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RCD NUISANCE TRIPPING: WHO’S GUILTY AND WHAT NEEDS TO BE
DONE?

The reasons for nuisance tripping of residual current devices (RCD) are analyzed in the
article and the affect of many external factors is discussed. Solutions are described for avoiding

faulty tripping of an RCD.

Keywords: residual current device, RCD, nuisance tripping, harmonic, differential current,

leakage current.

INTRODUCTION

Residual current devices (RCD) are widely used all over
the world in households and commercial enterprises as an
additional protection against electric shock (RCD with
differential tripping currents of up to 30 mA [1, 2]) and as
protection from fire, which can result from temperature
increases due to current flowing through broken cable
insulation and other types of equipment (RCD with tripping
currents from 100 to 300 mA [3, 4]).

Since RCD are used so widely, information about their
nuisance tripping is in the public domain. It’s one thing if
power outage occurs in an apartment in a house; this can be
easily fixed, by returning the RCD to its initial position. But
it’s absolutely a different thing if this outage occurs when
complex commercial electronic equipment, computers,
servers, etc are working. The losses in this case can be
tremendous; and these losses can be not only material.
Paragraph 7.1.81 of the Operational Codes for Electric
Installations (OCEI-7) clearly prohibits installation of RCDs
for electric consumers the disconnection of which can result
in situations dangerous for consumers (disconnection of
fire alarms, and the like). However, it is not always easy to
predict the consequences of the disconnection of specific
electric receivers wired through an RCD (such as computers,
controlling a technological process, special communication

© Gurevich V. 1., 2013

devices and alarms, etc.). This is why the problem of nuisance
tripping of RCD is very relevant. This topic is discussed in
multiple articles found in special technical references [5—
10], it is even mentioned in catalogues of large RCD
manufacturers, such as ABB, Siemens, Schneider Electric,
Merlin Gerin, Legrand, Eaton, Mueller and others.

Standards[11, 12] describe two major types of an RCD,
i.e., AC and A. While standard [ 13] mentions two additional
types, i.e., B and F. All of them differ in terms of current
flowing through the RCD. For example, the AC type RCD is
designed for sinusoidal alternating current only; the A type
is designed for alternating sinusoidal current and rectifying
current imposed to it; the B type is designed for alternating
sinusoidal current with a frequency up to 1000 Hz and
pulsing, direct or rectified smoothed current; and the F type
(«F» stands for frequency) is designed for alternating
sinusoidal or pulsing current as well as for non-sinusoidal
current, which contains harmonics generated by frequency
converters. Many additional types have been «invented»
by manufacturers with the purpose of reducing nuisance
tripping problems, such as, types U, K, AP-R, SI and others,
which are not mentioned in standards. RCD can also be
divided into general use devices (type G — general) and
selective devices (S — selective). The latter have increased
differential trip currents and are equipped with trip delays.
They are used in branched cascade networks.
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Despite the availability of multiple types of RCDs in the
market, the problem of nuisance tripping is still relevant.

1 ANALYSIS OF REASON FOR RCD NUISANCE
TRIPPING

Let’s make it clear from the start: we will not be discussing
faulty tripping of RCD as a result of RCD’s failures. Rather
we will be discussing only nuisance tripping of fully
functional RCDs. The reader may ask: Why? If an RCD is
fully functional and meets all the requirements set for it,
how can it be tripped falsely? The issue is about specific
conditions and operational modes which may occur in
electric mains as well as those parameters of these mains
and modes of operation of electric energy consumers. Due
to the high sensitivity of the RCD, the operational modes of
the main and consumers characteristics powered through
the RCD have a direct impact on the device and often result
in its faulty actuation.

1.1 Natural («background») leakage current to the
ground through intact insulation of cables and electric
loads

It is known that RCD responds to the so-called
differential current, which is a difference between the phase
current (or a sum of the phase currents in a 3-power network)
and current in the neutral. If the current flows to a load
through an RCD via a phase wire and returns to the RCD
through a neutral wire, the differential current for which the
RCD s set up will amount to zero. If part of the phase current
that flows through the RCD is «leaked» to the ground
through faulty insulation and does not return to the RCD
through a neutral wire, a difference of currents will occur
(differential current) to which the RCD responds. The
distributed capacities related to ground wires, capacities
between coils of transformers and motors related to
grounded housings, capacities of multiple filters installed
in the supply circuits of almost all types of electronic
equipment are the ways through which current may «leak»
to the ground. This is actually the current to which an intact
RCD should react. According to the standards [14, 15] the
RCD’s trip current may fall in the range of 0,5/, — I ppn-
This means that a functional RCD with a nominal differential
tripping current of 30 mA (maximum permitted current to
protect people from electric shock) can be tripped at 50 % of
the nominal current, i.e., at 15 mA. For RCD types «A» and
«B» the real trip current depends also on the pulsing
component phase shift and according to standards [11, 12,
14] it falls into the range 0,1 1/ \ny —2 AN

1.2 Distortion of current form in the RCD circuit

The quality of electric power in household and
commercial mains tends to deteriorate continuously due to
expanding application of non-linear loads, such as powerful
voltage regulators, frequency converters, UPS, LED light
fixtures, computers, servers, controllers and other low power
electronic devices with internal impulse mode power supply

that consume non-sinusoidal current from the mains. This
distorted current, containing a number of high-frequency
harmonics, will flow through RCD as well, see Fig. 1, Table 1.

Past research [5—10] has shown that distorted current
flowing through RCDs of electro-magnetic type leads to
significant changes in the threshold of'its tripping. The effect
of high frequency harmonics on the condition of the magnetic
core of the internal current transformer of the RCD and its
other elements is rather complicated and controversial. In
some cases it is possible to speak of the danger of RCD
malfunction, whereas in other cases — about reduction of
tripping threshold, i.e., the increase of probability of faulty
actuations.

But high frequency harmonics not only change the RCD’s
tripping threshold, but also increase the total «background»
leakage current through capacities of the mains and
consumers. This is why we can find ourselves in a situation
when even a specially selected RCD, which can work with
distorted currents, may still be tripped erroneously.
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vV VvV VIV WA
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Fig. 1. Real oscillogram charts of phase and neutral currents
flowing through RCD connected to supply mains of electronic
communication equipment and resulting in several faulty
disconnections of equipment

Table 1. Real harmonics composition of currents flowing
through RCD, connected to supply mains of electronic
communication equipment and having registered cases of
nuisance tripping

Harmonic’s Contents of each harmonic
number in %

L1 L2 L3 N

1 100 100 100 100

2 1 0,9 3 1,3

3 14,6 | 23,7 | 46,3 | 58,2

4 0,9 0,9 2,5 1,3

5 22,5 17,3 | 452 | 26,8
6 0,8 32 2,6 4

7 15,2 10,8 | 34,6 21
THD, % 34,5 33 80 78
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1.3 Impact of current impulses in the RCD circuit

Besides harmonics, electric networks of private dwellings
and especially networks of commercial enterprises are
affected by atmospheric and switching overvoltages. These
overvoltages are «cut» by various types of protection
elements, such as gas arrestors, voltage-depended non-
linear resistors (varistors) and specific non-linear
semiconductor elements. These protection elements are
installed directly in the network as separate elements and
they are part of internal power supplies of all modern
electronic devices. Short (parts of milliseconds) impulses of
rather high current (hundreds of Amps) occur when these
devices are actuated due to overvoltages and current flow
between phase and ground as well as between neutral and
ground. In any case this current is actually the differential
current to which RCD should react.

As a rule, internal power supplies of electronic devices
[16] contain input network filters, which include capacitors
as their main elements and which are connected between
the phase and the ground as well as between neutral and
the ground. When the power supply is switched on, these
capacitors produce the current surge between phase and
ground to which RCD should react. In addition it should
react when the working impulse power supply (this is the
main power supply for all modern electronic devices)
consumes current from the network in pulses [16]. The crest
factor, in other words, is the ratio of peak value to the RMS.
Current value, consumed by the load, amounts to 3, while it
is 1,41 for a usual sinusoidal signal. This creates additional
load for an RCD.

1.4 The effect of the direct current level on RCD
performance

Unlike the above situation (see 2.2) with non-sinusoidal
current flowing through an RCD, the expansion of powerful
electronic devices (with their frequency converters, voltage
regulators, invertors, powerful convertors and variable
frequency electric drives) constitue conditions whereby
high frequency sinusoidal current of pulse-width modulation
and direct or rectified pulsing current flow through RCD
connected to circuits with such devices. Normally RCDs of
AC, A and even F types are not designed to work in circuits
with this current. Since the input element of any RCD is
represented by a current transformer with a ferro-magnetic
core (see Fig, 2), it is obvious that the characteristics of
such a transformer will largely depend on the availability of
direct current level in the current. In other words the moment
when the RCD is actuated will not be determined by its
nominal value of differential current, but by random
fluctuations of load and leakage current.

However, even if we select a type B RCD for these
purposes, but do not take special measures, type B devices
will also be affected by faulty actuations due to the influence
of significant impulse current or background leakage current
just like RCDs of other types.

. @D
| B L
_\t ________ \_t__._ _______ ,':,"
| comaman | A«':-"
Wiz o
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Fig 2. Simplified layout of an RCD. FC — ferro-magnetic core
ring of differential current transformer; A — contact system’s
release pusher

2 WHAT NEEDS TO BE DONE?

2.1 Reducing the effect of natural (background)
leakage current

In order to avoid faulty actuation of RCD the standard
[15] and OCEI (7.1.83) suggest that it should be selected
considering the actual value of the background leakage; it
should not exceed 30% of the nominal actuation current. In
other words for an RCD with /55 =30 mA the background
leakage current should not exceed 10 mA. But what happens
in practice?

In the absence of actual (measured) values of the leakage
current, the OCEI (7.1.83) suggests accepting the leakage
current for electric consumers based on 0,4 mA for each 1 A
of the load current and for wires based on 10 microampere
for 1 meter of length of a phase conductor. As an example
standard [15] provides typical values of leakage current for
several types of electric equipment, see Table 2.

This means that one RCD can be connected to 4-5
computers and 1 printer located within several dozens of
meters from the switchboard where the RCD is installed.
How can we measure the real current of RCD actuation and
the real background leakage current flowing through it?
There are special devices for this; however, qualified
personnel of commercial enterprises and companies can
measure this current with a simple device, Fig. 3, observing
safety requirements. Initially, the RCD trip current is
measured (by gradual reduction of resistance of R resistor)
while the load is switched off. Then, the same measurement
is performed with the load switched on. The difference in
measurements will be the sought-for value of the background

Table 2. Typical leakage currents for some types of electric

equipment
Electrical appliances kind Typical leakage
current, mA

Computers 1-2
Printers 0,51
Portable domestic electrical 0,5-0,75
appliances

Photocopy machines 0,5-1,5
Filters ~1,0
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Fig. 3. Measurement of the background leakage current through
RCD

leakage current. If this value is higher than 10mA, then
according to recommendations [ 15] the loads should be split,
i.e., install an additional RCD and split the loads between
two of them.

In complicated branched networks which have an
hierarchical (cascade) structure, the RCD should be
connected at each level (cascade). Obviously, the
background leakage current of upstream cascades will be
represented by the sum of the background leakage current
of downstream cascades. This is why in order to avoid the
faulty actuation of RCD in such networks they should have
specific selectivity like any other protection systems used
in branched networks. There are S type RCDs (selective,
with various trip current values and various trip delayvalues)
for this purpose. They switch on different types of RCDs
based on the specification of controlled current, Fig. 4.

This cascade connection of RCD allows elimination of
their faulty actuation in a complex network. However, it
should be considered that RCD with a trip current above 30
mA cannot be viewed as a reliable protection of people from
electric shock. This means that the significant portion of
the upstream network does not protect people from electric
shock and the RCD is used as a fire protection only. On the
other hand, it does not mean that a low power consumer
connected through an ordinary plug somewhere upstream
cannot be protected by a separate RCD with an actuation
current of 30 mA. In this situation the leakage current from
all downstream cascades will not flow through this RCD
and its faulty actuations can be successfully avoided
providing reliable performance without nuisance tripping.

In some types of RCD marketed as «super resistant» to
nuisance tripping this «resistance» is ensured due to the
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Fig. 4. An example of cascade connection of RCD in a branched
network

increase of the minimum level of differential trip current from
0,51 Ay, which is actually not prohibited by standards, to
0,75—-0,81 pp-

2.2 Prevention of harmonics affect on RCD
performance

Prevention of the affect of higher harmonics on the RCD
is the second option to increase the RCD’s resistance to
nuisance tripping. It is clear that an RCD designed to work
with current containing higher harmonics will behave more
predictably compared with devices, which are not intended
to work with high frequency current. In fact, this is the reason
why special types of RCD (B and F) including special filters
and limiting the effect of harmonics were developed. RCD
of type F are not manufactured as separate devices, they
are manufactured as a type A RCD with expanded frequency
characteristics. This is why the marking of this type of RCD
usually bears two letters: AF or A—F.

In the case of non-linear loads present in a network,
which condition increases the level of high frequency
harmonics and loads, and containing direct components,
these loads should be separated from the common network
in such a way so that the non-linear current and current
containing the direct component do not flow through
another RCD, Fig. 5, which will prevent their nuisance

tripping.
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Fig. 5. Incorrect (left) and correct (right) connection of non-linear load with special type RCD

It should be taken into consideration that the increased
level of high frequency harmonics in the voltage leads to
increase of leakages through capacities of wires and
equipment, i.e., the increase of the background current thus
making the use of special type RCD inefficient. The increased
level of harmonics leads to an increase of voltage drops on
elements connected in series (inductance chokes) built into
the electronic equipment of network filters. This can result in
the increase of high frequency voltage level and leakages to
the ground through capacitors of these filters. At the same
time past research suggests that electronic RCDs are less
sensitive to harmonics than electromechanical RCDs, which
may be strange at first sight. This is due to the fact that in an
electronic RCD the controlled current containing harmonics
is not used directly for actuation of the RCD trip unit, but is
only a source of a controlling signal, which is cleared from
harmonics, strengthened and converted. In order to influence
the RCD trip unit, the energy of an auxiliary power supplyis
used. Phase voltage of the power network can be used as
such a supply. An example of an electronic RCD (designated
as U-type) is a device manufactured by Eaton-Moeller
companyunder the brand dRCM-40/4/003-U+.

Unfortunately, the use of an electronic RCD (in the
standards they are referred to as RCD with dependant power
supply, i.e., requiring an auxiliary power supply) is not that
simple. The problem is that when the contact in the neutral
wire is broken, the RCD will lose its power supply and stop
functioning, whereas an electromechanical RCD will actuate
and disconnect a consumer due to current imbalance. Due
to this, a lot of manufacturers started producing RCDs with
a built-in element, which ensures its actuation and
disconnection load in the case that the neutral wire is broken
(in other words, when the RCD loses its power supply). In
their opinion this algorithm was supposed to eliminate an

obstacle in the way of using electronic RCDs. However,
paragraph 7.1.77 of OCEI-7 prohibits using this RCD, which
disconnects a consumer from the mains in the event of
voltage outage or voltage dips in inhabited buildings. Why?
The author has no reply to this question. And perhaps, not
only the author, since V.A. Bulat, Doctor of Science, says
the following in his recommendations regarding selection
ofacorrect RCD [17]:

«Among electronic RCD or differential automatic circuit
breakers the preference should be given to those that have
protection from disconnection of neutral conductor — the
disconnection can lead to loss of input voltage by RCD
which makes them non operabley.

In some European countries the use of electronic RCDs
with dependent power supply in stationary electric mains is
not allowed by national standards. French standard NFC
15-100 (§ 531.2.2.2) specifies that they should not be used
in electric installations of residential buildings. In Russia
the concept that an electronic RCD should not be used to
protect people from electric shock was shuffled from one
scientific article to another for a long time. It is interesting
that there was one quote (about the danger of disconnection
of zero wire), that was copied by many authors word by
word. However, paragraph A.4.14 of the new edition [18]
expressly says:

«RCD dependant from auxiliary power supply
(electronic) and independent (electromechanical) can be
used in residential installations as shock hazard
protectiony.

There are no restrictions for RCD use in the new edition
of OCEI-7 also.

The international standard [19] allows using electronic
RCDs in two situations:

—when using an RCD as protection from indirect contact;

11
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—when using an RCD in network and electric appliances
services by qualified personnel.

Direct contact means a contact of a person with current
conducting parts inside an electric appliance, while indirect
contact means a contact of a person with a casing or another
part of an electric appliance, which are normally insulated
and are under voltage only due to insulation breakage, Fig. 6.
It is clear that the probability of RCD working in the latter
case is much lower than in the former case, this is why the
standard allows using electronic RCD in this case.

Special filters with low current leakage to the ground
connected in series with an RCD are more efficient in
protecting electromechanical RCDs of different types from
the harmonics effect.

An example of this special filter is Filter FN3268 produced
by the Swiss company Schaffner [20]. These filters are
intended for nominal load currents of 7, 16, 30, 42, 55, 75
Amps for RCDs with a differential current of 30 mA and for
currents 100, 130, 180 Amps for RCD with differential current
of 300 mA. They not only prevent the influence of high
frequency harmonics on the change of the RCD trip
threshold, but also reduce background leakage current, since
their own leakage current is much less than the current
leaking through capacities of the mains due to high
frequency harmonics. This is the reason why these filters
can be more efficient in preventing nuisance tripping of
RCD than the use of special types RCD (Fig. 7).

2.3 Prevention of current pulses effect on RCD
performance

Actually, today it is not a problem to separate short
(several milliseconds) current impulses by means of
electronic circuits and block the effect of these short
impulses. But when talking about very small and affordable
devices (RCD) including those of electromechanical type,
the only way to protect from such impulses is to use time
lag so that impulses with durations less than this time lag
could not activate RCD.

According to standards [11, 12], based on actuation time,
RCD are distinguished G (general) and S (selective) types.

Fig. 6. Examples of direct (left) and indirect (right) contact
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Fig. 7. Special 3-phase filter, type FN 3268 produced by
Schaffner to prevent the effect of harmonics on RCD of all

types

In fact, RCD do not have strict and constant times of
actuation. They possess a typical reverse time-to-current
feature: the higher is the differential current, the less is the
time lag to disconnect the protected circuit, Table 3.

In technical literature [21] we come across erroneous
interpretations of RCD actuation time and references to three
instead of two types of devices, such as immediate action
(without time delay), with a little delay (type G) and with
increased delay (type S), Table 4.

In fact, according to the standards there is no immediate
action type device at all. Indeed, for type G RCDs unlike
type S the minimum actuation time (in the IEC standard it is
called minimum time of non-operation) is not standardized.
In other words, theoretically it can be as small as desired.

Clearly this very small time of the general type RCD (type
G) actuation does not improve its resistance to nuisance
tripping, but on the other hand type S RCD are not suitable
as human protection devices.

Table 3. Trip time of different types of RCDs at various rates of
differential current according to IEC 61008-1 standard (Table 1)

RCD trip time at variable values of
RCD differential currents Iprr (rms.), ms
type Ipirr 2 Ipier 5 Ipir
Min | Max | Min Max | Min | Max
G — 300 — 150 — 40
S 130 | 500 | 60 200 50 150
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Table 4. Erroneous classification of types of RCD actuation based on its time delay [21]

Time delay, ms at
RCD type
[AzlAn IA=21An 1A=5[An IA=500H1A

- Common use, without <03 <0.15 <0,04 <0.04

time delay
G ?élﬁllsmm‘mal timedelay | 61 03 | 0.01...015 | 0,01...0.04 | 0.01...0,04
S Selective, with minimal | 15 5| (06 02 | 0,05..0.15| 004..0.15

time delay 40 ms

Rather, type S are used to ensure selectivity in the
upstream cascades of branched electric networks and have
minimum actuation currents of 100-300 mA. This is why
many manufacturers produce special type RCDs for
differential current of 30 mA (i.e., intended to protect people)
with a minimal standardized actuation time of 10 msec (this
means they should not be actuated even at current impulses
of large amplitude and lasting less than 10 msec). Such RCDs
are classified as especially resistant to faulty actuation and
are marked according to the manufacturer’s wish. For
example, Siemens marks this RCD as type «K», while the
ABB company marks them as «AP-R».

2.4 Elimination of direct component effect on RDC
performance

To eliminate the effect of a direct component on RCD
performance in a network, where the occurrence of this
component (and also high frequency sinusoidal current) is
possible, the special type B RCDs are used, which have a
differential transformer manufactured using special
technology. Very small power taken off from such differential
transformers makes it difficult to use electromechanical
RCDs, which uses this power for relocation of a releaser of
the trip unit. This is why the majority of RCD manufacturers
either do not manufacture type B devices at all, or
manufacture them in the electronic variant instead of
electromechanical. The standard [ 13] determines the upper
limit of the sinusoidal current frequency for which in addition
to direct, pulsing and alternating current the type B RCD
should be employed at 1000 Hz. A lot of manufacturers of
this type of device guarantee their operation at frequencies
of up to 2000 Hz, whereas for type «B+» devices — up to
20 kHz. Type B RCD is the most universal of all other types
of RCDs, but is also the most expensive.

2.5 Correct selection of RCD type is a key to
successful prevention of nuisance tripping

In real conditions of operation there can be a situation
when a certain separate fully intact RCD device working in
a group of other RCDs of the same type and installed in the
same switchboard will have a trip current rating in the
network with similar consumers, which is two times less
than the nominal rating (which is accepted by the standards).
In situations such as this in the event of the occurrence of
some detrimental factors (e.g., harmonics, current impulse,
results from impulse overloading and arrester actuation,
background leakage current), which do not result in tripping

of other RCDs, this unit can be actuated erroneously.
Moreover, if the affect of detrimental factors repeats,
nuisance tripping of this RCD installed in a group of other
RCDs can also repeat itself. To prevent such situations
sometimes it is enough to substitute this RCD unit by the
similar RCD of the same type, but with actuation current
rating higher than that of the RCD which actuated
erroneously.

In some cases nuisance tripping happens because of
accidental combination of events, each of which separately
would not result in the faulty actuation of RCD. For example,
ifthere is a certain constant level of harmonics in the circuit,
which does not lead to RCD tripping and at the same time
there is a powerful current impulse (which alone does not
cause actuation), the RCD can be tripped and a consumer
will be disconnected. Even such sophisticated and universal
units as type B RCD can be susceptible to faulty actuation
due to the effect of significant impulse current or background
leakage current.

To ensure reliable power supply to consumers and
prevention of accidental nuisance tripping of RCD in a network
with low power quality, the units should be selected in
advance (during design stage) and possess a special feature
which ensures protection from harmonics, impulse current
and background leakage current effect. Iflow quality of power
was not anticipated before and appeared to be low in practice
or deteriorated because of substitution (addition) of
consumers, the usual RCDs that were installed before (AC,
A) should be substituted by special type RCDs (F, B, U, K).

A similar situation can occur during a lengthyuse of an
electric installation, when due to natural insulation
degradation process or its pollution (wetting) a gradual
increase of background current occurs. In situations such
as this a special type of RCDs is usually manufactured on
the basis of standard electromechanical units of A type, but
supplemented with built-in variable resistors, filters, time
delay elements on the basis of RC-chain and have increased
(up to 0,75-0,8 of the nominal rating) rating of minimum
differential actuation current, Fig. 8. Electronic RCDs are
more diversified both in terms of design and in terms of
functionality, but they have specific restrictions in use, which
have been mentioned above.

A search for devices, which would satisfy all these
requirements among dozens of RCD types manufactured
by many companies, returned the following results, Table 5.
As a rule, RCDs of the same type and possessing similar
parameters are manufactured for nominal currents of 25, 40,

13
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Fig. 8. Typical structure of electromechanical RCD especially
resistant to faulty actuation

63A in two-pole (for single phase mains) and four-pole (for
3-phase mains) designs. In order to save space, Table 4
shows parameters of RCD with nominal current of40 Ain a
four-pole design only.

I regret to say that even the latest version of the main
standard on RCD [11] does not interpret RCD classification
accurately in terms of resistance to faulty actuations. For
example, according to [11] the devices with a standard
resistance to faulty actuation are type G (general) devices,
whereas devices with increased resistance to faulty actuation
are type S (selective) devices. It is obvious that type S devices
intended for differential current in the range of 100-300 mA
and higher will be more resistant to faulty actuations
compared with type G devices with actuation currents of
10-30 mA. But as was mentioned above, type S units cannot
be used to protect people from electric shock. This means
that according to [11] there is no RCD resistant to faulty
actuation intended to protect people from electric shock at
all. It seems that the authors of the major international
standard on RCD are comfortable with this situation, since
this concept has been there for a long time and is copied

from one edition of the standard to another. However, the
data presented in Table 5 show inconsistency of the
classification offered by the standard.

3 AUTOMATIC RECLOSING OF RCD AS AN
ADDITIONAL OPTION TO IMPROVE RELIABILITY
OF POWER SUPPLY TO CONSUMERS

The automatic reclosing (AR) of an RCD cannot be called
ameans of preventing faulty actuation. It is rather a way to
correct the results of nuisance tripping. However, an RCD
with AR can be very efficient in solving the problem in those
cases, when consumers accept short-time power supply
failures. The AR function is easier to implement in some
types of electronic RCDs. To return to the initial state an
electromechanical RCD needs a special motor drive, which
of course requires a separate auxiliary power supply. Some
companies produce AR devices as separate blocks, which
are installed close to RCDs of different types and reclosing
them after tripping in the initial state by simulating the action
of a person’s hand by means of special protruding plastic
lever.

The ABB Company also supplements their AR devices
with a small transformer installed on a DIN-rail close to the
RCD, which provides power to AR unit’s drive from the
supply mains. Some types of various AR devices are shown
inFig. 9.

The majority of types of AR devices allow the RCD to
return into its initial condition electively: automatically with
a small time lag or, remotely, on command. These devices
are manufactured by ABB, Schneider Electric, Legrand,
Hager, Circutor, Aoelec and others.

Table 5. Some principal technical features of RCD, type G (general) especially resistant to faulty actuation

No. RCD type and Type Nominal Trip Drive type Time delay, Pole
manufacturer current, current, ms number
A Ian (at I=IaN)
MA
dRCM-40/4/003-U+
1 Cat. number 120850 U 40 30 electronic 10 4
Eaton (Moeller)
2 ¥374-40/0.03 A-F 40 30 electro-mechanical 10 4
ABB
3 204 A-40/0.03 AP-R 40 30 electro-mechanical 10 4
ABB
DFS 4F

4 Cgt(; ;)ir:ljsecrh(;?tlgiiéigtgl A-F 40 30 electro-mechanical 10 4

GmbH & Co.
5 SSM3 344-3 F-K 40 30 electro-mechanical 10 4

Siemens

4RC440S130

6 (Clipsal) SI 40 30 electro-mechanical - 4
Schneider Electric
FRCdM-40/4/003-G/B+
7 Cat. number 167881 G/B+ 40 30 electronic 10 4
Eaton (Moeller)

8 Sssl\i/[e;ii:-“ B 40 30 electronic 10 4

14
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Fig. 9. Different types of AR devices for RCD (some of them are shown with RCD)

SUMMARY

In cases RCD nuisance tripping occurs, it yet does not
mean RCD malfunction and necessity of it urgent
replacement. It is necessary to analyze all the external factors
influencing for RCD faulty actuation according to
recommendations of the article, and only then to do
conclusions.
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onNTUMN3ALNA TEXHOJNTIOMMYECKOIO NMPOLIECCA MOHTAXA
ANEKTPOPAONOINEMEHTOB HA OCHOBE BEPOATHOCTHbIX
N TEXHUKO-9KOHOMUYECKUX MOLOENEN KOHTPOJIbHbIX
ONEPALMNA

Hpe;[noxceHa MOA€Jb BApUAHTOB TCXHOJOTHUYECCKOIO IMpolecca B BUAEC KOHEYHOI'O
HalpaBJICHHOI'O rpa(i)a, MO3BOJISIONIAs HAUTH ONTHUMATbHBIN mnmpouecc ¢ y4€ToM JAUHAMUKH
pacnpez[eneHHﬁ BepOHTHOCTeﬁ Z[e(beKTOB B U3ACIIMAX U CBA3AHHBIX € 3TUM HNPUBCJACHHBLIX
CTOUMOCTHBIX 3arpart. HpI/IMeHeHI/Ie NpEeaATIOKEHHDBIX Mo;[enei«'[ MIPOULIIOCTPUPOBAHO
KOMIIbIOTEPHBIM PACUCTOM OITUMHU3ALUU (bparMeHTa TEXHOJIOIMYCCKOr'o npouecca u3roToBJICHUS

IUIATHl TpeoOpa3oBaTes.

KuiroueBble ¢J10Ba: TEXHOJIOTUYECKHI IIpoUece, TEXHOJIOINICCKas ornepanus, KOHTpOJIbHast
onepanus, rpa(b, MOACIUPOBAHUE, ITPUBEACHHASA ce0eCcTOMMOCTb.

IHOCTAHOBKA ITPOBJIEMbI

Cpenu 1esneit onTUMU3aLNY TEXHOJIOTHYECKUX TIPOIIeC-
coB (TII), Takux KaK COKpaIICHUE BPEMEHU TEXHOIOTHYEC-
KOTO IIMKJIa, TIOBBIIICHUE K0d(h(HUIeHTa 3arpy3Kd 000py-
JTIOBAHUS U IPYTUX aKTYaJIbHBIMU SBIISIOTCS BOIIPOCHI CHU-
JKCHUST ce0ECTOMMOCTH M3TOTOBJICHUS BO B3aMMOCBS3HU C
KaueCTBOM MPOIYKIIUH.

TpamumonHb omxoxn k onraMusaryu TIT [1] cBomuTes
K €ro IpeJICTaBICHUIO B BUJIE MOCIIE0BATEIBHOCTH TEXHOJIO-
rraeckux oreparmii (TO), To ecTh oreparmii, B X01e KOTOPBIX
(hopMHUpYIOTCS TIOTPEOUTETHCKIE CBOWCTBA M3Menms. Kax-
nast TO xapakTepu3yeTcst IpsMBIMHU IPUBEICHHBIMHE 3aTpa-
TaMH Ha €€ PeaTM3aIlfio B pacueTe Ha OTHO H3IeITHe:

3 =Cp;+Cp=t; Cpy + E-kp» M

rae Cr;, C,; — CTOUMOCTB TpyAa 1 000pyRoBaHus A -0l
TO, cooTBETCTBEHHO; f; — BpeMs BblnonHenus i-oi TO;
C'Tl. — TapudHas CTaBKa; [ — HOPMAaTUBHBIN K03 HUIIEHT
OKYIaeMOCTH 000pYyNOBaHMs; k7; — yHEJIbHbIE KalUTajlb-
HBIE 3aTpaThl 111 j-0it TO.

Ecmi umetorcs BapranThI pearmsanii TO, OTIgaronmecst,
HaIpUMep, 0 3aTpaTaM k7; W BPeMEHU f;, T BapuaHThl T11
TIPEZICTaBUM B BUJIE HAPARIIEHHOTO I'paca, BEPIIMHbEI KOTOPOTo
COOTBETCTBYIOT 3Taram, a ayru — Bapuaatam TO TI1. [Tpraem
JUTMHA TyTY XapaKTepU3yeT 3aTpaThl HA OMEPALIIO,  KayKIbIid
BapuanT TI1, cocrosimmii u3 & onepanwii, IpeICTaBIsIeT ITyTh L
13 HA9aJIbHOM BEPIINHBI B KOHETHYIO C 3aTPaTaMU:

k
3= Zl% , @
1=

rae 3“ —3arparsl 3; st pU-ro Bapuanra TI1. OnTumanbHbIM

S
Ha3bIBalOT Takod TII, KOTOpOMY COOTBETCTBYET IIyTh L C
3aTpaTaMH:

© Bacunesckuii B. B., ITomsskos M. A., 2013

BH* = min 3H . 3)

To ectb 3agaua ontumuszanmu TII cBOTUTCS K HAXOXKIE-
HUIO KpaT4aMIero ImyTy B HaNpaBJICHHOM rpade BapuaH-
ToB TII.

AHAJIM3 PE3YJIBTATOB IPEJABITYIIIUX
HCCJIEJJOBAHUM

W3zBecren momaxox k onrrumusarmd T11 [2], mpu kotopom
B HEM BBIACIAIOTCS HeoOs3aTeNIbHbIE, KaK MIPaBUIIO, KOHT-
ponbHbIe onepammn (KO) u mprHIMAIOTCS peieH s O BKITIO-
yeHuH 3TuX onepauuii B TII TonbKO pu HAIMYUM Ompeie-
JICHHOH BepOATHOCTH Ie(eKTOB B m3aenmsx. [[pumep Takoro
TIT — mporecc MOHTaXKa 3JIEKTpopaauodieMenToB (OPJ)
Ha TIeYaTHYIO TaTy, BKIodaromuit KO BXoZHOTO KOHTPOIs
OPD, xauecTBa MaliKy, IPAaBUIBHOCTH MOHTaXKa U (DYHKIIU-
OHHpOBaHMUS. B KauecTBe KpUTEPHS ONTHMU3ALMN UCTIONb-
3yercs (3), pu 3TOM UCKITIOUCHHEIE OTIEePaIi COOTBETCTBY-
10T JIyraMm ¢ 3iu =0.

JlaHHBIM MOIXOJ HE YYUTHIBAET PA3JIUYUN B KaueCTBE
MIPOIYKLUH, U3TOTOBJIEHHOM 110 pa3auyHbIM Bapuantam T11,
€CIIM Ha BBIXOZHOM KOHTPOJIE HE TaPaHTHPYETCsl OOHapyxke-
HHE BCeX Ie(EKTOB, a TAK)KE KOPPEKIIUIO KAYECTBA H3ACITHI
o pe3ynsraram KO, Momenu KoTopoii onrcass! B [3].

Ieab uccie10BaHUS — TOBBIIICHHIE KAY€CTBA OITUMH-
3aiuu TII 3a cuer yuera B KpUTEPUHU ONITUMH3ALMH [IEPEXO-
JIOB KOpPEKIMH KaduecTsa n3aenus B xone KO u BeposaTHbIX
3aTpaT Ha YCTpPaHEHHE NPOM3BOICTBEHHBIX JE()EKTOB Ha
TIOCIIEIYFOINX 3TAlax MPOU3BOACTBA I SKCIUIyaTalluu
W3IETHSL.

OCHOBHAS YACTb

st BB160pa ontumansHoro TII mpencraBium BapHaHTHI
TII B Bune HanpasnerHoro rpada (puc. 1). Kaxxmnas Bepum-
Ha rpada, 3a UCKIIOYEHUEM KOHEYHOH S}, mpeicraBiseT
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Sa Sk

Sz
tly s
~3i
3

Puc. 1. I'pad Bapuantos TI1

cocrosinue TTI, TO ecTh CTeneHb FOTOBHOCTH U3/IEIHS, Pac-
TpesIeNieHre BEPOSTHOCTEN KomuuecTsa /, nepexros O (1,,.)

m-roBuna (m =1, M) [3] B u3aen1u, BEPOATHOCTL TOHOCTH

P, ynenbubie 3atpatsl Ha 37 no nannomy TIL. Koneunas

BEpIIMHA S; NPEACTABIIAET COCTOAHHUE B IIPEENIaxX KU3HEH-
HOT'O [IMKJIA U3/IeNUsI, B KOTOPOM OOHApy)XeHBI U yCTpaHe-
HBI BCE IPOM3BOACTBEHHbIE NedekThl. [pynma BepumH ¢
OJMHAKOBBIM PAHIOM XapaKTepH3yeT pa3Hble BapuaHTsl TI1
C OIMHAKOBOM CTENEHbIO TOTOBHOCTH U3JEIHS, HO pa3iiny-
HBIMH pacpeaCICHUSIMU Q,‘Z (l,,) 1 3aTpaTamMu 31.0‘. Hanpu-

Mep, BEPLIMHBI [IEPBOrO paHra Sy U S];, COOTBETCTBYIOT
CTENEHU TOTOBHOCTH «BXOAHOM KOHTpOib DPD nmpoBenen»,
HO pa3HbIMM METOJaMH: BHEIIHUM OCMOTPOM, aBTOMAaTH-
YECKMM KOHTPOJIEM IEKTPUUECKUX XapPAKTEPUCTUK B IIH-
POKOM AMaIa30OHe TEMIIEPAaTyp.

BepositHOCTE TOTHOCTH P19L MPEACTABIISET OO U3JIETUI
HCXOTHON COBOKYITHOCTH, KOTOpBIE HE OBLTH 3a0paKOBaHBI
k maaHoMy atarmy TI1. B pesynsrare OpakoBKu H3eHiA OTie-
pauwii Ha pa3ayHbIX STanax TII BBINONHAIOTCS Haja pa3iny-

HBIM YHCIIOM O0BEKTOB, YTO BIMSCT Ha 3atpathl 3. Jls

oOecriedeHns COOCTABUMOCTH 3aTpaT IepecunTaeM UX K
o
€IMHULIE TPOAYKLUH, IPU3HAHHON T'OJHOM: L
Py
OreHnM BIUSIHAE OTIETHHON OIepamyy Ha COCTOSHUE
TII. {ns ouenku crenenu Biausaus TO u KO Ha kauecTBO
U3IENUS BOCIIONB3yeMCS MOACIISIME STHX OIIepanuii, Ipe-
noxxeHHbIMU B [3]. Tak a1 TO uHIMAeHTHON BepiuHaM S,

u S, rpaa Bapnantos TII (puc. 1):

Ly=Ly, ' ' —_—
OB )= (O%Un) Upilly =1y)), bn =Ly | (4)
I =0

m

PE=pg, G)

3P —3% 3, ©)

rae U,,; —BepoATHOCTb BHECEHUsI B u3aenue B xone i-oit TO

POBHO [, 1e(eKTOB m-ro BuAa; L ,, — MaKCUMalIbHOE KOIH-

18

4ecTBO Ne(eKTOB m -ro Bua B uzaenuu. Gopmyna (5) yau-
TBIBAET TOT (haKT, 4TO OPAKOBKA N3/EIIHS BBITIOIHSETCS TOJIb-
ko B xozte KO. [lns epuiunbt Sy, PP = 1. 3atparsl 3; Ha pea-
mu3aruio TO onpenenum no popmyne (1).

Jnist KO nnimaenTHol Bepmnam Sy, 1 S B rpada Bapu-
anroB TII (puc. 1):

Lm
O (0)+(1=Py) D O ly)s 1, =0
b 1) = . b=l . )
Qm(lm)'Pum70<lm <Lm

PP =P Py, 8)

rae P, — BepoaTHOCTb HeoOHapyxeHus m-ro B xoge KO;
Pr; —BEpOATHOCTB TOTO, YTO U3AEIHS, OCTYIUBIINE HA KOH-
TPOJb, OyIyT NPU3HAHBI TOAHBIMHU (JIOMYIIEHHBIMU K CIIETY-
romelt oneparmu) B xoxe ;-oi KO.

[TpuBenenHsle ynenbHbIE 3aTpaThl Ha peanuzanuo KO
olpenesuM 1o GopmyIie:

3 =34+ > 38m Lom Psi+Cpi-Opi, ©)
meM;

e 3;;, — IpUBEJECHHbIE YIEIbHbIE 3aTPaThl HA KOHTPOIb B
xoze j-oit KOj; Lp,, — konmu4ecTBo 1e(eKToB m-ro BUAa B
u3zeuu yerpaHeHHbIx B xone KO; 3, —3atpatsl Ha yerpa-
HEHHe OIHOrOo fedeKTa m-ro Buaa B uzaenuu; Pg; — Bepost-
HOCTb IONAAaHNS 3IeNi, HocTynuBIINX Ha i-10 KO B umc-
JI0 BOCCTAHOBJIEHHBIX B Xo7ie i-0i KO; C g; — crommocTs Opa-
KOBaHHOTO B xoje i-oi KO usnenus; QOp; — BEPOATHOCTD
IO TAHUST N3/IeIHH, TOCTYNUBIIKX Ha j-fo KO B unco 6pa-
KOBaHHBIX; M ; — MHOXKECTBO XapaKTE€PUCTUK U3/1E/IHs KOHT-
pomupyembIx B xoze KO.

[NocnenoBarensHO TpuMeHss hopmyisl (4)—(9) Ha myTH

u; u3 So B Spp, MOMYdUM 3aTpaThl S’Zf , pacrpeneneHus

Q/; (), m=1,M 1 BEPOIATHOCTb Pl-f . Ha ocHoBannm stux
OLICHOK Hail/IeM yleIbHbIE IPUBEICHHBIE 3aTPAThI:

3/ M by .
3H:—’f+Zcom. > 0Ly 1y (10)
r  m=l [,=1

rae C,, —3aTpaTbl Ha OOHApPYKEHUE U YyCTPAHEHHE OHOTO
MIPOM3BOACTBEHHOTO e(heKTa 7#1-T0 BUA Ha ITOCITEIYFOIIIX

o *
3Tanax XHU3HEHHOro IuKiIa. ONTHMAaIbHBIN IyTH | Ompe-
JCIMM 110 KPUTEPHIO (3), CpaBHMBAs 3aTPaThI 3, JUIs BCEX

myTel B rpade BapuanTtos TI1.

[orennmansHo rpad BapuanTos TII MoxeT UMeTh OOIb-
I10e KOJTMYECTBO BEPIIMH paHra f. PeaqbHO MMeeTcs Ba —
Tpu BapuanTta TO, KOTOpbIE paHKUPOBAHBI [0 OTHOIIEHHIO
KadeCcTBO/CTOMMOCTb. THIIMYHBIE BApUAHTHI «IELIEBO, HO HE
KaueCTBEHHO» U «KadeCTBEHHO, HO oporoy. [t KO peas-
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HOE KOITMYECTBO BAPUAHTOB JIBA — YETBIPE: OTCYTCTBUE KOHT-
POIIsL, PYYHOH KOHTPOIB («ICIICBO, HO HEKAYECTBEHHOY ), aB-
TOMATHYECKUI KOHTPOJIb («Ka9eCTBEHHO, HO JIOPOTO»).

Jli1st aBTOoMaTH3amMK poueayps! ontumuzaimu TI1, onu-
caHHas B [3], KOMIIBIOTEpHAS [TPOrpaMMa OICHKH THHAMHU-
ku pacnpenenenuil Q,,(/,,) B xone TII, nononnena 61oxom
OTpe/IeNICHHs 3aTPaT 3H IO MPEUIOKEHHOM MeToauke. [is

WUTIOCTPALU 3TOM METOJIMKU PaCCMOTPUM MPUMEDP OITH-
Mu3anuu ¢parmenra TIT MOHTaka 3JEMEHTOB Ha ILIATY
npeoOpasoBarers.

Jannsiii TTI BkIItOUaeT cieayrouie OCHOBHBIE Olepa-
uun: TO1 — koMIuIeKTaIMs Y3712, COIep KaILero IIaTy u dJie-
meHTbl; TO2 —MOHTaX U naiika snemMenToB Ha miaty; KO1 —
KOHTPOJb [IPaBUIBHOCTH KOMIUIEKTYIOUHX ; KO2 — KOHTpOIb
MIPAaBWJILHOCTH JJIEKTPUUECKUX COeAMHEHUH Tu1aThl. [Tprume-
HsieTCs ()OPMATTU30BAHHBIN MTOAXOM, MPU KOTOPOM yUIHTBI-
BaeTCsl BOBMOXKHOCTD NepenpoBepku pe3ynsraToB KO ¢ no-
MOIIBIO JOMOTHATEIHHBIX (KOPPEKTUPYIOIINX ) OIIepanuii B
COOTBETCTBUU C METOAUKOM [3], M HE yUUTHIBAETCSI CTENIEHD

aBromatnzarmu KO. [Ipu aTom npearionaraercs, 4To 00beM
0XBaTa KOHTponeM B kax oM cirydae 100 %o-Hblil. Y uuTsiBas
TaKOM MOAXOJl, PACCMOTPHUM TPU BO3MOXKHBIX BapuanTa TII,
KOTOPBIM COOTBETCTBYIOT ciemyromue myru: |y — TII 6e3
KO; py — TIT ¢ KO nocne kaxno#t TII, Ho 6e3 nepenposep-
KU pe3ylIbTaToB KOHTPOMs (0€3 KOPPEKTUPYIOLIUX Ollepa-
muit); ps — TII ¢ KO nocne xaxcaoit TII ¢ nepenposepxoil
pe3yibTaToB Kax 1ok oraensHoi KO (¢ KoppekTHpyromuMu
olepanusImMu).

B xauecTBe HCXOTHBIX JAHHBIX IS OLIEHKH 3aTPAT UCTIONb-
3YIOTCS JaHHBIE Ta0Jl. 1, a Takke NpHUBeeHHbIE B Ta0II. 2 pe-
3yIIETaThl MOJEIUPOBAHUS AUHAMUKY PACIpENEIeHUN BEpo-
SITHOCTEH 1e()eKTOB U BEPOATHOCTHBIE XapakTepuctuku T11,
MOJTy4EHHBIE C IOMOLBIO AHATUTHYECKUX BhIPaXKeHUH [ 3].

Pesynerats! pacuera cpeqHUX NPUBEINCHHBIX 3aTpaT Ha
niposeienne TI1 1o pa3HBIM IyTSM IIPEACTaBIICHBI B Ta0I. 3,
r1e Cg — CTOMMOCT OPaKOBAHHBIX M3NENHH, Loy, — BEPOAT-
HOCTb HAJIMYUSI CKPBITBIX A€(EKTOB.

Taoauna 1. I/ICXOZ[HI)Ie JIAHHBIC JJIA ONITUMH3allun TII u3roToBICHUS TUIATHI npeo6p33033TeJ1ﬂ 10 SKOHOMHYECKOMY KPUTEPUIO

Tun onepanyu t,a C'Tz' , IpH E,ron | kpj,rpu | 3g,.tpu | Cp,rpu
TOl 0,5 10 0,17 0 - -
TO2 0,7 15 0,17 0,3 - -
KO1 6e3 nepenpoBepku pe3yIibTaToB 0,5 10 0,17 0,16 5 50
KO2 6e3 nepenpoBepku pe3ynbTaToB 0,5 20 0,17 0,16 10 300
KOl ¢ nepenpoBepkoii pe3yapTaToB 0,8 10 0,17 1 5 50
KO2 ¢ nepenposepkoii pe3yabTaToB 0,8 20 0,17 1 10 300
Ta6auna 2. Pe3ynbsrarel MOJEIMPOBAHUS BEPOATHOCTHBIX XapakrepucTuk TII
Tun oneparuu Op; Pp; Lgy » Pr
T
TO1 - - - 1
TO2 - - - 1
KO1 6e3 nmepenpoBepKH pe3ysibTaToOB 0,0088 0,026 0,1 0,85
KO2 6e3 nepenpoBepky pe3ysibTaToB 0,01 0,0028 0,1 0,82
KO ¢ mepenpoBepkoii pe3yapTaToB 0,0053 0,0275 0,3 0,972
KO2 ¢ mepenpoBepkoii pe3yapTaToB 0,0007 0,0031 0,2 0,99
Tab6auna 3. Pesynbrarsl Mopenuposanus TII
Bapuant - - - C 3arparsl Ha 0 k P
— 6
I . S 8 S T, | T | T o
g ~ = ~
S = 5 g 5
= = o 3] o
= [eH-:} S = o =T
SR s o s a S a
00 E ~ E ~ E ~
0
g = ) S )
L"-)’ 5} o 5}
© © ©
o Q (5]
@) Q @)
Y 5 - 11,01 - 160 176,01 1 1 0,39
Wy 5 5,45 11,01 40,03 30,44 61,5 1 0,67 0,1
3 5 8,32 11,01 16,38 0,48 40,71 1 0,96 0,04
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W3 noy4eHHbIX pe3yllbTaToB BUIHO, UTO ONTUMATIbHBIM
IO KPUTEPHIO () ABIIAETCS MyTh L3, @ IKOHOMHUS Ha KOHT-
POJIBHBIX ONEPALUSX IO ITYTSM |1 U Ly TTOJIHOCTBIO HUBEIH-
pyercs 3aTpaTaMy Ha ycTpaHeHHe Opaxa, rapaHTHIHOe 00-
CITY’)KUBaHME 1 BO3BPATHI OpaKOBaHHBIX M3zennid. HanMeHs-
LIMe 3aTPaThl 10 JAHHOMY IIyTH JOCTHTraroTcsi oiaromapsi
nposeneHuto KO 1 koppekTupyronyx onepamuii B COOTBET-
CTBUU C METOITUKOM [2].

BbIBO/JbI

1. C ucnonb30BaHUEM NIPEIOKEHHBIX paHee [3] aBTopa-
MU BepoaTHOCTHBIX Mozenel KO u TO nonyuyensl TexHUKo-
9KOHOMMYECKHE MOJIENIN STUX ONepanuil.

2. IIpeanoxxena monens Bapuantos TII B Buzie koHEUHO-
'O HaIpaBJICHHOT0 Tpada, NO3BOJISIOIIAS HAUTH ONTHMaJIb-
Heli TII ¢ yueToM AMHAMUKH pacHpeneieHui BeposSTHOC-
Teil nedexkToB B n3aenusax B xozae TII v CBSA3aHHBIX € 3TUM
MIPUBEJCHHBIX CTOUMOCTHBIX 3aTpPAT.

Bacunescekuii B. B.!, Tlonskos M. O.2

3. [IpuMmeHeHne npeaoKEHHbIX MOAETIEH MPOUILITIOCT-
PUPOBAHO KOMIBIOTEPHBIM PACYETOM ONTHMU3ALNH (Ppar-
MeHTa TT1 M3roTOBICHUS ILIATHI PEOOPa30BATEIIS.

JlanbHeliire ucciie10BaHusI HalpaBiIeHbl Ha onpezese-
HUE IPAHUI] ONITUMATEHOCTH BRIOpaHHOT0 BapuanTa TT1.
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'AcniipanT, 3anopi3bKuil HALIOHAIBHUN TeXHIYHUN YHIBEpCHTET, YKpaiHa

’KaHJI. TEXH. HAayK, JOUEHT, 3a0pPi3bKUi HAlIOHANBHUM TeXHIYHUI yHIBEpCHTET, YKpaiHa

ONITUMIZANIA TEXHOJJOI'TYHOI'O MPOLECY MOHTAXKY EJEKTPOPAJIOEJIEMEHTIB HA OCHOBI
IMOBIPHICHUX TA TEXHIKO-EKOHOMIYHHUX MOJIEJEN KOHTPOJIbHUX OITEPAIIIA

3anpornoHoBaHa MOZEJb BapiaHTIB TEXHOJIOTTYHOIO MPOLECY y BUNIAL KIHIIEBO HANPABIEHOro rpady, MO J03BOJSIE 3HAWTH ONTH-
MaJIbHHI TIpoLieC 3 ypaxyBaHHSIM JUHAMIKU PO3NOALUTY HMOBIpHOCTEH NedeKTiB y BUpobax i MOB’3aHUX 3 UM IIPUBEICHUX BAPTICHUX
3aTpar. 3aCTOCYBaHHS 3aIPOIIOHOBAHMX MOJIENEH MPOLTIOCTPOBAHO KOMII'IOTEPHHM PO3PAaXyHKOM ONTHMi3alil ()parMeHTy TEXHOJIOTId-

HOr'0 Ipouecy BUI'OTOBJICHHS IJIaTU IEPETBOPrOBayda.

Kio4oBi cjioBa: TeXHOJOTTYHHH mmpouec, TEXHOJIOTIUHA onepauiﬂ, KOHTpOJIbHA onepauiﬂ, rpa(b, MOJCJIFOBAaHHs, MIPUBEACHA CO-

6iBapTiCTh.

Vasilevskij V. V.!, Polyakov M. A2

!Graduate student, Zaporizhian National Technical University, Ukraine
2Associate Professor, Ph.D., Zaporizhian National Technical University, Ukraine

OPTIMIZATION OF TECHNOLOGICAL PROCESS FOR RADIO COMPONENTS INSTALLATION BASED ON
PROBABILISTIC AND TECHNICAL-ECONOMICAL MODELS CONTROL OPERATIONS

The existing approach to the optimization of the technological processes does not adequately account for differences in quality of
products, manufactured by different embodiments of technological process, if output control is not guaranteed to detect all defects. Also
not taken into account correction of products quality, which is based on results of control operations. The purpose of research is
improving quality of technological processes optimization based on accounting for correction of quality during control operations and
probabilistic costs for eliminating defects on the following stages of manufacturing.

To achieve this purpose we proposed a model of different variants of technological process as a course directed graph. This model
allows finding optimal technological process with taking into account dynamics of defects distributions during of technological process
and adjusted costs.

For illustration of proposed model we calculated the fragment of converter’s board manufacturing process.

Keywords: technological process, technological operation, control operation, graph, modeling, reduced cost.
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METO[ CUMHTE3A OOMYCKOBbIX OTKNOHEHUX HA
FTEEOMETPUMECKUE NAPAMETPblI MUKPOMOJIOCKOBbIX
YCTPOWUCTB

B HpeZ[CTaBHeHHOﬁ pa60Te pa3pa60TaH METOA CHUHTE3a JOIYCKOBBIX OTKJIOHEHHH Ha
TEeOMETPUYECCKUE MTapaMETPbl MUKPOITOJIOCKOBBIX yCTpOﬁCTB. MeTOZ[ BKJIFOUAET B ceOsl: METOAUKY
pacueTa CXEMbl MUKPOIIOJIOCKOBBIX J'II/IHI/Iﬁ, OCHOBAaHHYIO Ha UCIIOJIb30BaHU U KBAa3UJIMHAMUYECKUX
HpPI6J'IPI)KeHPIﬁ 1 KBa3UCTaTUYCCKOI'o aHaliu3a HeOZ[HOpOZ[HOCTeﬁ TOIIOJIOTMH; CUHTE3 JOITyCKOBBIX
OTKHOHCHHﬁ, I/ICHOJ'IB3YIOU.[I/Iﬁ UHTEPBAJIbHBIC MOACIIN; OLITUMU3AIUIO TOITYCKOBBIX OTKJIOHCHUU
IIYTEM BBCJICHUS BECOBbIX KO3(1)(1)I/IHPICHTOB; aHau3 JOITyCKOB, O6yCJ'IOBJ'IeHHI>IX TCXHOJIOTHYCCKUMHU
OrpaHUYCHUSIMU. HpI/IBeZ[eH MIPpUMEDP HUCIIOJIb30BaHUS pa3pa60TaHHoro METoJa.

KawueBbie ciioBa: JAONMYCKOBBIE OTKJIOHECHHUS, TONOJOT'MYE€CKUEC HEOAHOPOAHOCTH,

KBa3WAWHaAMHUYECCKOC r[pn6nn>1<eHHe 5 (1) WIIBTP.

BBEJIEHHE

B nacrosmee Bpems Texnuka CBY pa3BuBaercs B Harpas-
JICHUM YMEHBILIECHUSI Pa3MEpOB KOHCTPYKIMU. DTO BIIEYET
3a co00l HEOOXOIMMOCTh PEIICHUS 3aJa4d 00CCIICUCHUS
TOYHOCTHU M3TOTOBJICHHS YCTPOWUCTB, KOHCTPYKTHUBHBIE Ia-
paMeTphI KOTOPBIX 3aBHUCST OT TEXHOJIOTHYECKUX OIPaHUYe-
HUI U CBOICTB IPUMEHSEMBIX MaTepHaos [1].

YcoBepLIEHCTBOBAaHHE TEXHOIOIMYECKUX TPOLIECCOB U
TIOSIBJICHHE HOBBIX MAaTEPHAJIOB CIIOCOOCTBYIOT YBEITHICHUIO
pa3zHooOpa3usi KOHCTPYKTHBHOTO HcronHeHuss CBY-yct-
PO¥CcTB Ha MUKPONIOIOCKOBBIX THHILIX. CoBpemeHHbIe CATTP
CBUY, taxue kak HFSS, FEKO u 1p., natoT BO3MOXHOCTb MOJIe-
JUPOBaTh M ONTUMH3UPOBATH TOIIOIOTHIO TTOJIOKOBBIX YCT-
POJCTB C ENbI0 MOTyIeHHs TPeOyeMOoi BEIXOJHON XapaKTe-
puctuk [2]. [TockonbKy pa3pelmaromas CltocOOHOCTb TEXHO-
JIOTMYECKHX MPOIECCOB €IIe Jajieka OT COBEepIIeHCTBA [3],
BO3HHUKAET HEOOXOAMMOCTh CHHTE3a I0ITYCKOB HA T€OMETPH-
YecKre TapaMeTphI YCTPOICTB [4], a, CIenoBaTeNbHO, HCIIONb-
30BaHMS TOYHBIX MAaTEMATHIECKUX MOJIETICH, YIUTHIBAIOIINX
BJIMSTHUE BCEX HJIEMEHTOB TOIIOJIOTHH JUTS OITMCAHUS YCTPOHCTB
CBY na muxponornockoBbix inanH (MILT) [5].

Ienpro paboTsI SBJISETCS YCOBEPILIEHCTBOBAHUE MOJIE-
JIel ONMCaHUsi MUKPOIOJIOCKOBBIX YCTPOMCTB, MO3BOJISIO-
IIMX CHHTE3HPOBATH JIOIYCKOBBIE OTKJIOHEHHS Ha TapaMer-
PBIATHX YCTPOMCTB; aHAJIN3 BIFSHUS OCOOCHHOCTEH TEXHO-
JIOTUYECKUX 3TAIOB NMPOU3BOJCTBA HA JOMYCKOBBIE
OTKJIOHEHHS TapaMEeTPOB C ITOMOIIBI0 HHTEPBAIBHBIX Me-
TOJIOB HAa3HAYEHNUS JOITYCKOB.

METOIMAKA PACYETA CXEM HA
MHOI'OCBSI3AHHBIX MILI C IPUMEHEHAEM
KBASWIMHAMMYECKOI'O NNPUB/IMUKEHAS U
KBA3MCTATHMECKOI'O YYETA

TOIOJIOr' MYECKUX HEOJHOPOIHOCTEM

B kauecTBe mpuMepa, WILTIOCTPHUPYIOIIETO TPHMEHEHHE
npenigaraeMoil meronuku mozenuposanust MIUIL, agantu-

POBaHHOHM K CHHTE3Y JOITyCKOBBIX OTKJIOHEHHH, paccMoT-
PHM TOIOJIOTHIO IIITWJICYHOT0 (pritbTpa.

Kak BuHO 13 puc. 1, Tonosnorus ¢puisTpa uMeer gocra-
TOYHO CIIOKHYIO KoHurypanuto. 1o 3Toi nprunHe npen-
JlaraeTcsl UCIONb30BaTh METOJ JAEKOMIIO3UIIMU M «pasfie-
JIUTBY TOMOJOTUI0 (hriibTpa Ha Ga3oBble 31eMeHTs! (BD),
BKJTFOYAIOIINE B ce0st 00J1aCTH CBSA3aHHBIX U OJMHOYHBIX JIH-
Huil [7], puc. 2.

J1J1s1 y9acTKOB CBSI3aHHBIX M OAMHOYHBIX JIMHUI B pabore
[8] nznokena MeToaMKa KBa3uAMHAMHUYECKOTO MOJEIHPO-
Banusg MITJI. CormmacHo 3Toi METOTUKE MaTpPHUIla PaCCesSTHUS
OTpe3Ka CBSI3aHHBIX JIMHHUI PaCCUMTHIBACTCS C HCIIOIb30Ba-
HUEM COOTHOIIEHUI:

S1,,=8,,+81,: DV T(0) -8y, T(1) -S,, 1)
S112:S12-D‘1-T(l)-S21; 81,,=81,; S1,,=51,5,

rne  D=E-T(1)-S,, T(])-S,,; T(H=V-0(l)- V1,

O(l)=diag(e7*); V' — cobcTBeHHBIH BEKTOP MAaTPHIIBI

C0~1.C; C, CO — MaTpHIB B3aNMHBIX B COOCTBEHHBIX IO~

TOHHBIX EMKOCTEH € y4eToM U 6e3 ydeTa IUAJIeKTPHYESCKOro

3aI10JTHEHNS JINHUN, COOTBETCTBEHHO; k — IOCTOSIHHAS pac-
MIPOCTpaHeHHsT; [ — IIMHA yJacTKa cBss3aHHBIX MITJL.

Ws
I\ [Wic=W2c=131m
g=0,2 mm
k1S —3 Lc=4,5 mm
W1s=W2s=Ws=03 »mt
Wis Ls w2 Ls=4 3 M
2 W1 f=W2=0,56 101
Wif g
| ]
waf
Le .(W1 c 4Lk W2c

Puc. 1. PHY Ha 01MHOYHOM IINHUJIEYHOM pE30HATOPE

© Mumernko M. B.,@apaponos A. 1O., KoBanenko JI. A., Cummmnus 0. A., 2013
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Puc. 2. Monens mmmuneynoro ®@HY: a) rononorus mmnuieunoro ®HY; 6) oo6benunenue b3; 1, 2 — obnactu cBA3aHHBIX TUHUN; 3, 4, 5 —
obnactu onuHOouHBIX MILJI, BKiTFOUaromne HeogHOpoaHOCTH Tononoru; XX u T — Marpuiibl xomoctoro xoaa u T-nepeceveHus,
COOTBETCTBEHHO

Marpwuriia CoeIHHSHHUS OTUHOYHBIX JTMHUH W HATPY30K
C n-TIPOBOHOM CBSI3aHHOM IMHUEH PACYUTHIBACTCS C IIOMO-
B0 COOTHOMIECHUH [ 8]:

(E+R-Y)'2.RY

_|E+RY)(E-RY)
(E+R-Y) ' (E-R-Y) -(2)

S 1
AE+R-Y)

rae £ — enyHUYHAs Marpuia; R — MaTpHIia BOIHOBBIX CONpO-
TUBJICHAH OMHOYHBIX JIMHUH (Ha pUC. 2, @ N300paKeHBI KaK

obnactn 3,4,5), Y =c-CO-V - [eqq () - ~! —matpuria Bon-
HOBBIX MIPOBOIUMOCTEN CBSI3aHHBIX JIMHUL; ¢ = 3-108 m/c;
€e(®) — nuaroHanbHas MaTpuua dGEKTHBHUX AUICKTPH-
YeCKHX IPOHUIAEMOCTEH, IOTYYEHHBIX C IIOMOILIBIO COOT-
HOLICHUH, TPEJICTABICHHBIX HIKE.

DddexTrBHAS TUANEKTPHUIECKAs IPOHNIIAEMOCTh B KBa-
3UIMHAMHYECKOM NPUOIHKEHHH E¢qy () OMCHIBAETCS BbI-
pakeHmsIMH [9]:

— ecnu anreOpanveckas CyMMa TOKOB JIMHHH HE paBHa

n
Hymo ( Iy :Z]ki #0), 10
k=1

I
2¢4, (0) [1+(koh)2 5 ;O a,J

1 0)\1+
1+(k0h)2 Z‘Se(pl-( )( Sr)+D
2V0i8r

3

Eeg, ((’3):

e

—€Clin anre6paI/IquKaﬂ CyMMa TOKOB JIMHUAN paBHA HYJTIO

n
(15 = > 1} =0),10
k=1

25, Ofi+ o o211, |

_ i :4
e () 1—8eq)i(0)/83+2(koh)48e¢)i(0)8rT"/V°f P N
e
2
€. 10)] e, (0
D= || | g ko) (1, I—L() M

2 & Vv,
€ r JUBJICKTPUYICCKasA MPOHUITAEMOCTb MaT€pHraja ImoaI0XK-

KU TOIIIUHOR /1; €44 (0) — KBasHCTaTHYECKAs! OLCHKA 3(-
(EKTMBHOM IPOHHUIIAEMOCTH Ha HYJIEBOH YaCTOTE; k — BOI-

HOBO€ 4UCJI0 CBOOOAHOro npocrpancTsa; 1, ¥, — hyHk-
LUK, KOTOPBIE CBSI3BIBAIOT TEOMETPHUECKUE HapaMeTphl
MIUI[9].

Tononormyeckre HEOTHOPOTHOCTH YINUTHIBAIOTCS ITyTEM
BHECEHHS B CXEMY JOMNOJHUTENBHBIX eMKOCTel. MeTonuka
pacyera eMKOCTeN HEOMHOPOAHOCTEH, TO3BOIISAIOLIAS AHAIH-
3UPOBATh TOIIOJIIOTHIO YCTPOKCTBA B LIETIOM, IpuBezeHa B [10].

Jlns pacdera 3TUX eMKOCTEN HCIIONAb3YETCSI UHTErPalb-
HOE ypaBHEHHE!

olr, )= Sj Glryor, )-olr, )s, |

n
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e G(’”q) — pacmpejiesieHueE TIOTHOCTH 3aps/ia Ha OBEPX-
HOCTH S, TIPOBOJHHKOB C 3a/JaHHBIM 3HAYCHHEM ITOTCHIIHA-
na; G(rp , rq) — (ynkiwms [puna KpaeBoii 3a1a4u.

DKBUBAJICHTHAS EMKOCTh HEOTHOPOHOCTH PACCUHTHIBA-
eTcs 1o cooTHomeHwMo [10]:

Nx My

1
Ci =— 2 Z(Gnm _GOnm)snm 5 (7)

Qi y=1 m=l1

rae ¢; — NOTeHIual i-oi IONOCKYU; Nx, My — KOIUYECTBO
Y4acTKOB, Ha KOTOpBIE MOJIENICHBI TIOJIOCKH BJIONIb M TIOTIE-
PEK, COOTBETCTBEHHO; S, =~ — IIOMIA/Ab /1/M-OT0 y4acTKa,
Gm — TIOBEPXHOCTHBIN 3apsa B LEHTPE nm-0r0 y4acTKa;
G 0m — TIOBEPXHOCTHBIN 3apsi] B IIEHTPE 17M-0T0 y9acTKa,
PaBHOYIAJIEHHOTO OT KOHIIOB TIOJIOCKH.

Marpura paccessHUs y4acTKa OXUHOYHOMN JIMHHUH, B KO-
TOPYIO BKJIIOYEHA EMKOCTh HEOTHOPOIHOCTEH, B 00IIEM BHIE
WMeEET BUI;

-1 2
1+2-jXc/R 2+R/ jXc
S= , ®
2 |
2+R/jXc 1+2-jXc/R

e X -=—1/2-1:f-Cp); Cpy— €MKOCTb TOMONOrMIECKUX HEO-
JTHOPOIHOCTEH, PACCUUTAHHBIX TIPU MOJCITUPOBAHUN BCEH
toronorud MITJI [10]; R — conmpoTHBIIEHHE OJTHOYHOM JTH-
HUY B KBa3UAWMHAMITYECKOM ITPHOIIDKEHUH [9].

