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МОДЕЛИ СОГЛАСОВАНИЯ СКРЫТОГО ПРОСТРАНСТВА
В ЗАДАЧЕ ПРОГНОЗИРОВАНИЯ∗

Ф. Р. Яушев1, Р. В. Исаченко2, В. В. Стрижов3

�−−®â�æ¨ï: ˆáá«¥¤ã¥âáï §�¤�ç� ¯à®£−®§¨à®¢�−¨ï á«®¦−®© æ¥«¥¢®© ¯¥à¥¬¥−-
−®©. �®¤ á«®¦−®áâìî ¯®¤à�§ã¬¥¢�¥âáï −�«¨ç¨¥ §�¢¨á¨¬®áâ¥©, «¨−¥©−ëå ¨«¨
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çâ® ¯à®áâà�−áâ¢� −¥§�¢¨á¨¬®© ¨ æ¥«¥¢®© ¯¥à¥¬¥−−ëå ¨¬¥îâ à�§−ãî ¯à¨-
à®¤ã. �à¥¤«�£�¥âáï ¯®áâà®¨âì ¯à¥¤áª�§�â¥«ì−ãî ¬®¤¥«ì, ª®â®à�ï ãç¨âë¢�¥â
§�¢¨á¨¬®áâì ¢ ¨áå®¤−®¬ ¯à®áâà�−áâ¢¥ −¥§�¢¨á¨¬®© ¯¥à¥¬¥−−®©, � â�ª¦¥ ¢ ¯à®-
áâà�−áâ¢¥ æ¥«¥¢®© ¯¥à¥¬¥−−®©. ‘®£«�á®¢�−¨¥ ¬®¤¥«¥© ¯à¥¤«�£�¥âáï ¯à®¢®¤¨âì
¢ −¨§ª®à�§¬¥à−®¬ ¯à®áâà�−áâ¢¥. ‚ ª�ç¥áâ¢¥ ¡�§®¢®£® �«£®à¨â¬� ¨á¯®«ì§ã¥âáï
¬¥â®¤ ¯à®¥ªæ¨¨ ¢ áªàëâ®¥ ¯à®áâà�−áâ¢® (PLS | projection to latent space).
‚ à�¡®â¥ ¯à®¢®¤¨âáï áà�¢−¥−¨¥ «¨−¥©−®£® PLS ¨ ¯à¥¤«®¦¥−−ëå −¥«¨−¥©−ëå
¬®¤¥«¥©. ‘à�¢−¥−¨¥ ¯à®¢®¤¨âáï −� £¥â¥à®£¥−−ëå ¤�−−ëå ¢ ¯à®áâà�−áâ¢�å
¢ëá®ª®© à�§¬¥à−®áâ¨.

Š«îç¥¢ë¥ á«®¢�: ¯à®£−®§¨à®¢�−¨¥; ¬®¤¥«ì ç�áâ¨ç−ëå −�¨¬¥−ìè¨å ª¢�¤à�-
â®¢; §�¤�ç� ¢®ááâ�−®¢«¥−¨ï; á®£«�á®¢�−¨¥ áªàëâ®£® ¯à®áâà�−áâ¢�

DOI: 10.14357/08696527210101

1 Введение

‚ ¤�−−®© à�¡®â¥ à¥è�¥âáï §�¤�ç� ¯à®£−®§¨à®¢�−¨ï æ¥«¥¢®© ¯¥à¥¬¥−−®© á −�-
«¨ç¨¥¬ §�¢¨á¨¬®áâ¥©. ’àã¤−®áâì §�¤�ç¨ ¢ â®¬, çâ® ¨áå®¤−ë¥ ¤�−−ë¥ ¨¬¥îâ
¢ëá®ªãî à�§¬¥à−®áâì ¨ ¢ ¯à®áâà�−áâ¢�å æ¥«¥¢®© ¨ −¥§�¢¨á¨¬®© ¯¥à¥¬¥−−ëå ¥áâì
áªàëâë¥ §�¢¨á¨¬®áâ¨. —à¥§¬¥à−® ¢ëá®ª�ï à�§¬¥à−®áâì ¯à®áâà�−áâ¢ ¨ −�¡«î-
¤�¥¬�ï ¬−®¦¥áâ¢¥−−�ï ª®àà¥«ïæ¨ï ¯à¨¢®¤ïâ ª −¥ãáâ®©ç¨¢®áâ¨ ¯à®£−®áâ¨ç¥áª®©
¬®¤¥«¨. „«ï à¥è¥−¨ï §�¤�ç¨ ¯à¥¤«�£�¥âáï ¯®áâà®¨âì ¬®¤¥«ì, ª®â®à�ï ¡ë ãç¨âë-
¢�«� ®¡¥ íâ¨ §�¢¨á¨¬®áâ¨. �−� ¯¥à¥¢®¤¨â ¤�−−ë¥ ¢ −¨§ª®à�§¬¥à−ë¥ ¯à®áâà�−áâ¢�,
¨ á®£«�á®¢�−¨¥ ¤�−−ëå ¯à®¨áå®¤¨â ¢ ¯®«ãç¥−−®¬ áªàëâ®¬ ¯à®áâà�−áâ¢¥.

∗Câ�âìï á®¤¥à¦¨â à¥§ã«ìâ�âë ¯à®¥ªâ� úŒ�â¥¬�â¨ç¥áª¨¥ ¬¥â®¤ë ¨−â¥««¥ªâã�«ì−®£® �−�«¨§�
¡®«ìè¨å ¤�−−ëåû, ¢ë¯®«−ï¥¬®£® ¢ à�¬ª�å à¥�«¨§�æ¨¨ ¯à®£à�¬¬ë –¥−âà� ª®¬¯¥â¥−æ¨© ��æ¨®-
−�«ì−®© â¥å−®«®£¨ç¥áª®© ¨−¨æ¨�â¨¢ë ú–¥−âà åà�−¥−¨ï ¨ �−�«¨§� ¡®«ìè¨å ¤�−−ëåû, ¯®¤¤¥à¦¨¢�-
¥¬®£® Œ¨−¨áâ¥àáâ¢®¬ −�ãª¨ ¨ ¢ëáè¥£® ®¡à�§®¢�−¨ï ÷®áá¨©áª®© ”¥¤¥à�æ¨¨ ¯® ¤®£®¢®àã Œƒ“ ¨¬.
Œ. ‚. ‹®¬®−®á®¢� á ”®−¤®¬ ¯®¤¤¥à¦ª¨ ¯à®¥ªâ®¢ ��æ¨®−�«ì−®© â¥å−®«®£¨ç¥áª®© ¨−¨æ¨�â¨¢ë ®â
11.12.2018 ü 13/1251/2018. ÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâë 19-07-01155
¨ 19-07-00885).

1Œ®áª®¢áª¨© ä¨§¨ª®-â¥å−¨ç¥áª¨© ¨−áâ¨âãâ, fyaush@mail.ru
2Œ®áª®¢áª¨© ä¨§¨ª®-â¥å−¨ç¥áª¨© ¨−áâ¨âãâ, roman.isachenko@phystech.edu
3‚ëç¨á«¨â¥«ì−ë© æ¥−âà ¨¬. �. �. „®à®¤−¨æë−� ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà�

úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª; Œ®áª®¢áª¨© ä¨§¨ª®-â¥å−¨ç¥áª¨©
¨−áâ¨âãâ, strijov@phystech.edu
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Œ®¤¥«¨ á®£«�á®¢�−¨ï áªàëâ®£® ¯à®áâà�−áâ¢� ¢ §�¤�ç¥ ¯à®£−®§¨à®¢�−¨ï

Œ¥â®¤ ¯à®¥ªæ¨¨ ¢ áªàëâ®¥ ¯à®áâà�−áâ¢® (PLS) [1, 2] ¢®ááâ�−�¢«¨¢�¥â §�¢¨-
á¨¬®áâ¨ ¬¥¦¤ã ¤¢ã¬ï −�¡®à�¬¨ ¤�−−ëå. �− ¯à¨¬¥−ï¥âáï ¢ ¡¨®¨−ä®à¬�â¨ª¥,
¬¥¤¨æ¨−¥, á®æ¨�«ì−ëå −�ãª�å [3{6]. �«£®à¨â¬ PLS áâà®¨â ¬�âà¨æã á®¢¬¥áâ−®£®
®¯¨á�−¨ï ¯à¨§−�ª®¢ ¨ æ¥«¥¢®© ¯¥à¥¬¥−−®©. �®«ãç¥−−®¥ ¯à®áâà�−áâ¢® ï¢«ï¥â-
áï −¨§ª®à�§¬¥à−ë¬. �â® ¯®§¢®«ï¥â ¯®«ãç¨âì ¯à®áâãî, â®ç−ãî ¨ ãáâ®©ç¨¢ãî
¯à®£−®áâ¨ç¥áªãî ¬®¤¥«ì. ��àï¤ã á PLS ¨á¯®«ì§ã¥âáï ¬¥â®¤ ª�−®−¨ç¥áª®£®
�−�«¨§� ª®àà¥«ïæ¨© (Canonical Correlation Analysis, CCA) [7]. Œ¥â®¤ ‘‘�
¯à¨¬¥−ï¥âáï ¤«ï ¯®¨áª� §�¢¨á¨¬®áâ¥© ¬¥¦¤ã ¤¢ã¬ï −�¡®à�¬¨ ¤�−−ëå ¨ ¯®«ã-
ç¥−¨ï ¨å −¨§ª®à�§¬¥à−®£® ¯à¥¤áâ�¢«¥−¨ï [8, 9]. Œ¥â®¤ CCA ¬�ªá¨¬¨§¨àã¥â
ª®àà¥«ïæ¨¨, � ¬¥â®¤ PLS | ª®¢�à¨�æ¨¨. �¡§®à ¨ áà�¢−¥−¨¥ CCA ¨ PLS ¯à¨-
¢®¤¨âáï ¢ [1]. ‹¨−¥©−ë¥ ¬¥â®¤ë PLS ¨ CCA ¨£−®à¨àãîâ á«®¦−ë¥ −¥«¨−¥©−ë¥
§�¢¨á¨¬®áâ¨.

‡�¤�ç¨, ¢ ª®â®àëå ¬¥¦¤ã ¤�−−ë¬¨ áãé¥áâ¢ã¥â −¥«¨−¥©−�ï §�¢¨á¨¬®áâì,
®¯¨á�−ë ¢ à�¡®â¥ [2]. �¯¯à®ªá¨¬�æ¨ï íâ®© §�¢¨á¨¬®áâ¨ «¨−¥©−®© ¬®¤¥«ìî
PLS ¯à¨¢®¤¨â ª −¥ã¤®¢«¥â¢®à¨â¥«ì−ë¬ à¥§ã«ìâ�â�¬. ÷�§à�¡®â�−ë −¥«¨−¥©−ë¥
¬®¤¨ä¨ª�æ¨¨ PLS [10{12] ¨ ‘‘A [13, 14]. ��¯à¨¬¥à, ¬®¤¥«ì Deep CCA [14]
¯à¥®¡à�§ã¥â ¨áå®¤−ë¥ ¤�−−ë¥ á ¯®¬®éìî −¥©à®−−®© á¥â¨ â�ª¨¬ ®¡à�§®¬, çâ®
à¥§ã«ìâ¨àãîé¥¥ ¯à¥¤áâ�¢«¥−¨¥ áâ�−®¢¨âáï á®£«�á®¢�−−ë¬. Œ¥â®¤ Deep CCA
¨á¯®«ì§ã¥âáï ¤«ï £¥−¥à�æ¨¨ â¥ªáâ®¢®£® ®¯¨á�−¨ï ¯® ¨§®¡à�¦¥−¨ï¬ ¢ à�¡®â¥ [15].

‚ ¤�−−®© à�¡®â¥ ¨áá«¥¤ã¥âáï á«®¦−®áâì ¬®¤¥«¥© ¤«ï ¤�−−ëå á® á«®¦−®®à£�-
−¨§®¢�−−®© æ¥«¥¢®© ¯¥à¥¬¥−−®©. „«ï ãç¥â� §�¢¨á¨¬®áâ¥© ¢ æ¥«¥¢®¬ ¯à®áâà�−áâ¢¥
¨á¯®«ì§ãîâáï ¯à®¥ªæ¨¨ ¢ áªàëâ®¥ ¯à®áâà�−áâ¢® á ¯®¬®éìî ¬®¤¥«¥© PLS ¨ CCA.
‚ á«ãç�¥ −�«¨ç¨ï áãé¥áâ¢¥−−® −¥«¨−¥©−ëå §�¢¨á¨¬®áâ¥© ¬¥¦¤ã −¥§�¢¨á¨¬®©
¨ æ¥«¥¢®© ¯¥à¥¬¥−−ë¬¨ á«®¦−®áâì «¨−¥©−®© ¬®¤¥«¨ ®ª�§ë¢�¥âáï −¥¤®áâ�â®ç-
−®©. ‚ à�¡®â¥ ¯à¥¤«�£�îâáï ¬¥â®¤ë á®£«�á®¢�−¨ï ¯à®¥ªæ¨© ¤«ï −¥«¨−¥©−ëå
¬®¤¥«¥©.

‚ à�¡®â¥ ¯à®¢¥¤¥−ë ¤¢� íªá¯¥à¨¬¥−â�. �¥à¢ë© −�¯à�¢«¥− −� áà�¢−¥−¨¥
íää¥ªâ¨¢−®áâ¨ Deep CCA ¨ CCA −� §�¤�ç¥ ª«�áá¨ä¨ª�æ¨¨ §�èã¬«¥−−ëå æ¨ä-
à®¢ëå ¨§®¡à�¦¥−¨© MNIST [16]. ‚® ¢â®à®¬ íªá¯¥à¨¬¥−â¥ ¨á¯®«ì§ã¥âáï −�¡®à
¤�−−ëå, ¯®«ãç¥−−ë© ¤¥«¥−¨¥¬ ª�¦¤®£® ¨§®¡à�¦¥−¨ï ¨§ MNIST −� «¥¢ãî ¨ ¯à�-
¢ãî ç�áâ¨. �� §�¤�ç¥ à¥£à¥áá¨¨ ¯à�¢®© ç�áâ¨ ¨§®¡à�¦¥−¨ï ¯® «¥¢®© ¯à®¢®¤¨âáï
áà�¢−¥−¨¥ −¥«¨−¥©−ëå ¬®¤¥«¥© á ¯à¨¬¥−¥−¨¥¬ �¢â®í−ª®¤¥à®¢, ¬®¤¥«¥© ¡¥§ ¯à¥-
®¡à�§®¢�−¨ï ¤�−−ëå ¨ «¨−¥©−®£® PLS. �� ®á−®¢�−¨¨ ¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢
á¤¥«�− ¢ë¢®¤ ® â®ç−®áâ¨ ¨ á«®¦−®áâ¨ −¥«¨−¥©−ëå �«£®à¨â¬®¢ ¨ ® æ¥«¥á®®¡à�§-
−®áâ¨ ¨á¯®«ì§®¢�−¨ï â®© ¨«¨ ¨−®© ¬®¤¥«¨.

2 Постановка задачи

‡�¤�−� ¢ë¡®àª� (X,Y), £¤¥ X = [x1, . . . , xn]
T ∈ R

n×m | ¬�âà¨æ� −¥§�¢¨-
á¨¬ëå ¯¥à¥¬¥−−ëå; Y = [y1, . . . , yn]

T ∈ R
n×k | ¬�âà¨æ� æ¥«¥¢ëå ¯¥à¥¬¥−−ëå.

�à¥¤¯®«�£�¥âáï, çâ® ¬¥¦¤ãX ¨Y áãé¥áâ¢ã¥â §�¢¨á¨¬®áâì

Y = f(X) + ε, (1)
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£¤¥ f : R
n×m → R

n×k | äã−ªæ¨ï à¥£à¥áá¨®−−®© §�¢¨á¨¬®áâ¨; ε | ¬�âà¨æ�
à¥£à¥áá¨®−−ëå ®è¨¡®ª. �¥®¡å®¤¨¬® ¢®ááâ�−®¢¨âì §�¢¨á¨¬®áâì f ¯® §�¤�−−®©
¢ë¡®àª¥.

2.1 Линейная регрессия

�à¥¤¯®«®¦¨¬, çâ® §�¢¨á¨¬®áâì (1) «¨−¥©−�. ’à¥¡ã¥âáï −�©â¨ íâã §�¢¨á¨-
¬®áâì:

Y = f(X) + ε = XWT + ε,

£¤¥W ∈ R
k×m { ¬�âà¨æ� ¯�à�¬¥âà®¢ ¬®¤¥«¨.

�¯â¨¬�«ì−ë¥ ¯�à�¬¥âàë ®¯à¥¤¥«ïîâáï ¬¨−¨¬¨§�æ¨¥© äã−ªæ¨¨ ¯®â¥àì. ˆá-
¯®«ì§ã¥âáï ª¢�¤à�â¨ç−�ï äã−ªæ¨ï ¯®â¥àì

L(W|X,Y) =
∥∥∥∥ Yn×k − Xn×m · Wm×k

T

∥∥∥∥
2

2

→ min
W

. (2)

÷¥è¥−¨¥ §�¤�ç¨ (2) ¨¬¥¥â ¢¨¤:

W = YTX(XTX)−1.

‹¨−¥©−�ï §�¢¨á¨¬®áâì áâ®«¡æ®¢ ¬�âà¨æëX ¯à¨¢®¤¨â ª −¥ãáâ®©ç¨¢®áâ¨ à¥è¥−¨ï
§�¤�ç¨ ¬¨−¨¬¨§�æ¨¨ (2), â�ª ª�ª ¢ íâ®¬ á«ãç�¥ ¬�âà¨æ� XTX ï¢«ï¥âáï ¯«®å®
®¡ãá«®¢«¥−−®©. „«ï ¡®àì¡ë á «¨−¥©−®© §�¢¨á¨¬®áâìî ¨á¯®«ì§ãîâáï ¬¥â®¤ë
á−¨¦¥−¨ï à�§¬¥à−®áâ¨ ¯ãâ¥¬ ¯¥à¥å®¤� ¢ −¨§ª®à�§¬¥à−®¥ «�â¥−â−®¥ ¯à®áâà�−áâ¢®.

�¯à¥¤¥«¥−¨¥ 2.1. ��à�¬¥âà¨ç¥áª�ï äã−ªæ¨ï ϕ1 : R
n×m → R

n×p, ¯¥à¥¢®¤ïé�ï
¨áå®¤−ë¥ ¤�−−ë¥ ¢ «�â¥−â−®¥ ¯à®áâà�−áâ¢®, −�§ë¢�¥âáï äã−ªæ¨¥© ª®¤¨à®¢�−¨ï.

�¯à¥¤¥«¥−¨¥ 2.2. ”ã−ªæ¨ï ϕ2 : R
n×p → R

n×m, ¯¥à¥¢®¤ïé�ï ¤�−−ë¥ ¨§
«�â¥−â−®£® ¯à®áâà�−áâ¢� ¢ ¨áå®¤−®¥, −�§ë¢�¥âáï äã−ªæ¨¥© ¢®ááâ�−®¢«¥−¨ï.

�¯à¥¤¥«¥−¨¥ 2.3. ”ã−ªæ¨ï g : R
n×p × R

n×p → R, á¢ï§ë¢�îé�ï §�ª®−®-
¬¥à−®áâ¨ ¢ −¨§ª®à�§¬¥à−ëå «�â¥−â−ëå ¯à¥¤áâ�¢«¥−¨ïå, −�§ë¢�¥âáï äã−ªæ¨¥©
á®£«�á®¢�−¨ï.

�¯à¥¤¥«¥−¨¥ 2.4. ‘®£«�á®¢�−¨¥ | �«£®à¨â¬¨ç¥áª�ï ¯à®æ¥¤ãà� ¬�ªá¨¬¨§�æ¨¨
äã−ªæ¨¨ á®£«�á®¢�−¨ï.

2.2 Снижение размерности

Š®¬¬ãâ�â¨¢−�ï ¤¨�£à�¬¬� ¯à®æ¥¤ãàë ¢ë¡®à� ¯à®£−®áâ¨ç¥áª®© ¬®¤¥«¨ ¨¬¥¥â
¢¨¤
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Œ®¤¥«¨ á®£«�á®¢�−¨ï áªàëâ®£® ¯à®áâà�−áâ¢� ¢ §�¤�ç¥ ¯à®£−®§¨à®¢�−¨ï

£¤¥ ϕ1 : R
n×m → R

n×p | äã−ªæ¨ï ª®¤¨à®¢�−¨ï −¥§�¢¨á¨¬ëå ¯¥à¥¬¥−−ëå;
ψ1 : R

n×k → R
n×p | äã−ªæ¨ï ª®¤¨à®¢�−¨ï æ¥«¥¢ëå ¯¥à¥¬¥−−ëå; ϕ2 : R

n×p →
→ R

n×m | äã−ªæ¨ï ¢®ááâ�−®¢«¥−¨ï −¥§�¢¨á¨¬ëå ¯¥à¥¬¥−−ëå; ψ2 : R
n×p →

→ R
n×k | äã−ªæ¨ï ¢®ááâ�−®¢«¥−¨ï æ¥«¥¢ëå ¯¥à¥¬¥−−ëå; g : Rn×p × R

n×p →
→ R | äã−ªæ¨ï á®£«�á®¢�−¨ï. Œ�âà¨æë T = ϕ1(X) ∈ R

n×p ¨ U = ψ1(Y) ∈
∈ R

n×p ï¢«ïîâáï ¬�âà¨æ�¬¨ ¯à¥¤áâ�¢«¥−¨© ¤�−−ëå ¢ «�â¥−â−®¬ ¯à®áâà�−áâ¢¥
−¨§ª®© à�§¬¥à−®áâ¨.

�¯â¨¬�«ì−ë¥ ¯�à�¬¥âàë θ∗ϕ1 ¨ θ∗ψ1 ¤«ï äã−ªæ¨© ª®¤¨à®¢�−¨ï ϕ1 ¨ ψ1
−�å®¤ïâáï ¨§ á«¥¤ãîé¥© §�¤�ç¨ ¯�à�¬¥âà¨ç¥áª®© ®¯â¨¬¨§�æ¨¨:

(
θ∗ϕ1 , θ

∗
ψ1

)
= argmax
(θϕ1 ,θψ1 )

g (ϕ1(X; θϕ1), ψ1(Y; θψ1)) . (3)

’�ª ª�ª ¯�à�¬¥âàë äã−ªæ¨¨ ª®¤¨à®¢�−¨ï ¯®¤¡¨à�îâáï ¨§ ãá«®¢¨ï ¬�ªá¨-
¬¨§�æ¨¨ äã−ªæ¨¨ á®£«�á®¢�−¨ï (3), â® ¯®á«¥ ¯¥à¥å®¤� ¢ «�â¥−â−®¥ ¯à®áâà�−áâ¢®
¬¥¦¤ã T ¨U áãé¥áâ¢ã¥â §�¢¨á¨¬®áâì:

U = h(T) + η,

£¤¥ h : R
n×p → R

n×p | äã−ªæ¨ï à¥£à¥áá¨®−−®© §�¢¨á¨¬®áâ¨; η | ¬�âà¨æ�
à¥£à¥áá¨®−−ëå ®è¨¡®ª. �¯â¨¬�«ì−�ï äã−ªæ¨ï h ¢ë¡¨à�¥âáï ¬¨−¨¬¨§�æ¨¥©
äã−ªæ¨¨ ®è¨¡ª¨. ˆá¯®«ì§ã¥âáï ª¢�¤à�â¨ç−�ï äã−ªæ¨ï ¯®â¥àì L −� T ¨U:

L(h|T,U) =
∥∥∥∥ Un×p− h( Tm×p

)

∥∥∥∥
2

2

→ min
h
.

”¨−�«ì−�ï ¯à®£−®áâ¨ç¥áª�ï ¬®¤¥«ì ¨¬¥¥â ¢¨¤

ŷ = ψ2 (h(ϕ1(x))) ,

â. ¥.

f = ψ2 ◦ h ◦ ϕ1.
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2.3 Метод главных компонент

Œ¥â®¤ £«�¢−ëå ª®¬¯®−¥−â (PCA | principal component analysis) á−¨¦�¥â
à�§¬¥à−®áâì ¤�−−ëå ¨ á®åà�−ï¥â ¬�ªá¨¬�«ì−ãî ¤¨á¯¥àá¨î. ‹¨−¥©−�ï ¬®¤¥«ì
PCA ¯à¥¤áâ�¢«ï¥â á®¡®© ®àâ®£®−�«ì−®¥ «¨−¥©−®¥ ¯à¥®¡à�§®¢�−¨¥ ¨áå®¤−®£®
¯à¨§−�ª®¢®£® ¯à®áâà�−áâ¢� ¢ −®¢®¥ ¯à®áâà�−áâ¢® ¬¥−ìè¥© à�§¬¥à−®áâ¨. �¥à¢ë©
¡�§¨á−ë© ¢¥ªâ®à áâà®¨âáï â�ª, çâ®¡ë ¢ë¡®à®ç−�ï ¤¨á¯¥àá¨ï áâ®«¡æ®¢ ¯à®¥ªæ¨©
¬�âà¨æëX ¡ë«� ¬�ªá¨¬�«ì−®©:

p = argmax
‖p‖2=1

[var(Xp)],

£¤¥ var(Xp) = (1/n)(Xp)TXp ®¡®§−�ç�¥â ¢ë¡®à®ç−ãî ¤¨á¯¥àá¨î. �®á«¥¤ã-
îé¨¥ ¡�§¨á−ë¥ ¢¥ªâ®àë −�å®¤ïâáï ¨â¥à�â¨¢−® ¯®á«¥ ¢ëç¨â�−¨ï ¯à®¥ªæ¨¨ −� ¢á¥
−�©¤¥−−ë¥ à�−¥¥.

”ã−ªæ¨ï ª®¤¨à®¢�−¨ï ϕ1 : R
n×m → R

n×p ¨¬¥¥â ¢¨¤:

ϕ1(X) = X
n×m
· P
m×p

T,

£¤¥ P = [p1, . . . , pp].Œ¥â®¤ PCA −¥ á®£«�áã¥â −¥§�¢¨á¨¬ë¥ ¯¥à¥¬¥−−ë¥ ¨ æ¥«¥¢ë¥
¯¥à¥¬¥−−ë¥. ˆ§-§� íâ®£® §�¢¨á¨¬®áâ¨ ¢ ®¡®¨å ¯à®áâà�−áâ¢�å −¥ ãç¨âë¢�îâáï.

2.4 Метод частичных наименьших квадратов

Œ¥â®¤ ç�áâ¨ç−ëå −�¨¬¥−ìè¨å ª¢�¤à�â®¢ ¢®ááâ�−�¢«¨¢�¥â á¢ï§ì ¬¥¦¤ã ¤¢ã¬ï
−�¡®à�¬¨ ¤�−−ëåX ¨Y. �«£®à¨â¬ ¯à®¥æ¨àã¥âX ¨Y −� «�â¥−â−®¥ ¯à®áâà�−áâ¢®
R
p ¬¥−ìè¥© à�§¬¥à−®áâ¨. Œ¥â®¤ PLS −�å®¤¨â ¬�âà¨æë ¨áå®¤−ëå ¤�−−ëåX ¨Y

¢ «�â¥−â−®¬ ¯à®áâà�−áâ¢¥ T ¨ U á®®â¢¥âáâ¢¥−−®. Œ�âà¨æ� ®¡ê¥ªâ®¢ X ¨ æ¥«¥¢�ï
¬�âà¨æ�Y ¯à®¥æ¨àãîâáï −� «�â¥−â−®¥ ¯à®áâà�−áâ¢® á«¥¤ãîé¨¬ ®¡à�§®¬:

X
n×m

= T
n×p
· P
p×m

T + F
n×m
;

Y
n×k
= U

n×p
· Q
p×k

T + E
n×k

,

£¤¥ T ¨ U | ¬�âà¨æë ®¯¨á�−¨ï ®¡ê¥ªâ®¢ ¨ ¨áå®¤®¢ ¢ «�â¥−â−®¬ ¯à®áâà�−áâ¢¥;
P ¨ Q | ¬�âà¨æë ¯¥à¥å®¤� ¨§ «�â¥−â−®£® ¯à®áâà�−áâ¢� ¢ ¨áå®¤−®¥; F ¨ E |
¬�âà¨æë ®áâ�âª®¢.

‚ ¬¥â®¤¥ PLS äã−ªæ¨¨ ª®¤¨à®¢�−¨ï ¨¬¥îâ ¢¨¤:

ϕ1(X) = XWx; ψ1(Y) = YWy,

£¤¥ ¬�âà¨æë ¢¥á®¢ Wx ∈ R
m×p ¨ Wy ∈ R

k×p −�å®¤ïâáï ¯ãâ¥¬ ¬�ªá¨¬¨§�æ¨¨
äã−ªæ¨¨ á®£«�á®¢�−¨ï g(XWx,YWy) = Cov(XWx,YWy)

2:

(Wx,Wy) = argmax
Wy,Wy

[Cov(XWx,YWy)
2],

£¤¥ Cov(XWx,YWy)| ¢ë¡®à®ç−�ï ª®¢�à¨�æ¨ï.
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”ã−ªæ¨¨ ¢®ááâ�−®¢«¥−¨ï ¯à¨−¨¬�îâ ¢¨¤:

ϕ2(T) = TP
T; ψ2(U) = UQ

T.

2.5 Канонический анализ корреляций

Š�−®−¨ç¥áª¨© �−�«¨§ ª®àà¥«ïæ¨© −�å®¤¨â ¤¢� −�¡®à� ¡�§¨á−ëå ¢¥ªâ®à®¢
{wxi}pi=1,wx ∈ R

m, ¨ {wyi}pi=1, wy ∈ R
k, | ®¤¨− ¤«ï ¬�âà¨æëX, ¤àã£®© ¤«ï

¬�âà¨æëY, â�ª çâ®¡ë ª®íää¨æ¨¥−â ª®àà¥«ïæ¨ï ¬¥¦¤ã ¯à®¥ªæ¨ï¬¨ ¯¥à¥¬¥−−ëå
−� íâ¨ ¡�§¨á−ë¥ ¢¥ªâ®àë ¡ë« ¬�ªá¨¬�«ì−ë¬. ”ã−ªæ¨ï á®£«�á®¢�−¨ï ¤«ï CCA
¨¬¥¥â ¢¨¤:

g (XWx,YWy) = corr (XWx,YWy) ,

£¤¥ corr(Xwx,Ywy)| ª®íää¨æ¨¥−â ª®àà¥«ïæ¨¨ ¬¥¦¤ã ¢¥ªâ®à�¬¨.
’�ª¨¬ ®¡à�§®¬, äã−ªæ¨¨ ª®¤¨à®¢�−¨ï ¨¬¥îâ ¢¨¤:

ϕ1(X) = XWx; ψ1(Y) = YWy,

£¤¥ ¯¥à¢ë¥ áâ®«¡æë ¬�âà¨æ ¢¥á®¢ −�å®¤ïâáï ª�ª ¢¥ªâ®àë, ¬�ªá¨¬¨§¨àãîé¨¥
äã−ªæ¨î á®£«�á®¢�−¨ï g. „�«¥¥ ¨éãâáï ¢¥ªâ®àë, ¬�ªá¨¬¨§¨àãîé¨¥ g, −®
á ®£à�−¨ç¥−¨¥¬, çâ® ®−¨ −¥ ª®àà¥«¨àãîâ á ¯¥à¢®© ¯�à®© ¢¥ªâ®à®¢. �à®æ¥¤ãà�
¯à®¤®«¦�¥âáï ¤® â¥å ¯®à, ¯®ª� ç¨á«® ¢¥ªâ®à®¢ −¥ áâ�−¥â à�¢−ë¬ p.

2.6 Нелинейный канонический анализ корреляций

�¥«¨−¥©−ë© ª�−®−¨ç¥áª¨© �−�«¨§ ª®àà¥«ïæ¨© | −¥«¨−¥©−�ï ¬®¤¨ä¨ª�æ¨ï
CCA. Œ¥â®¤ Deep CCA ¯à¥®¡à�§ã¥â ¨áå®¤−ë¥ ¤�−−ë¥ á ¯®¬®éìî −¥©à®−−®© á¥â¨
â�ª¨¬ ®¡à�§®¬, çâ® à¥§ã«ìâ¨àãîé¥¥ ¯à¥¤áâ�¢«¥−¨¥ áâ�−®¢¨âáï á®£«�á®¢�−−ë¬.
‚ ¤�−−®© à�¡®â¥ à�áá¬�âà¨¢�îâáï á«¥¤ãîé¨¥ −¥«¨−¥©−ë¥ äã−ªæ¨¨ ª®¤¨à®¢�−¨ï
¨ ¢®ááâ�−®¢«¥−¨ï:

T = ϕ1(X) =W
L
xσ(· · · σ(W2

xσ(XW
1
x)) · · · );

U = ψ1(Y) =W
L
yσ(· · · σ(W2

yσ(YW
1
y)) · · · );

X = ϕ2(X) =W
L
t σ(· · · σ(W2

tσ(TW
1
t)) · · · );

Y = ψ2(Y) =W
L
uσ(· · · σ(W2

uσ(UW
1
u)) · · · ).

Š�¦¤�ï äã−ªæ¨ï ¯à¥¤áâ�¢«ï¥â −¥©à®−−ãî á¥âì á L áªàëâë¬¨ á«®ï¬¨.
’à¥¡ã¥âáï −�©â¨ â�ª¨¥ ¯�à�¬¥âàë, ¯à¨ ª®â®àëå äã−ªæ¨ï á®£«�á®¢�−¨ï g

¤®áâ¨£�¥â á¢®¥£® ¬�ªá¨¬ã¬�:

g(T,U)→ max
W

, (4)

£¤¥W =
{{
Wi
x

}L
i=1

, {Wi
y}Li=1,

{
Wi
t

}L
i=1

, {Wi
u}Li=1

}
.
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3 Вычислительный эксперимент

–¥«ì ¢ëç¨á«¨â¥«ì−®£® íªá¯¥à¨¬¥−â� | áà�¢−¨â¥«ì−ë© �−�«¨§ à�áá¬�âà¨-
¢�¥¬ëå ¬®¤¥«¥©. ÷�áá¬�âà¨¢�îâáï ¤�−−ë¥, ¤«ï ª®â®àëå á«®¦−®áâì ª«�áá�
«¨−¥©−ëå ¬¥â®¤®¢ −¥�¤¥ª¢�â−® −¨§ª�. �¥«¨−¥©−ë¥ ¬®¤¥«¨ ¯®§¢®«ïîâ ¯®«ãç¨âì
â®ç−ë© ¯à®£−®§ ¯à¨ �¤¥ª¢�â−®© á«®¦−®áâ¨. ‚ à�¬ª�å ¢ëç¨á«¨â¥«ì−®£® íªá¯¥à¨-
¬¥−â� −�¯¨á�− ¯à®£à�¬¬−ë© ª®¬¯«¥ªá ¤«ï à¥è¥−¨ï ¯®áâ�¢«¥−−ëå §�¤�ç [17].

3.1 Анализ нелинейных зависимостей в задаче фильтрации шума

�à®¢¥¤¥¬ áà�¢−¥−¨¥ ª�ç¥áâ¢� Deep CCA ¨ CCA −� §�¤�ç¥ ª«�áá¨ä¨ª�æ¨¨
§�èã¬«¥−−ëå æ¨äà®¢ëå ¨§®¡à�¦¥−¨©, ¯à¥¤áâ�¢«¥−−ëå −� à¨á. 1. „«ï íâ®£®
¨á¯®«ì§ã¥âáï −�¡®à ¤�−−ëå MNIST [16], ª®â®àë© á®áâ®¨â ¨§ 70 000 æ¨äà®¢ëå
¨§®¡à�¦¥−¨© 28 × 28 ®¡à�§æ®¢ àãª®¯¨á−®£® −�¯¨á�−¨ï æ¨äà. �à¥¤«�£�¥âáï
¯®«ãç¨âì ¤¢� −®¢ëå −�¡®à� ¤�−−ëå X ¨ Y á«¥¤ãîé¨¬ ®¡à�§®¬. �¥à¢ë© −�¡®à
¯®«ãç�¥âáï ¯®¢®à®â®¬ ¨áå®¤−ëå ¨§®¡à�¦¥−¨© −� ã£®« ¢ ¤¨�¯�§®−¥ [−π/4, π/4].
„«ï ¯®«ãç¥−¨ï ¢â®à®£® −�¡®à� ¤�−−ëå ¤«ï ª�¦¤®© ª�àâ¨−ª¨ ¨§ ¯¥à¢®£® −�¡®à�
¤�−−ëå áâ�¢¨âáï ¢ á®®â¢¥âáâ¢¨¥ á«ãç�©−ë¬ ®¡à�§®¬ ª�àâ¨−ª� á â®© ¦¥ æ¨äà®©,
−® á ¤®¡�¢«¥−¨¥¬ −¥§�¢¨á¨¬®£® á«ãç�©−®£® èã¬�, à�á¯à¥¤¥«¥−−®£® à�¢−®¬¥à−®
−� ®âà¥§ª¥ [0, 1].

�à¨¬¥−¨¢ ª ¤¢ã¬ −®¢ë¬ −�¡®à�¬ ¤�−−ëå DeepCCA ¨«¨ CCA, ¯®«ãç�-
¥¬ −®¢®¥ −¨§ª®à�§¬¥à−®¥ ¯à¨§−�ª®¢®¥ ¯à®áâà�−áâ¢®, ª®â®à®¥ ¨£−®à¨àã¥â èã¬ë
¢ ¨áå®¤−ëå ¤�−−ëå. ’�ª¨¬ ®¡à�§®¬, ¯®«ãç�¥¬ äã−ªæ¨¨ ª®¤¨à®¢�−¨ï ϕ1 ¨ ψ1 ¤«ï
¨áå®¤−ëå −�¡®à®¢ ¤�−−ëå. �� −®¢ëå ¯à¨§−�ª�å, ¯®«ãç¥−−ëå à�§−ë¬¨ ¬®¤¥«ï¬¨

÷¨á. 1 ‡�èã¬«¥−−ë¥ ¨§®¡à�¦¥−¨ï ¨§ −�¡®à� ¤�−−ëå MNIST
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’�¡«¨æ� 1 ’®ç−®áâì ª«�áá¨ä¨ª�æ¨¨ «¨−¥©−®£® SVM
¤«ï �«£®à¨â¬®¢ Deep CCA ¨ CCA

‘ª®«ì§ïé¨© ª®−âà®«ì Deep CCA (L = 3) CCA
‚�«¨¤�æ¨ï 92,74% 76,21%
’¥áâ 92,14% 76,07%

(DeepCCA ¨ CCA), ¤«ï ¯¥à¢®£® −�¡®à� ¤�−−ëå, â. ¥. −� ¤�−−ëå ¯®á«¥ ¯à¨¬¥-
−¥−¨ï äã−ªæ¨¨ ª®¤¨à®¢�−¨ï ϕ1 ª ¯¥à¢®¬ã −�¡®àã ¨áå®¤−ëå ¤�−−ëå, ®¡ãç¨¬
«¨−¥©−ë© SVM-ª«�áá¨ä¨ª�â®à (SVM | support vector machine). �®ª�§�â¥-
«¥¬ íää¥ªâ¨¢−®áâ¨ ¡ã¤¥â â®ç−®áâì ª«�áá¨ä¨ª�æ¨¨ «¨−¥©−®£® SVM −� â¥áâ®¢ëå
¤�−−ëå. ‚ á«ãç�¥ ¯®áâà®¥−¨ï �¤¥ª¢�â−®£® áªàëâ®£® ¯à®áâà�−áâ¢� ¯®«ãç¥−−ë¥
®¡à�§ë ®¡ê¥ªâ®¢ ¡ã¤ãâ «¨−¥©−® à�§¤¥«¨¬ë. ÷¥§ã«ìâ�âë íªá¯¥à¨¬¥−â� ¯à¨¢¥¤¥−ë
¢ â�¡«. 1. Œ®¤¥«ì Deep CCA ¯à¥¤áâ�¢«ï¥â á®¡®© −¥©à®−−ãî á¥âì á L = 3
áªàëâë¬¨ á«®ï¬¨. ’®ç−®áâì ª«�áá¨ä¨ª�æ¨¨ −¥«¨−¥©−®© ¬®¤¥«¨ áãé¥áâ¢¥−−®
¢ëè¥ «¨−¥©−®£® �«£®à¨â¬� CCA.

3.2 Анализ нелинейных моделей для восстановления изображений

„«ï �−�«¨§� ¯à®æ¥¤ãàë á®£«�á®¢�−¨ï ¯à®¢¥¤¥− ¢ëç¨á«¨â¥«ì−ë© íªá¯¥à¨-
¬¥−â á ¯à¥¤«®¦¥−−ë¬¨ −¥«¨−¥©−ë¬¨ ¬®¤¥«ï¬¨. „«ï á−¨¦¥−¨ï à�§¬¥à−®áâ¨
¯à®áâà�−áâ¢� ¨á¯®«ì§ãîâáï −¥©à®á¥â¥¢ë¥ ¬®¤¥«¨ �¢â®ª®¤¨à®¢é¨ª� c á®£«�á®-
¢�−¨¥¬ áªàëâ®£® ¯à®áâà�−áâ¢� (4). ‚ ª�ç¥áâ¢¥ ¡�§®¢ëå ¬®¤¥«¥© ¨á¯®«ì§ãîâáï
¬®¤¥«ì �¢â®ª®¤¨à®¢é¨ª� ¡¥§ á®£«�á®¢�−¨ï áªàëâëå ¯à®áâà�−áâ¢, � â�ª¦¥ «¨-
−¥©−ë© PLS. ‚ ª�ç¥áâ¢¥ ¨áå®¤−®£® −�¡®à� ¤�−−ëå ¨á¯®«ì§ã¥âáï −�¡®à ¤�−−ëå
MNIST [16]. Š�¦¤®¥ ¨§®¡à�¦¥−¨¥ ¯®¤¥«¥−® −� «¥¢ãî ¨ ¯à�¢ãî ç�áâ¨, ª�ª
¯®ª�§�−® −� à¨á. 2. Œ®¤¥«ì ¯® «¥¢®¬ã ¨§®¡à�¦¥−¨î ¢®ááâ�−�¢«¨¢�¥â ¯à�¢®¥
¨§®¡à�¦¥−¨¥.

Œ®¤¥«ì EncNet1 | −¥©à®−−�ï á¥âì á −¥«¨−¥©−ë¬¨ äã−ªæ¨ï¬¨ �ªâ¨¢�æ¨¨,
ª®â®à�ï ®¡ãç�¥âáï −� ¤�−−ëå ¯®á«¥ ¯à¥®¡à�§®¢�−¨ï ¨å �¢â®í−ª®¤¥à®¬. Œ®¤¥«ì
LinNet1 | −¥©à®−−�ï á¥âì á ®¤−¨¬ «¨−¥©−ë¬ á«®¥¬, ª®â®à�ï â�ª¦¥ ®¡ãç�¥âáï −�
¯à¥®¡à�§®¢�−−ëå ¤�−−ëå. „«ï EncNet1 ¨ LinNet1 �¢â®í−ª®¤¥àë ¤«ï ®¡ê¥ªâ®¢

÷¨á. 2 ��¡®à ¤�−−ëå MNIST, ¢ ª®â®à®¬ ª�¦¤®¥ ¨§®¡à�¦¥−¨¥ à�§¤¥«¥−® ¯®¯®«�¬
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÷¨á. 3 �à¨¬¥à à¥ª®−áâàãªæ¨¨ ¯à�¢®© ç�áâ¨ ¨§®¡à�¦¥−¨ï ¯® «¥¢®© ¤«ï à�áá¬�âà¨¢�¥¬ëå
¬®¤¥«¥©

¨ ®â¢¥â®¢ ¨á¯®«ì§ãîâ á®¢¬¥áâ−ãî äã−ªæ¨î ¯®â¥àì, ª®â®à�ï á¢ï§ë¢�¥â ¢ëå®¤ë
í−ª®¤¥à®¢. Œ®¤¥«¨ EncNet2 ¨ LinNet2 ãáâà®¥−ë �−�«®£¨ç−® EncNet1 ¨ LinNet1
á®®â¢¥âáâ¢¥−−®, −® ¢ �¢â®í−ª®¤¥à�å −¥â á®¢¬¥áâ−®© äã−ªæ¨¨ ¯®â¥àì. Œ®¤¥«ì
DumbNet | −¥©à®−−�ï á¥âì, ª®â®à�ï ®¡ãç�¥âáï −� ¨áå®¤−ëå ¤�−−ëå ¨ ¨¬¥¥â
â�ªãî ¦¥ áâàãªâãàã, çâ® ¨ EncNet, â. ¥. ¨¬¥¥â â�ª®¥ ¦¥ ç¨á«® á«®¥¢ ¨ ¢ ª�¦¤®¬
á«®¥ â�ª®¥ ¦¥ ª®«¨ç¥áâ¢® −¥©à®−®¢, çâ® ¨ ã EncNet.

