEIHHOMY PIBHIO
KOHTpacTy 1  BIANOBIJHO  IOYAaTKOBUH  (paxran
CTHCKA€ThCA y 2 pa3W, NpuiiMaeMo I Ii€i obmacti
KoeilieHT ckiagHocTi mooynosu ky =2;
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Puc. 1. 3o0paxeHHs, mNoOyJOBaHE 3aXMCHOK CITKOIO Ha OCHOBI
(paxraiis

Puc. 2. Poszoumms 306padicennss na pizni obnacmi 3a Kpumepiem
cKadHocmi nobyoosu

3) obnmact, IO BIANOBIZa€ BHCOKOMY pIBHIO
KOHTpacTy 1  BIANOBIAHO  TOYATKOBMH  (ppakTan
CTHCKaeThcs y 4 pasu, npuiiMaemo ais 1€l oOriacti
KoeillieHT CKIaIHOCTI moOymoBu ks =4;

4) obnacTth nepexojiB MiXkK KOHTpPAacTaMmH, BIAIOBiTae
obmactam, ne ¢paxran nedopmyerscsa. bynemo BBaxkatw,
1o 7181 boro Buay obnacti k; =1 ta a=1,5.

Jns obuncneHHs koegilieHTa CKJIAJHOCTI MOOYIOBU
st obmacteit 1-3 3actocoByemo Qopmyry (1) a s
obnacti 4 — ¢opmyny (2). Sk BumHO 3 puc.2, BHXIJHE
300paxkeHHst (auB. puc.l) mictuth 3 obsacti 1 Buay, 9
obnacteit 2 Bugy, 6 obmacreit 3 Bumy i 10 obGnacteit 4
BUIY.



Toni mpocymyBaBiu pesynsTatd Gopmyn (1) ta (2)
oTpuMaeM Koe(illieHTa CKIIATHOCTI TOOYIOBH 3aXUCHOL
CITKM Ha OCHOBI (pakTampHOi reomerpii ksum st
300paxkeHHs Ha puc.l y BUIIIAAL

Koum= 3*14+9%2+6*4+10%1,5=3+18+24+15=60

OueBHIHO, 10 30UIBIICHHS Tpajailiidi KOHTPACHOCTI
PUCYHKY  TpuBeAe 10  30UnblIeHHS — KoedilieHTa
ckianHocTi moOynoBu. Takoxk 30UIbIIEHHS KUTBKOCTI
oOnacTeil OJHAKOBOIO PIiBHS KOHTPACTHOCTI TaKOXK
30i1blIye KOG(IIIEHT CKIAQIHOCTI MOOYAOBH 3aXHUCHOT
CciTku Ha  OCHOBI  ¢pakramis. BukopucToByrO4M
BIIACTHBICTH caMOMOAmiOHOCTI (¢pakTamy  KoedirieHT
CTUCKY (DpaKTaJIbHOTO 300paKeHHS, & OTKe 1 Koe(illieHT
CKJIATHOCTI MOOYIOBH 3aXHUCHOI MOXKHA 30UIBIIyBATH A0
Harepea 3aJaHoi BeIWYWHW. BepxHe oOMexkeHHs Oyne
BU3HAYATUCSI  PO3JUILYOK  3JATHICTIO  JAPYKApCHKOTO
obnmagHanHsA. JlIst TecTyBaHHS pPO3POOJIEHOTO METOIY
OILIIHKH CKJIQJHOCTI MOOYIOBH 3aXHCHOTO 300pakKeHHS
BUKOPHCTAEMO pocTe TECTOBE 300pakeHHs
MpeJCTaBJICHEe Ha pHC.3, sIKE MICTUTh yChOTO MBI YiTKO
BHU3Ha4YeHi 001acTi KOHTPAacTHOCTi: o0OjacTe 37iBa —
MOBHICTIO Oiya, Jgam mnepexigHa oOnacTh Ta 007acTh
cIpaBa — MOBHICTIO YOpHA.

Ha puc.4 mpencTaBieHO mepeTBOpeHe 300paKeHHs Ha
OCHOBI TeCTOBOro i3 puc.3 moOyaoBOIO 3aXHUCHOT
¢dpakranbHOi citku. Ha puc.5 mpencrasieHo nepeTBopeHe
300pakeHHsI Ha OCHOBI TECTOBOT'O i3 PUC.3 32 IOTIOMOT OO0
mnariny Engraver ¢ipmu Panopticum.

Puc. 3. TecroBe 300pakeHHs 3 IBOMa PiBHAMH KOHTPACHOCTI

e %"“Eﬁ%ﬁkﬁ %%%%ﬁﬁ“ ™

Puc. 4. TleperBopeHe 3axuIleHe 300pakeHHS Ha OCHOBI TECTOBOIO
3aXUCHOIO CITKOIO HA OCHOBI (ppakTaiiB

Puc. 5. IleperBopeHe 3axmiieHe 300paKeHHA HAa OCHOBI TECTOBOTO
riarinom Engraver ¢ipmu Panopticum.

Ha puc. 6 mnpuBegeHO po3paxyHOK MOKa3HHKa
CKJIAMHOCTI MOOYMOBH Il 3aXHMCHHX  CITOK, IO
noOyJ0BaHi 3alpOIOHOBAHMM METOZOM Y BHIAJKY

TECTOBOI'O 300pa’KCHHS Ta 2 PiBHIB KOHTPAcCTHOCTI Ta 2
obmacteii (auB. puc. 3-5, a TaK0XK METOJOM PO3pPOOIECHIM
y [6] Ta Bigzomumu mnporpamamu: (inbTpoM Mezzotint
nporpamu  00poOku 300paxenr Adobe Photoshop Ta
mwraria Engraver (¢ipmu Panopticum). 3a oGuucineHHIMH
1100y0BaHO BiANOBiAHMIM rpadik, 10 OKa3aHUH Ha pUc.5
Ta Bi3yalbHO LTIOCTPYE OTPHUMaHi MOKA3HHUKH. SIK BUIHO 3
puc.5 HalOlnbIIe 3HAYCHHS TIOKAa3HUKA CKJIAQIHOCTI
1o0y10BU 3a PO3POOIJICHOI0 METOJIUKOIO € Ul METOLy Ha
OCHOBI (ppakTabHOI TeOMeTpii.

MokasHUK cknagHocTi nobynosu

25

MeToa Ha ocHosi
Ateb-byHKuUjA

3axucHa ciTka Ha
ocHoBi ppakTanis

@inbTp Mezzotint Mnarid Engraver
nporpamu Photoshop ¢ipmu Panopticum

Puc. 6. [IlopiBHSHHA TIOKa3HMKa CKJIAAHOCTI MOOYZOBH UL
PO3po0IIEHOr0 METOy Ta BiZIOMUX METOIIB IpadiuHOro 3aXUCTy

BUCHOBKU

Y poboTi moOyn0BaHO METOAWKY OIIHKH CKJIaTHOCTI
OOYIOBH 3aXUIIEHUX 300paskeHb Ha OCHOBI (ppaKTaIbHOT
reometpii. JIns aBTOMaTH3alii OIIHIOBAHHS PO3POOJICHO
BiANIOBiAHE NporpamHe 3adesneueHHs. PobGory wmerony

MPOUTIOCTPOBAHO ~ BIANOBIMHMMHU  pucyHkamu.  Jlis
MIPOBEIEHHS MOPIBHSHHS CKJIaHOCTI o0y 10BH
3aXHIIEHOTO  300pakeHHST  BHUKOPHCTaHO  TECTOBE

300pakeHHs. TecToBe 300pa)keHHs OyJIO MEpETBOPEHE
4OTHpPMa METOZIaMH: METOJIOM Ha OCHOBI Ateb-dyHkuiii ,
METOZIOM Ha OCHOBI (DpaKTaldbHOI TeoMeTpii, IIariHoMm
Engraver ¢ipmu Panopticum Ta ¢inetpom Mezzotint
nporpamMu  Photoshop. 3axuimieHi  300pakeHHS
MIPE/ICTaBJCHI Ha BiMOBIIHUX MalltOHKax. Ha oCHOBI mux
300pakeHb 3IIHCHEHO OI[IHKY CKJIaJHOCTI TOOYIOBU
3aXHILIEHOT0 300paKeHHs, fKa IoKa3aja, [0 HaWBUIIMK
MOKAa3HUK CKIAJHOCTI MOOYZOBH Mae 300paxkeHHS
YTBOpEHE MeToIoM (pakTanbHOi reomeTpii. TakuM unHOM
Ha OCHOBI TIPOBEICHUX JOCIHiIPKEHb, MOXHA 3pPOOHMTH
BHCHOBOK, II[0 TTOKa3HHUK CKJIaJHOCTI MOOYJOBH 3aXUCHUX
300pakeHb Ui MeTony (pakTaibHOI TreoMeTpii Ha
MPUKIIA/i TPOCTOTO TECTOBOTO 300paxeHHs (puc.3) € He
MeHI HiK Ha 30% OuTbINa, HK 1HIIUX BiJIOMHUX METOJIB.
Jns ckaagHimmx 300pakeHb € CHiBBITHOIIEHHS Oyze
3HAYHO BUIIUM. J[OZAaTKOBMMH IIepeBaraMM METOLY
00YI0BU 3aXUIIEHUX 300paXKeHb Ha OCHOBI ()paKTaIbHOL
reoMeTpii € CaMOMOMiOHICTP YaCTHH 300pakeHHS Ta
3aIOBHEHHS YCi€l TUTONMHN 300paXKeHHS.
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Anomayia—Yy  podoTi  gocaixxkeHo  eeKTHUBHICTHL
3aCTOCYBAHHSI JIMCKPETHOr0 TPiiiKOBOI0 CHMETPHYHOrO
BeiiB/IeT-NlepeTBOPEHHs] HA OCHOBI TPilikKOBUX CHMETPHYHHX
¢ynxkuiii 11 neperpopennst popmu Ta HNPpoBoi 00podKH
ingopmauii 3a kpuTepiem MiniMmymy enTpomii aeranizyounx
koe(inieHTiB. /luckpeTHi BeliB/1eT-epeTBOPEHHS € OJHHUM 3
HAWOINBII e()eKTMBHUX MeETOAIB aHAJi3y Ta CHHTe3y
nuppoBux curHadis. OfHAK, KOJKHe BeliBjeT-lepeTBOPeHHs
NPHCTOCOBAHE Il AHANI3ZY BHMKJIIOYHO IEBHOrO KJacy
curHajgiB i s iHmMX curHajdiB Moxke 3ade3nevyyBaTH
MeHIIy e(eKTHBHiCTL 00poOkM Ta aHamdidy. Bignmosiano,
CHHTE3 Ta BNPOBAIKEHHSI HOBHX BeiiBJIeT-TIepPeTBOPEHb €
aKTyaJbHHMM 3aBJaHHAM HUppoBoi 00podku indopmauii. Y
JaHOMY  JOCJTIMKeHHi MpoaHali3oBaHa  e(eKTHBHICTH
3aCTOCYBAHHSI CHHTE30BAHOIO Yy TMomepeaHix poGorax
JHCKPETHOI0 BeiiBJeT-epeTBOPEeHHs] HA OCHOBI TpilikoBUX
cHMeTpHUYHUX (YHKIi 3a KpuTepiemM MiHiMymy eHTpomii
JAeTANi3yl0uuX KoeQilieHTIiB y NOpIBHAHHI 3 iCHYHOYHMH
JUCKPeTHHMH BeiiBieT-epeTBOpeHHsIMH. JloBegeHo, 10
CHHTE30BaHe BeiiBJIeT-NepeTBOPEHHs 32 AAHMM KpuTepieM
BOJI0Ji€ BUIIOK e(eKTUBHICTIO 3aCTOCYBAHHSA Yy BHIAIKY
TPeTHHH TECTOBUX CHTHAJIB. Y BHNAAKY Oinble, HikK
NMOJOBHHH TeCTOBHX CHIHAJIIB, CHHTe30BaHe BeiiBJjeT-
nepersBopeHHss 3a0e3meuye HaiiBuiy edexkTuBHiCTL Yy
32124aX CIEKTPAJBLHOI0 aHAJi3y.

Lubomyr Petryshyn
dept. of Enterprise Management
AGH University of Science and Technology
Cracow, Poland
L.b.petryshyn@gmail.com

Abstract—The paper deals with discrete wavelet
transform based on symmetric ternary functions and its
application efficiency in form transform and digital
processing of information due to the criterion of entropy
minimum of detail coefficients. Discrete wavelet transforms
are one of the most effective ways to perform analysis and
synthesis of digital signals. However, each wavelet transform
is effective for analysis of certain class of signals and can be
completely useless for analysis of another one. Therefore,
synthesis and application of new wavelet transforms is an
actual task of digital signal processing. In this research
application effectiveness of formerly synthesized discrete
wavelet transform based on symmetric ternary functions
was tested due to the criterion of entropy minimum of detail
coefficients in comparison to existing discrete wavelet
transforms. It was shown that synthesized wavelet
transform has higher application efficiency due to the
described criterion in case of athird of the tested signals.
For more than half of the tested signals synthesized wavelet
transform has the best performance in tasks of spectral
analysis.

Knwuosi cnosa — nepemeopennsn ¢opmu, uyugposa
00pooKa ingpopmayii; Ouckpemue eeiigem-nepemeopennn;
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mpiiikoei cumempuuni  QynKuit,
po3noodineni cucmemu, ynpagniHH:

CeKmopHa Koonepauis,

Keywords — form transform and digital processing of
information; discrete wavelet-transform; symmetric ternary

functions,  sectoral  cooperation,  dispersed  systems,
management
I. Bcrvyn
IeperBopennst ¢opmu Ta mudpoBa 0OpobOka
iHbpopMmalii € KJIIOYOBHM  E€JIEMEHTOM  YHCICHHUX

TEXHIYHUX CHCTEM, SIKi BUKOPHCTOBYIOTBCS Yy PI3HHUX
raxy3sx yOpaBIiHHSA, BHPOOHMITBA, 3B’S3Ky Ta
Meauuubu [1 — 6]. BiamoBinHo, edekTuBHI pilieHHS Y
rainy3i mnepeTBopeHHs (opmu Ta uUPpoBOI 0OPOOKH
indopmarii npu3BeAyTH O MiIBHINCHHS e(EKTHBHOCTI
rnepebiry mpoueciB, sKi  BKIIOYAIOTh MEPETBOPEHHS
dhopmu Ta UPpoBy 00poOKy iHGOpMallii, y IPUKIATHUX
rany3sx.

OpmHUM 13 aKTyalbHUX 3aBJaHb MEPETBOPEHHS (HOPMHU
Ta 1UQpoBoi 00podKHu iHPopMalii € 00podka HPPOBUX
CUTHAJIIB Ha OCHOBI BeiiBieT-mieperBopeHs [1 — 3,7 —9].
Binomo, o KOXKHE BEHBIIET-NIEPETBOPEHHS
MPUCTOCOBaHE JUIi OOpPOOKM JIMIIE TIEBHOTO Kjacy
CUTHAJIIB, T00TO Mae oOMexxeHu i CIIEKTp
3actocyBaHHA [2, 7 —9]. 3Bigcu BUILINBAE, 110
aKTyaJbHUM 3aBJIaHHIM U(POoBOT 00poOKH iHGOpMAIIiT €
CHUHTE3 HOBHMX BeEWBIET-QYHKIIH Ta BiIMOBIIHUX IM
BEHBIET-TICPETBOPEHb,  SIKI  JIO3BOJUSITH 3 BHIIOIO
e¢(EeKTHBHICTIO  MPOBOAMTH  OOpPOOKY  KOHKPETHHX
UUPPOBUX CUTHATIB, Y TOMY YHCII THX, MO SKHX
ICHyIO4I METOIW TPAIIOIOTh 13 HEIOCTATHIM pPiBHEM
e()eKTHBHOCTI.

AHaJli3 OCTaHHIX JOCTI/KeHb Yy Traiy3i BEHBIET-
HEepPEeTBOPeHb BKa3dye Ha Te, IO MOCTI/DKCHHS 00
peaizamii TUCKPETHUX BEUBJIET-NIEPETBOPEHh HA OCHOBI
TPIKOBUX CHMETPHYHUX (YHKLIH He MpoBoamuch [1 —
3,4]. Bopanouac, yCHIIIHUA CHHTE3 JAMCKPETHOTO
OpPTOTOHAJILHOTO TEPETBOPEHHS HA OCHOBI TPIMKOBUX
CHUMETpHUYHHUX (YHKMIN [6] Ta IUCKPETHOrO BeHBIET-
MEPETBOPEHHSI HA OCHOBI TPIHKOBHX CHMETPUYHHX
(dyHKi [4] BKa3ylOTh Ha MEPCHEKTHBHICTH PO3BIIOK y
naHoMmy Hampsimi. Kpim meoro, y po0oti [4] noBeneHO
TIEPCIICKTUBHICTD MOJANBIINX JOCHTIKCHb ¢(EeKTHBHOCTI
3aCTOCYBaHHsI PO3pOOIICHOT0 METONY UPPOBOi 0OPOOKH
iHdopmarrii.

MeTor JOCTiDKEHHST € OIiHIOBaHHS €()eKTUBHOCTI
3aCTOCYBAHHS HCKPETHOTO BEHBIIET-TIEPETBOPCHHS Ha
OCHOBI TPIMKOBUX cHUMETpUYHUX (YHKIIH 3a KpuTepiem
MIHIMYMY €HTPOMI{ IeTai3ylounx KoedilieHTiB BeHBIeT-
MIePETBOPEHHSL.

HaykoBa HOBU3HA OTpPUMAaHUX pe3yJbTaTiB MOJSrae B
YCIIIIHOMY MPOBEJICHHI OIIIHKH e(eKTHBHOCTI
3aCTOCYBaHHS [IHCKPETHOTO BCWBIICT-IIEPETBOPCHHS Ha
OCHOBI TPIHKOBUX CUMETPUYHUX (PYHKLIN y TOPIBHSIHHI 3
HAMOUTBII  yXXKMBaHMUMH BEUBJICT-ICPETBOPECHHAMHU 32
KpUTEpiEM MiHIMyMY eHTpoTIIi JIETATI3YIOYHX
KOe(iIi€EHTIB BEHBIICT-IEPETBOPEHHS.

II. JIMCKPETHE BEMBJIET-IIEPETBOPEHHSI HA OCHOBI
TPIMKOBUX CUMETPUYHUX ®YHKII

BeiiBneT-nepeTBOPEHHS CHHTE3YEThCS HAa  OCHOBI
CHCTeMH (YHKIIH, SKi € CTHCHYTHMH Ta 3CYHYTHMH IIO
oci abcuuc (3Ae0LIBLIOrO MPEICTABISE BIiCh Yacy)
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KOTISIMU JIESIKOT (DYHKIIIT, Ky Ha3WBalOTh MaTEPUHCHKHM
BeWBieroMm [2, 7, 8]. Slkmo MarepuHCHKUN  BeiiBieT
MMO3HAYUTH, K \J, TO OMUCAaHA cucTeMa (QYHKIIH HaOyze
Buriany (1) [8].

Yo (x)=a," y(a,"x~nb, ), (1)
ne ap#1 — mapameTp CTUCKY, by — mapameTp 3CyBY,

mnelr.

Y BUNAAKy BEHBIICT-NIEPETBOPEHHS HA  OCHOBI
TPIHKOBHUX CHUMETPUYHMX (YHKLIH, mapamerp a, piBHHUMH
3, a by — 1. BingmosigHo, Bupa3 (1) s maHOTO
NIepeTBOpEeHHs Ha0y/Ie BUTIIALY

Y, (X)=3""y(3"x—n). )

VY 3B’A3Ky 3 THM, IO MapaMeTp CTHCKY y BHupasi (2)
piBHMIT 3, y IUCKPETHOMY BEWBIICT-IIEPETBOPEHHI Ha
OCHOBI TPIHKOBHX CUMETPUYHUX GbyHKIiH
BHKOPHUCTOBYIOThCSI JIBA MATEPUHCHKI BeiBneTH. [lepiuit
MaTepUHCHKUIl BeiiBieT Y1 BU3HAYAETHCS AHATITHYHUAM

BHpa3oOM
3 1
—|=.te[0,—)
\/; [ 3)

3 2
\/;,te[g,]), 3)

1,2
0.te[0,~)U[=,1).
[0.5)vl=.1)

yl(t) =

Jpyruit MatepuHCHKUN BEUBIET Y2 BU3HAYAETHCS
AHATITUYHUM BUPa30M

1 1.2
ﬁ’tE[O,E)U[E’]),
w2(t) = —\/E,te[é,é), (4)

0,te[0,1)

VY skocti MacitabHoi ¢yHKUIi ans BelBietiB yl Ta
y2 00paHO XapaKTepUCTHUYHY (YHKIII0O Ha MPOMIKKY
[0, 1) (8), 3amaHy aHANITHYHUM BHPa30M

(t)= Lte[0,1), )
Y0 ces0,1).
Oynkuii (3) —(5) NOpoKYIOTH  BIANOBIAHI M

cimefictBa (QyHKUiIH 3a JIOMOMOrOK  AHATITHYHOT
3anexHocTi (2). JeranpHy iHPOpMALIiFO BITHOCHO aHAJI3y
BrnactuBocted PpyHkuiit (3) — (5) Ta cuHTE3y Ha iX OCHOBI
BiJIMIOBITHOTO BEUBJIET-IEPETBOPEHHS MOXKHA 3HAHTH

y [4].
III. E®EKTUBHICTb 3ACTOCYBAHHS JIMCKPETHOT'O
TPIMKOBOI'O CUMETPUYHOI'O BEMBJIET-TIEPETBOPEHH S

OnHuM 13 3aBAaHb BEHBIIET-aHANI3y Yy CHCTEMax
mudpoBoi  00poOkm  iH(opMarii €  3MeHIICHHS



HQUIMIIKOBOCTI Ta CTUCHEHHA JaHuX [2,7,9]. Hus
OLIHIOBAaHHS e(EeKTUBHOCTI 3aCTOCYBaHHSA BEUBIICT-
HNEepeTBOPEHb y ONMCAHMX 3aJadaX Ta IX 3HaTHOCTI
KOHIICHTPYBATH CHEeprio y ATNPOKCUMYIOUHX
Koe(ilieHTaX BHKOPHUCTOBYETHCSA KPHUTEPIH MIHIMyMY
SHTpOMil  JeTaii3ylouux  KoedilieHTIB  BelBIeT-
niepeTBopeHHs [7, 9]
N 2 2
H==3 (2 tog,(<2—)). ©)

2dl 2d]
J=1 J=1

ne N — 3aranbHa KUIBKICTH JETai3yIouuX Koe(illieHTiB
M0 BCiX PIBHSAX BEWBICT-TICPETBOPCHHS, d; — [-UH WiICH
MOCTIIOBHOCTI JIETali3yr0unX KOeQiliEHTIiB BCiX piBHIB
BEHBIICT-IICPETBOPCHHS.

JocmipkeHHs e(peKTHBHOCTI 3aCTOCYBaHHS
JUCKPETHOTO  BEHBIICT-TIEPETBOPEHHS  HA  OCHOBI
TPIHKOBUX CHMETpHMUHMX GYHKIIH 3a KpurepieMm (6)
IPOBOJWIOCS HAa MHOXHUHI 3 34 TECTOBHX CHTHAJIB Yy
HOPIBHAHHI 3 JUCKPETHUMHU BEHBIICT-TIEPETBOPCHHIMH Ha
ocHOBi BeiiBieTiB Xaapa, MoGemi 2-ro, 3-ro, 4-ro
HOPSAKIB Ta OIOPTOTOHANBEHHUX BEHBIIETIB 3 MapaMeTpaMu
1.3,2.2Ta3.7.

IIpoBenenuii y pobori[4] anamiz edekTuBHOCTI
MUCKPETHOTO  BEHBIICT-TICPETBOPEHHST  HA  OCHOBI

=
o

TPIHKOBUX CHMETpUYHHUX (YHKLIH 3a KpuUTepieM
MIHIMYMY CepeJHbOKBAAPATHYHOI TIOXHOKH BiTHOBICHHS
JNAHUX 32 YaCTHHOK  KoeilieHTIB  BKa3aB Ha
HEOOXiIHICTP  aHadizy  pe3yJbTaTiB  JOCIiIKEHb
e(eKTHBHOCTI 3 TOUKH 30py IIEPEeBArH CHHTE30BAHOTO
BEHBIICT-TICPETBOPCHHST  BIIHOCHO  KINIBKOCTI  PiBHIB
HEePEeTBOPEHHS, OCKUIBKH Yy BHMAAKy 0araTbox TECTOBHX
CUTHAJIIB IlepeBara JaHOTO IEPETBOPEHHS 30epiraeTbes
quuie A0 [E€BHOTO  3HA4yeHHs  KIJIBKOCTI  PIBHIB
HEPETBOPEHHSL.

Otpumani 3a kpurepieM (6) pe3ysbTaTH MOPIBHAHHS
e(eKTUBHOCTI  BEHBIET-NEPETBOPCHb  BKa3ylOTh  Ha
HAsBHICTD II€pEBaru BeEHBIICT-IEPETBOPEHHSI HA OCHOBI
TPIMKOBUX CUMETPUUYHUX (QYHKIIIH HaJ IHIIUMU BEHBJICT-
NEePETBOPCHHAMH, sKa 30epira€ThCs JIMIIE O HEBHOTO
3HAUCHHS KUTBKOCTI PiBHIB TepeTBopeHHs. Lle 3ymoBioe
HEOOXIJTHICTh 3aCTOCYBaHHS OIMCAHOTO MIiJXOAY [0
NPOBE/ICHHS aHaNi3y IepeBard CHHTE30BAaHOTO BEHBIIET-
MEPETBOPEHHST 32 KpHTepieM (6) BITHOCHO KUTBKOCTI
piBHIB mepeTBOpeHHs. Ha puc. | HaBeieHI 3HAYCHHS
KUTbKOCTI pIBHIB TEPETBOPEHHS, IJsl SKAX BEHBIIET-
MEPETBOPCHHS HA OCHOBI TPIHKOBHX CHMETPHUYHHUX
¢yHKUift 30epirae mepeBary 3a KpuTepieM (6) Hax
IHIIMMH [IPOAHATI30BAHUMH BEHBIICT-TIEPETBOPCHHIMH Y
BUTIAJIKY KOXKHOTO 3 TECTOBUX CHTHAJIB.

PiBHi nepeTBopeHHs
O R, N W Hh O N 0 WO

T
e Do E 850 §ELCQ2p
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c2 Egas o228 880Gy
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w
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Puc. 1. T'icrorpama 3HaueHb KiTBKOCTi DiBHIB BeHBIET-TIEPETBOPEHHS, NPH SKHUX JHCKPETHE TPiHKOBE CHMETpHYHE BeifBIIeT-TIEpeTBOPEHHS Mac
nepeBary HaJl iHIIMMU 33 KPUTEPieM MiHIMyMY €HTpOIIT JeTani3yrounx KoedilieHTiB BeiiBIeT-nepeTBOpeHHs

BcranoBneHo, 10 /1715l TOBHOT IEKOMITO3HIIIT CUTHAITY
(KIIBKICTE ~ aPOKCHUMYIOUMX  KOE(iLi€HTIB  JOcCArae
MIHIMaTbHOTO AT 3aJaHOTO BEeHBIET-NEPETBOPCHHS
3HAYEHHS 1 3 KOKHUM HACTYIHHUM PiBHEM NEPETBOPEHHS
He 3MeHHyeThes [2, 7, 8]) mpencraBieHOro MHOXHHOIO
6sn3pko 1000£25 cemrniiB 6iopTOrOHaIbLHUMHU BEHBIIET-
MEPETBOPCHHSAMH Ta BEHBIICT-TIEPETBOPCHHAME Xaapa Ta
Jo6emnri HeoOxinHO 10 piBHIB IEPETBOPEHHS, a Y BUMAIKY
BEHBJICT-TICPETBOPCHHS Ha OCHOBI TPIKOBUX
cUMeTpuuHNX (QyHKUiH — nume 7. BpaxoByrounu, mio
KITBKICTh CEMIUTIB MepeBaKHOT OLIBIIOCTI BUKOPHCTAHIX
TECTOBHUX CHI'HAJIB JIS)KUTH caMe y JaHUX MeXaxX, MOXKHa
CTBEpKYBATH, IO NMOKa3HUK y 6 PiBHIB MEPETBOPCHHS
BKkazye Ha ()aKTHYHO TIIOBHY TIepeBary BelBIeT-

MEPETBOPCHHS HA OCHOBI TPIHKOBHX CHMETPUYHHX
(yHKUIH y TaHOMY BHUIAJKY, 30KpeMa, SIKIIO J0JaTKOBO
BpaxyBaTH, IIO0 TNpH Tepexodai 3 6 1o 7 piBHIB
NIepETBOPEHHS, KUTBbKICTh yTBOPEHHWX [aHWM BeHBIET-
MEPETBOPCHHSIM aNpOKCUMYIOUUX Koe]iIieHTiB
3MEHIIYEeThCs 3 2 110 1.

3 maHuX Ha pHC. | BHIUIMBAE, [0 y BUNAAKY TECTOBHX
curHaiiB noisbloc (IPSMOKYTHI iMITyTbCH 3 LIYMOM),
leleccum (maHi THIY «IOTYKHICTbD, KA CHOXHBAETHCS),
vonkoch  (¢ppakramena  kpuBa  Koxa), cnoislop
(3abapBienuii mym), weantor (kpuBa Kanrtopa) Ta nelec
(MlaHi THIY «ITOTYXHICTh, SIKa CIIOXKHBAETHCS 13 LIYMOM )
CHHTE30BaHE BCHBIICT-TICPETBOPCHHS BOJIOJIE BHUIIOIO
e()eKTHBHICTIO 3a KpHTepieM (6) y TOPIBHAHHI 3 PEIITOO
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NPOAHANI30BAaHUX  BeEHBIET-NEPETBOPEHh  NPH  BCIX
3HAUCHHSAX KiJTBKOCTI PiBHIB mepeTBopeHHs. Lle cBiguuTh
IpO BHILY 3JaTHICT JaHOTO BEWBJIET-NEPETBOPEHHS

KOHIICHTPYBATH EHepriro y ATPOKCUMYIOUUX
koe(imieHTax i, BIANOBiAHO, OLMBII  e(eKTUBHE
3MCHIICHHSA HA/UIMIIKOBOCTI Ta CTHCHEHHSA JaHUX

OITMCAHMX THIIIB.

BpaxoByroun HaBeleHi BHIIE BHKIAIKH PO Te, IIO
IepeBary CHHTE30BAHOTO BeIIBIET-IEPETBOPEHHS 32
kputepieM (6) 10 6 piBHIB IIepeTBOPEHHS BKIIOYHO,
JOMYCTHMO HaOIIKEHO pO3IIISAJATH SIK MOBHY, MOXHA
CTBEpKYBATH, 1[0, Y 3araJbHOMY BHIAIKY, IUCKPETHE
BEHBIIET-NIEPETBOPCHHS Ha OCHOBI TPiHKOBUX
cuMeTpuuHuX (QYyHKUiH 3abe3medye MeHme a0 63%
3HA4YEHHs SHTPOIIiil JeTani3ylouux koedinieHTiB mist 29%
MIPOTECTOBAHUX CHUTHAIIB.

Boanouac, orpumani naHi (puc. 1) BKa3ywTh Ha Te,
mo 11 53% TEeCcTOBUX CHTHAJIB IUCKPETHE BEHBIET-
MEPETBOPCHHS HA OCHOBI TpPIHKOBHX CHMETPUYHHX
(dyHKIIA 3a0e3meyye MaKCUMallbHE 3HAYCHHS CHTPOIl
neranizyrounx koedimieHtiB. Ile Bka3zye Ha HU3BKY
3/IaTHICTb 0 KOHLEHTpaLil eHeprii BiANOBITHUX THIIB
JAHUX y alpOKCHMYIOUYHX Koe(illieHTax, aie, BOAHOYAC,
Ha MaKCHMaJlbHUI CTYIIiHBb iH(OpMaTHBHOCTI
JeTalizylouux KoeQillieHTiB, y MNOpPIBHSAHHI 3 IHIIUMHU
BEHBIIET-NEPETBOPCHHAMH, IO 3YMOBIIOE IIepeBary
CHHTE30BAaHOTO MEPETBOPEHHS y 3aJadax CIEKTPaIbHOTO
aHayizy.

BuCHOBKU
JluckpeTHe  BEHBIICT-TICPETBOPEHHS HA  OCHOBI
TPIMKOBUX CHMETPUYHMX (QYHKIIH 3aBISKH  CBOTH

BIIMIHHIH BiZl IHIIMX BEUBJET-NIEPETBOPEHb CTPYKTYPi
BOJIOZIi€ PSIIOM TMepeBar. 30Kpema, JUisl MEBHHUX THITB
nMaHux (Hanpukian, kpuBa KaHTopa) maHe mepeTBOpEHHS
BOJIOJII€ BUILOK, Y TOpPIBHSHHI 3 IHIIUMHU BEHBIIET-
MIEPETBOPCHHSIMH, 3JIATHICTIO b1 (o) 3MEHIIICHHS
HA/IJTHIIKOBOCTI Ta CTHCHEHHS JaHUX, o
MiATBEPKYETHCS OTPUMAHUMU SIK 332 KpUTEpieM (6), Tak i
y po0ori [4] pe3ynbTaTamu.

Boxnowac, opepkaHi pe3ynbTaTH BKa3ylOTh Ha
BUCOKY iH(OPMATHBHICTh JETANI3YIOYHX KOC]IIi€HTIB,
YTBOPEHUX CHHTE30BAaHWM BeUBIET-TiepeTBOpeHHsM. Lle,
3 OgHOTrO OOKYy, OOMEKYye 3aCTOCYyBaHHS AMCKPETHOTO
BeIBIET-TIEPETBOPCHHS Ha OCHOBI TPIHKOBHX
CUMETPUYHUX (YHKIIIH IS 33124 CTUCHEHHS 13 BTpaTaMu
JAHUX BiANOBiMHUX TumiB. OpHaKk, 3 IHIIOTO OOKY,
HasBHICTb  OULIbII  1HGOPMATUBHUX  JAETaNi3yHOUUX

koedillieHTIB ~ BKazye  Ha  BHUILY  e(EKTUBHICTb
3aCTOCYBaHHS y 3ajadyax BHSBICHHS XapaKTEPHCTHK Ta
0COOJIMBOCTEH CUTHANIB, & TAaKOX Ha IEPCICKTUBHICTh
BUKOPHUCTAHHS JAHOTO BEHBIET-TIEPETBOPEHHS y 3a7adax
OYHINICHHS CHUTHANIB BiJl IIyMy, 30KpeMa, 3a TOIIOMOTOI0
TEXHIKH «M’SKOT0» IIOPOTY.

IMopaneimi  goCHiOKEHHS
e(eKTUBHOCTI 3aCTOCYBaHHS JIUCKPETHOTO BEHBIIET-
MEPETBOPEHHST Ha OCHOBI TPIHKOBUX CHMETPHIHUX
GyHKIIN 32 JONOMOrOI0 BiAMIHHHX Bif (6) KpHUTEpiiB.
HeoOximHuM €, TaKoK, CHHTE3 3rOPTKOBOI JOPMH TaHOTO
BEHBICT-TICPETBOPCHHSI 3 METOI0  CIPOIICHHS HOro
iMmeMenTtanii  y  3acobax  mudpoBoi  0OpoOKH
inpopmaii. [IpoBeficHHS  OKpPECICHUX  JOCHIIKCHb
JIO3BOJISITh ~ YiTKO BH3HAYUTH CIEKTP 3aCTOCYBaHHS
OIMMCAHOTO BEHWBJIET-IEPETBOPECHHSL.
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Anomauyin—Y naniii po6oTi mpeacTaBiieHi pe3yabTaTH
JOCTiTZKEHHsI 010 OUiHKU epeKTHBHOCTI podoTH 1eKoaepy
Turbo-Product-koniB, sikuii BHKOPHCTOBYE KOMOiHOBaHWUIA
Mero] fAexoayBauusi. [laHuii Metox 00’€aHy€ CHIBHI
CTOPOHHM  KOPCTKOr0 Jexoaepy (WBHAKicTh  iTepamii
OeKOAYBaHHA) 3 M’IKHM JeKoAyBaHHsAM (WigBUIIeHA
Koperywua 3aaTHicTb). OCHOBHOKW 3ajayer0 JaHOIO
IeKoaepy € AeMOHCTPYBATH Ppe3yJbTaTH MO BHIPABHIMH
31aTHOCTI, SIKi € KpamuMH 3a pe3yJbTaTH JKOPCTKOroO
nexonepy. Y jgaHiii po0oTi mpeacTraBieHa MeTOAMKA, SIKa
BHKOPHCTOBYBAJIaCh JUISl OTPUMAHHSI  pe3yJbTaTiB 3
BHKOPHCTAHHSIM NPOrPaMHHX i allapaTHHUX 3aC00iB, a TAKOXK
3aco0iB MoaemoBaHHs. [l1si NpoBedeHHsl TOCJIiIMKeHHs
po3po0.ieHui JIaG0paTOPHUI CTeH/, AKUIH CKJIafAaBcs 3 IBOX
MOAYJIiB, AKHH MiIKJII0OYA€THCH 10 KOMII'IOTepy i MoOKe
OTPUMYBATH JaHi 115 JeKkoayBaHHs. Jlanuii crenx 103BoJs€
He JIMIIe HWIBUAIIE OTPUMYBATH Pe3yJIbTATH AeKOyBaHHS, a
i mpoBoaAMTH NepeBipKy MPONMycKHOi 3JaTHOCTI JeKoiepy,
OCKIJIbKH B3a€MOJisi MiK KOMIIOHEHTaMM BiAOyBaeTbes 3
BUKOPHCTAHHAM BHCOKOLIBHAKICHOTO iHTepdeiicy.
OTtpuMaHi pe3yJbTaTH [IEMOHCTPYIOTH IlepeBary MeToxy
JeKOAYyBAHHS HA/l AKOPCTKUM JexkogepoM. Takox BU3HauYeHI
0Cc00JMBOCTi po0OTH 1eKoAepY, IKi BU3HAYAIOTH 00MeKeHHSI
100 HOro MaKcMMAaJbHOI BHIPABHOI 31aTHOCTI BiIHOCHO
po6oTH 3 pi3HHMH THIAMH NMOMHJIOK Ta NMPHYUHH TaKOQ
poGoTn  nekoaepy BiamoBiTHO 10  omepamiii, sAKi
BUKOPHCTOBYIOTHCS Y METOAI 1€KOyBaHHSI.

Abstract—Results of the investigation on effectiveness of
Turbo-Product-codes decoder, which utilizes combined
decoding method, performance is presented in this work.
The method combines advantages of hard-decoder (speed of
single decoding iteration) with improvements of soft-decoder
(better error-correcting ability). The main purpose of this
decoder is to demonstrate better performance than hard-
decision decoder. We represent technique that has been used
in the work to evaluate decoder properties. Both software
and hardware resources are applied for this technique.
Laboratory stand has been designed for experiments. The
stand is comprised of two modules. The designed stand can
be connected to computer, thus, computer can transfer data
for decoding and receive the results. The stand also allows

Vladyslav Perov
Department of Computer Engineering
Petro Mohyla Black Sea National University
Mykolaiv, Ukraine
perov.vlad92@gmail.com

checking throughput of the decoder because of usage of
high-speed interface. The achieved results claim about
advantage of the developed decoder in comparison with
hard-decision decoder. Additionally, peculiarities connected
with maximum correcting ability of the decoder work have
been identified.

Knrouosi cnosa—oexooep, Turbo-Product-keou

Keywords—decoder, Turbo-Product-codes

1. Bcryn

Jlexozmepu KOAIB MPSIMOTO BHIPABJICHHS MOMHJIOK Ha
JaHUH ~ MOMEHT €  IICHTPaJbHHMH  eJeMEHTaMU
TENEeKOMYHIKallifHNX cucreM. BoHHM € omHHUMH 3
HAMCKIIAHIINX KOMIIOHEHTIB Ha CTOPOHI OTPHUMYIOYOTO
obnmagHaHHA. Bixm TOro, SKy IIBHIKICTH JEKOJyBaHHST
3MaTeH 3a0es3ledyBaTH  JAEKOAEp, 3aJIeKHTh 3arajbHa
MIBUJIKICTh Tiepefadi AaHux y cuctemi. [ns toro, 1mo0
MaTH MOJIMBICTh MPEICTABUTH MOXKJIMBI PEKUMH POOOTH
CHCTeMH Ta ii OCHOBHI XapaKTEpHCTHKH, Ha OCHOBI
MaTeMaTUYHHX Olepamil, sIki BAKOPUCTOBYIOTHCS Y XOJi
JEKOAyBaHHA MOJJIUBUMH BapiaHTaMH € MpPOBEICHHS
MOJIETIOBaHHS CrIeliaJli30BaHUMHI pOrpaMHUMHU
3acobamu, abo oprasizamis Ja0OpaTOPHHX TECTyBaHb 3
3aIydCHHSIM anaparHoro 3abe3neveHHs. Y aaHiii poOorti
BUKOPHCTOBYIOTBCS. OOHMIBAa BapiaHTH I TOTO, 00
MATBEPANTH KOPEKTHICTh PO3TOPTAHHSA MOJeN Ha
pecypcu MpOrpaMOBHHMX JIOTIYHHMX IHTETPAIbHUX CXEM
(ILTIC). IlpencraBneHa MeTOIWKA, BIAMOBIZHO IO SKOT
IMPOBOJWINCE  NOCHIDKEHHS, a TaKOX pe3ylbTaTd
MPOBEICHUX JTOCIIIKCHb.

Jlo xonmiB 3 mpSMHM MEXaHI3MOM BUIIPABJICHHIM
MOMUJIOK BiJIHOCATBCS 1 KOJH, SIKi OTPUMAaJH Ha3By TypOo-
xomu-1o0yTku (anra. Turbo-Product-Codes — TP-xomm).
Boun nmpencraBnsioTh COOOK KOOW, IO  MICTATh
TOPU30HTAJIBHY Ta BEPTHKAIBHY KOMIIOHCHTH KOIY
(psnkm Ta croBmmi). JleKomyBaHHS BimOyBaeThCca 3a
iTepallisiMi 1 pe3yJbTaT MOMEPEIHbOI iTepallii MoAaeThCs
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Ha BXiJQ HOBIM iTeparii, TOMy y Ha3Bi HasBHa YacTHHA
«Turboy.

VY naniii poOOTiI NIpencTaBieHi pe3yabTaTH OLIHKU
CHCTEMH, SIKa OIICaHa y MomepenHix npamsx [1, 2]. [ana
CUCTEMa TPEJICTAaBIsE COOOK JICKOMAEp, SKUH KOMOIHye
M’SKUH Ta KOPCTKUH minxix amnst aekoxysanHs TP-konis.
Bin no3Bossie 00’€IHATH IIBHIKICTE POOOTH YKOPCTKOTO
JIeKOoIepy 3 OUTBIIOI0 KOPETYIOUO0 3JaTHICTIO NIEKOAEpY,
SKHHA Tpaimoe 3 M SKUMH 3HaueHHsAMHU. [lepm 3a Bce,
TakWil JeKoiep MOBHHEH 3a0e3IeuyBaT Kpally BUIIPaBHY
3MIaTHICTh, HDK AEKOJEp >KOPCTKUX pillleHb. Y SKOCTi
CKJIQIOBUX KOMITOHEHTIB TP-koniB 9acTo
BUKOpHCcTOBYIOThCs Koqu SECDED-komm (Single Error
Correction Double Error Detection), siki J03BOJSIOTH
BUIIPABUTH OJMHOYHY MMOMHJIKY Ta BKa3aTH Ha HasBHICTh
MOJIBIHOT MOMMIKH, MpoTe He BumpaButu ii. Came 1i
KO pO3MIANAIOThCA Yy  JaHid  poOoTi. Y wiid
MPE/ICTaBIeH] TMOKa3HUKH pPOOOTH CHCTEMH 3a YMOBHU
BUKOPUCTAaHHS pi3HUX KofiB. IIpoBoauThCs mepeBipka
po0OOTH B Pi3HUX YMOBAX 3allyMJICHOCTI KaHANy Iepenadi
JaHUX. 3 TIPaKTHYHOI TOYKH 30py, L€ JO3BOJIUTH
BU3HAYUTH, $IKIi KOJM JIOUIJbHO BUKOPHUCTOBYBaTH 3a
PI3HUX YMOB POOOTH CHCTEMH.

II. TIPOBEJIEHHS JOCJIJKEHHS

MeroKa TPOBEACHHS OLIHKH MMOKA3HUKIB JIEKOAEPY
nepeadayvae HasBHICTh HACTYITHUX CTaIliB:

e T'eHepamiss HaOOpYy TECTOBUX JaHHX Ha OCHOBI
MOKa3HUKIB KOJIIB JUTA TeCTyBaHH:. Biamosigno, Ha
JTAHOMY eTarli MarTh OyTH 3reHEpOBaHi AaHi JUIs
yCiX KOJIB, ICKOAYBaHHS SKUX 37aTCH MPOBOJUTH
JeKoziep.

e BusHaueHHS MOKAa3HUKIB 3alIyMJICHOCTI KaHalIy
nepenadi  AaHux. [l TpeACTaBICHHS IbOTO
MOKa3HMKa MOXYTh BHKOPHUCTOBYBATHCH pi3Hi
(i3MYHI MMOKA3HHWKH, SKi y KIHIIEBOMY pe3yJbTaTi
MOXYTh OyTH TMpPUBEACHI BiJl OJHOTO JIO IHIIOTO
(MOKa3HUK CUTHAN/IIYM Jyisi OiTy, Ui CHMBOIY,
IMOBIPHICTB TOMHJIKH).

e HaknmajanHs 1myMy BIINOBIZHO J0 0OOpaHOro
MOKa3HWKa, SIKMH XapakTepHu3ye SKICTh Iepenadi
naHux y KaHami. Kpok, sKkuii 3MiHCHIOETBCS Mik
HOIEPeIHIM Ta HACTYIIHUM ITOKa3HHKOM JUIS LIOTO
3HAYCHHS 3aJICKHUTh BiJl TOTO, HACKIIBKHU JICTATbHY
XapaKTepUCTHKy  HEOOXiTHO  OTpHMATH Ui
JTOCTTIKYBAHOTO JIEKOJIEPY.

o [lepenaua 3amrymyIieHHX JaHUX Ha BXiJ JCKOIEPY.
V sKocTi MoJeTi peasbHOTO NEKOAEpY, 3a3BHYAH,
BHUKOPHCTOBYETHCS MPOrpaMHe 3a0e3nedeHHs], sKe
MPOBOJUTH OJHAKOBI OIeEpaliid 3 JAEKOJICPOM, JIIs
SIKOTO [TPOBOJIMTHCS TECTYBAHHSI.

L4 OTpI/IMaHHﬂ JIEKOJIOBAaHOTO TmoOBimoMiIeHHsA. Ha

bOMy eTami B  SKOCTI  BHXOLY MOXYTh
BUKOPHCTOBYBATHCH SIK M’SIKi JaHi, TaK 1 MKOPCTKI
aHi.

e AHami3 pe3yibTYIOUMX JaHHX, OTPUMaHHX Ha
BUXOAI  JEKOAepy IUIAXOM TIOpIBHAHHA 3
MOYaTKOBUM MOBioOMIIeHHsM. Ha 1mpomy erami, B
OCHOBHOMY, BHKOPHCTOBYIOTBCSI KOPCTKI JaHi, a
M’SKI JaHI BHUKOPHCTOBYIOTBCS IJI TOTO, OO
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MIPOCTEXHUTH 3arajabHUN XiJI

JACKOYBaHHA.

Iporecy

Ha nepmiomy erami st reHeparii TECTOBHX JaHUX
MOX€E BHKOPHUCTOBYBATHCH JIOBUIBHUI  JIBOBHMIipHHIMA
MacCHBY JIBIHKOBHX 3HA4YCHb BIJIMOBITHOT PO3MIPHOCTI, SIKi
BIZINOBiJal0Th XapakTepucTukam koxy. ITicist nporo cnosa
3 JaHOTO MacWBy MarTh OyTH 3aKomoBaHi 3
BUKOPHCTAHHIM TeHEePYIOUHX MaTpHIlh KOJIiB.
BinnosinHo, po3mip MacuBy 30UIBIIYETHCS BiAMOBIIHO 10
TIOKa3HUKIB JOBKHMH Koxy. [l mpexcTaBieHHs mepenadi
[0 KaHay 3 [IyMaMd MPOBOJUTHCS BimoOpakeHHs
JKOPCTKUX BXIJIHUX JaHUX Ha M’gki. BigoOpaxeHHs

BiOyBaeThCs  Ha  3HAYCHHS, IO  BIINOBIJAIOTH
MaKCHMAIIbHOMY a0CoOIOTHOMY 3HAYEHHIO, SIKE
BUKOPHCTOBYETHCS Yy  CHCTEMi, 3  OPHCBOEHHIM

BIJIMOBIAHOTO 3HAaKy. TakuM YHWHOM, JUIs TEPEBIPKH
MOXYTh BHKOPHUCTOBYBATHUCH JIBa TIIOYAaTKOBI MAaCHBH:
YKOPCTKHX 3HAYEHD 1 M’SIKHX 3HAYCHb.

Ha npyromy erarni Bu3Ha4a€eThCsl, HACKUTBKH SIKICHUM €
KaHaJ Tiepenadi i sKi 3aBagu MpUCYTHI y KaHawmi. J[ms
TECTyBaHHS MOXYTh BHKOPHCTOBYBAaTHCh Ppi3HI THIH
MOMMJIOK, SIKi BHOCSATBCS Yy IOYATKOBHH MACHUB JaHUX:
MPOCTEe 1HBEPTYBAHHS, BHECEHHS 3O0BHIIIHHOTO BILIUBY
BIZIMOBITHO JI0 3HAYEHHS aMILTITYId KOHKPETHOTO OiTy Ta
iHII TexHiKM. TakuM YWHOM, HA TPEThOMY e€Tami y
MOBIZIOMJICHH] 3 SIBJITIOTBCS.  [TOMUJIKH/BIIMIHHOCTI Y
MOPIBHSHHI 3 TOYaTKOBUM KOJJOBUM CIIOBOM, SIKi JIEKOJEp
Mae BUIIPABUTH.

ITicns 1poro MaroTh OYyTH peayizoBaHi HACTYIIHI €TaIH,
SIKI € KIIOYOBMMH JUIS TPOBEICHHS OLiHKH. [Iporpamue
3a0e3MeueHHs], ke TIOBHICTIO MIOBTOPIOE POOOTY AEKONEPY
3 TOYKH 30py  MaTeMaTHYHHX  OIepauiif, mo
BUKOPHCTOBYIOThCS,  3a3BHYaif, €  MiJrOTOBJICHHM
3a3/1aJeri/ib, OCKUTBKH caMe Ha HOTO OCHOBI MPOBOJUTHCS
MOMEPEIHE TECTYBAHHS SIKOCTI aJrOpPUTMY JCKOIyBaHHS.
Jane mporpamHe 3a0e3leueHHS MOXe OyTH  SK
3BUYaHOI0 KOHCOJBHOK YTHJIITOK, TaK 1 MOBHOI[IHHOIO
nporpamoro 3 rpadiuHuM iHTepdercoM KOpHUCTyBaya.
[Ipote, yepe3 MOXIMBI 3MiHM, TOB’S3aHI 3 IUTLOBOIO
mwiaTGopMoro JIeKoaepy, OTpHMaHa arapaTHa peati3aris
MOXXE€ HE 3aBXKIU BIAMOBIAATH TIOYATKOBIM Bepcil
MporpaMHoOi peainizailii, TOMy Ba)XXJIMBHM MOMEHTOM €
IIOBHA Ta MUJIKOBHTA BIAMOBIMHICTE omepauid, sKi
IpOBOIATECS Ha 000x mmratdopmax. J[lnst Oursmoro
HAOYHOCTI Ta OinbIIol 1HPOPMATUBHOCTI TOCHIHKECHHS
JOLIJTBHO TPOBOJMTH JIETYBaHHS PE3yJBTATIB OKPEeMHUX
iTepaliii JekoxyBaHHs a00, HaBiTh, OUTBII PIOHUX CTaiit
00poOku  gaHux. HasBHicTe Takoro (QyHKIioOHATY
JIO3BOJISIE TIPOBOJUTH TOPIBHSHHS 3 pe3y/bTaTaMu, SKi
OTpHMaHI y CIeI[iali30BaHuX 3aco0aX MOJICITIOBaHHS
cucremu g IIJIIC nHa 06a3i cremialibHO PO3pPOOIICHUX
TECTOBUX OTOYCHb. [TOpIBHSIHHSA KOXHOI OKpeMoi crajii
o0UNCIIeHHs. € 00O0B’I3KOBOIO YMOBOIO JUISI TIPOBEACHHS
MOJANBIINAX JOCIIIKEHE.

Ha Buxomi mporpamMu OTpUMY€EThCS JEKOIOBaHE
MOBIIOMIICHHS Yy M’SKOMy a00 J>KOPCTKOMY BHIJISAIL.
Pe3ynpTytodya KUTBKICTh TTOMUJIOK JUISL BHIANKY M’ SIKHUX
3HAUEHb BHM3HAYAETHCSI HA OCHOBI CITIBIAIIHHS 3HAKY
M’SIKOTO ~ 3HA4YeHHS y  BXIIHOMY Ta  BHXIJHOMY
TOBIIOMJICHHAX. BigMiHHOCTI y aOCONFOTHHX 3HAYCHHIX
3a YMOBH CHIBHAIiHHS 3HAKY HE € CYTTEBUMIU.

IIpoBenenns napajieiabHOro TECTyBaHHs 3
BUKOPUCTAHHSIM $K MpPOTPaMHOro, Tak 1 amnapaTHOro



3a0e3IeueHHs Ha/lae TIePeBark y TOMy, III0 MOXHA 0pa3y
MIPOBOJTUTH aHai3 pe3ybTaTiB JICKOTyBaHHSI.
ITopiBHAHHSA ~ pe3yibTaTiB  ACKOIAyBaHHA Iix  Yac
MopemoBaHHs pobotu [TJIIC € OinbIr 3aTpaTHAM 3 TOUKH
30py 4acy, sSKWd HeoOXimHWMH Ha MozentoBaHHsA. Came
TOMY TiJi 4Yac BHMKOHAaHHS JaHOTO JIOCJIJDKEHHS OyB
3i0paHmii 7TabopaTOpHWIl CTEHN, SKHH CKIagaBcs 3
BiJUIaro/KyBaibHOi miaatu 3 Mikpocxemoro TTIIC,
iHTepdeicHOl TIaTH Ui CHPOLICHHS IiIKIFOYCHHS MiX
KOMIT'FOTepOoM Ta IuaToro. CTpyKTypHa cxeMma 3’€JHaHb
MDK ~ KOMIIOHEHTaMH  PO3pOOJIEHOr0  JIabopaTopHOTO
CTeH/y MpejcTaBiieHa Ha puc. 1.

=

Puc.1.CTpykTypHa cXeMma MiKIF0YECHHS KOMIIOHCHTIB CTCHY

FIFO

FPGA-board

s 3B’A3Ky 3 KOMITIOTEPOM BHKOPHUCTOBYETHCS
iHTepdeiic mnepemaui mammx USB 2.0. MaxcumanbHa
MIBAAKICTh Tepefavi NaHuX s JaHol crenudikamii
cranoBuTh 480 MOGiT/c. [HTepdelicHa mara, sika npairoe B
pexunmi FIFO (mapanensHuit iHTepdeiic nepenadi JaHUX)
37aTHA, BIATIOBITHO, IO JOKyMEHTamii 3a0e3medyBaTi
HIBUIKICTh Tiepeaadi gaHux Omuspko 40 Moaiit/c. Lle
O3Hayae, MO JaHi MMOKA3HUKH € JOCTaTHBO ONU3BKUMH,
OCKUIBKA Y JaHOMY BHIIQJKy BpaxOBYEThCS JIHIIIE
KOpHCHa iH(pOpMAIlisi, MmO TNepeaacTbes. Mikpocxema
[UIIC Ha BianmaropKyBalbHIM TIJIaTi 34YUTYyE JaHi 3
BUKOpHcTaHHAM Onmoky FIFO, a o00poGneni naHi
HepemaroThCa 3a JOMOMOTOI0 TOro camoro Omoky. Ile
MOB’s3aHO 3 THM, IO Ha iHTepdelCcHId TuaTi HasBHI
Oydepu sk 1151 MpuiioMy, Tak 1 JIsl Iepefadi JaHux.

VY sKocTi CKITaJ0BHX KOMIIOHEHTIB JJIsi TOOYIOBU
71a00paTOPHOTO CTEHAY BUKOPHCTOBYBAJIUCH:

e inTepdeiic Ha mata FT2232H Mini Module;
e BimmaromkysanbsHa mata Altera DEO-SoC-Nano.

[HTepdericHuii MOIYb Ma€ y CBOEMY CKJIaZl B SIKOCTI
OCHOBHOTO KOMIIOHeHTY Mikpocxemy FT2232H. [lana
MIKpOcXeMa 3[aTHa MparfoBaTH y ABox pexmmax FIFO
(CMHXpOHHUI Ta AacCHHXPOHHMH) sl 3a0e3reveHHs
BHCOKOI IIPONMYCKHOi 3JaTHOCTI. Y IIMX pEXHMax
BHUKOPHCTOBYEThCS TIapanelbHu iHTepdeiic mepemadi
naanx. Takok MaHa MiKpocxeMa MOXe TpaIffoBaTH 1 B
SKOCTI  iHTepdelcy Ans TPOTOKOTIB 3  MEHIIOKO
nmBuzkicTio mepenadi manux — UART, SPI, 12C, JTAG.
Bucoka mpomyckHa 3maTHICTB iHTepdeiicy y maHOMY
BUMAJAKY O3HAa4Ya€e Te, L0 MOXKHA HE IIHIIE IPOBECTH
MEpeBIpKY pe3yNbTaTiB JEKOAyBaHHA, a 1 OLIHUTH
HPOMYCKHY 3aTHICTb CUCTEMH, III0 TECTYETHCSL.

VY cBOlO uepry, BiIarofKyBaJlbHa IUIaTa IO3BOJISE
nparroBaty 3 MoxyneM IJIIC cimeiictea Cyclone V. Jlana
MIKpOCXeMa, OKpIM YacTHHH HPOTPaMOBHOI JIOTIiKH
MICTHTH amnapaTHi siapa Mikponporuecopy ARM (moctymHi
IBa  sAApa). 3aBISKM LBOMY MOXHa 00 e€rHaTH
OOUNCITIOBATBGHI MOTY)KHOCTI POTPaMOBHOI JIOTiKK 3
THYYKICTIO HaJIAIITyBaHb nporecopa. Ha
MIKPOIIPOIIECOPHIM ~ YaCTHUHI ~ MPHUCTPOK  MOXKJIMBHH,
HaBIiTh, 3aITycK omnepaiiiiHoi cucremu Linux. [lana rutata
MICTHTh JOCTATHIO KIJIBKICTh JIOTIYHHX pECypciB JUIS
MPOBEJCHHS TECTYBaHHS POOOTH JEKOJEPIB ACIKUX KOJIB
3 oOpaHoro HaOopy. st Toro, mod MaTh MOKIHBICTH

TECTYBaTH JEKOIEepP HPH PoOOTi 3 OLIBIIOI JOBKHHOIO
KOZOBOI'O CJI0Ba,HEOOXI1THO BHUKOPUCTOBYBATH
MIKpOCXeMy, sKa Hajgae OUIbLIy KUIBKICT PecypciB
IIPOrpaMOBHOT JIOTIiKK (HampuKiax, Altera Stratix Ta iH.).

30BHIIIHIA BUMIAJ pPO3pO0JICHOr0 1abopaTOpPHOTO

creHny ans  pexoxepy TP-xomis Ha 6azi  TLJIIC
IIPEACTABIICHO Ha puC. 2.
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Puc.2. 30BHilHIN BUTII 1a00paTOPHOTO CTEHIY JUISl HPOBEJICHHS
TCCTYBaHHA
[MigxmoueHHs JIBOX MOJIYJIiB OpraHizoBaHe
HACTYIIHUM 4YHHOM. Ha  BimnarompkyBajbHIM  Iuiati

HasgBHHI p03’€M, IMIO BIATIOBIA€ 3a PO3TANIyBAaHHIO iHAM
Bimomoi twiatu Arduino Uno. V 11eii po3’eM BCTaBISETHCS
nepexiiHa MaKeTHa IulaTa, Ha SKIH  po3MilIeHHit
inTepdeiicanit Momyns. MakeTHa Tiata 3abesmedye
3’€HAHH MDK IIMHOK JAHMUX 1 JOIMOMDKHUMY CUTHATIAMUA
Ha IUlaTi Ta MoayiaeM. Takuil BapiaHT 3’€IHaHHS
3abe3nedye HaAifHy Ieperady CHUTHAIIB MK MOJIYISIMH
TIPY BUKOPUCTAHHI BUCOKOT TAKTOBOT YaCTOTH.

[Iporpamua ckiagoBa Uil MPOBEOCHHS TECTYBaHHS
MPEJICTABNISE COOOK CKPHUNT Ha MOBI MPOrpaMyBaHHS
Python, sxmit okpiM Oe3mocepenHBO — IEKOIYBAHHS
BXIJIHUX JIaHMX, SIKi TIONEpeHbO OyJIM 3reHEpOBaHi Ta
3amucaHi y TekcToBud (aitn. ¥V TexkcroBoMy aiini
MOCIIZIOBHO 3allicaHa BIAMOBIHA KIUTBKICTh ITaKeTiB.
Januii ¢aitn BUKOPUCTOBYETbCS SK ISl TPOBEICHHS
TECTYBAHHS 3a JIONIOMOT'OI0 CKPHIITY, TaK i 3a JOIOMOIOI0
CIIeIiaNli30BaHUX 3aco0iB  MoJemoBaHHA (y JaHOMY
Bunagky — MentorGraphics ModelSim 10.1). fx Bxe
3a3Hayajioch  3acO0M  MOJENIOBAaHHA  JEMOHCTPYIOThH
MEHITY I[IBHIKOJII0O TPU MOJEIIOBAHHI JEKOTyBaHHS
BEJUKOL KUTBKOCTI TIAKETiB, TOMY BOHHU
BUKOPHUCTOBYIOTHCS HA TOYaTKOBOMY €TaIli HAJIaroPKEeHHS
ckpunty. OkpiM  [BOrO, 3aCO0M  MOJENIOBAHHS
JIO3BOJISIFOTH OUTBII IETANBHO JOCITITUTH POOOTY KOKHOTO
OKpEMOTO MOIyJs, SKHH € CKIQJOBOI0 YacCTHHOIO
JeKozepy. SIK pe3ysipTaT LBOTO €Taly 3a JO0IOMOIOI0
PO3pOOICHOTO TECTOBOIO OTOYCHHS OTPUMaHi BHXITHI
(daiin  eKOJOBaHUX TMAKETiB, SKi TOpPIBHIOIOTHCS 3
pe3yJIbTaTaMu, SIKi TOKa3y€e CKPHIIT.

