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1 Введение

‚ [1] à�áá¬®âà¥−ë ¢®¯à®áë á¨−â¥§� −®à¬�«ì−ëå áã¡®¯â¨¬�«ì−ëå ä¨«ìâà®¢
(�‘�”) ¤«ï ¤¨ää¥à¥−æ¨�«ì−ëå ‘â‘, −¥ à�§à¥è¥−−ëå ®â−®á¨â¥«ì−® ¯à®¨§-
¢®¤−ëå (�÷��). �à¥¤áâ�¢«¥−ë ãà�¢−¥−¨ï á®áâ®ï−¨ï ¨ −�¡«î¤¥−¨ï −¥«¨−¥©−ëå
¤¨ää¥à¥−æ¨�«ì−ëå ‘â‘ �÷��. ‘¨−â¥§ �‘�” ¢ë¯®«−¥− ¯à¨ á«¥¤ãîé¨å ãá«®-
¢¨ïå: (1) ®âáãâáâ¢ãîâ ¯ã�áá®−®¢áª¨¥ èã¬ë ¢ −�¡«î¤¥−¨ïå; (2) ª®íää¨æ¨¥−â ¯à¨
£�ãáá®¢áª®¬ èã¬¥ −¥ §�¢¨á¨â ®â á®áâ®ï−¨ï. �®¤à®¡−® à�áá¬®âà¥− á¨−â¥§ �‘�”
¯à¨ �¤¤¨â¨¢−ëå èã¬�å ¢ ãà�¢−¥−¨ïå á®áâ®ï−¨ï ¨ −�¡«î¤¥−¨ï. ‚ [2] à�§à�¡®â�−®
¬¥â®¤¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥ ¤«ï −¥£«�¤ª¨å ¯à�¢ëå ç�áâ¥© ãà�¢−¥−¨© ‘â‘ �÷��.
÷�áá¬®âà¥−ë ¢®¯à®áë �−�«¨â¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï −®à¬�«ì−ëå áâ®å�áâ¨ç¥-
áª¨å ¯à®æ¥áá®¢ (‘â�) −� ®á−®¢¥ −¥«¨−¥©−ëå à¥£à¥áá¨®−−ëå ¬®¤¥«¥©. �á®¡®¥
¢−¨¬�−¨¥ ã¤¥«¥−® ¬¥â®¤�¬ £�ãáá®¢áª®© ä¨«ìâà�æ¨¨ ¨ íªáâà�¯®«ïæ¨¨. ˆ§ãç¥−ë
¢®¯à®áë ãá«®¢−®-®¯â¨¬�«ì−®© ä¨«ìâà�æ¨¨ ¨ íªáâà�¯®«ïæ¨¨ ¤«ï ‘â‘ �÷��

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, sinitsin@dol.ru
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á ¯�à�¬¥âà¨ç¥áª¨¬¨ èã¬�¬¨. ‚ [3] à�§à�¡®â�−® ¬¥â®¤¨ç¥áª®¥ ¨ �«£®à¨â¬¨ç¥áª®¥
®¡¥á¯¥ç¥−¨¥ �−�«¨â¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï, ®æ¥−¨¢�−¨ï ¨ ¨¤¥−â¨ä¨ª�æ¨¨ ¤«ï
áãé¥áâ¢¥−−® −¥áâ�æ¨®−�à−ëå ¯à®æ¥áá®¢ ¢ ‘â‘ �÷��. „�− ®¡§®à ¯à®ä¨«ì−ëå
¯ã¡«¨ª�æ¨© ¨ ¨§ãç¥−ë ®á−®¢−ë¥ ª«�ááë à¥£à¥áá¨®−−ëå ãà�¢−¥−¨© ‘â‘ �÷��.
�á−®¢−ë¥ à¥§ã«ìâ�âë:

(1) ¤«ï ®¡é¥£® ¢¨¤� −¥«¨−¥©−ëå ‘â‘ �÷�� ¯à¨¢¥¤¥−ë ®¯â¨¬�«ì−ë¥ �«£®à¨â-
¬ë á®¢¬¥áâ−®© ä¨«ìâà�æ¨¨ ¨ à�á¯®§−�¢�−¨ï;

(2) ¤«ï «¨−¥©−ëå £�ãáá®¢áª¨å ‘â‘ �÷�� ¯®«ãç¥−ë ¯à®áâë¥ �«£®à¨â¬ë;

(3) ¤«ï ‘â‘ �÷��, «¨−¥©−ëå ®â−®á¨â¥«ì−® á®áâ®ï−¨ï Xt ¨ −¥«¨−¥©−ëå
®â−®á¨â¥«ì−® −�¡«î¤¥−¨© Yt, ¯®«ãç¥−ë á®®â¢¥âáâ¢ãîé¨¥ �«£®à¨â¬ë;

(4) ¢ á«ãç�¥ (3) ¬¥â®¤®¬ −®à¬�«ì−®© �¯¯à®ªá¨¬�æ¨¨ (Œ��) ¯®«ãç¥− ¯à®áâ®©
�«£®à¨â¬.

‚ áâ�âì¥ [4] à�áá¬�âà¨¢�¥âáï §�¤�ç� à�§à�¡®âª¨ ¬¥â®¤¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï
¨ �«£®à¨â¬®¢ ãá«®¢−®-®¯â¨¬�«ì−®© ä¨«ìâà�æ¨¨ ¯à®æ¥áá®¢ ¢ ‘â‘ �÷�� á® á«ã-
ç�©−ë¬¨ ¯¥à¥¬¥−−ë¬¨ ¯�à�¬¥âà�¬¨, ®¯¨áë¢�¥¬ëå ŒŠ ˆŠ�, ¨ ¬®¤¥«¨à®¢�−¨ï
â®ç−®áâ¨ ãá«®¢−®-®¯â¨¬�«ì−ëå ä¨«ìâà®¢ (“�”). �à¨¢®¤ïâáï á¢¥¤¥−¨ï ¯® â¥®-
à¨¨ ŒŠ ˆŠ� ¨ ¨å ¯à¥®¡à�§®¢�−¨ï¬. �â¤¥«ì−ë© à�§¤¥« ¯®á¢ïé¥− ¢®¯à®á�¬
¯à¨¢¥¤¥−¨ï ¤¨ää¥à¥−æ¨�«ì−ëå ‘â‘ �÷�� ª ¤¨ää¥à¥−æ¨�«ì−ë¬. �à¨¢®¤ïâ-
áï ®á−®¢−ë¥ à¥§ã«ìâ�âë ¯® â¥®à¨¨ “�”, à�áá¬�âà¨¢�¥âáï “�” ¤«ï á¨áâ¥¬
á ¬ã«ìâ¨¯«¨ª�â¨¢−ë¬¨ èã¬�¬¨.

’¥®à¨ï ãá«®¢−®-®¯â¨¬�«ì−®© ä¨«ìâà�æ¨¨ ¨ ã¯à�¢«¥−¨ï −¥¯à¥àë¢−ë¬¨, ¤¨á-
ªà¥â−ë¬¨ ¨ −¥¯à¥àë¢−®-¤¨áªà¥â−ë¬¨ ‘â‘ ¢®áå®¤¨â ª à�¡®â�¬ ‚. ‘. �ã£�çñ¢�,
ˆ. …. Š�§�ª®¢�, ˆ. �. ‘¨−¨æë−�, ‚. ˆ. ˜¨−� ¨ �. Š. Œ®éãª� [5{10]. ‘®¢à¥-
¬¥−−®¥ ¨§«®¦¥−¨¥ â¥®à¨¨ ãá«®¢−®-®¯â¨¬�«ì−®£® ã¯à�¢«¥−¨ï (“�“) ¤�−® ¢ [11].

÷�áá¬®âà¨¬ ®¡®¡é¥−¨¥ [1{4] −� á«ãç�© ¯à¨¢®¤¨¬ëå −¥¯à¥àë¢−ëå ¨ ¤¨áªà¥â-
−ëå ‘â‘ �÷�� ¢ ç�áâ¨ “�”, � â�ª¦¥ â¥®à¨î “�“.

2 Многокомпонентные интегральные канонические представления
случайных параметров

Š�ª ¨§¢¥áâ−® [4, 12], ŒŠ ˆŠ� ¢¥ªâ®à−®£® ‘â� X(t) = [X1(t) · · ·Xn(t)]
T

¨ ¬�âà¨æë ª®¢�à¨�æ¨®−−ëå äã−ªæ¨© Kx(t, t′) = [Kx
hl(t, t

′)] ¨¬¥¥â ¢¨¤:

X(t) = mx(t) +
r
∑

ρ=1

∫

˜ρ

Vρ(λ)xρ(t, λ) dλ ;

Xh(t) = m
x
h(t) +

r
∑

ρ=1

∫

˜ρ

Vρ(λ)xρh(t, λ) dλ
(

h = 1, n
)

;



















(1)

Khl(t, t
′) =

r
∑

ρ=1

∫

˜ρ

Gρ(λ)xρh(t, λ)xρl(t′, λ) dλ
(

h, l = 1, n
)

, (2)
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£¤¥ V1(λ), . . . , Vr(λ) | −¥ª®àà¥«¨à®¢�−−ë¥ ¡¥«ë¥ èã¬ë, ®¯à¥¤¥«ï¥¬ë¥ ä®à-
¬ã«®©

Vρ(λ) =
n
∑

h=1

∫

T

aρh(t, λ)X
0
h(t) dt (λ ∈ ˜ρ; ρ = 1, n).

ˆ−â¥−á¨¢−®áâ¨ ¡¥«ëå èã¬®¢ Vρ(λ) ®¯à¥¤¥«ïîâáï ä®à¬ã«®©:

Gρ(λ) =
n
∑

h,l=1

∫

˜ρ

∫

T

∫

T

aρh(t, λ)aρl(t
′, λ′)Kx

hl(t, t
′) dtdt′dλ′ (λ ∈ ˜ρ; ρ = 1, r).

„«ï ¢ëç¨á«¥−¨ï ª®®à¤¨−�â−ëå äã−ªæ¨© xρh(t
′, λ′) ¨ äã−ªæ¨© aρh(t, λ) ¨á¯®«ì-

§ãîâáï ä®à¬ã«ë:

xρh(t, λ)=
1

Gρ(λ)

n
∑

l=1

∫

T

aρl(t
′, λ)Kx

hl(t, t
′) dt′

(

λ ∈ ˜ρ; ρ = 1, r; h = 1, n
)

; (3)

n
∑

h=1

∫

T

aµh(t, λ)aρh(t, λ
′) dt = δρµδ(λ−λ′)

(

λ ∈ ˜µ; λ
′ ∈ ˜ρ; ρ, µ = 1, r

)

; (4)

r
∑

ρ=1

∫

˜ρ

aρl(t′, λ)xρh(t, λ) dλ = δhlδ(t− t′)
(

h, l = 1, n
)

,

¢ëà�¦�îé¨¥ −¥®¡å®¤¨¬ë¥ ¨ ¤®áâ�â®ç−ë¥ ãá«®¢¨ï ¯à¥¤áâ�¢«¥−¨ï ¢¥ªâ®à−®£®
‘â� ¯®áà¥¤áâ¢®¬ ŒŠ ˆŠ�.

’¥®à¥¬� 2.1. ‚ ãá«®¢¨ïå (3) ¨ (4) ¨§ ŒŠ ˆŠ� (1) ¢ëâ¥ª�¥â ŒŠ ˆŠ�
¬�âà¨æë ¥£® ª®¢�à¨�æ¨®−−ëå äã−ªæ¨© (2).

’¥®à¥¬� 2.2. …á«¨ ¨§¢¥áâ−® ŒŠ ˆŠ� ¢¥ªâ®à−®£® ‘â� (1), â® ¢¥ªâ®à
¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ¨ ¬�âà¨æ� ª®¢�à¨�æ¨®−−ëå äã−ªæ¨© «¨−¥©−®£®
¯à¥®¡à�§®¢�−¨ï Yt(t) = AtXt ¤®¯ãáª�îâ ŒŠ ˆŠ�, ®¯à¥¤¥«ï¥¬ë¥ ä®à¬ã«�¬¨:

Xp(t) = m
x
p(t) +

r
∑

ρ=1

∫

˜ρ

Vρ(λ)xρp(t, λ) dλ
(

p = 1, n
)

;

Yp(s) = m
y
p(s) +

r
∑

ρ=1

∫

˜ρ

Vρ(λ)yρp(s, λ) dλ ,

yρp(s, λ)) =

n
∑

h=1

Aphxρh(t, λ)
(

p = 1,m
)

,
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Ky(s, s′) =
[

Ky
pq(s, s

′)
]

,

Ky
pq(s, s

′) =

r
∑

ρ=1

∫

˜ρ

Gρ(λ)yρp(s, λ)yρp(s′, λ) dλ
(

p, q = 1,m
)

.

‚ §�¤�ç�å −¥«¨−¥©−®© ª®àà¥«ïæ¨®−−®© â¥®à¨¨ −¥¢ëà®¦¤¥−−ë¥ ¡¥§ë−¥àæ¨-
®−−ë¥ áª�«ïà−ë¥ ¨ ¢¥ªâ®à−ë¥ áãé¥áâ¢¥−−® −¥«¨−¥©−ë¥ ¯à¥®¡à�§®¢�−¨ï Yt =
= ϕt(Xt) §�¬¥−ïîâ ®¯â¨¬�«ì−ë¬¨ ¢ áà¥¤−¥ª¢�¤à�â¨ç−®¬ á¬ëá«¥ «¨−¥©−ë¬¨
à¥£à¥áá¨®−−ë¬¨ ¯à¥®¡à�§®¢�−¨ï¬¨ [12]. ‡�¤�ç� íª¢¨¢�«¥−â−®© à¥£à¥áá¨®−−®©
«¨−¥�à¨§�æ¨¨ ¤¥â¥à¬¨−¨à®¢�−−®© ¢¥ªâ®à−®© −¥«¨−¥©−®© äã−ªæ¨¨ Y = ϕ(X)
¯à¨ ¨á¯®«ì§®¢�−¨¨ ªà¨â¥à¨ï ¬¨−¨¬ã¬� áà¥¤−¥ª¢�¤à�â¨ç−®© ®è¨¡ª¨ á®¢¯�¤�-
¥â á ª«�áá¨ç¥áª®© §�¤�ç¥© «¨−¥©−®£® à¥£à¥áá¨®−−®£® �−�«¨§�. ‚ íâ®¬ á«ãç�¥
®¯â¨¬�«ì−�ï «¨−¥©−�ï áà¥¤−¥ª¢�¤à�â¨ç−�ï à¥£à¥áá¨ï ¢¥ªâ®à� Y −� ¢¥ªâ®à X
®¯à¥¤¥«ï¥âáï ä®à¬ã«®©:

my(X) = gX + a ,

£¤¥

g = Kyx(Kx)−1 ; (5)

a = my − gmx.

�ãáâì f(y, x)| á®¢¬¥áâ−�ï ¯«®â−®áâì á«ãç�©−ëå ¢¥ªâ®à®¢ Y ¨ X; mx ¨ Kx |
¬�â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥ ¨ ª®¢�à¨�æ¨®−−�ï ¬�âà¨æ� ¢¥ªâ®à� x, det |Kx| 6= 0.
”®à¬ã«� (5) ¯à¨ íâ®¬ ¯à¨−¨¬�¥â ¢¨¤:

g = Kyx(Kx)−1 =

∞
∫

−∞

[my(x)−my] (x−mx)T(Kx)−1f1(x) dx, (6)

£¤¥ f1(x)| ¯«®â−®áâì á«ãç�©−®£® ¢¥ªâ®à� X. �â� ä®à¬ã«� ¢¬¥áâ¥ á ¯à¨¡«¨¦¥−-
−®© ä®à¬ã«®©

my(X) ≈ my + g(X −mx)

¤�¥â áâ�â¨áâ¨ç¥áªãî «¨−¥�à¨§�æ¨î à¥£à¥áá¨¨ my(X) ¯® Š�§�ª®¢ã.

’¥®à¥¬� 2.3. …á«¨ áãé¥áâ¢ãîâ ª®−¥ç−ë¥ ¬®¬¥−âë ¯¥à¢®£® ¨ ¢â®à®£® ¯®àï¤ª�
¢¥ªâ®à−®£® ‘â� X = X(t), â® ¢¥ªâ®à−®¥ −¥«¨−¥©−®¥ ¯à¥®¡à�§®¢�−¨¥ Y =
= ϕ(X) ¤®¯ãáª�¥â «¨−¥©−ãî áà¥¤−¥ª¢�¤à�â¨ç−ãî à¥£à¥áá¨î Y = Y (t) −�
X = X(t), ®¯à¥¤¥«ï¥¬ãî ¯® Š�§�ª®¢ã ä®à¬ã«�¬¨ (5) ¨ (6).

’¥®à¥¬� 2.4. �¯â¨¬�«ì−�ï áà¥¤−¥ª¢�¤à�â¨ç−�ï «¨−¥�à¨§�æ¨ï ¯®áà¥¤áâ¢®¬
ŒŠ ˆŠ� (â¥®à¥¬� 2.1) ¯¥à¢®£® à®¤� ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬¨ ä®à¬ã«�¬¨:

ϕt(Xt)≈m(1)yt (Xt)=ϕ
(1)
0t (m

x
t ,K

x
t )+g

(1)
t (m

x
t ,K

x
t )







r
∑

ρ=1

∫

˜ρ

Vρ(λ)xt(λ) dλ −mx
t






,
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£¤¥

ϕ
(1)
0t (m

x
t ,K

x
t ) = MN [ϕ(Xt)] ; g

(1)
t (m

x
t ,K

x
t ) = K

yx
t (K

x
t )

−1.

‡¤¥áì MN | á¨¬¢®« ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ¤«ï −®à¬�«ì−®£® à�á¯à¥¤¥«¥-
−¨ï.

’¥®à¥¬� 2.5. �¯â¨¬�«ì−�ï áà¥¤−¥ª¢�¤à�â¨ç−�ï «¨−¥�à¨§�æ¨ï ¯®áà¥¤áâ¢®¬
ŒŠ ˆŠ� (â¥®à¥¬� 2.1) ¢â®à®£® à®¤� ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬¨ ä®à¬ã«�¬¨:

ϕt(Xt) ≈ m
(2)y
t (Xt) = ϕ

(2)
0t

(

mx
t ,K

x
ρt

)

+

+

r
∑

ρ=1

∫

˜ρ

g
(2)
pt

(

mx
t ,K

x
ρt

)

Vρ(λ)xρt dλ− g
(2)
t (m

x
t ,K

x
t )m

x
t ,

£¤¥

ϕ
(2)
0t

(

mx
t ,K

x
ρt

)

= MN [ϕ(Xt)] ; g
(2)
t

(

mx
t ,K

x
ρt

)

= Kyx
ρt

(

Kx
ρt

)−1
.

3 Условно-оптимальная фильтрация

‘«¥¤ãï [4, 12], ¢ ª�ç¥áâ¢¥ ¨áå®¤−®© ‘â‘ �÷�� à�áá¬®âà¨¬ ¤¥â¥à¬¨−¨à®-
¢�−−ãî ¢¥ªâ®à−ãî á¨áâ¥¬ã ãà�¢−¥−¨©

� = �
(

t,Xt, �Xt, Yt,—t, Qt

)

= 0 . (7)

‡¤¥áì Xt | ¢¥ªâ®à á®áâ®ï−¨ï; �Xt =
[

‘XTt · · ·X(l)Tt

]T
| à�áè¨à¥−−ë© ¢¥ªâ®à

¯à®¨§¢®¤−ëå á®áâ®ï−¨ï, á®áâ®ïé¨© ¨§ l-£® ¯®àï¤ª� ¯à®¨§¢®¤−ëå ¯® ¢à¥¬¥−¨;
Yt | ¢¥ªâ®à −�¡«î¤¥−¨©; —t | ¢¥ªâ®à á«ãç�©−ëå ¯�à�¬¥âà®¢, ®¯¨áë¢�¥¬ë©
ŒŠ ˆŠ� (á¬. à�§¤. 2); Qt | ¢¥ªâ®à ¢®§¬ãé¥−¨©; � | −¥«¨−¥©−�ï äã−ªæ¨ï

¯¥à¥¬¥−−ëå ��Xt =
[

XTt �X
T
t Q

T
t

]T
¨—t, ¤®¯ãáª�îé�ï ¯à¨ ä¨ªá¨à®¢�−−®¬ ¢¥ªâ®à¥

á«ãç�©−ëå ¯�à�¬¥âà®¢ —t áà¥¤−¥ª¢�¤à�â¨ç−ãî à¥£à¥áá¨®−−ãî «¨−¥�à¨§�æ¨î
¯® �Xt ¨ Qt ¢¨¤�

� ≈ �0 +
∑

j=1

k��X,j
�Xj

t + k
�
QQ
0
t .

�ãáâì ¢¥ªâ®à ¢®§¬ãé¥−¨© Qt á¢ï§�− á £�ãáá®¢áª¨¬ ¡¥«ë¬ èã¬®¬ V0 «¨−¥©−ë¬
ãà�¢−¥−¨¥¬ ä®à¬¨àãîé¥£® ä¨«ìâà� (””):

‘Qt = a
Q
t Qt + a

Q
0t + b

Q
t V0, (8)

£¤¥

MV0 = 0 ; M
[

V0(—t)V0(—t)
T
]

= νV0
0 δ(t− τ).
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’®£¤� ¯à¨ ä¨ªá¨à®¢�−−®¬ —t ¨ ¯à¨ ãá«®¢¨ïå det k��X,l
6= 0 ¨ det k�Q 6= 0 ¤¨ää¥-

à¥−æ¨�«ì−�ï ‘â‘ �÷�� (7) ¯à¨¢®¤¨âáï ª ¤¨ää¥à¥−æ¨�«ì−®© ‘â‘ á«¥¤ãîé¥£®
¢¨¤� (â¥®à¥¬� 3.1):

‘�X1t = �X2t, . . . ,
‘�X(l−1)t = �Xlt,

‘�Xlt = −
(

k��X,l

)−1
�X
(l)
t −

(

k��X,l

)−1 (

k�Q

)−1
Qt

¨ (8). Œ�âà¨æë ª®íää¨æ¨¥−â®¢ k��X,l
¨ k�Q −¥ï¢−® §�¢¨áïâ ®â ¯¥à¢ëå ¤¢ãå

¢¥à®ïâ−®áâ−ëå ¬®¬¥−â®¢ m
�X
t ¨ K

�X
t .

�ãáâì ®¡ê¥ªâ®¢�ï ‘â‘ �÷�� ¤®¯ãáª�¥â ¯à¨¢¥¤¥−¨¥ ª ¤¨ää¥à¥−æ¨�«ì-
−®©, ¨§¬¥à¨â¥«ì−�ï á¨áâ¥¬� ¢¯®«−¥ −�¡«î¤�¥¬�, −�¡«î¤¥−¨ï ¢«¨ïîâ −� ®¡ê¥ªâ,
� ãà�¢−¥−¨¥ −�¡«î¤¥−¨ï à�§à¥è¥−® ®â−®á¨â¥«ì−® Yt. ’®£¤� ¢ ª�ç¥áâ¢¥ ¨áå®¤−ëå
¯à¨¢¥¤¥−−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© ®¡ê¥ªâ� ¨ ¨§¬¥à¨â¥«ì−®© á¨áâ¥¬ë
¬®¦−® ¯à¨−ïâì á«¥¤ãîéãî:

‘Xt = A
Ð
(

Xt, Yt,m
�X
t ,K

�X
t ,—t, t

)

=

= aÐ
(

Xt, Yt,m
�X
t ,K

�X
t ,—t, t

)

+ bÐ
(

Xt, Yt,m
�X
t ,K

�X
t ,—t, t

)

V0(—t);

‘Yt = B
(

Xt, Yt,m
�X
t ,K

�X
t , t

)

=

= a1

(

Xt, Yt,m
�X
t ,K

�X
t , t

)

+ b1

(

Xt, Yt,m
�X
t ,K

�X
t , t

)

V0(—t).



































(9)

‡¤¥áì aÐ, a1, b
Ð ¨ b1 | ¨§¢¥áâ−ë¥ ¢¥ªâ®à−®-¬�âà¨ç−ë¥ äã−ªæ¨¨ ®â¬¥ç¥−−ëå ¯¥-

à¥¬¥−−ëå; V0| ¢¥ªâ®à−ë© −®à¬�«ì−ë© (£�ãáá®¢áª¨©) ¡¥«ë© èã¬ ¨−â¥−á¨¢−®áâ¨

νQ
0 = ν

Q
0 (—t).

’¥®à¨ï “�” ¤«ï ‘â‘, ¯à¨¢®¤¨¬ëå ª ¤¨ää¥à¥−æ¨�«ì−ë¬, á® á«ãç�©−ë¬¨
¯�à�¬¥âà�¬¨ ¯®¤à®¡−® ¯à¥¤áâ�¢«¥−� ¢ [1{4], ¤«ï ¤¨áªà¥â−ëå ¨ −¥¯à¥àë¢−®-
¤¨áªà¥â−ëå á¨áâ¥¬ | ¢ [11, 12]. ÷�áá¬®âà¨¬ â¥®à¨î “�“ ¤«ï ‘â‘ �÷��,
¯à¨¢®¤¨¬ëå ª ¤¨ää¥à¥−æ¨�«ì−ë¬.

4 Условно-оптимальное управление

Š�ª ¨§¢¥áâ−® [13, 14], ãà�¢−¥−¨ï á¨áâ¥¬ ã¯à�¢«¥−¨ï ¯ãâ¥¬ ¢¢®¤� ¯à¨ −¥-
®¡å®¤¨¬®áâ¨ ¤®¯®«−¨â¥«ì−ëå ¯¥à¥¬¥−−ëå á®áâ®ï−¨ï ¬®¦−® ¯à¥¤áâ�¢¨âì ¢ ¢¨¤¥
á¨áâ¥¬ë ¤¨ää¥à¥−æ¨�«ì−ëå à�§−®áâ−ëå ¨ á¬¥è�−−ëå ¤¨ää¥à¥−æ¨�«ì−®-à�§-
−®áâ−ëå ãà�¢−¥−¨© ¯¥à¢®£® ¯®àï¤ª�, à�§à¥è¥−−ëå ®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå.
„®¡�¢¨¢ ª ãà�¢−¥−¨ï¬ ¢á¥å «¨−¥©−ëå ç�áâ¥© á¨áâ¥¬ë §�¢¨á¨¬®áâ¨ ¬¥¦¤ã ¢å®¤-
−ë¬¨ ¨ ¢ëå®¤−ë¬¨ á¨£−�«�¬¨ ¢á¥å −¥«¨−¥©−ëå §¢¥−ì¥¢, ¯®«ãç¨¬ −¥«¨−¥©−ãî
á¨áâ¥¬ã ¤¨ää¥à¥−æ¨�«ì−®-à�§−®áâ−ëå ãà�¢−¥−¨©. ‘«¥¤ãï [11{14], ®¡®§−�ç¨¬

ç¥à¥§ z(t) = [z1(t) · · · zp(t)]T à�áè¨à¥−−ë© ¢¥ªâ®à á®áâ®ï−¨ï á¨áâ¥¬ë, á®áâ®ï-
é¨© ¨§ −¥¯à¥àë¢−®© ª®¬¯®−¥−âë z′(t) ¨ ¤¨áªà¥â−®© ª®¬¯®−¥−âë z′′(t), z(t) =

= z′(t) + z′′(t), � ç¥à¥§ x(t) = [x1(t) · · · xn(t)]
T | ¢¥ªâ®à−ë© ¢å®¤−®© á¨£−�«.

8 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 2 2024
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’®£¤� ãà�¢−¥−¨ï ¯à®æ¥áá®¢ ¢ â�ª®© á¨áâ¥¬¥ ¡ã¤ãâ ¨¬¥âì á«¥¤ãîé¨© ¢¨¤:

z = z′ + z′′; ‘z′ = f(z, t); z′′k+1 = ϕk(zk); y = g(z, t). (10)

‡¤¥áì ¤¨áªà¥â−�ï ª®¬¯®−¥−â� ®¯à¥¤¥«ï¥âáï á®®â−®è¥−¨¥¬:

z′′ = z′′(t) =

∞
∑

k=0

z′′k1Ak
(t), (11)

£¤¥ 1Ak
(t)| ¨−¤¨ª�â®à ¨−â¥à¢�«� Ak =

[

t(k), t(k+1)
)

; zk = [z
′T
k z

′′T
k ]
T = z(t(k));

f(z, t) ¨ g(z, t)| −¥ª®â®àë¥ ¨§¢¥áâ−ë¥ äã−ªæ¨¨. ‚ ª�ç¥áâ¢¥ −�ç�«ì−ëå ãá«®¢¨©
¯à¨−¨¬�îâáï á®®â¢¥âáâ¢ãîé¨¥ ª®«¨ç¥áâ¢� ¯à¨ t = t0:

z0 = z(t0) = z
′(t0) + z

′′(t0); y(t0) = g (z0, t0) . (12)

‚ á«ãç�¥ áâ®å�áâ¨ç¥áª¨å ¢®§¬ãé¥−¨© ª�ª á«ãç�©−ëå äã−ªæ¨©, §�¢¨áïé¨å ®â
¢à¥¬¥−¨ ¨ á«ãç�©−ëå ¯�à�¬¥âà®¢, ãà�¢−¥−¨ï (10){(12) ¯à¨−¨¬�îâ ¢¨¤:

Z = Z ′ + Z ′′; ‘Z ′ = f (Z,Q(t);—t, t) ; Z
′′
k+1 = ϕk (Zk, Qk,—t) ;

Y = g (Z,Q(t),—t, t) ;

Z ′′(t) =

∞
∑

k=0

Z ′′
k1Ak

(t);

Z0 = Z(t0) = Z
′(t0) + Z

′′(t0); Y0 = g (Z0, Q(t0),—t, t0) .

‡¤¥áì Q(t) | −¥ª®â®à�ï ¢¥ªâ®à−�ï á«ãç�©−�ï äã−ªæ¨ï; Qk (k = 0, 1, 2, . . .) |
¢¥ªâ®à−ë¥ á«ãç�©−ë¥ ¢¥«¨ç¨−ë; —(t) | −¥ª®â®àë¥ á«ãç�©−ë¥ ¯�à�¬¥âàë, ¤®-
¯ãáª�îé¨¥ ˆŠ� (ŒŠ ˆŠ�) á®£«�á−® à�§¤. 2.

ˆ¤¥ï “�“ ¡ë«� ¢¯¥à¢ë¥ ¢ë¤¢¨−ãâ� ‚. ‘. �ã£�çñ¢ë¬ ¢ ¤®ª«�¤¥ −� à�¡®ç¥¬
á¥¬¨−�à¥ ˆ”�Š ¯® ¤¨ää¥à¥−æ¨�«ì−ë¬ ¨£à�¬ (£. ‘®ç¨, �¯à¥«ì 1980 £.), � §�â¥¬
¯®ï¢¨«¨áì à�¡®âë [5{10], ¢ ª®â®àëå ¡ë«¨ ¤�−ë �«£®à¨â¬ë −�å®¦¤¥−¨ï “�“
¤¨áªà¥â−®© á¨áâ¥¬®©. �¤−�ª® ¢ íâ¨å à�¡®â�å §�¤�ç¨ ã¯à�¢«¥−¨ï ¨ ®æ¥−¨¢�−¨ï
(¯®«ãç¥−¨ï −¥®¡å®¤¨¬®© ¤«ï ã¯à�¢«¥−¨ï ¨−ä®à¬�æ¨¨) à�§¤¥«¥−ë, çâ® ¯à¥¤áâ�¢-
«ï¥â á®¡®© ®âå®¤ ®â ®á−®¢−®© ¨¤¥¨ “�“. �à¨ íâ®¬ ¯à¨¡«¨¦¥−−ë© ¯®¤å®¤ −�
¯à�ªâ¨ª¥ ç�áâ® ¯à¨¢®¤¨â ª ¯à¨¥¬«¥¬ë¬ à¥§ã«ìâ�â�¬.

ˆ¤¥ï “�“ §�ª«îç�¥âáï ¢ â®¬, çâ® ®¯â¨¬�«ì−®¥ ã¯à�¢«¥−¨¥ á«¥¤ã¥â ¨áª�âì
−¥ ¢ ª«�áá¥ ¢á¥å ¢®§¬®¦−ëå ã¯à�¢«¥−¨©, ª�ª íâ® ¤¥«�¥âáï ¢ â¥®à¨¨ ®¯â¨¬�«ì−®£®
ã¯à�¢«¥−¨ï [13, 14], � ¢ ®£à�−¨ç¥−−®¬ ª«�áá¥ ¤®¯ãáâ¨¬ëå ã¯à�¢«¥−¨©, ª®â®àë¥
¬®£ãâ ¢ëç¨á«ïâìáï ¢ à¥�«ì−®¬ ¢à¥¬¥−¨ ¢ ¯à®æ¥áá¥ à�¡®âë á¨áâ¥¬ë ã¯à�¢«¥−¨ï.
‚ ª�ç¥áâ¢¥ ª«�áá� ¤®¯ãáâ¨¬ëå ã¯à�¢«¥−¨©, ã¤®¢«¥â¢®àïîé¨å íâ®¬ã ãá«®¢¨î,
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¬®¦−® ¢§ïâì ª«�áá ã¯à�¢«¥−¨©, ®¯à¥¤¥«ï¥¬ëå áª�«ïà−ë¬ ¨«¨ ¢¥ªâ®à−ë¬ ®¡ëª-
−®¢¥−−ë¬ ¤¨ää¥à¥−æ¨�«ì−ë¬ ãà�¢−¥−¨¥¬ §�¤�−−®© áâàãªâãàë (á«ãç�© −¥¯à¥-
àë¢−®£® ã¯à�¢«¥−¨ï) ¨«¨ à�§−®áâ−ë¬ ãà�¢−¥−¨¥¬ §�¤�−−®© áâàãªâãàë (á«ãç�©
¤¨áªà¥â−®£® ã¯à�¢«¥−¨ï).

÷�áá¬®âà¨¬ ¯à¨¢¥¤¥−−ãî ‘â‘ �÷��, ®¯¨áë¢�¥¬ãî áâ®å�áâ¨ç¥áª¨¬¨ ¤¨ä-
ä¥à¥−æ¨�«ì−ë¬¨ ãà�¢−¥−¨ï¬¨ ˆâ® (9).

Š«�áá ¤®¯ãáâ¨¬ëå ã¯à�¢«¥−¨© ¢ á«ãç�¥ −¥¯à¥àë¢−®£® ã¯à�¢«¥−¨ï ®¯à¥¤¥«¨¬
¢¥ªâ®à−ë¬ ¤¨ää¥à¥−æ¨�«ì−ë¬ ãà�¢−¥−¨¥¬

dUt = [αtξ (Yt, Ut,—t, t) + γt] dt+ βtη (Yt, Ut,—t, t) dY, (13)

£¤¥ áâàãªâãà−ë¥ äã−ªæ¨¨ ξ ¨ η §�¤�−ë, � ª®íää¨æ¨¥−âë αt ¨ βt (¬�âà¨æë)
¨ á¢®¡®¤−ë© ç«¥− γt (¢¥ªâ®à) ¯®¤«¥¦�â ®¯â¨¬¨§�æ¨¨.

Š«�áá ¤®¯ãáâ¨¬ëå ã¯à�¢«¥−¨© ¢ á«ãç�¥ ¤¨áªà¥â−®£® ã¯à�¢«¥−¨ï æ¥«¥á®-
®¡à�§−® ®¯à¥¤¥«¨âì à�§−®áâ−ë¬ ãà�¢−¥−¨¥¬

Un+1 = δnζn (Yn, Un,—n) + γn, (14)

£¤¥ Yn = Y (tn); Un = U(tn), {tn} | ¯®á«¥¤®¢�â¥«ì−®áâì ¬®¬¥−â®¢ ¢à¥¬¥−¨,
¢ ª®â®àë¥ ¯à®¨§¢®¤ïâáï −�¡«î¤¥−¨¥ ¨ ã¯à�¢«¥−¨¥; ζn | §�¤�−−ë¥ äã−ªæ¨¨; δn
¨ γn | ¯�à�¬¥âàë, ¯®¤«¥¦�é¨¥ ®¯â¨¬¨§�æ¨¨.

„«ï ãç¥â� ®£à�−¨ç¥−¨ï Ut ∈ D ¬®¦−® §�¬¥−¨âì ãà�¢−¥−¨¥ (13) ãà�¢−¥−¨¥¬

dUt = [αtξ (Yt, Ut,—t, t) + γt] dt+ βtη (Yt, Ut,—t, t) dYt −
−max

{

0, n(Ut)
T [αtξ(Yt, Ut,—t, t) + γt] dt+ n(Ut)

Tβtη(Yt, Ut,—t, t)dYt

}

×
× n(Ut)1∂D(Ut). (15)

‡¤¥áì ¢ ¤®¯®«−¥−¨¥ ª ¯à¥¤ë¤ãé¨¬ ®¡®§−�ç¥−¨ï¬ n(Ut) | ¥¤¨−¨ç−ë© ¢¥ªâ®à
¢−¥è−¥© −®à¬�«¨ ª £à�−¨æ¥ ∂D ®¡«�áâ¨ D ¢ â®çª¥ Ut; 1∂D(Ut) | ¨−¤¨ª�â®à
¬−®¦¥áâ¢� (∂D = 1 ¯à¨ Ut ∈ ∂D ¨ ∂D = 0 ¯à¨ Ut /∈ ∂D). „®¯®«−¨â¥«ì−ë© ç«¥−
¢ (15) ¯® áà�¢−¥−¨î á (13) ®¡¥á¯¥ç¨¢�¥â ã¤¥à¦¨¢�−¨¥ −� £à�−¨æ¥ ∂D ®¡«�áâ¨ D

¯à¨ ¤®áâ¨¦¥−¨¨ ¢¥ªâ®à®¬ Ut £à�−¨æë ∂D á ¯®«®¦¨â¥«ì−®© ¯à®¥ªæ¨¥© ¢¥ªâ®à�
(αtξ + γt) dt + βtη dYt −� ¢−¥è−îî −®à¬�«ì ª £à�−¨æ¥.

�−�«®£¨ç−® ¢ á«ãç�¥ ¤¨áªà¥â−®£® ã¯à�¢«¥−¨ï ®£à�−¨ç¥−¨¥ Un ∈ D ãç¨âë¢�-
¥âáï §�¬¥−®© ãà�¢−¥−¨ï (15) ãà�¢−¥−¨¥¬

Un+1 = δnζn (Yn, Un,—n) + γn −
−max

{

0, n(Un,—n)
T [δnζn (Yn, Un,—n)− Un]

}

n (Un,—n)1∂D (Un,—n) . (16)

—â® ª�á�¥âáï ¢ë¡®à� äã−ªæ¨© ξ ¨ η ¢ (15) ¨ ζn ¢ (16), â® ¨å æ¥«¥á®®¡à�§−® ®¯à¥¤¥-
«¨âì ¯ãâ¥¬ ¨§ãç¥−¨ï ¢®§¬®¦−ëå áâàãªâãà á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¨ ¤¨−�¬¨ç¥áª¨å
å�à�ªâ¥à¨áâ¨ª ¥¥ ¢®§¬®¦−ëå í«¥¬¥−â®¢.
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’�ª ª�ª ¤«ï ¢ëç¨á«¥−¨ï ã¯à�¢«¥−¨ï Ut ¢ á¨áâ¥¬¥ ã¯à�¢«¥−¨ï ¢ ª�¦¤ë©
¤�−−ë© ¬®¬¥−â ¢à¥¬¥−¨ −¥¢®§¬®¦−® ¨á¯®«ì§®¢�âì ¨−ä®à¬�æ¨î, ¯®«ãç�¥¬ãî
¯®á«¥ íâ®£® ¬®¬¥−â�, â® ªà¨â¥à¨© ª�ç¥áâ¢� ã¯à�¢«¥−¨ï ¢ ª�¦¤ë© ¤�−−ë© ¬®¬¥−â
−¥ ¬®¦¥â §�¢¨á¥âì ®â §−�ç¥−¨© ¢¥ªâ®à� á®áâ®ï−¨ï á¨áâ¥¬ë Xt ¨ ã¯à�¢«¥−¨ï Ut

¢ ¯®á«¥¤ãîé¨¥ ¬®¬¥−âë ¢à¥¬¥−¨. ‚ íâ®¬ §�ª«îç�¥âáï ª®à¥−−®¥ ®â«¨ç¨¥ §�¤�ç
â¥®à¨¨ “�“ ®â §�¤�ç ª«�áá¨ç¥áª®© â¥®à¨¨ ®¯â¨¬�«ì−®£® ã¯à�¢«¥−¨ï [13, 14].
�®íâ®¬ã §� ªà¨â¥à¨© ª�ç¥áâ¢� ã¯à�¢«¥−¨ï ¢ â¥®à¨¨ “�“ ¬®¦−® ¯à¨−ïâì ¬�-
â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥ −¥ª®â®à®£® äã−ªæ¨®−�«� ®â Xt

t0 = {X(τ) : τ ∈ [t0, t]}
¨ U t

t0 = {U(τ) : τ ∈ [t0, t]}:

ρ(—t) = M ℓ(Xt
t0 , U

t
t0 ,—t, t), (17)

£¤¥ ℓ | −¥ª®â®à�ï äã−ªæ¨ï ¯®â¥àì, ®¯à¥¤¥«ïîé�ï æ¥−ã à¥§ã«ìâ�â®¢ ã¯à�¢«¥−¨ï
¯à¨ ¤�−−ëå à¥�«¨§�æ¨ïå xt

t0 ¨ ut
t0 áâ®å�áâ¨ç¥áª¨å ¯à®æ¥áá®¢ XTt0 ¨ UTt0 .

‡�¤�ç� −�å®¦¤¥−¨ï “�“ á®áâ®¨â ¢ −�å®¦¤¥−¨¨ äã−ªæ¨© ¢à¥¬¥−¨ αt, βt

¨ γt ¢ (15) ¨«¨ ¯®á«¥¤®¢�â¥«ì−®áâ¥© {δn} ¨ {γn} ¢ (16) ¨§ ãá«®¢¨ï ¬¨−¨¬ã¬�
ªà¨â¥à¨ï (17) ¢ ª�¦¤ë© ¬®¬¥−â ¢à¥¬¥−¨. �â� §�¤�ç�, ¯® áãé¥áâ¢ã, ¬−®£®ªà¨-
â¥à¨�«ì−�ï ¨ ¢á«¥¤áâ¢¨¥ íâ®£® ®¤−®§−�ç−®£® à¥è¥−¨ï ¨¬¥âì −¥ ¬®¦¥â. �®íâ®¬ã
¯®−ïâ¨¥ “�“ −¥®¡å®¤¨¬® ãâ®ç−¨âì. ‚ á¢ï§¨ á íâ¨¬, á«¥¤ãï �ã£�çñ¢ã [5, 10],
¡ã¤¥¬ −�§ë¢�âì ãá«®¢−®-®¯â¨¬�«ì−ë¬ â�ª®¥ ã¯à�¢«¥−¨¥, ª®â®à®¥ ¯®«ãç�¥âáï
¢ à¥§ã«ìâ�â¥ ¬¨−¨¬¨§�æ¨¨ ªà¨â¥à¨ï (17) ¢ë¡®à®¬ §−�ç¥−¨© αt, βt ¨ γt, � (15) |
¢ ª�¦¤ë© ¬®¬¥−â t (¨«¨ δn ¨ γn ¢ (16) ¢ ª�¦¤ë© ¬®¬¥−â tn) ¯à¨ ¤�−−ëå §−�ç¥−¨ïå
αt, βt ¨ γt (¨«¨ δn ¨ γn) ¢® ¢á¥ ¯à¥¤è¥áâ¢ãîé¨¥ ¬®¬¥−âë ¢à¥¬¥−¨.

�ää¥ªâ¨¢−®¥ à¥è¥−¨¥ ¯®áâ�¢«¥−−®© §�¤�ç¨ −�å®¦¤¥−¨ï “�“ «¥£ª® ¯®«ãç�-
¥âáï ¢ á«ãç�¥, ª®£¤� äã−ªæ¨ï ¯®â¥àì ℓ §�¢¨á¨â â®«ìª® ®â §−�ç¥−¨© Xt ¨ Ut ¢ ®¤¨−
¬®¬¥−â t. ‚ íâ®¬ á«ãç�¥ ¤«ï ¢ëç¨á«¥−¨ï ªà¨â¥à¨ï (17) ¢ ª�¦¤ë© ¤�−−ë© ¬®-
¬¥−â t −¥®¡å®¤¨¬® §−�âì á®¢¬¥áâ−®¥ ®¤−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ ‘â�Xt ¨ Ut. �â®
à�á¯à¥¤¥«¥−¨¥ «¥£ª® −�å®¤¨âáï ¯à¨¬¥−¥−¨¥¬ «î¡®£® ¨§ ¯à¨¡«¨¦¥−−ëå ¬¥â®¤®¢
à¥è¥−¨ï §�¤�ç¨ �−�«¨§� áâ®å�áâ¨ç¥áª¨å ¤¨ää¥à¥−æ¨�«ì−ëå á¨áâ¥¬ ª á¨áâ¥¬¥ (3),
(4), (15) ¨«¨ (3), (4), (16). �à¨ ¯à¨¬¥−¥−¨¨ «î¡®£® ¨§ íâ¨å ¬¥â®¤®¢ §�¤�ç� á¢®¤¨â-
áï ª ç¨á«¥−−®¬ã ¨−â¥£à¨à®¢�−¨î ®¡ëª−®¢¥−−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©
¤«ï ¯�à�¬¥âà®¢ à�á¯à¥¤¥«¥−¨ï á ¬¨−¨¬¨§�æ¨¥© −� ª�¦¤®¬ è�£¥ ªà¨â¥à¨ï (17)
¯ãâ¥¬ ¢ë¡®à� §−�ç¥−¨© αt, βt ¨ γt ¨«¨ δn ¨ γn ¢ ¤�−−ë© ¬®¬¥−â. �â� §�¤�ç�
á®¢¥àè¥−−® �−�«®£¨ç−� §�¤�ç¥ ãá«®¢−®-®¯â¨¬�«ì−®© ä¨«ìâà�æ¨¨ (á¬. à�§¤. 3).

’�ª¨¬ ®¡à�§®¬, ¯à¨å®¤¨¬ ª á«¥¤ãîé¨¬ à¥§ã«ìâ�â�¬.

’¥®à¥¬� 4.1. �ãáâì ‘â‘ �÷�� ¯à¨ ä¨ªá¨à®¢�−−®¬ ¢¥ªâ®à¥ á«ãç�©−ëå ¯�à�-

¬¥âà®¢ —t = [—1t · · ·—n—t]
T ¤®¯ãáª�¥â ¯à¨¢¥¤¥−¨î ª ¢¨¤ã (3), (4). ’®£¤� “�“

¢ á«ãç�¥ −¥¯à¥àë¢−®£® −¥®£à�−¨ç¥−−®£® ã¯à�¢«¥−¨ï ®¯à¥¤¥«ï¥âáï (13), � ªà¨â¥-
à¨© ª�ç¥áâ¢� (17) ¢ëç¨á«ï¥âáï −� ª�¦¤®¬ è�£¥ ç¨á«¥−−®£® ¨−â¥£à¨à®¢�−¨ï ¤«ï

¢¥à®ïâ−®áâ−ëå ¯�à�¬¥âà®¢ à�á¯à¥¤¥«¥−¨ï á®áâ�¢−®£® ‘â� [XTt Y Tt UTt ]
T.

’¥®à¥¬� 4.2. ‚ ãá«®¢¨ïå â¥®à¥¬ë 4.1 ¢ á«ãç�¥ ®£à�−¨ç¥−¨ï −� ã¯à�¢«¥−¨¥ “�“
®−® ¨¬¥¥â ¢¨¤ (15).
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„«ï ¤¨áªà¥â−®£® “�“ ¢¬¥áâ® ä®à¬ã«ë (13) ¯à¨¬¥−ï¥âáï ä®à¬ã«� (14),
� ¢¬¥áâ® (15) | (16). ”ã−ªæ¨®−¨à®¢�−¨¥ á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¯à¨ ¯à¨¬¥−¥-
−¨¨ “�“ á¢®¤¨âáï ª ¨−â¥£à¨à®¢�−¨î ¤¨ää¥à¥−æ¨�«ì−®£® ãà�¢−¥−¨ï (15) ¨«¨
ª ¢ëç¨á«¥−¨î Un ¯® à¥ªãàà¥−â−®© ä®à¬ã«¥ (16).

„«ï ¯®«ãç¥−¨ï ¡¥§ãá«®¢−ëå ¢¥à®ïâ−®áâ−ëå å�à�ªâ¥à¨áâ¨ª â®ç−®áâ¨ “�“

¤«ï −®à¬�«ì−ëå (£�ãáá®¢áª¨å) á«ãç�©−ëå ¯�à�¬¥âà®¢ —t = [—1t · · ·—n—t]
T

¢ à�¬ª�å ª®àà¥«ïæ¨®−−®© â¥®à¨¨ ¯à¨¬¥−ïîâ ¬¥â®¤ë çã¢áâ¢¨â¥«ì−®áâ¨. Œ¥-
â®¤ ¯à¥¤¯®«�£�¥â ¬�«®áâì áà¥¤−¨å ®âª«®−¥−¨© íâ¨å ¯�à�¬¥âà®¢ ¯® áà�¢−¥−¨î
á ¨å ¬�â¥¬�â¨ç¥áª¨¬¨ ®¦¨¤�−¨ï¬¨. ‚ ¥£® ®á−®¢¥ ¯à¨ — = —t «¥¦�â á«¥¤ãîé¨¥
ä®à¬ã«ë [15]:

ρ(—) = ρ(m—) +

n—
∑

i=1

R′
i—
0
i +

n—
∑

i=1

n—
∑

j=1

R′′
ij—
0
i—
0
j ;

MNρ(—) = ρ(m
—) +

n—
∑

i=1

n—
∑

j=1

R′′
ijR
—
ij = R

′—0 +—0TR′′—0; (18)

MN

[

ρ2(—)
]

= ρ2
(

m—
)

+

n—
∑

i=1

n—
∑

j=1

R′
iR

′
jK
—
ij +

+
n—
∑

i=1

n—
∑

j=1

n—
∑

k=1

n—
∑

l=1

R′′
ijR

′′
kl

[

K—ijK
—
kl +K

—
ikK

—
jl +K

—
il K

—
jk

]

+

+ 2ρ(m—)
n—

∑∑

i,j=1

K ′′
ijK

—
ij = ρ

2(m—) +R′TK—R′ +

+ 2ρ
(

m—
)

tr
(

R′′K—
)

+
(

trR′′K—
)2
+ 2 tr

(

R′′K—
)2
; (19)

Dρ =
n—
∑

i=1

n—
∑

j=1

R′
iR

′
jK
—
ij +

n—
∑

i=1

n—
∑

j=1

n—
∑

k=1

n—
∑

l=1

R′′
ijR

′′
kl

[

K—ikK
—
jl +K

—
il K

—
jk

]

=

= R′TK—R′ + 2tr(R′′K—)2; (20)

ε4 = ε
1/4
2 ; ε2 = MN

[

ρ2(—)
]

− ρ2(m—). (21)

‡¤¥áì ¯à¨−ïâë ®¡®§−�ç¥−¨ï: — = m— + —0, —0 = [—01 · · ·—0n— ]T; R′ =

= ∇ρ(—) = (∂ρ(—)/∂—i)—=m— ¨ R′′ = [R′′
ij ] = 1/2∇∇Tρ(—), R′′

ij =

= 1/2
(

∂2ρ(—)/∂—i∂—j

)

—=m—
| ¢¥ªâ®à ¨ ¬�âà¨æ� ¯¥à¢ëå ¨ ¢â®àëå äã−ªæ¨©
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çã¢áâ¢¨â¥«ì−®áâ¨; MN | á¨¬¢®« ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ¤«ï −®à¬�«ì−®£®
à�á¯à¥¤¥«¥−¨ï —, tr| á¨¬¢®« á«¥¤� ¬�âà¨æë.

’¥®à¥¬� 4.3. ‚ à�¬ª�å ª®àà¥«ïæ¨®−−®© â¥®à¨¨ ¯à¨ ãá«®¢¨ïå â¥®à¥¬ 4.1 ¨ 4.2
â®ç−®áâì “�“ (13) ¨«¨ (15) ®¯à¥¤¥«ï¥âáï ä®à¬ã«�¬¨ (18){(21).

5 Задачи условно-оптимального управления по локальным критериям

‘«¥¤ãï [8,9], ¯à¨¬¥−¨â¥«ì−® ª ¯à¨¢¥¤¥−−®© ‘â‘ �÷�� à�áá¬®âà¨¬ §�¤�ç¨
á¨−â¥§� “�“, ª®£¤� ã¯à�¢«¥−¨¥ ¨é¥âáï ª�ª äã−ªæ¨ï â¥ªãé¨å ¨§¬¥à¥−¨© (� −¥
®æ¥−ª¨) ¨ ¢à¥¬¥−¨.

‡�¤�ç� 5.1. �ãáâì ¢¥ªâ®à á®áâ®ï−¨ï ¯à¨¢¥¤¥−−®© á¨áâ¥¬ë X ¨ ¢¥ªâ®à ¨§¬¥à¥-
−¨© Y ®¯¨áë¢�îâáï á«¥¤ãîé¥© £�ãáá®¢áª®© á¨áâ¥¬®© áâ®å�áâ¨ç¥áª¨å ¤¨ää¥à¥−-
æ¨�«ì−ëå ãà�¢−¥−¨© ˆâ®

‘Xt = a
Ð (Xt, Ut, t) + b

Ð (Xt, Ut, t)V0; ‘Y = a1 (Yt,Xt, t) (22)

á á®®â¢¥âáâ¢ãîé¨¬¨ −�ç�«ì−ë¬¨ ¤�−−ë¬¨. ‡¤¥áì Xt ∈ RnX

; Yt ∈ RnY

;
aÐ, bÐ, a1, a0 ¨ b0 | ¨§¢¥áâ−ë¥ ¤¥â¥à¬¨−¨à®¢�−−ë¥ äã−ªæ¨¨ (á®®â¢¥âáâ¢ãîé¥©

à�§¬¥à−®áâ¨) á¢®¨å �à£ã¬¥−â®¢; Ut ∈ RnU

| ¢¥ªâ®à ã¯à�¢«¥−¨ï. �à¥¤¯®«�£�¥âáï
â�ª¦¥, çâ® ¢¥ªâ®à V0 −¥ §�¢¨á¨â ®â −�ç�«ì−®£® á®áâ®ï−¨ï [XT0 Y

T
0 ]
T.

’à¥¡ã¥âáï ®¯à¥¤¥«¨âì ®¯â¨¬�«ì−®¥ ã¯à�¢«¥−¨¥ Ut ¢ ª«�áá¥ ¤®¯ãáâ¨¬ëå
ã¯à�¢«¥−¨© ¢¨¤�

Ut = αtξ
(

Yt, ‘Yt, t
)

+ γt, (23)

¤®áâ�¢«ïîé¨å «®ª�«ì−®© ¬¨−¨¬ã¬ −¥ª®â®à®¬ã äã−ªæ¨®−�«ã I ¢ ª�¦¤ë© â¥ªã-
é¨© ¬®¬¥−â ¢à¥¬¥−¨ t ≥ t0:

I = MF (Xt, t) +M

t
∫

t0

F1(Uτ , τ) dτ → min . (24)

‚ (23) ¨ (24) ξ(Y, ‘Y , t) | §�¤�−−�ï äã−ªæ¨ï, ®¯à¥¤¥«ïîé�ï ª«�áá (áâàãª-

âãàã) ¤®¯ãáâ¨¬ëå ãà�¢−¥−¨©; α ∈ MnU×s ¨ γ ∈ RnU

| −¥¨§¢¥áâ−ë¥ äã−ªæ¨¨

¢à¥¬¥−¨ (MnU×s | ¯à®áâà�−áâ¢® ¢¥é¥áâ¢¥−−ëå nU × s ¬�âà¨æ), ®¯à¥¤¥«ï¥¬ë¥

¯® ªà¨â¥à¨î (24); F : RnX × [t0,∞)→ R, F1 : R
nU × [t0,∞)→ R | §�¤�−−ë¥

äã−ªæ¨®−�«ë.
„«ï ®¯à¥¤¥«¥−¨ï «®ª�«ì−®-®¯â¨¬�«ì−®£® ã¯à�¢«¥−¨ï ¯à¨ ä¨ªá¨à®¢�−−®¬ Q

¯à®¤¨ää¥à¥−æ¨àã¥¬ ¯® ä®à¬ã«¥ ˆâ® äã−ªæ¨®−�« (24) ¯® ¢à¥¬¥−¨ ¨ ¯®¤áâ�¢¨¬
¢ ¯®«ãç¥−−ë© à¥§ã«ìâ�â (23):
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J = ‘I = M

[

‘Ft + F
T
x a
Ð +
1

2
tr (Fxxσ

Ð)

]

+MF1 =

= M

{

‘Ft + F
T
x a
Ð (Xt, αtξ + γt, t) +

1

2
tr [Fxxσ

Ð (Xt, αtξ + γt, t)]

}

+

+MF1 (αtξ + γt, t)
(

σÐ = bÐν0b
ÐT
)

.

�®¤ “�“ ¡ã¤¥¬ ¯®−¨¬�âì â�ª¦¥ ã¯à�¢«¥−¨¥ Ut ¨§ ª«�áá� (23), ª®â®à®¥ ¬¨-
−¨¬¨§¨àã¥â J ¢ ª�¦¤ë© ¬®¬¥−â ¢à¥¬¥−¨. ’®£¤� §�¤�ç� ®¯à¥¤¥«¥−¨ï −¥¨§¢¥áâ−ëå
äã−ªæ¨© αt ¨ γt á¢®¤¨âáï ª §�¤�ç¥ ¬¨−¨¬¨§�æ¨¨ J(αt, γt) ¯® αt ¨ γt ¯à¨ ãá«®¢¨¨,
çâ® íâ®â ¬¨−¨¬ã¬ áãé¥áâ¢ã¥â. ˆáª®¬ë¥ ®¯â¨¬�«ì−ë¥ ª®íää¨æ¨¥−âë αt ¨ γt

®¯à¥¤¥«ïîâáï á«¥¤ãîé¨¬ ®¡à�§®¬:

(αt, γt) = argmin
α,γ

J(α, γ). (25)

„«ï áãé¥áâ¢®¢�−¨ï ¬¨−¨¬ã¬� J ¤®áâ�â®ç−®, −�¯à¨¬¥à, çâ®¡ë α ¨ γ ¡ë«¨
®£à�−¨ç¥−−ë¬¨ äã−ªæ¨ï¬¨ ¤«ï «î¡®£® t.

÷�áá¬®âà¨¬ àï¤ á«ãç�¥¢, ¢ ª®â®àëå à¥è¥−¨¥ (25) ã¯à®é�¥âáï.
‘«ãç�© 1 (�¤¤¨â¨¢−®¥ ã¯à�¢«¥−¨¥). ‚ íâ®¬ á«ãç�¥ á¨áâ¥¬� (22) ®¯¨áë¢�¥âáï
ãà�¢−¥−¨¥¬

‘Xt = a
Ð(Xt, t) +B(t)Ut + b

Ð(Xt, t)V0, B ∈ MnX×nU .

’®£¤� à¥è¥−¨¥ (25) ¯à¨¬¥â ¢¨¤:

(αt, γt) = argmin
(α,γ)

M
[

FTx B (αtξ + γt) + F1 (αtξ + γt, t)
]

.

…á«¨ ¢ íâ®¬ á«ãç�¥ äã−ªæ¨®−�« F1 ≡ 0, � αt ¨ γt «¥¦�â ¢ −¥ª®â®à®¬
¯�à�««¥«¥¯¨¯¥¤¥

|αij(t)| ≤ α∗
ij ; |γi(t)| ≤ γ∗i ,

â® ®¯â¨¬�«ì−ë¥ ª®íää¨æ¨¥−âë αt ¨ γt ®¯à¥¤¥«ïîâáï ¯® ä®à¬ã«�¬:

αt = −α∗ sgn
[

BTM
(

Fxξ
T
)]

; γt = −γ∗ sgn
[

BTM(Fx)
]

. (26)

Š�ª ¨ ¢ â¥®à¨¨ “�”, à¥�«¨§�æ¨ï “�“ âà¥¡ã¥â §−�−¨ï ¢¥à®ïâ−®áâ−ëå ¬®¬¥−-
â®¢ à�áè¨à¥−−®£® ¢¥ªâ®à� [XTt Y

T
t ]
T, ª®â®àë¥ ®¯à¥¤¥«ïîâáï §�à�−¥¥ ¢ ¯à®æ¥áá¥

¯à®¥ªâ¨à®¢�−¨ï, ¨ ®−¨ −¥ §�¢¨áïâ ®â â¥ªãé¨å −�¡«î¤¥−¨©. �®íâ®¬ã ®¯â¨¬�«ì−ë¥
ã¯à�¢«¥−¨ï (26) «¥£ª® ¬®£ãâ ¡ëâì à¥�«¨§®¢�−ë ¢ à¥�«ì−®¬ ¬�áèâ�¡¥ ¢à¥¬¥−¨.
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‘«ãç�© 2 (ª¢�¤à�â¨ç−ë© ªà¨â¥à¨©). �à¨ F = XTt ŸXt ¨ F1 = 0 à¥è¥−¨¥ (25)
¨¬¥¥â ¢¨¤:

(αt, γt)=argmin
α,γ

{

2M
[

XTt Ÿa
Ð (Xt, αtξ + γt, t)

]

+Mtr [ŸσÐ (Xt, αtξ + γt, t)]
}

.

…á«¨ ¢ à�¬ª�å íâ®£® á«ãç�ï ¯à¨¢¥¤¥−−�ï á¨áâ¥¬� (22) «¨−¥©−�ï, â. ¥.

aÐ(Xt, Ut, t) = AXt +BUt; bÐ(Xt, Ut, t) = b
Ð(t),

ã¯à�¢«¥−¨¥ Ut ¨é¥âáï ¢ ª«�áá¥ Ut = αtYt+γt (ξ(Yt, t) ≡ Yt), � ª®íää¨æ¨¥−âë αt

¨ γt «¥¦�â ¢ ¯�à�««¥«¥¯¨¯¥¤¥, â® ®¯â¨¬�«ì−ë¥ §−�ç¥−¨ï αt ¨ γt ¨¬¥îâ ¢¨¤:

αt = −α∗ sgn
[

BTŸM
(

Xt Y
T
t

)]

; γt = −γ∗ sgn
[

BTŸM(Xt)
]

.

‡�¤�ç� 5.2. �ãáâì ¢¥ªâ®à á®áâ®ï−¨ï ¨ ¢¥ªâ®à −�¡«î¤¥−¨© ®¯¨áë¢�îâáï á«¥¤ã-
îé¥© á¨áâ¥¬®© áâ®å�áâ¨ç¥áª¨å ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© ˆâ®:

‘Xt = a
Ð (Xt, t) +BUt + b

Ð (Xt, t)V0, Xt ∈ RnX

, V0 ∈ RnV

;

‘Yt = a1 (Xt, Yt, t) + b1 (Xt, Yt, t)V0, Yt ∈ RnY

,

£¤¥ V0 = V0(t)| −®à¬�«ì−ë© ¡¥«ë© èã¬ á ¨−â¥−á¨¢−®áâìî ν0 = ν0(t). “¯à�¢-

«¥−¨¥ Ut ∈ RnU

¨é¥âáï ¢ ¢¨¤¥

Ut = αtξ(Yt) + β ‘Yt + γt

á ®£à�−¨ç¥−¨¥¬ â®«ìª® −� á¢®¡®¤−ë© ç«¥− γt, |γi| ≤ γ∗i .
Šà¨â¥à¨© ®¯â¨¬�«ì−®áâ¨ ¨¬¥¥â ¢¨¤:

I = MF (Xt, t) +M

t
∫

t0

cT(τ)Uτ dτ → min, c(τ) ∈ RnU

.

�âáî¤� ¯®«ãç�¥¬ á«¥¤ãîé¨¥ ãà�¢−¥−¨ï ¤«ï ®¯â¨¬�«ì−ëå αt, βt ¨ γt:

BT
{

M
(

Fxa
T
1

)

+M
[

Fxx(Bβtb1ν0b
T
1 + b

Ðν0b
T
1 )
]}

+ cM
(

aT1

)

= 0 ;

αt = −α∗ sgnM
[

ξ(FTx B + c)
]T
, γt = −γ∗ sgn

[

BT(Fx) + c
]

. (27)

‚ ç�áâ−®¬ á«ãç�¥, ª®£¤� bÐ = [b′(t) 0], b1 = [0 b
′(t)], ª®íää¨æ¨¥−â αt ¢ (27)

®¯à¥¤¥«ï¥âáï ¢ ï¢−®¬ ¢¨¤¥:

αt = −
[

BTM(Fxx)B
]−1 {

cM(aT1 ) +M
(

Fxa
T
1

)}

(b′1ν0b
′T
1 )

−1. (28)
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‡�¤�ç� 5.3. ÷�áá¬®âà¨¬ á¨áâ¥¬ã (7) ¯à¨ γt = γ0—t, ν1 = ν10 ¨ ν2 = ν20:

� = �1( ‘X1t) + γ0—tX1t +X2t = 0 ;

‘X2t = aX2t + V1; ‘Yt = b1X1t + V2.

}

(29)

‡¤¥áì [X1tX2t]
T = Xt | ¢¥ªâ®à á®áâ®ï−¨ï; V1 ¨ V2 | −¥§�¢¨á¨¬ë¥ áª�«ïà−ë¥

¡¥«ë¥ èã¬ë á ¨−â¥−á¨¢−®áâï¬¨ ν1 ¨ ν2; a ¨ b1 | ¨§¢¥áâ−ë¥ ª®«¨ç¥áâ¢�; ϕ1 =
= ϕ1( ‘X1t)| äã−ªæ¨ï, ¤®¯ãáª�îé�ï à¥£à¥áá¨®−−ãî «¨−¥�à¨§�æ¨î

�1 ≈ �10 + k1 ‘X01t,

£¤¥ �10 = �10(m
‘X
1t,D

‘X
1t); k1 = k1(m

‘X
1t,D

‘X
1t). �à¨ k1 6= 0 ãà�¢−¥−¨ï (29)

¯à¨¢®¤ïâáï ª ¢¨¤ã:

‘Xt = a1t(—t)Xt + a0t + V1; ‘Yt = b1tXt + V2,

£¤¥

a0t =

[

−�10k−11
0

]

; a1t = a1(—t) =

[

γ0—t k
−1
1

b1 0

]

;

b1t = [b1 0], “R =

[

R11 R12
R12 R22

]

.

“à�¢−¥−¨ï ¤«ï ãá«®¢−ëå å�à�ªâ¥à¨áâ¨ª “�” ¨¬¥îâ á«¥¤ãîé¨© ¢¨¤:

‘�“Xt = a1t(—t)
�“X t + a0t + “βt(Zt − b1t

�“X t), “βt = “Rtb
T
1tν

−1
20t; (30)

‘“Rt = a1t(—t) “Rt + “Rta
T
1t(—t)− “Rtb

T
1tν

−1
20tb1t

“Rt + ν10. (31)

‡¤¥áì

—t = m
—
t +

∫

˜

V (λ)x—(λ, t) dλ;

K—t (t1, t2) =

∫

˜

G(λ)x—(λ, t1)x
—(λ, t2) dλ;

x(λ, t) = q1(t)q
−1
2 (λ)1(t− λ), q1(t) = e

−αt, q2(t) = q1(t)

t
∫

t0

q−21 (λ) dλ;

K—(t1, t2) =

{

q1(t2)q2(t1) ¯à¨ t1 < t2;

q1(t2)q2(t1) ¯à¨ t1 > t2.
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“á«®¢−®-®¯â¨¬�«ì−�ï ä¨«ìâà�æ¨ï ¨ ã¯à�¢«¥−¨¥ ‘â‘ �÷��

‚ë¯®«−ïï áâ�â¨áâ¨ç¥áªãî «¨−¥�à¨§�æ¨î äã−ªæ¨¨ —tX1t ¢ (29) ¯® ¨§¢¥áâ−®©
ä®à¬ã«¥

—tX1t ≈ m—t m1t +K
—X1
t +m1t—

0
t +m

—
t X

0
1t,

á®£«�á−® (30) ¨ (31), ¯à¨¤¥¬ ª ãà�¢−¥−¨ï¬ ¤«ï ¡¥§ãá«®¢−ëå å�à�ªâ¥à¨áâ¨ç¥áª¨å

äã−ªæ¨©
�““Xt ¨
�““Rt, ®¯à¥¤¥«ïîé¨å â®ç−®áâì “�”. ”®à¬ã«ë (27) ¨ (28) §�¤�ç¨ 5.2

®¯à¥¤¥«ïîâ å�à�ªâ¥à¨áâ¨ª¨ “�“ ¤«ï ¯à®¨§¢®«ì−®£® «®ª�«ì−®£® ªà¨â¥à¨ï ¯à¨
ä¨ªá¨à®¢�−−®¬ á«ãç�©−®¬ ¯�à�¬¥âà¥ —t. ’®ç−®áâì “�“ ¯® ¬¥â®¤ã ŒŠ ˆŠ�
®¯à¥¤¥«ï¥âáï −� ®á−®¢¥ â¥®à¥¬ 2.3 ¨ 2.4.

6 Заключение

÷�§à�¡®â�−® ¬¥â®¤¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥ á¨−â¥§� ä¨«ìâà®¢ ¨ à¥£ã«ïâ®à®¢ ¤«ï
ã¯à�¢«¥−¨ï â¨¯®¢ë¬¨ £�ãáá®¢áª¨¬¨ ‘â‘ á® á«ãç�©−ë¬¨ ¯�à�¬¥âà�¬¨, ®¯¨-
áë¢�¥¬ë¬¨ ŒŠ ˆŠ�, −¥ à�§à¥è¥−−ë¬¨ ®â−®á¨â¥«ì−® áâ�àè¨å ¯à®¨§¢®¤−ëå
¨ ¤®¯ãáª�îé¨¬¨ ¯à¨¢¥¤¥−¨¥ ª ¤¨ää¥à¥−æ¨�«ì−ë¬. ‚ ®á−®¢ã á¨−â¥§� ¯®«®¦¥-
−ë ®¡®¡é¥−¨ï ¬¥â®¤®¢ â¥®à¨¨ ãá«®¢−®-®¯â¨¬�«ì−®© ä¨«ìâà�æ¨¨ ¨ ã¯à�¢«¥−¨ï
‚. ‘. �ã£�çñ¢�. „�−® à¥è¥−¨¥ âà¥å â¨¯®¢ëå §�¤�ç á¨−â¥§� ã¯à�¢«¥−¨ï −� ®á−®¢¥
«®ª�«ì−ëå ªà¨â¥à¨¥¢ ¤«ï −¥«¨−¥©−®áâ¥©, ®¯¨áë¢�îé¨å §�¢¨á¨¬®áâ¨ ®â áâ�à-
è¨å ¯à®¨§¢®¤−ëå, ®¡«�¤�îé¨å §®−�¬¨ −¥®¤−®§−�ç−®áâ¨ ¨ −¥çã¢áâ¢¨â¥«ì−®áâ¨,
£¨áâ¥à¥§¨á� ¨ −�áëé¥−¨ï [14,16]. �à¨¢®¤¨âáï ¨««îáâà�â¨¢−ë© ¯à¨¬¥à.