„«ï ®æ¥−ª¨ ª�ç¥áâ¢� ¬®¤¥«¥© ¢ëç¨á«ï«�áì áà¥¤−¥ª¢�¤à�â¨ç−�ï ®è¨¡ª�. �à¨-
¬¥àë ¢®ááâ�−®¢«¥−−ëå ¨§®¡à�¦¥−¨© ¯®ª�§�−ë −� à¨á. 3. Š�ç¥áâ¢® ¬®¤¥«¥©,
� â�ª¦¥ ¨å á«®¦−®áâì ¯à¥¤áâ�¢«¥−ë ¢ â�¡«. 2. �� à¨á. 3 ¯à®¤¥¬®−áâà¨à®¢�−®,
çâ® ¯à¥¤«®¦¥−−ë¥ ¬®¤¥«¨ EncNet ¨ LinNet ¯®§¢®«ïîâ ¯®«ãç¨âì ¡®«¥¥ ç¥âª¨¥
¨ à�§«¨ç¨¬ë¥ ¨§®¡à�¦¥−¨ï ¢ ®â«¨ç¨¥ ®â ¡�§®¢®© −¥«¨−¥©−®© ¬®¤¥«¨ DumbNet
¨ «¨−¥©−®© ¬®¤¥«¨ PLS. �¥á¬®âàï −� §�¬¥â−®¥ ã«ãçè¥−¨¥ ¢¨§ã�«ì−®£® ª�ç¥áâ¢�
¨§®¡à�¦¥−¨©, ®è¨¡ª� ¯à¥¤«®¦¥−−ëå ¬®¤¥«¥© ¢ëè¥, ç¥¬ ã ¬®¤¥«¨ DumbNet.
�¢â®àë ¯à¥¤¯®«�£�îâ, çâ® íâ® á¢ï§�−® á â¥¬, çâ® áà¥¤−¥ª¢�¤à�â¨ç−�ï ®è¨¡-
ª� ®ª�§�«�áì −¥�¤¥ª¢�â−®© ¬¥âà¨ª®© ¢ ¯à®áâà�−áâ¢¥ ¨§®¡à�¦¥−¨©. ��å®¦¤¥−¨¥
®¯â¨¬�«ì−®© ¬¥âà¨ª¨ ¤«ï ®æ¥−ª¨ ª�ç¥áâ¢� ¯à¥¤«®¦¥−−ëå �«£®à¨â¬®¢ ¬®¦¥â ¡ëâì
®¤−¨¬ ¨§ ¢®§¬®¦−ëå −�¯à�¢«¥−¨© à�§¢¨â¨ï â¥ªãé¥© à�¡®âë.
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Œ®¤¥«¨ á®£«�á®¢�−¨ï áªàëâ®£® ¯à®áâà�−áâ¢� ¢ §�¤�ç¥ ¯à®£−®§¨à®¢�−¨ï

’�¡«¨æ� 2 Š¢�¤à�â¨ç−�ï ®è¨¡ª� ¤«ï −¥«¨−¥©−ëå
¬®¤¥«¥© ¢ §�¤�ç¥ ¢®ááâ�−®¢«¥−¨ï ¯à�¢®© ç�áâ¨ ¨§®¡à�-
¦¥−¨ï ¯® «¥¢®©

Œ¥â®¤ —¨á«® ¯�à�¬¥âà®¢ �è¨¡ª� −� â¥áâ¥
EncNet1 283 âëá. 0,147
LinNet1 239 âëá. 0,235
EncNet2 283 âëá. 0,149
LinNet2 239 âëá. 0,236
DumbNet 283 âëá. 0,128
PLS | 0,188

4 Заключение

‚ à�¡®â¥ à�áá¬®âà¥−� §�¤�ç� ¢®ááâ�−®¢«¥−¨ï ¤«ï á«®¦−®®à£�−¨§®¢�−−®© æ¥-
«¥¢®© ¯¥à¥¬¥−−®©. ÷�áá¬®âà¥−ë «¨−¥©−ë¥ ¬®¤¥«¨ á®£«�á®¢�−¨ï ®¡à�§®¢ ®¡ê¥ªâ®¢
¢ áªàëâ®¬ ¯à®áâà�−áâ¢¥. �à¨ −�«¨ç¨¨ á«®¦−ëå −¥«¨−¥©−ëå §�¢¨á¨¬®áâ¥© ¬¥¦-
¤ã −¥§�¢¨á¨¬®© ¨ æ¥«¥¢®© ¯¥à¥¬¥−−®© á«®¦−®áâ¨ «¨−¥©−®© ¬®¤¥«¨ ®ª�§ë¢�¥âáï
−¥¤®áâ�â®ç−®. „«ï ¯®áâà®¥−¨ï â®ç−®£® ¯à®£−®§� ¯à¨¢®¤ïâáï −¥«¨−¥©−ë¥ ®¡®¡é¥-
−¨ï à�áá¬�âà¨¢�¥¬ëå «¨−¥©−ëå ¬¥â®¤®¢. ‚ íªá¯¥à¨¬¥−â�å −� à¥�«ì−ëå ¤�−−ëå
¨§®¡à�¦¥−¨© àãª®¯¨á−ëå æ¨äà ¯®ª�§�−� �¤¥ª¢�â−®áâì à�áá¬�âà¨¢�¥¬ëå −¥«¨-
−¥©−ëå ¬®¤¥«¥©, � â�ª¦¥ ¯à®¢¥¤¥− �−�«¨§ à�§«¨ç−ëå á¯®á®¡®¢ á®£«�á®¢�−¨ï.
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Abstract: The paper examines the problem of predicting a complex structured
target variable. Complexity refers to the presence of dependencies, whether
linear or nonlinear. The source data are assumed to be heterogeneous. This means
that the spaces of the independent and target variables are of different nature. It
is proposed to build a predictive model that takes into account the dependence
in the input space of the independent variable as well as in the space of the
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target variable. It is proposed to make a model agreement procedure in a low-
dimensional latent space. The projection to the latent space method is used as the
basic algorithm. The paper compares the linear and proposed nonlinear models.
The comparison is performed on heterogeneous data in high-dimensional spaces.
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ИССЛЕДОВАНИЕ МОДЕЛИ ТИПА Mt/Mt/1

С ДВУМЯ РАЗЛИЧНЫМИ КЛАССАМИ ТРЕБОВАНИЙ∗

Я. А. Сатин1

�−−®â�æ¨ï: ˆáá«¥¤ã¥âáï −¥áâ�æ¨®−�à−�ï ¬®¤¥«ì ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï
Mt/Mt/1 á ®¤−¨¬ á¥à¢¥à®¬ ¨ ¤¢ã¬ï ª«�áá�¬¨ âà¥¡®¢�−¨©. „«ï íâ®© ¬®¤¥«¨
¯®«ãç¥− ®¤−®¬¥à−ë© ¯à®æ¥áá à®¦¤¥−¨ï ¨ £¨¡¥«¨ (�÷ƒ), ®¯¨áë¢�îé¨© ç¨á«®
âà¥¡®¢�−¨© ¢ ¨áå®¤−®© á¨áâ¥¬¥. ‘ ¯®¬®éìî áâ�−¤�àâ−®£® ¬¥â®¤� «®£�à¨ä-
¬¨ç¥áª®© −®à¬ë «¨−¥©−®© ®¯¥à�â®à−®© äã−ªæ¨¨ ¯®«ãç¥−ë á®®â¢¥âáâ¢ãîé¨¥
®æ¥−ª¨ áª®à®áâ¨ áå®¤¨¬®áâ¨ ¨ ãá«®¢¨ï íà£®¤¨ç−®áâ¨, � â�ª¦¥ ¯®áâà®¥− ç¨á-
«¥−−ë© ¯à¨¬¥à, ¯®ª�§ë¢�îé¨© ¯à¨¬¥−¥−¨¥ ¨§ãç�¥¬®£® ¯®¤å®¤�. �à¨¢¥¤¥−ë
£à�ä¨ç¥áª¨¥ ¨««îáâà�æ¨¨, ¯®áâà®¥−−ë¥ −� ®á−®¢¥ ®¡é¥£® �«£®à¨â¬�, à�§à�-
¡®â�−−®£® ¢ ¯à¥¤ë¤ãé¨å à�¡®â�å ¨ á¢ï§�−−®£® á à¥è¥−¨¥¬ §�¤�ç¨ Š®è¨ ¤«ï
¯àï¬®© á¨áâ¥¬ë Š®«¬®£®à®¢� −� á®®â¢¥âáâ¢ãîé¥¬ ¢à¥¬¥−−®¬ ¨−â¥à¢�«¥.

Keywords: á¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï; −¥áâ�æ¨®−�à−�ï ¬®¤¥«ì ¬�á-
á®¢®£® ®¡á«ã¦¨¢�−¨ï; ®¤−®¬¥à−ë© ¯à®æ¥áá à®¦¤¥−¨ï ¨ £¨¡¥«¨; áª®à®áâì
áå®¤¨¬®áâ¨; ®æ¥−ª¨ íà£®¤¨ç−®áâ¨; «®£�à¨ä¬¨ç¥áª�ï −®à¬�; ¬®¤¥«ìMt/Mt/1
á ¤¢ã¬ï ª«�áá�¬¨ âà¥¡®¢�−¨©
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1 Введение

‚ à�¡®â¥ ¨áá«¥¤ã¥âáï −¥áâ�æ¨®−�à−�ï ¬®¤¥«ì á¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã¦¨¢�-
−¨ï á ®¤−¨¬ á¥à¢¥à®¬ ¨ ¤¢ã¬ï ª«�áá�¬¨ âà¥¡®¢�−¨©, � â�ª¦¥ ®¤−®¬¥à−ë© �÷ƒ,
¯®«ãç�îé¨©áï ¨§ −¥¥ ¨ ®¯¨áë¢�îé¨© ç¨á«® âà¥¡®¢�−¨© ¢ ¨áå®¤−®© á¨áâ¥¬¥.

„«ï ®æ¥−ª¨ áª®à®áâ¨ áå®¤¨¬®áâ¨ ¨á¯®«ì§ã¥âáï ®¡®¡é¥−−®¥ ¯®−ïâ¨¥ «®£�à¨ä-
¬¨ç¥áª®© −®à¬ë, ¢¢¥¤¥−−®¥ ¢ [1]. „«ï ã¤®¡áâ¢� −�¯®¬−¨¬, ª�ª ®−® ¢¢®¤¨âáï.
÷�áá¬�âà¨¢�¥âáï á¨áâ¥¬� ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© ¢¨¤�

dy

dt
= Hy(t) (1)

¢ ¯à®áâà�−áâ¢¥ l1 ¢ ¯à¥¤¯®«®¦¥−¨¨ áãé¥áâ¢®¢�−¨ï ¨ ¥¤¨−áâ¢¥−−®áâ¨ à¥è¥−¨ï
§�¤�ç¨ Š®è¨ ¤«ï «î¡®£® −�ç�«ì−®£® ãá«®¢¨ï y(0).

’®£¤� ¢¥à−� á«¥¤ãîé�ï ®æ¥−ª�:

d‖y‖
dt
=
∑

i

d|yi|
dt
≤
∑

i


hii|yi|+

∑

j 6=i

|hij ||yj |


 ≤ β∗‖y‖, (2)

∗ˆáá«¥¤®¢�−¨¥ ¢ë¯®«−¥−® §� áç¥â £à�−â� ÷®áá¨©áª®£® −�ãç−®£® ä®−¤� (¯à®¥ªâ 19-11-00020.)
1‚®«®£®¤áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â, yacovi@mail.ru
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£¤¥

β∗ = sup
i


hii +

∑

j 6=i

|hji|


 .

�â¬¥â¨¬, çâ® í«¥¬¥−âë hij ¬�âà¨æë H = (hij) ¬®£ãâ §�¢¨á¥âì ª�ª ®â ¢à¥¬¥-
−¨ t, â�ª ¨ ®â y(t).

ˆ§ (2) á«¥¤ã¥â

‖y(t)‖ ≤ e
∫ t
0
β∗ du‖y(0)‖.

�à¨ íâ®¬, ¥á«¨ H ï¢«ï¥âáï ®£à�−¨ç¥−−ë¬ ¯à¨ ¢á¥å t ≥ 0 «¨−¥©−ë¬ ®¯¥à�â®à®¬
¨§ l1 ¢ á¥¡ï, β∗(t) = γ(H(t)) á®¢¯�¤�¥â á «®£�à¨ä¬¨ç¥áª®© −®à¬®© [2, 3].
’�ª¨¬ ®¡à�§®¬, β∗(t) ¯à¥¤áâ�¢«ï¥â á®¡®© ®¡®¡é¥−¨¥ «®£�à¨ä¬¨ç¥áª®© −®à¬ë
¤«ï −¥«¨−¥©−®© á¨áâ¥¬ë ãà�¢−¥−¨©.

‚ à�§¤. 2 à�áá¬®âà¥−® ®¯¨á�−¨¥ ¬®¤¥«¨, ¢ à�§¤. 3 ¨ 4 ¨§ãç¥− ¯à®æ¥áá,
®¯¨áë¢�îé¨© ç¨á«® âà¥¡®¢�−¨© ¢ á¨áâ¥¬¥, � §�â¥¬ á¢ï§�−−ë© á −¨¬ ®¤−®¬¥à−ë©
¯à®æ¥áá. ‚ à�§¤. 5 à�áá¬®âà¥− ¯à¨¬¥à, ¨««îáâà¨àãîé¨© ¨§ãç�¥¬ë© ¯®¤å®¤.

2 Описание модели

÷�áá¬®âà¨¬ á¨áâ¥¬ã ®¡á«ã¦¨¢�−¨ï á ¤¢ã-

÷¨á. 1 ƒà�ä ¯à®æ¥áá� X(t)

¬ï ª«�áá�¬¨ âà¥¡®¢�−¨©, ª®â®àë¥ ¯®áâã¯�îâ
á ¨−â¥−á¨¢−®áâï¬¨ λ1(t) ¨ λ2(t) á®®â¢¥âáâ¢¥−-
−®, � ®¡á«ã¦¨¢�îâáï á ¨−â¥−á¨¢−®áâï¬¨ µ1(t)
¨ µ2(t) á®®â¢¥âáâ¢¥−−® (á¬. ®¡é¥¥ ®¯¨á�−¨¥ â�-
ª®£® â¨¯� ¨ ¡®«¥¥ ®¡é¨å, −® áâ�æ¨®−�à−ëå ¬®-
¤¥«¥© ¢ [4]). ’à¥¡®¢�−¨ï ¨§ ®ç¥à¥¤¨ ®¡á«ã¦¨¢�-
îâáï ¢ ¯®àï¤ª¥ ¨å ¯®áâã¯«¥−¨ï ¢ á¨áâ¥¬ã.

‘â�−¤�àâ−®¥ ®¯¨á�−¨¥ ¯à®¢®¤¨âáï á ¯®-
¬®éìî ¤¢ã¬¥à−®£® �÷ƒ Z(t) = (Z1(t), Z2(t)),
£¤¥ ª�¦¤�ï ª®®à¤¨−�â� ®¯¨áë¢�¥â ç¨á«® âà¥¡®-
¢�−¨© á®®â¢¥âáâ¢ãîé¥£® ª«�áá�, � ¨−â¥−á¨¢−®-
áâ¨ à®¦¤¥−¨ï ¨ £¨¡¥«¨ ¤«ï −¨å | λ1, µ1, λ2
¨ µ2.

‚ −�áâ®ïé¥© à�¡®â¥ à�áá¬®âà¥− ¤àã£®© ¯®¤-
å®¤, � ¨¬¥−−®: ¢¢®¤¨âáï ®¤−®¬¥à−ë© ¯à®æ¥áá
X(t), ¢ ª®â®à®¬ ãçâ¥−® ª�ª ç¨á«® âà¥¡®¢�−¨©
ª�¦¤®£® ª«�áá�, â�ª ¨ â®, −� ª�ª®¬ ¬¥áâ¥ ¢ ®ç¥-
à¥¤¨ −�å®¤ïâáï âà¥¡®¢�−¨ï ¯¥à¢®£® ¨ ¢â®à®£®
ª«�áá�.

„«ï −�£«ï¤−®áâ¨ ¯à¨¢¥¤¥− £à�ä á −�ç�«ì-
−ë¬¨ á®áâ®ï−¨ï¬¨ ¯à®æ¥áá� X(t) ¨ −ã¬¥à�æ¨¥©
á®áâ®ï−¨© (à¨á. 1).

18 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 31 −®¬¥à 1 2021



ˆáá«¥¤®¢�−¨¥ ¬®¤¥«¨ â¨¯� Mt/Mt/1 á ¤¢ã¬ï à�§«¨ç−ë¬¨ ª«�áá�¬¨ âà¥¡®¢�−¨©

‚¥àè¨−� 0 á®®â¢¥âáâ¢ã¥â á¨âã�æ¨¨, ª®£¤� ¢ á¨áâ¥¬¥ −¥â âà¥¡®¢�−¨©. ‚¥àè¨-
−� 1 (2) á®®â¢¥âáâ¢ã¥â â®¬ã, çâ® âà¥¡®¢�−¨¥ ¯¥à¢®£® (¢â®à®£®) ª«�áá� −�å®¤¨âáï −�
®¡á«ã¦¨¢�−¨¨, � ®ç¥à¥¤ì §� −¨¬ ¯ãáâ�. ‚¥àè¨−ë á âà¥âì¥© ¯® è¥áâãî á®®â¢¥â-
áâ¢ãîâ −�«¨ç¨î ®¤−®£® ®¡á«ã¦¨¢�¥¬®£® âà¥¡®¢�−¨ï ¨ ®¤−®£® âà¥¡®¢�−¨ï §� −¨¬
¢ ®ç¥à¥¤¨ (−�¯à¨¬¥à, ¢¥àè¨−� 6 á®®â¢¥âáâ¢ã¥â â®¬ã, çâ® ®¡á«ã¦¨¢�¥âáï âà¥¡®¢�-
−¨¥ ¢â®à®£® ª«�áá� ¨ ¢ ®ç¥à¥¤¨ â®¦¥ âà¥¡®¢�−¨¥ ¢â®à®£® ª«�áá�) ¨ â. ¤. ‘âà¥«ª¨
¯®ª�§ë¢�îâ ¢®§¬®¦−ë¥ ¯¥à¥å®¤ë á á®®â¢¥âáâ¢ãîé¨¬¨ ¨−â¥−á¨¢−®áâï¬¨: ¢¯à�¢®
¨ ¢¢¥àå | λ1; ¢¯à�¢® ¨ ¢−¨§ | λ2; ¢«¥¢® ¨ ¢−¨§ | µ1; ¢«¥¢® ¨ ¢¢¥àå | µ2.

�à¨ áâ�−¤�àâ−ëå ãá«®¢¨ïå ¢¥ªâ®à ¢¥à®ïâ−®áâ¥© á®áâ®ï−¨© ¬®¦−® ®¯¨á�âì
¯àï¬®© á¨áâ¥¬®© Š®«¬®£®à®¢�

dp

dt
= A(t)p, (3)

£¤¥ ¬�âà¨æ� A ¨¬¥¥â ¢¨¤:

A =




µ1 µ2 0 0 0 0 0 0 0 0 0 0 0 0 · · ·
λ1 0 µ1 0 µ2 0 0 0 0 0 0 0 0 0 · · ·
λ2 0 0 µ1 0 µ2 0 0 0 0 0 0 0 0 · · ·
0 λ1 0 0 0 0 µ1 0 0 0 µ2 0 0 0 · · ·
0 λ2 0 0 0 0 0 µ1 0 0 0 µ2 0 0 · · ·
0 0 λ1 0 0 0 0 0 µ1 0 0 0 µ2 0 · · ·
0 0 λ2 0 0 0 0 0 0 µ1 0 0 0 µ2 · · ·
0 0 0 λ1 0 0 0 0 0 0 0 0 0 0 · · ·
0 0 0 λ2 0 0 0 0 0 0 0 0 0 0 · · ·
0 0 0 0 λ1 0 0 0 0 0 0 0 0 0 · · ·
0 0 0 0 λ2 0 0 0 0 0 0 0 0 0 · · ·
0 0 0 0 0 λ1 0 0 0 0 0 0 0 0 · · ·
0 0 0 0 0 λ2 0 0 0 0 0 0 0 0 · · ·
0 0 0 0 0 0 λ1 0 0 0 0 0 0 0 · · ·
0 0 0 0 0 0 λ2 0 0 0 0 0 0 0 · · ·
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·




. (4)

ƒ«�¢−�ï ¤¨�£®−�«ì §�¯®«−¥−� â�ª, çâ® áã¬¬ë ¯® áâ®«¡æ�¬ à�¢−ë −ã«î. ‚ ®¡é¥¬
á«ãç�¥ ¨−â¥−á¨¢−®áâ¨ ï¢«ïîâáï äã−ªæ¨ï¬¨ ¢à¥¬¥−¨ t.

3 Оценки для процесса X(t)

‚®§ì¬¥¬ ¤¢� à�§−ëå −¥®âà¨æ�â¥«ì−ëå à¥è¥−¨ï á¨áâ¥¬ë (3) p∗(t) ¨ p∗∗(t)
á ¥¤¨−¨ç−®© −®à¬®©. ’®£¤�

∑

i

(p∗i (t)− p∗∗i (t)) = 0 .
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�â® ®§−�ç�¥â, çâ® −� à¥è¥−¨¥ á¨áâ¥¬ë −¥ ¡ã¤¥â ¢«¨ïâì ¨§¬¥−¥−¨¥ æ¥«®© áâà®ª¨
¢ ¬�âà¨æ¥ A −� ®¤−ã ¨ âã ¦¥ äã−ªæ¨î. ‘«¥¤®¢�â¥«ì−®, ®æ¥−ªã áª®à®áâ¨
áå®¤¨¬®áâ¨ ¬®¦−® á¢¥áâ¨ ª ¨§ãç¥−¨î áª®à®áâ¨ áå®¤¨¬®áâ¨ á¨áâ¥¬ë

d(p∗ − p∗∗)
dt

= (A− C) (p∗ − p∗∗) .

‡¤¥áì ¬�âà¨æ� C á®áâ®¨â ¨§ ®¤−¨å −ã«¥© §� ¨áª«îç¥−¨¥¬ á�¬®© ¢¥àå−¥© áâà®ª¨,
ª�¦¤ë© í«¥¬¥−â ª®â®à®© à�¢¥− −¥®âà¨æ�â¥«ì−®© c.

„«ï ¨á¯®«ì§®¢�−¨ï «®£�à¨ä¬¨ç¥áª®© −®à¬ë ¢¢¥¤¥¬ ¤¨�£®−�«ì−ãî ¬�âà¨æã

D = diag (1, k1, k1, k1k2, k1k2, k1k2, k1k2, k1k2k3, . . .) .

�� £«�¢−®© ¤¨�£®−�«¨ ¯à®¨§¢¥¤¥−¨ï k1 · · · ks ¢áâà¥ç�îâáï 2s à�§.
��©¤¥¬ ãá«®¢¨ï −ã«ì-íà£®¤¨ç−®áâ¨.
„«ï íâ®£® ¢®§ì¬¥¬ ¢ D ¢á¥ ki < 1 ¨ c = 0.
…á«¨ ¢§ïâì ¢á¥ ki ®¤¨−�ª®¢ë¬¨ ¨ à�¢−ë¬¨ k, ¯®«ãç¨¬:

α(t) = minαi(t) = min

(
−(k − 1)(λ1 + λ2)−

(
1

k
− 1
)
max(µ1, µ2)

)
.

�ç¥¢¨¤−®, çâ® ¥á«¨max(µ1, µ2) < λ1+λ2, â® ¢á¥£¤� ¬®¦−® ¯®¤®¡à�âì k < 1,
¯à¨ ª®â®àëå α ¯®«®¦¨â¥«ì−®. �âáî¤� ¯®«ãç�¥¬ â¥®à¥¬ã.

’¥®à¥¬� 1. …á«¨ max(µ1, µ2) < (λ1 + λ2), â® ¯à®æ¥áá −ã«ì-íà£®¤¨ç¥−.

��©¤¥¬ ãá«®¢¨ï á¨«ì−®© íà£®¤¨ç−®áâ¨.
„«ï íâ®£® ¢®§ì¬¥¬ ¢ D ¢á¥ ki > 1.
’®£¤� ¬�âà¨æ� D(A− C)D−1 ¯à¨¬¥â ¢¨¤, ¯®ª�§�−−ë© −� à¨á. 2.
‘ã¬¬� ¯® −ã«¥¢®¬ã áâ®«¡æã á ¯à®â¨¢®¯®«®¦−ë¬ §−�ª®¬ (¢−¥ £«�¢−®© ¤¨�£®-

−�«¨ í«¥¬¥−âë ¡¥àãâáï ¯® ¬®¤ã«î)

α0 = c− (k1 − 1) (λ1 + λ2) .

‘ã¬¬ë ¯® ®áâ�«ì−ë¬ áâ®«¡æ�¬ ¬®¦¥¬ �−�«®£¨ç−® ®£à�−¨ç¨âì (i ®â−®á¨âáï
áà�§ã ª ¢ë¤¥«¥−−®© −� à¨á. 2 £àã¯¯¥ áâ®«¡æ®¢):

αi = −
c

k1 · · · ki
− (ki+1 − 1) (λ1 + λ2)−

(
1

ki
− 1
)
min (µ1, µ2) .

…á«¨ ¢§ïâì ¢á¥ ki ®¤¨−�ª®¢ë¬¨ ¨ à�¢−ë¬¨ k,

α = minαi(t) =

= min

(
− c
k
− (k − 1)(λ1 + λ2)−

(
1

k
− 1
)
min(µ1, µ2), c− (k − 1)(λ1 + λ2)

)
.
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‚§ï¢

c =
(k − 1)min(µ1, µ2)

k + 1
,

¯®«ãç¨¬:

α =
(1− k2)(λ1 + λ2) + (k − 1)min(µ1, µ2)

k + 1
. (5)

�ç¥¢¨¤−®, çâ® ¥á«¨min(µ1, µ2) > λ1 + λ2, â® ¢á¥£¤� ¬®¦−® ¯®¤®¡à�âì k > 1
¯à¨ ª®â®àëå α ¯®«®¦¨â¥«ì−®. �âáî¤� ¯®«ãç�¥¬ â¥®à¥¬ã.

’¥®à¥¬� 2. …á«¨ min(µ1, µ2) > (λ1 + λ2), â® ¯à®æ¥áá á¨«ì−® íà£®¤¨ç¥− ¨ ¢¥à−�
®æ¥−ª�

‖p∗(t)− p∗∗(t)‖1D ≤ e−αt‖p∗(0) − p∗∗(0)‖1D . (6)

‡�¬¥ç�−¨¥ 1. ’¥®à¥¬ë 1 ¨ 2 ¬®¦−® «¥£ª® ®¡®¡é¨âì −� á«ãç�© 1-¯¥à¨®¤¨ç¥áª¨å
¨−â¥−á¨¢−®áâ¥©.

’¥®à¥¬� 3. …á«¨ ¨−â¥−á¨¢−®áâ¨ 1-¯¥à¨®¤¨ç−ë ¨
∫ 1
0 max(µ1(s), µ2(s)) ds <

<
∫ 1
0 (λ1(s) + λ2(s)) ds, â® ¯à®æ¥áá −ã«ì-íà£®¤¨ç¥−.

’¥®à¥¬� 4. …á«¨ ¨−â¥−á¨¢−®áâ¨ 1-¯¥à¨®¤¨ç−ë ¨
∫ 1
0 min(µ1(s), µ2(s)) ds >

>
∫ 1
0 (λ1(s) + λ2(s)) ds, â® ¯à®æ¥áá á«�¡® íà£®¤¨ç¥− ¨ ¢¥à−� ®æ¥−ª�

‖p∗(t)− p∗∗(t)‖1D ≤ e−
∫ t
0
α(u) du‖p∗(0) − p∗∗(0)‖1D .

4 Сведение к одномерному процессу рождения и гибели

÷�áá¬®âà¨¬ â¥¯¥àì −®¢ë© ¯à®æ¥áá “X(t), ®¯à¥¤¥«ïîé¨© ç¨á«® âà¥¡®¢�−¨©
¢ á¨áâ¥¬¥. ‚ ®â«¨ç¨¥ ®â X(t) ¢ ¯à®¥ªæ¨¨ â¥àï¥âáï ¨−ä®à¬�æ¨ï ® ¯®àï¤ª¥
âà¥¡®¢�−¨© ¢ ®ç¥à¥¤¨ ¨ ãç¨âë¢�¥âáï â®«ìª® ç¨á«® âà¥¡®¢�−¨© ¢ á¨áâ¥¬¥. „«ï
¨áá«¥¤®¢�−¨ï ¡ã¤¥â ¯à¨¬¥−ïâìáï ¯®¤å®¤ ¨§ áâ�âì¨ [1], £¤¥ ¡ë«® ¯®ª�§�−®, çâ® ¯à¨
ä¨ªá¨à®¢�−−®¬ −�ç�«ì−®¬ ãá«®¢¨¨ ¨−â¥−á¨¢−®áâ¨ ¯à®¥ªæ¨¨ ¤«ï ¬−®£®¬¥à−®£®
�÷ƒ ¯à¨ ¡®«ìè¨å §−�ç¥−¨ïå ¢à¥¬¥−¨ ¬®¦−® à�áá¬�âà¨¢�âì ª�ª á®®â¢¥âáâ¢ãîé¨¥
å�à�ªâ¥à¨áâ¨ª¨ ¤«ï ®¤−®¬¥à−ëå �÷ƒ. ’�¬ ¦¥ ¯®«ãç¥−ë ãá«®¢¨ï −ã«ì-íà£®¤¨ç-
−®áâ¨, á«�¡®© íà£®¤¨ç−®áâ¨ ¨ ®æ¥−ª¨ áå®¤¨¬®áâ¨ ¤«ï ¯®«ãç¥−−ëå ®¤−®¬¥à−ëå
¯à®æ¥áá®¢. ’¥®à¥¬ë, ¯à¨¢¥¤¥−−ë¥ ¢ [1], á¯à�¢¥¤«¨¢ë ¨ ¢ à�áá¬�âà¨¢�¥¬®© á¨-
âã�æ¨¨ ¤«ï ®¤−®¬¥à−®£® ¯à®æ¥áá�, ¯®«ãç�îé¥£®áï ¤«ï ¬®¤¥«¨ Mt/Mt/1 á ¤¢ã¬ï
ª«�áá�¬¨ âà¥¡®¢�−¨©.

ˆ§ á®®â¢¥âáâ¢ãîé¨å ãà�¢−¥−¨© ¯àï¬®© á¨áâ¥¬ë Š®«¬®£®à®¢� ¯®«ãç�¥¬

d(p0)

dt
= − (λ1 + λ2) p0 + µ1p1 + µ2p2,
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ˆáá«¥¤®¢�−¨¥ ¬®¤¥«¨ â¨¯� Mt/Mt/1 á ¤¢ã¬ï à�§«¨ç−ë¬¨ ª«�áá�¬¨ âà¥¡®¢�−¨©

®âªã¤�
d(p0)

dt
= − (λ1 + λ2) p0 +

µ1p1 + µ2p2
p1 + p2

(p1 + p2) .

„�«¥¥ �−�«®£¨ç−®:

d(p1 + p2)

dt
= (λ1 + λ2) p0 − (λ1 + λ2 + µ1) p1 − (λ1 + λ2 + µ2) p2 +

+ µ1p3 + µ1p4 + µ2p5 + µ2p6;

d(p1 + p2)

dt
= (λ1 + λ2) p0−

(λ1 + λ2 + µ1)p1 + (λ1 + λ2 + µ2)p2
p1 + p2

(p1 + p2) +

+
µ1p3 + µ1p4 + µ2p5 + µ2p6

p3 + · · · + p6
(p3 + · · ·+ p6) .

ˆ â�ª ¤�«¥¥ áª«�¤ë¢�¥¬ ¯® 2s ãà�¢−¥−¨©.
�¡®§−�ç¨¬

“µ1 =
µ1p1 + µ2p2
p1 + p2

;

“µ2 =
µ1p3 + µ1p4 + µ2p5 + µ2p6

p3 + · · ·+ p6
.

�−�«®£¨ç−® ®¯à¥¤¥«ï¥¬ ®áâ�«ì−ë¥ “µk. �¡®§−�ç¨¬ “λk = λ1 + λ2 ¨

x0 = p0; x1 = p2 + p3; x2 = p4 + p5 + p6 + p7; . . .

�®«ãç¨¬ á¨áâ¥¬ã
dx

dt
= “Ax(t),

£¤¥

“λi = λ1 + λ2 ; “µi =
µ1
∑2i+2i−1−2

k=2i−1
pi + µ2

∑2i+1−2

k=2i+2i−1−1
pi

∑2i+1−2

k=2i−1
pi

;

á®®â¢¥âáâ¢ãîé¨© ¯à®æ¥áá ®¡®§−�ç¨¬ “X(t).
�®«®¦¨¬

l ≤ “λk ≤ L , m ≤ “µk ≤M
¤«ï «î¡ëå k, t ¨ «î¡®£® −�ç�«ì−®£® ãá«®¢¨ï.

�®«ãç¨¬ â¥®à¥¬ë 5 ¨ 6, �−�«®£¨ç−ë¥ ª®â®àë¬ ¤®ª�§�−ë ¢ [1].
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1. �ãáâì “X(t) ¨¬¥¥â áç¥â−®¥ ç¨á«® á®áâ®ï−¨© ¨

M < l . (7)

�ãáâì σ =
√
M/l < 1, δn = σ

n, n ≥ 0, “xn = δnxn ¨ “x = (“x0, “x1, . . . ). �ãáâì
˜ = diag (δ0, δ1, . . . ).

’¥®à¥¬� 5. �ãáâì ¢¥à−® (7). ’®£¤� “X(t) −ã«ì-íà£®¤¨ç¥− ¨ ¢¥à−ë ®æ¥−ª¨

‖“x(t)‖ ≤ e−α∗t‖“x(0)‖ ;
Pr
(
“X(t) ≤ n/ “Xj(0) = k

)
≤ σk−ne−α∗t.

‡¤¥áì

Pr
(
“X(t) > n/ “X(0) = k

)
> 1− σk−ne−α∗t

¨ Pr
(
“X(t) > n/ “X(0) = k

)
→ 1 ¯à¨ t→∞ ¤«ï «î¡ëå n ¨ k.

2. �ãáâì

L < m , α∗ = l +m− 2
√
LM > 0 . (8)

’¥®à¥¬� 6. �ãáâì ¢¥à−® (8). ’®£¤� “X(t) á«�¡® íà£®¤¨ç¥− ¨ ¢¥à−� ®æ¥−ª�

‖Dw(t)‖ ≤ e−α∗t‖Dw(0)‖ (9)

¤«ï «î¡ëå t ≥ 0 ¨ «î¡®£® á®®â¢¥âáâ¢ãîé¥£® −�ç�«ì−®£® ãá«®¢¨ï.

‡�¬¥ç�−¨¥ 2. �−�«®£¨ç−ë¥ ãâ¢¥à¦¤¥−¨ï, ª�ª ¨ ¢ ¯à¥¤ë¤ãé¥¬ à�§¤¥«¥, á¯à�¢¥¤-
«¨¢ë ¨ ¢ á«ãç�¥ 1-¯¥à¨®¤¨ç¥áª¨å ¨−â¥−á¨¢−®áâ¥©.

‡�¬¥ç�−¨¥ 3. “á«®¢¨ï −� −ã«ì-íà£®¤¨ç−®áâì ¢ â¥®à¥¬�å 1 ¨ 5 ¨ á«�¡ãî íà-
£®¤¨ç−®áâì ¢ 2 ¨ 6, � â�ª¦¥ ®æ¥−ª¨ (6) ¨ (9) ä®à¬�«ì−® ¢ë£«ï¤ïâ ®¤¨−�ª®¢®.
�¤−�ª® ¢ −¨å ¨á¯®«ì§®¢�−ë à�§−ë¥ −®à¬ë. ‚ (1), (2) ¨ (6) −®à¬� à�áªàë¢�¥âáï
¯à¨¢ëç−ë¬ á¯®á®¡®¬:

‖p‖ =
∞∑

i=0

|pi| ,

¢ â® ¢à¥¬ï ª�ª ¢ (5), (6) ¨ (9) ®æ¥−¨¢�¥âáï −®à¬�

‖x‖ =
∞∑

i=0

|xi| =
∞∑

i=0

∣∣∣∣∣∣

2i+1−2∑

2i−1

pi

∣∣∣∣∣∣

(áã¬¬� ¬®¤ã«¥© áã¬¬ë ¢¥à®ïâ−®áâ¥© á®áâ®ï−¨© ¯® áâ®«¡æ�¬ ¢ £à�ä¥).

‡�¬¥ç�−¨¥ 4. ÷�áá¬®âà¥−−ë© ¢ íâ®¬ à�§¤¥«¥ ¯à®æ¥áá ¬®¦−® ®¯¨á�âì ª�ª áã¬¬ã
ª®®à¤¨−�â Z1 + Z2 á®®â¢¥âáâ¢ãîé¥£® ¤¢ã¬¥à−®£® �÷ƒ.
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ˆáá«¥¤®¢�−¨¥ ¬®¤¥«¨ â¨¯� Mt/Mt/1 á ¤¢ã¬ï à�§«¨ç−ë¬¨ ª«�áá�¬¨ âà¥¡®¢�−¨©

÷¨á. 3 ‚¥à®ïâ−®áâ¨ ®âáãâáâ¢¨ï âà¥¡®¢�-
−¨© (�), −�«¨ç¨ï à®¢−® ®¤−®£® âà¥¡®¢�−¨ï
¯¥à¢®£® ¨«¨ ¢â®à®£® ª«�áá� (¡) ¨ −�«¨ç¨ï
à®¢−® ¤¢ãå ª�ª¨å-«¨¡® âà¥¡®¢�−¨© ¢ á¨á-
â¥¬¥ (¢): 1 | p0 = 0,95; 2 | p0 = 0,05

÷¨á. 4 ˆ−â¥−á¨¢−®áâ¨ “µ1 (�), “µ2 (¡)
¨ “µ3 (¢): 1 | p0 = 0,95; 2 | p0 = 0,05
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5 Численный пример

�ãáâì ¨−â¥−á¨¢−®áâ¨ ¨¬¥îâ ¢¨¤:

λ1(t) = 1 + cos(2πt); λ2(t) = 5 + sin(2πt); µ1(t) = 11 + sin(2πt); µ2 = 9 .

�à¨¬¥−¨âì â¥®à¥¬ã 2 ¤«ï ¯®«ãç¥−¨ï ®æ¥−®ª áª®à®áâ¨ áå®¤¨¬®áâ¨ §�âàã¤−¨â¥«ì-
−®, â�ª ª�ª −ã¦−® ¯®¤¡¨à�âì k, ®ç¥−ì ¡«¨§ª®¥ ª ¥¤¨−¨æ¥. �â® á¢ï§�−® á â¥¬,
çâ® λ1 + λ2 −¥ á¨«ì−® ®â«¨ç�¥âáï ®â min(µ1, µ2), ¯à¨ íâ®¬ ¯® ä®à¬ã«¥ (5)
¯®«ãç�¥âáï α(t), ¯®çâ¨ à�¢−�ï −ã«î.

�à¨¬¥−¨¬ â¥®à¥¬ã 6 ¤«ï ¯®«ãç¥−¨ï ®æ¥−®ª áª®à®áâ¨ áå®¤¨¬®áâ¨ ú¯à®¥ªæ¨¨û.

�®¤¡¨à�¥¬ l1, L1,m1 ¨M1, ¯à¨ ª®â®àëå ¢¥à−® l1 ≤ “λ ≤ L1 ¨m1 ≤ “µ ≤M1.
�®«®¦¨¢ β =

√
M1/L1 =

√
6, ¯®«ãç�¥¬

α∗ = l1 +m1 − 2
√
L1M1 ≥ 10− 4

√
6 .

�®«ãç�¥¬ ®æ¥−ªã
‖Dw(t)‖ ≤ e−α∗t‖Dw(0)‖

¤«ï «î¡ëå t ≥ 0 ¨ «î¡®£® á®®â¢¥âáâ¢ãîé¥£® −�ç�«ì−®£® ãá«®¢¨ï. ‡¤¥áì D |
âà¥ã£®«ì−�ï ¬�âà¨æ� c dk+1 = β

k, k ≥ 0.
�� à¨á. 3 ¨ 4 ¯à¨¢¥¤¥−ë £à�ä¨ª¨ ¤«ï ãá¥ç¥−−®© á¨áâ¥¬ë á á®áâ®ï−¨ï¬¨ ®â 0

¤® 27 − 2. ƒà�ä¨ª¨ áâà®¨«¨áì ¤«ï ¤¢ãå à�§−ëå −�ç�«ì−ëå ãá«®¢¨©. ‚ ®¤−®¬
á«ãç�¥ p0 = 0,95, ®áâ�«ì−ë¥ ¢¥à®ïâ−®áâ¨ à�¢−ë ¬¥¦¤ã á®¡®©. ‚ ¤àã£®¬ á«ãç�¥
p0 = 0,05, ®áâ�«ì−ë¥ ¢¥à®ïâ−®áâ¨ â�ª¦¥ à�¢−ë ¬¥¦¤ã á®¡®©. ú�à®¥ªæ¨ïû
®¯¨áë¢�¥â ç¨á«® âà¥¡®¢�−¨© ¢ á¨áâ¥¬¥, ¨ ¯®«ãç�¥âáï �÷ƒ á ¯¥à¨®¤¨ç¥áª¨¬¨
¨−â¥−á¨¢−®áâï¬¨ ¨ á¥¬ìî á®áâ®ï−¨ï¬¨. ‚ ç�áâ−®áâ¨, “µ1, “µ2 ¨ “µ3 ¯à¨¢¥¤¥−ë
á®®â¢¥âáâ¢¥−−® −� à¨á. 4. Œ®¦−® §�¬¥â¨âì, çâ® ¨§−�ç�«ì−® ¨−â¥−á¨¢−®áâ¨ á¨«ì−®
®â«¨ç�îâáï ®â ¯¥à¨®¤¨ç¥áª¨å, −® §�â¥¬ ¯à�ªâ¨ç¥áª¨ á®¢¯�¤�îâ ¤àã£ á ¤àã£®¬
¨ ¬�«® ®â«¨ç�îâáï ®â ¯¥à¨®¤¨ç¥áª¨å, ¯à¨ç¥¬ ®−¨ §�ª«îç¥−ë ¬¥¦¤ã µ1 ¨ µ2.
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ОБ АППРОКСИМАЦИИ С ПОМОЩЬЮ УСЕЧЕНИЙ
ДЛЯ ОДНОЙ НЕСТАЦИОНАРНОЙ МОДЕЛИ

МАССОВОГО ОБСЛУЖИВАНИЯ∗

Я. А. Сатин1

�−−®â�æ¨ï: ˆáá«¥¤ã¥âáï −¥áâ�æ¨®−�à−�ï ¬®¤¥«ì ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï
â¨¯� Mt/Mt/1 á ®¤−¨¬ á¥à¢¥à®¬. �à¥¤¯®«�£�¥âáï, çâ® âà¥¡®¢�−¨ï ¯®áâã¯�îâ
á ¨−â¥−á¨¢−®áâìî λ(t), � ®¡á«ã¦¨¢�îâáï ¯�à�¬¨, â. ¥. ¢ ¤�−−®¬ á«ãç�¥ µ(t)|
íâ® ¨−â¥−á¨¢−®áâì ®¡á«ã¦¨¢�−¨ï £àã¯¯ë ¨§ ¤¢ãå âà¥¡®¢�−¨©. „«ï à�áá¬�â-
à¨¢�¥¬®© ¬®¤¥«¨ ¯®áâà®¥−ë ¯à¥¤¥«ì−ë¥ å�à�ªâ¥à¨áâ¨ª¨ á ¯®¬®éìî ¬¥â®¤�
ãá¥ç¥−¨© ¯à®áâà�−áâ¢� á®áâ®ï−¨© á¨áâ¥¬ë. �à¨¢¥¤¥−ë ç¨á«¥−−ë© ¯à¨¬¥à,
� â�ª¦¥ £à�ä¨ç¥áª¨¥ ¨««îáâà�æ¨¨, ¯®áâà®¥−−ë¥ −� ®á−®¢¥ ®¡é¥£® �«£®à¨â¬�,
à�§à�¡®â�−−®£® ¢ ¯à¥¤ë¤ãé¨å à�¡®â�å �¢â®à� ¨ á¢ï§�−−®£® á à¥è¥−¨¥¬ §�¤�-
ç¨ Š®è¨ ¤«ï ¯àï¬®© á¨áâ¥¬ë Š®«¬®£®à®¢� −� á®®â¢¥âáâ¢ãîé¥¬ ¢à¥¬¥−−®¬
¨−â¥à¢�«¥.