ITpu MOJICITIOBaHHI pobotu JEKOAEpy
BUKOPHCTOBYBABCSI PO3POOIICHNH OIHC JEKOAEPY MOBOIO
cxemorexHiynoro omucy VHDL. Came uedd onmc Ha
HACTYITHHX eTamax MepeHeceHnd Ha Mikpocxemy ITJIIC
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JUIL  amapaTHOTO  TEeCTYBaHHS  pOOOTH  JIEKOAEpY.
BaxximBuM € Te, M0 OCHOBHI MOJYJI, SIKi TIEPEHOCITHCS
MaroTh OyTH OJHAKOBUMH SIK JJIsl 3aCO0IB MOJIEIIOBAHHS,
TaK i st amapaTHoi pearizamii Ha 6a3i [TJIIC.

[IpoBeneHo TecTyBaHHA Ui PIi3HUX IMOBIPHOCTEH
nomuiku Ui 100 nakeriB. [l TectyBaHHs OyB oOpaHuit
KO/I-100YTKIB (64,57)x(46, 39). TecTyBaHHS MPOBOIHIOCH
3 BUKOPHCTaHHSAM pO3pPOOJIEHOTO CKPHNTY Ha MOBI
nporpamyBanHsi Python. Jlns npencraBieHHs pe3ysbTariB
BHKOPHCTOBYBAJIOCH IIPOTrpamMHe cepenosumie gnuplot 5.1.
PesynbTyroda ricTorpama npencraBieHa Ha puc. 3.

200 T T T T T T T T
Mowunky S
180 1
160 1
140 - 4

120 | L

100 | .

Kinb kicTe nomunok

016 017 018 019 020 021 022 023

P, IMOBIPHICTE NOMUMIKM

Puc.3.T'ictorpama 3aeHOCTI KiJIbKOCTI TOMMJIOK Bijl IMOBIpHOCT1
MOMMJIKH JUTSL TECTOBHX BHITAKIB ISl KOy 64*46

SIK BUAHO 3 PUCYHKY, KUIbKICTh TIOMHJIOK TIPH HHU3BKIH
IMOBIPHOCTI € TPAaKTUYHO OJHAKOBOI, TOMY MOXKHA
3pOOHTH BHCHOBOK, IO PE3yJbTaTHBHICTH JEKOTyBaHHS
3aJIeXKUTh Bifl XapaKTepy TIOMUIIOK, SIKi YTBOPIOIOTHCSL.

Take came JOCIIIKEHHS TIPOBEJCHO I Koay 32%22.
Pesynpratu mpezcTaieHi Ha puc. 4.

Puc.4.T'icrorpama 3aj1e’>KHOCTI KIIBKOCTI IIOMHJIOK BiJl IMOBIpHOCTI
MOMMJIKU JUISl TECTOBUX BHUIIAJKIB 1U1s KOIy 32%*22
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Y pe3ynbTati NpoBeneHHs JOCIiIKEHHS BUSBIICHO, 10

3alpOIIOHOBAaHMK  METON  JEKOAYBaHHA  JIO3BOJISIE
OTpUMAaTH BHUIy 3aBaJOCTIHKICTh Yy HOpIBHSHHI 3
KOPCTKHM JlekopepoM. Kpim Toro, BHsBIEHI aeski

0COOJMBOCTI B po0OTI JieKoiepy. 3a paXyHOK 3MEHIIICHHS
MOJYJIIO TIPU JEKOJYBaHHI MPOTHICKHUM JEKOACPOM
BIA€TBCS BHUIUIMTH OiTH, SIKI € OUIBII IMOBIPpHUMH
MOMUWIKOBUMH OiTamu. OcCOOIUBOCTI poOOTH JAEKOAepy
NOJSITAaI0Th Y TOMY, IO 3alpOIIOHOBAaHUKA METOX He
3aBXKIM  O0Mpae  KOPEKTHHUH WDIAX  JCKOIyBaHHS
ButeHNX OitiB. lle mpu3BOAMTH A0 CHUTyaIil, KOJH
JIEKOJIep TOKa3y€e BIJCYTHICTh TOMHJIOK Yy BHUXITHOMY
CJIOBi, B TOH Yac SIK MOPIBHSHHS 3 MOYATKOBHM KOJOBUM
CJIOBOM BKa3y€ Ha HAsBHICTh MOMWIOK. J[aHy oOcTaBHHY
HEOOXiTHO  BpaxoOBYBaTH, aie OCKiTbKH  TP-komy
3aCTOCOBYIOThCSL B TOMY YHMCIIi B SIKOCTi CKJIaJJOBUX KO/IIB,
TO TakKi MOMWJIKH MOXXYTh OyTH BHITpaBJICHI IEKOJCPaMHU
Ha HACTYITHUX PiBHSIX.

III. BUCHOBKU

V nawiii poOOTi Ja€Thcs OLIHKA €)EKTUBHOCTI POOOTH
nekoaepy TP-xomiB, sikuii po3poOJCHUI BiAMOBIAHO IO
TOJIOXKEHb MIPEJICTaBIeHUX y podoTax [1, 2]. IIpoBeneHo
TECTYBaHHA pOOOTH  JIEKOJEpy B yMOBax pi3HOL
3alIyMJIGHOCTI KaHalny Juid KOAIB JOBXHHOK 64 Ta 32
(ropu3oHTaNbHA 1 BEpTHKaIbHA KOMIIOHEHTH MaloTh
0J/IHAKOBY 0a30BYy JIOBXKHHY KOJOBOTO cioBa). [Ipu 3amani
YMOB Iepefaui BUKOPUCTOBYBaBCS MOKa3HUK IMOBIpHOCTI
IHBepTYBaHHSA OiTy. Y pe3ynbTaTi JOCTIIPKEHHS OTpHUMaHi
MOKa3HUKH pOOOTH JeKonepy mpu poboTi B pi3HHX
yMoBax. BusiBJICHO, 110 MpH 3MEHIIEHHI PiBHI LIYMiB 10
BU3HAUCHOTO PIBHS IMOBIPHICTh IOMIIKH (D)aKTHIHO HE
3aJIEKNTD Bl TAHOTO ITOKAa3HUKA, a 3aJI€KHUTh BiJ[ TOTO, SKi
TUIH HOMHJIKM BUHHMKAIOTh Y KOJOBOMY CJIOBi. Y BHIIaIKy
BUHHMKHCHHS TTOMUJIKH, SIKa HE MOXe OyTH BiIKOperoBaHa
JICKOJICPOM, BOHA 3AJTHINAETHCS, HE3BAKAIOYM HA 3MiHY
KiUTbKOCTi  iTepamiid. TakoX BHU3HAYCHO, SKi came
KOMOiHAIlii MOMHWJIOK HE  JO3BOJIAIOTH  POBECTH
BUIIPABJICHHS BKa3aHUM JEKOJACPOM. 3a pe3yiabTaTaMu
JIOCHIIKEHB, NEeKoAep € e(pEeKTUBHUM IIiJ Yac poOOTH 3
KaHAJIOM Tmepenadi iHdopmalii, SKUH Mae BiIHOCHO
HU3bKHH DIBEHb 3aIIyMJICHOCTi. 3a JaHOi yYMOBH BiH
HepeBEpIIye KOPCTKUH AEKOAEp y BUTPABHIN 34aTHOCTI.
TectyBaHHs TpoBOQWJIOCE Ha 0asi  po3poOieHOro
71a00opaTOPHOTO CTEHIY, SKHH CKIAQJAEThCs 3 JBOX
MonaymiB. JlabopaTopHuWii cTeHA 37aTeH 3ade3nedyBaTd
TECTyBaHHS poOOTH JIEKOJIepy NPH MPOIYCKHIN 3[aTHOCTI
noHax 200 Mo6it/c.
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Anomauyin—Amuaniz eramiB i HasBHHX  3aco0iB
MOJETIOBAHHSA CKJaAHUX JuHamiunumx cucrem (CIAC)
NMOKa3aB, W0 CyYacHi mapajeibHi 3aco0u BiacrawTb 3a
piBHeM cepBicy Bia mocaigoBHUX 0JI0KOBO-, PiBHAHHSI- Ta
00’extHO-opieaTOBanux (BO, PO, OO) MOB MOIeII0OBAHHA:
po3podHukn MIMD-cumyJisiTopiB BUMYyIIIeHi PaIIOBaTH Ha
piBHi MOB mnporpamyBaHHs. 3anpONOHOBAHO KOHIENLil0
PO3pO0KH MOB MapajeIbHOT0 MOJEJIOBAHHSI HAa OCHOBI
aHaJIOril MiX NpUHUMNAMU (YHKUIOHYBaHHS IOCJIiI0BHHX
moB i MIMD-napasnenbnicTio. Po3p’a3aHHS cHcTeM piBHAHD
NnOCJIiI0BHOI0 MOBOK Bignopinae MIMD-napainenizmy i
MoKe iHTepmpeTyBaTHcs $IK BipTyadbHe NpPH3HAYEHHS
«@DynkuionanpHuii  eqeMeHT MoBH — MIMD-npomec».
IMoka3ano Ttpanchopmauito BO-cnenmdikanii Simulation-
monesai CIC B crpykrypy MIMD-npouecie Ha mpuxiaani
moaei MepeKeBoro JTUHAMIYHOT 0 00’eKTy 3
3ocepemkennvu mapamerpamu (MIO3II). 3anponoHoBaHo
Tpancpopmanito cnenudikanii BO-, PO- Ta OO-
cuMyasaTopiB B BipryansHi  mapanensHi  MIMD-
cUMYJISITOpU. BBeeHo BipTyaibHy MaTpHUIO KOMyTawiii,
sika (opManbHO omucye Bcei 3B’A3KM MiXK INpouecamMu
MIMD-cumyasitopa, mo BiAnoBigawTb (yHKUiOHAILHUM
eJeMeHTaM MOoCJIiIoBHUX MOB. Buznaveno aesipryanizaniio
SIK 1pouec mnepeTBopeHHsi cnenudikaunii BipTyaabHuX
MIMD-cumynsitopis, o OTHO3HAYHO 3a0e3meuye
peajizaniio cuMyJIsITOpiB Ha 3aaHiil HILOBiH MapaJenbHil
o0unc/0BaJIbHiii  cucremi, c(opMyIbOBaHO  OCHOBHI
TeopeTHYHi i npakTHYHi 3a7a4i HHOIO NMpouecy.

Annotation — The analysis of the stages and available
simulation tools of complex dynamic systems (CDS) showed
that modern parallel tools lag behind the level of service
from sequential block, equation and object-oriented (BO,
EO, OO) simulation languages: MIMD simulators are
forced developers work at the programming language level.
The concept of developing parallel modeling languages
based on the analogy between the principles of the
functioning of consecutive languages and MIMD-parallelism
is proposed. The solution of the systems of equations in the
sequential language corresponds to MIMD-parallelism and
can be interpreted as a virtual assignment '‘Functional
language element - the MIMD-process'’. The transformation
of the BO-specification of the simulation-model of CDS into
the structure of MIMD-processes is shown on the example of
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a network dynamic object model with lumped parameters
(NDOLP). The transformation of the specifications of BO-,
EO- and OO-simulators into virtual parallel MIMD-
simulators is proposed. A virtual matrix of commutations
was entered, which formally describes all the relationships
between the processes of the MIMD-simulator that
correspond to the functional elements of sequential
languages. De-virtualization is defined as the process of
transforming the specifications of virtual MIMD-simulators,
which uniquely provides the implementation of simulators
on a given objective parallel computing system, the main

theoretical and practical tasks of this process was
formulated.
Knrouosi C/1064—CKAOHA OuUHamMiyHa cucmema,

Simulation-modens, mosu modensannsa, gynxyionanvnuii
onox, MIMD-cumynamop, MIMD-npouec, oesipmyanizayis.

Keywords—complex dynamic system, Simulation-model,
modeling language, functional block, MIMD-simulator,
MIMD-process, de-virtualization.

1. BcTtyn

OCHOBHI €Tany Ta 3acO0M MOJETIOBAHHS CKJIAIHUX
muHamiyanx cucteM (CJC) mnokazaHo Ha puc. 1.
Mamemamuuna modens CJC [1] — wne piBHIHHSA
JOCJIDKYBAaHUX JTUHAMIYHUAX TMPOIECiB 1 (opManbHUN
OIIUC TOMOJOT] CUCTeMM (TEXHOJOTi4HI cXemu, rpadu,
CTPYKTYpPH CHCTEM aBTOMAaTH3allil, BTOPHHHI TOTIOJIOTI] SIK
pe3yabTaTH anpoKCUMAallii CHCTEM 3 PO3MOJIICHUMH
napamerpaMu  1a  iH.).  Simulation-moodemnio  CHC
MPUIHATO HA3WUBATH MOJICINb, MPHUBEACHY 10 QOpPMH, SKY
BHMAararoTh OOYMCIIIOBAJbHI METOJAM Ta MPOTPAMHO-
amapatHi 3acoOu pPO3B’SI3aHHS CUCTEM PIiBHSHB. 3 OTJISILY
Ha TMOKAa3HUKH CKJIQJHOCTI (BEJIMKa PO3MIPHICTH CHUCTEM
PIBHSIHB, IIPOCTOPOBA PO3MOAUICHICTh 1 0araTto3B’sI3HICTh

rapaMeTpiB, 1€papxiuHiCTh CTPYKTYp, pi3Ha (Qi3udHa
Ipupoaa B3a€EMOJIIIOUUX TPOLECiB, Pi3HI METOAH
ampokcHMamii  MoJeNed  BiJHOCHO IPOCTOPOBHUX

KOOpAMHAT Ta iH.) Tpeba BiA3HAYMTH, MO0 MOOYH0Ba
Simulation-mozneneit C/IC € HeTpuBiaJbHOK 3a7a4yero i
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notpeOye cyTTeBOi KOMII'IOTepHOI minTpuMku. Bubopom
MEBHOTO  OOYHCIIIOBATEHOTO  METOAY  3YMOBIIOETBCS
muckperHa Simulation-mozmens CJC, mo B mporeci
arnapaTHO-IIPOrpaMHoi iMIIeMeHTallil TpaHCHOpMy€eThCs B
cumyasimop C/C.

MozientoBaHHs CKJIaTHUX AUHAMIYHAX

cucrem(CJ1C)
Tomnonoriunmii anamiz
TexHonoriuxi Crpyxtypn Mepexesi Bropumni
aBTOMaTH3aIlll
cxemu(TC) fSite CAC(rpadu) | romonorii CZIC PIT

®dopmainshe npencrasierss Tomnosiorii CJC ta oTpumMaHHs
TO]'IOJ'IOl'i'{HI/IX XapakTEepPUCTUK
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XapaKTEePUCTHK: BEKTOPHO-MaTpu4Hi cuctemu piBasHb CIIC
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TTo6ynoBa cumyssitopis CIIC

SISD - cumynstopu ‘ MIMD - cumymsitopu

CJC — cumynstopu Ha
OCHOBi MOB MOJICTTIOBaHHSA

v v

‘ Tunu MOB MOJEIIOBAHHSI ‘

CJIC — cumyssitopu Ha ocHoBi SISD/MIMD —
apXiTEKTYp i MOB TpoTpaMyBaHH s

AunropurtMiszaiis
¢ OGuuCTIOBaNBHI METOIH

PosnapanemoBaH Hst
‘ BO — moBa H PO — moBa H OO — moBa

MOCHiIOBHUX
aNropuTMiB
TIporpamyBaHH 1,
BiJIar ofKeH Hsl,
TectyBanusa CIIC -
CHMYJIATOPiB

Crenudikanis Simulation - mogeneit CIC
3ac00aMU MOB MOJIETFOBAHHs

MHuoxkuHa
DynkuionabHix

3anuc Sim -
Crpykrypa

moeneit 3a :
b 00 €KTiB, 0
610KiB Ta cXEMa CHHTAKCHCOM

" Bupinrye cucremy
1X 3 €/IHaHb 3a TIOCJIIIOBHOCT1

" pisHsns, Sim —
MeTotoM HesmHIX | | oriepatopis PO — !
Mouenn

TTocninosuuit

ymxuiit MOBU cumyasrop: C -
$ v nporpaMma

BO — PO —
TpaHCIATOp

00 - i
TPaH CISATOP

TMapanensnuii
cumysrop: C —
nporpama 3 MPI /
OpenMP — 3acobamu
0o0MiHy Ta CHHXpOHi3amii

TPaHCIATOP

BO - cumynsitop:
C - mporpaMHHii F - nmporpammwmit
MOJIyJTh, €Xe - MOJIyITb, exe -
aiin daiin

PO — cumynsitop: 00 — cumyasrop:
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v
CJHC — SIMULATION: mianyBaHHs Ta IPOBEACHHS JOCTIIKCHB
CJIC na cumynsTopax

Puc.1. Etanu ta 3ac00M MOZEIOBAHHS CKJIaIHUX JHHAMIYHHX CHCTEM

TMocnigoBHi cumynstopu CJC mnpodnum uuisx Bix
peaiizamniit 3acobaMu MOB IIporpamyBaHHs [2] 10 3ac00iB
6mokoBo-(b0), piBHsHHA-(PO) Ta 00’ €KTHO-OPIEHTOBAHHUX
(O0) moB MmonemtoBanHs [3,4,5]. Po3poOka mapanenbHuX
MIMD-cumynaropiB  BemeTbcs, SK 1 padime, 3a
JOTIOMOTOI0 MOB IIPOTPaMyBaHHS 3 BHKOPUCTaHHIM
3aco0iB 6i0sniorek MPI, OpenMP mis oOMiHy naHUMH Ta
cunxpoHizauii MIMD-npouecis. Bracnmigok  nporo
eKCIIepTU MpeJMETHUX oOnacTedf, Mo po3poOIsIOTh
nmapajeinpHi CHUMYJSTOPH, BHMYIICHI MpaloBatd 3
3ac00aMH KOJIMIIHIX TPAAULIHHUX CHCTEM MOJCITIOBAHHS
JPYroro i TPeThOro MOKOMiHb [2], 0 3a piBHEM CepBicCy

Ta JPYXHOCTI IO KOPUCTYBadiB  IOCTYMAarOThCS
MIOCITIIOBHMM MOBaM MOJE/IIOBaHHs. B

Teopii 1  TpPaKTHIl  TEXHOJOTIH  MapajeIbHOTO
moxemtoBanas  (Parallel  Simulation  Technology,

ParSimTech) opHiero 3 KIHOUOBHX MpoOiieM € po3podka
PO3MOJINICHUX TMapaNeIbHIX MOCTIOI0YNX CEePEOBHII
(PTIMC) 3  nOBHO(YHKI[IOHATBHAM  MPOrPAMHHM
3a0e3MedeHHsIM po3poOKH, HAJIArOKSHHS 1 eKCILTyaTallil
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napanensHux cumyssatopiB CHC (Parallel Modeling and
Simulation Software). J{ist Toro, mo0 HaOIU3UTHCH 3a
piBHEM cepBicy A0 3aco0iB MOJENIOBAHHS T'SITOTO
nokosinHg [1, 2], HeoOximHo B PIIMC wmatu MoBH

MapajJeNnbHOTO  MOJCIIOBAaHHSA, IO  3a0e3redyroTh
neperBopeHHs  cnenudikaunii  momeneit  CHC B
BUKOHYBaHi IporpaMHi Momyi napaJieIbHUX
CUMYJISITOPIB 1 3BUIBHSIOTH CKCIEPTIB  MPEIAMETHUX

oOnacteil BiJi MUTaHb BUOOPY OOUYMCIIIOBANBEHUX METO/IB,
noOyzxoBu muckpetHux Simulation-moneneit CAC Ta ix

IporpaMHoI peaizarii.

1. TIPMHLIAIIN PO3B’SI3AHHS JJUDEPEHLIIAJILHUX PIBHSIHD
B MOBAX MOJIEJIIOBAHHS I MIMD-IIAPAJIEJIbHICTh

OCHOBOIO KOHIIEMIIT PO3pOOKH MOB MapajelbHOrO
MOJICTIIOBAHHS € aHaJoriss MiXK OJoKaMH, 00’€KTaMu Ta
oneparopamu BO -, OO- ta PO-M0OB MozemoBaHHS Ta
MIMD-npouiecamyt  mapaieabHUX  OOYHCIIOBAIBHUAX
CHUCTEM 3 PO3MOJIIICHUM aJIpECHUM MPOCTOPOM. AHAJIOTisA
Mk BO-crmenmpikamieto Simulation-mogeni CAC i
MIMD-npuHIMIIOM po3napajeloBaHHs ITOKa3ye€TbCs Ha
MPUKIIAAI MOJIENII TPOCTOTO MEPEKEBOr0 JAMHAMIYHOTO
00’ekTy 3 30cepemkenumu napamerpamu (MJIO3II), mo
OIICYETHCS CHCTEMOIO PIBHSIHB:

X=V+Y%

dx dv, B
KxE+RxX|X| +K1E+R1Y1|Y1| =f(X)

dX dy,
Kxa‘i‘ RxX|X| +KZE+ R2Y2|Yz| :f(X)
Simulation-monens MJIO3IT:

X=Y,+7,
d K,
2 (% +22X) = [F@) — RuXIX| - RIVIV/E,
dt K,
d K,
d—(YZ + —X) — [f(x) = RyX|X| — R 1, IV 11/K,
t K,

3a MeTomoM HesBHHX (yHKLi orpuMaemo BO-
cnenudikanito Simulation-Mozmeni y BUIIIIAI OJIOK-CXeMH
(dyHKIIOHANBHUX ~ OJIOKIB, 1O  HEOOXigHi  JuId
3HAXO/KEHHS HEBiIOMUX 3MiHHUX X, Y, Y, (puc. 2).

Puc.2. biok-cxeMa po3B’s3aHHS CHCTEMH PiBHAHb, BO-cuMysiTOp



AHani3 nokasye, mo ¢QyHkuioHansHOoMy 010Ky BO-
MOBH MOJIETIIOBaHHS MO)KHA criBctaButd MIMD-nporec,
0 BHUKOHYE OIMEpaiilo OJIOKYy 1 NporpaMmyeThcsl 3a
AQHAJIOTIYHUM  aJITOPUTMOM. IIpunnun po3B’sA3aHHS
cuctem piBHAHb bO-MoBo  BimnoBimae MIMD-
napajenizMy 1 MO)Ke IHTepHpeTyBaTUCs K BipTyalbHe
npm3HaueHHs «DyHKmionansHuit 6ok — MIMD-mipomecy»
(puc. 3): xoxHOMy Onoky bBO-mMOBH TpH3HAYaEMO
MIMD-npouec, Skuif B TOYHOCTI BHUKOHY€E ONEparii
ONOKy; OTpMMaeMO MHOXHHY N IIpoleciB, sKi
3B’A3YIOThCS MK COOOK KOMYHIKalliiHUM rpadom, 1o
CHUHTE3YEThCS HA OCHOBI CXEMH 3’€JJHaHb MiX BHXOJAMH i
Bxojaamu 05okiB bO-cumystopa puc. 2.

Simulation-moznens: X =Y+ Y,
d/dt(Y 1 +K /K X) = [f(x)-RX[X[-Ry Y [ Y[ J/K,
d/dt(Yo+K/KoX) = [f(x)-RX|X|-R2 Y2 Y5| /K>

VSTy = (851171 1212 . S1x Ty - 510 Th)
VST = (Sk1Ty Si2T2 - Sk Tie - SknTn)

VST, = (Sn1Ty SnaTz o Sux T - SnTi)

Simulation-Mo/€1b ONUCYETHCSI CUCTEMOK) DPIBHSHB,
KOXKHE 3 SKAX € HESBHOIO (YHKI€I0, IO BU3HAYAE
HEBIZIOMY 3MiHHY 1 PO3B’SI3y€ThCS BIAMOBIIHUM OJIOKOM
ta mo anamorii — MIMD-nponiecom Ti. Lls 3miHHa
VARTI, Oyayun BUXiTHOIO BemH4YHHOIO mpouecy Ti, €
pe3yabTaTOM MEBHOI OIeparlii HaJi MHOXXHHOI 3MiHHUX.
B 3aranmeHoMy cnenmdikaiist BipryansHoro MIMD-
CHMYJIATOpAa MOXE OyTH TpeACTaBICHa MHOXHHOIO
orepariii:

VART, = FUNT,(S;,VART, S;,VART, ... 5;,VART,)

‘ BO — cumynsTop n 610KiB ‘

‘SUMl GAl, ‘INT; ‘INT,, ‘ABSM PROD,., ‘f(x)m SUM,

VART, = FUNT,(S,;VART; S,2VART; ...S,,VART,)

N O A B

‘ CxeMma 3B s13KiB MiXk OnoKamu ‘

'

‘ I'pad 38 s13kiB Mk MIMD - nporiecamu ‘

‘P1HP2HP3HP4‘ ‘Pn-s ‘ Pna Hpn»l

N O )

‘ Bino6pakerns Ha npotecopy 1inb0Boi MIMD - cucremu ‘

Cxema 3B s13kiB Mk MIMD - npouecopamu

I

MIMD - cumynsaTop

Puc. 3. MIMD-napanensHicts i npuniun BO-MoBu, n — KibKicTh
610kiB i npouecis MIMD-cumysTopa

III. TPAHC®OPMALIS CHELU®IKALLI BO-, OO-, TA PO-
CUMYVIJISITOPIB B BIPTYAJIbHI ITAPAJIEJIbHI MIMD-
CUMYJIITOPU

Bipryansuuii napanensuuit MIMD-cumymstop — ue
cTpykrypa MIMD-mporieciB, sika OymayeTbcss Ha OCHOBI
3anponoHoBaHux ananorii mik BO-, OO- Tta PO-
crenudikamiamu. IIpononyerscs miaxin 110
TpaHchopMmanii MOBHHX creru¢ikamiii B BipTyanbHY
ctpyktypy MIMD-nporieciB  Ha  OCHOBI  BEKTOPiB
3’eiHaHb JUIst ripornecis Ti:

VST; = (S Ty SiaTz - SigTye - SinTn)

ne i — Homep mpouecy, i =1,2,...,n; Sy — mapamerp
KoMyTalii : Sy=1 — AKIIO € 3B’30K Mix mporecamu Ti <>
Tk i Sy= 0 — sxmo 38’30k Ti < Tk BiacyTHiH.
Muoxuna BekTopiB VSTi ans 3aranbHoi ctpykrypu bO-
CUMYJISTOPa Ma€ BUTIISA:

Tyt VARTI — BuxizHi pe3ynbryroui 3MiHHi niporeciB Ti, 1
=1,2, ..., n; FUNTi — onepauii npoueciB Ti Hax BXiTHUMU
3MIHHMMH, 10 TMOJAIOTBCS 3 BHUXOMIB BCIX IHIIHX
MPOIICCIB-YYACHUKIB ~ PO3B’SI3aHHS CHUCTEMH  PiBHIHB
Simulation-moneni. st MOJAJIBIIUX i 3
TpaHchopmarliii creuudikaniii 3HaHOOUTHCS BipTyallbHA
MAaTPHIIST KOMYTAaIlii

511 512 Slt‘ﬂ—l:l Sll’l

521 522 ) SZ(‘]’I—I:I 521’1
KM = i

Sk1r Skz 7 Skin-1) Skn

Sn1 Snz Sn{'n—lj Snn

sika (pOpPMaJIbHO OMHUCYE BCi 3B’sA3KM MK Onokamu BO-
cumyssTopa i Mixk npouecamu MIMD-cumynstopa.

i ¢popmanbHi 3ac00M MOXKYTh BHKOPHUCTOBYBATHUCH 1 JUIS
tpancpopmatii OO- ta PO-cumynsTopiB B BigNoBigHi
BipTyansHi MIMD-cumynsatopu.

IV. JIEBIPTYAJIBALISA COELIMOIKALII BIPTY AJIBHAX
MIMD-CHUMYJISITOPIB

Jlesipmyanizayiss — 1e TEPETBOPEHHS crierudikarii
BipryansHux MIMD-cumynaropiB, 1o OJHO3HAYHO
BH3HAYa€ peaiizallilo CUMYIATOPIB Ha 3aJaHiil IIbOBIH
napanenpHiii  oOumcmoBanpHi  cuctemi  (IIIOC) i
norpeOye  BUPILICHHS HACTYITHHX  OCHOBHHUX
TEOPETUYHHUX 1 MPAKTHYHUX 3a/a4: po3poOKa Iporpam
MIMD-niporieciB, 1m0 € aHajloraMd €JIEMEHTIB MOB
MOJICTIFOBAaHHS; CUHTE3 BipTyaJIbHUX KOMYTATODiB 3B’S3KY
Mixx MIMD-npouiecaMmu-anajgoraMu Ta iX BiJoOpakeHHs
B peanbHux cuctemax 3B’s3ky [{ITOC; anpiopHuii aHami3
cnenudikanid  BipryanbHux MIMD-cumynsaTopiB  Ha
BIJIMIOBITHICT ~OCHOBHUM  KpHUTEPisAM  €QEKTHBHOCTI
mapanelbHIX OOYMCIIeHb; apXITEKTypHO pelieBaHTHA
MporpamMHa iMIUIEMEHTALlisl, iHTerpaiis 3 miJcucTeMaMu
PIIMC [1, 8].
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V. BHCHOBKHM

3pocTraroyi BUMOTH NPEMETHUX 00JacTel 10 METOIiB
i 3aco0iB MOJENIOBaHHSA CTUMYJIIOIOTH 3aCTOCYBAaHHS
BUCOKOIIPOTYKTUBHHUX napanenbHUX KOMIT'FOTEPIB
icHyrouux 1 MaioytHix MIMD  -apxitektyp Ta
BUKJIMKAIOTh HOBI TEOPETHYHI Ta IMPAaKTUYHI MpoOIeMH
TEXHOJIOTIH MapaneibHOro MojenoBaHHs. OnmHUM i3
ACTICKTIB pobyieMu JPY>KHOCTI napajesbHuX
O0YHCITIOBAILHUX CHCTEM JO EKCIEPTIB MpPEeIMETHUX
obyacTell € mepexia Bif NpoOrpaMyBaHHs MapanelbHUX
CUMYISTOpIB 10 ix moOymoBu 3acobamu  MOB
MOJICJIFOBAaHHS. 3aNpOINOHOBaHa KOHIEMIIis pO3pOOKH MOB
HapajeIbHOr0 MOJEIIOBAHHS 0a3yeThCsl HA aHAJIOTIT MiX
MIMD-nponecamu Ta OCHOBHHUMH eIIeMEHTaMH
MOCJIIIOBHUX MOB MOJIETIOBaHH:. Peanizariis koHnenuii €
MEPCIICKTHBHAM HAMPSIMKOM PO3pOOOK 1 MOCHIIKEHb B
oblacTi  mapalenbHOTO  MOJCNIOBAHHS  CKIIAIHUX
IUHAMIYHUX CHCTEM.
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Evaluations of production rules in Erlang
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Anomauin—Jocnimkenus NPUCBSYEHO peasnizamii
NPOAYKUiHOI CHCTEMH MNpeACTABJIeHHs] 3HAHb HAa OCHOBi
BOy1oBaHux MexanizmiB moBu Erlang. PosrisinyTo ocHoBHi
KoOHIenuii Ta 6a3oBi migxoau 10 peasizaumii cmiBcTaBJIeHHS
3a 10OMOror0 iHkpemenTHux aaroputmiB Rete, Treat ta
LEAPS. Busnaueno, mo LEAPS naiiMeHin pecypcoemMHuii 3
TOYKHM 30py BMKOPHCTAHHSI HMamM’sITi Ta IIBHMIAKOAiL, 0qHAK
Ma€ oOMeKeHe 3aCTOCYBAHHSl BHACIIIOK (OpPMYBaHHs
HeMmoBHOI KOH(JIIKTHOI MHOXMHHM. B TOil ke uac pname
00Me:KeHHsI He € PUHLIUIIOBUM JUIsl 6araTboxX NMPUKJIATHUX
cucreM  BHCHOBYBamHs.  IlpeacraBiieHO — KOHIeNIilo
yHipikanii TepmiB Ta g0BeleHHs iCTMHHOCTI aTOMapHUX
¢opmya B Erlang. HaBeneHO KOMIIOHEHTH MpeICTABJICHHS
madJjaoHiB mpaBuia Ta po6oyoi mam’siti B Erlang. Hagano
OIMC AJTOPUTMY BH3HAYCHHS] iCTHHHOCTI YMOBHOI YaCTUHH
npaBuja 3a crparericio  LEAPS. 3anpomonoBanoio
peasizamiero axanroBaHoro ajaropurMmy ajast mou Erlang.
IpencraBieHnii aAJITOPHTM J03BOJISIE MPOBOANTH
napajieJlbHy OOpoOKYy mNpaBHJ 0a3W 3HaHb 3a PaxyHOK
BiAMOBM BiJ 30epeikeHHs] JaHMX NPOMINKHHUX eTamiB. Woro
nepeBarol) € NPOCTOTAa peatizalii 3 BUKOPUCTAHHAM
BOynoBanunx MexanizmiB Erlang 6e3 moOynoBm ckiagHux
CTPYKTYP JaHMX /JIsl NpeJcTaBjeHHsl 0a3u 3HaHb, fAKi 0
noTpedyBajim  JOAATKOBHUX pecypciB sl 00poOKH.
3anponoHoBaHuii cmocid 103BOJISIE CTBOPUTH MeXaHi3M
JIOTiYHOI0 BUCHOBYBAHHS, 30KpeMa NMPOAYKIiHHHUX CHCTeM.

Abstract— The research is devoted to the implementation
of a production knowledge representation system based on
embedded Erlang language mechanisms. The basic concepts
and approaches to implementation of incremental match
algorithms Rete, Treat, LEAPS are described. LEAPS is
found to be the least resource-consuming in terms of
memory and performance, but it has limited application due
to the formation of incomplete conflict set. At the same time,
this limitation is not essential for many applied inference
systems. The concept of the unification of terms and the
evaluation of the truth of atomic formulas in Erlang is
presented. The components for presenting rule templates
and working memory in Erlang are presented. The
description of the algorithm for determining the truth of the
conditional part of the rule according to the LEAP strategy
is described. An implementation of the adapted algorithm

Olga Mazhara
Automation of projection of power processes and systems
National Technical University of Ukraine "Igor Sikorsky Kyiv
Polytechnic Institute"
Kyiv, Ukraine
olyamazhara@gmail.com

for the Erlang language is proposed. The presented
algorithm allows parallel processing of knowledge base rules
due to the refusal to store data of intermediate stages of
matching. Its advantage is the simplicity of implementation
using Erlang's built-in  mechanisms without building
complex data structures for the presentation of a knowledge
base that would require additional resources for processing.
The proposed method allows to create the mechanism of
logical inference, in particular production systems.

Kniouosi cnosa—Rete, LEAPS, Erlang, cniscmasnenns 3i
3pa3KoM, nPOOYKUIliHI cucmemu

Keywords—Rete, LEAPS, Erlang |,

production systems

pattern match,

L Bctyn

[HTenekryamizamiss TpOrpaMHOTO  3a0E3MECUYCHHS €
HAMIMOIIMPEHIIIO TEHACHIIIEI0 B Tajy3i HOro po3poOKu.
BaxmiBUM HanmpsIMKOM MO>KHa BHOKPEMHUTH MPOBEICHHS
3aKJIIOYEHb JUIS JOBEAEHHS TilnoTe3sd ado MOCITHEHHS
METH. Haii6inbm YHiBepCaJIbHUM crocobom
NPEACTAaBICHHS TNPAaBWI BHUCHOBYBAaHHS €  JIOTi4HI
¢dopmymu.  OxpiM  cremiami3oBaHuX — 3aco0iB,  sKi
MPUCTOCOBaHI il 0OpOOKM Takux (GOpMyJi, HANPUKIA[
MoBH  Prolog, po3poOieHi yHiBepcambHi — MOAENi
NpPENCTaBICHHS  3HAHb, HAcaMmImepen  IPOAYKIHHA.
CucreMu, 3aCHOBaHI Ha MHOXXHHI TIPaBWJI, IO OMHCYIOTh
NpeMETHY 00J1aCTh, 3HAWIILIA NIMPOKE 3aCTOCYBAHHSI ITPU
MIPOCKTYBaHHI ~ EKCIIEPTHUX  CHUCTEM MiATPUMKH
npuidHATTA pimeHb (Recomrndstion systems), cepBiciB
koHcynbTanid (Pre-Sales Advice), 0i3Hec-3acTOCYHKIB
(Advanced Business Rule) Ta iHmUMX Tramyseil, xae
HeoOXiHe eKCIIepTHE 3aKIroueHHs [1].

IpencrapieHHsT MPaBWI BHCHOBYBAaHHS SK (GOpMYI
JIOTIKM TIpeAWKATiB € HaWOLIbII yHiBepcadbHUM. Ilpm
peamizaliii TpOIyKIIHHOI MOJENI TNPEICTABICHHS 3HAaHb
OCHOBHOIO Ta HaWOiNmbII pecypcoeMHOIO [2] 3amayero €
BU3HAYCHHS ICTMHHOCTI yMOBHOiI YacTHHH TPaBUIL
3aranbHOBXKMBaHAa ii peanisamis Ha OcHOBI Rete
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QITOPUTMY  CIIBCTaBJIEHHS 31 3paskoM abo ioro
Moiudikamiif € CKIagHOI; HOTpedye  HOoOymoBH
JOJATKOBUX I'padoBUX CTPYKTYp MPEACTABICHHS YMOB Ha
eTaIl NPeKOMIIALIL, a 3r0l0M 3HAYHHUX PECypCiB Mmam’sTi
Ta 4Yacy B TpOIECi BH3HAYCHHS ICTUHHOCTI JIOT1YHHX
BupaziB. Onrumizanii Rete crnpsimoBaHi Hacammepen Ha
MIPUIIBUINICHHS IIHOTO TPOIecy (HANPHKIAL, 38 paXyHOK
fioro po3napasnearoBaHHs) Ta 3MEHIICHHS
BUKOPHUCTOBYBaHUX pecypciB mam’sti. OcTaHHIM YacoM
3'SIBUBCSI IHTEpEC 10 CTBOPEHHs IOMIOHUX METOMIB 3a
PaxyHOK anapaTHOTrO MPUCKOPEHHS Ta CyYaCHHX IiJXOJliB
JI0 PO3POOKH PO3IMOAIIICHOTO MPOTrPaMHOTO 3a0€3IeYCHHS

(31, [4], [5], [61, [7] .

Rete anmroputm Oy 3ampononoBanuii C. Forgy sk
YHiBepCaJbHUI METOA CHIBCTAaBIECHHS Ul pealizauii Ha
Oyab-sKHX MOBaxX NporpaMmyBaHHsA. OIHaK 3 TOrO Yacy
Oynu po3poOJieHI HOBI MOBH BHCOKOTO pIiBHS, sKi 3a
CBOEIO KOHIIETIIi€l0 Ta BOYIOBaHMMH MEXaHi3MaMU
MOXYTh pealizoByBaTH IPOXAYKMiHHY Monenb 0e3
MPOMDKHHAX CTPYKTYp TPEACTABICHHS Oa3H 3HAaHb 3

6e3nocepeIHbOI0 e(heKTHBHOIO 00poOKOI0
(opManizoBaHUX 3alUCIB MPOAYKLIMHMX IpaBUI B
mporeci BHCHOBYBaHHA. Came TakuM e(EeKTHBHEM

3aco0oM mporpamyBaHHs € MoBa Erlang. Onnak 1 noci Ha
il ocHOBI peanizauii NPORYKUIIIHUX CHUCTEM CTBOPIOIOTH
3a  Rete amropurmom [8]. 3amaua  cTBOpeHHs
IBTEPHATHBHOTO CHOCOOY MPEICTAaBICHHS CIIiBCTABICHHS
31 3pa3koM 3 BUKOPHUCTaHHSIM BOYJIOBaHMX MeEXaHi3MiB
Erlang € akTyanbHOIO Ta Ma€ NPAaKTUYHE 3HAYCHHS MJIS
pO3pOOKH  BHCOKOC()EKTUBHMX Ta  MacimTabOBaHUX
CHCTEM BHCHOBYBaHHS.

II.  TIipxom 10 CHIBCTAJIEHHSA 31 3PA3KOM

B mporeci JIOTIYHOTO BUBEICHHS 33 MPOAYKIIHHOIO
MOJICJUTIO  3a7al0ThCsi 200  JO0BOIAThCS  (pakTh, sKi
CTOCYIOThCS TOTOYHOI 3axadvi. Li dakru 30epiraroTbes B
pobouiif mam'sti (WM - Working Memory). IIpaBuna
0a3W 3HaHb MarOTh yMOBHY (JIiBy) Ta pe3yJbTaTHBHY
(npaBy) wactuHy. [IpaBuia BBaXKalOTh Y3TOKCHHUM 3
pobouoro mam'ATTIO, SKIO 1i BMICT B TMOBHIA Mipi
BU3HAYa€e CTPYKTypy aHTeuenenry. Lle ymoBHa (i1iBa)
yacTWHA TpaBWJa ONUCYe IAOJIOHHW, SKI MICTATh
KOHCTaHTH Ta 3MiHHI. [lani  poOouoi  mam'ati
Y3TOJDKYIOThCA 3 IIa0JI0HaMH MpaBHiIa, BUKOPUCTOBYIOUH
Ti caMi KOHCTaHTH Ha BIAMOBIIHUX Micusx [9].

IcTopuuHO TepIIMi  aNTOPUTM  CIHIBCTABICHHS 31
3pa3koM B MPOAYKLIHHMX CHCTEMax BIIOMUH SIK
“HaiBHMH”. [N BU3HAU€HHs NpaBWI, YMOBHa 4YacTUHA
SKHX iICTHHA HA TIOTOYHOMY KpOIli, CKAHY€ThCs 0a3a 3HAHb
1 KOXKEH YMOBHHH €IIEMEHT NpaBWIa TOPIBHIOETHCS 3
BMicToOM pobowoi mam'sti. Ile npusBoguTh 10
eKCIIOTEHIIAIBHOTO 3POCTAHHS CKJIAJHOCTI alrOpUTMY 31
30UIBIICHHSAM KIUIbKOCTI TpaBun B 0Oasi 3Hawp [10].
Henoniku HaiBHOrO MiAXOQy CTaJld MOTHUBALIEK IS
CTBOPEHH!I IHKPEMEHTHHX aJITOPUTMIB CITIBCTABJICHHS, SKI
IPYHTYIOTbCS ~HA  BHKOpPUCTaHHI  iH(popmMamii  mpo
BUKOHAHHS TONEPEAHIX LHUKIIB JIOTIYHOTO BUBEICHHS.
HeoOxinHicTh 30epekeHHs Ta 00pPOOKH TaHUX MOMEePeRHIX
Y3rOJUKEHb  TPU3BOAMTH 70  KOMIIPOMICY — MIONO
3a0e3neueHHs MIBUAKOMAII 32 paxyHOK BHUTpAT MaM'sTi.
Haii611b111 IMPOKO BiIOMUMU IHKPEMEHTHUMHU HiIX01aMU
€ Rete T1a Treat, ¢QopmaibHe TOPIBHAHHS — SKHX
npeacrasieHo B [11].
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Jlnis Halripimoro BUIIAJKY aCUMITOTHYHA CKIAJHICTh
Rete Ta Treat anrropuTMiB a TepMiHaX IPOCTOPY Ta Jacy

O(wm®) , ne wm - posmip pobGouoi mam'sti, ¢ -
MakCHUMallbHa KUIBKICTh YMOBHHX €JIEMEHTIB TpaBWIia
[12]. KoudmniktHuii Habip cam 1o coOi Mae MPOCTOPOBY

cKkIaHicTh Hairipmoro Bumanky O(wm€ ). Tomy s

3MEHIICHHS 3aTpar Nam'aTi HEoOXiZHO B Tepuly dYepry
YHUKHYTH OOYHCIIEHHS IOBHOI KOH(QJIIKTHOI MHOXXUHU
[12]. [ns yHUKHEHHS HPOONEMH CKJIAQTHOCTI MiIXOMIiB

HeTepruisiuoi  ominkum  D.  Miranker  3ampornoHyBaB
aNropuTM JIiHUBO{ oLiHkK Leaps.
AnroputMH  JHWBOI  OIIHKH  HependavaroTh

MOEJJHAHHS CTpaTerii BUPINICHHS KOHQUIIIKTY 3 eTarom
MONIYKY aKTHBAIlil JJIs1 BUKOHAHHS TaKHM YMHOM, 1100 Ha
KOXKHOMY IIMKJTi CIIBCTaBJICHHS OOYHCIIOBAJIOCS JIHIIIE
onHe mpaBmio. lle 103BOJISE MOKPANIUTH ACHMIITOTHYHY
MPOCTOPOBY  CKJIAQHICTh  QNTOPHUTMIB  IHKPEMEHTHOL
OIIIHKM JUI Ha#ripmoro Bunamky (worst-case asymptotic
space complexity). Kpim TOTO ToTnepeIHi
eKCTIepUMEHTAlIbHI  Pe3yJIbTaTH BKa3yIOTh Ha 3HAYHE
MABHUIICHHS IIBUKOIIT B MOPIBHSHHI 3 KIIacHYHUMHU Rete
ta Treat amropurmamu [12]. IlpoctopoBa CcKIagHICTH
HaWTIPIIOr0 BHIAAKY UL AJTOPUTMY JIHHBOI OIHKH
O(max(ts)*c) , ne ts - miTka 4acy, a O(max(ts) -
oOMexeHa 3arajbHOI0 KINBKICTIO 3MiH poOouoi mam'sTi
[12]. B GaraTteox BHIagkax HeMae MOTPeOH 0OUUCITIOBATH
BCi BapiaHTH IIiJICTAHOBOK 3MIHHMX B IIa0JOHAX,
JIOCTAaTHBO IiATH 3a cTpaTerieto LEAPS.

Mosga Erlang nosBomsie peanizyBaté oOnaBa IigXoau
criocobamu, albTEPHATUBHUM ICHYIOUUM, SKi 0a3yrOThCs
Ha Rete, Treat abo LEAPS ta ix wmoaudikamisx.
EdextuBHiCTE  Takoi  peamzamii  3abesmedyeThes
BiactuBoctsamu Erlang:

e MEXaHI3MOM CITBCTaBJICHHSA -
TEpPMiB;

Ui yHipikamii

e MEXaHI3MOM JIETKOBArOBHUX IIOTOKIB OOYHCIIEHH -
JUIA lapaienbHoi 00poOku npasui b3;

¢ 3aco0amu (YHKI[IOHAIEHOTO IIPOTpaMyBaHHS
® MacmTaboBaHICTIO

Jnst peamizarii criBcTaBIEHHS 31 3pa3KOM Ha OCHOBI
BOyJI0BaHMX MexaHi3MiB Erlang Hacammepen HeoOXiqHO
PO3B’s13aTH 33/1a4y yHiQiKarii TepMiB.

III. LEAPS AJI'OPUTM BU3HAYEHHS ICTUHHOCTI
AHTELE/IEHTY

Jis  anroputMmiB  HeTepIUIA4Ol OIUHKM (KaxiOHUX
NrOpUTMIB)  HAJUTMIIKOBI  BUTpatd 3a  4acoOM
nependavyaOTh HE JIMIIE OOYMCIICHHS KOH(IIKTHOT
MHOKHHH, aJie 1 MCHEDKMEHT MaM'ATi Ta CTPYKTYp JaHHX
[13]. Le [nmo3Boisie BUCYHYTH IIPHITyLICHHS, IO
3MEHINCHHS 3aTpaT MaM'siTi MOXE MPU3BECTH [0
I ABUIICHHS IBUAKOIIT cuctemu [12]

AnropuTM JIiHMBOI OLIHKM Iependayae IMOLIYK
aKTHBALil HA OCHOBI IOLIYKYy B IIMPHHY 332 MOXJIMBUMHU
Y3TOMKEHHAMH YMOBHHX eleMeHTiB. [licnsa 3HaxoKeHHS
IepIIoi aKTUBalii MOIIyK MNPHU3YNUHAETHCS Ha 4ac
3allyCKy 3HaliieHoro mpasmia. Tak sk 3aIlyCK IpaBHIIa
MOJXKE TPHU3BECTH JO 3MiH PoOOuUOoi mam'sTi, TOIIYK B
IIUPUHY TOBHHEH OYyTH peani3oBaHUM 3 MO>KJIUBICTIO
00poOKku auHaMiuHOi 3MiHU cTaHiB. Lle nocsraeTbes 3a



PaxyHOK 30epexeHHs CTeKY BKa3iBHUKIB Ha CTaH IOIIYKY.
B mpomeci BHKOHAaHHS MOIIYKY 3a 3MiHaMH poOodol
maM'sTi, BKa3iBHUKU Ha Pe3yIbTaTH JONAIOTHCSA 1O CTEKY.
Kony mouryk 3a MOTOYHUM €JIEMEHTOM pPoO0Y0i mam'sti
BHUEPITYETHCS, BIANOBIMHI BKa3iBHUKM BHIATAIOTHCS 31
cTeKy. 3rinHo 3 [12] nceBooKOA anropuTMy MpeiCTaBICHO
Ha PUCYHKY 1.

®dakTHYHO B cTell 30epiraroTbCs MOTOYHI MOJKIIMBI
IMiICTAHOBKHU JJIsl Ia0JIOHIB YMOBHHX €JIEMEHTIB IpaBUiia
p; . Jnsi KOXHOTO y3roKEHOTO YMOBHOTO €IIEMEHTa

BCTAHOBJIIOETHCSI MiTKa IaM’SITi timestamp , IKa BKa3ye Ha

T€, KOJHM €JIeMEHT OyJio J0JaHO A0 CTeKy. [Himiamizamis
CTEKy BiJOyBa€ThCS 3a IOYATKOBHM CTaHOM pO0OYOl
maM’siTi B JTOBUIBHOMY 3a3JajieTiib OOpaHOMY TMOPSIKY.
Bci  HacTymHI  eleMEHTH  JOAAOThCS B MpoILeci
y3rojpKeHHs. Ha KOXXHOMY IIMKIII  CITIBCTaBIICHHS 31
3pa3KoM 3i CTEKy OTPHUMYETHCS BEPXHIH EJIEMEHT, IO
BIZIIOBi/Ia€ OCTAaHHFOMY y3ropKeHHI0. DyHKIIsA pop_stack
MOBEPTA€ BEPXHIH €JIEMEHT Ta BHUIAIAE HOTO 31 CTEKY.
JlaHuit eleMEeHT Ha3WBAETHCS JOMIHAHTHHUM 1 IOJAITbIIE
CIIBCTaBJICHHS 3[IMCHIOETHCS HA HOTO OCHOBI 3a
cTpateriero  momyky B mupuHy. @Dyskmis best first
BUKOHYE TIOIYK 32 Y3TOHKCHUMH €JIEMEHTaMHU Y TOPSIKY
3BOPOTHOMY JIO0 TOPSIIKY iX HAIXOIDKEHHS IO poOoUoi
nam’sati. SIKIo BIANocs 3HAWTH Y3TOJUKEHHS MPOIYKII,
K€ MICTUTh JOMIHAHTHUH €JIEMEHT — JOMIHAHTHUH
€JIEMEHT TIOBEPTAEThCsI IO CTeKy (push_stack), mpaBuio
BUKOHYy€EThCA (fire).

1 D1, s Pt WME timestamps;

2 begin Lazy Match;

3 initialize stack;

4. loop while stack not empty

5. DPn = pop_stack(py, ..., Pn-1)

6. if stack not empty then

7 best_first (D1, «.» Pn—1, Pn, Jound)
8 if found then

9. push_stack (py, D1, -
10. fire (py, ..., PR)s

11. end loop

12. end Lazy Match

» Pn— l) ;

Puc. 1 Bazosuii ncesnokon LEAPS anropurmy

3riguo 3 [14] ctpykTypu nanux ta npunnunu LEAPS
IrOPUTMY € CKJIaJHUMHU JUIS PO3YMIHHS Ta peaizarii.
MoxJiMBOo came Il 3aBaJiio  INHPOKOMY  HOTO
BUKOPHCTAHHIO B TPHUKIATHUX HPOIYKIIHHUX CHUCTEMaX.
Jns edexTuBHOI peanizallii aroputMy HeoOXiHa MOBa
[IporpaMyBaHHs, L0 MiATPUMY€ KOHLENLIi pesuiiiHux
0a3 JmaHWX, Taki sK, Hanmpukiuaa, 3B’s3kd (relations) Ta
omepanii Bubopy 3 00’emHaHHAM (select-project-join
operators) [14]. Ilepma Bepcit LEAPS anroputmy,
3amporioHoBaHa Miranker Ta Batory, Oyna peamizoBana y
BUTJISAI KOMIIUIATOPY 3 0a3u 3HAHb, CTBOPEHOT ISt
crierianizoBanoi o6osnonku OPSS, B Habip mporpam Ha
MoBi C [15]. [Ans yHUKHEHHS CKJIAJHOCTI 3 HEHOJiKaMH
ICHYIOUMX Ha TOW Yyac MOB MNPOTPaMyBaHHS Yy BHIJISIL
HEeIOCTaTHbOI ~ MHOKHHM  CTaHAAPTHUX  CTPYKTYP
NPEACTAaBICHHS JaHWX, a TakoX JUIl CHPOLICHHS
PO3YMiHHS anropurMmy po3poOHHKamu Oyia CTBOpEHa
Bepcis LEAP anroputmy 3 BUKOPHUCTaHHSM IIPOTpaMHOT
abcrpakiii KypCOp-KOHTEHHED (container-cursor
programming abstractions) Ha 6a3i KOMILIATOPY CTPYKTYP
nmanux P2 [14] . Omgnak P2 He € 3arambHOBKHBAaHOIO
MOBOIO IMPOTPaMyBaHHS BHUCOKOTO PiBHS 1 MOTpeOye Bif

pPO3pOOHUKA JOJATKOBUX 3yCWIb Ha PpO3YMIHHS Ta

IHTerpamito peayi30BaHHX alrOPUTIMIB OO ICHYIOUHX
MIPOrPaMHUX PillICHb.
Tomy mns Erlang Ha OCHOBI 3amponOHOBaHOTO

MexaHi3My yHiQikamii TepMiB Ta crpareriii LEAPS
MiIXOy peayli3oBaHO aJalTOBaHY BEPCII0 alTOPUTMY
CITIBCTABIICHHS 31 3pa3KOM.

IV. BU3HAUYEHHS ICTUHOCTI AHTELIEAEHTY B ERLANG

MexaHi3M BU3HAU€HHS ICTUHHOCTI JIOTIYHMX BHpa3iB
HacamIepell peanidye yHidikamiro TepMiB aTOMapHHX
dbopMyn  aHTelENEHTYy 3  BIANOBIAHUMH  TEpMaMH
mabnoHiB pobouoi mam’sTi. IIpobiema nomnsdrae B Tomy,
IO AaHTELEACHT MOXE MICTUTH SK 3B’S3aHi TaK 1
He3B’s13aHi TepMH. B poGouiif mam’sTi BCl TepMH 3B’ s3aHi.
OO6nacte [1ii 3MIHHHUX PO3MOBCIOJIKYETHCSA JIMIIE HA
MOTOYHE MPOIYKIilHE NpaBuio (TOOTO B MEXaX OJHOTO
aHTEIEeIeHTy Ta KoHcekBeHTy ). Kpim toro B Erlang ne
MOXHA 3aaBaTH HEOCHOBHI ()aKTH 3 He3B’I3aHUMHU
mapamerpamMu. ToMy Ui HPHCTOCYBaHHS BOYZOBaHOTO
MEXaHi3My CHIBCTaBIECHHS /IS yHi(iKkalii TepMiB Ha eTari
IOpeKOMIIUIANii  BCi  3MiHHI ~ HyMepyloThcsd — Ta
MPEICTaBIAIOTECA Y dopmari Koptexy {var, N }, ne N
HOMEp 3MIHHOi, SKWH CIHiBIajae sl BCIX 3MIHHHUX 3
OJTHAKOBHM iM’sIM (32 3pa3koM OOOJOHKH MPOMYKIIHHUX
cucrtem CLIPS).

VHidikaris 1BoX TepMiB yCIillIHa B ABOX BUIAKAX:

e sKmO oOMIBA TEpPMH € OMHAKOBUMHM constant-
TepMamMu  (constant TepMamMH €  aTOMapHi
KOHCTaHTH a00 KOJIKIl aTOMapHHX KOHCTAaHT —
CIIMCKH 200 KOPTEXKi);

® SKIIO TEPM aHTCLEACHTY € 3MIHHOMK, a TepM WM €

KOHCTaHTOI0. B TakoMy BuMIagky Bci 3MiHHI
NPOAYKUifHOTO  TpaBWia ,  IIPEACTaBIICHI
OJHAKOBIM  HOMEpOM, CTalOTh 3B S3aHUMH

3HAa4YCHHsAM Hi €1 KOHCTaHTH.

Jns peamizamii cTparerii JiHHBOI OIIHKH B 3amuci
mabiony WM noctaTHbo 30epiraTi JIMIIe OUH MPUKIIa
IiICTAHOBKU aToMapHoi ¢opMynu. 3a yMOBHU peaizawii
Mojeni 3 HTOBHUM KOH(UIIKTHHM HabopoM B mradioni WM
HeoOXigHO 30epiraTé CHHMCOK 31 BCIX MOXIHBHX
migctaHoBOK.  OKpiM IIbOr0  NPE/ICTABICHHS KOXHOI
aToMapHOi (OpMyIH MICTHTH 11 3HaK sign (MO3UTUBHUHA IU
HEraTUBHMI) Ta Ter 4dacy timestamp, skuil BimoOpaxae
Yac IOBEACHHS BIAMOBITHOTO (akTy.

[IpencraBnenHss mnpaBwi 0a3 3HaHb OOMEKEHE
JIi3 IOHKTUBHOIO HOPMAaJIbHOIO (HOPMOIO TPEICTABICHHS
YMOB BHCHOBYBaHHs. [IpH IIbOMy YMOBHOKO YacCTHHOIO
OJIHOTO TIpaBWJIA € OJMH JIW3 FOHKT, TOOTO KOH IOHKTHBA
aToMapHa  3B’s3Ka JitepaiiB. TakuM YHMHOM, JACKiJIbKa
MPaBUJI MOXXYTh MaTH OJMH 1 TOW CaMHi KOHCEKBEHT.
KoHCEeKBeHT MICTHTh CHHCOK il 3 Mogudikaiii po6odoi
mam’siTi Ha TMOTOYHOMY Kpoui. Jlo mux i HanexaTth
JOZIaBaHHS JIOBENICHUX Ta BHAAICHHS CIPOCTOBAHUX
(axkriB.

IMpu peanmizaunii B Erlang noBeneHHs iCTHHHOCTI
aTomapHux ¢opmyn 3a 3pazkoM MoB Prolog Ta CLIPS
BinOyBayocss 3a JBOMa KOHIICMIISAMHU: Oe3rocepenHe
JIOBEJICHHSI 332 MEXaHI3MOM YHiikalii Ta JOBEICHHS
ICTUHHOCTI ~HETaTMBHUX IIA0JIOHIB 3a IOCTYJaTOM
3aMKHEHOCTI CBITY.
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V. AJITOPUM BU3HAYEHHS ICTUHHOCTI
AHTELEZEHTY B ERLANG

Jus peamizauii B Erlang npomonyeTbes crpoleHa
BepCis aNropuTMy, sKa He Iependadae 30epexxeHHS

TIPOMIKHUX pe3ysbTaTiB Y3TrOKCHHS. TTomyk
BiOyBa€Tbcs HA OCHOBI CTpaTerii IMIMOMHU 3a HOBHMU
Y3T0JKEHHAMU YMOBHUX CJICMCHTIB. O6pobka

AHTEIEeJICHTY OTOYHOTO MpaBMiIa MIPOBOANUTHCS LUKIITHO
3a ¥oro aroMapHUMH (opMynaMu, KOXKHA 3 SKHX
BigMmiueHa TeroMm tagName, SKUH € KJIIOYEM CTPYKTYpH
YMOBHOTO €JIEMEHTY 1 He MmoTpedye IO0MaTKOBHX BHUTpAT
mam’sTi s 30epexeHHsA.  [IceBIOKON  alropuTMy
MPEICTaBICHO Ha PUCYHKY 2.

Pis e Pt WME,, ..., WME,, tags
begin Match;
loop for all p; and WME;

1

2

3

4. if p == tag(WME;)

5. unify (P, v Pn» WME;, WME, found)
6. if found then

7 fire (b, ...

