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Fermat matrices, cyclic matrices.

Introduction: In spite of the apparent relation between maximum determinant matrices of even (Hadamard matrices) and odd
orders, the latter have particularly complex patterns of repetitive elements. This is what makes them unique and attractive for
various applications in visual data processing, coding and masking. Purpose: Developing the theory of maximum determinant
matrices, with the focus on using computer-aided analysis, and calculating unique matrices with unique pattern structures in their
portraits. Results: We have found some peculiarities of maximum determinant matrices, outlined their families related to Fermat
numbers, demonstrated the complication of patterns in other matrices as their orders grow. The presumption about the increasing
complexity of structures as the matrix orders grow is confirmed by a chain of matrix portraits we demonstrate. As applied to
orthogonal Belevitch matrices, it follows that they cannot be found even in small orders such as 66 or 86.
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Introduction

Mathematical objects, such as matrices with
small number of their element values (levels), are
corresponded by determinant-extreme solutions
which find practical use in image processing and
noise-immune coding problems [1, 2], such as im-
pulse-noise-resistant coding of images transferred
via telecommunication channels [3], formation of
nested code structures based on Barker codes with
improved auto-correlation functions [4], image
transformation for better protection from unau-
thorized use [5], etc.

In spite of the successes in its practical use, the
theory of building few-level matrices is far from
being completed. The material it has accumulated
has not been fully systematized yet. For example,
it is well known that prime-number sizes of ma-
trix blocks can be matched by simple symmetric or
skew-symmetric patterns formed by a cyclic shift of
the upper row of the block, moving the pushed-out
elements into the beginning. Non-prime-number
sizes can strike you with a great diversity of possi-
ble pattern structures, still poorly studied.

In some cases, the structure of matrices or their
blocks stays cyclic regardless of whether their siz-
es are expressed by prime or composite numbers.
Although the problem of searching for few-level
matrices has been in discussion for about 150 years,
starting from Silvester’s works [6], the attention to
the existence of universal structures (symmetric,
cyclic, two circulant, negacyclic, edgeless or edged)
for Hadamard matrices [7] was paid only recently

[8, 9]. Non-universal structures are studied even
worse.

In other cases, splitting a matrix into one or two
cyclic blocks is closely associated with the prime-
ness of the number which expresses the matrix
order. This seemingly natural rule has some excep-
tions [10] which ruin the integrity of the concept
that a matrix order should be followed both numer-
ical and pattern (pattern is ornament, structure)
characteristics. The idea about a possible solution
becomes rather ambiguous.

Maximum determinant matrices [11-13] are
particularly unlucky, exactly because their proper-
ties, including pattern properties, are strongly pro-
nounced. Researchers prefer to study isolated odd
orders [14, 15], missing the overall picture, espe-
cially because they do not collate these orders with
few-level orthogonal Hadamard and Belevitch ma-
trices[7, 16, 17]. For example, Bush-type Hadamard
matrices[10] are constrained by large square arrays
of 1s on their diagonal. Like Belevitch matrices
with Os on their diagonal, they have even orders,
but their pattern characteristics make them closer
to the most complicated case, odd-order matrices.

In this work, we focus not on particular deter-
minant-extremal matrices as mathematical objects
difficult to calculate, and not even on their calcu-
lation methods, but on what unites them with and
separates them from all the matrices from the vast
Hadamard family, being figured out during the
study of determinant properties. The purpose of
this work is to present some common patterns in
maximum determinant matrices, showing how uni-
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versal their structures are and how their complexi-
ty grows at higher orders.

Simple and complex patterns
of even-order matrices

In order to study few-level matrix patterns, let
us discuss two different cases which have influ-
enced the matrix pattern theory.

In Fig. 1, you can see an Hadamard matrix with
elements 1 and —1 shown on its portrait as white and
dark cells, respectively. The matrix is of order 16,
consisting of a cyclic block and an edge. This is a
classical combination, as it was in the 1960s when
it was discovered that there are no edgeless cyclic
matrices in orders higher than 4.

The first row of the nested cyclic block of or-
der p=n— 1 can be easily found by an algorithm
working in finite field arithmetics GF(p). When
M. Hall discovered a cyclic block of a composite
size 15 [10, 18], it raised some perplexity because
even when there is a field GF(p™), the internal block
can be split into cyclic subblocks of size p. Later,
two points were realized about such cases.

The first, almost apparent point is that 15 is a
product of two close prime numbers 3 and 5. The
second, less known one can be checked by Fig. 1. In
all “normal” matrices obtained by finite field algo-
rithms, the elements placed symmetrically about the
diagonal always differ in sign. Therefore, the edge
is often inverted by multiplying the first row (or col-
umn) by —1. But the above-mentioned matrix violates
this rule, which means that a composite construction
can always be recognized by its pattern. Mathematics
leaves no room for arbitrariness and wanton devia-
tion from its fundamental principles.

On evenly odd orders, instead of Hadamard ma-
trices we search for Belevitch matrices which dif-

B Fig. 1. Portraits of Hadamard matrix of order 16
(left) and Belevitch matrix of order 46 (right)

fer from Hadamard ones by a chain of Os on their
diagonal. In Fig. 1, they are highlighted in red. If
the field GF(p) exists, it exists for all prime p, and a
Belevitch matrix is easy to find. Nevertheless, the
0s on the diagonal are not 1s, and Belevitch matri-
ces do not share the property of Hadamard matrices
about having a certain universal structure formed
at most by four cyclic blocks, a couple of negacyclic
blocks or a couple of cyclic blocks and a double edge
[9, 10]. Apparently, there is a reason for Belevitch
matrix patterns to become more complex, and this
reason manifests itself in a very unexpected fa-
shion.

In a chain of matrices of orders 6, 26, 46, 66, 86,
106, 126..., with an interval 20, the first matrix of
order 6 has the above-mentioned simple structure
which corresponds to the prime number p=>5. In
fields GF(25), GF(125), the internal block consists
of cyclic subblocks, therefore the matrix orders do
not cause any size problems.

The order 46 = 5 x 9 + 1is adifferent matter. It is
easy to see that the edge in this decomposition corre-
sponds to 1, while the numbers 3 and 5 form a close
couple (9 is a prime number power). Nevertheless,
two blocks out of 5 in this decomposition partially
lose their cyclic structure: they consist of 1, -1, -1
sequences cyclically shifted by three. The solution
is very uncommon for Hadamard matrices.

But really interesting is that this trick does not
work for matrices of adjacent orders 66 and 86.
However, the precondition for their existence is
met, as the values p=n — 1 in both cases can be split
into two squares: 65 = 16 + 49, 85 = 36 + 49.

Note that the simplest one- or two-blocked edge-
less or double-edged structures have been verified
in a computer experiment (in [8] and other works
to be published). There are two assumptions left:
either Belevitch matrices of order 66 and 86 differ
from each other, having, in respect to the matrix of
order 46, a new unpredictable pattern element, or,
which is less probable, the demand for such an ele-
ment contradicts the symmetry, and these matrices
do not exist. Both these cases are probable, having
some strict logic behind them, which is difficult to
check at the current level of computing power.

‘We do not exhaustively understand the nature of
these maximum determinant matrices on the set of
orthogonal matrices of the same order. But we do
know something about their pattern invariants.

Simple and complex patterns in odd-order
matrices

Maximum determinant matrices are square re-
al-number matrices of order n with an extremal
(largest in magnitude) determinant among the ma-
trices with elements not exceeding 1 in magnitude.

Ne3,2021 N\
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As a matter of fact, at the moment there is no theo-
ry of such matrices. We will try to explain why.

Among them, there are few odd-order matrices
with a simple structure. However, there is a pre-
sumption for orders equal to prime Fermat num-
bers, which is crucial for this topic. It is systemical-
ly important, so we will discuss it first.

Prime Fermat numbers are classical objects in
the theory of numbers. The first five of them are
F, =3, 5, 17, 257, 65537. Back in 1796, C. F. Gauss,
in his student days, discovered an unexpected re-
lation between them and geometrical figures. He
inscribed a regular 17-gon in a circle and proved a
more general proposition that if a regular polygon
has a number of sides equal to a prime Fermat num-
ber, it can be constructed by means of compasses
and ruler.

Conjecture. Fermat matrices of the form

-1 eT T

e
F=le A B
e BT _AT

built on a pair of cyclic blocks A and B with
an edge vector e, of orders equal to prime
numbers n=F,=3, 5, 17, 257, 65537, ... are maxi-
mum determinant matrices. F,_;/(2F,— 1)/2 x B,
B=mn- 1) V/22n - 1)1/2 is Barba’s upper-bound
estimation of the odd-order matrix determinant [19].

For matrices of the first three orders whose por-
traits are shown in Fig. 2, these patterns are easy to
find with the use of a computer.

Gauss’s theorem suggests that due to deep inter-
disciplinary links in mathematics, these matrices
are of special importance, not less than the 17-gon
had for Gauss. His discovery is highly valued by ge-
ometricians and other specialists who want to see
the integrity of a knowledge area artificially divid-
ed for the convenience of study. Here we add a new
abstract example to it.

Note that if we discard the edge, the core of such
matrices will be an Hadamard matrix. Regular
Hadamard matrices of orders 8, 32, 64 similar
to the above-mentioned matrices and their other
versions easily found in a two circulant form by
doubling Golay sequences [10] given in Table do
not have this feature. We suppose that any other
Hadamard matrices with any patterns in their por-
traits do not have it either. Therefore, the position
taken by the Fermat matrices discussed above is
absolutely unique. They are some kind of ideal “cor-
rect” matrices. They did not receive much attention
so far because nobody thought about patterns. The
competition was for uniqueness, not for residual
universality.

It is easy to guess that the next to come are
Mersenne numbers in the form n=2%— 1. Among
them, there are many prime numbers, including
15 discussed above. However, they give us only two
maximum determinant matrices with a prime struc-
ture: of orders 3 and 7. Their portraits are shown in
Fig. 3. As we can see, they can be considered two
circulant (splitting the core into 4 squares) or edged
monocyclic ones. They have a maximum determi-
nant, and here is the end of the Mersennian chain.
It lacks the quality of the Fermat matrix chain.

Maximum determinant matrices are not orthog-
onal. Unlike Hadamard matrices, they are not con-
stricted by the orthogonality condition, but they
coincide with Hadamard matrices on evenly even
orders. Therefore, Ryser’s circulant structure bor-
der [20] which is set for Hadamard matrices at a

B Golay sequences

Length

n Golay sequences

2 |a=[1,1],b=[1,-1]

10 |a=[1,1,-1,1,-1,1,-1,-1,1,1]
b=[1,1,-1,1,1,1,1,1,-1,-1]

B Fig. 2. Portraits of two circulant Fermat matrices of
orders 3, 5, and 17

26 a=[1,1,1,1,-1,1,1,-1,-1,1,-1,1,-1,1,-1,-1,
1,-1,1,1,1,-1,-1,1,1,1]
b= [1,1’111’_1,191’_1’_1’1’_1’1a19171’1a_1,

1,-1,-1,-1,1,1,-1,-1,-1]

"

B Fig.3.Portraits of Mersenne matrices of orders 3 and 7

4 7 VHOOPMAUVIOHHO-YMPABASIOLLVIE CUCTEMBI
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very low level (order 4), in this case is expanded up
to three matrices of orders 3, 5, and 13. You can see
their portraits in Fig. 4. Note that 5 and 13 are re-
lated to the key lengths of Golay sequences.

Now, it would be logical to presume that, by
analogy with Gauss’s theorem interpreted in an
abstract way, there can be no simple pattern maxi-
mum determinant matrices.

There are certain starting orders in which you
can meet some simple pattern matrices without vi-
olating the general principle. Besides, Barba [21] in
his upper-bound estimation of maximum determi-
nant noticed two chains of rapidly growing orders,
so called “Barba’s whiskers” in which integer ma-
trices follow these integer border points (Gauss’s
points) by determinant.

Note that Fermat matrices do not go as far as
this border. They were overlooked by researchers
who focused on optimistic estimation to the detri-
ment of common sense which suggested focusing on
resolvable orders.

The orders found by Barba are not resolvable.
The most well-known solution is the one of order 25
proposed by Raghavarao in [22]. It stimulated
Andre Brouwer [23] to prove a theorem that there
are no explicit solutions for them (we also think so).
Brouwer proved that for a half of all orders a solu-

oy

T ¢

B Fig. 4. Portraits of three cyclic versions of maximum
determinant matrices

tion would consist of blocks with Hadamard matrix
properties and an edge. Since the structure of these
Hadamard matrices is not specified, this path leads
to nowhere.

Still it is interesting to compare this path with
Fermat matrices which exceed all such matrices.
In order to complete our review of odd-order max-
imum determinant matrices, let us present the ma-
trices of orders 9, 11, and 15 which were omitted so
far. You can see their patterns in Fig. 5.

What we need to do now is to find the funda-
mental difference between these three matrix pat-
terns. These matrices are unique, although all the
three are constructed by the use of the same build-
ing block: Mersenne matrix of order 3 with a usual
or inverted (in the third solution) diagonal when it
forms a new block out of 1 or —1. Another difference
is the block edge of different width, with lengthwise
elements found in the Belevitch matrix of order 46.

It is difficult to find solutions, but software
with the self-describing name “Kaleidoscope” can
synthesize them, dealing with a Mersenne matrix
as if it were an Hadamard one. You still should re-
member how few good solutions can be found among
Mersenne matrices.

Now let us consider matrices of the next odd
orders, namely 19, 21, and 23. Their patterns are
shown in Fig. 6.

These matrices could be expected to be simpler
because, unlike the previous ones, they all are

A

B Fig.5. Patterns of matrices of orders 9, 11, and 15

B Fig. 6. Patterns of matrices of orders 19, 21, and 23
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of prime orders. In their structure, we still find
similar low-order blocks. However, in order 19,
the starting block of size 10 x 10 containing 9
Mersenne matrices with a usual or inverted edge al-
so contains an extra inversion of the first and then
of every third element, both vertically and hori-
zontally. Definitely, it is a new element, never met
before. Possibly, this is the last symmetric matrix
out of the considered ones. The matrix of order 21 is
constructed from blocks of a higher order 4, and it
is not generally symmetric. The matrix of order 23
is more complicated. We cannot be definite about
the order of its blocks, or where its block edge is, or
what can be considered as its core.

Complex patterns of matrices
of Barba’s orders

The basic inequality for determinants of matri-
ces A of odd orders was suggested by Guido Barba
[21] in the following form:

ldet(A)2 < det((n — DI+ J) =(n — 1)*12n — 1),

where I is an identity matrix, and J is a matrix
of 1s.

Since the optimal matrix and its determinant
are integer, the maximum is achievable in orders for
which 2n — 1 is a square of an integer. Otherwise,
square rooting the expression on the right will give
us an irrational number a fortiori greater than the
determinant. Hence, the border is achievable in a
sequence of orders described by a sum of squares of
two close numbers n = a2+ (a + 1)%:

5, 13, 25 (Raghavarao),

41 (Bridges, Hall and Hayden),

61 (Brouwer),

85 (approximation by Solomon and Orrick),

113 (Brouwer), etc.

The names in brackets belong to the authors who
were first to find matrices of the respective orders.
These are matrices from two families, and their
portraits are shown in Fig. 7, because the pattern
complexity alternates every other order and matri-
ces of orders 41, 85, etc. are much more difficult to
find. Originally, these matrices were described by
Raghavarao [22], and Andre Brouwer noticed that
they were vitrages, i.e. matrices obtained by insert-
ing blocks into Hadamard matrices. The principle
of growing pattern complexity is true for them,
too. The algorithm for constructing Barba’s border
matrices was described by Andre Brouwer and his
followers [24] only roughly; to apply it, you need
an Hadamard matrix, but the way to construct
Hadamard matrices is not fully known. We also do
not know Barba matrices of orders 145, 181, 221,
265, 313, 365, 421, 481, 545, 613, 685, etc.

B Fig.7.Portraits of Barba matrices of orders 25 and 41

Thus, in each considered order, we can see an
original element as a pattern part, and all these el-
ements are unique. Our presumption (conjecture) is
that this is a key feature of odd-order maximum de-
terminant matrices everywhere outside the orders
equal to Fermat numbers. This point dramatical-
ly reduces the chances to calculate them, lending
weight to the alternative proposals about searching
for matrices which achieve the maximum determi-
nant on a preset structure borrowed from the opti-
mal solutions for Fermat matrices [25, 26].

Pattern symmetry border

The presence of a symmetry border can be traced
on two matrices of low even orders 22 and 34. The
best pattern solution for orders 22, 34 and similar
to them is based on the fact that n — 1 is not res-
oluble into a sum of two squares (except order 58),
which gives us double-edged two circulant matri-
ces. You can see the portraits of maximum determi-
nant matrices of orders 22 and 34 in Fig. 8.

This structure is universal for Hadamard matri-
ces. The symmetry border for edgeless two circulant

B Fig.8. Portraits of double-edged two circulant matri-
ces of orders 22 and 34
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matrices in Hadamard matrix orders was found in
the critical order 32 [8]. In maximum determinant
matrices, this border is shifted much farther for
Barba’s double orders, but is also limited (most like-
ly, by order 82). The matrix of order 22 is unique in
being the only doubly symmetric edged two circu-
lant matrix whose both blocks A u B are symmetric.

Conclusion

The efficiency of an algorithm depends on the
representation complexity of the mathematical ob-
ject in the problem to be solved. The same object, for
example a number, can be written either as a Roman
number or in a positional notation. The latter pro-
vides simpler rules which, in old days, fostered the
ideas of al-Khwarizmi whose name and whose book
gave life to the words “algorithm” and “algebra”.

Such an obvious example of advantageous object
representation stimulated the research of compu-
tational complexity conducted by some famous lo-
gicians of the 20th century: Kurt Gddel, Andrey

Markov, Pyotr Novikov, Alan Turing, and Alonzo
Church.

Our current research is devoted to representa-
tion of maximum determinant matrices: this is the
pattern whose properties are discussed in this ar-
ticle. We have specified several primary families,
including matrices of orders equal to Mersenne or
Fermat numbers, and made a presumption about the
leading role of Fermat matrices based on their com-
parison with objects from a different field of math-
ematics studied by Gauss. Fermat matrices of high
and super high orders can become another example
of a discovery “with the point of your pen” due to
finding a relation between objects of very different
nature from different mathematical fields.
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PocCT CI03KHOCTH MATPUI MAKCHMYMa JeTePMUHAHTA

TO. H. Bamonun?, Hay4YHbI COTPYAHUK, orcid.org/0000-0002-5102-4139
A. M. Ceprees?, Kaua. TeXH. HayK, qoieHT, orcid.org/0000-0002-4788-9869
A. A. BocTpuKkoB?, KaHJ. TexH. HayK, A0IeHT, orcid.org/0000-0002-8513-368, vostricov@mail.ru

aCaukT-IleTepOyprcKuii rocyJapCTBeHHBIN YHUBEPCUTET a9POKOCMUUECKOT0 mpubopoctpoenus, b. Mopckas yi., 67,

Caukr-Iletepbypr, 190000, PP

BBenenue: HecMOTps Ha OYEBUAHYIO CBA3H MATPHUIl MAaKCUMyMa JAeTepMUHAHTA YeTHHIX (MaTpull AfamMapa) U HeUeTHBIX IOPSAIKOB,
mocJefHTe UMEIOT 0COOEHHO CJIOKHBIE CTPYKTYPHI, UTO [eJaeT UX YHUKATILHBIMYU U IPUBJIEKATEIbHBIMU JJIs PA3JIUYHBIX IPDUMEeHEeHU! B
00paboTKe BU3yaIbHOUM HH(pOPMAINY, e KOAUPOBAaHUU U MacKupoBaHuu. Ilenb: pasBuTre TeOpUYM MaTPUI MAKCUMAJIBLHOTO JETEPMUHAH-
Ta C OTIOPO¥ Ha MCII0JIH30BaHNe KOMIIBIOTEPHOTO aHAJIN3A, 4 TAK’Ke BEIUNCJIeHe HOBBIX MATPHI] C YHUKAILHBIMY CTPYKTYPaMU OPHAMEHTA
ux mopTperoB. Pe3yabraThl: BEISABIEHB! 0COOEHHOCTH MATPUI[ MAKCHMAJIbHOIO JeTePMUHAHTA, BBIAEJEHbl UX CeMeHCcTBa Ha MOPAAKAX,
CBA3aHHBIX ¢ yucjaamu Pepma, IOKa3aHO YCIOKHEHNE CTPYKTYPHBIX 3aKOHOMEPHOCTE! B MATPUIIAX APYTUX HIOPATKOB II0 MEPE UX POCTa.
IIpennosnoskenue 00 yCIOXKHEHNY CTPYKTYP II0 MEepPe POCTa ITOPALKOB MATPUIL TIOATBEPIKAAETCA IIEIIOYKOM JEMOHCTPUPYEMBIX MATPUUYHBIX
nopTpeToB. I[IpuMeHUTENIHFHO K OPTOrOHAJBLHEIM MaTpuilaM BeseBruua ciegyer, 4To OHU He MOT'YT OBITh HaliJeHbl JajKe Ha TaKUX He6O0JIb-
XX MOPAAKAaX, Kak 66 miu 86.

KuaioueBsie c10Ba — AeTepMUHAHT, MAKCHMYM AeTePMUHAHTA, KBA3MOPTOTrOHAJIbHBIE MATPUIILI, MATPUIILI AamMmapa, MaTpuIiisl Mep-
ceHHa, MaTpusl PepMma, MUKINICCKIE MATPUIIEL.

Ousa murupoBanusa: Balonin Yu. N., Sergeev A. M., Vostrikov A. A. The rise in maximum determinant matrix complexity.
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KoaupoBaHue u ycToMuMBOCTb 0O6paboOTKM CUrHanoe
B MOTOKOBbIX PEKYPPEHTHbIX HEUPOHHbIX CeTAX

B. 0. OcunoBs?, fokTOp TexH. Hayk, npogheccop, orcid.org/0000-0001-5905-4415, osipov_vasiliy@mail.ru
B. B. HukugbopoB?, nokTop TeXH. Hayk, npocpeccop, orcid.org/0000-0002-6836-6303
aCaHKT-[leTepbyprckuit UHCTUTYT MHGDOPMaTUKM u aBToMaTusaumn PAH, 14-s nuHns B. 0., 39,
CaHkT-lleTepbypr, 199178, P®

BBepgeHue: rpu 060cHoBaHUK NepCrieKTUBHbIX apXUTEKTYP MOTOKOBbIX PEKYPPEHTHbIX HeﬁpOHHbIX ceTes BOBHUKAET He-
06X0,qVIMOCTb OLleHuBaHunAa unx yCTOﬁ"MBOCTVI O6pa6OTKM Pa3J/InyHbIX BXOLHbIX CUIrHaJs10B. Jnsa atoro CTPOATCA AnarpaMmmbl
}/CTOIZ‘JMBOCTM, cogepxawymne pesynbtatbl UMUTAUNOHHOIO MO4ENTMPOBaHNA 4J19 KaX[0ro n3 y3JioB aTux guarpaMmm. Ha takoe
OLleHunBaHne MoryT 3atpadynBatbCsA 3HaYUTEJIbHbIE BPEMEHHbIE U BbIYNUCITIUTEJIbHbIE PECYpPChI, 0Cc0bEeHHO npu aHannse 60/1bLLNX
HeﬁpOHHle ceten. Llenb: nonck MeTonoB ornepaTnBHOIro rNOCTPOeHNA Taknx gnarpaMmm n oyeHnBaHusA yCTOﬁ‘-IMBOCTM pa6OTbl
NMOTOKOBbIX PEKYPPEHTHbIX HeVIPOHHbIX ceTeil. Pe3ynbraTthbl: aHams 0cobeHHoCTeN uncenegyemblx gnarpamm yCTOﬁ‘JMBOCTVI no-
KaszaJl, 4To y3Jibl guarpaMm rpynrupyroTca B CNJIOLWHbIe 30Hbl C O4UHAKOBbIMU XapaKTepUCTUKaMn COOTHOLLEHUA ,qed)eKTOB
O6pa6OTKM BXOL4HbIX CUrHasioB. Hpe,qno»(eH MEeTOoL NMOCTPOEHNA 3TUX AnarpaMmm Ha OCHOBE TpuHUuuna o6xo,qa rpaHny nx 30H.
Takum nyTeM MOXHO nsberaTtb BbIMOJHEHUS UMUTaLUNOHHOIo Mo4esinpoBaHuA 419 BHYTPEHHUX y3J10B Kaxgov 30Hbl. Mogenu-
poBaHne BbITIOJIHAETCA TOJIbKO 418 Y3J10B, MPUMbIKAOLWNX K rPaHnuLjamM 30H. Yucno y3J/10B, /19 KOTOPbIX HEO6XO,qMMO BbIINoJi-
HATb ceaHcbl UMUTaLUOHHOIO MOAEIMPOBaHUS, CHUXAaeTCA Ha NopsiaoK. MiccnenoBaHo BNSIHWE BULOB KOAMPOBaHUS BXOAHbIX
CurHasioB Ha yCTOﬁqMBOCTb NMOTOKOBbIX PEKYPPEHTHbIX HeVIPOHHbIX ceTeii. [lokasaHo, 4yTo npegcraBJ/ieHNe BXO4HbIX CUrHanoB
B BUAe€ NOCNe[0BaTe/IbHOCTEN EAUHNYHBIX oﬁpasoB C nepecekarwouinMunca sayieMeHTaMn MOXeTt obecneqynTb 50l'lbLUyI'O yCTOI;ﬂ-IM-
BOCTb, YeM 6e3 nx nepeceyeHus.

KnioueBbie cnoBa — peKyppeHTHas HeMPOHHas CeTb, YCTOWYMBOCTb, MOZEMPOBaHUE, KOZUPOBaHMe n 06paboTKa cUrHa-
J10B.

Ias qutupoBanus: Ocunos B. 10., Hukudopos B. B. KogupoBanue 1 ycTOHYNBOCTh 00PAa0OTKY CUTHAJIOB B IOTOKOBBIX PEKYPPEHTHHIX
HEHUPOHHBIX ceTAX. HHpopmayuorHo-ynpasrsoujue cucmemot, 2021, Ne 3, c¢. 9-18. doi:10.31799/1684-8853-2021-3-9-18
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BBenenmne

IToToxkoOBBIe PEKYPPEHTHLIE HEWPOHHBIE CETH
(PHC) opueHTHpOBaHBI Ha HENPEPHIBHYIO aCCOIH-
aTHUBHYI0 00pabOTKY pPa3IMYHBIX CHUTHAJOB. B Ka-
YecTBe TAKUX CUTHAJIOB MOT'YT BBICTYIIATh IIpeaBa-
puTenbHO Tpeobpa3oBaHHBIE K TpebyeMoOMYy BHUIY
BUEO- U 3BYKOBBIE IIOTOKU, MH(pOPMAIUA OT JaT-
YUKOB CKOPOCTH, TeMIEPaTypPhl, TaBJICHUI, PACXO-
na sHepruu u aAp. Otu PHC nmpuMeHUMBI AJIA pacmo-
3HABaHUA U QUILTPAIINN JUHAMUUYECKUX 00pasos,
IPOTHO3MPOBAHUA U BOCCTAHOBJIEHUS IIPOIIENIITNX
COOBITUI, YIIPaBJEeHUA Pa3IUUYHBIMU IIPOIECCAMMU.
Takwme ceTu MOTYyT HaAeJATHCA PA3JIUUYHBIMU IIPO-
CTPAaHCTBeHHO-BPEMEHHLIMU CTpyKTypamu. OHU
CIIOCOOHBI camMo00ydaThbCcsa, (DOPMHPOBATL MOJEJIN
BOCOPUHNMAEMbBIX CHUTHAJIOB M WCIOJb30BAaTh UX
JJIsT BLIPAOOTKM TBOPUECKUX pellleHuil. B Hux pea-
JIN30BAHBI BO3MOYKHOCTU YIIPABJIEHUSA aCCOIIUATUB-
HBIM 3alOMMHaHNEM U BbI30BOM CHUT'HAJIOB W3 IIa-
MATHU, & TaAKMKe MePEeKJTIOUEeHUS OT PEIIeHUs OJHUX
3amad K gpyrum [1-5].

HecMmoTpsa Ha mocTurayThie pe3ybTaThl B UCCJIE-
moBaHNM 10TOKOBRIX PHC, 1x moTeHI1ax B0 MHOTOM
He U3yUeH, He CHAT PAJ IPOOJIeMHBIX BOIIPOCOB, CBS-

3aHHBIX C KOAMPOBAaHMEM BXOAHBLIX W BHYTPEHHUX
CUTHAJIOB, & TaKKe ¢ obeclieueHUEM YCTONYUBOCTHU
(DYHKIIMOHMPOBAHUSA 9TUX HEMPOHHBIX ceTell.

B o0miem coayuae mepep mojaveil Ha BXOH IOTO-
KoBbIx PHC curmaioB oHU JOJKHBI OBITH HPEOO-
pa3oBaHbI K BXOZHOMY S3BIKY ceTu. Vcmoabayercsa
MIPUHITUATI AHAJIOTUY ¢ OMOJIOTUUECKUMHU CUCTEMAaMHU.
IIpuMmepamMu TaKUX aHAJOTUI BLICTYHAIOT IIpeobpa-
30BaHUA ONTUYECKUX CUTHAJIOB CETUYATKOI TIviasa,
3BYKOBBIX BOJIH BODCHHKAMU CJIYyXOBOT'O aIllliapaTa u
Ip. B uckyccrsennrix PHC, Kak 1 B eCTeCTBEHHBIX
HEPOHHBIX CETAX, peajaudyeTcd TaKiKe BHYTpUCe-
TeBOe KOJUPOBaHNE CUTHAJIOB.

Ot peasm3yeMbIX BHUJOB BHEIITHETO U BHYTPHUCE-
TEBOTO KOAMPOBAHUA CUTHAJOB B MOTOKOBBEIX PHC
BO MHOI'OM 3aBHCHUT UX YCTONUYUBOCTH, & TAKIKE BO3-
MOXKHOCTHY TPOCTPAHCTBEHHO-BPEMEHHOT'O CBI3BLIBA-
HUA CUTHAJIOB Ha 3JIeMeHTaX CeTU, 3aIIOMUHAHUA U
U3BJIEUEHNS U3 HelipoceTeBol ITaMsATH.

W3BeCcTHBI HEKOTOPBIE IPUHITUIILEI KOAMPOBAHUSA
uHbopMaIuu B 6uosornyeckux cucremax [6—9]. ITo
QHAJIOTUHU ¢ OMOJIOTUYEeCKUMY IPUHIIUIIAMY IIPEJIO-
JKeHbl BapHMaHTHI IPeABapUTEIbHOTO KOAUPOBaAHUSA
CHUTHAJIOB TIepe] IoJaueil nX B NCKYCCTBeHHbIE He-
pouusbie cetu [1, 10-14].
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B of0mem ciyuae «CHTHaJbl pPacKJAIbBIBAIOT
HA IIPOCTPAHCTBEHHO-UYACTOTHBLIE COCTABJISIOIINE.
Kamayio w#3 9THX COCTaBJAIONIUX IIpeodpasy-
IOT B IIOCJIEOBATEJIbHOCTh EIUHUUYHBIX 00pas30B.
YacToTy 1 (pasy caemoBaHuA 3TUX UMIYJILCOB 3a/1a-
IOT KaK (YHKIIUU OT aMILIUTYAbl U ()a3bl COOTBET-
CTBYIOIIEH IIPOCTPAHCTBEHHO-UACTOTHOM COCTABJIS-
formeii. ITpu TakoM IpeobpasoBaHUU CUTHAJIBI B TUC-
KPeTHOM BPeMeHH IIPEICTABJIAIOTCSA B BU/IE II0CJIeI0-
BaTeJbHBIX COBOKYITHOCTEHM eIMHUYHBLIX UMITYJIbCOB
(o6pasoB)» [4].

Peanusyrorca u apyrue BapuaHThl [15—18]. Bo
BCeX CJIyJasx BO3MOXKHO 3aJaHMe PA3JIMYHBIX ITapa-
METPOB IPeABaPUTEIbHOIO KOTUPOBAHUSA CUTHAJIOB.
OcTaeTcss OTKPBITBIM BOIIPOC: KaKOM M3 BAPHUAHTOB
IpeIBapUTEJILHOrO KOAUPOBAHUS CUTHAJIOB SABJISIET-
cA HAUJYYIITuM?

Kpome atoro, nmpu 06paboTKe CUTHAJOB B IIOTO-
KoBbIXx PHC Gosbiioe BAMsAHUE Ha ee Pe3yJbTaThbl
OKa3bIBAIOT TaK:ke 3HAUEHHUS IIOPOTOB BO30OY:KIe-
HUSA HeHPOHOB M YPOBEHb ACCOI[MATHBHOI'O B3aWMO-
metictBusa [19]. IIpu HecoOsogeHUM PANA YCJIOBUIA
moTOKOBbIe, Kak u aApyrue PHC, moryTr mepeBos-
Oy KAAThCA MU OBITH CJAUIITKOM 3aTOPMOYKEHHBIMHU.
KemarenbHo 3a cueT 000CHOBAHUSA IapaMETPOB II0-
ToKoBbIX PHC y:ke Ha sTame MX IIPOEKTHUPOBAHUS
obecmeunBaTh IOCJEAYIONIYI0 YCTOHUMBYIO pPaboTy
IpU HEHpephIBHOI 00paboTKe pasMUYHBIX CHUTHA-
JIOB.

{7151 3TOr0 MOTYT IPUMEHATHCSA N3BECTHBIE METO-
nul anaausa yerotiunBoct PHC[1, 4, 19—-21] mpu Ba-
PPUPOBAHUY PA3IUUHBLIMU ITapaMeTPaMU BXOTHBIX
CUTHAJIOB u caMoii ceTu. Cpeu 5TUX METO/IOB IIpHMe-
HUTEeIbHO K moToKoBbIM PHC HaubombIuit mHTEpec
IpeACTaBIsIeT MeTOH [4], O3BOJNIAIIINI HAXOOUTH
TPAHUIILI TAPAMETPOB YCTOMUMBOTO (DYHKITMOHUPO-
BaHUSA HEHPOHHBIX ceTeil. OHAKO B ICXOLHOM Bapu-
aHTe TOT METOJ XapaKTepu3yeTcs 00JILIIION BEIUC-
JUTEJNBHON CI0KHOCTDHIO, UTO 3aTPYAHIET MpUuMeHe-
HUe ero Ha npaktuke. Heo6xoauM IIOMCK HOBBIX pe-
IIeHUH, TMO3BOJAIOIINX CHUSUTH BHIUUCIUTEIbHYIO
CJIOKHOCTD aHaJIU3a YCTONYNBOCTY ITOTOKOBEIX PHC
W ONpPEeAeNUThCA C IIeJIecOO0PasHBLIMU MHOAXOAAMU
K KOIUPOBaHUIO 00pabaThIBa€MbIX B HUX CUTHAJIOB.

Oco06ennoctu moToKoBsIX PHC 1 mocranoBKa
3agaun

OcHoBy uccaenyembix motokoBbix PHC cocras-
JISIeT IBYXCJIOMHAS HeHPOHHAA CeTh ¢ 0JIOKOM yIpaB-
aenud [1]. [lpuHIUOINATILHBIE OTIUYUSI ITOTOKOBBIX
PHC ot TpaguninoHHBIX HEMPOCETEBBIX PEIIIEHUH CO-
CTOSIT B TOM, UTO TIEPBbIE HANENAIOTCS MPO3PAUHBI-
MU JIOTUYECKUMU CTPYKTYPaMHU 34 CUET peaJus3alium
TIIPOCTPAHCTBEHHBIX CABUTOB CUTHAJIOB (B BHUJIE IIO-
CJIeOBATEJLHBIX COBOKYITHOCTE!N eIUHUUYHBIX 00pa-
30B (CEQ)) npu nepenaue ot cjod K cjoio [1]. 3a cuer

atux casuros PHC MoryT ObITEH Ha e IeHbl JIMHEHbI-
MU, CIUPAJLHBIMU, MIETJIEBBIMUA U IPYTUMHU JIOTHUYE-
ckuMu ctpykrypamu [1-4]. B atux PHC ucnosnnsy-
IOTCS UMITYJILCHBIE HEHPOHBI C TPEMSA COCTOSTHUAMMU:
o)KuaaHme, BO30Yy:KIeHNEe W HEeBOCHPUHMUYUBOCTD.
Bpemsa HEeBOCHPHUMUYUBOCTH KaKIOT0 HelipoHa Io-
cjae BO30y:KIAeHUuA O00Jbllle, UeM BpeMs 3aJepPKKU
MMITYJIbCOB B IBYXCJIOMHBIX KOHTypax cetu [5]. [lasa
KaKJI0ro i-To HelipoHa Ha BeIxofe y,(t + 1) hopmupy-
eTcsA eqUHUYHBIN 00pas o IPaBUIy

J
1, ecoin w;i(t)-x;(t)>Thr u At; >AT;
yi(t+1)= ]Zl S ’

0 B gpyrux cirydasx, )

rme J — 4YmcJa0 HEMPOHOB, CBABAHHBIX C i-M HEHUPO-
HOM; wij(t) — Bec ij-T0 cuHAaIca, CBA3BIBAIOIIETO i-i
HEWPOH C j-M HEMPOHOM; x]-(t) — 3HaAYEHUeE IOTEeHI[U-
aJia Ha BBIXOJie j-TO HelipoHA Ha MOMEHT BpPeMeHU t;
Thr — mopor Bo30y:KIeH!s HeliPOHOB, HAXOAAIIIX-
cA B PesKMMe 0KMJaHUA; Af, — BpeMs, IpoIIeslIee
mocJjie IPembIAYIEero BO30YKIeHHUsA i-TO HeHpoHa;
AT — BpeMsa HeBOCIPUNMUUBOCTU HeUPOHa IIOCJIe
BO30Y K IEHUA.