�à¨¬¥−¥−¨ï: −¥«¨−¥©−�ï ª®àà¥«ïæ¨®−−�ï ®æ¥−ª� ¯®â¥−æ¨�«ì−®© ¨ ¨−áâàã-
¬¥−â�«ì−®© â®ç−®áâ¨ äã−ªæ¨®−¨à®¢�−¨ï ä¨«ìâà®¢ ¨ à¥£ã«ïâ®à®¢ ¢ á«®¦−ëå
á¨áâ¥¬�å ¨−ä®à¬�â¨ª¨ ¨ ã¯à�¢«¥−¨ï ¢ ãá«®¢¨ïå áãé¥áâ¢¥−−® −¥áâ�æ¨®−�à−ëå
£�ãáá®¢áª¨å, −�¯à¨¬¥à ã¤�à−ëå, ¢®§¤¥©áâ¢¨©.

„�«ì−¥©è¥¥ à�§¢¨â¨¥ â¥®à¨¨ “�” ¨ “�“ ¤®«¦−® ãç¨âë¢�âì −¥«¨−¥©−ë¥
íää¥ªâë, á¢ï§�−−ë¥ á −�ª®¯«¥−¨¥¬ ¢®§¬ãé¥−¨©, ¤à¥©ä®¢, � â�ª¦¥ á ¢ë¡à®á�¬¨
¯à®æ¥áá®¢. ‚ íâ®¬ á«ãç�¥ ¯®âà¥¡ã¥âáï ãç¥â −¥£�ãáá®¢®áâ¨ à�á¯à¥¤¥«¥−¨©.
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Conditionally-optimal filtration and control for StS with random parameters and USD

CONDITIONALLY-OPTIMAL FILTRATION AND CONTROL
FOR STOCHASTIC SYSTEMS WITH RANDOM PARAMETERS

AND UNSOLVED DERIVATIVES

I. N. Sinitsyn

Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: Methodological support for synthesis of conditionally: optimal fil-
tering and control for continuous, discrete, and continuous-discrete stochastic
systems with unsolved derivatives (StS USD) and random parameters is de-
veloped. A survey of conditionally-optimal filtering (COF) and conditionally
optimal control (COC) is presented. It is supposed that random parameters are
described by multicomponent integral canonical expansions (MC ICE). Synthesis
of COF and COC is based on Pugachev's COC concepts. Special attention is
paid to the three COC typical problems in the case of local criteria. Applica-
tions: nonlinear correlational estimation of potential and instrumental accuracy
of COF and COC at nonstationary impact disturbances in StS USD. An illus-
trative example is given. Future research is connected with effects of disturbances
accumulation, drifts, and excurtions based on finite dimension distribution of
stochastic processes.

Keywords: conditionally optimal control (COC); conditionally optimal filter-
ing (COF); multicomponent integral canonical expansions (MC ICE); random
parameters; stochastic systems with unsolved derivatives (StS USD)
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МОДЕЛИРОВАНИЕ НЕСТАЦИОНАРНОГО
СТОХАСТИЧЕСКОГО ПРОЦЕССА

ПОСРЕДСТВОМ ЕГО КАНОНИЧЕСКОГО РАЗЛОЖЕНИЯ
НА ОСНОВЕ ВЕЙВЛЕТ-НЕЙРОННОЙ СЕТИ∗

И. Н. Синицын1, В. И. Синицын2, Э. Р. Корепанов3, Т. Д. Конашенкова4

�−−®â�æ¨ï: �®áâà®¥−® ª�−®−¨ç¥áª®¥ à�§«®¦¥−¨¥ (Š÷) áª�«ïà−®£® áâ®å�áâ¨-
ç¥áª®£® ¯à®æ¥áá� (‘â�), §�¤�−−®£® −� ª®−¥ç−®¬ ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨, á ¯à¨¬¥-
−¥−¨¥¬ â¥å−®«®£¨¨ ¢¥©¢«¥â-−¥©à®−−®© á¥â¨ (‚�‘). ÷�§à�¡®â�−� �àå¨â¥ªâãà�
âà¥åá«®©−®© ‚�‘. �ªâ¨¢�æ¨®−−ë¥ äã−ªæ¨¨ áªàëâ®£® á«®ï áâà®ïâáï −� ®á−®¢¥
¢ë¡à�−−®£® ®àâ®−®à¬¨à®¢�−−®£® ¡�§¨á� ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï-
¬¨. „«ï ®¡ãç¥−¨ï ‚�‘ ¯à¨¬¥−ï¥âáï ¬¥â®¤ −�¨áª®à¥©è¥£® á¯ãáª�. „�−
�«£®à¨â¬ ¯®áâà®¥−¨ï Š÷ ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ §�¤�−−®£® ‘â� −� ®á−®¢¥
‚�‘. Š�−®−¨ç¥áª®¬ã à�§«®¦¥−¨î ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ á®®â¢¥âáâ¢ã¥â
Š÷ ‘â� ¢ ¢¨¤¥ «¨−¥©−®© ª®¬¡¨−�æ¨¨ ¡�§¨á−ëå ¢¥©¢«¥â®¢ á ª®íää¨æ¨¥−â�-
¬¨ | á«ãç�©−ë¬¨ ¢¥«¨ç¨−�¬¨ (‘‚) á −ã«¥¢ë¬¨ ¬�â¥¬�â¨ç¥áª¨¬¨ ®¦¨¤�−¨ï¬¨
¨ ¤¨á¯¥àá¨ï¬¨, ®¯à¥¤¥«ï¥¬ë¬¨ á ¯®¬®éìî ¯à¥¤«�£�¥¬®£® �«£®à¨â¬�. „�−
¨««îáâà�â¨¢−ë© ¯à¨¬¥à. �à®¢¥¤¥−® áà�¢−¥−¨¥ à¥ªãàà¥−â−®£® ¬¥â®¤� Š÷ −�
®á−®¢¥ ¢¥©¢«¥â®¢ •��à� á ¯à¥¤«�£�¥¬ë¬ −®¢ë¬ ¬¥â®¤®¬ ¯®áâà®¥−¨ï Š÷ −�
®á−®¢¥ ‚�‘.

Š«îç¥¢ë¥ á«®¢�: ¢¥©¢«¥â; ¢¥©¢«¥â-−¥©à®−−�ï á¥âì; ¨áªãááâ¢¥−−�ï −¥©à®−−�ï
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1 Введение

Š�ª ¨§¢¥áâ−® [1{4], Š÷ ‘â� ¯à¥¤áâ�¢«ï¥â á®¡®© «¨−¥©−ãî ª®¬¡¨−�æ¨î
−¥ª®àà¥«¨à®¢�−−ëå ‘‚ á ª®íää¨æ¨¥−â�¬¨ ¢ ¢¨¤¥ ¤¥â¥à¬¨−¨à®¢�−−ëå äã−ª-
æ¨©. Š�−®−¨ç¥áª®¥ à�§«®¦¥−¨¥ ‘â� ã¯à®é�¥â ¢ë¯®«−¥−¨¥ à�§«¨ç−ëå ¬�â¥-
¬�â¨ç¥áª¨å ®¯¥à�æ¨©, ®á®¡¥−−® «¨−¥©−ëå, −�¤ á«ãç�©−ë¬¨ äã−ªæ¨ï¬¨. �â®

∗÷�¡®â� ¢ë¯®«−ï«�áì á ¨á¯®«ì§®¢�−¨¥¬ ¨−äà�áâàãªâãàë –¥−âà� ª®««¥ªâ¨¢−®£® ¯®«ì§®¢�−¨ï
ú‚ëá®ª®¯à®¨§¢®¤¨â¥«ì−ë¥ ¢ëç¨á«¥−¨ï ¨ ¡®«ìè¨¥ ¤�−−ë¥û (–Š� úˆ−ä®à¬�â¨ª�û) ”ˆ– ˆ“
÷�� (£. Œ®áª¢�).

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, sinitsin@dol.ru

2”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, vsinitsin@ipiran.ru

3”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, ekorepanov@ipiran.ru

4”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, tkonashenkova64@mail.ru
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®¡êïá−ï¥âáï â¥¬, çâ® §�¢¨á¨¬®áâì äã−ªæ¨¨ ®â á«ãç�©−®£® �à£ã¬¥−â� á¢®¤¨âáï
ª §�¢¨á¨¬®áâ¨ äã−ªæ¨¨ ®â ¤¥â¥à¬¨−¨à®¢�−−ëå, â�ª −�§ë¢�¥¬ëå ª®®à¤¨−�â−ëå,
äã−ªæ¨©, � á«¥¤®¢�â¥«ì−®, ¢á¥ ®¯¥à�æ¨¨ −�¤ ¨áá«¥¤ã¥¬®© á«ãç�©−®© äã−ªæ¨¥©
á¢®¤ïâáï ª á®®â¢¥âáâ¢ãîé¨¬ ®¯¥à�æ¨ï¬ −�¤ ª®®à¤¨−�â−ë¬¨ äã−ªæ¨ï¬¨. Š�−®-
−¨ç¥áª®¥ à�§«®¦¥−¨¥ ‘â� ã¤®¡−® ¤«ï à¥è¥−¨ï §�¤�ç ª�ª ¢¥à®ïâ−®áâ−®£® (�−�-
«¨â¨ç¥áª®£®), â�ª ¨ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï. Œ¥â®¤ë ¬®¤¥«¨à®¢�−¨ï −�
®á−®¢¥ Š÷ ‘â� ¢ à�¬ª�å ª®àà¥«ïæ¨®−−®© â¥®à¨¨ ®ª�§ë¢�îâáï ã−¨¢¥àá�«ì−ë¬¨.
�à¨ íâ®¬, á«¥¤ãï ¯àï¬®© ¨ ®¡à�â−®© â¥®à¥¬�¬ �ã£�çñ¢�, ®¡ëç−® à�áá¬�âà¨¢�îâ
¬®¤¥«¨à®¢�−¨¥ Š÷ ‘â� ¯à¨ ¨§¢¥áâ−®© ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ ¨ ¬®¤¥«¨à®¢�-
−¨¥ Š÷ ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ ¯à¨ ¨§¢¥áâ−®¬ Š÷ ‘â�. ‘®§¤�−¨¥ â¥®à¨¨ Š÷
á«ãç�©−®© äã−ªæ¨¨ á¢ï§�−® á ¨¬¥−�¬¨ ‹®í¢�, Š®«¬®£®à®¢�, Š�àã−¥−� ¨ �ã-
£�çñ¢� ¢ 1940{1950 ££. ÷�§¢¨â¨¥ â¥®à¨¨ ª�−®−¨ç¥áª¨å ¯à¥¤áâ�¢«¥−¨© á«ãç�©−ëå
äã−ªæ¨© ¯à¥¤áâ�¢«¥−® ¢ à�¡®â�å �ã£�çñ¢�, Œ�àç¥−ª®, ‘¨−¨æë−� [1{5].

‚ ¯®á«¥¤−¨¥ ¤¥áïâ¨«¥â¨ï ¤«ï �−�«¨§� −¥áâ�æ¨®−�à−ëå ‘â� ¢ áâ®å�áâ¨ç¥áª¨å
á¨áâ¥¬�å (‘â‘) ãá¯¥è−® ¯à¨¬¥−ïîâ ¢¥©¢«¥âë [6{8]. ‚ à�¡®â¥ [9] ¤�−® à�§¢¨â¨¥
â¥®à¨¨ Š÷ ‘â� −� ®á−®¢¥ ¢¥©¢«¥â-â¥å−®«®£¨©. „«ï ¯®áâà®¥−¨ï Š÷ −¥áâ�æ¨®-
−�à−®£® ‘â� ¡ë«¨ ¢ë¡à�−ë ¢¥©¢«¥âë á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨ [10]. ‚¥©¢-
«¥â-ª�−®−¨ç¥áª®¥ à�§«®¦¥−¨¥ (‚«Š÷) ‘â� áâà®¨âáï −� ®á−®¢¥ ª®íää¨æ¨¥−â®¢
à�§«®¦¥−¨ï ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ ‘â� ¯® ®àâ®−®à¬¨à®¢�−−®¬ã ¤¢ã¬¥à−®¬ã
¡�§¨áã ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨. ‚ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë
¯®ª�§�«¨, çâ® ¬®¤¥«¨à®¢�−¨¥ −¥áâ�æ¨®−�à−®£® ‘â� á ¯à¨¬¥−¥−¨¥¬ ‚«Š÷ ¯®§¢®-
«ï¥â ®£à�−¨ç¨âìáï −¥¡®«ìè¨¬ ç¨á«®¬ ç«¥−®¢ Š÷ [11]. ‚ [12{16] ¬¥â®¤ ‚«Š÷ ¡ë«
ãá¯¥è−® ¯à¨¬¥−¥− ¤«ï á¨−â¥§� ®¯â¨¬�«ì−ëå ¯® à�§«¨ç−ë¬ ¡�©¥á®¢ë¬ ªà¨â¥à¨-
ï¬ «¨−¥©−ëå ¨ −¥«¨−¥©−ëå ‘â‘. ‚ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë ¯®¤â¢¥à¤¨«¨
¢ëá®ªãî â®ç−®áâì ¨ ¯à®áâ®âã à�§à�¡®â�−−ëå ¬¥â®¤®¢.

‚ −�áâ®ïé¥¥ ¢à¥¬ï ¯à¨ à¥è¥−¨¨ §�¤�ç ¨¬¨â�æ¨®−−®£® ¬®¤¥«¨à®¢�−¨ï è¨-
à®ª® ¨á¯®«ì§ãîâáï ¯®¤å®¤ë, ®á−®¢�−−ë¥ −� ¨áªãááâ¢¥−−ëå −¥©à®−−ëå á¥âïå
(ˆ�‘) [17]. ˆáªãááâ¢¥−−�ï −¥©à®−−�ï á¥âì | íâ® −�¡®à ¬¥â®¤®¢ �−�«¨§�
¤�−−ëå, ¨¬¥îé¨å á¥â¥¢ãî áâàãªâãàã ¨ ®¡«�¤�îé¨å ¤¢ã¬ï å�à�ªâ¥à−ë¬¨ ç¥à-
â�¬¨. ‚®-¯¥à¢ëå, −¥©à®á¥â¥¢®© �«£®à¨â¬ ¢á¥£¤� ¨¬¥¥â à�á¯à¥¤¥«¥−−ãî á¥â¥¢ãî
áâàãªâãàã, á®áâ®ïéãî ¨§ í«¥¬¥−â®¢, −�§ë¢�¥¬ëå úä®à¬�«ì−ë¬¨ −¥©à®−�¬¨û.
‚®-¢â®àëå, −¥©à®á¥â¥¢®© �«£®à¨â¬ ¢á¥£¤� ¯à¥¤áâ�¢«ï¥â á®¡®© ú®¡ãç�¥¬ë© �«£®-
à¨â¬û. ‚á¥ á¥â¥¢ë¥ �«£®à¨â¬ë ã−¨ª�«ì−ë. �â«¨ç¨â¥«ì−ë¬¨ ç¥àâ�¬¨ ª�¦¤®£®
á¥â¥¢®£® �«£®à¨â¬� ¢ëáâã¯�îâ á«¥¤ãîé¨¥ í«¥¬¥−âë:

{ ç¨á«® ¨á¯®«ì§ã¥¬ëå ä®à¬�«ì−ëå −¥©à®−®¢ | í«¥¬¥−â®¢ á¥â¥¢®© áâàãªâãàë;

{ ¢ë¤¥«¥−¨¥ ¢ ¤�−−®© á¥â¥¢®© áâàãªâãà¥ ã¯®àï¤®ç¥−−ëå ®¡à�§®¢�−¨©, −�§ë¢�-
¥¬ëå á«®ï¬¨;

{ ç¨á«® ¨á¯®«ì§ã¥¬ëå á«®¥¢ ä®à¬�«ì−ëå −¥©à®−®¢;

{ −�«¨ç¨¥ ¨«¨ ®âáãâáâ¢¨¥ ¤®¯®«−¨â¥«ì−ëå ¢å®¤®¢ ¨ ¢ëå®¤®¢ ¢ ®â¤¥«ì−ëå
−¥©à®−−ëå á«®ïå;

{ −�«¨ç¨¥ ¨«¨ ®âáãâáâ¢¨¥ ®¡à�â−ëå á¢ï§¥© ¨ ¢−ãâà¥−−¨å ¨â¥à�æ¨©;
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{ áâàãªâãà� �«£®à¨â¬� ®¡ãç¥−¨ï;

{ ¨á¯®«ì§®¢�−¨¥ �«£®à¨â¬� ®¡ãç¥−¨ï ª�ª ¢ ¢¨¤¥ ®â¤¥«ì−®© áâ�¤¨¨, â�ª ¨ ¢ ¯à®-
æ¥áá¥ äã−ªæ¨®−¨à®¢�−¨ï.

�£à®¬−®¥ ¢−¨¬�−¨¥ ã¤¥«ï¥âáï ¯®áâà®¥−¨î −¥©à®á¥â¥¢ëå �«£®à¨â¬®¢, ¨á-
¯®«ì§ãîé¨å ¢¥©¢«¥âë ¢ ª�ç¥áâ¢¥ �ªâ¨¢�æ¨®−−®© äã−ªæ¨¨ áªàëâ®£® á«®ï [18,
19]. �à¨ ®¯¨á�−¨¨ â�ª¨å ˆ�‘ ç�áâ® ¨á¯®«ì§ãîâ â¥à¬¨− ú¢¥©¢«®−û, ª®â®àë©
®¡®§−�ç�¥â −¥©à®−, �ªâ¨¢�æ¨®−−®© äã−ªæ¨¥© ª®â®à®£® á«ã¦¨â ¢¥©¢«¥â. ‚¥©¢«¥â-
−¥©à®−−�ï á¥âì | ˆ�‘, áªàëâë© á«®© ª®â®à®© á®áâ®¨â ¨§ ¢¥©¢«®−®¢, çì¨ á¤¢¨£¨
¨ á¦�â¨ï §�¤�îâáï ¯à¨ ¨−¨æ¨�«¨§�æ¨¨ ¨ ¢ ¯à®æ¥áá¥ ®¡ãç¥−¨ï −¥ ¬¥−ïîâáï. ‚¥©¢-
«¥â-−¥©à®−−ë¥ á¥â¨ áç¨â�îâáï ®â−®á¨â¥«ì−® ¨§ãç¥−−ë¬¨. ‚ [19] ¯®ª�§�−®, çâ®
¨á¯®«ì§®¢�−¨¥ ¬−®£®¬¥à−ëå ¢¥©¢«¥â-äã−ªæ¨© ¯®§¢®«ï¥â ¯à®¢¥áâ¨ ¡®«¥¥ â®ç−ãî
¨ â®−ªãî −�áâà®©ªã à�¡®âë á¥â¨ á ®â¤¥«ì−ë¬¨ ¢å®¤�¬¨ ¨«¨ £àã¯¯�¬¨ ¢å®¤®¢.

‚ −�áâ®ïé¥© áâ�âì¥ �¢â®àë à�áá¬�âà¨¢�îâ ¢®¯à®á ¯®áâà®¥−¨ï Š÷ ‘â� ¢ §�-
¤�−−®¬ ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ á ¯à¨¬¥−¥−¨¥¬ ‚�‘, ãç¨âë¢�ï ¯®«®¦¨â¥«ì−ë©
®¯ëâ ¯®áâà®¥−¨ï ¨ ¯à¨¬¥−¥−¨ï ‚«Š÷. ‚ à�§¤. 2 ®¯¨á�−® ¯®áâà®¥−¨¥ ‚«Š÷ ‘â�
−� ®á−®¢¥ à¥ªãàà¥−â−®£® �«£®à¨â¬� [3]. ‚ à�§¤. 3 ¯à¥¤«�£�¥âáï −®¢ë© á¯®á®¡
¯®áâà®¥−¨ï Š÷ ‘â� −� ®á−®¢¥ âà¥åá«®©−®© ‚�‘ (¤�«¥¥ | Š÷‚�‘): ¯¥à¢ë©
á«®© | ¢å®¤−®©; ¢â®à®© | áªàëâë©; âà¥â¨© | ¢ëå®¤−®©. ‚ áªàëâ®¬ á«®¥
¢å®¤−ë¥ ¤�−−ë¥ ¯à¥®¡à�§ãîâáï ¢ í«¥¬¥−âë ¯à®áâà�−áâ¢� ¯à¨§−�ª®¢, §�¤�−−®-
£® −� ®á−®¢¥ ®àâ®−®à¬¨à®¢�−−®£® ¡�§¨á� ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨.
‚ ¢ëå®¤−®¬ á«®¥ ä®à¬¨àã¥âáï ¢ëå®¤−®¥ §−�ç¥−¨¥ á¥â¨, ª®â®à®¥ áà�¢−¨¢�¥âáï
á æ¥«¥¢ë¬ §−�ç¥−¨¥¬. ÷�áå®¦¤¥−¨¥ ¬¥¦¤ã ¢ëå®¤−ë¬ ¨ æ¥«¥¢ë¬ §−�ç¥−¨ï¬¨
¨á¯®«ì§ã¥âáï ¤«ï −�áâà®©ª¨ ¯�à�¬¥âà®¢ ‚�‘. ‚ à�§¤. 4 ¯à¨¢¥¤¥− ¯à¨¬¥à, ¨«-
«îáâà¨àãîé¨© ¢ëá®ªãî íää¥ªâ¨¢−®áâì à�§à�¡®â�−−®£® ¬¥â®¤�. ‡�ª«îç¥−¨¥
á®¤¥à¦¨â ®á−®¢−ë¥ ¢ë¢®¤ë ¨ −�¯à�¢«¥−¨ï ¤�«ì−¥©è¨å ¨áá«¥¤®¢�−¨©.

2 Построение вейвлет-канонического разложения стохастического
процесса на основе рекуррентного алгоритма

�ãáâì áª�«ïà−ë© ‘â� X(t) ¤«ï t ∈ T §�¤�− −ã«¥¢ë¬ ¬�â¥¬�â¨ç¥áª¨¬
®¦¨¤�−¨¥¬ ¨ ª®¢�à¨�æ¨®−−®© äã−ªæ¨¥©

KX (t1, t2) = M
[

X(t1)X(t2)
]

(t1 ∈ T, t2 ∈ T ) , KX (t1, t2) ∈ L
2(T × T ).

�®áâà®¨¬ Š÷ §�¤�−−®£® ‘â� X(t) ¢ ¢¨¤¥

X(t) =

L
∑

v=1

Vvxv(t) , (1)

£¤¥ Vv | −¥ª®àà¥«¨à®¢�−−ë¥ ‘‚ á −ã«¥¢ë¬¨ ¬�â¥¬�â¨ç¥áª¨¬¨ ®¦¨¤�−¨ï¬¨
¨ ¤¨á¯¥àá¨ï¬¨ Gv; xv(t) | ª®®à¤¨−�â−ë¥ äã−ªæ¨¨, ã¤®¢«¥â¢®àïîé¨¥ á®®â−®-
è¥−¨ï¬ [2, 3]:
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Vv =

∫

T

av(t)X(t) dt ;

xv(t) =
1

Gv

∫

T

KX(t1, τ)av(τ) dτ ;

∫

T

xv(τ)aµ(τ) dτ = δvµ.

”ã−ªæ¨¨ av(t) −�å®¤ïâáï ¨§ ãá«®¢¨ï −¥ª®àà¥«¨à®¢�−−®áâ¨ ‘‚ Vv, ¯®íâ®¬ã ¨å
¬®¦−® ®¯à¥¤¥«¨âì ¡¥áç¨á«¥−−ë¬ ¬−®¦¥áâ¢®¬ á¯®á®¡®¢.

’®£¤�, á®£«�á−® ¯àï¬®© â¥®à¥¬¥ �ã£�çñ¢�, Š÷ ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ ‘â�
X(t) ¯à¨¬¥â ¢¨¤:

KX(t1, t2) =

L
∑

v=1

Gvxv(t1)xv(t2).

’�ª¨¬ ®¡à�§®¬, ¤«ï ¯®áâà®¥−¨ï Š÷ ‘â� X(t) ¤®áâ�â®ç−® −�©â¨ äã−ªæ¨¨
xv(t) ¨ av(t) ¨ ¤¨á¯¥àá¨¨ Gv ‘‚ Vv (v = 1, L).

„«ï ¯®áâà®¥−¨ï ‚«Š÷ §�¤�−−®£® ‘â�X(t) ®¯à¥¤¥«¨¬ ¢ ¯à®áâà�−áâ¢¥ L2(T )
®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨ ¢¨¤�

{ϕ00(t), ψjk(t)} , (2)

£¤¥ ϕ00(t) = ϕ(t) | ¬�áèâ�¡¨àãîé�ï äã−ªæ¨ï; ψ00(t) = ψ(t) | ¬�â¥à¨−áª¨©

¢¥©¢«¥â, ψjk(t) =
√
2j ψ(2jt − k) | ¢¥©¢«¥âë ãà®¢−ï j ¤«ï j = 1, J ; k =

= 0, 2j − 1, J | ¬�ªá¨¬�«ì−ë© ãà®¢¥−ì ¢¥©¢«¥â-à�§à¥è¥−¨ï. ’®£¤� ¯�à�¬¥âà
L = 2J+1 à�¢¥− ç¨á«ã ¡�§¨á−ëå äã−ªæ¨©. „«ï ã¤®¡áâ¢� ¯à¥¤áâ�¢¨¬ ¢¥©¢«¥â-¡�-
§¨á (2) ¢ ¢¨¤¥

g1(t) = ϕ00(t) ; g2(t) = ψ00(t) ; gv(t) = ψjk(t), (3)

£¤¥ j = 1, J , k = 0, 2j − 1, v = 2j + k + 1.
‚ ¯à®áâà�−áâ¢¥ L2(T × T ) ®¯à¥¤¥«¨¬ ¤¢ã¬¥à−ë© ®àâ®−®à¬¨à®¢�−−ë© ¢¥©¢-

«¥â-¡�§¨á ¢ ¢¨¤¥ â¥−§®à−®£® ¯à®¨§¢¥¤¥−¨ï ¤¢ãå ¢¥©¢«¥â-¡�§¨á®¢ ¢¨¤� (2) ¤«ï
á«ãç�ï, ª®£¤� ¬�áèâ�¡¨à®¢�−¨¥ ¯® ®¡¥¨¬ ¯¥à¥¬¥−−ë¬ ¯à®¨áå®¤¨â ®¤¨−�ª®¢®.
‚ íâ®¬ á«ãç�¥ ¡�§¨á−ë¥ äã−ªæ¨¨ ¨¬¥îâ ¢¨¤:

�A(t1, t2) = ϕ00(t1)ϕ00(t2) ; ā
H(t1, t2) = ϕ00(t1)ψ00(t2) ;

āB(t1, t2) = ψ00(t1)ϕ00(t2) ; ā
D
jkn(t1, t2) = ψjk(t1)ψjn(t2) ,
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£¤¥ j = 1, J ; k, n = 0, 2j − 1. ’®£¤� ¤¢ã¬¥à−®¥ ¢¥©¢«¥â-à�§«®¦¥−¨¥ §�¤�−−®©
ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ ¯à¨¬¥â ¢¨¤:

KX(t1, t2) = a
x�A(t1, t2) + h

xāH(t1, t2) + b
xāB(t1, t2) +

+

J
∑

j=0

2J−1
∑

k=0

2J−1
∑

n=0

dx
jknā

D
jkn(t1, t2) ,

£¤¥

ax=

∫

T

∫

T

KX(t1, t2)�
A(t1, t2) dt1dt2 ; h

x=

∫

T

∫

T

KX(t1, t2)ā
H(t1, t2) dt1dt2 ;

bx=

∫

T

∫

T

KX(t1, t2)ā
B(t1, t2) dt1dt2 ; d

x
jkn=

∫

T

∫

T

KX(t1, t2)ā
D
jkn(t1, t2) dt1dt2 .

‚¢¥¤¥¬ ¢á¯®¬®£�â¥«ì−ë¥ ¯�à�¬¥âàë kvµ (v, µ = 1, L):

k11 = a
x; k12 = h

x; k21 = b
x; k22 = d

x
00 ;

kvµ = d
x
jkn

(

v = 2j + k + 1; µ = 2j + n+ 1; i = 1, J ; n = 0, 2j − 1
)

,

®áâ�«ì−ë¥ kvµ = 0.
„¨á¯¥àá¨¨ Gv ‘‚ Vv ¢ëç¨á«ïîâáï ¯® à¥ªãàà¥−â−ë¬ ä®à¬ã«�¬:

cv1 = −kv1

G1

(

v = 2, L
)

;

cvµ = − 1
Gµ

(

kvµ −
µ−1
∑

λ=1

Gλcµλcvλ

)

(

µ = 2, v − 1; v = 3, L
)

;

G1 = k11; Gv = kvv −
v−1
∑

λ=1

Gx
λ |cvλ|2

(

v = 2, L
)

.

„«ï ®¯à¥¤¥«¥−¨ï ª®®à¤¨−�â−ëå äã−ªæ¨© xv(t) (v = 1, L) á−�ç�«� ¢ëç¨á«ï-
îâáï ¢á¯®¬®£�â¥«ì−ë¥ äã−ªæ¨¨

hx
1(t) = a

xϕ00(t) + b
xψ00(t); h

x
2(τ ) = h

xϕ00(t) + d
x
000ψ00(t) ;

hx
v(t) =

2j−1
∑

k=0

dx
jknψjk(t)

(

v = 3, L; v = 2j + n+ 1; n = 0, 2j − 1; j = 1, J
)

,
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§�â¥¬ ¢ëç¨á«ïîâáï ª®®à¤¨−�â−ë¥ äã−ªæ¨¨ xv(t) ¯®á«¥¤®¢�â¥«ì−® ¯® ä®à¬ã«�¬:

x1(t) =
1

G1
hx
1(t); xv(t) =

1

Gv

(

v−1
∑

λ=1

dvλh
x
λ(t) + h

x
v(t)

)

;

dvλ = cvλ +
v−1
∑

µ=λ+1

cvµdµλ

(

λ = 1, v − 2
)

; dv,v−1 = cv,v−1; v = 2, L .

�à¨ íâ®¬ äã−ªæ¨¨ av(t) ¢ëà�¦�îâáï ç¥à¥§ ¡�§¨á−ë¥ ¢¥©¢«¥â-äã−ªæ¨¨ ¢¨¤� (3):

a1(t) = g1(t), av(t) =

v−1
∑

λ=1

dvλgλ(t) + gv(t)
(

v = 2, L
)

.

÷�§à�¡®â�−−ë© �«£®à¨â¬ ¡ë« à¥�«¨§®¢�− ¤«ï ¢¥©¢«¥â®¢ •��à� ¢ ¢¨¤¥ ¨−áâàã-
¬¥−â�«ì−®£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï ú‘âˆ’-Š÷‚‹.1û ¤«ï áà¥¤ë MATLAB.

3 Построение канонического разложения стохастического процесса
на основе трехслойной вейвлет-нейронной сети

�¡®¡é�ï à¥§ã«ìâ�âë ¯®áâà®¥−¨ï ‚«Š÷ ‘â� X(t), ¨§«®¦¥−−ë¥ ¢ à�§¤. 2,
¡ã¤¥¬ ¨áª�âì ¥£® Š÷ (1) ¤«ï ª®®à¤¨−�â−ëå äã−ªæ¨© ¢ ¢¨¤¥:

xv(t) = gv(t)
(

v = 1, L
)

.

’®£¤�, á®£«�á−® ¯àï¬®© â¥®à¥¬¥ �ã£�çñ¢�, Š÷ ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨
KX(t1, t2) ¯à¨¬¥â ¢¨¤:

KX(t1, t2) =

L
∑

v=1

Dvgv(t1)gv(t2). (4)

’¥¬ á�¬ë¬ §�¤�ç� ¯®áâà®¥−¨ï Š÷ ‘â� X(t) á¢¥¤¥âáï ª §�¤�ç¥ �¯¯à®ªá¨¬�æ¨¨
ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ KX(t1, t2) «¨−¥©−®© §�¢¨á¨¬®áâìî −¥«¨−¥©−ëå ¤¢ã-
¬¥à−ëå ¢¥©¢«¥â-äã−ªæ¨© ¢¨¤� (4), ª®â®àãî ¬®¦−® ¢ëç¨á«¨âì á ¨á¯®«ì§®¢�−¨¥¬
¬−®£®á«®©−®£® ¯¥àá¥¯âà®−� [17]. �®á«¥ ®¯à¥¤¥«¥−¨ï ¤¨á¯¥àá¨©Dv ¢ (4), á®£«�á−®
®¡à�â−®© â¥®à¥¬¥ �ã£�çñ¢�, ¯®«ãç¨¬ ¨áª®¬®¥ Š÷ ‘â� X(t):

X(t) =

L
∑

v=1

Vvgv(t), (5)

£¤¥ Vv | −¥ª®àà¥«¨à®¢�−−ë¥ ‘‚ á −ã«¥¢ë¬¨ ¬�â¥¬�â¨ç¥áª¨¬¨ ®¦¨¤�−¨ï¬¨
¨ ¤¨á¯¥àá¨ï¬¨ Dv.

26 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 2 2024



Œ®¤¥«¨à®¢�−¨¥ −¥áâ�æ¨®−�à−®£® ‘â� ¯®áà¥¤áâ¢®¬ ¥£® Š÷ −� ®á−®¢¥ ‚�‘

„«ï −�å®¦¤¥−¨ï −¥¨§¢¥áâ−ëå Dv ¢ (4) §�¤�¥âáï ¬−®¦¥áâ¢® ¬�àª¨à®¢�−−ëå
¯à¨¬¥à®¢

T =
{

(τ i, di)
}N

i=1
, τ i =

[

ti1 t
i
2

]T
, di = KX(t

i
1, t

i
2).

„«ï ®¡ãç¥−¨ï ¬−®£®á«®©−®£® ¯¥àá¥¯âà®−� á ãç¨â¥«¥¬ ¯à¨¬¥−¨¬ �«£®à¨â¬
®¡à�â−®£® à�á¯à®áâà�−¥−¨ï ®è¨¡ª¨ [17]. �− ¯à¥¤áâ�¢«ï¥â á®¡®© £à�¤¨¥−â−ë©
¬¥â®¤ ¨ ®¡«�¤�¥â ¤¢ã¬ï ®á−®¢−ë¬¨ á¢®©áâ¢�¬¨: (1) ¯à®æ¥¤ãàã ¬¥â®¤� «¥£-
ª® ¯à®áç¨â�âì «®ª�«ì−®; (2) ¯à®æ¥¤ãà� ¬¥â®¤� à¥�«¨§ã¥â £à�¤¨¥−â−ë© á¯ãáª
¢ ¯à®áâà�−áâ¢¥ ¢¥á®¢, ¯à¨ ª®â®à®¬ á¨−�¯â¨ç¥áª¨¥ ¢¥á� ®¡−®¢«ïîâáï ®â ¯à¨¬¥à�
ª ¯à¨¬¥àã.

‚ ª�ç¥áâ¢¥ �ªâ¨¢�æ¨®−−ëå äã−ªæ¨© −¥©à®−®¢ áªàëâ®£® á«®ï à�áá¬®âà¨¬
äã−ªæ¨¨, ¯®áâà®¥−−ë¥ −� ®á−®¢¥ ¢¥©¢«¥â-¡�§¨á� (3):

āv(τ) = āv(t1, t2) = gv(t1)gv(t2)
(

v = 1, L
)

.

‚¥ªâ®à ¯à¨§−�ª®¢

ā(τ) = [ā0(τ) ā1(τ) · · · āL(τ)]
T

¯à¥¤áâ�¢«ï¥â á®¡®© ú®¡à�§û, ¨−¤ãæ¨à®¢�−−ë© ¢ ¯à®áâà�−áâ¢¥ ¯à¨§−�ª®¢ ¯à¨
¯à¥¤êï¢«¥−¨¨ ¢¥ªâ®à� ¢å®¤−®£® á¨£−�«� τ = [t1 t2]

T.
�ãáâìw = [w1 w2 · · · wL]

T| ¢¥ªâ®à ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢, á¢ï§ë¢�îé¨å
¯à®áâà�−áâ¢® ¯à¨§−�ª®¢ á ¢ëå®¤−ë¬ ¯à®áâà�−áâ¢®¬, y = [y1 y2 · · · yN ]

T |
¤¥©áâ¢¨â¥«ì−ë© ®âª«¨ª á¨áâ¥¬ë, â. ¥. ¢¥ªâ®à ®æ¥−ª¨ ¦¥«�¥¬®£® ®âª«¨ª� á¨áâ¥¬ë
d = [d1 d2 · · · dN ]

T. �à¨ íâ®¬ ¢¥ªâ®à ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢ w = w(n)
¬¥−ï¥âáï ¯à¨ ª�¦¤®© ¨â¥à�æ¨¨ �«£®à¨â¬� n.

”ã−ªæ¨®−¨à®¢�−¨¥ ‚�‘ ¬®¦−® ®¯¨á�âì á«¥¤ãîé¨¬ ®¡à�§®¬:

{ ¢å®¤−®© á¨£−�«

τ i =
[

ti1 t
i
2

]T (

i = 1, N
)

;

{ áªàëâë© á«®© ‚�‘ §�¤�¥â ¯à®áâà�−áâ¢® ¯à¨§−�ª®¢

āv(τ
i) = āv(t

i
1, t

i
2) = gv

(

ti1
)

gv

(

ti2
) (

v = 1, L; i = 1, N
)

;

{ ¢ëå®¤−®© á«®© ‚�‘ ¢ëç¨á«ï¥â ®âª«¨ª á¨áâ¥¬ë

yi(n) =

L
∑

v=1

wv(n)āv(τ
i),

¨«¨ ¢ ¢¥ªâ®à−®© ä®à¬¥

yi(n) = āT(τ i)w(n)
(

i = 1, N
)

,

¤«ï ¨â¥à�æ¨¨ n �«£®à¨â¬�.
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‚ëå®¤−®© á¨£−�« yi(n) ¤«ï ª�¦¤®£® i-£® ¯à¨¬¥à� áà�¢−¨¢�¥âáï á á®®â¢¥â-
áâ¢ãîé¨¬ ¦¥«�¥¬ë¬ ®âª«¨ª®¬ á¨áâ¥¬ë di(n). ˆå à�§−®áâì ®¯à¥¤¥«ï¥â á¨£−�«
®è¨¡ª¨

ei(n) = di − yi(n) = di −āT(τ i)w(n).

”ã−ªæ¨ï áâ®¨¬®áâ¨ §�¤�¥âáï ¢ ¢¨¤¥ áà¥¤−¥ª¢�¤à�â¨ç−®© ®è¨¡ª¨ (‘Š�;
Mean Squared Error | MSE) ¤«ï ¢á¥£® −�¡®à� ¯à¨¬¥à®¢:

E(w(n)) =
1

2N

N
∑

i=1

(

ei(n)
)2
. (6)

„�«¥¥ −�¤® à¥è¨âì §�¤�çã ¡¥§ãá«®¢−®© ®¯â¨¬¨§�æ¨¨ äã−ªæ¨¨ áâ®¨¬®áâ¨
E(w) ¯® ®â−®è¥−¨î ª ¢¥ªâ®àã ¢¥á®¢ w: E(w) → min. �¥®¡å®¤¨¬®¥ ãá«®¢¨¥
®¯â¨¬�«ì−®áâ¨ | à�¢¥−áâ¢® −ã«î ¢¥ªâ®à� £à�¤¨¥−â� áª®à®áâ¨:

∇E(w∗) = 0 ,

£¤¥

∇E(w) =
[

∂E

∂w1

∂E

∂w2
· · · ∂E

∂wL

]T

,

∂E

∂wl
=
1

N

N
∑

i=1

āl(τ
i)



di −
L
∑

j=1

wj(n)āj(τ
i)





(

l = 1, L
)

.

„«ï ã¤®¡áâ¢� ®¡®§−�ç¨¬ £à�¤¨¥−â ∇E(w) = g(n).
Œ¥â®¤ë ¡¥§ãá«®¢−®© ®¯â¨¬¨§�æ¨¨ ®á−®¢�−ë −� �«£®à¨â¬¥ ¯®á«¥¤®¢�â¥«ì−®£®

á¯ãáª�. ˆáå®¤−®¥ §−�ç¥−¨¥ w(0) = 0. „�«¥¥ £¥−¥à¨àã¥âáï ¯®á«¥¤®¢�â¥«ì−®áâì
¢¥á®¢ëå ¢¥ªâ®à®¢ w(1), w(2), . . . â�ª�ï, çâ® §−�ç¥−¨¥ äã−ªæ¨¨ áâ®¨¬®áâ¨ ã¬¥−ì-
è�¥âáï ¯à¨ ª�¦¤®© ¨â¥à�æ¨¨ �«£®à¨â¬�: E(w(n + 1)) < E(w(n)). �à¨¬¥−¨¬
¬¥â®¤ −�¨áª®à¥©è¥£® á¯ãáª�. Š®àà¥ªâ¨à®¢ª� ¢¥á®¢ ®áãé¥áâ¢«ï¥âáï ¯® ä®à¬ã«¥:

w(n + 1) = w(n)− ηg(n) , (7)

£¤¥ η = const | ¯�à�¬¥âà áª®à®áâ¨ ®¡ãç¥−¨ï, 0 < η < 1. ’®£¤� á ãç¥â®¬ (7)
¨¬¥¥¬

E(w(n + 1)) = E(w(n)) − η‖g(n)‖2.
‚ ®¡é¥¬ á«ãç�¥ è�£®¢ ¨â¥à�æ¨¨ ¬®¦¥â ¡ëâì ¡¥áª®−¥ç−® ¬−®£®. ˆ§ ®¯ëâ� ¨§¢¥áâ−®,
çâ® ¤«ï ¢ëå®¤� ¨§ ¯à®æ¥¤ãàë �¤�¯â�æ¨¨ ¢¥á®¢ ¢ë¯®«−ï¥âáï ãá«®¢¨¥ |E(w(n))| ≤
≤ Ea ¤«ï Ea = const | ¯�à�¬¥âà�, ®¯à¥¤¥«ïîé¥£® â®ç−®áâì ¯à¨¡«¨¦¥−−ëå
¢ëç¨á«¥−¨©.

‚ à¥§ã«ìâ�â¥ ¯®«ãç�¥¬ �«£®à¨â¬ Š÷ ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ −� ®á−®¢¥
®¡ãç¥−¨ï ‚�‘ ¬¥â®¤®¬ ®¡à�â−®£® à�á¯à®áâà�−¥−¨ï ®è¨¡ª¨.
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Œ®¤¥«¨à®¢�−¨¥ −¥áâ�æ¨®−�à−®£® ‘â� ¯®áà¥¤áâ¢®¬ ¥£® Š÷ −� ®á−®¢¥ ‚�‘

�«£®à¨â¬. �®áâà®¥−¨¥ Š÷ ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ áª�«ïà−®£® ‘â� −�
®á−®¢¥ ‚�‘ (à¨á. 1).

1. ‡�¤�−¨¥ ¬−®¦¥áâ¢� ®¡ãç�îé¨å ¯à¨¬¥à®¢: ¢¥ªâ®à� ¢å®¤−®£® á¨£−�«� τ i =

=
[

ti1 t
i
2

]T
¨ ¦¥«�¥¬®£® ®âª«¨ª� di (i = 1, N ).

2. ‡�¤�−¨¥ ¯�à�¬¥âà� áª®à®áâ¨ ®¡ãç¥−¨ï 0 < η < 1.

3. ˆ−¨æ¨�«¨§�æ¨ï ¢¥á®¢. �à¨ n = 0w(0) = 0. �®á«¥¤ãîé¨¥ è�£¨ −�ç¨−�îâáï
á n = 1, 2, . . .

4. ‚ëç¨á«¥−¨¥ äã−ªæ¨© áªàëâ®£® á«®ï:

āv(τ
i) = āv(t

i
1, t

i
2) = gv(t

i
1)gv(t

i
2)
(

v = 1, L, i = 1, N
)

.

5. ‚ëç¨á«¥−¨¥ ä�ªâ¨ç¥áª®£® ®âª«¨ª�:

yi(n) = āT(τ i)w(n)
(

i = 1, N
)

.

6. ‚ëç¨á«¥−¨¥ ®è¨¡ª¨ ei(n) = di − yi(n) ¤«ï ª�¦¤®£® ¯à¨¬¥à� ¨ ‘Š� ¤«ï
¢á¥£® −�¡®à� ®¡ãç�îé¨å ¯à¨¬¥à®¢ (6). ��ç¨−�ï á® ¢â®à®£® è�£�, ¯à®¢¥àª�
ãá«®¢¨ï ®ª®−ç�−¨ï �¤�¯â�æ¨¨ ¢¥á®¢:

|E(w(n))| ≤ Ea .

…á«¨ ãá«®¢¨¥ ¢ë¯®«−ï¥âáï, ¢ëå®¤ ¨§ �«£®à¨â¬�, ¢ ¯à®â¨¢−®¬ á«ãç�¥ ¯¥à¥å®¤
ª ¯. 7.

7. �¤�¯â�æ¨ï ¢¥ªâ®à� ¢¥á®¢. ˆ§¬¥−ï¥¬ ¢¥ªâ®à ¢¥á®¢:

w(n+ 1) = w(n)− ηg(n).

8. “¢¥«¨ç¨¢�¥¬ −®¬¥à ¨â¥à�æ¨¨ n −� 1 ¨ ¢®§¢à�é�¥¬áï ª ¯. 5.

÷¨á. 1 ƒà�ä ¯¥à¥¤�ç¨ á¨£−�«� ¢ ‚�‘
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�®á«¥ ®¡ãç¥−¨ï ‚�‘ ¯à®¢®¤¨âáï â¥áâ¨à®¢�−¨¥ ¤«ï ¯à®¢¥àª¨ ª�ç¥áâ¢� �¯-
¯à®ªá¨¬�æ¨¨.

�� à¨á. 1 ¯à¥¤áâ�¢«¥− £à�ä ¯à®å®¦¤¥−¨ï á¨£−�«� ¢ ‚�‘ ¢ ¯à®æ¥áá¥ ®¡ãç¥−¨ï,
®á−®¢�−−®£® −� ª®àà¥ªæ¨¨ ‘Š� (6). ‘¨£−�« ®è¨¡ª¨ e(n) ¨−¨æ¨�«¨§¨àã¥â ¬¥å�-
−¨§¬ ã¯à�¢«¥−¨ï, æ¥«ì ª®â®à®£® §�ª«îç�¥âáï ¢ ¯à¨¬¥−¥−¨¨ ¯®á«¥¤®¢�â¥«ì−®áâ¨
ª®àà¥ªâ¨à®¢®ª ª á¨−�¯â¨ç¥áª¨¬ ¢¥á�¬ w. �â¨ ¨§¬¥−¥−¨ï −�æ¥«¥−ë −� ¯®è�£®-
¢®¥ ¯à¨¡«¨¦¥−¨¥ ¢ëå®¤−®£® á¨£−�«� y ª ¦¥«�¥¬®¬ã d. �� à¨á. 1 ¢¨¤−®, çâ®
®¡ãç¥−¨¥ −� ®á−®¢¥ ª®àà¥ªæ¨¨ ®è¨¡®ª | íâ® ¯à¨¬¥à §�¬ª−ãâ®© á¨áâ¥¬ë á ®¡à�â-
−®© á¢ï§ìî. ˆ§ â¥®à¨¨ ã¯à�¢«¥−¨ï ¨§¢¥áâ−®, çâ® ãáâ®©ç¨¢®áâì â�ª®© á¨áâ¥¬ë
®¯à¥¤¥«ï¥âáï ¯�à�¬¥âà®¬ ®¡à�â−®© á¢ï§¨, â. ¥. ¯�à�¬¥âà®¬ áª®à®áâ¨ ®¡ãç¥−¨ï η.
„«ï ®¡¥á¯¥ç¥−¨ï ãáâ®©ç¨¢®áâ¨ ¨ áå®¤¨¬®áâ¨ ¨â¥à�â¨¢−®£® ¯à®æ¥áá� ®¡ãç¥−¨ï
âà¥¡ã¥âáï âé�â¥«ì−ë© ¯®¤¡®à íâ®£® ¯�à�¬¥âà�. �®è�£®¢�ï ª®àà¥ªâ¨à®¢ª� á¨-
−�¯â¨ç¥áª¨å ¢¥á®¢ ¯à®¤®«¦�¥âáï, ª�ª ¯à�¢¨«®, ¤® â¥å ¯®à, ¯®ª� á¨áâ¥¬� −¥
¤®áâ¨£−¥â ãáâ®©ç¨¢®£® á®áâ®ï−¨ï, ¯à¨ ª®â®à®¬ á¨−�¯â¨ç¥áª¨¥ ¢¥á� ¯à�ªâ¨ç¥áª¨
áâ�¡¨«¨§¨àãîâáï. ‚ íâ®© â®çª¥ ¯à®æ¥áá ®¡ãç¥−¨ï ®áâ�−�¢«¨¢�¥âáï [17]. �à¨ íâ¨å
§−�ç¥−¨ïå á¨−�¯â¨ç¥áª¨å ¢¥á®¢ ¤®áâ¨£�¥âáï ¬¨−¨¬ã¬ äã−ªæ¨¨ áâ®¨¬®áâ¨ (6).

�à¥¨¬ãé¥áâ¢� ¯à¥¤«�£�¥¬®£® ¯®¤å®¤� −�å®¦¤¥−¨ï ¬¨−¨¬ã¬� äã−ªæ¨¨ (6)
¯® áà�¢−¥−¨î á® áâ�−¤�àâ−ë¬¨ ¬¥â®¤�¬¨, ®á−®¢�−−ë¬¨ −� à¥è¥−¨¨ á¨áâ¥¬ë
ãà�¢−¥−¨© ∂E/∂wl = 0 (l = 1, L) ¨ ¯à¨¢®¤ïé¨¬¨ ª á«®¦−ë¬ ¬�â¥¬�â¨ç¥áª¨¬
¯à®æ¥áá�¬, §�ª«îç�îâáï ¢ ¯à®áâ®â¥ ¢ëç¨á«¥−¨ï £à�¤¨¥−â� ∇E(w) ¨ áå®¤¨¬®áâ¨
�«£®à¨â¬� ¯à¨ 0 < η < 1.

4 Пример

÷�áá¬®âà¨¬ §�¤�çã ¬®¤¥«¨à®¢�−¨ï ‘â�X(t) −� ¯à®¬¥¦ãâª¥ [t0, t0 + T ] á −ã-
«¥¢ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ ¨ −¥áâ�æ¨®−�à−®© ª®¢�à¨�æ¨®−−®© äã−ªæ¨¥©
KX(t1, t2) = D exp {−α|t2 − t1|+ β (t2 + t1)} á ¯®¬®éìî ‚�‘. Š�−®−¨ç¥áª®¥
à�§«®¦¥−¨¥ ‘â�X(t) áâà®¨¬ ¢ ¢¨¤¥ (5), £¤¥ ‘‚Vv ¨¬¥îâ −ã«¥¢ë¥ ¬�â¥¬�â¨ç¥áª¨¥
®¦¨¤�−¨ï ¨ ¤¨á¯¥àá¨¨Dv = wv. ‡−�ç¥−¨ï á¨−�¯â¨ç¥áª¨å ¢¥á®¢wv ®¯à¥¤¥«ïîâáï
¨§ ãá«®¢¨ï ¬¨−¨¬ã¬� ‘Š� ¯à¥¤áâ�¢«¥−¨ï ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ KX(t1, t2)
¥¥ Š÷

MSE = E(w) =
2

N

N
∑

i=1

(

KX

(

ti1, t
i
2

)

−
L
∑

v=1

wvgv

(

ti1
)

gv

(

ti1
)

)2

:

min
w
E(w) = min

w







2

N

N
∑

i=1

(

KX

(

ti1, t
i
2

)

−
L
∑

v=1

wvgv

(

ti1
)

gv

(

ti2
)

)2






¤«ï §�¤�−−®£® −�¡®à� ¢å®¤−ëå ¤�−−ëå

T =
{

τ i =
[

ti1 t
i
2

]T
, di = KX(t

i
1, t

i
2); i = 1, N

}

¯à¨ á«¥¤ãîé¨å ¨áå®¤−ëå ¤�−−ëå: D = 1; α = 1; β = 0,001; t0 = 0; T = 8.
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÷¨á. 2 ƒà�ä¨ª¨ §�¢¨á¨¬®áâ¨ MSE �¯¯à®ªá¨¬�æ¨¨ KX(t1, t2) ®â ãà®¢−ï à�§à¥è¥−¨ï J
¡�§¨á� •��à� (�) ¨ ®â ç¨á«� n ¨â¥à�æ¨© �«£®à¨â¬� ¯à¨ J = 2 (¡)

„«ï ¯à®¢¥¤¥−¨ï ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢ à�§à�¡®â�−® ¨−áâàã¬¥−â�«ì-
−®¥ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ (ˆ��) ¢ áà¥¤¥ MATLAB. ‚−�ç�«¥ íªá¯¥à¨¬¥−-
â�«ì−® ¡ë«® ®¯à¥¤¥«¥−®, çâ® à�§à�¡®â�−−ë© �«£®à¨â¬ ®¡¥á¯¥ç¨¢�¥â ¬�ªá¨¬�«ì-
−ãî áª®à®áâì ®¡ãç¥−¨ï ‚�‘ ¡¥§ ¯®â¥à¨ ãáâ®©ç¨¢®áâ¨ ¯à¨ ¯�à�¬¥âà¥ áª®à®áâ¨
®¡ãç¥−¨ï η = 0,8 ¨ ¯à¨ ç¨á«¥ â¥áâ®¢ëå ¯à¨¬¥à®¢, à�¢−®¬ ç¨á«ã ¡�§¨á−ëå ¢¥©¢-
«¥â-äã−ªæ¨©,N = L. „�«¥¥ ¡ë«� ¢ëï¢«¥−� §�¢¨á¨¬®áâì MSE ®â ¬�ªá¨¬�«ì−®£®
ãà®¢−ï à�§à¥è¥−¨ï J ¡�§¨á� •��à�, ¯à¥¤áâ�¢«¥−−�ï −� à¨á. 2, �. Œ¨−¨¬�«ì−®¥
§−�ç¥−¨¥, à�¢−®¥ 0,0039, MSE ¯à¨−¨¬�¥â ¯à¨ J = 2, â. ¥. ¤«ï 8 ¡�§¨á−ëå
äã−ªæ¨© •��à�. ’¥¬ á�¬ë¬ ¡ë«® íªá¯¥à¨¬¥−â�«ì−® ®¯à¥¤¥«¥−® ®¯â¨¬�«ì−®¥
ç¨á«® −¥©à®−®¢ áªàëâ®£® á«®ï ‚�‘, à�¢−®¥ 8. �� à¨á. 2, ¡ ¯à¥¤áâ�¢«¥− £à�ä¨ª
§�¢¨á¨¬®áâ¨ MSE ®â ç¨á«� n ¨â¥à�æ¨© �«£®à¨â¬� ¤«ï η = 0,8 ¨ N = L = 8.
MSE ¯à¨−¨¬�¥â ¬¨−¨¬�«ì−®¥ §−�ç¥−¨¥, à�¢−®¥ 0,0039, ¯à¨ n = 4.

�� à¨á. 3, � ¯à¥¤áâ�¢«¥−ë £à�ä¨ª¨ â®ç−ëå §−�ç¥−¨© Dtrue ¤¨á¯¥àá¨¨
DX(t) = KX(t, t) = D exp{2βt} ¨ ¥¥ ®æ¥−ª¨ Dprib ¤«ï ¢ë¡à�−−ëå §−�ç¥-
−¨© ¯�à�¬¥âà®¢ η = 0,8 ¨ N = L = 8. �� à¨á. 3, ¡ ¨§®¡à�¦¥− £à�ä¨ª ¬®¤ã«ï
®è¨¡ª¨ ®æ¥−ª¨ ¤¨á¯¥àá¨¨.

‚ ¨â®£¥ Š÷‚�‘ ‘â� ¯à¨¬¥â ¢¨¤:

X(t) =

8
∑

v=1

Vvgv(t).

‘ ¯®¬®éìî §�¬¥−ë ¯¥à¥¬¥−−ëå t = (t − t0)/T ¢ëà�§¨¬ ¡�§¨á−ë¥ äã−ªæ¨¨
gv(t) ç¥à¥§ ¢¥©¢«¥âë •��à� hv(t), ®¯à¥¤¥«¥−−ë¥ −� ¯à®¬¥¦ãâª¥ [0, 1]:

g1(t) = h1
(

t
)

=

{

1, ¥á«¨ t ∈ [0, 1) ;
0, ¥á«¨ t 6∈ [0, 1) ;
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÷¨á. 3 ƒà�ä¨ª¨ â®ç−ëå §−�ç¥−¨© Dtrue (1) ¤¨á¯¥àá¨¨ ‘â� ¨ ¥¥ ®æ¥−ª¨ Dprib (2) (�)
¨ ¬®¤ã«ï ®è¨¡ª¨ ®æ¥−ª¨ ¤¨á¯¥àá¨¨ (¡) −� ®âà¥§ª¥ [0, 8]

g2(t) = h2(t) =























1, ¥á«¨ t ∈
[

0,
1

2

)

;

−1, ¥á«¨ t ∈
[

1

2
, 1

)

;

0, ¥á«¨ t 6∈ [0, 1] ;

g3(t) = h3(t) =



































√
2, ¥á«¨ t ∈

[

0,
1

4

)

;

−
√
2, ¥á«¨ t ∈

[

1

4
,
1

2

)

;

0, ¥á«¨ t 6∈
[

0,
1

2

)

;

g4(t) = h4(t) =



































√
2, ¥á«¨ t ∈

[

1

2
,
3

4

)

;

−
√
2, ¥á«¨ t ∈

[

3

4
, 1

)

;

0, ¥á«¨ t 6∈
[

1

2
, 1

)

;

gi(t) = hi(t) = ψ2k(t) =



































2, ¥á«¨ t ∈
[

k

4
,
k + 0,5

4

)

;

−2, ¥á«¨ t ∈
[

k + 0,5

4

k + 1

4

)

;

0, ¥á«¨ t /∈
[

k

4
,
k + 1

4

)

(k = 0,3; i = 4 + k + 1).
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÷¨á. 4 ƒà�ä¨ª¨ â®ç−ëå §−�ç¥−¨© Dtrue (1) ¤¨á¯¥àá¨¨ ‘â�X(t) ¨ ¥¥ ®æ¥−ª¨ Dprib (2) (�)
¨ ¬®¤ã«ï ®è¨¡ª¨ ®æ¥−ª¨ ¤¨á¯¥àá¨¨ (¡) ¯à¨ â¥áâ¨à®¢�−¨¨ ‚�‘ −� ®âà¥§ª¥ [2, 6]

‘«ãç�©−ë¥ ¢¥«¨ç¨−ë Vv (v = 1, 8) ¨¬¥îâ ¤¨á¯¥àá¨¨, à�¢−ë¥ á¨−�¯â¨ç¥áª¨¬
¢¥á�¬:

D[V1] = w1 = 0,2437; D[V2] = w2 = 0,1878;

D[V3] = w3 = 0,1285; D[V4] = w4 = 0,1295;

D[V5] = w5 = 0,0792; D[V6] = w6 = 0,0795;

D[V7] = w7 = 0,0798; D[V8] = w8 = 0,0801.

�¡ãç¥−−�ï ‚�‘ ¡ë«� ¯à®â¥áâ¨à®¢�−� ¤«ï à�§«¨ç−ëå §−�ç¥−¨© t ∈ [0, 8],
®â«¨ç−ëå ®â â®ç¥ª ¨§ −�¡®à� ®¡ãç¥−¨ï ‚�‘. ‚ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë
¯®ª�§�«¨, çâ® ¢® ¢á¥å á«ãç�ïå MSE = 0,0039. �� à¨á. 4, � ¯à¥¤áâ�¢«¥−ë
£à�ä¨ª¨ §−�ç¥−¨© Dtrue ¤¨á¯¥àá¨¨ DX(t) = KX(t, t) = D exp{2βt} ¨ ¥¥ ®æ¥−ª¨
Dprib ¤«ï t ∈ [2, 6] ⊂ [0, 8]. �� à¨á. 4, ¡ ¨§®¡à�¦¥− £à�ä¨ª ¬®¤ã«ï ®è¨¡ª¨
®æ¥−ª¨ ¤¨á¯¥àá¨¨.

÷¨á. 5 ƒà�ä¨ª¨ â®ç−ëå §−�ç¥−¨© Dtrue (1) ¤¨á¯¥àá¨¨ ‘â�X(t) ¨ ¥¥ ®æ¥−ª¨ Dprib (2) (�)
¨ ¬®¤ã«ï ®è¨¡ª¨ ®æ¥−ª¨ ¤¨á¯¥àá¨¨ (¡) ¯à¨ â¥áâ¨à®¢�−¨¨ ‚�‘ −� ®âà¥§ª¥ [8, 16]
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Šà®¬¥ â®£®, ®¡ãç¥−−�ï ‚�‘ ¡ë«�

÷¨á. 6 ƒà�ä¨ª à¥�«¨§�æ¨¨ ‘â� X(t) −�
®âà¥§ª¥ [0, 8], ¯®áâà®¥−−ë© −� ®á−®¢¥ ‚�‘

¯à®â¥áâ¨à®¢�−� −� ¨−â¥à¢�«¥ [8, 16].
‚ íâ®¬ á«ãç�¥ ¯®«ãç¥−® MSE =
= 0,0040. ÷¥§ã«ìâ�âë â¥áâ¨à®¢�−¨ï
¯à¥¤áâ�¢«¥−ë −� à¨á. 5.

�� à¨á. 6 ¯à¥¤áâ�¢«¥− à¥§ã«ìâ�â
¬®¤¥«¨à®¢�−¨ï ‘â� X(t) −� ®âà¥§ª¥
[0, 8] á ¯®¬®éìî à�§à�¡®â�−−®© ‚�‘.

„«ï áà�¢−¥−¨ï ¡ë«® ¯®áâà®¥−®
‚«Š÷ ¤�−−®£® ‘â� X(t) −� ®âà¥§ª¥
[0, 8] á ¯à¨¬¥−¥−¨¥¬ ˆ�� ú‘âˆ’-
Š÷‚‹.1û, à¥�«¨§ãîé¥£® à¥ªãàà¥−â-
−ë© �«£®à¨â¬, ¨§«®¦¥−−ë© ¢ à�§¤. 2,

¤«ï ¡�§¨á� •��à� á ¬�ªá¨¬�«ì−ë¬ ãà®¢−¥¬ à�§à¥è¥−¨ï J = 2. ‘à¥¤−¥ª¢�¤-
à�â¨ç−�ï ®è¨¡ª� ¯à¥¤áâ�¢«¥−¨ï ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ KX(t1, t2) ¥¥ Š÷
à�¢−� 0,0033. �� à¨á. 7 ¯®ª�§�−ë à¥§ã«ìâ�âë ¢ëç¨á«¨â¥«ì−®£® íªá¯¥à¨¬¥−-

÷¨á. 7 ƒà�ä¨ª¨ à¥�«¨§�æ¨¨ ‘â� X(t) (�), â®ç−ëå §−�ç¥−¨© Dtrue (1) ¤¨á¯¥àá¨¨ ‘â�
X(t) ¨ ¥¥ ®æ¥−ª¨ Dprib (2) (¡) ¨ ¬®¤ã«ï ®è¨¡ª¨ ®æ¥−ª¨ ¤¨á¯¥àá¨¨ (¢) −� ®âà¥§ª¥ [0, 8],
¯®«ãç¥−−ë¥ á ¯à¨¬¥−¥−¨¥¬ ˆ�� ú‘âˆ’-Š÷‚‹.1û
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â�. �¡� ¬¥â®¤� ¤�îâ ®¤¨−�ª®¢ë© ¯®àï¤®ª â®ç−®áâ¨. �à¨ íâ®¬ ‚�‘ ¯à®é¥
¢ ¬�â¥¬�â¨ç¥áª®¬ ¨ �«£®à¨â¬¨ç¥áª®¬ ¯«�−¥.

5 Заключение

÷�§à�¡®â�− −®¢ë© ¬¥â®¤ ¯®áâà®¥−¨ï Š÷ áª�«ïà−®£® ‘â�, §�¤�−−®£® −� ª®−¥ç-
−®¬ ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨, −� ®á−®¢¥ âà¥åá«®©−®© ‚�‘. ‘ªàëâë© á«®© §�¤�¥âáï
−� ®á−®¢¥ ¢ë¡à�−−®£® ®àâ®−®à¬¨à®¢�−−®£® ¡�§¨á� ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨
−®á¨â¥«ï¬¨. „«ï ®¡ãç¥−¨ï ‚�‘ ¯à¨¬¥−ï¥âáï ¬¥â®¤ −�¨áª®à¥©è¥£® á¯ãáª�.

‚ à¥§ã«ìâ�â¥ ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢ ¡ë«® ®¯à¥¤¥«¥−®, çâ® à�§à�-
¡®â�−−ë© �«£®à¨â¬ ®¡¥á¯¥ç¨¢�¥â ¬�ªá¨¬�«ì−ãî áª®à®áâì ®¡ãç¥−¨ï ‚�‘ ¡¥§
¯®â¥à¨ ãáâ®©ç¨¢®áâ¨ ¯à¨ ¯�à�¬¥âà¥ áª®à®áâ¨ ®¡ãç¥−¨ï, à�¢−®¬ 0,8, ¨ ¯à¨ ç¨á«¥
â¥áâ®¢ëå ¯à¨¬¥à®¢, à�¢−®¬ ç¨á«ã ¡�§¨á−ëå ¢¥©¢«¥â-äã−ªæ¨©. ‘à�¢−¨â¥«ì-
−ë© �−�«¨§ ¤¢ãå ¬¥â®¤®¢ ¯®áâà®¥−¨ï Š÷: ‚«Š÷ (à¥ªãàà¥−â−ë©) ¨ Š÷‚�‘ |
¯®ª�§�«¨ ®¤¨−�ª®¢ãî ¢ëç¨á«¨â¥«ì−ãî â®ç−®áâì. �à¥¨¬ãé¥áâ¢® Š÷‚�‘ ¯®
áà�¢−¥−¨î á ‚«Š÷ §�ª«îç�¥âáï ¢ ¯à¥¤áâ�¢«¥−¨¨ ‘â� ¢ ¢¨¤¥ «¨−¥©−®© ª®¬¡¨−�-
æ¨¨ ¡�§¨á−ëå ¢¥©¢«¥â-äã−ªæ¨© á® á«ãç�©−ë¬¨ ª®íää¨æ¨¥−â�¬¨, çâ® ã¯à®é�¥â
¢ë¯®«−¥−¨¥ à�§«¨ç−ëå ¬�â¥¬�â¨ç¥áª¨å ®¯¥à�æ¨©.

�®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¤®¯ãáª�îâ ®¡®¡é¥−¨¥ −� á«ãç�© ¢¥ªâ®à−®£® ‘â�,
� â�ª¦¥ ¯à¨¬¥−¥−¨¥ ¯à¨ à�§à�¡®âª¥ −®¢ëå ¬¥â®¤®¢ �−�«¨§� ¨ á¨−â¥§� ‘â‘
à�§«¨ç−®£® −�§−�ç¥−¨ï.
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Abstract: For scalar stochastic processes (StP) at finite time intervals and
their canonical expansions (CE), a technology based on wavelet neural networks
(WNN) is constructed. For WNN learning, the method of steepest descent was
used. The three-layer WNN architecture is presented. The activation functions of
the latent layer are based on chosen wavelet basis with general compact carrier.
For StP covariance function, a special WNN algorithm of CE construction is
developed. The covariance function CE corresponds to CE StP in the form
of linear combination of wavelet basis with zero mathematical expectations and
variances defined by the suggested algorithm. A numerical example illustrates
CE WNN preference with wavelet CE.
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А. С. Румянцева1, Ф. А. Москалева2, А. К. Самуйлов3, С. Я. Шоргин4,
Ю. В. Гайдамака5

�−−®â�æ¨ï: “¢¥«¨ç¥−¨¥ ç¨á«� ¯®«ì§®¢�â¥«¥© ¨ ¢ëá®ª¨¥ âà¥¡®¢�−¨ï ª á¥â¨
¯à¨¢¥«¨ ª −¥®¡å®¤¨¬®áâ¨ ¢−¥¤à¥−¨ï â¥å−®«®£¨¨ ¯¥à¥¤�ç¨ ¤�−−ëå −� ¬¨««¨-
¬¥âà®¢ëå ¢®«−�å (mmWave), çâ®¡ë ¯®¢ëá¨âì áª®à®áâì ¯¥à¥¤�ç¨ ¤�−−ëå ¨ ¬¨-
−¨¬¨§¨à®¢�âì §�¤¥à¦ª¨. �¥à¥å®¤ −� ¬¨««¨¬¥âà®¢ë© ¤¨�¯�§®− ¢®«− ¢ ¯ïâ®¬
¯®ª®«¥−¨¨ (5G) á¥â¥© á¢ï§¨ ãç¨âë¢�¥â ®á®¡¥−−®áâ¨ à¥�«¨§�æ¨¨ ¯à¥¤®áâ�¢«¥-
−¨ï ãá«ã£, ¢ ç¨á«¥ ª®â®àëå çã¢áâ¢¨â¥«ì−®áâì −�¯à�¢«¥−−ëå �−â¥−−ëå «ãç¥©
ª ¡«®ª¨à®¢ª�¬ à�¤¨®á¨£−�«�. Šà®¬¥ íâ®£®, ¯à¨ íää¥ªâ¨¢−®¬ ¯«�−¨à®¢�−¨¨
á¥â¨, ¯à¥¤®áâ�¢«ïîé¥© ®¤−®- ¨ ¬−®£®�¤à¥á−ë¥ ãá«ã£¨, âà¥¡ã¥âáï ¤®áâ¨£�âì
¡�«�−á� ¬¥¦¤ã ¢å®¤ïé¨¬¨ ¢ ¯à®â¨¢®à¥ç¨¥ à¥è¥−¨ï¬¨ ¤«ï íâ¨å ¤¢ãå â¨¯®¢
âà�ä¨ª�. ‚ áâ�âì¥ á ¯à¨¬¥−¥−¨¥¬ ¬¥â®¤®¢ â¥®à¨¨ ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï
à�§à�¡®â�−� ¬�â¥¬�â¨ç¥áª�ï ¬®¤¥«ì ¤«ï ®¯¨á�−¨ï ¬¥å�−¨§¬� ¯à¨®à¨â¨§�æ¨¨
¯à¨ ®¡á«ã¦¨¢�−¨¨ ª®¬¡¨−�æ¨¨ ®¤−®- ¨ ¬−®£®�¤à¥á−®£® âà�ä¨ª�, ¤«ï ª�¦¤®-
£® ¨§ ª®â®àëå ¯à¨−¨¬�¥âáï ¢® ¢−¨¬�−¨¥ ¢®§¬®¦−®áâì ¯®ï¢«¥−¨ï ¡«®ª�â®à®¢
¯àï¬®© ¢¨¤¨¬®áâ¨ (Line of Sight, LoS). �á®¡¥−−®áâ¨ à�á¯à®áâà�−¥−¨ï á¨£-
−�«� ãç¨âë¢�îâáï ¢ ¬®¤¥«¨ ç¥à¥§ à�§¡¨¥−¨¥ §®−ë ¯®ªàëâ¨ï −� ¤¢¥ ®¡«�áâ¨.
�®áâà®¥−−�ï ¬�â¥¬�â¨ç¥áª�ï ¬®¤¥«ì ¯®§¢®«ï¥â −�©â¨ �−�«¨â¨ç¥áª¨¥ ¢ëà�-
¦¥−¨ï ¤«ï ¢¥à®ïâ−®áâ¥© ¯®â¥à¨ ®¤−®- ¨ ¬−®£®�¤à¥á−ëå á®¥¤¨−¥−¨©, � â�ª¦¥
®¡ê¥¬� §�−ïâ®£® à¥áãàá� ª�ª ®â¤¥«ì−ë¬¨ â¨¯�¬¨ âà�ä¨ª� ¢ à�§−ëå ®¡«�-
áâïå §®−ë ¯®ªàëâ¨ï, â�ª ¨ ¢® ¢á¥© á¨áâ¥¬¥ ¢ æ¥«®¬. �� ¡�«�−á¥ ¬¥¦¤ã
¯¥à¥ç¨á«¥−−ë¬¨ ®á−®¢−ë¬¨ ¯®ª�§�â¥«ï¬¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ®á−®¢�− ¬¥â®¤
à�á¯à¥¤¥«¥−¨ï à�¤¨®à¥áãàá� ¡�§®¢®© áâ�−æ¨¨ (�‘) á¥â¨, ª®â®àë© ¯®§¢®«ï¥â
á«¥¤¨âì §� á®¡«î¤¥−¨¥¬ âà¥¡®¢�−¨© ª ª�ç¥áâ¢ã ¤«ï ®¡®¨å â¨¯®¢ ãá«ã£.