8. end loop

9. end Match

Pn);

Puc. 2 ba3oBwuii 11ceBJOKOA aJaITOBAHOTO alTOPUTMY

TakuM YHHOM, KOXXHE TMPaBUIO MOXKHA TaKOX
BBOXATH BIIMIYCHHM TeroM, sKHH (akTHYHO €
BiIOOpaKEHHSIM HAa3BH CTPYKTYpU MEPIIOr0 YMOBHOTO
€JIEMEHTY. AHQJIOTIYHMH Ter MaloTh €JIeMEHTH PoOouoi
maM’ati. 30BHIIIHIA IHKJI 0OpOOKM NpaBMI Iependadae
TOPIBHSHHA 3a JAaHUMH TeraMu 1 3a0e3nedyye paHHIO
BIIMOBY BiJ mpaBwi, A SKUX B poOouid mam’siTi
BiZICyTHI HeoOXimHi gaHi. TakuM 4YHHOM JWHAMIYHO
(dbopMyeTbCcsT MHOKHHA TIPaBWII, SIKI € KaHOUOATaM JUIs
y3roJDKEHHS. [ KOXKHOTO 3 TaKHMX IMPaBWJI MOYEProBO
3amyckaeTbess QyHKUis yHiixkamil wnify . Sxkmo s
npaBwia OyJo y3rOJUKEHO peluTy MalioHiB, (QyHKIis
yHi(IKaIii BCTaHOBIIOE 3HA4YCHHA found ICTHHHHM 1

BUKOHYETHCSl pe3y/bTATUBHA YacTHHA JAHOTO IpaBHIIA.
ITicast 1BOro CIIBCTABICHHS IOYMHAETHCS 3 IIOYATKY.
OyHkuisn yHidikauii npamoe B MexXax OJHOrO IpaBuia i
BIAMOBiJa€ 32 Y3rODKEHHS KOHCTAHTHUX 3HAYCHb Ta
3miHEuX. Crepmry 3acobamu MoBH Erlang BHKOHYyeThCs
Y3rO/KCHHS Ui KOHCTAHT Ta CTPYKTyp (akTiB 3a
BUHSTKOM 3MiHHUX. Jluiie y BHMNAJKy, KOJU JOBEACHO
MOXJIMBICTh Y3TO/DKCHHS KOHCTAQHTHHX 3HAa4deHb HA
BUKOHAHHS 3aIyCKA€eThCs (DYHKIIiS y3TOKCHHS 3MIHHHX,
IO TaKOXK BUKOHYE TEPEBIPKY apryMEHTIB 3a CTPATETIEr0
TTHOMHH cepe]] eleMEHTiB pobodoi mam’sri, ski Oyio
Y3TOMXKEHO 3 KOHCTAHTHIMH 3HAYCHHSAMMU.

LEAPS anroput™m mnependadae 30epekeHHS CTEKy
y3rOJDKEHUX  €JIEMEHTIB, 110 (aKTUYHO BiJIOBiIae
migxony mo 30epekeHHS Y3TOKEHHS KOHCTaHTHHX
3HAa4YCeHb B CTPYKTypax naHux Rete Ta Treat migxonis. Ile
JIO3BOJIIE  JOCATTH  BHMCOKOI  mBHuakomii.  OnHak,
HEOOXIHICTh TUHAMIYHOTO OHOBJICHHS Ta COPTYBaHHS 3a
MITKAaMH 4Yacy JaHOi CTPYKTypH B TIpoleci poOOTH
CIIIBCTABJICHHS YCKJIAJHIOE PO3MApaICIIOBaHHs JIaHOTO
migxony. Tomy B amamToBaHiIM Bepcii 3ampoIOHOBaHO
BIIMOBUTHCS Bil 30€pekKEHHS TMPOMIXHUX pPE3yJbTaTiB
Y3TOJDKEHHS, 110 HAaOMIDKy€e JaHUH aldropuT™M 10
HaiBHOTO. lle  [MO3BOJNIE  BHKOHYBATH  JOBEICHHS
ICTUHHOCTI aHTELE/ICHTY MapaieibHO JJIs1 KOXKHOTO abo kK
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JUIsL TIIIMHOXKHHHM TIpaBWI. B mporeci criBCTaBlICHHS Ha
KOXXHOMY LUK BHKOPHCTOBYETHCS CTATHYHA MOTOYHA
poboya nmam'ath, Ui SIKOT AOCTYN BiJIOYBAEThCS JIMIIE B
PeKUMi 34YMTYBaHHSA. TakuM 4YHMHOM 3alpONOHOBAHUM
Croci0 3acHOBYeThCS JHIIE Ha 0a30BMX KOMIIOHEHTax
NPOAYKIIfHOI CHCTEMH, He BHMAara€ JOJaTKOBHX
CTPYKTYp HaHHX, fAKi IOTpeOYIOTh 3HAYHHX pecypciB
nam’sti Ta yacy oOpoOKu.

VI. BUCHOBKU

e [IpoBeneHo aHali3 METOJIB CIIBCTABICHHS 31
3pa3koM B MPOIYKUiHHIA MOAeN NpeAcTaBICHHS
3HaHb. OOIPYHTOBAaHO BHKOPUCTaHHS CTpateril
LEAPS gns peamizauii amanroBaHoi Bepcii B
poxyKUiitHi# obonoHi Ha 6a3i Erlang.

e 3anpomnoHOBaHO KOHIEMIi YHidikaiuii TepMmiB B
Erlang.

e 3amporoHOBaHO CIOCIO CIIBCTAaBIEHHS 31 3pa3KOM
JUIs  JIOBEIICHHS ICTUHHOCTI YMOBHOI YacTHHH
npoxykuiitHoro npasuna B Erlang.
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Anomayia—Yy crarTi  pPO3rJISAHYTO QJITOPUTM LISt
aBTOMATHYHOI0 pedpepyBaHHsI TEKCTiB HA NPUPOJHil MOBI 3
3aCTOCYBAHHSIM MeTO/liB MAIIMHHOI0 HABYAHHS, 30KpeMa 3a
J0TIOMOI0K0 HEHPOHHMX MepeX 3 J0BroI-KOPOTKOYACHOIO
nam'sarTio LSTM. Bu3HauyeHo aKkTyaJdbHICTh TOCHIIKeHHS B
HANPSIMKY M0Ja4i TEKCTOBOr0 /JOKYMeHTa B BeKTOPHii
dopmi 3 3acrocyBamnsim mertoxie Word2vee, GloVe Ta
BEKTOPHOI Mojesli BHKOPHCTOBYHYHM «MillIOK TepMiB» i3
3aCTOCYBAHHSAAM MiaXoQy mo0ya0BHM BEKTOPHOI Mojeli
cratuunoi mipu TF-IDF. Ilpoumec orpmmanHs pedeparty
CKJIAJA€ThC 3 HACTYNHHMX eTamiB. BHXiIHMIl TekcT
NMepeKyIAJA€TbCsl B HMUKHIN pericTp B IkoMy BHAAIAIOTHCSA
CTON-CJIOBA i BHKOHYETBLCSI CTeMiHI; JaJji ije BeKTopHe
NoJaHHs O0pO0/IEHOr0 TeKCTy, PpeKypeHTHa HeiipoHHa
mepesxka LSTM npuiimae BeKTOp BXiTHMX CJiB i BUBOIUTH
BEKTOpPHE IOJAHHS BiANOBiAHe BXixHMii mociizoBHOCTI 3a
aonomMorow HapyaHHs. HaBuanHsi HeilipoHHOI Mepe:xi
BHKOHAHO 32  /J0IOMOIOI0  AJrOPUTMY  3BOPOTHOIO
NMOMMPEHHS] MOMMHJIKM Po3ropHytroro B uaci. TecryBaHHs
CHCTEMH 3iliICHIOETHCS Ha KOPHYCi TeKCTiB. AHATI3yl0UH
pe3yJbTaTH PoOOOTH CHCTEMH MOKHA BiI3BHAYHTH, IO
HelpOHHA Mepeska MoKa3ajia HalKpaluii pe3yJabTaT podoTn
BHKOPHCTOBYIOYH BeKTOpHY opmy GloVe.

Abstract—The article deals with the algorithm for
automatic texts summarization in natural language using
machine learning methods, in particular, using neural
networks with long-short term memory LSTM. The
relevance of research is in the direction of supplying a text
document in vector form which is determined using the
methods Word2vec, GloVe and a vector model using the
«bags of terms», using the approach of constructing the
vector model of the static measure TF-IDF. The process of
obtaining an abstract consists of the following steps. At the
processing stage, the source text is transferred to the lower
case, in which the stop words are deleted and stemming is
performed. The result of the next step is the processed text

Odessa, Ukraine
ishpinareva@gmail.com

Odessa, Ukraine
gerenko_olga@ukr.net

vector representation. After this the LSTM recurrent neural
network receives the input value vector of the words and
outputs a vector representation corresponding to the input
sequence through training. The neural network is trained
using an algorithm for back propagation of an error
deployed in time. The system is tested on the text corpus.
Analyzing the results of the system, it can be noted that the
neural network showed the best result using a vector
representation of GloVe method.

Kntouosi  cnosa—pepepysannn, eexmopne noOaHHs,
Word2vec, GloVe, cmamucmuuna mipa TF-IDF, necamugne
CeMnipyeanHs, HelipOHHA Meperca, PeKyPPEeHMHA HelpOHHA
mepexca, Long-Short-Term-Memory, ¢hynkuin axmuesauii,
00pobKa npupoOHUX M08, HAGUAHHA Mepeici, MmecmyeanHs
Mepesici.

Keywords—summarization, vector representation,
Word2vec, GloVe, statistical metrics TF-IDF, negative
sampling, neural network, recurrent neural network, Long-
Short-Term-Memory, activation function, natural languages
processing, network training, network testing.

I.  BCTVII

Enexrponna indopmariis rpae Bce OUIbIIy posib Y BCiX
cdepax KHUTTS CY4aCHOrO CYyCHiIbCTBAa. B ocTaHHI poku
o0cAr TekcToBOi iH(OpMAIii B €IeKTPOHHOMY BHTIIIL
3piC HACTIJIbKHM, 10 BHUHHMKA€E 3arpo3a 3HELIHCHHS i€l
iH(opMarii B 3B'SI3Ky 3 TPyIHOIIAMHU TOIIYKY HEOOXiTHHX
BimoMocTei cepen Ge3miui JOCTYymHHMX TEKCTiB. Po3BuTOK
iHpopMmaniiiHuX ~ pecypciB  IHTepHer  Oaratopa3oBo
MOCHITIOE TIpo0IieMy iHGOPMALIiHHOTO TIepeBaHTAKEHHS. Y
miff cutyamii OCOONMBO aKTyalbHUMH CTalOTh METOJH
aBTOMaTH3alil pedepyBaHHs TEKCTOBOI iH(opMallii, TOOTO
METOIM OTPUMAaHHS CTHCHEHOTO YSBIEHHS TEKCTOBUX
JIOKyMeHTIB — pedepariB (anorariit). [TocranoBka 3agaui
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AaBTOMATHYHOTO pedepyBaHHA TEKCTYy 1 BIAMOBITHO
cnpoOu 11 BUPIIICHHS 3 BUKOPUCTAHHAM PI3HHUX TIXO/IB
poOwncs GaraTbMa J0CIiTHUKAMH.

Hyxe 6araTo KOPHCTYBadiB PETyISPHO CTUKAIOTHCS 3
HEOOXIZHICTIO IIBUAKO TMEPErJIsaTH BEIMKHHA 00cAr
JIOKyMEHTIB 1 BUOUpaTH 3 HUX AilicHO NmoTpibHi. I1s 3agaua
BUHUKAE 1 IpH POOOTI 3 TEKCTOBUMH 0a3aMH JTaHUX, 1 IPH
pO30HpaHHi EeNEeKTPOHHOI IOUITH, i NpH TOUIYKy B
Inrepueri. Yacro OyBae, 0 B BEIMKHUX OpTraHi3allifx,
0COOJIMBO JIepKaBHUX, TIPABIJIA JALTOBOJCTBA HaKa3yIOTh
CYTIPOBO)KYBaTH KOXKEH BKIUBHI JOKYMEHT KOPOTKHM
OITHCOM.

IToTpeOn B 3aco0ax aBTOMATHYHOTO pedepyBaHHS
BIIYyBAIOTh: KOPIOPATHBHI CHUCTEMH JOKYMEHTOOOIry,
MONIYKOBI MAIIMHU 1 Katajoru pecypciB IHTepHeTy,
aBTOMAaTH30BaHi  iHpOpPMaLiHHO-0i0Ii0oTeUHI  cUCTeMH,
KaHAJI MOBJICHHS, CITy’KOH PO3CHIIKH HOBHH Ta iH.

Pepepar (Bix mar. Referre — moBimomusiTH,
JIOTIOBIIaTH) — 116 CKOPOUYEHHH 3MICT JPYKOBAHOTO TBOPY
3 OCHOBHMMH (AaKTUYHHMH JaHUMH 1 BHCHOBKAMH.
Pedepar sBaste coboro o0'ekTHBHE, MO30aBICHE EMOIIH
MOBIIOMJICHHS iH(oOpMallii mepiiopkepena Ha OCHOBI 11
CMHUCIIOBOI TepepoOku. BiH akmeHTye yBary Ha HOBHX
BIIOMOCTSIX 1 BHW3HA4Ya€ JOUITBHICTH 3BEPHEHHS 10
HepIIopKepena.

OcHOBHHMH BHUIaMH pedeparTiB €  IHIUKATHBHI,
KPHUTHYHI 200 OIiHOYHI i iHpopMaTuBHi. [HIMKATHBHI, IO
BKa3ylOTb THII iH(pOpMaIii, MalTh CHOBINATEHAI
xapaktep. Kputhuni a0  OLIHOYHI  OIIHIOIOTH
indopmamiro, mo MicTuThcs B JOKyMeHTi. Jlo nmaHOTO
THITy pedepaTy BiTHOCATHCS OTIISAM, IIO BiTOOpa)aroTh
He TITBKM CyThb JKepena, a ¥ JyMKa Hpo HBOTO, IIO
MICTUTh JOJATKOBi BHCHOBKH, SKUX HEMa€ B OpUTiHAMI.

IndopmaTiBHI IPUIYCKAIOTh KOHCIEKTHBHO — BHUKIIAJ
JaHUX, TPEACTaBICHHX B  TEPBUHHOMY JDKepeni
iHpopMallii.
Y  pedepari QopMmyirOBaHHS 1  y3araJbHEHHS
3aM03MYYIOTHCS 3 CaMOT0 TEKCTy opuriHaiy [1].
II. TPOEKTYBAHHA CUCTEMU
OcHOBHI eTamu  POOOTH TMPOEKTOBAHOI CHUCTEMH
HaBeleH1 Ha puc. 1.
Bxiaumit ) Nonepeans 06poba.
TeKeT | S Bexropre noganna BIXiaMOro Texcry
(no6yaosa choswmxa)
| Pexypentna neiiponna mepexa LSTM
Hasvanua neiponnol mepexi
1 Tecrysanna wefiponnol mepexi
xinyesmn -

pedepar F2 NepeTsopeHNa PESYALTYIONOIO BEXTOPA B TEOXCT
Puc.1. OcHOBHI dTanu NpoeKTYBaHHs CUCTEMHU

PosrimsmemMo OULTBII  JETANBHO KOXKEH 3 €TalliB

MIPOEKTYBaHHS CUCTEMH.
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IMepmr 3a Bce, HEOOXITHO IPOBECTH aHATI3 TEKCTOBOTO
JIOKYMEHTa, SKHH CKIIQJIA€ThCS 3 TONEepPEeIHbOI 00pOOKH
TEKCTY.

[Momepemust 00poOKa TEKCTY CKIATAETHCS 3 HACTYITHUX
€TarliB: TePEeBe/ICHHS BXIIHOTO TEKCTy B HIDKHIN pericTp;
BUJIAJICHHSI CTOII-CIIiB, TOOTO CJIB, II0 HE HECYTh CEHCY;
CTeMIHT, TOOTO BiIKUIAHHS 3MIiHHOI YaCTUHU CIIOBA.

OTprMaHHuif TEKCT IMEPEeTBOPIOETBCS B  BEKTOPHE
MOJIAaHHSA 3 3aCTOCYBAaHHSIM BEKTOPHOTO 30iry, allrOpUTMIB
GloVe abo Word2vec abo 3a JOMOMOTOI CTaTUCTUIHOI
mipu TF-IDF.

MexaHi3M TOOYZOBH BEKTOPHOTO 30iry moisirae B
NPUHAHATTI 0 YBaru TOTO, sIKi CJIOBAa OTOYYIOTH CJIOBO, III0
posrsmaeThess. lle o3Hadae, mo KOXHE CIOBO Oyne
BU3HAYATUCA HOTO CYCiOHIM CJIOBOM 3JiBa Ta CIIpaBa.
MaTteMaTH4HO e MOJEIIOETHCS LUIAXOM  I00YZOBU
Marpui 30iriB.

Word2vec npuiiMae B SIKOCTi CBOTO BBEICHHS BEJTHKUIH
KOPITyC TEKCTY i CTBOPIOE BEKTOPHHIA MPOCTIip, 3a3BUYAll B
KiJIbKa COTEHb BHMIPIB, IPHIOMY KOXXHOMY YHIKaJIbBHOMY
CIIOBY B KOPITYCi IPHCBOIOETHCS BIATIOBIIHWI BEKTOpP B
npoctopi.  BekropHi  ysBJIEHHS ~ pO3TallOBaHI B
BEKTOPHOMY IIPOCTOPI, TaK II0 CJIOBA, SIKI MAIOTh CHIJIBHI
KOHTEKCTH B KOPIIYCi, pO3TamoBaHi B Oe3moceperHiit
OJIM3BKOCTI OJIMH BiJI OJTHOTO B IPOCTOPI.

IMepumit kpok amroputmy Word2vec mnonsrae B
YUTAaHHI KOPIYCY 1 PO3paxyHKYy HYacTOTH BXOJDKCHHS I
KOXKHOTO CIIOBa B KOPITyCi (TOOTO KiNBKICTH pa3iB, KOMH
CJIOBO 3yCTPLJIOCS B KOPMYCi — 1 TaK JyIsi KOXKHOTO CIIOBA).
OTpHMaHHil MaCHB CIIIB COPTYETBCS 3a YacTOTOIO (CoBa
30epiraroTbCsi B XeI-TabNuIl), i BUNAISIOTHCS PiIKICHI
CIIOBa.

Jpyruit  xpox amroputmy Word2vec mnosnsrae B
nobynoBi nepesa Xapdmana. lepeso Xaddpmana gacto
3aCTOCOBYETHCS [UIsl KOJYBaHHs CIIOBHHKA — L€ 3HAYHO
3HIDKYE OOUUCITIOBAIBHY 1 4aCOBY CKJIAJHICTD alTOPUTMY.

Ha TpeThoMy KpOIli 3 KOPITYCY YHTAETHCS CyOpEUeHHS
1 TIPOBOIUTECS CyOCEeMIUTIpyBaHHsI HaHOLIBII YaCTOTHUX
ciiB. CyOpedyeHHS — 1€ SKHHACh 0a30BHH €JIEMEHT
KOpIIyCY, 3a3BHYail — POCTO PEUCHHS, ajie IIe MOXe OyTH
i ab3am abo HaBiTh wina crarra. CyOceMIuTipyBaHHS - 1€
MpOIeC BUIYYCHHS HAMOUIBII YaCTOTHHUX CIIIB 3 aHali3y,
IO TPHUCKOPIOE IPOLEC HABYAHHS AITOPUTMY 1 CIPHSE
3HAYHOMY 30UIBIIEHHIO SKOCTI oTpuManoi mojem. Ilo
cyOpeueHHsIM TPOXi 3IiHCHIOEThCS 32 JOTIOMOTOI0 BiKHA
(po3mip BiKHa 3aJ1a€THCS aNrOPUTMOM sK mapamertp). ITix
BIKHOM MAa€ThCsl HAa YBa3l MaKCHMajbHA JIMCTAHIIIS MiX
MOTOYHUM 1 MependadyBaHUM CIOBOM B pedeHHi. ToOTo,
SIKIIIO BIKHO JIOPIBHIOE TPHOM, TO aHalli3 Oy/ie MPOXOIHUTh
BCEpENUHI OJIOKY B TPH CJIOBa. PekOMeH/IOBaHEe 3HAUCHHS
BikHa — 9.

Ha wuerBepToMy Kpoli airoputMy HeOoOXiTHO
3aCTOCYBAaTH HEHPOHHY MEpEKy MPSIMOrO MOIIUPEHHS 3
¢byHKIiEl0 akTHBamii  iepapxidyHmi codTMakc i/abo
HEeraTHBHE CeMIUTipyBaHHs. lepapxiunuii cohTMaKc Kparie
Bezie ceOe mpu poOOTi 3 HE AyKe YAaCTOTHUMH CIIOBAMH,
ajie TpamIoe TIOBUTbHINNE, HETaTHBHE CEMILTIpyBaHHS
Kpamie Tpamioe 3 YacTOTHHUMH CJIOBAMH 1 Kpamie Ui
BEeKTOpa CIiB HeBenukoi posMipHocti (50-100), mpaittoe
IIBH/ILIE.



3agagya mobOymoBn Mmomeni Word2vec Bumsigae
HACTYITHUM YHHOM: MaKCHMi3allisi OJM3bKOCTI BEKTOPIB
cliB (CKasIpHUA OOYTOK BEKTOPIB), sIKi 3'SBIISIOTHCS
MOPYY OIWH 3 OJTHHM, i MiHiMi3amisi OJIN3BKOCTI BEKTOPIB
CITiB, IO HE 3'SBJISIOTHCS MOPYY OJUH 3 OfAHUM. ToOTO 1Ie
BIZIHOLIEHHS JOOYTKY OJM3bKOCTI CIB KOHTEKCTY 1
IITbOBOTO CJIOBa Ha CyMy MOOYTKYy OJH3BKOCTI BCIX
IHIIMX KOHTEKCTIB 1 I{IJIbOBOr0 CJIOBA.

[Tpobnema B TOMY, 1110 BBaXXaTH YCi CIIOBa KOHTEKCTY
JIy’Ke JIOBrO 1 CKJIQJIHO — KOHTEKCTIB MOXe OyTH Oe3nmiu
1L KOJKHOTO CJI0BA.

HeratuBHe cemrmutipyBaHHd — OAMH i3 3aco0iB
BIIOpATHCS 13 3aaHOr0 mpobiemMoro. [IpuHIuMN mossirae B
TOMY, II0 HE BPaxXOBYIOTHCS BCi MOXJIMBI KOHTEKCTH, a
BUOHMPAIOTHCS BUMAJKOBUM YHHOM KiJIbKa KOHTEKCTIB.

Meron GloVe, npencraBieHnii Ha puc. 2, CKIIaIa€ThCs
3 ngBox eramiB. Ha mepmomy BimOyBaetbes 30ip
CTaTHCTUKM TOSIBU CJIIB B OJHOMY KOHTEKCTI, 4Oro He
BimOyBaeTtbcst B Word2Vec, 1 3aBISKM  LbOMY
MOKa3yIOThCsl HAWKpaIli pe3yibTaTH, B TOMY YHCII i B
3amavi momyky ananorid. CioBaM, IO 3HaXOISITHCS Ha
OlmbIIK  BiICTaHI, TPHUCBOIETHCA mITpad OOEpHEHO
nponopiiiHmii Bincrani. Ha npyromy erami nmpoBoguThes
(akTopu3aris, sIKa Ha3UBAETHCS HETaTUBHUM
cemIutipyBaHHsM [2-3].

Mipa TF-IDF BH3Ha4ae BaXJIMBICTh PEUCHHS Ha
OCHOBI 9acCTOT CIiB, 1[0 BXOAATH B HEOTO. [Ipn mpomy st
TOTO, MO0 HE BPAaXOBYBAaTH CIIOBA, SKi 3yCTPIHAIOThCA Y
BCiX JOKyMEHTaX BHKOPHCTOBYETHCS 3BOPOTHA 4acTOTa
nokymenta IDF, sika mopiBHIOE jorapuMy BiTHOIICHHS
KUTBKOCTI JIOKYMEHTIB IO KUTBKOCTI JTOKYMEHTIB B SIKUX
BOHH 3YCTpinuCs. SIKIIO CIOBO YacToO 3yCTPiYaeThCs B
naHoMy paokymeHTi, To Mipa TF-IDF 306inburye Bary
ClIOBa, 1 3MEHINye Bary CIJIOBa, SKIIO CIIOBO YacTo
3yCTpIidaeThesl B 0araTboX JOKyMEHTAX.

Ha puc. 2 mpencraBieHO pe3yibTaT OOYHUCICHHS
BEKTOPHOTO TOAaHHA st cioBa formula meTtomom
GloVe.

Puc.2. Pesynbrar ob6uncienHs merogom GloVe

Bara pmesxoro cioBa mpomopIiiiHAa  KITBKOCTI
BXHMBaHHS IIbOTO CJIOBa B JIOKYMEHTI 1 0OepHEeHO
MpONOpLIiHHA YacTOTI BXXMBAaHHS CJIOBA B  IHIIMX
JIOKyMEeHTaX KoJekuii [4,5].

Juin  pospaxyHKy uucinoBoro 3HaueHHs TF-IDF

HEOOXITHO OOYHCIWUTH: YHCIO BXO/OKEHb 1 CJIOBa B
JOKYMEHTI, 3arajbHa KUIBKICTH CIIB Yy JIOKyMEHTI,

KUTBKICTh JOKYMEHTIB B KOPIYyCi, KiJIBKICTh JOKYMEHTIB, B
SIKUX 3yCTPIYa€ThCs 1 CIIOBO.

BinHOCHa 9acToTa 3yCTpidaibHOCTI 1 ctoBa B Tekcti d

nj

TF(w;d) = S

(M

Jie N — YMCIO BXOKEHb i CIOBA B JIOKYMEHT, ). Ny —
3arajibHe YKCJIO CIIiB B JIOKYMEHTI.

IHBepcHa yacToTa W B JIOBUIBHIN Oe3uivi TekcTiB D

[D|
IDF(w; D) = log—— 2
(w; D) = log i 1 @
ne D — xinbkicTh JOKyMeHTiB B kopmyci, (dijw;) —

KiJIbKICTh JTIOKYMEHTIB B SIKMX 3yCTPI4a€THC 1 CJIOBO.

Bara a6o 3Haunmicte TF-IDF(w;d;D) cnoBa w € Wd
TekcTy d B 3arajJbHO TEMAaTHUYHOI KOJEKIii TekcTiB D
BH3HAYA€THCA 33 (POPMYIIOO

TFIDF(w; d; D) = TF(w; d)*IDF(w; D)  (3)
Ha puc. 3 npencrasieHi BaKJIMBOCTI TEPMIB B TEKCTi

Mpo XyAOoKHUKA MiKenaHIKen0, TOOTO pe3yibTaTH Mipu
TF-IDF.

30153436667111 - paboTal
30153436667111 - rmukenanoxeno
150767183335555 - cumran
150767183335555 - reqvanbHbM
100511455657037 - ckynenTopom
10051 1455557037 - nproTth
100511455667037 - NprogMnocs
100511455557037 - nan
100511455557037 - kapmiHoi
100511455557037 - sHaHWA
100511455557037 - sakoHunT:
100511455557037 - noxasaTenscTsa
100511455667037 - GyoHappoT
100511455557037 - anaToran
0524424752233507 - xymosHmka
0.0924424752233507 - cumTtann
0.0616283168155671 - wapTvHa
0.0616283168155671 - sanwmaTtech
0.0502557277785183 - uyBCcTBOEAN
0.0502557277785183 - uepksun
0.0502557277785183 - wpeckn
0.05025572777857183 - dnopeHUo
0.0502557277785183 - dumsmnueckoi
0.0502557277785183 - ycnen
0.0502557277785183 - yexan

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

Puc.3. Pesynprar obuncnenns mipoto TF-IDF

OtrpumaHe BEKTOpHE YSBICHHA IIOJA€ThCS Ha
PEKypEHTHY HEHpPOHHY Mepexy 3 JOBTO1
KOpoTKocTpokoBoro nam'sartio (LSTM) nmpezncrasineny Ha
puc. 4. IlepeBaru Takoro mpuxoxy B TOMY, IO JOBXHHA
BXIJIHOTO TEKCTy He OoOMexeHa. PekypeHTHa HeipoHHa
mepexka LSTM npuiiMae BEKTOp BXiIHHMX 3HAa4yeHb CIIiB
{X1,X2,...,X¢}, ~ BHBOAWUTH  BEKTOpPHE ysABIEHHI h
{hy,hy,...,h} BXimHOT mocninoBHOCTI.

P19y
- [AA A (4]

6 6 6 o . o

Puc.4.PexypentHa HelipoHHa Mepexa 3 JOBrOi KOPOTKOCTPOKOBOIO
NMaM'sTTIO PO3TOPHYTa B Yaci

Mepexxa LSTM BukopucroBye MexaHisM (QLIBTpIB.
Ieit MeXaHi3M nae MO>KJIUBICTH pEryIoBaTu
HAJIXO/PKEHHA HOBOI iHQoOpMaIlii B BEKTOp CTaHy C;
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Mepexi, a TAKOXK BHCHOBOK CTaHy h, Mepexi i OHOBIICHHS
ii crany c.. Bexropu (inbTpiB Mepexi BU3HAUAIOTHCA 32
TaKuMH GopMyIaMu

ii=o(U; - x+Wj-h_) “4)

=0o(Us- X+ We-hey) (5)
o,=0(Uy x + Woh ) (6)
C. = tanh(UC~ X+ We - ht—l) (7)

JIe X — BXIJJHa TOCJIJOBHICTh, h — BEKTOp MPHUXOBAaHOTO
crany komipku mepexi, U;, Ug U, Uc, Wi, Wy, W, W —
MAaTpHIll BaroBux KoedimieHTiB GinbTpiB Mepexi i, f, o, g,
IH/IEKC t — IHJIEKC eJIeMEHTY HaBYAIbHOI MOCIIIOBHOCTI, i
— BXIIHWA BeHTWIb, f; — BeHTWIb 3a0yBaHHI, O, —
BUXIAHMNA BeHTWIb, C, — HOBHH OJOK mam'sTi, G —
curmoinansHa (yHKmis aktwBamii , tanh —  ¢yHKIiL
rimepOoIiYHOTO TaHTeHCa.

Ha mincraBi 3HaueHb (QiNbTPIB MEPEKi BU3HAUAKOTHCS
ii BEKTOp BHYTpIIIHBOTO CTaHy (BHYTpIlIHBOI mam'sti) i
MIPUXOBAHOTO CTaHy 3a TAKUMH (hopMyIamMu

¢, = tanh(i; o C, + fio ¢, ;) 8)
h, = tanh(o; ° ¢,) O]

JIE C; — BEKTOpP BHYTPILIHHOTO CTaHy KOMIpKH Mepexi, hy —
BEKTOp TMPHUXOBAHOTO CTaHy KOMIPKH MEpexi, ©—
oTIepallisi 1o eIeMEHTHOTO T0OYTKY.

Ockinbku 3HaueHHs BekTopa h, mepexi LSTM moxe
BUSIBUTHCS OLJIBIIIMM, BHACIIMOK YOTO MOXKE BHHHKHYTH
HacW4eHHs (PYHKIIIT aKTHBAIii, TKe MPU3BOIANUTH IO MaJUX
3HA4YeHb MOXIJHOI (YHKIII, 110 YIOBUIBHIOIOTH MPOLEC
HaBYaHHS Mepexi. 3amoOirTv AaHuil HACHiJOK MOXKHA
3aCTOCYBaBIIM (DYHKLIIO aKTHBAllii, sIka HE HACHIYETHCS.
B pesympraTi HaB4aHHA Mepexki BimOyBaTHMeEThCS
mBuame i tounime. OyHKOiS akTHBaIii, 3aCHOBaHa Ha
Jorapu@max J03BOJISIE YHHUKATH HACHYEHHS Tpu 00poOIi
BEJTMKMX 3HAUCHB | BU3HAYAETHCS (POPMYIIOI0

_( In(x+1),x=0
f6) = {—ln(—x +1),x<0 (10)

Hapuanus mepexi LSTM BinOyBaeThes 3a JOMOMOTOIO
METOIy 3BOPOTHOTO IOIIMPEHHS MNOMMJIKH. AJTOPUTM
3BOPOTHOTO  IOIIMPEHHS  IHOMWIKH  IOJSrae B
HACTYITHOMY: PO3paxyBaTH By3el OCTaHHBOTO piBHS[ 3a
(bopMynom (11), pospaxyBaru Bci BHyTle.IHl BY3IIH
Mepexi 3a Q)opMynom (12), mis Beix BY3IB Mepexi
obuuncnuTy 3MiHu Bar 1o ¢popmyii (13) [6-9].

O = oi(1 — 0l (tk — 0x), (11)
8 = 0 (1 — 0j) Xk e children(j) Sk Wj ks (12)
Awij =-n5jo;, (13)

Jie Wi; — Bara, sKa CTOiTb Ha pelpi, o 3'eqHye i-i Ta j-i
By3€J1, O — BUXIJIHMII By3€Jl OCTaHHBOT'O PiBHA MEPEKi, O
— BHXIiJ j-TO By3/a MEpexi; ty — OYiKyBaHy BifNOBiIb
OCTAHHBOTO PIBHS Mepexi, 1 — KOoe]illieHT HaBYAHHS
(0< n<1), dx — BeNMYMHA MOMWIKA HA OCTAHHHOMY piBHI
Mepexi, §; — BeIMUMHA MOMUJIKH j-TO By3Jla MEPEKi.

TecTyBaHHS CHCTEMH 3HIHCHIOETBCS Ha KOPITYCi
TeKCTIB. Pe3ynpraT poOOTH CHCTEMH TPEACTAaBICHO Ha
puc. 5.
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1. BUCHOBOK

Cucrema mpuitMae TeKcT, 00po0ise HOro i BUBOAUTD
KOPOTKHIA BUKJIaJ TIOJAHOTO TeKCTy. [lepeBaroro pilieHHs
€ 3JIaTHICTH /10 aBTOMATH30BaHOTO CaMOBJOCKOHAJICHHS 3
MIHIMAIFHAM BTPYYaHHSIM JIFOAUHU. AHaJi3yI0uH poOOTy
CHCTEMHM MOXKHa BIJ3HAUUTH, IO HEHPOHHa Mepexa
NoKasaja  Halflkpamuii  pe3yibTaT  aBTOMaTHYHOTO
pedepyBaHHs Ipu BeKTOpHOMY mofaHi meromoM GloVe.
CucremMa HEJAOCTATHBO SKICHO pedepye TEKCTH BEIUKOTO
o0csry, TOMy Tiepe0ayeHo 3acToCyBaTH MOIUQIKaIliio 3
BUKOPHCTaHHAM HE HacW4yrouoi (YHKOII aKTUBaIlii
3aCHOBaHY Ha JIOTapH(Max.

Tl rentpaint - Notepad |

File Edit Format View Help

OQHWM M3 YAMBEWTENbHEAWMX MACTEPOE 3MO0XK
MTANLAKCKOTO BO3POXASHWA CUNTAET BYOHAPPOTH MUKENaHAXeno.

Er0 _BKNaJ B WCTOPMI MMPOBOrO WCKYCCTBA BEMMK —

OH Bbll HE TONBKO EHWANBbHBIM CKYNBeNTOpOM,

HO W BLAJNWMNMCA XKMBONWCUEM, MO3TOM, apXMTEKTOPOM, MLICIMTEneM.

B ero paﬁmrax Mbl EWAWNM BONNOWEHWE HE TONBKO C‘IM]M‘IECKGM,

HO M AYXOBHOW KPAacoTsl Yenoseka.

OH CUMTan CBOER NUUHOR Tparep,men EbINONHEHWE I'IPMXUTGM I'ICIKPCIBMTEJ'IEM—I'\BI'I
MAKeNnaHaxeno Gbn reHnantHbM CKYNLNTOpOM,

KOTOpble BEENWKONENHO YYECTEOBAN Mpamop.

OfHAKD NPMXOTH Nan OuMM TAKOBLI, YTO FeHMI0 NPUXOZMAOCE 32HMMATLCA
apXNTEKTYpOit, KMEOMMCHI, PUCOBATL QPECKM M OTAVBaTh M3 DpOH3bL
HECMUTpﬂ Ha TO, uTO MMKEI’IEHMEJ’ID NPUXOAUNOCE 33HMMATBLCA HE TEM AenoM,
K KOTOPOMY fnexana Aywa, eMy YAAnoCh MOKA3aThk BCK CBOW MeHMaNnbHOCTL —
MHOrUMK ero paGGTBMM MbEl MOXEM BOCXWWATBCA NO e AeHb.

CEON 3HaHWA N0 aHATOMMM, XYLOKHWK NONY4YMn BO Bpema paboTe ¢

Peango Konowbo (BPBLI W ABTOp KHWIK no BHBTUMMM?

BCE 3HAHMA MWKENaHAKeno MCMonb30Ban B CBOMX paboTax.

BEPU.IMHCIM ero TBCIP‘«IECTB& cTana pﬂﬁUTB no pocnMuch nNoTonkKa CUKCTUHCKON Kanenssl.
CaMoA 3arafoyHOA KapTWHOM ABNAETCA «CHATWE C KpecTas.

OH He YCNen ee 3aKOoHYATh.

HEKOTOPHIE CMELMANMCTE CYMTANM, YTO KApTMHA MPMHAANERMT KACTM APYTOro XyZOKHWKA,
HEKOTOpbIE HAaX0AWNW AOKA3ATENsCTEa TOro, 4YTO OHA HAaNWCaHa B MaHepe,
NPMCYWER PaHHEMy MUKenaHgxeno.

CNopsl NPEKPaTWIKChL NoCne Toro, kak 8 1981 ro

Guln HaWAEHL LOKA3aTensCTBa B3ATWA 3aKa3a BYOHappOTH MAKenauaxeno

Ha ofopMmieHne ofpaza B anTape ANA UEpPKBU CaH-ArOCTHHO.

B 1501 rofy XyAOKHWK, He 3JAKOHYME CBOW paboTy, yexan B0 ®NOpeHuMi.

7| Result - Notepad

[File Edit Format View Help

OAHUM W3 YAWEMTENbHEAWMX MAcTEPOB 3MOXM WTaNnbAHCKOTO

BO3POXAEHWA CUNTAET BYOHAPPOTH MUKENAHAXeno.

B ero paboTax Mel BUAWM BOMNOWEHME HE TONBKO @M3MYeCcKon,

HO ¥ [AyXOBHOW KpAcoTl UenoBexa.

MUKENaHAXeNno ObiN FeHWanbHeM CKYNBNTOPOM, KOTOPLIE BEAMKONENHO YyBCTBOEAN MPamop.
HeCMOTPA Ha TO, YTO MWUKENaHAXENo MPUXOAMAOCE 3aHWMATBCA HE TeM JenoM,

K KOTOpOMY Nexana Aywa, ey YAanocCk NOKa3aTk BCK CBOW MeHWanbHOCTbL —
MHOTMMK_ero paboTami Mbl MOXeM BOCXWMUATBCA MO CEH [eHb.

BepWMHOA ero TEOpYecTBa CTana paboTa No POCAMCH NOTONKA CMKCTMHCKOA Kanennsl.

HEKOTOpHE CMEWNaNNCTel CYNTANM, YTO KApTUHA NPUHAANEXHT KMCTM ADYTOro XYAOXHWKA,
HEKOTOpbIE HAaX0AWNW A0KA3ATEeNsCTEa TOro, 4YTO OHA HanNWCaHa B MaHepe,
pucyweRt paHHeMy MUKenaHaKeno.

Puc.5.TectyBanns cucremu
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Abstract— Jlocaigkennsi, aHajgi3 Ta BIOCKOHAJEHHS
0e3NpOBiIHMX CEHCOPHHX Mepek € aKTyaJlbHOI0 3ajayero. B
naHiii podoTi 00’€KTOM AOCTiKEHb € 0e3NnpoBiaHi ceHcOpHi
Mepe:ki, mo Bignosinaiors crangapry IEEE 802.15.4.
JocaipxkyBaBes BniuB THny mapumpyrtusanii (WiseRoute i
Flooding) Ha 4acoBi moka3HMKH 0e3MpOBiIHOI CeHCOPHOI
Mepexxi. Mapmpyrusanis  WiseRoute 0a3syerbess  Ha
BHKOPDHCTaHHi JlepeBa MapuUIpPYyTiB, 10 He [JOMYyCKa€
HasIBHOCTI neteJib, Flooding — ne Mmapmpyru3samis, npn skii
KOKHUH NakeT BiIcWIaeTbes BeiM cyciaHiM By3iaam, 3a
BHHSTKOM TOro By3jaa 3Bigku BiH mpmiimos. [IpoBenene
JTOCJiIKeHHS TT0KAa3aJ10, 10 301IbIIEHHs] KiTbKOCTI BY3JIiB y
0e3NpPOBiIHMX CEHCOPHUX Mepe:kax CyTTEBO NOripmye ix
YacoBi  XapaKTepHMCTHKHM, SIK TNPUH  BUKOPHUCTaHHI
mapmpytu3anii Tuny Flooding, Tak i npu mapumpyrusauii
WiseRoute. IIpy ub0My BHKOPHMCTAHHS MAapIUPyTH3aMii
Ty WiseRoute B po3riisiHyTHX HaAMH NPHKJIAJAX Mepeski
moripmyBajgo 4JacoBi mokasHukm mepexi Ha (10 — 20) %
nopiBHAHO 3 BHKopUcTaHHsM MapumpyTu3aunii Flooding.
IMo3uTUBHUI BIVIMB Bil BHKOPHCTAHHS MAapIIPyTH3aLii
Flooding mopiBHsino 3 mapmpyrtu3anielo Ttumy WiseRoute
Oi/ibllle TPOSIBJISIETBCS Y Mepeskax 3 Majlol KiIbKicTIO
BY3JiB i 3 30inbIIeHHAM KilbKOCTI BY3JliB 3MeHUIYEThCH.
JocainkeHHs] NMPOBOAWJINCH 32 JONOMOrOI0 INPOrpamMHOro
3ac00y OMNeT++ Ta ¢gpeiimoBopky MiXiM.

Abstract— Investigation, analysis and improvements of
wireless sensor networks are of high importance nowadays.
In given paper IEEE 802.15.4 wireless sensor networks are
targeted. Impact of routing type (WiseRoute or Flooding) on
network time characteristics was investigated. WiseRoute
uses routes tree with no loops allowed. Flooding sends every
packet to each neighbor node, except the sender node.
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Lviv, Ukraine
obelyovska@gmail.com

Ivanna Droniuk
Automated Control Systems
Department
Lviv Polytechnic
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Investigation shows that increase of network nodes number
results in significant degradation of wireless sensor network
time characteristics. This is true for both WiseRoute and
Flooding routing. For the reviewed case studies WiseRoute
shows a (10 — 20) % worse time characteristics comparing to
Flooding. The positive effect from using Flooding is higher
for the networks with smaller number of nodes and
decreases as number of nodes grows up. Investigation was
performed using OMNeT++ software and MiXiM
framework.

Keywords—aesnposioni  cencopni  mepexci, cimuacma
mononozis, mapuwipymusayis

Keywords—wireless sensor networks,
routing

mesh topology,

1. Bcryn

HogiThi iHpOpMaITifiHi TEXHOJIOTI, o
3aMpoBa/KYIOTBCS B BHUPOOHHMLITBO Ta pi3HI cdepu
JIIOZICBKOT JIiSUIBHOCTI, BCE YacCTille Ui IepelaBaHHA
JAHUX BUKOPHUCTOBYIOTh 0e3mpoBiTHEe (hizuune
cepefioBuille. B ocTaHHI pPOKM Yy 3B’S3Ky 3 aKTHBHUM
BIpoBapkeHHAM IHrepHery peueit loT (Internet of
Things) 0cobaMBO CTPIMKOTO POCTY 3a3HAIH OE3MPOBiAHI
ceHcopHi mepexi [1].

Ha cboroani ceHcopHi Oe3NpoBifHI Mepexi BUBYEHI
me He poctaTtHeo. KpiM Toro cdepa ix 3acTocyBaHHS
MOCTIHHO PO3IIMPIOETHCSI, BUMOTH JI0 CKCILTyaTalliiHUX
XapaKTepUCTUK  MHiIBUIIYIOTbCA.  Pi3HI  mpukiajHi
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3aCTOCYBaHHS CTaBISITh Pi3HI BHUMOTH 10 KOHKPETHHX
MMOKA3HUKIB CEHCOPHHX MepeX. B 3BS3Ky 3 IUM
BaXJIMBUM 1 aKTyaJbHHUM € JOCHI/DKCHHS, aHali3 Ta
BIOCKOHAJICHHS OE3MPOBIIHUX CEHCOPHUX MEPEXK.

B [2] HaBemeHi sK KOMepIIiiHi, Tak i OE3KOMITOBHI
CHCTEMHU MOJICIIOBAHHS, SIKi TAFOTh MOXKJIMBICTh MPOBECTH
MOJIETIIOBaHHSI O€3MPOBITHOI CEHCOPHOT MepexXi OyIb-IKOT
CKJIaTHOCTI.

B nauiif poOoTi 00’€KTOM JOCIHiXKEHDb € Oe3NpOBiHI
CEHCOpHI Mepexi, mo BiamoBimaroTh craHmapry IEEE
802.15.4. Apxitektypa 0e3npoOBiIHOI CEHCOPHOI Mepexi,
IO JOCIIDKyBaJlach, Y BiANOBIAHOCTI 3 [3] moka3aHa Ha
puc. 1.

[IpoTOKOJIM MEpek)EeBOro Ta MPHKIAIHOTO pIiBHIB
BianmoBigaloTh crnenudikanii ZigBee. Texnonoris ZigBee
IIPU HEBEIIMKOMY €HEeproCIOXUBAHHI MIATPHMYE CITHACTY
TOTOJIOTIF0 3  PETPAHCIAIIE€d 1 MapIIpyTH3ALIe
MOBiIOMJIEHb Ta HAJAE MOXIMBICTH BHOOPY alTOPUTMY
MapIIpyTu3anii.

Application layer (mprKiaHHi piBeHs) ‘ Y
Zigbee Alliance
Network & Security layer (MepeseBHil piBeHb)
MAC layer (piBeHb YIPaBIiHHA J0CTYIIOM 10 .
CepeoBHIIa) BusHadaeTheA
craraapToM [EEE
PHY layer (tismmi pipers) 802,154
v

Puc.1.Apxitekrypa OesnpoinHux ceHcopHux Mmepexx IEEE 802.15.4/
Zigbee

MapmpyTusaniss Mae 3HauHHI BIDIMB Ha  psn
XapaKTEePUCTHK OE3MPOBITHOI CEHCOPHOI Mepexi, Ipo o
CBiIYMTh BENUKA KUIbKICTh IyOsiKkamifi, MpPUCBSIYEHUX
aHajJi3y BIUIMBY MapIIpyTH3alii B Pi3HUX Mepekax Ha
pi3HI eKCILTyaTamiliHi XapaKTepuCcTHKH Mepex. OaHuM 3
HaWBaXJIMBIINX  IApaMeTpiB, KU €  00’€KTOM
JOCTI/DKEHHS PI3HUX OE3NpOBITHUX MEpex, € 3aTPUMKH

maketiB  [4], HaMH JOCHIJUKYBaBCS BIUIMB  THIIIB
mapmpytusamii  (WiseRoute i Flooding) Ha 49acosi
MOKa3HUKH CCHCOPHHUX 0e3MpoBiTHIX MEPEK.

Mapmpytuszauis WiseRoute 6a3yeTbcsi Ha BUKOPHCTaHHI
JlepeBa MapIIpyTiB, IO HE JOMYCKA€ HAsSBHOCTI IETEIb,
Flooding - me mapmpyTtu3amis, IpH sKili KOXHHH ITaKeT
BIZICHJIA€TBCS BCIM CYCIJIHIM By3JaM, 3a BHHSATKOM BYy3J1a
3B1JIKY BiH NIPUHIIOB.

II. XAPAKTEPUCTHUKA ITPOTPAMHOI'O 3ABE3IEYEHHS JIJI
KOMIT FOTEPHOT'O IMITALIIITHOT'O MOJEJTIOBAHHS POBOTH
MEPEXI

Ha cporonmsimmiii AeHb BIIOMOIO € JOCHTH BEIHKa
KUIBKICTH ~ KOMEPLIMHHMX  Ta  BUIBHO  JIOCTYIHHUX
MPOTPaMHHX CHUMYJISITOPIB KOMIT I0TepHUX Mepex. Li Bci
PI3HOBHM TPOrPaMHOr0 3a0E3MEeYCHHS MATh CBOI
NepeBary Ta HEJOJMIKH, a TAKOXK 00JIacTi 3aCTOCYBaHHS Ta
MIOMyYJIIPHICTE cepel KopucTyBadiB. Haitbinbmmoi yBaru, 3
TOYKA  30py  (DYHKIIOHANBHHUX  MOXJIMBOCTEH Ta
(hiHaHCOBOT JAOCTYIMHOCTI, 3aCJIyrOBYIOTh HAcTymHi: 1) J-
Sim [5], 2) OMNeT++ [6], 3) NS-2 [7].
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1) J-Sim - cepenoBume s KOMIT IOTEPHOTO
IMITaLITHOTO ~ MOJENIOBAaHHS MeEpEeX, CTBOpEHEe 3a
JIONOMOTOoI0 MOBU TporpamyBanHsi Java. Ilporpamue
3a0e3MeueHHs € KOMIIOHEHTHO-OPIEHTOBaHUM, y HbOMY

Oymb-ski  O0’€KTM  MOXYTh  BIAITpaBaTH  pOJb
KOMIOHEHTIB:  3’€IHAaHHSA, IPOTOKOJ, KOMII TOTep.
BpaxoByroun 10  BIACTHBICTH, KOXEH  oOpaHmit

KOMIIOHEHT MOKe OyTH SIK LIJIICHUM, TaK i CKIIaJIaTUCh 3
JIOBIIBHOT KUIBKOCTI 1HIIMX KOMITOHEHTIB. 3’ € IHaHHS MIXK
KOMIOHEHTAMH  BCTaHOBIIOETBECS 3 JOIOMOTOIO
3MOJIENTbOBAHUX MOPTiB. JJOCTYITHUMU U1l BUKOPHCTaHHS
€ TpU TUNM 3’€JHaHb I MopTiB. Jlo Moxeni MOXHa
JI0J]aBaTH  BJIACHOPYY CTBOPEHI KOMIIOHEHTH, a0o
BHUKOPUCTOBYBATH icHyrOUi KOMIIOHEHTH, K
NepeBU3HAYATH iXHi aTpuOyTH Ta METOAHU 3a JOIOMOIOI0
MOBH IIpOrpaMyBaHHsI Java.

2) OMNeT++ - 1me m@akeT MOPOrPaMHOTO
3a0e3neueHHs, SKUP € SKICHUM 1HCTPYMEHTOM JUIS
IMITAI[IfHOTO MOJICNIOBaHHS POOOTH  KOMIT IOTEPHHUX
Mepexx. OMNeT++ Mae B CBOEMY pO3NOPSIKECHHI
pecypcu ans nmoOymOBH KOMI'FOTEPHHX MEPEX Pi3HOTO
MacmTtaby Ta pi3HOI apxitekTypu i Tomouoriii [8]. Lle
mporpaMHe 3a0e3NedeHHs Mae BeNNKy 0a3ly JaHux
MEpPEeKEBUX EJIEMEHTIB, TOTOBHX J0 BUKOPHUCTAHHSI, SKi
BXKE MICTATh aJITOPUTMH MOJCIIOBAHHS Ta €TaIlH
00po0OKH iHpOpMamii TPo KOMI IOTEPHY MEPExKYy,

3) CepenoBuiie i IMITaliiHOTO MOJIEITIOBAHHS
NS-2. byno cTBOpeHe 3a JONOMOrOK JBOX MOB
nporpamyBanHs C++ Ta OTcl. OcramHs mae 3mory
IHTEpIPETYBATH ClIEHAPii pOOOTH KOMII FOTEPHOT MEPExKi.

Jns 3aBoaHb MOJENIOBAHHA O€3MPOBITHUX MEpEex
ontuManbHUM € cepenopuiie OMNeT++, ocKinbkr BOHO
nmae  3Mory rpadiuyHO  Bi3yami3oByBaTH  OTpUMaHi
pe3yibTaTd, a TaKOX CIOCTepiraTH 3a  3MiHOIO
napaMmeTpiB IMITaIlifHOTO MOJENIOBAHHS KOMI IOTEPHOT
Mepexi, MO € HEOOXiTHUM Ui SKICHOTO OIliHFOBaHHS

pe3yIbTaTiB KOPOTKOCTPOKOBOTO IIPOTHO3YBAHHS
nmyJibcanii Tpagiky.

JlocnimkeHHs ~ NPOBOAMIMCH 33 JIONIOMOTOIO
nporpamMHoro 3aco0y OMNeT++ ta (perimoBOpKy

MiXiM.

11I. MOJEJIIOBAHHSI MEPEXI

O6’exTOM MoJeNOBaHHS Oylia ciTdyacTa Mepexa 3
pi3HOIO KiNBKiCTIO cTaHMil. Puc. 2 imoctpye Ge3npoBinHy
CEHCOpHY Mepexy 3 10-Ma cTamioHapHUMH BY3JIaMHU.
TepuTopis, Ha sikiii posropranack mepexa — 300 m x 300
M, IHTCHCHBHICTB Tpadiky — | makeT Ha CEKyHIy.

Bei  mpuerpoi  BukopucrtoByoTh craHmapt IEEE
802.15.4 (mixim.modules.node.Host802154) i Zigbee Ha
MepexeBoMy piBHI (netwLayer = ‘Zigbee”).

nodela)

nedsa

Puc.2. Be3nposinHa ceHcopHa Mepexa 3 10-Ma cralioHapHIMH By3JIaMi



PesyneraTn MOJICITIOBAHHS MIOKa3aJIH, 110
BUKOPHUCTAHHS MapuIpyTH3anii TUILY Flooding
3a0e3MeynIIo Kpallli YacoBi OKa3HUKH HIXK BUKOPUCTAHHS
Mmapiupytusauii Tuy WiseRoute.

KoHkpeTHI 3HaueHHS 3MEHIIICHHS YaCOBUX ITOKA3HUKIB
3a pPaxyHOK BHOOpY THIly MapIIpyTu3alii MOXyTb OyTu
BU3HAUCHI IUIAXOM  MOJCTIOBAaHHS  Mepexi, IIo
JIOCTIIKYETBCS, TIPH 33[]aHUX YMOBaX 11 QyHKIIOHYBaHHS.

npukinanxy 3 10-ma
CTaI[iOHapHUMH BYy3TaMH npu 3aCTOCYBaHHI
MapIpyTU3arii WiseRoute cepeiHe 3HAYCHHS
MaKCUMaJIbHOI 3aTpUMKH puOIu3Ho Ha 20 % Oinblie Hix
IpH BUKOpHCTaHHI MapmpyTu3anii Flooding (puc.3).

Y Mepexi HaBeIEHOTO

IIpoananizyeMo BIUIMB Ha JaHUM €QEKT KiIBKOCTI
By3/iB B Mepexi. [ mporo aHayoriuHe IOCHiKSHHS
NpoBeJeHO I Mepexi 3 30-ma Ta 60-ma By31amu.

0.3
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0.085
0.08
0.075
0.07
0.065

0.06

ANA Meperl THIY
WiseRoute

Puc.3.Cepezne 3HaUCHHSI MAKCUMAJIBHOT 3aTPUMKH TSI MEPEXK 3 Pi3HUM

THIIOM MapLIpyTH3awii

Aana mepexi Tuny Flooding

Pe3ysnbTaT MOJEIIOBAHHS, IO MOKA3YIOTh 3HAYCHHS
MaKCHMaJbHOI 3aTPUMKH y By3nax Mepexi 3 10-ma, 30-ma
Ta 60-Ma cTalmioHapHUMH BY3JaMH, IPH BUKOPHCTAHHI
mapmpytusanii tuny Flooding mokazani Ha puc. 4.

015 WMW

01
0.05

0
S B @
{\0&{\0&(9& B g

%
%
%‘2}
2

g 10 BY3NIB

Puc.4. MakcumainpHa 3aTpUMKa B By3jiax Mepexki 3 Mapupytusauieto tuny Flooding npu kinekocTi By3iiB piBHiit 10, 30 Ta 60

Pe3ynbpraTi MOJIENIOBaHHS, IO MOKA3yIOTh 3HAYCHHS
MaKCHMalbHOI 3aTPUMKH y BY3JIaXx MeEpexi THITY
WiseRoute 3 10-ma, 30-ma Ta 60-a By3namu rokasaHi Ha
puc. 5.

Cepenni 3HauCHHS MAaKCHMAaJbHHX 3aTPUMOK IS
MEpeX 3 pI3HOK KUIBKICTIO BY3JIB IIPH 3aCTOCYBaHHI
mapmpytu3anii WiseRoute Tta Flooding moka3ani Ha
niarpami puc. 6.

SIx BUIHO 3 pe3yNbTaTiB, 31 30LTBIICHHSIM KUIBKOCTI
BY3TiB B MepeXi 3aTPHMKH CYITEBO 3pOCTalOTh. I[lpm
30impIIeHHi KinbkocTi By3mB 3 10 mo 30 cepemHe

0.25
0.2 " A o A s .
0.15
0.05
1]

3HAYCHHSI MAaKCUMAaJIbHOT 3aTPUMKHU 3POCTAE JIeNIo OibIiie
HIX B 2 pa3u, a npu 30UTbIIEHHI KITBKOCTI By3miB 3 10 10
60 - nemo Oinbimie HiX B 3 pasu. [IpoTe BILUIMB THITY
MapupyTu3anii Ha TMOTIPUICHHS YacOBHX IOKa3HUKIB
HaBMNAKU € OUIbIIUM B MEpEeXkax 3 MEHIIOK KUIbKICTIO
By3miB. Skmo 3amiHa Mapmpyrusauii  Flooding Ha
WiseRoute B 0Oe3npoBigHiii ceHcopHid Mepexi 3 10
BY3JIaMHU TIpUBeEJia JI0 30UIBIICHHS CEPEeIHBOTO 3HAYCHHS
MaKkcHUMallbHOI 3aTpuMkd Ha 19,6 %, To B Mepexi 3 30
By3namMu — Ha 15,3 %, a B mepexi 3 60 Byznamu — Ha 9,2
%.

A 0 B AT D B 4 P D
&b; o &“@*@*@i’& "

g G BY3NIB

Puc.5. MakcumalbHa 3aTpHMKa B BY3JIaX MEpexi 3 Mapupytusauieto tumy Wise Route npu kinbkocti By3niB piBhiit 10, 30 Ta 60
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60 ey3nie

30 ey3nis

10 ey3nis

o

0.05 01 0.15 02 0.25

m mepexa Ty WiseRoute u mepexa Tuny Flooding

Puc.6. Cepenne 3HaueHHS MaKCHMaJbHOI 3aTPHMKH JUIT MEpEX 3
PI3HHM THIIOM MapLIpyTH3aLlil Ta Pi3HOIO KIIBKICTIO BY3IIiB

Pe3ynpTaTi MOJETIOBAHHS MOKA3ajH, II0 3 TOYKU
30py YacOBUX MEPEKEBUX IOKAa3HUKIB B  YyCiX
PO3TISIHYTHX TpHKIaaax Mmapuipytusamis tuny Flooding
A€  Kpallli pe3yJibTaTH HDK MapIpyTH3allis THITY
WiseRoute. Crnix Big3HaYHTH, IO Y MPOLEHTHOMY BHMIpi
BUTpAlll BiJi BUKOpUCTaHHsA Mapupyrusauii Flooding e
OiNbII 3HAYMMUHN JUJIs1 OE3MPOBIAHUX CEHCOPHUX MEPEXK 3
MEHIIIOKO KUJIBKICTIO BY3JIiB.

IV. BUCHOBKH

[IpoBeneHe AOCHIPKEHHS TMOKa3aio, M0 30UIbIICHHS
KIJTBKOCTI BY3MiB y OE3MPOBITHUX CEHCOPHHX Mepexkax
CYyTTEBO TOTIpIIyE iX 4YacOBI TIOKAa3HUKH, SK TPH
BUKOpUCTaHHI MapupyTusanii tuny Flooding, Tax i mpu
Mapmpyrr3anii WiseRoute. Ilpn mpoMy BUKOpHCTaHHS
mapupytu3aiii Tany Flooding Mosxe 3a0e3nednTu Kparii
YacoBl IOKa3HHKM HIK BHUKOPUCTAHHS MapUIpyTH3alii
tunny WiseRoute. IIpore mO3UTHBHUI BIUIMB  Bij
BuKkopucTanus Mapmpyrusanii Flooding mnopiBHsSHO 3
Mapuipyrusaiiero Ty WiseRoute Oinblie nposBiaseTses
y Mepexax 3 MaJIOl0 KiJbKICTIO BY3JIB i 3 30iJbLICHHAM
KiJTBKOCTI BY3JIiB 3MCHIITYEThCS.

CraTTiO MiAroTOBaHO 3a peE3yJbTaTaMH BHKOHAHHS
CITITEHOTO YKPaiHCBKO-aBCTPIHCHEKOTO HayKOBO-
JocmimHoro  mpoekty  "MopemoBaHHs  Tpadiky i
TEJEKOMYHIKaI[IHHUX Mepex".

(1
[2]

[3]

[4]

[3]
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[7
[8]
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Anomayia—Yy paniii  po0OTI po3risgaEeTbesi  Takuid
HANPAMOK [JOCJTI’KEHHsI SIK MeTO/0JOris Po3podKku Ta
nonaHHs comiaabHuX mpoekTiB IT-chepu. Y cyuacHomy
cBiTi cTBOpeHHs i peaii3allisi coumiaJlbHUX NPOEKTIB cTae€
HEBil'€MHOI0  YACTHHOI0  CYCHIIbCTBA. MetopoJoris
BU3HAYCHHS HEOOXiIHOro i KOPHUCHOro [ep:KaBi IPOEKTY
J03BOJISIE TMPEACTABHTH He TLIBKHM [J0MOMOTY B pillleHHi
pi3HOro poay 3aBJaHb, a ii 3AiliCHIOE ySIBJIEHHS COLiaJIbHOTO
npoekty IT-inaycrpii 3 HaliMeHmIMMHM BHTpaTamMu vacy i
BIIEBHEHICTI0O B aKTYaJbHOCTI i mojajbie BUKOPHCTAHHSA
aaHoro mpoekrty. Koxken npoekt Oyayerbes 3 OesJivi
KOMIMOHEHTIB. Y cTarTi BHAJIeHI OCHOBHI acmeKkTH,
Hai0inpIl BaXKJIMBI NPH CTBOPEHHI HOBOIO COLiAJILHOIO
MPOEKTY. CkiaagHicTb MOJISATAE B HeoOXiTHOCTI
Pi3HOCTOPOHHBOTO MWigX0ay, 0e3Ji4 (parMeHTiB SIKOTO
3ajIeskaTh BUKJIIOYHO Bii o0paHoi inei, miiboBoi ayauropii,
0i3Hec-mMoyesi, KOMaHIH i HAsIBHUX NMOYATKOBHX pecypciB.
Po3pobka  couwiajJbHOro mNpoeKTy i3  3aCTOCYBaHHSIM
indopmaniliHux TexHo/Oriii Hece KOMILIEKCHMIl XxapakTep,
sIKMii 00'€HYy€ MiAXOAW 10 CTBOPEHHS, SIK NMPOTPaMHOrO
NPOAYKTY, Tak i rpomaacbkoro HoBoBBeleHHsi. Iloxiomi
NMPOeKTH NOBHHHI MaTH Bci mepeBarm WiAXOTiB HOBHUX
TEXHOJIOTIYHMX IMPOEKTiB, BOJOAITH MacmTadHicTio i
THYYKIiCTI0O CHCTeMH, 3aCTOCOBYBaTH HOBi BuaM Oi3Hec-
MozeJiell i miaxomiB A0 MpPoeKTyYBaHHSA Ta PO3POOKH HOBHMX
NMPOrpaMHHX NMPOAYKTIB HA CIIOKUBYOMY PHHKY.

