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Introduction

The construction of symmetric Hadamard ma-
trices was stagnating for long time while that of
skew-Hadamard matrices advanced rapidly. The
reason for this discrepancy was the fact that for
the latter we had a very versatile tool, namely the
Goethals — Seidel (GS) array, while for the former
such tool was missing. The new tool for the con-
struction of the symmetric Hadamard matrices, so
called propus array, was discovered recently [1] by
J. Seberry and the first author. It was already used
in [2—4] to construct many propus Hadamard ma-
trices (such matrices are always symmetric) includ-
ing some having new orders.

The authors of [1] observed that the well known
Turyn series of Williamson quadruples (of sym-
metric circulant blocks) gives the first infinite se-
ries of propus Hadamard matrices. They also give
a variation of the propus array in which they plug
symmetric and commuting Williamson type quad-
ruples to construct another infinite series of sym-
metric Hadamard matrices. Yet another infinite
series of propus Hadamard matrices was identified
in [4, Theorem 5].

In this paper we continue our previous work [2,
3] where we used the propus construction to find
new symmetric Hadamard matrices. We refer to
these papers and [5] for the more comprehensive
description of this construction and the definitions

of the GS-array and GS-difference families. As the
propus difference families play a crucial role in the
paper, we shall define them precisely in the next
section and specify the propus array that we use.

The first Hadamard matrix of order 4-67 = 268
was constructed by Sawade in 1985 [6]. The first
skew-Hadamard matrix of the same order was con-
structed in 1992 by one of the authors [7]. However
asymmetric Hadamard matrix of order 268 was not
discoverd so far. We present in Sect. 3 six propus
difference families in the cyclic group Zg; which
we use to construct six symmetric Hadamard ma-
trices of order 268. Moreover, in the same section
we also construct the first examples of symmetric
Hadamard matrices of orders 412, 436 and 604.
Examples of symmetric Hadamard matrices of or-
der 4v are now known [2—4, 8] for all odd positive
integers v < 200 except for

59, 65, 81, 89, 93, 101, 107, 119, 127, 133, 149,
153, 163, 167, 179, 183, 189, 191, 193.

The binary sequences, i.e., {+1}-sequences, of
length v=1 (mod 4) are called optimal if the off-
peak values of its periodic autocorrelation function
are +1 or —3. Such sequence is balanced if its sum
is +1. A computer generated list of binary balanced
optimal sequences of length v =1 (mod 4) is given in
[9] for v < 47. As a byproduct of our computations
of propus difference families we have obtained bi-

2 7 VHOOPMALIMOHHO-YNPABASIOLLIVIE CUCTEMBI
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nary balanced optimal sequences of lengths 49 and
61. They are presented in Sect. 4.

In addition to the propus difference families
used in Sect. 3, we give a more extensive list of such
families in Sect. 5.

While trying to verify the proof of [1, Corollary
1] we observed that this corollary is stated incor-
rectly. The second sentence of the corollary should
read: “Then there exist symmetric Williamson type
matrices of order ¢ + 2 and a symmetric propus-type
Hadamard matrix of order 4(q + 2)”. Consequently,
4(2q + 1) should be replaced with 4(q + 2) in the ab-
stract as well as in line 3 on p. 351. Further, the two
lists, one on p. 352 and the other on p. 356 should be
corrected. The integers 59, 67, 81, 89, 105, 111, 119,
127 should be removed from the former, while 97,
99 should be removed from and 59, 67, 89, 119, 127
inserted into the latter. (The cases 59, 89, 119, 127
are still unresolved.)

Preliminaries

Let G be a finite abelian group of order v> 1. Let
X),i=1, 2, .., m, be a difference family in G. We
fix its parameter set

(U; kla k2, eeey km; }\')7 ki = |XL| (1)

Recall that these parameters satisfy the equation
t

Do ki(k—1)=2(v-1). @

i=1

The set of diference families in G having this
parameter set is invariant under the following ele-
mentary transformations:

a) for some i replace X; by a translate g+ X,
geG;s

b) for some i replace X; by —X;;

c) for all i replace X, by its image o(X;) under an
automorphism a of G;

d) exchange X; and X; provided that | X,/ = |X]|.

Definition 1. We say that two difference families
with the same parameter set are equivalent if one
can be transformed to the other by a finite sequence
of elementary transformations.

Definition 2. Let (X;) be a difference family in G.
We say that an automprphism o of G is a multiplier
of this family if each set o(X;) is a translate of X;.

If a positive integer m is relatively prime to v then
the multiplication by m is an automorphism of G.
If this automorphism is a multiplier of a difference
family, then we also say that the integer m is a mul-
tiplier or a numeric multiplier of that family.

The multipliers of a difference family in G form
a subgroup of the automorphism group of G. All
difference families that we construct in this paper

have nontrivial multipliers. This follows from the
fact that we use only the base blocks X; which are
union of orbits of a fixed nontrivial subgroup H
of the automorphism group of G. We refer to this
method of constructing difference families as the
orbit method.

We are only interested in GS-difference families
formally introduced in [5] and [10]. They consist of
four base blocks (X7, X3, X3, X,) and their parame-
ter sets, also known as the GS-parameter sets, satis-
fy besides the obvious condition (2) (with m = 4) also
the condition

4
D ki =hk+v. 3)
i=1

By eliminating the parameter A from the equa-
tions (2) and (3), we obtain that

4 2
D (v-2k)" =4v. )

i=1

If k;=E; for some i#j in a GS-parameter set (v;
k1, ko, B3, ky; A) then we say that this parameter set
is a propus parameter set.

In fact we shall use only a very special class of
GS-difference families known as propus difference
families. We adopt here the following definiton of
these families.

Definition 3. A propus difference family is a GS-
difference family (X)), i=1, 2, 3, 4, subject to two
additional conditions:

a) two of the base blocks are equal, say X; = X; for
somei < j, which implies that k; = kj;

b) at least one of the other two base blocks is sym-
metric.

(We say that a subset X &G is symmetric if
X =X.)

Unless stated otherwise, we shall assume from
now on that G is cyclic. We identify G with the ad-
ditive group of the ring Z, of integers modulo v.
We denote by Z, the group of units (invertible ele-
ments) of Z,. We identify the automorphism group
of G with Zlf . Thus, every automorphism o of Z, is
just the multiplication modulo v by some integer &
relatively prime to v.

To any subset X < Z, we associate the binary se-
quence (i.e., a sequence with entries +1 and —1) of
length v, say (xg, x1, ..., X,-1), Where x; =-1 if and
only if i € X. By abuse of language, we shall use the
symbol X to denote also the binary sequence associ-
ated to the subset X.

Let (X;) be a GS-diference family in Z,. Further,
let A; be the circulant matrix having the sequence
X; as its first row. Then the A, satisfy the equation

Ne4,2018 N\
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where I, is the identity matrix of order v. This
equation guarantees that, after plugging the (A))
into the GS-array, we obtain a Hadamard mat-
rix.

If (X)) is a propus difference family, we say that
the corresponding matrices (A;) are propus matri-
ces. By plugging these (A)), in suitable order, into
the propus array

“A; AR AsR AR
AsR RA;, A, -RA,
AR A; -RA, RA; |
AR -RA; RA, A

6

where R is the back-diagonal permutation matrix,
we obtain a symmetric Hadamard matrix of order
4v. The ordering should be chosen so that A; is
symmetric and Ay = Ag.

We construct the base blocks X as unions of cer-
tain orbits of a small nontrivial subgroup H < Z
(mostly of order 3 or 5). When recording a base
block, to save space, we just list the representatives
of the orbits which occur in the block. As a repre-
sentative, we always choose the smallest integer of
the orbit.

The Cases v =67, 103, 109, 151

In this section we list six non-equivalent ex-
amples of propus difference families in Zgy;, three
such families in Zyy3, two in Z;g9, and a single one
in Zy5;. By using the propus array, they provide the
first examples of symmetric Hadamard matrices of
orders 268, 412, 436 and 604, respectively.

In the case v =67, up to a permutation of the &;s,
there are three feasible propus parameter sets for
the subgroup H = {1, 29, 37} = Zg;. For each of them
we have found several propus difference families.
We list only two families per parameter set. The
block X, is symmetric in the first two families while
X is symmetric in the remaining four families.

Let us explain how we record the base blocks. As
an example, we take the block X, of the first family
in Table 1. It is the union of ten H-orbits whose rep-
resentatives are the integers 0, 2, 4, 6, 16, 17, 25,
27, 30, 41. As each nontrivial orbit has size 3, the
block X, has the size 1 + 9-3 = 28. The blocks X; and
X, are given similarly. In all difference families
listed in this and the next section we have X, = X3
and we record only the blocks X7, X5 and X, in that
order. The families having the same parameter set
are separated by a semicolon.

B Table 1. Propus difference families in Zgy, Z1¢3, Z199 and Zq5;

(67; 33, 28, 28, 31; 53), H ={1, 29, 37}

[1, 3, 4,10, 12, 15, 17, 30, 34, 36, 41], [0, 2, 4, 6, 16, 17, 25, 27, 30, 41], [0, 1, 4, ,8, 10, 16, 18, 30, 32, 36];

[1, 2, 8, 15, 16, 18, 25, 30, 32, 34, 36], [0, 2, 3,6, 8,9, 17, 18, 34, 36],

(67; 30, 31, 31, 27; 52), H = {1, 29, 37}

[1,5, 6, 15, 16, 17, 27, 30, 34, 41], [0, 2,4, 9, 10, 12, 16, 23, 30, 36, 41], [5,8,9
6,9, 12, 15,16, 17, 23, 27,30], [1, 2,3,

[3, 5,8, 10, 12, 16, 23, 25, 32, 36], [0, 5

[ ’ 7 7 ’ 5’ 9’ 167 17, 18, 30, 41]

, 12, 16, 17, 23, 25, 41];
4,8, 27, 30, 32, 36]

(67; 30, 30, 30, 28; 51), H = {1, 29, 37}
[3,4, 5,8, 10, 16, 18, 23, 32, 36], [3, 6,9, 10, 12, 15, 17, 23, 25, 41], [0, 5, 9, 10, 12, 15, 17, 27, 30, 41];
[2,3,4,9,10,17,18,23,32,41], [1,2,9, 16, 17, 23, 27, 32, 34,41], [0, 3, 10, 15, 16, 17, 23, 27, 32, 34]
(103; 48, 51, 51, 42; 89), H = {1, 46, 56}
[3, 4, 14, 17, 19, 21, 29, 30, 31, 33, 38, 40, 49, 51, 55, 62], [2, 3, 4, 6, 7, 14, 15, 22, 29, 30, 31, 38, 42, 44, 47, 49, 62],
[3, 6, 8, 10, 15, 17, 21, 31, 33, 38, 42, 44, 55, 60];
[1,3,6,8, 10, 11, 21, 30, 33, 40, 44, 47, 49, 51, 55, 62],  [5, 6, 7, 11, 12, 14, 19, 23, 29, 30, 38, 40, 47, 51, 55, 60, 62],
[4, 6, 7,38, 10, 12, 17, 20, 22, 33, 42, 44, 49, 55]
(109; 52, 49, 49, 48; 89), H = {1, 45, 63}
[0, 3,4, 6,9, 10, 11, 12, 18, 19, 20, 24, 31, 36, 43, 48, 50, 60], [0, 1, 2, 3, 5, 9, 10, 16, 19, 20, 23, 25, 41, 46, 55, 57, 62],
[1,2,4,86,09,10,15, 19, 20, 24, 31, 36, 38, 46, 48, 57];
[0, 3, 5, 8, 11, 12, 13, 15, 18, 20, 30, 31, 41, 43, 46, 53, 55, 57], [0, 1, 2, 3, 5, 8, 11, 12, 13, 16, 29, 31, 38, 41, 48, 50, 57],
[3, 6, 8, 10, 18, 20, 23, 24, 25, 29, 41, 48, 55, 57, 60, 62];
[0,1,2,3,6,9, 10, 12, 15, 18, 24, 25, 36, 41, 43, 48, 53, 57], [0, 1, 3,6, 8,9, 11, 12, 13, 18, 23, 29, 31, 36, 41, 43, 57],
[1,3,9,11, 13, 16, 18, 29, 30, 31, 43, 46, 50, 53, 62, 67]
(151; 71, 71, 71, 66; 128), H ={1, 8, 19, 59, 64}
[0, 2, 5,6, 7, 11, 15, 17, 23, 27, 30, 34, 37, 51, 68], [0, 1, 2, 3, 4, 14, 17, 23, 27, 28, 34, 47, 51, 68, 87],
[0,1,2,3,4,5,7, 10, 29, 34, 46, 47, 51, 68]
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For the cases v=103 and v =109 we use again
the subgroups H of order 3, namely {1, 46, 56} Z](3
and {1, 45, 63}cZ79. For v=103 we found two
non-equivalent propus difference families having
the same parameter set and for v =109 we found
three such families. In all six families the block X
is symmetric.

For the case v = 151 we use the subgroup of order
five. Only one propus difference family was found.
The symmetric block is Xj;.

Some New Balanced Optimal Binary
Sequences

In this section we list some balanced optimal
binary sequences of lengths 49 and 61. They arose
as a byproduct of our search for propus difference
families. We say that a binary sequence of length v
has three-level autocorrelation function if this func-
tion takes exactly three distinct values, including
the value v at shift 0.

Up to a permutation of the &;s, there are three fea-
sible propus parameter sets for the subgroup H = {1,
18, 30} of Zy9. We discard the one with all k; = 21 as it
probably does not admit any propus difference fam-
ily, see [3]. In Table 2 we list five propus difference
families for v =49 and a single family for v = 61.

The block X,, of cardinality 24, in the first ex-
ample is

X,=13,5,7,8,9, 13, 14, 15, 16, 21, 25, 28,
29, 32, 35, 37, 38, 39, 41, 42, 43, 44, 46, 47}.

The values of the periodic autocorrelation func-
tion of the corresponding sequence X,, for the
shifts in the range 0, 1, ..., 24, are:

49,1,-3,-3,1,-3,1,1,-3,-3,1,-3, -3, 1,
-3,1,-3,1,1,-3,1,1, 1, -3.

Thus the correlation values of X5 occupy just
three levels 49, 1 and —3. In the terminology of [9,

p. 144] (see also [11]) the sequence X5 is a balanced
optimal binary sequence of length 49. Such se-
quences of lengths v =1 (mod 4) are listed there on
the same page for v < 45. Our sequence X, extends
that list one step further. The meaning of the word
‘balanced’ in this context is that the sum of the se-
quence is 1 or —1.

The sequences X, in the second and third exam-
ple also have only 3 correlation values but this time
these values are 49, 1 and —7 and so they are not
optimal.

The block X, in the fourth example

X5,=1{0,1,6,7,9, 10, 12, 14, 15, 16, 17, 18,
20, 25, 28, 29, 30, 32, 33, 37, 39, 43}

has cardinality 22. Consequently, its binary
sequence is not balanced. The correlation values of
the sequence X, for the shifts in the range 0, 1, ...,
24 are:

s 1a _3’

49,1,1,1,1,1,1,-3,1,-3,1,1, -3
1 1,1, -3.

1, -3
_3, ]-’ _39 > 1, _3’ _37 s 1y

Thus the correlation values of X, occupy only
three levels, 49, 1 and —3. Hence, this sequence is
optimal but not balanced. The same is true for the
fifth example.

The block X, in the last example

X,=11,2,3,9, 12, 13, 15, 19, 22, 26, 27, 28,
31, 33, 34, 35, 36, 37, 39, 41, 42, 45, 46, 47,
49, 54, 56, 57, 58, 59}

has cardinality 30 and so its binary sequence X,
is balanced. The correlation values of the sequence
X, for the shifts in the range 0, 1, ..., 30 are:

61,1,-3,-3,-3,-3,1,1,1,-3,1,-3,1,1, 1, 1,
-3,1,1,-3,-3,-3,-3,1,1,-3,-3,1,-3, -3, 1.

Hence, X, is a balanced optimal binary sequence
of length 61.

B Table 2. Three-level autocorrelation functions from propus difference families

(49; 22, 24, 24, 18; 39), H = {1, 18, 30}

[0,1,6,738,9,13,16],[3, 7, 8, 9, 13, 16, 21, 29], [3, 6, 8, 12, 16, 29];
[0, 2,7, 8,13, 16, 19, 26], [2, 6, 9, 12, 16, 24, 26, 29],[1, 3, 7, 8, 19, 21];
[0, 1, 3, 4, 12, 13, 16, 24], [1, 6, 8, 13, 16, 19, 24, 29], [1, 4, 6, 16, 19, 26]

(49; 22, 22, 22, 19; 36), H = {1, 18, 30}

[0, 4,6, 7,9, 13, 19, 26],[0, 1, 6, 7, 9, 12, 16, 29], [0, 1, 6, 7, 16, 19, 21];
[0, 3, 4,6, 7,12, 19, 29,0, 1, 2, 4, 7, 8, 13, 19], [0, 1, 3, 7, 8, 19, 21]

(61; 25, 30, 30, 25; 49), H = {1, 13, 47}

[0, 6, 8, 11, 16, 18, 23, 32, 36], [1, 2, 3, 9, 12, 22, 27, 28, 31, 36],

[0,4,7,8,9, 11, 16, 27, 28]
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B Table 3. Propus difference families with v = 1 (mod 6) a prime

(7:3,3,3,1;3), H={1, 2,4}
[3], [3] [0]

(13; 6, 6,6, 3;8), H={1, 3,9}
(1, 4],[4, 7], [4]

(13;6,4,4,6;7), H={1, 3, 9}
[2, 71,10, 4], [1, 7]

19;7,9,9,6,12), H={1, 7, 11}
[0, 4, 101, [2, 4, 5], [1, 10]; [0, 1, 8], [1, 4, 10}, [1, 8]

(19;9,7,7,7; 11), H =11, 7, 11}
[2, 4, 8], [0, 5, 10, [0, 1, 8]

(31; 15, 15, 15, 10; 24), H ={1, 2, 4, 8, 16}
[3,7, 151, 1, 3, 15, [1, 15]

(31; 15, 12, 12, 13; 21), H ={1, 5, 25}
[1,2,4,8,12],[2, 4, 8, 11], [0, 2, 4, 11, 12]

(31; 183, 13, 13, 12; 20), H ={1, 5, 25}
[0, 1,2,6,12}10, 2, 6, 8, 11}, [2, 4, 12, 16];
[0, 2, 4, 11, 17], [0, 3, 8, 11, 17],[1, 4, 6, 11]

(37; 18, 15, 15, 15; 26), H = {1, 10, 26}
[2,38,5,7,17, 18], [1, 3, 7, 17, 211, [6, 7, 14, 17, 21]

(37; 16, 18, 18, 13; 28), H = {1, 10, 26}
[0, 1,7, 14, 17, 211, [1, 2, 6, 9, 14, 21}, [0, 1, 2, 11, 17]

“43; 21, 21, 21, 15; 35), H ={1, 4, 11, 16, 21, 35, 41}
[6,7, 91,11, 6, 9], [0, 3, 6]

(43; 19, 18, 18, 18; 30), H = {1, 6, 36}

[0, 2, 4, 9, 14, 19, 20], [2, 3, 10, 13, 20, 26],

[3, 4, 10, 13, 20, 21];

[0, 5, 7,9, 10, 20, 21], [1, 3, 4, 10, 14, 21], [1, 3, 5, 7, 13, 21]

(43; 18, 21, 21, 16; 33), H = {1, 6, 36}
[1, 5,7, 10, 13, 261, [2, 3, 5, 13, 14, 20, 26],
[0,1, 7,9, 19, 20]

(49; 22, 24, 24, 18; 39), H ={1, 18, 30}
[0,1,6,78,9,13,16],[3, 7, 8, 9, 13, 16, 21, 29],

[3, 6,8, 12, 16, 29];

[0, 2,7, 8,13, 16, 19, 26], [2, 6, 9, 12, 16, 24, 26, 29],

[1,3,7,8,19, 21];
[0, 1, 3, 4, 12, 13, 16, 24], [1, 6, 8, 13, 16, 19, 24, 29],
[1, 4, 6, 16, 19, 26]

(49; 22, 22, 22, 19; 36), H = {1, 18, 30}
[0, 4,6,7,9,13, 19, 26],[0, 1, 6, 7, 9, 12, 16, 29],

[0, 1, 6,7, 16, 19, 21];
[0, 3, 4, 6, 7,12, 19, 291, [0, 1, 2, 4, 7, 8, 13, 19],
[0,1,3,7,8,19, 21]

(61; 30, 26, 26, 26; 47), H ={1, 9, 20, 34, 58}
[2, 6, 8, 10, 23, 26], [0, 1, 4, 5, 6, 8], [0, 3, 5, 6, 10, 12]

(61; 30, 25, 25, 30; 49), H = {1, 9, 20, 34, 58}
[4, 5, 10, 12, 13, 26], [1, 5, 6, 8, 261, [2, 4, 10, 12, 13, 26]

(61; 30, 25, 25, 30; 49), H = {1, 13, 47}
[1,4,6,8,9,11, 14, 18, 23, 32],
[0, 6,7, 8, 14, 22, 23, 27, 28], [1, 3,4, 6, 7, 8, 9, 11, 28, 36]

(61; 25, 30, 30, 25; 49), H ={1, 13, 47}
[0,3,6,7,8, 18, 22, 23, 31],

[1,2,9, 14, 16, 18, 22, 23, 31, 36],

[0, 1, 8,9, 18, 27, 28, 31, 36]

(61; 28, 28, 28, 24; 47), H ={1, 13, 47}
[0, 1, 3, 4, 14, 16, 18, 23, 31, 32],

[0, 3,4,9, 14, 16, 18, 22, 28, 32],

[2, 6,8, 11, 18, 23, 28, 32]

(61; 28, 27, 27, 25; 49), H = {1, 13, 47}
[0,1,2,4,7,8,16, 28, 32, 361, [1, 2, 7, 8, 9, 12, 16, 27, 36],
[0, 2,7, 12, 16, 27, 28, 31, 36]

(73; 36, 36, 36, 28; 63), H ={1, 8, 64}

[3, 5, 6,11, 12, 21, 25, 26, 27, 33, 35, 43],
[3,4,9, 14, 17, 18, 21, 26, 34, 35, 42, 43],
[0,1, 7,13, 18, 21, 25, 33, 35, 42]

(73; 36, 31, 31, 33; 58), H = {1, 8, 64}
[3, 4, 5,6, 13, 14, 25, 27, 33, 34, 36, 42],
[0, 2,3, 5,9, 18, 21, 26, 27, 35, 42],

[1, 5,7 11, 18, 21, 27, 33, 34, 42, 43]

(73; 31, 36, 36, 30; 60), H = {1, 8, 64}

[0, 2,7, 11, 12, 13, 17, 18, 26, 35, 42],

[3, 5, 6, 12, 14, 18, 21, 26, 27, 33, 34, 35],
[1,2,5,6,9,12, 26, 34, 36, 42]

(73; 31, 34, 34, 31; 55), H ={1, 8, 64}
[0,1,3,5,7,9,12, 17, 27, 33, 35],
[0,1,2,5,9,11, 12, 18, 21, 27, 36, 43],
[0, 1, 3,9, 18, 21, 26, 27, 35, 36, 42]
(73; 31, 36, 36, 30; 60), H ={1, 8, 64}

[0, 1,4, 14, 17, 21, 26, 34, 36, 42, 43],
2,3, 4,712, 14, 25, 27, 35, 36, 42, 43],
[1,4,9,11, 12, 13, 26, 35, 36, 42]

(73; 34, 33, 33, 30; 57), H ={1, 8, 64}
[0,2,3,4,6,7,9, 12, 13, 26, 27, 351, [1, 2, 5, 6, 7, 12, 17,
21, 25, 26, 35, [2, 4, 6, 7, 11, 17, 18, 25, 26, 36]

(157; 78, 78, 78, 66; 143), H = {1, 14, 16, 39, 46, 67, 75, 93,
99, 101, 108, 130, 153}
[2,3,7,9,11,13],[3, 5, 6, 11, 13, 15], [0, 3, 4, 5, 7, 13]

(307; 153, 153, 153, 136; 288), H ={1, 9, 81, 115, 114, 105,
24, 216, 102, 304, 280, 64, 269, 272, 299, 235, 273}
[2,3,4,5,6,7 14, 20, 30], [4, 5, 7, 12, 14, 28, 30, 31, 49],
[2, 6,7, 10, 21, 28, 30, 31]

1The binary sequence of this block has only four
correlation values 61, 1, -3, and —11.
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Propus Difference Families

In Table 3 we list propus difference families that
we constructed by using the method of orbits. We
only consider the cases where the subgroup H is non-
trivial. If each of the £, is the size of an H-invariant
subset of Z,, then we say that the parameter set is
H-feasible (or just feasible when H is known from
the context). The case v =67 is omitted as it was
treated separately in section 3.

We can permute the X; and replace any X; with
its complement. When listing the propus difference
families it is convenient to introduce some addition-
al restrictions on the propus parameter sets (1). We
shall assume that each k; <v /2, ks =k3 and that
k1>ky.

In Table 3 below we first record the propus pa-
rameter set, and the subgroup H of the multiplica-
tive group of the finite field Z,. Each of the three
blocks X7, X, = X3, X, is a union of orbits of H act-
ing on the additive group of Z,. In order to speci-
fy which orbits constitute a block we just list the
representatives of these orbits. As representative
we choose the smallest integer in the orbit. For
instance, 0 is the unique representative of the tri-
vial orbit {0}, and 1 is the representative of the or-
bit H.

When two or more difference families are listed
for the same parameter set, they are separated by a
semicolon. When k; > k4 we have tried to find pro-
pus difference families with X; symmetric as well
as those with X, symmetric. However, in some cases
we did not succeed.

The last two families have the same parameter
sets as the corresponding Turyn propus families
of the same lengths but they are not equivalent to
them.
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CummeTpuuHbie MaTpUIBI Anamapa mopanakos 268, 412, 436 u 604
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ITexs: uccienoBaTh 60JI€€ MOJIHO, YeM 3TO ObIJIO U3BECTHO PaHee, BBIEJIEHHBIE CEMEMCTBAa CUMMETPUYHBIX MAaTpUIll Ajamapa MaJyIbIxX
MOPAAKOB, UCIOJb3Ys TAK Ha3bIBA€MYIO IIPOIMYC-KOHCTPYKI[UIO. MeToxbl: METO/ OPOUT IIOMCKA TPeX IUKJINYECKUX 0JIOKOB, COCTABJIAIO-
MUX MaTpPUIly AgaMapa TUIIa IPOIIyC. ITOT METOJ YCKOPAET KJIACCUUYeCKUI ITOUCK TPeOyeMbIX II0CIe0BaTeIbHOCTE! C IpeiBapUTEIbHONI
COPTUPOBKOI NX Ha HEIePECEKAIOIMEeCa COMHOKECTBA IOTEeHIINAIbHBIX PEIIeHUH ¢ HOMOIIbIO X3II-(QyHKIuN. Pe3yabpTaThl: OCHOBHOM pe-
3YJIBTAT COCTOUT B TOM, UTO BIIEPBbIE YAJI0Ch CKOHCTPYHUPOBATh CUMMETPUYHbIE MaTPUIbI AgaMapa mopagkos 268, 412, 436 u 604. Heo6-
XOJUMbIe PA3HOCTHBIE CEMeCTBA CKOHCTPYUPOBAHBI IOCPEICTBOM BBIIEJIEHUS TeX U3 HUX, KOTOPBIE COAEPIKAT 3aJaHHbIA HeTPUBUAIbHBII
MHOKUTeNb. [loiyueHO M KJjIaccu(UIMPOBAHO B TAOJHUIILI OOIIMPHOE MHOYKECTBO HOBBIX CHMMETPUUHBIX MaTpul, AzamMapa, OTJINYaIo-
mUXcsA MeKAY co00il MHANBUAYAILHBIMU HabopamMu napaMeTpoB. IIpakTudeckoe 3HaYeHNe: MaTPUILI AaMapa UMeOT HeIloCPeACTBEeH-
HOe IPaKTUYeCKOoe 3HAUeHUe [JIsI 3a7jaU IOMeX0YCTOMUNBOr0 KOAUPOBAHUS, CKATHUS ¥ MAaCKUPOBaHUs Bugeonndopmanuu. [Iporpammuoe
obecrieyeHre HaXOXK/IeHUsI CHUMMETPUYHBIX MaTPUIl AfamMapa u 6ubaInoTeKa HailJeHHbIX MaTPUIL UCII0Jb3YIOTCA B MAaTEMaTUYECKON ceTu
VHTepHeT ¢ NCTIOJHAEMBIMY OHJIAWH aJTOPUTMAMU.
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NAMATKA ANl ABTOPOB

ITocmynawuiue 6 pedakyuio cmamovu npPoxodam 06a3amenbHoe peyeH3uposaHue.

TIpu HATUYNY TTOJIOMKUTETHLHOM PEIEH3UN CTaThA PACCMATPUBAETCA PEJAaKIIMOHHOMN KOJIJIeTHeH.
IIpunaTas B meuyaTh CTaThsA HAIIPABJIAETCS aBTOPY [JIS COTJIACOBAHUSA PEJaKTOPCKUX IpaBoK. I1o-
cJIe COTJIaCOBAHUS aBTOP IIPEACTABJSAET B PeIaKI[NI0 OKOHUATEIbHBINA BAPUAHT TEKCTA CTATHU.

IIponenypsl cormacoBaHUA TEKCTA CTATHY MOTYT OCYIIIECTBIATHCA KaK HEIIOCPEeACTBEHHO B pe-
JaKIUK, Tak 1 o e-mail (ius.spb@gmail.com).

IIpu OTKJIOHEHUYU CTATHY PeJaKIIUs IIPEACTABIIAET aBTOPY MOTUBUPOBAHHOE 3aKJII0UeHNe U Pe-
IeH3UI0, IIPY He0OXOMMOCTH AOPA00TAaTh CTATHIO — PeIleH3U0. PYKOIICH He BO3BPAIIAIOTC.

Pe@arcuuﬂ HYpHAJLA HAnoOMUHAem, 4mo omeemcmeeHHOCMb
3a 0ocm06epHocmb U MOYHOCNb PEKJAAMHBLX Manmepuajios Hecym pemlamoaameﬂu.
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UCCAEAOBAHUE U AHAANN3 ABTOKOPPEANALIMOHHDbIX
®YHKLUUUN KOAOBbIX MOCAEAOBATEABHOCTEMWN,
COOPMUPOBAHHbIX HA OCHOBE MOHOUUKAUYECKUX
KBA3UOPTONOHAAbHbIX MATPUL,

B. A. HeHawueB?, kaHA. TEXH. HayK, AoLeHT, orcid.org/0000-0001-5285-2051, nenashev.va@gmail.com
A. M. CepreeB?, cTapLumii npenoaaBareis, orcid.org/0000-0002-4788-9869, mbse@mail.ru

E. A. KanpaHoBa?, cTyAeHT, katyakatyal1998-2010@mail.ru

aCaHkT-lNeTepbyprckuii rocyAapCTBEHHbIN YHUBEPCUTET a3POKOCMMYECKOro nprbopOoCTPOEHMS,

B. Mopckas yA., 67, CaHkT-letepbypr, 190000, PO

BBeaeHue: rpy peLLEHNM 3aAa4M MOBbILLIEHMS MTOMEXOYCTOMYMBOCTH PAAMOAOKALIMOHHBIX KAHAAOB LLUMPOKOE pacrpocTpa-
HeHMne MoAyunMAn KoAbl bapkepa, npeactaBAsitoLLme cOO0M ABOMYHbIE MOCAEAOBATEABHOCTH (KOAbI) KOHEUYHbIX AAMH 2, 3, 4, 5,
7, 11, 13. OAHaKo KOAOBbIE MMOCAEAOBATEABHOCTU AN 1L > 13 HEU3BECTHbI, TakKXe He MPUMEHSAUCH AASI MOAOOHBIX LiEAE 1
0CAEAOBATEAbHOCTH, MOAYYEHHbIE M3 KBa3MOPTOrOHaAbHON Matpuibl MepceHHa. Lieab: nccaeaoBatb MPUMEHUMOCTb K CXa-
THUH CAOXKHOIO MOAYAMPOBAHHOIO CUrHaAa MnocAeAoBaTeAbHOCTEN MepceHHa, MOAYYEHHbIX M3 NEPBbIX CTPOK MOHOLIMKAMYECKOH
KBa3nopPTOroHaAbHOM MaTpuubl MepceHHa, kak aAbTepHaTBbl koaaM bapkepa. Pe3yAbTaTbl: BbISIBAEHO, YTO XapaKTepPUCTUKU
aBTOKOPPEASLIMOHHbIX QYHKLMI AAS KOAOB MepceHHa aamHbl 3, 7 1 11 npeBbillaroT aHaAOrMUHbIE XapaKTePUCTUKU KOAOB
Bbapkepa. 310 ABASIETCS OCHOBOM AASl 0becrniedeHmsi 6OAbLLEH MOMEXOYCTOMYMBOCTH 30HAUPYIOLLIMX CUTHAAOB B PaAMOAOKaLM-
OHHbIX KaHaAaX, a Takxe MOBbILLEHUS BEPOSITHOCTH UX MPaBUAbHOIO 0OHapPYXEHWs 1 AOKa3blBa€eT LIEAECO0OPa3HOCTb U 3P-
PEKTUBHOCTbL MX MPUMEHEHUS AT @MIAAUTYAHOIO M Pa30BOro MOAyAMPOBaHMS paanocurHaroB. MpaKTnyeckas 3HaYUMOCTb:
MCMOAL30BaHUE MOAYHYEHHbIX PE3YALTATOB MO3BOASIET MOBLICUTL XapaKTEPUCTUKKU CXaTUSI B PAAMOAOKALIMOHHBIX CUCTEMAX MpU
peLLeHnn 3apaqn 0bHapyXeHWs LeAer Ha GoHe LWyMOoB 1 nomex. LLnpokoe npumeHeHne KoaoB bapkepa aamHbl 3, 7 1 11
B LUMGPOBbIX cCUCTEMAX Nepesaym AaHHbIX obecrneunBaeT 0Cobblk MHTEPEC K aHaAOrMUHbIM KoaaM MepceHHa npu peansaumm
MOMEXOYCTOMUYMBOM NMepesayn AaHHbIX B paapMoKaHaAax B YCAOBUSIX CAOXKHOM SAEKTPOMarHUTHOM 06CTaHOBKM.

KnroueBble cnoBa — MOHOLMKAMYECKME KBa3WOPTOrOHaAbHble Matpuvubl, MaTpulbl MepceHHa, koAbl bapkepa, KOAbI
MepceHHa, cxatue, MOAYAMPOBaHHbIE CUIHaAbl, PAAMOAOKALMOHHbINA KaHaA, MoMeXoyCTOMYMBOCTb, aBTOKOPPEASILUMOHHAS
GYHKUMA.

IMuruposaume: Henares B. A., Ceprees A. M., Kanpanosa E. A. lccienoBanue u aHAJIN3 aBTOKOPPEIANNOHHBIX GYHKIUI KOLOBBIX I10-
cJyiejoBaTeJbHOCTEH, CHOPMUPOBAHHBIX HA OCHOBE MOHOIIMKJINUECKIX KBA3HOPTOTOHAIBHEIX MaTpull// MHGOpManOHHO-YIIPABIIAIOIITE
cucrembl. 2018. Ne 4. C. 9-14. d0i:10.31799/1684-8853-2018-4-9-14

Citation: Nenashev V. A., Sergeev A. M., Kapranova E. A. Research and Analysis of Autocorrelation Functions of Code Sequences
Formed on the Basis of Monocyclic Quasi-Orthogonal Matrices. Informatsionno-upravliaiushchie sistemy [Information and Control
Systems], 2018, no. 4, pp. 9-14 (In Russian). doi:10.31799/1684-8853-2018-4-9-14

Bsenenue

B macTosIee BpeMs B MHTEpPecax IIOBBIIIIEHUS
IIOMEXOyCTONUNBOCTY KAaHAJIOB PAAMOJOKAIIMOHHBIX
cucteMm (PJIC) HaxXoqaT MIMPOKOE MPUMEHEHNE METO-
IIbI CKATHUA CJOYKHBIX CUTHAJIOB, B YACTHOCTH CUTHA-
J10B ¢ (paszoBoii mopysanueis (PM) [1-4]. [Ipumenenne
®dM-curHaJaoB I0O3BOJSET CYII[ECTBEHHO IIOBBICUTDH
IIOMEX0YCTONUYNBOCTD PAJAMOJIOKAIIMOHHBIX KAHAJIOB.

HawubosbIllee pacmpocTpaHeHWe IIPU PelieHuu
YKasaHHOHU 3aauu IIOJYUYNJIN KOoabl Bapkepa, mmpen-
CTaBJIAOIME COO0M TBOMYHBIE TTOCIEJ0OBATEIHHOCTH
(K0oIbl) KOHEUHBIX OJuH 2, 3,4, 5, 7, 11, 13.

Konbsr Bapkepa ABISI0OTCS 0COOBIMU JBOMYHBIMU
KOJaMH ¢ MaKCUMAaJbHLIMU YPOBHAMY OOKOBBIX Jie-
IeCTKOB II0 INKaJie BpemMeHU, paBHeIMH —20log(n),
Toe n — AJuHAa Koga. JHeprud B 00aacTu 60KOBOTO
JIelleCTKa MUHMMAaJbHAas U OMUHAKOBO pacipejese-
Ha, 3a CUeT Yero peajn3yeTcs PAaBeHCTBO aMILIUTY/I

BCeX OOKOBBIX MaKCHUMYMOB aBTOKOPPEJIAINOHHBIX
dyarnuit (AK®P) npu ux MUHUMAJIHLHO BO3MOMKHOM
ypoBue. Koxm Bapkepa saABIsdeTcs eIUHCTBEHHBIM
OSHOPOAHBIM (PAa30BBIM KOZOM, JOCTHUTAIOIIMM 3TOTO
ypoBHA. KomoBbie mocaemoBaTeIbHOCTH, 00Jamato-
e TAaKUMU CBOMCTBaAMU, OJs 1 > 13 HeM3BECTHBI.

KomxoBsie mociienoBaTesbHOCTH
Bapkepa u Mepcenna

Ilo cux TIop He B TIOJTHOM Mepe NCCJIeI0BaH BOIIPOC,
BO3BMOKHO JIY TIOJIYUUTDH COBEPIIIEHHbBIE KOJOBBIE 110~
cJefoBaTeJIbHOCTY IJIMHBI, Ooabineir 13. 3BecTHO,
YTO HE CYIIEeCTBYEeT PeIlleHUil A HeUeTHBIX IJIUH
co sHaueHuamu n mexkay 13 u 101. Kpome Toro, yt-
BepsKIaeTcA, UTO HaJe)KIa Ha CYIecTBOBAHUE He-
CKOJIBKUX PEeIIeHu# IJisd HEeYeTHBIX AJUH, IPEeBbI-
matormux 101, masoBeposaTHa [5].

Ne4,2018 N\
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OueBUIHO, YTO OAWH 13 IIYTEH IIOMCKA PEIIeH I MO-
JKeT COCTOSATH B TOM, UTOOBI HECKOJIBKO OCJIa0UTH TPe-
6oBaHUsa K AKD u monycTuTh 3HAUEHUS BTOPUUHBIX
TIUKOB, TPEBBITIAIONTNX 1. TO OBIJIO OBI TPUEMJIEMbIM
B TOM cJIyuae, KOrfa IeHTPANbHBIA INK 3HAYNTEILHO
6ousnirie 1. OgHAKO IO HACTOAIIETO BpeMeHu o0Iras Te-
OpIS STOT'O BOIIPOCA OCTAETCS HEIIPOPaOOTAHHOIM.

B nocenaee BpemMs chopMupoBaiach U pa3BuBa-
eTcs Teopusa KBa3MOPTOTOHAJIBLHBIX MATPUIL, K KOTO-
PBIM OTHOCSTCS CIeI[MaJibHbIe MaTPUIlbkl MepceHHa,
CYIIleCTBYIOIIME Ha mopAnkax n = 4t — 1, roe ¢t — Ha-
TypaJbHOE YKCJIO.

KBasuoproronanbusiMu Matpunamu MepcenHa
nopagka n(M,) [6] HaspIBaroTCA MaTPUILI C ABYMSA
3HAUeHUAMMU dJeMeHTOB {1, —b}, Tme |[b| < 1, ymos-
JIETBOPAIOIME KBAaIPATUYHOMY YCJIOBUIO CBSA3U
MM, = o(n)l. 3gece I — enuHWUYHAs MaTPUIA;

:(n+1)+(n—1)b2
2

VKasaHHbBIE MaTPHUIILI, ABJIAACH SAPOM MATPHI]
Apamapa u 000011asa 1X, MOT'YT, KaK 1 OHU, UMETh
pasauuHble KOHCTPYKIIMHU, B TOM UYKCJIE ITUKJINYEe-
cKyio cuMmMeTpuuHyio [ 7—10].

Br110 3aMeUeHo, UTO KOJOBBIE TTOCIEI0BATEIbHO-
ctu Bapkepa paunbl 3, 7 u 11 aBIAOTCA KOTOBLIMU
TOCJIeIOBATEeJILHOCTSIMY MEPCEHHOBA TUIIA, CHOPMU-
poBaHHBIE Ha OCHOBE MOHOIIMKJINUYECKUX KBa3UOP-
TOTOHAJBHBIX MAaTPUIl. KOJIMYECTBO IIOJIOKUTEID-
HBIX 9J€MEHTOB KoJa OTJIMYaeTCsA OT KOJMUYeCTBa
OTpUIlaTeJbHBIX Ha efuHHUILY (TabJ. 1).

o(n)

— HepeMeHHBIU Bec.

OmHaKo y KOJOBBIX IIOCJIeoBaTebHOCTelr Mep-
CeHHa, B OTJIMUME OT IOocJeaoBaTebHocTell Bapke-
pa, OTPUIATEJLHBIN 97eMeHT paBeH —b [6]. Takum
obpasowm, mpu n = 3 3Hauenue b =1/2, B ocTaJIbHBIX

+4/4s

caydaax b= STNES
4

,rmes=n+1.

Ha moptperax marpuir MepceunHa (puc. 1) 6esoe
TI0JIe COOTBETCTBYET 9JIEMEHTY MaTPUITHI CO BHAUEHU-
eM 1, uepHOe 1I0JIe — 3JIEMEHTY CO 3HaUeHueM —b.

CaMu ’Ke KOHCTPYKIIMM ITOCJIeIOBATEJIHLHOCTH
MepceHHa MOT'YT OBITh IIOJTYY€HBI AJIA BCEX IPOCTHIX
ymucesa AJAUHOA p =4t — 1 ¢ IOMOIIBIO BBIYUCICHUA
nocyeoBarenbHocTu Jleskauapa [11].

9TH MOCIeNoBaTEJIbHOCTH (DOPMUPYIOTCS Yepes
BBIUNCJIEHUS «KBaJAPATUUYHBIX CHUMBOJIOB» (CHUMBO-
JoB Jlesxxkauapa), onpegeneHHbix Ha 1 < a < p— 1 mo
BBIPAYKEHUIO

a -1, ecomt x2 = amod p
fudl ,
p 1 B oCcTANBHBIX CAYYASIX
a
rae p — OJnHA IIOCJIeNOBATEeJIbHOCTHU; | — | — BBI-

p

YHCJIEHHBIE IIO3UIUMY OTPUIATENBHBIX M IIOJIOMKI-
TeJBLHBIX DJIEMEHTOB IOCJIeLOBATEIHLHOCTH; X — HO-
Mep MO3UIUH ITOCTIe0BaTeIbHOCTH OT 1 10 p.

TaxuM 00pa3oM, MOKHO IIPEIIIOI0MKNUTD, UTO MMe-
eTcs1 BO3MOYKHOCTBL IOJIYUUTHL KOJOBBIE IIOCJIEN0BA-
TeJbHOCTH MepceHHa, aHAJOTUYHEIE 10 CBOMM CBOI-
CTBAM KOJOBBIM IIOCJI€IOBATEIbHOCTAM bBapkepa.

B Tab6ruya 1. Koxosble nociaenoBarenbHocTy Bapkepa u MepceHHA

B Table 1. Barker and Mersenne code sequences

InvHa xkozxa, n Konsr Bapkepa

Koasr Mepcenna

3 11-1 511
7 111-1-11-1 -b-b1-b111
11 111-1-1-11-1-11-1 b1-b-b-b111-b11

GO O R W D e

M;

B Puc. 1. ITopTpeTsl MOHOIIUKJINYECKUX KBA3MOPTOTOHATIBHBIX MaTpull MepcerHa mopankoB 3, 7u 11
B Fig. 1. Portraits of monocyclic quasi-orthogonal Mersenne matrices of orders 3, 7 and 11
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OmgHaKo cjaeayeT IMPOBECTH CPABHUTEJLHBIN aHAJN3
KOJIOBBIX TI0ocJIeioBaTebHOCTel Mepcenna u Bapkepa
B IIeJIAX OIeHKHU XapakTepuctuk AK®.

Mopgeas orudaroiieii MOTYyJIUPOBAHHOTO
curHaJa

Maremarunueckaa wmogenr PM-currana mpen-
cTaBjseT CcO0OU IIOCJIeOBATEJIBHOCTh IIPUMBIKA-
IOIUX JJEMEHTAPHBIX (IIPOCTBHIX) WUMITYJIHCOB OJU-
HAKOBOH (POPMBI [JINTEIBHOCTHIO 1,, HadaJbHbIE
(asbl BBICOKOUACTOTHOT'O 3aTIOJHEHUA KOTOPBIX MO-
I'yT OPUHUMATH 3aJaHHBbIE AVCKPETHbIE 3HAUEHUA.
JdiieMeHTapHble UMOYJIbChl DPM-curHasa OOBIYHO
umMerT (opmy, GJU3KYI0 K HpAMOyrojbHoit. Ilpm
9TOM aMILIUTY/bI 9JIEMeHTaPHBIX UMITYJIbCOB PABHBI,
a HauaJbHadA (hasza mpuHUMaeT 3HaueHUA 0 smbo 7.
Torma mociaemoBaTeIbHOCTL 3HAUEHUN HadYaJbHOU
(basel BBICOKOYACTOTHOTO 3aIIOJHEHUSA 3dJIeMeHTap-
HBIX WMITYJIbCOB {(pl-, i=1, n{ MOYKHO OUIPENEJUTH
TOCJIE0BATETBHOCTHIO UKCEJI {di, i=1, n;, TpUHU-

marorux sHauenus 0 u 1 1o cienyroIeMy IpaBuIy
[12, 13]:

d; =0, ecau ¢; = 0;

d;=1, ecnu ; =m.

W3 sToro craemyer, uto cBoiicTBa ®PM-curmaia
OIlpeesIAIOTCA CBOMCTBAMU BBIOPAHHOWM ITOCJIEIO-
BaTeabHOCTU. IlosToMy cuHTed PM-curnaia o0ObIU-
HO CBOAUTCA K ee BbIOODPY. IIocKOJIBKY ormbatorias
CHUTHAaJIa Ha BBIXOJe COTJIACOBAHHOT'O (DUJIBTPA OIIpe-
IesgeTcss KOPPeaAnoOHHON (PYyHKITMel cuTrHaja, Ha

CpaBuureasHbIil aHaau3 AK®
KO/IOBBIX IIOCJIEIOBATEIbHOCTEH
Bapkepa u Mepcenna

C 1eJabi0 OMNpeNeJUTh XapaKTEePUCTUKU CiKa-
TUSA KOJOBBIX IIOCJIe[JoBaTeJibHOCTe! DBapkepa wu
MepceHHa OBIIM TPOBEAEHBI SKCIEPUMEHTHI IJIs
KOIoB IJuHBI 3, 7 1 11, B KOTOPBIX CpaBHUBAJICH
AK® orubarommux (puc. 3, a—8) 1 OIeHUBAJIOChH OT-
HorreHre nuka AK® Kk MakcuMaJIbHOMY «00KOBOMY
aenectry» (OIIMBJI).

Pesynbprars! onieHKN xapakTepucTuku AK® mis
KOJIOBBIX IIOCJedoBaTeJbHOCTel Bapkepa m Mep-
cenHa (Tabi. 2) moxkaswsIBaoT, uTo omeaka OITMBJI
AK® nnsa KomoBoil mocjemoBaTeibHOCTH MepceHHa
npu n =7 paBHa —18,68 1B, a AJaA BTOPOro MaKcH-
MaJIBHOT'O 110 HoMepy 60KoBoro Jenectka —21,69 n1b
(cM. puc. 3, 6). OcoObIii MHTEPEC IPEACTABIIAET pe-
3yJIbTAT, IPUBEAEHHBLIN Ha puc. 3, a, I'le OLEHKAa
OIIMBJI AK® koma MepcenHa mpu n =3 TPEBbI-
IIaeT aHAJOTUYHYIO OIEHKY AJA Koma Bapkepa Ha
3,52 nb.

I KomoBoHM mocaemoBaTedabHOCTH MepceHHaA
nauubl 11 omenxka OIIMBJI AK® nmoayumiaach Xy-
JKe, ueM y Koma Bapkepa, #Ha 1,72 1B, ogHaxo sToT
MaKCUMAJIbHBIZT OOKOBOII JIEIECTOK HaXOAUTCSA Ha
IOCTaTOYHOM yAaJEeHUH OT IVIaBHOTO JiertecTka AK®D.
Hass BTOPOro MakCHUMaJbHOT'O II0 HOMEPY GOKOBOTO
JIETIECTKA, PACIOJOMKEHHOI'0 II0 COCEICTBY C IJIaB-

B Tabruya 2. Onenka xapaxkrepuctuk AKD
B Table 2. Evaluation the performance of ACF

- Inuaa Omneunxa OIIMBJI, nB, n1a xoga
KOTOPBI# OH HACTPOEH, TO OUPENeJAIOIIUM IPU BhI- KoxA, 71 Mepoerra Baprepa
0ope KOOUPYIOIei II0CIef0BaTeIbHOCTU SBJISETCS

3 -13,06 -9,54
ee AK®D. Oua pmossxkHa o00JazaTh HEOOXOIMMBIMI
CBOMCTBAMHU, B YACTHOCTHU, 3aJaHHLIM YPOBHEM 00- max -18,68
KOBBIX JIETIECTKOB U IMTUPUHOM TJIABHOTO JIeTIeCTKa 7 second max 9169 -16,90
[12-14]. ’
Kon Bapkepa gausoii 11 # cOOTBeTCTBYIOIAS max -19,11
emy orubaromias ®@M-curHaJja IpeacTaBJIeHbBI Ha 11 —20,83
second max —-22,95
puc. 2, a u 6.
a)
+1 +1 +1 -1 -1 -1 +1 -1 -1 +1 -1
0) s(t)
T T
I I
+ 0+ 0+ + +
: i
I I I
0 | | o
- I - I - I -
I I I
I I |
B Puc. 2. Kog Bapkepa n = 11 (a) u orubatoriasg @M-curaauaa sTum KogoMm (6)
B Fig. 2. Barker code n = 11 (a); FM signal envelope with this code (6)
Ne4, 208 N\ VNHOOPMALIVIOHHO-YMNPABASIIOLLIVE CUCTEMBI N\ 1



4 TEOPETVHECKAS! Y NPUKAAAHASI MATEMATUKA /

a)

0,8

0,6

0,4 ,
|
0,2 ]

-0,2

-0,4
4,85

4,9 4,95 5 5,1 5,15

x1076

0)

0,8

0,6

0,4
'7
0,2 ]

\/ \3 '3 \

-0,2

-0,4
4,85

4,9 4,95 5 5,05 5,1 5,15

x1076

6)
1

0,8
0,6 ]
0,4 J ‘
0,2

A 4

O i - N Y2

-0,2

-0,4
4,75 4,8 4,85 4,9 4,95 5 5,05 5,1 5,15 5,2 5,25
%1076

— kox Bapkepa

B Puc. 3. AK® orubarormeii g1 kogoB Bapkepa u Mepcernanpun = 3 (a);n = 7(6) un = 11 (8): ciea — AK®, Hopmu-

poBaHHas K eguHuIle; cupasa — AK® B gemubdenax

B Fig. 3. The envelope of the ACF at n = 3 (a); n = 7 (6) and n = 11 () for the Barker code and Mersenne code: on the

left — ACF normalized to unity; right — ACF in decibels
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HBIM OOKOBBIM JIETIECTKOM, aHAJOTMYHAs OIEHKA
TIPEBHIIIAET YPOBEHh OOKOBBIX JIETIECTKOB Koma Bap-
Kepa Ha 2,12 1B (cMm. puc. 3, 8).

3akJrouyeHne

ITonyuennbie B pabore xapakrtepuctuku AK®D
I KONOBBIX TOcCJiefoBaTelbHOCTeli Bapkepa u
Mepcernna gauHbl 3, 7 u 11 IO3BOJAIOT caeaTh
BBIBOJT O TEPCHEeKTHUBHOCTU WCIOJb30BAHUSA KOIOB
MepcenHa Kak aJabTepHATUBBI KojgaM bapkepa.

HepelieHHBIM TIOKa OCTaeTCA BOIPOC HECHUMMe-
TPUUYHOCTU SJIEMEHTOB KOJOBOI ITOCJIeOBATEHLHO-
ctu Mepcenna. OgHaKoO, KaK HaM BUJUTCS, PEIIeHre
BO3MOXKHO C HCIOJH30BAHMEM KaK CHeIUaJbLHOTO
amnmapara CUHTe3a CUTI'HAJIOB, MOAYINPOBAHHLIX KO-

mamu MepceHHA, TAK M HOBBIX IIOAXOMOB K CoKATHUIO
STUX CUTHAJOB.

B 1esiom pesysbTaThl MOLEJINPOBAHUS, BIIEPBbIE
TIpUBeIeHHbIe B JaHHON paboTe, UMEIOT TeopeTuye-
CKOe U MPaKTUYeCKoe 3HAUEHUs IIPU HCCIeNOBaHU-
sIX, CBA3AHHBIX C:

— MOMEeXOYCTOMUYNBOCTHIO B30HAUPYIOIIEro CHUTr-
HaJIa B PAAUOJOKAIMOHHBIX KaHAalaX,

— BBIOOPOM XapaKTEePUCTUK CUTHAJIOB PaguoJo-
KAIlMOHHBIX CHUCTEM B YCJIOBUAX CJIOMKHOI 9JI€KTPO-
MATHUTHOI 00CTaHOBKH,

— IIOMEeXO0YCTOMYMBOCTHIO CUCTEM Iepemauyu JaH-
HBIX.

PaGora BbIIIOJNIHEHA TpPU MHOAAepP:KKe MuuoOp-
HayKu P® npu npoBefeHNN HAYYHO-UCCJIEI0BATEIb-
CKOIf paboThl B paMKaX IIPOEKTHOI YacTH rocymap-
CTBEHHOTO 3aaHus B cpepe HayUHOI JesiTeIbHOCTHA
mo 3amaumuio Ne 2.2200.2017/4.6.
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Introduction: Barker codes representing binary sequences (codes) of finite lengths 2, 3, 4, 5, 7, 11 and 13 are widely used in solving
the problem of increasing the noise immunity of radar channels. However, the code sequences for n > 13 are unknown. Sequences
derived from quasi-orthogonal Mersenne matrices also have not been used for these purposes. Purpose: Studying the ways to compress
a complex modulated signal by Mersenne sequences obtained from the first rows of a monocyclic quasi-orthogonal Mersenne matrix, as
an alternative to Barker codes. Results: It has been found out that the characteristics of autocorrelation functions for Mersenne codes
3, 7and 11 exceed those for Barker codes. This is a basis for ensuring greater noise immunity of probing signals in radar channels, as
well as for increasing the probability of their correct detection, proving the expediency of their application for amplitude and phase
modulation of radio signals. Practical relevance: The obtained results allow you to increase the compression characteristics in radar
systems when solving the problem of detecting targets under noise and interference. The wide application of Barker codes of length
3, Tand 11 in digital data transmission systems provides a special interest in similar Mersenne codes when implementing noise-resistant
data transmission in radio channels in a complex electromagnetic environment. Discussion: An unresolved problem is the non-symmetry
of elements in a coding Mersenne sequence. This problem can be solved either by special synthesis of a phase-modulated signal or by
finding new approaches to their compression.
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Signals, Radar Channel, Noise Immunity, Autocorrelation Function.
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use the traditional methods of precise location.

Introduction: Signals from satellite radio navigation systems cannot penetrate seawater. Therefore, autonomous
underwater vehicles are located with the use of one or more support objects. Because of the layered nature of a marine
environment, a sound beam goes not in a straight line as radio signals do, but along an arcuate trajectory. Therefore,
the correction of the vehicle location by the differential method has a large error. Purpose: Assessing the requirements
and conditions necessary for using the differential mode of correcting a vehicle location. Results: We have simulated the
propagation of sound beams in a vertical plane according to Snell’s law, under the condition that sound beam propagation
follows the Rice distribution. We have determined the distance covered by a sound beam, evaluated its dependence on
the emission direction, specified the procedure of locating a vehicle with the use of the differential mode for correcting
the location, and formulated the conditions for using the differential method which are determined by the sound emission
direction, by the sound speed profile and by the mutual position of the emitting buoys, the correcting base station and the
underwater vehicle. Practical relevance: The obtained results can be used for locating vehicles in areas where you cannot
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Introduction

Increasing the accuracy of locating autonomous
underwater vehicles (AUV), especially in the case of
using them in groups, for example, when conducting
seismic survey or searching for anthropogenic
objects [1-10], is of paramount importance. By
now, a large number of methods for positioning
an underwater object have been developed [11-
16], including AUV positioning, a comprehensive
review of which is given in [17]. To locate an AUV
under water, range-measurement hydroacoustic
navigation systems [18] or systems with a single
mobile beacon [19] are used. Some recent attempts
have been made to conduct underwater positioning
in accordance with the principles of satellite radio
navigation systems [20—-22].

At the same time, the peculiarity of locating an
AUV in a group is that:

— the location should be conducted aboard the
AUV;

— there can be no emitting devices or hy-
droacoustic modems aboard the AUV;

— there can be no inertial navigation system
or auxiliary equipment like lags or echosounders
aboard the AUV due to the limitations on weight-
size parameters and power consumption.

A way to increase the accuracy of locating an ob-
ject in satellite radio navigation is the use of differ-

ential corrections to pseudoranges or pseudospeeds
of radio signal propagation [23]. The transfer of the
differential method of object location correction into
a marine environment requires taking into account
the laws of sound signal propagation in water and the
dependence of the propagation on the mutual position
of the AUV and reference objects (other underwater
or surface vessels with known coordinates, bottom
beacons, surface buoys, escort vessels, etc.), as well
as the dependencies on the state and parameters of
the marine environment determined by the location,
weather conditions, time of year and time of day.

Marine environment has the following features:

— significant attenuation of sound in water;

— sound propagation along multiple directions;

— refraction of beams causing a curvature of the
trajectory along which a sound beam propagates;

— layered nature of the medium and the depen-
dence of the sound speed on depth.

The above-mentioned studies on navigational lo-
cation of AUV do not discuss the ways to apply the
differential method to correcting underwater ob-
ject location.

Differential Mode Description

The idea of the differential mode of correcting
an object location is based on developing corrections
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to pseudoranges from the source of a hydroacoustic
signal to its consumer. As signal sources, we will
consider transmitter buoys (further referenced
to as buoys). The consumer is an AUV. The prefix
“pseudo-” is added because the time scales of the ra-
diation source and the AUV are not synchronized
with one another and hence the measured range
value differs from the actual one. To maintain the
differential mode of pseudorange correction, in
a specified seabed area a base station (BS) is es-
tablished in advance, whose coordinates are being
determined over a long period of time by means of
precise measurement of its position [24].

We will assume that the buoys on the sea sur-
face are located using the signals of satellite radio
navigation systems. The same signals are used to
synchronize the time scales of the buoys with high
accuracy.

The formation of differential corrections of the
BS with their transfer to consumers, including AUV,
goes as follows. The buoys periodically emit signals
into the seawater. The period of the signals is main-
tained with high accuracy. The frequency of the sig-
nals is known to the BS and the AUV. Aboard the
AUV, using the signal received from the buoy, the
signal arrival delay is determined, counting from
the moment of its emission. According to the delay,
distance to the buoy is calculated. In this manner,
distances to at least four buoys are found. The dis-
tances to the buoys determine the AUV position by
the difference-ranging method. This method is used
because of the mismatch between the time scales of
the buoys and the AUV: the beginning of the AUV
time scale does not coincide with the beginnings of
the time scales of the buoys mutually coordinated by
the signals of satellite radio navigation systems.

With this measurement, the evaluation of the
pseudoranges between the AUV and the buoys has
a certain error similar to the errors in satellite ra-
dio navigation systems caused by the features of
both signal propagation environment and signal
delay measurement hardware. AUV onboard delay
calculation is so sophisticated because marine en-
vironment is very different from aerial: the signals
of satellite radio navigation systems propagate in
space rectilinearly and almost without distortion,
while acoustic signals propagating through water
are influenced by a host of unfavorable factors.
The world ocean is an inhomogeneous medium;
there are warm and cold currents, whirlpools, ar-
eas with different concentrations of dissolved salts,
etc. Acoustic signals propagating with a low speed
relative to radio signals will physically move, shift
in phase, be reflected and distorted while passing
through the inhomogeneities of a marine environ-
ment. Partially, their influence can be compensated
by choosing appropriate mathematical processing
methods, as all the above-mentioned factors are

constant [25, 26]. However, not everything can be
compensated only mathematically; there are errors
in the measurements as such, which also contribute
to the error of pseudorange calculation.

The base station, similarly to AUV, also esti-
mates the distance to the buoys by the delays of the
received signals. Simultaneously, the BS evaluates
the calculated distance to the buoy, knowing its
exact and constant location and the position of the
buoy at the signal emission moment. It is assumed
that the emitted signal contains the coordinates of
the buoy and the emission time. The BS compares
the obtained distance values with the calculated
ones; on the base of this comparison it produces
a correction, and emits it into the water for the con-
sumers, including the AUV. Receiving these cor-
rections and adding them up, the AUV updates its
estimation of the distance to the buoy. The updated
distances to four buoys are then used in the differ-
ence-ranging method.

Mathematically, it can be described as follows.
Let it be given that:

Xpg> YBs» 2ps are BS coordinates known with the
required accuracy;

X;, Y;» 2; are the coordinates of the ith buoy with a
high accuracy; i=1, ..., M, where M is the number
of the buoys, M = 4.

At some instant of time ¢, all the M buoys emit
sonar signals carrying the information about the
time ¢ and each i*h buoy coordinates x;, y;, 2;.

Let the time in which a signal from the ith buoy
reaches the BS be tpg; and the time in which it
reaches the AUV be t5yv ;.

Then the actual distance between the itt buoy
and the BS is defined by the following expression:

Rpg; =18s;C,

where C is the speed of sound in water in this par-
ticular area.

From the it" buoy coordinates x;, y;, z; and the
base station coordinates xpg, Ypg, 2pg DPrecisely
known at the base station, the distance between the
buoy and the base station is calculated:

2 2 2
Realcpgi =\/(xi ~xgg)” +(¥i ~yBs) +(2 —2ps)" -
It determines the differential correction to the

distance to each ith buoy as the difference between
the actual and calculated values:

AR; = RactBsi - Rcachsi .

The distance from the it® buoy to the AUV is de-
fined by the following expression:

Rauvi=1avviC.
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Using the correction AR; produced at the BS and
transferred to the AUV, the distance between the
buoy and the AUV is calculated:

R,

R, AR,.

alcayyi — ttactyyyi

Having these values for the distances from the
AUV to four or more buoys, the AUV locates itself
by the difference-ranging method through solving
a system of equations

Jg =) 4 (g -y + (22— 2)% -
) (g -y (21 - 2) = Ay
Jes =22+ (ys - )2+ (25 -2)° -
-2 (g )+ (2 —2) = Ay
Ja x4 (ga-y)? +(2s-2) -

_\/(xl _x)z +(n —y)2 +(2 —2)2 =Aryy

b

where Ar;; is the difference between the distanc-
es from a couple of reference points {O;, O;} to the
point in question; x, y, z are the AUV position point
coordinates; x;, y;, 2; are the coordinates of the jth
buoy;i=1, ..., 4.

Fig 1 explains the difference-ranging method;
the symbol p,; designates the distance from the
buoy reference points to the AUV position point.

The calculation of AR; corrections and their
transfer to the consumers occur with a certain
constant periodicity, which is why this is called a
differential mode of pseudorange correction. The
differential mode is successfully used in satellite
navigation, improving object location accuracy.

Applying the differential mode in a marine envi-
ronment requires that we consider how the marine
environment affects the propagation of sound and
the determination of distances between objects.

Let us assume that:

— the beam propagation follows the Rice distri-
bution [27] with the dominance of one beam;

—a BS knows the sound speed profile (SSP)
which is periodically measured with a pulsed SSP
meter [28];

— the AUV also knows the SSP which can either
coincide with the BS SSP or differ from it;

— signals formed by a buoy correlate with one
another.

Estimating the Influence of Seawater
Stratification on the Sound Beam Trajectory

The curvature of a sound beam propagation tra-
jectory caused by seawater stratification is sche-
matically shown in Fig. 2.

The distance to which a beam deviates from the
vertical because it was emitted at an angle to the
horizontal is determined by the expression [29]

AR; =p;(sina; —sina;_1), (@))
where j is a layer number j=1, ..., n; n is the num-
ber of the layers; p; is the radius of the circle whose
arc is the beam trajectory in the jth layer; a; is the
angle of the beam entry into the jtt layer; ;1 is the
angle of the beam entry into the (j — 1)!* layer; when
j=1 the direction of the signal emitted by the buoy
is aj—l'

The radius of the circle is determined by the ex-
pression

1
pj=—""">
acoso.;
a is a relative gradient:
G
a= c )
)

x

B Fig. 1. Diagram explaining the difference-ranging
method

B Fig. 2. Schematic representation of beam curvature
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where G¢ is a gradient of the speed of sound in wa-
ter determined by the expression

Civ1— Cj
Go =11,
Zj+1 T3]
Let us assume that G = const. Then the full hori-
zontal distance of the beam deviation from the ver-
tical will be determined by the following expression:

n
Ry =) AR;. 2)
j=1

From triangle AOO;0, we can express the distanc-
es between the point of the beam entry into the jth lay-
er and the point where the beam leaves the jt! layer:

d; =\/(xj+1—xi)2+(zj+1—zi)2. 3)

Besides, from triangle AOO;0, we can derive an
expression for finding the angle f; at a vertex as a
half-angle between the directions to the point of the
beam entry into the jth layer and the point where the
beam leaves it (see Fig. 2). This expression looks like

d. B
] s /
—~ =p;sin—+,
2 PPy

from which it follows that

B; =2arcsin . 4
2p i

Then, knowing the vertex angle B; and radius p,
we can determine the length of the arc I, along
which the beam propagated:

li=Bjp;- ()

The angle B; is expressed in radians.