Š«îç¥¢ë¥ á«®¢�: mmWave; ®¤−®�¤à¥á−ë¥ á®¥¤¨−¥−¨ï; ¬−®£®�¤à¥á−ë¥ á®-
¥¤¨−¥−¨ï; LoS; ¡«®ª¨à®¢ª� LoS; ¬�â¥¬�â¨ç¥áª�ï ¬®¤¥«ì
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� ¬®¤¥«¨à®¢�−¨¨ á®¢¬¥áâ−®£® ®¡á«ã¦¨¢�−¨ï ®¤−®�¤à¥á−®£® ¨ ¬−®£®�¤à¥á−®£® âà�ä¨ª�

1 Введение

‚ á¥âïå 5G ¤«ï ¯®¤¤¥à¦�−¨ï ¢ëá®ª®áª®à®áâ−®© ¯¥à¥¤�ç¨ ¤�−−ëå á −¨§ª¨-
¬¨ §�¤¥à¦ª�¬¨ ¯®ï¢¨«�áì −¥®¡å®¤¨¬®áâì ¯à¨¢«¥ç¥−¨ï −¥§�¤¥©áâ¢®¢�−−®£® à�−¥¥
à�¤¨®à¥áãàá�, ¯®áª®«ìªã ¨á¯®«ì§ã¥¬�ï ¯®«®á� ç�áâ®â −¨¦¥ 6 ƒƒæ −¥ á¯à�¢«ï«�áì
á à�áâãé¥© −�£àã§ª®© ®â ãáâà®©áâ¢ mMTC (massive Machine-Type Communi-
cation) ¢ ãá«®¢¨ïå ¦¥áâª¨å âà¥¡®¢�−¨© URLLC (Ultra-Reliable Low Latency
Communication) ¯à¨«®¦¥−¨© [1]. �® íâ®© ¯à¨ç¨−¥ ¤«ï ¯¥à¥¤�ç¨ ¤�−−ëå −�ç�«¨
¨á¯®«ì§®¢�âìáï ¬¨««¨¬¥âà®¢ë¥ ¢®«−ë (á ç�áâ®â�¬¨ ®â 24 ¤® 100 ƒƒæ) [2], çâ®
®¡¥á¯¥ç¨«® ¤®¯®«−¨â¥«ì−ãî ¯®«®áã ¯à®¯ãáª�−¨ï, � §−�ç¨â, ¨ ¡�®«ìèãî áª®à®áâì
¯¥à¥¤�ç¨ ¤�−−ëå. �à¨ íâ®¬ ¯à¨è«®áì ãç¨âë¢�âì ®á®¡¥−−®áâ¨ ¯¥à¥¤�ç¨ ¤�−−ëå
−� ¢ëá®ª¨å ç�áâ®â�å, ®¤−� ¨§ ª®â®àëå §�ª«îç�¥âáï ¢ çã¢áâ¢¨â¥«ì−®áâ¨ á¨£−�«�
ª ¡«®ª¨à®¢ª¥ ¯àï¬®© ¢¨¤¨¬®áâ¨ ¬¥¦¤ã ¯à¨¥¬®-¯¥à¥¤�îé¨¬¨ ãáâà®©áâ¢�¬¨ [3].
�«®ª�â®à®¬ á¨£−�«� ¬®¦¥â áâ�âì ¯à�ªâ¨ç¥áª¨ «î¡®© ®¡ê¥ªâ, ¯®áª®«ìªã ¤«¨-
−� ¬¨««¨¬¥âà®¢ëå ¢®«− §−�ç¨â¥«ì−® ¬¥−ìè¥ à�§¬¥à®¢ ¡®«ìè¨−áâ¢� ¯à¥¤¬¥â®¢
¢ ®ªàã¦�îé¥© áà¥¤¥. ‚ à¥§ã«ìâ�â¥ −�àãè¥−¨ï ¯àï¬®© ¢¨¤¨¬®áâ¨ ¯à®¨áå®¤¨â
áãé¥áâ¢¥−−®¥ ¯�¤¥−¨¥ áª®à®áâ¨ ¯¥à¥¤�ç¨, çâ® ¬®¦¥â ¯à¨¢®¤¨âì ¤�¦¥ ª à�§àë¢ã
á®¥¤¨−¥−¨ï. ‚ à�¬ª�å ª®−æ¥¯æ¨¨ −�à¥§ª¨ à�¤¨®à¥áãàá®¢ á¥â¨ [4] ¯à¥¤ãá¬®âà¥−®
¯¥à¥à�á¯à¥¤¥«¥−¨¥ à�¤¨®à¥áãàá� �‘ ¤«ï ¢ë¤¥«¥−¨ï ¤®¯®«−¨â¥«ì−®£® à¥áãàá�
á æ¥«ìî ¯®¤¤¥à¦�−¨ï á®¥¤¨−¥−¨ï −� ¯¥à¨®¤ ¡«®ª¨à®¢ª¨ á¨£−�«� [5{7], çâ® ¤®«¦-
−® ®¡¥á¯¥ç¨¢�âì ª�ç¥áâ¢® ¯à¥¤®áâ�¢«¥−¨ï ãá«ã£¨ −� âà¥¡ã¥¬®¬ ãà®¢−¥. �à¨
íâ®¬ ¢ á¥âïå á ®¤−®�¤à¥á−®© ¨ ¬−®£®�¤à¥á−®© ¯¥à¥¤�ç¥© ¯à¨®à¨â¥â á«¥¤ã¥â ®â¤�-
¢�âì ¯®¤¤¥à¦�−¨î ¬−®£®�¤à¥á−ëå á®¥¤¨−¥−¨©, ®¡á«ã¦¨¢�îé¨å ¡®«ìè¥¥ ç¨á«®
¯®«ì§®¢�â¥«¥© á¥â¨ [8{11]. �¢â®àë [9] ¨á¯®«ì§ãîâ ¬�â¥¬�â¨ç¥áª¨© �¯¯�à�â
¤«ï ¨áá«¥¤®¢�−¨ï ¢«¨ï−¨ï ¤¢ãå â¨¯®¢ âà�ä¨ª� ¤àã£ −� ¤àã£� ¯à¨ ¢®§¬®¦−®áâ¨
−�àãè¥−¨ï ¯àï¬®© ¢¨¤¨¬®áâ¨ â®«ìª® ¤«ï ¬−®£®�¤à¥á−ëå á®¥¤¨−¥−¨©. �á®¡¥−-
−®áâì [8, 11] §�ª«îç�¥âáï ¢ ãç¥â¥ ¯à¨ ¬®¤¥«¨à®¢�−¨¨ ®¡á«ã¦¨¢�−¨ï ¤¢ãå â¨¯®¢
âà�ä¨ª� à�ááâ®ï−¨ï ®â �‘ ¤® ¯®«ì§®¢�â¥«ìáª®£® ãáâà®©áâ¢� (�“). �¢â®àë [10]
¯à¨ ¯®áâà®¥−¨¨ ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨ ¯à¨−¨¬�îâ ¢® ¢−¨¬�−¨¥ ¢®§¬®¦−®áâ¨
¯¥à¥ªàëâ¨ï ¯àï¬®© ¢¨¤¨¬®áâ¨ ¤«ï ®¡®¨å â¨¯®¢ âà�ä¨ª� ¨ ãç¨âë¢�îâ ®á®¡¥−-
−®áâ¨ à�á¯à®áâà�−¥−¨ï á¨£−�«�, à�§¡¨¢�ï §®−ã ¯®ªàëâ¨ï −� −¥áª®«ìª® ®¡«�áâ¥©
¯® ®â¤�«¥−−®áâ¨ ®â �‘, ¯à¨ íâ®¬ ¨§ãç¥−¨¥ å�à�ªâ¥à¨áâ¨ª ¬®¤¥«¨ ¯à®¨áå®¤¨â
á ¯®¬®éìî ¨¬¨â�æ¨®−−®£® ¬®¤¥«¨à®¢�−¨ï.

‚ ¤�−−®© à�¡®â¥, á«ã¦�é¥© ¯à®¤®«¦¥−¨¥¬ [12], ¯®áâà®¥−� ¬�â¥¬�â¨ç¥áª�ï
¬®¤¥«ì ¢ ¢¨¤¥ á¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï (‘Œ�) á ¯à¨®à¨â¥â−ë¬ ®¡á«ã¦¨-
¢�−¨¥¬ ¤«ï ¨§ãç¥−¨ï å�à�ªâ¥à¨áâ¨ª á¨áâ¥¬ë ç¥à¥§ áâ�æ¨®−�à−ë¥ ¢¥à®ïâ−®áâ¨,
¯®«ãç¥−−ë¥ ª�ª à¥è¥−¨¥ á¨áâ¥¬ë ãà�¢−¥−¨© à�¢−®¢¥á¨ï. Œ®¤¥«ì ãç¨âë¢�¥â
®á®¡¥−−®áâ¨ à�á¯à®áâà�−¥−¨ï á¨£−�«� á ¯®¬®éìî à�§¡¨¥−¨ï §®−ë ¯®ªàëâ¨ï −�
¤¢¥ ®¡«�áâ¨ ¯® ®â¤�«¥−−®áâ¨ ¯®«ì§®¢�â¥«¥© ®â �‘ ¨ ¢®§¬®¦−®áâì ¯®ï¢«¥−¨ï
¡«®ª�â®à� ¯àï¬®© ¢¨¤¨¬®áâ¨ ¤«ï ®¡®¨å â¨¯®¢ á®¥¤¨−¥−¨©. ‚ à�¡®â¥ ¨áá«¥¤ã-
îâáï á«¥¤ãîé¨¥ ¯®ª�§�â¥«¨ íää¥ªâ¨¢−®áâ¨: ¢¥à®ïâ−®áâ¨ ¡«®ª¨à®¢ª¨ ¤®áâã¯�
¨ ¯à¥àë¢�−¨ï á®¥¤¨−¥−¨©, ¢¥à®ïâ−®áâ¨ ¯®â¥à¨ ¨ áà¥¤−¥¥ ç¨á«® §�−ïâ®£® à¥áãàá�
á¥â¨.
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2 Системная модель

�� à¨á. 1 ¨§®¡à�¦¥−� §®−� ¯®ªàëâ¨ï �−â¥−−ë �‘ ¢ ¤¨�¯�§®−¥ ¬¨««¨¬¥âà®-
¢ëå ¢®«− ¢ ¢¨¤¥ á¥ªâ®à� ¢ 120◦, ®£à�−¨ç¥−−®£® ®ªàã¦−®áâìî, à�¤¨ãá ª®â®à®©
®¯à¥¤¥«ï¥âáï ¬®¤¥«ìî à�á¯à®áâà�−¥−¨ï á¨£−�«�. ‡®−� ¯®ªàëâ¨ï, ¢ ª®â®à®©
á«ãç�©−ë¬ ®¡à�§®¬ à�á¯à¥¤¥«¥−ë áâ�æ¨®−�à−ë¥ ¯®«ì§®¢�â¥«¨, £¥−¥à¨àãîé¨¥
§�¯à®áë −� ¯à¥¤®áâ�¢«¥−¨¥ ãá«ã£¨ ¯®áà¥¤áâ¢®¬ ®¤−®�¤à¥á−ëå ¨ ¬−®£®�¤à¥á−ëå
á®¥¤¨−¥−¨©, ¨ ¯®¤¢¨¦−ë¥ ¡«®ª�â®àë, ¢à¥¬ï ®â ¢à¥¬¥−¨ ¯¥à¥ªàë¢�îé¨¥ ¯àï¬ãî
¢¨¤¨¬®áâì ¬¥¦¤ã �‘ ¨ �“, ãá«®¢−® à�§¡¨â� −� ¤¢¥ ®¡«�áâ¨ ¯® ®â¤�«¥−−®áâ¨ ®â
�‘: ¡«¨¦−îî ¨ ¤�«ì−îî.

’à¥¡®¢�−¨ï ª ®¡ê¥¬ã à¥áãàá� ¤«ï ¯®¤¤¥à¦�−¨ï ®¤−®- ¨ ¬−®£®�¤à¥á−®£®
á®¥¤¨−¥−¨ï ®â ¯®«ì§®¢�â¥«¥©, −�å®¤ïé¨åáï ¢ ¡«¨¦−¥© ®¡«�áâ¨, −¨¦¥ á®®â¢¥â-
áâ¢ãîé¨å âà¥¡®¢�−¨© ¢ ¤�«ì−¥© ®¡«�áâ¨, çâ® ®¡ãá«®¢«¥−® ¯à®áâ¥©è¥© ¬®¤¥«ìî
à�á¯à®áâà�−¥−¨ï á¨£−�«� Free Space Path Loss, FSPL [5].

�®ï¢«¥−¨¥ ¡«®ª�â®à� ¯àï¬®© ¢¨¤¨¬®áâ¨ ¤«ï �“ ¢ ¡«¨¦−¥© ®¡«�áâ¨ −¥ ¯à¨¢®-
¤¨â ª ¬£−®¢¥−−®¬ã ¯à¥àë¢�−¨î á®¥¤¨−¥−¨ï, ¯®áª®«ìªã á−�ç�«� ¯«�−¨à®¢é¨ª®¬
�‘ ¤¥«�¥âáï ¯®¯ëâª� ¢ë¤¥«¨âì ¤®¯®«−¨â¥«ì−ë© ®¡ê¥¬ à¥áãàá�, −¥®¡å®¤¨¬ë©
¤«ï ¯®¤¤¥à¦�−¨ï á®¥¤¨−¥−¨ï. Œ−®£®�¤à¥á−ë¥ á®¥¤¨−¥−¨ï ¨¬¥îâ ¯à¨®à¨â¥â
−�¤ ®¤−®�¤à¥á−ë¬¨: ¥á«¨ −¥¤®áâ�â®ç−® á¢®¡®¤−®£® à¥áãàá� ¤«ï ¯®¤¤¥à¦�−¨ï
¬−®£®�¤à¥á−®£® á®¥¤¨−¥−¨ï ¢ ¡«¨¦−¥© ®¡«�áâ¨, ¯à¥àë¢�îâáï ®¤−®�¤à¥á−ë¥ á®-
¥¤¨−¥−¨ï, ç¨á«® ª®â®àëå ®¯à¥¤¥«ï¥âáï ®¡ê¥¬®¬ −¥®¡å®¤¨¬®£® à¥áãàá�. �à¨

÷¨á. 1 ‘å¥¬� §®−ë ¯®ªàëâ¨ï �‘
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� ¬®¤¥«¨à®¢�−¨¨ á®¢¬¥áâ−®£® ®¡á«ã¦¨¢�−¨ï ®¤−®�¤à¥á−®£® ¨ ¬−®£®�¤à¥á−®£® âà�ä¨ª�

¯®ï¢«¥−¨¨ ¡«®ª�â®à� ¤«ï �“ ¢ ¤�«ì−¥© ®¡«�áâ¨ ª�ç¥áâ¢® ¯¥à¥¤�ç¨ ¤�−−ëå ¢ à�-
¤¨®ª�−�«¥ à¥§ª® ¯�¤�¥â, ¯®íâ®¬ã ¯«�−¨à®¢é¨ª �‘ ¤¥«�¥â ¯®¯ëâªã å¥−¤®¢¥à� |
¯¥à¥ª«îç¥−¨ï ®¡á«ã¦¨¢�−¨ï á®¥¤¨−¥−¨ï −� á®á¥¤−îî �‘, ª®â®à�ï ¬®¦¥â ¢§ïâì
−� á¥¡ï ¯®¤¤¥à¦�−¨¥ íâ®£® á®¥¤¨−¥−¨ï ¢ á«ãç�¥ −�«¨ç¨ï á¢®¡®¤−®£® à¥áãàá�.

�®â¥àï §�¯à®á� −� ¯à¥¤®áâ�¢«¥−¨¥ ãá«ã£¨ ¢®§¬®¦−� ¨§-§� ¡«®ª¨à®¢ª¨ ¤®-
áâã¯� §�¯à®á� ¢ á¨áâ¥¬ã ¨«¨ ¨§-§� ¯à¥àë¢�−¨ï ã¦¥ ãáâ�−®¢«¥−−®£® á®¥¤¨−¥−¨ï.
�«®ª¨à®¢ª� ¤®áâã¯� | íâ® ¯®â¥àï §�¯à®á� ¢ ¬®¬¥−â ¯®áâã¯«¥−¨ï ¢ á¨áâ¥¬ã ¨§-§�
−¥¤®áâ�âª� −� �‘ á¢®¡®¤−®£® à¥áãàá� ¤«ï ãáâ�−®¢«¥−¨ï á®¥¤¨−¥−¨ï. �«®ª¨à®¢ª�
¤®áâã¯� ¬®¦¥â ¯à®¨§®©â¨ ª�ª ¤«ï ¬−®£®�¤à¥á−®£® §�¯à®á�, â�ª ¨ ¤«ï ®¤−®�¤à¥á-
−®£®, ¯à¨ç¥¬ ª�ª ¢ ¡«¨¦−¥© ®¡«�áâ¨, â�ª ¨ ¢ ¤�«ì−¥©. �à¥àë¢�−¨¥ á®¥¤¨−¥−¨ï |
íâ® ¯®â¥àï ¯à¨−ïâ®£® §�¯à®á� ¢® ¢à¥¬ï ¥£® ®¡á«ã¦¨¢�−¨ï. �à¥àë¢�−¨¥ á®¥¤¨−¥-
−¨© à�§−ëå â¨¯®¢ ¢ ¡«¨¦−¥© ¨«¨ ¤�«ì−¥© ®¡«�áâïå ¬®¦¥â ¡ëâì ¢ë§¢�−® à�§−ë¬¨
¯à¨ç¨−�¬¨. „«ï ®¤−®�¤à¥á−ëå á®¥¤¨−¥−¨© ¯à¥àë¢�−¨¥ ¬®¦¥â ¯à®¨§®©â¨ ¢ ¤¢ãå
á«ãç�ïå: ¯¥à¢®¥ | ¥á«¨ ¯®âà¥¡ã¥âáï ®á¢®¡®¤¨âì à¥áãàá ¤«ï ¯®¤¤¥à¦�−¨ï ¬−®-
£®�¤à¥á−®£® á®¥¤¨−¥−¨ï ¢ ¡«¨¦−¥© ®¡«�áâ¨, ¢â®à®¥ | ¥á«¨ ¯®ï¢¨âáï ¡«®ª�â®à
¯àï¬®© ¢¨¤¨¬®áâ¨ ¤«ï á®®â¢¥âáâ¢ãîé¥£® �“, ¯à¨ç¥¬ ¯à¥àë¢�−¨¥ ®¤−®�¤à¥á−®-
£® á®¥¤¨−¥−¨ï ¨§ ¡«¨¦−¥© ®¡«�áâ¨ ¢ â�ª®¬ á«ãç�¥ ¯à®¨áå®¤¨â ¯à¨ −¥¤®áâ�âª¥
á¢®¡®¤−®£® à¥áãàá� ¤«ï ¥£® ¯®¤¤¥à¦�−¨ï −� ¨áá«¥¤ã¥¬®© �‘, ¯à¥àë¢�−¨¥ ®¤−®-
�¤à¥á−®£® á®¥¤¨−¥−¨ï ¢ ¤�«ì−¥© ®¡«�áâ¨ | ¯à¨ −¥¤®áâ�âª¥ á¢®¡®¤−®£® à¥áãàá� −�
á®á¥¤−¥© �‘ (−¥ã¤�ç−�ï ¯®¯ëâª� å¥−¤®¢¥à�). �à¥àë¢�−¨¥ ¬−®£®�¤à¥á−ëå á®¥¤¨-
−¥−¨© ¢®§¬®¦−® â®«ìª® ¯à¨ ¯®ï¢«¥−¨¨ ¡«®ª�â®à� ¯àï¬®© ¢¨¤¨¬®áâ¨ ¤«ï ®¤−®£®
¨§ �“. �à¨ íâ®¬ ¯à¥à¢�âìáï ¬®¦¥â â®«ìª® ¬−®£®�¤à¥á−®¥ á®¥¤¨−¥−¨¥ ¢ ¤�«ì−¥©
®¡«�áâ¨, ¯®áª®«ìªã ¯à¨ −¥å¢�âª¥ ¤®áâã¯−®£® à¥áãàá� ¬−®£®�¤à¥á−®¥ á®¥¤¨−¥−¨¥
¢ ¡«¨¦−¥© ®¡«�áâ¨ ¢á¥£¤� ¯®¤¤¥à¦¨¢�¥âáï §� áç¥â ¯à¥àë¢�−¨ï ®¤−®�¤à¥á−ëå.

‘å¥¬� äã−ªæ¨®−¨à®¢�−¨ï á¨áâ¥¬ë ¤«ï ®¯¨á�−−®£® �«£®à¨â¬� ¯«�−¨à®¢é¨ª�
à�¤¨®à¥áãàá®¢ �‘ ¯®ª�§�−� −� à¨á. 2.

‚ á«¥¤ãîé¥¬ à�§¤¥«¥ ¯à¥¤áâ�¢«¥−� ¬�â¥¬�â¨ç¥áª�ï ¬®¤¥«ì ¤«ï �−�«¨§� ¯®-
ª�§�â¥«¥© íää¥ªâ¨¢−®áâ¨ á¨áâ¥¬ë.

3 Математическая модель

„«ï ¯®áâà®¥−¨ï ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨ ¢¢¥¤¥¬ á«¥¤ãîé¨¥ ã¯à®é�îé¨¥
¯à¥¤¯®«®¦¥−¨ï.

1. Œ¥å�−¨§¬ ¯à¨®à¨â¨§�æ¨¨: ¢ á«ãç�¥ −¥¤®áâ�âª� à¥áãàá� ¤«ï ¯®¤¤¥à¦�−¨ï
¬−®£®�¤à¥á−®£® á®¥¤¨−¥−¨ï ¢ ¡«¨¦−¥© ®¡«�áâ¨ ¯à¨ ¯®ï¢«¥−¨¨ ¡«®ª�â®à�
¯àï¬®© ¢¨¤¨¬®áâ¨ ¯à®¨áå®¤¨â ¯à¥àë¢�−¨¥ á®®â¢¥âáâ¢ãîé¥£® ç¨á«� ®¤−®-
�¤à¥á−ëå á®¥¤¨−¥−¨© ¢ ¯®àï¤ª¥ ã¡ë¢�−¨ï §�−ïâ®£® à¥áãàá� −� ®¤−® á®¥¤¨-
−¥−¨¥. Š�ª ¯à�¢¨«®, ¡®«ìè¨© ®¡ê¥¬ âà¥¡ã¥âáï ¤«ï á®¥¤¨−¥−¨© ¢ ãá«®¢¨ïå
¯àï¬®© ¢¨¤¨¬®áâ¨ (LoS) ¢ ¤�«ì−¥© ®¡«�áâ¨ ¨ ¤«ï á®¥¤¨−¥−¨© ¢ ãá«®¢¨ïå
®âáãâáâ¢¨ï ¯àï¬®© ¢¨¤¨¬®áâ¨ (nLoS, non Line-of-Sight) ¢ ¡«¨¦−¥© ®¡«�áâ¨,
� ¬¥−ìè¨© à¥áãàá | ¤«ï á®¥¤¨−¥−¨© ¢ ãá«®¢¨¨ ¯àï¬®© ¢¨¤¨¬®áâ¨ (LoS)
¢ ¡«¨¦−¥© ®¡«�áâ¨. “ª�§�−−ë© ¬¥å�−¨§¬ á®§¤�¥â −¥ï¢−ãî ¯à¨®à¨â¨§�æ¨î
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� ¬®¤¥«¨à®¢�−¨¨ á®¢¬¥áâ−®£® ®¡á«ã¦¨¢�−¨ï ®¤−®�¤à¥á−®£® ¨ ¬−®£®�¤à¥á−®£® âà�ä¨ª�

®¡á«ã¦¨¢�−¨ï ®¤−®�¤à¥á−ëå §�ï¢®ª á −¥¡®«ìè¨¬¨ âà¥¡®¢�−¨ï¬¨ ª à¥áãàáã
¢ ãá«®¢¨ïå ¯àï¬®© ¢¨¤¨¬®áâ¨ (LoS).

2. ‚ ¬®¬¥−â ¯®áâã¯«¥−¨ï §�¯à®á� ¤«ï ãáâ�−®¢«¥−¨ï á®¥¤¨−¥−¨ï âà¥¡ã¥âáï à¥-
áãàá, á®®â¢¥âáâ¢ãîé¨© ãá«®¢¨ï¬ ¯àï¬®© ¢¨¤¨¬®áâ¨. �à¥¤¯®«®¦¥−¨¥ ¤¥©-
áâ¢ã¥â ª�ª ¤«ï ®á−®¢−®© �‘, â�ª ¨ ¤«ï á®á¥¤−¨å �‘.

3. „«¨â¥«ì−®áâì á®¥¤¨−¥−¨ï, ¯¥à¥ª«îç¥−−®£® ¢ à¥§ã«ìâ�â¥ å¥−¤®¢¥à� á á®á¥¤-
−¥© �‘, à�¢−� ¤«¨â¥«ì−®áâ¨ á®¥¤¨−¥−¨ï, ãáâ�−®¢«¥−−®£® ¯à¨ ¯®áâã¯«¥−¨¨
§�¯à®á� −� ¨áá«¥¤ã¥¬ãî �‘.

�à®æ¥áá à�§¤¥«¥−¨ï à¥áãàá®¢ �‘ ¬®¦¥â ¡ëâì á¬®¤¥«¨à®¢�− á ¯®¬®éìî
à¥áãàá−®© ‘Œ� [13] á −¥®£à�−¨ç¥−−ë¬ ç¨á«®¬ ¯à¨¡®à®¢ ¨ ®£à�−¨ç¥−−ë¬ ç¨á-
«®¬ ¥¤¨−¨æ à¥áãàá�, à�¢−ë¬ R. ˆ−â¥−á¨¢−®áâ¨ ¯®áâã¯«¥−¨ï §�ï¢®ª −� ®¤−®-
¨ ¬−®£®�¤à¥á−ë¥ á®¥¤¨−¥−¨ï á®®â¢¥âáâ¢¥−−® ¢ ¡«¨¦−¥© ¨ ¤�«ì−¥© ®¡«�áâïå à�¢−ë
λc

U , λc
M ¨ λr

U , λr
M , ¯à¨ç¥¬

λr
U = λ

AP
U + λH

U ; λr
M = λ

AP
M + λH

M ,

£¤¥ λAPU/M | ¨−â¥−á¨¢−®áâì ¯®áâã¯«¥−¨ï §�ï¢®ª −� ®¤−®�¤à¥á−ë¥/¬−®£®�¤à¥á−ë¥

á®¥¤¨−¥−¨ï −�¯àï¬ãî −� ¨áá«¥¤ã¥¬ãî �‘; λH
U/M | ¨−â¥−á¨¢−®áâì ¯®áâã¯«¥-

−¨ï §�ï¢®ª −� ®¤−®�¤à¥á−ë¥/¬−®£®�¤à¥á−ë¥ á®¥¤¨−¥−¨ï ¢ à¥§ã«ìâ�â¥ å¥−¤®¢¥à�
á á®á¥¤−¨å �‘. „«ï ®¯¨á�−¨ï ¯à®æ¥¤ãàë ®¡á«ã¦¨¢�−¨ï §�ï¢®ª ¨á¯®«ì§ãîâáï ¯�-
à�¬¥âàë íªá¯®−¥−æ¨�«ì−®£® à�á¯à¥¤¥«¥−¨ï ¤«¨â¥«ì−®áâ¨ ®¡á«ã¦¨¢�−¨ï §�ï¢®ª
−� ®¤−®- ¨ ¬−®£®�¤à¥á−ë¥ á®¥¤¨−¥−¨ï á®®â¢¥âáâ¢¥−−® ¢ ¡«¨¦−¥© ¨ ¤�«ì−¥©
®¡«�áâïå µc

U , µc
M ¨ µr

U , µr
M . �«®ª¨à®¢ª� ¯àï¬®© ¢¨¤¨¬®áâ¨ ¬¥¦¤ã ãáâà®©áâ¢�¬¨

®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬¨ ¯�à�¬¥âà�¬¨:

{ θc
in ¨ θr

in (σc
in ¨ σr

in) | ¯�à�¬¥âàë íªá¯®−¥−æ¨�«ì−®£® à�á¯à¥¤¥«¥−¨ï á«ãç�©−®©
¢¥«¨ç¨−ë ¤«¨â¥«ì−®áâ¨ ¨−â¥à¢�«� ¢à¥¬¥−¨ ¬¥¦¤ã á®á¥¤−¨¬¨ ¯®ï¢«¥−¨ï¬¨
¡«®ª�â®à� LoS ¤«ï ¬−®£®�¤à¥á−ëå (®¤−®�¤à¥á−ëå) á®¥¤¨−¥−¨© ¢ ¡«¨¦−¥©
¨ ¤�«ì−¥© ®¡«�áâïå á®®â¢¥âáâ¢¥−−®;

{ θc
out ¨ σc

out | ¯�à�¬¥âàë íªá¯®−¥−æ¨�«ì−®£® à�á¯à¥¤¥«¥−¨ï á«ãç�©−®© ¢¥«¨-
ç¨−ë ¤«¨â¥«ì−®áâ¨ ¨−â¥à¢�«� ¡«®ª¨à®¢ª¨ LoS ¤«ï ¬−®£®�¤à¥á−ëå ¨ ®¤−®-
�¤à¥á−ëå á®¥¤¨−¥−¨© á®®â¢¥âáâ¢¥−−® ¢ ¡«¨¦−¥© ®¡«�áâ¨.

„�«¥¥ ®¡®§−�ç¨¬ ®¡ê¥¬ë âà¥¡®¢�−¨© ª à¥áãàá�¬ ¤«ï á®¥¤¨−¥−¨© ¤¢ãå â¨¯®¢
¢ ãá«®¢¨ïå ¯àï¬®© ¢¨¤¨¬®áâ¨ (LoS) ¨ ¯à¨ ¥¥ ®âáãâáâ¢¨¨ (nLoS) ¢ ¡«¨¦−¥©
¨ ¤�«ì−¥© ®¡«�áâïå:

{ dc
LoS ¨ dc

nLoS (bcLoS ¨ bcnLoS) | âà¥¡®¢�−¨ï ª à¥áãàáã ®¤−®�¤à¥á−ëå (¬−®-
£®�¤à¥á−ëå) á¥áá¨© ¯®«ì§®¢�â¥«¥© ¢ ¡«¨¦−¥© ®¡«�áâ¨ ¢ ãá«®¢¨ïå ¯àï¬®©
¢¨¤¨¬®áâ¨ (LoS) ¨ ¯à¨ ¥¥ ®âáãâáâ¢¨¨ (nLoS) á®®â¢¥âáâ¢¥−−®, ¯à¨ç¥¬ dc

LoS <
< dc

nLos ¨ bcLoS < bcnLoS;

{ dr (br) | âà¥¡®¢�−¨ï ª à¥áãàáã ®¤−®�¤à¥á−ëå (¬−®£®�¤à¥á−ëå) á¥áá¨© ¯®«ì-
§®¢�â¥«¥© ¢ ¤�«ì−¥© ®¡«�áâ¨ (¢ ãá«®¢¨ïå ¯àï¬®© ¢¨¤¨¬®áâ¨, ¯®áª®«ìªã
¢®§¬®¦−® â®«ìª® â�ª®¥ á®áâ®ï−¨¥ �“).
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�ãáâì

–dc = dc
nLoS − dc

LoS ; –bc = bc
nLoS − bc

LoS.

�ã¤¥¬ à�áá¬�âà¨¢�âì á¨áâ¥¬ã, ¢ ª®â®à®© à¥áãàá R ≥ bc
nLoS + br, çâ® ®¡¥á¯¥ç¨-

¢�¥â ¢®§¬®¦−®áâì ¢ª«îç¥−¨ï ¬−®£®�¤à¥á−ëå á®¥¤¨−¥−¨© ¢ ¡«¨¦−¥© ¨ ¤�«ì−¥©
®¡«�áâïå.

”ã−ªæ¨®−¨à®¢�−¨¥ á¨áâ¥¬ë ¬®¦−® ®¯¨á�âì á ¯®¬®éìî ¯ïâ¨¬¥à−®£® á«ãç�©-
−®£® ¯à®æ¥áá� (‘�)

X(t) = {(mc(t), uc(t), uc
nLoS(t),m

r(t), ur(t)) , t ≥ 0} ,

£¤¥ mc(t) ∈ {0, bc
LoS, b

c
nLoS} | ®¡ê¥¬ à¥áãàá�, ¢ë¤¥«¥−−ë© �‘ ¤«ï §�¯à®á� −�

ãáâ�−®¢«¥−¨¥ ¬−®£®�¤à¥á−®£® á®¥¤¨−¥−¨ï ¢ ¡«¨¦−¥© ®¡«�áâ¨ ¢ ¬®¬¥−â t; uc(t) ∈
∈ {0, 1, . . . , [R/dc

LoS]}| ç¨á«® ¢á¥å ®¤−®�¤à¥á−ëå á®¥¤¨−¥−¨© ¢ ¡«¨¦−¥© ®¡«�áâ¨
(¢á¥å ¢®§¬®¦−ëå: ¨ LoS, ¨ nLoS) ¢ ¬®¬¥−â t; uc

nLoS(t) ∈ {0, 1, . . . , [R/dc
nLoS]} |

ç¨á«® ®¤−®�¤à¥á−ëå á®¥¤¨−¥−¨© ¢ ãá«®¢¨ïå nLoS ¢ ¡«¨¦−¥© ®¡«�áâ¨ ¢ ¬®¬¥−â t;
mr(t) ∈ {0, br} | ®¡ê¥¬ à¥áãàá�, ¢ë¤¥«¥−−ë© �‘ ¤«ï §�ï¢®ª −� ãáâ�−®¢«¥−¨¥
¬−®£®�¤à¥á−®£® á®¥¤¨−¥−¨ï ¢ ¤�«ì−¥© ®¡«�áâ¨ ¢ ¬®¬¥−â t (¢®§¬®¦−ë â®«ìª®
ãá«®¢¨ï LoS, ¯®áª®«ìªã á®¥¤¨−¥−¨© ¢ ãá«®¢¨ïå ®âáãâáâ¢¨ï ¯àï¬®© ¢¨¤¨¬®áâ¨
(nLoS) ¢ ¤�«ì−¥© ®¡«�áâ¨ −¥â); ur(t) ∈ {0, 1, . . . , [R/dr]} | ç¨á«® ®¤−®�¤à¥á−ëå
á®¥¤¨−¥−¨© ¢ ¤�«ì−¥© ®¡«�áâ¨ ¢ á®áâ®ï−¨¨ nLoS ¢ ¬®¬¥−â t (¢®§¬®¦−ë â®«ìª®
ãá«®¢¨ï LoS, ¯®áª®«ìªã á®¥¤¨−¥−¨© ¢ ãá«®¢¨ïå ®âáãâáâ¢¨ï ¯àï¬®© ¢¨¤¨¬®áâ¨
(nLoS) ¢ ¤�«ì−¥© ®¡«�áâ¨ −¥â).

’®£¤� ¯à®áâà�−áâ¢® á®áâ®ï−¨© ¯à¨¬¥â ¢¨¤:

X =

{

(mc, uc, uc
nLoS,m

r, ur) : mc ∈ {0, bc
LoS, b

c
nLoS} , uc ∈

{

0, 1, . . . ,

[

R

dc
LoS

]}

,

uc
nLoS ∈

{

0, 1, . . . ,

[

R

dc
nLoS

]}

, mr ∈ {0, br}, ur ∈
{

0, 1, . . . ,

[

R

dr

]}

:

uc ≥ uc
nLoS, mc + ucdc

LoS + uc
nLoS–dc +mr + urdr ≤ R

}

.

‚ áâ�æ¨®−�à−®¬ à¥¦¨¬¥ §�á«ã¦¨¢�îé¨¥ ¨−â¥à¥á� ¬¥âà¨ª¨ ¬®£ãâ ¡ëâì ¢ëà�-
¦¥−ë ç¥à¥§ áâ�æ¨®−�à−ë¥ ¢¥à®ïâ−®áâ¨ ¯à®æ¥áá� X(t), ¯à¥¤áâ�¢«ïîé¥£® á®¡®©
à¥è¥−¨¥ á¨áâ¥¬ë ãà�¢−¥−¨© à�¢−®¢¥á¨ï. ‘â�−¤�àâ−ë© ¯®¤å®¤ ¯®§¢®«ï¥â ¯®«ã-
ç¨âì ¬¥âà¨ª¨ áã¬¬¨à®¢�−¨¥¬ áâ�æ¨®−�à−ëå ¢¥à®ïâ−®áâ¥© ¯® á®®â¢¥âáâ¢ãîé¥¬ã
¯®¤¯à®áâà�−áâ¢ã á®áâ®ï−¨© ¬®¤¥«¨, ª�ª íâ® á¤¥«�−®, −�¯à¨¬¥à, ¢ [13]. „«ï
¨««îáâà�æ¨¨ ¢ á«¥¤ãîé¥¬ à�§¤¥«¥ ¯à¨¢¥¤¥− ¯à¨¬¥à ç¨á«¥−−®£® íªá¯¥à¨¬¥−â�
¯® �−�«¨§ã ¢¥à®ïâ−®áâ¨ ¯®â¥à¨ ®¤−®- ¨ ¬−®£®�¤à¥á−ëå á®¥¤¨−¥−¨© ¢ ¡«¨¦−¥©
¨ ¤�«ì−¥© ®¡«�áâïå ¨ ¢® ¢á¥© á¨áâ¥¬¥ ¢ æ¥«®¬, � â�ª¦¥ ª®íää¨æ¨¥−â� ¨á¯®«ì§®-
¢�−¨ï à¥áãàá� ®â¤¥«ì−ë¬¨ â¨¯�¬¨ âà�ä¨ª� ¨ ¢á¥© á¨áâ¥¬®© ¢ æ¥«®¬.
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4 Численный анализ

‚ ¤�−−®¬ à�§¤¥«¥ ¯à®¢®¤¨âáï ç¨á«¥−−ë© �−�«¨§ ¢«¨ï−¨ï á¨áâ¥¬−ëå ¯�à�-
¬¥âà®¢, ¯à¥¤áâ�¢«¥−−ëå ¢ â�¡«¨æ¥ [8,14], −� ¨áá«¥¤ã¥¬ë¥ å�à�ªâ¥à¨áâ¨ª¨.

“¢¥«¨ç¥−¨¥ ¨−â¥−á¨¢−®áâ¨ ¯®áâã¯«¥−¨ï ®¤−®�¤à¥á−ëå §�ï¢®ª ¢ ¡«¨¦−îî
®¡«�áâì λc

U ¢¥¤¥â ª ¯®¢ëè¥−¨î ¢¥à®ïâ−®áâ¨ ¯®â¥à¨ §�ï¢®ª ¢á¥å ç¥âëà¥å ¯®â®ª®¢
(à¨á. 3). ‚�¦−® §�¬¥â¨âì, çâ® ¯®â¥à¨ §�ï¢®ª, ¨−â¥−á¨¢−®áâì ¯®áâã¯«¥−¨ï ª®â®àëå
−¥ ã¢¥«¨ç¨¢�¥âáï (Br

U , Bc
M ¨ Br

M ), á¢ï§�−ë ¯à¥¨¬ãé¥áâ¢¥−−® á ¡«®ª¨à®¢ª®© ¨å
¤®áâã¯� (Br arr

U , Bc arr
M ¨ Br arr

M ). �â¬¥â¨¬, çâ® à¥áãàá §�−ïâ ¯à¥¨¬ãé¥áâ¢¥−−®

®¤−®�¤à¥á−ë¬¨ §�ï¢ª�¬¨ ¨§ ¡«¨¦−¥© ®¡«�áâ¨ (Rc
U ), â. ¥. §�ï¢ª�¬¨, ¨−â¥−á¨¢−®áâì

¯®áâã¯«¥−¨ï ª®â®àëå ¢®§à�áâ�¥â (à¨á. 4). �à¨ λc
U > 40 ®¤−®�¤à¥á−ë¥ §�ï¢ª¨ ¨§

¡«¨¦−¥© ®¡«�áâ¨ −�ç¨−�îâ §�−¨¬�âì ¯®çâ¨ ¢¥áì à¥áãàá á¥â¨, ¯®«−®áâìî ¢ëâ¥á−ïï
§�ï¢ª¨ ¤àã£¨å ¯®â®ª®¢. ‚ ãá«®¢¨ïå ®âáãâáâ¢¨ï §�ï¢®ª ¨áª«îç�¥âáï ¢®§¬®¦−®áâì
¨å ¯à¥àë¢�−¨ï, ¯®íâ®¬ã ¯à¥àë¢�−¨¥ ¢−®á¨â −¥§−�ç¨â¥«ì−ë© ¢ª«�¤ ¢ ¯®â¥à¨
¬−®£®- ¨ ®¤−®�¤à¥á−ëå §�ï¢®ª ¢ ¡«¨¦−¥© ®¡«�áâ¨.

‚¥à®ïâ−®áâì ¯®â¥à¨ á�¬¨å ®¤−®�¤à¥á−ëå §�ï¢®ª ¨§ ¡«¨¦−¥© ®¡«�áâ¨ (à¨á. 5,
Bc

U ) §�¢¨á¨â ¢ ¡®«ìè¥© áâ¥¯¥−¨ ®â ¢¥à®ïâ−®áâ¨ ¯à¥àë¢�−¨ï (Bc pr
U ). �à¥àë¢�−¨¥

‘¨áâ¥¬−ë¥ ¯�à�¬¥âàë

�¡®§−�ç¥−¨¥ �¯¨á�−¨¥
‡−�ç¥−¨ï

¯® ã¬®«ç�−¨î
R …¬ª®áâì á¨áâ¥¬ë 1024 Œ¡¨â/á

dc

LoS
dc

nLoS
dr

’à¥¡®¢�−¨¥ ª à¥áãàáã
¤«ï ®¤−®�¤à¥á−®£® á®¥¤¨−¥−¨ï
¢ á®áâ®ï−¨¨ LoS, nLoS
¢ ¡«¨¦−¥© ¨ ¤�«ì−¥© ®¡«�áâïå

30 Œ¡¨â/á
45 Œ¡¨â/á
60 Œ¡¨â/á

bcLoS
bcnLoS
br

’à¥¡®¢�−¨¥ ª à¥áãàáã
¤«ï ¬−®£®�¤à¥á−®£® á®¥¤¨−¥−¨ï
¢ á®áâ®ï−¨¨ LoS, nLoS
¢ ¡«¨¦−¥© ¨ ¤�«ì−¥© ®¡«�áâïå

40 Œ¡¨â/á
60 Œ¡¨â/á
80 Œ¡¨â/á

µc

U

µr

U

µc

M

µr

M

ˆ−â¥−á¨¢−®áâì ®¡á«ã¦¨¢�−¨ï
®¤−®- ¨ ¬−®£®�¤à¥á−ëå §�ï¢®ª
¢ ¡«¨¦−¥© ¨ ¤�«ì−¥© ®¡«�áâïå

2,0 c−1

1,5 c−1

1,5 c−1

1,0 c−1

σc

in = σ
r

in = θ
c

in = θ
r

in

ˆ−â¥−á¨¢−®áâì ¯®ï¢«¥−¨ï ¡«®ª�â®à�
LoS ¤«ï ®¤−®- ¨ ¬−®£®�¤à¥á−ëå
á®¥¤¨−¥−¨© ¢ ¡«¨¦−¥© ¨ ¤�«ì−¥©
®¡«�áâïå

4 c−1

σc
out = θ

c
out

ˆ−â¥−á¨¢−®áâì ãå®¤� ¡«®ª�â®à� LoS
¤«ï ®¤−®- ¨ ¬−®£®�¤à¥á−ëå
á®¥¤¨−¥−¨© ¢ ¡«¨¦−¥© ®¡«�áâ¨

1,25 c−1

λc

U

λc

M

λr

U

λr

M

ˆ−â¥−á¨¢−®áâì ¯®áâã¯«¥−¨ï §�ï¢®ª
−� ®¤−®- ¨ ¬−®£®�¤à¥á−ë¥
á®¥¤¨−¥−¨ï ¢ ¡«¨¦−¥© ¨ ¤�«ì−¥©
®¡«�áâïå

[1, . . . , 20] §�ï¢®ª/á
12 §�ï¢®ª/á
4 §�ï¢ª /̈á

10 §�ï¢®ª/á
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÷¨á. 3 ‚¥à®ïâ−®áâ¨ ¯à¥àë¢�−¨ï ¢ §�¢¨á¨¬®áâ¨ ®â ¨−â¥−á¨¢−®áâ¨ ¯®áâã¯«¥−¨ï ®¤−®-

�¤à¥á−ëå §�ï¢®ª ¢ ¡«¨¦−îî ®¡«�áâì: 1 | Br pr
M

; 2 | Br pr
U

; 3 | Bc pr
U

; 4 | Br prM
U

;

5 | Bc prM
U

; 6 | Bc prM Los
U

; 7 | Bc prM nLoS
U

÷¨á. 4 ‘à¥¤−¨© ®¡ê¥¬ §�−¨¬�¥¬®£® à¥áãàá� ¢ §�¢¨á¨¬®áâ¨ ®â ¨−â¥−á¨¢−®áâ¨ ¯®áâã¯«¥-
−¨ï ®¤−®�¤à¥á−ëå §�ï¢®ª ¢ ¡«¨¦−îî ®¡«�áâì: 1 | R; 2 | Rc; 3 | Rr; 4 | RU ; 5 |
RM ; 6 | Rc

U
; 7 | Rr

U
; 8 | Rc

M
; 9 | Rr

M
; 10 | RUc Los ; 11 | RUc nLos

¯à¥¨¬ãé¥áâ¢¥−−® ¯à®¨áå®¤¨â ¤«ï ®¤−®�¤à¥á−ëå §�ï¢®ª ¢ ¡«¨¦−¥© ®¡«�áâ¨ ¯à¨

¯®ï¢«¥−¨¨ ¡«®ª�â®à� (Bc prU
U ) ¢ á®áâ®ï−¨¨, ª®£¤� á¢®¡®¤−®£® à¥áãàá� ¢ á¨áâ¥¬¥

−¥¤®áâ�â®ç−® ¤«ï ¯®¤¤¥à¦�−¨ï ¨§-§� ¢ëá®ª®© §�£àã¦¥−−®áâ¨ á¨áâ¥¬ë.
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÷¨á. 5 ‚¥à®ïâ−®áâ¨ ¯®â¥à¨ ¢ §�¢¨á¨¬®áâ¨ ®â ¨−â¥−á¨¢−®áâ¨ ¯®áâã¯«¥−¨ï ®¤−®�¤à¥á−ëå
§�ï¢®ª ¢ ¡«¨¦−îî ®¡«�áâì: 1 | Bc

U
; 2 | Br

U
; 3 | Bc

M
; 4 | Br

M

‚¥à®ïâ−®áâ¨ ¯®â¥à¨ §�ï¢®ª ¨««îáâà¨àãîâ ¯®àï¤®ª ¯à¥àë¢�−¨ï §�ï¢®ª âà¥å
¯®â®ª®¢ ¯à¨ à®áâ¥ −�£àã§ª¨ ®¤−®�¤à¥á−ë¬¨ §�ï¢ª�¬¨ ¢ ¡«¨¦−¥© ®¡«�áâ¨. �®-
áª®«ìªã ¤«ï à�áá¬®âà¥−−®£® −�¡®à� ¨áå®¤−ëå ¤�−−ëå dr > dc

nLoS > dc
LoS, â®

¯¥à¢ë¬ ¯à¨ à®áâ¥ −�£àã§ª¨ ¯à¥àë¢�¥âáï ®¡á«ã¦¨¢�−¨¥ ®¤−®�¤à¥á−ëå §�ï¢®ª
¢ ¤�«ì−¥© ®¡«�áâ¨ (Br pr

U ). ‚â®àë¬¨ ª�−¤¨¤�â�¬¨ −� ¯à¥àë¢�−¨¥ áâ�−®¢ïâáï
®¤−®�¤à¥á−ë¥ §�ï¢ª¨ ¢ ¡«¨¦−¥© ®¡«�áâ¨ ¢ ãá«®¢¨ïå nLoS (Bc pr

U ), � §�â¥¬, ª®£¤�
®¤−®�¤à¥á−ëå §�ï¢®ª ¨§ ¤�«ì−¥© ¨ ¡«¨¦−¥© ®¡«�áâ¥© ¢ ãá«®¢¨ïå nLoS áâ�−¥â −¥-
¤®áâ�â®ç−® ¤«ï ¯®¤¤¥à¦�−¨ï ®¡á«ã¦¨¢�−¨ï ¬−®£®�¤à¥á−®© §�ï¢ª¨, ¯®¤ª«îç�âáï
¯à¥àë¢�−¨ï ®¤−®�¤à¥á−ëå §�ï¢®ª ¨§ ¡«¨¦−¥© ®¡«�áâ¨ ¢ á®áâ®ï−¨¨ LoS.

‡�¬¥â¨¬, çâ® ¯à¨ ¨áá«¥¤®¢�−−®¬ −�¡®à¥ §−�ç¥−¨© ¯�à�¬¥âà®¢ á¨áâ¥¬ë (á¬.
â�¡«¨æã) ¨ ¨−â¥−á¨¢−®áâ¨ ¯®áâã¯«¥−¨ï §�ï¢®ª −� ®¤−®�¤à¥á−ë¥ á®¥¤¨−¥−¨ï
¢ ¡«¨¦−îî ®¡«�áâì ¬¥−¥¥ 20 §�ï¢®ª/á §−�ç¥−¨ï ¢¥à®ïâ−®áâ¥© ¯®â¥à¨ §�ï¢®ª,
®¯à¥¤¥«ïîé¨¥ ¢¥à®ïâ−®áâ¨ ®âª�§®¢ ¢ ¯à¥¤®áâ�¢«¥−¨¨ ãá«ã£¨, ã¤®¢«¥â¢®àïîâ
âà¥¡®¢�−¨ï¬ áâ�−¤�àâ®¢ ¤«ï ãá«ã£ 4K ¢¨¤¥® ¯® §�¯à®áã (®¤−®�¤à¥á−�ï ¯¥à¥¤�ç�)
¨ ¯àï¬®© âà�−á«ïæ¨ï ¢ ä®à¬�â¥ 4K (¬ã«ìâ¨¢¥é�−¨¥) [14], � ¨¬¥−−®: ¢¥à®ïâ−®áâ¨
¯®â¥à¨ −¥ ¡®«¥¥ 10−3. �â® á¢¨¤¥â¥«ìáâ¢ã¥â ® â®¬, çâ® ¯à¥¤«®¦¥−−ë© ¬¥å�−¨§¬
¯à¨®à¨â¨§�æ¨¨ ¯®§¢®«ï¥â ®¡¥á¯¥ç¨âì âà¥¡ã¥¬®¥ ª�ç¥áâ¢® ¯à¥¤®áâ�¢«¥−¨ï ãá«ã£¨.

5 Заключение

÷¥§ã«ìâ�âë ç¨á«¥−−®£® �−�«¨§� ¯®ª�§�«¨, çâ® ¢ëá®ª�ï −�£àã§ª� §�¯à®á�¬¨
−� ¯à¥¤áâ�¢«¥−¨¥ ãá«ã£¨ ¯® ¯à¨−æ¨¯ã ¬−®£®�¤à¥á−®© ¤®áâ�¢ª¨ ¤�−−ëå ¢¥¤¥â
ª −¥ï¢−®¬ã à¥§¥à¢¨à®¢�−¨î à¥áãàá� ¬−®£®�¤à¥á−ë¬¨ á®¥¤¨−¥−¨ï¬¨ ¢ á¨áâ¥¬¥,
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á®¯à®¢®¦¤�îé¥¬ãáï à®áâ®¬ ¢¥à®ïâ−®áâ¨ ¡«®ª¨à®¢ª¨ ¤®áâã¯� §�¯à®á®¢ ®¤−®-
�¤à¥á−®© ¤®áâ�¢ª¨ ¤�−−ëå ¢á«¥¤áâ¢¨¥ ã¬¥−ìè¥−¨ï á¢®¡®¤−®£® à¥áãàá� á¥â¨. �à¨
íâ®¬ ¨áá«¥¤ã¥¬ë© ¬¥å�−¨§¬ ¯à¨®à¨â¨§�æ¨¨, ®¯à¥¤¥«ïîé¨© ¯®àï¤®ª ¢ë¡®à�
§�ï¢®ª ¤«ï ¯à¥àë¢�−¨ï ®¡á«ã¦¨¢�−¨ï, ¯à¨¢®¤¨â ª ¢ëâ¥á−¥−¨î ¬¥−¥¥ ¯à¨®à¨-
â¥â−ëå ®¤−®�¤à¥á−ëå §�ï¢®ª ¢−¥ §�¢¨á¨¬®áâ¨ ®â ãá«®¢¨© ¯àï¬®© ¢¨¤¨¬®áâ¨
¬¥¦¤ã �‘ ¨ �“. �¤−�ª® ¢ ¤¨�¯�§®−¥ −�£àã§®ª, ¯®«ãç¥−−®¬ ¢ à¥§ã«ìâ�â¥ ¨á-
á«¥¤®¢�−¨ï, §−�ç¥−¨ï ¢¥à®ïâ−®áâ¥© ¯®â¥à¨ §�ï¢®ª, ®¯à¥¤¥«ïîé¨¥ ¢¥à®ïâ−®áâ¨
®âª�§®¢ ¢ ¯à¥¤®áâ�¢«¥−¨¨ ãá«ã£¨, ã¤®¢«¥â¢®àïîâ âà¥¡®¢�−¨ï¬ áâ�−¤�àâ®¢, çâ®
á¢¨¤¥â¥«ìáâ¢ã¥â ® âà¥¡ã¥¬®¬ ª�ç¥áâ¢¥ ¯à¥¤®áâ�¢«¥−¨ï ãá«ã£¨.
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ON MODELING SHARED SERVICE OF UNICAST
AND MULTICAST TRAFFIC WITH PRIORITIZATION

A. S. Rumyantseva1, F. A. Moskaleva1, A. K. Samouylov1, S. Ya. Shorgin2,
and Yu. V. Gaidamaka1,2

1RUDN University, 6 Miklukho-Maklaya Str., Moscow 117198, Russian Federa-
tion
2Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation

Abstract: The increase in the number of users and high network requirements
have led to the need to introduce millimeter wave data transmission technology
(mmWave) in order to increase data transfer speeds and minimize delays. The
transition to the millimeter wave band in the fifth generation of communication
networks allows the specifics of the implementation of the provision of services,
including the sensitivity of directional antenna beams to radio signal blocking.
In addition, when effectively planning a network providing unicast and multicast
services, it is necessary to achieve a balance between opposite solutions for these
two types of traffic. In this article, using the methods of the queuing theory,
a mathematical model has been developed to describe the prioritizationmechanism
for servicing a combination of unicast and multicast traffic, for each of which
the possibility of line-of-sight (LoS) blockers is regarded. The features of signal
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propagation are taken into account in the model by dividing the coverage area
into two areas. The constructed mathematical model allows one to find analytical
expressions for the probabilities of loss of unicast and multicast connections as
well as the amount of occupied resource both by individual types of traffic in
different areas of the coverage area and in the entire system as a whole. The
method of distribution of the radio resource of the network base station is based
on the balance between the listed main performance indicators which allows one
to monitor compliance with quality requirements for both types of services.

Keywords: mmWave; unicast connections; multicast connections; LoS; LoS
blocking; mathematical model
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СТАТИСТИЧЕСКИЙ КРИТЕРИЙ СТАБИЛЬНОСТИ
СИСТЕМЫ МАССОВОГО ОБСЛУЖИВАНИЯ, ОСНОВАННЫЙ

НА ПОСЛЕДОВАТЕЛЬНОСТИ ВРЕМЕН ПРЕБЫВАНИЯ

М. П. Кривенко1

�−−®â�æ¨ï: ÷�áá¬�âà¨¢�¥âáï §�¤�ç� áâ�â¨áâ¨ç¥áª®© ¯à®¢¥àª¨ áâ�¡¨«ì−®áâ¨
á¨áâ¥¬ ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï (‘Œ�) −� ®á−®¢¥ å�à�ªâ¥à¨áâ¨ª ¯®á«¥¤®-
¢�â¥«ì−®áâ¨ §−�ç¥−¨© ¢à¥¬¥−¨ ¯à¥¡ë¢�−¨ï §�ï¢®ª ¢ á¨áâ¥¬¥. „«ï ¥¥ à¥è¥-
−¨ï ¯à¥¤«�£�¥âáï ¨á¯®«ì§®¢�âì ªà¨â¥à¨¨ ¥¤¨−¨ç−®£® ª®à−ï. “áâ�−�¢«¨¢�¥âáï
á¢ï§ì ¬¥¦¤ã ª®«¨ç¥áâ¢¥−−ë¬¨ ¨ ¢à¥¬¥−−ë¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨ á¨áâ¥¬ë ¢ áâ¨-
«¥ ä®à¬ã«ë ‹¨ââ«� ¤«ï −¥áâ�æ¨®−�à−®£® á«ãç�ï, çâ® ¯®§¢®«ï¥â á®¯®áâ�¢¨âì
rate-áâ�¡¨«ì−®áâì á® áâ�æ¨®−�à−®áâìî ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢à¥¬¥− ¯à¥¡ë¢�-
−¨ï. ‚ ª�ç¥áâ¢¥ ªà¨â¥à¨¥¢ áâ�æ¨®−�à−®áâ¨ à�áá¬�âà¨¢�îâáï âà¨ ¡�§®¢ë¥
¬®¤¥«¨ ¨ á®®â¢¥âáâ¢ãîé¨¥ â¥áâë „¨ª¨{”ã««¥à�. �¡áã¦¤�îâáï ®£à�−¨ç¥−¨ï
¯à¨¬¥−ï¥¬ëå áâ�â¨áâ¨ç¥áª¨å â�¡«¨æ. �à®¢¥¤¥−−®¥ ¨¬¨â�æ¨®−−®¥ ¨áá«¥¤®¢�-
−¨¥ ¯®§¢®«ï¥â á¤¥«�âì ¢ë¢®¤ë: ¢á¥ âà¨ â¥áâ� à¥è�îâ ¯®áâ�¢«¥−−ãî §�¤�çã
�−�«¨§� áâ�¡¨«ì−®áâ¨ á ï¢−®© ¯®â¥à¥© ª�ç¥áâ¢� ¯à¨−¨¬�¥¬ëå à¥è¥−¨© ¢ á«ã-
ç�¥ ¬®¤¥«¨ á ¤¥â¥à¬¨−¨à®¢�−−ë¬ «¨−¥©−ë¬ âà¥−¤®¬, ¢ ®¡«�áâ¨ áâ�¡¨«ì−®áâ¨
á¨áâ¥¬ ªà¨â¥à¨¨ ¢¥¤ãâ á¥¡ï åã¦¥, ç¥¬ ¢ ®¡«�áâ¨ −¥áâ�¡¨«ì−®áâ¨; ï¢−® ¯à®-
ï¢«ïîâáï ®¦¨¤�¥¬ë¥ â¥−¤¥−æ¨¨ ¯à¨¬¥−¥−¨ï â¥áâ®¢; −¥ª®â®àë¥ ®âª«®−¥−¨ï ®â
®¦¨¤�¥¬ëå à¥§ã«ìâ�â®¢ £®¢®àïâ ® −¥®¡å®¤¨¬®áâ¨ à�áè¨àïâì á¯¥ªâà ¯à¨¬¥−ï-
¥¬ëå ¬®¤¥«¥© ¨ á−¨¬�âì ®£à�−¨ç¥−¨ï ¨á¯®«ì§ã¥¬ëå áâ�â¨áâ¨ç¥áª¨å â�¡«¨æ.

Š«îç¥¢ë¥ á«®¢�: á¨áâ¥¬� ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï; �−�«¨§ ¢à¥¬¥−−ëå
àï¤®¢; â¥áâë ¥¤¨−¨ç−®£® ª®à−ï; â¥áâë „¨ª¨{”ã««¥à�; ¨¬¨â�æ¨®−−®¥ ¬®¤¥-
«¨à®¢�−¨¥
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1 Введение

”ã−ªæ¨®−¨à®¢�−¨¥ ‘Œ� ¯à¥¤¯®«�£�¥â, çâ® ç¥à¥§ ¥¥ ¢å®¤ ¨ ¢ëå®¤ á®®â¢¥â-
áâ¢¥−−® ¯à¨¡ë¢�îâ ¨ ã¡ë¢�îâ §�ï¢ª¨. „«ï ª�¦¤®£® −¥®âà¨æ�â¥«ì−®£® ¢à¥¬¥−¨ t
¯ãáâì A(t) ®¡®§−�ç�¥â ç¨á«® ¯à¨¡ë¢è¨å §�ï¢®ª (¢å®¤−®© ¯à®æ¥áá), D(t) | ¯®-
ª¨−ã¢è¨å á¨áâ¥¬ã (¢ëå®¤−®© ¯à®æ¥áá). ’®£¤� ®¡é¥¥ ç¨á«® N(t) §�ï¢®ª ¢ á¨áâ¥¬¥
¢ ¬®¬¥−â t à�¢−®

N(t) = N(0) +A(t)−D(t).

„�−−�ï ®¡é�ï ¬®¤¥«ì ¢å®¤−®£®{¢ëå®¤−®£® ¯à®æ¥áá� N(t) ¯®¤à�§ã¬¥¢�¥â á«¥¤ã-
îé¨¥ á¢®©áâ¢�: A(t) ¨ D(t) áãâì −¥ã¡ë¢�îé¨¥ −¥¯à¥àë¢−ë¥ á¯à�¢� ¯à®æ¥ááë,
N(t) ≥ 0 ¤«ï ¢á¥å t ≥ 0.

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, mkrivenko@ipiran.ru
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„«ï ¢à¥¬¥−¨ ¯à¨¡ëâ¨ï ¨ ã¡ëâ¨ï k-© §�ï¢ª¨, k = 1, 2, . . ., ¢¢¥¤¥¬ á�¬®áâ®ï-
â¥«ì−ë¥ ®¡®§−�ç¥−¨ï Ak ¨ Dk. ’®£¤�

A(t) = # {k : Ak ≤ t} ; D(t) = # {k : Dk ≤ t} .

’�ª¦¥ ®¯à¥¤¥«¨¬: N(t) = #{k : Ak ≤ t < Dk} = A(t) −D(t) | ç¨á«® §�ï¢®ª
¢ á¨áâ¥¬¥; Vk = Dk −Ak | ¢à¥¬ï ¯à¥¡ë¢�−¨ï k-© §�ï¢ª¨ ¢ á¨áâ¥¬¥.

�ãáâì 1{E} | ¨−¤¨ª�â®à á®¡ëâ¨ï E. ’®£¤�

N(t) =
∞
∑

k=1

1 {Ak ≤ t < Dk} ;

Vk =

∞
∫

0

1 {Ak ≤ t < Dk} dt .

2 Связь определений стабильности

÷�−¥¥ áâ�¡¨«ì−®áâì á¨áâ¥¬ë á® ááë«ª�¬¨ −� ®á−®¢®¯®«�£�îé¨¥ à�¡®âë ¡ë«�
®¯à¥¤¥«¥−� ¢ [1] ç¥à¥§ ¯®¢¥¤¥−¨¥ ¢å®¤−®£®{¢ëå®¤−®£® ¯à®æ¥áá� N(t) ¨«¨, çâ®
íª¢¨¢�«¥−â−®, −� ®á−®¢¥ ¢å®¤−®£® ¨ ¢ëå®¤−®£® ¯à®æ¥áá®¢ A(t) ¨ D(t). …á«¨
âà¥¡ã¥âáï á¤¥«�âì íâ® á ¯®¬®éìî ¢à¥¬¥−−�®£® àï¤� {Vk, k = 1, 2, . . .}, â® −¥®¡å®-
¤¨¬® ãáâ�−®¢¨âì á¢ï§ì ¬¥¦¤ã ª®«¨ç¥áâ¢¥−−ë¬¨ ¨ ¢à¥¬¥−− �ë¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨
‘Œ�, −�¯à¨¬¥à ¢ áâ¨«¥ ä®à¬ã«¨à®¢®ª §�ª®−� ‹¨ââ«�, −® ¯à¨ ®âª�§¥ ®â ãá«®¢¨ï
áâ�æ¨®−�à−®áâ¨.

‡�¬¥−¨¬ à�¢¥−áâ¢® ‹¨ââ«� −� ®£à�−¨ç¥−¨ï á−¨§ã ¨ á¢¥àåã ¤«ï
∫ t
0 L(s) ds −�

®á−®¢¥ ¯à¥¤áâ�¢«¥−¨ï
t
∫

0

N(s) ds =

t
∫

0

∞
∑

k=1

1{Ak ≤ s < Dk} ds .

‘−�ç�«� ¯®á«¥ ®â¡à�áë¢�−¨ï ç�áâ¨ á«�£�¥¬ëå ¨¬¥¥¬:

t
∫

0

∞
∑

k=1

1 {Ak ≤ s < Dk} ds ≥
t
∫

0

∑

{k:Dk<t}

1 {Ak ≤ s < Dk} ds =

=
∑

{k:Dk<t}

t
∫

0

1 {Ak ≤ s < Dk} ds =
∑

{k:Dk<t}

∞
∫

0

1 {Ak ≤ s < Dk} ds =
∑

{k:Dk<t}

Vk.

„�«¥¥ §� áç¥â à�áè¨à¥−¨ï ®¡«�áâ¨ ¨−â¥£à¨à®¢�−¨ï ¯®«ãç�¥¬:
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‘â�â¨áâ¨ç¥áª¨© ªà¨â¥à¨© áâ�¡¨«ì−®áâ¨ á¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï

t
∫

0

∞
∑

k=1

1 {Ak ≤ s < Dk} ds =

=

t
∫

0





∑

{k:Ak<t}

1 {Ak ≤ s < Dk}+
∑

{k:Ak≥t}

1 {Ak ≤ s < Dk}



 ds =

=

t
∫

0

∑

{k:Ak<t}

1 {Ak ≤ s < Dk} ds ≤
∞
∫

0

∑

{k:Ak<t}

1 {Ak ≤ s < Dk} ds =
∑

{k:Ak<t}

Vk.

’�ª¨¬ ®¡à�§®¬ ¯à¨å®¤¨¬ ª ¡�§®¢ë¬ á®®â−®è¥−¨ï¬:

∑

{k:Dk<t}

Vk ≤
t
∫

0

N(s) ds ≤
∑

{k:Ak<t}

Vk.

�®á«¥ ¤¥«¥−¨ï ¢á¥å ç�áâ¥© ¯®«ãç¥−−ëå −¥à�¢¥−áâ¢ −� t ¨ ¨á¯®«ì§®¢�−¨ï ¯à¥¤-
áâ�¢«¥−¨© ¢¨¤�

∑

{k:...}
Vk

t
=
#{k : . . .}

t

∑

{k:...}
Vk

#{k : . . .}
¯®«ãç�¥¬ í«¥¬¥−âë ä®à¬ã«ë ‹¨ââ«� ¨ ¢�¦−ë¥ ¤«ï áâ�â¨áâ¨ç¥áª®£® ª®−âà®«ï
áâ�¡¨«ì−®áâ¨ ¢ë¢®¤ë: ¤«ï áâ�¡¨«ì−®£® á«ãç�ï ¢à¥¬ï ¯à¥¡ë¢�−¨ï §�ï¢ª¨ ¢ á¨áâ¥-
¬¥ ¢ áà¥¤−¥¬ ¯®áâ®ï−−®, � ¤«ï −¥áâ�¡¨«ì−®£® | à�áâ¥â ¯® ªà�©−¥© ¬¥à¥ «¨−¥©−®.