Š«îç¥¢ë¥ á«®¢�: á¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï; ¬®¤¥«ì â¨¯� Mt/Mt/1;
−¥áâ�æ¨®−�à−�ï ¬®¤¥«ì ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï; �¯¯à®ªá¨¬�æ¨ï; ¯à¥¤¥«ì−ë¥
å�à�ªâ¥à¨áâ¨ª¨; ãá¥ç¥−¨¥ ¯à®áâà�−áâ¢� á®áâ®ï−¨©

DOI: 10.14357/08696527210103

1 Введение

‚ à�¡®â¥ ¨§ãç�¥âáï ¬®¤¥«ì â¨¯� Mt/Mt/1 á ®á®¡¥−−®áâï¬¨ ¢ ®¡á«ã¦¨¢�-
−¨¨, � ¨¬¥−−® ¯à¥¤¯®«�£�¥âáï, çâ® âà¥¡®¢�−¨ï ¯®áâã¯�îâ −� ®¡á«ã¦¨¢�−¨¥ ¯®
®¤−®¬ã á ¨−â¥−á¨¢−®áâìî λ(t), � ®¡á«ã¦¨¢�îâáï â®«ìª® ¯�à�¬¨, â. ¥. á ¨−â¥−-
á¨¢−®áâìî µ(t) ®¡á«ã¦¨¢�¥âáï £àã¯¯� ¨§ ¤¢ãå âà¥¡®¢�−¨©.

‚ áâ�âì¥ [1] ¯®«ãç¥−ë ®æ¥−ª¨ áª®à®áâ¨ áå®¤¨¬®áâ¨ ª ¯à¥¤¥«ì−®¬ã à¥¦¨¬ã.
‚ −�áâ®ïé¥© à�¡®â¥ ¨áá«¥¤ã¥âáï ¢®¯à®á ® ¯®áâà®¥−¨¨ �¯¯à®ªá¨¬�æ¨© ¯à¥¤¥«ì−ëå
å�à�ªâ¥à¨áâ¨ª á ¯®¬®éìî ãá¥ç¥−¨© ¯à®áâà�−áâ¢� á®áâ®ï−¨© á¨áâ¥¬ë.

„«ï ãá¥ç¥−¨ï ¡ã¤¥â ¯à¨¬¥−ïâìáï ¯®¤å®¤, à�§à�¡®â�−−ë© ¢ [2]. �â¬¥â¨¬,
çâ® ¨¬¥¥âáï ¬−®£® à�¡®â, ¢ ª®â®àëå áâà®ïâáï â¥ ¦¥ (¯® áãé¥áâ¢ã, ¯à¥¤¥«ì−ë¥)
å�à�ªâ¥à¨áâ¨ª¨, ¢ ª®â®àëå ¯à¨¬¥−ïîâáï ¤àã£¨¥ ¬¥â®¤ë �¯¯à®ªá¨¬�æ¨¨, −¥ ¨á-
¯®«ì§ãîé¨¥ ®æ¥−ª¨ áª®à®áâ¨ áå®¤¨¬®áâ¨ ¨ ¨§-§� íâ®£® ¯à¨¢®¤ïé¨¥ ª áãé¥áâ¢¥−−®
¡®«ìè¥¬ã ®¡ê¥¬ã ¢ëç¨á«¥−¨© (á¬., −�¯à¨¬¥à, [3,4]).

�� à¨á. 1 ¯à¨¢¥¤¥− £à�ä ¯à®æ¥áá�, á¢ï§�−−ë© á ç¨á«®¬ âà¥¡®¢�−¨© ¢ á¨áâ¥¬¥
®¡á«ã¦¨¢�−¨ï. ‘®®â¢¥âáâ¢ãîé�ï ¯àï¬�ï á¨áâ¥¬� Š®«¬®£®à®¢� ¨¬¥¥â ¢¨¤:

d

dt
p(t) = A(t)p(t), (1)

∗ˆáá«¥¤®¢�−¨¥ ¢ë¯®«−¥−® §� áç¥â £à�−â� ÷®áá¨©áª®£® −�ãç−®£® ä®−¤� (¯à®¥ªâ 19-11-00020.)
1‚®«®£®¤áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â, yacovi@mail.ru
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�¡ �¯¯à®ªá¨¬�æ¨¨ á ¯®¬®éìî ãá¥ç¥−¨© ¤«ï ®¤−®© −¥áâ�æ¨®−�à−®© ¬®¤¥«¨

÷¨á. 1 ƒà�ä ¯à®æ¥áá� X(t)

£¤¥

A(t) =




−λ(t) 0 µ(t) 0 0 · · ·
λ(t) −λ(t) 0 µ(t) 0 · · ·
0 λ(t) − (λ(t) + µ(t)) 0 µ(t) · · ·
0 0 λ(t) − (λ(t) + µ(t)) 0 · · ·
...

. . .
. . .

. . .
. . .

...
0 0 0 0 0 · · ·
· · · · · · · · · · · · · · · · · ·




.

‡�¬¥−ïï p0(t) = 1−
∑

i≥1 pi(t), ¯®«ãç�¥¬ ¨§ (1) á¨áâ¥¬ã

d

dt
z(t) = B(t)z(t) + f(t),

£¤¥

f(t) = (λ(t), 0, 0, . . . )T ; z(t) = (p1(t), p2(t), . . . )
T ;

B(t) =




−2λ(t) −λ(t) µ(t)− λ(t) −λ(t) · · ·
λ(t) − (λ(t) + µ(t)) 0 µ(t) · · ·
0 λ(t) − (λ(t) + µ(t)) 0 · · ·
...

. . .
. . .

. . .
...

0 0 0 0 · · ·
... · · · · · · · · · ...




.

‘ª®à®áâì áå®¤¨¬®áâ¨ ¯à®æ¥áá� X(t) ¬®¦¥â ¡ëâì −�©¤¥−� ¨§ á¨áâ¥¬ë

d

dt
y(t) = B(t)y(t) .

�ãáâì T | âà¥ã£®«ì−�ï ¬�âà¨æ�:

tij =

{
1 ¯à¨ j ≥ i ;
0 ¢ ¯à®â¨¢−®¬ á«ãç�¥.
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�®«®¦¨¬ u(t) = Ty(t). ’®£¤�

d

dt
u(t) = B∗(t)u(t),

£¤¥
B∗(t) =

=




−λ(t) −µ(t) µ(t) 0 0 0 · · ·
λ(t) − (λ(t) + µ(t)) 0 µ(t) 0 0 · · ·
0 λ(t) − (λ(t) + µ(t)) 0 µ(t) 0 · · ·
0 0 λ(t) − (λ(t) + µ(t)) 0 µ(t) · · ·
0 0 0 λ(t) − (λ(t) + µ(t)) 0 · · ·
...

. . .
. . .

. . .
. . .

. . .
...

· · · · · · · · · · · · · · · · · · · · ·




.

‚®§ì¬¥¬ {di, i ≥ 0} â�ª, çâ® infi≥0 |di| = d > 0. �ãáâì D =
= diag (d0, d1, d2, . . . ). „¥«�¥¬ ¯®¤áâ�−®¢ªã w(t) = Du(t). �®«ãç�¥¬

d

dt
w(t) = B∗∗(t)w(t),

£¤¥ B∗∗(t) = (b∗∗(t))∞i,j=1 = DB
∗(t)D−1 ¨¬¥¥â ¢¨¤:

B∗∗(t) =




−λ(t) −µ(t)d1
d2

µ(t)
d1
d3

0 0 · · ·

λ(t)
d2
d1
− (λ(t) + µ(t)) 0 µ(t)

d2
d4

0 · · ·

0 λ(t)
d3
d2

− (λ(t) + µ(t)) 0 µ(t)
d3
d5
· · ·

0 0 λ(t)
d4
d3

− (λ(t) + µ(t)) 0 · · ·
...

. . .
. . .

. . .
. . .

...
· · · · · · · · · · · · · · · · · ·




.

‚ à�¡®â¥ [1] ¯®ª�§�−®, çâ® áå®¤¨¬®áâì ®æ¥−¨¢�¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬.
�ãáâì

α∗(t) ≥ min
(
λ(t)

(
1− δ−1

)
, µ(t) (1 + δ)− λ(t)

(
δ2 − 1

)
,

µ(t)
(
1− δ−1

)
− λ(t) (δ − 1)

)
. (2)
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�¡ �¯¯à®ªá¨¬�æ¨¨ á ¯®¬®éìî ãá¥ç¥−¨© ¤«ï ®¤−®© −¥áâ�æ¨®−�à−®© ¬®¤¥«¨

’®£¤� ¢¥à−® −¥à�¢¥−áâ¢®:

‖w(t)‖ ≤ e−
∫ t
0
α∗(τ) dτ‖w(0)‖, (3)

�ãáâì ç¨á«� δi, £¤¥ i = 1, 2, ¡®«ìè¥ ¥¤¨−¨æë. �¡®§−�ç¨¬

DMi
= diag

(
1, δi, δ

2
i , δ
3
i , . . .

)
; Dmi = diag

(
1,
1

δi
, δi, δ

2
i , δ
3
i , . . .

)
.

’®£¤� (3) ¬®¦−® ¯¥à¥¯¨á�âì ¢ ¢¨¤¥:

‖w(t)‖Dm ≤ e−
∫ t
0
α∗(τ) dτ‖w(0)‖DM , (4)

¨«¨ ¢ ¢¨¤¥:

‖DmTy(t)‖ ≤ e−
∫ t
0
α∗(τ) dτ‖DMTy(0)‖.

‡�¬¥ç�−¨¥ 1. Œ®¦−® ¯®ª�§�âì, çâ® ¤«ï 1-¯¥à¨®¤¨ç¥áª®© α∗(t) ¬®¦−® ¯®¤®¡à�âì

â�ª¨¥ M ¨ a, çâ® ¡ã¤¥â ¢¥à−® −¥à�¢¥−áâ¢® e−
∫ t
0
α∗(τ) dτ ≤ Me−at. ��¯à¨¬¥à,

¬®¦−® ¢§ïâì M = exp
(
sup|t−s|≤1

∫ t
s α(s) ds

)
, a =

∫ 1
0 α(s) ds. …á«¨ −�©â¨ æ¥«®¥

ç¨á«® A, â�ª®¥ çâ® α(t) > A, â® ¬®¦−® ¯®«®¦¨âì a = A, M = 1.

‡�¬¥ç�−¨¥ 2. …á«¨ ¨−â¥−á¨¢−®áâ¨ ¯®áâ®ï−−ë, â® α∗(t) ¯®áâ®ï−−�, ¨, ¢§ï¢M = 1

a = α(s), ¯®«ãç�¥¬ −¥à�¢¥−áâ¢® e−
∫ t
0
α∗(τ) dτ ≤Me−at.

2 Аппроксимация усечениями

‡�¤�¤¨¬ ãá¥ç¥−−ë© ¯à®æ¥áá, §�¬¥−¨¢ −� −ã«¨ áâ®«¡æë c N + 1 ¨ áâà®ª¨
á N + 1 ¢ ¬�âà¨æ¥ A(t). ‡�¬¥−¨¬ ¥é¥ aN,N −� −µ(t).

„�«¥¥ ¡ã¤¥¬ áç¨â�âì, çâ® ¢ −�ç�«ì−ë© ¬®¬¥−â ¢à¥¬¥−¨ t = 0 ¨áå®¤−ë©
¯à®æ¥áá ¨ ¥£® ãá¥ç¥−−ë© �−�«®£ −�å®¤ïâáï ¢ −ã«¥¢®¬ á®áâ®ï−¨¨, â. ¥. ¢ á¨áâ¥¬¥
−¥â âà¥¡®¢�−¨©.

�ã¤¥¬ áç¨â�âì ¤�«¥¥, çâ® ¯à¨ ¢áïª®¬ t ¢¥à−® λ(t) ≤ L.

‡�¬¥ç�−¨¥ 3. ‘â®«¡æë ¢ ¬�âà¨æ¥ A(t) −ã¬¥àãîâáï á −ã«ï.

’®£¤� ãá¥ç¥−−ë© ¯à®æ¥áá ®¯¨áë¢�¥âáï á¨áâ¥¬®©

d

dt
p̃(t) = AN (t)p̃(t)

¨ á®®â¢¥âáâ¢ãîé¥© ¯à¥®¡à�§®¢�−−®© á¨áâ¥¬®©

d

dt
z̃(t) = BN (t)z̃(t) + f̃(t), (5)
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£¤¥

f̃(t) = (λ(t), 0, 0, . . . )T ; z̃(t) = (z̃1(t), z̃2(t), . . . )
T = (p̃1(t), p̃2(t), . . . )

T .

„�«¥¥ ¢®§ì¬¥¬ ¤¢� à�§−ëå ç¨á«� 1 < δ2 < δ1, ¤«ï ª®â®àëå
∫ 1
0 α

∗
i (s) ds ≥ 0

(á¬. (2)). ‡�â¥¬ ¯®¤¡¥à¥¬ Mi ¨ ai, ¤«ï ª®â®àëå ¢¥à−® e−
∫ t
0
α∗

i (τ) dτ ≤ Mie
−ait

(á¬. §�¬¥ç�−¨¥ 1).

„«ï −�ç�«� ®æ¥−¨¬ pN .
ˆ§ (5) ¯®«ãç�¥¬

z̃N (t)
N−1∑

k=0

δk1 ≤

≤ ‖T z̃(t)‖Dm1 ≤ e
−
∫ t
0
α∗

1
(τ) dτ‖T z̃(0)‖DM1 +

t∫

0

e−
∫ t
s
α∗

1
(τ)‖T f(t)‖DM1 .

’�ª ª�ª ãá¥ç¥−−ë© �−�«®£ ¨áå®¤−®£® ¯à®æ¥áá� ¢ −�ç�«ì−ë© ¬®¬¥−â ¢à¥¬¥−¨
−�å®¤¨âáï ¢ −ã«¥¢®¬ á®áâ®ï−¨¨, ¯®«®¦¨¬ z̃(0) = 0. �®«ãç�¥¬

z̃N (t) ≤
LM1

a1
∑N−1

k=0 δ
k
1

.

�®«ãç¨¬ â¥¯¥àì ®æ¥−ªã ãá¥ç¥−¨ï.
��©¤¥¬ à�§−®áâì

d

dt
(z− z̃(t)) = B(t)z(t)−BN (t)z̃(t).

�¥à¥¯¨è¥¬ ¥¥ ¢ ¢¨¤¥:

d

dt
(z(t) − z̃(t)) = B(t) (z(t)− z̃(t)) + (B(t)−BN (t)) z̃(t). (6)

’�ª ª�ª ãá¥ç¥−−ë© �−�«®£ ¨áå®¤−®£® ¯à®æ¥áá� ¨ á�¬ ¨áå®¤−ë© ¯à®æ¥áá ¢ −�-
ç�«ì−ë© ¬®¬¥−â ¢à¥¬¥−¨ −�å®¤ïâáï ¢ −ã«¥¢®¬ á®áâ®ï−¨¨, â® z̃(0) = z(0) = 0.
‘ ãç¥â®¬ (4) ¨§ (6) ¯®«ãç�¥¬:

‖T (z(t) − z̃(t))‖Dm2 ≤ e
−
∫ t
0
α∗

2
(τ) dτ ‖T (z(0) − z̃(0))‖DM2 +

+

t∫

0

e−
∫ t
s
α∗

2
(τ) ‖T (B(t)−BN (t)) z̃(t)‖DM2 ds.
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„�«¥¥

T (B(t)−BN (t))z̃(t) = (0, . . . , 0,−λ(t)z̃N (t), λ(t)z̃N (t), 0, 0, 0, . . .)T .

‡−�ç¨â,

‖T (B(t)−BN (t))z̃N (t)‖DM2 ≤ 2L
LM1δ

N
2

a1
∑N−1

k=0
δk1

.

�âáî¤�

‖T (z(t)− z̃(t))‖Dm2 ≤
2L2M1M2δ

N

a2a1
∑N−1

k=0
δk1

.

�¥à¥¯¨è¥¬ ®æ¥−ªã ¢ ¤àã£¨å −®à¬�å.
‘ ãç¥â®¬

‖Tu(t)‖Dm2 = |u1|+
(
1 +

1

δ2

)
|u2|+

(
1 +

1

δ2
+ δ2

)
|u3|+

+

(
1 +

1

δ2
+ δ2 + δ

2
2

)
|u4|+

(
1 +

1

δ2
+ δ2 + δ

2
2 + δ

3
2

)
|u5|+ · · · ≥ ‖u(t)‖

¯®«ãç�¥¬

‖p(t)− p̃(t)‖ ≤ 2‖z(t) − z̃(t)‖ ≤ 2‖T (z(t) − z̃(t))‖Dm2 ≤ 4
L2M1M2δ

N
2

a1a2
∑N−1

k=0
δk1

.

‘ ãç¥â®¬

‖Tu(t)‖Dm2 = |u1|+
1

2

(
1 +

1

δ2

)
2|u2|+

1

3

(
1 +

1

δ2
+ δ2

)
3|u3|+

+
1

4

(
1 +

1

δ2
+ δ2 + δ

2
2

)
4|u4|+

1

5

(
1 +

1

δ2
+ δ2 + δ

2
2 + δ

3
2

)
5|u5|+ · · · ≥

≥W‖u(t)‖1E ,

£¤¥ W = mink≥1(δ
k−2
2 /k), ¯®«ãç�¥¬

|φ(t)− “φ(t)| = ‖z(t) − z̃(t)‖1E ≤
2

W

L2M1M2δ
N
2

a1a2
∑N−1

k=0
δk1

,

£¤¥ φ(t) =
∑∞

i=0 ipi;
“φ(t) =

∑N
i=0 ip̃i.
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’¥®à¥¬� 1. �ãáâì −�©¤ãâáï ç¨á«� 1 < δ2 < δ1, â�ª¨¥ çâ® ¯à¨ i = 1, 2

1∫

0

α∗
i (t) dt ≥

1∫

0

min
(
λ(t)

(
1− δ−1i

)
, µ(t) (1 + δi)−

− λ(t)
(
δ2i − 1

)
, µ(t)

(
1− δ−1i

)
− λ(t) (δi − 1)

)
dt > 0 .

’®£¤� ¢¥à−ë ®æ¥−ª¨

‖p(t)− p̃(t)‖ ≤ 4 L2M1M2δ
N
2

a1a2
∑N−1

k=0
δk1

;

|φ(t)− “φ(t)| ≤ 2
W

L2M1M2δ
N
2

a1a2
∑N−1

k=0
δk1

,

£¤¥

W = min
k≥1

δk−22
k
; e−

∫ t
0
α∗

i (τ) dτ ≤Mie
−ait; φ(t) =

∞∑

i=0

ipi; “φ(t) =

N∑

i=0

ip̃i.

‡�¬¥ç�−¨¥ 4. ‚ áâ�âì¥ [1] ¯®ª�§�−®, çâ® ¢ ª�ç¥áâ¢¥ ®¤−®© ¨§ δi ¬®¦−® ¢ë¡à�âì

ç¨á«®
√
µ/
√
λ. ‚ íâ®¬ á«ãç�¥ ¯®«ãç�¥âáï

α∗
i = min

(
(
√
µ−
√
λ)2, λ

(
1−

√
µ

λ

))
,

¨ ¬®¦−® ¢§ïâì ai = α
∗
i , Mi = 1.

3 Численный пример

�ãáâì λ(t) = 2 + sin(2πt), µ(t) = 4− cos(2πt).
�®«®¦¨¬ δ1 = 11/10. ’®£¤� α∗

1 ≥ 1/22, ¨ ¬®¦−® ¢§ïâì a1 = 1/22, M1 = 1.
�®«®¦¨¬ δ2 = 101/100. ’®£¤� α∗

2 ≥ 0, 005, ¨ ¬®¦−® ¢§ïâì a2 = 0,005,
M2 = 1, W > 0,02.

‘ ãç¥â®¬ ®æ¥−ª¨ áª®à®áâ¨ áå®¤¨¬®áâ¨ ®âáî¤� ¯®«ãç�¥¬, çâ® ¯à¨ N = 300
á¯à�¢¥¤«¨¢ë −¥à�¢¥−áâ¢�:

‖p(t)− p̃(t)‖ ≤ 10−5 ;

|φ(t)− “φ(t)| ≤ 10−4.
‘®®â¢¥âáâ¢ãîé¨¥ £à�ä¨ª¨ ¯à¨¢¥¤¥−ë −� à¨á. 2 ¨ 3.
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÷¨á. 2 ‚¥à®ïâ−®áâì ®âáãâáâ¢¨ï âà¥¡®¢�−¨© ¢ á¨áâ¥¬¥ p0(t) −� ®âà¥§ª¥ [0, 75] (�)
¨ ú¢ ¯à¥¤¥«ì−®¬ à¥¦¨¬¥û −� ®âà¥§ª¥ [75, 76] (¡) ¯à¨ −�ç�«ì−ëå ãá«®¢¨ïå X(0) = 0 (1)
¨ 300 (2)

÷¨á. 3 ‘à¥¤−¥¥ ç¨á«® âà¥¡®¢�−¨© ¢ á¨áâ¥¬¥ E(t, 0) (1) ¨ E(t, 300) (2) −� ®âà¥§ª¥
[0, 75] (�) ¨ ú¢ ¯à¥¤¥«ì−®¬ à¥¦¨¬¥û −� ®âà¥§ª¥ [75, 76] (¡)
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ON APPROXIMATION WITH TRUNCATIONS
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Abstract: The author deals with a nonstationary queuing model Mt/Mt/1 with
one server. It is assumed here that the customers arrive with the intensity λ(t) but
are served in pairs (that is, in this case, µ(t) is the service rate of a group of two
customers). For the considered model, the limiting characteristics are constructed
using the method of truncating the state space of the system. A numerical
example with exact given values of intensities showing the application of the
studied approach is constructed and corresponding graphic illustrations are
provided. The author uses the general algorithm to build graphs, it is associated
with solving the Cauchy problem for the forward Kolmogorov system on the
corresponding interval which has already been used by the author in previous
papers.
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АНАЛИТИЧЕСКОЕ МОДЕЛИРОВАНИЕ И ФИЛЬТРАЦИЯ
ПРОЦЕССОВ В ИНТЕГРОДИФФЕРЕНЦИАЛЬНЫХ

СТОХАСТИЧЕСКИХ СИСТЕМАХ, НЕ РАЗРЕШЕННЫХ
ОТНОСИТЕЛЬНО ПРОИЗВОДНЫХ

И. Н. Синицын1

�−−®â�æ¨ï: „«ï −¥«¨−¥©−ëå ¨−â¥£à®¤¨ää¥à¥−æ¨�«ì−ëå áâ®å�áâ¨ç¥áª¨å
á¨áâ¥¬ (ˆ„‘â‘), −¥ à�§à¥è¥−−ëå ®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå ¨ ¯à¨¢®¤¨¬ëå
ª ¤¨ää¥à¥−æ¨�«ì−ë¬ ¬¥â®¤®¬ á¨−£ã«ïà−ëå ï¤¥à, à�§à�¡®â�−ë �«£®à¨â¬ë
�−�«¨â¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï −®à¬�«ì−ëå áâ®å�áâ¨ç¥áª¨å ¯à®æ¥áá®¢ (‘â�),
¯à¨ íâ®¬ −¥«¨−¥©−®áâì ¯®¤ ¨−â¥£à�«®¬ ¬®¦¥â ¡ëâì à�§àë¢−®©, � â�ª¦¥ á¨−-
â¥§� −®à¬�«ì−ëå áã¡®¯â¨¬�«ì−ëå ä¨«ìâà®¢ (�‘�”) ¤«ï ®−«�©−-®¡à�¡®âª¨
¨−ä®à¬�æ¨¨ ¢ ˆ„‘â‘. �®¤à®¡−® à�áá¬®âà¥− â¥áâ®¢ë© ¯à¨¬¥à á à�§àë¢-
−®© −¥«¨−¥©−®áâìî ¯®¤ §−�ª®¬ ¨−â¥£à�«�. �à¥¤«®¦¥−ë �«£®à¨â¬ë ®æ¥−ª¨
ª�ç¥áâ¢� �‘�” −� ®á−®¢¥ â¥®à¨¨ çã¢áâ¢¨â¥«ì−®áâ¨.

Š«îç¥¢ë¥ á«®¢�: ¬¥â®¤ �−�«¨â¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï (Œ�Œ); ¬¥â®¤
−®à¬�«ì−®© �¯¯à®ªá¨¬�æ¨¨ (Œ��); ¬¥â®¤ áâ�â¨áâ¨ç¥áª®© «¨−¥�à¨§�æ¨¨
(Œ‘‹); −®à¬�«ì−ë© áã¡®¯â¨¬�«ì−ë© ä¨«ìâà (�‘�”); áâ®å�áâ¨ç¥áª�ï á¨á-
â¥¬� (‘â‘); áâ®å�áâ¨ç¥áª¨¥ á¨áâ¥¬ë, −¥ à�§à¥è¥−−ë¥ ®â−®á¨â¥«ì−® ¯à®¨§¢®¤-
−ëå; ä®à¬¨àãîé¨© ä¨«ìâà (””)

DOI: 10.14357/08696527210104

1 Введение

ˆ−â¥£à®¤¨ää¥à¥−æ¨�«ì−ë¥ áâ®å�áâ¨ç¥áª¨¥ á¨áâ¥¬ë, à�§à¥è¥−−ë¥ ®â−®á¨-
â¥«ì−® ¯à®¨§¢®¤−ëå, á«ã¦�â ¯®¤å®¤ïé¨¬¨ ¬®¤¥«ï¬¨ ¤«ï íà¥¤¨â�à−ëå áâ®å�-
áâ¨ç¥áª¨å á¨áâ¥¬ (�‘â‘). ‚ á«ãç�ïå, ª®£¤� íà¥¤¨â�à−ë¥ ï¤à� �á¨¬¯â®â¨ç¥áª¨
ãáâ®©ç¨¢ë, ªà®¬¥ â®£® ¢ëà®¦¤¥−ë (¨«¨ ã¤®¢«¥â¢®àïîâ ®¡ëª−®¢¥−−ë¬ ¤¨ää¥-
à¥−æ¨�«ì−ë¬ ãà�¢−¥−¨ï¬), ãà�¢−¥−¨ï ˆ„‘â‘ ¯à¨¢®¤ïâáï ª ¤¨ää¥à¥−æ¨�«ì−ë¬
áâ®å�áâ¨ç¥áª¨¬ á¨áâ¥¬�¬ (‘â‘) [1, 2]. „«ï â�ª¨å �‘â‘ ¢®¯à®áë �−�«¨â¨ç¥áª®£®
¨ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï à�á¯à¥¤¥«¥−¨© à�áá¬®âà¥−ë ¢ [3{10]. ÷�¡®-
âë [11, 12] ¯®á¢ïé¥−ë á¨−â¥§ã áã¡- ¨ ãá«®¢−®-®¯â¨¬�«ì−ëå ä¨«ìâà®¢ (‘�”
¨ “�”) ¤«ï �‘â‘. „«ï ˆ„‘â‘, −¥ à�§à¥è¥−−ëå ®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå,
¢®¯à®áë �−�«¨â¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï à�áá¬®âà¥−ë ¢ [13,14]. ’¥®à¨ï �‘�”
¤«ï ¤¨ää¥à¥−æ¨�«ì−ëå ‘â‘ à�§à�¡®â�−� ¢ [15].

÷�áá¬®âà¨¬ à�§¢¨â¨¥ [13{15] −� á«ãç�© áã¡®¯â¨¬�«ì−ëå (¯® áà¥¤−¥ª¢�¤à�-
â¨ç−®¬ã ªà¨â¥à¨î) −®à¬�«ì−ëå (£�ãáá®¢áª¨å) ¯à®æ¥áá®¢ ¨ ä¨«ìâà®¢.

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, sinitsin@dol.ru
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÷�§¤¥« 2 ¯®á¢ïé¥− ¬¥â®¤�¬ �−�«¨â¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï (Œ�Œ) −®à¬�«ì-
−ëå ‘â� ¢ −¥£�ãáá®¢áª¨å ˆ„‘â‘, −¥ à�§à¥è¥−−ëå ®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå
¨ ¯à¨¢®¤¨¬ëå ª ¤¨ää¥à¥−æ¨�«ì−ë¬. �à¨¢¥¤¥−ë �«£®à¨â¬ë á¨−â¥§� �‘�”
¢ ¤¨ää¥à¥−æ¨�«ì−ëå ‘â‘. ‚®¯à®á�¬ á¨−â¥§� �‘�” ¤«ï £�ãáá®¢áª¨å ¨ −¥£�ãá-
á®¢áª¨å ˆ„‘â‘, −¥ à�§à¥è¥−−ëå ®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå, ¯®á¢ïé¥− à�§¤. 3.
‚ à�§¤. 4 ¯à¨¢¥¤¥− â¥áâ®¢ë© ¯à¨¬¥à. ‡�ª«îç¥−¨¥ á®¤¥à¦¨â ¢ë¢®¤ë ¨ ¢®§¬®¦−ë¥
®¡®¡é¥−¨ï.

2 Нормальный субоптимальный фильтр для дифференциальных
стохастических систем, не разрешенных относительно производных

‘«¥¤ãï [13, 14], à�áá¬®âà¨¬ ¤¨ää¥à¥−æ¨�«ì−ãî ‘â‘ á −¥«¨−¥©−®áâï¬¨,
®¯¨áë¢�¥¬ë¬¨ £«�¤ª¨¬¨ äã−ªæ¨ï¬¨

ϕ = ϕ
(
t,—,Xt, ‘Xt, . . . , X

(k)
t , Ut

)
= 0,

X (t0) = X0, ‘X(t0) = ‘X0, . . . , X
(k) (t0) = X

(k)
0 . (1)

“à�¢−¥−¨¥ −¥«¨−¥©−®£® ä®à¬¨àãîé¥£® ä¨«ìâà� (””) ¢®§ì¬¥¬ ¢ ¢¨¤¥, à�§à¥-
è¥−−®¬ ®â−®á¨â¥«ì−® ¢®§¬ãé¥−¨© Ut:

‘Ut = a
U (t,—, Ut) + b

U (t,—, Ut)V
U
t , U (t0) = U0. (2)

‡¤¥áì aU = aU (t,—, Ut) ¨ b
U (t,—, Ut)| (n

U×1)- ¨ (nU×nV )-¬¥à−ë¥ äã−ªæ¨¨;
V U
t | ¡¥«ë© èã¬ ¢ áâà®£®¬ á¬ëá«¥ [1, 2], ¤®¯ãáª�îé¨© ¯à¥¤áâ�¢«¥−¨¥ ¢ ¢¨¤¥

áã¬¬ë £�ãáá®¢áª®© ¨ ¯ã�áá®−®¢áª®© á®áâ�¢«ïîé¨å

V U
t = ‘W

U
t , W

U
t =W

U
0 (t,—) +

∫

Rq
0

cU (—, ρ)P 0(t,—, dρ),

£¤¥ νt | ¥£® ¨−â¥−á¨¢−®áâì:

νt = ν
W
t = ν

W0
t +

∫

Rq
0

cU (—, ρ)
[
cU (—, ρ)

]T
νP (t,—, ρ)dρ ;

cU = cU (—, ρ) | ¨§¢¥áâ−�ï ¢¥ªâ®à−�ï äã−ªæ¨ï â®© ¦¥ à�§¬¥à−®áâ¨, çâ® ¨ W 0
t ,

� ¨−â¥£à�« ¯à¨ «î¡®¬ t ≥ t0 ¯à¥¤áâ�¢«ï¥â á®¡®© áâ®å�áâ¨ç¥áª¨© ¨−â¥£à�« ¯®
æ¥−âà¨à®¢�−−®© ¯ã�áá®−®¢áª®© ¬¥à¥ P 0(t,—,A), −¥§�¢¨á¨¬®© ®âWU

0 ¨ ¨¬¥îé¥©
−¥§�¢¨á¨¬ë¥ §−�ç¥−¨ï −� ¯®¯�à−® −¥¯¥à¥á¥ª�îé¨åáï ¬−®¦¥áâ¢�å; A | ¡®à¥-

«¥¢áª®¥ ¬−®¦¥áâ¢® ¯à®áâà�−áâ¢� Rq0 á ¢ëª®«®âë¬ −�ç�«®¬; νWt , νW0t ¨ νP |
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�−�«¨â¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ ¨ ä¨«ìâà�æ¨ï ¯à®æ¥áá®¢ ¢ ˆ„‘â‘

¨−â¥−á¨¢−®áâ¨ ‘â� WU
t , WU

0 ¨ P 0. “à�¢−¥−¨¥ (2) ¯®−¨¬�¥âáï ¢ á¬ëá«¥ ˆâ®
¨ ¨¬¥¥â ¥¤¨−áâ¢¥−−®¥ áà¥¤−¥ª¢�¤à�â¨ç−®¥ à¥è¥−¨¥ [1, 2].

‚ á«ãç�¥ £«�¤ª¨å äã−ªæ¨© ¢ (1), ¤®¯ãáª�îé¨å áâ®å�áâ¨ç¥áª¨¥ ¯à®¨§¢®¤−ë¥
ˆâ® ¤® h-£® ¯®àï¤ª� ¨ áâ�â¨áâ¨ç¥áªãî «¨−¥�à¨§�æ¨î ¯® Š�§�ª®¢ã [1{4], ¢ë¯®«-
−¨¬ á«¥¤ãîé¨¥ ¯à¥®¡à�§®¢�−¨ï. �ã¤¥¬ ¤¨ää¥à¥−æ¨à®¢�âì á¯®«−� ¯® t «¥¢ë¥
ç�áâ¨ ãà�¢−¥−¨© (1) ¯® ®¡®¡é¥−−®© ä®à¬ã«¥ ˆâ® [1, 2] ¤® â¥å ¯®à, ¯®ª� −¥
¯®ï¢ïâáï ¯à®¨§¢®¤−ë¥ ¡¥«®£® èã¬�. ‚ à¥§ã«ìâ�â¥ ¯®«ãç¨¬ á«¥¤ãîé¨¥ á¨áâ¥¬ë
−¥«¨−¥©−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©:

ϕ = 0, ‘ϕ = 0, . . . , ϕ(h) = 0 , (3)

£¤¥

ϕ(i)
(
t,—,X

(i)
t , Ut

)
= ϕ

(i)
0X1t

(
t,—,mXi

t ,KXi

t ,mU
t ,K

U
t

)
+

+ k
(i)
1X1t

(
t,—,mXi

t ,KXi

t ,mU
t ,K

U
t ,K

XiU
t

)
Xi0
t +

+ k
(i)
1U

(
t,—,mXi

t ,KXi

t ,mU
t ,K

U
t ,K

XiU
t

)
U0t = 0 (i = 1, 2, . . . , h). (4)

‡¤¥áì X1t =
[
XTt
‘XTt · · ·X

(k−1)T
t

]T
; mX1

t ¨ KX1
t | ¢¥ªâ®à ¬�â¥¬�â¨ç¥áª®-

£® ®¦¨¤�−¨ï ¨ ª®¢�à¨�æ¨®−−�ï ¬�âà¨æ�; k
(i)
1X1

= k
(i)
1X1
(t,—,mXi

t ,KXi

t ,mU
t ,

KU
t ,K

XiU
t ) ¨ k

(i)
1U = k

(i)
1U (t,—,m

Xi

t ,KXi

t ,mU
t ,K

U
t ) | ¬�âà¨ç−ë¥ ª®íää¨æ¨-

¥−âë áâ�â¨áâ¨ç¥áª®© «¨−¥�à¨§�æ¨¨ äã−ªæ¨© (4).

„�«¥¥ ¢¢¥¤¥¬ ¢¥ªâ®à �Xt =
[
XT1tX

T
2t

]T
, á®áâ�¢«¥−−ë© ¨§ X1t =

=
[
XTt
‘XTt · · ·X

(h−1)T
t

]T
¨ ¢á¯®¬®£�â¥«ì−®£® ¢¥ªâ®à� X2t = [X

(i)
t ]i=1,h −�

®á−®¢¥ (4). ‚ à¥§ã«ìâ�â¥ ¯à¨¤¥¬ ª ãà�¢−¥−¨ï¬, à�§à¥è¥−−ë¬ ®â−®á¨â¥«ì−®
¤¨ää¥à¥−æ¨�«®¢, á«¥¤ãîé¥£® ¢¨¤�:

d �Xt = a
�Xdt+ b

�XdW0 +

∫

Rq
0

c
�XP 0(t,—, du), (5)

£¤¥

a
�X = a

�X
(
t,—, �Xt

)
; b

�X = b
�X
(
t,—, �Xt

)
; c

�X = c
�X
(
t,—, �Xt, u

)
.

’�ª¨¬ ®¡à�§®¬, ¨¬¥¥¬ á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥ [13,14].

’¥®à¥¬� 1. �ãáâì −¥«¨−¥©−�ï −¥£�ãáá®¢áª�ï ‘â‘ (1), (2), −¥ à�§à¥è¥−−�ï
®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå k-£® ¯®àï¤ª�, ã¤®¢«¥â¢®àï¥â ãá«®¢¨ï¬:
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10 äã−ªæ¨¨ (1) ¤®¯ãáª�îâ ®¡®¡é¥−−ë¥ áâ®å�áâ¨ç¥áª¨¥ ¤¨ää¥à¥−æ¨�«ë ˆâ®
¢¯«®âì ¤® h-£® ¯®àï¤ª� ¢ª«îç¨â¥«ì−® ¨ áâ�â¨áâ¨ç¥áªãî «¨−¥�à¨§�æ¨î ¯®
Š�§�ª®¢ã;

20 ¢®§¬ãé¥−¨ï Ut −¥£�ãáá®¢áª¨¥, ¯à¨ç¥¬ ãà�¢−¥−¨¥ ”” (2) à�§à¥è¥−® ®â−®á¨-
â¥«ì−® ¢®§¬ãé¥−¨© Ut ¨ ¨¬¥¥â ¥¤¨−áâ¢¥−−®¥ áà¥¤−¥ª¢�¤à�â¨ç−®¥ à¥è¥−¨¥.

30 ‘â� X1t ¡®«¥¥ £«�¤ª¨©, ç¥¬ ¢®§¬ãé¥−¨¥ Ut.

’®£¤� á¨áâ¥¬� (1), (2) ¯à¨¢®¤¨¬� ª ¤¨ää¥à¥−æ¨�«ì−®© á¨áâ¥¬¥, à�§à¥è¥−−®©
®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå (5).

’¥¯¥àì ¯¥à¥©¤¥¬ ª ä¨«ìâà�æ¨¨ ¯à®æ¥áá®¢ ¢ ¤¨ää¥à¥−æ¨�«ì−ëå ‘â‘. �à¥¤-
¯®«®¦¨¬, çâ® ‘â‘ ã¤®¢«¥â¢®àï¥â ãá«®¢¨ï¬ â¥®à¥¬ë 1, � â�ª¦¥ ¯®«−®áâìî
−�¡«î¤�¥¬� [16]. �à¨ íâ®¬ ãà�¢−¥−¨ï −�¡«î¤¥−¨ï ®¯¨áë¢�îâáï ãà�¢−¥−¨ï¬¨ (5)
¯à¨ á«¥¤ãîé¨å ãá«®¢¨ïå: ¢®-¯¥à¢ëå, ãà�¢−¥−¨ï −�¡«î¤¥−¨ï −¥ á®¤¥à¦�â ¯ã�á-
á®−®¢áª®£® èã¬� (c1 ≡ 0), � ¢®-¢â®àëå, ª®íää¨æ¨¥−â ¯à¨ ¢¨−¥à®¢áª®¬ èã¬¥ bY1
−¥ §�¢¨á¨â ®â á®áâ®ï−¨ï �Xt(b1( �X

t, Yt)) = b1(Yt, t). ÷�§¬¥à−®áâì ¢¥ªâ®à� Yt
¯à¨¬¥¬ à�¢−®© nY , � �Xt | n

�X . ‚ ¤�«ì−¥©è¥¬ ¤«ï ªà�âª®áâ¨ ¡ã¤¥¬ ¯à¨−¨¬�âì
�Xt = Xt, � ãà�¢−¥−¨ï úá¨áâ¥¬� ¯«îá −�¡«î¤¥−¨ïû §�¯¨áë¢�âì ¢ á«¥¤ãîé¥¬

¢¨¤¥ [16]:

dXt =

= a (Xt, Yt, t,—) dt+ b (Xt, Yt, t,—) dW0 +

∫

Rq
0

c (Xt, Yt, t,—, u)P
0(dt, du,—), (6)

dYt = a1 (Xt, Yt, t,—) dt + b1 (Yt, t,—) dW0. (7)

„«ï ‘â‘ (6), (7) á �¤¤¨â¨¢−ë¬¨ èã¬�¬¨ ¨¬¥îâ ¬¥áâ® á«¥¤ãîé¨¥ ãá«®¢¨ï:

b (Xt, Yt, t,—) = b0(t,—) ; c (Xt, Yt, t,—, v) = 0 ; b1 (Yt, t,—) = b10(t,—). (8)

“á«®¢¨ï (8) ¡ã¤ãâ ¢ë¯®«−ïâìáï, ¥á«¨ ¢ ¯®á«¥¤−¥¬ ãà�¢−¥−¨¨ (3) á −®¬¥à®¬ h
¯®ï¢¨«áï ¡¥«ë© èã¬, � ª®íää¨æ¨¥−â ¯à¨ −¥¬ §�¢¨á¨â â®«ìª® ®â t ¨ —.

Š�ª ¨§¢¥áâ−® ¨§ â¥®à¨¨ áã¡®¯â¨¬�«ì−®© ä¨«ìâà�æ¨¨ [16] ¤«ï £�ãáá®¢áª®©
‘â‘, â�ª ª�ª £�ãáá®¢áª®¥ (−®à¬�«ì−®¥) à�á¯à¥¤¥«¥−¨¥, �¯¯à®ªá¨¬¨àãîé¥¥ �¯®-
áâ¥à¨®à−®¥ à�á¯à¥¤¥«¥−¨¥ ¢¥ªâ®à� Xt, ¯®«−®áâìî ®¯à¥¤¥«ï¥âáï �¯®áâ¥à¨®à−ë¬¨

¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ �Xt ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æ¥© Rt ¢¥ªâ®à� Xt, â®
¯à¨ �¯¯à®ªá¨¬�æ¨¨ �¯®áâ¥à¨®à−®£® à�á¯à¥¤¥«¥−¨ï ¢¥ªâ®à� Xt −®à¬�«ì−ë¬ à�á-

¯à¥¤¥«¥−¨¥¬ ¢á¥ ¬�â¥¬�â¨ç¥áª¨¥ ®¦¨¤�−¨ï ¤«ï d �Xt ¨ dRt ¡ã¤ãâ ®¯à¥¤¥«¥−−ë¬¨

äã−ªæ¨ï¬¨ �Xt, Rt ¨ t, â. ¥. ¡ã¤ãâ ¯à¥¤áâ�¢«ïâì á®¡®© áâ®å�áâ¨ç¥áª¨¥ ¤¨ää¥à¥−-

æ¨�«ì−ë¥ ãà�¢−¥−¨ï, ®¯à¥¤¥«ïîé¨¥ �Xt ¨ Rt:

d �Xt = B
(
�Xt, Yt, Rt, t,—

)
= f

(
�Xt, Yt, Rt, t,—

)
dt +

+ h
(
�Xt, Yt, Rt, t, ,—

)
dt
[
dYt − f (1)

(
�Xt, Yt, Rt, t

)
dt
]
; (9)
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dRt =

{
f (2)

(
�Xt, Yt, Rt, t,—

)
−

− h
(
�Xt, Yt, Rt, t,—

)(
b1νb

T
1

)
(Yt, t,—)h

(
�Xt, Yt, Rt, t,—

)T}
dt+

+

ny∑

r=1

ρr( �Xt, Yt, Rt, t,—)
[
dYr − f (1)r ( �Xt, Yt, Rt, t,—) dt

]
,

£¤¥ ν = ν(t)| ¨−â¥−á¨¢−®áâì ¡¥«®£® èã¬�;

f( �Xt, Yt, Rt, t,—) =

= [(2π)n |Rt| ]−1/2
∞∫

−∞

a (Yt, x, t,—) exp

{
−
(
xT − �XTt

)
R−1
t

x− �Xt

2

}
dx, (10)

f (1)( �Xt, Yt, Rt, t,—) =
{
f (1)r

(
�Xt, Yt, Rt, t,—

)}
=

= [(2π)nx |Rt| ]−1/2
∞∫

−∞

a1(Yt, x, t) exp

{
−
(
xT − �XTt

)
R−1
t

x− �Xt

2

}
dx ; (11)

h
(
�Xt, Yt, Rt, t,—

)
=

=



[(2π)

nx |Rt| ]−1/2
∞∫

−∞

[
xa1(Yt, x, t)

T + bνbT1 (Yt, x, t,—)
]
×

× exp
{
−(xT − �XTt )R−1

t

x− �Xt

2

}
dx− �Xtf

(1)
(
�Xt, Yt, Rt, t,—

)T


×

×
(
b1νb

T
1

)−1
(Yt, t) ; (12)

f (2)
(
�Xt, Yt, Rt, t,—

)
= [(2π)nx |Rt| ]−1/2

∞∫

−∞

{
(x− �Xt)a(Yt, x, t,—)

T +

+ a (Yt, x, t,—)
(
xT − �XTt

)
+ bνbT1 (Yt, x, t,—)

}
×

× exp
{
−
(
xT − �XTt

)
R−1
t

x− �Xt

2

}
dx; (13)
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ρr

(
�Xt, Yt, Rt, t,—

)
=

= [(2π)nx |Rt| ]−1/2
∞∫

−∞

{(
x− �Xt

)(
xT − �XTt

)
αr (Yt, x, t,—) +

+
(
x− �Xt

)
βr (Yt, x, t,—)

T
(
xT − �XTt

)
+ βr (Yt, x, t,—)

(
xT − �XTt

)}
×

× exp
{
−
(
xT − �XTt

)
R−1
t

x− �Xt

2

}
dx (r = 1, . . . , ny). (14)

‡¤¥áì αr | r-© í«¥¬¥−â ¬�âà¨æë-áâà®ª¨ (a1 − �aT1 )(b1νbT1 )−1; βkr | í«¥¬¥−â

k-© áâà®ª¨ ¨ r-£® áâ®«¡æ� ¬�âà¨æë bνbT1 (b1νb
T
1 )

−1, ¯à¨ íâ®¬ βr = [β1r · · · βpr]T
(r = 1, . . . , nX).