Abstract—In the given work, the methodology of
development and presentation of social projects of IT-sphere
are investigated. Nowadays, creation and realization of
social projects becomes an integral part of society. The
methodology of determining the necessary and useful state
of the project provides not only assistance in solving various
tasks, but also allows to implement projects of IT-industry
with the least time and confidence in the relevance of this
project. Each project is built from many components. The
article highlights the main aspects that are most important
when creating a new social project. The difficulty lies in the
need for an integrated approach, with a multitude of
fragments dependent solely on the chosen idea, target
audience, business model, team and available initial
resources. The development of such projects combines the
creation of both the software product and the public

Oleksii Chernyshov
Department of Economic Cybernetics and Information
Technologies
Odessa National Polytechnic University
Odessa, Ukraine
oleksii.chernyshov@outlook.com

innovation. Such projects should have all the advantages of
the approaches of new technological projects, have the
scalability and flexibility of the system, apply new types of
business models and approaches to the design and
development of new software products on consumer market.

Knwouogi cnosa— npoexm; couiansHuit npoekm; ioes;
npozpamuuit npodykm; IT -o6nacme.

Keywords—project, social project, idea, software, IT-area

I. BU3HAUYEHHS COLIAJIBHOI'O ITPOEKTY Y C®EPI IT-
IHYCTPII

Y cygacHOMy CBITI CTBOpEHHS 1 peawi3amis
COLIaJIbHUX TPOCKTIB CTa€ HEBI'€EMHOI YaCTHUHOIO
cycrinbcTBa. METOAOJIOrisE BU3HAYEHHS HEOOXiTHOrO i
KOPHUCHOTO JIep>KaBi MPOCKTY JO3BOJISIE HAIATU HE TUTBKU
JIOTIOMOTY B pillleHHI PI3HOTO pOAY 3aBAaHb, a i
3IIHCHIOE YSIBJIICHHS colliaigbHOTO npoekty [T-inaycTpii 3

HaMEHIIMMH BUTpaTaMH dacy 1 BIICBHCHICTIO B
aKTyaJbHOCTI 1 TMOAAJbIIOMY BUKOPUCTAHHI JIaHOTO
MPOCKTY.

st Toro, mo6 BH3HAYNTH SIKUM YHHOM CTBOPHTH,
YSABUTH 1 pealizyBaTH HOJIOHOTO pPOAY  IPOEKT,
HEOOXIJHO BM3HAYMTH OCHOBHI €TamM, sKi HEOOXITHO
MPOMTH BiJi BAHUKHEHHS i71e1 10 peaizaliii.

Tndopmariiini TeXHOJOTII B HaIll Yac 3/aTHI 3HAYHO
MOKPAIINTH JKUATTS JItofiei. 3a0e3neunBIIM HOBI MiIX0AH
JIO COLIaJIbHUX TMPOEKTIB, MOXHA 3HAYHO MIJBUIIUTH iX
e(eKTHUBHICTb 1 JOCSATTH HOBOTO pIiBHS COI{aJIbHOT
3aIIy4€HOCTI I'POMaJISH.

CouianpHuil MPOEKT - Ie pearizamis igei, KOpucHol
JUIS  CYCHUIBCTBA: KpaiHW, Micra, Jomed 1 T.oL
CouianbHuii NpoekT B cdepi iHPopMaIiHHIX TEXHOIOTiH
Mae Ha YyBa3i po3poOky iH(popmamiiiHOi cHcTeMH,
OPOTPaMHOTO  HPOAYKTY, SKHH Ma€  XapaKTepHy
CYCHIJIbHY LiHHICTb.

Bu3HaueHHs  COLIANLHOTO  TPOEKTY,  KOHIEMIil
peautizaiiii mpoekTiB B cepi iHGOpMaIIHHAX TEXHOJIOTIH
PO3IJISIHYTI 1 TpPEACTaBiCHI pI3HUMU aBTOpaMHu i
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nochinnukamu [1]. Kpim 1nporo, BaxkiuBe 3HAYEHHS
MIPUAULIETBCS YHIBEPCATbHUM TPHHIUIAM PO3TISALY YH
CTBOPEHHS Oy/b-SKHUX MPOCKTIB PI3HUX cep KUTTH, 110
SKHX MOXe OyTH 3aCTOCOBaHa €IMHA METoIoJoTis [2].
IpoanamizyBaBmIM  iCHyIOWi TIPOEKTH B  obuacti
COLIaNIbHOTO CHPSMYBaHHS, MOXHA IPUNTH 10 BUCHOBKY
po Te, U0 B JaHWH MOMEHT € aKTyaJbHHM PO3BUTOK
TPOMAJIChKUX MpoeKkTiB B  chepi  iHGopmamiitHux
TEXHONOrif. MeTa iX CTBOpPEHHS HE TUIBKU J0OIOMOra
HAaBKOJIMIIHBOTO CBITY B MEBHUX 3aBJaHHAX, a i HalaHHS
MocHyr B 1iH cdepi.

II. OCHOBHI ACIIEKTH COLJAJIbHUX ITPOEKTIB

Po3poOka moniOHuX NpoekTiB o00'eqHye B 001
CTBOpEHHS, SIK MPOTPaMHOTO  TPOAYKTY, TaK i
TPOMaJCHKOTO HOBOBBeAeHHs. CKIagHICTh MOJSrac B
HEOOXiTHOCTI KOMILIEKCHOTO MiAXOTY, 6e3iv
(hparMeHTiB SIKOTO 3aJIeKaTh BUKIIIOYHO Bil 00paHOi ijei,
TBOBOT aynuTopii, Oi3Hec-Moeli, KOMaHAN 1 HasiBHUX
MOYaTKOBUX PECYPCIB.

Sk mpukian couianbHOro-mpoekty B IT-oGmacti y
CTaTTi mpuBeneHo npoekT Helpy, mo npoimos nuiix Bix
inei mo peanizauii y pamkax npoekry “TIporpamict 2018
ta “Social IT” Ta SBIsE COOOI0 BOJIOHTEPCHKY
matdopmy [3].

KoxeHn mpoekt Oyayerbcs 3 0e3iiui KOMIIOHEHTIB.
BuninuMo OCHOBHI acmeKTH BaKIMBI IPU CTBOPEHHI
HOBOTO COI[IaJTEHOTO MPOEKTY:

e Inmes - mpu CTBOpPEHHI Oylb-SKOTO MPOEKTY,
BOKJIMBO BU3HAYUTH 1 INpOaHATi3yBaTH Te, AJIA
KOTO PO3pOOIISETECS MPOAYKT, SIKi € KOHKYPEHTH
HAa PHUHKY 1 SKi mepeBarn OyAyThb Yy IaHOTO
IPOJYKTY B MOPIBHIHHI 3 IHIIMMY;

e Komanga - BaxiHBO, MO0 YYaCHHKH KOMaHIU
OyiM 3alliKaBJICHI METOK TPOEKTYy 1 aKTUBHO
Opamu y4acTh B HOrO PO3BHUTKY, a TaKOX Majd
HeOOXiIHI KOMITETEHIIT;

e TexuiuHa peanmizalisi - e CTEK TEXHOJOTIH Ta
NPUHIUI 1X 3aCTOCYBaHHS, MOBHICTIO 3aJISKHUTh
Bif el MpoeKTy, HABUYOK KOMaH[H, TOYaTKOBUX
KOIITIB 1 cTpaTterii noAajiblioro pO3BHUTKY;

e Mogens ¢QinancyBanHs (Oi3HeC MOJenb) - HpHU
MPOEKTYBaHHI TOTPIOHO BUIUTUTH SKUM YHHOM

MpoeKT Oyzne 3abe3rneuyBaTUCS HEOOXiTHUMH
3ac00aMu, IO CIPHUSIOTH PO3BUTKY 1 MIATPUMIL
HPOCKTY.

III. ETATIVM BUSHAUEHHS TA CTBOPEHHS IT-TTIPOEKTY

Hyis  cTBOpeHHs OyAb-IKOTO TPOEKTY HeoOXigHa
KOMaH/Ia 3allikaBJeHuX B ifei ¢axiBLiB, ado JroAeH, sKi
TOTOBI BUYMTHCSA B TMpoleci po3podku. DopmyBaHHS
KOMaH/I - 116 BaXXJIMBHH €Tal CTBOPEHHS MPOCKTY 1 B
BUTIAJKaX, KOJU KiHIEBHX BUMOT JO IIPOEKTy HE iCHYE,
MEPUIMM €TaroM CTBOPEHHSI OY/Ib-SIKOTO COILiaJIBHOTO
MPOCKTY € BU3HAYCHHS KOMaH]IH.

VY peanbHHX yMOBaX, IIOYaTKOBA KOHIIEMIiS HPOEKTY
nmoBUHHA (opMyBaTuCs Tiepen 300pom komaHau. Jlis
BU3HAYEHHS aKTyaJIbHOI TEMU HEOOXiHO CKIIACTH CIHCOK
3 MOXIMBUX ieHf Ui pO3pOOTIOBAHOTO IIPOECKTY,
HampuKiaa, B XOAi Mo3koBoro Imrypmy. Jami
CKJIaJIAlOThCSl  KpUTEpil  OIIHKH, 5Ki  BKIIOYAIOTh
aKTyaIbHICTh, COIANBHICTD 1 (DIHAHCOBI MEPCIICKTHUBH, a
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TaKOX BKJIIOYAIOTHCSI OCOOMCTI IIepeBard Yy4YacHUKIB
koMaHgu. B pesymeraTi BigOmparotees  imei 3
MaKCUMaJIbLHUMH TTOKa3HUKAMHU 1, B XOJi JAMUCKYCIl, 3 HUX
BUOMpaeThcsi (¢iHanbHA imes mpoekty. Ha puc. 1
300paXCHUIl  MaKeT, SKUA  JIO3BOJIAE  BU3HAYUTH
eKCIIEPTHUM [ISIXOM HaHOUIbII 3HAYMMHUI IPOCKT.
IomgibHy MeTOOWKYy MOXXKHa pO3MIISAaTH B PI3HUX
MpeaMeTHUX obnacTsx [2].

) ) Ougsane | e Cyfvertas e v §
Hstar Npmegwi 1| K
.- wegeo! | e | o0t o2 o3 [ona| -
Hyganie Onvcame ! | Onwanee 21 s | e o e o | . oo
Hasgare ) Onvcamie 12 | Onae 22 g | e g (g oo | gz | . ‘c,m‘

Puc. 1. MakeT eKCIepTHOTO BU3HAYCHHS BUOOPY TPOEKTY

Bapro Bim3HaumTH, moO MiACYyMKOBa cyma OaiB
BH3HAYa€ThCS (POPMYJIOD CYMH, M0 sKii Hajgami
pamxyroThes imei mpoekriB. Jlizepom komaHau, ado
MPU3HAYCHUM  JIOBIPEHOI  0CO00I0,  BH3HAYAIOTHCS
kputepii omiHku. KpiM KpuTepiiB OIlIHKH, MOXHa
BpPaxOBYBaTH TIEPCOHANIBbHI OLIHKKA KOMaHIHW, SKIIO il
YUCJIO JO3BOJIAE, TOMAI BiAIOBimadbHAa ocoba IOBHHHA
BH3HAYUTH CKIJIBKH OaliB BHUIUIAETHCS HA KOXKEH
KpUTEpiii 1 Ha KOXHOTO YydYacHUKa. Pesynbrar
BiJICOPTOBaHOI TabJMIIi /1l IpeicTaBIeHUI Ha MTPUKIIAAI
npoekty Helpy (muB.puc. 2).

Konu inest oOpaHa, BCi CHIIM MIyTh HA MPOAYMYBaHHS
i  KOHIEMIi, IO BKIOYa€: BHU3HAYECHHSI MIJIHOBOL
ayaurtopii,  Oi3Hec-Mojeni,  TEeXHIYHOI  peajizaiii,
KOHKYPEHTHOTO aHalli3y Ta CcTparerii, fka BH3HAYAE
MaciTaboBaHICTh, 1[0 MAa€ Ha yBa3i aBTOMAaTH30BaHICTh
KITIOYOBOI MiSNTBHOCTI MPOEKTY, 1 HAHOMIDK4YI TIUTaHU
npoekty. Jljis JAONOMOTHM B I[OMY TpOLECi 3a3BHYait
BJAIOTHCA 10 MIATPUMKH MEHTOPIB, JIFOJIEH 3 JIOCBIIOM B
Tilf, 9u iHmii cdepi, NOB'I3aHOT 3 PO3POOKOIO MPOIYKTY,

BKJIIOYAIOUM  TEXHIYHY  peai3aiilo, MOHETH3AIlilo,
JU3aiiH, MapKEeTUHT 1 T.].
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Puc. 2. PesynbraT npescrasienHs ineii mpoekty Helpy

[inboBa aymuTopis JonoMarae BUIUINTH HEOOXiTHUH
(hyHKIIOHAT TPOEKTY 1 HOro iH(GOPMAIIITHOTO MPOIYKTY,

TAKOXK  XOpOIIE PO3yMiHHS  CIIOKMBa4a  JIO3BOJISIE
BU3HAYUTH  TpaBWIbHY  Oi3HEC-MOAENb,  TEXHIYHY
peamizamito 1 TPOAYMaTH  CTPATETil0  PO3BHUTKY.

KonkypeHTHH# aHali3 103BOJISE OB HAOYHO BUIIIUTH
cy1a0Ki 1 CHJIBHI CTOPOHU Ha PHUHKY, LII0 HAOYHO IOKAa3YeE,
SKi CTOPOHH IIPOEKTY HEOOXimHO moKpamyBaTH. J{ms
KOHKYPEHTHOTO aHali3y JOCHTh BUIIIHTHU JIIJCPIB PUHKY
1 iX KIOYOBI CHibHI 1 cmabki cropoHu. Ilpukian



KOHKYPEHTHOTO aHaJli3y 3alpollOHOBAaHOTO IPOEKTY
Helpy npencrasnennii Ha puc. 3.
CeAsb Oe3 LUvpokmii oxsat TyBrnYHBIA
NOCPEnHKOB ayanTopHK npothune
Helpy * * *
[TVolunteer + - +
Ukrainian
Volunteer . + .
service

Puc. 3. KonkypenTnuii anainis IT npoekty Helpy

bizHec-Molenp HPOEKTYy MOXKe OyTH 3acHOBaHA Ha
HACTYIHHUX MPHHIHUIAX:

e  Hexkomepuiitamnii ninxix [4, Crarrs 1] - minxin,
sSkuil 0a3yeTbcsi Ha cdepi BOJOHTEPCTBA, A€ BCl
BUTpaTH TIOKPUBAIOTHCS 3a paxyHOK
OnmaromiiHOCTI;  4YacTO  3aCTOCOBYETBCA B
KJIAaCHYHUX COIlaJJbHUX TPOEKTaX, ane pPOOUThH
MIPOEKT BKpaW 3aJe)KHUM BiJ| JIFOJCH 1 HE Hajae
HAJICKHHUX pecypciB VISt MiATPUMKH
TEXHOJIOTTYHOTO TPOCKTY;

e HekomepuidiHuii miaxia i3 3ay4eHHSIM TPAHTIB i /
abo ¢inancyBanns [4, CratTs 6] - miaxia Mae Ha
yBa3i iCHYBaHHS ITPOCKTY 338 PaXyHOK I'PaHTIB, a00
IHBECTHIIIA BiJ 3alliKaBJIEHHX O0CI0; 103BOJIIE
PO3BUBATHCS MPOCKTY B PaMKax, BCTAHOBJICHHX
iHBECTOpOM, 10 3abe3rnedye MiATPUMKY, ane i
0e3miy  OOMEXeHb, [I0 CTPUMYIOTH 3POCTaHHS
MPOEKTY, a00 CXUJISIOTh HOTO PO3BUTOK Y BHTIIHE
BKJIATHUKY PYCIIO;

e  Kowmepmuidinuii miaxin [5] - migxin, 6a3yeTbcst Ha
HaJaHHI TUIATHUX TOCIYT; Led MiAXia 31aTHHi
HaJeXHAM  YMHOM  3JaTHHH  3abe3meuuTn
HEOOXiTHUMH PECYpPCaMU TEXHOJOTIYHUHN TIPOEKT,
aje BHMAara€ HasBHOCTI 3HAYHOTO CTapTOBOIO
KaliTaly 1 JOCBily B CTBOpPEHHI Gi3Hecy;

o KomepuifiHuii miaxin i3 3ajdy4eHHSM TpaHTIiB i /
abo ¢inancyBaHHsa [5] - migxin, Oa3yerbcst Ha

HaJaHHI  IUIATHUX TIOCHYT 3  3ally4eHHSIM
1HBECTOPIB; HE3HAYHHUN KOHTPOJb HaJ| MPOLECAMU
oprasisariii, KOMIIEHCYEThCSA MEHTOPCHKO1

JOIIOMOT 010, IIIO HAZAETHCA iHBeCTOpaMI/I.

OcCHOBHHUI eTan - 11e po3poOKa (iHATBLHOTO HPOIYKTY.
Ile xoMIUIEKCHMM @pOIEC, SKHM BHMarae HaJIEKHUX
3HaHb TEXHOJIOTIM, a TaKoXX BMIHHS Ta JOCBiIY
MIPOEKTYBaHHS MIPOrpaMHOTO 3a0e31eueHHs Ta
yhnpaBimiHHA pecypcamu kowmmasii. Ileif eram Moxe
KapJMHAIBHO BIZPI3HATUCS B 3aJIKHOCTI Bif 0OpaHOi
inei, Oi3Hec Mozeni, KOMaHIu i HasgBHMX (DiHAHCOBUX

pecypciB.

IV. PE3VJIbTATU ITPEJICTABJIEHHS COLIIAJIBHOT'O ITPOEKTY
IT-ITHIYCTPIQ

PesynbraToM ommcy TpeAcCTaBICHOI  METOMOJIOTiT
Moxe Oyrm myOmigHa mwiatopMa AT BOJIOHTEpIB Ta
opranizaropiB Helpy, ska mpoiiinia depe3 Bci omucaHi
eTany 1 oTpuMana BHU3HaHHS (axiBuiB B IT-obmacTi.
Po3pobmennit mpoext Helpy peamizoBaHmii B pamkax
npoekty Social IT 1 Moxke 3a3HaBaTH MOJANBIIUI
PO3BUTOK 1 BIIPOBaKEHHS Ha 0a3i CTBOPEHOTO MPOIYKTY.

Po3pobka coliaibHOTO MPOEKTY 13 3aCTOCYBaHHSAM

iHpOpMaliHUX  TEXHOJOIiM  Hece  KOMIUIEKCHUH
XapakTep, SKuii 00'€Hye MiAXOMM 1O CTBOPCHHS, SK
HOpOrpaMHOTO  MPOAYKTY, Tak 1  TPOMAaiChKOTO

HOBOBBeJICHHS. [loniOHI IpOeKTH IOBUHHI MaTHU BCi
nepeBard IMiAXOJiB HOBHX TEXHOJOTIYHHAX IPOEKTIB,
BOJIOJIITH  MAcIITAOHICTIO 1 THYYKICTIO CHCTEMH,
3aCTOCOBYBATH HOBI BUIM Oi3HEC-MojeseH 1 MAXOiB 10
NPOCKTYBaHHS Ta PpO3POOKH HOBUX  MPOTPAMHHX
MPOAYKTIB Ha CHIOKUBUOMY PUHKY
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TpiiikoB1 JIOr14H1 Ta apuPMETHYH] IPUCTPOI HA
OCHOBI 0araTomnoporoBoro €JIeMeHTa
OaraTo3HA4YHOI JIOT1KH

IOpiii I'yHuenko,
Onekcanzapa YxaHoBa
Kageopa mamemamuirnozo
3abe3neqenHs KoM 10mepHUxX cucmem
Ooecvkuii HayionanbHuil ynieepcumem

Cepreii llIBopos
Kagheopa asmomamuxu ma
PpobOmMomexHiyHux cucmem
Hayionanvuuii ynieepcumem
biopecypcis i npupoOOKOpUCMY8aAHHSL

IOpiit bepkos
Kageopa cucmemno2o npocpamHo2o
3a0e3neueHHs ma mexHos02iu
QUCMAHYITHO20 HABYAHHSL
Ooecvrutl HAYIOHATLHUL

im. 1.1 Meunuxosa Yrpainu yrigepcumem im. I.1. Meunukoea
Opneca, Ykpaina Kuis, Ykpaina Opeca, Ykpaina
gunchenko@onu.edu.ua sosdok@i.ua bercov68@gmail.com

Ternary logical and arithmetic devices based on
the multi-threshold element of multiple-valued
logic

Yurii Gunchenko,
Oleksandra Ukhanova
dept. of Mathematical Support of
Computer Systems Odessa
LIMechnikov National University
Odessa, Ukraine
gunchenko@onu.edu.u

Anomauyin—B  poGoti  po3rasgaerbess  npodJemMa
no0y/0BH JIOTiYHUX Ta apu(pMeTHYHHX NPHUCTPOIB HA OCHOBI
0araTo3HA4YHHUX CHCTeM 4YHcJeHHs. OnucyeTbes CTPYKTypa
0araTonmoporoBoro  ejeMeHTa  0araTo3Ha4Hoi  JIOTiKH
(BIIEBJI), npuHumMny iioro ¢pyHkHioHyBaHHs Ta no0yl0BH
Ha HOro OCHOBi cucrem TpiiikoBoi Jioriku. 3anponoHoOBaHO
0a30By CTPYKTYpY MJsi NMOOYyI0BH TPiliKOBHX ABOMiCHHX
bynkuiii, pas SIKOI  ONMMCAHO BHXIAHI  CHrHAJIH
3aNpPONOHOBAHO  CTPYKTYpPY, IO peajidye TpiKoBHI
CHIbHMIT KOH’IOHKTOP. OTpuMaHi cTpPyKTypH Habararto
NpocTilikM  Hisk iCHylo4M Bizomi mnpucTpoi, oTpHMMaHO
JeKiJibka MPHUCTPOIB, AKi He 0y/10 peaJi3oBaHO paHile, a y
MOPiBHAHHI 3 iCHYIOUMMH, OTPUMAaHi CTPYKTYPH MAaKOTh y 2,5
— 4 pa3iB MeHIlIe eJ1eMeHTiB.

Abstract— The paper considers the problem of
constructing logical and arithmetic devices based on
multiple-valued number systems. The structure of the multi-
threshold element of multiple-valued logic (MTEMVL) is
described, on the basis of which it is possible to construct
logical and arithmetic devices for the number system of any
value. One of the possible implementations of MTEMVL
with four symmetrical thresholds is proposed, which can be
used for rational construction of systems of the balanced
ternary number system. This structure, unlike known ones,
distinguishes five levels of input signals, or the sum of input
signals, and has up to eight types of different outputs,
combining which allows to obtain the specified functions and
can effectively be used to implement triple-valued two-place
functions. In this paper, structures are obtained that
implement the ternary strong conjunction, as well as several
other triplevalued two-place functions. The resulting
structures are much simpler than existing known devices. A
comparative analysis shows that several devices have been
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obtained that were not realized earlier, and compared to the
existing ones, the structures obtained have 2.5 to 4 times less
elements.

Knrouoei cnoea—obararo3HayHa CcHCTEMAa YHCJIEHHSA;
TpilikoBa CHMETPUYHA CHCTeMa; TPIilKOBUH CHILHMIA
KOH’IOHKTOP; eJIeMeHT 0araTo3HayHoi JOriku

Keywords— multiple-valued number system; balanced
ternary number system; ternary strong conjunction;
multiplevalued logic element

I. Bctyn

OmHuM 3 TOAANBIIMX  PO3BUTKIB  CyYacHHX
OOYHCITIOBAIbHUX CHCTEM € BHKOPUCTAaHHS B HHX
OaraTo3Ha4yHUX (HEIBIHKOBHX) CHCTEM 4YHCICHHA. [Ipu

IIbOMY HaifiOUIbII TMEPCHEKTHBHOIO 3 TOYOK 30pY
TEXHOJIOTil, PO3YMIHHA Ta CKIQEHOCTI € TpilkoBa
cucrema.

Bimomo pocuth Oararo mnpukinanis [1-5] nmoOynosu
TPIKOBHUX JIOTI9HUX, AapU(METHIHUX Ta OUIBII CKIIaTHUX
MPUCTPOIB, aje JO0Ci HE ICHYE €IMHOr0 MIIXOAY IO iX
noOy/JOBH Ta MPHUHIHUIIIB CUHTE3y. ByB cTBOpeHHi1 HaBIiTh
MOBHICTIO TPIMKOBUI cepiitHuii koM totep [6].

Bimomuii GaraTonoporoBuii eneMeHT OaraTo3Ha4yHOI
noriku (BIIEBJI) [7,8], Ha OCHOBI SKOTO MOXIIHMBa
peaitizalfisi eJIEMEHTIB JIOTIKH Oy/b-SKO1 3HAYHOCTI, aJe i
MO€JHAHHS PI3HO3HAYHUX JIOTIYHHUX €JIEMEHTIB y €IWHIi
CHCTEMI.

Metoro poGotu € posrsn crpykrypu BITEBJI Ta
noOyJoBa Ha WOTrO OCHOBI TPUCTPOIO, IO peaizye
TPiIHKOBY CHJIbHY KOH FOHKIIIIO.



II. BATATOIOPOI'OBUI EJJEMEHT BAT ATO3HAYHOT JIOT KA

V3araneHena crtpykrypa BITIEBJI, Ha ocHOBiI sKkoi
MOXKHa peali3yBaTH JIOTiuHi i apupMeTHyHi eJIeMEeHTH
Ui Oymb-sIKOi  0araTo3HA4HOi CHCTEMH  YHCIICHHS
npuBeneHa Ha puc.l. Ha Bxim Onoky QopmyBaHHS
noporiB (b®II) nogarotbes k BUXIIHUX IIKMH MONEPETHIX
€JIEMCHTIB, a N BHUXOIB IOETHYIOTHCSA 3 BXOAaMH n
emitepuux nosroproBauiB (EIT) 2.1...2.n, BUXiJ KOXKHOTO
3 SKMX 3’€JHaHO 3 BXOJIOM LIOHaHMEHIIE OIHOIo
crpymoBoro nepemukaya (CII) 3.1...3.m, KOXHUI 3 IKHX
Ma€ [[Ba BUXOAM, IPUUOMY BHXOAW BCIX M CTPYMOBHX
MEPEMUKaYiB Yy CYKYNMHOCTI (POpPMYyIOTH BHXiJHY HIMHY
BITEBJI.

PA| 31

m.2

Puc. 1.CtpyxrypHa cxema
GaraTo3Ha4HOT JIOTiKH

6araTonop0rosoro CJICMCHTAa

1 — 6ok opmyBanHs moporis, 2.1...2.n — emiTepHi
MOBTOpIOBayi, 3.1...3.m — cTpyMOBi nepeMukayi.

Oco06IIBOCTI 3aIIPOIIOHOBAHOT CTPYKTYPH:

e Cucrema omepye He 3 TOTCHIIaJbHUMH, a 3i
CTPYMOBHMH 3HAYCHHSIMH CUTHAIIIB, TOMY BHXOJH
BIIEBJI MoxyTb 00’€qHyBaTuCS Yy JOBUIBHIH
KIJIBKOCTI, ajie IOJaBaTHUCA CUTHAI MOKE TIIBKH
Ha BXiJ] OZJHOTO €JIEMEHTAa.

e MoxiuBicTe (GopMyBaHHS Oynb SKO1 KIUJIBKOCTI
nioporis, siki BITEBJI B 3M031 po3pi3HATH.

Big kimbkocTi moporiB B®IT 3aneuth KiNbKiCTh
piBHIB BXigHO1 3MiHHOI, siki BIIEBJI B 3M03i po3pi3Hutn
W, BIAMOBIMHO, PO3PSAHICTH 3MIHHOI a00 CKJIAIHICTB
omeparlii, siki MOKyTh BUKOHYBATHUCS.

3amponoHOBaHAa CHCTEMa IIPAIIoe TaKMM diHOM. Ha
Bxigm B®II 1 mocrymarore k IUCKPETHHX CTPYMOBHX
curHaiiB Ij 3 momepenHix eneMeHTiB. BoHum MoxyTh
OpUHMaTH OJHE 3 THIIOBHUX 3HA4YEHb (HAMPHUKIAJ, I
JBifiKOBOT JIOTiKM TakuX 3HaueHb Oyne asa: = +1, I;= 0;
U1 TPIMKOBO1 CUMETPUYHO1 CHUCTEMHU TaKUX 3HA4YCHb
Oyne tpu: Ij=+1, [;=0, [;=-1).

B®II hopmye HEOOXinHY KiTbKicTh moporis n. Moro n

BUXOJIB  3’€OHYIOTBCS 3  BXOJaMH  CMITEPHHUX
nosroproBadie  (EIT) 2.1...2.n. B 3amexHOCTI Bif
pesylbTary  JOJABaHHS  BXiOHMX  CTpyMiB ) [

aKTHBYeThCS 4YacTka BuxoxmiB BOII, i Bimmosimui im EIL
AxtuBHi EIl GopMyrOTh CHUTHaIM Ha MiJKIFOUCHUX J0
HuUX cTrpymoBux rnepemukauis (CII) 3.1...3.m. B

3aJIeXKHOCTI BiJ BXinHOro curHaiay koxuuil CII dopmye
CTaHJIapTHUI CTPYM Iy, Ha 0JHOMY 3i CBOIX JBOX BUXO/IIB.

Buxomn CTPYMOBHX HepeMHUKadiB MOXYTh
o0’emHyBaTUCS Yy  JOBUIBHUX ~ KOMOIHALisfAX — JUIs
(¢opMyBaHHS HEOOXimHOI JOTiKM  (YHKIIOHYBaHHS

6araTornoporoBoro eJIeMeHTa 0araTo3HayHoO1 JOTIKH.

IT1. BUKOPUCTAHHS BITEBJI U TPIMKOBOT
CUMETPUYHOI JIOI' KU

Juis  TpiAKOBOI CHMETPUYHOI CHCTEMH YHCJICHHS
MOKIIUBO BUKOPHUCTaHHS BIIEBJI 3 JIBOMa
CHUMETPUYHHMH TIOPOTaMH, IO JTO3BOJISIE PO3PI3HATH TPU
piBHI BXiJHOTO CHTHay. AJie, JUIsl CIIPOIICHHS CTPYKTYpP
TPIKKOBHX EIIEMEHTIB MPOMOHYEThCS BHKOPHUCTOBYBATH
BIIEBJI 3 GimbInol0 KiTBKICTIO MOPOTIB, HIO J0O3BOJHTH
PO3pi3HATH OiJIbIITY KUTBKICTh PIBHIB BX1IHOTO CHUTHAIY.

Crpykrypa MoxiuBoi peanmizauii BITEBJI 3 yortupma
CHMETPUYHHUMH MOPOTaMH i, BIAMOBIIHO, II'TIO PIBHAMH
HaBeneHa Ha puc.2. Ha Bxig B®II mnocrynarote k
JUCKPETHUX CTPYMOBUX CHUrHaNiB I 3 BUXiAHMX IIHH
HONEePE/IHIX ENeMEeHTIB.

k=ky+k,+k

e ki — 4KMciIo CUTHAllB, MOTOYHI 3HAaYeHHS IKkuX +1, k|
— YKCJIO CUTHAJIB, MIOTOYHI 3HAYEHHS AKuX -1, ko — uncio
CHTHAJIB, TIOTOYHI 3HaYeHHS SKuX 0.

B cxemi Moxe OyTH 10 YOTHPhOX EMITEPHHUX
nosroptoBaui (EIT1...ET14) Ta pekinbka CTPYMOBHX
nepemukaui (CII1...CII4). Ha B®II moxe nomaBatucs
Oynb-sKa KUIBKICTh BXiIHUX cHUrHaimiB k. 3HaucHHS
Hampyr, o ¢GopmyroThcs Ha Buxonax EIT i BimmoimHO
MOJAIOTECSI HA BXOOM CTPYMOBHX II€pEMHUKaUiB HaBeIEHI
y Tabnui 1.

V t1abmumi 1 mosHaueHo «l» — aKTHBHUH CHTHaI
(sxuit BrumBae Ha CII), «0» — HeakTUBHUN cUTHAN (SIKUI
He BrutuBae Ha CIT) Ha Buxozi Bianosigaoro EIT.

+R
‘laz
EIlI C o
+Ri
, pm | om |
BOII
b La L
EIl3 I3 R
i L
EM4 || CI4 R

Puc. 2. BIIEBJI 3 yotHpMa CUMETPUYHUMH TTIOPOraMu

TABJIMLIA L. 3HAUYEHHS HAINPYT HA BUXOJAX EIIl...EIT4
Cyma EN1 EI2 EN3 EIl4
BXiTHHX (+U62) | (+Ue61) (-U61) | (-U62)
CTPYMiB

—— 1 1 0 0

0 1 0 0

0 0 0 0 0

0 0 1 0

++ 0 0 1 1
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Buxigai curnamu CII, B 3al€KHOCTI Bif BXIiTHHX
3MIHHUX, (aKkTHIHO Big ¢YHKOIi terlev, MOXyTb
npuidMaTH BiCIM pI3HUX 3HAuY€Hb, SKI HABEJCHO Y
tabmui 2. Sxmo curnan Ha Bxoxai CII aktuBHMMA («1»
mo Ttabmuii 1), Ha Buxomi L Bigmosignoro CII
(dopMyeThCS CTPYM, iHAKIIE — CTPYM (QOPMYETHCS Ha
Buxomi R. CII y cykymHOCTI MaroTh 8 BHXOIIB,
KOMOIHAIis SKUX MOe (OopMyBaTH HEOOXIiJHI JIOTIYHI
abo apupmernuHi GyHxumii.

TABJIALA 1. BuxijHi CUrHAau CII1...CI14

Cyma BuxigHi curaam crpyMoBHX nepeMuKayiB
BXITHHX
cTpy™miB (977) cIn CII3 Cii4
Terlev +Rz +L2 +R1 +L1 — -L1 - 7L2
R1 R,
—— 0 + 0 + - 0 - 0
- + 0 0 + - 0 - 0
0 + 0 + 0 - 0 - 0
+ + 0 + 0 0 - 0
++ + 0 + 0 0 - 0 -

IV. PEANBAILS TPUIKOBOT CHUTLHOT KOH TOHKITI

B po0oTi oTpuMaHO AEKiIbKa CTPYKTYP JIOTTUHHX
Ta  apU(QMETHYHHX  TPHUCTPOIB  JuIi  TiHKOBOI
CHMETPUYHOI CHCTEeMH. PO3MIITHEMO BHKOPUCTAHHS
3aMpOIIOHOBAHOT CTPYKTYPH JUIst TOOYJOBU TPiKOBOTO
CHJIBHOTO KOHIOHKTOPA, OCHOBHI MapaMeTpH SKOTO
HaBe/IeHO y Tabnuii 3, ae a i b — BXingHi 3miHHI, terlev —
(yHKIIS cyMH BXiZHMX curHaimiB, a& b — BuXinHa
¢bynkuis. [{ns oTpEMaHHS BUXITHOT QYHKIIT TOCTaTHBO
00’eHaTH BUXOIH (nojat BuXiaHI ctpymu) —R2(ab),
+R1(ab), —R1(ab), +L1(ab), 3Ha4YeHHS SKHX TaKOX
HaBeneHo y Tabmumi 3. Crpykrypa, sika peainisye
CHJIBHHI KOH I0HKTOD, HaBEJCHO Ha pHC. 3.

B®IT — 6ok dopmyBanns noporis, EIT1...EI13 —
emirepHi nosroproBaui, CII1...CII3 — crpymoBi
mepeMuKadi. Y 3alpoOIIOHOBAHOI CTPYKTYPH MOXIIHBO
BukopuctanHs bBb®II 3 Tpboma 3aMmicTh YOTHPHOX
HOPOTiB, Ta JIMIIE TPHOX CTPYMOBUX NEPEMHUKAYIB.

TABJIMIIA 11, T 3HAYEHHSI HATIPYT HA BUXOZIAX EIT1...ETI4

a| b Jterlev)] a&.b R,(ab) +Ri(ab) | -Ri(ab) | +Li(ab)
— - - — - 0 — +
-1 0 - - - 0 - +
—| + 0 - - + - 0
0| - - - - 0 - +
0] 0 0 - - + = 0
0| + + 0 - + 0 0
| - 0 _ _ + _ 0
+ + 0 - + 0 0
+ | + ++ + 0 + 0 0
- R
Em %] cm [FL
a || . R a& b
> oIl EIl2 1 om [£
Us: =t
EII3 cms L
Puc. 3. CrpykTypa TPiKOBOTO CUIIBHOTO KOH FOHKTOpa

90

AHAJIOTIYHUM YHHOM MOXKJIHMBA MOOYI0Ba I1HIINX
JIOTIYHUX Ta ApUPMETUYHHUX TPIHKOBHX EJICMCHTIB.
HeBukopucTani BHUXOAM CTPYMOBUX IEPEMHUKAYiB
MOJIJIUBO 3aCTOCYBaTH B IHIIUX YacTWHAX OLIbI
CKJIQTHUX CHCTEM.

V. BUCHOBKU

Ha ocHoBi 3ampononoBanoi ctpyktypu BIIEBII
OOyI0BaHO TPIHKOBUH CHIIBHUI KOH IOHKTOP Ta JEsKi
IHIII CTPYKTypu TpiiikoBux eneMeHTiB. OTpumani
HPUCTPOI MalOTh HabaraTo NMPOCTILILy CTPYKTYpy Ta €
OLITBII JIOTIYHO-NOTYKHUMHE y TOPIBHSAHHI 3 BIJOMHMH
CHCTEMAaMHU.
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Annomayus—Ilo AHAJIOTHH c aJaropuTMAMH proved to be very successful in determining the structure
JUCKPETHOro mpeodpaszoBaHusi @Dypbe paccMOTPEHbI and interrelation of symmetric systems of Walsh functions,
BapHAHTBI MOCTPOEHUS MeTOJ0B JAUCKPETHBIX discrete Vilenkin-Crestenson functions, in cryptography,
npeodpazoBanmii  I'pes () oaHOMEpPHBIX,  WJIHA coding, and in other applications.

1npeodpa3oBaHNsl BeKTOPHBIX [JaHHBIX, ABYMEPHbIX, WJIH
npeo0pa3oBaHusl HAa IUIOCKOCTH, W TpPeXMEpPHBbIX, MJIHU
NPOCTPAHCTBEHHBbIC Npeo0pa3oBaHusl, B o0leM ciaydae M-
HYHBIX 4HCI0BBIX JaHHbIX. IIpeoGpazoBanus I'pes (III)
TPAaKTYIOTcA, Kak o00o0menue mnoHaATHA koaoB I['pes. B
KJIACCHYeCKoil cxeme mpouecc (GpopMHpoBaHUs NPSIMbIX H
o0paTHbIX Kkoa0B I'pest pa3BuBaeTcsi N0 HANPABJEHUIO
cieBa Hampapo. Ilpm 3ToM crapmmii (JieBblil) pa3psia
npeodpa3yemMoro 4ucjia He MeHseTcsl KaK IPH NPSMOM, TaK

H o0paTHoM nmpeoOpasopanusx. Ilpenno:keHa cxema
npeodpa3oBaHus, obpaTHast mno HaNpaBJIeHHI0
¢opmupoBanus KJacCHYecKoMY, HAa3BAHHOMY

gesoctopoHnnM III'. B HoBom kiacce mpaBocroponnux I
NpU NPSIMOM U O0PaTHOM NPeodpPa30BAHHAX COXPaHsIeTCs
HEM3MEHHbIM 3Ha4yeHHe MJlajmiero (ImpaBoro) paspsiaa
npeodpa3yeMoro 4Hcaa. KomOunanus J1eBo- "
npapocToponnux III' (kak npsiMbIX, TaKk M 00PaTHBIX)
COBMECTHO ¢ oNepanueii HHBePCHOIi IlepecTaAHOBKH NpHUBeJa
K BO3MOXKHOCTH TIIOCTPOeHMs] KOMOHHHPOBAHHBIX WJIH

coctaBHbIx KkoaoB I'pes (CKI'). IIpumenenme CKI'
0Ka3aJIoCh BeChbMa YCHEIIHBIM B 3aJa4YaxX omnpeaejeHus
CTPYKTYpPbl M  B3aHMOCBSA3H CHMMETPHYHBIX CHCTEM

¢ynkuuii Youma, guckpeTHbix Buienkuna-Kpectencona
¢ynkuuii, B Kkpunrorpaguu, KOAMPOBAHMH H B [PYyrux
NIPHJIO/KEHUSIX.

Abstract— In analogy with discrete Fourier transform
algorithms, variants of constructing discrete Gray
transformation (DPG) methods for one-dimensional, or
vector data transformations, two-dimensional or plane
transformations, and three-dimensional or spatial
transformations, in the general case of m-ary numerical
data, are considered. Gray's transformations (GT) are
treated as a generalization of the concept of Gray codes. In
the classical scheme, the process of forming the direct and
inverse Gray codes develops from left to right. In this case,
the highest (left) digit of the converted number does not
change under both forward and reverse transformations. A
transformation scheme is suggested that is inverse in the
direction of formation of the classical, called left-handed
GT. In the new class of right-handed GT, the value of the
lower (right) digit of the converted number remains
unchanged under forward and backward transformations.
The combination of left- and right-hand PGs (both direct
and inverse) together with the inverse rearrangement
operation led to the possibility of constructing combined or
composite Gray codes (CGC). The application of the CGC

Kniouegvie cnoea—npocmote u cocmagnvie koovt Ipes,
mampuunan  ¢opma onepamopos Ipesa, oOuckpemmnovie
npeoopazosanusn I'pes.

Keywords-simple and compound Gray codes, matrix form
of Gray operators, discrete Gray transformations

1. BBEJEHUE

[Ipeobpazosanust I'pes (II') Tpakryrorcs nanee, Kak
0000menne mnonsatus komoB I'pes (KI). Komer I'pes,
npeasoxkeHHsle B 1953 romy B OTBET Ha 3ampochl
WHKCHEPHOW TPAaKTUKH  OTHOCHTENBHO  MOCTPOCHHUS
ONTHUMANBHBIX TI0 KPUTEPUIO MHHHMyMa  OLIMOKH
HEOIHO3HAYHOCTH MpeodpasoBareneid Tuma “yroi-kox”
[1], Ha 3ape cBoero TOSBICHUS TPUBICKIN K cebe
BHUMaHHE HE TOJBKO HCCIEeJOBaTeNeH MaTeMaTUKOB, HO U
IIUPOKOTO  Kpyra  pa3pabOTYMKOB  pa3sHOOOpasHOH
9JIEKTPOHHOH anmapaTtypbl. OTIN4YHUTENBbHAS 0COOCHHOCTh
KomoB Ipest COCTOMUT B TOM, HYTO B JBOMYHOM
MpocTpaHcTBe (B JABOMYHOM CHCTEME CYHCICHHs) MpPU
MePexoe OT U300paKEHUS OJTHOTO YHCIIA K H300paKECHUIO
COCETHEr0 CTapuUIero WM COCENHEr0o MIAIIIEro YHCia
npoucxomut m3MeHenue 1mpp (1 Ha 0 wium HAOOOPOT)
TOJIBKO B OJTHOM paspsije 4ucia. Takue KOIbl OTHOCST K
Ipymme JABOMYHBIX KOMOB C CIUHHYHBIM PAaCCTOSHHEM
Xsmmunra [2]. Kox I'pes He enuMHCTBEHHBIH B STOH
IpymIe, HO ero MPUMEHEHNE B CUCTEMax CBSI3H, aHAJIOTO-
nuppoBaHbIX MpPeoOpa3oBaHHUAX M B JPYrUX OOIACTIX
HayKH W TEXHUKH B CHJIY psa HPHYMH CTAHOBHIIOCH
MPEANOYTUTETEHBIM.

VYkaxkeM Ha OJHY CYyLICCTBCHHYIO OCOOCHHOCTB
JaHHOTO HcclienoBanus. Ilo-BUAMMOMY, OKa3ajauch BHE
MOJISL 3pEHMs, KaK MaTeMaTHKOB, TaK U Pa3pabOTIMKOB
9NIEKTPOHHOHM ammaparypbl BO3MOXHOCTH ITOCTPOCHHS
KOJIOB, MPOTUBOIOJIOKHBIX o HaIpaBJICHHIO
¢opmupoBanus  knaccuueckum  KI. B u3BecTHOI
(kmaccuueckoi) cxeme Imporecc GOpPMUPOBAHUS TPAMBIX
1 0OpaTHBIX KOJOB Pa3BUBAETCS MO HAIPABICHHUIO CIIEBa
HanpaBo. Ilpu 9roM crapmmii  (JIeBbIA)  pa3psn
mpeoOpa3yeMoro 4Yucia He MEHSACTCS Kak MpU MPSMOM,
TaK U 00paTHOM MpeoOpa3oBaHusIX. BmecTe ¢ TeM, MOXKHO
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TOCTPOUTh CXeMy MpeoOpa3oBaHMs B OOIIEM clydae m-
WYHBIX  KOJIOB, OoOpaTHYl0O  TI0  HaIlpaBJIECHHIO
(dhopmupoBanus KnaccuaeckoMy (JieBoctroponHemy) I1I'. B
TAaKOM KJIacce TPAaBOCTOPOHHUX TpeoOpa3oBaHUl TPH
mpsMOM H  O0OpaTHOM MpeoOpa30BaHUAX COXpPAHIETCS
HEM3MEHHBIM 3HAa4YeHHe Miamero (mpaBoro) paspsaa
peodpa3yemMoro uuca.

Komb6uHamms JIeBO- u MPaBOCTOPOHHHX
npeoOpa3oBannii ['pest (kak MpSMBIX, TaK U OOPaTHBIX)
COBMECTHO C OIepalieil HHBEPCHOW MepecTaHOBKU KOIOB
TIpHBeEJIa K BO3MOXKHOCTH TOCTPOEHHSI KOMOMHHUPOBAHHBIX
win coctaBHbIX koa0B ['pes (CKID) [3]. Ilpumenenune CKT
OKa3aJIoCh BEChbMa YCIICIIHBIM B 3a/adax OIpeaeeHHs

CTPYKTYpPEl M B3aHUMOCBSI3H CHMMETPHYHBIX CHCTEM
¢ynkouit Yomma  [4], OuCKpeTHBIX — BueHkwHa-
Kpecrencona  ¢ynkumit  [5], B  kpunrorpadum,

KOAUPOBAHWU U B IPYTUX MPHUIOKCHUAX.

YTOUYHMM TOHSTHE MHOTOMEPHOTO IpeoOpa3oBaHMs
I'pes (MIIT). K ogHomepHBIM mpeoOpazoBaHusM ['pes
(OIII') 6yneM oTHOCUTH TPeoOpa3oBaHUs IETOUUCICHHBIX
JTAaHHBIX, CBEJICHHBIX B OJIHOMEPHBIE MacCUBBI (BEKTOPBI).
Ilon mBymepusiMu III', sgBisrOmmMUCA HpOCTEHIIUMU
dbopmamu  MIII, OyaemM mnoHMMaTh NPeoOpPa3OBaHUS
IBYMEPHBIX MAacCHBOB 4YHCeNnl (MaTpHI, pPacTPOBBIX
n3o0paxennit). CoorBercTBeHHO, Tpéxmepnsle III' ecTs
mpeoOpa3oBaHUst TPEXMEPHBIX MACCHBOB U T.I.

I'maBHasi 3ajaya JaHHOTO HCCICHAOBAHUS COCTOMT B
pa3spaboTKe  KOHIENTYalIbHBIX  OCHOB  [OCTPOCHHMS
QJITOPUTMOB MHOTOMEPHBIX UCKPETHBIX MPEOoOpa30BaHMit
B o0meM ciydac M-WYHBIX YHCJOBBIX [aHHBIX,
OCHOBaHHBIX Ha MPUMEHEHUH 00001IIeHHBIX
npeoOpa3oBanuii ['pes.

II.  OJHOMEPHbIE ITIPEOBPA30BAHMS ['PESI

HaubGonee mpocro ¢usuueckas CyTb KIaCCHYECKOTO
npsimoro  OIIl'  packpeiBaeTcsi  €ro  CTPYKTYPHO-
JIOTUYECKOR CXeMOil, IIpUMED KOTOpOH JUIS
YeTBHIPEXTOYEUHOTO NPeoOpa3oBaHUs OMHApPHBIX JaHHBIX
roKa3aH Ha puc. 1.

X X b5} b

Y. » b n Yo
Puc. 1 CrpyKTypHO-JIOTHYECKasi CXeMa auroputMma (HOpMUPOBAHUS
TIpSAMOTO ABOUYHOI'O KOa Fpeﬂ JIEBOCTOPOHHETO
Cucrema anrebpandecKux YpaBHEHUIl, OTBEUArOLIUX
npsimoMy JesoctoporHemy OINI (puc. 1), umeer Bu:

V3 =X33
Vy=X3+X,;5
Y= Xy X5 M
Vo= X)X
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dopmanbHO pasperias MOAYJsApHbIe ypaBHeHus (1)
OTHOCHTENIHO BXOIHBIX MEPEMEHHBIX X = {x}, C y4eToM

TOTO, 4YTO JJIsI JIBOMYHOM CHCTEMBbI  CYHCICHHSA
—1(mod 2) =1, nomy4um:
X3=DV3s
X, =Y3+ V5 @
X, =Y3+Y,tY,
Xog=Y3+tV, TV Y,
OOpataeie  mpeoOpazoBanusi (2) oroOpaxaroTcs
CXEMOI1, IpeICTaBICHHOU Ha pUC. 2.
Y: yg yg pal Yo
2 2 2
X x X3 n x

Puc. 2 CTpyKTypHO-JIOTHYECKask cXeMa aaropuT™a (pOpMHPOBAHHS
00paTHOro JIBOMYHOro Koja I'pest 1eBOCTOPOHHEro

IIpeoOpazoBanuss mo I'per0 MOXHO BBIMOJHATH HE
TONBKO Ha MHOJKECTBE IBOWYHBIX IAHHBIX, HO TaKXe U
HaJl 4YHCIaMU C JIIOOBIM  OCHOBaHHEM  CHCTEMBI
cuucienus m . [lpu mepexoge Kk WYHOMY OCHOBAaHHIO B
CTPYKTYPHBIX cxemax aJTOPUTMOB MPsIMOTO
peoOpa3oBaHus I'pes JIOCTaTOYHO 3aMEHUTH
NOPa3psAHBIA CyMMAaTOp MO MOYJIO 2 Ha Mopa3psIHbIN
CyMMaTop MO MoAaymro m . Jis CTIPYKTYPHBIX CXeM
oOpaTHOro mnpeoOpazoBaHus [pes m -HIHBIX JaHHBIX
HEIOCTaTOYHO YKAa3aHHOW BBIIIE€ 3aMEHBI IOPa3PSIHBIX
cymmaropoB. B camom nene, paspemas CHCTEMY
MOIYJISIPHBIX ypaBHeHUIl (1) OTHOCHTENBHO BXOJIHBIX

TNICPCMEHHBIX X :{x} , HO TEIICph YXKC C Y4YE€TOM TOrO,

yto X U Y SBISIOTCA 7 -HYHBIMU qyucCj1aMu, UMCEM

X3=Vs35
X, =V, =%35),5 (3)
X =0 = X)),
Xg=(Vo=X1) >

rxe (a), = a(mod m).

Cucreme ypaBHeHHH (3) OTBEYaeT CTPYKTYpHas cxema
npeoOpa3oBaHus, MOKa3aHHas Ha puc. 3.

W3 cucrem ypaBuenuii (1) — (3), B paBHOM CTENICHH KaK
U3 COOTBETCTBYIOIIUX MM cxeMaM (Ha puc. 1 — 3), BUIHO,
yto mpouecc I pa3BuBaeTcs mo HampaBlIEHUIO CJeBa
HaIpaBo. ITo 9TOH MIPUYHHE KJIACCUYECKUE
npeoOpa3oBaHust I'pess  Ha3BaHBI  JIEBOCTOPOHHUMH.
AnpTepHaTUBHBIMUA KiaccumueckuM IIIT sBhsiroTcst Tak
Ha3bIBa€MbIC MPABOCTOPOHHHE MpeoOpa3oBanus [3-5],
croco® (GopMUpOBaHHS KOTOPBIX HILTIOCTPHUPYETCSl Ha
puc.4u 5



Puc. 3 CIpyKTypHO-NOrHYecKas CXeMa alropuTMa (OPMHUPOBAHHS
o0paTHOTO 7 — HYHOTO Koza I'pest 1eBOCTOpOHHETO

X oz xy X X

¥: ¥, ¥ >

Puc. 4 CTpyKTypHO-JIOTHYECcKasi cXeMa ajaropuTMa (popMHpOBAHHS
MPSIMOTO IBOMYHOTO Kozia I'pest mpaBOCTOPOHHETO

¥ 5 My 2 Yo

Al %2 x o

Puc. 5 CTpyKTypHO-JIOTHYECKasi cXeMa aaropuTMa (popMHPOBAHHS
o0paTHOro JBOMYHOro koja ['pest mpaBocTOpOHHEro

Kaxnoe u3 paccMOTpeHHBIX IpeoOpa3oBaHUil MOXKHO
HpEJICTaBUTh B MaTPHIHON popMe B TakoM 00IIIeM BHUIE:

Y=X-G; X=Y-G,

rnie G — omeparop (marpuma) mnpsmoro u G —

oOpartHoro rmpeodpa3zoBaHusl.

CeeneM oOCHOBHBIC omepatopbl I'pes B Tabm 1,
JIONOJIHUB €€ PsIIOM JOHOJIHUTENbHBIX OIEPaLHid.

Marpuunsre  (opmsl  omepatopoB I'pes Tpersero
HOpSAKA OKa3aHBI B TA0M. 2.

OnepatopoB I'pes, npeacraBieHHbIX B Tadin. 1 u 2, a
takke CKI', cocTaBneHHBIX Ha WX OCHOBE, JOCTATOYHO
ISl TIOCTPOCHWS TIOMHOTO JepeBa (puc. 6) cucreM
GyHKIME Youa BOCBMOTO TOpsIIKa (SBISIOMIEECS TaKKe
nepeBoM MHAMKaTtopHbIX Martpun, (MMM)  Tperbero
MOpSAKA). BykBeHHO-IU(PPOBEIE CHUMBOJIBI,
pacrosio’keHHbIe B y3/1aX (Kpy)KOukax) KOHTYpOB JiepeBa,
MIPEJCTABISIIOT cO00H HIEeHTU(DHUKATOPBI MaTpull YoJina
(v UM).

TABJIULIA 1. I'pynma npoctsix onepatopos I'pest

OGo3nauenue
oneparopa Bermosasemasn oneparis
0(e) CoxpaHeHne HCXOAHOH KOMOMHALIIH
1 VuBepcnas nepecraHoBka
2 Ipamoe aesocroponnee IMI7
3 Ob6parnoe aesoctoponuee [
4 Ipamoe mpasocroponnee II°
5 Obparuoe npasocropounsee I
6 [LInkAmIecKnil CABUT Ha OAUH PaspsiA BITPaBO
7 ITuKAYeCKuiT CABUT HA OAMH Pa3psAA BACBO

TABJIULIA 2. Matpuutsie hOpMBI IPOCTBIX orepaTtopos I'pest

00 110 1 00 0

0=]0 1 Off2=]0 1 1 4=|1 1 of|6=(0 1

00 1 0 01 01 1 |1 00
001 I 11 1 00 00

I=(0 1 0 3=10 11 5=|11 7=11 0 0

1 00 0 01 111 010

Hnouxamopnvimu mampuyamu J,, cucteM GYHKIUH

Yomma W SBISIOTCS TIPaBOCTOPOHHE CHMMETPHUYECKHE
(0,1)-matpurpl  (TO  €CTh MaTPHIBI, CHMMETPUYHBIC
OTHOCHUTEJIEHO BCIIOMOTaTEeNbHOM JMaroHaNn),

HEBBIPOXKICHHBIE HATX ~ 2.
[opsinku cucrem Yomma N g ux UM " cessanbl
LET0YHNCIEHHON HOKa3aTeIbHOI (byHKIHIEH 110

p— n —
ocuoparmio 2, T. e. N=2" tge n=1

YHCJII0.

HaTypajbHOE

Takumu e pocThIMU oniepaTopamu [ pesi, kak B Ta0I.
2, HO yXe 4YeTBepTOro MOpsAAKa, M Ha HX OCHOBE —
coctaBHBIMH Komamu ['pesi, ymaércs momyduutsp Bce 448
UM u, cooTBETCTBEHHO, — cucTeM QyHKuuil Yomma 16-
r'0 HOPSIKA.

JIio6as cucrema Yomma Y~ ro MOpsiAKa MOXKET OBITh
00pa3oBaHa COOTBETCTBYIOIIECH TEPECTAHOBKOW CTPOK
(um cTonb1oB) Matpuusl Yorma-IIbmu P | uto marmsiao
WLTIOCTPUpYETCs TpadoM B3aUMOCBSI3H CUCTEM Ha puC. 6.

k
Homep crpoku v cucremer W , B KOTOpYIO

k
nepemeniaercs £ s cTpoka MaTpuupl Iban P, MoxHO

Ha#TH 10 popMmyie:

us3 KOTOpOfI, KaK CJICACTBHUEC, BLITCKACT

YrBep:kaenue 1: IlpousBonbHas cucrema Youma

w

N - ro Tiopsaka OJHO3HAYHO OHOpeACIACTCA eé

. .- J
MHAUKATOPHOM MaTpuiieit ” ~ro mopsiaka “v .

BasucHrle k —ro ropsiiKa p(k, 1)

GbyHKUIMSA
JIUCKPETHOTO aprymenta (Bpemenu) ! cuctem VYomma-
e B HPOCTPaHCTBE opucuHanos

P={p(k,0)}, kt=0,N-1,

PpeKyppenmuvimu coomnowienuamu [4]:

eplducaaomca

® I YETHBIX (byHKuI/Iﬁ
p(2k, )= p(k,(20) )
® I HEUeTHBIX (DYHKIMH
pQRk+1,t)=pk,t)- p(1,1)

Hauansusivu ycnosusvu s p(k, t) seiasiotes:

1, n=0,N/2-1;
p(0,5)=+1, p(l,t)= S
-1, n=N/2,N—1.
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III. AKCHUOMATHUYECKUE OCHOBBI [IPEOBPA3OBAHUI
I'PESI 1 M-TTIOCJIEJJOBATEJIbBHOCTHU

CoopmynupyeM psii GyHIaMEHTATBHBIX TTOJIOKCHUH,
KOTOpBIE COCTaBIISIIOT OCHOBY nocTpoeHus teopuu [1T'.

Axcuoma 1. TIpousBosbHeIid kKoa ['pest (pocToid win

COCTaBHOW)  SIBJIACTCS  OOpasymoIIUM  3JIEMEHTOM
MYJIbTUIUIMKATABHOM HUKINYECKON TPYTIIIHL.
Axcuoma 2. Omeparop L  1paBOCTOPOHHETrO

TPaHCHIOHHUPOBAHUA OCYIICCTBIIACT Pa3BOPOT KBAAPATHBIX
MaTpUull OTHOCUTEJIIBHO BCIIOMOTI'aTEJIbHBIX JHaroHajen.

Jlemma 1. CocraBromy kony I'pes G-G’ | rne G —
MaTpuuHas Qopma mpousBosbHOoro CKI', oTBeuaer
JIEBOCTOPOHHE CUMMETPHIECKasi MaTPHIIa.

T
Jlokazamenvcmeo. W3 Toro, 4to (A~B) =BT.AT,
\7 "\ AT 7
CIIeITyeT, 4TO (G~G ) :(G ) -G"=G-G", koropoe
cnpasexnuBo, ecnmu Tonkko G-G’ — neBocTopoHHE
CUMMETpHYECKasi MaTpUIia. W

Jlemma 2. IIpaBocTOpOHHEE TpaHCIOHHpOBaHUE L
CKI' »5KBHMBajJ€HTHO HMHBEPCHM 3TOr0 KoOJa, KOTOpOE
CBOJAUTCS K OOpaIleHHI0 MOpPSAKA CIEJOBAHUS MPOCTHIX
kozoB ['pes.

1
B camom gere, (gl~g2) =g, g =g,-g,, Tak

Kak J000H mpoctoit koxm Ipes g sBusercs
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CHMMETPHYHBIM OTHOCHTEJIEHO BCTIOMOTATEeIbHON
JIMaroHaayu. m

Jlemma 3. Cummerpuunomy CKI' oTBewaer
MPaBOCTOPOHHE CHUMMeTpHYecKast MaTpuna
npeoOpa3oBaHusL.