The above expressions (1)—(5) allow us to estimate
the distance covered by the beam in the jth layer.

Then, depending on the AUV immersion depth,
the beam path trajectory length is estimated as a
sum of the beam trajectories through the layers:

n
=24
j=1

If the AUV does not know the speed of sound, the
following averaging formulas can be used:
— weighted average speed of sound

é(c S
Cw = 2(zauv —2) ’

where z; is the i*? buoy antenna immersion depth; in
the problem under discussion z; = 0;
— harmonic mean of the speed of sound

2( o)

To estimate the change in the calculated range
when the curvilinear trajectory of the sound propa-
gation is taken into account, we estimated the devi-
ations of an arcuate beam trajectory from the recti-
linear path connecting these points. As initial data,
a real SSP was considered (Fig. 3, a and b). In the
calculations, the width (thickness) of a step layer
was equal to 50 m. The size of the chosen sampling
interval was determined by the data error [30]. The
beam pattern representation is shown in Fig. 4.

The results of the calculations (Fig. 5) showed
that the deviation of an arcuate trajectory from
the rectilinear one is about 9 m. This value was
obtained for near-surface emission of an acoustic
beam at an angle of 10° to the horizontal. When the
emission direction changed to 80°, the deviation de-
creased from 9 down to 1.5 m.

2) 53 1 28.07.2014
67.053N 04:40:00
79.923E 532 m
0
50
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150 1
200
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300
3501
4001
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500 f f f
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Sound speed, m/s

Depth, m

b) 0

100
200
300-
400 -

500 T 1 T T T
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B Fig. 3. The sound speed profile for the Kara Sea: a —
data of the source[30]; b — digital representation for use
in modeling
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Deviation,
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B Fig.5. Deviation of an arcuate beam propagation tra-
jectory from the straight line connecting the points of
the buoy position on the sea surface and the position of
the receiver (AUV)
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B Fig. 6. An estimate of signal travel time (@) and
covered distance (b) along the beam, at a known sound
speed C (dashed line) and a weighted average C,, (solid
line)

Besides, we estimated the duration of the beam
travel and the distance it covers for the case when
the speed of sound is considered weighted average
(Fig. 6, a and b).

The obtained results allow us to state that when
the emission angle relative to the water surface is
20° or more, we can use the weighted average value
of the sound speed, rather than counting it literally
by layers, because the results for the time and dis-
tance at o > 20° nearly coincide.

Determining a Distance Covered
by a Beam Along an Arcuate Trajectory
by Layers

As discussed above, a beam propagation trajec-
tory can be sophisticated. Therefore, when you cal-
culate the length covered by a beam using the meas-
ured delay between the emission of a signal and its
reception in a certain point, you have to take into
account the complex curvilinearity of its trajecto-
ry. To use the formulas (1)—(5), you need to know the
direction in which the buoy emits the beam, i. e. the
beam angle o in the top layer. Since the trajectory is
curvilinear, the emission direction is not obvious,
requiring a special approach to its determination.

Mathematically, the problem of determining the
emission direction o can be formulated as follows:

Let the beam arrive to an AUV point whose co-
ordinates are unknown and need to be found. We
know the time necessary for the signal to cover the
curvilinear trajectory, and we know the SSP.

We need to find the coordinates of the AUV
point to which the beam arrives.

This means we need to find a triplet of coordi-
nates which would meet the following criterion:

(xAUV »YAUV» RAUV ) =

(x,y,2) e K : AT[(x, Y, 2); (xaUV> YAUV> 2aUV) | =

n
= ZAt] ’
j=1

where K is the set of all points of possible AUV posi-
tion in the given area, and AT [(1); (2)] is the time of
sound travel between points 1 and 2.

In order to determine the emission direction, let
us consider two cases. In the first case, the AUV has
the information about its immersion depth; in the
second case, it has not.

1. The AUV has the information about its immer-
sion depth.

Let us assume that the AUV measures the depth
by a special pressure gauge. Aboard the AUV, the
delay is determined between the moments of emis-
sion and reception of the sound. To determine the
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AUV position, you need, for various values of o, to
go through all the variants for the time of signal
travel through the layers and to calculate the total
signal travel time. The value closest to the meas-
ured time will be the problem solution. It will allow
you to uniquely determine the emission direction
for the signal accepted by the AUV.

Mathematically, this approach is called a net
method: we build a net and find a solution in its
knots. A net is characterized by its cell size.

The result of modeling the beam travel time
for different emission directions from 10 to 80° is
shown in Fig. 7.

Knowing the depth of the AUV position and the
duration of the sound signal travel from a buoy to
the AUV, we estimate the distance and, according
to the chart (see Fig. 7), find the beam angle at the
moment of its emission.

For example, the time of signal travel along the
arc from the surface to the depth of 270 m is 0.5 s.
For this conditions, the following variants are pos-
sible:

— the emitted signal inclination angle is 10°,
and the depth of the AUV is H = 105 m;

— the emitted signal inclination angle is 20°,
and the depth of the AUV is H = 270 m.

Out of these two variants, the more suitable one
is the second (o = 20°), because the actual depth
coincides with the calculated one. This variant is
chosen as a solution. To find the AUV coordinates,
the coordinates of the signal reception point are
used.

However, as shown above, at emission angles
bigger than 20° we can use weighted average val-
ue of the sound speed. In this case, we estimate the
distance covered by the beam immediately by the
delay. Knowing the depth H (cathetus) and inclined
range of the beam travel L (hypotenuse), we can
find the emission direction angle

9
o =arccos| — |.
L

Depht, m
10 =20 --30 =-40 - 50 —60 - 70 —80

B Fig. 7. Calculated time of signal travel along the arc
for different emission angles

2. The AUV has no information about its immer-
sion depth.

In this case, we need to simultaneously use two
measurements from two buoys, because one meas-
urement can only provide a multivalued solution.

If the depth is unknown, we will take into ac-
count the fact that everything happens in one ver-
tical plane: the two buoys and the AUV are three
points through which one and only one plane pass-
es. Since the buoys emit sound in all directions, and
the arc length does not depend on the direction in
the horizontal plane, depending only on the inclina-
tion angle in the vertical plane, the solution will be
the intersection point of two arcs whose length de-
pends on the inclination angle and the AUV depth.

In the same way as described above, the emission
direction is determined for the signal from the first
buoy. For the buoy signal arrival delay measured
aboard the AUV, several variants come out which
differ from each other in the signal arrival depths
and emission directions. These variants form a set
of solutions for the first buoy.

After that, the same procedure is applied to the
delay of the second buoy signal. The solution vari-
ants form a set of solutions for the second buoy.

Out of the two solution sets related to the first
and second buoys, an element is found which is an
intersection of the two. This element is the solution.
It is uniquely associated with the emission direction
of the first and second buoys and the AUV position
coordinates which correspond to the arrival point
of the signal from the first and second buoys.

Similarly to the known depth variant, we get
expressions to determine the inclination angles oy

and ay:
o4 =arccos| — |;
L

a9 = arccos| —= |,
Ly

Hy =H,.

The given expressions can be used for inclina-
tion angles o; and oy bigger than 20°.

Finding AUV Coordinates
with the Difference-Ranging Method

The arcuate curvilinear trajectory of the beam
travel from two spatially separated buoys gets into
a certain point at a certain depth where the AUV is
positioned which has received a sound signal from
both the buoys. In the same way as if they were rec-
tilinear inclined trajectories, after determining
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the point to which the beams from both the buoys
come, inclined straight line segments are calculat-
ed. The set of possible solutions for two buoys form
a hyperbola. By the intersection of three hyperbolas
formed by four buoys using the difference-ranging
method, the AUV determines its coordinates.

Differential Method Description

The mutual position of the AUV, BS and one of
the four buoys in the marine environment is shown
in Fig. 8. The AUV location is adjusted using the
differential mode as follows.

A buoy emits a navigational hydroacoustic sig-
nal into the seawater. The BS receives it. Knowing
its precise location, SSP and the precise location of
the buoy, the BS estimates the signal travel time:
calculated Ti,,. and actual T,;. The calculated time
is determined taking into account the refraction
which depends on the current SSP in this area ac-
cording to Snell’s law, so that the beam comes to
the BS point. For that, all possible positions of the
beam arrival to the BS area are considered and the
best one is chosen for various emission directions o
by the criterion how close the beam arrival point is
to the BS location. Finally, the actual beam travel
time from the buoy to the BS is found, and the dis-
tance R, pg is determined which differs from the
calculated distance R, s by AR:

R,ctBs = RealcBs T AR.

On this basis, the correction AR is determined
on the BS as the difference between the calculated

Buoy

o oaalie e

Rt avv

B Fig.8. General scheme of differential mode

beam travel distance R, ggand the actual distance
R, g Which is precisely known at the BS:

AR = R, Bs — Realc Bs-

When estimating the rectilinear range of the
beam travel between the emission point and the BS
position, you can use not only the average value of
the sound speed according to the SSP, but also any
other value, provided that this value is used by the
AUYV. This should be agreed upon in advance when
you perform a differential correction of the AUV
location. Besides, it is desirable that the processing
principles of the navigation receivers at the BS and
the AUV are similar; ideally, the receivers should
be identical. The signal travel correction AR calcu-
lated at the BS is then emitted from the buoy to the
consumers in the marine environment, including
the AUV. Such corrections are emitted to the sig-
nals of all the four buoys.

The autonomous underwater vehicle near the BS
measures the delays of the signals from the four
buoys. The obtained delays are converted into the
ranges to the buoys as discussed above. Based on
these ranges, the beam trajectory projections are
determined. An obtained range is a sum of the cal-
culated range and the correction:

Ract AUV — Rcalc auvt AR.

Simultaneously with the measurement of the ac-
tual range, the AUV receives from the BS the infor-
mation about the pseudorange corrections AR for
each of the four buoys, and then specifies the pseu-
doranges to the buoys:

Reaic auv = Ractauv — AR,

using them for locating itself by the differ-
ence-ranging method.

Conclusion

The work is aimed at finding the ways of using
the differential method to locate an AUV in a ma-
rine environment. Our research was focused on the
parameters which considerably affect the usage of
difference-ranging method for AUV location: sound
emission direction, vertical distribution of the sound
speed, sound travel trajectory, and the distance cov-
ered by a sound beam. The paper discusses an ap-
proach to applying the differential method of cor-
recting an AUV location in a marine environment.
The obtained results can be used for a more precise
location of AUV or other underwater objects.

The research was supported by RFBR grant
17-07-00125.
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IlocraHoBKa MPOGJIEMBI: BBULY OTCYTCTBUS IIOJ BOLON CUIHAJIOB CIYTHUKOBBIX PAaJMOHABUTAI[MOHHBIX CHCTEM ITO3UIIOHNPOBAHUE
aBTOHOMHBIX HEOOMTAaeMbIX ITOABOAHBIX AlllIapaTOB IPOUCXOIUT C UCIOJIH30BAHUEM OTHOTO MU HECKOJIBKUX OIOPHBIX 00BeKTOB. Ciou-
CTOCTBH MOPCKOI Cpe/IbI ABJIAETCA IPUUNHON PACIPOCTPAHEHHUA 3BYKOBOIO JIyda He II0 IPAMOY, KaK Y PAJUOCHUTHAJOB, a II0 LYyroo6pasHoit
TPaeKTOPUH, N3-3a Uero KOPPEKTHUPOBKA MECTOIIOJIOKeHUs annapara fuddepeHnInanibHbIM MeTOLOM IPOUCXOLUT C OOJIBIION TOIPEIIIHO-
crpio. Ileas: onmeHka TpeGOBAHUN U YCIOBUN, HEOOXOAMMBIX JJIS HCIOJb30BaHNA AUM(EPEeHIINATLHOIO PeKUMa YTOUHEHNA MECTOII0JIO-
JKeHHdA annapara. Pe3yasraThl: IPOBeIeHO MOAEJIMPOBAHNE PACIPOCTPAHEHUSA 3BYKOBBIX JIyuell B BEPTUKAJBHOM IJIOCKOCTY COTJIACHO
3akoHy CHeJlIMyca IpU YCJIOBUY MOAUMHEHUS PaCIIPOCTPaHEHUA 3BYKOBBIX JIydeil pacnpesesnenuio Patica, onpezesieH IpOiIeHHbIN 3By~
KOBBIM JIYUOM IIyTh, OlleHEeHa ero 3aBUCHMOCTH OT HAIIPaBJIEHUA MBJIYyUEeHHUsS 3BYKOBOI'O CHUT'HAJIA, & TAK)Ke OIIPeJeseH IOPALOK OIeHKH
MeCTOIIOJIOKEHNA allllapaTta ¢ UCI0Ib30BaHueM Aud(PepeHIInaIbHOT0 PEKIMa YTOUHEHNA €T0 MEeCTOIIOIOKEeHNA. Y CTAHOBJIEHBI YCI0BUA
HUCIO0JIb30BaHUA UM (PepeHIInaTIbHOI0 MeTOJa KOPPEKTHPOBKY MECTOIIOIOKEHN alapaTa, oIpeaeiseMble HAIIPABIeHNEeM U3IyIeHUT;
npoduIeM pacupeneleHnsa CKOPOCTH 3BYKa; B3AHMHBIM II0JIOXKeHEeM HBJIyJaloluX 6yeB, KOPPEKTUPYIOIell 6a30BOIi CTAHIINY U IIOLBO-
gHOTO anmapara. IIpakTuyeckass 3HAUNMOCTD: TTOJyUYeHHEBIE Pe3yJIbTaThl MOTYT ObITH UCIIOJb30BAHBI JJIs YTOUYHEHUS MECTOIIOIOKEeHU
ammapara B paifoHaX ¢ OTCYTCTBHEM BO3MOYKHOCTY IPUMEHATH TPASUIINOHHEIE METO bl TOYHOTO TO3UIIMOHNPOBAHNS alInaparTa.

KaroueBsie ciI0Ba — aBTOHOMHBIN HEOOMTAEMBII TOABOAHBIM anlapaT, MapuIpyTHAaAd TPAeKTOPUsA, TeUeHUe, OlleHKa 9(PeKTUBHOCTHU.
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060pyAOBaHMUSI.

BBeaeHue: npobrema npoeKTUPOBAHUS MHGOPMALMOHHO-YPABASIOLLMX CUCTEM AASI MHOIOMEPHbIX TEXHOAOTMUECKMX
06beKTOB TpebyeT KOMIMAEKCHOr0 aHaAu3a MX 3KCMAyaTaLMOHHO-TEXHOAOTMHYECKMX PEXHMMOB MPOMBbILLAEHHOTO 060pyAOBaHMS.
PelueHUe CUTYyaLIMOHHbIX 3aAay, CBS3aHHbIX C MOCTPOEHUEM MOAEAEN U ONTUMU3aLMEN B YCAOBUSIX HEOMPEAEAEHHOCTH MpU
onepaTMBHOM MPUHATUM PELLEHWH, MPUBOANT K HEOOXOAMMOCTM MCMOAb30BaTb METOAbI MCKYCCTBEHHOIO MHTEAEKTA. LieAb:
pas3BUTUE METOAOAOTMM MPOEKTUPOBAHUS MHTEAMEKTYaAbHOM MHGOPMALIMOHHO-YNPABASIFOLLEN CUCTEMbI, MHBAPUAHTHON pas-
AWYHBIM MHOIOMEPHbIM TEXHOAOTMYECKMM 0ObEKTaM yrpaBAEHHS, MO3BOASIOLLEH C yYETOM 0COBEHHOCTEH 3TUX 0OBEKTOB Ore-
paTUBHO CHUHTE3MPOBATb B PeaAbHOM Maclutabe BpeMeHU aHeprocbeperaroLLUme ynpaBAsitoLLMe BO3AEHCTBUS. Pe3yAbTaTbl:
paspaboraHa cTtatndyeckasi MoAeAb GperiMoBOM 6a3bl 3HaAHUM MHPOPMAaLIMOHHO-YNPABASIIOLLIEN CUCTEMbI AN AMHAMMUYECKUX
PEXMMOB paboTbl IHEPrOEMKUX TEXHOAOMMYECKMX YCTAHOBOK, MO3BOASIIOLLAS YUMTbIBaTb MHOXECTBO COCTOSIHMI paboTocro-
COBHOCTM 0OBEKTa yrpaBAEHMS], MHOXECTBO COCTOSIHUM ero ¢yHKLUMOHUPOBAHUS 1 AECTabUAU3UPYHOLLME PaKTOPbI PA3AMYHOM
npupoAbl. [TPEANOKEH MHTEMPUPOBAHHbIA rpagp 0600LLEHHON TEXHOAOTMM MHTEAMEKTYaAU3aLIMM CUHTE3a 3HepProcbeperarLLmx
YNpaBASIOLLMX BO3AEHCTBUI AAST MHOTOMEPHbIX TENAOBLIX TEXHOAOTMHYECKMX OOBLEKTOB B PEXMME pasorpeBa: MHOM030HHbIX
neyert KOHBEKLUMOHHOIO HarpeBa, MHOIOCEKLIMOHHbBIX CYLLUMAOK, KOTEAbHbIX YCTAHOBOK U APYIUX TEMAO-TEXHOAOrMUYECKUX arnna-
patoB. lpakTHyeckas 3HaYMMOCTb: CO3AaHHas CTPYKTypa 6a3bl 3HaHMH MO3BOASIET OrepaTUBHO MPEAOCTaBASITb MHGOPMaLM-
OHHYH MOAAEPXKY MOAYASIM, PEAAM3YIOLLMM aArOPUTMUYECKOE 0BECTIEUEHNE UHTEAMEKTYaAbHOM MHPOPMAaLIMOHHO-YNPaBASIHO-
LM CUCTEMbI, UTO B CBOIO OYEPEAb AGET BO3MOXHOCTb CHHTE3a 3HEeprocbeperaroLLEero ynpaBAeH s MHOTOMEPHbIM TEMAOBbLIM
TEXHOAOMMYECKIMM 0ObEKTOM B peaAbHOM MacluTabe BpeMeHU. KpoMe Toro, aHeprocbeperaroLLee yrnpaBAEHNE XapaKTepusy-
eTcs NAaBHbIM MPOTEKAHUEM TEMNAOBbIX MPOLECCOB, @ 3T0 BEAET K MOBbILLIEHNK AOATOBEYHOCTH M 6€30M1acHOCTH IKCIAyaTaLmm

KaroueBble cnoBa — sHeEprocbepexeHme, MHOroMepHble 00bEeKTbl, 6a3a AaHHbIX, 6asa 3HaHWH, dKCNepTHas cucTema,
MHPOPMALIMOHHO-YMPABAAIOLLNE CUCTEMbI, MHOXECTBO COCTOAHUI QYHKLIMOHUPOBAHMS.
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BBenenmne

CoBpemeHHbBbIe TPeOOBAHUSA K 9KOJOTMUYHOCTUA U
SKOHOMUYHOCTU HPOMBINIIJIEHHOTO 000pYJOBaHUA
IPEeAIoJaraloT MINPOKOe BHEIPEHUE IIePCIIEKTUB-
HBIX WHHOBAIIMOHHBIX — WHTEJIEKTYAJIbHBIX U
SHeprocOeperarIux — MeTOLOB yIIPaBJIEHUI S9HED-
TOEeMKUMU 00 beKTaMU.

B mupoBoll mpakTHKe K HaCTOAIEeMY BpeMeHU
BBIPAO0OTAHO HECKOJBKO OCHOBHBIX ITOJIXOJIOB K CHU-
JKEeHUI0 TOTPeOJIeHUA DHEPTeTUYECKUX PECypPCoB.
Bo-nepBBIX, onTMMHM3aNMA TEXHOJIOTMUYECKUX IIPO-
IeCCOB, UCIIOJIb30BAHNE HOBOM MaTepUaJIbHO-TEXHU-
uecKoi 6a3bl. BO-BTOPBIX, IIINPOKOE MCIOJIb30BAHIE
aJbTePHATUBHBIX BO30OHOBJISAEMBIX WCTOUHUKOB
SHEPTUU: COJHEUHLIX, T€0TePMAaJbHBIX, BETPOBBIX,
OPUJINUBHBIX U IpP. B-TpeThbux, pasButue sHeprocoe-
perarIuX TeXHOJIOTUH, B YaCTHOCTH, 3a CUET OITHU-

MaJILHOTO YIPaBJEHUA dHEPTOEMKUMU O0BheKTaMu’
[1, 2].

K maubosee sHEproeMKuM 00'beKTaM CJIELYET OT-
HECTHU TeILJIOBhIe TeXHOJOTUYeCKIe YCTAHOBKMU: pas-
HOOOpasHbIe IIeUH, CYIINJIKN, BYJIKAaHU3aTOPhI, KO-
TeJbHBIE U XOJIOAUJIbHBIE YyCTaHOBKU. OCOOEHHOCTD
JaHHOT'O 000PYJOBaHUA KaK 00'EKTOB yIpPaBJIEeHUSA
3aKJIIOYAeTCSI B TOM, UYTO OOJIBIITMHCTBO M3 JTUX
YCTPOMCTB ABJIAIOTCA TUNUYHBIMU MHOTOMEPHBIMU
00'beKTaMU, B KOTOPBIX KAaKJIBLIH BXOIHOI CHUTHAJ
BIMAET Ha TPYIIY BBIXOAHBIX CUTHAJIOB U, COOT-
BETCTBEHHO, BBIXOJ 3aBUCUT OT HECKOJIBbKNX BXOJIOB.
9ddexrTUBHOCTE (GHYHKIMOHUPOBAHUSI MHOTOMED-
HOT'O TEXHOJIOTUUECKOTI'0 00'beKTa OIIPEee/IAeTCs ero
cBOMicTBaAMHU 0€30TKa3HOCTH, PeXMMaMu pabOoTHI,
BHEIITHMMU BO3AEHCTBUAMHU U APYTUMHU AecTabu-
JauaupyomuMu  GakTopaMu TeTepMUHUPOBAHHOM,
BEPOATHOCTHOM ujam HeueTKol mpupofsl. IloaTomy
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IPOEKTUPOBaHMEe WH(MOPMAIIMOHHO-YIIPABIISIOIINX
CHCTEM [IJs TONOOHBIX YCTAHOBOK TpebyeT TIma-
TeJLHOI'0 U3YUEeHUSA UX 0COOEHHOCTEN KaK 00'beKTOB
yupasierus [3—10].

Oco6eHHOCTH MHOTOMEPHBIX 00 HEKTOB
yIpaBJIeHUSA

OCHOBHBIMU OCOOEHHOCTAMU MHOTOMEDPHBIX TeX-
HOJIOTMUECKUX YCTAHOBOK KaK OOBEKTOB yIIpaBJIe-
HUSA ABJAIOTC:

— CYIIleCTBEHHbBIE SHEPreTUUEeCKMe 3aTPaThI;

— JKecTKue TpebOBaHUA K MOAJAEP:KaHUIO Iapa-
METPOB TeXHOJIOI'MYECKUX IIPOIECCOB;

— Ba’KHOCTBL ydUeTa IIPOIECCOB, IIPOTEKAIOIINX
B 000PYIOBAaHUY ¥ OKAa3bIBAIOIIINX B3aMMHOE BJIU-
HUe APYT Ha ApyTra;

— HaJIMYMe BHEIIHWX ¥ BHYTPEHHUX BO3MIei-
CTBYIOIITUX (DAKTOPOB B KaHAJaX YIPaBJICHUSI U U3~
MepeHU’sT;

— U3MeHeHUe IIapaMeTPOB MHOI'OMEPHBIX 00beK-
TOB B IIpoIlecce peajbHOM sKcayaTanuu [3, 11].

OPPerTUBHOCTh (PYHKIIMOHUPOBAHUSA MHOTO-
MEPHOT'0 TEXHOJOTMUECKOI0 00BEKTA OIPENesAeTCA
ero cpoiicTBaMu 0e30TKA3HOCTU, PeKuMaMu pabdo-
TbI, BHEIITHUMY BO3JAEUCTBUAMU U JPYTUMU JecTadu-
ausupyimmuMu  paKkTopaMu JeTepMUHUPOBAHHOM,
BEPOATHOCTHOM MU HEYeTKOIN mpuponabl. I[nsa yue-
Ta BceX 9TUX (PaKTOPOB B COBOKYITHOCTU BBOAATCS
MHOKECTBO COCTOAHUI paborocmocodbnoctu (MCP),
MHOJKECTBO cOCTOAHUH PyHKIuornpoBanua (MCD)
u HeueTKoe MHoKecTBO (HM), oOpasymilmue HeKoe
TIPOCTPAHCTBO, CXeMaTHUYHOE IIPeJCTaBJIeHUE KOTO-
poro mokasaHo Ha puc. 1, me H — mpocTpaHCTBO co-
cToAHUN QYHKIIUOHUPOBaHUA; Hycq — MHOXKECTBO
IIPOUBBOJCTBEHHBIX CUTYyannil; Hycp — MHOYKECTBO

cocTogHUH paborocmocobHOCTH; Hpppyy — JHUCKpeET-
HOe MHOJYKECTBO, IMOJydYaeMoe M3 HEeYeTKUX MHO-
JKeCTB C IIPUMEHEHWEeM IIPOIeAyPhl, aHAJOIMYHOMN
JUHTBUCTUYECKOI allITPOKCUMAIINH.

MHOK€ECTBO COCTOSIHMUI pPaboTOCIOCOOHOCTH IIO-
3BOJIAET aHAJIU3UPOBATH CUTYAIIUU, OIS KOTOPBIX
HAKOIJIEHBI JOCTATOYHBIE CTATUCTUUYECKIEe TaHHBIE,
HaIpuMep, II0 OTKas3aM 000pynoBaHU A, HH(OPMAIIT-
OHHBIX CUCTEM, OIITOKAM IMepCcoHaJIa U APYTIuM (hak-
Topam. PacueT BepOATHOCTEH COCTOSAHUIT Pab0OTOCIIO-
cobHOCTU (KaK CTAIlMOHAPHBIX, TAK U HeCTaIlMOHAP-
HBIX) IIPOBOAUTCS C WCIIOJb30BAHUEM Pa3IUYHBIX
meTonoB [3, 8, 11], oOCHOBaHHBIX HA JAEKOMIIO3UIIUU
CHCTEMBbI, TIOCTPOEHNN MOIeJIell COCTOAHUME paboTo-
CIIOCOOHOCTY COCTABHBIX YaCTeH 1 CUCTEMEI B I1€JIOM,
a 3aTeM peIlleHnU CUCTEeM yPaBHEeHU UJIN UCII0Ib30-
BAHUU PEKYPPEHTHBLIX (OPMY.I.

OpHaxko 3HAHUS COCTOAHUNA pPabOTOCIOCOOHO-
CTH CUCTEMbl U BEPOSTHOCTEH 3THX COCTOSHUII BO
MHOTHUX CJIydYasdx HeIOCTATOUHO IJA OIpeneeHUs
PUCKOB M TPOTHOSUPOBAHUA IOKasaTeieil saddex-
TUBHOCTU MIPOEKTUPYEMBIX CHCTEM B IIPOIECCe pe-
aJIbHOI SKCIJIyaTaliuu. BoJjiee IOJIHO BO3MOYKHBIE
COCTOSAHUA (PYHKIIMOHUPOBAHUSA MPU IJIUTEIHLHOMN
SKCITyaTanuu cucteMsl orpakaer MC®D, B KoTopom
HapAAY C COCTOTHUSAMU PAGOTOCIIOCOOHOCTH YUUTHI-
BaIOTCA CMEHBI PEsKUMOB PabOTHI, CBSIBAHHBIE C HO-
BBIMHI IIPOM3BOACTBEHHBLIMU 3aJaHUAMU; H3MeHe-
HUSA IIOCTAHOBOK 3a1a4Y yIIPaBJIEHUs; NWHTEHCUBHO-
CTU BHENTHUX BoageticTBuii u T. A. [12]. CTpyKTypa
MC® ananoruuna MCP, u mjs ompenesieHUs BEPO-
SATHOCTEH COCTOSHUYN (PYHKITMOHUPOBAHUSA WCIOJb-
3YIOTCA IIPAKTUUYECKH Te Ke METO/bI.

B T0 xe Bpemsa au MCP, azu MC® me mosBoJid-
IOT YUYUTBIBATH OBICTPO MEHSAOIYIOCA OO0CTAHOBKY
BHEIITHETO OKPY/KeHHA. ITO MOKeT ObITh CBSI3aHO,
HAIIpuMep, ¢ M3MEeHeHWeM CIIpoca IoTpeduTesiei,

‘\roTpaH CTg,

HOKeCT,

015090

HHM={h?M, L=0’ 1, 2’ "'}

MCP

Hycp={h; ,i=0,1,2, ...}

MC®

HMCq)={hi 7i=0’ 1927 "'}

H=Hyico X Hucp X Hum

B Puc. 1. KOMIOHEHTHI IPOCTPAHCTBA COCTOAHUI (DYHKITMOHUPOBAHMA

B Fig. 1. Components of the space of functioning states
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I[eH HA SHEPrOHOCUTEJU, ChIPbE, a TAKIKEe NPYIUMU
dakTOpamMu, IJIs KOTOPBIX HET JOCTATOYHOTO CTATH-
CTUYECKOr0 MaTepuaa, MOITOMY OHH MOTYT OBITh
OITMCAHBI JIUIITH Ha KaUeCTBEHHOM ypOBHe. Perienue
OJOOHOTO POZa CUTYAIlMOHHBIX 3a/a4, CBA3AHHBIX
C TIOCTPOEHUEeM MOfeJieli M ONTUMUBAIIUENd B yCJO-
BUSX HEOIIPeJeJIeHHOCTH IPU OIEepaTUBHOM MIpU-
HATUU PeIlNeHni, IPUBOAUT K HEOOXOAMMOCTH IC-
MOJb30BATh METOJbl MCKYCCTBEHHOI'0 WHTEJJIEKTAa
[13]. HemocraTounasi TeopeTmuecKas MHOATOTOBKA
moJb30BaTeJ el W HeZOCTATOUHOE WCIOJbh30BaHIe
OIIbITA W 3HAHUM SKCIIEPTOB B COOTBETCTBYIOIIEH
OpeaMeTHON 00/IacTh TaK)Ke TpedyeT MHTeJJIeKTya-
Ju3aIuy pa3padbaTbIBaeMoil CUCTEMBI IIPU PeabHOMN
ee sxcmryaranuu. IlosToMy pasBuTHe METOLOJIOTUN
IPOEKTUPOBAHUA MHTEJJIEeKTYaJIbHOM MH(pOpMAIH-
OHHO-YIIPABJISIONIEN CHUCTEMbl, MHBAPUAHTHOI pas-
JUYHBIM MHOTOMEPHBIM TEeXHOJOTUUYECKUM O0BeK-
TaM yIPaBJeHUSA U ITO3BOJIAIOIIEH ¢ yueToM 0co0eH-
HOCTel 3TUX 00'bEeKTOB ONEePATUBHO CUHTE3UPOBATH
B peaibHOM MacmiTabe BpeMeHU sHeprocbeperato-
II[¥e yIIPaBJISIOIIre BO3AeCTBUS, SIBJISIETCS BOCTPE-
0OBaHHOII 3agaueii.

NudopmanmnonHoe odecmeueHne
MHTEJIeKTYyaJIbHON HH(OPMAIIHOHHO-
YIIPpaBJISIONIEH CUCTEeMBbI

OCHOBY WHTEJJIEKTYyaJbHONH  WH(MOPMAIIMOH-
HO-yIIPaBJAMOIIEl CHUCTEMbI dHeprocoeperamIrnero
yupaiieHuA (JY) COCTaBIAET 9KCIIEPTHAA CUCTEMA
(puc. 2) [14]. B Heit peasin3oBaHa MeTOAOJIOTUS II0-

7

CTPOEeHUsI TMOPULHBIX JKCIEPTHBIX CHCTEM, Mpe-
HasHAUeHHBIX [OJA pPeIIeHus 3ajJady yIpaBJIeHUS
MHOT'OMEPHBIMY 9HEPrOEMKNMHU TeXHOJOTUUECKUMU
00 BbeKTaMU.

Basa maHHBIX COIEPIKUT CBEAEHU O Pe3yIbTaTax
BHEJPEHUA CUCTEeMBbI MHTEJJIeKTYaJIbHOTO DY, MOJy-
YeHHBIH 9(PPEKT UCII0JIb30BaAHNI CUHTE3UPOBAHHBIX
aJITOPUTMOB YIIPABJIEHUS, PA3JUUYHbIEe BAALI MOIE-
Jie# IIPOoIleccoB, mapaMeTpPhl U COCTAB Momeseit mjsa
MHOT'OMEPHBIX O0BEKTOB, a TaKsKe HCII0JIb3yeMble
CTpaTeruu, yCJOBUA PeIleHus 3amadu yIpaBIeHUS
uT. 1.

B 06ase smaumit (B3) comep:karcsa Kak o0Iue
3HAHUA O MAaTeMaTUYeCKUX MeTolaxX aHajamsa u
CUHTEe3a, TAK UM 3HAHUS NPUKJIALHOIO XapakTepa,
TMOJIYUYeHHBIE OT SKCIIEPTOB W WCIOJb3yeMble pas-
paboTuMKaMu aJITOPUTMHUUYECKOTrO0 OlOecrIeyeHus.
ITosrb3oBaTE NN M BKCIIEPTHI BBAMMOJIEICTBYIOT C DK C-
TIEePTHOM CUCTEMOM uepes M0oJIb30BaTeIbCKUI NHTEP-
(eiic. Ilpu sTOM mpemycMaTpHBAETCsA MOIOJIHEHUE
B3 pesyabTaTaMu peanbHON SKCIJIyaTAIUU 00beK-
TOB. MexaHu3M JIOTMUECKHUX BBIBOJOB IIPUMEHSIET
3HAHUA W CBelleHUsA u3 0a3 3HAHUMN U JAaHHBIX IPU
pelieHny IpaKTUUYeCKUX 3amad. Moayab mpuobpe-
TeHUA 3HAHUUN ITO3BOJIAET MOMOIHATH ¥ MOAU(PUIIN-
pOBaTh 3HAHUS B IIPOIECCE SKCILIYaTAIIUN CUCTEMEI,
a MOJIYJIb COBETOB M 00'BbACHEHUI BBIJAET 3aKJI0Ue-
HUA U He0OXOAUMBbIe TIOACHEHUA 0JIb3oBaTe o [15].

Basa smanmnii umeeT CcTpaTUPUINPOBAHHYIO He-
papxuUuecKyo CTPYKTYPY B BUIe MHOYKECTBa B3a-
HNMOCBSA3aHHBIX (ppeiiMoB, 00pasyIoMIuX eTUHYIO
(GpeiiMOBYI0 CHCTEMY, B KOTOPOH OOBEIUHSIOTCS
IeKJiapaTUBHbIe U MPOIeAYpPHBIE 3HAHUA, a TaKKe

Basa sHaHUl | [«

v

nprobpeTeHuA

Monynb

3HAHUN

Mopgyns coBeTOB

Basa Mexanusm
AHHBIX P | JoruvYecKux | [« >
< BBIBOJIOB

A

v v

¥ 00'bACHEHU I

A A

ITosb3oBaTenbCcKUiT MHTEP(DETC

Bsop,
JTaHHBIX

ITonwp3oBaTesnb

OTBeTsI

¥ 00'bSICHEHU S

Hamonuenne,
MoaupUKAIUA
¥ TOIIOJTHEHUE
3HAHUN

B Puc. 2. O60o01IeHHASA CTPYKTYPHASA CXeMa 9KCIePTHON CUCTEMbI MHTEJLIEKTYaJbHON NH(MOPMAIMOHHO-YIIPABJIAIONIEH

CHUCTEeMBbI

B Fig. 2. Generalized block diagram of the expert system of intelligent information-control system
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OPraHM30BAHBI MPUHIIUIILI, IPUCYINUE OO0BEKTHO-
OPHMEHTHPOBAHHOMY IOAXOJY, TaKWe KaK MHKAICY-
AU, HacjaemoBaHue U IoamMopduaM. PpeiiMbl
B3 umeror cs0THI, comepIKraIye He TOJIbKO KOHKPEeT-
HOe 3HaUeHMWe, HO TaKiKe MMeHa IIPOIeAyp, ITO3BO-
JIAIOINX BBIYUCIATH 9TO 3HAUEHWE IO 3aJaHHOMY
agroputmy. HekoTopsie (hpeiiMbl comepsKaT CJIOTHI,
3aIOJTHUTENAMU KOTOPBIX ABJIAIOTCS IIPABUJIa IIPO-
IYKIIUH, CIOJIb3yeMble IJIA OIpeieleHU S KOHKPeT-
HOT'O 3HAYEHU .

B kauecTBe mpumepa Ha puc. 3 IpeACTaBJIEH UH-
TerpupPOBaHHBIN I'pad 0600IeHHOM TeXHOJOT NN NH-
TeJIIEKTyaJn3aluy CUHTe3a SHeProcbeperaromnmx
YIPaBJIAIOIINX BO3NEeHCTBUN OJIA MHOTOMEPHBIX
TEIJIOBBIX TEXHOJIOTMUYECKUX OO0BEKTOB B PerKUMe
pasorpeBa, a B TabJulle — OMHUCAHUE CTPATUMUIIN-
POBaHHOU CTPYKTYPHBI rpada.

W3 Tabauiibl BUAHO, UTO BBICIIINH YPOBEHDb mepap-
XUY UHTETPUPOBAHHOTO Irpada comep:kut dhpeiim s
OIIpesieJIeHUA COCTOSHUA (DYHKIIMOHUPOBAHUA MHO-
roMepHoro oobeKkTa. Ha cienyioiieM ypoBHE IIpen-
CTaBJIEHBI (PPEefiMbI, ITO3BOJIAIOIINE UAeHTU(MUIIIPO-
BaTh €ro peskuM paboTsel. [lajee maeT ypoBeHb, CO-
Iepsrainuii GperMsbl I Je(PUHUIINYT eI YIIpaBJie-
HUA. 3a HIM PaCIOJIOYKEeH YPOBEHb ¢ (pperiMaMu id
CTPYKTYPHOU U ITapaMeTPUYECKON HAeHTUDUKAIUNI
MaTeMaTUYeCcKUX MofeJsell oobeKTa. Ha mociaenmy:o-
X YPOBHAX HAXONATCA (hpeliMbl aHAIM3a 3aTaun
yIpaBJIeHUs, ONPeNeSIeHUs CTPATerny pPean3aliuiu

YIIPaBJIAIONINX BO3AEHNCTBUN U CUHTE3a aJITOPUTMU-
yecKoro obecmeuenusa. Ilociaenuuii nepapxudyecKuit
YPOBEHb IIPeICTaBJIeH (peiiMaMyu HMUTAIITMOHHBIX
Mofiesiel IJiA Bepu(PUKAIUU U TeCTUPOBAHUA CUHTE-
3UPOBAHHOIO AJITOPUTMHUUECKOr0 00eCIIeUeHu .

HanHad wmepapxmuecKas CTPYKTypa IIO3BOJIAET
OpPraHM30BaTh IIPOIECC IPUOOPETEHUA U WUCIIOJIbH30-
BAHUSA 3HAHUY ¥ WHTEJJIEKTYaJIM3UPOBATH CHUHTE3
perieHuA 3agaun OY pekuMaMu paboThl MHOTOMED-
HOT'O B3HeproeMKoro oowsekra [16]. Ilporpammuasn pe-
anmsanua GpeiimoBoit B3 nHTENIEKTyaIbHON 9HED-
rocOeperaIieil CUCTeMbl yIIPaBJIeHUs IPeACTaBII-
eT co0oii Habop KJacCOB, CO3JaHHBIX B MHTETIPUPO-
BaHHOI cpene nporpammvupoBaunus CodeGear RAD
Studio 2007 Professional mHa sizeixe Object Pascal.
Craruueckue Mozesu (PparMeHTOB CTPYKTYphl B3
IJIsT PesKUMa pasorpesa, MpeacTaBJIeHHbIe B CIeI[U-
puranuu yER(PUIUPOBAHHOTO A3BIKA I'Pa()YeCKO-
ro mogenupoBanusa UML, mokasaHsbl Ha puc. 4 B BU-
[le IuarpaMMbl KJIacCOB.

Monyns, OCYIIECTBJIAIONINN  uUAeHTUGUKA-
IIUI0 COCTOSAHUS (PYHKIIMOHWUPOBAHUSA, WCIIOJIb3Y-
er dpeiim fr SFS, BKItoualomuii B ceba dpeiim
fr OperatingMode, arperupyer ¢peiim fr
Management. ®peiim fr Management comep-
sxkut dpeiim fr Functional gia pacuera sHaueHus
(yHKIIMOHAJIOB 3aTpaT SHePruu u Tomausa. Moayis
aHajusa JY B 3aBUCUMOCTH OT 00'EKTA YIIPABIECHUA
ucmoabdyer (peiim ananauza Y fr AnalysisEC,

=
<

B Puc. 3. uterpupoBaHHubIi rpad 0000IIeHHON TeXHO-
JIOTUU UHTEJIEKTYyaTu3aluu cuHTes3a OY

B Fig. 3. Integrated graph of generalized intellectual-
ization technology for energy-saving control synthesis

B OnucaHue CTPYKTYPHI rpada
B Description of the graph structure

Crpara Bepminuaa Onucauue
Pe:xxunmosn U1 Pasorpes
Heeit Vg JHeprocobepesKeHe
TIpaBJIEHU
yap U3 Pecypcocbeperxenue
MaremaTuuecKux v Mopens HarpeBaTeIbHBIX
Mopeseit 4 3JIEMEHTOB
OcobernHocTei vs IKOHOMUS
sazau 9JIEKTPO9HEPT U
YHpPaBICHIA Vg OKOHOMUS TOILINBA
vy Kom6uruposanunas
Crpateruit Ug IlosunyonHAa g
Vg IIporpammuas
v CuHTe3upyomas
Ananuza u 10 PYHKII
cuHTes3a
v11 IIporpamma ynpaBieHUus
MmuranmorHoOro v Mogenu pasorpesa
MOZeJINPOBaHUSA 12 paboumx 30H

Ne4,2018 N\

VNH®OPMALIVIOHHO-YMPABASIIOLLIVE CUCTEMBI N\ 27



7/ VHOOPMAUVOHHO-YNPABASIOLLIVE CUCTEMbI /

fr StrategyEC

Crparerus 9Y

0

fr Program

fr_Positional

fr Combined

IIporpammuasa

ITosunnonnada

Komb6unupoBanHasa

fr SynthesVar

fr Algorithms

fr Functional

CHHTeSprIOIHI/Ie IIepeMeHHBIE

Anroputmser 9Y

MuHUMUBUPYEMbI QYHKIINOHAT

|
v

fr ArrayRequisites

MaccuB pekBu3UTOB

8

fr ObjectModels

Mopenu 00'beKTOB

:

fr Management

Iesu ynpaBieHus

$

fr OperatingMode

Pexxum paboTst

¢

fr SynthesEC

fr SFS

Cunres Y MCoP

fr AnalysisEC

Ananuz 9y

fr SolutionExist

fr FunctionEU

YenoBusa CyLIeCTBOBaHUS PEIEHUA 3ajauyn 5)

fr LimitsArea

Buner pyarmuit 9y

fr FunctionParameter

I'panuIisr ob6aacreit BUmoB QyHKIIMI OY

ITapameTtps! hyHKIUI Y

B Puc. 4. Cratuueckas Mozesb ppeiimoBoit B3 1 pesxuma pasorpesa
B Fig. 4. Static model of frame knowledge base for heating mode

arperupyoIinui GpeiMbl MOJyUYeHs YCIOBUIL CyIIe-
crBOBaHUA pemteHuda 3agauu JY fr SolutionExist,
ompenesenus BugoB Gyuknuit 9Y fr FunctionEU,
rpaHuI ux obJsacreir fr LimitsArea u omeHku ux
napametpoB fr FunctionParameter.

Monysis cuHTesa i pelleHus 3amad yIpaBJie-
HUST MHOTOMEPHBIM TEIJIOBBIM TEXHOJOTUUECKUM
00bexToM ucnob3yet dpeiim fr SynthesEC, BK.rio-
garmuit GperiMbI:

— MareMaTHJYeCKUX Mozeneil o00beKToB fr
ObjectModels;

— ajropuTtmoB ynpasienus fr_ Algorithms;

— MHOJKECTBa COCTOSHUIN (YHKIIMOHUPOBAHUS
fr SFS.

®peiim maccuBa pekBusuToB fr ArrayRequisi-
tes arperupyer dpeiim mogeseit fr ObjectModels
U CBsI3aH OTHOIIIEHWEM 3aBUCHUMOCTH ¢ (ppefiMomM pac-
yeTa CHHTe3upyomux nepemenusix fr SynthesVar.
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3akJarouyeHne

CospmanHas cTpykrypa B3 mpeaycmaTpuBaer orre-
PaTUBHYIO paboTy MOAYJIEl, PeaTu3yIOIUX aJITOPUT-
MHUUecKoe obeclieueHre NHTeJIEKTYaIbHOM nHpOpMa-
IIMOHHO-YIIPABJIAIONIEH CHCTEMBI, YTO aeT BO3MOXK-
HOCTH CHHTE3UPOBATh OY MHOTOMEPHBIM TEIJIOBBIM

TEeXHOJIOTUUYECKUM OOBEKTOM B PeasibHOM Macritabe
BpeMeHU. JHeprocOeperarinii pasorpeB II03BOJIAET
robuTbest 9KoHOMUYU H5—7 % BdHEpropecypcos 0e3 CHU-
SKEeHU KauecTBa BBITYCKaeMoi npoaykiuu [3, 9, 11].

Pabora BbIITOIHEHA @IpU MOAAEP:KKe TI'paHTa
Poccuiickoro onma GpyHIaMEHTAIBHBIX UCCJIEOBA-
Huit, npoekt Ne 17-08-00457-a.
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Introduction: The problem of designing information control systems for MIMO systems requires a comprehensive analysis of their
operational and technological regimes. Artificial intelligence methods can be used to solve problems related to building models and
their optimization in conditions of uncertainty when it is necessary to make prompt decisions. Purpose: Developing a methodology for
designing an intelligent information control system which would be invariant to various MIMO systems and could promptly synthesize
energy-efficient control actions in real time, taking into account the features of these objects. Results: A static model has been developed
for a frame-based knowledge base of an information-control system for energy-intensive process plants in dynamic operation modes. It
allows you to take into account the number of states of the operating capability of the control object, many states of its operation, and
destabilizing factors of various types. An integrated graph is proposed for generalized intellectualization technology of synthesizing
energy-saving control actions for MIMO thermal facilities in warm-up mode. Practical relevance: The created knowledge base structure
allows you to promptly provide information for modules realizing algorithmic support of an intelligent information and control system,
which in turn makes it possible to synthesize energy-efficient control of a MIMO thermal facility in real time. In addition, energy-
saving control is characterized by a smooth flow of thermal processes, and this leads to increased durability and safety of the equipment
operation.

Keywords — Energy Saving, MIMO Systems, Database, Knowledge Base, Expert System, Information and Control Systems, Set of
States of Functioning.

Citation: Muromtsev D. Yu., Gribkov A. N., TyurinI. V., Shamkin V. N. Designing a Knowledge base for Intelligent Information System
of MIMO Control. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2018, no. 4, pp. 24-30 (In Russian).
d0i:10.31799/1684-8853-2018-4-24-30

References
1. Pastushenko I. L. Management of Energy-Saving Innova- 9. Pchelintsev A. N., Pogonin V. A. A Method of Determining
tions in the Oil and Gas Industry. Biznes. Obrazovanie. Pra- the Control Parameters in the Energy-Saving Control Prob-
vo, 2017, no. 4 (41), pp. 240-245 (In Russian). lem. Journal of Engineering and Applied Sciences, 2015,
2. Kon’kova M. K. Managing Energy-Saving Processes. Al- no. 10(2), pp. 33—36.
leya nauki, 2017, no. 9(4), pp. 599-601. Available at: http:// 10. Yakushkin I. P. Methodology to Determine Heat Losses as
alley-science.ru/ (accessed 15 May 2018) (In Russian). an Element of a Ventilation Automatic Control Energy-Sav-
3. Artemova S. V., Artemov A. A. Energy-Saving Control of ing System. Research Journal of Pharmaceutical, Biological
Technological Processes of Heat (on Example of Installa- and Chemical Sciences, 2016, no. 7(5), pp. 390—-396.
tion of Magnetic Circuits Annealing). Vestnik Tambovskogo 11. Shamkin V. N., Muromtsev D. Yu., Gribkov A. N. Using
universiteta. Seriya “Estestvennye i tekhnicheskie nauki” Destabilization Control to Improve the Functioning of Com-
[Tambov University Reports. Series Natural and Technical plex Multidimensional Technological Objects on the Time
Sciences], 2012, no. 17(5), pp. 1375-1379 (In Russian). Interval. Journal of Engineering and Applied Sciences,
4. Sobolev A. V., Lyashenko A. I., Soboleva Yu. V., Vent D. P. 2017, no. 12(24), pp. 7198-7217.
Energy-Saving Control of Technological Processes. Izvesti- 12. Shepel’ V. N., Tripkosh V. A. The Recognition Algorithm of
ya Tul’skogo gosudarstvennogo universiteta. Tekhnicheskie the Production Situations in Management Information Sys-
nauki [Proc. of the TSU], 2012, no. 3, pp. 326—334 (In Rus- tems Based on Compound Bayesian Task Decision. Intellekt.
sian). Innovatsii. Investitsii [Intelligence. Innovations. Invest-
5. Alimbekov A. R. Energy Saving Device of the Technologi- ments], 2017, no. 12, pp. 97-101 (In Russian).
cal Process Control. Vestnik Kazanskogo gosudarstvennogo 13. Stepanov M. F., Stepanov A. M., Mihajlova L. S., Zheronki-
energeticheskogo universiteta, 2012, no. 3 (14), pp. 146-148 na A. A. System for Modeling Control Processes of Non-Sta-
(In Russian). tionary Nonlinear Objects by Intelligent Control Systems.
6. Parsunkin B. N., Bulycheva S. V. Operational Energy Sav- Matematicheskie metody v tekhnike i tekhnologiyah —
ing Optimal Control of Technological Processes. Prilozhenie MMTT, 2015, no. 7, pp. 179-186 (In Russian).
matematiki v ekonomicheskih i tekhnicheskih issledovani- 14. Dzhambakieva N. R. Methodologies and Technologies for
yah, 2014, no. 4 (4), pp. 271-281 (In Russian). the Development of Knowledge Bases. Alleya nauki, 2018,
7. Parsunkin B. N., Samarina I. G. Automatic Energy-sav- vol. 2 no. 4 (20), pp. 1000-1002. Available at: http://al-
ing Control System based on a Mathematical Model of the ley-science.ru/ (accessed 18 May 2018). (In Russian).
Gas-dynamic Mode of a Continuous Furnace. Elektrotekh- 15. Anisimov D. N., Fyodorova E. V., Gryaznov S. M. Evalua-
nicheskie sistemy i kompleksy [Electrotechnical Systems tion of the Properties of Fuzzy Control Systems in the Stage
and Complexes], 2017, no. 2, pp. 55—60 (In Russian). of Formation of the Knowledge Base. Mekhatronika, avtom-
8. AndreevS. M., Parsunkin B. N., Akhmetov T. U. The Develop- atizatsiya, upravlenie [Mechatronics, Automation, Control],
ment and Investigation of Billet Heating Energy Saving Con- 2018, no. 19(5), pp. 291-297 (In Russian).
trol System in Sheet Mill Reheating Furnaces. Vestnik Mag- 16. Kondratenko Y., Korobko O. V., Kozlov O. V. PLC-based Sys-
nitogorskogo gosudarstvennogo tekhnicheskogo universiteta tems for Data Acquisition and Supervisory Control of En-
im. G. I. Nosova [Vestnik of Nosov Magnitogorsk State Tech- vironment-Friendly Energy-Saving Technologies. Studies
nical University], 2014, no. 1 (45), pp. 122-128 (In Russian). in Systems, Decision and Control, 2017, no. 74, pp. 247-267.

30 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI VAR 4, 2018



\_MOAENAVUPOBAHWUE CUCTEM Y NPOLLECCOB [N

UDC 639.215.2
doi:10.31799/1684-8853-2018-4-31-38

MODEL OF FISH POPULATION DYNAMICS
WITH CALCULATION OF INDIVIDUAL GROWTH RATE
AND HYDROLOGICAL SITUATION SCENARIOS

V. V. Mikhailov?, Dr. Sc., Tech., Professor, mwwcari@gmail.com

A. Yu. Perevaryukha?, PhD, Tech., Senior Researcher, madelf@pisem.net

Yu. S. Reshetnikov®, Dr. Sc., Biol., Professor, ysreshetnikov@gmail.com

aSaint-Petersburg Institute for Informatics and Automation of the RAS, 39, 14 Line, V. 0., 199178,
Saint-Petersburg, Russian Federation

bA. N. Severtsov Institute of Ecology and Evolution RAS, 33, Lenin Ave., 117071, Moscow, Russian
Federation

Introduction: Populations of commercially valuable fish species develop in aquatic ecosystems according to internal
mechanisms of their evolutionary adaptations, which do not always suit the environmental conditions which can change
due to anthropogenic pressure. Often the factors of reservoir eutrophication or introduction of new species into the
ecosystem aggravate the competitive confrontation of the populations. The changes spread by domino effect and complicate
the development of a strategy for rational exploitation of biological resources. Species under non-optimal anthropogenic
conditions are vulnerable. Purpose: Developing a model for introduced population dynamics, implemented as a group of
scenarios for a volatile environment. Results: We developed a computational model of a population to describe the scenarios
for its adaptation to environmental conditions. The scenarios include the pace of dimensional development and nutrition of
fish. The model includes a unit for calculating diets, taking into account the hydrological situation factors: the oxygen content
and the activity of hydrogen ions. The model is capable of operating in two modes: under standard environmental conditions
(without specifying the hydrological situation) and with preset conditions for anthropogenic changes. Our approach allowed
us to predict changes in the population structure with variability in abiotic factors. The model demonstrate the risk of taking
out the fish which make the greatest contribution to the biomass growth rate. Practical relevance: The model was identified
using the data on whitefish population in the Lake Sevan. It is suitable for computer simulation experiments, which made it
possible to describe specific features of scenarios of population dynamics for the cases of increased fishing, limited feeding
and changes in the hydrological conditions of the lake.
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Introduction

In our previous work [1], we used mathemati-
cal methods to analyze the dynamic balance of the
main biogenic elements which form the first level of
an ecosystem. We developed a computational model
for the consequences of excessive accumulation of
nitrogen and phosphorus in the bottom sediments
of a large reservoir. As more nutrients flow into the
reservoir due to human economic activity, eutroph-
ication processes start (algal bloom and oxygen de-
ficiency). We successfully parameterized the model
by real waterbody data and calculated a forecast of
hydrochemical indicators. Ecosystems are high-
ly prone to domino effect. Transformation of the
trophic status of a reservoir from oligotrophic to
eutrophic type after a certain time interval is also
manifested in its aquatic community. Species adapt-
ed to the local conditions cannot change quickly, so
the advantage is given to active unwanted invaders,
less demanding of low oxygen content.

In another work [2], we developed a continu-
ous-discrete model in the form of a differential
equation system with a redefinable computational
structure in order to describe sturgeon reproduc-
tion efficiency on the basis of various survival fac-
tors at juvenile development stages. For an exploit-
ed population with adaptive cyclicity, we described
a computational scenario of degradation in the form
of a sudden collapse. This paper is a logical contin-
uation of our research in mathematical biology. It
represents an aggregated model of fish population
dynamics associated with environmental condi-
tions by the key hydrological indicators through the
efficiency of biomass accumulation and the rates
of linear growth, taking into account unbalanced
feeding. It should be noted that fishery forecasts
are formed on the basis of statistical processing and
averaged observation data for the previous period,
but statistical methods for assessing the stock re-
plenishment efficiency are often unpromising when
the trophic status of a reservoir undergoes drastic
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shifts. We took into account possible methodologi-
cal errors in mathematical analysis [3, 4]. Note that
Coregonus fishes are typical representatives of the
Arctic ichthyofauna [5—9], therefore their habitat
in middle latitudes is possible only in high moun-
tain lakes like Issyk-Kul, Sorulukel or Sevan.

Characteristics and Components of the Model

The population model structure unites three sub-
models: 1) a model of individual weight dynamics;
2) a model of age group size dynamics; 3) a model of
spawn yield dynamics with continuous calculation
of fry loss. These submodels are adjusted for joint
calculations, but they can be used independently to
calculate particular problems, for example, analyz-
ing the data on fish nutrition energetics and respi-
ration (important for the case of reservoir eutroph-
ication), or estimating the coefficients of natural
and commercial mortality by fish age groups.

The interaction of the submodels is organized in
such a way that they can describe important intrap-
opulation mechanisms: dependence of the diet and
weight on the size of fish age groups; dependence
of the fish spawn yield on the diet; dependence of
the natural mortality coefficients on the actual di-
et; dependence of the natural mortality coefficients
on the participation in spawning; dependence of the
fecundity on the fish weight and age. To set up the
initial state, parameters for the standard environ-
mental conditions are specified.

We accept that abiotic factors directly affect two
population indices: the diet of the fish and the mor-
tality of their eggs; and indirectly they affect the
weight of individuals, their mortality and fecundi-
ty, which was shown by the example of Coregonus
fishes [4, 10, 11]. In our model, the temperature of
the water and the concentration of dissolved O, af-
fect the amount of food and the mortality of eggs;
the water pH has a predominant effect on the egg
mortality.

The general algorithm of our model implies that
initially for all age groups, on the base of the initial
data on individual weight, we determine the max-
imum amount of food, the expenditure on respira-
tion, and the increase in fish weight corresponding
to the maximum food amount. After that, based
on the scenario data, the actual amount of energy
received by afish age group is calculated, and the
weight value is corrected, taking into account the
diet. The next step is to calculate the size of the age
groups in accordance with the natural mortality
and fishing seizures. It is assumed that all the fish
that have reached the given weight by the time of
spawning participate in the reproduction, and the
spawn amount is proportional to the weight and age
of the spawning fish.

Calculationunits for Individual Indicators

The maximum amount of food and the body
weight gain for fish are determined within a month,
provided that their nutritional needs are fully met.
The internal time step of aunit is considered equal
to a day. Since the mortality of juveniles is extreme-
ly high, the calculation of the daily amount of food
is carried out according to their actual number tak-
ing into account the daily mortality. For other age
groups, the food amount is calculated on the basis
of a fixed abundance in each month. The weightgai-
nis calculated as follows:

W, (t+1) =W () + AW, (t +1),
AW, (t+1)=C,, xU - R,

where W, W, are the actual and maximum weights
of a fish; AW,, is the maximum gain; C,, is the
maximum amount of food; U is the food assimilation
coefficient; R is the expenditure on respiration. The
standard amount of food corresponds to an average
monthly amount at which a fish gains the given
standard weight. On the basis of biological data[12,
13], we define the food amount as a power function
of weight:

Cp =09 xCeyq xW,

where C.; is the standard food amount for a fish
weighing 1 kg; o is acorrection for the excess of
the maximum food amount over the standard food
amount; oy € [1/2, 2/3]; C,, is the maximum food
amount for a fish weighing W kg.

The standard amount of food is calculated based
on the average monthly water temperature and oxy-
gen content in water: C.;; = oy x A; x A, where oy is
a constant coefficient, and 4,, A, are corrections for
temperature and oxygen.

The dependence of the food amount on tempera-
ture is nonlinear; when the temperature is optimal
for a given fish species, the curve has a maximum.
When the temperature reaches the limit, the food
amount drops to zero, and the nutrition stops. In
the model, the dependence is approximated by the
following formulas:

0<T<Typ, A =agxT? —oy xT?;

2
Topt <T < Tnaxs Ap =1—05 (T =Ty )5
T >Thax,T <0, A; =0.

Let us assume that when the oxygen concentra-
tion is more than a given limit value Oy > Oy lim,
this factor is not a limiting factor anymore. As the
oxygen content in water drops during eutrophica-
tion, the food amount first quickly decreases from
normal down to 0.1, and then gradually decreases
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down to zero. The dependencie sare approximated
in the model as follows:

Ozmin < 02 < 02 hm, Ak =g + 07 X

X (02 —Ozmin +og (02 —Ozmin)z —0Og (02 —Ozmin)g;
02 < Ogmin, Ak =010 ><O2.

The calculation of energy consumption is based
on the assumption that the expenditure on respi-
ration consists of two components which are the
expenditure related to the maintenance of the ich-
thyomass and the expenditure related to its growth
according to the formula R=A(W) x (R, - Rp).

Tofigure out the structure of the dependencies
of expenditure on respiration, the Brett and Groves
scheme was used [14], which defines the ratio of
active and standard metabolism as a function of
temperature. We took into account the data on the
change in the ratio of active and standard metab-
olism, and the distribution of the energy supplied
with food to biomass and respiration in fish ontog-
eny [15, 16].

It has been found that the maintenance expendi-
ture is proportional to the biomass, increasingas the
temperature increases according to the Krogh func-
tion: R, = K(T) x W x 044, where K(T) is the Krogh
function, and oy¢ is an empirical coefficient. The
expenditure related to growth is proportional to the
food amount, decreasing linearly as the temperature
increases, according to the law R, =C(1 — ay7) x ayg.

Food spectrum calculation unit. The model
identification approach uses the data on the food
biomass and the priorities of its consumption by
whitefish age groups. The data are represented in
tables of average annual changes in the food spec-
trum depending on the age of the fish. The unit
calculates the actual food amount for the fish in ac-
cordance with the available food biomass, and with
the requests for a particular food type from all the
competing whitefish age groups [17]. The average
monthly biomass of various food types is represent-
ed in proportion to their share in the diet, ensuring
the constant tension in the food relations. The abso-
lute value of the food biomass is given by a periodic
function in order to provide the standard amount
of food for the fish at their normal level of eating
(30—40 % of the average monthly biomass). Note
that a sharp change in conditions can force white-
fish to drastically change their food spectrum, up
to becoming predators sometimes [18—20].

Biomass increment correction algorithm. An
iterative algorithm corrects the biomass increment
and the expenditure on respiration, taking into ac-
count the actual diet:

W (t+1)=W(t)+AW,, (¢)xC /Cp3
R(t+1)=R, (t+1)xC/C,,.

It is assumed in the calculations that the food
distribution structure does not depend on the food
amount. Separately, a weight correction is intro-
duced after spawning for the age groups involved
in reproduction.

Calculation of natural mortality coefficients.
A very important component of the simulation mod-
el is the estimation of biological resource loss. The
curve of natural mortality has a U-shape. Mortality
in the first age group is large, then it decreases,
reaching its minimum before spawning, and grows
again, approaching the maximum during the 10th
year of a whitefish’s life [5, 21]. Let us assume that
the mortality of fish depends on the degree of satis-
fying their nutritional needs. The loss from the lack
of food can be simulated by the following depend-
ence:

C/C,>2Kg, KCg=0;
Cc/C, <Kg, KCg=

:l—exp(—ocls x(Cp, / C— 019 ) X
xAW (t+1)/ Wy, (t+1)+ W (1)),

where KCg is the mortality coefficient which
depends on starvation, and Kg is the starvation
threshold. In the exponential factor we take into
account the dependence between the mortality
and the relative monthly increment. The natural
mortality coefficient KC as a whole by groups can
be found by the following formula:

KC=1-(1-KCct)x(1-KCner)x(1- KCg),

where KCct is the mortality without spawning,
at normal feeding conditions; and KCner is the
spawning loss. We have to calculate the loss asso-
ciated with density and competition.

Method for Evaluating
the Reproduction Efficiency

Let us separately introduce an estimate of the
loss at the earliest stages of development, which
would additionally depend on the initial spawn
density N(0). The well-known Ricker function R =
= EN(0)exp(—bN(0)) is not suitable here because the
iteration trajectory shows chaotization properties
with the increase of £ > e2 which is an unexplained
mode for biology [2]. For our calculations we will
use the implementation of a continuous segment
in the iterative model construction. Here we apply
a modification of our reserve-replenishment model
for a decrease in the abundance from N(0) down to
R =N(T) in the form of a system of equations on a
time interval which makes up a continuous vulner-
ability interval ¢ € [0, T']:
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‘ii_];’ =—(yw()N(t) + O(S)B) N(1);
dw g ®

o) =(1-e5) ",

E_«/Nk(t)—i-c

v is a coefficient of mortality which depends on the

group density; P is a coefficient of neutral loss; w(t)

is a parameter of individual development in early

ontogeny under the influence of group huddling.

O(S) reflects the drop in spawning efficiency for a

small population after overfishing: ;im 0(S)=1.
—>00

A computational solution of the Cauchy problem (*)
will provide a calculation of the loss from spawn to
fry, by a dependence with a pronounced maximum
which will be the most efficient size of a spawning
group. With an increase in the reserve size, the
reproduction efficiency decreases, though with a
non-zero horizontal asymptote.

Only the use of empirical dependencies for each
type in tabular form can allow us to perform predic-
tive calculations of the model in order to study the
survival of spawn taking into account the changes in
the environment parameters. The death of eggs, apart
from predation, is associated with the water tempera-
ture and the amount of oxygen dissolved in the water.
For the reservoir eutrophication scenario [5], we can
use corrections based on the algorithm for calculating
the oxygen content in the model of the biogenic ele-
ment balance described in our previous paper.

In calculating the total number of eggs N(0) for
the system of equations (¥), it is assumed that a fish
participates in spawning if by the spawning time
it reaches the weight Wner. The amount of spawn
N(0) is defined proportional to the fish weight and
age: N(0) = agg + 091 X W(L) + 099 x L, where L is the
age of a spawning fish; W is the fish weight, and
W > Whner. If by the spawning time the fish gains a
weight larger than Wner, it can spawn again; if not,
it has to miss the spawning season.

The balance of the size of age groups is calculat-
ed at the end of each month, taking into account the
natural mortality and the share F € [0, 1] of the fish-
ery (which can be legal and unaccounted): N(t + 1) =
=N@®)x(1 — (1 — KC)x (1 — F). Finally, the iterative
algorithm calculates the transition of the fish to
their next age group and the population replenish-
ment by the fish which have survived the juvenile
stage when they are most vulnerable. Mature white-
fish have no natural enemies.