‡� −�ç�«ì−ë¥ §−�ç¥−¨ï �Xt ¨Rt ¯à¨ ¨−â¥£à¨à®¢�−¨¨ ãà�¢−¥−¨© (8) ¨ (9), ¥áâ¥-
áâ¢¥−−®, á«¥¤ã¥â ¯à¨−ïâì ãá«®¢−ë¥ ¬�â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥ ¨ ª®¢�à¨�æ¨®−−ãî
¬�âà¨æã ¢¥«¨ç¨−ë X0 ®â−®á¨â¥«ì−® Y0:

�X0 = M [X0 | Y0] ; R0 = M
[(
X0 − �X0

)(
XT0 − �XT0

)
| Y0
]
.

…á«¨ −¥â ¨−ä®à¬�æ¨¨ ®¡ ãá«®¢−®¬ à�á¯à¥¤¥«¥−¨¨ X0 ®â−®á¨â¥«ì−® Y0, â® −�-
ç�«ì−ë¥ ãá«®¢¨ï ¬®¦−® ¢§ïâì ¢ ¢¨¤¥:

�X0 = MX0 ; R0 = M (X0 −MX0)
(
XT0 −MXT0

)
.

…á«¨ ¦¥ ¨ ®¡ íâ¨å ¢¥«¨ç¨−�å −¥â −¨ª�ª®© ¨−ä®à¬�æ¨¨, â® −�ç�«ì−ë¥ §−�ç¥−¨ï �Xt

¨ Rt ¯à¨å®¤¨âáï §�¤�¢�âì ¯à®¨§¢®«ì−®.
’�ª¨¬ ®¡à�§®¬, á¯à�¢¥¤«¨¢® á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥.

’¥®à¥¬� 2. �ãáâì ãà�¢−¥−¨ï −¥«¨−¥©−®© £�ãáá®¢áª®© ¤¨ää¥à¥−æ¨�«ì−®©
‘â‘ (6) ¨ (7) ¤®¯ãáª�îâ ¯à¨¬¥−¥−¨¥ Œ��. ’®£¤� ¢ ®á−®¢¥ á¨−â¥§� �‘�”
«¥¦�â ãà�¢−¥−¨ï (10){(14) ¯à¨ á®®â¢¥âáâ¢ãîé¨å −�ç�«ì−ëå ãá«®¢¨ïå.

—¨á«® ãà�¢−¥−¨© Œ�� ®¤−®¬¥à−®£® �¯®áâ¥à¨®à−®£® à�á¯à¥¤¥«¥−¨ï ®¯à¥¤¥-
«ï¥âáï ¯® ä®à¬ã«¥:

Qíîá = nx +
nx(nx + 1)

2
=
nx(nx + 3)

2
.

„«ï −¥£�ãáá®¢áª¨å ‘â‘, −¥ à�§à¥è¥−−ëå ®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå, ª�ª

¯®ª�§�−® ¢ [13,14], âà¥¡ã¥âáï ®£à�−¨ç¥−−®áâì äã−ªæ¨© f , f (1), h, ρr ¨ äã−ªæ¨¨

�f (2) = f (20 +MN



∫

Rq
0

ccTνP (t,—) dv




(â¥®à¥¬� 3).
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�ãáâì ¤«ï ¤¨ää¥à¥−æ¨�«ì−®© ‘â‘ á �¤¤¨â¨¢−ë¬¨ èã¬�¬¨ (8) äã−ªæ¨¨ a, b,
a1 ¨ b1 ¢ (6), (7) ã¤®¢«¥â¢®àïîâ ãá«®¢¨ï¬:

a = a (Xt, Yt, t,—) = a (Xt, t,—) ; a1 = a1 (Xt, Yt, t,—) = a1 (Xt, t,—) ;

b (Xt, Yt, t,—) dW = b(t,—) dW1; b1 (Xt, t,—) dW = dW2.

}
(15)

‡¤¥áì W1 ¨ W2 | −¥§�¢¨á¨¬ë¥ ¢¨−¥à®¢áª¨¥ ¯à®æ¥ááë à�§¬¥à−®áâ¨ nw1 = nx
¨ nw2 = ny. ’®£¤� ¯®á«¥ ¯¥à¥å®¤� ®â ¤¨ää¥à¥−æ¨�«®¢ ª ¯à®¨§¢®¤−ë¬ ¡ã¤¥¬
¨¬¥âì

‘Xt = a (Xt, t,—) + b(t,—)V1; Zt = ‘Yt = a1 (Xt, t,—) + V2, (16)

£¤¥ V = [V1V2]
T | −®à¬�«ì−ë© ¡¥«ë© èã¬ ¨−â¥−á¨¢−®áâ¨ ν = diag (ν1, ν2).

‡�¬¥−¨¬ (16) áâ�â¨áâ¨ç¥áª¨ «¨−¥�à¨§®¢�−−®© á¨áâ¥¬®©, −¥«¨−¥©−®© ®â−®á¨-
â¥«ì−® ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© mx

t ¨ mz
t ¨ «¨−¥©−®© ®â−®á¨â¥«ì−® æ¥−âà¨à®-

¢�−−ëå á®áâ�¢«ïîé¨å X0t = Xt −mx
t ¨ �Xt

0
= �Xt − �mx

t :

‘mx
t = a00 (m

x
t ,K

x
t , t,—) ; (17)

mz
t = a10 (m

x
t ,K

x
t , t,—) ; (18)

‘X0t = a01 (m
x
t ,K

x
t , t,—)X

0
t + b(t,—)V1; (19)

Z0t = a11 (m
x
t ,K

x
t , t,—)X

0
t + V2, (20)

£¤¥ a00 = a00 (m
x
t ,K

x
t , t,—), a10 = a10 (m

x
t ,K

x
t , t,—), a01 (m

x
t ,K

x
t , t,—) =

= ∂a0/∂m
x
t ¨ a11(m

x
t ,K

x
t , t,—) = ∂a10/∂m

x
t | ª®íää¨æ¨¥−âë áâ�â¨áâ¨ç¥áª®©

«¨−¥�à¨§�æ¨¨ −¥«¨−¥©−ëå äã−ªæ¨© a ¨ a1, ¢ëç¨á«ï¥¬ë¥ ¤«ï −®à¬�«ì−®£®
à�á¯à¥¤¥«¥−¨ï N(mx

t ,K
x
t ). �à¨ íâ®¬ ¢ á¨«ã (19) ª®¢�à¨�æ¨®−−�ï ¬�âà¨æ� Kx

t
¡ã¤¥â ®¯à¥¤¥«ïâìáï ãà�¢−¥−¨¥¬:

‘Kx
t = a11 (m

x
t ,K

x
t , t,—)K

x
t +K

x
t a11 (m

x
t ,K

x
t , t,—)

T +

+ b (t,—) ν1(t,—)b(t,—)
T. (21)

�à¨¬¥−ïï ª ¬®¤¥«¨ (19), (20) ãà�¢−¥−¨ï «¨−¥©−®£® ä¨«ìâà� Š�«¬�−�{�ìîá¨ [16],
¯®«ãç¨¬ ¨áª®¬ë¥ ãà�¢−¥−¨ï ä¨«ìâà� −� ®á−®¢¥ Œ‘‹:

‘�X t = a00 (m
x
t ,K

x
t , t,—)− a01 (mx

t ,K
x
t , t,—)m

x
t +

+ a01 (m
x
t ,K

x
t , t,—) �Xt +Rta11 (m

x
t ,K

x
t , t,—)

T ν2(t,—)
−1 ×

×
[
Zt−a11 (mx

t ,K
x
t , t,—) �Xt−a10 (mx

t ,K
x
t , t,—)+a11 (m

x
t ,K

x
t , t,—)m

x
t

]
, (22)

£¤¥ �X0 = MNX0;
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‘Rt = a01 (m
x
t ,K

x
t , t,—)Rt +Rta01 (m

x
t ,K

x
t , t,—)

T −
−Rta11 (mx

t ,K
x
t , t,—)

T ν2(t,—)
−1a11 (m

x
t ,K

x
t , t,—)Rt +

+ b(t,—)ν1(t,—)b(t,—)
T, R0 = MN

[(
X0 − �X0

)(
X0 − �X0

)T]
. (23)

‚å®¤ïé¨¥ áî¤� mx
t ¨ Kx

t ®¯à¥¤¥«ïîâáï ¨§ ãà�¢−¥−¨© (17) ¨ (18).

’¥®à¥¬� 4. �ãáâì ¢ ãá«®¢¨ïå �¤¤¨â¨¢−ëå èã¬®¢ (15) ¨ â¥®à¥¬ë 1 ãà�¢−¥−¨ï
−¥«¨−¥©−®© £�ãáá®¢áª®© ¤¨ää¥à¥−æ¨�«ì−®© ‘â‘ (16) ¤®¯ãáª�îâ ¯à¨¬¥−¥−¨¥
Œ‘‹, � «¨−¥�à¨§®¢�−−ë¥ ãà�¢−¥−¨ï ã¤®¢«¥â¢®àïîâ ãá«®¢¨ï¬ áâ®å�áâ¨ç¥áª®©
−�¡«î¤�¥¬®áâ¨. ’®£¤� �‘�” á®£«�á−® Œ‘‹ ®¯à¥¤¥«ï¥âáï ãà�¢−¥−¨ï¬¨ (22),
(23) ¯à¨ ãá«®¢¨ïå (17), (18) ¨ (21) ¨ á®®â¢¥âáâ¢ãîé¨å −�ç�«ì−ëå ãá«®¢¨ïå.

�à¨ ç¨áâ® «¨−¥©−ëå −�¡«î¤¥−¨ïå, ª®£¤� a1 (Xt, t,—) = b1(t,—)Xt +
+ b0(t,—), ãà�¢−¥−¨ï (6) ¨ (7) ã¯à®é�îâáï, ¯®áª®«ìªã a10(m

x
t ,K

x
t , t,—) =

= b0(t,—), a11(m
x
t ,K

x
t , t,—) = b1(t,—) ¨ βt = Rtb1(t,—)

Tν2(t,—)
−1, ¨ ¯à¨−¨-

¬�îâ ¢¨¤:

‘�Xt = a00 (m
x
t ,K

x
t , t,—)− a01 (mx

t ,K
x
t , t,—)m

x
t + a01 (m

x
t ,K

x
t , t,—) �Xt +

+ βt

[
Zt − b1(t,—) �Xt − b0(t,—) + b1(t,—)mx

t

]
, �X0 = MNX0; (24)

‘Rt = a01 (m
x
t ,K

x
t , t,—)Rt +Rta01 (m

x
t ,K

x
t , t,—)

T − βtb1(t,—)Rt +

+ b(t,—)ν1(t,—)b(t,—)
T, R0 = MN

[(
X0 − �X0

)(
X0 − �X0

)T]
. (25)

Š®íää¨æ¨¥−âë áâ�â¨áâ¨ç¥áª®© «¨−¥�à¨§�æ¨¨ a00, a01, a10 ¨ a11 ¨ ¢á¯®-
¬®£�â¥«ì−�ï (¨−áâàã¬¥−â�«ì−�ï) ¬�âà¨æ� Rt à�§¬¥à−®áâ¨ nz × nz −¥ á®¤¥à¦�â
à¥§ã«ìâ�âë −�¡«î¤¥−¨© Zt ¨ ¬®£ãâ ¡ëâì ®¯à¥¤¥«¥−ë ®â¤¥«ì−® (¤® ¯®«ãç¥−¨ï
à¥§ã«ìâ�â®¢ −�¡«î¤¥−¨©). ’®£¤� «¨−¥�à¨§®¢�−−ë¥ ãà�¢−¥−¨ï (17) ¨ (19) ¢ á¨«ã
¨å ¯à®áâ®âë ¬®£ãâ ¡ëâì ¯à®¨−â¥£à¨à®¢�−ë ¢ à¥�«ì−®¬ ¬�áèâ�¡¥ ¢à¥¬¥−¨ ¢ â¥-
ç¥−¨¥ −�¡«î¤¥−¨© á¨áâ¥¬ë. �à¨ íâ®¬ ¢®§¬®¦−� �¯à¨®à−�ï ®æ¥−ª� â®ç−®áâ¨
ä¨«ìâà� [16].

�«£®à¨â¬ë á¨−â¥§� �‘�” §�¢¨áïâ ®â ¨−áâàã¬¥−â�«ì−ëå ¯�à�¬¥âà®¢—. �−¨
¯à¥¤áâ�¢«ïîâ á®¡®© á«ãç�©−ë¥ ¢¥«¨ç¨−ë ¨«¨ ¬¥¤«¥−−® ¬¥−ïîé¨¥áï äã−ªæ¨¨
¢à¥¬¥−¨. ‚ [3, 5, 15] ¤«ï ®æ¥−ª¨ ª�ç¥áâ¢� �‘�” ¯à¨¢¥¤¥−ë á®®â¢¥âáâ¢ãîé¨¥
�«£®à¨â¬ë ¯® ¬¥â®¤ã â¥®à¨¨ çã¢áâ¢¨â¥«ì−®áâ¨ ¤«ï ãá«®¢−®© äã−ªæ¨¨ ¯®â¥àì
ρ = R(—, t), ¤®¯ãáª�îé¥© ª¢�¤à�â¨ç−ãî �¯¯à®ªá¨¬�æ¨î.

3 Нормальный фильтр для интегродифференциальных
стохастических систем, не разрешенных относительно производных

�¡®¡é�ï [15], à�áá¬®âà¨¬ ˆ„‘â‘, ®¯¨áë¢�¥¬ãî á«¥¤ãîé¨¬¨ ¢¥ªâ®à−ë¬¨
ãà�¢−¥−¨ï¬¨:
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�ψ0 = ψ0(t,—,Xt, ‘Xt, . . . ,X
(k)
t , Ut) +

+

t∫

t0

H(—, t, τ)ψ1(—, t, τ,Xτ , ‘Xτ , . . . ,X
(l)
τ , Uτ ) dτ = 0 ,

Xt0 = X0,
‘Xt0 =

‘X0, . . . X
(k)
t0 = X

(k)
0 ; (26)

‘Ut = a
U (t,—) + aU (t,—)Ut + b

U (t,—)V U
t , Ut0 = U0 , (27)

¯à¨ ãá«®¢¨ïå ä¨§¨ç¥áª®© à¥�«¨§ã¥¬®áâ¨ ¨ §�âãå�îé¥© ¯�¬ïâ¨:

H(t, τ,—) = [Hij(t, τ,—)] = 0, ∀τ > t,

∞∫

−∞

|Hij(t, τ,—)| dτ <∞ . (28)

‘«¥¤ãï [1, 2], ¢ á«ãç�¥ ¢ëà®¦¤¥−−®£® ï¤à� H(t, τ,—), ª®£¤�

Hij(t, τ,—) = H
+
ij (t,—)H

−
ij (τ,—),

¯®«®¦¨¬

H+Yt =

t∫

t0

H(t, τ,—)ψ1(t, τ,—,Xτ , ‘Xτ , . . . ,X
(k−1)
τ , Uτ , τ) dτ ;

‘Yt = H
−Yt, Yt0 = 0 .

’®£¤� (26) ¯à¨¬¥â á«¥¤ãîé¨© ¢¨¤:

�ψ0 = ψ0(t,—,X1t, Ut) +H
+Yt = 0,

£¤¥

X1t =
[
XTt
‘XTt · · ·X

(k−1)T
t

]T
.

„�«¥¥ ¯à®¢¥¤¥¬ áâ�â¨áâ¨ç¥áªãî «¨−¥�à¨§�æ¨î ¯® Š�§�ª®¢ã [1, 2] äã−ªæ¨©
�ψ0 ¨ ψ1 ¢ (26):

�ψ0 ≈ m
�ψ0
0 + k

�ψ0
1X1

X01t + k
�ψ0
1UU

0
t + k

�ψ0
1Y Y

0
t ;

ψ1 ≈ mψ1
0 + k

ψ1
1 X

0
1t + k

ψ1
1UU

0
t .

‡¤¥áì ª®íää¨æ¨¥−âë áâ�â¨áâ¨ç¥áª®© «¨−¥�à¨§�æ¨¨ §�¢¨áïâ ®â mX1
t , mU

t ,K
X1
t ,

KU
t ¨ KXU

t . ‚ à¥§ã«ìâ�â¥ ¯®«ãç¨¬ á¨áâ¥¬ã ãà�¢−¥−¨© ¤«ï ¬�â¥¬�â¨ç¥áª¨å
®¦¨¤�−¨©:
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mψ0
0 +H

+mY
t = 0 ; (29)

H+mY
t =

t∫

t0

H(t, τ,—)mψ1
0τ dτ,

‘mY = H−mY ;

‘mU = aUmU

¨ æ¥−âà¨à®¢�−−ëå ¢¥ªâ®à®¢ X01t = X1t −mX1
t , U0t = Ut −mU

t ¨ Y 0t = Yt −mY
t

¢ ¢¨¤¥:

“ϕ = kψ0X1X
0
1t + k

ψ0
Ut
U0t +H

+Y 0t = 0 ; (30)

H+Y 0t =

t∫

0

H(t, τ,—)
[
kψ1X1τX

0
1τ + k

ψ1
UτU

0
τ

]
dτ ; (31)

‘Y 0t = H
−Y 0t ; (32)

‘U0t = a
UU0t + b

UV 0t . (33)

�à®¤¨ää¥à¥−æ¨àã¥¬ ãà�¢−¥−¨¥ (29) ®¤¨− à�§. ‚ à¥§ã«ìâ�â¥ ¯®«ãç¨¬:

‘mψ0
0 +H

+ ‘mY
t + ‘Htm

Y
t = 0. (34)

�−�«®£¨ç−® ¯à®¤¨ää¥à¥−æ¨àã¥¬ ®¤¨− à�§ (34), � (30) | h à�§ ¤® ¯®ï¢«¥−¨ï
¡¥«®£® èã¬�. ’®£¤� ¡ã¤¥¬ ¨¬¥âì ¤®¯®«−¨â¥«ì−ãî á¨áâ¥¬ã ãà�¢−¥−¨©:

‘“ϕ = ‘kψ0X1,tX
0
1t + k

ψ0
X1,t
‘X01t +

‘kψ0UtU
0
t +K

ψ0
Ut
‘U0t +

‘H+t Y
0
t +H

+ ‘Y 0t ;

. . . ;

“ϕ(h) = 0.





(35)

’¥¯¥àì −� ®á−®¢¥ á¨áâ¥¬ë ãà�¢−¥−¨© (35) ®¡à�§ã¥¬ ¢¥ªâ®à æ¥−âà¨à®¢�−−ëå
¯¥à¥¬¥−−ëå

X02t =
[
X0T1t ‘X

0T
1t · · ·X0(h)T1t

]T
. (36)

’�ª¨¬ ®¡à�§®¬, á®áâ�¢−®© ¢¥ªâ®à

Zt =
[
X0T1t X

0T
2t Y

0T
t UTt

]T
(37)
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¤«ï ˆ„‘â‘ (26) á ¢ëà®¦¤¥−−ë¬ ï¤à®¬ H(t, τ) ¯à¨ ãá«®¢¨ïå (28) ¡ã¤¥â ®¯à¥¤¥-
«ïâìáï ¢¥ªâ®à−ë¬ ¤¨ää¥à¥−æ¨�«ì−ë¬ ãà�¢−¥−¨¥¬ ¢¨¤� (5):

dZt = a
Zdt+ bZdW0 +

∫

Rq
0

cZP 0(t,—, du). (38)

‡¤¥áì äã−ªæ¨¨ aZ, bZ ¨ cZ ®¯à¥¤¥«ïîâáï (30){(37).
��ª®−¥æ, ¯à¨¬¥−¨¬ ª ãà�¢−¥−¨ï¬ (38) áâ�−¤�àâ−ë¥ ãà�¢−¥−¨ï Œ�� [1, 2]:

‘mX
t = �

m
t

(
t,—,mX

t ,K
X
t

)
, mX

0 = m
X
t0 ;

‘KX
t = �

K
t

(
t,—,mX

t ,K
X
t

)
, KX

0 = K
X
t0 ;

∂KX(t1, t2)

∂t2
= �Kt1,t2

(
t1, t2,—,m

X
t2 ,K

X
t2

)
, KX (t1, t2) = K

X
t1 ,





(39)

£¤¥ ¢¢¥¤¥−ë ®¡®§−�ç¥−¨ï:

�mt (t,—,m
X
t ,K

X
t ) = MN

[
aX
]
; (40)

�Kt
(
t,—,mX

t ,K
X
t

)
= MN

[
�1t

(
t,—,mX

t ,K
X
t

)
+�T1t

(
t,—,mX

t ,K
X
t

)
+

+�2t
(
t,—,mX

t ,K
X
t

)]
,

�1t
(
t,—,mX

t ,K
X
t

)
= MN

[
aX
(
Xt −mX

t

)T]
,

�2t
(
t,—,mX

t ,K
X
t

)
= MN [σ (t,—,Xt)] ; (41)

σ (t,—,Xt) = σ0 (t,—,Xt)+

∫

Rq
0

cX (t,—,Xt, u)
[
cX (t,—,Xt, u)

T
]
νP (t,—, du),

σ0 (t,—,Xt) = b
X(t,—,Xt)ν0(t,—)b

X(t,—,Xt)
T; (42)

�kt1,t2
(
t1, t2,—,m

X
t2 ,K

X
t2

)
= KX (t1, t2)

(
KZ
t2

)−1
�T1t. (43)

‚ áâ�æ¨®−�à−®¬ á«ãç�¥ ãà�¢−¥−¨ï Œ�� ¨¬¥îâ á«¥¤ãîé¨© ¢¨¤:

�m∗
(
—,mZ

∗ ,K
Z
∗

)
= 0, �K∗

(
—,mZ

∗ ,K
Z
∗

)
= 0 ;

dkZ(τ)

dt
= �kτ

(
kZ(τ),—,mZ

∗ ,K
Z
∗

)
, kZ(0) = KZ

∗ ,





(44)

£¤¥ ¯à¨−ïâ®
�m∗

(
—,mZ

∗ ,K
Z
∗

)
= MN

[
aZ
]
; (45)
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�K∗
(
—,mZ

∗ ,K
Z
∗

)
= �1∗

(
—,mZ

∗ ,K
Z
∗

)
+�1∗

(
—,mZ

∗ ,K
Z
∗

)T
+�2∗

(
—,mZ

∗ ,K
Z
∗

)
,

�1∗
(
—,mZ

∗ ,K
Z
∗

)
= MN

[
aZ
(
Zt −mZ

∗

)]
,

�2∗
(
—,mZ

∗ ,K
Z
∗

)
= MN [σ∗ (—, Zt)] ; (46)

σ∗ (—, Zt) = σ0∗ (—, Zt) +

∫

Rq
0

cZ (—, Zt, u) c
Z (—, Zt, u)

T νP (t,—, du),

σ0∗ (—, Zt) = b
Z (—, Zt) ν0∗(—)b

Z (—, Zt)
T , (47)

�kτ
(
kZ(τ),—,mZ

∗ ,K
Z
∗

)
= kZ(τ)

(
KZ

∗

)−1
�T1∗, τ = t1 − t2. (48)

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

’¥®à¥¬� 5. ‚ ãá«®¢¨ïå â¥®à¥¬ë 1 ãà�¢−¥−¨ï Œ�Œ ¤«ï ˆ„‘â‘, ¯à¨¢¥¤¥−-
−®© ª ¤¨ää¥à¥−æ¨�«ì−®© á¨áâ¥¬¥ (38) −� ®á−®¢¥ Œ��, ¨¬¥îâ ¢¨¤ (39) ¯à¨
ãá«®¢¨ïå (40){(43). ‚ áâ�æ¨®−�à−®¬ á«ãç�¥ ¨¬¥¥¬ ãà�¢−¥−¨ï (44){(48).

„«ï ˆ„‘â‘ á �¤¤¨â¨¢−ë¬¨ èã¬�¬¨ ãà�¢−¥−¨ï Œ�Œ ¯® Œ�� ¯¥à¥å®¤ïâ
¢ ãà�¢−¥−¨ï ¯® Œ‘‹ á«¥¤ãîé¥£® ¢¨¤�:

‘Zt = a
Ü
0 + a

ÜZt + b
ÜV. (49)

‡¤¥áì ¢¥ªâ®à aÜ0 ¨ ¬�âà¨æ� aÜ §�¢¨áïâ ®â ª®íää¨æ¨¥−â®¢ áâ�â¨áâ¨ç¥áª®© «¨−¥�-

à¨§�æ¨¨, á«¥¤®¢�â¥«ì−®, ®â mX1
t , mU

t , KX1, KU ¨ KX1U , � ¬�âà¨æ� bÜ ¬®¦¥â
§�¢¨á¥âì ®â ¢à¥¬¥−¨. ‚ â�ª®¬ á«ãç�¥ ¢ á¨«ã (49) ãà�¢−¥−¨ï Œ�Œ ¯® Œ‘‹
¯à¨¬ãâ ¢¨¤ (â¥®à¥¬� 6):

‘mZ
t = a

Ü
0, mÜt0 = m

Ü
0;

‘KZ
t = a

ÜKZ
t +K

Z
t (a

Ü)T + bÜν (bÜ)T , KZ
t0 = K

Z
0 ;

∂KZ (t1, t2)

∂t2
= KZ (t1, t2)

(
aÜt2
)T
, KZ (t1, t1) = K

Z
t1 .

��ª®−¥æ, ¤«ï −�¡«î¤¥−¨© (7), ®á−®¢ë¢�ïáì −� â¥®à¥¬�å à�§¤. 2 ¤«ï
ˆ„‘â‘ (26) ¨ (27), ¯à¨¢¥¤¥−−®© ª ¤¨ää¥à¥−æ¨�«ì−®© ¬¥â®¤®¬ ¢ëà®¦¤¥−−ëå
ï¤¥à, ¯à¨¤¥¬ ª á«¥¤ãîé¨¬ à¥§ã«ìâ�â�¬.

’¥®à¥¬� 7. �ãáâì £�ãáá®¢áª�ï ˆ„‘â‘ ®¯¨áë¢�¥âáï ãà�¢−¥−¨ï¬¨ (6), (7),
¯à¨ç¥¬ ¥¥ ï¤à® H = H(t, τ,—) ï¢«ï¥âáï ¢ëà®¦¤¥−−ë¬. ’®£¤� �«£®à¨â¬
á¨−â¥§� �‘�” ®¯à¥¤¥«ï¥âáï â¥®à¥¬®© 2.

’¥®à¥¬� 8. �ãáâì £�ãáá®¢áª�ï ˆ„‘â‘ ®¯¨áë¢�¥âáï ãà�¢−¥−¨ï¬¨ (6), (7) á �¤-
¤¨â¨¢−ë¬¨ £�ãáá®¢áª¨¬¨ ¢®§¬ãé¥−¨ï¬¨, � ï¤à® ¢ëà®¦¤¥−−®. ’®£¤� �«£®à¨â¬
á¨−â¥§� �‘�” ®¯à¥¤¥«ï¥âáï â¥®à¥¬®© 4.

’¥®à¥¬� 9. �ãáâì −¥£�ãáá®¢áª�ï ˆ„‘â‘ ®¯¨áë¢�¥âáï ãà�¢−¥−¨ï¬¨ (6), (7)
¨ ï¤à® ¢ëà®¦¤¥−−®. ’®£¤� �«£®à¨â¬ á¨−â¥§� �‘�” ®¯à¥¤¥«ï¥âáï â¥®à¥¬®© 3.
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4 Пример

÷�áá¬®âà¨¬ áª�«ïà−ãî £�ãáá®¢áªãî ‘â‘, −¥ à�§à¥è¥−−ãî ®â−®á¨â¥«ì−®
¯à®¨§¢®¤−®©, ¢¨¤�

t∫

t0

e−α(t−τ)sgn ‘Xτ dτ = a0 + aX + bU ; (50)

‘U = γU + V1. (51)

‡¤¥áìa0, a, b¨γ| ¯®áâ®ï−−ë¥, �V1| £�ãáá®¢áª¨© ¡¥«ë© èã¬ ¨−â¥−á¨¢−®áâ¨ ν1 .
�®«ãç¨¬ ãà�¢−¥−¨ï Œ�Œ.

‚ë¯®«−¨¬ á ˆ„‘â‘ (50) á«¥¤ãîé¨¥ ¯à¥®¡à�§®¢�−¨ï:

1. ‚¢¥¤¥¬ ¯¥à¥¬¥−−ë¥ X1 = X, X2 = ‘X1 ¨ X3 = U . ‡�¬¥−¨¬ −¥«¨−¥©−ãî

äã−ªæ¨î ϕ = sgn ‘X = sgnX2 áâ�â¨áâ¨ç¥áª¨ «¨−¥�à¨§®¢�−−®© ¯® Š�§�ª®¢ã:

ϕ(X2) ≈ “ϕ0 + kϕ1X2.
‡¤¥áì

‘“ϕ0 = ϕ0 − kϕ1mX2 ,

£¤¥

ϕ0 = 2�(ζ); ζ =
mX2

√
DX2

;

kϕ1 =
∂ϕ0

∂mX2
=

2√
2πDX2

exp

[
−(m

X2)2

2DX2

]
; �(ζ) =

1√
2π

ζ∫

0

e−(t
2/2)dt .

2. ‚¢¥¤¥¬ ¨−áâàã¬¥−â�«ì−ãî ¯¥à¥¬¥−−ãî X4 á®£«�á−® ãà�¢−¥−¨î

1

α
X4 =

t∫

t0

e−α(t−τ) ( “ϕ0τ + k
ϕ
1τX2τ ) dτ . (52)

�®«ì§ãïáì ä®à¬ã«®© ¤¨ää¥à¥−æ¨à®¢�−¨ï ¨−â¥£à�«�, §�¢¨áïé¥£® ®â ¯�à�-
¬¥âà�

d

dλ

v(λ)∫

u(λ)

∂

∂λ
f(X,λ) dX + f(v(λ), λ)

dv

dλ
− f(u(λ), λ)du

dλ
,

§�ª«îç�¥¬, çâ® X4 ã¤®¢«¥â¢®àï¥â ¤¨ää¥à¥−æ¨�«ì−®¬ã ãà�¢−¥−¨î

‘X4 = −α (X4 − “ϕ0 − kϕ1X2) . (53)
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3. �¥à¥¯¨è¥¬ (50) ¨ (51) á ãç¥â®¬ (52) ¢ ¢¨¤¥:

a0 + aX1 + bX3 −
1

α
X4 = 0 ; (54)

‘X3 = γX3 + V1 ≡ a33X3 + V1. (55)

4. �à®¤¨ää¥à¥−æ¨àã¥¬ (54) ®¤¨− à�§:

a ‘X1 + b ‘X3 −
1

α
‘X4 = 0 ,

� §�â¥¬ à�§à¥è¨¬ ãà�¢−¥−¨¥ ®â−®á¨â¥«ì−® X2 = ‘X1:

X2 =
1

a+ (1 + αb)kϕ16
[−(1 + αb) “ϕ0 + αbX3 +X4] ≡

≡ A20 +A20X ′
3 +A

2
0X4. (56)

‚ à¥§ã«ìâ�â¥ ˆ„‘â‘ (50) ¨ (51) ¡ã¤¥â §�¬¥−¥−� −� íª¢¨¢�«¥−â−ãî áâ�â¨áâ¨-
ç¥áª¨ «¨−¥�à¨§®¢�−−ãî á¨áâ¥¬ã ãà�¢−¥−¨©, á®áâ®ïéãî ¨§ ãà�¢−¥−¨©

‘X1 = X2,

� â�ª¦¥ ãà�¢−¥−¨© (53){(55), (56).

“¯à®áâ¨¬ ãà�¢−¥−¨ï (53) á ãç¥â®¬ (56). ’®£¤� ¯®«ãç¨¬

‘X4 = −αX4 + α “ϕ0 +
αkϕ1

a+ (1 + αb)kϕ1
[−(1 + αb) “ϕ0 + αbX3 +X4] ≡

≡ a40 + a43X3 + a44X4. (57)

“à�¢−¥−¨ï (55) ¨ (57) ®â¤¥«ïîâáï ®â ãà�¢−¥−¨© ¤«ï X1 ¨ X2 ¢ á¨«ã (55)
¨ (56). �®«ì§ãïáì ä®à¬ã«�¬¨ â¥®à¨¨ «¨−¥©−ëå ‘â‘ [1, 2], ¯®«ãç¨¬ ¨áª®¬ë¥
ãà�¢−¥−¨ï ¤«ï ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë ¢¥ªâ®à�

X34 = [X3X4]
T:

‘m34 = a340 + a
34m34;

‘K34 = a34K34 +K34(a34)T + b34ν1(b
34)T.

‡¤¥áì ¢¢¥¤¥−ë ®¡®§−�ç¥−¨ï:

m34 =

[
m3
m4

]
; K34 =

[
D3 K34
K34 D4

]
; a34 =

[
a33 0
a43 a44

]
; b34 =

[
1
0

]
.
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„«ï ¯¥à¥¬¥−−ëå X1 ¨ X2 ¢ á¨«ã (54), ¥á«¨ ãç¥áâì á®®â−®è¥−¨¥

X1 =
1

a

(
−a0 − bX3 +

1

α
X4

)
= A10 +A

1
3X3 +A

1
4X4, (58)

¯®«ãç¨¬ ãà�¢−¥−¨ï ¤«ï ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë

¢¥ªâ®à� X12 = [X1X2]
T á«¥¤ãîé¨¥ ãà�¢−¥−¨ï:

‘m12 = a120 + a
12m12 = 0 ;

‘K12 = a12K12 +K12(a12)T,

£¤¥

a120 =

[
A10
A20

]
; a12 =

[
A113 A

1
14

A213 A
2
14

]
.

‚ á¨«ã §�¢¨á¨¬®áâ¨ ϕ0 ¨ kϕ1 ®â mX2 ¨ DX2 ¯®«ãç¥−−ë¥ á¨áâ¥¬ë ãà�¢−¥−¨©
Œ�Œ ¢§�¨¬®á¢ï§�−ë ¨ à¥è�îâáï ç¨á«¥−−® áâ�−¤�àâ−ë¬¨ ¬¥â®¤�¬¨ ç¨á«¥−−®£®
�−�«¨§�.

’¥¯¥àì, ¯®«ì§ãïáì ãà�¢−¥−¨ï¬¨ (24) ¨ (25), ¢ á«ãç�¥ «¨−¥©−®£® −¥á¬¥è�−−®£®
¨§¬¥à¥−¨ï ¨−áâàã¬¥−â�«ì−®© ¯¥à¥¬¥−−®© X4

Z4 = ‘Y4 = X4 + V2

¢ á¨«ã (56) ¨ (58) ¨¬¥¥¬ á®®â−®è¥−¨ï:

‘�X12 = a120 + a
12
1
�X34.

�à¨ íâ®¬ �«£®à¨â¬ á¨−â¥§� �‘�” ¢ á¨«ã (24) ¨ (25) ¡ã¤¥â ®¯à¥¤¥«ïâìáï á«¥¤ã-
îé¨¬¨ ãà�¢−¥−¨ï¬¨:

‘�X34 = a3406m
34 + a01 �X

34 + β34
(
Z34 − �X34 +m34

)
;

‘k34 = a3401k
34 + k34

(
a3401
)T − βk34 + b34ν1(b34)T,

£¤¥ β34 = k34ν−12 . ‚å®¤ïé¨¥ áî¤� ¬�âà¨æë a34 ¨ b34 ®¯à¥¤¥«¥−ë ¢ (13) ¨ §�¢¨áïâ
®âm34 ¨K34. ‡�¬¥â¨¬, çâ® �‘�” ¯®§¢®«ï¥â ¯à®¢®¤¨âì ä¨«ìâà�æ¨î ¢ ¬�áèâ�¡¥
à¥�«ì−®£® ¢à¥¬¥−¨, ¯®áª®«ìªã ¢ëç¨á«¥−¨¥ β ¨R ¯à®¢®¤¨âáï §�à�−¥¥ ¨ −¥ âà¥¡ã¥â
â¥ªãé¨å ¨§¬¥à¥−¨©.

5 Заключение

„«ï −¥«¨−¥©−ëå ˆ„‘â‘, −¥ à�§à¥è¥−−ëå ®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå, ¯à¨-
¢®¤¨¬ëå ª ¤¨ää¥à¥−æ¨�«ì−ë¬ ¬¥â®¤®¬ á¨−£ã«ïà−ëå (¢ëà®¦¤¥−−ëå) ï¤¥à, à�§-
à�¡®â�−ë ¬¥â®¤ë ¨ �«£®à¨â¬ë:
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ˆ. �. ‘¨−¨æë−

{ �−�«¨â¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï −®à¬�«ì−ëå ‘â�, ¯à¨ íâ®¬ −¥«¨−¥©−®áâì ¯®¤
¨−â¥£à�«®¬ ¬®¦¥â ¡ëâì à�§àë¢−®©;

{ á¨−â¥§� �‘�” ¤«ï ®−«�©−-®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ ¢ ˆ„‘â‘.

÷¥§ã«ìâ�âë ¤®¯ãáª�îâ ®¡®¡é¥−¨¥ −� á«ãç�© ¤¨ää¥à¥−æ¨àã¥¬ëå −¥«¨−¥©−®áâ¥©
¬¥â®¤®¬ á¢¥¤¥−¨ï ï¤¥à ª ¤¨ää¥à¥−æ¨�«ì−ë¬, ¥á«¨ ¢®á¯®«ì§®¢�âìáï [1, 2].

�à¥¤«®¦¥−ë �«£®à¨â¬ë ®æ¥−ª¨ ª�ç¥áâ¢� �‘�” −� ®á−®¢¥ â¥®à¨¨ çã¢áâ¢¨-
â¥«ì−®áâ¨.

�®¤à®¡−® à�áá¬®âà¥− ¯à¨¬¥à á à�§àë¢−®© −¥«¨−¥©−®áâìî ¯®¤ §−�ª®¬ ¨−â¥-
£à�«�.

‚ −�áâ®ïé¥¥ ¢à¥¬ï ¨¤¥â à�§à�¡®âª� ãç¥¡−®£® íªá¯¥à¨¬¥−â�«ì−®£® ¯à®£à�¬-
¬−®£® ®¡¥á¯¥ç¥−¨ï ¯® â¥¬�â¨ª¥ [16{20] ¤«ï á«ãç�¥¢, ª®£¤� ¢ ãà�¢−¥−¨ïå á®áâ®ï−¨ï
¬®¦−® ¯à¥−¥¡à¥çì ¯®áâ®ï−−ë¬¨ ¢à¥¬¥−¨ ¢ëá®ª®£® ¯®àï¤ª�.

‚ ª�ç¥áâ¢¥ ¤�«ì−¥©è¨å ®¡®¡é¥−¨© ¬®£ãâ à�áá¬�âà¨¢�âìáï á«¥¤ãîé¨¥ §�¤�ç¨:

{ �−�«¨â¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ −� ®á−®¢¥ ãà�¢−¥−¨© â¥®à¨¨ ¬�àª®¢áª¨å ¯à®-
æ¥áá®¢ ¨ ¯�à�¬¥âà¨§�æ¨¨ à�á¯à¥¤¥«¥−¨© ¬¥â®¤�¬¨ ¬®¬¥−â®¢, á¥¬¨¨−¢�à¨�−-
â®¢, ®àâ®£®−�«ì−ëå à�§«®¦¥−¨©, í««¨¯á®¨¤�«ì−®© �¯¯à®ªá¨¬�æ¨¨ ¨ ¤à.;

{ á¨−â¥§ áà¥¤−¥ª¢�¤à�â¨ç−ëå “�”, íªáâà�¯®«ïâ®à®¢ ¨ ¨−â¥à¯®«ïâ®à®¢ −�
®á−®¢¥ ¯�à�¬¥âà¨§�æ¨¨ à�á¯à¥¤¥«¥−¨©;

{ ¢ â®¬ á«ãç�¥, ª®£¤� ¢¥ªâ®à ¢®§¬ãé¥−¨© ¨/¨«¨ −¥«¨−¥©−ë¥ äã−ªæ¨¨ §�¤�−ë
ª�−®−¨ç¥áª¨¬¨ ¯à¥¤áâ�¢«¥−¨ï¬¨ á«ãç�©−ëå äã−ªæ¨©, ¯®«ãç¥−−ë¥ à¥§ã«ì-
â�âë ¤®¯ãáª�îâ ®¡®¡é¥−¨ï −� ¡®«¥¥ ®¡é¨¥ ª«�ááë ˆ„‘â‘, ¥á«¨ ¢®á¯®«ì§®-
¢�âìáï [2,4,19].

’¥®à¥â¨ç¥áª¨© ¨ ¯à�ªâ¨ç¥áª¨© ¨−â¥à¥á ¯à¥¤áâ�¢«ïîâ §�¤�ç¨, ª®£¤� äã−ª-
æ¨¨ (1) ï¢«ïîâáï áâ®å�áâ¨ç¥áª¨¬¨ äã−ªæ¨ï¬¨ ®â¬¥ç¥−−ëå ¯¥à¥¬¥−−ëå.
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ANALYTICAL MODELING AND FILTERING
FOR INTEGRODIFFERENTIAL SYSTEMS

WITH UNSOLVED DERIVATIVES

I. N. Sinitsyn
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Control" of the Russian Academy of Sciences, 44-2 Vavilov Str., Moscow 119133,
Russian Federation

Abstract: For nonlinear integrodifferential stochastic systems (IDStS) with
unsolved derivatives reducible to differential stochastic systems (StS) by means
of singular kernels, the following methods and algorithms are proposed: analytical
modeling of normal (Gaussian) stochastic processes and analytical synthesis of
normal suboptimal filters for information processing in IDStS. Both Gaussian
and non-Gaussian StS white noises are considered. Quality estimation methods
based on the sensitivity theory are suggested. An example with discontinuous
nonlinearity is considered in details. Directions for future investigations are
given.
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СТРАТЕГИЯ ИССЛЕДОВАНИЙ И РАЗРАБОТОК
В ОБЛАСТИ ИСКУССТВЕННОГО ИНТЕЛЛЕКТА I:

ОСНОВНЫЕ ПОНЯТИЯ И КРАТКАЯ ХРОНОЛОГИЯ

А. В. Борисов1, А. В. Босов2, Д. В. Жуков3

�−−®â�æ¨ï: ‘â�âìï −�ç¨−�¥â æ¨ª« à�¡®â, ¯à¥¤áâ�¢«ïîé¨å à¥§ã«ìâ�âë ¢ë-
¯®«−¥−−®£® ¨áá«¥¤®¢�−¨ï ¢«¨ï−¨ï £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï −� íää¥ª-
â¨¢−®áâì ¯à®¢¥¤¥−¨ï ¨áá«¥¤®¢�−¨© ¨ à�§à�¡®â®ª ¢ ®¡«�áâ¨ ¨áªãááâ¢¥−−®£® ¨−-
â¥««¥ªâ� (Artificial Intelligence Research and Development, AI R&D), áâ�¢è¨å
áâà�â¥£¨ç¥áª¨ ¢�¦−®© ®âà�á«ìî «î¡®© â¥å−®«®£¨ç¥áª¨ à�§¢¨â®© áâà�−ë. �¥à-
¢�ï ç�áâì ¯®á¢ïé¥−� ®¡áã¦¤¥−¨î à�§−ëå âà�ªâ®¢®ª â¥à¬¨−� ú¨áªãááâ¢¥−−ë©
¨−â¥««¥ªâû ¨ á¬¥¦−ëå á −¨¬ ¯®−ïâ¨©. �à¥¤áâ�¢«¥−® á®¢à¥¬¥−−®¥ ¤¥«¥−¨¥ ¬¨-
à®¢®© ¨áâ®à¨¨ à�§¢¨â¨ï AI R&D −� í¯®å¨. ’�ª ª�ª ¯à�ªâ¨ç¥áª¨¥ à¥§ã«ìâ�âë
¢ ¤�−−®© ®¡«�áâ¨ −¥®âê¥¬«¥¬ë ®â à�§¢¨â¨ï �¯¯�à�â−®© ¯«�âä®à¬ë, ¢ ¨áâ®à¨-
ç¥áª®© à¥âà®á¯¥ªâ¨¢¥ ¯à¥¤áâ�¢«¥−� ¯�à�««¥«ì−�ï åà®−®«®£¨ï ®â¥ç¥áâ¢¥−−ëå
¤®áâ¨¦¥−¨© ¢ ®¡«�áâ¨ á®§¤�−¨ï áà¥¤áâ¢ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ ¨ à¥è¥−¨©
£®áã¤�àáâ¢¥−−ëå ®à£�−®¢, áâ¨¬ã«¨àãîé¨å à�§¢¨â¨¥ ¤�−−®© ®¡«�áâ¨.