�¡à�â¨¬ ¢−¨¬�−¨¥, çâ® «¥¢�ï ¨ ¯à�¢�ï ç�áâ¨ ¯®«ãç¥−−ëå ¡�§®¢ëå á®®â−®è¥-
−¨© áâ�−®¢ïâáï à�¢−ë¬¨ ¢ ¯¥à¨®¤ë ¯à®áâ®ï, â. ¥. ¤«ï â�ª¨å ¬®¬¥−â®¢ ¢à¥¬¥−¨ t,
ª®£¤� N(t) = 0. „«ï áâ�¡¨«ì−ëå á¨áâ¥¬ −�«¨ç¨¥ â�ª®¢ëå ¢®§¬®¦−®, −®, áâà®£®
£®¢®àï, −¨®âªã¤� −¥ á«¥¤ã¥â. �®íâ®¬ã ¯à¨ ¨á¯®«ì§®¢�−¨¨ à�¢¥−áâ¢, −�¯à¨-
¬¥à ¤«ï ®¡®á−®¢�−¨ï ä®à¬ã«ë ‹¨ââ«� ¤«ï áâ�¡¨«ì−ëå á¨áâ¥¬, ¢ [2] ¯à¨è«®áì
¤®¯®«−¨â¥«ì−® ¢¢®¤¨âì ãá«®¢¨¥ áãé¥áâ¢®¢�−¨ï ¯¥à¨®¤®¢ ¯à®áâ®ï.

‘ â®çª¨ §à¥−¨ï áâ�â¨áâ¨ç¥áª®£® ª®−âà®«ï äã−ªæ¨®−¨à®¢�−¨ï ‘Œ� ¢�¦−¥¥
¤àã£®¥: ¤«ï −¥áâ�¡¨«ì−ëå á¨áâ¥¬ N(t) «¨−¥©−® à�áâ¥â ¯à¨ ã¢¥«¨ç¨¢�îé¥¬áï t,
¯®íâ®¬ã ¢à¥¬ï ¯à¥¡ë¢�−¨ï ¢ á¨áâ¥¬¥ ¢ áà¥¤−¥¬ â�ª¦¥ à�áâ¥â ¯® ªà�©−¥© ¬¥à¥
«¨−¥©−®, â. ¥. −¥áâ�¡¨«ì−®áâì −� ®á−®¢¥ ¢å®¤−®£® ¨ ¢ëå®¤−®£® ¯®â®ª®¢ ¯®à®¦¤�¥â
¨§¬¥−¥−¨ï å�à�ªâ¥à¨áâ¨ª ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢à¥¬¥− ¯à¥¡ë¢�−¨ï ¢ á¨áâ¥¬¥.

3 Тесты единичного корня анализа стационарности

’¥¬�â¨ª� ú¥¤¨−¨ç−ë¥ ª®à−¥©û ®â−®á¨âáï ª ¨á¯®«ì§®¢�−¨î ®¡é¥© «¨−¥©−®©
¬®¤¥«¨ (�‹Œ) ¯à¨ �−�«¨§¥ ¢à¥¬¥−− �ëå àï¤®¢ ¢ ¯¥à¢ãî ®ç¥à¥¤ì ¢ ®¡«�áâ¨ íª®-
−®¬¥âà¨ª¨, ¥¥ ¯à¨¬¥−¥−¨¥ â�ª¦¥ ®â¬¥ç�¥âáï [3] ¢ ®â¤¥«ì−ëå ®âà�á«ïå £¥®−�ãª¨,
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¢ ä¨§¨®«®£¨¨ ¨ ¬¥¤¨æ¨−áª®© ¤¨�£−®áâ¨ª¥, ¯à¨ á®æ¨®«®£¨ç¥áª¨å ¨áá«¥¤®¢�−¨ïå,
¢ å®¤¥ �−�«¨§� ¢¥¡-âà�ä¨ª�. ‚¬¥áâ¥ á â¥¬ ¯ã¡«¨ª�æ¨¨, ¯®á¢ïé¥−−ë¥ â¥áâ¨à®¢�-
−¨î ¥¤¨−¨ç−®£® ª®à−ï ¯à¨¬¥−¨â¥«ì−® ª ‘Œ�, �¢â®àã áâ�âì¨ −�©â¨ −¥ ã¤�«®áì
¨ ¢ ¯¥à¢ãî ®ç¥à¥¤ì ¨§-§� ¬�«®ç¨á«¥−−®áâ¨ à�¡®â ¯® áâ�â¨áâ¨ç¥áª®¬ã ª®−âà®«î
äã−ªæ¨®−¨à®¢�−¨ï â�ª¨å á¨áâ¥¬ ¢ æ¥«®¬.

Š�ª ®ª�§ë¢�¥âáï, �−�«¨§¨àã¥¬ë¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢à¥¬¥− ¯à¥¡ë¢�−¨ï
®¡«�¤�îâ á¯¥æ¨ä¨ç¥áª¨¬¨ á¢®©áâ¢�¬¨ [1]: ¢ëá®ª®© áâ¥¯¥−ìî ¢à¥¬¥−−�®© á¢ï§�−-
−®áâ¨ ¨ −�«¨ç¨¥¬ ¨«¨ ®âáãâáâ¢¨¥¬ áâ�æ¨®−�à−®áâ¨. �â¨ á¢®©áâ¢� ¨−â¥à¥á−ë ª�ª
®á®¡¥−−®áâ¨ ¢à¥¬¥−− �ëå àï¤®¢ ¢®®¡é¥ ¨ �ªâã�«ì−ë á â®çª¨ §à¥−¨ï ãáâ�−®¢«¥−¨ï
áâ�¡¨«ì−®áâ¨. �®á«¥¤−¥¥ ¯à¨®¡à¥â�¥â ¯¥à¢®áâ¥¯¥−−®¥ §−�ç¥−¨¥ ¯à¨ à¥�«¨§�-
æ¨¨ ¬¥â®¤®«®£¨¨ �®ªá�{„¦¥−ª¨−á�: ¥á«¨, −�¯à¨¬¥à, ¢ ®¡«�áâ¨ íª®−®¬¥âà¨ª¨
−�«¨ç¨¥ âà¥−¤� ®¡ëç−® áâ�−®¢¨âáï ¬¥è�îé¨¬ ä�ªâ®à®¬ ¯à¨ à¥è¥−¨¨ §�¤�ç
¯à®£−®§¨à®¢�−¨ï, â® ¯à¨ ãáâ�−®¢«¥−¨¨ áâ�¡¨«ì−®áâ¨ ‘Œ� ¢ëï¢«¥−¨¥ à®áâ�
áà¥¤−¥£® ¢à¥¬¥−¨ ¯à¥¡ë¢�−¨ï áâ�−®¢¨âáï ª«îç¥¢ë¬. �à¨ íâ®¬ ¢ë¡®à �¤¥ª¢�â−®©
¬®¤¥«¨ ¤®«¦¥− −¥ â®«ìª® ¯à¨¢®¤¨âì ª −¥¯à®â¨¢®à¥ç¨¢ë¬ ®æ¥−ª�¬ ¥¥ ¯�à�¬¥â-
à®¢ ¨ á¢®¤¨âì ª ¬¨−¨¬ã¬ã ®è¨¡®ç−ë¥ à¥è¥−¨ï ¢ ¯¥à¢ãî ®ç¥à¥¤ì ¯à¨ ª®−âà®«¥
áâ�¡¨«ì−®áâ¨, −® ¨ ¯® ¢®§¬®¦−®áâ¨ ä®à¬¨à®¢�âì ®á−®¢ã à¥è¥−¨ï ¨−ëå §�¤�ç
�−�«¨§� ¤�−−ëå, ª�ª, −�¯à¨¬¥à, ¯à®£−®§�.

’¥áâ¨à®¢�−¨¥ ¥¤¨−¨ç−®£® ª®à−ï ¯à¥¤¯®«�£�¥â, çâ® ¨áá«¥¤ã¥¬ë© ¢à¥¬¥−−®©
àï¤ {yk, k = 1, 2, . . .} ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥− ª�ª

yk = dk + sk + εk ,

£¤¥ dk | ¤¥â¥à¬¨−¨à®¢�−−ë© ª®¬¯®−¥−â (¯®áâ®ï−−®¥ á¬¥é¥−¨¥, äã−ªæ¨®−�«ì−®
®¯¨á�−−ë© âà¥−¤, á¥§®−−ë¥ ¨§¬¥−¥−¨ï ¨ â. ¯.); sk | áâ®å�áâ¨ç¥áª¨© ª®¬¯®−¥−â
(¯à®æ¥ááë �¢â®à¥£à¥áá¨¨ | áª®«ì§ïé¥£® áà¥¤−¥£® ®¡é¥£® ¨ ç�áâ−®£® ¢¨¤�);
εk | áâ�æ¨®−�à−ë© ¯à®æ¥áá ®è¨¡®ª. ‡�¤�ç� á®áâ®¨â ¢ â®¬, çâ®¡ë ®¯à¥¤¥«¨âì,
ï¢«ï¥âáï sk −¥áâ�æ¨®−�à−ë¬ ¨«¨ áâ�æ¨®−�à−ë¬ ¯à®æ¥áá®¬.

‘â�æ¨®−�à−®áâì ¤�«¥¥ ¯®−¨¬�¥âáï ¢ è¨à®ª®¬ á¬ëá«¥, ª®£¤� ¬�â¥¬�â¨ç¥áª®¥
®¦¨¤�−¨¥ á«ãç�©−®£® ¯à®æ¥áá� ¯®áâ®ï−−®, � ª®àà¥«ïæ¨®−−�ï äã−ªæ¨ï §�¢¨á¨â
â®«ìª® ®â à�§−®áâ¨ �à£ã¬¥−â®¢. ˆ−â¥£à¨à®¢�−−ë© (à�§−®áâ−®-áâ�æ¨®−�à−ë©)
¯à®æ¥áá I(n) ¯®àï¤ª� n | íâ® â®â, ¤«ï ª®â®à®£® −�¤® ¯¥à¥©â¨ ª à�§−®áâï¬ n à�§,
çâ®¡ë ®− áâ�« áâ�æ¨®−�à−ë¬. „«ï ®¡ëç−ë¬ ®¡à�§®¬ ®¯à¥¤¥«¥−−®© ¬®¤¥«¨
�¢â®à¥£à¥áá¨¨ | áª®«ì§ïé¥£® áà¥¤−¥£® ¨ å�à�ªâ¥à¨áâ¨ç¥áª®£® ¯®«¨−®¬� ϕ(z)
¥¥ �¢â®à¥£à¥áá¨®−−®© ç�áâ¨ AR(p) | áâ�æ¨®−�à−®áâì ¬®¤¥«¨àã¥¬®£® ¯à®æ¥áá�
®¯à¥¤¥«ï¥âáï á¢®©áâ¢�¬¨ ª®à−¥© ϕ(z): ®−¨ ¢á¥ ¤®«¦−ë ¡ëâì ¢−¥ ¥¤¨−¨ç−®£®
ªàã£� [4].

�à®æ¥áá ¥¤¨−¨ç−®£® ª®à−ï ®¯à¥¤¥«ï¥âáï ç¥à¥§ AR (1) ¯à¨ −�«¨ç¨¨ ¥¤¨−¨ç-
−®£® ¯® ¬®¤ã«î ª®à−ï z1, ¯à¨ íâ®¬ ¢−¨¬�−¨¥ á®áà¥¤®â®ç¨¢�¥âáï −� z1 = 1. Š®£¤�
z1 = −1, ¯à®æ¥áá ¡ã¤¥â ®áæ¨««¨à®¢�âì (§−�ª ¬¥−ï¥âáï −� ¯à®â¨¢®¯®«®¦−ë© ¯à¨
¯¥à¥å®¤¥ ®â ®¤−®£® í«¥¬¥−â� ¢à¥¬¥−−�®£® àï¤� ª ¤àã£®¬ã), çâ® −¥ á®®â¢¥âáâ¢ã¥â −¨
¯à¥¤áâ�¢«¥−¨î ® ¯à¨−æ¨¯�å äã−ªæ¨®−¨à®¢�−¨ï ‘Œ�, −¨ ¨¬¥îé¨¬áï à¥§ã«ìâ�-
â�¬ −�¡«î¤¥−¨© ¢à¥¬¥− ¯à¥¡ë¢�−¨ï §�¤�−¨©. „«ï ¥¤¨−¨ç−®£® ª®à−ï ¢à¥¬¥−−®©
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‘â�â¨áâ¨ç¥áª¨© ªà¨â¥à¨© áâ�¡¨«ì−®áâ¨ á¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï

àï¤ ¯à¨−¨¬�¥â ¢¨¤ yk = yk−1 + εk ¨ áâ�−®¢¨âáï ¨−â¥£à¨à®¢�−−ë¬ ¯à®æ¥áá®¬
¯¥à¢®£® ¯®àï¤ª�.

Šà¨â¥à¨¨ ¥¤¨−¨ç−®£® ª®à−ï −�æ¥«¥−ë −� −ã«¥¢ãî £¨¯®â¥§ã, á®áâ®ïéãî ¢ â®¬,
çâ® −�¡«î¤�¥¬ë© ¢à¥¬¥−−®© àï¤ | ¨−â¥£à¨à®¢�−−ë© ¯à®æ¥áá 1-£® ¯®àï¤ª� I(1).
��§®¢�ï ¬®¤¥«ì ¢à¥¬¥−−�®£® àï¤� ¯à¥¤áâ�¢«ï¥â á®¡®© AR (1) á ¢®§¬®¦−®áâìî ¯®-
¯®«−¥−¨ï ¥¥ ¯®áâ®ï−−®© á®áâ�¢«ïîé¥© ¨ «¨−¥©−ë¬ âà¥−¤®¬ ¨ ¯à¨¢®¤¨â ª â¥áâ�¬
„¨ª¨{”ã««¥à� (Dickey{Fuller, DF). ÷�áè¨à¥−−ë© ¢�à¨�−â DF-â¥áâ®¢ ¨á¯®«ì-
§ã¥â ¬®¤¥«ì �¢â®à¥£à¥áá¨¨ | áª®«ì§ïé¥£® áà¥¤−¥£® á ª®¬¯®−¥−â�¬¨ à�§−®áâ¥©,
¯®á«¥ úã¤�«¥−¨ïû ª®â®àëå ¢® ¢á¯®¬®£�â¥«ì−®© à¥£à¥áá¨¨ ®− ¬®¦¥â ¨á¯®«ì§®¢�âì
ªà¨â¨ç¥áª¨¥ §−�ç¥−¨ï DF-â¥áâ�. Š®−ªãà¨àãîé�ï £¨¯®â¥§� ®à¨¥−â¨à®¢�−� −�
¯à¥¤¯®«®¦¥−¨¥ ® áâ�æ¨®−�à−®áâ¨.

�¥à¥ç¨á«¥−−ë¥ ªà¨â¥à¨¨ −¥ ¨áç¥à¯ë¢�îâ ¢á¥ áãé¥áâ¢ãîé¨¥ ¢�à¨�−âë â¥á-
â®¢ ¥¤¨−¨ç−®£® ª®à−ï [5], ¨å áà�¢−¨â¥«ì−ë© �−�«¨§ −� ®á−®¢¥ âà¥å ®á−®¢−ëå
�á¯¥ªâ®¢ | ¬®é−®áâ¨ â¥áâ�, ¥£® ®¡®á−®¢�−−®áâ¨ ¨ ¯à®áâ®âë ¨á¯®«ì§®¢�−¨ï ¡ë«
¯à®¢¥¤¥− ¢ [6]. �®¤®¡−®¥ ¨¬¨â�æ¨®−−®¥ ª®¬¯«¥ªá−®¥ ¨áá«¥¤®¢�−¨¥ ®â−®á¨âáï
ª à¥¤ª¨¬ ¨ ¤®áâ�â®ç−® ã§ª® −�¯à�¢«¥−−ë¬ (¢ ç�áâ−®áâ¨, à�áá¬®âà¥−¨¥ â®«ìª®
¬®¤¥«¨ AR (1) ¨ â®«ìª® á ¯®«®¦¨â¥«ì−ë¬ §−�ç¥−¨¥¬ ¯�à�¬¥âà�), −® ®−® ¬®¦¥â
áâ�âì ®â¯à�¢−®© â®çª®© ¯à¨ ¢ë¡®à¥ ªà¨â¥à¨ï áâ�¡¨«ì−®áâ¨ ‘Œ� −� ®á−®¢¥
¥¤¨−¨ç−®£® ª®à−ï ¢ ¯®«ì§ã DF-â¥áâ®¢.

��§®¢ë© ¢�à¨�−â DF-â¥áâ®¢ ®á−®¢ë¢�¥âáï −� ¯à¥¤áâ�¢«¥−¨¨

yk = ρyk−1 + εk , k = 1, 2, . . . , y0 = 0 . (1)

�ã«¥¢�ï £¨¯®â¥§� H0 : ρ = 1, â. ¥. −�¡«î¤�¥¬ë© ¯à®æ¥áá | I(1) ¨ ¯®íâ®¬ã
−¥áâ�æ¨®−�à−ë©. Š®−ªãà¨àãîé�ï £¨¯®â¥§� H1 : |ρ| < 1, â. ¥. à¥çì ¨¤¥â ® I(0)
¨ áâ�æ¨®−�à−®áâ¨.

Œ®¤¥«ì (1) ¬®¦¥â ¡ëâì à�áè¨à¥−� ¯ãâ¥¬ ¤®¡�¢«¥−¨ï ª®−áâ�−âë

yk = µ+ ρyk−1 + εk . (2)

¨«¨ «¨−¥©−®£® âà¥−¤�

yk = µ+ βk + ρyk−1 + εk . (3)

’¥áâ®¢�ï áâ�â¨áâ¨ª� ¨¬¥¥â ¢¨¤ (�ρ − 1)/SE (�ρ), £¤¥ �ρ | ®æ¥−ª� −�¨¬¥−ìè¨å
ª¢�¤à�â®¢ ª®íää¨æ¨¥−â� ρ; SE(�ρ) | ¥¥ áâ�−¤�àâ−�ï ®è¨¡ª� ¤«ï à¥£à¥áá¨®−-
−®© ¬®¤¥«¨; p-§−�ç¥−¨ï â�¡ã«¨à®¢�−ë ¬¥â®¤®¬ áâ�â¨áâ¨ç¥áª¨å ¨á¯ëâ�−¨© ¤«ï
áâ�−¤�àâ−ëå ¯à®æ¥−â¨«¥©.

�à¨−¨¬�ï ¢® ¢−¨¬�−¨¥ ¯®¢¥¤¥−¨¥ {Vk} ¤«ï áâ�¡¨«ì−®© ¨ −¥áâ�¡¨«ì−®© á¨á-
â¥¬, à�áá¬®âà¨¬ ¯®¤à®¡−¥¥ ¬®¤¥«¨ (2) ¨ (3).

Œ®¤¥«ì (2) ¯à¨ ¯à¥¤¯®«®¦¥−¨ïå µ 6= 0 ¨ ρ = 1 ¬®¦−® ¯¥à¥¯¨á�âì ª�ª

yk = y0 + µk + Ek , (4)
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£¤¥ Ek =
∑k

i=1 εi. ’®£¤� ¤«ï −¥áâ�¡¨«ì−®© á¨áâ¥¬ë �á¨¬¯â®â¨ç¥áª¨ ¯®«ãç�¥¬
¯à®æ¥áá á ¤®¬¨−¨àãîé¨¬ «¨−¥©−ë¬ à®áâ®¬, â�ª ª�ª ¯® ¢¥à®ïâ−®áâ¨ Ek =
= O(k1/2). �âáî¤� ¢¨¤−®, çâ® ¯® ªà�©−¥© ¬¥à¥ ®¡é¨© å�à�ªâ¥à ¯®¢¥¤¥−¨ï
áà¥¤−¥£® {Vk} ¯®«ãç�¥â ¢ íâ®© ¬®¤¥«¨ á¢®¥ ®âà�¦¥−¨¥. ‚ á«ãç�¥ áâ�¡¨«ì−®©
á¨áâ¥¬ë, ¤«ï ª®â®à®© ρ ∈ [0, 1), ¯® �−�«®£¨¨ á (4) ¯®«ãç�¥¬

yk = ρ
ky0 + µ

k
∑

i=0

ρi +

k
∑

i=0

ρiεk−i.

�â® ¯à¨¢®¤¨â ª ¯®áâ®ï−áâ¢ã áà¥¤−¥£® ¤«ï {Vk}, ª®â®à®¥ §� áç¥â ¢ë¡®à� y0 ¨ µ
¬®¦¥â áâ�âì −ã«¥¢ë¬, â. ¥. ®¯ïâì ¦¥ ¯®«ãç�¥¬ −ã¦−®¥ ¯®¢¥¤¥−¨¥ ¨áá«¥¤ã¥¬®£®
¢à¥¬¥−−�®£® àï¤�.

…áâ¥áâ¢¥−−®© �«ìâ¥à−�â¨¢−®© ¬®¤¥«ìî ¤«ï {Vk} ¬®¦¥â áâ�âì ª®¬¡¨−�æ¨ï
«¨−¥©−®£® âà¥−¤� ¨ áâ�æ¨®−�à−®£® ¢à¥¬¥−−�®£® àï¤�:

yk = β0 + β1k + xk , (5)

£¤¥ xk = ρxk−1 + εk. �®á«¥ ¯®¤áâ�−®¢ª¨ �¢â®à¥£à¥áá¨¨ ¢ (5) ¯®«ãç�¥¬ ¯à¥¤áâ�¢-
«¥−¨¥ ¢¨¤� (3), � ¨¬¥−−®:

yk = γ0 + γ1k + ρyk−1 + εk ,

£¤¥
γ0 = β0(1− ρ) + ρβ1 ; γ1 = β1(1− ρ) .

Œ®¤¥«ì (5) ¢ª«îç�¥â ¤¥â¥à¬¨−¨à®¢�−−ë© «¨−¥©−ë© ¢à¥¬¥−−®© âà¥−¤, −¥ á¢ï§�−-
−ë© á® §−�ç¥−¨¥¬ ρ. …á«¨ ρ = 1, â® γ0 = β1, γ1 = 0 ¨ yk = β1 + yk−1 + εk,
â. ¥. âà¥−¤ (5) á −�«®¦¥−−®© −� −¥£® �¢â®à¥£à¥áá¨¥© ä�ªâ¨ç¥áª¨ ¤�¥â AR(1)
á ª®−áâ�−â®©.

4 Таблицы тестов

��¡®à â�¡«¨æ ¢áâà¥ç�¥âáï ¢ àï¤¥ ¨§¤�−¨©, −® −¥ ¢á¥£¤� ¢ ®¤¨−�ª®¢®¬ ¢¨¤¥
¨ á ¤®áâ�â®ç−ë¬¨ ®¡®á−®¢�−¨ï¬¨. �®¤à®¡−®¥ ®¯¨á�−¨¥ ¯®áâà®¥−¨ï â�¡«¨æ
á ®æ¥−ª®© ¯®£à¥è−®áâ¨ ¯à¨¢¥¤¥−® ¢ [7], ¢¬¥áâ¥ á ®â¤¥«ì−ë¬¨ ãâ®ç−¥−¨ï¬¨ ¨å
¬®¦−® −�©â¨ ¢ ¯à¨«®¦¥−¨¨ A [8]. �®«¥¥ ¢�¦−ë¬, ç¥¬ −¥§−�ç¨â¥«ì−ë¥ ®âª«®−¥−¨ï
¢ â�¡«¨ç−ëå ¤�−−ëå, ®ª�§ë¢�¥âáï â®, çâ® ®¡ëç−® −¥ ¯à¨¢®¤ïâáï ãá«®¢¨ï, ¯à¨
ª®â®àëå ®−¨ ¯®«ãç¥−ë.

’�ª, ¤«ï ¬®¤¥«¨ (2) ¯à¥¤¥«ì−®¥ à�á¯à¥¤¥«¥−¨¥ áâ�â¨áâ¨ª¨ â�¡ã«¨à®¢�−®
¢ ¯à¥¤¯®«®¦¥−¨¨, çâ® µ = 0, � ¤«ï (3) | β = 0 (§−�ç¥−¨¥ µ ¢ ¬®¤¥«¨ (3)
−� à�á¯à¥¤¥«¥−¨¥ −¥ ¢«¨ï¥â). …á«¨ µ 6= 0 ¤«ï (2) ¨«¨ β 6= 0 ¤«ï (3), â®
¯à¥¤¥«ì−ë¥ à�á¯à¥¤¥«¥−¨ï áâ�â¨áâ¨ª ªà¨â¥à¨ï áâ�−®¢ïâáï −®à¬�«ì−ë¬¨ á á®®â-
¢¥âáâ¢ãîé¨¬¨ ¬®¬¥−â�¬¨ [7], çâ® ®¡êïá−ï¥â á«¥¤ãîé¥¥: ¥á«¨ ¯à¨−ïâë ®¯¨á�−−ë¥
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‘â�â¨áâ¨ç¥áª¨© ªà¨â¥à¨© áâ�¡¨«ì−®áâ¨ á¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï

¬®¤¥«¨ (2) ¨ (3), � ¤«ï ¯®¢¥àª¨ £¨¯®â¥§ë ρ = 1 ¨á¯®«ì§ãîâáï á®®â¢¥âáâ¢ãîé¨¥
áâ�â¨áâ¨ª¨, â® £¨¯®â¥§� ¡ã¤¥â ¯à¨−ïâ� á ¢¥à®ïâ−®áâìî, ¡®«ìè¥©, ç¥¬ â�, ª®â®à�ï
á®®â¢¥âáâ¢ã¥â −ã«¥¢ë¬ §−�ç¥−¨ï¬ µ ¨ β. �âã á¯¥æ¨ä¨ªã ¨á¯®«ì§®¢�−¨ï â�¡-
«¨æ −¥®¡å®¤¨¬® ¯à¨−¨¬�âì ¢® ¢−¨¬�−¨¥ ¯à¨ ¢¥à¨ä¨ª�æ¨¨ á®®â¢¥âáâ¢ãîé¥£®
¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï, � â�ª¦¥ ¢ å®¤¥ áà�¢−¨â¥«ì−®£® �−�«¨§� ¬®é−®áâ¨
ªà¨â¥à¨¥¢ §−�ç¨¬®áâ¨.

‘«¥¤ã¥â ®¡à�â¨âì ¢−¨¬�−¨¥ ¥é¥ −� ®¤−ã ¤¥â�«ì ¯à¨¬¥−¥−¨ï ªà¨â¥à¨¥¢ −�
¯à�ªâ¨ª¥. ‚ ¯à¨¢¥¤¥−−ëå à�ááã¦¤¥−¨ïå −�ç�«ì−®¥ §−�ç¥−¨¥ ä¨ªá¨à®¢�−®
¨ ®¡ëç−® y0 = 0. �® ¥á«¨ ¯à¥¤¥«ì−ë¥ à�á¯à¥¤¥«¥−¨ï áâ�â¨áâ¨ª ªà¨â¥à¨¥¢
−¥ §�¢¨áïâ ®â y0, â® ¤«ï ¬�«ëå ®¡ê¥¬®¢ ¤�−−ëå íâ® −¥ â�ª. �ªâã�«ì−ë¬ íâ® ¬®¦¥â
áâ�âì ¯à¨ à�§¤¥«¥−¨¨ −�¡«î¤�¥¬ëå ¯à®æ¥áá®¢ −� ç�áâ¨ á ¯®á«¥¤ãîé¨¬ ®¡ê-
¥¤¨−¥−¨¥¬ à¥§ã«ìâ�â®¢ ¨å áâ�â¨áâ¨ç¥áª®£® �−�«¨§� (¯®¤®¡−® â®¬ã, ª�ª ¢¢®¤ïâáï
¢ à�áá¬®âà¥−¨¥ ä�§ë ¨ äà�£¬¥−âë ¢ [1]). „«ï â®£® çâ®¡ë á−¨§¨âì ¯®á«¥¤áâ¢¨ï
ãª�§�−−®© §�¢¨á¨¬®áâ¨, ¤®áâ�â®ç−® ¯à®áâ® ¢á¥ í«¥¬¥−âë ¢à¥¬¥−−�®£® àï¤� ¨§
äà�£¬¥−â� á¤¢¨−ãâì ¯® §−�ç¥−¨î −� ¢¥«¨ç¨−ã −�ç�«ì−®£® (¯¥à¢®£®) í«¥¬¥−â�,
¢ à¥§ã«ìâ�â¥ ç¥£® ®−® áâ�−¥â −ã«¥¢ë¬. �¥ −�¤® §�¡ë¢�âì, çâ® æ¥«ì á®áâ®¨â
¢ ª®−âà®«¥ áâ�æ¨®−�à−®áâ¨ ¢à¥¬¥−−�®£® àï¤� {Vk}, � ®¤¨−�ª®¢ë© á¤¢¨£ ¢á¥å
−�¡«î¤¥−−ëå §−�ç¥−¨© ¢ íâ®¬ á¬ëá«¥ −¥ ¢«¨ï¥â −� à¥§ã«ìâ�âë.

ˆ, −�ª®−¥æ, ¯à¥¤¥«ì−ë¥ à�á¯à¥¤¥«¥−¨ï áâ�â¨áâ¨ª á¯à�¢¥¤«¨¢ë ¤«ï ®è¨-
¡®ª, ª®â®àë¥ ¯à¥¤áâ�¢«ïîâ á®¡®© −¥§�¢¨á¨¬ë¥ ¨ ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ë¥
(−¥®¡ï§�â¥«ì−® −®à¬�«ì−®) á«ãç�©−ë¥ ¢¥«¨ç¨−ë á −ã«¥¢ë¬ áà¥¤−¨¬ ¨ −¥ª®â®à®©
¤¨á¯¥àá¨¥© [9].

5 Мощность тестов единичного корня

‚ ãá«®¢¨ïå ¬−®£®¢�à¨�−â−®áâ¨ â¥áâ®¢ ¥¤¨−¨ç−®£® ª®à−ï ¨ ®âáãâáâ¢¨ï ¯à�ª-
â¨ª¨ ¨å ¯à¨¬¥−¥−¨ï ¤«ï áâ�â¨áâ¨ç¥áª®£® ª®−âà®«ï äã−ªæ¨®−¨à®¢�−¨ï ‘Œ�
áâ�−®¢¨âáï �ªâã�«ì−ë¬ áà�¢−¥−¨¥ ¯à¥¤«�£�¥¬ëå ¯®¤å®¤®¢ ¨ à¥è¥−¨©. �à¨
íâ®¬ −�¤® ¯®¬−¨âì, çâ® ¯à¨ à¥è¥−¨¨ §�¤�ç¨ ¢ëï¢«¥−¨ï −¥áâ�¡¨«ì−®áâ¨ ¯®¯ãâ−®
à¥�«¨§ã¥âáï äã−¤�¬¥−â�«ì−ë© íâ�¯ ¯®áâà®¥−¨ï ¬®¤¥«¨ ¯à®â¥ª�îé¨å ¯à®æ¥áá®¢.

‘®áà¥¤®â®ç¨¢ ¢−¨¬�−¨¥ −� âà¥å ®¯¨á�−−ëå ¬®¤¥«ïå ¤«ï {Vk}, ¯à®¤®«¦¨¬
à�áá¬®âà¥−¨¥ §�¤�ç¨ ª®−âà®«ï áâ�¡¨«ì−®© à�¡®âë ¤¢ãå¯à®æ¥áá®à−®© á¨áâ¥¬ë
®¡à�¡®âª¨ §�¤�−¨© á® á«ãç�©−ë¬ ¢ë¡®à®¬ ç¨á«� âà¥¡ã¥¬ëå ¯à®æ¥áá®à®¢ [1].
”ã−ªæ¨®−¨à®¢�−¨¥ ¯®¤®¡−®© á¨áâ¥¬ë M/M/2 ®¯à¥¤¥«ï¥âáï ¯�à�¬¥âà�¬¨: λ |
¨−â¥−á¨¢−®áâì ¯®áâã¯«¥−¨ï §�¤�−¨© −� ®¡à�¡®âªã; p1 | ¢¥à®ïâ−®áâì â®£®, çâ®
¤«ï ¢ë¯®«−¥−¨ï §�¤�−¨ï âà¥¡ã¥âáï ®¤¨− ¯à®æ¥áá®à; µ| áà¥¤−¥¥ ¢à¥¬ï ®¡à�¡®âª¨
§�¤�−¨ï ¯à®æ¥áá®à®¬/̄ à®æ¥áá®à�¬¨. “á«®¢¨¥ áâ�¡¨«ì−®áâ¨ äã−ªæ¨®−¨à®¢�−¨ï
íâ®© á¨áâ¥¬ë ¯à¨−¨¬�¥â ¢¨¤ λ/µ < 2/(2−p21), á ¯®¬®éìî ª®â®à®£® ¡ã¤¥â ®áãé¥-
áâ¢«ïâìáï ¢ë¡®à ¬®¤¥«¨àã¥¬ëå á¨áâ¥¬: ¯�à�¬¥âàë p1 ¨ µ ¯à¨−¨¬�îâáï ¡�§®¢ë¬¨
á® §−�ç¥−¨ï¬¨ p1 = 0,5 ¨ µ = 1, � λ ¢ë¡¨à�¥âáï ª�ª Cλ · 2µ/(2 − p21), £¤¥ Cλ |
¨−¤¨ª�â®à áâ�¡¨«ì−®áâ¨ à�¡®âë á¨áâ¥¬ë (¯à¨ Cλ < 1 á¨áâ¥¬� áâ�¡¨«ì−�). ˆ¬¨-
â�æ¨®−−®¥ ¨áá«¥¤®¢�−¨¥ ¯à®¢®¤¨«®áì ¤«ï äà�£¬¥−â®¢ àï¤� {Vk}, −�ç¨−�îé¨åáï
á k ≈ 5000 (çâ®¡ë ¨áª«îç¨âì ¢«¨ï−¨¥ −�ç�«ì−®£® íâ�¯� äã−ªæ¨®−¨à®¢�−¨ï
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Œ. �. Šà¨¢¥−ª®

65mm

‡�¢¨á¨¬®áâì ç�áâ®âë ¯à�¢¨«ì−ëå à¥è¥−¨© DF-â¥áâ®¢ ¤«ï ‘Œ� á à�§«¨ç−ë¬¨ §−�ç¥−¨-
ï¬¨ ¨−¤¨ª�â®à� áâ�¡¨«ì−®áâ¨ Cλ: 1 | ¬®¤¥«ì (1); 2 | ¬®¤¥«ì (2); 3 | ¬®¤¥«ì (3)

‘Œ�) ¨ ¨¬¥îé¨å à�§¬¥à ¨§ −�¡®à� n = 100, 200, 400, 800 (çâ®¡ë ¯à®á«¥¤¨âì
¢«¨ï−¨¥ ã¢¥«¨ç¥−¨ï ®¡ê¥¬� �−�«¨§¨àã¥¬ëå ¤�−−ëå), ¨ ¢ª«îç�«® 1000 íªá¯¥à¨-
¬¥−â®¢. “à®¢¥−ì §−�ç¨¬®áâ¨ α ¤«ï DF-â¥áâ®¢ ¯à¨−¨¬�«áï à�¢−ë¬ 5% ¨«¨ 10%
(çâ®¡ë ¢ëïá−¨âì áâ¥¯¥−ì ¢�¦−®áâ¨ ¨á¯®«ì§®¢�−¨ï ®¯à¥¤¥«¥−−®£® §−�ç¥−¨ï α ¯à¨
¯à¨−ïâ¨¨ à¥è¥−¨©). ˆ««îáâà�æ¨¥© å�à�ªâ¥à� ¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢ ¬®¦¥â
á«ã¦¨âì à¨áã−®ª, −� ª®â®à®¬ ¤«ï n = 800 ¨ α = 10% ¯à¨¢¥¤¥−ë £à�ä¨ª¨
ç�áâ®âë ¯à�¢¨«ì−ëå à¥è¥−¨© DF-â¥áâ®¢ ¤«ï à�§«¨ç−ëå ¢�à¨�−â®¢ á¨áâ¥¬ë.

ˆ§ à¥§ã«ìâ�â®¢ ¬®¤¥«¨à®¢�−¨ï ¬®¦−® á¤¥«�âì ®¡é¨¥ ¢ë¢®¤ë:

{ ¢á¥ âà¨ ªà¨â¥à¨ï à¥è�îâ ¯®áâ�¢«¥−−ãî §�¤�çã �−�«¨§� áâ�¡¨«ì−®áâ¨ á ï¢−®©
¯®â¥à¥© ª�ç¥áâ¢� ¯à¨−¨¬�¥¬ëå à¥è¥−¨© ¢ á«ãç�¥ ¬®¤¥«¨ (3);

{ ¢ ®¡«�áâ¨ áâ�¡¨«ì−®áâ¨ (Cλ < 1) ªà¨â¥à¨¨ ¢¥¤ãâ á¥¡ï åã¦¥, ç¥¬ ¢ ®¡«�áâ¨
−¥áâ�¡¨«ì−®áâ¨, à®áâ ®è¨¡®ª −�¡«î¤�¥âáï ¯à¨ ¯à¨¡«¨¦¥−¨¨ ª £à�−¨æ¥ Cλ =
= 1;

{ ï¢−® ¯à®ï¢«ïîâáï ®¦¨¤�¥¬ë¥ â¥−¤¥−æ¨¨ ¯à¨¬¥−¥−¨ï â¥áâ®¢, � ¨¬¥−−®: à®áâ
¯à�¢¨«ì−®áâ¨ ¯à¨−¨¬�¥¬ëå à¥è¥−¨© á ã¢¥«¨ç¥−¨¥¬ ®¡ê¥¬� �−�«¨§¨àã¥¬ëå
¤�−−ëå; à®áâ ç�áâ®âë ¯à¨−ïâ¨ï £¨¯®â¥§ë ® −¥áâ�¡¨«ì−®áâ¨ á ã¬¥−ìè¥−¨¥¬
ãà®¢−ï §−�ç¨¬®áâ¨ (çâ® ¯à¨¢®¤¨â ª à®áâã ®è¨¡®ª ¯à¨ �−�«¨§¥ áâ�¡¨«ì−ëå
á¨áâ¥¬);

{ −¥ª®â®àë¥ ®âª«®−¥−¨ï ®â ®¦¨¤�¥¬ëå à¥§ã«ìâ�â®¢ (−�¯à¨¬¥à, ª®−ªà¥â−ë¥ §−�-
ç¥−¨ï α ¨−®£¤� −¥ ®â¢¥ç�îâ à¥§ã«ìâ�â�¬ ¬®¤¥«¨à®¢�−¨ï) £®¢®àïâ ® −¥¯®«−®©
�¤¥ª¢�â−®áâ¨ ¯à¨−¨¬�¥¬ëå ¬®¤¥«¥© ¤�−−ëå ¨ ®£à�−¨ç¥−−ëå ¢®§¬®¦−®áâïå
â�¡«¨æ DF-â¥áâ®¢.
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‘â�â¨áâ¨ç¥áª¨© ªà¨â¥à¨© áâ�¡¨«ì−®áâ¨ á¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï

6 Заключение

“áâ�−®¢«¥−−�ï á¢ï§ì ¬¥¦¤ã ª®«¨ç¥áâ¢¥−−ë¬¨ ¨ ¢à¥¬¥−− �ë¬¨ å�à�ªâ¥à¨áâ¨-
ª�¬¨ ‘Œ� ¤«ï −¥áâ�æ¨®−�à−®£® á«ãç�ï ¯®§¢®«¨«� á®¯®áâ�¢¨âì rate-áâ�¡¨«ì−®áâì
á® áâ�æ¨®−�à−®áâìî àï¤� ¢à¥¬¥− ¯à¥¡ë¢�−¨ï §�ï¢®ª ¢ á¨áâ¥¬¥. �â® ¯®§¢®«ï¥â
à�áè¨à¨âì −�¡®à áâ�â¨áâ¨ç¥áª¨å ¯à®æ¥¤ãà ª®−âà®«ï áâ�¡¨«ì−®áâ¨ §� áç¥â ªà¨-
â¥à¨¥¢ áâ�æ¨®−�à−®áâ¨ â¨¯� â¥áâ®¢ „¨ª¨{”ã««¥à�. ÷¥§ã«ìâ�âë íªá¯¥à¨¬¥−â®¢
¯®ª�§�«¨, çâ® ®−¨ ®áâ�îâáï −�¤¥¦−ë¬ ¢�à¨�−â®¬ ¤«ï â¥áâ¨à®¢�−¨ï ¥¤¨−¨ç−®£®
ª®à−ï, ®á®¡¥−−® ¢ á«ãç�¥ ¢à¥¬¥−− �ëå àï¤®¢ á ¡®«ìè¨¬ ç¨á«®¬ −�¡«î¤¥−¨©. ’�ª-
¦¥ ®−¨ ®áâ�îâáï ®¤−¨¬¨ ¨§ −�¨¡®«¥¥ ç�áâ® ¨á¯®«ì§ã¥¬ëå â¥áâ®¢, ¯®áª®«ìªã ¨å
à¥è�îé¥¥ ¯à¥¨¬ãé¥áâ¢® §�ª«îç�¥âáï ¢ ¯à®áâ®â¥ ª®−áâàãªæ¨¨ ¨ ®áãé¥áâ¢¨¬®áâ¨.

’�ª¨¬ ®¡à�§®¬, ¯à®¢¥¤¥−−®¥ ¨áá«¥¤®¢�−¨¥ á®§¤�¥â ¯à¥¤¯®áë«ª¨ ¤«ï áã-
é¥áâ¢¥−−®£® à�áè¨à¥−¨ï ¢ ¡ã¤ãé¥¬ ª�ª á¯¥ªâà� ¯à¨¢«¥ª�¥¬ëå ¬®¤¥«¥©, â�ª
¨ á®¡áâ¢¥−−® ¬¥â®¤®¢ �−�«¨§� ¤�−−ëå.
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Abstract: The article discusses the problem of statistical test of queuing system
stability based on the characteristics of the sojourn time series {Vk}. To solve
it, it is proposed to use the tests for unit roots. A relationship is established
between the quantitative and temporal characteristics of the system in the style
of the Little's formula for the nonstationary case which makes it possible to
link the rate-stability with the stationarity {Vk}. Three basic models and the
corresponding Dickey{Fuller tests are considered as the stationarity test. The
limitations of the used statistical tables are discussed. The conducted simulation
study allows one to draw the following conclusions: all three criteria solve the
problem of stability analysis with a clear loss of the quality of decisions made
in the case of a model with a deterministic linear trend, in the field of system
stability, the test behaves worse than in the field of instability; the expected
trends in the use of tests are clearly manifested; and some deviations from the
expected results indicate the need to expand the range of the models used and to
remove the limitations of the statistical tables used.
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ФОРМАЛИЗАЦИЯ СИНТЕЗА
САМОСИНХРОННЫХ СЧЕТЧИКОВ

Ю. А. Степченков1, Ю. Г. Дьяченко2, Н. В. Морозов3, Д. Ю. Степченков4,
Д. Ю. Дьяченко5

�−−®â�æ¨ï: ‘�¬®á¨−åà®−−ë¥ (‘‘) áå¥¬ë ®¡«�¤�îâ ¢ëá®ª®© −�¤¥¦−®áâìî.
�−¨ £�à�−â¨àãîâ ®¡−�àã¦¥−¨¥ ¨ «®ª�«¨§�æ¨î «î¡ëå ª®−áâ�−â−ëå −¥¨á-
¯à�¢−®áâ¥© ¨ ¤¥¬®−áâà¨àãîâ ¢ëá®ª¨© ãà®¢¥−ì á¡®¥ãáâ®©ç¨¢®áâ¨. �¤−�-
ª® ¯à®¥ªâ¨à®¢�−¨¥ ‘‘-áå¥¬ ¡®«¥¥ âàã¤®¥¬ª® ¢ áà�¢−¥−¨¨ á á¨−åà®−−ë¬¨
�−�«®£�¬¨ ¨§-§� −¥®¡å®¤¨¬®áâ¨ ¯®áâà®¥−¨ï ¤®¯®«−¨â¥«ì−®© ¨−¤¨ª�â®à−®©
¯®¤áå¥¬ë ¨ á®¡«î¤¥−¨ï ¯à¨−æ¨¯®¢ äã−ªæ¨®−¨à®¢�−¨ï áå¥¬, ®â−®áïé¨åáï
ª ª«�ááã ‘‘-áå¥¬. �¢â®¬�â¨ç¥áª®¥ ¯à¥®¡à�§®¢�−¨¥ ¨áå®¤−®© áå¥¬ë, ®¯¨-
á�−−®© �¯¯�à�â−® ª�ª á¨−åà®−−�ï áå¥¬�, ¢ ‘‘-à¥�«¨§�æ¨î ®¡¥á¯¥ç¨¢�¥âáï
á ¯®¬®éìî ¯à®æ¥¤ãàë ä®à¬�«¨§®¢�−−®© ¤¥á¨−åà®−¨§�æ¨¨. �® ¯à¨ á¨−â¥§¥
¯®á«¥¤®¢�â¥«ì−®áâ−ëå ‘‘-ãáâà®©áâ¢, ¢ â®¬ ç¨á«¥ ‘‘-áç¥âç¨ª®¢, ä®à¬�«ì-
−�ï ¤¥á¨−åà®−¨§�æ¨ï ¯à¨¢®¤¨â ª çà¥§¬¥à−®© �¯¯�à�â−®© ¨§¡ëâ®ç−®áâ¨ ¨, ª�ª
á«¥¤áâ¢¨¥, ª ¨å −¨§ª®¬ã ¡ëáâà®¤¥©áâ¢¨î. ‘â�âìï ®¡®á−®¢ë¢�¥â ¯®¤å®¤ ª á¨−-
â¥§ã ‘‘-áç¥âç¨ª®¢, ¡�§¨àãîé¨©áï −� ä®à¬�«¨§�æ¨¨ í¢à¨áâ¨ç¥áª¨å ¬¥â®¤®¢
¨å ¯®áâà®¥−¨ï ¨ ®¡¥á¯¥ç¨¢�îé¨© £�à�−â¨à®¢�−−®¥ ¯®«ãç¥−¨¥ ¤¥©áâ¢¨â¥«ì-
−® ‘‘-à¥�«¨§�æ¨¨, äã−ªæ¨®−¨àãîé¥© ¢ ¯®«−®¬ á®®â¢¥âáâ¢¨¨ á ¨áå®¤−ë¬
®¯¨á�−¨¥¬ ¨ ®¡«�¤�îé¥© ¡«¨§ª¨¬¨ ª ®¯â¨¬�«ì−ë¬ ¯®âà¥¡¨â¥«ìáª¨¬¨ å�à�ª-
â¥à¨áâ¨ª�¬¨.
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ç¨ª; ¤¥á¨−åà®−¨§�æ¨ï; ¯à¥¤ãáâ�−®¢ª�; ¨−¤¨ª�æ¨ï
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”®à¬�«¨§�æ¨ï á¨−â¥§� á�¬®á¨−åà®−−ëå áç¥âç¨ª®¢

−� ¨−â¥£à�«ì−ëå ¬¨ªà®áå¥¬�å. ‘®¢à¥¬¥−−�ï ¬¨ªà®í«¥ªâà®−¨ª� à¥�«¨§ã¥âáï
¢ ®á−®¢−®¬ −� ¯à¨−æ¨¯�å á¨−åà®−−®£® ã¯à�¢«¥−¨ï ¯à®æ¥áá�¬¨, ¡�§¨àãîé¥£®áï
−� £«®¡�«ì−®¬ ú¤¥à¥¢¥û á¨−åà®−¨§�æ¨¨ [1]. ‘ ã¢¥«¨ç¥−¨¥¬ á«®¦−®áâ¨ ¬¨ªà®áå¥¬
¨ á−¨¦¥−¨¥¬ −®à¬ â®¯®«®£¨ç¥áª®£® ¯à®¥ªâ¨à®¢�−¨ï à�áâ¥â ¯«®é�¤ì ªà¨áâ�««®¢
á¨−åà®−−ëå ¨−â¥£à�«ì−ëå ¬¨ªà®áå¥¬ ¨, ª�ª á«¥¤áâ¢¨¥, ®¡ê¥¬ �¯¯�à�â−ëå §�-
âà�â ¨ í−¥à£®¯®âà¥¡«¥−¨ï, ¯à¨å®¤ïé¨åáï −� â�ªâ®¢®¥ ú¤¥à¥¢®û. ÷�§à�¡®âç¨ª¨
á¨−åà®−−ëå áå¥¬ ¢ë−ã¦¤¥−ë §�ª«�¤ë¢�âì ¢ ¯à®¥ªâ¨àã¥¬ë¥ á¨−åà®−−ë¥ áå¥¬ë
ú§�¯�á ¯à®ç−®áâ¨û ¢ à�áç¥â¥ −� −�¨åã¤è¨© á«ãç�© ¨ ¨§¡ëâ®ç−®áâì �¯¯�à�âãàë,
®¡¥á¯¥ç¨¢�îé¨© ¥¥ à�¡®â®á¯®á®¡−®áâì ¢ ¨§¬¥−ïîé¨åáï ãá«®¢¨ïå íªá¯«ã�â�æ¨¨
¨ ¢ ¯à®æ¥áá¥ áâ�à¥−¨ï [2].

�«ìâ¥à−�â¨¢®© á¨−åà®−−ë¬ áå¥¬�¬ á«ã¦�â �á¨−åà®−−ë¥ áå¥¬ë, ¨ ¢ ç�áâ−®áâ¨
¨å ¯®¤ª«�áá | ‘‘-áå¥¬ë. ‚ −¨å −¥â £«®¡�«ì−®© á¨−åà®−¨§�æ¨¨. �−¨ äã−ªæ¨-
®−¨àãîâ −� ®á−®¢¥ §�¯à®á-®â¢¥â−®© ¤¨áæ¨¯«¨−ë [3{5]. ‘�¬®á¨−åà®−−ë¥ áå¥¬ë
á¢®¡®¤−ë ®â ¯¥à¥ç¨á«¥−−ëå −¥¤®áâ�âª®¢ á¨−åà®−−ëå �−�«®£®¢, £�à�−â¨àãîâ
−�¤¥¦−ãî à�¡®âã ¯à¨ «î¡ëå ¯à¥¤¥«ì−ëå ãá«®¢¨ïå íªá¯«ã�â�æ¨¨ ¨ å�à�ªâ¥à¨-
§ãîâáï ¯®¢ëè¥−−®© ãáâ®©ç¨¢®áâìî ª «®£¨ç¥áª¨¬ á¡®ï¬ [6, 7]. ’¥¬ −¥ ¬¥−¥¥ ¯®-
¤�¢«ïîé¥¥ ¡®«ìè¨−áâ¢® ¯à�ªâ¨ç¥áª¨å æ¨äà®¢ëå áå¥¬ ®â−®áïâáï ª á¨−åà®−−®¬ã
ª«�ááã. ÷�§¢¨â¨î ‘‘-áå¥¬ ¯à¥¯ïâáâ¢ã¥â ¡®«ìè�ï á«®¦−®áâì ¨ −¥áâ�−¤�àâ−®áâì
¯à®æ¥áá� ¨å àãç−®© à�§à�¡®âª¨ ¨ ®âáãâáâ¢¨¥ ¯à®£à�¬¬−ëå áà¥¤áâ¢, ®¡¥á¯¥ç¨-
¢�îé¨å �¢â®¬�â¨§�æ¨î ¢á¥£® ¬�àèàãâ� ¯à®¥ªâ¨à®¢�−¨ï ‘‘-�¯¯�à�âãàë ¨ ¯à¨
íâ®¬ −¥ âà¥¡ãîé¨å ¢ëá®ª®© ª¢�«¨ä¨ª�æ¨¨ ®â à�§à�¡®âç¨ª�.

‘®¢à¥¬¥−−ë¥ á¨áâ¥¬ë �¢â®¬�â¨§¨à®¢�−−®£® ¯à®¥ªâ¨à®¢�−¨ï (‘��÷) æ¨ä-
à®¢ëå ãáâà®©áâ¢, ¨á¯®«ì§ã¥¬ë¥ ¢ ¯à®¬ëè«¥−−ëå ¬�áèâ�¡�å, ®¡¥á¯¥ç¨¢�îâ
íää¥ªâ¨¢−®¥ ¯à®¥ªâ¨à®¢�−¨¥ áå¥¬ á¨−åà®−−®£® â¨¯�. �−¨ ¯®¤¤¥à¦¨¢�îâáï
¨ à�§¢¨¢�îâáï §�àã¡¥¦−ë¬¨ ä¨à¬�¬¨, −�¯à¨¬¥à Cadence, Synopsys, Mentor
Graphics ¨ ¤à. ˆá¯®«ì§®¢�−¨¥ á¨−åà®−−ëå ‘��÷ ¤«ï à�§à�¡®âª¨ ‘‘-áå¥¬
¯à¨¢®¤¨â ª −¥ãâ¥è¨â¥«ì−ë¬ à¥§ã«ìâ�â�¬: å�à�ªâ¥à¨áâ¨ª¨ ¯®«ãç¥−−ëå ‘‘-áå¥¬
¬−®£®ªà�â−® ãáâã¯�îâ á¨−åà®−−ë¬ �−�«®£�¬ [8, 9]. �à®¬ëè«¥−−ëå ‘��÷
‘‘-áå¥¬ ¯®ª� −¥â. ‘¥©ç�á §� àã¡¥¦®¬ ¥áâì −¥áª®«ìª® ¯à®£à�¬¬−ëå áà¥¤áâ¢
à�§à�¡®âª¨ �á¨−åà®−−ëå áå¥¬, −�¯à¨¬¥à Balsa [10]. �−¨ á«ã¦�â ¨−áâàã¬¥−â®¬
á¨−â¥§� �á¨−åà®−−®© áå¥¬ë, ¨á¯®«ì§ãï ¢ ª�ç¥áâ¢¥ ¨áå®¤−®£® §�¤�−¨ï ¥¥ ®¯¨á�−¨¥
−� ¯®¢¥¤¥−ç¥áª®¬ ¨«¨ �«£®à¨â¬¨ç¥áª®¬ ãà®¢−¥. �à¨ íâ®¬ ®−¨ ¨á¯®«ì§ãîâ ä®à¬ã
¨áå®¤−®£® ®¯¨á�−¨ï á¨−â¥§¨àã¥¬®© áå¥¬ë, á¯¥æ¨ä¨ç−ãî ¨¬¥−−® ¤«ï ‘‘-áå¥¬:
á¯¥æ¨�«ì−ë© ï§ëª, á¨£−�«ì−ë¥ £à�äë ¨ â. ¤. ’�ª®© ¯®¤å®¤ §�âàã¤−ï¥â à�¡®âã
¯à®¥ªâ¨à®¢é¨ª®¢, −® −¥ £�à�−â¨àã¥â ¯®«ãç¥−¨¥ ª®àà¥ªâ−®£® á â®çª¨ §à¥−¨ï
‘‘-¤¨áæ¨¯«¨−ë à¥§ã«ìâ�â� [11].

�®«¥¥ ¯à®áâë¬ ¨ ¨−âã¨â¨¢−® ¯®−ïâ−ë¬ ¯à¥¤áâ�¢«ï¥âáï ¯®¤å®¤ ª á¨−â¥§ã
‘‘-áå¥¬, ¯à¥®¡à�§ãîé¨© ¨áå®¤−®¥ ®¯¨á�−¨¥ áå¥¬ë, §�¤�−−®¥ ¢ á¨−åà®−−®¬
¢¨¤¥, ¢ �á¨−åà®−−®¥ á ¯®¬®éìî ¬¥â®¤� ¤¥á¨−åà®−¨§�æ¨¨ [12{14]. ‘ ¯®¬®éìî
�−�«¨§� á¢ï§−®áâ¨ ãáâà®©áâ¢ ¢ á®áâ�¢¥ áå¥¬ë, ä®à¬�«ì−ëå ¯à�¢¨« §�¬¥−ë á¨−-
åà®−−ëå í«¥¬¥−â®¢ ¨å ‘‘-�−�«®£�¬¨ ¨ §�¬¥−ë £«®¡�«ì−®© á¨−åà®−¨§�æ¨¨ á®-
¢®ªã¯−®áâìî «®ª�«ì−ëå á¨£−�«®¢ ã¯à�¢«¥−¨ï §�¯à®á-®â¢¥â−ë¬ ¢§�¨¬®¤¥©áâ¢¨¥¬
íâ®â ¬¥â®¤ ¯®§¢®«ï¥â ¤®áâ�â®ç−® ¯à®áâ® ¯®«ãç¨âì �á¨−åà®−−ãî áå¥¬ã. �¤−�ª®
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á¨−â¥§¨à®¢�−−ë¥ â�ª¨¬ ¯ãâ¥¬ áå¥¬ë ¨á¯®«ì§ãîâ ¤«ï ä®à¬¨à®¢�−¨ï á¨£−�«®¢
ã¯à�¢«¥−¨ï í«¥¬¥−âë §�¤¥à¦ª¨ ¢¬¥áâ® ¯à®¢¥àª¨ ¨ ¯®¤â¢¥à¦¤¥−¨ï §�¢¥àè¥−¨ï
¯¥à¥ª«îç¥−¨ï áå¥¬ë ¢ â¥ªãéãî ä�§ã à�¡®âë (¨−¤¨æ¨à®¢�−¨ï [15]) ¨ ¨§-§� íâ®-
£® â¥àïîâ àï¤ ¯à¥¨¬ãé¥áâ¢ ¯®«−®æ¥−−ëå ‘‘-áå¥¬, ¢ ç�áâ−®áâ¨ −¥§�¢¨á¨¬®áâì
à�¡®âë ®â §�¤¥à¦¥ª í«¥¬¥−â®¢.

�â¥ç¥áâ¢¥−−ë¥ ¯à®£à�¬¬−ë¥ áà¥¤áâ¢� ¯à®¥ªâ¨à®¢�−¨ï ‘‘-áå¥¬ ª�á�îâáï
«¨èì ¢®¯à®á®¢ ¤¨�£−®áâ¨à®¢�−¨ï [16] ¨ �−�«¨§� −� á�¬®á¨−åà®−−®áâì [17]. �−¨
®¡¥á¯¥ç¨¢�îâ ¯à®¢¥àªã ª®àà¥ªâ−®áâ¨ ‘‘-à¥�«¨§�æ¨¨ á¨−â¥§¨à®¢�−−®© áå¥¬ë,
−® −¥ á¯®á®¡−ë ®¡«¥£ç¨âì ¨ ãáª®à¨âì ¥¥ à�§à�¡®âªã.

Šà®¬¥ â®£®, ¯àï¬®¥ ä®à¬�«ì−®¥ ¯à¥®¡à�§®¢�−¨¥ á¨−åà®−−®£® ®¯¨á�−¨ï ¢ ‘‘-
áå¥¬ã ¯à¨¢®¤¨â ª ¡®«ìè®© ¨§¡ëâ®ç−®áâ¨ ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ‘‘-ãáâà®©áâ¢,
−�¯à¨¬¥à ¤¢®¨ç−ëå áç¥âç¨ª®¢. –¥«ì áâ�âì¨ | ®æ¥−ª� ¢®§¬®¦−®áâ¨ ¯à¨¬¥−¥−¨ï
¨¬¥îé¨åáï ¯à®£à�¬¬−ëå áà¥¤áâ¢ á¨−â¥§� æ¨äà®¢ëå ãáâà®©áâ¢ ¤«ï á¨−â¥§� ¤¢®-
¨ç−ëå ‘‘-áç¥âç¨ª®¢ ¨ à�§à�¡®âª� ä®à¬�«¨§®¢�−−®£® ¬¥â®¤� á¨−â¥§� ‘‘-áç¥â-
ç¨ª®¢, ®¡¥á¯¥ç¨¢�îé¥£® ¯®«ãç¥−¨¥ ª®àà¥ªâ−ëå áå¥¬ á ¯à¨¥¬«¥¬ë¬¨ å�à�ªâ¥-
à¨áâ¨ª�¬¨. ��ãç−�ï −®¢¨§−� ®¯¨áë¢�¥¬®£® ¯®¤å®¤� §�ª«îç�¥âáï ¢ à�§à�¡®âª¥
�«£®à¨â¬� ä®à¬�«¨§®¢�−−®£® ¯à¥®¡à�§®¢�−¨ï ¨áå®¤−®£® Verilog-®¯¨á�−¨ï ¤¢®-
¨ç−®£® á¨−åà®−−®£® áç¥âç¨ª� ¢ ‘‘-à¥�«¨§�æ¨î, äã−ªæ¨®−¨àãîéãî ¢ ¯®«−®¬
á®®â¢¥âáâ¢¨¨ á ¨áå®¤−ë¬ ®¯¨á�−¨¥¬ á ãç¥â®¬ á¯¥æ¨ä¨ª¨ à�¡®âë ‘‘-áå¥¬.

2 Автоматизация логического синтеза самосинхронных счетчиков

”®à¬�«¨§®¢�−−ë© á¨−â¥§ ‘‘-áç¥âç¨ª®¢ «¥¦¨â ¢ àãá«¥ ®¡é¥© ¬¥â®¤®«®-
£¨¨ �¢â®¬�â¨§�æ¨¨ ¯à®¥ªâ¨à®¢�−¨ï ‘‘-áå¥¬ [18]. �ãáâì ¨áå®¤−®¥ ®¯¨á�−¨¥
á¨−â¥§¨àã¥¬®© áå¥¬ë ¯à¥¤áâ�¢«¥−® −� ï§ëª¥ Verilog −� ¯®¢¥¤¥−ç¥áª®¬ ãà®¢−¥
á ¨á¯®«ì§®¢�−¨¥¬ ¡«®ª®¢ always. ÷�á¯®§−�âì á¨−åà®−−ë© áç¥âç¨ª ¢ ¨áå®¤−®¬
Verilog-®¯¨á�−¨¨ ¤®áâ�â®ç−® ¯à®áâ®: ¢ ¡«®ª¥ always, ®¯¨áë¢�îé¥¬ áç¥âç¨ª, ¯à¨-
áãâáâ¢ã¥â ®¯¥à�â®à ¨−ªà¥¬¥−â� ¨«¨ ¤¥ªà¥¬¥−â� ¢¥ªâ®à−®© ¯¥à¥¬¥−−®© ¯® äà®−âã
(¯¥à¥¤−¥¬ã ¨«¨ §�¤−¥¬ã) −¥ª®â®à®£® á¨£−�«�, ç�é¥ ¢á¥£® £«®¡�«ì−®£® â�ªâ®¢®£®
á¨£−�«�. „®¯®«−¨â¥«ì−ë¥ ®¯¥à�â®àë ¢ â¥«¥ ¡«®ª� always, ®¯¨áë¢�îé¥£® áç¥â-
ç¨ª, á¯¥æ¨ä¨æ¨àãîâ ¥£® ¯à¥¤ãáâ�−®¢ªã ¯® ¢−¥è−¥¬ã á¨£−�«ã à�§à¥è¥−¨ï ¨«¨ ¯®
§�¤�−−®¬ã á®áâ®ï−¨î á�¬®£® áç¥âç¨ª�.

÷¨áã−®ª 1 ¤¥¬®−áâà¨àã¥â ¯à¨¬¥à ®¯¨á�−¨ï ¤¢®¨ç−®£® áç¥âç¨ª� á �á¨−åà®−-
−ë¬ á¡à®á®¬ −� ï§ëª¥ Verilog. ‘®áâ®ï−¨¥ State ¨−ªà¥¬¥−â¨àã¥âáï ¯à¨ ¯®-

always@(posedge T or posedge res) begin
if(res) // ��ç�«ì−ë© á¡à®á ¯® ãá«®¢¨î res = 1

State <= 4′h0;
else // ˆ−ªà¥¬¥−â�æ¨ï áç¥âç¨ª�

State <= State + 1;
end

÷¨á. 1 Verilog-®¯¨á�−¨¥ ¤¢®¨ç−®£® áç¥âç¨ª�
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÷¨á. 2 ÷¥§ã«ìâ�â á¨−â¥§� Yosys áã¬¬¨àãîé¥£® áç¥âç¨ª� á �á¨−åà®−−ë¬ á¡à®á®¬

áâã¯«¥−¨¨ ¯®«®¦¨â¥«ì−®£® äà®−â� á¨£−�«� T ¨ ¯�áá¨¢−®¬ ãà®¢−¥ ¢å®¤� á¡à®á�
res, çâ® á®®â¢¥âáâ¢ã¥â áã¬¬¨àãîé¥¬ã áç¥âç¨ªã. �®áª®«ìªã ¢ â¥«¥ ¡«®ª� always
−¥â ¤®¯®«−¨â¥«ì−ëå ãá«®¢¨© ä®à¬�â¨à®¢�−¨ï á®áâ®ï−¨ï State (¢®áì¬¥à¨ç−®£®,
¤¥áïâ¨ç−®£® ª®¤¨à®¢�−¨ï), íâ® ¤¢®¨ç−ë© áç¥âç¨ª.

÷¥§ã«ìâ�â á¨−â¥§� ¤¢®¨ç−®£® áç¥âç¨ª� ¯® ¥£® ¨áå®¤−®¬ã ¯®¢¥¤¥−ç¥áª®¬ã ®¯¨-
á�−¨î §�¢¨á¨â ®â ãà®¢−ï ä®à¬�«¨§�æ¨¨ �«£®à¨â¬� ¯à¥®¡à�§®¢�−¨ï ¡«®ª� always
¢ áå¥¬ã −� í«¥¬¥−â�å ¡¨¡«¨®â¥ª¨ áâ�−¤�àâ−ëå ïç¥¥ª. ��¯à¨¬¥à, ¯®¤á¨áâ¥¬�
Yosys [19] à¥�«¨§ã¥â «î¡®© ¤¢®¨ç−ë© áç¥âç¨ª ¢ ¢¨¤¥ à¥£¨áâà� åà�−¥−¨ï −� ¤¢ãå-
â�ªâ−ëå âà¨££¥à�å, á®áâ®ï−¨¥ ª®â®à®£® ¨§¬¥−ï¥âáï ¢ á®®â¢¥âáâ¢¨¨ á §�¤�−−ë¬
â¨¯®¬ áç¥â� (áã¬¬¨àãîé¨¬, ¢ëç¨â�îé¨¬, à¥¢¥àá¨¢−ë¬) á ¯®¬®éìî ¯�à�««¥«ì-
−®© §�¯¨á¨ ¢ à�§àï¤ë à¥£¨áâà� ¨−ä®à¬�æ¨¨, ¯®¤£®â®¢«¥−−®© ª®¬¡¨−�æ¨®−−®©
áå¥¬®©. ÷¨áã−®ª 2 ¨««îáâà¨àã¥â à¥§ã«ìâ�â á¨−â¥§� ¯®¤á¨áâ¥¬®© Yosys á¨−åà®−-
−®£® áç¥âç¨ª�, §�¤�−−®£® Verilog-ª®¤®¬ −� à¨á. 1.

’�ª®© ¯®¤å®¤ ª á¨−â¥§ã áç¥âç¨ª®¢ ®¡¥á¯¥ç¨¢�¥â ¯®áâà®¥−¨¥ ¢ ¥¤¨−®¬ áâ¨«¥
¢á¥å à�§−®¢¨¤−®áâ¥© áç¥âç¨ª®¢, á «î¡ë¬ â¨¯®¬ ¯à¥¤ãáâ�−®¢ª¨ ¨ −�¯à�¢«¥−¨ï
áç¥â�. ˆ−ä®à¬�æ¨®−−ë© ¢å®¤ i-£® à�§àï¤� à¥£¨áâà� ¢ëç¨á«ï¥âáï ª�ª äã−ªæ¨ï

Xi =

(

i−1
∧

k=0
State [k]

)

⊕ State [i] , (1)

£¤¥ á¨¬¢®« ú∧û ®§−�ç�¥â «®£¨ç¥áª®¥ ¯à®¨§¢¥¤¥−¨¥. �à¨ i = 0 äã−ªæ¨ï (1)
ã¯à®é�¥âáï ¤® ¢¨¤�:

X0 =∼ State [0] .
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‘å¥¬� −� à¨á. 2 «®£¨ç¥áª¨ ®¡®á−®¢�−�, â�ª ª�ª ®¡¥á¯¥ç¨¢�¥â ¬�ªá¨¬�«ì−®¥
¡ëáâà®¤¥©áâ¢¨¥ ¢ á¨−åà®−−®© áå¥¬®â¥å−¨ª¥ §� áç¥â ¨§¡ëâ®ç−®áâ¨ �¯¯�à�â−ëå §�-
âà�â, ª®â®à�ï, ®¤−�ª®, −¥ ¢á¥£¤� ®ª�§ë¢�¥âáï ®¯à�¢¤�−−®©. ‘ã¬¬�à−�ï �¯¯�à�â-
−�ï á«®¦−®áâì áå¥¬ë áç¥âç¨ª� −� à¨á. 2 à�¢−� 180 âà�−§¨áâ®à�¬ ¯à¨ ¨§£®â®¢«¥−¨¨
¢ â¥å−®«®£¨¨ ŠŒ„� (ª®¬¯«¥¬¥−â�à−ë© ¬¥â�«« { ¤¨í«¥ªâà¨ª { ¯®«ã¯à®¢®¤−¨ª).
�à¥¢à�â¨âì â�ªãî áå¥¬ã ¢ ‘‘-�−�«®£ ¬®¦−® ¯ãâ¥¬ ¯àï¬®£® ¯à¥®¡à�§®¢�−¨ï á ¯®-
¬®éìî á«¥¤ãîé¥© ¯à®æ¥¤ãàë, à¥�«¨§ãîé¥© ¬¥â®¤ë, ¨§«®¦¥−−ë¥ ¢ à�¡®â�å [18,
20]:

{ ¤ã�«¨§¨à®¢�âì ª®¬¡¨−�æ¨®−−ãî ç�áâì, ¨á¯®«ì§ãï âà�¤¨æ¨®−−®¥ ¤«ï ª®¬¡¨-
−�æ¨®−−ëå ‘‘-áå¥¬ ¯�à�ä�§−®¥ á® á¯¥©á¥à®¬ ª®¤¨à®¢�−¨¥ ¢á¥å ¨−ä®à¬�æ¨-
®−−ëå á¨£−�«®¢;

{ ¯®¤áâ�¢¨âì ¢¬¥áâ® á¨−åà®−−ëå ¤¢ãåâ�ªâ−ëå âà¨££¥à®¢, ®¡®§−�ç¥−−ëå ¨¬¥−¥¬
FDC −� à¨á. 2, ¯®¤å®¤ïé¨© ¤¢ãåâ�ªâ−ë© ‘‘-âà¨££¥à á ¢å®¤®¬ ã¯à�¢«¥−¨ï
¨ ¯�à�ä�§−ë¬ á® á¯¥©á¥à®¬ ¨−ä®à¬�æ¨®−−ë¬ ¢å®¤®¬;

{ ¢¢¥áâ¨ ¯à¥®¡à�§®¢�â¥«ì ¡¨ä�§−ëå ¢ëå®¤®¢ ‘‘-âà¨££¥à®¢ ¢ ¯�à�ä�§−ë¥ á®
á¯¥©á¥à®¬ á¨£−�«ë, ¯®áª®«ìªã ª®¬¡¨−�æ¨®−−�ï ç�áâì ‘‘-áç¥âç¨ª� à�¡®â�¥â
¨¬¥−−® á â�ª¨¬¨ á¨£−�«�¬¨;

{ ¤®¡�¢¨âì ¨−¤¨ª�â®à−ãî ¯®¤áå¥¬ã, ãç¨âë¢�îéãî −¥®¡å®¤¨¬®áâì ¤®¯®«−¨-
â¥«ì−®© ¨−¤¨ª�æ¨¨ ¢å®¤� ã¯à�¢«¥−¨ï «¨¡® ¢ ª�¦¤®¬ âà¨££¥à¥, «¨¡® £àã¯¯®-
¢ë¬ ¬¥â®¤®¬ ¨§-§� ¯�à�ä�§−®£® á® á¯¥©á¥à®¬ â¨¯� ¨−ä®à¬�æ¨®−−®£® ¢å®¤�
à�§àï¤®¢ ‘‘-áç¥âç¨ª�.