Identification of the Population Model

The population model was identified based on
data on the whitefish population in the Lake Sevan,
Armenia. This whitefish is a hybrid between Core-

gonus lavaretus maraenoides and Coregonus lavare-
tus ludoga which were both introduced into the Lake
Sevan during the 1920s. After their natural hybrid-
ization, many morphological and biochemical indica-
tors allow us to consider Sevan whitefish as a single
population in our model [22]. Long after their intro-
duction, they did not play a large role in the fishery,
but since the 1960s increased their abundance, and
in 1980s became the most important fish for the lo-
cal fishing industry. The fishery intensification has
changed the population age structure, and now fish
older than 8 years are rare. In accordance with this,
the maximum age of afish in our model is specified
as 10 years. The average weight of fish in catches is
equal to 840 g at the age of 3 years. Available litera-
ture data describe the fish nutrition spectrum in the
Lake Sevan quite fully [23]. We managed to determine
the daily daily food ration SR for whitefish, calculat-
ing it according to A. V. Kogan’s method [24]. It was
found equal to 4.3 % of a fish body weight. The daily
fullness index is 1/4 of a daily food ration. Taking into
account the food in relation to the water temperature,
a table of annual changes in the diet was compiled. On
average throughout a year, a daily food ration is 1.9 %
of a fish weight, and the annual ration is about 7 fish
weights. Similar values describe the feeding of white-
fish in a fry nursery model [4].

It is interesting to see how the energy obtained
from food is distributed between body weight
gain, gonads, respiration and other expenditures.
Juvenile whitefish use their food most efficiently:
the ratio of ichthyomass increment to assimilat-
ed food can be as high as 60 %; then it decreases
down to 35 % by the end of the first year of their
life and down to 20 % by the third year. The per-
centage of assimilated food in whitefish is about
80 % of their diet. With these ratios of energy ex-
penditure for biomass increment and respiration,
the fish can get the necessary food volume at plausi-
ble daily amounts of food. Theoretically, according
to the model, whitefish have an opportunity to gain
weight of 6 kg by 10 years of age. In fact, the max-
imum weight of whitefish varies within 2—4 kg, be-
ing limited by interspecific competition.

At the initialization, three age groups dominate
in a spawning stock: 3+, 4+ and 5+, which together
account for more than 80 % of the stock popula-
tion. Males mature at the age of 2+ when they reach
a weight of more than 480 g; females mature at the
age of 3+ when they reach a weight of 650-1000 g.
The model assumes that fish participate in spawning
when they reach a weight of 700 g. With an equal sex
ratio in the spawning stock, we assume that about
22.5 % of the spawning fish weight is consumed for
reproduction. Each participation in spawning leads
to a decrease in survival. Usually 1/3 of the spawn-
ing fish die. A similar post-spawning death of white-
fish has been observed in nature [5, 6, 9, 11].
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Our identification method was used to choose a
step-by-step approach which presumed decompos-
ing the model, overbuilding the unit structure, and
subsequently taking into account the internal rela-
tionships, as well as external influences in simula-
tion experiments.

At the 15t step, the submodels were adjusted for
the standard conditions. The submodel of individual
weight dynamics selected and adjusted the functions
which determine how the food amount and respira-
tion expenditure depend on the fish weight, based
on the data about standard diet, distribution of the
energy obtained from food, and growth rate. A good
agreement between the actual and calculated data
was obtained when choosing power-law dependencies
of the food amount and respiration expenditure on
the fish weight with a constant distribution of the
obtained energy for fish of 2—-10 years of age. In the
submodel of age group size dynamics, the value of
natural mortality coefficient (KC) in a stable popu-
lation was determined based on data about the age
structure, the above-mentioned assumptions about
the age changes in KC and the standard catch rate
F =0.45. The submodel of spawn yield dynamics de-
termined how the number of spawned eggs depends
on the fish weight and age based on data about the
fecundity of whitefish in the Lake Sevan.

At the 21d step of the identification, the submod-
els were united and jointly adjusted. The influence
of the population abundance on the fish weight
was taken into account by introducing actual diet
which depends on nutritional needs of the fish and
the food availability. The maximum amount of food
was considered equal to the amount which allowed
a whitefish to gain the weight of 6 kg by 10 years
of age. The natural mortality coefficient was de-
composed into three components: normal mortality
with the standard diet and no spawning, reproduc-
tive mortality, and starvation mortality. To deter-
mine the starvation mortality, we used the data on
fluctuations in the fish weight over the age groups.
Let us assume that the fish which fail to reach the
minimum weight die. Mortality was determined de-
pending on the ratio of the actual amount of food
to the maximum one. The threshold is equal to the
ratio at which a whitefish could only gain the mini-
mum weight. Mortality is known to be higher in the
situation of food deficiency and excessive juvenile
density during the introduction into the reservoir
[4], as our model for sturgeons confirmed.

At the 3*d step, the identification closely consid-
ered the influence of external abiotic factors on the
standard amount of food calculated by the average
monthly water temperature and the content of oxy-
gen in it determined by a balance equation accord-
ing to G. G. Vinberg’s method [12].

Eggs and juveniles are most sensitive to chang-
es in the reservoir trophicity. Some environmental

conditions suitable for mature fish can be disastrous
for eggs. The model took into account the effect of
temperature, pH and dissolved oxygen content on
the egg mortality coefficients. When calculating
the natural mortality of mature fish, it operated
with the boundary values of abiotic factors known
for this particular species.

Adjustment of the model showed that intro-
duction of only few cause-and-effect relationships
allowed us to reflect the main ecological aspects
of a whitefish population in a certain stable state.
Forage limitations keep the population from grow-
ing to infinity. The influence of population densi-
ty on the growth rate allows the whitefish to gain
their weight; malnutrition leads to a slower growth
and late maturation of the fish; in extreme cases it
can lead to their death. In the model, a fish almost
never can get as much food as it wants, so the actual
amount of the consumed food is equal to 0.6 of the
maximum amount, on average. The model success-
fully took into account some well-known ecological
facts: 1) the life expectancy of an individual de-
pends on the age of its first spawning; 2) whitefish
can miss some spawning seasons; 3) spawning re-
duces the chances for survival.

Results of Computational Experiments

Standard environmental conditions are chosen
for the convenience of setting up the model and con-
ducting experiments. For the initial state of the mod-
el population, the number N of the fish and their bio-
mass B were taken (by age groups) from a population
of 16.4 million fish with a total mass of 7124 tons, as
estimated for 1980. After that, the age groups iter-
atively change their number / biomass. The greatest
changes occur in the group of underyearlings where
the average weight increases by 5 orders of magni-
tude and the number decreases by 3 orders of magni-
tude. With 6.64 billion larvae in the beginning, the
total mortality of whitefish larvae and fry is 99.8 %.
By the end of the year, out of all the larvae hatched
7800 million individuals remain. The high mortali-
ty rate cannot prevent a rapid increase in the popu-
lation biomass. The weight gain rate drops sharply
during the winter months. The relative weight loss
caused by spawning is constant in all age groups
from 3 to 10 and equal to 22.5 %.

The average annual expenditure on respiration
is 31 % in the first age group and 68 % in the sec-
ond one. In older groups, it almost does not change,
making up about 80 % of the diet. The coefficient
of food use efficiency (P/A) varies little with age,
ranging from 19.4 to 19.8 %.

An important computational scenario considered
howa whitefish population would react to changes
in fishery and forage. Let us assume that intensive
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fishing takesup the majority of the population, with-
out selection between fish sizes. The abundance and
biomass of the population fall sharply, decreasing in
10 years by about 100 times. Fishery undermines it-
self: by the 20t year it can take up just 0.7 tons when
the population is about 1 thousand fish. In nature,
such a decline in population size usually results in
irreversible degradation; this is what happened to
Canadian cod or Caspian starry sturgeon. Similar
influence of overfishing was observed in the Lake
Sevan during the 2000s. But some peculiarities of
Coregonus fish population structure (formation of
local subpopulation groups) give them chances to re-
store their abundance on the base of reproductively
isolated groups which have partially survived. The
population of the whitefish in the Canadian part of
Lake Ontario successfully restored its abundance in
the 1990s [25] after overfishing in the 1960s. In our
model, a ban on fishing from the 215t year allowed
the population to gradually restore its abundance.
Calculations have shown that a population can be de-
stroyed in 10 years, and the restoration would take
more than 20 years without any fishing.

Fishery as intense as AF =[0,30; 0,45] keeps the
population at the level of 20—40 million fish with a
biomass of 12—-18 thousand tons, maintaining stable
catches at the level of 3000 tons. Increasing the inten-
sity of fishing and reducing the minimum weight of
fish caught rapidly deplete the biological resources.
Excessive fishing decreases the population abundance
especially badly in the case of sharp fluctuationsin the
food supply. The ecological niche is occupied by spe-
cies-concurent of lower value. Recent works on other
Coregonus populations confirm the conclusions about
the influence of density factors on the fish growth
rate [26], the significance of eutrophication for the
welfare of lake populations in Canada and Germany
[27, 28], and the effect of temperature [29].

Conclusion

Using the data on the introduced Sevan white-
fish, a segmented model has been developed which
simulates the dynamics of abundance and biomass
for fish population age groups depending on the
fishery and such environmental factors asfood
availability, temperature, pH of the water and
dissolved oxygen concentration. The model can
be classified as simulative, deterministic and dis-
crete-continuous. The model was identified and ver-
ified with a mandatory biological substantiation of
its results by the data on whitefish stock [17, 23].
The model can work in two modes: under standard
environmental conditions (without specifying the
hydrological situation) and with a scenario of an-
thropogenic changes. The scenario approach allows
you to use lake eutrophication data for predicting
changes in the fish population structure when abi-
otic factors change. Ultimately, a shift in the upper
level of the trophic chain will affect the entire bi-
otic community of the lake. Scenarios demonstrate
that it is unreasonable to take out the individuals
which make the greatest contribution to the bio-
mass growth rate. A depleted population will recov-
er with a rate lower than the anticipated value.

This research confirms the conclusion made in
our previous RFBR projects on Caspian sturgeon
reproduction efficiency. Even small fluctuations in
fish mortality rate during early ontogeny lead to
changes in the population size, which is difficult
to take into account in fishery forecasts based only
on statistical averaging of a data set which may be
large but obtained under different conditions of the
population existence and unstable hydrological sit-
uation caused by hydropower industry needs [30].

The research was supported by RFBR grant 17-
07-00125.
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IlocTanoBKA MPOOGIEMBIL: TOMYJIAINHI I[EHHLIX IIPOMBICIOBBIX BIIOB PI6 PA3BUBAIOTCA B BOAHBIX 9KOCHCTEMAX 10 BHYTPEHHUM MeXa-
HU3MAaM 9BOJIIOIMOHHBIX afalTaliii, He BCeraa COOTBETCTBYIONNM N3MEHEHHBIM 13-3a aHTPOIIOTEHHOTO JaBJIeHUA YCJIOBUAM cpeabl. Ya-
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Introduction: Research on real systems relies now on processing big experimental data volumes. Recognition of short
oscillatory patterns corresponding to different states of complex non-stationary systems requires new processing methods.
Purpose: Design of a mathematical model for objective and expertise-independent recognition of patterns corresponding to
various states of real systems. Results: We propose a new method of modeling short oscillatory events (patterns) for complex
non-stationary multichannel data. A mathematical realization of the model is described in terms of continuous wavelet
transformation. Human brain activity states can be recognized automatically for the analysis of long EEG registrations. The
proposed mathematical model application is demonstrated by the example of processing human EEG signals non-invasively
recorded in the occipital scalp region. We demonstrate successful recognition of various human states based on the analysis
of EEG from the visual analyzer area. We discuss the analysis of various patterns in experimental data corresponding to
the state of active visual recognition of objects. Practical relevance: This modelling method can be recommended for
neurophysiological data processing.
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Introduction

The modern development of natural sciences and
the practical application of their results poses the
task of investigating complex objects, described,
in general, by a large number of recorded noisy sig-
nals coming through many channels. The study of
such signals is of considerable interest, in particu-
lar, for neurophysiology, and some other scientific
fields [1-6]. At the same time, special attention is
drawn to the problems of selection of short time in-
tervals (“patterns”) from the structure of these sig-
nals. A large number of publications are devoted to
the problems of selection and analysis of patterns
[1-8, 5]. Today continuous wavelet analysis is one of
the tools recognized for such processing. However,
most modern techniques require expert evaluations
at different stages of processing real signals, which
makes this processing more difficult and expensive
and it’s capable of introducing subjective distor-
tions in the analyze results.

Pattern Selection and Classification Model

Let the signal {X(#)} consist of n components: {X(t)}=
={x1(®), ..., x;®), ..., x,(£)}. Each component x;(¢) of the
signal {X(#)} is the recording of a strongly non-station-
ary process of a real system in one of the n channels.

For mathematical modeling, we introduce the
following assumption. Let each one-dimensional
signal x;(¢), registered in channel i of the multivar-
iate signal {X(¢)} in the time period [T, T, A/, be a
linear superposition written in the following form:

x,(1)= alyl (1) +E@) + @), )
j=0

where yl] (t) — signal component having a closing to
the stationary frequency fyi for time registration ¢

in acertain interval t]{ ) t; < At for Vj, aij is the scale

factor of the level of the presence of the component
yl] (¢) in the signal x;(t). Further, let us assume that
the number of components yl] (t) significant for the
processing and analysis problems is finite and takes

the value of Ny and the remainder terms of the sum
o0

Z aij yl] (t) can be referred to regular disturbances
j=n,

&Y(t). Then expression (1) takes the form:

x;(t) = Zp aly! () + &) + EY (1) +(2). @)

j=0

Performing continuous wavelet transform
(CWT) for each one-dimensional signal x;(¢), we ob-
tain:
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oo
Wilf, to) =2 aiW/(f,;, to)+
j=0

+We(f, t0)+W§y(f,to)+Wn(f, t9)- 3)

The CWT for an arbitrary signal z(¢) in the gen-
eral form is defined as follows [7]:

i «[ 1=
\/gz(t)\ll ( . jdt, 4)

where vy, (t) is the maternal wavelet, complex
function; s is the time scale defining the width
of the wavelet; the symbol “*” denotes complex
conjugation. Note that the time scales s of the CWT
allow a transition to the classical frequencies f of the
Fourier spectrum, therefore, for convenience and
simplicity of the interpretation of the results, we will
consider the results in the traditional plane (f, t).

In considering expression (3), it is easy to see

I}Vi(sa tO):

that each term of the form VVij fy,- , to | is close to
the stationary value fyi of the skeleton sc of the

CWT at time intervals tij , and, in this case, expres-
sion (3) takes the form:

Wil to)= Y alf,; + W[, tg)+
j=0
+Wey (F, 1)+ Wi (f, to)- ()

Thus, for selection of the desired patterns nec-
essary for the study of experimental signals, it is
sufficient to introduce the skeleton characteristics
of the CWP of the original signals in the manner
described below. For the initial one-dimension-
al signal x;(t) for each instant ¢;, we introduce the
instantaneous spectral slice E, (f) of the CWT
W1, t0): ’

EL (1)=Wi(f, t0)f"- ©)

Over the whole significant frequency range f,
f € (Fins Fmax) Hz, for each instant t;, we define

the n, extrema max, (E;O ), which are the local

maxima of the dependence Et"0 (f) (6) which scf,

wherep=1, 2, ..., n, corresponds to the number of
the extremum in the order of their decrease; i —
as well as the registration channel number in the
multivariate signal {X(¢)}. Thus, the skeleton of the
wavelet transform takes the form:

Vis €0fpr By ()2 E, (I)=s. (7

For each channel register with a sampling fre-
quency time exceeding 250 Hz, the multidimen-
sional signal {X(#)} described above can be calculat-

ed origin minimum quantity n,=>5 skeletons sc;U ,
further calculation is not always possible, leading

to the situation.

'scianrl zsc?’ﬁz R~ scprrw ~ const.

In practice, for the signals {X(¢)} of the experi-
mental nature, it is often sufficient for an investi-
gation to analyze n,= 2...3 skeletons scip .

So, based on the model (5) for each channel x;(z)
of the multivariate signal {X(¢)}, we calculate the dis-
crete set of skeletons {sc}, wherep =1...n,and i = 1...n.
At each instant ¢t we introduce the Heaviside func-
tion of the following form:

HP ()= 1, f; <scf <ff ®
' 0, scip E(fip, fzp).

Here, the frequencies £, ff can be chosen
both on the basis of exclusively a priori representa-
tions of the desired pattern, i.e., the component

yl] (¢) close to stationarity has the frequency f, and

f1,2 =fP ¥ Af, so and by means of automated search
over the entire frequency range (Fpin; Frmax) Hz.
Next, we take into account a certain stationarity
of the frequencies fyj of the desired patterns in

the experimental signal x,(¢), introducing the time
analysis of the function H ,-P (t) (8):

HY |n =], Hi (), ©

where the selection of the parameter At is carried
out by means of a sliding window with respect to
the time duration of the recorded signal x;(¢) with
the following condition:

AitHiP >0.9. (10)

For a multidimensional signal {X(¢)}, one can
proceed from an analysis of the multidimensional

function HP|At :{H1P|At’ ---’HiP|At’ e H7113|At}

to a one-dimensional resulting function of the
following form:

1 n
HP|At:;ZHiP|At’ (11)
i=0

where n is the dimension of the original multivariate
signal {X(@)} (n — the number of registered
channels). This integral function HY | A¢ is capable
of taking a maximum value as 1 and a minimum
value 0.

We analyze the dynamics of function H,.(¢) for
the objective separation of experimental signal pat-
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terns. Further classification of patterns is based on
the analysis of frequencies f, (8), time intervals At
(9) and their possible dynamics over time of the to-
tal recording time T of the signal {X(¢)}. The mathe-
matical modeling carried out is designed to fill the
lack of automated techniques that would be capable
of identifying and classifying patterns without in-
volving experts in processing multicomponent mul-
tidimensional experimental {X(¢)} signals.

Practical Relevance

We illustrate the practical using of the devel-
oped model on the neurophysiological data — the
human electroencephalogram. The electroenceph-
alogram (EEG), which is the sum of electrical cur-
rents that are generated by a small group of neurons
and recorded using an electrode, is one of the most
widespread brain signals that are used in research
[8—11]. Since the neural network of the brain is a
very complicated oscillatory system, the EEG sig-
nal also has a very complex spectral structure with
a few frequency ranges (delta, alpha, beta, gamma,
etc.), different characteristic rhythms, and oscil-
latory patterns that attract interest of researchers
both during the study of different pathologies (e. g.,
epilepsy) and during analysis of different function-
al tests and cognitive processes [3, 6, 9—11].

Experimental Data

In our physiological experiment with EEG activ-
ity registration we used a set of images based on a
well-known bistable object, the Necker cube [12] as
a visual stimulus. Ambiguous (bistable) stimuli are
a very useful tool for studying the decision-making
process [13—16]. This is a cube Necker with trans-
parent faces and visible ribs; an observer without
any perception abnormalities treats the Necker cube
as a 3D-object thanks to the specific position of the
cube ribs. Bistability in perception consists in the
interpretation of this 3D-object as to be oriented in
two different ways, in particular, if the different
ribs of the Necker cube are drawn with different in-
tensity. In our experimental works we have used the
Necker cube images with varying parameter I to be
the brightness of the cube wires converging in the
right upper inner corner (Fig. 1, a). The brightness
of the wires converging in the left lower inner cor-
ner is defined as (1 —I).

The experimental studies were performed in ac-
cordance with the ethical standards of the World
Medical Association [17]. Six healthy subjects from
a group of unpaid male volunteers, between the
ages of 20 and 25 with a normal visual acuity par-
ticipated in the experiments. The purpose of this

a)
Right
Necker cube

Left
Necker cube

b) P o g ot
Pz W‘"W
P3 | A me

POZ..P*”WMWWW
02 [ vr ot iup AT Wb o AN,

O1 ol s ™Stian o] %
Left T1s Right t,s
Necker cube Necker cube

B Fig. 1. Examples of Necker cube images (a) and typi-
cal segments of the EEG recording from O1, Oz, 02, POz
P3, Pz, P4 channels (b). Vertical lines show the time mo-
ments of presentation of various Necker cubes images to
the volunteer

experiment is the study of multichannel EEG data
registration in the unconscious decision on ambig-
uous image interpretation. We demonstrated the
Necker cube images with different wireframe con-
trasts for a short time, each lasting between 1.0 and
1.5 s, interrupted by a background abstract picture
for 5.0-5.5 s. The using of the background abstract
images allows the neutralization of possible nega-
tive secondary effect of the previous Necker cube
image. The whole experiment lasted about 40 min
for each patient. During the experiment we exhib-
ited the pictures of the Necker cube randomly, all
for about 150 times, and recorded brain activity
with multi-channel EEG. As a tool for EEG record-
ing we used the electroencephalograph— recorder
Encephalan-EEGR-19/26 (Russia) with multiple
EEG channels and the two-button input device. To
study EEGs the monopolar registration method
and the classical ten-twenty electrode system were
used [18].

Figure 1, b shows an example of a typical EEG
data set from EEG registration channels of occip-
ital area, corresponded the visual analyzer area.
It seems occipital region associated with cognitive
processes of perception of complex spatial objects,
which include the Necker cube.

Processing of Experimental Data

In our experimental studies we recorded EEG da-
ta during the sufficiently regular ambiguous percep-
tion of complex objects. Between the two moments of
the perception of ambiguous object associated with a
spatial imagination Necker cube, a pause is enough
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to restore the background activity is not associated
with the cognitive process of spatial modeling. At
the moment, we are not interested in causes, for ex-
ample, the phenomenon of cognitive noise, forcing
Necker cube with intensity I perceived as the “left”
and “right” [11, 19-21]. However, we directly fo-
cused on the processes that occur in the perception
and the internal filling volume of a two-dimensional
object Necker ambiguous image.

We consider the main characteristic of the frequ-
ency range of [Frin; Fraxl' [Frind Fruaxlo =[8-12] Hz
for alpha-rhythms, [Fy,in; Fraxlg =[30-40] Hz for
betta-rhythms, [Fyin; Fmaxla =[4—7] Hz for delta/
theta-rhythms [22].

Next, for each presentation of the cube, we cal-
culate the function (11) for alpha-, beta- and delta/
theta-activity on the EEG data in time intervals cor-
responding to different stages of the visual stimulus
perception. We distinguish three stages in this ex-
perimental data: (i) the state before the presentation
of the cube, the passive waiting, (ii) the state when
the cube is presented, the active recognition, (iii) the
rest state after the recognition, passive state. To de-
termine the time duration of these stages we used the
following design of preliminary experiments. After
each presentation of the cube, the person had to tell
the character of his recognition of this bistable ob-
ject (the left or right cube of Necker) by pressing the
remote control. Preliminary studies were conducted
on 15 volunteers and showed that the duration of the
active stage is about 0.6 s. Function P | Ar (11) was

calculated for a given time interval At = 0.6.

Results

The result of the selection three types of EEG
patterns shown in Fig. 2 for different states of
brain visual analyzer. For the Fig. 2 first and last
states “before/after perception of ambiguous image
(Necker cube)” are characterized by the predomi-
nance of low frequencies (alpha- and delta-rhythms).
To obtain this statistic, the calculated function
HP | A+ (11) was averaged over all experimental
events (about 150).

Active state characterized a pronounced high-
frequency activity is observed. It is clear that visual
analysis is not enough, and we propose a method for
an estimation of level and nature of beta-activity
for occipital region in the human brain. For this,
well traced throughout the duration of the process-
es associated with the recognition of ambiguous im-
ages for the majority of volunteers. Note that one
volunteer with displacement of the pattern frequen-
cy to 25—32 Hz was found in the processing data.
However, it is clear that this fact is easily detected
and can be corrected adaptation algorithm. Now we
are limiting our processing of multi-channel EEG

1 4 )
<B7> <o>
7
<(X7>
<8, <87>
<0L7>
B> <5.>
! <Br>
0 J
Before Perception After
perception perception

B Fig. 2. Averaged criteria <8;>, <a;>, <B7> during
different phases of bistable stimulus perception

data exceptionally occipital area of a brain electri-
cal activity registration, in particular O1, Oz, 02,
POz, P3, Pz, P4 channels of the classical ten-twenty
electrode system [12, 23-25].

According to modern concepts of betta and al-
pha, EEG activity in the occipital region of the
scalp is related to the processes of human visual
analyzers [24-27]. With alpha activity, the process-
es of human relaxation are traditionally associat-
ed, occurring either with closed eyes, or in a calm
environment without pronounced external stimuli.
Betta-processes are associated, most likely, with
the activity of the visual analyzer when recogniz-
ing complex objects and/or with processes of focus-
ing on visual objects.

In Fig. 2, the recognition of the stage of human
recognition of a visual bistable object (stage “per-
ception”), associated with a fall in the level of alpha
activity and an increase in betta. At the same time,
the delta activity sharply disappears in the active
stage and remains at a single level for the passive
stages. However, the stage after recognition shows
a somewhat higher level than in the process of wait-
ing for the next visual stimulus.

All the results obtained, as shown, lie in the
mainstream of modern science, allowing demon-
stration of the activation of visual analyzer in the
process of periodic recognition of a complex visual
object. At the same time, it was possible to reveal
a nontrivial effect of increasing the delta/theta-ac-
tivity at the end of stimulus recognition, than with
its expectation.

Conclusion

‘We propose a new method of short episodes of ac-
tivity (patterns) modeling for complex nonstation-
ary multichannel data. A mathematical realization
of the model is described in the terms of a continu-
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ous wavelet transform. The application of the pro-
posed mathematical model is demonstrated by the
example of the processing of human EEG signals
non-invasive recorded in the scalp occipital region.

We demonstrate the success of recognition of
various human states based on analysis of the EEG
from visual analyzer area. The results of these
studies appear promising for further study of the
dynamics and the activity of the cerebral cortex in

cognitive processes of various kinds. The technique
is based on the calculation of the wavelet skeleton,
it is universal for the study of various processes.
Furthermore, this approach is highly customizable
to individual features volunteers that allows the
theoretical possibility of that using in the biofeed-
back systems.

This work has been supported by Russian Science
Foundation (grant No. 16-12-10100).
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MaremaTH4ecKkass MOeJb BbIJeJIeHUS NATTEPHOB CJIOKHBIX MHOTOKAHAJIbHBIX CUTHAJIOB B IPHMeHEeHUH K 00paboTKe
asexkTposHuedasorpaduIecKux JaHHBIX

Pynnosa A. E.?, kauz. ¢us.-mMarT. HayK, gomeHT, orcid.org/0000-0002-2102-164X, anefila@gmail.com
aCapaTOBCKUI rOCyAapCTBEHHEIN TexHnUYecKnii yausepcurer uM. I'arapusa 0. A., Ilonrurexanyeckas yJ., 77, Caparos,
410054, PO

BBenenmne: B HacTosdAIee BpeMs MCCJIEJOBaHIE PeaJbHBIX CUCTEM OIMPAeTCs Ha 00paboTKY GOJIBINNX 00bEMOB 9KCIEePUMEHTAIbHBIX
JaHHBIX. Pacnosnasanue KOPOTKUX KO.T[e6aTeJIBHI:IX IIaTTEPHOB, COOTBETCTBYIOIINX PA3JIMUYHBIM COCTOAHUAM CJIOMHBIX HECTAITMOHAPHBIX
cucreM, TpebyeT HOBBIX MeToL0B o6paboTku. Ileas: paspaboTKa MaTeMaTUUYECKON MOIeau I O0BEKTUBHOTO U HE3aBUCUMOTO OT 9KC-
IIePTHBLIX OIEHOK PACIIO3HABAHUS IIATTEPHOB, COOTBETCTBYIOIUX DA3JIUUYHBIM COCTOSHUAM PEATbHBIX CUCTEM. Pe3yabTaThl: IPeAIOKeH
HOBBIN METOa MOAEJIMPOBAHUA KOPOTKUX KOJIeGaTeJILHI:IX CO6BITHﬁ (HaTTepHOB) JJIA CJIOMKHBIX HECTAITMOHAPHBIX MHOTOKaAHAJbHBIX TaH-
HBIX. OMucaHo MpuMeHeHUe MOJeJM Ha OCHOBE ITOAX0/[a HelIPepPhIBHOTO BeiBJieT-IpeobpasoBaHusi. B aBTOMATUYECKOM DPeKMMe MOKEeT
OCYIIECTBJIATHCA IMOUCK MCKOMBIX COCTOSHUI aKTUBHOCTYU MO3Tra YeJjIoBeKa IJIA aHaxusa AAuTedbHbIX d9I-perucrpanuii. Ilpumenenue
MIPeCTAaBACHHON MaTeMaTUYECKON MOJEJU AeMOHCTPUPYETCS Ha IMpuMepe o0paGoTKM uesoBedecKuX JOI-CUTIHAIOB, PETUCTPUPYEMBIX
HeMHBa3WBHBIM METOJOM B 3aTBIIIOUHOM 30He CKaJsba. II0Ka3aHo yCIelIHoe Paclio3HaBaHe PA3JIMYHBIX COCTOSHUMN YesI0BeKa, OCHOBAH-
HOe Ha aHaJu3e JIeKTposHIedasorpagruuecKux JaHHBIX IPOEKIIUY 3PUTEIBHOT0 aHanus3aTopa. Onucas aHaiIus pa3JInYHbIX IaTTEPHOB B
OKCIIEPUMEHTAJIbHBIX NAaHHBIX, COOTBETCTBYIOIIINX AKTUBHOMY COCTOAHUIO 3PUTEJIBHOI'O PaClio3HaBaHUA 06’BeKTOB. HpaKTuqecuoe npmu-
MeHeHMe: MCII0JIb30BaHNe OIMMCAHHOM MaTeMaTUYeCKON MOJEIN MOKeT ObITh PEKOMEHIOBAHO [JIs 00pabOTKU HeHpOohU3NOJIOTUUECKUX
JNaHHBIX.

KaroueBsie cjioBa — MaTeMaTUUeCKOe MOJEJNPOBaHUEe, HeCTallMOHAPHbIE CUTHAJIBI, HEIIPEPHIBHOE BeHMBJIET-Ipe0OpasoBaHue, dJIeK-
TposHIedamorpadusa, mareMatTudeckas oopaborka I9I'.

uruposanue: Runnova A. E. Mathematical Model of Pattern Selection for Complex Multichannel Data in EEG Processing //
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MOAEAb U METOA OLEHKU KAYECTBA

BKAAAA YYACTHUKA CUCTEMDI

COBMECTHOU PABMETKU U30BPAXXEHUN

A. B. [ToHOMapeB?, KaHA. TEXH. HayK, CTapLLMK Hay4YHbIM COTPYAHMK, ponomarev@ijias.spb.su
aCaHkT-leTepbyprckuii MUHCTUTYT MHPOPMaTHKK U aBToMatmudaumn PAH, 14-9 amHns B. O., 39,

CaHkr-letepbypr, 199178, PO

MoctaHoBKa npobaembl: MaclUTabHbIE UYEAOBEKO-MalMHHbIE CUCTEMbI, MOCPEACTBOM CETU MHTEpHET BOBAEKaroLime
B nipoLecc 06paboTku MHPOPMAaLIMK COOBLLECTBA AHOAEH, HEOAHOPOAHbIE MO HaBbIKaM M YPOBHIO MOTMBALIMM YYaCTHUKOB,
B MOCAEAHEE BPEMS HaxXOAAT MPUMEHEHUE B LLUMPOKOM KAACCE MPUAOXEHUI. B Takux cUCTEMax akTyaAbHOM ABASETCS Mpo-
6/eMa OLEHKU OXMAAEMOro KauecTBa BKAAA YYaCTHMKA (Takas OLEHKa MOXET MCIMOAb30BaTbCs, Hanpumep, AAd OTceuBa-
HUSA HEKOMIMETEHTHBIX MAM HEBPEXHBIX YUaCTHUKOB M M0OLLPEeHMs Hanboree akkypaTHbix). LieAb: paspaboTka MeToaa OLEHKU
0XMAAEMOro KauecTBa BKAAAA YYaCTHMKA CHMCTeMbl COBMECTHOM pas3MeTKM, MCMOAL3YIOLLEro TOAbKO HEHaAEXHbIe 1 HEeroA-
Hbl€ A@HHbIE, NoAy4YaeMble OT APYIMX YUaCTHUKOB CUCTEMbI (6€3 3HaHMS UCTUHHbIX PE3yAbTaToB). Pe3yAbTaTbl: MPeANOXeHa
mareMatuyeckas MOAEAb CUCTEMbl COBMECTHOM pa3MeTKM M300paxeHuit (BKAOYAKLLAs MOACAbL yYaCTHUKA), @ TakKe METOA
OLIEHKM OXMAAEMOro KayecTBa BKAAAA yYacTHUKA TakoW CUCTEMbI. [IDEANOKEHHbINA METOA OCHOBbLIBAETCSA Ha COMOCTaBAEHUU
PE3YALTATOB Pa3METKM Pa3AMYHbIX YYaCTHUKOB HA OAMHAKOBbIX M300PaXEHUAX U SBAAETCS MOAUPUKALIMEN METOAA MONapHbIX
CpaBHEHUH, B KOTOPOK BMECTO OTHOLLEHUS MPEANOYTEHUS MCMOABL3YETCS XapaKTepUCTUKa AOMUHMPOBAHUS, OrnpeAessemas
creurarbHbIM 06pa3oM (MoKasblBatoLLAs, KaKoW U3 y4acTHUKOB AaeT 6oaee MOoAHbIe OTBEThI). OLEHKM OXMAAEMOro KauecTsa
BKAGAA@ YYaCTHUKOB MPEAAOXEHO MOAyHaTb Kak MOAOKMUTEAbHbIM COBCTBEHHbINA BEKTOP MaTpuLibl CO 3HAYEHUSAMM MOMapHbIX
XapaKTepUCTUK AOMUHUPOBAHMS. B XoAe MMUTALMOHHOIO MOAEAMPOBAHMS MPOLIECCA COBMECTHOM PasMETKM MoKasaHo, uto
npeararaemMbiii METOA AEHCTBUTEABHO MO3BOASIET OLIEHUTL KAUECTBO BKAGAA YYaCTHMKA 6€3 MCIOAb30BaHMS 3TAaAOHHbIX PE3YAb-
1aT0B (MPH YCAOBUM COOTBETCTBMS MOBEAEHMS YUaCTHUKA MpeararaemMor MoaeAn). lpakTuyeckas 3HaYUMOCTb: MOAYUEHHbIE
pesyAbTaThl MOryT 6biTb MCMOAL30BaHbI MPH paspaboTke CUCTEM, OCHOBAHHbIX Ha MCMOAb30BaHUMU CKOOPAMHUPOBAHHBIX yCH-
AMI Y4aCTHMKOB COOBLLIECTBA (U, B MEPBY 04EePEAb, CUCTEM COBMECTHOM pa3MeTKM).

KAroueBble cAOBa — KPaYyACOPCUHT, KpayA-BblUMCAEHMS], pa3MeETKa M3006paxeHmni, 06paboTka n306paxeHui, KOAMEKTUB-

HbIA UHTEAAEKT.

ITutuposanue: ITomomapes A. B. Mo/iesib 1 MeTOJ OLIEHKM KauecTBa BKJIaJa YUYaCTHUKA CUCTEMbI COBMECTHOH pPasMeTKU n300paskeHuit //
NudopmanmonHo-ynpasisorue cucrembl. 2018. Ne 4. C. 45-51. doi:10.31799/1684-8853-2018-4-45-51
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Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2018, no. 4, pp. 45—-51 (In Russian). doi:10.31799/1684-

8853-2018-4-45-51

Beemenmne

TexHOMOTMA KpayACcOpCUHTA (MUIU KPayA-BbIUUC-
JIEHWI) B HACTOSAIIee BPeMs IIUPOKO HCIOJIb3yeTCs
[LJIsI PEIleHN s CAMbBIX PA3HBIX 3a74a4 (CM., HAIIPUMED,
[1-5]). B wacTHOCTH, OHMM U3 HOCTATOYHO PACIIPO-
CTPAHEHHBIX IPUMEHEHUUN 5TOM TeXHOJIOTUU SBJIA-
eTcsa o6paboTKa M300paKeHU — WHTEPIPeTAIINA
COZIEP:KUMOro M300pasKeHuns, cHabKeHue ero OIu-
CcCaHmeM U T. II. OTO TpedyeTcs KaK IpU IOATOTOBKE
STAJIOHHBIX HAOOPOB JaHHBIX IJIA MAIIMHHOTO 00y-
yenud [6, 7], Tak U HemoCpeACTBEHHO B WHMOPMa-
IIUOHHO-TIONCKOBBIX CHCTEMAaX, IIOCKOJBKY II03BO-
JISeT IOMOJHUTL PECYPCOeMKNe U CJIOYKHBIE aJIiro-
pUTMBI 00pPabOTKM U300paKEHUNH aJIrOpuTMaMU
TEKCTOBOM 00pabOTKM WJIM aJropuTMaMu oopabor-
KM (JYaCTHMYHO) CTPYKTYPUPOBAHHON WH(pOpPMAIIUU
[8-10].

Bmecre ¢ Tem mpuBiieueHMe UesiOBEeKa K 3aja-
yaM 00paboTKM MHMOPMAIIUU B paMKax Kpay/I-Bbl-
YUCJIEHUN CBSA3AaHO ¢ Ha0OPOM IPUHIMOHAJIBHBIX
orpannueHmuil [11]: HU3KOH# CKOPOCTHIO 06PAGOTKU

uHGOPMAINY, HEOOXOJMMOCTHI0O MOTUBAIIUU, BO3-
MOJKHOCTBIO OIIIMOOK UJIY JasKe IeJIeHaIIPaBJIeHHOTO
HCKaKeHUd NHPoOpManuu.

B crarpe mpepsaraerca MaTeMaTuyecKas MoO-
IeJb TOBEJEeHUA YYaCTHUKA CUCTEMBLI COBMECTHOM
pas3MeTKUu 00'bEKTOB, T. €. CUCTEMBbI, YYACTHUKU KO-
TOPOM Ha OCHOBE aHaJN3a 00bEeKTOB CHAOKAIOT UX
MeTKaMu («TeraMu»), IPUHALJIEeKAINMU HEKOTOPO-
MYy 3apaHee U3BeCTHOMY MHOxKecTBY. IIpennaraerca
TaK’Ke MEeTOJ OIeHKM 0’KMAAaeMOT0 KauecTBa BKJIafa
yyacTHUKA (IO BKJIAJAOM B JaHHOM CJIydYae ITOHUMAa-
I0TCA Pe3yJIbTaThl PABMETKY, IOJTyUYeHHBIE OT YUacT-
Huka). Ilpensaraemblie B JaHHON cTaThe METOJ U MO-
IeJb OeMOHCTpUpYIoTcA Ha nmpumepe Bibtaggers —
CUCTeMBl KOJIJIEKTUBHOU pasmMeTKu GoTorpaduii
MacCOBBIX CIIOPTUBHBIX MEPONIpUATUIL Ha 6as3e HEMO-
HETapHOT'O CTUMYJIMPOBAHUA, OINUCAHHON B pabdore
[12]. Cucrema peasnnsoBaHa B Buje Be6G-cepBuca, Ky-
Ia 3aTPYsKaIOTCs CChLIKY Ha aJIb00MEI ¢ (poTorpadu-
AMUM MEPOIPUATHUA, ONYOJNKOBAHHBIMU Ha KaKUX-
anb0 BHEIITHUX CepBUCcaX pasMelreHus gororpaduii
(Aupexc.@orru, BKoHTaKTE). YUaCTHUKYM MEPOIIPU-
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ATHUS TOJYYaIOT BO3MOYKHOCTH OCYIIECTBJIATEH II0-
HUCK cBouXx (hoTorpaduii Io HOMepPy IOCJe TOro, KaK
«Pa3MeTsT» HECKOJbKO IIPEIJIOKEHHBIX CHUCTEeMOM
usobpaskeHui (T. e. YKaXKyT, KaKue Ha HUX IPUCYT-
CTBYIOT HOMePa YYaCTHUKOB). MOTHBAIIUSA K UCIIOJIb-
30BaHUIO TAKOM CUCTEMBI CBSA3aHA B IIEPBYIO 0UepeIh
¢ obJsierueHmeM momcka gororpaduii. CyIecTByoOT
TaKJKe HONBITKY IIPUMEHUTh TEXHOJIOTHIO KOMIIbIO-
TepHoro speHusa u OCR nisa perreHudA sToi 3amadun
[13, 14], omHAKO B CUJIy TOTO, YTO HArpyJAHbIE HOME-
pa aBasioTcA THOKUMU (CIeI0BATEIbHO, MOTYT OBITH
nedopmMupoBaHbl) 1 Ha poTorpadum MOryT OBITH Ya-
CTUYHO 3aKPBITHI, IIOJIHOCTHIO aBTOMATHUYECKIE Pe-
IIeHUA 3a4YacTyIo He 00ecIeunBaioT KeIaeMoro Ka-
YecTBa paclosHaBaHWs. IIpuMeHeHUe Ke CHUCTeMBbI
coBMecCTHOM pasmeTKu Bibtaggers moxasaio, uTo,
KaK MpaBuUJjo, K pasMeTKe yAaeTcs IPUBJIeUYb J0CTa-
TOYHO YyYACTHUKOB, 8 KAUECTBO [I0JIyYaeMOi pa3MeT-
KU (13MepsieMoe IOCPEeCTBOM TOUHOCTH, ITOJTHOTHI 1
F-mepnl) okaswiBaeTcsa BBINIE, YeM IIPU MAITAHHOM
pasmeTKe (cM. comoctaBieHue [12, 15] u [13]).

HecmoTpst HA TO, YTO B IEJIOM KadyecTBO Pas-
METK! C TOMOIIBI0 KPayACOPCUHTA OKAa3bIBaeTCHA
YIOBJIETBOPUTEIbHBIM (U BBIIIE, UeM B M3BECTHBIX
TOJTHOCTHIO aBTOMATUYECKUX PEIIEeHNAX), KaueCTBO
pes3yJIbTaTOB, MOJyYaeMbIX OT OTAEJIbHBIX YUaCTHU-
KOB, KOHEUHO, 3HAUNTEJLHO BAPbUPYeETCs. ITO CBA-
3aHO C TeM, YTO €CTECTBEHHBIM CTUMYJIOM yUYacT-
HUKA B XOle PasMeTKU SABJIAETCS MUHUMU3AIIUSI
IPUKJIaAbIBAEMBIX YCUJINIH, UTO HeM30eKHO BJIUI-
eT Ha KauecTBO peadyabraTa. I[osToMy aKTyaJIbHOI
ABJAETCA 3aJava OIEeHKU OKUIAeMOro KadecTBa
pesyJibTaTa, HOJYy4YaeMoro OT yJyacTHHKAa. JTa UH-
dopmarnua B AAaJbHEHIIIEM MOYKET UCII0Jb30BaThCS
KaK AJda OJIOKUPOBKU YYACTHUKOB, OCYIIE€CTBJIAIO-
X HUBKOKAUYECTBEHHYIO PA3METKY, TaK U JJIs I10-
OIIIPEeHUs TOOPOCOBECTHRIX YUACTHUKOB (MJjIu 06pa-
IIeHUs K HUM JJIS PasMeTKU CJI0KHBIX M300paske-
HUU, paspelienna IPoTUBOpeunii). 3ajada OINeHKN
0KMIaeMOro KauecTBa BKJIAZA YUACTHUKA OCJIOMK-
HSIeTCA TeM, UTO HCTHUHHBLIE OTBETHI B XOJe pas-
METKY HEM3BECTHBI, ITI03TOMY OIIeHKY HEeOO0XO0AMMO
IIPOBOAUTH HA OCHOBE, B OOIIEM CJIyuae, HeIIOJHBIX
¥ HEeIOCTOBEPHBIX JAaHHBIX, TOJYYaeMbIX OT yUacT-
HUKOB.

KpaTkuii 0630p MeTom0B
o0ecmeuyeHNA KAa4eCTBA Pe3yJIbTATOB
B CUCTeMax Icpay,u-Bqunc.neHnﬁ

B cBs3U ¢ y:Ke YIOMSAHYTBIMHU BBIIIIEé OCOOEHHO-
CTAMU KpayA-BLIUUCJEHUN MIpobsemMa oOecleueHu s
KauecTBa Pe3yJIbTaTOB ABJISIETCS ONHOUN 13 HauboJiee
OCTPBIX, IPUBJIEKAIOIIEH BHUMAHNE HCCJeIoBaTe-
JIeli B 3TOM 06JIacTu.

B crarre [16] ma ocHOBe mpoBemeHHOTO 0030pa
JINTEPATYPHI BBIJEJIEHO IIIECTh KJIOUEBBIX HAIIPaB-

JIeHU, II0 KOTOPBIM MOTYT OBITH CI'PYIIIIMPOBAHBI
MeTOAbI 00ecIieueH s KauecTBa:

1) meTomBI coryiacoBaHUA (consensus) MOJMYUUINA
IIUPOKOE PACIIPOCTPaHeHUe B TeX BapuaHTax opra-
HU3aIUU KPayICOPCUHTa, T1e HeOOCMYnHa anpuop-
Has UHPOPMAUUSL 00 UCNOLHUMEeNAX U O 3aJaHUAX.
OOGIMit TPUHIUII WX PaOOTHI 3aKJII0YAETCS B TOM,
YTO KakJoe 3aJaHle BBIMOJHSIETCS HECKOJbKUMU
YUYaCTHUKAMU CUCTEMbI, 3aTeM OJYUYeHHBIE Pe3yIb-
TaTbl 0000Ial0TCA (COTIACYIOTCA) AJIA TOJYUYEeHUS
urorosoro pesyabrara [17-20];

2) MeTo bl IPOEKTUPOBAHUSA TIOTOKA PAOOT MOKHO
paccMaTpuBaTh KaK CBOETO POZa PasBUTHUE METOIOB
COTJIaCOBaHUs, B YACTHOCTHU, IIO3BOJISIOIIEE paccMa-
TPUBATH CUCTEMBI C PASHOPOAHBIMU 3aJaHUIMU U TU-
HaMu4yecKu (hOPpMUPYyEMBIM IIOTOKOM pador [21, 22];

3) MeToAbl IeHTPAM30BAHHOTO Ha3HAUEHUS pa-
00T mpenmoJIaTaIOT, UTO IJA Ka’sKAOr0 YUYaCTHUKA
U3BeCTHA oKugaemMasi 9p(heKTUBHOCTD (KauecTBO pe-
3yJILTATOB, BPeMsA BBITIOJIHEHUS), ¥ CTPOAT pacirpe-
JejeHUe 3aJaHUM TaKUM 00pasoM, UTOOBI MaKCH-
MU3UPOBATh OOIYI0 3(P(PEeKTUBHOCTDL BBLIMOJIHEHUS
Habopa sagannii [23];

4) TEOPETUKO-UTPOBBIE METOABI IO3BOJISIOT OIle-
HUTH Ty WJIN UHYIO CXeMy (PYHKIIMOHUPOBAHUSA CU-
cTeMbl Kpay[A-BBIUYUCJIEHUIN MCXOIs U3 IIpeacTaBJie-
HUS O TIOBEJEHUM YUYACTHHKA KaK PaIlMoOHAJLHOTO
areHTa, CTPEMAIerocd K MaKCUMU3aIuu cOOCTBEH-
HOW TTOJIB3EI [24];

5) MmeTOonbI, OCHOBAaHHBIE Ha yUeTe CBOMCTB 3aja-
HUH, IpeasaramT UCI0JIb30BAaTh CBOMCTBA 3aJaHUI
IV X KOMIIBIOTEPHOHM 00PabOTKY A1 IOBBIMIIEHU A
UTOrOBOT'O KauecTBa Pe3yJbTATOB Kpay/a-BhIUUCJE-
Hui [25];

6) MeTOZbI, OCHOBAHHbIE Ha aHaJ u3e MelCTBUM
[I0JIb30BATEJISI U BO3MENCTBUY HA HEr0, NCIIOJIb3YIOT
MOHUTOPUHT AeHCTBU ITOJIH30BaTEISI U pa3sHooopas-
HbIe TCUXO(hU3NUECKUe MHIUKATODPHI [Jis BBIABJE-
HUS HeJoOpOoCoBeCTHOTO moBeAeHus [26].

IIpenyaraemsblii B JAHHOU CTaThe METOZ OTHOCHUT-
Cs1 K MEeTOIaM COTJIACOBAHMS B TOM CMBICJIE, UTO OH He
HCIIOJIBL3YeT AOMOJHUTENbHYI0 NH(POPMAIIo, KpoMe
METOK, IIOJIyYaeMbIX OT PAa3JIUYHBIX YYACTHUKOB,
yTOo 0OecreurBaeT YHUBEPCAJIHLHOCTh JAHHOTO METO-
Ia. Bmecre ¢ Tem ocobenHOCTRIO cepBrca Bibtaggers
(¥ MHOTUX APYTUX CUCTEM, OCHOBAHHBIX HA HEMOHE-
TapHOM CTUMYJIUPOBAHUU), MPEMATCTBYIOIIEH MTpU-
MEHEHHUIO CYIINEeCTBYIOIIMX METOHOB COIJIACOBAHMUSI,
SIBJISIETCS HEOOXOAUMOCTH 3HAUMTEIBHOT'O MYOJIHpPO-
BaHUS BBITIOJHIEMbBIX 3agaHuii. To ecTh UTOOBI pac-
IIpoCTpaHeHHbIe aJITOPUTMEI coryiacoBauus (DS [19],
GLAD [20] u gp.) maBau HaJeKHBIE OIEHKU Kade-
CTBa, HEOOXOIMMO, UTOOBI KaKJgoe 3a4aHne ObLIO BbI-
TOJTHEHO KaK MUHUMYM IIATHIO YUYaCTHUKAMU (0OBIU-
HO PeKOMeHyeTcs OoJiee AecsaTu). ITO OKA3bIBAETCS
BOBMOJKHBIM IIPW PasMeTKe C MOMOIIBI0 ILIaTdopM
KpayICcOpCUHTIa, MOAAePKUBAOIIUX MOHETAPHOE CTHU-
mysaupoBanue (Amazon Mechanical Turk, duaexc.
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Tomoxka), moTromMy uTO (pUHAHCOBOE BO3HATPAKIECHUE
MIPUBJIEKAeT OOJIBIIOE KOJUYECTBO YUACTHUKOB, KO-
TOpPbIE MOI'YT IIOCBAIIATh Pas3MeTKe 3HAUUTEIbHOE
Bpemsi. B To 'Ke BpeMs IpaKTUYECKUEe SKCIIEPUMEH-
THI C Pa3MeTKOH Ha 6a3e HEMOHETAPHOT'O CTUMYJIUPO-
Bauus (M, B Y4aCTHOCTH, ¢ BeO-cepBucom Bibtaggers)
nokasasu [15], 4To ¢ yueToM TUIUYHON TUHAMUKU
3aMHTEPECOBAHHOCTY YYACTHUKOB KaKIOe 3aJaHue
MO2KeT OBITH BRITIOJTHEHO TOJBKO 2—3 pasa.

Mopgeas mpoiiecca COBMECTHOM
pasMeTKu H300paKeHu

st OleHKM MeToJa OIpeneseHUS OMKUIAEMO-
TO KauecTBa BKJAaja yUYacTHHKA ObljIa IpeoKeHa
dopmasibHAS MO/EIb IPOIlecca COBMECTHOM pasMeT-
Ku m3obpaskenmuii. [lapaMeTpsl MoAesn OBIIM OIle-
HEeHbI B Pe3yJibTaTe aHa/in3a JaHHBIX, IOJYUYEeHHbBIX
Ipu pasMeTKe M300pa’sKeHUi ¢ IMOMOIIBIO CUCTEMBI
Bibtaggers.

ITapamerpsr momean. Ilycts HAGOD JaHHBIX AJIA
pasmeTku coctout u3 N mzobpaskenuii. Ha usobpa-
JKeHUSAX MOT'YT IIPUCYTCTBOBATH IieJieBble 00bEKTHI
(B cryuae cucrembl Bibtaggers — marpyambie HoMe-
pa cropTcMeHOB). 3ajadya KasKA0ro YUacTHUKA pas-
MEeTKHU B3aKJIoUuaeTca B TOM, UTOOLI CHAOAUTH M30-
OpasKkeHre MeTKaMMt, COOTBETCTBYIOIIIUMU ITPUCYT-
CTBYIOIIIUM Ha HeM IieJeBbIM o0bekTaM. IlycTs b; —
MHOK€ECTBO IIeJIeBBIX 00HeKTOB Ha M300pakeHuu i,
a n; — WX KoJamuecTso (n; = |b;)).

Unentuduraiusa 1meeBoro o0beKTa MOXKEeT Tpe-
0OBaTh PABIUYHBIX YCUJIUI, B TO BpeMs KaK ydacT-
HUKJ PasMeTKM 00JIafal0T PasJNYHLIM CTPEMJICHU-
eM MIPUKJIAABIBATh yeuanusd. OmuiiemM aTo (popMaIbHO
caemyomum obpasom. IlycTs yuacTHUK j XxapaKTepu-
syercs akkypamuocmuio a; € [0, 1]. Yem Bbiue 3Ha-
YeHUe a;j, TeM GOJIbIINe YCUINsA CKJIOHEH IIPUJIaraTh
YYaCTHUK U TeM OOJIbIIe IIeJIeBBIX 00'HeKTOB OH CIIO-
cobeH OOHApPYKUTh Ha m300paskeHnu. IIycTh Takixe
e €[0, 1] — yposens arxxypamrocmu, Heobxoau-
MBIl JJid uaeHTuGuKanum oobeKkTa k Ha nsobpaske-
Huu i. TakuM 06pa3oM, B X0/ie NCCaeJoBaHus n300pa-
JKeHUA { YUaCTHUK j TOJTydJaeT MHOYKECTBO METOK

li,j = {k | k e bi/\aj > e:;?eq}.

Iapamerpst b;, n;, a; 1 e£ ! memssecrHbl. Equn-
CTBEHHbIe [TaHHBIE, OKAa3BhIBAIOIIMECS TOCTYITHBI-
My, — 9TO MHOKecTBa MeToK [; ;. Ha ocHoBe anann-
3a MHOJKECTBA METOK MOYKHO IBITAThCA IIOJYUUTH
OIIEHKY HEW3BEeCTHBIX ITapaMeTpOB (9TO, B YACTHO-
CTH, AEJIAaI0T aJTOPUTMBI COIVIACOBAHUSA, OCHOBAH-
Hble Ha EM-ajgropmrTme), ogHAKO, KaK yKe OTMe-
YaJioCh, AJIA 9TOT0 HEOOXOAMMO MMETh 3HAUUTEJb-
HYI0 M30BITOUYHOCTH IpU OOPabOTKEe yJaCTHUKaAMU
usobpaskenuii. llesbio gaHHOW pPabOTHI ABIAETCS

co3JlaHMe MEeTOo/la aHAJTN3a MeTOK ; j;, TI03BOJIAIONIe-

T'0 IOJIyYaTh OIEHKU A;, KOTOpble OBbIIN ObI CHIBHO
CBA3AaHBI (B CMBICTE KOPPEJANUHN, B3aWUMHOI WH-
dopmanuy wiay ere KaK-To) C aKKyPaTHOCTHIO ;.
Torma Ha OCHOBe COIIOCTaBJIEHUS OIIEHOK /; MOYKHO
OyZeT IPUHUMATDH PEIIeHUs O TOM, KaK COOTHOCATCS
yCcuaus, IPUKJIAAbIBaeMble PA3INUYHBIMU YUACTHU-
KaMu.

I'enepamus HaOOPOB MAHHBIX IJIA IKCIIEPUMEH-
TOB. IIOCKOJBKY IIpOBEAEHNE HEIOCPeICTBEHHBIX
SKCIIEPUMEHTOB C CHCTEMOIl COBMECTHOII pasMeTKHu
OKa3bIBAETCS 3aTPYAHEHO, DKCIEPUMEHTAJIbHOE WC-
cJiefloBaHMe IIPeAaraeMoro MeTofa OIeHKHU Kaue-
CTBa BKJIa[la YYACTHUKOB IIPOM3BOAMJIOCH C IIOMO-
ITbI0 MMHUTAIIMOHHON MOJEJM IIpoIllecca pasMeTKH,
Ha BXOJ KOTOPOM II0JaBaJINCh CreHepruPOBaHHbIE Ha-
0OpBI JaHHBIX O pa3MeuaeMbIX 00 beKTax.

IIpu reneparuu HaGOPOB HJAHHBIX OBLIN MCIIOJIb-
30BaHBLI OIMCAHHBIE BBINIE HapaMeTpbl. SHAUCHUS
mapaMeTpoB BbIOMpAJINCh Ha OCHOBE aHAJIMU3a UCTO-
puu paboThI cepBUca (B TOM YMCJIe ITOJHOCTHIO Pas-
MEUEeHHOT'0 BPYUYHYIO Habopa HAHHBIX, OIIMCAHHOTO
B pabore [12]).

KosnnuecTBO n306pasKeHU ¢ OZHOT'O MEPOIIPUA-
Tus (N), pazMedaeMbIX C IIOMOIIbIO CEPBHUCA, OOBIUHO
Baprupyerca B guamnazone 1000 + 7000.

KosnuecTBO 11e1eBBIX O0BEKTOB HA OJHOM W30-
OpasKeHUU 1n; B 3HAYUTEJIbHON CTElleHU 3aBUCHUT OT
cTuas paborsl pororpada; Ha OCHOBE aHAJIN3A UCTO-
PUYECKUX OAHHBIX C(HOPMHPOBAHO SMIIMPUUECKOE
pacmpepesenue (puc. 1), KoTopoe U OBIJI0 UCIIOJIb30-
BaHO IIPU TreHepamnuu Habopos.

IlapamMeTpsl a; i €] OKA3BIBAIOTCS CBASAHHBIMIT
IOCTaTOYHO TECHBIM 00Pa30M: OJHU U Te K€ Pe3yJIb-
TaThl MOXHO IIOJIYYUTh, IOJBEPrasi NUX ONUHAKOBLIM
IpeoOpa3oBaHUAM C IIOMOIIBIO JI000H MOHOTOHHOI
dyuxnunu. ITosTomMy OBLIO IIPUHATO peIleHNe MIPHU
TeHepaluy HA0OpOB /A BBHIOOpA 3HAUEHUA ei': o
HCII0JIb30BaTh HEIPEePhIBHOE DPaBHOMEPHOE paciipe-
nemenue U(0, 1), a nisa BeiOOpa 3HAUEHUA a; — Tpe-
YroJIbHOE paciipefiesieHre ¢ Momou a™, HalJeHHOU
TaKUM 00pasoM, 4TOObI UTOTOBOE KAaueCcTBO Pa3MeT-
KU, TIOJIYYEeHHOH Ipu JaHHOM Habope 3HaUeHUH ma-
pametpoB (F-mMepa MHOKecTBa IOJYUEHHBIX METOK

e
)

-

O Ut = Ot Ot W Ot

e

Hons
n300paKeHu it

o _o
o

0 1 2 3 4 5 6 7 8 >=9
KoismmuecTBO 00'bEKTOB

B Puc. 1. PacupesiesieHne KOJIUUecTBa IleJIeBBIX 00beK-
TOB Ha U300paKeHU

B Fig. 1. Distribution of the number of target objects
on an image
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IO OTHOIIIEHUIO K MHOKECTBY STAJIOHHBIX), OBIJIO CO-
TIOCTaBUMO C KAUeCTBOM, MOJYyYaeMbIM Ha TPaKTUKe
(cm. [12, 15]).

MeTton OII€EHKM OKHUIaeMOro Kkauecrsa
pe3yabrTaToB, MOJyYaeMbIX OT YYACTHUKOB

Ilpennaraembiii MeTOJI OCHOBBIBAa€TCA Ha COIIO-
CTaBJIEHUU PE3YJIbTATOB PA3JINUHBIX YUYACTHUKOB HA
ONVHAKOBBIX M300paKeHUAX W SABJISETCA Momubu-
Kalleil MeTojla IIONAapHBIX CPaBHEHU, B KOTOPOI
BMECTO OTHOIIEHUSA NPEANIOUTeHUS HCIIOJb3yeTCs
XapaKTepruCTUKa AOMHUHUPOBAHUSA, OIpeaesdeMasi
cHenuaJbHBIM 00pa3oM, a UMEHHO: 9Ta XapaKTepu-
CTHUKAa ITPHU3BaHa MOKa3bIBaTh, KAKOMN N3 YUACTHUKOB
IpefocTaBJAeT O0Jiee MOJTHBIE OTBETHI.

715 mapsl yYaCTHUKOB U U U XapaKTePUCTUKA JT0-
MUHUPOBaHUA ABJIAeTca yuciaoM d,, € (0, ), koro-
poe IpuHUMaeT 3HaueHue 60JIbIie 1, eciii eCTh OCHO-
BaHUS CUUTATH, YTO YUACTHUK U JaeT OoJiee MOJTHbBIE
OTBETHI, M MeHbIIe 1, ecaIu eCTb OCHOBAHUS CUNTATD,
YTO YUACTHUK U JaeT 6oJiee IMOJIHbIe OTBETHI, IIPUUYEeM
dyydy, =1.

IKCIEePpUMEHTHI ITPOBOAUJINCEH C ABYMs cCIocoba-
MU BBIUMCJIEHUA XapaKTEePUCTUKY JOMUHUPOBAHNA.

Iepeviit cnoco6 (dl,). Ilycrs t,, — MHOMXECTBO
u300pasKeHnii, pasMeUeHHbIX W YYaCTHUKOM U, U
YYacTHUKOM V. By/ileM roBopuTh, YTO pasMeTKa 130-
OpaskeHud t € t,, yIaCTHUKOM U OOMUHUDYem HaJ
PasMeTKOI 9TOro n300paskeHnsa yUaCTHUKOM U TOT-
Ia U TOJIBKO TOTAA, KOT4a MHOXKECTBO [, ; ABIAEeTCA
CTPOTMM IIOJMHOKECTBOM [, ;.

ur'vel, Dl

Iycts t, ., ={t|tet,,, u ~' v} — MHOXKecTBO
TeX 00'BbEKTOB f, PABMETKA KOTOPBIX YUYACTHUKOM U
JOMUHHUDPYET HAJ WX PasMEeTKON yYaCTHUKOM U.
OueBUIHO:

buso Ntpsy =G5 Ty Yty Sty

Torma

1 _ 1+|tu>-v |
1ty |

Bmopoii cnoco6 (d2,). 9ToT criocob To3e 0CHOBBI-
BaeTCd Ha BBEJIEHHOM BBIIIIE IIOHATHUHN JOMUHNPOBA-
HUA PasMeTKM, HO XapaKTepUCTUKA JOMHHUPOBA-
HUS PACCUYNUTHIBAETCA IO CIIeAyoleli oopmyie:

2 [t | =l toru |
iy =1t =,
uv

OIleHKM aKKypPaTHOCTU YUYACTHUKOB IIpeJaraer-
CA IIOJIyYaTh KaK ITOJIOYKUTEIbHBIN COOCTBEHHBIN BEK-

TOP MATPHUIIBI CO BHAUEHUAMU ITOMIAPHBIX XapaKTepu-
ctuk gomMmuHUpoBanus (d, wiu d2,). Jlerko y6eanuTs-
Csl, UTO MATPUIBl XapPaKTEPUCTUK JOMUHUPOBAHUS,
BBIYUCJIEHHBIE JIIOOBIM M3 PACCMATPUBAEMBIX CIIOCO-
00B, ABJIAIOTCA KBaJPATHBIMU U IIOJIOKUTEIbHBIMU.
CinemoBaresibHO, coryiacHO TeopeMe PpobeHmyca —
Ileppona [27], y HUX eCTb COOCTBEHHBIE BEKTOPHI CO
CTPOTO MOJIOYKUTEJIHHBIMU KOOPAUHATAMU.

JKCIIepUMEHTAJbHOE NCCIeTOBAHNE METONA

IlpumeHyM IIPenIOKEeHHBIM METOJ AJIS OIEeHKU
AKKYpaTHOCTU yYaCTHUKOB Ha HAbope JaHHBIX, CTre-
HEPUPOBAHHOM IIPK IIOMOIIY MOJMEJIH, OIIMCAHHOMN
BBIIIIe. 3HAUEHUS IIapaMeTpPOB, HCIIOJb30BAHHBIE
[Ipu reHepaIiuu, CBeIeHbl B TaOIUILY.

IToMuMO 9TUX TTAPaMETPOB, AJIs ITOJHOT0 OIIpeie-
JIEHUsI IIPOIeAYPhl HEOOXOAMMO 3aaTh sKeJlaeMbIil
YPOBEHb UBOBITOUYHOCTH — CKOJIBKO YYaCTHUKOB
IOJIXKHBI 00paboTaTh Kaskaoe msobpaskenue. B man-
HOM BSKCIEePHMEHTEe YPOBEeHb WN30BITOUYHOCTU OBLI
YCTaHOBJIEH PAaBHBIM JIBYM, T. €. KayKJ0e n300pake-
HHe o0pabaTbIBAJIOCh POBHO ABYMSA YYacTHHUKaMU,
IprYeM Ka’KABIH yJacTHUK 00pabaThIBajl TOJIBKO
50 uzobpakeHmii.