[anee npoBoautcs pexommosuiwmst b3 [7], BciaencTsue
Yero MoixydacM 3HAuCHHE BBIXOAHOW (YHKIUU (UIBETpa B
KBa3UIMHAMHYECCKOM MPHOIMKEHUH C YIETOM BIIUSHHS TO-
MOIOTMUECKAX HeogHOpoaHocTel. Ha puc. 3 mpencraBieHs
Pe3yIBTaTHl MOAETHPOBAHUS IITAIEYHOTO (DHIIBTPA C yde-
TOM 1 0e3 ydeTa BIUSHHUS TOMOJIOTHIECKIX HEOTHOPOIHOC-
Tel, a TakKe pe3yIsTaThl, oTydeHHbIe ¢ omorbio HFSS.

221,

nE
0

-10

-20

-25

1 2 3 £, ITn

Puc. 3. BerxogHast XapakTepHUCTHKA MITHIEYHOTO OHO3BEHHOTO
OHUY:
1 — pesynbrar mozenupoBanust B HFSS; 2 — pacuer ¢ yuerom
BIIMSIHUSL TOIIOJIOTMYECKUX HEOJHOPOJHOCTEH; 3 — pacuer 6e3
ydeTa BIHMSHAS TONOJIOTHUECKUX HEOJHOPOJHOCTEH

W3 puc. 3 cnenyer, 4To TOYHOCTb NPENTIOKEHHON METO-
JIMKH JIOCTAaTOYHO BBICOKA. JTO O3HAYAET, YTO IIPHMEHEHHE
METOJIMKH pacyera cxeM Ha MHorocBsi3aHHbIX MI1JI B kBa-
3UMHAMHWYECKOM ITPUOIIKEHUH C YYE€TOM BIIMSHUS TOIIO-
JIOTHYECKUX HEOJHOPOJHOCTEH JacT BO3MOXKHOCTEH Ooiee
TOYHO CHHTE3UPOBAThH JOIYCKOBHIE OTKJIOHEHWs Ha I1apa-
MeTpsl MITJL

HNCAIEAOBAHUE JOITY CKOBbIX
OTKJIOHEHMIA YIEMEHTOB KOHCTPYKIIAA

JI71s cuHTE3a JAOIMYCKOBBIX OTKJIOHEHHI HA T€OMETpUYEC-
kue mapamerpsl MI LT BCronbs3yroTcst MHTEpBaTBHBIC MOJIEIH,
KOTOPBIC YIUTHIBAIOT 3aBUCHMOCTH BBIXOITHOH XapaKTepPUCTH-
Kd (priisTpa OT mapaMeTpoB KOHCTPYKIMHM, B3aUMHYEO KOM-
TICHCAITUFO OTKJIOHEHHI M IMEIOT JIOCTATOYHYEO TOYHOCTH [ 11].

Jl1st co3manmst YIpoOIeHHBIX THHEHHBIX HHTEPBAIBHBIX
MoJIeiel UCIONIB3YETCS METO/I KacaTelIbHbIX, KOTOPbIN JaeT
BO3MOXKHOCTb ITOTY9IaTh TOUHBIC 3HAYCHHS BBIXOTHOM XapaK-
TEPUCTHKH HAa TPAHUIIAX JIOITYCKOB BXOIHBIX ITAPaMETPOB.
OnHaKO METOM HAKITAABIBACT JOIIOTHUTEIIHHBIC OrPaHITICHIS
Ha ¢yHKIH0. OYHKIUS TOIDKHA OBITH T4 IKOW U HE UMETh
TOYCK, B KOTOPBIX YAaCTHBIC IPOM3BONHBIC PABHBI HYIIO. B
MIPOTUBHOM CJTydae MO>KHO MCIIOIb30BAaTh BHYTPEHHIOO HH-
TEPIIOJIAINIO, KOTOpasi ONUCHIBACTCS BEIpakeHHeM [11]:

n n

Yy :ar0+ Z a . xl-+ Zdual(a ri xij’ (9)
=l i=1 -

a,;<0

a,; >0
TJIe { — YHCIIO TAPaMETPOB; @, =[a,; 13 4,; pl —KOMMyTanu-
OHHBIE UHTEPBAJIbHBIE KOY(PMUIIMEHTBI; X; — HHTEPBAJ U3-
MEHEHHS BXOJHOTO MapaMeTpa MpH pacyeTe JOIyCKOB OT
HOMHUHAIFHOTO JI0 TPaHUYHOTO 3Ha4deHus; dual — omepaTop
npeoOpa3oBaHusl OOpATHBIX apU(METHUECKUX OIeparui
HaJl MHTEPBAJIAMU B IIPAMBIE; @ .. — TIEPENATOTHBIE KO3 D DH-
LUEHTHI YIIPOUICHHONW (DyHKIHH.

HccnenoBanue 10MyCKOBBIX OTKJIOHEHUH BBITOTHEHO HA
mpuMepe MuKpononockoBoro mmmmreasoro ®HY, puc. 1,
peammzoBarHoro Ha nomtokke RT/Duroid 6010.2 TommmHO#MA
h = 0,635 MM C OTHOCHUTEIHHON AUAIIEKTPUICCKOH IPOHH-
maeMoctsio €, = 10,2, mpeacTaBieHHOTO B padore [6].

[Tpumenenne MeTona AEKOMITO3UIMN U KBAa3WAWHAMH-
YECKOro MPUOMIKEHHS TSI pacuyeTa BEIXOAHOM XapaKTepuc-
Tuky mmmneqsoro ®HY gaet BO3MOXKHOCTb CHHTE3UPOBATh
JIOIYCKOBBIE OIPaHNYEHMS HA BCE KOHCTPYKTUBHBIE ITapa-
MeTpbI (prIbTpa, BKI0YAs TOABOSIINE JIMHHUH.

st oripeneneHnst K03 PUIMEHTOB MHTEPBATBHON MO-
JIETTN ¥ JOIyCTUMBIX OTKJIOHEHHH ITapaMeTpOB KOHCTPYK-
uH (prbTpa, AOMYCTUMOE OTKIOHEHHE BBIXOTHOW (PyHK-
1y ObUI0 IPUHATHIM O, = £11 %. YacTora cpe3a aHanu3u-
pyemoro ¢uietpa f, = 2 ITu [6].

OTKIIOHEHUS TTapaMeTpoB (PUiIbTpa, MOTYIECHHBIX MPU
MOJICTTMPOBAHNH BBIXOAHBIX XapaKTEPUCTUK O€3 ydera u ¢
Y4ETOM TOIOJIOTHYECKUX HEOAHOPOIHOCTEH, ITPEACTABIIE-
HBI B Ta01. 1 1 Tabi. 2, COOTBETCTBEHHO.

AHanm3 3HaYEHUH HHTEPBATBHBIX Kod(QduImMeHToB (a,, |,
a,, ;) TIOKAa3bIBACT, YTO MPAKTHICCKH BCE MIAPAMETPEI KPH-
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Ta6auma 1. OTkIOHEHYS apamMeTpoB GuiIbTpa 6e3 yuera 3HaYeHUH eMKOCTEH TOMOJIOrHYeCKUX HEOJHOPOTHOCTEH

Iapametp 3;2:' l;fﬁ)- i a4 P @y, MKM Wp, MKM
Wic, Wac 131 2926 1145 0,267 6,7405 17,224
g 0,2 —10928 —10788 1 6,7405 6,8283
Lc 4.5 2591 2633 0,241 6,8506 6,7405
Wils, W2s 0,3 —3383 —10852 0,993 21,620 6,7405
S 2,22 343,43 337,03 0,031 6,7405 6,8684
Lc 4,85 2760 2753 0,252 6,7405 6,7574
Ws 0,3 1815 1811 0,166 6,7405 6,7588
WI1f, W2f 0,56 2514 2513 0,208 6,7405 6,7439
€ 10,2 en. 1,2496 1,2654 — 0,025 en. 0,024 en.
h 0,635 -3106 —2986 — 10,074 10,478

Ta6anua 2. OTKIOHEHUs TapaMeTpoB (GHIBTPA C yUSTOM 3HAYEHUIT EMKOCTEH TOIOJIOIMYECKHX HEOHOPOJHOCTE

Hapaverp 3;2: ;il[)_ 4 g a4 B P Wy, MKM Wp, MKM
Wilc, W2c 1,31 2841 1108 0,268 6,5934 16,9020

g 0,2 —10598 —10461 1 6,5934 6,679

Lc 4,5 2513 2556 0,241 6,7057 6,5934
Wis, W2s 0,3 —3411 —10586 0,998 20,4634 6,5934

S 2,22 338,23 331,95 0,032 6,5934 6,7181

Lc 4,85 2701 2696 0,254 6,5934 6,6051

Ws 0,3 1778 1773 0,167 6,5934 6,6109
WI1f, W2f 0,56 2476 2475 0,214 6,5934 6,59611
£ 10,2 en. 1,1968 1,2126 — 0,024 en. 0,024 en.

h 0,635 —2948 —2833 — 10,121 10,531

THYHBI K JOITyCKaM, TI03TOMY JIJISI pacdyeTa 3Ha4eHNH OTKIIO-
HEeHU napameTpoB (Wy U Wg), Tabn. 1 u tad:. 2, Opun Hc-
TIOJIB30BaHBI BECOBBIE KOI((GHUIMEHTH! P, 4TO MO3BOIMIO
pacIIMpuTSh moje momycka [12].

W3 anam3a Tabim. | utabm. 2 ciemyer, 9To y4eT BIUSHUSL
TOIOJIOTMYECKIX HEOTHOPOXHOCTEH MPH pacieTe 3aTyXaH!s
IIMAIEYHOTO (PUIIBTpa, prc. | MPUBOIUT K OoJee CTporumM
3HAYEHHSIM JIOITYCKOBBIX OTKIIOHEHNH Ha T€OMETPHIECKHE Ma-
pameTpsl GUIBTPA; IPHU STOM OTKJIOHEHHE BEIXOJHON (DYHK-
un coctaBmio +10,93 % u —8,56 %, a Oe3 yuera BIHASTHUASA
TOIOJIOTMYECKUX HEOIHOPOIHOCTEN STH OTKJIOHEHHS COCTa-
Bk +11,21 % 1 —9,32 %, coorBeTcTBeHHO. Kak BHIHO 13
PE3YIIBTATOB, OTKJIOHEHHWE BBIXOMHOW (DYHKIMHM BBIIIIO 32
Hpeziesbl AOIYCTUMOTrO OTKJIOHEHUS O ,, B CIIydae KOI/a 3ary-
XaHUe QUIHTPa PaCCIUTHIBAIIOCH O€3 ydeTa TOMOJIOTHIECKIX
HEOJHOPOJHOCTEH; M OKa3aJloch B NpEAeaax JIOIyCTUMOIO
OTKJIOHEHUSI , B CIIydae KOra 3aTyXaHue (QIIbTpa pacCInThI-
BaJIOCH C YYETOM TOIOJIOTUYECKUX HEOJHOPOJHOCTEH.

[nprHa TOMTYCKOBBIX OTKJIOHEHUH MOYKET OBITH PacCIIi-
peHa, eCIIi ydecTh B3aNMHOE BIIMSTHUE JOITYCKOB, UTO CBSI3a-
HO C OCOOEHHOCTBIO MUKPOAJIEKTPOHHOIH TEXHOJIOTUH, IPH
KOTOPOH BCE YIACTKH M3TOTABIMBAIOTCS B EANHOM TEXHOJO-
TH4ecKoM ImKite. Torna nHTepBaIbHAs MOIETb MOXET ObITh
chopMupoBaHa Ul MEHBILETO YUCTIa TapaMeTpoB. bynem
CYUTATh, YTO TAPAMETPBI BCEX yIACTKOB (PHIIBTPaA N3MEHS-
I0TCS HA OJMHAKOBYIO BEJTHIHHY:

A=38,/N, (10)

rae N —4ncio aHaIM3UpyeMbIX apaMeTpoB QHIIBTPA.
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OTKJIOHEHUS ITapaMeTpoB (PHIIBTPa C yI€TOM B3aMMHO-
TO BJIMSIHUS JJOIYCKOB, TIOMYYEHHBIX IPH MOJEIUPOBAHUN
BBIXO/IHBIX XapaKTEPUCTHK O€3 yueTa v C y4eTOM TOTOJIOTH-
YEeCKMX HEOTHOPOIHOCTEH, TPEICTABIICHEI B Ta0I. 3, Ta0I. 4,
COOTBETCTBEHHO.

W3 ananm3a ta6m. 3 uTabm. 4 ciuemyer, 4To, Kak U B Ta0. 1
1 Tabi. 2, y9eT BIUSHUS TONOJOTMIECKHX HEOTHOPOJHOC-
Tell ipu pacyere 3aTyXaHUs MIMICYHOTO PUIbTpa, puc. 1,
OBLTH NOITyYeHBI O0JIee CTPOTrne 3HAYEHHS JOITYCKOBBIX OT-
KJIOHEHHH Ha TEOMETPHIECKHE MapaMeTpsl (GUIbTpa; Ipu
3TOM OTKJIOHEHHE BBIXOIHOH (hyHKIMH cocTaBmiIo +9,89 %
u— 8,2 %, a 6e3 ydera BIUSIHHUS TOMOJIOTMIECKAX HEOTHO-
POAHOCTEH 3TH OTKIIOHEHMs cocTaBmw +11,76 % u—8,55 %,
COOTBETCTBEHHO. M3 3TOT0 CIiemyeT, 9To, KaK U B CITy9Iae CHH-
Te3a B3aMMOHE3aBUCHMBIX JOIyCKOBBIX OTKIOHEHHUH, pH
BBIYMCIIEHUH B3aMMO3aBHCHMBIX IOIYCKOB OTKIOHEHHE
BBIXOAHOHN (DYHKIIMH BBILIIIO 33 PEEIBI JOMYCTHMOTO OT-
KJIOHEHUs O ,, B Cllydae KOI/a 3aTyXaHue (QuibTpa paccyu-
TBHIBAJIOCH 0€3 yIeTa TOMOJIOTHYECKNX HEOTHOPOIHOCTEH; 1
0Ka3aJIoCch B IIpefieiax JA0IMyCTUMOro OTKJIOHEHUs 0 ,, B CIIy-
yae Korja 3aTyXxaHne (HIBTPa PacCUUTHIBATIOCH C YIETOM
TOIOJIOTHIECKIX HEOJHOPOTHOCTEH.

KauectBo nsroronenus ycrpoiicrs Ha MI1JI 3aBucur ot
pa3pemaronel CrrocOOHOCTH TEXHOIOTNIECKOTO ITPOoecca.
ITosToMy BO3HHKAEeT HEOOXOIMMOTH IPOBEACHHUS aHATN3a
JIOIYCKOBBIX OTKJIOHEHHH Ha T€OMETPHUUYECKHE NapaMeTphl
MILI ¢ uenpro BBISICHEHUS BO3MOYKHOCTH HM3TOTOBJICHUS
CBY-ycrpoiicTBa ¢ obecrieaeHreM 3aJaHHbBIX TapaMeTPOB.
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Ta6anua 3. OTKIOHEHHs TapaMeTpoB (HIBTPA C YIETOM B3aUMHOIO BIIMSHHUS JIOIYCKOB 0Oe3 ydeTa 3Hau4eHUil eMKOCTeil Tonoiornyec-

KHX HEOTHOPOIHOCTEH

[Mapamerp 3?3: g{;&p @i p @i p P @y, MKM @, MKM
Wilc, W2c¢ 1,31 8289 9437 0,857 7,56611 6,6457
Lc 4,5 1228 1239 0,112 6,7068 6,6457

Wils, W2s 0,3 -3608 —11005 1 20,2688 6,6457
Ws 0,3 1816 1810 0,165 6,6457 6,6691

WIf, W2f 0,56 2514 2513 0,228 6,6457 6,6500

€ 10,2 en. 1,248 1,268 - 0,032 ex. 0,032 exn.

h 0,635 —3124 —2969 — 13,0194 13,7021

Ta6anma 4. OTKIOHEHHUS apaMeTpoB HUIBTPA

C YYETOM B3aUMHOI'0O BJIUSIHUSA JOITYCKOB U 3HAYEHUI EMKOCTEH TOIMOJIOTHYECKUX

HEOJIHOPOIHOCTE

apamerp 3?2: iﬁ)_ i n a:ip P Wy, MKM Wp, MKM
Wilc, W2c¢ 1,31 7837 8598 0,817 7,1223 6,4915
Lc 4.5 1139 1150 0,109 6,5551 6,4915

Wils, W2s 0,3 -3632 -10523 1 18,8061 6,4915
Ws 0,3 1744 1738 0,165 6,4915 6,5135

WI1f, W2f 0,56 2448 2447 0,232 6,4915 6,4943

£ 10,2 en. 1,1513 1,1716 - 0,032 en. 0,032 en.

h 0,635 —2420 — 2284 - 15,4361 16,3532

OCHOBHBIMH TEXHOJIOTMYECKUMU 3TallaMy U3TOTOBJICHUS
MHUKPOIOJOCKOBBIX ycTpoiictB CBY saBnstoTca cozgaHue
¢oromadnona, murorpadus u tpasnenue [ 13]. {ns orede-
CTBEHHOI0 ITPOU3BOJICTBA XapaKTepHO [3]:

— CO3JIaHNE SMYJIbCHOHHBIX IUIEHOYHBIX (POTOIIa0IOHOB
¢ TOYHOCTHIO 30 MKM;

— MpOoeKnuoHHAs (oTonuTorpadus ¢ pasperaromei
CIIOCOOHOCTRIO 2,5 MKM;

— BeNTMYUHA ToATpasa H = t~cos(450) MKM, TJ€ ¢ — TOIT-
IIHA METaJUIM3aIHH.

B aToM ciygae mHTEpBaTbHAS MOAEIH MOXKET OBITH COp-
MHpOBaHa I MEHBILET0 YUCIIa IapaMeTPoB, a OTKJIOHE-
HUE 715 HUX (OPMHUPYETCS CIEAYIOINIM 00pa3oM:

A=Agpm +ATS

(11)

K:K(DH_[ +A(D.H’

e A, A — TPaHUYHEIE 3HAYEHUS OTKIOHECHHH apaMeTPOB

HIKHEE ¥ BEpPXHEE, COOTBETCTBEHHO; A gy 1y, AdIII — TpaHud-
HBIE OTKJIOHEHHS TTAPaMETPOB, 0OYCIIOBJICHHBIE TOYHOCTHIO
co3aHus GoromabiaoHa; Agy — IPAaHUYHBIE OTKIOHEHUS
TTapaMeTpoB, 00YCIIOBIIEHHBIE pa3pEeIAIONIel CIIOCOOHOCTHIO
npouecca (oronurorpaduu; Ay — rpaHUYHbIE OTKIOHEHUS
TIapaMeTpoB, 00YCIIOBIICHHBIE BEMYHHOM MTOATPaBaA.

A OTKJIOHEHUS TApaMETPOB AUDIIEKTPUUECKON MOAT0XK-
ku RT/Duroid 6010.2 pernmaMeHTHPYIOTCS KOMITAaHAEH-TIPO-
m3BonureneM Rogers Corporation. Coracao [14] BemmamnHa
URJICKTPUYECKON TpoHuIiaeMocTr nomnoxku RT/Duroid
6010.2 paBHa ¢, = 10,2 £ 0,25, ToqmKHA HOMJIOXKKH
h=(0,635+0,0254) Mm.

OTKJIOHEHHS TApaMEeTPOB TOIOJIOTHH (IITBTPA PEACTaB-
JICHBI B TAOI. 5.

Ta6muna 5. OTKIOHEHHs MapaMeTpoB (HUIBTPA, BhI3BAHHbIE
TEXHOJIOTHYECKIMU O PaHUYEHUAMU

= Benuuuna OTKIOHEHUE
g apaMoTpOB rnapaMmeTrpoB
a3
a,
E X, MM Wy, MKM Wg, MKM
Wlc,W2c 1,31 20,998 5,502
Lc 4,5 20,925 5,490
Wlis,W2s 0,3 21 5,499
Ws 0,3 21 5,499
WIf,W2f 0,56 21 5,499
€ 10,2 eo 0,25 eo. 0,25 eo.
h 0,635 25.4 25.4

[Nonp3ysick maHHBIMU Ta0IMI. 5, OBLIO PACCUUTAHO 3aTyXa-
HHE aHATTM3UPYEMOT0 (DHIIBTPA U BBISBIECHO, YTO IIPH yUeTe
BIIMSTHHS TOIIOJIOTHYECKNX HEOTHOPOTHOCTEH OTKIOHEHHE
BBIXOAHOM (YHKIINH cocTaBmiIo +8 % 1 —25 %; a 6e3 yuera
BIUSIHAS TOIIOJIOTHYECKUX HEOTHOpPOOHOCTEH — +16 % u
—21 %. 13 sTor0 Ccremyer, 9To MpUMEHEHHE METOAUKA MO-
nenupoBanust MITI ¢ yueroM BIHsSHYS TONOJIOTHYECKUX HEO-
JTHOPOIHOCTEH TO3BOJISIET O0JIee TOYHO OLEHUTH BO3MOX-
HOCTB M3TOTOBJICHUSI MHKPOITOIIOCKOBOTO ycTpoiictBa CBY
C IPUMEHEHHUEM KOHKPETHOI TEXHOIOTHH.

BbIBO/JIbI

[Ipumenernre MeTona TEKOMIIO3UIINH 1 Ka3UIMHAMITIEC-
KOTO TIPHUOIIDKEHUS TIPH MOIEITUPOBAHUN MHUKPOIIOIOCKO-
Boro mmuwieyHoro ®HY ¢ yyeTom TOMOJOrMYECKUX HEO-
nmHOponHocTel (TH) mpUBOIWT K YBETHYEHHUIO TOYHOCTH
PacUeToB BRIXOAHBIX XapaKTEPHUCTHK YCTPOICTBA, a TaKXKe
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JlaeT BO3MOXXHOCTb YUHWTHIBATh BIIMSIHUE BCEX JJIEMEHTOB
TOIIOJIOT UM MUKPOIIOJIOCKOBBIX JINHUH. DTO, B CBOIO O4Yepe/Ip,
YBEJIMYMBAET TOYHOCTH Ha3HAYEHHS J0ITycKoB. CpaBHEHHE
pacyeTHBIX 3HAYCHUH YPOBHS 3aTyXaHHUs Ha 4aCTOTE Cpe3a ¢
pe3yibTaramMu a1ekTpoMarautHoro aHanusa B HFSS noka-
3aJ10, YTO PacyeT 3aTyXaHus C y4eTOM BIIMSIHUS TOIOJIOTH-
YEeCKUX HeoHOpoaHocTel Ha 7 % TouHee, 9eM pacueT 0e3
yuera BnustHusE TH; iput 5TOM OBLIIH TIOITy4€eHBI O60J1ee CTpo-
T'Me 3HAUCHHUS JIOIyCKOBBIX OTKJIOHEHHWH Ha reoMeTpHuyec-
KH€e rmapamMeTpsl GUiIbTpa.

[Tpu nccnenoBanny B3aMMOHE3aBUCHMBIX M B3aNMO3a-
BHCHMBIX JIOITYCKOB OBLJIO BBISIBIICHO, YTO ITPH pacyeTe 3aTy-
XaHus WnuiIeyHoro GuieTpa, puc. 1, 6e3 ydera BIUSHUSA
TOIOJIOTMYECKUX HEOTHOPOAHOCTEH (hopMHpyeTCs Heaek-
BaTHasi MOZIEJIb CHHTE3a JIOIYCKOB, TOCKOJIBKY, B 3TOM CITy-
Yae, 3HAYEHUE OTKIIOHEHHMS BBIXOIHOHM (DYHKIIMH NIPEBBICH-
JI0 3HaYE€HHeE JIOIlyCTUMOTO OTKIOHEHUS O ;. YUeT BIUAHUSL
TOIOJIOTMYECKIX HEOTHOPOTHOCTEH IPH pacdeTe 3aTyXaHus
aHAIM3UPYEMOT0 YCTPOMCTBA MTO3BOIMI CHOpMUPOBATH
MOJIENIb CHHTE3a JOIYCKOB, NP KOTOPOH OTKIIOHEHHE BBI-
XOHOU (PyHKIIMU HE IIPEBBICUIIO 3HAYEHHUE O .

W3 storo ciemyer, 4To NCTIONB30BaHNE METOIMKH pacte-
Ta BBIXOJHBIX (pyHKIMI MITJI ¢ yaeToM BIMSIHUS TOTIOIOTH-
YECKUX HEOJHOPOAHOCTEH TaeT BO3MOXKHOCTB 00JIee TOUHO
CHHTE3MPOBATh JOITYCKOBBIE OIPAHUYCHNUS M OLICHUTD CTe-
TIeHb OTKJIOHEHHS BEIXOAHON (QYHKIIUH.

AHanM3 MAKPO3JICKTPOHHOH TEXHOIOTHH TTO3BOJINII BI-
SIBUTH OCHOBHBIC TEXHOJOTHUECKUE STAllbl M3TOTOBJICHHS
MHUKPOIOJIOCKOBBIX ycTpoiicTB CBY 1 BBISIBUTE HX OrpaHH-
yeHwus1. BenenicrBue storo Oputa chopMupoBana MHTEPBaIb-
Hast MOJZIEJIb C YYETOM B3aHMMHOTI'O BIMSIHUS JOIyCKOB. Tak-
XK€, KaK U B IIEPBOM Cllydae, 0ojiee CTPOTrHe JIOMYCKOBBIE
OTpaHUYCHUS Ha MTapaMeTphl GUITBTPa OBUIH MONTYYEHBI IIPU
aHaNIM3€ BBIXOJHOW (QYHKIUU (UIBTPA, pACCUUTAHHOU C
Y4ETOM BJIMSIHUS TOTIOJIOTHYECKHX HEOIHOPOIHOCTEH.
K Tomy e aHanu3 B3anMO3aBUCHMBIX JIOMYCKOB ITOKa3aJl,
YTO IPUMEHEHHE METOIUKH PacueTa BBIXOAHON (pyHKIMH
(GUIBTPa C YIETOM BIMSHHS TOHOJOTHIECKHX HEOAHOPO-
HOCTEH M03BOMISAET HE TOJIBKO CHHTE3UPOBATh OOree CTporue
JIOITYCKOBBIE OTPaHWIEHHS, HO ¥ OLIEHUTH BO3MOXXHOCTb H3-
TOTOBJICHUS AHAJIM3HPYEMOIO YCTPONHCTBA HA KOHKPETHOM
TIPEIPUSATHH.

HamnpasneHnue nanbHEHIIMX HCCIENOBaHUM CBSI3aHO C
OIIPENIENICHNEM JIOMYCKOBBIX OIPaHWYEHHI Ha MapamMeTpbl
MIUI CBY ycTpo#CTB ¢ y9€TOM B3aMMHOTO BIHMSIHUS J10-
ITyCKOB 3JIEMEHTOB KOHCTPYKIIHH.

10.

11.

12.

13.
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METOJ CHUHTE3Y JOIIYCKOBUX BIAXWJIEHb HA TEOMETPUYHI MAPAMETPU MIKPOCMYKKOBUX

IPUCTPOIB

B mpencraBneniit podoti po3pobIeHO METON CHHTE3Yy AOMYCKOBUX BIIXMIICHb HAa T€OMETPUYHI NapaMeTpy MIiKPOCMY>KKOBHX HPH-
crpoiB. Lle#t mMeTon BKIIOUae B cebe METOOMKY PO3PaXyHKy CXEMH MIKPOCMY)KKOBHX JIHIH, sIka OCHOBaHA Ha BHKOPHCTAHHI KBa3innWHa-
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MIYHUX HaOIMKEHb Ta KBAa3iCTATUYHOIO aHaNi3y HEOJHOPIAHOCTEH TOMOJIOril; CHHTE3y HOIIYCKOBHX BiIXMJICHB, 10 BUKOPUCTOBYE iHTEp-
BaJIbHI MOJIEJIi; ONTHMI3allif0 JIOIYCKOBUX HUIIXOM BBEACHHS BaroBUX KOe(iIi€HTIB; a TAKOX aHaNi3 JOMYCKiB, 0OYMOBIEHHX TEXHOJIOTI-
YHUMHU oOMexxeHHsIMU. HaBeieHo npHKIia] BUKOPUCTaHHS METOMY, 110 PO3POOIICHO.
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SYNTHESIS METHOD OF TOLERANCE DEVIATIONS TO THE GEOMETRICAL PARAMETER OF THE MICROSTRIP
DEVICES

Abstract — in this study, the synthesis method of tolerance deviations on the geometrical parameters of microstrip devices was
developed. The synthesis and the research of tolerance limits of the geometric parameters single-link hairpin microstrip low-pass filter
was provided. Method of calculation of the filter circuit is based on a quasi-dynamic and quasi-static approximation analysis of topology
discontinuities. Interval models are used for the synthesis of tolerances. Optimization of geometric tolerances of the filter parameters is
performed with weights coefficients.

Main technological stages of microstrip microwave devices manufacturing and their resolutions are presented in this research.
Deviations of dielectric substrate parameters are limited by producer.

Computations showed that taking into account topology discontinuities allows to increase accuracy of microstrip filter frequency
responses calculation and also more accurate estimate deviations of frequency responses from nominal values.

Analysis of tolerances which are caused by restriction of technologies showed that applying of computation method of frequency
responses of filter taking into account topology inhomogeneity allows to estimate possibility of producing of analyzed device on base
enterprise.

Keywords: tolerance deviations , topology discontinuities , quasi-dynamic approximation, filter.
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METOO AOAMTALWN ABTOKOMIMEHCATOPA MPU BO3OENCTBUMU
KOMBUHUPOBAHHbIX NMOMEX

B crarbe npennoxeH MeTo] aflanTal il aBTOKOMIIEHCATOpa B Hauajle pPa3BepTKU JaJbHOCTU.
IIpoBenen aHanu3 NPOTSHKEHHOCTH MACCHBHBIX IIOMEX OT METE000pa30BaHUM M JAMIIONBHBIX
orpaxxareneil. IlomyueHa 3aBUCUMOCTb JaIbHOCTH [IACCUBHOM IIOMEXU OT BBICOTBI, yUUTHIBAOILIAS
yroJl MecTa Jlyda U BBICOTY TOUKM CTOsIHMA pajapa. Ha npumepe panapa 3616 nokaszaHo, 4To
NPEUIOKEHHBIN METOJ 11eecoo0pa3Ho MPUMEHSTh AJIs YIIoB MecTa <6°. [l yrioB mecra >6°
HPEIIOYTUTENBHOM SBIISIETCS aJalTaIMsl BECOBBIX KOI((UIIMEHTOB aBTOKOMIICHCATOPa B KOHIIE

Pa3BEPTKU JAJIbHOCTHU.

KuarwueBsble cioBa: pazap, noMexo3amnira, aBTOKOMIICHCATOP IIOMEX, KOM6PIHI/IpOBaHHI>Ie

IOMEXH, yroji Mecra, obJiaka.

BBEJIEHUE

C 1enp10 yMEHbIIEHHNS BIIUSHUSA IACCUBHOM IOMEXU Ha
HaCTPOHKY BECOBBIX KO3()(hMIIMEHTOB aanTarIis aBTOKOM-
niercaropa nomex (AKII), kak mpaBmito [ 1], BeImonHseTCs B
KOHIIE Pa3BEPTKU AAIBHOCTH, IOCKOJIbKY MOIIHOCTb OTpa-
YKEHHBIX CUTHAJIOB Ha OOJBIINX JaJIHHOCTSX CYILIECTBEHHO
yMenbaerca. [IpoBeeHHbIE aBTOpaMH M UX KOJUIETaMU
HCCIleIoBaHus B yeiroBrsix nonmurona Kamycrun Sp (Acrpa-
xaHckas 0071., PCOCP) nokazanu, 94To Jake Ha JaTbHOCTH
100 KM cHTHaJIBI, OTPaKEHHBIE OT MOIIHBIX TPO30BBIX 00JIa-
KOB, MOTYT IIPEBBIIIATh JUHAMHYECKUI JUana3oH paxapa.
Takxum 00pa3zom, HaCTpoOIKa MPOCTPAHCTBEHHOTO aTAIITHB-
HOro (MIBTPa B KOHIIE PA3BEPTKU JAIBHOCTH HE peIIacT
mpoOieMy, CBI3aHHYIO C BO3ICHCTBHEM ITaCCHBHOM HOMe-
X¥ Ha TIPOIIECC aTanTaIy BeCoBbIX KoddumenToB AKII.

YuuTsiBasi HECTALIMOHAPHBIA XapAKTEP OTPAXKEHUNA OT
MIACCUBHBIX IIOMEX, TPEACTABIISIET MHTEPEC OIIEHUTH BO3MOXK-
HOCTb aJIalTalllA aBTOKOMIICHCATOPA AaKTHBHBIX ITIOMEX Ha
MHTEpBallaX JaJIbHOCTH, T7I€ OTPAsKeHUsSI OT MACCUBHBIX I10-
MEX OTCYTCTBYIOT.

ITOCTAHOBKA 3AJTAYN

B BoeHHOI#1 0071aCTH, UCXOIIS M3 CYIIECTBYIOIICH TAKTUKA
ITOCTAHOBKH TUMONBHBIX IMOMEX [2], MOYKHO CUUTATh, UTO
OTpa’keHHS OT MpeJHaMepeHHbIX maccuBHBIX nomex (I11T)
SIBJISTFOTCSI JIOKTbHBIMU. Pa3zmeps! o0naka 13 OXHOM Mavyku
JIUTIOIBHBIX OTpaXKaTelled B BEPTHKAIBHON (TOPHU30HTAIb-
HOM) IITOCKOCTH cOCTaBIsIOT 0,6. .. 1 KM "uepe3 5 MuH mocie

copocau 1,6...2 km yepe3 10 mun nocie copoca. [1pu atom
Ha Pa3BepTKe JATEHOCTU BCEra HalayTcsl BpeMEeHHbIE H-
TepBansl 1711 camoHacTporiku AKII, na koropsix I1IT orcyT-
CTBYIOT. JIOKaJIbHBII XapakTep TakKe UMEIOT OTPaKEHHBIE
CHTHAJIBI OT MOIIHBIX Ky4eBO-JOK/EBBIX (TPO30BHIX) 00JIa-
KOB [3], a Tak>Ke OT MECTHBIX IIOMEX.

Mopdorormaeckas KraccH()UKAIHs 00IaKOB COCTOUT 3
10 popm, 20 BumoB u 36 pa3HOBUAHOCTEH. B cBs3M ¢ 3THM
TIpeCTaBIsIeTCS 1eI1eCo00pa3HBIMH PACCMOTPETH TOIBKO TE
BU/BI 00JIAKOB, KOTOPHIE MOTYT ITOKPBIBATH 3HAYNTEIHHYIO
yacTh 30HBI 0OHapyxeHust PJIC 1o asuMyTy, TaibHOCTH U
BEICOTE, CO3/1aBast HAMOOJIee CIIOKHBIE YCIIOBHS TS PaOOTHI
AKITI. OcHOBHBIE JaHHBIE IT0 STHM BHAIAM O0JIAKOB IIPUBE-
JeHsl B Ta0II. 1.

[Ipoananusupyem pacnonoxenue cinos I111 Ha pa3Bept-
K€ JATIbHOCTH B 3aBUCHMOCTH OT YIJIOMECTHOTO HaIpaBJIe-
aus myda PJIC u Beicots! mo3uttnn PJIC Haz ypoBHEM MODASL.

PaccMorpuM reomerpuro 3a1a4qu (prc. 1) Ha IIIOCKOCTH,
coxepykarmeit menTp 3emiu C u mya PJIC OA. 3emnast mo-
BEPXHOCTH MPHOIMKEHHO MOXKET OBITh IIPE/ICTABIEHA OK-
pyxHOCTBIO pagnyca R,. [Tycts BoicoTa mosuumn PJIC man
YPOBHEM MOpsl — h, BbIcoTa Tpanumsl 1111 — 4. B Taxom
cirygae rpaauta [1I1 MmoxeT OBITh IpeICTaBIIeHa OKPY)KHO-
CTBIO ¢ IeHTpoM B Touke C paguycom R +4. Touxa mepece-
genns yqa PJIC ¢ okpyxHOCTBIO pamuycom R +h COOTBET-
CcTBYeT T. A Ha puc. 1.

Heo6xommmMo ompemenuts monoxkenue rpaHuis! 1111 Ha
pasBeptre nanmpHOCTH PJIC, €. onpenernmts mmHy otpeska OA.

Ta6muna 1. [lanHEIe 0 paccMarpuBaeMbIX (hopMax o0JIakoB

O0603HauEHNE Hassanue Bricora HikHel rpanunel, kM | Tounmuna ciosi, kKM
As BBICOKOCJIOUCTBIC 2...6 1...2

Sc CJIOMCTO-Ky4YeBbIe 0,5...1,5 0,2...0,8

Ns CIIOUCTO-JI0KJICBBIE 0,5...1,9 2...3

Cb KY4€BO-/10)KJIEBbIC 0,6...1,2 3...8

© Iuza . M., Cupenko A. C., 3Bsarunnes E. A., 2013
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Puc. 1. T'eomerpus 3anauu

PEIIIEHUE

BaezneM nonsipHyro cucTeMy KOOpAXHAT C HOIIOCOM B T.
O u nomstpHO# 0cbt0 OM, COOTBETCTBYIOLIEH HYIEBOMY YIITY
MecTa. Yron Mecta T. A 0003HauuM 0. YpaBHEHHE OKPYX-
HOCTH paJiiyca a C LEHTPOM B T. (7,0 ) B ONAPHOH cUCTe-
M€ KOOpAMHAT 7, olpeAensiercs B BUae [4]:

2 =2rn cos((p—60)+r02 =a?, @1

7€ ¥ — HNOApHBIA paanyc, ¢ — HOIpHBIA yroi, (7y,0() —
KOOPIHMHATHI IIEHTPA OKPY)KHOCTH, @ — PAIIYC OKPY’KHOCTH.
(e}
C yuetom (1), koopmunar nentpa 3emimn C(R,+h, —90°)
1 BBEJICHHBIX 0003HAYEHUN YpaBHEHNE OKPYKHOCTH, COOT-
BercTBytomiel rpanuue 111, onpenenurcs B Buze:

2 =2r(Ry + hg )cos(90° + @)+ (Ry + hy ) = (R3 + 1)* . (2)

1

7'2+27'(R3 +h0)Sil’l(P+(R3 +h0)2 —(R3 +h)2 =0. (3)

[TockonbKy BO BBEIEHHON CHCTEME KOOpPAUHAT MOJSIP-
HBIN YTon (p COBNAZAET C YITIOM MECTa 0, HCKOMBII OTPE30K
OA ompenenuTcs pemeHneM ypaBHeHUsI (3) OTHOCHTEIEHO
7 C TIOACTAHOBKOM ¢ = 6.

JIMCKpUMHIHAHT ypaBHEHUS ONIPENEINACTCS B BUIE:

D/a=y(Rs +1g P sin® 0~ (Rs 41+ (Ry + ) - )

ITo ycnosuro 3amaun i>h,, ClIENOBATENBHO, TMCKPUMH-
HaHT (4) OymeT MOJIOKUTEIBHBIM, a ypaBHeHHE (3) Oymer
HMETb JIBA ISUCTBUTEBHBIX KOPHSL:

7'1,2 = —(R3 + ho)Sil’lei

i\/(R3 +h0)2sin29—(R3 +h0)2+(R3 +h)2 . (5)

Amnanus BeIpaxeHus (5) ¥ yCIIOBHUI 3a/1a41 ITOKa3bIBAET,
YTO TOJILKO HOJIOKUTENIBHBIN KOPEHB OyIeT SBIATHCS €€ pe-
LIIEHWEM, B TO BPeMsI KaK BTOpOH (OTpHIATEIbHBIN) KOPEHb
OyZeT COOTBETCTBOBATH BTOPOH TOUKE NIEpeCceUeHHs MPSIMOM
OA (conepxanieii rya PJIC) ¢ okpyxxHOCTBI0. OKOHYATEIB-
HO UMEEM:

OAZ\/(R3 +h0)2 sinzﬁ—(R3 +h0)2 +(R3 +h )Z -
—(R3 +hg)sin®. 6)

IIpuMeHNM MONTY4EHHYI0 3aBUCHMOCTH JAJBHOCTH OT
BbIcoThI rpanutisl [Tk PJIC 3616 ykpanHCKOro mpou3Bo-
CTBa, KOTOpasi UCMOAb3YETCs B CUCTEMAX IMPOTHBOBO3IYIII-
HOI 000poHBI MHOTHX cTpaH Mupa. PJIC uMeer 1Be 30HBI
0030pa 1o yrity MecTa, HazbiBaeMble «HIKHS (0...6°)
«BepxHss» (60...30°). 3HaueHns yros Mecta srydeit PJIC npu-
BeJIeHEI B Ta0. 2.

Taomuua 2. Yol mecta nyueit PJIC 3616

Howmep syua Yroa mecra, °
Huxnss 30Ha BepxHss 30Ha
1 0,75 9
2 2,25 15
3 3,75 21
4 5,25 27

3aBHCHMOCTD JAIbHOCTH OT BBICOTHI TpaHubl ITTT s
yrmomectHbIX irydeit PTIC 3616 npusenena B Buze rpaguxoB
Ha pHc. 2, a (HWKHSS 30Ha) ¥ 2, O (BEpXHSIs 30Ha).

Kax BumHO 13 pric. 2, a (c yaerom Tabu. 1), BepXHsis rpaHy-
1a oonakoB Buza Cb B 1-4 mygax HIKHEH 30HBI OyZeT pacrio-
maratbest Ha nanmbHOCTH oT 90 110 265 kM. [TosToMy amanramus
AKII B KOHLIE pa3BEPTKU JATBHOCTH P JATTBHOCTH ACHCTBUS
PJIC 90 kM MOKeT IPUBECTH K HACTPOHKE BECOBOTO KO3 HH-
IHEHTAa Ha MACCHBHYIO TIoMexy. CUTYaIus Taroke OyIeT ycy-
TYOJSITECS M3-32 OOJBIIIOTO UMITYJIRCHOTO 00beMa Ha OO0Jb-
IIMX JAJIBHOCTSIX : BCJICACTBHE YBEMHIEHHS IUTOMIA/IH [ONepey-
HOTO CeYeHHUs Jyda 3P QEeKTUBHAS IUIOMAIb PACCESTHUS
00J1aKoB OyIeT yBeMHIUBaThCSA. DTOT (pakT OBLIT SKCIIEpHMEH-
TaJbHO MOATBEP:KIEH Ha noauroHe Kamyctun fp.

Amnanus puc. 2, 6 TOKa3bIBACT, UTO TaKe IIPU BEICOTE BEp-
xaer rparuibl [1119 kM B KoHTIE pa3BepTKH JadbHOCTH OyIeT
CYIIECTBOBATh YYACTOK CBOOOIHEIH OT moMeX. Tak, Harpu-
Mep, 171st 1-ro ;yga BepxHeit 30HbI BepxHsist rpanwa [111 oymer
COOTBETCTBOBATh JNANBbHOCTH OKOJO 55 KM, I
2-ro — 35 xm, s 3-ro u 4-ro — 20-25 xM. Buy Toro, aro
cymectBoBanue [1I1 or obmakoB Ha BeicoTax 6omee 10 kM
BEChbMa MAJIOBEPOATHO, BBHINOIHEHUE aJaNTallyi B KOHIE
Pa3BepTKH JAIHOCTH B BEPXHEH 30HE MPEICTABIISIETCS I1e-
JIeCOO0Opa3HBIM.

OmHIM 13 BO3MOXKHBIX BAPHAHTOB BEIOOpA yJacTKa aiart-
tarmu AKII B mygax HW)KHEH 30HBI SIBISETCS] HauaJIbHBIN
Y4aCTOK Pa3BEPTKH JabHOCTH. ONpenennM rpaHuIbl STOr0
ydactka. Eciy, HanpuMep, AIUTETbHOCTD 30HIUPYIOMIETO
UMITyIbca T, = 1,5 MKC, TO IOIyCTUMOE BpeMs afanTaluu

AKTI, B coorBerctBum ¢ [ 5], coctasut 10T, =15 Mkc . B pac-
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Puc. 2. 3aBucuMOCTb JaNbHOCTH OT BBICOTHI rpanuibl [T s mydeit HyokHeit (a) 1 BepxHei (6) 30HBI

CMaTpUBAaEMOM IpUMEpE 3TO COOTBETCTBYET MHTEPBAILY
JnanbHOCTH 2,25 kM. C y4eToM MUHUMAIbHON HHCTPYMEH-
TaJbHOH NambHOCTH («MepTBOH 30HB») PJIC 3616, paBHOH
3,5 KM, TS aIanTaiy HeOOXOIUM yJIacToK oT 3,5 1o 6 kM. B
Tpoliecce McclieioBaHnii aBropamu 1o dopmyie (6) Obun
TIPOBEAEHBI PACUYEThl 3aBUCUMOCTH JAJIBHOCTU OT BBICOTHI
IIT oyt 1. .4 mygeit HypxHe 30Hb! ynoMsiHyTol PJIC Ha nans-
HOcTsx OT 0 10 8 KM. Pe3ynbraThl MpoBeIeHHBIX PacueToB
MIpUBEICHBI Ha pHC. 3.

Touku nepecedyeHrss MOITYYEHHBIX 3aBUCUMOCTEN IS
Ka)KIOTO0 U3 Jydei ¢ mpsMoit 7=6 KM COOTBETCTBYIOT BBICO-
tam (0,08; 0,24; 0,4; 0,55) km.

CpaBHeHHE, NOMYYEHHBIX B PE3YJIBTATE pacuera BBICOT, C
HIDKHEH rpaHuneil obmakoB Buma Cb, IpUBEACHHON B
Tab. 1, MO3BOJSIET CAENATh BEIBOJ O BO3MOXKHOCTH aarTa-
IIUH BECOBBIX KO3((HUINEHTOB aBTOKOMIICHCATOPA B HUX-
Helt 30He o0Hapyx)eHus PJIC 3616 Ha HagyarbHOM ydacTKe
Pa3BEPTKH JATBHOCTH.

OaneHocTe, KM

nyy 1
S g2

cenyd 3
——-nyvd

1 L
0.4 05 0.6 o7 0a 03
BrlcoTa, KM

Puc. 3. 3aBucUMOCTb JAILHOCTH OT BbICOTHI rpanuiibl [T miist
JIydel HHKHel 30HbI Ha ydacTke 0...8 kM
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BbIBO/JbI

ITomyueHna 3aBUCUMOCTb MEXAY NAITBHOCTBIO U BEICOTON
[T, yunTeIBaroImas yron MecTa iyda U BBICOTY TOUKH CTO-
stHus PJIC. C noMOIIbo NOTy4eHHOH 3aBUCHMOCTH Ha IPU-
Mepe PJIC 36/16 npoaHaIu3upoOBaHO PACIONOXKEHUE Ipa-
Hun 111 Ha pa3BepTke TaTBHOCTH I Pa3HBIX YIIIOMECTHBIX
JIydel BepXHeW 1 HIKHeW 30HbI OOHAPYKEHUSL.

[IpoBeneHHbI aHAIN3 MOKA3aJl, YTO IPH YIIIaxX MecTa
myaeii PJIC <6° nenecoobpa3Ho BemomHATE amanTarro AKII
Ha Ha4YaJIbHOM Y4JacTKe pa3BepTKH JambHOCTH. C yBennde-
HUEM ymia MecTa JanbHocTh A0 111 u ee npoTssKeHHOCTh
YMEHBIIIAIOTCS, T0ITOMY B BEpXHEH 30HE CTAHOBUTCSI LEJIe-
co00pa3HBIM BEITIOTHATH ananraiuio AKII B koHrie pa3Bep-
TKH JATBHOCTH.

JlanpHeime uccie10BaHus NpeanonaraeTcs MpoBOAUTD
B HaIpaBJICHUHN Pa3padOTKU aJITOPHTMa, ITO3BOJISIOLIETO Ha
OCHOBaHHH allOCTEPHOPHBIX JaHHBIX BHIOMPATH [T aariTa-
un AKII ygacTok rapanTupoBanHO cBoOoaHsIH ot [1I1.
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METOJ AJANTAIIi ABTOKOMITEHCATOPA NI AIEFO KOMBIHOBAHUX 3ABA T

B crarti 3anpornoHoBaHO MeTOJ| aJanTanil aBTOKOMIIEHCATOpa Ha I104aTKy PO3TOPTKU JanbHOCTI. IIpoBefeHo aHaii3 MPOTSHKHOCTI
[IACHBHUX 3aBaJl BiJl MCTEOYTBOPEHb Ta AWIOJIBHUX BinOnBauiB. OTPUMAHO 3aJIeKHICTH BUCOTH IIAaCHBHOI 3aBaJy Bill JAIBHOCTI, e
BPaxoBaHO KyT MiCIIsI IPOMEHIO Ta BUCOTY TOUYKH CTOSIHHS panapa. Ha npukiani pagapa 36/16 mokasaHo, 10 3alporOHOBaHUIT METO
JIOLIIBHO 3aCTOCOBYBATH JUIS KYTiB Micist <6°. Jlist KyTiB Micis >6° NepeBaXHOIO € afanTallis BOrOBUX KOe(illieHTiB aBTOKOMIIEHCAaTOpa
B KiHIIi PO3TOPTKH JAJIBHOCTI.

KurouoBi cioBa: panap, 3aBazo3axuct, aBTOKOMIIEHCATOp 3aBajl, KOMOIHOBaHI 3aBaJi, KyT MICIIs, XMapH.

Piza D. M.!, Sirenko A. S.2, Zviahintsev E. A.?

! Doctor of technical sciences, professor, Zaporizhian National Technical University, Ukraine
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THE METHOD FOR CANCELLER ADAPTATION IN COMBINED CLUTTERAND JAMMING ENVIRONMENT

In this article we propose a method to adapt canceller at the beginning of the range sweep. The analysis of the extent of clutter from
meteorological formations and chaff has been provided. It was found that the most difficult conditions to adapt canceller weights occur
when exposed to the combined interference in the presence of reflections from the cumulonimbus. We have come up with dependence of
the distance on clutter height, taking into account the elevation angle of the beam and stationing height of the radar. On the example of
36D6 radar we have shown that the proposed method is useful for elevation angles smaller than 6 degrees. For elevation angles greater
than 6 degrees an adaptation of canceller weights at the end of the range sweep is preferred.

Keywords: radar, ECCM, canceller, clutter and jamming, elevation, clouds.
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PACYET LUWNEU®HbIX HAMPABJIEHHbIX OTBETBUTEJNIEW HA MM
C YYETOM OUCINEPCUU U NOTEPb B JIMHUAX

[MonyuyeHbl MPOCThIC AHATUTHYECKAE COOTHOLICHUS JIJIsl pacueTra MmapaMmeTpoB IueH(HBIX
HanpaBieHHbIX orBeTBUTeNeld Ha MIIJI. [TokazaHo, 4TO B 3aBUCUMOCTH OT BEJIMYUHBI
KO3 GHIIMEHTA ACICHHS MOIIHOCTH B BRIXO/IHBIX ILJICYaX CXEMbI H3MCHSFOTCS TEXHOJIOTUYECKUE
OTpaHUYCHHUS, IPUCYIINE TAKAUM OTBETBHUTEIISIM. [IpHUBEICHBI TAaK)KE aHATUTHYECKUE (HOPMYIIBI,
C BBICOKOI TOYHOCTBIO U B IMPOKOM YaCTOTHOM JHana3oHe 00eCIeUHBAIOLINE 111 OCHOBHOM T-
BosHbl MITJI pacuer nucnepcuu 3G GEKTUBHOM TUINMEKTPUUCCKOI MPOHUIIAEMOCTH U MOTEPh B

MaTepuaie MmoAJIOKKH.

KualoueBnle ciaoBa: kodpQUIMCHT AelIeHHs, HallpaBIeHHEIH oTBeTBUTENb, MIIJI,

JAUCIEPCUsi, MOTECPU.

BBEJIEHHE

[neiidusie HartpaBiennsle orBeTBUTENMH (HO) HaxomsT
mupodaiiniee npumeHeHue B Texuuke CBY He Tobko B Ka-
YeCTBE Pa3Bs3bIBAIOIINX YCTPOHCTB CO CBOMCTBAMH MOCTOB,
HO M KaK 3JIEMEHTHI armapaTypbl JUIs HalpaBJIeHHOTo 0T00-
pa OIpeaeNeHHON YacTH MOIIHOCTH U3 OCHOBHOM JIMHHH.
ITpu pazpadborke HO nHa Oa3e nuHMiA epenady HHTErpalb-
HOTO THIIA U, B YACTHOCTH, MHUKPOTIOIOCKOBBIX JTrHMi (MI1JI)
HauOOoJIbIIIee pacIpOCTpaHEHHE TTOMYYMIN IBYX-, TpPeX- U
peske deTslpexuuie(pHble CTPYKTYphl. B criry cumMMerprn
HO npu ux pacuere, xak mpasuio [ 1, 2], ucons3yercs Mme-
TOI cHH(pA3HOTO U MPOTHBO(a3HOrO Bo30yxkaeHUA. [Ipu
9TOM B CIIydae OTCYTCTBHS JUCIIEPCHH U TOTEPD B JINHUAX U
TIPY YCIIOBUH HEATIBHOIO COMNIACOBAHMS MOXKHO 10CTaTOd-
HO TIPOCTO ITOTYYUTh AHATWTHYECKHE COOTHOLICHUS IS
AIIEMEHTOB MaTpHIl paccesHus Takux HO. OqHaxo B peanb-
He1x HO nrHMEN niepenadn o0magaoT qucnepcerei, Kotopas
MOXET CYIIECTBEHHO BIHUATH HA pabo4re XapaKTepUCTUKU
ycrpoiicTBa. Konn4ecTBEHHYIO OLIEHKY TaKOrO BIMSIHUS
MOXHO TTOIyYHTh B Tporecce aHanu3a HO ¢ momornsio aB-
TOMATH3HPOBAHHBIX CUCTEM, TIPH 3TOM, OHAKO, HEOOXOIH-
MO 3apaHee 3HaTh T€OMETPHIECKHE TApaMETPhI TOIOJIOTHH
HO, pacuer KOTOPBIX CpeACTBAMU HCHOIB3YEMBIX aBTOMA-
THU3UPOBAHHBIX CHCTEM SIBIISIETCSI IOCTATOYHO TPYIOEMKHM.
K ToMy e B coBpeMeHHOI OTeUeCTBEHHOM U 3apyOeKHON
JTUTEpaType aBTOpaMHU JaHHOW paOOTHI He HAWCHEI CBele-
HUS [0 aHAJUTHYECKOMY pacdeTy kak mapamerpoB HO c
YHCIOM IUTEH(OB OOJBIIE ABYX, TAK U JUCIEPCHH U ITIOTEPH
B MIUJI [1, 2]. B 3T0#i CBSI3M IPENCTABIIACTCS aKTYaIbHBIM
MOJTy"IeHHE aHATUTHIECKIX COOTHOIICHHH AT pactdera Ia-
pameTpoB Tpex- n gersipexuuieripHpx HO, a Takke auctiep-
cud YPPEKTUBHON TUIIEKTPUICCKOA IPOHUIIAEMOCTH U
noreps B MIJL.

© Pomanenxo C. H., Imutpenko B. I1., Bockob6oitnuk B. A., 2013
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1 PACYET ITAPAMETPOB
NAEAJINBUPOBAHHBIX HO

Ocku3bl Tononoruil paccMmarpuBaeMelx HO na MILT
nokas3aHsl Ha puc. 1, rae mudpst 1, 2, 3 1 4 cOOTBETCTBYIOT
HOMepaM Iuied YCTPOUCTB, a Z,, Z,, Z., Z, — BOJIHOBBIE CO-
IIPOTUBJIEHUS COOTBETCTBYIOIUX OTPE3KOB JINHHIL.

Ha puc. 1 mapamerp A;, i=1, 2, 3, 4 — 111Ha BOJIHBI B i-0i
JIMHHH, KOTOPYIO HEOOXOIMMO OTIPEEISITh C YHETOM AUCIEp-
cuH, a Z — BOJHOBOE CONPOTUBJIEHUE TIOIBOJISIIUX JIMHHH.

KomrurexcHble MaTpuipl paccesuus nueidnasx HO mo-
T'YT OBITH ITOTYYEHBI C HCIIOIB30BAHUEM METOa CHH(A3ZHO-
TO U IPOTUBO(a3HOTO BO3OYKICHUS; TIPH OTCYTCTBHH IUC-
MIEPCHU U TIOTEPh B JIMHUAX, ¥ TIPH UI€AIHHOM COTJIacOBa-
HUM OHU BMetoT BHA [ 1, 2]:

— mst pyxuuteiigroro HO
00 j Y
S:—;O 0y Jj
/1 +le j 3 0 0 1)
Koj 00
— most Tpexuureiigroro HO
0 0 Y’-1 j2y
oL [0 0 o ¥l
I — . )

R -1 2% 0 0
2% -1 0 0
DNeMeHTBl MAaTPHIBI PacCesTHUS YeThIpeXuuiei(pHOro

HO nomnygaroTcst aHaIOTHIHO U € YIETOM TIOJTHOW CHMMET-
PHH yCTPOMCTBA MOTYT OBITh 3aIIMCAHBI B BHIE:

(F-H)* —(E-G)*
D

S11=820=533=S844 =

)
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hafd

0)

Azfa Aalt Asfe

Z; ) Zs

6)

Puc. 1. Ockussl Tononoruit HO na MIUI: ayxuueiiguoro a),
TpexuuieiigHoro 6), yeThpexnuIeiihHOro B)

(E-H+F-G)YF-H+E-G)

S12=821=834=843=J 5 4)

H—F-G)E- .G+E-G-F-
JEH-F-G)E H2+DF +E FH)’(S)

S13=831=84=Sp=

E-H)’ —(F-G)*
S14 =841 =523 =53, _EH) D( | ©)

B npuBeneHHbIx GopMynax:
E=2y-2,-Zy-Z4—Zo-23 (24— Z)
F=2,-23 (Zy—Z,)>
G=Zy-7-Zy-Zs~Zo-Z3 (Zy +Z5)
H=27,-2Z} (Z4+Z,)

D=(F-H-E-G)*+(E-H+F-G)*.

JInst BBITIONTHEHNS YCIIOBHS HCANBHOTO COTTIACOBAHMUS
(811 = 0) HEOOXOAUMO 0OECTIEUUTD!
— B aByxuwreripaom HO

W =1 -1, (7

— B Tpexuureiipaom HO

2
Y. =£’g. ®)
1+¥

B coorromenusx (7) u (8) Benudunsl ¥; = é, i=12,3—
1
HOPMHUPOBAHHBIE BOJTHOBHIE ITPOBOIUMOCTH COOTBETCTBY-
FOIHX OTpe3koB jmaui HO.

Kak cinenyer u3 (3) u (4), st gersipexuuieripnoro HO
OIIHOBPEMEHHOE BHIIIOTHEHNE YCIIOBUH UJIealIbHOTO COIvIa-
coBanus (511 = 0) u monHoO# pa3Bs3ku (S}, = 0) KatoT CBA3B
Mexny E, F, G, HB Bune

F-H+E-G=0. ©)

Koa¢¢urmenT geieHust MOITHOCTH MEXK Ty TUICYaMu 3 U
4 onpenensercsi OTHOLIEHUEM

_ |53,/

2 (10)
[Sa1l
Torna st nyxuueriproro HO u3 (10) ¢ ncrions3oBaHy-
em (7) u (1) cnemyer

k=1/¥2=1/(F -1).

OTKyZa, IPY 33TaHHOM K, TIOITy4ar0TCs u3BeCTHBIE [ 1, 2] co-
OTHOLIEHHS ISl OTPE/IENEHHNS BOJTHOBBIX COTPOTUBIICHHH Z,

I/IZ2
2 =2gK: 2, =245 (1)
k+1

AnanormaHo, s tpexuuteriproro HO u3 (10) ¢ ucmons-
3oBaHueM (8) 1 (2) MOKHO MTONYIUTh (DOPMYITBI JUTs pacyera
Z,Z,uZ,

_Zy

___ % 7
1 \/m_ﬁ; 2 \/5, Z3 B

Crenyet OTMETHTB, 4TO B popmynax (12) mpu onpenene-
HHUHM Z, NCTIONB3YETCS, KaK cremyeT u3 (2) u (10), Tombko Be-
Ju4uuHa Y. - [Ipu stom Z1 onpenensiercs OQHO3HAYHO U HE
3aBHCHT OT Z, U Z,, KOTOPBIE CBA3aHbI COOTHOLIEHHEM (8),
e Y, yxKe CIenyeT cautarth n3BecTHOH. [Tostomy BBIOOD
OJTHO¥ 3 BenM4rH Y, nin Y, B (8) MOXKET OBITH IPOM3BOITb-
HBIM, HallpUMep, €CIN B Ka9€CTBE HCXOJHOH BBIOpATh BEIH-
uuHy Y, Torna Y, naiinercs us (8). CnenosarenbHo, hopmy-
761 (12) mnist Z, v Z, ABIAXOTCS OMHAM W3 BAPHAHTOB BEIOOpa

_ Zo\lk+

Z L (12)

Y,, nanipumep, Y, = ﬁYO. ITpu BBIOOpE Y, =Y morydum
Jpyroil BapuaHT (HOpMYII Ul pacyera ImapaMeTpoB Tpex-
noteiigproro HO

Zy
I =—, = _
V= 2= 2oy 23 = 2 kA1 (13)
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Taxum 0O6pa3oM, BeIOOp cooTHoteHnit (12) wmu (13) He
SABJIAETCS ENMHCTBEHHBIM, OCKONbKY 3HaYenus Y, (umu Y))
MOT'yT OBITh BEIOpAHBI IPOM3BOJILHO MCXO/Isl, HATIPUMED, U3
COOTBETCTBYIOIIMX TEXHOIMOTUECKUX MITH MHBIX OrpPaHAYEHNH.

B ciryqae getsipexnuieiipaoro HO npon3BonsHO MOTYT
OBITh BEIOPaHBI JIOOBIE /1B U3 YETHIPEX TAPAMETPOB Z,, Z,,
Z., Z,; OCTaBIIKECS JIBA MIAPAMETPA HAUIYTCS U3 COBMECT-
Horo penienus ypasHenuii (9) u (10). I[Tpu aTom cooTHOIITE-
nue (10) mpeobpasyercs K BUIY

(E-G-F-H) ~0.
(E-H+F-G) 2k +1=0

(14)

B Tabnune 1 1151 cpaBHEHUs IpeCcTaBIIeHb! TapaMeTphl
Bcex paccMmarpuBaeMbix HO, BBIYMCIIEHHBIE IPH PA3TMIHBIX
3HAYECHUSIX k. AHAIN3 TaONMYHBIX JaHHBIX ITOKA3bIBAET, UTO
npu k > 1 apyxuuteiidusrit HO nmeer mydmme TeXHOIOTH-
YeCcKHe MapaMeTphI 110 CPABHEHUIO C TPEXIUICH(HBIM 1 de-
THIPEXIUIEH(HBIM, TOCKOIBbKY M3 MPAKTHUKH H3BECTHO, YTO
BenuuuHa Z; =157,313 Om (B Tpexuueiidnom HO) umu
Z, =150 Owm (B uerspexunteiipaom HO) TexHOMOrHUECKH
Hepeanuzyema Ha MIIJI ¢ oTHOCUTENBHON OUIIEKTpHUEC-
KOM IIPOHUIIAEMOCTBIO MOUIOKKH €, ~ 10. OmHaxo, pu k < 1
GoJiee TEXHOJIOTMYHBIMU CTAHOBSITCSI TPEXILIEH(HBIH (T1a-
paMeTphI KOTOPOTO BEMHUCISIOTCS 110 hopmynam (13)) mye-
TeIpexuuterdusiit HO.

Heo6xo0anmo oTMeTnTb, 4To pacdeT YeThipexied(Ho-
ro HO o popmynam (9) u (14) obnanaer Gonbiuei ruokoc-
TBIO (110 CPaBHEHHIO C TPEXILICH(HBIM) U TIO3BOJISIET MO0~
Opatb TpedyeMble TapaMeTpbl HCXOSI U3 HAKIIAAbIBAEMBIX
OrpaHUYeHUH.

[Nomy4eHHbIe BBIIIE COOTHOMIEHHS ISl PACUeTa BOJIHO-
BBIX CONPOTHBICHHUH, OYEBUIHO, OYIyT CIPaBEATIMBEI IS
HO, BBIIOTHEHHBIX HA OCHOBE 1 APYTHX THUITOB HAIIPABJISIO-
X CHCTEM — KOAKCHAIBHBIX, IIEIEBBIX U JIP.

2 YYET JUCITIEPCUHA U TIOTEPHb B MILI

Kak BugHO 13 TaOmuIe! 1, mpy pasnndHbIX k BOITHOBBIE
COIIPOTHBIICHHUS YETBEPTHBOMHOBRIX oTpe3koB MITJI B HO
MOT'YT CYIIIECTBEHHO OTJIMYATHCS 110 BETMIHHE 1, KaK CIIe/I-
CTBHE, TaK K€ 3HAYUTEIHHO OyIyT pa3indaThcs 3HAUYCHUS

3] PEeKTUBHBIX TMANEKTPUUECKUX IIPOHNIIAEMOCTEH COOTBET-
CTBYIOIUX OTPEe3KOB MUHHUH. [IpHu 3TOM U 2neKkTpuyecKue
JUTMHBI 3THX OTPE3KOB Ha OIHOM M TOH ke yactore OymyT
Pa3IUYHBIMH, YTO YCIOXKHAET MPOLECC MPOESKTUPOBAHUS
HO. YtoOsI O1leHUTh N3MEHEHNS] TE€OMETPUIECKOH JUTHHBI
orpe3koB MILJT HeoOXOIMMO UMETh COOTHOIICHUS, I03BO-
JISIFOIIME C BBICOKOW TOYHOCTBIO BBIYMCIIATH 3HAUEHHUS d(-
(DeKTUBHBIX AMAIEKTpUUYecKuX nponunaemocreit MITJI B
HIMPOKOM YaCTOTHOM JMAMA30HE.