Beca wij(t) cuHatncoB B Takoit PHC ompenensioT-
CcA 4epes3 IIPOU3BENEHUA BECOBBIX KO3((PUIIEeHTOB
kl.j(t), GyHKIUHA ocaabiaeHUs Bij(t), nij(t) pacxops-
ITUXCSA U CXOAAINXCA eAUHUYHBIX 00pasos [4, 5]:

wyt) = (1) - Byi0) - 0. )

BecoBrie kKoOaPuIIMEHTHI ABIAAOTCA (PYHKI[U-
SAMHU TPOILIEAIINX Yepe3 CUHAICHI eAUHUYHBIX WM-
nyabcoB [1, 18]. @yHKNIUM ocaabaeHUsS 3aBUCAT
OT TIapaMeTpPOB PACXOAUMOCTH U CXOAWUMOCTHU STUX
UMITYJIBCOB, & TaKKe yAAaJeHHOCTU B3aUMOJEHCTBY-
IOIITUX HeHPOHOB C yUYeTOM IIPUHSATOTO MacIiiTada o.
Wsmenssa Bij(t) U nij(t) B 3aBUCHUMOCTH OT TeKYIIIUX
COCTOSTHUH CJI0OEB, MOYKHO YIPABJATH aCCOIIUATUB-
HBEIM B3aummojeiicTBueM obpabarbiBaeMbix B PHC
CUTHAJIOB. YIIPABJIATDH TaKsKe MOKHO IIOPOTaMU BO3-
Oy KIeHUsA HelPOHOB.

3aMeTuM, UTO 3a CUET IPUOPUTETHOCTU KOPOT-
KUX CBs3ell MeXIy HelipoHaMu B MOTOKOBBIX PHC
MOJKeT 00ecIreunBaThCs OAHO3HAYHOE COOTBETCTBUE
MEXKIY BXOOHBIM U BBIXOJHBIM IPOCTPAHCTBOM CETH
[1].

Ilpumep cHnupaJbHOI CTPYKTYPBHI IIOTOKOBOIL
PHC, opueHTUPOBaHHOI Ha YCTPAaHEHNE UCKAYKEHUH
B mocJaenoBaTreabHocTi BxogubIXx CEO, moxasan Ha
puc. 1.

BuyTpeHHAS opraHu3anusa KaKIoTo U3 CeTMeH-
TOB COOTBETCTBYET CXeMe B IpaBoil uacTu puc. 1.
CermMeHT COIepPIKUT ABAa CJIOS HEMPOHOB — BepXHUN
U IPUMBIKAIOINYN K HeMYy HU:KHUI caoi. Kaskabrit
CJIOI CTPOUTCA B BU/JIE IIOCJIEI0OBATEIbHOCTHU IIPIMO-
YTOJBHBIX 0JIeH HelipoHOB. OTaeIbHOE [I0JIe MMEeeT
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S oee
- O
- oo

Bxopusie CEO

Jlornyeckue 1moJisg BEPXHETO
ciaosa PHC

A

)

A

JlornuecKue IoJid HUKHEro
csaos PHC

/\
A | (B | (BR) | B

v

[ Jox J=
=% Y=vy/
/
cS==2
Sooo

Brixogusre CEO

MeXCEerMeHTHEIEe
CHHAIITU4YEeCKHUe CBA3U

B Puc. 1. IIpumep cTpyKTypsI cuupaasHoit PHC
B Fig. 1. An example of the structure of a spiral RNN

BHYTPUCETMEHTHBIE
CHUHAINITUYeCKUe CBA3ZHU

HaIpaBJeHUE
— »  npogBuwkenus CEO
BHoJs ciaoeB PHC

¢dopmaT, HAeHTUUYHBIN (opMaTy KOLOB BXOLHOTO
noToka. B mpumepe puc. 1 Kamgoe moJie COREPIKUT
12 HelipoHOB, H300paKeHHBIX KpYy:KKamMu (uep-
HBII — HeHPOH BO30OYKIEH, CBETJIBIN — HEeHPOH
B COCTOSHUU OKUIAHUSA, CEPLIA — HEHUPOH B CO-
CTOAHUY HEeBOCIPUUMUUBOCTHU). KOHKpeTHOe moJjie
BEPXHET0 CJIOA C HEIOCPEACTBEHHO IIPUMBIKAOIIIIM
K HeMy IIOJIEM HUKHETO CJIOS COCTaBJIAET Hapy
IPOTUBOJIEKAIINNX TOJIEN; KAKIbIA CETMEHT IIpen-
cTaBJsieT cobo¥ IOCJIefOBaTEeIbHOCTh TAKUX IIap.
HeiipoHbI BepxHero u HUYKHETO CJIOSA CBA3BIBAIOTCSA
BHYTPUCETMEHTHBIMHU CHHAIICAMM, obecleunBalo-
MMM MOTAaKTOBOe ABuKeHue BBeleHHBIX CEO or
BXOIHOTO TOJII K BBIXOAY ceTu. TaKoe ABUKeHUE
JOCTUTaeTCsA MOOJIXKHOW HACTPOWKOI IIapaMeTpPOB
BHYTPUCETMEHTHBIX CHHATIICOB.

IIpu @pynrmumonupoBanmu PHC wmoryr mabJio-
marsesa gedekTsl Tuna 0 (mpomyck equHUIBD) U THIA 1
(1o:KHASA eTUHUIIA).

151 KOHKPETHBIX YCJIOBUU HPUMEHEHUSA II0TO-
koBbix PHC HeoOxogumMo ompeaesnTh HaboOp Iapa-
METPOB CeTH, KOTOPHIH o0eciieunBaj ObI TPeOyeMyio
6e30MIN00YHOCTh PYHKITMOHNPOBAHUS CETH.

B paGore [4] npenio:KeH MEeTOM, «I03BOJIAIOIIAH
onpenesaTs 4ucyo @(l) yCIemrHbIX BapUaHTOB BOC-
CTAHOBJIEHUS WCKAa’KeHHOHM II0CJIeJ0BaTeIbHOCTHI
CEO mpu [ mukaax o0yueHns:

Z K
Q(l) = z 2 Szk(Thrz, g, l),
z=1k=1

rae d,,(Thr,, o, ) — OyneBa (PyHKIUA yCIEIIHO-
0 BOCCTAHOBJIEHUS ITOCJIENOBATEIbHOCTY UCKAMKEH-

HEIX CEO, cBOEoOpasHBIX KaJpoB; O, — BeJIUUH-
Ha MacIiITaba pacCTOAHUNA MeKIy HelipoHamMu; Z —
YKCJIO Tpajaluii mopora BO30Y:KIeHUS HENPOHOB;
K — uucjo rpaganuii MmacmitTaba pacCTOAHUN MerK-
Iy HelipoHamu. 3ameTum, 4to d,,(Thr,, ay, ) omnpe-
IeJifgeTcs 1Mo pe3yabTaTaM UCIBITAHUM Ha KOHKPET-
Hoit mogenu PHC. B pesyibraTe TaKNUX HUCIIBITAHUI
IS KasKJOoro 3HaueHUs [ popMupyercs cBOs aua-
rpamma d,,(Thr,, o, I)» [4]. Ty guarpaMmMy MOK-
HO Ha3bIBATh AHArpaMMOil OTHOCHUTEJIBHOI YCTOIi-
yuBoctu PHC. BapuauT Takoii gumarpaMMbI ¢ Ha-
6opom CEO mys cocraBiieHUs BXOAHOM IIOCJIEIOBA-
TeJILHOCTY MOKAa3aH Ha puc. 2, @ u 0. YCIIeITHbIe BOC-
cTaHOBJeHUA mocjaenosareabHocTei CEO obo3Haue-
HBI Ha AUarpaMMe B BuJe CUMBOJOB ¥, Hu1cao Takux
BOCCTAHOBJICHUU 3aBUCUT OT MAcIITaba JuarpaMMbl
¥ 3aJaHHBIX THUCKpeTHocTeil Ao, AThr mapaMeTpoB
o, Thr.

B pab6ore [4] nna ouerku BeamuuHbl Q(l) pea-
JUBYIOTCSI CEaHChl MOAEJIUPOBAHUA AJA KaKIOTO
U3 y3JIOB AuarpaMmsbl. [[Jig MOCTpOeHusA 9TOH Aua-
rpaMMbl YHCJIO CEAaHCOB MOJEJUPOBAHUSA HCUUC-
JsieTcA B COTHAX eNWHUIl. Ecau ydecTb, UTO IIPO-
CTPAHCTBO KOMOMHAIIMYM B3HAUEHUH IIapaMeTpPOB
HACTPOMKM CETU CYIIeCTBEHHO MHOTOMEPHO, TO IJIs
TOoMCKa KOMOMHAIIMY, MOAXOIAIINEN N KOHKPEeT-
Horo Habopa BxogHbIX CEO, Mo:xeT moTpeboBaTheCs
TIOCTPOEHIE TeCATKOB 1 COTEH THICAY PaccMaTpUBa-
eMBIX AuarpaMM. 3TO MUJJINOH CEAHCOB MOAEJIUPO-
BaHUA.

TpebyeTcsa paszpaboTaTh METOJI YCKOPEHHOTO II0-
CTPOEHUA TAKMX AUMATrpaMM M aHaJu3a YCTONUYUBO-
ctu nmorokosbix PHC.
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a) 0)
00000 00@0@00 100 —
00@000 0@0000 .
000000 000000 90 —
@00000 0@0000 —
@@0000 00@@00 80 —|

70 -
00@@00 00000 -
Q00000 Q00000 60 —
00@®00 000000 _
00@0@0 000@0® 50 -
00@0@0 000000 n

40

Thr

»
L

800 900 1000 1200

B Puc. 2. IIpumep nocrpoerus guarpammel 6,,(Thr,, o, 1): a — sabop CEO gma cocTaBieHNsa BXOAHOH IOCTIe[0BATEb-

HOCTH; 06 — AuarpamMma

B Fig. 2. An example of constructing a diagram &,,(Thr,, a;, 1): @ — the collection of SSP for compiling an input se-

quence; 6 — the diagram

MeToa IOCTPOEHUS AMATPAMM YCTOHYHBOCTHU
noroxkoBeIx PHC

51 mosicHEeHUS IIpeiJiaraeMoro MeToHa yTOdu-
HHMM 0COOeHHOCTH AuarpamMmsl d,,(Thr,, o, [), Ko-
TOpas IPU IUCKPETHBIX 3HAUEHUAX o, Thr Moxer
paccMaTpuBaThCA KaK pelreTka ¢ KOHKPETHBIMU
ysnamu. Ilpu o6paboTKe 3aJaHHON BXOJHOM IIO0-
caenoBareabHOoCcTH CEO peKyppeHTHOIT HeHPOHHOM
CeThIO C OIpPeAeJIeHHON CTPYKTYPOH ¢ PasIUYHbLI-
MHI BapHaHTAMU 3HaUeHUU o, Thr MHOKECTBO y3-
JIOB, TIOJIyYaeMbIX HA AUarpaMMe, MOKHO pasbuTh
Ha Tpu 30HBI. K HUM oTHOCATCA: S-30HA, OTpas)Ka-
IoIasa OTCYTCTBHE BO3MOXKHBIX Ae(eKToB; L-30Ha,
B KOTOpPOI umco gederToB Tumna «0» 60sbliie uncaa
medexToB Tuna 1; U-3oHa ¢ umcjaoMm gedeKToB THU-
na 1, paBHBIM uncay aedexTos Tuna 0 1u60 IpeBbI-
mIaoimuM ero. Ilpumep Takoi fumarpaMMbl IpHUBe-
IleH Ha puc. 3.

IIpu momenupoBanumu moTokoBeiXx PHC ycTaHOB-
JIeHo, uTo ecyau y3ea (o, Thr) mpunaamexxut U-30He,
TO pu o’ > o y3eJ (o, Thr) TakiKe BXOIUT B 3Ty 30-
Hy. Ecaiu y3en (o, Thr) npunaniae:xut L-30He, TO IPU
o' < o ysexa (o, Thr) otHOCUTCA K L-30mHe. C yueToMm
ATOr0 OOCTOATENBCTBA IPEHJiaraeTcsi MeTOJ YCKO-
PEHHOTO OIeHWBAHUA 3HAUCHUS OTHOCUTEILHOM
ycrotiunBoctu PHC. Meron ocHOBaH Ha IIOCTpoOe-
HUU HUKHeH rpaHullbl U-30HBI 1 BepXHEH IPaHUIIbI
L-30HBEI.

ITocTpoenue HMKHell rpaHuilbl U-30HBI IIpeJia-
raeTcs BBITIOJIHATH B Ba TATIa.

Idran 1. ITouck xpalimeil mpaBoil BepxXHeil TOU-
ku (o, Thr¥), TpuHaAIe)KaIell HUKHEH TpaHUILe
U-30HBI.

Ecau U-zoma He mycrTas, TO B CHUJY IPUHATHIX
IIPaBUJI IPABBLIA BEePXHUU y3eJ HAaXOAUTCA Jubo Ha
TOPU30HTAJU OT (ochigh, Thry,z) 1o (Opigns ThYigp),
au60 Ha BepTHKANH OT (04, TAI ) B0 (O;gn
Thr,;g;,). 10T 9Ta TPEOYET He GOJIee 1eM max {0y,
Thr'n.ght} mIaroB MojeaupoBanusd. Ha Kaskaom miare
srama 1 MomeIwpoBaHVeE BBINOJIHSAETCA AJI HOBO-
ro yana (o, Thr,,). YcTaHaBIMBAIOTCA 3HAYEHU
Opyyp = Opigps Thry,,=Thr,,,,. BelnonHsAeTcsa ceaHc
MOIEeJUPOBAHUS IJA y3Ja (ahigh7 Thrn-ght). Ecan
ATOT y3eJ IPUHAIJIEeKUT U-30He, TO UCKOMBIH y3e

* %
(o”, Thr’) HaxoAUTCS HA BEPTUKAIY OT (O TAT g1,
* o
o (ochigh, Thrn.ght). Wnaue (o, Thr') maxogurca HaA
FOPUBOHTAIH OT (Cp; s THIyr,) BO (0005 THY i 1)-

100 —

80 —

50 —

40 —

B Puc. 3. 3oubl U, S u L tmarpaMMbl
B Fig.3.Zones U, S and L of the diagram
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IIpu moucke mo ropu30HTANIM B HavaJe KasKJoTo
ouepemHOro Imara 3HadeHme Thr,, yMeHbIIaeTCA
Ha Beauuuny AThr miara penieTKu 10 KOOpAMHATe
Thr, Thr,,,= Thr,,. — AThr. Eciu HOBOe 3HaueHUe
Thr,,, MeHbIIIe, YeM Thrleft, TO JIeJIAeTCS BEIBOJ, UTO
B guarpamme U-3oHa otcyTcTByeT. OTCYTCTByeT U
ee HIDKHAA I'PDAHMIA, a TaKsKe MCKOMBIR yszera (o,
Thr"). B aTom cayuae sram 1 3aBeplleH, Iepexof
K oTamy 2 He TpedyeTcs.

Ilpu Thr,,, > Thr;,;, BEIIOJIHAETCA CEAHC MOJE-
JMPOBAHNA C HOBBIM 3HaueHueM Thr,,.. Ecan (ay,; 4,
Thr,,,) npumapzexur U-3ome, TO Thr*=Thr,,,
O = Ol oy, ¥ TIOJIATAETCS, UTO IPABBIN BEPXHUN y3eJl
ee TrpaHUIBI HaWeH. JTO O3HAYAET, UTO ITam 1 3a-
BEpIIIeH, BHINOJHAETCA Iepexof K aramy 2. B mpo-
TUBHOM CJIyYae, eCJIu y3eJl (ochl.gh, Thr,,,) HEe IpUHAJ-
Jaexxut U-30He, BEITOJIHAETCS IEPEXOJ K CIIeAYIOIIe-
My miary stama 1.

ITownck o BepTUKAJIM BEIIOJTHAETCS aHAJIOTUYHO.
Ha raxxnom mare Thr,,, ocraerca paBHbIM Thr,; .,
3HaUeHWUe o, yMeHbInaerca Ha Aa. Ilpu o, < a;,,
JeJaeTcsA BBIBOZ, UTO U-30HAa 3aHUMAaET BCIO JUa-
rpammy. Ilepexonm K stamy 2 me Tpebyercs. Eciu
(%typ Thr,g,,) npuHagmexur U-soHe, TO IpaBbli
BEPXHUiA y3es ee rpaHunbl HaineH, Thr™ = Thr .,
o’ = a,,, — Ac, BEIIOTHAETCA Iepexof K ramy 2.

Idran 2. ITorcK ocTalbHBIX Y3JIOB HUXKHEI rpa-
HuI1sl U-30HBI.

K nmepsomy mary srama 2 sHaueHHd O, Thr,,,
NIPeICTABJAIOT WM3BECTHBIE KOOpPAWHATHI o, Thr'
KpaitHero mpaBoro BepxHero yaiaa (o, Thr*) aumxneit
rpauuist U-30H5, o, = o, Thr,,,. = Thr'. K kaxmo-
My OuepeJHOMY IIary 3HaueHus O, 1hr,, — 3TO
HalileHHbIe KOOPAWHATHI CJEAVIOIIEero ys3Jja 3Tou
rpaaunsl. Kam bl ouepeqHOI m1ar sTama 2 odecie-
YUBaET OIpeJiesieHre KOOPAWHAT CJIEAYIOIIETo y3Jia
HU:KHeln rpanuiibl U-soubsl. K Hauany ouepemHOro
mara y»e H3BecTHO, 4To ysen (a,,,. Thr,,,) aBis-

erca ysjom rpaHunsl U-zonsl. Ecin a,,,.< oy, 111

Thr,,,.<Thr, oft> TO TIOCTPOEHNE rPAaHUIBI U-80HEI 3a-
BEPIIIEHO.

st ompemeseHus KOOPOUHAT CJIEAYIOIIEro ya3-
Jla TpaHUIILI U-30HBI B OOIIEM cJydae BO3MOKEH
OIWH M3 TpexX BapwaHTOB: (A Thr, .— AThr),

cur’ cur
(o, — Aa, Thr,,,. — AThr), (o, — Ao, Thr, Ecan

cur cur cur)'
IBa IPEebIAYINMUX y3Jia MCKOMOII T'PAHUIBI JeKaT
Ha ONHOH rOpM30HTAIH, TO y3end (o, — A, Thr,,)
He MOJKeT IpUHaAJIe:KaThb rpaHure U-30HbI. B aToMm
cJyuae BBITIOJHAETCS CeaHC MO POBAHNS IJI V3-
na (o, — Aa, Thr,,,. — AThr). Ecau sToT y3ea npu-
Haaaesxut U-30He, TO 9TO OUEPEeqHOI y3€eJl I'PaHUIIbI

sroit 3oHBL. Koopammaram o, Thr,,, OpucBamsa-
I0TCA 3HAYEHUA O, — Ao, Thr,,. — AThr, BeIIOIHA-
eTcd IIepexo]i K cieyoeMy mary sramna 2.

IIpu ycsoBuum, uTO ABa MPEABIAYINUX y3Ja KC-
KOMOM TpaHHUIIBI He JIeKaT Ha OJHON TOpPM30HTAa-
JIV, BBITIOJIHSIETCS CEaHC MOAEJIMPOBAHUA A y3JIa

(o, .— Ao, Thr Ecau stor y3esn nmpuHaIIEKUAT

cur cur)‘

U-3oHe, TO OH IpUHUMAaeTCA KaK OUYepPeNHOH y3eJl
rpaHMIEI dTOW 30HEL. Koopammare o, IpHUCBamW-
BaeTCA 3HAUEHNe O, — Ao, BEIIOJHAETCA Iepexos
K cJIeyIOIIeMy Inary sramna 2. B npoTuBHOM cJiydae
upu Thr,,, = Thr,; nocrpoerue rpaHunsl U-30HbI

cur
sasepiueno. IIpu Thr,,,> Thr,; BHIIOJIHSETCA MO-
— Ao, Thr, . — AThr).

cur
neTupoBaHMe A7 y3aa (o, cur

Ecau sroT y3en npuHaaige:xut U-30He, TO OH IIpHU-
HUMAaeTCsd OUePEeIHBLIM Y3JI0M I'DAHUIILI 9TOH 30HBI
¥ KOOPAMHATAM O, Thr,, IPHCBANBAIOTCH, COOT-
BEeTCTBEHHO, 3HaueHus (a,,,. — Aa, Thr,,,. — AThr).
B npoTtuBHOM ciayuae ouepegHBIM y3J0M U-30HBI
npuHuMaerca ysea (a,,, Thr,,. — AThr), Koopau-
HaTaMm o.,,, Thr,,, DIPHCBANBAIOTCS, COOTBETCTBEH-
HO, 3HAUYeHUd ., 1hr,,, — AThr. B oboux ciayua-
sIX BBIMOJIHSAETCS IIePexoj K CJIAeNYIOIeMy Inary
srama 2.

AHaAJIOTMYHBIM 00pPa30M CTPOUTCSA BEPXHSAS I'pa-
Huna L-3oubl. Ha srame 1 mouck KpaiHero JieBoro
HIkHero yaaa (of, Thr®) sroil 30HBI HauMHaeTCsS
¢ yana (oy,,, Thry,). Eciu L-30Ha He mycrasd, TO ee
KpaiHU JIeBBIH HUKHUM y3eJl HaXOqUTCA Jub0 Ha
FOPUBOHTAIH OT (0, Thr,p) no (0, Thr,q,), 1u-
00 Ha BEPTUKAIH OT (O, ThIyyp,) 1O (0005 ThIyp).
Ecnu (ay,4y,, Thr),,) npunanme:xur L-soHe, nenaer-
¢ BBIBOJI, UTO 9TA 30HA 3aHMMAET BCIO AUATPAMMY U
nepexon K atamny 2 He Tpebyerca. Ha sTame 2 mocJe-
IOBATEJIbHOCTh Y3JI0B, IIPUHAJIEKAIINX I'DAHUILE
L-30HBI, CTPOUTCS CHU3Y BBEPX (B HPOTHBOIOJIOMK-
HOocTb rpanuite U-30HBI, KOTOpas CTPOUTCS CBEPXY
BHU3).

Korga rpanuns U-30HBI 1 L-30HBI IIOCTPOEHBHI,
3HaUeHMe OTHOCUTeabHOM ycToitunBocTu PHC ompe-
IeseTcsa KaK YMCJIO y3JI0B JUArPaMMBI, JIEMKAIITUX
MeKIy STUMU IPAHUIIAMU.

IIpennoxennslit meToq BMecTo N, * Ny, TPeOy-
et He Oosnee yem 2(N, + Np,.) BBINOJHEHUN ceaHcCa
MoJenupoBanusd, rae N, u Ny, — COOTBETCTBEHHO
YHMCJIO CTPOK U CTOJIOIOB (DOPMUPYEMOIi JrUaTrPaMMBbI
oTHOCUTEJbHON yeToiiunBocTu PHC.

I/ICXOJIHLIe JaHHBIEC U Pe3yJabTaThbI
MOIJeJINPOBAHUA

C ucnoJsib30BaHUEM MIPEIJIOKEHHOr0 MeTOoa OCy-
MIeCTBJIAJOCH OIlEHMBAHUE OTHOCUTEJILHOU YCTOM-
YUBOCTHU I aByxcJoiiHoit PHC ¢ umciiom Heiipo-
HOB B KakgoMm cjioe 360 emmuwuii. Kasapiii ciioit
pasouBaJsica Ha 6 x 2 =12 jgoruueckux mojieii pas-
mepoMm 6 x 5 mHediponos. IlpoaBusxeHme o0pabaThI-
BaeMBbIX COBOKYITHOCTEHM eIMHUYHBLIX 00pa3oB BIOJIb
CJIOEB BBIMIOJNIHAJOCHL II0 CIHUpaJu. B oTinyme OT
puc. 1 8 PHC gpopmupoBasoch He OATH, a JBa Cer-
MmeHTa. IIpu ompeesieHUN BECOB CUHAICOB (2) Beco-
BbIe KO (PUITUEHTHI kij(t) OIIpeaeAINCh KaK

kij(t) =b- th(gij(t))7 gij(t) = gij(t -+ Agij(t -1,

Ne3,2021 N\
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rae th() — runepbosnyecKuii TaHTEHC; gij(t) — na-
pameTp, 3aBUCSIIHUIA OT 4YKCja IPOILIEAIINX uepes
ij-# cuHaIIC eIUHUYHBIX UMITYJIbCOB (00pPas3oB) HA MO-
MEHT BpeMeHH t; b — IOJIOKUTENbHBIN Koa(uIiru-
€HT.

DyHKIUA ociabIeHu T Bij(t) pacxomAIuXcsa eau-
HUYHBIX 00pasoB B (2) 3amaBajiacb B BHUJE Bij(t)=
=1- rij(t)/(a + rl.j(t)), rme rij(t) — PacCTOSIHUE MEK-
Iy i-M U j-M HeHUPOHOM; 0. — MAacIITad paccTOAHUNA
MeXAy HeWPOHAMW, SBJIAIONIMICA OMHON M3 KO-
OpAMHAT pacCMaTpPHUBaeMbIX AUarpaMMm. SHaueHue
GyHKIIUT nij(t) B (2) cunTasioch paBHBIM eIUHUIIE.

B PHC nogaBaJiiics Ha0OpPhI HeepeceKaroIuxcs
BXOIHBIX KOJOB, KOTOPBIE IPUBEAEHBI B TPEX CIIeAY-
IOIIMX BapruaHTaX:

Bapuaur (3) oTHOCUTCA K MJIOTHBIM Kogam, (4) —
K pasaABUHYTBIM KojaM, (D) — K IITUPOKUM KOJaM.
B (3)—(5) Hy/ COOTBETCTBYIOT OTCYTCTBUIO €TUHIY-
HBIX 00pa3oB. He:KMPHBIMU eqUHUIIAMU OTMEUYEHBI
eIUHUYHBIE 00pPa3bl, KOTOPHIEe IepPe] BBOAOM B CETh
HCKaKaloTcsa HA Hyau. JKUPHBIMU efuHUAIIAMU 060~
3HAUYEHBI AKTHUBHBIE eIUHUYHBIE 00PasHhl.

Cornacao (3)—(5) BBIOJMHAIOTCA  YCJIOBUA:
AiOAj:Z, BiOBj:Z, CiOCj:Z, roe °© — IIo3Jie-
MEHTHO€ YMHOKEeHNe MAaTpPull Ipu i, He PaBHOM J;
7Z — HyneBas MaTpuiia. 3aMeTHUM, YTO B IPUMe-
pax (3)—(5) B KayKIOM M3 BXOIHBIX KOIOB MMEETCS
13,3 % aKTUBHBIX 3JIEMEHTOB, 13 KOTOPBIX MCKaXKa-
eTCs MOJIOBUHA.

Pe3ynbraThl TOCTPOEHUWS WCKOMBIX AUarpaMM
s BApUAHTOB BXOMHBIX KomoB (3)—(5) mpuBemeHbBI

110000 000011 B Tab. 1, 13 KOTOPOIi CIAEMYET, UTO IJIA O0JIee IIOTHBIX
110000 000011 KOJOB 3HAYEHUS OTHOCUTEJIBHON YCTOMUYMBOCTU @
Ay =| 000000 |, A, =|000000 |, paborsl morokoBoii PHC mambosbIiime. Ita TeH/IeH:
1A MOKET O0BACHATHCA TE€M, UTO B PesKuMe o0yue
000000 000000 HUS TIpH 00paboTKe 0oJiee IJIOTHBIX KOLOB (DOPMU-
000000 000000 pyroTca 0oJiee HACHIIEHHBIE CUHAIITUYECKUE CBSA3U.
OrMmeTuM, uTO B fuarpammax (cm. ta6i. 1) met U-30H.
000000 000000 ITomo6HbBIE AUATPAMMBI MOTYT BO3HUKATH B CJIydae
000000 000000 OTCYTCTBUSA BXOAHBIX II€PECEUEHUI BXOJHBIX KO-
. IoB. st mocTpoeHMsA MOAOOHBIX AUATPAMM, B KO-
A3 =| 000000 |, A4=| 000000 3) TOPBIX 3aBEIOMO OTCYTCTBYIOT U-30HBI, JOIYCTHMO
110000 000011 HCIIOJIb30BATh YIIPOIIEHHEIH aJITOPUTM yCKOPEHHOI
110000 000011 OIleHKM 3HauUeHUIl OTHOCUTEJBbHON YCTONYMBOCTH.
JocTaTOYHO OrpaHUYUTHCS IOCTPOEHUEM BepxHel
101000 000000 rpaHUIlbI L-30HBI. B 00111eM ciryuae AJ1s1 BLITOJTHEeHU ST
000000 010100 YCKOPEHHOI'o aJiropuTMa IIOCTPOE€HUuA AIuarpamMMbl
TpedyeMoe YHCJIO CEeaHCOB MOIEJMPOBAHUSA PABHO
B, =| 101000 |, By =| 000000 |, YHCJIY Y3JI0B, JeKaIllX Ha ee nepumerpe. IIpu ypo-
000000 010100 IIIeHHOM BapHaHTe 9TOr0 aJTOPUTMA UHCJO CeaHCOB
000000 000000 MOZEeJINPOBAHUS YMEHBIIIAETCA BABOE.
Bripaskenus
000000 000000
001010 000000 110000 000000
By | 000000 |, B, =| 000101 ; @) _|110000) - 1011000
001010 000000 A; =/ 000000 |, Ay =|011000 |,
000000 000101 000000 000000
000000 000000
100100 000000 000000 000000
000000 010010 000000 000000
C1=| 0000007, €5 =) 000000, A} =/ 001100, A} =| 000000 6
100100 000000 8~ 001100 P T 000110 ’ ©)
000000 010010
000000 000110
000000 010010 001000 000000
001001 000000 100000 000010
C3 =| 000000 |, C4 =| 000000 |. 5) B;’: 001000 |, BZ: 001000 |,
000000 010010 100000 000010
001001 000000 000000 001000
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B Tabruya 1. fuarpammsl oTHOCUTENbHOU yeroitunBoctr PHC niia BapranToB (3)—(5) KOAMPOBaHMA BXOAHBIX CUTHAJIOB
B Table 1. Diagrams of the relative RNN stability for (3)—(5) coding variants of input signals

IL1oTHBIE KOABL

Q = 210

Fekkdh ke ke h ok ke ok kR kkok

s

Fhkkhkdh__

| | |
0200 0600 1000

PasaBuHyTHIE KOABI IIupoxue Kogbl

Q =191 Q0 = 161
- 1000 - 1000
- 840 ---- 840
———  B80 | ARk 680
Kekdkkkkkkhkhhhd ___ 520 Kekdekkdkkkokkkkh __ 520
Kkkkkkkkh __ 360 Fkkkkkk 360
KkrK 200 *K 200
S — Yo J [ — 40

| I | | | | [
0200 1000 0200 0600 1000

B Tab6ruya 2. [uarpaMMsel oOTHOCUTeNbHOI yeToitunBocTu PHC na BapuanToB (6)—(8)
B Table 2. Diagrams of the relative RNN stability for (6)—(8) coding variants

ITsoTHBIE KOABI PasnBuHYyTHIE KOIBI ITupoxue KoabL
Q = 252 Q = 249 Q = 239
I I I I I I I I I FkhAhhkhrhhhh Ak dhk _ 1000 I I I I I I I I I I I**************_ 1000 I I I I I I I I I I I**************_ 1000
I I I I I I I I I Kk hkkhdkhkhhk Ak dkhk _ 840 I I I I I I I I I****************_ 840 I I I I I I I I I****************_ 840
i - 680 LT - 680 L - 680
L - L - L -
I - 520 T - 520 LT - 520
i - T - I -
11 - 360 1 - 360 I - 360
1 - 1 - I -
" - 200 " - 200 " - 200
| - | - | -
- 40 - 40 - 40
| | | | | | | | | |
0200 0600 1000 0200 1000 0200 0600 1000
000000 000000 COOTBETCTBYIOT APYTUM TPeM BapUaHTaM KOJOB, HO
000000 000100 ViKe C IIepeCeKalIIMUCA eTNHNYHBIMN 06pa3aMH:
" " AjoAL#Z, AS0A =7, Aj0A;#Z, BjoBy#1Z,
B3 =/ 000101}, B, =) 000001 ; ™ BYoBL2Z, BLoBizZ, C'oCizZ, C50CizZ,
000000 000100 C’é o CZ #Z.
001010 000001 B mumarpammax Tabu. 2, B oTmume oT Tabu. 1,
mpucyTcTByoT U-30HBI. OpmHaxko L-3oHa IIpaxkTu-
000100 000000 YeCcKU OTCyTCTBYyeT. TaKoe 00CTOATENIHLCTBO MOYKET
100000 100100 O0BACHATLCSA TEM, UTO B PeKHMe 00yUeHUs B XOfe
% % 00paboTKM TmepeceKamInuxca KOAOB AJA He0O0Jb-
C; =| 000000 |, C3=|000000 |, MINX 3HaYeHU ol POPMUPYIOTCS CPABHUTEIBLHO 60-
000100 000000 Jlee HaCBINIeHHbIe CHHATITUYECKNEe CBA3U. B pe3ynb-
100000 010010 TaTe B JIEBOM BePXHEM yIJIy AUATPAMMBbI HOSBJISAETCS
U-3ona, a L-30Ha B IpaBOM HUKHEM YyIJIy MCUE3aeT.
010000 000000 IIpu sTom 3HaUEeHUA OTHOCUTEJIBHON YCTOHUYMBOCTHU
000010 010010 PHC gns (6)—(8) Brite, uem g (3)—(5).
% " Hna maHHBIX, IPUBENEHHBIX B Taba. 1 u 2,
C3 =| 000000 |, C4=| 000000 ® HEeT HeOOXOJMMOCTU BBIIOJHATL IIOJHBIN aJiro-
010000 000000 PUTM YCKOPEHHOTO IIOCTPOEHUSA AUATPAMM OTHOCH-
000010 001001 TeJIbHOI yCTOWYMBOCTH. locTaTouHO peanlms3oBaThb
Ne3,2021 N\ VNH®OPMALIMOHHO-YPABASIIOLLVE CUCTEMBI N\ 15
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VIOPOIIEeHHBIH aJropuTMm. B ciaydae Taba. 1 mocra-
TOUHO HaliTu rpaHuily U-30HbI, AJsg Taba. 2 — rpa-
Huny L-3oubl. [ cTosbmoB «IlgoTHBIE KOIBI»,
«PasgBunyTbie Koabl» u «Illupokue Kombl» Tadi. 1
ToTPe60BAJIOCH BHITIOJHUTE COOTBETCTBEHHO 34, 35
u 38 ceaHCOB MojeaupoBaHusA. [JId aHAJOTUYHBIX
cT0JI0110B Tab. 2 moTpedoBaocsk 23, 24 u 24 ceamca
mMozeaupoBaHus. IIoJHBIH aJTrOPUTM YCKOPEHHOTO
HOCTPOEHHUSA AUATPaAMM HA STHUX Ke MJaHHBIX IIpel-
ycMaTpUBAET BHIIOJIHEHME 76 ceaHCOB MOLEeINpPOBa-
HUA BMecTOo 325 ceaHCOB AJA U3BeCTHOr0o MeToza [4].

3aKJI0ueHne

ITonyuenHbIe HOBBIE Pe3yJbTAThHI IO CBOMCTBAM
moToKoBbEIX PHC cocTosAT B caegyromem.

Ilpenno:xkeH MeTOn YCKOPEHHOTO OIleHWBAaHUS
3HaUeHNsS OTHOCUTEJbHOU ycroiumoctu PHC, Ko-
TOpEIA mo3BoasAeT B N ' Ny, /2(N,+ Ny, ) pas
YMEHBIIUTD YKCJI0 Peajn3yeMbIX CeaHCOB MOMEJIU-

poBaHusa. MeTol OCHOBAaH Ha IOCTPOEHUU TPAHUIL
WHTepecyIlleil 30HBI, COAEep:KaIlleil BCe II0JOXKU-
TeJbHBIE perreHusa. IloayueHHBIE Pe3yJabTaThl MO-
JeJNPOBAHUS IMOATBEPIKAAIOT IPENMYIIECTBA IIPeI-
JIO’KeHHOTO MeTOJa MO CPaBHEHUIO C M3BECTHBIMU
pEeIlleHUAMUA.

ITokasamo, uTO Ha OTHOCUTEJIBHYIO YCTOHUM-
BocTs PHC cyIriecTBeHHOE BIUAHNE OKA3bIBAET IIPU-
HATHIA BapUaHT KOAMPOBAHUSA BXOMHBIX CUTHAJIOB.
YcraHOBIEHO, UTO 9Ta YCTOMUYMBOCTD IIOBHIIITAETCA,
ecJu BXOMHBIE ITOCJIeOBATEIbHBIE CUTHAJBI OYIyT
UMeTh YaCTUUYHBIEe mepeceueHus 3saemMeHToB. OHa
TaK:Ke PACTeT C IIOBBLIIIEHNEM IIJIOTHOCTH WCIIOJIb-
3yeMbIX KOJ10B. C y4eTOM ATOTO IPU HOUCKE I1eJIeCo-
o6pasubix apxutekTyp PHC Heob6xoqumo ux coria-
COBBIBAaTh C BO3MOYKHBIMHM BapuaHTaMHU KOJMPOBA-
HUS BXOTHBIX CUTHAJIOB.