CBa3bp MeKIYy OIeHKaMU aKKypPaTHOCTU YYacT-
HUKOB, IIOJYYEHHLIMU MIPEIJIOKEHHBIM MeTOI0M
(c pa3IMYHBIMU CIIOCO0AMU BBIUMCICHUSA XapaKTepu-
CTUKU JOMUHUPOBAHUA) U GaKTUUECKUMU 3SHAUESHU-
sAMU aKKypaTHOCTU (3a[JaBaeMbIMU IPU TeHepalluu
Habopa JaHHbBIX) MMOKas3aHa Ha puc. 2, a u 0. Buawo,
YTO IIpU 000MX CII0CO0AaX BBIUMCJIEHUS XapaKTepu-
CTUKYW NOMUHUVPOBAHUA MEKJY OIIEHKON aKKypar-
HOCTH U (DaKTUYECKOII aKKYyPAaTHOCTbIO HAOII0[aeTCa
CHJIbHAA 3aBUCUMOCTbD. {151 YMCI€HHOIT OIEHKY CTe-
TIeHU 3aBUCUMOCTH BOCIIOJIb3yeMcA KO3 (OUIINEeHTOM
paurosoii koppesadmuu CrupmeHa, o06JiamaroIero
CBOICTBOM MHBAPUAHTHOCTU TIO0 OTHOIIIEHUIO K MOHO-
TOHHBIM TPeo0pa3oBaHUAM, T. €. ITOKA3bIBAIOIIUM,
HACKOJIBKO XOPOIIIO 3aBHUCHMOCTb MEKIY IBYMS Be-
JUYNHAMU MOYKET OBITH OITMCaHa MOHOTOHHOM (DyHK-
1ueli (a MOMCK MOHOTOHHOM (PYHKIIMU OIIEHKU aKKy-
PaTHOCTH U ABJSAETCA 3aJaueli, pelraeMoil B JaHHOMN
crarbe). Koappuiinentsr CuupmeHna s mpejjara-

B 3HaueHUA IapaMeTpPOB, NCIOJH30BAHHbIE IIPU I'eHepa-
muu Habopa JaHHBIX

B Parameter values used to generate the dataset

ITapamerp 3HaueHUe
N 1000
n; B cooTBercTBUY ¢ pacipeneseHuem (M. puc. 1)
re
ey U(, 1)
a B cooTBeTCTBUY C TPEYTOJBHBIM
U pacupepeneuauem (0; 0,82; 1)
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B Fig. 2. Relationship between the actual accuracy and the econtributor’s accuracy estimated with a help of domination

characteristics d1,, (a) and d%, (6)

eMOr0 MeTOAAa C Pa3JUUYHBIMIU CII0OCO0AMMU BBIUMCJIE-
HUS XapaKTEePUCTUK JOMUHUPOBAHUSA IPUOINIKEHHO
pasusbI 0,961 1 0,958 cooTBETCTBEHHO, UTO B COBOKYII-
HocTH ¢ P-sHauenmamyu mopazka 10710 maer ocHoBa-
HUE CUUTATD, UTO MEKIY MOJYUYeHHBIMHU C TIOMOIIHIO
IpeaIaraeMoro MeToia OleHKaMU U peajJbHbIMU Xa-
PaKTepUCTUKAMU AKKYPATHOCTH YYACTHUKOB €CThb
CUJIbHAsI MOHOTOHHAs 3aBUCUMOCTH. BMmecTe ¢ TeM
B paccMaTpPHBAEMOM IIpHMepe MIPUHIINIINAILHON pas-
HUIIBI MEXKAY cIocobaMu pacueTa XapaKTePUCTUKU
JTOMUHUPOBAHUS HET.

Taxkum ob6pasom, mpeasaraeMbIii MeTOx (¢ 060
U3 XapaKTEePUCTUK JOMUHUPOBAHUS) MeHCTBUTEb-
HO IIO3BOJISIET OIEHHUTHh OKHUAAeMOe KaueCTBO pas-
MEeTKU YUYaCTHUKOB, OCHOBBIBAsICh TOJIBKO HA HeHa-
IEeXHBIX M HeIOJHBIX pPe3yabTaTaX PasMeTKIH.

Amnanus HAGOPOB JAHHBIX C APYTUMU 3HAUCHU-
AMHU TIapaMeTpoB (Bappupymoomumcsa N, a™) moka-
3LIBAET, UTO HAJUUYNE TAKOU CHUJIBLHOM MOHOTOHHOI
3aBUCUMOCTY HAOJIIOfaeTCA P JIIOOBIX 3HAUEHUAX
mapaMeTpoB. Ba)XKHBIM IIapaMeTpoOM SIBJISETCS M3-
OLITOYHOCTh MPU Ha3HAUEHUW 3aJaHuil (CKOJIBKO
YYacTHUKOB 00pabaTbIBalOT OJHO U300pasKeHume).
WHTYUTUBHO 3TO CBA3aHO C TEM, UTO UeM MEHbIIIe 9Ta
n30BITOYHOCTh, TEM MEHBIIE OKAa3bIBAeTCHA JAHHBIX
JIJIsI COTIOCTAaBJIEHUA aKKyPATHOCTU YUYACTHUKOB, U,
Ha000pOoT, UeM U30LITOUYHOCTh B HA3HAUEHU N 1300pa-
"KEeHUH BBIIIIe, TeM 00JIbIlIe JaHHBIX JJIS COIIOCTaBJIe-

HUA U TeM HaJe’KHell JoI’KHA OKa3bIBaThCs OIleHKA,
moJydyaeMas TakuM MeTogoM. [leficTBUTEeIBHO, C PO-
cToM M306BITOUHOCTH Koa(pduiiment CrnupmeHna ajis
0001x cII0co00B pacueTa XapaKTePUCTUKU JOMUHU-
POBaHUSA YBEJINUNBAETCS.

3aKJIoueHune

B craThe mpeiosKeHa MOJeb YYACTHUKA CUCTE-
MBI COBMECTHOII pa3MeTKU U METOJ OIleHKHU OKuaae-
MOTO KauecTBa Pa3MeTKH, IOJyJYaeMOi OT YUaCTHU-
KOB Takoii cucteMbl. IIpeajiaraeMbIii MeTOl OCHOBaH
HAa TTOJIyYeHU U COOCTBEHHBIX UMCEJI MATPUIILI XapaK-
TEPUCTUKY TOMUHUPOBAHUSA, ITIOCTPOCHHON oIpese-
JeHHBIM 00pa3om. Oco60eHHOCTh MeTO/[a 3aKJII0UaeT-
CdA B TOM, UTO OH IIO3BOJIAET HOJYUUTD OIIEHKU OXKU-
IaeMoro KauecTBa pasMeTKu (PaHKMPOBATh ydacT-
HUKOB II0 OKUJaeMOMY KaueCcTBY) Ha OCHOBE TOJIBKO
HEHAJEeKHBIX W HEHOJHBIX Pe3yJabTaTOB pPas3sMeTKH,
0e3 3HAHUSA 9TAJOHHBIX METOK, [OJIyUYeHNe KOTOPBIX
YacTo ABJAAETCA TPyAoeMKou 3agadeit. [lomydueHHBIE
C IIOMOIIBIO IIPEAJIaraeMoro MeTOHa OIEHKU MOI'YT
HUCIIOJIBE30BAThHCSA B aJITOPUTMaxX O0eclieueHmus Kaue-
CTBa pasMeTKU (HalpuMmep, IJis OJOKUPOBKU HeEIO-
OGPOCOBECTHBIX YUACTHUKOB).

PaGoTa BhIOIHEHA IPU (DUHAHCOBOH MOAAEPIKKEe
PODPU (rpaut Ne 16-37-60107).
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Introduction: Large-scale human-computer systems involving people of various skills and motivation into the information processing
process are currently used in a wide spectrum of applications. An acute problem in such systems is assessing the expected quality of
each contributor; for example, in order to penalize incompetent or inaccurate ones and to promote diligent ones. Purpose: To develop a
method of assessing the expected contributor’s quality in community tagging systems. This method should only use generally unreliable
and incomplete information provided by contributors (with ground truth tags unknown). Results: A mathematical model is proposed
for community image tagging (including the model of a contributor), along with a method of assessing the expected contributor’s
quality. The method is based on comparing tag sets provided by different contributors for the same images, being a modification of
pairwise comparison method with preference relation replaced by a special domination characteristic. Expected contributors’ quality is
evaluated as a positive eigenvector of a pairwise domination characteristic matrix. Community tagging simulation has confirmed that
the proposed method allows you to adequately estimate the expected quality of community tagging system contributors (provided that
the contributors’ behavior fits the proposed model). Practical relevance: The obtained results can be used in the development of systems
based on coordinated efforts of community (primarily, community tagging systems).
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HEMPOHHAS CETb C KOHKYPEHTHbIM MOPOIrom
AAAA TEHEPALUU MAADBIX OPFTAHUYECKUX
MOAEKYAAPHbBIX CTPYKTYP

E. O. [ytuH®, acnupaHT, putin.evgeny@gmail.com

A. A. llaabITO®, AOKTOP TEXH. HayK, npogeccop, orcid.org/0000-0002-2723-2077

aMexayHapoaHas AabopaTtopusi «KOMMNbHTEPHbIE TEXHOAOMMM», YHUBepcuteT UTMO, KpoHBepkckui np., 49,
CaHkr-lletepbypr, 197101, PO

IMoctaHoBKa npobaemMbi: 0c060€ MeCTo B ripoLecce pa3paboTku HOBbIX AeKapCTBEHHbIX MpenapaTtoB 3aHUMaeT KOMIbIO-
TEPHOE MOAEAMPOBaHMUE MOTEHUMaAbHbIX KaHAMAATOB B AeKapcTBa. Ha atom atane co3paeTcsi U BUPTYaAbHO BaAMAMPYETCS
MOAEKYASIpDHas CTPYKTypa npenapata. MoaekyAapHble CTPYKTYPbl CO3AQIOTCS MPEUMYLLECTBEHHO BUMOMHYOpMaTUKaMu U Me-
AMUMHCKMMU XMUkamu. [103ToMy npoLecc Co3AaHns U BUPTYaAbHOIO TECTUPOBaHMUSI MOAEKYA SIBASIETCS AOATUM U AOPOTUM.
Leab: paspabotka mMoaeAn yOOKOHM reHepaTtMBHOM KOHKYPEHTHOM HEMPOHHOM CETH, a TakXe CPEAbI €€ MOAKPENAEHUS ANST
reHepaumm LeAeBbIX MaAbIX OpraHUYeCKMX MOAEKYASPHbBIX CTPYKTYP C 3aAaHHbIMU CBOMCTBaMU M QYHKLMU HarpaAbl no mMo-
AEKYASIDHOMY pa3Hoobpa3uto. Pe3ayabTatbl: pa3pabotaHa MOAEAb MYOOKOHM HEHPOHHOM CEeTH, OCHOBaHHash Ha KOHLEMUMSIX
KOHKYPEHTHOro 00y4YeHUs1 u 0byyeHus ¢ yuntereM. B kauecTBe reHeparopa MOAEKYASIPHBIX CTPYKTYP MOAEAb MCIOAb3YeT pe-
KYPPEHTHYHO HEVPOHHYHO CETh C BHELLHEH NaMsATbO M CrieunarbHbli HENPOCETEBON BAOK AAST OTOOPa reHepupyeMbiX MOAEKYA
AO MX peanbHOM OLEHKU CpeAok. Takxe pa3paboTaHa HoBasi 0ObeKTHas QYHKLMS BHYTPEHHEN KAacTepu3aLmu no padHoobpa-
31H0, KOTOpPas NMO3BOASIET MOAEAU reHepUpoBaTb 60Aee Pa3HOPOAHYIO XUMUIO. CpaBHUTEAbHbIE IKCMIEPUMEHTbI MOKa3aAM, YTo
MPEANOKEHHASA MOAEAb Aydle CBOEro bAMXaMLLEero KOHKYpPEeHTa C TOYKM 3PEHUS reHepauun yHUKaAbHbIX M 60Aee CAOXKHbBIX
BaAMAHBIX MOAEKYASIPHBIX CTPYKTYP. [TpPOAEMOHCTPMPOBAHO, YTO CreHepUPOBaHHbIE MOAEALIO MOAEKYAbI COOTBETCTBYHOT anpu-
OPHbIM pacrnpeAereHNM KAIOYEBbIX MOAEKYASIDHbIX AECKPUMTOPOB TPEHMPOBOYHbIX MOAEKYA. MICCAeAOBaHWSA MPOBOAMANCH
Ha Bbibopke 13 15 000 rekapCTBEHHO-MOAOOHbIX MOAEKYASIPHBIX COEAUHEHNI, COBPAHHbIX BPYYHYIO M3 KOAMEKLIMM KOMNAHUM
ChemDiv. MpaKkTuueckasa 3HaYUMOCTb: MPEANOKEHHAS MOAEAb MOXET ObITb MCII0Ab30BaHa B Ka4eCcTBE yMHOro MOMOLLHMKA
ANS1 pa3pabOoTKM HOBbIX AEKaPCTBEHHbIX MPeNnapaToB MEANLIMHCKUMU XUMUKaMU.

KaroueBble caoBa — MallMHHOe obydeHue, rybokoe obyueHne, obydeHue C NOAKPENAEHUEM, MOPOXAAIOLIME KOHKY-
PEHTHbIE HENPOHHbIE CETU, AU3alH n pa3paboTKa AeKapCTB.

IMuruposanue: [Iytun E. O., [llansiTo A. A. HeiipoHHAas ceTh ¢ KOHKYPEHTHBIM ITIOPOT'OM /IJIA 'eHEPAIIMY MAJIbIX OPraHUYECKUX MOJIEKYIAD-
HBIX CTPYKTYD // NH(DOpMammonHO-ypaBisaioniue cucremMbl. 2018. Ne 4. C. 52—-60. doi:10.31799/1684-8853-2018-4-52-60

Citation: Putin E. O., Shalyto A. A. Adversarial Threshold Neural Computer for Small Organic Molecular Structures. Informatsionno-
upravliaiushchie sistemy [Information and Control Systems], 2018, no. 4, pp. 52—60 (In Russian). doi:10.31799/1684-8853-2018-4-52-60

Beemenmne

B coBpemennoM Mupe TiiyOOKHMe HeHpPOHHBIE ce-
T (Deep Neural Network — DNN) ucnosb3ymorcs
moBceMecTHO; ¢ moMOIbil0 DNN ObIIM JOCTUTHYTHI
BBIJAIONINECA YCIIeXUW W BBICOKAA 9(P(EeKTUBHOCTDH
B pacrnosHaBaHuu obpasoB [1, 2], o6paboTku ecre-
cTBeHHOTO A3bIKa [3]. ApxuTekTypbl DNN pesyib-
TATUBHO IPUMEHSIOTCS TaKiKe B PAa3JUYHBIX 00-
JIACTAX OMOJIOTMUYECKUX ¥ OMOMETUITMHCKUX HAYK
[4-13].

OpgHAaKO UX NCIOJIL30BAaHUE IJIA AU3aiiHa 1 paspa-
OOTKM HOBBIX JIEKAPCTBEHHBIX IIPerapaToB, 0COOeH-
HO IJIS CO3MaHUS HOBBIX MOJIEKYJISIPHBIX COeIUHe-
HUH, HaXOAUTCA HA HaUYaJbHOM CTAAUU. ITO CBA3aHO
¢ TakuMu paKTOpaMu, KaK CJOKHOCTH afaIllTalluu
u pa3paboTKu HOBBIX apxuTekTyp DNN, OpurogHsix
151 paboTHI ¢ MOJIEKYIAPHBIMU CTPYKTYpPaMu (B BU-
Ie rpada, CTPOKH, TPEXMEPHOM KapThI 3JIeKTPOHHOI
TJIOTHOCTH); CPABHUTEJIBHO HEOOJIbIIIOe KOJTNUECTBO
JOCTYITHBIX BaJUAAIIMOHHBIX NAHHBIX; TPYAHOCTH
npoBepku apderTuBHOCTH DNN.

B mocsienzee BpeMsA cTasIu pa3BUBATHCA MOJEJIN,
OCHOBaHHBIE Ha PEKYPPEHTHBIX HEHPOHHBIX CETAX,
KOTOpBIe OoJIee afalTUPOBAHEI AJIA JAaHHBIX B BUJE
TI0CJIeIOBATEeIbHOCTH, TAKUX KaK MOJEKYJbI, TIPe-
craBJeHHbIe B cTpokoBoM (opmare SMILES [14].
Hamnpuwmep, B pa6ore [15] aBTOpHI ITOKa3aJIu, UYTO IO
CPaBHEHUIO ¢ 0a30BBIMU MOJeIAMEI d3(PPEKTUBHOCTD
TeHepaIluy MOJIEKYJ Oblja yJIydIlleHa IPU MCIIOJIb-
30BaHUU AYe€eK C JOJT0H KPAaTKOCPOUHOM IaMATHIO
(Long Short-Term Memory — LSTM) [16]. Tem ue
MeHee, TIOCKOJIbKY HUKAKOUM yAOOHBIN «IIOPOKAAT0-
Huii» MeTOJ 0TOOpPa HOBBIX MOJIEKYJ M3 MOJEJIN He
MOT OBITH OIIpeJesieH, IPOIlECC TeHePAIlUU OCTAJICA
orpaHnueHHbIM. Kpome TOro, Mozesib He BKJIHOYAJIA
HUKAaKOT0 MeXaHmu3Ma JJIA OIIeHKU TOTO, ABJIAIOTCA
JIU CTeHEePUPOBAHHBIE MOJIEKYJIBI BaJUIHON CTPO-
kot SMILES. Bosee Toro, B MozeJib HEBO3MOMKHO
BKJIIOUUTHh KaKue-Iu00 KPUTEPUU IJiA TeHepaluu
IeJIEBBIX MOJIEKYJISAPHBIX CTPYKTYP C *KeJaeMbIMU
CBOMCTBaMMU.

B npyroii pabore [17] 6b1y11 TpoaHAJIN3UPOBAHBL
HeckoIbKO RNN apxuTeKTyp peKyppeHTHBIX Hel-
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POHHBIX CeTell 1 IIOKAa3aHo, YTO CTAHIaPTHBIE CTOXA-
CTUUYECKINE ONTUMU3AaTOPLI MOTYT OBITH YJIYUIIIeHbBI
3a CUeT WKCIIOJIb30BAHUSA TI'€HEPATHUBHBIX MOJeJieil,
00yUYeHHBIX IO Hepa3sMEeUEeHHBLIM JAHHBIM, AJIA IPO-
BeeHUsA OINTUMU3AI[UNY, OCHOBAHHOM Ha 3HAHUMAX.
Taxkoit moagxon MOKET MO3BOJIUTH 3aMEHUTH BPYU-
HYI0 paspaboTaHHBIe IIpPaBUJa, KOTOPble B HACTO-
sAlree BpeMs OOBIYHO HCIOJIb3YIOTCS B KOHTEKCTE
nusaiiHa JjekapcTB de novo, Ha IpaBuUJia, KOTOPBIE
BBIYUMBAIOTCS B X0/le 00yUeHU s HEHPOHHOM CeTH.

PagBuTue reHepaTUBHBIX KOHKYDPEHTHBIX ceTel
(GANSs) [18] mosBoauyio GoJsiee MOAPOOHO M3YUUTH
9TO HampaBJeHue. Bela mpenmosken noaxon [19] nuas
reHepaluy MoCaeI0BATeIbHOCTH IIOCPEACTBOM IUIY-
6oxoro obyuenus ¢ mogkperienueM (Reinforcement
Learning — RL). ApxuTeKTypa NojJ Ha3BaHUEM
SeqGAN On11a ocHOBaHa Ha mapagurme GAN, pac-
IIUPEHHOI reHepaTopoM Ha ocHoBe RL. 3amaua re-
Hepaluy IOCJeIOBaTeJbHOCTU  (OPMYJIUPYEeTCs
kak RL-3amaua, rioe areHTy (reHepaTopy) naercd k-
IUIMHA Y2Ke CTeHepPHUPOBAaHHOM IT0C/Ief0BATEIHbHOCTH,
U HeoO0XOonMMO BBIOpATh caexyiomuii (B + 1)-i1 cum-
BOJI, KOTOPBII Oyzer creHepupoBaH. OKpyskaroiasa
cpefa (AUCKPUMMHATOP) BO3BpAIlaeT HArpany IJsa
reHepaTopa, KoTopad OIeHMBAeTCA KaK BEPOAT-
HOCTH OOMaHa AuCKpuMuHaTopa. Tem He MeHee, IIO-
CKOJIBKY TeHepaTOp BLIBOJIUT AMCKPETHBIE 3HAUEHU A,
CTAHIAPTHBIA aJrOPUTM OOPATHOT'O pacIpocTpame-
HUSA OIMUOKY HEBO3MOXKHO MCIIOJIb30BaTh, U ABTOPHI
IPEeNJIOKUIN OOHOBJIATH Beca reHepaTropa C IIOMO-
mpi0 Metoga policy gradients u momcka mo metonmy
MomnTe-Kapsio Ha OCHOBe OKUJAaeMOM KOHEUHOIN Ha-
rpaabl (Bo3HArpasKIeHWs 3a IIOJHYIO IIOCJeIoBa-
TEJBHOCTD), BO3BpPAIllaeMO OT AWCKPUMHHATOpPA.
Onas omeHKM GYHKIUUN [geificTBUe-3HAUEHUE ObLI
npumeHeH aiaroputm REINFORCE [20].

OcHoBbIBasich Ha SeqGAN, yueHble HeIaBHO
npemyoxkuau apxutektrypy ORGANIC [21] gaa re-
Heparuy MOJIEKYJIAPHBIX COeIUHEHUI. ITa MOJETb
I00aBJIAET IIeJIEBYI0 O0BEKTHYIO (DYHKIIMIO BO3HA-
TPaKAEHUA HOJA OIpPeJeJeHHBIX TIOCJIeI0BaTeb-
"HOoCcTell B (yHKIUIO motepb SeqGAN. O0beKTHasa
dyurnusa sosHarpaskaenus ORGANIC amagoruuna
¢unsTpy. Korma remepupyemble MOJEKYJIbI ITPOXO-
IAT (QUIBTP, TeHepaTop II0JaydaeT OOJBIIYI0 Harpa-
Iy 3a TeHepaluio TAKUX MOJIEKYJI OT AUCKPUMUIHA-
Topa. PesynbpTaThl dKCIEPUMEHTOB IIOKAa3aJid, YTO
WCIIOJNb30BAHME PABJIUYHBIX I[€JEBLIX (QYHKIIUHA
BOBHATPAKIEHUA TO3BOJISAET CMEIaTh IIPOIECC Te-
Hepaluy U reHepUpPOBaTh MOJIEKYJIBI C 3aJaHHBIMU
TOJb30BAaTEJIEM KeJIaeMbIMU CBOCTBAMU.

Ilenpio maHHOM PabOTHI ABJISETCSA CO3MAHUE HO-
Bol apxuTeKTypbl DNN Ha ocHOBe mapagurMbl
ORGANIC n1s1 reHepaIinu 1eJjieBbIX MaJIbIX OpTaHu-
YEeCKHUX MOJIEKYJISIPHBIX CTPYKTYD, a TaK’Ke paspa-
00TKa HOBOI O0'BEKTHOI (hYHKIIMU Harpaabl, KOTO-
pas IMO3BOJIUT IeHeprupoBaTh OoJiee pasHOOOpasHbIe
MOJIEKYJIBI.

Mogeas ATNC

Mopesnr ATNC (Adversarial Threshold Neural
Computer), ocanoBaunnas Ha mapagurme ORGANIC,
pactiupsert ee ucnosb3oBaaruem DNC (Differentiable
Neural Computer) [22] B KauecTBe reHeparopa BMe-
cro LSTM u pgobGaBiaeHueM CHeIMAJLHOI'O OJIOKa
(Adversarial Threshold — AT), KoTopbIii OTBEUaeT
3a 0T6OP reHEPUPYEMBIX MOJIEKYJI eIlle 0 OIeHKU UX
cpenoii (puc. 1).

Chopmynupyem 3amauy reHepauy MOJIEKYJI B I1a-
pagurme ORGANIC.

Nmeerca wHabop TPEHUPOBOUHBIX  MOJIEKYJI
D= {Xi }f‘fl , Ha KOTOPBIX HEOOXOAUMO OOYUUTH Ie-
HEePaTUBHYIO KOHKYPEHTHYIO HeipOHHYI0 ceTh GAN
IJs TeHepalluy PeaJUuCTUYHBIX MaJbIX OpraHu-
YeCKUX MOJIEKYJIAPHBIX coefuHeHui. KoHiemmusa
GAN nozapasyMeBaeT HaJIMUMe ABYX UTPOKOB — Te-
HepaTopa W QUCKPUMMUHATOpa. 3ajgadya reHeparopa
TeHepupoOBaTh IIPAaBAOIOAO0HBIE OOBEKTBI TaKUM
00pa3oM, YTOOBI «00OMaHYTh» AUCKPUMUHATOD, T. €.
YTOOBI IIOCJIEHNIT He CMOT OTJIMYUTH CTeHepPUPOBaH-
HbIe ITPUMEPHI OT TPeHUpPOoBOUHBIX. C IpyTroii cTopo-
HBI, 3aJlaya JUCKpPUMUHATOPa — 9PPEeKTUBHO OTJIN-
YaTh CTeHEePUPOBAHHbBIE TTPUMEPHI OT HACTOAIITUX.

Tak, O-mapamerpusoBaHHBIH reHeparop Gy Mo-
mean ATNC remepupyer cTpoku Yi.7= (Y1, s YT)
B (popmare SMILES mocumBOJbHO, THe T — Mak-
cuMaJibHasd IJMHA CTPOKU B Habope maHHBIX. [Ipu
sToM reHeparop Gy aBasgercsa RL-areaTom, KOTOpHIi
B3aMOJIECTBYeT co cpemoii. Ha Kakmoit urepanuu
TreHepaIy MOJIEKYJIBI reHepaTop Gy IO CBOEMY CO-
CTOAHUIO (TEKyIllasg CreHeprpoBaHHAs IIOCJeNOoBa-

i :ﬁ

R R R
S '

@
L ;«

B Puc. 1. Cxemaruueckoe nsoopaxkenne mogean ATNC:
G — renepartop; D — puckpumuHaTop; O — HeKoTOopas
00beKTHas GYHKIIUA BO3HATPAKIEHUA; S — MHOKECTBO
BBIOpPAHHBIX BBIOOPOK (MOJIEKYJ) ¢ momoIbio 6oka AT;
R — cuuTbIBaemMas rojioBka B reaeparope DNC

B Fig. 1. The schematic view of the ATNC model: G —
generator; D — discriminator; O — some objective reward
function; S — the set of chosen samples (molecules) by AT
block; R — stands for the read head in DNC generator

v
o
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TEJIBHOCTD) OCYIIIECTBJISIET AeHCTBUE — BBIOOD cJie-
nyrorero cuMBoJia us andpasutra SMILES, KoTopsblii
Heo0XoaMMO J00aBUTh K y:Ke CreHepHUPOBAHHOM II0-
caenoBaresbHOocTU. Korma MosieKysiApHaAA MOCJIEeN0-
BaTEJLHOCTh JOCTUTAET TEePMUHAJJIBHOTO CHMBOJIA,
OHAa OIlEHUBAaeTCA cpenoli. B KauecTBe cpe/ibl MCII0JIb-
3yeTcd (-IapaMeTPHU30BaHHBIN AUCKpuMUHATOP D@
¥ cIemuajbHasA IejieBasi 00beKTHass (PYHKIUS Ha-
rpanst O(Yy.7).

Taxum obpasoMm, menb reseparopa Gy ATNC 3a-
KJIIOUaeTcsa B TOM, UTOOBI OZHOBPEMEHHO OOMAaHYThH
JUCKpPUMUHATOP D@ UM MaKCHMUBUPOBATDH I[€JIEBYIO
dyurnuio BosHarpaxkgerus O(Yq.r). 9To menaercsa
¢ McIoJb3oBaHMeM MeTona policy gradient [23]:

J(0)= 2 Go(y11%0)=Q(s041),

y1€Y

rie @ — QyHKIUA JeficTBUe-HArpana; So — IIepBUY-
HOe COCTOSHUE areHTa; y; — IIepBoe JielicTBIe reHe-
paropa.

Ornuuurenbuoir  ocobennocTbio ATNC ot
ORGANIC aBnserca ucnons3oBarnue DNC B raue-
cTBe reHeparopa, Tak Kak DNC 1mo3BoJisieT reHepu-
poBaTh ropasno 6oJiee IJIMHHBIE U CI0KHBIE ITOCJIEI0-
BaTeJIbHOCTHU Yq.1, 4eM Ipu ucnonabzoBanuu LSTM.
ITo Jocturaercd 3a cueT Toro, uro DNC comep:;KuT
B cebe BHEIITHIOIO MTaMATh, ¢ KOTOPOil yMeeT adek-
TUBHO paboTaTh 3a CUET MEXAaHW3MOB BHUMAHMUS.
ITocme mnpenoOyueHUs METOAOM MAaKCHUMAaJBLHOTO
npasjononobus regeparop Gy cos3faeT OTpUIATEIb-
HBIe 00pasmbl A AUCKpuMuHATOpa D@, KOTOPBIA
TaKyKe IIpenodydaeTcss MeTOJOM MaKCHMAaJbLHOTO
IpaBIOIIOmO0M.

Takum ob6pasoM, Ieb AUCKpuMuHaTopa Do co-
CTOUT B TOM, YTOOBI CBECTH K MHUHUMYMY KpOCC-
SHTPOINIO MEXKY HACTOAIUMYU (TPEeHUPOBOYHBIMU)
U CreHepUpOBaHHLIMU reHepaTopoM D¢ MoJieKyJia-

u. [lna npenobyueHmsa guckpumuHatopa Do mc-
ToJIb3yeTcs CcHelnaJbHBINA IapaMeTp C, KOTOPBIH
KOHTPOJIUPYET, CKOJIBKO BII0X AUCKPpUMHUHATOD D@
IpeNBapPUTENIBLHO 00yUYaeTcsa TOJIBKO B BAJUIHBIX
(KOPPEKTHBIX C TOUYKU 3PEHUA XUMUUYECKON BaJICHT-
HOcTu) MoJieKynax Y'. Haunnasa ¢ RL-o0yueHnus, Be-
ca npenoOydyeHHOro AMCKpUMUHaATOpa D@ Kommpy-
forcda B AT-6J10K:

mlnEYP Y)[logD Y)]+

ta
+Ey. -p, [log Y }, ecJu 31oxa <
vle)= m(gnEY,~P e )[ng (Y')]+
+ EY’~PG (v )[log(l D )J ecJyu s1Ioxa > {

Biok AT saBnsderca Kommeidl IUCKPUMUHATOPA
B CpeJie, KOTOPasA OTCTAET OT MCXOHOT'O AUCKPUMUHA-

TOpA Ha 3aJaHHOE KOJIUYECTBO TPEHUPOBOUHBIX SIIOX.
AT peanusyet uzero mapagurmel RL mox HasBanmem
aKTOp-KpuUTHK (actor-critic), 1. e. oH mobaBIsIET B MO-
JIeJIb CLIOCOOHOCTEH CUMYJIMPOBATH OKPYIKAOIYIO Cpe-
Iy 1 (OUJIBTPOBATh CreHEPUPOBAHHBIE MOJIEKYJIbI IO
WX peaJsbHOI OIeHKHU B cpefie, UTO MTO3BOJISET MOIEIT
JIyYIlie TIOHATD IPHUPOAY TPEHUPOBOUHBIX JAHHBIX.

B xampgyro smoxy remeparop Gy resepupyer K
(pasmep mapTuu reHeparopa) mojekyJsa. 3atrem AT-
0JIOK OoTOMpaeT MOJIEKYJIbI, KOTOpPbIe HamboJee TOU-
HO COOTBETCTBYIOT oOpasiaM obyueHus. Eciu Ko-
JUYECTBO BBIOPAHHBIX MOJIEKYJ MeHbIle J (pasmep
IapTuu JUCKPUMUHATOpA), TO reHeparop Gy CHOBa
reHepupyeT HOBbIe K MOJIEKYJI. DTOT IIPOIeCC IOBTO-
pAeTcs 0 TeX 0P, IIOKa KOJHUYECTBO BBHIOPAHHBIX
MOJIEKYJI He OyzeT paBHO J. Ilocie oTGopa MOJIEKyT
N pas npumeHsieTcd mouck mo metony MorTe-Kapio
IJIsI BRIYUCJIEHUSA QYHKITNY qeiicTBre-Harpaaa Q(s, a)
IJIsi He IIOJHOCTHIO CreHEepMPOBAHHBIX IIOCJIEIOBA-
TeJbHOCTEell. OTO JeJjiaeTcs IJsS TOro, YTOObI m30e-
JKaTh IPOO6JIeMBI JOJITOCPOUYHOT0 BO3HATPAKICHUA:

Q(szlet—l’ a:yt):
z IR(YIT) Vi e MC%® (YlT,N), ecn t<T
R(Yl’fT), ecmu t=T .

Cnenys mapagzurme ORGANIC, cymma BosHAa-
rpaxkgenuit R B momenu ATNC BuiumciasgeTcs Kak
CyMMa BBIXOJOB AUCKPUMHUHATOPA U O0BEKTUBHOI
GYHKIIMY BO3HATPAKIEHUS, TOe BKJIAL KaKIO0TO
KOMIIOHEHTa B CYMMY PeryJupyeTcs IapaMeTpoM A:

Dy (Yir))+(1-2)xO(Yyr )-

Haxonern, napamerpsr 0 remeparopa ATNC Gy
MOXKHO IIOJIYUHTh, MCIOJB3ysaA MeTon policy gradi-
ent:

R(YI:T):XX<

T

1
Vo (6)= ;;Eyfce(yt\m_n) -

x [Ve logGy (yt |Y1:t71) )X Q(Yl;H,yt )]

O6uoBenme BecoB AT-6/10Ka ympaBisgeTcsa mapa-
METpPOM T. ITOT IapaMeTp IO3BOJIAET PEryJIUpPOBaTh,
Ha CKOJIBKO 3II0X Mozeab cpenbl (AT) oTcraet ot mep-
BOHAYAJBHOTO AucKpuMuHaropa Do. ITomumo o6y ue-
Huda reHeparopa Gy, AT Tak:ke BinusgeT Ha o0ydeHUe
muckpumuHaTopa. C camoro Hauasiga RL-obyuenusa
TPEHUPOBOUHBIE 00pasIlbl AUCKPUMUHATOPA CTAHO-
BSATCS BRIOPaHHBIME oOpasiamu Y (0T 00111ero umcaa
MOJIEKYJI, TeHepUPYyeMbIX reHepaTopom) AT:

min Ey»

in By e 108D (7]

+Ey_p, (y)| log(1-Dy (Y")) ]
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Taxum oopasom, AT-6J10K mbITaeTcsa BEIOPATH 00-
pasIibl, KOTOPhIE OUeHb MOX0KY Ha TPEHUPOBOUHBIE
IaHHbBIE, YTO [IO3BOJISAET (PUIHTPOBATH MOJIEKYJIbI 1a-
JKe Ha CTaUY TeHeparuu. JTO YIPOIIAeT I0CIeyIO-
U BHIOOD MOJIEKY.JI.

IDC: o0 bexTHAST PyHKIIMA HATPATBI,
OCHOBaHHASI HA BHYTPEeHHEH KJacTepu3annu
110 Pa3HOOOPa3HI0

B nmapagurme ORGANIC syurnuii cmoco6 aBTO-
MaTUYECKON TeHepamuy Pa3HOOOPABHBIX MOJIEKYJ
3aKJIIouaeTcA B pa3paboTKe MOJIb30BaTEIbCKOI 00b-
eKTHOI (pyHKIIUM HATrpaabl. B manHoi padoTe mIpen-
aokeHa pyHkmusa IDC — BHYTpeHHAA KJaacTepusa-
s CTeHePUPOBAHHBIX MOJIEKYJI II0 PA3HOOOPa3UIo.
Aaroputrm IDC 3ak/iouaercs B CJaeIyOIeM:

— CreHepUpPOBaHHBIN HabOp MoJeKya P Kiacre-
pusyeTcsi 10 MOJEKYJISAPHBIM (QuHrepnpuHram Fg,
C HCIOJIb30BAHUEM MEDHI CXOKECTU MOJIEKYI S
U IOPOTOBBIM 3HAYEHUEM CXOMKECTHU Syqps

— M3 Ka’KJ0r0 IOJIyYUBIIIETOCA KJIacTepa BbIOU-
parorcsa Ton K HanboJee pa3sHoo0pas3HbIX MOJEKY.T;

— Jlajiee KOHCTPYUPYETCsS OMHAPHBINA BEKTOD Ha-
rpan rewards ¢ eIMHUIIAMY TOJBKO B IO3UIIUAX BbI-
6paHHBIX Tonl K HamboJiee pa3HOOOPA3HBIX MOJIEKY.JI
UL KasKIOTo KJacTepa.

OcHoBHas ujes QYHKIUHU 3aKJIHOYAETCS B TOM,
yTOOBI Ha KaKAOM MTepalnuu o0yueHusa reHepaTopa
BOBHATPAKIATh €ro 3a TO, UTO OH 'eHepUpyeT PasHo-
o0pasHbIe MOJIEKYJIAPHbBIE CTPYKTYPbl. IHTYUTHUBHO
TMOHATHO, YTO €CJIU Pa3HOPOIHOCTH MOJIEKYJ BBICO-
Kas, TO TeHepaTop CMOJKeT ITOKPLIBATh OOJIbIIIee XU-
MUYECKOe IIPOCTPAHCTBO U OyIeT CIIoCOOeH reHepu-
POBATH «HOBBIE» MOJIEKYJIAPHBIE CTPYKTYPHI.

Mepa

Pe3yapTaThl 3KCIIePUMEHTAJIbHBIX
uccaegosanuit mogeaeir ATNC u ORGANIC

B kauecTBe HaOOpa TPEHUPOBOUHBIX 00PA3IIOB UC-
IOJI30BAJIOCH COOPAaHHOE BPYUYHYIO IIOAMHOYKECTBO
(zabop marubIXx CD) 3 15 000 1exapcTBeHHO-TIO06-
HBIX MOJIEKYJ, JOCTYHHBIX B Kojuekiuu ChemDiv
[24]. XuMmuuecKue cTaTUCTUYECKNE XapaKTePUCTH-
K1 Habopa maHubix CD MOXHO CyMMHUPOBATH CJie-
nyromum obpasom: 0,87 pasmHooOpasus, 644 yHWU-
KaJIbHBIX TeTepolukJaa, 193 xiaacrepa, 3035 omgu-
HOUHBIX ynces u 18,9 — cpenuuii pasmep KJjaacTepa.
B mabope manubix 11 690 MoIeKyT yIOBIETBOPAIOT
RO5. Kpome Toro, Toapko 21 coemuHeHHWe He MHPO-
IIIJI0O YCHEeIITHO Yepe3d (PpHILTPBI AJII MEeIUIIMHCKOI
XUMUU. BHYTpeHHee pasHooOpasue COoeInmHeHUH,
BKJIIOUEHHBLIX B STAJIOHHBIM HAOOp MAHHBIX, pac-
CUUTBLIBAJIY HA OCHOBE OTIIEYATKOB ITAJIbIEB PACIIH-
PEeHHOII CBA3UW C MCHOJIL30BAHMEM paccToaHus Ta-
HUMOTO.

ITockoapky ATNC paciiupseT 1 pa3BrUBaeT Iapa-
aurmy ORGANIC, To Bce TpoOBOAUMbBIE SKCIIEPUMEH-
Thl cpaBHUBAJUCL ¢ 0asoBoii mozaeabio ORGANIC.
YT06BI TPOBECTU 00BEKTUBHOE CpaBHEHM!E MOjeJel
ATNC u ORGANIC, Bce sxcriepuMeHThI BBITIOJIHS-
JIUCH C TIOUTHU TAKUMMU JKe TUIlepliapaMeTpaMu 1 Ha-
cTpoiikaMu. Bce sKCIepUMEHTHI OBLIN ITPOBENEHBI
ua NVIDIA Titan X Pascal ¢ 256 RAM.

Mogenu ATNC u ORGANIC 0blyiu TPOTECTUPO-
BaHBI Ha Habope mauubIX CD. B skcrnepumenTax uc-
TI0JIb30BAJINCh YeThIPE PA3JIUUHbIE ITeJIeBble 00BEKT-
HbIe PYHKIIUY BO3HATPAKIEHU.

1. Bayrpennee cxoznctso (IS). O6beKkTHAA QYHK-
s Harpagasl IS Obla paccuuTaHa CaegyIoIiuM 00-
pasomM. IS ObLiIa mJaHa MaTpHIla CXOACTBA AJIA Habopa
CTeHEPUPOBAHHBIX MOJIEKYJI, faJjiee OHA pacCMaTpu-
Bajia Ka'KIYI0 CreHEePUPOBAHHYIO MOJIEKYJIY U BBI-
YUCJIANIa CPeJHEE CXOACTBO MEKAY 9TON MOJIEKYJIOU
U APYTUMHU MOJIEKYJaMU. ITU yCPeIHEeHHbIe 3Haue-
HUA ITOH00MA 3aTE€M MCIIOJIb30BAJIUCH NJIA (hpopMUpo-
BaHUSA BEI[ECTBEHHOI'O BEKTOpPa BO3HATPAKICHUS
Habopa.

2. Ilpennaraemas 00 beKTHASA PYHKIIUA Harpaabl
IDC.

3. ®unbTp cxozacTaa ¢ gekapcrBamu Muegge (MU)
[25]. Korma moJieKysna ymoBJIETBOPsa OO0BEKTHOM
¢dyuxnuu Harpaasl MU, cooTBeTCTBYIOIMIUII OHUT
B BEKTOpE BO3HATPAKAEHUA OOHOBSAJICA 10 €IUHUIIEL.
Eciau kpurepuii MU He ObLI yI0BJIETBOPEH, OUT B BEK-
TOpe BO3HATPAKAEHUA YCTAHABINBAJICA B HOJIb.

4. Hasmmuwe uam oTcyTcTBHUE Sp3-00raThixX (hpar-
meHTOB (SP3). B aT0ii paboTe MBI HCIOJH30BATIU
150 pasnununsix SP3. Korma mosekysia mmesia B CBO-
eli CTPYKType II0 MeHbIIIeil Mepe OguH Sp3-60oraThlii
(bparMeHT, COOTBETCTBYIOIIUH OUT B BEKTOPE BO3HA-
rpaskaenusa SP3 ycraHaBauBaJjca B efuHuUIly. Ecau
9TOT KPUTEPUM He OBbIJ BBITIOJNHEH, OMT B BEKTOpE
BOSHATPaKAEHUs YCTAHABJIUBAJICS HA HOJb.

Hama ocHOBHas 3azaua 3aKJIOYaIach B OIEHKE
BIUAHUS YeThIPeX PA3JUUHBIX I[eJeBbIX (PYHKITUI
BO3HATpPaKIeHUs HA 00yUeHre MOJeJiel, a TaKKe Ha
CBOIiCTBa TeHEPUPYEMbIX MOJICKY.I.

CpaBHeHUe IIPOBOIUJIOCEH B TPU dTara. Bo-mepBbIx,
MBI MCCJIEOBAJU TIPOIEHT BAJUIHBIX U YHUKAJb-
HbIX cTpok SMILES, cremepupoBanubix ATNC- u
ORGANIC-mogenamu. IIpomeHTsl BaIUAHBIX CTPOK
SMILES BBIUHCASAINCH IO OTHOIIEHHUIO K OOIemMy
YHCJIy TeHEePUPYEMBIX MOJIeKYJI. Me:xay TeM IIpo-
IIeHTHl YHUKAJBHBIX cTpoK SMILES BhIumcaamucs
OTHOCHUTEJNbHO KOJUYECTBA [MOOMYCTUMBIX CTPOK
SMILES. Kaxgas us IByx Momesei Oblaa oOyueHa
C YeTHLIPbMSA O0BEKTHLIMU (QYHKIIUAMU Harpaabl.

PesysbTaThl 5TOr0 SKCIIEPUMEHTA TTOKAa3aHbI B TAa0-
aure. Cnemgyet oTMeTuTh, uTo ATNC renepupyer pas-
Hoe o01iee KosmuecTBo cTpok SMILES. 9To cBasaHO
¢ teMm, uto 610Kk AT gneficTByeT Kak (puibTp, BHIOU-
pas IMOAMHOKECTBO I'eHepHUPYeMbIX MOJIEKYJI. 3aTeM
9TO IMOAMHOYKECTBO 0OpabaThIBAeTCA U OIEHUBAETCSA

Ne4,2018 N\

VNH®OPMALIVIOHHO-YMPABASIIOLLIVE CUCTEMBI N\ 55



7/ NPOIMPAMMHBIE N AMNMMNAPATHBIE CPEACTBA /

cpemoii. Kak mpasuso, ATNC renepupyeT OGOJBITUI
IPOIEHT YHUKAJIbHBIX MoJeKy, ueM ORGANIC, za
HCKJIOUeHNeM cJjaydaeB, Korma mozaeab ORGANIC
WCII0JIb30BAJIaCh B COUETAHUY C OO BLEKTHLIMU (DYHK-
nuamu BodHarpaskaenus IDC u IS. Tak:ke crout or-
MeTUTh, uTo ATNC BBIABUI aHAJIOTUUHBIN IPOIEHT
BaaIuAgHbIX cTpok SMILES nis Bcex ueThIpex Iiejie-
BbIX (DYHKIIMI BO3HArpPaKIeHNs, B TO BpeMs Kak

y ORGANIC 0b1s1 3HAUUTETFHO MEHBIITUIN ITPOIEHT
meticTBuTenbHBIX cTpok SMILES mpu mcmosnbsoBa-
HUU C O0BeKTHBIMU (QDYHKIIMSIMU BO3HATPAKICHUS
IDCu IS.

Bo-BTOpBIX, MBI IIPOAHAJU3UPOBAJU CPEIHIOIO
IauHY BaaugHbiX cTpok SMILES, cremepupoBaHHBIX
IBYMs MOJEJAMU Ha KaKIoil smoxe. PesyabTarTsl
ATOTO aHaJMU3a IIPeCTaBJIeHbI HA puc. 2. [J1d yeThI-

B IIpoueHT BaaugHBIX U YHUKAIbHBIX cTpoK SMILES, renepupyemerx ATNC u ORGANIC, ¢ ucnoab3oBanueM Habopa

nagaepix CD

B Percentages of valid and unique SMILES strings generated by the ATNC and the ORGANIC models using the CD dataset

ATNC ORGANIC
KomnnuecTBo Mosexyn
IDC IS MU SP3 IDC IR MU SP3
Bamugueix, % 72 71 4 4 8 7 83 83
VHUKaIbHBIX, % 77 86 76 73 86 91 30 22
Bcero 157 986 101 652 176 342 156 605 | 1792000 | 1792000 | 1792000 | 1792000
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B Puc. 2. 3aBucuMOCTb cpefHell AIuHbI creHepupoBaHHbIX SMILES-cTpok oT smoxu 00yuyeHuss Moesieil: — — cpeaHsasd
nauaa crpok SMILES B CD-uabope
B Fig. 2. Dependence of average lengths of the generated SMILES strings on training epochs: — — means in the train-

ing dataset
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B Fig. 3. Distributions of the molecular descriptors calculated for the generated molecules

pex 00beKTHBIX QYHKIIUI BOZHATPAKJEHUSI MOJEb
ATNC gemoHCTpHPYET JAYUIIYIO cTA0UIbHOCTD. OHA
cmorvia remepupoBats ctpoku SMILES, gauaa KoTO-
PBIX ObLiIa 6IMB3KA K TEM, UTO ¥ TPEHUPOBOUHBIX MO-
aery. IToegenne momeau ORGANIC Ob110 MHBIM,
crporu SMILES, creHepupoBaHHBIE ITOCJIE HECKOJIb-
Kux smox RL, OblIM HaMHOrO MeHbIIIE TPEHUPO-
BOUYHBIX.

B-Tperbux, Mbl M3YUUWJU pacIpejesieHue AJIUH

crpoxk SMILES u pacnpezeienne HECKOJIbKUX KJIIO-
YeBBIX MOJIEKYJISAPHBIX JECKPHUITOPOB (UMCJIO aTo-
MOB, MOJEKYyJApHBIN Bec, logP [26] u TPSA [27])
IS CTeHEePUPOBAHHBIX MOJIEKYJ. Pe3ynbpraThl mO-
KasaHbl Ha puc. 3. MOXHO BUAETH, UTO MOJEKYJIHI,
reamepupyemble ATNC, cooTBeTCTBYIOT paciipezeJe-
HUAM MOJIEKYJI, WCIIOJB3YEeMbIX I OOyUeHUs II0

N\
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BCEM YeThIpeM O0'BbeKTHBIM (DYHKI[MSIM BO3HATDAMK-
meaud. C Ipyroil CTOPOHBI, MOJIEKYJIbI, TeHEPpUPYEe-
mble ORGANIC, He cMOIIM COXPAHUTH alpPUOPHBIE
pacmpezesneHns pedepeHCHBIX MOJIEKYJI.

PesynbraThl HATVIAIHO EMOHCTPUPYIOT BO3SMOMK-
"Hoctu Momenu ATNC mo cpaBmenmio ¢ ORGANIC
K TeHepamuu OOJBIIEro MPOIEHTa YHUKAJbHBIX,
CJIOJKHBIX U IOTEHI[MAJBHO HOBBIX MOJIEKYJISPHBIX
CTPYKTYP, COOTBETCTBYIOIIUX II0 pPacCIpeneeHu-
am pauH ctpok SMILES 1 KiitoueBBIM MOJIEKYJIAP-
HBIM [JECKPUIITOPAM TPEHUPOBOUHBLIM MOJIEKYJIaM.
ITU 0cOOEHHOCTU MMEIOT 0co0oe 3HAUeHUe B COBpPe-
MEHHO¥ KOHIIeNIINY AusaiiHa M paspaboTKU JieKap-
CTBEHHBIX IIPEIapaTos.

3akiaoueHue

Paspaborana HOBas apxuTeKTypa HEMPOHHOM ce-
™1 ATNC, ocHOBaHHAS Ha KOHIEIINAX KOHKYPEHT-
HOTO O0yUYeHUs 1 OO0YUeHUs C MOAKPEIIeHUueM s
reHepamuy MaJbIX OPraHUYECKUX MOJEKYJISPHBIX

cTpyKTyp. Taksxe paspaborarma HoBass OO0BeKTHAsS
¢dyurmua "Harpaasl IDC, KoTopas BosHarpakgaeT
reaepatop ATNC 3a remepamnuioo pasHOOOpPasHBIX
MOJIEKYJIAPHBIX CTPYKTYp. CpaBHUTENLHBIE 9KCIIE-
PUMEHTHI ObLIIV IPOBEJeHbI HA Habope maHHBIX CD,
cocrosrtieM u3 15 000 coequuenmii.

B pesysbTare ncciaeqoBaHUA MOKHO CieJIaTh CJie-
IYIOII[Vie BBIBOIBI:

— Outaromaps ucnosib3oBaHuio DNC B KauecTBe
remeparopa u AT-G/ioKa mpemyio:KeHHas MOJeJb
ATNC renepupyeT 60JbINTNH TPOIEHT YHUKAJIBHBIX 1
BaJUAHBIX CJIOKHBIX C TOUKY 3PEHUS AJIUHBI MOJIEKY-
JISIPHBIX CTPYKTYP, ueM 6asoBas moaenb ORGANIC;

— MoJeKyabl, creHepupoBanusie ATNC, co-
OTBETCTBYIOT ANPUOPHBIM pacIpeleeHusIM KJIo-
YeBBIX (PUBUKO-XUMUUYECKUX MOJIEKYJIIPHBIX [e-
CKPUIITOPOB TPEHUPOBOUHBIX MOJIEKYJI, YEr0 HEJIb3s
ckasatrb 00 ORGANIC;

— upenjoxkeHHaa Gpyurinus Harpansl IDC pa6o-
TaeT JIydIlle ¢ TOUKU 3PEHUs MIPOIEHTA BaJUIHBIX
MOJIEKYJIAPHBIX CTPYKTYP, ueM IS, 1 mosBoJiseT re-
HepupoBaTh 00JIee PasHO0Opa3HbIie MOJIEKYJIBI.
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Adversarial Threshold Neural Computer for Small Organic Molecular Structures

Putin E. 0.2, Post-Graduate Student, putin.evgeny@gmail.com
Shalyto A. A.2, Dr. Sc., Tech., Professor, orcid.org/0000-0002-2723-2077
aComputer Technologies Lab, ITMO University, 49, Kronverkskii Pr., 197101, Saint-Petersburg, Russian Federation

Introduction: A special place in the development of new drugs is computer modeling of potential drug candidates. At this stage, the molecular structure
of a drug is created and virtually validated. Molecular structures are created mostly by bioinformatics specialists and medical chemists. Therefore, the
process of creating and virtual testing of molecules is long and expensive. Purpose: Developing a model of a deep generative adversarial neural network
and its reinforcement environment for generating targeted small organic molecular structures with predetermined properties, as well as reward functions for
molecular diversity. Results: The developed deep neural network model called ATNC is based on the concepts of adversarial learning and reinforcement
learning. The model uses a recurrent neural network with external memory as a generator of molecular structures, and a special neural network block for
selecting the generated molecules before their real estimation by the environment. A new objective reward function of internal clustering by diversity is
proposed, which allows the model to generate more diverse chemistry. Comparative experiments have shown that the proposed ATNC model is better than its
closest competitor in terms of generating unique and more complex valid molecular structures. It has also been demonstrated that the the molecules generated
by ATNC match to the a priori distributions of the key molecular descriptors of the training molecules. Experiments were conducted on a large dataset of 15
000 drug-like molecular compounds collected manually from the ChemDiv collection. Practical relevance: The proposed model can be used as an intelligent
assistant in developing new drugs by medical chemists.
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MocraHoBKa npo6aemMbl: U3BECTHbIE METOAbLI aAAMTUBHOIMO YNPABAEHUS 3aLUMTON MHPOPMAaLIMOHHO-BbIYMCAUTEABHBIX CE-
T€i C NPUMEHEHUEM CreLMarbHbIX MEP 3aLUMUTbl B COBPEMEHHbIX YCAOBUSX HEAOCTATOYHO SPPEKTUBHBI, TaK KaK YUMTbIBaKOT
TOAbKO OAHY CTOPOHY MHGOPMALIMOHHOIO NPoTMBO6OPCTBA. LieAb: paspaboTka MeToaa aAanTUBHOIO ypaBAEHUS 3aLLUMTOMN MUH-
POPMAaLIMOHHO-BbIYUCAUTEABHbIX CETEN HA OCHOBE aHaAM3a AMHAMMKW AEHCTBUI HapyLLMTEAS. Pe3yAbTaTbl: TPEANOXEH METOA
aAanTUBHOIO yNpaBAEHMWS 3aLLUMTON MHPOPMALIMOHHO-BbIYUMCAUTEALHOM CETU HA OCHOBE MCMOAb30BaHUS PE3YALTATOB aHaAM3a
AMHAMUKN AGHCTBUI HaPYLLMTEAS], ONPEAGAEHUU CUTYALIMOHHbIX NapaMeTpoB B MpOoTMBOBOPCTBYoLLEl 06CTaHOBKE Mpu CTO-
XaCTUUYECKOM HEeonpeaeAeHHOCTH. MeTos BKAOUAET MOHUTOPUHI 0BCTaHOBKM, OMepaTnBHbIA KOHTPOAb MOCAEAOBATEAbLHOCTH
AEHCTBUI HaPYLLUTEAS, MOABAMPOBAHMWE CTPATErMU BO3ACHCTBUS HAPYLLMTEAS, MPOLIECC OMNPEAEAEHMS CUTYaLIMOHHbIX Napame-
TPOB C AOCTOBEPHLIM MPOrHO30M CTpaTerMm BTOPXKEHUIM. B npoLecce aHaAM3a aAMUHUCTPATOP CETU MOAYYAET MHGOPMALIMIO
0 MPUOPUTETHBIX LIEASX HAPYLLMUTEAS], MCIIOAB3YEMbIX MM CPEACTBAX M yA3BUMOCTSX CETU. ITO AAE€T BO3MOXHOCTb 0NepaTMBHO
MPUHATE MEPbI M0 MOBbILLIEHUIO 3aLUMLLEHHOCTU CETU 1 n3bexaTb ee KoMnpomeTaLmu. lpaKTMueckas 3HaYUMMOCTb: UCITOAb-
30BaHMe AAHHOIO MOAXOAA MO3BOASET MOAAEPXMUBATL PabOTOCNIOCOBHOCTb aBTOMATU3MPOBAHHbIX CUCTEM MEHEAKMEHTA Op-
raHu3aLUnmM MHTErPUPOBAHHOM CTPYKTYPbl C YUETOM MacluTabupoBaHUS Mpu MAaHUPOBAHUU U BHECEHWUU B HEE WU3MEHEHM
B YCAOBMSIX MHPOPMALIMOHHOIO MPOTMBOBOPCTBA Ha TPEBYEMOM ypOBHE NPU AMHAMUKE M3MEHEHMS MHOXECTBA yrpoa3.

KAroueBble cA0Ba — aBTOMAaTU3MPOBAHHAsA CUCTEMA, MEHEAXMEHT OpraH13aLmnm, MHTErpMpoBaHHas CTPYKTypa, MHGOP-
MaLMOHHO-BbIYNCAMTEAbHAS CETb, KOMMbKOTEPHbIE aTaku, 3aLunTa MHGOPMAaLIMK, OLLEHKa PUCKOB, KOHTENHEPHAs BUPTYaAU-
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Beemenmne

B cBA3M ¢ OBICTPHIM Pa3sBUTMEM KOMIBIOTEPHBIX
TEeXHOJIOTHI, B TOM umucJje cetu VHTepHeT, 00beau-
HAOIIe! Pa3HOPOAHBIE CETH, U IIEPEX0IOM K MH(DOP-
MaIlMOHHOMY O0O0IIecTBy mpobjeMa obecreueHUs
uHpopManonHoii 6ezomacHoctu (MB) m mocTpoe-
HUA aBTOMATHU3WPOBAHHBIX CUCTEM MEHEIKMEHTAa
OpraHms3anuy UHTEerPUPOBAHHON CTPYKTYPBI CTAJIa
oxHOIT m3 Hambosee akTyanabHBIX [1]. K cpegcrBam
3aIUThI B HACTOSIIee BpeMs IPeAbABIIAI0OTCA OoJiee
JKecTKue TpeboBanus [2, 3].

WsBecTHBI MeTOAbl obecneueHUsA HEOOXOAMMOTO
YPOBHSA BallUIIEHHOCTH PAa3JIMYHBLIX CHCTEM, Ha-
npumep, crnocob ynpasienusa B uHGopMaIimoHHO-
BeIuucaureabuoin cetu (MUBC) myrem peasmusamuu
JIOJKHO CEeTH Ha OCHOBE BBIIEJIEHHOT'O CEPBEPA C KOH-

TeliHEpHOU BUpTyanusaiuei [4, 5]. OgHako B aTOM
cayuae npu yupapiaeHuu VMBC He ucmosbayioTcs
TaHHBIE aHAJIN3a AUHAMUKU JeHCTBUM HapyIIUTE-
5. TaKkiKe U3BeCTEH CII0CO0 KOHTPOJIS YA3BUMOCTE
Ipyu MacIITabUPOBAHNY aBTOMATM3UPOBAHHBIX CU-
cTeM MeHeI)KMeHTa OpraHu3alud WHTEerPUpPOBAH-
HOI CTPYKTYPHI, KOTOPBI 3aKJIIOUYAETCS B TOM, UTO
yupasiienue VIB ocHOBaHO Ha BBIABJIEHUY YA3BUMO-
creit [6]. IlaHHBIN cmoco® sABIAETCS PEeaKTUBHBIM
U He YUYUTHIBAET PEe3YJIbTATOB aHAIMW3a AMHAMUKU
nericTBui HapymuTeiasd. C yueToM OBLICTPOTO pa3BH-
TUA CIIOCOOHOCTEH 3JIOYMBINIJIEHHUKOB MCIIOJIb30Ba-
HIe 3TOT0 MeToJa He 00eCIeUNT MOBLIIIEHNEe 3aII-
IIIEHHOCTH PaspabdaTbIBAeMbIX CHCTEM.

IIpu mccaenoBaHMM M3BECTHBIX CIOCOOOB 3aIIU-
1 UBC [7—10] HegocTaTouHOEe BHUMAaHMIE yIeJE€HO
aHAJIM3y MWHAMUKU NEUCTBUUA HAPYIIUTEJS, KOTO-
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pble BKJIOUAIOT CIIEHAPUY BHEITHUX ¥ BHYTPEHHUX
BTOP:KeHMIT. BosHUKaeT mpoTuBopeure MeRKAy ad-
(PeKTUBHBIMU HOBBIMU CPEACTBAMHU MH(OPMAI[OH-
HOT'O BTOP?KEHUS U CYITeCTBYIOIIUMU CIIoco0aMu 3a-
muTel UBC. IlosToMy 3amaua MOBBIIIIEHUS 3AIUTHI
MBC ot BTOp:KeHU CO CTOPOHBI HAPYIITUTEIeH AB-
JsIeTcA aKTyaJIbHOM.

Ienvo manHOW PAOOTHI ABJSAETCA MHOBBIIIEHUE
B NBC Ha ocHOBe MeTO[a, BKJIIOUAOIIEr0 aHaJan3
¥ IIPOT'HO3 AeUCTBUUA HAPYIINUTE .

PaspaboTka aaropurmMa aganTuBHOTO
ynpasJjenus samuroii UBC Ha ocHOBe
aHaAJIM3a TUHAMWKHU e CTBUI HAPYIINTEI S
M ero 9KCIIePUMEHTAJIbHOE TeCTHPOBAHNE

IIpencraBnsaerca apdextusHoit UBC, umeromas
TOIoJIOTHI0 «3Be3ma» (puc. 1) B cocTaBe: MeKCeTEBO-
T0 BKpaHa, CICTeMbI OOHApYyKeHusa Brop:xennit COB,
BBIJIEJIEHHOT'O CepBepa ¢ KOHTEHEePHON BUPTYyaIn3a-
nueit BC ¢ KB, nieHTpa 00pab0TKU JAHHBIX, KOMMY-
TaTopoB 1 OBM mosib3oBaTeseii. [[Jia pereHns 3agau
samuThl 1 MoHUTOpUHTa IBC HE06xX011MO0 He TOJIBKO
00HAPY’KUBATH U GJIOKUPOBATH JEMCTBUSA HAPYIITUTE-
Jieil, HO TaKJKe aHAJM3UPOBATh aTaKU U OTBJIEKATH

HapyHIuTeaei. 9TO JOCTUTAETCS IIyTeM 3aMaHWBas
HapyIIuTe el Ha JIoKHbIe MH()OPMAIIIOHHbBIE CUCTe-
MBI U cOopa mH(GOPMAIINU O TAKTUKE HAPYIIUTEJd,
ero maeHTU(PUKANUM W HehTpanmsanuu. Jyda coue-
TaHUA AOCTOBEPHOTO aHAJJIM3a U MPOTHO3UPOBAHUS
OVUHAMUKW JeNCTBUU IIPENJIOMKEHO aJalTUPOBATh
samuty BC u o6ecieunTh IMOBLIIIIEHIE OTIEPATUBHO-
CTHU OTCJIe;KUBAHUA (Pas Pa3BUTUA KPUSUCHBIX CUTY-
armuii. Ha ocHOBaHMM Pe3yIbTaTOB aHAIMN3A JeATe b
HOCTU HAPYIIIUTEJIA OIIPeJeaoTca caadble CTOPOHBI
cucTeMbl 3amuThl nHGopMatuu B UBC.

Pemtenme samaum 3akJjao4yaeTcsa B aHAJU3E IU-
HaMUKHU JefiCTBUII HApyIINTe s, o0paboTKe, ompe-
JeJIeHUUW YA3BUMOCTEHl CHCTEeMBbI 3aIllUThl WHMOP-
MaIluy TIPU WCTIOJb30BAHUU BBIJIEJIEHHOTO cepBepa
C KOHTEeHHEepPHOW BUPTyaJM3allvell, IMPOTrHO3MPOBa-
HUU BO3MOXKHBIX BTODYKEHUM, MPEJICTABICHUN JaH-
HBIX JIJIs1 BRIOOPA ONITUMAJIbHOTO PEIIeHUs 10 TOBbI-
meHuo BeposaTHocTu 3atuinerHoctu UBC ¢ yueTom
OIX0Ma, OMMCAHHOTO B pabore [4]. YuuTbiBaercs
IVHAMUUYECKUII XapaKTep MOIeaN HapyIIUTessd,
TIO9TOMY IPOIECCHI ITOMCKA U YCTPAHEHU YA3BUMO-
cTell B 3aIlluTe TaKiKe JUHAMUYECKU M3MEHAIOTCS
BO BPEMEHM.

Mudposoit moror (IIII), BXOgAIMIA M HCXOAA-
i u3 cetu VHTepHET, BHaUaje MPOXOAUT IIPEN-

J
/

Me:xcereBoit
9KpaH

F QR 4
: . . i
N N j
______ e
IlenTp
yIIpaBJIeHUS JlokanbHasa
UHOOPMAIMOHHOM BBIUUCIUTEJIbHAA
6e301IaCHOCTBIO ceThb MOJIb30BaTe el

B Puc. 1. CrpykTypa nHGOPMAIMOHHO-BEIUNCIUTEIbHON CeTr

B Fig. 1. Structure of the information network
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BapUTEJIbHYIO (GUIBTPAIINIO MEYKCETEBBIM 9KPAHOM,
mocJie uero mocrynaer B COB u amaausupyeTrcsa Ha
npeaMeT HaJWUYUA aTak. B ciyuae Korjga BHYTpeH-
HUH HapPYIIUTEJb MLITAETCA MOJYUYUTH HECAHKIINO-
HUPOBAHHBIN JOCTYI K MH(MOPMAIMOHHBIM pPECyp-
cam WMBC, mpoucxoauT aHaJIM3 3allPOCOB, U €CJU
KPpUTHYECKUIN mapaMeTp OOJbIlle JOIYCTHUMOT'O
ypoBHsd, To I mepeHanmpaBiasaeTcs Ha KOMIIOHEHTHI
JIOXKHON MH(MOPMAIITMOHHON CUCTEMBI. JIeruTuMHEBIE
3aIpPOCHI, YIOBJIETBOPSAIONIE TPEeOOBAHUAM IIOJIU-
TukK O6e3omacuoctTu COB, mepeHAIpaBIAIOTCS HaA KC-
TUHHBIE UH(popMaIrinoHHble cucTteMbl. Eciiu COB e
yIajaoch OOHAPYKUTH aTaky Ha CeTeBOM YPOBHE, HO
IpU 9TOM JeNCTBUA HAPYIIUTENS ObLIN BBHISABJICHBI
TocJie X peau3aliuy Ha OIpeAesIeHHBIX XOCTaX CU-
CTEMBI, OCYII[ECTBJIAETCA IIepeHalpaBJeHNe TIO0Ce-
nytortero III1 HapyinTens Ha KOMIIOHEHTHI BhIJe-
JIEHHOT'O CEpBepa C KOHTEMHEPHOU BUPTyaIUu3aIlueH.