B pabore [3] Ha OCHOBE SHEPTETUIECKOro MOAXO0/a C HC-
TIOJIb30BaHNEM CTAIMOHAPHOTO (DYHKIIMOHAJIA, XapaKTepH-
3YIOLIETO KOMIUIEKCHYIO MOIIHOCTh TOKa B MPOBOMHUKAX
CTPYKTYPHI, TIOJy4eHbI aHAJTUTHYECKHE (DOPMYITBI TSI pac-
yera aucnepcud 3QQEeKTHBHON ANAIEKTPUIECKOH POHHU-
naemoctd MILJI ¢ yueToM moteps, KOTOpbIe UMEFOT BUJ

2[1— (koh)’s, /AOJ

&€ =& 0" ’ (15)
2be 2be 1- (k()h)2 (Sr + 1)83(1)(1)0 SI'AO +D
tgd 2| € (1+83c1)(1))
e = S e e | €]+ 09
3 r r

(e, +Ddg

TIE Eapp0 = F o 7
2{/10 + ZF"A,,}

n=l1

— CTaTUYCCKOC 3HAYCHUC

OTHOCHTEITHHO# 3()(heKTUBHOM AUAICKTPUUCCKON IPOHHUIIA-
emoctu noutoxkku MILT; €, — oTHOCHTENBHAS AUDIIEKTPU-
yeckasi IpoHULaeMocTh nomnoxkku MIUL; 4 — tonmuHa
nmomTokkd MITJT; tg8 — TaHTeHC yIia AMdIEeKTPUIECKHUX

2n
noteps Matepuana nomioxkua MILUT; &y = N =M4/Egly —

0
BOJIHOBO€ YHCJIO IJI BaKyyMa,

F=(-¢,)/(+g,); =W /2h)-oy;
W —mupuna MIUL; 4, =6, -6, —In(1+1/n);

Ta6auuna 1. [Tapamerpsr HO nipu pa3nuaHbIX 3HAYECHHUAX &k

Bun k Z] Z2 Z3 Z4 Pacuer
HO Om Om Om Om 1o gopmyie
2-x nuteiHbIH 1 50 35,355 — — (11)
3-X nuielpHbI 1 120,711 35,355 35,355 — (12)
1 120,711 50 70,711 — (13)
4-x nueiHpIN 1 100 86 35,076 30,451 9) u (14)
2-x nuIeHHBIHA 2 70,711 40,825 — — (11)
3-x nuterHbIH 2 157,313 35,355 43,301 — (12)
2 157,313 50 86,603 — (13)
4-x e HbIH 2 150 130 33,29 24,38 9 u(4)
2-x nuieHbIN 1/3 28,868 25 — — (11)
3-X nuiepHbI 1/3 86,603 35,355 28,868 — (12)
1/3 86,603 50 57,735 — (13)
4-x nureiHbIH 1/3 100 86 59,623 78,415 9)u(14)
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[Tpu BeIBOAE (15) M (16) Mpeanonaranock, uro B MILJT
pacripocTpaHseTcsi OCHOBHasl 7-BOJIHA M ITONIEPEYHBIE TOKH

B MOJIOCKAaX OTCYTCTBYIOT, a IIOTEPU B AUNIEKTPUKE Majbl
(tgd << 1), 4TO MPAaKTUYECKH BCEra UMEET MECTO UL HC-
MOJb3YEMBIX AUAIEKTpruIeckux nomioxkexk MILL. J{ns npu-
Mepa B TabIHIax 2 U 3 IpUBEeHBI PE3yNBTaThl pacyera 3¢-
(heKTHBHBIX 3HAYEHHUH TUIIEKTPUIECKON TPOHUIIAEMOCTH 1
TaHIeHCA YIV1a IOTePh JUI HEKOTOPBIX THIIUYHBIX 3HAYEHUH
napameTpos noutoxxku MITJT.

[MorpemHocts pacueToB 3(h(EKTUBHBIX HapaMeTpoB
MIUI no popmynam (15) u (16) B cpaBHEHHH CO CTPOroi
JNEKTPOJMHAMUYECKON METOAUKOHN He mpesblmaeT 2 % B
IIMPOKOM YacTOTHOM nuara3oHe [4]. [IpencraBiennsie dhop-
MYJIBI MOT'YT CYIIIECTBEHHO OOJIETYNTH ¥ YCKOPUTH IPOIecC
nopbopa mapamerpos HO mmpu uX NpoeKTHpOBaHMUH C I10-
MOILBIO aBTOMATU3UPOBAHHBIX CHCTEM.

3AKVIIOYEHUE

B pabote mist pacuera napamerpos nnieigusx HO Ha
MILJI nomy4eHsl aHATUTUIECKUE COOTHOLIECHUSI, OJJHAM U3
TIapaMEeTPOB KOTOPBIX SIBISIETCS] KO (HUIIMEHT JeJIeHHS MOLII-
HOCTH k B BBIXOJHBIX IUTeyax cxembl. [lokazaHo, 4To npu
k > 1 nna neyxuuteiigroro HO, B oTiindue OT TpeX- U 9eThI-
pexuuieiidHoro, MMana3oH N3MEHEHHS BOITHOBBIX COIIPOTHB-
JICHU! YIOBJIETBOPSET TEXHOIOTHUECKUM OTPAaHUYEHUSM.
OnHaxo IpH k < 1 Goree TEXHOMIOrNIHBIMH SIBIISIFOTCS TPEX-
nerdnsii HO, mapaMeTpbl KOTOpOTro BBIYUCIISIOTCS IO
¢dopmynam (13), n yersipexnureiipusrii HO.

Ta6anua 2. 3Ha4eHus 3¢ GeKTHBHON AndNIeKTprudeckoi mporunaemocta MITJT

w/h g, 83(1)(1) npu h/}\.o

0 0,05 0,1 0,2 0,4 0,8 1,6
0,5 1,817 1,838 1,892 2,023 2,193 2,298 2,336
1,0 2,35 1,862 1,887 1,948 2,083 2,233 2,313 2,340
2,0 1,932 1,962 2,030 2,158 2,275 2,328 2,344
0,5 2,682 2,759 2,934 3,275 3,593 3,739 3,784
1,0 3,8 2,774 2,866 3,061 3,392 3,651 3,758 3,789
2,0 2,919 3,030 3,238 3,526 3,709 3,775 3,794
0,5 6,180 6,756 7,716 8,832 9,432 9,629 9,682
1,0 9,7 6,462 7,142 8,122 9,073 9,516 9,652 9,688
2,0 6,915 7,708 8,619 9,316 9,593 9,672 9,693

Taomuna 3. DddexTrBHBIC 3HaYEHHS TaHICHCA YIIa MOTePh B MomIokke MITJT
4
w/h tg6 10 thBQ@ 104 pu h/?uo
0 0,05 0,1 0,2 0,4 0,8 1,6

0,5 0,299 0,310 0,337 0,394 0,455 0,486 0,496
1,0 0,5 0,316 0,329 0,359 0,416 0,467 0,490 0,497
2,0 0,342 0,358 0,390 0,442 0,480 0,494 0,499
0,5 0,595 0,638 0,728 0,867 0,959 0,990 0,997
1,0 1,0 0,627 0,679 0,776 0,903 0,972 0,993 0,998
2,0 0,679 0,741 0,840 0,941 0,984 0,996 0,999
0,5 2,96 3,52 4,26 4,81 4,96 4,99 5,0
1,0 5,0 3,12 3,77 4,47 4,88 4,98 4,99 5,0
2,0 3,38 4,12 4,69 4,94 4,99 5,0 5,0
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PO3PAXYHOK ILJTEH®HHUX CITPSIMOBAHMX BIJITAJTYKYBAUIB HA MCJI 3 YPAXYBAHHSM JACHEPCIi I BTPAT
Y JIHIAX

OTpuMaHO NPOCTi aHANITUYHI CIIBBIHOIIEHHS JUI PO3PaxyHKy IapaMeTpiB HuleH(HUX CHpsIMOBaHUX BiaramyxysauiB Ha MCIJIL.
IMTokazaHo, 110 B 3aJIEKHOCTI BiJj BEIUYUHU KoeillieHTa PO3MOUTY IOTY)KHOCTI Y BUXIHUX IIEYaX CXEMH 3MIHIOIOTHCS TEXHOJOTIYHI
0OME)KEHHS BIIACTUBI TAKUM BifgramyxyBauaMm. HaBeneHo Takox aHATITHYHI (POPMYNH, SIKi 3 BUCOKOIO TOUHICTIO 1 B IIMPOKOMY 4aCTOTHO-
My Aiana3oHi 3abe3neuytots st ocHoBHOI T-xBuimi MCJI po3paxyHok nucrepcii eeKTUBHOI JieleKTpHYHOI MPOHUKHOCTI Ta BTpaT B
Marepiai migKIaJuHKH.

KurouoBi cioBa: xoedinieHT moxiny, cnpsmoBanuii Binramyxysad , MCJI , nucnepcist , Brpatu.

Romanenko S. N.!, Dmitrenko V. P.2, Voskoboynyk V. A3

'Ph. D., associate professor, Zaporizhian National Technical University, Ukraine

23Ph. D., associate professor, Zaporizhian National Technical University, Ukraine

CALCULATION OF MICROSTRIP DIRECTIONAL COUPLERS WITH DISPERSION AND LOSSES IN TRANSMISSION
LINES

Simple analytical relations for calculating parameters of microstrip directional couplers are obtained. It is shown that depending on
the power splitting ratio & in the output ports of the circuit the technological restrictions of couplers are changed. At £ >1 for double-stab
four-port directional coupler, unlike three- and four-stab couplers, the range of characteristic impedance satisfies the technological
restrictions. However, at k <1 three- and four-stab directional couplers become more technological. Analytical formulas for high
precision calculation of the dispersion of effective permittivity and losses in the substrate valid for the main microstrip 7-wave in a wide
frequency range are also presented.

Keywords: splitting ratio, directional coupler, microstrip line, dispersion, losses.
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MIHIMISALUIA KINbKOCTI IHPOPMATUBHUX O3HAK MNMPU NOBYAOBI
KITACUDIKATOPA POCJIIMHHUX OB’EKTIB

B crarTi moxa3aHa MOXJIMBICTh 3MEHIICHHS KUIBKOCTI iIH()OPMAaTUBHUX O3HAK 3 IIOYaTKOBUX
256 3naueHs 10 4 nmpu noOymoBi KiacudikaTopa pOCIMHHUX 00’€KTIB 3a pe3ylnbTaTaMu
JIUCTaHLiItHOrO 30HyBaHHs. [I1s moOynoBH po3mi3HaBaabHOI Mozmeli OyB BUKOPHCTAHHMA
MHOXXMHHUH JIHIHHUH nuckpuMmiHaHTHUH anani3 ®imepa. s obpaHoro Habopy NaHUX,

BCTaHOBJIEH] ONITHMAJIbHI ialla30HH O3HAKH.,

KuarodoBi ci1oBa: po3nizHaBaHHS, CIEKTpalbHi Koe(ilieHTH SCKPaBOCTI, O3HAKH,

kiacugikarop.

BCTYII

OcHoBHa BUMoOTa 0 iH(opMaIii — 3MiHa ysIBICHHS IIPO
00’€KT JOCITIPKEHHS BiZIOB1THO /10 IOCTABIIEHNX 3a7ad. 3MiCT
1 KiTbKicTh iH(OpMaIii, 1o Oyra oTprMaHa 3a JOIOMOT 00
JICTaHIIMHUX METO/iB, 0OyMOBJIEHa PiBHEM IEPBUHHUX
3HaHb i 3a371aJ1eriAb c(HhOpPMYITbOBAHNMH BUMOTaMH, 3a/1a4a-
Mu. Came 0OMEXeHICTh | BU3HAYEHICTD iH(pOpMaIlii 103BO-
JSAI0TH (opMaiizyBaTd oTpuMadi Bigomocti. OTpuMana
iHpopmanis Moxxe OyTu pizHOMaHiTHa 3a (OpPMOIO 1
3MICTOM, MaTH Pi3HOMAaHITHY IIHHICTb, 10 BU3HAYAETHCS
iHTepecamu croxxuBaua iHdopmarii [1].OxHiero 3 KiTto4o-
BUX ITPOOJIEM B pillIeHH] pi3HOMAHITHUX 3aBJaHb aHAJII3Y 1a-
HUX (OIiHKa perpecii, po3mizHaBaHHA 00pas3iB, KIacTepusa-
1Iisl, IPOTHO3YBaHH) € Bin0Oip iHpOpMAaTUBHUX O3HAK. Pe-
QJIBHI IIPOLIECH B TEXHIYHUX CUCTEMAX MOXKYTh OITHCYBATHCS
BEJIMKOIO KUTBKICTIO Pi3HUX 03HaK. [Ipr boMy He 3aBKIu yci
3 HUX € ICTOTHUMH 200 3HAYMMHUMH, TOOTO HEOOX1JHUMH ISt
mo0yIOBH aI€KBAaTHOI MOJIENTi TporLiecy (perpeciiHol Moeri,
kiacuikamiitaoi Mmozedi Ta iH.). KpiMm Toro, akTyansHICTh
Bi1OOpy iHPOPMATHBHHUX O3HAK CTa€ OCOOIMBO BiTIyTHOIO
Y 3B’SI3KY 3 XapaKTEPHOIO TS O1JIBIIIOCTI aJITOPUTMIB aHAITIZY
JTAHHUX TPOOIIEMOIO «IIPOKIISATTS PO3MipHOCTI». LIst mpobie-
Ma TIOJISTa€e B Pi3KOMy HaIiHHI eEeKTUBHOCTI alTropuT™My a00
pi3koMy 30LTBIIIEHHI HEOOX1HOTO OOYHCITIOBAIIEHOTO PECYP-
¢y s e(heKTUBHOI pOOOTH aIrOpUTMY IPH 301IBIIICHHI PO3-
MipHOCTi (301TBIIIEHH] YMClIa O3HAK) BUPINTYBaHOI 3a1adi
aHaJI3y JaHHX.

Ha cporozai 3amponoHOBaHO BENHUKY KUTBKICTh METO/IIB
BimOopy iHpOopMaTHBHIX 03HAK 200 3HIKEHHS PO3MipHOCTI
[2]: MeTon TONOBHUX KOMIIOHEHT, MOZIEI i METOIH (haKTop-
HOTO aHaJi3y, baraToBuMipHe MKaTyBaHHS i iHII. KoxkeH 3
PO3pOOIIEHIX METO/IiB Ma€ CBOI IepeBary i HeIoMikKy, y Oa-
raThOX BUIAIKAX € OOMEKEHHS Ha 3aCTOCYBaHHS TOTO 200
iHIIIOro MeToxy. BIumB KijIbKOCTi O3HAK HA SKICTH PO3ITi3HA-
BaHHS 00 €KTiB (Y TOMY paxyHKY i POCIHHHUX 00’ €KTiB)
PO3TILHYTO Y psiai podor [3, 4, 5]. Ane B ux poOoTax Kiacu-
¢ikaris 00’€KTiB MPOBOMUITHCS 200 JIMIIIE HA J1Ba KJIacH, a00
TIPOBOIMITHCS KJIacH]iKaIlist HEPOCTHMHHUX 00’ €KTIB (Xapak-

© [lama €. O., 2013

Tep CTATHCTHYHOTO 3B’SI3KY MiX Koe]ilieHTaMH BiIOUTTS
POCITMHHNX 00’ €KTIB BIAPI3HSETHCS Bl CTATUCTHYHOTO 3B 513~
Ky MK Koeilli€HTaMH BiJOWUTTS HEPOCIHMHHOTO IIOXO/KEeH-
Hs1), a00 Oyrna 3anporoHoBaHa O1JTbINa KiTBKICTh O3HAK, HIXK
y 1iii craTri.

Mera poOOTH HOJISTaE y AOCHiIKEHH] BIUIUBY KiTBKOCT1
iH(opMamiifHNX 03HAK Ha SKICTh PO3Mi3HABAHHS POCITMHHHX
00’€KTIB HA TPH KJIaCH 32 EKCIIEPIMEHTAJIEHO OTPUMaHIMHU
JTAHUMHU JIVICTAHITITHOTO 30H/TyBaHHS POCITHHUX 00’ €KTIB, IO
00yMoBIIeHa BUIOM pociiHH. KiTbKiCTh 00paHuX KITaciB, sSKa
JIOpiBHIOBaJIa TPHOM OOYMOBJIEHA THM, III0 B SIKOCTI HIEPIIIO-
TO KJ1acy 00paHO KOPHUCHY KYIBTYpY (KyKypya3y), a B sSIKOCTI
JIBOX 1HIMX KJIaciB — Oyp’sHU — MuIIiid Ta amOpo3is. He-
00XiIHICTE pO3nOALTY OYp HiB Ha 1B KJIaCH OOTPYHTOBaHA
THM, IO JUTS 3HUTIEHHS OMHOIOIBHUX Oyp’ sIHIB (MMUIIIiif) Ta
JIBOIOIBHUX (aMOpPO3isi) 3aCTOCOBYIOTH pi3Hi repOimman [6].
PiBeHB WMOBIpHOCTI BipHOTO PO3ITi3HABAHHS BCTAHOBUMO
piBHIM 90 % T KOXKHOI POCITHHY, 1€ € IPUHHATHAM JUIS
peaNbHUX TMOTHOBUX yMOB. Po3mi3HaBaHHA poCIHH Oyie
TIPOBECHO HA KOPHCHI (KyKypyn3a — IepImii Kiac) i 6yp’s-
HU (aMOpo3is — apyruit Kitac, MU — TPETii KIac).

1 METOIY BSMEHIIEHHA KUIBKOCTI O3HAK

OCKLJIBKY BeJTHKA PO3MIiPHICTB (KUTBKICTh IOYaTKOBHX 03-
HAaK) CTAaHOBHUTH CYTTEBY IPOOIEMY IpH TOOYI0B1 Kitacmi-
Karopa, OyITo 3aIPOIIOHOBAHO BEJHKY KiTbKICTh METOIB 3MEH-
IIEHHS PO3MIipHOCTI [6]. BimbmmicTs X MeToziB 3a0e3nedy-
FOTB (PYHKIIIOHAJIBHE BiTOOpa KeHHS, TaK 110 MOYKHA BU3HAYHTH
BiZOOpaKeHHS IOBLITBHOTO BEKTOPY O3HAK. Kimacuaammu mpo-
LIEAypaMH € aHAaJIi3 TOTOBHUX KOMITOHEHT 1 (DaKTOPHMIA aHAITI3,
00mIBa 3 HUX 3MEHIITYIOTH PO3MIipHICTB IIJITXOM (POpMYBaH-
HATiHIHHNX KoMOiHaMii 03HaK. AJe KoeiieHTH BigOHTTS Bit
pocnuHA B iH(padepBOHOMY Jiara3oHi He € HAOOPOM CTaTH-
CTHYHO HE3aJISKHIX 03HaK [7]. B 1ipoMy BUIaaKy HE MOXITH-
BO 3aCTOCOBYBAaTH pO3pO0IIEHi i anpoOoBaHi BHUIIEHABEICH]
METOIY 3MEeHIIeHHs iH(opMamiitHnX o3HaK. ToMy mpaBHIIb-
Huii BHOIp 1 BigOip KiUTbKOCTI iH(pOpMAaIIiitHIX 03HaK MOYKHA
3IACHAUTH 32 TOTIOMOT OO CY0’ €KTUBHOTO TIepe0opy Pi3HIX
TIO CKJIa Ty HaOOpiB O3HAK 1 BHOOPOM HAMOLTBII iHQOpMAaTHB-
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HOTO 3 HHX TP iX IOIMyCTUMIiH KUTBKOCTI. B siKoCTi mokasHuKa
1H(pOPMAaTHBHOCTI Kpallle BCbOro BUKOPUCTATH HIMOBIPHICTh
TIPaBHJIBHOTO PO3IMi3HaBaHHA OKpeMoi pociuau [8]. OnTu-
MaJIbHUM BUPINIaIbHAM IPABUIIOM TIPH OLIHII IIHOTO ITOKa3-
HHKa € paBuio baifeca.

Hanpuxotaz, mis 6aratoBUMipHOTO HOPMaJIEHOTO BUIIA -
Ky JUIs1 IBOX KJIaCiB, KOJIM anpiopHi HMOBIPHOCTI TSI KOXKHO-
TO KJIacy piBHi, TO 0alieCOBCKHMI piBEHb MOMUITKA BU3HAYAETh-
Cs1 pIBHSHHSM:

P(e) :;- OJ? exp(—%w{z)du ) ¢y

\/E~TE r/2

Zie 2 — KBaJpaTHYHa MaxajoHo0icoBa Bi/ICTaHb, KA JOPiB-
HIOE:

P2 =y -) Sy ), )

I€e [, 1y — BEKTOPU-CTOBOLI O3HAK MEPILIOro Ta APYroro
KJacy; Z — KOBapHaIliifHa MaTpHIIs.

Taxum yrHOM, HMOBIPHICTB IIOMIMJIKH 3MEHIITYETHCS ITPH
301IBIICHHI T, TPArHy4H 0 HYIS IIPH CHPSIMYBaHHI 7 10 He-

CKiHUeHHOCTi. Y pa3i He3aleXHHX 3MIHHUX
' = diag(ct,...,65), MaeMo
2 4 Hit —Hi2\2
re = ()7, 3)
=1 Si

BunHo, 1m0 KoXkHa 3 03HAK KO)KHOTO KJIACy BIUIMBA€E Ha
PpiBeHb HMOBipHOCTI TOMIITKH. HalKpaniiMu B oMY CeHCi
€ Ti O3HAKH, Y SIKUX Pi3HULII CEPEeIHIX 3HAUYCHD BEJIHKA B IT0-
PIBHSHHI i3 CTAHIAPTHAMH BiIXIICHHAMH.

[pu po6oTi 3 GaraToCIIeKTPaTFHIMH JAHUMH, SIKi XapaK-
TEPU3YIOTh KOSQIIIEHTH BIIOUTTS POCIHH, MOXKYTh 3aCTO-
COBYBAaTHCSI METOIN YaCTKOBOTO TIepedopy, 10 IKUX BiTHO-
CSITB «TIOCTIJOBHOT CEJIEKIIi1 BIIepe D), «IOCIiJOBHIH CeITeKIii
Ha3a, «y3araJbHEeH1» alrTOPUTMH CEIEKIIi1, «MiHIMAaTbHHID
AJITOPUTM, AJITOPUTM «TLIOK i MEX», QJITOPUTM «CTOXACTHY-
HOTO TIOITYKY» 1 iH. AJie BHIIIe3a3HAYCHI METOAN HE TapaH-
TYIOTB OIepKaHHS ONITIMAJBHOrO pe3ynbTary [9]. Tomy mio,
koe(imieHTH BiZOUTTSA POCIHH, B 3arallbHOMY BHUIAJIKY, €
HEpiBHOMIHHIMH Ta CTAaTHCTUYHO 3aJICKHUMH 1 TIPH YaCTKO-
BOMY IIepe0opi € BipOTigHICTH TOTO, IO BETUKA YaCTHHA
BapiaHTIB CKJIaJaHHS HA0OPiB 03HAK BUKITFOYAETHCS 3 PO3T-
nsmy. ToMy BUKOPUCTaHHS aTOPUTMIB 9aCTKOBOTO ITepebo-
Py HE 3aBXI¥ JOMITEHE, OCKLIBKY TOKA3HUKH PO3ITi3HABAH-
HS IIPH 1X 3aCTOCYBAaHHI MOXKYTb ITOTi PITUTHUCE.

3aranpHa KiTBKICTh HAOOPiB O3HAK Y pa3i MOBHOTO Hepe-
00py BU3HAYAETHCS BETHINHOIO

m .
p=YcCl=2"-1, @)
i=1

e C,ln — KUJIBKICTB IMOEIHAHB 3 71 TIO [ 1 — KIIbKICTh 00T~
HOKHMX O3HaK B ITOYATKOBIH cucteMi; i=1,2,....m.
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2 EKCHEPUMEHT I OBPOBKA PE3YJIBTATIB

Bumipu cniekrpaibHUX KoeDillieHTiB BiIOUTTS IIPOBOIH-
ymcst Ha rionti TOB «Arpocdipma «MartsiiBka», BiTbHSHCEKO-
ro paiioHy, 3amopi3bkoi 00JacTi Ha MOYATKy YEepBHS NPHU
MimmBiit xMapHocTi. [lome Oyio 3acamkeHe KOPHCHOIO
KYJIBTYPOIO — KYKypy/I3010, sIka HA MOMEHT 3HSTTS BUMIpiB
MaJia Bik 6—7 HeIuIb et cxofiB. OKpiM KOPHCHOI KYJTBTypH
Ha 11011 Oyyn IpUCyTHI HacTynHi Oyp stHU: aMOpo3is, Oepis-
Ka, MUIIiH, THApiH, macTyma cyMka, cypinuns i iH. Cepen
Oyp’stHIB, JUIS TOJAJIBILIOTO JIOCIHIPKeHHsI, Oynn BiniOpaHi
MHUIIIH Ta aMOpO3isl, TaK sIK BOHU CKJIA/IaJIH [IEPEBaXKHY JIOJTIO
Oyp’stHiB Ha roni. [TepeMireHHst 00’ eKTHBa IpriiMada CIieK-
TpOMETpa BiJl OJHIET POCTHHU JO 1HIIOI B MPOAOBXK PAIKA
TIPOBOAMIIOCS PIBHOMIPHO, TPUOJIN3HO HA MOCTIHHIN MIBH/I-
kocTi pyxy (0,5—-1) mM/c. Bumipu cniekTpallbHIX XapakTepuc-
THK POCIIMH TIPOBOAMIIMCS 32 JOIOMOIOI0 MPUIIAY, SIKHA
aBTOMATH4HO 3 repiofioM | s 30epiraB nmorouny iHpopma-
110 (KoeiIieHT BiIOUTTS 1 KOOPIMHATH MICLIS) 1 30BHIIIHBO-
0 BUIIIsLy pociuHu. [IpucTpiif 11st TOCIipKEHHS CIIeKTpiB
ckiagascs 3: criekrpomerpa Red Tide650 3 BosokoHHO-O1I-
tnaHuM Kabenem P200-2-UV-VIS i ninzoto 74-VIS (dipma
Ocean Optics); Web-kamepa A4Tech PK-838G mmst oro-
rpadyBaHHs 300paXeHHS POCIIHH.

3 yciX eKCrIepUMEHTATBHIX IaHHX, VTS TTOJIAJIBIIIOrO JOCTTi-
JDKEeHHs Oyr10 BitiOpaHo 2268 CrieKTpatbHIX Koe]illieHTIB BiIONT-
11 pocivH. Kpurepiem Bigbopy Oyiia MOXXIHBICTD Bi3yaIbHOTO
BU3HAYEHHS BUJTY POCIIVH 10 300pakKeHHSIX 1 (hOpMi CTIEKTpaTb-
HOI KpHBOI (BiZICYTHICTH OOMEKEHb 1 HaJAMIPHOI 3alllyMJICH-
HocTi). Ha3Ba i KibKicTb BHOI pOK POCIIHH, SIKi Oy BigiOpaHi
IS TTONAIBIIONO JOCHIIKEHHS, HaBeIeHi B TaOI. 1.

Hacrymaum eranom Oyna 00poOka oTpuMaHnX AaHUX i
BHU3HAYCHHS BIUTMBY KUTHKOCTI O3HAK Ha SIKICTh pPO3ITi3HAHHS
pocmmH. CrieKTpaltbHi KoeDilieHTH BiIOUTTS POCIIHH, SIKi OyITH
OTpHMaHi CIIEKTPOMETPOM, 33 JONOMOTOH HAaICaHOTO
Makpocy Oy BBeeHi B mporpamy Excel2010, B pe3ymnbrari
40ro Oy10 OTPAMAHO 3 MAaCHBH YHCEIT: MATPHIIS KOe(DIIli€HTIB
BiIOUTTS It KyKypym3u — 699x256, MaTpuis koeQilieHTiB
BiIOWUTTA [T MUTIirO — 687x256 1 MaTpuns koedimieHTiB
BimOWTTS [Tst aMOpOo3ii — 882x256.

Jaui, kokHa 3 TPhOX MaTpPHIIb ITiJIaBaIacs HOPMYBaH-
HIO 3a JTIHIHHAM 3aKOHOM

®; = Hi —Hi min , (5)
Hi max — Hi,min

J€ ®;,}l; — HOPMOBaHi Ta BUMIpPSHI CIIEKTpaJIbHi KoedilieH-

TH SCKPaBOCTI Ha JOBXHWHI XBUII 7‘1" BiJIIOBITHO;

Ta6auusa 1. BumoBuit ckinan 1ociiKyBaHHX POCIHH

Bun JlaTuHChKa Kinbkicts
POCITHHU Ha3Ba EK3eMILIIPIB
Kykypynsa zea 699
. Ambrosia
Ambposia | o isiifslia 882
Muiiii Setaria viridis 687
Ycporo 2268
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X max » M, min — MAKCHMAJIbHi Ta MiHiMaJIbHi BUMiPsIHI CIIEK-
TpaibHi KoeillieHTH ICKPaBOCTI.

3ajexHicTh HOpMOBaHMX KOe(Dilli€HTIB BiIONTTA, po3pa-
XOBaHHX 110 opmyi (5), Bij JOBKUHH XBHII TS KYKypYI3H,
MuIIiro i aMOpo3ii HaBezeHi Ha puc. 1.

J171s1 BU3HaYEeHHSI BIUTMBY KUTBKOCTI iH(OpMAaIiHUX 03HAK
Ha SIKICTh pO3Mi3HaBaHHS POCIMHHUX 00’ €KTIB Ha 3 KJ1acH 3a
eKCIepHIMEHTAIBHIMH JJaHUMH OyB BUKOPHCTAHNIH MHOXKHH-
HWI JTiHIHHWHA TUCKpUMiHAHTHIN aHati3 Dimrepa, mpu npose-
JIeHHI SIKOTO JUIs BiOOpY HaOIIbIT 1HGOPMATHBHUX O3HAK
Oyia BUKOHaHa IPOLIEAypa MOKPOKOBOT'O BKJIFOUEHHS 3MiHHHX.
Bynn po3paxoBaHi 3Ha4eHHS KJ1acH(iKaiHHAX MaTPHIb U1
KOKHOTO Ha0Opy O3HaK, ISl OKpEMHUX HAOOpiB O3HAK po3pa-
xoByBayin Wilks’ Lambda, omineHo oTprMaHy cucteMy Kiia-
cu(ikamiiiHIX PiBHAHB 1 aJIeKBATHICTH OTPUMaHOi Mojieni. Pe-
3yIBTATH IOCIiKEHHST 00pOOJIEH] 13 3aCTOCYBAaHHSIM CTATHC-
TryHoro nakery nporpamu «STATISTICA6.1® for Windows
xommanii StatSoft Inc, a Takok «Microsoft Excel 2003». Ox-
PEMI CTaTHCTUYHI IPOLEAYPH 1 aJITOPUTMH PeaTi3oBaHi y BUT-
TSI CHEIIATFHO HATIMCAHIX MAKPOCIB Y BiJIIIOBITHHAX TIPOTpa-
Max. J[yis1 ycix BUIIB aHai3y CTaTHCTHYHO 3HAYMMUMH BBaXKa-
s BimmiaHOCTI Tipr p<0,05.

3MEHIIEeHHS O03HAK NMPOBOAUIN A0 THUX IIpP ITOKH
HMOBIPHICTb BIpHOTO PO3Mi3HABAHHS OJHI€T 13 POCIMHY —
KyKypYA3H, MUIIIi0, aMOpo3ii He ctaHe Mertre 90 %. Binbip
iH(pOpMAIIfHIX O3HAK ITPOBOJMBCS B MEKaX OHOTo Habo-
py, T00TO 183 03HAKM BimOMpaHCs 3 MOYaTKOBOrO HabOPY,
o ckmaaas 256; 813 183;73381;463 73 i T. 1., moku He OyB
JTOCSITHYTHI 3aTOBUTHHU BapiaHT i 5 o3HaK. Kitacudika-
IiifHa MaTpUII 1 4 O3HAK HABOUTHCSI IJIsl KOHCTATAIlii (hak-
Ty 3MEHILIEHHS] HIMOBIPHOCTI BIpHOTO po3Mi3HaBaHHs. Pe3yb-
TaTH PO3PaxXyHKIB HaBeIEHi Ha puc. 2—6. Ha pucyHkax npuii-
HATI HACTYIHI CKOpOYeHHS: a — amOpo3is, k — Kykypyasa,
m — MU

3HavueHHs] IMOBipHOCTEH BipHOTO PO3ITi3HABAHHS IS
183, 81, 73,46, 301 3 inpopMaritHIX O3HAK Y BUTIISII KJIACH-
(ikamiitHIX MaTPUIIb HE HABOISTHCS, aJIe BPAXOBYIOTECS IIPH
mo0yIoBi Tpadika 3aIeKHOCT] yCepeTHEHNX 3HaYeHb HMOB-
ipHOCTEi#1 B 3aJIeKHOCTI Bl KUTBKOCTI O3HAK, SIKMI HABOIUTD-
cs Ha puc. 7.

Keiag

08 -

06

Classification Matrix (BmecTe - amBpoana. Kykypy3a, Mellwni_6)
Rows: Observed classifications
Columns: Predicted classifications

Percent k a m
Class | Correct | p=.3082 | p=.3889 | p=.3029
k [ 99.7133] 697.0000 0,00000 2.0000
a | 100.,0000[ 0,0000 882.0000 0.0000
m 100.0000] 0.0000 0.0000 687.0000
Total | 99,9118| 697 0000 882,0000] 89,0000

Puc. 2. Knacudikariiina Matpuiist ajst anoctepiopHoi HMOBIp-
HOCTI PO3Mi3HAHHS POCITHH HA TPH KJIACH 3 BUKOPUCTAHHSIM
256 o3Hak

Classification Matrix (Bmecte - amGpoans, kykypyaa, meiumii_B)
Rows: Obsemwved classifications
Columns: Predicted classifications

Percent k ‘ a ‘ m
Class | Correct | p=_3082 | p=.3889 | p=3029

k [91.98856) 643,0000 4,0000 £2,0000
a 98.52608| 0.0000 869.0000 13,0000
m 9694323 7.0000 140000 6660000
Total | 96.03175| 650,0000 887,0000 731,0000

Puc. 3. Knacudikariiina Matpuiist st anoctepiopHoi HMOBIp-
HOCTIi PO3Mi3HAHHS POCITHH HA TPH KJIACH 3 BUKOPUCTAHHSIM
7 o3HaK

Classification Matrix (Bmecte - amBpoaunn, kykypyaa. Meiluni_b)
Rows: Observed classifications
Columns: Predicted classifications

i Percent k a | m
Group | Correct | p=_30820 ‘ p=.38889 | p=.30291
k [90.95712 636 6 57
a 96.71202 0 843 29
m 95 46763 13 18 656
Total |94 57672 649 877 742

Puc. 4. Knacudikariiitna MaTpuist s anoctepiopHoi HMOBIp-
HOCTI PO3Mi3HAaHHS POCIIMH Ha TPU KJIACH 3 BUKOPHCTAHHAM
5 03HaK

Discriminant Function Analysis Summary (Bumecte - ampoana, kykypyaa, Meiumii_6)
No. of vars in model: 5; Grouping: Var257 (3 grps)
| Wilks' Lambda: .08762 approx. F (10.4522)=1075,5 p<0,0000

Wilks' Partial F-remove‘ plevel ‘ Toler. | 1-Toler.
N=2268 Lambda | Lambda | 22261 (R-Sar)

401,25 nm 01361660 0.643468 626,3854 0.000000 0,277691 0.722309
462,50 nm | 0158625 0,552362 916,1634 0.000000 0.195317 0.804683
643,49 nm | 0,153340 0,571387 847,9831 0,000000 0,219237 0,780763
729,80 nm | 0.112374 0,779700 3194160 0.000000 0,217879 0,782121
866,23 nm | 0,091586 0,956674  £1,1982 0.000000 0,241093 0.758907

Puc. 5. JlaHi TUCKPUMIHAHTHOTO aHANI3y NpH Kiacudikamil
POCIIHH Ha TPHU KJIACH 3 BUKOPHCTAHHSAM 5 03HAK

04

02 1

Teay
Yo,
‘-!ﬂv vielag o0
& eyt ey
240 400 435 sma 550 61z §70 730 800 BGG ns 83 w00

JoB#MHE XBUANI, HM

Puc. 1. 3anexHicTs HOpPMOBAaHUX KOEe(IlliEHTIB BIIOUTTA Bil
JIOBKUHH XBUJI JUI aMOpOo3il, MUILIIF0, KyKYpYyA3H

Classification Matrix (Bmecte - ambpoana, kykypyaa, mMeiwmi_B)
Rows: Observed classifications
Columns: Predicted classifications

Percent k ‘ a m
Group | Correct | p=,30820 | p=_38889 | p=_30291
k [83.54793 584 5 110
a 96,25851 0 849 33
m 91,41193 kil 28 628
Total |90,87302 615 882 771

Puc. 6. Knacudikariiina Marpuist i1 anoctepiopHoi HMOBIp-
HOCTI PO3Mi3HAHHS POCIIMH Ha TPU KJIACH 3 BUKOPHCTAHHAM
4 o3Hak

39
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Puc. 7. 3anexHicTs HMOBIPHOCTI BIpHOTO PO3MI3HAHHS POCIHH
(cepenHbOI 3a TpbOMA KJIACAMH) Bifl KUIBKOCTI iH()OPMAaTHBHUX
03HaK

3 BUIIIEHABEICHUX PO3PAXyHKIB, BUIHO, 110 IPUHHATHAM
3 TOUKH 30pY SIKOCTI PO3Mi3HABAaHHS POCIMHHHUX 00’ €KTIB Ha
TpH Kiacu (KyKypya3a, MUIIiIH, aMOpo3isl) € 3MEHIIECHHS
KUTBKOCTI 03HAK JI0 5, TIPH IEOMY HIMOBIpHICTB BipHOT'O PO3-
mi3HaBaHHS U1 aMOpo3ii ckiragae 96,71 %, s MU0

95,48 % 1 s xykypyn3u — 90,98 %. IIpu pomy HaiiO1Th-
M BKJIa] B JUCKpUMiHANIHHY XapaKTepHUCTUKY 3 5 oOpa-
HUX O3HAK JIA€ TOBXKMHA XBUITi 462,5 HM, CyTTEBUI BKJIA] Ta€
TAKOK O3HAKA 3 IOBKUHOIO XBHIIEH0 643,49 M. Ix cymapHuit
BHECOK B 3araJIbHUI BiZICOTOK BipHOTO PO3ITi3HaBaHHS poc-
JIMHY cKJaaae noHan 64 %.

Cepen 00paHUX pPOCJIHH, HaliKpalie po3mi3HaBaHHIO
mignaeTbess aMOpo3ist. 1le Moxke OyTH 3yMOBIICHE TEOMET-
PI€FO JIUCTKIB, TX TOBIIWHOFO 1 MILTEHICTIO, BiTHOCHOIO HAsIBH-
ICTIO TIrMEHTIB (XJI0podisTy, KAPOTHHIB, KCAHTODITIB 1 1H).
3MeHIIeHHs 03HAK, B IEPIITy Yepry, BIUIMBAE HA 3MEHIICH-
HS1 KIMOBIPHOCTI BIpHOTO PO3Mi3HABaHHS KOPUCHOI KYJIBTY-
pH — KYKypyI3H.

Takox, mpu mepebopi o3HAK OyT0 BCTAaHOBJICHO, IO
KUTBKiCTh O3HAK MOXKe OYTH 3MEHIIIeHa 3 5 10 4, TIpH IIbOMY
HMOBIpHICTD PO3ITi3HABaHHS JJISI KOXKHOTO Kilacy He Oyxne
Hwk4e Hix 3agana (90 %). Takox, 11 BUMmagKky 4 o3Hak,
OyTi BCTaHOBJICHI ONITUMAJIbHI O3HAKH — JIOBKHHH XBHII,
SKAMHU €: 395,68 1M, 462,5 uM, 643,49 im1729,8 am. Kokna 3
YOTHUPHOX JOBKUH XBIUTh 3MiHIOBAJIACh B ania3oni 50 HM,
B pi3HKX KoMOiHamisx. s nomycky £50 HM U1 KOXKHOT TOB-
YKUHU XBHJIi, AMOBIpHOCTI BIpHOT'O PO3ITi3HABAHHS CYTTEBO
HE 3MIHIOBAJINCB 1 JUTA KOKHOI pocinHu Oynu Oibiie 90 %.
Ha pucynkax 8 i 9 HaBomsAThCA KiTacuQikariitna MaTpuI i
JTaHi JUCKPAMIHAHTHOTO aHATI3Y IJ1s BUIIAIKY 4 03HAK (BOHH
BiJIPi3HAIOTHCA Bil HAOOPY O3HAK, IO HABOJUBCS HA PUCYH-
Ky 5). IIpu cripo6i 3MEHITHTH KUTBKICTB O3HAK 110 3 IS IIHOTO
HaboOpy O3HAK, HMOBIPHICTH BipHOTO PO3Ii3HABAHHS IJIS
amOpo3ii cknana 99,43 %, st muito 97,23 %, 11 KyKypya-
31 85,4 %, 10 HE € 3a7J0BITHHAM 1T BCTAHOBJICHOTO PiBHS
BIITIOBITHOCTI.

BUCHOBKHA

B pesymbrati mpoBeneHNX eKCIiepIMEHTaTBHNX TOCTII-
JKEHb, OyJI0 BCTAHOBIICHO IIO KUIBKICTh iH(pOpMaIiitHIX 03-
HAaK MOYKHA 3MEHIIIATH 110 4 TIpH BIAIIOMY TIepeOopi IoIaTKo-
BUX O3HAK. 3MEHIIICHHS O3HAK TACTh MOXITHBICTH 3MEHIIINTA
BapTiCTh KJIacu(ikaTopa, CIPOCTUTH HOTo CXeMY, ITiIBUIIUTH
HafiiHicTh. Tak, mpu 00paHuX 4 TOBKUHAX XBUIIb (03HAKAX):

40

Classification Matrix (BmecTe - amBpoana, kykypyaa, Meiwii_B)
Rows: Observed classifications
Columns: Predicted classifications

Percent | m
Group | Correct | p=.30820 | p=38889 | p=,30291
k [94.42060 660 0 39
a 99,31973 0 876 6
m 9762647 11 6 670
Total | 9726631 671 862 715

Puc. 8. Knacudikaniiina MaTpurst Juist anoctepiopHoi
HMOBIPHOCTI pO3Mi3HAHHS POCIMH Ha TPH KJIacu
3 BUKOPUCTAHHSM 4 03HaK

Discriminant Function Analysis Summary (Bmecte - amlpoanna, kykypyaa, meiwmi_G)
Mo. of vars in model: 4: Grouping: Var257 (3 grps)
Wilks' Lambda: 06223 approx_F (8.4524)=1701.4 p<0,0000
Wilks' Partial | F-remove | plevel | Toler. 1-Toler.
N=2268 Lambda | Lambda | 2.2262 | (R-Sar.)
395,68 nm [0.38570100.161343 5878.929  0.00 0.483373 0.516627
462,50 nm | 0,119004 0522925 1031,833 0,00 0.205325 0.794675
643,49 nm | 0110512 0563109,  877.493  0,00| 0,229644 0.770356
729,80 nm | 0,060304 0774930 328457 0,00 0582314 0.417687

Puc. 9. Jlani 1MCKpUMIHAHTHOTO aHaNi3y MpH KiIacK(ikanii
POCIIMH Ha TPH KJIAcH 3 BUKOPHCTAaHHSIM 4 03HAaK

395,68 M, 462,5 aM, 643,49 aM 1 729,8 HM, HIMOBIPHICTE BipHO-
TO PO3Mi3HABAHHSI 15 aMOpo3ii ckinanae 99,31 %, it Mutito
97,52 % i mst kykypym3u — 94,42 %. HaiiOinpmmii BKIas B
JIUCKpUMIHALIHY XapaKTepUCTHKY 3 4 00paHMX O3HaK Jlae
JIOBXKUHA XBIUTI 395,68 HM, BHECOK B 3araJTbHIIA BiJICOTOK BipHO-
TO PO3Mi3HaBaHHsI POCIIMHU SIKOi cKanae 72,4 %.
[TincymoByrour OTprMaHi pe3yJIsTaTH, MOXKHA CKa3aTH, 110
JUTsl BIIEBHEHOT'O a/IEKBATHOTO PO3ITI3HABAHHSI BUJLY POCIIMHA
ceper Tpbox 00paHuX (KyKypya3H, aMOpo3ii, MHIIIi0) JOCTaT-
HB0 4 o3HaKkH. [Ipyn 11bOMy nepiiia 03HaKa MOBMHHA HaJIEXKATH
JIoBkuHI XBII ~ (400£50) HM, npyra — =~ (460+50) HM,
Tpers — = (640+50) Hm i yeTBepTa 03Haka —~ (750+50) HM.
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AcnupaHT, 3al0pOKCKUI HallMOHAIBHbBIM TEXHUUECKUH YHUBEPCUTET, YKpauHa

MUHUMM3ANUA KOIMYECTBA UHOOPMATUBHBIX TIPU3HAKOB ITPU ITIOCTPOEHUU KJTACCUDPUKATOPA
PACTUTEJIBHBIX OFBEKTOB

B crarbe moka3aHHas BO3MOXHOCTb YMEHBIIICHUSI KOJIMYECTBA HH(OPMATUBHBIX MIPU3HAKOB C HAYAIBHBIX 256 3HaueHui 1o 4 npu
MOCTPOCHUH KJIACCU(HKATOPA PACTUTEIILHBIX OOBEKTOB 10 pe3y/IbTaraM JUCTAHIMOHHOIO 30HANPOBaHUs. s TOCTPOCHHUS paclio3HaBa-
TENBbHOM MOieNH ObUT UCITOIb30BaH MHOKECTBEHHBIH JINHEHHBIH TUCKpUMUHAHTHBIH aHanu3 Ountepa. J{jist BEIOpaHHOro HabOpa JaHHEIX,
YCTaHOBJICHBI ONTUMAJbHBIC JHANA30HbI IPU3HAKOB.

KunroueBble ci1oBa: pacrio3HaBaHue, CIICKTpaIbHbIe KOA()OUIUEHTH! SPKOCTH, IPU3HAKH, KIaCCH(UKATOP.

Shama E. O.

Post-graduate student, Zaporizhian National Technical University, Ukraine

MINIMIZATION OF THE NUMBER OF INFORMING SIGNS WHEN CONSTRUCTING THE CLASSIFIER OF
VEGETABLE OBJECTS

In the article a possibility is considered as to decrease information features at discrimination of vegetable objects. The multiple
discriminant Fisher analysis with step-by-step inclusion of variables was used as an algorithm of discrimination. The information
features were selected on the basis of the subjectively individual approach. The features were selected from frequency areas in which
there existed the greatest difference by a reflection coefficient value between spectral reflection coefficients for each kind of plants. The
special-purpose literature on these themes was also taken into account. For the analysis of the discrimination efficiency by the classifier
of plants (for a different amount of features) a probability of plant proper discrimination was used. A minimum admissible level of the
correct detection probability for each kind was set as 90 %. For investigation there were used the real reflection coefficients of plants —
maize, bristlegrass and ambrosia that were measured in field conditions.

Keywords: recognition, spectral brightness coefficients, signs, classifier.
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AOCNIAXEHHA MACOITABAPUTHUX | TENNOBUX XAPAKTEPUCTUK
FTEPMETUYHUX BJIOKIB PAQIOENNIEKTPOHHUX ANMAPATIB

JloCIipKeHO 3aeKHICT 00 €My, Macu Ta MacorabapuTy Bill KUIBKOCTI IUIAT i BicTaHi MK
HUMH Y TepPMETHYHHX OJIOKaxX panioesieKTpoHHUX anapatiB. [TokasaHo, 110 onTUMi3alis Hecydanx
KOHCTPYKIiH MOXe 3MEHIIUTH MacorabapuTHi mokasHUKHU y 1,5-3 pasu mopiBHSHO 3
OJIHOIUIATHOIO KOMIIOHOBKOIO. AHAJII3y€ThCS 3aISKHICTh MAKCUMAJIEHOT TEMIIEpaTypH Ha KOKHIN
IUIaTi B BificTaHe# Mk matamu. Haifripimii TernaoBril pexxuM CIIOCTepIiraeThes IpH BifCTaHi
MDK IataMu 2—5 MM. MoJeloBaHHS TEIUIOBUX PEXHUMIB 3/iHCHIOBAJIOCH IPOrpaMHUMHU

3aco0aMy iH)KEHEPHOTO aHaizy.

KuniouoBi cioBa: repmeTnuHi GJIOKH, HeCydi KOHCTPYKLIl, KOMIIOHOBKa, MacorabapuTHi i
TEIJIOBI XapaKTEPUCTUKY, IPOrPaMHi 3ac00H, IHKCHEPHUH aHaJIi3, ONTHUMI3allis.

BCTYII

[poexTyBaHHS paliOEIEKTPOHHHUX arlapaTiB BiIOyBa€eTh-
cs13 ypaxyBaHHSIM NOTPeO CIIOXKNBAdiB y PO3IIUPEHH] (yHK-
LIOHATEHUX MOXKIIMBOCTEH IPUCTPOIB 1 3MEHIIEHHI X rada-
puTiB Ta MacH. DyHKIIOHAIBHI MOXJIMBOCTI 320€311EUyI0THCS
Ha eTalli CXeMOTEXHIYHOTO ITPOEKTYBaHHS, KOJIM BU3HAYA€Th-
CsTIepeTiK eIEKTPOpaTiOeIeMEHTIB 1, BIIIOBIAHO, iX rabapuTu
Ta Maca. OmHaK MacorabapuTHI MOKA3HUKH MPUCTPOIB MO-
YKYTB 3HATHO MIEPEBHUIIYBATH 3araJIbHAH 00’ €M Ta Macy eJIeK-
TPOPaAiOCIEMEHTIB y 3B’ 3Ky 3 HEOOXiTHICTIO BUKOPHCTAHHS
HECYYHX KOHCTPYKIIH TSI pO3MIIIEHHS eeKTPOopaioere-
MEHTIB Ta (YHKIIOHATEHAX BY31iB [ 1, 2].

DopmMyBaHH MAaCOrabapUTHIX TIOKA3HHKIB HECYIUX KOH-
CTPYKLiH BiAOyBaeThCA HA €Tari KOMIIOHOBKH amapaTypH.
Ha nmpomy erarmi BHOMparOThCA BiZICTaHI MiXK €JIeKTpOpaIioe-
JIEMEHTaMH, PO3MIipH IUIAT Ta BiACTaHI MK HUIMH, pO3MipH
KOPITYCHHX E€JIEMEHTIB Ta CHOCIO 3aXHCTy BiJ 30BHINIHIX
BIDTHBIB. KOMIIOHOBKA ITPOBOANUTRCS 3 ypaxXyBaHHIM OOMe-
’KEHb Ha MAaKCHMaJIbHO JIOITyCTUMY TEeMIIEPATYPy eIEeKTPO-
pamioeTIeMEHTIB i IOTiPIIEHHS TEIIOBOTO PEKUMY IPH 3MEH-
11eHi rabapuTiB PUCTPOIB [ 3, 4].

Oco0IrBO BUCOKI TETUIOB1 HABaHTA)KEHHS BHHUKAIOTH Y
TepPMETHYHHX OJIOKAaX, sIKi 4aCTO BUKOPHCTOBYIOTHCS Y OOp-
TOBIiH palioeIeKTPOHHIN anmapaTypi 3 JKOPCTKUMHU Macora-
OapuTHUMH 0OMEKeHHAMU. Taki 6JIOKH 9acTo MalOTh rep-
METHYHY eTa)XKepHY KOHCTPYKIIIO 3 BUCOKUMH 3HaUCHHAMH
koedimieHTa 3aNIOBHEHHS OJIOKA 1 BiICYTHICTIO CIIONMY4eHHS
30BHIIIHBOTO i BHYTPIITHBOTO TEIUIOHOCIIB. 3 TOUKH 30py
00YNCIICHHS TEIIOBUX PEXKHMMIB PaIiOCIEKTPOHHI IPHCTPOI
MAIOTh HaA3BIYAMHO CKIIIHY KOHCTPYKIIiF0. BHACIiIOK I150-
o iH(pOopMaIIis PO PO3MOILT TeMITepaTypH B OJIOKaX paiio-
€JIEKTPOHHUX allapaTiB BU3HAYAIACh TIJIHKH B TIPOLIEC] €KC-
MePUMEHTATBHUX JIOCIIKEHb, IO IPU3BOIUIIO 10 YTBOPEH-

HsI HEONTUMAJILHIX KOHCTPYKIiH 1 301IbIIEHH] TEPMiHIB ITpo-
€KTYBaHHS PaliOeJIEKTPOHHUX araparis.

MosKIUBICTh BUPIIIEHHS Hi€i MpoOIeMHu 3’ sIBUTACh 3 110~
SIBOIO TIPOTPaMHUX 3aco0iB 1HXKEHEpHOro aHamizy [5, 6].
JlocBin 3acTocyBaHHS UX 3ac00iB IOKA3aB, 1110 BOHHU € e(heK-
TUBHUMM JUTS IOCITIJDKEHHS TEIUIOBHX PEXKUMIB Pai0eTIeKT-
POHHMX anapaTiB Ta ix onrumizaii [ 7-10]. Ajxe onHOUacHO-
T'O JOCTIiDKEHHS MAaCOrabapuTHHUX 1 TETUIOBUX XapaKTepHC-
THK paIiOeNeKTPOHHUX amapaTiB HE MPOBOIWIOCH, IO
YCKIIQJIHIOE PO3POOKY METOMUK 1 allTOPUTMIB ONTHUMIi3aii
HECYIHX KOHCTPYKITi.

Mertoro poOOTH € TOCTiIKEeHHS 3B’ SI3Ky Macorabapur-
HUX [TOKA3HUKIB 1 TEIDIOBUX PEKUMIB TEPMETHIHUX OJIOKIB
eTa)XepHOI KOHCTPYKIIii. /{715 BUpilieHHs TOCTaBIIeHOI 3a1a4i
HEOOX1/THO:

— pO3pOOUTH CHpOIIIeHY KOHCTPYKIIO 1 TEIIIOBY MOZIEINH
TepPMETHYHOr0 OJIOKa eTa)kepHOi KOHCTPYKIIIT ;

— IOCITiTITH MacorabapyuTHI TOKa3HIKH Pi3HUX CTPaTeTil
OITHMI3ALIIT;

— JIOCIIZIMTH TEIJIOBI XapaKTePUCTUKH TePMETHIYHUX
OJIOKIB eTaXepPHOI KOHCTPYKIIiI.

PesynbraTi TAKMX JOCTI PKEHb MOKYTh BUKOPHUCTOBYBA-
THUCS AJIs1 BHOOPY ITapaMeTpiB HECyInX KOHCTPYKIIiH 3a O-
THUMAJEHAUMH MacorabapUTHAMH TOKa3HUKAMHU.

1 KOHCTPYKIISA TEPMETUYHOI'O BJIOKA

Jl71st BUSHa4EHHsI y3arajJbHEHUX BIIaCTUBOCTEN NPOLIEIYp
KOMIIOHOBKH HEOOX1IHO BHKOPHCTOBYBATH CIPOIICHI KOH-
CTPYKLI1 IPHUCTPOIB, SIKi MiCTATH y3araiabHeHi enemeHTd. [Ipn
aHai3i MacorabapuTHIX MOKA3HUKIB CIPOIICHA KOHCTPYK-
1ist OJIOKa HEe BPaxOBYeE Macy i TabapuTH eIeKTpopaIioese-
MEHTIB, 3’ €IHyBadiB i €JIeMEHTiB 00’ éMHOTO MOHTaXYy. ['a-
0apUTH EITEKTPOPAIiOCIIEMEHTIB BPaX OBYFOTHCS BiIIOBIIHOIO
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BiJICTAaHHIO MiX IpyKOBaHUMH Iu1aTaMu. B KoHCTpyKmii Ta-
KOXX BiJoOpaeHo, 1110 YCi IUTaTH MAIOTh OHAKOB1 pO3MipH.
L1i npurmyIieHHs1 BpaxoBYIOTHCS Y CHPOIIEHIH KOHCTPYKIIT
TepPMETUYHOro OJI0Ka eTa)kepHOi KOHCTPYKIii, TOKa3aHOTO
Ha puc. 1, ne mo3HadeHo: 1 — KpHIlIka KOpITycy; 2 — APyKo-
BaHi ID1aTH; 3 — CTOSIKH;, 4 — OCHOBA KOPITYCY.

00’eM repMeTHYHOTO OJTOKa BU3HAYAETHCS CITIBBIIHO-
IIICHHSIM:

V=L1 L2 L3, (1)

ne Ly, L, 1 Ly —mupuHa, JOBXKUHA 1 BUCOTA KOPIIYCY.
Po3mipn kxoprycy o04MCIIOIOTBCS Yepe3 MapaMmeTpu
€JIEMEHTIB KOHCTPYKIIiIH 3 IOTIOMOT'OIO CITiBBiJTHOLIIEHB:

Ll =ll+2a+2dl(; L2 =12 +2b+2dK,

Ly = hy +ndyy +(n—)hy +hy , @

ne [} i/, — NoBXKMHA 1 IMPUHA APYKOBAHOI IJIATU; a 1 p —
BiJICTaHb ILIAT BiJl OOKOBUX CTIHOK KPHIIIKH KOPITYCY; d/; —TOB-
IIMHA KPUIIKY KOPILYCY; # — KUIBKICTh APYKOBAaHUX ILIAT; A, 1
h, —BiICTaHb IUIATH Bi/I OCHOBH KOPITYCY Ta BEPXHBOI CTIHKI
KPHILKH KOPIYCY; /4, —BiACTaHb MIX IUTaTaMH.

h K

Puc. 1. CrpomieHa KOHCTPYKIis TePMETHYHOTO OIoKa

[Tmomia momepeyHOro mepepizy KOpIyCy NOCATae
MiHIMaJTBHOTO 3HAYCHHS [TPU BUKOHAHHI YMOB:

3)

ae Sy, — IIoIIA IIaTy.

[Tonma KOXXKHOI TUIATH OOYHCIIOETHCS 3 ypaxyBaHHSIM
MOHTaKHOT IIJTOII YCiX eJIeKTPpOpalioeNeMeHTiB, KIJIbKOCTI
IUIAT, KUTBKOCTI CTOSIKIB 1 1X TUTOMII TIOIIEPEYHOro Iepepizy:

Sy =5 mS,. @

ne S, —3araabHa MOHTAKHA IIOMIA, Ky eJeKTPOpaioese-
MEHTH 3aiiMaroTh Ha YCiX IUIATaX; m — KUTBKICTh CTOSKIB, HA
SIKAX 3aKPIIUTIOIOTHCS IIaTH; S, — IUIOMIA MOIEePEYHOro Ie-
pepi3y crosika.

[Tpu oGuncnenHi Mmacu O10Ka BpaxoBYBaJIMCh Maca Oc-
HOBH 1 KPHIIIKU KOPITYCY, Maca IlIar i CTOSIKiB:

mg =My, +my +my +mg, ®)

Je mg— Maca Onoka; mg i my, my; i m, — Maca OCHOBH 1
KPHIIKH KOPITYCY, IUIAT i CTOSIKIB.

JlonaHku y ciiBBiHOMEHH] (5) 00YHCITIOIOTHCS 3 JIOTI0-
MOTOIO BUPA3iB:

my =po(Ly —2d)(Ly —2dy)-d, ;
my = pKdK[z(Ll +L2 _dK)L3 +(L1 _ZdK)(lQ _Zdl()] 5

my =pyhlydy; mg=pemlhy +(n—1h, ]S, ©)

1€ Po 1 Py, P 1 P — FYCTHHA MaTepialy OCHOBU 1 KPHIIKU
KOpIIycCy, IPYKOBaHHX ILIAT 1 CTOSAKIB; d ;— TOBIIMHA OCHOBU
KOPILYyCY.

CrisignomeHss (1), (6) BAKOPUCTOBYFOTHCS AJIs 004HIC-
JICHHS MACOra0apUTHAX MOKa3HUKIB TEPMETUIHUX OJIOKiB
eTa)KepHOI KOHCTPYKIIi.

2 JOCTKEHHSI MACOTABAPUTHHX
TIOKA3HHKIB

MacorabapuTHi TOKa3HAKA OJIOKIB PaioeIeKTPOHHUX
arapariB OLIHIOIOTECS X 00’ €MOM, Macor0 Ta Macoradbapu-
TOM — 100OyTKOM MacH i 00’ emy O6moka. OcTaHHil mapaMeTp
€ aHaJIOroM CITiBBIHOILIECHHS IiHA/AKICTh, SIKIIIO BBAXKATH,
110 Maca OJIoKka BU3HAYa€ HOro BapTiCTh, a SKiCTh IPUCTPOIO
obepHeHa 10 00’eMy 6moka. JlocmimkeHHss Macorabapur-
HUX MOKa3HHKIB IIPOBOIMIIOCH aHATI30M MacorabapuTHIX
XapaKTEePHUCTHK OJIOKA, IO YTBOPIOETHCS SIK 3aJI€KHICTh Ma-
corabapuTHHX ITOKA3HHUKIB Bil KUTBKOCTI JPYKOBAHKX IIAT TA
BiJICTaHi MXK HUMH. Y BiJIIOBIAHOCTI i3 MacorabapuTHUMHA
MOKa3HUKaMH YTBOPIOIOTECS XapaKTePHCTUKH: Fa0apHuTHA,
Hecyda Ta MacorabapHuTHa.
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['aGapuTHi XapakTeprCcTHKN OJIOKa yTBOPIOBAINCH SIK
cim’s rpadikiB 3aI€XKHOCTI 00’ €My KopIrycy (B JTiTpax) BiJ
KIJIBKOCTI IPYKOBAaHUX IUTAT. Y 3B’S3KY 3 BEJIMKOIO KLTBKICTIO
nlapameTpiB y ciBBiHOmeHHsX (1) Ta (6), anasi3 Macorada-
PHUTHHX XapaKTEPUCTUK ITPOBOAUTHCS 3 YpaXyBaHHAM Jiesi-
KHX KOHCTPYKTHBHHUX 00MexkeHb. OOUNCIEHHS TPOBOIUTE-
s IIpY TOBIUHAX d. = d;=2 MM, d,= 7 MM, AiaMeTp CTOsKa
MaB 3Ha4eHHs d ;= 7 MM, a 3araJibHa ILIOIIA yCIX eIeKTPopa-
nioemeMenTiB — S,= 0,04 MM2. Bincrans miar Bix O0KOBUX
CTIHOK KPHUIIKH KOpITyCYy BHOHpanzach OJHAKOBOIO
a = b= 5 mm. OHaKOBUMM TAKOXK 33aBaJIMCh BiICTaHi MiX
IUTIaTaMH, a BIJICTaHi IJIaT BiJl OCHOBH Ta KPHUILIKH KOPITYCY HE
3MIHIOBAJIUCH i 10piBHIOBAIH /1= 20 MM, /1, = 10 Mm. OOuic-
JIEHI NPY BKa3aHUX KOHCTPYKTUBHUX OOMEKEHHSIX TabapHTHI
XapaKTepUCTHKH T€PMETUYHOro OJIOKa eTa)KepHOi KOHCT-
pykuii mokasasi Ha puc. 2.

I3 puc. 2 BUIHO, MO 3aJIEKHICTH 00’ €My OJIOKa Bif
KIJIBKOCTI TUIaT Ma€ MiHIMYM IpH KUTBKOCTI Iiat n =15 — 7.
[NopiBHSHO 3 OMHOIUIATHIME OJIOKAMH OMTHAMI3aIlisl KUTBKOCTI
IUIAT JO3BOJISIE 3MeHIuTH 00’ eM O10Kka Ha 40—-60 %. Onru-
Mi3allist MOKJIMBA ITpY OyAb-sIKii BiZICTaHI MiX APYKOBaHHU-
MU IUTATaAMH.

Hecyui xapakTepucTHKH OJI0Ka YTBOPIOBAINCS SIK CIM 5T
3aJI©KHOCTEH MacH KOPITYCY BiJl KITBKOCTI APyKOBAHUX ILIAT.
OO6uncreni 3 7ormoMororo criBBigHoOmeHHs (5) 1 (6) Hecydi
XapaKTepPUCTHKHI TepMETHIHOr0 OJI0Ka HaJato0ThCs Ha puc. 3.
[Tpun oOunCTIEHHAX BpaX0BYBaJIOCh, IO CTOSIK, KPHIIIKA 1 OC-
HOBa KOPITYCY BHTOTOBIISIIUCSI 3 QNIOMiHIIO TYCTHHOIO
P=2700 xr/m*, a GararormapoBi IpyKoBaHi IJIaTH MAIOTh I'y-
ctuny p= 1800 xr/m>.

I3 puc. 3 BuaHO, 1110 301TBIIEHHS KIJIBKOCTI IIAT € eeK-
THUBHUM 3aXOJOM 3MCHIIEHHS Macu Oioka. Bubopom
KUTBKOCTI IDIaT Maca OJoka 3MeHmyeThes y 1,5-2,5 pasu
MTOPIBHSAHO 3 OMHOIUIATHAM KOpPITycoM. Taka eeKTHBHICTh
00yMOBJICHA 3MEHIIICHHSIM IUTOIII OCHOBH KOPITYCY, IKa Ma€
3HAYHY TOBIIMHY JJIs 3a0€3IeUeHHsT MEeXaHI9HOI MIiITHOCTI
KOHCTPYKIIii i repMeTu3arii 3’ enHyBadiB. EkcrpemansHi 3Ha-
YEHHS Ha HECYJHMX XapaKTEePUCTHKAX CIIOCTEPIraloThCs NPH
MEHIIHX 3HAYeHHSIX KUTBKOCTI TIaT OPiBHSHO 3 rabapUTHH-
MU XapaKTePUCTUKAMH.

hn: 40mm
-

)

((r

30mMM
_________‘__.——-——"_'__.——-

| 20mm

[&]

[ 10mMM

MM

0 5 10 15
Puc. 2. 'abapuTHi XapaKTEPUCTHKH TE€PMETUIHOrO OJI0Ka
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MacorabapHTHI XapaKTepHCTHKN YTBOPIOIOTBCS SIK CIM 5T
3aJIeXKHOCTEH Macorabaputy (Jo0yTok MacH Ta 00’ eMy OJio-
Ka) BiJI KiJIbKOCTI IpyKoBaHUX Iu1at. OOuucieHi 3a 101momMo-
roro criBBigHomIEHs (1)—(6) MacorabapuTHI XapaKTepHCTH-
KH JOCIIIJDKYBAHOTO OJIOKA ITOKa3aHi Ha puc. 4.