Joxazamenvcmeo. 110 onpeneneHnio CHMMETPUYHBIM
cocrasHbIM sBiseTcst ko G, = G-@-G*, B koTopom G

— mnpomsBoibHbli CKI, a ® — sapo, sBistouieecs
MPOCTHIM WM CHMMETPUYHBIM COCTAaBHBEIM KOIOM ['pes.
Nmeem

G =(G-0G') =G 0 6'=6-0G'=G, .u

YrBep:xkaenue 2: CymectBytor CKI', oOpa3syromue
LUKJIMYECKHE TPYNNbl MaKCHUMadbHOTO mopsgka L,
(m-mocnenoBaTeILHOCTH)
cooTHomienuem L=2"—-1 , rme n - TOpPSIOK
WHIUKATOPHBIX MATPHI[ TPOCTBIX KOJOB, SBIISIOIIUXCS
komnonentamu  CKI.  HazoBem  npumumusHsimu
orHocutenbHo MM n - ro mopsagka Te CKI,
[OCJIEI0BATENILHOCTh  CTENEHEl KOTOpBIX, HauMHas C
HYJEBOH cTeleHu, o0pa3yeT m-MOoCIeA0BaTENbHOCTD.
ITpumepamMn Takux KomoB (cM. puc. 6), SBISIIOTCS
CHMMETpPHUYHBIE 242 u 424 KOJBI.
M —  mocnenoBaTeIbHOCTH TEHEpUPYIOT  TaKxke
otaensHble HecumMmeTpuuHble CKI'. B kauecTBe npumepa
ykaxxeM ko G=1-g, B KOTOpPOM g — OJUH U3 IPOCTHIX

OonpeacIsIeEMoOro

KOIOB ¢ HaeHTU(UKaTopaMu 2 —5, MPEICTABICHHBIX B
Tabn. 2. JlOMONHHUTENBHBIE CBEJACHUS OTHOCUTEILHO
HECUMMETPUYHBIX TPUMHUTHBHBIX COCTaBHBIX KOJIOB
MPUBEICHBI B Ta0JI. 3.

TABJIUIIA 3. IIpumMuTHBHBIE COCTaBHBIE KOABI [ pes

n=16 n=232 n=064 n =128 n =256
2224244 | 2225355 | 2252435 2425535 22533435
2225524 | 2225535 | 2433435 2433534 22534335
2252435 | 2244424 | 2435225 2435334 24334225
2255535 | 2255524 | 2522534 | 22524224 25224334
2433435 | 2442224 | 25224334 | 22533334 | 2222535224

IV. JIMCKPETHBIE TIPEOBPA3OBAHMS 'PESI

BBemeM 1O aHANOTHM C TEPMHHOM «IHCKPETHBIC
npeodpasoBarns Dypee» (AIID) tepmuH Juckpemuvie
npeobpasoseanuss Ipea (HAIIl'), paspenss ux Ha
00HOMepHble, WIH TIPe0oOpa30BaHUsl BEKTOPHBIX JaHHBIX,
08yMepHble, WU TPeoOpa3oBaHUs HA IUIOCKOCTH, H
mpexmepuvie, unu npoctpancteernsie I, Haubonee
TIOJIC3HBIM OKa3bIBaeTCA BCE ke 000OIIeHHe Ha Cirydait
JBYX M3MEpPEHHH, HOCKOJIBKY OHO IIMPOKO IPUMEHSETCS
pu 00paboTKe N300PAKECHH.

Kax u mBymepnoe HAII® neymepnoe Il moxxHO
BBIUMCIIUTh MOCJIEJOBATENBbHO MO IBYM HM3MepeHusM. C
9TOM LENBI0 JOCTATOYHO OnpenenuTs ogHomepHsie I
BCEX CTPOK H300paKeHWs, a 3aTeM BBIUYUCIUTH B
pe3yabTHpYIOLEM «Hu300paxeHun» onHoMepueie JIIT
BceX CcTONONOB. IIpym 3TOM pe3ynabTaThl OJHOMEPHBIX
JAII" HyXHO 3amuCHIBaTh HA MECTO HCXOIHBIX ITaHHBIX
st otax JIIT.



AHaJIOTHYHBIM 00pa30M OCYIIECTBISETCS TPEXMEPHOE
JIII', xoTopoe CBOAWTCSA K ITOCIENOBATEIHFHOCTH TAKUX
npeoOpaszoBanuid. [IpemonoKum, 4TO UCXOIHBIC JaHHBIE,
Ha30BEM UX NUKCeNAMU, «YNAKOBAHBI» B TPEXMEPHBIH
KOHTEHEp C TMONapHO  OPTOTOHAJIBHBIMH  OCAMHU
koopauHat i, juk . Crauana npoBogarca HIIIT nHapg

HCXOJHBIMU THKCEISIMHU, COJIEPKALMMUCS, HAIPUMEp, BO
BCEX BEKTOpax KOHTEHHepa, KOJUIMHEAPHBIX OCH i . 3aTeM
peruncisitorcst  JIIIT  Hanm  maHHBIME  TpEdBIAYIIEero
npeoOpa3oBaHUs W  PACIOJIOKCHHBIMH B  BEKTOpax,
KOJUIMHEAPHBIX OCH j . M, HAKOHell, Ha 3aKIFOYUTEILHOM

stane BeinoaHsercss I naHHBIX, KOTOpBIE HAXOAATCS B
srYeKax BEKTOPOB KOHTEIHEpa, KOJUIMHEAPHBIX OCH K .

V. BBIBOMBI

Hecmotps Ha Oonee uem mnomyBekoByro (1953 r.)
HCTOPHIO CBOETO OTKPBITUS KOJBI I'pest Bcé eré najiexu ot
3aBEPLLUCHHUS. IMpennaraemble B nmaHHOW paboTe
JIOTIOJIHEHMsT ~ KJIAaCCHMYEeCKHX  KOomoB  Ipes  Tak
Ha3bIBAEMBIMH IIPABOCTOPOHHUMHU U COCTABHBIMHU KOJaMHU
CYIIECTBEHHO  DPACIIUPSIOT  IPaHULbl  IPUMEHEHUS
npeobpazoBanuii I'pess BO MHOTHX 0O0JacTSX HAyKd |
TEXHHKH.

(1
(2]
(3]
(4]
(3]

(1]
(2]
(3]
(4]
(3]
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implementation of I'T applications on a hybrid
cloud platform
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Annomayus—QO0jJa4uHble TEXHOJIOTMM H IIaT(GopMbI
aKTHBHO Pa3BHBAIOTCS W  CTAHOBATCS Bce  Oojee
BOCTpe0OBaHHBIMH. Hauboabuyro NONYyJISIPHOCTH
nocJjeHee BpeMsi 3aBOeBbLIBAIOT THOpPUAHBbIE o00JaKa M

MyJbTHOO/IAYHBIE YCJIYTH, B KOTOPBIX peaju3yercs
pacnpeaeneHHoe pasMemenue HUT-unppacrpykrypsnl
NpeINpUATHA YaCTHYHO Ha o0Ja4yHbIX mJatdopmax,

YaCTHYHO HA JIOKAJbHBIX BBIYHCJIUTEJbHBIX MOIIHOCTAX
3aka3yuka. JIsi NPHHATUA pelleHUs O BO3MOKHOCTHU
yactuyHoii murpauun HUT-undpacTpykrypsl B 00.1aKo
BO3HHKAaeT 3aJa4ya BbI0OpPa NpPaBHWIBLHOIO COYeTAHHS
YaCTHBIX M 00Ja4YHBIX pelIeHHil B eIUHOIl apXHTEeKType
npujoxennii u codctenno HT-cpene npeanpusitusi B

nesaom. IlodTomMy BaxkHO MMeTh  METOMOJIOTHYECKHI
HHCTPYMEHTAapHii, KOTOPBIi TOMOKET caeaaTb
o0ocHoBaHHBbIIi  BbIOOPp. B  pabGore  paccmoTpeHbl
BO3MOKHOCTH NpHMeHeHHs MeTOIUKH OLICHKH
3(ppeKTHBHOCTH  YACTHYHOH  MUIpPallMd  MOJACHCTEM

NPUJIOKeHHs1 B «00Jako» [4] Ha npuMepe NOCTPOeHHs
ru0puaHoii 00.1a4yHoii apxurekTypbl CHCTeMBbI BeJeHUS
JOKYMEHTAlUH Kadeap BY3a. Hcnoub3oBaHue
NpeJJI0KeHHOr0 B MeTOIMKe M0/X0/1a MO3BOJIMJIO MOJY4YHTh
IBa AJbTEPHATUBHBIX BapHaHTa THOPHAHON 001a4HOI
apXHTEKTYpPbl Ha OCHOBe Ipouecca JAeKOMIO3ULUH
HCXOJHOW  MOHOJIMTHOH  ApXMTEKTYpbl  INPHJIOKEHHS.
CpaBHeHHe  aJbTEPHATHBHBIX BapHAHTOB  00/Ia4YHBIX
APXUTEKTYP HPOBEJeHO B COOTBETCTBHU C COBOKYIMHOCTBIO
TeXHHYeCKHUX He(YHKIMOHAJIbHBIX KpUTepHeB,
NpeACTABIAIOIINX codoii TpedoBaHMst K
(YHKIHOHUPOBAHMIO CHCTEMbI B LeJIOM M HX BeCOBBIMH
3HaYeHusiMH. JI1s1 MoJyyeHHs1 MHTerPHPOBAHHON OLIEHKH
3¢pdexTHBHOCTH PpadoTBI B  THOPUAHOM  «00JIaKe»
NpuIoKeHUsl Mcnoab3yercss Meron Anammsa Mepapxmii
(MAR), KOTOPBIii I03BOJIsIET NPOBECTH
MHOTOKPHTEPHAIBHBIA aHaIM3 M BBIOpaThL Jyvllee
00J1a4HOe APXUTEKTYpHoe peuieHHe. OLEHKH TeXHHYecKoi
3¢ pexkTHBHOCTH, TMOJYYEHHbIe C Y4eTOM HPHHATHIX
JKCHEPTHBIX CYXKAGHHH O 3HAYMMOCTH KpHUTEpHeB,
NOJKPUTepHeB U AJAbTEPHATHB MO3BOJMJIH IOJYYHTb
3¢pdexTHBHYI0 THOpPHAHYI0O  00JAYHYI0  ApPXHTEKTYpYy
CucreMsl BeieHUsI JOKyMeHTanun kageap BY3a.
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Abstract—Cloud technologies and platforms are actively
developing and becoming more and more in demand. Lately,
the hybrid clouds and multi-cloud services are the most
popular, in which distributed allocation of the company's IT
infrastructure is realized partly on cloud platforms, partly
on the customer's local computing facilities. To make a
decision on the possibility of a partial migration of
IT infrastructure to the cloud, the problem of choosing
the right combination of private and cloud solutions in a
single application architecture and the IT environment
of the enterprise as a whole arises. So it is important to
have a methodological tool that will help in making a valid
choice. The possibilities of applying the methodology for
estimating the effectiveness of partial migration of
application subsystems to the "cloud" [4] using the
example of the construction of a hybrid cloud architecture
of the Document management system of the university
chairs are considered in the paper. The use of the
approach suggested in the methodology has allowed
obtaining two alternative versions of the hybrid cloud
architecture based on the decomposition process of the
initial monolithic application architecture. Comparison of
alternative cloud architectures is carried out in accordance
with a set of technical non-functional criteria, which are
requirements for the functioning of the system as a whole,
and their weight values. To obtain an integrated
assessment of the effectiveness of the application in a hybrid
cloud, the Analytic Hierarchy Process (AHP) is used, which
allows conducting multi-criteria analysis and choosing the
best cloud architectural solution. Estimates of
technical efficiency, received taking into account the
accepted expert judgments about the importance of criteria,
subcriteria and alternatives, allowed to obtain an
effective hybrid cloud architecture of the Document
management system of the university chairs.

Keywords— hybrid cloud platforms, application migration
to the cloud, evaluation of the efficiency of migration to the
cloud

Knioueevie cnosa — cubpuduvie oénaunsvie naamgopmot,
Muzpayus npunoxycenus ¢ oonako, oueHka Iggpexmusnocmu
Muzpayuu 6 oonaxko



1. BBEJEHUE
OOmauHble TEXHONOTHH W IUIAT(GOPMBI aKTUBHO
pa3BUBAIOTCS u CTaHOBSITCS BCE Gonee

BocTpeOoBaHHBIMH. C MOHATHEM OOJAYHBIX BBIYUCICHUN
CBA3BIBAIOT K CEpBUC-TIPEAOCTABIISAIOLINE
TEXHOIIOTHH, .. UHpacTpyKTypa Kak CepBHC

(“Infrastructure as a Service” wm “laaS”), mnardopma
kak cepBuc (“Plaatform as a Service”, “PaaS”),
nmporpamMmHoe obecrniedueHue kak cepBuc (“Software as a
Service” uiu “SaaS”).

IToMuMO pasIUYHBIX CIOCOOOB  IPEIOCTABICHUS
CEepBHCOB paznuYaT HECKOJIBKO BapUaHTOB
pa3BépThIBaHMs 00JadHBIX cucreM. YactHoe 001aKo
(private cloud) - wmcmome3yercss Ais TpPEIOCTABICHHS
CEpBUCOB BHYTpH oaHOU Kommanuu. [lyGimanoe obmako
(public cloud) - HCIIOJIB3yEeTCs 001a4YHBIMU
npoBaifiepaMu U IPEIOCTABIICHNUS CEPBUCOB BHEIITHIM
3akazunkaM. CwmemmanHoe o6mako (hybrid cloud) -
COBMECTHOE HCIOJIb30BAHHE JBYX BBILICHCPCUHUCICHHBIX
MoJieNel pa3BEPTHIBAHUS.

HanGonpiryto MOMyIApPHOCTE HOCIEAHEE  BpEMs
3aBOEBBIBAIOT THOpHIHBIE O0JaKa M MYJbTHOOIAYHBIC
YCIYrd, B KOTOPBIX peaJu3yeTcsi pacHpeaeieHHoe
pa3MelieHue UT-undpactpyKTyphI TIPEITPHUSITHUS
YacTUYHO Ha OOJauHBIX IUIaTGOpMax, 4YaCTHYHO Ha
JIOKAJbHBIX BBIYMCIUTEIBHBIX MOLIHOCTSAX 3aKa3uuKa.
JUis OpuHATHS pELIeHUuss O BO3MOXHOCTU YaCTHYHOM
murpanun UT npunokeHust B 001aK0 BO3HUKAET 3agada
BBIOOpA MPAaBMWJIBHOTO COYETAHUSI YACTHBIX U OOJauHBIX
pelleHuil B €OUHOM apXWUTEKType IPWIOKEHUH H
cobersenno UT-cpene npenmpustus [1].

Bompocsl  MOANEpKKKA  MPUHATHS — PEIICHUS O
BO3MO)KHOCTH MHTpAIMKA TPUIOKEHUH B OOJaYHYIO
HHQPaACTPYKTYpy C TOUYKH 3peHUs TpeOOBaHWH K
9KOHOMHUYECKOH 3¢ (dekTuBHOCTH, K 0€30MacHOCTH
CHCTEMBI ¥ TEXHHYECKHM BO3MOXHOCTAM OOJaYHOU
peanuzanum paccMaTpuBaroTces B psaae padot [2,3].

B cTaThe [4] MpeAIOKEeHA METOAMKA
MPEIBAPUTEIBHON OLECHKH 3PPEKTUBHOCTH YaCTHYHON
MUTpali  Ha OOJlauHylo Tatr@opMy  OTHENbHBIX
MOJyJIedl M TOJCHCTEM IpPUJIOKEHUH, OCHOBAHHAs Ha
CTPYKTYpPHOH JTEKOMIO3UIINH apXUTEKTYPbI IPHIIOKEHUS,
[IPOBEJCHUSI  TEXHUKO-DKOHOMHUYECKOH  SKCHEpPTHOM
omeHKH  3((GEKTHBHOCTH  MHUTPAUU  OTIENBHBIX
MOJCUCTEM,  NPWIOKEHHS Ha OCHOBE COBOKYITHOCTH
He(YHKIIMOHAILHBIX ~ TPeOOBaHWH K  AKCIUTyaTalluu
CUCTEMBI W, COOCTBEHHO, BHIYMCICHUN HTOTOBOW OICHKH
3P PEKTUBHOCTH pealn3alliy MPWIOKEHHS B THOPUIHOM
oOnake ¢ HCIOJIb30BaHHEM MeToia aHanu3a HUepapxui
(MAN)[5].

B nmanHOW paboTe paccMaTpuBaeTcsl MpPUMEHEHHE
BBIIIEU3JI0KEHHOTO TOAX0/a Al MPHHATHS PEUICHUs O
YaCTHUYHOI MUrpanuu B my6anuHoe obiaako Cuctemsl uis
BeJICHUsI JOKyMeHTaun kadenp BY3a.

1. BEIEOP AJIbTEPHATUBHBIX BAPUAHTOB
I'MBPUJIHOM OBJIAUHOM APXUTEKTYPbl CUCTEMBI
BEJIEHUS JOKYMEHTALIMU KA®EJIP BY3A

Kadenpa, xax Baxwuedmee moapa3nencaue BY3a,
BBINOJHASL  y4eOHYI0, METOAMYECKYI0, HAydyHyI0 |
OpraHM3allMOHHYI0O paboTy CO CTYAEHTaMH IO XOmy
y4eOHOro Iporecca, CTAIKUBACTCS C OOJIBIINM 00bEMOM
COOTBETCTBYIOMIEH JOKYMEHTAIHN,KOTOPYIO HEOOXOIIMO

(hopMupOBaTh, COMPOBOXKAATH, XPAHUTH, & JUISI TIPHHSATHS
VIpaBJICHUYECKUX pEIICHHMA — aHalu3upoBath [6].
BHenpeHre aBTOMAaTH3UPOBAHHON CHCTEMBI Jijisi paboThI ¢
JOKyMEHTaIye Kadeapsl IO3BOISET PEIIUTh MHOTHE
po6nembl. OHAKO, peau3alys NOJTHOPYHKIIMOHATLHON
ABTOMATH3UPOBAHHON CHCTEMBbI TMPEACTABIsAET COOOM
MIPOIIECC CO3/IaHUS CIEHATH3APOBAHHOTO IPOrPAMMHOTO

o0eCrieueHust, 4YTO SIBISICTCS JOCTATOYHO  CIIOXKHOM
3aauei, Tpelyromiei MIPHUBJICUCHHS 00IBIINX
MaTepHUAITbHBIX U UHTEIUICKTYIIbHBIX pecypcoB. [loaTomy
MIPUMCHEHUE COBPEMEHHBIX uH()OPMAIIMOHHBIX
TEXHOJIOTHH, BBIOOD 3¢ deKTUBHOMN o0nmayHoi
APXUTEKTYPhI co3aaBaeMoit CHCTEMBI, 4TO

HENOCPECACTBCHHO BJIMACT Ha Tpe6yeMLIfI 00BeM 3arpar
TIpu €€ pean3alnu, sIBJIACTCA aKTyaJIbHbIM.

Cucrema BeneHust JokymeHtauuu kKadenp BY3a
JOJDKHA COJIepPXKaTh MOXYIM W KOMIIOHEHTHI TakWe Kak
0aza JaHHBIX JOKYMEHTOB Kadelpbl H apXUBHBIX
MaTepuaioB, CepBep INPWIOKEHHI C  MOIYJIAMH,
peaNu3yronMMH OW3HEC JIOTHKY CHCTEMBI. CEpPBHUCHI U
CITY>KOBI JULsL pacmupeHus (YHKIMOHATBHBIX
BO3MOXHOCTEH " obecrieyeHus COXPaHHOCTH
nH(OPMANNY, KINEHTCKHE IPHIOKEHHUS I THIIOBBIX
TI0JTb30BaTeNeH c COOTBETCTBYIOIINMHA
(YHKINOHAIBHBIMI BO3MOXHOCTSIMH.

Knaccuyeckasi MOHOJIMTHAsE CEPBUC-OPHEHTUPOBAHHAS
apXUTEKTYpa CUCTEMBI IIPEJCTABIEHA HA pUC. 1.

Cepeep bazbl daHHbIX

CxeMa JOKY um

CxeMa apxuBauym ‘

Cepeep npunoxeHull

)"YPOBEHB ,uam-mxi(

NoncucTeMa apxusaLy MoacucTema AOKyMeHTaL M

CmopoHHue cepauck!

(O6nauHast daioBast cucTeMal

‘ BusHec noruka ‘

>‘ YpoBeHb MpefcTaBNeHAs K

{
Knuermbi
;@

Puc.1. ApXuTeKTypa CHCTEMBI BEJIeHHs JOKyMeHTauuu kadeap BY3a

‘ Bustec noruka ‘

——————————
(0 it pefakTop baitnos |

Hcxons u3 omucanust 6a30BOW apXUTEKTYypPbl MOXKHO
TIpEICTaBUTh Ha paccMoTpeHue crenyouue
AIbTePHATUBHBIE  BapHaHTBl  OONAyHOW  TUOpUAHON
peai3ayu CHCTEMBIL:

®  aNbTepPHATHBHBIN BapHUaHT apXUTEKTYpbl Al, B
KOTOpPOM YacTHYHO Ha O00JayHyro miardopmy
BBIHOCSATCSI MOICHCTEMa OM3HEC JIOTUKH BEICHHS
JIOKyMEHTAIINH, (GYHKITMOHATEHO
MOAJEPXKUBAIOIINE €€ OOJAaYHBIe CEpBUCH H
YPOBCHb MPEACTABICHUS, a B JIOKAJIbHOM
HHPPACTPYKTYypE OCTAIOTCS IMOJACUCTEMa OW3HEC
JIOTHKW apXWBAaIlMd ¥ COOCTBEHHO 0a3a JaHHBIX
CHCTEMBI BEICHHS TOKyMCHTAIMU Ka(eapsbr;
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®  aNbTEPHATUBHBIN BapHAHT apXUTEKTYpsl A2, B
KOTOPOM YacTHYHO Ha O0O0JayHylo TmuaTgopmy
BBIHOCHTCSI OIlepaloHHast 4acth b/ cucremsl,
IpU 3TOM, MCTOpUYECKas apxuBHas 4acTb bJ]
ocCTaeTcsl Ha JIOKAIbHOM cepBepe, Ha OOIayHyIo
wIatpopMy TaKXKe IMepeMeNIaloTCsl MOACHCTEMa
Ou3HeC  JIOTHKH  BEACHHSA  JOKYMEHTAIlHH,
(YyHKIMOHAIBHO TOJICP)KUBAOIIUE e¢ 00JIaYHbIC
CEPBHCHI U YPOBEHB IPE/ICTABICHUSL.

Takum o00pa3oM, Ha CpaBHEHHE BBIHOCHTCS JIBa
AIBTCPHATHBHBIX ~ BapHaHTa pealH3alid THOPHIHON
o0auHOU apxuTekTypsl Al u A2.

I1I. OTIPEJEJIEHUE UEPAPXUU KPUTEPUEB JIJIS OLIEHKU
TEXHUKO-2KOHOMMWYECKOMN SO®EKTUBHOCTU
MUIPALIMU B «OBJIAKOY

CymiecTBeHHOE BIHMSHHE Ha ApXUTEKTYPY CHCTEMBI
OKa3bIBalOT He(pyHKIMOHANBHBIE TpeboBaHus (NFR - non-
functional requirement). 9to TpeOGOBaHUS, KOTOPBIE MOTYT
WCTIONTB30BaThCsl  JUIA  OLCHKH  (DYHKIIMOHUPOBAHHUS
CHCTEMBI, & HE Ui KOHKpPETHOro ee moBeaeHus. OHHU
OTIPEAENAIOT ApXUTEKTYPHO 3HAYUMble TpPeOOBaHUS,
Ha3pIlBaeMble  Talkke  aTpuOyTraMum  KadecTBa. B
COOTBETCTBHU C OTOOPAHHOHN COBOKYITHOCTHIO KPHTEPHEB
B UCHONIL3yeMoi MeToauke[4] u TpeOOBaHUAMHU K

paccMaTpuBacMOi cUCTEME ONIpeNeNiuM  CleIyIoIue
KPUTEPHH W  TOJAKPHTEPHH  OIEHKH  TEXHHYECKOU
3((EeKTUBHOCTH  pealu3alii  THOpUIHOH  0oOJauHOU
apxuTekTypsl ~ CHCTeMBI ~ BeleHHA  JOKyMEHTAI[UU
Kageapsl.

Kputepuii «XpaHeHue JAHHBIX)» BKJIIOYAET

MOJIKPUTEPUH J10JITOBPEMEHHOCTb XPAHEHUs, IPOIYCKHAas
CIOCOOHOCTD, IIEHTPAIN3AIUs XpaHEHUS TaHHBIX.

Kputepnit  «TpeboBaHus K JOCTYIy» BKIIOYACT
MOAKPHUTEPHH TOCTYIHOCTD, CTETICHb ITyNIbCAUH Tpaduka,
HPOMyCKHas CIOCOOHOCTh KaHAIa, CEKPETHOCTb.

OHpeZ[eJ'[I/IM 3HA4YCHUA IPUBCACHHBIX KPUTCPUCB.

HonroBpemennocts xpaHenust (Retention policy) —
MOJIUTUKA XpaHEHHs, TpeOOBaHUE, KOTOPOE OIMpPEICISIIOT
CPOK XpaHEHHUs B IAMATH Pa3IUYHBIX JaHHBIX CHCTEMBI.

Ipomycknas  cnocobrocts  (CCU, number of
concurrent users) — TpeOOBaHHE, OIpEACIIOIIEe
KOJIMYECTBO IOJIb30BAaTElNCi, KOTOpble MOTyT paboTaTh
TapauIesIbHO c CHUCTEMOM.

Uens

enTpanuzanus XpaHEHUs JTAHHBIX (Data
centralization) — — ompenenser — TpeOboBaHHE K
LEHTpAIM3alUd WIA BO3MOXHOCTb PacIpeieleHHOro
XpaHeHHsT HHPOPMAIHU CUCTEMEI.

HocrymHocth  (Availability) —  xapakrepuctuka
CHCTEMBI, OIpeNiesIsIomas TpeOOBaHHE rapaHTHPOBAHHOTO
0o0CITyXMBaHMSI TYTEM yMEHBIICHHUS WIH YIIPaBICHHS
cOOSIMH ¥ MUHUMHU3ALHEH BPEMEHH IUTAHOBBIX [IPOCTOEB.

Crenenp mnynbcanuu Tpaduka (Traffic pulsation
degree) — ompenensier TpeOoBaHUE HEOOXOIUMOM
MIPOITYCKHOH CIIOCOOHOCTH, B TOM YHWCIIE MPU IHUKOBOM
Harpyske.

Ilponycknas  cmocobHocTs  kaHama  (Channel
bandwidth) - ¢bu3naeckast XapaKTePUCTHKA
KOMMYHHKAIL[MOHHOTO KaHajla, IOKa3bIBAIOLIAs, KaKOM

00BEM JaHHBIX MOXET OBITh Mepe/iaH Yepe3 ITOT KaHall B
€/IMHHILYy BPEMEHH; BIMSET HA CTOMMOCTh apEH/IbI KaHaa.

CexperHocTh (Security) — ompezenser TpeOOBaHHSA K
0€301MaCHOCTH CHCTEMBI, B TOM YHCIIE ayTeHTHU(HKALWS,
ABTOPH3AINS MOJIB30BATENS, 3aIUTA OT aTaK.

B Ka4yeCcTBe KPUTEPHEB SKOHOMHUYECKO
3(QGEKTUBHOCTH THUOPUIHOW OOJIAYHOM apXHUTEKTYpPhI
OyJeM IMPUHNUMATB!

e  HavalbHBIC 3aTPaThl — CTOMMOCTH pPa3pabOTKH
CHCTEMBI;

L4 TCKYIIHUC 3aTpaTbl — CTOMMOCTHL 3SKCIUIyaTallliu

CUCTCMBI.
K YMEHBIICHUIO 9TUX 3arpar HCO6XO,HI/IMO
CTPEMUTHCA. OneIT HCIIOJIb30BAaHUA 00JIa4HBIX

TEXHOJIOTUH OoInpeacIniI CJICAYOINE TCHACHIIUN

®  HayaJbHBIC 3aTPaThl HA CO3JAHUE CHCTEMBI M €€
anmnapaTHO-NPOrpaMMHON IIaTGOpPMEl B City4ae

peanusanun B KOPIIOPaTHBHOM noJ
3HAYMTENbPHO BBIIE, YeM MpH  OOIaIHOH
peanusanmu;

®  TEKyIIWe 3aTparhl Ha IKCIUTyaTalldI0 CHUCTEMBI B
obnake B mepcrekTuBe 5 jer gopoxe Ha 30% —
40%, uyem OKcIUTyaTalusi 3TOW K€ CHCTEMBbI B
JIOKATBHOM HMHQPACTPYKType TMPENpHATHSA, a B
nepcrekTrBe | roJja OHU IPUMEPHO PaBHBI.

IlpoBenemM  moctpoeHue
KpHUTEpHEB OIICHKH
a¢dexTrBHOCTH (pHC.2).

[ruﬁpioﬁniapx]

WepapXuu  BBIOPAHHBIX
TEXHUKO-IKOHOMHYECKOH

Kputepun

[ Xp_ AaHHBIX ] [ Tpe6_k gocT ]

Moakpurepun [ﬂonrosp_xpau] [nponycx_cnocj [uequan_ﬂaH] [,qocTynHochj [ CT_Nynkc_Tp ] [npol‘lysk_cnoj [ CeKpeTHOCTb ]

AnbTepHaTMBbI

rmbp_apx1

Puc.2 Vepapxus KpUTEPHEB OLICHKU TEXHUKOH 3((EKTHBHOCTH peann3alui THOPUAHBIX 00NaYHbIX apXUTEKTYp Al HA2
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IIpu cpaBHeHMU KpUTEpPUEB M  HOIKPUTEPUEB,
BBIICICHHBIX ANbTEPHATHBHBIX THOPHIHBIX OOTAaYHBIX
APXUTEKTYpP UCHOJb3YETCs IKada SKCIEPTHBIX CY>KACHUH
MAU, npuBenenHas B Tabmume 1. B coorBercTBHE CO
3HAYEHUSAMH OIIEHOK B IMKale CyOBEKTHBHBIX CYXKICHHIt
[P CPaBHEHMHU BBLACIAIOTCS Hauboyiee 3HAUYUMbIE U
Ba)KHBIC KPUTEPUU U NOAKPUTEPUHL.

TABJIUIIA 1. IIIKAJIA OKCITEPTHBIX CYKJIEHUI CPABHEHUS

3Havenne Onpenenenne
A u B o1iHaK0OBO Ba)KHBI

A HEe3HAYUTENILHO BaXkHee, ueM B
A 3HaunTenbHO BaxkHee B

A siBHO BaxkHee B
A 1o cBoeit
npeBocxoauT B
TIpoMeKyTOUYHBIC 3HAUCHUS.

O|Q|n|w]|—

3HAYUTENFHOCTH  aOCOIFOTHO

2,4,6,8

an/I CpaBHCHUHN ONPCACIICHHBIX BBIIIC KPHUTCPHUCB
MOKHO OIIPEACIUTD CICAYIOIUEC SKCIICPTHBIC CYXKICHUA:

o XpaHCHUC JAaHHBIX HC3HAYUTCIIBHO BaXXHECC

TpeOOBaHUIA K TOCTYY -3;

®  JIOJITOBPEMEHHOCTb XPAHEHHS SIBHO BaXHEE, UeM
HPOIYCKHAs CIIOCOOHOCTS - 7;

L4 JOJITOBPEMCHHOCTH XpaHCHUsA 3HAYUTCIBHO
BaXXHCC, YEM LICHTPAIN3alluA XpaHCHUA JaHHBIX —

5;
(] LlCHTpaJ'II/BaL[I/I}l xpaﬂe}mﬂ JAHHBIX
HC3HAYUTCIIBHO Ba>XHEEC, qeM HpOHyCKHa}I

CITOCOOHOCTE — 3;

®  JIOCTYITHOCTh  HE3HAYUTEIILHO
CTeIeHb IyJibcaluu Tpaduka — 3;

BaXHEC, (%

®  JIOCTYITHOCTh OJIMHAKOBO BaXKHAa C TMPOMYCKHOM
CHOCOOHOCTBIO KaHana —1;

o CCKPETHOCTD SIBHO Ba)KHEC, YEM JOCTYITHOCTDH — 7,

e CTCNECHb MyNbCAlMH TpadUKa HE3HAYUTEIHHO
Ba)KHEE MPOITYCKHOM CIIOCOOHOCTH KaHana — 3;

®  CEKPeTHOCTh a0COJIFOTHO IIPEBOCXOIHT CTEIEHb
ImyJscayy Tpaduka - 9;

® CCKPETHOCTh  SIBHO  B&XHEE  IPOILyCKHOM
CII0COOHOCTH -7.
Ilo  pesympTatamMm  CpaBHEHHS  KPHUTEPUEB U

MOJIKPUTEPUEB COCTABUM MaTpPUIIbl CPAaBHEHUI.

TABJIMIJA 2.  OLEHKA OTHOCHUTEJIbHBIX TIPUOPUTETOB
KPUTEPUEB
Heas — rudp.apx. X TA BekTtop
TIPHOPHTETOB
Xpanenune 3/4(0.750)
naHHbIX(X /1) 34 34
TpeboBanust K 1/4(0.250)
1/4 1/4
noctyny(TJ)

Bexrop npropuTETOB MOKA3bIBAE€T, YTO UMEHHO MBI
npeanoyutaeM. B Hamem — mpumepe — HaumOolee

TIPEANOYTUTENBHBIMY  SIBIIIIOTCSL  KpUTepuil «XpaHeHue
JTAHHBIX).

TABJIUIIA 3.  OIEHKA OTHOCHUTEJIbHBIX ITPHOPUTETOB
[OJIKPUTEPUEB «XPAHEHUE JIAHHBIX»
XpaHeHHe JaHHbIX X nc 101 BexTtop
NPHOPUTETOB
HOATOBPEMEHHOCTS | 35,17 | 711 | 15/19 0.7235
xpanenusi(1X)
IIponyckHas
criocoBHoCTH(TIC) 5/47 1/11 1/19 0.0833
Ientpanuzanus
nanmsix(IUD) /47 3/11 3/19 0.1932

B rpynme kpurepus «XpaHeHHE NaHHBIX» Hauboiee
MIPEATIOYTUTETBHBIM SIBIISIETCS MIOJKPUTEPUit
«/loNroBpeMEHHOCTh XpaHEHHSD).

TABJIUIA 4.  OIEHKA OTHOCHUTEJIbHBIX IPHIOPUTETOB
MOJAKPUTEPUEB «TPEBOBAHUE K JIOCTYITY»
TpeboBanus k| A CTIn ICK C BexTtop
JOCTYNy TPHOPHUTET
JoctynHocts([T) 1 3 1 1/7 0.1239
Crenenb
yJIbCALUU 1/3 1 1/3 1/9 0.0509
tpaduka(CIIT)
IIponyckuas
CIIOCOOHOCTD 1 3 1 177 0.1239
kanana(I1ICK)
Cexkpernocts(C) 7 9 7 1 0.7013

B rpynme kputepuss «TpeOoBaHHs K JOCTYITy»
HauOoJiee TPEANIOYTUTENBHBIM SBISIETCS ITOJKPUTEPUI
«CeKpeTHOCTbY.

IV. OLIEHKA AJIbTEPHATHUBHbBIX BAPUAHTOB
TUBPUIHOM OBJIAYUHOM APXUTEKTYPHI TTO HABOPY
KPUTEPUEB

IMpoBeneM cpaBHEHHE AaTbTEPHATUBHBIX THOPUIHBIX
obnaunbIX apxutektyp Al u A2 mnoouepesHo Uit
Ka)XI0T0 W3 OTOOpaHHBIX MOAKpHTepHeB. B kauecTtBe
xemaeModt  dddexTuBHOCTH  THOpHAHON  oOmavHON
ApXUTEKTyphI Oy/ieM HPHHIMATh YMEHbIIEHUE CTOMMOCTH
pa3paboTKU M AKCIUTyaTalMH CHCTEMBL IIpu cpaBHEHUH
apXUTEKTyp OyIeM PYKOBOICTBOBATHCS 0030paMH yCIIyT
00IaYHBIX MPOBAHAEPOB U PEKOMEHIALUSIMH SKCIIEPTOB B
o0Jiacti 001aUHBIX TEXHOJIOTUI.

[pu CpaBHEHHUHU o HOJKPUTEPUIO
«JlonroBpeMeHHOCTh XpaHEHUs» — apXUTEKTypa A2 SBHO
abdexruHee(7) apXUTEKTYpbl Al, Tak Kak UCTOpUYECKas
apxuBHasg 4Yacth BbJ] Oyner XpaHHTBhCS JIOKAJIBHO, YTO
MO3BOJISIET CHU3UTH TPEOOBAHUE IO CPOKAM COXPAHEHHS
JAHHBIX B oOlepanMoHHOW wyactu bJl, yMeHbIINTH
CTOMMOCTb 3KCILTyaTallUd CHCTEMBI 32 CUET COKpAILEHUS
CTOMMOCTH DPa3MeUICHUs] U OOCITy)KMBaHHMS apXvBa, Kak
JIOCTaTOYHO JI0OPOTOro CEpBUCA, B 00JIAUHOM XOCTHHTE.

Ilpn cpaBHEHMHM @O TNOJKPUTEPHIO
CIIOCOOHOCTEY» ~ apxuTekTypa Al
apxutektypoit A2 (1).

«lIpomycknas
OJMHAKOBA  C

[Ipu cpaBHenun no monkputepuio «llenTpanuzanms
XpaHEeHHUS JMaHHBIX» — apxXuTekTypa Al 3HauHMTEIHEHO
Oonree TpeboBaTeNbHA K LEHTPATH3ALUH 10 CPABHEHHUIO C
apxurektypor A2(5).
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[Ipu cpaBHEHUH TO MOIKPUTEPHIO «JOCTYIHOCTBY —
apxuTekTypa A2 sBHO BaxkHee apXUTeKTypbl A1(7).

Ilpn cpaBHeHnun 1o moakpureputo  «CTeneHb
MynbCcarui Tpaduka» — apXUTeKTypa A2 3HAYHTEITHHO
Ba)KHEE 110 CPABHEHHUIO C apXuTekTypoil A1(5), Tak Kak
«O06naxo» 3HauUTENbHO 3(deKTHBHEE pelraeT BOIPOCH!
Iynbcaryy Tpaduxa.

IIpu cpaBHenuu 1o mnoaxpureputo «lIpomyckHas
CIOCOOHOCTh KaHajia» — apxuTekTypa A2 sSBHO BakKHEe
apXUTEKTYpBbI Al, Tak Kak HET IEePEChUIKU JaHHBIX(7).

IIpu cpaBHeHuu no noaxpureputo «CeKpeTHOCTB» —
apxuTeKkTypa A2 3HaYUTENILHO MTPEBOCXOIUT APXUTEKTYPY

Al(5), Tak Kkak apxurekTrypa Al mpeanonaraer
obecrieueHre  0O€30IIaCHOCTH  JAaHHBIX  JIOKAIBHO C
COOTBETCTBYIOLIMMK ~ 3aTparaMd I[IPH  IKCIUTyaTal[nu

CUCTEMBbI, B apxuTekType A2 0e30MacHOCTh HaHHBIX U
CHCTEMBI 00ECIIeYrBacT OOJIAYHbIX IPOBANAED, YTO MOXKET
OBITh 3HAYMTENIBHO [CHICBIC, C YyYETOM II0YaCOBOM
OILIaTHI.

V. BBIUUCJIEHUE OBILIEN OLIEHKU MAU
AJIbTEPHATUBHBIX BAPUAHTOB IT'MBEPUIHOM OBJIAYHOM
APXUTEKTYPbHI CUCTEMbI BEJIEHUS JIOKYMEHTALIUN
KA®EJP BY3A.

IIpoBenem BbuucieHue onenku MAU ans kaxmoro
BapHaHTa  aJIbTEPHATHBHON  THOpHAHOW  OOIavYHOM
apxuTekTypbl. OOmuMil 0aul KaxIoW W3 apXHUTEKTYp
CHUCTEMBbl PacCUMTBHIBACTCS KaK CyMMa IIPOU3BEACHUS €ro
OTHOCUTENIBHOTO TPUOPHUTETA O KAXKAOMY KPUTEPHIO U

OTHOCHUTCJIBHOT'O IPUOPHUTETA COOTBETCTBYIOILIETO
KpUTECpUA.
M N,
S, =22 (P)=(py)*(s;) M

i=1

~.
LR

rae s —MAW-6amn i X-i MOJCUCTEMBI MPUIOKEHHUS,

M — YHCIO TPYMIl KPUTEPHEB; p —4UCIO DIEMEHTOB B i-
i

O TpymIe KPUTEPHEB; P, — 3HAYEHUE TPUOPHTETA i-Of

IpYyIIBbl KPUTEPUEB; — 3Ha4YeHHWE MPHOPHUTETa j-TO

Py
KPHUTEPHS, TIPUHAJIEKAIIETO i-OM TPYIIIE KPUTEPHUER; g
ijx

— 0annm cpaBHEHMSI X-Ml aJbTEPHATHBHON apXUTEKTYPHI
MPUIIOKEHUS 110 j-MY KPUTEPHUIO B 1-0i TpyIIE KPUTEPHUEB.

Ha pwuc.3 mnpuBeneHsl pe3ynabTaThl BBIYUCICHHUH
ornienkn MAW st anpTepHaTUBHBIX BapuanToB Al n A2
rUOpUIHON OOJIAYHOM apXHUTEKTYphl B BHIE KPYTOBOM
JMarpaMmBbl.

B rufip_apx] 0,276

[ rufip_apx2 0,724
rubp_apx1

Yo |

Puc.3. Jlnarpamma pe3ynbTaToOB BEIMHUCICHHH OleHOK MA
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Pe3ympTaThl 3KCHEPTHOW OIEHKH ITOKA3BIBAIOT, UYTO
Oosee 3P PEeKTUBHON ISl pean3alliuy, yIOBICTBOPSIONICH
BCEM BBIJBHHYTHIM TEXHHYECKUM KPUTCPHSIM, SBISCTCS
ruOpuaHas oOnauHas apxuTekTypa A2.

BbIBOJIBI

B pesynbrare mnpuMeHeHHS METOAUKU [4] OlLEeHKH
9 (EKTUBHOCTH MHIPAIMU TOJCUCTEM IIPHIOKEHHS B
«obmako» I aHanu3a ILeraecoo0pa3’HOCTH YaCTUYHOM
MUrpauu B «o0nako» CucTeMbl BeA€HHs TOKYMEHTAIU
kadpenp BVY3a momydeHb!  OLEHKM  TE€XHUYECKOH
3G QEKTUBHOCTH Ul IBYX AJIbTEPHATHBHBIX BapHUaHTOB
Al u A2 rubpunHoi 00651a4HON apXUTEKTYPHI.

D¢ dexTuBHOCTE THOPUAHONW O0JAYHOM APXUTEKTYpPHI
A2 ¢ yderoM TIPUHATHIX OKCIEPTHBIX CYXKIEHHH O
3HAQUUMOCTH KPUTEPUEB, IOAKPUTEPHEB U AIBTEPHATUB
ollcHEHa BeauuMHOM 72.4%, TO ecTh sABIAETCS Ooliee
LeIecoo0pasHoil A peanusaiyu.

[Iponiecc npumeneHus Metoauku [4] U TpoBenCHUS
pacuetoB B cootBeTcTBUM ¢ MAU [5] onpenenuit ocoOyro

3HAaYUMOCTDb BI>I6paHHLIX He(pyHKI.II/IOHaHLHLIX
TEXHUYCCKHX KPpUTCPUCB OLCHKHA u OKCIIEPTHBIX
Cy)K}IeHI/Iﬁ 0O HUX 3HAYUMMOCTU A  HCCICAYEMbIX

ruOpuaHbIX 00mayHbIX apxutektyp UT npunoxenuit. 9to
ompenensieT  NEPCHEeKTHBHYIO — JalbHEHOIyro — 3amady
(OpMHUPOBaHUS IKCIIEPTHOMN 0a3bl TaHHBIX KPUTECPHEB, UX
BECOBBIX  OaIOB M  pEeKOMEHJauui  oOnauHbIX
MPOBAHIEPOB MO TPUMEHEHHI0O WX JUIA Pa3IUYHBIX
kiaccoB UT npuinoxenuit.

TTIpumenenne metoauku[4] mo3BossieT PopMann3oBaTh
U YIPOCTHUTH MPOLIECC MPUHATHS PEIICHUS O MOCTPOCHHU
rHOpUIHOM 0071aYHON HHPPACTPYKTYPBI MPUIOKESHUS.
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Annomayusa — B Ppsie TNpPeIMeTHBLIX obJacTeii
TAKHX, KaK YyNpaBjieHHe KPHU3HCHBIMH CJIYy:K0amMu,
cylecTByeT He00X0AMMOCTh MO/1eJIUPOBAHMA
HEKOTOPOH  4YacTH  OKpY:Kamoumero Mupa, eé
BH3YAIU3AIMHU € LeJbI0 NPOrHO3UPOBAHUS Pa3BUTHUS
NPUPOAHBIX SIBJEHMH, KAaTACTPOd MIH CTHUXMIiHBIX
OencrBuii. B kommepueckoii cdepe aHanormuHas
3aJ]a4a CTOUT MNPH CO3IAHHU HEKOTOPBIX BHIAECOHUTP.
OcHoBOli TakMX MojeJeil sBJAfeTcs MHP WIH
MECTHOCTb, CreHepHMpPOBAHHAsl  CAYYAHHBIM  WJIH
NceBAOCIAyYaiiHBIM 00pa3oMm.

Heanbio padoThI SIBJIsIETCS co3iaHue
MHOTOCJIOHOTO reHepaTopa JaHamagTa, B KOTOPOM
KasKIbIi cJoi o0J1a1aeT cnenupuIeCKUMH
cpoiicTBamMu. 'eHepauusi MPOXOAUT B YeThIpe ITamna:
co3JaHHe CJIOSl, CO3/1aHHe MACKHM, (UJIbTpauus u
«ckieiika» ¢ apyrumu  ciaosmu. Kaxnabii  cioid
npeacTaBisieT €000l KapTy BBICOT, MNOJYy4YeHHYIO
OJHMM M3 TPEX cnoco0oB: ciayyaiiHasi reHepauusi ¢
NMOMOIIbI0 TeHepaTopa IIYMOB, MCHOJIb30BaHHe
nanueix mporpammbl  Shuttle Radar Topography
Mission, uMmopT HekoToporo rpaduyeckoro daiija.
C KaKIbIM  CJI0€M acCOMHPOBAH  CJOii-Macka,
KOTOPbIii OrpaHUYMBAeT BJIMSIHME CJIOS HAa Jpyrue

caou. Kpome Toro, ka:xaplii ciaoii Mo:ker OBbITh
TOABEPIHYT ¢puabTpanuy, Hanpumep, s
criaakupaHusi  peabeda, NOBOpPOTa  CJOSA  Ha

HEKOTOPBIH YroJi, OTPaskeHUs] MO BEPTHKAIU HJIH
ropusonTaan u T.1. Tak kak JJ8 reHepauuu
cJIy4yaiiHOil KapThl BBLICOT TpeldyeTcsi reHepaTop
IIYMOB, ObLIO NPUSITHO pellieHHe c031aTh r'eHepaTop,
KOTOpPBI HMMeeT BO3MOKHOCTH PACHIMPEHHST C
HCIMOJIb30BAHHEM IIJIATHHOB.

Abstract — in array of subject areas such as the
management of crisis services, there is a necessity of
some part of the surrounding world model, its
visualization in order to predict the development of
natural phenomena, disasters or natural disasters. In
the commercial sphere, a similar task is worthwhile

Eugene Malakhov
Dept. of Mathematical Support of Computer Systems
Odessa 1.1. Mechnikov National University
Odessa, Ukraine
eugene.malakhov@onu.edu.ua

when creating some video games. The basis of such
models is the world or locality generated in a random
or pseudo-random manner.

The aim of the work is to create a multi-layered
landscape generator, in which each layer has specific
properties. Generation takes place in four stages:
creating a layer, creating a mask, filtering and
"splicing" with other layers. Each layer is a map of
heights, obtained in one of three ways: random
generation using a noise generator, the use of Shuttle
Radar Topography Mission data, the import of a
certain graphic file. Each layer is associated with a
mask layer, which limits the effect of the layer on the
other layers. In addition, each layer can be filtered, for
example, to smooth out the relief, rotate the layer to
some angle, reflect vertically or horizontally and so on.
Since a noise generator is required to generate a
random heights map, it was decided to create a
generator that can be expanded using plug-ins.

Knrwoueevie cnoea — cenepayua namowagma,

2eHepayusa  uwiyma, 0OecuioeHvle Kapmuvl  GblICOM,
MHO20MEPHDLIL WIYM.
Keywords — landscape generation, noise

generation, seamless height maps, multidimensional
noise.

I. BBEJEHUE

Cormacao wuccnenoBanuto Oxfam [1] 3a 2011 rox,
KoTOopoe 3arpoHyno Ooinee uem 140 crpaH. 3a moytu
TpeTh BEKa 3aukcupoBaH 3aMEeTHBIN poct
kuMarndyeckux karactpod: ¢ 133 B 1980 roay no 350 B
2010. Tocne 1975 roma B pe3yibrate Katactpod wu
CTUXUMHBIX OCACTBHHA MOruono Oojee 2,2 MUUIMOHOB
yenmoBek. J[Be Tpetm cMmepreid  ObLTM  BBI3BAHBI
kKaracTpoaMu,  CBSI3aHHBIMM € KJIHMaToM. B
npensiaynieM ucciepoBanuu Oxfam, npoBeneHHOM B
2009 rony, mpupoaHble OeACTBHS KAXKIBIH TOJ B CPETHEM
3aTparuBajii TIOPsIIKa YETBEPTH MUJUIMAPIA YEJIOBEK.
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TIpuuém, nonasnsmomee OOIBIIMHCTBO KaTacTpod — 98%
OBUTH KITMIMAaTHYECKUMU.

Taxoke coriacHo mccienoBanmio Interactive Software
Federation of Europe[2] 3a 2008 ron, B xoae KOTOPOTO
Obutla coOpaHa CTAaTHCTHKA 5 pPA3IMYHbIX PETHOHOB B
pe3ynbTare omnpoca Jrojael B Bospacte oT 16 o 49 ner,
BBISICHUB, YTO BHUJEOUTPHI HAXOIATCS B YHUCIE CAMBIX
MOMYJISIPHBIX cMOcO00B mpoBeneHus aocyra. Oxono 40
TPOICHTOB OMNPOIICHHBIX 3asBHJIM, YTO UIPAIOT OT 6 JI0O
14 uacoB B Hememo. 72 TPOLEHTa OIMPOIMIEHHBIX
UCTIONB3YIOT BUJEOUIPHl B KauecTBE pas3BiedYeHUsA. 57
HPOILICHTOB ONPOIIEHHBIX OTMEYAIOT, 4YTO IOJA00HBIH
Croco0 pa3BlIeYEHUS] IIOMOTaeT UM CTUMYJIHPOBATh
BOOOpakeHHe, a 45 MPOLEHTOB 3asBHIIM, YTO BHICOMUTPEHI
3aCTaBIIIOT UX AyMAaTh.

JIBe BBIIICTICPCUYHCIICHHBIC IPEAMETHBIC 00IacTH
oObenuHACT 3a/7a4ya reHepanuu JjJaHamagdra, B HEPBOM
ciydae, JUIl TPOBEACHHS CHMYJISIUH B YHHKaJbHBIX
reorpaU4ecKuX YCIOBUSIX, NPH STOM CTOUT 3ajadua
reHepalyuy MakCUMaJIbHO TIPaBAono00Horo Janamadra,
YVUUTBIBasE MHOYKECTBO CBOWCTB peabHOM OKpYKaromien
Cpenbl, TaKUX KakK: TeMIIepaTypa, AaBJICHUs, CKOPOCTh U
HampaBJICHHE BeTpa M T.O. Bo BTOpoM ciydae 3amada
COCTOHUT B TOM, YTO HEOOXOIUMO CO3/aTh MPOTyMaHHBIN
naHamadT, KOTOpBIA OyIeT NOAXOAWTH IIOJ HWIPOBOU
mu3aiiH, W Oyzaer o0Oiagath HEOOXOIUMBIMH IS
BUICOMTPHI  CBOMicTBamu. llempto pabOTHI  sIBISICTCS
CO3[aHMe W peali3aliis METOda TeHepaluu Janamadra,
KOTOPOU MOT ObI YJIOBICTBOPUTH CIICAYIONIUE YCIOBHS:

e Jlanamadt MOMKEH MACIUTHCS HA TaMJbl, JUIs
BO3MOXKHOCTH ~MacIITaOMpOBaHHs JeTalu3alluH
TEHEPUPYEMOI MOBEPXHOCTH, Ka)Ibli TalJl — 3TO
HeOOJIBINOH YIaCTOK CTPOTO 3aJaHHOTO pa3Mepa.

e B kaxagoM Tailine ODKHA — COAEPIKATBCS
nHpopManus, KOTopas MOriaa Obl MEHSTHCS B
3aBUCHMOCTH OT TpeIMeTHOH objactH, ¢
MOMOUIBIO TUIArMHOB.

e Ilpu reHepalmuu JAOKHA OBITH BO3MOXHOCTH
CO3JaHUsI CYHIECTBYIOLIETO JIaHAMAPTa, WIH
TIPUOJIMKEHHOTO K HEMY.

e HeoOxoamMa BO3MOXKHOCTD CO3JJAHUS CIy4YaifHOTO,
OJIHAKO  OJHOTHITHOTO JaHAmadTa, KOTOPBIUA
oTnuyancss Obl B JETaNsX, OJIHAKO TJI00ajbHas
CTPYKTypa, KOTOporo Obuia OBl W3HAYAIBHO
3a/IaHHA.

II. OB30P METOJIOB B CUCTEMAX I'EHEPALIUU
JJAHAITADTA

K cucremam resepamuu naHamadTa MOXXHO OTHECTH
CJIelyIole IPOrpaMMHBIE IPOAYKTHIL:

A. Bryce

Bryce — xak B 3D-pegakropax, OCHOBY cLeHbI B Bryce
COCTaBIISIFOT OOBEKTHI: B OTHOIICHHH OOBEKTOB MOXHO
OpUMEHATh  OyJeBbl  OHepaluy,  YOPaBIATh  HX
OCBEILEHHEM, IIPUCBAUBATh MATEPUAIBI-TEKCTYPbl U T.IL.
OpHako, Hapsly €O CTaHIApTHBIMU HPUMHMTHUBAMH, B
[IaKeTe MMEIOTCS U 0co0ble OOBEKTHI, NMPECTaBIIAIOIINE
co0oif yacTH neif3axa: 001aKa, IIOCKOCTh 3¢MIIH U BOJIHI,
ropbl 1 KamHH [3].
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B. Vue 5 Esprit

Vue 5 Esprit — mis co3gaHust penbeda MOXKHO
ABTOMATHYECKH CTEHEPHPOBATh KAKOH-HHOYIh BapHUaHT
ropHoro Jnanmmadra ¢ ToMomp Moayis Terrain,
KOTOPBIH B CBOIO OYEpe/ib HCIIOIb3yeT TeHepaTop LIyMa,
a MOXHO BOCIIOJB30BAaThCS PENAKTOPOM peibeda |
co3aTh HYXHBIH penbed) BPYYHYIO TIPH  IIOMOIIH

CHELHUaNbHBIX HHCTPYMEHTOB. [lIs 93TOoro cHauana
3ajaeTca  npubiusurenbHas — GopMa  [IOBEPXHOCTU
(kaHBOH, JIOHBI W TJL), a 3aTeM pe3yiabTaT
KOPPEKTHpYeTCs  CIeNMANbHBIMH  cpeacTBaMu. Ilo

OKOHYaHMU paboThl, AN MpuUAaHus penbedy Oonbriei

€CTECTBEHHOCTH, MOYKHO JIONOJIHMTHL €ro KaMEHHBIMH
[IBI0AMH W HAJIOXKHUTh  CIEIHANbHBIE  3(PQEKTHI,
MO3BOJIIIOIINAE  MMHTHPOBATh  Pa3iHdYHBIE  BapHaHTHI

spo3un. Bo3mokHa reHepanys naHgmadTa Ha OCHOBE
0OBIYHOM KapThl BBICOT [4].

C. World Builder

Cosznanue nanamadra HauuHaeTcss ¢ GOPMHUPOBAHUS
penbedpa B oxHax mnpoekuumid. CHavama wu3 Habopa
BEKTOPHBIX  JIMHUHM  CTPOWTCS  Kapkac  Oynyriei
MECTHOCTH, 3aTeM IIOJyYeHHAs BCKTOPHAs CHCTeMa
(dpakranusyeTcs myTeM J00aBlieHHsS B Hee CIydailHBIX
9JIEMEHTOB IO OTPEJCICHHOMY (paKTaJIbHOMY 3aKOHY, a

IOTOM  BBIUUCIIAETCS IIOJIOKEHUE BCEX DIEMEHTOB
naHamadgTa OTHOCUTENBHO YPOBHS MOps, B pe3yibTaTe
gero  (opMupyeTrcss  IPOCTPAHCTBEHHBIH  Kapkac

Mozenupyemoii MecTHocTu. Co3/aHHbIH penbed MOXKHO
CTjIaiuTb, NPUMCEHHUTH K HEMY OpPO3UI0, MNOKPLITH €ro
CHETOM WIJIH JIBJOM U T.N. MOXHO BHEIPUTH B TOTOBBIN
maHqmadT W JOpOTH, UIS Yero HYKXHO MPOCTO
HApUCOBATh COOTBETCTBYIOIIYIO JOPOre KPUBYHO [5].

D. VistaPro

OcHOBO#1 TocTpoeHHUsT penbeda SBISIOTCS UPPOBBIC
kapTel Beicor DEM (Digital Elevation Maps). MoxHo
BOCIIOJIB30BAThCSl CYIIECTBYIONIMMHU KapTaMH BBICOT W3
amepuKaHCKHX 0a3 maHHBIX Geological Survey m NASA u
co3gaTh, HaMpUMep, peajdbHbId meizax bompimoro
KaHboHa WM Dym3usaMbl. MOXHO 00paTUThCS K
BCTPOEGHHOMY Te€HEpaTopy peibeda, KOTOPBIA MPEAT0KHUT
OeckoHevHOe YHCIIO0 BapHaHTOB CITy4YaifHO
c(OpMUPOBAHHBIX KapT BBICOT, & MOKHO OTCKaHHUPOBATh
TomorpauecKyr0  Kaptry 000l  MECTHOCTH U
umnoptuposath ee B popmarax PCX, BMP u TGA — no
Takoil kapte VistaPro camocTosiTenbHO CO3[acT KapTy
BBICOT H copMUpYeT Ha €€ OCHOBE peibed.
[MonyyeHHbIi penbed MOXKHO TOIABEPTHYTh SPO3HUH,
Criaagute W T.A. [lpum  KETaHWM  HECIOKHO
SKCIIOPTUPOBATh MOJYYEHHBIN MeH3aXX B TPEXMEPHYIO
MpOrpaMMy MOJIEIHUPOBAHUS U peHaepuHra [6].

E. Terragen

Bce cocraBmisironue neiizaxa (pensed, Boza, o0naka,
atMocepa, OCBEIICHHWE) TMpPEICTaBICHBI B  BUJIE
OTHAENBHBIX CJI0EB, KOTOPBIE IOCICAOBATEIbHO HAHOCSTCSI
JpYT Ha Ipyra ¥ MOTYT ObITh CKOPPEKTUPOBAHBI Ha BCEX

CTanusAX  ero MOArOTOBKH. Pembed — MecTHOCTH
ompenensieTcss  KapTol  BBICOT, KOTOPYIO  MOKHO
HapUCOBAaTh CaMOCTOATENBHO, CTeHEpHUpOBaTh

ABTOMATHYCCKN  WJIKM  HUMIOPTUPOBATH W3  APYroro
IIPUTIOKCHUA. K TOMY XK€ I KaXXI0ro M3 Ha3BaHHBIX
nmapamMeTpoB HMECTCA OYCHb 0OJIBIIIOE  KOJIMYECTBO



HACTPOEK, U OT KaxJOW U3 HUX 3aBUCUT KOHEUHBIH
pesynbrar [7].

F. GenesislV

GenesislV — B makere pealu30BaHbI MOIACpKKa 0a3
nanubpix  [TUC, BO3MOXHOCTH —(DOTOpEaTHCTHYECKOTO
PEHICPUHTa U IPUMEHEHUE HHCTPYMEHTOB KapTorpadum,

BCJIEJICTBHE 4ero rporpamma B OCHOBHOM
OpUEHTHpPOBaHAa HE Ha XYJIOKHUKOB, a Ha Tex
0JIb30BaTeNEeH, KOTOpBbIE paboratot c
reonH(pOPMATHOHHBIMU cucTeMamy, MTOCKOJIbKY

GenesislV npenocTaBnser UM MPUBBIYHBIC HHCTPYMEHTBI
Juis Busyanusauuu naHamagToB no I'MC-nanseiM. Taxk,
GenesisIV  MOXHO BOCHONB30BAaThCSl Uil OBICTPOTO
CO3JaHusl Nel3axell Ha OCHOBE pEalbHBIX JAHHBIX U3
6a3pl MaHHBIX KapT BBICOT, YTO MO3BOJHT HATTISTHO
HpEJICTaBUTh Ty WM MHYIO HHGOPMALUIO IS KIHEHTOB
KOMNAHUM (OpU 3TOM IHOAKIIOYATh XYAOKHHMKA HE
norpebyercs).

G. Awnanusz memooosé

Tak kak J000H naHAmAPT MOXKHO TNPEACTABUTH B
BU/IE KapThl BBICOT, TO MpU TeHepauuu JaHimadra
TJIABHOW 3a/aueil sBisieTcss UMEHHO e€ co3manme. Ilo
pe3yiabTaTaM aHalM3a METOHOB, KOTOPBIC HCIOIB3YIOT
BBIICTICPCUNUCIICHHBIC CUCTEMbI, MOXXHO CICJIaTh BBIBO,
9TO0 OHH B OCHOBHOM WCIIOJB3YeT TPH BapHaHTa
MOJTyYCHHS KaPThI BBICOT:

1) eenepamop wyma

[Ipeumymecrna:
e  QombImas BapUAaTUBHOCTh TeHEePUPYEMOi
MMOBEPXHOCTH;

e  MacmTabUPyeMOCTh;
e BO3MOXXHOCTh TOHKOIl HACTPOIKH I'eHEpaTOpOB;

®  BO3MOKHOCTh CO3JIaHHSs OCCKOHEYHOI0
nanamadra;
®  CKOPOCTh CO3/aHUSI.
Henocrarku:

®  OTCYTCTBHE CXOJCTBA C PEaJbHBIM JIAHIIAPTOM;
®  CII0OKHOCTB CO3/IaHUsI OECIIOBHOTO JaHAmAadTa.
2)  co30auHas 6pyYHYIO Kapma 6blcom

IIpenmymectna:
e  BO3MOXHOCTb CO3JlaHus 6ecI10BHOTO
nanamadra;
e TOYHAs HACTpPOMKa MapaMeTpOoB M CBOMCTB
KapThl.
Henocratku:
®  CIIO)KHOCTB;
®  CKOpOCTb;
e  HEBO3MOXHOCTb CO3JaHuUs 0ECKOHEYHOTO
nanamadra.
3) umnopmuposanas u3 2e0UHpOpMayUOHHbIX
cucmem
[Ipeumymecraa:
®  CXOJCTBO C peajbHbIM JaHAADTOM;
Henocrarku:
®  HEBO3MOXHOCTb CO3JaHUs 6ecIoBHOTO
nangmadra;
®  HEBO3MOXHOCTb CO3JaHus 0GECKOHEYHOT 0
nangmadra;

e  0OJBIION 00BEM XpaHUMBIX JaHHBIX.