IIpensoskeHHBIN MeTOA PEKOMEHJYeTCs IIpuMe-
HATHh IPU UCCJIENOBAHUU MEPCIEKTUBHBIX MOAeJel
PHC, xoTopble B maJbHEHINIEM MOT'YT PeaJi30BbI-
BaThCA allapaTHBIM ITyTEM.
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Coding and robustness of signal processing in streaming recurrent neural networks
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Introduction: When substantiating promising architectures of streaming recurrent neural networks, it becomes necessary to assess
their stability in processing various input signals. For this, stability diagrams are constructed containing the results of simulation
for each of the nodes of these diagrams. Such an estimation can be time-consuming and computationally intensive, especially when
analyzing large neural networks. Purpose: Search for methods of quick construction of such diagrams and assessing the stability of
streaming recurrent neural networks. Results: Analysis of the features of the stability diagrams under study showed that the nodes
of the diagrams are grouped into continuous zones with the same ratio characteristics of the input signal processing defects. With
this in mind, the article proposes a method for constructing these diagrams based on bypassing the boundaries of their zones. With
this approach, you do not have to perform simulation for the interior nodes of each zone. The simulation should be performed only for
the nodes adjacent to zone boundaries. Due to this, the number of nodes for which you need to perform simulation sessions is reduced
by an order of magnitude. The influence of the input signal coding types on the streaming recurrent neural network stability has been
investigated. It is shown that the representation of input signals in the form of sequences of single pulses with intersecting elements can
provide greater stability as compared to pulses without any intersection.

Keywords — recurrent neural network, stability, simulation, coding and signal processing.
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Introduction

Robotics and unmanned aircraft are current-
ly some of the most promising areas of research.
Unmanned aerial vehicles (UAVs) have become
widespread in both the civilian and military seg-
ments and perform an increasing range of tasks,
which include the following: monitoring the envi-
ronment and ground objects, extinguishing fires,
video filming, delivery of goods, organizing sports,
competitions, etc. [1, 2]. One of the determining
factors in the development of unmanned aviation
is the growing role of UAVs in organizing aerial
reconnaissance and striking targets in conditions
of local conflicts and potential conflicts of a global
scale in the future [3, 4].

Analysis of the experience of the combat use of
UAV groups in military conflicts of recent years, in
particular, in Syria, Libya and Nagorno-Karabakh
in the period 2018-2020 revealed some of the short-
comings of optoelectronic systems (OES). One of the
disadvantages of such systems, operating on the ba-
sis of inertial sensors, is a large error in determin-
ing the coordinates of the location of ground objects
for issuing target indications for their destruction,

due to the error in determining the angles of dec-
lination and azimuth. This disadvantage is asso-
ciated with the presence of instrumental errors of
inertial sensors, the accuracy of their installation
in the block of sensing elements and the quality of
setting the initial coordinates of the strapdown in-
ertial navigation system (SINS). The main types of
error manifestation, which are an additive compo-
nent of measurement errors: change in the position
of zero signals; emission of random components;
conversion errors of scale factors [5, 6]. The mul-
tiplicative component is the scale factor error and
manifests itself in the nonlinearity of the trans-
formation of physical measurements into output
parameters. In this case, the presence of random
noise is always observed in the output signals of the
sensors [5]. Thus, a constant increase in the total
error is achieved during a prolonged UAV flight,
which directly affects the calculation of the hori-
zontal distance to a ground object, especially at
large distances (over 5 km) and at large elevation
angles. Another drawback that affects the accuracy
of determining geographic coordinates is the error
in measuring the slant range to a ground object by
a laser rangefinder at large distances.
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There are a sufficient number of methods and
methods for determining the coordinates of ground
objects from UAVs, but not all of them meet the
safety requirements for their use in the conditions
of enemy air defense.

1. With the help of digital image processing and
a number of auxiliary systems, including satellite
radio navigation and inertial [7]. The disadvantage
of this method is the need for shooting in nadir and
the impossibility of using it at night.

2. Using an OES with a digital image process-
ing unit installed on board an unmanned aerial
vehicle [8, 9]. The author of these works uses ideal
azimuth and elevation angles as initial data with-
out taking into account the instrumental error in
their measurements, which leads to inaccuracies in
calculating the geographic coordinates of ground
objects, especially at large distances relative to the
UAV. Also, the disadvantage of this approach is the
impossibility of taking into account the errors in
determining the satellite coordinates of the UAV
associated with the shift in the coordinates of the
satellite or the clock of the receiver and the satellite
[10, 11].

3. With the use of active and passive radars, the
disadvantages of which are the cumbersomeness of
the equipment, high cost, limitation in terms of tar-
gets and visibility [12-15].

4. Based on the use of laser radiation energy in
conjunction with SINS and satellite radio naviga-
tion system. The disadvantage of this method is the
low degree of sampling in the construction of the
terrain and, accordingly, the drift of inertial sen-
sors.

Improving the accuracy of determining geo-
graphic coordinates can be achieved in the follow-
ing ways.

1. The use of expensive high-precision SINS, sat-
ellite navigation systems with differential modes,
entailing the development of new high-grade opto-
electronic systems. In turn, the development of new
systems intended for installation on UAVs involves
taking into account a number of restrictions on the
mass of the payload, dimensions, etc.

2. Using additional information about the ter-
rain (digital elevation model) to refine the coor-
dinates issued by the module for calculating geo-
graphic coordinates and motion parameters of the
captured object.

Formulation of the problem

It is required to determine the geographic co-
ordinates of a moving ground object using an OES
installed on a UAV (helicopter or aircraft type).
The UAV must be in the air at an altitude and dis-
tance from the object, which ensures the correct

operation of the OES measuring instruments in ac-
cordance with their technical characteristics. The
ground object should be located in the line of sight
of a day or night camera and not be overlapped by
other objects. Meteorological conditions in the OES
coverage area contribute to the maximum visibility
range of a ground object.

A UAV with an OES must include the following
necessary equipment: a gyro-stabilized platform;
day camera; infrared night camera (wavelength
from 7 to 14 um); laser rangefinder; GLONASS or
GPS receiver; onboard computer.

Requirements for OES: viewing angle: 360 de-
grees; the presence of digital image stabilization;
a gyro-stabilized system based on a gyroscope and
an accelerometer of medium accuracy based on mi-
croelectromechanical systems (MEMS) with active
stabilization to provide a clear image from cameras
in motion and during vibrations; the presence of a
three-axis magnetic declination sensor; laser ra-
diation wavelength: 0.9 um; the wavelength of the
received electromagnetic radiation by the infrared
camera: 7-14 pm; the wavelength of the received
electromagnetic radiation by the day camera: 0.5—
0.9 ym; an adjusted system of day and night camer-
as and a laser rangefinder.

Determining the coordinates of moving ground
objects from photographs obtained by a day or night
camera with a UAV involves the solution of three
particular problems:

1) tracking a ground object by video sequence to
determine its center of coordinates in the image co-
ordinate system;

2) development of an automatic tracking system
based on a gyro-stabilized platform;

3) development of a method for determining ge-
ographic coordinates based on a digital elevation
model (DEM).

Let’s consider options for solving these prob-
lems.

Algorithm for tracking video sequence

Before tracking an object, it must be detected.
Such localization of a ground object can be automat-
ic or manual. Machine learning algorithms based on
Convolutional Neural Networks (CNN) can be used
for automatic localization. The process of automat-
ic localization in this case can be conditionally di-
vided into several parts: selection of the most ef-
fective neural network model; creation of a special
data structure; preparation of a training sample;
training the model. To work with regional convolu-
tional neural networks, you can use the open source
TensorFlow machine learning computer library
from Google, where the OpenCYV library takes over
the main work of capturing images from a camera

20 7 VHOOPMAUVIOHHO-YMPABASIOLLVIE CUCTEMBI

/7 N°3,2021



\ OBPAEOTKA MH®OPMAUWN N YNIPABAEHVE  \

and digital processing. To solve the problem of lo-
calizing ground objects in the image with simulta-
neous classification, the following CNN topologies
can be used: R-CNN, Fast R-CNN, Faster R-CNN,
YOLO, SSD, FPN, and RetinaNet [16]. To increase
the number of classified objects, the neural network
is retrained on the basis of one of the above mod-
els. Variants of learning algorithms are described
in [17, 18]. The result of applying the Faster R-CNN
model after the training process on a series of aerial
photographs of aircraft and helicopters is shown in
Fig. 1.

The bottom line is pretty good. However, in ad-
dition to expensive and energy-consuming equip-
ment, neural network approaches have the follow-
ing serious disadvantages regarding the UAV pow-
er supply system.

1. Even on modern video cards it is difficult to
achieve high performance from networks. For com-
parison, the YoloV3 classifier network with a rela-
tively simple architecture can produce an image in
50 ms [19].

2. The object of interest may not be included in
the nomenclature of the neural network classifi-
er. It must be retrained on new datasets (dataset),
which leads to a decrease in efficiency in decision
making.

Due to the fact that the result of the operation of
the neural network is not always stable, the object
of interest, including when it has a complex shape,
may be missed in some frames at different shoot-
ing angles. This situation can lead to failures in the
system of automatic guidance of the optical axis of
the OES camera to a ground object to determine its
coordinates. For more stable tracking of a ground
object, it is necessary to use other algorithms called

optical trackers — ASEF (Average of Synthetic
Exact Filters) and MOSSE (Minimum Output Sum
of Squared Error), and to search and classify ob-
jects in the image, a neural network.

These two algorithms have a lot in common.
They differ only in the method of filter averaging
and in that MOSSE creates better filters than ASEF
[19].

The general view of the MOSSE filter is repre-
sented by the expression:

A%

A,
W, ==L, 1
i =g, @
where

P ",
A;=m) G,OF" +(1-1)A;_g;
p=1

P 0
B;=nY FPOFF +(1-1)B; ;.
p=1

Here A, and B, are filter components; F? OFP" —
the energy spectrum of the rectangle from the p-th
image; G, — frequency matrix of the desired ideal
response; N — learning rate during tracking; P —
number of transformations.

Filter (1) is elementwise multiplied by the fre-
quency matrix F, obtained from the next frame and
preprocessed. Preprocessing includes non-linear
transformation of image pixels (logarithm), which
will bring too light and too dark areas to the aver-
age. View normalization will work best here:

I =sign(I1-127)[I-127]. )

B Fig. 1. The result of the detection and classification of objects in the photograph
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Next, you need to apply the expression:

iR (g iV
(Ca) 2(.1/ " 3

()

A=exp

You can also use a 2D Henning window to
smoothly zero out the pixel values at the edges of
the image. After receiving Wiﬁ the response is cal-
culated in the frequency domain:

Geony =FOW". @)

Then the inverse Fourier transform is applied to
it to transform it into the spatial domain and the
coordinates of the maximum in the resulting G,
matrix are found. The coordinates found indicate
the new position of the object. The object being
tracked may disappear from the frame or be covered
by another object. To identify such situations, it is
necessary to analyze in more detail the response
received from the last frame. To do this, find the
maximum g, .. of the matrix G, then the 11 x 11
square is excluded from the center of this matrix,
and the mathematical expectation 1 and the stand-
ard deviation o are calculated from the remain-
ing elements. Calculate the Peak to Sidelobe Ratio
(PSR) using the formula

PSR — Smax “HG (5)
SG

and, if this value is above a certain threshold, then
the object is considered detected. The value of this
threshold for stable detection is 20 or more. In Fig. 2
shows the data on the frame refresh rate (frames per
second) for various filter sizes, due to the increase
in the computational load on the on-board computer
processor. The software implementation of the
presented optical tracker MOSSE is presented in
[20]. Application of this approach allows obtaining
initial data that can be interpreted into control
signals of an automatic control system (ACS) by a

1200

Frames per second
600 900

16x16  32x32 64x64 128x128 256%x256
Size filter, pix

B Fig. 2. Frame refresh rate (fps) for different filter
sizes

gyro-stabilized UAV platform for aligning the line
of sight of the optical system with the direction to
the tracked ground object.

Automatic tracking system based on a gyro-
stabilized platform

The alignment of the line of sight of the OES
camera is carried out by changing two angular co-
ordinates — pitch and yaw. On board the UAV, as
a rule, there is already a gyro-stabilized platform
with a controller. The controller is a computer with
many digital inputs and outputs for external con-
trol, reading signals from inertial sensors, issu-
ing control signals for brushless motors, current
state and operating mode. We will consider the im-
plementation of the control method using the ex-
ample of the BaseCam SimpleBGC 32-bit controller
with an open programming interface for building
external control modules. For data exchange, the
controller provides control and serial interfaces —
UART and I2C, as well as digital outputs, work-
ing on receiving a pulse-width modulation (PWM)
signal to control the angular coordinates of the
platform. To organize platform control in order
to align the line of sight with the direction to the
captured ground object, it is necessary to send a
PWM signal to the corresponding inputs of the
RC_PITCH and RC_YAW controller. To generate
control signals, a Raspberry Pi-based calculator
is required. The general diagram of an automatic
object tracking device, which includes a three-ax-
is gyro-stabilized platform with a control con-
troller, a video camera (thermal imager), a laser
rangefinder, and a Raspberry Pi platform for im-
age processing and generation of control signals,
is shown in Fig. 3.

The signals from the calculator are directly pro-
portional to the deviation of the center of the object
from the center of the frame and represent two sig-
nals of misalignment in the x and y coordinates.
The frame center coordinates are the reference sig-
nal. To compensate for mismatch signals, a device
and a tracking-type automatic control system have
been developed, the functional diagram of which is
shown in Fig. 4 and 5.

In Fig. 4 introduced the following designations:
x,(t), y,(t) — reference signal, respectively, in the
coordinates x and y; x,,(%), y,,(t) — the current sig-
nal, respectively, along the x and y coordinates;
CorDevl, CorDev2 — sequential correcting device,
respectively, along the coordinates x (diagram
Fig. 5, a)and y (diagram Fig. 5, b); CtrlDev — control
device for converting a PWM signal into voltage;
Amp — amplifying device; ExDevl, ExDev2 — ac-
tuators (platform motors); CtrlObj — control object
(platform with a video camera or thermal imager);
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B Fig. 3. Diagram of the automatic tracking system of
the object and the controller of the gyro-stabilized plat-
form

tion to the object. This is how the correct reading of
the initial data is achieved for the implementation
of the algorithm for determining the coordinates
of ground objects from the UAV using the video
stream.

Method for determining geographic
coordinates based on digital elevation model

The solution to the third particular problem is
based on the use of DEMs obtained using the meth-
ods of classical digital photogrammetry in conjunc-
tion with computer vision algorithms. For this, the
advanced Agisoft Metashape software was used.
Its advantage is that machine learning technolo-
gies are used in the analysis and post-processing,
which leads to an increase in the accuracy of the re-
sults obtained. With the help of Metashape, during
image processing, images are converted into dense
point clouds, and a digital elevation model is built
only from those points of a dense cloud that are
classified as points of the earth’s relief. A terrain

CompDev is a computing device that issues control
signals to the controller of the gyro platform [21].
The purpose of tracking is the most accurate and
fast alignment of the line of sight of the camera and
the beam of the laser rangefinder with the direc-

model can be created in the form of an triangular
irregular network, in the form of a digital eleva-
tion model (DEM), and also as a set of contour lines
(isohypsum) records with the required elevation of
the relief section. The terrain model in the form of
a triangular irregular network has higher resolu-
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B Fig. 4. Functional diagram of the developed tracking type ACS
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B Fig.5. Functional diagrams of correcting devices based on the PID controller: a — coordinate x; b — coordinate y
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tion in areas where the surface is extremely irreg-
ular, and lower resolution in areas with a uniform
surface. DEM accuracy can reach 16 cm at a scale
of 1:500. The DEM interval (grid step) can reach
0.003 arc seconds (0.1 m), depending on the techni-
cal characteristics of the camera, shooting altitude,
weather conditions, etc. A terrain model in the form
of a DEM is presented in the following formats:
GeoTIFF, Arc / Info ASCII Grid (ASC), Band inter-
lieved (BIL), XYZ or as tiles in the Sputnik KMZ
format. The DEM format is accepted by all modern
programming languages, including Python. On the
Internet, you can find services that allow you to get
DEM in one click (for example, Open Aerial Map.
https://map.openaerialmap.org/). Fig. 6 is an illus-
tration of this method.

Geographic coordinates are calculated by solv-
ing a multiparameter optimization problem based
on an optimization algorithm that minimizes the
functional of the residual, which is the square of
the difference between the height of the object, cal-
culated by the goniometric-rangefinder method £,
and the height of the object from the DEM A*:

he(a, d) =R (xg + Ly, Yo + Ly)

(o, B, d):min ) (6)
L, =d-sin(a)-sin(P);
L, = d-sin(a)-cos(B); ™

h. = hg —d-cos(a). (8)

In expression (6): o, f — current angles of sight and
azimuth to the ground object, obtained from the
controller of the UAV’s gyro-stabilized platform;
d — slant range to a ground object, measured by
a laser rangefinder; L is the horizontal range to a
ground object; x,, y,, b, — geographic coordinates
of the UAV location (latitude, longitude, altitude)
obtained using a GLONASS or GPS receiver.

The accuracy of calculating the coordinates of
the object is increased by minimizing the error in
measuring the angle o, azimuth to the ground ob-
ject B and slant range d. In accordance with ana-
lytical calculations, the error in determining the
coordinates of a ground object by the traditional
method is within the red zone. The error in deter-
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B Fig. 6. 1Illustration of a method for determining the coordinates of ground objects
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B Fig.9. General view of the ECO and its block diagram
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2.1. Transceiver

2.2. Ground control station

BTSN L

2.2

Y

mining the coordinates by the developed method
lies at the intersection of the red zone with the
horizontal surface. The dynamic values of the an-
alytically calculated error in measuring the hori-
zontal range, depending on the angle of sight of the
OES and the height of the UAV, are shown in Fig. 7.

To confirm the analytical calculations, an exper-
iment was carried out with a car on the ground. At a
considerable distance, at which the slant range was
900 m, several data freeze frames were taken. As a
result of calculations, the geographical coordinates
of the car were obtained in two ways (traditional —
red circles and developed — blue circles, Fig. 8).

Ultimately, the accuracy of calculating coor-
dinates by the developed method was increased by
4.8 times. A general view of the OES installed on a
drone-type UAV and its block diagram implement-
ing this method is shown in Fig. 9.

Conclusion

Thus, an algorithm and a method for determin-
ing the geographic coordinates of ground objects
based on the OES installed on board the UAV have
been developed. This makes it possible to more effi-
ciently and accurately calculate the coordinates of
any ground object visible in the visible and infra-
red ranges of the electromagnetic spectrum from
the UAV in a time mode close to real. The method is
based on an innovative approach to using the DEM
obtained using the methods of classical digital pho-
togrammetry in conjunction with modern comput-
er vision algorithms. The degree of discreteness of
the DEM, which is achieved by the quality of pho-
tographs, the resolution of the camera, the height
of the survey, and computational costs, will have a
direct impact on the estimation of the calculation

of the coordinates of a ground object. The results of
the experiment show that the accuracy of calculat-
ing the coordinates by the developed method can be
increased by 4.8 times in comparison with the tra-
ditional goniometric-rangefinder method.
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Cmoco6 u AJITOPUTM oIlpeaeIeHu A reorpa(buqecmlx KOOpAUHAT HA3€eMHBIX 00'bEKTOB C 0€CIIUTIOTHOIO JIETATEeJIHLHOTO
amnmnapara

A. B. Ilapdupses?, Kauz. TexH. HAYK, JOIeHT, orcid.org/0000-0003-4112-896X

O. B. [IapdupbeBa?, HaUaJILHUK OTAeIeHUA yueGHoi1 Ja6opaTopuu, orcid.org/0000-0001-7097-8897

A. B. [lymxun®%, ToKTOp TexH. HAyK, AomeHT, orcid.org/0000-0002-8078-8971, a_dushkin@mail.ru

2BoeHHBIN yueOHO-HAayUHEIH ITeHTP BoeHHO-BO3AYyIIHEIX cusl « BoeHHO-BO3AyIITHAA akajgeMusd UM. mpodeccopa

H. E. JKykoBckoro u IO. A. 'arapuna», Crapeix BosbilieBuKoB yi., 54a, Bopone:x, 394064, P®

SHammoHa bHBIH HCCIef0BATEILCKIH YHIBEPCUTET « MOCKOBCKUI HHCTUTYT 3JIeKTPOHHOM TeXHUKU» , [IlokuHa 1., 1,
MockBa, 3enenorpan, 124498, P

Beegenmue: Kax IIOKa3bIBaeT IPAKTUKA, HA TOUHOCTD ONIPeeIeHU KOOPAUHAT Ha3eMHBIX 00'beKTOB JIeTaTeIbHBIMY allllapaTaMu ¢ II0-
MOIIBIO ONTUYECKUX IPUOGOPOB BIUAET MHOKECTBO (DAKTOPOB, CBA3AHHBIX C IIOTPEITHOCTAMM B U3MEDPEHUU YIJIOBHIX KOOPAMHAT OITH-
YeCKOU CHCTEeMBI, JaJIbLHOCTU L0 00beKTa 1 HaJIN4YueM HeoJHOpoAHOro peiabeda mectHOCcTH. Ilensb: paspaboTka ajropurMa IOBBIIIEHN
9(pPpeKTUBHOCTH ¥ TOUHOCTU OIPELeJeHNUs reorpa)muecKux KOOPAMHAT HA3€MHBIX 00'BEKTOB ¢ OECIMIOTHOIO JIeTATeJILHOTO almapara.
PesyasraThi: pazpaboTaHbl CIIOCO0 M aJITOPUTM OIIPefieIeHNs reorpagruuecKux KOOPAMHAT, OCHOBAHHBIN Ha IPUMEHEHUU IU(POBOI MO-
nIesu pesnbeda MECTHOCTY I METOZOB oNTUMU3anuy. TOUHOCTH pacuera KOOPAUHAT 00BEKTa IIOBHIIIIAETCS 38 CUeT MUHUMUSAIUY OIITNOKY
U3MepeHUs yIJyia CKJIOHEHW, a3UMyTa Ha Ha3eMHBIM 00beKT U HAKJIOHHOM HaJbHOCTU. [[JIsT IOATBEPIKAeHUSA AaHAIUTUIECKUX PACUETOB
IPOBEZEH HATYPHBIIN 9KCIEPUMEHT C aBTOMOOUJIEM Ha MecTHOCTH. Ha 3HAUNTEJILHOM PACCTOSHUM, IPU KOTOPOM HaKJIOHHASA HAJIBHOCTH
cocraBuia 900 M, IpousBeIeHO HECKOIHKO CTOI-KaAPOB JaHHLIX. B pesysibTare pacueToB MOJIyUeHbI TeorpaduiecKue KOOPAUHATEL ABTO-
MOOUMJIA ABYMSA CIIocO0aMu — TPaJUIIMOHHBIM U pa3dpaboTaHHBIM. B KOHEYHOM HTOre TOUHOCTH pacyeTa KOOPAMHAT paspaboTaHHBIM CIIO-
coboM B 4,8 pasa Brire. [IpakTnyecKkas 3HaYUNMOCTb: IPEJIOKEHHBIN B paboTe CIIoco6 U aIropuTMBI 06pab0oTKY MH(POPMAIIUY ITO3BOIAIOT
CO3JATh PAJ anlapaTHHIX U IPOTPAMMHEBIX PeIlleHu s CUCTeM HaBeJeHU U [leJleyKasaHusd.

KaroueBsie cioBa — mudposas o6paboTka n3o0paskeHuil, KoppeadanuonHasa puabsrpanusd, IIAl-peryidarop, ONTHMU3AIMOHHBIN aJI-
TOPUTM, OIITUKO-3JIeKTPOHHAA CHCTEMA.

Ias uutuposanus: Parfiryev A. V., Parfiryeva O. V., Dushkin A. V. Method and algorithm for determining the geographic coordinates
of ground objects from an unmanned aerial vehicle. Hr@opmayuonno-ynpasasouue cucmemst, 2021, Ne 3, c. 19-28. doi:10.31799/1684-
8853-2021-3-19-28

For citation: Parfiryev A. V., Parfiryeva O. V., Dushkin A. V. Method and algorithm for determining the geographic coordinates of
ground objects from an unmanned aerial vehicle. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2021,
no. 3, pp. 19-28. doi:10.31799/1684-8853-2021-3-19-28

NAMATKA AN ABTOPOB

ITocmynawwue 8 pedakyuio cmamovu npPoxodam 0613amenvbHoe peyeH3uposarue.

IIpy HAIUUYKWU TOJIOKUTEIBHON PEleH3UU CTaThd PACCMATPUBAETCSA PENAKIIMOHHON KOJLIeru-
eit. IIpuHATasA B IIeUaTh CTAThA HAIPABJISIETCA aBTOPY AJISI COTJIACOBAHUA PESAKTOPCKUX MIPABOK.
ITocJie corsracoBaHus aBTOD IPEICTABJISET B PeIaKI[NI0 OKOHUATEJIbHBIM BAPDUAHT TEKCTA CTAThH.

IIpomenypbl COTJIACOBAHUA TEKCTA CTATBU MOI'YT OCYIIECTBIATHCA KAK HEIOCPEICTBEHHO
B peflaKIINH, Tak U o e-mail (ius.spb@gmail.com).

IIpu OTKJIOHEHWHU CTATBU PEeJAKIIUA IIPEACTABJSET aBTOPY MOTHBMPOBAHHOE 3aKJIOUEHNE
¥ PEIeH3UI0, IPU HeOOXOANMOCTH AOPaboTaTh CTAThI0 — PEIEH3UIO.

Pe@am;uﬂ HYpHAJLA HaAnomuHnaem, ¥no omeemcnmeeHHoCntb
3a 8ocm06epuocmb U MOYHOCNb PEKJAAMHBLX Manmepuajlos Hecym permamoaameﬂu.
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CerMeHTMpOBaHME MHOXXECTBA AaHHbIX
¢ yyeToM MHdopMaLun Bo3eUcTBYIOLLUX (haKTOpOB

W. C. JlebegeB?, fokTOp TeXH. HaykK, npocheccop, orcid.org/0000-0001-6753-2181, isl_box@mail.ru
aCaHKT-INeTepbyprckuit chefiepanbHbi uccnegoBatTenbckui yeHTp PAH, 14-a nanHns B. 0., 39,

CaHkT-lleTepbypr, 199178, P®

BBegeHue: npuMeHeHne METO[0B MalLUMHHOro obydyeHus npegnonaraet cb6op n 06paboTKy B aBTOHOMHOM peXuUMe 3Haue-
HWI, NOCTYNaroLMUX OT PErUCTPUPYIOLLMUX S/IEMEHTOB. BonblUMHCTBO Mogenel obyqaeTcs Ha UICTOPUYECKMX AaHHbIX, @ 3aTeM
MPUMeHSAETCA B 3afadyax NPOrHo3npoBaHus, Knaccuukaumm, moucka BanSIIOWLMX (hakTopoB U BO3AENCTBUI, aHa/In3a CoCTOS -
Hus. B Te4eHune BpeMeHU MOTyT MEHSITbCS Anana3oHbl PErUCTPUPYEMbIX 3HAYEHUH, YTO CKa3bIBAETCS Ha Ka4YeCTBe pe3ybTaToB
K/1accuhukaymMoHHbIX alropuTMOB U MPUBOAUT K TOMY, YTO MOAE/M AOMKHbI 06y4aTbCsl MOCTOSIHHO OO nepeHacTpanBaTbCs
C yyeToM rnocTynarLumux 3HadeHunii napameTpoB. Llenb: pazpaboTka MeToAMKM, NOBbILLIAOLLEN MOKa3aTen KavecTBa anropuT-
MOB MaLUMHHOIo 00yYeHns1 B yCIIOBUAX QUHAMUYECKN N3MEHSIOLMXCA U HECTAUMUOHaPHbIX CPeR, rae pacnpeneneHne faHHbIX
MOXET U3MEHATLCSA C TeyeHneM BpemMeHn. MeTtogbl: pa3bueHne (CerMeHTMPOBaHWE) MHOXECTBA faHHbIX Ha OCHOBE UHGOp-
Mauum o ¢pakTopax, BIMAIOWMX Ha [AUana3oHbl 3HAYEHWI LeNIeBbIX NMepeMeHHbIX. Pe3ynbTaTbl: npeasioxeHa MeToguKka cer-
MEHTUPOBaHUSI MHOXECTBA flJaHHbIX, OCHOBaHHas Ha yyeTe (hakTOPOB, KOTOPbIE BIUSIIOT Ha MU3MEHEHNE AnNana3oHOB 3Ha4YeHUI
LeneBbiX NepeMeHHbIX. BbisiBieHne Bo3[encTBUI faeT BO3MOXHOCTb C(hOPMUPOBAaTL BbIBOPKU UCXOAS1 U3 TEKYLUMX U Npes-
nonaraembix cutyauui. Ha npumepe gataceta PowerSupply peann3oBaHo pa3bneHne MHOXeCTBaA faHHbIX Ha MOAMHOXECTBa,
yunTbiBaroLlee B/IMSIHWE hakTOPOB Ha AMana3oHbl 3HavYeHun. [puBegeHa chopManusayms BHELLHUX BO3AENCTBUI HA OCHOBE
MpoAyKUMOHHbIX npaBui. lokazaHa 06paboTka ¢hakTOPOB C MOMOLLbIO hYHKLMM MPUHAANEXHOCTH (MHANKATOPHOMU chyHKLMM).
C ee ucnonb3oBaHneM npon3Be[eHo pa3dneHne BbIGOPKM [aHHbIX HA KOHEYHOE YUCIIO HerepeceKaroLmUxcsi U3BMepUMbIX Mo4-
MHoxecTB. [puBefeHbl aKcnepuMeHTabHble 3HadyeHns: pyHKumum notepb MSE HevipoceTu Ans npepnaraeMon MeToAuKU Ha
BbIOpaHHOM faTaceTe. [lokasaHbl pe3ysbTaTbl Ka4eCTBEHHbIX Noka3aTtesei knaccugpmkauymm (Accuracy, AUC, F-mepa) ans pas-
JMYHBIX KnaccugpmkaTopoB. MpakTHyeckasi 3HaYMMOCTb: pe3yibTaTbl MOryT ObITb UCMOIb30BaHbI Npu paspaboTke Knaccugu-
KayMOHHbIX Mogenen MeTO[0B MalUMHHOIO obyyqeHus. [peanoxeHHas MeToauKa MNO3BOJISIET MOBbICUTh MOKa3aTeNn KayecTBa
Knaccuchukaymm B U3MEHSIFOLLUXCS YCIIOBUSIX (DYHKLIMOHMPOBAHMUSI.

KnioyeBbie cnoBa — MalMHHOE 06yl-IEHl/1€, CerMeHTnpoBaHne MHoXxecTBa A4aHHbIX, BO3,qeﬁCTByI'OLLLMe d)aKTOpbl, N3MeHA-

woujnecs ycsioBus.

HOuas upurupoBanus: JleGemes M. C. CermMeHTHMpOBaHWE MHOKECTBA NAHHBIX C yUeTOM WHGOPMAIUM BO3AENCTBYIOIUAX (DAKTOPOB.
Hngpopmayuonno-ynpasasaoujue cucmemsvt, 2021, Ne 3, c¢. 29-38. doi:10.31799/1684-8853-2021-3-29-38

For citation: Lebedev I. S. Dataset segmentation considering the information about impact factors. Informatsionno-upravliaiushchie
sistemy [Information and Control Systems], 2021, no. 3, pp. 29-38 (In Russian). doi:10.31799/1684-8853-2021-3-29-38

Beemenmne

PasBuTne TexHOJOruii BLI3LIBAET JIaBMHOOOpAas-
HBIN pocT mHQopManuu. B cBA3U ¢ 9TUM HEOOXOIU-
MO paspabaThIiBaTh 3(p(PeKTUBHBIE METOALI aHaJIN3a
U 00pabOTKM TOCTOAHHO YBEJIUUYMBAIOIIUXCA 00D~
€MOB JIaHHBIX B Pa3JIUUYHBIX MH(MOPMAIIMOHHBIX CH-
cTeMax.

TpagunuonHoe IpUMeHEHNEe METOIOB MaIIIMHHO-
ro o0yueHHNA Ipeamoaraer c6op u ooOpaboTKy B aB-
TOHOMHOM DpeKUMe B3HaueHNil, NOCTYIaIoIUX OT
PETUCTPUPYIONIUX dJEMEHTOB. BOJILIITUHCTBO Moje-
Jieii o0yuaeTcd Ha MCTOPUYECKUX NAHHBIX, a 3aTE€M
OpuMeHseTCA B 3ajlavyaxX IIPOTHOSMPOBAHUSA, KJac-
cuuranuy, NoucKa BINAIINUX (aKTOPOB U BO3-
IEeMCTBUI, aHAJIN3a COCTOAHMIA.

Bo mHOrmx wHGOPMAIIMOHHBIX CHCTEMAX Ha-
OJIIOfleHUs TPOU3BOAATCA OJHOBPEMEHHO MHOMKeE-
CTBOM PETUCTPUPYIOIIUX BJIEMEHTOB, MH(MOPMAIUS
IpeACcTaBJIseTCA BpeMeHHBIMU DpAxaMu. B pasHbIx
CUTYaIIUsAX MOTYT MEHATHCA AUAIIa30HBI PETUCTPU-

PyeMBIX ITapaMeTpOB; STO BJIMUSIET Ha KauecTBO pe-
3yJIBTATOB KJACCU(PUKAIMOHHBIX aJITOPUTMOB U
MIPUBOAUT K TOMY, YTO MOIEJN AOJIMKHBI 00yUaThCSA
TIOCTOSHHO J100 TIepeHacTPauBaThCSA C YUETOM He-
MIPEPHIBHO MOCTYIAIONINX SHAYEHUH.

B numamMuuecKn MeHAIOIINXCA ¥ HeCcTal[uoHap-
HBIX CpefllaxX pacupejeseHue JaHHBIX MOMKET CTaHO-
BUTBHCS JPYTUM C Te€UeHNEM BPEMEHH, YTO IIPUBOLUT
K «apeiidy KoHmenmui» [1, 2], Korga BOZHUKAIOT
M3MEHEHHUS YCJOBHOTO paclpelesieHus BBIXOJHBIX
JaHHBIX OT 3HAUEHUHN BXOMHBIX IIPU3HAKOB, B TO
BpeMs KaK pacipefiesieHre BXOTAHBIX JaHHBIX MOKET
0CTaBaThCSA HEM3MEHHBIM.

PocT 00beMOB Pa3HOPOAHON MH(MOPMAIIUU O II0-
BeJleHNU MHQPOPMAITUOHHBIX, (PU3UUYECKUX MPOIlec-
COB, IPOTEKAIONINX B TEXHOJIOTMUECKUX CHUCTEeMaXx,
“ TpeOOBaHUSA MOBBLIIIEHUSA KadecTBa aHAJM3a CO-
CTOSTHUSA 3JIEMEHTOB M Y3J0B 00yCJIaBJIUBAIOT HE00-
XOAMMOCTH aJalTUPOBATh METOABI MAIIIMHHOTO 00y-
YeHUA K BOSHUKAIOIMM WM3MEHEHUAM IUAana30HOB
3HAUEHU 1IeJIeBhIX IIePEeMEeHHbIX.
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0030p CylIeCTBYIOIIUX METOAOB

Bosbiasa yacTh mcciaemoBaHUii, HalpaBJIeHHBIX
Ha TIOBBIIIIEHNE KAYeCTBEHHBIX IOKAas3aTeseil uIeH-
TUPUKATUN COCTOAHUA MH(MOPMAIIUOHHBIX CHCTEM
B YCJOBUAX NMHAMHUUYECKU IIPOTEKAIOIIUX IIPOIeC-
coB, (horkycupyeTcsa Ha mpodaeMax KaaccupuKamum
u aganTanuu apeiida Koumenmuii. OCHOBHBIE BUIBI
9TOTO SBJICHUS IIPEICTABJIEHBI U OMCAHBI B PAJe pa-
6ot [3—5].

MeTozab! 00HAPYKEHUA 1 00paboTKH Aperidha KOH-
eI JeJATCsa Ha KOHTPOJIUPYyeMble, TpedyoIue
3apaHee 3aJaHHON MOJEJU WJIV 3HAUEHUH mapame-
TPOB, U HEKOHTPOJIUPYEMbIE TTOAX0/bI.

TpaHchopmaIlisa CBONCTB aHAJIU3UPYEMOI'0 SB-
JIEHUSA, CBSABAHHOTO C W3MEHEHWEeM JHalal30oHOB
3HaUYeHUI IIepeMeHHBIX ero KOpTeiKel, IIPUBOLUT
K TOMY, UTO MOJeJb CTAHOBUTCA HEAKTyaJbHOMH.
B cBA3U ¢ 9TUM BO3HUKAET pAL QYHIAMEHTAJIbHBIX
acIIeKTOB MPUMEHEHUs MEeTOJ0B MAIIIMHHOI'0 00yue-
Hud. Tekyluii sTam uccieqoBaHUi C(POKyCHPOBAH
Ha 3aJadax OOHADPYKEHUS W PeaKIuu Ha Apeud,
UIeHTUDUKAIIUN JIOPKHBIX «BBIOPOCOB» [JaHHBIX,
YCTOMYMBOCTHU K OIITUOKAM IEePBOT'O U BTOPOT'O POAA,
OLICTPOTO OOHAPYIKEHUA aHOMAJBHBIX COOBITHUI Ha
HeOO0JIBIIIOM KOJIMYeCTBe HaOJII0IeHn .

Hcnonb3yeTcs HECKOJIBKO HAIIPABJIEHUN K pellle-
HUIO0 0003HAYEHHBIX ITPOOJIEMHBIX BOIIPOCOB.

ITepBoe cBABaHO ¢ aHCAMOIAMU KJacCUMUIINIDY-
IOIUX aJTOPUTMOB, OOYUEHHBIX HA IIOAMHOMKECTBaxX
maHHBIX [6—9]. CyTh MEeTOmOB COCTOMUT B OO0BHeIUHE-
HUU OPOTHO30B Mojeseii. Ilpeiid rkoHmenmuii ompe-
JTeJISIeTCSA aHAJIM30M CTATUCTUUYECKOTO PACXOMKICHUS
pesyabTaToB, BBIJABAEMbBIX KJAacCU(PUKATOPAMH.
Eciou yecranoBIeHHAA 101 OTBETOB HAXOJUTCS BIIIIE
opora, TO pacCMaTPUBAETCA TUIIOTE3a O CMEIeHNN
3HAUEHUH I1eJIeBbIX ITepeMeHHbIX. OMHAKO 9TH MeTO-
JIbI He SIBJISIOTCS YHUBEPCAJTBHBIMU, UMEIOT CJIOMKHO-
CTH, CBA3aHHBIE ¢ (POPMUPOBAHUIEM MO ITPON3BO-
IAIIX OIEHKY JOCTOBEPHOCTY KJIAaCCU(MUKATOPOB.