‚ à¥§ã«ìâ�â¥ ¯®«ãç�¥âáï ‘‘-áå¥¬�, ¯®ª�§�−−�ï −� à¨á. 3 ¢ ¡�§¨á¥ ¡¨¡«¨®â¥ª¨
áâ�−¤�àâ−ëå ïç¥¥ª ¤«ï ¯à®¥ªâ¨à®¢�−¨ï ‘‘-áå¥¬ [21]. ‘å¥¬� ¨á¯®«ì§®¢�−−®£®
¢ −¥© ‘‘-âà¨££¥à� R1RE24 ¯à¥¤áâ�¢«¥−� −� à¨á. 4. ‡¤¥áì R, S | ¨−ä®à¬�æ¨-
®−−ë© ¯�à�ä�§−ë© ¢å®¤ á −ã«¥¢ë¬ á¯¥©á¥à®¬; RT | ¢å®¤ �á¨−åà®−−®£® á¡à®á�;
… | ¢å®¤ ã¯à�¢«¥−¨ï, �−�«®£ â�ªâ®¢®£® á¨£−�«� ¢ á¨−åà®−−ëå âà¨££¥à�å; Q,
QB | ¡¨ä�§−ë© ¨−ä®à¬�æ¨®−−ë© ¢ëå®¤; I | ¨−¤¨ª�â®à−ë© ¢ëå®¤. ‘ã¬¬�à−�ï
�¯¯�à�â−�ï á«®¦−®áâì áå¥¬ë −� à¨á. 3 à�¢−� 376 ŠŒ„�-âà�−§¨áâ®à�¬.

‚ â® ¦¥ ¢à¥¬ï ¬�ªá¨¬�«ì−®¥ ¡ëáâà®¤¥©áâ¢¨¥ §� áç¥â ¨§¡ëâ®ç−®áâ¨, ¢®-¯¥à-
¢ëå, ¤�«¥ª® −¥ ¢á¥£¤� ¢®áâà¥¡®¢�−®, � ¢®-¢â®àëå, ¢ ‘‘-¢�à¨�−â¥ ®ª�§ë¢�¥âáï
¯à®¡«¥¬�â¨ç−ë¬ ¢á«¥¤áâ¢¨¥ çà¥§¬¥à−®£® ãá«®¦−¥−¨ï áå¥¬ë. „«ï à¥è¥−¨ï
¢®¯à®á� æ¥«¥á®®¡à�§−®áâ¨ ¨á¯®«ì§®¢�−¨ï ¯�à�««¥«ì−®£® ‘‘-áç¥âç¨ª� áà�¢−¨¬
¥£® á ¯®á«¥¤®¢�â¥«ì−ë¬ ¢�à¨�−â®¬ ‘‘-áç¥âç¨ª�.

3 Сравнение вариантов самосинхронных счетчиков

�®á«¥¤®¢�â¥«ì−ë© ‘‘-áç¥âç¨ª â�ª¦¥ á¨−â¥§¨àã¥âáï −� ®á−®¢¥ ¯®á«¥¤®¢�-
â¥«ì−®£® á¨−åà®−−®£® �−�«®£�. ÷¨áã−®ª 5 ¤¥¬®−áâà¨àã¥â à¥�«¨§�æ¨î ¯®á«¥-
¤®¢�â¥«ì−®£® á¨−åà®−−®£® áç¥âç¨ª� á �á¨−åà®−−ë¬ á¡à®á®¬. …£® �¯¯�à�â−�ï
á«®¦−®áâì | 116 ŠŒ„�-âà�−§¨áâ®à®¢.
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ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª®, �. ‚. Œ®à®§®¢ ¨ ¤à.

÷¨á. 4 ‘å¥¬� âà¨££¥à� R1RE24

÷¨á. 5 �®á«¥¤®¢�â¥«ì−ë© á¨−åà®−−ë© ¤¢®¨ç−ë© áç¥âç¨ª

�−� ¯à¥¢à�é�¥âáï ¢ ‘‘-à¥�«¨§�æ¨î

÷¨á. 6 ‘å¥¬� âà¨££¥à� ‘1‘

á �á¨−åà®−−ë¬ á¡à®á®¬ ¯ãâ¥¬ §�¬¥−ë
âà¨££¥à®¢, ®¡®§−�ç¥−−ëå ¨¬¥−¥¬ FDC
−� à¨á. 5, âà¨££¥à®¬ ‘1‘ ¨§ ¡¨¡«¨®â¥-
ª¨ [21] ¨ ¤®¡�¢«¥−¨ï ¨−¤¨ª�â®à−®© ¯®¤-
áå¥¬ë. ‘å¥¬� âà¨££¥à� ‘1‘ ¨§®¡à�¦¥−�
−� à¨á. 6. ‡¤¥áì T | áç¥â−ë© ¢å®¤ á −ã-
«¥¢ë¬ á¯¥©á¥à®¬; ‘ | ¢å®¤ ‘‘ á¡à®á�;
Q, QB | ¡¨ä�§−ë© ¨−ä®à¬�æ¨®−−ë©
¢ëå®¤; I | ¨−¤¨ª�â®à−ë© ¢ëå®¤; OT |
áç¥â−ë© ¢ëå®¤; U, UB | ¢−ãâà¥−−¨©
¡¨ä�§−ë© á¨£−�«, ¢ëå®¤ ¡¨áâ�¡¨«ì−®©
ïç¥©ª¨.

÷¥§ã«ìâ¨àãîé�ï áå¥¬� ç¥âëà¥åà�§àï¤−®£® ¯®á«¥¤®¢�â¥«ì−®£® ‘‘-áç¥âç¨ª�
¯®ª�§�−� −� à¨á. 7. …¥ �¯¯�à�â−�ï á«®¦−®áâì | 154 ŠŒ„�-âà�−§¨áâ®à� |
¯®çâ¨ ¢ 2,5 à�§� −¨¦¥, ç¥¬ ¢ ¯�à�««¥«ì−®¬ ‘‘-áç¥âç¨ª¥ −� à¨á. 3.

‘à�¢−¥−¨¥ ¢�à¨�−â®¢ ç¥âëà¥åà�§àï¤−®£® ‘‘-áç¥âç¨ª�, ¯à¥¤áâ�¢«¥−−ëå −�
à¨á. 3 ¨ 7, ¯®ª�§ë¢�¥â, çâ® ¢ ‘‘-à¥�«¨§�æ¨¨, ¢ ®â«¨ç¨¥ ®â á¨−åà®−−®© áå¥¬®â¥å-
−¨ª¨, ¯�à�««¥«ì−ë© áç¥âç¨ª −¥ á�¬ë© ¡ëáâàë©. Œ®¤¥«¨à®¢�−¨¥ −� âà�−§¨áâ®à-
−®¬ ãà®¢−¥ (¯à®£à�¬¬� Spectre, Cadence) ¢ 65-−�−®¬¥âà®¢®© ŠŒ„�-â¥å−®«®£¨¨,
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÷¨á. 7 ‘�¬®á¨−åà®−−�ï à¥�«¨§�æ¨ï ¯®á«¥¤®¢�â¥«ì−®£® áç¥âç¨ª� á �á¨−åà®−−ë¬
á¡à®á®¬

÷¨á. 8 Œ®¤¥«¨à®¢�−¨¥ ¢�à¨�−â®¢ ¯®á«¥¤®¢�â¥«ì−®£® (¢ëå®¤ë Z∗ ¨ IndZ) ¨ ¯�à�««¥«ì-
−®£® (¢ëå®¤ë Y∗ ¨ IndY) ç¥âëà¥åà�§àï¤−®£® ‘‘-áç¥âç¨ª� á �á¨−åà®−−ë¬ á¡à®á®¬

à¥§ã«ìâ�âë ª®â®à®£® ¨««îáâà¨àã¥â à¨á. 8, ¢ëï¢¨«® á«¥¤ãîé¨¥ à�§«¨ç¨ï ¢ ¯®¢¥-
¤¥−¨¨ ¢�à¨�−â®¢ ‘‘-áç¥âç¨ª�:

(1) ¢ ¯�à�««¥«ì−®¬ ¢�à¨�−â¥ (á¬. à¨á. 3) ¢à¥¬¥−� ¯à¥¡ë¢�−¨ï ‘‘-áç¥âç¨ª�
¢ à�¡®ç¥© ¨ á¯¥©á¥à−®© ä�§�å ¯à¨¬¥à−® à�¢−ë ¨ −¥ §�¢¨áïâ ®â â¥ªãé¥-
£® á®áâ®ï−¨ï áç¥âç¨ª�, ¢ â® ¢à¥¬ï ª�ª ¢ ¯®á«¥¤®¢�â¥«ì−®¬ áç¥âç¨ª¥ (á¬.
à¨á. 7) ¤«¨â¥«ì−®áâ¨ ä�§ ¢�àì¨àãîâáï ¢ §�¢¨á¨¬®áâ¨ ®â ç¨á«� à�§àï¤®¢, ¯¥-
à¥ª«îç�îé¨åáï ¢ ¯à®æ¥áá¥ ¯¥à¥å®¤� ¨§ ®¤−®£® á®áâ®ï−¨ï áç¥âç¨ª� ¢ ¤àã£®¥;

(2) ¢ �¢â®−®¬−®¬ à¥¦¨¬¥, ª®£¤� ¢ëå®¤ ®¡é¥£® ¨−¤¨ª�â®à� áç¥âç¨ª� §�¬ª−ãâ −�
¥£® áç¥â−ë© ¢å®¤, áà¥¤−¥¥ ¡ëáâà®¤¥©áâ¢¨¥ ‘‘-áç¥âç¨ª� (¢¥«¨ç¨−�, ®¡à�â−�ï
¯® ®â−®è¥−¨î ª ¢à¥¬¥−¨ ¯à®å®¤� áç¥âç¨ª� ¯® ¢á¥¬ á®áâ®ï−¨ï¬) ¢ ¯®á«¥-
¤®¢�â¥«ì−®¬ ¢�à¨�−â¥ ®ª�§ë¢�¥âáï ¢ 1,7 à�§� ¢ëè¥, ç¥¬ ¢ ¯�à�««¥«ì−®¬
áç¥âç¨ª¥.

Œ®¤¥«¨à®¢�−¨¥ ¤¢ãå �−�«®£¨ç−ëå ¢�à¨�−â®¢ à¥�«¨§�æ¨¨ ¢®áì¬¨à�§àï¤−®-
£® ‘‘-áç¥âç¨ª� ¤¥¬®−áâà¨àã¥â, çâ® á ã¢¥«¨ç¥−¨¥¬ à�§àï¤−®áâ¨ ¯à¥¨¬ãé¥áâ¢®
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ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª®, �. ‚. Œ®à®§®¢ ¨ ¤à.

÷¨á. 9 Œ®¤¥«¨à®¢�−¨¥ ¢�à¨�−â®¢ ¢®áì¬¨à�§àï¤−®£® ‘‘-áç¥âç¨ª� á �á¨−åà®−−ë¬
á¡à®á®¬

¯®á«¥¤®¢�â¥«ì−®£® áç¥âç¨ª� −�¤ ¯�à�««¥«ì−ë¬ à�áâ¥â. �� à¨á. 9 ¯®ª�§�−ë
¤¨�£à�¬¬ë ¯¥à¥ª«îç¥−¨ï ç¥âëà¥å áâ�àè¨å à�§àï¤®¢ ¢®áì¬¨à�§àï¤−ëå ¯®á«¥¤®-
¢�â¥«ì−®£® ¨ ¯�à�««¥«ì−®£® ‘‘-áç¥âç¨ª®¢. �®á«¥¤®¢�â¥«ì−ë© áç¥âç¨ª à�¡®â�¥â
¯®çâ¨ ¢ 2 à�§� ¡ëáâà¥¥.

�à¨ç¨−� ¯à¥¨¬ãé¥áâ¢� ¯®á«¥¤®¢�â¥«ì−®£® áç¥âç¨ª� ¢ ¡ëáâà®¤¥©áâ¢¨¨ §�-
ª«îç�¥âáï ¢ ¡®«¥¥ ¯à®áâ®© áå¥¬¥ ¨ ¨−¤¨ª�æ¨¨ ¢ áà�¢−¥−¨¨ á ¯�à�««¥«ì−ë¬
‘‘-áç¥âç¨ª®¬. ‚ ¯�à�««¥«ì−®¬ ¢�à¨�−â¥ äã−ªæ¨ï (1) ¨−ä®à¬�æ¨®−−®£® ¢å®¤�

i-£® à�§àï¤� áç¥âç¨ª� âà¥¡ã¥â ¤¥ª®¬¯®§¨æ¨¨ ç�áâ¨ ∧i−1
k=0 State [k] ¯à¨ i > 4, ¯®-

íâ®¬ã á ã¢¥«¨ç¥−¨¥¬ à�§àï¤−®áâ¨ ª®¬¡¨−�æ¨®−−�ï ç�áâì ¯�à�««¥«ì−®£® áç¥âç¨ª�
áâ�−®¢¨âáï ¢á¥ ¡®«¥¥ ¤¥ª®¬¯®§¨à®¢�−−®©, ã¢¥«¨ç¨¢�îâáï á«®¦−®áâì ¨ §�¤¥à¦ª�
¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë.

„®¯®«−¨â¥«ì−®¥ ¯à¥¨¬ãé¥áâ¢® ¯®á«¥¤®¢�â¥«ì−®£® ¢�à¨�−â� ‘‘-áç¥âç¨ª� |
¥£® ¯à®áâ�ï ¬�áèâ�¡¨àã¥¬®áâì, çâ® ®¡«¥£ç�¥â ¥£® ¯�à�¬¥âà¨§�æ¨î ¯à¨ �¢â®¬�â¨-
§¨à®¢�−−®¬ á¨−â¥§¥. �®íâ®¬ã ¤«ï ‘‘-à¥�«¨§�æ¨¨ æ¥«¥á®®¡à�§−® ¨á¯®«ì§®¢�âì
¯®á«¥¤®¢�â¥«ì−ë© áç¥âç¨ª.

4 Формализация синтеза самосинхронных счетчиков

‘�¬®á¨−åà®−−ë© áç¥âç¨ª æ¥«¥á®®¡à�§−® á¨−â¥§¨à®¢�âì −� ®á−®¢¥ ¡¨¡«¨®â¥ª¨
¯�à�¬¥âà¨§®¢�−−ëå ‘‘-áç¥âç¨ª®¢. �à¨¬¥à ¯�à�¬¥âà¨§®¢�−−®£® Verilog-®¯¨á�-
−¨ï ¬®¤ã«ï ‘‘-áç¥âç¨ª� á® á¡à®á®¬ ¯à¥¤áâ�¢«¥− −� à¨á. 10.

��à�¬¥âà WIDTH §�¤�¥â à�§àï¤−®áâì áç¥âç¨ª� ¨ −�áâà�¨¢�¥âáï ¯®¤ âà¥¡ã-
¥¬®¥ §−�ç¥−¨¥ ¢ ª�¦¤®¬ ª®−ªà¥â−®¬ á«ãç�¥ ¢ ¯à®æ¥áá¥ á¨−â¥§�, ¯à¨ç¥¬ å�à�ªâ¥à
á¡à®á� | �á¨−åà®−−ë© ¨«¨ á�¬®á¨−åà®−−ë© | −¥ ¢«¨ï¥â −� ¢−ãâà¥−−îî à¥�«¨-
§�æ¨î áç¥âç¨ª�. ‘®®â¢¥âáâ¢ãîé�ï á¯¥æ¨ä¨ª� á ãá¯¥å®¬ ®¯à¥¤¥«ï¥âáï ®ªàã¦¥−¨-
¥¬ áç¥âç¨ª�. ‚ëå®¤ë ¬®¤ã«ï áç¥âç¨ª� ¯®§¢®«ïîâ ®à£�−¨§®¢�âì ‘‘-á¡à®á ¢ ®ªàã-
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÷¨á. 10 ��à�¬¥âà¨§®¢�−−®¥ Verilog-®¯¨á�−¨¥ ¬®¤ã«ï ‘‘-áç¥âç¨ª� á® á¡à®á®¬

¦¥−¨¨ áç¥âç¨ª�. ÷�§àï¤−®áâì áç¥âç¨ª� WIDTH ¨§¢«¥ª�¥âáï ¨§ â¥«� ¡«®ª� always
¨«¨ ¨§ ®¡êï¢«¥−¨ï á®®â¢¥âáâ¢ãîé¥© ¯¥à¥¬¥−−®© ¢ ¨áå®¤−®¬ Verilog-®¯¨á�−¨¨.
ˆ−¤¨ª�â®à−�ï ¯®¤áå¥¬� ¢ë¯®«−ï¥â äã−ªæ¨î «®£¨ç¥áª®£® úˆû ®â á®¢®ªã¯−®áâ¨
¢ëå®¤®¢ I ¢á¥å à�§àï¤®¢ ¨ ¢ëå®¤� OT ¯®á«¥¤−¥£® (áâ�àè¥£®) à�§àï¤�:

Ind = OTN ∧
(

N∧
k=1

Ik

)

,

£¤¥ N | à�§àï¤−®áâì áç¥âç¨ª�. �� à¨á. 10 ®−� ®¯¨á�−� à¥ªãàá¨¢−® ¨ ¯à¨
à¥�«¨§�æ¨¨ ¤®¯ãáª�¥â «î¡ãî ¤¥ª®¬¯®§¨æ¨î.

�à¨ �¢â®¬�â¨§¨à®¢�−−®¬ á¨−â¥§¥ ‘‘-áç¥âç¨ª� ®¡ï§�â¥«ì−® á®¡«î¤¥−¨¥ ¯®-
«ïà−®áâ¨ á¨£−�«®¢ ã¯à�¢«¥−¨ï, ¢ ¤�−−®¬ á«ãç�¥ | �ªâ¨¢−ë© ¯¥à¥¤−¨© äà®−â
áç¥â−®£® ¢å®¤� ’I ¨ �ªâ¨¢−ë© −¨§ª¨© ãà®¢¥−ì á¨£−�«� −� ¢å®¤¥ −�ç�«ì−®£®
á¡à®á� Res. �à¨ −¥®¡å®¤¨¬®áâ¨ ¯®«ïà−®áâì ¢å®¤®¢ ¨¥à�àå¨ç¥áª®£® ¬®¤ã«ï
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ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª®, �. ‚. Œ®à®§®¢ ¨ ¤à.

÷¨á. 11 �®¤áâ�−®¢ª� ¬®¤ã«ï ‘‘-áç¥âç¨ª� á® á¡à®á®¬ ¢ Verilog-®¯¨á�−¨¥

á®£«�áã¥âáï á ¯¥à¥¬¥−−ë¬¨ ¢ ¨áå®¤−®¬ Verilog-®¯¨á�−¨¨ á ¯®¬®éìî ¤®¯®«−¨-
â¥«ì−ëå ¨−¢¥àâ®à®¢. Šà®¬¥ â®£®, ¯®ï¢«ï¥âáï ¨−¢¥àá−�ï ª®¬¯®−¥−â� ¡¨ä�§−®£®
¨−ä®à¬�æ¨®−−®£® ¢ëå®¤� StateB. ‚ à¥§ã«ìâ�â¥ ¡«®ª always á �á¨−åà®−−ë¬
á¡à®á®¬ §�¬¥é�¥âáï äà�£¬¥−â®¬ Verilog-ª®¤�, ¯®ª�§�−−ë¬ −� à¨á. 11.

‘¨−â¥§ ‘‘-áç¥âç¨ª� à¥�«¨§ã¥âáï á ¯®¬®éìî á«¥¤ãîé¥© ä®à¬�«¨§®¢�−−®©
¯à®æ¥¤ãàë −� ¯à¨¬¥à¥ ¨áå®¤−®£® ®¯¨á�−¨ï −� à¨á. 1:

(1) �−�«¨§ §�£®«®¢ª� ¡«®ª� always. –¥«ì | ®¯à¥¤¥«¨âì ç¨á«® ¨ â¨¯ë ¢å®¤®¢
ã¯à�¢«¥−¨ï áç¥âç¨ª®¬, ¨å �ªâ¨¢−ë¥ ãà®¢−¨ ¨ äà®−âë. ‚ ¤�−−®¬ á«ãç�¥
§�£®«®¢®ª á®¤¥à¦¨â ¢ á¯¨áª¥ çã¢áâ¢¨â¥«ì−®áâ¨ ¤¢� á¨£−�«�: ’ ¨ res. “ −¨å
®¡®¨å �ªâ¨¢−ë¬ áç¨â�¥âáï ¯¥à¥¤−¨© äà®−â | ¯¥à¥ª«îç¥−¨¥ á¨£−�«� ¨§
«®£¨ç¥áª®£® −ã«ï ¢ «®£¨ç¥áªãî ¥¤¨−¨æã. ‘«¥¤®¢�â¥«ì−®, ¬®¦−® ¯à¥¤¯®«®-
¦¨âì, çâ® ¯® ªà�©−¥© ¬¥à¥ ®¤¨− ¨§ −¨å á«ã¦¨â á¨£−�«®¬ á¨−åà®−¨§�æ¨¨
ãáâà®©áâ¢�, ®¯¨áë¢�¥¬®£® ¡«®ª®¬ always;

(2) á¯¥æ¨ä¨æ¨à®¢�−¨¥ á¨£−�«®¢ ¢ ¡«®ª¥ always. ‚ á¯¨áª¥ çã¢áâ¢¨â¥«ì−®áâ¨
áç¥âç¨ª� ãª�§ë¢�îâáï áç¥â−ë© á¨£−�« (£«®¡�«ì−ë© â�ªâ®¢ë© ¨«¨ ¯à®¨§¢®¤-
−ë© ®â −¥£®), á¨£−�«ë ¨−¨æ¨�«¨§�æ¨¨ ¨ ¨å �ªâ¨¢−ë¥ ãà®¢−¨ ¨«¨ ¯¥à¥¯�¤ë.
�� à¨á. 1 â�ª¨å á¨£−�«®¢ ¤¢�: ’ ¨ res. �−�«¨§ â¥«� ¡«®ª� always −� à¨á. 1
¯®ª�§ë¢�¥â, çâ® á¨£−�« ’ ¢ â¥«¥ ¡«®ª� −¥ ¨á¯®«ì§ã¥âáï, á¨£−�« ¦¥ res ¢ë-
á®ª¨¬ ãà®¢−¥¬ à�§à¥è�¥â ®¡−ã«¥−¨¥ −¥ª®â®à®© ¯¥à¥¬¥−−®© State, � −¨§ª¨¬
ãà®¢−¥¬ à�§à¥è�¥â ¨−ªà¥¬¥−â íâ®© ¦¥ ¯¥à¥¬¥−−®©. ‡−�ç¨â, ’ | á¨−åà®-
á¨£−�« á �ªâ¨¢−ë¬ ¯¥à¥¤−¨¬ äà®−â®¬, � res | á¨£−�« á¡à®á�. �à®á¬®âà
®¡êï¢«¥−¨© ¯¥à¥¬¥−−ëå ¢ ¨áå®¤−®¬ Verilog-®¯¨á�−¨¨ ¢á¥© áå¥¬ë ¯®§¢®«ï¥â
®¯à¥¤¥«¨âì à�§àï¤−®áâì ¯¥à¥¬¥−−®© State. �®áª®«ìªã ®−� ¨−ªà¥¬¥−â¨àã-
¥âáï ¢ ¡«®ª¥ always, â® íâ® á®áâ®ï−¨¥ áç¥âç¨ª�, � ’ | ¥£® áç¥â−ë© ¢å®¤
á �ªâ¨¢−ë¬ ¯¥à¥¤−¨¬ äà®−â®¬;

(3) ¯®¤¡®à ‘‘-�−�«®£� ¤«ï á¨−åà®−−®£® ãáâà®©áâ¢�, ®¯¨áë¢�¥¬®£® ¤�−−ë¬
¡«®ª®¬ always. �®áª®«ìªã â¥«® ¡«®ª� always ®¯¨áë¢�¥â áã¬¬¨àãîé¨©
áç¥âç¨ª, ¯¥à¥ª«îç�îé¨©áï ¯® ¯¥à¥¤−¥¬ã äà®−âã á¨£−�«� ’ ¨ ®¡−ã«ï-
îé¨©áï ¯® á¨£−�«ã res = 1, ¢ ‘‘-¢�à¨�−â¥ ®− à¥�«¨§ã¥âáï −� áç¥â−®¬
âà¨££¥à¥ ‘1‘ ¨§ ¡¨¡«¨®â¥ª¨ [21], ª ¢å®¤ã á¡à®á� ª®â®à®£® ¯®¤ª«îç�¥âáï
¨−¢¥àá¨ï á¨£−�«� res;

(4) c¨−â¥§ ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë. �¡ï§�â¥«ì−ë© ª®¬¯®−¥−â ¨−¤¨ª�â®à−®©
¯®¤áå¥¬ë ‘‘-áç¥âç¨ª� | ¨−¤¨ª�â®à áç¥â−®£® à¥¦¨¬�. …£® æ¥«¥á®®¡à�§-
−® ¢ª«îç�âì −¥¯®áà¥¤áâ¢¥−−® ¢ ¬®¤ã«ì á�¬®£® áç¥âç¨ª�. �®¤â¢¥à¦¤¥−¨¥
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ãá¯¥è−®© ‘‘-¯à¥¤ãáâ�−®¢ª¨ áç¥âç¨ª� æ¥«¥á®®¡à�§−® ä®à¬¨à®¢�âì ¢ ®ªàã-
¦¥−¨¨ áç¥âç¨ª�;

(5) ®ä®à¬«¥−¨¥ áç¥âç¨ª� ¢ ¢¨¤¥ ®â¤¥«ì−®£® ¬®¤ã«ï. �«®ª always ¢ ¨á-
å®¤−®¬ Verilog-®¯¨á�−¨¨ á¨−â¥§¨àã¥¬®© áå¥¬ë §�¬¥é�¥âáï ¨¥à�àå¨ç¥áª¨¬
¬®¤ã«¥¬ ‘‘-áç¥âç¨ª� ¨ �âà¨¡ãâ�¬¨, á¯¥æ¨ä¨æ¨àãîé¨¬¨ ¥£® ®á®¡¥−−®áâ¨
äã−ªæ¨®−¨à®¢�−¨ï. �à¨ ¯®á«¥¤ãîé¥¬ á¨−â¥§¥ �âà¨¡ãâë ¯®¬®£ãâ ª®àà¥ªâ−®
à¥�«¨§®¢�âì ¨ ¢áâà®¨âì ‘‘-áç¥âç¨ª ¢ ®¡éãî áå¥¬ã.

5 Заключение

ˆ§¢¥áâ−ë¥ «®£¨ç¥áª¨¥ á¨−â¥§�â®àë á¨−åà®−−ëå áå¥¬ ¯à®¨§¢®¤ïâ ¤¢®¨ç−ë¥
áç¥âç¨ª¨ á à�§−ë¬¨ â¨¯�¬¨ á¡à®á� ¨ ãáâ�−®¢ª¨ ¥¤¨−®®¡à�§−® | á ¯®¬®éìî
à¥£¨áâà� åà�−¥−¨ï á ¯�à�««¥«ì−®© §�¯¨áìî á«¥¤ãîé¥£® á®áâ®ï−¨ï áç¥âç¨ª�,
ª®â®à®¥ ¢ëç¨á«ï¥âáï ª®¬¡¨−�æ¨®−−®© áå¥¬®© −� ®á−®¢¥ â¥ªãé¥£® á®áâ®ï−¨ï
¨ á¨£−�«�, ®¯à¥¤¥«ïîé¥£® −�¯à�¢«¥−¨¥ áç¥â�. ‚á¥ à�§àï¤ë â�ª®£® áç¥âç¨ª� ®¡-
−®¢«ïîâáï ®¤−®¢à¥¬¥−−®, çâ® á®®â¢¥âáâ¢ã¥â ¯�à�««¥«ì−®© �àå¨â¥ªâãà¥ áç¥âç¨ª�.
�à¨ −�«¨ç¨¨ á¡à®á� ¨«¨ ãáâ�−®¢ª¨ áç¥âç¨ª� ¢å®¤ë ¯à¥¤ãáâ�−®¢ª¨ ä®à¬¨àãîâáï
â®© ¦¥ ª®¬¡¨−�æ¨®−−®© áå¥¬®©, çâ® ¯à¥¤¢ëç¨á«ï¥â ¨ −®¢®¥ á®áâ®ï−¨¥ áç¥âç¨ª�.

�¤−�ª® ¯®á«¥¤®¢�â¥«ì−ë© ‘‘-áç¥âç¨ª ®¡«�¤�¥â ¢ 2{2,5 à�§� ¬¥−ìè¥© á«®¦-
−®áâìî ¨ ¢ 1,7{2 à�§� «ãçè¨¬ ¡ëáâà®¤¥©áâ¢¨¥¬ ¢ áà�¢−¥−¨¨ á ¯�à�««¥«ì−ë¬ ‘‘-
áç¥âç¨ª®¬, ¯®íâ®¬ã ¤«ï á¨−â¥§� ‘‘-áç¥âç¨ª� ¯à¥¤¯®çâ¨â¥«ì−¥© ¨á¯®«ì§®¢�âì ¥£®
¯®á«¥¤®¢�â¥«ì−ãî à¥�«¨§�æ¨î.

‘�¬®á¨−åà®−−ë¥ áç¥âç¨ª¨ æ¥«¥á®®¡à�§−® á¨−â¥§¨à®¢�âì á ¨á¯®«ì§®¢�−¨¥¬
¯�à�¬¥âà¨§®¢�−−ëå è�¡«®−®¢ ¬®¤ã«ï áç¥âç¨ª� ¨ ¥£® ®ªàã¦¥−¨ï, á¯¥æ¨ä¨æ¨àã-
îé¨å ®á®¡¥−−®áâ¨ äã−ªæ¨®−¨à®¢�−¨ï ‘‘-áç¥âç¨ª� á à�§«¨ç−ë¬¨ ¢�à¨�−â�¬¨
¯à¥¤ãáâ�−®¢ª¨ ¨ −�¯à�¢«¥−¨ï áç¥â�. �à¨ íâ®¬ ¬®¤ã«ì áç¥âç¨ª� ¨−¤¨æ¨àã¥â
â®«ìª® á¢®î à�¡®âã ¢ áç¥â−®¬ à¥¦¨¬¥. ‘�¬®á¨−åà®−−�ï ¯à¥¤ãáâ�−®¢ª� ¨ −�¯à�¢-
«¥−¨¥ áç¥â� ã¯à�¢«ïîâáï ¨ ¨−¤¨æ¨àãîâáï ®ªàã¦¥−¨¥¬ ‘‘-áç¥âç¨ª�, ª®â®à®¥
®à£�−¨§ã¥â −¥®¡å®¤¨¬ãî ¯à®æ¥¤ãàã ‘‘-¯à¥¤ãáâ�−®¢ª¨ ¨«¨ ¨§¬¥−¥−¨ï −�¯à�¢-
«¥−¨ï áç¥â�.
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Abstract: Self-timed (ST) circuits have high reliability. They guarantee detection
and localization of any persistent faults and demonstrate a high level of fault
tolerance. However, designing ST circuits is more labor-intensive compared
to synchronous circuits because one should construct an additional indication
subcircuit and adhere to the principles of truly ST circuit implementation.
Formalized desynchronization provides automatic conversion of the original
synchronous circuit description into the self-timed one but when synthesizing
sequential ST units, including ST counters, it leads to excessive hardware
redundancy and, as a consequence, to their low performance. The article
substantiates the approach to the ST counter synthesis based on the heuristic
method formalization for their construction and ensuring the guaranteed resulted
truly ST implementation that functions in full accordance with the original
description and has close to optimal consumer characteristics
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ЭВОЛЮЦИЯ И ПЕРСПЕКТИВЫ КОНЦЕПЦИИ
ПРОГРАММНОГО ОПРЕДЕЛЕНИЯ

В. Б. Егоров1

�−−®â�æ¨ï: Š®−æ¥¯æ¨ï ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï à®¤¨«�áì ¯à¨¬¥−¨â¥«ì−®
ª á¥âï¬ ¯¥à¥¤�ç¨ ¤�−−ëå. �à®£à�¬¬−®¥ ®¯à¥¤¥«¥−¨¥ á¥â¥© (software-defined
networking, SDN) ¨§−�ç�«ì−® ¯à¥¤¯®«�£�«® æ¥−âà�«¨§�æ¨î ¨ �¢â®¬�â¨§�-
æ¨î �¤¬¨−¨áâà¨à®¢�−¨ï á¥â¨ á §�¬¥−®© ¬�àèàãâ¨§�â®à®¢ −� ¡®«¥¥ ¤¥è¥¢ë¥
ª®¬¬ãâ�â®àë. Š®−æ¥¯æ¨ï SDN ¯à¥â¥à¯¥«� áãé¥áâ¢¥−−ë¥ ¨§¬¥−¥−¨ï ¯à¨ ¥¥
¯¥à¥−®á¥ ¨§ ã−¨¢¥àá¨â¥âáª¨å «�¡®à�â®à¨© ¢ ¤�â�-æ¥−âàë ¨ ¯à®¢�©¤¥àáª¨¥
á¥â¨, ¢ à¥§ã«ìâ�â¥ ç¥£® −� ¯à�ªâ¨ª¥ SDN-á¥â¨ áâ�«¨ ¯à¥¤áâ�¢«ïâì á®¡®©
âà�¤¨æ¨®−−ë¥ IP-á¥â¨ á ¯®«−®äã−ªæ¨®−�«ì−ë¬¨ ¬�àèàãâ¨§�â®à�¬¨, «¨èì
¤®¯®«−¥−−ë¬¨ ¢®§¬®¦−®áâï¬¨ SDN. ‚á«¥¤ §� á¥âï¬¨ ¯à®£à�¬¬−®¥ ®¯à¥¤¥-
«¥−¨¥ ®á¢®¨«® ®¡«�áâì åà�−¥−¨ï ¤�−−ëå (software-defined storage, SDS), £¤¥
¯à¨®¡à¥«® −®¢®¥ ¢�¦−®¥ á¢®©áâ¢® | á¥à¢¨á−ãî ®à¨¥−â¨à®¢�−−®áâì. �à¨
¤�«ì−¥©è¥¬ à�á¯à®áâà�−¥−¨¨ ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï −� æ¥«ë¥ ¤�â�-æ¥−â-
àë (software-defined data centers, SDDC) ¨ ¤�¦¥ ú®¡«�ª�û (software-defined
clouds) íâ® á¢®©áâ¢® áâ�«® ¤®¬¨−¨àãîé¨¬. Œ®¦−® ®¦¨¤�âì, çâ® ãá¯¥å¨
SDDC á¤¥«�îâ ¨§¡ëâ®ç−ë¬¨ á�¬®áâ®ïâ¥«ì−ë¥ SDN ¨ SDS, −® è¨à®ª®¬ã
¢−¥¤à¥−¨î SDDC ¯à¥¯ïâáâ¢ã¥â á«®¦−®áâì á®§¤�−¨ï ¤«ï −¨å á¯¥æ¨ä¨ç¥áª®-
£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï (��) ú®àª¥áâà®¢ª¨û (orchestration). �®íâ®¬ã
¤«ï ®à¤¨−�à−®£® ¢«�¤¥«ìæ� ¤�â�-æ¥−âà� ¥¤¢� «¨ −¥ ¥¤¨−áâ¢¥−−®© ¤®áâã¯−®©
¢®§¬®¦−®áâìî ®¡à¥â¥−¨ï SDDC ®ª�§ë¢�¥âáï ¯®ªã¯ª� ã ªàã¯−®£® −�¤¥¦−®£®
¯®áâ�¢é¨ª� ª®¬¯«¥ªá−®£® à¥è¥−¨ï ú¯®¤ ª«îçû á £®â®¢®© ú®àª¥áâà®¢ª®©û.

Š«îç¥¢ë¥ á«®¢�: ¯à®£à�¬¬−®-®¯à¥¤¥«ï¥¬ë¥ á¥â¨; ¯à®£à�¬¬−®-®¯à¥¤¥«ï-
¥¬ë¥ åà�−¨«¨é�; ¯à®£à�¬¬−®-®¯à¥¤¥«ï¥¬ë¥ ¤�â�-æ¥−âàë
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1 Введение

Š®−æ¥¯æ¨ï ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï à®¤¨«�áì ¢ ª®−æ¥ ¯¥à¢®£® ¤¥áïâ¨«¥â¨ï
XXI ¢. ¯à¨¬¥−¨â¥«ì−® ª á¥âï¬ ¯¥à¥¤�ç¨ ¤�−−ëå ã−¨¢¥àá¨â¥âáª¨å «�¡®à�â®à¨©.
�à®£à�¬¬−®¥ ®¯à¥¤¥«¥−¨¥ á¥â¥© ¯à¥¤¯®«�£�«® æ¥−âà�«¨§�æ¨î ¨ �¢â®¬�â¨§�æ¨î
�¤¬¨−¨áâà¨à®¢�−¨ï á¥â¨, çâ® ¯®§¢®«ï«® ¡ëáâà¥¥ ¨ ¯à®é¥ à¥ª®−ä¨£ãà¨à®¢�âì
¨ ¯¥à¥áâà�¨¢�âì á¥â¨ ¢ ãá«®¢¨ïå ¯à®¢¥¤¥−¨ï à�§−®®¡à�§−ëå −�ãç−ëå íªá¯¥à¨-
¬¥−â®¢. �¡−�¤¥¦¨¢�îé¨¥ à¥§ã«ìâ�âë, ¯®«ãç¥−−ë¥ −� íâ®¬ íâ�¯¥, á¯®á®¡áâ¢®-
¢�«¨ ¯à®¤¢¨¦¥−¨î ª®−æ¥¯æ¨¨ SDN ¢ á¥â¨ ¤�â�-æ¥−âà®¢ ¨ ¯à®¢�©¤¥àáª¨¥ á¥â¨.
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•®âï §¤¥áì ¤®áâ¨¦¥−¨ï SDN ®ª�§�«¨áì áªà®¬−¥¥, ¢ −�ç�«¥ á«¥¤ãîé¥£® ¤¥áï-
â¨«¥â¨ï ª®−æ¥¯æ¨ï ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï ®á¢®¨«�, ¨ á £®à�§¤® ¡�®«ìè¨¬
ãá¯¥å®¬, −®¢ãî ®¡«�áâì | åà�−¥−¨¥ ¤�−−ëå. ��ª®−¥æ, ¢ ¯®á«¥¤−¨¥ £®¤ë ¢á¥
ç�é¥ à¥çì §�å®¤¨â ® ¯à®£à�¬¬−®-®¯à¥¤¥«ï¥¬ëå ¤�â�-æ¥−âà�å ¨ ¤�¦¥ ¯à®£à�¬-
¬−®-®¯à¥¤¥«ï¥¬ëå ú®¡«�ª�åû. ‚ −�áâ®ïé¥© áâ�âì¥ ¤¥«�¥âáï ¯®¯ëâª� ®¡êïá−¥−¨ï
â�ª®£® à�á¯à®áâà�−¥−¨ï ¨ ã−¨¢¥àá�«ì−®© ¯à¨¬¥−¨¬®áâ¨ ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥-
−¨ï ¢ à�§«¨ç−ëå ¨−ä®à¬�æ¨®−−®-ª®¬¬ã−¨ª�æ¨®−−ëå â¥å−®«®£¨ïå ¨ ®æ¥−ª¨ ¥£®
¯¥àá¯¥ªâ¨¢.

2 Программное определение сети

Š®−æ¥¯æ¨ï SDN ¯¥à¥®á¬ëá«¨«� â�ª¨¥ äã−¤�¬¥−â�«ì−ë¥ á¥â¥¢ë¥ ¯®−ïâ¨ï,
ª�ª ¯«®áª®áâ¨ ¤�−−ëå (data plane) ¨ ã¯à�¢«¥−¨ï (control plane), ª®â®àë¥ à�−¥¥
¯à¥¤áâ�¢«ï«¨ á®¡®© −¥ª¨¥ �¡áâà�ªæ¨¨, «®£¨ç¥áª¨ à�§¤¥«ïîé¨¥ ¤¢¥ ®á−®¢−ë¥
£àã¯¯ë äã−ªæ¨© ã§«®¢ á¥â¨ | ¯à®¤¢¨¦¥−¨¥ ¯�ª¥â®¢ ¨ ¬�àèàãâ¨§�æ¨î ¨å
¯®â®ª®¢, −® ä¨§¨ç¥áª¨ ®¡ê¥¤¨−ï¥¬ë¥ ¢ âà�¤¨æ¨®−−ëå á¥â¥¢ëå ãáâà®©áâ¢�å.
SDN-¯®¤å®¤ ú¬�â¥à¨�«¨§®¢�«û ®¡¥ ¯«®áª®áâ¨, à�§¤¥«¨« ¨å ä¨§¨ç¥áª¨ ¨ úáâï-
−ã«û ¢áî ¯«®áª®áâì ã¯à�¢«¥−¨ï ¢ «®£¨ç¥áª¨ ¥¤¨−áâ¢¥−−ãî â®çªã | ¯à®£à�¬¬−ë©
ª®−âà®««¥à á¥â¨ (SDN-ª®−âà®««¥à). �¥à¢®−�ç�«ì−® ¯®¤ SDN-ª®−âà®««¥à®¬ ¯®-
−¨¬�«®áì −¥ª®¥ á¯¥æ¨ä¨ç¥áª®¥ ¯à¨ª«�¤−®¥ ��, à�¡®â�îé¥¥ −� ã−¨¢¥àá�«ì−®¬
á¥à¢¥à¥ ¨«¨ ¢¨àâã�«ì−®© ¬�è¨−¥ (‚Œ) ¨ ã¯à�¢«ïîé¥¥ á¥âìî ®â −�áâà®©ª¨
®â¤¥«ì−ëå ¥¥ ã§«®¢ ¤® ¬�àèàãâ¨§�æ¨¨ ¨ ®¡¥á¯¥ç¥−¨ï á®£«�è¥−¨© ¯® ãà®¢−î ®¡-
á«ã¦¨¢�−¨ï (service-level agreements, SLA). �®á«¥ ª®−æ¥−âà�æ¨¨ ¢á¥© ¯«®áª®áâ¨
ã¯à�¢«¥−¨ï ¢ SDN-ª®−âà®««¥à¥ ¢ ¯«®áª®áâ¨ ¤�−−ëå ª®−æ¥¯âã�«ì−®© SDN-á¥â¨
®áâ�«¨áì â®«ìª® ¯à®áâë¥ ª®¬¬ãâ�â®àë, ª®â®àë¥ ª®¬¬ãâ¨à®¢�«¨ ª�¤àë ¨ ¯�ª¥âë
−� ®á−®¢�−¨¨ ¯®«ãç�¥¬ëå ¨§ ª®−âà®««¥à� £®â®¢ëå ¯à�¢¨« (¯®«¨â¨ª) ª®¬¬ãâ�æ¨¨.
’�ª¨¬ ®¡à�§®¬, ¢�¦−ë¬ ¯à¥¨¬ãé¥áâ¢®¬ SDN-¯®¤å®¤� −�àï¤ã á ¯à®£à�¬¬−®©
�¢â®¬�â¨§�æ¨¥© ¯«®áª®áâ¨ ã¯à�¢«¥−¨ï ¯à¥¤¯®«�£�«®áì áãé¥áâ¢¥−−®¥ ã¯à®é¥-
−¨¥ �¯¯�à�âãàë ¯«®áª®áâ¨ ¤�−−ëå §� áç¥â §�¬¥−ë ¤®à®£¨å ¬�àèàãâ¨§�â®à®¢
¡®«¥¥ ¤¥è¥¢ë¬¨ ª®¬¬ãâ�â®à�¬¨. „«ï ã−¨ä¨ª�æ¨¨ ¢§�¨¬®¤¥©áâ¢¨ï SDN-ª®−â-
à®««¥à� á â�ª¨¬¨ ª®¬¬ãâ�â®à�¬¨ ¡ë« áâ�−¤�àâ¨§¨à®¢�− á¯¥æ¨�«ì−ë© ¯à®â®ª®«
OpenFlow.

‚ «�¡®à�â®à¨ïå, £¤¥ ¡ë«� ¯à¨¤ã¬�−� ¨ ®¯à®¡®¢�−� ª®−æ¥¯æ¨ï SDN, ¨ ¢ ¤�â�-
æ¥−âà�å ã¯à�¢«¥−¨¥ ¯«®áª®áâìî ¤�−−ëå SDN-ª®−âà®««¥à®¬ ¯à®é¥ ¢á¥£® ¡ë«®
®à£�−¨§®¢ë¢�âì ú¢−¥ ¯®«®áëû (out-of-band). �à¨ â�ª®© ®à£�−¨§�æ¨¨ ã¯à�¢«¥−¨ï
SDN-ª®−âà®««¥à ¡ë« á¢ï§�− á® ¢á¥¬¨ ª®¬¬ãâ�â®à�¬¨ ¢ë¤¥«¥−−ë¬¨ ª�−�«�-
¬¨ úâ®çª�{â®çª�û, −� ª®â®àëå ¯à®â®ª®« OpenFlow ¬®£ äã−ªæ¨®−¨à®¢�âì −�
ª�−�«ì−®¬ ãà®¢−¥. �à¨ ã¯à�¢«¥−¨¨ ú¢−¥ ¯®«®áëû SDN-ª®−âà®««¥à −¥ ¡ë«
�¡®−¥−â®¬ ã¯à�¢«ï¥¬®© ¨¬ á¥â¨ ¨ ã¯à�¢«ïîé¥¥ á¥âìî ¯à¨ª«�¤−®¥ �� ¬®£«®
à�¡®â�âì ¯®¤ «î¡®© ã−¨¢¥àá�«ì−®© ®¯¥à�æ¨®−−®© á¨áâ¥¬®© (�‘). ��æ¥«¥−−®áâì
íâ®£® ¯à¨ª«�¤−®£® �� −� ã¯à�¢«¥−¨¥ ä¨§¨ç¥áª®© �¯¯�à�âãà®© ¯«®áª®áâ¨ ¤�−-
−ëå áâ�¢¨«® ¥£® ¢ á¨«ì−ãî §�¢¨á¨¬®áâì ®â ®á®¡¥−−®áâ¥© ª®−ªà¥â−®© á¥â¨: ¥¥
â®¯®«®£¨¨, â¥å−¨ç¥áª¨å å�à�ªâ¥à¨áâ¨ª ã§«®¢, ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ ®â¤¥«ì-
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�¢®«îæ¨ï ¨ ¯¥àá¯¥ªâ¨¢ë ª®−æ¥¯æ¨¨ ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï

−ëå §¢¥−ì¥¢ ¨, −�ª®−¥æ, à�§−®®¡à�§¨ï ãá«®¢¨© SLA. ‚á¥ íâ® ä�ªâ¨ç¥áª¨ ¤¥«�«®
SDN-ª®−âà®««¥à ã−¨ª�«ì−ë¬ ¤«ï ª�¦¤®© ª®−ªà¥â−®© á¥â¨ ¨ ¯à¥¯ïâáâ¢®¢�«® ¥£®
¯à¥¢à�é¥−¨î ¢ −¥ª¨© ã−¨¢¥àá�«ì−ë© àë−®ç−ë© ¯à®¤ãªâ.

�¥à¥−®á ¨áå®¤−®© ª®−æ¥¯æ¨¨ SDN ¨§ «�¡®à�â®à¨© ¢ ¤�â�-æ¥−âàë, ¯à®¢�©-
¤¥àáª¨¥ á¥â¨ ¨ ¤�«¥¥ ¢ áä¥àã ú®¡«�ç−ëåû ¢ëç¨á«¥−¨© ¢ëï¢¨« ã −¥¥ àï¤ á«�¡ëå
¬¥áâ ¨ ¢−¥á ¢ −¥¥ áãé¥áâ¢¥−−ë¥ ª®àà¥ªâ¨¢ë.

‹®£¨ç¥áª¨ ¥¤¨−ë© SDN-ª®−âà®««¥à −� ¯à�ªâ¨ª¥ ¯à¨å®¤¨«®áì ª�ª ¬¨−¨¬ã¬
¤ã¡«¨à®¢�âì ¢ æ¥«ïå ®¡¥á¯¥ç¥−¨ï ¤®áâã¯−®áâ¨ ¨ ¡¥§®¯�á−®áâ¨ á¥â¨, � ¢ á«®¦-
−ëå ¨ â¥àà¨â®à¨�«ì−® à�á¯à¥¤¥«¥−−ëå á¥âïå ¤�¦¥ à¥�«¨§®¢ë¢�âì ¬−®¦¥áâ¢®¬
ä¨§¨ç¥áª¨å ª®−âà®««¥à®¢, ã¯à�¢«ïîé¨å à�§−ë¬¨ á¥£¬¥−â�¬¨ á¥â¨ ¨ ¢§�¨¬®¤¥©-
áâ¢ãîé¨å ¬¥¦¤ã á®¡®© ¢−¥ à�¬®ª −¥ â®«ìª® OpenFlow, −® ¨ á�¬�®© ª®−æ¥¯æ¨¨
SDN. ‚ â�ª®£® à®¤� á¥âïå, ¢ ¯¥à¢ãî ®ç¥à¥¤ì ¯à®¢�©¤¥àáª¨å ¨ ú®¡«�ç−ëåû, ¨§-§�
¯à�ªâ¨ç¥áª®© −¥¢®§¬®¦−®áâ¨ à¥�«¨§�æ¨¨ ã¯à�¢«¥−¨ï á¥âìî ú¢−¥ ¯®«®áëû áâ�«
è¨à®ª® ¯à¨¬¥−ïâìáï á¯®á®¡ ã¯à�¢«¥−¨ï ú¢ ¯®«®á¥û (in-band), ¯à¨ ª®â®à®¬ ä�ª-
â¨ç¥áª¨ á®§¤�¢�«�áì ¢¨àâã�«ì−�ï OpenFlow-á¥âì, −�«®¦¥−−�ï −� ä¨§¨ç¥áªãî
á¥âì ¯«®áª®áâ¨ ¤�−−ëå. �¥à¥å®¤ ®â ã¯à�¢«¥−¨ï ú¢−¥ ¯®«®áëû ª ã¯à�¢«¥−¨î
ú¢ ¯®«®á¥û ¨¬¥« ¤¢� ¢�¦−ëå á«¥¤áâ¢¨ï.

‚®-¯¥à¢ëå, ¯à¨ ã¯à�¢«¥−¨¨ ú¢ ¯®«®á¥û SDN-á¥âì â¥àï«� ¢®§¬®¦−®áâì á�¬®-
®à£�−¨§�æ¨¨, ¢ ç�áâ−®áâ¨ ¯à¨ −�ç�«ì−®¬ ¯ãáª¥ (bootstrapping) ¨ ã¤�«¥−−®¬ ª®−-
ä¨£ãà¨à®¢�−¨¨ ã§«®¢, ¨§-§� ¢®§−¨ª�îé¥© §�¢¨á¨¬®áâ¨ −�«®¦¥−−®© OpenFlow-
á¥â¨ ®â ä¨§¨ç¥áª®© á¥â¨ ¯«®áª®áâ¨ ¤�−−ëå [1]. ‚ ª®−æ¥¯âã�«ì−®© SDN-á¥â¨ ¯à¨
ã¯à�¢«¥−¨¨ ú¢ ¯®«®á¥û −¥à�¡®â®á¯®á®¡−ãî ¯® ª�ª¨¬-«¨¡® ¯à¨ç¨−�¬ ¯«®áª®áâì
¤�−−ëå −¥¢®§¬®¦−® ¯à¨¢¥áâ¨ ¢ à�¡®â®á¯®á®¡−®¥ á®áâ®ï−¨¥, â�ª ª�ª −¥à�¡®â®-
á¯®á®¡−®© ®ª�§ë¢�¥âáï â�ª¦¥ ¨ −¥®¡å®¤¨¬�ï ¤«ï íâ®£® OpenFlow-á¥âì. �®íâ®¬ã
¢ æ¥«ïå á®åà�−¥−¨ï ¢®§¬®¦−®áâ¨ á�¬®®à£�−¨§�æ¨¨ ¯à¨ −�ç�«ì−®¬ ¯ãáª¥ ¨ ¢ −¥-
èâ�â−ëå á¨âã�æ¨ïå −� ¯à�ªâ¨ª¥ SDN-á¥â¨ ®áâ�«¨áì âà�¤¨æ¨®−−ë¬¨ IP-á¥âï¬¨,
«¨èì ¤®¯®«−¥−−ë¬¨ ¢®§¬®¦−®áâï¬¨ SDN. ‚ ã§«�å à¥�«ì−ëå SDN-á¥â¥© ¢¬¥áâ®
ª®−æ¥¯âã�«ì−ëå ¯à®áâëå ª®¬¬ãâ�â®à®¢ ¯®-¯à¥¦−¥¬ã á®åà�−¨«¨áì ¯®«−®äã−ª-
æ¨®−�«ì−ë¥ ¬�àèàãâ¨§�â®àë, ¢ ª®â®àë¥ «¨èì ¤®¡�¢¨«�áì ¯®¤¤¥à¦ª� ¯à®â®ª®«�
OpenFlow.

‚®-¢â®àëå, ¯à¨ ã¯à�¢«¥−¨¨ ú¢ ¯®«®á¥û ¯à®â®ª®« OpenFlow ¡ë« ¢ë−ã¦¤¥−
¯®¤−ïâìáï á ª�−�«ì−®£® −� á¥�−á®¢ë© ãà®¢¥−ì −�¤ âà�−á¯®àâ−ë¬¨ ¯à®â®ª®«�¬¨
TCP (transmission control protocol) ¨«¨ TLS (transport layer security), � ã SDN-
ª®−âà®««¥à�, áâ�¢è¥£® �¡®−¥−â®¬ ã¯à�¢«ï¥¬®© ¨¬ á¥â¨, ¢®§−¨ª�«� −¥®¡å®¤¨¬®áâì
¢ á¯¥æ¨�«¨§¨à®¢�−−®© á¥â¥¢®© �‘, ®¡¥á¯¥ç¨¢�îé¥© ¯®¤¤¥à¦ªã ¢¨àâã�«ì−®© á¥-
â¨ OpenFlow. ‚ ¤�«ì−¥©è¥¬ á â�ª®£® à®¤� �‘ (SDN-�‘) ¯à®¨§®è«� ¨−â¥à¥á−�ï
¬¥â�¬®àä®§�. ÷ï¤ ¯®ï¢¨¢è¨åáï −� àë−ª¥ SDN-�‘, ¢ª«îç�ï ®â¥ç¥áâ¢¥−−ë¥
RUNOS [2] ¨ B4N Controller [3], ¯®§¨æ¨®−¨à®¢�«¨ á¥¡ï, ¢¥à®ïâ−® ¢ à¥ª«�¬−ëå
æ¥«ïå, ¢ ª�ç¥áâ¢¥ SDN-ª®−âà®««¥à®¢, çâ® á®§¤�¢�«® ¨««î§¨î ¢®§¬®¦−®áâ¨ áã-
é¥áâ¢®¢�−¨ï SDN-ª®−âà®««¥à� ª�ª ã−¨¢¥àá�«ì−®£® £®â®¢®£® ¯à®¤ãªâ�. �®á«¥
ã§ãà¯�æ¨¨ SDN-�‘ â¥à¬¨−� úSDN-ª®−âà®««¥àû ¤«ï ¯à¨ª«�¤−®£® �� ã¯à�¢«¥-
−¨ï SDN-á¥âìî ¢ëà�¡®â�«áï �«ìâ¥à−�â¨¢−ë© â¥à¬¨− ú¤¨à¨¦¥àû (orchestrator),
¢¥à®ïâ−®, ª�ª ¯à¨§−�−¨¥ â®£®, çâ® ¥¬ã ¯®-¯à¥¦−¥¬ã ¢¬¥−ï«®áì á®£«�á®¢�−¨¥
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(orchestration) à�¡®âë ¢á¥å ª®¬¯®−¥−â®¢ á¥â¨ ¤«ï á�¬ëå à�§−ëå ú¯�àâ¨âãàû, â. ¥.
ä¨§¨ç¥áª¨å ª®−ä¨£ãà�æ¨© á¥â¨ ¨ ¢�à¨�æ¨© SLA ¢ −¥©. ‚ ®â«¨ç¨¥ ®â ®â−®á¨â¥«ì−®
ã−¨¢¥àá�«ì−ëå SDN-�‘, ú¤¨à¨¦¥àëû ¯®-¯à¥¦−¥¬ã ¯«®å® ¯®¤¤�îâáï ã−¨¢¥à-
á�«¨§�æ¨¨, çâ® ®áâ�¥âáï £«�¢−ë¬ ¯à¥¯ïâáâ¢¨¥¬ −� ¯ãâ¨ ¬�áá®¢®£® ¢−¥¤à¥−¨ï
SDN-á¥â¥© [4, 5].

3 Программное определение и виртуализация

ˆ§−�ç�«ì−�ï ª®−æ¥¯æ¨ï SDN, ¡ã¤ãç¨ ®à¨¥−â¨à®¢�−−®© −� ä¨§¨ç¥áªãî �¯-
¯�à�âãàã ¯«®áª®áâ¨ ¤�−−ëå, −¥ ¡ë«� á¢ï§�−� á ¢¨àâã�«¨§�æ¨¥©. ‚¨àâã�«¨§�æ¨ï
á¥â¥© ¨ á¥â¥¢ëå ãáâà®©áâ¢ à�§¢¨¢�«�áì á�¬®áâ®ïâ¥«ì−®.

‡�¬¥â−ëå ãá¯¥å®¢ ¤®áâ¨£«� ¢¨àâã�«¨§�æ¨ï â�ª −�§ë¢�¥¬ëå ¯à®¬¥¦ãâ®ç−ëå
ãáâà®©áâ¢ (middleboxes), ª ª®â®àë¬ ®â−®áïâ ¡à�−¤¬�ãíàë, áà¥¤áâ¢� ¡�«�−á¨à®¢ª¨
−�£àã§®ª, á¨áâ¥¬ë ®¡−�àã¦¥−¨ï ¨ §�é¨âë ®â ¢â®à¦¥−¨© ¨ â. ¯. �®¯ãâ−® á«¥¤ã¥â
§�¬¥â¨âì, çâ® ª ¢¨àâã�«¨§�æ¨¨ á¥â¥¢ëå ãáâà®©áâ¢ ¢ «¨â¥à�âãà¥ áâ�« è¨à®ª®
¯à¨¬¥−ïâìáï −¥ã¤�ç−ë© â¥à¬¨− ú¢¨àâã�«¨§�æ¨ï á¥â¥¢ëå äã−ªæ¨©û (network
functions virtualization, NFV), çâ®, ¢®®¡é¥ £®¢®àï, ¢ë£«ï¤¨â ¡¥áá¬ëá«¨æ¥© [6].
�® −¥§�¢¨á¨¬® ®â â¥à¬¨−®«®£¨¨ áãâì ¢¨àâã�«¨§�æ¨¨ á¥â¥¢ëå ãáâà®©áâ¢ á¢®¤¨«�áì
ª ¯à®£à�¬¬−®© í¬ã«ïæ¨¨ −� â¨¯®¢ëå á¥à¨©−ëå á¥à¢¥à�å â®© ¨«¨ ¨−®© á¥â¥¢®©
�¯¯�à�âãàë. �®¤®¡−® ‚Œ ¢¨àâã�«ì−ë¥ á¥â¥¢ë¥ ãáâà®©áâ¢� ¬®£«¨ à�§¢¥àâë¢�âìáï
¯® ¬¥à¥ −�¤®¡−®áâ¨ ¢ −ã¦−ëå â®çª�å á¥â¨ ¨ «¨ª¢¨¤¨à®¢�âìáï, ª®£¤� −ã¦¤�
¢ −¨å ®â¯�¤�«�. �â® ¯®¤®¡¨¥ ‚Œ ¨, ¡®«¥¥ â®£®, ¢®§¬®¦−®áâì à¥�«¨§�æ¨¨
¢ ‚Œ ¯à®¢®æ¨à®¢�«¨ ®â−¥á¥−¨¥ ã¯à�¢«¥−¨ï â�ª¨¬¨ ¢¨àâã�«ì−ë¬¨ á¥â¥¢ë¬¨
®¡ê¥ªâ�¬¨ áª®à¥¥ ª £¨¯¥à¢¨§®à�¬ (¬®−¨â®à�¬ ‚Œ), � −¥ ª SDN-ª®−âà®««¥à�¬.
�®á«¥¤−¨¥ §�¤¥©áâ¢®¢�«¨áì «¨èì ª®á¢¥−−® ¤«ï ¯¥à¥−�¯à�¢«¥−¨ï ä¨§¨ç¥áª¨å
¯®â®ª®¢ ¤�−−ëå −� á®®â¢¥âáâ¢ãîé¨¥ á¥à¢¥àë.

�®¬¨¬® ¯à®¬¥¦ãâ®ç−ëå ãáâà®©áâ¢ á¥â¥¢�ï ¢¨àâã�«¨§�æ¨ï ª®á−ã«�áì ¨ â�ª¨å
ª®−æ¥¯âã�«ì−ëå ¤«ï SDN-á¥â¥© ª®¬¯®−¥−â®¢, ª�ª ª®¬¬ãâ�â®àë. ‚¥áì¬� ¯®¯ã-
«ïà−ë¬ ãáâà®©áâ¢®¬ áâ�« ¢¨àâã�«ì−ë© ª®¬¬ãâ�â®à vSwitch. ’¨¯¨ç−ë© vSwitch
à¥�«¨§ã¥âáï ª�ª ç�áâì £¨¯¥à¢¨§®à� ¨ ¨¬ ¦¥ ã¯à�¢«ï¥âáï. •®âï ¬−®£¨¥ à¥�«¨§�æ¨¨
vSwitch ¢ª«îç�îâ ¯®¤¤¥à¦ªã ¯à®â®ª®«� OpenFlow, ¢¨àâã�«ì−ë¥ ª®¬¬ãâ�â®àë,
ª�ª ¨ ¢¨àâã�«ì−ë¥ ¯à®¬¥¦ãâ®ç−ë¥ ãáâà®©áâ¢�, ¢ §−�ç¨â¥«ì−®© áâ¥¯¥−¨ ®áâ�îâáï
¢−¥ ¯®«ï §à¥−¨ï SDN-ª®−âà®««¥à�. ‚á¥ ¬�−¨¯ã«ïæ¨¨ á ¢¨àâã�«ì−ë¬¨ áãé−®-
áâï¬¨, ¡ã¤ì â® −�«®¦¥−−ë¥ á¥â¨, ¯à®¬¥¦ãâ®ç−ë¥ ãáâà®©áâ¢� ¨«¨ ª®¬¬ãâ�â®àë,
§�âà�£¨¢�îâ SDN-ª®−âà®««¥à â®«ìª® ª®á¢¥−−® | −¥®¡å®¤¨¬ë¬¨ ®âà�¦¥−¨ï¬¨
íâ¨å ¬�−¨¯ã«ïæ¨© −� ä¨§¨ç¥áªãî ¨−äà�áâàãªâãàã. „¥©áâ¢¨ï ¯® ã¯à�¢«¥−¨î
ª®¬¬ãâ�â®à�¬¨ vSwitch ¬®£ãâ ¯à®¨§¢®¤¨âìáï £¨¯¥à¢¨§®à®¬ ¡¥§ æ¥«¥ãª�§�−¨© ®â
SDN-ª®−âà®««¥à� ¨ ¤�¦¥ ¡¥§ ¥£® ã¢¥¤®¬«¥−¨ï ® â�ª¨å ¤¥©áâ¢¨ïå. ��¯à¨¬¥à,
¯à¨ ¬¨£à�æ¨¨ −¥ª®© ‚Œ ¢−ãâà¨ á¥à¢¥à� ¢á¥© −¥®¡å®¤¨¬®© ¤«ï ¯¥à¥ª®¬¬ãâ�æ¨¨
á¢ï§�−−ëå á −¥î á¥â¥¢ëå âà�ªâ®¢ ¨−ä®à¬�æ¨¥© ®¡«�¤�¥â −¥ SDN-ª®−âà®««¥à,
� £¨¯¥à¢¨§®à, ª®â®à®¬ã úá¯®¤àãç−¥©û ®áãé¥áâ¢¨âì âà¥¡ã¥¬ãî ¯¥à¥ª®¬¬ãâ�æ¨î
¯à®áâ®© §�¬¥−®© á¢®¨å �¤à¥á−ëå â�¡«¨æ, ¯à¨ íâ®¬ SDN-ª®−âà®««¥à ¬®¦¥â â�ªãî
à¥ª®−ä¨£ãà�æ¨î á¥â¨ ¤�¦¥ −¥ §�¬¥â¨âì.

86 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 2 2024



�¢®«îæ¨ï ¨ ¯¥àá¯¥ªâ¨¢ë ª®−æ¥¯æ¨¨ ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï

•®âï ¨§-§� −�æ¥«¥−−®áâ¨ SDN −� ä¨§¨ç¥áªãî ¨−äà�áâàãªâãàã á¥â¨ ¢áïª�ï
á¥â¥¢�ï ¢¨àâã�«¨§�æ¨ï ª�á�¥âáï SDN-ª®−âà®««¥à� «¨èì ®¯®áà¥¤®¢�−−®, �¤¥ª¢�â-
−®¥ ®âà�¦¥−¨¥ ¨§¬¥−¥−¨© ¢ ¢¨àâã�«ì−ëå áà¥¤�å −� ä¨§¨ç¥áªãî á¥âì ®áâ�¥âáï,
â¥¬ −¥ ¬¥−¥¥, §�¤�ç¥© ú¤¨à¨¦¥à®¢û, ª®â®à�ï ¥é¥ ¡®«¥¥ ¨å ãá«®¦−ï¥â ¨ â¥¬ á�¬ë¬
¤®¯®«−¨â¥«ì−® â®à¬®§¨â ¢−¥¤à¥−¨¥ SDN-á¥â¥©.

4 Программное определение систем хранения данных

�� ¢®«−¥ ¡®«ìè¨å −�¤¥¦¤, á¢ï§�−−ëå á SDN, ¢ −�ç�«¥ ¢â®à®£® ¤¥áïâ¨«¥â¨ï
XXI ¢. ¨¤¥ï ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï ¯à®−¨ª«� ¢ á¨áâ¥¬ë åà�−¥−¨ï ¤�−−ëå
(‘•„) ¨ ®ä®à¬¨«�áì ª�ª ¯à®£à�¬¬−®-®¯à¥¤¥«ï¥¬®¥ åà�−¨«¨é¥ (software-defined
storage, SDS). �à¨ íâ®¬ SDS ¯®§�¨¬áâ¢®¢�«® ã SDN ¯à¥¦¤¥ −¥ á¢®©áâ¢¥−−ãî
‘•„ â¥à¬¨−®«®£¨î, ¢ â®¬ ç¨á«¥ ¢ë¤¥«¥−¨¥ ¯«®áª®áâ¥© ã¯à�¢«¥−¨ï ¨ ¤�−−ëå,
¨, £«�¢−®¥, æ¥−âà�«¨§�æ¨î ¯«®áª®áâ¨ ã¯à�¢«¥−¨ï ¢ «®£¨ç¥áª¨ ¥¤¨−áâ¢¥−−®¬
ª®−âà®««¥à¥ (SDS-ª®−âà®««¥à¥). �¤−�ª® ã SDS á á�¬®£® −�ç�«� ®¡®§−�ç¨«¨áì
ç¥âëà¥ áãé¥áâ¢¥−−ëå ®â«¨ç¨ï ®â SDN. ‚®-¯¥à¢ëå, ª®−æ¥¯æ¨ï SDS −¥ âà¥¡®¢�-
«� ¢¢¥¤¥−¨ï á¯¥æ¨�«ì−ëå ¯à®â®ª®«®¢ á¢ï§¨ ¬¥¦¤ã ¯«®áª®áâï¬¨, ª�ª OpenFlow
¢ á«ãç�¥ á¥â¥©, ¯®áª®«ìªã ®¡®àã¤®¢�−¨¥ åà�−¥−¨ï ¤�−−ëå ¤�¢−® ®¡§�¢¥«®áì á¢®-
¨¬¨ ¨−â¥àä¥©á�¬¨ ¨ ¯à®â®ª®«�¬¨ ®â ¯à®áâ¥©è¨å â¨¯� SCSI (small computer
systems interface) ¤® á®¢à¥¬¥−−ëå ¢ëá®ª®áª®à®áâ−ëå ¢à®¤¥ NVMe (nonvolatile
memory express). ‚®-¢â®àëå, ¢ ®â«¨ç¨¥ ®â SDN, £¤¥ ¯à®£à�¬¬−®¥ ®¯à¥¤¥«¥-
−¨¥ −¥ ¡ë«® −�¯àï¬ãî á¢ï§�−® á ¢¨àâã�«¨§�æ¨¥© á¥â¨ ¨ á¥â¥¢ëå ãáâà®©áâ¢,
SDS ¯à¨−æ¨¯¨�«ì−® à¥�«¨§ã¥âáï −� ®á−®¢¥ ¯à¥¤¢�à¨â¥«ì−® ¢¨àâã�«¨§¨à®¢�−-
−®£® ¯ã«� à¥áãàá®¢ åà�−¥−¨ï. ��¯à¨¬¥à, ¢ ¤�â�-æ¥−âà¥ á £¨¯¥àª®−¢¥à£¥−â−®©
¨−äà�áâàãªâãà®©, £¤¥ ®âáãâáâ¢ãîâ á¥â¥¢®¥ åà�−¨«¨é¥ (network-attached stor-
age) ¨ á¥âì åà�−¥−¨ï ¤�−−ëå (storage-area network), −¥¢®§¬®¦−® ®¡®©â¨áì ¡¥§
¯à¥®¡à�§®¢�−¨ï ¬−®¦¥áâ¢� à�á¯à¥¤¥«¥−−ëå ¯® á¥à¢¥à�¬ «®ª�«ì−ëå −�ª®¯¨â¥-
«¥© (direct-attached storage) ¢ ¥¤¨−ë© ¢¨àâã�«ì−ë© ¯ã« à¥áãàá®¢ åà�−¥−¨ï [7].
‚-âà¥âì¨å, ¥á«¨ ¢á¥ á¥â¨ ¯®-á¢®¥¬ã ã−¨ª�«ì−ë ¨, á®®â¢¥âáâ¢¥−−®, ¨¬ âà¥¡ãîâ-
áï ã−¨ª�«ì−ë¥ ú¤¨à¨¦¥àëû, â® ‘•„ ¢ë¯ãáª�îâáï ¢ ¢¨¤¥ â¨¯®¢ëå ¯à®¤ãªâ®¢,
¤«ï ª®â®àëå ¬®£ãâ á®§¤�¢�âìáï á¯¥æ¨�«¨§¨à®¢�−−ë¥ ú¤¨à¨¦¥àëû, ¢ à¥§ã«ìâ�â¥
ç¥£® ¢®§−¨ª�îâ §�ª®−ç¥−−ë¥ SDS-¯à®¤ãªâë [8]. �«�£®¤�àï íâ®¬ã ®â«¨ç¨î SDS
¢−¥¤àïîâáï ¢ ¤�â�-æ¥−âàë £®à�§¤® �ªâ¨¢−¥¥ SDN ¨, áâ�àâ®¢�¢ −� −¥áª®«ìª® «¥â
¯®§¦¥, ã¢¥à¥−−® ®¡£®−ïîâ ¯à¥¤â¥çã ¯® ç¨á«ã à¥�«¨§�æ¨©. ˆ −�ª®−¥æ, ¢-ç¥â¢¥à-
âëå, ¢ SDS ¬¥−ï¥âáï á�¬� æ¥«ì ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï. �� íâ®¬ ®â«¨ç¨¨
á«¥¤ã¥â ®áâ�−®¢¨âìáï ¯®¤à®¡−¥¥.