Š«îç¥¢ë¥ á«®¢�: ¨áªãááâ¢¥−−ë© ¨−â¥««¥ªâ; á¬¥¦−ë¥ ¯®−ïâ¨ï ¨ â¥å−®«®£¨¨
¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�; ¢à¥¬¥−−�ï åà®−®«®£¨ï

DOI: 10.14357/08696527210105

1 Введение

‚ −�áâ®ïé¥¥ ¢à¥¬ï ®¯ã¡«¨ª®¢�−® ¬−®¦¥áâ¢® ®¡§®à®¢, ª�á�îé¨åáï à�§«¨ç-
−ëå �á¯¥ªâ®¢ ¨áá«¥¤®¢�−¨© ¨ à�§à�¡®â®ª ¢ ®¡«�áâ¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ª-
â� [1{4]. ˆ§-§� ®¡è¨à−®áâ¨ ®¡ê¥ªâ� ¨áá«¥¤®¢�−¨© ¤�−−ë¥ à�¡®âë �ªæ¥−â¨àãîâáï
−� à�§«¨ç−ëå ç�áâ−ëå �á¯¥ªâ�å: −�ç¨−�ï á �−�«¨§� à¥§ã«ìâ�â®¢ ¢−¥¤à¥−¨ï AI
¢ à�§«¨ç−ë¥ áä¥àë ¦¨§−¨ ®¡é¥áâ¢�, ¨−â¥£à�æ¨¨ ¬�â¥¬�â¨ç¥áª¨å §−�−¨©, �«£®-
à¨â¬¨ç¥áª®£® ¨ ¨−ä®à¬�æ¨®−−®£® ®¡¥á¯¥ç¥−¨ï à¥è¥−¨ï −¥ª®â®à®£® ª«�áá� §�¤�ç,
á¢ï§�−−ëå á AI, ¨ §�ª�−ç¨¢�ï ä®à¬¨à®¢�−¨¥¬ ¯®àâä¥«¥© äãâãà¨áâ¨ç¥áª¨å ¯à®-
¥ªâ®¢, −�æ¥«¥−−ëå −� ¤�«¥ªãî ¯¥àá¯¥ªâ¨¢ã.

–¥«ì ¤�−−®£® æ¨ª«� áâ�â¥© | ®á¢¥é¥−¨¥ ¨ �−�«¨§ £®áã¤�àáâ¢¥−−®£® ãç�áâ¨ï
¢ ¯«�−¨à®¢�−¨¨ ¨ ä¨−�−á¨à®¢�−¨¨ AI R&D −� ¯à¨¬¥à¥ ¢¥¤ãé¨å íª®−®¬¨ç¥áª¨
à�§¢¨âëå £®áã¤�àáâ¢ | «®ª®¬®â¨¢®¢ à�§¢¨â¨ï AI: ‘˜� ¨ Š�÷, � â�ª¦¥ ÷”.

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, ABorisov@ipiran.ru

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

3ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, DZhukov@ipiran.ru
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�ã¤ãâ ¯à¥¤áâ�¢«¥−ë áâà�â¥£¨ç¥áª¨¥ à¥è¥−¨ï ¢«�áâ¥© ãª�§�−−ëå £®áã¤�àáâ¢ ¯®
AI R&D, � â�ª¦¥ áà�¢−¥−¨¥ â¥ªãé¨å à¥§ã«ìâ�â®¢ ¢ íâ®© ®¡«�áâ¨ ¯® ª®¬¯«¥ªáã
áâ�−¤�àâ−ëå −�ãª®¬¥âà¨ç¥áª¨å ¯®ª�§�â¥«¥©. „�−−�ï áâ�âìï ï¢«ï¥âáï ¯¥à¢®©
ç�áâìî æ¨ª«� ¨ ¨¬¥¥â á«¥¤ãîéãî áâàãªâãàã. ‚ à�§¤. 2 ®¡áã¦¤�¥âáï â®«ª®¢�−¨¥
â¥à¬¨−� ú¨áªãááâ¢¥−−ë© ¨−â¥««¥ªâû ¨ á¬¥¦−ëå á −¨¬ ¯®−ïâ¨©, −¥®¡å®¤¨¬ëå
¤«ï ¤�«ì−¥©è¥£® ¨§«®¦¥−¨ï ¬�â¥à¨�«�. ÷�§¤¥« 3 á®¤¥à¦¨â íâ�¯−®áâì à�§¢¨-
â¨ï AI, −�ç¨−�ï á 1940-å ££. ¯® −�áâ®ïé¥¥ ¢à¥¬ï. ‚ à�§¤. 4 ¯à¥¤áâ�¢«¥−
®ç¥àª £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï AI R&D ¢ ‘‘‘÷ ¨ ÷®áá¨©áª®© ”¥¤¥à�æ¨¨.
�à¥¤¢�à¨â¥«ì−ë© ¨â®£ ¯®¤¢¥¤¥− ¢ §�ª«îç¥−¨¨.

2 Феномен «искусственный интеллект» и смежные понятия

„«ï −�ç�«� ¨§«®¦¥−¨ï ®á−®¢ ¢�¦−® ¯®−¨¬�âì, çâ® ú¨áªãááâ¢¥−−ë© ¨−â¥«-
«¥ªâû | íâ® ¨§−�ç�«ì−® −�§¢�−¨¥ −�ãç−®£® −�¯à�¢«¥−¨ï, ª®â®à®¥ áãé¥áâ¢ã¥â
á ª®−æ� 1950-å ££. �â® −¨ ¢ ª®¥¬ á«ãç�¥ −¥ −�§¢�−¨¥ −¥ª®â®à®£® ãáâà®©áâ¢�, ¨«¨
¯à®£à�¬¬ë, ¨«¨ ¯à®£à�¬¬−®-â¥å−¨ç¥áª®© á¨áâ¥¬ë. –¥«ìî íâ®£® −�¯à�¢«¥−¨ï
áâ�¢¨âáï á®§¤�−¨¥ ¨−â¥««¥ªâã�«ì−ëå á¨áâ¥¬, â. ¥. á¨áâ¥¬, á¯®á®¡−ëå ª ®¡ãç¥−¨î,
à�§ã¬−ë¬ à�ááã¦¤¥−¨ï¬ ¨ æ¥«¥−�¯à�¢«¥−−®¬ã ¯®¢¥¤¥−¨î. ’�ª¨¥ á¨áâ¥¬ë á¥©ç�á
áãé¥áâ¢ãîâ ¨ à¥è�îâ ¬−®£® ¯®«¥§−ëå §�¤�ç. •�à�ªâ¥à−ë¬ ®¡à�§æ®¬ á®¢à¥¬¥−-
−®© ®è¨¡®ç−®© â¥à¬¨−®«®£¨¨ ¢ ®¡«�áâ¨ AI ï¢«ï¥âáï, −�¯à¨¬¥à, ®â®¦¤¥áâ¢«¥−¨¥
¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� á −¥©à®−−ë¬¨ á¥âï¬¨ | −¥©à®−−ë¥ á¥â¨ ¬®¦−® à�á-
á¬�âà¨¢�âì «¨èì ª�ª ®¤−ã ¨§ â¥å−®«®£¨© AI. Œ¨ä®«®£¨ç¥áª¨© ®ââ¥−®ª −®áïâ
¤¨áªãáá¨¨ −� â¥¬ã úŒ®¦¥â «¨ ¨áªãááâ¢¥−−ë© ¨−â¥««¥ªâ §�¬¥−¨âì ç¥«®¢¥ª�?û |
−�ãç−®¥ −�¯à�¢«¥−¨¥ ¢ ¯à¨−æ¨¯¥ −¨ª®£® §�¬¥−¨âì −¥ ¬®¦¥â, ¨ ã¦ â¥¬ ¡®«¥¥ −¥ ¬®-
¦¥â −¥áâ¨ æ¨¢¨«¨§�æ¨®−−ãî ã£à®§ã, ® ç¥¬ â®¦¥ ¢¥¤ãâáï á®¬−¨â¥«ì−ë¥ ¤¨áªãáá¨¨.

ˆáâ®à¨ç¥áª¨ â¥¬�â¨ªã AI á«¥¤ã¥â ®âáç¨âë¢�âì á 1944 £., ª®£¤� ¢ ‘˜� ¡ë«
á®§¤�− ¯¥à¢ë© ¯à®£à�¬¬¨àã¥¬ë© ª®¬¯ìîâ¥à Mark-1, ¨á¯®«ì§®¢�¢è¨©áï ¤«ï
á«®¦−ëå ¡�««¨áâ¨ç¥áª¨å à�áç¥â®¢. � ã¦¥ ¢ 1956 £. −� Š®−ä¥à¥−æ¨¨ ¢ ª®««¥¤¦¥
„�àâ¬ãâ� (�ìî-ƒí¬¯è¨à) ¢ë¤�îé¨¥áï á¯¥æ¨�«¨áâë ¢ ®¡«�áâ¨ ¨−ä®à¬�â¨ª¨
„¦. Œ�ªŠ�àâ−¨, Œ. Œ¨−áª¨©, �. ÷®ç¥áâ¥à ¨ Š. ˜¥−−®− [5] á¯à®£−®§¨à®¢�«¨
¯®ï¢«¥−¨¥ −®¢ëå ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬, ª®â®àë¥ ¢¯®á«¥¤áâ¢¨¨ ¡ë«¨ ®¡®§−�ç¥-
−ë â¥à¬¨−®¬ ú¨áªãááâ¢¥−−ë© ¨−â¥««¥ªâû. �−¨ ¯à¥¤áâ�¢¨«¨ ¬¨à úá ¬�è¨−�¬¨,
¨á¯®«ì§ãîé¨¬¨ ç¥«®¢¥ç¥áª¨© ï§ëª, ä®à¬¨àãîé¨¬¨ ®¡®¡é¥−¨ï ¨ ã¬®§�ª«îç¥-
−¨ï, à¥è�îé¨¥ §�¤�ç¨, à�−¥¥ ¯à¥¤−�§−�ç¥−−ë¥ â®«ìª® ¤«ï ç¥«®¢¥ª�, ¨ á¯®-
á®¡−ë¥ ª á�¬®á®¢¥àè¥−áâ¢®¢�−¨îû. �â� ¨áâ®à¨ç¥áª�ï ¢áâà¥ç� §�«®¦¨«� ®á−®¢ã
¤«ï ¤¥áïâ¨«¥â¨© ¯à�¢¨â¥«ìáâ¢¥−−ëå ¨ ®âà�á«¥¢ëå ¨áá«¥¤®¢�−¨© ¢ ®¡«�áâ¨ AI,
¯à¨¢¥¤è¨å ª ¯à®£à¥ááã ¢ ¯®áâà®¥−¨¨ ¬®¤¥«¥© ¢®á¯à¨ïâ¨ï, �¢â®¬�â¨§¨à®¢�−−ëå
à�ááã¦¤¥−¨©/¯«�−¨à®¢�−¨ï, á®§¤�−¨î ª®£−¨â¨¢−ëå á¨áâ¥¬ ¨ á¨áâ¥¬ ¬�è¨−−®-
£® ®¡ãç¥−¨ï, áà¥¤áâ¢ ®¡à�¡®âª¨ ¥áâ¥áâ¢¥−−®£® ï§ëª�, à®¡®â®â¥å−¨ª¨ ¨ á¬¥¦−ëå
®¡«�áâ¥©. ‘¥£®¤−ï íâ¨ ¤®áâ¨¦¥−¨ï ¯à¨¢¥«¨ ª ¯®ï¢«¥−¨î −®¢ëå á¥ªâ®à®¢ íª®-
−®¬¨ª¨, ¢«¨ïîé¨å −� ¯®¢á¥¤−¥¢−ãî ¦¨§−ì: ®â £¥®¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨©
¤® á¬�àâä®−®¢, ã¯à�¢«ï¥¬ëå £®«®á®¬, ®â à�á¯®§−�¢�−¨ï àãª®¯¨á−®£® â¥ªáâ� ¤®
ä¨−�−á®¢®© â®à£®¢«¨, ¨−â¥««¥ªâã�«ì−®© «®£¨áâ¨ª¨, ä¨«ìâà�æ¨¨ á¯�¬� ¨ ¬−®£®£®
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‘âà�â¥£¨ï ¨áá«¥¤®¢�−¨© ¨ à�§à�¡®â®ª ¢ ®¡«�áâ¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� I

¤àã£®£®. „¥ïâ¥«ì−®áâì ¢ ¯®á«¥¤−¨¥ 25 «¥â ¯® ¡®«ìè¥© ç�áâ¨ ¡ë«� −�¯à�¢«¥−�
−� �¤�¯â�æ¨î AI ª −ã¦¤�¬ áâ�â¨áâ¨ç¥áª¨å ¨ ¢¥à®ïâ−®áâ−ëå ¬¥â®¤®¢, ®¡¥á¯¥-
ç¥−¨¥ ¤®áâã¯−®áâ¨ ¡®«ìè¨å ¬�áá¨¢®¢ ¨−ä®à¬�æ¨¨ ¨ à�§¢¨â¨¥ ¢ëç¨á«¨â¥«ì−ëå
¬®é−®áâ¥©. ‡� ¯®á«¥¤−¥¥ ¤¥áïâ¨«¥â¨¥ ®á®¡¥−−® ¡ëáâàë© à®áâ ¤¥¬®−áâà¨àã¥â
¬�è¨−−®¥ ®¡ãç¥−¨¥ | ¬¥â®¤®«®£¨ï AI, ¯®§¢®«ïîé�ï ª®¬¯ìîâ¥à�¬ ®¡ãç�âìáï −�
®¯ëâ�å ¨«¨ ¯à¨¬¥à�å. ‚ â® ¢à¥¬ï ª�ª ®á−®¢−®¥ ¢−¨¬�−¨¥ ã¤¥«ï«®áì ¯à¨¬¥−¥−¨î
áâ�â¨áâ¨ç¥áª¨å ¯®¤å®¤®¢ â¨¯� £«ã¡®ª®£® ®¡ãç¥−¨ï, á¥àì¥§−ë¥ ¤®áâ¨¦¥−¨ï ¡ë«¨
¯®«ãç¥−ë ¨ ¢ ¤àã£¨å ®¡«�áâïå, â�ª¨å ª�ª ¯®áâà®¥−¨¥ ã¬®§�ª«îç¥−¨©, ®¡à�¡®âª�
¥áâ¥áâ¢¥−−ëå ï§ëª®¢, ä®à¬�«ì−�ï «®£¨ª�, ¯à¥¤áâ�¢«¥−¨¥ §−�−¨©, à®¡®â®â¥å−¨-
ª�, â¥®à¨ï ã¯à�¢«¥−¨ï, �àå¨â¥ªâãà� ª®£−¨â¨¢−ëå á¨áâ¥¬, â¥å−®«®£¨¨ ¯®¨áª�
¨ ®¯â¨¬¨§�æ¨¨ ¨ ¤à.

‚®â ®¯à¥¤¥«¥−¨¥ AI, ¯à¨¢¥¤¥−−®¥ ¢ í«¥ªâà®−−®© ¢¥àá¨¨ í−æ¨ª«®¯¥¤¨¨ Bri-
tannica [6]: ¨áªãááâ¢¥−−ë© ¨−â¥««¥ªâ | á¯®á®¡−®áâì æ¨äà®¢®£® ª®¬¯ìîâ¥à�
¨«¨ ã¯à�¢«ï¥¬®£® ª®¬¯ìîâ¥à®¬ à®¡®â� à¥è�âì §�¤�ç¨, ®¡ëç−® �áá®æ¨¨àãîé¨-
¥áï á à�§ã¬−ë¬¨ áãé¥áâ¢�¬¨. �â®â â¥à¬¨− ç�áâ® ¯à¨¬¥−ïîâ ª ¯à®¥ªâ¨àã¥¬ë¬
á¨áâ¥¬�¬, −�¤¥«¥−−ë¬ ¨−â¥««¥ªâã�«ì−ë¬¨ ¢®§¬®¦−®áâï¬¨, å�à�ªâ¥à−ë¬¨ ¤«ï
à�§ã¬−ëå áãé¥áâ¢, â�ª¨¬¨ ª�ª á¯®á®¡−®áâì ª à�ááã¦¤¥−¨ï¬, ¯®−¨¬�−¨î (à�á-
ªàëâ¨î) á¬ëá«�, ®¡®¡é¥−¨î ¨ ®¡ãç¥−¨î −� ¯à®è«®¬ ®¯ëâ¥.

’¥¯¥àì ¯à¨¢¥¤¥¬ ®¯à¥¤¥«¥−¨¥ AI ¨§ ª«îç¥¢®£® à®áá¨©áª®£® ¤®ªã¬¥−â� [7]. ˆá-
ªãááâ¢¥−−ë© ¨−â¥««¥ªâ | ª®¬¯«¥ªá â¥å−®«®£¨ç¥áª¨å à¥è¥−¨©, ¯®§¢®«ïîé¨©
¨¬¨â¨à®¢�âì ª®£−¨â¨¢−ë¥ äã−ªæ¨¨ ç¥«®¢¥ª� (¢ª«îç�ï á�¬®®¡ãç¥−¨¥ ¨ ¯®¨áª à¥-
è¥−¨© ¡¥§ §�à�−¥¥ §�¤�−−®£® �«£®à¨â¬�) ¨ ¯®«ãç�âì ¯à¨ ¢ë¯®«−¥−¨¨ ª®−ªà¥â−ëå
§�¤�ç à¥§ã«ìâ�âë, á®¯®áâ�¢¨¬ë¥, ª�ª ¬¨−¨¬ã¬, á à¥§ã«ìâ�â�¬¨ ¨−â¥««¥ªâã�«ì-
−®© ¤¥ïâ¥«ì−®áâ¨ ç¥«®¢¥ª�. Š®¬¯«¥ªá â¥å−®«®£¨ç¥áª¨å à¥è¥−¨© ¢ª«îç�¥â ¢ á¥¡ï
¨−ä®à¬�æ¨®−−®-ª®¬¬ã−¨ª�æ¨®−−ãî ¨−äà�áâàãªâãàã, ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥
(¢ â®¬ ç¨á«¥ â®, ¢ ª®â®à®¬ ¨á¯®«ì§ãîâáï ¬¥â®¤ë ¬�è¨−−®£® ®¡ãç¥−¨ï), ¯à®æ¥ááë
¨ á¥à¢¨áë ¯® ®¡à�¡®âª¥ ¤�−−ëå ¨ ¯®¨áªã à¥è¥−¨©.

Š�ª ¢¨¤−®, íâ® ¤¢� ¯à¨−æ¨¯¨�«ì−® à�§−ëå ¯®¤å®¤� ª ¨áá«¥¤®¢�−¨î, à�§¢¨-
â¨î ¨ ¢−¥¤à¥−¨î AI: äã−¤�¬¥−â�«ì−ë© ¨ ¯à¨ª«�¤−®©. �®á«¥¤−¨© ¤®áâ�â®ç−®
ãâ¨«¨â�à−® ¯à¥¤áâ�¢«ï¥â AI ª�ª −�¡®à £®â®¢ëå ú¡«®ª®¢û (úâ¥å−®«®£¨ç¥áª¨å
à¥è¥−¨©û), ¯®íâ®¬ã ¢�¦−® ¯à¥¤áâ�¢¨âì ®¯à¥¤¥«¥−¨¥ â¥å−®«®£¨© AI.

�¥©à®â¥å−®«®£¨¨ [7] | â¥å−®«®£¨¨, ª®â®àë¥ ¨á¯®«ì§ãîâ ¨«¨ ¯®¬®£�îâ ¯®-
−ïâì à�¡®âã ¬®§£�, ¬ëá«¨â¥«ì−ë¥ ¯à®æ¥ááë, ¢ëáèãî −¥à¢−ãî ¤¥ïâ¥«ì−®áâì,
¢ â®¬ ç¨á«¥ â¥å−®«®£¨¨ ¯® ãá¨«¥−¨î, ã«ãçè¥−¨î à�¡®âë ¬®§£� ¨ ¯á¨å¨ç¥áª®©
¤¥ïâ¥«ì−®áâ¨. „�«¥¥ ¤�−ë ®¯à¥¤¥«¥−¨ï ®á−®¢−ëå â¥å−®«®£¨© ¨§ [7].

Š®¬¯ìîâ¥à−®¥ §à¥−¨¥ | á¨áâ¥¬� à¥è¥−¨©, ª®â®àë¥ −�å®¤ïâ, ®âá«¥¦¨¢�îâ
¨ ª«�áá¨ä¨æ¨àãîâ ®¡ê¥ªâë.

�¡à�¡®âª� ¥áâ¥áâ¢¥−−®£® ï§ëª� | á¨áâ¥¬� à¥è¥−¨©, −�¯à�¢«¥−−ëå −�
¯®−¨¬�−¨¥ ï§ëª� ¨ £¥−¥à�æ¨î £à�¬®â−®£® â¥ªáâ�, � â�ª¦¥ á®§¤�−¨¥ ¡®«¥¥ ã¤®¡−®©
ä®à¬ë ¢§�¨¬®¤¥©áâ¢¨ï ª®¬¯ìîâ¥à� ¨ ç¥«®¢¥ª�.

÷�á¯®§−�¢�−¨¥ ¨ á¨−â¥§ à¥ç¨ | á¨áâ¥¬� à¥è¥−¨©, ¯®§¢®«ïîé¨å ®áãé¥-
áâ¢«ïâì ¯¥à¥¢®¤ à¥ç¥¢®£® §�¯à®á� ¢ â¥ªáâ®¢ë© ¢¨¤, ¢ â®¬ ç¨á«¥ �−�«¨§ â¥¬¡à�
¨ â®−�«ì−®áâ¨ £®«®á�, à�á¯®§−�¢�−¨¥ í¬®æ¨©.
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÷¥ª®¬¥−¤�â¥«ì−ë¥ á¨áâ¥¬ë ¨ ¨−â¥««¥ªâã�«ì−ë¥ á¨áâ¥¬ë ¯®¤¤¥à¦ª¨ ¯à¨-
−ïâ¨ï à¥è¥−¨© | á¨áâ¥¬� à¥è¥−¨©, ¯®áà¥¤áâ¢®¬ ª®â®àëå ¯à®æ¥áá ¢ë¯®«−ï¥âáï
¡¥§ ãç�áâ¨ï ç¥«®¢¥ª�, ¯®¤¤¥à¦ª� ¢ ¢ë¡®à¥ à¥è¥−¨ï, � â�ª¦¥ ¯à¥¤áª�§�−¨¥ ®¡ê-
¥ªâ®¢, ª®â®àë¥ ¡ã¤ãâ ¨−â¥à¥á−ë ¯®«ì§®¢�â¥«î ¯® ¨−ä®à¬�æ¨¨ ¥£® ¯à®ä¨«ï.

�¥àá¯¥ªâ¨¢−ë¥ ¬¥â®¤ë ¨ â¥å−®«®£¨¨ ¢ AI | ¬¥â®¤ë ¨ â¥å−®«®£¨¨, à�§¢¨â¨¥
ª®â®àëå ¢«¨ï¥â −� ¢á¥ â¥ªãé¨¥ â¥å−®«®£¨¨, � â�ª¦¥ −� á®§¤�−¨¥ −®¢ëå â¥å−®«®£¨©
¢ ®¡«�áâ¨ AI.

Šà®¬¥ â®£®, ¢ [7] ª â¥å−®«®£¨ï¬ (â®ç−ë© â¥à¬¨− | áã¡â¥å−®«®£¨ï¬) ®â−¥á¥−ë
−¥©à®¯à®â¥§¨à®¢�−¨¥, −¥©à®¨−â¥àä¥©áë, −¥©à®áâ¨¬ã«ïæ¨ï ¨ −¥©à®á¥−á¨−£, çâ®
®âà�¦�¥â áã¡ê¥ªâ¨¢−®¥ ¯à¥¤áâ�¢«¥−¨¥ ¯à¨ª«�¤−®© ¨¤¥®«®£¨¨ AI.

3 Этапы мирового развития искусственного интеллекта

‘ á�¬®£® −�ç�«� ¨áá«¥¤®¢�−¨© ¢ ®¡«�áâ¨ AI ¬®¦−® ¢ë¤¥«¨âì âà¨ â¥å−®-
«®£¨ç¥áª¨¥ ¢®«−ë [8]. ˆáá«¥¤®¢�−¨ï ¯¥à¢®© ¢®«−ë (1980-¥ ££.) ¡ë«¨ ç¥âª®
áä®ªãá¨à®¢�−ë −� àãª®â¢®à−®¬ §−�−¨¨ ¨ §�ª«îç�«¨áì ¢ á®§¤�−¨¨ ¡�§¨àãîé¨åáï
−� ¯à�¢¨«�å íªá¯¥àâ−ëå á¨áâ¥¬ ¢ å®à®è® ¨§ãç¥−−ëå ®¡«�áâïå. ‡−�−¨ï ¢ íâ¨å
á¨áâ¥¬�å ¡ë«¨ á®¡à�−ë ®â íªá¯¥àâ®¢ ¨ ¢ëà�¦¥−ë ¢ ¢¨¤¥ ¯à�¢¨«-¨¬¯«¨ª�æ¨©,
� §�â¥¬ à¥�«¨§®¢�−ë ¢ ¯à®£à�¬¬−®-�¯¯�à�â−®© ä®à¬¥. ’�ª¨¥ ®à¨¥−â¨à®¢�−−ë¥
á¨áâ¥¬ë à�ááã¦¤¥−¨©/ã¬®§�ª«îç¥−¨© ¡ë«¨ ãá¯¥è−® ¯à¨¬¥−¥−ë ª ã§ª® ®¯à¥¤¥-
«¥−−ë¬ £àã¯¯�¬ ¯à®¡«¥¬, −® ã −¨å −¥ ¡ë«® ¢®§¬®¦−®áâ¨ ãç¨âìáï ¨«¨ á¯à�¢«ïâìáï
á −¥®¯à¥¤¥«¥−−®áâìî. ’¥¬ −¥ ¬¥−¥¥ ®−¨ ¯à¨¢¥«¨ ª ¢�¦−ë¬ à¥è¥−¨ï¬ ¨ à�§à�¡®âª¥
¬¥â®¤®¢, ª®â®àë¥ ¢á¥ ¥é¥ �ªâ¨¢−® ¨á¯®«ì§ãîâáï.

‚â®à�ï ¢®«−� ¨áá«¥¤®¢�−¨© AI | á 2000-å ££. ¯® −�áâ®ïé¥¥ ¢à¥¬ï | å�à�ª-
â¥à¨§ã¥âáï à�§¢¨â¨¥¬ ¬�è¨−−®£® ®¡ãç¥−¨ï. „®áâã¯−®áâì §−�ç¨â¥«ì−® ¡‚®«ìè¨å
®¡ê¥¬®¢ æ¨äà®¢ëå ¤�−−ëå, ®â−®á¨â¥«ì−® −¥¤®à®£¨¥ ¬�áá¨¢−®-¯�à�««¥«ì−ë¥ ¢ë-
ç¨á«¨â¥«ì−ë¥ áà¥¤áâ¢� ¨ ã«ãçè¥−−ë¥ ¬¥â®¤ë ®¡ãç¥−¨ï ¯à¨¢¥«¨ ª §−�ç¨â¥«ì−ë¬
¤®áâ¨¦¥−¨ï¬ ¯à¨¬¥−¨â¥«ì−® ª â�ª¨¬ §�¤�ç�¬, ª�ª à�á¯®§−�¢�−¨¥ ¨§®¡à�¦¥−¨©
¨ ¯¨áì¬�, ¯®−¨¬�−¨¥ à¥ç¨ ¨ ¯¥à¥¢®¤ á ç¥«®¢¥ç¥áª®£® ï§ëª�. Š«îç®¬ ª àï¤ã ¨§
íâ¨å ãá¯¥å®¢ ¡ë«® à�§¢¨â¨¥ £«ã¡®ª®£® ®¡ãç¥−¨ï.

�¥á¬®âàï −� ¯à®£à¥áá ¢ à�§¢¨â¨¨, á¨áâ¥¬ë AI ¢á¥ ¥é¥ ¨¬¥îâ −¥ª®â®àë¥ ®£à�-
−¨ç¥−¨ï. “á¯¥å á®¯ãâáâ¢ã¥â AI ¯à¨ à¥è¥−¨¨ ã§ª®á¯¥æ¨�«¨§¨à®¢�−−ëå §�¤�ç.
‚ ú®¡é¥¬ AIû ¤®áâ¨£−ãâ «¨èì −¥ª®â®àë© ¯à®£à¥áá, á¢ï§�−−ë© á ª®£−¨â¨¢-
−ë¬¨ â¥å−®«®£¨ï¬¨. ‘¨áâ¥¬ë AI à�á¯®§−�¢�−¨ï ¨§®¡à�¦¥−¨© ¡�§¨àãîâáï −�
§−�ç¨â¥«ì−ëå ç¥«®¢¥ç¥áª¨å ãá¨«¨ïå, á¢ï§�−−ëå á à�§¬¥âª®© ¬−®£®âëáïç−ëå
®¡ãç�îé¨å ¡�−ª®¢, ¢ â® ¢à¥¬ï ª�ª ¡®«ìè¨−áâ¢® «î¤¥© á¯®á®¡−ë ú§� ®¤¨− à�§û
ãç¨âìáï áà�§ã −� −¥áª®«ìª¨å ¯à¨¬¥à�å. �®−¨¬�−¨¥ áæ¥−ë, «¥£ª®¥ ¤«ï ç¥«®¢¥ª�,
¢á¥ ¥é¥ âàã¤−® ¤«ï ¬�è¨−ë.

„�«¥¥, áç¨â�¥âáï, çâ® ®¡«�áâì AI á¥©ç�á −�å®¤¨âáï ¢ −�ç�«ì−®© áâ�¤¨¨ âà¥âì-
¥© ¢®«−ë, ª®â®à�ï ä®ªãá¨àã¥âáï −� ®¡êïá−¨â¥«ì−ëå ¨ ®¡é¨å â¥å−®«®£¨ïå. –¥«¨
íâ¨å ¯®¤å®¤®¢ á®áâ®ïâ ¢ â®¬, çâ®¡ë ã«ãçè¨âì ¨§ãç¥−−ë¥ ¬®¤¥«¨ á ¯®¬®éìî ¨−-
â¥àä¥©á� ®¡êïá−¥−¨ï ¨ ¨á¯à�¢«¥−¨ï, ¯à®ïá−¨âì ®á−®¢ã ¨ −�¤¥¦−®áâì ¢ëå®¤−ëå
¤�−−ëå, à�¡®â�âì á ¢ëá®ª®© áâ¥¯¥−ìî ¯à®§à�ç−®áâ¨ ¨ ¢ë©â¨ §� ¯à¥¤¥«ë ã§ª®£® AI
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‘âà�â¥£¨ï ¨áá«¥¤®¢�−¨© ¨ à�§à�¡®â®ª ¢ ®¡«�áâ¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� I

¤® ¢®§¬®¦−®áâ¥©, ª®â®àë¥ ¬®¦−® ®¡®¡é�âì ¤«ï ¡®«¥¥ è¨à®ª®© §�¤�ç¨. ‚ á«ãç�¥
ãá¯¥å� ¨−¦¥−¥àë á¬®£ãâ á®§¤�¢�âì á¨áâ¥¬ë, £¥−¥à¨àãîé¨¥ ®¡êïá−¨â¥«ì−ë¥ ¬®-
¤¥«¨ ¤«ï ª«�áá®¢ ï¢«¥−¨© à¥�«ì−®£® ¬¨à� ¨ ¢áâã¯�îé¨¥ ¢ ¥áâ¥áâ¢¥−−®¥ ®¡é¥−¨¥
á «î¤ì¬¨. �à¥¤¯®«�£�¥âáï, çâ® ®−¨ ¡ã¤ãâ ãç¨âìáï ¨ à�ááã¦¤�âì, áâ�«ª¨¢�ïáì
á −®¢ë¬¨ §�¤�ç�¬¨ ¨ á¨âã�æ¨ï¬¨, ¨ à¥è�âì −®¢ë¥ ¯à®¡«¥¬ë, ®¡®¡é�ï ¯à®è«ë©
®¯ëâ. �®ïá−¨â¥«ì−ë¥ ¬®¤¥«¨ ¤«ï íâ¨å á¨áâ¥¬ AI ¬®£ãâ ¡ëâì ¯®áâà®¥−ë �¢â®¬�-
â¨ç¥áª¨ á ¯®¬®éìî ¯¥à¥¤®¢ëå ¬¥â®¤®¢. �â¨ ¬®¤¥«¨ ¬®£ãâ ®¡¥á¯¥ç¨âì ¡ëáâà®¥
®¡ãç¥−¨¥ ¢ á¨áâ¥¬�å AI. �−¨ ¬®£ãâ ¯à¨¤�¢�âì úá¬ëá«û ¨«¨ ú¯®−¨¬�−¨¥û á¨áâ¥¬¥
AI, çâ® ¬®¦¥â §�â¥¬ ¯®§¢®«¨âì á¨áâ¥¬�¬ AI ¤®áâ¨çì ¡®«¥¥ è¨à®ª¨å ¢®§¬®¦−®áâ¥©.

4 Государственное участие в AI R&D в СССР и Российской
Федерации: краткий экскурс

÷�§¢¨â¨¥ AI R&D ¢ ‘‘‘÷ ¨ ÷”, ª�ª ¨ ¢® ¢á¥¬ ¬¨à¥, −¥à�§àë¢−® á¢ï§�−®
á à�§¢¨â¨¥¬ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨. ‚ â�¡«¨æ¥ ¢ åà®−®«®£¨ç¥áª®¬ ¯®àï¤ª¥
¯à¨¢®¤ïâáï ¤�âë ¯à¨−ïâ¨ï ®à£�−�¬¨ £®áã¤�àáâ¢¥−−®© ¢«�áâ¨ á®®â¢¥âáâ¢ãîé¨å
¤¨à¥ªâ¨¢−ëå ¤®ªã¬¥−â®¢ ¨ á®¡ëâ¨ï, á¢ï§�−−ë¥ á à�§¢¨â¨¥¬ ¢ëç¨á«¨â¥«ì−®©
â¥å−¨ª¨ ¢ ‘‘‘÷ ¨ ÷” [9{11].

‘®£«�á−® [12], ¢ −�áâ®ïé¨© ¬®¬¥−â ¢à¥¬¥−¨ ¢ ÷” á«®¦¨«¨áì ¨ äã−ªæ¨®−¨-
àãîâ á«¥¤ãîé¨¥ −�ãç−ë¥ èª®«ë ¢ ®¡«�áâ¨ â¥®à¥â¨ç¥áª®£® AI:

{ ā. „. �¯à¥áï−� | ¬®¤¥«ì ú‘¬ëá«→ ’¥ªáâû;

{ ‘. �. ‚�á¨«ì¥¢� | «®£¨ç¥áª¨¥ ¬¥â®¤ë ¢ â¥®à¨¨ ã¯à�¢«¥−¨ï;

{ ‘. ā. †¥«â®¢� | ®¡à�¡®âª� ¨−ä®à¬�æ¨¨ ¢ á«®¦−ëå á¨áâ¥¬�å ã¯à�¢«¥−¨ï;

{ ā. ˆ. †ãà�¢«ñ¢� | â¥®à¨ï à�á¯®§−�¢�−¨ï ®¡à�§®¢;

{ ‚. �. ‹¥ªâ®àáª®£® | £ã¬�−¨â�à−ë¥ �á¯¥ªâë ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�;

{ ‚. ‹. Œ�ª�à®¢� | ¬®¤¥«¨à®¢�−¨¥ íª®−®¬¨ç¥áª¨å ¯à®æ¥áá®¢;

{ „. �. �®á¯¥«®¢� | á¨âã�æ¨®−−®¥ ã¯à�¢«¥−¨¥, íªá¯¥àâ−ë¥ á¨áâ¥¬ë, −¥ç¥âª¨¥
á¨áâ¥¬ë, ¬®¤¥«¨à®¢�−¨¥ à�ááã¦¤¥−¨©;

{ Š. ‚. ÷ã¤�ª®¢� | �−�«¨§ ¤�−−ëå;

{ Š. ‚. �−®å¨−� | ¨áá«¥¤®¢�−¨¥ ¬®§£�;

{ �. Œ. ‚¥«¨çª®¢áª®£® | ¨áá«¥¤®¢�−¨¥ á®§−�−¨ï ¨ ¢−¨¬�−¨ï ¢ ¯á¨å®«®£¨¨;

{ �. ‚. ‚�¯−¨ª� | â¥®à¨ï ¬�è¨−−®£® ®¡ãç¥−¨ï;

{ ƒ. �. ‡®«®â®¢®© | ¬®¤¥«ì ª®¬¬ãâ�â¨¢−®© £à�¬¬�â¨ª¨ ¢ «¨−£¢¨áâ¨ª¥;

{ ƒ. ‘. �á¨¯®¢� | ¨−â¥««¥ªâã�«ì−ë¥ ¤¨−�¬¨ç¥áª¨¥ á¨áâ¥¬ë, �−�«¨§ ¥áâ¥-
áâ¢¥−−®£® ï§ëª�;

{ ‚. Š. ”¨−−� | ¯à�¢¤®¯®¤®¡−ë© ¢ë¢®¤, „‘Œ-¬¥â®¤ (−�§¢�−−ë© â�ª ¢ ç¥áâì
„¦®−� ‘âî�àâ� Œ¨«ï).
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�á−®¢−ë¥ ¢¥å¨ à�§¢¨â¨ï ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ ¢ ‘‘‘÷ ¨ ÷”

„�â� ‘®¡ëâ¨¥

1950
‘®§¤�−¨¥ ¯¥à¢®£® ¢ ‘‘‘÷ ¯à®£à�¬¬¨àã¥¬®£® æ¨äà®¢®£® ª®¬-
¯ìîâ¥à� Œ�‘Œ ‘. ‹¥¡¥¤¥¢ë¬ ¢ ˆ−áâ¨âãâ¥ í«¥ªâà®â¥å−¨ª¨ ��
“‘‘÷ (Š¨¥¢)

1954 ‘®§¤�−¨¥ ‚–-1 Œ� ‘‘‘÷

‘¥à¥¤¨−� 1950-å
‘®§¤�−¨¥ �‚Œ úŒ¨−áªû ¨ ú“à�«û (Œ¨−¨áâ¥àáâ¢® à�¤¨®¯à®-
¬ëè«¥−−®áâ¨ ‘‘‘÷). ˆá¯®«ì§®¢�−¨¥ ¤«ï −�ãç−ëå, ª®á¬¨ç¥áª¨å
¨ ¢®¥−−ëå à�áç¥â®¢

1956

‘®§¤�−¨¥ �‚Œ á¥à¨¨ ú‘âà¥«�û (‘Š�-245 (�ˆ�Œ, �ˆ–�‚’)
Œ¨−¨áâ¥àáâ¢� à�¤¨®¯à®¬ëè«¥−−®áâ¨ ‘‘‘÷), ¨á¯®«ì§®¢�−¨¥ ¥£®
¤«ï à�áç¥â®¢ ¢ Œ� ‘‘‘÷, ‚– �� ‘‘‘÷, ¬¨−¨áâ¥àáâ¢¥ áà¥¤−¥£®
¬�è¨−®áâà®¥−¨ï. ƒ«�¢−ë© ª®−áâàãªâ®à | ā. Ÿ. ��§¨«¥¢áª¨©

1958
‘®§¤�−¨¥ �‚Œ ú‘¥âã−ìû á âà®¨ç−®© «®£¨ª®© (Œƒ“, á®§¤�â¥«¨ |
‘. ‘®¡®«¥¢, �. �àãá¥−æ®¢)

1959
�®áâ�−®¢«¥−¨¥ ‘®¢¥â� Œ¨−¨áâà®¢ ‘‘‘÷ ® á®§¤�−¨¨ ¯à¨ ƒ®á-
¯«�−¥ ‘‘‘÷ ‚ëç¨á«¨â¥«ì−®£® æ¥−âà� ¤«ï ®¡¥á¯¥ç¥−¨ï ª®¬¯ìî-
â¥à−ëå ¯«�−®¢ëå à�áç¥â®¢

1959
��ç�«® à�¡®â −�¤ ¯à®¥ªâ®¬ �¡é¥£®áã¤�àáâ¢¥−−®© �¢â®¬�â¨§¨à®-
¢�−−®© á¨áâ¥¬ë ãç¥â� ¨ ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ �ƒ�‘ (�¢â®àë |
�. Š¨â®¢, ‚. ƒ«ãèª®¢)

1962
‘âà®ïé¨©áï £®à®¤-á¯ãâ−¨ª Œ®áª¢ë ‡¥«¥−®£à�¤ ¯¥à¥®à¨¥−â¨à®-
¢�− −� ¯à®¥ªâ¨à®¢�−¨¥ ¨ ¯à®¨§¢®¤áâ¢® í«¥ªâà®−¨ª¨ ¨ ¬¨ªà®í«¥ª-
âà®−¨ª¨

1963
�®áâ�−®¢«¥−¨¥ –Š Š�‘‘ ¨ ‘Œ ‘‘‘÷ ®â 21 ¬�ï 1963 £.
ü 564 ú�¡ ã«ãçè¥−¨¨ àãª®¢®¤áâ¢� ¢−¥¤à¥−¨¥¬ ¢ëç¨á«¨â¥«ì−®©
â¥å−¨ª¨ ¨ �¢â®¬�â¨§¨à®¢�−−ëå á¨áâ¥¬ ã¯à�¢«¥−¨ï ¢ −�à®¤−®¥
å®§ï©áâ¢®û

1963 ‘®§¤�−¨¥ –�Œˆ �� ‘‘‘÷
1965 ‘®§¤�−¨¥ Œ¨−¨áâ¥àáâ¢� í«¥ªâà®−−®© ¯à®¬ëè«¥−−®áâ¨ ‘‘‘÷

1965
‘®§¤�−¨¥ ¢ ‡¥«¥−®£à�¤¥ á¯¥æ¨�«¨§¨à®¢�−−®£® ¢ã§� Œˆ�’ (�®-
áâ�−®¢«¥−¨¥ ‘®¢¥â� Œ¨−¨áâà®¢ ‘‘‘÷ ®â 26 −®ï¡àï 1965 £.
ü 1006)

1965{1969
‘®§¤�−¨¥ á¥à¨¨ ¬¨−¨ª®¬¯ìîâ¥à®¢ ¢â®à®£® ¯®ª®«¥−¨ï (¯®«ã¯à®-
¢®¤−¨ª®¢ëå) úŒ¨àû (Š¨¥¢áª¨© ¨−áâ¨âãâ ª¨¡¥à−¥â¨ª¨, £«�¢−ë©
ª®−áâàãªâ®à | ‚. ƒ«ãèª®¢)

1967

�®áâ�−®¢«¥−¨¥¬ –Š Š�‘‘ ¨ ‘®¢¥â� Œ¨−¨áâà®¢ ‘‘‘÷ ®â 30 ¤¥-
ª�¡àï 1967 £. ü 1180/420 ®¯à¥¤¥«¥− ª®¬¯«¥ªá ¬¥à, −�¯à�¢«¥−-
−ëå −� à�§à�¡®âªã, ¯à®¨§¢®¤áâ¢® ¨ íää¥ªâ¨¢−®¥ ¨á¯®«ì§®¢�−¨¥
áà¥¤áâ¢ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ ¢ −�à®¤−®¬ å®§ï©áâ¢¥ ¨ ®¡®à®−-
−®¬ ª®¬¯«¥ªá¥ áâà�−ë. ÷�§¤¥«¥−¨¥ ¯®«−®¬®ç¨© ¯® ¢ë¯ãáªã �‚Œ
¬¥¦¤ã Œ¨−¨áâ¥àáâ¢®¬ à�¤¨®í«¥ªâà®−−®© ¯à®¬ëè«¥−−®áâ¨ (ã−¨-
¢¥àá�«ì−ë¥ ¨ á¯¥æ¨�«ì−ë¥ �‚Œ) ¨ Œ¨−¨áâ¥àáâ¢®¬ ¯à¨¡®à®áâà®-
¥−¨ï (ã¯à�¢«ïîé¨¥ �‚Œ). �à¥®¡à�§®¢�−¨¥ �ˆ�Œ ¢ �ˆ–�‚’

1967
‘®§¤�−¨¥ ª®á¬¨ç¥áª®£® ª®à�¡«ï ú‘®î§ 7Š-‹1û á ¯¥à¢ë¬ ¡®àâ®-
¢ë¬ ª®¬¯ìîâ¥à®¬ ú�à£®−-11‘û
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�á−®¢−ë¥ ¢¥å¨ à�§¢¨â¨ï ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ ¢ ‘‘‘÷ ¨ ÷” (¯à®¤®«¦¥−¨¥)

„�â� ‘®¡ëâ¨¥
1967 ‘®§¤�−¨¥ ��‘Œ (ˆ’Œ¨‚’, £«�¢−ë© ª®−áâàãªâ®à | ‘. �. ‹¥¡¥¤¥¢)
1969 ‘®§¤�−¨¥ ˆ−áâ¨âãâ� ¯à®¡«¥¬ ã¯à�¢«¥−¨ï �� ‘‘‘÷

1970
‘®§¤�−¨¥ ä�ªã«ìâ¥â� ¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œƒ“
¨¬¥−¨ Œ. ‚. ‹®¬®−®á®¢�

1971 ��ç�«® ¢ë¯ãáª� �‚Œ á¥à¨¨ …‘ (�−�«®£ IBM 360/370)

1972
‚ �� ‘‘‘÷ á®§¤�− ��ãç−ë© á®¢¥â ¯® ¯à®¡«¥¬¥ ¨áªãááâ¢¥−−®£®
¨−â¥««¥ªâ� (ˆ‚’� �� ‘‘‘÷, ƒ. ‘. �®á¯¥«®¢)

1973 ��ç�«® ¢ë¯ãáª� �‚Œ á¥à¨¨ ú�«ì¡àãáû

1974
‘®§¤�−¨¥ ��� ú–¥−âà ¯à®£à�¬¬−ëå á¨áâ¥¬û (¯®¤ç¨−¥−® Œ¨−¨áâ¥à-
áâ¢ã ¯à¨¡®à®áâà®¥−¨ï) ª�ª ¥¤¨−®£® æ¥−âà� ¤¨áâà¨¡ãæ¨¨ ¯à®£à�¬¬−®£®
®¡¥á¯¥ç¥−¨ï

1971{1975

‚ ¯«�− 9-© ¯ïâ¨«¥âª¨ §�«®¦¥−® ã¢¥«¨ç¥−¨¥ ç¨á«� ãáâ�−®¢«¥−−ëå
ª®¬¯ìîâ¥à®¢ ¢ ‘‘‘÷ ¤® 25 000 (¢ 2,6 à�§�), � â�ª¦¥ à�¡®âë ¯®
à¥�«¨§�æ¨¨ ãà¥§�−−®£® ¯à®¥ªâ� �ƒ�‘ | …¤¨−®© £®áã¤�àáâ¢¥−−®©
á¥â¨ ¢ëç¨á«¨â¥«ì−ëå æ¥−âà®¢ (…ƒ‘‚–)

1982 ��ç�«® §�¯ãáª� á¯ãâ−¨ª®¢ á¨áâ¥¬ë ƒ‹���‘‘
1983 ‘®§¤�−¨¥ ˆ�ˆ �� ‘‘‘÷ ¨ ˆ�Š �� ‘‘‘÷

1983
‚ �� ‘‘‘÷ á®§¤�−® �â¤¥«¥−¨¥ ¨−ä®à¬�â¨ª¨, ¢ëç¨á«¨â¥«ì−®© â¥å-
−¨ª¨ ¨ �¢â®¬�â¨§�æ¨¨.