Bropoe HampaBisieHUe 06as3upyeTcs Ha KOHTPOJIE
pacupezesieHUA BepoATHOCTei. Takue MeTOABI Ha-
IpaBJieHbI Ha OOHApYsKeHVe BO3MOYKHBIX M3MeHe-
HUH auamnasoHOB 00pabaThIBaeMBIX MaHHBIX. OHU
TPeOyIOT GOJIBIIIOT0 KOJIMUYECTBA PECYPCOB U B OIIpe-
MeJeHHBIX CUTYAIIUSIX XapaKTepPUu3yIOTCA BBICOKOI
YacTOTOH JIOXKHBIX TpeBor [10-12].

Tperbe HampaBiieHHMe — pas3paboTKa MojeJsein
mposBJeHUs Apeiiha KoHmenTa. Takme Momenau He
ABJAIOTCA yHUBepcadbHbIME [10, 13-15], TpebyioT
GOJIBIIINX BBIUMCIUTENBHBIX 3aTpaT W aJalTalluu
KJIACCU(UIIMPYIONINX aJTropuTMoB. OHU OCHOBaHBI
Ha TpeIBapUTeJIbHBIX 3HAHUAX O CBOMCTBax KOH-
IeNTOB, IIPUCYTCTBYIOIIMX B MaHHBIX. B ciuyudae
OOJIBITIOTO KOJMYECTBA AHAJU3UPYEMBIX IIeJIEBBIX
mepeMeHHBIX (popMUPYyeTCA MHOMKECTBO KJaccubu-
MUPYIOHINX MOjeseli 1 pa3padbaTbIBAIOTCA CIAOMKHBIE
peraoIue mpaBuia.

B GoabInuHCTBE CIyUaeB IpUMeHaeMble Ha CeTo/I-
HA METOJBI ABJAIOTCSA Y3KOCIEeINAaJIN3NPOBAHHBIMU
¥ TPeOYIOT CYIIeCTBEHHBIX 3aTpaT Ha pean3allhio
[14, 16-18].

B peasbHOIi cpene maHHBIE Bcerga MMeEOT He-
COBEPIIIEHHYI0 (DOPMY, ABJIAIOTCA IPUMEpAMU He-
cbaslaHCPOBAHHBIX BHIOOPOK. B TO :Ke BpeMs cy-
miecTByeT psn (PaKTOPOB, BIAUSIOIINX Ha 3HAUCHUS
nokasareseii. OH1 MOT'yT OBITh M3BECTHHI 3apaHee,
IeCTBOBATh C OINpPEJeeHHON IIepUOSUUYHOCTBHIO U
UB3MEHSATH PETUCTPUPYEMBIE PE3YIBTATHI B IIPeAeiax
HEKOTOPOTI'0 3apaHee OIleHNBAeMOT0 JUAIa30Ha.

WcmonbzoBanue wWHAOPMAIIMKU O BIUSIONINX Ha
IUaTa30Hbl 3HAUEHUH (haKToOpax JaeT BO3ZMOYKHOCTH
chopMHUpPOBATEH BHIOOPKU, I03BOJIAIOIIE ITIOBLICUTE Ka-
YeCTBO aJITOPUTMOB KJaccuhUKaIuy, BCIEICTBUE Ue-
r'o IpeAJiaraeTcs MeToauKa pasoueHns (CerMeHTaInm)
MHO’KECTBA JaHHBIX HAa OCHOBE BEIOPAHHBIX (haKTOPOB.
B pesynbTaTe ee MpuMeHEHUA TOJIYYAETCA HECKOIBLKO
IIOAMHOYKECTB, KaKI0e M3 KOTOPHIX OIPENeseHO HC-
XO[Is1 U3 BIAUAHUA BLIOpaHHOTO (hakTopa. B mambHeii-
11IeM [IJIs TIOBBIIIIEH NS KaueCTBeHHBIX ITOKasaTesell Ha
KasKIYI0 BEIOOPKY MOYKET Ha3HAUYaTbCA CBOM KJACCHU-
buUIUPYIOITHii aITOPUTM JINOO ero mapaMeTphl, BINUA-
IOITTHEe HA Pe3yJIbTaT KJIacCuPUKaIinm, KOTOPbIE MOT'Y T
MEHATHCA C YUeTOM BIUAHUA (haKTOpa.

Onucanue npeagaraeMo METOIUKH

OmHUM 13 OCHOBOITOJIATAIONINX (haKTOPOB, OIpee-
JIAIONINX Pe3yabTaT aJrOPUTMOB MAIIMHHOIO 00yue-
HUA, ABIAETCA (hopMUPOBaAHTE 00YUAOIIEr0 HOIMHO-
skectBa. Hamuune KaueCTBEHHBIX BHIOOPOK AAHHBIX
BO MHOI'MX CJIy4YasiX Iopasfo BaskHee KauecTBa aJjiro-
putmoB [19-21]. OmubKu (hopMupOBaHUA MHOYKECTB
IIPHUMEPOB, Ha KOTOPBIX OOYYAIOTCA W TECTUPYIOTCS
KJaccu(puKaTopsl, TpefonpeneasoT 3PPeKTUBHOCTD
mozenu. OHAKO IIPU 9TOM HEOOXOAMMO YUUTHIBATD,
YTO MOT'YT IIPOABJIATHCA U3MEHEHUS B PaCIpeeIeHNn
JaHHBIX BO BpeMeHH! B PA3JINYHBIX (popMax.

dopmain30BaHHOE ONMCAHNE IOCTAHOBKU 3a/a-
Y1 MOKHO IPEICTaBUTDH CIAETYIONTNM 00pasoM.

X — MHOKECTBO OIIMCAHUN O0BEKTOB, X € X —
9TO d-MepHBIII KOPTEe:X HPU3HAKOB B IIpeoIpese-
JIEHHOM BeKTOPHOM IIpocTpaHcTBe X = R4,

MHOecTBO KJIACCOB, IMIOCTABJIEHHBIX B COOTBET-
CTBHE ONNCAHUAM X, OTMEUEHHBIX METKaMU {C, Cy,
s cl} € C, pasbuBaeTcs Ha OMHapPHOE IOAMHOMKECTBO
COCTOSAHMH, 00beJUHeHHBIX KJaaccamu {Cy, Cz} eC.

NmeeTcss MHOMKECTBO (PAKTOpPOB V, BIUSIOIIUX
Ha 3HaveHMsA Tpu3HaKoB. MHoOKecTBO X Xapak-
Tepu3yeTcsa MHOKEeCTBOM 3HAUEHWI TPU3HAKOB f[:
X—)Df.

C yueToM OeHCTBYIOIIEr0 B TEKYIIIUII MOMEHT
BpemeHu (axTopa v € V ompeneiseTcsa HPUSHAKO-
Boe omucaHmne o0LeKkTa HabmogeHna X; € X B BUfe

X, = (f;, x), ..., (v, X)) Ipu 3aJaHHLIX 1, ..., [,
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. |[Merka knacca 3HaueHNUA IPUSHAKOB
3HaYeHNA IPUBHAKOB Buuaromuii | (mpuHagiex- | Bpemennasa
Bpemennaa (daxTop HOCTbH metrka |IIpusHak 1| [Ipusuax 2 ITpusHak n
MeTKa IIpusuak 1| IIpusunak 2 IIpusHak n COGBITHIO) f1 fa fa
1 f2 fn

v c 11 X X X
to X10 X20 Xno 1 ° ° 0 20 0
c1 t1 X11 X21 Xn1

11 X11 X21 Xn1

co t2 X12 X22 Xn2
t2 X12 X22 Xn2 co i3 X10 X20 Xno
co ta xX11 X21 Xn1
tm Xim X2m Lom 2] c1 ts X12 X22 Xn2
c1 te X10 X20 Xno
co tr xX11 X21 Xn1
c1 ts X12 X22 Xn2
U Cc1 tm X1im X2m .. Xnm

B Puc. 1. IIpeobpa3oBanue maTacera
B Fig. 1. Dataset transformation

O6yuaroliee MHOKECTBO HpuoOpeTaeT BUI pas-

meuenHolt BeiGopru {v;, {(x;, ci)}il\il}%l, roe i —

KOJIMUECTBO KOpPTe:Kelli B MOMEHT, KOTZa OKa3bIBaJI
BJIMAHUE PACCMaTPUBAEMBbIH j-i1 (haKTOp Vje

Heobxogumo moOCTpOUTh KJaccupUIIUpyIOMTUi
aJrOpPUTM, YUYUTHIBAIOIIMI BaAmMAHUE (aKTopa v,
a:X—Vsc. AJnroputm ompenenseT 0 BXOTHOMY
TPU3HAKOBOMY OIMCAHUIO COOTBETCTBUE KJIACCY.

O0yueHmre MOIeIN YCIOKHACTCA HE TOJIBKO 60Ib-
107 PasMEPHOCTHIO IIPU3HAKOBOT'O IIPOCTPAHCTBA,
HO ¥ HaJUUYNEM BIUAOINX Ha 3HAUEHUA IIPU3HAKO-
BBIX TIEPEeMEHHBIX (DAKTOPOB.

OCHOBHBIM OTPAHUYEHWEM METOJ0B MAIITMHHOTO
00yueHUsA SABJSIETCA TO, UTO AJTOPUTMBI KJaccudu-
KaIluu He Bcerga MOTYT ObITh 3)()EeKTUBHEI B YCJIO-
BUAX MIOCTOAHHO QYHKITMOHUPYIOMTEH IO BIUSHUEM
Pa3IMYHBIX BHEIIHUX W BHYTPEHHUX BO3JEHCTBUI
cuctembl. CucremMa HaAXOAUTCA B AWHAMUKE, OCY-
ITeCTBJIAIOTCSA MOCTOSIHHBIEC TIEPeXOAbl U3 OJHOTO CO-
CTOAHUA B Ipyroe. BHelrHme 1 BHyTpeHHME (DaKTOPBI
U3MEHAIT 3HAUeHUA XapaKTepucTuk. Hampumep,
TOJKJIIOUE€HNE HOBOI'O YCTPOMCTBA CETEBOT'O CETMEHTA
MOKET B TeUeHUe OIIPeJIeJIEHHOTO MOMEHTA BpeMeHU
BBI3HIBATL WM3MEHEHUA AaHAJU3UPYEMbIX 3HAUCHUI
mapaMeTpoOB, TAKUX KaK POCT KOJUUYECTBA CIYKeO-
HBIX COOOINEeHn, KOH(PUTYPaITMOHHLIX KOMAaH/I, yBe-
JITYeHVe BDEMEHU 3aJAePXKKU U T. 1.

Haxomnnennaa cratuctuyeckada wHGOPMAIAA O
(OYHKIIMOHMPOBAHUY CUCTEMBI IIPEAICTABIIAETCA B BU-
Jle MaTPHUIThI, TIe BPEMEHHOII OTMETKE COOTBETCTBYIOT
3HAUEHUS IPU3HAKOB, IIOJYUEHHBIX OT PErUCTPUPYIO-
IIUX YCTPOMCTB M 3JIeMeHTOB. Pasinunble (haKTOPbBI
BJIMISIIOT Ha CBOMCTBA O0BEKTOB. V3MeHeHM A 3HAUeHU
TIPUSHAKOB ABJIAIOTCA PE3YIBTATOM BO3IeCTBUH (hak-
TOpoB. HacTh U3 HUX, HATIPEMEDP Ce30HHOCTD, ABJIAIOT-
Cs UBBECTHBIMU B TEKYIIMIT MOMEHT BpEMEH!.

BHeceHue MOTOJHUTENBHBIX IIOJIE B PasMETKY
00ydJaromero IOAMHOYKECTBA [JaeT BO3MOXKHOCTD
YUUTBHIBATh MHPOPMAIIWIO O BANAKIINX (haKTOpax.
Ha puc. 1 mpexacTaBJieH BUJ 3alKUCeil NCXOIHOTO Ja-
TacetTa W JaTaceTa MOCJie PasMETKU W J00aBJICHUS
nHpopManuu o0 BAMAKINUX (akKTopax. B pesyib-
TaTe TAKOT'O IPEJCTAaBJICHUS 3aIINCHU CBA3LIBAIOTCS
C OTZAEJBbHBIMYU (DaKTOPaAMU.

ITosaBasieTcsd BO3MOYKHOCTH PasOUThL TPOCTPaH-
CTBO Ha MOAIIPOCTPAHCTBA, T/ie TPOUCXOAUT KJIACCU-
GpuKanusa OTAEJbHBIX NPU3HAKOBBIX CET'MEHTOB, U
paccMaTpuBaTh MHOMKECTBO MOJYUYEHHBIX SHAUCHUN
I Kaskaoro gaxropa. Ha puc. 2 mokasan mpumep

-0,5 0 0,5 1 15 9
° 3HAUeHHUS IPHU BO3jelicTBUH (paKTopa 1

° 3HAUEHU IIPU BO3AeHcTBUU (haKTOpa 2
° 3HAUEHU IIpU BO3gelicTBUU (paKTOopa 3

B Puc. 2. Ilpumep 3HaAUEHUH W3 JaTaceTa IPU BO3AEH-
CTBUU Pa3HBIX (PAKTOPOB

B Fig. 2. Dataset values example exposed to various
factors
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pasOueHMs MHOKeCTBa JAHHBLIX HAa IIOAMHOXKECTBA
C yueToM Ha0JI101aeMbIX (haKTOPOB.

3amaua OTHECEHUWS COCTOSHHSA Ha0/II0IaeMoro
00'bEKTa peIaeTcs C y4eTOM TeKyIIero nugopMaliu-
OHHOT'O BO3eHCTBUA.

Ananus u yueT BIUAONINX HA JaHHbIE (aKTOPOB
O3BOJISIOT pPeajin30BaTh pas3OueHne MHOMKECTBa Ha
TOAMHOMKECTBa. B manbHeHIeM, OIpenesss CBOU-
CTBa IIOJIYUYEHHBLIX BBLIOOPOK, MOXKHO OCYIIIECTBUTH
pellleHre 3aJauu O IpUMeHeHU! Hambosee sadex-
TUBHBIX aJITOPUTMOB 0OPabOTKM.

IIpumeHeHNE METOTUKHU

Paccmorpum raaccupuxarop ¢(x, W). Ha Bxon
IOCTyHaeT KOpTeXX sHaueHW# x. [iaa mpuHATHA
pellleHns HCIIOJb3yeTcA BecoBass marpuiia W. Bos-
MOKHBI JBa HAIIPABJIEHUA Pas3fesieHUA MHOYKECTBA
JaHHBIX: WCIIOJb30BaHUE MPOAYKIIMOHHBIX HPaBUJ
U QYHKIIUT TPUHAIJIEKHOCTH.

ITpumenenre npoxyKIuil NOpexaloJiaraer, YTO
BJINAIOIINE HA 3HAYEHUA NAaHHBIX (DAaKTOPHI IOIa-
orca sBpuctTuke. OHa TaeT BO3MOYKHOCTBL OIIpefie-
JIUTH IIPaBUJIA, YUYNUTHIBAIOIIYE BO3AEUCTBUA HA 3HA-
yeHus BbIOOPKU. Hampmmep, meproguyHOCTE IIPO-
IIECCOB B BKOHOMUKE, 9HEPTeTUKE, IPYTUX 00JIaCTAX
TO3BOJISIET CHOPMUPOBATL PAA NTPOAYKITMOHHBIX
mpaBuj. B o0iem Buae TaKkas MOAENH IPEACTABJIIA-
eTcdA B IPeIUKATUBHOM BUJE:

M=<®,V, W, X>,

rae @ — Kiaccu(puIMpyIoIie aJIrOPUTMbI, UCIIOIb3Y-
IOII[Ie BECOBBbIE MATPUIILI AJIS CPABHEHUSA IIOCTYIIAIO-
IIIero KOPTeKa JaHHBIX; V — MHOYKECTBO BIIMAIOITUX
(haKTOpPOB Ha IeNIEBbIE TIEPEMEHHBIE B BHIOODKE JaH-
HBIX; W — MHOKECTBO BECOBBIX MATPHII KJIacCU(PIKA-
TOPOB, 3HAUEHUS MaTPUIL 3aBUCAT OT PaKTOpa, BIUA-
IOITEr0 Ha JaHHBIE B cucTeMe; X — MHOYKECTBO OIIU-
caHUil 00'HEKTOB, COCTOAIIEE U3 TOIMHOKECTBA BHIOO-
POK IDaHHBIX, KaXKIOMY IIOJMHOYKECTBY COOTBETCTBY-
IOT CBOM BeCOBBIE MaTPUIIbI KJIacCU(PUKATOPOB.

Bri6op 3HaueHumii w; € W wMokeT OBITH OCY-
IIeCTBJIEH HA OCHOBE IIPOAYKIIMOHHON MOJesu.
Omperesgercs IOAMHOKECTBO JAHHBIX X; C yIETOM
BIUAHUA (PaKTOpa U;. Kasxmomy mogMHOMKECTBY MO-
JKeT HasHauvaThCA KJIACCU(MUIIMPYIONIUN aJIropuTM
¢ € ®. CrpynnupoBaHHLIM IIEPEMEHHBIM «BJIMSAIO-
muii GaKTop — IOAMHOKECTBO» Uj, X; OIIpe/ie/IAeT-
Cd MaTPHUIA W; C YIeTOM CBOMCTB KJIaCCU(UIUPYIO-
mux anroputmos. IIpogykiusa, peanusymoliasa npa-
BUJIO, IPUMET BUJ

;, X;)— L w;. Q)

Bripa:xenme (1) mosBoJifgeT TOCJE OIPeAesIeHUs

TEKYIIEro BO3AEHCTBUA U; HCIIOJI30BATH MATPHUIY W;.

IlocTymarormuii Ha BXOJA HOBBIN KOPTEXK X UAEHTU-
dunupyercd KiaccuduraTopom o(x, wj).

B pmanbHelilieM BO3MOYKHO pPeaJIi30BaTh IPABUJIA
He TOJIbKO [JIs1 pa3OueHus Ha CErMEHTHI MHOXKECTBA
JaHHBIX, HO 1 AJIs BBIOOPa COOTBETCTBYIOIIETO KJIACCHU-
¢uraTopa B MOMEHT AeiicTBUA (haKTopa. ITO IIO3BOJIUT
YYUTBHIBATH U3MEHEHMS B JAHHBIX U TTOBBIIIATE IIOKA3a-
TeJI KauecTBa KJIaCCUDUITUPYIOIIEH MOJIESIU B IIEJIOM.

Bropoe nanpasiienue 6asupyeTcs Ha NCIOJIb30Ba-
HUY QYHKIINU OTpuHagiIesxHocTu. OHO MOMKeT mpu-
MEHATHCHA, KOT/la CYIIECTBYIOT BO3JEHCTBUSA, TOJA-
oIeca aHAJIUTUYECKOMY OIIMCAHUIO (Hampumep,
IJIWHA CBETOBOTO IHS B 3aBUCUMOCTHA OT BpPEMEHU
roza, IIMPOTAa MECTa B MOJCUCTEME TIOJAYY DJIEKTPO-
9HEPTrUU Ha OO0BEKTHI T'OPOJCKOTO XO3AMCTBA, UaChI
MMMKOBOM HATPYy3KM B MH(MOPMAIIMOHHON CHCTEME).
Takue paxTopsI V; MOTYT OBITH 00pPabOTaHBI C TIOMO-
b0 (PYHKIIUM NOPUHAIIEKHOCTH (MHINKATOPHOI
dyurmum). Ha ee ocHOBe mpomsBoguTcA pasdmeHme
BBIOOPKM MAaHHBIX X Ha KOHEUHOE UMCJIO He Iepe-
CEKAIOIINXCA U3MEPUMBIX IIOAMHOMXECTB X, ..., X,,.
B npocreiimiem cayuae GyHKIINA TPUHAIIESKHOCTH |1
MOAMHOKEeCTBa Xj e X, re x — KOpTexK o0yuarorei
BBIOOPKY, MOXKET OBITEH ITPEJICTaBJIeHa B BUE

1, xer

0, xeX;’ @)

bx; (x, v;) =

Bripaskenue (2) m03BOJIAET ONPENEIUTD IPUHAT-
JIeXKHOCTh 5JIeMEHTAa BBIOOPKM MaHHBLIX X € X IIOZ-
MHOYKECTBY Xj B MOMEHT JieficTBUA (haKTOpa Vje

B o611iem cayuae BBIGOPKA COCTOUT U3 11 ITOAMHO-
sxkecTB. IIpmHAAJIEKHOCTS, HONMHOMKECTBY OIIpefe-
JageTca QyHKIUAMA g 1(x), L5% 2(x), ves uxn(x).

ITonygaerca pasbmenme X; UX,uU..uUX =X
OpU YCJIOBUU X].m X,;# 0 V iz j. ObwesuHeHNE TIOA-
MHOKECTB COBIIaIaeT C MHOYKECTBOM X, ITIOJJMHOKe-
CTBa He IIepPeceKarTCA.

Krnaccupuranuio cTaHOBUTCA BO3SMOYKHBIM OCY-
IIECTBUTDH HA KaXXJOM U3 IOAMHOMECTB Xy, ..., X .
dopmupyercss TecToBad M obyuarolias BHIGOPKA
C yUeTOM JAeHMCcTBYIOHIUX (haKTOPOB Vje B zaBucumo-
cTu OT 00pabaThIBAEMOT'O0 IIOAMHOMKECTBA KJACCHU-
duxarop ¢(x, W) MOKeT OBITH HOIOJHEeH (MYyHKIIVeH
\y(vj). DyHKIUA \u(vj) YyUYUTBHIBaET (haKTOp Vj» BIIUAIO-
ITUH HA IIOAMHOYKECTBO Xj, U OIIpeJiesIAeT 10 ero 3Ha-
UEHIHIO BECOBYI0 MATPUILY W; = w(vj). Knaccupurarop
npumert BuUng ¢(x, \u(v]-)).

B KauecTBe OgHOM U3 Mep OIEHKU MOJIEJN MOKET
OBLITH IpUMeHeHa PYHKIIUS IOTePb.

DyHKIIUA MOTEPH L(vj) IJS TOAMHOMKEeCTBa Xj
ompenesseTcA BEIPAKeHIEM

L) = X Lol v, )+ 1RGE)). 3)

i () R(\y(vj)) — (QYHKIIUA PETyaapusaInm; A — Koa@-
umnuent peryaapusanuu. OHU BIUSIOT HA JUCIEP-
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CHIO U CMeIlleHre OTBETOB KJaccupuraropa. Pery-
JIAPUBAIUA IpefHasHaueHa AJIA J00aBIeHU S SOOI
HUTEJbHBIX OrPaHUYEHU, IPeIOTBPAIAIONINX IIe-
peobyuenue.

CpenHsasa cymMMa HOTephb OJiA HaHHBIX MHOMKECT-
Ba X

1 M
L= M];L(vj). )

IIpumensaa (3) u (4) ¥ MUHUMUSUDPYS CPEIHIOIO
CYMMY IOTEPDH, MOXKHO HAWTKU ONTUMAJIbHBIE IIapa-
METPHI Ha OCHOBE BBIPAKEHUA

1 M N
L:W;;@i«pui, w(©))s €+
+ AR(y(v;)) - min. ®)

B mpennaraemoil MeTOguKe C HCIOJB30BAHUEM
BhIpasKeHUA (D) MOABISIETCA BO3MOKHOCTD OIIPeJe-
JUTH pasbreHre BEIOOPKHU Ha IIOJAMHOKECTBA C yue-
ToM (hakTOpOB V.

JKCIIepUMEHT

OKCIepUMEHT IIPOBOAMJICA Ha MHOMKECTBe JarTa-
cera PowerSupply [22], cogepsxatiiero nH(GOpMAIIIIO
0 II0YaCOBOI Tofjaue 3JIEKTPOIHEPTUN UTAJIbIHCKOMR
SHEPreTUYeCKOM KoMIaHuu. B HeM IIpejcTaBIeHbI
JTaHHbIE O IOTPeO0JsIeMOM MOIITHOCTUA U3 JBJIEKTPU-
YyeCcKUX ceTeill Kaxaplii yac ¢ 1995 mo 1998 rop.
Pasauunnie pakTopsl (pabouee m Hepabouee BpeMs
IHS, OyAHU U BBIXOAHBIE, Ce30HHOCTD, IIepeMeHa IIo-
TOJIbI) BBIBBIBAIOT SIBJIEHUE Apetiha KOHIenTa.

B sKchmepuMeHTe paccMaTpPHBaJOCh IIpeacKasa-
Hue pabouero m Hepabouero BpeMeHHU II0 BXOTHBLIM
JTaHHBIM TOTPeOIAeMoi MoITHOCTH. B KauecTBe BO3-
IericTByoiero (pakTopa, Ha OCHOBE KOTOPOI'O IIPO-
M3BOAMJIACH CEerMEHTAI[Us BBIOOPKU JAaHHBIX, ObLIa
BbIOpaHAa Ce30HHOCTHL. B mepBoM ciiyuae pasbuenme
IIPOM3BOAMJIOCH II0 AATAM IIepexoja Ha JeTHee H
3UMHee BpeMs, BO BTOPOM — II0 KaJIeHJZAapPHBIM Bpe-
MeHaM roja.

O6muii BUA maTaceTa IIpeACTaBJieH Ha puc. 3.
B ropusoHTaJLHOI IIJIOCKOCTH HAa OCAX IIOKA3aHBI
IH1 HaOJIIOAeHUHN 1 Yackl, 10 BEPTUKAJIbLHOM OCH OT-
JIOJKeHa moTpebigdeMasi MOIITHOCTD.

HaTsl mepexoa Ha JeTHee U 3UMHee BpeMs Iai0T
BO3MOXKHOCTH PeaIn30BaTh MPABUJIO UK (PYHKIIHUIO
MPUHAIJIEIKHOCTH, C IIOMOIIbI0O KOTOPBIX BELIOOPKA
JeJIUTCA Ha TBa HelepeceKaroluxcs IOIMHOKeCTBa
(puc. 4, a u 6).

Bropoe pasbuenue OBIJIO OCYII[ECTBJIEHO MJIs
aHaJM3a M3MEeHeHWH MoKasaTejiell KauecTBa KJiac-
cudukraropoB. O0I[asa BEIOOPKA OblyIa pas3geseHa Ha
YeThIpe YacTU W colepsKaJia 3HAaueHUsA IoTpedJse-
MOIi 9HEepruu B BeCEHHIe, JIeTHIEe, OCeHHNe, 3UMHNIe
Mecansl. B manbHeiinem asa cmocoba pa3oreHns uc-
TOJIb30BAJINCH JJIS CPABHEHUS Pe3yJIbTATOB KJIACCU-
PUIUPYIOMKX aJITOPUTMOB.

B xauecTBe 00yUaIoONIUX JaHHBIX UCIIOJIb30BAJICA
epeMeHHBIH 00beM KasKJOoro HOAMHOMKEeCTBa, CO-
cTaBaAOIIIi oT 5 110 35 %.

CratTucTuyecKne CBOMCTBA IIpPeICKa3bIBaeMOi
IeJIeBOU IIepeMeHHO M3MeHAITCA C TeUeHNeM Bpe-
MeHU. B paccMaTpuBaeMbIX CIydYadX Ha SHAUCHUS
BXOSAIINX B KOPTEK JAaHHBIX BINSAET 3apaHee oIpe-
JleJIeHHBI ce30HHBIN (haKTOP.

B niepBoii uacTu sKCIepuMeHTa JIJis OIeHKU BJIU-
SHUA Ha KJacCuPUIIUPYIONTUHA aJropuTM pasome-
HUSA JaHHBIX Ha IIOJMHOKeCTBa Oblja peasn3oBaHa

300
250
200
150
100
50
1200 20
800 16

12
400 8
00

1200 280
260
1000 240
220
800
200
600 180
160
400 140
120
200 100
80

0 2 4 6 8 10 12 14 16 18 20 22

B Puc. 3. IloBepXHOCTH faTaceTa IOTPeOIeHN 9IeKTPOIHEPIUY

B Fig. 3. The dataset surface of electricity consumption
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B Puc. 4. IIoBepXHOCTbH IOJMHOKECTBA JaTaceTa MoTpelJIeHUs 9JIeKTPOIHePruu JeTHero (a) u suMHero (6) BpeMeHu’
B Fig. 4. The dataset surface of electricity consumption “Summer Time” (a) and “Winter Time” (6)
IByXcJIOiHAA HelipoceTh. SHaUeHIE TOUHOCTH CeTHU 1 MN 9
(Accuracy) coctaBaaio oxoio 0,75. Bagaua ceTu co- LMSEXI,X2 “MN Z Z(x i X)". (7

CTOsJIa B TOM, YTOOBI 10 BXOJHOMY KOPTEKY IIPHU3HA-
KOB IIOTPE0JIEHN A SJIEKTPOIHEPTU Y IT0JIH30BATEIAMU
CIIPOTHO3UPOBATh, IIPOUCXOAUT NAaHHAS CUTYAIlUI
B pabouee nau Hepabouee BpeMs.

B kauecTBe MephI ObliIa BhIOpaHa CpeaHEKBaIpa-
TuuHasa pyrknua morepb (MSE). Oua aBaserca of-
HUM 13 OCHOBHBIX ITOKas3aTeJsel B 3aZlauaX perpec-
CHU U YYBCTBUTEJIbHA K BRIOPOCAM JAHHBIX.

CpenuekBaaparnyHad GYHKIUA IOTEPD JJIA BCE-
o MHOKEeCTBa, IIPeACTaBJIEeHHOTO Ha pPuC. 3:

1Y ~ .9
Lyse =F2(xi_xi) . (6)

i=1

s pasmeseHHOrO JaTaceTa, COCTOAIIETO W3
IBYX MU YeThIpex uyacteit (M = 2, M = 4), BeIpaKke-
Hue (6) 6yaeT BHITIALETh CJIeAYIOIIIM 00pa3oM:

j=1i=1

B pesynbTaTe mpoBemeHnA 9KCIEPUMEHTA 10 00y-
YEHUIO U OIEeHKU MOJAEJNU ObIIU ITOJIyUYeHbl CJIeayIo-
miue rpa@uKu GyHKIIUU IIOTeph (puc. 5), ompenes-
emoii Berpakeruamu (6) u (7).

I'papuku mokaspIBalOT OoJjiee HU3KNE 3HAUEHUSA
GYHKIINY [IOTEPD AJIS MOJAEJIH, KOra IPOCTPAHCTBO
CerMeHTHPOBAHO, UTO MIO3BOJISIET TOBOPUTD O I1eJIeCO-
00pasHOCTU pas3aesieHus Ha MOJMHOMKEeCTBA HA OCHO-
Be nH(MOPMAIIUU O BAUAIOIIEM (paKTOpe.

Kpome Toro, Ha rpaduKax BHIeH MOMEHT II€peody-
YeHUSA HeHWpoceTH IJsA BBIOPAHHBIX IIOAMHOKECTB,
YTO ITO3BOJISIET OIEHUTDH CBOMCTBA JAHHBIX JJIs HAJb-
HeWMINX cTpaTeruii o0yuyeHus Ha IOIMHOMKEeCTBaX.

Bo BTOpOi#fi YacTu SKCIEpUMEHTa MOJA OOIeit
OIIeHKY BJAUSHUS IPUMEHEeHUs TOAMHOKEeCTB Ha Ka-
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YEeCTBO Pe3yJIbTATOB MOJEJeH MaIIMHHOTO 00y YeHU A
OBLIM BBIOPAHBI PA3JIUUYHEIE aJITOPUTMBIL: JIMHEHHOTO
IUCKpuMHUHAHTHOTO aHasusa (LD), KBagpaTUIHOTO
IUCKPUMUHAHTHOTO aHajusa (QD), HauBHOTrO Gaiie-
coBcKoro Kaaccudpuraropa (NB), oamxaiiinx coce-
et (KNN).

Ha xap1ii KIaccu@uiiupyoIunii aJropuTM mo-
JaBaJINCh HAOOPHI JAHHBIX M3 MBYX HOAMHOMKECTB
3UMHEr0o U JIeTHEro BpemMeHu (cM. puc. 3, 4) u de-
THIPEX IMOJMHOKECTB BECEHHUX, JIETHUX, 3UMHUX,
OCEHHUX MeCHAIIEB.

Pesysnbrarel TecTMpoOBaHUA KJacCU(PUKATOPOB
(AUC — mnmomane mnon ROC-kpuBoii, TOYHOCTH
Accuracy, F-mepa) a4 1esioro MHOMXKecTBa X U yCpe-
HeHHBIE 3HAUEHHUA [JIA MHOMeCTB X;; U X 5 U MHO-
secTB Xg;, Xg9, Xy3, Xy, IPUBOAATCA B TAOIUIIE.

PesynbTaThl TECTUPOBAHUSA JEMOHCTPUPYIOT, UTO
pasoueHue 00Iei BHIOOPKY Ha OTAeIbHbIe MOAMHO-
JKeCcTBa B OCHOBHOM IT03BOJIAET IIOBBICUTH PAJ TTOKA-
3aTeJsieil KauecTBa KJIaCCU(PUKAITN OIS BEIOPAHHBIX
aJITOPUTMOB.

Pasnenenne Ha aBa ITOAMHOMKECTBA ITO3BOJIAET
yay4imuTh pesyabratel HA 1 %. IIpu pasdbuenun Ha
YyeThIpe TOAMHOMKECTBa HAaOJIOLAaeTCsA TOBBIIIIEHE
suauenuit AUC, Accuracy, F-meps! Ajig KasK10ro oT-
IeJabHOro Kiaccuduraropa yske Ha 5—8 %, uTo co-
TOCTaBUMO C pe3yJIbTaTaMu aHCAMOJIeBBIX MOJeJeH.

Mo:KHO OCYIIIEeCTBUTL JaJbHEHIIIYIO OIIepamuio
pasOueHMs Ha TOAMHOMKECTBA, NCIOJIb3ysa MHPopMa-
A0 O BRIXOAHBIX W MPA3AHUYHBIX THAX, TOTOTHBIX
ycaoBuAX W T. A. IIpensiosKkeHHOe pellieHre MOMKHO
WCIIOJIb30BATh KaK JOIIOJHEeHNEe K Pa3JIMYHBIM KJac-
cuuKaIuoOHHBIM MojeasaM. omyctuma u Oojee
CJIOKHAsI CerMEeHTAIIUs, YUYNTHIBAIOIASa JOIIOJHU-
TeJIbHBIE ITapaMeTPbl, KOTOPAas 3a CUeT YMEHbIITeHU
SABJIEHUS «BBIOPOCOB» JAHHBIX MO3BOJIUT IIOBLICUTH
KauecTBeHHbIE IIOKA3aTe N,
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3aKaoueHune

OcHOBHBIE TPOOJIEMHBIE BOIIPOCHI METOAOB Ma-
HINHHOTO O0yUeHUs Je:kKaT B o0jsacTu (opMHpoBa-
HUS BBIOOPOK MaHHBIX, OIPEAENAIOIINX TOCTUKe-
HUe 3aJaHHbBIX MOKasareseil. KauecTBo o0yuarommx
TIOTMHOKECTB ITOBBIMIAETCA IyTEeM YCTPAHEHUS IITy-
MOB, yaaJieHus nucbajiaHca KJIaccoB, 00HAPYKEeHUA
npetidpa KOHIIEIITA.

IIpensiosxeHa MeTOOUKA CETMEHTAIINM BBIOOPOK
IaHHBIX, OCHOBaHHAs Ha yueTe (paKTOPOB, KOTOPHIE
BIMAIOT Ha M3MeHeHUe AMAIla30HOB IeJIEBBIX IIepe-
MEHHBIX. BBIABJIE€HWE BO3JIEHUCTBUU TaeT BO3MOK-
HOCTBH c(h)OPMUPOBATH CETMEHTUPOBAHHBIE BLIOOPKU
JaHHBIX MCXOAA M3 TEKYIIUX IPeAnojaraeMblX CHu-
ryanuii. a8 KakIoro IIOJYUYEeHHOT'O MHOYKECTBa
BO3MOJKEH IIOWICK JIYUIIel MOMAeJU, peasusyrollei
KJIacCCU(UKAIIMOHHYIO 3a/1a4y.

HabGopsl maHHBIX, TECTOBHIE MHOXKECTBA WMEIOT
cBou cBoiicTBa. IIpuMeHeHUe IPEAJI0KEHHOTO pe-
IIIeHUs TTO3BOJIAET YMEHBIIIUTh BJIUSHUE IITyMOBBIX
JTaHHBIX, 130eKaTh BBEIeHUS JOIOJHUTEJIbHBIX 3a-
TpaT Ha 60pbOY C ABJIeHHeM apelida KOHIeNTa, I10-
BBICUTH ITOKA3aTeJU IIOJHOTHI M TOYHOCTH 34 CUET
yMeHbIIIeHIA pasbpoca mapaMeTpOB.

OmgHaxko mMeeTcAa HECKOJIBKO MOMEHTOB, KOTOPbBIE
HEeoO0XOAMMO YUYUTBHIBATH MOJIA peasnusalluu mIpem-
JaraeMoil MeTOAuUKH. BHyTpum chOPMUPOBAHHBIX
CerMeHTOB BBIGOPOK MOT'YT HPOUCXOOUTL M3MeEHe-
HUSA IIeJIEBBIX NEPEeMEHHBIX II0J] BIUSHUEM APYTUX
daxTopoB. B 00pabaThiBaeMbIX MHOYKECTBAX MOTYT
OBLITH APYTYe KOHIIEIIITN, BJIUAIOIINEe Ha KOHEeUHbIH
pesyabrar. 1 sGeKTUBHOrO IPUMEHEHUA KJac-
cupuIupyoiei Mogeau HeoOXOAMMO MCCJIE0BATD
00'beMBI, CBOMCTBA 00y4YaeMbIX BHIOOPOK, OI'paHMYe-
HUS, CBA3AaHHBIE C JJIUHAMU CET'MEHTOB, ITOPOT'OBbI-
MU 3HAUEHUAMU JUATIa30HO0B IIeJIeBbIX IIePeMeHHBIX.