�¥à¢®−�ç�«ì−®© æ¥«ìî SDN ¡ë«® ®¡«¥£ç¥−¨¥ �¤¬¨−¨áâà¨à®¢�−¨ï ¢ á¥âïå,
¢ ¯¥à¢ãî ®ç¥à¥¤ì íªá¯¥à¨¬¥−â�«ì−ëå «�¡®à�â®à−ëå. �¤¬¨−¨áâà�â®à SDN-á¥â¨
¯®«ãç�« ¢®§¬®¦−®áâì, −¥ áå®¤ï á ¬¥áâ� §� â¥à¬¨−�«®¬ á¥â¥¢®£® ª®−âà®««¥à�,
ã¯à�¢«ïâì à�¡®â®© á¥â¨ ¨ ®â¤¥«ì−ëå ¥¥ ã§«®¢, ®¯¥à�â¨¢−® ¯¥à¥ª®¬¬ãâ¨à®¢�âì
¯®â®ª¨ ¤�−−ëå ¤«ï ®¡å®¤� ¯®¢à¥¦¤¥−−ëå ã§«®¢ ¨«¨ à�§£àã§ª¨ ¯¥à¥£àã¦¥−−ëå
§¢¥−ì¥¢, íªá¯¥à¨¬¥−â¨à®¢�âì á ¯à¨®à¨â¥â�¬¨ ¯®â®ª®¢, � â�ª¦¥ á®¡¨à�âì ¨ �−�-
«¨§¨à®¢�âì à�§−®£® à®¤� áâ�â¨áâ¨ªã. SDN-ª®−âà®««¥à ¯à�ªâ¨ç¥áª¨ −¥ ¨¬¥«
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‚. �. …£®à®¢

ª�á�â¥«ìáâ¢� ª ¯à¨«®¦¥−¨ï¬, ¢ë¯®«−ï¥¬ë¬ −� á¥à¢¥à�å-�¡®−¥−â�å SDN-á¥â¨.
�à¨ §�¯ãáª¥ −¥ª®¥£® ¯à¨«®¦¥−¨ï −� á¥à¢¥à¥ ¨«¨ ¢ ‚Œ £¨¯¥à¢¨§®à ¯à¥¤®áâ�¢«ï«
¥¬ã á¥â¥¢ãî ¯®¤¤¥à¦ªã ¨§ ¨¬¥îé¨åáï ¢ ¥£® à�á¯®àï¦¥−¨¨ à¥áãàá®¢ ¨ −�áâà�¨¢�«
á®®â¢¥âáâ¢ãîé¨¬ ®¡à�§®¬ á¢®© vSwitch. ’�ª®£® à®¤� á®¡ëâ¨ï ¢−ãâà¨ á¥à¢¥à®¢
¬®£«¨ ®áâ�¢�âìáï ¢−¥ ¯®«ï §à¥−¨ï SDN-ª®−âà®««¥à�.

‚§�¨¬®¤¥©áâ¢¨¥ ¯à¨«®¦¥−¨ï á ‘•„, ¢ ®â«¨ç¨¥ ®â à�¡®âë á á¥âìî, −¥ ®£à�-
−¨ç¨¢�¥âáï ¯®«ãç¥−¨¥¬ ¨«¨ −�§−�ç¥−¨¥¬ à¥áãàá®¢ åà�−¥−¨ï ¯à¨ §�¯ãáª¥ ¯à¨-
«®¦¥−¨ï. ‚ ¯à®æ¥áá¥ à�¡®âë ¯à¨«®¦¥−¨¥ á®§¤�¥â, ¬®¤¨ä¨æ¨àã¥â ¨ ã−¨çâ®¦�¥â
ä�©«ë, á®åà�−ï¥â ¨ ¢®áâà¥¡ã¥â á®åà�−¥−−ë¥ ¬�áá¨¢ë ¤�−−ëå. �à¨ íâ®¬ ¬®-
£ãâ ¯®¤ª«îç�âìáï ¤®¯®«−¨â¥«ì−ë¥ ãá«ã£¨ á¦�â¨ï, è¨äà®¢�−¨ï, ¤ã¡«¨à®¢�−¨ï
¨«¨ ¤¥¤ã¯«¨ª�æ¨¨ ¤�−−ëå, â. ¥. ¯à¨«®¦¥−¨¥ ¢ ¯à®æ¥áá¥ à�¡®âë ¬®¦¥â §�âà¥¡®-
¢�âì á¥à¢¨áë, ª®â®àë¥ ¢ á«ãç�¥ SDS ®¡¥á¯¥ç¨¢�îâáï ¥£® ª®−âà®««¥à®¬. …á«¨
SDN-ª®−âà®««¥à ¡ë« §�¤ã¬�− ¤«ï ®¡á«ã¦¨¢�−¨ï ¢ ¯¥à¢ãî ®ç¥à¥¤ì �¤¬¨−¨áâà�-
â®à� á¥â¨, â® SDS-ª®−âà®««¥à ú¯® à®¤ã á«ã¦¡ëû â�ª¦¥ ¢ë−ã¦¤¥− ®¡á«ã¦¨¢�âì
¨ ¨¬¥îé¨¥ ¤®áâã¯ ª ‘•„ ¯à¨«®¦¥−¨ï. ’�ª¨¬ ®¡à�§®¬, ¯¥à¥−®á ¯à®£à�¬¬−®£®
®¯à¥¤¥«¥−¨ï á á¥â¥© −� ‘•„ ¤®¡�¢¨« ¥¬ã ¯à¨−æ¨¯¨�«ì−®¥ á¢®©áâ¢® ®¯¥à�â¨¢−®£®
®¡á«ã¦¨¢�−¨ï §�¯à®á®¢ ¯à¨«®¦¥−¨©, â. ¥. ¯à¨¤�« ¥¬ã á¥à¢¨á−ãî ®à¨¥−â¨à®¢�−-
−®áâì.

5 Программное определение центров обработки данных

‘«¥¤ãîé¨© è�£ ¢ â®¬ ¦¥ −�¯à�¢«¥−¨¨, ¯à¥¢à�é�îé¨© á¥à¢¨á−ãî ®à¨¥−â¨-
à®¢�−−®áâì ¨§ ®¯æ¨¨ ¢ ¤®¬¨−�−âã ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï, ¤¥«�¥â ¯à®£à�¬¬−®-
®¯à¥¤¥«ï¥¬ë© ¤�â�-æ¥−âà.

�à®£à�¬¬−®-®¯à¥¤¥«ï¥¬®¬ã ¤�â�-æ¥−âàã ¤�−® ¬−®¦¥áâ¢® ®¯à¥¤¥«¥−¨©, ¡®«¥¥
¨«¨ ¬¥−¥¥ ã¤�ç−ëå. Š á®¦�«¥−¨î, ª ç¨á«ã ã¤�ç−ëå âàã¤−® ®â−¥áâ¨ £«�¢−®¥
¨§ −¨å | ®¯à¥¤¥«¥−¨¥ à�§à�¡®âç¨ª� áâ�−¤�àâ®¢ ¤«ï SDDC, æ¥«¥¢®© £àã¯-
¯ë ¯® à�á¯à¥¤¥«¥−−®¬ã ã¯à�¢«¥−¨î (distributed management task force, DMTF):
úSDDC | íâ® ¯à®£à�¬¬−�ï �¡áâà�ªæ¨ï «®£¨ç¥áª¨å ¢ëç¨á«¥−¨©, á¥â¥¢ëå, åà�−¨-
«¨é−ëå ¨ ¯à®ç¨å à¥áãàá®¢, ¯à¥¤áâ�¢«¥−−ëå ª�ª ��. �â¨ à¥áãàáë ¤¨−�¬¨ç¥áª¨
¢ëï¢«ïîâáï, à�§¢®à�ç¨¢�îâáï ¨ −�áâà�¨¢�îâáï −� ®á−®¢¥ âà¥¡®¢�−¨© ¢ë¯®«−ï-
¥¬ëå à�¡®â (workloads). SDDC ¤¥«�¥â ¢®§¬®¦−®© ú®àª¥áâà®¢ªãû à�¡®â −� ®á−®¢¥
¯®«¨â¨ª, � â�ª¦¥ ¨§¬¥à¥−¨¥ ¯®âà¥¡«ï¥¬ëå à¥áãàá®¢ ¨ ã¯à�¢«¥−¨¥ ¨¬¨û [9].
‚ íâ®¬ ®¯à¥¤¥«¥−¨¨, ¥á«¨ ®â¢«¥çìáï ®â −¥¢−ïâ−®© ú¯à®£à�¬¬−®© �¡áâà�ªæ¨¨,
¯à¥¤áâ�¢«¥−−®© ª�ª ��û, � â�ª¦¥ ®â â®© ®ç¥¢¨¤−®áâ¨, çâ® −¥ SDDC ¤¥«�¥â ¢®§-
¬®¦−®© ú®àª¥áâà®¢ªãû, � −�®¡®à®â, ú®àª¥áâà®¢ª�û ¤¥«�¥â ¢®§¬®¦−ë¬ SDDC,
¡¥§ãá«®¢−® ¢¥à−ë¬ ¨ ¢�¦−ë¬ ®áâ�¥âáï â®, çâ® ¢ SDDC à¥áãàáë ¤¨−�¬¨ç¥áª¨
à�§¢®à�ç¨¢�îâáï −� ®á−®¢¥ âà¥¡®¢�−¨© ¢ë¯®«−ï¥¬ëå à�¡®â, â. ¥. ¢ SDDC á¥à-
¢¨á−�ï ®à¨¥−â¨à®¢�−−®áâì áâ�−®¢¨âáï ã−¨¢¥àá�«ì−®©. …¥ ®¡¥á¯¥ç¥−¨¥ ¢ SDDC
¯®-¯à¥¦−¥¬ã ¢®§«�£�¥âáï −� ú�¢â®¬�â¨§�æ¨î ¢á¥å äã−ªæ¨© á ¯®¬®éìî ¨−â¥«-
«¥ªâã�«ì−®£® ��, â. ¥. ¯à®£à�¬¬−ë© á«®©, ¯®áà¥¤áâ¢®¬ ª®â®à®£® âà¥¡®¢�−¨ï
¡¨§−¥á-«®£¨ª¨ âà�−á«¨àãîâáï −� ãà®¢¥−ì ã¯à�¢«¥−¨ï ¨−äà�áâàãªâãà®©û [10].

88 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 2 2024



�¢®«îæ¨ï ¨ ¯¥àá¯¥ªâ¨¢ë ª®−æ¥¯æ¨¨ ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï

„®¬¨−�−â−®áâì á¥à¢¨á−®© ®à¨¥−â¨à®¢�−−®áâ¨ ¯®¤ç¥àª¨¢�¥âáï ¨ ¢ æ¥«®¬ àï¤¥
¤àã£¨å ®¯à¥¤¥«¥−¨© SDDC:

{ ú‚ SDDC ¢á¥ í«¥¬¥−âë ¨−äà�áâàãªâãàë, ¢ª«îç�ï á¥âì, ‘•„, ¢ëç¨á«¨-
â¥«ì−ë¥ à¥áãàáë ¨ ¡¥§®¯�á−®áâì, ¢¨àâã�«¨§¨àãîâáï ¨ ¯à¥¤®áâ�¢«ïîâáï ª�ª
ãá«ã£�û (TechTarget [11]);

{ úSDDC | íâ® áà¥¤áâ¢® åà�−¥−¨ï ¤�−−ëå, ¢ ª®â®à®¬ ¢á¥ í«¥¬¥−âë ¨−-
äà�áâàãªâãàë | á¥âì, ‘•„, æ¥−âà�«ì−ë© ¯à®æ¥áá®à ¨ ¡¥§®¯�á−®áâì |
¢¨àâã�«¨§¨à®¢�−ë ¨ ¯à¥¤®áâ�¢«ïîâáï ª�ª ãá«ã£�. . .û (Forrester Research [9]).

{ úSDDC | íâ® ¢ëà�¦¥−¨¥, ¨á¯®«ì§ã¥¬®¥ ¤«ï ®¡®§−�ç¥−¨ï ¤�â�-æ¥−âà�,
£¤¥ ¢áï ¨−äà�áâàãªâãà� ¢¨àâã�«¨§¨à®¢�−� ¨ ¯à¥¤®áâ�¢«ï¥âáï ª�ª ãá«ã£�û
(VMware [9]).

…á«¨ á¥à¢¨á−�ï ®à¨¥−â¨à®¢�−−®áâì SDDC áâ�−®¢¨âáï ®¡é¥¯à¨−ïâ®©, â®
á ¯®−¨¬�−¨¥¬ áà¥¤áâ¢ ¥¥ ¤®áâ¨¦¥−¨ï ¢á¥ −¥ â�ª ¯à®áâ®. Wikipedia (¢ áâ�âì¥
Software-defined data center) �àå¨â¥ªâãà−ë¬¨ ª®¬¯®−¥−â�¬¨ SDDC −�§ë¢�¥â
ª®¬¯ìîâ¥à−ãî ¢¨àâã�«¨§�æ¨î, SDN ¨ SDS. �® á â�ª¨¬ ãâ¢¥à¦¤¥−¨¥¬, ¯à¨
¢á¥© ¥£® ª�¦ãé¥©áï ®ç¥¢¨¤−®áâ¨, ¬®¦−® á®£«�á¨âìáï «¨èì á ®¯à¥¤¥«¥−−ë¬¨
®£®¢®àª�¬¨. �¡ê¥¤¨−ïï ¢ ¤�â�-æ¥−âà¥ £®â®¢ë¥ SDN ¨ SDS, ¯®«ãç�¥¬ ¤¢� (� −�
á�¬®¬ ¤¥«¥ á ãç¥â®¬ ¬®−¨â®à� ‚Œ ¤�¦¥ âà¨) −¥§�¢¨á¨¬ëå ú¤¨à¨¦¥à�û, ¤«ï ®à-
£�−¨§�æ¨¨ ¢§�¨¬®¤¥©áâ¢¨ï ¬¥¦¤ã ª®â®àë¬¨ ¯®−�¤®¡¨âáï ú¤¨à¨¦¥à ¤¨à¨¦¥à®¢û.
�® ¥á«¨ ¤® á¨å ¯®à −¥ ¯à¥®¤®«¥−ë âàã¤−®áâ¨ á ú¤¨à¨¦¥à�¬¨û SDN, â® ¢àï¤
«¨ á«¥¤ã¥â ®¦¨¤�âì ¡®«ìè¨å ãá¯¥å®¢ á −¥ª¨¬¨ ¨¥à�àå¨ç¥áª¨¬¨ ú¤¨à¨¦¥à�¬¨û.
ú„¨à¨¦¥àû SDDC ¢á¥-â�ª¨ ¢¨¤¨âáï áª®à¥¥ ú®¤−®íâ�¦−ë¬û, −¥¯®áà¥¤áâ¢¥−−®
ã¯à�¢«ïîé¨¬ ¢á¥¬¨ ¨−äà�áâàãªâãà−ë¬¨ ª®¬¯®−¥−â�¬¨ ¤�â�-æ¥−âà� ¨ ®¡¥á¯¥-
ç¨¢�îé¨¬ ¨å ¡¥áª®−ä«¨ªâ−ãî á®¢¬¥áâ−ãî à�¡®âã. ‚ íâ®¬ ¯«�−¥ �¤¥ª¢�â−¥¥
á¬®âà¨âáï ¡®«¥¥ ®¡é¥¥ ®¯à¥¤¥«¥−¨¥ SDDC ª�ª á®¢®ªã¯−®áâ¨ ¢¨àâã�«¨§�æ¨¨
¢á¥å ¨−äà�áâàãªâãà−ëå ª®¬¯®−¥−â®¢ ¤�â�-æ¥−âà� á �¢â®¬�â¨§�æ¨¥© ã¯à�¢«¥−¨ï
¨ ú®àª¥áâà®¢ª®©û [12]. �à¨ íâ®¬ §� à�¬ª�¬¨ ®¯à¥¤¥«¥−¨ï ®áâ�¥âáï ®£®¢®àª�, çâ®
á®§¤�−¨¥ SDDC á ª®¬¯«¥ªá−®© ú®àª¥áâà®¢ª®©û ¨, á®®â¢¥âáâ¢¥−−®, çà¥§¢ëç�©-
−® á«®¦−ë¬ ú¤¨à¨¦¥à®¬û ¯® á¨«�¬ «¨èì ®ç¥−ì ªàã¯−ë¬ á¯¥æ¨�«¨§¨à®¢�−−ë¬
ª®¬¯�−¨ï¬, çâ® ¯®¤â¢¥à¦¤�¥âáï ¯¥à¥ç−¥¬ ®á−®¢−ëå ¯à®¢�©¤¥à®¢ SDDC [12]:

{ VMware SDDC;

{ VMware Cloud on Amazon Web Services;

{ Azure VMware Solution;

{ Google Cloud VMware Engine;

{ VMware SDDC on IBM Cloud;

{ Oracle Cloud VMware Solution;

{ HPE Software-Defined Infrastructure (¢ ¯�àâ−¥àáâ¢¥ á VMware).

‚ íâ®¬ ¯¥à¥ç−¥ ¡à®á�¥âáï ¢ £«�§� ã¯®¬¨−�−¨¥ ¢ ª�¦¤®© áâà®ª¥ VMware, â. ¥. −�
á�¬®¬ ¤¥«¥ ¢á¥ ¯¥à¥ç¨á«¥−−ë¥ ¯à®¢�©¤¥àë à�á¯à®áâà�−ïîâ −� á¢®¨å �¯¯�à�â−ëå
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‚. �. …£®à®¢

¯«�âä®à¬�å �� íâ®© ª®¬¯�−¨¨. Œ®¦−® ¯®-à�§−®¬ã ®â−®á¨âìáï ª ¬®−®¯®«¨¨
VMware −� �� ¤«ï SDDC, −® ¢ −¥© á«¥¤ã¥â ¯à¨§−�âì ¯® ªà�©−¥© ¬¥à¥ â®â
¯®«®¦¨â¥«ì−ë© �á¯¥ªâ, çâ® ®−� ®¡¥á¯¥ç¨¢�¥â ¢ëá®ª¨© ãà®¢¥−ì á®¢¬¥áâ¨¬®áâ¨
¯à®£à�¬¬−ëå ¯à®¤ãªâ®¢ ¢ à�§−ëå ¤�â�-æ¥−âà�å ¨ ¤�¦¥ ¢ ú®¡«�ç−ëåû áä¥à�å.

�à¨ ª®¬¯«¥ªá−®© ¯®áâ�¢ª¥ ®¡®àã¤®¢�−¨ï ¤�â�-æ¥−âà� á®¢¬¥áâ−® á á®®â¢¥â-
áâ¢ãîé¨¬ ��, ¢ª«îç�ï ú¤¨à¨¦¥à�û, ú¯à®¯�¤�îâ ¯à®¡«¥¬ë, ¢ë§¢�−−ë¥ á®-
¢¬¥áâ¨¬®áâìî ®â¤¥«ì−ëå ª®¬¯®−¥−â®¢, � â�ª¦¥ á−¨¦�¥âáï á®¢®ªã¯−�ï áâ®¨¬®áâì
¢«�¤¥−¨ï ¨ à¨áª¨ ¯à¨ íªá¯«ã�â�æ¨¨ ¨−äà�áâàãªâãàë, â�ª ª�ª �¤¬¨−¨áâà¨à®¢�âì
áâ¥ª ¯à®¤ãªâ®¢ ®¤−®£® ¯à®¨§¢®¤¨â¥«ï §−�ç¨â¥«ì−® ¯à®é¥, ç¥¬ ú§®®¯�àªû á¨á-
â¥¬ ®â à�§−ëå ¢¥−¤®à®¢û [13]. �®íâ®¬ã ¤«ï áà¥¤−¥áâ�â¨áâ¨ç¥áª®£® ¢«�¤¥«ìæ�
¤�â�-æ¥−âà� ¥¤¨−áâ¢¥−−®© à¥�«ì−®© ¢®§¬®¦−®áâìî ®¡à¥â¥−¨ï SDDC ®áâ�¥âáï,
¯®-¢¨¤¨¬®¬ã, ¯®ªã¯ª� ú£®â®¢®£® ¯®¤ ª«îçû ª®¬¯«¥ªá−®£® ¯à®¤ãªâ� [14, 15],
¦¥«�â¥«ì−® ã ®¤−®£® −�¤¥¦−®£® ¢¥−¤®à� (â. ¥. ä�ªâ¨ç¥áª¨ ¨§ ¯à¨¢¥¤¥−−®£® ¢ëè¥
¯¥à¥ç−ï).

6 Заключение

�à®£à�¬¬−®-®¯à¥¤¥«ï¥¬ë© ¯®¤å®¤ ¢ æ¥«®¬ −�å®¤¨â ¢á¥ ¡®«¥¥ è¨à®ª®¥ ¯à¨-
¬¥−¥−¨¥ ¢ à�§«¨ç−ëå ¨−ä®à¬�æ¨®−−®-ª®¬¬ã−¨ª�æ¨®−−ëå â¥å−®«®£¨ïå. ’�ª�ï
ã−¨¢¥àá�«ì−�ï ¯à¨¬¥−¨¬®áâì ®¡êïá−ï¥âáï ¥£® áãé−®áâìî | �¢â®¬�â¨§�æ¨¥©
¯à®æ¥áá®¢ ã¯à�¢«¥−¨ï á«®¦−ë¬¨ ®¡ê¥ªâ�¬¨, â�ª¨¬¨ ª�ª á¥â¨, ‘•„ ¨ æ¥«ë¥
¤�â�-æ¥−âàë. �¢â®¬�â¨§�æ¨ï âàã¤� �¤¬¨−¨áâà�â®à®¢ â�ª®£® à®¤� ®¡ê¥ªâ®¢ ¨§
¢¥áì¬� ¦¥«�â¥«ì−®© ¢®§¬®¦−®áâ¨ ¯à¥¢à�é�¥âáï ¢ −�áãé−ãî −¥®¡å®¤¨¬®áâì ¤«ï
ªàã¯−ëå ¤�â�-æ¥−âà®¢, � â¥¬ ¡®«¥¥ ¯à¨ ¢ëå®¤¥ ¢ ú®¡«�ª�û ¨ £«®¡�«ì−ë¥ á¥â¨.

�®á«¥ ®â−®á¨â¥«ì−®© −¥ã¤�ç¨ ¢ SDN ª®−æ¥¯æ¨ï ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï
à¥�¡¨«¨â¨à®¢�«�áì ¢ SDS ¨ SDDC. ‚ §−�ç¨â¥«ì−®© áâ¥¯¥−¨ ¥¥ ãá¯¥å ¢ ®¡«�áâ¨
‘•„ ¨ ¤�â�-æ¥−âà®¢ ®¯à¥¤¥«¨«® ¤®¯®«−¥−¨¥ �¢â®¬�â¨§�æ¨¨ �¤¬¨−¨áâà¨à®¢�−¨ï
á¥à¢¨á−®© ®à¨¥−â¨à®¢�−−®áâìî, ª®â®à�ï áâ�«� å�à�ªâ¥à−®© ç¥àâ®© SDS ¨ ¯à¥-
¢à�â¨«�áì ¢ −�áâ®ïâ¥«ì−ãî −¥®¡å®¤¨¬®áâì ¢ SDDC.

‘¥£®¤−ï ¯¥àá¯¥ªâ¨¢ë SDN ¢ë£«ï¤ïâ ¢¥áì¬� á®¬−¨â¥«ì−ë¬¨. �ã¤ãç¨ á�¬®©
áâ�à®© ¨§ â¥å−®«®£¨© ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï, ®−� ®áâ�¥âáï áà¥¤¨ −¨å ú−�¨-
¬¥−¥¥ §à¥«®©û [16] ¨ ã¦¥ ®âáâ�¥â ®â SDS ¯® ç¨á«ã ¢®¯«®é¥−¨©. �® ¨ ¡ã¤ãé¥¥
SDS ª�ª á�¬®áâ®ïâ¥«ì−®© â¥å−®«®£¨¨ â®¦¥ ¯®¤ ¢®¯à®á®¬. ‚áïª�ï �¢â®¬�â¨§�-
æ¨ï ¢ ª®−¥ç−®¬ áç¥â¥ áâà¥¬¨âáï ª ª®¬¯«¥ªá−ë¬ ¨ ¢á¥®¡ê¥¬«îé¨¬ à¥è¥−¨ï¬.
‘®®â¢¥âáâ¢¥−−®, ¬�£¨áâà�«ì−ë¬ ¯ãâ¥¬ à�§¢¨â¨ï ¨ ¢−¥¤à¥−¨ï ª®−æ¥¯æ¨¨ ¯à®-
£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï ¢¨¤¨âáï ¥¥ ª®¬¯«¥ªá−�ï à¥�«¨§�æ¨ï ¢ SDDC. ˆ âãâ
−¥®¡å®¤¨¬® ¨¬¥âì ¢ ¢¨¤ã, çâ® ¢®¯à¥ª¨ à�á¯à®áâà�−¥−−®¬ã ¬−¥−¨î SDDC −¥
áâ®«ìª® ¢ª«îç�îâ ¢ á¥¡ï SDN ¨ SDS, áª®«ìª® §�¬¥−ïîâ ¨å. �®íâ®¬ã ãá¯¥å¨
SDDC, ¢¥à®ïâ−®, á¤¥«�îâ ¨§¡ëâ®ç−ë¬¨ úá�¬®áâ®ïâ¥«ì−ë¥û SDN ¨ SDS.

‚ −�áâ®ïé¨© ¬®¬¥−â £®â®¢ë© SDDC ¯à¥¤«�£�îâ −¥áª®«ìª® ªàã¯−ëå ä¨à¬,
−® ¯à�ªâ¨ç¥áª¨ ¢® ¢á¥å á«ãç�ïå �� ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï ¢ −¨å ¯à¥¤¯®-
«�£�¥âáï ®â ª®¬¯�−¨¨ VMware, ¢ ç¥¬ ¥áâì ¨ á¢®© ¬¨−ãá: ¡¥§�«ìâ¥à−�â¨¢−®áâì
¨ ®âáãâáâ¢¨¥ ª®−ªãà¥−æ¨¨, | ¨ á¢®© ¯«îá: áª¢®§−�ï ãå®¤ïé�ï ¢ ú®¡«�ª�û
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�¢®«îæ¨ï ¨ ¯¥àá¯¥ªâ¨¢ë ª®−æ¥¯æ¨¨ ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï

á®¢¬¥áâ¨¬®áâì ú¤¨à¨¦¥à®¢û. „«ï ¯®¤¤¥à¦�−¨ï â�ª®© ¦¥ á®¢¬¥áâ¨¬®áâ¨ ¢ ãá«®-
¢¨ïå ª®−ªãà¥−æ¨¨ −¥®¡å®¤¨¬� à�§à�¡®âª� ¡®«ìè®£® ç¨á«� áâ�−¤�àâ®¢. �â¨¬,
¢à®¤¥ ¡ë, §�−¨¬�¥âáï DMTF, −® ¯®ª� áâ�−¤�àâ�¬¨ ¤¥-ä�ªâ® ®áâ�îâáï à¥è¥−¨ï
ª®¬¯�−¨¨ VMware, −� ª®â®àë¥, ¢¥à®ïâ−®, ¡ã¤ãâ ¢ë−ã¦¤¥−−® ®à¨¥−â¨à®¢�âìáï
¨ áâ�−¤�àâë ®â DMTF.
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EVOLUTION OF THE “SOFTWARE-DEFINED” CONCEPT

V. B. Egorov

Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: The \software-defined" concept was born in relation to networks.
Software-defined networking (SDN) assumed centralized automation of network
administration and replacement of expensive routers with cheaper switches. The
SDN has undergone significant changes when it was extended from university labs
to data centers and provider networks. As a result, in practice, SDN networks
represent traditional IP networks with full-featured routers, only supplemented
with SDN functionality. Following networks, the \software-defined" concept
has penetrated the data storage area where the software-defined storage (SDS)
has acquired a new important feature | service orientation. With the further
extension of the \software-defined" concept to entire software-defined data
centers (SDDC) and software-defined clouds, this feature became dominant. It
can be expected that the success of SDDCs would make redundant independent
SDNs and SDSs. However, the widespread implementation of SDDCs is
hindered by difficulties of creating specific orchestration software. Therefore,
for an ordinary data center owner, the only opportunity to acquire an SDDC is
the purchase of an integrated turnkey solution with ready orchestration software
from a reliable supplier.

Keywords: software-defined data center (SDDC); software-defined networking
(SDN); software-defined storage (SDS)
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МОДЕЛИРОВАНИЕ ДИНАМИЧЕСКИХ ГЕООБЪЕКТОВ
НА ОСНОВЕ КОНЦЕПЦИИ ФАЗОВОЙ ВАРИАНТНОСТИ

Д. А. Никишин1

�−−®â�æ¨ï: �à¥¤«®¦¥−� áâàãªâãà� ®¡à�§æ� ¡�§ë £¥®¤�−−ëå (�ƒ„) á ¯®¤-
¤¥à¦ª®© ä�§®¢®© ¢�à¨�−â−®áâ¨ (”‚) £¥®¬®¤¥«¥©. „�−−�ï áâàãªâãà� ¯à¥¤-
áâ�¢«ï¥â á®¡®© à�§¢¨â¨¥ à�§à�¡®â�−−®© à�−¥¥ ¬ã«ìâ¨¬�áèâ�¡−®© �ƒ„ á ¯®¤-
¤¥à¦ª®© ¯à¥¤áâ�¢«¥−¨ï £¥®®¡ê¥ªâ®¢ ¢ à�§«¨ç−ëå ¯à¨ª«�¤−ëå ª®−â¥ªáâ�å.
÷�áá¬®âà¥−� áãé−®áâì ”‚, ¥¥ ¯à¨−æ¨¯¨�«ì−ë¥ ®â«¨ç¨ï ®â ¯®«−®æ¥−−®£®
â¥¬¯®à�«ì−®£® ¬®¤¥«¨à®¢�−¨ï (�’Œ). ‘¤¥«�− ¢ë¢®¤ ® â®¬, çâ® ”‚ ¬®¦¥â
−�©â¨ è¨à®ª®¥ ¯à¨¬¥−¥−¨¥ ¢ á¯¥æ¨�«¨§¨à®¢�−−ëå £¥®¨−ä®à¬�æ¨®−−ëå á¨á-
â¥¬�å (ƒˆ‘), âà¥¡ãîé¨å ¯à¨ à¥è¥−¨¨ á¢®¨å §�¤�ç ãç¥â� á®áâ®ï−¨ï ®¡ê¥ªâ®¢
−� ª®−ªà¥â−ë© ¬®¬¥−â ¢à¥¬¥−¨. ��§� £¥®¤�−−ëå á ¨á¯®«ì§®¢�−¨¥¬ ”‚ ¬®¦¥â
¨á¯®«ì§®¢�âìáï ¢ ª�ç¥áâ¢¥ ®¯¥à�â¨¢−®© �ƒ„, ¯®áª®«ìªã ¥¥ äã−ªæ¨®−¨à®¢�−¨¥
¬®¦¥â ¡ëâì ®â¤¥«¥−® ®â ¯à®æ¥áá� −¥¯à¥àë¢−®£® ãâ®ç−¥−¨ï §−�−¨© ® ¬¥áâ−®áâ¨,
à¥�«¨§ã¥¬®£® ¢¥¤¥−¨¥¬ ®á−®¢−®© â¥¬¯®à�«ì−®© �ƒ„.

Š«îç¥¢ë¥ á«®¢�: £¥®¤�−−ë¥; ¡�§ë £¥®¤�−−ëå; ª®−æ¥¯âã�«ì−�ï áå¥¬� ¡�§ë
£¥®¤�−−ëå; â¥¬¯®à�«ì−®¥ ¬®¤¥«¨à®¢�−¨¥ £¥®®¡ê¥ªâ®¢; ä�§®¢�ï ¢�à¨�−â−®áâì
£¥®¬®¤¥«¥©

DOI: 10.14357/08696527240207 EDN: GCJQET

1 Введение

‚ à�¡®â¥ [1] ¡ë«� ¯à¥¤áâ�¢«¥−� ª®−æ¥¯âã�«ì−�ï áå¥¬� �ƒ„ á ¬−®¦¥áâ¢¥−−ë¬
¯à¥¤áâ�¢«¥−¨¥¬ £¥®®¡ê¥ªâ®¢ ¢ ª®−â¥ªáâ¥ à�§−ëå ãà®¢−¥© ®¡®¡é¥−¨ï £¥®¤�−−ëå.
‚ ¯ã¡«¨ª�æ¨¨ [2] íâ� áå¥¬� ¡ë«� à�áè¨à¥−� ¯®¤¤¥à¦ª®© ¢�à¨�−â−®áâ¨ ¤«ï
®â¤¥«ì−ëå ¯à¨ª«�¤−ëå §�¤�ç. ��áâ®ïé�ï à�¡®â� ¯à®¤®«¦�¥â à�§¢¨â¨¥ ¤�−−®£®
−�¯à�¢«¥−¨ï ¨áá«¥¤®¢�−¨© ¨ ¯®á¢ïé¥−� à¥�«¨§�æ¨¨ ¯à¥¤áâ�¢«¥−¨ï £¥®®¡ê¥ªâ®¢
¢ à�§−®¢à¥¬¥−−ëå á®áâ®ï−¨ïå.

�à¨ ¯à®¥ªâ¨à®¢�−¨¨ �ƒ„ ¤«ï ƒˆ‘ ¨áâ®à¨ç¥áª¨ á«®¦¨«áï ¯®¤å®¤ ª áâ�â¨-
ç¥áª®¬ã ¬®¤¥«¨à®¢�−¨î á¨âã�æ¨¨ ¨ ¯¥à¨®¤¨ç¥áª®© �ªâã�«¨§�æ¨¨ íâ®© ¬®¤¥«¨
á ¢ë¢¥¤¥−¨¥¬ ¥¥ ¯à¥¤ë¤ãé¥£® (ú¨áâ®à¨ç¥áª®£®û) á®áâ®ï−¨ï §� à�¬ª¨ ®¯¥à�-
â¨¢−®£® ¤®áâã¯� (¢ �àå¨¢). Œ®¤¥«¨à®¢�−¨¥ ¤¨−�¬¨ª¨ á¨âã�æ¨¨ ¨á¯®«ì§ã¥âáï
¤®áâ�â®ç−® à¥¤ª® [3], ®¤−�ª® à¥£¨áâà�æ¨ï ¨§¬¥−¥−¨© á¥¬�−â¨ç¥áª¨å ¨ £¥®¬¥âà¨-
ç¥áª¨å á¢®©áâ¢ £¥®®¡ê¥ªâ®¢ ®áâ�¥âáï �ªâã�«ì−ë¬ −�¯à�¢«¥−¨¥¬ à�§¢¨â¨ï äã−ª-
æ¨®−�«ì−®áâ¨ �ƒ„, ¯®áª®«ìªã ¯®§¢®«ï¥â ¢®ááâ�−�¢«¨¢�âì á®áâ®ï−¨¥ £¥®®¡ê¥ªâ®¢
−� ®¯à¥¤¥«¥−−ë© ¬®¬¥−â ¢à¥¬¥−¨, � â�ª¦¥ ¨áá«¥¤®¢�âì ï¢«¥−¨ï ¨ ¯à®æ¥ááë,
¯à®â¥ª�îé¨¥ −� ¬¥áâ−®áâ¨ [4{7].

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, dmnikishin@mail.ru
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’¥à¬¨− úâ¥¬¯®à�«ì−®áâìû (�−£«. temporality) ¯à¨¬¥−¨â¥«ì−® ª �ƒ„ ¡ë«
¯à¥¤«®¦¥− ¢ [7] ¢ ª�ç¥áâ¢¥ ®¡®¡é¥−¨ï ¯à®áâà�−áâ¢¥−−®£® ¨ á¥¬�−â¨ç¥áª®£® ª®¬-
¯®−¥−â®¢ ¯à¨ ¬®¤¥«¨à®¢�−¨¨ £¥®®¡ê¥ªâ®¢, ¨§¬¥−ïîé¨åáï ¢® ¢à¥¬¥−¨. �â®
®¡ãá«®¢«¥−® â¥¬, çâ® ç�áâ® ¯à¨¬¥−ï¥¬ë© â¥à¬¨− ú¯à®áâà�−áâ¢¥−−®-¢à¥¬¥−−�®¥û
¬®¤¥«¨à®¢�−¨¥ ¯à¥¤áâ�¢«ï¥âáï «¨èì ç�áâ¨ç−® ®âà�¦�îé¨¬ áãâì ¬®¤¥«¨à®¢�−¨ï
¤¨−�¬¨ª¨ £¥®®¡ê¥ªâ®¢.

‚¬¥áâ¥ á â¥¬ à¥�«¨§�æ¨ï â¥¬¯®à�«ì−®£® �á¯¥ªâ�, á ®¤−®© áâ®à®−ë, æ¥«¥á®-
®¡à�§−� «¨èì ¤«ï ®£à�−¨ç¥−−®£® ªàã£� ¯®áâ®ï−−® ¨§¬¥−ïîé¨åáï £¥®®¡ê¥ªâ®¢
(¢ â®¬ ç¨á«¥ ¤¢¨¦ãé¨åáï), � á ¤àã£®©, ®¡¥á¯¥ç¥−¨¥ â¥¬¯®à�«ì−®áâ¨ á®¯àï¦¥−®
á −¥ª®â®àë¬¨ âàã¤−®áâï¬¨ [7{9], á¢ï§�−−ë¬¨ ª�ª á® á¯¥æ¨ä¨ç¥áª®© ®à£�−¨§�-
æ¨¥© â�ª®© �ƒ„, â�ª ¨ á −¥®¡å®¤¨¬®áâìî à¥£ã«ïà−®© �ªâã�«¨§�æ¨¨ á®áâ®ï−¨ï
¬¥áâ−®áâ¨ | á«®¦−®© ¨ §�âà�â−®© ¯® ¢à¥¬¥−¨ ¨ à¥áãàá�¬ §�¤�ç¥©1. ‚ ª�ç¥áâ¢¥
�«ìâ¥à−�â¨¢ë ¤«ï à�§à¥è¥−¨ï íâ¨å âàã¤−®áâ¥© �¢â®à®¬ ¯à¥¤«�£�¥âáï ¨á¯®«ì§®-
¢�−¨¥ ä�§®¢®© ¢�à¨�−â−®áâ¨.

„�«¥¥ ¢ à�§¤. 2 à�áá¬�âà¨¢�¥âáï áãé−®áâì ¨ ¯à¨¬¥àë ¨á¯®«ì§®¢�−¨ï ”‚.
‚ à�§¤. 3 ¯®ª�§�−ë ¯à¨−æ¨¯¨�«ì−ë¥ ®â«¨ç¨ï ”‚ ¨ �’Œ. ‚ à�§¤. 4 ¯à¥¤áâ�¢«¥−ë
¯à®¥ªâ−ë¥ à¥è¥−¨ï ¨ áâàãªâãàë ¤�−−ëå, ¯à¥¤−�§−�ç¥−−ë¥ ¤«ï ¯®áâà®¥−¨ï
®¡à�§æ� �ƒ„, ¯®¤¤¥à¦¨¢�îé¥© £¥−¥à�«¨§�æ¨®−−ãî, ¯à¨ª«�¤−ãî ¨ ä�§®¢ãî
¢�à¨�−â−®áâì ¬®¤¥«¥© £¥®®¡ê¥ªâ®¢.

2 Сущность фазовой вариантности геоданных

�®¤ úä�§®¢®©û ¢�à¨�−â−®áâìî ¯®¤à�§ã¬¥¢�¥âáï ®á®¡®¥ ¯à®ï¢«¥−¨¥ ¢�à¨-
�−â−®áâ¨, ª®£¤� ®â¤¥«ì−ë© £¥®®¡ê¥ªâ ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥− àï¤®¬ ¬®¤¥«¥©,
á®®â¢¥âáâ¢ãîé¨å ¥£® á®áâ®ï−¨î ¢ à�§«¨ç−ë¥ ¬®¬¥−âë ¢à¥¬¥−¨ (úä�§�¬û áãé¥-
áâ¢®¢�−¨ï £¥®®¡ê¥ªâ�). �® ¢ ®â«¨ç¨¥ ®â �’Œ à¥çì ¨¤¥â «¨èì ® ç�áâ−®© §�¤�ç¥
¬®¤¥«¨à®¢�−¨ï | ãá«®¢¨¥¬ §¤¥áì á«ã¦¨â ¢®§¬®¦−®áâì §�à�−¥¥ á¬®¤¥«¨à®¢�âì
á®áâ®ï−¨¥ ®¡ê¥ªâ� ¢ à¥§ã«ìâ�â¥ íâ®£® á®¡ëâ¨ï. ‚ ¯à®â¨¢−®¬ á«ãç�¥, ¥á«¨ á®¡ëâ¨¥
−¥ ¯à¥¤ãá¬�âà¨¢�«®áì ¨«¨ ¥£® ¯®á«¥¤áâ¢¨ï −¥¢®§¬®¦−® á¬®¤¥«¨à®¢�âì �¯à¨®à¨,
¯®âà¥¡ã¥âáï �ªâã�«¨§�æ¨ï ¬®¤¥«¨ £¥®®¡ê¥ªâ� ¯ãâ¥¬ ¯®«¥¢®£® ®¡á«¥¤®¢�−¨ï, çâ®
¢ëå®¤¨â §� à�¬ª¨ ”‚ ¨ ¡ã¤¥â, ¯® áãâ¨, ¯à®ï¢«¥−¨¥¬ �’Œ.

–¨ª«¨ç¥áª¨¥ ¨§¬¥−¥−¨ï ¬®£ãâ ¡ëâì «¨¡® ãáâ�−®¢«¥−ë ¨§ ®¯ëâ� ¯® ¬−®£®ªà�â-
−ë¬ ¯à¥¤è¥áâ¢ãîé¨¬ −�¡«î¤¥−¨ï¬ £¥®®¡ê¥ªâ�, −�¯à¨¬¥à á¥§®−−ë¥ ¨§¬¥−¥−¨ï
¯® ¬−®£®«¥â−¨¬ −�¡«î¤¥−¨ï¬, «¨¡® §�¤�¢�âìáï ¯à¥¤®¯à¥¤¥«¥−−ë¬ ¯«�−®¬ ¥£® ¨§-
¬¥−¥−¨ï, −�¯à¨¬¥à £à�ä¨ª®¬ à�¡®âë ®¡ê¥ªâ� ¨«¨ ¥£® ¦¨§−¥−−ë¬ æ¨ª«®¬. ’�ª¦¥
¬®¦¥â ¡ëâì ¯à¥¤ãá¬®âà¥−® ¯à¨−ã¤¨â¥«ì−®¥ ú¯¥à¥ª«îç¥−¨¥û ä�§ë £¥®®¡ê¥ªâ� ¯®
á¨£−�«ã ® ¢®§−¨ª−®¢¥−¨¨ −¥ª®â®à®£® ®¦¨¤�¥¬®£® (¢¥à®ïâ−®£®) á®¡ëâ¨ï, −�¯à¨¬¥à
çà¥§¢ëç�©−®© á¨âã�æ¨¨ â¨¯� ¯à®àë¢� ¯«®â¨−ë. ˆâ�ª, ãá«®¢¨¥¬ ¨á¯®«ì§®¢�−¨ï
”‚ ¯à¨−¨¬�¥âáï ãáâ�−®¢«¥−−ë© æ¨ª«, ¯«�−¨àã¥¬ë¥ ¨«¨ ®¦¨¤�¥¬ë¥ ¨§¬¥−¥−¨ï
£¥®®¡ê¥ªâ�.

1ˆá¯®«ì§®¢�−¨¥ ¤¨áâ�−æ¨®−−ëå ¬¥â®¤®¢, ¤�¦¥ ¯à¨ ãá«®¢¨¨ à¥è¥−¨ï ¯à®¡«¥¬ �¢â®¬�â¨§�æ¨¨
¤¥è¨äà¨à®¢�−¨ï ¨ ¨§¬¥à¥−¨ï ¨§®¡à�¦¥−¨©, âà¥¡ã¥â ¤®¯®«−¨â¥«ì−®£® −�§¥¬−®£® ®¡á«¥¤®¢�−¨ï
¬¥áâ−®áâ¨.
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Œ®¤¥«¨à®¢�−¨¥ ¤¨−�¬¨ç¥áª¨å £¥®®¡ê¥ªâ®¢ −� ®á−®¢¥ ª®−æ¥¯æ¨¨ ä�§®¢®© ¢�à¨�−â−®áâ¨

÷¨á. 1 ˆ««îáâà�æ¨ï ”‚ −� ¯à¨¬¥à¥ á¥§®−−®£® æ¨ª«� à¥ª¨: (�) ä�§� ¯®«®¢®¤ìï;
(¡) ä�§� ¬¥¦¥−¨ (èâà¨å®¢ª®© ¯®ª�§�−ë ¯à®¨§®è¥¤è¨¥ ¨§¬¥−¥−¨ï)

•�à�ªâ¥à−ë¬ ¯à¨¬¥à®¬ ¯à¨¬¥−¥−¨ï ”‚ ¤«ï á¥§®−−®£® æ¨ª«� ¬®¦¥â á«ã-
¦¨âì ¢®¤−ë© à¥¦¨¬ à¥ª¨, ¢ª«îç�îé¨© ä�§ë ¥¥ à�§«¨¢� (¯®«®¢®¤ìï), ¬¥¦¥−¨,
áâ�−®¢«¥−¨ï, −�ç�«�/®ª®−ç�−¨ï −�¢¨£�æ¨¨ ¨ â. ¯. ’�ª, ¢® ¢à¥¬ï ¯®«®¢®¤ìï
àãá«® à¥ª¨ ®¡ëç−® à�áè¨àï¥âáï, ¯à¨ íâ®¬ ¢®§¬®¦−® ¯®ï¢«¥−¨¥ ¢â®à®áâ¥¯¥−−ëå
àãá¥« (¨ á®®â¢¥âáâ¢¥−−® ®áâà®¢®¢ ¬¥¦¤ã −¨¬¨); ¢ ¬¥¦¥−ì ¯à®¨áå®¤ïâ ®¡à�â-
−ë¥ ¨§¬¥−¥−¨ï (à¨á. 1). “ç¥â íâ®£® ®¡áâ®ïâ¥«ìáâ¢� ¬®¦¥â ¡ëâì �ªâã�«¥− ¯à¨
à¥è¥−¨¨ §�¤�ç áã¤®å®¤áâ¢�, ¤¢¨¦¥−¨ï ¢¤®«ì ¡¥à¥£�, ¯¥à¥¯à�¢ë ç¥à¥§ ¢®¤−ãî
¯à¥£à�¤ã, ¬®¤¥«¨à®¢�−¨ï ¢®§¬®¦−®£® ¯®¤â®¯«¥−¨ï ¬¥áâ−®áâ¨ ¨ â. ¯. ‘®¡ëâ¨ï
áâ�−®¢«¥−¨ï/¢áªàëâ¨ï à¥ª¨ | íâ® ¯à¨¬¥à, ª®£¤� á®áâ®ï−¨¥ £¥®®¡ê¥ªâ� ¬®¦¥â
¢«¨ïâì −� ¢§�¨¬®á¢ï§�−−ë¥ ®¡ê¥ªâë, −�¯à¨¬¥à −�«¨ç¨¥/®âáãâáâ¢¨¥ §¨¬−¥£® ¯ãâ¨
(ú§¨¬−¨ª�û).

�ªâã�«ì−ë¬ ¯à¨¬¥à®¬ æ¨ª«� áãâ®ç−ëå ª®«¥¡�−¨© á«ã¦¨â ¯à¨«¨¢−®-®â«¨¢-
−ë¥ ï¢«¥−¨ï, ®¡ãá«®¢«¨¢�îé¨¥ ¨§¬¥−¥−¨¥ ¡¥à¥£®¢®© «¨−¨¨. �â® â�ª¦¥ ¬®¦¥â
¢«¨ïâì −� á¢ï§�−−ë¥ ®¡ê¥ªâë, −�¯à¨¬¥à ¢®§¬®¦−®áâì ¤¢¨¦¥−¨ï ¯® ¯®«®á¥ ®áãè-
ª¨, ®¡−�¦¥−¨¥ ¯®¤¢®¤−ëå ¯à¥¯ïâáâ¢¨© ¨ â. ¯.

�à¨¬¥à�¬¨ á¥§®−−ëå ä�§ â�ª¦¥ á«ã¦�â:

{ ¯¥à¨®¤ë ¤®áâã¯−®áâ /̈−¥¤®áâã¯−®áâ¨ £®à−®£® ¯¥à¥¢�«� ¤«ï ¤¢¨¦¥−¨ï «î¤¥©
¨ âà�−á¯®àâ� ¨ â®¬ã ¯®¤®¡−ë¥ á«ãç�¨, çâ® ¬®¦¥â ®¯à¥¤¥«ïâì ¢®§¬®¦−®áâì §�-
¤¥©áâ¢®¢�−¨ï á®®â¢¥âáâ¢ãîé¥£® à¥¡à� £à�ä� âà�−á¯®àâ−®© á¥â¨ ¯à¨ à¥è¥−¨¨
−�¢¨£�æ¨®−−ëå §�¤�ç [10];

{ ¢¥£¥â�æ¨®−−ë¥ ä�§ë à�áâ¨â¥«ì−®áâ¨ [11], ¢«¨ïîé¨¥ −� ãªàë¢�îéãî á¯®-
á®¡−®áâì ¬¥áâ−®áâ¨, � â�ª¦¥ ä�§ë ¯®¦�à®®¯�á−®áâ¨, −�«¨ç¨ï ª«¥é¥© ¨ â®¬ã
¯®¤®¡−ëå ®¯�á−®áâ¥©, çâ® ¢«¨ï¥â −� ãá«®¢¨ï à�á¯®«®¦¥−¨ï «î¤¥© ¨ â¥å−¨ª¨
¢ ¬�áá¨¢�å à�áâ¨â¥«ì−®áâ¨.

�à¨¬¥à�¬¨ ¯«�−®¢ëå ¨«¨ ®¦¨¤�¥¬ëå ¨§¬¥−¥−¨© ¬®£ãâ á«ã¦¨âì à�§«¨ç−ë¥
¯à®¨§¢®¤áâ¢¥−−ë¥ æ¨ª«ë:

{ æ¨ª« −�¯®«−¥−¨ï/áà�¡�âë¢�−¨ï ¢®¤®åà�−¨«¨é� | ¢ æ¥«®¬ íâ®â æ¨ª« ®¯à¥-
¤¥«ï¥âáï ¯à¨à®¤−ë¬ æ¨ª«®¬ −�¯®«−¥−¨ï ¢®¤®åà�−¨«¨é� ¢ ¯¥à¨®¤ ¯®«®¢®¤ìï
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÷¨á. 2 �à¨¬¥à «¥á®å®§ï©áâ¢¥−−®£® æ¨ª«�: ä�§� 1 | ¯�è−ï; ä�§� 2 | ¬®«®¤�ï ¯®à®á«ì;
ä�§� 3 | ª®−¤¨æ¨®−−ë© «¥á; ä�§� 4 | ¢ëàã¡ª�

¨ áà�¡�âë¢�−¨ï ¢ ¬¥¦¥−−ë© ¯¥à¨®¤, −® ¢ ¤�−−®¬ á«ãç�¥ â�ª¦¥ ¢®§¬®¦−ë ¯à¨-
−ã¤¨â¥«ì−ë¥ ¤¥©áâ¢¨ï, ®¯à¥¤¥«ï¥¬ë¥ ¯à®¨§¢®¤áâ¢¥−−ë¬¨, çà¥§¢ëç�©−ë¬¨
¨ ¤àã£¨¬¨ ä�ªâ®à�¬¨;

{ æ¨ª« ã£®¤¨© «¥á−®£® å®§ï©áâ¢�: ¯�è−ï, ¬®«®¤�ï «¥á®¯®á�¤ª�, ¢ëá®ª®áâ¢®«ì-
−ë© «¥á, ¢ëàã¡ª� (à¨á. 2); æ¨ª« á¥«ìáª®å®§ï©áâ¢¥−−ëå ã£®¤¨©;

{ íâ�¯ë ¦¨§−¥−−®£® æ¨ª«� §¤�−¨© ¨ á®®àã¦¥−¨© (áâà®¨â¥«ìáâ¢®/à¥ª®−áâàãª-
æ¨ï, íªá¯«ã�â�æ¨ï, ª®−á¥à¢�æ¨ï/§�¡à®è¥−−®áâì, àã¨−ë) ¢ à�¬ª�å ¬®¤¥«¨
£®à®¤�; æ¨ª«� −�ª®¯«¥−¨ï ¨ ¢ë¢®§� áëàìï á ®âªàëâëå áª«�¤®¢ (¯«®é�¤®ª
åà�−¥−¨ï), −�¯à¨¬¥à ã£«ï, é¥¡−ï, £«¨−ë ¨ â. ¯. ¢ à�¬ª�å ¯à®¨§¢®¤áâ¢¥−−®©
¬®¤¥«¨.

Š�ª ¢¨¤−® ¨§ ¯à¨¢¥¤¥−−ëå ¯à¨¬¥à®¢, ”‚ (ª�ª ¨ â¥¬¯®à�«ì−®¥ ¬®¤¥«¨à®¢�−¨¥
¢®®¡é¥) ¯à¨¬¥−¨¬� (æ¥«¥á®®¡à�§−�) «¨èì ¤«ï ®â¤¥«ì−ëå ª«�áá®¢ £¥®®¡ê¥ªâ®¢,
¯®¤¬−®¦¥áâ¢ ®¡ê¥ªâ®¢ ®¯à¥¤¥«¥−−®£® ª«�áá� ®¡ê¥ªâ®¢ ¨«¨ ®â¤¥«ì−ëå ®¡ê¥ªâ®¢.
�à®ç¨¥, ¡®«¥¥ úáâ�â¨ç−ë¥û ®¡ê¥ªâë ¬®£ãâ �ªâã�«¨§¨à®¢�âìáï á ¡®«ìè®© ¯¥à¨®-
¤¨ç−®áâìî (−�¯à¨¬¥à, à�§ ¢ 5{10 «¥â) ¨«¨ ¯à¨ ¢®§−¨ª−®¢¥−¨¨ ®¯à¥¤¥«¥−−ëå,
à�§®¢ëå á®¡ëâ¨©, á®¯à®¢®¦¤�¥¬ëå ¨§¬¥−¥−¨ï¬¨ íâ¨å ®¡ê¥ªâ®¢.

‚ ª®−â¥ªáâ¥ â®¯®£à�ä¨ç¥áª®© ¨«¨ ¬®àáª®© ª�àâë ”‚ ¯à¨¬¥−¨¬� «¨èì ª ®£à�-
−¨ç¥−−®¬ã ¯¥à¥ç−î ®¡ê¥ªâ®¢, å®âï ¨ ¯®§¢®«ï¥â ¡®«¥¥ â®ç−® ¨ ª�ç¥áâ¢¥−−® à¥è�âì
−¥ª®â®àë¥ ¢¨¤ë §�¤�ç. �¤−�ª® ¨á¯®«ì§®¢�−¨¥ ”‚ ¬®¦¥â −�©â¨ ¡®«¥¥ è¨à®-
ª®¥ ¯à¨¬¥−¥−¨¥ ¢ á¯¥æ¨�«¨§¨à®¢�−−ëå ƒˆ‘, âà¥¡ãîé¨å ãç¥â� á®áâ®ï−¨ï á¢®¨å
®¡ê¥ªâ®¢ −� ª®−ªà¥â−ë© ¬®¬¥−â ¢à¥¬¥−¨. ‚ ç�áâ−®áâ¨, ¯à¨¬¥−¥−¨¥¬ ¬®¤¥«¨
”‚ ¬®¦¥â áâ�âì à¥�«¨§�æ¨ï ¨−â¥à�ªâ¨¢−ëå ¬®¤¥«¥© ®¡ê¥ªâ®¢ ¨ ¨−äà�áâàãªâãà,
¢ â®¬ ç¨á«¥ ¤«ï �ªâã�«ì−®© −� á¥£®¤−ï ¯�à�¤¨£¬ë úæ¨äà®¢®£® ¤¢®©−¨ª�û1.

1–¨äà®¢®© ¤¢®©−¨ª | íâ® æ¨äà®¢�ï (¢¨àâã�«ì−�ï) ¬®¤¥«ì «î¡®£® ®¡ê¥ªâ�, á¨áâ¥¬ë ¨ â. ¯.
�−� â®ç−® ¢®á¯à®¨§¢®¤¨â ä®à¬ã ¨ ¤¥©áâ¢¨ï ®à¨£¨−�«� ¨ á¨−åà®−¨§¨à®¢�−� á −¨¬.

98 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 2 2024



Œ®¤¥«¨à®¢�−¨¥ ¤¨−�¬¨ç¥áª¨å £¥®®¡ê¥ªâ®¢ −� ®á−®¢¥ ª®−æ¥¯æ¨¨ ä�§®¢®© ¢�à¨�−â−®áâ¨

3 Сравнение фазовой вариантности и полноценного темпорального
моделирования

�¡¥ ¯�à�¤¨£¬ë (ª�ª �’Œ, â�ª ¨ ”‚) −�¯à�¢«¥−ë −� ®âà�¦¥−¨¥ ¯à®æ¥áá®¢,
¯à®¨áå®¤ïé¨å −� ¬¥áâ−®áâ¨. �−¨ ¯®§¢®«ïîâ ¢®ááâ�−�¢«¨¢�âì à¥âà®á¯¥ªâ¨¢−ë¥
á®áâ®ï−¨ï, � â�ª¦¥ ¯à®£−®§¨à®¢�âì ¡ã¤ãé¥¥ à�§¢¨â¨¥ á¨âã�æ¨¨ −� ¬¥áâ−®áâ¨.

�¤−�ª®, ª�ª £®¢®à¨«®áì ¢ëè¥, ”‚-¬®¤¥«ì ®âà�¦�¥â «¨¡® §�¯«�−¨à®¢�−−ë¥
¨§¬¥−¥−¨ï, «¨¡® ã¦¥ ãáâ�−®¢«¥−−ãî à�−¥¥ §�¢¨á¨¬®áâì æ¨ª«¨ç¥áª®£® ¨§¬¥−¥-
−¨ï ®¡ê¥ªâ� ¢® ¢à¥¬¥−¨. �® ¤«ï ¢ëï¢«¥−¨ï â�ª®© §�¢¨á¨¬®áâ¨ −¥®¡å®¤¨¬®
¨¬¥âì −¥ª¨© −�ª®¯«¥−−ë© úâ¥¬¯®à�«ì−ë© ®¯ëâû (¬−®£®«¥â−¨¥ ¨ â®¬ã ¯®¤®¡−ë¥
−�¡«î¤¥−¨ï). ‘®®â¢¥âáâ¢¥−−®, á®§¤�−¨¥ ”‚-¬®¤¥«¨ ¢ ®¡é¥¬ á«ãç�¥ ¯à¥¤¯®-
«�£�¥â −�«¨ç¨¥ −¥ª®© ¡�§®¢®© â¥¬¯®à�«ì−®© �ƒ„, ª®â®à�ï á«ã¦¨â ®á−®¢®© ¤«ï
à�§à�¡®âª¨ ¨ ãâ®ç−¥−¨ï æ¨ª«®¢ ä�§®¢®© �ƒ„.

‚¬¥áâ¥ á â¥¬ ”‚-¬®¤¥«ì ¯® áà�¢−¥−¨î á �’Œ ¯à¥¤áâ�¢«ï¥â á®¡®© ¡®«¥¥
¯à®áâ®© ¨ ª®¬¯�ªâ−ë© ¨−áâàã¬¥−â: á ®¤−®© áâ®à®−ë, ®− ¯®§¢®«ï¥â ®âà�¦�âì
¤¨−�¬¨ªã £¥®®¡ê¥ªâ®¢ ¨ ®âç�áâ¨ ¯à®£−®§¨à®¢�âì ¥¥; á ¤àã£®© áâ®à®−ë, ¥¥ äã−ª-
æ¨®−¨à®¢�−¨¥ ®â¤¥«¥−® ®â ¯à®æ¥áá� −¥¯à¥àë¢−®£® ãâ®ç−¥−¨ï §−�−¨© ® ¬¥áâ−®áâ¨.
’�ª, �’Œ ¯à¥¤¯®«�£�¥â à¥£ã«ïà−ãî �ªâã�«¨§�æ¨î ¨−ä®à¬�æ¨¨ ® á®áâ®ï−¨¨
¬¥áâ−®áâ¨ ¨«¨ ®â¤¥«ì−ëå £¥®®¡ê¥ªâ®¢. ‘®®â¢¥âáâ¢¥−−®, �’Œ ã¬¥áâ−® «¨èì
¯à¨ −¥®¡å®¤¨¬®áâ¨ ¯à®¤®«¦�îé¨åáï ¨áá«¥¤®¢�−¨© ¯à®¨áå®¤ïé¨å −� ¬¥áâ−®áâ¨
¯à®æ¥áá®¢ ¨ á®®â¢¥âáâ¢ãîé¨å ¢®§¬®¦−®áâïå à¥£ã«ïà−®£® á¡®à� ¨−ä®à¬�æ¨¨, ¥¥
á®åà�−¥−¨ï ¨ ¯®á«¥¤ãîé¥£® �−�«¨§�. ‚ ¯à®â¨¢−®¬ á«ãç�¥ ¢®§−¨ª�îâ −¥¯à®¨§-
¢®¤¨â¥«ì−ë¥ ãá«®¦−¥−¨ï, ª®â®àë¥ §�âàã¤−ïîâ ¯à¨¬¥−¥−¨¥ �ƒ„ á ¯®¤¤¥à¦ª®©
�’Œ (�ƒ„-�’Œ) ¤«ï à¥è¥−¨ï ¯®¢á¥¤−¥¢−ëå, ®¯¥à�â¨¢−ëå §�¤�ç. ˆá¯®«ì-
§®¢�−¨¥ �ƒ„ á ¯®¤¤¥à¦ª®© ”‚ ¬®¤¥«¥© (�ƒ„-”‚) ¢ ª�ç¥áâ¢¥ −�¤áâà®©ª¨ −�¤
�ƒ„-�’Œ ¯®§¢®«¨â ®¯â¨¬¨§¨à®¢�âì à¥è¥−¨¥ íâ¨å ®¯¥à�â¨¢−ëå §�¤�ç. �à¨ íâ®¬
�ƒ„-”‚ ¬®¦¥â äã−ªæ¨®−¨à®¢�âì −¥§�¢¨á¨¬® ®â ¢¥¤¥−¨ï �ƒ„-�’Œ. ‡−�−¨ï,
§�«®¦¥−−ë¥ ¢ ¬®¤¥«¨ �ƒ„-”‚, ¬®£ãâ «¨èì ¯à¨ −¥®¡å®¤¨¬®áâ¨ �ªâã�«¨§¨à®-
¢�âìáï ¯® ¬¥à¥ á®¢¥àè¥−áâ¢®¢�−¨ï §−�−¨© ® £¥®®¡ê¥ªâ�å ¨ ¯à®¨áå®¤ïé¨å á ¨å
ãç�áâ¨¥¬ ¯à®æ¥áá�å ¢ ¡�§®¢®© �ƒ„-�’Œ.

4 Структура базы геоданных с поддержкой фазовой вариантности

�® �−�«®£¨¨ á �’Œ, ”‚-¬®¤¥«ì ¬®¦¥â à¥�«¨§®¢ë¢�âìáï ª�ª ¢à¥¬¥−−®©
àï¤ áâ�â¨ç¥áª¨å ¬®¤¥«¥©-úª�¤à®¢û á ¨−â¥à¯®«ïæ¨¥© á®áâ®ï−¨ï ¬¥¦¤ã −¨¬¨.
‚¯®á«¥¤áâ¢¨¨ ¬®¦¥â ¡ëâì ®áãé¥áâ¢«¥−� �¯¯à®ªá¨¬�æ¨ï íâ®£® ¢à¥¬¥−−�®£® àï¤�
¯�à�¬¥âà¨ç¥áª®© ¬®¤¥«ìî [8], çâ® ¤�áâ ¢®§¬®¦−®áâì −¥¯®áà¥¤áâ¢¥−−® ¨−â¥à¯®-
«¨à®¢�âì á¨âã�æ¨î −� ¯à®¨§¢®«ì−ë© ¬®¬¥−â ¢à¥¬¥−¨. ‚ ¤�−−®© à�¡®â¥ ¤�«¥¥
¯à¥¤áâ�¢«¥− â®«ìª® ¯¥à¢ë© ¢�à¨�−â.

Š�ª ¨ ¤«ï �’Œ, ¢ á«ãç�¥ ”‚ ¢ á®áâ�¢ ª�¦¤®© ®â¤¥«ì−®© ¬®¤¥«¨ −ã¦−®
¢¢¥áâ¨ á¢®©áâ¢® ú¯¥à¨®¤ �ªâã�«ì−®áâ¨ ¬®¤¥«¨û, á®®â¢¥âáâ¢ãîé¨© ¯¥à¨®¤ã −�-
å®¦¤¥−¨ï ®¡ê¥ªâ� ¢ á®áâ®ï−¨¨, á®®â¢¥âáâ¢ãîé¥¬ íâ®© ¬®¤¥«¨. „«ï ®¯à¥¤¥«¥−¨ï
¬®¬¥−â®¢ á¬¥−ë ä�§ ¤®«¦−ë ¡ëâì ¢ëà�¡®â�−ë ªà¨â¥à¨¨ ¨§¬¥−¥−¨ï á®áâ®ï−¨ï
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÷¨á. 3 ‘âàãªâãà� �ƒ„-”‚

®¡ê¥ªâ�, ®¡ãá«®¢«¨¢�îé¨¥ ¯¥à¥å®¤ ®â â¥ªãé¥© ª ¤àã£®© ¬®¤¥«¨. ’�ª¨¬¨ ªà¨-
â¥à¨ï¬¨ ¬®£ãâ ¡ëâì ®¯à¥¤¥«¥−−ë¥ áãé¥áâ¢¥−−ë¥ ¨§¬¥−¥−¨ï ª®−âãà� ¨ ¤àã£¨å,
−¥¯à®áâà�−áâ¢¥−−ëå á¢®©áâ¢ £¥®®¡ê¥ªâ�. �á−®¢®© ¤«ï ¢ë¤¥«¥−¨ï ä�§ ¬®£ãâ áâ�âì
íªáâà¥¬�«ì−ë¥ á®áâ®ï−¨ï £¥®®¡ê¥ªâ�; â�ª¦¥ ¢®§¬®¦−ë −¥áª®«ìª® ¯à®¬¥¦ãâ®ç-
−ëå ¢�à¨�−â®¢ ¬¥¦¤ã íâ¨¬¨ á®áâ®ï−¨ï¬¨.

�� à¨á. 3 ¨ 4 ¯à¥¤áâ�¢«¥−�1 à�§à�¡®â�−−�ï �¢â®à®¬ áâàãªâãà� �ƒ„-”‚.
„�−−�ï áâàãªâãà� ¯à¥¤áâ�¢«ï¥â á®¡®© à�§¢¨â¨¥ ¡®«¥¥ à�−−¥© à�§à�¡®âª¨ ¬ã«ì-
â¨¬�áèâ�¡−®© �ƒ„ á ¯®¤¤¥à¦ª®© ¯à¥¤áâ�¢«¥−¨ï £¥®®¡ê¥ªâ®¢ ¢ à�§«¨ç−ëå ¯à¨-
ª«�¤−ëå ª®−â¥ªáâ�å [1, 2]. ˆáå®¤−ë¬ ¯à®â®â¨¯®¬ á«ã¦¨â à�áá¬®âà¥−−�ï ¢ [12]
ª®−æ¥¯âã�«ì−�ï áå¥¬� �ƒ„ á ¯®¤¤¥à¦ª®© ¢�à¨�−â−®£® ¨ â¥¬¯®à�«ì−®£® �á¯¥ªâ®¢
£¥®¤�−−ëå.

�� à¨á. 3 ¯à¥¤áâ�¢«¥−� áâàãªâãà� �ƒ„-”‚. �−� ¢ª«îç�¥â ¢ á¥¡ï 6 ®á−®¢−ëå
â�¡«¨æ, 5 ¨§ ª®â®àëå ¡ë«¨ à�áá¬®âà¥−ë ¢ [1, 2] ¨ ¯® á¢®¥© áâàãªâãà¥ á®®â¢¥âáâ¢ã-
îâ ®á−®¢−ë¬ ª®−æ¥¯â�¬ ú£¥®®¡ê¥ªâû (TGeoObject), ú£¥®¬®¤¥«ìû (TGeoModel),
úá¥¬�−â¨ç¥áª®¥ á¢®©áâ¢®û (TGeoSemantic), ú¬�áèâ�¡−ë© ãà®¢¥−ìû (TGeoScale)
¨ ú¯à¨ª«�¤−®© ª®−â¥ªáâû (TGeoVariant). �®¢�ï §¤¥áì â®«ìª® â�¡«¨æ�, á®®â¢¥â-

1‚ æ¥«ïå ¡®«¥¥ ç¥âª®£® ¢ë¤¥«¥−¨ï áâàãªâãà ¤�−−ëå ¨ á®ªà�é¥−¨ï ®¡ê¥¬� −� à¨á. 3 ¨ 4 −¥ª®â®àë¥
í«¥¬¥−âë áâàãªâãà ®¯ãé¥−ë ¨«¨ ®ä®à¬«¥−ë ¢ ã¯à®é¥−−®¬ ¢¨¤¥, á ¯à¨¬¥−¥−¨¥¬ ¯á¥¢¤®ª®¤�.
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÷¨á. 4 �á−®¢−ë¥ ª®−æ¥¯âë ¤�−−ëå ¤«ï �ƒ„-”‚

áâ¢ãîé�ï ª®−æ¥¯âã úä�§� £¥®®¡ê¥ªâ�û (TGMPhaseData). �â¨ â�¡«¨æë á®¤¥à¦�â
®á−®¢−ë¥ ¤�−−ë¥ �ƒ„ ¨ á«ã¦�â ¤«ï ®¡à�é¥−¨ï ª á®®â¢¥âáâ¢ãîé¨¬ ¨−ä®à¬�æ¨-
®−−ë¬ ®¡ê¥ªâ�¬.