1984 ‚ ‘‘‘÷ ®ª®«® 300 000 ¯à®£à�¬¬¨áâ®¢
1985 �®ªã¯ª� 10 000 �‚Œ Nippon Gakki

1985

�®áâ�−®¢«¥−¨¥ –Š Š�‘‘ ¨ ‘®¢¥â� Œ¨−¨áâà®¢ ‘‘‘÷ ®â 28 ¬�àâ�
1985 £. ü 271 ú� ¬¥à�å ¯® ®¡¥á¯¥ç¥−¨î ª®¬¯ìîâ¥à−®© £à�¬®â−®áâ¨
ãç�é¨åáï áà¥¤−¨å ãç¥¡−ëå §�¢¥¤¥−¨© ¨ è¨à®ª®£® ¢−¥¤à¥−¨ï í«¥ªâ-
à®−−®-¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ ¢ ãç¥¡−ë© ¯à®æ¥ááû

1985 ‘®§¤�−¨¥ ˆ�‘ �� ‘‘‘÷

1986
�®áâ�−®¢«¥−¨¥ –Š Š�‘‘ ¨ ‘®¢¥â� Œ¨−¨áâà®¢ ‘‘‘÷ ®â 23 ï−¢�àï
1986 £. ú� á®§¤�−¨¨ ¨ à�§¢¨â¨¨ ¯à®¨§¢®¤áâ¢� ¢ ‘‘‘÷ ¯¥àá®−�«ì−ëå
�‚Œû

1986
‘®§¤�−¨¥ ˆ�� �� ‘‘‘÷ ¨ ��ãç−®£® æ¥−âà� ¯® äã−¤�¬¥−â�«ì−ë¬
¯à®¡«¥¬�¬ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ ¨ á¨áâ¥¬ ã¯à�¢«¥−¨ï

1986{1988 �®áâ�¢ª� ¢ èª®«ë ®ª®«® 90 000 ¯¥àá®−�«ì−ëå ª®¬¯ìîâ¥à®¢
1988 ‚¢¥¤¥−� ¢ áâà®© ¯¥à¢�ï ¢ ‘‘‘÷ ‚�‹‘ ú‹¥−¨−£à�¤ { ‘®á−®¢ë© �®àû
1989 ‘®§¤�−¨¥ �ˆˆ‘ˆ
1989 ‚ ‘‘‘÷ ®ª®«® 200 000 �‚Œ
1990 ‘®§¤�−¨¥ á¥â¨ RELCOM, á®§¤�−¨¥ ¤®¬¥−� .su
1990 ‘®§¤�−¨¥ ˆ‚Œ �� ‘‘‘÷ ¨ ˆŒŒ �� ‘‘‘÷
1990 ‘®§¤�−¨¥ á¥â¨ RELCOM ª®¬¯�−¨¨ úDemosû

1990
�®áâ�−®¢«¥−¨¥ ‘®¢¥â� Œ¨−¨áâà®¢ ‘‘‘÷ ®â 13 ï−¢�àï 1990 £. ü 49
ú�¡ ®¡à�§®¢�−¨¨ ¬¥¦®âà�á«¥¢®£® £®áã¤�àáâ¢¥−−®£® ®¡ê¥¤¨−¥−¨ï ¯®
à�§à�¡®âª¥, ¯à®¨§¢®¤áâ¢ã ¨ ®¡á«ã¦¨¢�−¨î ¯¥àá®−�«ì−ëå �‚Œû

1992 ‘®§¤�−¨¥ ˆ‘�
1993 ‘®§¤�−¨¥ ˆ‘�ˆ ÷��
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�á−®¢−ë¥ ¢¥å¨ à�§¢¨â¨ï ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ ¢ ‘‘‘÷ ¨ ÷” (®ª®−ç�−¨¥)

„�â� ‘®¡ëâ¨¥
1994 ‘®§¤�−¨¥ ˆ‚‚‘ ÷�� ¨ ˆ‘� ÷��

2001
‚ Œ¥¦¢¥¤®¬áâ¢¥−−®¬ áã¯¥àª®¬¯ìîâ¥à−®¬ æ¥−âà¥ ãáâ�−®¢«¥− ®â¥ç¥-
áâ¢¥−−ë© áã¯¥àª®¬¯ìîâ¥à Œ‚‘ 1000Œ

2002
�¨áì¬® �à¥§¨¤¥−â� ÷” ®â 30 ¬�àâ� 2002 £. ü �à-576 ú�á−®¢ë ¯®-
«¨â¨ª¨ ÷®áá¨©áª®© ”¥¤¥à�æ¨¨ ¢ ®¡«�áâ¨ à�§¢¨â¨ï −�ãª¨ ¨ â¥å−®«®£¨©
−� ¯¥à¨®¤ ¤® 2010 £®¤� ¨ ¤�«ì−¥©èãî ¯¥àá¯¥ªâ¨¢ãû

2006
“â¢¥à¦¤¥−� ú‘âà�â¥£¨ï à�§¢¨â¨ï −�ãª¨ ¨ ¨−−®¢�æ¨© ¢ ÷®áá¨©áª®©
”¥¤¥à�æ¨¨ −� ¯¥à¨®¤ ¤® 2015 £®¤�û

2011
÷�á¯®àï¦¥−¨¥ �à�¢¨â¥«ìáâ¢� ÷” ®â 8 ¤¥ª�¡àï 2011 £. ü 2227-à
ú�¡ ãâ¢¥à¦¤¥−¨¨ ‘âà�â¥£¨¨ ¨−−®¢�æ¨®−−®£® à�§¢¨â¨ï ÷®áá¨©áª®©
”¥¤¥à�æ¨¨ −� ¯¥à¨®¤ ¤® 2020 £®¤�û

2013{2018

”¥¤¥à�«ì−ë© §�ª®− ®â 27.09.2013 ü 253-”‡ ú� ÷®áá¨©áª®© �ª�¤¥-
¬¨¨ −�ãª, à¥®à£�−¨§�æ¨¨ £®áã¤�àáâ¢¥−−ëå �ª�¤¥¬¨© −�ãª ¨ ¢−¥á¥−¨¨
¨§¬¥−¥−¨© ¢ ®â¤¥«ì−ë¥ §�ª®−®¤�â¥«ì−ë¥ �ªâë ÷®áá¨©áª®© ”¥¤¥à�-
æ¨¨û, à¥ä®à¬� ÷��

2016

“ª�§®¬ �à¥§¨¤¥−â� ÷” ®â 1 ¤¥ª�¡àï 2016 £. ü 642 ãâ¢¥à¦¤¥−�
ú‘âà�â¥£¨ï −�ãç−®-â¥å−¨ç¥áª®£® à�§¢¨â¨ï ÷®áá¨¨û, ®¤−¨¬ ¨§ −�-
¯à�¢«¥−¨© á®¤¥à¦�é�ï ú�¥à¥å®¤ ª æ¨äà®¢ë¬, ¨−â¥««¥ªâã�«ì−ë¬
¯à®¨§¢®¤áâ¢¥−−ë¬ â¥å−®«®£¨ï¬, à®¡®â¨§¨à®¢�−−ë¬ á¨áâ¥¬�¬, −®¢ë¬
¬�â¥à¨�«�¬ ¨ á¯®á®¡�¬ ª®−áâàã¨à®¢�−¨ï, á®§¤�−¨¥ á¨áâ¥¬ ®¡à�¡®âª¨
¡®«ìè¨å ¤�−−ëå, ¬�è¨−−®£® ®¡ãç¥−¨ï ¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�û

2018
‘®§¤�−¨¥ Œ¨−¨áâ¥àáâ¢� æ¨äà®¢®£® à�§¢¨â¨ï, á¢ï§¨ ¨ ¬�áá®¢ëå ª®¬-
¬ã−¨ª�æ¨© ÷®áá¨©áª®© ”¥¤¥à�æ¨¨ (Œ¨−æ¨äàë ÷®áá¨¨) ¢ �à�¢¨â¥«ì-
áâ¢¥ ÷” (¯¥à¥¨¬¥−®¢�−¨¥ Œ¨−ª®¬á¢ï§¨)

2018
“â¢¥à¦¤¥−¨¥ −�æ¨®−�«ì−®© ¯à®£à�¬¬ë ú–¨äà®¢�ï íª®−®¬¨ª� ÷®á-
á¨©áª®© ”¥¤¥à�æ¨¨û

2019

“ª�§ �à¥§¨¤¥−â� ÷” ®â 10 ®ªâï¡àï 2019 £. ü 490 ú� à�§¢¨â¨¨
¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¢ ÷®áá¨©áª®© ”¥¤¥à�æ¨¨û (¢¬¥áâ¥ á ú��-
æ¨®−�«ì−®© áâà�â¥£¨¥© à�§¢¨â¨ï ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� −� ¯¥à¨®¤
¤® 2030 £®¤�û)

‘®£«�á−® â®© ¦¥ ááë«ª¥, áà¥¤¨ §−�ç¨¬ëå à®áá¨©áª¨å ¤®áâ¨¦¥−¨© ¬®¦−®
®â¬¥â¨âì á®§¤�−¨¥ ¬¥â®¤®¢:

{ ¬�è¨−−®£® ®¡ãç¥−¨ï ¯à¨ à¥è¥−¨¨ §�¤�ç ®¡à�¡®âª¨ ¨§®¡à�¦¥−¨© ¨ à�á¯®§−�-
¢�−¨ï ®¡à�§®¢;

{ �¢â®−®¬−®© ª®®à¤¨−�æ¨¨ ¨ ã¯à�¢«¥−¨ï ¢ ª®�«¨æ¨ïå ¨−â¥««¥ªâã�«ì−ëå �£¥−-
â®¢;

{ ª®««¥ªâ¨¢−®£® ¢§�¨¬®¤¥©áâ¢¨ï à®¡®â®¢ ¯à¨ à¥è¥−¨¨ £àã¯¯®¢ëå §�¤�ç;

{ ª®£−¨â¨¢−ëå ª®¬¯ìîâ¥à−ëå ¬®¤¥«¥© á ¯®−¨¬�−¨¥¬ ¥áâ¥áâ¢¥−−®£® ï§ëª�,
á¨áâ¥¬ ¯®¤¤¥à¦ª¨ −�ãç−ëå ¨áá«¥¤®¢�−¨©;

{ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¤«ï ®¡¥á¯¥ç¥−¨ï ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨;
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{ �¢â®¬�â¨§�æ¨¨ à�ááã¦¤¥−¨©;

{ ¯«�−¨à®¢�−¨ï ¨ ã¯à�¢«¥−¨ï ¯®¢¥¤¥−¨¥¬ ¢ á«®¦−ëå −¥¯à®£−®§¨àã¥¬ëå áà¥-
¤�å.

5 Заключение

˜¨à®ª® ¨á¯®«ì§ã¥¬ë© ¢ −�áâ®ïé¥¥ ¢à¥¬ï â¥à¬¨− ú¨áªãááâ¢¥−−ë© ¨−â¥«-
«¥ªâû ¯®−¨¬�¥âáï ¨áá«¥¤®¢�â¥«ï¬¨ ¨ ¯à�ªâ¨ª�¬¨ ¯®-à�§−®¬ã. ‘®¢à¥¬¥−−�ï
âà�ªâ®¢ª� ¥£® ª�ª ª®¬¯«¥ªá� â¥å−®«®£¨ç¥áª¨å à¥è¥−¨© ¯à¥¤áâ�¢«ï¥âáï −¥ ¢¯®«−¥
ã¤�ç−®©, â�ª ª�ª áã¦�¥â ¤«ï −¥£® £®à¨§®−â äã−¤�¬¥−â�«ì−®£® −�ãç−®£® à�§¢¨â¨ï
á®¢à¥¬¥−−ë¬ ãà®¢−¥¬ ¯®−¨¬�−¨ï ¨ ¤®áâ¨¦¥−¨©. ‘«®¢®á®ç¥â�−¨¥ úâ¥å−®«®£¨-
ç¥áª®¥ à¥è¥−¨¥û ¢ á�¬®¬ á¥¡¥ −¥á¥â ®£à�−¨ç¥−¨¥: ¨¬¥îé¥¥áï úà¥è¥−¨¥û −¥
¬®¦¥â ¯®à®¤¨âì −®¢ãî §�¤�çã. �®íâ®¬ã ¢ á«¥¤ãîé¨å ç�áâïå ¯à¥¤¯®«�£�¥âáï
¨á¯®«ì§®¢�âì íâ®â â¥à¬¨− ¢ á¬ëá«¥, ¡«¨§ª®¬ ª [6].

�à¨¢¥¤¥−−�ï åà®−®«®£¨ï ¯à®¥ªâ¨à®¢�−¨ï ¨ á®§¤�−¨ï áà¥¤áâ¢ ¢ëç¨á«¨â¥«ì−®©
â¥å−¨ª¨ ª�ª �¯¯�à�â−®© ¡�§ë AI ¢ ‘‘‘÷ ¨ ÷”, � â�ª¦¥ −�ãç−ëå −�¯à�¢«¥−¨©
¢ íâ®© ®¡«�áâ¨ ¯®§¢®«ï¥â á¤¥«�âì á«¥¤ãîé¨¥ ¢ë¢®¤ë.

‚®-¯¥à¢ëå, ¢ ¯¥à¨®¤ 1950{1990-å ££. á®¢¥âáª®¥ £®áã¤�àáâ¢® ã¤¥«ï«® ¬−®£®
¢−¨¬�−¨ï ¨ áà¥¤áâ¢ à�§¢¨â¨î ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ ¨ ¯à®£à�¬¬−ë¬ á¨áâ¥-
¬�¬ | ®á−®¢¥ AI. �¥á¬®âàï −� á«®¦¨¢è¥¥áï ®âáâ�¢�−¨¥, ¯à¥¤¯à¨−¨¬�«¨áì §−�ç¨-
â¥«ì−ë¥ ¨ à�§−®®¡à�§−ë¥ ãá¨«¨ï ¯® ¥£® ¨áª«îç¥−¨î: á®§¤�¢�«¨áì ®à¨£¨−�«ì−�ï
á®¡áâ¢¥−−�ï í«¥¬¥−â−�ï ¡�§�, �¯¯�à�â−ë¥ áà¥¤áâ¢� ¨ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥,
−¥á¬®âàï −� ¦¥áâª¨¥ á�−ªæ¨®−−ë¥ ®£à�−¨ç¥−¨ï, ¨¬¥«áï ¯®«®¦¨â¥«ì−ë© ®¯ëâ
¢®á¯à®¨§¢¥¤¥−¨ï ¨ ¬®¤¥à−¨§�æ¨¨ ¯¥à¥¤®¢ëå §�àã¡¥¦−ëå á¨áâ¥¬. ��à�««¥«ì−®
á íâ¨¬ ¡ë«� à�§à�¡®â�−� ¨ à¥�«¨§®¢�−� ¯à®£à�¬¬� ®¡ãç¥−¨ï á®¡áâ¢¥−−ëå á¯¥æ¨-
�«¨áâ®¢ ¢ íâ®© ®¡«�áâ¨. �à¨â®¬ çâ® ¯¥à¥¤®¢ë¥ ®¡à�§æë ®â¥ç¥áâ¢¥−−ëå ¢ëç¨á«¨-
â¥«ì−ëå áà¥¤áâ¢ ¨ ¯à®£à�¬¬−®£®, ¢ ®á®¡¥−−®áâ¨ �«£®à¨â¬¨ç¥áª®£®, ®¡¥á¯¥ç¥−¨ï
¡ë«¨ −� ¤®áâ�â®ç−® á®¢à¥¬¥−−®¬ ¬¨à®¢®¬ ãà®¢−¥, ®¡é¨© ¯®ª�§�â¥«ì −�¤¥¦−®áâ¨
¨ ®á−�é¥−−®áâ¨ ¡ë« −¥áà�¢−¨¬® −¨¦¥, ç¥¬ ã ¢¥¤ãé¨å ¤¥à¦�¢. �âáâ�¢�−¨¥
ú¢ áà¥¤−¥¬û, −�«¨ç¨¥ ¡îà®ªà�â¨ç¥áª¨å ¯à¥¯®− ¢−ãâà¨, á�−ªæ¨®−−ëå §�¯à¥â®¢
¨§¢−¥ ¨ à�§àãè¥−¨¥ ¢ 1991 £. áãé¥áâ¢®¢�¢è¥© −� â®â ¬®¬¥−â íª®−®¬¨ç¥áª®© á¨á-
â¥¬ë ¢ ‘‘‘÷ ¯à¥¤®¯à¥¤¥«¨«¨ á¥àì¥§−¥©è¥¥ ®âáâ�¢�−¨¥ ÷®áá¨©áª®© ”¥¤¥à�æ¨¨
¢ ç�áâ¨ �¯¯�à�â−®-¯à®£à�¬¬−®© ¯«�âä®à¬ë AI.

‚®-¢â®àëå, ¯®á«¥ ¯¥à¨®¤� áâ�£−�æ¨¨ ª®−æ� 1990-å { −�ç�«� 2000-å ££. £®áã-
¤�àáâ¢® ¢¥à−ã«®áì ª áâà�â¥£¨ç¥áª®¬ã ã¯à�¢«¥−¨î −�ãª®© ¢ á¢ï§¨ á ¯à®¢®§£«�-
è¥−−ë¬ ªãàá®¬ −� −�ãç−®-â¥å−¨ç¥áªãî ¬®¤¥à−¨§�æ¨î ÷”. �à¨−ïâ¨¥¬ ú��æ¨-
®−�«ì−®© áâà�â¥£¨¨ à�§¢¨â¨ï ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� −� ¯¥à¨®¤ ¤® 2030 £®¤�û
÷®áá¨ï á¤¥«�«� â®â ¦¥ è�£, çâ® ¨ ®áâ�«ì−ë¥ £®áã¤�àáâ¢�, áâà¥¬ïé¨¥áï ¯®«ãç¨âì
¨«¨ á®åà�−¨âì áâ�âãá íª®−®¬¨ç¥áª¨ ¨ ¯à®¬ëè«¥−−® à�§¢¨âëå ¤¥à¦�¢. ‘«¥¤ã¥â
®â¬¥â¨âì, çâ® ª â�ª¨¬ áâà�−�¬ ®â−®áïâáï −¥ â®«ìª® ‘˜� ¨ Š�÷, −® ¨ áâà�-
−ë …‘, ˆ−¤¨ï, Š®à¥ï, â�ª¦¥ −¥¤�¢−® ¯à¨−ï¢è¨¥ �−�«®£¨ç−ë¥ áâà�â¥£¨ç¥áª¨¥
¤®ªã¬¥−âë.
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‚-âà¥âì¨å, áâà�â¥£¨ï [7] ®¯®áà¥¤®¢�−−® ¯à¥¤¯®«�£�¥â −¥ â®«ìª® ¢−¥¤à¥−¨¥
úâ¥å−®«®£¨ç¥áª¨å à¥è¥−¨©û, −® ¨ ¯à®¢¥¤¥−¨¥ ¯®«−®æ¥−−ëå äã−¤�¬¥−â�«ì−ëå
−�ãç−ëå ¨áá«¥¤®¢�−¨© ¢ ®¡«�áâ¨ AI. ‚ ¤�−−®© ç�áâ¨ æ¨ª«� ¡ë«® ã¯®¬ï−ãâ®,
çâ® ¢ ÷” ¨¬¥¥âáï −�ãç−®¥ á®®¡é¥áâ¢®, §�−¨¬�îé¥¥áï AI R&D. ‘à�¢−¨â¥«ì−®¬ã
�−�«¨§ã −�ãª®¬¥âà¨ç¥áª¨å ¯®ª�§�â¥«¥© −�ãç−ëå ¯ã¡«¨ª�æ¨© à®áá¨©áª¨å ãç¥−ëå
¢ íâ®© ®¡«�áâ¨ ¡ã¤¥â ¯®á¢ïé¥−� á«¥¤ãîé�ï áâ�âìï æ¨ª«�.
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history of AI R&D into eras is presented. Since the practical results in this
area are integral to the development of the hardware platform, a historical
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ПОДДЕРЖКА РЕШЕНИЯ ЗАДАЧ ДИАГНОСТИЧЕСКОГО ТИПА∗

М. И. Забежайло1, А. А. Грушо2, Н. А. Грушо3, Е. Е. Тимонина4

�−−®â�æ¨ï: �¡áã¦¤�îâáï −¥ª®â®àë¥ §−�ç¨¬ë¥ ®á®¡¥−−®áâ¨ ¬�â¥¬�â¨ç¥-
áª¨å ¬¥â®¤®¢ �−�«¨§� ¤�−−ëå (�„) ¨ ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨© (��÷)
¢ §�¤�ç�å ¤¨�£−®áâ¨ç¥áª®£® â¨¯�. ÷�áá¬®âà¥−ë −�¨¡®«¥¥ áãé¥áâ¢¥−−ë¥ å�-
à�ªâ¥à¨áâ¨ç¥áª¨¥ ®á®¡¥−−®áâ¨, ¯®§¢®«ïîé¨¥ ¢ë¤¥«¨âì §�¤�ç¨ ®¡áã¦¤�¥¬®£®
â¨¯� ¢ ®á®¡ë© ª«�áá. �â®â ª«�áá âà¥¡ã¥â ®¤−®¢à¥¬¥−−®© à�§à�¡®âª¨ à¥è¥−¨©
àï¤� ¢§�¨¬®á¢ï§�−−ëå §�¤�ç, ª®â®àë¥ ¡¥§ ãç¥â� â�ª¨å ¢§�¨¬®á¢ï§¥© ¯à�ªâ¨-
ç¥áª¨ ¡¥á¯®«¥§−ë. �¯ëâ à�¡®âë á §�¤�ç�¬¨ ¤¨�£−®áâ¨ç¥áª®£® â¨¯� ¯®§¢®«¨«
áä®à¬ã«¨à®¢�âì à¥ª®¬¥−¤�æ¨¨ ¯® −�¯à�¢«¥−¨ï¬ à�§à�¡®âª¨ à¥§ã«ìâ�â¨¢−ëå
¯®¤å®¤®¢ ¨ ¬¥â®¤®¢ ¨−â¥««¥ªâã�«ì−®£® �−�«¨§� ¤�−−ëå (ˆ�„) ¤«ï à¥è¥−¨ï
â�ª¨å ¯à¨ª«�¤−ëå §�¤�ç.

Š«îç¥¢ë¥ á«®¢�: ¨áªãááâ¢¥−−ë© ¨−â¥««¥ªâ; ¨−â¥««¥ªâã�«ì−ë© �−�«¨§ ¤�−-
−ëå; ¬�â¥¬�â¨ç¥áª¨¥ ¬¥â®¤ë; ¤¨�£−®áâ¨ª�

DOI: 10.14357/08696527210106

1 Введение

–¥«ì ¤�−−®© à�¡®âë | �à£ã¬¥−â¨à®¢�âì ¯®âà¥¡−®áâì ¢ à�§¢¨â¨¨ ¨ ¨á¯®«ì§®-
¢�−¨¨ ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−®£® ¬�â¥¬�â¨ç¥áª®£® ¨−áâàã¬¥−â�à¨ï �„ ¨ ��÷
¢ §�¤�ç�å ¤¨�£−®áâ¨ç¥áª®£® â¨¯�. ’à¥¡ã¥âáï, çâ®¡ë â�ª®© ¨−áâàã¬¥−â�à¨© ¯®§¢®-
«ï«:

{ à¥�«¨§®¢�âì ¯à¨ç¨−−ë© �−�«¨§;

{ à¥è�âì §�¤�ç¨ ¢ ãá«®¢¨ïå ¤¨−�¬¨ç¥áª¨ ¯®¯®«−ï¥¬ëå í¬¯¨à¨ç¥áª¨å ¤�−−ëå;

{ áâà®¨âì ¯à¥¤áâ�¢«¥−¨ï §−�−¨©;

{ ä®à¬�«¨§®¢�âì à�ááã¦¤¥−¨ï, ¢ª«îç�ï ¯®¤å®¤ë ¨ ¬¥â®¤ë ®æ¥−¨¢�−¨ï ¯à¨¥¬-
«¥¬®áâ¨ (¤®áâ�â®ç−®áâ¨) ®á−®¢�−¨ï ¤«ï ¯à¨−ïâ¨ï ¯®«ãç�¥¬ëå §�ª«îç¥−¨©;

{ ®¡¥á¯¥ç¨¢�âì íää¥ªâ¨¢−ãî à�§à¥è¨¬®áâì á®®â¢¥âáâ¢ãîé¨å ¬�â¥¬�â¨ç¥áª¨å
§�¤�ç;

∗÷�¡®â� ç�áâ¨ç−® ¯®¤¤¥à¦�−� ÷””ˆ (¯à®¥ªâ 18-29-03081).
1‚ëç¨á«¨â¥«ì−ë© æ¥−âà ¨¬. �. �. „®à®¤−¨æë−� ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà�

úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, m.zabezhailo@yandex.ru
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�

¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, grusho@yandex.ru
3ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�

¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, info@itake.ru
4ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�

¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, eltimon@yandex.ru
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{ ®¡¥á¯¥ç¨¢�âì ¯à®§à�ç−ãî ¨−â¥£à�æ¨î (¨−â¥à�ªâ¨¢−ë© à¥¦¨¬ ¢§�¨¬®¤¥©áâ¢¨ï
íªá¯¥àâ� ¨ ª®¬¯ìîâ¥à−®© á¨áâ¥¬ë �„ ¨ ��÷ ¢ ¯à®æ¥áá¥ ˆ�„).

��¤¥¦−�ï à¥�«¨§�æ¨ï ¯à¥¤áâ�¢«¥−−ëå âà¥¡®¢�−¨© ¤�áâ ®á−®¢�−¨¥ ¤®¢¥àïâì
¯®«ãç¥−−ë¬ ¢ ¯à®æ¥áá¥ à¥§ã«ìâ�â�¬ ˆ�„.

2 Неформальное представление проблемы

‘à¥¤¨ á®¢à¥¬¥−−ëå ¯à¨«®¦¥−¨© ¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥©, �«£®à¨â¬®¢ ¨ ¯à®-
£à�¬¬−ëå á¨áâ¥¬ ª®¬¯ìîâ¥à−®£® �−�«¨§� ¤�−−ëå ¢á¥ ¡®«¥¥ §−�ç¨¬ãî à®«ì ¨£à�îâ
§�¤�ç¨ ¤¨�£−®áâ¨ç¥áª®£® å�à�ªâ¥à�. ‘¯¥ªâà ¢®áâà¥¡®¢�−−ëå ¯à�ªâ¨ª®© ®¡«�áâ¥©
¯à¨¬¥−¥−¨ï ¯®¤®¡−®£® ú¨−áâàã¬¥−â�à¨ïû ¤®áâ�â®ç−® è¨à®ª.

�¡é¥¥ ¯à¥¤áâ�¢«¥−¨¥ ® §�¤�ç�å â�ª®£® â¨¯� ã¤®¡−® ®¯¨á�âì, ¨á¯®«ì§ãï �−�-
«®£¨î á ¢à�ç¥¡−®© ¯à�ªâ¨ª®©. „«ï à�§à�¡®âª¨ á®®â¢¥âáâ¢ãîé¥£® ú¨−áâàã¬¥−-
â�à¨ïû �„ ¨ ��÷ ¨§ãç�îâáï ¤¥©áâ¢¨ï ¢à�ç�, æ¥«ì ª®â®à®£® | ¨¤¥−â¨ä¨ª�æ¨ï
¨ ¯à®â¨¢®¤¥©áâ¢¨¥ á®áâ®ï−¨î ¡®«¥§−¨ (��’�‹�ƒˆˆ) ã ª®−ªà¥â−®£® ¯�æ¨¥−â�.
�à¨ íâ®¬ ¢ ®à£�−¨§�æ¨¨ á¢®¨å ¤¥©áâ¢¨© ¢à�ç ®¯¨à�¥âáï −� ®¯ëâ (ª�ª ¯®§¨â¨¢-
−ë©, â�ª ¨ −¥£�â¨¢−ë©) à�−¥¥ ¢ë¯®«−¥−−ëå ¯à®â¨¢®¤¥©áâ¢¨© ú�−�«®£¨ç−ë¬û
¡®«¥§−¥−−ë¬ á®áâ®ï−¨ï¬ ã ¤àã£¨å (à�−¥¥ ã¦¥ «¥ç¨¢è¨åáï ã −¥£®) ¯�æ¨¥−â®¢.

Œ®−¨â®à¨−£ ¯®¢¥¤¥−¨ï ®¡ê¥ªâ� �−�«¨§� ¯à¥¤¯®«�£�¥â ¢ ¯¥à¢ãî ®ç¥à¥¤ì �à£ã-
¬¥−â¨à®¢�−−ãî ¨¤¥−â¨ä¨ª�æ¨î á®áâ®ï−¨ï ��÷Œ› ¨«¨ ¦¥, −�®¡®à®â, ®âª«®-
−¥−¨ï ®â −¥¥ | �−®¬�«¨¨/��’�‹�ƒˆˆ.

�à¨ ¯®á«¥¤ãîé¥© ®à£�−¨§�æ¨¨ ¯à®â¨¢®¤¥©áâ¢¨ï ¢®§¬®¦−ë¬ �−®¬�«¨ï¬,
� â�ª¦¥ ¨å ¯®á«¥¤áâ¢¨ï¬ ¥áâ¥áâ¢¥−−® á−�ç�«� ¢ë¤¥«¨âì ä�ªâ®àë ¢«¨ï−¨ï, à¥§ã«ì-
â�â�¬¨ ª®â®à®£® áâ�−®¢¨âáï ¨¤¥−â¨ä¨æ¨à®¢�−−�ï �−®¬�«¨ï. ‡�â¥¬ ®à£�−¨§®¢�âì
à¥§ã«ìâ�â¨¢−®¥ ¯à®â¨¢®¤¥©áâ¢¨¥ ¢à¥¤®−®á−®¬ã ¢«¨ï−¨î. ‘«¥¤ã¥â ãç¨âë¢�âì,
çâ® ¢ −¥ª®â®àëå á«ãç�ïå ¯à¥¤¯®«�£�¥¬ë¥ ¬¥àë ¯à®â¨¢®¤¥©áâ¢¨ï ¬®£ãâ −®á¨âì
¡®«¥¥ à�¤¨ª�«ì−ë© å�à�ªâ¥à. ’�ª, ¯à¨ ¡®¥¢®¬ ¯à¨¬¥−¥−¨¨ úã¬−®£®û ®àã¦¨ï
¨¤¥−â¨ä¨æ¨à®¢�−−ë© ¢à¥¤®−®á−ë© ®¡ê¥ªâ (¦¨¢�ï á¨«� ¨«¨ ¦¥ ¢®¥−−�ï â¥å−¨ª�
¯à®â¨¢−¨ª�) ¯à®áâ® ¯¥à¥¢®¤¨âáï ¢ áâ�âãá æ¥«¨ ¤«ï ¯®á«¥¤ãîé¥£® ã−¨çâ®¦¥−¨ï.
�¤−�ª® â�ª�ï á¨âã�æ¨ï ¢ ¤�−−®© áâ�âì¥ −¥ à�áá¬�âà¨¢�¥âáï.

Š«îç¥¢ë¬ í«¥¬¥−â®¬ ®¡áã¦¤�¥¬®© áå¥¬ë ®ª�§ë¢�¥âáï ¯à®¡«¥¬� à¥§ã«ìâ�-
â¨¢−®áâ¨ ®à£�−¨§ã¥¬®£® ¯à®â¨¢®¤¥©áâ¢¨ï. �à¥¤¯®«�£�¥âáï, çâ®, ¢®§¤¥©áâ¢ãï
¨¬¥−−® −� ä�ªâ®àë ¢«¨ï−¨ï, ¬®¦−® £�à�−â¨à®¢�−−® ®¡¥á¯¥ç¨âì ¦¥«�¥¬ë© à¥-
§ã«ìâ�â. ˆ¬¥−−® −� íâ®¬ ®á−®¢�−¨¨ ¯à¨ à�§à�¡®âª¥ íää¥ªâ¨¢−ëå ú¨−áâàã-
¬¥−â®¢û �„ ¨ ��÷ ¥áâ¥áâ¢¥−−® ®à¨¥−â¨à®¢�âìáï −� �−�«¨§ ¯à¨ç¨−−®áâ¨ |
¢ë¤¥«¥−¨¥ úª�ã§�«ì−ëå ®á−®¢�−¨©û �−�«¨§¨àã¥¬ëå íää¥ªâ®¢.

’�ª¨¬ ®¡à�§®¬, §�¤�ç¨ ¤¨�£−®áâ¨ç¥áª®£® å�à�ªâ¥à� | íâ® §�¤�ç¨ �„, ��÷
¨ ®à£�−¨§�æ¨¨ ¢ë¯®«−¥−¨ï æ¥«¥−�¯à�¢«¥−−ëå ¤¥©áâ¢¨©, ¯à¥¤¯®«�£�îé¨¥:

(1) ¬®−¨â®à¨−£ â¥ªãé¥£® á®áâ®ï−¨ï ®¡ê¥ªâ� �−�«¨§�;

(2) ¨¤¥−â¨ä¨ª�æ¨î �−�«¨§¨àã¥¬®£® íää¥ªâ� (�−®¬�«¨¨ ¢ ¯®¢¥¤¥−¨¨ ®¡ê¥ªâ�
¬®−¨â®à¨−£� | á¬¥−ë á®áâ®ï−¨ï ��÷Œ� −� á®áâ®ï−¨¥ ��’�‹�ƒˆŸ);
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�®¤¤¥à¦ª� à¥è¥−¨ï §�¤�ç ¤¨�£−®áâ¨ç¥áª®£® â¨¯�

(3) ¨¤¥−â¨ä¨ª�æ¨î ä�ªâ®à®¢, ¢«¨ï−¨¥¬ ª®â®àëå ®¡ãá«®¢«¥−® ¯®ï¢«¥−¨¥ ¨¤¥−-
â¨ä¨æ¨à®¢�−−®© �−®¬�«¨¨;

(4) ®à£�−¨§�æ¨î ¯à®â¨¢®¤¥©áâ¢¨ï ¢«¨ï−¨î ¢ëï¢«¥−−ëå ¢à¥¤®−®á−ëå ä�ªâ®-
à®¢, ®¡¥á¯¥ç¨¢�îé¥£® à¥§ã«ìâ�â¨¢−®¥ á®¯à®â¨¢«¥−¨¥ à�§¢¨â¨î ��’�‹�-
ƒˆˆ ¨ ¢®§¢à�é¥−¨¥ ª á®áâ®ï−¨î ��÷Œ�.

�à¨¢¥¤¥¬ −¥ª®â®àë¥ ¯à¨¬¥àë §�¤�ç ®¡áã¦¤�¥¬®£® ª«�áá�.

{ ¬¥¤¨æ¨−áª�ï ¤¨�£−®áâ¨ª�, ¢ â®¬ ç¨á«¥ ¢ëá®ª®â¥å−®«®£¨ç−�ï, £¤¥ −¥®¡å®-
¤¨¬® �−�«¨§¨à®¢�âì ¡®«ìè¨¥ ®¡ê¥¬ë í¬¯¨à¨ç¥áª¨å ¤�−−ëå, ä¨ªá¨àã¥¬ëå
®¡ê¥ªâ¨¢−ë¬¨ áà¥¤áâ¢�¬¨, ¨ ¯®á«¥¤ãîé¨¥ â¥à�¯¥¢â¨ç¥áª¨¥ ¢®§¤¥©áâ¢¨ï;

{ â¥å−¨ç¥áª�ï ¤¨�£−®áâ¨ª� ¨ ¢®ááâ�−®¢«¥−¨¥ èâ�â−®£® à¥¦¨¬� à�¡®âë: ¨¤¥−â¨-
ä¨ª�æ¨ï ®âª�§®¢ â¥å−¨ª¨, ¢ëï¢«¥−¨¥ ¯à¨ç¨− ®âª�§�, ®à£�−¨§�æ¨ï ¤¥©áâ¢¨©
¯® ¢®§¢à�âã ª −®à¬�«ì−®¬ã à¥¦¨¬ã äã−ªæ¨®−¨à®¢�−¨ï;

{ ®¡¥á¯¥ç¥−¨¥ ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨ ª®¬¯ìîâ¥à−ëå á¨áâ¥¬, ¢ ç�áâ-
−®áâ¨ ¨¤¥−â¨ä¨ª�æ¨ï æ¥«¥−�¯à�¢«¥−−ëå ¢à¥¤®−®á−ëå ¢®§¤¥©áâ¢¨© −� ª®¬-
¯ìîâ¥à−ë¥ á¨áâ¥¬ë ¨ ®à£�−¨§�æ¨ï �¤¥ª¢�â−®£® ¯à®â¨¢®¤¥©áâ¢¨ï ¨å ¢à¥¤®-
−®á−®¬ã ¢«¨ï−¨î;

{ ¡®àì¡� á ¬®è¥−−¨ç¥áâ¢®¬ ¢ ä¨−�−á®¢®© áä¥à¥, â. ¥. ¢ëï¢«¥−¨¥ ä�ªâ®¢ ¬®è¥−-
−¨ç¥áâ¢�, ¯®¤£®â®¢ª� ¨ à¥�«¨§�æ¨ï ¬¥à ¯® íää¥ªâ¨¢−®¬ã ¯à®â¨¢®¤¥©áâ¢¨î
¬®è¥−−¨ç¥áª¨¬ �ªâ¨¢−®áâï¬ ¨ ¤à.

3 Возможные подходы к решению диагностических проблем

�¡à�é�ïáì ª ¨§¢¥áâ−ë¬ ¯®¤å®¤�¬, ¯®§¢®«ïîé¨¬ à�ááç¨âë¢�âì −� à¥§ã«ìâ�-
â¨¢−®áâì ¯à®â¨¢®¤¥©áâ¢¨ï à�§¢¨â¨î ¨¤¥−â¨ä¨æ¨àã¥¬ëå �−®¬�«ì−ëå íää¥ªâ®¢,
¥áâ¥áâ¢¥−−® −�ç�âì á ®¯ëâ� ª«�áá¨ç¥áª®© ä¨§¨ª¨, � ¨¬¥−−®: ä®à¬¨à®¢�−¨ï
â�ª −�§ë¢�¥¬ëå ú¯�−ä¨§¨ç¥áª¨åû ¬®¤¥«¥© ¨§ãç�¥¬ëå ï¢«¥−¨©. ‡¤¥áì �−�«¨§
¯à¨ç¨−−®áâ¨ ¨ ¯®á«¥¤ãîé¥¥ ¨á¯®«ì§®¢�−¨¥ ®á−®¢�−−ëå −� à¥§ã«ìâ�â�å â�ª®£®
�−�«¨§� ã¯à�¢«ïîé¨å ¢®§¤¥©áâ¢¨© ¬®¦−® ¯à¥¤áâ�¢¨âì á«¥¤ãîé¥© ¯à®æ¥¤ãà−®©
áå¥¬®©:

{ ä¨ªá¨àã¥âáï �−�«¨§¨àã¥¬ë© æ¥«¥¢®© íää¥ªâ;

{ ¢ë¤¥«ïîâáï ä�ªâ®àë ¢«¨ï−¨ï −� íâ®â íää¥ªâ;

{ ¢ëïá−ï¥âáï −�«¨ç¨¥ ¢§�¨¬®á¢ï§¥© ¬¥¦¤ã â�ª¨¬¨ ä�ªâ®à�¬¨;

{ ¢ë¤¥«¥−−ë¥ ä�ªâ®àë ¨ ¢§�¨¬®á¢ï§¨ ¬¥¦¤ã −¨¬¨ á¢®¤ïâáï ¢ ¯®¤å®¤ïéãî
á¨áâ¥¬ã ú¡�«�−á®¢ëåû á®®â−®è¥−¨© (®âà�¦�îé¨å, −�¯à¨¬¥à, â¥ ¨«¨ ¨−ë¥
ä¨§¨ç¥áª¨¥ §�ª®−ë á®åà�−¥−¨ï);

{ ®¡¥á¯¥ç¨¢�¥âáï à�§à¥è¨¬®áâì (�−�«¨â¨ç¥áª�ï ¨«¨ ç¨á«¥−−�ï) áä®à¬¨à®¢�−-
−®© á¨áâ¥¬ë á®®â−®è¥−¨©;
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{ ¢ ï¢−®© ä®à¬¥ ¯®«ãç�îâáï ¯à¨ç¨−−ë¥ §�¢¨á¨¬®áâ¨ ¢¨¤�

[ä�ªâ®àë ¢«¨ï−¨ï]⇒ æ¥«¥¢®© íää¥ªâ.