B PesysnbTaThl KJIacCUMUIIUPYIOMIUX aJITOPUTMOB

B Results of classifying algorithms

AUC Accuracy F-mMepa
06bem

T (e e | xS e | x| 2 e

23 24 23 24 23 24

5 0,76 0,78 0,81 0,727905 | 0,730246 | 0,783536 0,790824 0,775388 | 0,821392

LD 35 0,77 0,78 0,82 0,717489 | 0,717681 | 0,784194 0,757563 0,758894 | 0,825022

5 0,95 0,95 0,97 0,834698 | 0,872516 | 0,924455 0,872141 0,895602 | 0,943755

D 35 0,96 0,96 0,99 0,873597 | 0,861341 | 0,925849 0,896387 0,886896 | 0,947586

NB 5 0,89 0,91 0,94 0,803321 | 0,811307 | 0,866226 0,844574 0,84626 | 0,892745

35 0,91 0,92 0,96 0,812483 | 0,812493 | 0,864015 0,844612 0,84462 | 0,898299

KNN 5 0,88 0,95 0,98 0,827748 | 0,878408 | 0,925379 0,85605 0,898913 | 0,953179

35 0,95 0,96 0,99 0,881582 | 0,895829 | 0,942752 0,901138 0,913712 | 0,968623
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Dataset segmentation considering the information about impact factors
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Introduction: The application of machine learning methods involves the collection and processing of data which comes from the
recording elements in the offline mode. Most models are trained on historical data and then used in forecasting, classification, search
for influencing factors or impacts, and state analysis. In the long run, the data value ranges can change, affecting the quality of the
classification algorithms and leading to the situation when the models should be constantly trained or readjusted taking into account the
input data. Purpose: Development of a technique to improve the quality of machine learning algorithms in a dynamically changing and
non-stationary environment where the data distribution can change over time. Methods: Splitting (segmentation) of multiple data based
on the information about factors affecting the ranges of target variables. Results: A data segmentation technique has been proposed,
based on taking into account the factors which affect the change in the data value ranges. Impact detection makes it possible to form
samples based on the current and alleged situations. Using PowerSupply dataset as an example, the mass of data is split into subsets
considering the effects of factors on the value ranges. The external factors and impacts are formalized based on production rules. The
processing of the factors using the membership function (indicator function) is shown. The data sample is divided into a finite number
of non-intersecting measurable subsets. Experimental values of the neural network loss function are shown for the proposed technique
on the selected dataset. Qualitative indicators (Accuracy, AUC, F-measure) of the classification for various classifiers are presented.
Practical relevance: The results can be used in the development of classification models of machine learning methods. The proposed
technique can improve the classification quality in dynamically changing conditions of the functioning.

Keywords — machine learning, segmentation of multiple data, affecting factors, changing conditions.

For citation: Lebedev I. S. Dataset segmentation considering the information about impact factors. Informatsionno-upravliaiushchie
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Beemenmne

Mpbr xkmBeM B 310Xy HU(PPOBBIX TEXHOJIOTUH,
B KOTOPOIi MHOKECTBO Pa3JIUYHBLIX YCTPOHCTB erKe-
JTHEBHO T€HEPUPYIOT OTPOMHOE KOJIMYECTBO JaHHBIX.
IIpu 3TOM KaK YMCJIO TAKUX YCTPOMCTB, TaK U 00B-
eMbI TeHEPpUPYeMOil MU MH(MOPMAIINU PACTYT C dKC-
HOHEHIINANBHON cKopocThio [1]. Ilo mmeromumcs
OIleHKaM, CYMMAapHBINl 00beM ITPOM3BOAMMON UeJio-
BeuecTBOM MHGOPMAIIUY JOCTUTAET MUJIINAPIOB Te-
pabaitt Brox [2, 3]. CToab OBICTPHIN POCT IOLHUMAET
MHOYK€ECTBO BOIIPOCOB, CBA3AHHBIX, IIPEXKJE BCETO,
Cc XpaHeHNeM JAaHHBLIX U yIOpaBJeHueM nMu. B uact-
HOCTHU, OCTPO CTOUT IIPobJieMa YBeJIUUEeHU A eMKOCTH
CyIlleCTBYOIUX XpaHuauil [4]. B HacTosAlee BpeMs
60JIbIIIAs YaCTh JaHHBIX XPAaHUTCA Ha MATHUTHBIX 1
ONITUYECKUX YCTPOUCTBAX, TAKUX KAK KOMIIAKT-TH-
CKH, JKeCTKUe JUCKYU U MarHUTHBIE JeHThI. Eite He-
JTaBHO MarHUTHBLIE YCTPOMCTBA ABJIAJINCHL HamboJiee
TONYJAPHBIM U MOCTYIHBIM peIleHueM, HO 3aTeM
UX 3aMEeHUJIU ONTHYEeCKUe ycTpoiicTBa. Temeps ke u

OHU BBITECHAIOTCS OoJiee (DYHKIIMOHAJIBLHBEIMU U Je-
IIeBBIMU yCcTpoiicTBaMu duisin-naMmaTu. OTHAKO Bce
BBITIIETIEPEUNCIEHHBIE HOCUTEIU UMEIOT PAL 00X
HEIOCTaTKOB. Bo-IepBBIX, MX EMKOCTH OTPAHUUEHEI.
Hampumep, MakcuMaJIbHBINZ 00beM, KOTOPBIH MO-
JKeT XpaHUTh MaTrHUTHAA JIEHTa, 3TO dKcabailT naH-
HBIX, HO TAKOEe XPAaHUJIUIIE MOYKET CTOUTH BeCchbMa
JIOPOTO B O0CJIYyKUBAHUY U 3aHNMAET 3HAUYUTEIBHOE
mpocTpaHcTBO [5]. Kpome Toro, Bce aTu ycTpoiicTBa
UMEIOT HU3KYIO IJIOTHOCTh XPaHEeH! A, KaK ITPaBUJIO,
He IIPEBBIMIAIONTYIO THICAYM rurabaiiT Ha KBajgpar-
HbIfl Musaumetp [6]. Emte ogHoit mpobsiemoii, cBA-
3aHHOI C XpaHEHWEM AAaHHBIX Ha CYIIEeCTBYIOIINX
HOCHUTEJIAX, SABJSIETCS BO3MOKHOCTb IIOTEPU OaH-
HBIX C TeueHHeM BpeMeHU. Bce sTo TpebyeT paspa-
00TKY MPUHIIUINAJILHO HOBBIX CIHOCOOOB XpaHEHUA
uHdopmanuu [7, 8].

OpHUM M3 TAaKUX METOJIOB, aKTUBHO M3yYaeMbIX
B IIOCJIeHEE BpeMs, ABJIAETCA XpaHeHUe MH(MOpMAa-
muu ¢ ucnoabzoBanueM mosekya ITHK. Ormerum,
YTO BCKOpE IIoCJe OTKPBITUA CTPYKTypel JTHEK
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B 1953 r. [9] HEKOTODBIE UBBECTHBIE YUEHBIE BHICKA-
3/ MNPEANOJOKEHUA O BO3SMOKHOM HCIIOJIb30BA-
auu JHK nasa xpaHeHUs TPOM3BOJIBHOM ITU(MPOBOIL
napopMmaliuu. O6 5TUX MEPCIEeKTHBAaX IOBOPUJ BbI-
naromuiica Gusuk Puuapn PeifHMaH B CBOeH JIEK-
mun «There’s Plenty of Room at the Bottom: An
Invitation to Enter a New Field of Physics» B 1959 r.
B 60-x romax momo6GHEBIe uaen BhicKasbiBa HopbepT
Bumnep [10], a B CoBeTckom Coro3e — QU3UK U paguo-
umxenep M. C. Hetiman [11, 12]. ITocneguuii B cBO-
ux paboTax M3JIOMKHUJ COOOpasKeHUsI 0 BOZMOMKHBIX
cmocobax peau3aluy JaHHBIX CHCTEM 1 HEKOTOPEIe
mpeaBapuTeIbHBLIE PACUETHI, KOTOPLIE, OTHAKO, B TO
BpeMsa ObLIM AAJieKH OT IIPaKTHUUECKOM peasinsa-
muu. I[losaBiaenuio u panuemy passutuio unei [[HK-
HaMsATH IIOCBAIIEH UcTopruyecKuii 063op [13].

IlepBhle ycmemniHble MOMBITKY COXPAHUTH MHGOD-
maruio ¢ ucnosbsopanueM [JHK orHocaTca k 1988 r.,
KOI'ZIa KOJLIEKTUBY YUEHBIX YIAJI0Ch BCTABUTD B ILIA3-
munuyio JTHK 6axrepum Escherichia coli wuckyc-
CTBEHHBIN (hparMeHT U3 28 HYKJEOTHUIOB, U3 KOTO-
pBIX 18 KogupoBaIu IPOCTOi CUMBOJI-TUKTOIPAMMY,
a ocrasmuecs 10 comep:kanu MmeTanH(GOPMAIIUIO I
IeKoaupoBaHusa. BrocjaeacTBuu 3TOoT pparMeHT ObLI
ycIemHo usBjiedeH us 6akrepuanabHoii [[HK ¢ momo-
b0 cekBeHmpoBauusa [14]. IHTepecHO, YTO IIEJIBIO
JTOTO SKCIEPUMEHTAa ObIJIO CO3AaHMe HOBOT'O THUIIA XY-
IOKeCTBEeHHOro o0beKTa. Ilogo0HbIe sKCIIepIMEeHThI
TPOBOAUJINCH U T03Ke, B KoHIe 90-x: Tak, Hampwu-
Mep, B pabore [15] ommcaH sSKCIEPUMEHT IO Iepeaaye
CEeKPEeTHBIX COOOIIeHUIT, 3aKOAMPOBAHHBIX B PACTBO-
pe IHK, a B [16] — sKcliepuMeHT 10 KOAMPOBAHUIO
B JHK KOpOoTKHX IpeJIoKEeHWH Ha eCTeCTBEHHOM
aseike. OMHAKO 9TU SKCIIEPUMEHTHI UMeJIH IeJIbI0 KO-
nupoBanue B JJHK sumis oueHs He60IBITIOrO 06 beMa
uHGOPMAIINY, U3MEPIEeMOTO0 AecaTKaMu 6aiToOB, 1 He
JIOIIyCKAaJI MACIITa0POBAHUA.

Curyanmusa mamenujach B 2012-m, Korma c¢ wuc-
TOJIb30BAHMEM HOBBIX TE€XHOJIOTHI CHUHTE3a U CeK-
BeHupoBanua [HK 6pl1 3akommpoBaH Habop us
643 KboaiiT JaHHBIX, COCTOAINNN 13 KHuru, 11 mso-
opasxkenuit JPG m omgHoii mporpamMmbl JavaScript
[17]. Tomom mo3:ke APYTUM KOJJIEKTHUBOM YUYEHBIX
Onljia TIpeacTaByieHa cxeMa xpaHenusa 739 Ko6air
IPOU3BOJBLHOI IH(MPOBOI MHGPOPMAIIUU C HCIIOJIb-
sopanueMm JJTHK [18]. 9Tu paboThbl OTKPLIIN HOBBIH
aran B passutuu cucreM [HK-nmamaru, mocay:xus
HAYaJIOM CEPUU SKCIEPUMEHTOB IO KOAMPOBAHUIO
B Mmosekysnax [JHK Bce 60nbInx 06-eMOB HHGOPMA-
muu. Tak, B 2018 r. aBTOpam paboTs! [19] ymamaoch
coxpauutb 200 M6a#iT moIb30BaTEILCKUX JAHHBIX,
a y:xke B 2019-m aBTOpHI paboTs! [20] cmorau coxpa-
HuTb 16 I'0aiiT aHII0A3BI4YHON Bukunegmum.

B mocnegame roxwl Kk Tematuke [HK-mamaru
IIPUKOBAH OOJIBIIIOM WHTEPEC MKCCJIEeI0BATEIbCKO-
ro coobiectBa [21, 22], u MHOTME yUeHBIE paccMa-
TPUBAIOT €e KaK IepPCIeKTUBHBLIN HOCHUTEIb IJIA
IOJITOBPEMEHHOTO XpaHEeHUS TMTaHTCKUX 00HeMOB

uHOPMAaIM, ¢ KOTOPBIMHY CETOMHSA UMeeT IeJio ue-
soBedecTBO. CKOPOCTH pasMeIlleHUs WHGOPMAIUU
B JHK-mamaTy u gocrymna K Heil BpAL au B 0603pu-
MOM OyIyIlleM CMOXKeT KOHKYPUPOBATH C HBIHE HC-
TOJb3YeMbIMU HOCUTEJIAMU, OAHAKO IO IIJIOTHOCTU
uHGOPMAINN, CTOMMOCTH XPAaHEeHUA U JOJITOBEUHO-
cru [JHK-maMATh MOKeT UX MPEB30HTU KaueCTBEH-
HBIM 00pasoM.

T'maBHBIM IpeOsATCTBUEM IJIA MPaKTUUYECKOH pe-
anmuzanuu [IHK-namaTu saBiasioTca omuOKH, T. €.
moauduKanuu B mocsenoBarenbHocTax HHEK, me-
n30eKHO BOSHUKAIOIIIME B IIPOIlecce MAHUMIYIAIINN
¢ IHK. B cBa3u ¢ 5TUM B IIOCJIeIHUE HECKOJIBKO JIET
TPOMB3OIIIeJI BCILJIECK PabOT II0 MPUMEHEHUIo HAeit
TEOPUU KOJUPOBAHUS IJIA HANEKHOU pean3aliuu
OHK-mamaTu. AHaJIu3y TUIIOB OIIMOOK U METOIaM
WX KOPPEKINY yeJeHO IJIaBHOe BHUMAaHUE B HACTO-
areM o63ope. B kauecTBe OCHOBHBIX UCTOUHUKOB MH-
dopManuy UCIOJb30BAHBI TPYALI BEAYIITUX KOHpe-
peHIu# o0 Teopuu MHGOPMAIIUU 1 TEOPETHUUECKOI
uH(GOPMATUKE IIOCJETHUX JIET, a TaK)Ke CIerua-
JINBUPOBaHHAA HAyUYHAA IEPUOAUKA.

B ymporenHoM BuIe mpoleaypa XpaHeHUsS WH-
dopmanuu ¢ ucnoabzoBanuem [THK Mmoxer ObITH
IpeAcTaBJIeHa CJAEAYIONIMM 00pa3oM: ITepBOHAYATIb-
HO MCXOAHAas MHPopMaIua (IBOUUYHBIN KOJ) Ipeos-
pasyeTrcsi B UeTBEePUYHBIN aa(aBUT, COOTBETCTBYIO-
Ui YeThIPEM HYKJIeoTH aM, coctaBiaomum JJTHEK.
3areM B 1eJaAX 00pbOBI C BO3BMOKHBIMU OIIMOKAMU
K IOJTYYeHHOHM TaKUM 00pasoM IOCIeN0BATEIHLHOCTH
IpUMeHseTCA IIOMeXOYyCTONUYMBOEe KOAHPOBAHUE.
ITocne uero crenepupoBanHad cuHTeTnueckas JJHK
TIIOMEIlaeTCsA B CHEIMaJbHOE XPAHWJIUINE WUIU Ke
BcTpamBaeTca B cyiiecTByiomyio JHK :xuBoro opra-
Hu3Ma. [[Jig n3BaeueHnA nHGOPMAITUY TPUMEHAIOT-
cA IpOoIEenypPhl CEKBEHUPOBAHUA U AEKOIMPOBAHUS
UMeOIelcss HYKJIEOTUAHOM ITOCJE0BATEILHOCTHU
[23—26]. 9T m1aru cxeMaTUUYeCKH IPeACTaBICHEI HA
puc. 1 u 6yayT paccMOTpeHBI 00Jiee TOAPOOHO B pas-
neme «Texmosmoruu cuctem JTHK-mamaTu» maHHOro
o063opa.

Omubku, BosHuKaromue B cucremax [IHK-ma-
MATH, HEe OrPAaHUUYUBAIOTCA IIPOCTOI 3aMEHOM CHM-
BOJIOB, a BKJIIOYAIOT TaKiKe BBITIAJEHUA U BCTaBKH,
KOorZla HEKOTOphIe M3 IepefaBaeMbIX CIMBOJIOB «Te-

Koauposauue Cunres
I v v
2 o | 01111001 CAGGATCA
E 2| 01110101 CAGGTACA THE
% £ | 01110010 CAGGTCAA
S 01100011 CAGCTCGC
) [ 1 |
IexonupoBaHue CekBeHUPOBaHIE

B Puc. 1. O6masa apxutektypa cucremsl JHK-namaTu

B Fig. 1. General architecture of DNA-based storage
systems
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pAOTCSA» UM 2Ke, HA000POT, B IIOCJIEI0BATEILHOCTD
BCTaBJIAIOTCA CHMBOJIBI, €l He IPUHAIJIeKAIne.
BerpeuatoTes Takske omnpelesieHHbIe KOMOWMHAIIUN
TaKUX OINMMOOK, B YACTHOCTH IAYIJIMKAIUKA U TIa-
KeTHbIe BbIaZieHus mau BcTaBKu [27—-29]. O630py
Haunbojee yacTo BeTpeuaromuxcsa B cucremax [JTHE-
MaMATH OIIMOOK, & TaKyKe KOIOB, UX HCIIPABJISAIO-
X, IocBsAIIeH pasaena «Omubku B cuctemax [[THK-
MaMATH U KOABI, UX WCIPABJISIOIINE» HACTOSIIEr0
uccJaeI0OBaHMUA.

ITonbzoBaTenbCcKUe OaHHBIE IIPEACTABJISIOTCS
B cuctremax [HK-mamaTtyu B Buge OOJBIIOTO YHC-
JIa KOPOTKHUX ITOCJIeOBATENbLHOCTEH HYKJIEOTHUIOB,
TaKyKe HasblBaeMBIX OJUTOHYKJeoTHIamMu. Ilpu
5TOM B TIPOIECCE€ MAHUIYIAIUHA C HUMH, IIOMHMO
BBIIIEOIIMCAHHBIX OIINOOK HA YPOBHE CHUMBOJIOB, MO-
TYT TaKJKe IMIPOUCXOINTDH OITMOKY Ha YPOBHE CAMUX
mocJaegoBaTeJIbHOCTEH, TaKue KaK M3MeHEeHUe UMC-
Jla WIN ymaJieHne HEKOTOPBIX M3 HUX. OTO, B CBOIO
ouepelb, MIPUBOAUT K M3MEHEHUIO B ITyJe ITOCJIe0-
BaTeJbHOCTel Ha BbIxoze cucteMbl [JHK-mamsaru mo
OTHOIIIEHUIO KO BXOAy. PaccMOTpeHHi0 BO3HHKAIO-
X MaTeMaTUUYecKUX Mozesell KaHaJOoB Ilepefaun
uHpOpPMAaI, a TaKKe IIOCTPOEHUIO KOJOB /I HUX
mocBAImleH paszgen «Mopaenn KaHAJOB AJA CUCTEM
OHEK-mamsaTwu».

Texuomoruu cucrem JIHK-mamaru

Paccmotrpum 6Gostee mOAPOOHO 9TANbl XpPaHEHUS
uadpopmanuu Ha ocHoBe [ITHK (cm. puc. 1). Ilepen
HAYaJIOM IPOIEeNyPhl KOATUPOBAHUA TaHHbIE HE00XO-
IWMO IIPUBECTHU B (pOPMAT, COOTBETCTBYIOIINII UETHI-
pem mykJeotrunam (A, C, G, T), obpasyooiium moJie-
Kyasl JHK. B reopuu napopManuy TaKkad IPOIeny-
pa HaswpIBaeTcsa KogupoBaHmeM ucrtounuka [30, 31].
Tak, HampuMmep, B cBoeli panueir pabore [15] aBTO-
PBI HCIIOJIB30BAJIM IIPOCTOE OTOOpasKeHre OYKB aH-
TJINHMCKOro ajipaBuTa, 3HAKOB IpenuHaAHUA 1 Iudp
B TIOCJIEOBATEJIHHOCTHU U3 HYKJIEOTHUAOB TI0 3apaHee
oIpefeeHHOMY IIpaBUJIy, IO KoTopomy OyxkBa D
aHTVINHCKOTO ajdaBuUTa IpeodpasyeTcsa B IOCJIENO-
BareabHocTsh TTG, 6ykBa N — B TCT, O6ykBa A —
B CGA. B pesyabrare cioBo DNA mpeobpasyercs
B mocJiegoBaTebHOCTE HyKJIeoTu 0B TTGTCTCGA.
ITosnnaee npyrumu yuenbiMmu [17] Obl1a mpeaiokeHa
cxeMa KonupoBauusa ¢ nomomibio [JHK orHOCHTEND-
HO OOJBIINX 00HLEMOB Pa3HOPOIHONM HMH(MpOpMAaINH,
u3HaYaJBHO mHpejcTaBienuoit B html-gaitre. IIpu
aTom cuMBoJ 0 mpeacTaBsAJICSA B BUOE HYKJIEOTHU-
ma A miau C, BeIOMpPaeMoOro ciaydaiiHBIM 0OpasoM.
CumBou :xe 1 mpeacTaBisaica B Buie HyKJeotuga T
uau G, TakKe BbIOMpaeMoro ciayuaiino. B manHoMm
caydae aBowuHasa mocienoBaTeabHocTh 0100 mpen-
craBasanack B suge AGAC. B pa6ore [18] ¥ naHHBIM
mepes UX IpeodpPasoBaHMEM B IOCJIENOBATEIbHOCTH
HYKJIEOTHUAOB aBTOPHI IIPUMEHUJIN TPOUUHBIA aJ-

roputMm Xaddmara Ajig KOGUPOBAHUA HCTOUHUKA.
IIpz sTOM KommpoBaHme B aihaBUT HYKJIEOTUAOB
OBLJIO OIIpeeIeH0 TAKUM 00pa3oM, UTOObI M30eKaTh
TIOBTOPEHUSA IIOAPAJ OJHOT'0 HYKJIEOTHAA B IeJIeBOI
nocaenoBarenpHoctTu [JHK. 9To mocTurasocs ¢ mo-
MOIITBIO CIIeITMAJbHOM TaOJaUIBI IpPeoOpasoBaHUs,
onpefeAoleil IpaBUJIO OTOOpaKeHUs TeKYIIero
TPOUYHOTO CHMMBOJIa B HYKJIEOTHUJ B 3aBUCUMOCTHU
OT 3HAUEHWUA MIPENBIAYIIero HyKJeoTuza. B yact-
HOCTH, TIPU TPEABIAYINeM HyKJeoTuae A cumBoia 0
orobpaskaisica B C, a mpu C — y:xe B G. IIpu saTom
oToOpaskeHue IIEePBOTrO CHMBOJIA OIPEAessijoCh II0
TIPaBUITY, ITPY KOTOPOM HPEALIAYIITNM HYKJICOTUIOM
apaserca A. Hanpumep, mociaenoBareabHocTs 0020
mpenacraBiaanacsk B Buge CGCG. [lanHoe TpeboBaHme
BBI3BAHO IIOBBLIIIIEHHON BEPOSATHOCTHI0 BO3HUKHO-
BeHHUSA OIIMOKMN, CBOMCTBEHHOII COBPEMEHHBIM TeX-
HOJIOTUAM CEeKBEHUPOBAHUA, IPU CEeKBEHUPOBAHUU
TOMOITOJIMMEPHBIX (COCTOAIIUX M3 OJHOTO HYKJEO-
tugma) yuactkoB JHK [32]. [Ipyrum BaKHBIM JJid
KOJUPOBAaHUS OOCTOSATENBCTBOM, BJIUAIOIIUM Ha
YPOBEHbD OITMOOK 1 HAJIeKHOCTh XPaHEeHUA, ABJIAET-
ca ponsa GC nykaeotunos [33]. ATOT haKTOP YUUTHI-
BaJIicA, HAIIpUMep, B padbore [23], rae KogmpoBaHUMe
OBIJIO OPTaHM30BAHO TaKUM 0O6pa3oM, UTOOBI m3be-
JKaTb TOMOIIOJMMEPHBIX YYaCTKOB IJIMHBI Oosblie 3,
a Takke oauromyrJgeorumoB c¢ GC-comep:kaHumem
6oablirre 55 % 160 mensbite 45 %. ATO JOCTUTATIOCH
IIyTeM IIPeIBapUTEIbHOr0 IIPUMEHEHHus IIpeodpa-
30BaHuA JIyOou ¢ Pas3IUUYHBIMU IICEBAOCTYUYANHBIMUT
rmapaMeTpaMu U OTOPAChIBaHUS HEMOAXOMAIIUX II0-
caepoBaresbHOCTeH. [Ipy sTOM TpeobpasoBaHue GUT
B IIOCJIEIOBAaTEJIbHOCTh HYKJIEOTUIOB OCYIIECTBJIS-
JIOCh TIO 3apaHee ompezesenHomy npasuay 00 — A,
01 ->C, 10 > G, 11 > T. B TakoM caydae CTpOKa
0100 mpexncrasisaiaack B Buzae CA.

i 6GopbOBI C OIMMOKAMY, BO3SHUKAIOITUMU
B IIpoliecce XpaHeHWsS NAHHBIX C HCIOJb30BAHU-
em JTHK, B wuHDOPMAIIMOHHYIO HOCJIEIOBATEIb-
HOCTh BHOCSAT JOIIOJHUTEJbHYI0 W30BLITOUHOCTD.
PasnnuaioT (puU3MUECKyI0 M JOTHUYECKYI0 M30bITOU-
HOCTh. PusanvyecKas MU30BITOUHOCTH IIPEAIIOJIATAET
yBeJIMUeHUEe <«IIOKPBITUSA», UJIU, UHBIMU CJIOBAMU,
yucyaa Kommit moseryn JHK, xpanamux wmHDOP-
MaIuio 00 OOHOM U TOM ’Ke yUaCcTKe MCXOIHOH IT0-
ciaemoBareabHOCTH. Hampumep, B pabore [18] wmc-
TIOJIb30BAJIOCh UETBIPEXKPAaTHOEe TOKPBITHE, TOTAAa
Kak B pabore [34] 1151 KOTMPOBaHUA OTHOM U TOM 2Ke
UHQOPMAIINU MCIIOJb30BaJOCh HECKOJIbKO MOJEKYJI
JHEK, mony4yeHHBIX TyTeM «CABUTA (Das3bl» B IPOILEC-
ce mIpeoOpasoBaHMA MCXOMHON ABOMUYHOM IIOCJIENO-
BaTeJbHOCTHU B IIOCJIENOBATEIbLHOCTL HYKJIEOTHUIOB.
K cokanenunio, momo0HBIE METOAbI HE II03BOJISIOT
TIOJTHOCTBIO 3aCTpPaxoBaTh MH(GOPMAIIUIO OT BO3HU-
Kamomux omubok. pyroil HesaBUCUMBIN CIOCOO
WCIIPABJIEHNA BO3HUKAIOIIUX OIINOOK — WCIIOJb-
30BaHUE JIOTUYECKON U30BLITOYHOCTH, 3ajaBaeMoil
C IIOMOIILIO0 IOMEXOYCTONUNBBIX KOIOB. ITOT METO/

Ne3,2021 N\

VNH®OPMALIVIOHHO-YMNPABASIOLLIVE CUCTEMBI N\ a



7/ KOAVPOBAHVE N NEPEAAYA NHOOPMALINA /

TpebyeT 3HAUUTEJIbHO MEHBIIEro 00beMa JOIIOJIHU-
TeJbHOM MHMOPMAIINHU, YTO, B CBOIO Ouepedb, VBe-
JUYNBAET UTOTOBYIO IJIOTHOCTH XpaHeHudA. KoabI,
WUCIIOJIb3yeMble i OOHAPY/KEHHS U KOPPEeKIUU
BOBHUKAIONIINX OMINOOK, B YACTHOCTU OIIIMOOK THIIA
BCTaBKU M BBINAJEHUA, OYAYT PACCMOTPEHBI B CJe-
IYIOIeM pasmeJe.

ITocme mpuBemeHMA WMCXOAHOI IIOCJIENOBATEIH-
HOCTA K BH[Y, COOTBETCTBYIOII[EMY UYeThIpeM HY-
KJIeOTHAaM, ee HeoOXOoAmMMO IIpeodpasoBaTh B HYK-
JIEOTUIHYIO IIOCJAEI0BATEJIbHOCTh U IOMECTUTh COOT-
BeTcTBYIOITYI0 MoeKyay [IHK B HeKoTOpoe XpaHU-
suie. BoJIbIIMHCTBO CYIIECTBYIOIINX dKCIIEPUMEH-
TaJbHBIX CHUCTEM OIEPUPYIOT C MCKYCCTBEHHO CHH-
TEe3UPOBAHHBIMU OJIUTOHYKJIEOTUAAMU, XPAHAIIH-
MuCA B BUJe pacTBopa, ogHako JJHK mpocreitmux
JKUBBIX OPTraHW3MOB (KaK IPaBUJIO, 0AKTEPUN MU
IPYTUX MHUKPOOPTaHU3MOB) TaK:Ke ITOTEHI[MAJIBHO
MO2KeT OBITH MCITOJIb30BAHA [JIs XPAHEHUS CUHTE3!U-
posausoil [IHK. Takoii moaxo mpruMeHeH B paHHEH
pabore [14]. B nasbHeiimem O0b1y10 yeTaHoBeHo [19],
uTo 6aKTEpUA CIIocoOOHA HeCTH B cebe OKOJIO OJHOTO
MerabaiiTa IOJB30BATENLCKON WH(MpOPMAIIUM, UTO
COIIOCTABMMO ¢ HH(popMAaIuei, XpaHAIlencsa B ee
cooctBerHOM reHome [35]. HecmoTpa Ha aTO Komu-
poBaume nH(GOPMAINY in Vivo, IOMUMO OYeBUIHBIX
TEeXHOJIOTUUYECKUX OTpPaHUUYEHUH, BPAL JU MOYKET
OBITH MAcCIITaOMPOBAHO Ha 60JIbIlIe 00 beMbl HHGOP-
Manuu. B HacTodAleM 0030pe MBI COCPENOTOUNM Ha-
1I1e BHUMaHNe Ha KOQUPOBaHUU in vitro.

CoBpemenHusble TexHOoJoruu cuure3a [JHK nmosso-
JIAIOT CUHTE3UPOBATh OLHOBPEMEHHO Ha OJHOM MUK-
pounIiie MHOKECTBO KOPOTKHUX OJHOIEIIOYEeUHBIX
OJIUTOHYKJIEOTUIOB, MPEACTABJIEHHBIX BO MHOTUX
9K3eMIlIspaxX. KoJInyecTBO pasJMUYHBIX CHUHTE3U-
DPYEMBIX OJUTOHYKJIEOTUIOB MOYKET AOCTUTATh He-
CKOJIbKMX MUJIJIMOHOB, a KaKIbIN OJIUTOHYKJIEOTU]
MOJKeT OBITH IIPECTABJIEH NEeCATKAMY WU COTHIMU
THICAY KOIWI, ONHAKO M3-3a TEXHOJOTUUECKUX II0-
T'PEITHOCTEH KOJMUYECTBO KONHUU IJA PasHBIX OJIU-
TOHYKJIEOTUJOB MOJKET CYII[ECTBEHHO DPa3JIMYaThCA
[36—38]. C npyroii cTOPOHBI, AJUHBI 3TUX (parMeH-
TOB OUeHb MaJbl, mopaaka 200 mykaeorumoB. Ilpu
STOM CaM IIPOIIECC CHHTEe3a TONBEPIKEH OIIMMOKaM
TUIA 3aMEeHbI, BCTABKY U BBIIIAJeHUA HYKJIEOTHUOB,
B pe3yJIbTaTe KOTOPBIX 9K3EeMILIAPHI OTHOTO M TOTO
JKe OJIMTOHYKJIEOTHJa MOTYT CJIerKa PasjandaTbCs.
OTmebHO OTMETHUM ITOSIBJI€HUE HOBBIX ITEPCIIEKTUB-
HBIX TEXHOJIOTHI CHHTE3a, KOTOpble MOTYT CyIIe-
CTBEHHO COKPATUTD €I'0 CTOMMOCTD ¥ YBEJIUIUTH CKO-
pOCTBh, a TaKiKe YMEHBIIUTh YUCJIO BO3HUKAIOIIUX
orrnboK B OmskatirieM oyayiem [39].

Jisa mpencTaBiaeHUA MCXOJHOM IIOCJIEAOBATENb-
HOCTU B BUe HaOOpa OJUTOHYKJEOTUIOB KaKABIH
OJINTOHYKJIEOTU, JOJIKEH COAEPKaTh MHGOPMAIIHUIO,
OOBIYHO HA3BIBAEMYIO MHIEKCOM, O IO3UIUU COOT-
BeTCTBYIOIIEr0 (hparmMeHTa BO BXOTHOU IIOCJIeIOBA-
TeJbHOCTH. KpoMe TOro, mo KpasM OJIMTOHYKJIEO-

THUAA J00ABJIAIOTCA CIEHAJbHBIE MIOCJIEI0BATEIb-
HOCTM — TIIpaiiMepbl IJiA TOJMMEPasHOM IIeImHOH
peaknuu (ITIIP). C momomsio ITIIP cuuTesupoBan-
HBIE OJIUTOHYKJIEOTUIBI 3aTeM aMILIUPUITUPYIOTCA,
T. €. «Pa3MHOKAIOTCA» MO OOJIBIIIErO UMCJa KOIIUIA.
ITOT dTAall TaK)Ke IO3BOJSAET OT(MUJILTPOBATH «HE-
MIPaBUJILHO CUHTE3UPOBAHHBIE» OJUTOHYKJIEOTHUABI,
He copepskarmue mparimepoB IIIIP, ogHaKo BHOCHUT
TOIIOJTHUTEJIbHYIO HEPABHOMEDPHOCTD B UKCJIO KOIIMI
OJINTOHYKJIEOTHIOB M3-3a HEPABHOMEDHOM aMILIN-
puKanun.

Hna wussimeuenus uHbpopmanuu ud JTHK-mamarn
IIPUMEHSIOTCS CTAHJAPTHLIE TEXHOJOIMU CEKBEHUPO-
Bauuda JJHK [40]. C noaBieHreM TaK Ha3bIBAEMBIX CEK-
BEHATOPOB HOBOT'O oKojieHus B cepenuue 2000-x romos
9TU TEXHOJIOTHMU BBHIIILJIM HA KauyeCTBEHHO HOBBIN
YPOBEHb, IIO3BOJAA CUMTHIBaThL (parmedTsl [JHK
o0ImuM 00beMOM MUJINAPALI 0a3 (HYKJIeOTUIOB)
3a OOWH IUKJ padboTel. OnHuMHN 13 Hambojee pac-
IIPOCTPAHEHHBIX HA CErofHs SBJAIOTCS CEKBEHATO-
pel Komnaunuu Illumina. Ilo cpaBHeHUIO ¢ APyru-
MU BBICOKOIIPOM3BOAUTEIbHBIMU TEXHOJOTUSMU,
cekBenatopsl Illumina xapakTepusyoTcsa OTHOCH-
TeJIbHO HU3KUM YPOBHEM OIIUOO0K, mopsaaka 0,1 %.
ITogaBasatoriee OOJBIMTUHCTBO 3TUX OIIUOOK ABJIA-
IOTCA 3aMeHaMU, IIPUYEM YacTOTa BCTABOK U BHINA-
JIeHUI MIPUMEPHO Ha IBa MOPAIKA HUMKe YaCTOTHI 3a-
MeH. IIpu sTOM, KaK 0TMEUaJIOCh, YPOBEHDb OIITMOOK
3aBUCHUT OT TIOCJEJOBATEJIBHOCTH: OH MOYKET OBITh
CYII[ECTBEHHO BBIIIe [IJIs TOCJIEA0BATEJIbHOCTEHN
C OUeHb HU3KUM UJIN, Ha000pOT, 0ueHb BbICOKUM GC-
cozeps;KaHUeM, a TaKJKe JJIs II0CJIeI0BaTeIbHOCTEH,
cozepsKaIIux AJUHHBIE (IIeCTh HYKJEOTUAOB U 00-
Jiee) roMOIIoJInMepHbIe (hparmeHTsI [37].

Omu6ku B cucremax JJHEK-mamaTu u Koasl,
MX MCIIPABJIAIONINE

TUOUYHLIMYU OMINOKaMM B IIPOIlecCe MaHUIIYJIA-
nuu ¢ mosiekyiaamu [JHK aBiAioTcsa 3aMeHBI, BCTaB-
KU U BBINIaJieHns HyKJeoTunos. Kpome Toro, cayua-
IOTCS HMaKeTHBbIe BCTABKY W BBIIAMEHUA, T. €. OJHO-
BpeMeHHble BCTABKY WJHN BBIMNAJEHUS KOPOTKUX
¢parMeHTOB, a TaKKe TYIIJIUKAIIUY, KOTIA B IOCJIe-
[IOBaTeJbHOCTH BCTABJISIETCS KOIUA HEKOTOPOI'O €T0
¢parmenTa. IIpumepbl OIMMOOK IIpeACTABJIEHBI Ha
puc. 2.