II1I. TEXHOJOTUSI TEHEPALIUI MHOTOCJIOMHOTO
JIAHZILIAGTA

TCXHOJ'IOFI/ISI, IOJIOKCHHAasA B OCHOBY MHOTOCJIOMHOTO
TeHeparTopa J'IaHI[HIa(l)Ta JO0JIKHa NpeaoCTaBUTh
BO3MOXHOCTh KOMINUICKCHOIO MJIHW IIOCJICA0BATCIBHOIO
HCTIOJIB30BAHUSA Pa3IMYHbIX METOHOB I'CHEpALlMU CPEIbl
TaKuM 06pa30M, KOTOpBIﬁ odeceuuT HUBCIIMPOBAHUC
HCIOCTAaTKOB OTACIBbHBIX MCTOOB. Texuomorus
TeHCpanuu COCTOUT U3 ‘-IeTI)IpéX OTalloOB.

A.  Ilepsvui sman. Coszoanue cioes

IlepBBIM 3TamoM SBISICTCS CO3JAHHE CIOCB, IyTEM
resepanuy 0a30BOi MOBEpPXHOCTH. B pamkax IaHHOMN
TEXHOJIOTHH 0a30BBIMH CHOcO0aMu TreHepauuu ObLTH
BBIOpaHBI: TeHEpaNUs ¢ MOMOIIBIO IIYMOB, HMIIOPT KapT
BBICOT M HCIIOJIb30BAHHUC KapTbl BBICOT, IMOJYYCHHBLIX B
pesymsrate  Muccum  Shuttle Radar  Topography
Mission[8].

OpnHako B pa3pabaTblBacMOM MPOJYKTE BCE METO[bI
MOJIKITIOYAIOTCS. ¢ TIOMOIIBIO CHCTEMBI IUIATMHOB, YTO
IaéT BO3MOXHOCTh B 3aBUCHMOCTH OT NpPEAMETHOH
00JlacTH, HCMOJB30BaTh Ul TI'CHEPALH ITOBEPXHOCTH
JMO0bIe  CYNIECTBYIOIIME  METOAbl U AITOPUTMBL.
Hanpumep, Takue kak Diamond-Square, TpeioKeHHbINH
komnanueit Mojang AB.

B.  Bmopoii sman. Co30anue macku cios

Ha BTOpoM »sTame co3maercss macka JUisl KaKIOTro
ciosi. Macka cjos — JABYXMEpHas MarTpula, KOoTopas
COCTOUT W3 BEIIECTBEHHBIX uncen B auamazone [0,1]. B
JAIBHEHIIEM Macka CIIosi TpHMEHSTCS K 0a30BoOi
MIOBEPXHOCTH, TEM CKpbIBasi HEHYXHbBIE  YYacCTKH
TeHEePUPYEeMOii paHee MOBEPXHOCTH. TakuM crmocoOoM Mbl
MOXXEM CreHepUpOBaTh CiydyalHbld JaHamadr, c
Heclay4yallHOW MecTHOCThIo. Ilo ymomgaHuio macka ciost
JIOJDKHA OBITH “‘Oeoit”, U HUKAaKUM O0pa3oM HE BIHUSATh
Ha cioil. MacKy c0sf MOKHO CO3/1aTh B PYYHOM pEXKHME,
3aKpamimBas 00JaCTH CleUUaIbHOW KHUCTBIO, MOATPY3UTh
TOTOBYIO MacKy, I CT€HEPHPOBATb.

C. Tpemuii sman. IIpumenenue gunbmpos

Ha Tperbem odTame Kk CJIOI0 MOXHO NPUMEHHUTH
pasnuuHble (QUIBTPBI, KOTOPHIE TaK K€ JOJKHBI MMETb
BO3MOXKHOCTb ~PACIIUPEHUs C IOMOLIbIO IIJIarMHOB.
Ounbtp — m00as omepanust HaJ CIOEM, K IpUMEpY,
[IEPEBOPOT HA N IPajlyCoB, WM K€ OTPa)XEHUE 0 OCH.
Tak e JOIKHBI OBITh MPETyCMOTPEHBI (DWIBTPHI, IS
BBIJICJICHNUS, U CTIIAKUBAHUS YacTOT.

D. Yemeepmuiii sman. Cknetika cnoes u
nocmooodopabomka

Ha mocnennem »stame BBINOJHSETCS CKJIEHBAaHHUE
cioeB. Imess Habop OuHApHBIX, apUPMETHUECKUX
omepanu 2, TaKXKe JOMOJHUTENbHBIC  OIEPAIH,
KOTOpBIC TOCTABJISIOTCS B BHJAC IUIATMHOB, MBI MOXEM
HCIOJAB30BaTh HMX KOMOMHAIMIO MJIS TOro, YTOOBI
MOJYYUTh PE3yIbTUPYIOUIYI0 MOBEPXHOCTh. Ormeparuu
ONMHUCBHIBAIOTCS C  TMOMOIIBID  (QYHKIHMH OT JBYX
apryMEHTOB.

[Tocne ckiieliku cioeB, B KaXJI0M Tailyie nanamadTa,
TeHEepUpyeTcsi HeoOXOAMMBbIE CBOMCTBAa. ba3oBbIMH
CBOWMCTBaMH SIBJSICTCS TEMIIEPATypa, BIAXKHOCTb, OMOM.
Bce cBoiictBa sBisitoTcst HacTpauBaeMbiMH. Kapta
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TEMIIEpaTyp SBIACTCSA MPOU3BEICHHEM TI'PAJUCHTHOTO U
(pakTampHOTO IIyMa, YTO TPHIACT peannsMma, pa3OucHue
Ha IOUPOTHL. AHAQJIOTHMYHBIM 00pa3oM OTHOCHTEIHHO
BBICOTHI Tailia KOppeKkThpyercs Temmneparypa. Kapta
BJIQKHOCTH TPEACTABISICT COOOW (PpakTaIbHBIA IIyM,
CKOPPEKTHPOBaHHBIN, OTHOCUTEIILHO BHICOTHI Taina. brom
OTpeJIesIeTCsl  COTJIacHO — Kiaccu(UKanuu — YHTTeKepa
(puc.3.1) Ha OCHOBE CpelnHel TOJOBOW BIAXKHOCTH H
cpenHel rofoBoi Temmeparypbl.  [lomMumo 6a30BbIX
CBOHCTB  Tailma, MOXXHO  3amaThb  INOCTOOPabOTKY
noixydyeHHoro nanmmadra. Hampumep, mms pemieHus
3aJa4ll TPOTHO3MPOBaHMS CTUXUIHBIX OCINCTBUII BBEICH
MOJyNb, KOTOPBIA  MO3BONSACT TE€HEPUPOBATH  HA
MOJyYCHHOM JlaHamadTe HEKOTOpyr HH(DpacTpykTypy,
TaKyl KaK HACeJCHHbIC MyHKTHI M jJoporu. HacerneHHbie
MYHKTBI, MpPEACTaBICHbl B TpeX BapualMsiX: TOpoL,
TIOCEJIOK TOPOACKOTO THIIA, CEJI0, OTIMYHS 3aKII0YAIOTCs B
HAJIMYWE pa3IMYHBIX CPEICTB, M WX O00bema, st
JUKBUIALNYU [TOCICACTBUN CTUXUIHBIX OeacTBuid. Jloporu
MPE/ICTABIICHBI IBYX TUIIOB: MEXAYTOPOIHSS MarucTpab,
u oObyHas Jnopora. CBoiicTBa Taljga M BapUAHTHI
mocToOpabOTKM  MOXKHO  JIONMOJHHUTH C  [OMOIIBIO
TUIarUHOB.

400 4

300 4

Annual precipitation (cm)

Average annual temperature ("C)

Puc.1. Knaccudukauus Yurrekepa

E.  Kmiouegvle MoOyau u 0cobeHHoCmu MHO2OCIOUHO20

2eHepamopa 1anHowagpma

1) eenepamop wyma

OnHMM U3 KIIOYEBBIX MOAYJIEH SBIAETCS T'€HEPaTop
IIYMOB, KOTOPBIA co3maeT 0a30BYI0 MOBEPXHOCTb IS
ciost. ['eHepaTop moJnKeH B cebsi BKIIIOYATh BO3MOKHOCTh
UCIIONIb30BaHKE JIIOOOT0, M3 CIIEAYIONIET0 BHIOB IIYMOB:
Value Noise; Perlin Noise; Simplex Noise; Cubic Noise;
Cellular Noise; White Noise.

Kaxxnp1if u3 myMoB MopoxkaaeT OTIMYHYIO OT JIPYroro
oIyMa TeKCTypY, KOTOPYI0 MOXKHO HCIIOJb30BaTh IS
reHepalyy pa3udHbIX TUIIOB MecTHOCTH. K npumepy, nis
MOJTy4eHHUs JTaHAmadTa B BUJE TUITUIHOTO OKEAHUYECKOTO
OCTpOBa MOXHO HCIONB30BaTh Iuym IlepnuHa
HAJIO)KEHHOW Ha HEro MacKoi B BHAE pPagUaILHOTO
TpaJMeHTa, pasMelIeHHOT0 B IIEHTPaTbHON o00JacTH
KapTel. [ wMuTanuu OeperoBoi JIMHHM C Jpo3ueit
MOXXHO HCIIONb30BaTh O€MbIil IIyM, a s WUMHTAluu
CIJIa)KEHHOT'0 OKEaHW4eCKOT'O JTHA — COTOBBIH LIyM.

2) becuiosHble KApMbl 8bICOM

Jns co3maHus KapT Ha TaKUX MOBEPXHOCTSAX Kak TOD,
cdepa, nmnuHAp, TpeOyeTcs: OSCUIOBHBIN BapUaHT IIyma.
Jl1st BBIMONMHEHMS [AHHOW 3aJadd, NPUHATO pelIeHHe
HCIIOJIb30BaTh MHOTOMEPHBIA IIyM, CIIPOSIUPOBAHHBIA B
MPOCTPAHCTBO C MEHBUIEN pa3MepHOCThIO. s maHHON
nenu  ucmons3dyercs JeHta Mebuyca (1), koropas
MO3BOJISIET AOOUTHCS OECIIOBHOCTH IO OJHOW M3 Ocedl u
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BocbMepka KiuieliHa (2), ¢ MOMOIIBIO KOTOPOW MOKHO
JOOUTBCS OECIIOBHOCTH IO ABYM OCSIM.

( ]_ (1+ [ ‘!L)
Ty, v 2 Ccos 2 cosu,

v uy
ylu,v) = (l + T 5} sin u, (1)
z(u,v) Y sin~

'y - 2 2!

T X, ¥, Z — KOOPJIUHATHI JUIsl MHOTOMEPHOIO 1Iyma; v —
3a/1aeT pacCcTOSHUE OT Kpas JIeHTHI;, ¥ — OTKJIOHEHHE OT
LEHTPAIbHOM JIMHUY JICHTHI.

u u
x(ru,v) = (r + u:u:us;sim: - sin;sinEv] cosu

u = = u = =
yiru,v) = (r +cososiny —sinzsin 21:) sinu  (2)

u u

z(r wv) = sin; sinwr + u:u:us;sin 2w
IZe X, ¥, Z — KOOPAUHATH! JJI1 MHOTOMEPHOIO HIyMa; 7 —
KOHCTaHTa, BBIOpaHHBIN paguyc Kpyra;, v — o0o3HadaeT
MIOJIO’KEHHE OKOJIO 8-00pa3HOrO CEUEeHUS; U — 3a0aéT yrom
Ha m1ockocTu XY.

DTO TMO3BOJIAET aJPEecoBaThCs K KAKOW-THOO TOUKe
OeCLIOBHOM IMOBEPXHOCTH ISl T€HEpalu IIyMa IyTEM
3a/laHusl  ABYXMEPHBIX KOOpAMHAT # W V B BHIE
HapaMeTpoB.

IV. BoiBOJ
Ha  ocHOBe  mpeIOKEHHBIX  METONOB  Oblia
CIPOEKTHPOBaHA cucTema, KOTOpast TI03BOJISIET

TeHEpUpPOBaTh JaHAMA(T, WCIONB3Ys CYNIECTBYIOIINE
METO/BI, KOTOpPBIE BO3MOXHO IOJKIIOYATh C IIOMOIIBIO
IUIArMHOB, a TaK)Ke HAKJIaIblBaTh Ha HHUX pPa3JIMYHbIC
¢unbetpel U Macku. Co3IaHHBIH B paMKax MPOCKTa
MIPOTPaMMHBIA TPOIYKT MOXKET OBITh HMCIONB30BaH IS
CHUMYJISIIIAY IPUPOTHBIX SBJICHUH, KaTacTpod, CTUXHUIHHBIX
OencTBuii B cuUCTeMax  YOpPaBIEHHS  KPU3UCHBIMHU
ciyx0amu (MYC, MenunuHbl katacTpod U Imp.), a TaKKe
JUIA CO3JaHHs PEATMCTUYHOrO JaHAmAadTa MECTHOCTH B
BHACOMTpaxX WIHM KuHeMmaTtorpade. TeXHONOTHs IJIarHHOB
obecrieynBaeT JajbHEilllee pa3BUTUE M PaCIIMPEHUE
(yHKIMOHAZa CHUCTEMBI HE TOJNBKO CO  CTOPOHBI
pa3paboTIMKOB, HO ¥ OOBIYHBIMH IIOJTB30BATEISIMH,
KOTOpPbIE 03HAKOMUJIMCh CO crenuprKanueit Momyei.
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Annomayua—PaccMoTpeHbI BOIIPOCHI KOHTPOJIA
11eJI0CTHOCTH FPGA-6a3upoBaHHBIX KOMIIOHEHTOB
KOMNBLIOTEpPHBIX cucteM. OTMeuYeHO, 4YTO OAHUM M3

Hau0oJiee ONACHBIX BHIOB HapyumieHus uejgoctnoctn FPGA
NPOEKTOB SBJSIETCS BHeJAPEeHHe B MNPOEKT BPeIOHOCHBIX
annmapaTtHpIX 3akJagok. OTMedeHO, YTO 3aKJIAAKH MOTYT
ObITh HMMILUIAHTHPOBAHBI B CHCTeMY B MOMEHTHI ee
IVIAHOBOM MOAM(HMKAIUM, T.e. TOrAa, KOIjAa He JAeiicTByeT
KOHTPOJIb IeJIOCTHOCTH, OCHOBAHHbIH HA IPUMEHEHUH XdUI-
cym. Ilepen 3amyckoM KOHTPOJISI 1eJIOCTHOCTH Heo0XoaMMa
YBEPEeHHOCTh B TOM, YTO 3aKJiaJKa He ObLIa BHeJApeHAa B
CHCTEeMY BO BpeMsl OYepelHON ILIAaHOBOH MoaupuUKauuu.
PaccmoTpen MeTon, TNpeaHAa3HAYeHHbIH /ISl BbISIBJEHHS
BO3MOKHBIX  oOj1acTeil  JIOKAIM3allMM  BPEIOHOCHBIX
3aKJIa0K B NPOCTPAHCTBE FPGA-06a3upoBaHHBIX
KOMIIOHEHTOB CHCTeM KPUTHYeCKOro nmpuMeHenusi. Metosn
BBINOJIHSIET NpPeABAPUTE]bLHYI0 00padoTKy IpoekTa ¢
1e/1bI0 BbIIBJICHUS MOAMHOKecTBa 0/10k0B LUT, B KOTOPBIX
BO3MO’KHO JIOKAJTH30BAHbI CXeMbl 3aKJAA0K. YKa3aHHBIN
MeTOJ OCHOBAH HAa aHaJM3e AKTHBHOCTH JJIeMEHTAPHBIX
BBIYMCIANTETbHBIX 0,10k0B FPGA-0a3upoBaHHOl cHCTEMBI —
omokoB LUT (Look Up Table). Mertox npeanoJiaraer
nob0aBjieHHe B MPOEKT  JOMOJHHUTEJIbHOW  CXeMbI
perucrpanuu akTuBHOCTH 0;10k0B LUT. BbhInosnen anaans
BO3MOKHBIX CMOCOO0OB TMOCTPOEHHMSI YKAa3aHHOW CXeMBbl.
OuneHeHbl JO0CTOMHCTBA, HEJOCTATKH W OrpaHUYeHUs
BAPHAHTOB peanu3aluu cxembl. BbInojiHeHO cpaBHeHHe
NpeAIOKEeHHbIX CXeM M OlleHKa 11e1eco00pa3sHOCTH HX
HCIO0JIb30BAHHUS.

Abstract— The problems of the FPGA-based components
integrity monitoring in  safety-critical systems are
considered. One of the most dangerous types of FPGA-based
system integrity violation is the Hardware Trojans
implantation. And a method necessary to detect the
probable areas of hardware Trojans location in the space of
FPGA-based components of computer systems is described.

Oleksandr Drozd
Department of Computer Intelligent Systems and Networks
Odessa National Polytechnic University
Odessa, Ukraine
drozd@ukr.net

The method performs the preliminary project processing on
the level of elementary computational units of FPGA-based
system — LUT units (Look Up Table). The goal of the
method is to detect the LUT unit subsets in which the
Trojans’ circuits are probably located. The presented
method is based on the analysis of LUT unit activeness, i.e.
the registration of value changes at these units outputs. The
method offers to enter an extra circuit of LUT unit
activeness registration in a project. The analysis of the
possible ways of entering the mentioned circuits has been
performed, and the advantages, disadvantages and
restrictions of different circuit variants estimated.

Keywords—FPGA, LUT, komnviomepnvie cucmemot
KPUMUYECKO20 NPUMEHEHUA, KOHMPOb UeT10CIMHOCIU

Keywords—LUT-oriented architecture, FPGA, Safety-

Critical Systems, Integrity Monitoring

I. BBEJEHUE

Muxkpocxemsr  FPGA
IIPUMEHEHHE B  KadecTBe
HOCTPOCHUSI KOMIBIOTEPHBIX CHCTEM, YHPABISIOMINX
TEXHHYECKAMH  OOBEKTAMH  MOBBINICHHOTO  PHCKA.
KommbroTepHBIE CHCTEMBI TAKOTO POAA MPHHATO HA3BIBATh
cucTeMaMu KpuTudeckoro npumenenus [1]. Beibop FPGA
JUISL TOCTPOGHHS CHCTEM KPHTHYECKOTO IIPUMEHEHHs
00YCIIOBJIEH, BO-TIEPBBIX, BO3MOXXHOCTBIO H3MEHEHHS
(GYHKLIHMH CHCTEMBI ITyTEM e¢ MepenporpaMMUPOBAHUs, a
BO-BTOPBIX, Gomnee BBICOKHMH MOKa3aTeIIMH
[IPOM3BOAUTENBEHOCTH, Ye€M Yy MHKpPOIPOIIECCOPOB U
MHUKpPOKOHTposuiepoB  [2].  IlepBelii M3  yKa3aHHBIX
(aKTOpPOB  TO3BOJSIET  BBINONHATE  (DYHKIMOHANEHYIO
ONTHMHU3ALMIO CHCTEMBl 0e3 HEoOXOIUMOCTH  ee
JIOJITOBPEMEHHOTO BBIBOJIA U3 pab0O4ero COCTOSHHA. JTO
yIpouiaer Impouecchl: OOHOBICHUS (PYHKIMHA CHCTEMBI;

HaxoOAT  3HAYMUTEIbHOE
JJIEMEHTHON  0asbl  JUIs
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YCTpaHCHUA BBIABJIICHHBIX B IIPOLECCE OKCIUTyaTallun

CHCTeMBI  Je(DeKTOB;  BBIIONHEHHS  ONTHUMH3AINH
OT/ENBHBIX (DYHKIUI CHCTEMBI.
OpHuUM U3 BaXHBIX  IEPBUYHBIX  aTpHOYyTOB

TapaHTOCIIOCOOHOCTH I CHCTEM  KPHTHYECKOTO
NPUMEHEHUsl  ABIAETCA  YeloCmHOCMb —  CBOICTBO
HCKITFOYaTh HENPETyCMOTPEHHBIE W3MEHEHHs CHCTEMBI U
MpenoCcTaBlsieMbIX e  cepBucoB [3]. 3menenus
¢yHKIMOHUpOBaHUsS MukpocxeM tuna FPGA Bo3MOXXHO
TOJNBKO ITyTeM MOAMGHKAINE MX IPOrpaMMHOTO KOJa, U3
Yero cliefyeT ONpefesieHHe MPOrpaMMHOTO KOAa, Kak
OCHOBHOro Hocurens 1enoctHocTd FPGA-6a3upoBaHHBIX
yerpoiictB. Takum 00pa3oM, KOHTPOIb LEJIOCTHOCTH
nporpamMMHoro kojga FPGA-6a3npoBaHHBIX KOMIIOHEHTOB
HaxoAuTcs B Habope Haubonee  CyILIECTBEHHBIX
COCTAaBJIAIOLINX o0ecTeueHus rapaHTOCOCOOHOCTH
CHCTEM, TOCTPOSHHBIX U3 TAKUX KOMIIOHEHTOB.

II. OB30P YBJIUKALMIA 1 LIEJIb PABOTBI

i1 cucteM KpUTHUYECKOTO INPUMEHEHHS OJHHUM H3
HauboJiee OMacHBIX BHUJOB HAPYIIEHMS IEJIOCTHOCTU [4]
ABJSIETCA CKpBITas 3JI0HAMEpPEHHas MMIUIAHTalus B
cuctemy anmaparHeix 3aknanok (Hardware Trojans) [5].
Jnst FPGA-6a3upoBaHHBIX CHUCTEM 3aKJIaJIKA
MIPEACTABISIIOT COOOM CKPBITHO BHEAPEHHBIE B CUCTEMY
(parMeHTsl BPEIOHOCHOTO MPOTPAMMHOTO Koaa. OTH
¢parmeHTsl coszgaioT B mpoctpanctBe FPGA cxemy,
KoTOopass ~ obOecrnedWBaeT  BPENOHOCHYIO  (DYHKITHIO
3aKMaZkM.  YKa3aHHas  cXeMa  MOXET  CO3/aBaTh
UCKYCCTBCHHBIC HCHUCIIPABHOCTU B pa60Te CHUCTEMBI HJIU
OCYIIECTBIIATh YTEUKY KOH(PHUACHIIMAIFHOW HH(OPMALHH,
o0OpabaTbiBaeMoOii CCTEMOH [6].

Buenpenne 3axnaaku B FPGA-6a3upoBaHHYIO
CHCTEMy  MOXXET  TPOUCXOAUTh KAk Ha  IJTarme
JKCIUTyaTallid  CHCTEMbI, TaK W Ha JTame ce

npoeKkTHpoBaHus. Ha oJTame sKkcmlyaTtanuu 3akiaika
UMIUTAaHTUPYETCSI B IPOTPaMMHBIA KOJ MHUKPOCXEMBI
FPGA. Ha »srame  NpoeKTHpOBAaHUS  3aKiIajKa
MpeACTaBIsieT CO0OW WMIUIAHTUPOBAHHBIA B MPOEKT
(parmeHT BbICOKOYpOBHEeBOro onucanusi (HDL w/umu
CXEMOTEXHUUYECKOTO OIUCAHMA), KOTOPOE, B KOHEYHOM
UTOTE, TPAHCIUPYETCS B IPOTPAMMHBIN KOJI.

Ienoctrocts npoekTa FPGA-6a3upoBaHHON CHCTEMBI
0OBIYHO 0OecreunBaeTCst IMyTeM HOIYyYESHHUs XOII-CYM JUIs
OTACIBbHBIX (aAlJIOB TPOEKTa WM JUIT BCETO TMPOCKTa
nenmukoM [7]. Ilpu 3ToM X3uI-CymMMBbI (TIpH  TIOMOIIIH,
KOTOPBIX  BBIMOJHAETCS  MOHHUTOPHHI  LIEJIOCTHOCTH)
MPUKPEIUISIOTCS K COOTBETCTBYIOIIMM (haillaM mpoekTa
WIN TOMEIAIOTCS B CTPYKTYpy mnpoekra. Ha ostame
9KCIUTyaTallui [EeIOCTHOCTh mporpaMMHoOro koga FPGA-
0a3MpOBaHHOW CHUCTEMBI MOXKET O0ecrednBaThCs JIMOO
OTACIBHBIM  (all;loM  XJII-CyMbI,  JHOO  MyTeM
BCTPaMBaHMS XdOIIa HEMNOCPEICTBEHHO B MPOTrPAMMHBIN

Kog B Buxe 1MGPOBOro BOASHOrO 3HaKa [8].
VMmmaHTanus — BpPEJOHOCHOW — 3aKNAaKd B HPOEKT
(cucremy) HaXOJSIIHANCS o1 MOHUTOPHHTOM

LEJIOCTHOCTH, HapyIIaeT LEeJOCTHOCTh U, CIIEIOBATENIBHO,
MIPUBOJHT K OOHAapyXeHHI0 (pakta uMIuiantanmu. OHaKo
B MpOLECCe MPOCKTHPOBAHUS ONHCAHHE CHCTEMBI
MoauduimpyrTes. B nporecce skCIuTyaTaliud BO3MOXKHO
MepenporpaMMHUPOBaHUE CHCTEMBI. Takue JieraibHbIe
(pa3pelicHHbIC)  U3MEHEHHS  TpeOYIOT  OCTaHOBKH
MOHHTOPHHTA  LEJIOCTHOCTH, BHECCHHS H3MCHCHHUH,
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repecyera X31I-CyM U HOBTOPHOTO 3aITyCKa MOHUTOPHHTA.
VIMeHHO B MOMEHTHI BpPEMEHH, KOTJa M3-3a BBIIOJHEHUS
pa3pelIeHHbIX ~ U3MEHEHHH  CHCTEMbl  MOHHUTOPUHT
IIETIOCTHOCTH HE OCYIIECTBISIETCS, BO3MOXKHO BHEIPEHUE
3aKJIaJKK B cUcTeMy. TakuM o0pa3oMm, mepes TOBTOPHBIM
3aIyCKOM MOHHUTOpPWHra JOJDKHO OBITH JIOKa3aHO, YTO B
MepUOJI IPUOCTAHOBKYA MOHUTOPUHTA, B CHCTEMY He ObUIH
BHECEHBI HENpeLyCMOTPEHHbIE M3MEHEHUs (HampuMep, B
BUJIE BPEIOHOCHBIX 3aKJIaJ0K).

IIpomecc  BBISIBICHWS  BPENOHOCHBIX  3aKJIAIOK
OCJIOXKHEH TEM, YTO 3aKJIaIKH OOBIUHO: a) 3aMaCKUPOBAHbI
MO/ ammapaTHBIC PeCcypchl, 0OSCIICYNBAIONINE OCHOBHYIO
(GYHKIMIO CHCTEMBI; 0) CO3AI0TCS TAKUM 00pa3oM, YTOOBI
YCIIOKHUTh MX OOHApYKCHHE B MPOLECCE TECTHPOBAHHS
CHCTEMBI, B) HE TMpOSBILIIOT cedsi B  mporecce
9KCIUTyaTallid CHUCTEMBI JIO MOMEHTa HACTYIUICHHS
COOBITHS AKTHBALIUH 3aKIIA KM,

B pa6ore [9] npeanoxeH MeToN MNpeaBapUTEIbHOM
obpabotku npoekra FPGA-6a3upoBaHHOW CHCTEMBI C
LEeNbI0 BBISABICHHUS BEPOSTHBIX OO0JIACTeH pa3MelIeHHs
BPEJOHOCHBIX 3aKJIaJOK B CHUCTEMaX KPUTHYECKOTO
pUMEHEHUs. MeToJl MHO3BOJSEeT YMEHBIIUTH 00JacThb
IIOUCKA 3aKJIAJKU B IPOCTpaHCTBe Mukpocxemsl FPGA.
VKazaHHBIII METOJ OCHOBaH Ha aHAJIM3€ AaKTMBHOCTHU
JIEMEHTAPHBIX  BBIYUCIUTENBHBIX  O10k0oB  FPGA-
6azupoBanHO# cuctembl — 010k0B LUT (Look Up Table)
[10]. OcHoBHBbIE NOJIOXKEHUS METO1a OA3UPYIOTCS HA TOM,
YTO CUCTEMbI KPUTUUECKOTO NPUMEHEHUSI IPOEKTUPYIOTCS
Ut DYHKIIMOHUPOBAHHS B IBYX PEKHMaX: HOPMAJIBHOM U
aBapUITHOM. IIppy  STOM  KOMIOHEHTBI  CHCTEM
(GYHKIMOHUPYIOT B KaXKIOM M3 5THX PEKUMOB Ha pa3HbIX
MHOKECTBaX BXOIHBIX CIIOB [1]. MeTox opHeHTHpOBaH Ha
HanOoJiee BEPOSATHBIM CIICHAPUI aTaku Ha CHCTEMY, TpU
KOTOPOM 3aKjaJKa MposiBiseT ce0sl TOJIbKO B aBapUlHOM

pexume. B 3TUX YCIOBUSAX HaJM4YUE€ CTaTUCTHKU
AKTUBHOCTH  BBIYMCIMTENBHBIX OsokoB LUT  nmaer
BO3MOXKHOCTh ~ AHAJIM3WPOBATh HM3MEHEHHE JUHAMUKHU

y4acTHsi 3THX OJIOKOB B BBIYHCIHMTEIBHOM TMpoOIlecce, B
KQXJIOM W3 PEKHUMOB pabOThl CUCTEMBI Ha XapaKTEPHBIX
HabOpax BXOAHBIX CJIOB. MeTo] penonaraeT 100aBieHne
B TIPOCKT  JIOTIONHUTEIBHOH  CXEMBI  PETUCTpAliU
aktuBHOCTH O10K0B LUT.

Lene nmaHHOW PabOTBI COCTOHMT B: @) HCCIIENOBaHHU
BO3MOXKHBIX croco6oB HOCTPOCHHUS CXEMBI,
00€eCTIeYnBAOIICH BBITIOJHEHHE YKa3aHHOTO MeTona; O)
(OpPMHUPOBAaHNY PEKOMEHAAIMN K BBIOOPY CpEIHM 3TUX
croco0OB B 3aBUCHMOCTH OT TPEOOBAaHUM K YCJIOBUSAM
NPUMEHEHHUS METO/Ia.

III. OCHOBHAS YACTb PABOTHI

Metoa, npeasiokeHHBIH B pabore [9] ocHOBaH Ha
BCTpaMBaHHM B TIPOCTPAHCTBO IIEJIEBOM MHUKPOCXEMBI
FPGA cxembl, KOTOpasi peruCTpUPYyET aKTUBHOCThH OJIOKOB
LUT B mpoumecce  ¢ynkiuonupoBanus FPGA-
OasupoBaHHON cucTteMbl. WHDopMamus 0 aKTHBHOCTH
omokoB LUT  moxer OBITh H3BIEYEHA M3 CXEMBI
pEerucTpalvy ¥ HUCIOJIB30BaHa METOJAMHU HOCIEIYIOIIEro
aHanM3a JUIS TPHHATHA PEIHICHUS O HaIWYud WK
OTCYTCTBHUHM BPENOHOCHBIX 3aKJIAJIOK, a TaKke Ui
TOYHOTO BBIABIECHHA oOOJacTel KX pa3MELIeHus B
npocTpaHcTBe MUKpocxeMbl FPGA.

Cxema perucrpauu axTuBHOCTH OyokoB LUT
COCTOHUT U3 OJUHAKOBBIX ()ParMEeHTOB, MOJKITIOYAEMBIX K



BbIXoAaM aHanmu3upyeMslx OsokoB LUT (puc.1). Kaxxaprii
n3 (parMEeHTOB COCTOUT M3 IBYX ITOJCXEM:

® no0cxemvl OOHAPYdICEHUS AKMUBHOCMU — ONOKA
LUT, xotopasi BbIIa€T Ha CBOM BBIXOJ| €AMHUYHBIN
CUTHAJI TOJIBKO B TOM CJIy4ae, €CJIi MMEET MECTO
W3MEHEHHE 3HAYCHHs Ha BBIXOJIE aHAJIM3UPYEMOTO
noacxemoit 6imoka LUT;

® noocxemvl  uKkcayuu  aKMuUHOCMU, KOTOpas
(GUKCcHpyeT BO BHYTPEHHEH MaMsITH (HaKT HATHIHS
WM OTCYTCTBUS M3MCHCHHI BBIXOJHOTO CHTHAJA
6noka LUT. Drtor ¢akr Qukcupyercs B BUAE
OJTHOPA3PSHOTO 3HAYCHUS: HYJIEBOC 3HAYCHUE
COOTBETCTBYET OTCYTCTBHIO U3MEHECHHI
BeIXOAHOrO curHaiga Onoxka LUT, emunuuboe —
CBUJICTENECTBYET O TOM, YTO TAaKOe W3MCHCHUE
HMEJIO MECTO.

TToacxema TToncxema
LUT; » OOHApYKEHUSA »  (Quxcanuu
aKTUBHOCTH aKTUBHOCTHU
TToncxema TToncxema
LUT, » OOHapy>KEHUS »  (ukcanuun
aKTUBHOCTHU aKTUBHOCTHU
Tloncxema Ilogcxema
LUT, » OOHApYKEHUS »  (ukcanumn
aKTUBHOCTH aKTUBHOCTH
CLK; R
CLK, R
Load/Shift ,
—>
Result

Puc. 1. OGoOueHHast CTPyKTypa CXeMbI PErHCTpaliid aKTHBHOCTH OJIOKOB
LUT

DJeMeHTHl BHYTPEHHEH MaMATH TOJACXeM (HUKCAIU
00pa3yloT CIBUTOBBIN PErucTp, U3 KOTOPOTO CUUTHIBACTCS
JIBOMYHBIA BEKTOpP 3aperHCTPUPOBAHHBIX AKTUBHOCTEH
6soxoB LUT. Kaxnpiii pa3psig 3TOro BEKTOpa 3aKperuieH
3a  KOHKpeTHbIM Omokom LUT, wuyrto mo3Bomser
JIOKaJIN30BaTh aKTHBHBIE U TACCUBHBIE OJIOKH MPOEKTA.

B nanHoii paGote mpenyaracTcs JgBa  0a30BBIX
BapUaHTa peaju3allid PAacCMOTPEHHOI CXeMBl B cpefe
FPGA. IloxcxeMsl OOHapyKeHHsS aKTUBHOCTH B 00OMX
BapHaHTaX COBHAJAlOT. OTH MOJCXEMBI COCTOST U3
CUHXpOHHOTO D-Tpurrepa u a1eMeHTa CyMMHUPOBAHUS 110
Monymo 1Ba. Ha BbIXOJE 3JI€MEHTa CyMMMpPOBAHUS IO
MOJYITIO 1Ba (popMHpPYeETCs IOrnIecKas eAMHHIA TOJTBKO B
cilydae M3MEHEHHS 3Ha4eHUs Ha Bbixoe Onoka LUT.

Ba3zoBele BapHMaHTEI CXeM OTIHYAIOTCS CIOCOOOM
MOCTPOCHUsT CXeM (ukcaiuu akTuBHOCTH. Ha puc. 2
MpeCTaBJICH 0a30BbIl BAPUAHT CXEMbI, 00ECIICUNBAIOIIN I
¢ukcanuro aktuBHOCTH O10ka LUT mocpencTBoM Bxona
YCTaHOBKH CHHXPOHHOTO D-Tpurrepa (mangee — mepBblid
BapuaHT). B ciydae, ecim uMeeT MecTO H3MEHEHHE
BXOJIHOTO 3HAUYCHHS, Ha BBIXOJIE JICMCHTAa CYMMHPOBAHHS

10 MOJIYJIIO JIBa BOSHUKAET SIMHIMIHOE 3HAYCHHE, KOTOPOE
mepenaeTcss Ha BXOJA YCTAaHOBKH TpUITEpa IIOJCXEMBI
(ukcanuu. B pesynprare Tpurrep mojacxembl (UKCALUH
MEPEXOUT B COCTOSIHME JIOrMuYeckod enuHuibl. Ilocne
9TOTO COCTOSIHHE JAHHOTO TPHUITEPA yXKE HE 3aBUCHUT OT
M3MCHCHUH 3HAYCHHS Ha BBIXOJIC AJIEMEHTa CYMMHPOBAHHS
10 MOJYJTIO JTBA.

D Q ' ShiftReg
e =
LUT,
D
! m) >J b o
R
o« L é
LUT,
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Puc. 2. Bapuant cxembl ¢ oOecrieueHueM (HUKCALMUM AKTUBHOCTH
[OCPEICTBOM BXOJ[a YCTAaHOBKYU TPUITepa (IIepPBBIil BADHAHT)

Ha puc. 3 mpencraBieH BTOpoil 0a30Bblii BapHaHT
CXeMbl, 00ecreynBaONINiA (PUKCALIUI0 AKTUBHOCTH OJIOKa
LUT mnocpeacTtBoM WHGOPMAIMOHHOTO BXOAA TPHUITEpPa
noacxembl  (ukcanuu. Ha wHOpManuoHHOM BXoje
YKa3aHHOTO Tpurrepa pasmemaercs osmemeHt WJINU,
OXBa4CHHBIN 00paTHOM CBA3BIO C BBbIXOJA TpHUrrepa. Takoe
MOJKIIIOYEHNE  HEOOXOMUMO  JUII  HEBO3MOXKHOCTH
IIEPEBECTH TPUITEP B COCTOSIHUE JIOTUYECKOTO HYJIS MOCie
€ro Iepexofa B COCTOSIHUE JIOTHYECKOH eIUHULEL,
koTopoe (ukcupyet paxT aktuBHOCTH Osoka LUT.

AHanu3 pacCMOTPEHHBIX 0a30BBIX CXEM COCTOSUI B HX
CHHTE3€ U BPEMEHHOM MOJIEIHPOBAHUH C MOCIEAYIOLIHM
CpaBHEHHEM W OLEHKOW 3aTpaT 00OpYyIOBaHHUS, a TaKkKe
PE3yNBTaTOB MOCTCUHTE3HOTO MoJenupoBanus. CuHTe3 U
MOJIETUPOBaHNE MIPOM3BOIMIIHCH B cucreme
npoektupoBanus Intel Quartus Ui HEIEBBIX MHKPOCXEM
FPGA cewmeiicts Altera Cyclone II — Cyclone IV.

3arpaTel o0opynoBanus B cpene FPGA ouennBanmich

B BHAC  KOJIMYECTBA  JJEMEHTOB  MaMATH  H
BBIUACITUTENRHEIX OmoKkoB LUT, uHCIONB30BaHHLEIX B
COOTBETCTBYIOIIMX  CHHTE3UPOBAHHBIX  cXeMaXx. B

pe3ynpTaTe CHHTE3a CXeM OBUIO YCTAHOBJICHO, YTO
KOJIMYECTBO OJJIEMEHTOB MAaMATH Ui O0EMX CXeM
COBMAJAET W COCTAaBJIIET JBa JJEMEHTa Ha KaKIbIi
¢dparmeHT cxembl. KommuecTBO BBIYNCIUTENBHBIX OJIOKOB
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LUT pmns mepsoro (V}) u BTOporo Bapuanra cxemsl (V)
COCTaBISIET COOTBETCTBEHHO:

Vi=2+5n; V,=1+2n,

1€ n — KOJIMYECTBO (l)pal"MeHTOB CXEMBI.
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Puc. 3. Bapumant cxeMmbl ¢ obecrieueHneM (HKCAalMd aKTHBHOCTH
MOCPEeICTBOM HH(OPMAIOHHOTO BX0J[a TPHITEpa (BTOPOU BApPHAHT)

Bonpmmit 00beM 000OpymOBaHHS MEPBOrO BapHaHTa
CXeMbl O00YCIIOBJIEH CHeun(pUKONW peanu3alud BXoJa
ACHUHXPDOHHOW YCTaHOBKM TPHUITEPOB B  CTPYKType
mukpocxeM FPGA. Takoil BXOJ OTCYICTBYET B SIBHOM
BHE B Tpurrepax mukpocxeM FPGA, paccmarpuBaemMbIx
CEMEUCTB. DYHKIHOHAIBHOCTh TpUITEDPA,
obecrieunBaeMas aCHHXPOHHBIM BXOJOM YCTaHOBKH,
UCKYCCTBEHHO PEAIM3yeTCs 4epe3 BXOJ NpUeMa JaHHbBIX
TpPUITEpa MpU IOMOLIM JONOJHUTEIBHOH IOACXEMBI,
3aHMMaroei 4 6moka LUT.

OpnHako, HECMOTpsT Ha YyKa3aHHBIA HEJOCTATOK,
MIePBBIi BapHaHT CXEMBI HMEET CIeqyIoIre
TIPEeUMYIIECTBA TI0 CPABHEHUIO CO BTOPBIM:

® J1a€T BO3MOXXHOCTb OpraHU30BaTh Ooitee IpoCTylo,

" 00CCIICUMBAIOIIYI0 MCHBILIYIO  3aJCPXKKY,
KOHCTPYKIIMIO ~ CABUTOBOTO  DErucTpa i
H3BJICYHCHUS PE3yJIbTAaTOB perucTpanu
AKTHBHOCTH;

® B IICPBOM BapHaHTe CXeMbI (DHKCAIMI aKTUBHOCTH
MIPOUCXOTUT ACUHXPOHHO OTHOCHTEIILHO
(YHKIIMOHUPOBAHUS  TOJICXEMBI  OOHApYKEHHS
aKTUBHOCTH. Bo BTOpOM jxe BapuaHTe (huKcarus
BBINOJIHACTCS TIOJ YNPAaBJICHUEM CHHXPOCHTHAIa
CLK,, nnvHa meprojia KOTOPOro JOJDKHA ObITh He

108

Oonbllle JJIMHBI PETHCTPUPYEMOTO HM3MEHEHHS
curdaia Ha Beixoje osoxa LUT.

Takum 00pa3oM, B 3aBUCHUMOCTH OT TpeOOBaHHUIA
YCIIOBHIA TPUMEHEHUS PACCMOTPEHHBIX CXEM PETHCTPALNI
aktuBHOCTH O0KOB LUT MOXeT ObITh BBHIOpaH OIMH W3
0a30BbIX BApUAHTOB CXEM: BapUaHT TpeOyrOIUi
MEHBIIUX 3aTpaT 00OpynoBaHus (BTOPON BapWaHT) HIH
BapHaHT, HE TPEOYIOIIMI TaKTUPOBAHUS  IOJICXEM
(GukcalMM aKTHMBHOCTH M OOJaJarolIuii  MEHbIICH
3a[epKKOM CIBUra IpHU TIOJIYYEHUU PpE3yJIbTUPYIOIIUX
JIaHHBIX (TIEPBBIil BapUaHT).

IV. BbIBOJIbI

B pabote paccMOTpeHBI BO3MOKHBIC BapHUaHTHI
CXEMOTEXHHYCCKOM peanuzanyu MeTo1a [9],
MPEeIHA3HAYCHHOTO [UI TOJNy4YeHUs HWHPoOpManuud o0
aktuBHOCcTsAX OnokoB LUT B FPGA-06a3upoBaHHOM
ycTpoiicTBe. MeTtox mpuUMEHsIeTCSl Ui pelleHHs 3aadu
npeABapuTeIbHON 00pabOTKU POEKTA MPH TTOUCKE MECTa
JIOKAJIN3aIMU BPEJOHOCHBIX alapaTHBIX 3aKJIAI0K.

IIpennoxxeHsl 1Ba BapHaHTa CXEMbl PErHCTpPALMU
aktuBHOCTH OnokoB LUT, oTnuuaromuecs 3arparamu
000pyI0BaHus, CrocoboM (uKcalui OOHAPYKEHHOMH
AKTUBHOCTH M  CJIO)KHOCTBIO  CABHIOBOTO PErHCTpA,
HEOOXOIUMOTO Il TOJYYEHHUS  Pe3yJbTHPYIOMIUX
JIaHHBIX. BBINOIHEHO CpaBHEHME IMPEUIOKEHHBIX CXeM U
OlIeHKa 11e7IeCO000Pa3HOCTU UX UCIIOIb30BaHUSL.
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Annomayus—CoBpeMeHHbIe MHKPOYHIIBI
XapaKTepU3yIOTCsl JKCTPEMAJbHO MAJBIMH 3HAYCHHSIMHU
NPOEKTHOI HOPMBI, YTO NPHBOAUT K BOSHHKHOBEHHIO Opaka
B NpoLiecce U3roTOBJIEHUsI HHTerpajibHbIX cxem. B 2000-x, ¢
yBeJIM4eHHEeM CJIO0KHOCTH 4YMIIOB, CTajla Yalle BO3HHKATH
npodseMa B Ipouecce  JKCINOHHPOBAHMS  MAaCOK:
HHCTPYMEHT MHKpoJuTorpadguu (cBer) Hayajd NPOSABJIATHL
BOJIHOBYI0O NpPHPOAY NpH 00padoTke mA0JI0HOB C OYeHb
MaJIoif NMPOEKTHON HOPMOIl. AHAJU3 NPOEKTHBIX pelleHuil
nepej Ha4ajoM NPOU3BOJCTBA MO3BO/IsAET B KaKoii-To Mepe
pelInTh  AaHHYI0 1poOiaemy. OcCo0eHHOCTBIO 3aJauH
BBISIBJICHUS W KJaccupuKanuu AedeKToB  sIBJsETCS
OTCYTCTBHE  €IHHOr0 MOAX0Aa K  KjIaccupuKauuu
CyLIeCTBYIOIUMX THIOB JedeKToB, 3T0 00YyC/JI0BJICHO
CHJIBHBIM Ppa3HooOpasueM 3THX obJacreii. CoBpeMeHHbIe
MeTO[bI, BBIAABJISIIOLIINE " NPOrHO3UpYIoLIHe
MECTOI0JIOKEHHEe nedexrTos, TOMHMO HEIUIOXHX
pe3yabTaToB o0s1aga10T Hel0CTATKAMH, KOTOpbIe
BBIPa’KeHbl B TOYHOCTH, JUIMTEJILHOCTH  aHAJIHU3a,
KOJIHYecTBe JIOKHBIX cpadarpiBaHuii. B nannoii padorte
npegJjaraercs MeToj /s pelleHUsl 3aJa4Yd BbISIBJICHHS H
kaaccupukanuu Takux jAedexroB. OH Oasupyercss Ha
HCII0JIb30BAHUH HelipoceTeBOro KJaccuukaTopa.
IlpumensieMble B JaHHOH padore cCBEPTOYHbIE HeHPOHHBbIE
ceTH 3()(eKTHBHO pelIaloT 3aJady KJaccHPUKALUU NPH
YCI0BHH 3apaHee H3BECTHOIO MHO:KECTBA KJIACCOB, YTO B
JaHHOIi 3a1a4e NpeacTABJseT CaMOCTOATEIbLHYI0 IPO0IeMy.
Jln1s  BbISIBJIEHMsI KJIACCOB ObLI HCIIOJIL30BAH  METOJ
CHMYJISILMM  mpouecca Mukpoautorpaguu. Mcxoanbie
JaHHbIe Npe/AcTaBieHbl B upposom ¢opmarte GDSII. Jas
0CYLIECTBJICHUsS] CUMYJISIIIMM OHU ObLIM KOHBEPTHPOBAHBLI B
NUKceIbHbIe H300pa:keHus. IIponecc BhISBJICHHS KJIacCOB
OCYIIECTBJISLJICH JMIMPUYECKH HA OCHOBE JKCIEPTHBIX
oueHok. Ilepen nmomaueli Ha BXox  HelipoceTeBOro
KJIaCCH(UKATOPAa 3TH JaHHbIe KOAUPYIOTCH CHEeHUAIbHBIM
o0pa3oM. JTO MO3BOJIsAeT CHU3UTHL Pa3MEPHOCTb 3aJa4H
(K0JIMYeCTBO HEHiPOHOB MEPBOro CJI1051).

Abstract—Modern microchips can be characterized by
extremely small resolution, which leads to integrated circuits

Valerii Pienko
Faculty of Mathematics, Physics and Information Technology
Odessa I.I. Mechnikov University
Odessa, Ukraine
vpenko@onu.edu.ua

manufacturing defect appearance. In the 2000s, due to
increase of chips complexity, the problem in masks exposure
began to arise more often: the main microlithography tool
(light) began to exhibit a wave nature during the small
resolution designs processing. Pre-manufacturing
microlithography design analysis allows to resolve this issue.
Due to a huge variety of known defects, a lack of the unified
approach to defects classification increases the complexity of
problem formalization. Modern defects detection and
prediction methods, in addition to good results, have
disadvantages, that are expressed in accuracy, analysis
duration and the number of false positives. Defect
identification and classification method is proposed in this
paper. It is based on the use of the neural network classifier.
The convolutional neural networks can effectively solve the
classification problem in case of classes set availability. This
is an independent task in this problem. To identify the
classes, the microlithography process simulation was used.
The initial data is represented in GDSII digital format. In
order to perform the simulation, it was converted to pixel
images. Classes identifying process was carried out
empirically on the expert assessments basis. Before passing
to the neural network classifier this data is encoded in a
special way. This allows us to reduce the dimensionality of
the problem (input layer neurons number).

Knrwouesvie  cnosa—oegpexkm,  npoexmnas  Hopma,
MUKpOIUmMOZpaguyueckuii  npoekm,  Mukpoaumozpagus,
GDSI|I, sxcnonuposanue macku, cumynayus, MUKpouun

Keywords—nhotspot, resolution, microlithography design,
microlithography, GDSII, mask exposure, simulation,
microchip

I. BBEJIEHME

MUKpOUHIbl SBISAIOTCSA 0a301 MPAaKTUYECKH JJIS BCEH
COBPEMEHHON 3JIEKTPOHHUKH: OHHU TMPEJCTABISAIOT COOOM
JNIEKTPOHHYIO CXEMY MPOU3BOJIBHON CI0XHOCTH, KOTOPAs
pa3mernaercs Ha TIOJIYTIPOBOTHUKOBOH OCHOBE
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(mommoxke). OnmHOW W3  OCHOBHBIX  TEXHOJOTHWH,
UCIOJIb3yEMBIX B H3TOTOBICHMM MHTEIPAIBbHBIX CXEM
SBISIETCS  ONMUYECKAs MUKpoaumozpagus - TpoLecc
(hopMupoBaHus KOHTAaKTHBIX JIOPOXKEK yTeM
SKCIIOHUPOBAHUSI COJAEPKUMOI0 MACKU Ha HOAJIOXKYy. B
Ppa3MedyeHHbIX obuacTsax pasMemaTcs
CXEMOTEXHHUYECKHe  3MeMeHTHl. Jlroboit  MuKkpoumm
XapakTepu3yeTcs: MaKCUMaJIbHO JIOIYCTUMBIM DPa3MepoOM
KOHTAaKTHBIX JOPO’)KEK — IIPOEKTHOW HOpMoH. B
MUKpPOUHIAaX IOCIEIHUX IOKOIEHUN 3Ta XapaKTEpUCTUKA
Haxomutcs B penenax 10-14 um [1,2].

COBpeMCHHaﬂ HHAYCTpUsS U3rOTOBJICHUSA MUKPOYUIIOB

JOCTUITIA BBICOKOM CTEINEeHM aBTOMATU3allUd  BCEX
IOPOMU3BOJACTBEHHBIX  IIPOLIECCOB M MAKCUMAJbHO
npubIM3MIach K Hpe/ieNIbHBIM BO3MO>KHOCTSIM
UCIIONIb3YyeMbIX HMHCTpyMeHTOB. (O01actb, B KOTOPOi

HapymaeTcs JOTHKA (pyHKIMOHHPOBAHHS HHTETPAIBHON
CXeMbl ~ NPHHATO  HasbiBarh  hotspot.  OcHOBHBIM
HCTOYHHKOM ne(heKToB SBIIAETCA HHCTPYMEHT
MHUKpOJIHUTOrpaduu (ceem): OH MPOSIBJISET
HEOMNPENENEHHOCT, B IPOLIECCE  OKCIIOHMPOBAHUS
mabjJoHa M3-32 OYEHb  OJM3KOIO  PacloOKEHUs
3JIEMEHTOB Ha HHTErPAJIbHON CXEME.

Hnst mpeomoneHus TakKOTO poja OTrpaHHYEHUH B
IpoIecCe  M3TOTOBJICHHS ~ MHKPOYHUIIOB  BHEAPSIIUCH
TEXHOJIOTHH, HAIpaBICHHBIE HA KOPPEKIHMIO HMCXOMHBIX
mabJOHOB € [EJNBI0 MHHUMH3AIMH  BO3MOXKHOCTH
BO3HUKHOBeHUsI Opaka (Hampumep, Optical Proximity
Correction [3]). DT0, B HEKOTOPOW CTENEHH, YMEHbBIIHIO

nmpoOJieMy  BO3HHMKHOBEHHs  hotspot ©  IMO3BOJIHIIO
MHUKPOJHUTOrpaUi  COXPAHWUTh  AKTYallbHOCTh,  Kak
MoaxXoJa K W3roTOBICHUIO unnoB. OpnHako 3amada

BBISIBIICHHS TIOTCHIIMAIBHBIX hotspot CcOXpaHSeT CBOIO
aKTyaJbHOCTb, T.K. C YMEHBIICHHEM MPOEKTHOW HOPMBI,
BO3PACTaeT BEPOSTHOCTh MX BO3HUKHOBEHHsA. OCHOBHBIE
ycunus ObUTH HarpasiieHbl Ha TPEBApUTENbHBIA aHAIIN3
TIPOEKTHBIX PELICHUH, YTO JaeT BO3MOKHOCTh YMEHBIIUTD
BEPOATHOCTh TIOJy4eHHs1 OpaKkOBaHHOW NPOAYKIHMH U
COXPaHHUTh PECYPCHI.

Bce momxonpl, pelnarompe 3anady BBUIBICHUS U
knaccudukanuu  hotspot, MOXHO pa3leiuTh Ha TPHU
HalpaBJICHUA

o Cumynupyrowue npoyecc MuxKponumozpaguu —
HIMEIOT BBICOKYIO BBIYMCIUTEIBHYIO CIOXKHOCTh U
TpeOyIoT OOJBIINX BEIYUCIUTENBHBIX PECYPCOB;

o Pattern Matching memooul — 3apaHee BBISBICHHBIE
hotspot “CNONB3YIOTCSI B Ka4ecTBE INAOIOHOB JUIS
COIOCTABJICHHS M IIOUCKA IE€(EKTOB;

e Machine Learning memodvl —Kak TPaBHIO
HCIONB3YIOT HEHpOceTeBble KIacCH(pHUKATOPhI U
HMEIOT OOJIBIIYIO MEPCIIEKTHBY B PEIICHUH JaHHOM
3amaqn [4]

Kaxxmoe n3 HanpaBneHwmid IMEET Kak MPENMYIIEeCTBa,
TaK W HENOCTATKU: TOYHOCTh, BpeMs paboThl |
MEPCIeKTHBAa  BBISBICHHS HOBBIX  BHAOB  hotspot.
CymiecTByromye MeTOAbl JAf0T JOCTaTOYHO XOPOIIHe
pe3ynbTatel [5,6,7]. OTKpBITBIM OCTaeTcs BOIPOC HX
MPUMEHUMOCTH K TMPOCKTHBIM PEHICHHSM C MEHBIIMMH
MacmTabamH.

Ilenpto nmaHHOW paboThl sABIAETCA pa3pabOTKa H
peai3aIys CUCTEMBI JUIS KIIACCH(HUKAIIMY U BBIIBICHUS,
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nepeKToB B MHUKPOJUTOrpaAQHUUECKHX  NPOEKTax.
OOBEKTOM HCCIEOBAaHMSI B paMKax JaHHON paboThI
SIBIISTFOTCSI MUKpOJHUTOrpaduieckue IIPOEKTHI c
colieprKalleiics B HUX HHPOPMaIUEH.

Ipeamer uccnenoBanust — AeeKThI, BO3HUKAIONINE B
MPU  WM3TOTOBJICHUH WHTETPAILHBIX CXEM, TO €CTh B
npouecce SKCHOHUPOBAHUS MacKu Ha
MOJIyIIPOBOTHUKOBYO IIOJUIOXKKY.

B nocneayromux myHKTax OyAyT ONUCAaHbI OCHOBHBIE
UIeH W STanbl (YHKIMOHHPOBAHUSA pa3padaThIBacMOit
CHCTEMBI.

II. JE®EKTHBIE OBJIACTH HOTSPOT

A. Tunwt hotspot

Cnemyer OTMETUTb, 4YTO HE BCE HCKaKEHHMS,
BO3HHKAIOIINE B MPOIECCE IKCIIOHMPOBAHMS, HAPYIIAIOT
JIOTUKY paboThl MuKpouumna. I[lpy 3TOM B JaHHOU
NpEeMETHOH  OO0JIaCTH  CYIIECTBYET — KJIACCHU(HKAIHS
KPUTHYECKHX O0JlacTeli 1O BHIY TOIOJOTHYECKHX
HCKaKCHUM:

MOSIBJICHHUE
psoom

e Bridging -
HaXOIAIIMMUCS
anementamu C;

KOHTaKTa MEXOYy
HCCOBMCCTHUMBIMHU

e Pinching - yXyIlleHUE WX TOJIHOE UCYC3HOBEHHE
KOHTaKTa MEXIYy YacTsIMHU LEIOCTHOTO 3JIEMEHTa
HUHTETPaJIbHON MUKPOCXEMBI.

Kaxnprii w3 yKka3aHHBIX THIIOB, IO XapakTepy
MIPOSIBJICHUS, MOXKET OBITh KECTKUM U MATKUM (hard v soft
cootBercTBeHHO) [8]. bonmee HarmamHo Tumer HS
npuBeaeHs! Ha Puc.1

Soft bridging Hard bridging

Soft pinching Hard pinching

Puc. 1. Tums! hotspot 10 XapakTepy TOHOJIOTHYECKOTO BIHSHHS

Creayer  OTMETUTh, 4YTO HA  BO3HHUKHOBEHHE
MpBEAICHHBIX Ha Puic.] IpuUMepoB MOBIHSIIA HAXOSIINECS
B Onu3u rpaduyueckue MPUMUTHBBI. J[0OCTATOYHO YacTo
npUMeps! hotspot MpeoCcTaBIsIOTCS B BHIEC OKPECHOCTH C
PAcCIOJIOKEHHOW B HUX Ie(EeKTHOH 001acThlo, Tak Kak
UMEHHO OJIM3KO PpAaCIOJIOKCHHBIC 3JIEMEHTHl HIPAIOT
KJTIOYEBYIO POJIb B BO3MOXHOCTH BO3HHKHOBEHHS Opaka

[9].

B. Ocobennocmu 3a0auu evisenenus u kiaccuguxayuu
hotspot

Bess  uwHGOpMamnms B MPOEKTHBIX  PEHICHUSIX
NpeACTaBIsgeTC B BHUIE TIpapUYecKuX HPUMUTHBOB.
Tomonoruueckuif aHajaM3 B TakoM Cllydyae HE JaeT
3pQEKTUBHBIX  PE3yNbTATOB:  BBICOKA  BEPOSITHOCTH
JIOKHBIX  BBIBOZOB.  lcmonp3oBaHHME  HECKOJBKUX
MOJIX0/IOB K MPOTHO3MPOBAHHIO MECTOTMOJIOKEHHS hotspot
TpeOyeT HalInuusl OICHOYHBIX XapaKTEPUCTHUK, KOTOPHIC
Obl B JOCTATOYHO HAIIATHOH (opMe IO3BOJISLIH
OIICHMBATh KauecTBO W J(dekTuBHOCTH aHanmu3a. B



paMKax peIIeHUs] PacCMaTPHBACMON 3a1au¥l CYIIECTBYIOT
TEPMUHBI, 1 0003HAYCHHS Pe3yIbTATOB aHAJIH3a!

e Hot spots — dakTHYECKOE MHOXECTBO JIEPEKTHBIX
obnacTeil B KOHKPETHOM MPOSKTHOMN PEIICHHUM;

e Prediction — TPOTHO3, MHOXECTBO obOiacTeit
MHKPOJIUTOrpaMIecKOro  MPOEKTa,  KOTOpPbIE
MNOTEHLHUATBHO SBISIOTCS KPUTHYCCKUMHU.

Bmecre Hot Spots wu  Prediction ¢opmupyror

KIFOUEBBIE XapaKTEPUCTHUKH, TS OLEHKH (P QEeKTHBHOCTH
paboThI METOIOB, BBIABIISIONIMX hotspot:

e HIT - KOoppeKTHO BhIsBIEHHbIE hotspot;

e MISS — hotspot, KOTOpble OBUIM YIYIIEHBI TPH
aHaNM3e HCXOJHOIO  MHKPOIUTOrpadyuuecKoro
MPOCKTA;

e EXTRA — oOnactd, KOTOpBIC OIIMOOYHO OBLIH
ompeeneHsl Kak hotspot.

IIpu stom EXTRA o0XBaTbIBacT MHOKECTBO OIIMOOK
nepsoro poma, MISS — ommOxm BTOporo poxma. Emre
OAHOM BaXHOW XapaKTEPUCTHKOU SBISETCS BpeMs
BBINOJIHEHUS aHau3a Puc.2.