�� à¨á. 4 ¯à¥¤áâ�¢«¥−ë ®á−®¢−ë¥ ª®−æ¥¯âë �ƒ„-”‚ ¨ á¢ï§¥© ¬¥¦¤ã −¨-
¬¨. �â¨ ª®−æ¥¯âë à�áá¬�âà¨¢�îâáï ª�ª áâàãªâãàë ¤�−−ëå á®®â¢¥âáâ¢ãîé¨å
¨−ä®à¬�æ¨®−−ëå ®¡ê¥ªâ®¢ �ƒ„.

�®«ìè¨−áâ¢® ¯à¥¤áâ�¢«¥−−ëå −� à¨á. 4 ª®−æ¥¯â®¢ ¡ë«¨ à�áá¬®âà¥−ë à�−¥¥
¢ [1, 2], ¯®íâ®¬ã −¨¦¥ ®áâ�−®¢¨¬áï â®«ìª® −� ¨§¬¥−¥−¨ïå.

1. ‚ ¨á¯®«ì§ã¥¬®© à�−¥¥ áâàãªâãà¥ ¤�−−ëå ¬®¤¥«¨ £¥®®¡ê¥ªâ� TGeoModel ¡ë«�
¢ë¤¥«¥−� áâàãªâãà� TGMPhaseData, ª®â®à�ï ã−�á«¥¤®¢�«� ®â TGeoModel
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í«¥¬¥−âë Metric, SLLinks ¨ SemValues, á®¤¥à¦�é¨¥ ®á−®¢−ë¥ ¤�−−ë¥ £¥®-
¬®¤¥«¨. �â® ¢ë¤¥«¥−¨¥ á¤¥«�−® ¤«ï ®¡¥á¯¥ç¥−¨ï ¢®§¬®¦−®áâ¨ ¯à¨ãà®ç¨¢�âì
ª ®¤−®© áâàãªâãà¥ TGeoModel −¥áª®«ìª® ¢�à¨�−â®¢ ¬¥âà¨ª¨ ¨ á¥¬�−â¨ª¨
á á®®â¢¥âáâ¢ãîé¨¬¨ «®£¨ç¥áª¨¬¨ á¢ï§ï¬¨.

�®¬¨¬® íâ®£® áâàãªâãà� TGMPhaseData ¡ë«� á−�¡¦¥−� ¯®«ï¬¨ PhaseBegin
¨ PhaseEnd, á«ã¦�é¨¬¨ ¤«ï §�¤�−¨ï ¬®¬¥−â®¢ −�ç�«� ¨ ®ª®−ç�−¨ï ¯¥à¨®¤�
�ªâã�«ì−®áâ¨ á®®â¢¥âáâ¢ãîé¨å ¤�−−ëå ¬®¤¥«¨. „«ï ®¡¥á¯¥ç¥−¨ï ¯à¥¥¬áâ-
¢¥−−®áâ¨ ¬¥¦¤ã á¬¥¦−ë¬¨ ä�§�¬¨ â�ª¦¥ ¤®¡�¢«¥−ë ãª�§�â¥«¨ Prev ¨ Next
−� á®®â¢¥âáâ¢ãîé¨¥ ®¡ê¥ªâë ¤�−−ëå.

2. ‚ á�¬®¬ ª®−æ¥¯â¥ TGeoModel á®åà�−¥−ë «¨èì ¤�−−ë¥ ¯à¨¢ï§ª¨ ª á®®â¢¥â-
áâ¢ãîé¥¬ã ¬�áèâ�¡−®¬ã ãà®¢−î, ª®−â¥ªáâã ¨á¯®«ì§®¢�−¨ï, � â�ª¦¥ ª £¥®-
®¡ê¥ªâã-¢«�¤¥«ìæã ¤�−−®© ¬®¤¥«¨. ‚¬¥áâ® ®áâ�«ì−ëå í«¥¬¥−â®¢ ¢ áâàãªâãàã
TGeoModel ¢¢¥¤¥− ãª�§�â¥«ì −� ®¤¨− ®¡ê¥ªâ â¨¯� TGMPhaseData, çâ®
á®®â¢¥âáâ¢ã¥â ¬®¤¥«¨ ®¡ëç−®£®, úáâ�¡¨«ì−®£®û £¥®®¡ê¥ªâ�. ‚ á«ãç�¥ −�-
«¨ç¨ï −¥áª®«ìª¨å ä�§®¢ëå ¢�à¨�−â®¢ íâ®¬ã ãª�§�â¥«î á®®â¢¥âáâ¢ã¥â ®¤−�
¨§ ¬®¤¥«¥© (−�¯à¨¬¥à, á®®â¢¥âáâ¢ãîé�ï â¥ªãé¥¬ã ¬®¬¥−âã ¢à¥¬¥−¨). …á«¨
à¥è�¥¬�ï §�¤�ç� ¯à¥¤¯®«�£�¥â §�¤�−¨¥ ¤àã£®£® ¬®¬¥−â� ¢à¥¬¥−¨, â® ¢ë-
¯®«−ï¥âáï ¯®¨áª á®®â¢¥âáâ¢ãîé¥© íâ®¬ã ¬®¬¥−âã ä�§®¢®£® ¢�à¨�−â� ¯à¨
¯®¬®é¨ ãª�§�â¥«¥© −� á¬¥¦−ë¥ ¬®¤¥«¨ Prev ¨ Next. ’�ª®¥ à¥è¥−¨¥ ¯®§¢®-
«¨«® ¨§¡¥¦�âì ãá«®¦−¥−¨ï áâàãªâãàë ¤�−−ëå ¤«ï £¥®®¡ê¥ªâ®¢, ª ª®â®àë¬
−¥æ¥«¥á®®¡à�§−® ¯à¨¬¥−¥−¨¥ ”‚.

�à�ªâ¨ç¥áª�ï à¥�«¨§�æ¨ï �ƒ„-”‚ ¯à¥¤ãá¬�âà¨¢�¥âáï ¢ ¢¨¤¥ á®§¤�−¨ï á¯¥-
æ¨�«ì−®£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï, ¢®§¬®¦−®, á ¨á¯®«ì§®¢�−¨¥¬ ¢ ª�ç¥áâ¢¥
®á−®¢ë áâ�−¤�àâ−®© à¥«ïæ¨®−−®© á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¡�§�¬¨ ¤�−−ëå.

ˆ¤¥ï ”‚ £¥®®¡ê¥ªâ®¢, ¯® ¬−¥−¨î �¢â®à�, ®¡«�¤�¥â í«¥¬¥−â®¬ −®¢¨§−ë.
� ¯®¯ëâª� à¥�«¨§�æ¨¨ áâàãªâãàë �ƒ„-”‚ £¥®®¡ê¥ªâ®¢ ¯®§¢®«ï¥â £®¢®à¨âì
® ¥¥ áãé¥áâ¢¥−−®© −®¢¨§−¥. �à¨ íâ®¬, −¥á¬®âàï −� ¯à¥¥¬áâ¢¥−−®áâì, áâàãªâãà�
�ƒ„-”‚ ¯®âà¥¡®¢�«� áãé¥áâ¢¥−−®© ¯¥à¥à�¡®âª¨ áâàãªâãàë �ƒ„, à�§à�¡®â�−-
−®© �¢â®à®¬ à�−¥¥ ¨ ¯à¥¤áâ�¢«¥−−®© ¢ [2], çâ® á¤¥«�«® íâ¨ áâàãªâãàë −¥ ¯®«−®áâìî
á®¢¬¥áâ¨¬ë¬¨.

‚�¦−®© ®á®¡¥−−®áâìî �ƒ„-”‚ áâ�«� −¥ ¯à®áâ® à¥�«¨§�æ¨ï à�§−®¢à¥¬¥−−ëå
¢�à¨�−â®¢ ¬®¤¥«¥© £¥®®¡ê¥ªâ®¢, � ¢®§¬®¦−®áâì ®¡ê¥¤¨−¥−¨ï ¢ ®¤−®© �ƒ„ á®-
£«�á®¢�−−ëå ¬¥¦¤ã á®¡®© ¬−®¦¥áâ¢¥−−ëå ¯à¥¤áâ�¢«¥−¨© £¥®®¡ê¥ªâ®¢ ¢ �á¯¥ªâ�å
£¥−¥à�«¨§�æ¨¨, ª®−â¥ªáâ� ¨á¯®«ì§®¢�−¨ï ¨ íâ�¯� ¦¨§−¥−−®£® æ¨ª«� £¥®®¡ê¥ªâ�.
�â® ¯®§¢®«ï¥â æ¨ª«ã ”‚ ®¯¨à�âìáï −� ¯à¥¤áâ�¢«¥−¨ï £¥®®¡ê¥ªâ�, ¨¬¥îé¨¥ ¬¥áâ®
−� á¬¥¦−ëå ãà®¢−ïå £¥−¥à�«¨§�æ¨¨, ¢ á®®â¢¥âáâ¢ãîé¥¬ ª®−â¥ªáâ¥ ¨á¯®«ì§®¢�-
−¨ï.

5 Заключение

Œ®¤¥«¨à®¢�−¨¥ ¤¨−�¬¨ª¨ ¨§¬¥−¥−¨© −� ¬¥áâ−®áâ¨ ¨ ¢ëï¢«¥−¨¥ ¯à®â¥ª�-
îé¨å −� ¬¥áâ−®áâ¨ ¯à®æ¥áá®¢ ®áâ�¥âáï �ªâã�«ì−ë¬ −�¯à�¢«¥−¨¥¬ à�§¢¨â¨ï ƒˆ‘.
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Œ®¤¥«¨à®¢�−¨¥ ¤¨−�¬¨ç¥áª¨å £¥®®¡ê¥ªâ®¢ −� ®á−®¢¥ ª®−æ¥¯æ¨¨ ä�§®¢®© ¢�à¨�−â−®áâ¨

‚¬¥áâ¥ á â¥¬ à¥�«¨§�æ¨ï �’Œ á®¯àï¦¥−� á àï¤®¬ âàã¤−®áâ¥©. ‚ ª�ç¥áâ¢¥
�«ìâ¥à−�â¨¢−®£® à¥è¥−¨ï �¢â®à®¬ ¯à¥¤«�£�¥âáï ¨á¯®«ì§®¢�−¨¥ ”‚, ¯à¥¤−�§−�-
ç¥−−®© ¤«ï ¬®¤¥«¨à®¢�−¨ï æ¨ª«¨ç¥áª¨å ¯à®æ¥áá®¢ ¨«¨ ¯à®æ¥áá®¢, ¯®á«¥¤áâ¢¨ï
ª®â®àëå ¬®£ãâ ¡ëâì ¯à¥¤®¯à¥¤¥«¥−ë §�à�−¥¥. “á«®¢¨¥¬ ¨á¯®«ì§®¢�−¨ï ”‚
á«ã¦¨â −�«¨ç¨¥ ãáâ�−®¢«¥−−®£® æ¨ª«� «¨¡® �¯à¨®à−®¥ §−�−¨¥ ¯«�−¨àã¥¬ëå ¨«¨
®¦¨¤�¥¬ëå ¨§¬¥−¥−¨© £¥®®¡ê¥ªâ�.

„«ï ¢ëï¢«¥−¨ï æ¨ª«¨ç¥áª®© §�¢¨á¨¬®áâ¨ ¨§¬¥−¥−¨© ®¡ê¥ªâ� ¢® ¢à¥¬¥−¨
−¥®¡å®¤¨¬® ¨¬¥âì −�ª®¯«¥−−ë© úâ¥¬¯®à�«ì−ë© ®¯ëâû (¬−®£®«¥â−¨¥ ¨ â®¬ã
¯®¤®¡−ë¥ −�¡«î¤¥−¨ï), çâ® ¢ ®¡é¥¬ á«ãç�¥ ¯à¥¤¯®«�£�¥â −�«¨ç¨¥ á®®â¢¥âáâ-
¢ãîé¥© â¥¬¯®à�«ì−®© �ƒ„, ª®â®à�ï ¡ã¤¥â á«ã¦¨âì ®á−®¢®© ¤«ï à�§à�¡®âª¨
¨ ãâ®ç−¥−¨ï æ¨ª«®¢ ä�§®¢®© �ƒ„.

‚¬¥áâ¥ á â¥¬ ”‚-¬®¤¥«ì ¯® áà�¢−¥−¨î á �’Œ ¯à¥¤áâ�¢«ï¥â á®¡®© ¡®«¥¥
¯à®áâ®© ¨ ª®¬¯�ªâ−ë© ¨−áâàã¬¥−â: á ®¤−®© áâ®à®−ë, ®−� ¯®§¢®«ï¥â ®âà�¦�âì
¤¨−�¬¨ªã £¥®®¡ê¥ªâ®¢ ¨ ®âç�áâ¨ ¯à®£−®§¨à®¢�âì ¥¥; á ¤àã£®© áâ®à®−ë, ¥¥ äã−ª-
æ¨®−¨à®¢�−¨¥ ®â¤¥«¥−® ®â ¯à®æ¥áá� ¢¥¤¥−¨ï �ƒ„-�’Œ, ®á®¡¥−−®áâ¨ à¥�«¨§�æ¨¨
ª®â®à®© §�âàã¤−ïîâ à¥è¥−¨¥ ®¯¥à�â¨¢−ëå §�¤�ç. ˆá¯®«ì§®¢�−¨¥ �ƒ„-”‚ ¢ ª�-
ç¥áâ¢¥ −�¤áâà®©ª¨ −�¤ �ƒ„-�’Œ ¯®§¢®«¨â ®¯â¨¬¨§¨à®¢�âì à¥è¥−¨¥ íâ¨å §�¤�ç.
�à¨ íâ®¬ �ƒ„-”‚ ¬®¦¥â äã−ªæ¨®−¨à®¢�âì −¥§�¢¨á¨¬® ®â ¯à®æ¥áá� −¥¯à¥àë¢-
−®£® ãâ®ç−¥−¨ï §−�−¨© ® ¬¥áâ−®áâ¨, à¥�«¨§ã¥¬®£® ¢¥¤¥−¨¥¬ �ƒ„-�’Œ. ‡−�−¨ï,
§�«®¦¥−−ë¥ ¢ ¬®¤¥«¨ �ƒ„-”‚, ¬®£ãâ «¨èì ¯à¨ −¥®¡å®¤¨¬®áâ¨ �ªâã�«¨§¨à®-
¢�âìáï ¯® ¬¥à¥ á®¢¥àè¥−áâ¢®¢�−¨ï §−�−¨© ® £¥®®¡ê¥ªâ�å ¨ ¯à®¨áå®¤ïé¨å á ¨å
ãç�áâ¨¥¬ ¯à®æ¥áá�å ¢ ¡�§®¢®© �ƒ„-�’Œ.

”�§®¢�ï ¢�à¨�−â−®áâì ¬®¦¥â −�©â¨ ¡®«¥¥ è¨à®ª®¥ ¯à¨¬¥−¥−¨¥ ¢ á¯¥æ¨�«¨§¨-
à®¢�−−ëå ƒˆ‘, âà¥¡ãîé¨å ¯à¨ à¥è¥−¨¨ á¢®¨å §�¤�ç ãç¥â� á®áâ®ï−¨ï ®¡ê¥ªâ®¢
−� ª®−ªà¥â−ë© ¬®¬¥−â ¢à¥¬¥−¨. ‚®§¬®¦−ë¬ ¯à¨¬¥−¥−¨¥¬ ”‚ ¬®¦¥â áâ�âì
à¥�«¨§�æ¨ï ¨−â¥à�ªâ¨¢−ëå ¬®¤¥«¥© ®¡ê¥ªâ®¢ ¨ ¨−äà�áâàãªâãà.
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AN APPROACH TO MODELING DYNAMIC GEOOBJECTS
BASED ON THE CONCEPT OF PHASE VARIATION

D. A. Nikishin

Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: A structure and basic design solutions are proposed for constructing
a sample geodatabase with support for phase variation of geomodels. This
structure is a development of the previously developed multiscale geodatabase
with support for representing geoobjects in various application contexts. The
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An approach to modeling dynamic geoobjects based on the concept of phase variation

essence of phase variation and its fundamental differences from full-fledged
temporal modeling are considered. It is concluded that the proposed approach
can be widely used in specialized geographic information systems that require
taking into account the state of their objects at a specific point in time as an
operational geodatabase, since its operation can be separated from the process of
continuous refinement of knowledge about the area implemented by maintaining
the main temporal geodatabase.

Keywords: geodata; geodata databases; conceptual scheme of the geodata
database; temporal modeling of geoobjects; phase variation of geomodels
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ИНТЕЛЛЕКТУАЛЬНЫЕ СИСТЕМЫ
ПОДДЕРЖКИ ПРИНЯТИЯ РЕШЕНИЙ В МЕДИЦИНЕ:
ПОНЯТИЕ, ПРОБЛЕМЫ, ПОДХОДЫ К РАЗРАБОТКЕ∗

С. Б. Румовская1

�−−®â�æ¨ï: ‚ −¥®¤−®à®¤−®© ¯à®¡«¥¬−®© áà¥¤¥ ¤¨�£−®áâ¨ª¨ ¨ ¯à®£−®áâ¨ª¨
¢ ¬¥¤¨æ¨−¥, â¥å−¨ª¥ ¨ â. ¤. ¯à¥¤áâ�¢«¥−¨ï ®¡ ®¡ê¥ªâ¥ ¨ ¯à®æ¥áá¥ ª�ª £¥â¥à®-
£¥−−®© æ¥«®áâ−®© á¨áâ¥¬¥ −¥ §�¢¥àè¥−ë ¢ â¥®à¨¨ ¨ −¥ áâ�«¨ ª�àâ¨−®© ¬¨à�
ã§ª®¯à®ä¥áá¨®−�«ì−ëå á¯¥æ¨�«¨áâ®¢. �à¨−ïâ¨¥ à¥è¥−¨© ¢ ãá«®¢¨ïå ®£à�-
−¨ç¥−−®áâ¨ à¥áãàá®¢, −¥®¤−®§−�ç−®áâ¨ ®æ¥−ª¨ á¨âã�æ¨¨, ¡®«ìè®£® ®¡ê¥¬�
¨ à�§−®®¡à�§¨ï ¯¥à¥à�¡�âë¢�¥¬®© ¨−ä®à¬�æ¨¨ ®¡ ®¡ê¥ªâ¥ á®¯à®¢®¦¤�¥âáï
á¥àì¥§−ë¬¨ ®è¨¡ª�¬¨ ¨ à¨áª�¬¨, ¢ â®¬ ç¨á«¥ ¨ ¢ ¬¥¤¨æ¨−¥. �¥®¡å®¤¨-
¬ë â¥å−®«®£¨¨ ¢¨àâã�«¨§�æ¨¨ ¯à¨−ïâ¨ï à¥è¥−¨©. ‚ à�¡®â¥ à�áá¬®âà¥−®
¯®−ïâ¨¥ ¨−â¥««¥ªâã�«ì−ëå á¨áâ¥¬ ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨© (ˆ‘��÷)
¢ ¬¥¤¨æ¨−¥, ®á®¡¥−−®áâ¨ ¨ ¯à®¡«¥¬ë ¯à¥¤¬¥â−®© ®¡«�áâ¨, � â�ª¦¥ ¯®¤å®¤ë
ª à�§à�¡®âª¥.

Š«îç¥¢ë¥ á«®¢�: ¨−â¥««¥ªâã�«ì−�ï á¨áâ¥¬� ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨©;
¬¥¤¨æ¨−� ¨ §¤à�¢®®åà�−¥−¨¥; ¯à®¡«¥¬ë à�§à�¡®âª¨; ¯®¤å®¤ë ª à�§à�¡®âª¥

DOI: 10.14357/08696527240208 EDN: IJDVVV

1 Введение

�à¨−ïâ¨¥ à¥è¥−¨© ¢ ãá«®¢¨ïå ®£à�−¨ç¥−−®áâ¨ ¢à¥¬¥−¨ ¨ à¥áãàá®¢, ¤¥ä¨æ¨â�
á¯¥æ¨�«¨áâ®¢, ¡®«ìè®£® ®¡ê¥¬� ¨ à�§−®®¡à�§¨ï ¯¥à¥à�¡�âë¢�¥¬®©, §�ç�áâãî
�â¨¯¨ç−®© ¨ ¬−®£®§−�ç−®©, ¨−ä®à¬�æ¨¨ ®¡ ®¡ê¥ªâ¥ ¢ ¬¥¤¨æ¨−¥ á®¯à®¢®¦¤�¥âáï
á¥àì¥§−ë¬¨ ®è¨¡ª�¬¨ ¨ à¨áª�¬¨: ¯® à�§−ë¬ ®æ¥−ª�¬, ¯à¨¬¥à−® 50% à®áá¨ï−
å®âï ¡ë à�§ áâ�«ª¨¢�«¨áì á ®è¨¡ª�¬¨ ¢à�ç¥© [1], ¨ ¢á«¥¤áâ¢¨¥ íâ®£® ¡®«¥¥
ç¥¬ ã 70 âëá. ç¥«®¢¥ª ¢ £®¤ ¢®§−¨ª�«¨ âï¦¥«ë¥ ®á«®¦−¥−¨ï [2]. �®«®¦¥−¨¥
¬®¦−® −¨¢¥«¨à®¢�âì ¯ãâ¥¬ ¯®¢ëè¥−¨ï ãà®¢−ï ¯®¤¤¥à¦ª¨ ¯¥àá®−�«¨§¨à®¢�−−®©
¬¥¤¨æ¨−ë ¨−ä®à¬�æ¨®−−ë¬¨ â¥å−®«®£¨ï¬¨, ¢ ç�áâ−®áâ¨ ˆ‘��÷. ‚ à�¡®â¥
à�áá¬®âà¥−ë: ¯®−ïâ¨¥ ˆ‘��÷ ¢ ¬¥¤¨æ¨−¥, ®á®¡¥−−®áâ¨ ¨ ¯à®¡«¥¬ë ¯à¥¤¬¥â−®©
®¡«�áâ¨ (£®àïç¨¥ â®çª¨, ¡�àì¥àë à�§à�¡®âª¨ ¨ ¢−¥¤à¥−¨ï ˆ‘��÷), � â�ª¦¥
¯®¤å®¤ë ª à�§à�¡®âª¥.

2 Интеллектуальные системы поддержки принятия решений
в медицине. Понятие, особенности и проблемы

‘¨áâ¥¬ë ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨© (‘��÷) | ª®¬¯ìîâ¥à−�ï á¨áâ¥¬�,
¨á¯®«ì§ãîé�ï ¡�§ë §−�−¨© (�‡), ¡�§ë ¤�−−ëå, ¡�§ë ¬®¤¥«¥© ¨ ¯à¥¤áâ�¢«ï-

∗ˆáá«¥¤®¢�−¨¥ ¢ë¯®«−¥−® §� áç¥â £à�−â� ÷®áá¨©áª®£® −�ãç−®£® ä®−¤� ü 24-21-00392.
1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨

−�ãª, sophiyabr@gmail.com
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îé�ï ¢ë¢®¤ë, ®æ¥−ª¨ ¢®§¬®¦−ëå �«ìâ¥à−�â¨¢−ëå ¢�à¨�−â®¢, à¥ª®¬¥−¤�æ¨¨
à¥è¥−¨ï ¯à®¡«¥¬ë [3]. ˆ−â¥««¥ªâã�«ì−ë¥ ‘��÷ á®ç¥â�îâ áâà®£¨¥ ¬®¤¥«¨ ¨ ¬¥-
â®¤ë ¯®¨áª� à¥è¥−¨ï á −¥áâà®£¨¬¨, í¢à¨áâ¨ç¥áª¨¬¨, ¡�§¨àãîé¨¬¨áï −� §−�−¨ïå
á¯¥æ¨�«¨áâ®¢-íªá¯¥àâ®¢, ¬®¤¥«ïå ç¥«®¢¥ç¥áª¨å à�ááã¦¤¥−¨©, −¥ª«�áá¨ç¥áª¨å
«®£¨ª�å ¨ −�ª®¯«¥−−®¬ ®¯ëâ¥ [4].

ˆ−â¥««¥ªâã�«ì−ë¥ ‘��÷ ¢ ¬¥¤¨æ¨−¥ [5, 6] −�æ¥«¥−ë −� á−¨¦¥−¨¥ ®è¨¡®ª
¨ ¯®¢ëè¥−¨¥ ª�ç¥áâ¢� ®ª�§ë¢�¥¬®© ¬¥¤¨æ¨−áª®© ¯®¬®é¨. �â® á¨áâ¥¬ë, ¨¬¨â¨-
àãîé¨¥ à�ááã¦¤¥−¨ï ¢à�ç� (¯®áâà®¥−−ë¥ á ¯à¨¬¥−¥−¨¥¬ ¬¥â®¤®¢ ¬�â¥¬�â¨ç¥áª®©
áâ�â¨áâ¨ª¨, −¥©à®−−ëå á¥â¥©, ¬�â¥¬�â¨ç¥áª®© «®£¨ª¨) ¨«¨ ¬®¤¥«¨àãîé¨¥ ¨å |
íªá¯¥àâ−ë¥ á¨áâ¥¬ë (�‘) á �‡. Š®¡à¨−áª¨© [7] â�ª¦¥ ¢ë¤¥«ï¥â á¨áâ¥¬ë −�
¯à¥æ¥¤¥−â�å (CBR, case-based reasoning); £¨¡à¨¤−ë¥ ¨−â¥««¥ªâã�«ì−ë¥ á¨áâ¥¬ë
(ƒ¨ˆ‘) ¨−â¥£à¨àãîâ à�§«¨ç−ë¥ â¥å−®«®£¨¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� (ˆˆ),
¬®¤¥«¨ ä¨§¨®«®£¨ç¥áª¨å á¨áâ¥¬ ®à£�−¨§¬� ¨ â. ¤.; á¨áâ¥¬ë á ú¤®áª®© ®¡êï¢«¥-
−¨©û, ç�áâ¨ç−® ¬®¤¥«¨àãîé¨¥ à�¡®âã ª®−á¨«¨ã¬�.

÷�§à�¡®âª� ¨ ¢−¥¤à¥−¨¥ ˆ‘��÷ ¢ ¬¥¤¨æ¨−¥ ®á«®¦−ï¥âáï ®á®¡¥−−®áâï¬¨
á«�¡®áâàãªâãà¨à®¢�−−®© ¯à¥¤¬¥â−®© ®¡«�áâ¨ [8]: −¥®¡å®¤¨¬® ãç¨âë¢�âì ¨ á®¢®-
ªã¯−®áâì ¢§�¨¬®á¢ï§�−−ëå ¯®−ïâ¨© ¨ ¯à¨§−�ª®¢, ¨ ¨−âã¨â¨¢−ãî ¨ ¢¨§ã�«ì−ãî
á®áâ�¢«ïîé¨¥ ª«¨−¨ç¥áª®£® ¬ëè«¥−¨ï ®¯ëâ−ëå ¢à�ç¥©; ¡®«¥§−¨ −¥ ¨¬¥îâ ¯®áâ®-
ï−−®£® á¨¬¯â®¬®ª®¬¯«¥ªá�; ¯® å®¤ã ¡®«¥§−¨ ¤¨�£−®áâ¨ç¥áª�ï æ¥−−®áâì ¯à¨§−�ª®¢
¬¥−ï¥âáï; ¤¨�£−®§ ç�áâ® áâ�¢¨âáï −� ®ââ¥−ª�å á¨¬¯â®¬®¢ ¨ ¯à¨§−�ª®¢; áã¡ê¥ªâ¨¢-
−®áâì ®æ¥−®ª; −¥¯®«−®â� ¯à¨§−�ª®¢ −� à�−−¨å áâ�¤¨ïå ¨ ¯à¨ �â¨¯¨ç−ëå ä®à¬�å;
−¥âà�¤¨æ¨®−−®¥ â¥ç¥−¨¥ §�¡®«¥¢�−¨© ¨ ¬−®£®«¨ª®áâì. Š −�áâ®ïé¥¬ã ¢à¥¬¥−¨
¢ë¤¥«ïîâ àï¤ ¯à®¡«¥¬ (£®àïç¨å â®ç¥ª) ¢ à�§à�¡®âª¥ ¬¥¤¨æ¨−áª¨å ¨−â¥««¥ªâã-
�«ì−ëå á¨áâ¥¬ (Œˆ‘), ¢ â®¬ ç¨á«¥ ˆ‘��÷ [8{14]. ÷�áá¬®âà¨¬ ¨å ªà�âª®
¤�«¥¥.

�à®¡«¥¬� ¯®«ãç¥−¨ï ¯®«−®æ¥−−ëå ¨ ¤®áâ®¢¥à−ëå §−�−¨©. �� å�à�ªâ¥à
íªá¯¥àâ−ëå §−�−¨© ¢«¨ï¥â ®â−®è¥−¨¥ ª −�ãç−ë¬ èª®«�¬, «¥¢®- ¨ ¯à�¢®¯®«ãè�à-
−®áâì íªá¯¥àâ®¢, ¨å à¥ä«¥ªá¨¢−®áâì. �¥®¡å®¤¨¬� ¨−â¥£à�æ¨ï §−�−¨© íªá¯¥àâ®¢.
„®¯®«−¨â¥«ì−ë¥ ¡�àì¥àë §¤¥áì: ª®«®áá�«ì−ë© ®¡ê¥¬ −�ª®¯«¥−−ëå §−�−¨©; ¨áª�-
¦¥−¨¥ ¯¥à¢¨ç−ëå ¬¥¤¨æ¨−áª¨å §−�−¨© ¢ å®¤¥ ª«¨−¨ç¥áª¨å ¨áá«¥¤®¢�−¨© (¤�−−ë¥
á ®âà¨æ�â¥«ì−ë¬¨ à¥§ã«ìâ�â�¬¨ ®¡ëç−® −¥ ¯ã¡«¨ªãîâáï); ®âáãâáâ¢¨¥/−¥¤®áâ®-
¢¥à−®áâì §−�−¨© | ¬¥â®¤ë ¤¨�£−®áâ¨ª¨ ¨ «¥ç¥−¨ï, ¡�§¨àãîé¨¥áï −� ª«¨−¨ç¥áª¨å
à¥ª®¬¥−¤�æ¨ïå, −¥ ¢á¥£¤� íää¥ªâ¨¢−ë.

Š®£−¨â¨¢−ë¥ ®¡à�§ë | −¥¯®áà¥¤áâ¢¥−−�ï ®¯¥à�æ¨ï −�¤ ®¡à�§�¬¨ ¤«ï ä®à-
¬¨à®¢�−¨ï ¤¨�£−®áâ¨ç¥áª¨å £¨¯®â¥§ ¯®ª� −¥¤®áâ¨¦¨¬�.

Š®£−¨â¨¢−ë© ¡�àì¥à | á¢ï§�− á −¥¤®áâ�â®ç−ë¬ ®¡®á−®¢�−¨¥¬ ¨ ¯®−¨¬�−¨¥¬
¬¥â®¤� ¯®«ãç¥−¨ï à¥ª®¬¥−¤ã¥¬®£® à¥è¥−¨ï, ¢ ç�áâ−®áâ¨ ¢ â¥å−®«®£¨¨ ¬�è¨−−®£®
®¡ãç¥−¨ï (Œ�). ˆáá«¥¤®¢�−¨ï ¢ ¤�−−®¬ −�¯à�¢«¥−¨¨ �ªâ¨¢−® ¢¥¤ãâáï ¯®á«¥¤-
−¨¥ 10 «¥â, ¨ ¥áâì àï¤ à�¡®â, −�¯à¨¬¥à [15{17], ®á¢¥é�îé¨å ¯®−ïâ¨¥ ®¡êïá−¨¬®£®
ˆˆ, ¥£® ¬¥â®¤ë ¯®¢ëè¥−¨ï ®¡êïá−¨¬®áâ¨ ¨ ¨å ¯à¨¬¥−¥−¨¥ ¢ ¬¥¤¨æ¨−áª¨å ˆ‘�-
�÷ (−�¯à¨¬¥à, post hoc ¬¥â®¤ë: LIME | Local Interpretable Model-agnostic
Explanations; SHAP | SHapley Additive exPlanations ¨ ¤à.) ¨ â. ¤.
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ˆ−â¥««¥ªâã�«ì−ë¥ á¨áâ¥¬ë ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨© ¢ ¬¥¤¨æ¨−¥

�à®¡«¥¬� ¯®«¨¬®à¡¨¤−®áâ¨ | −�«¨ç¨¥ −¥áª®«ìª¨å §�¡®«¥¢�−¨©, ®¤−®¢à¥-
¬¥−−® −¥ á¢ï§�−−ëå ¨ á¢ï§�−−ëå ¥¤¨−ë¬ ¤®ª�§�−−ë¬ ¯�â®£¥−¥â¨ç¥áª¨¬ ¨ £¥-
−¥â¨ç¥áª¨¬ ¬¥å�−¨§¬®¬. ‘à¥¤¨ ¯®á«¥¤−¨å ¢ë¤¥«ïîâ ª®−ªãà¨àãîé¨¥ (ª�¦¤®¥
¬®¦¥â ¯à¨¢¥áâ¨ ª á¬¥àâ¨), á®ç¥â�−−ë¥ (¢ á®¢®ªã¯−®áâ¨ ¬®£ãâ ¯à¨¢¥áâ¨ ª á¬¥à-
â¨) ¨ ä®−®¢ë¥ (¢«¨ïîâ −� ¯�â®£¥−¥§ ®á−®¢−®© ¯�â®«®£¨¨, � â�ª¦¥ áâ�−®¢ïâáï
¯à¥¤¨ªâ®à�¬¨ âï¦¥áâ¨ ¥¥ â¥ç¥−¨ï ¨ ®á«®¦−¥−¨©, ã£à®¦�îé¨å ¦¨§−¨). �¤−�ª®
¯à¥¨¬ãé¥áâ¢¥−−® ¨å ®á®¡¥−−®áâ¨ ¢ ˆ‘��÷ ¨«¨ −¥ ãç¨âë¢�îâáï á®¢á¥¬, ¨«¨
ãç¨âë¢�îâáï äà�£¬¥−â�à−®.

�áá¨áâ¨à®¢�−¨¥ −� ¢á¥å íâ�¯�å «¥ç¥¡−®-¤¨�£−®áâ¨ç¥áª®£® ¯à®æ¥áá�
¨ ¯¥àá®−�«¨§�æ¨ï ¯®«ì§®¢�â¥«ï | −¥®¡å®¤¨¬ë á¨áâ¥¬ë, ¢ª«îç�îé¨¥ ¢§�¨¬®-
á¢ï§�−−ë¥ �‡, ãç¨âë¢�îé¨¥ ¬¥å�−¨§¬ à�§¢¨â¨ï §�¡®«¥¢�−¨ï, à�§−®¢à¥¬¥−−ë¥
ä�ªâë ® ¡®«ì−®¬ ¨ å�à�ªâ¥à «¥ç¥¡−®-¯à®ä¨«�ªâ¨ç¥áª¨å ¬¥à®¯à¨ïâ¨©. ’�ª¦¥
−�¤® ãç¨âë¢�âì á¯¥æ¨�«¨§�æ¨î ¨ ãà®¢¥−ì ¢à�ç�.

ú�®£àã¦¥−¨¥û ¨−â¥««¥ªâã�«ì−ëå á¨áâ¥¬ ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨©
¢ ¨−ä®à¬�æ¨®−−ë¥ á¨áâ¥¬ë í«¥ªâà®−−ëå ¬¥¤¨æ¨−áª¨å ª�àâ. �� ¤�−−®¬ ¯ã-
â¨ ¢®§−¨ª�¥â ¡�àì¥à −¥¤®áâ�â®ç−®© ä®à¬�«¨§�æ¨¨ ¨ áâ�−¤�àâ¨§�æ¨¨ ¤�−−ëå |
ª�¦¤�ï á¨áâ¥¬� ¨¬¥¥â á®¡áâ¢¥−−ãî ®à£�−¨§�æ¨î ¤�−−ëå, ¨−â¥à®¯¥à�¡¥«ì−®áâ¨
−¥â, � ¬−®¦¥áâ¢¥−−®áâì ®¡®àã¤®¢�−¨ï ¢«¥ç¥â à�§−®à®¤−®áâì ¢¨§ã�«ì−ëå ¨§®¡à�-
¦¥−¨©. �áâ�¥âáï ¯à®¡«¥¬� ®âáãâáâ¢¨ï ¤®áâã¯−ëå ¤«ï ¨áá«¥¤®¢�â¥«¥© ¡�−ª®¢
®¡¥§«¨ç¥−−ëå ª«¨−¨ç¥áª¨å ¤�−−ëå.

��àì¥à −� ¯ãâ¨ ª è¨à®ª®¬ã à�á¯à®áâà�−¥−¨î ¬¥¤¨æ¨−áª¨å ¨−â¥««¥ªâã-
�«ì−ëå á¨áâ¥¬ | −¥â âà¥¡®¢�−¨© ª ¯®«−®â¥ ¨ ¯à®§à�ç−®áâ¨ ¤®ªã¬¥−â�æ¨¨ Œˆ‘
¨ ª ª®−âà®«î ¢ ¯à®æ¥áá¥ íªá¯«ã�â�æ¨¨. �¥à¢�ï ¢ ¬¨à¥ á¥à¨ï −�æ¨®−�«ì−ëå
áâ�−¤�àâ®¢ ¯® á¨áâ¥¬�¬ ˆˆ ¢ ¬¥¤¨æ¨−¥ ®¯ã¡«¨ª®¢�−� ¢ [14]. �¥à¥ç¥−ì à�§à�¡®-
â�−−ëå ¢ ¬¨à¥ ª −�áâ®ïé¥¬ã ¢à¥¬¥−¨ ¤®ªã¬¥−â®¢ ¯® ¤®¢¥à¥−−®¬ã ˆˆ ¢ ¬¥¤¨æ¨−¥
¨ §¤à�¢®®åà�−¥−¨¨, � â�ª¦¥ ¯à¨−æ¨¯ë, âà¥¡®¢�−¨ï ¨ ¬¥å�−¨§¬ë à¥£ã«¨à®¢�−¨ï
à�§à�¡®âª¨, ¯à¨¬¥−¥−¨ï ¨ −�¤§®à� §� ¨á¯®«ì§®¢�−¨¥¬ â¥å−®«®£¨© ˆˆ ¢ à®á-
á¨©áª®¬ §¤à�¢®®åà�−¥−¨¨ ¯à¥¤áâ�¢«¥−ë ¢ [13]. �à¨¬¥−¥−¨¥ ˆ‘��÷ ¯®¢ëá¨â
íää¥ªâ¨¢−®áâì à�¡®âë ¢à�ç¥©, � â�ª¦¥ ¯à®¤®«¦¨â¥«ì−®áâì ¨ ª�ç¥áâ¢® ¦¨§−¨
£à�¦¤�−. �−�«¨§ ¯ã¡«¨ª�æ¨© ¢ −�ãç−®© «¨â¥à�âãà¥ ¯® â¥¬¥ ˆ‘��÷ ¢ ¬¥¤¨æ¨−¥,
¯à¥¤áâ�¢«¥−−ë© ¤�«¥¥, ¯®ª�§�«, çâ® à�§à�¡®âª¨ ¨ ¨áá«¥¤®¢�−¨ï ¢ íâ®© ®¡«�áâ¨
�ªâ¨¢−® ¢¥¤ãâáï ¢® ¢á¥¬ ¬¨à¥.

3 Подходы к разработке интеллектуальных систем поддержки
принятия решений в медицине

3.1 Машинное обучение

•�á�−®¢ á á®�¢â. [18] ¯à¥¤«®¦¨«¨ à¥ªãàà¥−â−ãî ¨áªãááâ¢¥−−ãî −¥©à®−-
−ãî á¥âì (ˆ�‘) ¤«ï ¯à®£−®§¨à®¢�−¨ï ¤¨−�¬¨ª¨ à�§¢¨â¨ï à®¦¨áâ®© ¯�â®«®£¨¨:
27 −¥©à®−®¢ −� ¢å®¤¥, 6 | ¢ áªàëâ®¬ á«®¥, 1 | −� ¢ëå®¤¥.

Kui á á®�¢â. [19] ¯à¥¤«®¦¥−� ¯à¥¤¨ªâ¨¢−�ï ¬®¤¥«ì à�−−¥£® ¢ëï¢«¥−¨ï ¯�æ¨-
¥−â®¢ á ¢ëá®ª¨¬ à¨áª®¬ à�§¢¨â¨ï âï¦¥«®£® ®áâà®£® ¯�−ªà¥�â¨â� (’��) ¢ â¥ç¥−¨¥
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‘. �. ÷ã¬®¢áª�ï

−¥áª®«ìª¨å ç�á®¢ ¯®á«¥ £®á¯¨â�«¨§�æ¨¨ −� ¡�§¥ XGBoost (eXtreme Gradient
Boosting) ¨ SHAP (¤«ï ®¯à¥¤¥«¥−¨ï ¤¥áªà¨¯â®à®¢ ¨ ¨å ¢ª«�¤� ¢ ¯à¥¤áª�§�−¨¥).
‚ [20] â�ª¦¥ ¯à¥¤«®¦¥−� ¬®¤¥«ì −� ¡�§¥ XGBoost ¤«ï ¢ëï¢«¥−¨ï á«ãç�¥¢ ’��,
� ¢ [21] ¤«ï à�−−¥£® ¢ëï¢«¥−¨ï ’�� ¨áá«¥¤®¢�«¨áì ¬®¤¥«¨ «®£¨áâ¨ç¥áª®© à¥£à¥á-
á¨¨ (‹÷) ¨ ¯ïâì �«£®à¨â¬®¢ AutoML (Automated Machine Learning) | «ãçè¨¥
à¥§ã«ìâ�âë ¤�« £à�¤¨¥−â−ë© ¡ãáâ¨−£ (GBM, gradient boosting machine). ‚ [22]
¬®¤¥«ì GBM ¯à®£−®§¨àã¥â á«®¦−®áâì í−¤®áª®¯¨ç¥áª®© à¥§¥ªæ¨¨ £�áâà®¨−â¥áâ¨-
−�«ì−®© áâà®¬�«ì−®© ®¯ãå®«¨ (à�§¬¥à ®¯ãå®«¨ ¨ ®¯ëâ í−¤®áª®¯¨áâ®¢ ¢«¨ï«¨ −�
íää¥ªâ¨¢−®áâì ¬®¤¥«¨).

‚ [23] à�§à�¡®â�−� ¬®¤¥«ì ¢¥à®ïâ−®áâ¨ à�§¢¨â¨ï ¯�à�ä�à¨−£¥�«ì−®£® �¡áæ¥á-
á� ã ¯�æ¨¥−â®¢ á ®áâàë¬¨ ¢®á¯�«¨â¥«ì−ë¬¨ §�¡®«¥¢�−¨ï¬¨ £«®âª¨. �à¨ �−�«¨§¥
¢§�¨¬®á¢ï§¨ ¬¥¦¤ã ª�ç¥áâ¢¥−−ë¬ ¯à¨§−�ª®¬, ¢ëáâã¯�îé¨¬ ¢ à®«¨ §�¢¨á¨¬®-
£® à¥§ã«ìâ¨àãîé¥£® ¯®ª�§�â¥«ï, ¨ ¯®¤¬−®¦¥áâ¢®¬ ª®«¨ç¥áâ¢¥−−ëå ¯à¨§−�ª®¢
¨á¯®«ì§®¢�«�áì ‹÷ á ¯®è�£®¢ë¬¨ �«£®à¨â¬�¬¨ ¢ª«îç¥−¨ï ¨ ¨áª«îç¥−¨ï ¯à¥-
¤¨ªâ®à®¢. ‚ë¤¥«¥−−ë¥ ¯à¥¤¨ªâ®àë à�−¦¨à®¢�«¨ ¯® áâ¥¯¥−¨ á¨«ë á¢ï§¨ á §�¢¨á¨-
¬®© ¯¥à¥¬¥−−®© ¬¥â®¤®¬ á®àâ¨à®¢ª¨ ¯à¥¤¨ªâ®à®¢ ¯® ¬®¤ã«î áâ�−¤�àâ¨§®¢�−−ëå
ª®íää¨æ¨¥−â®¢ à¥£à¥áá¨¨.

‚ [24] ®¯¨á�− ¨−¤¥ªá-â¥áâ | à�á¯®§−�¢�−¨¥ ¨ �−�«¨§ à¥−â£¥−®£à�¬¬ (÷ƒ)
−� ®á−®¢¥ âà¥å á¢¥àâ®ç−ëå −¥©à®−−ëå á¥â¥© (‘�‘) â¨¯� U-NET. ‘ä®à¬¨à®-
¢�−ë ¤¢¥ â¥áâ®¢ë¥ ¢ë¡®àª¨: 140 ÷ƒ á á®®â−®è¥−¨¥¬ −®à¬�/̄ �â®«®£¨ï 50/50;
¨ 150 | á 95/5. ˆ−¤¥ªá-â¥áâ ¯à¨¬¥−¨¬ ¤«ï ä®à¬¨à®¢�−¨ï £àã¯¯ à¨áª� ¯®
âã¡¥àªã«¥§ã.

Cho á á®�¢â. [25] ¨á¯®«ì§®¢�«¨ ¬®¤¥«ì XGBoost ¤«ï ª«�áá¨ä¨ª�æ¨¨ ¯®à�-
¦¥−¨© ª®à®−�à−ëå �àâ¥à¨© ª�ª ¨¬¥îé¨å äà�ªæ¨®−−ë© à¥§¥à¢ ªà®¢®â®ª� ≤ 0,8
¯® 12 ä¨§¨®«®£¨ç¥áª¨¬ ®á®¡¥−−®áâï¬.

Tao á á®�¢â. [26] ¯à¥¤«®¦¨«¨ Bottleneck Residual U-Net ¤«ï â®ç−®© á¥£¬¥−-
â�æ¨¨ ª®à®−�à−®© �àâ¥à¨¨ −� �−£¨®£à�¬¬¥.

‚ [27] ¯à¥¤«®¦¥−� ¬®¤¥«ì ¬−®£®á«®©−®£® ¯¥àæ¥¯âà®−� á ®¤−¨¬ ¢å®¤−ë¬,
âà¥¬ï áªàëâë¬¨ ¨ ®¤−¨¬ ¢ëå®¤−ë¬ á«®¥¬ ¤«ï à�áç¥â� à¨áª� á¥à¤¥ç−®-á®áã-
¤¨áâëå §�¡®«¥¢�−¨© (‘‘‡). ˆáªãááâ¢¥−−�ï −¥©à®−−�ï á¥âì ¯®¢ëá¨«� â®ç−®áâì
¬®¤¥«¨à®¢�−¨ï −� 8,84% ¯® áà�¢−¥−¨î á äà�¬¨−£¥¬áª®© èª�«®©, ª®â®à�ï á¯®-
á®¡−� −�¨¡®«¥¥ â®ç−® ®¯à¥¤¥«ïâì §¤®à®¢ëå ¯�æ¨¥−â®¢, −® −¥ ¨áâ¨−−® ¡®«ì-
−ëå.

‚ [28] ¯à¥¤«®¦¥−� ¬®¤¥«ì ¯à®£−®§¨à®¢�−¨ï âï¦¥«ëå ¬¨¥«®â®ªá¨ç¥áª¨å (’Œ)
®á«®¦−¥−¨© å¨¬¨®â¥à�¯¨¨ (•’). ��§� ¤�−−ëå ¨áá«¥¤®¢�−¨ï | 47 552 ªãàá� •’
(¢ª«îç�îâ ª«¨−¨ç¥áª¨¥ ¨ «�¡®à�â®à−ë¥ ¯®ª�§�â¥«¨ ¤® ¨ ¯®á«¥ •’). ÷¥£à¥áá¨®−-
−�ï äã−ªæ¨ï áâà®¨«�áì −� ®á−®¢¥ ®¤−®© −�¨¡®«¥¥ §−�ç¨¬®© ¯¥à¥¬¥−−®©, §�â¥¬ ¯®
¬¥à¥ ¤®¡�¢«¥−¨ï ®áâ�¢è¨åáï ¯¥à¥¬¥−−ëå ®æ¥−¨¢�«®áì ¢®§¤¥©áâ¢¨¥ ª�¦¤®©. �®-
áâà®¥−−ë¥ äã−ªæ¨¨ §�â¥¬ ¬®¤¨ä¨æ¨à®¢�«¨áì ¢àãç−ãî ¯ãâ¥¬ §�¬¥−ë ¯¥à¥¬¥−−ëå
−� ª®««¨−¥�à−ë¥ ¨ ¨−¦¥−¥à¨¨ ¯à¨§−�ª®¢.

‚ [29] ¯à¥¤«�£�¥âáï ¬®¤¥«ì ¤«ï ¢ëï¢«¥−¨ï ®¤−®−ãª«¥®â¨¤−ëå ¯®«¨¬®àä¨§-
¬®¢, á¢ï§�−−ëå á ¤¨�¡¥â®¬ 2-£® â¨¯�, ¨ ¤«ï ¯à®£−®§¨à®¢�−¨ï à¨áª� ¥£® à�§¢¨â¨ï
−� ¡�§¥ á«ãç�©−®£® «¥á� (RF, random forest) ¤«ï ¯®¨áª� −�¨¡®«¥¥ ¢�¦−ëå �âà¨¡ã-
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ˆ−â¥««¥ªâã�«ì−ë¥ á¨áâ¥¬ë ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨© ¢ ¬¥¤¨æ¨−¥

â®¢, � â�ª¦¥ á ¯®¬®éìî ¬¥â®¤� ®¯®à−ëå ¢¥ªâ®à®¢ ¨ ‹÷. �«£®à¨â¬ RF ¯à¥¢§®è¥«
¤àã£¨¥ ¬¥â®¤ë. �âà¨¡ãâë, ¯®«ãç¥−−ë¥ ®â RF, ¨á¯®«ì§®¢�«¨áì ¤«ï ¯à®£−®§¨à®-
¢�−¨ï ¬¥â®¤®¬ k-¡«¨¦�©è¨å á®á¥¤¥©.

…áâì àï¤ à�§−®áâ®à®−−¨å ®¡§®à®¢, à�áá¬�âà¨¢�îé¨å ¯à¨¬¥−¥−¨¥ ¬¥â®¤®¢
Œ� ¤«ï ¨−â¥««¥ªâã�«ì−ëå á¨áâ¥¬ ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï ¢à�ç¥¡−ëå à¥è¥−¨©
(ˆ‘��‚÷) ¢ à�§−ëå ®¡«�áâïå ¬¥¤¨æ¨−ë (á¬., −�¯à¨¬¥à, [30, 31]).

3.2 Экспертные системы

‚ à�¡®â¥ [32] ®¯¨áë¢�¥âáï ¬¥â®¤ à�§à�¡®âª¨ ‘��÷ ¤«ï −�§−�ç¥−¨ï ª®¬¯«¥ªá-
−®£® «¥ç¥−¨ï. �− ®á−®¢ë¢�¥âáï −� á®§¤�−¨¨ §�¤�ç¥®à¨¥−â¨à®¢�−−®© ®¡®«®çª¨,
ª«îç¥¢®© ª®¬¯®−¥−â ª®â®à®© | ®¡®¡é¥−−�ï ®−â®«®£¨ï, ¯®§¢®«ïîé�ï ä®à¬¨à®-
¢�âì §−�−¨ï ® à�§«¨ç−ëå ¢¨¤�å «¥ç¥−¨ï (¬¥¤¨ª�¬¥−â®§−®¬, ¢®ááâ�−®¢¨â¥«ì−®¬,
å¨àãà£¨ç¥áª®¬) ¢−¥ §�¢¨á¨¬®áâ¨ ®â à�§¤¥«� ¬¥¤¨æ¨−ë. �−â®«®£¨ï à¥�«¨§®¢�−�
−� ®¡«�ç−®© ¯«�âä®à¬¥ IACPaaS (Intelligent Applications, Control, and Platform
as a Service) [33].

‚ [34] ¯à¥¤«®¦¥− ¯à®â®â¨¯ �‘ ¤«ï ¤¨�£−®áâ¨ª¨ ¯®¤�£àë, ¢ ª®â®à®¬ áâàãª-
âãà� �‡ à�§à�¡®â�−� á ¨á¯®«ì§®¢�−¨¥¬ ®−â®«®£¨ç¥áª®£® ¯®¤å®¤� ¨ í«¥¬¥−â®¢
−¥ç¥âª®© «®£¨ª¨, á¥¬�−â¨ç¥áª¨å á¥â¥© ¨ äà¥©¬®¢ (ã ®¡ê¥ªâ®¢ �‡ ®¤¨− ¨§ �âà¨¡ã-
â®¢ | áâ¥¯¥−ì ã¢¥à¥−−®áâ¨ íªá¯¥àâ®¢ ¢ ®¤−®§−�ç−®áâ¨ ®¯à¥¤¥«¥−¨ï §�¡®«¥¢�−¨ï
á¨¬¯â®¬�¬¨, á¨−¤à®¬�¬¨ ¨«¨ ¨å ª®¬¡¨−�æ¨ï¬¨).

…áâì àï¤ −¥ç¥âª¨å �‘ (á¬., −�¯à¨¬¥à, [35]). ‚ [36] ¯à¥¤«®¦¥− ¬¥â®¤ ®æ¥−ª¨
−¥®¡å®¤¨¬®áâ¨ ®àâ®¤®−â¨ç¥áª®£® «¥ç¥−¨ï ¯�æ¨¥−â®¢ á ¯®áâ®ï−−ë¬ ¯à¨ªãá®¬ −�
¡�§¥ ¡�©¥á®¢áª®© á¥â¨: ã§¥«{¯¥à¥¬¥−−�ï, � −�¯à�¢«¥−−ë¥ ¤ã£¨ | ¯à¨ç¨−−®-á«¥¤-
áâ¢¥−−ë¥ á¢ï§¨ ¬¥¦¤ã ¯¥à¥¬¥−−ë¬¨.

‚ [37] â¥¬¯®à�«ì−ë¥ CBR (Case-Based Reasoning) á¨áâ¥¬ë ª®−áã«ìâ¨àãîâ ¯®
¯®¢®¤ã ¡®«îá−®£® ¢¢¥¤¥−¨ï ¨−áã«¨−� ¯à¨ á�å�à−®¬ ¤¨�¡¥â¥ 1-£® â¨¯�, ¨á¯®«ì§ãï
¢à¥¬¥−− �ë¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¤«ï ãç¥â� ¯à¥¤è¥áâ¢ãîé¨å á®¡ëâ¨© ¯à¨ à¥ª®-
¬¥−¤�æ¨¨ ¡®«îá−ëå ¤®§ ¨−áã«¨−�, çâ® ¯®§¢®«ï¥â ¨§ãç�âì ¨ ã«ãçè�âì ¯à®£−®§ë
¡®«îá�.

‚ [38] ®¯¨á�−� ª®−æ¥¯æ¨ï ¯®áâà®¥−¨ï ˆ‘��÷ −� ¡�§¥ CBR (Case-Based
Reasoning) ¢ ¯á¨å¨�âà¨¨, à¥ª®¬¥−¤ãîé¨å áå¥¬ë «¥ç¥−¨ï ¯�æ¨¥−â� ¨ ®æ¥−¨-
¢�îé¨å ¯à¨−ïâ®¥ ¢à�ç®¬ à¥è¥−¨¥ á æ¥«ìî á−¨¦¥−¨ï à¨áª� ¯®¢â®à−®© £®á¯¨-
â�«¨§�æ¨¨. Œ®¤¨ä¨æ¨à®¢�−−ë© CBR-æ¨ª« à¥�«¨§ã¥â ¯à¥¤¢�à¨â¥«ì−ãî ¯à®-
¢¥àªã ¯�æ¨¥−â� −� ¯à¥¤¬¥â −�«¨ç¨ï ®¡á«ã¦¨¢�−¨ï ¥£® á«ãç�ï à�−¥¥ (ãç¥â
¢à¥¬¥−− �ëå å�à�ªâ¥à¨áâ¨ª à¥¬¨áá¨¨). …á«¨ −�©¤¥−, â® á−�ç�«� ¯¥à¥á¬�âà¨-
¢�¥âáï ¯à¥¦−¥¥ à¥è¥−¨¥, §�â¥¬ â¥ªãé¨© á«ãç�© −�¯à�¢«ï¥âáï ¯® ª«�áá¨ç¥áª®¬ã
CBR-æ¨ª«ã.

‚ [39] ¤«ï ¤¨�£−®áâ¨ª¨ à�ª� ¯®¤¦¥«ã¤®ç−®© ¦¥«¥§ë ¨ åà®−¨ç¥áª®£® ¯�−ªà¥-
�â¨â� ¯à¨¬¥−¥− ¬¥â®¤ �¢â®¬�â¨§¨à®¢�−−®© ¯®¤¤¥à¦ª¨ ¨áá«¥¤®¢�−¨© á ¯®¯®«−ï-
¥¬ë¬¨ ¡�§�¬¨ ä�ªâ®¢ −� ®á−®¢¥ ®¡−�àã¦¥−¨ï í¬¯¨à¨ç¥áª¨å §�ª®−®¬¥à−®áâ¥©
¯®áà¥¤áâ¢®¬ „‘Œ-à�ááã¦¤¥−¨©, ¯®à®¦¤�îé¨å £¨¯®â¥§ë ® ¯à¥¤áª�§�−¨ïå.
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3.3 Гибридные интеллектуальные системы

‚ [40] ¯à¥¤«�£�¥âáï á¨áâ¥¬� ¤«ï ¯à®£−®§¨à®¢�−¨ï §�¢¨á¨¬®áâ¨ úáâàãªâã-
à�{á¢®©áâ¢�û «¥ª�àáâ¢¥−−ëå á®¥¤¨−¥−¨©. Œ−®£®�£¥−â−ë© ¨ ®−â®«®£¨ç¥áª¨©
¯®¤å®¤ë ¯®§¢®«¨«¨ áâàãªâãà¨à®¢�âì ¢å®¤−ë¥ ¨ ¢ëå®¤−ë¥ ¤�−−ë¥, ®¯â¨¬�«ì−®
à�á¯à¥¤¥«¨âì ¢ëç¨á«¨â¥«ì−ë¥ à¥áãàáë ¨ ª®®à¤¨−¨à®¢�âì à�¡®âã á¨áâ¥¬ë. „«ï
¯à®£−®§¨à®¢�−¨ï á¢®©áâ¢ «¥ª�àáâ¢¥−−ëå á®¥¤¨−¥−¨© ¨á¯®«ì§®¢�«áï �«£®à¨â¬
¬®¤¥«¨à®¢�−¨ï ¨¬¬ã−−®© á¥â¨ (¬ˆ‘). „«ï ¢ë¡®à� ¨−ä®à¬�â¨¢−ëå ¤¥áªà¨¯â®à®¢
¨á¯®«ì§®¢�«áï �«£®à¨â¬ á¥à®£® ¢®«ª� (�‘‚).

‚ [41] ®¯¨á�−® ¬®¤¥«¨à®¢�−¨¥ ƒ¨ˆ‘ ª®««¥ªâ¨¢−®© ¢ëà�¡®âª¨ à¥è¥−¨© ª®−-
á¨«¨ã¬�¬¨. ˆ−áâàã¬¥−â�«ì−�ï áà¥¤� ú‚¨àâã�«ì−ë© ª®−á¨«¨ã¬û (‚Š) ¢ª«îç�¥â
¤¢¥ ˆ�‘, ¤¥¢ïâì −¥ç¥âª¨å á¨áâ¥¬ (�‘), ¤¢¥ �‘ ¨ ¤¥¢ïâì £¥−¥â¨ç¥áª¨å �«-
£®à¨â¬®¢. ‘à¥¤� ‚Š à�§à�¡�âë¢�«�áì −� ¯à¨¬¥à¥ ¤¨�£−®áâ¨ª¨ �àâ¥à¨�«ì−®©
£¨¯¥àâ¥−§¨¨ ª�ª ¬®¤ã«ì−�ï, £¨¡ª�ï, á ¡¨¡«¨®â¥ª®© ¢á¥å ¬®¤¥«¥©.

‚ [42] ¯à¥¤«®¦¥−� ¤¨�£−®áâ¨ç¥áª�ï á¨áâ¥¬�, ª®¬¡¨−¨àãîé�ï ®¤−®á«®©−ãî
ˆ�‘ ¨ �‘, ¤«ï �¢â®¬�â¨ç¥áª®£® ¢ëï¢«¥−¨ï �áâ¬ë ¨ åà®−¨ç¥áª®© ®¡áâàãªâ¨¢−®©
¡®«¥§−¨ «¥£ª¨å (•��‹) ¢ ª«¨−¨ç¥áª¨å ãá«®¢¨ïå. ‘−�ç�«� §�¯ãáª�¥âáï �«£®à¨â¬
¯à¥¤¢�à¨â¥«ì−®© ª«�áá¨ä¨ª�æ¨¨ −� ¡�§¥ �−ª¥âë á æ¥«ìî ®¯à¥¤¥«¥−¨ï ¢¥à®ïâ−®áâ¨
−�«¨ç¨ï •��‹ ¨«¨ �áâ¬ë. …á«¨ ¢¥à®ïâ−®áâì > 50%, â® ¤¥«�¥âáï á¯¨à®¬¥âà¨ï,
à¥§ã«ìâ�âë ª®â®à®© ¯®¤�îâáï −� ¢å®¤ ˆ�‘-�‘, ª®â®à�ï áâ�¢¨â ¤¨�£−®§ ¨«¨
§�¯à�è¨¢�¥â ¤®¯®«−¨â¥«ì−ë¥ â¥áâë, ¯®á«¥ ç¥£® á−®¢� §�¯ãáª�¥âáï.

÷¥§ã«ìâ�âë �−�«¨§� ¯®¤å®¤®¢ ¨§ à�§¤. 3 á¢¥¤¥−ë ¢ â�¡«¨æã.
ˆ−â¥««¥ªâã�«ì−ë¥ á¨áâ¥¬ë ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï ¢à�ç¥¡−ëå à¥è¥−¨© (á¬.

â�¡«¨æã) | ¯à¥¨¬ãé¥áâ¢¥−−® á¨áâ¥¬ë, ¨á¯®«ì§ãîé¨¥ ¬¥â®¤ë ®¤−®£® ª�ª®£®-â®
ª«�áá�. ˆ−â¥««¥ªâã�«ì−ë¥ −¥©à®−−ë¥ á¥â¨ ¨ �−á�¬¡«¥¢ë¥ ¬¥â®¤ë ¯à¥¢�«¨àãîâ
¯®á«¥¤−¨¥ −¥áª®«ìª® «¥â ¨ å®à®è® á¥¡ï §�à¥ª®¬¥−¤®¢�«¨ ¤«ï à¥è¥−¨ï à�§«¨ç−ëå
§�¤�ç ¢ ¬¥¤¨æ¨−¥, ®¤−�ª® ¨å à¥è¥−¨ï −¥¯à®§à�ç−ë (−¥á¬®âàï −� −�ç�¢è¥¥áï
à�á¯à®áâà�−¥−¨¥ ¬¥â®¤®¢ ®¡êïá−¨¬®£® ˆˆ), � â�ª¦¥ −¥ ¯®§¢®«ïîâ ãç¨âë¢�âì
¢á¥ â¨¯ë ¯¥à¥¬¥−−ëå, ª®â®àë¬¨ ®¯¥à¨àãîâ ¢à�ç¨ ¢ à�ááã¦¤¥−¨ïå, ¢ ç�áâ-
−®áâ¨ −¥ç¥âª®áâì. ˆ¬¥¥â ¬¥áâ® �ªæ¥−â −� à�§¢¨â¨¥ à�§à�¡®â®ª ˆ‘��‚÷ ª�ª
ƒ¨ˆ‘.

4 Заключение

„¨�£−®§ ¨ ¯à®£−®§ | ¯®ª�§�â¥«¨ ¯®−¨¬�−¨ï ¨ ®¡êïá−¥−¨ï á®áâ®ï−¨ï
¡®«ì−®£®. �à¥¤áâ�¢«¥−¨¥ ® ¤¨−�¬¨ª¥ ¨ −�¯à�¢«¥−¨¨ à�§¢¨â¨ï §�¡®«¥¢�−¨ï
ä®à¬¨àã¥âáï ã ®à£�−¨§¬� ª�ª ¥¤¨−®£® æ¥«®£® ¢ à�¬ª�å ¤¨ää¥à¥−æ¨�«ì−®©
¯à®£−®áâ¨ª¨. ‚ ãá«®¢¨ïå £¥â¥à®£¥−−®©, −¥á¯¥æ¨ä¨ç¥áª®©, −¥¯à¥¤áª�§ã¥¬®©
ª«¨−¨ç¥áª®© á¨âã�æ¨¨ âà¥¡ã¥âáï ª®««¥ªâ¨¢−�ï ¢ëà�¡®âª� ¤¨�£−®áâ¨ç¥áª¨å ¨ ¯à®-
£−®áâ¨ç¥áª¨å à¥è¥−¨© á ¯®§¨æ¨¨ á®âàã¤−¨ç¥áâ¢�, ®â−®á¨â¥«ì−®áâ¨ ¨ ¤®¯®«−¨-
â¥«ì−®áâ¨ §−�−¨©, ¯®íâ®¬ã âà¥¡ã¥âáï á¨−â¥§ /̈̈ «¨ à¥ª®−ä¨£ãà¨à®¢�−¨¥ ¨−-
â¥£à¨à®¢�−−®© ¯à®§à�ç−®© ¬®¤¥«¨ à�ááã¦¤¥−¨© ª®««¥ªâ¨¢� á¯¥æ¨�«¨áâ®¢ ¤«ï
ˆ‘��‚÷.
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Abstract: Ideas about an object and a process as a heterogeneous integral
system are not completed in a theory and have not become a world picture of
highly professional specialists in the heterogeneous problematic environment of
diagnostics and prognosis in medicine, technology, etc. Decision-making under
conditions of limited resources, ambiguity in assessing the situation, and a large
volume and variety of processed information about an object is accompanied
by serious errors and risks. Decision-making virtualization technologies are
needed. The paper discusses the concept of intelligent decision support systems
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áâ¥©, ®á−®¢�−−®£® −� −®¢®¬ �«£®à¨â¬¥ à¥«ïæ¨®−−®© ª«�áâ¥à¨§�æ¨¨ [2] ¢ ®¡«�áâ¨
¯à®£à�¬¬−®-¨−ä®à¬�æ¨®−−®© ¯®¤¤¥à¦ª¨ ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¨áá«¥¤®¢�−¨©
(�Šˆˆ). �â®â �«£®à¨â¬ ¯à¥¤áâ�¢«ï¥â á®¡®© ¬®¤¨ä¨ª�æ¨î ¦�¤−®£® �«£®à¨â¬�
�£«®¬¥à�â¨¢−®© ª«�áâ¥à¨§�æ¨¨, ¢ ª®â®à®¬ ¨áå®¤−®¥ à�á¯à¥¤¥«¥−¨¥ ª«�áâ¥à®¢
®¡¥á¯¥ç¨¢�¥âáï á¯¥æ¨�«ì−®© ¯à®æ¥¤ãà®© −�ç�«ì−®© §�£àã§ª¨.

–¥«ì ¯à¨¬¥−¥−¨ï ¤�−−®£® �«£®à¨â¬� á®áâ®¨â ¢ �¢â®¬�â¨§¨à®¢�−−®¬ ¯®¨áª¥
§�¯¨á¥©, ª®â®àë¥ ááë«�îâáï −� ®¤−ã ¨ âã ¦¥ áãé−®áâì ¢ à�§−ëå −®¬¨−�â¨¢−ëå
(á®¤¥à¦�é¨å ¯¥àá®−�«ì−ãî ¨−ä®à¬�æ¨î, ¢ª«îç�ï ¨¬ï ¯¥àá®−ë) ¨áâ®ç−¨ª�å
¨áâ®à¨ç¥áª¨å ¤�−−ëå. „�−−�ï §�¤�ç� áç¨â�¥âáï ®¤−®© ¨§ −�¨¡®«¥¥ ¢�¦−ëå
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¨ á«®¦−ëå, ®á®¡¥−−® ¯à¨ ®¡à�¡®âª¥ −®¬¨−�â¨¢−ëå ¨áâ®ç−¨ª®¢ á¥¬¥©−®© áâàãª-
âãàë.

�−�«¨§ ¯®ª�§�«, çâ® −� ¤�−−ëå á ¢ëá®ª¨¬ ãà®¢−¥¬ −¥®¤−®§−�ç−®áâ¨ ááë«®ª,
çâ® á®®â¢¥âáâ¢ã¥â á¯¥æ¨ä¨ª¥ ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¤�−−ëå, à�áá¬�âà¨¢�¥¬ë©
�«£®à¨â¬ ¡®«¥¥ íää¥ªâ¨¢¥−, ç¥¬ âà�¤¨æ¨®−−ë© á¯®á®¡ à�§à¥è¥−¨ï ááë«®ª,
®á−®¢�−−ë© −� áà�¢−¥−¨¨ �âà¨¡ãâ®¢. ˆ§ íâ®£® á«¥¤ã¥â ¯à¨−æ¨¯¨�«ì−�ï ¢®§¬®¦-
−®áâì ¨−â¥£à�æ¨¨ −®¢®£® ¯®¤å®¤� ¢ â¥å−®«®£¨î �Šˆˆ [3, 4], ®á−®¢�−−ãî −�
¯à¨−æ¨¯�å ªà�ã¤á®àá¨−£� (¬®¡¨«¨§�æ¨¨ à¥áãàá®¢ è¨à®ª®£® ªàã£� ¤®¡à®¢®«ìæ¥¢
¯®áà¥¤áâ¢®¬ ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨©).

„«ï ª®−ªà¥â¨§�æ¨¨ ¯�à�¬¥âà®¢ �«£®à¨â¬� ¢ á®®â¢¥âáâ¢¨¨ á ®á®¡¥−−®áâï-
¬¨ ¯à¥¤¬¥â−®© ®¡«�áâ¨ −¥®¡å®¤¨¬® ®¯à¥¤¥«¨âì ¬¥â®¤ ¯®¨áª� ¨å ®¯â¨¬�«ì−ëå
¤«ï ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¤�−−ëå §−�ç¥−¨©. ‚ áâ�âì¥ ¯à¥¤«®¦¥− â�ª®© ¬¥-
â®¤, ®á−®¢�−−ë© −� �−�«¨§¥ á¯¥æ¨ä¨ª¨ ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¤�−−ëå, ¨å
áà�¢−¥−¨¨ á â¥áâ®¢ë¬¨ ¤�−−ë¬¨, ¤«ï ª®â®àëå ¨¬¥îâáï ®æ¥−ª¨ íää¥ªâ¨¢−®áâ¨
�«£®à¨â¬�, ¨ áå¥¬¥, ®á−®¢�−−®© −� ¯®á«¥¤®¢�â¥«ì−®¬ ¯®ª®®à¤¨−�â−®¬ ¯®¨áª¥
¬�ªá¨¬ã¬�.