I3 puc. 4 BuaHO, M0 eKCTpeMaNbHI 3HAYEHHSI KIJTBKOCTI
IUTaT Ha MacorabapuTHUX XapaKTePUCTHKAX 3MEHIIYIOThCS i
JIeXKaTh B Jiara3oHi Bij 3 10 5 IpyKOBaHUX IUIAT. 3HAYEHHS
OIITUMAJIEHOTO Macorabapury y 2—3 pa3u MEHIe Macora-
0apuTy OTHOIUIATHOTO KOPIIYCY.

Amnarnoriyni rabapuTHi, Hecydi 1 MacorabapuTHI Xapak-
TEPUCTHKU MAIOTh TepMETHYHI OJIOKH eTa’KepHOI KOHCTPYKIIT
13 IHIIMMHY TTapaMeTpaMy OCHOBH, KPHIIIKH KOPITYCY, CTOSIKa
1 IpyKoBaHoi ru1aty. Lli XapakTepucTHKH MOXYTh BUKOpHC-
TOBYBATHCSI IIPH ONITHMIi3allii KOMIIOHOBKH OJIOKa /1715 BHOO-
Py KUTBKOCTI IpyKOBaHUX ru1at. Bubip Bifcranei Mix 1iara-
MH IIPOBOJIUTHCS 3 ypaxXyBaHHSIM TEIUIOBUX PEXHUMIB OJIOKIB.
JI1 pOr0 BUKOPHCTOBYIOTHCS TEIIOBI XapaKTEPUCTHKA
PpaioereKTPOHHUX ITPUCTPOIB.

KU | m

h, = 40Mm
"

3 -
/—/ 30Mm

S~ —— ——-—_——______.-—-' 20mMMm
#‘
- 10mm
! i Smm
. n
o 5 10 15

Puc. 3. Hecydi XapakTepUCTHKH TePMETHYHOTO OJIOKa
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Puc. 4. MacorabapuTHi XapaKTepUCTHKH I'eépMETHYHOro OJI0Ka

3 JOCIIZKEHHSA TEIVIOBUX PEXKUMIB

JlocmimKeHHST TeIUIOBUX PEXHUMIB TMPOBOAMIOCH IIPO-
TpaMHUMH 3ac00aMHU iHXKeHepHOro aHami3y [5]. s mporo
YTBOPIOBAJIMICS TEIUIOBI MOJIENTi, B IKHX BUKOPHUCTOBYBAIIUCH
NPUITYIIECHHS:

— BiBiX Teruia Big OJ0Ka y HABKOJHIITHE CEPEIOBUIIIC
BiIOyBA€THCS TUTHKU KOHBEKIII€0 Ta BUIPOMIHIOBAHHSM y
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TIOBITPSTHOMY IIPOCTOPi, B CE€peAnHi OJIOKa BPaxOBYETHCS
TaKOXX KOHIYKTUBHUM MEXaHI3M Ieperadi Tera;

— repMETHYHHM OJIOK 3aTIOBHIOETHCS APTOHOM;

— PO3MOILJT TYCTHHHM TEIJIOBOTO TIOTOKY IO IIOBEPXHi JPY-
KOBAaHHX IUIAT 33/1aBaBCs OHAKOBHMM 1 pIBHOMIPHNM Ha yCiX
IUIaTax;

— MeTaJTi3alis 6araTonapoBux JPYKOBAHUX IIAT BPaxo-
ByBaJIacs aHI30TPOITi€I0 KOe(DiIliEHTIB TETUIONPOBITHOCTI Y
aKciaJIbHOMY Ta pajiajIbHOMY HalpsIMKaXx, 1HIII MaTepiain
BBXAJIHCSI OHOP1THUMHU Ta 130TPOITHIMU;

— IpyKOBaHi IJIATH, PO3TALIOBYBAJIMCH Y OJIOI TOPU30H-
TaJBHO, IO Bi/AMOBiAa€ HAUTIPIIOMY TEILIOBOMY PEXKUMY.

JlociimKeHHs TeTI0BOro PeXXUMY OJIOKiB IPOBOAMIIOCH
TIpH KUTBKOCTI TL1at # = 3. B mpomeci gociipkeHb 3a1aBaiach
TeMIepaTypa HaBKOJIHUIIHBOIO cepefobumma ¢, = 50°C 1 xo-
ediieAT 9YopHOTH ycixX moBepxoHs € = (0,9 1. KoedimieHT Ter-
JIOTPOBIZTHOCTI CTOSIKIB, OCHOBH 1 KPUIIKH KOPITYCY JOPiB-
HioBaB A, =140B1/M'K. Baratomaposi ApykoBaHi ILUIaTH
Maiy koe(ili€eHT TertonpoBiaHocTi A, = 2(20)B1/M-K Bigro-
BIJIHO y aKciaJIbHOMY Ta pajiialbHOMY HanpssMKax. Ha kokHii
JIpyKOBaHi miiati po3citoBaiack MoTyxHicTs P = 2BT. Mo-
JIEITFOBaHHSI PO3IIOALTY TEMIIEpATyp B TepMETHYHOMY OJIorti
eTa)XepHOI KOHCTPYKIIi MpoBoawiIochk B cepenoBuini Solid
Works 3a mormomororo momymst Flow Simulation. Jocmimky-
BaBCsI PO3IOLT TEMITEPATYP Ha eJIEMEHTaX KOHCTPYKIIiT OJIoka
TIPY 3MiHI BiJICTaHI MiX IPYKOBaHUMH IIaTaMH.

B niporieci focitimkeHs 351COBaHO, 10 TP 3a3HAUYSHUX
TIOTY)KHOCTSIX TIepena]] TEMIIepaTypH I0 TOBEpXHi OI0Ka He
niepesuntye 0,16°C. OcHOBHI niepenaay TeMIepaTypy BUHA-
KaJIM Mi>K TIOBEPXHEIO KOPITYCY 1 HABKOIIMIIIHIM CEPEIOBHIIIEM
(mo 14°C), a Takox 1o crosiky (1o 10°C). MakcumanbHe 3Ha-
YEeHHs TEMITEPATypH CIIOCTEPITaioch Y IIEHTPi CepenHbOi APY-
KOBaHOI IIaTH i focsraio 72°C mpu BiacTaHi MK IIaTaMu
hy =5mm. Lle 3Ha4eHHs TeMnepaTypu Moke OyTr KpHTHI-
HHM JUIs1 TOBEPXHi KOPITYCiB JESKUX EJIEKTPOpaIiOeNIeMeHTIB.

3a pe3ynsraTaM¥ JOCHTIHKEHb YTBOPIOBAIHCH TEILIOBI
XapaKTePUCTHKH TePMETUIHOTO OJIOKA, SIK CiM’ 5T 3aJI€KHOC-
TEH TEIDIOBOTO OIOPY IUIAT Bifl BiICTaHI MK ITATAMH:

J€ R ;— TeIUIOBUH Omip MiX LEHTPOM i-TOI ILIATU 1 HABKO-
JMIIHIM CepelloBHIIEM; ¢; — TEMIIepaTypa B LEHTpI i-Tol
JPYKOBAHOI IIaTH; Fy — 3arajibHa MOTYXKHICTb, IO PO3Ci-
IO€ThCA yciMa TuTaTaMu OJI0Ka.

YTBOpEHi TEII0B1 XapaKTepUCTHKH TEPMETHIHOTO OJI0-
Ka i3 3a3HaYCHIMH ITapaMeTpaMU eIeMEHTIB KOHCTPYKITii
HAJArOThCS Ha puc. 5, ne rpadiku 1, 2 1 3 BiAmoBigawTh
HIDKHIN, cepeHii i BepXHiH I1aTtam.

[IpuBeneHi Ha pHC. 5 TEIDIOBI XapaKTEPUCTHKHA ITOKA3y-
I0Tb, II0 HAHOINBIII TEIJIOBI OMOPH YTBOPIOIOTHCS TPHU
BizcTaHi Mk mmataMu 2—5 MM. [osiBa ITUX eKCTpeMaTbHIX
ITSTHOK 00yMOBIIeHA (hi3MIHUMHU MIPOIIeCaMH MOOITU3Y T10-
BEPXHI TBEPJOTO Tijla, Ie YTBOPIOETHCS IIap HEPYXOMOTO
TEIUIOHOCIS Yepe3 SIKUH TeTUIOBUIA MTOTiK B HABKOJIUIITHE Ce-
penoBHIIe TepeIacThCs TEIUIONPOBIAHICTIO. 30UTBIICHHS

h, = 40mm

1.5 / ’/
30Mm
/

1.0 < —

e 2O MM

e | (O

0.3 ——

Smm

=]

5 10 15

Puc. 5. TeroBi XxapakTepUCTHKN T'epPMETUYHOrO OJI0Ka

BiJICTaHi MIXX IUTATAMH{ YTBOPIOE YMOBH JUTS PYXY TETUIOHO-
Cis, IOSIBM KOHBEKTHBHOTO TEIUIONEPEHOCY 1 3MEHIICHHS
TerIoBoro onopy. L{poMy cripusie Takox 301IBIICHHS I10-
BEPXHI KOPITYCY.

JlociimKeHHS TeTIOBOTO PEXUMY IUIaT IT0Ka3ajo, o B
TepPMETUYHOMY KOPITyCl HaHOIIbII TEIIOHABAHTAKEHOIO €
cepeiHs ILIaTa i3 TeIwloBuM onopoM R,=3,66 K/Br npu
BiJICTaHi MiX IIaTaMu /i, = 5 MM. MakcuMabHe 3Ha9CHHS
TEIJIOBOT'O OIIOpPY HIDKHBOI IUTaTH Ha 15 % HIpKYe TeroBo-
TO OITOPY CEPEIHBOI IUTATH, 301TBIIICHHS Bi/ICTaHI MiX ITaTa-
MH CYTT€BO BIUIMBAE Ha iX TeIuioBuii omip. [Tpu Bincrani Mix

mwiataMu /i, = 40 MM TEIUIOBUiA OMip CepeHbOI IUTaTH 3MEH-

mryetses 10 R, =2,4 K/BT, mo BiamnoBigae Temieparypi y
LIEHTpI cepenHboi atH ¢, = 64,4°C. BiacransaM Mix 1miaTa-
MU 2—-5 MM BianoBiznae remneparypa 72°C. 3a3HadeHi Tern-
JIOBI PEXUMH 3aJ0BOJIBHIIOTH YMOBaM €KCILTyaTalil
OLIIBIIIOCTI ENIEKTPOpPaIiOeIEMEHTIB TIPH TEMITepaTypi HaBKO-
JIMIIHBOrO cepeioBuma ¢, = 50°C. Asie 301IbLIEHHS NOTYX-
HOCTI MOYKe TPU3BECTH JI0 IIEPEBUILICHHS TEMIIEPATyPH KOp-
ITyCiB eNIEKTPOPaTiOeIEMEHTIB HaJT OMYCTUMIMHU.

Ter1oBi XapaKTepUCTHKU MOXKYTh BUKOPHCTOBYBaTHCh
TIpY KOMITOHOBII 1 OIITHMi3aIlii TepMETHYHUX OJIOKiB €TaXKep-
HOI KOHCTPYKII1 I7151 BU3HAYECHHS BiZICTAHEH MIXK IPyKOBaHH-
MU IUTaTaMHU. 3aCTOCOBYIOTHCS Ii XapaKTEPUCTUKHU IICIIS
BM3HAYECHHS KUTBKOCTI TUIAT 3 JOTIOMOT'0I0 Ta0apuTHHX, He-
CY4YHX YM MacOrabapuTHHX XapaKTEPHUCTUK B 3AJISKHOCTI Bill
cTpaTerii onTuMi3amii: MiHiMaJIbHOI MacH, MiHIMaJIBHOTO
00’eMy 4y Macorabapwry.

BUCHOBKHA

JocmimkeHHs cTpaTeriii KOMIIOHOBKH TePMETHIHHUX
OJOKIB eTa)kepHOi KOHCTPYKIIIT ITOKa3aJIo, M0 3MiHa KUTBKOCTL
JPYKOBaHUX IUIAT JO3BOJISAE 3HAYHO IOKPALIUTH Macorada-
PUTHI IOKa3HUKH OJIOKiB. 30UTBIICHHS KiIBKOCTI ITaT MOXKE
3MEHIIINTH ITi TOKa3HUKH Y 1,5—3 pa3u B 3aJI€XKHOCTI Bif cTpa-
Terii KOMITOHOBKH. J{7151 BUOOPY KiTBKOCTI IJIaT BUKOPHCTO-
BYIOTBCSI TaOapHTHI, HECYUi 1 MacorabapuTHI XapaKTepUCTH-
ku. B mepmoMy BUTIaKy BiZOYBa€THCS ONTAMI3AIIIS 00’ €My
6710Ka. Y IpyromMy i TpeTbOMY BHIIAKaX OIITUMi3yETHCS Maca
61oka Ta fioro macorabapur — 100yTOK Macu Ha 00’ €M 0710~
Ka. MoxHa BBa)kaTH, IO MacorabapuT XapaKTepH3ye
CIIiBB1IHOIIICHHS ITiHA/SKICTH anapaTypH.
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JIoCTiDKEHHS TeIJIOBUX XapaKTEPUCTUK TePMETHIHHX
OJIOKIB MOKA3aJ10, ITI0 HAHOLTBIII TEIJIOHABAHTAKEHUMH € €JICK-
TPOpaaioeTIeMEHTH PO3TAILIOBAHI HA CEPE/IHIX IUIaTax repMme-
THYHOTO 6710Ka. TeII0B1 XapakTepUCTHKH OJIOKIB MaIOTh €K-
CTpeMaTbHi JUTTHKY TP BiICTAHIX MK TDTATAME 2—5 MM, 1110
00yMOBJIEHO (pi3NMIHNMHU IIPOLIECAMH ITOOJTH3Y TIOBEPXHI TBEP-
JIOTO TiNa, JIe YTBOPIOETHCS MIap HEPYXOMOIO TEIIOHOCHS,
Yyepe3 SIKN MepefaeThesl TEIUIOBHH MOTiK B HABKOJHUIITHE Ce-
penosuie. [Toganpire 301IbIICHHS IUX BiJICTaHEH YTBOPIOE
30HHU PyXOMOT'O TEIJIOHOCISI, 301JIbIIye MOBEPXHIO KopITyca i
3MEHIITY€ IePerpiB IUIat.

[Mpu mineHIA ynakoBIi miar y 6omni TemMrepaTypu Kop-
IyCiB €JIEMEHTIB MOXYTh IIEPEBHIIYBATH IPAHUIHO JIOITyC-
THMI 3Ha49eHHs1. 30UTBIICHHS TETUIOBHUX TOTOKIB MOYKIIMBO IIPH
30LTBIIICHHI BiJICTaHI MiX ITATaMHU, TIOTi pIICHH] Macorada-
PUTHHX TIOKa3HUKIB OJIOKIB a00 BUKOPHUCTaHHI TOJaTKOBUX
TETUIOBIABOIIIB.

YTBOpeHI TEIIOBI XapaKTEPUCTUKH MOXKYTh BUKOPHCTO-
BYBATHCh IIPH KOMITOHOBIII TEPMETHIHUX OJIOKIB eTaXepHO1
KOHCTPYKI JUTsl BU3HAYEHHS BiJICTaHEeW MiX IPYKOBAaHUMH
IIaTaMH. 3aCTOCOBYIOTHCS I1i XapaKTEPUCTHKH ITiCIIs BU3HA-
YEeHHs KUIBKOCTI IUIAT 3 JIOMIOMOTOI0 TabapUTHUX, HECYUHX
Y1 MacorabapuUTHUX XapaKTEePHUCTHUK B 3aJIEKHOCTI Bij CTpa-
Terii onTUMi3arii.
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HCCIEAOBAHUE MACCOIABAPUTHBIX U TEIIVIOBBIX XAPAKTEPUCTUK TEPMETHUYHBIX BJIOKOB PA/ITNO-

SJIEKTPOHHOM ATIITAPATYPT

HccenenoBana 3aBHCHMOCTh 00bEMa, MAacChl M MacoradapuTa OT KOJIMYECTBA IUIAT U PACCTOSIHUS MKy HUIMH B TEPMETHYHBIX OJIOKaX
PaIMO3NIEKTPOHHBIX anmnaparoB. [1oka3aHo, 4TO ONTHMH3ALHUS HECYIINX KOHCTPYKIUI MOKET YMEHBIIUTh MaccOrabapuTHBIC TOKA3aTeIH
B 1,5-3 paza o cpaBHEHMIO C OJHOIIATHON KOMITOHOBKOH. AHAJIM3UPYyeTCs 3aBUCHMOCTh MaKCUMAaJIbHOM TeMIeparypbl Ha KaXk0# ruiare
OT PacCTOSHUIN MEXy IUIaTaMy. XyAIHK TEIJIOBOH PeXUM HaOMIONAeTcs MPU PacCTOSHUU MEXy IUiatamu 2—5 MMm. MonenupoBaHue
TEIUIOBBIX PEKUMOB OCYLIECTBILIOCH IIPOTPaMMHBIMU CPEICTBAMU WH)KCHEPHOTO aHAIM3a.

KawoueBble ciioBa: repMeTHUHBIC OJIOKH, HECYIIHE KOHCTPYKIUH, KOMIIOHOBKA, MaccOra0apUTHBIC M TEIIOBBIC XapaKTEPUCTHKH,
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RESEARCHING THE MASS, SIZE AND THERMAL CHARACTERISTICS OF ELECTRONIC DEVICE SEALED UNIT

The dependence of volume, mass and size on the number of boards and the distance between them in sealed unit of electronic devices
is researched. Mass and size characteristics are calculated excluding the mass of electronic components, wiring harness and connectors.
During packaging the total mounting of electronic components does not change. Dimensions of each board are included the rock areas and
guard bend at the board boundaries. The square boards are used to reduce the volume.
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Overall dimensions of the unit are given as the family of block volume dependencies on the number of boards if range of board-
distances is equal from 5 to 40 mm. The minimum volume of the unit is provided from 5-7 boards. Then the volume is reduced by 1,5—
2 times in comparison with one-board units. The mass of the block is reduced 1,5-3 times under the same conditions.

The dependence of maximal temperature on each board from distance between the boards is analyzed. The temperature mode is the
worst if distances between the boards are from 2 to 5 mm.

The research of the mass, size and thermal characteristics has allowed to reduce design errors and to improve the quality of the
electronic device design simultaneously.

Keywords: sealed units, supporting structures, layout, thermal characteristics, software, engineering analysis, optimization.

REFERENCES

Lutchenkov L. S. Avtomatizirovannoe proektirovanie
nesushhix konstrukezij radioe’lektronny’x sredstv. Moscow,

v perspektivny’x bazovy’x nesushhix konstrukcziyax
stoechnogo tipa s teplovy’mi trubami, Matematicheskie
mashiny’ i sistemy’, 2008, No. 2, pp. 90-99.

o , 8. Shilo G. M., Ogrenich E. V., Gaponenko M. P. Proektirovanie
Rad1ﬁo i svyaz’, 1991. - 204 s. . . radiatorov s optimal’ny’mi massogabaritny’mi parametrami,
OV.SIShheI' P. L, .Golovanov Yu. V. Nesushhlf: konstrukezii Texnologiya i konstruirovanie v e’lekironnoj apparature,
radioe’lektronnoj apparatury’. Moscow, Radio i svyaz’, 1988, 2011, No. 1-2. pp 30-33
232’p. ) . . 9.  Gaponenko M. P., Sirotyuk O. V., Ogrenich E. V., Lopatka J.
Dul’nev G. N. Teplo- i massoobmen v radioe’lektronnoj A., Areshkin E. K. Optimizacziya ob”yoma germetichny’x
apparature. MOSC(,)W’ ’Vy ssh. shk., 1984, 247 p.. blokov radioe’lektronnoj apparatury’, Prikladnaya
szetl.<ov E F, Grigor'ev B. A. Teplomassoobmen: Uchebnoe radioe’lektronika (Applied Radio Electronics), 2012. No. 3.
posobie dlya vuzov. Moscow, Izdatel’stvo ME’L, 2005, 550 p. pp. 455-458.

Alyamovskij A. A. Inzhenerny’e raschety” v SolidWorks 10. Farcas C., Ciocan I., Petreus D., Palaghita N. Thermal

Simulation. Moscow, DMK Press, 2010, 464 p.

Danilov Yu., Artamonov 1. Prakticheskoe ispol’zovanie NX.
Moscow, DMK Press, 2011, 332 p.

Verlan’ A. F., Goroshko I. O., Nikolaenko Yu. E.
Komp’yuternoe modelirovanie proczessov peredachi tepla

modeling and analysis of a power device heat sinks, IEEE
18th International Symposium for Design and Technology in
Electronic Packaging (SIHITME) 25-28 Oct. 2012, 2012,
pp. 217-222.

47



MATEMATUYHE TA KOMIT'FOTEPHE MOJEJIFOBAHH S

MATEMATUYHE
TA KOMII'IOTEPHE MOJAEJIIOBAHHAA

MATEMATUYECKOE
N KOMIBIOTEPHOE MOJIEJIMPOBAHUE

MATHEMATICAL
AND COMPUTER MODELLING

Y/IK 621.396.6, 621.8.019.8

ApTioxoea M. A.", )KagHos B. B.2, lNonecckun C. H.3

TAcnupaHm, Mockosckull uHCmumym 37EKMPOHUKU U MameMamuKu HayUOHalbHO20 ucciedosamesbCKo20 yHugsepcumema

«Bbicwasi wkona 3KoHoMUKu», Poccusi

2KaHO. mexH. Hayk, npogeccop, Mockosckuli uHCmumym 37eKMPOHUKU U MameMamuKu HayUOHa/lbHO20 UCC1ed08ameribCKo20
yHusepcumema «Bbicwas wkona 3KoHoMuKu», Poccusi, E-mail: vzhadnov@hse.ru
3KaHO. mexH. Hayk, doyeHm, Mockosckuli uHCmumym 31eKmMpPOHUKU U MameMamuKu HayUuoHaIbHo20 uccriedosameribCKo2o

yHusepcumema «Bbicwas wkona 3KoHoOMuku», Poccusi

METO[ YYETA BJIINMAHNA CUCTEMbl MEHEOXMEHTA
HAOEXHOCTU NPEANPUATUA NMPU PACYETHOWU OLIEHKE
MOKA3ATEJIEN BE3OTKA3HOCTM 3NEKTPOHHbIX CPEACTB

B crarbe PaccMOTPEHbI OCHOBHBLIE aCII€KThl COBPEMEHHOI'0 1M0JIX0/Ja K IMPOrHO3UPOBAHUIO
rnokasarejieii 0e30TKa3HOCTH QJIEKTPOHHBIX CPEACTB OTBETCTBEHHOI'O Ha3HAYCHUS. HOKaBaHO,
4TO IpUu pacquHoﬁ OIICHKE MHTCHCHUBHOCTH OTKAa30B TaKHMX HM3JICITUN CIEAYECT YYUThIBATh HE
TOJIBKO TEXHHUYCCKHUE U NPOrpaMMHBIC CPEACTBA, HO U @aKTOpH, XapaKTEPU3yrIlue CUCTEMY

MCHEPKMEHTA HAAC)KHOCTU NPEANTPUATUA.

KnaioueBrble ciioBa: JJIEKTPOHHBIE CPEACTBA, HAACIKHOCTh, MHTCHCUBHOCTb OTKAa30B.

B npuHATBEIX B HacTodIIee BpeMsl METOAUKAX pacyuera
WHTEHCUBHOCTH OTKa30B AIIEKTPOHHBIX cpeacTB (DC) ypo-
BeHb TpeOOBaHMII K pa3paboTKe W U3TOTOBJICHHUIO arapa-
TypHI (0TPabOTaHHOCTH TEXIIPOIIECCa i YPOBEHD OpraHu3a-
LMY TPOU3BOJICTBA allIAPATYPhI) YUUTHIBACTCS C IOMOILBIO
«Koadppunmenra xagecTa mponU3BOACTBA ammmapatyps» [1]:

Apnp =Kp -Ag,

7€ Apryp — MHTEHCHUBHOCTB 0TKa30B DC; Ky — koo dumu-
€HT KayeCTBa [IPOU3BO/CTBA allapaTypsl; Ay — CyMMapHast
MHTEHCHBHOCTb OTKA30B KOMIUIEKTYIOILIHX JIEMEHTOB.

Koadduiment K, yanThIBaET U OTpa)kaeT CpeaHecTa-
THUCTHYECKYIO Pa3HHILy B HHTCHCHBHOCTH OTKAa30B 3JIEMEH-
TOB B aIlmapaType, pa3padaTeiBaéMOi 1 H3TOTOBJISIEMOM 110
TpeOOBaHUAM Pa3TUIHON HOPMATHBHON TOKYMEHTAIHH
(HHO). Tax, B cnpaBounuke «Hagexuocts PNy [1] mpuse-
JICHBI CIIAYIOIINE 3HaYeHHUS K03(D(PUIIeHTa B 3aBUCHMOC-
tn ot HJI:

— I10 KOMITJIEKCY CTaHAApTOB «Mopo3-...»: ;

— o nosoxkeHuto «PK-...»: .
Herpynno 3ameTtnts, uTo K03(hunment K, npencras-

JsieT co0Oi MHTErpaIbHYIO OIEHKY BIHSHHUS TpeOOBaHHMH

© AptioxoBa M. A., XKaguos B. B., ITonecckuii C. H. 2013
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H/I Ha MHTEHCUBHOCTH OTKa30B anmnapartypsl. Kpome toro,
ko3¢ dunneHT skcruryaranuu (Kn), KOTOPbIH YIUTHIBAET
CTENEHb )KECTKOCTHU YCIIOBUH 3KCIUTyaTallny 1 TIOKA3bIBACT,
BO CKOJIBKO Pa3 MHTEHCUBHOCTH OTKA30B 3JIEKTPOPAANOU3-
nenuii (OPW) B anmapatype KOHKpeTHOTo Kitacca (TPyIsI
skcroryartarn mo 'OCT PB 20.39.301 [2]) Beime mpu Beex
MIPOYMX PABHBIX YCIOBHAX, YEM B HA3€MHOI CTAIIMOHAPHOM
armmaparype [1], Tak ke IpeICTaBIIeT HHTErPATFHYIO OLICH-
KY BIIMSTHAS BHEITHUX BO3JEUCTBYIOMUX (pakTopos (BBD).
Bompocsr muddepennnpoBanHoii oneHky BiusHuss BBD
pu pacyerax kod3(h(uIpeHTa paccMOTpeHs! B [3], e mo-
Ka3aHo, 9TO B psie cirydaeB quddepeHImpoBaHHast OlleHKa
BiusHUSL BB® n03B0IIsSIET OBBICUTH TOYHOCTh OLIEHKHU KO-
s¢durmenta K~ B MOIET HHTEHCUBHOCTH 0TKa30B OPU u,
CJIEI0BATEIBHO, IPOrHO3MPOBAHUS TTOKa3aTenel 6e30TKa3-
HocTH DC B IIETTOM.

Hcxons u3 3Toro, a TaK e NpuHIMas BO BHUMaHHE TO,
4TO0 HapsAdy ¢ TpedoBanmsaMu HJ| mpu mpoexrupoBanmm DC
JIEHCTBYIOT M TPEOOBAHUSI CHCTEMBI MEHEIPKMEHTA KadeCTBa
(CMK), B cocTaB KOTOPBIX BXOASAT CHCTEMBI MEHEDKMEHTA
HagexsHoctd (CMH), mist onpenenenust 3Ha9eHUS KO3PPu-
muenTa K, npu Hanuduy arrecropaHHoil CMK cnenyer
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MIPUMEHSTH HE TOJIBKO YHCTO CTATUCTHYECKHUE, HO U 3KCTIep-
THBIC o1feHKH. Tak, B RIAC-HDBK-217Plus [4] npuBeneHa
METOMKA SKCIEPTHOM OLleHKU K03 duruenta K, B OCHO-
By KOTOPBIX TIOJIOXKEHA CIIEAyIoIasl KilacCu(pHKaIys KaTe-
ropuii otkazos IC:

— KOHCTPYKTUBHBIE OTKa3HI (design);

— IIPOM3BOJICTBEHHBIE OTKa3bl (manufacturing);

— JKCIUTyaTalMoHHbBIe 0TKa3HI (induced);

— JIerpaJiallioOHHbIe OTKAa3kl (Wearout);

— OTKa3bI KOMIUIEKTYIOLIHUX 3JIEMEHTOB (parts);

— OTKa3bl IporpaMMHoro obecniedenus (software);

— OTKa3bl, 00YCIIOBJICHHBIE HECOBEPILICHCTBOM CHCTEMBI
yIpaBieHus (system management);

— OTKa3bl, 00yCIIOBIICHHBIE HECOBEPIIEHCTBOM METOI0B
koHTpos (no defect).

OrnpeneneHns epBhIX YETHIPEX BUIOB OTKA30B PHUBEIC-
HeI B TOCT 27.002 [5], a7st ocTaNIbHBIX MOSICHEHUS IPHUBEIC-
HBI HIXKE.

OTKa3bl KOMILIEKTYIOIHX YIEMEHTOB — OTKA3bl, BO3HUKA-
IOIIME TI0 IPUYNHE TaKUX W3MEHEHHH apaMeTpoB dJIeMeH-
Ta, IPU KOTOPBIX OH HE MOXKET BBITIONHATD CBOH (DYHKIIHH.

OTKa3bl IPOrpaMMHOT0 00ECTIEYEHHS — OTKA3bl, BO3HHU-
KaloIKe MO IPUYHMHE IMIPOSBICHNS TAKUX OMIMOOK B KOZIE
MIPOrpaMMBI, IIPU KOTOPBIX OHA HE MOXKET BBIIIOJIHATH CBOU
GbyHKIMH.

OTKa3bl, 00YCIIOBICHHBIE HECOBEPILICHCTBOM CHCTEMBI
YIIPaBJIEHUS — OTKA3bl, BO3HUKAIOIINE 110 IPUYUHE HE 1pa-
BIJIBHOHM TPAaKTOBKH TPEOOBAHMH TEXHUYECKOTO 3aJaHus,
HECOBEPIICHCTBOM MEpPOIPUSATHI NporpaMMbl odecrede-
HUS HaJISKHOCTH M (MJIM) HE JOCTaTOYHOCTHIO PECYpPCOB,
BBIJICTICHHBIX JUIS1 €€ BBITIOJIHEHHSI.

OTKa3bl, 00YCIOBJICHHBIE HECOBEPILIEHCTBOM METOIOB
KOHTPOJIS — OTKA3bI, BO3HUKAIOLHE 10 IPUYHHE HEe BO3MOX-
HOCTH BBISIBJICHHS JIATEHTHBIX 1e(DEKTOB CYIECTBYIOIMMH
METOaMHU TECTHPOBAHHMS U KOHTPOJISL.

B [4] Taxoke prBeIEeHO TUTIOBOE IIPOIIEHTHOE pactipee-

Otrassl, H3-3a
HECOBEPUICHCTEA METOIOB

KOHTpoaS
20%

.ilm H3-3a

nerre oTka3oB DC 10 KaXI0H M3 paCCMOTPEHHBIX BBILIE
KaTeropuii, KOTOpoe MOKa3aHo Ha pHC. 1.

Kak cnemyer u3 puc. 1, nons orkazoB IC, BRI3BaHHBIX
OTKa3aMH KOMIDICKTYIOIINX IEMEHTOB, focTrraet 22 %, 94to
JUIIHAK pa3 HOATBEP)KIAaeT HEOOXOIUMOCTh TOBBIIICHHS
TOYHOCTH M JOCTOBEPHOCTH OLICHKH MX MHTCHCHBHOCTEH
oTKa30B. Kpome Toro, 105151 KOHCTPYKTUBHBIX U IPOU3BOJI-
CTBEHHBIX OTKAa30B B CyMMe€ COCTaBJIseT 24 %, 4TO TaKKe
CBHCTENBCTBYET O LIEJIECOOOPA3HOCTH MOBBIILICHHS TOYHO-
CTH U IOCTOBEPHOCTH OLICHKH 3HaUeHUs Kodpduumenta Ky,
ocobeHHO Tt DC KOCMUYECKHX aIlliaparoB C TUTSIBHBIMA
CpOKaMH aKTUBHOTO CYILIECTBOBaHUS [6].

O4YeBHIHO, UTO VTSI pa3IndHbIX KiaccoB JC pacrpee-
JICHHE OTKAa30B MOXXET OBITh M MHBIM, HO IIPH OTCYTCTBHU
TaKHUX JaHHBIX JaHHOE pacrpeaesieHue (cM. puc. 1) Moxer
HCIIONB30BAaThCs JUIsl pacdera koddduimenta K , mo mate-
MaTHYECKON MOJICIH, IPUBEIICHHOH B [4]:

KA =HPHIMHE +HD'HG+HM'HIMX

e /1p — k03 HHUIMEHT, YIUTHIBAIOIII OTKA3bI KOMILICK-
TYFOLIUX 3JIEMEHTOB; /1, — K03 HULIHEHT, yUUTHIBAOIHIA
OTKa3bl B HAYaJIbHBII [IEpUON (B IEPUOJ] FApaHTUITHOTO CPO-
Ka); I1; — ko3 PUIHMEHT, YIUTHIBAIOIIHI OTKA3bI N3-3a BIIH-
STHUSI BHEITHEH cpenbl; /7 ) — Ko3(h)UIIEHT, yIUTHIBAIOIITII
KOHCTPYKTHBHBIE OTKa3bl; /1 ; — K09 (UIHEHT, yIUTHIBaO-
LM 0TKa3bl, 00YCIOBJICHHBIC HECOBEPIICHCTBOM YIIPaB-
JIeHUsI TOBBINICHAEM HAACKHOCTH; I1), — KO3 UIHEHT,
YUHUTBIBAIOMINI IIPOM3BONCTBEHHBIE OTKA3bL; [1g —K0d(du-
LMCHT, YYUTHIBAIOLIHNI OTKa3bl, 00yCIOBICHHBIE HECOBEP-
IICHCTBOM CHCTEMBI YIIpaBIeHust; I1; — ko3 umuent, yau-
THIBAIOIINH SKCIUTyaTallHOHHBIC OTKA3bI; 11, — Koa(duIy-
€HT, YYHUTBIBAIOIHI OTKa3bl, 00yCIOBICHHbIEC HECOBEPIICH-
CTBOM METOZOB KOHTPOIST; /Iy — KO3 (GUIHEHT, yIUTHIBA-
IO IerpaJaliliOHHBIE OTKa3bl.

Puc. 1. Tunosoe pacnpenenenue otkazoB OC Mo KaTeropusim
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Kax cnenyer u3 Boipaskenust (1) K 5 npezcrasiiseT coboit
He MHTErpalibHyIo, Kak B [ 1], a MHOrodakropryto (mudde-
PEHIMPOBAHHYIO) OLIEHKY KauecTBa npousBozacTea JC. Ha
pHc. 2 puBeeHa THITOBAst THCTOrpaMMa BIMSHHUS KO3 (hhu-
1ueHToB Mozenu (1) Ha 3Hauenue K, npuBeneHHas B [7].

W3 puc. 2 xopo1io BUIHO, YTO HANOOJBIIN BKJIa 1 B 3HA-
yeHue K, BHOCAT kodpduruenTsl [, 11y, IIpu llg, a
ko3 dunuentst 11y, I1; u Iy — HaUMEHBIIHA.

3nauenus ko3 unnenta 17, monemu (1) paccautsl-
BaeTcs 1Mo (hopmyse:

-0,62

1,77
T7e { — rapaHTUIHBIN cpok (HapaboTka); SSggg — Koaddu-
LIMEHT OOHAPY>KEHUsI IATCHTHBIX 1ePEKTOB.
3navenus kodddunuenra SSggq B BhIpaxeHuu (2) pac-
CUUTBIBAETCS 110 (hopMyIe:

Iy = (1-SSgss ), @

55
ESS”’
rae SS — 9Mciio 00HApYKEHHBIX AedekToB; ESS — odmiee
YHCIIO IATCHTHBIX IE()EKTOB.

3nadenus ko3 dunuenta I1; monenu (1) paccuntsiba-
ercs mo opmyre:

0,6 5
0,855_{0,8.|:1_6—0,065-(AT+0,6) }+0,2-(1—e‘0’0460”‘ )}

0,205

SSEss =

,(3)

Iy =

IIe AT — U3MEHEHHE TeMIEpaTypsl; (G — CPEeIHEKBaIpa-
TUYHOE YCKOPEHHE CITy4aiHOH BHOparmu.
Ha puc. 3 npusezes Buj 3aBucuMocty 15 ot G.
3HaueHne AT B BbIpakeHHH (3) pacCUMTHIBaeTCs IO
bopmye:
AT =Ty T,

0K »

e 1,5 — Temmeparypa B pabouem pexume; 7, — Temiie-

patypa B peXXuMe OXKHUIAHUS.

16,00%

14,00%

12,00%

10,00%

§,00%

6,00%

4,00%

2,00%

0,00%

m mM 1P ns m m mw nc mi IE

Puc. 2. Tunosas rucrorpaMma BIUsHHAS KO3(QUIIEHTOB
maremarnyeckoit monenu K
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Puc. 3. 3aBucumocts I/ ot G

Ha puc. 4 npuseneH Buz 3aBUCUMOCTH [/ OT AT.
3nauenust KodOGUIUEHTOB 17 p, [T, IT 4, g, I}, 1Ty
u Iy, moxenu (1) paccuutsiBaercs 1o opmyie:

1

=0, [-1n(R,)] @

Iae o; U P; —HoCTOAHHbIE KOI((UIIUEHTH!I i-Oi KaTeropuu
OTKa30B; R; —3KCIIEPTHAsI OLIEHKA i-0i KaTeropuu OTKa30B.
Pexomennyemble 3HaueHHUs KOI(DPUIUESHTOB o; U f3;
TIPUBE/CHBI B TA0I. 1.
3nadenue R, B BeIpakeHnu (4) paccuuThiBaeTcs o Gpop-
MyJIe:

R=t ®)

rae Gj; — 3Ha4CHNUE j-TO KPUTEPHs [-Oi KaTCrOpUH OTKa3a,

W,; — BecoBoi KO3 PULHUEHT j-r0 KPHTEPHS i-OH KaTeTOpUN
0TKa3a; #; — KOINIECTBO KPUTEPHUEB i-Oif KATETOPHH OTKA3a.

3navenus koo GrmmenTos G;; n W,; Mozenn (5) onpene-
JISTFOTCS TIO BOIIPOCHUKY, IpuBeieHHOMY B [4]. Ha puc. 5, B
KauecTBe MpUMepa, puBeneH (pparMeHT TabInIlbl, comep-
Kallei BOIPOCHI M COOTBETCTBYIOLIME OTBETaM Ha 9TH BOII-
POCHI 3Ha9EHHSA KO3 YHUIMEHTOB G;; M Wy .

3nadeHus kodbdunuenta I1; moznenu (1) paccuursisa-
ercs 1mo hopmyse:

CL12-(e-2)"

e ; ©)

G
I7e o —KOHCTaHTa pocTa HAJEKHOCTH (o = R;).
3HadyeHue R; B BIpaxkeHuH (6) paccanThIBaeTCs 1o Gop-
myite (5) st kareropuu «[1oBEIIICHEE HAIEKHOCTI.
Ha puc. 6 npuBe/ieH TUIMYHBIN BUJ 3aBUCUMOCTH [1; OT

R; 1o dpopmyne (4).
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Crenyer OTMETHTB, YTO B «HJICAIBHOM CITydae 3Have-
Hus ko3¢ ¢unmentoB [7; Oynyt paBHsl 0 (cM. puc. 6) u, B
coorBercTBu ¢ (1), 3Hauenne K, Taroke Oyner paBHO 0.
Hpyrumu cnoBamu «uneansHas» CMH no3sonsier cozgats
«abcomoTHO HaznexkHOe» DC, UTO efBa JIM JOCTHXHUMO Ha
npakTuke [8].

Hecmotpst Ha 3T0 orpanndeHne, NpUMEHEHHE MOJIEIN
(1) Mmoxer okazaThCs MOJNE3HBIM JUIS YTOUHEHHS IIPOTHO3-
HOU OLIEHKH MHTEHCUBHOCTEHN 0TKa30B DC Ha paHHUX 1Ta-
nax npoexkrtuposanus. Ha puc. 7 npuBeneHa yKpynHeHHas
(YHKIMOHAJIBHAS MOJIEIb IPOIECCca IIPOrHO3UPOBAHMS Ha-
nexxroct IC ¢ yaerom pakropos CMH.

Ha Bxon 6moka AO (cM. puc. 7) mocTynaeT TEXHIIECKOe
3amanue (T3) Ha paspaborky IC. OrpaHnveHUS HAKJIAbIBa-
torcst CMK, CMH u [IporpaMmoii obecrieuenust HaaexxHoc-
tH (ITOH). Pe3ymsrarer AQ octynator B 0510k A2, T1e ponc-
xouT (GOpMHUPOBAHNE NCXOAHBIX IAHHBIX, KOTOpPBIE OCTYIIa-
10T B O1ok A3 s pacdera 3HaueHUH K03 durmeHTos /7.

B Onoke A4 BeIBOIISITCS 3HAUECHNST KO3 PUIMEHTOB 11, KO-
TOpBIE TepeIatoTcs B 070k AS utst pacueta K » . B 6ioke A6 Ha
ocHoBe OT4era 1o aHaJM3y HaJIOKHOCTH (3HAYeHHS A 5 ) U3 O710-
ka Al n3HadeHus K , PacCUUTHIBACTCS 3HAYCHUE A pry p.

B Giioke A7 mpoucXomuT MpoBepKa IOTYYEHHOTO 3Haue-
HHSl Ha COOTBETCTBHE TpeOoBaHMsAM T3 1 B Cilydae MOJIOKH-
TEJILHOTO pe3yIIbTaTa JaHHBIE epe/iatoTcs B 070K A8 st BbI-

TH(R)

2\“‘-*—._‘____;
e Ri

1] 02 0.4 08 0z

Puc. 6. I'paduk TumoBoif 3aBucuMocTn 11; or R;

KoHeTpykTOpCKas
JIOKYMEHTALMA Ha
annaparypy

Mporpanua
CMK obscneusim
rp——

Auanuz oTkazon

ITyCKa KOHCTPYKTOPCKOM JOKYMEHTALMHU. B mpoTHBHOM Ciry-
Yyae MPOHCXOIWT BO3BpaT Ha HayasbHbIN oTan (0mok A0) s
xoppexrupoBku npoueccos CMK, CMH u meponprstuii [TIOH.
B 3akimroueHnu crneayeT OTMETUTb, YTO HE BCETa pacyeT
MHOTOo(aKkTOpHOro Ko3(uIreHTa KauecTsa Mpon3BOACTBA
110 MozenH (1) MpUBOIUT K TAKOMY CHIDKEHHIO 3HAUCHUS K 4,
KOTOpoe obecrieunBaeT TpeOyeMblil ypoBeHb A pry 4. B Takux
cirydasix TpeOyercst AeTaybHbIH aHanu3 OTdera 1o aHAU3Y
HaJIOKHOCTH 1 Pa3padOTKa MEPONPHSTHIA 110 CHU>KEHHIO UH-
TEHCHUBHOCTEH OTKa30B KOMIUICKTYIOIIHX IEMEHTOB [9].
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METO/I YPAXYBAHHSI BILTUBY CUCTEMH MEHEDKMEHTY HA JIAHOCTIMIAIIPHEM CTBA ITIPA PO3PAXYH-
KOBI OI[IHII TOKA3HHUKIB BE3BIIMOBHOCTI EJIEKTPOHHHUX 3ACOEIB

VY cTarTi po3mISHYTO OCHOBHI aCIEKTH Cy4aCHOrO MiAXOIY J0 MPOTHO3YBaHHS HATIMHOCTI ENEKTPOHHUX 3ac00iB BIIIOBIIAIbHOTO
npu3HadeHHs1. [Toka3aHo, 0 TP PO3paxXyHKOBIH OLIHII IHTCHCHBHOCTI BiIMOB TaKMX BUPOOIB CJIil BPaXOBYBAaTH HE TUIbKM TEXHIYHI i
IporpaMHi 3aco0H, ajne (pakTopH, IO XapaKTepU3yITh CUCTEMY MEHEIKMEHTY HailfHOCTI MiANPHEMCTBA.

KawuoBi ciioBa: enekrpoHHi 3aco0u, HA/TiHICTh, IHTCHCHBHICTD BIIMOB.

Artyukhova M. A.!, Zhadnov V. V.2, Polesskiy S. N.3
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IMPACT CONSIDERATION METHOD OF DEPENDABILITY MANAGEMENT SYSTEM OF THE ENTERPRISE FOR
ESTIMATED ASSESSMENT OF THE ELECTRONIC EQUIPMENT RELIABILITY

The current period of creation of the electronic equipment of a responsible and special purpose is characterized by universal
introduction of the Quality Management Systems at the enterprises developers and producers of electronic equipment. Quality Management
System and its component — Dependability Management System are aimed at providing the guaranteed level of indicators of quality
(including and dependability indicators).

In the reliability prediction method recommended by the Russian standards influence of procedures of Dependability Management
System is considered with the help of «Coefficient Quality Production Equipment» (K, ). This coefficient considers and reflects an
average difference in failure rate of elements in the equipment developed and manufactured on requirements of various standard
documentation (1 — for a complex of the standards «Moroz ...» or 0,2 — for the situation «RK-...»).

However, such approach to forecasting reliability prediction of electronic equipment at the early design stages, based on use of
average statistical data rather approximate. It doesn’t consider neither features of Dependability Management System of the concrete
enterprise, nor completeness of the Support Reliability Program when developing.

Therefore more adequate approach to an assessment of value of the coefficient K , realized in methodology 217Plus™ is represented.
According to this methodology when forecasting value of the coefficient K, are used not only statistical estimates, but also an expert
assessment of Dependability Management System effectiveness during the developing and production of the equipment.

The article discusses all the features of application of methodology 217Plus™ for an assessment of the coefficient K ,: mathematical
model of multiple-factor coefficient of quality of production, analysis of influence of its components on the general level and functional
model of reliability prediction process.

Keywords: clectronic equipment, reliability, failure rate.
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WCCNEOQOBAHUE U3SMEHEHWI 3HTPOMNWU U SHEPIMU HA 3TAMAX
AEKOMMNO3ULUUN CUTHATA

HpOBeZ[eHO HCCJICAOBAHUC MMOBCACHUSA SHTPOIMU U SHEPruu CUrHalia Ha sTanax €ro
JAICKOMIIO3UIIUH. Hpe;[noxceH METO[ pasAcJI€HUs UCXOAHOI'O CUIHalla CIIOKHOM (I)OpMI)I Ha
HE3aBUCUMBIC COCTABJIAIONINE C IOMOIIBIO MATEMATUYECKOTO arlrnapara BeﬁBJ’IeT-HpeO6paBOBaHPIH

U TEOpHU MH(POPMALIHH.

KawueBble ciioBa: BeﬁBJ’IeT-HpeO6pa3OBaHHe, pasaeieHue curHaina, onTuMajlbHas

JICKOMITO3ULIM A CUTHaJ1a.

BBEJIEHUE

OnHoit 3 3a1a4, 3¢ (HeKTUBHOE pelIeHne KOTOPOH 1Ix-
POKO BOCTpeOOBaHO B I POBOI 00paOOTKE CUTHAIIOB, SIB-
JISIeTCST Pa3JIoKEHNE UCXOIHOTO CUTHANA CIIOKHON (OPMBI
Ha COCTaBJISAIOIINE, TPeOOBAHNE K KOTOPHIM OITPENeNseTCs
WCXOJIS U3 TTPUKIIATHOM 331a4H.

Cy1ecTByeT MHOYKECTBO ITOJIX0/I0B K PEIICHUIO TAHHOH
1po6JieMbl. MHOTHE 13 HAX OCHOBBIBAIOTCS Ha NCTIONB30Ba-
HHUH 3apaHee U3BECTHBIX MPEAIIONOKEHUH OTHOCHUTEIHEHO
obpabateiBaemoro curnana [1]. Tak, HanpuMep, IHUPOKO
UCTIONB3YeTCs OXO/, KOrZia TOYHO M3BECTHO KOJIMYECTBO
IIMKOB B CUTHAJIE, X (hopMa U IIPUMEPHO N3BECTHO UX pac-
TIOJIO’KEHUE. AJITOPUTM B 3TOM Cllydae paboTaer ciemyro-
myM 00pa3oM: CHHTE3HPYETCS MCKYCCTBEHHBIM CHTHAI,
cozepKamnii TpedyeMoe KOTMUECTBO ITUKOB, PACHIONOKEH-
HBIX B MECTaX, I/I€ IPEANONIOKHUTEIBHO HAXOAATCS ITUKH HC-
CJIEyeMOT0 CHT'HANIA. 3aTEM BBIYUCIISIETCS PA3HALIA MEXITY
HCKYCCTBEHHBIM CHT'HAJIOM (MOZEIBIO) ¥ pEaTbHBIM CHI'HA-
JoM. Jlanee, Ha OCHOBE NaHHBIX 10 PA3HOCTH 3HAYEHUH MO-
JIETIN ¥ PEaJbHOTO CUTHAJIA, CHCTEMa KOPPEKTUPYET IMapa-
METpHI MTHUKOB MOAENHU (IIHUPHUHY, BBICOTY, PACIIONOXKEHHE,
K03 HUIIEHTH HECHUMMETPUIHOCTH (DOPMBI U T.1T.) B CTO-
POHY YMEHBIIECHHS CHTHAjJa OUIMOKH W BHOBbH IOBTOPSIET
cpaBHEHHE. B nTore cucremMa NpUXOAWT B CTALIOHAPHOE
COCTOSTHHE, KOTZIa ITapaMeTpbl MOAENH OT IIara K IIary He
N3MEHSIOTCS ¥ Pa3HUIA MEKITY MOAENBIO U PEAILHBIM CHUT -
HaJIOM COCTaBJISIET HEM3MEHHYIO BenrunHy. Hemocratok sto-
TO METOJa COCTOMT B TOM, YTO OH UMEET BEPOSTHOCTHBIM
XapakxTep MOMy4eHHS aJcKBaTHON MOJIEIIH.

Jpyroii noaxon K pelIeHUIO JaHHOW 3a/1aul, KOTOPBIH
TIOJIB3YETCsI OONBIION MOIYISIPHOCTHIO B TOCIIENHEE BPEMS,
OCHOBaH Ha MPUMEHEHWH BEWBIET-peodpa3zoBanus [2].
DTOT MOIX O/ IIPUBJIEKATENICH TEM, YTO BEHBIIET-TIpeoOpa3o-
BaHHE ABIIETCS MATEMaTHUECKH TOYHBIM (TIPH COOTBETCTBY-
OIIeM TIOPSIIIKE BEHBIIET-AEPEBa) CIIOCOOOM Pa3IeIUTh CHT-
HaJl Ha COBOKYITHOCTb O0a3MCHBIX (DYHKIIUH, ITOTOKCHHBIX B
OCHOBY BeHBIIET-TIpeoOpazoBanus. B oTmudune ot mpeodpa-
30BaHuA Dypbe, T7Ie pa3IoKEHNE TPOUCXOANT HA OECKOHEU-
HBIE BO BPEMEHH, HO CTPOT0 JIOKAJIIN30BAHHBIE 110 YaCTOTE
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CHHYCOHM/JIAIbHBIE KOMIIOHEHTHI, 0a3uCHBIMU (DyHKIHSIMU
BeliBIIeT-Npeo0pa3oBaHust SIBISIOTCS (DYHKINH, UMEIOLINE
OTIpe/IeTICHHYIO JIOKAJIM3AIHIO KaK II0 YacToTe, TaK U 110 Bpe-
MeHHU. DTO HO3BOJISIET MOJ00paTh 0a3UCHYIO (DYHKIHUIO Ta-
K1M 00pa3oM, 4ToObI OHa MaKCHMAaJIFHO COBIIAaja ¢ HCKO-
MBIMH KOMITOHEHTaMH, Ha KOTOpbIE TpeOyeTcsl pa3ioXHuTh
CHUTHAJI, ¥ PE3YIBTaTOM Pa3JIOKEHHUSI B TAKOM CITydae CTaHET
MOJIEINb CUTHAJIa KaK KOMIIO3UIINS HICKOMBIX KOMIIOHEHTOB.
Lenbto raHHOM pabOTHI SBIISIETCS HCCIIEIOBAHNE H3MEHE-
HWSI SHEPT MU 1 SHTPOIIMH Ha Tamax JEKOMITO3UIINY CUTHAIIA.

1 BEUBJIET-ITIPEOGPA3OBAHUE CATHAJIA

BeiiBners! crany HeOOXOIMMBIM MaTEMaTHIECKUM HH-
CTPYMEHTOM BO MHOTHX HCCIIEIOBaHMSIX. VIX NCIIONB3YIOT B
TeX CITy4asx, KOTAa Pe3ynbTaT aHaIn3a CHTHaIA JOIKEH CO-
JIep>KaTh HE TOBKO MPOCTOE TEPEUUCIIEHUE ETO XapaKTep-
HBIX 9YacTOT (MAcCIITa0OB), HO ¥ CBEIEHHUS 00 OIpeeIeHHBIX
JIOKAJIBHBIX KOOPMHATAX, TIPU KOTOPBIX 3TH YaCTOTHI POSIB-
JISTFOT ce0s1.

Taxum 06pa3om, aHaIH3 1 00padOTKa HECTAIIMOHAPHBIX
(BO BpeMeHN) WITH HEOJHOPOAHBIX (B TIPOCTPAHCTBE) CHTHA-
JIOB Pa3HBIX THUIIOB IIPEACTABISIIOT COOOH OCHOBHOE ITOJIE
[IPUMEHEHNH BEIBIIET-aHAIMN3A.

BeiiBner-npeobpa3oBaHue mpeacTaBisieT co00it cBepT-
Ky (DyHKIIMH BEWBJIETa C CHTHAJIOM. [IpyrumMu clioBaMH, Beii-
BIIET-TIPE0OPa30BAHIE COCTOHUT B PA3JIOKCHUH CHT'HANIA IO
0a3mcy, CKOHCTPYHPOBAaHHOMY M3 00JIaJaroIIe onpeeeH-
HBIMU CBOMCTBaMH (PyHKIMH (BEHBIIETa) ITOCPEACTBOM Mac-
ITaOHBIX N3MEHEHHUH 1 TIEPEHOCOB.

BeiiBner-npeodpazoBanue GpyHKINH f{¢) onpenensercs
CIIEYIOINM BEIpakeHueM [3]:

W [f<r>]=% [ 1 %jdr M)

rae a — macmrab BIT; b — meHTp BpeMeHHON TOKAIH3alny;
() — MaTEepUHCKIIA BEHBIIET.

BeiiBier-ananms npemiaraet st 00pabOTKH JaHHBIX 00-
LIMPHBINA HAOOP HHCTPYMEHTOB, KOTOPBIE IIOMOTAI0T paszie-
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JIUTh MUCXOJHBIN CUTHAJII HA COCTABJIAIOIINE U YBUIETh €r0
CTPYKTYpY Ha pa3HbIX MaciTabax. BeliBier-¢uiabTpsl mmo-
3BOJISIFOT HE TOJIBKO OOPOTHCS € IIyMaMH, HO U U3BJIEKATh
TpeOyeMble KOMIIOHEHThI CUTHAJIA.

INockonbKy BeliBiIeTHI 0011a/1af0T XOPOIIEH YaCcTOTHO-Bpe-
MEHHOH ajanTanneid, OHM MOTYT CITY)KUTh YIOOHBIM HHCT-
PYMEHTOM JJISl HCCIEN0BAHUS YAaCTOTHBIX XapaKTEPUCTHK
CHUTHAJIA.

2 ONPEJEJIEHUE ONITUMAJILHOM
JEKOMITO3ULINA CUTHAJIA

Curnai, IMEIOIINI pa3MepHOCTb NV, MOJKET OBITh Pa3iio-
’KEH MHOTOYPOBHEBBIM OTHOMEPHBIM BEHBJIET-IIpeodpa3o-

panmem Ha 27V/2 YPOBHEH, KOTOpBIE TPECTABIISIOT COOOH

Habop anmpokcuMupyromux (cA4) u neranusupyromux (cD)
koa(uimenToB [4]. Uncio ypoBHE#H pa3noKeHus — 10cTa-
TOYHO BEJIMKO M YCTAHOBJIEHHE OIPaHNYEHHS TITyOUHBI Jie-
KOMITO3MIIMY BO MHOTOM 3aBHCHT OT OIIBITA NCCIIENOBATEIS.

B pa6ote P. P. Kopmana [5] au1st nomydeHuns onTuMaltb-
HOHM JEKOMITO3MIIMH CHTHAJIA MPEJIOKEHO HCIIONb30BaTh
KPUTEpU MUHUMYMa SHTPOITHH.

Wudopmanmonnas s3HTpONHS — 3TO Mepa HeolpeieIIeH-
HOCTH WJIM HENpeAcKa3yeMocTH uHpopMarmu [6]. IHTpo-
ITUSL XapaKTePHU3yeT BEPOSITHOCTE P, C KOTOPOW ycTaHaBIIH-
BAaETCs TO WIIM MHOE COCTOSIHUE, U SIBIISIETCS MEPOH XaoTHY-
HOCTH WM HeoOpatumocTu. Bee mporeccsl B mpupose
MIPOTEKAIOT B HAIPABJICHUH YBEJIMUECHUsI SHTpoInH. Tepmo-
JIMHAMHYECKOMY PaBHOBECHIO CHCTEMBI, B KOTOPYIO HE I10-
CTYIIaeT YHEPTHS N3BHE, COOTBETCTBYET COCTOSIHUE C MaK-
CHMYMOM 3HTponuy. PaBHOBecHe, KOTOpPOMY COOTBETCTBY-
eT HanOONbIIHNA MaKCHMyM SHTPOIHUHU, HA3bIBACTCS
a0CoNIOTHO ycTONMYMBEIM. TakuM 00pa3oM, yBEIHUYCHHE
SHTPOITMHU CUCTEMBI O3HAYAET ePEX0 B COCTOSIHIE, HMEI0-
iee OOJBIITYI0 BepoATHOCTE. HeoOpaTuMble mporieccsl mpo-
TEKalOT CaMOIPOU3BOJIBHO IO TeX IIOp, IIOKa CHCTeMa He
JOCTUTHET COCTOSIHHSI, KOTOPOMY COOTBETCTBYET HAaHOOIIb-
115 BEpOSTHOCTb, & SHTPOIHUS JOCTUTHET CBOET'O MAKCUMY-
Ma [7-8]. Cormacuo teopuu K. lllerHoHa, ipupocT HHPOp-
MaIliH PaBeH yTpadyeHHOH HeOpeIeNI€HHOCTH CHCTEMEI [9]:

N
H ==Y P} log(P}). 0)
j=l

Cyts MeTona Kohmana coctont B ciiemyromieM: Ha ode-
PEIHOM YPOBHE Pa3JIOKEHHUsI CUTHAJIA PACCUUTHIBACTCS 3HA-
YEHHE CyMMBI SHTPOMNHI ANNPOKCHMHUPYIOIINX W JETaIIN-
3UPYIOMINX KO3 (HHIMECHTOB BEUBIICT-Pa3IOKEHHUS CUTHATIA,
€CIIH TTOTy4EeHHOE 3HaYEHHE OOMbIIe, YeM Ha PEABIIYIEM
YPOBHE Pa3IOKEHHS, IEKOMIIO3UINIO MPOAOIKAIOT, B IIPO-
TUBHOM CITy4ae IpeIbIAyIInii ypOBeHb (YPOBEHb, IOMyIeH-
HBII Ha MPEABIIYIIEH HTEPALNH) SBISETCS 3aKIIOUUTEIb-
HBIM. VITOroBast AEKOMIIO3UIIMS CUTHAJIA TIPEACTABIIIET CO-
0011 HabOp YpOBHEH: € IIEPBOTO 10 YPOBHS C MUHUMAJBEHON
SHTPOMIUEH.

3 OIIPEAEJIEHUE ITOHATUSA SHEPTI IS
CUTHAJIA

[ToHATHS MOIIHOCTH M SHEPI'MHU B TEOPHU CHUI'HAIOB HE
OTHOCSTCS K XapaKTEepUCTUKaM KaKUX-THO00 (PH3NIECKUX Be-
JIMYWH CUTHAJIOB, a SIBJISTFOTCS MX KOIMMYECTBEHHBIMH XapaKTe-
PHUCTHUKaMH, OTPAXKAIOIIMMH OIIpe/ieJICHHbIE CBOWCTBA CHT-
HaJIOB M IMHAMUKY U3MEHEHHS NX 3HaYCHHH BO BPEMEHH, B
MIPOCTPAHCTBE WJTH T10 JIIOOBIM JPYTHM apryMeHTam [3].

Jly1 Tpon3BONIBHOTO, B OOIIEM CIIydae KOMIUIEKCHOTO,
CHTHaJa MTHOBEHHAS! MOIITHOCTh PaBHA KBaApaTy (pyHKINN
€r0 MOZYIISl, ISl BEIIECTBEHHBIX CUTHAJIOB — KBaIpary (yH-
KLV aMIUTATYZ. DHEPrHsl CHTHAA, TAKKe 110 OIPEIETICHHIO,
paBHa MHTETPaTy OT MOIIHOCTH 10 BCEMY MHTEpPBAIY CYy-
IIIECTBOBAHUSI WJIN 33/IaHMSI CUTHAJIA.

DHeprusi CHrHaJIOB MOXET OBITh KOHEYHOW MK OecKo-
HeyHoH. KoHeuHyro sHepruio MMeroT (PMHUTHBIE CUTHAIIBI 1
CHTHAJIBI, 3aTyXalOIIMe M0 CBOUM 3HAUCHUSIM B TIpeZenax
KOHEYHOH JJTUTENIbHOCTH, KOTOPBIE HE COIEprKaT Jelbra-
(YHKIHMI 11 0COOBIX TOUEK (Pa3pBIBOB BTOPOT'O PoJia U BET-
Beil, yXoIsux B 0ECKOHEYHOCTh). B MpoTHBHOM citydae nx
SHEprus paBHa OeckOHEUHOCTH. beckoHeuHa Tarke sHep-
T'HS IEPUOIMYECKUX CUTHAJIOB.

4 UCUIEJOBAHUE NOBEJEHUA DHTPOIINU U
SHEPI'MHU CUT'HAJIA ITPU EI'O JEKOMITO3UIINNA

J1u1s1 vicciie ioBaHysI OBECHNSI SHTPOIMH 1 SHEPIHH CHT -
HaJjla Ha Talax ero BEeHBIIeT-1eKOMITO3UIINH, BHIUYHCINM CO-
OTBETCTBYIOIIME 3HAYCHHS BEJIMYMH Ha KQ)KJIOM YPOBHE Jie-
KOMITO3MIIMH. B KauecTBe HCXOMHOro CUrHajIa pacCMOTPUM
CHTHAJ, IPEACTABISIONNN cymMmMy curycou. [Ipumep cur-
HaJla, COCTOSIIINNA U3 CYMMBI JBYX CHHYCOUJ C YaCTOTaMH
30 I'm u 200 ', mpencraBieH Ha puc. 1, a ero cuekTp — Ha
puc. 2.

[TpoBenem pa3noxeHue TECTOBOIO CHTHAJIA C ITOMOIIBIO
BeliBieT-nipeodpa3zoBanus. B rectoBom curaana 512 orcue-
TOB, TIO3TOMY MAaKCHMaJIbHOE KOJTHIECTBO €r0 JEKOMITO3H-
un — 8. BeImomHIM pa3iokeHne curaajia Ha 7 ypoBHEH u
Ha Ka)KIOM M3 HAX BBIYMCIIMM 3HAYECHHE YHTPOIHH U HEP-
ruu (puc. 3—4). IIpu 3ToM BBeeM MpaBMiIO: MEPBOIO KOMIIO-
HEHTY CHTHaJIa MOXKHO TIOJYYHUTh, €CIIH BHITOTHUTH BEHB-
JeT-TipeoOdpa3oBaHie CUTHANIA HA ONPEIEIICHHOM YPOBHE,
ocTaBUB KO3()()UIMEHTH! aNNPOKCUMALNH HEM3MEHHBIMHU
1 OOHYIHB KO3(PPUITUECHTHI IETATN3AIUI;, BTOPYIO KOMITO-
HEHTY CHT'HAJIa MOXKHO IIOJTy49NTh, BEIYUTAS IEPBYIO KOMIIO-
HEHTY U3 0011ero curaana. Takke Ha KaXXIOM U3 ypOBHEH
BEIBIIET-AEKOMIO3UINH BEIYHUCIUM CyMMAPHYIO SHTPOIHIO
TIEPBOI ¥ BTOPOI KOMITOHEHT (puc. 3).

3HauCHNE PHEPTHM MEPBOM KOMIIOHEHTHI MOCTEHNEHHO
YMEHBIIAETCS, @ BTOPOIl KOMITOHEHTHI YBETMUUBACTCSA. JTO
CBSI3aHHO C €CTECTBECHHBIM M3MEHEHHEM aMILIUTYI CHI'HA-
JIOB B PE3yIbTaTe JEKOMITO3UINH. B kadecTBe MH(pOpMATHB-
HOTO ITOKA3aTelIsl TS BBIAEICHNS KOMITOHEHT CUTHAJIA YHEP-
T'Hs HE JA€T PE3YIIBTaTOB.
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PaccMmorpum U3MeHEHHE SHTPOIUU KOMITOHEHT CHUTHA-
J1a. 3HaYCHUE SHTPOITUH TIEPBOI KOMIIOHCHTHI YMEHBIIIACT-
cs1, @ BTOPOI KOMIIOHEHTHI yBeTHmunBaeTcs. VI3MeHeHue dH-
TPOITUH MPOUCXOMUT Ooree pe3ko, yeM dHeprun. Ho cym-
MapHas JHTPONHUS JABYX KOMIIOHCHT MOCTEHEHHO
YMEHBIIIACTCS JI0 ONPEEIICHHOTO YPOBHS, a TIOTOM IPOHC-
XOJIUT YBEITMYCHNE 3HaUCHUH. MOKHO TIPEATIOIOKUTD, YTO
«TepenoMHas TOYKa» O0ToOpaxkaeT Hambojee HEYCTOWIH-
BOE COCTOSIHUE CHCTEMEI, B KOTOPOM BO3MOXKHO BBIJICIICHHC
koMmioHeHT (puc. 5). CornacHo Teopru K. [llenHona, mpu-
pocT nH(OpPMAINK PaBeH yTPAYeHHOH HEOIPEACIEHHOCTH
CHCTEMBHI (2), TOITOMY Ha 3TOM YPOBHE JICKOMITO3HIIUH OC-
TaHOBWJICS TpupocT MHpopManuu. CrucTema mepenuia B
a0COIIFOTHO HEYCTOMYMBOE COCTOSHUE. V3 BEIIMIETIepeync-
JICHHOTO MOXKHO CJIeJIaTh CIICIYIOIIHUI BBIBOJ: BBIICIICHUC
KOMTIOHCHT CHUTHAJIa MOKHO BBITTOTHUTH HA YPOBHE JICKOM-
TTO3UIINY ¢ MUHIUMAJIFHBIM 3HAYCHHEM CYMMAapHOU SHTPO-
T 000UX KOMITOHEHT.