Mogens, Korga OIIMOKK OIrPAaHUUYNBAIOTCS TOJIb-
KO 3aMeHaMU CMBOJIOB, XOPOIIIO U3yUYeHa B TEOPUU
KOJUPOBAaHUS, U JJIS Hee N3BECTHO MHOT'O KOHCTPYK-
WA KOMOB C XOPOITUMU KOPPEKTUPYIOINTINMU CBOM-
CTBAMU, B TOM YHUCJIe KOHCTPYKIIMU OIITHUMAJbHBIX
KomxoB. Mogenb oIIMOOK THIIA BCTABKU U BBIIAeE-
HUs, HCCJeIOBaHMEe KOTOPOI HavajJoch B padorax
[27-29], orasbIBaeTcss ropasmo 0oJiee CJIOYKHOM.
B sToM pasmesie MBI COCPEIOTOUMMCS Ha KOZAX, MC-
MIPABJSIONINX UMEHHO TaKue OIIMOKM, a TaKyKe UX
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B Puc. 2. IIpumeps! omuboK B moseKyaax JTHEK
B Fig. 2. Examples of errors in DNA-molecules

KombOuHanuu. OTMETHM, UTO HEKOTOPHIE CYIIIECTBY-
forue mozesu cucrem JHK-mamaTm orpanuuymsa-
IOTCA PACCMOTPEHUEM KOJIOB, MCITPABJIAIONINX JIUIITH
omuOKu 3aMeHsI [41], X0TsA 9Ta MOZAEJIb OIINOOK I1JI0-
X0 COOTBETCTBYET IIPAKTUUECKUM CUCTEMAM.

B HekoTophIX paboTax [ WCIPaABJEHUS BCTAa-
BOK/BBIIIAJICHUY IIPUMEHSJINCh PA3JIUYHBIE JBPU-
CTUKU, HAIPUMeD, B pabore [42] B LIEHTD KaKIOi
nociyepoBarenbHocTy JJHK BeraBisiica crenumaib-
HBIII MapKep, IO3BOJIAIOININN JIOKAJIN30BaTh JaH-
HYIO OIIMOKY M TeM CaMBIM IIPUBECTH €e K OIIuOKe
3aMeHbBI. B KauecTBe KOPPEKTUPYIOMIUX KOLOB B pa-
6oTe [42] paccMmaTpuBaIuCh KOABI ¢ MaJOM IIJIOTHO-
CTBIO IIPOBEPOK HAa UETHOCTH HJIUHEI 256. B paGorax
[43—46] mpumensaaucy Kogbl Puga — CosomMoHa, a
B [23] npuMmeHeHb! (hOHTaHHBIE KOAbI. OCHOBHBLIM He-
IOCTaTKOM JAHHBIX KOHCTPYKIIUU ABJIAETCA TO, UTO
Pe3yAbTUPYIONINE KOIbl TAPaHTUPYIOT UCIIPaBJIEHNUE
JUIb HEOOJBIIIOTO YKCJa OMINOOK BCTaBKM/BbITIA-
IeHUs, UTO JejlaeT 3aTPYAHUTEJIbLHBIM IIPUMEHEHUE
9TUX KoaoB B cucremax JHK-mamsaru.

PaccmoTpuM Temeph OIIMOKM THIIA BCTABKU U
BhIIaZieHUA. K mepBoil KOHCTPYKIIMU KOAOB IS UX
HUCIIPaBJIEHUS MOXKHO OTHEeCTH Konabl BapmamoBa —
Tenenrosbia [28, 47]. Takme KOZBI COCTOAT U3 BCEX
IBOMYHBLIX BEKTOPOB AJIMHEI 71, I03JIEMEHTHAS CyM-
Ma KOTOPBIX MPUHUMAET HEKOTOPOoe (YUKCUPOBAHHOE
3HAYEHUeE 10 MOAYJI0 1. OTMeTUM, UTO JaHHBIE KOIBI
WUCIPABJIAIT OTHY OIIMOKY BCTABKU WJIM BHIIAZE-
HUA U ABJIAIOTCS ACUMIITOTUUECKY ONITUMAaJIbHBIMU.
CucremaTuuecKasi BEpCUs JaHHBIX KOIOB IIPEICTaB-
JeHa B pabore [48], a Ha ©X OCHOBE OBIJIU ITOCTPOEHBI
ACUMIITOTUYECKH OIITUMAaJIbHbIe KOAbI, NCIIPABJISIO-
IIye ABe IIOCJIeIOBaTeJbHbIE BCTABKY WJIM BHIIAZE-
Husda [49].

O6o061enue Komos BapmiamoBa — TemeHTroabiia
Ha cjaydail OOJIBIIEro YKcja BCTABOK M BBHIMAJEHUMI
SABJISIETCS CJIOYKHOI HAyUHOM 3aaueii. BOJBIITMHCTBO
IPEJIOMKEHHBIX SABHBIX KOJOBBIX KOHCTPYKIIWI,
B YACTHOCTHU KOHCTPYKIIuA u3 paborsl [50], 06o61a-
I0IadA UX Ha CJIyYall NCIPABJIEHUA 0 IATH BCTABOK
¥ BBITIAJIEHU, SBIAIOTCA HEONITHUMAJbHBIMU C TOU-
KU 3PEeHIS KOJOBOM CKOPOCTH, a TaKJKe He 00J1aJat0T
3 HEeKTUBHBIMHU aJITOPUTMaMU KOJUPOBAHUA U Je-

KogupoBaHua. Kogbl, ncrpaBigroIiye 10 IBYX BCTa-
BOK U BBINAJEHUN M YJIYUIITAION[e KOHCTPYKIIHIO
[50], 6b11H TOSTYy Y€HBI € TTOMOIITHIO IIOCTPOEHUA KOJ0-
BOIT KHUTU IIyTeM mepebopa [51]. KoumcTpykiuu, me
HCIIOJIb3YIoINe Iepedop, MoydeHsl B padore [52].

ITepBasa KOHCTPYKIIMA KOZOB AJIS WCIPABJIEHUS
(UKCUPOBAHHOTO YMCJIa BCTABOK U BHINALEHUH, 00-
JajamoIrnasg MaJoll n30bLITOUHOCTHIO U 3 (EKTUBHBI-
MU aJTOPUTMaMU KOAUPOBAHUA U NeKOAMPOBAHUS,
Oblaa mpencTaBiieHa B pabore [53]. OTa KOHCTPYK-
nua o0o0IaeT MAe pasAeseHUA KOJOBOTO CJIOBA
Ha O0JIOKM (hMKCHMPOBAHHOI'O pasMepa U IOCJIeIyIo-
IIeT0 OTAEJIEHUS UX APYT OT IpyTra IIyTeM mobaBiie-
HUA OJUHHBIX IOCJeq0BaTe IbHOCTel U3 Hyaeii [54].
IIpomenypa OeKOOMPOBAHMS HCXOJHOTO KOIOBOTO
CJIOBA IIPU 3TOM OCYII[ECTBJIAETCA II0 MaKOPUTAPHO-
MYy IpaBuy. BrocaencTBuuy Moy YeHHbIN Pe3yabTaT
Ob1 yayurieH [65, 56].

Bce BhIllleonncanHble KOHCTPYKIIUY ITOAPA3yMe-
BaIOT MCIIpPaBJeHUe GUKCUPOBAHHOTO YNCJIA BCTABOK
¥ BBINIAJIEHUII, B TO BpeMaA Kak HauboJiee mHTEpec-
HBIM C IPAKTHUYECKOH TOUKU 3PEHUSA ABJISIETCS CIIY-
yali (GUKCUPOBAHHOU JOJI BCTABOK U BBHINIAJEHUI.
IlepBBIe KOABI OJIsT STOTO CJOyYasA ObBLINM HOCTPOEHBI
B pabore [57]. JanHaA KOHCTPYKI[US OCHOBLIBAETCA
Ha KacKaJHOMH cxeMe, IOAPasyMeBaloIei NCIoIb30-
BaHMEe BHYTPEHHUX KOJOB, IIOJIYYEHHBIX C IIOMOIIIbIO
nepebopa m BHemHuX KoxoB Pujga — CoJsiomoHa, u
00/1a71aeT MOJTUHOMHUAJBLHBIMYA AJTOPUTMAMU KOLU-
poBaHUS W AeKOAMPOBaHUA. BepxHAA IpaHUIlA HaA
CKOPOCTH KOZOB, 00JIafaIOIINX JaHHBIM CBOMCTBOM,
noayueHa B pabore [568]. Tam ke mokasaHo, UTO KO-
bl 13 paboThl [57] ABIAIOTCA aCUMIITOTUYECKU OII-
TUMAaJIbHBIMHU.

KoHCTPYKIIMY KOMOB, MCIPABJSIONINX BCTaBKU
¥ BBIMIAJIEHUS IS [BYX HanboJiee MHTEPECHBIX CJIY-
YyaeB: BBICOKOI KOMOBOI CKOPOCTU M OOJIBIIION HOJIU
BCTABOK/BBINIAJeHU, — OBLIU IIPEAJI0KEeHbI B pabo-
Te [564]. OTH KOHCTPYKIIUU TaKKe OCHOBLIBAIOTCS HA
KacKaJJHOM cxeMe, COCTOAIIEH 13 KOfa C XOPOIINMU
KOPPEKTUPYIOIUMY CBONMCTBAMH C TOUKMU 3PEHUS
WCIIPaBJIEHUs OIMINOOK 3aMeHBI (B UaCTHOCTH, KOJa
Puna — Cosmomona u komoB IlapBaperna — Bapan)
M KOJIOB JJIA HCIIPaBJIEHUA BCTABOK/BBINAJEHUN CO
3HAYUTEJILHO MEHbINel miInHoi OJyoka. Ilocienuee
CBOMCTBO MO3BOJISET [OEKOAUPOBATL MAHHBIA KO
MeTofoM mpoctoro mepebopa. IIpm stom B ciyuae
BBICOKOM [0 BCTABOK/BBINAJEHUIN HEOOXOIUMO
cHenuaJbHBIM 00pa3oM YUYHUTHIBATL BJIUSAHUE He-
MPaBUJIBHOIO [AeKOAUPOBAHUS BHYTPEHHEro Koma
Ha BHEIIHUH Kox. B ciyuae BBICOKOI KOJOBOII CKO-
poCTH, B CBOIO OUePEeh, HEOOXOAMMO Pa3aeaATh 6JI0-
KU BHYTPEHHUX KOIOBBLIX CJIOB C IIOMOIILIO OJIOKOB
U3 TOocJiefoBaTeNbHBIX HyJseil. KiioueBoit ocobeH-
HOCTBIO IIPEIJIO}KEHHOr0 IOAXOJa fABJSETCA OIpe-
JIeJeHUe TTapaMeTpPoB JeKOAUPOBAHUA BHYTPEHHETO
Ko[a, II03BOJISIOIIee BHEIITHEMY KOJY BOCCTAHOBUTH
WCXOIHOE COOOIeHMe C MOMOIIBIO CIHCOYHOI'O Ie-
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Kojepa. YayullleHre HaHHONM KOHCTPYKIIUU IJIS KC-
IpaBJieHUs 0OJIBINIEH O BBITIAJeHNI IPEeII0KEeHO
B pabore [59]. O60061IeHMe Ha caydait puKCHpPOBaH-
HOH J0JIM KaK BCTAaBOK, TaK M BBLIIIAJeHUH IIPEACTaB-
JeHo B pabore [60].

Emte ogHuM MeTOZOM, IIO3BOJIAIOIIMM HCIPaB-
JATh BCTABKM W BBINAJEHUS, ABJIAETCA IIpeobpa-
30BaHNe KOPPEKTHUPYIOINX KOMIOB AJA OIIMOOK 3a-
MeHBI C IIOMOIIBIO CTPOK cuHxXpoHu3anuu [61]. Ero
OCHOBHAS UAESA COCTOUT B MOOABJIECHUU K KaKIOMY
CHUMBOJIy MCXOTHON KOZOBOM IMOCJIEI0BATEIbHOCTH
CHenuaJbHBIM 00pa3oM IMOCTPOEHHOM CUHXPOHU3U-
pyroiieii CTPOKM Haa MaJbIM aJI(PaBUTOM U UCIIPAB-
JIEHUU ITPOUSOIIEAINNX OMIMOOK THUIIA BCTABKM/BbI-
HageHus ¢ IIOMOIIBIO eKoAepa NCXOIHOTO Koa.

JeTepMUHUPOBAHHBIN CIIOCO0 TOCTPOEHUS CUH-
XPOHUBUPYIOIINX CTPOK MIpeAJiosKeH B padore [62].
B cayuae ecaiu mocJie epenauu mo KaHaJay cO BCTaB-
KaMU/BBIMAJEHUAME TOJYYeHAa CUHXPOHUSUPYIO-
masa CTpoka S’, To aJrOpuTM IIPUBEIEHUS OITHNOOK
TUIIA BCTABKU/BBINAJEHUA K OMIMOKAM 3aMEHBI II0-
CJIeTOBATEJIbHO HAXOAUT HAaUOOIbIITEe COOTBETCTBU S
mexkay S u S'. Eciu Kakoii-1ub0 9J1eMeHT UCXOIHOM
CTPOKM HAaXOAUTCA BO BCeX MOJYUYEHHBLIX paHee Co-
OTBETCTBUAX, TO OH IIOCTYyIIaeT Ha BXOH HeKozaepa
MCXOMHOTO Koxa. B pabore [61] mpuBeneHbI OIEHKHU
Ha YMCJIO UCIPABIAEMBIX TAKUM 00pa3oM BCTaBOK
¥ BBITIAJIEHUH, CBA3aHHbIe C KOPPEeKTUPYIOIIel CIIo-
COOHOCTHIO IPUMEHAEMOT'0 KOJIa 1 CBOCTBAMU CHH-
XPOHUBUPYIOIIEH CTPOKH.

ITocneguue pe3yabTaThl AJA KOAOB, UCITPABIIAIO-
X (GUKCUPOBAHHYIO OO0 BCTABOK M BLIIAJEHUIH,
moJy4yeHbI B paborax [63, 64] B paMKax mccJienoBa-
HUS CBSA3AHHOU 3amauu 00 oOMeHe JOKyMeHTaMU,
HOIIyJIAPHON B 00JIaCTH TEOpPETUUEecKOr MHPopMa-
TUKX. B 9TOM KOHTEKCTe KOIUPOBAHUE TPOUCXOIUT
C IIOMOIIbIO JOOABJIEHUS K MCXOSHOM CTPOKE JOMOJI-
HUTEJBHOrO coobIenus — ckerua (sketch), ¢ momo-
ITbI0 KOTOPOTO MOABEP ;KeHHAaA OMINOKaM MCXOTHAS
CTPOKAa MOXKeT ObITH BIIOCJIEICTBUU AEKOAUPOBAHA.

OTMeTHuM, UTO IPUBEAEeHHBIE BBIITE KOIbI CITOCO0-
HBI 3()PEeKTUBHO MCHPABJIATh PUKCHUPOBAHHYIO IO-
JIFO OITMOOK JIMIIIL ONPEeIeJIeHHOr0 TUIA, TOrAa Kak
B cucteMax [[HK-maMaTu MOTyT OZHOBPEMEHHO IIPO-
WCXOIUTH KAK BCTABKU U BBINIAJ€HUSA, TAK U 3aMe-
HBI CUMBOJIOB. IIpu 9TOM pa3jauUHbIe TUIIBI OIITHNOO0K
UMEIOT PasJUYHbIe BEPOSATHOCTU, OIpPeAessieMble
CTPYKTYPOA KOHKPETHOU CHUCTEeMEI.

BaxHBIM 000011IeHEM OIIINOOK BCTABKY 1 BBINA-
IeHUsS MHANBULYAJIbHBIX CHMBOJIOB, BOSHUKAIOIIIUX
B cucremax JTHK-mamMaATH, SBIAAIOTCA BCTaBKU WUJIU
BBITIAJIEHUS IIOCJIeOBATEIbHBIX CHMBOJIOB, TaKJKe
HA3bIBAaeMbIX TAKETHLIMU. BIilepBble TaKas IOCTa-
HOBKa 3aJlau¥ BBe[eHa B paboTe [49], B KoTopoii pac-
CMAaTPUBAJUCH I'PYIIILI, COCTOAIIME He 6ojiee YeM us3
IBYX TOCJIeOBATEIbHBIX BLITAJEHUH, 1A KOTOPBIX
OBbIJIN TIPEAJIOKEHBbl KOPPEeKTHUPYIOIie KOABLI C OIl-
TUMaJbHON U36BITOYHOCTHIO. OTMeTHM pasauvne

MEXKAY KOIaMM, UCIPABJIAIIINMA 10 k IMOcIesoBa-
TeJIbHBIX BCTABOK WJIU BBITIAJEHUI, U KOJAMHU, KC-
MIPAaBJIAIOIMMYI POBHO k IOCI€J0BATEIbHBIX BCTABOK
uau Bblmajgenuii. [IpuMeHeHMe TOCIETHUX, B CBOIO
ouepenb, He TapaHTUPYET UCIPaBJIE€HUE MEHBIIIEeTo
YyucJa omuooK B 00IIEeM cydae.

B pabore [65] mccienoBaHbl KOABI, WCIPABJIA-
[oIue k mocjaeqoBaTeIbHBIX BCTABOK MJIM BbIIAJE-
HUH (HO HE KOMOWHAIIUIO UX), 0000IIeHHbIe TaKKe
Ha ciayuail He Oojiee k mocjemoBaTeJIbHBIX BCTABOK
WM BbITTafieHuii. Pe3yabrar nis caydas POBHO k
mocJae0BaTeJbHBIX BCTABOK WMJIM BBINAJEHUI OBLI
B JaJIbHEHIeM yJydIlieH B padote [66], a ama cay-
uad He 6oJree k TaKMX oIIn60OK — B paborax [67, 68].
B yactHOCTH, B padoTe [68] moyueHBI KOABI C aCUM-
OTOTUYECKU OITHUMAJbHBIM 3HAUEeHUEeM W30LITOY-
HocTHu. IIpu 3TOM BCe OTMEUEHHBIE BHIIIE KOHCTPYK-
MY OCHOBBIBAIOTCSA Ha PA3JIUUYHBIX MOTUDPUKAITUAX
KomoB BapitamoBa — TemenroJsbita. OTMeTHuM, UTO
BO3MOXKHBIN CJIydyail HECKOJbKHX ITIaKETHBIX BbI-
majJeHu# OrpaHWUYEHHOMW MJIMHBI SBJIAETCA MeEHee
u3y4yeHHOU mpobsaemoii. A perreHusa mocJegHENR
B paboTte [69] mpenyiosKeH MeTON CHHIAPOMHOI KOM-
npeccun (syndrome compression) B HpuMeHEHUU
K KOHCTPYKIIUM KomoB u3 paborsl [53]. IIpu aTom mo-
JIyJYeHHBIE TAKUM 00pa30M KOABI He ABJISIOTCSA aCUM-
IITOTUYECKH ONTUMAJbHBIMU.

OdpyruM pacupoCTpaHeHHBIM TUIIOM BCTaBOK
ABISIOTCA AYILINKAIIMM, KOTJa HEKOTOpbIH (par-
MEHT TOCJIeOBATEJILHOCTH KOIHUPYeTCsd B IIO3U-
U0 cupasa oT Hero. OMINOKY AYIIUKAIIAN ObIIN
BIIEPBBIe paccMOTPeHbI B pabore [70], B KOoTOpPOIi
WCCJIeIOBAH CJyYall OYIJIUKAIUKM ONHOTO CHMBO-
Ja B OBOMYHOM ajiaBuTe M IOJydeHA aCUMIITO-
TUYeCKasd BEPXHAA T'PAHUIIA Ha MOIIHOCTH TAKOTO
Koma. ACHMMIITOTUYECKU OITHMMAJBbHBIE KOABI IJISA
WUCIIPaBJIeHNsI (DUKCUPOBAHHOI'O YKCJIA OIITHOOK Iy-
IJINKAIMU OAHOTO CHMMBOJIA, a TaKiKe KOABI ¢ 3(-
(hbeKTUBHBIMHU AJIrOPUTMAMU KOAWMPOBAHUS U IEKO-
IUPOBaHUA MPeAJosKeHbl B paboTtax [71, 72]. B [73]
BBIBEEHA ONTUMAaJbHAs KOHCTPYKIIMA HOJS UC-
IpaBJIeHNUA HEOTPAHWYEHHOTO YWCJa AYIIUKAIIUAH
durkcupoBanuoii xauHbl. KpoMme Toro, B aT0it padoTe
IpoBeJeHo 0000IeHre Ha CIydYail TaHAeMHBIX Iy-
IJINKaIni, ITPU KOTOPBLIX (DparMeHT mpeodpasyeTcs
B IIBe IIOCJIefioBaTebHbIe Konuu. [[J1s1 9Toro cay4das
Oblyla TpeaCTaBJIeHA KOHCTPYKIIWA, WCIIPABJISIO-
mas TaHAeMHbIe IYIJINKAIUY AJUHE 0 1, 2 uau 3.
OnTuMaIbHOCTE STUX KOJOB IIOKa3aHa B padore [74].
B pa6ore [75] paccmoTpeHa 3aiaua UCIIPaBIEHU OJI-
HOH TaHAEeMHOUW AYIIJIMKAIMMN, HO y:Ke OrpaHuYeH-
HO MIWHBI. ABTOpaMU IPeIJoKeHbl I'PaHUIIBI Ha
MOIITHOCTh TAKUX KOJIOB, a TaKJKe SBHBIE KOHCTPYK-
UM Ha OCHOBe KozoB BapmmamoBa — TeHeHrosnIa,
He ABJAIONNecd ONTUMAJIbLHBIMH.

B szakioouenue pasmgesia OTMETHM, UTO B CJaydae
cucrem [THK-mamsaTu Komurypamuu 1 JOJA BO3-
MOKHBIX OIIMOOK OIPEAeATCS HX XapaKTepu-
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CTUKAMHU. TO CTABUT 3aJaUy IOCTPOCHUS IJsI HUX
OITHUMAJIBHBIX KOJOB, 00JIAJAONINX BBIUNCJINATEIb-
HO-9()(PEeKTUBHBIMHU AJTOPUTMAMU KOAWPOBAHUSI U
ITexonupoBaHuA. IloMuMo 3TOro, BasKHOI SABJISET-
cA 3a7avya JaJIbHEHINero yaydIIeHus CYIIecTBYIO-
X KOJOBBIX KOHCTPYKIIMII, B YACTHOCTH KOIOB,
HUCIIPABJIAIOIINX HECKOJbKO IIAKETHBIX BBINANECHUHA
(pUKCUPOBAHHOM IJIUHBI, 1 KOJOB, NCIPAaBJISIIONIUX
TaHAeMHbIe YILINKAIINNA OrPaHNYeHHOM AJINHEI.

Mogeau kaunajosB a4 cucreMm JJHK-mamaru

Kak ormeuasiock pamee, mpu xpaHeHUU HWHQDOP-
Manuu ¢ ucnosab3oBanumeMm [THK mosb3oBaresnbckue
JTaHHbIE IIPeo0pPa3yTcsa B GOJILIIIOE UYKCJIO OJUTOHY-
KJIeOTHI0B. B X0ie MaHUNYIATINHI C HUMU, & UMEHHO
WX CUHTEe3a U YTeHUs (CEeKBEeHUPOBAHN), BOSHUKAIOT
OIMMOKY, UTO MPUBOAUT K HOABJIEHUIO HOBBIX OJIU-
roHyKJIeoTu0B. IIpy sTOM Zaske B IIpoliecce XpamHe-
HUS OJUTOHYKJEOTHUILI MOTYT OBITH ITOABEPKEHBI
XUMUYECKUM IIPeoO0pa3oBaHUAM, KOTOPhIe IPUBOJAT
K «II0Tepe» HEKOTOPHIX U3 HUX Ha dTare uTeHud [37].
Haxogrer, B cuny cnemuguueckux coiicts IIITP pac-
penieieHNe YMCJIa KOIUM OJUTOHYKJIEOTUAOB BECh-
Ma HepaBHOMEPHO: HEKOTOPBIE MOT'YT OBITEH ITPECTaB-
JIEHBI HAMHOTO OOJIBIIIMM UHCJIOM KOIUii (BO3MOXKHO,
cofiepiKaIluX OIMNOKM), YeM Apyrue. ITO HPUBOLUT
K 3aZiaue MOJIeJIMPOBAHUA BCETO IMPOIlecca XpaHeHUA
nHpopmanuu ¢ momolnbio [JHK-mamsaru, T. e. moctpo-
€HUIO COOTBETCTBYIOIUX € TeOPeTUKO-MHMOPMAIIN-
OHHBIX MOJIeJIell KaHaJIOB, a TaK:Ke N3YUeHUIO UX Xa-
PaKTEePUCTUK U KOMIOB JJIA HUX.

B oxmoii n3 mepBBEIX pabOT B 3TOM HAIIPABJICHUU
ObLIIa paccMOTpPeHa MOJeNIb, B KOTOPOM Ha BXOJ Ka-
HaJIa ToCcTyIaeT Habop u3 M mocJieqoBaTeIbLHOCTEI
nnuabl L. Ha BBIXOZ, B CBOIO Ouepenb, IIOCTYIAET
Habop u3 N mocjiegoBaTelbHOCTEl, PABHOBEPOATHO
BBIOPAHHBIX U3 BXOAHBIX [76]. Takoit KaHaJ IPOMJI-
JIIOCTPUPOBAH Ha puc. 3.

ABropamMu paboTHI MOJyUeHA OIeHKa Ha MPO-
MYCKHYIO CIIOCOOHOCTH JaHHOTO KaHaJja. OTmerum,
YTO TaKasd IOCTAHOBKA 3aJayM WCKJIIOUAET BO3-
MOKHBIE OIITMOKY B ITOCJIELOBATEIBHOCTAX, a IPea-

’ [reAcTac]
CAGTAC PaBHOBepOHTHBIIE CAGGTAC
M A BLIGOD N

{8

B Puc. 3. [Ipumep mozenu Kanaaa JHK-namaru
B Fig.3. Example of DNA-storage channel model

TOJIOKeHWe O PaBHOBEPOSTHOM BHIOOpE He BIIOJIHE
aJleKBaTHO OTpa’kaeT peasibHOCThb. B JaibHelirem
aTa IIOCTAHOBKa Oblja pacmimpeHa B pabore [77],
B KOTOPOM B IIOCJIEHOBATEIHLHOCTAX MOTJIN IIPOMCXO-
IUTH OIINOKU 3aMeHbl. CxeMa KOIO0B, TOCTUTAIOIIIX
TIPOITYCKHOM CIIOCOOHOCTH, OCHOBAHHAA Ha Caydai-
HOM KOZWPOBAHUU U JeKoJepe, IPyIIUPYIOIeM II0-
CJIeIOBATEILHOCTY B COOTBETCTBUM C PACCTOSHUEM
XaMMUHTa MeKAy HUMH, IIpeACTaBjeHa B paboTe
[78].

YupoireHHaAa MOCTAHOBKA BBINIEOMMCAHHBIX 3a-
Jlau paccMoTpeHa B paborax [79, 80], rae mocienosa-
TeJILHOCTH JIUIIDH IIePeMeITnBaInuch 0e3 ITPOBeIeHU T
MpoLeAYPLI ciayuaiimoro Bei6opa. Ilpu sToM ObLIN
paccMOTpeHbl BAPpUAHTHI JaHHBIX KAHAJIOB C OIMHNO-
KaMu 3aMeHbl U CTUPAHUAMU, IIOJYUEHbl 3HAUCHU S
MPOIYCKHO# CIIOCOOHOCTH IJIsA HUX, a TaKiKe IIPHU-
BeJIeHbI CXE€MbI, C IOMOIIbI0O KOTOPBIX OHU JOCTUTa-
oTcA. B mociaegHMX NIPUMEHSJINCh KOAUPOBAHUS
TOpAIKAa C TTOMOIIIBbIO MHAEKCOB, a TaKyKe KOIbI, T0-
CTUTAIOIIMe IIPOIMYCKHOM CIIOCOOHOCTH IJiA ABOWY-
HO-CHUMMETPUYHOr0 KaHaJla WX K€ ABOMYHO-CTHU-
paroriero kaHaysa. OTMeTHM, YTO B 3TUX paboTax He
paccMaTpuBaJIMCh OIMMOKM THIA BCTABKM/BBIIIAe-
HUS, IJA KOTOPBIX IO CUX IIOP HEM3BECTHHI TOUHBIE
3HAUEHUA MPOIYCKHOI CIIOCOOHOCTHU AJIsI BCeX 0bJia-
cTell BO3MOKHBIX mapaMmeTpos [81], a Takke cImoco-
ObI TOJYUYEHUS BBIXOAHBIX ITOCJIEJOBATEILHOCTENH,
OTJINYHBIE OT PABHOBEPOSATHOrO BhIOOPA.

Eitie omHOII BO3MOMKHOIN MOZAENBI0 KAHAJOB AJIA
JHEK-mamaTu ABigeTcA MOAeNb, IIPeACTaBJIEHHAA
B pabore [82]. B Hell ma BXOA KaHaJja HOCTYIIAeT
Habop u3 M mocJsenoBaTesbHOCTEeH AamHbl L. Ha
BBIXOJl KaHaJia mocTyiaeT Habop u3 M — s mocie-
JOoBATeJIbHOCTEHM, M3 KOTOPBIX B { MOCJIESOBATE]b-
HOCTAX ITPOMCXOAUT [0 € OIIMOOK TUIla BCTAaBKMU/
BBITIAJIEHNA, a TaKKe 3aMeHbl. IlapaMeTpsl faHHO
MOJIeJIY ABJIAIOTCA QUKCUPOBAHHBIMU BEITMUNHAMU.
WHTepecHBLIM (aKTOM ABJIAETCA TO, UTO B paccMa-
TPpUBAeMbIX KaHaJIaX KO, MCIPABJIAIONININ BBIMNA-
IeHUs, He CIOCOOEH MCIPABJATHL M BCTABKU, U BbI-
mageHus. ATO OTIMYAeT pacCMaTPUBAEMyI0 3amauy
OT 3a/laUM UCIIPABJIEHUs OMINO0K B CUMBOJIaX IMOCIe-
JoBaTeJIbHOCTEHM, PACCMOTPEHHON B IIPEIBLIAYIEM
pasmgesne. ApropamMu paboThl [82] BhIBEEHEI I'PaHU-
I[bI HA N30BITOYHOCTD JAHHBIX KOMIOB, 4 TAKJKEe Ipe-
CTaBJIEHBbI KOHCTPYKIIMKM Ha OCHOBe WHIEKCAIIUU U
KOIMPOBaHUS BceX MH(MOPMAIIMOHHBIX ITOAIIOCJIEI0-
BaTeJbHOCTEH KOAOM ¢ MAKCUMAJIBHO JOCTUKUMBIM
KOJOBBIM paccTosgHueM. TakKe IIpeaiosKeH CIocod
JaJbHEUIero yMeHbINIeHUA W30BITOYHOCTHA C IIO-
MOIILbI0 MCIIOJIL30BAHUA HamboJiee 3HAUMMBIX OUT
B nHAeKcax. OTMeTuM, UTO JaHHAS MOJAE]Ib He yUu-
THIBaeT HEPABHOMEPHOCTH pacIIpeflesieHusa dYucjaa
KOIIMH Pas3JNYHBIX IIOCJIeNOBaTeJIbHOCTEH, a TaKKe
pasauuusa B BEPOATHOCTSIX PA3HBIX TUIOB OITIGOK.

WuTepecHOll TeopeTHUKO-MHMPOPMAIMOHHON MO-
menbio KaHasoB Aua JJHK-mamatu tax:ke aABIAeET-
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cA MOJeJsb, IpeacTaBJeHHad B pabore [83]. B Heii,
KaK ¥ B MPEJBIAYIIEeM cayduae, Ha BXOJ IOCTYIIaeT
Habop u3 M mociaemoBaTesbHOCTeH Aauubl L. Ha
BBIXOJ K€ KaHaJia moctynaeT Habop us T mocieno-
BaTeJbHOCTEH, B KOTOPHIX mpousoItao K 3aMeH, Tae
M — K < T £ M. Ilpu 9TOM CUATAETCS, UYTO BOSMOIK-
Had MOTepPsA MOCJIeJOBATE/ILHOCTEH SIBJIAETCS CJIeH-
CTBMEM MIPOUBOIIEAIINX B HUX OIITHNO0K 3aMeHBI.
C moMoIlbi0 TPAaHUIBI AJIs YIAKOBKHU cdep aBTopa-
MU TIOJIyUeHa TpaHuIla OJd CYIecTBOBAHUA KOMIOB,
UCIPABJAIOIINX OMINOKM B TaKOoM KaHajie. Kpome
TOTO, OBbLNIa TIPEJCTaBJIeHA ABHAA KOHCTPYKIIUA, KC-
IpaBJAAIONIAsa HECKOJbKO IIPOW3OIIEAIINX 3aMeH,
OCHOBAHHAA HA HJee KOHKATEHAIIUMW IOCJeI0Ba-
TeJILHOCTEH B CIIeIaIbHOM HOPAAKE U IPUMEeHEeHU N
koma Puga — Comomona. Cy1iecTBeHHBIM HEJIOCTAT-
KOM [OaHHON MOIEeJU SABJSIEeTCA OTCYTCTBHE ydUeTa
BO3MOKHBIX OIITMOOK THUIIA BCTABKY/BBLINACHUS.

Kpome ommcaHHBIX, eIlle OZHOW HEeTABHO IIPen-
JIO}KeHHOM Mopenbio kaHasua aia JHK-namatu [84]
SABJISIETCA MOJeJIb, B KOTOPOU Ha BXO0J KaHaJjia IIOCTy-
naet Habop u3 M mocJsieqoBaTeIbLHOCTEH [JIAHBL L,a
Ha BBIXOJie IIoJIyuaeTcs Habop us yxe M 1mocezno-
BaTeJbHOCTEH, YacTh U3 KOTOPBIX J00aBJIeHA JOMIOJI-
HHUTeJbHO. IIpr 3TOM UaCTh MCXOAHBIX MHOCJEIOBA-
TeJBHOCTEHN MOXKeT OTCYTCTBOBAThH HA BHIXOEe KaHa-
Jia, a B YaCTH MOTYT IPOUCXOAUTDH OMINOKY 3aMEHbI.
OTmeTuM, YTO, B OTJINULE OT IPEALIAYIINX TOCTAHO-
BOK, M He 006s3aTe/IbHO ABJseTCA (PUKCUPOBAHHOMA
BeauumHOI. Iy paboTsl B JaHHOM KaHaJle aBTOpa-
Mu ObLiTa BBelleHa HOBas MeTPHKa, HasdbIiBaeMas II0-
cJe0BaTeIbHO-MHOKECTBEHHBIM PACCTOSAHUEM, U
IPeII0KeHbI CIIOCOOBI MCIIPABICHUA OIINOOK B Heil
HAa OCHOBE KOJI0OB IIOCTOSIHHOI'O Beca 1 KOAMPOBAHUA
uHAeKcoB. IloguepKHeM, UTO, KaK 1 B IPEIbIAYIIIEM
caydae, aBTOPLI HE PACCMATPUBAIOT BO3MOKHEBIE
OITMOKY THIA BCTABKY/BBIIIaEHNA.

B saktouenue 706aBUM, UTO IIOCTPOEHE HOBBIX
TEOPETUKO-UH(POPMAIIMOHHLIX MOJeJell KaHaJIoB
OHEK-nmamsaru, 6ojiee TOYHO YUUTHIBAIOIIUX HEpaB-

HOMEPHOCTDH UMCJIA KOOWHM pasiIWYHBLIX MOCJIeIoBa-
TeJbHOCTEN M BO3MOXKHBLIE THUIILI OIITMOOK B HUX,
TO-TIPeKHEMY ABJISIETCSA BaXKHOI TeOpeTUUeCKOoil 3a-
maveri.