CTpyKTypa Ipolecca MOHUTOPUHTA OOCTaHOB-
Ku (puc. 2) nokassrBaet, uto 111 mocrynaer B COB,
Jajee TPOUCXOOUT CKAHWPOBAHMWE II0 3aJaHHBIM
napamerpaMm. COB Bergenser us Bcero I[II ToabKo
TOT, KOTOPBIM MomajgaeT IMOJ OllpeaeieHHbIe KPUTe-
puu. 3aTeM IPOUCXOAUT BBIJEJeHWE IPU3HAKOB U
UX TaJbHEUINui aHaaus. AHAJINU3 OCYIIECTBIAETCS
3a CUeT yyKe UMeIouXcs 6a3 JaHHBbIX OIMMCAHUA 13-
BECTHBIX BUJOB yrpos. B cayuae coorBercTBua 1111
KPUTEPUSAM yTpPo3 IIPOU3BOAUTCS aHAJIU3 MOeJei
YyIpo3 W NMPUHUMAaETCA pPeIleHue Io crmocobam 3a-
mutsbl UBC. Korma He ymaeTcsa OZHO3HAYHO OIpe-
IenuTb, Kakoro poxa IIII, To on orcemBaercsa (6J10-
KHUpyeTcsA) M IepeHalpaBiAeTCs Ha pPas3BePHYTYIO
BUPTYAJbHYIO CE€Th, U AaJiee 3aIllPOChl TAKOTO Poaa
aHAJIUBUPYIOTCS, B pe3yJbTaTe IPUHUMAIOTCA MePhI
IO paspelleHnio Ui 3aIpeTy gocrymna. [lanee mpo-
M3BOLUTCSI OOHOBJIeHNE 0a3 JaHHBIX ¢ JoOaBJIEHHEM
HOBBIX BUJOB YI'PO3 C YUETOM O0HAPYKEeHHBIX MWHITH-
JIEHTOB.

Anroputm dyurnmonupoBanua VMIBC Briiouaer
B ce0d ABa mapaJiyiesIbHBIX IIpoiecca (puc 3).

\ SALLVTA HDOPMALIN \

IlepBBIii mpoIlecc IIpeacTaBIAeT CO0OH TecTu-
poBanue VMIBC u BbIsBJIeHUE ysI3BUMOCTeH. J[laHHOE
JIelicTBUE MIPEACTABJIEHO B cTaThe [6] 1 peasinm3oBaHO
B pabore [9]. Bropoit mpoiecc mpeacTaBiasgeT coboi
anayims I1II ¢ BeIABIIEHUEM aHOMAJIUHA U IIOCIENYIO-
M aHAJU30M TUHAMUKY OeHCTBUN HAPYIIUTEJI.
3aaya IeTaJbHOTO aHAJIN3a KOPPeIAIuN JefiCTBUH
HaAPYIINTEsI HeoOOX0oaMa AJIsI BRISBJICHUSA UX apa-
METPOB, UTO IIO3BOJIUT ONPENENUTH d3(PPEKTUBHOCTH
MIPUMEHEHUs Mep 3alllUThl Ha PasJIUYHBLIX dTalax.
Ilo pesynabraTaM CTPOUTCA IIPOTHO3HASA MOJEIh
yI'pO3 U BBIOMpAOTCA cpeacTBa 3amuTs [11].

OGOOIIEeHHBIN AJTOPUTM aHAJIM3a AEeNCTBUI HAa-
PYILIUTENS AJIA JaHHOTO BUAa aTaK MOYKHO OIIMCAaTh
puc. 4.

B cooTBeTCcTBUY € TEM, OOHAPYIKEHBI JIU aTaKU Ha
TPAaHUYHOM XOCT€ UJIU HET, UX MOYKHO PasAenTh Ha
nBa Tuna [12-20]: obHapy:xuBaeMble U He 00HAPY-
JKUBaeMble aTaKu.

ATaxku mepBOil TPyNNbl OJOKUPYIOTCA TPaHUY-
HBIM XOCTOM, He JocTuras pabouux cepBepoB. IIpu
obHapys:keHHUn Takoro poga arak COB moyxHa mus-
MEHATH CBOIO KOH(DUTYypAIUIO, UTOOHI ITOCJIeIYIOIIIe
IefiCTBUS HAPYIIIUTES IepeHaIPaBIIAINCh HA JIOMK-
Hble MH(pOPMAIIMOHHBIE ccTeMbl. K aTakam BTOpO-
ro BUJa OTHOCAT aTaKH’, IapaMeTpPhl KOTOPBIX He-
M3BECTHBI, aTAKU BHYTPEHHUX HAPYIIUTEJell uepes
TepMUHAJBI IToJb3oBaTesell. B Takom ciayuae mei-
CTBUS HAPYIIIUTEJSI BO3MOKHO BBIABUTD ITPY aHAJIHU-
3e 00IIero 'KypHaja PerucTpamuu coObITHM (c006-
MIeHUI OT CUCTEMBI KOHTPOJISA IIEJIOCTHOCTH (paiijioB;
usMeHeHUit HacTpoek ycrpoiicte B MIBC). B xome
BBISIBJIEHUSA B ;KYPHAJIE PETUCTPAIINY 9TUX COOBITHH
IeACTBUS HAPYIIUTEISA OJOKUPYIOTCS C OIMMOBEIeHH-
eM agMuHUCTpaTopa. Ha puc. 5 nusobpasken rpad co-
ObITHUII IeMCTBUH HAPYIINUTEA.

B kauecTBe 01HOI 13 BOBMOXKHBIX MOJEJIEN TTPE-
JlaraeTcs MIPeJCTaBIATh AefICTBUS HAPYIIIUTEIS KaK
CUCTEMY C IIEPEMEHHOU CTPYKTYpPOI, ITOBeIeHNE KO-
TOPOH Ha CAYUYAHHBIX WHTEPBAJaX BPpeMeHU Xapak-

ITapameTpsl IIpusnaku Mopenu
nu(poBoit
Hudp O6paboTka
IIOTOK
Brigenenue Bripenenue R IPU3HAKOB Amnanus
—’ » [y
mapaMeTpoB IIPU3HAKOB U IOCTPOEHUA Mojeen
COOBITH I
A
A
HauHBIE
0 peaiusaluu yrpos
Baza manHbIX v
SazaHHEIe 00HapPYKEeHHBIX
apaMeTpsl IIpennosxenus
paHee yrpos IJIST OPUHATUS
peleHu

B Puc. 2. CrpyKTypa nmpoliecca MOHUTOPUHIa 00CTaHOBKU
B Fig. 2. Structure of the process of monitoring the situation
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B Puc. 3. O6001eHHBIN anropuT™m QpyHKInoHuposanuda UBC
B Fig. 3. Generalized algorithm for the operation of information network
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COOBITHI

KouTpoias
nerucTBUMR

HAPYIIUTEIS |«

3aIUThI
B 3a0JTy K AeHTe

BroiaBaeHMe HCTOUYHUKA
yrpos, TpacCupoBKa U
uAeHTUPUKAIIAA
HaPYIIUTENI

v

OGuapy keHue
aTaku

B Puc. 4. O01uii aITOPUTM aHAIN3A TeHCTBUNA HAPYIITUTEIS
B Fig. 4. General algorithm for analyzing the actions of the intruder
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B Puc. 5. 'pad coObITUi HeiicTBU HAPYIIIUTEJIS

B Fig.5. The graph of events of the actions of the intruder

TepUsyeTcs PasIUYHBIMU CTPYKTYPaMU U OUCHIBA-
eTcs BepoATHOCTHRIMY 3aKoHamu [21, 22]. IIpu sTom
epexof OMHOM CTPYKTYPhI B APYT'YIO IIPOUCXOIUT
B CAyYaWHBIE MOMEHT BPEMEHU B 3aBUCUMOCTHU OT
TEKYIIUX (PA30BBIX KOOPAMHAT CHUCTEMbI, KOTOPbIE
obosHaueHsb!I H;.

Onucanusa KasKaIoro coOBITUS U3 rpada Ha puc.
mpeacTaBJaeHbI B Ta0. 1.

s pasnesieHusa BO3SMOYKHBIX CIIEHAPUEB Pa3BU-
TUA COOBITUI MBI OY/I€M HCIIOJIb30BATDh CXEMY «Jepe-
Ba BeposTHOCTeii». Kaxxgas BeTBb IIpeACcTaBJIsIET CO-
0oi1 oTHeLHBIN clieHapuil passuTtusd [23]. Ha puc. 5
IPEeICTaBJIEHbI CEeMb Iy TeH AJIS PeaIu3alluy YIPos3hl
XUIEeHUA THHOPMAIINY 1 0TKa3a B 00CTYKMBAHU:

Sy1=1{S1, Sa1, S31, S415 S51, X}
Sy2=1{S1, Sa1, S31, S42, X};
Sy3={S1, Sa1, S31, S43, X};

Sy4={S1, Sa1, S31, S43, S52, X};
Sy5=1{S1> S22, S41> S51, X};

S ={S1, Saz, S32, S44> S53, Se> Z};
Sz2={S1, Sa3, S32, S44, S53, S¢, Z}.

OnpegenuM Koa(hPUIIMEHTHI pealn3yeMOCTH CO-
ObITHi (9/1eMeHTOB rpada) A YCTaHOBJIEHUA AUHA-
MUKW JeUCTBUHN HapPYIINUTEJs, BOCIIOJIb30BaBIINUCH
MEeTOAUKOM, IpeAcTaBJIeHHOU B padoTe [24].

B manHOII MeTOAMKe HCXOOHASA 3aIlUIIEeHHOCTH
oIpesesigeTcss M0 PAaHKMPOBAHUIO B 3aBUCHUMOCTU
OT CyMMGBI IPeAbABIASIEMBIX KPUTEPUEB:

0 — 11 BBICOKOM CTEIleHU MCXOMHOU 3aIUINeH-
HOCTH;

B Tabruya 1. Onucanue coGbITUIl NeHCTBUN HapyIIn-
TeJIst

B Table 1. Description of events of the actions of the
intruder

CoObiTHIE Onucaune

S Bamuinienroe cocrosauue UBC (6es geiicTBui
0 HaPYIIUTE )

S Hauauo geficTBuit Hapymureas

S HNsmepenne xapaxkTepuctuk UBC myTem
21 BHenpeHusa cuud@epa

S TectupoBanme cocroauusa UBC myrem
22 aHaJIN3a 3aIIPOCOB

Ss3 AHanus «dX0-3aIIPOCOB»

S31 Amnanmus ucxogAaiero Mu@pPoBoOro mMoToka

S3a BrisgBiieHne XocTOB

S41 Brisasierue napoJteit

Sya HemudpoBanue nHGOpMaIUU

S HecaukiuonupoBaHHOE UCIIOJIb30BaAHMIE
43 aBTOopu3oBaHHOTO IP-anpeca B ceTu

Sy4 CkaHUpOBaHYE IIOPTOB

S5t Ilogmena mosb30BaTeNIA B ceTH

S W3meneHue 11eJI0CTHOCTH, JOCTYITHOCTU 1
52 KOH(PUAEeHIINAJIbHOCTU NH(pOopMauU

Ss3 AHaus XxapaKTepUCTUK IPUTIOKEHUN

Se OcyectBiaernue DDoS-artak

X Peanusanus yrpossl xuiiieHuA HOOPMAIIUT

Z Peanusanusa oTkasa B 00CTyKUBaHUNA
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5 — /s cpemgHeN CTemeHU MCXOMHON 3alllUIeH-
HOCTH;

10 — g1 HMBKOM CTeIlleH! MCXOMHOU 3aIlluIleH-
HOCTH.

A s onpenesneHus Koa(GuIlmeHTa peaansanuu
YT'PO3BI MCHOJIB3YIOT CIAEAYIOIIVE ITKAJIbl PAHKUPO-
BaHUA:

0 — 1151 MaJIOBEPOSITHON peans3aluu YIPO3bl;

2 — 1A HU3KON BEPOATHOCTU PeaU3aluu yI-
pO3BI;

5 — A cpemHeill BePOSATHOCTH peaA3aIlUN
YI'DOBEI;

10 — s BBICOKOM BEPOATHOCTU Pean3aIuu
YI'DO3HL.

Taxkoit Tun paH;XUPOBAHUSA He IOAXOIUT AJIsI 00-
Jiee TOUHOI'O MOJYUYEeHUSA pe3yjabTaTa, H09TOMY IIPU
OIleHKEe WCXOIHOM B3aIUINeHHOCTU U OIpeleeHNN
Koo (puImeHTa peanmsanuy yrpo3bl BOCIOJIb3YyEM-
cA TecATUOAIBHON IIKAJIOH C efUHUYHBIMU Jieje-
HUAMU:

Y +Ye
G- 1+2,

20 0

rae Y, — Ko9(hPUIIMEeHT NCXOLHON 3aIUIIeHHOCTH;
Y, — KoaddunueHT peanusanuu yrpossl.

Bpemsa mepexoma u3 OJHOTO COOBITUS B APYyroe
3aBUCUT OT KO3(PUIIMEHTA Peasu3yeMOCTH COOBI-
TUA:

T; = Tmaxj — G xTyex ij» 2)
rie Tax j — MaKCUMaJIbHOE BPEMs Pealnsanuu j-To
coObITus (Th,x j = 24 4); G; — Koo dHULIMEHT peasin-
syemoctu S;T0 co0bITusd; 0 < G;< 15 Ty ;j — UCXOA-
HOe BpeMs Ilepexofia U3 i-TO COOBITHUS B j-€ COOBITHE
(Tyex ij 0T O 1o 24 1),

IIpumenssa momxon, OMMCAHHBIN B pabore [25],
COCTaBJIAEM IMPOU3BOAAINYI0 (PYHKIIHUIO OJd rpada
Ha puc. b Ha mpuMepe TyTH S,q:

Hy, =Hy 1 xHy 91 xHgq_31 %
x Hg1_ 41 xHy151 X Hy1 3

rme H y = Py ~xTy » & P, — BepOATHOCTD Iepexoa u3
OZJHOTO COCTOAHUA B ipyroe; Ty — BpeMs, HeoOXoxn-
Moe IJiA Tepexoja W3 OAHOTO COCTOAHUSA B APYTOE;
X — BecoBot Koa(dduriuenT (ot 0 7o 1).

BepoaTHOCTs, peasmsamuu  yrposbl, COIVIACHO
rpady, paa nyTu S, OIpesfeideTcs B BULe

Pyry =Hyp(x=1)=Py_1 xPy_g1 x Poy_31 %
x P31_41 % Py1-51 % P51_y- 4@

BepoAaTHOCTE 3alTUIIEHHOCTH OIPENEIAETCS II0
dopmyne

Py =1-Pypp. 5)

ITo meromuKe, mpemcTaBiieHHON B pabore [24],
u popmysnam (1)—(5) paccumMTHIBAIOTCA BpeMA U Be-
POATHOCTD II€pexoja U3 OJHOI'0 COOBITHS B JpPYTroe,
IIpeJcTaBJIeHHBIE B Ta0J. 2.

"3 rpaduka 3aBUCUMOCTH 3aIITUAIITEHHOCTH OT Be-
POATHOCTU HauaJja AercTBuil Hapymureas (puc. 6)
BUJHO, UTO Ja’Ke IIPU MaJIOH BEPOATHOCTH Hadaja
Jeticteuil Hapymmurensa Py 1 =0,4 BEpOATHOCTH 3a-
muIeHHOCTH Py, OyfeT HU)Ke TpeOOBaHUY ypOB-
Ha 0,95. Tem cambIM peasusanusa yrposbl IO OYTH
S,o Oymer Hambojee BEepOATHON M IPUBJIEKATEJH-
HOM C TOUKU 3PEHUs HAPYIIUTEJsd, IT09TOMY aaMU-
HUCTpaTOPy 0e30IIacHOCTU HEOOXOAMMO YCTPAHUTH
«Oper» B 3aIlUTe, KOTOPhIEe IPUBEAYT K peausa-
IUU yIposbl XUIeHuA WHGOPMAIUU IO IyTu S,.
JaHHBIA METO ITO3BOJIAET PACCTABUTH IIPUOPUTETHI
IIPY OPTaHMUBAIINY 3AIUTHI NH(GOPMAIUH.

3aBUCUMOCTDL BEPOATHOCTY pPeaIU3aIU yIPO3bI
u BeposaTHocTu 3amuinenHoctu MBC ot BpemeHuU
IS peajn3aliiy MeToa afalTUBHOTO YIPAaBJIeHUA
samuroit UBC Ha ocHOBe aHajamsa TUHAMUKHU OeH-
CTBUI HapyIIUTeJd IIOKa3aHa Ha puc. 7, rae S,g —
TIOCJIEIOBATENLHOCTh NEUCTBUI HAPYIIUTENSd IJIA
peasnusanuu yrpossl X; P, — yposers IB UBC; ¢4,
ty, t3, t4 — Bpems; S, ; — rpaduK 3aBUCUMOCTH 3a-
muierHoctTy VBC oT BepoATHOCTH peai3amnuu
YTPO3bI; S,9; — 3aBUCUMOCTbH JeWCTBUU HAPYIIUTe-
JIST OT IPUHSATHIX MeP 3aIUTHI.

B npomMe:KyTOK BpeMeHU f; IPOUCXOIUT BHEADE-
Hue cHu(@epa. B MoMeHT BpeMeHU {5 IPOUCXOTUT
obuapy:kernue COB maHHOTO BO3AENCTBUSA, IIPUA 9TOM
YPOBEHBb 3aIlUINEeHHOCTH IajaeT. B maapHeNIeM
IIPOUCXOAUT IIOCTPOEHNE MOIeIU yIPo3. 3aTeM IIPu-
HUMAIOTCSA MePBI 10 HeHTPaJIU3aIluK YTPO3bl, KOTO-
pasa Oblia o0Hapy:KeHa C IPUHATHEM aKTyaJbHBIX
Mep 3amuThl 00bekToB BC, KoTophie OyayT aTako-
BaHBI HAPYIIINUTEJIEM B OJIMKaliIIIee BpeMsA COTJIACHO
rpady aeficTBUII HAPYIIIUTEJI.

Ilocsie npuHATNA B MOMEHT 4 Mep 3aIJUTHI pe-
aams3alus CJIeAYIOIIero BO3AeNCTBUS HAPYIITUTEIA
S31 y:Ke HEBOBMOKHA B CHJIY CHU)KEHUSA BEPOATHO-
CTU peai3alluy YIPo3bl MO0 HYJsA, 3aIUIIEeHHOCTh
BepHeTCS Ha YPOBeHD 95 %.

IIpomecc mpoOaKTUBHOTO OOHAPYIKEHUA BTOPIKE-
HUIl OCHOBBIBAETCsS HA IIPEBEHTHBHOM aHaJu3e 3a-
IIPOCOB U YIOBJIETBOPEHUU UX KPUTEPUAM, ITPU STOM
CpaBHEHUE NPOU3BOAUTCA HE TOJBKO II0 WJeaib-
HBIM MOJEJISIM U KPUTEPUAM PaHee O0HAPYKEHHBIX
YI'POo3, HO TaKKe U IIPU IOMOIIY IIOCTPOEHUA Iy Te
peanusanuy yrposbl, IIO3BOJISIOIIUX OIIPEAeIUTh
IUHAMUKY JeHCTBUI HAPYIITUTEIA.

Ha ocHOBe MeTonMKM, U3JI0KEHHOU B pabore [4],
B Ta0J. 3 IpUBEAEHbI Pe3yJIbTaThl pacueTa BpeMeHNt
peanusanuy yrpos3bl XuileHusa uHpopmanuu X 1m0
nytu P,, IIOJIy4YeHHbIE MeTOZAMY! aTAITUBHOTO U
TPaAUIMOHHOrO0 yupaByaenus 3amuToit IBC.

IIpu wcmoIb30BAaHUM aNAITHBHOIO METOJa 3a-
mutel UBC Hapymuresns morpatuT Ha 7 % 060JbIie

66 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI

7/ N°4,2018



\ SALLVTA HDOPMALIN \

B Tab6ruya 2. BpeMsa U BEPOATHOCTH IIePeX0fa U3 OJHOTO COOBITUS B [PYTOe
B Table 2. Time and probability of transition from one event to another

CoObITHS Sl S21 S31 S41 S51 X
s Bpems nepexona o,u;ozo COOBITUS B Ipyroe 14,4 12,48 12,77 13,79 11,6 18,2
le
BeposaTraocTs Iepexona u3 0JHOTO 0.4 0,48 0,47 0,43 0,52 0,24
COCTOAHUA B IPyToe
CO6BITI/IH Sl S21 S31 S42 X
Tyt Bpewmsa nepexona 0;[;11020 COOBITUS B IPyTroe 14,4 12,48 12,77 16,34 15.8
sz
BeposaTHocTh Iepexofa 13 0JJHOTO 0.4 0,48 0,47 0,32 0,34
COCTOSHUSA B IPyTroe
CO6])ITI/I§I S]_ SZl S3l S43 X
Myzs Bpewmsa nepexona o,u;ozo CcOOBITUSA B IPyTroe 14,4 12,48 12,77 17,62 15,19
Sx3
BeposaTHocTh Iepexona 13 0JHOTO 0.4 0,48 0,47 0,27 0,37
COCTOAHUA B IPyToe
CoOnITuda Sl SZI S31 S43 S52 X
Tyt Bpewmsa nepexona 0111;020 COOBITUS B IPyroe 14,4 12,48 12,77 17,62 15,19 16,41
Sx4
BeposarHocTs nnepexoga us ogHOr0O 0.4 0,48 0,47 0,27 0,37 0,32
COCTOSTHUSA B APYTOE
CO6I)ITI/I§I Sl S22 S41 S51 X
TIyTs Bpewmsa nepexona OHI;*OI;O COOBITUS B IPyTroe 14,4 12,48 14,02 11,39 18,31
Sx5 ’
BeposaTHoCcTh IEpEX0Aa 3 OJJHOTO 0.4 0,48 0,42 0,52 0,24
COCTOSAHUA B IPyToe
CoOvITuda Sl SZI S32 S44 P53 PG Z
Iys Bpems nepexona 0“}7‘,020 COOMITHA B APYTOC | 44 4 | 1704 | 16,82 | 8,86 | 16,03 | 11,18 | 16,73
Szl
BeposaTHocTh Iepexosa 13 0JJHOTO 0.4 0,54 0.3 0,63 0,33 0,53 0.3
COCTOSHUSA B IPyToe
CO6LITI/IH Sl S23 832 S44 S53 SG 7Z
I e onporo COOBITHA B ADYTOC | 4 4 | 1464 | 14,48 | 10,97 | 14,13 | 12,69 | 15,75
S22
BeposaTrHocTs nnepexoga us ogHOr0O 0.4 0,39 0.4 0,54 0,41 0,47 0,44
COCTOSTHUSA B APYTO€
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B Puc. 6. 3aBuCUMOCTb OKA3aTeJ A 3alUIIEeHHOCTH P, OT BEPOATHOCTHY HavaJja AeHCTBUI HAPY-

mrend Py
B Fig.6. Dependencies of probability of realization of threats P, from probability of transition
from one state to another Py
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B Puc. 7. 3aBUCUMOCTY BEPOSATHOCTH Peaau3aliiyl yrpo3bl U BepoATHOCTH 3amuiienHoctu UBC oT BpeMeHu Ipu peasinsa-
MY MEeTO/a afalTUBHOIO YIIPABICHUS 3AIUTON C aHAJIN30M AUHAMUKY JeNCTBUM HAPYIIIUTEIIS

B Fig.7.Dependence of the probability of the threat realization and the probability of the ITT’s protection against time
for implementing the method of adaptive management of the IVS defense based on the analysis of the dynamics of the
violator’s actions
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B Tab6ruya 3. CpaBHeHUE IPEJIaraeMoro 1 TPaJUuIIHOH-
HOro MeTo0B 3arutsl MBC

B Table 3. Comparison of proposed and traditional
methods of protection of information network

) Bpewms nepexozga
Koadunuent peamusy U3 OJJHOTO COOBITHUS
€MOCTHU COOBITUSA IIPU
B IPyTOE, 4, IIPU METOe
Metrone yHRaBHeHHH yIIpaBJIEHUSA 3aI[UTOMN
Cob6biTHE samquroit UBC HBC
aganTuB- TpaguIu- aganTuB- TpaguIu-
HOM OHHOM HOM OHHOM
S 0,8 0,8 14,4 14,4
So1 0,8 0,9 12,48 11,04
Ss31 0,9 0,9 12,77 14,06
Sy 0,8 0,8 13,79 12,75
Ss1 0,9 0,9 11,6 12,52
X 0,5 0,9 18,2 12,73
Bpewms peanusanuu yrpossl 82,64 77,5

BPEMEHU Ha Peasin3aliio yIPO3bl XUIeHUs UHPOP-
MaIu#, YeM IIPU MCIOJb30BAHUU TPAJUIIMOHHOTO
MeToja yupaieHusda samuroit UBC, uro u aBiderca
TIIOJIOXKUTENbHBIM 3 (PeKTOM IIpeaiaraeMoro MeToaa
samutsl TBC.

3akJroueHne

Paspaboran wmeros aJanTUBHOTO YIIPaBJIEHUS
samuroir BC aBTroMaTu3upoBaHHOW CHUCTEMBI Me-
HeKMeHTa OpraHu3aluy NHTETPUPOBAHHON CTPYK-
TYpbl, OTJWYAIONIUIICA OT M3BECTHBIX TEM, UYTO
MPEIJIOMKEHO IPUMEHATH PEe3yJIbTaThl IIPEBEHTUB-

\ SALLVTA HDOPMALIN \

HOTO aHaIM3a AUHAMHUKUN JeHCTBUII HAPYIIUTEJ.
JlaHHBI# MeTO BKJIIOUYaeT MOHUTOPUHT 00CTaHOBKH,
OIlePaTUBHBIN KOHTPOJIb, PACIO3HABAHME IOCJIENO-
BaTEJIbHOCTHU NeWCTBUI HAPYIIIUTEJSA, MOJEJINPOBA-
HUe CTPaTeruu BO3AeHCTBUS HAPYIIUTEJ A, IIPOILECC
ompeneIeHnsT CUTYAI[MOHHBIX ITapaMeTpPOB BO B3a-
UMHOI IPOTHMBOOOPCTBYIOIIE 06CTaHOBKE C JOCTO-
BE€PHBIM IPOTHO30M CTPATETUU BTOPKEHUM.

IIpencraBieH aaropuTM KOHTPOJISA CUTYAI[MOHHBIX
mapaMeTPOB IIPU CTOXACTUUECKON HEOIIPeIeJIeHHOCTH.
IIpenmo:xena apxurektypa npororuria IBC, a Tak:ke
CIIEHAPUU SKCIIEPUMEHTOB, ITPOBOJUMBIX C IIPOTOTH-
moM. PaccMOTpEHBI TEKyIIlee COCTOSHUE W IIPOIeNy-
pa aHaJaM3a IUHAMUKU AeMCTBUII HAPYIIUTES. OTOT
TIOZXO0/T BOSMOYKHO PeaIn30BaTh HA TPOIPAMMHOIL 9MY-
JAIAY KOMIOHEHTOB MH(POPMAIIMOHHON CCTEMBI BBe-
JIeHUA HAPYIITUTEJA B 3a0JTy K IeHTe:

1) cermeHTa ceTu — Te IPOU3BOLUTCS IMYJIUPO-
BaHMe paboThI BBIJIEJIEHHOI'O CepBEpa ¢ KOHTeiHep-
HOU BUpTyaausdamnuei (QyoJauKar cetu ¢ paboumMu
cepBepaMm);

2) nyonukara xocta pabouymx cepBepoB (XOCT-
IpUMaHKa);

3) ny6JIMKaTa CepBUCOB U HPUJIOKEHUN — IIPOo-
rpaMM, KOTOpbIe KOITUPYIOT PaboTy CePBUCOB U IIPU-
JIOKEeHUH.

Vuopasienne mpeBeHTuBHOU samuroii MBC ma
OCHOBE Pe3yJIbTaTOB aHAJIM3a JUHAMHUKU HeHCTBUI
HapYIIUTEJNA BeleT aJMUHUCTPATOP 0€30IacHOCTH.
BrimeneHHBIN cepBep ¢ KOHTEHHEPHON BUPTyaJ3a-
nueii 1 COB MoryT nmoaaep:KuBaTbCA CTAHIAPTHBIMUI
OIIePAIIMOHHBIMU CHUCTEMAaMM, BKJIIOUYATHCA KaK J0-
TIOJTHUTEJbHBIE CPEACTBAa B AEUCTBYIOIIVE CUCTEMBI
06e30I1aCHOCTH, TTOBBIIIIAA BEPOATHOCTD 3aIITUIIIEHHO-
ctu UBC.

IIpuBenmeHbl SKCIIEPUMEHTAJNBHBIE PE3YJIbTATHI
AHAJUTUYECKOTO MOJAEJUPOBAHUA, KOTOpPbIE IOKAa-
3aJi, YTO IIPEAJIOKEHHBIN IT0OAX0Hd obecIiieunBaeT
TpeGyeMbIil YPOBEHDb JOCTOBEPHOCTH ITPUHUMAEMbBIX
pellieHunii, YTo MO3BOJISAET IIOBLICUTH BEPOATHOCTHO-
BpeMeHHbIe XxapakTepucTuku padorsr UBC.
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YBaskaeMbie aBTOPBI!

IIpu noAroTOBKE PYKOMUCEH cTaTeil HEOGX0IMMO PYKOBOICTBOBATHCS CIEYIOUMINMYU PEKOMEHIAUIMM.

CraThbu JOJIKHBI COZEPIKATh M3JIOJKEHNE HOBBIX HayYHBIX pe3yJsbTaToB. HasBaHue cTaThbu JOJKHO OBITh KPATKUM, HO NHGOPMATUB-
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mpobenamMu 3HaAKU: + = —.
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Ha3HAYeHHBbIMU AJIA U3TOTOBJIEHUA OPUTMHAJI-MaKeTa XXypHaJa.

IIpu Habope CUMBOJIOB B TEKCTEe IIOMHUTE, UTO CUMBOJIbI, 0003HAUAEMble JATUHCKUMU OYKBaMu, HAOUPAIOTCS CBETJIBIM KYDPCUBOM,
PYCCKMMU U I'PEYECKUMU — CBETJIBIM IIPSAMBIM, BEKTOPBI ¥ MATPUIBI — IPSIMBIM IIOJIYKUPHBIM IIPUGTOM.

HiumrocTpanuy mpegoCTaBIAIOTCS OTAeIbHBIMU NCXOAHBIMY (haiiiaMu, ITOAJAIOIINMUCS PeJaKTUPOBAHUIO:
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Introduction: Suboptimal random coding exponent EX(R; y) for a wide class of finite-state channel models using a
mismatched decoding function w was obtained and presented in the first part of this work. We used y function represented
as a product of a posteriori probabilities of non-overlapped input subblocks of length 2B+1 relative to the overlapped output
subblocks of length 2W+1. It has been shown that the computation of function EX(R; @) is reduced to the calculation of the
largest eigenvalue of a square non-negative matrix of an order depending on the B and W values. Purpose: To illustrate the
approach developed in the first part of this study with its application to various channel modelled as a probabilistic finite-
state machine. Results: We consider channels with state transitions not depending on the input symbol (channels with
freely evolving states), and channels with deterministic state transitions, in particular, intersymbol interference channels.
We present and discuss numerical results of calculating this random coding exponent in a full range of code rates for some
of channel models for which similar results were not obtained before. Practical computations were carried out for relatively
small values of B and W. Nevertheless, even for small values of these parameters a good correspondence with some known
results for optimal decoding was shown.
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Introduction

This paper is the second part of the work, the
first part of which is published earlier [1]. In the
previous part, a random coding bound is presented
for a wide class of channels with memory, including
those for which this bound could not be managed
to obtain. The basic idea is to apply a suboptimal
decoding rule that is different from the maximum
likelihood (ML) decoding. In this part, we give nu-
merical examples of the application of this bounda-
ry and their discussion.

For the connectedness of the exposition, we give
the definitions and the main result of the previous
part of the paper. Let py‘x(y|x) be transition proba-
bility of the discrete-time channel; for the continu-
ous-output channel it is instead a probability densi-
ty function (p. d. f.); x € X%, where X be a discrete
input channel alphabet and g,=| X | < o0; y € YV,
where Y is the channel output alphabet, | Y| = ¢ and
N is the length of a block code.

To indicate a segment of an arbitrary vector z
we use the notation zZ = (zmax(La) - (max(la)+l)
.., 2Ly Cwhere I is length of the vector z.

For subvectors, or segments of vectors, x and y the
notation x and y is used. The difference between them
is noted due to the use of ordinary and sans serif font.

The decoding rule is given as
X =argmax, y(y; x),

where y(y; x) is a real-valued positive decoding
function, and the maximization is performed over
all code words.

For simplicity we assume that code ensemble is
generated by using of independent uniformly dis-
tributed (i. u. d.) code symbols. This assumption
leads to loss of optimality but simplifies further
consideration. Using the classic approach [2] one
can derive the suboptimal exponent of the random
coding bound in asymptotic form

E; (R; y) = max (max ES (v, p, A)— pRj,
1>p>0\ >0

where

Eg(y, ps M) =(1+p)logq, —

P
1 —
im 108 > by (¥ [ 2w (y; x) M’(Zw(y; x')K] .
y X <

-1
N—

Hereafter log(*) denotes the binary logarithm, the
asterisk in the superscript hereafter means that the
code symbols are chosen as i. u. d. random variables.
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Similarly one can get the random coding expo-
nent for ML decoding for fixed code length N

E'(N, R)= max (ES(N, 0)— pR), )
1>p>0

where

Ey(N, p)=(1+p)logq, -
1 1+p

) 1
—log 2| 2y ([0 @)
Yy X

with the bound for maximum information rate
Fppax (N) = 0BG (N p)/ 09| .

where R} ,.(N) < C, where C is channel capacity.
Evidently, the inequality E;(R; y) < E;(R) is valid.
The asymptotic random coding exponent for ML
decoding and the code ensemble with i. u. d. symbols
is EX(R) = lim y_,.. E}(N, R).

By analogy with the channel capacity C and
maximal information rate R}, (V) let us define the
lower bound on maximum achievable code rate for
mismatched decoding C*(y) as

0 mang (v, p, )

C*(y)=—220 ‘ <C ®)

op ‘
p=0

and value

Ry(v)=max; .o Eg(y, 1, 1),

giving a bound on the cut-off rate R; evidently, the
inequalities Ry(y) < Ry< Ry are valid.

In this study we assume that the channel model
is given as a probabilistic finite-state machine [2],
i. e. conditional probabilities characterizing this
model are given as follows

N
Pys Y %, )= T Pyjus ™ [, §0Dy,
n=1

N
Py (8]%) = Py (5[] Py (s [ 2, 57D,

n=1

where s=(s@, s, .., s®, ) is the sequence
of the channel states, s™eS, S is a set of the
channel states, and |S| < o; p,j,s(y™}x®, D) and
Pyes(@™@|x™, s D) are conditional probabilities of
the channel output and channel state transition,
respectively, p,() is an unconditional (stationary)
distribution on the set of the channel states. Also,
we assume that the input channel symbol x™ and

the current channel state s*D are independent. It
has been shown in [1] that the probabilities py|X(y|x)
can be represented in form of matrix product as

N
py|x(y|x)=ps£H P(y™ lx‘”))J 1", )

n=1

where
P(y| %) =[Py s (U] %, 8) Py (8| %, 9)] ©)

is a matrix of size|S| x [S|; p;=[ps(1), ..., ps(/S)]is the
vector of the unconditional state probabilities at
n=0,and 1=(1, ..., 1) is vector of 1’s of dimensions
1 x|S|.

Next, we specify type of decoding function. The
appropriate choice of decoding function, which al-
lows obtaining a result in the final form, was one of
the main problems of this study. In this paper, we
proposed a decoding function y(y; x) with partial
overlap, which depends on two integer parameters
W and B, W > B > 0. For i. u. d. segments nggig
the decoding function y(y; x) can be written as

NE)- k(n)+W | _k(n)+B
. — n n
w(y; x)= | | Py (yk(n),w |Xk(n)—B ),
n=0

6)

where py‘x(-|-) is the conditional probability for

segments of different, in general, lengths 2W + 1

and 2B + 1 respectively, and k(n) =n(2B +1) + 1.
Denote square matrices of order |S| as

2B+1 . .
P (v[0= ] P® |x?),
=1

VEY2B+1, X EX23+1, (7)

where P(y|x) is matrix defined in (5). Let D;(y; 1)
be a scalar quantity, and Dy(y; Ap) and D(y; A,p) be
square matrices of order |S| defined as follows

Diy; = Y, by’
XEXZB+1
D2(y; xp) = Z Py|x (y%tgii x)py|x (y ’ x)—}\P,
XEX2B+1

Let us also define the square matrices K;(, p)
of order |S| as
D(y; A, p), W=2B+1;
> D(y; b, p), W<2B+1. (8)

2B+1
Y2(W-B)+1

K;i(h p)=

The correspondence of the indices i, j and the
vectoryin the expression (8)is given as i <> y%(W_B )
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and j Hy%%vle. Finally, we define a square block

matrix of order |S|q2(W=B)

K@, p) =[K;; (%, p)]=

Kiutp) o K 2avn (s p)

S . 9)

KqZ(W—B) 1(7% p) Kq2(W—B) aow-8) (A5 P)

q

The main result obtained in the first part of this
paper [1] is formulated as the following assertion.

Theorem. Let channel be specified by conditional pro-
babilities (4), where the matrices (5) are irreducible, and
let the decoding function y be given by equation (6)
with integer parameters W and B, where W > B > 0.
Then the random coding exponent E;(R; ) for the
code ensemble with i. u. d. code symbols is

E; (R v)=max(Eg(v, p)-pR),  (10)
0<p<1

where

% %
Ey (v, p)=maxEy(y, p, 1) =
A>0

=(1+p)logq, —(2B+1)7! 1og(r{u(r)1r(K(x, p))),

and r(K(A, p)) is the maximum eigenvalue (spectral
radius) of matrix K(%, p), given in equation (9).

The computational complexity of obtaining the
values of the function E(R; y) depends on the di-
mensions of py,(y}x) equal to g2V *1xq,2B+1 [see
(7)], and on the order of the square matrix K(A, p)
equal to |S|g2(W=B),

Determination of analytical dependence of as-
ymptotic random coding exponent E(R; y) on the
values of W and B is equivalent to the description
of the dependency of spectral radius of the ma-
trix K(A, p) on these parameters. This dependency
cannot be expressed in exact and closed analytical
form. From general considerations, it follows that
the greater the values of W and B are, then better
approximation of the ML exponent can be achieved
in principle. Moreover, for various values of code
rate R different combinations of the values W and
B may be preferable. Unfortunately, the increase of
the parameters W and B causes the great growth of
computational complexity. The common approach
consists of testing some combinations and selecting
one that gives acceptable results for a given coding
rate at a reasonable computational complexity. In
next section, we present some results of calculat-
ing the random coding exponent for several chan-
nel models with memory and comparison with some
known results.

Numerical Examples and Discussion

To illustrate application of the suggested ap-
proach let us consider some examples. The first ex-
ample is classical Gilbert model and its generaliza-
tion — Gilbert — Elliott model. The second example
presents a simple model for a fading channel with
nonbinary Frequency Shift Keying (FSK). These
models give examples of symmetric channels with
binary and nonbinary inputs and freely evolving
states. The third example is for the channel model
that is defined as a deterministic finite-state ma-
chine, and the last example is for channel with lin-
ear intersymbol interference and g-level quantized
output (deterministic finite-state machine model as
well).

Example 1. Gilbert channel and Gilbert — Elliott
channel. Consider the well-known Gilbert channel
model with two states 1 (“good”) and 2 (“bad”). In
this case ¢, = ¢ = 2 and |S| = 2. Let the channel state
transition probabilities be given as ps‘s(1|1) =0.75
and ps|s(2|2) =0.97, and let the symbol crossover
probabilities be equal to 0 and 1/2 for states 1 and
2 respectively (here we follow example in [3]). For
this model, the complexity of calculation of the ex-
ponent of the random coding bound is not too large
and the function E;(R; y) can be computed for com-
paratively large values of the parameters W and B.
Results of the computations are shown in Fig. 4 for
W=5and B=0, 1, ..., 5. The values of C*(y), shown
in Fig. 1 and further, are computed as

mang (v, 5, 1)

C* (y) ~ 220 , 5<<1, a1

)

giving an approximation for formula (3). The error
exponent E}(R) for ML decoding computed for this
example using the Egarmin algorithm [4] is also
shown in Fig. 4. The channel capacity can be found
using the original Gilbert approach [3] and for this
example the capacity is C = 0.758 bit/channel use. It
can be seen from the Fig. 1 that the curves E;(R; y)
are approaching the curve E(R) from below with the
increase of the parameter B. For B = 5 the function
EJ(R; y)and value of C*(y) give good approximations
for the ML random coding exponent E;(R) and the
channel capacity C respectively .

It is interesting to compare the function E}(R; y)
with the random coding exponent E; (N, R) for the
ML decoding for some (small) values of the code
length N. The function E:(N, R) can be computed
by formulas (1) and (2). In equation (2) the chan-
nel conditional probability py‘x(y|x) is computed ac-
cording to the equation (4). Evidently, to compute
a single value of py|x(y|x) we have to perform ap-
proximately 2N|S|2 operations (multiplications and
additions). To compute the value Eg(N, p) we need
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Gilbert channel, p(G|G) = 0.97, p(B|B) = 0.75, p(e|G) = 0, p(e|B) = 0.5

0.258

0.2

E/(R.v). [W, B] = [5 0], C*(y) = 0.696602

E(R.v), [W, B] = [5 1], C*(y) = 0.729864

E/(Ry). [W, B] = [5 2], C*(y) = 0.740846

E(R.v). [W, B] = [5 3], C*(y) = 0.745788

0.15

E(R.v), [W, B] = [5 4], C*(y) = 0.748429

E/(R.y), [W, B] = [5 5], C*(y) = 0.750188

E(R), C = 0.758106

0.1

0.05

0 0.1 0.2 0.3 0.4 0.5

R, bit/channel use

B Fig. 1. Functions E;(R; v) and E(R), Gilbert channel

“ 07 08 0.9

to calculate the values of py‘x(y|x) for all y e YN and
for all x € XV, Thus the total number of operations
in general case is about 2N|S|2¢VgN. For this exam-
ple |S|=2 and g = q,= 2. Therefore, the total num-
ber of operations is about N227N+3 and it can be too
large even for small N. For example, for N =16 it
is equal to 239 ~ 5.5-10!1, But this channel can be
considered as a channel with binary additive mod-
ulo 2 noise. Therefore, the channel output vector
is y=x®e, where e is a binary error vector, and
Pyjx (y|x) = pe(y ®x), where p,() is a distribution
on the set of error vectors. Then for the sum over x
in the right hand side of (2) we can write

1 1 1
Y Py (V[0 =3 p (y® )P =3 py ()P
X X X

and hence

1

% 1+ 1o
Eg(N, p)=p—Tplog S e | (12)
X

Evidently, pe(x) = py(0x), where the probabil-
ities py‘x(-|-) are given by equation (4). In this case,
to compute all values pq(x) it is required to perform
about 2N|S[2qY = N2N+3 operations. For example,
for N =16 the number of operations is equal to an
acceptable value 223 ~ 8.4-106. Fig. 2 presents re-

sults of comparison of the function E;(R; y) with
the random coding exponent E (N, R) for ML decod-
ing for some fixed values of the code length N.

The asymptotic random coding exponent E;(R)
for ML decoding computed by the Egarmin algo-
rithm [4] is also shown in Fig. 2. It can be seen from
the Fig. 2 that functions E;(N, R) approach the as-
ymptotic function E}(R) from above with increas-
ing of N, and the function E;(R; y) gives quite good
approximation of the asymptotic function E;(R)
from below.

Let us consider the next example — Gilbert —
Elliot model [5]. Here again ¢ = ¢, = 2 and |S| = 2. Let
the channel state transition probabilities be given
as pys(1[1) = 0.99 and py,(2[2) = 0.8, and let the sym-
bol crossover probabilities be equal to 0.02 and 1/2
for states 1 (“good”) and 2 (“bad) respectively. For
this model the ML random coding exponent E;(R) is
unknown, but the channel capacity can be computed
as it is shown in [6, 7]. The plots of function E;(R; y)
are presented in Fig. 3.

It can be seen that the curves are being shifted
upwards with the increase of the parameter B. For
this case, we do not have a curve for the ML random
coding exponent for comparison, but we can com-
pute the capacity C for this channel using statisti-
cal version [7] of the algorithm presented in [6]. For
this example the true capacity C~0.775 bit/channel
use. For W =4, B = 4 the value of C*(y) = 0.765 bit/
channel use, that is very close to the true capacity.
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Gilbert channel, p(G|G) = 0.97, p(B|B) = 0.75, p(e|G) = 0, p(e|B) = 0.5

' —e—E,(N,R), N = 8, Ry(N) = 0.353255, R__ (N) = 0.747679
—«—E,(N,R), N = 12, Ry(N) = 0.324717, R"__ (N) = 0.751144
—+—E,(N,R), N = 16, Ry(N) = 0.309266, R __(N) = 0.752877
—+—E,(N,R), N = 20, Ry(N) = 0.299838, R __(N) = 0.753916
—8—E,R, v), [W, B] = [5,5], N > o, Ry(y) = 0.24986, C*(y) = 0.75019
s=esniE(R), N - o, Ry = 0.261971, C = 0.758106

0 0.1 0.2 0.3 0.4 0.5
R, bit/channel use

e S
0.7 0.8 0.9

B Fig. 2. Functions E;(N, R), E;(R; v) and E(R), Gilbert channel

Gilbert — Elliott channel, p(G|G) = 0.99, p(B|B) = 0.8, p(e|G) = 0.02, p(e|G) = 0.5

0.25

s

[ ——

—G—E:(R,w), [W, B] = [4 0], C*(y) = 0.742801

——E(Ry). [W, B] = [4 1], C*(y) = 0.756050

0.2

——E Rwy). W, B] = [4 2], C*(y) = 0.761093
——E/Ryy), W, B] = [4 3], C*(y) = 0.763534

_E'_'E:(R,w), [W, B] = [4 4], C*(y) = 0.764935

o
=
a

/

O c=0.775384

0.1
0.05 \%
0 S
0 0.1 0.2 03 0.4 05 0.6 07 08 0.9

R, bit/channel use

B Fig. 3. Functions E}(R; y), Gilbert — Elliott channel

The plots of the functions E;(N, R) for ML deco-
ding for some fixed N values calculated using equa-
tions (12), (4) and (1) are shown in Fig. 4 for com-
parison with the suboptimal asymptotic exponent
E}(R; y). It can be seen that the curves E; (N, R) are
shifting downward, and the achievable code rate

R} .x(N) increases with increasing N. As N — oo,
we have R} ,.(N) — C (note that in this example
C* = (), and the suboptimal random coding expo-
nent E’(R; y) can serve as a lower bound for the
random coding exponent for the Gilbert — Elliott
channel.
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Gilbert — Elliott channel, p(G|G) = 0.99, p(B|B) = 0.8, p(e|G) = 0.02, p(e|B) = 0.5

0.4x

N
NN

%

;\\\ —e—E/(N,R), N = 8, Ry(N) = 0.398779, R'__ (N) = 0.764900

—=—E(N,R), N = 12, Ry(N) = 0.361830, R__ (N) = 0.766695
—+—E,(N,R), N = 16, Ry(N) = 0.337530, R___ (N) = 0.767595
—+—E(N,R), N = 20, Ry(N) = 0.321142, R__ (N) = 0.768135
—8—E,R, y), [W, B = [4,4], N -, Ry(y) = 0.23658, C*(y) = 0.76494

011 ﬁ\g\

0 0.1 0.2 0.3 0.4 0.

R, bit/channel use

0.7 0.8 0.9

B Fig. 4. Functions E;(N, R) and E(R; y), Gilbert — Elliot channel

p(GlG) p(GIM)

B Fig.5. State transitions diagram

Example 2. Simple model for fading channel with
nonbinary FSK. Let us define the channel states as
an additive white Gaussian noise channels with dif-
ferent noise power. Consider transmission of g,-ary
orthogonal FSK signals over this channel and op-
timal noncoherent reception. For this model ¢, =g,
and the symbol crossover probabilities are given as

1-— S(Sn_l) ), y(n) — x(n);

(n) | (1) ((n-1)y _
py™ |2, STy =4 gD
Gl RN O N O
qg-1
where £(s) is symbol error probability for noncoherent
reception of g-ary FSK signal for channel state s.
This probability can be found as (see, e. g., [8])

1 g-1) (1) !
8(8)—%( ; J o exp[ l+1v(8)j,

where y(s) is signal-to-noise ratio (SNR) in channel
state s. Let for instance, ¢, =¢=4 and S ={1, 2,
3}, i. e. the channel can be in one of three states:
1 (“good”, or G), 2 (“medium”, or M) and 3 (“bad”,
or B). Assume that the channel state transitions

are given by the diagram shown in Fig. 5 with the
following channel state transition probabilities:
pas() =p(GIG) =0.99,  py,(1I2) = p(GIM) = 0.2,
P4s(312) = p(BIM) = 0.6, p(3]3) = p(BB) = 0.9. Let
the state SNR be as follows y(1) =15 dB, y(2) =0 dB
and y(8) = —5 dB. The plots of the function E}(R; )
are shown in Fig. 6.

Example 3. Channel with deterministic state
transitions. Let X =Y ={0, 1}, S={1, 2}, and the
probabilities py,(s@x®, s D) and p,.(y™)x®,
s D) are given in Table 1, where ¢ is symbol crosso-
ver probability, 0<e < 1/2.

B Table 1. Probabilities py,,(s™fx(™, s(»~1)
andpy\xs(y(n)|x(n), S(n_l))

ps‘xs(s(n)lx(ﬂ) , s(n’l)) py‘xs(y(ﬂ”x(n)’ s(’l’l))

(x(n)’ S(nfl)) (x(n), s(n’l))

S(n) y(n)
0,1)|(0,2) | (1,1) |(1,2) 0,1)](0,2)| (1,1) | (1,2)
1 1 1 0 0 0 [1/2|1—-¢| ¢ 1/2
2 0 0 1 1 1 ]1/2 e |1—-¢|1/2
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Three state FSK4 channel, p(G|G) = 0.99, p(B|B) = 0.9, p(GIM) = 0.2, p(B|[M) = 0.6, y=[15 0 -5]dB

0.05 -

0.04

0.03 -

0.02

—e—E(R.y). [W,B] = [2 0], C*(y) = 1.066815

——E (R, ), [W,B] = [2 1], C*(y) = 1.220886

—+—E (R, ), [W,B] = [2 2], C*(y) = 1.290990

0.01 -

R, bit/channel use

B Fig. 6. Functions E;(R; ), three state FSK4 channel

1.5

For this model in state 1, the symbol x = 0 flips
with probability 1/2, and the symbol x = 1 flips with
small probability €. In state 2, on the contrary, the
symbol x = 0 flips with small probability ¢, and the
symbol x =1 — with probability 1/2. In addition,
the channel state becomes 1 after symbol 0 comesin,
and is equal to 2 after the coming in the symbol 1.
The functions E;(R; y) for this model are plotted in
Fig. 7 for € = 0.01. In Fig. 7 we present examples for
some good combinations of the parameters W and B
for W=0, 1, ..., 6, and the best pairs for this exam-
pleare [W, B]=[W, W —1], W > 1.

To compare the plots of functions E(R; y) with
result for ML decoding let us consider the function
Ry — R. This function coincides with the random
coding exponent E(R) in the interval 0 < R< R,,,
where R, is the critical rate [2], and the plot of the
linear function Ry — R can be considered in ex-
ample as a known part of the curve for whole ran-
dom coding exponent E(R). It can be shown (see
Appendix) that R for ML decoding for this exam-
ple can be found as Ry = 2logq, — logr(H), where
r(H) is maximum eigenvalue of the matrix H,
and

1 a(e) ae) 1
He a(g) 1 b(e) a(e) , (13)
ae) be) 1 a(e)

1 a() ae) 1

where a(e) = \/(1 -€)/2+ \/8 /2 and b(e) =2,/e(1-¢).
It follows from the Fig. 7, that the random coding
exponent E;(R; y) for W=6, B=15 is very close to
the straight line Ry — R, so the function E}(R; )
can be considered as a quite good approximation for
the ML random coding exponent E(R).

Example 4. Intersymbol interference channel
with g-level quantized output. A simple interference
channel model is defined by the vector of coeffi-
cients g =[go, &1 ---» &z]- The channel input x = (xD,
..., xM) is a binary sequence and unquantized chan-
nel output is

(n=10)

L
y =Y a-n" +e®, (14)
=0

where x0=0,1, and £ are independent Gaussian
random variables with zero mean and variance c2.
The following modulation mapping is assumed in
equation (14): 0 > + 1, 1 — —1. The SNR is defined
as v = [g|2/(262). The number of channel states is
equal to 2L. The continuous channel output y§? is
subjected by a g-level quantization. In this example
we assume that the quantization algorithm is
one-dimensional quantization maximizing the
Bhattacharya distance between conditional dis-
tributions of the quantized values [9]. We consider
the simplest case of the model known as the dicode
channel with parameters L=1, g=[+1, —1] and

6 (1)
|S|= 2. For this case yJ” =(-1)* —(-1)*  +&™,
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B Fig.7. Functions E;(R; v), channel with deterministic state transitions, ¢ = 0.01

The dicode channel with two-level quantization of
the continuous channel output is equivalent to the
channel with deterministic state transitions in
Example 3. Plots of the functions E (R; ) computed
according to the equation (10) for y =4 dB, ¢ =8 and

some combinations of the parameters B and W, are
shown in Fig. 8. The values of C*(y), computed by the
formula (11), and values of R for the ML decoding
computed using known techniques [10—12] (see also
Appendix), are also presented in Fig. 8.

Dicode channel, g = [1-1], SNR=4dB, q=8

0.8

i\

—e—E(R,v), [W,B] = [0 0], C*(y) = 0.410251

0.6 x

~—E (R, ), [W,B] = [1 0], C*(y) =0.732188
—+—E,(R,y), [W,B] = [2 0], C*(y) = 0.814759

\Ng
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B Fig.8. Function E}(R; y), dicode channel, y=4 dB

|

7 08 09 1

80 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI

7/ N°4,2018



\ KOANPOBAHVIE I NEPEAAYA UHOOPMALMA N\

As with the previous example we present the plot
for the function Rj — R in Fig. 8, where Ry is com-
puted as it is shown in Appendix. Also in the Fig. 8
we indicate the value of maximum information rate
C* for the dicode channel with soft output computed
in [13]. We see that maximum of functions E(R; )
for [W, B]=1[3, 2] and [W, B]=[3, 1] are close to the
straight line Ry — R and to the value of C*.

Random coding exponent E (N, R) for the ML de-
coding computed by formulas (1) and (2) for several
small values of the code length N is depicted in Fig. 9.
The function E(R; y) and asymptotic (N — ) lin-
ear function Ry — R for the ML decoding are al-
so presented in Fig. 9 for comparison. Clearly, as
N — o, the function E (N, R) for 0 < R< R,, tends
to the line Ry — R. As it follows from the Fig. 9
the suboptimal random coding exponent E:(R; )
is very close to the random coding exponent E (N,
R) for the presented examples of the code length N
and is not far from the asymptotic linear function
R — R. The functions E (N, R) for larger values of
N are not presented due to high complexity of their
computation.

Plots of Ry and R((y) as a function of the SNR
are presented in Fig. 10. The values of R are cal-
culated by a known method [14-16]. For this case
(dicode channel) the values of R can be found in
closed form as

o =—log §+l e‘2y+\/1+16e_y—2«3_2Y+e_4y .
8 8

The values of C*(y) and values of maximum in-
formation rate for the channel with nonquantized
output found in [13] by a simulation-based algo-
rithm are shown in Fig. 11. Note that in [9] a dif-
ferent definition of SNR is used, namely y = ||g|/c?;
therefore the plot showing the data of [9] is moved
to the left by 3 dB. We see in Fig. 10 and Fig. 11 that
the difference is about 10 %, and it seems that the
increasing number of quantization levels ¢ leads to
a decrease in this difference.

Conclusion

In this work, consisted of two parts, we present
the derivation of the exponent of the random cod-
ing bound E;(R; y) for suboptimal, or mismatched,
decoding. We proposed a decoding function in the
form of a product of the a posteriori probabilities
of the non-overlapped input subblocks of length
2B + 1 relative to the overlapped output subblocks
of length 2W + 1 [see (6)]. The computation of the
values of the function E(R; y) is reduced to the cal-
culation of the largest eigenvalue of a square non-
negative matrix K(), p) of order |S|q2("W=B), where | S|

Dicode channel, g = [1 -1], SNR=4dB, q=8
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0.6 \\
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is the number of channel states and ¢ is the cardi-
nality of the channel output alphabet.

The computational complexity of obtaining the
values of the function E}(R; y) depends on the di-
mension of the values py‘x(y|x), equal to g2+ x ¢, 2B+
[see (7)], and on the order of the matrix K(A, p), equal
to |S|g2W=B). Therefore, in the examples presented
in this part of the work, the practical computations
were carried out for relatively small values of B, W
and g. Nevertheless even for small values of these pa-
rameters, good results were obtained. The values of
Ry(y) and C*(y) found for the suggested suboptimal
decoding functions are close to the corresponding
values found before for the case of ML decoding for
the intersymbol interference channels with soft out-
put. A qualltatlve picture of the relationship between
function E (R), presented in the introduction in the
first part [1] of this work, and function E}(R; )
is shown in Fig. 12. The values of Ry and C* for a
discrete-time channel with intersymbol interference
can be obtained by known techniques [14—-16] and [9].
As we see from the Fig. 12 the curve for the function

,(R V) (solid line) goes higher than known bound

(R) for high code rates.

We see the same in example in Fig. 8, where
for quantized channel output with ¢=8 and
W=38, B=1, we have Ry(y)=0.710 bit/channel
use, C*(y) =0.871 bit/channel use; for continuous
channel output R;(y)=0.824 bit/channel use and
C*(y) = 0.920 bit/channel use as follows from Fig. 10
and Fig. 11 for SNR =4 dB. The curve E/(R; vy) is
shifted upwards and to the right with increasing
values of the parameters ¢, W and B. This conclu-
sion follows from the fact that the decoding func-
tion v becomes the ML decoding function with in-
creasing parameters W and B. Thus, the function
E}(R; y) can be a good approximation for the true

but unknown function E(R). The problem of the ex-
tension of the proposed approach to other channel
models and the problem of finding an efficient algo-
rithm for numerical computation for large values of
B, W and g remain open for research.

Appendix

In this appendix we present a derivation of the
expression for R for the channel with determin-
istic state transitions. This derivation is a minor
modification of the known results [12, 14-16]. The

general expression for R follows from the equation
or p=1and N> wis

2
. 1
Ry =210gqx—Al]lglooﬁzy:(;/pﬂx(ylx)] . (A1

Let us consider the sum over y in (A1)

2
Z(Z,/pﬂx(ylx)j =
y X
=ZZ[Zpr|x(y|x)py|x(y|x')} (A2)
x x|y

For finite-state channel model we have the chan-
nel conditional probability

Py (7 1%) =D Pyiss (7| X, 8) Py (5]%),

where

N
py|XS (y | % S) = H py\xs(y(n) | x(n)a s(nil))

n=1

N\
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B Table Al. Values of h(s,, Sy; Sp»>Sh)

(54> 8a)

(Sp> Sp)

1,1 1,2)

2,1 2,1)

1) | 2 Poles @105y 10,1 |3 [Py 010Dy U111 | 2 2y1s @111 51 10,1 | 3Py 011D Py (01,
Yy Yy Yy Yy

(1.2) | 2o Pules @102y 010:2) | 31y es 01008y s 011,2) | 34y 011D 2y (002) | 3Py 0 11.D1y s (0]1,2)
Yy Yy Yy Yy

@.1) |2\ Putes @020y s 10,1 | 3Py @102 Pycs WL | 3 Pyes 011,22y @10,1) | 2 y1es 0112115 (9 ]1,1)
Yy Yy Yy Yy

@.2) | 2 Pies @102, 010:2) | [Py 010,22, U 11.2) | 3 [Py U112y s 0]0:2) | X[ 1y1s (W[ 1Dy (0 ]1,2)
Yy Yy Yy Yy

and

N
Pyx(s[x)= sG] Pijxs (s | ™, D)y,

n=1

Hence,

N
Py 310 = Y DT pyjes @™ |7,

s© n=15®

sy Pyfes ( s [, (D), (A3)

For channel with deterministic state transitions
the pair (x®, s~D) uniquely defines the next chan-
nel state s, therefore the sum over s in (A3) con-
tains only one term. Then it can be written

Py %)= py(s)p, P [,
(0)

S

5O @2, 5D) p (D] 10D VD)

where s®=f(x®, so D) n=1, 2, ..., N, and f(,)

is a function defining deterministic transition
(n)
X

s D 5 (M Hence, for the expression (A2) we have

22| 2Py 5 [0 pyn (v [x) |
x x' \y

py|xs (y | x(n)’ S(n_l))X
) 1)y’ (A9)

N
< Bax, 22112

x x' n=1 Y Xpy‘xs(y|x

Let us introduce for two pairs of states (s,, s;)
and (sp, sp) the values

h(Sy> S5 Sps Sp) =

Z\/py|xs(y|x’ Sa)py|xs(y|x,’ Sb)’
y
=4if s, =f(x, s,) and s, =f(x', ;)3

(A5)

0, otherwise,

and build matrix H of size |S|2 x |[S|2 with the entries
h(sy» Sz3 Sp»> Sp), where the pairs (s, s;) 7 (Sp, Sp)
represent first and second indices of the matrix
entry respectively. Then the inequality (A4) can be
written as

ZZ(ZJpﬂX(yIx)pyx(ylx')Js
x X'\ y

<max(HV1T)<1HV1T,

where 1=(1, ..., 1) is vector of the dimension |S|2.
Further, we have

lim l

2
. 1 N T
/ X = lim —1H"1",
Noo N y(% py|X(Y| )J Noo N

and using the corollary from the Perron —
Frobenius theorem [2, 15] we get finally from (A1)
Ry =2log q,— log r(H), where r(H) is maximum
eigenvalue of the matrix H.

For the channel model given in the Examples 3
and 4 the values of h(sy, s;; Sp» Sp) defined in (Ab)
are listed in Table Al.

Expression (13) is obtained using the data given
in Table A1l.
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BBegeHue: CyGONTUMANBHASA OKCIIOHEHTA CIydaiiHoro Koguposanus E, (R; ) IIs MIMPOKOro KIacca MOfeseil KaHAIA ¢ KOHEUHBIM
YHCJIOM COCTOSHUH, HUCIIOIb3YIOIasd HECOIIACOBAHHYIO JeKOAUPYIOMIYIO (PYHKITUIO ¥, TOJTyUeHa U OIINCaHa B II€PBOI YaCTU 9TOH paboTHI.
M1 ucrorb30BaIu GYHKITUIO Y, IPEACTABICHHYIO B BU/[€ IPOU3BELEHU allOCTePUOPHBIX BEPOATHOCTEH HEIePEKPHIBAIOIINXCA BXOLHBIX
1o0JI0KOB AJIUHEI 2B + 1 0OTHOCUTEIBHO IEePEKPHIBAIOIUXCA BEIXOTHBIX T0A0I0K0B quuHbl 2W + 1. ITokasaHo, YTO BEIUUCIEHNE 3HAUE-
HUT QYHKIUNA E:( R; ) CBOWTCA K BHIYUCJIEHUIO HANOOIBIIIEr0 COOCTBEHHOTO 3HAUSHUA KBA/[PATHO HEOTPUIATEIbHON MATPHUIIBI, TOPA-
IOK KOTOPO# 3aBUCUT OT ITapaMeTpoB KaHajia u oT Besuuud W u B. Iesb: IpOMJLIIOCTPUPOBATH PA3BUTHIN B IIEPBOM YACTU UCCIEIOBAHUS
MOJXOJ K BBIUMCJIEHUIO SKCIOHEHTHI CIYYANHOr0 KOAUPOBAHUSA B IPUJIOKEHUN €r0 K Pa3JIMYHBIM KaHaJaM, MOZIEIN KOTOPBIX MPeACTaB-
JIAI0T cO00¥ BEPOSATHOCTHBIN KOHEUHBIN aBToMaT. Pe3yasTaTsl: pacCMOTPEHBI KaHAJBI, B KOTOPHIX IEPEXOALI B MHOYKECTBE COCTOAHUI He
3aBUCAT OT BXOJHOTO CMBOJIA, ¥ KAHAJBI C [JeTePMUHNPOBAHHBIMU [I€PEX0JaMU, B YACTHOCTY KaHAJbl C MEKCUMBOJIbHOM nHTEpdEepeH-
nueit. [ToryueHbl YMCIeHHbBIE PE3yIbTAThl BBIUUCIEHNUA SKCIIOHEHTHI CIYUYalHOTO KOJUPOBAHUSA B IIOJTHOM MHTEPBAJIe CKOPOCTe! Koaa JJIs
pAfa Mojesiell KaHAJOB, AJIs KOTOPBIX IMONOOHBIE PEe3YJIbTATHl HE OBLIN paHee MOoJyueHbl. [IpakTHYecKue BHIUNCIEHNA BBIITOJTHEHBI IS
OTHOCHUTEJHbHO MaJIbIX 3HaueHuil B u W. Tem He MeHee Jaske IIPU MaJIbIX 3HAUEHMIX 9TUX [IapaMeTPOB IIOJYUYeHO X0POoIllee COOTBETCTBHUE C
M3BECTHBIMU PE3yJIbTATAMU JAJIA ONTUMAILHOTO IeKOLUPOBAHUS.

KaroueBsle ciioBa — rpaHUIa CIYyUYaHOTO KOAMPOBAHUA, KAHAJ C KOHEUHBIM YKCJIOM COCTOSAHU, HECOTJIACOBAaHHOE IEKOJUPOBaHNE,
Teopema Ileppora — @pobennyca, KaHaJ C MEKCUMBOJbHON nHTEPhEPeHI[1eld.
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Introduction: The goal of this review is the analysis of evolution of the current and novel wireless networks, from second
generation (2D) to fifth generation (5G), as well as changes in technologies and their corresponding theoretical background
and protocols - from Bluetooth, WLAN, WiFi and WiMAX to LTE, OFDM/OFDMA, MIMO and LTE/MIMO advanced technologies
with new hierarchy of cellular maps design — femto/pico/micro/macro. Methods: We use new theoretical frameworks to
describe advanced technologies, such as multicarrier diversity technique, OFDM and OFDM novel approach, new aspects of
MIMO description based on multi-beam antennas, design of various cellular maps based on new algorithms of femto/pico/
micro/macrocell deployment, and the methodology of a new MIMO/LTE system integration based on multi-beam antennas.
Results: We have created a new methodology for multi-carrier diversity description of novel multiple-access networks, for
the usage of OFDM/OFDMA modulation in order to overcome inter-user and inter-symbol interference in multiple-access
networks, as well as multiplicative noises in multiple-access wireless networks caused by multi-ray phenomena. Finally, we
have suggested how to overcome the propagation effects occurring in the terrestrial communication channels by using a
combination of MIMO and LTE technologies based on multi-beam antennas. For these purposes, we present a new stochastic
approach which takes into account the terrain features, such as buildings' overlay profile, buildings' density around the base
station and each user's antennas, and so forth. These parameters allow us to estimate the effects of fading as a multiplicative
noise source. Practical relevance: The new methodology of estimating the effects created by multiplicative noise and inter-
user and inter-symbol interference in terrestrial wireless networks allows us to predict a-priory practical aspects of the current
and new multiple-access wireless communication systems, like the potential number of users or the spectral efficiency of
user channels for various configurations of cell deployment: femto, pico, micro, and macro, as well as the novel MIMO/LTE
system configurations for future networks of the 4th and 5th generations.