S TMMPOOEAYPA BBIAEJIEHUA KOMIIOHEHT
CUTHAJIA

IIponenypa BbLAEIEHNS KOMIIOHEHT CUTHAJIA COCTOUT M3
CIIEYIOIUX 3TAMOB:
1. YcraHOBUTH YPOBEHB Pa3sIokKeHHs i=1.

2. IIpoBepka: i < 2N/2 Ecnu bimonusercs YCIIOBUE —

nepexof K 1. 3, nHaye — 1. 11.

3. BemmoiHuTS BeliBneT-npeodpazoBaHue cUrHaa Ha i-
YpPOBHE.

4. Belaenuts nepByro KOMIIOHEHTY CUI'Hajla — OCTaBUTh
0e3 M3MEHEHNH KO3 (PUIMEeHTHI anMpOKCHMAaNUH X OOHYINTh
KO3 (HUIIMEHTHI AeTaIN3aInm.

5. Belaenuts BTOPYIO0 KOMIIOHEHTY CUTHAJIa — BBIUECTD
13 OOIIETro CUrHajla MEPBYI0 KOMIIOHEHTY.

6. BeraucnuTs SHTpONUIO NEPBO KOMIIOHEHTHI.

7. BBIYUCIIUTB SHTPONUIO BTOPOM KOMIIOHEHTSHI.

8. Berancnuts cyMMapHyrO SHTPOITHIO OOOMX KOMIIOHEHT.

9. IlpoBepka: eciu cyMMapHasi SHTPOINUS Ha i-ypOBHE
MEHbIIIe CyMMapHOW SHTpormH Ha (i—1)-ypoBHe — epeiitu
k1. 10, uHave k. 11.

10. VYBenuuuTh ypoBeHb BeHBIET-pa3noxkeHus i=i+1.
Iepertn k 1. 2.

11. YcraHOBUTH ONTUMANIBHBIN YPOBEHD BBLACIEHUS KOM-
MOHEHT B (i—1)-ypoBeHb.

12. OcraHoB.

BbIBO/JbI

B PE3YAbTAaTE MPOBCACHUA HCCHC,HOBaTCJILCKOﬁ pa60TLI
TMOJTYYCHBI CJICAYIOIINE BBIBOABI:

— HUCCIICAOBAHO MMOBEACHNUEC DHEPTIUU U SHTPOITNU CUTHA-
Jia Ha 3TaInax €ro JCKOMIIO3UIHMH,
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Iy6posin B. L', Teepnoxui6 0. B.

"Kanz. TexH. Hayk, npodecop, 3anopispkuii HallioHAIbHUI TeXHIYHUI YHiBepcHTeT, YKpaiHa

AcmipanT, 3anopi3bKuil HalliOHANBHUI TEXHIYHUN YHIBEpCHTET, YKpaiHa

JOCJIIKEHHSA 3MIH EHTPOIII TA EHEPT'Ti HA ETAITAX JEKOMITO3HUIIIi CUTHAJTY

ITpoBeneHo NOCIiIKEHHs BUSBICHHS 3MiH €HTPOIIII Ta SHEeprii CHTHATy Ha eTarax Horo JeKOMITO3HIlil. 3aIporOHOBAaHO METO AUICHHS

CHUTHAJIy CKJIa#HOT (JOPMHU Ha HE3aJIeXKHI CKIIAJIOBI 32 JOIIOMOIOI0 MaTEMAaTHYHOI'O arapaTy BeHBIeT-IepeTBOPEHHS Ta Teopil iHpopmarrii.

Kurouosi ciioBa: BeﬁBJ’IeT-HepeTBOpeHHH, pO3HiJ'IeHHH curHaly, ontumalibHa Z[CKOMHO3I/IHi$[ CUTHAITY.

Dubrovin V. 1., Tverdohleb J. V.2

'Ph.D. in Engineering, professor, Zaporozhye national technical university, Ukraine

2Aspirant, Zaporozhye national technical university, Ukraine

RESEARCH OF CHANGES OF ENTROPY AND ENERGY ON SIGNAL DECOMPOSITION

Research of changes of entropy and energy on signal decomposition is presented. Coifman’s method for the purpose for signal

delineation was modified. The method of complex signal delineation based on wavelet transformation and information theory is proposed.
The algorithm for the signal components separation is developed. The proposed method based on research of total entropy of both signal
formed components. The first component is the reconstructed source signal after wavelet transformation on the current decomposition
level in which the approximation coefficients must be equals to zero. The second component is the residue from the deduction of the
source signal and the second component on the current decomposition level. The turning point of the total entropy curve denotes the
most unstable system state in which the components can be identified. The most unstable system state is system state having zero
increment of information. Entropy increments until the turning point and it decrease after. The sum of the sinusoids was used as test
signal. The results of the method have high accuracy.
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ONTUMUIALUNA PACMNPEAOENNIEHNA OBBEMA 3AKA3A MEXOY
HECKOJNIbKUMWU NMOCTABLUMKAMU B TEHOEPE

PaCCManI/IBaeTCH npo6neMa ONTUMAJIBHOI'O paclpeaciIeHus oObeMa 3aKaza MEXKAY

HCCKOJIbBKMMHU IOCTaBUOIMKaAaMHU,

y4acCcTBYIOIIMUMU B TEHACPEC.

IIpennoxen meton

MHOFOKpHTepHaHBHOﬁ OINITUMU3ALIUU pacCHpEACICHUS oObeMa 3aka3a MEXKAY HECKOJIbKUMU
IoCTaBUIMKaMU B TEHAEPE, KOTOpI;IfI YYUTBIBAE€T OTHOCUTEIIbHBIC KO3(1)(1)PIHI/I€HTI)I BaXXHOCTH
KPUTEPUEB, 10 KOTOPLIM ITPOU3BOAUTCS OINTUMH3AIIUSA.

Kuarwuesble cioBa: MHOI'OKpUTEpHaJibHas ONTUMHU3AlWA, PACIIPEACICHUE obbema 3akKasa,
KpI/ITepI/Iﬁ ONTHUMAJIbHOCTHU, OTHOCUTEIIbHBIC IIPUOPUTETBI KPUTECPUEB.

BBEJIEHUE

ITocne npoBeaeHus TEHAEPA B IPOLIECCE YTOUHEHNUS yC-
JIOBUI 3aKJTFOUEHHSI KOHTPAKTa HEPEKO MOSBIIIOTCSA HOBBIE
HerpreMIIeEMBbIE ISl TIOJPSTINKA YCIOBUSI, N3-3a YETo MpH-
XOZUTCS 00paIaThCs K CIEAYIOMEMY 110 PEHTHHTY yJacT-
HUKY JTMOO ITPOBOANTH HOBBHINA TeHzep. UToObI m3bexaTh
MOAOOHBIX CHUTYallMii OpraHHU3aTOpPhI TEHJEPOB BCE dalle
TIPEIOYUTAIOT 3aKII04aTh KOHTPAKTHI HE C OTHNM, a C He-
CKOJIBKMMHM NOCTaBIIMKAMH.

Emie Ha »Tane npoBeneHNs TEHAEPA MOXKHO MPETYCMOT-
peTh, KaK paclpeiesIuTh Bech HEOOXOINMBIN 00bEM 3aKa3a
MEX]Ty HEKOTOPBIM UUCIIOM NoApsAa4uKoB [1]. OgHaxo, 310
BO3MOXKHO TOJIBKO B TOM CITydae, €CJIM YYaCTHUKU MpeJula-
rafoT OIMHAKOBBIE TOBAPBI HJIH YCIIYTH.

[Ipu pemienny 1aHHOM 3aa4u Yalle BCEro MPOBOAUTCS
OIITUMM3AIMS IO ABYM KPHTEPHSIM, KOTOPBIE MOKHO OIHO-
3HAYHO NPEACTABHUTH B KONTMYECTBEHHOM BHJIE: 110 ICHEKHBIM
3arpaTaM M 110 BPEMEHH, HEOOXOIMMOMY JUIsl BBITIOTHEHNUS
3aKa3a. Ba)XHO TO, 4TO 3TH KpUTEPHUH IPOTHBOPEYHBEI, U OII-
THUMU3ALWSA 110 KKIOMY U3 HUX IIPUBOIUT K YXYIUICHUIO 3Ha-
YEHMII 110 IPyroMy KPHTEPHIO X COOTBETCTBEHHO K pa3ind-
HBIM PEIICHHUSIM 3aIa9H pacipeneneHust [2].

1 TOCTAHOBKA 3AJJAYA MHOTOKPUTEPH-
AJILHO¥ ONTAMIBALIAN PACTIPEIE/IEHUST
OBBEMA 3AKA3A MEXKTY HECKOJIBKAMU

TOCTABIIIUKAMH B TEH/IEPE

Ecim 3aKka34mK jKenaeT 3aKII09UTh KOHTPAKT HE C OMHNM,
a cpasy C i y9aCTHUKaMH, TO 3a/1a4y MHOTOKPHTEPHATBHOMN
OIITUMM3AIMH pacipeaeneHus o0bema Beero 3akaza U Mex-
JTy HECKOJTBKUMU TIOCTABIIIMKAaMH MOKHO TIPEZICTABUTh B BU/E
3a1a41 MMHAMHU3A1UY CyMMBI BCeX 3aTpaT P yacTeil 3akaza
u,, & TAKKE MUHAMHU3AIAKM BPEMEHH Af;, HEOOXOIMOTO JUIst
BBINOJTHEHHMS 3aKa3a. [Ipu 3TOM ciieyeT y9uThIBaTh OTHO-
CHUTENbHBIE IPUOPUTETH KPUTEPHEB CTOMMOCTH U BPEMEHHU
WCIIOJTHEHUS 3aKa3a.

B nanHOM citydae, ecii y9acTHUKH OyIyT BBIIOIHSTH TI0-
CTaBKy TOBApOB WM YCIIYT OJHOBPEMEHHO, TO 00IIee BpeMst
BBIIOTHEHMS TIOITHOTO 00BbeMa 3aKasa OyIeT paBHO MAKCHMAITh-
HOMY 13 TIEPHOJIOB BPEMEHH, 3a5IBIICHHBIX 3aKa3UNKaAMH.

© KommakoBa T. A., 2013

min®, @)
Q

D= {D; [k=1.2}, )
=3P 3)

i
O, =maxA¢;, @

i
QU= u, ©)

i

rae O = (®, D, ) — BEKTOPHBIH KpUTEpUii ONTUMAIIBHOCTY,
@, —JaCTHBIE KPUTEPHH ONITUMAILHOCTH.

ITowmck onTrMaNBEHOTO pacnpeaeeHus IBIsIETCS UTepa-
IIMOHHBIM TIPOLECCOM Iepedopa Ha HEKOTOPOM JMCKPET-
HOM MHOYKECTBE BapuaHTOB peieHuil. [Tpu noucke onrtu-
MaJIbHOTO PEIIEeHHS MOKa3aTeIeM MOIOKUTEILHOTO PE3YITb-
TaTa UTEPALNH SIBIISIETCS TO, YTO OTHOCUTEIBHBIN YPOBEHB
CHIDKEHMS KauecTBa MO OFHOMY YaCTHOMY KPHUTEPHIO HE
MIPEBOCXOJUT OTHOCHTEJIFHOTO YPOBHS HOBBIIICHUS Kade-
CTBA IO IPYrOMY YaCTHOMY KPUTEPHIO.

ITockonbKy B Tiporiecce MpoBEAEHHMS TEHAEpa ONpPEAes-
€TCsI, YTO OFHU KPUTEPHUHN BayKHEE IPYIUX, CIEAYET ONpene-
JIUTH OTHOCHTENBHBIE TPUOPUTETHI KPUTEPHEB CTOMMOCTH 1
BPEMEHM HCTIOJIHEHNS 3aKasa d,, IpHIeM

Sdg =1, ©)
k

ITycts cymectByroT pemenns Y wu Y, — croco6sr pac-
npenenenus oobema 3axasa U Ha gactw u,. Mepa OTHOCH-
TEJIFHOTO M3MEHEHHs (CHIKEHHS WJIM TOBBIIICHNMS) Kade-
CTBa PEIIEHUs [IPU IIEPEXOJIE OT pentenus ¥ K ¥, 1o kaxio-
MY U3 KPHTEPHEB COCTABIISIET:

AD, (YY) , )

AD (Y. 1) =

max O
Yely, Y}
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rne AD,(Y,,Y,) =D, (Y,)—D,(Y,) — abcomroTHbIe U3MeE-
HEHHs 3HAYECHUH YaCTHBIX KPUTEPUEB ONTUMAIBHOCTY IpU
nepexojie OT pelieHust ¥ K penenuro Y.

MaxkcuManbHOE CHIDKEHHE KauecTBa PELICHUs IpH I1e-
pexojie OT pelieHus Y k pereHuto ¥, onpenensercs Kax:

Acfmm(n,mﬂrgndk ADL(Y,,Yp). @®)

AHaNIOrMYHO MAKCHMAJIBHOE MTOBBIIIEHNE KAYECTBA Pellie-
HUs TIPU TIEPEXOTIE OT PEIEHNst ¥ K PEIIEHHEO ¥, COCTABIISIET:

AqN)max(Ya’Yb):maXdk'A(Sk(YcﬂYb) (9)
i .
Pemenne Y, npeocxomut pemenue ¥ (Y, =Y, ), ecnn:

A&)maX(Ya’Kb)‘>‘A&)min(Ya’Yh) . (10)

U, coOTBETCTBEHHO, peleHre ¥ MPEBOCXOINT PEIEHHE
Y (Y, =Yy), ecnm:

A&)maX(Ya,Yb)‘S‘A&)min(YmYb) . (11)

3 METOJI MHOT'OKPUTEPUAJILHOI
OIMUMMBALINN PACTIPEJETEHUSA OFBEMA
3AKA3A MEXTY HECKOJIbBKNMH

INOCTABIIUKAMMU B TEH/IEPE

Br160p HauaIEHOTO PEIeHHsT MOXKET OBITH IPOU3BENCH
CITy4alHBIM 00pa3oM, ofHako 3¢ (eKTUBHEE A Havaja
TIOMCKa BBIOpATh TaKoOe pelnieHue, IpH KOTOPOM BECh 00beM
3aKyIaeTcs y JIY4IIEro 1o MPeABAPUTEIHHBIM OIIEHKAM I10-
CTaBIIHKA.

OnHAaKo CIEIyeT TAKKE yIeCTh, YTO ITOCTABIINK MOXKET
OTPaHWYHUTh MHUHIUMAJBHBIH 00BEM, KOTOPHIA OH COTNIACEH
TIOCTaBUTH B paMKaX OTHOTO KOHTPAKTa. 3HaYEHNE YaCTH 00be-
Ma 3aKa3a u, JTs1 KaKJI0TO TIOCTaBIIMKA CIIEMYET OOrOBOPUTH
JIOTTOTHUTETIHHO €1IIE Ha HTarle MPOBEACHNUS TEHAEPA.

OCHOBHBIE 3Talbl MPEATI0KEHHOTO METO/IA!

[ar 1. Ha mepBoii urepaunu =1 BeIOMpaeTcst HAYaIb-
HOE PENIEHNE 3a/1a9M pactpenenenns ¥,

[Mar 2. BeraucistoTcsl 3HAYCHUS YaCTHBIX KPUTEPUCB
ONTUMATBHOCTH @, 1711 BLIOPAHHOTO pEIIenus Y.

[ar 3. HexoTopbIM cOCOOOM BBIOHpaeTCsl pelieHne
3a71a41 pacupeneieHus K

[ar 4. BeraucisitoTcsl 3HAYCHUS YaCTHBIX KPUTEPHUCB
ONTUMAJILHOCTHU d)k JUTSI pELLIEHUS K .

[ar 5. CoracHo BeIpaxeHus M 7—11 ompenernsiercs mpe-
BOCXOJISILIIEE PELLICHUE Yt .

[ar 6. Ecu ycioBue OKOHYaHHS MTOMCKA BBITOIHEHO,
TO BBIMHCIIEHHS CIIEYET IPEKPATUTD, & PENIEHNE Y PUHATH
3a MPHONIDKEHHOE PeIIeHNe 3aJa49i. B IpoTHBHOM citydae,
CIIEMyET NOJNOXKMTE Y = Y ¥ IepelTy Kk mary 3.

B kauecTBe ycI0BHS OKOHUYAHHS HTEPALUH MOXKET OBITh
UCIIONIb30BAHO TOCTHIKEHHE NPEIBAPUTEIHHO 33JaHHOTO
KOJIMYECTBA UTEPALNH, INOO OKOHYAHHE ITOITHOTO Tiepedo-
pa JIMCKPETHOr0 MHOXECTBA BO3MOMKHBIX pellleHnH .
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Hannyumee pemenue Y, Oyner conepiarb onTHMAab-
HOE pacrpenenenne oobema 3akasza U Ha i 9acTel u,.

3 PEIIIEHUE 3AJTAYM 3AKA3A KABEJIEM /17151
CTPOUTEJIBCTBA MIPOMBIINUIEHHOI'O OBBEKTA

Heob6xomumo pacnipenenuts 00beM 3aKka3a CHIOBBIX Ka-
Oeeil 11 CTPOHUTENBCTBA KPYITHOTO MPOMBIIIIIEHHOTO 00BEK-
Ta. TennepHOe 3aJaHNe BKIIFOUAET CIIEAYIOIIYIO TO3ULIUIO:

Kabenp cumoBoii, 1 kB, ¢ MeOHBIMHU >KHJIaMHU
2x185 mMm. k8., B [IBX He pacnpocTpaHSIOIIEM TOpeHHe
(BBI'ar-1)- 1137 m.

[Mocne mpoBeneHus npeBapuTEILHOrO 0TOOpa, 3aKa3-
YHMKH OCTAHOBWJIVCH Ha JBYX YIaCTHHUKAX:

1. «Duepronpom» (JIHEIPONETPOBCK):

—uena3a 1 eg. c HAC — 306,660 rpH.;

— obmras cymma ¢ HIIC — 348 672,42 rpH.;

— cpok ucnoaHeHus — 30 aHew.

2. 000 «KOPT» (3amaumn):

—uena3a 1l eq. c HAC — 344,66 rph.;

— obmras cymma ¢ HIIC — 391 878,97 rpH.;

— CpOK HcrnoHeHUsI — 21 eHb.

[Tpu 3TOM K03(h(HPUIMEHTH OTHOCUTENBHBIX PUOPUTE-
TOB KPUTEPUEB COCTABILSIOT:

— HpHOPHTET KpuTepus « CTOMMOCTB 3aka3a» d, = 0,54;

— npuopuret kputepus « Cpok ucnonuenus» d, = 0,46.

B tabnmmax 1 u 2 mpuBeIeHO MHOXKECTBO PEIICHHUHN pac-
npeiesieHns 00beMa 3aKasa ¢ maroM auckpernsarmu 0,2 u ¢
Y4ETOM TOTO, YTO ITOCTABIIMKN HE OIPaHUYMIIN 00BEM OfI-
HOM MOCTaBKH.

IIponecc norcka ONTUMAIBHOIO PEIIEHUS COCTOUT M3
CIIEYIOIIUX IIaroB:

[lar 1. 3a HavanbHOE pemieHne Y, NpuHUMAaeTcs pac-
mpeaeneHue |, mpu KOTOpOM BECh 3aKa3 BBITIONHAETCS BTO-
PBIM TTOAPSTIIKOM.

lar 2. st ¥, 3Ha9EHNsT 9aCTHBIX KPHTEPUEB OIITUMAITb-
HOCTH COCTABIISIOT:

®,=391878,97 rpH.,

®,= 21 meHsb.

[lar 3. Beibupaetcs sHavenue Y, Kak pacnpenesnenne 2.
[lar 4. [inst ¥, 3Ha4EHNsT 9aCTHBIX KPHTEPUEB OIITUMAITb-
HOCTH COCTABJISIIOT:

®,=0,2%348672,421pr +0,8* 391878,97 rpn = 383237,66 rpH.,

®, =max(0,2*30[0,8*21)) = max(6,17) =17 nwei.

[ar 5. OmpexnensiroTcst MEpPH I3MEHEHHS Ka4eCcTBa pe-
IieHust npu repexoe ot ¥k ¥,

391878,97 —383237,66

A®p(Xo. 1) = 391878.97

=0,0221,

21-17

AD,(Yp, 1)) = =0,1905.
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Tabauua 1. CTouMocTh 3aKa3za U3 pacuera ero pacrnpeesieHus Ha J10JIu Uy ¥ Uy

Ne | Jlons saxasau, | Joms saxasa u, Croumoctb yactu | Crommocts yactu | OOwas cTouMoCTh
3aKasa 3aKasa 3aKasa
1 0 1 0,00 391 878,97 391 878,97
2 0,2 0,8 69 734,48 313 503,18 383 237,66
3 0,4 0,6 139 468,97 23512738 374 596,35
4 0,6 0,4 209 203,45 156 751,59 365 955,04
5 0,8 0,2 278 937,94 78 375,79 357 313,73
6 1 0 348 672,42 0,00 348 672,42

Ta6auma 2. CpOK HMCIIOJIHEHUA 3aKa3a U3 pacuera €ro pacrpeaejiCeHus Ha 101 uy u Uy

e | Homsaxasauy | Homsawasau | PO | OO SO | e ok
1 0 1 0 21 21
2 02 0.8 6 17 17
3 0,4 0,6 12 13 13
4 0,6 0,4 18 9 18
5 0.8 0.2 24 5 24
6 1 0 30 0 30

HTar 6. OueBUIHO, YTO IPH NIEPEXOTIE OT Y K ¥, Ka4ecTBO
pelIeHus MOBBIIAETCs 0 000UM MapaMeTpaM, 3HaYnT Ha
JIaHHOM 9Tare Y| — MPEBOCXOIANIEE PEIICHUE, U TaTbHEN-
LM MOUCK CIIEAYeT IPOJOIKATh OTHOCUTEIHHO HETO.

[lar 7. Beibupaercs sHauenue Y, Kak pacnpenesnenue 3.

[lar 8. st ¥, 3Ha4EHNsT 9aCTHBIX KPHTEPUEB OIITUMAITb-
HOCTH COCTABJISIIOT:

Dp,=0,4*348672,42 rpu+0,6* 391878,97 rpu=374596,35 rpu.,
®, = max(0,4*301],[0,6%21]) = max(12,13) =13 neii.
[ar 9. OmpexnensiroTcst MEPH HI3MEHEHHS Ka4eCcTBa pe-

IIeHuUst pu riepexozie ot ¥ kK ¥,

3383237,66 —374596,35

AD p(1,Y5) = 383237,66

=0,0225,

17-13

AD,(Y},Y,) = =0,2353.

[ar 10. OueBuaHO, YTO IPH TIEpEXOAE OT Y, | X Y, Kave-
CTBO PEIICHNUS IOBBIIIAETCS 10 000MM IapaMeTpam, 3Ha-
YT Ha IAHHOM 3Tare Y, — MPEBOCXOJIAIIIEE PEIIEHHE, 1 TIAITb-
HEWIIMi MONCK cIeayeT NPOAOIKATh OTHOCHTEIHHO HETO.

Ilar 11. Beibupaercs 3HadeHne Y, Kak pacnpenenenue 4.

[lar 12. s Y, 3Ha4eHns 9aCTHBIX KPHTEPUEB ONTHMAITb-
HOCTH COCTABJISIFOT:

@,=0,6*348672,42 pu+0,4* 391878,97 prH=365955,04 pH.,

@, =max(0,6%301},[0,4*21)) = max(18,9) =18 mueit.

Iar 13. OnpenenstoTca Mepbl U3MEHEHUS KauecTBa pe-
1ieHust npu nepexone or Yk Y,

374596,35-365955,04

ACp(12.13) = 37459635

=0,0231.

AD,(Yy,Y3) = 131_818 =-0,2778 ;

MaxkcuManabHOE CHIDKEHHE KauyecTBa PEIIeHNs TIPH T1e-
pexone ot Y2 K Y3 COCTABIISIET:

AD, i (Vs,Y3) = 0,46%(~0,2778) = —0,1278 .

MaxkcuMabHOE TOBBIIICHHE KayecTBa PELICHHS IPH
nepexoyie ot ¥, K ¥, CoCTaBIser:
AD . (Y,,73)=0,54%0,0231=0,0125.

[Tockonbky
Aq)max(YZ’YS)‘ < ‘Aq)min(YZ’Y?’) ,

TPEBOCXOSAIIAM PEIIEHHEM SABIISETCA Y.
Ilar 14. Beibupaetcs 3HaYeHHe Y, KaK pacTpeeienye 5.
Mlar 15. J{nist Y, 3Ha4€HNs YACTHBIX KPUTEPUEB OIITUMAITb-
HOCTH COCTABJISIIOT:

Dp=0,8%348672,42 rpu-+0,2% 391878,97 rpu=357313,73 rpu.,
@, = max(0,8*30[0,2%21)) = max(24,5) = 24 .
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Iar 16. OnpenenstoTca Mepbl U3MEHEHUS KaueCcTBa pe-
IIEHUsI IPU Tiepexojie oT Yk ¥,

374596,35 -357313,73
374596,35

ADp(Y,,Y,) = =0,0461 ;

~ 13-24
AD(Yr,Yy) =

=-0,4583

MaxkcuMasnbHOE CHI)KEHHE KauecTBa peleHus MpH Tie-
pexonie ot ¥,k Y, cocrapiser:

AD . (Yy,Y,) = 0,46%(=0,45838) = —0,2108 .

MaxkcuMasbHOE TIOBBIIICHNE KayecTBa PEUIeHHs IpH
nepexoyie ot ¥, K ¥, CoCTaBser:

AD, . (Y5, Y,) = 0,54%0,0461 = 0,0249.

INockonbky
A&)max(Y2,Y4)‘ < ‘A&)min(YZ’ Y4) P

HPEBOCXO/ISIIMM PEIIEHUEM ABTISETCH V).
[ar 17. Beibupaercs 3Ha4eHue Y, Kak pacnpesenene 6.
[lar 18. st Y, 3Ha4€HNs YACTHBIX KPUTEPUEB ONITUMAITb-
HOCTU COCTaBIISIOT:

®,=348672,42 rpH.,

®,= 30 nHeid.

Iar 19. Onpenenstorca Mepbl U3MEHEHUS KaueCcTBa pe-
ieHust npu nepexoae ot ¥ x Y.

374596,35 —348672,42

ADp(Fy.¥s) = 374596,35

=0,0692,

13-30

AD,(Yy,Ys) = =—0,5667.

MaxkcuMaabHOE CHIDKCHHE KadyecTBa PEIIeHUs IPH TIe-
pexone ot Y2 K Y5 COCTAaBJISIET:

AD i (Y, Y5) = 0,46%(=0,5667) = —0,2607.

Kommaxkosa T. O.

MaxkcuMasibHOE TOBBIIICHNE KayecTBa PEUIeHHs IpU
nepexoze ot ¥, K ¥, cocTapser:

AD o (3, Ys) = 0,54%0,0692 = 0,0374 .

Iockonbky
A&)max(YZ,YS)‘ < ‘A&)min (Y2’ YS) P

HPEBOCXO/ISAIMM PENIEHUEM ABTISETCH V).

Takum oOpazom, 3a 19 maroB ObUT COBEPILIEH MOIHBIN
nepedop TMCKPETHOTO MHOXKECTBA PELIEHHH, 3aJaHHBIX B
tabmnnax 1 u 2. ITocie 3aBepiienus nepedopa HAMITYIIIAM
PEIIEHNEM OKa3aJI0Ch PELIEHUE Y, KOTOPOE COOTBETCTBYET
pacmpenenenuio 3. ONTUMalIbHBIM pEIIeHHEM 3a1a4du Oy-
JIET 3aKJIFoueHue KoHTpakTa Ha 40 % 3axa3za (455 M kabens) ¢
TOZPSIUUKOM «DHepronpom», u Ha 60 % 3axaza (682 M
kabesst) ¢ moppsaurkom OO0 «KOPT».

[Tpn 3TOM 00LIAast CTOMMOCTh 3aKa3a yMEHBIIASTCS Ha
4 %, 1 o0IIMA CPOK MCIIOJTHEHHS 3aKa3a yMEHbIIaeTcs Ha
38 % OTHOCUTENBHO PEIlEeHHs, IIPH KOTOPOM BECh 3aKa3 BbI-
nonuser noapaaurk OO0 «KOPT».

BbIBO/JbI

HPGMOXGHHLII‘/'I METO MHOI‘OKpHTCpHaJ'[I:HOﬁ OIITUMU-
341U NO3BOJIWJI pacupeACIuTb 00BEM 3aKasa MCKIY HE-
CKOJIbBKMMU MOCTAaBIHIMKAMU COITIACHO KPUTCPHUAM CTOUMOC-
TU U CPOKa MCIOJIHCHHUS 3aKa3a. HpI/I 9TOM OH YYUTLIBACT
OTHOCHUTCJIbHBIC KO3(1)(1)I/IHI/I€HTI)I Ba’XHOCTH KPpUTCPHUCB, YTO
TO3BOJIACT OTBICKATh OIITUMAJIbHOC PCHICHUE B TOM Ci1ydac,
KOorjga KpuTepruu HE paBHO3HAYHbI UIA TCKYLICTO TCHACPA.

Hcnons3oBanue NPpEAIOKCHHOI'O METOAA IMMO3BOJIACT CIIC
Ha 3Tane NpoBEACHUA TCHACPA MUHUMHU3UPOBATH 3aTPaThI
Ha 3aKa3bl, YMCHBIINUTH 06Luee BPEMS BBIITIOJIHEHUA 3aKa3a
OTHOCHUTCIIBHO INTAHOBOI'O, U n30eKaTh BO3MOKHBIX 3aaep-
JKCK B IIOCTaBKaX.
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The problem of optimal distribution of orders among multiple contractors participating in the tender is considered.
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YCTOUYMBOCTb PELUEHUA 3A0AY ONMTUMAIBHOIO
NMPOEKTUPOBAHUA CUCTEM C UHTEPBAJIbHbIMUA NMAPAMETPAMW

PaccmoTpeHa 3a1aua ONTUMU3ALUY HEIIOIHOCTBIO OIPEIENICHHBIX (HEICTePMUHUPOBAHHBIX)
GyHKUMH, T.e. QYHKUMH ¢ mapaMeTpaMy, 3aJlaHHBIMH JIMIIb C TOYHOCTBIO IO MHTEpBaJa.
IMoka3zaHo, 4To penieHue 3TOH NpobIeMbl TpeOyeT TaKkXkKe PAaCCMOTPEHUS 3a/Jaull OIPEIeICHHs
YCTOWYMBOCTH ONTHMyMa K BapbHUpPOBAHUIO 3HaYeHHH mapamerpoB QyHkuuu. IIpemiaraercs
METOJ| HAaXOXXJEHUsl ONTHMyMa (YHKIUI U ONpEIeNICHUsI ero yCTOMYMBOCTH METOAAMHU

PIHTepBaJ'IBHOﬁ MaTCMaTHuKHu.

KiroueBblie c10Ba: ONTUMU3AIMS CUCTEM, HEOIIPEACICHHOCTD, yCTOfI‘{PIBOCTI) onTuMyma,
BapbUpOBaHUC NAapaMETPOB, UHTEPBAJIbHAsA MaT€éMaTHKa.

BBEJIEHUE

Ha ceropusimauii 1eHb B Mupe uMeeTcs o0mmpHast Jiu-
TepaTypa 10 ONTUMH3ALNH (ONITUMAIEHOMY IIPOSKTHPOBA-
HUIO) Pa3JINYHBIX CUCTEM C JIETEPMHUHUPOBAHHBIMH Iapa-
METpaMH — TEXHUYECKHX, IKOHOMUIECKHX U T. 1. CooTBeT-
CcTBylOIIME 3a1auu (OPMYIUPYIOTCS KaK 3ajadyu
MaTeMaTHYeCKOro IPOrpaMMUPOBAHHUS C LIEJIEBBIMU (DYHK-
LIUSIMU ¥ QYHKIMSMH OTpaHUYCHUH, ITapaMeTpbl KOTOPBIX
SIBJISIIOTCS IETEPMHUHUPOBAHHBIMHU BesTmurHaMu. OJTHAKO Ha
MIPaKTHKE [0 00bEKTHBHBIM IPUYMHAM YaIlle BCTPEYAIOTCS
CHCTEMBI C HEAETEPMUHHUPOBAHHBIMH Napamerpamu. Or-
TUMM3ALHUS TAKOTO pojia CUCTEM (OpMaIU3yeTCsl B BHIE 3a-
Jlad MaTeMaTH4ecKoro IporpaMMHPOBAHMS C LEJIEBBIMU
GyHKIMAME ¥ QYHKIUSAMHA OTpaHWYEHHH, TapaMeTphl KO-
TOPBIX — Pa3JIMYHbIE HEJETCPMHUHUPOBAHHBIEC BEIWYMHBI:
CiTyqaifHble, HEYETKNE, HHTEPBAIBHBIC U T. 1. DTH 3a71a4H,
BOOOIIIE TOBOPS, CIIOXKHEE JeTepMUHIPOBAaHHBIX. OHU Tpe-
OyroT 0000IIeHNST TOHSITHS SKCTpeMyMa (YHKIIUHU, BBISC-
HEHUS yCIIOBUSI €T0 CYIIECTBOBAHMS, CBA3aHHBIX C HEZIeTep-
MHUHHPOBaHHOCTBIO TApaMeTpoB (DYHKIIMH, ¥ CO31aHUS CIIe-
IAJIbHBIX METOJOB IIOMCKA SKCTPEMyMa TAKNX (DYHKIIHH.

W3BecTHO TpH pa3iIWUHBIX IMOAXO0A K PEIICHUIO Herle-
TEpPMHUHHUPOBAHHBIX 337[a4 MaTEMaTHYECKOTO POrPaMMHPO-
BaHUA: JICTEPMUHUPOBAHHBIN, BEPOATHOCTHBIH [ 1] 1 mHTEp-
BaJIbHEIH [2]. JleTepMIHMPOBAHHBIH MTOAXO/ 3aKITIOYASTCS B
PpEIIeHNY 3a]a9H JUTS ONPEIEIICHHbBIX 3HAYCHUH ee mapaMer-
POB, BEIOpaHHBIX BHYTPH COOTBETCTBYIOIIHX 33 JAHHBIX 00I1a-
cTeit HeompeneneHHOCTH. Hanpumep, MOryT ObITH BEIOpaHBI
LEHTPHI (CepenHbI) 00IacTel HeOPeAeICHHOCTH ITapaMeT-
POB (LEHTpaNbHAs CTPATETHs ), HANXYAIIee COUeTaHHE 3HAYC-
HUI ITApaMeTPOB 331a9H (IECCUMUCTHIECKAs CTPATET S ), UX
HaroTydInee codeTaHre (OMTUMUCTHIECKAsI CTPaTers)  T. 1.
BeposTHOCTHBIN OIXO0 3aKITI0YAETCS B PELLIEHUH 330a49H JJIsI
YCPEIHEHHBIX (OXHIAEMBIX, B CMBICIIE MaTeMaTHIECKOTO
OXXU/IaHWST) 3HAYCHUH ee MapaMeTpoB, YTO IMPENIOaraeT 3a-
JTaHUE BEPOSITHOCTHON MEPBI BHYTPH COOTBETCTBYIOIINX 00-
nacreii HeonpeneneHHocTH. O0a yKa3aHHBIX TIOIXO0a 00be-
JMHSIET peIBapHUTENbHAS ICTEPMUHN3AMIS TapaMETPOB 3a-
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Jla4y, BBIIOJMHAEMAs IEpe] €€ ONTHMAaJbHBIM PEIICHUEM.
B oTnmune ot HUX, MHTEPBAJIBLHBIHN TOAXO/ HE IIPEATIoNaraeT
JIeTepMUHHU3ALIH [TapaMEeTPOB 3/1a41, KOTOPBIE 331aI0TCs B
MHTEPBAJBHOH (hOpMe — B JTAaHHOM IOIXOZE ONTHMAJILHOE
pelIeHne 3a1a4K IPOBOJIUTCS B €€ «ECTECTBEHHOU opmMey,
T.€. Ha OCHOBE IIPSIMOTO CPaBHEHMSI HEIETEPMUHNPOBaHHBIX
3HA4Y€HHH LIeTIeBOH (DYHKLMHU, COOTBETCTBYIOLINX Pa3JIMIHBIM
3HaYEHUSIM BEKTOPa apryMEHTOB, U BHIOOpE ONTUMAIBHOTO
(MaKCHMMaJIBHOTO WJIM MHUHHAMAJIHOTO) 3HAYEHMS! JaHHOH
¢yHKIMY. JIOCTOMHCTBA M HEAOCTATKH yKa3aHHbIX TPEX MOJI-
XOJIOB PaccMOTpeHBI B [ 1-8].

HW3noxeHHbIe OAXO/IbI K PELIEHNIO HEIETEPMUHAPOBaH-
HBIX 3a/lad MaTeMaTHYecKOro MpOrpaMMHUpPOBAaHHUS, TPU
BCEM HX OYEBHIHOM Da3IIMYHMH, OOBEIUHSET OJHA CYIIe-
CTBEHHAs 4epTa. A IMEHHO, BCE OHM IPEIHA3HAYCHBI IS
pelIeHns 3a4a4 ONTUMH3ALMH, B KOTOPBIX TApaMeTpHI IIelie-
BBIX (DYHKIHI U (PYHKIUH OrpaHHYCHUH TOYHO HE U3BECT-
HBI. [T03TOMY MBI HE MOYKEM OIPaHUYUTHCSI IIPOCTHIM OTHIC-
KaHWEM OIITHMAJIBHOTO PELIeHHs Hallel 3a7adu, UCIIONb-
3ys OJIMH U3 YIIOMSHYTBIX BBIIIE METOAOB. B camom xere,
13-32 OTCYTCTBHS IIPH PELICHUN 33/1a4 TOYHBIX 3HAYCHHUIH
€€ ITapaMeTPOB MOXKET OKa3aThCs, YTO ACHCTBUTENBHBIC 3HA-
YEeHHS IapaMeTPOB 3a7a4l HECKOJIBKO OTIIMYAIOTCS OT TeX,
KOTOpbIE OBIIIM IPUHSATHI B IIPOIIECCE OTHICKAHUS PEIICHHS.
B sTOM ciydae, [t TOro 4TOOBI HAWAEHHOE ONTUMAIBHOE
peuIeHue 3aJa4d UMEJO COAEP)KATENbHbBIN NPUKIaAHON
CMBICI, HAM HY)XXHO, YTOOBI OHO eIIe 00Nagaio CIemyro-
IIIAM CBOWCTBOM: ITpM HEOOIBIIIOM BapbUPOBAHHUU 3HAYe-
HHUHM TTapaMEeTPOB PEIIacMON 3a/1aull €€ ONTHMAJIbHOE pe-
IIEHWE JOJDKHO IO-TIPEXHEMY CYIIECTBOBaTh. [Ipn 3TOM
TOYKA, B KOTOPOH JJOCTUTAETCS] ONTUMYM IIEJIEBOH (DYHKIIIH,
MOXET ITIEPEMECTHTHCS U3 MCXOIHOTO TOJIOXKEHHS B HOBOE
TIONIOXKEHUE, KOTOPOE, OHAKO, TOIDKHO OBITH OJM3KO K MC-
xomHOMY. JIpyrumMu cioBaMu, TpeOyeTcsi, YTOObI HalIeH-
HOE ONTHUMAaJIbHOE PEIICHUE HEMOMHOCTHIO OIPEIeIICHHOM
(HemeTEpMUHUPOBAHHOM) 3319l MAaTEMaTHIECKOTO IIPO-
IpaMMHPOBaHNs ObUIO YCTOHYMBBIM OTHOCHTEIBHO HEOOIb-
IIMX KOMTMYECTBEHHBIX I3MEHEHMII €€ TTapaMeTpoB.
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1 IIOCTAHOBKA 3AJAYHN

PaccMmoTpuM cHavajia A€TEpMHHUPOBAHHBIN CiTydyail.
[TycTb 3a1aHa HEKOTOPast POU3BOJIbLHAS HENIPEPbIBHAs (DYH-
KLU 71 TIEPEMEHHBIX

y=F(x,....x,), @)

rae napaMmerps! (kodQuImeHTs!) ee IBHOTO MpeCcTaBIIe-

HUs p;, k=11, n3BecTHsl TouHO. bynemM paccMarpuBath
¢yaxumio (1) B orpaHn4eHHOM 00JacTH, ONpeensieMOn
CHUCTEMOH OrpaHUYEHUH

D (XpsenXy) < byy i=1m ), Q)

B KOTOPOH IapaMeTpsl ¢, § =1,¢, IBHOTO TPEACTABICHUS
¢byskimii orpannuenuil @; u npasble yacTu b; TakKe U3Be-
CTHBI TOYHO.

Torna ornocurensHo GyHKIMHK (1) MOXHO chopMynH-
POBaTh OJTHOCTBIO ONPEACIICHHYIO 33/]a4y YCIIOBHOH OITH-
MU3aluy (3a7a9y MaTeMaTHIeCcKOro NporpaMMHUPOBAHS)

F(x,...,x,) =max, 3)

IIPU YCIIOBHH

D; (Xpsn X)) <y i=Lom . @)

Pemennem 3anaun (3), (4) sBIsETCS HEKOTOpAsi TOUKA
X =(x;‘ ,...,x:) (MHOXXECTBO TOUEK M = {x*}) obnactu (4), B
KOTOpOil 1eneBas (yHKLUA F JOCTUraeT MaKCHMaJbHOIO
3HaueHus F,.. B coBpeMeHHOM MaTeMaTH4ecKOM Ipo-

IrpaMMHPOBAHNH Pa3pabOTaHO MHOKCTBO Pa3IMYHBIX Me-
TOHOB 3 (HEKTUBHOTO pemreHns 3a1a4 Buza (3), (4), opueH-
TUPYIOLIMXCS HA THII IIeTIeBOH (QYHKIUH F, a Taxke PyHK-
Uuii orpaHUdeHud @;, | = I,_m .

[penrmonoxumM Terepp, 9To B 3a1a4e onTUMu3anui (3),
(4) mapameTpsl IBHOTO MPEICTABICHNUS IIETICBON (PYHKIINU
F, @ TaKKe IapaMeTphl SBHOTO NMpeACTaBaeHUs (QyHKIMI
orpannyeHuit O; 1 paBble YACTH OrPaHUYEHUN b; U3BECT-
HBI HE TOYHO, a MpuOMmKkenHo. Toraa, B COOTBETCTBHHU CO
CKa3aHHBIM B II. 1, MBI JJOIDKHBI COBMECTHO C 3aJ]a4€i yCIIOB-
HoI onrtuMm3ariy (3), (4) paccMaTpUBATH €IIe CIIEIYIOITYI0
3a/1ady: MpoBepKa YCTOHYUBOCTH (HEYCTOHYUBOCTH) pere-
Hus 331291 (3), (4) OTHOCHTENTEHO HEOOJBIINX KOINICCTBEH-
HBIX U3MEHEHUH €€ TapaMeTPOB.

B ommume ot CyniecTBYOMMX CETOAHS METOA0B H3yde-
HUS YCTOWYMBOCTH PEILICHUS 3a/1ad onTUMm3anmu [5], Oy-
JIEM pacCMaTpPUBATh BCE BO3MO)KHBIE KOTMUECTBEHHBIC U3~
MEHEHHMS KaXX/I0TO IIapaMeTpa 3a7add KaKk eJUHOE LEIOE.
Taxoe paccMOTpeHHe TO3BOJISIET 3a/1aBaTh BCE BO3MO)KHBIE
KOJIMYECTBEHHBIE U3MEHEHUSI TIAPaMETPOB 3a7a4 ONTHUMH-
3al1U B TEOPETUKO-MHOXKECTBEHHBIX TepMHUHaX. [IpocTeit-
IIAHA CIIOCO0 TAaKOro 3aJaHMsl 3aKJIIOYaeTCs B TOM, YTOOBI
3a[aTh COBOKYITHOCTh YKa3aHHbBIX N3MEHEHHH [TapaMeTpOB
3a[a4M B BU/I€ COOTBETCTBYIOIINX YHCIOBBIX HHTEPBAJIOB.
[IpenmyiiecTBO TakOro NOAX0Aa K U3y4eHUI0 YCTOMUMBOC-
TH PELICHHS 33/1a4 ONTHMU3AIIN COCTOUT B TOM, UTO B €T0

paMKax M3y4aTh YCTOWYHMBOCTD 3aJ1ad ONTUMH3ALIH MOX-
HO C NOMOIIIBIO XOPOIIO pa3padOTaHHBIX METOJOB HHTEP-
BaJIbHOM MaTemMaTuku [9].

HTax, CoBMECTHO C IIOJTHOCTBIO ONpe/IeTIeHHON 3a1aueit
(3), (4) MBI HOIKHBI pACCMOTPETH IIPOU3BOHYIO OT HEE HH-
TEpBAJILHYIO 33/1a4y YCIIOBHOM ONTUMH3ALUH

ﬁ(xl,...,xn)=max, ®)

IIPU YCIIOBUU
D, (s, <byi=1m}. ©)

Ienepas hyHKIHS ' MHTEPBAJILHOM 3a1a4i ONTHMH3A-
i (5), (6) momygaercs u3 1eneBoi PyHKIUH F UCKOMOH,
TIOJTHOCTBIO ONpe/IeIeHHON 3aiaun ontuMuzatmi (3), (4)
TyTEM 3aMEHBI €€ TOYHBIX NapaMeTPOB py, k=1,/, COOTBET-
CTBYIOIIUMH WHTEPBAJbHBIMHU napamMmeTpamu

Pr =P tiols k:l,_l, KOTOPBIE U ONPEIEAIOT HHTEPBAJIb-
HYIO IeJIeBYI0 (QYHKIMIO /. AHAIOTHYHO 3TOMY, Jr06ast

(ynxuus orpanudenuii @;, i = 1, m, MATEPBAILHOM 3a1a4u
ycIioBHOH onrtuMu3aniu (5), (6) moiydaercs U3 COOTBETCTBY-

roniel QyHKIHA D;,i=1m, HCXOJHOM MOJIHOCTBIO OIpe-
neneHHou 3aaqn (3), (4) 3aMeHOl ee TOUHO N3BECTHBIX Ta-

PaMeTpoB ¢;, s =1,¢,i =1,m, COOTBETCTBYIOIMMH UHTEP-
BaJbHBIMU TapaMeTpamu qg =[qg1, gl s=Lt,i=1Lm.

To4HO TaK K¢ HHTEPBAITBHBIC TAPAMETPHI EI i= I,_m , Borpa-
HUYCHUSX UHTCPBAJIBHOM 3a/1a4U YCIOBHOW ONTUMHU3AIHA
(5), (6) 3aMeHsFOT COOOH COOTBETCTBYIOIIHNE TOYHO H3BECT-
HBbIE IAPAMETPBI b, | = L_m B OIPAHMYEHUSIX HCXOIHOM, MOJI-
HOCTBIO OpeNieNIeHHOH 3a1a4un onTuMu3aim (3), (4).

Bynem Ha3bIBaTh MOJHOCTHIO ONPEACIICHHYIO 33124y yC-
JIOBHO# ONTHUMHU3AIMU (MATEMATUIECKOTO POrPaMMUPO-
BaHuA) (3), (4) MaKpOYCTOHYNBON, €CITH OHA UMEET pere-
HHUE M, KPOME TOT0, UMEET PElICHHE [TPOU3BOIHAS OT Hee
HMHTEpBANIBbHAS 3a1a4a onTuMm3anid (5), (6).

Janee, OyzieM Ha3bIBaTh MOTHOCTHIO OMPE/ICTICHHYIO 3a-
Jlady yCIOBHOM ONTUMH3AINH (MATeMaTHIECKOTO [TPOrpam-
MupoBanus) (3), (4) MEKpOYCTOHYUBOH, €CIIF OHa MaKpO-
YCTOWUYMBA U, CBEPX TOIO, CYLIECTBYET Iapa pelIeHUui

(x',x"), tne x'=(x{,...,X,) — HEKOTOpas TOYKA PEILICHHS 3a-
naan ontuMusanuu (3), (4), a x"=(xj,...,x;) — HEKoTOpas
TOUYKA perreHus 3a1a4u (5), (6), pacCTOSTHHE MEX Ty KOTOPbI-
mu D(x',x") HE IPEBOCXOMUT 38 JAHHOM OCTATOYHO MATION

BEITNYNHEI d.

3amaga HACTOAIIETO UCCIIeNOBAHIS — pa3paboTaTh anro-
PHUTMBI ONpECICHHs MAKPO- U MUKPOYCTOUYHUBOCTHU IO~
HOCTBIO OITPE/ICIICHHBIX 33/1a4 YCIIOBHOM ONTUMH3AIMH THITA

3).®.
2 MATEMATUYECKHWM AIIITAPAT

B ocHOBy peuieHus MocTaBlIeHHON 3a1a4M MOJOXKUM
ammmapar HHTEpBaJIbHON MaTeMaTHKH [9], rae anredpandec-
KHE OIlepalud HajJ HWHTEPBAJIBHBIMH YHCIAMHU
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a=[a,a], b= [by,b5],... BBOIATCS KaK CJIEIYIOLINE TEOPE-
TUKO-MHOXECTBEHHBIE KOHCTPYKIUU

i+b={a+blacd beb}l,a—b=
={a-blaca,beb}, ki=1{ka|aeal,. )

UT. O. I[pyFI/IMI/I CJioBaMu, nro0ast orepanysa HaJ MHTepBaJia-
MU OopeACIACTCS Ha OCHOBE COOTBGTCTByIOIIICﬁ onepanun
HaJ TOYCHYHBIMU BCJIMYMHAMMU, IIPU YCIOBUU, YTO KOHKPET-
HBIC 3HAYCHUA BCIIMYUH np06era10T BCC€ BO3MOXHBIC 3HA4YC-
HUS U3 COOTBETCTBYHOIIUX MHTCPBAJIOB. U3 BBCIACHHBIX aJI-
Fe6paI/I‘-I€CKI/IX onepaunﬁ HaJl THTEpBaJIaMH BBITCKAOT ITPO-
CTBIC ITpaBUJIa BBITIOJIHCHU A onepaunﬁ:

laj,ap 1+ [by,by]=[a); + by, ay +by],

[alaaZ]_[blabz] = [al
[kal,kaz], k > 0,

=by,ay —b];

Maral=1 0 ka, k <0
la;,ay]-[b1,b7] = mln(a ‘b )max(a bj)l;
i.Jj
lay,ay1/[b, byl =[ay.ay]-[1/ by, 1/ by]. ®)

BBenem Teneps onepanyn cpaBHEHUs] HHTEPBAJIBHBIX
grcen [2, 8]. [TombITaeMcest CpaBHUTE HHTEPBANEL d = [}, a5 |
b= [®y,b,], paccMaTpHBas UX KaK MHTEPBAJIbHBIE YUCIIA.
ECTECTBEHHO HayaTh CO CPABHCHHS MHTEPBAIOB G U b Ha
0a3e cpaBHEHHH B OT/ICNIFHBIX IApax BEIECTBEHHBIX YNCEI
(4.b)), tne q; €a, b € b . OXHAKO TAKOM MIOJXO PUBEET HAC
K TIPOBAJTY, Tk Kak B OOLIEM CITyqae OIHH napbl uncen (¢;,0;)
a Ipyrue — B Ipo-
THBOIIOJIO)KHOM OTHOWICHUH: ¢; <b;. ExuHCTBEHHOE, YTO

OyIyT HAXOXUTBCS B OTHOLICHHH &; > b,

OCTAETCsI — PEeasIM30BaTh OIEPAIHIO CPAaBHEHHSI HHTEPBAJIOB
Ha TEOPETHKO-MHOKECTBEHHOM ypPOBHE, TIONOOHO anredpa-
MYeCKUM onepalwsiM Hajx uaTepsanam (7). B cootBeTcTBINM
CO BBIIIECKA3aHHBIM, BBE/IEM OIMEPAIMH B3STHS MAKCHMY-

Ma v I MHHAMYMa A IBYX HHTEPBAJIbHBIX Uncen d =[ay,d; |

ub= [&,b,] B BHIE KOHCTPYKLIMH
avb={avblaca,beb},
inb={anblacd,beb}. ©)

Omneparust B3ATHSI MakCUMyMmMa (MHHUMYMa) U3 OBYX

MHTEpBAIIOB & 1 b, COIIAcHO (9), OIpeeNseTcs Kak HaX0x-
JIeHEe MaKkCHMyMa (MAHIMYMa) U3 BYX TOYECUHBIX BEIIH-
YMH a ¥ b, IPH yCIOBUH, YTO KOHKPETHBIE 3HAYECHUST STHX
BEJIMYMH TIPOOETaroT BCE BO3MOXKHBIE 3HAYCHUSI COOTBET-
CTBEHHO M3 UHTEPBAJIOB g U b. YroOsI HMHTEPBAIIBI @ U b
MOXXHO OBIJIO CPAaBHUTH T10 BETMYMHE, YCTAHOBHUB MX OTHO-

mrenne (@ > b win a <b), HyKHO, 9TOObI: 1) BBEIEHHBIE
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OIIEPAITIH V, A HaJl STUMU HHTEPBAJIaMH CYIIIECTBOBAIIH; 2)
HX pe3yIBTaTOM OBLT OIUH U3 ONEPAHIOB § WIH j; 3) omepa-
LMK V, A OBIJIM COITIACOBAaHHBIMHU MEXIY COOOH, T. €. OBIIO
BEITIOJTHEHO YCIIOBHUE: €CITH OONBITIM (MEHBIIINM ) SIBIISIETCS
OJIUH U3 MHTEPBAIIOB (7, b, TO MEHbIINM (GOBIIIM ) ABJIAET-
Csl Ipyroil U3 HUX. YCIOBUE CPAaBHUMOCTH BEIHUYHH JBYX
WHTEPBAJIOB SBISIETCS, OUECBUIHO, HEOOXOMUMBIM U TOCTA-
TOYHBIM yciioBreM. OIHAKO JIETKO JIOKa3aTh, YTO YCIOBUE
COITIACOBAaHHOCTH OIEPALNl \v U A HaJl HHTEPBAJIaMH BBI-

TonHsieTcst Beeraa (Ui J1r000i mapsl MHTEPBAJIOB (d,l;)).
Taxoke Bcerna (s J1r000# ITapbl MHTEPBAJIOB) BBITIONHSICTCS
YCIIOBHE CYIIECTBOBAHMS BBEACHHBIX HAMHM BBIIIE OIEpa-
LIUH B3STUS MAKCUMYMa \v ¥ MUHUMYMa A JBYX HHTEpBa-
JIOB, IPUYEM PE3YJIETATOM OIEPAIU OKA3bIBAETCSl HEKOTO-
PBIi, BOOOIIIE TOBOPSI, HOBBII HHTEpBa. B KoHeYHOM HTOTE
HEoOXOIMMOE M JIOCTaTOYHOE YCIOBHE CPaBHUMOCTH HH-

TEPBaJIOB @ W p TPEBPAIIACTCS B YCIOBHUE, IO KOTOPOMY
orepanuu g v b u a A b TOIKHEI JaBaTh B pE3yNIETaTe 005I-

3aTeJThHO OJIMH U3 HHTEPBAIOB-ONEPAH/IOB: g Wik b. Taxas
(OpMYTHUPOBKa YCIIOBHSI CPAaBHUMOCTH HMHTEPBAJIOB JAeT
BO3MOXXHOCTH ITIOJYYEHHUsI €0 B KOHCTPYKTUBHOU (hopme,
IIPUTOTHOM, K TOMY K€, JUI MPAKTUYECKOTO NPUMEHEHHUS.
Oro siBisiercst 6a30BOi (OpMOH yCIOBHSI.

Teopema 1. J[n cpaBHUMOCTH [BYX HHTEPBAJIOB

a=[a,a]nb=
OTHOIIECHUH ¢ > b HEOOXOIUMO H JOCTATOYHO, YTOOBI OfI-

HOMMCHHBIC I'PAHUIIBI 9TUX UHTEPBAJIOB YIOBJICTBOPAJIN yC-
JIOBHSM

[B;,b, ] ¥ MX HAXOXKAEHUS MEXTY COOOH B

GIZbl,a2 2b2, (10)

a U1 CPaBHUMOCTH 3TUX UHTEPBAIIOB Y UX HAXOKICHUA MEXK-

Jly cOOOM B OTHOIIEHHMH d < b — 4TOOBI YNOBIETBOPSAINCH
CIIeIYFOLINE YCIOBHS:

Cllﬁbl,az gbz (11)

CoracHO yTBEepXKICHHIO TEOPEMBI 1, HHTEpBAJIbI d U b
SIBIISIFOTCS] CPAaBHAMBIMH 1 HAXOAATCS B ONIPEAEICHHOM OT-

HOILICHHH TTOPSKA d > b Win g < b TOMBKO KOTJIA B TAKOM e
OTHOIIEHUH HAaXOAATCS UX OJHOMMEHHbIE IPaHUIIbl ay,by U

ay,by. JIpyramu ciioBaMH, IS CPAaBHUMOCTH HHTEPBAJIOB
MEHBIINH HHTEPBAJI IOIDKEH OBITh CIBUHYT 00ENMH TPaHH-
IIaMH BJIEBO OTHOCHTENBHO OosbIIero nHrepBana. Urak, ¢
TIOMOIIBIO TEOPEMBI | cpaBHEHNE IBYX MHTEPBAJIOB U BBI-
60p OombIIero (MEHBIIIETr0) M3 HUX CBOAUTCS K CPABHEHUIO
OJJHOMMEHHBIX TPAHHI] STHX HHTEPBAIOB, SBIISIOLIIUXCSI TOU-
HO U3BECTHBIMH BEIIECTBEHHBIMH YHCIAMH.

Teopema 2. /I HECpaBHUMOCTH IBYX WHTEPBAJIOB

a=[aj,ay]ub =[b,b,],T. € M TOTO, YTOOBI OHU HE HAXO-
JIAJTUCh HU B OTHOIIICHUU ¢ > b, HU B OTHOUIEHUH a < b,
HEOOXOIMMO H JIOCTATOYHO, YTOOBI OJJHOMMEHHBIE TPaHH-
(Bl HHTEPBAJIOB YIOBIECTBOPSIIN YCIOBUSM

a1<b1,a2 >b2 nim b1<a1,b2 >ay. (12)
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Crout oTMeTUTD, uTo yeioBus (12) 0003Ha4atoT Ty CHTY-
aIHIo, KOTJIa OIMH MHTEPBAJ Ha YHCIOBOH OCH HOJTHOCTBIO
«HAKpBIBAET» JPYTOH.

Teopema 2 mokasbIBaeT CyIIECTBOBaHWE CIydaeB He-
CPaBHUMOCTH MHTEpBaJoB. HecpaBHHMOCTH HEKOTOPBIX
HMHTEPBAJIOB — €CTECTBEHHOE CJIE/ICTBHE TOTO, UTO, B OTIIH-
YHe OT TOYHBIX BEIIECTBEHHBIX YHCEJI, HHTEPBAJIbHBIC YHCIIA
3aJJaf0TCsI C HEKOTOPOI HEONPEIeIIEHHOCTHIO (TOYHO H3BEC-
THO, YTO BEIIECTBEHHOE YKCIIO IPHHUMAET HEKOTOPOE 3Ha-
YeHHE B 3aJaHHOM MHTEpBaIe, HO He U3BECTHO, KaKoe NMEH-
HO 3TO0 3Ha4yeHue). Jlanee, TeopeMbl | U 2, TOCBSIIICHHBIC
CpaBHEHUIO NIap MHTEPBAJIOB, MOXXHO 00OOIINTE Ha CHCTe-
MBI C TPOU3BOJIEHBIM YHCIIOM HHTEPBAJIOB.

Teopema 3. J1151 cyleCTBOBaHUS B CHCTEME HHTEPBAJIOB

a) =[aq(D),ar (D], a(2) =[e(2), @y (2)],... MaKCHMATBHOTO HH-
TepBajia HEOOXOIUMO M JOCTATOYHO, YTOOBI €r0 TPAHUIIBI

pacnoaarajancb OTHOCUTCIIBHO OAHOUMMCHHBIX I'PAHUILL BCEX
OCTAJIBHBIX MTHTEPBAJIOB COMIACHO CJIICAYIOIIUM YCIIOBUAM

a () 2 a1(2), a1 (1) 2 a; (3),...;

ay(1) 2 ay(2), ap (1) 2 a5 (3).... (13)
Vcnoeus-HepagsencTsa (13) 3anucanbl 1ist KOHKPETHOTO

CITyJast, KOrJJa MaKCUMAaTBHBIM sIBIIsIeTCs mHTEepBai a(l), uro

HE OTpaHUYUBAET OOITHOCTH.
Teopema 4. J1714 cylieCTBOBaHMS B CHCTEME HHTEPBAJIOB

a)=[a1),a, (D], a2) =[7(2),a5(2)],... MUHIMAIBHOTO HH-
TepBaia HEOOXOAUMO U JIOCTATOYHO, YTOOBI €r0 rPAHUIIBI

ObLIU PACIOI0KECHBI OTHOCUTCIILHO OJHOUMCHHBIX I'DAHHI]
BCEX OCTAJIBHBIX HHTEPBAJIOB COITIACHO YCIIOBHUAM

a (1) < a (2), a (1) < a (3),,

a>(1) < a5 (2), ay (1) < ay (3).... (14)

VYenosus (14), ananorugso yenosusiM (13), 3armicasst st
CITydqasi, KOTJJa MUHIMAJIGHBIM sIBIsIeTCs nHTepBai a(l), uto
HE OTpaHUYMBAET OOITHOCTH.

Teopemsr 3, 4 03HAYAIOT, YTO MHTEPBAJI SBISCTCS MAaKCH-
MaJIbHBIM (MIHUMAJIEHBIM ) 13 HHTEPBAJIOB CHCTEMBI TOJIb-
KO €CJI MAKCUMaJIbHBI (MHHUMAJIBHBI) €r0 HIDKHSAS TPaHH-
I1a — CpeIN HYKHUX TPAHHIL] BCEX HHTEPBAJIOB — U BEPXHSSA
TPaHUIA — CPEIN BEPXHHUX IPAHMI] BCEX HHTEPBAJIOB.

3 MAKPOYCTOMYMBOCTD 3AJIAUN
YCJIOBHOM ONTUMM3BALIAN

OO0paruMcs K TOTHOCTHIO OIPEIENICHHOH 3a/1ade yCIIOB-
HOU orrrrMu3aIid (3), (4) ¥ OMHUIIIEM METOH YCTaHOBJICHUS
MAaKpOYCTOMUMBOCTH 3TOU 3a1aud. I1omHOCTBIO onpeneneH-
Has 3aj[ada YCIOBHOM orrruMusatid (3), (4) 1o ompeeIeHIIo
(cM. 1. 2) siBIsieTcst MAaKpOYCTOMIHMBOM, €CIIF OHA camMa | Ipo-
W3BOIHAS OT Hee HHTEpBAIbHAS 3a7[ada YCIOBHOM ONTUMI3A-
i (5), (6) mvetot pererns. CyIecTBOBaHHE PEIIEHHS TT0M-
HOCTBIO OTIPEIEIICHHON 3a1a91 YCIIOBHOM onTuMm3anii (3),
(4) MOXXHO YCTAaHOBUTH C ITOMOIIBIO OOIIIEN3BECTHBIX METO-

JIOB MaTeMaTH4ECKOro nporpammuposanus [ 10—12], Tak uto
3JIeCh HET HUKakuX rmpooseM. CrioxkHee 00CTOUT J1eT10 C Ipo-
BEPKOM CYIIECTBOBAHUS PELICHNUS HHTEPBAIBHOM 3a1a4u yc-
noBHOH onruMusanyH (5), (6). 3nech 3 EeKTUBHBIM OKa3bI-
BaeTCs NPHUMEHEHNE JIETEPMUHU3AIMOHHOTO METo/a pelie-
HUSI 3a]1a4 MHTEepBaJIbHOM onTuMM3anui [2, 8, 13].
WuTepBanpHast 3aa4a yCIIoBHOW ontumu3sanui (5), (6)

MMEET UHTEPBAIBHYIO LENEBYIO QYHKIHIO F(Xj,...,X, ), HH-
TepBaJIbHbIE (DYHKIH OTpaHNIEHUH ci)i ,1,m , B IeBBIX "ac-

TSIX OTpPaHUYCHUI ¥ HHTEPBAJILHBIE TApaMETPHI l;l Ji=Lm,
B IpaBbIX YacTsX. Mcnonb3ys popMyiTs! aeMeHTapHBIX Ipe-
obpa3oBaHuii UHTEpBaIOB (8), QyHKIUKM F U (i)l. MOYKHO
TIPE/ICTaBUTD SIBHO B UHTEPBaJILHOM (hopme. Tak sxe MOXKHO
TIPE/ICTaBUTh U ITapaMeTPhI l;l . Bece atn mpencrasnenns 3a-

IIMCBIBAKOTCA B BUJIC

ﬁ(xl,...,xn) =[F (X505, F5 (X505 X)],
(iJi(xl,...,xn) =[ D1 (31505 X )s P2 (X150, X)), i =1,m, (15)
b~i =[b1,0], [

i=1lm.