3aKJIoueHune

Cucrembl [JHK-mamATH ABIAIOTCA ITEPCIEKTUB-
HBIM CHOCOOOM XpaHeHHuSA II0Jb30BaTeJIbCKOIl WH-
dopMmaruu, HO HA CETOAHS OHH eIlfe AaJeKH’ OT MPaK-
THUYECKOT'0 BHEJPEHU . ITAIIBI «3AIINCU» U «ITCHUA»
uHGOPMAaINU II0Ka OCTAIOTCA 0ojee MeJJIEHHBIMU 1
0oJiee IOPOrMMH B CPABHEHUU C TPASUIINOHHBIMU
HocuTensamu. Kpome Toro, mpobaemMy 60pbOBI ¢ pas-
JIMYHBIMY OINMMOKAMM, BOSHHKAIOIIUMH Ha dTamax
CUHTe3a, XpaHeHus u cekBenupoBauusa [[HK, meanb-
35 CYUTATh MOJHOCTELIO perteHHoi. OMTHAKO Ha 3TOM
MIYTHU B TTOCJEHYE TOABI JOCTUTHYT Oy TUMBIH IIPO-
Tpecc, UTO U ABUJIOCH IJIABHOM TE€MOM HACTOSAIIIETO
o63opa. Kak uacTo ciayuaeTcs, BOSHHKHOBEHNE HO-
BOI1 00JIaCTU IPUJIOKEHUH TaeT UMIYJIbC IJIA ITOIB-
JIEHUSI U Pa3BUTHUS HOBBIX MoOjeJieil, aJrOPUTMOB U
TEOPETUUYECKUX Pe3yIbTaTOB, MOTUBUPOBAHHBIX HO-
BBIMHU IIOCTAHOBKAMM 3aja4. B JaHHOM cjayudae 9TO
OTHOCHUTCSI K TeOpHU WHMOOPMAIUN W TEOPUU KOMU-
poBaHMUA. 3aYaCTYIO 9TH PE3YJIbTATHI IPECTABIAIOT
HEe3aBUCUMBIM MHTEPEC, UYTO MbI TAKKE IIOIBITAINCH
OTpasuTh B HacTodAmeM o063ope. CKaxkeM B 3aKJIIO-
YyeHHe, YTO 0030p ITOCBAIIEH TEeOpeTUKO-MHMOpMa-
IIUOHHBIM acCIleKTaM ¥ He IIPeTeHIyeT Ha II0JIHOe
OCBeIlleHNe 9TOH HOBOI 00JIacTM HA CTHIKE TEOPUU
nH(popMaIunu 1 6MONHMOPMATUKMU.

duHaHCOBAA MOAAEPKKA
WccaemoBanue BHITOJIHEHO ITPU (hPMHAHCOBOIA TIO-

nep:kke PO®U B paMKax HayYHBIX ITpoeKToB 19-01-
00364, 20-07-00652 u 20-17-50170.
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approaches to solving these problems is DNA-based data storage. Purpose: An overview of modern DNA-based storage systems and
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MNopaeneHue KoppenMpoBaHHbIX NOMeX
aflanTUBHbIMMU Pe)XXeKTOPHbIMU chunbTpaMm
npyu MOAYNALUM NepuoAa NOBTOPEHUS UMNYJNIbCOB

C. 1. 3natguHoB?, fOKTOp TexH. Hayk, npocpeccop, orcid.org /0000-0002-8109-5456, ziat.53@mail.ru
J1. A. Ocunos?, fOKTOp TexH. Hayk, npocheccop, orcid.org /0000-0002-8009-5706
aCaHKT-[NeTepbyprckuii rocyapcTBEeHHbIN YHUBEPCUTET a3POKOCMUYECKOro NpubopoCTPOEHHS,

b. Mopckas yn., 67, CaHkT-[leTepbypr, 190000, P®

BBegeHue: paccmMaTpuBaeTCcs BOMPOC MOLABAEHNS KOPPENMPOBaHHbIX MOMEX afanTUBHbIMU KOMIIEKCHBIMU PEXEKTOp-
HbIMU OUAbTPaMU Pa3JIMYHbIX MOPAAKOB. [1nsl ycTpaHeHUs1 3aBUCUMOCTHN KO3hhuLMeHTa nepesayn rnosie3Horo curHana ot
€ro yacToTbl UCMOMIb30BaHa MOAYNALMS nepuoga nosTopenns. Lienb: uccriefosaHue BAMSHUA MOAYNSILMM NEPUOSA NOBTOPE-
HUS UMNYNbCOB Ha KO3 PUUMEHT NOJAaBNEHUS KOPPEIMPOBaHHbIX noMex. MeTogbl: onTUMMU3aLMs NapaMeTpoB PEXEKTOP-
HbIX (bMSIbTPOB OCYLLECTBIANACL HA OCHOBE KPUTEPUS MUHUMYMa CPeAHEN AUCMEPCUM KOPPETMPOBAHHbIX MOMEX Ha Bbixoge
unbTPOB 3a BpeMsi MOAYNALMM NePUO[a MOBTOPEHUS. Pe3ynbTaTbl: NosyyeHbl BbIPaXeHUs1 A1 AUCTIEPCUU KOPPEMpoBaH-
HbIX MOMEX Ha BbIXOA€E KOMIMIEKCHbIX afanTuBHbIX hUnbTPOB Pa3/IMYHbIX MOPALKOB NMPU MOAYAALNM Neprnoga noBTOPEHUS.
MpuBeaeHbl COOTHOLIEHUS AJIS HAXOXAEHUS ONMTUMAaJIbHbIX 3HAYEHUI YacTOTbl HACTPOUKN U KOIGDULMEHTOB PEXEKTOPHBIX
bUNIbTPOB, MUHUMU3UPYIOLLMX YPOBEHD KOPPEIUPOBAHHbLIX MOMEX Ha UX BbixoAe. [1oydeHbl BbipaxeHns 418 KoaghuLmeHTos
r1o4aBJieHNs KOPPEIMPOBaHHbIX MOMEeX PEXEKTOPHbIMY hUnbTPaMM B YCII0BUSX MOAYAALMM NEPUO[A MOBTOPEHUS UMIY/IbCOB.
MpepacTaBneHbl rpachuku 3aBUCUMOCTEN KOIhPULMEHTA N0 [aBEHUS KOPPETUPOBAHHbIX MOMEX 0T OTHOCUTESIbHOM BESMYMHbI
AeBuaLumn nepuo[a NoBTOPEHNUS 30HAUPYIOLLMUX CUTHAI0B 415 PA3JINYHbIX 3HAYEHMI LUMPUHBI CMIEKTPabHOM MIOTHOCTYM KOp-
pennMpoBaHHbIX MOMeX NP ONTUMASIbHBIX U HEONTUMASIbHbIX 3HAYEHUSIX YaCTOTbl HACTPOUKM U KOS OULIMEHTOB PEXEKTOPHBIX
¢unbTpoB. MNokasaHo, YTO UCMONb30BaHNE MOAYNALUM NePUOAa MOBTOPEHNS 30HAUPYIOLLMX UMITYSIbCOB MPUBOAUT K CHUXEHUIO
KoaghchnmeHTa nogaseHnsa KoppeampoBaHHbIX nomex. [pu aToM agantayms BeCOBbIX KO3 PUUNEHTOB A1 MPUHATBLIX MO-
Aenell pexeKTOPHbIX hUbTPOB U KOPPEMPOBaHHbIX MOMeX obecreynBaeT yBenmdeHne KoagpuumeHTa nogasnenus. Mpak-
TUYecKasi 3HAYMMOCTb. M0JTyYeHHbIe Pe3ybTaTbl MO3BOMAIT Npu paspaboTke U UCCNef0BaHUM CUCTEM MOAaBIEHUS Koppe-
JIMPOBAHHbIX MOMEX C YYETOM [OMYyCTUMbIX MOTePb KoaghhuLmeHTa nogasneHuss 060CHOBaHHO BbIGPaThL BEUYMHY AeBUALIMM
repvoga noBTOPEHUsI BXO4HbIX UMMY/bCOB A/15 PELLEHNS 3a[aumn YCTpaHeHNS 3hGheKTa «CemnbiX» 4acToT.

KnioueBble coBa — KoppennpoBaHHbIe MOMEXHU, PEXEKTOPHbIE PUNLTPbI, afanTaLuus, MoaynsL1s nepuosna noBTOPEHUS.
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Beenenmne

IIpu paspaboTKe cucTeM OIEHKH IIapaMeTpPOB U
00HApPy KeHUA CUTHAJIOB, CUCTEM aBTOMATHUYECKOTO
M3MepPeHUsA YIVIOBBIX KOOPAMHAT, JaJbHOCTU U CKO-
pocTU IBUMKEHUA 00 BEKTOB IS OAABJIEHUA KOppe-
JIMPOBAHHBIX ITIOMEX, TAKUX KaK OTPaKeHUs OT 3eM-
HO¥ MMOBEPXHOCTH MO0 MeTe0o00pa3oBaHmil, NCIOJb-
3YIOTCS PEeXKEKTOPHbBIE (QUIBTPHI PA3JIUUHBIX ITOPAA-
KoB [1-5]. B cryuasix HEM3BECTHBIX XapaKTEPUCTUK
ImoMeX IPUMEHSAIOTCSA aJalTHUBHBLIE PEXKEKTOPHBIE
bUIBTPBI, XapaKTEPUCTUKU KOTOPBIX M3MEHSIOTCS
B COOTBETCTBUY C YACTOTHBIMU CBOMCTBAMHU KOppe-
JIMPOBaHHBIX mToMex [6—10].

Ha mpakTuke B 3aBHCHMOCTH OT TAKTUYECKUX
3aJ]aud yCTPOICTBA IIOAABJIEHUA KOPPEJMPOBAHHBIX
IOMeX BBIMIOJHSIOTCA JUOO0 B BUAE PEKEKTOPHBIX
(UIBTPOB PABIUYHBIX MOPALKOB, JTU0O0 B BUJE IIOJIO-
COBBIX (hubTpOB [6, 7, 11, 12]. B 06oux caydasx cy-

IIIECTBEHHBIM HEJOCTATKOM WCIIOJIL3YEMBIX CPEJICTB
TIOfABJIEHNA KODPPEJMPOBAHHBIX IIOMEX U BBIAEJE-
HHA IIOJEe3HOT'0 CUTHAJIA ABJIAeTCA HaJuuue s(pPerra
«CJIETTBIX» YaCTOT, KOTZa IPU AOIJIEPOBCKUX YACTO-
Tax 00pabaThIBAEMBIX CHUTHAJIOB, KPATHBIX YacTOTe
TIOBTOPEHUA UMIOYJIBCOB, HAOIIOMAETCS YMEHbBIIIEHTe
KoaddurenTa nepegayun moie3Horo curxuaa [2].

Hna ycrpanenus sddeKTa «CJaenbIX» YacTOT HC-
TIOJIB3YIOT, KaK IIPaBUJIO, U3MeHeHUe IIepuofia CJelo-
BaHUA (YaCTOTHI IIOBTOPEHMSI) UMITYJILCOB [1, 2]. B cu-
cTeMax IOJjaBJIeHN A KOPPEJINPOBAHHBIX ITOMEX, BBITIOJI-
HEHHBIX Ha 0ase IT0JIOCOBBIX (WUJIBTPOB, OCYIIIECTBJISET-
Cs1 MOZRYJISAIINSA YacTOTHI TIOBTOPEHMS UMITYJIHCOB. [Ipu
9TOM, HAIIPUMep, Ha OTpe3Ke BpeMeHW 1T WMIIYJIbChI
CJIelYIOT C YACTOTOM OBTOPeHu:A F 1, a Ha ClIeyoIeM
orpeske BpeMenu T — ¢ 4acToTOd F o U T. 1.

B cayuae mcmonb30BaHUA AJIA MOJABJIEHUA KOP-
PeTuMPOBAHHBIX TIOMEX PEKEeKTOPHBIX (PUIBTPOB Ha
0asze yCTPOICTB UepecIepHOJHOTO0 BLIYUTAHUA IITPU-
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MeHAeTCS MOAYJIAINA IIeProia MOBTOPEHUS B BUIE,
HaIpHUMep, ABYX depeayomuxca nepuofos T u T .

B paborax [7, 13—15] mokasaHo, 4TO KO3(PPUII-
€HT IOAABJIEHUS KOPPEJIUPOBAHHBIX IIOMEX B 3HAUM-
TeJILHOM CTEIIeH 3aBUCUT OT BeJINUNHBI IEPUOIA TI0-
BTOPEHUSA 30HAUDPYIOIIUX UMOYJIbCOB. IIpm ymeHb-
IIeHUY TIeProAa MOBTOPEHUS IMPOUCXOAUT yBeJIrUe-
HUe Ko3(hdunreHTa NogaBIeHUA KOPPEINPOBAHHBIX
nomex. C yBeJIuUeHnEM IIePHUO/ia IIOBTOPEHUA pe3ue
apoABAeTCA 3PPEKT «CJAeTbIX» YACTOT. SHAUEHIE
epuoia IOBTOPEHUS B IEJIOM OIIPeesIsAeT TaKThuue-
CKIe XapaKTePUCTUKH BCEro KOMILIEKCa 00paboTKI
curzajoB. OMHAKO B BBIIIEIIEPEUNCICHHBIX padoTax
He paccMaTpuBaeTcsa paboTa PeKeKTOPHBIX (PUIIb-
TPOB B YCJOBUAX MOAYJSAIINN IE€PUOAA ITOBTOPEHUI
WMITYJIECOB.

B craThe paccmaTpuBaeTcsA amanTUBHASA CHUCTE-
Ma TOoAAaBJEeHUA KOPPEeJNPOBAHHBIX MOMeX Ha 6ase
aTalTUBHBIX KOMILJIEKCHBIX PEKEKTOPHBIX (DUIb-
TPOB PA3JUYHBIX NOPAAKOB. Ias ycrpaHeHUs 3¢-
deKTa «CJEMbIX» YaCTOT UCIIOJTb30BaHA MO YA
mepuoia IIOBTOPEHUWS WUMITYJIbCOB. HMcciaemoBaHue
BJIMAHUSA MOYJIAINY I€PUOAA TIOBTOPEHUA UMITYJIb-
COB Ha KO3((PUIIMEHT HOAaBJIEHUA KOPPeJIUPOBAH-
HBIX TIOMEeX aJalTUBHBIMU PEIKEKTOPHLIMHU (PUJIb-
TPaMM PA3JUYHBIX MOPATKOB COCTABJISIET OCHOBHOE
comepsKaHUe CTaThbU.

KoMmniexkcHbIil aganTHBHBIN pPesKeKTOPHBIN
(pMIBTP HEePBOro MOPAIKa

AnroputM paboTBEI pPaccMaTPUBAEMOTO DPEXKEK-
TOPHOTO (DUJIBTPA OIPEJEIAETCS CIENYIOIUM COOT-
HormrenmeMm [16—18]:

2BpIX ®= 2px ®+ AZgx (- Tr[ )ejonn > @

rae 2, (t) u z,, (f) — KOMILIEKCHBEIE 3HAYEeHUA BXOJ-
HOU ¥ BBIXOJHOH KOppeaIupoBanHoi momexu; ¢ = iT,,
T_ — mepuof clIeoBaHUA OTCUETOB 3HAUEHUH BXOJ-
HOH U BBIXOJHOI KOpPpeJUpPOBaHHON mmomexu, i = 0,
1, 2,...; a, yT; — MOAYJIb 1 apTyMeHT KOMILJIEeKCHO-
T'0 BECOBOT0 Koo (hUIuenTa, o, — JacTOTa HaCTPOM-
KU 30HBI PesKeKIIu! (PUIbTpa.

Ecnu B popmyse (1) npuaaTts a =—1 u 0,=0, To
TOJYUYUM U3BECTHBIN aJTrOpUTM PaboThl yCTPOHCTBA
OZHOKPATHOI'0 YePEeCIIePUOJHOI'0 BEIYnTaHu4g [2, 14].

IIpu sagannOM eproze noBTOpeHus T, OIpese M
ONTHMAaJIbHBIE 3HAYEHNA MO YJIA BECOBOr'0 Koa(dunu-
€HTa @ ¥ 9aCTOTHI HACTPOUKHU () PEKEKTOPHOTO (PrIb-
Tpa, MUHUMUSUPYIOINE YPOBEHDb IIOMEXY HA €r0 BbI-
xoze. J1J1s1 aToro HaiileM KOpPeasaIuOHHYI0 (OYHKITUIO
TIOMeXHY Ha BBIXOJIE PEYKEKTOPHOr0 (hHIbTPa

BBI:IX (T) = [ZBX (t) + A2gx (t — TH )eijTn ]X

x [z (t—T) + azny (t =Ty —1)e /@0Tn ], 2

B nmaHHOM BBIpa'KEHHM 4YepTa CBepXy O3Haya-
eT CTATHCTUYECKOe yCPeoHeHWe; 3HAUOK * — KOM-
ILJIEKCHYIO COTIPAKEHHOCTb.

C yuerom BeIpaskenus (1) cooTHOIIIeHME OJIsT KOP-
PenAnMOHHON MYHKIVY (2) IPUHUMAET BUJ

Bpx (1) = 25 (t)zzx -1+

+azg (t— TH)Z;X (t—1)el®Tn +

+ a2z ()2 (t— Ty —1)e /0T 4

+ a2 2 (t — Ty )2 (t Ty —7) =
=(1+a%)Byy (1)~ aByy (1 - Ty e/ ™™ —

— aByy (14 Ty )e 1@0Tn, ®3)

rae B, (1) — KoppenanuoHHaA PyHKIIMA KOMILIEKC-
HOIi BXOXHO IIOMeXH 2, (t).

ITono:xxus B (3) t=0, HaXOAUM JUCIEPCUIO IIO-
MeX¥ Ha BBIXO[leé PACCMATPHUBAEMOr'0 PEsKEeKTOPHOI'0
duasTpa

Gimx =1+ a2 )B;x (0) +

+a[Byy (-T,)e’®Tn + B (T, )e /@0Tn ], @

CorutacHo paboTe [9], KoppeasannoHHaA QYHKITUA
BXOJIHOII CTaIlMOHAPHOI KOMILIEKCHOM moMexu 2z, (t)
MMeeT BU/[I

By (1) = 02py (1)(cOs 0 THjSin 0, T), 6)
rme ci, pL(t) 1 ®, — aucnepcusa, MOAYIbL Koa(du-
IUEeHTa KOPPEJIANUY U CPETHAA YaCTOTa CIIEKTPAJIb-
HOI IJOTHOCTH BXOJHOM KOMIIJIEKCHOM IIOMEeXU, KO-
TOpas IIPU CUMMETPUYHOIN CIEKTPAaJbHOI IIJIOTHO-
CTU COOTBETCTBYET IIOJIOKEHUIO ee MaKCHMyMa Ha
OCH YacToT.

ITocne moxcramoBKu (5) B (4) m mpoBeneHUs He-
CJIOJKHBIX ITPe00pa30BaHUIl IOy UM

Ggmx = 61%{(1 + a2)+ apy (T;) %

X [ej((’)O*(Dn)TH + efj(wofwn)TH ]} =

=62[1+a? +2ap,(T,)cos AT, ]. (6)

B namHOM CcoOTHOImIEHHH A®,= 0O, ®, — pac-
CTPOIKA 10 YACTOTE PEKEKTOPHOro (PUJILTPA U CPeI-
Hell YacTOTHI CIIEKTPAJbHON IJIOTHOCTH IMOMEXH! Ha
BXOIe.

B pa6ore [13] naH cpaBHUTEILHBIN aHAJIN3 IBYX
aJITOPUTMOB AJIA aJalTalliU PEKEeKTOPHOrO (IUJIb-
Tpa — TOYHOI'O0 AJIOPUTMA, KOILLA YUUTHIBAIOTCS
KOPPEJIAINOHHBIE CBOMCTBA CUTHAJIA U UIIETCA MaK-
CUMYM OTHOIIIEHUS CHUT'HAJI/IIOMeXa Ha BBIXOMIE pe-
JKEKTOPHOT0 (DUJIBTPA, ¥ TPUOIMIKEHHOTO aJITOPUT-
Ma, IPU KOTOPOM CUTHAJI He YUUTHIBAETCS, a UIIeT-
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cAd MUHUMYM AUCIIEPCUU KOPPEJINPOBAHHON IIOMeXU
Ha BBIXOJe PEKeKTOPHOro PUIbTPA.

B pesynbTaTe wucciegoBaHUI ITOKA3aHO, UYTO C
y4YeTOM WHBApPUAHTHOCTH IIapaMeTPOB PeKeKTop-
HOTO (pUIBTPa K KOPPEJSIMOHHLIM XapaKTepUCTH-
KaM CHUTHAaJIa ¥ B NPEIANOJIOKEeHNN PaBHOMEPHOTO
pacupefiesieHUA YaCcTOTHI CUTHAJA TPUOIMIKEHHBINA
aJITOPUTM ONTUMUBAIUU IO KPUTEPUI0 MUHUMYMAa
IUCIIEPCUY IIOMEXHU Ha BEIXOJe PEesKeKTOPHOr0 (hUIb-
Tpa B cJydae OTHOCUTEJNLHOHN IMIMPUHBI CIEKTPaJb-
HOIt muorHocTu momexu Af T < 0,2..0,3 npakru-
YeCKM He YCTYyIlaeT TOUHOMY ajropuTmy. IIpu sTom
YIIPOUIEHHBIN aJITOPUTM OINTUMUIANNY 3HAYUTEb-
HO TIPOIIEe B peau3aliuu.

C yueToM 9TOT0 00CTOATENIHLCTBA B KAUeCTBE KPI-
Tepus ONTUMU3AIINY IapaMeTPOB PacCMaTPHUBAaEMO-
TO PEKEeKTOPHOr0 (PUIbTPa IPUMEM MHUHUMYM TUC-
IlepcuU NIOMeX! Ha ero BBIXOJE, T. €. Opy; —> Min.

Halizem sHaueHus €ro 4acTOTHI HACTPOUKH M
U BeCcOBOro KoaPuiimeHTa @, MUHUMHU3UPYIOIIHE
JIUCTIepPCUIo TIOMeXHU Ha ero Beixoje. [1Jida aToro Heob-
XOAWMO PEIIUTD CAELYION[YIO CUCTEMY YPaBHEHMIA:

2
acBbIX - O.
0A® ’
; M
acsBI)IX — O.
da

Huddepennupysa coorHomieHue (6) mo mapame-
TPy A®, TOTYIUM

2
acy'ﬂ:ZaTHpH(TH)sinAcoT . )

0A®

Byzmem cuuraTh, UTO B cOocTaBe paAMOTEXHUUE-
CKOT'0 KOMILJIEKCA MMEIOTCS CPeICTBa OJIA M3Mepe-
HUSA 4acTOTHI KOPPEJNPOBAaHHOI ToOMeXU, 3HAaUeHe
KOTOPOM MCIIOJb3yeTCA IJIs aJalTallul PesKeKTop-
HOTO (DUJIBTPA.

IIpupaBHsem mpousBoguyio (8) K Hyao. B pe-
3yJbTaTe HAWJeM OITHUMAaJbHOE 3HAUEeHWEe YacTo-
TBl HACTPOMKH PEKEKTOPHOro (PUIBTPa M, opt = O
(Ao = 0).

Bropoe ypaBHeHUe cucTeMbl (7) ©MeeT BUJ

0 2
Chrrx =2a+2p,(T;)cosAnT, =0. 9

IIpu Aw = 0 u3 popmyasl (9) TOTYUUM OITUMAIE-
HOe B3HauyeHWe MOAYJA BeCcOBOrO0 Kos(PpuiimeHTa
paccMaTpuBaeMOr0 PEXEeKTOPHOTO0 (uIbTpa a
=—pu(T)-

C yueToM NOJTyUYeHHBIX Pe3YIbTATOB MUHUMAJIBHOE
3HaUeHVE TUCIEPCUN IIOMEXH HA BBIXO/Ie PEKEKTOPHO-
ro uUIbTPa 3aMUCHIBAETCA CAEAYIOIMINM 00pa3oM:

opt =

2 2 2
Opprx min = On[l—Pn(Ty)]-

B ciyuae uCIoIb30BaHUSA [JIA yCTpaHEeHUs a(-
(heKTa «CJIenbIX» YaCTOT ABYX YePeNyIOIUXCA ePH-
oznos nosropenus T, u T, Beipaskenue (6) g guc-
repcuu MOMeXH Ha BbIXOJe IPUHUMAET BUI

2 2 2
Oprixl = On [1 tay + zalpn(Tnl)COSAwlTnl ];

2

OBrix2 = Gﬁ [1 + ag + 2a2pn (TH2)COS A(DZTH2 ]

CpenHee 3HaUeHTE UCIIEPCUY TIOMEX Y HA BBIXOE
PEKEKTOPHOr0 GUIbTpa IIPU MCHOJb30BAHUU ABYX
YepeayoInXca TePUOJOB ITOBTOPEHUS WMITYJIbCOB
COCTaBUT

2 2 2
Ocp = (OBrx1 + Oprix2) / 2.

B kauectBe KpuTepusd OIITUMU3aliu rIapaMeTpoOB
PeXXeKTOopHOro pujabTpa IpruMeM MUHUMYM CpeHe-
T'0 3HaAUYeHUd AUCIIEPCHUU IIOMEeXHU Ha €ro BBbIXOJEe 3a
IEPUOA MOAYNSALNY, T. €. Gg, —> min.

IIpy omTUMAaNBLHBIX BHAUEHUSAX IIapaMeTpPOB
Aoy =20y =0, a1op=Pu(Ty) B Baopt = ~Pu(T)
MHHHMAaJIbHOE 3HAQUeHNe CPeaHero 3HadYeHud Ouc-
Iepcuy IIOMeXU Ha BbIXOZe PerKeKTOPHOTOo (puiabTpa
nMeeT BU]T

62y min = 02{1-0,5[p2 (Ty1) + 2 (Ty2)1)-

KosddunuerT mnogaBieHUA KOPPEJIUPOBAHHOM
IIOMeXH, IIPUBEIEHHBIN KO BXOAY PACCMaTPUBAEMOr0O
PeKeKTOPHOTO (QuibTpa, OyeM OIeHUBATD CJIELYIO-
IITUM COOTHOIIIEHUEM:

402 _
Kop =—5 2—=4{1-0,5[p2 (Ty1) + p2 (Tu2)1} -

Gcpmin

JJ1a KOHKpeTHU3anuy MOJYyUYeHHBIX Pe3yJIbTaToB
OIpPUMEM TayCcCOBY ANMNPOKCHUMAIIMIO MOAYJISA K0ad-
dumenTa KOppeadanuy KOPPeJnpPpoOBaHHONA IIOMeX!
Ha BxOoze [19, 20]

pr (1) = exp(-An3i? / 4),

rae Ao, — IIXPUHA CIIEKTPAJIBHON ILIOTHOCTH IIOMEXH.

I'padpuru saBucumocTu Koa(pduimueHTa I0aaB-
JIeHUS KOPPeJUPOBAHHON IOMeXUW OT OTHOCUTEJIb-
HOM BeJIMYUHBI [eBUALlUU IIepuofa IIOBTOPEHUS
AT/T ;= (Tyy — Ty)/Ty; ANA PABIUYHBIX 3HAUEHUH
UIUPUHBI CIIEKTPAJbHOU IJIOTHOCTU KOPPEJINPOBaH-
Hoit momexu Af = Aw_ /21 IpU ONTHUMAaJbHBIX 3HA-
YeHHAX IapamMeTpoB Aw; =Awy =0, ay,,=—py(T)
U @y, = —Pp(Tyg) MOKasaHb! Ha puc. 1 crormmHON
JuHMeN. 37ech JKe MYHKTUPHOU JUHUEH IpeacTaB-
JIEHbl aHAJIOTUYHBIE 3aBUCUMOCTU IJIA CJaydYas OT-
CYTCTBHUA aJalTalliid BeCOBOr0 Koa(ppumreHTa, Ko-
TOPBIY MPUHUMAJICA PAaBHBEIM a; = 4y = —1. Pacuers!
nposoauauck auaa T, = 1 mc.
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B Puc. 1. KoapduiueHT momaBieHUA KOPPEIUPOBAHHON
MOMEXY PEKEeKTOPHBIM (DMIBTPOM IIEPBOTO MopAnKa: I —
Af,=30Tm; 2 — Af, = 60T1; 3 — Af, = 90Ty

B Fig. 1. The coefficient of suppression of correlated
interference by a first-order filter: I — Af = 30Hz; 2 —
Af, =60Hz; 3 — Af_, = 90 Hz

W3 monydeHHBIX pPE3YJILTATOB CJENYeT, UTO WC-
[OJIBb30BaHUE IJI yCTpaHeHUA a(deKTa «CIenbIxX»
YACTOT MOAYJIAIMU II€pPUOLa IIOBTOPEHUS 30HINPY-
IOIMUX UMIYJbCOB IPUBOAUT K CHUKEHUIO KO3 du-
IIUEeHTA MoJaBJIeHUs KOPPeJnpoOBaHHbIX ToMex. Tak,
IpU peaM3alluy CUCTEMBI TTOAABJIEHUA KOPPEJIUPO-
BaAHHBIX IIOMEX B BHUJE KOMILIEKCHOTO aJalITHBHOI'O
pekeKTOpHOro (huJbTpa IIEPBOTO IOPAAKA M3MeHe-
HUe OTHOCUTEJbHOI JeBUAIINU IIePUOoa TTOBTOPEHUI
B mpeznesax ot 0 1o 40% B ciiyuae TOYHOM HaCTPOIi-
Ku (UJIbTPa HA CPEIHIOI YAaCTOTY CIEKTPAJbHONI
TJIOTHOCTH KOPPEJUPOBAHHOIN IIOMEXW TPUBOIUT K
YMeHbIITeHnIo KoadguriuenTa mogasaenud Ha 1,8 nBb.
HcnonbsoBaHue ajanTamuy BeCOBOTO KO3 (MUITMEHTA
[T TIPUHATOM MOJeIN PEeKeKTOPHOro (PUJILTPA IIPK
M3MEHEeHUY OTHOCUTEJLHOI IITHPUHEI CeKTPAILHOMI
TIJIOTHOCTY KOPPEJIHPOBAHHON IIOMEXMW B IIpeaesiax
Ao, T =019+ 0,57 (Af,=30+90 I'u, T ;=10"3c¢)
JaeT yBeauueHme Koa(d(duiimeHTa MOJaBIeHUS Ha
0,29 nb.

B Tex cayuasx, Korma pPeKeKTOPHBIA (PUILTD
IIepBOro IMOpsiAKa He obeclieynBaeT TPedyeMoro Io-
IaBJIEeHUA KOPPEJIUPOBAHHOM ITIOMEXH, UCIIOJIb3YIOT-
csA peKeKTOpHbIe (pUILTPHI 00Jee BHICOKUX IIOPAI-
KoB. PaccMoTpuM paboTy aJaldTHUBHOTO PEXKEKTOp-
HOTO (pHJIBTPa BTOPOT'O MOPAAKA B YCJIOBUSIX MOXAY-
JIAIMY TIePUOo/ia IIOBTOPEHUA UM YJIbCOB.

KoMILTeKCcHBIN aJanITUBHBIN PeKeKTOPHBII
(pMIBTP BTOPOTO IIOPAIKA

ITycts pns yerpanerHus sddeKTa «CellbIX» da-
CTOT aHAJIOTUYHO IIPEAbIAYINEMY CIyUato UCIOIb3Y-

IOTCA /[Ba UYepeyIoINXCs Ieproa IOBTOPeHU M-
nynscoB T ; u T,,, IOPAJOK CJIeJOBAHUSA KOTOPBIX
ToKas3aH Ha puc. 2.

ITomexy Ha BBIXOfle aJaITHBHOTO DeXeKTOD-
HOTO (DUIBTPa BTOPOTO MOPALKA MOXKHO 3aIMMCATh
B BUJE

jon T,
“BbIX (t3) = 2px (t3) +0a12gx (t2 )e]w1 n2 4

+ 92,y (tl )eJ(Dz(Tnl +Th2) ;

jon T,
Zperx (14) = 25y (t4) + Ag2gy (t3)e! 1701 +

+ a2y, (ty)e! 2Tt Tu2)

U T. . B 1aHHBIX BEIDAKEHUAX 4y, Ao, as, a, — MO-
OyJIu BECOBBIX KOd(pduuueHToB, a o1, 0T,
0y(Ty; + Ty9) — ux aprymentsl. Ilpu a; =ag=-2,
ag=a,=1 m o =w,=0 maHHOE COOTHOIIEHNE
ompejesfeT aJroOpUTM PaboThI U3BECTHOTO yCTPOMH-
CTBa [OBYKPATHOIO YEPEeCIEPMOLHOTO BBIUMTAHHUA
[2, 14].

III/ICHepCI/IH IIOMeXn Ha BbIXOA€e KOMIIJIEKCHOI'O
aJJalTUBHOTO PEeKeKTOPHOTO (hUILTPAa BTOPOTO IIO-
pAAKa B MOMEHTBI BPeMeHM I3 U 1, 3alNChIBAETCSH
CJAEIYIONUM 00pasom:

csimxl = Gi {1 + a12 + ag + 2a’lpn (Tn2) X
x cos[() —og)Tyo]+2a9p; (Th1 + Tho) <
x cos[ (g — 0y )Ty + Ti2)1+ 2a1a2p (1) %
x cos[wg(Ty1 + o) — 0 T — 0y Ty 15

Ggmx2 = Gi {1 + ag + ai + 2a3pn (Tnl) X
x cos[(oy =0y )T1 1+ 2a4py (Tyry + Tro) %
x cos[(wg — 0y )(Ty1 + Typ)1+2a3a4py (Tre) *
x cos[wg(Ty1 + Tyyo) — 01 Tpo — 05 T1 13-

OnTumasbHBIE 3HAUEHHA IIapaMeTPoB 0y, My U
a;, Gy, MUHEMUSUDPYIOINUX AUCIEPCUM HOMeXH Ha
BBIXOJIe PEXKEeKTOPHOro (hMJIBTPa cgmxl u cimxz, Ha-
XOZATCA U3 PellIeHNA CUCTEMbI ypaBHEHUH

Tn 2 Tn 1

I A

| |
| |
| |
| |
| |
| |
| |
::1 > ‘:1
| |
| |
| |
| |
| |
| |

Fe—————p———————

t to i3 ty4 ts

B Puc. 2. MogynAanus nepruoaa MOBTOPEHU S UMITYJIbCOB
B Fig. 2. Modulation of the pulse repetition period
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dc? .

—L= —a1T2pn (THZ)Sln[((Dl —0g) T2 ]+
0(01

+ 0109 9Py (T sinfwg Ty +T2) —

= 01Ty2 —0,T11=0;

8c5
—2= _aZ(Tnl + Tn2)pn (Tnl + T ) %
0(,02

x sinf[(wg — 0 )(Ty1 +T2)] -

- alaZ(Tnl + THZ)pn(Tnl) X

. 10
X Sln[mz(Tnl + THZ) - OJITHZ u)HTHI] =0; (10)
92
—L = a1 +py(Tyz)cos[(wg - o) Tya]+
0[11
+ agpy (Typ)cos[og (Tyyy + Typ) — 01 Tnp — 0 T 1= 05
dc2
—2 _ ag +pg(Ty1 +Tho) %
0(12

x cos[(0g — 0y )Ty + Tr2)1+ a1pn (Tr) %
x cos[wg(Tyy +Ty2) — 01 Tpg — 0T 1=0.

Petriernio mepBoro u BTOPOro ypaBHEHUI CUCTEMBI
(10) cOOTBETCTBYIOT ONTHMAJIbHBIE 3BHAUCHUS IIapaMe-
TPOB ) = Wy = ®,. ONTHMAaILHEIE 3HAUYCHUA K03(du-
IIMeHTOB 4, U Gy, YAOBJIETBOPSAIOIINE TPeTHeMY 1 JeT-
BEePTOMY ypaBHeHMIO cucTeMbl (10) mpu o; = 0y =0,
HAXOAATCS U3 PEIIIeHUA CUCTEMBI YPaBHEHU

{al +a2pr[ (TH1)+ P (Tn2) = O;
ag+py (Ty +Tyo)+a1pn(Th1) =0.

W3 nanHo cucTeMbl ypaBHEHU clleyeT, YTO

@ opt = pn(Tnl +Tn2)pn(Tn1)_pn(Tn2)_
op H
l_pn(Tnl)2

+ Tnz)_ 1P (Tnl)-

a2 opt = P (T

AnajsornuHbIM 00pa3oM HETPYAHO IIOJIYUYUTh
CJIeAYIOIIVe BEIPAXKEHUA AJIs ONTUMAJIBHBIX 3HAUe-
HUI KO3()(PUIVEHTOB a3 U 4.

a _ Pu (Tnl + Tnz)pn(THZ)_pn (Tr{l).
3 opt — P >
1_pr[(Tr[2)

a4 opt =P (Tt + Tr2) — azpy (Tr2)-

Kak u paHee, B KauecTBe KPUTEPUA OIITUMU3A-
MUY IapaMeTPOB PeKeKTOPHOro (UJILTPa IMPUMeM
MUHUMYM CPpeJHero 3HaUeHUA JUCIIePCUY ITOMEX T Ha
€ro BbIXO/Ie 32 [IEPUOJ MOAYJIALUY, T. €. Ggp, —> min.

B pesynbraTe MUHMMAaJbHOE cpefHee 3HAUECHUE
IUCIEPCUY IIOMEeXH Ha BBIXO/Ie PesKeKTOPHOTO (PUJIb-
Tpa MPU KMCIOJb30BAHUU JBYX UEPEAYIOIUXCS IIe-
PUONOB ITOBTOPEHUS 30HAUPYIOIIUX UMITYJIbCOB CO-
CTaBUT

2 2 2
Gcp min = (GBI)IX1 min 1 Oprix2 min)/2°

OnTtumMajbHbIe 3HAUYEHUA YaCTOThl HACTPOMKU
peKeKTOpHOro puabTpa u KoahGuiineHToB odecIe-
YUBAOT MaKCHUMAaJBHBIA KO3((hUIIMEeHT IoxaBJe-
HUS KOPPEJIMPOBAHHON IIOMEXY, KOTOPBIH C yUeTOM
OpUBeeHNA KO BXOAY PEeKEeKTOPHOTO (puabTpa pac-
CUNTBIBAETCS C IIOMOIIIBIO0 COOTHOIIIEHU A

2 2
Kr[o,/:[ =160y /ch min

I'paduru 3aBucumocTy Koa(puiueHTa momas-
JIeHUSA KOPPEJUPOBAHHON IIOMEXM OT OTHOCUTEJb-
HOM BeJWYUHBI AEeBUAIIUU II€PUOJA TOBTOPEHUS
AT/T = (Tyy — Ty1)/Ty; AR pas3iIuUYHBIX 3HA-
YEeHWN IMUPUHBI CIEKTPAJbHOW MJOTHOCTHU IIO-
Mexn Af,=Aw_ /2n OpH ONTHMAJIBHBIX 3HAUe-
HUAX YAaCTOTHI HACTPOUKH U KO3DPUIUEHTOB
MOKa3aHbl Ha PUC. 3 CIJOIIHONW JuHMell. 3mech
JKe MYHKTUPHO! JIMHUWeN NpeJcTaBJIeHBI aHAaJIo-
TUYHBIEe 3aBUCUMOCTH [IJA CJIydas OTCYTCTBUS
agantanuu KosQPGUINeHTOB, KOTOPhle IPUHUMA-
JIUCh PABHBIMU Gy =0ag=—2, Ay =a,=1 mpu ;=
=My = O Pacqg'rgl nposoguauck aaa Ty =1 mc,
pg (1) =exp(-Anyt” / 4).