Keywords — Additive White Gaussian Noise, AWGN, Code Division Multiple Access, CDMA, Direct Fast Furrier Transform,
DFFT, Direct Sequence Spread Spectrum, DS-SS, Global System for Mobile Communications, GSM, Frequency Division
Multiple Access, FDMA, Inverse Fast Fourier Transform, IFFT, Inter-Channel Interference, ICI, Inter-Symbol Interference, ISI,
Inter-User Interference, IUI, Long-Term Evolution Releases, LTE, Medium Access Control, MAC, Multicarrier Diversity,
Orthogonal Frequency Division Multiplexing, OFDM, Orthogonal Frequency Division Multiple Access, OFDMA, Orthogonal
Time Division Multiple Access, OTDMA, Multiple-Input-Multiple-Output, MIMO, Single-Input-Multiple-Output, SIMO, Signal-
to-Noise Ratio, SNR, Time Division Multipole Access, TDMA, User Equipment, UE, Wireless Fidelity Network, WiFi, Wireless
Local Area Network, WLAN, Wireless Metropolitan Area Network, WiMAX, Wireless Personal Area Network, WPAN.
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1. Introduction to Overview of Current noise (AWGN) and lesser via prism of multiplica-

Wireless Networks

Scanning the existing literature related to the
description of the wireless multiple access tech-
nologies, we notice that there are a lot of excellent
works (see for example, references [1-20]), in which
the multichannel, multiuser and multicarrier ac-
cesses were described in details for cellular and
non-cellular networks beyond third (3G) and fourth
(4G) generations. However, all these works mostly
described the corresponding techniques and tech-
nologies via a prism of additive white Gaussian

tive noise depending on fading phenomena, fast and
slow. So, they ignore the multiplicative noise caused
by fading phenomena. In references [1-20], the au-
thors dealt mostly with classical AWGN channels or
channels with the inter-user interference. As was
shown there, the “response” of such channels is not
time-varied or frequency-varied, that is, such prop-
agation channels were not time or/and frequency
dispersive. In [21, 22] were described the main fea-
tures of the multiplicative noise caused by slow and
fast fading that occur in terrestrial, atmospher-
ic and ionospheric wireless communication links
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and networks. As was shown in [21, 22], the as-
pects of fading are very important for predicting
the multiplicative noise in various radio channels,
terrestrial, atmospheric and ionospheric, for the
purpose of increasing the efficiency of land-land,
land-aircraft, and land-satellite communication
networks. The proposed approaches were then ex-
tended for description of multimedia and optical
communications based on the stochastic and other
statistical models [23—-27] and on usage of special
non-standard matrices [28, 29].

As was shown in [21, 22], due to the “time-dis-
persion” and “frequency-dispersion” of each specif-
ic wireless communication channel, the signal data,
as a stream of sequences of symbols (e.g. bits), can
be corrupted by fading and, finally, a new phenome-
non called inter-symbol interference (ISI) is observed
at the receiver. Moreover, in multiple accesses ser-
vicing, if any subscribers use the same or close fre-
quency bands, they can be affected by another sub-
scribers located in their vicinity. In this situation,
a new “artificial noise” takes place, which causes
the so-called inter-user interference (IUI) or inter-
channel interference (ICI). An example of how mul-
tipath fading causes ISI.

To overcome such kinds of effects caused by mul-
tiplicative noise, some canonical techniques were
introduced in modulation schemes of current net-
works, defined and briefly described in [22], such
as the spread spectrum modulation techniques (DS-
SS, FH-SS, TH-SS, respectively). Additionally, to
explain how the IUI can be overcame, the classical
multiple access technologies, such as CDMA (code
division multiple access) on the basis of DS-SS mod-
ulation, FDMA (frequency division multiple access)
on the basis of FH-SS modulation technique, and
TDMA (time division multiple access), on the basis
of TH-SS modulation technique is briefly described
in [22]. There were briefly introduced these tech-
niques based on space, time, and frequency and
polarization diversities for multi-beam adaptive
antenna applications. In this section, we introduce
the orthogonal frequency division multiplexing
(OFDM) techniques and the corresponding orthogo-
nal frequency division multiple accesses (OFDMA),
occurring in the frequency domain, as well as the
orthogonal time division multiple access (OTDMA),
occurring in the time domain.

Belowin our special issue, in Section 1, we briefly
introduce the existing classical recently performed
networksvia theirhistorical perspective, such asthe
Global System for Mobile Communications (GSM),
the Wireless Personal Area Network (WPAN), al-
so called Bluetooth (BT), the Wireless Local Area
Network (WLAN), related to the Wireless Fidelity
(WiFi) System, the Wireless Metropolitan Area
Network (WirelessMAN or WiMAX), and the Long-
Term Evolution (LTE) standards. All these systems

and technologies cover the time period of the last four
decades in wireless generation’s developments —
from the past 204 generation to the new 4t® gener-
ation. It is important to notice that all modulation
techniques, the conventional CDMA/TDMA/FDMA
and advanced OFDM/OFDMA/OTDMA, related to
above networks, fully depend on the fading phe-
nomena that occur in such networks and described
by the corresponding channel parameters [21].

‘We do not focus in description of the respective
current and advanced protocols, such as 802.15,
802.11, 802.16, for LTE-releases, which are usual-
ly used in the above networks, as well as on the ar-
chitecture of these networks, because these aspects
are beyond the scope of this special issue and are
fully described in other references [1-9, 11-20].
At the same time, based on the fading parameters
introduced above, we will show the advantages and
disadvantages of the corresponding techniques and
will propose for practical applications more attrac-
tive and advanced technologies.

Let us briefly introduce the reader to the current
wireless networks and the corresponding technolo-
gies below fourths generation (4G).

We will start to describe the matter by present-
ing first the Bluetooth—WPAN Networks, was
originally created by Ericsson Company (Sweden)
in 1998 before other companies started to launch
this system and the corresponding technology
and protocols. The WPAN system was named
“Bluetooth” according to the name of Danish King
Harald Bluetooth living at the 10*h century. BT
technology is based on 802.15 protocol and is called
802.15.1 protocol [30]. This protocol was performed
for management and control of low-cost, low-power
radio devices operated within small local areas (up
to ten meters), which allows stable communication
at short distances between personal devices such
as notebooks, cellular phones, personal computers,
and so on.

Such type of small-range areas were defined in
[31, 64] as “piconets”. Currently, the protocol for BT
technology allows sending a data stream through
each channel with the maximal rate of 1 Mbps, that
is, it allocates for each channel of WPAN system the
nominal bandwidth of 1 MHz. The WPAN system
operates at the carrier frequency of 2.4 GHz using
frequency-hopping spread spectrum (FH-SS) modu-
lation technique described in details in [30]. Thus,
the whole bandwidth, consisting of 79 hopping chan-
nels is ranged from 2.402 to 2.480 GHz with mini-
mum hopping range of 6 channels. Piconet is pre-
sented as a cluster of up to 8 radio devices that are
differentiated as “master” and “slaves”. The rate of
frequency changing equals 1600 times per second.
WPAN-BT system is based on TDD (time-division
duplexing) technique, according to which the chan-
nel is divided into slots with the time-slot of 625 us.
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Let us now briefly state the advantages and dis-
advantages of the WPAN-BT system. The advan-
tages are:

— effective and inexpensive wireless solution
both for data and for voice at short distances from
the receiver;

— applicable for stationary and mobile environ-
ments;

— no setup needed for work;

— inexpensive;

— voice/data compatible;

— low power consumption.

The disadvantages are:

— short range of antenna (up to 10-20 m);

— low data rate;

— existence of interference from other networks
operating at the same frequency bands;

— absence of data security.

The second more popular and effective com-
bined with WLAN network was the WiFi—-WLAN
Network. In 1990, the Institute of Electrical and
Electronics Engineers (IEEE) established the
802.11 working group to create a wireless local ar-
ea network (WLAN) providing a set of standards
for WLANS. The wing “.11” refers to a subset of
the 802 group which is the wireless LAN working
group [32, 33]. Then, WLANSs were associated with
WiFi networks. The IEEE 802.11 working group
and the WiFi Alliance [34] came out as the key
groups in creating different standard 802.11 proto-
col standards. Thus, we will also associate WLAN
technologies and the corresponding protocols with
WiFi networks and the corresponding protocols.

Thus, the WLAN systems, which were perfor-
med for pico/micro cell servicing (up to 1-2 km)
are based on the standard protocol 802.11, the
physical layer of which is signal processing operat-
ing on the basis of the standard Frequency Hopping
Spread Spectrum (FH-SS) modulation technique
(see [22]). Modern WLANSs are now widely accepted
and performed in private and local commercial ar-
eas to support subscribers, stationary and mobile,
with special terminals, called access points (APs).
Then, for WLAN networks a medium access con-
trol (MAC) technique was performed for providing
quality of service (QoS) in packet-switched services
of multiple subscribers located in picocell and mi-
crocell local areas (the corresponding protocol is
called IEEE 802.11 MAC Standards) [35—37]. The
main goal of IEEE 802.11 Mac was to support voice-
over-IP (VoIP) services that are to support QoS for
real-time services, such as telephony, multimedia
(video and audio) communications.

As for VoIP, it is a popular service where the cor-
responding network converts voice data in digital
form, and conversely. However, since today’s VoIP
calls are possible in a WLAN environment, there
are a number of factors that negatively affect the

use and acceptance of VoIP. Current WLANS have
limited ability to support multimedia communica-
tions. Therefore, as will be mentioned briefly below,
QoS provisions must be incorporated with the cur-
rent WLAN systems to support the requirements of
real-time services such as VoIP. For further reading
on advanced techniques to support real-time voice
service in WLAN systems the reader is referred to
references [38—45].

We should mention that different modifications
of IEEE 802.11 technology and its protocol were in-
troduced during the last two decades, such as pro-
tocols 802.11a/b/g and 802.11n/e on the basis of
OFDM/OFDMA modulation techniques.

Why such a broad set of 802.11 standards were
created? To answer this question, let us briefly de-
scribe some of the popular standards of 802.11
technologies, to help the reader understand how
the standard technologies, networks and the corre-
sponding protocols allow designers of WLAN/WiFi
systems to increase efficiency of grade of service
(GOS) and quality of service (QOS) of WLANSs, how
to eliminate the ISI and the ICI in each channel (e.g.
for each carrier) of the desired system. A WLAN and
the corresponding 802.11b technology and protocol
were adopted in 1999 by moving from fixed wire net-
works (such as Bluetooth) to wireless networks.

The protocol 802.11b is based on Direct Sequence
Spread Spectrum (DS-SS), described in [21]. This
technology was focused on the physical layer and
data link layer, simultaneously [38]. Ranging up
to distances of 100 m, and supporting send data
streams with the maximal rate of 11 Mbps with fall-
back rates of 1, 2, 5.5 Mbps, all depend on effects
of noise, clutter conditions, distance between APs,
and so forth. The 802.11b technology and its proto-
cols allow the connection of hundreds of computers
and users using DS-SS modulation technique with
a 2.4 GHz carrier frequency.

The logical structure of 802.11 technologies al-
lows usage at the physical layer, not only with DS-
SS modulation, but also using FH-SS modulation,
combining with logical link control (LLC) layer and
MAC layer. The first one provides addressing and
data link control, independently from any topology
and medium, and connecting to MAC access, which
provides access to wireless medium.

Using 14 non-overlapping channels, each of
22 MHz wideband, placed 5 MHz apart each oth-
er (e.g., channel 1 is placed at central frequency,
2.412 GHz, channel 2 is at 2.417 GHz, and so on,
up to channel 14 placed at 2.477 GHz). Such logical
structure of 802.11 protocols give a lot of benefits
such as:

— wide coverage range in an indoor/outdoor pi-
cocell/microcell environment;

— free and stable work both with stationary and
mobile subscribers;
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— possibility to work with other picocell net-
works, such as WPAN, using the same 2.4 GHz fre-
quency band;

— scalability and security for each subscriber
located in area of service.

Recently, the enhancement of the existing proto-
cols, called IEEE 802.11e standard, was performed
for VoIP [41-47]. The VoIP technology has ad-
vanced rapidly during recent years. This enhanced
technology is better than the previous ones, since
it allows transmitting low-power signal data with
lower time delay and supports better duplex trans-
mission, like VoIP, by sending each voice signal sep-
arately via network channels [35, 37, 45, 48]. Using
beam-forming antennas, as additional attributes
of this technology, the 802.11n network allows to
eliminate multipath fading effects and, therefore,
eliminate ISI and ICI usually occur in wireless com-
munication in environments with fading (see de-
tails in [49-110]).

To be objective, we should also mention on
WiMAX Networks and 802.16 protocol, despite the
fact that they till nowadays did not find their “ap-
plicable layer” among other technologies below 4G.
They relate to broadband wireless systems operat-
ing on the basis of adaptive multibeam or phased
array antennas, which were performed from 2002
for macro-cell servicing (up to tens of kilometer),
their physical layer is operated on the basis of the
standard protocol 802.16 [111-118]. This wireless
network is called WiMAX. A WiMAX antenna can
cover metropolitan areas of several tens of kilome-
ters for fixed stations and up to ten kilometers for
mobile stations. Therefore, initially (on April 2002)
the IEEE Standard 802.16-2001 was defined as wi-
reless metropolitan area network (WirelessMAN)
[112].

Wirelesss-MAN offers alternative networks
based on wire communications (via cables or fiber
optics) with their modems and digital subscrib-
er line (DSL) links. Despite this fact, wireless
WiMAX networks have a huge capacity to address
broad geographic areas without additional infra-
structure required in cable links installation in
each individual site or for each individual subscrib-
er, In such a scenario, WiMAX technology brings
the network to subscribers located inside which are
connected with conventional indoor networks such
as Ethernet (IEEE Standard 802.3) or wireless lo-
cal area networks (LANSs) [Standards 802.11a-e de-
scribed above]. With MAC technology expanding
in this direction, it is important to emphasize that
802.16 MAC standard technology could accommo-
date all connections with full QOS and increase
of GOS.

The signal processing technique implemented in
a WiMAX system is based on OFDM/OFDMA mod-
ulation techniques that will be described in Sec-

tion 2 and operates at frequencies from 2 to 10 GHz.
A WiMAX antenna can transfer information data
with a maximum rate of up to 70 Mbps. The main
goal of such technology is to handle any effects of
NLOS in urban and sub-urban environments that
usually occur in the built-up scene (see [21, 22]). The
main features of WiMAX networks are [111-116]:

a) it uses advanced OFDMA technique;

b) its bandwidth varies from 1.25 to 28 MHz;

c¢) it additionally uses TDD and FDD (frequency
division duplex) techniques (see definitions in [22]);

d) it uses MIMO antenna systems based on a
beam forming technology of each element of BS
(base station), AP and MU antenna performance;

e)it uses advanced signal modulation tech-
niques;

f) it uses advanced coding techniques such as
space-time coding and turbo coding.

Recently, to obey several vivid drawbacks, the
WiMAX technology was deployed to operate si-
multaneously with macro-cell BS antennas and
Femto-Access Point antennas and this was the main
goal performing the 4th generation of wireless net-
works (on such a configuration we will talk below
in Section 4). Moreover, a tendency of integration
of narrow-range WiFi networks with a wide-range
WiMAX networks, operating at different rates and
having different mobility, are sensitive to blocking
of users’ calls, dynamic spectrum assignment for
each user, stationary or mobile, and to energy-effi-
cient handover schemes with the geographic mobil-
ity awareness. The problems of integration of dif-
ferent systems having limited possibilities either in
mobility or in speed, such as WiFi and WiMAX sys-
tems were discussed in references [119-124], where
the main goal of the researchers was to decrease a
blocking probability and increase the efficiency of
handover schemes and frequency spectrum sharing
among user’s channels. Following References [119—
124], we briefly introduce the reader to some of the
problems and tools used algorithms overcome them.

A WiFi/WiMAX integrated network was pro-
posed to achieve high-quality communication by
using WiFi and WiMAX as complementary access
resources. The integrated network, according to
researchers’ main aim, will enable support a load
balancing between WiFi and WiMAX by using
each system selectively in response to the demands
of subscribers, stationary and/or mobile, and the
usage status of each system. According to such an
idea, in the integrated WiFi/WiMAX network each
wireless system will use the spectrum band pre-
scribed by law, so that even if the WiMAX system
has unused spectrum temporarily, it cannot be used
by WiFi wireless systems.

The first problem, investigated in reference
[122], was to find an effective spectrum sharing
method for WiFi/WiMAX integrated mesh net-
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work. Resolving the problem of spectrum sharing
in WiFinetworks, allows connecting the WiFi mesh
network to a WiMAZX base station, obtaining an in-
crease of throughput. The problem is that in a WiFi
mesh network, several WiFi APs are interconnect-
ed by wireless links and the communication with
the backbone network transits through the gateway
AP connected by wire cables. It was expected to re-
duce the cost of infrastructure and to adapt it not
only to urban, but also to rural areas. In addition,
in a multi-channel, multi-interface mesh network,
where each AP can use two or more channels si-
multaneously, it was found possible to increase the
network capacity by dynamic channel assignment
for each wireless link. However, when many mobile
users communicate with the backbone network, the
network throughput decreases due to congestion
around gateway APs [122].

To overcome this problem, a WiFi/WiMAX inte-
grated mesh network was proposed in [122], where
WiMAX is used as backhaul for the WiFi mesh net-
work. In such a combined network, there are two
kinds of gateway APs:

a) one is a traditional gateway AP directly con-
nected to the backbone by a wired cable; and

b) the other is an AP which is wirelessly connect-
ed with the WiMAX BS and works as a gateway.

Also, dynamic spectrum assignment based
on call blocking probability prediction in WiFi/
WiMAX integrated network was investigated in
[123]. The main idea of this research was to allow
WiFi systems to use a spectral band of WiMAX
systems, temporally, in an integrated network of
operation stages. Thus, because the WiFi system
uses the spectrum in units of 20 MHz, the WiMAX
system divides its spectrum into channels of
20 MHz and assigns one of them to the WiFi APs,
which leads to more effective use of spectrum in the
integrated network. To achieve this, a channel in
the WiMAX system should be assigned to as many
WiFi systems as possible, as long as they are not
adjacent. Specifically, a WiMAX system provides
74.8 Mbps per channel and a WiFi system provides
54 Mbps per channel at maximum. Therefore, if two
or more WiFi APs use one channel of the WiMAX
system, the spectrum utilization efficiency can be
enhanced for the whole integrated network. The
proposed method is based on the predicted numbers
of blocked calls, an analytical analysis of which is
fully presented in reference [123]. The proposed
method in reference [123] introduces an effective
dynamic spectrum assignment, where the same
spectrum can be repeatedly used by assigning a
channel of the WiMAX system to two or more WiFi
systems without causing interference between adja-
cent WiFi APs.

Special discussion should be done on so-called
LTE technology and the corresponding networks.

The LTE technology, networks and the correspond-
ing protocols were developed recently to increase
the capacity and speed of wireless data passing
wireless communication links and networks, using
modern hardware (compared to WiMAX networks)
and advanced digital signal processing techniques
[125-187]. LTE was defined in 2009 by the 3rd
Generation Partnership Project (3GPP) as a highly
flexible broadband radio system with high user da-
ta rate (up to 30 Mbps), with a data stream and radio
sensors/networks delay not exceeding 5 ms, with
simple network architecture, efficient spectra allo-
cations, and so on. As was mentioned in [131]: “LTE
is designed to meet carrier needs for high-speed data
and media transport as well as high-capacity voice
support well into the next decade”.

Moreover, the main goal of the first nine releas-
es of LTE was to support both FDD and TDD com-
bined with a wideband system in order to achieve
a large number of various spectra allocations [130,
131]. All these nine standard releases (Table 1) were
implemented recently to overcome the well-known
WiMAX technologies, such as enhanced IEEE
802.16e, performed in 2005. Thus, for example,
the LTE-E-UTRAN technology has much better pa-
rameters regarding data speed and data protection
within communication channels with respect to
WiMAX with enhanced IEEE.802.16e protocol.

Recently, LTE was introduced to support the
systems that can be considered as a continuous
evolution from earlier 3GPP networks, such as
TD-SCDMA (time-division synchronous code-divi-
sion multiple access) and wide-band code-division
multiple access (WCDMA) combined with high-speed
packet access (HSPA). The current Releases 8 and 9
of LTE technology, denoted sometimes as 3GPP-
LTE (or E-UTRAN), include many of features of
4G systems. Therefore, they were considered as the
best candidates for 4G generation of networks and
as a major step toward the advanced international
mobile telephony (ITM-Advanced) [127-145].

Namely, LTE Release 8 was performed for single
user (SU) network to service of each user equipment
(UE). Its arrangement is presented schematically in
Fig. 1.

B Table 1. Evolution of LTE releases (Rel) during recent
years (extracted from Internet)

Rel99  Rel5 Rel 6 Rel 7 Rel 8 Rel 9 Rel 10

( ]__[HSPA-} { HSPA- [HSPA- [ HSPA-
[UMTSHHSDPA]—--lHSUPA R BN

R8 ) \_R9
LTE
‘
R10

90 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI

7/ N°4,2018



\ NHD®OPMAUNOHHBIE KAHAABLI 1 CPEAbI AN

2 or 4 antennas ¥
supported

2,30r4
layers

Precoding

Codebook selection suggestion |
[
Codebooke - == == == === % —— — -~ — 4

B Fig.1.Scheme of SIMO-LTE, supports 2 or 4 antennas
at the BS with spatial multiplexing, using the LTE
Release 8 technology (rearranged from [131, 144])

It has the following characteristics [144]:

— it combines TDD and FDD modes and OFDM
technique in downlink (DL) and SC (single carrier) —
FDMA technique in uplink (UL), using adaptive mod-
ulation and coding such as QPSK/16QAM/64QAM
in both DL and UL channels;

— data rate for 20 MHz-bandwidth: 100 Mbps in
downlink and 50 Mbps in UL channel;

— spectral efficiency for 20 MHz-bandwidth:
5 (bits/sec/Hz) in DL and 2.5 (bits/sec/Hz) in UL;

— latency (e. g. delay of data for each desired us-
er) is less than 5 ms for small IP packets.

The LTE Release 9 standard was performed as an
enhanced version of LTE Release 8 standard [132,
133], where for demodulation purposes a virtual
antenna with pre-coded UE specific reference sig-
nals was added. Here also both paired and unpaired
bands of the radio spectra was proposed depending
on the types of environment, rural, sub-urban, ur-
ban, on the built-up terrain features, and on the
configuration of the bandwidth allocated for users’
servicing. The paired frequency bands correspond
to configurations where UL and DL transmissions
are assigned separate frequency bands, whereas
the unpaired frequency bands corresponds to con-
figurations where UL and DL must share the same
frequency band. As illustrated from Fig. 1 (ex-
tracted from [131]), LTE technology allows for an
overall system bandwidth ranging from as small as
1.4 MHz up to 20 MHz, where the latter is required
to provide the highest data rate within LTE system
communication channels.

All user terminals support the widest bandwidth.
Unlike previous cellular systems of 8'd generation
mentioned above, the LTE system provides the pos-
sibility for different UL and DL bandwidths, ena-
bling asymmetric spectrum utilization. Usage of
effective and flexible spectra sharing not only in
different frequency bands, but also different band-
widths, combining with efficient migration of oth-
er radio-access technologies to LTE technology, are
the main keys of the LTE radio access that provide a
good foundation for further 4th generation evolution.

Below, in Section 5, we will present combination of
LTE advanced technology with MIMO system that is
planned to be useful for 4** and 5** generations.

Now, in Section 2, we will introduce some ad-
vanced diversity techniques adapted for the mul-
ti-carrier accessing networks. Then, in Section 3,
we will describe the advanced MIMO spatial-time di-
versity and spatial multiplexing techniques, focus-
ing the special attention on how fading phenomena
affect the capacity and spectral efficiency of MIMO
channels. Fading propagation effects are described
in terms of the unified stochastic approach intro-
duced in [21, 22] for land communication networks.
In Section 4 we introduce the femtocell-microcell
and femtocell-macrocell (indoor/outdoor) config-
urations for different types of femtocell advanced
deployment strategies, and, finally, in Section 5, we
show advances of the combined femtocell-microcell
layout with MIMO/LTE modern concept for future
4%h and 5*h generation performance.

2. Novel Multicarrier Diversity Techniques

Diversity is a powerful communication receiver
technique, which can be used to handle fading phe-
nomena occurring in different wireless communica-
tion links, terrestrial, atmospheric and ionospheric
(described in [21, 22]). Using diversity techniques,
one can improve the multiple access system perfor-
mance operating in indoor/outdoor multipath envi-
ronments. These techniques are based on the very
simple principle of sending M copies of the desired
signal data sequence (related to the desired user)
via M different channels, instead of usage only one
channel to transmit and receive this desired infor-
mation data.

There are different kinds of diversity techniques
which are currently used in canonical (e.g. current)
and modern networks. We briefly described these
techniques in Section 5 regarding the adaptive mul-
ti-beam antenna applications. Here, we introduce
some advanced techniques based on the proposed
concept.

The analysis of fading, time-varying and fre-
quency-varying, leads to the use of time varying
(adaptive) equalizers for stable communication
achievement [3—5]. However, the design and use of
time varying and adaptive equalizers are difficult
in practice, especially for broadband channels oper-
ating on the basis of adaptive/smart antennas. Only
one solution currently exists, which is to use mul-
ticarrier (e.g., multichannel) techniques, based on
frequency and time diversity algorithms, or on the
space diversity principle currently adapted for the
MIMO systems. This means that instead of one car-
rier, M carriers will be used to eliminate all kinds
of noises, naturally or artificially generated.
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2.1. Advantages
of Multicarrier Diversity Techniques

Before starting to analyze the methods of fre-
quency, time and space diversity, let us, first of all,
determine quantitatively and show analytically the
advantages that can be achieved using multicarrier
diversity methods. For this purpose, let us consid-
er M independent Rayleigh fading channels, i.e.,
operated in worst-case scenarios with the absence
of LOS components, that is, for a fading parame-
ter K =0 (see definitions in [3-10, 21, 22]). We call
each channel a diversity branch. The corresponding
scheme of how to combine and separate all carriers
at the transmitter and then select the desired carri-
er at the receiver, is shown in Fig. 2.

We also assume that each branch has the same
average signal-to-multiplicative noise ratio (SNR)
defined as T = (E,/Ny)<a2>, where E, is the energy of
the bit of information data passing the channel with
strong fast fading, <a?> is the normalized deviation
of signal data energy due to fading, and N is the
energy of the AWGN. Each branch has an instanta-
neous SNR =y;. Then the PDF (plural distribution
functions) of such a multiplicative noise, caused by
fast and/or slow fading, can be written for y;> 0 as

p(vi)%exp(—%} )

where now TI' is the average SNR for each branch.
The probability that a single branch has a SNR less
than some threshold of multiplicative noise, y, is the
cumulative distribution function (CDF) defined for
Rayleigh channel with fading as

v
CDF(y;)=Ply; <71= [ p(y;)dy; =

_ 1 Yi _ Y
—erxp(—Fjdyi —l—exp[—FJ. 2)
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Now, the probability that all M independent di-
versity branches receive signals which are simulta-
neously less than some specific SNR threshold y can
be presented as

M
P[h,---,vMSv]:{l—exp(—%ﬂ =Py(v). 3)

This probability describe situation when all
branches cannot achieve this threshold. If any
branch with number i achieves this threshold, i.e.,
SNR > v, then

M
P[vi>v]=51—PM(y):1{1—exp[—%ﬂ . @

Formula (4) describes the situation of exceeding
of the threshold when selection diversity is used.
For low T, that is, for strong fading effects, (4) re-

duces to
M
Pu [lj . 5)
I

For selection diversity the PDF is found as the
derivative of CDF of all braches to achieve thresh-
old, that is,

M-1
_dBy M (Y _Y
Mm(Y)= ay F{l exp( FH exp( FJ' (6)

Then, the mean SNR, v, can be defined as
< * M-1

7= [ pudy=T[Mx[1-¢7* |7 "¢ ™dx, ()
0 0

where x = y/T. Formula (7) is evaluated to obtain the
average SNR improves offered by the selection di-
versity

M
=y - ®)
k=1

= |==l
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B Fig. 2. Multicarrier diversity principle for desired user selection
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As was shown by numerous computations, for the
independent Rayleigh fading branches, as channels
with the average multiplicative noise, the probability
that the SNR drops below some specific threshold for
one branch is of 2—3 times greater in magnitude than
if several independent (separated) branches are used
in the multicarrier diversity technique.

2.2. Frequency Multicarrier Advanced
Diversity Technique

This technique allows for modulating the in-
formation data signal (e.g., the baseband signal)
through different M carriers. Frequency diversi-
ty transmits information on more than one carrier
frequency. Here frequencies are separated by less
(or equal) to the coherent bandwidth of the channel
and, therefore will not experience the frequency se-
lective or time-selective fades (see definitions above).
Here, we need to choose the symbol duration T in
such a manner that the coherence bandwidth of each
sub-channel, denoted as b,=b,=B,./N, where N is
the number of carriers, will be much smaller than
the bandwidth of the channel B,,. In this case, slow
and flat fading will take place and effects of frequen-
cy-selective fast fading will be minimized. The above
assumption leads to the following constraint:

B, >—=b,. 9)

By using N carriers, we finally have

Bw Bw

b, 1/T,

B,T,. (10)

All definitions of the parameters presented
above in Section 1.

Figure 3 depicts an example of how we can split
the channel bandwidth B,, in N sub-channels with

Absolute value
of channel transfer function

-0.2 ‘ ‘ ‘
0 05 1 15 2 25 3

Frequency

B Fig. 3. The principle of splitting of the whole channel
bandwidth on N sub-channels where effects of signal
deviations are minimal

a bandwidth b, that is enough narrow to exclude ef-
fects of deep fading and narrowband ICI. Then, each
independent symbol signal will have, in frequency
domain, a rectangular shape of power spectral den-
sity (PSD), which in the time domain has a sharp
d-function presentation. Conversely, the rectangular
shaping function g(¢) in the time domain (i.e., a pulse
with data), has in the frequency domain a shape of
the sink-function that in the literature is called the
Nyquist-shaped filter or the ideal filter [1-7].

2.3. OFDM and OFDMA Novel Technologies

As it follows from the description of FDD and
FDMA techniques, described in [22], the spectral
efficiency of the above techniques are too weak be-
cause of the existence of guard intervals (i.e., the
loss of useful bandwidth spectra) [46]. To eliminate
this problem, it is more effective to use the inde-
pendent (e.g., orthogonal) subcarriers, as shown
in Fig. 4.

In such a technique, one can split the total fre-
quency-band spectra of the system on separate
overlapping subcarriers (sub-bands or sub-chan-
nels) with independent properties. This tech-
nique is called the Orthogonal Frequency Division
Multiplexing for resolving the problem of spectral
overlapping, because each individual subcarrier,
being orthogonal with respect to other subcarriers,
can be easily recovered despite the overlapping in
the total spectra. Thus, there is no need of guard
intervals as in FDD or FDMA techniques [22, 64].

Orthogonal Frequency Division Multiplexing.
Let us now consider the OFDM procedure as a pure
mathematical problem. We assume that the trans-
mitted signal passing the fading channel consist-
ing of N subcarrier (corresponding to N paths) can
be generally presented through the fading factor in-
troduced above. If so, a total data signal (e.g., base-
band signal) can be presented as a function of the
amplitude of the signal received in nth sub-channel,
denoted by a,,, and its own phase, Apn = nAwt, as

N-1
s@)= Y o, cos[(coo +nAo))t+<pn], 0<t<T,, (11)
n=0

N carriers

Bw

B Fig. 4. The spectral overlapping for each subcarrier
in OFDM technique, when each peak of any subcarrier
corresponds to zeros positions of other subcarriers due to
their orthogonality
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where
W = 2TCL; Ao)=2—7T (12)
S TS

and L is the length of the channels.
The subcarriers of OFDM are orthogonal on the
interval [0, T], from which it follows that
T,

f s(t)- cos[(mo + nA(n)t]dt =a,T, cosQ,;
0
T,

S

J s(t) ~sin[(030 + nAm)t]dt =a,T,sing,. (13)
0

The corresponding splitting allows us to obtain a
signal for the each carrier in the following manner:

N-1
D=4, Y. o cos| (0g +nde)t+ ¢ |

n=0
(DT, <t<qTs, (14)
where
a? =a'P exp{-jol0}, (15)

a,(,q) € A, and A is a set of constellation’s points con-
taining L points

a? = (a(()q), a{Q), e a%)_l ), (16)

or for orthogonal (independent) sub-channels
aPeA, n=0,1,.,N-1.

From the beginning, the OFDM-technique im-
plementation was based on the discrete Fourier
transform (DFT), mathematically described by (11)
or (14) [64]. Simply speaking, the DFT converts the
time domain representation of the desired signal
with data to the frequency domain representation.
Conversely, the inverse DFT (IDFT) converts the sig-
nal spectrum, that is, the frequency domain signal
data representation to the time domain representa-
tion. Later, instead of the DFT/IDFT technique, the
direct and inverse fast Fourier transform (denoted
DFFT and IFFT, respectively) were used to signifi-
cantly decrease the implementation complexity and
time of the proposed technique. Mathematically
both methods are similar, but FFT is much more
efficient for the implementation. Below we will
briefly present the mathematical aspects of the FFT
technique for the OFDM implementation.

First of all, we should state that the corresponding
block-diagrams of the IFFT for the transmitter and of
the DFFT for the receiver are circuit-wise and have
similar blocks (only the block of discrete-to-analogue
(D/A) should be changed to A/D, correspondingly).

[ fs

aAn_
N1 b k=0,1,2,..., | w0
an=0 DFFT 2N -1} D/A

. (IFFT)

B Fig. 5. Block-scheme of the fast Fourier transform
technique, inverse (IFFT) at the transmitter and direct
(DFFT) at the receiver; D/A is the digital/analogue
transformer

Therefore, we present in Fig. 5 the block-diagram of
the receiver, where the samples of the multicarrier sig-
nal can be obtained by the DFFT of the data symbols.
According to the key goal of the OFDM modula-
tion technique, the corresponding discrete-form pres-
entation of the IFFT algorithm at the transmitter is
the following: a sequence of the discrete signals with
the noises, {b,}, for each independent subcarrier (or
sub-channel), is presented in the following manner:

1 2N
by o Zb a, exp{j2nnk/2N} =
N-1
> a,exp{j2nnk/2N}+
1 n=1

. JoN| 2N

+ AoN exp{j2nnk/2N}
n=N+1
N-1
> a,exp{j2nnk/2N |+
-, . an
+ > apexp{j2n(2N -m)k/2N|
m=N-1

where for the second sum we placed at the bottom
and top limits m = 2N — n, and therefore, the upper
limit will equal m = 2N — (N — 1) = 1. In (17), the am-
plitude of each subcarrier can be presented in the
baseband form:

ap =0, exp{j(pn}. (18)

Finally, using direct FFT (DFFT), we finally get

, 1 N1 exp{j(Znnk/2N+(pn)}+
k= aN nzlan +exp{—j(2nnk/2N+(pn)} )
2 N-1
=—— > a, cos[Znnk/ZN—i—(pn :| (19

V2N

n=1
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In (19) the following parameters were intro-
duced:
1 T, 1 1

T M o Tanar BT ar

Now we put a question: what does it mean that
in (17) was extended the OFDM symbol sequence
by introducing the second term? If a-priory, due to
the multiplicative noise occurring in the multipath
channel with fading (defined by the maximum de-
lay spread), the previous part of each OFDM symbol
will be corrupted by the delay sample of the neigh-
boring OFDM symbol, the orthogonality between
symbols will be lost leading to the so-called ISI or
ICI [64].

Since OFDM technique excludes usage of the
guard intervals compared to the FDMA system (see
[22]), it is possible to extend the OFDM symbol se-
quence with additional replica consisting of N sym-
bols of “zeros” corresponding to the so-called “vir-
tual guard” with a period of T,.

If so, we can convert the symbol sequence in the
time domain at the transmitter using IFFT in such
a manner that its time period T, will be extended
on T, that is, T =T, + T, (Fig. 6). This procedure is
called the prefix cycling [64].

Using this IFFT technique, described mathe-
matically by (17), we obtain that the first term in
(17) will present a desired signal of symbol data,
from which at the receiver the transmitted symbol
sequence {b,{ can be easily recorded. The second
term in (17) corresponds to the part of the symbols
that can be corrupted by fading during passing via
the communication sub-channel. In other words,
the second sequence of samples will be transmitted
in the guard period (see Fig. 6) as a cycle process.
Therefore, this sequence in the literature is called

Guard
period @ Ty T Multi-path
:—»: Mcomponents
! [ ¥/
L I 4 |
Max : |
delay :T o
spread i< max
‘
Sampling! 7 T
delay | s .
Sampling start

B Fig. 6. The procedure of obeying the part of the data
of OFDM signal corrupted by fading (defined by the
sampling delay time) by extension of the symbol time T
with the “virtual” guard period (cyclic prefix)

cycle prefix [64]. This extracted sequence finally
will be eliminated at the receiver, if the elements
of the second sum in (17) will be substituted as a
“zeros” with the time-scale of the “virtual” guard
interval T,.

After such a procedure, we can obtain expression
(19) as a real symbol replica recorded at the receiver
after implementation of the DFFT procedure. Using
the above notations, we finally present for each in-
dependent sub-channel the signal shaped function
at the receiver in the following form, using just
a DFFT on a sampled symbol signals s(¢):

N-1
s(kAt)= Y o, cos[2nnAfkAL + ¢, | =
n=1
N-1
1 V2N
- nZ::l o, cos[ZrmAfk SNAT + (pn:| == b,. (20)

Indeed, at the receiver, the N independent copies
are combined in such a manner to give an optimal
replica of the signals with date sequences of samples
that are not corrupted by fading. Unfortunately,
what is easily to perform using mathematical al-
gorithms cannot be ideally obtained in practice of
wireless communication, where the sub-channel
time-scale (or length) is not constant, and therefore
the preface cycle parameters are also not constant.

Another problem that should be avoided by us-
ing the OFDM technique is the frequency shift of
the received signal spectrum called the frequency
offset [64]. Due to this effect the IFFT procedure at
the transmitter and DFFT procedure at the receiver
are not “symmetrical”, i.e., they do not correspond
strictly to each other. The effect of the frequency
offset is clearly seen in Fig. 7.

According to frequency shifting, the adjacent
subcarriers can be affected by ICI caused by the en-
ergy leakage of the neighbor symbol signals to each
other. As was shown in [46], the overall energy of

FFT window

AW
>
T

With frequency offset

B Fig. 7. Effects of frequency offset on OFDM FFT
modulation technique
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ICI grows with the frequency offset. To avoid this
effect, a frequency domain equalization by using
N separate equalizers for each subcarrier is needed
that significantly increase the complexity of the re-
ceiver implementation. For further reading on this
approach, we refer the reader to the references [13,
18-20, 64].

To complete our explanation of the OFDM tech-
nique we should mention that before starting for
the specific channel splitting into N sub-channels,
the coherent bandwidth b,, of the sub-channel (we
assume that they have the same bandwidth Af,, = o,
n €[1, N — 1]) should be estimated a-priory. Thus,
as was shown experimentally and was described
in [102] during a special campaign carried out in
the city of Tokyo for two scenarios of heavy (the
first scenario) and lower layout (the second sce-
nario) of buildings, in the first scenario was ob-
tained b,.,~ 70+90 kHz, with an average value
of b.,~80 kHz, whereas for the second scenario
b.p = 390+420 kHz. If now, after the OFDM divi-
sion procedure on N sub-channels, the bandwidth f,,
of each sub-carrier was decided to be f, =100 kHz,
as it follows from the second scenario, f is small-
er than the corresponding bandwidth b,.,, and the
OFDM procedure fully obeys fading phenomena in
each sub-channel for the second scenario. However,
such a division procedure is not effective in obeying
any fading phenomena for the first scenario, where
fo=b.,. Finally, a strong frequency selective fad-
ing occurring in the dense urban scene can affect
each sub-channels by corrupting the signal data
for each subscriber located in the area of service.
This example emphasizes the fact that before us-
ing the OFDM procedure, each designer of wireless
network should estimate the fading parameters for
each urban scenario, such as the time delay spread
and coherence bandwidth (for stationary channels)
and the Doppler shift bandwidth and time of coher-
ency (for dynamic channel).

Orthogonal Frequency Division Multiple Access.
From equation (20) it is clearly seen that the OFDM
is a one-dimensional (1-D) technique because the
branches are splitting in the frequency domain on-
ly. A new multiple access technique was introduced
during the 15t decade (see references[13, 18—20, 64)),
which is two-dimensional (2-D) splitting the signal
in bins both in time and frequency domain. This
multicarrier access procedure is called Orthogonal
Frequency Division Multiple Access. Here, we will
briefly explain its algorithm and difference with re-
spect to standard OFDM modulation technique. For
this purpose, we arrange the corresponding scheme
of each carrier signal data presentation in the joint
2D time-frequency domain, as shown in Fig. 8. One
can that in an OFDMA system for each carrier we
get the narrow bandwidth f,=B,/N with the in-
ter-carrier separation that equals 1/T << f,.

Data symbol
Time — frequency grid

N

Carrier

fo

— =t ppum symbol
after IFFT

Time

B Fig. 8. 2D time-frequency signal presentation accor-
ding to OFDMA technique

Weshould alsomention that during this procedure
of splitting the total bandwidth B,, into N sub-chan-
nels, the each carrier bandwidth f; must be shorter
than the bandwidth of coherency of each sub-chan-
nel, that is, fo < b,,, as was proved experimentally in
[102]. Taking into account the above constrain, we
can, by using OFDMA technique, fully exclude the
ICI, that is, the overlapping between each separate
bin and, finally, we do not spend bits for guarding ef-
fects, as was used in narrowband technologies, such
as the FDMA and TDMA, definitions of which were
introduced in [22]. Therefore, the OFDMA technique
can be considered as a hybrid FDMA/TDMA scheme
described above, because it allows users to flexibly
share both the frequency sub-band (e.g., the carrier)
and the time slot. Mentioned above allows us to state
the following features of OFDMA:

— OFDMA is based on OFDM, the multiple nar-
row-band subcarriers modulated in parallel;

— OFDMA combines OFDM modulation and
a multiple access scheme, let say TDMA, as it is
shown in Fig. 9, a;

— OFDMA combines time division and frequen-
cy division multiple access techniques, that is,
OFDMA = TDMA+FDMA (Fig. 9, b).

Moreover, the above analysis allows us to notice
that using a large number of parallel narrowband
sub-carriers instead of a single wideband carrier to
transport information, we can:

— very easy and efficiently deal with time-dis-
persive multipath fading;

— protect against narrow-band interference due
to the orthogonality of the sub-carrier channels;

— offer the flexibility to adapt the transmission
rate per narrowband sub-channel (e.g. sub-carri-
er) to the most suitable transmission electronic
schemes at the transmitter;

— reduce some of the electronic elements at the
receiver, because using such a technique, we do not
need to implement the N oscillators, filters, and so
forth, for each carrier.
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B Fig.9.OFDMA as a combination of OFDM modulation and TDMA technology (a) and OFDMA as a combination OFDM
modulation simultaneously with FDMA and TDMA technologies (b)

At the same time we notice that the OFDM/
OFDMA techniques have some disadvantages of
this technique, such as:

— this technique is sensitive to frequency and
phase offsets;

— it has a peak-to-average problem that reduc-
es the power efficiency of the RF amplifier at the
transmitter (for any multicarrier technique).

Despite the fact that the OFDM/OFDMA
techniques have the above disadvantages, they
were taken strong candidates for most of the 3G
and 4G wireless networks and were adapted in
various modern standard technologies, such as
WPAN or Bluetooth, WLAN, which is equiva-
lent to WiFi, WiMAX, LTE, and so on. Currently,
the OFDMA technology is intensively used in
IEEE 802.16/WiMAX standard networks and in
their combination with MIMO systems (see brief de-
scriptions of the corresponding networks below in
Section 4).

2.4. Time Advanced Multicarrier
Diversity Techniques

As was defined in [21, 22], in situations when
the signal bandwidth is larger than the coherence
bandwidth of the channel, that is, B, >>B., the
channel is frequency selective and fast. If the same
channel is subdivided into a number of orthogo-
nal frequency-division multiplexing sub-channels
having a mutual separation in center frequencies
of at least Af = B,, the effects of fading on the sig-
nal data transmitted via each sub-channel can be
eliminated.

However, in the case of wideband modulation,
such as in the CDMA technique, the multiple se-
quences of the data signal from each subscriber ar-
riving at the receiver can destroy the independence
between the codes (i.e., their orthogonal proper-
ties) if their delays will exceed a single chip dura-
tion. This usually occurs, if the chip rate exceeds
the coherent bandwidth of the sub-channel, that is,
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R.>b.,. In such scenarios an alternative method
is usually used on the basis of a so-called Rake de-
tector [6—7]. Here a time diversity technique is
used, assuming T, > T, =1/b,,, that is, the infor-
mation signals duration exceeds the coherence time
of the sub-channel. In this case multiple repetitions
of the signal will be received with independent fad-
ing conditions. In other words, we can obtain time
diversity by transmitting the same signal multi-
ple times, separated signals apart in time in such
a manner that the channel multipath fading will be
decorrelated between replicas.

As was shown in references [5—7], the one mod-
ern implementation of time diversity involves the
use of a RAKE receiver, working as n-delay line
through which the received signal is passed. Its ac-
tion is somewhat analogous to an ordinary garden
rake, and consequently, the name “RAKE receiver”
has been used for this device by Price and Green in
1958 [5-T].

As we mentioned in Section 1 (see also [22]), in
DS-SS system (or CDMA), the chip rate is much
greater than the fading bandwidth of the chan-
nel. CDMA spreading PN-codes are designed to
provide very low correlation between successive
chips. Thus, propagation delay spread in the wire-
less channel merely provides multiple versions of
the transmitted signal at the receiver. If these mul-
tipath components are delayed in time by more than
the chip duration, they appear like uncorrelated
noise at the CDMA receiver, and an equalizer is not
required. However, since there is useful informa-
tion in the multipath components, CDMA receiv-
ers can combine the time-delayed versions of the
original signal transmission in order to improve
the SNR at the receiver. The RAKE receiver is usu-
ally used for such purposes. This receiver, using
the tapped delay line structure with discrete time
intervals equal to the chip period T,, multiplies sev-
eral copies of the received signal by versions of a
spreading code, shifted by multiples of T.. Finally,
a Rake detector collects the time-shifted versions
of the original signal by provide a separate corre-
lation receiver for each of the multipath signals.
The RAKE receiver, shown in Fig. 10, is essentially
a diversity receiver designed specially for CDMA,

Zy

Corre- ,ﬁ 5 _
oo lator 1 oy
=R
2850 2 72 m @)
9a= D4 L[ Corre: —@_.sz» [(-at »E—»
S, = lator 2 o 0
SEE 2 3
bR /
EOE Corre- _M,@'_

lator M oy

B Fig. 10. Block-scheme of the RAKE receiver

where the diversity is provided by the fact that the
multipath components are practically uncorrelated
from one another, when their relative propagation
delays exceed a chip period T.,.

As it is seen from Fig. 10, a RAKE receiver uti-
lizes multiple correlators to separately detect the
M multipath components with deep fading (i.e.,
strongest multipath components). Such a procedure
allows the components of the desired signal with da-
ta (e.g., with a original bits’ sequence) to be recov-
ered and recombined with the corresponding time
shifts due to the channel removing.

Let us briefly analyze the RAKE receiver work-
ing process in more details following block-scheme
presented in Fig. 10. The outputs of each correla-
tor are weighted to provide a better estimate of the
transmitted signal. Demodulation and bit decisions
are then based on the weighted outputs of the M cor-
relators. Assume M correlators are used in a CDMA
receiver to capture the M strongest multipath com-
ponents. A weighting network is used to provide a
linear combination of the correlator output for bit
detection.

The first correlator is synchronized to the
strongest multipath component of the signal r(¢)
with data and multiplicative noise due to fading.
The multipath component my arrives t; later than
component m;. The second correlator is synchro-
nized to the component my. It is correlated strongly
with my, but has low correlation with m,. Note, if
one correlator is used, as it usually done for sin-
gle-carrier systems, such as FDMA and TDMA, the
strong fading corrupted the channel cannot be elim-
inated by single receiver. Then bit decisions based
on only a single correlation may produce a large bit
rate of the information data passing through such
single-carrier channel. In a RAKE receiver, if the
output from one correlator is corrupted by fading,
the others may not be, and the corrupted signal
may be discounted through the weighting process.
Decisions based on the combination of the M sep-
arate decision statistics offered by the RAKE pro-
vide a form of diversity which can overcome fading
and thereby improve CDMA reception. The M deci-
sion statistics are weighted to form an overall deci-
sion statistics, as shown in Fig. 10.

The outputs of the M correlators are denoted as
Z1y Zg, .., Zys- They are weighted by oy, og, ..., 0y,
respectively. The weighting coefficients are based
on the power or the SNR from each correlator out-
put. If the power or SNR is small out of the particu-
lar correlator, it will be assigned a small weighting
factor. As in the combining diversity scheme, the
overall signal Z' is given

M
Z'=Y amZy. (21)
m=1
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The weighting coefficients, a,,, are normalized
to the output signal power of the correlator in such
a way that the coefficients sum is equal to one,
shown by the following formula:

Zp,

oy, = 22)

M
> Zn
m=1

As in the case of adaptive equalizers and diver-
sity combining, there are many ways to generate
weighting coefficients. Choosing weighting coeffi-
cients based on the actual outputs of the correlators
yields better RAKE receiver performance. This
performance gives a conditional error probability
in the form of

P(1)=Q(J150-p1)), 23)

where p,= 0 for the orthogonal signals and p,=-1
for antipodal signals; the Q-function was defined in
the literature via the error function [1-22]. Here vy,
is the current SNR, which equals:

E, Mo,M
Yb:N_Zak:ZYk- (29
0 k=1 k=1

For Rayleigh fading channel, we can finally ob-
tain the probability for instantiations SNR, y;;:

1
p(m)a—exp{—i—k}, 25)
Yk Yk

where, as above, 7y, =E, ia% > /Ny is an average
SNR for the kth path (kR subcarrier or sub-channel).
To be continued.
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ITocTaHOBKA MPOOJIEMBI: IIeJIBI0 TAHHOTO 0030pa ABJISAETCA aHAIN3 SBOJIIOINU CUCTEM OeCIIPOBOJHOM CBA3U OT BTOPOI reHeparun (2D)
o msAToi renepanuu (5G), a TaKKe U3MEHEeHUS TeXHOJIOIMUI U X CYI[eCTBYOIUX TeOPEeTUUYeCKUX OCHOB U IIPOTOK0JI0B — oT Bluetooth,
WLAN, WiFi u WiMAX no LTE, OFDM/OFDMA, MIMO u LTE/MIMO — npoABUHYTBIX TEXHOJIOI'UI C HOBOM MePapXUUECKOI CTPYKTY-
poii nusaitHa coToBbIX KapT femto/pico/micro/macro. MeToabI: NCIIOJIH30BAHBI HOBBIE TEOPETUYECKYE IIOXOIBI [JI51 ONMCAHUSA IPOABUHY -
TBHIX TEXHOJIOTUI, TAKUX KaK MHOTOII0JIb30BaTeJIbCKasA TeXHUKA pas/esieHus moab3osareseit, OFDM u OFDM-HoBe#AIIni TOAX0/, HOBbIe
acnexTs! onucanusa MIMO-cucrem Ha 6a3e MCIIOJIb30BAHNS MHOTOJIYUYEBbIX aHTEHH, JU3AaH PA3JIUYHBIX COTOBBIX KapPT HA OCHOBE HOBBIX
aJTOPUTMOB IIOCTPOEHUSA (PEMTO/ITUKO/MUKPO/MAaKpPO COT, a TaK)Ke HOBOI MeToxoioruu nHrerpupoBanus HoBoit MIMO/LTE-cucrems! ¢
TIOMOIIII0 MHOT'OJIYUEBbIX AaHTEeHH. Pe3yIbTaThl: CO3LaHa HOBasl METOJOJIOTHUS OIMCAHUA MHOTOIIOJIb30BAaTEIbCKOI0 Pa3/ieIeHUA, UCI0JIb-
soBanus KomouHupoBanHoit OFDM/OFDMA-monyianun s 00X0KIeHUA NHTeP(EepeHIIuN MeXK /1y II0JIb30BaTeJIAMA U MeXKIy CUMBO-
JlaMU B HOBBIX MHOTOIIPOIIECCOPHBIX CHCTEMaX, MYJIbTUILINKATUBHBIX IIIYMOB, MMEIOINX MECTO B OECIIPOBOJHBIX MHOTOIIPOIIECCOPHBIX
cHuCTeMaX CBS3U, BHI3BAHHBIX SIBJEHUSMM MHOTOJYUYEBOCTU. B mTOre mpeasiosKeHo, Kak 000iTu a(pdeKThl paciupocTpaHeHus, UMEeIe
MeCTO B Ha3eMHBIX KaHaJlaX CBA3U, UCHoab3yda KoMmouunamuio MIMO- u LTE-TexHo0rnif, OCHOBAaHHBIX Ha IPHUMEHEHUU MHOTOJIYUYEBBIX
aHTeHH. [y 9TUX 1eseil pa3paboTaH HOBBIIM CTOXACTUYECKUI ITOAX0/ K Ipo6JieMe, YUNTHIBAIOIINI 0COOEHHOCTH 3aCTPOMKY 3€MHOM 110~
BEPXHOCTHU, TaKHeE KaK IPO(PUIb 3aCTPONKY JJOMOB, IIJIOTHOCTb 3aCTPONKY JJOMOB BOKDPYT aHTeHH 6a30BO CTAHIIVY U I10JIb30BATEJIEN U T. 1.
ITH XapaKTepPUCTUKY IIO3BOJIAIOT B UTOTE OLeHUTDH d(DGEeKTHI (heJUHra KAK HCTOYHUKA MYJIbTUILINKATUBHOrO mryma. IlpakTuyeckas 3Ha-
YHUMOCTb: HOBasl METOOJIOTUA OIleHKHU 3 (PEKTOB, CO3TAHHBIX MYJIbTUILINKATUBHBIM IIIYMOM, UHTEP(EPEHIINEH MEK Y IT0Ib30BaATEIAMMI
¥ MKy CUMBOJIAMU, UMEIOIIUMI MECTO B HA3eMHBIX CHCTeMaX 0eCIIPOBOAHON CBSI3H, II03BOJISET IIPOIHO3UPOBATH IPAKTUYECKUE acIleK-
TBHI CYII[ECTBYIOINX U HOBBIX MHOTI'OIIPOIIECCOPHBIX OECIIPOBOAHBIX CHUCTEM CBS3HU, TaKWe KaK eMKOCTHh (KOJUYECTBO) IIOJIb30BaTeNeld 1
crneKkTpasbHad 3(PPOEKTUBHOCTH KAHAJIOB IT0JIb30BaTe el VI PA3JINYHBIX KOH(MUTypaIuil MocTpoeHus cotT — (eMTO/ITNKO0/MUKPO/MaKpo,
a TaksKe HoBeHIuxX Koupurypamuii cucrem MIMO/LTE ajst mocTpoeHus OyAYIUX cUCTEM 4-T'0 U 5-T0 IOKOJIEeHUH.

KiroueBsle cioBa — agguTUBHBIHN 6esblil rayccoB mym, AWGN, mpoiiecc MHOTOKPATHOTO paszaeneHus mo kogam, CDMA, npsimoe 6b1-
crpoe npeobpaszoBanue @ypre, DFFT, npsamoe yinpeHue ciekTpa mocjiefoBaTebHocT, DS-SS, riobanbHasa cucreMa IOABUKHOMN CBA3H,
GSM, mnporecc MHOTOKPATHOTO pasjesienus mo yacroram, FDMA, o6parHoe 6bicTpoe npeobpasoBanue @ypove, IFFT, BHyTpUKaHAIbHAS
untepdepennusd, ICI, BEyTpucumBosbHaa nHTep(depennusd, ISI, BHyTpunonabsoBarenasckasa narepdepennud, IUI, roarocpoyssle 5BOJIIO-
nuoHHbIe peanusanuu, LTE, npoecc kouTpossa cpenbl, MAC, MyIbTUIIIIEKCUPOBAHNE 32 CUET Pa3/eJIEHUA 10 OPTOTOHAJIBHBIM YaCTOTaM,
OFDM, mnporecc MyJbTUILJIEKCUPOBAHNS 34 CUET Pa3lesIeHUs 110 OPTOroHaabHbIM yacTroram, OFDMA, mpoiiecc MyJIbTHUILIEKCUPOBAHUS
3a cueT pasfeseHUus 10 OPTOTOHAJIBHBIM BpeMeHHbIM uacToraM, OTDMA, MHOrOKpPaTHBIN BXOA — MHOTOKpaTHBIH Bbixox, MIMO, exus-
CTBEHHBIN BXOJ — MHOTOKPATHBIN BbIX0H, SIMO, oTHOIIeHMe curHaia K mrymy, SNR, mpoiiecc MHOTOKPaTHOTO pa3esieHus 10 BpeMeHaM,
TDMA, o6opypoBaHnue mnosan3osareisi, UE, 6GecipoBogHas moib3oBaTesbcKkas ceTb, WiFi, okanbpuas 6ecupoBoaHas cetb, WLAN, Gecripo-
BogHas ceThb Merponouu, WiMAX, 6ecupoBogHas I0JIb30BaTeIbCKasa ceTb, WPAN.

IIutupoBanue: Sergeev A. M., Blaunstein N. Sh. Evolution of Multiple-Access Networks — Cellular and Non-cellular — in Historical
Perspective. Part 1. MadopmanuorHo-yupassaomnue cucremsl, 2018, no. 4, pp. 86-104. doi:10.31799/ 1684-8853-2018-4-86-104
Citation: Sergeev A. M., Blaunstein N. Sh. Evolution of Multiple-Access Networks — Cellular and Non-cellular — in Historical
Perspective. Part 1. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2018, no. 4, pp. 86-104. doi:10.31799/
1684-8853-2018-4-86-104

104 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI 7/ N4, 208



\ NHD®OPMAUNOHHBIE KAHAABLI 1 CPEAbI AN

YAK 004.77
doi:10.31799/1684-8853-2018-4-105-114

YYET CNEUUOPUKU AOCTYNA BOALLLUOIO YUCAA YCTPOMUCTB
nPU MEXXMALLUHHOM B3AUMOAEUCTBUU
B COBPEMEHHbIX COTOBbIX CETAX

0. C. NraamHuHa?, PhD, ctapLumnii Hay4HbIH COTPYAHMK, olga.galinina@gmail.com

C. A. AHapeeB?, PhD, cTapLumii Hay4HbIM coTpyaHmK, orcid.org/0000-0001-8223-3665, serge.andreev@gmail.com
A. M. TropaukoB®, sokTop TexH. Hayk, npogeccop, turlikov@vu.spb.ru

aTexHOAOIMUYECKUI YHUBEPCUTET I. Tamnepe, KopkeakoyayHkaty, 1, Tamnepe, 33100, OUHASIHAMS
SCaHKT-leTepbyprckuii rocyaapCTBEHHbIN YHUBEPCUTET a3PpOKOCMMUYECKOro MpHMBopOCTPOCHHS,

B. Mopckas yA., 67, CaHkTt-[letepbypr, 190000, PO

BBeaeHue: MeXMallMHHOE B3aMMOAECHCTBUE, MPEANoAararoLee nepeaady MHpopmMaLmMm ot BCEBO3MOXHbIX GECMPOBOA-
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Beenenne

MaInHHO-OPUeHTUPOBAHHOE MW MEeKMATIITUH-
moe (M2M — machine-to-machine) BsaumogeiicTeue
ABJIAETCA HEOT'heMJIEMOI COCTaBHOI YaCThIO pAfa
COBPEMEHHBIX TeXHOJoTui. OTpacieBble OTYETHI CBU-
IETEJIbCTBYIOT O 3HAUUTEJIbHOM IIOTEHIIHAJe PHIHKA
M2M, Ha KOTOPOM B HOCJIEAYIOIIYE TOALI BOSHUKHYT
MUJIIAAPAbl IMOAKJIIOUEHHBIX YCTPONCTB, UTO IIPU-
BeJIeT K BHAUUTEJBLHBIM TOXOaM B 9TOM ceKTope [1,
2]. B coorBeTcTBUU C, HampuMmep, paboramu [3, 4]
kourennua M2M mpemocTaBideT MIMPOKOMY KpPy-
Iy GeCIpPOBOAHBLIX YCTPOMCTB (MHTEJIEKTYAJIbLHBIM
CUueTUMKAaM, WU3MEPUTEJIsIM, CeHCOpaM U MOpP.) BO3-
MOYKHOCTL 3a()MKCHUPOBATH HEKOTOPOE COOBITHE U
nepegaTh NHMPOPMAIIUIO O HEM Uepes3 OIOPHYIO CeTh
CBSI3M COOTBETCTBYIOIIEMY IIPUJIOKEHUI0, KOTOPOe
B CBOIO OUepeab IPeIoCTABUT JaHHbIe IOTPEeGUTEO.

ITo mepe TOro Kak BBIPyYKa OT TPAAUITMOHHBIX
TOJIOCOBBIX CEPBUCOB IIPOOJIMKAET COKPAIIaThCs, CO-
TOBBIE OIIEPaTOPhI 00PAIAIOT BCe OOJIbIIIe BHUMAHM S
Ha mpuaoskenusa M2M. ITo stoit mpuunne European
Telecommunications Standards Institute (ETSI) ua-
YaJI IePCIEeKTUBHBIE ITPOEKTHI II0 Pa3paboTKe CTaH-

IapTOB, OIPEAEJAIONINX CKBO3HYIO apXUTEKTypy
M2M [5]. CocTosinme maHHOI 00JacTU IpPeAIoaara-
€T, UYTO YMHAasA CeTh CUETUNKOB, CUTHAJTUSUPYIOIITUX
00 aBapUUHBIX CUTyaIlMAX M aBTOHOMHO cOOMpa-
oImux THOOPMAIUIO O PACcXoje 3JIEKTPOSHEPTUH,
MOJKET CTATh OJHUM W3 KJIUYEBHIX KOHTEKCTOB KC-
noJib3oBaHuA cucteM M2M, mo3BOJIAA CHUSUTD DKC-
ILJIyaTallOHHbIE PACXOABI X OCYIIIECTBUTH IIOAAEDIK-
Ky Tapu(UKAIIUU KOMMYHAJbHBIX YCJIYT HAa OCHOBE
1MeHooOpa30BaHU A, 3aBUCAIIETO OT HATPY3KH [6, 7].

O:KUgaeTcs1, YTO TeXHOJIOTHI COTOBLIX CeTell, TaK1e
kak 3rd Generation Partnership Project Long Term
Evolution (3GPP LTE), GyayT urparh pemIaroIlyio
POJIb B CO3IAHUY IIPUJIOMKEHUH IJIS YMHBIX CUETUNKOB
anekTposueprun. Komuter SGPP omnpenenns B cBA3U
C 9TUM HECKOJIbKO 3a/a4 II0 MeKMAIIMHHOMY B3au-
MOZEMCTBUIO, IPEK/Ie BCETO B OTHOIIIEHUN KOHTPOJIA
neperpysku paguocereii gocryta [8, 9]. I'pynna 3SGPP
TI0 yCJIyraM TaKJKe 3aMHTEPEeCOBAHA B YCOBEPIIIEHCTBO-
BaHUAX, cBsA3aHHBIX ¢ M2M misa cucrembl LTE B KoH-
TeKCTe MOOMJIbHBIX ITPUJIOMKeH faHubIx [10, 11].

B maHHOII cTaThe IpeIaraeTcs MOAXO0M K OIleHKe
paborel KaHaja ciayudaiHoro mocryna (PRACH —
Physical Random Access Channel) B cucremax M2M,
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nocTpoeHHBIX 1o TexHogoruu 3GPP LTE. Oco6wlii
WHTEPeC IPEICTaBJISIET HCCIeJIOBAaHUE YCJIOBUM Ie-
Perpysku, BBIBBAHHOW JOCTYIIOM OOJIBIIIOTO UKCJIA
ycrpoiicte M2M B TeueHHE KOPOTKOTO IIPOMEKYT-
Ka BpeMeHU. B cBA3U ¢ TeM, UTO TaKVe yCTPONCTBA
OOBIYHO ABJIAIOTCA MAJIOTa0APUTHBIMU U MOJIYYAIOT
NUTaHUE OT aKKyMYJsATOpa, YUeT UX SHePrornoTpe-
OJleHUsA MMeeT IIepBOCTeIlleHHoe 3HaueHue [6, 12] u
TIIO3TOMY BKJIIOUAETCS B CTPYKTYPY HCCIETOBAHUA
HapAAY C TPAIUIIMOHHBIMHY MOKAa3aTeJIAMU IPOU3BO-
IUTEJIBHOCTY CUCTEMBI CBA3U, TAKUMU KaK 3aTePiK-
Ka JOCTyIIa ¥ BePOATHOCTH YCIEITHON Nepefaun nH-
gopMmaInuu.