[Tocme 3TOro BCro MHTEPBANBHYIO 33]a9y YCIOBHOM OII-
TuMu3armi (5), (6) Takke MOXKHO ITEPENrcaTh B SBHOM HH-
TEpBaJIHLHOM BHJIC

[ oo Xy ), 5 (X150, X, )] = max,, (16)

[CDil(xl9"'9xn)7q)i2(x19'”7xn)] < [bilabiZ]a i =1a_m } : (17)

OT HHTEpBAIBHOTO MpeacTaBiIeHns 3a1a4 (16), (17) me-
peiijieM K ee SKBUBAJICHTHOMY MPE/ICTABIICHHUIO B BUJIE [TAPBI
MOTHOCTBIO OMPEICTICHHBIX (IeTePMUHUPOBAHHBIX) 33124
YCIIOBHOW ONTHUMH3AINK, KOTOPOE YK€ MOMAAETCS pellie-
HUFO. J1J1s 3TOr0 CHavala 1o Teopeme 3 mpecTaBUM HHTEp-
BanbHOE ypaBHeHUE (16) B BHIe YIKBUBAIICHTHON TAPHI Je-
TEPMUHUPOBAHHBIX YPaBHEHHUH

F(x,...,x,) =max, F5 (x},...,X, ) = max . (18)

Janee, no reopeme 1 npeacTaBuM CUCTEMY UHTEPBaJIb-
HBIX HepaBeHCTB (17) B BHIE SKBUBAJICHTHOH CHCTEMBI OOBII-
HBIX IETEPMUHNPOBAHHBIX HEPABEHCTB

q)il (xl,...,xn) < bil’ (Dl-z(xl,...,xn) < bi29 i= I,_m . (19)

CoennHUB nIapy ypaBHeHuH onrrrMu3anmi (18) ¢ cucre-
MOii HepaBeHCTB-orpaHudeHui (19), moaydaeM COBOKYII-
HOCTb JIByX NOJTHOCTBIO OIPEIENICHHBIX 3a1a4 YCIOBHOM OIl-
Tumu3army Buaa (3), (4)

F(x,...,x,;) = max,
q)il(xl,...,xn) < bil’ i= l,m,

qbiz(xl,...,xﬂ)ﬁbl-z,izl,_m, (20)
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F5(x,...,x,) = max,

(Dl-l(xl,...,x”)ﬁbﬂ,i:l,_m, (21)

q)iz(xl,...,xn) < biZ’ i :1,}7[,

SKBHBAJICHTHYIO NCXOIHON MHTEPBAILHON 3a1a4e yCIOBHOM
orrrumm3zatyi (5), (6). 3amady (20) Oynem Ha3bIBaTh HIDKHEH
TpaHMYHOH 3a/1a4eil HHTepBaJIbHOM 3a1aui (5), (0), a 3axady
(21) — BepxHel rpaHNYHOM 3aqadedl. MTak, Ui MomydeHus
pelIeHnst HHTepBaIbHOM 3a1a4H (5), (6) HY)KHO peIuTh ee
HwkHIO0 (20) 1 BepxHioro (21) rpannyHbIe 3a1a41. B 06miem
cilydqae pelleHre HIKHEH paHWYHOM 3aJaun UMeeT BH[
{M (%), Fl,max} , @ BepXHEed IpaHUYHOU 3aJa4u — BUJ

{MB (x), F2,max ).

3nece My (x), M,(x) — MHOXKECTBa TOYEK PEIICHUSI
x=(xq,...,X,) HIDKHEH M BepxXHell I'paHMYHBIX 3ajay, a
F max> £2.max — TIOIy4EHHBIE MAKCUMANbHBIE 3HAYCHHUS
LeTIeBBIX (PyHKIMH 3THX 3a/1a4. Perienne nHTepBabHOMN 3a-
nagun onrruMu3zanyd (5), (6) Gopmupyercst U3 pemeHuii ee
HIDKHEH 1 BepXHEH TpaHIYHBIX 3a/1a4 1 UMEeT BUJT

& e My () AMy(3); Frnax = [Fmax Po.max] § - (22)

CornacHo (22), B Ka4eCTBE TOUKH PEIICHUS x HHTEP-
BaJIbHOH 3a1auu ontumusanui (5), (6) BeiOupaercs mrodas
TOYKA U3 TIEPECEUEHNs] MHOXECTB TOUEK PEIICHUsS €€ HIK-
Hell ¥ BepXHel IpaHNYHbIX 33/1a4, 2 B KAYeCTBE MaKCUMaJTb-

HOTO 3HAYCHUS MHTCPBAIBLHOU IENEBON (DYHKIIUU ﬁmax -
WHTEPBAJ OT MAKCUMaJIBHOTO 3HAYCHHUS IIeTICBOM (DyHKITHA
HIDKHEH 3371294 F| oy 10 MAKCHMAIIbHOTO 3HAYICHHS LieTTe-
BOM (DyHKIIMHK BEpXHEH 320898 F) .

U3 BEITOTHEHHOT O TIpOIiecca MOCTPOCHHS PEIICHNS HH-
TepBaJBHON 3a7]a491 YCIIOBHOU onrruMm3anun Buaa (5), (6) u
OTIpeieTICHIs] MaKpOYCTOMYMBOCTH IOTHOCTBIO OIPEIeNIeH-
HOH 3a/1a49m ycTIOBHOH onTuMu3aui (3), (4) BEITEKaeT cie-
IIyIOMIasi OCHOBHAS TEOpEMa.

Teopema 5. JI7151 TOro 9YTOOBI OITHOCTBIO OIPEICICHHAS
3a[a4a ycIoBHOH onrrmMuzatmd (3), (4) ObU1a MaKpOyCTOi-
YuBa, HEOOXOMUMO U JJOCTATOYHO, YTOOBL: 1) 3Ta 3a7a9a nMe-
JIa pelenwe; 2) MHTepBaIbHas 3aja4a ontumm3arii (5), (6),
TIPOM3BOIHAs OT 3a1a4H (3), (4), IMeTa HIDKHIOO U BEPXHIOIO
TpaHWYHBIC 3a/1a4d, 00TaJafoNWe PenIeHIAMH; 3) MHOXKe-
CTBa pEIICHUI HUYKHEN U BEpXHEN IPaHUYHbBIX 33]a4 HHTEP-
BaJIEHOM 3312491 onTuMm3aIwd (5), (6) mepecekamch.

CdopmymmpoBaHHas BIIIE TEOPEMa 5 OIMPEHeNnseT cie-
JIYIOUIMA aJITOPUTM U1 POBEPKH MPOU3BOIBHOM MOJIHOC-
TBIO OTIPEIENICHHON (IeTepMUHUPOBAHHOI) 331a9H YCIIOBHOM
OITTUMI3AIIH, IMetorei Bux (3), (4), Ha MaKpOYCTOHIMBOCTB:

Hlar 1. MUcnione3ys noAXOAsAIIKE U1 KOHKPETHOTO TUIA
HeneBor (PyHKIIMH METONBI PEIICHHS TOIHOCTBIO OIpee-
JICHHBIX (IeTepMUHNPOBAHHBIX ) 33129 YCJIOBHON ONITHMH3a-
wn [10-12], mem pewenne x' = (x7,...,X;, ) 3aga4u (3), (4).
OIHOBPEMEHHO C STHM IIPOBEPSIETCS U CYIIECTBOBAHNUE (HE-
CYIIECTBOBAHKE) PEIICHUS 3TOH 3aJa9H.
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Hlar 2. 3agaBasicb HEKOTOPHIMU MOAXOISUIUMHE 3HAUE-
HUSMY UHTEPBATBHBIX ITAPAMETPOB IIENEeBOH (PYHKIUHU F,

(yHKIMi orpanndenni @;, i =1,m, U NPaBBIX YacTeH or-

paHWYennH b, i = 1,m TOTHOCTBIO ONPEICICHHOM 3a1a4n
yciroBHOH onTumusanyi (3), (4), CTpoUM IPOU3BOAHYIO OT
Hee MHTEPBAJIBHYIO 33J1ady YCIOBHOM ontnmu3atud (5), (6).

Ilar 3. Mcnone3yst GopMyiTbl HHTEPBAJILHONH MaTeMa-
TUKH (8), BEIpayKaroye pe3yibTaThl AJIeMEeHTapHbIX IPe00-
Ppa30BaHUI1 HHTEPBAJIOB, IPEJCTABIIIEM IIETEBYIO (QYHKIIHIO

F, Qynxuun orpanndenud @;,i=1,m, a TaKke IpaBble

YacTH OTPaHMYEHnH b;, i = 1, m , MHTEPBABHON 3a/1a4H yc-
JoBHOM onrtuMuzaty (5), (6) B uHTepBanbHOM opme (15).
Ilar 4. TTo HaliieHHBIM Ha Iare 3 HHTepBaIbHBIM Ipe/-

cTaBieHUAM (QYHKIUH F, &)l., i=1,m, 1 mapaMeTpoB
I;i, i =1,_m, ¢opmupyem HikHIOW (20) 1 BepxHIo10 (21) rpa-
HIYHBIE 33,1891 HHTePBATLHON 3a1a41 onTUMU3armi (5), (6).

Hlar 5. Ucnone3ys Te e camble METOABI, YTO U Ha
mrare 1, uieM pereHunst ONTUMU3AIMOHHBIX 33134 (20) u (21).
O/HOBPEMEHHO C 3THM IPOBEPSIEM CYILIECTBOBAHUE WIIN He-
CYILIECTBOBAaHHE PEIIeHHH yKa3aHbIX 3a1a4. [lomHble peme-
HMS 33/1a4 YCITOBHOM ontrMusatmy Buaa (20, (21) nmetor co-
OTBETCTBEHHO Bup {M,(x), H max o M (x), Fz’max} , TIe
M, (x) — MHOJKECTBO TOYEK X PEIICHUs HIDKHEH, M, (x) —
MHOXECTBO TOYEK X PELICHHSI BEpXHEH rpaHNIHON 3a/1auH.

Iar 6. [TposepsieTcs Hanmame (OTCYTCTBHE) Iepeceye-
HUS HallIeHHBIX B pe3yisTare pemenus 3aaad (20) u (21)
MHOXeCTB M, (x), M, (x).

Hror. Eciu B pe3ynerare paboThl anmropuT™Ma BBISICHHU-
JIOCh, YTO MIOTHOCTBIO OTpeeNieHHas 3a7a9a YCIIOBHOM OIl-
tumu3ami (3), (4) nMeer pelenne, a MpON3BOIHAS OT Hee
WHTepBaNbHAs 3a1a4a (5), (6) uMeeT HIKHIOK U BEPXHIOIO
TpaHWJIHBIE 33a/1a4d, OONAMAroIIye PEIICHUSAMH, MPHIeM
MHOXECTBA ITUX PEIICHUN MePECEKalOTCs, TO 3a/1a9a OITH-
Muzanui (3), (4) sBisercs MakpoycToiiunBoi. B mpotus-
HOM ciry4ae 3a1a4a (3), (4) He SBIsIeTCS MaKpOyCTONIUBOM.

4 MUKPOYCTOMUYHABOCTD 3AJIAUN
YCJIOBHOM ONITUMM3BALIAN

CHoBa 00paTHMCS K ITOTHOCTBIO OIPEIEIeHHOI 3a1ade
ycII0BHOM onrtumm3anyi (3), (4) 1 OIUIIeM METO] YCTaHOB-
JIEHUS] MUKPOYCTOMUMBOCTH 3TOH 3a/1a4H.

[TonHOCTEIO OnpeneneHHast 3a1a4a YCIOBHOM ONTUMU-
3amm (3), (4) o onpenenenunto (CM. I1. 2) SBISETCS MUKPO-
YCTOHYMBOM, €CIT OHa 00JIa1aeT CBOMCTBOM MAaKpOYCTOM-
YUBOCTH ¥, KPOME TOT0, CYILECTBYET Napa peruenuit (x', x"),
rne x' = (x{,...,X;,) — HEKOTOPOE PEIICHHUE HCXOMHOH MOTHO-
CTBIO OmpeeneHHo# 3a1aun (3), (4), a x”" = (x{,..., X, ) — Ka-
KOE-TO peIIeHNe MPON3BOIHON OT Hee HHTEPBAILHOM 3a/1a-
9H YCIOBHOM orrrumMu3ari (5), (6), paccTosHHE MEXKIY KO-
TopeiMu D(x',x") He IPEBOCXOMMT 3aTaHHON JOCTATOYHO
MaJo BennunHbl d. M3 3TOrO OmpeneneHus: HaIpsMyro
BBITEKAET CIEAYIOUINM aJITOPUTM IPOBEPKU IPOU3BOIBHOM
MIOJTHOCTBIO OIPEAETIEHHON 3a/1a41 YCIOBHON ONITUMU3 AU
Buza (3), (4) Ha MEKPOYCTOHIHUBOCTb.
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Iar 1. C noMouisro 6-11aroBoro aaropuTMa, U3JI0KeH-
Horo B 1. 4, mpoBepsieM 3anady (3), (4) Ha MakpoycTOH4H-
BOCTb. B cirydae orpunarensHoro pesynsrara (3aaa4a (3), (4)
HE MaKpOyCTOHYMBA) KOHELl aJITOPUTMa, C BBIBOJIOM: 3a71a4a
(3), (4) HE sBAgCTCS MUKPOYCTOHINBON. [TpH MOTOXKHUTEIE-
HOM pe3ylibTaTe poBepkH (3ana4a (3), (4) makpoycToiun-
Ba) Iepexof K mary 2.

Ilar 2. BeibupaemM HEKOTOPYIO NPOU3BOJIBHYIO TOUKY
petuenust x' = (X{,..., X, ) 3aa4u (3), (4), HallIeHHYIO Ha 111are
1. TTocne aToro 1o6aBIsieM K Hell KaKyro-JIn00 TOUKY perie-
Hust x" = (X{,..., X, ) COOTBETCTBYIOLIEH HHTEPBaJILHOM 3a/1a-
4n (5), (6), Taroke HalieHHyto Ha 1mare 1. B pe3ynsrare nomy-
vaeM napy pernenunii (x', x") ykazaHHBIX JBYX 3a/1a4.

Ilar 3. Beruucnsiem Benuuuny paccrosuus D(x',x")

MEX/Ty TOUKaMHU penieHus x', x” yka3aHHBIX ABYX 3a]a4, uc-
TIONB3YSI JIISE 3TOTO (OPMYITY

D(x',x") = \/(xl' —xl")2 ot (x), —xp )2 . (23)

I ar 4. [TpoBepsieM BBINIOTHEHNE HEPABEHCTBA, CPABHU-

Baromiero paccrosare D(x',x") ¢ HeKOTOpOM M3HAYAILHO
3aJaHHOM JOCTaTOYHO MAJIOH BEJIMUMHOU d:

D(x',x"y<d . (24)

Ecmm ycnosue (24) BbinonHeHo, 3aa4a ontumusatmi (3),
(4) oOBsIBIACTCS MHUKPOYCTOWYMBOW M KOHEL[ ajlrOpUTMa.
B mpoTuBHOM ciiydae coBepIaeTcs epexoq K mary 2, B
KOTOPOM TeHeph K TOUKe permeHus x' = (xi,...,X),) 3a1aqu
(3), (4), naiinennoii Ha mare 1, g00aBIsIeTCST Kakasi-TO Apyrast
TouKa petteHust X" = (x{,..., X, ) 3ana4u (5), (6) U3 uncia Hai-
JCHHBIX Ha mare 1. B pesynprare momyyaeM HOBYIO mapy
peutenuit (x',x") U T. 1.

Hror. Eciu B pe3ynbrare paboThI aJropurMa mocie He-
KOTOPOT'0 TOCTATOYHOTO YHCIIA IIaroB IOTy4eHa rapa pe-
weHuii (x',x"), ynoBnerBopsitoias HepaBeHcTBy (24), npo-
Leypa OCTaHaBIHBaeTcs u3aaada (3), (4) oObsSBIsSCTCS MUK-
poycroilunBoi. B mpoTMBHOM ciiydae mpoueaypa Takxke
OCTaHaBJIMBaeTCsI, HO 3aa4a (3), (4) mpu3HaeTcs He oOnaza-
IOLLEH CBOMCTBOM MUKPOYCTOWYMBOCTH.

3AK/IIOYEHHUE

B cratbe nmokazaHo, 4To IpobiaeMa ONTHMHU3aMH HEToJI-
HOCTBIO ONPEIEIICHHBIX (YHKIMIT HE MOXKET OrpaHUYHUTHCS
TOJIBKO OTHICKAHHEM TOYKHM ONTUMyMa M 3HA4CHUS B Hell Ha-
el GyHKIUH, HO ¥ IOJDKHA BKITIOYATh B ceOst 3aa9y orpe-

Jlesin B. L.

JIeJICHUs] yCTOMYMBOCTY HaliieHHoro ontuMyMa. [locnennee
03HAYaeT, YTO MPU HEOOIBIIOM BapbUPOBAHUH TAPAMETPOB
ONTUMM3UPYeMOH (DYHKIMH €€ ONTHMYM JIOJDKEH ITO-TIpe-
YKHEMY CyIIIECTBOBATH M HAXOIUTHCS B TOUKE, OJTM3KOM K TOU-
K€ UCXOIHOTO ONTUMYyMa. J{71s1 yCTaHOBJIEHHS yCTOMYNBOCTH
OIITHMYMa HEOJHOCTBIO ONPESNCHHBIX (DYHKIHMH MpesyIo-
KeHa crienratbHast 3(h(eKTHBHAs METOIMKA, OCHOBAHHAS HA
anrapare MHTepBaJIbHON MaTEMaTHKH.

CIIMCOK JIMTEPATYPBI

1. [Ilepsossanckuii, A. A. MaremaTuueckue MOJCIU B yIIpaBile-
Huu npoussoacTBoM / A. A. Ilepso3Banckuii. — M. : Hayka,
1975.- 616 c.

2. Jlesun, B. U. VnTepBanbHOE AUCKPETHOE IPOrpaMMUPOBA-
nue / B. 1. Jleun // KnbepHetuka u CUCTEMHBIH aHAIM3. —
1994. - Ne 6. — C. 91-103.

3. Libura, M. Integer Programming Problems with Inexact
Objective Function / M. Libura // Control and Cybernetic. —
1980. — Vol. 9, No. 4. — P. 189-202.

4. Tumoxun, C. I’ O 3anauax TMHEHHOrO IPOrpaMMUPOBAHUS B
ycnoBusix HeTouHbIX faHHbIX / C. I. Tumoxun, A. B. Illankun
// DxoHOMHMKA U MaTeMaThuecKue MeToabl. — 1981. — Tom 17,
Ne 5. - C.955-963.

5. Powun, B. A. Bonpocs! pelieHust 1 UCCIe0BaHUSI OJJHOrO
KJIacca 3a/lad HeTOYHOI'O LIEJIOUYUCIICHHOIO IPOrpaMMHUpOBa-
Hus / B. A. Pouun, H. B. CemenoBa, 1. B. Cepruenko
// Kubepuernka. — 1989. — Ne 2. — C. 42-46.

6. Cemenosa, H. B. Pemenue onHoii 3aaqu 0600IEHHOTO 11e-
nouncnenHoro nporpammuposanus / H. B. Cemenona // Ku-
OepHetnka. — 1984. — Ne 5. — C. 25-31.

7. Bowunun, A. I1. OntuMu3anys B yCIOBUSAX HEOIPEICICHHO-
ctu / A. T1. Bouwmnus, I. P. Cotupos. — M. : U3n-80 MOU,
1989.-224 c.

8. Jlesun, B. d. VIutepBasibHble METObI ONTUMHU3ALMU CUCTEM B
yCIOBUSX HeonpenenaeHHocTr / B. U. Jlesun. — Ilensa : u3n-
BO [IeH3eHCKOro TeXHOI0rn4eckoro MHCTUTyTa, 1999. - 95 c.

9. Anegenvo, I' BBeneHHEe B MHTCPBAIBHBIC BBIYUCICHUS /
I. Anedpennn, FO. Xepubeprep. — M. : Mup, 1987. — 360 c.

10. FOoun, /. b. 3amauy ¥ METOIBI IMHEHHOTO IPOrpPaMMHUPOBa-
aus / J. b. FOgun, E. I'. Toapmmreiin. — M. : CoBerckoe
panuo, 1964. — 350 c.

11. Kopbym, A. A. {uckperHoe nporpammupoBanue / A. A. Kop-
oyr, 10. 10. ®unkenpoireitH. — M. : Hayka, 1969. — 280 c.

12. Jlesun, B. . CTpyKTYpHO-JIOTMYECKUE METO/bI HCClIeN0Ba-
HUS cnokHBIX cucteM / B. W. JleBun. — M. : Hayka, 1987. —
304 c.

13. Jlesun, B. 4. JluckpeTHas ONTUMHU3ALMS B YCIOBHIX UHTEP-
BaNIbHOI HeompenenenHoctd / B. U. JleBun // ABromMatnka u
Tenemexanuka. — 1992. —Ne 7. — C. 97-106.

Cratrs Haaidnwia no pemakuii 13.08.2013.

J-p TexH. Hayk, npodecop, [IeH3eHChKill nepkaBHUN TEXHOJOTIYHUN yHiBepcuTeT, Pocis
CTABUIBHICTDb BUPIIIEHHS 3ABJAHBb OIITUMAJIBHOI'O ITPOEKTYBAHHSI CUCTEM 3 IHTEPBAJIBHUMH

HHAPAMETPAMUA

Po3misHyTO 3a1a4y onTHMI3allii HETOBHICTIO NIEBHUX (HEAECTEPMIHOBAaHUX) yHKIIH, TOOTO GYHKLIH 3 MapaMeTpamMu, 3aJaHIMH JIUIIE
3 TOYHICTIO 110 iHTepBaiy. [loka3aHo, oo BUpINIeHHS Wi€l MpobieMu moTpedye TaKoXK pO3NIsiLy 3aBOaHHS BU3HAYECHHS CTIKOCTI ONTHMY-
MY JI0 BapifoBaHHs 3Ha4eHb NapameTpiB ¢yHKUIL [IponoHyeThcss METOI 3HAXOMKEHHS ONTUMYMY (DYHKIIN 1 BU3SHAYCHHS HOTO CTIHKOCTI

MCTOJaMH iHTCpBaJ'IBHO-l' MaTC€MaTHUKH.

KarwouoBi cioBa: ontumizanis cucreM, HeBU3HAYEHICTb, CTIHKICTh ONTUMYMY, BapifOBaHHS ITapaMeTpiB, IHTEpBaIbHA MaTeMaTHKa.
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THE STABILITY OF SOLUTION OF SYSTEMS WITH UNDEFINED PARAMETERS OPTIMALDESIGN PROBLEM
Our article considers the problem of optimization of incompletely specified functions, namely, functions which parameters are given
within range of possible values. It is shown that solution of this problem also requires solving problem of determining stability of
optimum of such functions to variation of values of their parameters. A method for obtaining such optimum of incompletely defined
functions is presented. Method uses determination of problem. It allows to split original non-deterministic problem into two optimization
problem of deterministic functions, which are solved separately. After that solutions are combined into one which is a solution of original
problem. The article also provides a method for determining the stability of the optimum found of incompletely defined functions by
methods of interval mathematics. We formulate 5 theorems determining the conditions for existence of optimum of incompletely defined
function and its resistance to changing the function parameters. Algorithms for verifying the stability function are given

Keywords: system optimization, uncertainty, stability of optimum, variation of parameters, interval mathematics.
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MPOTOKOJ CNINOro ENEKTPOHHOIO UKO®POBOIO NIANUACY HA
ENNTUYHUX KPUBUX HALAQ CKIHHEHUAM BEKTOPHUM MNOJNEM

VY naHiif cTarTi NPONOHYETHCS peatizallis IMPOTOKOIY CIIIIOT0 eJIeKTPOHHOTO IH(POBOro
Hignucy, mo siBiste coboro moaudikauito cranaapry TOCT P 34.10-2001 Ha exinTHUHUX KPUBHX
HaJl CKIHYCHUM BEKTOPHHUM II0JIeM. AHATI3yeThCs 3aXUIIEHICTh 3allPOIIOHOBAHOTO HPOTOKOIY

3a KpUTEpieM aHOHIMHOCTI.

Karouosi caoBa: cninuii exekTpoHHuH nudpoBuil miAnuc, CKiHueHe BEKTOpPHE II0JIE,

eJinTHYHA KpuBa.

BCTYII

OcTtaHHIM 9acoM OCOOJIMBOI aKTyaJbHOCTI HaOyilo mu-
TaHHS 3a0€3eUeHHs] YeCHOCTI Ta MPO30POCTi MpOLEeaypH
BHOOPIB. Y 3B’S3Ky 3 MM ITMJIHHOI YBary HAyKOBOi CITIJIbHO-
TH HaOylT! MeXaHi3MH eJIEKTPOHHOTO rojocyBaHHs. OTHIM
3 METOIB peallizalii TaKoro MeXaHi3My € BUKOPHCTaHHS
citinoro enexTpoHHoro mudposoro mignucy (ELIT). Ockinb-
Ku Ha pa3si cxemu ciinoro ELIIT ve cranmapTr3oBaHi, mmpo-
KO BUKOPHCTOBYIOTBCS SIK BIIACHOPYYHO PO3POOJIEHI CXEMH,
Tak i Moauikarii iCHyFOYHMX CTaHAAPTIB.

B crarti po3mspaersest Mogugikanis pociicbKoro cTaH-
nmapty ELIITITOCT P 34.10-2001 «MudopmaroHHast TeXHO-
norust. Kpurrrorpagudeckas 3ammra napopmanmi. [Iporec-
cel popmupoBanws u ipoBepku JLID». Lleir crarmapT Oa-
3YEThCS HA MATeMaTAIHOMY aniapati eminTuaaux Kpusux (EK)
Hax npoctuM moeM [amya. J{inst 3abe3mederHs: HeoOXiTHOT
KPHITTOCTIAKOCTI CTAaHIAPTOM PEKOMEHIYETHCSI BUKOPHCTOBY-
BAaTH MMapaMeTpH AITOPUTMY po3MipoM 256 OIT i BUIIIE, 110
300yMOBITIOE JOCTATHIO CKJIA/THICTE TPYITOBOI OITepartii B TpyITi
touok EK. Sk BapiaHT onrTrMi3artii TpyIoBoi oreparii MOKHa
posmsinati BukoprcTanHsa EK Hanx ckiHdeHHM BEKTOpHUM
miorteM (CBII), sixe mo3BoIsie 30epertu HeoOXiJHUH TOPSIIOK
rpymu Touok EK nipu MmeHmomy po3mipi enemerTiB mois [ 1].

Crirmii EIIT Bupimtye criendidHy 3a1aqy T TBepIHKEH-
HS CTIPaB)KHOCTI TOKYMEHTIB 0€3 pO3KPUTTS iXHHOT'O aBTOP-
CTBa 1, 3aBISIKA IbOMY, MOK€ BUKOPHCTOBYBATHCh B CXEMaxX
€IIEKTPOHHOTO roocyBaHH:. B anropurmi ciinoro ELIT oy
yJacHUK (hOpMy€E TOKYMEHT, a IHIINH ITi IIHCYe HOTo BCIIITy
0e3 MOXKIIMBOCTI O3HaoMHTHCA i3 BMicToM. [Ipm mpomMy
Ba)KJIMBO, 00 HABITH IiINHICYBa4d HE 3MIiT' BCTAHOBHUTH aBTO-
pa moxkymenTa. Yepes 1ie 10 1HITIX KPUTEPIiiB 3aXUIIEHOCTI
cxem EIII y BumagKy CIiroro miaiucy JoAa€ThCI KpUTepin
aHOHIMHOCTI. BiH Imoka3ye HEeMOXKJIMBiCTh BU3HAYUTH aBTO-
pa DoKyMeHTa 3 OOKY i AMICyBava, SIKIIO BiH BUKOPUCTOBY-
BaTHMeE BCi BiJIOMi HOMY IapaMeTpH, sIKi BUKOPHCTOBYBa-
JIUCH TIPH TIOCTAHOBIII T AITHCY.

© Hikymnimes I 1., 2013

1 EJTIIITAYHI KPUBI HAI CKIHHEHUM
BEKTOPHUM ITIOJIEM

PozrstHeMo ofHe 3 MOMKIJIMBUX po3UIMpeHs nomst ['arya
GF(p) — cxinuere BekropHe rone. B CBII BxomiITs BekTOopH
TIEBHOI JIOBKUHU 1

v=vire+vy ey otV e, =(V,v,.V,), (D)

nev; € GF(p), e; —0a3ucHi BekTopH, i=1,2,...,n.

Ha MHOXWHI BEKTOPiB BU3HAYUMO OIIEpAIlii T0AaBaHHSI
Ta MHOKEHHS.

JonaBaHHS JBOX BEKTOPiB u = (uy,uy,...,u,) Ta

v=(v,v,,...,v,) BilOyBaeThCA 3a hopmyroro
w=u+v=(u +v; mod p,u, +v, mod p,...,u,, + v, mod p) . (2)

OIVHAYHUM €IEMEHTOM 32 OIIepAIli€r0 JOTABaHHS € BEK-
Top 1y = (0,0,...,0). BianosinHo, BEKTOp u = (uy,Uy,...,U,)
Ha3MBAETHCS OOEPHEHMM JI0 BEKTOPA v = (V[, V4 ,..., V,, ), AKILO
u+v = ug, TOOTO

v =—u = (—uy mod p,—u, mod p,...,—u, mod p). (3)

MHOXEHHS BEKTOpa v Ha YHCIIO f peai3yeThes 3a Gop-
MYIIOI0

k-a=(k-aymod p,k-a, mod p,....,k-a, mod p). @)

[To3HauMMoO orepariiro MHOXKEHHS JBOX BEKTOPIB 3HAKOM
°%. L5 rpymoBa omepamis MynbTUILTIKaTUBHOL Ty CBIT
BU3HAYAETHCS ACOLIaTHBHOIO TAOINIIEI0 MHOKEHHS Oa3uc-
HUX BEKTOpiB [ 1], KoediIieHTH NepeMHOKYIOTHCS 3a IIPHH-
IITIOM MHOKCHHSI MHOTOWIEHIB. B sikocTi otMHIYHOTO ee-
menTa CBII obepemo, Hanpukiaz, BekTop vy = (1,0,...,0).
Bimnosigao, nBa enementu CBII, pe3ynsratoMm MHOKEHHS
SIKAX MK COOOIO € OMMHUYHHN €JIEMEHT, Ha3UBAIOThCS B3a€-
MHO OOEpHEHHMHU.
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[poimocTpyemMo npaBrIo MHOKEHHSI Oa3FCHUX BEKTOPIB VIS

JIOBYKHMHH BEKTOpA 72 = 2 3a JIOMOMOroro TalIL. 1, it n=3 —

Tab1. 2. 3HaueHHsI PO3TATYIOYMX KOe(ILI€HTIB T 1 1 004IMCITIO-
IOTBCS 3 CHCTEMH XapaKTEpUCTHYHNX PiBHSHB, 10 3371a€ iCHY-
BaHHS 00CPHEHOTO BEKTOPA IS OyIb-SKOTO 33aHOTO V.

Ta6auusa 1. Muoxenus 6asucuux Bektopis CBII mis n = 2

° €] )
é é @
€ € %)

Ta6auus 2. Muoxenns 6asucHux Bektopis CBII mis n =3

° € € e,

Q e e e3
e e T-e3 T-Uu-@
] ! THeg n-e

BinmoBimHo 10 Taba.l cucrema XapaKTepUCTHYHUX
PIBHSIHB VTS 11 = 2 Ma€ BAIIISIT

V- X+T-v, -y =1mod p,
Vo x+v-y=0modp. ®)

SIkmo Bu3HAHUK A =v? —1-v,” mod p cuctemn (5)
TpUiiMae HylTbOBe 3HaUYeHHs, TO JUIsl BEKTopa v = (Vy,V, ) HE
icHye oOepHeHOro. 3BifIcH, T Ma€ OyTH KBaJpaTHYHNM He3a-
JUIITKOM 3a MomyneM P. Tomi Bci HeHynb0Bi Bektopu CBIT
OyIyTh YyTBOPIOBATH MYJIBTHILUTIKATHBHY T'PYIY HOPSIKY
(p* - 1)

BigmoBimHo 10 Tabm. 2 cuctemMa XapaKTepUCTUIHHUX
PIBHSHB U =3 Ma€ BUTIISIA

Vi X+T-W-v3-y+T-U-vy -z =1mod p,
vy X+v - y+p-v3-z=0mod p, ©)
V3 X+T-vy-y+v -z =0mod p.

SKmio BU3HAYHUK cHCTeMH (6) MpuiiMae HYJIhOBE 3Ha-
YeHHs], TO UL BEKTopa v = (V|,V,, V3 ) HE iCHye 0OEPHEHOT 0.
Bemmunaa (p —1) Mae ginutics Ha 3, a KOKeH 3 JOOYTKIB
2 puTaT uz Mae OyTH KyOiqHIM HE3aJIHIIKOM 32 MOIYIeM
P. Toni Bci HerynboBi Bektopu CBII OynyTs yTrBOprOBaTH
MYIIBTUIUTIKATABHY TPYILY OPSIIKY ( p3 -1).

Pozrsemo BusHaverss EK nag CBIT. Ockinbku xapak-
tepuctuka CBII nopisHrOE P, TO 011 p # 2 Ta p # 3 piBHAH-
HS KpUBOI MOYKHA 3aITUCyBaTH B CKOPOYEHiH GopMi

yoy=Xxoxox+aox+b, @)

e x,y,a,b —enementu CBIL.
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KoxHa mapa BEeKTOpIB X, Y, IO 3a]JOBOJTBHSIE PiBHIHHIO
(7), BBaxkaethest Toukoro EK. Cykynnicts Beix Touok EK pa-
30M 3 HECKIHYCHHO BiJIIaJICHOO TOYKOI0 O CKIIafae TpyIry
toyok EK Hag CBII.

I'pymosa orrepariist nogaBanHs Touok EK nvax CBII Bu3Ha-
Ya€eThCs aHAJIOTIYHO JI0 TPYMOBOI Oepartii JoIaBaHHSI TOYOK
EK Hag mpoctiM morem [2 ] 3 BUKOPUCTAHHSM OIepariii MHO-

’KeHHs1 BekTopiB °. Koopaunatn Touku U = ( ¥, yU ), fIKa
npencTaBise co6ol0 CyMy TOYOK S=(x3,y%) Ta

T =(x",y"), BusHavatorbes 3a hopmynamu

Y =non—x% —xT, ®

yU:ko(xS_xU)_yS' (9)
Bemmunaa ) oOuucmoeThes 3a hopmyoro (10), skmo
S=T
T N
A= _yT -y, (10)
x' —x

abo 3a opmymoro (11), sxmro S =7

S oS . So S
podrox ra, x:“—xsﬂl, (11)
e a —xoedimient EK.
BHKOHAHHST YMOBH IJIaIKOCTI
4-aoaoa+27-bob#(0,0,..) (12)

3a0e3meuye yTBOpeHHs rpynu Toukamu EK.

B xpunrrorpadii 3actocoByrorscs rmanaki EK 3 Bemmxim
MIPOCTUM TOpsaKoM Tpyr TodoK. [Topsmox CBIT nopiHIOE
p", OTKe owiHKy nopsizika rpymi Todok EK vax CBIT # E(p)
3a Teopemoro Xacce [2] MOXKHa BHpPa3sUTH HACTYITHUM
CITIBBIHOIIIEHHAM

Pl +1-24p" <HE(p)< p" +1+2-4p" - (13)

3riTHO 3 HIDKHBOIO TPAHUIICIO CITiBBiAHOMIeHHS (13), mmst
JIOCSATHEHHS NMOPSIKY rpynu Touok EK BennunHo0, HanpuK-
nax, 178 01T, He0OXiAHO BUKOPHUCTOBYBATH MIPOCTE YUCIIO P
BenmarHOIO 90 6iT 32 TOBXKIHHU BEKTOpa 71 = 2.

2 MIPOTOKOJI CJHIIOI O IAINCY HA OCHOBI
TI'OCT P 34.10-2001

Posrnsaemo HacTymHUi npotokon ciirmoro ELIT, 3ampo-
moHnoBaHu# B [3], skumit 0a3yeTbca Ha CcTaHOApTi
T'OCT P 34.10-2001.

B cxemi mpuiiMatoTh y9acTh IBi CTOPOHU: MiAIMCYBad A
Ta aboreHT b. AOoHEHT b BUCTYyIIa€ B SIKOCTI eMiTEHTa TOKY-
MEHTa m , SIKAH MIAIICyBaY A Ma€ IIiirucaTs Haocwin. Bai-
11aTOpOM MOKEe BICTYITUTH OyIb-XTO 3 HUX 200 TpeTst ocoda.
[NepeBipka mimiIcy BitOyBaeThCs 3a TOMOMOTOFO BiIKPUTO-
TO KJIfo4a miammcyBada A.
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3araneHi napamerpu: npocre oine GF(p), EK nag mum
TIOJIEM 3 TPYHOIO TOYOK ITPOCTOr0 MOPSAKY ¢, 6a30Ba TOUKa
P, xem-¢yHKuist H ().

[Tporokon ckiIamaeThCcst 3 TPHOX €TaliB — TeHepallis
KJIFOYiB, TOCTAHOBKA ITiJIITICY, TIEpEeBipKa ITiIIUCY.

[Tix yac renepanii KITTO4iB CEKPETHHH KITI0Y (/ 0OMpa€eTh-
sl BUIAJIKOBO 3 Jiana3zony 1 < d < ¢. Binkpuruit kimroa O
OTPHUMYETHCS 3 HBOTO 32 (YOPMYIIO0

0=d-P. (14)

ETan mocraHoBKY NiqImICy ITOYMHAE MMiATHCYBad A, 00n-
parodu OHOPa30BUi KIIOY k 3 Aiama3oHy 1 < k < g Ta 00-
YHCIIOIOUHN TOUKY E 3a (OpMYIor0

E=k-P=(xF yF). (15)

[MixgmicyBad A Binnpasisie TOuKy F aboHeHTy b.
AGoneHT b hopmye xem-00pa3 MOBiJOMIICHHS 3a
CIiBBi THOIICHHSIM

h=H(m). (16)

[Ticrst 11pOTO BiH BUITAIKOBO OOMpPAE MACKyOUi TapameT-
pH o Ta B 3 mianasoHy 1 < o, B < g 1 o6umcIIoe TOUKy C 32
dbopMmynoro

C=a-E+B-P=(x",»%). (17)
AOoHeHT b o0uncitioe BennuuHA r Ta 1’ 32 GopMynaMu

r=x¢

modgq , (18)

¥ =xF modg. (19

Li BenmIrHN BUKOPUCTOBYIOTHCS B (POPMYITi 3aCITITIICH-
HS XeII-00pa3y IOBiTOMIICHHS

’
h=""h-amodq. (20)
r
AoonenT b nepecrae 3aciimeHuii Xen-o0pas moBiIoM-
JIeHHS /' MAMCyBady A.
[MimmwcyBad A CTaBUTH ITi1 HUM 3aCITIIDICHUH ITAIHC s 32
JIOIIOMOT'OI0 BJIACHOTO CEKPETHOTO KITI0Ya ¢

s'=(d-r'+k-h"ymodgq, (1)

Ta NepecriIac OTpIMaHe 3HaueHHs a0oHeHTY b.

AboneHT b Mae MOXIIUBICTh TIEPEBIPUTH CIIPABKHICTH
3aCTITUICHOTO MIAKCY s’ 32 JOIMOMOTOIO CITiBBiHOIIICHHS
(22), BUKOPUCTOBYIOUH BiKpUTHIA KiTt0od O TminucyBada A

s"“P=r"-Q+h'"-E. (22)

Sxmio 3aciinuieHnH mignuc MPOXOaUTh IepeBipKy, abo-
HeHT b popmye 3 HBOTO OCTaTOUHMIA TTiATTHC

s=<s'-§+ﬁ-h>modq. (23)

CITirmM iIIcoM TiJ] TIOKYMEHTOM 1 BBAXKA€ThCs Iapa
3HAYEHb < r,s >.

BanigaTop mpu mepeBipIii miamrcy {m,< r,s >} o0umc-
JIFOE TOUKY R, BUKOPUCTOBYIOUHX BiAKPUTHH KiTfod O mianu-
cyBada A

S p_ o (xR R
R—hP hQ (7,00, (24)

[Tligmuc BBaXKAETHCS CIIPABXKHIM, SKIIO BHKOHYETHCS
CITIBBIIHOILIEHHS

r=xR modgq - (25)

ABTopoM Oy11o ToBeNeHO B [4], 0 HaBEICHUH ITPOTOKOI
€ 3aXUIIEHUM 32 KpUTEpieM aHOHIMHOCTI, TOMY BiH ITiJXO-
JTATB TSt MOTUDIKATTIi.

3 IPOTOKOJI CJHIIOIO IIAIUCY HA EK HAJY
GBIl

ABTOPOM TIPOITOHYETHCS MPOTOKOJ CIIIOTO ITiJIIHCY,
SIKAH 0a3y€eTHCSI HA BUIIEHABEICHOMY, OJJHAK BUKOPHUCTOBYE
maremaruunuii anapat EK nan CBIL

B cxemi npuiiMaroTh yqacTb 1Bl CTOPOHHM: ITiATICYBad A
Ta aboHeHT b. AGoneHT b BucTynae B sIkoCTi eMiTeHTa TOKY-
MEHTa m , AKUH HiIICcyBad A Ma€ ImirucaT Haocmir. Ba-
J11aTOPOM MOXKE BUCTYIIUTH OyIb-XTO 3 HUX a00 TpeTs 0Co-
6a. [IepeBipka mianmcy BigOyBaeThCs 3a JOMOMOT OO BiIKPH-
TOTO KJTIO4a Mi/NKcyBada A.

3araipHi mapaMeTpy: CKiHUeHe BEKTOPHE IT0JIE 3 TOBXKH-
HOIO BEKTOpa n — po3WHUpeHHs npocroro noist GF(p), EK
HaJl UM TI0JIEM 3 TPYIOI0 TOYOK ITPOCTOr0 HOPSAKY ¢, Oa-
30Ba Touka P, xem-QyHKIist H ().

[IpoToKON CKITama€eThCsl 3 TPHOX €TAlliB — TEHEepaIis
KITIOUiB, TOCTAHOBKA ITi IIIHCY, TIepeBipKa ITi IIHCY.

ITix gac renepartii KIFO4iB CEKPETHNH KITFOY d 0OMpa€ETh-
Csl BUNAJIKOBO 3 Aiana3ony 1 < d < g. BigxpuTuii kimou Q ot1-
PUMYETHCS 3 HBOTO 32 (POPMYIIOI0

0=d-P. (26)

Ockinpku EK 3amana vax CBIL, To mpu oGumcieHHi cyMu
JIBOX TOYOK B Liif Ta momanpmux GopMynax BUKOPUCTOBY-
FOThCS cHiBBiHOIIEHHS (8—11).

ETam mocraHoBKY ITi AIMCY TOYMHAE i IIHACYBad A, 00u-
parouu OMHOPA30BHH KITIOY f 3 [iama3oHy 1 < k < ¢, o04umc-
JIIOI0YH TOUKy E 3a GopMymnoro

Ezk-P:(xE,yE) 27

Ta BiIPaBJIAIOYH ITI0 TOUKY aboHeHTy b.
Ab6onenT b dpopmye xem-o0pa3 moBigOMIICHHS 3a
CITIBBIIHOIIIEHHAM

h=H(m). (28)

[Ticrst 11pOTO BiH BUITAIKOBO 0OMpPAE MacKyt0di Tapamer-
pu o ta B 3 gianaszony 1< o, < g i 064KCIIOE TOUKY C 32
dbopmymoro

C=a-E+B-P=(x,°). 29)
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AoboHenT b obunciroe BenmuuHy # Ta ' 3a GopMynaMu

n
r= le-c modg (30)
i=1
- E
r':le- modgq 31)
i=1

c_,.C C C E E E E
e x° =X, X senX, ), XU =(x7 X 00X, )
Aobonent b 3acnimioe xem-o0pa3 MOBiJOMIICHHS 3a
CITiBBIAHOMIEHHAM

’
h'=r—-h-otm0dq (32)
r
1 Tlepecuiiae 3aciiluIeHUH Xem-o0pa3 MmoBiXoMIIeHHS /'
miamicyBady A.
[MigmicyBau A ¢popmye 3acinenui mianuc s’ 3a 1omo-
MOT'OI0 BJIACHOT'O CEKPETHOr0 KIIroua d

s'=(d-r'+k-h")modgq, (33)

Ta Iiepecuiiae OTpUMaHe 3HaYeHHs a00HeHTY b.
AOoHeHT b Mae MOXIIMBICTH TIEPEBIPUTH CIPABKHICTh
3aCTITUICHOTO IIiIIHCY ' 32 JOIIOMOTOIO CITiBBiHOIIICHHS

(34), BUKOpHCTOBYIOUH BIAKpUTHH Ki1tod O mignucyBada A

s"P=r"-Q+h"-E. (34)

S0 3aciiTuIeHuH MiIuc MPOXOIUTh epPeBipKy, abo-
HeHT b popmye 3 HBOTO OCcTaTOUHMIA TTi ATTHC

s=<s'-§+ﬁ-h>modq. (35)

CIinmM i ATICOM ITi A JOKYMEHTOM 772 BBXKAETHCS ITapa
3Ha4YeHb < 7', S >.

BanimgaTop mpu nepeBipii miammcy {m,< r,s >} o0urc-
JIFO€ TOUKY R, BUKOPHUCTOBYIOUH BiIKPUTHH KiTF0d O TIiAITH-
cyBaua A

R=%-P—%-Q=(xR,yR). (36)

[limmuc BBaXKa€ThCS CIIPABKHIM, SKIIO BHKOHYETHCS
CITIBBIJHOIIIEHHS

n
r= le-R mod¢ . 37
i=l
R R _ R R
me x" =(X X, ,enX, ).

4 OBYNCTIOBAJILHUI MIPUKJIAJL TIPOTOKO-
JIY CJIIOT'O MIIMHACY HA EK HAJT CBIT

ITo6ymyemo CBII Ha ocrosi mpoctoro mons GF(11) 3
JIOB’KHHOIO BEKTOpA 7 = 2 . [IpaBUIIO0 MHOXKEHHS 3a1aMo 32
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Tabn. 1. 3 oy Ha cucteMy (5) 3HaYEHHS PO3TITYIOUOTO
koedinmieHTa t HEOOXimHO oOMpaTH 3 HabOpy YHCeln

{2, 6,7,8,1 0} , SIK1 € KBaIPATHIYHAMH HE3ATUIITKAMHU 32 MOJTY-
nem 11. O6epemo 1 = 7.

Posrnssaemo EK 3 xoedimierramu a = (1;3) , b = (5;6) .
[TepeBipumo YMOBY TJIaJKOCTI (12)
4-(1;3)0(1;3) 0 (1;3) +27 - (5;6) o (5;6) = (0;3) = (0,0).

bazoBa touka P =((3;8),(4;9)) Mae npocTHil OPSAOK
t=113.

3renepyemo kmodi mignucyBada A. ObGepemMo cekper-
HUH K04 d = 56 Ta oTprMaeMo 3a hopmystoro (26) Biakpu-
i K04 Q =56-P =((9;3),(9;9)).

[TigmicyBay A oOmpae OmHOpa30BUIl KIIIOY f =28 Ta
obuuciIroe 3a dbopmynoro (27) TOYKY
E =28-P=((7;4),(0;3)).

AOoHeHT b eMiTye moKyMeHT 3 Xem-odpazoM j =100,
o0upae Mackyrodi mapamMeTpu o, = 44 ta B =75, obuuncitoe
3a ¢dbopmynoro (29) TOYKY
C=44-E+75-P=((8;5),(10;0)).

[Ticns nporo abonenT b obuncnroe 3a Gopmyramu

(30-31) r=xC x50 =8+5=13 Ta
r = xlE + sz =7 +4 =11BIiANOBiAHO.
AoboneHT b 3a dpopmyroro (32) 3aciImroe OB TOMIICHHS

h’:%.100.44 mod 113 =81 Ta nmepecunae oTpuMaHe

3HAYEHHS iINHCyBavyeBi A.

[Migmucyau A obuuciioe 3a hopmysoro (33) 3acmirure-
HUU  mignuc A8 OTPUMAHOTO  3HAYEHHS

s"=(11-56+28-81)mod 113 =59 Ta Biamnpasise ioro abo-

HeHToBi b.
AGoHeHT b mepeBipsie cIpaBXHICTH MAMUCY 3a
CHiBBiTHOIICHHsM (34): B JTiBii YaCTHHI CITiBB1THOIICHHS BiH

59-P=((5;2),(2;5)), a B

11-0+81-E =((5;2),(2;5)) . Ockinpku 3Ha4eHHS B IpaBiid

Ta JIiBil YaCTHHAX ITEPEBIPOTHOTO CIiBBITHOIICHHS 30iraf0Th-
Cs1, 3aCIITUICHAH T AITIC BBAYKAETHCS CIIPABXKHIM, 1 aOOHEHT
b oGuncnroe 3a ¢popmymnoro (35) ocraToyHuH migmuc

5= (59-%+75-100)mod113 =9,

OTpHUMYE mpaBii

B pesymbrari, mig TOKyMEHTOM 3 XemI-o0pa3oM / = 100
c(hOpPMOBaHO HAOCIIII MIHC < 7,s >=< 13,9 >.

Bukonaemo riepeBipky copmoBaroro miammcy. 3a op-
MYJIO0I0 (36) obuncIuMo TOYKY

9 13
=—P——-0=((8;5),(10;0)). i i me-
100 100 0 =((8;5),(10;0)). B npasiii vacTuni ne

peBipouHOrO cuiBBigHOmEHHs (37) OTpUMaEMO

R

le +xy" =8+5=13. Ist Beanurna 30iraeTses 3 =13,

BiJIITOBiTHO, TTiIIIMC BBAYKAETHCSI CIIPABKHIM.
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Bapro BinzHaunTy, o Buxopucranss CBII B cxemi crino-
ro EIIIT ve BiMBae Ha po3Mip miAnmcy, 30KpeMa, He MpH-
3BOIUTH JIO HOTO 301NbIIeHHS. TakoX BasKJIMBO, 110 B TIPO-
1ieci HOCTAHOBKY I IMKCY i UCYBad A He MOXKE Ti3HATHCS
Hi OpUTiHATBHOrO XeNI-00pasy JOKYMEHTY /;, Hi OCTaTOYHO-
IO MIAUCY < 7, § > T HAM.

5 IIEPEBIPKA 3AXUIIIEHOCTI ITPOTOKO.JTY 3A
KPUTEPIEM AHOHIMHOCTI

J1J1s1 cxeM CITINoro ITiITICY, Ha BiMiHY BiJl iHITUX Pi3HO-
BuaiB ELII, akTyanbHOIO € aTaka MopyIIeHHs] aHOHIMHOCTI.
Cripo6a araxu Moxke OyTH 31ifiCHEHa ITiAIICyBadyeM 3a yMOo-
BH, 110 BiH 30epiraTumMe BCi BiIoMi oMy ITapaMeTpu CXeMHu
CJIITIOTO TiHCY Pa3oM i3 iIeHTH(}IKATOPOM eMiTeHTa IS
KOXKHOI cecii mocTanoBKY mifmcy. Hakonmuena 6aza qanux
MOxe OyTH BUKOPHCTaHa B aralli, sSika [oJsIrae y cpooi Bu3-
HAueHHS aBTOpa BiJIOMOTrO AOKYMEHTa M 13 MiJIHUCOM
<7,s >, IO ITPOXOUTH NEPEBIPKY 3a JIOIOMOTOIO BiJKPHTO-
To KJItoua mianucysada Q.

B 3amporionoBaHOMY POTOKOITI aTaka IIOPYLIEHHS aHO-
HIMHOCTI MOXe OyTH 3iliCHeHa HaCTYTHUM YnHOM. [1innu-
cyBau A JUIs KOPKHOTO psifika CBOET 0a3y JaHuX Mae o0Jrc-
JUTH WMOBIpHI 3acrimuioroun napamerpu o’ ta B’ 3a dop-
Mmyrnamu (38, 39)

o' =" modt, (38)

.r'

,
s—s"-—
’ r

39)

3a 1OmoOMOror0 00YHCICHNX TapaMeTpiB MiAmIcyBad A
JUTSt KOXKHOTO psiiKa 6a3y JaHUX 0OUHCITIOE TOUKY R’ 3a hop-
mymoro (40)

! !
R=a E+p -P=(R R, (40)
Psok 6a3u qaHmx, s SIKOTO BUKOHAETHCSI CITIBBIIHOIIIEH-

H (41) Ma€ BKa3aTH Ha €MITEHTA OB JJOMIICHHSI

mod . @1)

Hukymumes I'. U.

Sk moBeneHo aBTOpOM B [4], TOUKa R’ HE 3aJIeKUTH BiJl
napamerpiB ', 7', s’ 1 3aBXKAN 30ira€ThCst 3 MEPEBIPOYHOIO
TOYKOIO R (IMB. CITiBBigHOIICHHS (36)), 110 HE A€ i AHCY-
BaueBl MOKJIMBOCTI BUSHAYUTH EMITEHTA.

reh' S_S"L’
R'=o-E+p-P= E+ r .p=
h-r' h
r s s'r s r
= . S'.P_r,. +_.P_ .P:—.P__. :R'
h-r' ( Q) h h-r' h h ©

TaxuMm 4MHOM, PO3IISTHYTHI IIPOTOKOJ BBAXKAETHCS 3a-
XWIIEHNM 33 KPUTEpieM aHOHIMHOCTI.

BUCHOBKUA

B crarTi po3misia€ThCs IIPOTOKOI CITINOTO €JIEKTPOHHO-
ro mizrcy Ha ocHoBi cranmapry [OCT P 34.10-2001 3 Buxo-
PHUCTaHHSAM MaTEeMaTHYHOTO anapaTy eIiNTHIYHUX KPUBUX
HaJl CKIHYEHNM BEKTOpHHMM nosieM. [lokaszaHo, 1o 3MiHa
MaTEMaTHYHOTO arapaTry He BIIMBAE Ha 3aXHUILEHICTb cXe-
MH CJIIIOTO MiJIIHCY 32 KPUTEPiEM aHOHIMHOCTI.

B nopanbimomy aBTOpoM IIIaHYeTHCSI OLiHKa BUTPAIY B
IIBUIKOZIT TA PECYPCOMICTKOCTI TPH BUKOPUCTaHHI MaTeMa-
truHoro anapary EK nan CBII B cxemax ELIII 3 pexomenzo-
BaHMMU IIapaMeTpaMH.
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Cratrs Haaidnwia no pemakuii 19.09.2013.

Crapumii npenosaBareiib, 3alopoXKCKU HallMOHAIBHBIM TEXHUUECKUI YHUBEPCUTET, YKpanHa
MPOTOKOJ CJENOM 3JEKTPOHHON MU®POBOM MOANHACH HA SJNJIUNTHYECKHX KPUBBIX

HAJI KOHEYHBIM BEKTOPHBIM I1OJIEM

B nanHoi1 cTarhe npeaaraeTcs peaan3anus MPOTOKONIA CIEMON IEeKTPOHHON IU(POBOH ITOAIICH, TIPEACTABIAIONIEr0 COO0H MoaH-
¢uxanuro cragapra [OCT P 34.10-2001 Ha 2IMOTHYECKUX KPUBBIX HaJl KOHEYHBIM BEKTOPHBIM IOJIEM. AHATM3UPYETCS 3alHUIICH-

HOCTB IIpeytaraéMoro IpoToKojIa 0 KPUTCPUI0 aHOHUMHOCTH.

KuaroueBble ciioBa: cienas QJICKTpPOHHAas HI/I(prBa}I MOANUCH, KOHEYHOE BEKTOPHOC IT0JIC, SJUIMIITUYECKAasd KpUBas.
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BLIND DIGITAL SIGNATURE PROTOCOL ON ELLIPTIC CURVES OVERVECTOR FINITE FIELD

Digital signature schemes can fulfill an actual task of ensuring fairness and transparency of electronic election. However, existing
standards and protocols need modification into blind signature and additional security check by the anonymity criterion. The author
examines blind signature protocol provided by Russian scientists. It is proposed to improve scheme*s efficiency by changing inner
mathematics. Elliptic curves over vector finite field enable parallel processing in group operation and reduce integer range. These
advantages are illustrated by computational example. Also, improved protocol investigation by the anonymity criterion is provided in the
article. The author proves that mathematics change do not affect protocol security.
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PO3B’A30K KPANOBOI 3A0AYI ONTUMAIIbBHOIO KEPYBAHHSA
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PO3B’I3HOCTI TAKKX 33/1a4. 3alPOIIOHOBAHO MIIX 1M 10 3HAXOJDKEHHS 1l pO3B’s13Ky 32 JOIIOMOTr 010

Teopii NCeBI000EPHEHNX MaTpPULLb.

Kawu4osi ciaosa: Kepy}o!mfx'[ mnpoiuec, KpaﬁOBa 3ajgada, nceBz{ooGepHeHa Marpuus,

HOpManbHa (yHIaMEHTaJIbHA MaTPULISL.

IHOCTAHOBKA ITPOBJIEMH

Bcroay B HaBKONMIIHBOMY CBITI ITPOTIKAIOTh Pi3HI IpO-
LIECH, XapaKTep KX 3aJIeKHUTh Bil OaraTbox yMoB i (hak-
TOpiB. 3MIHIOIOYM YMOBH IIPOTiKaHHS ITPOLECIB, JIIOIUHA
MO>Ke BIUIMBATH Ha X XapakTep, 3MiHIOBATH X, IPHCTOCOBY-
BaTH JI0 CBOIX Iiyiel. Lle BTpydaHHs B IpupomHHUIA XiJ rporie-
cy 1 ABiIs€ cOOOI0 CYTHICTH KEpyBaHHS B IIUPOKOMY CEHCI
cioBa. Mo)kHa cKa3aTy, 10 KepyBaHHS MpeJICTaBIIsie COO0I0
TaKy OpraHi3aliio TOro Yd iHIIOro IpOIecy, sike 3abe3re-
Yye JIOCSTHEHHS IEBHUX IIiJIeH.

[pu posmisiiaHHi peabHUX KePOBAaHHUX 00’ €KTIB HEpII 32
BCE BUHUKAE 33/1a4a KEPYBaHHS pyXoM [ 1], sika 3BOANTHCS 10
PO3B’sI3Ky KpalOBOi 3a/1a4i AJIsl CHCTEMH 3BHYAHHUX Ande-
PEHIIIBHNX PIBHSHB [IEPILIOTO ITOPSIAKY, PO3MIPHOCTI 72X 71.
Po3B’s13aHHS TakKUX 3a1a9 IPUBOIKTS [0 TIEBHUX TPYIHOILIB,
1110 XapaKTEPHO TS BUITA IKiB KEPYBAaHHS CHCTEMaMH, B IKUX
KUTBKICTh IIPOIIECiB EPEBHIIYE KiTBKICTh BiJOMOCTEH TIPO
TIOYaTKOBHIA cTaH. Ha mpakTwIli po3B’sI3HICTh TAKUX MPHUKIAI-
HUX 3a/1ad TPYHTYETHCS Ha «(Qi3WIHUX MipKyBaHHSIX» Ta
HEMa€ CTPOTrOro TEOPETUIHOTO MiAIPYHTSI.

BaxxJimBUM 4aCTMHHMM BHITAAKOM € JIIHIHHI 3BUYaiHI
CHCTEeMH MAaTPUYHIX AU EPEHITi ATbHUX PiBHIHB, SKi MOZIE-
JIFOIOTH JITHIMHI TEXHOJIOTi9Hi Ta eKoHOMi4Hi porecu [2]. Lle
CHCTEMH HACTYITHOTO BUIJISILY:

% = A(Ox(@)+B(u, tog<t<T, ®

ae x(t) eR" - (1)3.3OBI/II7I BEKTOD, u(t) eR™ — BEKTOP Kepy-

BaHHs. Marpuii A(¢) 1 B(t) npumyckaroThCs HETIEPEPBHHU-
MU, PO3MIPHOCTI nxn 1 nxm BigmoBigHo. [lomycTuMuM
KepyBaHHAM BBAXKAa€THCS IOBIJIbHE KYCKOBO-HEIIEPEPBHE
KepyBaHHS U = u(f), IPUIOMY BCl TOUKH PO3PUBY PYHKILT
u = u(t) — neporo poxy (Ko Taki €). KokHomy Takomy
JIOITyCTUMOMY KEpPYBAaHHIO BiIIIOBia€ €IWHUA PO3B’SI30K
KparoBoi 3aadi:

% = A(O)x(t)+ B(u(t), ty<t<T, o))

© Ilanacenxo €. B., 2013

Mx(ty) = o, 3)

ne M — MaTpuis po3mipHocTi mxn, o€ R™. 30kpema,
LIKaBJISITh YMOBH ICHYBaHHS p03B’sI3Ky KpaiioBoi 3asadi (2)—
(3) 1 Bu3HaueHHs QyHKIHT x(7), sKa 3aI0BOJBHIE KpaioBiii
yMmoBi (3) npu BitoMoMy BXiZHOMY miporieci #(¢). SIkmmo npo-
nec x(t) OTpUMAaHWA, TO BU3HAYCHHS BUXOMY CUCTEMHU Y(1)
HE TIPEICTABISETHCS CKJIaTHAM 1 BUKOHYETHCSI Oe3rocepen-
HBO 110 piBHsHHIO Buxomy y(¢) = C(¢)x(¢) + D(H)u(t) [3,4].

AHAJII3 OCTAHHIX JOC/I/KEHD
1 =

Crorofi y Teopii KepyBaHHS NPH aHaJIi31 JTiHIHHUX chc-
TEeM TPaULIIHHO BUKOPHCTOBYFOTH ITiJIXO/IH, SIKi € JIOCHTB BiJI0-
MHMH B Teopii audepeHmiansHuX piBHSHS [5, 6, 7].

B 3anexHoCTi Bix BUITIAMY KpaiioBoi yMoBH (3) oTpuMye-
MO pi3Hi KpaiioBi 3a1a4i. Hanpukiaz, B podori [3] mobynosa-
HO po3B’s130K Juls 3agaui Ko, konu M =1, ne I, — onu-
HUYHA MaTpuls (Bu3HaueHO (QyHKIi0 X(¢) MO 3aJaHOMy
MIOYaTKOBOMY CTaHy X( IIpH BiIOMOMY BXiIHOMY IpOIECi
u(t)), BUKOPUCTOBYIOUH ITOHATTS (PYHIAMEHTAIBHOI (TIepe-
XitHOT 200 iMIyITECHOT) MaTpui [2, 3] y BUrmsiai

K= 0leto o + [0 BNz, @

l

ne ®(1,10)= X(1)x " (z0).

B pobori [4] po3msiHyTa KpaiioBa 3a1a4a IpH ¢ € [0; T ] i
KpaioBOT0 YMOBOIO 3arabHOTO BUIMANY (x(-)= ot o e R
e (:D"[0;T]— R" - niniiinnii oOMexenni BekTop-pyH-
KiioHai. J{71s po3B’sI3HOCTI 3a/1a4i BUMAaraeThesl, oo

det[¢X]#0. ®)

Takum 9rHOM PO3B’SI3HICTH KPAaHOBOI 337141 HE 3aJISKUTh
BiJl HEOIHOPiMHOCTEH M epeHmiatbHOTro piBHIHHS (2) 1 Bix
o € R”. I3 Bumsiny (5), 04€BUIHO, 10 PO3B’SI3HICTH 3a/1a4i
3aJICKUTH TUTBKA BiJT ()yHAAMEHTATBHOI MaTpHII X (t) Ta BEK-
Top-(pyHKmionana ¢ . IIpu BUKOHAHHI YMOBH (5) pO3B’SI30K
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3a1adi JaeThest yepes Marpuio [ pina

w0 = XX s [Gl BN,

0
B naniii po6oTi po3mIsIa€eThCS BUIAIOK, KON HE BUMATa€Th-
sl BUKOHaHHS yMOBH (5). BiIbIII TOTO, He BUMAaraeThcsi, HaBiT,
100 MaTpuUIIs [fX ] Oyia KBaJIpaTHOIO. B 1ib0My BUTIAAKY OT-
PpYIMaEMO KpaioBy 3a]1aqy, B sIKiH KUTbKICTh KpaHOBHX YMOB HE
CHIBIAIA€ 3 KUTHKICTIO HEBIIOMHX Yy cHcTeMi [6, 7].

PE3YJIBTATU JOCIKEHHA

Hapsiny 3 HeomHOpigHOIO KpakioBoro 3amadcio (2)—(3),
PO3IVISIHEMO OJHOPIHY KPaoBy 3a1auy

% = A(x(t), tg<t<T, ™

Mx(t5)=0. @®)

Po3B’s30k x(?) piBHAHHS (2)

t
x(t) =xp + I(A(s)x(s) + B(s)u(s))ds, )

fy

HenepepBHO-Iu(epeHIioBaHMI B KOXKHIN Toulll ¢ € [¢y;7] 1
3a10BOIbHSIE PIBHAHHIO (2) BCIOOU Ha BLAPI3KY [f(; T]. OTxe
pO3B’s130K X(f) piBHSHHS (2) OyAEeMO IIyKAaTH B MPOCTOPi
C'([ty;T]) nenepepsHo-1udepentiiiobanux Ha [f;7]
(ynKmii.

3HaleMO YMOBH iCHYBaHHS Ta CTPYKTYPY PO3B’S3KiB
HEOTHOPITHOI CKiIHUeHHOBUMIipHOI KpalioBoi 3aaadi (2), (3).

BukopucToByroun amapar Teopii nceBIooOepHEeHIX Mart-
pyis [6, 7], 3HAiimeMo HeoOX1THi Ta TOCTaTHI YMOBH PO3B’ 513~
HOCTI KpaiioBoi 3amadi (2), (3) B mpocTopi HellepepBHO-IH-

dbepenuiiioBaHux Ha Bipi3Ky [¢y;7] dynkuiil. Ilo3Hauumo
yepe3 X(f,7) — HOpMalbHY (DyHIAMEHTAIbHY MATPHIO,

sIKa 3aJI0BOJIbHSIE MATPUIHOMY PiBHSIHHIO:

% =A@)X(t,7);

X(t,7)=1 — omuHWYHA MATpHII. 3araTbHUN PO3B’SI30K
MaTpPUYHOTO PiBHIHHS Ma€ BUIILA [ 8]

X()=XOxg+x(1), X(@)=X(t.15),  (10)
ne xo = x(ty) — eneMeHt npocropy R”, )_c(t) — YaCTUHHHUHN

PO3B’SI30K HEOJHOPITHOTO PiBHSHHA (2), KU MOXe OyTH
3aMUCcaHui y BUIIISI

t
x(0) =X [ X ()B(u(r)dx.

)
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[Mincrasumo (10) B xpaiioBy yMOBY (3) Ta OTpUMaEeMo Ha-
CTyTIHE areOpaidHe piBHAHHS BiIHOCHO eleMenTa X € R

Oxg = a, (11)

ne O = MX (t,)—Marpuiis, OTpUMAaHa I1iJCTAHOBKOIO B Kpaii-
0By YMOBY (3) HOpMaubHOT (pyHIaMeHTaIbHOT MaTpuLi X (¢)
onHOpiaHOI cuctemu (7).