Hot spots

\‘ MISS
T

| EXTRA

\ Prediction @

Puc. 2. OueHoyHble XapaKTEPUCTUKM B paMKaX pEIIeHUs 3a[auu
BbIsIBJICHHS hotspot

OcCo0eHHOCTBIO 331a4 BBISIBIICHHUS U KIacCU(UKanuu
hotspot sBIseTCS OTCYTCTBHE KaKOH-IHOO THIHM3AINH,
CyHIECTBYIOIUX AC(DEKTHBIX 00JacTel — 3TO BaXKHBIM
JIOTIOJTHUTENBHBIM ~ YCIIOBHEM TIpU  PEIICHUH 3aJadu
knaccudukanuu. B cymectByromux Meronukax [4,5]
THUITU3AIHS TPOU3BOANTCS SIMITHPHICCKH aBTOPaMH.

1. WAEN U ITPUHIUAIIBI PABOTBI CUCTEMBI

A. OcHogHvle smanvl (pYHKYUOHUPOBAHLUSL

Pabora knaccupuuupyromein MOJIEIH MOXKET OBbITh

paszesieHa Ha JBa OCHOBHBIX JTama: oOydyeHue
(kamuOpOBKa) C  y4UTENeM W HEMOCPEJCTBEHHAs
KiIaccuukamms ~ BXOOHBIX  JaHHBIX. B KadecTBe
Kiaccudukaropa MPEATIOoJIaraeTcs UCTIOJIb30BaHKE
CBEPTOYHONH  HEMPOHHOH CEeTh: 3TO  OOYCIOBIEHO
XapakTepoM TIpeICTaBICHUS JTaHHBIX B

MUKponuTorpapudeckux mnpoekrax [11]. Dran oOydyenus
(Puc.3) monmpasymeBaer Hanuuue oOyuaromiell BBHIOOPKH,
KoTOpass ~ Oyger  COCTOATh W3 3aKOJMPOBAHHOIO
NPEICTaBICHUS MHKPOIUTOrPaUIECKOro IMpOEKTa H
MOCTaBJICHHOTO €My B COOTBETCTBHE BBIICICHHOTO Kiacca
hotspot. PaccMoTprM 3T0 Gortee mogpo6HO.

KoppekTHpoBKa Het
Becos

WaoGpamenme » N | Oteer
+ B BUAE cynep- » HefpokHas cete >
e nukcenei
Gosi- |~
npoexT

HocrtnrHyta
TOYHOCTL

Cumynauua
\ npouecca
MUKpONUTOrpacMin

» Knacc hotspot

Puc. 3. VmpoueHHas cxema mporecca OOydeHHs] HEeHpOCEeTeBOro
KJIaccudurartopa

B. Koouposarue ucxoouvix 0aHHvIx

CeroiHst caMbIM TOMYJISIPHBIM (hopMaToM U(GPOBOTO
NPEICTaBICHHS  MHKPOJUTOrPadUUYCCKHX  HPOCKTOB
cuutaerca GDSII dopmar. 3a 40 ner emy ynaioch
3aKPENUTHCS B MHIAYCTPHH MPOU3BOJCTBA HHTETPATbHBIX
MHKPOCXEM: MO/IABISIIOIICE OOJIBLIMHCTBO
MHKPOJIUTOTpahMIECKIX MPOCKTOB IPEICTaBICHO
UMEHHO B HeM. JlaHHBIE MIPEACTaBIIOTCI B BHIE

rpaduuecKux MPUMUTHBOB (Touek, JIMHUH,
MHOTOYTOJIbHUKOB, O110k0B) [10].

B TaKOM BUJIE nHpOpMAanUs 0
MHUKPOJIUTOrpaUUYECKOM TIPOCKTE HE MOXKET ObITh

HCIOJIb30BaHa CBEPTOYHBIMU HEWpOHHBIMH ceTsimu [11].
Jis sToro Obuta paspaboTaHa ImpolLeAypa MUKCETH3ALUN
GDSII mpoekta B To4euHoe wu3o0paxkeHue. [Ipu 3TOM
HCXOJHBIE pa3Mephl aHATM3UPyeMoH o00macTu MOryT
jpocrurath 1200x1200 mnukcenei. Takas pa3MepHOCTb
CYIIECTBEHHO CKaXETCI Ha CKOPOCTH  OOydYeHHs
HelipoHHOU ceTu. [loTromMy MBI mpeniaraeM KOIUpOBaTh
UCXOJHbIE JIaHHBIE CYnep-nukceiamMu — HCXOJHOE
n300pakeHue pa3duBaeTcss Ha OJIOKH (HUKCHPOBAHHOTO
pa3Mmepa: pasMep KOTOPBIX BBIOMpAacTCs TaKHUM 00Opa3oM,
4YTOOBl MAaKCHUMAJIbHOE KOJIMYECTBO JIMHHH, MONaJalomIMX
B OJIOK, HE TpeBBIIANO IBYX. MCXOIs M3 BU3YaIBHOTO
aHanM3a NPHUMEPOB MHUKPOJIUTOIPaQUUECKUX IPOEKTOB,
IIpeArnosaraeTcs BbIIEICHUE OKOJO 16 KiaccoB cymep-
nukcenedl.  Takodl  MOAXOJ — TMO3BOJIUT  COKPAaTUTh
Pa3sMEpHOCTb BXOJHBIX JaHHBIX A0 60 pa3: k03hbHULUEHT
3aBUCHT OT Pa3MepOB MCXOIHOTO M300pakeHHsI U OJOKa.
[Ipumep paboOTHI KOITUPOBILKKA MPHUBEICH Ha Puc.4.

ﬁlj‘ E ity
4

el L
vt it s M
----- 1

Puc. 4. Harmsapuelii npuMep KOAMPOBAHHMS HCXOMHBIX JaHHBIX (1 —
TOPU3OHTANIbHAS JIMHUA, 2 — BepTHKaNbHas, 3,4,5,6 — KoMOMHAUMA U3
JBYX JIMHUH, 00pa3yoIMX MPSIMOi yro)

C. Kuaccugurayus hotspot

st obecrieueHus [TOJIHOLIEHHOT'O 00yueHHs
HEUpPOHHOM ceTH Hajluuhe 3aKOJAMPOBAHHBIX JAHHBIX
SIBISIETCSl HEJOCTATOYHBIM, HEOOXOJAWMO HMETh KJIaCChl
hotspot. [y pemieHus AaHHON MOM3aJaydl MpeiaracTcs
MIPOU3BECTH CYOBEKTUBHYIO Kiaccudukaiuio hotspot. s
9TOr0  MpEearoyiiaraercss  HpPOBEJICHHE  CUMYJISALUHU
BO3/ICHCTBHS ONTHYECKOTO MHCTPYMEHTA Ha COJEPIKIMOE
MUKponuTorpadguyeckoro mpoekra. IloBegenue Jryda
ObUIO  CWJIIBHO  YOPOIIEHO — 3TO  CBA3aHO C
OTpaHMYEHHOCTHIO 3HAHWH O HI0aHcaX Ipolecca
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mukponurorpaduu. IlpenmonaraeTcs, 4To SHEprus Jiyda
NIOJUUHAETCS HOPMAJIbHOMY pacnpezeneHuo (1).

—(x-b)2
g(x) =ae &

(M

rae a, b, ¢ PT0 YHUCIOBBIE MapaMeTpbl: NPH ITOM d
yKa3bIBaeT BBICOTY KOJIOKOJIA, b OTBEYAET 3a CBUT II0 OCH
abcrmcc, OTHOCHTENBPHO Hadana KOOpAWHAT, € —
ompezeNseT MUpuHy Koslokona (Gynkimu ["aycca.

TakuM 00pa3oM, KaxIblii MHUKCEIb HCXOJHOTO
n300pakeHHsT HaJeNseTcsl 3HaUeHHEM JHEepPTUH, KOTopas
OyIeT HaKaIuIMBaThLCS B MPOLECCe MPOXOXKIACHUS JIyda o
KOHTypaM IIa0JIOHOB o00pasys pasMbITHE B Ipeaesax
TEKyIIero KOHTypa. B pesynbraTe Ha W300paKCHUH
TOSIBIISIIOTCS. OOJACTH ¢ KPUTHYECKH BBICOKHM 3HAYEHHEM
SHepruu (BO3HHMKAIOT B TMpeJeNiaxX CIHIIKOM OJIH3KO
PACIOJNIOKEHHBIX TPHUMHUTUBOB). DTO paccMaTpuBaeTCst
Kak KpuTepuii knaccupukaiuu hotspot. [lanee nucxomaHsie
n300paKeHUsT C MOJOOHBIMH «CKOIJICHUSIMH» DHEPTUU
o0beuHsIoTCS B Kitacesl. [Ipumep npuseneH Ha Puc.S.

iy —_
el

o>

Puc. 5. TlpumMep cUMyJISLMH TIPOLIECCa MUKPOIUTOrpaduu

BoisiBiieHHBIE  TakMM — 00pa3oM  KJacchl  hotspot,
HO3BOJIHIIH chopMUpOBaTh  TPATUIHOHHOE  JUIS
HEWPOCETEBBIX MOAXO0B 00yUaroliee MHOXKECTBO B BHIE
nap (KOIUPOBaHHBI MHUKPOJUTOrpaPUUECKU MPOCKT U
KJ1acc, K KOTOPOMY OH OTHOCHTCSI).

3AKJIIOYEHUE

WHIycTpuss HM3TOTOBJIEHHS  HWHTETPAJbHBIX  CXEM
HyX/aeTcss B J(QQEKTUBHBIX M TOYHBIX PEIICHHUSIX
npoOJieMbl BeIsIBICHHS hotspot. Pa3BuTHE HCKYCCTBEHHOTO
HHTEIUIEKTa PEJOCTaBUIIO THOKHI U XOPOIIO 00yJIaeMblit
MHCTPYMEHT, HCIIOJb30BaHHUE KOTOPOTO AaKTyalbHO [UIS
JaHHOM 3ajgaud. CyIiecTByIOLME IOAXOABl yXe HAl0T
TI0JIOKUTEIIbHBIE Pe3yJIbTaThl, HO MX YHHUBEPCAIbHOCTh U
THOKOCTh HE TPOAEMOHCTPUPOBaHA B  HM3YYCHHBIX
pecypcax. IlpeanoxeHHbIe MOAXOABI U WACU SIBISIOTCS
TIEPCTICKTUBHBIMKU  JIJIsI TIOJIy4€HHsS BBICOKOTO YpPOBHSA
TIPOM3BOJUTENLHOCTY W TOYHOCTH pa3padaTbiBaeMon
CHCTEMBI BbISIBIICHHUS hotspot.

JIMTEPATYPA

[1] news.sumsung.com — ‘Samsung Starts Industry’s First Mass
Production of System-on-Chip with 10-Nanometer FinFET
Technology’, Oxts6ps 17, 2016 [DnekrponHslii pecypc]. Pexum
JIOCTyma: https://news.samsung.com/global/samsung-starts-
industrys-first-mass-production-of-system-on-chip-with-10-
nanometer-finfet-technology;

[2] Mark Bohr, 14 nm Process Technology: Opening new horizonts
(Intel), 2014 - 53 p.

112

[3]
[4]

[3]

[6]

[7]

[8]

9]

[10]

[11]

(1

[2]
[3]
[4]

[5]

(6]

(7

[8]

[9]

[10]

[11]

Smith, Bruce W., and Kazuaki Suzuki, eds, Microlithography:
science and technology. Vol. 126. CRC press, 2007. — 864 p.

Duo Ding, Xiang Wu, Joydeep Ghosh, David Z., Machine
Learning based Lithographic Hotspot Detection with Critical-
Feature Extraction and Classification IEEE International
Conference on Integrated Circuit Design and Technology,
Hexabpsb 2009 - 219-222 pages.

Duo Ding EPIC: Efficient Prediction of IC Manufacturing
Hotspots With a Unified Meta-Classification Formulation - 17th
Asia and South Pacific Design Automation Conference Jan. 30
Despans 2012.

Moojoon Shin, Jee-Hyong Lee, CNN Based Lithography Hotspot
Detection, International Journal of Fuzzy Logic and Intelligent
Systems, Vol. 16, No. 3, Cenrs6ps 2016, pp. 208-215

W.-Y. Wen, J.-C. Li, S.-Y. Lin, J.-Y. Chen, and S.-C. Chang, "A
fuzzy-matching model with grid reduction for lithography hotspot
detection," IEEE TCAD, vol. 33, no. 11, pp. 1671--1680, 2014

Mark A. McCord, Stanford University Michael J. Rooks,
Handbook  of  Microlithography: ~ Micromachining  and
Microfabrication Institution Of Engineering And Technology,
Susaps 1997 — 776 p.

William Andrew, Handbook of VLSI Microlithography: SuBapn
1991 - 671 p.

GDSII Stream Format Manual Documentation NeB97E060,
Release 6.0, ®epanp 1987, Calma — 47 p.

Nielsen M., ‘Neural Networks and Deep Learning’, 2015.
[DnexTpoHHbIiH pecypc]. Pexum JlocTyna -
http://neuralnetworksanddeeplearning.com/

REFERENCES

news.sumsung.com — ‘Samsung Starts Industry’s First Mass
Production of System-on-Chip with 10-Nanometer FinFET
Technology’, October 17, 2016 [Online]. Available -
https://news.samsung.com/global/samsung-starts-industrys-first-
mass-production-of-system-on-chip-with-10-nanometer-finfet-
technology;

Mark Bohr, 14 nm Process Technology: Opening new horizonts,
Intel, 2014 - 53 p.

Smith, Bruce W., and Kazuaki Suzuki, eds. Microlithography:
science and technology. Vol. 126. CRC press, 2007. — 864 p.

Duo Ding, Xiang Wu, Joydeep Ghosh, David Z., Machine
Learning based Lithographic Hotspot Detection with Critical-
Feature Extraction and Classification IEEE International
Conference on Integrated Circuit Design and Technology, Dec 1
2009 - 219-222 pages.

Duo Ding EPIC: Efficient Prediction of IC Manufacturing
Hotspots With a Unified Meta-Classification Formulation - 17th
Asia and South Pacific Design Automation Conference Jan. 30
2012-Feb. 2 2012.

Moojoon Shin, Jee-Hyong Lee CNN Based Lithography Hotspot
Detection International Journal of Fuzzy Logic and Intelligent
Systems, Vol. 16, No. 3, September 2016, pp. 208-215

W.-Y. Wen, J.-C. Li, S.-Y. Lin, J.-Y. Chen, and S.-C. Chang, "A
fuzzy-matching model with grid reduction for lithography hotspot
detection," IEEE TCAD, vol. 33, no. 11, pp. 1671--1680, 2014
Mark A. McCord, Stanford University Michael J. Rooks,
Handbook  of  Microlithography: ~ Micromachining  and
Microfabrication Institution Of Engineering And Technology
(January 1, 1997) =776 p.

William Andrew, Handbook of VLSI Microlithography: January
1991 - 671 p.

GDSII Stream Format Manual Documentation NeB97E060,
Release 6.0, February 1987, Calma — 47 p.

Michael Nielsen ‘Neural Networks and Deep Learning’, 2015.
[Online]. Available - http://neuralnetworksanddeeplearning.com/



Cucrema mudpoBaHUs HA OCHOBE KOHTEKCTHO
3aBUCHUMBIX U PETYJISIPHBIX TPAMMATHUK

C.B Opnos
xag.MOKC, @MOUT
OHY um. 1. U Meunukosa
Opnecca,Ykpauna
serorlov@ukr.net
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Odessa, Ukraine
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Annomayus—bynem paccMaTpuBaTh cHCTEMY
mwudpoBaHusi ¢ OTKPLITHIM KJHOYOM. Mcmonansdyem meton
packpamuBanus. /1 mocTpoeHusi cucreMbl WH(ppPoOBaHUsA

JAOCTATOYHO H OuHapHOro packpammubanus. IIpm 3TOM
wudpyoress  Jaumb  6uTbl.  CHUMBOJIBI  TeKCTa  yiKe
KOAMPYIOTCSI NpH  mnoMomu 3Tux OuroB. OObIYHO

paccMaTpUBaeTCsl TEOPUSl NMOCTPOCHUS] HMEHHO MOJAO0OHBIX
aaroputMoB. B mogo0HBIX pafoTax 4uame Bcero He
yaeasiercsi cepbe3HOro BHMMaHus npaktuke. Ilpu 6unapnoii
pacKkpacKe CyLIeCTBEHHO Y/MJIHMHseTcs 3amudpoBaHHbII
TeKcT. Beab 1151 Kaxa0ro cUMBOJIA /IS KOJHPOBAHUS
ucnoandyercss o0biyHO 8 Omt. Kaskawiii 6uT mmdpyercs,
CJIOBOM JUIMHOI CyllleCTBeHHO 0oJibleili etMHUIbI. B 1anHol
cTaTbe paccMaTpuBaercs cuctema mmdposaHus ¢ 33
IBeTaMH  pPacKpackd. JTO  MO3BOJIMT  CYIIECTBEHHO,
MHHHUMYM HA HOPSIIOK, COKPATHTh JJIMHY IH(pPOBaHHOrO
Tekcra. Ilomumo Teopum Oyder yJaeqsThcsi BHHMAaHHE
NPaKTHYeCKOMY NOCTPOEHHUIO cucTeMbl wmudpoBanus. s
Kaxk10ii OyKkBbl pycckoro andgapura OyaeT OTAEJIbHBIM
KOHEYHBIM aBTOMATOM CreHEPHPOBAHO CBOE MHOKECTBO
CI0B. JTH CJOBAa $3bIKA MOIYT HCHOJb30BATHCS s
3amuppoBku Oyxks. Byaer OpaTthesi cienylomee cJ0BO M3
SI3bIKA, €CJIM KOAHUPYeMblil CHMBOJI BCTpedaeTcs CIeAyoImuii
pas. KonrtekcTHO-3aBHCHMOIl  rpaMMaTuka  Oyaer
HCHO0Jb30BaThesl VISl (PMILTPOBAHMSI MHOKECTBA CJIOB
CreHepupoBaHHbIX Jiasi mmdpoanua Oyks. IlogoOHoe
¢uabTpOBaHMEe  MO3BOJIUT  CYIIECTBEHHO  NOBBICHTDH
YCTOHYHBOCTb CHCTEMbI IM(POBAHMS OT B3JI0MA.

Abstract —We will consider the public key encryption
system. We use the coloring method. To build an encryption
system, binary colorization is sufficient. In this case, only bits
are encrypted. The text characters are already encoded using
these bits. Usually, the theory of constructing exactly similar
algorithms is considered. In such works, most often not paid
serious attention to practice. With binary coloring, the
encrypted text is significantly extended. After all, for each
character for encoding, usually 8 bits are used. Each bit is
encrypted, with a word that is much longer than one. This
article deals with an encryption system with 33 coloring
colors. This will significantly reduce the length of the
encrypted text, at least on the dowel. In addition to the
theory, attention will be paid to the practical construction of
an encryption system. For each letter of the Russian
alphabet, its own set of words will be generated by a separate

finite state machine. These words can be used to encode
letters. The next word from the language will be taken if the
encoded character occurs next time. Context-sensitive
grammar will be used to filter a set of words generated for
encryption of letters. Such filtering will significantly improve
the stability of the encryption system from hacking.

Kniouesvievle  cnosa  —  KoHmeunwll  asmomam,
wughposanue, KOHMEKCMHO-C60000Has, pezynapuas,
pammamuxa

Keywords — finite state machine, encryption, context-
sensitive, regular, grammar

I. BBEJEHUE

Bynem paccmatpuBath cucteMy mudpoBaHHS C
OTKPBITBIM KITFOUOM. Vcnonp3yeM MeTo pacKpariiBaHuUsI.
Jns mocTpoeHUst cucTeMbl MH(POBAHUS JOCTATOYHO U
OuHapHOTO packpammBanus. Tak B pabore [1]
paccMatpuBaeTcsi  TEOPHS  HOCTPOSHHS UMEHHO
MOJJOOHBIX ANTOPUTMOB H 0€3 TOCTPOSHHS PAKTUIECKUX
npuMepoB. B naHHO# cTathe paccMaTpHBaeTcsl cHCTeMa
mdpoBanus ¢ 33 LBETAMHM PACKpacKdh - Ui KaKAOH
OykBbI pycckoro andasuta. M momumo Teopuu Oyaer
VAGNAThCS ~ BHUMAaHHE IPAKTHIECKOMY MOCTPOSHHIO
cuctembl 1mM@poBanus. CyIIeCTBEHHOE IOBBIIICHHE
KPHIITO YCTOWYHMBOCTH OYyIET OCYIIECTBIATHCS 3a CUET
MIPUMEHEHHUSI KOHTEKCTHO-3aBUCHMON TI'paMMAaTHKH JUIs
(GUIBTPOBAHMS MHOXKECTBA CIIOB, CTCHEPUPOBAHHBIX MJIS
mdpoBanus OyKB.

II. METO/] IIN®POBAHU S

[MonGepem rpynmy IeTEPMHHHPOBAHHBIX KOHEYHBIX

aBTOMATOB:
DKA={V,, V,,D;, S} i-Tblii KOHEUHBI} aBTOMAT,
rae Vs— MHOXKECTBO COCTOSIHUI;
V, — BXOJHOH andaBur;
D; — pyHKIIMHU MTepeKITIOYeHNs U BBIXOIA;
S — HaYaJIbHOE COCTOSHHUE.

CoOCTBEHHO TOBOpS, MBI MMEEM YacCTHBIH Ciydai
KOHEUYHBIX aBTOMAaTOB - JI€TEPMHHUPOBAHHbIE KOHEUYHbIE
pacrno3HaBaTenu. YnoOHee paccMaTpuUBaTh WX 3allUCh B
Buje Tabiuu. Bymem  ucnosb3oBath GbyHKIUH
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Belxofa ={“Jlomyctuts”,” OtBepruyTs”}. BbIxon mno
CHMBOITy KoHell cTpoku “CR” He Oynem HCIOJIb30BaTh B
aBTOMATax.

Jlns reHepany MHOKECTBA CJIOB IU(PYIOMHUX i-TYIO
OykBy andaBuTa OymeM HCIONB30BaTh aBTOMaThl DKA,

rae i= 1,33 . OuepenHoe TOsIBICHHE 3TOW OYKBBHI OyIeT

3ammppoBaHoO CIIOBOM M3  JaHHOTO
MHOX€ECTBA.

YHOpocTuTh NpOLECC CO3/aHUs KOHEYHBIX aBTOMATOB
MOXXHO BBeJsS HYJeBOW, aOnoHHbI aBromMar DKA,.
YacTUUHO 3aloJIHUM HUCXOJHBIA aBTOMAT (PYHKUUSIMHU
MEPEKIIIOYEHNSI COCTOSHHUM, HarmpuMep 10 IOJIOBUHBI.
OcraBuiuecs KJIETKH OCTaBUM IHyCcThIMH. Toria Bce
octambHble  aBTOMaTel DKA; MOXHO  HOCTpOUTS,
UCIONB3ys WabnoHHbIH, HyneBoil DKA, creayromum
obpazom [2]:

1) MHOXeCTBO KJIETOK ¢ (YHKIUSIMH BBIXOJA
”JlomycTUTh” HE AOJKHBI epecekatbes 1t DKA;

2) AndaBur V; MOXeT OBITh CYLIECTBEHHO WIHpE,
4eM HCXOJbIH. Benp angaBuT BXOZHOTO MOTOKA aBTOMATa
He o00s3aH BooOIIe cojepkaTh OYKBBI HIHPPYEMOTO
Tekcta. [lo3TOMY MOXHO HCHOJIB30BaTh, HANpUMeEp,
Unicode cuMBOIIBI B KauecTBe V, .

3) ®Oyukuuu “JlonycTUTh” MOTYT pacnojaraTbCs B
oauHakoBeIx  cronbmax DKA;. Torma Bo3MoOKHa
HEOJITHO3HAYHOCTh TIPU BBIOOpE OYEPEHOTO aBTOMATa IS
pacum¢poBanus.OgHAKO BEPOSTHOCTh MOJTYYEHHS ABYX
pa3HBIX JIETaJbHBIX BEPCUH pPacIIM(PPOBAHHOTO TEKCTa
JIOCTATOYHOTO pa3Mepa ucuesarouie Mana. O4eBUIHO, YTO
YCTOHUMBOCTh KO B3JIOMY TaKOW CHUCTEMbI HIM(pOBaHUS
OyZeT CyLIeCTBEHHO BBILIIE.

4) OyHKIMM MEPEeKIIOYEeHUs] OCTaBUM OMHAKOBBIMU
i1 Bcex aBToMaToB DKA;

[Monyuennsie DKA; npuBeaeM, eciiv 3T0 HEOOXOAUMO.
Jus  uero oOBEAMHUM OKBHUBAJICHTHBIE U YIaJIUM
HEHOCTIKUMBIE  cocTtosiHus.  llpomecc  mpuBeneHus
aKTyaJeH elle M Kak JONOJIHUTENIbHas IpoBEepKa Ha
KOPPEKTHOCTb 33aJJaHUS MHOXECTBA aBTOMATOB.

Kaxnomy aBtomaty DKA; MOXHO NOCTaBHTH B
cooTBeTcTBUE peryisipabie s3biku L(DKA;) s KoTopbix

N, L(DKA)={B} ,i= 1,33 (1)

CIIEIYIOLINM

ITocnenoBaTeIbHOCTE BXOIHBIX CHMBOJIOB
OJIHO3HAYHO OTpE/essieT IO3UIHI0, B KOTOPYIO aBTOMAT
ronajaet 1moj ee BozaericteueM. OOpaTHOE YTBEPKACHUE
HE BEpHO. DTO OYEBHJIHO MO MOCTPOCHHIO, TaK KaK:

a) Kaxnas w3 “Jomykarommx” xietok DKAI
onpeessier MHOXKeCTBO si3bika L(DKAI), B 00mmem
cllydae CYeTHOE.

b) DTu MHOXXECTBa HE TIEPECEKAIOTCS.

[Monyuennsie MHOXkecTBa s3bikoB  L(DKAi) He
MEpeceKaloTcsl M COoJepXKaT He  IIepeceKaroluecs
MHOXecTBa  COB.  Kaxnplii  i-TBIi  s3bIK  OyZeT

UCTIOJIB30BaThCS Ul KOJUPOBKHU i-Toi OyKBbI anaBuTa,

roe i= 1,33

Hus mumgpoBaHus ouepeqHON OYyKBBI ¢ HOMEPOM i
Oyzer ucrnop30Batbes cienytomee cioso u3 L(DKA;). B
upeane B OJHOW mH(ppPOBKE I MHUPPOBAHUSL OYKBEI
JydlIe He UCTIONb30BaTh OJJHO M TO K€ CIIOBO SI3BIKA.

TeopeTndeckn KOJUYECTBO CIIOB B OJHOM S3bIKE
MOXXeT ObITh cueTHO. OJHAaKOo, Jdaxe HE HCIOIb3Ys
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Unicode (cM. BapuaHT-2), MOKHO OBITH YBEPEHHBIM, YTO
mist  mudpoBaHMS  TEKCTAa  IIPUEMIIEMOro  pasMepa
CTCHEPUPOBATh TOCTATOYHO OOBEMHBIE MHOXKECTBA CJIOB
SI3BIKA HE CJI0KHO.

Jns  maHHOTO alropuTMa CYIIECTBYET MpodieMa
YIUTHHEHHUS 3aIIH(pPOBAHHOTO TEKCTA.

3ameuanue 1. /[na oanHo2o aneopumma packpacku
33 yeema npobrema yonumeHus 3awUpPOBAHHO20 HA
NOpsi0OK — MeHee  3HAUUMA, HeM Ol uepHo-Oenoll
packpacku 6umos 0, 1.

III. TIPUMEP LIM®POBAHUSA 1 AEIINOPOBAHUS

Jns ynoberBa OyneM Bce IycThle KIETKHM aBTOMara
cunutaTh BBIXOJOM «OTBeprHyTh». L11abmoHHBINA HYyJIEBOM
aBromMat DKA, npuBoauTh HEe OyJeM, HO MEPEKIIOUYCHHS
BO BCEX AaBTOMAaTax M YacThb IIYCTBIX KIJIETOK OymyT
OJIMHAKOBEI BO BCEX DKA. i) yIopouiaeT
aBTOMATH3alMI0O TMpPH CO3JaHud MHOXecTBa DKA,,

i= 1,33 . Jlrobast u3 pacno3nanHeix DKA; cTpok MoOxeT

HCTIOJIB30BAThCS JJIsl KOAUPOBAHUS 1-TOW OYKBBI PyCCKOTO
ancasura. [lpuBenem IS HEKOTOPHIX OyKB KOHEUHBIE
pacro3HaBaTelH.

Tabnunal. KoHeuHblii aBTOMaT /uist KoAUpoBaHus «E»

DKAg-aBTOMaT KOupoBaHus GYKBbI «E»

«E» a b c d e f g
So S3 So Sz S3
S Ss S, «Jlom»
S, Ss S Ss
Ss So Sa So
Sa Ss S, S3 Si
Ss S, So

PacnoznaBatens DKA¢ Oyzet nomyckath Takue CTPOKA
L(DKAg) ={bbbdeg, aabdeg, deg, fgfbgg, dfceg, ...}.

Tabnuuall. Koneunslit aBroMar st kogupoBanus «K»

DKA,-aBTOMaT KoaupoBaHus 6yKkBbI «K»

«K» a b c d e f g
So Ss So «Jlom» S, S3
S Ss S,
S, S3 S, Ss
S3 So S4 So
S4 Ss S, S3 Sy
Ss S, So

PacnosznaBatens DKA,;, Oynmer pomyckaTh Takue
ctpoku L(DKA ;) ={bbc, ¢, aac, decdc, fgbbbc, dfdc, ...}.

Hus xogupoBaHusi OykBbl «C» IOCTOMM aBTOMAT
DKA,y .PacnoznaBarenrs DKA9 Oyner momyckaTh Takue
ctpoku L(DKA ) ={bbbdd, abdd, dd, fbccd, abcd, ...}.

Pacno3naBarens DKA,, Oyner nomyckarh Takue CTPOKH
L(DKA,,) ={bbdfb, abcb, dfb, fbcb, ...}.

HekoTtopble  cuMBOJIIBI  MOTYT  IOBTOPATBCA B
JIOTTYCTHMBIX CTPOKaX CUETHOE YHCIO pa3. Hampumep «b»



B MIEPBBIX CTPOUKAX KAXKIOTO U3 MPHUBEICHHBIX MHOXKECTB.
To ecTh MBI MOXEM TEOPETHYSCKH 3TUMH aBTOMAaTaMU
Cr€HEepHpOBaTh CUETHOE MHOXKECTBO MIM(PYIOIUX HX
CJIOB JIJISl KQXKJIOU U3 OYKB.

Tab6muualll. Koneunslii aBTomar miist kogupoanusi «C»

DKAg-aBTOMAT KoMpoBaHus 6yKBbI «C»

«C» a b c d e f g
So S; So S, S;
S, Ss S,
S, S; «Jlom» Sy Ss
S3 So Sa So
Sy Ss S, S3 Si
Ss S, So

Tabmuua IV. Koneunslii aBToMar Juist koaupoBanus «T»

DKAz-aBTOMAT KOAMpOBaHus YKBbI «T»

«T» a b c d e f g
So S3 So S, S;
S Ss S,
S, S3 S, Ss
S3 So Sa So
Sq Ss S, S3 Sy
Ss «Jlom» S, So

Tak kak (yHKIMHU BbIXOJa «JlOMyCTUTH» B IpUMEpPE HE
pacrnosararTcsa B OJHOM CTOJIOLE A pa3HbIX aBTOMATOB,
TO MOXHO 3aMEeTHTh, YTO CTPOKH, IOUPpYIOIHUE
OIMHAKOBbIe OYKBBl KHPWIUIMLBI 3aKaHUMBAIOTCS Ha
OJMHAaKOBbIe OykBHI andasura V, OIMH H3 BapHAHTOB
i poBaHUS cioBa «TEKCT» wmoxeTr BbIIAAETh
CIIEIYIOUIMM 00pa3oMm:

bbdfb degc dd dfb

OueBumHO, YTO TPOOENBI ST OCTABWI JIMIOb IS
HaIJISIAHOCTH  JajbHEeHIiero mporecca  JIemn(poBKH.
YnoOuee nemm@poBbIBaTE TEKCT € KOHLA. I[locnmemHsis
JMaTUHCKash Manas OykBa  3amudpoBaHHOTO  TeKCTa
ompenenster DKA;  mpu momomu kotoporo mudposamu
IIOCJIEAHION 3arylaBHyI0 OYKBY pycckoro aingasura. B
cilydae HEOIHO3HAYHOCTH OOYCIIOBICHHOM ITyHKTOM 3
YCIIOKHEHNE OYAET HE CYIIECTBEHHBIM.

Tak kak mocnenHsiss y Hac OykBa «b», TO st
mM(POBKH HCHONB30Baock MHOokecTBO L(DKAy) n
MO3TOMY TOCIENHeH pacuiudpoBaHHOW OyKBO# Oymer
«T». VI3 9T0r0 MHOXECTBAa MOAXOAUT JHIIb cI0BO «dfby.
CnoBo «bbdfb» He moxxonur, Tak kak HeT OykB «dd».

TTocnenusas OykBa u3 OCTaBIIIEHCSA HE
pacurudpoBaHHON CTpokH «d». 3HAa4MT, I MHU(PPOBKH
ucnosip3oBanoch MHOkecTBO L(DKA9) u cienyromeit ¢
KOHIa pacimiudpoBaHHoi OykBoil Oynmer «C». M3 srtoro
MHO>KECTBa MOIAXO/IUT JIHIIE CIOBO «dd».

Tlocnemuss OykBa 3 OCTaBIIEHCS HE
pacumppoBaHHOW CTPOKH «C». 3HAYMT, Ui HIM(POBKU
ucnoip3oBanoch MHOXecTBO L(DKA|,) u crenyromeit ¢

KoHLa pacmugpoBaHHoil OykBoit Oymer «K». U3 storo
MHO2KECTBA I10JIXOIUT JIUIb CIIOBO «C».

[Mocnenuss OykBa 3 OCTaBIIIEHCS HE
paciuppoBaHHOW CTPOKH «g». 3HAYUT, A MIH(DPOBKH
ncnoib3oBanoch MHoxkecTBo L(DKAg) u cienyromiei ¢
KOoHLa pacmudpoBaHHOM OykBoil Oymer «E». U3 storo
MHOKECTBa MOAXOIAT ciioBa «degy. OqHAKO, BCIIOMUHAS O
3alUKINBaHUN OYKBBI «b» B IEPBOM CIIOBE KaKIOTO W3
mHOkecTB L(DKA;) momyyum, uyto u cioBo «bdeg»
BO3MOXKHO. OpHaKo cleayromas pacmmppoBKa s
OCTaBIIEWCS CTPOKH, B OTOM CIy4ae, Hpeanoyiaraer
3aBeplueHue cioBa Ha OykBY «f». Takux cloB y Hac Her,
MOATOMY OCTaeTCs JIMIIb BapUaHT MIUQPPOBAHHS TPH
MOMoOIIH clioBa «degy.

IMocnenHsist OykBa u3 OCTaBILICHCS HE
pacmrdpoBaHHON CTpokH «by». 3HA4UMT, I MHUPPOBKH
ucnojip3oBanoch MHOkecTBO L(DKAy) u mnostomy
cienyonield ¢ KoHIa pacmmppoBaHHON OykBoi Oyner
«T». W3 5TOr0 MHOXECTBa IOJAXOAUT JIUIIb CIIOBO
«bbdfb». B pesymprate memm@poBKH TONYyYHM CIOBO
«TEKCT».

[IpakTdeckass peanu3anysi aIropuTMa IOJyYSHHUS
MHOkecTBa s3bIkOB L(DKA;) mis xomupoBanusi OykB
3aTpyIHEHA. Benr komeunble aBTomatel  DKA;
pacro3HaroT cloBa, MOJAaHHBIE Ha MX BXOA. BpydHyio B
CTaThe MOJOOpATh IOAXOISINNE CJIOBA HE CIOXKHO. A
Kakde MMEHHO CJIOBa IOJaBaTh Ha BXOJ aBTOMAaTOB B
IporpamMMe peanusyromeid nomoOHbI anropurm? Benb
MHOKECTBa JIOJDKHBI OBITh JOCTATOYHO MOLIHBIMH, TaK KaK
OT OJTOr0 3aBHCHUT KayecTBO MM(POBaHUA. A TOTOK
CIy4alHBIX CJIOB, TOJaHHBI Ha BXOJl aBTOMaTa, HeE
rapanTapyer OblcTporo W 3(QeKTHBHOTO CO3MaHUS
PE3YIBTHPYIOIIMX MHOXKECTB.

OnHaKo U3BECTHO, YTO Ka)KAOMY KOHEYHOMY aBTOMaTy
DKA; MOXHO NOCTaBUTb B COOTBETICTBUE PETYILIPHYIO
rpaMMaTHKy, TeHepupymouyo ToT xe s3bik L(DKA;). 1
aIrOpUTM IIONTyYEHHs TaKOW TIpaMMaTHKH HE TaK YK
CIIOKEH. A BOT yxkKe IpPOLECC IeHepalud M3 aKCHOMBI
rpaMMaTHKU OUYEpPEeIHOTO CJIOBAa KaK pa3 HaMM M Oyner
UCIIOJIb30BAThCsl, BO3MOXKHO, B KOMOMHALIUU C KOHEYHBIM
aBTOMATOM.

IV. TOBBIIIEHUE KPUTITOYCTOMYMBOCTU CUCTEMBI

UOPOBAHMS
IMonyuennast cucremMa muppoBaHus Oyaer He
IOCTaTOYHO  yCTOWYMBaA K B3IOoMy. B cucreme

mudpoBaHuss ¢ OTKPBITHIM KitodoM si3bikd  L(DKA;)
SIBISIFOTCSI CEKPETHBIM KITF04oM. OJHAKO MOJYYUB, KAKUM
1100 00pa3oM, HEKOTOPOE KOJIUUECTBO MINU(PYIOIIUX CIOB
n3  mHoxectBa  L(DKA;) MOoXHO — mombITatrbes
BoccTaHOBUTH KoHewHbIH aBToMaT DKA,;. Ilpryem 3amaga
BOCCTAHOBJICHHSI aBTOMaTa H3 Habopa cioB Oyaer He
CII0’KHOW P-nIOTTHOM.

Jdust  momydeHwWss — OTKPBITOTO — KIOYa  CICAyeT
moaudunmpoBath s3biku  L(DKA;). H3BectHo, u4TO
KOHEYHbIC  aBTOMAaThl  TO3BOJSIIOT  PAaCIO3HABATh

PETYISIpHBIE S3BIKH. B COOTBETCTBHM € KIIaCCU(pHKALINH
SI3BIKOB IO XOMCKOMY 3TO s3bIKM 3 Kkjacca. KoHTekcTHO-
3aBHCHUMBIC SI3BIKM  SIBJSIFOTCS  sI3bIKaMM | Kuacca.
UsBectHO[3], YTO TmIepecedeHHe S3BIKOB KOHTEKCTHO-
3aBUCHMOTO M PEryJSIpHOTO SBJIsSETCS s3BIKOM | Kiacca.
[TombiTKa B3JIOMa CHCTEMBl INIU(GPOBAHHS HA OCHOBE
[IOJly4eHHBIX CJOB M3 MHOXECTBA fA3bIKA KOHTEKCTHO-
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3aBUCUMOI'0 ABJIACTCA
[4].

Co3ganuM KOHTEKCTHO-3aBUCHMble rpammaTtuku K3;

«rpynHoi» NP-nonHoW 3anmaueit

rae i= 1,33 . Kaxpgas w3 3THX rpaMMaTHK T'€HEpHUpYeT

HEKOTOpoe MHOXecTBO cioB - si3bik L(K3;). Baxno
moo0parth s3bIKH, UMEIOLINE HE IyCTOe MepecedeHue ¢
L(DKA)).

L(K3) N L(DKA)=L(G)#{ @}, 20 i= 1,33 (2)

3ajgade He Takas yx U CloxHas. MoOXXHO, HampuMmep,
CUNTATh TJIACHBIE W COTJIACHBIE JIATUHCKUE OYKBBI
Pa3HBIMH CKOOKaMH (OTKPBIBAIOIIMMH/3aKPEIBAIOIINMHE) H
B HEKOTOPOM CJlyya€, B 3aBUCUMOCTH OT KOHTEKCTa
MIPOBOANTH UX «OATAHCUPOBKY.

OueBuaHO, uTO mepeceueHus sA3bIKOB L(Gj) MOXKHO
HCTIOJIB30BaTh KaK «OTKPBITHII KITFOU IS IHU(PPOBAHHSI.

KaxmoMy KOHTEKCTHO-3aBUCUMOMY  SI3BIKY MOKHO
IOCTaBUTb B COOTBETCTBUE MAallMHYy TbhlopHHIa C
KOHEYHOU IneHToW. Ha mpakThke MOXXHO HCITOJIB30BaTh
YIIPOILEHHBIE KOHTEKCTHO-3aBUCHMBbIE QITOPUTMBI.
Hanpumep, «0anaHcupoBaTh CKOOKH» B JIOCTaTOYHO
MPOCTBIX JIETKO OMpeNeNsieMbIX KOHTEKcTaxX. Torma cama
OanaHCUpOBKa YK€ KOHTEKCTHO-CBOOOIHAs 3ajada, A
KOTOpPOH HE CJ0KHO MOCTPOUTH aBTOMAT C Mara3MHHON
namsaTeio AMIT;.

Peanmaul/m aJIropur™Ma IIOMCKa ITOJAMHOXKECTB CJIOB
OINpCACIAIOIMNX OTKpLITLIPlI KIIIO4 6yI[GT npeanosjaraTtb

It Kakoro i= 1,33

1) T'enepauuto CJIOB SI3BIKA L(DKA)) c
UCTIOJIb30BaHMEM, KaK KOHEYHOrO0 aBTOMAara, TaK |
PeryJsIpHOM TpaMMaTHKH.

2) Ilouck TpedyeMoro KOHTEKCTa B CIIOBAX

3) OrcewBaHHE CIIOB aBTOMAaTOM C Mara3MHHOU

namsTeio AMII,.

ITouck TpeOyeMoro KOHTEKCTa B CJOBax 3ajada He
BCerga  TPHBHAIbHAsE U1  KOHTEKCTHO-3aBHCHMBIX
rpammatik. [lomo0OHBIE TIpaMMAaTHKH IpeoOpasyroT, B
MPOMEKYTOYHBIX [EMOYKaX BBIBOIA CIOBA, HEKOTOPBIE
MOCIIEZI0BATEFHOCTH B 3aBHCUMOCTH OT KOHTekcTa. Ho
TaM MOryT OBITh W TpaBHJIa KOHTCHTHO-CBOOOIHBIC.
IloaToMy, B HEKOTOPBIX Ciy4asxX, [peoOpa3oBaHUs
BO3MOXKHBI U 0€3 ydeTa KOHTEKCTa. BapHaHTOB TaKHX
npeoOpa3oBaHuil MOXKET ObITh CYETHOE MHOXKECTBO.

OnHako, B HalleM CIIydae, HaJl0 YIUTHIBATH TOT (DaKT,
YTO KOHTEKCTHO-3aBHCUMas TpaMMaTHKa I0J0UpaeTcs
CIIeIMabHBIM 00pa3oM. OfHUM U3 KPUTEpHEB CO3JaHHS
STOW TIpaMMaTMKM M  SBJIETCS NPOCTOTa IIOMCKa
KOHTEKCTa, JUI1 KOTOPOro M IPOU3BOJUTCS OTCEUBAHME.
To ecTb MOHO, HalpuMmep, U1 aKCUOMBI I'PAMMAaTUKU
HAllUCaTh €AMHCTBEHHOE IPABWIO C ONPEAEICHUEM
KOoHTeKcTa. OCTalbHYI0 4acTh IIPAaBUJI TPAMMATUKU B3STh
KOHTEKCTHO-CBOOOAHON. B mpaBoif wacTu oOCTaIbHBIX
npaBuiax I'PaMMAaTUKU HE MCIOJIb30BaTh AKCHOMY HIIU
JIeNIaTh 3TO TOJILKO THIATENILHO NPOCYMTAB IOCICICTBUS
JUIL yCJIOKHEHHSI IIOMCKa KOHTeKkcTa. B sToM ciywae
KOHTEKCT TeHEPHPYEMBIX CIIOB IPAMMATHKH OyJeT JIeTKO
OIpENENATD.

JlpyruM BapuaHTOM pEUICHUS JaHHOW MPOOJIEMbI
MOJKET OBITh UCIIOJIb30BAHHE PACIIMPEHUIl KOHTEKCTHO-
CBOOOAHBIX IPaMMaTHK
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M3BecTHO, YTO CHUHTAKCHYECKHH OJIOK TpaHCISITOpa
MIPOBOJUT OOBIYHO, HE TOJHKO CHHTAKCHUYECKUI aHaJu3,
HO U CeMaHTHYecKhi. Bo03MOXHOCTEH KOHTEKCTHO-
CBOOOIHOW TpaMMATHKH JIS 3TUX Liejeld He JOCTaTOYHO.
Hampumep, KOHTEKCTHO-CBOOOAHBIE TpaMMaTHKH HE
UCTIONB3YIOTCSA U TOWCKAa  ONIMOOK MOT00HBIX
MMOBTOPHOMY HCHOJIb30BAHMIO METKU C TE€M XK€ HNMEHEM.

Jns  omnmcaHWs =~ ajJropuTMOB  TAaKOro  aHalu3a
UCTIONB3YIOTCSI  PACHIMPEHUS]  KOHTEKCTHO-CBOOOTHBIX
rpaMMaTUK. OTH pPAaCUIMPEHHS YK€ HE SBISIFOTCA

KOHTeKCTHO-CBO6OZ[HLIMI/I 1 IpuHAQIC)KaAT KIacCy, Kak
MUHHUMYM KOHTCKCTHO-3aBUCHMBIX I'PAMMATHUK.

OnHako pacHIUpeHHble I'paMMAaTHKM, HCHOJIb3YeMbIE
JUIL  ONHCAHUS AaJIrOpuTMa CHHTaKCHYeCKoro Onoka,
00JIafIal0T OJHUM BaXKHBIM JUIS HAac CBOMCTBOM. DTuUM
rpaMMaTHKaM, HE CMOTpPS Ha TO, YTO OHH HE SBILIIOTCS
KOHTEKCTHO-CBOOOJHBIMH, ~ MOXXHO  IIOCTaBUTH B
COOTBETCTBUE aBTOMAaT C  MarasuHHOH  MaMAThIO.
[Ipumepom Takol rpaMMaTHKH SBISETCS aTpUOYTUBHAs
TpaHcaupyromas rpammaruka — L(1).

st oTol TpaMMaTHKM, TeHEpUPYIOIIed HEKOTOpoe
MHOJECTBO CJIOB, BCEIJla MOXKHO TOCTPOHWTH aBTOMAT C
Mara3uHHOM MaMATHIO PACMO3HAIOUIUHN TO K€ MHOMXKECTBO
CJIOB.

B ciywae cozmaHus OTKpPBITOTO KIFOYa IPH MOMOILU
(uIbTpaMd MHOXECTB IMOAOOHBIMU PaCIIUPEHHBIMU
rpaMMaTHKaMu IYHKT 2, TIOUCK TpeOyeMOoro KOHTEKCTa B
CJIOBAX, MOXXHO OYZET OIyCTUTb.

3aueM BOOOIIE TaKHE YXHUIIPEHUS NpH (QUiIbTpanuu
MHOYECTB CO3/IaHHBIX KOHEUHBIMU aBTOMaTtamu. /leno B
TOM, YTO HETIOCPEJCTBEHHOE HCIIOJIb30BaHUE KOHTEKCTHO-
3aBHCHMBIX rpaMMaTHK SIBJISICTCS JOCTATOYHO
TpynoemMKoil 3anaueil. Kak mocTpoeHue u ucrnonbp30BaHUE
SKBUBAJICHTHON MalIWHBI TBIOpPUHTA ¢ KOHEYHOU JICHTOM.
A BOT co3naHue W paboTa aBTOMAaTOB KOHEYHOTO M C
Mara3gHHOW NaMATBHIO 3aJada JOCTaTOYHO IIPOCTAsl.
[Mono6HBIE aBTOMATHI U pabOTAIOT OBICTPO.
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Annomayua—PaccmaTpuBaercs BOIpOC
AHAJHTHYECKOI0  COCTaBJICHHs  HeJWHelHOH  Mojgenn
AMHAMMKHM PpeaKTopa NpOM3BOACTBA BHTaMHMHA Bg nis
JajbHelilllero cHHTe3a cHUCTeMbl ynpabijeHus. Mcnoub3ys
3aKOHBI JAefCTBYIOIIMX Mmace H XHMHYeCKOii
TePMOAMHAMUKH, MOJe/Ib COCTABJISIETCS] B BHJIe CHCTEMbI
aupdepeHINANBHBIX  YPaBHeHHH, a HX  NOPSAOK
onpeneasercs MNOPSAAKOM PpeaklHMH, MNpoTekalomeid B
xuMuyeckoM peakrtope. Ilpomece momenmpyeress B Kiacce
HeJIMHEHHBIX CHCTEM € COCPeJOTOYEHHbIMH HapaMeTpaMH.
YnpapasieMbIMH NapaMeTpaMH SIBJISIIOTCS KOHLEHTpAauus
KOHEYHOI'0 NPOAYyKTa, TeMIIlepaTypa B peaKkTope H ypOBeHb
NPOAYKTA. YnpasJjeHusiMu SIBJISIIOTCS pacxoabl
KOHUEHTPHPOBAHHOH a30THOH  KHCJIOTHI, cycreH3nu
NHPHIOHA € YKCYCHBIM AHTHAPHUIOM, OXJIAKAAIOIIE BOAbI B
pyOamky peakropa. MoJejb J0N0JHEHA aNNpPOKCHMAaNHe
Homorpammbl KouOpyka-Yaiita, 1l BO3MOXKHOCTH Y4éTa
U3MeHeHHs KO3 (QUUHEHTa TUAPABJIUYECKOr0 TPeHHs B
3aBHCHMOCTH OT CKOPOCTH NOTOKA skuakocTH. M3meHeHnue
K03(puIMeHTa THIPABJIHYECKOT0 TPeHUs] 00YCJIOBJIEHO
CYHIIHOCTBIO Npolecca peryiupoBaHHs, NPH KOTOPOM B
3aBUCHMOCTH OT CTEHeHH OTKPBLITHSI peryJupyloumero
OpraHa IpOTeKaeT pa3HOe KOJIMYeCTBO YNPaBJAIOLIEro
noroka. CocTapjieHa MoJellb KOMILICKCHOTO BJIHSHHS
peryjiMpylomiero oOpraHa Ha MOTOK JKHAKOCTH B
TpyOomnpoBoje ¢ y4éToM CKOPOCTH MOTOKA U K03 uuuenTa
TUIPABJIMYECKOr0 TPeHHs, BbIOPAHHOH JMHelHOH WJIN
PABHONPOLIEHTHOM pacxomHoii XapaKTepPUCTHKOM
peryJjupyiounero opraHa. MojeJupoBanue XHMHYECKOro
peakTopa ¢ y4eToM HeJIMHeiHbIX CBOICTB CHCTeMbl JaeT

pe3yabTaThl, OTJaAHYaAIOIIHEeCsH oT YIPOIICHHOT 0
npeacraBjJIeHUA CUCTEMBbI.
Abstract — The issue of analytical compilation of

continuous stirred-tank reactor nonlinear model of vitamin
B6 production for further synthesis of the control system is
considered. Using the laws of acting masses and chemical
thermodynamics, the model is compiled in the form of a
differential equations system, and their order is determined
by the order of the reaction proceeding in the chemical
reactor. The process is modeled in the class of nonlinear
systems with lumped parameters. The controlled parameters

Olena Ulitska
Department of
"Computer technologies of automation"
Odessa National Polytechnic University
Odessa, Ukraine
ulitskaja@opu.ua

are the concentration of the final product, the temperature
in the reactor and the product level. Controls are the
consumption of concentrated nitric acid, a suspension of
pyridone with acetic anhydride, cooling water in the jacket
of the reactor. The model is supplemented by approximating
the Colebrook-White nomogram, in order to consider the
change in the coefficient of hydraulic friction as a function
of the flow rate of the fluid. The change in the coefficient of
hydraulic friction is due to the essence of the control process,
in which, depending on the degree of opening of the valve, a
different amount of the control consumption flows. A model
of the complex influence of the valve on the flow of liquid in
the pipeline is drawn up. It takes into account the flow
velocity and the coefficient of hydraulic friction selected by
the linear or equal-percentage flow characteristic of the
valve. Modeling a chemical reactor with nonlinear
properties of the system gives results that differ from the
simplified representation of the system.

Kniouegvie cnoea — mnenuneitnaa mooens, Xumuueckui
peaxkmop, eumamun Bg.

Keywords - nonlinear model, chemical reactor, vitamin B6.

[. BBEJEHUE

AxTyanpHOCTh pazpabotku mnpenusnoHHoii CAY
peakTopoM cuHTe3a BUTaMHMHa By 00yciioBieHa TeM, 4TO
BUTaMHH B¢ sBIseTcs IIEHHBIM  BELIECTBOM  JUIsl
(hapManeBTUYECKO, MUIIEBOH M CENbCKOXO3SHCTBEHHOM
oTpaciei NMPOMBINUIEHHOCTH. XOTS BHUTaMHH Bg MOHO
CO371aBaTh Pa3HBIMHM CIOCOOAMM, HO €ro IEepCIEeKTHBHOE
IIPOMBIIIJICHHOE ITPOU3BOJICTBO OCHOBAHO HA XUMHUYECKOM
CHHTE3€. ITponecc MIPOU3BO/ICTBA 3aBeplIaeTCs
HUTPOBAHUEM NHMPHJIOHA, TI0aBAEMOT0 B BHJIE CYCIICH3UU
C YKCYCHBIM aHTHJPUIOM B XUMHUYECKUI CMECHUTEIbHBII
peaxKTop HENpephIBHOTO JCHCTBHUS C pyOamkoit. [ns
(hapManeBTHYECKOM MPOMBIIIIJICHHOCTH TpedyeTcst
BUTaMUH  CTaOMJIBHOTO COCTaBa C  MHHHMAJIbHBIM
KOJIMYECTBOM TpumMecell. BakHbIM 3Tamom mocTpoeHus
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CHUCTEMBI yIIPaBJIEHUS XUMHUYECKUM peakTopom
HENPEPHIBHOTO JICHCTBUS, 00CCIICUNBAOIICH CTAOMITBHBIN
COCTaB MPOAYKTAa HA BBIXOJE, SIBISCTCS pa3paboTka
MaTeMaTHIECKON MOJIETH IMHAMHUKHA 00BEKTA
yIpaBICHUSI.

II. MATEMATUYECKAS MOJIEJIb XUMUUYECKOI'O PEAKTOPA

Peaktop cunTe3a BuTammHa B¢, ¢ TOUKM 3peHmS
MOJIETHPOBAHNS MIPEACTABIISIET coboit peakTop
WIEaJbHOTO MEepPEeMELIMBAHUS, B KOTOPBIM IOCTYMaIOT
MIOTOKM  KOHIIEHTPUPOBAaHHOW a30THOM  KHUCJIOTBHI U
CYCIIEH3UM NUPUAOHA C YKCYCHBIM aHTUApUAOM. Peakrus
B3aMMOJICHCTBUS NUPUAOHA C  KUCJIOTOM  sABJIsIETCS
9K30TEPMHUUYECKOH, TIO3TOMY B PEaKTOpe NpeaycMOTpeHa
pyOalka Juisi OXJaXICHUS CMeCH. Peakuus HUTPOBAaHUS
ABJII€TCA peaKkuuel nepsoro nopsaxa [1].

MaremaTnyeckass MOJENb peaKTopa COCTaBlieHa Ha
OCHOBE CTaHJAPTHBIX YPaBHEHUH XUMHUUYECKOW KHHETHKH
U TEepPMOJAMHAMUKH XMMHYecKuX peakmuit [17]. Mogens
UMeeT BUJI:

[x
dx, (uy-py +uy - py =k - El~p)

dt P
d(x;-x,) X1
———==u - Ci+uy - Cy —ky | — Xy —
di 1ty -Gy =Ky \,S 2
_E
_x ke R-(273+x3).x£z

£
2 _

[z“i picci T —ky I\ %‘/"C'xl +xp ke ROy ‘HJ
i1

d(Xl'x3)=
dt c-p
Co Py U3 (X3 —Xy)
cp
dxy ¢y pg -ty (T, —x4)+ Sk, -(x3—x4)

dt c(f : pé’ : Vﬁ’

[puasiTeie 0003HAYEHUsI MapamMeTPOB MOJETH U HX
HOMUHAJBHBIE 3HAYESHUsI IPUBEIEHEI B Ta0I. 2. OTAeIbpHO
0003HaYNM TIEpEMEHHBIE, PEKUMHBIE 3HAYSHUSI KOTOPBIX
MOJUIeXKAT 3afaHuio. TakuMH NepeMeHHBIMU OYAyT yi=Xi,
i=1,2,3.

TABJINIA 1. ITAPAMETPBI ITPOIIECCA HUTPOBAHUS ITMPUJIOHA

Ilapamertp Onucanue Homunan En.m3mepenus
acX0Jl A30THOU
u pacxon 0,0028 we
KHCJIOTBI
aCXOJl CYCIICH3UH
u pacxox ¢y 0,0106 we
IIHPUJIOHA
us pacxoj XjaJareHra 0,012 M/e
00BEM cMecH B
X1 4.8 Ve
peakrope
MOJIsIpHast
Xa P 0,132 KMOJIB/M’
KOHIeHTpays Bg
X3 Temreparypa H Bg 41 °C
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TeMmIepaTypa BoJbl B

0
X4 pybarike 15 C
F pacxon Be 0,0152 M/c
MOJISIpHast 3
C, xomerrrparis HNO, 0,61 KMOJIB/M
MOJISIpHAst
C; KOHIIEHTpanus 0,129 KMOJIB/M’
MHPHIOHA
T, temneparypa HNO; 20 °C
T TemIeparypa 41 oC
CYCHEH3UH IIUPHIOHA
KOHCTaHTa CKOPOCTH 1,6-10" ¢!
SHEprys aKTHBAIMI 83,25 KJK/MOIIBb
R YHUBEpCAJIbHAs 831 T/ (vos-°C)
ra3oBasi IOCTOSIHHAS
n MOPSIIOK PEeaKInKi 1 -
H TEII0BO#t A dext 1.510° JIx/Momb
HHUTPOBAHHUS
c Tem1oéMKOCTh Be 1550 Jx/(xkr°C)
p TUIOTHOCTH By 1431 Kr/m®
ci termmoeMkocth HNO3 1744 Jx/(xkr°C)
o) mwiotHocts HNO; 1400 Kr/M®
o TEIIOEMKOCTh 1529 Tow/(r-°C)
CYCHEH3MH NIUPHIOHA
o, [UIOTHOCTh 1696 N
CYCIICH3UH MUPHA0HA
s fuomah 14,6 e
Termoo0MeHa
K03 HIEHT
k¢ TeIuIonepeayn K 947 Br/(M*-°C)
BOJC
v, 00BEM BOJIBI B 0.585 o
pyOaike
. TEIIOEMKOCTh BOJIBI 4179 T/ (kr-°C)
B pybaruke
oy IUIOTHOCTD BOJIBI B 992.1 KO
pyOarike
T, TeMIIepaTypa BOJIbI 3 o
Ha BXOJE

IIpuBeném momens k cranmaptHoMmy Buay. s storo

X

& =41
dt
0 1
_X
N Xy
X 4 X3
0 1 X1
0
_@_
dt 1 (1) 0
ol -2 — 0
d [_| % %
by |nmoy L
dt X X
dxy 0 0 0
L dt |

&1
1543

84

BBEJICM BEKTOP—CTOJIOCIl g, KOTOPBIH COACPKUT INpaBbie
gactu JIY cuctemsr (1), 1 MaTpuily A, OTHOCSIIYIOCS K
nesoit yactu JIY. Torna noiyuyum Mozens B BUJIE:

(M




X
(- py +”2'P2—ko'\/%‘/’)

Yol
E

X, "R
g =u-Ci+uy-Cy—ky- El-xzfx,-k-e RQ730x3)
2 _E
x .
> u; pi ;T —ky- El~p~c‘x3+x1»k‘e RQT3x) 0 H
i

& =

&3 = cp
_Co Py Uy (X3 —Xy)
cp
g4 = CoPoty (T, —x)+ 8-k (53— x4)
Cs " Pe Vs

Takum  oOpasom, pa3paboTaHa  aHaJIUTHYECKas
HeIMHeHHas  MaTeMaTuueckas  MOAeNb  JUHAMHKU
XUMHYECKOTO  PEakTopa  HEMpephIBHOTO  IeHCTBHSA

MIPOU3BO/ICTBA BUTaMHHA Bg.

III. PASPABOTKA MOJIEJIU UBMEHEHU S KODOOUIIMEHTA
T'UJIPABJIMUYECKOI'O COITPOTUBJIEHUA

s pacdera THAPaBIMYECKOrO TPEHHUS A B KPYIJIBIX
TpyOax NpH H3MEHEHMH pacxoja, MU, CJIEIOBaTeNIbHO,
W3MEHEHUS quCcna Peitnonbca, paspaborana
crenuanbHas — mpouexypa. B kadecTBe  BXOJHBIX
napaMeTpoB TIPOIEypa HCIIONB3YeT TeKyllee 3HaueHHe
yucna PeitHonmbaca  (Re), a  Takke  OTHOLICHHE
BHYTPEHHETO IUaMeTpa TpyOolpoBoaa K SKBUBAJICHTHOH
miepoxoBaTocT Tpyosl (n,=D/A,). Temo mporemypsl
MPEACTaBIsieT  cOOOM  ammpOKCUMALIMI  M3BECTHOM
HomorpamMmbel  Konmbpyka—VYaita s onpeaesieHus
KO3 QHIMEHTa THIPABIMYECKOTO TPEHHUSI A, a TaKKe
ypaBHeHHe CTOKCa U aNmpOKCUMALMIO IEPEXOJHOrO
pexuma. s nuana3ona uncen Re>4000 paspaboraHHas
Hamu Mozientb umeet Bug ( x = In(n,) ):

_1.91-10 - x% 439 . 1842-x %1317
1000 1000

—lgRe)-

A
1g(4000)

x-56.5 jz )

l—e 1.14103¢ [ 108

Jis nuanasona yucen Re<2000 npu MozpenupoBaHUU
ucroinb3yercs ypaBHeHue Crokca:

A=64/Re (3)

Jnst mmanazona gncen 2000<Re<4000 wmcmonb3yercs
ypaBHEHHE BUJIA!

l — 0.629 . 870,00216Re + 0.0137 . 8*0,0002741{6 . (4)

Pesynbrar MomenupoBaHus u300pakeH Ha puc. 1 u
COOTBETCTBYET HOMOTrpamMmme KonbOpyka-Yaiita [2].