Onucanue CHCTEMBbI JOCTYyIIa U €€ MOaeJb

Oco6eHHOCTH PA0OTHI KAHAJIA CAYUAWHOTO JOCTYIA

IIponienypa cayuaiizoro gocrymna (RA — Random
Access) B cetb 3GPP LTE mpencraBiena Ha puc. 1.
ITons3oBaTennsckoe obopynopanue (UE — User Equip-
ment) B pekuMe CIyYalHOrO AOCTyIla HaIpaBJIAET
Ha COTOBYIO 6A30BYIO CTAHIIUIO (HA3BIBAEMYIO TAKIKe
eNodeB) criernasinaoe coobirenne (Msg 1), HasbIiBae-
Moe IpeaMOyJI0i 1 BEIOMPaeMoe CIydaiiHbIM 00pa3oM
U3 HeKoToporo 3aduKcupoBaHHOr0O Habopa [13, 14].
3aMeTuM, UTO HEKOTOPBIE M3 YKAa3aHHBIX B CIIEIU-
(ukanuu IpoTOKOoJAa IpeamMOyJs MOTYT OBITH 3ape-
3€PBUPOBAHBI VI APYTUX IeJel B 3aBUCUMOCTH OT
KoH(urypanuu cetu. Ilepenaua mpeaMOyabl TaKKe
MOJKEeT OKAasaThCsl HEeYCIeIlIHA BCJIEACTBHE HeI0CTa-
TOYHOU MOIITHOCTY OTIIPABUTEJIA.

Ecau npeambysna npuHATa KOPPEKTHO, 06a30-
Bas cTaHIuA oTBeuaeT moaTBep:kaeHureM (RAR —
random access response, uiau Msg 2) B mpeaeaax
ompeneaeHHoro okHa orsera. Korma RAR monyuen,
WHAWKATOP pecypca GU3NIeCKOro HUCXOAAIIETO 00-
miero KaHaJja MOKeT ObITh IepeaH 1o (hU3uUecKo-
MY HUCXOIAIEeMY yIpaBJsionemMy Kanaay [15, 16].

UE eNodeB
Msg 1: mpeamOyia

Msg 2: RAR —
IIOATBEPXAeHEe

IIponenypa RA
Msg 3: 3ampoc
Ha coeguHenue RRC

Msg 4: ycranoBienue
coenuHenuss RRC

ITocnenyromasa
CUTrHaJJIu3al g

\ \/

B Puc. 1.IIpouexnypa cayuaiiaoro gocryna RA 8 SGPP LTE
B Fig.1.Random Access procedure in 3GPP LTE system

ITockoabKy 0azoBasi CTAHIIUSA JOJIXKHA OIPENeIUTh,
KaKoe UMEHHO I0JIb30BaTEIbLCKOe 000pyJoBaHIE HA-
IpaBuUJIO IpeamMOyJ1y, TpebyeTcs 3allyCTUTh IIPOIeCe
pasperteHusa KoJsnausduii. Koanmsuu mMoryT mpomc-
XOAUTH Ha 6a30BOI CTAHIIMU, KOTJA ABa UJIU OoJiee
TIOJIb30BATEJIECKUX YCTPOMCTBA BBIOMPAIOT WIEH-
TUYHBIE IpeaMOyJIbl U OTIPABJIAIOT UX B OLHO U TO
ske Bpems [17, 18].

ITo mporttecTBUM HEKOTOPOTO BpeMeHu 00paboT-
ku RAR mosab3oBaTesbcKoe 00OpymoBaHUE Iepe-
IaeT cooOIeHme o 3ampoce Ha coenuHenme (Msg 3)
yepe3 (PUBUUECKUN OOIUII KaHAJ BOCXOAAINEH JIU-
HUW, UCIIOJb3YA PECypPChI, BeIZeJIeHHBIEe eMy Msg 2.
IIpomenypa caydaiiHOTO [JOCTyIla 3aBepIIAeTCsa
YCHEIHBIM IIOJYyUYeHUEeM COOOINEHUS O ITOATBEPIK-
meauu coenuHenud (Msg 4) or 6a30BOi CTaHIIUU.
IIpu Haauuuu KoJaausum mpeamOyJs 6as3oBas CTaH-
IS TTOChLIIaeT OAHO U TO Ke Msg 2 6ojiee ueM O HO-
My IOJIb30BaTEJIbCKOMY YCTPOICTBY, XU COOCTBEHHO
KOJLIN3UA IPOUCXOAUT Ha dramne oTupaBku Msg 3.
Ecnu mosib3oBaTeNlbCKOE YCTPOMCTBO He TMOJydaeT
OJKMJIaeMbIX CUTHAJIbHBIX COOOIIEHU, OHO BO3BpAa-
maercda K nmporenype RA mocse HEKOTOporo Bpeme-
HU OTCPOYKMU, BBIOMpAs ero CIydYalHbBIM 00pasom
B IIpefesiax 3aJaHHOTO OKHA.

V3KUM MeCTOM PacCMOTPEHHOII MPOIeNyPhI CUT-
HaJIU3aInu, 0COOEHHO B YCIOBUAX MHOYKECTBEHHBIX
3aIIPOCOB CO CTOPOHHI MOJIL30BATEIBCKOI0 000PY/I0-
BaHMUs, MOJKET CTaTh HapacTalollas BePOSTHOCTh
Kossusuu (puc. 2, a). OnHako mocelika RAR B pam-
KaXx OKHa 0TBEeTa MOKeT TaKiKe OKa3aTbCs HeYCIIeIl-
HOUM mM3-3a OTPAHUYEHHBIX PECYPCOB HUCXOAAIIETO
kanajmga. Kpome Toro, Msg 3 u Msg 4 MOoryT uMeThb
HEKOTOpbIe BEPOSTHOCTH HEYCIIEITHOTO IIpueMa.
OTMeTUM TaK:Ke, YTO OTKA3 IPU CIYUANHOM JOCTY-
ne RA Mo:keT IpUBECTH K YBEJUUEHUIO 3aJeP:KKU
HaJaJILHOTO JOCTYIIa B CETh.

BeposaATHOCTD KOJIJIU3UY YBEJIUYUBAETCS C POCTOM
YucsIa 3aIpocoB oT yerpoiicTB M2M, a Takke 3aBUCUT
OT XapaKTepUCTUK nX Tpaduka. [Jisa clieHapueB, CB-
3aHHBIX ¢ meperpyskoii PRACH, uwmcio ycTpoiicTs,
KOHKYPHUPYIOIIUX 3a AOCTYI K KaHAJIy B OFHOU CO-
Te, MOKEeT JOCTUTATh 00abInx 3HaueHuH (1o 30 000
YCTPOICTB B COOTBETCTBUY C orfeEKamu Vodafone [19],
dauMcTBoBaHHBIMU [20] m npunATeEiIMu 3GPP [21]).
Takroe GOJIBIIIOE UMCIIO YCTPOMCTB MOYKET IIPUBECTU
K Upe3MepHO BBICOKOU BEPOSATHOCTHU KOJJIU3UU U ObI-
CTPOMY HCTOII[EHHUIO CUCTEMHBIX pecypcoB. IToaTomy
3GPP mposABisAeT MOBBLIIIEHHBIN UHTEPEC K MCCJIem0-
BAHUIO TOJOOHBIX IIEPErPY30K U COOTBETCTBYIOIITUX
uM napamMeTpoB paboTs cuctembl LTE.

B Ta6suiie mpuBeseHa CBOAKA TapaMeTpPOB U3 He-
CKOJIBKUX METOJOJIOTMUECKUX JOKYMEHTOB II0 MOJe-
JIMPOBAHUIO crcTeMbI foctyna [21, 22]. OcHoBHBIE Be-
JUYNHBI CBSI3aHbI ¢ KoH(puUrypamueit Msg 1, koTopas
O6asupyercsa Ha mHIOeKce KoHpurypanuu PRACH.
Tak:ke ompenesieHO0 YKCJIO0 ITOAKAIPOB, B KOTOPBIX
TI0JIb30BATEJIECKOEe 000PYIOBAHUE MOJKET IIBLITATHCA
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B Puc. 2. IIpumep paboTsl porenypbl RA: BpemenHnasa quarpamMmma (a) u norpedisieMasi MOIITHOCTb, HarrpuMep, UE Ne 8 (6)
B Fig. 2. Example RA procedure operation: time diagram (a) and consumed power of e.g., UE #8 (0)
B OcHOBHBIE TapaMeTPhI MOAEJIUPOBAHUS
B Main modeling parameters
Obo3HaueHUe Onucanuve Benuuuna
- ITonoca mpomyckauus 5 MTI'g
- Nunexc koupurypanuu PRACH 6
s Ooi1iee yncJio Ipeamoyt 54
Ly MaxcumaJbHOE YHCJIO ITpeamMOoyI 10
— YucJio rpaHTOB AJIA BOcXoaAIero kanaua Ha RAR 3
w VHAUKATOP OTCPOUKH 20 mc
ng/Ty BeposaTHocTs ycnerHoit foctaBku Msg 3/Msg 4 0,9/0,9
Lg MaxcumaJsibHOe uncio mepegad aias Msg 3 u Msg 4 5
M Yucuo yerpoiicts M2M 5 teIC., 10 THIC., 30 THIC.
N Yucao JOCTYIHBIX ITOAKALPOB IJIA aKTUBHBIX YCTPONCTB 10 T5IC., 60 THIC.
b ITepuoguunocts okoH PRACH s nepemaun 5 mc
K Oxuo orBeta RAR 5 Mc
K; IMnureabHOCTH Iepeaauyn mpeaMOyIbl 1 mc
K, HnaurenbHOCTH 00pabOTKY IpeaMOyJibl Ha 6a30BOIi CTAHIIUH 2 mMc
tor HaurenbHOCTb 00paboTKU mepes mepegadeit Msg 3 5 Mmc
tyy HaurenbHocTsb nepenaun Msg 3, oskunanme u npuem Msg 4 6 mc
P ITorpebJieHre MOIITHOCTY B HEAKTUBHOM COCTOSHUN 0,0 mBT
Py IToTpeb6ieHrEe MOIITHOCTH B COCTOSTHUU TPOCTOS 0,025 mBrT [23]
Py IToTpebJsieHnEe MOIITHOCTY IIPU 0OOPAOOTKE U IIpUeMe 50 mBT [23]
Pg IToTpebiieHNE MOIITHOCTY BO BpeMs Ilepefadn 50 mBT [23]

okumaHuA mociie mepexaum Msg 3 (mo ob6mbaBie-
HUS OTKasa MPOoIeAyphl caydaiHoro moctyma RA).
HexoTopble fomOJHUTEIbHBIE IIapAMETPEI OyAYT 1e-
TaJbHO PACCMOTPEHBI HUKE.

mepemaBaTh IIpeaMOyJay, W AanHA IIpeaMOyanl. Ha-
CTPOHKM IIPOTOKOJIA JOCTYyIla K CpeJe OIIpeaess-
IOT YHCJIO IOAKAIPOB, B T€UEHUE KOTOPBIX IOJIH30-
BaTEJILCKOE YCTPOMCTBO HAXONUTCA B COCTOSHUU
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Moaens cucTeMBbI U €€ JOMyIeHUu S

IIpoanasm3upyeM OCHOBHBIE IIPEIIOJIOKEHU S
MozeanpoBaHus 6osiee meraabHo. OgHa us cor SGPP
LTE paccmarpuBaeTca KaK CHUCTEMA JJIA OOCIYIKU-
BaHuUA M OAWHAKOBBIX MAIIMHHO-OPUEHTHUPOBAH-
HBIX YCTPOMCTB. YCTPOIiCTBA BBLIOMPAIOT IOAKAIP
IS aKTUBAIIMU CBOEH BOCXOISAIEH mepegauyu CJIy-
YaHBIM 00pasoMm, cjenys paBHOMepHOMY (Tpaduk
Tuna 1) uam Gera-pacupenenenuio (Tpaduk Tumna 2)
Ha uHTepBaJe [1, N]. IIpeam0Oysa, KoTopoit Tpedyer-
ca 1 moaxaap s mepenavn, MOKeT OBITH ITepeaHa
B KayKJAOM b-M OJKAaApe, T. €. BO BDEMEHHBIX CJIOTAaX
1,b+1,..,bi+1,ic Z". Kaxxaslii pas, KOrga yCTPOi-
ctBo M2M aKTUBUPYETCSA, OHO CTAHOBUTCS 3aHATHIM
IO 3aBepIIleHns cBoel mporenypbl RA. B mpoTuBHOM
cJIyuae YCTPOMCTBO CTAHOBUTCS HEAKTHUBHO.

B mopkampax o6cay:kmBaHUsS (KOTJa KMMeer-
cAa Bo3Mo:KHOCTEH moctyna PRACH) kakmoe Takoe
ycrpoiictBo M2M BbIOMpaeT OAHY 13 IpeaMOyJ S
paBHOMEPHBIM 00pas3oM u oTmpaBigeT ee. Cienys
pabore [21], Oymem mpenmoJiaraTh HaJuuue KOJLJIU-
311, KOTZa ABa YCTPOMCTBA MJIU 0oJiee BLIOMPAIOT
ONHY U Ty ’Ke mpeaMOyJly, a Bce IpeaMOyJIbI ¢ KOJI-
ausmein OymeM paccMaTpUBaTh KaK OTKAas JOCTyIIa
mocje HEKOTOPOH AJUTEIBHOCTU OOCJIYKUBaHUS.
C napyroi cTOpoHBI, IpeaMOyJja IepegaeTcs yCIIel-
HO ¢ BepOATHOCThI0O 1 — ¢! BeciefcTBUE MeXaHU3MA
HapalquBaHUA MOIITHOCTH, T/ie i — YKCJIO IOMBITOK
nepenaun [21]. MakcuMaJbHO pasperreHHOe YuC-
JIO TIOIIBITOK Iepefadym IIpeaMOyJibl cocTaBiaeT Lj.
Ecau mpowusorliiesr oTKas mnepenavyy m3-3a KOJJIU3UN
WM HENOCTATOYHOM MOIITHOCTHU, ycTpoiictBo M2M
PaBHOMEDPHO BHIOUPAET CUETUUK OTCPOUKU u3 W.

ITocne Ky mogkazpoB OKUAAHNSA HAUNHAETCA OK-
HO orBeTa pasmepom K (cm. puc. 2, a). B mpegenax
OKHa oTBeTa 6a30Bas CTAHIIUA IIOCHLIAET COOOIITe-
Hue RAR B moaxazape, BHIOpaHHOM paBHOMEPHO Ha
uHTepBaJe [1, K]. Ecau ycrpoiictBo M2M nHe mosry-
yaeT RAR, monmeiTKa mepezauy npeaMOyJsIbl CUMTA-
eTCs HEeYCIIEIIHOIi, a YCTPONCTBO HEPEXOIUT B CO-
cTodHNe oxkKumauus. Ilocae TOro Kak yCTPOMCTBO
M2M ycmemntao monyuaetr RAR, oHo HaumHaeT 06-
paborky Msg 3 pus mepena4u B TeueHue i,,. Jlaree
9TO ycTpoicTBO nocklnaer Msg 3 u oxxugaer t;, — 1
1o monyuenus Msg 4 (cm. puc. 1). Msg 3 u Msg 4 no-
CTaBJISAIOTCA YCIIENTHO ¢ BEPOATHOCTAMMU T3 U Ty CO-
OTBETCTBEHHO. MaKcUMaJbHO Pas3pelieHHoe YKCJIO
onbITOK Nepenaun Msg 3 cocraBaser Lg.

ITogxom K aHAIN3Y CHCTEMBI JOCTYIIA

O1eHnka BpeMeHH JOCTyIa

B manHOM pasmesie paccCMOTPHUM CIleHapHUil mepe-
rpy3ku PRACH npu masmunuuu Tpadura tuna 1 (mo-
JleJIb PABHOMEPHOTO pacIpeiesieHNs 3aTPy3Ku) B CO-
orBercTBUU ¢ Meromosiorueit 3GPP [21]. Onuirem
IPEeJIOYKEHHBIN aHAJIUTUYECKUN MOAXOA K OIleHKe

dpyuxnuonuposanua PRACH B TepMuHax cpemHeit
3aJIepyKKU K ceTu pocryna. [Ipu sTom pasmeaum o6-
HIYIO 3a/IeP/KKY Ha BE COCTABJIAION[NE, BOSHUKAIO-
e mpu 06padoTke coobirennit Msg 1-2 u Msg 3—4
COOTBETCTBEHHO:

E[1]= E[{P1+ E[?)],

rae E[tVD] — uHTepBas BpeMeHM MeKAy aKTHUBA-
muell ycrpoiicTBa u moyueHumeM um orBeTa RAR;
E[t?] — unTepBas] BpeMeHHU MeKAY OKOHUAHIEM
MOAKAaapa, B KoTopoM ObLa mosiyueH orBeT RAR, u
3aBepIrieHueM 00paboTKu coobIenusa Msg 4.

HaxosxkaeHue pacrpefiesieHUs U CpeIHEero sHaue-
HUA CIyYaiHOi BeanunHbI T8 TpIBHAIBHO, U OKOH-
YaTeJbHOE BBIPAKEHUE IIPENCTABJIAETCA CJIELYIO-
M 00pas3oM:

E[®)=t,, +1,, 713,

rze t,, u ty, — AJIATEJBHOCTH 00PabOTKY U CUHXPO-
HU3aIUY IepeJayyl COOTBETCTBEHHO, a i3 — CPel-
Hee yucyo nepegauy Msg 3 u Msg 4.

Pacmpenenenue umncia nepegau Msg 3 u Msg 4
BBIUUCJIAETCA CIeAYIONUM 00pasom:

Pring =1} =mn,,,
Pring =2} =(1— T )Ty
Pring =Lg}=(1-n,) " " my,

TJIe Ty, = T3y — BEPOATHOCTH TOT'0, YTO 002 COODIIIeHI A
Msg 3 u Msg 4 mepenaHbl yCHEITHO (COOTBETCTBEHHO,
(1 — mgmy) — BepoATHOCTH TOrO, 4To Msg 3 miu Msg 4
OyzeT oTepsHO), a Ls — MaKcuMaJIbHOe YKCJIO Paspe-
IIIeHHBIX TIOMBITOK Hepenaun coobienus Msg 3 uiu
Msg 4. 3mech IpUHUMAIOTCSI BO BHUMAaHIE TOJIBKO
yCHeIIHbIe OTIPAaBKY coobInennii. Beaeacraue Toro,
YTO BEPOATHOCTH IIOTEPU IIPeHeOpeKnuMOo MaJia, 0y-
JIeM OITyCKAaTh MOTEPSHHbIE IPeaMOyJIbl U IPeIII0Ia-
raTh, YTO 0’KUJAAEMO€E UHCJIO MIOMBITOK TIepeauu JIfo-
ObIX IIpeaMOyJ HPUOJIU3UTEIHLHO PABHO OXKUIAaEMO-
MY YHCJIY TIepefad YCIIeITHO IPUHATEHIX ITpeaMOyI.

Taxum oOpasom, cpeaHee UHCJIO IOIILITOK IIepe-
nmaum coobrmenuit Msg 3 u Msg 4 MoxkeT OBITH Ompe-
JeJIEHO CJAeYIOINM 00pasoM:

Ly
Mg =Ty z n(l-my, yr 1=
n=1
1 L
— 1= -m) (U Lgmy) |
Tx

Cucrema 6e3 KOIIN3NH

Ina arannsa tV paccMOTPIM NCXOTHYIO CUCTEMY
CJIyYaifHOTO JOCTYIIA B IIPEJIIONOKEHUH O TOM, UTO
KOJLIM3UH He IpoucxofaT. COOTBeTCTBEHHO, IIOBTOD-
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HbIE II€PeJauy MOI'yT BOSHHKATH TOJIHLKO BCJIEACTBUE
HEeJIOCTATOUHOM MOIITHOCTH OTIPAaBUTENdA. B ciy-
yae YCHEITHON Irepegaud mpeaMOyJbl ¢ II€PBOM IIO-
OBITKYU IJIUTEJBHOCTh OOCTYKUBAHUA BKJIIOUAET B
cebs BpeMs epegaun mpeaMoyibl, 00pabOTKM 1 OTBe-
ta RAR. Kpome Toro, ciaegyer mpuHUMATh BO BHUMA-
HUe cpefHee BpeMs b/2 MeXIy aKTHUBAIUell yCTpoii-
CTBA U IIEPBOIi MOIBITKOM IIepeaun UM IpeaMOyJIbl:

E[W |1t yemex]= b/2 + Ky + Ko + (K+1)/2,
rae K; — AIUTeIBHOCTD Ilepefiauu mpeaMOyinl; Ky —
IUINTEJIBHOCTh Ilepuoja OXKumaHud, a K — pasmep
oxkHa orBeta RAR, mc. 3gecsy (K + 1)/2 osmauaet
cpentnee BpeMsa oTBeTa RAR, HOCKOJBKY IIPenIo-
JlaraeTcs, 4To 00paboTKa HauUMHAETCA HEMEAJEHHO
mocJye noayuernus orBera RAR; 9To cooTBeTcTBYeT
OUCKPETHOMY PaBHOMEDHOMY pACIpeIeJIeHUI0 Ha
uHTepBaJe [1, K].

Kax 0b1J10 0OTMeUYeHO BBIIIE, BEPOATHOCTD YCITEII-
HOU mepenauy mpeaMOyJIbl JJid IOIBITKHY i COCTaBJIA-
er 1 — e7i, a JOomOJHHUTEIbHAS BEPOSTHOCTL OTKA3a
npu mepegade — e i, Jlajiee yCpeqHUM CyMMY IJIU-
TeJILHOCTU MHTEPBAJIa OTCPOUYKHU U JOIOJHUTEIHHO-
TO BpeMeHU OKUTaHUA A0 CJIeAYIoIero b-ro ciora,
0003HaUasA TAKYIO YCPEAHEHHYIO BeJIMUNHY Yepes W.
Torga pacupeaeaeHre IINTEIbHOCTH 00CTYKUBAHUI I
st coobrennit Msg 1-2 MosKeT ObITh ITOJIYUYEHO KaK

K4
Pr{E[r(l)]:—+Kl+K0 ;}=(1—l1j,
e

Pr{E[r(l)]:gHKl + Ko+ K +0)+ Ky + Ko+ K;l}:

1(, 1
=—|1-= ...
61( 62)

Pr{E[r(l)] =g+ (n-1)(Ky + Ko+ K + ) + Ky +

K+1 sy |
+Ky+ 5 } (1——}1}—1

e b/2 ob6o3HaUaeT BpeMs MeKAy MOCTYILJIEHUEM 3a-
mpoca 1 HauaJoM TIePBOIi IONBITKI IIepeJaul Ipeam-
Oynsel, a K1+ Ky + K + w — cocraBidomiasa, KoTopas
mobaBiIsIeTCs KasKIbIN pas, Koraa repemada 3aBepiia-
eTcs OTKA30M. 3aTeM YCPeIHUM IJINTEeJILHOCTh 00CTy-
JKUBAHUA U TIOJYUYUM CPEIHIO0 JJINTEIbHOCTH 00CITY-
JKMBaHUA [0 HaUyaJja mepegauu coobenus Msg 3 Kak

] & 1)
E[r()]=(K1+KO+K+w)Zn(1——] —+
o i=1€l

b-K+1

-w=c; K1+ K +K+w)+T—w,

n=1

b—K+1

+—
2

rie w=cy (cg +1)+(cg +b+bcg) (W —beg —c9) + begey,
c1~ 1,42, cg=B[K/b|-K, a c3 =E(W—C2)/bJ.
9TOo BRIpaKeHNe IpecTaBIAeT CO00M HUMKHIOI Ipa-
auny E[tW] nna nccremyemoii cucTeMsl.

Cucrema ¢ KOJLITU3UAMU

AHanus cucTeMsbl ¢ KOJLIU3UAMU SBJISETCS OoJiee
CJIOJKHOW 3ajaueil, TOUHOE pellleHrne KOTOPOH 3a-
TPYAHUTEJIHHO BCJIEACTBUE HAJTUUUS IpoIecca ¢ mo-
cjaeneiicTBEeM. JTO CBSI3aHO C XapaKTepPUCTUKaAMU
CHCTEMBI CO CIYyYalHON AIUTENTHHOCTHIO OTCPOUKH,
HEeo0XOAMMOCTHI0O CUHXPOHUBAIIMY U OOJIBIITNUM UKC-
JoM mpeamOyJi. Hampumep, B KJIacCHUYeCKOil MHOTO-
OJIb30BATEJLCKOM CHCTEMe C OJHOW mpeamOyJIoit
ANNpoOKCUMAIINA 3HAYCHUN 3aJePiKKU MOKET OBITH
JIETKO TIOJIyUeHa TeM ’Ke METOAOM, KaK 9TO OBLJIO
crenaHo AJA cucteMbl Asioxa B pabore [24]. Ograko
IS PpaccMaTpuBaeMoOil CHCTEMBI WCIOJIb30BAHUE
ATOM MOMYJISPHON TEXHUKY He JaeT IPUeMJIeMOI al-
MIPOKCUMAIINY, U HEOOXOIUMO PACIIUPUTE ITOAXOT C
ucmoab3oBaHueM [25].

I Toro 4yTo6bl a0CTPATrUPOBATHCA OT HAJUUUA
mocJeneficTBUA U HOJIyYIUTh oleHKy A E[tV] B cu-
cTeMe ¢ KOJIUSUSAMU, UCIIOJIb3YeM CJIeAYIOIIYIO 9K-
BUBAJIEHTHYIO MOZEJb.

1. Ilpeamosio:KuM, UTO IIOCTYHAIOMTUI IOTOK (aK-
TUBAIMN YCTPONCTB) IIPEACTABIAET COOOI IIOTOK
BepHyniau ¢ MHTEHCUBHOCTBIO T, a YCTPOMCTBO Te-
HepUPyeT 3alpoC HAa HOBOE COeNUHEHUE B IOAKAAP
C SKBUBAJICHTHOI BEPOATHOCTHIO T3 = 1/N, rne N —
YHCJIO MIOAKAAPOB B UCXOIHOU cruCTEME.

2. Onyckas pacCMOTPeHUe INTEJIbHOCTHU BpeMe-
HU O’KUJaHUA U OKHA OTCPOUKHU, 3aMEHUM UX IpeS-
TIOJIOKEHUEM O TOM, UTO B KaKIbIH TOAKAAD OKUIA-
I0IIlee YCTPOHCTBO aKTUBUPYETCS C 3aJaHHOI BEPO-
ar"ocTeio my =1/(Kgy+ Ky + K +w). 9TO O3Hauaer,
YTO ecJiM ImepBas IOIMBITKA IIepeaaun 3aBepInaach
OTKAa30M BCJIEICTBUE KOJJIN3UU UJIU HEeJOCTATOUHOH
MOIITHOCTH TIepefaduu, TO YCTPOUCTBO aKTUBUPYETCS
oIuH pas 3a uHTepBay Ky + Ky + K +w.

3. BepoATHOCTH YCIEIIHOr0 3aBePIIEeHNS COCTAB-
JIFgeT 1, T. e. 3aIpoc OOCIY:KUBAETCA B TEKYIIEM
IMOJKAJApe C BePOATHOCTHIO 1. B mpoTuBHOM ciryuae
YCTPOMCTBO MHITAETCS MOJYUYUTH AOCTYI K KaHATY
B CJIEIVIOIIUX JOCTYITHBIX ITOAKAaIPAX.

4. Hakomner, abcTparupyemMcsa OT MaKCHUMaJIbHO-
ro 4Yucjia MOIBITOK Iepefadyu ImpeaMOyJIbl, CUUTAS
€ro HeOrpaHUYEHHBIM.

B pamrax sTOil yHpOIlEHHO! SKBUBAJEHTHON
MOJeJI AIMIPOKCUMAIINsS CPeNHel 3aIep:KKU [I0-
CTyIIa MOJYKeT ObITh ITOJIyUeHa CJeIyIOIIUM 06pa3oM.
Hnst cucteMbl 6e3 KOJJIU3UH BEPOATHOCTH OOCIIY-
JKMBAHUA [I MOJKeT OBITh HalfileHa M3 BBIPAKEHUA
E[#91= E[+V] B Buze

1 1

- %
H b—K+1 )

Dy
E[T7] o Ky + Ky + K +0) +
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rae E[tW] — cpemHuii nHTepBa] BpeMEHH MEXITy
aKTuBaImeil ycrpoiicrBa u moayuyenuem mMm RAR,
¥ IIPU 5TOM E[T:(1 ] — cooTBeTcTBYIOIIMIT MHTEPBAJ
IJIs SKBUBAJEHTHON Mogear. OTMeTHuM, UTO JaHHOe
BBIPa’sKEHEe HCIIOJIb3yeTCs B AAJIbHEHUIIIEM JJis BbI-
YUCJIEHUA HATPY3KHU OT YCTPOMCTB, KOTOPHIe n3bera-
IOT KOJIJIU3U.

IIpomomxuM aHa ns3, IPUHSAB BO BHUMAaHUE KOJI-
ausuu. PaccMOTpuUM OAWMH IOAKAAP W IIPEIIOJO-
JKUM, YTO KOHKDPETHOE YCTPOMCTBO i CreHepmpoBa-
JIO 3alpoc, a TaKKe BBIOpaJsio mpeamoOysay. Ilycts
cucTeMa HaXOAUTCA B COCTOAHUU j, TAE j — UUCIO
OKUIAIONINX YCTPOMCTB, BKJIIOUAS YCTPOMCTBO i.
B cocTosaHUY j TOBeeHNE YCTPOMCTBA i MOYKET OBITH
IpeacTaBJI€HO B BHUAE HECJIOKHOU Ienm MaproBa
C IBYMSA COCTOIHUAMU. 3[eCh COCTOAHME IPeICTaB-
JigeT cobol UMCJIO 3aIIPOCOB @; OT ycTpoiicTBa, KO-
TOpOe MOJKeT HpuHuUMAaTh ABa 3HaveHmdA: 0 mam 1
(puc. 3). MaTpuiia MHT€HCUBHOCTEI IIEPEX0I0B IJIs
paccMaTpuBaeMoii Menu BLITVIAIUT CJAeIYIONUM 00-
pasom:

1-7 e

M 1-p j

TaxuM o6pasoM, CTaIMOHAPHOE paclpejele-

HEE ® = {®), ®;} MOKET OBITH IIOJYUEHO U3 YCIOBUS

Mo = o, Korga oy + o; = 1. CregoBaTenbHO, cCpenHEe
YKCJIO 3aIIPOCOB @); OTIPeeIsIeTCs KaK

E[Qi]=n+Lw,
]

TZe |1; — BEPOSITHOCTH YCIIEIIHO Ilepefauu Ipeam-
OyJIbI.

B cooTrBercTBUU ¢ popmysioii JIuTTiIa mTOoTyUaeM
CPEIHIOI0 IJIUTEeTbHOCTh HAX0KAEHUA CUCTEMEI B CO-
CTOSHUMU j KaK

E[@;] 1

E[V]="d )
J T T+Y;

B cocroanuu j gia j — 1 osKugaoux yCTPONCTB
BEPOATHOCTDL JOCTYIA K KaHaJy M BBIOOpPA TOU Ke
caMoii mpeaMOyJbl, KOTOPYIO BBIOpAJIO YCTPOICT-

B Puc. 3. MapKoBCKas IIeIb C ABYMS COCTOSTHUAMUY, IPE-
CTaBJIAOIIAS 3aIIPOCKI OT YCTPOHCTBA

B Fig. 3. Two-state Markov chain that models user re-
quests

BO i, cocTraBiuseT Ty * 1/s. Ina HeakTuBHBIX M — j
YCTPONCTB COOTBETCTBYIOIAA BEPOATHOCTH PaBHA
- 1/s. Takum 06pa3omM, BEPOSATHOCTD T j OTCYTCTBHA
KOJIIN3UH AJIA YCTPOMCTBA [ B COCTOAHUMU j MOXKET

OBLITH HaMIeHAa CIaeIYyIOIIIM 00pa3om:
_1\1 _1\M-j
n?z(l—nos 1) (l—ns 1) .

Hamee yurem apdeKT HapaImBaHUA MOITHOCTH.
BepoarHocTh M30€:KaTh KOJIIUBUUM IIPU TOIBITKE
Cc HOMEPOM 71 3aJlaeTcs B BUJle

Pr{l-it ycmex} = (1 - lj TC?,
e

Pr{2-it ycriex} =| 1— [1 - 1} TE; (1 —izj 7'53f ,
e e

. _ 1 L1l % 1
Pr{n-it ycex} = 1——n chH 1-m; 1——L, ,

e i=1

31ech TaKKe OIYCTUM BCe IIOTePsSHHbBIe TpeaMoy-
JIBI, KaK 9TO JeJIaJIOCh paHee, YCPeAHss YCIIeIIHbIe
IIOIBITKU IIepemadyur 1M 3aMeHAA MCKOMOe MaTeMaTn-
YecKoe OyKuJaHue yCJIOBHBIM. Torma cpemHee 4mnCIo
TOIILITOK Tepeaaul MOMKET ObITh ITOJIYUYeHO CJIemyIio-
UM o6pas3om:

_ % L 1\t % 1
nj:Tern 1——n H ].—TC]' 1__1 .
n=1 € Ji=1 €
IIpurumasa Bo BHUMaHUe 3(h¢eKT HapaIruBaHua

MOII{HOCTH, OIPEe/eJIUM BEPOATHOCTH |l; YCIEIIHON
Iepezauy 3amnpoca i Kak

-1
b- K+ 1
pjz[ﬁj(K1+K0+K+w)+T+—wj .

B pesysibrarte cpeiHAs IIUTEILHOCTH BPeMEHU
00CIy:KMBaHUS MOKET ObITh 3allicaHa B BUE

M 1 M 1
EM1=30,EP1=>0,——,
j=1 j=1 U

rze {0; }%1 — CTaIoOHAPHOE PacIpejeseHre Bepo-
ATHOCTEH, a 0; — crTanuoHapHAs BEPOATHOCTbH Ha-
XOKIEHU IPOIecca B COCTOSTHUMN j.

Hina monyuyeHUs IPUBEIEHHOI'O BBIIIE CTAIlVIO-
HapPHOT'0 paclpejeieHnsa BePOATHOCTeil HeoOX0IMMO
paccMOTpeTh BCe MePeXOAbl MeKY COCTOAHUAMU U
PElIUTh COOTBETCTBYIOIIlee MATPUUYHOE ypaBHEHUE
pasmepHocTu M. B mesax yMeHbBINIEHUA CIOKHOCTU

1o 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI

7/ N°4,2018



\ NHD®OPMAUNOHHBIE KAHAABLI 1 CPEAbI AN

TONOOHBIX BBIUMCJIEHUNA MOXKHO HE paccMaTpuBaThb
0oJiee TPYZOEMKIE IEPEeXOAbl MEKAY COCTOTHUAMU
U IOJYYUTH cpefHee 0;, MCIOAB3Ys OMHOMMAIBHOE
pacmpezesieHue:

M-1

0; = I (1-p)™,
J j—l p ( p)
} M-1
rme p — HarpyskKa ycTpoiicTBa, a 17
(M- I
(G-DUM - !

Hanee OygeM oOmycKaTh BO3MOKHBIE KOJIJIH-
3UM MEXIY IPYTUMH YCTPOICTBaAMHU, IOJaras, 4To
TOJIBKO PacCMaTpPUBaeMOe YCTPOMCTBO i MOKET yua-
CTBOBATHb B KOJIIN3UAX. TaKuM 00pasoM, BO3ZMOIKHO
BBIUUCJIUTH HAIPY3KY CUCTEMBI p=7 /[l C UCIOJIb-
30BaHMeM BbIpaskeHusA (¥) O BEePOATHOCTU 00-
CIY}KMBAHUA |1, HOJYYEHHOTO [JIA CUCTEMBI 0Oe3
Kosmsuii. Torma okoHUATe/bHOE BHIPAKEHUE IJIA
MCKOMOM AaIllIPOKCUMAIIN CPeIHEH IJINTEeJIbHOCTHU
BPEMEHU O00CJIYKUBAHUSA BBITJISAAUT CJIEAYIOIIUM 06-
pasom:

j-1 o (1-p)"

M
E[t"=)

-1
j=11 b-K+1 _
—+|a;i(Kyj+Ky+K+w)+—-w
N (1( 1770 0) 2

Yuert sHEepromorpedIeHUu s

Kax 0b1710 oTMeueHO paHee, IPeAJI0KeHHbIN B JaH-
HOI paboTe IIOAX0/] MOKET OBITh PACIIINPEH JIA yUueTa
sHepromnorpedaenusd ycrpoiicte M2M. Benem B pac-
CMOTpEeHUEe BajKHbIe TapaMeTPhI, OTPaKAIOIINe YPO-
BeHb PacXo/ia SHEPTUU TUIOBLIM ycTpoiicTBoM M2M.
B uwactHOCTH, paccMOTPUM YeTHIPE PABIUUYHBIX CO-
CTOAHUSA YCTPONCTBA C TOUKU 3PEHU ITOTPebIsIeMoit
uM MoITHocTH (puc. 2, 0).

1. Py — HeaKTuBHOe cOCTOAHUe. B aTOM cocTos-
HUHU YCTPOMCTBO IOTPEOJIsIeT MUHUMAJbHYIO MOIII-
HOCTH. Bydep coobimenuii mycT, HUKaKue TaHHBIEe
He IepemarTcs.

2. Py — cocTogHME IPOCTOA. YCTPOUCTBO aKTHUB-
HO, HO HUKaKOIi MH(MOPMAIINU B TEKYIIIEM IIOAKaAPe
He Iepemaer.

3. P — cocroaume npumema (Rx). YcrpoiicTBo
osxkupaer coobirerus Msg 2/Msg 4 uau o6pabaTsi-
BAeT MOJIyYeHHbIE OTBETHI.

4. P3 — cocroanue nepemauu (Tx). YcrpoiicTBo
nepegaer coobmenusa Msg 1/Msg 3. Ilpu stom mmo-
TpebisaeTca MaKCUMaJIbHAA MOIITHOCTD.

OmernuM 0011iee TOTPedIeHNe YCTPOCTBA 3 O H
HOJKaAp KaK CYMMY JOJIel BpeMeHU, 3aTPAueHHOTO
B KaiX[OM U3 BBEJEHHBIX BBIIII€ COCTOSHUI, YMHO-
JKEeHHBIX Ha IIOTPe0JIeHMe B COOTBETCTBYIOIIEM CO-

crossauu. Jlasee ompenenuM IJIUTEILHOCTD IIPOME-
JKYTKa BPEMEHU, B TeUeHHe KOTOPOTO YCTPOMCTBO
HAXOMUTCA B KaKJOM M3 UeThbIPeX BO3MOKHBIX CO-
CTOSTHUM, ¥ BLIUMCJINM COOTBETCTBYIOIIE TOJIT Bpe-
MeHU ciaenyomnium oopasom. B cocrosuuu Tx

_ 1
g3 = Kyft+ | 1-(-m) " (L Ly, |

tx

TIe 1 — OlleHKa CPeJHero yucja IOIBITOK Iepesa-
uy npeaMOyJibl, & K{7I COOTBETCTBYeT AJIUTEIBHO-
CTU Ilepenaym mpeaMOyJIbI; IIPX 9TOM BTOpas YacThb
BBIDA'KEHUA YUUTHIBAET CPEIHEe YUCJIO IIOIIBITOK
nepenauu coobiternus Msg 3. [lanmee B cocTtosauu Rx
uMeeM

K+1
+t

qgs=K(n-1)+ +

pr

1
+ttx—[1—(1—ntx)L3 (1+L3ntx)},
Tctx

rne K(n—1) — BpeMsd, HOTpaueHHOE HA OYKUIaHUE
orBeta RAR; (K + 1)/2 — cpenuee BpeMsdA OTBETA OT
0a30BOI CTAHIINU AJIS YCIIEITHBIX IIOMIBITOK, 8 OCTAJIb-
HOE COOTBETCTBYET 00paboTKe 1 IpuemMy COOOIIe i
Msg 3 u Msg 4.

CocTossHTE TIPOCTOA MOKET OBITH OIIMCAHO CJIEHY-
oM 00pasom:

ql =§+K07_l+(7_l—1)w,

rie Kyn — Bpema o6paboTKu peaMOyJIBI IIOCIIE ee
noayuenus Ha eNodeB, a b/2 — miuTeaIbHOCTH Bpe-
MEHU IIPOCTOSA MEXKAY aKTHUBAIIe 1 HauaJioM Iiepe-
auu mpeaMOyJIbI.

O:xumaemMoe 4MCJIO HONBITOK Mepegadu mpeamoy-
JIBI 3a1a€TCS BEIPAXKEHUEM

7= j_ o (1-p)M ;.

Torma oIeHKa AJiA 00Iero moTpedJeHns YCTPOit-
ctBoM M2M MoOsKeT ObITH BBIIMCAHA CJIEYIOIIIM 00-
pasom:

e=Py(1-q3 —q2 —q1) + g1 + Paqo + P3q3.

YucaeHHbIE pe3yabTarThbl

ITonyueHHbIe aHAJIUTUUYECKNE PE3YJbTaThbl U
JaHHbIE MMUTAITMOHHOTO MOIEJMPOBAHUS C TOUKU
3pEeHUsS MOIIHOCTU, IIOTPEOIAEMON YCTPOHCTBOM
M2M (rpadur Tuma 1, paBHOMEpPHOEe pacIipejeJe-
HUe), TOKa3aHbl Ha puc. 4. MOXKHO cIeJaTh BBIBOJ
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B Puc. 4. Asanus noTpebyeHNns MOITHOCTY AJA IPOIie-
nypet RA

B Fig.4.Power consumption analysis for RA procedure

0 TOM, UTO IIPEIJI0KEeHHbIN aHaJIUTUUeCKUHN TOIAXO0I
SABJISIETCSI TOCTATOYHO TOUHBIM [JasKe IIPU HAJUUUN
6osbIroro umcsa ycrpoiictB M2M. Takike mosae3HO
U3YUYUTH IIOBeJeHUe CHUCTEMbl IIPU HAJUYUU 000-
UX TUIOOB TpaduKa, pacCMOTPEHHBIX B pabore [21],
B cJyuae meperpysku ceTu pagmomoctyma. Cambrii
«TAXKeJdbI» Tpaduk Tuma 2 (6era-pacupernesieHue
IpU aKTUBAIUM) OAaeT BLICOKYIO KOPPEIAIUI0 TO-
OBITOK Bxozxa ycrpoiictB M2M B cern. Ilasnee pac-
CMOTPUM COOTBETCTBYIOIIINIE YUCJIEHHbIE Pe3yJb-
TaThI.

B uacrHOCTH, Ha puc. 5 paccMOTpPeHO moTped.e-
HUEe MOIIHOCTU ycTpoiicrBamu M2M, BepOATHOCTH
KOJIIM3UM, a4 TaKiKe BEPOSTHOCTH YCIIEIIIHOI'O MI0-
CTyIa JJis Pa3JWYHBIX 3HAUEHUN WHAWKAaTOopa OT-
CPOYKU (KOTOpbIe MOI'YT IIPEBBIIIATh TEKYIIHUe
3HAUEHUsd, OIpeaeJeHHbIe B COEIUPUKAIUAX
LTE). 3mecy s3HaueHusaA WHANKATOPA OTCPOUYKM Ha-
ypHatoTcd or 20 MC M yBeJIMUYMBAIOTCS JO CBOETrO
makcumyma 960 mc [13]. Kaxk BugHO M3 rpaduka,
II0 WCTEUYEHHU BCEX BO3MOXKHBLIX IIOIBITOK Ieperna-
YU BEPOSITHOCTDH YCIEITHOTO AOCTYIIa COCTABJIAET
okosi0 80 %, uTO MOXKeT OBLITh HEIIPUEeMJIEMO [IJIs
MHOTUX mpuigokenuit M2M. IlosTomy Gymem pac-
cMaTpPUBATL TPU PE3ePBHBIX 3HAUEHUA OJIA WUHIU-
KaTopa OTCpouYKm coryiacHo pabore [13]: 1920, 3840
u 7680 Mmc. B pesysibrare HOMOJHUTEIbHAA 3a0€PK-
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B Puc. 5. YupaBiieHue IIeperpy3Koil B cucteMe ¢ 00Jb-
IIVM YUCJIOM ycTpoiicts M2M

B Fig.5. Overload control in M2M systems with a large
number of devices

Ka KOMIIEHCHUPYETCSA CYII[eCTBEHHO 00Jiee BBLICOKHIM
YPOBHEM HaJEXHOCTU IIPN OOCTYIIE B CE€Th (BIIJIOTL
70 100 %).

3aKJaouyeHne

IIpenno:xeHHBIH B HaHHOI paboTe IIOAXOJ IIO-
3BOJISIET HCCJENOBATh (DYHKIIMOHWPOBAHWE CHUCTE-
MbI M2M ¢ GOJIBIIIMM YKCJIOM YCTPOMCTB, a TaKIiKe
aHAJUBUPOBATDH BJIUAHNE HACTPOEK IIPOTOKOJIA CIY-
YaHOIr0 JOCTYIAa U MEXaHN3MOB yIIPaBJIEHUA 1Iepe-
TPY3KaMM Ha BEPOATHOCTD YCIIEIITHOTO NOCTYIIa U 3a-
IEeP:KKY HOCTyIla K cpeme. B uacTHOCTM, BO3MOIKHO
BBIABUTH OTPAHUYEHUS CYIIECTBYIOIIUX ITPOTOKO-
JIOB BXOZIa B CEeTh IIPU HAJUUYUU KOPPEJIUPOBAHHBIX
MONBITOK JOCTyHa W TIpeonxoJieTh mx. Kpome Toro,
paspaboTaHHBIN AHAJUTUYECKUN TONXOJ MOIKET
OBITH MCIIOJIB30BAH AJS U3YUYEHUS BasKHBIX TOIOJI-
HUTEJbHBIX IIOKasaTesel, CBA3AHHBIX, HAIIPUMeD,
¢ moTpebJieHrEeM MOIIHOCTH ycTpoiictBamu M2M Ha
BCeX ATamax ux paboThl B IIPOIlecce AOCTyIIa K COTO-
Boii cetu 3SGPP LTE.
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Introduction: Machine-to-machine communication assumes data transmission from various wireless devices and attracts attention
of cellular operators. In this regard, it is crucial to recognize and control overload situations when a large number of such devices
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access the network over a short time interval. Purpose: Analysis of the radio network overload at the initial network entry stage in a
machine-to-machine communication system. Results: A system is considered that features multiple smart meters, which may report
alarms and autonomously collect energy consumption information. An analytical approach is proposed to study the operation of a large
number of devices in such a system as well as model the settings of the random-access protocol in a cellular network and overload
control mechanisms with respect to the access success probability, network access latency, and device power consumption. A comparison

between the obtained analytical results and simulation data is also offered.
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ANA MPEACKA3AHUA SMUAENTUYECKUX NMPUCTYNOB
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aCapaToBCKMI rocyAapCTBEHHbIM TEXHUYECKMI YHMBepCcHTET M. farapmHa 0. A., MoautexHuyeckas ya., 77,
Capartos, 410054, P®

SUHCTUTYT Praronrormmn MroHCTEpCKOro yHuBepcuteta, ya. Pobepta Koxa, 27a, D-48149, MioHcTep,
lfepmaHuns

IMocTaHoBKa NPo6AeMbl: 60AbLLION MHTEPEC K M3YYEHMIO MPOLIECCOB, MPOTEKAKLLUMX B FOAOBHOM MO3re, C MCrIOAb30BaHM-
€M YaCTOTHO-BPEMEHHbIX NMaTTePHOB Ha PErUCTPUPYEMbIX IAEKTPOIHLEPAAOrpaPUYECKMX AaHHbIX, CBSI3aH C BO3MOXHOCTbHO
paspaboTku Ha OCHOBE IAEKTPOIHLIEPAAOrPAMM MHTEPPENCOB MO3r-KOMMbOTEP. OCHOBOM (YHKLIMOHUPOBAHMS MHTEPGEHCOB
MO3r-KOMMbHOTED ABASETCS AETEKTUPOBAHME B PEaAbHOM BPEMEHU XapaKTepPHbIX MaTTePHOB HA MHOTOKaHaAbHbIX SAEKTPO-
3HUedarorpammax U npeobpazoBaHme MX B KOMaHAbI AAS YNIPaBAEHUS BHELUHUMM ycTporicTBamu. OAHON U3 BaXHbIX chep
MPUMEHEHHNST MHTEPPENCOB MO3I-KOMIMBLIOTEP SIBASIETCA KOHTPOAb NaToAOrMYE€CKON akTUBHOCTM FOAOBHOIO MoO3ra, 4YTo BOCTpe-
60BaHO, B YaCTHOCTU, AN PA3AMYHBIX POPM IMUAENCHM, HE MOAAAIOLLMXCS MEAMKAMEHTO3HOMY AedeHmto. Lieab: pa3paboTka
METOAUKM AETEKTUPOBAHMWS XapaKTEePHbIX NaTTeEPHOB HEMPOHHON aKTUBHOCTH, MPEALLECTBYHOLUMX BO3HUKHOBEHUIO 3MUAEN-
TUYECKOro npuctyna. Pe3yAbTaTbl: C MCIOAb30BaHMEM MHOIOKaHaAbHbIX SAEKTPO3HLEaAOrpaMM MCCAEAOBaHa AMHaMMKa
TaraMOo-KOPTUKaAbHOM CETU rOAOBHOI0 Mo3ra, NpeALLECTBYrOLLAss BO3HUKHOBEHMIO 3NMUAENTUYECKOro npuctyna. PaspabotaHa
METOAMKA, MO3BOASIIOLLAS NPEeACKa3bliBaTb BO3SHUKHOBEHUE 3MMAENTUYECKOro npuctyna. MeToAnKka pearn3oBaHa B BUAE HEM-
pouHTepderica, KOTOPbIM UCMbITaH in LIVO Ha XMBOTHON MOAEAM abcaHc-anuAerncum. MpakTnueckasa 3HAYUMOCTb: PE3YALTAThI
MCCAEAOBaHUSI CBUMAETEALCTBYHOT O BO3MOXHOCTU MPEACKa3aHWs 3MUAENTUUECKMX NMPUCTYNOB N0 MHOrOKaHaAbHbIM SAEKTPO-
3HUeparorpaMmmam. [ToAydeHHble pe3yAbTaTbl MOryT ObiTb MCMTOAB30BaHbI MPH pa3paboTke HeMpPoOUHTEPYENCOB AN MPEACKa-
3aHWs U NPEAOTBPALLEHMS MPHUCTYNOB Pa3AMYHbIX TUMOB SMMAENCUN Y YHEAOBEKA.

KaroueBble cnoBa — SAEKTPO3HLUEparorpadus, HEUPOUHTEPHENC, HEenpepbIBHOE BEHNBAET-Npeobpa3oBaHue, YaCTOTHO-
BpeMeHHasi AMHaMuKa, 3MUAENTUHECKUM MPUCTY.
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Beemenmne

CoBpeMeHHbBIE TEHIEHIIUU B obJIacTH HeHpopu-
3WOJIOTUY CBSI3aHBI C AHAJIMU30M IIOBEIEHUS Pa3Iny-
HBIX HEHPOHHBIX CETEeH T'OJIOBHOTO MO3Ta, KOTOPBIE
B3aUMOAEHCTBYIOT APYT C APYT'OM IIPU BHITOJIHEHUN
HEKOTOPBIX KOTHUTHUBHBIX 3amau [1, 2], Kak, Ha-
npumep, (opmupoBaHme namaTu [3], BocupuATIE
BU3YaJIbHOTO 00'beKTa [4] miiu pasBuTue (Ha KJINHU-
YeCKOM YPOBHE) ITaTOJOTUUYECKUX PUTMOB, TaKUX
Kak osnuientuyeckue mpuctynbl [5]. IlomoGHbIe
IIPOIECCHI, IIPOTEKAIOIIe B HEHPOHHO! CeTU, MOT'YT
OBITh KOJIMYECTBEHHO OIIeHEHBI C IIOMOIILIO CTeIeHU
CHUHXPOHHOCTH, KOTOPAs MOKET ObITh U3MEePeHa KaK
JIOKaJIBHO (T. €. B IIpeesiaxX OMHOI U TOMH »Ke 00IacTu
Mo3ra), Tak u B Oosiee ryiobasbHOM Maciitabe (T. e.
MeXKY pasauuyHbIMU obacTaMu Mo3ra) [6].

B 10 BpeMsa Kak HelpohU3MOJOTUA HAIIpaBJIeHA
Ha NOHUMAaHUe IIPOIECCOB B3aMMOJEHCTBUA MEXIY
OTHEeJLHBIMU HelipoHaMu [7], GOJIBIIMHCTBO MMeIO-
IIUXCsA NaHHBIX (0COOEHHO TOJIyUEeHHBIX y IalueH-
TOB) PETUCTPUPYETCS IIPU IIOMOIIYU HEMHBABWBHBIX
MeTonoB. B KauecTBe TaKUX METOLOB B IIOBCEIHEB-
HOHM HIPaKTUKe WCIOJB3YIOT 3JIEKTPO3HIIedaorpa-
¢duro (93T') nunu marauTosHNedasorpaduio (MIT),
KOTOpBIE TIPEICTaBJIAIOT CcO00¥ mM3MepeHUs (9JIeK-
TPUYECKOH NN MAarHUTHOI) I'PYIIIIOBOM aKTUBHOCTH
KPYOHBIX aHcaM0bJieil HefipoHOB.

CoBpemenHasA 3agaua AJad (PUBUKOB U Herpodu-
3MO0JIOTOB COCTOUT, TAaKUM O0pPa3oM, B IIOHUMAaHUU
IIPOIIECCOB Ha MHKPOCKOIIMUYECKOM YPOBHE, Dery-
JIUPYIOIINX B3aUMOJENCTBUE MEXKAY HeHpoHaMUu
npu OPMUPOBAHUYN PA3JIUUYHBIX BUA0B HEHPOHHOI
AKTUBHOCTH, BBIABJIEHHBIX (HA MaKPOCKOIIMYECKOM
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macinrabe) mpu momorru II3[- u MOIT-ob6opynosa-
HUA.

AKTyaslbHOCTh HAHHOM 3ajJauyy TEeCHO CBs3aHAa
C BO3MOYKHOCTBIO WMCIIOJIB30BaTh CUTHAJIBLI I mia
paspaboTku HeliponHTepPeicoB, NI NHTEeP(PeicoB
mosr-kommnsioTep (MMEK). B ocHOBe (hyHKIIMOHUPO-
BaHUA TaKUX CHUCTEM JIEKUT JeTeKTUPOBaHUE B pe-
aJbHOM BPEMEHU XapaKTepHBIX maTTepHos Ha I3l u
mpeobpasoBaHUe UX B YIIPABJISAIONIE KOMAHIBI.

OauuM 13 BO3MOKHBIX TpuMeHeHuit UMK Mox-
HO BBIZIEJIUTH KOHTPOJIb COCTOSHUA T'OJIOBHOT'O MO3-
ra rmpu 3a60JieBaHUAX IIeHTPAJIbHON HEPBHOI cuCTe-
MBI, XapaKTepU3yIOIMINXCA BOSHNKHOBEHUEM IIaTO-
JIOTMYEeCKOM HEMPOHHOI aKTUBHOCTHU. B yacTHOCTH,
Heo0xoauMoCTh B mogo0ubIx UMK cyIimectByer miis
MaIlMeHTOB C 3JIHJeNcueil. ONUJIENCUA XapaKTe-
pusyeTrcs CIIOHTAHHBIM BO3HUKHOBEHUEM IIPUCTY-
moB, npu 3ToM B 30 % ciyuaeB MeJuKaMEeHTO3HOe
JleyeHUe He IO3BOJIIET IIPEJOTBPATUTh BO3HUKHO-
BeHUe NPUCTynoB. 1A mamueHTOB, YCTOWUYMBBIX
K MeIMKaMEeHTO3HON Tepamuu, NIpPeACTaBJIIeTCA
IepPCIeKTUBHBIM MCIIOJIb30BaHME HeWpouHTepdeii-
COB, TIO3BOJIAIONINX OCTAHOBUTH IPUCTYI HIYTEM
SJIEKTPUUECKOU CTUMYJIAIUY T'OJIOBHOTO Mo3ra [8].
B HacTosAmee BpeMsa BO3MOKHOCTH OCTAHOBKHY ITPHU-
CcTymna MyTeM JJIEKTPUUYECKON CTUMYJIAIUU IIPOJe-
MOHCTPUPOBAHA B PaMKaX KJIMHUYECKUX HCITBITA-
Hui [9]. PaspaboTaHHbIe IPOTUBOSNINIEITHYECKIIE
HeliponHTep(eicbl B OCHOBHOM SBJISIOTCS OJHOHA-
npaBJeHHBIMU (B AHTJIMHCKOU JHUTepaType open-
loop). B cucremax Tuma open-loop Bo3meiicTBHre HaA
HEPBHYIO CUCTEMY CO CTOPOHBI 'eHEPATOPA UMIIYJIb-
COB IIOJlaeTCsA B COOTBETCTBUHU C 3apaHee OIpeieieH-
HBIM aJITOPUTMOM U He 3aBUCHUT OT TEKYIIIEr0 COCTO-
auudA opranusma [10].

OueBUIHO, YTO B JAHHOM KOHTEKCTEe [IByHa-
mpaBJyieHHOe B3aummozeiicTBue (closed-loop), mpm
KOTOPOM I'€HepaTop MMITYJIbCOB aKTHUBUPYETCS He-
IOCPeJCTBEHHO B MOMEHT TI'eHepaluu HeWpPOHHOM!
CEeThI0 MO3Ta COOTBETCTBYIOIIUX IMATOJOTUUYECKUX
puTMOB, GoJjiee ImpeaIouTHUTEaAbHO. OQHAKO peasiu-
3anuaA TaKUX CUCTeM TpebyeT pas3pabOTKU MeTo-
MUK, IIO3BOJIAIOIINX JeTeKTUPOBATD 3aJaHHbIe I1aT-
TEepPHBI HEMPOHHOU aKTUBHOCTU Ha III' ¢ BHICOKOIM
CTENeHbI0 UYYBCTBUTEJBLHOCTH U CEJIeKTUBHOCTH.
B macroamuii MOMEHT M3BECTHHI MPOTOTHUIIBI, Je-
TEKTUPYIOI[HE IPUCTYIIBI Y JKUBOTHBIX C BEPOATHO-
ctbio BoIme 90 % [11]. B To ke camoe Bpems paspy-
IIeHNe MIPUCTYIIA IIOCJe eT0 TeTeKTUPOBAHUA TOJIb-
KO COKpAIIaeT ero AJnUTeJbHOCTD. [l nanbHenme-
TO Pa3BUTHUA TEXHOJIOTUU HeoOXoauMa pas3paboTKa
METOZOB, ITO3BOJIAIOIINX B aBTOMATUUYECKOM DPesKu-
Me IIPeNCKAa3bIBaTh SIUJIENITUYECKIE TPUCTYIIBI 110
9AT-maHHBIM.

B manHOM KOHTEKCTe B HacToslleil pabore pac-
CMATPUBAETCS BO3MOYKHOCTH IIPEICKAa3aHUA SIIU-
JIEITUYECKUX NPUCTYIOB II0 MHOTOKAHAJIBHBIM IOl
Kpbic WAG/Rij — KuBOTHOI Momeau abCaHCHOI

srnujencur. MeTomuKa IIPeINCKas3aHWs OCHOBaHA
Ha paHHEM JeTeKTHPOBAHUM IIPOIECCOB CUHXPOHU-
3aliy aKTHUBHOCTH HEHPOHOB, JIOKAJM30BAHHBIX B
Pa3JIMYHBIX 00J1aCTAX MO3ra (KOpe U TaJaMUYeCKUX
sIpax), a TaK:Ke B3auMOAEHCTBUA MEKIY JaHHBIMU
obylacTAMU IOCPEJCTBOM aHAJIN3a MHOTOKAHAJIBHO-
ro Habopa curuaJjio 99I. PaspaboranHas MeToguKa
anpoOmpoBaHa in vivo Ha mpuMepe HelipounHTepdeii-
ca JIJIs aBTOMaTUYECKOTO MPeJCKa3aHUA SIUJIEITH-
YeCcKUX MpUCTynoB y Kpbic WAG/Rij.

Heiipodusuogornueckuii 9KCIIePUMEHT

B skcmepuMeHTe WMCHOJIB30BAJNCH 6-MecAYHBIE
kpeickl WAG/Rij (Bcero miects KUBOTHBIX). Peruc-
Tpanua 99" ocyIIecTBISIaCch IPU IIOMOIIMYU XPOHU-
YeCKU UMILJIAHTUPOBAHHBIX 3JIEKTPOJOB U3 HEPIKaBe-
forrent crayiu B 1) cioax 4—6 coMmaToOCeHCOPHOI KOPBI
(puc. 1, a), a Tak:Ke B 2) 3aHEM TAJIaMUUECKOM SAIpe
(posterior thalamic nucleus) (puc. 1, 6), 3) Ben-
TPAJILHO-TIOCJIEPErYIAPHOM  TAJaMHUUYECKOM  sSIIpe
(ventral-posteromedial thalamic nucleus) (puc. 1, 8),
4) mepenueM TasiaMuuecKoM Aape (anterior thalamic
nucleus) (puc. 1, ¢) u 5) peTUKYIAPHOM TaaMUUe-
ckoM azpe (reticular thalamic nucleus) (puc. 1, 6).

IJIeKTPOAbl MMILJIAHTHUPOBAJIUCHL TPU TIIYOOKOM
n30()IapOHOBOY aHecTe3uu. Uepes ABe HENEJHU II0-
cje omepanuu curHajabl I perucTprupoBaInCh U3
BBINIEYKAB3aHHBIX OTAEJIOB MO3Ta Y CBOOOIHO IBUIKY-
muXcs »KUBOTHBIX. Ilomyuaemble curaaabl 331" ObI-
JU OT(PUIBTPOBAHBI II0JIOCOBBIM (PUJIBTPOM C TOUKA-
mu orceuxku 1 (HP) u 100 (LP) 'ty u mmosiocoBbIM 3a-
rpamxgatomum GuabTpom Ha 50 I'it u omudpoBwIBa-
JIUCH C TIOMOIIIbI0 cucTeMbl peructpanuu WINDAQ
(DATAQ-Instruments Inc., Akron, OH, CIIIA) c
TMOCTOAHHOM uYacToTolr maumckpermsanuu 500 TI'm.
IKCIepUMEHTHI IPOBOAMINCEH B COOTBETCTBUU C dTHU-
YeCKUMU HOPMAaMU’, YTBEPKICHHBIMU KOMUTETOM
10 9KCIEPUMEHTaM Ha KUBOTHBIX YHUBEPCUTETA
Panbayn Hetimeren (RU-DEC).

YacToTHO-BpeMEeHHOM aHAJIU3

Has Toro 4uToOBI MCCIIEIOBATH NUHAMUKY CHUT-
HaJia JIEKTPUUECKOl aKTuBHOCTU Moara (99I') X(t)
KaK BO BpPeMeHHOIi, TaK M B YaCTOTHOHW o0JiacTu,
yI0OHO MCIIOJIb30BATh SHEPTETUUECK I BEHBJIETHHIN
CIIEKTP, KOTOPBI MOYKHO PacCcyuTarhb 10 (opmyse
W(f, H)=|M(f, )2, tne M(f, t) — KoMILIEKCHO3HAY-
HBIA K0a(h(UITMEHT BeliBJIeT-Ipeodpa3oBaHMs:

M, )= X' (@-t))de @

(cuMBoOI * 0603HAUAET KOMILIEKCHOE COIPSKeHNe).
B KauecTBe MaTepUHCKOT'0O BeliBjeTa B JaHHOI pabdo-
Te BbIOpaH BeiiBaeT Mopae
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Interaural 4,84 mm
Bperma —4,16 mm

Interaural 9,20 mm
Bperma 0,20 mm

Interaural 7,60 mm
Bperma —1,40 mm

Interaural 5,86 mm
Bperma —3,14 mm

B Puc. 1. PacnosioskeHue perucTpUPYOINX 9J€KTPOAOB B PA3JIUUYHBIX OTAEeJaX T'OJOBHOI'O MO3ra KPBICHI: @ — B CIOSAX
4—6 coMaTOCEHCOPHOI KOPbI; 6 — B 3aJHEM TAJaMHUUECKOM SApe U PEeTUKYJIAPHOM TaJIaMUIYECKOM AJpPe; 8 — B BEHTPAJIbHO-
OCJIEPeTryAAPHOM TaJlaMUYeCKOM fAApe; 2 — B IIepeaHeM TajJaMudyecKoM anpe. KoopauHaThl PACIIONOKEeHUS JIEKTPOI0B
3aJaHbl coryIacHo atyiacy moara [Paxinos and Watson, 1998]

B Fig. 1. Electrode location: a — layers 4—6 of the somatosensory cortex; 6 — the posterior and reticular thalamic nu-
cleus; 6 — the ventral-postero-medial thalamic nucleus; 2 — the anterior thalamic nucleus. Coordinates are shown in

accordance with the Rat brain atlas of Paxinos and Watson [Paxinos and Watson, 1998]

1 . ¢2
y(£) = t=exp(j2nl)exp - | 2)

A\L/E

BeiiBnerT-mpeobpa3oBaHre BBHITIONHAIOCH A Ha-
0opa perucTpupyeMbix cUrHajaoB IO9I' B uacTOTHOM
nmuanagone 2+20 I'm.

PesyasraTsl

B kauectBe riobasnbHON xapaxktepucturu X,(1),
ONUCHIBAIOIIE KOJIJIEKTUBHYIO TUHAMUKY i-TO HEM-
POHHOTO aHCaMOJid, PACCMOTPUM 3aIUCh JIEKTPU-
yeckoii aktuBHocTu (99I'), perucrpupyeMmyro Ipu
TOMOIIA 3JIEKTPOAA, PACIOJOKEHHOTO B OKPECT-
HOCTU TaHHOTO aHcamOisda. [JlaHHaA XapaKTepucTu-
Ka IpeAcTaBJisieT co00ll HecTallMOHAPHBLIN CUTHAJI,
CHEKTPAJILHBIN COCTaB KOTOPOTO HBOJIIOIIMOHUPYET
BO BPEMEHU, 1 €T'0 9BOJIIOIIUA OTIPeeIseT s IPoIlec-
caMu B3aMMOJeHCTBUA (TAKUMU KaK YCTaHOBJIEHUE
CUHXPOHM3AInM, 00pasoBaHUe KJIACTEPOB) MEXKIY
HelipoHaMU JAHHOTO aHcaMOJIsd.

Paccmorpennsre curmansr X(), ABIAACH TJUIO-
0aJbHBIMU XapaKTEePUCTUKAMU, OIMMCHLIBAIOIIIUMU
OIUHAMUKY HEWPOHHBIX aHcaMOJel, MOr'yT UTIpaTh

POJIb JIOKAQJILHBIX XapPaKTEePUCTUK, KOTJa PeUYb UAET
0 PacCMOTPEHUU KOJIJIEKTUBHON AUHAMHKUN HEUPO-
HOB, PACIIOJIO}KEHHBIX B PA3JIMUHBIX OTAEJIaX T'OJI0B-
HOT'O MO3Ta.