Binomo [5], mo anrebpaiyna cucrema (11) po3s’si3Ha Tomi
1 TIJIBKH TOZI, KOJIM IIPaBa YacTHHA HAJISKHUTH OPTOrOHAJIBHO-
MY JOIOBHEHHIO J-N(Q*) =R(Q) i ATPOCTOPY N(Q*),
TOOTO BUKOHYETHCSI yMOBA

PN(Q*)OL =0. (12)

[Tpu npomy 3aranpHui po3B’ 130k cucremH (11) mae Bur-
JBIn

Xg = Q+OL+PN(Q)C, (13)

ne Q" — nceBnoobepHeHa Matpuip 1o ITenpoysy [9] o
Matpuili Q; ¢ — IOBUIbHHIA €IEMEHT 3 IPOCTOpY R 7.

ITincraBumo x) y Bupas (10), orpumaemo 3araabHU pos-
B’5130K KpaitoBoi 3amaui (2), (3) y Bursii

X(1)= X(OPy o)+ X0 a+ K[ 1), (14)

ne K[ f](¢t) — oneparop I'pina 3anmaui (2), (3), axuii nie Ha
¢byukuito f(t)eC ([tO;T ]) HACTYITHUM YHHOM:

t
K1) =X [ X (0B(u(r)dr. (15)

)

Bumnaaxu kpaiioBux 3a1a4, Wis SIKUX BUKOHaHA OHA 3 YMOB
rank Q = n abo rank Q < n, € BiJNOBIIHO HEKPUTHIHUMH i
KputaHuMy, 18 O = MX (¢)) — (m X n) — BUMipHA MaTPHIIS,
OTpHMaHa MiACTaHOBKOIO y KpaioBYy yMOBY HOPMAaJIbHOI
¢dyHmamMeHTaIBHOT MaTpHIl X (t) onHopiaHOI cuctemu (7).

TakuM YHHOM, TOBEAECHO HACTYITHE TBEPKECHHS.

Teopema. Skmro rank Q = n;, To OTHOpIIHA KpaiioBa 3a-
nava (7)—(8) Mae » = n—ny 1 TUIBKN ¥ JTiHIHHO HE3AJIEKHUX
po3B’sa3kiB. HeomHopinHa kpaiioBa 3amaga (2)—(3) po3B’si3Ha

TOmi 1 TUTBKH TOIi, KOJIM BUKOHAHA YMOBA PN «.o=0 impu

@)
IEOMY MA€ r-TIapaMeTPUYHY POAUHY PO3B’SI3KiB

x(t,¢,) = X (OPy(gyc, + X(HQ T+

t
+X(0) [ X' ()B(tu(r)dr (16)

fo

neP =1-0T0,P . =1-00" —opromnpoekropu
N(Q) 00 N©Y) QQ" —optomnp P
Ha stapo N(Q) i xkosapo N (Q*) Matpuni O BiIIOBiTHO, Q+—
TriceB1000epHEeHa MaTPHILS 10 MaTputli O .



ISSN 1607-3274.

Panioenexrponika, indopmaruka, ynpasminas. 2013. Ne 2

Hpurian
Hexali kepyrounil mporec ONUCYEThCs KpaloBOO 3a/1a-
gero (2)—-(3), ae x(¢)e R - ¢dba3oBuil BEKTOp,

A =\3<t<3=T, u(t) :(1+12)e R! — BexTop KepyBaH-

2t2 0 0
1+1¢
. . 2t
Ha Ta 3agaHi Mmarpumi A(f)=| O 3 0],
1+t
0 0 0
1 1
! — —= -l 18
B=|1],M=|2 2 ,o=| |
L ?
0 2

Hopmansha ¢yHaaMenTanpaa MaTpyILt TSI 33JaHO1 3a-

1+2 0 0
naui mae pursig X (1) =| 0 1+¢2 0 .
0 0 1

PiBnstanst (11) mpencrasisie coboro cucteMy anreopaid-

HUX PIBHSHB
2 -2 -1 18
Xn =
0 -2 1% |9 (17

. 3 00
BimHOCHO entemenTa X € R™. P = , TOM 0-
1 0 N(Q*) (0 Oj yyM

Ba po3B’si3HOCTI (12) m1st manoi KpaifoBoi 3a1a4i BUKOHAHA

HAacCIpaBIi OIS JOBUIBHUX O € R? Yy TOMY YHCHi 1 JUIs
18 b s
o= 9 € R”. Cucrema (17) € HemoBU3HAYEHOIO, PO3B’ -

30K STKOi 3HAXOAUTHCS 3a hopmyroro (13), me

» Pnio) =

—_
W= =

3

OlhONDO|
OO —0o|o
Oolholoo| N

Heonnopinaa kpaiioBa 3agada Mae 3-mapamMeTpuvIHy
ponuHy po3B’si3KkiB (popmyna (16)):

Y IOCTOBIpHOCTI OTPUMAHOIO Pe3yJIbTaTy MOKHA TIepe-
KOHATHCS eJIeMEHTaPHOIO IIEPEBIPKOI0, a CaMe, MiJCTaBUTH
(18) B kpatioBy 3amgauay (2)—(3).

BUCHOBKUA

PoGota npucssiueHa 3HaXOPKEHHIO YMOB PO3B’I3HOCTI
Ta OOYI0BH PO3B’A3Ky KPUTHYHNX KPaHOBHX 3a]1a4, SIKi BH-
HUKAIOTh B 33]1a4aX Teopii KepyBaHHS PyXY, B SIKUX KIIBKICTh
KpaloBHX YMOB He CITiBITaJIa€ 3 KiJIbKICTIO HEB1IOMHX Y CHC-
Temi. KpiM Toro, TaHui Imiaxiq MOKHA 3aCTOCYBATH JI0 33129
PO aHAJIITHYHE KOHCTPYIOBAHHS PETYJISATOPIB 1 PO ONTH-
MaJlbHy cTabiizalio [2, 6], mpu po3B’s3KY SIKUX BUHUKAIOTh
MaTpuyHi piBHIHHS Pikkari.
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Kang. ¢uz.-mar. Hayk, JOLEHT, 3al0POXKCKUH HAIIMOHANBHBEIH YHUBEPCHTET, YKpanHa

PEIIEHUE KPAEBOW 3AJTAYA OIITUMAJIBHOI'O YIIPABJIEHHS B KPUTUUYECKOM CJIYYAE

B crarbe paccMoTpeHa KpaeBas 3ajauya B KPUTUYECKOM CIyuae, KOTOpas BO3HHKAeT B TEOPUU ONTUMAIbHOIO YHpaBIEHUS I
MaTpHYHBIX Au(depeHInanbHbIX ypaBHeHuil. HaliieHo ycioBue pa3pelmMOoCTH TakKX 3aaad. [IpeioxkeH NoaXo/ K HaXOKASHUIO pellie-
HHS 33241 C IOMOLIBIO TEOPHH NICEeBI000PaTHBIX MaTpull. Takue 3aaui MOT'YT BO3HHKATh P MOJIEIUPOBAHUY JINHEHHBIX TEXHOJIOTH-
YEeCKHX M SKOHOMHUYECKHX IporieccoB. Kpome Toro, JaHHEIN NOAXO0/ IPUMEHNM K 33/1a4aM 00 aHAIUTUYECKOM KOHCTPYUPOBAHHUU PEryIisi-
TOPOB ¥ 00 ONTHMAJIBEHOH CTAOMIN3ALHH.

KunroueBnle ciioBa: ynpasisieMslil Ipoliecc, KpaeBas 3ajada, ICeBIOAOpaTHas MaTpHLA, HOpMalbHas (GyHIaMEeHTAIbHAs MaTPULA.

Panasenko Y. V.

Ph.D. Candidate (Candidate of Physico-mathematical Sciences), Associate Professor, Zaporizhzhya National University, Ukraine
SOLUTION OF THE BOUNDARY-VALUE PROBLEM OF OPTIMAL CONTROL IN THE CRITICAL CASE

The article describes the boundary-value problem of the theory of optimal control for matrix differential equations in the critical case.
This problem is urgent for wide range of applications like modeling of linear technological and economic processes. A problem of

controlling movement is reduced to solutions of boundary-value problems of n x n systems of ordinary differential equations of the first

order. Solution of these tasks is very complex in case of control of systems in which the number of processes exceeds the amount of
information about the initial state.

The paper is devoted to finding conditions for solvability and construction solutions of boundary-value problems in critical case of
the theory of motion control, in which the number of boundary conditions does not coincide with the number of unknowns in the system.
The condition of solvability of such problems is found. Author describes the approach for solution to the problem with the help of theory
of pseudoinverse matrices.

In addition this approach is applicable to the problem of analytic construction of regulators and the optimal stabilization.

Keywords: controlled process, boundary-value problem, pseudoinverse matrix, normal fundamental matrix.
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ESTIMATION OF MARKET RISK IN UKRAINE USING VAR

METHODOLOGY

The emergence of a market risk due to performing operations with currency can result in
substantial financial losses. That is why such situations require carrying out of profound
analysis and management of respective risks. The market risk of this kind is characterized with
possible losses of financial resources due to incorrectly performed operations with currency.
The paper considers the possibility of application of the VaR methodology to the bank curren-
cy portfolio using the following methods: delta-normal, as well as the methods of historical
modeling and Monte-Carlo simulation. While performing the computing experiments actual
data used from the currency market of Ukraine. Quite acceptable results of forecasting possible
losses were received by making use of Monte-Carlo simulation that hypothetically can take
into account possible variations of the market exchange rates. It was established that the risk
forecasting errors appear only due to non-predictable abrupt changes of exchange rates.

Keywords: risk measure VaR, bank currency portfolio, historical modeling, Monte-Carlo
simulation, delta-normal approach, Ukrainian currency market.

1 INTRODUCTION

As far as functioning of financial institutions is closely
related to performing of substantial volumes of currency
operations the problem naturally arises for performing
profound analysis and management of possible financial
risks. The currency related risk is a possibility of financial
resources loss due to incorrectly performed operations with
currency. From the risk management position the banking
activities are basically directed towards risk acceptance and
getting respective economic compensation instead. Some
types of risks represent the price of banking business
realization and it is impossible to avoid them completely.
That is why the risk management processes is not aiming to
complete elimination of the risks. A financial institution
should provide a reliable substantiated relation between
generalized parameters of possible risks and the capital,
available financial resources and financial incomes [1, 2].

There exist various approaches to quantitative estimation
of possible losses. As of today there are developed the
methods for computing of the currency risks that are widely
used in financial enterprises. A selection of appropriate
computing method is determined by the volume of available
information, qualification of personnel that is busy with risk
management problems, and the availability of necessary
working instrumentation in the form of computer software.

In spite of the fact that such instrumentation market for the
financial analysis includes rather wide choice possibilities
their cost and the practical usage problems very often result
in development of their own software products by the
financial institutions. Such systems for risk estimation may
exhibit much more functional restrictions that availa than
available at the market but their advantages are in the
possibility of fast extension of a number of practically
needed functions. Also in such cases the financial institution
personnel has a possibility to enhance substantially their
qualification and to improve existing computing
methodologies.

The paper is devoted to application of the VaR
methodology for computing possible financial losses in
analysis of a currency market with the use of original
software.

2 THE PROBLEM STATEMENT

The goal of the work is to execute the analysis of
influence of exchange rates oscillations on profitability of
currency transactions; to present algorithms of calculation
of VaR meanings using delta—normal method and also using
methods of historical and imitation modeling; to make
comparison analysis of using indicated methods of VaR
estimation and give recommendations concerning
possibilities of their usage on Ukrainian financial market.

© Trofymchuk O. M., Kozhukhivska O. A., Bidyuk P. 1., Kozhukhivskyi A. D., 2013
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3 THE INFLUENCE OF EXCHANGE RATES
OSCILLATIONS ON PROFITABILITY

The model of currency matching. Despite the fact that
all financial risks in this or that way are implemented on the
results of bank activity but the functional connection
between risks exists not for all its types. The dependence
between size of profits (losses) received as a result of bank
holding an open currency line item, and market changes of
currency rates is described by a model of currency matching
[3]- AP, =VP (s, — s), where AF, is a profit (loss) received
from overestimating of currency money because of currency
rate change; VP is a currency line item of a bank; Sy, S —
predicted and leaking currency rates accordingly.

A currency item (CI) is the indicator of bank’s currency
risk that is defined by the parity between the amount of
assets in certain foreign currency (4,) and the amount of

obligations in that same currency (L ): VP =4, — Ly. Cl of
a bank can be open or closed and be calculated separately
for each foreign currency that is included in multicurrency
bank briefcase. Cl is considered to be open if the amount of
assets in foreign currency does not correspond the amount
of obligations in that same currency. If the amount of assets
in foreign currency is balanced by the amount of obligations
in that same foreign currency (4, = L), such item is called
closed or the item of correspondence. In such case currency
risk is almost absent because the rate change of one currency
concerning the other will equally influence both the cost of
assets and the cost of obligations.

4 THE ESTIMATION OF CURRENCY RISK VAR
USING DELTA-NORMAL METHOD

In order to demonstrate shortcomings and advantages
of a delta-normal method, let’s consider how to estimate
possible future changes of the cost of briefcase of currency
money.

The algorithm of calculation of VaR. The cost of
briefcase of currency money P; in base currency is
calculated with an expression:

N . N . .
B=2F =k,
i=1 i=1

where P; — time line of costs of the whole briefcase of
currency money in base currency in the moment of time ¢

(¢=0,T , where T + 1 — quantity of meanings of time line

P); Pti = k,i -vf — the cost of briefcase component in i

currency in base currency; k; —exchange rate of briefcase i

currency into base currency on date 7 (i = I,_N, where N —
quantity of currency in briefcase); vl? — the volume of i
currency in briefcase on date ¢ (the size of open currency
item in terms of currencies). Let’s consider the sequence of
calculations of risk cost VaR that reflects the possible
volume of future changes of the cost of currency money
briefcase P;.
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Stage 1. The calculation of daily change of currency
rates. The meaning of daily change of rates of briefcase
currencies is calculated with a formula of geometrical
profitability:

i
X = ln(—it )s
t—1

where kti — the meaning of exchange rate of i currency to

base currency on date ¢, ¢ = L_T; k{_; — the meaning of
exchange rate of i currency to base currency on date ¢ /.
Logarithm of time of changes of currency rate characterizes
the intensity of change of currency rate and is a random
variable, the distributing of which is close to normal with
average meaning close to zero.

Stage 2. The calculation of volatility of currencies. In
order to calculate the volatility of each currency separately
without taking into account its connection with other
currencies in briefcase, it is necessary to calculate for each
currency selective average and standard quadratic deviation

o' time line ofits profitability { xf } with an expression:

M)

Stage 3. The estimation of possible losses behind the
open currency item in i currency JaR. The variable of risk
cost VaR'of open item in i currency is calculated with an
expression:

VaR' = k_, P'c'. 0))

Ifvolatility of i currency (1) is defined on daily interval,
the risk cost of VaR' is also interpreted as maximum expected
volume of reduction of total cost of a separately taken
component of currency briefcase in i currency during one
day with possibility 95 % or 99 % depending on the meaning
of quantile k;_, in the expression (2).

Stage 4. The calculation of correlation matrix of
briefcase currencies. In order to consider mutual
correlation of exchange rate of briefcase currencies in the
process of VaR calculation it is necessary to find correlation
matrix of briefcase currencies. To do this first it is necessary
to calculate co variations C[.j of possiblecombinations of

random variables {x} and {x/}:

1L . — . —
Cy =2t =X (xf X,
t=1

And also correlation coefficients K of processes {xf}

. C..
and {x/}: K;j =—".

Gicj
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Square matrix with dimension 7 x n, in which on i row
and j column intersection the element K[_j_ is located, is a
correlation matrix of briefcase exchange rates. This matrix is

symmetric: K,=K, for all i, j =1,N, and the elements of
main diagonal are single.

Stage S. The calculation of overall estimation of possible
losses VaR of total cost of currency briefcase. Overall
estimation of possible losses of total cost of currency
briefcase VaR is calculated on the basis of risk costs of VaR’
of separate currencies of a briefcase and correlation matrix
of exchange currency rates:

VaR =VaR-|K [VaR” ,

where ﬁ:HVaR] VaR?

VaR™ H — vector-line of

separate estimations VaR! of briefcase parts in i currency;
K — correlation matrix of exchange rates of briefcase
currencies to base currency. This method assumes daily
data updating and logarithm calculation of course growth
rates, co variation and correlation matrixes, volatilities, all
VaR! estimations.

5 THE ESTIMATION OF CURRENCY BANK RISK
VAR USING THE METHOD OF HISTORICAL
MODELING

First it is necessary to choose the period of time with
depth T (for example, 250 working days). For these days
selection is created from daily changes of currency rates for
all N parts of currency briefcase:

Ak =ki —ki1s i=1N

where kti — the meaning of exchange rate of i currency to

base currency on date ¢, ¢ =1,T; k/_; — the meaning of
exchange rate of i currency to base currency on date 7—1.
For each of T scenarios of rate changes it is modeled
hypothetical rate £* of each currency in future as its current
rate k; plus rate growth which corresponds the chosen
scenario:

kj* =k o+ Ak .

Then it is conducted the complete revaluation of current
currency briefcase according to rates modeled on the basis
of historical scenarios, and for each scenario it is calculated
how the cost of today (current) currency briefcase
(separately according to long and short bank currency item)
would change:

AV, =V -V, t=1T,

N

where Vy =Y. k; o - vi o—current cost of currency briefcase;
i=1

v; o — current volume of 7 currency in briefcase (the cost of

. . . *_ t*
open currency item in currency units); ¥z = 2k "Vi,0 —

the cost of currency briefcase in base currency according
to ¢ historical scenario.

Received T'changes of briefcase are ranged by falling for
long currency item and on the contrary for the short. VaR is
defined as maximum loss that is not exceeded in (1-a)T
cases, or is equal to absolute variable of change with a number
that corresponds integer part of a figure . This method is
relatively easy to implement if daily updating data base of all
currencies exists. As a rule the more depth of a retrospective
that is used for rates modeling, the higher is the accuracy of
estimation VaR, but at the same time the bigger is the risk of
using out-of-date data.

6 THE METHOD OF IMITATION MODELING
MONTE-CARLO FOR ESTIMATION OF BANK
CURRENCY RISKS VAR

Monte-Carlo method for estimation of currency risk
consists in modeling movement path of exchange rate
according to chosen stochastic process. In order to calculate
the estimation VaR'cost of i part of currency briefcase (open

currency item, j = 1, N) it is necessary to build the division
of modeled costs for this part. To find the line of modeled
future costs of i currency item it is necessary to model K
future prices according to movement path which is
calculated during » steps. The figures K and » are chosen
quite big depending on calculating capacities (for example,
500*1000). The process of estimation VaR can be represented
the way:

1. To generate the consequence according to divided
random variables g, €, ..., €,.

2. Using retrospective data of depth L of days to find
the meaning of daily pr ofitability (change of i rate of

1

) k _
currencies) with a formula x; = In( l.l ), I =1,L. For the

/-1
received sampling of profitability for i currency to calculate
average U and mean squared deviation c.

3. Starting with current rate of i currency kti to calculate

future modeled prices kt’ ks kL, = K with formulas [2]:

ki =kl + ki (u At + g1 04fAD),
kti+2 :kti+l +kti+1(lfl At + &5 04JAt),

kfvn =kion_t +kini (WAL + g, 0\JAL).

4. To calculate the cost of i currency item in base
currency (the part of currency briefcase) for ratek}:
PTi = k% -v; , where vf — current volume of i currency item
in units of currencies.

5. The steps 3—4 to repeat K times (depending on the
quantity of variables). As a result we get a line of meanings:

il 2 iK
PLLPLL P
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6. The received K costs of i currency item of briefcase
are ranged similarly to the method of historical modeling.
The ranged meanings are numbered from 1 to K. Let’s

designate through PT'.(X the meaning of currency item from
this line by a number that is equal to the whole part of a
number (1-a)K, that means that it corresponds the set
level of trust (1-a).

7. To calculate the average of modeled costs:

Kk
_xr
pl k=l |
I~k

8. To calculate possible losses according to i currency
. i_pi pi®
item: VaR" = Pr - Pr .

7 THE PECULIARITIES OF MODEL
VERIFICATION TO ESTIMATE VAR CURRENCY
BRIEFCASE USING HISTORICAL DATA

The further specified operations influence the size of an
open currency position and currency risk: (1) — purchase
and sale of available and non-cash foreign currency; (2) —
charge, receiving, payment of foreign currency in a form of
profits and losses; (3) —receipt of funds in foreign currency
to statute capital; (4) — repayment by a bank of hopeless
debt in foreign currency; (5) — formation of reserves in foreign
currency; (6) — purchase and sale of inventory items using
foreign currency; (7) — other exchange operations with
foreign currency [3—7]. To estimate the changes of structure
of bank currency item that does not depend on exchange
rates oscillations, the index of Paashe is used.

Let’s consider that the total cost of currency briefcase P,
in base currency on the moment of time ¢ is defined by a
formula:

N o
1 1
Ptzzkt' Vt‘,
i=1

where Pt" = kt" . vf — currency item of a bank according to i

currency in base currency. The index of Paashe J,;
characterizes the level of influence of structural changes of
a currency item on the total volume of currency item taking
into account exchange rates on the beginning of a period

[t=1,¢]1[3]:

i i
_ kv
vi T

J i=LN. 3)

i i
ki1 vi

The process of verification of a model for currency risk
estimation is the following. On the moment of time ¢ it is
possible to calculate the meaning of actual cost of a briefcase
A; and compare it with the meaning of VaR, The peculiarity
of comparison consists of necessity to exclude from
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calculation the factor of change of physical volumes of
briefcase currencies as far as the indicator JaR does not
take into account the changes of volumes of each currency
in briefcase. Taking this the adequacy check of VaR-model
is made in the following sequence:

1. To define Ait as losses from i currency item for a period
of time [#1, t], as disparity between the cost of i currency
item on the moment of time # without taking into account the
changes of physical structure that occurred on the period
[£1, £] and its cost on the moment of time #1 with a formula:

where Jél. is calculated according to expression (3) on the
moment of time #. Then on each moment of time 7 of a period

of back-testing (¢ =1,_T) it is calculated the loss from
exchange rates oscillations for the currency briefcase on
the whole:

N
AV, = zAlt .
i=1

2. The comparison of daily meanings VaR, and
corresponding to them actual changes of briefcase cost AV;.
The case when the condition is observed AV, > VaR, that
means that the cost change is negative (loss) and at the
same time in absolute meaning exceeds VaR, is called the
exceeding of predicted expenses. Then the quantity of cases
of exceeding L is calculated.

3. The model adequacy is checked by the parity: % <a.

8 THE ANALYSIS OF RESULTS OF ESTIMATION
OF LOSSES VAR

To estimate VaR it has been used bank currency briefcase
that consists of three items in three currencies (USA dollar,
euro and Russian ruble). To estimate VaR and test models it
has been used the following data: (1) — daily meanings of
market rates of dollar USA, euro and Russian ruble from
01.01.2006—30.06.2010; (2) — daily data of bank rates from
three currencies for a period from 01.06.2006 —30.06.2010;
(3) — daily meanings of open bank currency items in three
above mentioned currencies for a period from 01.01.2006 —
30.06.2010.

9 THE ANALYSIS OF THE RESULTS OF
ESTIMATION VAR USING DELTA-NORMAL METHOD

On the input of a model the market meanings of exchange
rates, bank meanings of exchange rates and bank currency
items in briefcase currencies are presented. In order to check



ISSN 1607-3274.

Panioenexrponika, indopmaruka, ynpasminas. 2013. Ne 2

the adequacy of a model the recommendations of Basel
committee of bank supervision for different levels of trust
(95 %, 99 % and 97 %) have been used. Each three months
it is calculated the quantity of mistakes of exchange rate
forecast using delta-normal method; it is based on
suggestion about normal division of profitability of
exchange rates. The depth of retrospective for estimation of
standard deviation is 250 days. The depth of retrospective
for estimation VaR is also 250 days. The results of verification
are brought together in table 1.

According to table 1 we can see that the model for
estimation VaR of currency briefcase using delta-normal
method is inadequate. In order to find the reasons of
inadequacy of a model the retrospectives that are used to
find estimations VaR are checked on normal division
according to Pirson criterion. Profitability for USA dollar
rate does not have normal division. Profitability for euro is
divided close to normal division, and on some periods has
normal division.

As a result of retrospective testing of a model while
calculating JaR for each currency it has been found: if

meaning ZCZ - is less according to euro than to USA dollar,

then the division of profitability of euro rate is closer to
normal than the division of USA dollar. In such case the
method gives fewer mistakes of euro forecast than of USA
dollar forecast.

It has been found that the losses start exceeding
estimation VaR with 95 % level of trust on the period from
March 2008 when unpredicted changes of USA dollar and
euro rate started to be observed. With 99 % level of trust
(which is demanded by Basel committee) the quantity of
forecast mistakes starts growing from the end of September
2008. In the period of forced reduction in second — third
quarters of 2008 and on the period of 4-th quarter of 2008 —
first quarter of 2009 the model for estimation of risk VaR
using method of historical modeling ceases to be adequate.

10 THE COMPARISON OF METHODS OF
ESTIMATION VAR

In table 2 it is represented the results of back-testing for
each of models and is calculated the quantity of mistakes
according to the results of models work on some periods
with duration of 250 days each.

The results of analysis of shortages and advantages of
used methods of estimation VaR are gathered in table 3.

11 CONCLUSIONS

Measure VaR has shortages and advantages, but it gives
possibility to estimate the risk uniquely for each country
and each bank. To compare the results of implementation of
this methodology on Ukrainian currency market three
methods of estimation VaR of bank currency briefcase are
represented.

The model of risks estimation on the base of delta-normal
method has appeared to be inadequate because the
assumption about the normal division of currency rates
profitability hasn’t been made. It is necessary to mark that
the division of profitability of euro rate on some periods is
close to normal and thus the model of estimation VaR of
currency item to euro on these periods has appeared to be
adequate.

The method of historical modeling has shown
satisfactory result only on conditions of stable market
situation. It badly adapts to different oscillations on the
market and thus today it can’t be used on Ukrainian financial
market.

The better results of estimation of possible losses have
been received using Monte Carlo method. The mistakes in
forecasts of possible losses appear only on condition of
unpredicted sharp shifts of rate but the model on the base
of this method quickly adapts to market changes. To use
this method on-line it is necessary to have big calculation
capacities that mean vain charges for banks with little market

Table 1. The results of conduction of retrospective testing of calculation VaR using delta-normal method

The results of back - testing
Period 95 % e e

Quantity of % correct  |Quantity of % correct Quantity of % correct

exceeding forecasts exceeding forecasts exceeding forecasts

from 21030610 13 94,80 % 8 96,80 % 3 98,80 %
fron; 12%2(());)6 to 16 93,60 % 7 97,20 % 4 98,40 %
from 220906 10 16 93,60 % 8 96,80 % 6 97.60 %
from 217206 10 21 91,60 % 9 96.40 % 6 97,60 %
from 23030710 30 88,00 % 20 92,00 % 15 94.00 %
o e 1 57 77,20 % 51 79.60 % 40 84,00 %
from 24 120710 65 74,00 % 62 75,20 % 49 80.40 %
gr(())15132(;)9.03.08 to 62 75,20% 58 76,80 % 42 83,20 %
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Table 2. Comparative analysis of back-testing of a model of risk estimation VaR using different methods

Results of back-testing with 95% level of trust
. Delta-normal method Method of lflstorlcal Monte Carlo method
Period modeling
Quantity of | % correct | Quantity of | % correct | Quantity of % correct
exceeding forecasts exceeding forecasts exceeding forecasts
from
21.03.06 to 21.03.07 13 94,80 % 4 98,40 % 0 100,00 %
from
20.06.06 to 21.06.07 16 93,60 % 5 98,00 % 0 100,00 %
from
22.09.06 to 21.09.07 16 93,60 % 3 98,80 % 0 100,00 %
from
21.12.06 to 21.12.07 21 91,60 % 5 98,00 % 0 100,00 %
from
23.03.07 to 21.03.08 30 88,00 % 16 93,60 % 0 100,00 %
from
22.06.07 to 23.06.08 47 81,20 % 35 86,00 % 3 98,80 %
from
24.09.07 to 22.09.08 57 77,20 % 50 80,00 % 4 98,40 %
from
24.12.07 t0 22.12.08 65 74,00 % 74 70,40 % 7 97,20 %
from
20.03.08 to 30.03.09 62 75,20 % 77 69,20 % 7 97,20 %
Table 3. Comparative analysis of work of different methods for risk estimation VaR
o Method s . Method of imitation modeling
Criteria Delta normal Historical modeling
of Monte Carlo
Estimation Local Total Total
Taking into account As estimation of normal The similar to that in
s o e o Totally
historical division division the past
Taking into account .
«admissible» volatility Possible No Yes
Assumption about
normal division of Yes No No
profitability
Estimation of extreme Bad Bad Possible
events
Model risk Can be great Admissible High
Volume of retrospective Average Very big Little
Calculation difficulty Not high High Very high
Visualization Average High High
Calculation capacities Low Average High
risk. For these banks it is recommended to use standard SPISOK LITERATURY

approach on the base of fixed coefficients to estimate |
financial risks. To estimate improbable sharp oscillations of
currencies (costs, quoting) it is recommended to use stress-
testing that gives representation about the volume of losses 2.
in crisis market phenomena.
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'II-p TexH. Hayk, npodecop, MHCTUTYT TeleKOMMYHHKAIMN 1 HHPOpManoHHbIX TexHonoruit HAH Vikpaunsl, Ykpausa

’KaH1. TeXH.HayK, CT. peIL., YepkacCKuii roCyIapCTBEHHBIH TEXHOIOIMYECKHH YHHBEPCHTET, YKpanHa

3I1-p TexH. HayK, npodeccop, MHCTUTYT MPHUKIIAIHOTO CHCTEMHOIO aHank3a HalMOHaIbHOrO TEXHHIECKOrO YHUBEPCUTETA YKPAHHBI
«KII»,Ykpauna

‘II-p TexH. Hayk, mpodeccop UepKacCKUil TOCYIapCTBEHHBIN TEXHONOTHYECKUI YHUBEPCHTET, YKpauHa

OIEHKA PBIHOYHOI'O PUCKA B YKPAUHE I10 METOJOJIOI'NH VAR

B pabore paccmarpuBaeTcsi BO3MOXKHOCT IIPUMEHEHHsI METOJIOB OLIEHHBAaHUsI Mephl pucka VaR k GaHKOBCKOMY BAJIFOTHOMY IIOPT-
(eno ¢ UCIOIb30BaHUEM TaKHX METOJOB: JIeJbTa-HOPMAIIbHBII, HCTOPUYECKUH ¥ UMUTALMOHHOTO MOAeIHpoBaHus. [Ipuemiiemsle 1o
KaueCTBY Pe3y/IbTaThbl IPOrHO3UPOBAHUS BO3MOXKHBIX MOTEPh MOIydeHbl 0 MeTony Monte-Kapio, KOTOpblil TUIOTETUYECKH MOXET
YUUTBIBaTh BO3MOXKHBIE M3MEHEHHSI KYPCOB BAIIOT Ha PhIHKE. YCTAHOBJIEHO, YTO OIIMOKH IPOrHO30B BO3MOMKHBIX OTEPh MOTYT BO3HU-
KaTh TOJILKO BCJIEICTBUE PE3KUX HEIPEIBUICHHBIX U3MCHEHUN KYpCOB BANIIOT.

KuroueBsble cioBa: Mepa pucka VaR, 6aHKOBCKHIT BAIIOTHBII NOPT(eib, HCTOPHYECKOE MOJEINPOBAHNE, IMUTALIOHHOE MOZIEIIMPO-
BaHue 1o Merony Monre-Kapio, nenpTa-HOpManbHbI METOJ, YKPAaUHCKUN BaIIOTHBIH PHIHOK.
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*II-p TexH. HayK, npodecop, UepKacbKuil Aep)KaBHUI TEXHONOTIYHUMA yHIBEpCUTET, YKpaiHa

OIIHKA PUHKOBOI'O PU3HUKY B YKPATHI 3A METOJOJIOT'IEIO VAR

B po06oTi po3nIsiaeThCss MOXKIIMBICTE 3aCTOCYBaHHS METOJIB OL[IHIOBAaHHS Mipd pu3HKy VaR /it 6aHKIBCHKOTO BaIIOTHOTO HOPTQhe-
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IIPOTHO3YBaHHS BTPAT OTPHMAHO 32 MeTogoM Monte-Kapio, skuii TimoTeTHYHO MOXKe BPaXOBYBAaTH MOXIIMBI 3MIHH KypCiB BAJIIOT HA
puHKY. BeranoBneHo, 1o MOXHOKH IPOrHO31B MOXKIIMBHUX BTPAT BUHUKAIOTH JIMIIE 3a HASBHOCTI Henepea0adyBaHUX Pi3KHX 3MiH Kypcy
BAJIIOT.
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UCNONb30OBAHUE TEXHONOI MM NMAPAMENbHbIX BbIYUCIIEHUNA
B METOAE KOHEYHbIX 3JIEMEHTOB

B pa60Te paccMOTpeHa npo6neMa HCII0JIb30BaHMs INapalICIbHbIX BBIYUCIICHUN B METOAC
KOHCYHBIX 3JICMCHTOB. PaCCMOTpeHI)I 0COOEHHOCTH TIOCTPOCHU A MAaTPULIBI JKECTKOCTU U PEHICHUS
HOHy‘{eHHOﬁ CHCTEMBI JINHEWHBIX ypaBHeHI/Iﬁ Ha base napauieJabHbIX BBIYUCIICHHM. HpOBeZ{eHLI
BBIYUCIUTCIIbHBIEC DKCIICPUMEHTBI, PE3YJIbTAaThl KOTOPbIX HCHOJIb30BAaHBI JJid aHaliu3a

3(1) (beKTI/IBHOCTI/I MPEMIOKEHHBIX IOJAX010B.

KawueBble cioBa: METOJ KOHEYHBIX DJICMEHTOB, NapalljICJIbHbIC BBIYUCICHUA,
MaTreéMaru4deckas MoJ¢CJib, BBIYUCITUTEIbHBII MCTO/.

BBEJIEHUE

IIpoexTupoBaHNe COBPEMEHHBIX ACTaneill U KOHCTPYKIHI
CBSI3aHO C HEOOXOAMMOCTBIO IPUMEHEHHSI BEIYUCITUTETBHBIX
METOJIOB JUTS pEIIeHHs 33/1a4 BBICOKOH CIIOKHOCTH. B paspa-
6orke CAIIP w1 MammHOCTpOeHHsT HanboJee aKTHBHO TPH-
MEHSIETCS OJIMH M3 HanboJiee pacipoCTPAaHEHHBIX BBIYHCIIH-
TEJIbHBIX METOJIOB — METO/I KOHEYHBIX 3JIEMEHTOB, KOTOPHIN
HaXOIUT CBOM ITPUJIOKEHHS B IIIMPOKOM CIIEKTPE 3371a4: OT aHa-
JIM3a HANPSDKEHHO AepOPMHUPOBAHHOTO COCTOSIHUSI JIETajIeH,
KOHCTPYKLMH ¥ CTPOSHHH, TIepeHoca TeIlIa, THIPOIMHAMHUKI
JI0 aHAJIA3a MAKPO2JIEKTPOMEXaHUIECKUX cucTeM [1-3].

CHOXXHOCTh MHOTHX J€TaJICH U KOHCTPYKIMI IPUBOJUT K
BO3HHKHOBEHHUIO Ha ITOATOTOBHUTEIBHBIX 3TAIax CIOMXKHBIX
TEOMETPUUECKUX MOZEIEN — MaTEMAaTUIECKUX MOJEIIEH CO-
OTBETCTBYIOIINX reoMeTpraeckux oomacteit. [Tlocnemyromee
MIPUMEHEHHE METOJOB AUCKpeTu3almn [4] ¢ TpeboBanreM
ydeTra 0COOEHHOCTEH TeoMeTpHYeCKO MOIIENTH U (PH3HYIeC-
KOI TIOCTaHOBKH 3a7a4n (HalpUMep, CTYIIEHHE CEeTKH KO-
HEYHBIX 3JIEMEHTOB B O0JACTAX KOHTAaKTa, TPEIIWH, YIET
MHOTOCJIOWHOCTH U IPYTHE) MOXKET ITPUBOJNTH K AUCKPET-
HBIM MOZIEIISIM C OOJIBIINM YHCIIOM KOHEYHBIX HJIEMEHTOB.
B pesynsrare amst MogenupoBaHUsI HEOOXOIMMBI 3HATHTEb-
HBIE BBIYUCIIUTEIBHBIE PECYPCHI 1, KaK CIIECTBUE, BPEMEH-
HBIE 3aTPATHI.

EcTecTBeHHBIM pemeHreM 3a1a91 MUHAMHA3ALIHH BBIUHC-
JUTENBHBIX 3aTPAT ABJSIETCS ONTUMHU3ALIS YUCIIA 3JIEMEH-
TOB B IUCKPETHBIX Mozesix. OfHAKO, B TEX CIydasx, KOrua
YMEHBIICHUE YHCIIa KOHEYHBIX JJIEMEHTOB IPHBOIHT K HEO-
NpaBJaHHON NOTEPE TOYHOCTU MOJENH, OAHUM W3 IyTeil
OIITHMM3AIMN BPEMEHHBIX 3aTPaT SBJIAETCSI NCTIONb30BAHNE
MapaJIyIeNbHBIX BEIUUCIeHHH. CTpeMUTENbHOE YBENNIEHHE
yrcna (pyHKIIMOHAIBHBIX YCTPOHCTB (IIPOLIECCOPOB, sIIep) B
COBPEMEHHBIX BEIYUCIUTEIBHBIX CHCTEMAaX aKTYalH3HPYET
JTAaHHOE HAIPaBJICHUE HCCIIEJOBaHMUH.

Takum 00pazom, menbro padoTH ABISETCS pa3padoTKa
MapaJyIeTbHBIX AJITOPUTMOB ISl OCHOBHBIX 3TAIIOB METO/IA
KOHEYHBIX 3JIEMEHTOB W aHAJIN3 PE3YyIbTATOB NX BHEAPEHNUS
ITyTEM NPOBEICHHS BHIYMCIUTEIbHBIX SKCIIEPUMEHTOB.

© Yomopos C. B., 2013
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1 TAIIBI BBIMUCJIMTEJIBHBIX CUCTEM 1
OCHOBHBIE TEXHOJIOI'MUA JOCTUWXXEHUSA
HAPAJUIEJIBHOCTH

OpnHoit 13 Hanboree pacpoCTpaHEHHBIX KilacCU(HKa-
LI apXUTEKTYPBI BEIYHUCIUTEIBHBIX CHCTEM SIBIISIETCSI CHC-
Temaruka dnuHHA [5], KOTOpas OCHOBaHA HA aHAIM3E CIO-
c00OB B3aMMOZICUCTBHS (YHKIMOHATBHBIX BEIYUCITUTETBHBIX
YCTpOHCTB 1 00pabaTeiBaeMbIX JaHHBIX. B pesynsrare pas-
JIMYAIOTCSl OCHOBHBIE YETHIPE THIA BHIYUCIUTEIBHBIX CHC-
TeM [5-7]:

—SISD (Single Instruction, Single Data) — BbraucanTens-
HBIE CHCTEMBI, B KOTOPBIX UCIIOJIB3YETCsl EAMHCTBEHHOE (DYH-
KIMOHAJIBHOE YCTPOUCTBO /TSI HCIIOJIHEHHS OJTHOTO ITOTOKA
WHCTPYKIHH ¢ OMMHOYHBIM ITOTOKOM JIaHHBIX;

—SIMD (Single Instruction, Multiple Data) — cucrems ¢
OIIHUM TTOTOKOM MHCTPYKIIUH, B KOTOPBIX OfHA MHCTPYKINS
MOXKET IPUMEHSTHCS K BEKTOpaM JTaHHBIX (HECKOIBKHM I10-
TOKaM JTaHHBIX );

—MISD (Multiple Instruction, Single Data) — ciucrems ¢
MHOKECTBEHHBIM TTOTOKOM MHCTPYKIUI M OHHM ITOTOKOM
JIAHHBIX;

—MIMD (Multiple Instruction, Multiple Data) — Bramc-
JIUTETHHBIE CHCTEMbI C MHOKECTBEHHBIM ITOTOKOM HHCTPYK-
LI ¥ MHOXKECTBEHHBIM TIOTOKOM JaHHBIX.

BoNBIIMHCTBO COBPEMEHHBIX MOCIIEIOBATENBHBIX BBIYHC-
JIUTETBHBIX CHCTEM MOKHO OTHECTH K ITEPBBIM ABYM TUIIAM.
Taxue KOMIBIOTEPHI OCHAIIEHBI OMHUM (YHKIIMOHAIEHBIM
YCTPOHCTBOM U IOJEPKUBAIOT pa3audHbie Habops! SIMD-
nHCTpyKuui (Hanpumep, MMX, SSE, SSE2 u npyrue). [1a-
paJIENbHOCTD (KBa3UIAPAUIEIFHOCTh) B TAKMX CHCTEMax
SIBIISICTCS peaT3alieil MHOT03a/IadHOCTH B IUTAHUPOBIIINKE
3a/1a4 ONEepPaMOHHON CUCTEMBI.

K iy MISD MOXHO OTHECTH OTKa30yCTOHYNBBIC BHI-
YHUCITUTEIBHBIE CHCTEMBI, KOTOPBIE BBIIOMHSAIOT HHCTPYKIIH
¢ (pyHKIHMOHATBEHON H30BITOYHOCTRIO C IETBI0 OOHApYXKE-
Hust omrOoK. [1pu 3ToM psim aBTOpOB [5] HA3BIBAIOT NAHHBIN
THIT TEOPETUYECKUM, OTMEYasi OTCYTCTBHE YCTPOIMCTB TaKo-
TO THITA.
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Kty MIMD otHocsITCS] CHCTEMBI C MHOYKECTBOM (DYHK-
IMOHAJIBHBIX YCTPOMCTB: MYIETHIPOLIECCOPBI (MHOTOIPOLIEC-
COpHBIE U MHOTOSIJIEPHBIE CHCTEMBI) U MYIBTUKOMITHIOTEPHI
(pactipezienieHHbIE BEIYUCIUTELHBIE CHCTEMBI, KIIACTEPHI).

Ha coBpeMeHHOM pBIHKE BBIYHCIUTEIBHBIX CUCTEM B
HanOosee TOCTYITHOM [IEHOBOM JMAala3oHe IHUPOKO MPes-
CTaBJICHB! MYJIBTHIIPOIIECCOPHBIE CHCTEMBI C 00IIel maMsi-
TBI0, KOTOPBIE COziepKaT OT 2 10 16 (yHKIIMOHAIBHBIX YCT-
poiictB. Takue BEIYUCINTEIBHBIE CHCTEMbI MOXKHO HCIIONb-
30BaTh I HAYJILHON OTIIA/IKHU NTapAJUIENIbHBIX aJITOPHUTMOB
1 OLIEHKH UX 3¢ deKTUBHOCTH. J1JIs1 IpOrpaMMHUpPOBaHUS B
TaKHX CHCTEMax HauboJiee pacipoCTpaHEeHHBIMH SIBIISIOTCS
penienus Ha Gaze motokoB (Hampumep, POSIX Threads,
Boost.Thread u npyrue) mwm crangapra OpenMP (Open
Multi-Processing) [8, 9].

2 MAPAJUIEJIBHAS PEAJIMBALIUA METOA
KOHEYHbIX 2JIEMEHTOB

OcHOBHasI HJies] METo/Ia KOHEYHBIX AJIEMEHTOB COCTONT B
TOM, YTO JIOOYIO MCKOMYIO HETIPEpHIBHYIO BEIMYHMHY (Ha-
TIpUMeEp, TEMIIEPATYpY, IIEPEMENICHUsT U JIPYTHUe) MOXHO
ANIPOKCUMHUPOBATH TPH MTOMOIIN KYCOYHO-HETIPEPBIBHBIX
(YHKIMH, ONpeIeTIEHHBIX Ha SJIEMEHTAPHBIX TEOMETpHIEc-
KHX 00JIaCcTSIX — KOHEYHBIX 3JIEeMEHTaX, 00pa3yIoInX JUCK-
peTHyro Mozens obnactu. s onpeneneHns 3HaYCHNH nc-
KOMOW HENPEpBIBHOW BEJIMYMHBI B y3J1aX IUCKPETHON MoJe-
U CTPOUTCS CHCTEMa JIMHEHHBIX alre0pamvecKux
YpaBHEHHI, MaTpuIla KOTOPOH HOCUT Ha3BaHHE II00aIbHON
MaTpHIIbI JKECTKOCTH.

[Tporecc mocTpoeHws II1006ANEHON MAaTPHUIIBI dKECTKOCTH
Ha3bIBACTCS aHCAMOIIMPOBAHKEM H SIBIISIETCS CyMMOM, TIOJI-
YMHEHHON 0COOBIM IIPaBHIIaM, JIOKAIBHBIX MaTPHI] JKECTKO-
CTH — Pe3yJIBTaTOB WHTErpupoBaHus Au(dHepeHInaIb-HOTo
ypaBHEHHUS B MaTpUIHOH opme. Pasmep rimobdanbHO# MaT-
PHILIBI ’KECTKOCTH PAaBEH ITPON3BEICHHUIO YHCIIA y37I0B B IUC-
KpPETHOU MOJIETIN Ha YHCIIO CTETICHeH CBOOOIBI B y31Ie (OI1-
PpeIemnsieTCsI TUTIOM 3a/1a4H).

Takum 00pa3om, B CIIydae JOCTATOYHO CIIOKHBIX JHCK-
PETHBIX MOJENeH, 3Tanbl IOCTPOCHHUS TII00AIBHON MaTpH-
IIBI )KECTKOCTH 1 TToceyromero pemrerns CJIAY sBistores
Hanbosee TpeOOBATEIBHBIMU K BBIYMCIHTEIBHBIM PECYP-
cam. CienoBaTenbHO, BHEAPEHHUE APAUIEIbHBIX BRIYHCIIC-
HUH TIPH BBIIOJIHEHUH 3TUX 3TAIOB CIIOCOOHO NaTh Hanbo-
JIee 3HAINMBII PE3YIBTAT C TOYKH 3PEHHUSI SKOHOMHUH BpeMe-
HH Ha IPOCKTHPOBAHNE U MOJIETTHPOBAHUE.

IepBbIM marom mocie 3TamnoB 3arpy3kKy 1 MHUINAIA3A-
IIMW MCXOJHBIX TaHHBIX MapauIeIbHON peaTn3aiiy MeToIa
KOHEYHBIX IEMEHTOB SIBIISIETCS OMPEEICHNE BETMIHHbI K —
YHCciIa JOCTYMHBIX (DYHKIIMOHATBHBIX YCTPOHCTB (puc. 1).
JlaHHas BeJTMYIHHA SIBISIETCSI OCHOBOH /TSI OTIPEACIICHHS KO-
JIMYECTBA NTAPAJLIEIILHBIX TIOTOKOB. B MeTO/Ie KOHEUHBIX JI1e-
MEHTOB ITPH BBIYHCIICHHN NIO0ATBHON MATPHUIIBI dKECTKOCTH
B CIIy4ae MYIBTHIIPOLIECCOPHBIX CHCTEM OIEpaIiy BBOAA-
BBIBOJIA HCIIONB3YIOTCS TOIBKO, €CITH HEAOCTATOYHO OCHOB-
HOM ITaMsITH ISl XPaHEHHS NCXOHbIX TAaHHBIX U CAMOH TJIO-
0apHOI MaTPHIBI KEeCTKOCTH. To ecTh, PH UCIIONH30Ba-
HUHU CXKATOTO CIIOCO0a XPaHEHUS ITI00ATBHON MaTpHUIIBI

KECTKOCTH (KOTOpast, KaK IIPaBUIIO, SBIISETCS CHIILHO pa3pe-
YKEHHOM ), BpeMsl 0XKHJaHUs orlepanyii BBOla-BbIBOIA, B 3a-
BHCHMOCTH OT CJIO)KHOCTH 3aJa4d, OyIeT MUHUMaJIbHBIM,
CJIe/IOBaTeNIbHO, Ha MPAKTHKE BeNMUMHA K TaKKe onpeers-
€T KOJIMYECTBO NapaJUIENbHBIX BHIYUCINTEIBHBIX IOTOKOB.

Tak xak aHcamMOJIMpoBaHue SBIIETCS 0000IIEHNEM CYyM-
MBI, TO Ka&KAbIH 13 K mapajuiesbHbIX IOTOKOB JOKEH IpOo-
n3BoANTH aHcamOnupoBanue N/ K snemeHToB (N — Kommde-
CTBO 3JIEMEHTOB B ANCKpeTHON Mozenn). [Ipu aTom Bee an-
Hble (BKJIIOYasi MEpEeMEHHBIE IIMKJIOB), CBS3aHHBIE C
MHTETPUPOBAHUEM HA KOHEYHOM DJIEMEHTE JOJKHBI OBITh
JIOKaJIbHBIMH JJAHHBIMH NapaJuIeIbHBIX TIOTOKOB (OBITH JOC-
TYITHBIMH TOJIBKO ISl IOTOKa-00J1a/1aTels; cxeMa IprBese-
Ha Ha puc. 1).

[ar o6HOBNEHNS 17100aTEHOI MaTPHIIBI XKECTKOCTH, YUH-
TBIBasI CKATHIN ()OPMAT XpPAaHEHUsSI IAHHBIX, SBISICTCS KPUTH-
YECKUM C TOYKHU 3pEHUsI TI0ToKoOe3omacHocTH. To ecTb, J10-
CTYTI OCTAJILHBIM TTOTOKaM K NIO0AJIbHOM MaTpHUIIe )KECTKOC-
TH JOJDKeH OJOKHpOBAaThcsl IOKa OJHH IOTOK
MOJIM(MUINPYET €€ DIIEMEHTHI.

Bpewms1, HeoOxoanumoe 115 TOCTPOeHMs ITI00aIbHOM Mart-
PHIIBI )KECTKOCTH TPH TIOMOIIHM MapaiIeIbHOTO BHIYUCIIH-
TENLHOTO MPOLECCA, MOKHO OLCHHUTE BEIIMINHOM T,

T,=N(I/K+m)+K tpread.
71e [ — nporeccopHoe BpeMsi, HeOOXOAMMOE ISt HHTET pupo-
BaHMS UCXOMHOrO AuddepeHImanbHoro ypaBHeHns Ha Ofi-
HOM KOHEYHOM dJIEMEHTE, 71 — IIPOLIECCOPHOE BpeMsl, HeoO-
XOIMMOE s aHCaMOJIMPOBAHMS PE3YIBTaTOB HHTETPHPOBA-
HHS HA OJTHOM DJIEMENTE, ¢, .-+ — BPEMSI, HEOOXOMMOE JUIs
WHUIWAIM3AIHH OJHOTO BBIYNCINTEIHHOTO IOTOKA.

AHAJIOTHYHO, BpeMsl, HEOOXOAMMOE [ IIOCTPOSHHUS II10-
0aTBbHOI MaTPHIIBI )KECTKOCTH Ha 0a3e IMoCIeJ0BaTEeNEHOTO
AITOPUTMA, MOJKHO OLIEHUTh BETUYUHON T

T, =N(I+m)

[pumeHeHve mapauIeNbHBIX BRIYUCICHHUI HMEET CMBICI,
e T >T:
s P

N(1+m)> N(I/K+m)+K'tthread’

B PE3YNIBTaTe YIPOIIECHUS] KOTOPOH HMOMYYUM CIIEIYIOILYIO
OILIEHKY

2
N-I> K 'tthread-
K-1

Taxum 00pazoM, HanpUMep, I IBYX IapaJlIeIbHBIX
MIOTOKOB, IIPOM3BENICHIE KOJIMYECTBA JIEMEHTOB Ha BPEeMsI
HHTET PUPOBAHMS OXHOI'O 3JIEMEHTA IOJKHO OBITH BUETBEPO
00JIBPIINM BpEMEHH HHUINATM3ALHHN NTapaJuIeNbHBIX I0TO-
KOB, YTO MOXKET HE BBIIIOJHATHCS TIPH MaJIOM YHCIIe KOHEY-
HBIX 2JIEMEHTOB.

JInst pereHus MoydeHHbIX B pe3ylibTare MOCTPOCHHUS
m100anpHOM MaTpuIkl xkectkoctu CJIAY Ha mpakTuke, Kak
NPaBHJIO, HCTIONB3YIOTCS HTEPALIMOHHBIC METONBI (HATIPH-
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3arpyska
OWCKPETHOMN
Mogenu

WMuuumanuaaumsa
BCrOMOraTenbHbIX
OaHHbIX

K = yncno gocTynHbix
hyHKLMOHaNBHBIX YCTPOWCTE

ie,ie=0

ie,ie=N/K

WHTerpuporaHue WHTerpupoeaHue WHTerpuposaHue
anemeHTa ¢ anemeHTa ¢ anemeHTa ¢
HOMEpOM ie HOMEpPOM ie HOMEPOM ie

O6HoBneHne ObHoBneHne ObHoBneHe
rnobansbHoin MaTpuLibl rno6ansHon MaTpyLb rno6anbHoi MaTpuLibl
ECTKOCTU KECTKOCTH HECTKOCTU

| | |
NoKa NoKa NoKa
k ie<N/K ) k ie<2-N/K J L ie<N )
[

Y4eT rpaHnYHbIX
yCMNoBuin

Pewenue CIIAY

l

3arpyaka
OMCKpeTHOr
Mogenu

Puc. 1. Cxema MeToa KOHEUHBIX JIEMEHTOB Ha baze TapajuIeJIbHbIX BBIYHCIICHUI

Mep, METO[I COTIPSDHKEHHBIX TpaaueHToB [ 10, 11] u apyrue).
Wx xiroueBoit 0COOEHHOCTBIO SIBIISIETCSI TO, YTO PE3YIBTATHI
TEKYIEH UTepanuy SBIAIOTCS UCXOTHBIMH JaHHBIMU JUIS
cemytomei. CienoBaTensHO, Ul COKPAIIEHNS BPEMEHH
TIOMCKA PEIICHNS] HEOOXOMUMO YCKOPSTh BHYTPEHHHE OIIe-
panuu MEeTo/a: MPON3BEACHNE MATPHUIIBI HA BEKTOP, MOBJIE-
MEHTHOE NTPOU3BENCHUE BEKTOPOB, BHIYUCICHHS HEBSI3KU U
JIpyTHE.

C y4eToM TOro, 9TO B pe3yiIbTaTe aHcaMOITUpOBaHMS TII0-
OaypHAsT MaTpPUIIA KECTKOCTH ITOIY4YaeTCsl CHIIBHO paspe-
YKEHHOMH, CTIEI0BATENHHO, CX€Ma BBIYHCIICHHUS TPON3BEICHHS
MaTpHIbl Ha BEKTOp B K MapaulenbHBIX OTOKOB MPUMET
BUJI, IPUBEACHHBIHN Ha prC. 2. OOIMMU I TOTOKOB JaHHBI-
MU SIBJISIIOTCS MaTpHLa A, pazmep KoTopoit DxD, BEKTOp X,
BEKTOp-pe3yasTar » ¥ 9ucio K. Tak Kak BEIMUCIUTEIbHBIMU

90

MTOTOKAMH OOHOBIISIFOTCSI pa3HBIEC 3JIEMEHTHI BEKTOpa T, TO
OTCYTCTBYET HEOOXOIUMOCTH B OJIOKHPOBKE IJISi CHHXPOHH-
3amuu MOTOKOB. CUETYNKH IUKJIOB [ | j, TIEpeMEHHas ¢ —
JIOKQJIbHBIE JUIS1 K&YKIOT0 BBIYHCIUTENBHOIO TOTOKA. Bo BHYT-
PEHHUX IUKJIaX 1O j BBIYMCIIEHUSI IPOU3BOASATCS TOIBKO IS
HEHYJIEBBIX AJIEMEHTOB i-1 CTPOKU MaTPHLIBI A.

3 BBIMMCJIMTEIBHBINA SKCIIEPUMEHT

B kadecTBe TeCTOBOrO CTEHJA HCIIOIB30BATACh IPO-
rpaMMHO-arnmapaTHasi KOHGUTypamms ¢ mporeccopom Intel
Core 3-380 (2,53 I'Tw, 2 pusudeckux sapa + 2 BUPTYaIbHBIX
sinpa) ¢ 3 I'b O3Y nox ynpaieHneM onepannoHHON CHCTe-
™Mbl openSUSE 12.2 (xommuisitop gec 4.7), s CO3MaHus
IIOTOKOB ¥ YIIPABIICHUS UMH — OMONMOTEKH CTaHIapTa
openMP.
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Puc. 2. Cxema TapajuieJIbHOrO MpOU3BEACHUS paspe)KeHHof/'[ MaTpUllbl Ha BEKTOP

1. 3apaua JJupuxie
Paccmotpum pemenue ypasaenus Jlamnaca ¢ ycnoBus-
Mmu J{upuxie.

o’Uu d*Uu d*U
+ + =
o’ o ozl
Usq = f(x,y,z).

B kauectBe obmactu () paccMoTpuUM Kocozydoe 3ydua-
Toe Koreco (auckperHas Mozenb: 49500 y3moB, 40920 mrec-
TUTPAHHBIX KOHEYHBIX AJIEMEHTOB, pHC. 3). OyHKIWA f(X, V, Z)
IyCTh UMEET BUL

0,B y3max EHTPaJIbLHOIO OTBEPCTHS,

f(x,y,2)={

4sin? (S(p),Ha MTOBEPXHOCTHU 3yOBeB,

I7e (¢ — Yroi MOBOpPOTA MOJSIPHOTO pajinyca 10 COOTBET-
CTBYIOILIETO y3J1a B TIIOCKOCTH OX).

dopmyria [1st BEIYUCIICHHS JIOKATIbHON MATPHIIBI KECT-
KocTH [K¢] mpuMeT BUI

OH,
ox
0H,

IR

OH, OH, OHg N
ox o ox

0H,
oy

0H,
+< Oy {

OH, ©0H, aﬁg}+
5 o o
OH
y

OH,
oz
O0H,
+4 Oz

{6H1 OH OHyg

dxdydz,
0z 0z 0z })xyz
OHg
0z

e H; (i = 1, 8) — GyHKIMA HOPMBI KOHETHOTO JIIEMEHTA.

B pesynbTrare BEIMMCIUTETBHOTO SKCIIEPUMEHTA TTOITyde-
HBI Pe3Y/IBTATHL, IPUBECHABIC B Ta0M. 1 (BpeMs B CEKyHIax).

2. UccnenoBanue mporuda TPexXcIOHHOM KPYTIIoi 000-
JIOYKH T0J] PABHOMEPHOM HArpy3Kon

JlaHa 3ameMyeHHast 1o KOHTYPY TPEXCIoiHast 000II0uKa,
pamuyc xotopoti 0,4 M, TormmHa — 0,01 M. BHyTperHnii cioit:
Tonuna — 0,008 M, Mmomyms FOnra — E, = 72017,3327 MI1a,
kod(purment Ilyaccona — v, = 0,2999518536. Bremmnme
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Puc. 3. 3anaua upuxie:

CIIOW: TOJIIIUHA 0,001 M, moaynp IOHra
E =203200 MIla, xooppuument Ilyaccona — v =0,27. Ha
000J104Ky IeliCTBYeT paBHOMepHast Harpyska g =—0,05 MITa.

Jlns1 pemenns nocTpoeHa AUCKpeTHast MOJENb CEKTOpa
obosouku (puc. 4) Ha 6a3e JECATH CIOCB IIECTUTPAHHBIX
KOHEYHBIX 351eMeHTOB (59213 y310B u 52240 snemMeHTOB),
TommuHa kotopbix 0,001 M, 4TO MO3BOJISIET paccMaTpUBaThH
JTAaHHYIO 33]1a4y B TPEXMEPHOU IOCTAaHOBKE, UCIONb3Ys CO-
OTBETCTBYIOLIHE CIOSIM YIPYTUE KOHCTAHTBHI.

®dopmyna il BIYACICHHUS TOKaJIbHOW MaTpUIIBI )KECT-
KocTy [K¢] mpuMeT BU

ke |- [[[B" DBdxdydz,

e
3 0 0
ox
0 i 0
oy
0 0 ai
B= ™
9 9
oy Ox
o & 9
0z Oy
9 4, &
| Oz ox |
H, H, Hy 0 0 0 0 0 0
x| 0 0 0 Hl H2 Hg 0 0 0 y
0 0 0 0 0 0 H, H, Hy
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Pewenie 3anan Lupwxne

KOC03y0oe 3y0uaroe Kojeco

Tabauua 1. Pemenue 3anaun Jupuxie
3Tal'[ KO.]'II/I‘{GCTBO BBIYUCJIUTCIIbHBIX
IIOTOKOB
1 | 2 | 4
BpeMs, C
[TocTtpoenue 3,07639 1,56709 1,25949
D10 GaTBHO 1 MaTpUIIBl
JKECTKOCTHU
Pemenue CJIAY, 0,304023 | 0,240893 | 0,264904
73 urepauu
__El-v)
(1+v)1-2v)
IR S 0 0
1-v 1-v
LA [ ) 0 0
1-v 1-v
SN S 0 0 0
y 1-v 1-v
1-2
0o 0 0 Y0 0
2(1-v)
1-2
0 0 0 0 LA
2(1-v)
1-2
0 0 0 0 0 d
i 2(1-v) |

E,, z>0,009 umu z 0,001,
E;,0,001<2<0,009,

| Vo»220,009 mnu z < 0,001,
v;,0,001<2<0,009.
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Puc. 4. ITporu6 TpexciaoiHoi 060I0uKI

B pesynsrare BEIMUCIUTEIBHOTO SKCIIEPUMEHTa TTOJTyde-
HBI pe3y/IBTaThl, IPUBEICHHBIC B Ta0M. 2 (BpEMS B CEKyH/IaX ).

Ta6anua 2. Vccnenosanue nporuba TpexclnoHHON Kpyrioit

000JI0YKH
Dran KonnuecTBo BEIUHUCIUTENBHBIX
MOTOKOB
2 | 4
BpeMs, C
IToctpoenue
mo6anpHOM MaTpuisl | 83,7293 41,5063 | 31,7687
JKE€CTKOCTH
Pemienne CJIAY, 298,287 191,299 | 189,134
6952 urepanuu

BbIBO/JbI

Takum 00pa3oM, BEIYUCIUTENBHBIE 3KCIEPUMEHTHI 110~
Ka3aJx, 4TO UCIOJIb30BAHHE MTAPAJLIEIBbHBIX BEIYUCICHNH B
METO/IC KOHEYHBIX 3JIEMEHTOB MO3BOJISIET COKPATHTH BPEMSI
Ha MIPOCKTHPOBAHUE M MOJEIUPOBAHNE JIETATEH U KOHCT-
pykumii. Y3 Tabmui BUOHO HE3HAYUTENFHOE IPEUMYIIIECTBO
BO BPEMEHH IPH HCHOJIb30BAHUH YETHIPEX BBIYHUCIUTEIb-
HBIX [TOTOKOB OTHOCHTENBHO JIBYX, YTO MOXKET OBITH CBA3aHO
C WCTIONBb30BAHUEM JIBYX BHPTYAJIBHBIX siiep (KOTOpBIE HE
00Taar0T aHAIOTUYHON TBYM (PU3UYECKUM SApaM IPOU3-
BOIWTENHFHOCTEIO). Peanm3armst pa3paboTaHHBIX arOpUTMOB
Ha 6a3e 6ubmmoTek crangapta openMP mo3BorsieT paccmar-
PpHBaTh IMOTYYEHHYIO B XOJIE HCCIICOBAHMUS KOJJOBYIO 0a3y B
KadeCTBE OCHOBBI [Tl IIOCTPOCHHS KIIACTEPHOM peaTn3aiH.
[lepcrieKTHBHBIM HamNpaBICHUEM HCCIIEIOBAHUN B JAHHOM
HAaIpaBJICHHUN SBIISIETCS N3yUIEHHE BIHSHAS KOJTHIECTBA I10-
TOKOB Ha MPOU3BOJUTEILHOCTH (MIIN 3aTPaYeHHOE BPEMS).
Taroke BayKHBIM HAalIPaBJICHUEM SABJISIETCS U3YUEHHUE ITPOU3-
BOJMTETHHOCTH MHOTOIIOTOYHBIX BEIYHMCIICHNH B 3aBHCHMO-
CTH OT KOJIMYECTBA Y3JIOB/3JIEMEHTOB B CETKE, OCOOCHHO B

CHUCTEMAX C paBHGHLHOﬁ IIaMATBIO (BI)I‘II/ICJ'II/ITGJ'H)HI)IX KJac-
Tean), B KOTOPBIX CYHICCTBYIOT 3HAYUTCIbHBIC 3aTPATHI HA
CHUHXPOHU3ALNIO BBIYUCIIUTCIIBHBIX ITOTOKOB.
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BUKOPHUCTAHHS TEXHOJIOI'TH ITAPAJIEJIbHAX OBYUCJIIEHD Y METOII CKIHUEHHUX EJJEMEHTIB

B po6ori po3msiHyTa npodiieMa BIPOBaKEHHS NapalelbHIX OOUUCICHb Y METO]] CKIHYEHHUX eJIeMeHTIB. PO3nIsIHyTO 0cOOIMBOCTI
no0yJ0BY MaTpHIli KOPCTKOCTI Ta BHUPIIICHHS OTPUMAHOI CHCTEMH JiHIIHUX pIBHSAHb Ha 0a3i mapayielbHHX oOuucieHsb. [IpoBeneHo
00YHCITIOBANIbHI €KCIIEPUMEHTH, SIKi BUKOPUCTAHI JUIsl aHai3y e()eKTHBHOCTI 3aIIPOIIOHOBAHMX ITiXOMIB.

Kurouosi ci1oBa: MeTon CKiHUCHHUX €JIEMEHTIB, TapajelibHi 00UHCIICHHS, MaTeMaTHYHA MOZIEITb, OOUHCIIOBAIBHUI METO.

Choporov S. V.

Ph.D. Candidate, associate Professor, Zaporizhzhya National University, Ukraine

PARALLEL COMPUTING TECHNOLOGIES IN THE FINITE ELEMENT METHOD

Nowadays engineers and researchers are faced with solving very complex problems in a mathematical modeling and design. Numerical
analysis naturally finds applications in all fields of engineering and the physical sciences. The finite element method is a powerful tool for
the numerical simulation of a wide range of problems. Implementation of the finite element method in CAD systems on the basis of
modern computers allows researchers to solve large scale problems.