2 Настраиваемые параметры алгоритма

�¡®§−�ç¥−¨ï ¢ á®®â¢¥âáâ¢¨¨ á [1] á«¥¤ãîé¨¥:

{ R = {ri} | −�¡®à ááë«®ª, á®®â¢¥âáâ¢ãîé¨å −�¡®àã áãé−®áâ¥© E = {ei};

{ r.E | áãé−®áâì, á®®â¢¥âáâ¢ãîé�ï ááë«ª¥ r;

{ r.A1, r.A2, . . . , r.Ak | −�¡®à �âà¨¡ãâ®¢ ááë«ª¨ r;

{ H = {hi} | −�¡®à £¨¯¥àà¥¡¥à (£àã¯¯ ááë«®ª);

{ h.R | −�¡®à ááë«®ª, ª®â®àë¥ á®¥¤¨−ï¥â £¨¯¥àà¥¡à® h;

{ r.H | −�¡®à £¨¯¥àà¥¡¥à, ¢ ª®â®à®¬ ãç�áâ¢ã¥â ááë«ª� r.

�«£®à¨â¬ ®áãé¥áâ¢«ï¥â à�§¡¨¥−¨¥ ááë«®ª −� ª«�áâ¥àë ¯® ¯à¨§−�ªã á®®â-
¢¥âáâ¢¨ï íâ¨å ááë«®ª ®¤−®© ¨ â®© ¦¥ áãé−®áâ¨. �¡®§−�ç¥−¨ï, á¢ï§�−−ë¥
á ª«�áâ¥à�¬¨, á«¥¤ãîé¨¥:

{ C = {ci} | â¥ªãé¨© −�¡®à ª«�áâ¥à®¢ ááë«®ª;

{ r.C | ¬¥âª� ª«�áâ¥à� ¤«ï ááë«ª¨ r;

{ c.H =
⋃

r∈R∧r.C=c {h|h ∈ H ∧ r ∈ h.R} | −�¡®à £¨¯¥àà¥¡¥à ª«�áâ¥à� c;

{ Nbr (c) =
⋃

h∈c.H,r∈h.R {cj|cj = r.C} | ®ªà¥áâ−®áâì ª«�áâ¥à� c;

{ Nbr2(c) =
⋃

c′∈Nbr (c)Nbr (c
′)| ®ªà¥áâ−®áâì ¢â®à®£® ¯®àï¤ª� ¤«ï ª«�áâ¥à� c;

{ Amb (r.A1) = |σR.A1=r.A1(R)|/|R| | ®æ¥−ª� −¥®¤−®§−�ç−®áâ¨ �âà¨¡ãâ�
R.A1, £¤¥ |σR.A1=r.A1(R)| ®¡®§−�ç�¥â ç¨á«® ááë«®ª á® §−�ç¥−¨¥¬ r.A1 ¤«ïA1.
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…á«¨ ª«�áâ¥àë à�áá¬�âà¨¢�âì ª�ª ¬ã«ìâ¨¬−®¦¥áâ¢�, â® �à¨ä¬¥â¨ç¥áª�ï áã¬-
¬� ª«�áâ¥à®¢, á¢ï§�−−ëå á ª«�áâ¥à®¬ c ç¥à¥§ −�¡®à ¥£® £¨¯¥àà¥¡¥à, ¤�¥â ®¯à¥¤¥«¥-
−¨¥ ®ªà¥áâ−®áâ¨ NbrB(c), ãç¨âë¢�îé¥¥ ¬−®¦¥áâ¢¥−−®áâì ¢å®¦¤¥−¨ï à�§«¨ç−ëå
á®á¥¤−¨å ª«�áâ¥à®¢.

Œ¥à� áå®¤áâ¢� sim ¤¢ãå ª«�áâ¥à®¢ ci ¨ cj ¢ [2] ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬
®¡à�§®¬:

sim (ci, cj) = (1− α) simA (ci, cj) + α simR (ci, cj) , 0 ≤ α ≤ 1 , (1)

£¤¥ simA( ) | ¬¥à� áå®¤áâ¢� −� ®á−®¢¥ �âà¨¡ãâ®¢, á¯®á®¡ ¢ëç¨á«¥−¨ï ª®â®à®©
¯®¤à®¡−® ®¯¨á�−; simR( )| ¬¥à� à¥«ïæ¨®−−®£® áå®¤áâ¢�.

‚ [2] ¤«ï à�áá¬�âà¨¢�¥¬®£® �«£®à¨â¬� ¡ë«¨ ®¡®á−®¢�−ë ª�ª −�¨¡®«¥¥ ¯®¤å®-
¤ïé¨¥, �¤�¯â¨à®¢�−ë ¨ ¬®¤¨ä¨æ¨à®¢�−ë −¥ª®â®àë¥ ¬¥àë à¥«ïæ¨®−−®£® áå®¤-
áâ¢�, ¨ ¢ë¡®à ®¤−®© ¨§ íâ¨å ¬¥à, ¯®¤à®¡−® ®¯¨á�−−ëå ¢ [1], −�¨¡®«¥¥ ¯®¤å®¤ïé¥©
¤«ï ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¤�−−ëå, ®â−®á¨âáï ª −�áâà�¨¢�¥¬ë¬ ¯�à�¬¥âà�¬
�«£®à¨â¬�. ’�ª¦¥ âà¥¡ã¥â ®¯à¥¤¥«¥−¨ï ¢¥á®¢®© ª®íää¨æ¨¥−â α.

3 Меры реляционного сходства кластеров

„«ï §�¤�ç à�§à¥è¥−¨ï áãé−®áâ¥© ¥áâì ¬−®¦¥áâ¢® ¬¥â®¤®¢ ®æ¥−ª¨ áå®¤áâ¢�:
íª¢¨¢�«¥−â−®áâì ¡ã«¥¢ëå ¯à¥¤¨ª�â®¢, ¢ëç¨á«¥−¨¥ äã−ªæ¨¨ áå®¤áâ¢� §−�ç¥−¨©,
¢ëç¨á«¥−¨¥ äã−ªæ¨¨ áå®¤áâ¢� ¬−®¦¥áâ¢, ¢ëç¨á«¥−¨¥ äã−ªæ¨¨ áå®¤áâ¢� ¢¥ªâ®-
à®¢, áå®¤áâ¢® −� ®á−®¢¥ ¢ëà�¢−¨¢�−¨ï, áå®¤áâ¢® ä®−¥â¨ç¥áª¨å ¤�−−ëå, áå®¤áâ¢®,
®á−®¢�−−®¥ −� ¯¥à¥¢®¤¥, áå®¤áâ¢®, ®á−®¢�−−®¥ −� §−�−¨ïå ® ¯à¥¤¬¥â−®© ®¡«�áâ¨,
¨ ¤à. [5]. Š�ª ¯®ª�§�−® ¢ [2], à�áá¬�âà¨¢�¥¬ë© �«£®à¨â¬ ¨á¯®«ì§ã¥â ¬¥àë áå®¤-
áâ¢� ¬−®¦¥áâ¢. �â®â ª«�áá ¬¥à â�ª¦¥ ¢¥áì¬� è¨à®ª [6], ¨ −¥ª®â®àë¥ ¨§ −¨å
ãá¯¥è−® ¯à¨¬¥−ïîâáï ¤«ï �«£®à¨â¬¨ç¥áª®© ª«�áâ¥à¨§�æ¨¨ [7], «¥¦�é¥© ¢ ®á−®-
¢¥ à�áá¬�âà¨¢�¥¬®£® �«£®à¨â¬�. ‚ [2] −¥ª®â®àë¥ ¨§ −¨å ¡ë«¨ ®¡®á−®¢�−ë ª�ª
−�¨¡®«¥¥ ¯®¤å®¤ïé¨¥ ¤«ï −¥£®, �¤�¯â¨à®¢�−ë ¨ ¬®¤¨ä¨æ¨à®¢�−ë ¢ á®®â¢¥âáâ¢¨¨
á ¥£® ®á®¡¥−−®áâï¬¨. ‚ [1] íâ¨ ¬¥àë, ªà�âª® ¯¥à¥ç¨á«¥−−ë¥ −¨¦¥, ®¯¨á�−ë
¯®¤à®¡−®. Œ¥à� ®¯à¥¤¥«ï¥âáï ç¥à¥§ ¯®−ïâ¨¥ ®ªà¥áâ−®áâ¨ Nbr. „«ï ª�¦¤®© ¬¥àë
®¯à¥¤¥«ï¥âáï â�ª¦¥ ¢�à¨�−â, ®¡®§−�ç�¥¬ë© ¨−¤¥ªá®¬ B, á ®¯®à®© −� ®æ¥−ªã
NbrB ¢¬¥áâ® Nbr.

1. �æ¥−ª� ®¡é¨å á®á¥¤¥©

CommonNbr (ci, cj) =
1

K
|Nbr (ci) ∩Nbr (cj)| ,

£¤¥ K | −®à¬�«¨§ãîé�ï ª®−áâ�−â�.

2. Š®íää¨æ¨¥−â †�ªª�à¤�

Jaccard (ci, cj) =
|Nbr (ci) ∩Nbr (cj)|
|Nbr (ci) ∪Nbr (cj)|

.
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3. �æ¥−ª� �¤�¬¨ª{�¤�à

AdarNbr (ci, cj) =

∑

c∈Nbr (ci)∩Nbr (cj)
u(c)

∑

c∈Nbr (ci)∪Nbr (cj)
u(c)

,

£¤¥ ã−¨ª�«ì−®áâì ª«�áâ¥à�

u(c) =
1

log(|Nbr (c)|) .

4. �æ¥−ª� −¥®¤−®§−�ç−®áâ¨ ¨¬¥− �¤�à AdarName ®¯à¥¤¥«ï¥âáï �−�«®£¨ç−®
®æ¥−ª¥ �¤�¬¨ª{�¤�à ¯à¨

u(c) =
1

Avgr∈C(Amb (r.Name))
.

5. �æ¥−ª� ç¥à¥§ ®ªà¥áâ−®áâ¨ ¡®«¥¥ ¢ëá®ª®£® ¯®àï¤ª�

Path3Sim (ci, cj) =
1

3
[Jaccard (Nbr (ci),Nbr (cj)) +

+ Jaccard
(

Nbr2(ci),Nbr (cj)
)

+ Jaccard
(

Nbr (ci),Nbr
2(cj)

)]

.

4 Результаты тестирования алгоритма

‚ [2] ¯à¨¢¥¤¥−ë à¥§ã«ìâ�âë â¥áâ¨à®¢�−¨ï �«£®à¨â¬� à�§à¥è¥−¨ï à¥«ïæ¨-
®−−ëå áãé−®áâ¥© −� âà¥å −�¡®à�å à¥�«ì−ëå ¤�−−ëå á à�§«¨ç−ë¬ ãà®¢−¥¬
−¥®¤−®§−�ç−®áâ¨ ¨¬¥−. ��à�¬¥âàë −�¡®à®¢ ¯à¨¢¥¤¥−ë ¢ â�¡«. 1.

’�¡«¨æ� 2 ¯®ª�§ë¢�¥â íää¥ªâ¨¢−®áâì �«£®à¨â¬�, ¢ëà�¦¥−−ãî ¢ §−�ç¥−¨¨
¬¥àë F1 (áà¥¤−¥¥ £�à¬®−¨ç¥áª®¥ â®ç−®áâ¨ ¨ ¯®«−®âë) ¤«ï à�§«¨ç−ëå ¬¥à à¥«ï-
æ¨®−−®£® áå®¤áâ¢� ª«�áâ¥à®¢ simR, ®¯¨á�−−ëå ¢ëè¥, −� âà¥å −�¡®à�å â¥áâ®¢ëå
¤�−−ëå, ¯à¨¢¥¤¥−−ëå ¢ â�¡«. 1.

’�¡«¨æ� 1 ��à�¬¥âàë â¥áâ®¢ëå −�¡®à®¢ ¤�−−ëå

��¨¬¥−®¢�−¨¥
—¨á«®

¤®ªã¬¥−â®¢

Œ�ªá¨¬�«ì−®¥
ç¨á«® ááë«®ª
¢ ¤®ªã¬¥−â¥

„®«ï
−¥®¤−®§−�ç−ëå

¨¬¥−

‘à¥¤−¥¥ ç¨á«®
áãé−®áâ¥© −� ®¤−®
−¥®¤−®§−�ç−®¥ ¨¬ï

CiteSeer 1504 10 0,2% 2,33
arXiv 29 555 10 4,2% 2,41
BioBase 156 156 100 84% 32,00
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’�¡«¨æ� 2 �ää¥ªâ¨¢−®áâì �«£®à¨â¬� ¤«ï
à�§«¨ç−ëå ¬¥à à¥«ïæ¨®−−®£® áå®¤áâ¢� ª«�áâ¥-
à®¢ simR

simR CiteSeer arXiv BioBase
Common 0,994 0,984 0,814
CommonB 0,994 0,984 0,816
Jaccard 0,994 0,985 0,818
JaccardB 0,995 0,985 0,818
AdarNbr 0,994 0,984 0,815
AdarNbrB 0,994 0,984 0,816
AdarName 0,994 0,985 0,819
AdarNameB 0,995 0,984 0,817
Path3Sim 0,994 0,984 0,812

‡�¢¨á¨¬®áâì íää¥ªâ¨¢−®áâ¨ (§−�ç¥−¨ï ¬¥àë F1) �«£®à¨â¬� (á¯«®è−�ï «¨−¨ï) ¢ áà�¢−¥-
−¨¨ á ¯®¤å®¤®¬, ®á−®¢�−−ë¬ −� áà�¢−¥−¨¨ �âà¨¡ãâ®¢ (èâà¨å®¢�ï «¨−¨ï), ®â ¯�à�¬¥âà� α
−� à�§«¨ç−ëå â¥áâ®¢ëå −�¡®à�å ¤�−−ëå: (�) CiteSeer; (¡) arXiv; (¢) BioBase
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ˆ§ â�¡«. 2 ¢¨¤−®, çâ® ¤«ï −�¡®à®¢ arXiv á® áà¥¤−¥¬ ãà®¢−¥¬ −¥®¤−®§−�ç−®áâ¨
¨¬¥− ¨ BioBase á ¢ëá®ª¨¬ ãà®¢−¥¬ −¥®¤−®§−�ç−®áâ¨ ¨¬¥− −�¨¡®«ìèãî íää¥ªâ¨¢-
−®áâì ®¡¥á¯¥ç¨¢�¥â ¬¥à� à¥«ïæ¨®−−®£® áå®¤áâ¢� AdarName. „«ï −�¡®à� CiteSeer
á −¨§ª¨¬ ãà®¢−¥¬ −¥®¤−®§−�ç−®áâ¨ ¨¬¥− íâ� ¬¥à� «¨èì −¥§−�ç¨â¥«ì−® ãáâã¯�¥â
¢ íää¥ªâ¨¢−®áâ¨ ¬¥à�¬ JaccardB ¨ AdarNameB.

�� à¨áã−ª¥ ¯à¨¢¥¤¥−ë £à�ä¨ª¨ íää¥ªâ¨¢−®áâ¨ (§−�ç¥−¨ï ¬¥àë F1) �«£®-
à¨â¬� ¤«ï ®¯â¨¬�«ì−®© ¢ á®®â¢¥âáâ¢¨¨ á â�¡«. 2 ¬¥àë à¥«ïæ¨®−−®£® áå®¤áâ¢�
ª«�áâ¥à®¢ ¢ §�¢¨á¨¬®áâ¨ ®â ¯�à�¬¥âà� α ä®à¬ã«ë (1) ¢ áà�¢−¥−¨¨ á íää¥ªâ¨¢-
−®áâìî âà�¤¨æ¨®−−®£® �âà¨¡ãâ−®£® ¯®¤å®¤� −� â¥å ¦¥ −�¡®à�å â¥áâ®¢ëå ¤�−−ëå.
�à¨¬¥ç�â¥«ì−®, çâ® �«£®à¨â¬ ®áâ�¥âáï ¡®«¥¥ íää¥ªâ¨¢−ë¬ ¤�¦¥ ¯à¨ §−�ç¥−¨¨
α = 0, ª®£¤� ¬¥à� áå®¤áâ¢� ª«�áâ¥à®¢ sim −¥ ãç¨âë¢�¥â à¥«ïæ¨®−−®¥ áå®¤áâ¢®.
�â® ®¡êïá−ï¥âáï ¨á¯®«ì§®¢�−¨¥¬ ¯à®æ¥¤ãà®© −�ç�«ì−®© §�£àã§ª¨ ª�ª �âà¨¡ãâ®¢,
â�ª ¨ à¥«ïæ¨®−−ëå á¢ï§¥©.

5 Конкретно-исторические данные

‚ [8, 9] ¯¥à¥ç¨á«¥−ë ®á−®¢−ë¥ −®¬¨−�â¨¢−ë¥ ¨áâ®ç−¨ª¨, ¯à¥¤áâ�¢«ïîé¨¥
−�¨¡®«ìè¨© ¨−â¥à¥á ¢ ª®−ªà¥â−®-¨áâ®à¨ç¥áª®¬ ¨áá«¥¤®¢�−¨¨. Š ¯¥àá®−�«ì−ë¬
¨áâ®ç−¨ª�¬ ®â−®áïâáï ¯à¥¦¤¥ ¢á¥£® ¬¥âà¨ç¥áª¨¥ ª−¨£¨, � â�ª¦¥ ¬¥âà¨ç¥áª¨¥
¢ë¯¨á¨, ¡à�ç−ë¥ ®¡ëáª¨, ¢¥−¥ç−ë¥ ¯�¬ïâ¨ ¨ â. ¯. Š ¨áâ®ç−¨ª�¬ á¥¬¥©−®©
áâàãªâãàë ®â−®áïâáï ¯à¥¦¤¥ ¢á¥£® ¨á¯®¢¥¤−ë¥ à®á¯¨á¨ ¨ ¯®á¥¬¥©−ë¥ á¯¨áª¨,
� â�ª¦¥ à¥¢¨§áª¨¥ áª�§ª¨, ¯¨áæ®¢ë¥, ¯¥à¥¯¨á−ë¥, «�−¤à�âáª¨¥ ª−¨£¨ ¨ â. ¯.

��¯à�¢«¥−¨¥ ¨áá«¥¤®¢�−¨ï ¬®¦¥â ¡ëâì «î¡ë¬, −®, ãç¨âë¢�ï â®â ä�ªâ, çâ®
¡®«ìè¨−áâ¢® −�á¥«¥−¨ï ¢ ÷®áá¨©áª®© ˆ¬¯¥à¨¨ á®áâ�¢«ï«¨ ªà¥áâìï−¥ (77,1%
¢ 1897 £.), � â�ª¦¥ â®, çâ® ¡®«ìè¨−áâ¢® ªà¥áâìï− æ¥−âà� ÷®áá¨¨ ¡ë«¨ ®ä¨æ¨�«ì-
−® −�¤¥«¥−ë ä�¬¨«¨ï¬¨, §�ä¨ªá¨à®¢�−−ë¬¨ ¢ ¤®ªã¬¥−â�å â®«ìª® ¯®á«¥ ®â¬¥−ë
ªà¥¯®áâ−®£® ¯à�¢� ¢ 1861 £., ®æ¥−ªã á¯¥æ¨ä¨ª¨ ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¤�−−ëå
á«¥¤ã¥â ¯à®¢¥áâ¨ ¯® ªà¥áâìï−�¬ æ¥−âà� ÷®áá¨¨ ¡¥§ ãç¥â� ¨−ä®à¬�æ¨¨ ® ä�¬¨-
«¨ïå. �−�«¨§ ¯¥à¥¯¨á−ëå ª−¨£ ¯® ú’�−¡®¢áª®£® ã¥§¤� ¢®âç¨−ë ‘®«®âç¨−áª®£®
¬®−�áâëàï á¥«� �à¥®¡à�¦¥−áª®£® �¨ç�¥¢® â®¦û, � â�ª¦¥ ¬¥âà¨ç¥áª¨å ª−¨£
’ã«ìáª®© £ã¡¥à−¨¨ …¯¨ä�−áª®£® ã¥§¤� ¤¥à¥¢¥−ì …«¨§�¢¥â®¢ª� ¨ Œ¥«ì£ã−®¢® ¡¥§
ãç¥â� ¨−ä®à¬�æ¨¨ ® ä�¬¨«¨ïå ¯®ª�§�« á«¥¤ãîé¨¥ à¥§ã«ìâ�âë:

{ ¬�ªá¨¬�«ì−®¥ ç¨á«® ááë«®ª ¢ ¤®ªã¬¥−â¥ | 9;

{ ¤®«ï −¥®¤−®§−�ç−ëå ¨¬¥− | 5,5363%;

{ áà¥¤−¥¥ ç¨á«® áãé−®áâ¥© −� ®¤−® −¥®¤−®§−�ç−®¥ ¨¬ï | 2,1875.

�â¨ ¯®ª�§�â¥«¨ −�¨¡®«¥¥ ¡«¨§ª¨ ª ¯®ª�§�â¥«ï¬ â¥áâ®¢®£® −�¡®à� ¤�−−ëå
arXiv, çâ® ¯®§¢®«ï¥â á¤¥«�âì ¢ë¢®¤ ® ¤®¯ãáâ¨¬®áâ¨ ®æ¥−ª¨ íää¥ªâ¨¢−®áâ¨
¯à¨¬¥−¥−¨ï �«£®à¨â¬� ¤«ï æ¥«¥© ¡®«ìè¨−áâ¢� ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¨áá«¥-
¤®¢�−¨© ¨¬¥−−® −� íâ®¬ −�¡®à¥. �à¨ íâ®¬ ¤«ï ¬¥−¥¥ −¥®¤−®§−�ç−ëå ¤�−−ëå,
á®¤¥à¦�é¨å ä�¬¨«¨¨, ¢ ®æ¥−ª¥ íää¥ªâ¨¢−®áâ¨ ¬®¦−® ®à¨¥−â¨à®¢�âìáï −� −�¡®à
CiteSeer. �¥§ãá«®¢−®, ¢ ¨áá«¥¤®¢�−¨ïå ¬®£ãâ ¢áâà¥ç�âìáï ¤�−−ë¥ á ¡®«ìè¨¬
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ãà®¢−¥¬ −¥®¤−®§−�ç−®áâ¨ ¨¬¥−, −�¯à¨¬¥à ¯à¨ ¨áá«¥¤®¢�−¨¨ £àã¯¯ á ¨−ë¬ −�-
æ¨®−�«ì−ë¬ á®áâ�¢®¬. ‚ íâ®¬ á«ãç�¥ ®æ¥−ª¨ ¤®«¦−ë á¬¥é�âìáï ®â ®æ¥−®ª −�
−�¡®à¥ arXiv ¢ áâ®à®−ã ®æ¥−®ª −� −�¡®à¥ BioBase, −® −¥§−�ç¨â¥«ì−®, ¯®áª®«ì-
ªã ãà®¢¥−ì −¥®¤−®§−�ç−®áâ¨ ¨¬¥− 84% áãé¥áâ¢¥−−® ¯à¥¢ëè�¥â ¤®áâ¨¦¨¬ë© −�
ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¤�−−ëå. „«ï ¯à¨−ïâ¨ï à¥è¥−¨ï ¯® ¢ë¡®àã §−�ç¥−¨©
−�áâà�¨¢�¥¬ëå ¯�à�¬¥âà®¢ �«£®à¨â¬� á«¥¤ã¥â ãç¥áâì, çâ® ®æ¥−ª¨ íää¥ªâ¨¢−®áâ¨
−� ¤�−−ëå á −¨§ª¨¬ ãà®¢−¥¬ −¥®¤−®§−�ç−®áâ¨ ¨¬¥− ¬¥−¥¥ §−�ç¨¬ë, ¯®áª®«ìªã
®¡ê¥¬ ¤�−−ëå, ®¡à�¡�âë¢�¥¬ë© ¢ à�¬ª�å ®¤−®© §�¤�ç¨ à�§à¥è¥−¨ï áãé−®áâ¥©
¯à¨ ¯à®¢¥¤¥−¨¨ ª®−ªà¥â−®-¨áâ®à¨ç¥áª®£® ¨áá«¥¤®¢�−¨ï, ª�ª ¯à�¢¨«®, −¥ ¯à¥-
¢ëè�¥â −¥áª®«ìª¨å á®â §�¯¨á¥©. �à¨ −�«¨ç¨¨ ä�¬¨«¨© ¨«¨ ¨−ëå ä�ªâ®à®¢,
á−¨¦�îé¨å ãà®¢¥−ì −¥®¤−®§−�ç−®áâ¨, ç¨á«® −¥®¤−®§−�ç−ëå ¨¬¥− ¡ã¤¥â ªà�©−¥
−¥¢¥«¨ª®, ¨ ª�¦¤ë© â�ª®© á«ãç�© ¬®¦¥â ¡ëâì ®¡à�¡®â�− ¨ à�§à¥è¥− ¨áá«¥¤®¢�-
â¥«¥¬ ¢àãç−ãî.

6 Метод поиска оптимальных значений параметров

„«ï à�áá¬�âà¨¢�¥¬®£® �«£®à¨â¬� ¯à¨ ä¨ªá¨à®¢�−−ëå §−�ç¥−¨ïå ¯�à�¬¥âà®¢
¨§¢¥áâ−� ¥£® íää¥ªâ¨¢−®áâì Fi ¤«ï â¥áâ®¢ëå −�¡®à®¢ ¤�−−ëå Di á à�§«¨ç−ë¬
§−�ç¥−¨¥¬ −¥®¤−®§−�ç−®áâ¨ pi. �æ¥−ª� ¥£® íää¥ªâ¨¢−®áâ¨ −� à¥�«ì−ëå ª®−-
ªà¥â−®-¨áâ®à¨ç¥áª¨å ¤�−−ëå áâà®¨âáï −� ¯à¥¤¯®«®¦¥−¨¨, çâ® à¥�«ì−ë¥ ¤�−−ë¥
¬®¦−® ¯à¥¤áâ�¢¨âì ª�ª á¬¥áì ¤�−−ëå á à�§«¨ç−®© áâ¥¯¥−ìî −¥®¤−®§−�ç−®áâ¨ pi

¢ −¥ª®â®àëå ¯à®¯®àæ¨ïå ai, ª®â®àë¥ ¬®¦−® ®æ¥−¨âì §�à�−¥¥, ª�ª íâ® á¤¥«�−®
¢ëè¥. ’®£¤� íää¥ªâ¨¢−®áâì F ¬®¦−® ®æ¥−¨âì ª�ª ¢§¢¥è¥−−ãî áã¬¬ã

∑

aiFi.
�¯¨à�ïáì −� íâ¨ ¯à¥¤¯®«®¦¥−¨ï, ¢ ª�ç¥áâ¢¥ ¬¥â®¤� ¯®¨áª� ®¯â¨¬�«ì−ëå §−�ç¥−¨©
¯�à�¬¥âà®¢ α ¨ simR ¬®¦−® ¨á¯®«ì§®¢�âì ¯à®æ¥¤ãàã −�å®¦¤¥−¨ï ®¯â¨¬�«ì−ëå
¯�à�¬¥âà®¢ ¯à®æ¥áá®¢ ¯® áå¥¬¥ ƒ�ãáá�{‡�©¤¥«ï (¬¥â®¤ ¯®ª®®à¤¨−�â−®£® á¯ãá-
ª�), §�ª«îç�îéãîáï ¢ ¯®á«¥¤®¢�â¥«ì−®¬ ¯®¨áª¥ ®¯â¨¬ã¬� −¥ª®â®à®© äã−ªæ¨¨
¯®®ç¥à¥¤−® ¯® ª�¦¤®© ¯¥à¥¬¥−−®© [10]. ‚ ª�ç¥áâ¢¥ ®¯â¨¬¨§¨àã¥¬®© äã−ªæ¨¨
F (α, simR) à�áá¬®âà¨¬ ¢§¢¥è¥−−ãî áã¬¬ã ¬¥à F1, ¯®áç¨â�−−ëå −� à�§«¨ç−ëå
â¥áâ®¢ëå −�¡®à�å ¤�−−ëå:

F (α, simR) =

= a1F1CiteSeer (α, simR) + a2F1arXiv (α, simR) + a3F1BioBase (α, simR) . (2)

Š�ª á«¥¤ã¥â ¨§ ¯à¨¢¥¤¥−−®£® ¢ëè¥ �−�«¨§� á®®â¢¥âáâ¢¨ï −�¡®à®¢ â¥áâ®¢ëå
¤�−−ëå á¯¥æ¨ä¨ª¥ ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¤�−−ëå ¨ ¨å §−�ç¨¬®áâ¨ ¢ ª®−ªà¥â-
−®-¨áâ®à¨ç¥áª®¬ ¨áá«¥¤®¢�−¨¨, a1 ≈ a3; a1, a3 ≪ a2.

�à¨ ®¯à¥¤¥«¥−¨¨ ®ç¥à¥¤−®áâ¨ ¯¥à¥¬¥−−ëå á«¥¤ã¥â ãç¥áâì ¤¨áªà¥â−ë© å�-
à�ªâ¥à ¯¥à¥¬¥−−®© simR ¨ −¥¯à¥àë¢−ë© å�à�ªâ¥à ¯¥à¥¬¥−−®© α. ��¨¡®«¥¥
®¯à¥¤¥«ïîé�ï | ¤¨áªà¥â−�ï ¯¥à¥¬¥−−�ï, ¯®íâ®¬ã ¯®¨áª ¬�ªá¨¬ã¬� ¤«ï ®¯â¨-
¬¨§¨àã¥¬®© äã−ªæ¨¨ á«¥¤ã¥â −�ç�âì á ¬¥àë à¥«ïæ¨®−−®£® áå®¤áâ¢�.

Œ�ªá¨¬ã¬ íää¥ªâ¨¢−®áâ¨ −� −�¡®à¥ â¥áâ®¢ëå ¤�−−ëå arXiv ¤®áâ¨£�¥âáï ¯à¨
¨á¯®«ì§®¢�−¨¨ ¢ ª�ç¥áâ¢¥ ¬¥àë à¥«ïæ¨®−−®£® áå®¤áâ¢� ª«�áâ¥à®¢ ª®íää¨æ¨¥−â�
†�ªª�à¤� ¨ ®æ¥−ª¨ −¥®¤−®§−�ç−®áâ¨ ¨¬¥− �¤�à. �à¨ á−¨¦¥−¨¨ áâ¥¯¥−¨ −¥-
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®¤−®§−�ç−®áâ¨ íâ¨ ®æ¥−ª¨ ®áâ�îâáï à�¢−®íää¥ªâ¨¢−ë¬¨, � ¯à¨ ã¢¥«¨ç¥−¨¨
áâ¥¯¥−¨ −¥®¤−®§−�ç−®áâ¨ | ®æ¥−ª� −¥®¤−®§−�ç−®áâ¨ ¨¬¥− �¤�à ¤¥¬®−áâà¨àã¥â
−¥§−�ç¨â¥«ì−®¥ ¯à¥¨¬ãé¥áâ¢® ¯¥à¥¤ ª®íää¨æ¨¥−â®¬ †�ªª�à¤�. ˆ§ â�¡«. 2
¢¨¤−®, çâ® ®âª«®−¥−¨¥ ¬�ªá¨¬�«ì−®© íää¥ªâ¨¢−®áâ¨ ®â áà¥¤−¥£® §−�ç¥−¨ï ¤«ï
BioBase ¢âà®¥ ¯à¥¢ëè�¥â ®âª«®−¥−¨ï ¤«ï arXiv ¨ CiteSeer. �®áª®«ìªã ¢¥á®¢®©
ª®íää¨æ¨¥−â a2 ¢ ä®à¬ã«¥ (2) áãé¥áâ¢¥−−® ¯à¥¢ëè�¥â ª®íää¨æ¨¥−âë a1 ¨ a3,
¨§ íâ®£® á«¥¤ã¥â, çâ® ¢ ª�ç¥áâ¢¥ ¬¥àë à¥«ïæ¨®−−®£® áå®¤áâ¢� ª«�áâ¥à®¢ ¤«ï
ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¤�−−ëå −�¨¡®«¥¥ ¯®¤å®¤ïé¥© á«¥¤ã¥â áç¨â�âì ®æ¥−ªã
AdarName, −® ª®íää¨æ¨¥−â Jaccard â�ª¦¥ ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�−.

„�«¥¥ ®¯â¨¬¨§�æ¨ï ¯à®¢®¤¨âáï ¯® ¯¥à¥¬¥−−®© α. Œ�ªá¨¬ã¬ íää¥ªâ¨¢−®-
áâ¨ �«£®à¨â¬� −� −�¡®à¥ â¥áâ®¢ëå ¤�−−ëå arXiv, ª�ª íâ® ¢¨¤−® −� à¨áã−ª¥,
¤®áâ¨£�¥âáï ¯à¨ §−�ç¥−¨¨ 0,6 ¯�à�¬¥âà� α ä®à¬ã«ë (1). �à¨ íâ®¬ ¬�ªá¨¬ã¬
íää¥ªâ¨¢−®áâ¨ −� −�¡®à�å CiteSeer ¨ BioBase ¤®áâ¨£�¥âáï ¯à¨ §−�ç¥−¨¨ ¯�à�-
¬¥âà� α = 0,8 (á¬. à¨áã−®ª). ˆ§ à¨áã−ª� á«¥¤ã¥â, çâ® ®âª«®−¥−¨¥ ¬�ªá¨¬�«ì−®©
íää¥ªâ¨¢−®áâ¨ ®â áà¥¤−¥£® §−�ç¥−¨ï ¤«ï BioBase §−�ç¨â¥«ì−® ¯à¥¢ëè�¥â ®âª«®-
−¥−¨ï ¤«ï arXiv ¨ CiteSeer. �®íâ®¬ã, −¥á¬®âàï −� ¬�«®áâì ª®íää¨æ¨¥−â� a3
¢ ä®à¬ã«¥ (2), ¬�ªá¨¬ã¬ ¤«ï −�¡®à� BioBase −¥ ¬®¦¥â −¥ ãç¨âë¢�âìáï. �®áª®«ì-
ªã −� −�¡®à¥ BioBase −�¡«î¤�¥âáï §−�ç¨â¥«ì−ë© ¯à¨à®áâ íää¥ªâ¨¢−®áâ¨ ¯à¨
α = 0,8 ¯® ®â−®è¥−¨î ª ãà®¢−î ¯à¨ α = 0,6, � ¤«ï −�¡®à®¢ arXiv ¨ CiteSeer
à�§−¨æ� ¢ íää¥ªâ¨¢−®áâ¨ ¤«ï α = 0,6 ¨ α = 0,8 −¥§−�ç¨â¥«ì−�, á«¥¤ã¥â ¯à¨-
−ïâì §−�ç¥−¨¥ ¯�à�¬¥âà� α ä®à¬ã«ë (1) ¯à¨ ®¡à�¡®âª¥ ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å
¤�−−ëå, à�¢−ë¬ 0,8.

“ç¨âë¢�ï ¤¨áªà¥â−®áâì ®¤−®© ¨§ ¯¥à¥¬¥−−ëå ¨ −¥§−�ç¨â¥«ì−®áâì ¨§¬¥−¥−¨ï
íää¥ªâ¨¢−®áâ¨ ¤«ï arXiv ¨ CiteSeer ¯® ¢â®à®© ¯¥à¥¬¥−−®©, � â�ª¦¥ −¥¤®áâ¨-
¦¨¬®áâì áâ¥¯¥−¨ −¥®¯à¥¤¥«¥−−®áâ¨ BioBase −� ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¤�−−ëå,
¯�à�¬¥âàë ¬®¦−® ¯à¨−ïâì ¢ ¢ëá®ª®© áâ¥¯¥−¨ á¥¯�à�¡¥«ì−ë¬¨, çâ® ®§−�ç�¥â
¤®áâ�â®ç−®áâì ®¤−®£® æ¨ª«� ¯¥à¥¡®à� ¯¥à¥¬¥−−ëå ¯® áå¥¬¥ ƒ�ãáá�{‡�©¤¥«ï ¤«ï
®¯à¥¤¥«¥−¨ï ®¯â¨¬ã¬� [10].

7 Выводы

‚ áâ�âì¥ ¯à¥¤«®¦¥− ¬¥â®¤ ®¯â¨¬¨§�æ¨¨ ¯�à�¬¥âà®¢ �«£®à¨â¬� ª®««¥ªâ¨¢-
−®£® à�§à¥è¥−¨ï áãé−®áâ¥© ¤«ï §�¤�ç, á¢ï§�−−ëå á ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨¬¨
¨áá«¥¤®¢�−¨ï¬¨. �à®¢¥¤¥− �−�«¨§ á¯¥æ¨ä¨ª¨ ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¤�−−ëå,
� â�ª¦¥ áà�¢−¥−¨¥ íâ¨å ¤�−−ëå á â¥áâ®¢ë¬¨ ¤�−−ë¬¨ �«£®à¨â¬�, çâ® ¯®§¢®«¨-
«® ¯à¨¬¥−¨âì ¯à¥¤«®¦¥−−ë© ¬¥â®¤ ¨ −�©â¨ ®¯â¨¬�«ì−ë¥ §−�ç¥−¨ï ¯�à�¬¥âà®¢.
�â® ¤¥«�¥â ¢®§¬®¦−ë¬ ¨á¯®«ì§®¢�−¨¥ à�áá¬�âà¨¢�¥¬®£® �«£®à¨â¬� à�§à¥è¥−¨ï
áãé−®áâ¥© ¢ à¥�«ì−ëå ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¨áá«¥¤®¢�−¨ïå ¢ §�¤�ç�å �¢â®¬�-
â¨§¨à®¢�−−®£® á¢ï§ë¢�−¨ï §�¯¨á¥© ¢ −®¬¨−�â¨¢−ëå ¨áâ®ç−¨ª�å.
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METHOD FOR SEARCHING FOR OPTIMAL PARAMETER VALUES
OF THE ENTITY RESOLUTION ALGORITHM

FOR CONCRETE HISTORICAL DATA
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of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: The article is devoted to the use of the collective entity resolution
method based on a new relational clustering algorithm, which is a modification of
the greedy agglomerative clustering algorithm,in concrete historical investigation
when processing nominative sources. The article proposes the method for
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searching for optimal values of parameters of the collective entity resolution
algorithm for tasks related to concrete historical investigation. The method is
based on the analysis of the specifics of concrete historical data, their comparison
with test data for which there are estimates of the effectiveness of the algorithm,
and the procedure for finding the optimal process parameters according to the
Gauss{Seidel scheme that consists in sequentially searching for the function
optimum alternately for each variable. The application of the proposed method
makes it possible to use the considered entity resolution algorithm in real concrete
historical research in the tasks of automated record linkage in nominative sources.

Keywords: concrete historical investigation; distributed technology; entity
resolution; algorithm parameters; relational similarity measure
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¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
‚®«ª®¢ �«¥£ ˆ£®à¥¢¨ç (à. 1964) | ¢¥¤ãé¨© ¯à®£à�¬¬¨áâ ”¥¤¥à�«ì−®£® ¨á-
á«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª
ƒ�©¤�¬�ª� ā«¨ï ‚�á¨«ì¥¢−� (à. 1971) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�-
ãª, ¯à®ä¥áá®à ª�ä¥¤àë â¥®à¨¨ ¢¥à®ïâ−®áâ¥© ¨ ª¨¡¥à¡¥§®¯�á−®áâ¨ ÷®áá¨©áª®£®
ã−¨¢¥àá¨â¥â� ¤àã¦¡ë −�à®¤®¢; áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨á-
á«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª
„ìïç¥−ª® „¥−¨á āàì¥¢¨ç (à. 1987) | ¨−¦¥−¥à-¨áá«¥¤®¢�â¥«ì ”¥¤¥à�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª
„ìïç¥−ª® āà¨© ƒ¥®à£¨¥¢¨ç (à. 1958) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, áâ�àè¨©
−�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
…£®à®¢ ‚«�¤¨¬¨à �®à¨á®¢¨ç (à. 1948) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, ¢¥¤ãé¨©
−�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
Š®−�è¥−ª®¢� ’�âìï−� „¬¨âà¨¥¢−� (à. 1964) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥-
áª¨å −�ãª, −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−-
ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
Š®à¥¯�−®¢ �¤ã�à¤ ÷ã¤®«ìä®¢¨ç (à. 1966) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª,
¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à-
¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
Šà¨¢¥−ª® Œ¨å�¨« �¥âà®¢¨ç (à. 1946) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®ä¥áá®à,
¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à-
¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
Œ®à®§®¢ �¨ª®«�© ‚¨ªâ®à®¢¨ç (à. 1956) | áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥-
à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª
Œ®áª�«¥¢� ”�¨−� �«¥ªá�−¤à®¢−� (à. 1996) | �á¯¨à�−â ª�ä¥¤àë â¥®à¨¨ ¢¥à®-
ïâ−®áâ¥© ¨ ª¨¡¥à¡¥§®¯�á−®áâ¨ ÷®áá¨©áª®£® ã−¨¢¥àá¨â¥â� ¤àã¦¡ë −�à®¤®¢
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�¡ �¢â®à�å

�¨ª¨è¨− „¬¨âà¨© �«¥ªá�−¤à®¢¨ç (à. 1976) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª,
¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à-
¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
÷ã¬®¢áª�ï ‘®ä¨ï �®à¨á®¢−� (à. 1985) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, áâ�àè¨©
−�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
÷ã¬ï−æ¥¢� �«¥ªá�−¤à� ‘¥à£¥¥¢−� (à. 2001) | áâã¤¥−âª� ª�ä¥¤àë â¥®à¨¨
¢¥à®ïâ−®áâ¥© ¨ ª¨¡¥à¡¥§®¯�á−®áâ¨ ÷®áá¨©áª®£® ã−¨¢¥àá¨â¥â� ¤àã¦¡ë −�à®¤®¢
‘�¬ã©«®¢ �−¤à¥© Š®−áâ�−â¨−®¢¨ç (à. 1988) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥-
áª¨å −�ãª, ¤®æ¥−â ª�ä¥¤àë â¥®à¨¨ ¢¥à®ïâ−®áâ¥© ¨ ª¨¡¥à¡¥§®¯�á−®áâ¨ ÷®áá¨©-
áª®£® ã−¨¢¥àá¨â¥â� ¤àã¦¡ë −�à®¤®¢
‘¨−¨æë− ‚«�¤¨¬¨à ˆ£®à¥¢¨ç (à. 1968) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà�
úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
‘¨−¨æë− ˆ£®àì �¨ª®«�¥¢¨ç (à. 1940) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®ä¥áá®à,
§�á«ã¦¥−−ë© ¤¥ïâ¥«ì −�ãª¨ ÷”, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª; ¯à®ä¥áá®à ª�ä¥¤àë úŒ¥å�âà®−¨ª� ¨ â¥®à¥â¨ç¥áª�ï ¬¥å�−¨ª�û Œ®áª®¢-
áª®£® �¢¨�æ¨®−−®£® ¨−áâ¨âãâ� (−�æ¨®−�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® ã−¨¢¥àá¨â¥â�)
‘â¥¯ç¥−ª®¢ „¬¨âà¨© āàì¥¢¨ç (à. 1973) | áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥-
à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª
‘â¥¯ç¥−ª®¢ āà¨© �ä�−�áì¥¢¨ç (à. 1951) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, §�¢¥-
¤ãîé¨© ®â¤¥«®¬, ¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£®
æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
˜®à£¨− ‘¥à£¥© Ÿª®¢«¥¢¨ç (à. 1952) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¯à®ä¥áá®à, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−â-
à� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
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�à�¢¨«� ¯®¤£®â®¢ª¨ àãª®¯¨á¥© áâ�â¥© ¤«ï ¯ã¡«¨ª�æ¨¨
¢ ¦ãà−�«¥ ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û

†ãà−�« ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û ¯ã¡«¨ªã¥â â¥®à¥â¨ç¥áª¨¥, ®¡§®à−ë¥
¨ ¤¨áªãáá¨®−−ë¥ áâ�âì¨, ¯®á¢ïé¥−−ë¥ −�ãç−ë¬ ¨áá«¥¤®¢�−¨ï¬ ¨ à�§à�¡®âª�¬ ¢ ®¡«�áâ¨
¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨©.

†ãà−�« ¨§¤�¥âáï −� àãááª®¬ ï§ëª¥. �® á¯¥æ¨�«ì−®¬ã à¥è¥−¨î à¥¤ª®««¥£¨¨
®â¤¥«ì−ë¥ áâ�âì¨ ¬®£ãâ ¯¥ç�â�âìáï −� �−£«¨©áª®¬ ï§ëª¥.

’¥¬�â¨ª� ¦ãà−�«� ®å¢�âë¢�¥â á«¥¤ãîé¨¥ −�¯à�¢«¥−¨ï:

{ ¨−ä®à¬�æ¨®−−®-â¥«¥ª®¬¬ã−¨ª�æ¨®−−ë¥ á¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨å ¯®áâà®¥−¨ï;

{ �àå¨â¥ªâãà� ¨ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¢ëç¨á«¨â¥«ì−ëå ¬�è¨−, ª®¬¯«¥ªá®¢ ¨ á¥-
â¥©;

{ ¬¥â®¤ë ¨ áà¥¤áâ¢� §�é¨âë ¨−ä®à¬�æ¨¨.

1. ‚ ¦ãà−�«¥ ¯¥ç�â�îâáï áâ�âì¨, á®¤¥à¦�é¨¥ à¥§ã«ìâ�âë, à�−¥¥ −¥ ®¯ã¡«¨ª®¢�−−ë¥
¨ −¥ ¯à¥¤−�§−�ç¥−−ë¥ ª ®¤−®¢à¥¬¥−−®© ¯ã¡«¨ª�æ¨¨ ¢ ¤àã£¨å ¨§¤�−¨ïå.

�ã¡«¨ª�æ¨ï ¯à¥¤®áâ�¢«¥−−®© �¢â®à®¬(�¬¨) àãª®¯¨á¨ −¥ ¤®«¦−� −�àãè�âì ¯®«®¦¥-
−¨© £«�¢ 69, 70 à�§¤¥«� VII ç�áâ¨ IV ƒà�¦¤�−áª®£® ª®¤¥ªá�, ª®â®àë¥ ®¯à¥¤¥«ïîâ
¯à�¢� −� à¥§ã«ìâ�âë ¨−â¥««¥ªâã�«ì−®© ¤¥ïâ¥«ì−®áâ¨ ¨ áà¥¤áâ¢� ¨−¤¨¢¨¤ã�«¨§�æ¨¨,
¢ â®¬ ç¨á«¥ �¢â®àáª¨¥ ¯à�¢�, ¢ ÷”.

�â¢¥âáâ¢¥−−®áâì §� −�àãè¥−¨¥ �¢â®àáª¨å ¯à�¢, ¢ á«ãç�¥ ¯à¥¤êï¢«¥−¨ï ¯à¥â¥−§¨©
ª à¥¤�ªæ¨¨ ¦ãà−�«�, −¥áãâ �¢â®àë áâ�â¥©.

��¯à�¢«ïï àãª®¯¨áì ¢ à¥¤�ªæ¨î, �¢â®àë á®åà�−ïîâ á¢®¨ ¯à�¢� −� ¤�−−ãî àãª®-
¯¨áì ¨ ¯à¨ íâ®¬ ¯¥à¥¤�îâ ãçà¥¤¨â¥«ï¬ ¨ à¥¤ª®««¥£¨¨ ¦ãà−�«� −¥¨áª«îç¨â¥«ì−ë¥
¯à�¢� −� ¨§¤�−¨¥ áâ�âì¨ −� àãááª®¬ ï§ëª¥ (¨«¨ −� ï§ëª¥ áâ�âì¨, ¥á«¨ ®− ®â«¨ç¥−
®â àãááª®£®) ¨ −� ¯¥à¥¢®¤ ¥¥ −� �−£«¨©áª¨© ï§ëª, � â�ª¦¥ −� ¥¥ à�á¯à®áâà�-
−¥−¨¥ ¢ ÷®áá¨¨ ¨ §� àã¡¥¦®¬. Š�¦¤ë© �¢â®à ¤®«¦¥− ¯à¥¤áâ�¢¨âì ¢ à¥¤�ªæ¨î
¯®¤¯¨á�−−ë© á ¥£® áâ®à®−ë ú‹¨æ¥−§¨®−−ë© ¤®£®¢®à ® ¯¥à¥¤�ç¥ −¥¨áª«îç¨â¥«ì-
−ëå ¯à�¢ −� ¨á¯®«ì§®¢�−¨¥ ¯à®¨§¢¥¤¥−¨ïû, â¥ªáâ ª®â®à®£® à�§¬¥é¥− ¯® �¤à¥áã
http://www.ipiran.ru/publications/licence.doc. �â®â ¤®£®¢®à ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢-
«¥− ¢ ¡ã¬�¦−®¬ (¢ 2-å íª§.) ¨«¨ ¢ í«¥ªâà®−−®¬ ¢¨¤¥ (®âáª�−¨à®¢�−−�ï ª®¯¨ï
§�¯®«−¥−−®£® ¨ ¯®¤¯¨á�−−®£® ¤®ªã¬¥−â�).

÷¥¤ª®««¥£¨ï ¢¯à�¢¥ §�¯à®á¨âì ã �¢â®à®¢ íªá¯¥àâ−®¥ §�ª«îç¥−¨¥ ® ¢®§¬®¦−®áâ¨
¯ã¡«¨ª�æ¨¨ ¯à¥¤áâ�¢«¥−−®© áâ�âì¨ ¢ ®âªàëâ®© ¯¥ç�â¨.

2. Š áâ�âì¥ ¯à¨«�£�îâáï ¤�−−ë¥ �¢â®à� (�¢â®à®¢) (á¬. ¯. 8). �à¨ −�«¨ç¨¨ −¥áª®«ìª¨å
�¢â®à®¢ ãª�§ë¢�¥âáï ä�¬¨«¨ï �¢â®à�, ®â¢¥âáâ¢¥−−®£® §� ¯¥à¥¯¨áªã á à¥¤�ªæ¨¥©.

3. ÷¥¤�ªæ¨ï ¦ãà−�«� ®áãé¥áâ¢«ï¥â íªá¯¥àâ¨§ã ¯à¨á«�−−ëå áâ�â¥© ¢ á®®â¢¥âáâ¢¨¨
á ¯à¨−ïâ®© ¢ ¦ãà−�«¥ ¯à®æ¥¤ãà®© à¥æ¥−§¨à®¢�−¨ï.

‚®§¢à�é¥−¨¥ àãª®¯¨á¨ −� ¤®à�¡®âªã −¥ ®§−�ç�¥â ¥¥ ¯à¨−ïâ¨ï ª ¯¥ç�â¨.

„®à�¡®â�−−ë© ¢�à¨�−â á ®â¢¥â®¬ −� §�¬¥ç�−¨ï à¥æ¥−§¥−â� −¥®¡å®¤¨¬® ¯à¨á«�âì
¢ à¥¤�ªæ¨î.

4. ÷¥è¥−¨¥ à¥¤ª®««¥£¨¨ ® ¯ã¡«¨ª�æ¨¨ áâ�âì¨ ¨«¨ ¥¥ ®âª«®−¥−¨¨ á®®¡é�¥âáï �¢â®à�¬.

÷¥¤ª®««¥£¨ï ¬®¦¥â â�ª¦¥ −�¯à�¢¨âì �¢â®à�¬ â¥ªáâ à¥æ¥−§¨¨ −� ¨å áâ�âìî. „¨áªãá-
á¨ï ¯® ¯®¢®¤ã ®âª«®−¥−−ëå áâ�â¥© −¥ ¢¥¤¥âáï.
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�à�¢¨«� ¯®¤£®â®¢ª¨ àãª®¯¨á¥© áâ�â¥©

5. ÷¥¤�ªâãà� áâ�â¥© ¢ëáë«�¥âáï �¢â®à�¬ ¤«ï ¯à®á¬®âà�. ‡�¬¥ç�−¨ï ª à¥¤�ªâãà¥ ¤®«¦-
−ë ¡ëâì ¯à¨á«�−ë �¢â®à�¬¨ ¢ ªà�âç�©è¨¥ áà®ª¨.

6. ÷ãª®¯¨áì ¯à¥¤®áâ�¢«ï¥âáï ¢ í«¥ªâà®−−®¬ ¢¨¤¥ ¢ ä®à¬�â�å MS WORD (.doc ¨«¨
.docx) ¨«¨ LATEX (.tex), ¤®¯®«−¨â¥«ì−® | ¢ ä®à¬�â¥ .pdf, −� ¤¨áª¥â¥, «�§¥à−®¬
¤¨áª¥ ¨«¨ í«¥ªâà®−−®© ¯®çâ®©. �à¥¤®áâ�¢«¥−¨¥ ¡ã¬�¦−®© àãª®¯¨á¨ −¥®¡ï§�â¥«ì−®.

7. �à¨ ¯®¤£®â®¢ª¥ àãª®¯¨á¨ ¢ MS Word à¥ª®¬¥−¤ã¥âáï ¨á¯®«ì§®¢�âì á«¥¤ãîé¨¥
−�áâà®©ª¨.

��à�¬¥âàë áâà�−¨æë: ä®à¬�â | �4; ®à¨¥−â�æ¨ï | ª−¨¦−�ï; ¯®«ï (á¬): ¢−ãâà¨ |
2,5, á−�àã¦¨ | 1,5, á¢¥àåã ¨ á−¨§ã | 2, ®â ªà�ï ¤® −¨¦−¥£® ª®«®−â¨âã«� | 1,3.

�á−®¢−®© â¥ªáâ: áâ¨«ì | ú�¡ëç−ë©û, èà¨äâ | Times New Roman, à�§¬¥à |
14 ¯ã−ªâ®¢, �¡§�æ−ë© ®âáâã¯ | 0,5 á¬, 1,5 ¨−â¥à¢�«�, ¢ëà�¢−¨¢�−¨¥ | ¯® è¨à¨−¥.

÷¥ª®¬¥−¤ã¥¬ë© ®¡ê¥¬ àãª®¯¨á¨ | −¥ á¢ëè¥ 10 áâà�−¨æ ãª�§�−−®£® ä®à¬�â�.
�à¨ ¯à¥¢ëè¥−¨¨ ãª�§�−−®£® ®¡ê¥¬� à¥¤ª®««¥£¨ï ¢¯à�¢¥ ¯®âà¥¡®¢�âì ®â �¢â®à�
á®ªà�é¥−¨ï ®¡ê¥¬� àãª®¯¨á¨.

‘®ªà�é¥−¨ï á«®¢, ¯®¬¨¬® áâ�−¤�àâ−ëå, −¥ ¤®¯ãáª�îâáï. „®¯ãáª�¥âáï ¬¨−¨¬�«ì−®¥
ª®«¨ç¥áâ¢® �¡¡à¥¢¨�âãà.

‚á¥ áâà�−¨æë àãª®¯¨á¨ −ã¬¥àãîâáï.

˜�¡«®−ë ®ä®à¬«¥−¨ï ¯à¥¤áâ�¢«¥−ë ¢ ¨−â¥à−¥â¥:

http://www.ipiran.ru/journal/template iiep ssi 2024.zip

8. ‘â�âìï ¤®«¦−� á®¤¥à¦�âì á«¥¤ãîéãî ¨−ä®à¬�æ¨î −� àãááª®¬ ¨ �−£«¨©áª®¬
ï§ëª�å:

{ −�§¢�−¨¥ áâ�âì¨;
{ ”.ˆ.�. �¢â®à®¢, −� �−£«¨©áª®¬ ¬®¦−® â®«ìª® ¨¬ï ¨ ä�¬¨«¨î;
{ ¬¥áâ® à�¡®âë, á ãª�§�−¨¥¬ £®à®¤� ¨ áâà�−ë ¨ í«¥ªâà®−−®£® �¤à¥á� ª�¦¤®£®

�¢â®à�;
{ á¢¥¤¥−¨ï ®¡ �¢â®à�å, ¢ á®®â¢¥âáâ¢¨¨ á ä®à¬�â®¬, ®¡à�§æë ª®â®à®£® ¯à¥¤áâ�¢«¥−ë

−� áâà�−¨æ�å:
http://www.ipiran.ru/journal/collected/2019 29 03 rus/authors.asp ¨
http://www.ipiran.ru/journal/collected/2019 29 03 eng/authors.asp;

{ �−−®â�æ¨ï (−¥ ¬¥−¥¥ 100 á«®¢ −� ª�¦¤®¬ ¨§ ï§ëª®¢). �−−®â�æ¨ï | íâ® ªà�âª®¥
à¥§î¬¥ à�¡®âë, ª®â®à®¥ ¬®¦¥â ¯ã¡«¨ª®¢�âìáï ®â¤¥«ì−®. �−� ï¢«ï¥âáï ®á−®¢-
−ë¬ ¨áâ®ç−¨ª®¬ ¨−ä®à¬�æ¨¨ ¢ ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬�å ¨ ¡�§�å ¤�−−ëå.
�−£«¨©áª�ï �−−®â�æ¨ï ¤®«¦−� ¡ëâì ®à¨£¨−�«ì−®©, ¬®¦¥â −¥ ¡ëâì ¤®á«®¢−ë¬
¯¥à¥¢®¤®¬ àãááª®£® â¥ªáâ� ¨ ¤®«¦−� ¡ëâì −�¯¨á�−� å®à®è¨¬ �−£«¨©áª¨¬ ï§ë-
ª®¬. ‚ �−−®â�æ¨¨ −¥ ¤®«¦−® ¡ëâì ááë«®ª −� «¨â¥à�âãàã ¨, ¯® ¢®§¬®¦−®áâ¨,
ä®à¬ã«;

{ ª«îç¥¢ë¥ á«®¢� | ¦¥«�â¥«ì−® ¨§ ¯à¨−ïâëå ¢ ¬¨à®¢®© −�ãç−®-â¥å−¨ç¥áª®©
«¨â¥à�âãà¥ â¥¬�â¨ç¥áª¨å â¥§�ãàãá®¢. �à¥¤«®¦¥−¨ï −¥ ¬®£ãâ ¡ëâì ª«îç¥¢ë¬¨
á«®¢�¬¨.

{ ¨áâ®ç−¨ª¨ ä¨−�−á¨à®¢�−¨ï à�¡®âë (ááë«ª¬ −� £à�−âë, ¯à®¥ªâë, ¯®¤¤¥à¦¨¢�-
îé¨¥ ®à£�−¨§�æ¨¨ ¨ â. ¯.

9. ’à¥¡®¢�−¨ï ª á¯¨áª�¬ «¨â¥à�âãàë.
‘áë«ª¨ −� «¨â¥à�âãàã ¢ â¥ªáâ¥ áâ�âì¨ −ã¬¥àãîâáï (¢ ª¢�¤à�â−ëå áª®¡ª�å) ¨ à�á¯®-
«�£�îâáï ¢ ª�¦¤®¬ ¨§ á¯¨áª®¢ «¨â¥à�âãàë ¢ ¯®àï¤ª¥ ¯¥à¢ëå ã¯®¬¨−�−¨©.
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‘¯¨áª¨ «¨â¥à�âãàë ¯à¥¤áâ�¢«ïîâáï ¢ ¤¢ãå ¢�à¨�−â�å:

(1) ‘¯¨á®ª «¨â¥à�âãàë ª àãááª®ï§ëç−®© ç�áâ¨. ÷ãááª¨¥ ¨ �−£«¨©áª¨¥ à�¡®âë |
−� ï§ëª¥ ¨ ¢ �«ä�¢¨â¥ ®à¨£¨−�«�.

(2) References. ÷ãááª¨¥ à�¡®âë ¨ à�¡®âë −� ¤àã£¨å ï§ëª�å | ¢ «�â¨−áª®© âà�−á-
«¨â¥à�æ¨¨ á ¯¥à¥¢®¤®¬ −� �−£«¨©áª¨© ï§ëª; �−£«¨©áª¨¥ à�¡®âë ¨ à�¡®âë −�
¤àã£¨å ï§ëª�å | −� ï§ëª¥ ®à¨£¨−�«�.

�¥®¡å®¤¨¬® ¤«ï á®áâ�¢«¥−¨ï á¯¨áª� \References" ¯®«ì§®¢�âìáï à�§¬¥é¥−−®© −�
á�©â¥ http://www.translit.net/ru/bgn/ ¡¥á¯«�â−®© ¯à®£à�¬¬®© âà�−á«¨â¥à�æ¨¨ àãá-
áª®£® â¥ªáâ� ¢ «�â¨−¨æã.

‘¯¨á®ª «¨â¥à�âãàë \References" ¯à¨¢®¤¨âáï ¯®«−®áâìî ®â¤¥«ì−ë¬ ¡«®ª®¬, ¯®¢â®-
àïï ¢á¥ ¯®§¨æ¨¨ ¨§ á¯¨áª� «¨â¥à�âãàë ª àãááª®ï§ëç−®© ç�áâ¨, −¥§�¢¨á¨¬® ®â â®£®,
¨¬¥îâáï ¨«¨ −¥â ¢ −¥¬ ¨−®áâà�−−ë¥ ¨áâ®ç−¨ª¨. …á«¨ ¢ á¯¨áª¥ «¨â¥à�âãàë ª àãááª®-
ï§ëç−®© ç�áâ¨ ¥áâì ááë«ª¨ −� ¨−®áâà�−−ë¥ ¯ã¡«¨ª�æ¨¨, −�¡à�−−ë¥ «�â¨−¨æ¥©, ®−¨
¯®«−®áâìî ¯®¢â®àïîâáï ¢ á¯¨áª¥ \References".

�à¨¬¥àë ááë«®ª −� à�§«¨ç−ë¥ ¢¨¤ë ¯ã¡«¨ª�æ¨© ¢ á¯¨áª¥ \References":

�¯¨á�−¨¥ áâ�âì¨ ¨§ ¦ãà−�«�:

Zhang, Z., and D. Zhu. 2008. Experimental research on the localized electro-
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�¯¨á�−¨¥ ¬�â¥à¨�«®¢ ª®−ä¥à¥−æ¨©:

Usmanov, T. S., A. A. Gusmanov, I. Z. Mullagalin, R. Ju. Muhametshina,
A. N. Chervyakova, and A. V. Sveshnikov. 2007. Osobennosti proektirovaniya
razrabotki mestorozhdeniy s primeneniem gidrorazryva plasta [Features of the design of
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Simpoziuma \Novye resursosberegayushchie tekhnologii nedropol'zovaniya i povyshe-
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267{272.
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�¯¨á�−¨¥ ¯¥à¥¢®¤−®© ª−¨£¨ (¢ á¯¨áª¥ «¨â¥à�âãàë ª àãááª®ï§ëç−®© ç�áâ¨ −¥®¡å®-
¤¨¬® ãª�§�âì: / �¥à. á �−£«. | ¯®á«¥ −�§¢�−¨ï ª−¨£¨, � ¢ ª®−æ¥ ááë«ª¨ ãª�§�âì
®à¨£¨−�« ª−¨£¨ ¢ ªàã£«ëå áª®¡ª�å):
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to Journal \Systems and Means of Informatics"

Journal \Systems and Means of Informatics" publishes theoretical, review, and discussion
articles on the research and development in the field of information technology.

The journal is published in Russian. By a special decision of the editorial board, some
articles can be published in English.

Topics covered include the following areas:
{ information and communication systems and tools of their design;
{ architecture and software of computational complexes and networks; and
{ methods and tools of information protection.

1. The Journal publishes original articles which have not been published before and are
not intended for simultaneous publication in other editions. An article submitted to the
Journal must not violate the Copyright law. Sending the manuscript to the Editorial
Board, the authors retain all rights of the owners of the manuscript and transfer the
nonexclusive rights to publish the article in Russian (or the language of the article, if
not Russian) and its distribution in Russia and abroad to the Founders and the Editorial
Board. Authors should submit a letter to the Editorial Board in the following form:

Agreement on the transfer of rights to publish:

\We, the undersigned authors of the manuscript \. . . ," pass to the Founder and the
Editorial Board of the Journal \Systems and Means of Informatics" the nonexclusive
right to publish the manuscript of the article in Russian (or in English) in both
print and electronic versions of the Journal. We affirm that this publication does not
violate the Copyright of other persons or organizations.

Author(s) signature(s): (name(s), address(es), date)."

This agreement should be submitted in paper form or in the form of a scanned copy
(signed by the authors).

The Editorial Board has the right to request from the authors an official expert conclu-
sion that the submitted article has no classified data prohibited for publication.

2. A submitted article should be attached with the data on the author(s) (see item 8). If
there are several authors, the contact person should be indicated who is responsible for
correspondence with the Editorial Board and other authors about revisions and final
approval of the proofs.

3. The Editorial Board of the Journal examines the article according to the established
reviewing procedure. If authors receive their article for correction after reviewing, it
does not mean that the article is approved to be published. The corrected article should
be sent to the Editorial Board for the subsequent review and approval.

4. The decision on the article publication or its rejection is communicated to the authors.
The Editorial Board may also send the reviews on the submitted articles to the authors.
Any discussion upon the rejected articles is not possible.

5. The edited articles will be sent to the authors for proofread. The comments of the
authors to the edited text of the article should be sent to the Editorial Board as soon as
possible.

6. The manuscript of the article should be presented electronically in the MS WORD (.doc
or .docx) or LATEX (.tex) formats, and additionally in the .pdf format. All documents
may be sent by e-mail or provided on a CD or diskette. A hard copy submission is not
necessary.
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7. The recommended typesetting instructions for manuscript.

Pages parameters: format A4, portrait orientation, document margins (cm): left | 2.5,
right | 1.5, above | 2.0, below | 2.0, footer 1.3.

Text: font |Times New Roman, font size | 14, paragraph indent | 0.5, line
spacing | 1.5, justified alignment.

The recommended manuscript size: not more than 10 pages of the specified format. If
the specified size exceeded, the editorial board is entitled to require the author to reduce
the manuscript.

Use only standard abbreviations. Avoid abbreviations in the title and abstract. The full
term for which an abbreviation stands should precede its first use in the text unless it is
a standard unit of measurement.

All pages of the manuscript should be numbered.

The templates for the manuscript typesetting are presented on site:

http://www.ipiran.ru/journal/template iiep ssi 2024.zip

8. Articles should enclose data both in Russian and English:
{ title;
{ author's name and surname;
{ affiliation | organization, its address with ZIP code, city, country, and official

e-mail address;
{ data on authors according to the format (see site):

http://www.ipiran.ru/journal/collected/2019 29 03 rus/authors.asp and

http://www.ipiran.ru/journal/collected/2019 29 03 eng/authors.asp;
{ abstract (not less than 100 words) both in Russian and in English. Abstract is

a short summary of the article that can be published separately. The abstract is
the main source of information on the article and it could be included in leading
information systems and data bases. The abstract in English has to be an original
text and should not be an exact translation of the Russian one. Good English is
required. In abstracts, avoid references and formulae.

{ Indexing is performed on the basis of keywords. The use of keywords from the
internationally accepted thematic Thesauri is recommended.

Important! Keywords must not be sentences.
{ Acknowledgments.

9. References. Russian references have to be presented both in English translation and in
Latin transliteration (refer http://www.translit.net/ru/bgn/).

Please take into account the following examples of Russian references appearance:

Article in journal:

Zhang, Z., and D. Zhu. 2008. Experimental research on the localized electro-
chemical micromachining. Russ. J. Electrochem. 44(8):926{930. doi:10.1134/
S1023193508080077.

Journal article in electronic format:

Swaminathan, V., E. Lepkoswka-White, and B. P. Rao. 1999. Browsers or
buyers in cyberspace? An investigation of electronic factors influencing electronic
exchange. JCMC 5(2). Available at: http://www.ascusc.org/jcmc/vol5/issue2/
(accessed April 28, 2011).
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Conference proceedings:

Usmanov, T. S., A. A. Gusmanov, I. Z. Mullagalin, R. Ju. Muhametshina,
A. N. Chervyakova, and A. V. Sveshnikov. 2007. Osobennosti proektirovaniya
razrabotki mestorozhdeniy s primeneniem gidrorazryva plasta [Features of the design of
field development with the use of hydraulic fracturing]. Trudy 6-go Mezhdunarodnogo
Simpoziuma \Novye resursosberegayushchie tekhnologii nedropol'zovaniya i povyshe-
niya neftegazootdachi" [6th Symposium (International) \New Energy Saving Subsoil
Technologies and the Increasing of the Oil and Gas Impact" Proceedings]. Moscow.
267{272.

Books and other monographs:

Lindorf, L. S., and L. G. Mamikoniants, eds. 1972. Ekspluatatsiya turbogenera-
torov s neposredstvennym okhlazhdeniem [Operation of turbine generators with direct
cooling]. Moscow: Energy Publs. 352 p.

Dissertation and Thesis:

Kozhunova, O. S. 2009. Tekhnologiya razrabotki semanticheskogo slovarya informat-
sionnogo monitoringa [Technology of development of semantic dictionary of information
monitoring system]. Moscow: IPI RAN. PhD Thesis. 23 p.

State standards and patents:

GOST 8.586.5-2005. 2007. Metodika vypolneniya izmereniy. Izmerenie raskhoda
i kolichestva zhidkostey i gazov s pomoshch'yu standartnykh suzhayushchikh ustroystv
[Method of measurement. Measurement of flow rate and volume of liquids and gases by
means of orifice devices]. M.: Standardinform Publs. 10 p.

Bolshakov, M. V., A. V. Kulakov, A. N. Lavrenov, and M. V. Palkin. 2006. Sposob
orientirovaniya po krenu letatel'nogo apparata s opticheskoy golovkoy samonavedeniya
[The way to orient on the roll of aircraft with optical homing head]. Patent RF
No. 2280590.

References in Latin transcription are presented in the original language.

References in the text are numbered according to the order of their first appearance;
the number is placed in square brackets. All items from the reference list should be cited.

10. Manuscripts and additional materials are not returned to Authors by the Editorial
Board.

11. Submissions of files by e-mail must include:
{ the journal title and author's name in the \Subject" field;
{ the article title, authors' names, and the journal title, whereto the paper is being

submitted, in the text of the e-mail;
{ an article and additional materials have to be attached using the \attach" function;
{ an electronic version of the article should contain the file with the text and a sepa-

rate file with figures.
12. \System and Means of Informatics" journal is not a profit publication. There are no

charges for the authors as well as there are no royalties.

Editorial Board address:
FRC CSC RAS, 44, block 2, Vavilov Str., Moscow 119333, Russia

Ph.: +7 (499) 135 86 92, Fax: +7 (495) 930 45 05
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