)\' e e e e . ~,H~~Dlm

0.05
0,045

0.041
0.035 #4120
0.03- 200
0,025 1400
0,02+

2441000

0,015 3000

0,01 . T ———: 15000
107 10* 10° 10° Re

Puc. 1. Ilonyuennsiii rpadux 3aBucumoctu Gynkiuu A=f(Re, D/A,q)

I[lpuy  MonenupoBaHWM  YCTAHOBIEHO  OTIHYHE
JIMHEHHON u PaBHOIIPOIIEHTHOM PpacXomgHBIX
XapaKTEePUCTUK PEryIHPYIOIINX OPraHOB, OCTPOCHHBIX C
WCIIOJIb30BAaHHEM TEPEMEHHOTO 3HAYEHHs A, OT TeX XKe
XapaKTEepUCTUK, IOCTPOCHHBIX C  HCIIOJIb30BaHUEM
YCpEHEHHOTO 3Ha4yeHus A. [lepeMeHHOe 3HaueHHE A
PacCUYUTHIBATIOCH N0 MOTYIEHHOM armpOKCUMALIHH.

IV. PA3PABOTKA MOJIEJIA U3MEHEHUS PACXOJIA CPE/IbI B
PET'YJIMPYIOLL[EM OPTAHE

Hnst OKOHYATEJILHOTO MOy YeHHS BIIASTHHS
perymupyromero oprasa (PO) Ha mOTOK XHIKOCTH B
TpyOompoBosie ¢ y4€TOM CKOPOCTH TOTOKa U A,
BBIOPAHHOM JIMHEHHOW MJIM PABHOTIPOLICHTHOM PacXoHOM
xapaktepuctukoir PO, wucnomp3dyercs aHanHTHYECKas
MOJIETIb BUJIA:

Ky KR 4 (K=1)- Q7

0= 2.(K—1)

)

rie Q — oOwvéMHBIN pacxox cpenmpl, M3/c; Qmax —
MaKCHMAIIbHBI PacxoJ] B CHCTEME IIPHU MOJHOCTHIO
oTkpbIToM PO; v — BcomoratenbHblil kKod¢pduiuenT; K —
KO3 QHUIMEHT, 3aBUCIIUMA OT (OPMBI MPOMYCKHOMN
xapaktepuctuku PO.

2
Koadduuuent K paBen mis nuHenHOU K=1/§ u

. _ 7.82(1-9) .
PaBHOIIPOLIEHTHOU K=e IIPOITYCKHOM

xapakrepuctuku PO, roe S — crenenbp oTkpbiTHs PO,
(0<S<1) [3].

BcenomoratenbHbIi KOOQQHUIUEHT paBeH:

_ (PH_PK—'_A})h)'ﬂ-Z'DS
8p- D¢ D+LA)

4 (©)

raie PH — HavyambHOe pdaBiieHue B JmHuu, [la; Px —
KOHEYHOE JIaBJicHUE B JTUHMH, [1a;
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APh — ruppocratuveckuii Hamop, Ila; & — ko3 duipent
MECTHOTO  TMJPABIMYECKOTO  COMPOTHUBICHMS;, p —
IUIOTHOCTH IOTOKA, KI/M3; L — JuiMHa OpsSIMbIX y4acTKOB
TpyOompoBona, M; A — KOI(Q(UIMEHT THUAPABIMIECKOTO
TpeHus; D — tuametp TpyOompoBona, M.

Takum o00pa3oM, MmoiydeHHblE 3aBHUcUMOCTH (5-0),
MIO3BOJIAIOT YYECTh HEIMHEWHYIO 3aBHCHMOCTD pacxoja OT
cTerneHn oTkpeITus PO.

Pesynbratel MOJEIMPOBaHUS CMECUTENBHOTO
peaKkTopa HENpPEPHIBHOIO JEHCTBHA C MCIOJIL30BAHUEM
ypaBHeHui (1-6) mpeacTaBiaeHs! HA puC.2.

C, kvomb/m’

02

0 200 400 600 800 1000 tc

Puc. 2. VI3MeHeHHe MOJIAPHOI KOHILEHTPALUKY HUTPOITUPUIOHA TIPU
HAHECEHUHU BO3MyILeHuit (1 — yBenuueHnu pacxona nupuioHa Ha 10%, 2
— YMEHBILIECHUH IVIOTHOCTU MUPHIOHA Ha 15%, 3 — yMeHbIIeHUH
MOJISIPHON KOHLIEHTPALUH NUPUI0Ha Ha 15%)

BBIBOJIbI
1. Pa3pa60TaHa MOACIIb XHUMHYCCKOI'O peaKkTopa
q)apMaHeBTH‘IeCKOﬁ MPOMBIIJIICHHOCTH JUJI CHUHTE3a
BUTaAMHUHA B(,, Y4HUTBIBArOMIasA B3aMHOC BIIMSIHUC

[apaMeTpoB, TEPMOJUHAMMKY U KHHETUKY XUMHUYECKOH
peakuuu, e€ MopsJaoK B COOTBETCTBHHM CO CTaHIApTaMH
TIOCTPOEHMS MOJIeNIEH XUMUYECKUX PEaKIUi.
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2. PazpaboTaHa MojJenb BIMSHHMA XapaKTEPUCTUK
pETyIHpYIOIIEro OpraHa Ha IIOTOK  YIPaBIITIOIIEH
JKUJIKOCTH, KOTOpast XapakTepU3yeTcst y4€ToM
HEJIMHEHHOW 3aBHCHMOCTH PAaCX0fa OT CTEHECHH OTKPBITHS
PETyIHPYIOIIEro opraHa.

3. PaspaboTtana mopenb H3MeHeHMs KodddurmeHrta
THAPABINYECKOTO TPEHHs OT pacxoma cpemsl. Mopens
NOJydyeHa Ha OCHOBE alINPOKCHMAIMd HOMOTPaMMBI
Konb6pyka-VYaiira. Ilokazana BBICOKAs CTEIECHb
COBIAIEHHS MOJEIH C OpUrHHaIoM. IIpemMymiecTBOM
pa3paboTaHHOM MO/EH yuéTa U3MEHEHHS KOdPPHUIUeHTa
THAPABINYECKOTO TPECHUS SBISACTCS BO3MOXHOCTH €&
UCIIONB30BaHUS HETIOCPEICTBEHHO B mporecce
yIpaBIECHUSL.
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Annomayua—PaccmoTpena  Moeab  JIACTHYHOM
MACIITAOHO-HHBAPHAHTHOI CeTH. OcHoBHOIT
0CO0EHHOCTBIO 3JACTUYHBIX ceTell SIBISIOTCS Ppa3Hble
OTHOCHTeJIbHBbIE TeMIIbl POCTAa 4YHMCJIAa Y3JI0B H cBsi3ei
Mexkay HumMu. Mcnosnb3oBaHue 3/1aCTHYHOCTH MO3BOJsET
paclIMPHTH 00/1aCTh NPUMEHEHHUs1 Mojeseli MaclTa0Ho-
HHBAPUAHTHBIX CeTeil, B YACTHOCTH, 103B0JIIeT CTPOHThH
MOJeJM IUIOTHBIX MACINTA0OHO-MHBADHMAHTHBIX ceTeid.
BaxkHBIM TOIOJIOTHYECKHM CBOCTBOM 0e3MacIITa0HbIX
cerTeil siBJsfeTCs KOJUYECTBO MNPOCTBIX IHKJIOB, B
YacTHOCTH, TpeyrojbHbix. IlosydyeHa aHajJuTHYecKas
3aBHCHUMOCTh KOJIMYECTBA ULMKJIOB [JJIHHOW TpH OT
pazMepa ceTH W  Kod(duuueHTa  3JACTHYHOCTH.
IMoka3aHo, 4TO 3aBHCHMOCTb KOJIHYECTBA IHKJIOB OT
pa3Mepa ceTH 00J1aJaeT CKEHJIMHIOBBIMH CBOWCTBAMHU.
OHa CcOOTBeTCTBYeT CTEIEHHOMY 3aKOHY, IMOKa3aTelb
KOTOPOro  JIMHEHHO  3aBHCHT 0T KO3 (duuHeHTa
snacTuyHocTH. IIpoBeaéH YHMC/IEHHBIA 3KCIEPHMEHT 110
onpee/leHHI0 KOJIM4YeCTBA TPEYrobHbIX LHKJIOB B
3JACTHYHBIX CeTHAX JJIs1 Pa3HbIX 3HaYeHUH Ko punHenTa
3JIACTUYHOCTH. Pe3yabTaThl MOJeJHPOBAHMS
NOATBEPKIAI0T KOPPEKTHOCTb TEOPETHYECKHX BbIBOJOB.

Abstract—A model of an elastic scale-free network is
studied. The main feature of elastic networks is using
different relative growth rates of nodes and links. Using
the elasticity allows us to expand the scope of models of
scale-free networks. For example, makes it possible to
generate scale-free models for dense networks. An
important topological property of scale-free networks is
the number of simple cycles, in particular, triangular
ones. An analytical dependence of the number of cycles of
length three on the network size and the elasticity
coefficient is obtained. It is shown that the number of
cycles is subject to scaling. It follows asymptotically a
power law with the exponent that depends linearly on the
elasticity coefficient. A numerical experiment was
performed to determine the number of triangular cycles
in elastic networks for different values of the elasticity
coefficient. The results of the simulation confirm the
correctness of theoretical conclusions.
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Knrwouesvie cnosa—macuimadno-uneapuanmuans ceno;
npeonoumumenvHoe NnpuUcoeOUHeHUe;  INACHMUUHOCHIb;
mpeyzonbHble YUKbL; CKEUIUHS
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1. BBEJEHUE

Teopuss MaciITaOHO-WHBAPUAHTHBIX CETEH (aHri. —
scale-free networks) SIBJIIETCS OTHOCHUTEJIBLHO HOBOM
00acThi0 HCCIIEIOBAaHUN CIOXKHBIX cucteMm [1, 2]. B
TAKUX CETAX PacCHpeAeCHUE Y3JIOB IO KOJIUYECTBY
CBA3EH SABJISICTCA ACUMIITOTUYCCKHU CTCIICHHBIM.
W3BecTHO, UYTO  CTEMEHHOM  XapakTep  TaKoOTo
pactpenenieHusl SBISETCS XapaKTepHBIM IPU3HAKOM
Hamuuust y ceTd (¢pakTanbHbIX cBOMCTB [3]. Ot
(axTopsl 00YCIIOBIMBAIOT TEOPETHYESCKUI HHTEpPEC K
HCCIICIOBAaHUI0 MaciTaOHO-MHBapHaHTHBIX cerell. C
JIpYyro CTOPOHBI, MHOTHE CETH pPEaJbHOro0 MHpa
SIBISIFOTCSL Oe3MacITaOHBIMK, HalpuMep, COLUATbHEIC
CeTH, CeTH IMTHPOBAHMI HAyYHBIX PabOT, HEKOTOPHIE
TPaHCIIOPTHBIE CeTH, ceTn MEKOEITKOBBIX
B3aumozeiicteuii u T. A. [1]. Taxum oOpazom,
HCCIICJOBAaHMS MACIUTA0HBIX CeTeH HMMEIOT BECOMYIO
MIPAKTUYIECKYIO 3HAYUMOCTb.

B ocHoBe Moperneli MaciTaOHO-WHBapHAHTHBIX
ceTeil HaxoAATCs ABe 0a30BbIe KOHIIEMIIMU: KOHIISTILIUS
pocta u KOHIICTIITHST MIPEATIOYTUTETEHOTO
npucoequHeHuss. CaMmoil MOMynSpHOM M HpPOCTOH
MOJICTIPIO TaKUX CeTel sBIsIeTCS MoJedb bapabamim-
Anbbepr [1, 4]. B To ke BpeMsi KJIacCCHYECKUE MOJCIH
MacIITaOHO-UHBAPUAHTHBIX CETeH 00NagaroT psIIoM
CYIIECTBEHHBIX HEJOCTATKOB W OrpaHudeHuii [5].
KnroueBbIM W3 HUX SBISETCS TO, YTO B TAKHX MOJEIISIX
CpenHsIsl CTENEHb y3Jia MPEnoiaraeTcs MOCTOSHHOM, B
TO BpeMms, Kak Ui OONBLIMHCTBA  PEaJbHO
CYIIECTBYIOIINX CETEH dTa BEIWYMHA YBEITHMUUBACTCS C
poctoMm cetu. B paboTax [5, 6] npeanioxKeHo pacuIupuTh
MepeueHb  OCHOBHBIX  KOHIIEMIMHA  MacmTaOHO-
VHBAPHAHTHBIX ~ CETeH  TIOHATHEM  JJACTUYHOCTH,
MO3BOJISIOIIUM YYECTh Pa3jiniie B TEMIIaX POCTa YHCIIa
Y3II0B M CBs3eH MEXAYy HUMH. MOJENb 3IaCTHIHBIX
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MaciITaOHO-MHBAPHAHTHBIX CETeHd TpeJCTaBlieHa B
paznene I1.

KoadduuumeHT ckeitniHra pacnpeieieHus y3jioB Mo
YHCITy CBSI3€H CYIECTBEHHO 3aBHCHT OT TOTO, SBIISIOTCS
JIM UCTOYHUKOM J100aBICHHBIX pEOEP CYIIECTBYIOIIHE
CIlydyailHO BBIOpaHHBIC Y3JIbl, MJIH JK€ TOJILKO HOBBIH
y3en, U Bappupyercs or O0=1+2/A<3 [5] no
0=1/(1-A/2)>3. B nacrosmeli paboTe paccMaTpu-

BacTCs BTOpOﬁ N3 YKa3aHHBIX YaCTHBIX CJIy4dacB.

Kak ormeueHo B [7], pacmpeneneHue Yy3jio0B IO
YyhClly ~ CBsi3e  sBieTcd ~ HE  €JUHCTBCHHBIM
TOMNOJIOTHUYECKUM CBOMCTBOM CETEH, MOABEPKEHHBIM
ckeinuHry. Yucno npocThiX LMKIOB (JUIMHOW TpU WM
Oosee) sBIIETCS OAHOW W3 Hawbojee Ba)KHBIX
XapakTepucTUK Takoro poja. B pasnene Il momyuena
TEOPEeTHYECKasl OLIEHKA KOJMYECTBA IUKIIOB JUIMHOM Tpu
B 3JIACTHYHBIX MacIITaOHO-MHBAPHAHTHBIX CETSX.

II. MOJEJb BJIACTUYHOU MACLLITABHO-
WUHBAPUAHTHOI CETU

Haubonee wm3BecTHOW Mopenplo  MacmTaOHO-
WHBapUAHTHOW CETH SABISETCS Mojenb bapabamim-
Anp0epT OCHOBaHHasT Ha CIEAYIOIIMX 0a30BBIX
npaBunax [1,4]:

e Ha KaKAOM BPEMEHHOM Iuare { B CETb
n00aByIseTcs HOBBIM y3en (KOHLEMIMS pocTa) U
COEIUHAETCA C M CYLIECTBYIOLIMMU y3J1aMHU;

e [IPaBWJIO TPEANOYTHTENHBHOIO  CBS3BIBAHUSA:
BEPOSITHOCTh TOTO, YTO HOBBIA y3enm Oyzmer
INPUCOETUHEH K CYIIECTBYIOLIEMY Y3Iy C
HOMEpPOM k£ , TPOMNOPIMOHAJIbHA €ro CTENeHU
D(k,t—1) , T.e. KOMMYeCTBY CBSI3eH, YyxKe

HUMCIOIUXCA Y JaHHOI'O y3Jia:

single _ D(k’t) _D(k,t)

= - (M
kel Y D(k,t)  2E(f)
k
rne E(t) — xommuectBo pEOep Ha mmare ¢ mepen
nmo0aBJieHHEM y371a ¢ HOMEpOM £ +1 .
dns  mMogmenmelt  Takoro - TUHa — XapakTEpHO

MOCTOSIHCTBO YHMCIa JO0aBIsieMbIX CBsi3el ( m = const ),
OITHAKO B CETSIX PEAIbHOTO MUpA CPETHSS CTEICHb y3Ja
(KOTMYECTBO CBA3€H B CETH) KMEET TEHJCHIIUIO
BO3pacTaTh C POCTOM CETH M CO BpEMEHEM HaOII0ACHHS.
B kmaccuueckux MOAENsAX MacIITaOHO-MHBAPUAHTHBIX
ceTell JTa 3aBHCHMOCTh JIMOO HE paccMaTpHBaeTcs,
nubo paccMmarpuBaeTcsl Kak BHeHmIHMH Qakrtop. B
pe3yibpTare TakHe MOJCNIH  OTPakaloT —CBOWCTBA
peanbHBIX CeTeH JHMIIb Ha Y3KOM HHTEpBaJlE HX
MmacmTaba. Kpome Toro kiroueBble CBOMCTBA MOJENH
Oe3maciiTabHOit  cet  (Hampumep, — MOKasarellb
CKEHMJIMHTa) OKa3bIBAIOTCS 3aBUCHMBIMH OT IapameTpa
m , IMEIOIIEr0 MacITal.

PaccMOTpuM BO3MOXKHOCTh MOJH(DHUKALNU JaHHOM
MOJIENIM C NMPUMEHEHHEM KOHLENIUU 3IaCTUYHOCTH, B
COOTBETCTBUU C KOTOPOH OTHOCHUTENIbHBIE TEMIIBI POCTa
y310B U pébep OTIMYAIOTCS Opyr OT JApyra, a
KOJIMUECTBO J00aBisieMbIX péOep m(t) He SABIAETCS

KOHCTaHTOH [6].
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O0603HaUYMM YHCIIO BEPIIMH, UMCIONIUX CTENEHb K ,
kak N(k,t), ux oOllee YUCIIO B MOMEHT BPEMEHU ¢ Kak

N(t) , a obmee yncino pédep kaxk E(¢).
Kosdpduuuenr smactuunoctn A ( 1<SA<2 )
ompeneysieTcss  Kak ~ OTHOLICHHE  OTHOCHTEIBHOIO

HPHUPOCTa YHCIIa pedep K OTHOCUTENBHOMY HPHPOCTY
4ycia BepUINH (CO CIBUIOM Ha LIAr Ha3a):

SE(f)

= m = const (2)

Tak kak enWHUIEH HW3MEpPEHHs] BPEMEHH SIBISIETCS
KOJIMYECTBO y3JI0B, T. €. N(¢)=t,TO

E(+D=E() _, NO-N@=) _

(3)
E(®) N(t-1) t—1
Pemenue (3) umeer Bun [3, 5]:
E(t)= T(t+x-1) )

CT(-DLO(A+1)°

Ilpuy »o>roMm B  MOMEHT BpemeHu =1
E(1)=E(2)=1 , YTO COOTBETCTBYEeT TOMY, UTO

W3HAYAIBHO CETh COCTOUT U3 JIBYX Y3JIOB, COSTMHEHHBIX
OJIHUM peOpoMm.

N3 (4) cnemyer, 4TO MaTeMaTUYECKUE OXKUIAHHS
KoJM4ecTBa pedep, 100aBiIsieMbIX B MOMEHTHI £ +1 u ¢,
MO>KHO OIIPEJEIUTD CICAYIOIINM 00pa3oM:

mit+1) =20 )
1
CT(40-2)
"0 = Do) ©)

BakHO OTMETHTB, YTO MOKAa3aTeslb PACIPEICICHHUS
y3JIOB 110 HX CTCICHAM CYIIECCTBCHHbBIM O6p3.30M
3aBUCHT OT TOTO, KaK BBIOMPAIOTCS Y3JIBI-UCTOYHUKH
nobasnseMbIX pedep. IMu MOTYT OBITh TOJIBKO HOBBIM
y3el1, WIM JKe, I[OMHMO HEro, TaKXKe M paHee
nobOaBieHHble. B maHHON paboTe paccMarpuBaeTcs
MIEPBBI ciTyuail, kak 6oyee MPOCTOH.

O6o3naunm kak D(k,f) cpemHee 4ncio cBs3el y3ma
C HOMEpPOM k B TeKymHH MOMEHT BpEMEHH !
PaccmarpuBass mpouecc no0aBlieHHS CBsA3ed  Kak
npouecc bepHymim ¢ BEpOSTHOCTBIO —ycmexa B
OJIMHOYHOM HcTbITaHu| (1), momydum:

single

Pl,t+1 = Py 111 -m(t+1) (7

C yuerom (1) u (5) momyqyaem:

A2
Dk, 1+1 :D(k,t)-: (3)

Marematiudeckoe OXHJIaHHE MPUPOCTa CTEHECHH
y31a k paBHO BepoATHOCTH (8) TOro, 4TO HOBBIU y3el
OyZIeT CBsI3aH C Y3JI0M Kk , IO3TOMY

D(k,t+1)— D(k,t) = D(k,t) % )



HauannHoe YCJIOBUC UMECT BUI:

D(k,k)=m(k) (10)
Pemenue (9) - (10) umeer Bux:
I'tk=2+1)-T'(t=1+1/2)
C(k—1+Ax/2)-T(t—1)-T(})’
npu stoM D(1,¢) = D(2,1) .

D(k,t) =

k>2 (11)

AcUMNTOTHYECKH, TP OONBIINX 3HAYCHUSAX k U !

M2 h2-1
D(k,t) 8 ——— (12)
)

TakuMm  00pasoM, CpeHssi  CTEHeHb  y37a,
BOIIEAIIEr0 B CeTb B MOMEHT BpeMeHH £
YMEHBIIAETCS C POCTOM K IO AaCUMITOTHYECKH
CTEHICHHOMY 3aKOHY C IIOKa3aTeIeM

Ok =1-2/2 (13)

Ha puc. 1 mpuBemeHBI pe3yNbTATHl IOMIATOBOTO
MOZCITUPOBAHHS AACTHIHON MaciTabHo-
WHBapUaHTHOW ceTn U3 ¢=65536 y31m0B 1IpH
k03¢ dunreHTe aacTuuHoCTH A =3/2.

31ech TOUKaMHU T[OKa3aHbl 3HAYCHUS CTEIeHEH
Y3JI0B, NOJy4€HHbIE B MpOIECCe MOAEIMPOBAHUS, a
CIUIONIHAS JIMHUS  COOTBETCTBYET  PETrpPEeCCHOHHOM
npsiMoi.  MOXXHO  OTMETHUTh, 4YTO  TOJYYEHHas
3aBUCHMOCTh OJIM3Ka K TEOPETHYESCKU MpeICKa3aHHOH
acumnrotuke (12), UMEoLIeH B JaHHOM Cliydae BUJIL:

log D(k) =—0.25-log k +8.4385 (14)

log(D(k.t))

Puc. 1. 3aBUCHMOCTD CTEIECHH y371a OT BPEMEHH BXOJIa B JIACTHYHYIO
ceTb

IlytéM copTUPOBKH y370B TO YOBIBAHUIO WX
CTEMEHEHl  TOJIyueHO  PaHroBOE  paclpelesieHHue
CTEINEeHel y3710B, 3JacTUYHON ceTH (puc. 2). OueBuIHO,
9TO  OKCIEePHUMEHTANbHbIC  JaHHble  (TIOKa3aHHbBIE
TOYKaMH) C OONBIIOW TOYHOCTBIO COOTBETCTBYIOT
MIPOrHO3MPYEMON aCUMITOTHYECKO# 3aBUcHUMOCTH (14),
IMOKa3aHHOM CIUIOUTHOM JTMHUEH.

85- 4
8 L -
£75) ]
(]
a
D 7t 8
o
65r R
E . |
55 1 I I I I
0 2 4 6 8 10 12
log(rank)

Puc.2. PanroBoe pacnpenenenne cTerneHel y3a0B dIacCTUIHON CeTH

PanroBomy pacnpenenenuto ¢ rmokazarenem (13)
COOTBETCTBYET YaCTOTHOE PACIPENENCHUE ¢ (YHKIMEeH
BEPOSITHOCTH, HWMEIOIIEH  CTENMEeHHOW  XBOCT  C
oKasaresaeM

0=1/0""% =1/(1-1/2) (15)

B paccmorpeHHoM uucnoBom mpumepe A =3/2

TaKUM 00pa3oM, 0k _1/4 u =4, uto Gonpire,
4yeM JUIs HEedJIaCTUYHOW Moxenu bapabamm-Anwsoepr,
HMMEIOIIEN CTEIEHHOM XBOCT C IMOKa3zarejaeM 0=3.

[MoncraBnsass (11) B (8), monyduum TOYHOE W
ACHMITOTHYECKOE 3HAYEHHUS BEPOSITHOCTH
IIPUCOEIMHEHNS] HOBOTO y37a #+1 K CYyIIECTBYIOIEMY
y3ny k :

AT(k=2+1)-T(t—1+1/2)

Pr,t+1 = 2-T(L)-T(k—1+1/2)-T(7) (e
Pi i ~ CO D)k 12! 17

rie
A (18)

C=—_"
2(A—1)-T (L)

I11. OIEHKA KOJMYECTBA [IUKJIOB JUTMHON TPH B
JIACTUYHBIX MACIITABHO-UHBAPMAHTHBIX CETSIX

MacutabHo-MHBapuaHTHbIE ceTH (rpu m>1 win
A>1) comepxaT npu ¢ — oo IMKIBI JIFOOOTO pasMmepa.
B  paccmaTpumBaeMOM ~ YacTHOM  Ciydae, Korza
HCTOYHUKOM BCEX HOBBIX CBs3€il SIBIIOTCS TOJBKO
HOBEIE y3JIbI, BCE HOBBIE IIUKJIBI BCETa COJCPKAT BHOBb
nobaBysieMbldi  y3es. HOBBIH LUK JUIMHOH — TpH
(dbopMupyeTcs Torjaa u TOJIbKO TOTa, KOrJia HOBBIN y3el
MPUCOCANHUTCS K JIBYM y3JIaM, Y)Ke CBSI3aHHBIM MEXITY
coboii. BeposTHOCTh TOTO, YTO Y37bl, BKIIOYCHHBIC B
CeTh B MOMEHTHI BpeMEHHU k W f+1, CBS3aHBI MEXIy
cobott, onpenensercs dpopmymnamu (16)-(17). Ilpupoct
KOJIMUECTBA LUKJIOB JUIMHOM TPU PaBEH BEPOSTHOCTH
TOTO, YTO HOBBIA y3en f+1 COCIMHUTCS C ABYMS
CYLIECTBYIOIIMMH y3JlaMU [ U ] , YMHOXEHHOH Ha

BEPOSATHOCTDH TOI'O, YTO 3TH Y3JIbI YIKC CBA3AHBI:
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t il
AN3()=N3(t+1)=N3()= X X pi paPj, 1), i (19)
i=2 j=1

3ameHuB cyMMbl B (19) wuHTerpamamu, MOXHO
3amucaTh ypaBHEHHE CKOPOCTH MPHPOCTa IMKIOB B
BHUJIC:

aN; () } di | GO )2 Qo)
at o j=o

U3 ypaBuenus (20) HaxXOAWM aCHMIITOTHYECKYIO
OLICHKY KOJMYECTBA IUKJIOB [UIMHOW TPH B DJIACTHYHOM
ceTu:

L aen)?
N3(t)—6(Ct ) Q1)
Bonee Tounas onenka (21) umeer Bug
3
.I“(t—2+7\.)j 22)

1
N30 _E[C T(t—1)

BBI mpoBeAEH YHCICHHBIH SKCIICPHMEHT 110
ONIPENECHNI0O KOJIMYECTBA TPEYTOJbHBIX IMKIOB B
3JACTUYHBIX CETAX pasMepoM OT =8 mo t=4096 u
Ko duimenTom saactuyHoctd (A) ot 1.025 no

1975 . Ha puc. 3. TOUKaMH  TIOKa3aHbI
OKCIICPUMCHTAJIbHBIC 3HA4YCHUSA KOJMYECTBA IHUKIIOB
JUTHHOM TpH pu A=3/2 3HaueHus,
COOTBETCTBYIOILIE  TEOpeTHdecKod oueHke (22),
MOKa3aHbl CIUIOIIHON JINHUEH.

8 16 32 64 128 256 512 1024 2048 4096
t
Puc. 3. KonuuecTBo 1MKIIOB JUIMHOM TPY B 3aBUCUMOCTH OT pa3Mepa

A=3/2

9JaCTHYHOH ceTn upu

3aBUCHUMOCTH N3(L) Onm3Ka K

9KCIOHEHIMaNbHOMY 3akoHy. Ha puc. 4 mnokasaHsl
9KCIIEpUMEHTAIbHBIE TAHHBIC U TEOpETHYECKas OLCHKA,
COOTBETCTBYIOIIME ceTH pazMepoM t = 4096.

10 T T T T T T

¥y =0.18766.+1.06921°x
10° F e

i H i i i i H i
1 11 12 13 14 15 16 17 18 198 2
Lambda

Puc. 4. KonwuyecTBO NMKIOB JIMHOW TPU B 3aBUCHMOCTH OT
K03 uIeHTa AMaCTUIHOCTH
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Jlns cpaBHEHUs] OTMETHM, 4TO COTJIacHO [7] maremaTu-
YEeCKOe OXKUJIAHHME KOJIMYECTBA IUKIOB JUIMHON TPH IS CeTH
Bapab6amu- Anb0epT cocTaBiseT

3
NEA D) =< (B 1og(0) 23)

PesynpraTel  SKCIEpUMEHTa  IIOKA3bIBAalOT, 4YTO
TOYHOCTh IPOrHO3UPOBAHUS MOBBIILIAETCS c
YBEIMYEHUEM pa3Mepa CEeTH.

BLIBOJIBI

PaccmoTtpena Mojens MacmTaOHO-HHBAPHAHTHOMN
9JIACTUYHOH ~ CeTH,  B@KHBIM  TOIOJIOTMYECKUM
CBOWCTBOM KOTOPOH SIBISIETCS KOJIMYECTBO IHKIIOB.
OCHOBHO 0COOEHHOCTBIO 3JTACTUYHBIX CETEH SIBISIFOTCS
pasHble OTHOCHUTENbHBIE TEMIIBI POCTa CBA3EH M y37IOB,
KOTOPBIC TO3BOJISIIOT PACIIMPUTH 00NACTh MPUMEHEHUS
Mozmene#  Ge3macmTabHBIX  cerei.  Koaddumment
ANACTUYHOCTH TPEJICTABIIAET COOOH MacIiTabHYI Mepy
IUIOTHOCTH rpada, OoJjiee eCTECTBEHHYI0, YeM OOBIYHO
UCTIONTb3yeMasi CPEJIHSISI CTCTICHb.

Ionydena aHanuTHYeCcKass 3aBHCUMOCTh YHCIA
LUKIOB OT pa3Mepa CceTh M KodpQuuueHTa
anacTUIHOCTH. [IpoBeneH YuCIeHHbIN SKCIIEPUMEHT 10
OTpENIEICHUI0 KOJMYECTBA TPEYTOJNIbHBIX IIMKJIOB B

9NMACTUYHBIX ~ CeTAX  JUIA  pasHbIX  3HAYCHUH
kodduineHra ANACTHYHOCTH. PesynbraTsl
MOJICTTUPOBAHUS MOATBEPXKAAIOT KOPPEKTHOCTh

TCOPECTHICCKUX BBIBOJOB.

IMoka3aHo, YTO 3aBUCUMOCTb KOJIMYECTBA LIUKIOB OT
pa3Mepa CeTH COOTBETCTBYET CTEIICHHOMY 3aKOHY, a €ro
MacIITa0HBI KO3((HUIUEHT IJHMHEHHO 3aBHCHUT OT
koaddunneHra AACTHYHOCTH. IIpoBeneHHbIC
MCCIICIOBAHKS MOTYT OBITh IOJIC3HBIMH INPU CO3JIaHUH
MacIITa0HO-MHBAapHAHTHBIX ~ MOJENed  miId  ceTei
Pa3NnUYHOro (yHKIMOHATEHOTO HA3HAYCHHSI.

IlepcnexkTUBHBIM  HalpaBlIEHUEM  JalbHEHIINX
uccienoBaHuil  sBisieTcs  00OOLIEHUE IOIYYEHHBIX
pe3yNbTaTOB NS DIACTHIHBIX CETeH C pa3IHYHBIMU
HCTOYHUKAMU 00aBleHUs pedep.
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Introducing WILLIAM: a system for inductive
inference based on the theory of incremental
compression

Arthur Franz* Michael Loffler*
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Abstract—We introduce WILLIAM — a new system for
data compression that is based on a formal mathematical
theory of incremental compression. The theory promises to
find short descriptions in an incremental and efficient way
while still being applicable to a wide range of data. We have
used abstract syntax trees of selected Python operators in
order to define a representation language. We present some
practical tests of the theory with encouraging results.

Index Terms—incremental compression, data compression,
Kolmogorov complexity, inductive inference

I. INTRODUCTION

The ability to compress data is an important problem
in both science and industry. Apart from saving memory
space, data compression is tightly tied to inductive infer-
ence and artificial intelligence, since it requires intelligence
in order to find regularities in data, which in turn leads to
short representations (see [1], [2]).

Kolmogorov has proved that the concept of the shortest
description is well defined and depends on the description
language only up to an additive constant. The length of the
shortest description is known as the (plain) Kolmogorov
complexity of the data, which corresponds to optimal com-
pression. In spite of substantial efforts in this area, progress
is impeded by the fact that compression is possible only
when a description, i.e. program, is found that captures
regularities in the data. However, any language that is
able to express all possible programs is Turing complete,
such that the search within such a vast space becomes
intractable.

In theory, there exist universal search methods, such as
Levin Search, that are able to find short descriptions of data
and require the execution of all lexicographically ordered
programs until a solution is found. For the better or worse,
Levin Search has the optimal order of computational
complexity [3]. Nevertheless, the obvious slowness of this
method, hidden in the big “O” notation, seems to be the
price for its generality.

In order to alleviate that problem, we have developed
a theory of incremental compression [4], that finds in-
termediate, increasingly shorter descriptions of data. Re-
markably, it is guaranteed to find the shortest description
(to some precision) by assembling it from short and
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mutually orthogonal features. In spite of the fact that those
intermediate descriptions are incomputable, they can be
approximated in practice, where the whole compression
algorithm promises to be both general and efficient.

In this paper, we summarize the theoretical results ex-
pressed in the language of algorithmic information theory
and also present a practical implementation of the proposed
algorithm, WILLIAM: a Python-written system for data
compression and inductive inference. Since this is work
in progress, we include some modest results and discuss
them in relation to the theory and future work.

II. INCREMENTAL COMPRESSION

Consider strings made up of elements of the set B =
{0,1} with € denoting the empty string. B* denotes the
set of finite strings over . Denote the length of a string z
by I(x). Since there is a one-to-one map B <> N of finite
strings onto natural numbers, strings and natural numbers
are used interchangeably.

The universal, prefix Turing machine U is defined by

Uy, (i,p)) =Ti ((y,p)) s ¢))

where T; is i-th machine in some enumeration of all
prefix Turing machines and (.,.) is some one-to-one map
N x N <> N. This means that f = (i,p) describes some
program on a prefix Turing machine and consists of the
number ¢ of the prefix Turing machine and its input
parameter p and y is some additional parameter. We will
use the shortcut U ({x, f)) = f(x). The conditional (prefix
Kolmogorov) complexity is given by
K(zly) := ming {I(s) : U((y,s)) =s(y) =z} (2
This means that K (z|y) is equal to the shortest descrip-
tion of string = given string y on a universal, prefix Turing
machine. The unconditional (prefix Kolmogoro23.5v) com-
plexity is defined by K (z) = K (z|e). Up to this point, we
have followed the standard definitions as given in e.g. [2].
Our theory of incremental compression has been pre-
sented in [4], which we summarize here.
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Definition 1: Let f and z be finite strings and Dy (z)
the set of descriptive maps of x given f:

Dy (@) ={f": f(f' (@) =, L(f) +1(f () <l(x)}

3

If Df(z) # 0 then f is called a feature of z. The

strings p = f’(x) are called parameters of the feature f.

f* is called shortest feature of x if it is one of the strings
fulfilling

L(F) = min{U(f) : Dy(x) # 2} @

and f'* is called shortest descriptive map of x given f*
if
1(f™) =min{i(g) : g € Dy-(x)} ®)

Lemma 1:

Let f* and f”* be the shortest feature and shortest
descriptive map of a finite string x, respectively. Further,
let p = f™ (). Then

1) 1(f*) = K (z|p) and

2) 1(f") = K (plz).

Theorem 1 (Feature imcompressibility):

The shortest feature f* of a finite string x is incom-
pressible:

L) =01) <K (f7) <U(f7) + 0 (og (I(f7))) - (6)

Theorem 2 (Independence of features and parameters):

Let f* and f'* be the shortest feature and descriptive
map of a finite string x, respectively. Further, let p =
f*(z). Then,

K(f*lp) = K(f7), (7
K(plf*) = K(p), ®)
K(f*,p) = K(f*) + K(p) ©)

13

where the “~” sign denotes equality up to logarithmic
terms in complexity.

We conclude that features and parameters do not share
information about each other, therefore the description
of the (f*,p)-pair breaks down into the simpler task of
describing f* and p separately. Since Theorem 1 implies
the incompressibility of f* and U ({p, f*)) = x, the task
of compressing x is reduced to the mere compression of
p.

Let us describe the compression scheme of the binary
string x. Denote py = x, and start an iterative process
of compression: let f;,; be a shortest feature of p;, fii,
is a shortest corresponding descriptive map and p;+1 =

i1 (pi). We will continue this process until some pj
is not compressible (for example, p;, = ¢) and obtain
x = ff(f5 (- f¥(ps))). One of the main theoretical
results shows that this representation approximates the Kol-
mogorov complexity up to logarithmic terms, i.e. achieves
near optimal compression.

L)

III. DESCRIPTION OF THE ALGORITHM

In the following we will describe the current state of
WILLIAM, which is work in progress and will change
considerably in future. The main goal of this project
is to implement our theory of incremental compression
in practice and to construct intelligent agents using the
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inductive reasoning capabilities that follow from the ability
to compress data. For example, it has been shown for-
mally that combining optimal compression (in the form of
Solomonoff induction [5], [6]) with reinforcement learning
leads to maximally intelligent agents [1].

A. The alphabet

As a language we have used trees of Python op-
erators, which can be converted to abstract syntax
trees, compiled and executed by Python itself. At the
core, we use an alphabet of currently 36 Python op-
erators, such as range, add, mult, join, map,
equal, and, or, ifelse etc. Each operator can be
called and knows its arity and type specifications, i.e. the
types of variables that can be it’s input and output. The
currently allowed types are integer, float, string, bool and
callable functions, which can be put into lists and tuples.
Each operator knows whether and how it can be inverted.
For example, range (4) = [0,1,2, 3], thus given the
list as induction target, the input 4 can be inferred.
Often, an operator can only be inverted if conditioned
on some of its inputs. For example, add (3,4) = 7
can be inverted, if the target 7 is given and the first
or second input is conditioned on (i.e. it can be solved
for the other input). Sometimes inversion leads to several

solutions. For example, if concat (a,b) = [0,1,2],
then possible solutions are a = [], b = [0,1,2];
a = [0], b= 1T11,2];a = [0,1], b = [2] or
a = [0,1,2], b = []. Therefore, the inversion of

operators is implemented as a Python generator, which
yields all possible results. The resulting language defined
by that alphabet is completely functional (not declarative).

B. Composite operators

The alphabet can be dynamically extended by defining
trees made up of them, so that a tree can act as a single op-
erator. Such new operators are called composite operators.
They can be executed and also inverted depending on the
invertibility and conditions of the participating operators
at the nodes. In order to invert a composite, it has to be
computed, which if its inputs have to be given, i.e. are
conditioned and which can be computed. For example, the
composite function y = 1 — 22 + =3 * x4 can be inverted
given 3 out of 4 variables, which lead to the inverse
functions F; = (y —x1 + 22) /x4, Fo = (y — 21 + 22) /3,
F3 =y—x1—x3%x4 and Fy = y+x2 —x3%24. A special
activation propagation algorithm has been deployed in
order to implement such composite inversions. Composites
can then be reused as single operators at the nodes of even
larger trees — hypertrees.

C. Tree search

Given the alphabet with its respective arity and type
specifications an exhaustive search for trees made up of
those operators can be performed with the constraint that
the output of an operator is fed into an input of another
operator with a compatible type specification. Two versions
of tree search have been implemented. The first is a depth-
first search of all perfect trees at given depth. The second
version is a description length sorted (=biased) tree search
where trees of increasing description length are found. This



is important since we want to find simple trees first. For
example, a degenerate, non-branching depth-4-tree of four
unary operators may be simpler than a general depth-3-
tree.

D. Search for parameters

After some tree has been constructed, it is used as a
single composite operator and corresponds to a feature,
as defined in our theory. WILLIAM tries to find inputs
(=parameters) to the composite tree (=feature), such that
the output matches the target. There are three ways of
finding parameters that are currently implemented.

The first and the least efficient, tries to cycle through all
combinations of parameters. For example, if the composite
requires 5 integer parameters then all integer combinations
up to a certain maximal size are attempted.

The second way uses the reasoning of the incremental
compression theory: it uses the composite operator (feature
f) and the target x in order to compute the parameters
p. In general, some parameters have to be conditioned
on, while the others can be inferred, which corresponds
to solving an equation for unknown variables. WILLIAM
takes those parameters that have to be known and computes
all combinations like in the first version and infers all the
other parameters by inverting the composite. Essentially,
the descriptive map f’ is given by the conditioned parame-
ters p. and the composite tree itself (for example, inversion
of add(p.,p;) = 7 is possible, if p. is known).

The third way is to use so-called biased permutation,
where the generation of parameters is sorted by their
description length.

E. Description length

The description length of various data sets is computed
in the following way. Integers n are encoded with the Elias
delta code [7], whose length is

l(n) = [logy(n)] + 2 [log, ([logy(n)] + 1)) +1

Floats are approximated by fractions up to a given preci-
sion by minimizing the sum of the description lengths of
nominator and denominator, which are integers. Chars are
described by the Elias code of their ASCII number. The
description length of iterable structures such as strings, lists
and tuples consisted of basic elements is simply the sum
of the lengths of each element plus description length of
the length of the iterable structure.

Beyond data sets, elementary operators and the trees of
them that define composite operators have to be described.
The information needed to specify an elementary operator
is simply [log,(IN)] where N is the length of the alphabet,
currently NV = 36. Since each operator knows the number
if its inputs/children, a tree made up of operators can be
described by assigning a number 0,...,N — 1 to each
operator and writing those numbers in sequence, assuming
a depth-first enumeration order.

(10)

FE. Inductor and incremental compression

Currently, WILLIAM can function in two modes. In the
universal search mode, WILLIAM acts as simple inductor
that find descriptions of a target string z in the form
of an operator tree f and its parameters p, while trying

to minimize the total description length I(f) + I(p). In
the incremental mode, WILLIAM tries to find trees f
with short description lengths and compute parameters by
inverting the tree. Here, only {(f) is minimized while p is
allowed to be long, merely bounded by the compression
condition I(f) + I(p) < I(z). The parameter list then
becomes a new target.

More precisely, let = be an initial target, which is
represented in the form of & = f1(p1) where fi is
an operator tree and p; is a list of parameters fulfill-
ing [ (f1) + {(p1) < [(z). This procedure is repeated:
p1 = f2(p2), p2 = f3(p3) etc. in accordance with the
idea of incremental compression to use short features.
In this way, we obtain a list of trees that can be exe-
cuted subsequently, and form a composition of functions
f1(f2 (- fs (ps))) each fulfilling the compression condi-
tion [ (fi+1) +1 (pi+1) <1 (p;). We call such lists/rows of
trees alleys.

IV. EXPERIMENTS

In the following, we present some test cases of what has
been achieved.

A. Examples of induced functions

All trees up to depth 2 were searched through. We
choose some target, then run the inductor in the universal
search mode and give some examples of induced functions,
the number of attempts to find this representation and
compression ratio (in percents of target description length),
see Table 1. The compression ratio is required to be greater
than zero, since we enforce the compression condition.
w/hints means that we have used hints by limiting the
set of basic functions in the inductor. In the condition
“without inversion” all parameter combinations up to a
certain threshold have been searched through exhaustively.
In the “with inversion” condition, some of the parameters
can be inferred by computing them from the target and
from the conditioned inputs.

It is quite evident that guessing both the function tree
and appropriate inputs to the tree is quite computationally
expensive. However, when inputs can be computed by
inversion, the search is much faster and also can solve
problems that could not be solved before. This reflects the
p = f'(x) operation in the theory.

B. Example of an induced alley

Consider the target x from Table II. It is complex
enough, such that an exhaustive search for a representation
quickly becomes intractable. However, in the incremental
compression mode, WILLIAM can still find a solution. It
has first found a function f; (a, b, ¢,d) (in the form of an
operator tree) and its parameter list p; = [a, b, ¢, d]. Both
f1 and p; are given in Table II and together they form the
representation

x = insert (range (0,6),11,[12,13,...,22,8,...,8]),

which is shorter than the initial target x. In the current
version of WILLIAM, the new target is a concatenated
list of parameters (denoted by c(p1)), so at step two the
new target is set to

c(p1) =1[0,6,11,12,13,...,22,8,....8].
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TABLE I
EXAMPLES OF INDUCED FUNCTIONS

Target Some induced function . Attefnpts . .Att.empts' Compression
without inversion | with inversion
, , str(111111), not found, 4, 53%,
111111 (6,717) 1290 8 57%
[1,2,4,8,16,32,64,128,256] power (2, range(9)) 669071 196 70%
"aaaaazzzzz' 5 % "a’" + 5 x 'z’ not found 2136 53%
[0.0,1.0,...,99.0] map (float, range (100)) 866, w/hints 3, w/hints 97%
[33,35,37,39,15,14,...,6] range (33,41,2) +range (15,5, -1) not found 3021 49%
TABLE II
EXAMPLE OF AN ALLEY
Denotation Function List of parameters
T {11,11,11,11,11,11,12,13,14,15,16,17,18,19,20,21,22,8,8,8,8, 8]

fi(a,b,c,d), p1 insert (range (a,b), c,d)

(0,6,11,112,13,14,15,16,17,18,19,20,21,22,8,8,8,8,8]]

f2(a,b,c,d) ,p2 insert (range(a,b), c,d)

(14,19,8,1(0,6,11,12,13,14,15,16,17,18,19,20,21,22]]

f3(a,b,c,d),p3

insert (range (a),b, range(c,d))

[5,(14,19,8,0,6],11,23]

After running the inductor on the new target we obtain a
new feature f5 (a,b, ¢, d) and its parameter list po such that
c(p1) = f2 (p2). Using c(p2) as the new target we obtain
f3(a,b,c,d) and ps. This process can be continued but
the inductor did not find a shorter representation of c(ps)
in this example. Overall, the final description of the target
x contains features (functions) f1, fa, f3, a parameter ps
and some information that allows to obtain initial versions
of p; from the concatenated forms c(p;), by saving the
indices of each parameter in the concatenated list c¢(p;).

V. DISCUSSION

Previously, we have developed a theory of incremental
compression that promises the existence of an efficient and
general data compression algorithm. In this publication,
we have sketched our new system WILLIAM that aspires
to realize that algorithm in practice. WILLIAM is much
more complex than described here, but a full description
of its functionality is beyond the scope of this paper. Still,
it is very much work in progress, so that we have been
able to demonstrate some modest capabilities for inducing
short descriptions on some examples without yet being able
to run a systematic comparison with industrial standards
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for compression algorithms. Also, a detailed match to the
theory in order to test the derived theorems would be
useful as well as the further development of a computable
version of the theory. Nevertheless, the inductive capabili-
ties using alleys have shown the emergence of fairly deep
trees, which would be practically impossible to find using
exhaustive search. This is an encouraging confirmation of
the theory’s efficient compression abilities.
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Annomayus — B paGote mpeasiaraercsi HOBbIii MeTOJ
¢opMHUpOBaHNS TMOMEXOYCTOHYHMBBIX KOAOB HAa OCHOBe
NEPEeCTAHOBOK, HCNOJbL3YIOIMA (aKTOPHAILHYI0 CHCTEMY
cynciaenusi. M3/105keHbl OCHOBBLI TeOpHH (PAKTOPHAIBHBIX
CHCTEM CYMCJICHHs] M NPUBEICH MeTOoJ HX NoaydeHust. Jlanbl

NpUMepbl apupmernyeckux onepauuii HajJ
¢akTopuaibLHBIMH YUCTAMU. Pacemorpen
ObICTpOACiiCTBYIOIMIA MeTox npeodpa3oBaHus

¢akTopHANTBHBIX 4YKMCeJ B IepecTaHOBKHU. JlocTomHCcTBOM
JAHHOTO MeTOJAa IOJy4YeHHs] IepecTAHOBOK Ha OCHOBe
(¢akTopUaNbHBIX YHCe]T SBJSIETCSl NMPOCTasi MPaKTHYecKast
peajqu3anmsi, Kak B NPOrpaMMHOM, TaK M B aNnapaTHOM
Busie. [Ipumenenne paccMoTpeHHOro Merona 3(G¢PeKTUBHO
npu mnepeéope NepecTaHOBOK € 00JbIIMM KOJIHYE€CTBOM
cofiepKalIUXcsl B HUX dJIeMeHTOB. PaccMoTpensl B 001iem
BHJE MeTOAbl OOHApY:KeHHsI M MCIPaBJeHHs OLIMOOK B
NepecTaHOBOYHBIX KOJax. IIpousBenena OLleHKa
TMOMEeX0yCTOHYMBOCTH nepecTaHoBok. U3 Hee cienyer, 4To ¢
POCTOM UIMHBI NEPeCTAHOBOK KOJIUYeCTBO 3anpelieHHbIX
cocTosiHU Bce Oosiee mpeo0/afaer Hal pa3pelIeHHBIMHU
COCTOSTHUSIMH. CienoBaTtejbHO 0oJiee BBICOKOI{
MOMEXO0yCTOHYMBOCTBIO  00J1aJal0T  MEPeCTAHOBKH ¢
00/IbINOIH JIMHOM, KOTOpasi JAOCTHIaeTcsi HAa MpPaKTHKe
npuMeHeHHeM  (paKTOPHAJIBLHBIX  CHCTEM  CYMCJIEHHS.
IMoka3zaHo, 4YTO NEPeCTAHOBKH CHOCOOHBI mmHppoBaTH
nepefAaBaeMyl0 MJIH XPaHUMYI0 HMH(POpPMaNMIO, TO ecTh
HAJeKHO ee 3allUMIIATh OT HECAaHKIHOHMPOBAHHOIO
noctyna. Ilpu 3ToM 3ammTa nHpopMauuu coyeraercs C ee
TIOMEeX0yCTOHYNBBIM KOAMPOBAHHEM.

Abstract—The paper proposes a new method for the
generation of noise-immune codes based on permutations
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using a factorial number system. The basis of the factorial
numbers systems theory is stated and the method of their
obtaining is given. Examples of arithmetic operations over
factorial numbers are given. A fast-acting method of
transformation of factorial numbers into permutations is
considered. The advantage of this method of permutations
generation based on the factorial numbers is a simple
practical implementation, both in software and in hardware.
The application of the considered method is effective in
enumeration the permutations with a large number of
elements contained therein. General methods of detecting
and correcting errors in permutation codes are considered.
The noise immunity of permutations is estimated. According
to it, with the increase in the length of the permutations, the
number of forbidden states increasingly prevails over the
permitted states. Consequently permutation with great
length have higher noise immunity, which is achieved in
practice using the factorial number systems. It is shown that
permutations are capable of encrypting transmitted or
stored information, that is, can reliably protect it from
unauthorized access. In this case, the protection of
information is combined with its noise immunity encoding.

Knroueesoie ciosa —_— nepecmano6Ku, cucmemaol
cuucienun, nomexoycmoﬁtmsoe Kodupoeanue
Keywords — permutations, numerical systems, noise

immunity coding

1. BBEJIEHUE U TIOCTAHOBKA 3AJIAUN.

[lepectaHoBKa —  HIMPOKO  PacHpOCTPaHEHHBIH
MaTeMaTHYECKUI 0OBEKT, UCTIONIb3YIOIIUICS B Pa3InYHbIX
paszenax TeopeTHiecKor W MpUKIagHONW MateMaTuku. Ha
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MEPECTaHOBKAX IMOCTPOCHA a6CTpaKTHa$I anre6pa, a TaKxXe
peuieHuC psaa 3anaad KOM6I/IHaT0pHOi/II OIITUMHU3AlUU, K
KOTOpOﬁ OTHOCHUTCA M 3a1a4ya KOMMHUBOSKEpPA, U3BECTHAA
€€ KaK 3ajJada OTbICKaHUA TIaMWJIIBTOHOBA 1HKJIa

MUHAMAIBHOM CTOMMOCTH BO B3BEIICHHOM
HeopueHTHpoBaHHOM Tpade [1]. Ilpm sTOoM oOmacTs
MPUMEHEHHSI  MEPECTAaHOBOK B ONTHMH3AI[HOHHBIX

MAaTEMAaTHYICCKHUX 3aJadax IMPoa0DKACT paClIupPATHCA.

OpnHaxko, KpoMe MaTeMaTHYECKUX 3ajay,
MEPECTAHOBKH IIHPOKO MPUMEHSIOTCSI K UMEIOT XOPOIIYIO
MIEPCTIEKTUBY JAJIbHEHIET0 MPUMEHEHHNS B MIPAKTHIECKUX
3agadax 3aIIUTHI uHQOpMAaITHH oT
HECaHKIMOHUPOBaHHOro pgocryna [2]. Hapsany c atum
NIepeCTaHOBKH YCIIEITHO pemarT 3a1a4n
MOMEXOYCTOHYMBOTO KOJMPOBAHUS, TaK KaK IO CBOECH
TPUPOAE COAEpkKAT W30BITOYHYI0 HH(OPMANUIO, YTO
MO3BOJISIET OTHOCHUTENBHO JIETKO HAXOIWTh M YCTPAHAThH
OIMOKK B TEpPEelaBacMbIX C MX MOMOIIBIO COOOIEHHUIX
[3,4]. Kpome TOro, mepecTaHOBKH MO3BOJIAIOT COYETaTh
pemieHust 3a7ad  IIOMEXOYCTOWYMBOTO KOIUPOBAaHHS C
3¢ dexTHBHON 3aILIUTOM UHPOpMaIUK oT
HECaHKI[MOHHPOBAHHOTO JIOCTYyTIA. Onenka
3¢ PEKTUBHOCTH TAKHX CHCTEM MOJKET MPOM3BOAUTHCS IO
CHEIUATBHOMY 00001IeHHOMY KpUTEPHIO,
YVUUTBIBAIOIIEMY Kak 3((GEeKT OT MOMEXOYCTOHYHBOrO
KOJIMPOBAHUs, TaK W OT 3amuTel uHpopmamuu [5]. B
COBOKYITHOCTH BCE€ OTH BO3MOXKHOCTH II€PECTAHOBOK
JIENAIT  3a7adyy HMX A(PQPEKTHBHOTO TOCTPOCHHUS B
CIly4aiiHOM WJIM 33JJaHHOM MOPSIJIKE TOJIE3HON U HYKHOM.

Ha ceromus cymecTByeT MHOXKECTBO —CIIOCOOOB
HOCTPOCHMST TEPECTaHOBOK. K HHMM OTHOCHUTCS MeETOJ
BJIO’KEHHBIX IUKJIOB, TPaHCIIO3UIIUH CMEXHBIX
SJIEMEHTOB, TOWCK C BO3BpamieHneM u apyrue [1]. Otu
MCTOABI, TaK HWJIM HHA4YC, HUCIIOJIB3YIOT OIlCpallud Hal
JJIEMEHTaMH TIEPECTaHOBOK, NPEOOpasyloONIMMU HX H3
OJJHOW TepecTaHOBKM B Jpyryro. HemoctaTox sTHX
METOJIOB —  OTHOCHTENBHO  BBICOKasl  CIIOXKHOCTD
QITOPUTMOB W HEBBICOKAas  CKOPOCTb  IOJYYCHHUS
HEPECTAaHOBOK, CHIKAIOMIASCS C POCTOM HX Pa3psTHOCTH.
A Bemp HEpeIKO CKOPOCTh 00pabOTKM W Iepenadn
uHbOpMALIUK  SBISETCS OCHOBHBIM TpeOOBaHUEM K
ITOPUTMAaM,  HCIOJB3YIOIIMM B CBoed  pabote
mepectaHoBkH.  I[lostomy B HacTosmiee — BpeMs
MIPOJIOIDKAETCST TIOMCK TIPOCTBIX M OBICTPOAEHCTBYIOMINX
METOJI0B ()OPMHUPOBAHHUS NIEPECTAHOBOK.

OmHrM W3  TakUX  OTHOCHUTENHHO  HEJaBHO
MOSBUBINUXCS  d(PQPEKTUBHBIX  METOIOB  IOCTPOCHHUS
MIEPECTAHOBOK SIBJISIETCS METOA, HCIIONB3YIOIMHA ISt
HOPOX/CHHS IEPECTAaHOBOK (DaKTOpHANBHBIE YHCIA, OT
KOTOPBIX MO CTICIHANBHBIM AITOPUTMAM OCYIIECTBILSIETCS
nepexoj K nepectaHoBkam [6, 7]. OcoOeHHO BakHa TpU
9TOM  3amada  (OPMHPOBAHMS  IEPECTAaHOBOK B
BO3pacTaronieM WiH yObBaromeM Tnopsake. OmHako B
M3BECTHBIX paboTaX, HCMIOJB3YIOIUX (akTopuabHbIE
YHClla, pEIIAOIINX YKa3aHHYI0 3a]ady, HWMCIOIIHecs
AITOPUTMBl  HE pACCUUTAaHBl Ha OOJBINYIO JUIMHY
(dbopMupyeMBIX TEpPEeCTaHOBOK. A OHH Kak pa3 To
Hanbonee M BocTpeOoBaHBl Ha mpakTuke. Kpome Toro,
CYIIECTBYIOIINE METOIbI ITOPOXKACHUS IEPEeCTaHOBOK
MPaKTHYECKH HE WCIONB3YIOT (AKTOPHAIBHBIA CYeT,
KOTOPBIi croco0eH CYILECTBEHHO YCKOpPHUTH
yHopsgodeHHOe (OPMHUPOBAHHE OOJBIIOTO KOJIMYECTBA
MIEPECTaHOBOK, OCOOEHHO TpH NPUMEHEHHH Ui ITOH
eI CXEMHBIX pemnieHuid. B Takom ciaydae CKOpOCTb
(hopMUpOBaHUS ~ MEPECTaHOBOK IO  CPAaBHEHHIO C
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MPOrpaMMHOM peanu3anuen cuibHO Bo3pacTtaeT. [losTomy
3a7ada pa3pabOTKH METOAOB OBICTPOrO (OPMHUPOBAHHS
MEPECTAHOBOK PACCYMTAHHBIX KaK HA MPOTPaMMHYIO, TaK
U CXEMHYIO peajH3alHIo C UCIOJIb30BaHUEM, B TOM YHCIIE
U (aKTOPHAIBLHOTO CYETAa, CTAHOBHTCS HAa CETOJHS
aKTyaJIbHOH 3amaueil. IMEHHO Ha peleHue 3Toi 3a1a4u U
HarpasJeHa JaHHas paborTa.

II. TEOPETUYECKUE ACTIEKTbHI ®OPMUPOBAHUS
DOAKTOPUAJIBHBIX YNCEJI

dakTopHanbHBIM  YMCIOM  SBJIAETCS  YHCIIO,
UCTONB3YIONee B KAueCTBE BECOBBIX KOA(D(HUIMEHTOB
(hakropuansl nudp, KOTophie B KaxkaoM paspsiae i = 0,1,
.., n—1 Moryr npuHuMMathe 3HaueHus ot 0 mo i
CoOOTBETCTBEHHO 4HCNIOBas (HyMepalUOHHAs) (QyHKIUS
(baKTOpUANBHBIX YHCEN X, X, ,...X;...X;X, AMEET BUJ [7]:

N=x,_,x(n=D+x, ,x(n=2)+..+

(1

+x; xiH 4+ 1x114+0x 0!,
0<x,<i, 0<i<n-1.

Hampumep, 6-paspsaHoe GakTopHaibHOE YuciIo = 3
4 0 0 1 0 mpeacraBnsieTcsi ¢ MOMOIIBI0 HyMEPaMOHHON
(byHKINH KaK

N=3x5!+4x4! +0x3! + 0x2! + Ix1! + 0x0! =
=360 +96 + 1 =457.

W3 BelpaxkeHus (1) u npuMepa Ha HEro CIEAyeT, Y4TO
€CITM KOJNHMYECTBO pPa3psloB B (HaKTOPUAILHOM YHCIE
paBHO 7, TO B cTapumieM n — | pa3pse MakcuMajbHas
uudpa Oyzer paBHa n — 1, a B Hynesom — (. Torma
MaKCHMallbHOE 3Ha4YeHHE, KOTOpPOE MOXKET IPHHSITH
(hakTopHaTbHOE YKCIIO,

N . =@=-Dx(n-D!'+@n-2)x(n-2)!+L + @)
+I1x11+0x0!'=n!-1

COOTBETCTBEHHO JMAIIA30H MPEICTABUMBIX YHCEI MPH
ydeTe HyJIeBOTO YHCIIa

P =n'=N_ + 1. 3)

Hanpumep, MaKCHMAIIbHOE 3HauCHHUE

LIECTHPA3PSITHOTO (haKTOPHATBEHOTO YHCIIA

Niax = 5%5! +4x41 +3x31 +2x21 + [x11 + 0x0! =
=600+96+18+4+1=719.
IIpu 5TOM IHana3oH NpeACcTaBUMBIX LIECTHPA3PSIIHBIX
(haKTOpHATBHBIX YHCET

P=n!=Npu T1=61=6%x5%x4xx3x2x1=720.
[ TmpakTHMKM WMeeT 3HaueHue 1epebop Bcex
(hakTOpHANBHBIX YHCeN, Ha