The finite element method uses a discretization of a continuum domain into a mesh as the starting point. The discretization of
complex domains may give large numbers of elements, thus increasing the requirements of computer memory and speed.

Modern parallel computers use multiple processing elements simultaneously to solve a problem. Thus implementation of parallel
computing into the finite element method is urgent direction of the research.

In the finite element method for the numerical solution of partial differential equations, the stiffness matrix represents the system of
linear equations that must be solved in order to ascertain an approximate solution to the differential equation. Therefore the article
describes parallel algorithms for assembly of stiffness matrix and for solution of linear equations.

Also this article contains two numerical experiments: 1) Dirichlet problem on the complex domain (gear); 2) Elasticity problem of
three-layer shell.

In the end of the article author compares the speed of a solution of these problems with one, two and four parallel cores and makes
discussion about the effectiveness of parallel finite element processing.

Keywords: finite element method, parallel computing technologies, mathematical model, numerical method.
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ONPEAENEHUWUE OPUEHTALUUN SNEMEHTAPHbLIX COCTABJIAIOLWUNX
MOLEJNEN 3HAKOB, NMOONEXALLUMX ABTOMATUYECKOMY
MMEHOBAHUIO HA MHOXECTBE ATOMAPHbIX 9JIEMEHTOB

ABTOMAaTHYECKOE MOJICINPOBAHYE, UMEHOBAHHUE U OITO3HABAHNE 3HAKOB IIN(POBBIX OMHAPHBIX
n300paXKeHUH MPOU3BOJILHON IIPUPOBI SBISETCS AKTyaIbHOH HAyYHO-TIPAKTHYECKOH 3amauei,
HaxoJIIeil CBoe MPUIIOKEHUE BO MHOTHX 00JIaCTSIX BHEAPEHHs HH()OPMALOHHBIX TEXHOJIOT U,
B YaCTHOCTH, IIpU 00pabOTKe M aHaIN3e JNEKTPOHHBIX JOKYMEHTOB. CTaThs MOCBSIICHA
KOHCTPYKTHBHOMY OIPEJEICHNIO CTPYKTYPHBIX COCTABIISIOIIMX MOAEIUPYEMBIX H300pasKeHHH,
MPOLICANINX JTAll YTOHBLICHUS NPU IPEJBAPUTEIBLHON 00pabOTKe, U UX CBOMCTB, KOTOPHIE
MO3BOJISIT OCYIIECTBIISITh aBTOMAaTHUECKOE BEISIBICHUE YKAa3aHHBIX O0OBEKTOB C IEJIbIO
nocienyromero GopMUPOBAHUS ONUCAHUS UMEHYEMBIX M PAacllO3HABaeMBEIX 3HAKOB Ha

JUCKPETHOM MHOXECTBE aTOMAapHLIX 3JIEMEHTOB.

KuroueBble ¢JIOBa: aBTOMaTH4YECKOE MOJEIIMPOBAHUE, III/I(i)pOBI)Ie 6I/IHapHHe 1/1306pa>1<eH1/1$1,

pacno3HaBaHue, KpaTdaiiui myTh.

BBEJEHUE

CornacHo [ 1], aBTOMaTHYECKUH aHAJH3, UMCHOBAHUE U
pacrio3HaBaHHe IU(PPOBEIX OMHAPHBIX U300pa’KeHNUIT ITPO-
N3BOJILHOMN MIPUPO/IBI, OCYIIECTBIISIEMBIC B TEPMHUHAX JIHCK-
PETHOTO MHOKECTBA aTOMApHBIX 3JIEMEeHTOB (AD), ipeio-
Jlaraet, B YaCTHOCTH, PEIICHNE TAaKOH aKTyaJbHOW HAy4HO-
MIPaKTUIECKOW 3a1a4M, KaK ompesaeseHue (GparMeHToB
GT-00bexToB (0T aHIII. «generative trajectory» — «IIopox-
JTAIOIIHE TPACKTOPHN») OMHAPHBIX PACTPOBBIX IHU(POBHIX
nm3o0paxkennii (PLIN) 3HaKOB, COMOCTaBUMBIX CO CTPYKTYP-
HBIMH 3JIEMEHTaMH MOJETH, (OPMUPYEMON IS NATbHEN-
IIET0 paCcIIO3HABAHMS UCXOHBIX 00BEKTOB [2].

JlaHHBIN TTOIXO/] aHAJIOTHYEH PEIICHHUIO 3aa9H BHIOOpa
HENPON3BOIHBIX 3IEMEHTOB ITPH CETMEHTALIMH N300payKEHNH.

OnHaKo OWINYAETCS OT YKa3aHHOTO TEM, YTO HE TIPEIIIO-
JlaraeT alpuoOpHOro aHaIN3a IIPEAMETHOM 00JIaCTH perae-
MOH 3aJa41 paclo3HaBaHUsI © MHOKECTBA PEIPE3CHTATHB-
HBIX [IPE/ICTaBUTEIIEH KIIACCOB PACTIO3HABAEMBIX OOBEKTOB.
B pa6ote [3] obocHOBaHa 11e1€c000pa3HOCTh PEIICHHS 3a-
JIad¥ CETMEHTANNH B TEPMUHAX CBOHCTB JUCKPETHBIX MHO-
XKECTB ITyTEM ITPHUBEICHUSI €€ K 3a]a4€ aBTOMaTHIECKOH Je-
KOMTIO3UITNH 3HAKOB HAa TUCKpEeTHOM MHOkecTBe AD. [pn
9TOM B Ka9€CTBE IPUMHUTHBOB HCIIONIB3YIOTCSI KOHCTPYKTHB-
Ho ompeaeneHnble kpardaiiime mytH (KIT) [3], uto mpemrmo-
JlaraeT BO3MOKHOCTh MX aBTOMaTHYIECKOTO BBISABICHHS HA
GT-00wexrax [4], pe3yAbTUPYIOMNX YTOHBIIIEHHE HCXOTHBIX
3HAKOB Ha dTAarle MPeIBapUTEILHON 00paOOTKH.

[Ipu 5ToM B pabote [3] oTMEUeHO, UTO aBTOMaTHIECKAs
JIEKOMITO3UIINS 3HAKOB C IIEBIO MX TTOCIIEIYFOIIETO MOMIEIH-
POBaHNUS M IMEHOBAHHS MPEANIONaracT HeOOXOANMOCTB OIl-
peaenenus pa3nuuHbix cBoMcTB KII, yauThIBaOIMX UX Ka-
YECTBEHHBIE XapaKTEPUCTUKH 1 OTPAXKAIOIIHE TAKHE CBO-
cTBa (hparMEHTOB 3HAKOB, KAK BBIYKJIOCTh, BOTHYTOCTb U
mpoune [5, 6]. Hacrosmas paboTta mocBAIeHa KOHCTPYK-

© Mlesmos [. B., 2013

TUBHOMY OIPEICTICHUIO YKA3aHHBIX XapaKTEPUCTHK (par-
MeHTOB GT-00BEKTOB 3HAKOB, HICTIONE3YeMBIX B TATBHEATIIEM
ipu popMupoBaHUHU MozeIel 00padaTHIBAEMBIX CHCTEMON
pacro3HaBaHUS HCXOMHBIX W300pakeHuil. Mcnonp30Banue
TIPEATIOKCHHBIX MTOHSATHI TTO3BOJIUT OCYIIIECTBIISATh AaBTOMA-
THYECKYIO JCKOMIIO3HITUIO ¥ MOJICITUPOBAHNE 3HAKOB IIPO-
W3BOJIEHOM ITPUPOJIBI HA IUCKPETHOM MHOXECTBE AD C yde-
TOM CBOUCTB BhIIBIsAeMbIX KI1, CyliecTBEHHBIX IS MIX pa3-
JUYCHWS, aHaJIH3a ¥ IMeHOBaHuA [1].

1 OCHOBHBIE TEOPETUYECKHUE ITOJIOKEHUS
JEKOMITO3ULIMN GT-OBBEKTOB 3HAKOB HA
MHOXECTBE ATOMAPHBIX 2JIEMEHTOB

[Ipu mpoBeneHNH MOCTEAYIOMNX PACCYKACHUHA Oymem
Tonarartb, coriiaco [ 1—4], 9To aBTOMaTHIECKOMY MOICITH-
POBaHUIO ¥ IMEHOBaHMIO TosiekaT 0opa3bl GT-00heKToB
OWHAPHBIX PACTPOBBIX MU(POBBIX M300paKEHUH 3HAKOB
MIPOM3BOIBHON mpHpos! [2]. B coorBerctBuu ¢ [3], akTy-
aJBHOM SBJISIETCA MpoOIeMa KOHCTPYKTUBHOTO OMpeEzeie-
HUS B TEPMHUHAX CBOWCTB IHUCKPETHOTO MHOXecTBa AD
00BEKTOB, OITYCKAIOIINX OXHO3HAYHYIO ekoMIto3urmro GT-
00BEKTOB, aHAJIOTWYHAS ONIMCAHHOMY B [ 1, 5] 3amanunro MHO-
YKECTBA HETIPOU3BOIHBIX MIEMEHTOB B PAMKAX CTPYKTYPHBIX
METOJIOB PACIIO3HABAHHS.

Ha puc. 1 npuBenens! npuMepbl HCXOAHBIX OMHAPHBIX
PIIM 1 MHOXXECTB HEMIPOM3BOAHBIX 3JIEMEHTOB, AIIPUOPHO
3aaHHBIX U151 KaXKJOT0 KJIacca paclio3HaBaEMBIX OOBEKTOB.

B pamxax caemanHoro B [ 1] mpearonoxeHus o ToM, 9TO
CJIOBaph ¥ MMEH MOJETUPYEMBIX OOBEKTOB U MHOXXECTBO
B n300pakeHnii 3HaKOB 0Oydarorieii BEIOOPKH MOTYT OBITH
M3HAYaJIbHO MyCTHI, yKa3aHHOE 33aHIE MHOKECTB HEPO-
N3BOAHBIX AJIEMEHTOB 3aTPYAHUTENBHO. C IIETBI0 KOHCTPYK-
THUBHOTO OIIPEJCIICHNS B TEPMUHAX CBOUCTB MHOXKECTB AD
MHUHHMAJIBHBIX COCTABIIIOLINX aBTOMAaTHYECKH (hOPMUPY-
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Puc. 1. Vcxonuble pacTpoBble HH(pOBbIe H300paXxeHHs (a, B) ¥ TPAIUIMOHHO HCIIOIb3yeMble MHOXKECTBA HEIPOM3BOIHBIX DJIEMEHTOB
Uit MX MojenupoBanus (O, T)

eMBIX MaTeMaThaeckux Mozneneii (MM) oopazoB GT-o0bek-
TOB IMEHYEMBIX 3HAKOB N300paKEeHHUH, ITOCIIE/yIOIIHE pac-
CY)K/ICHUSI TIPOBEJIEM B PaMKax TMIIOTE3BI O CIIocoOe reHe-
PpaIMy COOTBETCTBYIOIIHMX H300pa)KeHHH, U3JI0XKEHHOH B [2].

Bynem nonararp, 4To M300pakeHHE IPOU3BOIHEHOTO 3HA-
Ka OTKpPBITOTO aji(haBUTa IPEICTABIISET COOOH BU3yaIH3H-
POBaHHBIN Ha IUIOCKOCTH PETUCTPAINH ClIe]l HEKOTOPOTo
ycTpoiicTBa (puKcarmu [2], OCYIIECTBIISIONIEr0 JBHKECHUS
TI0 TPAEKTOPUSIM, KaXK/asl U3 KOTOPBIX B3aNMHO OTHO3HAYHO
COOTBETCTBYET HEIIPEpBHIBHOW KPHBOH 0e3 camoriepecede-
HUH, 3aJaHHOI Ha MOANPOCTPAHCTBE NPOCTPAHCTBA F,

i if Ny
MHOXECTBO M ; = {(plg (x,y)= O}kél’ i, j € N, KOTOPBIX SIB-
JISIeTCS] MOJIENBIO TEHEPUPYEMOT o H300paskeHus [2].

B cucremax pacrniosnaBanusi, 0030p METOIOIOTHH TPO-
eKTHPOBAaHUSI KOTOPBIX NpeacTaBieH B [1], ocymecTsiser-
sl BEISIBJIEHNE 00pa30B YKa3aHHBIX KPUBBIX U HX (hparMeH-
TOB, TPAKTYEMBIX JIMOO KaK NPH3HAKH [5], TnOO Kax Herpo-
M3BONHBIE 37IeMeHTHI [6]. [Tpr 3TOM IIepBUYHBIM SIBIISIETCS
SBPHUCTHYECKUN aHANMW3 U300pakeHni oOydaromield BbI-
6opku [1]. CrmemyeTr 3aMeTUTh, YTO allpHOPHOE 3a/IaHUC
MHO)KECTBa 00pa30B KPUBBIX MOJIEIIEH CTeHEPHPOBAHHBIX
n3o0pakeHnid B obmieM cirydae mpobmemaTtudso [1, 5].
Taxoke 3aTpyIHUTENTBHO, HCTIONB3YSI KATETOPHU U OOBEKTHI
BCIOMY IUIOTHBIX MHOXKECTB [5, 6], OCYIIEeCTBISATh aBTOMA-
TUYECKOE BBIABJICHNE HA aHAIM3UPYEMBIX 00pa3ax n300-
paxeHuii (parMeHTOB, OTHO3HAYHO JIMOO C HEKOTOPOU
TOYHOCTBHIO COITOCTABIMBIX C BBIOPAHHBIMH JIEMEHTAPHBI-
MH COCTaBJISIONTUMH MOJIeIeH [ 1], 4TO HETaTUBHO BIUSACT
Ha TOYHOCTP PacIio3HaBaHus [5].

B cootBeTcTBUE € 3THM, B padoTax [3, 4] mpemioxeHo
MHOXECTBO 00pa30B KPUBHIX, BOCCTAHOBIIEHHBIX IT0 00pa-
3y M300paKEHNS, KaXIbIH 13 KOTOPBIX COOTBETCTBYET CANH-
CTBEHHOM TPAEKTOPUH IBKEHHS pETUCTPUPYIOLIEH yac-
TH [2] ycTpoiicTBa (PUKCANH CiIe/a, OCYIIECTBICHHOTO B
Ipolecce TeHePaIii, PACCMATPHUBATh B KAUECTBE MOJIEIH
n300pakeHNs 3HAKA. YKa3aHHOE MHOXKECTBO 00OPa30B KpH-
BEIX omperneneHo B [2] kak GT-o0bekT — Mozens o0pasa
n300payKeHUS 3HAKA.

CormacHO TPOBENCHHBIM PACCYKICHUSIM, ONXHON 13
3a/1a4 NCCIIE0BAHNS JAHHON PaOOTHI SBIISETCS ONperene-
HUE Ha TUCKPETHOM MHOXKecTBe AD 00pa3oB kpuBbIx GT-
00BbEKTa, MOAETHPYIOMHNX TPAEKTOPHUH, MOPOXKIAIOIINE
HCXOIHOE n300paskenne 3Haka [ 1, 2]. s ee permenus pac-
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CMOTPHM MHOXECTBO AD 4 = {ah}llz{:l’ rae oy, = aliy, jp),
ipe{l,2,..,1}, jpei{l,2,..,J}, H=1-J [ ], Ha xoTOpOM
Va,,0; € ABBeIcHa METPHUKA:

plocg,op) =iy = ip| +|ju = b (1)

1 OIIPEJICNICHBI YETBIPE THIIA CBS30K S, Ml € M= {1,2,3,4}[3].

Kak nokazaso B [2, 4], Ha MHOXXecTBe AD 00pa3oM He-
TIPEpBIBHON KPUBOH 0€3 camMmonepecedeHnH, 3a1laHHO B Tep-
MUHaX CBOMCTB BCIOAY IUIOTHBIX MHOXECTB, SIBJISIETCS YT [ 3]
KaK KOHEYHOE BIIOJIHE YIOPAJ0UEHHOE MHOKECTBO CBA3HBIX

" ~
CBA30K — L(aa’ab):{(ah’ahﬂ)mh };1:1, my, €M, TIoe
0] =0g, 0,41 = Ol — COOTBETCTBEHHO HAaYaJIbHbIH U KOHEY-

b1l AD 1y, (Cps i), — CBsi3Ka THIA m, € M, h =1, n.
ITpu »toM, comtacuo [3], AD a,, Vre{2,3,...,n}, nMeeT
pOBHO  1Ba AD u3 MHOXECTBA

A(L(tg, ap)) = oy }ZZ}, aAD o, ¥ o, — He Oolee IBYX.
Takum 00pa3omM, ITyTH HA MHOXKECTBE AD MOICTHPYIOT
00pa3bl GT-00bEKTOB, B YaCTHOCTH, PE3YIETHPYIOIUX YTOHb-
mienue [2] wm ckenerm3anmio [5] o6pa3os PLIU 3nakoB pa3-
JIMYHBIX aJ1()aBUTOB, YTO COOTBETCTBYET M3JI0KEHHOH TUITOTE-
3€ 0 crroco0e TeHepamry H300pakeHNH 3HAKOB U TTIOJTBEPIK-
JaeTcst IpUBECHHBIME B paboTax [ 1-4] paccyxneHusMu.
CormacHo BBIIIECKa3aHHOMY, KayKABIH ITyTh SABISIETCS 00-
pa3oM KpHuBOii Oe3 caMoriepecedeHnii, MOJAeTHPYIOIIeH Tpa-
eKTOPHUIO JBIDKEHHS YCTpoiicTBa reHeparmu ciena [2]. Ilo-
CKOJIbKY ITyTh OJHO3HAYHO OIPENEIETCs Mapoil aTOMapHBIX
3JIEMEHTOB O.,, O € A M MOCIENOBATENBHOCTEIO CBA3HBIX
CBSI30K MEXITy HUMH, B pabote [3] BBEEHO B pacCMOTpEHHE

CBA3HBIX

~ o
MHOXECTBO (0., 0l7) BCEBO3MOXHEBIX ITyTeH L; U3 o, B

oy (o, ap)={L, }, ke{l,2,..,K,},
Vkell,2,... Kol

roe

k Kk n N —_
Ly = Li(01q50p) = {(0h Cst) 6 Sprs mf € M h=1,my .

HccnenoBanust CBOMCTB pa3IMUHbIX ITyTEH MOKa3aJIu, YTO
JUIs IPOU3BOJIBHEIX O, Oy € A MyTH MHOXECTBA (0L, Olp ),
XapaKTepu3yeMble ONMHAKOBBIMHU THIIAMH OOpa3yIOIINX HX
CBSI30K, B 0011eM cirydae MoaenupyroT GT-00beKThI pa3mud-
HBIX N300paKEHNH 3HAKOB, KOTOPHIE HE SBILSIIOTCS OIHOMM €H-
HBIMH, KaK IT0OKa3aHO, B YaCTHOCTH, Ha puc. 2.
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Puc. 2. MHOXecTBa HyTeI>'I, HEPA3JIMYUMBIX 10 TUIIAM COCTaBJIAIOUINX UX CBA30K, MOACIUPYIOIUE HA MHOXKECTBE AD 06pa31,1
GT-00bexTOB Pa3sIUYHBIX 1/1306pa>1<eH1/11?1 3HAKOB, HC ABJIAIOIINXCS OJHOUMCHHBIMU

CBSI3KY Pa3JIMYHBIX TUITOB, )OPMUPYIOIIUE ITYTH, B 3aBH-
CHMOCTH OT TIOPSIIIKA CIICJIOBAHMS, TIO3BOJISTFOT BBISIBUTH (Ppar-
MEHTBI D-3HaKOB, COOTBETCTBYIOIINX HCXOIHBIM H300paske-
HUSIM, XapaKTepH3yeMbIe COXpAaHEHUEM JIOKATBHO-TII00aTb-
Horo Hanpasienus (JITH) [2]. Beenennsie B [3] Mepsl 1 U
L, IMyTeH, a TAKKe PE3YNbTaThl HCCIEIO0BaHNI UX CBONCTB,
MIO3BOJIMJIU OMPENETUTh KpaTyailline myTd MeXIy mapamu
TIPOM3BONIBHEIX AD OL,, 0 € A, XapakTepu3yeMble coxpa-
HEHUEM JIOKAJTLHO-TI00aTFHOTO HAIIPABIICHHSI B IIETIOM [2, 4].

Omnpenenenne 1. ITyts L(a,, O ) TAKOH, 4TO

mp(L)=  min

VL, €3 (a,, o)

Ko (Ly), @

Ha3BIBAETCS KpAMYAiuuM nymem oT oL, K o, (13 oL, B 0.p),
e (o, ap) < I(o,, O) —MHOXKECTBO ITyTEH U3 O, B
o;  Takwux, aro VL, €3i(a,, o),k e K|, rae
Ky {l,2,...,K(y} — UHIEKCHOE MHOKECTBO, BHINOIHEHO
Hy (L )=p(ag, ap).

B pabore [3] mokazaHo, 4TO Il TPOU3BOJIBHBIX AD
O,, 05 €A B oOLeM claydae CyLECTBYET MHOMKECTBO
Ty (g, ap) < J1(ay,, op) KII  mexnay  HUMH,

3y (o, 0p) = {Lk}, keK,cK,, rne K, — MHAEKCHOE
MHOXXECTBO.

Taxxe 000CHOBAaHO YTBEp)KAEHHUE, COITIACHO KOTOPOMY
KpaTdaiIme myTH He COAepKaT OTHOBPEMEHHO T'OPH30HTaIb-
HBIX ¥ BEPTUKAIBHBIX CBA30K, a TAKKE JUArOHAJIBHBIX CBSI30K
IBYX THUIIOB, TO €CTb 5] U S OXHOBPEMCHHO, WU 53 U Sy
omaoBpeMmeHHO. Takmm obpaszom, KIT Ha mHOMXKECTBE AD 5B-
JISFOTCST MOZIETSIMU TiprHAIIekawx GT-00BeKTy HEKOTOpO-
T0 M300pa’keHHsT KCXOIHOTO 3HAKa 00pa30B KPUBHIX Oe3 ca-
MOIIEPECEUCHNH, XapaKTepU3yeMbIX COXPAHEHHEM JIOKaIb-
HO-TJI00AFHOTO HANpaBIICHUS NBIDKEHUS [4], mubo mx
(parmeHTOB [2].

3aMeTUM TaKKe, YTO, COIACHO OIPENETICHMSIM MyTH 1
KII [3], mna mobeix AD o, 0 € A TPOM3BONBLHBIN ITYTh
L, €3(a,, ap), kedl, 2, ..., K,}, MOXeT ObITh Ipe/ICTaBICH
B BHZIEe 00ObEIMHEHNS KOHEYHOTO YHCIIa KPaTJaNIIHX ITyTeH.

[IpuBenenHslit B [ 3] kpuTepHii mprHa IIEKHOCTH IPOU3-
BOJIBHOTO ITyTH MHOXXECTBY KPaTYaHIIINX B COBOKYITHOCTH C
JIOKa3aHHBIMHU YTBEP)KICHUSAMH MTO3BOJISTIOT OCYIIECTBIISTH
aBTOMAaTHYECKYIO JEKOMITO3HIMIO MPOU3BOIBHOrO0 D-3Ha-
Ka, TIPENONIATAIOIIyIO BEIIBICHHE (hparMeHToB 00pa3oB GT-
00BEKTOB, KOTOPBIE COOTBETCTBYIOT KPHBBIM MOJIEITH HCXOJI-
HOro m300pakeHws1 3HaKa [2], 1 XapaKTepu3yITCs COXpaHe-
Huem JII'H.

KoHcTpykTHBI3M OMpesieieHns yka3aHHbBIX (parMeHToB
00pa3oB GT-00beKTOB Ha MHOXKECTBE AD TO3BOJAET OCY-
IIECTBIISITH NX aBTOMaTHIECKOE BBISBIEHHE O€3 arpuopHo-
TO 331aHHS AJIEMEHTOB OTKPBITOTO aI()aBUTa U MHOXKECTB
HEMPON3BOHBIX HJIEMEHTOB.

Taknum obpazom, KIT siBisercss iICKOMOW 3eMeHTapHOM
coCTaBJIsroIeH Mojeneit 00pa3zoB GT-00bEKTOB Ha MHOMKE-
ctBe AD, He IpeAnonararoneil anpruopHoro 3a1aHusl MHO-
KECTB HEIPON3BOAHBIX 3JIEMEHTOB, 3TAJIOHOB, TIPUMUTHBOB,
TIOCJIEI0BATENHLHOCTEH MOP(OIOrNYECKUX ONepalyii, KOTo-
past HO3BOJISIET B CHITy KOHCTPYKTHBH3Ma CBOETO OIpeesie-
HUSI 1 UMEIOLIHUXCSl TEOPETUUECKUX MTPEATNIOCHUIOK [ 1—4] aBTO-
MaTH4ecKH (POPMHUPOBATH MO aHATM3UPYEMBIX 00pa30B
6unapHbIx PLU 3HaK0B OTKPBITHIX a1haBUTOB 1 MX GT-00BeK-
TOB B TEPMHUHAX CBOIMCTB JUCKPETHOIO MHOXKeCTBa AD.

Bri6op KII B kauecTBe 351eMEHTAapHON COCTaBIISIONIEH
Mozenu D-3Haka npeamnonaraeT BO3MOKHOCTb aBTOMaTHIEC-
Koro (hopMUpOBaHMS MaTeMaTHIecKoi Mozenu oopasza GT-
oOBexTa mpousBonbHOro O6uHapHoro PLIM anamornaHo
CTPYKTYpHBIM MeTojaM [6]. Pa3Huna ¢ yka3aHHBIMH METO-
JIaMHM 3aKJII0YAETCsl B TOM, UTO, B OTIIMYHE OT HEMPOU3BOA-
HBIX 21eMeHToB, KII 3a1aeTcss KOHCTPYKTUBHO O€30THOCH-
TENBHO K 00BEKTaM o0ydaromiel BRIOOPKU W MX SBPHUCTH-
YEeCKH-CYyObEKTHBHOMY aHAJIN3Y Ha 3TaIle MPOSKTHPOBAHNUS
CHCTEMBI PAaclO3HABAHUS, U €r0 ABTOMaTHYECKOE BBISBIIC-
HHUE HE MperoaracT HeoOXOAUMOCTH IIPUMEHEHUSI MEp
OJIM30CTH, TOPOTOBBIX KOHCTAHT [ 6] M ipovnx crioco6os [5],
CHIDKAIOIINX, KaK ITOKa3aHo B [ 1], KauecTBO pacrio3HaBaHMSI.

Ha puc. 3. npuBeneHs! IpuMeps! Pe3ybTaToOB aBTOMA-
TU3UPOBAHHOTO BRIIBIECHUS Ha 00pa3zax GT-00beKToB MHO-
skectB KII, kaxkaplil U3 KOTOPBIX XapaKTepU3yeTcst Ha MHO-
xectBe AD coxpanennem JITH [2].

3amerum, uro Haimune B KII mexmy mapoit ¢puxcupo-
BaHHBIX AD CBSI30K YCTAHOBJICHHBIX THIIOB B OOIIIEM CITydae
npeanonaraeT Hanuuue pazananii Mexnay KII B pamkax on-
HOI'0 MHOYKECTBA I (0, O.p), O0YCIIOBIEHHBIX Pa3IMYHBI-
MU TOPSIKAMH CIEOBAHUS CBSI30K, (POPMHUPYIOIINX pa3-
JUYHBIC KpaTdaimme myTd. JJaHHbIi (akT moATBepKIaeT-
Cs1, B YaCTHOCTH, IIPIMEPaMH, IIPUBEICHHBIME Ha PHC. 4.

VYka3zannsle paznuuus Mexnay KIl, npuHaanexamummu
OJIHOMY MHOKECTBY 37 (0L,, Op ), B OOIIIEM CITydae Ipeor-
PenensioT mpodIeMaTHIHOCTh UMEHOBaHUS 00pazoB GT-
00BEKTOB KaK COBOKYIMHOCTEH KpaTYaWIIHX ITyTeH, cPop-
MHUPOBaHHBIX OJMHAKOBBIMHU THITAMH CBSI30K.

Ha puc. 5 npuBenens! npumeps! MHOXeCTB KII, BbISB-
JIeHHBIX Ha o0pa3ax GT-o0bexToB, HEPA3IMINMEIX IO TH-
1AM COCTABJISIONIHX CBSI30K C aHAJOTUYHBIMH ITyTSIMU, BBI-
SIBIICHHBIMU Ha 00pa3ax GT-o0beKToB.
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Taxum o6pazom, KI1, sBnsisicb KOHCTPYKTHBHO OMpeie-
JICHHBIM Ha MHOXKecTBe AD yHHMBEpCaJbHBIM aHAJIOIOM
HEMPOM3BOIHOTO 3JIEMEHTa, IIPH €ro MCIOJIb30BaHUH B Ka-
YECTBE JIEMEHTapHON COCTaBIISIONIEH aBTOMAaTHYECKH (hop-
Mupyemoit MM obpasa GT-o6wexra 6unaproro PLIU 3Ha-
Ka TPOM3BOJILHOIO ai(aBuTa, NpearonaracT HeoOXoau-
MOCTb YYHUTHIBATH €TI0 CBOMCTBA, OTPA)KAIOIIHE B YACTHOCTH,
MOCNIEA0BATENBHOCTH TUIIOB COCTABIISIIOIINX €70 CBA30K. To
€CTb KpaTJaiIme IyTH, N300pa’keHHbIe Ha pHC. 4, 1eeco-
00pa3HO pa3TUIaTh MEXKITY COOOM.

2 OIPEJEJIEHUE KAYECTBEHHbBIX
XAPAKTEPUCTUK KPATYAMILIMX [IYTEA

B cooTBeTcTBHU C IPOBEACHHBIMU PACCYKICHUSMHU, IS
TOr0, YTOOBI pa3INn4aTh MPUHANISKAIIAE OJJHOMY MHOXKE-
cTBY I35 (0, , O ) ITyTH, OPSIKH CIIEJOBAHUS CBA30K B KOTO-

PBIX Pa3JIMYHBI, OIPEIEINM MOHSTHS BBITYKJIBIX BBEPX, BHU3,
B1eBo U Brpaso KII. Yka3aHHbIE XapaKTEPUCTUKH B HEKOTO-
POM CMBICTIE aHAJIOTNYHBI TTOHATHSAM BBIITYKIIOCTH U BOTHY-
TOCTH, OIIPEAETICHHBIX A1 KPUBBIX B TEPMHUHAX CBOMCTB BCIO-
Jly IUIOTHBIX MHOYKECTB U MTO3BOJISIIOIINX, B YACTHOCTH, Y4U-
TBIBATh JIOKAJIbHBIE CBOMCTBA COOTBETCTBYIOIINX OOBEKTOB,
MOJIETUPYIOIINX N300 pa’KeHHs 3HAKOB, HAIIPUMeED, B IPU3Ha-
KOBBIX [5] U CTpYKTYpHBIX [6] MOIX0OAAaX K pacIO3HABAHUIO.
Omnpenenenune 2. IyTs L, €35(0,, 0p),

k _k n A P
Ly :Lk(aaaab):{(ahsahﬂ)m}l: }hkzl, m]]1C eM, h=1,ny,

k € K,, Ha3pIBaeTCA 8epxHell epanuyeli MHOKECTBA KpaT-

qalmux nyTe, eciu VL e3Jy(a,,ap),

1 n ~ —
L=Li(o,, (Xb):{(ars OLrJrl)m){ }ril, mi eM,r=1n,,l €Ky,

u V(Xh =O((ih,jh)€A(Lk), VOL,, =(X,(ir,jr)€A(Ll),

Puc. 3. Muoxecrsa KII, BeisBneHHbIX Ha o0pa3ax GT-00beKTOB B aBTOMAaTU3UPOBAHHOM PEXUME

Puc. 4. Ipumepsr KIT mexny napamu GpukcHpoBaHHBIX AD, MOICTHPYIONINX JOKAJIbHBIC H3MEHECHUS

HanpasneHuit 1umxenuit P4 YOC

. /_(

]
G

S .
Fil ) . |

P

e L i

Puc. 5. O6pa3sr GT-00bEeKTOB, UMECHOBaHUE KOTOPBIX MPOOIEMAaTHIHO
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h,r=1,n; +1, rae L; — npoussonbubii KITus o, B o, BbI-
MIOJTHEHO:

iy <i,, j, < j,, BCIydae, KOrga m,’f, m£ ef{l,4}, hr=1n;

WK
ip, <i., j, 2 j,,BClydae, Korna mf, m£ e{l, 3},
hyr=1n;. 3)

Omnpenenenne 3. Ilyte L € 35(a,, ap),

k _k n ~ JR—
Lk =Lk((la,(lb):{(aha OLh+1)m;l€ }hk:b m;]f eM, l’l=1, ny ,

k € K, , Ha3bIBaeTCA J1e6oli panuyeli MHOKECTBA KpaTdaii-

HIUX nyTe, eciu VL e 35(a,,0p),

[ n N
Li=Ly(0g, o) ={(0 0ps) i 5y ml e M, r =1,
ZEKz, u V(X,h =(X,(ih,jh)€A(Lk),
vo‘r = (X,(ir, ]r) € A(Ll): h’ r= 15 ny +15 rne L] — Hpous-
BosbHEIH KIT 13 0, B 0, BEIITOITHEHO:

i, <i,Jj, <], Bciydae, Kor)lam;,‘, m£ e{2,4},

h)r:l, nk,I/I.HI/I
ip i, jn < jy, B CIydae, Koraa m, m£ e{2,3},

hor=1,ny. @)

IIpuMeps! BEpXHUX U JIEBBIX TPAHHUL] PA3IMYHBIX MHO-
JKECTB KpaTYalIINX MyTel MPUBEAEHBI Ha pUC. 6.

AHaNOrM4HO ONPEAEITHM HIXKHIOI U IIPaBYIO IPAHULIBI
MHOxecTBa KIT.

OmnpenencHue 4. [yTts

k Kk n ~ R
L = Ly (0, 0tp )= (0 ),k 351 mfeM . h=1,n,

Ly € 3p(0g, 04p) 5

k € K, , Ha3pIBaeTCs HUdICHel 2panuyell MHOXKECTBa KpaT-

YanuImux myTei, ecnu VI e 3y(0,, ap),

Il N
Li=Li(oy, 0lb):{(O‘r’ O‘rJrl)mﬁ };lil, m£ eM, r=1ny,
le Ky, u Vo, =iy, j,) e A(L), Yo, =a(,, j,) e AL),

h,r=1,n; +1, T0€ Lz — nponsBoneHe KIT U3 o, B oy,

BBITIOJTHEHO:

. .. . k
i, =i, j,2 J,Bcuydae, kora m,, mi e {1, 4},

h,r=1,n; ,AMx

i, 21, j, < j,.Benyuae, kormamy, m' e {1,3} h,r=1,n; .5

Ompenenenue 5. Ilyte L, € 3y(a,, 0p),

k Kk n ~ a—
Ly =L (ag,0)= (0, ahﬂ)m,’f Yt m;f eM, h=1n;,
k € K,, Ha3bIBaeTCs npasoll epanuyell MHOKECTBA KPaT-

qalmux nyTe, eciu VL e 3y(0,, ap),

1 1 A
Ll:Ll(OLa,(lb):{(arsarﬂ)mi }:k=1, m£ eM,
leK,, u Yoy, =iy, jp) € ALy),

var = a(ir» j}”) € A(Ll)ﬂ h: r= 17 nk +15 e Ll - HpOH?’-
BosbHbIH KIT 13 0., B 0., BBIIOJIHEHO:

r=1Lny,

i, 21, J,2 ], Bcaydae, Koria m;l‘, m£ {2, 4,

h, r= 1, nk » WIIA
i, <i, j, 2 J,,Bcnydae, korna m;, mi 42,3},

hor=1n. ©)

Ha puc. 7 npuBeeHb! IpruMepsl HIKHUX U ITPABBIX Tpa-
Hun MHOXkecTB KII.
Ha ocHOBaHMY ITPETIOKEHHBIX OMPEAEICHUN BBIIETIUM

B pa3nnyHbIX MHOKecTBaxX KII 3, (a,, 0t;) MOIMHOMKECTBA

IyTeH, XapaKTepHU3yeMbIX, COTIaCHO IIPOBENCHHBIM PacCyX-
JIeHUSIM, BEpXHEH, HIKHEH, 1eBoii b0 nmpaBoii OpueHTa-
LIMEH, YTO MO3BOJIUT IPH aBTOMAaTHIE€CKOM MOICTUPOBAaHUI
Y IMEHOBaHUH Ha MHOXecTBe AD 00pa3oB OuHapubIX PLIU
3HAKOB OTKPBITHIX aJi(haBUTOB OOIee TOYHO YIUTHIBATE OCO-
6erHocTr coxpanstonmx JITH ¢gparmentoB ob6pazoB GT-
00BEKTOB [2].
OmnpenencHue 6.

IMyte  L; € 3y(0,, ap),

Kok mo ko —
Ly = Ly (015 0) =10y @it 3351, my € M, h=1,my
k S KZ’ Ha3bIBACTCA OpPpUEHMUPOBAHHBIM 686€pxX, €CIN

Vak = a(if, j%)e A(Ly), h=2, n, , BbinonHeHO crexyro-

a) 0)

6)

Puc. 6. Bepxuue (a, 6) u nessle (8, 2) rpaHunbl MHOKecTB KIT
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mee yCjIoBuce:

ih—if -1

2 >

. .t Aot .k .t
Jn = Jn = Jh Sty Syt

npu mf e {1, 3} mGo mf 1,4},

TH€ iy jhs i jf — MEICKCEL AD atfy = (i}, /i) € A(L),

of = a(il, jHyeAly)s L. L€ 3y(ag, o), t,1€Ky, ~
COOTBETCTBEHHO BEPXHSSA U HIDKHAS IPAHUIBI MHOXKECTBA
S0, 0p).

Ha puc. 8, a), 6) npuBeneHsl npuMepsl MHOXECTB AD,
(dbopMupyIOIUX CBA3KU OpUeHTHpoBaHHBIX BBepX KII pas-
JIMYHBIX MHOKECTB (0L, , O.j)) B COOTBETCTBHH C ONpeJie-
JICHHEM 6.

Ompenenenue 7. Ilyts L € 35(0,, ap),
k _k n ~ P

L, = Lk(aa’ab) :{(ah’ ah+l)m;l€ }hkzlﬂ m: eM, h=1, Ny,

k € K,, Ha3sbIBAeTCA OpuUEeHMUPOSAHHbIM 6]1€60, €CIU

‘v’q]z = oc(i;]f, j,’f) € A(L;)> h=2,n; ,BBIIOIHEHO:

.l .t
Jn=Jn—1
2

,TIpH mj € (2,4},

00 m;lf €4{2,3},

e i, jh. ib, jh—unnexcet AD oy = a(il, jh) e A(L,)

b =a(ih, e ALy), Ly L€ Fa(og, 0p), t,1€Ky,
COOTBETCTBEHHO JIEBasi W IpaBas I'PaHUIBI MHOXKECTBA
S0y, Ap).

Puc. 8, B), ) comepxar npumepsl MHOXecTB AD, (op-
mupyromux cBsi3ku K11, oppeHTHpOBaHHBIX BJIEBO COITIACHO
OIIpEeNIETIEHHIO 7, TSl pa3JINYHBIX MHOXKECTB Iy (0L, , OLp).

AHaIOrMYHO OPHEHTHUPOBAHHBIM BBEPX U BIIEBO, IS
PAa3JIMYHBIX MHOXKECTB 35 (0L, O, ) ONPEAEITNM OPHEHTHPO-
BaHHBIE BHU3 1 Bpaso KI1.

OmnpenencHue 8. ITyTb L, €3y(0,, ap),

_ k k n k y P
Lk = Lk(a’a’a’b) _{(ahs ah+l)m;1: }hkzln m, eM, h =1, ny»
k € K,, Ha3bIBAETCA OPUEHMUPOBAHNBIM 6HU3, €CIIH

vqlz = a(i}’l‘, jllf) e A(L;)»> h =2, n; , BBIIONHEHO CIIENy-
IOIIIEE YCTIOBHE:

g i =t] ok
T 5 St =t npu mf e (1,3}

160 m;f e{l, 4},
THC iy jhs iy jh — HACKeH AD oy = ai, jh) € A(L,),

ol = a(il, by e ALy Lo Ly €Fa(0g, o), 1,1 €Ky, —

a) 0)

6) 2)

Puc. 8. Muoxecta AD, GpopmupyroLHe CBA3KH OPUEHTHPOBAHHBIX BBEpX (@, 6) M BIeBO (8, 2) KII MuoxectB I, (0, , Op)
(BBIZICTICHBI TEMHBIM)
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COOTBETCTBEHHO BEPXHsIS M HIDKHSIS TPAHUIBI MHOKECTBA
Sa(0g, ap).
Omnpenenenne 9.

Iyt Lj € 3p(0, Ap) s

k k n k > PR
Ly = Li(org,0p) = (ks Oy) i 35y, 11y, € M h=1,my

kEKz, Ha3bIBACTCA OpuUerRmupoearHblM 6HU3, CCIIU

Vok= & &
h = a(iy, ji) e A(Ly)s h =2, ny , BBITIOTHEHO CIIETYIO-
IIEE YCIOBUE:
Ni .t
.l 1 -1 ke .1

pu m;]f € {1, 3} mubo m;f e{l, 4},
wne i, jh. i, jh — unmexent AD of = a(ih, j4) e A(L),
ah = all, iHye Ay)s L L€ Fplag, o), t,l€Ky —
COOTBETCTBCHHO BEPXHAA U HUXKHSASA T'PAHUIIBI MHOXKECTBA
S2 (o'cv OLb)'

IMpumepst MHOXKECTB AD, (HOPMUPYIOIIUX, B COOTBET-
CTBUHU C OIpeEeNeHUAMH 8, 9, CBA3KU OPUEHTUPOBAHHBIX
BHU3 U BIIpaBo KII u3 pasnudHbIX MHOKECTB I (0L, Op ),
MIPUBEJICHBI HA pUC. 9, a), 6) 1 9, ), ) COOTBETCTBEHHO.

B ciryuae, eciu mpou3BONbHBIA IyTh Ly €35 (0, 0.),
k € K, , He sIBJIsieTCS OPHEHTHPOBAHHBIM BBEPX, BHH3, BIEBO
00 BIIPABO COMIACHO ONpeeIeHUsIM 6—9, OH MOXKET OBITH
Hpe/CcTaBIeH B Buie 00bEAUHEHUS KOHEUHOIO YHUCIIa OpU-
eHTupoBaHHbIx KI1.

Ecnmun navansabie u koHeuHbIe AD KI1 HEeKoTOpOTo MHO-
xecTBa I, (0, Oy ) TAKOBBL, UTO [, = [, WK j, = j,,HOTIpU
Ja# Jp
|i, =i, |=| j, = J, |, T0 mus puxcupoBaHHBIX 3HAUCHHIT

3TOM i, #i, H OIHOBPEMEHHO, HIHU
uHaexcoB AD o, 0, € A, yIOBIETBOPSIOMUX YKa3aHHBIM
yCIOBUSIM, CyIecTBYeT equHCTBeHHBbIN KII Mexny HuMH,
KOTOPBIH COCTOUT U3 CBA30K TOJIBKO OHOTO TUIIA, IPH ATOM
BEPXHsIsl 1 HYDKHSIS JIHOO JIeBast U [paBasi TPaHNIIEI MHOXKECTB
KII coBmagaror (puc. 10).

B nanHOM citydae cooTBETCTBYIOLIHE 00pa3bl KPUBBIX
Kak aneMeHnThl GT-00beKTa, Win uX (parMeHThl, XapaKTepH-
3yemble coxpanenueM JII'H, na MHOxecTBe AD Mozenupy-
1otcst D-orpeskamu [3], sIBISIONIMMUCS YaCTHBIMH CITyqasi-
mu KI1. IIpu 3T0oM, cornacHo [ 1], BapuaTHBHOCTH B BEIOOpE
3JIEMEHTAPHON cocTaBistomel Monenu oopaza GT-o0bek-
Ta MMHUMAJIbHA, CJIEZ0BATEIBHO, ONPEICIICHUE OPUEHTHPO-
BaHHOCTH KpaT4aHIIero yTH He sBJIAETCS LEelecoo0pasHbIM,
U aBTOMATUYECKOE MOZIEIMPOBAHHUE OCYIIECTBILAETCS HEMOC-
PEICTBEHHO K BBIIBIICHHBIM D-0Tpe3kam.

3AK/IIOYEHHUE

Br10op kpaTyaiiiiero myTa B Ka4ecTBE 3JIEMEHTAPHOMN
cocrasistroniel Mozxenu oopaza GT-o0bexra n300pakeHns
MIPON3BOIBHOTO 3HAKA OTKPBITOrO ayi(haBUTa ITO3BOJISIET, B
YaCTHOCTH, ((PEKTUBHO OCYIIECTBIISATH aBTOMATHYECKYIO

6) - 2)

Puc. 9. Muoxectea AD, GopMHUpYIOLIIE CBSI3KH OPHEHTHPOBAHHBIX BHU3 (g, 0) ¥ Brpaso (6, 2) KIT muoxects I, (at,, OLp)

(BBIZICJICHBI TEMHBIM)

ja :jb
a) 0)

Puc. 10. Muoxectpa KII, cocrosmue u3 eIMHCTBEHHOTO 3JIEMEHTA, SBIISIOIIETOCS OJJHOBPEMEHHO JIEBOW ¥ TPaBoi (¢—6) b0

|ia_ib |:| ja_jh|

BepxHell 1 HIKHeil (6—) TPaHUIIAMI MHOXECTB 35 (O, , Olp )
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Jnekomnosuimio D-3nakoB [3]. Onpenenenus opueHTHpOBaH-
HBIX BBEPX, BHU3 BJIeBO 1 BITpaBo KII mo3Bomnstor mpu dop-
MUPOBaHUY MOZIENIEH aHATTU3UPYEMbIX D-3HaKOB yUUTHIBATH
TaKyI0 XapaKTEPUCTUKY KPHBBIX, KaK BBITYKJIOCTb, TPaIULU-
OHHO HCIIOIB3YEMYIO, COINIacHO [5, 6], mpu Mozxenuposa-
HHUH UCXOJHBIX N300paKEHUH 3HAKOB.

[TpoBenennsie B HacTosIIel paboTe pacCyKIeH!s 1 BBe-
JICHHBIE OIPEJENICHUS II03BOJIAIOT IEPEUTH K pacCMOTpe-
HUIO TIpo06JeMbl B3anuMHoro pactonoxkernust KI1 B mogenn-
pyembIx D-3Hakax, 4To MO3BOJIUT YUUTHIBATH OTHOCUTEIb-
HBIE XapaKTEPUCTUKA aBTOMATUUYECKH BBIABISEMBIX B
polecce ACKOMIO3ULMK AIEMEHTAPHBIX COCTaBIISIOIINX
00pa3oB GT-00BEKTOB, ITPEICTABUMBIX B BUJIE MHOKECTBA
myteii [4], COOTBETCTBYIOIIMX ITOPOXKIAIONINM TPACKTOPH-
SIM MICXOITHBIX N300pa)keHNI 3HAKOB, CTEHEPHPOBAHHBIX B
COOTBETCTBHH C U3JIOKEHHOH B [2] THITOTE301.
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3[iHCHIOBAaTH aBTOMATUYHE BHUSBJICHHS BKa3aHUX 00’€KTIB 3 METOIO HACTYIHOro ()OpMyBaHHS OMKCIB 3HAKIB, 110 IMEHYIOTHCS Ta PO3IIi-
3HAIOTHCS HA JMCKPETHIH MHOXKHHI aTOMapHUX E€IEMEHTIB.
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DETERMINING THE ORIENTATION OF THE ELEMENTARY COMPONENTS OF CHARACTERS MODELS,SUBJECT
TO AUTOMATIC NAMING ON THE SET OF ATOMIC ELEMENTS

Arbitrary nature digital binary images signs automatic modeling, naming and recognition are actual scientific and practical problems,
which are existing in many areas of information technologies application scopes, particularly in electronic documents processing and
analyzing. This article is devoted to a constructive definition of images structure components, that are modeled after skeletonization
during preprocessing, and their properties, which will give an opportunity to perform automatic detection of described objects in order
to form description of future signs, which will be named and recognized on atomic elements discrete set

Keywords: automatic modeling, digital binary images, naming, recognition, decomposition of the shortest path.
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FAULT TOLERANCE OF SPACECRAFT ORIENTATION AND
STABILIZATION SYSTEM

Formed the structure of the orientation and stabilization system for ensuring its active fault
tolerance. Parameterized types of failures of the system functional elements, characterized by
changes in the properties of the conversion elements. Received diagnostic functional models for
solving problems of detection, search the place and establish a class of failure for system.
Developed models and methods of systematic approach to fault tolerance in the direction of
the effective use of the signal, parametric and structural redundancies and selection of parrying
tools. Performed experimental researches of the sample model of the automatic attitude control
and stabilization the properties of active fault-tolerance in emergency modes of operation.

Keywords: stabilization and orientation spacecraft system, fault tolerance, reaction wheel,

angular velocity sensor.

Analysis of priority and future space programs shows
that the actual is the establishment and maintenance of small
satellites with operation period over 15 years [1]. The solution
of this problem involves various difficulties, including the
fault of spacecraft blocks and systems. One promising
avenue is to create a fault-tolerant spacecraft orientation
and stabilization systems.

Small spacecraft conditions of use involves a high precision
working off program reversals with high accuracy stabilization
ofthe angular position. These conditions with acceptable energy
and mass-dimensional characteristics are able to ensure
reaction wheels (RW) as the executive bodies [2]. An increase
in resources of such systems is achieved by applying the
minimally redundant system schemes of RW [3].

Since any deviation of the spacecraft system parameters
can lead to a deviation from stated rigid requirements for
their work, it is impossible to use traditional approaches to
fault tolerance associated with redundancy of its con-
stouten elements [4]. Therefore, necessary to adopt the
application methods and models associated with providing
of an active fault tolerance.

Significant contribution to the development of models,
methods and means of active fault tolerance was made by

© Firsov S. N., Reznikova O. V., 2013

such scientists as R. Isermann, R. Patton, P. Frank, R. Beard,
V. Y. Rutkowski, A. V. Mozgalevskaya, I. V. Kuzmin,
B. I. Dotsenko, J. E. Eisenberg, D. V. Lebedev, A. S. Kulik,
V. S. Blintsov, L. G. Raskin. However, the proposed models,
methods and tools to ensure the active fault-tolerance are
predominantly fragmented and they do not reflect the
dynamics of the control processes, do not con-sider the
possibilities of diagnosing the operational state of the
functional elements, as well as fault parrying through the
effective use of existing and the introduction of additional
redundancies. Consequently, the development of
diagnosing models and methods, as well as failure parrying
to provide an active fault-tolerance of the spacecraft attitude
determination and control in real-time is an important
scientific and applied problem.

PROBLEM FORMULATION

To achieve this purpose the authors have solved the
following problems:

1. Determined the structure of the spacecraft attitude
determination and control system, set of its functional
elements failures types and developed diagnostic models
that connect direct and indirect features.

103



MATEMATUYHE TA KOMIT'FOTEPHE MOJEJIFOBAHH S

2. The models and methods for in-depth diagnosis of
the spacecraft orientation and stabilization system with
depth to failure type are developed.

3. The models and methods for parrying failures in the
spacecraft attitude determination and control system through
effective use of the signal, parametric and structural
redundancies are designed.

4. The experimental procedures for the testing of active
fault-tolerance model sample of spacecraft attitude de-
termination and control system are held. Also evaluated its
comprehensive indicator of the quality and fault tolerance
level.

DETERMINATION OF THE SPACECRAFT
ORIENTATION AND STABILIZATION SYSTEM
STRUCTURE

Consider the generalized block diagram of the perspective
spacecraft orientation control system (Fig. 1).

A typical control system of the perspective spacecraft
includes in the structure the spacecraft as a control object,
RW for generating control moments, complex of angular
velocity gauges (CAVG) for measuring angular velocity, data
spacecraft subsystem for generating control signals applied
to all blocks of the system. To orient the spacecraft and CAVG
data correction at the system uses celestial navigation system
(CNS) and combined orientation sensor (COS).
Electromagnetic drives driven by signals from the
magnetometers installed on spacecraft in order to unload RW.

The initial configurations of accommodating RW on the
spacecraft with minimum redundancy were selected
following variants [5]:

— scheme provided for NASA standards within the
project multipurpose modular platform MMS, shown in
Fig. 2, a;

—the scheme of the executive drives installation of the
company General Electric, with RW kinetic moments directed
from the middle of the cube (Fig. 2, ).

Data spacecraft subsystem
3 3

Celestial Combined Elec tromagnetic
navigation orientation drive
system Sensor
(CNS) (COS)

Reaction Cotiip [ex of
angular velocit fMagnetometer
heel (R Lwa (CAV C{ -|
[ I I [
I

Spacecraft orientation control system

|
|
|
|
|
|
|
SN TN ]
|
|
|
|
|
|

Fig. 1. Structural diagram of the perspective spacecraft control
system
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Fig. 2. Minimally redundant RW installation schemes on the
spacecraft

It is known that when comparing different configurations
that satisfy the technical requirements, preference is given
to those who provide the field of formation control torque
to the ellipsoid of the following form:

M. P (MY (M f
X |+ =& =L )
L o4 Loy Lo,

where M, ,M .M, are projections of the total required

reactive RW torque on the axis of the coordinate system
associated (CSA); I, Iy ,1, are spacecraft axial moments of
inertia; ®y,®y,®, are projections of the desired angular
acceleration on the axis of the spacecraft CSA.

Analysis of the shape of the area under consideration
for the minimally redundant set of schemes for the cases of
the use of all four RW and a failure of one of them showed
that in both modes shape of the control torque for the pyramid
scheme is closer to the required one. Thus, this scheme is
preferable. Also identified the optimal angles of installation
RW by analyzing projections of the trace of the correlation
matrix of the errors (AS Kulik Saturday AM, Reznikov OV).

The result was that the optimal setting angles for the
selected scheme are o = 45° and = 54,7°.

At the block diagram of the spacecraft control system
also contains a gauges block, changing the dynamics of the
system. As the gauges on this object were selected angular
velocity sensor (AVS), combined in a block. In this case the
AVS scheme of installation that enables the CAVG deep
diagnosing with depth to failure mode has been selected
the following way: setting of three main AV'S vector directed
along the axes of the CSA and the installation of additional
AVS vector collinear to them (Fig. 3).

The analysis of such a setting scheme performed in the
works [6—8], who showed that it provides a CAVG
diagnosable with depth to failure mode.

SPACECRAFT DIAGNOSING SYSTEM
DEVELOPING

In this paper, the spacecraft system of orientation and
stabilization is considered as a combination of automatic
control devices (ACD) and the object of automatic control
(OAC) (Fig. 4), and diagnosing problem reduces to
determining the functional state of the OAC, including the
executive bodies of the spacecraft and the feedback sensors.
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Fig. 3. The installation scheme of AVS on the spacecraft
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Fig. 4. Functional scheme of spacecraft orientation and
stabilization system with active fault tollerance

Many types of failure for the spacecraft orientation and
stabilization system Dgngg can be separated into many types
of failures of the block of reaction wheels (BRW) Dgryy,
spacecraft Dgpa and complex of angular velocity gauges
Dcave:

In this paper, we do not consider the set of ACD failures,
which is the microcontroller. Fault tolerance of controllers
described in many papers, the current trend — is to use a
spacecraft centralized controllers with a three-or five-fold
redundancy of the main computer unit. Therefore, consider
that the failures of the ACD are parried by switch of reserve
units.

Many types of BRW failures consists of sets of RW
failure modes, and each RW incorporates the PA, contactless
DC motor and tacho, respectively, considered to be 60 kinds
of BRW failures.

Many types of failures for CAVG contains multiple failure
modes each of the AVS separately, total 30 kinds of failures.

In this paper, we also consider the many types of failures
related to the change the moments of inertia of the spacecraft
D

Spapv-

One cause of this failure is the spacecraft incomplete or
asymmetric disclosure of solar panels. As shown in various
reports incomplete disclosure may occur due to a structural
defect in the mechanism of the disclosure, a surface tear of
solar cell, mounting damage one of the solar panels at start, etc.

When used as an unloading the jet engine, is possible
asymmetrical consumption of fuel and as a result a change
in one of the spacecraft moment of inertia.

Many types of spacecraft failures also includes a variety
of failure modes associated with the inaccuracy of the
external disturbances mathematical model Dypayi:

Diagnosing these failure modes will be carried out on
two levels: the block and the system. There are only three
levels of the hierarchy of diagnostic software (Fig. 5).

First, the lower level is the block level. Here formed
diagnostic software (DS) for units of sensors, actuators,
calculators not autonomous, but on the basis of their
functioning conditions in a closed loop.

The second level is system. Diagnostic software is
developed for the entire closed-loop control system of
orientation and stabilization. Here is diagnosed how the
system runs its functions under the conditions of space flight.
The third level of the hierarchy is oversystem. At this level
formed diagnostic software for a space mission as a whole.

Block level will form the diagnostic software for CAVG
and BRW based on the conditions of their operation in the
contour of spacecraft orientation and stabilization system.
It allows to provide orientation and stabilization system by
blocks of sensors and actuators with the properties of fault
tolerance when single failures occurred.

At the system level, we will develop diagnostic software
for many types of spacecraft failures to ensure fault tolerance
using systemic connections. Also at the system level, we
will solve the problem of spacecraft orientation and
stabilization system restore functionality in catastrophic
failure in one of the blocks — BRW or CAVG through the use
of auxiliary control devices (magnetometers, jet engines),
and measuring devices (star trackers, GPS, etc.)

Failure modes were grouped into classes defined by the
change of one of the system mathematical model parameters
because of the failures parameterization. Set of failures
classes contains 46 elements that are direct diagnostic
features of failure.

Motion model of system in the presence of it failures
obtained based on the equations system describing the
dynamics of the stabilization and orientation system of the
spacecraft and set of straight diagnostic features. In this
case, is made the transition to a mathematical description in

g
g
: e >
i ili
] é N System diagnosis
i & sms D>
2 Controllers
¥ ACD )
=
Gauges Sensors
@— BRW I - ]—v CAVG
Fig. 5. Functional scheme of the hierarchy of diagnostic

software
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recurrence-matrix form of the system motion equations
linearized at the operating point.

Analysis of the structural and signaling systems
diagnosable relative to this set of failures classes showed
that the complete diagnosable system is provided on
transitive operating modes of RW and spacecraft in general
and to differ PA and RW failures is necessary to introduce
additional control point between them. Spacecraft is the
object with a known input. Diagnosing its functional state
based on the difference signal of measurement vector and
the reference model output. Since all state variables of
spacecraft (angular speed velocity of the spacecraft and
RW) are directly measurable, as a function of diagnostic
models that connect direct and indirect failure indications,
selected models species

Ax(k +1) = AAX (k) + AA(Ay )X (k) + AB(Ay g Ju(k) +
+AF(Ay g )F (k) + Bug (Avg);

@)
Ay(k) = CA x (k) +AC(Ayy)R(K) + Cug (Ay,)-

where AA(Ayy), AB(Ay), AF(Ayq),AC(Ayq), are
deviations respectively state matrices of control,
disturbance, and output due to the presence of a direct
indication of failure qu in system; Buo (qu), Cuo (qu)
are matrix characterizing the influence of drift in the elements
of'the control object on its state variables and output signals.

Based on the obtained models developed procedures
for processing indirect diagnostic fault features for block
and system levels. They allow to consistently remove the
uncertainties associated with the moment of a failure, its
location, class, and the type. It was taken into account
following. When establishing the facts failure, finding its
place and the class definition is used dichotomous tree that
represents the production knowledge base of diagnosing
process. The nodes of this tree are used predicate
constructions of double type

z=8, {f[AY(k)]_S} = {(1)’ lffﬁi[s], Zvi;e T, ©

where § is threshold; f [Ayi (k)] is nonlinear function of

measurement vector Ay (k).

So, as the argument of double predicate uses discrete
deviation of the output signals measurement of the system,
placed in the vector Ay(k), functional relationship ofthese
measurements and the threshold value that determines
function allowable change f [] Nonlinear function f []
formed via diagnostic models, connecting specific for each
of the main diagnosing problem the direct feature AX; with

indirect — the calculation results Ay (k).

To provide diagnosability of the system with a depth to
the RW functional element and differences between failures
in spacecraft and AVS, for all operating modes introduce
additional diagnostic features formed on the basis of the
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hypothesis of quasi-stationary direct feature of failure in
the diagnosis interval:

A (k) = const | A7 (k) = var, if (A}; # O)m(A}A/j = O);

d(vy:
zpi =5 ([Teri| < Aleri ) Teri =%); 4

Fig. 6, 7 and 8 are fragments of search algorithms for
place and the class definition of failure.

BRW

PA, D5,

Fig. 6. Dichotomous tree search for a place of failure in the
RRW

Algorithm

of BRW diagnosing

Algorithm
Of BAVS
diagnosing

Failure of

spacecraft

Defined
BRW failure type

Defined
BAVS failure type

Fig. 7. Dichotomous tree search for a place of failure in the
spacecraft orientation and stabilization system
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Fig. 8. Fragment of the dichotomous branch of the failure class
definition in the spacecraft

To determine the failure mode are used functional
dependencies, linking a particular failure type with direct
diagnostic features. Final estimate of the parameter
deviations value from the nominal system performed at the
last stage of diagnosis procedure as a result of the evaluation
characteristic values choice, calculated on the steps of
determining the place and class of failure characterizing the
detected type of failure

CA, C'§(k-1)+ Cuo,, +

Aji(K) =| +CB, u(k—1)+ CE, fk-D+| Ay(K). (5)

+CBy,, + CiC'5(k)

RECOVERY SYSTEM DESIGN

Developed diagnostic software is a foundation for the
development of tools for the spacecraft orientation and
stabilization system functional state automatic recovery in
emergencies.

Consider the recovery of functional state of spacecraft
orientation and stabilization system on block level. The
starting point for this task is complete diagnosis of the
function block. Based on this information, depending on
the block construction, the principle of its action, the failures
set are selected recovery tools — signal and parametric
adjustment or possible hardware and control algorithms
reconfiguration of the block.

Selection of recovery tools is produced by bases there
control system functioning history, the current type of
failure, the excess resources remaining and future challenges
of the space mission. In this case, the recovery procedure

related to the signal and parametric tuning often have the
highest priorities, and procedures relating to the
reconfiguration of the hardware and control algorithms are
called only after all the resources associated with the
adjustment have been exhausted.

After restoring the damaged unit is produced its
diagnosis of the functional state. As a result:

— fully restored functionality of the block and it can be
used in the orientation and stabilization system of spacecraft
as intended;

—working capacity of the unit is not restored and detected
another type of failure, and the previously described cycle
is repeated until complete recovery the functional properties
of the emergency unit.

After a complete recovery, the emergency unit on the
system level signal is transmitted and produced parry of
system failure effects in the blocks for the subsequent
implementation of the flight mission.

However, such situation is possible when failures on
block level can produce such abnormal situation, which is
not possible to parry at this level because of the lack of
excess capacity. In this case, the recovery procedure of the
functional state of spacecraft occurs at the system level,
using the connection between the block and the additional
devices that are not intended directly for the tasks of
orientation and stabilization of the spacecraft, but allowing
performing tasks for space missions.

At the system level are also solved problem of flexible
parry abnormal system situations associated with failures
in the spacecraft construction or significant perturbing
effects.

After the spacecraft orientation and stabilization system
recovery are also produced diagnosing of the restored
system. The full diagnosis allows make a decision to
continue parry the effects of failures, or about the further
implementation of the mission, or about the need parry on
oversystem level (Fig. 9).

EXPERIMENT

Debugging algorithms of diagnosing functional state
and recovery of the orientation and stabilization system of
the spacecraft performed on a specialized hardware-software
complex (HSC), presented in Fig. 10 and Fig. 11.

Functional structure of HSC allows you to enter into the
system failure modes from the considered set, and to
investigate the behavior of the system in the nominal and
emergency modes.

HSC consists of the following elements: a platform with
minimally redundant BRW, established by pyramid scheme
and CAVG, fixed in gimbals, automatic control device and
the PC with specialized software.

The complex software includes low-level software that
provides execution in the control microcontroller module
and the peripheral microcontroller module developed
procedures control of and provide the active fault tolerance.
On the upper level, there is software for performing the
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Fig. 9. Parrying tools of orientation and stabilization system of
the spacecraft failures at the system level

following functions: information exchange with automatic
control device, setting modes of the system, visualization
and storage of the experimental results.

In order to simulate effect of the considered set of failure
modes on the system using developed HSC, uses software
simulators. They are used because of the fact that they
have essential advantages such as the possibility of rapid

Fig. 10. Exterior view of HSC for research models and methods
of maintenance the active fault-tolerance spacecraft attitude
control and stabilization

modification, imitation of wide variety operating conditions,
ease of the results interpretation, small power consumption,
a good adaptability. At this distortion of measured and
control signals of the system performed so that the response
to it was analogous reaction to input types of failure.

Fig. 12 shows the functional diagram of RW with software
simulators of failure modes.

Fig. 13 and 14 shows the results of the spacecraft
stabilization control system simulation without active fault
tolerance (dotted line) and with an activated diagnosis and
recovery system (solid line) at the mode of the angular
reorientation of the platform along the OZ axis by
predetermined path.
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Fig. 11. The main window of the program results visualization and setting a system operation for spacecraft attitude control and
stabilization
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M(1) Similarly, research has been done in the modes of attitude

Ahpy (K), Ay (k) IS ) L
] control and stabilization object functioning on the whole

u(k) u(k) Aua(k) Al(1) [ Upalt) Do (1 . . .
— | sFI, —@L pac [ by 2] pw | TRV e parrying failure modes set. All types of failure were observed
pys, S M by diagnostics subsystem, found their place, set the class

¥ and defined failure mode.
iig(k) Sk, ug(k) - ..u;;(l)iﬁwmr i AYerage fa.ilure de.tection time was 0,07 s with t.he average
l total time of diagnosis — 0,32 s, and the average time failure

parrying — 1,35 s. Thus, the average time spent on diagnosis
Fig. 12. The functional diagrgm of RW with software simulators 5 parry of spacecraft stabilization control system failures

of failure modes was 1,74 seconds. This time less than time ¢ = 9 s for
transient system in normal mode in 5,17 times
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Fig. 13. The results of the spacecraft stabilization control system at break RW with a fourth serial number
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