Kak wu3BeCTHO, IPUCTYIl STUJIETICUU AaCCOIMU-
pyeTcda C YCTaHOBJEHMEM CHUHXPOHHOTO pEXUMa
HEPOHHON aKTWBHOCTU, BOBJIEKAIOIIETO HENPOHHI,
mpUHAJIeKalllue PasIUudYHBIM OO0JIACTAM MO3Ta.
I abcaHCHOM STIUJIETICUY, TIPUCTYIIBI KOTOPOI Xa-
PaKTepU3yIOTCA TeHepalueil CrenupuuecKux mMuK-
BOJIHOBBIX IATTePHOB Ha III, XapaKTepHBIM ABJA-
€TCs BOBJIEUEHYE HETPOHOB KOPHI T'OJIOBHOT'O MO3Ta U
TajamMuueckux apep [12, 13].

Ha pwuc. 2, a nmpuseznen mabop I3, perucrpupy-
embix v Kpbic gunuu WAG/Rij [14] npu momoru
WHBA3WBHBIX BJIEKTPONOB, PACIIOJIOKEHHBIX B pas-
JUYHBIX CJIOAX KOPBI ToJioBHOro moara (ctx 4—6)
u B ramamuueckux sapax (PO, ANT, VPm, RTn).
IIpencraBiieHHBIE 3aIMCU WJIIIOCTPUPYIOT IEPEXOX
OT HOPMAJILHOI AaKTUBHOCTH K SIUJIENITHUYECKOMY
mpucTyny (CTPeKOl yKasaH MOMEHT BOSHUKHOBE-
HUS IPUCTYIIa, XapaKTePU3YIONUINCA CUHXPOHHBIM
BO3BHMKHOBEHVEM ITMK-BOJHOBOTO IIATTEPHA B KOP-
TeKCce U TaJaMyce).

Ha pwuc. 2, 6 ToukKaMu IIOKAa3aHBI ITOJIOMKEHUS
CIIEKTPAJIFHBIX KOMIIOHEHT UCCJIEIYEeMbBIX CUTHAJIOB
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B Puc. 2. Habop 3anuceii 99", peructTpupyeMsbIx y Kpbic cuenuaabHoi auaur WAG/Rij mpu moMoIiu mHBa3UBHBIX 9JI€K-
TPOZOB, PACIIOJIOKEHHBIX B PA3JINYHLIX CJIOAX KOPHI T'OJIOBHOTO Mosra (ctx4—6) u B raraMudecKux AApax (a); MoJI0KeHu
CIIEKTPAJbHBIX KOMIIOHEHT KCCIeAyeMbIX curaanos 997, xapaKkTepusyomuxcsi MaKCUMAaIbHbIM 3HAUEHNEM SHEePTruu, B

KasKIBI MOMEHT BpeMeHHU, TIOKa3aHHbIe TOuKaMu (0)

B Fig.2. Asetof EEG traces recorded in the WAG/Rij using invasive electrodes located in different layers of the cortex
(ctx4-6) and in thalamic nuclei (a); points correspond to the positions of the spectral components of the analyzed EEG
signals, which are characterized by the maximum value of wavelet energy, at each moment of time (0)

99T, xapaKTepusymoIuXCcA MaKCUMAaJbHBEIM 3HaUe-
HUEM SHEepPruu, B KaKALI MOMEHT BpeMeHu. Ilpu
9TOM IIPUBEJeHHbIe I'PadUKU CBEPXY BHU3 COOTBET-
CTBYIOT CIIEKTPaJbHBIM KOMIIOHEHTAM BCero Habopa
KaHaJIOB COOTBETCTBEHHO.

IIpencraBieHHBIE 3aBUCUMOCTH IIOJTYUYEHBI HA OC-
HOBaHUU PACCMOTPEHUS SHEPTUU BeHBJIETHOI'O CIEK-
Tpa |W(s, 1), tme W(s, ) — KOMILIEKCHOZHAUHBIMH
K03(P(PUIIMEHT, PACCUUTAHHBIA B MOMEHT BPeMEHU ¢
IJIsi BpeMeHHoro maciiaraba s (s=1/f, roe f — nuneii-
Has 4acToTa), U BhIJeJeHUN BPEMEHHBIX MacIITaboB
$¥, XapaKTepUIYIUXCA JOKAJbHBIM YyBeJIUUYEeHU-
eM pHepruu u yciosuem [W(s*, t)2 > W,,,. W, mpea-
CcTaBJIAET cO00Ii TIOPOTOBOE 3HAUCHME SHEPT U, ITO0-
6panHOe smnupuyecku [15, 16]. Ha puc. 2, 6, pac-
cMaTpuBasd OTAETHHO KOPTUKAJJIbHBIE KaHaJ b, MOXK-
HO Ha0JII0J]aTh, YTO B MOMEHT BPEMEHM ¢ CIIEKTPAJIb-
Has SHEPrus CcocpemoToueHa B AMATa3oHaAX ~H U
~10T1. B MoMeHT BpeMeHY ¢y CIIEKTPaJIbHA S DHEPTUA
cocpenoroueHa B oosmactu ~6—7 I'ty. MoxkHO IIpeaIio-
JIOKUTDH, UTO HabomaeMbIii 9(eKT 00bsacHAETCS
yBeJIMUeHNeM B3aUMOAENCTBUA MeK Iy HelipoHaMu,
TIPUHAIJIEKAIUMY PA3JIUUYHBIM CJIOIM KOPBI TOJIOB-
HOTO Mo3ra. B MOMEHT BpeMeHU ?; OoJIbIIas 4acTb
HEWPOHOB, PACIIOJIOKEHHBIX B PAB3JIUYHBIX CJIOAX
KOpPBI T'OJIOBHOT'O MO3Ta, OKa3bIBAETCS BOBJIEUEHHOM
B M€HEepaIluio JByX TUIIOB KOJJIEKTUBHOM aKTHUBHO-
CTH — HU3KOUACTOTHOH (~5 I'l) 1 BHICOKOUACTOTHOI
(~10 T'm). Ilpuuem crTereHb BOBJIEUEHHOCTU PABJINY-
HBIX CJIOEB B TeHEpPaIlnio 3TUX PUTMOB OKa3bIBAET-

Ccs Pa3JIMUYHON U MOXKET OBITh OIleHeHa C IOMOIILIO
3HAUEHUA CIEKTPAJIbHON SHEPIUM, NPUXOAAIIeiics
Ha JaHHYI 00JIacTh cIeKTpa. B MOMeHT BpeMeHU g
HEWPOHBI, HAXOAIINECA B PA3JIUUHBIX CJI0AX KOPBI
MO3ra, HAUMHAIOT AEeMOHCTPUPOBATh CUHXPOHHYIO
InHaMUKY B o0sactu ~6—7 I'ti. IIpu sToM MOXKHO OT-
METHUTH, UTO O0JIBIIAsA YACTH CIIEKTPAJIbHOM SHEPT U
[IJIsI BCEX pacCMaTPUBAEMbIX KAaHAJIOB OKa3bIBAETCS
COCpPeIOTOUEeHHOI B 06JIACTH CIIEKTPAa, COOTBETCTBY-
folrei HabIIogaeMoOMy TUIY AaKTUBHOCTH (B JaHHBII
MOMEHT BpeMeHU 9HePT'Us OCTAJTbHONU YaCTU CIeKTPa
OKa3bIBAETCSA MEHBINIe OIIPeaeJeHHOr0 II0POrOBOTO
3HAYEHU).

Pasbupas aKTUBHOCTHL TaJlaMHUUYECKUX SJep,
MOJKHO TaK’Ke OTMETHUTh BOSHHKHOBEHHE CHHXPOH-
HOM aKTWBHOCTH HEHDOHOB B MOMEHT BPEMEHU {j.
IIpu sTOM, paccMaTpuBas KOPTUKAJIbHbBIE U TaJaMU-
yeckue I cOBMECTHO, MOKHO BHUIETH, UTO CYII[e-
CTBYIOT MOMEHTHI BPpEMEHI, B KOTOPhIE SJIeKTpUUe-
CKasd aKTUBHOCTHb HEMPOHOB KOPBI I'OJIOBHOTO MO3Tra
W TaJaMUUYEeCKUX SAJep CTAHOBUTCSA CUHXPOHHOM.
B uwacTHOCTH, mOMOOHAs riiobajbHAA CHUHXPOHM3A-
musa Ha yactore ~8 I'Il COOTBETCTBYET yCTaHOBJIE-
HUIO IpucTyna abcaHCHOI smuJericuu. B To ke ca-
MOe BpeMs, IMIOMUMO SIUJIENITUYECKOTO IIPUCTYIIA,
MOJO0HBIE CUHXPOHHBIE PEXUMbI HaOJI0JAI0TC
mmepes ero BOBHMKHOBeHUeM (Ha puc. 2, 0 COOTBET-
CTBYIOIIIIe 00JIacTU OOBEIEHBbI CILJIOIITHON JUHUEH).
ITogo6HOe mOBemeHVE HEMPOHHOM CEeTH MO3ra CBS-
3aHO C TeHepaluell cuenmuPuuecKuX IIaTTePHOB —
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B Puc. 3. CxemaTuueckoe nzobpaskeHre HeipornHTepderiica AJaa IPeJcKasaHua dSITUJIeITHYeCKUX IPUCTYIIOB II0 CUTHAJIAM
99T (a); cpefHee MPOILEHTHOE COOTHOIIIEHME YKNCJIa TPEJCKA3aHHBIX U IPOIYIIEHHBIX IPUCTYIIOB B IPYIIIE JKUBOTHHIX (0);
IPOIEHT IpeACKa3aHHbIX IIPUCTYIIOB IJIA KaKJ0r0 JKUBOTHOTO (8); Habop 3amnucei 991", HIIIOCTPUPYIOIINUX BOSHUKHOBE-
Hue npucrymna (2); saBucumoctb G(t), WIIIOCTPUPYIOMIAA IVIO0AJbHYI0 XaPAKTEPUCTUKY TAIaMO-KOPTUKAJIbLHOU CeTu, U
TeserpadHbIN CUTHAJ, WJIJIIOCTPUPYIOIINI MOMEHTHI BPEMEHH, AJIsI KOTOPBIX PACCMOTPEHHA IIo0albHASA XapaKTePUCTHI-
Ka IPEeBBIIIaeT 3aJaHHoe ITI0POoroBoe 3nauenue (0)

B Fig. 3. Schematic representation of the brain-computer interface for epileptic seizures prediction using EEG signals
(a); middle percentage of predicted and missed seizures in the group of animals (6); percentage of predicted seizures is
shown for each animal (8); set of EEG traces illustrating the occurrence of epileptic seizure (2); evolution of the global
characteristic of the thalamo-cortical network on the time interval corresponding to the transition from normal activity
to epileptic seizure, and the telegraph signal illustrates the moments for which the considered global characteristic ex-
ceeds a predetermined threshold (9)

IPEeIIIECTBEHHUKOB JIIUJIENTUYECKOr0 MIPUCTYIIa
B obsactu 2—5 I'ry (0-mpenmrectBeHHUKY) U 5—8 I'1g
(0-mpeniiectBeHHUKN]) [17].

C y4eToM TOTO0, YTO OTJAEJIbHBIN CUTHAJ JIeKTPU-
YeCcKOH aKTUBHOCTH X () XapaKTepusyeT JUHAMUKY
HelpoHHOTrO aHcaMmbJid, BBeJeM mmapametp A;(?), xa-
PaKTepU3yIONNi CTeIleHb BOBJIEUeHHOCTH HEeHTPOHOB
paccMaTpuBaeMoro aHcamMO0Jis B TeHepaluio aKTUB-
HOCTH, IIPEAIIEeCTBYOIIeil BOSHUKHOBEHUIO IIPUCTY-
mna:

0,2 T !
[ [WiGs, 0 ds
-1
4= : 3)
0,35 I',g
|Wis, ) ds
0,05 I'm !

ITonyuennsle koahdunuenTsr A;(t), i=1, .., N
ABJIAIOTCA JIOKAJbLHBIMU XapaKTePUCTUKAMU TaJja-

MOKOPTUKAJLHOM CeTH, y3JaMU KOTOPOI ABJIAIOTCS
HelpoHHbIe aHCAMOJIM, PACIOJIOKEHHbIe B Pasjnu-
HBIX CJIOAX KOPBI T'OJOBHOTO MO3Ta 1 TaJJaMUUeCKUX
agpax. I[nsa ranHO# ceTu BBeeM IJI00aIbHBIN Tapa-
metp G(t), XapaKTepusyIomuii yBeJIndeHrne CHHXPO-
HU3aIUU MeXKIY HJAaHHBIMU 00JIaCTAMU U yBeJIude-
HUe CTeIleHU X BOBJEUEHUA B reHepaIinio aKTUBHO-
CTHU, MIPEAIIeCTBYIONIell BOSHUKHOBEHUIO TPUCTYIIA:

N
G =T]4®. )
i=1
B gamHom cayuae N — 4YMCIIO paccMaTpuBae-

MbIX KaHaysoB JIAI' (cMm. puc. 2, a). ITapamerp G(t)
MOJKET OBITh U3MEPEH B PeKHMe PeaibHOI0 Bpeme-
HU C YaCTOTOM, ONIPEeJIIEMOA YaCTOTOU JUCKPETHU-
s3anuu curaayos I, u comocTaBjieH ¢ HEKOTOPHIM
TIOPOTOBLIM 3HAUEHMEM, ITO3BOJISIONINM Pas3jinyaTh
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MOMEHTHI BOSHUKHOBEHUSA CUHXPOHUBAIIUY OT IIPO-
eccoB, peructpupyeMmbix Ha 99 B oHOBOM pe-
KuMe. B HacTosdmieir pabore AJd TeCTHPOBAHUS
OIIMCAHHOTO BHIIIe MeToxa OBIJI paspaboTaH Heli-
pounteppeiic (puc. 3, a). B coorBercTBUU ¢ pado-
tamu [16, 18] MBI MCHIOJSIB30BAJIM TPU 3JIEKTPOJA,
PacmoJIOKeHHBIX B CJIoe D KOPBI T'OJIOBHOT'O MO3Ta U
B ramamuueckux sapax ANT u PO. Perucrpanus,
onu(ppoBKa U IpeaBapuTesbHas oOpadorka AT
OCYIIIECTBJSJINCH C WCIOJb30BAHUEM IIPOrpaMM-
Ho-ammapaTHbeIX cpeactB WINDAQ (DATAQ-
Instruments Inc., Akron, OH, CIIIA). Ha 6Gase
perucTpupyemMbix Il BEIUKCIISAICI KOd(PPUIIEHT
(4) n comocrasusncsa co sHaueHneM Gy, BbIOMpA-
eMBIM [IJIs1 KasKIOro JKUBOTHOIO WHIWBUIYAJIbHO
Ha OCHOBE IIPEIBAPUTEJILHO 3alIMCAHHBIX CUTHAJIOB
9II'. UMK 6b1J1 annpoOUpoOBaH Ha IIEeCTH KHUBOTHBIX
B TeueHUe 4-4acoBOM SKCIEePUMEHTAJbHON CEeCCUU.
B pesynbTaTe OB pacCUMTAH IPOIEHT KOPPEKTHO
IpelCKa3aHHBIX Pa3pAOB K 00II[eMy UKCIy paspsd-
nmoB. B cpeguem 4-uacossbie 3anucu I kpeic WAG/
Rij copmep:xkar 50 »sHuIenTUUYECKUX IIPUCTYIIOB.
B pesysnbrare mpuMeHeHUA MeTOAA UMCJIO IIPEJ-
CKa3aHHBIX IIPUCTYIIOB Y UCCJIEIYEeMbIX *KMBOTHBIX
cocraBuJo (87,8 = 7,08) % (puc. 3, 6, 8), Ipu ITOM
OpuCTyIIbl ObLIu Hpeackasansl 3a (0,8 = 0,16) c.

Ha puc. 3, 0 mpourtocTpupoBaHo U3MeHEeHEe BO
BpeMeHU TI00abHOM XapakTepucTuku (4) Ha Bpe-
MEHHOM MHTEepBaJje, COOTBETCTBYIOIIEM II€PEeX0ay OT
HOPMAaJbHOM aKTUBHOCTHY K SMUJIECTITAYECKOMY TIPU-
crymy. BumHo, 4TO 3a CEKYHIY OO BO3HUKHOBEHUS
mpuctyna HabaomaeTca peskuii poct G(f). IlanHoe
sBJIeHTEe 00YCJIOBJIEHO YBeJIMUeHrueM 3HAUeHU N ABYX
nokasareJeii: KoahgunuenTos 4,(t) xua paccMarpu-
BaeMbIX KaHaaoB 99l u mepexomaMu BEICOKOIHEPre-
TUYECKUX CIEeKTPAJbHBIX KOMIIOHEHT, XapaKTepu-
3YIOIINX aKTUBHOCTH HEMPOHOB KOPHI MO3Ta U TaJia-
MUYECKUX s1ep, B OAHY 00JIaCThb CIIEKTpA.

W3 pucyHKa BUAHO, UYTO aHAJN3 JTUHAMUKU KO3(]-
dumnmenTa G(f) myTeM COIOCTABJIEHUA €T0 C IIOPOTO-
BBIM 3HaueHUeM G, 12€T BO3MOYKHOCTD IE€TEKTHUPO-
BaHUA aKTUBHOCTHU, IPEIIECTBYIOIIEN BOBHUKHOBE-
HUIO IIPUCTYIIA.

3aKaiouyeHne

B craTbe ndyueHa BO3MOKHOCTD JIETEKTUPOBAHUA
XapaKTepHBIX NATTEPHOB HEMPOHHOU aKTUBHOCTH,
MIPEIIEeCTBYIONINX BO3HUKHOBEHUIO SIUJIEITHYE-
CKOT'0 IIPUCTYyIIa, B PEXKUME PeaJIbHOTO BPEMEHMU.
ITokasaHo, UTO CUTHAJIBI 9JIEKTPUUECKOM aKTUBHOCTH
TOJIOBHOTO MO3Ta, PETUCTPUPYEMbIe M3 Pa3TUUHBIX
€ro y4acTkoB mocpeactBom 9II, mMoryrt paccmarpu-
BaTbCA B KAUyeCTBe MAaKPOCKOIIMUYECKUX XapaKTepu-
CTHMK HENPOHHBIX aHcaMOJel, JIOKAJIM30BAHHBIX B
OKPECTHOCTH PEeTruCTpUpPYIOIiero sJjexktrpoxa. Ilpu
STOM JaHHBIE XaPaKTEePUCTUKYU MOT'YT TaKiKe paccMma-
TPUBATHCA B KAUECTBE MUKPOCKOIIMYECKUX XapaKTe-
PUCTUK B TOM cCJiyuyae, KOT[a aHAaJIU3UPyeTcs B3au-
MOCBSI3b MEXKY yAaJIeHHBIMU HeHPOHHBIMU I'PyIIIa-
mu [19, 20]. IlokasaHo, 4YTO, OCHOBBIBASACH Ha OITMCAH-
HOM (popMmasimsMe, MOYKHO 3(P(PEeKTUBHO BBIABIATH
XapaKTepHble CBOIICTBA HEHPOHHOI CeTH, Je:Kallue
B OCHOBE TeHepanuy NIaTOJOTMYeCKOH HEeWPOHHOI
aKTUBHOCTHU — 3MUJIENTUUYECKOr0 IPUCTYIIa, XapaK-
TepPU3YIOIIErocsa, KaK N3BECTHO, KaK JOKAJIbHOUN CHH-
XPOHM3AIMEel HeMPOHOB, TaK U IVIOOAJIBLHOU CHUHXPO-
HU3aIuel, BOBJIEKAIONell pa3JInuHbIe OT/IeJIbl I'0JIOB-
HOro mMosra. Pazpaborana MeTOIVKA IJId BHIABICHUA
IIPOITECCOB YCTAHOBJIEHUA M PA3BUTUA JOKAJIBHBIX U
TI00aIbHBIX CUHXPOHHBIX PEXXUMOB 3a CEKYHIBI 10
KJIUMHUYECKOT0 IPUCTyIa (BBIABIEHNE IPEIIIIEeCTBEH-
HUKOB SITUJIEIITUYECKOro IIprucTyna). Metoguka pea-
JIM30BaHAa B BU/Jie HelipouHTepdelica, KOTOPHIN NCIIHI-
TaH in Vivo Ha XKMBOTHOMN MOEJI a0CaAHC-IIIMJICIICIA.
IlosryueHHBIE PE3YIIBTATHI MOT'YT OBITH MCIIOJIHE30BAHBI
npu paspaboTKe HelpomHTEP(ENCoB AJIA IpeacKasa-
HUA U TIPEIOTBPAIEeHUA IPUCTYIIOB PA3JIUYHBIX TU-
TIOB AIIUJIETICUU Y YeJIOBEKa.

Pabora moamep:xama MuHMCTEpPCTBOM o00pa-
30BaHUA U HayKu P® (mpoext 3.861.2017/4.6) u
IIpesumeHTCKOI ITPOrpaMMOi TOAMEPKKY BeIyIITIX
HayuHBIX ITKOJ P® (mpoexT HII-2737.2018.2).

ABTOpPBI BBIpA’KalOT OJAaroJapHOCTH IIpodecco-
pam E. L. J. M. van Luijtelaar u A. E. XpamoBy 3a
IIpeoCTaBJIeHNE 9KCIEPUMEHTAJIBHOTO MaTepuaJja u
IeHHbIe 00CY K AeHUA PaOOTHI.
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Introduction: Now the great interest in studying the brain activity based on detection of oscillatory patterns on the recorded data of

electrical neuronal activity (electroencephalograms) is associated with the possibility of developing brain-computer interfaces. Brain-
computer interfaces are based on the real-time detection of characteristic patterns on electroencephalograms and their transformation
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into commands for controlling external devices. One of the important areas of the brain-computer interfaces application is the control
of the pathological activity of the brain. This is in demand for epilepsy patients, who do not respond to drug treatment. Purpose: A
technique for detecting the characteristic patterns of neural activity preceding the occurrence of epileptic seizures. Results: Using
multi-channel electroencephalograms, we consider the dynamics of thalamo-cortical brain network, preceded the occurrence of an
epileptic seizure. We have developed technique which allows to predict the occurrence of an epileptic seizure. The technique has been
implemented in a brain-computer interface, which has been tested in-vivo on the animal model of absence epilepsy. Practical relevance:
The results of our study demonstrate the possibility of epileptic seizures prediction based on multichannel electroencephalograms. The
obtained results can be used in the development of neurointerfaces for the prediction and prevention of seizures of various types of

epil

epsy in humans.

Keywords — Electroencephalography, Pattern, Continuous Wavelet Transformation, Time-Frequency Dynamics.
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CBEAEHUA Ob ABTOPAX

AHJPEEB
Cepreit
AMurpueBuyu

Crapiiuit HayuHBIA COTPYAHUK
TeXHOJOrMYEeCKOr0 YHUBEPCHUTETA
r. Tamnepe, PuaIAHINA.

B 2006 roxy oxonuma CaHKT-
IlerepOyprexuit rocynapcTBeHHbIH
VHUBEPCUTET Aa3POKOCMUUECKOTO
nprGOPOCTPOEHUA IO CIIEIIAATBHO-
cru «KoMmiexkcHas 3amuTa 06beK-
TOB HH(OPMATHU3ALIN».

B 2009 roxgy samuTmi auccepTa-
[[MI0 HA COMCKAHNE yUYEHOH CcTere-
HU KaHAUJATa TEXHUIECKUX HAYK.
fAsnsiercss apropom Gosmee 100 Ha-
VYHBIX ITyOJUKAIIVI.

06acTh HAYYHBIX WHTEPECOB —
0eCIPOBOAHEIE CHCTEMbL CBS3H, CH-
CTEMBI MaCCOBOTO OOCJIYKUBAHUS,
MOOUJIbHBIE U 9HEProdadhdeKTuB-
HbIE CUCTEMBI.

9n. agpec: serge.andreev(@
gmail.com

BAJIOHHUH
Huxomxai
Anexceesuu

IIpodeccop kadenpbl BBIYUCIA-
TeNbHBIX cucTeM u cereil CaHKT-
IleTepOyprckoro rocyjapCcTBEHHOIO
VHUBEPCUTETA a3POKOCMUIECKOTO
pUGOPOCTPOEHUS.

B 1982 roxy oxonuwns JleHurrpa-
CKUH BIIeKTPOTeXHUUECKUN UHCTH-
Tyt uM. B. U. Vabauosa (Jlenuua)
10 CIEIUAJbHOCTA «ABTOMATHUKA
¥ TeJIEMEXaHUKa».

B 2008 roxgy samuTmi amccepTa-
W0 HA COMCKAHWE YUYEHOU CTere-
HU JIOKTOPA TEXHUYECKUX HAYK.
fAsnsiercss aBropom 6Gosee 100 Ha-
VYHBIX IIyONUKAIUi, B TOM YHUCTIE
Tpex MOHOrpaduii.

O6sacTh HAyYHBIX HHTEPECOB —
TEOPUSA TUHAMUYECKUX CHUCTEM,
TEOpUA UAEHTUPUKALUU, TEOPUS
0IIepaTopoB, TEOPUS MATPHI, BbI-
YUCJIUTEIbHbBIE METO/bI, UHTEPHET-
poGOTOTeXHUKA, WHTEPHET-KHUTH
C HCIOJHSIEMBIMU AJTOPUTMaMY,
HayYHbIE COIVAIbHBIE CeTH.

9. agpec: korbendfs@mail.ru

BE3PYK
T'eopruii
I'puropreBuu

HauaspHUK 0TIEIa MOPCKO# P000-
TOTeXHUKY [JIABHOTO HAYIHO-WC-
CJIeJIOBATENIECKOTO UCIIBITATEIBHO-
ro nerTpa podororexauku MO P®D,
Caukr-IlerepGypr.

B 1999 roxy oxonuwms Basruii-
CKUIl BOEHHO-MODPCKO# HHCTUTYT
M. @, @, Yimaxosa 10 Clenuaib-
HOCTH «PasnosmeKTpoHuKay.

B 2001 roxy sammTui aumccepra-
IMI0 HA COMCKAHNE yUEHOH CcTere-
HU KaHANUATA TEXHUYECKUX HAYK.
fBnsiercss aBropom 6ostee 60 Hayy-
HBIX IYOJUKaIWi.

O6nacTh HAyYHBIX WHTEPECOB —
MOpcKasi pPOOOTOTEXHWKA, KOM-
mIeKcHass 00paboTKa pasHOPOLHOM
uH(OpPManNH, IOUCK U 00HADPYIKe-
HUe 00'bEKTOB 110 PABJIUYHBIM (I~
3UUYECKUM II0JIAM, CUCTEMHBIH aHa-
3.

9. agpec: geoint99@mail.ru

BJAYHIITENH
Haran
IIMaeBuu

IIpodeccop Uepycammmckoro Tex-
HOJIOTUYECKOr0 HUHCTHUTYTA, IIPO-
(heccop-amupuryc Kadeapsl CUCTEM
CBSIBM VHIKEHEPHOro (aKyJbTera
Heresckoro yausepcutera uM. Ben-
T'ypuona, Beap-IlleBa, spauib.

B 1972 ropy oxomuni Tomckuii rocy-
JIAPCTBEHHBIH YHUBEPCUTET TI0 CIIe-
nuanbHOCTY «PagnodusnKa u sJek-
TPOHUKA, BKJII0OYasd KBAHTOBYIO».

B 1991 romy samutui guccepTa-
U0 HA COMCKAHWE YUEHOH CTele-
HU JIOKTOpa (DPM3MKO-MaTeMaThye-
CKUX HaYK.

fAsnsercsa aBropom oxosio 200 Ha-
YUYHBIX IIyOJUKAI[UAHA, B TOM YUCJE
12 moHoOrpaduwmii, IATH TaTEHTOB U
Tpex u300peTeHuii.

06acTh HayYHBIX WHTEPECOB —
paguoGusnKa, CHUCTEMbI IIPOBOJI-
HOI M 0ECIIPOBOIHON CBSA3W, paja-
DBI, OIITUKA U JINJAPBL.

1. agpec:
nathan.blaunstein@hotmail.com

TAJIMHUHA
Oabra
CepreeBHa

Crapminit HayuYHBIA COTPYAHUK
TeXHOJOIMYIECKOT0 YHUBEPCHUTETA
r. Tamnepe, PuHIAHANA.
Oxkonumia marucrparypy CaHKT-
IlerepOyprckoro  moMTEXHUYE-
ckoro yHuBepcurera [lerpa Bemnu-
Koro mo cmenuajibHOCTH <«IIpm-
KJaJHAd MaTeMaTuKa U nHpopMa-
THKa».

B 2015 roxy moayumia cTemneHb
PhD B o6acTu 6eCIIpOBOHOM CBSI-
31 B TeXHOJIOrMYEeCKOM YHUBEPCH-
tere r. Tamnepe, PuHIAHIUA.
SBnsercsa aBropom Gosee 50 Hayd-
HBIX TyOJUKAWi.

O6J1acTh HAYYHBIX UHTEPECOB — CO-
BpPEMEHHBIE (EeCIPOBOAHBIE CUCTE-
MBI CBf3H, NIPUMEHEHWE MeTOZOB
MIPUKJIATHON MaTeMaTUKU K UCCJIe-
IOBAHUIO OECIIPOBOXHBIX CeTel HO-
BeHIIIero MOKOJIEHU .

9I1. ajgpec:
olga.galinina@gmail.com

TPUBKOB
Agnekceit
Huxonaesuu

IIpodeccop, saBexyromuit Kaden-
poit sHEproobeceyeH s IpeIIpu-
ATAN 1 TemI0TeXHuKU TaM60BCKO-
T'0 rOCYAaPCTBEHHOTO TEXHUYECKO-
r'0 YHUBEPCUTETA.

B 2004 roxy oxonum TamGoBCKmit
TOCYZApPCTBEHHBIH  TeXHUYECKUI
VHUBEPCUTET IO CIIENHUAJBHOCTH
«IIpoeKTUpOBaHWE U TEXHOJOTUS
9JIEKTPOHHBIX CPEJICTB».

B 2016 romy sammrui amccepTa-
M0 HA COMCKAHME YUYEHOU CTere-
HU JIOKTOPA TEXHUYECKUX HAYK.
SfBnserca aBropom Gosee 100 Ha-
VYHBIX TYOJIUKAIWI 1 IBYX TATE€H~
TOB Ha M300PETEeHM.

O6acTh HAyYHBIX MHTEPECOB —
TEOpHUS ONTUMAJBHOTO YIIpaBJe-
HUST MHOTOMEDHBIMU OO'BEKTaMHU,
METOABI Pas3pabOTKM aJrOPUTMU-
YeCKOro M IIPOrpaMMHOro obecrie-
YeHUA MH(POPMAIVOHHO-YIIPABJIA-
IOIIUX CUCTEM.

i1, agpec:
GribkovAlexey@yandex.ru
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JJKOKOBUY Ilouernsrit mpodeccop Kadeapsl KAITPAHOBA CrynmeHTka Kaempbl BLIYMCIIN-
learomnp TEOPETUYECKON MaTeMaTHUKU YHU- Elca'repm{a TeJbHBIX cucTeM u cereir CaHKT-
BepcureTa Batepioo, Batepioo, IleTepOyprekoro rocyxapcTBeHHO-
Onrapuo, Kanana. 0 YHUBEPCHUTETA a3POKOCMUYe-

AHapeeBHA

B 1960 roxy oxomumn Besrpan-
CKUIl YHUBEPCUTET IO CIeI[Hasb-
HOCTH «JJIEKTPOTeXHUKAa», bBei-
rpaj, FOrociasus.

B 1963 roay samwmTui aumccepra-
M0 HA COMCKAaHME YUEHOH CTere-
HHU JIOKTOpa HayK B Bearpajckom
VHUBEPCHUTETE.

SBnsercsa aBTopom Gosnee 200 mHa-
YYHBIX TyOIAKAIAI.

061acTh HAYYHBIX WMHTEPECOB —
JIMHEeHAA U TOJIUINHENHAA ajre-
Opa, Teopus rpymim, ajarebpa Jlu u
rpyun Jlu, KBaHTOBas 3aIlyTaH-
HOCTh, KOMOMHATOPUKA.

9. agpec: djokovic@uwaterloo.ca

CKOT'0 IPHOOPOCTPOEHNUA.
SlBiseTCs aBTOPOM UeTHIpEX Hayd-
HBIX IyOJUKAIUA U ABYX CBHUIE-
TEJIECTB O TOCYAPCTBEHHOH Peru-
cTpanuy mporpamMmel s OBM.
06acTh HAyYHBIX WHTEPECOB —
MOWCK ¥ WCCJHELOBAHUE JKCTpe-
MAJbHBIX  KBA3WOPTOTOHAJIBHBIX
MaTpHIL AJd 3a7au 06paboTKU MH-
(hopmaruy, cixarre Ghaso-KoL0-Mo-
IyJIUPOBAHHBIX CUTHAJIOB.

9I1. azpec:
katyakatya1998-2010@mail.ru

KOPIIYHOB

IIpodeccop Kadeapbl UHHOBATHKYI
¥ yupaBieHusA KadecTBoM CaHKT-
ITerepOyprekoro rocyzapCcTBEHHO-
IO YHUBEPCUTETA a3POKOCMUYe-
CKOTO IpUOOPOCTPOEHUHA, TIeHe-
paapHbil gupekTop 000 «IIAH-
TEC rpyn». M3o6perarens CCCP.

B 1970 rozy oxonuna JleHuHTrpaa-
CKUH MOJIUTeXHUUECKUN UHCTUTYT
TI0 CIIeI[MATbHOCTY «ABTOMATHKA I
TeJIEMEXaHUKa».

B 2002 romy sammrtui amccepra-
I[MI0 HA COMCKAHWE yUYEHOH! CTere-
HH JIOKTOPA TEXHUYECKUX HAYK.
SBnserca aBropom Gosee 100 ma-
VUYHBIX ITyOIUKAIUil, B TOM YHCTIE
miectT# MOHOrpaduii ¥ ceMu aBTOp-
CKUX CBUJIETEJIBCTB U IATEHTOB.
O6acTh HAYYHBIX WHTEPECOB —
MeTPOJIOTYs, ABTOMATHIAIYS IPHU-
OOPOB U CHCTEM, CUCTEMBI KOHTPO-
I, TeJeMeTPUN ¥ MOHUTOPHUHTA,
OTKa30yCTOMYMBOCTE M KAuecTBO
CJIOKHBIX CUCTEM U IP.

9. agpec: kgi@pantes.ru

JIUITATHHKOB

Anexceesuu

IIpodeccop, cTapmuii HAyYHBIH cO-
TpynHUK BoeHHOU akajeMuu CBA-
3u um. Mapmiaja Coserckoro Coro-
sa C. M. Bygmeunoro, CaHKT-
IlerepOypr, 3acayKeHHBIN H300pe-
rtarenb P®, UIeH-KOPPECTIOHAEHT
PAEH.

B 1974 ropy oxonuma Boennyio
akazemMuio cBsasu uM. Maprmasa
Coserckoro Coroza C. M. Bynenno-
ro 1o crenuagabHocTH «CIenuansb
HafA PaJUOTEXHUKAY.

B 2000 rogy samuTii amccepTa-
U0 HA COMCKAHME YUEHOU CTere-
HU JOKTOPA TEXHUIECKHUX HAYK.
fBnserca aBropom 267 HayuHBIX
nybsukanuit u 80 mareHTOB Ha
n300peTeHu.

O6acTh HAYYHBIX WHTEPECOB —
TeopUs MHOTOYPOBHEBOU MepapXu-
YECKOW paJMO03JIeKTPOHHON 3aIriu-
ThI, G€30MIACHOCTH CBSI3U U UHGOP-
Mamuyu  UHOOTEJTeKOMMYHUKAIA-
OHHBIX CeTeil.

9. agpec: lipatnikovanl@mail.ru

JIIOTTHbEXAHH

Hayunsiit corpyauux WuCcTHTyTa
mcuxoyoruu Yuusepcurera MioH-
crepa, MioHcrep, ['epmanus.

B 2008 rogy oxkonumia GaxyapTer
IcuxoJorun YHusepcutera Panba-
yz, Heitmeren, Hugepnauasl.

B 2012 ropy mosyumsia cTemeHb
PhD B o6mactu Heliponayku B [[oH-
ZIEPCKOM IIEHTPEe MO3Ta, CO3HAHUS
¥ moBejieHus YuuBepcurera Panba-
ya.

fBnaerca aBropom 6osree 40 HAyY-
HBIX IyOJUKALWi.

O6sacTh HAyYHBIX HHTEPECOB —
abcaHCHAs OIUJIEICUSA, TaJaMo-
KOPTUKAJbHAS CeTh, MPEACKasa-
HUe SIIJIENTHIECKUX TIPUCTYIIOB.
9n. agpec: Annika.Luettjohann@
ukmuenster.de

MAKCHUMEHEKO
Baagumup
AnexcanapoBuyu

Iomernt CapaTOBCKOTO ToOCYyAap-
CTBEHHOTO TEXHIYECKOTO YHUBEP-
curera um. larapuna 0. A., crap-
N7 HAYYHBIH COTPYAHUK HAYIHO-
obpasoBaresbHOrO neHTpa «Hemnn-
HeHasd OMHAMUKA CJIOKHBIX CH-
cTeM>».

B 2012 romy oxomumsn Caparos-
CKUI FOCYZapCTBEHHEII YHIBEPCH-
rer uM. H. I. UepHsbImeBckoro no
cenuanbHOCTH «PUBMKA OTKPHI-
TBIX HEJIMHEHHBIX CHCTEM».

B 2015 rogy sammurui aumccepra-
LMI0 HA COMCKAHNE YUYEHOH CcTere-
HU KaHAUAaTa (PUs.-MaT. HayK.
SBnsercsa aBropom Gosee 50 Hayd-
HBIX TyOJUKAIWi.

061acTh HAYYHBIX WHTEPECOB —
aHAJIM3 YCTONYMBOCTA JUHAMUYE-
CKUX PEKIMOB, PeaTU3yIOMINXCA B
IPOCTPAHCTBEHHO-PACIPEeLeIeH-
HBIX CHCTEMaX DasJMYHON IPUpo-
ZBI, ¥ JID.

AI1. ajgpec:
maximenkovl@gmail.com
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N\ CBEAEHWSI OB ABTOPAX \
MAUJIBIIITEB CrapIiuuii orepaTop HayYHON POTHI MAPTBIHOBA Crapuiuit HAy4HBIH COTPYAHUK,
Bornan BoenHnoit akazemuu cBa3u uM. Map- JI1060BH BeLYIUI HAYYHBIN COTPYAHUK Ha-
FOpheend maa Coercroro Corosa C. M. By- AJleKcanIpOBHA VUYHO-HCCJIeZ0BATEIBCKOIO IIEHTPA

>
.2;.

nensoro, Cankr-IlerepOypr.

B 2013 roxy oxonuunn CeBepo-Kas-
Ka3CKuil GesepabHBIN YHIBEPCH-
TeT 10 crernuasbHoCTH «MHDOPMA-
IUOHHAS 6e30I1aCHOCTEY.
fIBnsieTcst aBTOPOM JecATH HAyd-
HBIX MYOJUKAIUA U OLHOHM IIpO-
rpamMmbl 45151 OBM.

06acTh HAYYHBIX WHTEPECOB —
KOMIIbIOTEpHAsS 0e30IacHOCTh, UH-
(opmarmonHasn 0e30macHOCTb,
CII0COGHI KOHTPOJISA YA3BUMOCTEH I
yIpaBIeHNs 0e30MaCHOCTHI0 WH-
(hopMaIMOHHO-BHIYMCIUTENbHBIX,
“H()OPMAIMOHHO-TeIeKOMMYHU-
KaIMOHHBIX ¥ DPacIpeeeHHbIX
UH()OPMAIMOHHEIX CeTeH.

1. ajgpec:
bogdan160596@bk.ru

«CucreMbl OCBeleHUsT O0CTAHOB-
km» AO «Kornepr «(IJTHUN «Jmext-
pornpubop», CaukT-IleTepGypr.

B 1985 romy oxonumia JlemumH-
rpajJicKuil  KopabJiecTpOuTeIbHBII
WHCTUTYT [0  CIENWAJbHOCTH
«IIpuKkasHas MaTeMaTuKar.

B 2013 rogy samuTuia amccepra-
W0 HA COMCKAHNE YUEHOU cTere-
HU JOKTOPA TEXHUYIECKUX HAYK.
fABnaerca aBropom 90 HayuHBIX
y0IUKAIAN.

O6sacTh HAyYHBIX HHTEPECOB —
CUCTEMHBI aHaJU3, MaTeMaTu-
YeCKoe MOJEeJUpPOBAHUE, OIEHKA
a(dexTuBHOCTH, 00pabOTKA pas-
HOPOAHO# nH(pOpPMAIUL.

Au1. ajgpec:
martynowa999@bk.ru

MUXAMNJIOB
Baagumup
BajgenTunoBnu

IIpodeccop kadempsl BBHIYUCTH-
TeJbHBIX cucTeM u cereil CaHKT-
IleTepOyprcroro rocyAapcTBeHHO-
IO YHHBEDPCHTETA AasPOKOCMUYe-
CKOr0 IpPUOOPOCTPOEHUA, BELY-
Uit Hay4HbIit coTpyaHuK CaHKT-
IleTepOyprckoro MHCTUTYTA WH-
dbopMaTUKX W  aBTOMATHU3AIWK
PAH.

B 1957 roxy oxonuna Jlenurrpaz-
CKU BIIeKTPOTEeXHUUECKUH UHCTH-
TyT 10 crnenuaabHOcTH «MaTema-
THYECKHWEe U CUETHO-DEIIAoIIye
npuGOpPBI M YCTPOUCTBAY.

B 1999 roay sammTui aumccepTa-
LMI0 HA COMCKAHNE yUYEHOH CcTere-
HU JIOKTOPA TEXHUYECKUX HAYK.
SBnsercsa aBropom Gosee 190 ma-
VYHBIX TyOJUKAIIVI.

061acTh HAYYHBIX WHTEPECOB —
KOMIIBIOTEPHOE MOZIENIMPOBAHVE B
00J1aCTH KOJIOTMH ¥ POOOTOTEX HUL-
KU, pa3paboTKa CICTeM aBTOMATHh-
3aI[UYU MOJEINPOBAHUS.

9. agpec: mwweari@gmail.com

MYPOMIIEB
JdMutpuit
IOpneBuu

IIpopekTop 1O HAayYHO-MHHOBAIIY-
OHHOIl JesATeIbHOCTH, Ipodeccop
kadeapbl KOHCTPYUPOBAHUA PaJIn0-
9JIEKTPOHHBIX ¥ MUKDPOIPOIIECCOP-
HbIxX cucTeM TamMGoBCKOro rocygap-
CTBEHHOT'O TEXHUYECKOTO YHUBEP-
curera.

B 1996 roxy oxonumi TamGoBCKmit
TOCYZAapCTBEHHBIH  TeXHUYECKII
VHUBEPCUTET 10 CIIENHUAJBHOCTH
«ABTOMATH3AINA  TEXHOJOTHYE-
CKHX IIPOLECCOB U TPOU3BOJICTBY.
B 2006 roxy samurua amccepra-
[MI0 HA COMCKAHWE yUYEHOH CcTere-
HU JIOKTOPA TEXHUYECKUX HAYK.
SfABnserca aBropom 190 HAy4HBIX
nyOJuKaIuil U JecATA IaTeHTOB
Ha n300peTeHNn .

O6GacTh HAayYHBIX WHTEPECOB —
aHAJIN3 ¥ CHHTE3 CJIO0KHBIX CUCTEM
Ha MHOJKECTBE COCTOSHUM (DyHK-
IMOHUPOBAHUA, SHEPTO- U Pecyp-
cocbeperkeHe u Jp.

9I1. ajgpec:
crems@crems.jesby.tstu.ru

MBICJIUBBIN
Anexcanmp
AnexcanapoBuyu

3aMecTuTeN b HAYAJBHUKA OTHEJNa
MOPCKO¥ poboToTexHUKM [1aBHO-
ro  HAYYHO-UCCJIEOBATEIBCKOTO
WCIBITATEIBHOTO IIEHTPa POOOTO-
rexauku MO P®, Mocksa.

B 2008 roxy oxomumna CaHKT-
IlerepOyprckuii  BOEHHO-MOPCKO#
WHCTHUTYT O CrieruajibaocTu «'up-
porpadus, HABUTAIIOHHOE 00e-
CIIeUeHVe CYOXOICTBAY.

B 2016 rogy samuTHi amccepTa-
[MI0 HA COMCKAHWE YUYEHOH CTere-
HU KaHAUATA TEXHUYECKUX HayK.
SBasercsa aBropom Gosee 20 Hayd-
HBIX TyOJUKAWi.

O6acTh HAyYHBIX HHTEPECOB —
MODPCKasA pOBOTOTEXHUKA, KOM-
mIeKcHast 00paboTKa PasHOPOLHOI
uH(pOpMAIUH, TOUCK 1 OOHADYIKE-
HHUe 00'beKTOB II0 PasIUYHBIM (u-
3MUYECKUM II0JIIM, CUCTEMHBI aHa-
us.

9. agpec: aam-07@mail.ru

HEHAIIIEB
Bagum
AnexcaHapoBuyu

IomenT xadeapsl BEIUUCINTENb-
HBIX cucreM u cereil CaHKT-
ITeTepGyprckoro rocyLapcTBeHHO-
0 YHUBEDPCUTETA a3POKOCMUYE-
CKOT'0 IPHOOPOCTPOEHNUA.

B 2012 romy oxomumsn CaHKT-
TleTepOyprexuii rocymapcTBeHHBIH
YHUBEPCUTET a3POKOCMHUUECKOTO
mpuGOPOCTPOEHNUS TI0 CIIEI[AATBHO-
cru «MHOpMATHKA ¥ BEIUHUCIU-
TeJIbHAA TEXHUKA».

B 2017 romy sauuTui auccepra-
[UI0 HA COMCKAHWE YUYEHOH crere-
HU KaHJUJaTa TEXHUIECKUX HAYK.
SIBnsiercss aBTOpOM 22 HAYUHBIX
nyOIMKAIUT.

ObsacTb HAyYHBIX MHTEPECOB —
KOMIIBIOTEPHOE  MOJeJIMPOBAHUE,
CHUCTeMBI HaBUTAIINH U PaIYI0JIOKa-
UV, CTATHCTUYECKUN aHAJN3,
9JIEKTPOAMHAMUKA.

A1. agpec: granat89@mail.ru
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v CBEAEHWNS OB ABTOPAX
ITEPEBAPIOXA Crapiiuit HayuYHBIA COTPYAHUK Jia- IIOHOMAPEB CrapIiuit HayYHBIA COTPYAHUK Jia-
Anpgpei Goparopuu NpuUKIafHOR nH(OPMA- Anppeit 6OpATOPHI MHTETPHPOBAHHBIX CH-
IOpbeBn'{ tuku Cankr-IlerepOyprcroro mH- Bacuinesuya crem asromarusaruu  CaHKT-

cTuTyTa NH(GOPMATHKN M aBTOMA-
rusaruu PAH.

B 2002 roxy oxonums AcTpaxan-
CKUI TOCYJApCTBEHHBIA TEXHUYE-
CKUIl YHUBEPCUTET II0 CIEIHAab-
HOCTH «ABTOMATH3UPOBAHHEIE CH-
cTeMBI 00paboTKN MH(DOPMAIUU I
yIIpaBIEHUS».

B 2010 romy samwrui aumccepra-
I[MI0 Ha COMCKAHNE yUYeHOH CcTere-
HU KaHANATA TEXHUYECKUX HAYK.
fBnsercss aBropom 50 HaYUYHBIX
nyOIuKaIAT.

O61acTh HAYYHBIX WHTEPECOB —
MOZJeNIUPOBAHNE HEIWNHEHHBIX fB-
JIeHWH B OMOJIOTMUECKUX TIPOIEC-
cax, ruOpUAHEIE CHCTEMBL, CIleHap-
HOE MOJEJINPOBAHWE B TEOPUU
yIpaBJeHu.

9. agpec: temp_elf@mail.ru

IleTepOyprckoro WHCTUTyTA WH-
(bopMaTUKM W  aBTOMATHU3AINH
PAH.

B 2003 rogy oxorunst TromeHCKMiT
TOCYZapCTBEHHBIH He(TerasoBbli
YHUBEPCUTET II0 CIEUaJbHOCTH
«ABTOMaTHU3NPOBAHHBEIE CUCTEMbI
00paboTKy nHGOPMALNK U YIIPaB-
JIEHUS».

B 2012 rogy samuTHiI auccepTa-
M0 HA COMCKAHWE YYEHOU CTere-
HU KaHANATA TEXHUUECKUX HayK.
fBngerca aBropoM 38 Hay4YHBIX
myOIUKAIAN.

ObJsacTh HAyYHBIX HHTEPECOB —
KpayA-BBIUNCIEHUS U Kpayacop-
CHHT, PEKOMEHIYIOIINe CHCTEMBI,
MaIIMHHOE O0yYeHue, CUCTEMbI
TOAEPIKKY IPUHATHA PEIIeHNH.
1. agpec:
ponomarev(@iias.spb.su

IIYTHH
EBrenmnii
Onerosuyu

AcnupaHT Kadefpsl KOMIIBIOTED-
HBIX TEXHOJIOTMI yHUBEPCUTETA
NTMO, Caukr-TleTepOypr.

B 2014 rony okOHYMI MaTEMaTHKO-
MexaHuueckuil Gaxynbrer CaHKT-
IleTep6yprckoro rocyzapCTBEHHO-
ro YHUBEPCUTETA IO CIeI[AabHO-
cru «MaTeMaTHK-IPOrpaMMUCT>».
SBnsgerca aBropoM 0Oosee mecATH
HAYYHBIX IyOJIUKAI[AN.

O6sacTh HAYYHBIX HHTEPECOB —
MAaIIuHHOE 00yUeHNe, NCKYCCTBEH-
Hble HEHPOHHBIE ceTH, GuomH(Op-
MaTuKa, XeMonH()OpMAaTHKA.

1. agpec:
putin.evgeny@gmail.com

PEINIETHHUKOB
HOpuii
Crennanosuu

IIpodeccop, Bexymuii HAyUHBIH CO-
TpyauuK UHCTHTYTA TIPOGJIEM DKO-
siorun u sBojronuu uM. A. H. Ce-
BeproBa PAH, Mocksa.

B 1960 roxy oxkoruna MockoBcKmit
roCyIapCTBEHHBIN YHUBEPCUTET IO
crenuabHOCTH «XTHONIOT US>,

B 1980 romy samuTui amccepra-
[UI0 HA COMCKAHWE YUYEHON CTere-
HU JIOKTOpA OMOJIOrMUeCKIX HAYK.
SfBnserca aBropom 344 HayUHBIX
ny0IuKaIuii, BKAoUYasa 13 KHUr u
MoHorpaduii.

O6acTh HAyYHBIX WHTEPECOB —
9KOJIOTUs U CHCTEMAaTHKa JIOCOCe-
o0pasHbIX DPBIO, TpaHC(hHOPMAII
MPECHOBOAHBIX 9KOCHCTEM, DOJIb
BUIOB-UHTPOAYIIEHTOB B 9KOCUCTE-
Max, NPUMEHEHHWe MareMaruye-
CKHX METO/IOB B OHOJIOTMH.

1. ajgpec:
ysreshetnikov@gmail.com

PYHHOBA
Amnacracus
EBrennesna
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TlokTOpAHT, JOIEHT KadepHl aBTO-
MaTHBaIVM, YIpPaBIeHUA, Mexa-
tporuku CapaToBCKOro rocyzap-
CTBEHHOT'O TEXHUUYECKOT0 YHUBED-
curera uM. larapuna 0. A., crap-
muil HayuHBINH coTpynHUK Hayu-
HO-00pasoBaTesbHOro nentpa «He-
JUHeNHAd [OUHAMUKA CJIOXKHBIX
CHUCTEM».

B 2005 rogy oxonumia Caparos-
CKMWI1 rOCYJapCTBEHHBIH YHIUBEPCH-
rer uM. H. I YepHbIIIeBCKOro 1Mo
crenuanbHOCTH «DU3UKaA».

B 2008 rozy samuTuia guccepra-
IMI0 HA COMCKAHWE YUEHOH CTele-
HE KaHAuzara (GpusMKo-MareMaru-
YeCKUX HayK.

fBnsercs aBropom 6osee 40 Hayy-
HBIX IyOJUKaIUii.

06acTh HAYYHBIX WHTEPECOB —
Teopusa AUHAMUYECKUX CHCTEM,
HeiipodusmosIorus, MeToxbl obpa-
0OTKU TAHHBIX.

9. agpec: anefila@gmail.com

CEPT'EEB
Anexcanap
Muxamiaosuu

Crapmnii mpemonaBartenb Kaden-
PBI BEIYHCIUTENbHBIX CHCTEM U Ce-
reii Caukt-IlerepOypreckoro rocy-
IapCTBEHHOIO YHUBEPCUTETA a9P0-
KOCMUYECKOT0 IIPHOOPOCTPOEHUA.
B 2004 romy oxomuma CaHKT-
IlerepOyprexuit rocynapcTBeHHBI
VHUBEPCUTET a3POKOCMUUECKOTO
puOOPOCTPOEHHUS TI0 CIIEI{AATHHO-
ety «BbIumcnTe IbHEIE MAIIUHBI,
KOMILTIEKCEI, CHCTEMBbI 1 CETH».
fBnserca aBTOpoM 32 HAYUYHBIX
ny0IKAIAN.

O6acTh HAyYHBIX WHTEPECOB —
YHCJIEHHbIE METOABI, TEOPHA BbI-
YUCJIUTENBHBIX IIPOLIECCOB, IIPOEK-
TUPOBAHUE CIEI[UATU3UPOBAHHBIX
TIPOIECCOPOB.

9. agpec: asklab@mail.ru
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N\ CBEAEHSI O6 ABTOPAX \
TPO®UMOB TonenT kadeapsl HHGOKOMMYHHU- THOPUH IlonenT Kadeapsl KOHCTPYHPOBA-
Anpgpein KanuoHHbIX cucrem Cankr-Tlerep- Unbda HUSA DaJIM03IEKTPOHHEIX I MUKDO-
HukonxaeBuu OyPrCKOTo rocy/lapCTBEHHOTO YHU- BsaueciaBoBUY poreccopHEIX cucteM TamMGoBCKo-

BepPCUTETa a9POKOCMUIECKOT0 IPH-
060pOCTPOEHMSA.

B 1976 roxy oxkonums JIeHHHTpa-
CKUMl WHCTUTYT ABUAIMOHHOTO
IpubOPOCTPOEHNU S IO CIIEI[ A THHO-
cTU «ABTOMATUSUPOBAHHEIE CUCTE-
MBI YIIPABJICHUS».

B 1982 rogy samutun guccepra-
IUI0 HA COMCKAHWE YUYEHON Crere-
HU KaHANATA TEXHUUECKUX HAYK.
fBnaerca aBropom 41 Hay4HOI ITy-
OIUKanUY ¥ IIeCTH NATEeHTOB Ha
1300peTeHud.

061acTh HAYYHBIX WHTEPECOB —
TEOpUs Iepefadyl JUCKPETHBIX CO-
o0Ienuit, Teopus WHHOPMAIUH,
TeOopUs KOAUPOBAHNUA.

1. ajgpec:
andrei.trofimov@vu.spb.ru

r'0 rOCYZAPCTBEHHOTO TEXHUYECKO-
I'0 YHUBEPCHUTETA.

B 2001 roxy oxonumn TamGoBCKuit
TOCYJApCTBEHHBI  TeXHUYECKUH
VHUBEPCUTET II0 CIENUaJbHOCTH
«IIpoeKTrpOBaHNE ¥ TEXHOJOTHA
PaJM03IEKTPOHHBIX CPEACTBY.

B 2005 romy samurua auccepra-
M0 HAa COMCKaHWE yUeHOH CcTere-
HU KaHAUATA TEXHIUECKUX HAYK.
SABnserca aBropom Gostee 40 Hayy-
HBIX TyOJIUKAIAM.

O6acTh HAyYHBIX HHTEPECOB —
IPO0JIEMbI TEOPUY YIIPABJIEHNUS TEX-
HAYECKNMM CHCTEMAMH, BO30OHOB-
JIfieMble NCTOYHUKY U CHCTEMBI LIPS~
MOro mpeo0pasOBaHWs 9HEPIUI,
9HEPro- MU pecypcocOeperalye,
9KOJIOTMUECKY UNCThIE XMMHUKO-TEX-
HOJIOTMYECKWE IIPOIECCHI, MOZEJIH-
POBaHNE TEXHIUECKUX CHUCTEM.

9. agpec: tyrinilja@yandex.ru

TIOPJINKOB
Annpeii
Muxamnjaosuu

IIpodeccop, nupekrop UuCTUTYTA
VHQOPMAIMOHHEIX CHCTEM H 3a-
IUTH NHGOPMAIIAY, 3aBEAYIOITUIT
radenpoit nHOOKOMMYHUKAINOH-
HbIX cucteM Cankr-IleTepOypr-
CKOTO YHHBEDPCHUTETa a9POKOCMU-
YECKOro IPUOOPOCTPOCHUS.

B 1980 roxy oxonuns JleHurrpaz-
CKHU{ WHCTUTYT aBHAIIMOHHOT'O
TprOOPOCTPOEHUS IO CIIEI[UATBHO-
cru «VIHPOPMALMOHHEIE CHCTEMBI
VIIPaBJIEHUI».

B 2011 rogy samuTui amccepra-
M0 HA COMCKAHWE YUEHOU CcTere-
HU JI0OKTOPA TEXHUYECKUX HAYK.
SBnsercsa aBropom 6osee 80 Hayd-
HBIX TyOJUKATWi.

Ob6sacTh HAyYHBIX HHTEPECOB —
MHOT0a00HEHTHBIE CUCTEMBI CBA3H,
CHCTeMBl IUCTAHI[MOHHOTO 00yue-
HUfA, IPOTOKOJBI Iepefavyd JaH-
HBIX B peaJbHOM MacIntabe Bpeme-
HU, QJTOPUTMBI CKATUSA BULEOUH-
(opmanum.

9. agpec: turlikov@vu.spb.ru

XAPYEHEKO
Anexkcaunmp
Anapeesnu

AcnupanT kKadegpsl aBTOMaTH3a-
U, YIPaBJIeHUs, MeXaTPOHUKH
CapaToBCKOTO  TOCYZapCTBEHHO-
IO TEXHUYECKOTO YHUBEPCHUTETA
um. arapuna I0. A.

B 2014 romy oxomumn Caparos-
CKUI rOCYZapCTBEHHBIN YHIBEPCH-
rer uM. H. I UepHBIIIEBCKOTO IO
cnernuanbHocTy «Panmodusuka u
9EKTPOHUKAY.

SIBnseTcA aBTOPOM HATU HAYUHBIX
IyOMUKAIWH U IPOTPAMMEL IJIf
9BM, umeroiieil rocyjapCTBeHHY IO
PErucTpanuio.

O6s1acTh HAYYHBIX HHTEPECOB —
HeJIMHeNHAsA TUHAMUKA, CJI0KHBIE
CeTH, MaTeMaTHIeCKOe MOJEIHpO-
BaHUe.

9. agpec: ainadil@mail.ru

IITAJBITO
Anaroani
Ao6pamoBuyu

Baseayomuii Kadeapoil TeXHOJI0-
ruii mporpaMmupoBaHua CaHKT-
IleTepOyprckoro HaMOHAJIBLHOTO
WCCJIEOBATEIbCKOTO  YHUBEPCH-
Teta MHPOPMAIMOHHBIX TEXHOJIO-
TUii, MEXaHUKY U ONTUKH, YUEHBIH
cexperaps HIIO «ABpopa».

B 1971 roxy oxonuuna Jlenuurpaz-
CKUI DJIEKTPOTEXHUUECKUI UHCTH-
tyT uM. B. U. Vibanosa (Jlenuna)
TI0 CIIEI[UALHOCTU «ABTOMATHKA 1
TeJleMeXaHUKa».

B 1999 roay sammruin muccepra-
IUI0 HA COMCKAHWE YUeHOH crere-
HU I0OKTOPA TEXHUYECKUX HAYK.
fBnsiercss aBropom Gosee 250 Ha-
YYHBIX TyOJUKAIVI, TPeX MOHO-
rpaduit u 70 u3oOpeTeHuii.
ObJsiacTh HAYYHBIX WHTEPECOB —
CHCTEMBI JIOTUYECKOTO YIIpaBJIe-
HU, ABTOMATHOE IIPOrPaMMUpPOBa-
HUe.

9. agpec: shalyto@mail.ifmo.ru

IMAMEKHWH
Banepuit
Huxonaesuu

IIpodeccop Kadeapbl KOHCTPYHPO-
BaHUA PAJMOdIEKTPOHHBIX U MUK~
pomporeccopHbIx cucreM Tam6oB-
CKOT'0 TOCYZapPCTBEHHOI'0 TEXHIUe-
CKOTO YHHUBEPCHUTETa, IIOYETHBII
paboOTHUK BBICHIEr0 mpodeccuo-
HaJIbHOTO 00pasoBanusa PD.

B 1972 roxy oxorumns TamGoBCKmit
WHCTUTYT XUMHUYECKOTO MAaIINHO-
CTPOEHUS 10 CIIENUATBHOCTH «AB-
TOMATH3aNNA U KOMILJIEKCHAA Me-
XaHUBAINA XUMUKO-TEXHOIOTHYe-
CKHX IIPOLIECCOB».

B 1997 roay sammTui amccepTa-
[[MI0 HA COMCKAHNE yUYEHOH CcTere-
HU JIOKTOPA TEXHUYECKUX HAYK.
SBnserca aBropom Gosee 160 Ha-
VUHBIX TYOJIMKAIUAN U TPEX aBTOP-
CKUX CBUIETEIHCTB.

O6acTh HAayYHBIX WHTEPECOB —
MaTeMaTHIecKoe MOJeINpOBAHIE,
OLTHMU3ANUS PEIKUMOB U yIPaB-
JIEHUE CJIOKHBIMH TEXHOJIOTMYe-
CKUMHE IIPOIeCcaMy, AecTabuInsa-
IUOHHAA ONTUMUSALNNA U JIP.

9. agpec: shamkin-v@mail.ru
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IIMEBYEHEKO Muagmuii HayyHBIA COTPYIHUK
Ajexcan p Boennoit akagemuu css3u um. Map-
AJIeIccaH,I(pOBI/I'l maJjia Coserckoro Coroza C. M. By-

nenHoro, Cankr-IleTepOypr.

B 2015 roxy oxonumsn Psasanckuit
rOCYZApCTBEHHBIA PaguOTeXHIYe-
CKUIl YHUBEPCUTET II0 CIEI[AaJIb-
Hoctu «KommbioTepHas Gesomac-
HOCTB».

fABnserca aBropom 17 HayuHBIX
nyOIMKAIuil, ABYX IPOTPaMM JJIs
9BM, 3aperucTpupoOBaHHBIX B
®UIIC, u ogHOTO TIaTEHTa Ha M30-
OpereHue.

O6racTs HAyYHBIX WHTEPECOB —
KOMIIbIOTEpHAs (e30IacHOCTh, UH-
(opmarmonHas 0€e30macHOCTb,
CII0COOBI KOHTPOJIS YA3BUMOCTEHN 1
yIpaBjeHus 6e30MacHOCThIO WH-
(bopMAaIMOHHO-BEIUUCIUTENbHEIX,
“HQOPMAIMOHHO-TeJIeKOMMYyHU-
KAIWOHHBIX U PAaCIpeJeleHHEIX
“HPOPMAOHHBIX CETEH.

911, agpec:

alex pavel1991@mail.ru

Hayunsbrii skypHaI
«AH®OPMAITNOHHO-YIIPABJIAIOIIIUE CUCTEMBI»
BBIXOINT KasKJble IBa MecsIa.

CTouMoCTh I'oI0BOI moanncKY (6 HOMepoB) AJid nognucunkos Poccuu — 6000 py6Jieit,
st nognucuukoB crpad CHI' — 6600 pyo6Jieit, Briarouas HIIC 18%, TaMosKeHHbBIe ¥ IOUTOBBIE PACXOMIEL.

TloamucKy Ha MeYaTHY0 BEPCUIO KYPHAIA MOYKHO 0(OPMUTE B JIFOOOM OTAEJIEHUY CBA3H 110 KaTaJIory:
«Pocmeuarsb»: Ne 15385 — mosryromoBoit nuaexc,

a TaKJKe uepes IIOCPEeICTBO ITOAIINCHBIX ar€HTCTB:
«CeBepo-3amnamHoe areHTCTBO ,,IIpeccuadopM ‘s

Caukr-TlerepOypr, Tex.: (812) 335-97-51, 337-23-05,

a71. mouTa: press@crp.spb.ru, zajavka@crp.spb.ru,

cait: http://www.pinform.spb.ru

«MEK-Tlepuogukxa» (P® + 90 crpan)

MocxkaBa, Tex.: (495) 681-91-37, 681-87-47,

a71. mouTa: export@periodicals.ru, caiit: http://www.periodicals.ru
«esoBasd mmpecca»

MockBa, Tei.: (495) 962-11-11, ai1. moura: podpiska@delpress.ru,
caiit: http://delpress.ru/contacts.html

«Kommepcant-Kypbep»

Kaszanb, Ten.: (843) 291-09-99, 291-09-47, »x1. mouTa: kazan@komcur.ru,
camit: http://www.komcur.ru/contacts/kazan/

«¥Ypai-IIpece» (punmaas: B 40 ropogax PD)

Caiit: http://www.ural-press.ru

«HApea» (Yrpauna)

Caiir: http://idea.com.ua

«BTL» (¥YsbexucraH)

Caiir: http://btl.sk.uz/ru/catl7.html u ap.

Ha 5/1eKTpOHHY0 BEPCHUIO HAIIIErO JKypPHAaJa (BCe BBIIIYCKH, I'OJ0BAas IIOAINCKA, OOUH BLIIIYCK, OJHA CTAThS)
BBI MOJKeTe moanucathbes Ha catitax HOB: http://elibrary.ru;
PYKOHT: http://www.rucont.ru; UBUC: http://www.ivis.ru/

ITosrHOTEKCTOBBIE Bepcum ;KypHaya 3a 2002—2016 rr.

B cBOOOIHOM HocTyIie Ha catite :kypHuaJja (http:// www.i-us.ru),
HO9B (http://www.elibrary.ru)

u Kubepaennnuku (http://cyberleninka.ru/
journal/n/informatsionno-upravlyayuschiesistemy).
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