Š á®¦�«¥−¨î, ¯àï¬®© à¥�«¨§ã¥¬®áâ¨ ¯®¤®¡−®£® ¯®¤å®¤� ¢ à�áá¬�âà¨¢�¥¬ëå
¯à¥¤¬¥â−ëå ®¡«�áâïå ¯à¥¯ïâáâ¢ã¥â ¯® ªà�©−¥© ¬¥à¥ ®¤−® ¢¥áì¬� áãé¥áâ¢¥−-
−®¥ ®¡áâ®ïâ¥«ìáâ¢®. „«ï ª«�áá¨ç¥áª®© ä¨§¨ª¨ å�à�ªâ¥à−ë ¬�«®ä�ªâ®à−ë¥ (¯®
ç¨á«ã ä�ªâ®à®¢ ¢«¨ï−¨ï) ¯à¨ç¨−−ë¥ ®¡ãá«®¢«¥−−®áâ¨, −�¯à¨¬¥à ú¯à®áâë¥û
(¬�«®¯à¨ç¨−−ë¥) §�¢¨á¨¬®áâ¨ ®¯à¥¤¥«ïîâ ®á−®¢−ë¥ §�ª®−ë ¬¥å�−¨ª¨. ‚ ®â«¨ç¨¥
®â ä¨§¨ª¨ ¤«ï à�áá¬�âà¨¢�¥¬ëå ®¡«�áâ¥© ¯à¨«®¦¥−¨© ¤¨�£−®áâ¨ç¥áª®£® â¨¯�
å�à�ªâ¥à−� ¬−®£®¯à¨ç¨−−®áâì, −�¯à¨¬¥à ¢ ¬¥¤¨æ¨−áª®© ¨ â¥å−¨ç¥áª®© ¤¨�£−®-
áâ¨ª¥. ‚ íâ®¬ á«ãç�¥ ªà¨â¨ç¥áª¨ §−�ç¨¬®© ®ª�§ë¢�¥âáï ¯à®¡«¥¬� ¯®«−®âë ãç¥â�
ä�ªâ®à®¢ ¢«¨ï−¨ï, � â�ª¦¥ á¢ï§¥© ¬¥¦¤ã −¨¬¨.

�¥ ¬¥−¥¥ áãé¥áâ¢¥−−®© ®ª�§ë¢�¥âáï ¨ ¯à®¡«¥¬� ¯à�ªâ¨ç¥áª®© (á ¯à¨¢«¥-
ç¥−¨¥¬ úà�§ã¬−ëåû ¢ëç¨á«¨â¥«ì−ëå à¥áãàá®¢) à�§à¥è¨¬®áâ¨ ä®à¬¨àã¥¬ëå
¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥© ú¡�«�−á®¢®£®û â¨¯�.

÷¥�«ì−® à�¡®â�îé¥© �«ìâ¥à−�â¨¢®© ú¯�−ä¨§¨ç¥áª¨¬û ¯®¤å®¤�¬ áâ�«¨ ¨−â¥à-
¯®«ïæ¨®−−®-íªáâà�¯®«ïæ¨®−−ë¥ ¬®¤¥«¨ �„ ¨ ��„, ¢ à�¬ª�å ª®â®àëå á−�ç�«�
−� ã¦¥ ¨¬¥îé¨åáï í¬¯¨à¨ç¥áª¨å ¤�−−ëå ä®à¬¨àãîâáï ¨−â¥à¯®«ïæ¨®−−ë¥ §�¢¨-
á¨¬®áâ¨ â®£® ¨«¨ ¨−®£® ¢¨¤�: áâ�â¨áâ¨ç¥áª¨¥, �«£¥¡à�¨ç¥áª¨¥, «®£¨ç¥áª¨¥ ¨ â. ¤.
‡�â¥¬ §�¤�ç� ¯à¨−ïâ¨ï à¥è¥−¨ï ¢ −®¢®© á¨âã�æ¨¨ ä®à¬�«¨§ã¥âáï ª�ª ¯à®¢¥àª�
íªáâà�¯®«¨àã¥¬®áâ¨ −�©¤¥−−ëå §�¢¨á¨¬®áâ¥© −� ¢−®¢ì �−�«¨§¨àã¥¬ë© á«ãç�©.
�¡è¨à−ë© ¯¥à¥ç¥−ì à¥�«¨§�æ¨© ¯®¤®¡−®£® ¯®¤å®¤� ¬®¦−® −�©â¨ ¢ áâ�â¨áâ¨ç¥-
áª®¬ �−�«¨§¥ ¤�−−ëå, ¬�è¨−−®¬ ®¡ãç¥−¨¨ ¨ ¤à.

�¤−�ª® ¢ ®¡é¥¬ á«ãç�¥ ¨ §¤¥áì ¯à¨å®¤¨âáï ¨¬¥âì ¤¥«® á á¥àì¥§−®© ¯à®¡«¥-
¬®©. ˆ−â¥à¯®«ïæ¨®−−ë¥ à¥è¥−¨ï, ¢®®¡é¥ £®¢®àï, −¥ ®¡ï§�â¥«ì−® ®âà�¦�îâ
¯à¨ç¨−−®áâì ¢®§−¨ª−®¢¥−¨ï ¨¤¥−â¨ä¨æ¨àã¥¬®£® æ¥«¥¢®£® íää¥ªâ�. �¥ ¬¥−¥¥
áãé¥áâ¢¥−−®© ®ª�§ë¢�¥âáï −�á«¥¤ã¥¬®áâì (á®åà�−ï¥¬®áâì) ã¦¥ ¯®à®¦¤¥−−ëå í¬-
¯¨à¨ç¥áª¨å §�¢¨á¨¬®áâ¥© ¯à¨ à�áè¨à¥−¨¨ ¨áå®¤−ëå ¤�−−ëå ®¯¨á�−¨ï¬¨ −®¢ëå
¯à¥æ¥¤¥−â®¢, çâ®, ¢®®¡é¥ £®¢®àï, −¥¯à®áâ® ®¡¥á¯¥ç¨âì ¯à¨ ¯®áâà®¥−¨¨ áâ�−-
¤�àâ−ëå ¨−â¥à¯®«ïæ¨®−−ëå ¬®¤¥«¥©. Š�ª á«¥¤áâ¢¨¥, ¬®¦−® £®¢®à¨âì ® −¥®¡å®-
¤¨¬®áâ¨ áã¦¥−¨ï ¬−®¦¥áâ¢� ¬�â¥¬�â¨ç¥áª¨å ú¨−áâàã¬¥−â®¢û �„, à¥«¥¢�−â−ëå
ã¦¥ ¯à¥¤áâ�¢«¥−−®© ¢ëè¥ ú¯à¨à®¤¥û §�¤�ç ¤¨�£−®áâ¨ç¥áª®£® å�à�ªâ¥à� â�ª¨¬
®¡à�§®¬, çâ®¡ë ®¡¥á¯¥ç¨âì:

{ �−�«¨§ ¯à¨ç¨−−®áâ¨ ¢®§−¨ª−®¢¥−¨ï ¨áá«¥¤ã¥¬®£® æ¥«¥¢®£® íää¥ªâ�;

{ á®åà�−ï¥¬®áâì ¢ ¤¨−�¬¨ª¥ í¬¯¨à¨ç¥áª¨å §�ª®−®¬¥à−®áâ¥© ¯à¨ à�áè¨à¥−¨ïå
®¡ãç�îé¥© ¢ë¡®àª¨;

{ ¤®áâ�â®ç−®áâì ®á−®¢�−¨© ¤«ï ¯à¨−ïâ¨ï ä®à¬¨àã¥¬ëå à¥§ã«ìâ�â®¢ �„ (¢ë-
ï¢«¥−¨ï ¯à¨ç¨−−ëå ä�ªâ®à®¢);

{ −¥®¯à®¢¥à£�¥¬®áâì (−¥®á¯�à¨¢�¥¬®áâì) ¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢ ¯® ªà�©−¥©
¬¥à¥ −� ¨¬¥îé¨åáï ¤«ï �−�«¨§� í¬¯¨à¨ç¥áª¨å ¤�−−ëå.
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�®¤¤¥à¦ª� à¥è¥−¨ï §�¤�ç ¤¨�£−®áâ¨ç¥áª®£® â¨¯�

4 Методы интеллектуального анализа данных
в решении задач диагностического типа

�®−ïâ−®, çâ® ®á−®¢®¯®«�£�îé¥¥ ¤«ï computer science ¬®¤¥«¨à®¢�−¨¥ ï¢«¥−¨©
®ªàã¦�îé¥£® ¬¨à� ª®¬¯ìîâ¥à−ë¬¨ áà¥¤áâ¢�¬¨ à¥�«¨§ã¥â ¯à¥¤áâ�¢«¥−¨¥ á¥¬�−-
â¨ª¨, â. ¥. á¬ëá«®¢ëå ®á®¡¥−−®áâ¥© ¨áá«¥¤ã¥¬ëå ®¡ê¥ªâ®¢ á¨−â�ªá¨ç¥áª¨¬¨
áà¥¤áâ¢�¬¨, −�¯à¨¬¥à ª®¤¨à®¢�−¨¥¬ ¢ëà�¦¥−¨ï¬¨ ¢ �«ä�¢¨â¥ {0, 1} ¨ ¨å ¯®-
á«¥¤ãîé¨¬¨ ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−ë¬¨ ¯à¥®¡à�§®¢�−¨ï¬¨. ‚ ®¡é¥¬ á«ãç�¥
á«¥¤áâ¢¨¥¬ íâ®£® áâ�−®¢¨âáï ¯à¨¡«¨¦¥−−ë© å�à�ªâ¥à ¯®¤®¡−ëå ¯à¥¤áâ�¢«¥−¨©,
� â�ª¦¥ ¨å ¬−®¦¥áâ¢¥−−®áâì, ª®â®à�ï ®¯à¥¤¥«ï¥âáï ¢ë¡®à®¬ â®£® ¨«¨ ¨−®£®
ª®−ªà¥â−®£® ï§ëª� ®¯¨á�−¨ï (¯à¥¤áâ�¢«¥−¨ï) §−�−¨© ®¡ ¨áá«¥¤ã¥¬ëå íää¥ªâ�å
¨ ï¢«¥−¨ïå.

�à¨ ¯®áâà®¥−¨¨ ª®¬¯ìîâ¥à−®-®à¨¥−â¨à®¢�−−ëå ä®à¬�«¨§�æ¨© ®¤−®§−�ç−®¥
á®®â¢¥âáâ¢¨¥ ¬¥¦¤ã á¨−â�ªá¨á®¬ ¨ á¥¬�−â¨ª®© âà¥¡ã¥â ¢ë¯®«−¨¬®áâ¨ á¯¥æ¨-
�«ì−ëå ãá«®¢¨© â¨¯� â¥®à¥¬ ® ¯®«−®â¥, å®à®è® ¨§¢¥áâ−ëå ¢ ¬�â¥¬�â¨ç¥áª®©
«®£¨ª¥ (á¬., −�¯à¨¬¥à, [1, 2]). ’�ª, ¢ ç�áâ−®áâ¨, ¤¥¤ãªâ¨¢−®¥ ¤®ª�§�â¥«ìáâ¢®
¢ ä®à¬�«ì−®© á¨áâ¥¬¥, ¤«ï ª®â®à®© ¤®ª�§�−� â¥®à¥¬� ® ¯®«−®â¥, | íâ® ®¡ê¥ªâ,
á¨−â�ªá¨ç¥áª�ï ª®àà¥ªâ−®áâì ª®â®à®£® £�à�−â¨àã¥â ¥£® á¥¬�−â¨ç¥áªãî ª®àà¥ªâ-
−®áâì, â. ¥. ¢ë¢®¤¨¬®áâì ä®à¬ã«ë ¢ â�ª®© ä®à¬�«ì−®© á¨áâ¥¬¥ £�à�−â¨àã¥â ¥¥
¨áâ¨−−®áâì.

’�ª¨¬ ®¡à�§®¬, ¢ë¡¨à�ï â®â ¨«¨ ¨−®© ï§ëª ¯à¥¤áâ�¢«¥−¨ï §−�−¨© (Ÿ�‡) ¤«ï
¨á¯®«ì§®¢�−¨ï ¢ áå¥¬¥ í¬¯¨à¨ç¥áª¨å §�ª®−®¬¥à−®áâ¥© (�‡) ª®¬¯ìîâ¥à−®£® �„,
á«¥¤ã¥â ãç¨âë¢�âì, çâ® á®®â¢¥âáâ¢ãîé¨¥ ®¡ê¥¬ë (á«®¦−®áâì) ¢ëç¨á«¥−¨© ¯à¨
¯®¨áª¥ à¥è¥−¨© ¬®£ãâ áâ�âì á¢®¥£® à®¤� ú¯«�â®©û §� ¤¥â�«ì−®áâì ¯à¥¤áâ�¢«¥−¨ï
á¥¬�−â¨ª¨ ª®−ªà¥â−ë¬ Ÿ�‡.

Š�ª á«¥¤áâ¢¨¥, ¢�¦−ë¬ ¨, ¢ §−�ç¨â¥«ì−®© ¬¥à¥, ®¯à¥¤¥«ïîé¨¬ ª�ç¥áâ¢®
ä®à¬¨àã¥¬ëå à¥§ã«ìâ�â®¢ ª®¬¯®−¥−â®¬ à�áá¬�âà¨¢�¥¬®£® ¯à®æ¥áá� ¯®à®¦¤¥−¨ï
�‡ ®ª�§ë¢�¥âáï ¢ë¡®à â®£® ¨«¨ ¨−®£® ª®−ªà¥â−®£® á¯®á®¡� ®¯¨á�−¨ï (ä®à¬�«¨-
§®¢�−−®£® ¯à¥¤áâ�¢«¥−¨ï) ¯à¥æ¥¤¥−â®¢ ¨áå®¤−®© ®¡ãç�îé¥© ¢ë¡®àª¨.

„«ï ¯à¨¬¥à� à�áá¬®âà¨¬ §�¤�çã ¬¥¤¨æ¨−áª®© ¤¨�£−®áâ¨ª¨. ú‘â�−¤�àâ−ë¥û
¤«ï â¥ªãé¥© ¬¥¤¨æ¨−áª®© ¯à�ªâ¨ª¨ å�à�ªâ¥à¨áâ¨ª¨ ä¨§¨®«®£¨ç¥áª¨å á®áâ®ï−¨©
¯�æ¨¥−â� ¬®£ãâ ¡ëâì ¤®¯®«−¥−ë, −�¯à¨¬¥à, à¥§ã«ìâ�â�¬¨ ¨áá«¥¤®¢�−¨ï:

{ ¬¥â�¡®«®¬� (¤�−−ë¬¨ ® ¬¥â�¡®«¨â�å, §�¤¥©áâ¢®¢�−−ëå ¢ ¯�â®«®£¨ç¥áª¨å
¡¨®å¨¬¨ç¥áª¨å ¯à®æ¥áá�å) ¯«�§¬ë ªà®¢¨ ¯�æ¨¥−â�;

{ ¯à®â¥®¬� (¤�−−ë¬¨ ® ¡¥«ª®¢®¬ á®áâ�¢¥ �−�«¨§¨àã¥¬ëå ¯à®¡);

{ £¥−®¬�, ¢ â®¬ ç¨á«¥ ¤�−−ë¬¨ ® áâàãªâãà¥ ¬ãâ�æ¨© ®¯à¥¤¥«¥−−ëå £àã¯¯ £¥−®¢
¨ ¤à.

’�ª¨¬ ®¡à�§®¬, ¢�àì¨àãï ú¢ëà�§¨â¥«ì−ë¥û ¢®§¬®¦−®áâ¨ ¨á¯®«ì§ã¥¬®£® á¯®-
á®¡� ®¯¨á�−¨ï ¤�−−ëå (§−�−¨©) ® à¥«¥¢�−â−ëå æ¥«¨ (ä®à¬¨à®¢�−¨î á®®â¢¥âáâ¢ã-
îé¥£® ¤¨�£−®§�) ï¢«¥−¨ïå (íää¥ªâ�å), ¬®¦−® ¢ëï¢«ïâì â¥ ¨«¨ ¨−ë¥ á®¢®ªã¯−®áâ¨
¤¥©áâ¢ãîé¨å ä�ªâ®à®¢, å�à�ªâ¥à¨§ãîé¨å ¯à¨ç¨−−®áâì ¢®§−¨ª−®¢¥−¨ï ¨§ãç�-
¥¬ëå íää¥ªâ®¢. ˆ ¤�«¥¥ ¢ â®© ¨«¨ ¨−®© ¬¥à¥ ã¯à�¢«ïâì íâ¨¬¨ íää¥ªâ�¬¨.
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�à¨ íâ®¬ ¥áâ¥áâ¢¥−−® ¨áª�âì â�ª¨¥ �‡, ª®â®àë¥ á®åà�−ï«¨ ¡ë á¢®¨ úíªáâà�¯®-
«ïæ¨®−−ë¥û ¢®§¬®¦−®áâ¨ ¨ ¯à¨ ¢�àì¨à®¢�−¨¨ ¨á¯®«ì§ã¥¬®£® ï§ëª� ®¯¨á�−¨ï
¯à¥æ¥¤¥−â®¢. „àã£¨¬¨ á«®¢�¬¨, −¥ â®«ìª® ¢®áâà¥¡®¢�−−®©, −® ¨ à¥§ã«ìâ�â¨¢−®©
¯à¨ à¥è¥−¨¨ âàã¤−ëå ¯à¨ª«�¤−ëå §�¤�ç ®ª�§ë¢�¥âáï âà�¤¨æ¨®−−�ï ¤«ï ¨áá«¥-
¤®¢�−¨© ¢ ®¡«�áâ¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¯à®¡«¥¬�â¨ª� ¬¥â®¤®¢ ¨ áà¥¤áâ¢
¯à¥¤áâ�¢«¥−¨ï §−�−¨© (á¬., −�¯à¨¬¥à, [3]). ‘®¡áâ¢¥−−®, ¨¬¥−−® â�ª®© á¬ëá«
¥áâ¥áâ¢¥−−® ¢ª«�¤ë¢�¥âáï ¢ ç�áâ® ¨á¯®«ì§ã¥¬ë© â¥à¬¨− úã¯à�¢«¥−¨¥ §−�−¨ï¬¨û
(á¬., −�¯à¨¬¥à, [4, 5]).

5 Представление знаний и наследуемость результатов диагностики
при варьировании исходных данных

Šà¨â¨ç¥áª¨ §−�ç¨¬ãî à®«ì ¯à¨ ¯®¨áª¥ à¥è¥−¨© §�¤�ç à�áá¬�âà¨¢�¥¬®£® â¨¯�
¨£à�¥â �¤¥ª¢�â−®áâì ¯à¥¤áâ�¢«¥−¨ï §−�−¨© ® ¯à¨à®¤¥ ¯à¨ç¨−−®áâ¨ ¢®§−¨ª−®¢¥−¨ï
¨§ãç�¥¬ëå íää¥ªâ®¢ (ï¢«¥−¨©). �á®¡®£® ¢−¨¬�−¨ï §¤¥áì §�á«ã¦¨¢�îâ íää¥ªâë
ãáâ®©ç¨¢®áâ¨ (−�á«¥¤ã¥¬®áâ¨) ä®à¬¨àã¥¬ëå à¥§ã«ìâ�â®¢ ˆ�„ ¯à¨ ¢�àì¨à®¢�-
−¨¨ ¨á¯®«ì§ã¥¬ëå áà¥¤áâ¢ ¯à¥¤áâ�¢«¥−¨ï §−�−¨© (Ÿ�‡ ® ¯à¨à®¤¥ ¨áá«¥¤ã¥¬®©
¯à¨ç¨−−®áâ¨).

‘ ú¯à®æ¥¤ãà−®©û â®çª¨ §à¥−¨ï ¢ ¯à¨®à¨â¥â−®¬ ¯®àï¤ª¥ á«¥¤ã¥â ®¡à�â¨âì
¢−¨¬�−¨¥ −� ¤¢� �á¯¥ªâ�:

(1) −¥®¡å®¤¨¬® à�§à�¡�âë¢�âì ¯à¨¡«¨¦¥−−ë¥ ¯à¥¤áâ�¢«¥−¨ï ® ¯à¨à®¤¥ ¯à¨ç¨−-
−®áâ¨ ¢ ª®−ªà¥â−®¬ Ÿ�‡, â. ¥. −¥®¡å®¤¨¬® à¥è�âì ¯à®¡«¥¬ã ¯à¥¤áâ�¢«¥−¨ï
á¥¬�−â¨ç¥áª¨å ú−î�−á®¢û á¨−â�ªá¨ç¥áª¨¬¨ úáà¥¤áâ¢�¬¨û. ˆ«¨ −�å®¤¨âì
−�¤¥¦−ë© ®â¢¥â −� ¢¯®«−¥ ¥áâ¥áâ¢¥−−ë© ¢®¯à®á: ú��áª®«ìª® ª®−ªà¥â−ë©
Ÿ�‡ �¤¥ª¢�â¥− ¢ ª®−ªà¥â−®¬ á«ãç�¥ ˆ�„?û �â¢¥â −� íâ®â ¢®¯à®á âà¥-
¡ã¥â ®æ¥−ª¨ �¤¥ª¢�â−®áâ¨ (¯à¨¥¬«¥¬®áâ¨) ¯®à®¦¤�¥¬ëå à¥§ã«ìâ�â®¢ ˆ�„,
¢ ç�áâ−®áâ¨ ¨¤¥−â¨ä¨ª�æ¨¨ £à�−¨æ ú®¡«�áâ¨ −�¤¥¦−®áâ¨û ¨ ¯à¨¥¬«¥¬®áâ¨
â�ª¨å à¥§ã«ìâ�â®¢;

(2) á ãç¥â®¬ ¢�àì¨à®¢�−¨ï ª�ª ¨á¯®«ì§ã¥¬ëå áà¥¤áâ¢ ¯à¥¤áâ�¢«¥−¨ï §−�−¨©,
â�ª ¨ ú¨−áâàã¬¥−â®¢û �„ ¨ ä®à¬¨à®¢�−¨ï −®¢ëå §−�−¨© ®¡ ®¡ê¥ªâ¥ ¨á-
á«¥¤®¢�−¨ï ¨¬¥âì ¢®§¬®¦−®áâì ¯à®á«¥¤¨âì ¯®¤®¡«�áâ¨ ú−�á«¥¤ã¥¬®áâ¨û
¤¨�£−®áâ¨ç¥áª¨å §�ª«îç¥−¨© ú¢¤®«ìû ®¡«�áâ¥© ¢�àì¨à®¢�−¨ï, ¢ë¡¨à�¥¬ëå
Ÿ�‡ ¨, á®®â¢¥âáâ¢¥−−®, ¨−áâàã¬¥−â�«ì−ëå áà¥¤áâ¢ ˆ�„. ‘à�¢−¨¬®áâì
ä®à¬¨àã¥¬ëå â�ª¨¬ ®¡à�§®¬ ¤¨�£−®áâ¨ç¥áª¨å §�ª«îç¥−¨© âà¥¡ã¥â ª�ª á®-
¯®áâ�¢¨¬®áâ¨ áà¥¤áâ¢ ¯à¥¤áâ�¢«¥−¨ï ¤�−−ëå ¨ §−�−¨©, â�ª ¨ ¨á¯®«ì§®¢�−¨ï
á®¯®áâ�¢¨¬ëå ¯à®æ¥¤ãà−ëå áà¥¤áâ¢ ˆ�„ (¢ ¯¥à¢ãî ®ç¥à¥¤ì ¢ ç�áâ¨ à¥�«¨-
§®¢�−−®© ¢ −¨å ¥¤¨−®© ú«®£¨ª¨û �„).

„®¯®«−¨â¥«ì−® ¬®¦−® §�¬¥â¨âì, çâ® ¯à¨ à�áè¨à¥−¨¨ ®¡ãç�îé¥© ¢ë¡®à-
ª¨ ¯à¥æ¥¤¥−â®¢ −®¢ë¬¨ ®¡ê¥ªâ�¬¨ âà�¤¨æ¨®−−ë¥ ¨−â¥à¯®«ïæ¨®−−®-íªáâà�¯®«ï-
æ¨®−−ë¥ ¯à®æ¥¤ãà−ë¥ áå¥¬ë ˆ�„ ¢ ®¡é¥¬ á«ãç�¥ −¥ £�à�−â¨àãîâ ãáâ®©ç¨-
¢®áâ¨ (−�á«¥¤ã¥¬®áâ¨) ¨−â¥à¯®«ïæ¨©, ä®à¬¨àã¥¬ëå ¨å áà¥¤áâ¢�¬¨. ÷�§ã¬¥¥âáï,
¯à¨ ¢�àì¨à®¢�−¨¨ ¯à¨¢«¥ª�¥¬ëå áà¥¤áâ¢ ¯à¥¤áâ�¢«¥−¨ï §−�−¨© −�á«¥¤ã¥¬®áâì
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ú¢¤®«ìû ®¡«�áâ¨ ¢�àì¨à®¢�−¨ï á®®â¢¥âáâ¢ãîé¨å ¨−â¥à¯®«ïæ¨®−−ëå �‡ áâ�−®-
¢¨âáï ¥é¥ ¡®«¥¥ ¯à®¡«¥¬�â¨ç−®©.

6 Формализация рассуждений

ˆ−â¥««¥ªâã�«ì−ë© �−�«¨§ ¤�−−ëå ª�ª ¯à®æ¥áá ¯¥à¥å®¤� ®â ¨áå®¤−ëå ¤�−−ëå
ª ª®−¥ç−®¬ã à¥§ã«ìâ�âã ¯®§¢®«ï¥â ¢ë¤¥«¨âì −�àï¤ã á á®¡áâ¢¥−−® ú¢ëç¨á«¨â¥«ì-
−®©û á®áâ�¢«ïîé¥© ¥é¥ ¤¢� ¯à¨−æ¨¯¨�«ì−® §−�ç¨¬ëå íâ�¯� ú¯®§−�¢�â¥«ì−®£®û
æ¨ª«�:

(1) ®â¡®à ¨áå®¤−ëå ¤�−−ëå, à¥«¥¢�−â−ëå æ¥«¨ ¢ë¯®«−ï¥¬®£® ˆ�„;

(2) ®æ¥−ªã ú¤®¢¥à¨ïû à¥§ã«ìâ�â�¬, ¯®«ãç¥−−ë¬ ¢ å®¤¥ ú¢ëç¨á«¥−¨©û.

�ªá¯¥àâ, à¥è�ï âàã¤−ë¥ §�¤�ç¨ à�áá¬�âà¨¢�¥¬®£® â¨¯�, ¢ á«ãç�¥ ¢®§−¨ª�-
îé¨å ª�ª¨å-«¨¡® á®¬−¥−¨©, á¯®á®¡¥−:

{ ¢®§¢à�â¨âìáï ª −�ç�«ã ¯à¥¤áâ�¢«¥−−®£® ú¯®§−�¢�â¥«ì−®£®û æ¨ª«�;

{ ¨§¬¥−¨âì, ¥á«¨ íâ® ¯®âà¥¡ã¥âáï, á®áâ�¢ ¨áå®¤−ëå ¤�−−ëå /̈̈ «¨ −�¡®à ú¨−-
áâàã¬¥−â®¢û ¨å ª®¬¯ìîâ¥à−®£® �−�«¨§� á æ¥«ìî ¤®¡¨âìáï ¯®à®¦¤¥−¨ï ¯à¨-
¥¬«¥¬®£®, å�à�ªâ¥à¨§ã¥¬®£® ¤®áâ�â®ç−ë¬¨ ®á−®¢�−¨ï¬¨ ¤«ï ¥£® ¯à¨−ïâ¨ï
à¥§ã«ìâ�â� «¨¡® �à£ã¬¥−â¨à®¢�−−ë¬ ®¡à�§®¬ ®âª�§�âìáï ®â ¯®á«¥¤ãîé¨å
¯®¯ëâ®ª ¥£® ¯®«ãç¥−¨ï.

�â�¯ë ¯à®æ¥¤ãà−®© áå¥¬ë ˆ�„

÷¥«¥¢�−â−ë¥
ú¯®áë«ª¨û
(¢å®¤−ë¥

¤�−−ë¥ ¤«ï
ˆ�„)

⇔
‘¯®á®¡ ¢ëç¨á«¥−¨©.

…£® ª®àà¥ªâ−®áâì
(®âáãâáâ¢¨¥ ®è¨¡®ç−ëå

¤¥©áâ¢¨©)

〈=〉

�æ¥−ª� ¯à¨¥¬«¥¬®áâ¨
à¥§ã«ìâ�â�

(¤®áâ�â®ç−®áâ¨
®á−®¢�−¨© ¤«ï

¯à¨−ïâ¨ï à¥§ã«ìâ�â�)

’�ª¨¬ ®¡à�§®¬, ®¡ê¥¤¨−¨¢ ¢á¥ âà¨ íâ�¯� (á¬. â�¡«¨æã) à�áá¬�âà¨¢�¥¬®©
¯à®æ¥¤ãà−®© áå¥¬ë ˆ�„ ¢ ¥¤¨−ë© ª®¬¯«¥ªá, ®à¨¥−â¨à®¢�−−ë© −� ¯¥à¥−®á ¥£®
¤�«¥¥ ¢ ª®¬¯ìîâ¥à−ãî á¨áâ¥¬ã �„, ¬®¦−® £®¢®à¨âì ® ä®à¬�«¨§�æ¨¨ à�ááã¦¤¥−¨©
(á¬., −�¯à¨¬¥à, [6]). ‘«¥¤®¢�â¥«ì−®, §−�ç¨¬ë¬ ï¢«ï¥âáï −¥ â®«ìª® á¯®á®¡
ú¢ëç¨á«¥−¨©û, −® ¨ �à£ã¬¥−â¨àã¥¬�ï ¯à¨¥¬«¥¬®áâì ¢á¥© ª®−áâàãªæ¨¨ (æ¥¯®çª¨
à�ááã¦¤¥−¨©), ¯à¨ íâ®¬ ®æ¥−ª� ¯à¨¥¬«¥¬®áâ¨ à¥§ã«ìâ�â®¢ ˆ�„ áâ�−®¢¨âáï ®¡é¥©
á®áâ�¢«ïîé¥© ¤«ï ¯à¥¤áâ�¢«¥−¨ï §−�−¨© ¨ ä®à¬�«¨§�æ¨¨ à�ááã¦¤¥−¨©.

7 Эффективная разрешимость математических задач

�¯ëâ ¯®¯ëâ®ª ¯à¥®¤®«¥−¨ï ¯à®¡«¥¬ −�¤¥¦−®© à�§à¥è¨¬®áâ¨ á¨áâ¥¬ ¡�«�−-
á®¢ëå á®®â−®è¥−¨© ¢ ú¯�−ä¨§¨ç¥áª¨åû (á¬. à�§¤. 3) ¬®¤¥«ïå ãç¨â ã¤¥«ïâì ®á®¡®¥
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¢−¨¬�−¨¥ −¥ â®«ìª® ¯®â¥−æ¨�«ì−®©, −® ¨ íää¥ªâ¨¢−®© à�§à¥è¨¬®áâ¨ ¢®§−¨-
ª�îé¨å ¢ à�¬ª�å ˆ�„ ¬�â¥¬�â¨ç¥áª¨å §�¤�ç. Šà¨â¨ç¥áª¨ §−�ç¨¬ë¬ �á¯¥ª-
â®¬ ï¢«ï¥âáï íää¥ªâ¨¢−�ï ¢ëç¨á«¨¬®áâì ¯à¨ ¯®à®¦¤¥−¨¨ à¥§ã«ìâ�â®¢ ˆ�„,
â. ¥. ¢®§¬®¦−®áâì ä®à¬¨à®¢�âì ¤¨�£−®áâ¨ç¥áª¨¥ §�ª«îç¥−¨ï ¯®«¨−®¬¨�«ì−®-
á«®¦−ë¬¨ ¢ëç¨á«¥−¨ï¬¨. ”�ªâ¨ç¥áª¨ à¥çì ¢¥¤¥âáï ® ¯àï¬ëå �−�«®£¨ïå á ¯à®¡-
«¥¬®© �−�«¨â¨ç¥áª®©, ç¨á«¥−−®© ¨ â. ¤. à�§à¥è¨¬®áâ¨ ú¯�−ä¨§¨ç¥áª¨åû ¬®¤¥«¥©
¯à¨ �−�«¨§¥ ¯à¨ç¨−−®áâ¨ á ãç¥â®¬ ®á®¡¥−−®áâ¥© áå¥¬ �„ ¨ ��÷.

�à¨¬¥à�¬¨ ¢¥áì¬� çã¢áâ¢¨â¥«ì−ëå ¡�àì¥à®¢, á ª®â®àë¬¨ ¯à¨å®¤¨âáï áâ�«-
ª¨¢�âìáï ¢ ¯à�ªâ¨ç¥áª¨ §−�ç¨¬ëå ¯à¨«®¦¥−¨ïå, ¬®£ãâ á«ã¦¨âì:

{ ¯à¨¡«¨¦¥−−ë©, −¥ ®¡¥á¯¥ç¨¢�îé¨© ®¤−®§−�ç−®£® ®â®¡à�¦¥−¨ï ¢á¥å �á¯¥ªâ®¢
á¥¬�−â¨ª¨ �−�«¨§¨àã¥¬®£® íää¥ªâ� (ï¢«¥−¨ï) å�à�ªâ¥à ä®à¬�«¨§®¢�−−®£®
®¯¨á�−¨ï [7];

{ ¨¤¥−â¨ä¨ª�æ¨ï ¢ ¯à®æ¥áá¥ ä®à¬�«¨§�æ¨¨ ¯à®æ¥áá� �„ ¨ ��÷ ¤®ª�§ã¥¬®
âàã¤−®à�§à¥è¨¬ëå ª®¬¡¨−�â®à−ëå §�¤�ç;

{ −¥®¡å®¤¨¬®áâì ¢ æ¥«®¬ àï¤¥ á«ãç�¥¢ úãª«�¤ë¢�âìáïû ¢ ¦¥áâª¨¥ à¥áãàá−ë¥
®£à�−¨ç¥−¨ï, â�ª −�§ë¢�¥¬®¥ ¯à®æ¥áá−®-à¥�«ì−®¥ ¢à¥¬ï;

{ ãç¨âë¢�âì ¯à®¨§¢®¤¨â¥«ì−®áâì ¤®áâã¯−ëå ¢ëç¨á«¨â¥«ì−ëå ãáâ�−®¢®ª ¨ ¤à.

„«ï ¯à¥®¤®«¥−¨ï −�§¢�−−ëå ®£à�−¨ç¥−¨© áãé¥áâ¢¥−−ë¬ ï¢«ï¥âáï:

{ ã¦¥ −�ª®¯«¥−−ë© í¬¯¨à¨ç¥áª¨© ®¯ëâ, −�¯à¨¬¥à: ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−-
−ë¥ ¯®¤å®¤ë ¨ ¬¥â®¤ë ¢ ç�áâ¨ ¨¤¥−â¨ä¨ª�æ¨¨ ¡ëáâà®à�§à¥è¨¬ëå ¯®¤ª«�á-
á®¢ ¤®ª�§ã¥¬® âàã¤−®à�§à¥è¨¬ëå ¯¥à¥¡®à−ëå §�¤�ç, ¯à¨¡«¨¦¥−−ë¥ ¬¥â®¤ë
®¯â¨¬¨§�æ¨¨ ¨ ã¯à�¢«¥−¨ï ¯¥à¥¡®à®¬ ¢�à¨�−â®¢ ¯à¨ ¯®¨áª¥ à¥è¥−¨©, ¨á-
¯®«ì§®¢�−¨¥ á¯¥æ¨�«¨§¨à®¢�−−ëå �¯¯�à�â−®-¯à®£à�¬¬−ëå ¯«�âä®à¬ ¨ â. ¯.;

{ ú£¨¡ª®áâì ¬ëá«¨û ¨áá«¥¤®¢�â¥«¥©, ¯®§¢®«ïîé�ï ¯®à®¦¤�âì −®¢ë¥ íää¥ª-
â¨¢−ë¥ í¢à¨áâ¨ª¨, ¯à¨ ¢®§¬®¦−®áâ¨ ¢ë¤¥«ïï ¤�«¥¥ ®¡«�áâ¨ ¤®ª�§ã¥¬®©
−�¤¥¦−®áâ¨ (ª®àà¥ªâ−®áâ¨) ¨å ¯à¨¬¥−¥−¨ï.

8 Интерактивный режим взаимодействия эксперта
и компьютерной системы

‚ à�¡®â¥ “. ÷. �è¡¨ [8] ®¡à�é¥−® ¢−¨¬�−¨¥ −� ¯à®¤ãªâ¨¢−®áâì ¨−â¥à�ªâ¨¢-
−®£® à¥¦¨¬� ¢§�¨¬®¤¥©áâ¢¨ï ç¥«®¢¥ª� ¨ ª®¬¯ìîâ¥à−®© á¨áâ¥¬ë ¨áªãááâ¢¥−−®£®
¨−â¥««¥ªâ� (ˆˆ). ÷®«ì ¨−â¥««¥ªâã�«ì−ëå ª®¬¯ìîâ¥à−ëå á¨áâ¥¬ | �áá¨áâ¥−â®¢
á¯¥æ¨�«¨áâ�, ¢ â®¬ ç¨á«¥ ú�ªá¥«¥à�â®à®¢û ¥£® ¯®§−�¢�â¥«ì−ëå ¢®§¬®¦−®áâ¥©,
¢ à�§«¨ç−ëå ®¡«�áâïå §−�−¨© ¨ â¥å−®«®£¨© å®à®è® ¨§¢¥áâ−� ¢ −�áâ®ïé¥¥ ¢à¥¬ï.
�¤−�ª® ®¯ëâ ¨á¯®«ì§®¢�−¨ï ª®¬¯ìîâ¥à−ëå á¨áâ¥¬ �„ ¨ ��÷ ¢ ªà¨â¨ç¥áª¨
§−�ç¨¬ëå ®¡«�áâïå ®¡®§−�ç¨« ¯à¨−æ¨¯¨�«ì−® ¢�¦−ë© �á¯¥ªâ | ®â¢¥âáâ¢¥−-
−®áâì §� ª®−¥ç−ë© à¥§ã«ìâ�â ¨ ¯®á«¥¤áâ¢¨ï ¯à¨−ïâëå à¥è¥−¨©, ¢ â®¬ ç¨á«¥
¨ á®®â¢¥âáâ¢ãîé¨å ã¯à�¢«ïîé¨å ¢®§¤¥©áâ¢¨©. �ª�§�«®áì, çâ® ®¯à¥¤¥«ïîéãî
à®«ì §¤¥áì ¢ ®à£�−¨§�æ¨¨ ¢§�¨¬®¤¥©áâ¢¨ï ç¥«®¢¥ª� ¨ ª®¬¯ìîâ¥à−®© á¨áâ¥¬ë
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ˆ�„ ¨£à�¥â ¯®−¨¬�−¨¥ íªá¯¥àâ®¬ â®£®, ª�ª ¨¬¥−−® á¨áâ¥¬� ˆ�„ áä®à¬¨à®-
¢�«� á®®â¢¥âáâ¢ãîé¥¥ §�ª«îç¥−¨¥, ¯®ç¥¬ã ¨¬¥−−® íªá¯¥àâ ¤®«¦¥− ¯à¨−ïâì −�
á¥¡ï ®â¢¥âáâ¢¥−−®áâì §� ¯à¥¤«�£�¥¬®¥ à¥è¥−¨¥. ‘â�«® ¯®−ïâ−®, çâ® −¥®¡å®¤¨¬ë¬
ãá«®¢¨¥¬ à¥è¥−¨ï ¯à®¡«¥¬ ¢ â�ª®¬ úâ�−¤¥¬¥û ç¥«®¢¥ª� ¨ á¨áâ¥¬ë ˆˆ áâ�−®¢ïâáï
áà¥¤áâ¢� á®£«�á®¢�−¨ï á¯®á®¡� à�ááã¦¤¥−¨ï íªá¯¥àâ�, ¨á¯®«ì§ã¥¬®£® ¨¬ ¯à¨ �„,
á® úá¯®á®¡®¬û (ä®à¬�«¨§®¢�−−®© ¬®¤¥«ìî) à�ááã¦¤¥−¨©, à¥�«¨§®¢�−−ë¬ ¢ ª®¬-
¯ìîâ¥à−®© á¨áâ¥¬¥ | ú�ªá¥«¥à�â®à¥û ¥£® ˆ�„-¢®§¬®¦−®áâ¥©. …áâ¥áâ¢¥−−ë¬
¢ë¢®¤®¬ §¤¥áì ®ª�§�«®áì ¢¯®«−¥ ®ç¥¢¨¤−®¥ âà¥¡®¢�−¨¥ ª ú�àå¨â¥ªâãà¥û ¢§�¨¬®-
¤¥©áâ¢¨ï íªá¯¥àâ� ¨ ¨−â¥««¥ªâã�«ì−®© ª®¬¯ìîâ¥à−®© á¨áâ¥¬ë ¨, ª�ª á«¥¤áâ¢¨¥,
ª �àå¨â¥ªâãà¥ á®¡áâ¢¥−−® á¨áâ¥¬ ˆ�„, à¥�«¨§ãîé¨å ú¡¥áè®¢−ãîû ¨−â¥£à�æ¨î
úá¯®á®¡�û à�ááã¦¤¥−¨© íªá¯¥àâ� ¨ ª®¬¯ìîâ¥à−®© á¨áâ¥¬ë.

ˆâ�ª, ¢ §�¤�ç�å à�áá¬�âà¨¢�¥¬®£® ª«�áá�, ¯à¥¤¯®«�£�îé¨å ®â¢¥âáâ¢¥−−®áâì
§� ã¯à�¢«ïîé¨¥ ¢®§¤¥©áâ¢¨ï, ¤®¢¥à¨¥ ª ¯®à®¦¤�¥¬ë¬ à¥§ã«ìâ�â�¬ ®¯à¥¤¥«ï-
¥âáï ¢®§¬®¦−®áâï¬¨ ¬�â¥¬�â¨ç¥áª®£® ¨−áâàã¬¥−â�à¨ï �„ á ãç¥â®¬ á«¥¤ãîé¨å
�á¯¥ªâ®¢:

{ ¯à¥¤áâ�¢«¥−¨ï §−�−¨© ® ¯à¨ç¨−−®áâ¨ ¨§ãç�¥¬ëå íää¥ªâ®¢, ¢ ç�áâ−®áâ¨
¨−â¥à¯à¥â¨àã¥¬®áâ¨ −�á«¥¤®¢�−¨ï (−¥−�á«¥¤®¢�−¨ï) à¥§ã«ìâ�â®¢ ¯à¨ ¢�àì¨-
à®¢�−¨¨ ¨á¯®«ì§ã¥¬ëå Ÿ�‡;

{ ¯à¨ç¨−−®áâ¨ ¢ §�¤�ç¥, ¨§ãç�¥¬®© áà¥¤áâ¢�¬¨ ˆ�„, ¯®§¢®«ïîé¥© ¤®áâ¨£-
−ãâì ¨−â¥à¯à¥â¨àã¥¬®áâ¨ à¥§ã«ìâ�â®¢ ¨ ¤®áâ�â®ç−®© ¤«ï ¯à¨−ïâ¨ï íªá¯¥àâ®¬
®â¢¥âáâ¢¥−−®áâ¨ §� ¯à¥¤«�£�¥¬®¥ à¥è¥−¨¥;

{ ¤¨−�¬¨ª¨ ¨§¬¥−¥−¨ï ¨¬¥îé¨åáï í¬¯¨à¨ç¥áª¨å ¤�−−ëå, â. ¥. à�¡®âë á ¯®áâ®-
ï−−® à�áè¨àï¥¬ë¬ ¬−®¦¥áâ¢®¬ ¯à¥æ¥¤¥−â®¢ ¢ �−�«¨§¨àã¥¬®© ¢ë¡®àª¥;

{ ¤®áâ�â®ç−®áâ¨ ®á−®¢�−¨© ¤«ï ¯à¨−ïâ¨ï à¥§ã«ìâ�â®¢ ˆ�„, â. ¥. −¥®á¯�-
à¨¢�¥¬®áâ¨ ¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢ −� ¨¬¥îé¨åáï í¬¯¨à¨ç¥áª¨å ¤�−−ëå
(®âáãâáâ¢¨¥ ¯à®â¨¢®à¥ç¨©);

{ ä®à¬�«¨§�æ¨¨ à�ááã¦¤¥−¨©, áà¥¤áâ¢�¬¨ ª®â®àëå ¢¥¤¥âáï ˆ�„, ¢ª«îç�ï
¯®¤¡®à à¥«¥¢�−â−ëå ú¯®áë«®ªû (¨áå®¤−ëå ¤�−−ëå) ¢¬¥áâ¥ á ®¤−®à®¤−®áâìî
úà�áç¥â−ëåû ¯à®æ¥¤ãà ¤«ï ¨¥à�àå¨© Ÿ�‡ ¨ ®æ¥−ª®© �¤¥ª¢�â−®áâ¨ ä®à¬¨-
àã¥¬ëå à¥§ã«ìâ�â®¢;

{ íää¥ªâ¨¢−®© à�§à¥è¨¬®áâ¨ ¢®§−¨ª�îé¨å ¢ ¯à®æ¥áá¥ ˆ�„ ª®¬¡¨−�â®à−ëå
(¯¥à¥¡®à−ëå) ¬�â¥¬�â¨ç¥áª¨å §�¤�ç á ãç¥â®¬ −¥®¡å®¤¨¬®áâ¨ ®¡¥á¯¥ç¨âì ¯à®-
æ¥áá−®-à¥�«ì−®¥ ¢à¥¬ï ¯à¨ ¯®à®¦¤¥−¨¨ à¥§ã«ìâ�â®¢ ˆ�„;

{ ú¡¥áè®¢−®©û ¨−â¥£à�æ¨¨ ú¨−áâàã¬¥−â®¢û ˆ�„, ¨á¯®«ì§ã¥¬ëå ç¥«®¢¥ª®¬
¨ ª®¬¯ìîâ¥à−®© á¨áâ¥¬®©.