Knou’ 1B

45 +

304
\ 2
\
\
254
I 3
\/
—_
TT—  _AT/T,, %
20 } } f —>
0 10 20 30 40

B Puc. 3. KosahdumnueHT nogaBieHnsa KOPPEJINPOBAHHOMK
IIOMEXH PEKEeKTOPHBIM (QMJIBTPOM BTOPOTO ImopsaaKa: 1 —
Af,=380Tm; 2 — Af, =60Tm; 3 —Af, = 90T

B Fig. 3. The coefficient of suppression of correlated
interference by a second-order filter: I — Af, = 30 Hz;
2 — Af, = 60Hz; 3 — Af, = 90 Hz
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HccnemoBaHusa mokasajid, 4TO AJISI CUCTEMBI II0-
IaBJIEeHUA KOPPEJUPOBAHHBIX IIOMEX B BHUJE KOM-
IJIEKCHOTO aJallTUBHOTO PEXKEKTOPHOro (uabTpa
BTOPOTO TOPAIKA MCIOJH30BAHUE AJSA YCTPAHEHUA
s(dexrTa «caenbIx» YaCTOT MOLYJIAIUY IIEPUOA 10~
BTOPEHUSA 30HAUDPYIOIIUX MMIYJILCOB IIPUBOIUT K
YMEHBIIeHNI0 Ko PUuIilneHTa mogaBaeHud. B ciy-
yae U3MEHEeHUA OTHOCUTEJIbHOM JeBUAIIUU IIeproma
noBTopeHus B nmpeaenax or 0 qo 40% mabaromaercs
yMeHbIIleHre Koa(duiinenTa mogaBJIeHUA TPU OT-
HOCUTEJILHON INUPUHE CIEeKTPAJbHONU IIJOTHOCTU
KoppeaupoBaHHOW momexm Ao T ;=0,19 (Af, =
=30Tu, T,; =10"3c)na 3,2 xB; npu Aw_T,, = 0,38 —
Ha 3 1B; npu Aw T, = 0,57 — na 2,8 1B.

ApnanTanus BecoBBIX K03(G(GUIMEHTOB PerKeK-
TOPHOTO (hUJIBTPA IIPU TOUHOM HACTPOIiKe (pUIbTpa
Ha CPEJHIOI0 YaCTOTy CIEKTPAJIbHOM IIJIOTHOCTU
KOPPeJUPOBAHHOM IIOMEXH B CJIyyae M3MeHEeHUs OT-
HOCUTEJHHOU IIWUPUHBI CIEKTPAJJBHON IIJIOTHOCTU
momexu B npegenax Ao T ;=0,57+0,19 opu or-
HOCHUTEJLHON meBuanum nepuona mosropeHus 40%
TO3BOJIAET YBEJIUUYUTh KOd(DOUIIMEHT MIOAABJIEHUS
KoppeJupoBaHHOMi omexu Ha 2,8 + 5,8 nb.

3aKaoueHune

Wcmonb30BaHMEe MOAYIAIMU IIEPHUOAA IIOBTOPE-
HUS MMIYJbCOB NPUBOAUT K YMEHBIIEHUIO 3HAUE-
HUA Ko3((uiueHTa NOOAABJIEHUA KOPPEJIUPOBAH-
HBIX noMeX. [lJ1s cucTeMbl OAaBJIEHUA KOPPEJINPO-
BaHHBIX IOMEX B BU/Ie KOMIIJIEKCHOTO PEKEeKTOPHOTO
aIanTUBHOIO (GUJILTPA IEPBOTr0 IOPAAKA U3MEHeH e
OTHOCUTEJILHO! [MeBUAIMM IIePHUOjJia IIOBTOPEHUSA B
npegeaax or 0 o 40% maeT ymeHbIleHNe K0a(pdu-
nuenTa mogasieHud Ha 1,8 1B. B To ke Bpemsa miis
KOMILJIEKCHOT'O DPEKEKTOPHOTO aJallTUBHOTO (DUJIbL-
Tpa BTOPOTO IOPsSAKA AaHHbIEe M3MEHEHUsS COCTaB-
asamoT 4,4 1B. AganTaiusa BeCOBBIX KOd((PUIITMEeHTOB
PE’KEeKTOPHBIX (PUIBTPOB K YAaCTOTHBIM CBOICTBAM
KOPPEeJIUPOBAHHBIX IOMEX SBJSETCA NPaKTUUYECKU
cjokHOM Bamaueil. Ilnsa peskeKTOPHOro (uiabTpa
IepBoOro mopAfkKa npu cootHomenuu Aw T, = 0,57
ajanTanus BeCOBBIX KO3((PUIIMEHTOB NIPUBOAUT
K yBeJmueHUI0 Ko3(hPuimeHTa IOAABJIEHUS Ha
0,29 1B, n1a GuIbTPa BTOPOrO HMOPAAKA yBeamue-
HIe Koo GUIleHTa ITofaBIeHnsa paBHAeTca 2,8 nB.
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Introduction: We discuss the problem of correlated noise suppression by adaptive complex notch filters of various orders. In order to
eliminate the dependence of the transmission coefficient of the useful signal on its frequency, the pulse repetition period is modulated.
Purpose: Studying the influence of pulse repetition period modulation on the correlated noise suppression coefficient. Methods: The
notch filter parameters were optimized with the criterion of minimum average dispersion of correlated noise at the output of the filters
during the repetition period modulation. Results: Expressions are obtained for the variance of correlated noise at the output of complex
adaptive filters of various orders when the repetition period is modulated. Relationships are given for finding the optimal values of the
tuning frequency and coefficients of the notch filters which minimize the correlated noise level at their output. Expressions are obtained
for the coefficients of correlated noise suppression by notch filters in the context of pulse repetition period modulation. The graphs are
presented showing how the correlated noise suppression coefficient depends on the relative value of the probing signal repetition period
deviation for various values of the correlated noise spectral density width at optimal or non-optimal values of the tuning frequency
and coefficients of the notch filters. It is shown that the use of probing pulse repetition period modulation leads to a decrease in the
correlated noise suppression coefficient. On the other hand, the adaptation of the weighting coefficients for the adopted models of
notch filters and correlated interference provides an increase in the suppression coefficient. Practical relevance: When developing or
studying correlated noise suppression systems, the obtained results make it possible, taking into account the permissible losses of the
suppression coefficient, to reasonably choose the input pulse repetition period deviation value in order to eliminate the effect of “blind”
frequencies.

Keywords — correlated interference, notch filters, adaptation, repetition period modulation.
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YBaskaeMsbie aBTOPBI!

IIpu moAroToBKe pyKomuceii crareit HEOOX0MMO PYKOBOJCTBOBATHCS CIETYIOUMMI PEKOMEH AN AMM.

CraTbu JOJIKHEI COZIEPIKATh N3JI0KeHe HOBBIX HaYUHEIX pedyabTaToB. HagBaHUe cTaThy JOJPKHO OBITH KPATKUM, HO HH()OPMATUBHBIM.
B HazBaHUM HEJOIYCTUMO UCIIOJIHL30BAHUE COKPAIIeHN T, KpoMe caMbIxX obmenpuusaTeix (PAH, P®, CAIIP u T. 1.).

TeKCcT pyKOIIUCH JOJKEH OBITH OPUTHMHAIBHBIM, a IIUTUPOBAHYUE M CAMOIIUTIPOBAHIE KOPPEKTHO 0(hOPMIIEHO.

0O6wem craThu (TEKCT, TAOIUIILI, UILIIOCTPAIIUY 1 Oubanorpadus) He JOJIKeH IIPeBHIIATh 9KBuBajeHTa B 20 cTpaHUIl, HaleyaTaHHBIX
Ha Oymare popmara A4 Ha ogHOI cTopoue uepes 1,5 unrepsasa Word mpudgrom Times New Roman pasmepom 13, mmosist He MeHee IBYX CaH-
THMETPOB.

O6s3aTeTbHBIMU dJIeMeHTaMu 0(DOPMIIEHUS CTaThy ABJIAI0TCA: nHAekce ¥ 1K, sarnaBue, nHUNuaNb 1 (paMuansa aBropa (aBTOpoB), yue-
Had CTelleHb, 3BaHUe (IIPX OTCYTCTBUU — JOJI’KHOCTB), ITOJTHOEe HAa3BaHUE OPraHU3aIlUuy, aHHOTAIIMSA U KJII0YEBbIe CJIOBa Ha PYCCKOM U aH-
rumiickoM A3biKax, ORCID 1 s1eKTpOHHBII agpec OAHOTO 13 aBTOPOoB. IIpu HanMcaHUM aHHOTAIIUY He UCII0Ib3yiiTe a00peBUaTyp U He Aesaii-
Te CCHLIJIOK Ha NCTOYHUMKH B CIIKCKe JuTepaTyphl. IlpeocTaBiisaiiTe IOgpUCYHOUYHBIE TIOIIVCY ¥ Ha3BAHUA TA0IUI] HA PYCCKOM U aHTJIMHACKOM
SI3BIKAX.

CraTbu aBTOPOB, He NMEIOIIUX YUEHOH CTelleHN, PEKOMEHyeTC s ITyOINKOBAThH B COABTOPCTBE C HAYIHBIM PYKOBOAUTEIIEM, HAIIUNE TOIINCH
HAYYHOTO PYKOBOAUTEJIS HA PYKOIIICH 00s13aTEIFHO; B CIIyYae CAMOCTOATEILHOM ITyOINKAIIY 003aTeIFHO IIPEAOCTABIIANTE 3aBEPEHHYIO IO Me-
CTy paboThI PEKOMEHAAIINIO HAYIHOT'O PYKOBOAUTEA C YKasaHueM ero (haMuIny, IMeHN, OTIeCTBa, MeCTa paboThI, JOJXKHOCTH, YU€HOTI'0 3BaHUS,
YUEHOH CTeIleHN.

dopmyas: Habupaiite B8 Word, He ucmosissys popmynsabii pegaxtop (Mathtype win Equation), npu He06X04UMOCTY MOXKHO UCIIOTIH30-
BaTh GOPMYJIbHBIH PeaKTOp; AJIsA Habopa ofHOI GopMYJIbI He NCIIONb3YHTE ABa PefaKTopa; Ipu Habope GopMyT B GOPMYIHHOM peJaKTope
3HAKW IPeNUHAHNUs, OrpaHnYnBaIue (hopmysry, Habupaiite BMecTe ¢ GOpMyJIOii; A8 YCTAHOBKY pasMepa Iipud)Ta HUKOTAA He IIOJIb3Yii-
Tech BKJIagK0# Other..., ncmonsayiiTe 3aBoACKME YCTAHOBKY PeAaKTOPa, He TOATOHANTe pasMep CUMBOJIOB B GopMyJIax 1ok pasMep mpudra
B TEKCTE CTaThH, He PACTATMBATe U He CKUMaiTe MBIIIBI0 (hOPMYJIbI, BCTABJIEHHbBIE B TEKCT; B (DOPMYyJIax He OTAeIANTe MpobesiaMy 3HAKU:
+=-.

sz Habopa popmys B Word HuKorzaa He ucrnosb3yiiTe KonerpykTop (Ha Bepxueit nanenu: «Pa6ora ¢ hopmynamu» — «KoHCTPYKTOD» ),
TaK KaK 9TOT Pecypc IpeJHa3HAUeH TOJIbKO AJIA BHYTPEHHEro NCII0/Ib30Banusa B Word U He HOiepKUBAETCS IIPOrpaMMaMu, IIPeJHA3HAUEH-
HBIMU IJI N3TOTOBJIEHUS OPUTMHAI-MaKeTa "KypHaIa.

ITpu HAGope CMBOJIOB B TEKCTE IIOMHUTE, UTO CUMBOJIBI, 0603HaYaeMble JIATUHCKUMU OyKBaMu, HaOUPAIOTCA CBETIBIM KYPCUBOM, PyC-
CKUMU U 'PEUYECKUMYU — CBETJIBIM IPAMBIM, BEKTOPBI ¥ MATPHUIEI — IIPSIMBIM IOJIYKUPHBIM IIPUGTOM.

HnnrocTpaiiuy IpefocTaBIA0TCA OTAeIbHBIMY NCXONHBIMH (aiiiaMu, MOAJAI0IINMUCH PeAaKTHPOBAHUIO:

— PUCYHKH, rpauKu, JuarpaMmsbl, 6JIOK-CXE€MBbI IPEJOCTABIANTE B BUJIe OTAEIHHBIX UCXOAHBIX (DAMJIOB, OAAAIOMINXCA PEAAKTIPOBA-
HUIO, UCIIOJIb3YsI BEKTOPHBIE MporpaMmel: Visio (*.vsd, *.vsdx); Coreldraw (*.cdr); Excel (*.xls); Word (*.docx); Adobe Illustrator (*.ai);
AutoCad (*.dxf); Matlab (*.ps, *.pdf wau sxcmopT B opmar *.ai);

— ecJIM PeJaKTop, B KOTOPOM BbI M3roraBimBaeTe PUCYHOK, He ITO3BOJISAET COXPAHUTH B BEKTOPHOM (opMare, UCIOJb3YHTe (PYHKIIUIO
9KcIopTa (TOJIBKO 110 OTHOIIIEHUIO K UCXOJHOMY PUCYHKY), HallpuMep, B opmar *.ai, *.esp, *.wmf, *.emf, *.svg;

— ¢oTo u pacTpoBble — B (popmaTe *.tif, *.png ¢ MmakcumaabHBIM paspermienremM (He menee 300 pixels/inch).

Hannure nogpucyHOYHBIX IOAINCEH 1 Ha3BaHUH TA6GJINI] HA PYCCKOM U aHTJIMMCKOM S3BIKaX 00s3aTeIbHO (JKeJIaTeJIbHO He ITIOBTOPSIO-
IIUX JOCJIOBHO KOMMEHTAPUHU K PUCYHKAM B TEKCTE CTaThMU).

B pegakumio npeqocTaBIIIOTCA:

— cBezeHud 00 aBTOpE ((haMuIns, UM, OTUECTBO, MECTO PAGOTHI, JOJKHOCTD, YIEHOe 3BaHIe, yueOHOe 3aBefieHe U I'0J] €T0 OKOHYAHUA,
yueHas CTEIEeHb U IO 3allIUTHI JUCCEPTAINU, 00JIAaCTh HAYUHBIX NHTEPECOB, KOJUUECTBO HAYUYHBIX ITyOJMKALUI, JOMAIIIHUN U CIYKeOHBIIA
azgpeca u teseoHbI, e-mail), poTo aBTOPOB: aHdac, B TeMHOM ofierk e Ha 6esioM (hoHe, TOJFKHBI ObITh BUAHBI IIJIEUN U I'PY b, BLICOKAS CTEIIEHD
YeTKOCTH n300paKkeHus 6e3 TeHel u 0T6JIeCKOB Ha JIHIe, (DOTO MOYKHO IIPEJCTABUTE B 9JIEKTPOHHOM Buze B opmare *.tif, *.png ¢ makcu-
MaJIbHBIM pasperrrenrem — He MeHee 300 pixels/inch nmpu munnMansHOM pasmepe doro 40x55 mm;

— BKCIIEPTHOE 3aKJII0UeHUe.

Cnucoxk JmTepaTyphl COCTABISAETCS IO IIOPAAKY CCHLIIOK B TEKCTE U 0(POPMIIAETCS CIeYIOIINM 00pasoM:

— AJs KHUT U COOPHUKOB — (DaMMINA U MHUIIUAIHI aBTOPOB, IIOJIHOE HadBaHMe KHUTH (COOPHUKA), TOPOJ, U3JaTeJIbCTBO, I'0J, 0obIee
KOJIMYEeCTBO CTPaHUIL, doi;

— JJI JKYPHAJIBHBIX cTaTedl — (paMuIns U MHULNMAJIBI aBTOPOB, IOJHOE HAa3BaHUeE CTAThY, Ha3BaHUeE JKypPHAaa, IOJ U3LaHUs, HOMED
JKypHAaJa, HoMepa cTpaHui, doi;

— CCBUIKY Ha NHOCTPAHHYIO JIUTEPATYPY CJIEAYET faBaTh HA A3BIKE OPUTHHAJIA 0e3 COKPAII[eHUIA;

— P UCIIOJIb30BAHUU Web-MaTepraoB YKasbIBaliTe aZpec caiiTa u JaTy o0paIlleHus.

Crucoxk siurepaTypbl o(opMIIsiiTe JBYMs OTAeNbHBIMU GioKamu 1o obpasuam lit.dot Ha caitre 'xyprana (http://i-us.ru/paperrules):
JIuteparypa u References.

Bosee HO/:[pOﬁHO IIpaBuJja IIOATOTOBKU TE€KCTa C 06pa3uaMH M3JIOXKEHBI Ha HAlIlleM caiiTe B pasgeJsie «PyKOBOI{CTBO AJIsI aBTOPOB» .

KonrakTs:

Kyna: 190000, Caukr-IleTepbypr,
B. Mopckasa ya., . 67, TVAII, PUI]
Komy: Pepaxknus sxypraia « ATH(DOPMATOHHO-YIIPABISONINE CUCTEMBbI»
Teun.: (812) 494-70-02
911. mouTa: ius.spb@gmail.com
CaiiT: www.i-us.ru
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Koupepennua Big Data Days 2021 mocssarie-
Ha TEeXHUYECKUM [OOKJaJaM B 00JIaCTAX OOJBIITUX
JTaHHBIX, BBICOKUX HAarpys3oK, 0OpabOTKY 1 aHaJInI3a
JTaHHBIX 1 MAIITUHHOTO 00y YeHU .

Koupepennusa oobequHsIeT pa3spaboTUNKOB, CIIe-
nuaauctoB B obaactu T u monn3oBaTeseii, M03BO-
JISsS UM TOJeJIUTHCS OMBITOM, OOCYAUTH IIepeaoBbie
METOJbl U TOCTUTHYTHIE YCII€XU B OTHOIIEHUM CIIe-
HapHeB UCIIOJIb30BAHUA U KOMMEPUECKOT0 ITpUMeHe-
HUS.

Meponpusarue mnpegHasHaueHO AJA OOyUYeHUd,
UHGOPMUPOBAHUA U BAOXHOBEHUS — OPraHU30BAHO
JIOAbMU, VBJIEUYCHHBIMY OOJBIITUMY TaHHBIMU U KC-
cJaeIoBaHMeM JaHHBIX.

Big Data Days 2021 — TpexgHeBHOe MepPOIIPHU-
ATHEe, COCTOSAINee M3 OTHOTO OHSA MACTep-KJACCOB U
IBYX OHEU KoH(pepeHIInn.

Oprauusartop

000 «IATA MUHEP JIABC»

®dopmaT nmpoBegeHUs

B stom rogy Big Data Days Moscow mpoiizeT B
rubpugHOM (hopMaTe: BbI CMOXKeTe IIOCellaTh Ma-
cTep-KJIacChl M CJYIIATh OOKJAAbl O(MJaiiH MNJIN
OHJIAMfH — Ha Ballle yCMOTpeHue. YacTh CIUKEPOB
IIogeJinTCA CBOMMHN 3HAaHMAMMN OYHO, a HEKOTOPbIE

XPOHUKA U UHOOPMALIUA

MexayHapoaHas
KoHdepeHuus Big Data Days
2021

28-30 ceHTAOpa 2021

caesialoT 9To oHJaiiH. OZHAKO BBI CMOJKeTe B3au-
MOJIeliCTBOBATh C HUMHU B JIOOOM BBIOPAHHOM BaMU
dopmare! Kondepenus Ha mecTe OymeT IIPOBOAUTh-
cA ¢ coOMIoieHeM BCceX HeoOXOAMMBIX TpeboBaHMI
TUT¥MeHbl U AUCTAHIIUM, O3TOMY KOJHUYECTBO OU-
JIETOB Ha OUYHYIO YacCThb KOH(EPEHIINU MOKEeT ObITh
Or'PaHUYEHO B COOTBETCTBUU C TPEOOBAHUIMU.

Hamnpasienus pa6oTsl

Big Data

High Load

Data Science

Osepo JaHHBIX

MaruaHOE 06yueH1e
HckyccTBeHHBIN MHTENIEKT
IIporuosHasa aHaIUTUKA
OobJsiauHbIe TEXHOJIOT U
Jlpyrue cBa3aHHBIE TEMBI

JonosHuTEeIbHAA HH(OPMAIUA U CIIPABKU

ITouToBHBIH agpec A JOCTABKU JOKYMEHTOB:
105203, r. MockBa, yu. IlepBomatickas, a. 116, 41
Tex.: +7 (906) 084 33 24

Ai. agpeca:

info@bigdatadays.ru,

tickets@bigdatadays.ru

Caiit: https://bigdatadays.ru/
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CBEAEHUA Ob ABTOPAX

/

BAJIOHUH
IOpmit
Huxonaesuu

Hayunbiit coTpyzHuK Kadenpsl
BBIUHUCIUTENbHBIX CHCTEM U CETei
CanxkT-IleTep6yprckoro rocyzmap-
CTBEHHOT'O YHUBEPCHUTETA a9POKOC-
MIYeCKOro IpHOOPOCTPOCHHU .

B 2010 roay oxomumn CaHKT-
Ilerep6yprcxuii rocyzapcTBeHHBIH
YHUBEPCUTET a3POKOCMHYECKOTO
Ipu6OPOCTPOEHNU S TIO CIIeI[ A THHO-
cru «BprumciuTebHEIE MAIINHEL,
KOMILJIEKCHI, CUCTEMEI ¥ CETIH».
SIBnsiercs aBropoMm 17 HayYHBIX
nyOIMKaIU.

O6sacTh HAayYHBIX HHTEPECOB —
BBIUUCJIUTENbHBIE METOBI, TEOPUA
quceJ.

9. agpec: yuraball@mail.ru

BOCTPUKOB
AnTOH
Anexcanaposuyu

IoueHT Kadenpsl BHIUUCIUTEIH
HBIX cucreM u cereil CaHKT-
IlerepOyprckoro rocygapcTBeHHO-
0 YHUBEPCUTETA adPOKOCMUUE-
CKOr0 IPIOOPOCTPOCHHU .

B 2000 roxy oxonuma CaHKT-
IleTepOyprexuii rocygapCTBeHHbII
VHHUBEPCUTET A3POKOCMUYECKOTO
puGOPOCTPOEHN A IO CIEIAATHHO-
cTu «BprumciuTeNbHBIE MAIIUHEL,
KOMILIEKCHI, CUCTEMBI U CETH».

B 2004 roxy samuTmi amccepTa-
W0 HA COMCKAHME YUEHOH CTere-
HU KaHANAATA TEXHUYECKUX HAYK.
SfBngerca aBTopoM 45 HayYHBIX
myOIUKanMii U IBYX CBUAETENHCTB
0 DEerucTpanyuy MIPOrPaMMHOIO
TPOAYKTA.

O6sacTh HAyYHBIX HHTEPECOB —
pacIpesieJieHHBIE U BCTPAaBaeMble
“H(OPMAIMOHHO-YIPABIAIOIIE
cucreMbl, 00pab0TKa BU3YaJbHOM
uHpOpPMAaIUy, OITUKO-MH(pOPMA-
[[MOHHBIE CUCTEMBL.

9. agpec: vostricov@mail.ru

AYIIKUH
Anexkcaunap
BukTopoBuu

IIpodeccop kadexpst nubopmMamy-
OHHOI 6e3omacHocT MOCKOBCKOTO
HHCTUTYTA 3TEKTPOHHOH TeXHUKH,
CTapIIMil HAYUYHBIH COTPYZHUK
HUII BoenHO-BO3AYLIHOI aKaze-
muu uM. npodeccopa H. E. HKykos-
ckoro u 0. A. Tarapuna, Bopo-
HEX.

B 1989 roxy oxomumsn Boponei-
CKOe BBICIIIee BOHHOE HHKeHEePHOe
VUUIUINE PaJUOJIEKTPOHUKU IO
crenuatbHOCTH «PannosiexkTpon-
HEBIE CPEJICTBAY.

B 2012 rogy samuTui auccepra-
[UI0 HA COMCKAHWE YUYEHOH creme-
HU JOKTOPA TEXHUYECKHUX HAYK.
SIBnsercsa aBTopoM Gosee 450 Ha-
yuHbIX nyOnukanuii u 50 cBupge-
TEJIBCTB O TOCYZapPCTBEHHON DPeru-
cTparuy nporpamMm ajg OBM.
O6s1acTh HAyYHBIX MHTEPECOB — pa-
[IM03JIEKTPOHHBIE U UH(POPMAIVIOH-
HBIE CHCTEMBI, CIIEI[MAJIbHbIE amma-
PaTHO-IIPOrpaMMHBIE KOMILIEKCEL.
9. agpec: a_dushkin@mail.ru

SUATINHOB
Cepreii
HNapuu

IIpodeccop kadexpst nHbDOPMALIH-
OHHO-CETEBBIX TexHoJoruil CaHKT-
IlerepOyprckoro  rocyzapcrBeH-
HOTO YHUBEPCHUTETA a39POKOCMUYEe-
CKOT'0 IPHOOPOCTPOEHNU .

B 1970 roxy oxonuwna JleHuHrpaa-
CKUIl WHCTUTYT aBHAIIMOHHOTO
mpuGOPOCTPOEHMUS IO CIEIIAATHHO-
CTH «DJIEKTPOHHBIE YCTPONCTBAY.
B 2001 roxy sammuTui amccepra-
U0 HA COMCKAHME YUEHOH CTere-
HU JJOKTOPA TeXHUIECKUX HAYK.
fBnaerca aBropom 140 HayuyHBIX
nybsukanuii u 16 maTeHTOB Ha
n300peTeHu .

O6acTh HAyYHBIX WHTEPECOB —
aHaJjoroBas u mudposas o6padbor-
Ka CUTHAJIOB, aBTOMATUYECKUE CH-
CTeMbI YIIPaBIEHU.

9. agpec: kaf53@guap.ru

KPYTJINRK
Cranuciaas
AnexcanapoBuyu

Muagmuit HayYHBIN COTPYAHUK,
acizpadT CKOIKOBCKOTO MHCTUTY-
Ta HAYKU ¥ TEXHOJIOT'MH, CTapIInii
mpenofaBaresnb KadeApsl paguo-
TeXHUKH U CHCTEM YIpPaBICHUS
MockoBcKoro  (hM3UKO-TEXHIYe-
CKOT'O MHCTUTYTA.

B 2017 roxy oxonum MockoBCKmit
(pUBMKO-TeXHUYECKUN  MHCTUTYT
o cmenuanbHocTy «IIpukianHbe
MaTeMaTuKa u (husukar.

fBnsiercss aBropoM 26 HayYHBIX
nyOIMKaIU.

06acTh HAyYHBIX WHTEPECOB —
Teopusa UH(POPMAIUU, TEOPUA KO-
IUpPOBaHUA, 3amuTa HHDOPMA-
Uu.

1. agpec:
stanislav.kruglik@skoltech.ru

KYYEPOB
T'puropmii
Apounosuu

Bepymuii Hay4YHBIH COTPYLHUK
CKOJIKOBCKOT'O MHCTUTYTA HAYKU 1
TEXHOJIOTHH, BeIyIUA HAYUHBIH
coTpyAHUK DPPaHIIy3CKOr0 HAIIMO-
HAJILHOTO IIEHTPa HAYYHBIX HCCIIe-
noBauuii (CNRS).

B 1982 roay oxomumnn HoBocubup-
CKUI DIIEKTPOTeXHUUECKUN HHCTH-
TyT Ho cnenuaabHocTy «[IpuKian-
HafA MaTeMaTHuKa».

B 1988 roay sammTui amccepra-
I[MI0 Ha COMCKAHME yUYeHOH CTere-
HU KaHAgujara (us.-Mar. HAayK, B
2000 rogy — xabUIUTALUIO B YHU-
Bepcurere Anpu Ilyankape, Han-
cu, @panmus.

SBnserca aBropom okoJio 100 Ha-
VYHBIX TyOJUKAIIVIA.

061acTh HAYYHBIX WHTEPECOB —
IVCKPETHEIE JITOPUTMEL, CTPYKTY-
pPbl  JAHHBIX, BBHIYMCIUTENbHAS
6uosorusi u OuowH(pOPMATHKA,
OoJpIive JAHHBIE, IIPOrPAMMHA
VHXeHePus.

9. agpec: G.Kucherov@skoltech.ru
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\ CBEAEHWSI O6 ABTOPAX \
JIEBEJIEB TIpoteccop, IIaBHbIH HAYUHBIH CO- HASHPXAHOBA AcnupanT CraH(OPACKOrO YHU-
Uabs rpyauuk Caukt-IlerepGypreckoro Kamuiia Bepcurera, CIITA.
CepreeBuy (emepasbHOTO HCCJIEIOBATEIHCKO- HasupoBHA B 2020 rozy oxoHumMIa Marmcrpa-
p ro nenTpa PAH. p Typy MO®TU u CKOIKOBCKOrO MH-
B 1998 romy oxomumn CaHKT- CTUTyTa HAYKU U TEXHOJOTUH IO
IleTepOyprckoe BbICIiee BOEHHOE cnenuaiabHoCTH «IIpuKIagHbIE Ma-
yuunuine I1BO mo creruansHEOCTH TeMaTuKa U GUsuKa».
«IHKeHep-MaTeMaTUK ». SfBndgeTca aBTOPOM IIECTH HAyY-
B 2012 rogy samuTtui auccepra- HBIX IyOJUKALWIA.
U0 Ha COMCKAHWE YUYEHOH CTelle- O6sacTh HAyYHBIX HHTEPECOB —
HU JIOKTOPA TEXHUYECKUX HAYK. TeOpusA KOAMPOBAHUSA, pacIpene-
SBnsercs aBropom Gosee 80 Hayu- JIEHHBIE CHCTeMbl XPaHEHUs NaH-
HBIX TYOJIMKAIA. HBIX.
061aCcTh HAYYHBIX WHTEPECOB — 9. agpec: nazirk@stanford.edu
“HPOPMAMIOHHBIE  TEXHOJIOTHH,
MaIIuHHOE 00yUeHUe, KOMIIBIOTED-
HAsf JIMHIBUCTHUKA.
9. agpec: isl_box@mail.ru
HUKHU®OPOB IIpodeccop, riaBHBIM HAYYHBIN CO- OCHIIOB IIpodeccop, riiaBHBIN HAYYHBIN CO-
Buxrop TPYAHUK Jaboparopuu uH(OpMa- Bacuauii TPYAHUK, PyKOBOAUTENID I1a60opaTo-
[[MOHHO-BBIYNCIUTEIBHBIX CUCTEM pun  “H(GOPMAIMOHHO-BBIUUCIIH-
BukxenTsesuy ¥ TeXHOJIOTH IPOTrPAMMUPOBAHUSA FOpresuy TEJBHBIX CHCTEM U TEXHOJOTHI
CaukT-IleTep6yprckoro MHCTHUTY- IPOrpaMMUPOBAHUS CaHKT-
Ta MHQOPMATUKU ¥ aBTOMATH3a- IleTepOyprckoro HMHCTUTYTA WH-
nuu PAH. (opmMaTUKM ¥ aBTOMATH3aLMK
B 1965 roxy oxonumst JleHuHrpas- PAH.
CKUI IIOJIUTEeXHUUECKUN HHCTUTYT B 1981 roxy oxonumsi Briciee Bo-
mo cmenuansHocTu «PagmorexHu- €HHO-MODPCKOE YUMJIUINE DPaJuo-
Kar. aneKkTporuku uM. A. C. ITomosa mo
B 1991 ropy samutui guccepTa- creruaabHocTH  «PagmorexHuye-
[MI0 HA COMCKAaHWE YUEHOH CTele- CKUe€ CPECTBa».
HU JJOKTOPA TeXHUYECKUX HAYK. B 2000 rogy samuTui amccepra-
fAsnserca aBropom 120 HayuHBIX IO Ha COMCKAaHWe YYEeHOU crere-
ny6IuKanuii. HU JOKTOPA TeXHUIECKUX HAYK.
OGsiacTh HAYYHBIX WHTEPECOB — Asnserca aBropom Gosee 100 ma-
CHCTEMEl peajibHOrO  BPEMeHH, VUHBIX IYOIUKAINH U CEMU [aTeH-
BCTPOEHHEIE CHCTEMBI, OIIEPAIIAOH- TOB Ha M300pETEeHNA.
HEIE CHCTEMBL. O6sacTh HAyYHBIX HHTEPECOB —
9. agpec: nik@iias.spb.su WMHTEJJIEKTYa IbHbIE CUCTEMBbI, HEil-
POHHBIE CETH, MOJAEJUPOBAHUE,
vHpOpPManOHHA A 6E30IaCHOCTb.
9. agpec: osipov_vasiliy@mail.ru
OCHIIOB IIpodeccop, saBemyromumii kade- IIAP®UPLEB HouenT kadeapsl poboTOTEXHUUE-
Jleonun Ipoit nHutl)opmaumHHo—ceTeBmx Angpei CKMX KOMILIEKCOB U CHCTEM BO3-
AHIPOHUKOBHY rexnosoruii Caukt-IlerepGyprexo- BraMMupoOBHY gymHoro 0OasupoBaHus BoeHHO-

r0 TOCYJapCTBEHHOIO YHUBEPCUTE-
Ta a’POKOCMUYECKOr0 IpuOOpo-
CTPOEHUS.

B 1968 roxgy oxonums JleHuHrpam-
CKUI MHCTUTYT AaBUAIUOHHOTO IIPU-
GOpOCTPOEHNA IO CIENUATbHOCTH
«DJIEKTPO0OOPYJOBAHNE JIETATeIh"
HBIX aIlllapaToB».

B 1995 roxy samuTtui guccepTa-
[MI0 HA COMCKAHWE YYEHOHU CTere-
HU JIOKTOPA TEXHUYECKUX HAYK.
SIBnsterca aBropoM oxoso 200 Ha-
VUHBIX MYOIUKAIHiA, B TOM YUCIIE
COaBTOPOM TpPeX MOHOTrpaduii.
O6sacTh HAYYHBIX WHTEPECOB —
KOMIIBIOTEPHOE YIIPaBJIEHNEe HEeJU-
HENHBIMU 00'bEKTaMH.

9. axpec: kaf53@guap.ru

BOBAYIIHOM aKafeMUu WM. IIPO-
tdeccopa H. E. ¥KykoBckoro u
I0. A. T'arapuna, Bopone:x.

B 2009 rozxy oxonumn TamboBcKoe
BBICIIIEe BOEHHOE aBUAIIMOHHOE MH-
JKEHEDHOE VUMJIMIIE DPAaJUOdJIEK-
TPOHUKY 110 CIIEIINAILHOCTH «ABTO-
MaTU3MPOBAHHBIE CUCTEMBI yIIPaB-
JIeHus 1 00paboTKY JAHHBIX».

B 2015 rogy samwmTun amccepra-
M0 HA COMCKAHME YUEHOU CTere-
HU KaHANAATA TEXHUYECKUX HAYK.
fBnserca aBTopoM 82 HAYUYHBIX
nyOIMKAUN U IATA IaTEHTOB Ha
n300peTeHus.

061acTh HAYYHBIX WHTEPECOB —
nupposaag obpaboTka wuzoOpake-
HUH, CUCTEMBI aBTOMATUYECKOI'O
yIpaBJIeHNs, CHCTeMbl HABUTAI[AN
0ECIIUJIOTHBIX JIETATEJIBHBIX aIlla-
paroB.

9. agpec: keeperate@mail.ru
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ITAP®UPBEBA HauanpHUEK oTAeneHus yueGHOL CEPT'EEB Ionent kadeapbl BEIYHCIUTEND-

OxcaHa snabopaTopuu Kadeapsl poboToTex- Anercanap HBIX cucreM u cereil CaHKT-

BJIa{MMHPOBHA HUYECKUX KOMILIEKCOB ¥ CHCTEM MuxaiiroBuy ITetep6ypreKoro rocyzapCTBEHHO-
BOBAyIIHOrO OasupoBaHusa Boen- 0 YHHUBEDCHTETA a9POKOCMUYe-
HO-BOBAYIIHON aKaJeMUX UM. IIPO- CKOr0 IPIOOPOCTPOCHHU .
tdeccopa H. E. JKyxosckoro u B 2004 rogy oxonuma CaHKT-
0. A. Tarapuna, Bopone:x. IleTepOyprexuii rocygapCTBeHHbII
B 2011 roxy oxomumma Bopuco- YHUBEPCUTET adPOKOCMUIYECKOT0
Ie6CKUi TOCyZapCTBeHHbIH mefa- puGOPOCTPOEHN A IO CIEIAATHHO-
TOTMYECKUIl MHCTUTYT IO CIeIU- cTu «BprumciuTeNbHBIE MAIIUHEL,
ampHOCTH «DUBMKO-MaTeMaTnye- KOMILJIEKCHI, CHCTEMBI M CETH».
cKoe o6pasoBaHue», B 2018 rogy — B 2020 roxy sammuTmi amccepTa-
BopoHeskcKuil ToCyIapCTBEHHBIN [MI0 HA COMCKAHWE YUYEHOMN CTere-
VHUBEPCUTET II0 CIENUaIbHOCTH HU KaHANAATA TEXHUYECKUX HAYK.
«ByxranTepcKuil yder, CTaTUCTHU- SfBngerca aBTOpoM 35 HAYUYHBIX
Ka». nyOauKaIuii.
SIBsieTCS aBTOPOM O HOI HAyYHOMR O6sacTh HAyYHBIX HHTEPECOB —
my0IuKaIWn. YKC/IEHHbIE METOAbI, TEOPHS BhHI-
O6sacTh HAyYHBIX HHTEPECOB — YHCIUTENILHBIX IPOIECCOB, IPOEK-
nudposas obpaboTka usobpake- TUPOBAHUE CIIEI[AAJU3UPOBAHHBIX
HUi, CHCTEMBl aBTOMATHYECKOTO TIPOIIECCOPOB.
YIpPaBJEHUs, CUCTEMBI HABUTAI[UU 9. agpec: asklab@mail.ru
0eCIUIOTHBIX JIeTaTeNbHbIX alma-
paroB.
9. agpec: aregard@inbox.ru

PUJIUTOB MaructpaaT CKOJKOBCKOTO WH-

Muxaua CTUTYTa HAYKU M TEXHOJIOTHHA 00-
pasoBaTeJIbHOM mporpaMmbl «MH-

Eroposuu

(hopMaIMOHHEIE HAYKU U T€XHOJIO-
TUn».

B 2020 roxy oxoxums 6GakajaBpu-
ar Brlcieil IIKOJIBI 9KOHOMUKH II0
crenmanbHoCcTH «IIpuKIagHaa Ma-
TeMaTHKa 1 UHPOPMAaTUKa».
ObsacTh HAyYHBIX MHTEPECOB —
Teopusa uHGOpManuu, OGuoMH(OP-
MaTHKa, DPaclpefiesleHHbIe CHCTe-
MBL.

9I1. agpec:
filitovme@gmail.com
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