9 Заключение

‚ à�¡®â¥ áä®à¬ã«¨à®¢�−ë ¯à¨−æ¨¯ë ¯®áâà®¥−¨ï ¬�â¥¬�â¨ç¥áª®£® �¯¯�à�â�,
−¥®¡å®¤¨¬®£® ¤«ï ä®à¬¨à®¢�−¨ï �¤¥ª¢�â−ëå à¥è¥−¨© §�¤�ç ¤¨�£−®áâ¨ç¥áª®£®
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â¨¯�. ÷¥çì ¨¤¥â ® ¬�â¥¬�â¨ç¥áª¨å ¬¥â®¤�å, íää¥ªâ¨¢−�ï à�§à�¡®âª� ¨ ¨á¯®«ì-
§®¢�−¨¥ ª®â®àëå ¯®§¢®«¨â ®áãé¥áâ¢¨âì ú¯à®àë¢û ¢ à¥è¥−¨¨ §�¤�ç ¤¨�£−®áâ¨ç¥-
áª®£® â¨¯�.

�� á¥£®¤−ïè−¨© ¤¥−ì ¬®¦−® ã¢¥à¥−−® ãª�§�âì −� àï¤ à¥§ã«ìâ�â¨¢−ëå §�-
¤¥«®¢, ¯®§¢®«ïîé¨å à�ááç¨âë¢�âì −� ãá¯¥è−®¥ à¥è¥−¨¥ ¯®áâ�¢«¥−−®© ¢ à�¡®â¥
¯à®¡«¥¬ë. ’�ª, ã¦¥ ¯à¥¤«®¦¥−ë:

{ ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−ë¥ áà¥¤áâ¢� �−�«¨§� ¯à¨ç¨−−®áâ¨, ¯®§¢®«ïîé¨¥
ä®à¬¨à®¢�âì ¡¥áá¯®à−ë¥ −� ¨¬¥îé¥©áï ®¡ãç�îé¥© ¢ë¡®àª¥ §�ª«îç¥−¨ï
(á¬., −�¯à¨¬¥à, [9,10]);

{ ¬¥â®¤ë ®âá«¥¦¨¢�−¨ï ãáâ®©ç¨¢®áâ¨ (−�á«¥¤ã¥¬®áâ¨) â�ª¨å �‡ ¯à¨ à�áè¨-
à¥−¨¨ ¨áå®¤−®© ®¡ãç�îé¥© ¢ë¡®àª¨ ®¯¨á�−¨ï¬¨ −®¢ëå ¯à¥æ¥¤¥−â®¢ (á¬.,
−�¯à¨¬¥à, [11,12]);

{ â¥®à¥â¨ç¥áª¨© ¡�§¨á ¯®¤å®¤� ª ä®à¬¨à®¢�−¨î ¬�è¨−−®-®à¨¥−â¨à®¢�−−ëå
ä®à¬�«¨§�æ¨© í¬¯¨à¨ç¥áª®© ¨−¤ãªæ¨¨ [6].

‚ ç�áâ−®áâ¨, à�§à�¡®â�−−ë© ¬�â¥¬�â¨ç¥áª¨© �¯¯�à�â ®âªàë¢�¥â ¢®§¬®¦−®áâ¨
ä®à¬¨à®¢�âì ú®¤−®à®¤−ë¥û ¯® ú«®£¨ª¥ à�ááã¦¤¥−¨©û á¥¬¥©áâ¢� ¨−áâàã¬¥−â�«ì-
−ëå áà¥¤áâ¢ ˆ�„, ª®â®àë¥ á¯®á®¡−ë ®¯¥à¨à®¢�âì à�§«¨ç−ë¬¨ ¯à¥¤áâ�¢«¥−¨ï¬¨
¤�−−ëå ®¡ �−�«¨§¨àã¥¬ëå ï¢«¥−¨ïå (¡ã«¥¢ë ¢¥ªâ®àë, −ã¬¥à®¢�−−ë¥ ¬−®¦¥áâ¢�
¯à¨§−�ª®¢, ¯®àï¤ª®¢ë¥ èª�«ë, £à�äë ¨ ¤à.).

’¥¬ −¥ ¬¥−¥¥ −¥ ¢ë§ë¢�¥â á®¬−¥−¨©, çâ® §−�ç¨â¥«ì−�ï ç�áâì ®â¢¥â®¢ −�
®¡®§−�ç¥−−ë¥ ¢ ¤�−−®© à�¡®â¥ ¢®¯à®áë ¨ ¢ë§®¢ë ¥é¥ ¦¤¥â á¢®¥£® ¨áá«¥¤®¢�−¨ï
¨ á¢®¨å à¥è¥−¨©.
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НЕЙРОСЕТЕВОЙ ПОДХОД
К ИНФОРМАЦИОННО-АНАЛИТИЧЕСКОЙ ПОДДЕРЖКЕ

ПРОЦЕССОВ КОНТРОЛЯ И ОХРАНЫ ВОДНЫХ
БИОЛОГИЧЕСКИХ РЕСУРСОВ∗

А. А. Зацаринный1, А. М. Растрелин2, А. П. Сучков3

�−−®â�æ¨ï: ÷�áá¬®âà¥−ë ¢®¯à®áë ¨á¯®«ì§®¢�−¨ï ¨áªãááâ¢¥−−ëå −¥©à®−-
−ëå á¥â¥© (ˆ�‘) ¤«ï à¥è¥−¨ï ç�áâ¨ §�¤�ç ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®£®
®¡¥á¯¥ç¥−¨ï ¯à®æ¥áá®¢ æ¥«¥¯®«�£�−¨ï ¨ á¨âã�æ¨®−−®£® ã¯à�¢«¥−¨ï ¢ á¨áâ¥¬¥
ª®−âà®«ï ¨ ®åà�−ë ¢®¤−ëå ¡¨®«®£¨ç¥áª¨å à¥áãàá®¢ (‚�÷). �−�«¨§ ¤�−−®©
¯à¥¤¬¥â−®© ®¡«�áâ¨ ¯®§¢®«ï¥â ¢ë¤¥«¨âì àï¤ −�ãª®¥¬ª¨å ¯à¨ª«�¤−ëå §�¤�ç
¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï ª®−âà®«ï ¨ ®åà�−ë ‚�÷, á¢ï-
§�−−ëå ¯à¥¦¤¥ ¢á¥£® á æ¥«¥¯®«�£�−¨¥¬, à�áç¥â®¬ á¨« ¨ áà¥¤áâ¢, � â�ª¦¥
á ¨å á¨âã�æ¨®−−ë¬ ã¯à�¢«¥−¨¥¬. �áãé¥áâ¢«¥−� ª«�áá¨ä¨ª�æ¨ï §�¤�ç æ¥-
«¥¯®«�£�−¨ï, ¯«�−¨à®¢�−¨ï ¨ á¨âã�æ¨®−−®£® ã¯à�¢«¥−¨ï ¢ ¤�−−®© ®¡«�áâ¨.
�¡®á−®¢�−ë áâàãªâãà�, á®áâ�¢ ¨áå®¤−ëå ¢å®¤−ëå ¤�−−ëå ¨ ¢ëå®¤®¢ ˆ�‘
¤¢ãå â¨¯®¢ | ª«�áá¨ä¨ª�æ¨¨ ¨ ¯à®£−®§¨à®¢�−¨ï. �¡áã¦¤¥−ë ¢®¯à®áë
®¡ãç¥−¨ï ¨ â¥áâ¨à®¢�−¨ï −¥©à®á¨áâ¥¬.

Š«îç¥¢ë¥ á«®¢�: ¨áªãááâ¢¥−−ë¥ −¥©à®−−ë¥ á¥â¨; ¢®¤−ë¥ ¡¨®«®£¨ç¥áª¨¥
à¥áãàáë; ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª�ï ¯®¤¤¥à¦ª�

DOI: 10.14357/08696527210107

1 Введение

÷�áè¨à¥−¨¥ ¢®§¬®¦−®áâ¥© æ¨äà®¢®© −�ãª¨ ¤®«¦−® ¯à®¨áå®¤¨âì −¥ â®«ìª®
¯ãâ¥¬ á®§¤�−¨ï á¨áâ¥¬ë ¯®¤¤¥à¦ª¨ −�ãç−ëå ¨áá«¥¤®¢�−¨©, −® ¨, ¯à¥¦¤¥ ¢á¥£®,
à�§à�¡®âª¨ ¯à¨ª«�¤−ëå −�ãç−ëå á¥à¢¨á®¢ ¤«ï à�§«¨ç−ëå ®âà�á«¥© −�à®¤−®£®
å®§ï©áâ¢�. �¤−� ¨§ â�ª¨å −�ãª®¥¬ª¨å §�¤�ç | ®åà�−� ¯à¨à®¤−ëå ¨ ¡¨®«®£¨ç¥-
áª¨å à¥áãàá®¢.

„«ï ª�¦¤®£® àë¡®å®§ï©áâ¢¥−−®£® ¡�áá¥©−� Œ¨−á¥«ìå®§®¬ ÷®áá¨¨ ãáâ�−�¢«¨-
¢�îâáï ¯à�¢¨«� àë¡®«®¢áâ¢�, à¥£«�¬¥−â¨àãîé¨¥ ¤®¡ëçã (¢ë«®¢) ‚�÷ ¢ á®®â¢¥â-
áâ¢¨¨ á ”¥¤¥à�«ì−ë¬ §�ª®−®¬ ü 166-”‡ [1]. ’�ª¨¥ ¯à�¢¨«� à�á¯à®áâà�−ïîâáï
−� ¯à®¬ëá¥« ¢® ¢−ãâà¥−−¨å ¬®àáª¨å ¢®¤�å ÷”, ¢ â¥àà¨â®à¨�«ì−®¬ ¬®à¥, −�
ª®−â¨−¥−â�«ì−®¬ è¥«ìä¥ ÷” ¨ ¢ ¨áª«îç¨â¥«ì−®© íª®−®¬¨ç¥áª®© §®−¥ ÷”.

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ç�áâ¨ç−®© ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâ 18-29-03091).
1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�

¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, AZatsarinny@ipiran.ru
2��ãç−®-¨áá«¥¤®¢�â¥«ìáª¨© ¨−áâ¨âãâ á¨áâ¥¬ �¢â®¬�â¨§�æ¨¨, Rastrelin@niisa.ru
3ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�

¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, ASuchkov@ipiran.ru
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�¥©à®á¥â¥¢®© ¯®¤å®¤ ª ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®© ¯®¤¤¥à¦ª¥ ¯à®æ¥áá®¢ ª®−âà®«ï

Š®−âà®«ì ¢ë¯®«−¥−¨ï ¯à�¢¨« àë¡®«®¢áâ¢� ®áãé¥áâ¢«ï¥âáï ¯®£à�−¨ç−ë¬¨ ®à-
£�−�¬¨ á æ¥«ìî ¢ëï¢«¥−¨ï ¨ ¯à¥á¥ç¥−¨ï ¨å −�àãè¥−¨ï ¢ å®¤¥ ¯à®¬ëá«� ‚�÷.
„«ï à¥�«¨§�æ¨¨ íâ¨å æ¥«¥© −� ¯®£à�−¨ç−ë¥ ®à£�−ë ¢®§«®¦¥−ë §�¤�ç¨ ®à£�−¨-
§�æ¨¨ ª®−âà®«ï ¨ ®åà�−ë ‚�÷ ¯ãâ¥¬ à�æ¨®−�«ì−®£® ¯à¨¬¥−¥−¨ï ¨¬¥îé¨åáï
á¨« ¨ áà¥¤áâ¢ á ãç¥â®¬ ¯à¥¤è¥áâ¢ãîé¥£® ®¯ëâ� ¨ áª«�¤ë¢�îé¥©áï â¥ªãé¥©
¯à®¬ëá«®¢®© ®¡áâ�−®¢ª¨.

�−�«¨§ ¤�−−®© ¯à¥¤¬¥â−®© ®¡«�áâ¨ ¯®§¢®«ï¥â ¢ë¤¥«¨âì àï¤ −�ãª®¥¬ª¨å ¯à¨-
ª«�¤−ëå §�¤�ç ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï ª®−âà®«ï ¨ ®åà�−ë
‚�÷, á¢ï§�−−ëå ¯à¥¦¤¥ ¢á¥£® á æ¥«¥¯®«�£�−¨¥¬, à�áç¥â®¬ á¨« ¨ áà¥¤áâ¢, � â�ª¦¥
á ¨å á¨âã�æ¨®−−ë¬ ã¯à�¢«¥−¨¥¬. ‘ â®çª¨ §à¥−¨ï â¥®à¨¨ ã¯à�¢«¥−¨ï æ¥«¥¯®«�-
£�−¨¥ ®áãé¥áâ¢«ï¥âáï −� ¤®«£®áà®ç−ãî ¯¥àá¯¥ªâ¨¢ã (áâà�â¥£¨ç¥áª®¥ ¯«�−¨à®¢�-
−¨¥), áà¥¤−¥áà®ç−ãî ¯¥àá¯¥ªâ¨¢ã (¯«�−¨à®¢�−¨¥ −� ¡«¨¦�©è¨© ¯¥à¨®¤ ¢à¥¬¥−¨)
¨ ªà�âª®áà®ç−ãî ¯¥àá¯¥ªâ¨¢ã (¤¨−�¬¨ç¥áª®¥ á¨âã�æ¨®−−®¥ æ¥«¥¯®«�£�−¨¥). �à¨
íâ®¬ −¥®¡å®¤¨¬ë¬ ãá«®¢¨¥¬ ª®àà¥ªâ−®£® æ¥«¥¯®«�£�−¨ï ï¢«ï¥âáï ãáâ�−®¢«¥−¨¥
¨§¬¥à¨¬ëå, à¥áãàá®®¡¥á¯¥ç¥−−ëå ¨ ¯à¨¢ï§�−−ëå ª® ¢à¥¬¥−¨ æ¥«¥¢ëå ¯®ª�§�-
â¥«¥© [2{5]. ‚ ¤�−−®¬ á«ãç�¥ ¢ ª�ç¥áâ¢¥ æ¥«¥¢ëå ¯®ª�§�â¥«¥© ¬®£ãâ á«ã¦¨âì
¯à¨ç¨−¥−−ë© ãé¥à¡ (¬¨−¨¬¨§�æ¨ï) ¨ ¯à¥¤®â¢à�é¥−−ë© ãé¥à¡ (¬�ªá¨¬¨§�æ¨ï).

–¥«ì áâ�âì¨ | à�áá¬®âà¥−¨¥ ¬¥â®¤¨ç¥áª¨å ¢®¯à®á®¢ ¨á¯®«ì§®¢�−¨ï ˆ�‘
¤«ï ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï ¯à®æ¥áá®¢ æ¥«¥¯®«�£�−¨ï ¨ á¨-
âã�æ¨®−−®£® ã¯à�¢«¥−¨ï ¢ á¨áâ¥¬¥ ª®−âà®«ï ¨ ®åà�−ë ‚�÷.

2 Постановка задач

÷�áá¬®âà¨¬ ®á−®¢−ë¥ §�¤�ç¨, á¢ï§�−−ë¥ á ¤¢ã¬ï ¯®á«¥¤−¨¬¨ ¢¨¤�¬¨ ®¡¥á-
¯¥ç¥−¨ï æ¥«¥á®®¡à�§−®áâ¨ á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¯à®æ¥áá�¬¨ ª®−âà®«ï ¨ ®åà�−ë
‚�÷.

�«�−¨à®¢�−¨¥ ãª�§�−−®© ¤¥ïâ¥«ì−®áâ¨ ¯®£à�−¨ç−ë¬ ®à£�−®¬ ®áãé¥áâ¢«ï¥âáï
¨«¨ −� ¯à¥¤áâ®ïé¨© ¯¥à¨®¤ ¢à¥¬¥−¨ (¯®«ã£®¤¨¥, £®¤) −� ®á−®¢�−¨¨ ¨¬¥îé¨åáï
à¥âà®á¯¥ªâ¨¢−ëå áâ�â¨áâ¨ç¥áª¨å ¤�−−ëå, ¨«¨ −� â¥ªãé¥¥ ¢à¥¬ï á æ¥«ìî ¢ëï¢«¥-
−¨ï ¨ ¯à¥á¥ç¥−¨ï −�àãè¥−¨© ¯à�¢¨« ¯à®¬ëá«� ‚�÷ á ãç¥â®¬ áª«�¤ë¢�îé¥©áï
à¥�«ì−®© ¯à®¬ëá«®¢®© ®¡áâ�−®¢ª¨.

„«ï ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï ¯à®æ¥áá®¢ ¯«�−¨à®¢�−¨ï
−� ¯à¥¤áâ®ïé¨© ¯¥à¨®¤ ¢à¥¬¥−¨ ¬®¦−® ¢ë¤¥«¨âì á«¥¤ãîé¨¥ §�¤�ç¨.

A1 �à®£−®§¨à®¢�−¨¥ −� ¯à¥¤áâ®ïéãî ¯ãâ¨−ã ç¨á«� ¯à®¬ëá«®¢ëå áã¤®¢ (�‘),
®áãé¥áâ¢«ïîé¨å «®¢ ‚�÷ ¢® ¢á¥å à�©®−�å ¯à®¬ëá«� §®− ®â¢¥âáâ¢¥−−®áâ¨
¯®£à�−¨ç−ëå ®à£�−®¢ ¢ à�§à¥è¥−−®¥ ¤«ï ¯à®¬ëá«� ¢à¥¬ï.

A2 �¯à¥¤¥«¥−¨¥ ç¨á«� ¢®§¬®¦−ëå áã¤®¢ { −�àãè¨â¥«¥© ¯à�¢¨« àë¡®«®¢áâ¢� áà¥-
¤¨ ¢á¥£® ¬−®¦¥áâ¢� áã¤®¢ ¢ àë¡®¯à®¬ëá«®¢®¬ à�©®−¥ ¨ §®−¥ ®â¢¥âáâ¢¥−−®áâ¨
¯®£à�−¨ç−®£® ®à£�−� ¢ ¯«�−¨àã¥¬ë© ¯¥à¨®¤.

A3 ÷�áç¥â −¥®¡å®¤¨¬®£® ª®«¨ç¥áâ¢� á¨« ¨ áà¥¤áâ¢ ¤«ï ®áãé¥áâ¢«¥−¨ï ª®−âà®«ï
¯à®¬ëá«� ‚�÷ ¢ ª®−ªà¥â−®¬ à�©®−¥ ¯à®¬ëá«� ¢ à�§à¥è¥−−ë© ¯¥à¨®¤ «®¢�
¢ à�áá¬�âà¨¢�¥¬ë© ¯¥à¨®¤ ¢à¥¬¥−¨.
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’¥ªãé¥¥ á¨âã�æ¨®−−®¥ ã¯à�¢«¥−¨¥ ¯® áª«�¤ë¢�îé¥©áï ¯à®¬ëá«®¢®© ®¡áâ�-
−®¢ª¥ ¯à¥¤¯®«�£�¥â à¥è¥−¨¥ á«¥¤ãîé¨å §�¤�ç.

�1 ‚ëï¢«¥−¨¥ áà¥¤¨ �‘, ¢ëè¥¤è¨å ¨§ ¯®àâ� ¨ á«¥¤ãîé¨å ª à�©®−�¬ ¯à®¬ëá«�,
¯à¥¤à�á¯®«®¦¥−−ëå ª −�àãè¥−¨î ¯à�¢¨« àë¡®«®¢áâ¢�, ¨ ®à£�−¨§�æ¨ï ®â-
á«¥¦¨¢�−¨ï âà�áá ¨å ¤¢¨¦¥−¨ï ª à�©®−ã ¯à®¬ëá«� −� ä®−¥ ª®−âà®«¨àã¥¬®©
−�¤¢®¤−®© ®¡áâ�−®¢ª¨.

�2 ‚ëï¢«¥−¨¥ áà¥¤¨ áã¤®¢, ¢¥¤ãé¨å ¢ë«®¢ ‚�÷ ¢ à�©®−�å ¯à®¬ëá«�, áã¤®¢,
−�àãè¨¢è¨å ¯à�¢¨«� àë¡®«®¢áâ¢�.

�3 ‚ëï¢«¥−¨¥ áà¥¤¨ áã¤®¢, §�¢¥àè¨¢è¨å ¯à®¬ëá¥« ¨ á«¥¤ãîé¨å ¢ ¯®àâ á¤�-
ç¨ ¤®¡ëâ®£® ‚�÷, áã¤®¢, ¯ëâ�îé¨åáï ãª«®−¨âìáï ®â ¤®á¬®âà� ¢ ¬®àáª®¬
ª®−âà®«ì−®¬ ¯ã−ªâ¥.

�4 ÷�áç¥â á¨« ¨ áà¥¤áâ¢ ¯®£à�−¨ç−®£® ®à£�−� ¤«ï ®áãé¥áâ¢«¥−¨ï â¥ªãé¥£® ª®−-
âà®«ï ¯à®¬ëá«� ‚�÷ ¨ ¯à¥á¥ç¥−¨ï −�àãè¥−¨© ¢ ª®−ªà¥â−®¬ à�©®−¥ ¯à®¬ëá«�
¢ à�§à¥è¥−−ë© ¯¥à¨®¤ «®¢� ‚�÷ ¢ à�áá¬�âà¨¢�¥¬ë© ¯¥à¨®¤ ¢à¥¬¥−¨.

÷�áá¬�âà¨¢�¥¬�ï ¢ áâ�âì¥ −�ãç−�ï ¯à®¡«¥¬� á®áâ®¨â ¢ ®¡®á−®¢�−¨¨ ¢ë¡®à�
ç¨á«¥−−ëå ¬¥â®¤®¢ �−�«¨§� ¤«ï ®¡¥á¯¥ç¥−¨ï à¥è¥−¨ï ¯¥à¥ç¨á«¥−−ëå §�¤�ç
¢ ãá«®¢¨ïå ¡®«ìè¨å ®¡ê¥¬®¢ ¨ −®¬¥−ª«�âãàë ¤�−−ëå ¨ ®¡ãá«®¢«¥−−®© íâ¨¬
á«®¦−®áâ¨ ¢ëï¢«ï¥¬ëå §�¢¨á¨¬®áâ¥©. �¡è¨à−®áâì ¤�−−ëå ¯à¥¤¬¥â−®© ®¡«�áâ¨
®¯à¥¤¥«ï¥âáï [6]:

{ ®£à®¬−®© ¯«®é�¤ìî ¢á¥å �ª¢�â®à¨© ÷®áá¨¨, ¢ ª®â®àëå ¢®§¬®¦¥− ¯à®¬ëá¥«
‚�÷, | ®ª®«® 24,7 ¬«− ª¬2, ¢ â®¬ ç¨á«¥ ¨áª«îç¨â¥«ì−�ï íª®−®¬¨ç¥áª�ï
§®−� | 8,2 ¬«− ª¬2;

{ ¡®«ìè®© −®¬¥−ª«�âãà®© ª®−âà®«¨àã¥¬ëå ‚�÷ | 250 ¤®¡ë¢�¥¬ëå ¢¨¤®¢
‚�÷ ®¡é¨¬ ®¡ê¥¬®¬ ¢ë«®¢� ¡®«¥¥ 4,2 ¬«− â ¢ £®¤;

{ ç¨á«¥−−®áâìî �‘, ª®â®à�ï ¯à¥¢ëè�¥â 2,5 âëá. ¥¤¨−¨æ;

{ á«®¦−®áâìî ®¡é¥© áã¤®¢®© ®¡áâ�−®¢ª¨; â�ª, ¢ „�«ì−¥¢®áâ®ç−®¬ à¥£¨®−¥ ®−�
á®áâ�¢«ï¥â ¡®«¥¥ 4 âëá. æ¥«¥© ¥¦¥¬®¬¥−â−®;

{ ¡®«ìè¨¬ ®¡ê¥¬®¬ â¥ªãé¨å àë−®ç−ëå ¯®ª�§�â¥«¥© (¤�−−ë¥ «¨æ¥−§¨à®¢�−¨ï
¨ ª¢®â¨à®¢�−¨ï, áâ®¨¬®áâì ¤®¡ë¢�¥¬®£® ¢�«îâ®¥¬ª®£® ¢¨¤� ‚�÷, ¬¨à®¢ë¥
áâ�â¨áâ¨ç¥áª¨¥ ¤�−−ë¥ ¯® àë¡®«®¢áâ¢ã ¨ â. ¯.);

{ ãç¥â®¬ áâ�â¨áâ¨ª¨ ¯®£®¤−ëå ãá«®¢¨©.

‚ á¢ï§¨ á íâ¨¬ ¢ áâ�âì¥ ¢ ª�ç¥áâ¢¥ â¨¯®¢ëå §�¤�ç ¤«ï ¯à¨¬¥−¥−¨ï ˆ�‘
¢ë¤¥«¥−ë §�¤�ç¨ ª«�áá¨ä¨ª�æ¨¨ (¢ ¤�−−®¬ á«ãç�¥ | §�¤�ç¨ �2, �1, �2 ¨ �3)
¨ ¯à®£−®§¨à®¢�−¨ï (§�¤�ç¨ �1 ¨ �2). ‡�¤�ç¨ �3 ¨ �4 ®â−®áïâáï ª ª«�ááã §�¤�ç
¯® ¬−®£®ªà¨â¥à¨�«ì−®¬ã ¢ë¡®àã ¢ ãá«®¢¨ïå ®£à�−¨ç¥−¨ï à¥áãàá®¢ á ãç¥â®¬
ãáâ�−®¢«¥−−ëå æ¥«¥¢ëå ¯®ª�§�â¥«¥© ¨ à¥è�îâáï ¯® áãé¥áâ¢ãîé¨¬ ¬¥â®¤¨ª�¬.
÷�áá¬®âà¥−ë ¬¥â®¤¨ç¥áª¨¥ ¯®¤å®¤ë ª ¨á¯®«ì§®¢�−¨î ˆ�‘ á æ¥«ìî à¥è¥−¨ï ç�á-
â¨ §�¤�ç ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï ¯à®æ¥áá®¢ æ¥«¥¯®«�£�−¨ï
¨ á¨âã�æ¨®−−®£® ã¯à�¢«¥−¨ï ¢ á¨áâ¥¬¥ ª®−âà®«ï ¨ ®åà�−ë ‚�÷.
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�¥©à®á¥â¥¢®© ¯®¤å®¤ ª ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®© ¯®¤¤¥à¦ª¥ ¯à®æ¥áá®¢ ª®−âà®«ï

3 Задачи прогнозирования

�¡áã¤¨¬ ¨á¯®«ì§®¢�−¨¥ ˆ�‘ ¢ æ¥«ïå ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®© ¯®¤-
¤¥à¦ª¨ à¥è¥−¨ï §�¤�ç¨ ¯® à�§à�¡®âª¥ ¯«�−� −� ¯à¥¤áâ®ïé¨© ¯¥à¨®¤ ¢à¥¬¥−¨.
„«ï ¯à®£−®§¨à®¢�−¨ï ç¨á«� �‘, ®áãé¥áâ¢«ïîé¨å «®¢ ‚�÷, ¨ ç¨á«� ¢®§¬®¦−ëå
−�àãè¨â¥«¥© ¢ ®¯à¥¤¥«¥−−®¬ à�©®−¥ ¯à®¬ëá«� ¢ à�§à¥è¥−−®¥ ¤«ï ¯à®¬ëá«�
¢à¥¬ï −¥®¡å®¤¨¬® ®áãé¥áâ¢¨âì:

{ ®â¡®à ¢å®¤−ëå áâ�â¨áâ¨ç¥áª¨å à¥âà®á¯¥ªâ¨¢−ëå ¤�−−ëå, ¢«¨ïîé¨å −� à¥-
§ã«ìâ�â;

{ ¯®¤£®â®¢ªã ¨ ¯à¥®¡à�§®¢�−¨¥ ¨áå®¤−ëå ¤�−−ëå á ãç¥â®¬ å�à�ªâ¥à� ¯à®¡«¥¬ë;

{ ¯à®¥ªâ¨à®¢�−¨¥ áâàãªâãàë ˆ�‘, ¢ë¡®à äã−ªæ¨¨ �ªâ¨¢�æ¨¨;

{ ®¡ãç¥−¨¥ á¥â¨ −� á¯¥æ¨�«ì−® ¯®¤£®â®¢«¥−−ëå ®¡ãç�îé¨å ¢ë¡®àª�å;

{ ¯à®¢¥àªã �¤¥ª¢�â−®áâ¨ ®¡ãç¥−¨ï (â¥áâ¨à®¢�−¨¥ á¥â¨);

{ ¯à¨ −¥®¡å®¤¨¬®áâ¨ ¢¥à¡�«¨§�æ¨î á¥â¨ ¤«ï ã¤®¡áâ¢� ¨á¯®«ì§®¢�−¨ï.

�à�¢¨«�¬¨ àë¡®«®¢áâ¢� §�¯à¥é�¥âáï ®¤−®¬ã �‘ ¢¥áâ¨ ¯à®¬ëá¥« ¢ ¤¢ãå ¨ ¡®-
«¥¥ àë¡®¯à®¬ëá«®¢ëå §®−�å (à�©®−�å) ¢ â¥ç¥−¨¥ ®¤−®£® à¥©á� (¢ëå®¤� ¢ ¬®à¥).
�®íâ®¬ã ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨ ˆ�‘ ¢ ª�ç¥áâ¢¥ ®á−®¢−®© áâàãªâãà−®© ¥¤¨−¨æë
¯à¥¤«�£�¥âáï ¯à¨−ïâì ®¡à�§ à�©®−� ¯à®¬ëá«� ‚�÷, ª®â®àë© å�à�ªâ¥à¨§ã¥âáï
¤¢ã¬ï ¯®ª�§�â¥«ï¬¨: ç¨á«¥−−®áâìî �‘, ¢¥¤ãé¨å «®¢ ª®−ªà¥â−®£® ¢¨¤� ‚�÷,
¨ ç¨á«¥−−®áâìî ¢®§¬®¦−ëå −�àãè¨â¥«¥©.

„«ï ¢á¥å à�©®−®¢ ¯à®¬ëá«�, ¢å®¤ïé¨å ¢ §®−ã ®â¢¥âáâ¢¥−−®áâ¨ ¯®£à�−¨ç-
−®£® ®à£�−�, ¯à®£−®§ ¬®¦−® ¯®«ãç¨âì «¨¡® ¯®á«¥¤®¢�â¥«ì−®, ¨á¯®«ì§ãï ˆ�‘,
à�§à�¡®â�−−ãî ¤«ï ®¤−®£® â¨¯®¢®£® à�©®−�, á ¯®®ç¥à¥¤−®© §�¬¥−®© ¢å®¤−ëå
¤�−−ëå ¤«ï ª�¦¤®£® à�©®−�, «¨¡® à�§à�¡®â�âì ˆ�‘ á à�áè¨à¥−−®© áâàãªâãà®©,
ãç¨âë¢�îé¥© ¢á¥ à�©®−ë ¯à®¬ëá«� ¢ §®−¥ ®â¢¥âáâ¢¥−−®áâ¨ ¯®£à�−¨ç−®£® ®à£�−�.

‘â�â¨áâ¨ª� ¯®ª�§ë¢�¥â, çâ® −�¨¡®«ìè¨© ¨−â¥à¥á ¤«ï −�àãè¨â¥«¥© ¯à�¢¨«
àë¡®«®¢áâ¢� ¯à¥¤áâ�¢«ïîâ â�ª¨¥ ¢�«îâ®¥¬ª¨¥ ¢¨¤ë ‚�÷, ª�ª ªà�¡, ¬®àáª®© ¥¦,
«®á®á¥¢ë¥, ¬¨−â�©. ˆáå®¤ï ¨§ íâ®£®, ¨¬¥¥â á¬ëá« ®¯à¥¤¥«ïâì ç¨á«¥−−®áâì �‘,
¢¥¤ãé¨å ¢ ª®−ªà¥â−®¬ à�©®−¥ ¯à®¬ëá¥« â®«ìª® ¢�«îâ®¥¬ª¨å ¢¨¤®¢ ‚�÷, ¯à¨ç¥¬
á ãç¥â®¬ á�¬®£® ¢¨¤� ‚�÷, â�ª ª�ª ®àã¤¨ï «®¢� −� ¡®àâã �‘ ®à¨¥−â¨à®¢�−ë −�
¯à®¬ëá¥« ®¤−®£® ª®−ªà¥â−®£® ¢¨¤� ‚�÷.

3.1 Структура входных данных

‚ ª�ç¥áâ¢¥ ¢å®¤−ëå ¤�−−ëå ¤«ï ˆ�‘ ¯à¥¤«�£�¥âáï ¨á¯®«ì§®¢�âì §−�ç¥−¨ï
á«¥¤ãîé¨å ä�ªâ®à®¢, ¢«¨ïîé¨å −� ¨−â¥à¥á ª ¢¥¤¥−¨î ¯à®¬ëá«� ¢ ª®−ªà¥â−®¬
à�©®−¥:

{ àë−®ç−�ï áâ®¨¬®áâì ¤®¡ë¢�¥¬®£® ¢�«îâ®¥¬ª®£® ¢¨¤� ‚�÷;

{ ª®«¨ç¥áâ¢® ¢¨¤� ‚�÷, ¤®¡ëâ®£® ¢ ¯à¥¤ë¤ãé¨¥ ¯ãâ¨−ë ¢ ª®−ªà¥â−®¬ ¯à®-
¬ëá«®¢®¬ à�©®−¥;

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 31 −®¬¥à 1 2021 85



�. �. ‡�æ�à¨−−ë©, �. Œ. ÷�áâà¥«¨−, �. �. ‘ãçª®¢

{ ¯®£®¤−ë¥ ãá«®¢¨ï, ¨¬¥¢è¨¥ ¬¥áâ® ¢ à�©®−¥ ¯à®¬ëá«� (ª®«¨ç¥áâ¢® ¤−¥©
¢ ¯ãâ¨−ã, ª®£¤� ¢®«−¥−¨¥ ¬®àï −¥ ¯®§¢®«ï«® ¢¥áâ¨ ¯à®¬ëá¥«);

{ à�§à¥è¥−−ë© ®¡ê¥¬ ¢ë«®¢� ®¯à¥¤¥«¥−−®£® ¢¨¤� ‚�÷ ¢ à�©®−¥ ¯à®¬ëá«�.

�¥®¡å®¤¨¬® ¤®¡�¢¨âì â�ª¦¥ ¢à¥¬¥−−®© ä�ªâ®à, ®âà�¦�îé¨© ¥¦¥£®¤−ë¥ â¥−-
¤¥−æ¨¨ ¯® ã¢¥«¨ç¥−¨î ¢ë«®¢� ‚�÷ ¨ ã¬¥−ìè¥−¨î −�àãè¥−¨©, ®¡ãá«®¢«¥−−ëå
ãªà¥¯«¥−¨¥¬ ª®−âà®«ï ¨ ®åà�−ë ‚�÷. Œ®¦−® â�ª¦¥ à�áá¬®âà¥âì ¢à¥¬¥−−‚ë¥
á¥§®−−ë¥ ä�ªâ®àë, −® íâ® ¬®¦−® ¡ã¤¥â ¨á¯®«ì§®¢�âì ¤«ï ã«ãçè¥−¨ï ¯à®£−®-
áâ¨ç¥áª¨å á¢®©áâ¢ −¥©à®á¥â¨ ¢ á«ãç�¥ −¥ã¤®¢«¥â¢®à¨â¥«ì−ëå à¥§ã«ìâ�â®¢ ¥¥
â¥áâ¨à®¢�−¨ï.

‚ ª�ç¥áâ¢¥ ¢ëå®¤−ëå ¤�−−ëå á¥â¨ ¯à¥¤«�£�¥âáï ¯à®£−®§¨àã¥¬®¥ ç¨á«® áã¤®¢
¨ áã¤®¢-−�àãè¨â¥«¥© −� ¯à¥¤áâ®ïéãî ¯ãâ¨−ã.

‘¡®à ¤�−−ëå ¤®«¦¥− ®áãé¥áâ¢«ïâìáï ¢ ¯®£à�−¨ç−®¬ ®à£�−¥ (¯®£à�−¨ç−®¬
ã¯à�¢«¥−¨¨ (�“)) ¯® à¥§ã«ìâ�â�¬ £®¤®¢®© ¤¥ïâ¥«ì−®áâ¨ (®âç¥âë, á¯à�¢ª¨) ¨ ¯® à¥-
§ã«ìâ�â�¬ ¯à®¬ëá«� ‚�÷, ®âà�¦�¥¬ëå ¢ ¤�−−ëå ®âà�á«¥¢®© á¨áâ¥¬ë ¬®−¨â®à¨−-
£� (�‘Œ) ÷®áàë¡®«®¢áâ¢�, ¢ ¤�−−ëå ‚á¥à®áá¨©áª®£® −�ãç−®-¨áá«¥¤®¢�â¥«ìáª®£®
¨−áâ¨âãâ� àë¡−®£® å®§ï©áâ¢� ¨ ®ª¥�−®£à�ä¨¨ ¨ ¢ ®âç¥â�å ‘ç¥â−®© ¯�«�âë ÷”.

„«ï ¨á¯®«ì§®¢�−¨ï ¨áå®¤−ëå ¤�−−ëå ¯à¨ ®¡ãç¥−¨¨ á¥â¨ ã¤®¡−® ¨å ¯à¥¤-
áâ�¢¨âì ¢ ¢¨¤¥, ¯à¨¢¥¤¥−−®¬ ¢ â�¡«¨æ¥, £¤¥ Tj + –Ti | £®¤ ¨ ¯¥à¨®¤ ¢à¥¬¥−¨

¢ ¬¥áïæ�å, à�§à¥è¥−−ë© ¤«ï ¯à®¬ëá«� ‚�÷ ¢ íâ®¬ £®¤ã; TP | ¯à®£−®§¨àã¥¬ë©
¯¥à¨®¤; ¢å®¤−ë¥ ¤�−−ë¥:

X1 | áâ®¨¬®áâì ¤®¡ë¢�¥¬®£® ¢¨¤� ‚�÷;

X2 | ®¡ê¥¬ ¤®¡ëâ®£® ‚�÷;

X3 | à�§à¥è�¥¬ë© ®¡ê¥¬ ¢ë«®¢� ¢¨¤� ‚�÷;

X4 | ¯®£®¤� ¢ à�©®−¥ ¯à®¬ëá«�;

¢ëå®¤−ë¥ ¤�−−ë¥:

Y r | ç¨á«® ¯à®¬ëá«®¢ëå áã¤®¢, à¥�«ì−® ãç�áâ¢®¢�¢è¨å ¢ ¯à®¬ëá«¥; Y p |
¯à®£−®§¨àã¥¬®¥ ç¨á«® ¯à®¬ëá«®¢ëå áã¤®¢; Zr | ç¨á«® à¥�«ì−ëå áã¤®¢-−�-
àãè¨â¥«¥©; Zp | ¯à®£−®§¨àã¥¬®¥ ç¨á«® áã¤®¢-−�àãè¨â¥«¥©.

‘â�â¨áâ¨ç¥áª¨¥ ¤�−−ë¥ ¯® ¯à®¬ëá«ã ‚�÷

‘’�’ˆ‘’ˆ—…‘Šˆ… „���›… �� �÷�Œ›‘‹“ ‚�÷ ‚ ‡��…
�’‚…’‘’‚…���‘’ˆ �“ (−�§¢�−¨¥)

÷…‡“‹œ’�’› �÷�Œ›‘‹� (¢¨¤ ¢�«îâ®¥¬ª®£® ‚�÷) ¢ §®−¥ ®â¢¥âáâ¢¥−−®áâ¨ �“
ü ÷�©®− ¯à®¬ëá«� (−�§¢�−¨¥) ‚å®¤−ë¥ ¤�−−ë¥ ‚ëå®¤−ë¥ ¤�−−ë¥
/̄̄ ¨ ¯¥à¨®¤ë ¯à®¬ëá«� X1 X2 X3 X4 Y r Zr

1 T1 +–T1 X11 X12 X13 X14 Y r
1

Zr
1

2 T2 +–T2 X21 X22 X23 X24 Y r
2

Zr
2

3 T3 +–T3 X31 X32 X33 X34 Y r
3

Zr
3

. . . Tj +–Tj Xj1 Xj2 Xj3 Xj4 Y r
j Zr

j

TP Y p Zp
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�¥©à®á¥â¥¢®© ¯®¤å®¤ ª ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®© ¯®¤¤¥à¦ª¥ ¯à®æ¥áá®¢ ª®−âà®«ï

‚ â¥ç¥−¨¥ £®¤� ¬®¦¥â ¡ëâì −¥áª®«ìª® ¯¥à¨®¤®¢ ¢à¥¬¥−¨, ¢ ª®â®àë¥ à�§à¥è¥−
(¨«¨ §�¯à¥é¥−) ¯à®¬ëá¥« ‚�÷. ��¯à¨¬¥à, ¯à�¢¨«�¬¨ àë¡®«®¢áâ¢� ¢ ¯®¤§®−¥
�à¨¬®àì¥ à�§à¥è¥− ¯à®¬ëá¥« ªà�¡� ¢ ¯¥à¨®¤ë –T1 c 1 ¯® 31 ¬�ï ¨ –T2
á 1 �¢£ãáâ� ¯® 31 ®ªâï¡àï â¥ªãé¥£® £®¤�. �®íâ®¬ã ¯®¤¡®à áâ�â¨áâ¨ç¥áª¨å ¤�−−ëå
¨ ¯à®£−®§¨à®¢�−¨¥ ç¨á«¥−−®áâ¨ �‘, ¢¥¤ãé¨å ¯à®¬ëá¥« ¢ ª®−ªà¥â−®¬ à�©®−¥,
¤®«¦−ë ¢¥áâ¨áì ¯® ª�¦¤®¬ã à�§à¥è¥−−®¬ã ¯¥à¨®¤ã «®¢�.

3.2 Структура и настройка нейросети

Š®«¨ç¥áâ¢® á¨« ¨ áà¥¤áâ¢, −¥®¡-

÷¨á. 1 ‘âàãªâãà� −¥©à®á¥â¨ ¯à®£−®§¨à®-
¢�−¨ï

å®¤¨¬®¥ ¤«ï ª®−âà®«ï ¯à®¬ëá«� −¥-
¯®áà¥¤áâ¢¥−−® ¢ à�©®−¥ ¯à®¬ëá«� −�
®¯à¥¤¥«¥−−®¬ ¨−â¥à¢�«¥ ¢à¥¬¥−¨, ¡ã-
¤¥â §�¢¨á¥âì ®â ç¨á«� �‘, ¢¥¤ãé¨å
¯à®¬ëá¥«, ¨ ¯à®¤®«¦¨â¥«ì−®áâ¨ ¯à®-
¢¥àª¨ �‘ £®áã¤�àáâ¢¥−−ë¬ ¨−á¯¥ªâ®-
à®¬. �®íâ®¬ã ¯à¥¤«�£�¥âáï á ¯®¬®éìî
ˆ�‘ ¯à®£−®§¨à®¢�âì ç¨á«® �‘, ¢¥-
¤ãé¨å ¯à®¬ëá¥«, ¨ �‘-−�àãè¨â¥«¥©
¢ ª®−ªà¥â−®¬ à�©®−¥ ¤«ï ª�¦¤®£® ¢¨-
¤� ¯à®¬ëè«ï¥¬ëå ‚�÷. ‘âàãªâãà�
ˆ�‘ ¢ íâ®¬ á«ãç�¥ ¡ã¤¥â ¨¬¥âì ¢¨¤,
¯à¨¢¥¤¥−−ë© −� à¨á. 1, £¤¥ Y | ¯à¥¤-
¯®«�£�¥¬®¥ ç¨á«® �‘ ¢ à�©®−¥; Z |
¯à¥¤¯®«�£�¥¬®¥ ç¨á«® �‘-−�àãè¨â¥-
«¥© ¢ à�©®−¥; X1 | ãáà¥¤−¥−−�ï àë−®ç−�ï áâ®¨¬®áâì ®¯à¥¤¥«¥−−®£® ¢¨¤� ‚�÷
¢ ¯¥à¨®¤ ¯à®¬ëá«� (ãáà¥¤−¥−¨¥ ¯à®¢®¤¨âáï ¯® áâ®¨¬®áâ¨ −� àë−ª�å áâà�−-¯®-
âà¥¡¨â¥«¥© ¡à�ª®−ì¥àáª®£® ‚�÷); X2 | ®¡ê¥¬ ¤®¡ëâ®£® ®¯à¥¤¥«¥−−®£® ¢¨¤�
‚�÷ ¢ ¤�−−®¬ à�©®−¥ ¯à®¬ëá«� §� ¯à¥¤ë¤ãé¨© ¯¥à¨®¤ ¯à®¬ëá«�; X3 | à�§-
à¥è¥−−ë© ®¡ê¥¬ ¢ë«®¢� ®¯à¥¤¥«¥−−®£® ¢¨¤� ‚�÷ (¯® ãáâ�−®¢«¥−−ë¬ ª¢®â�¬ −�
à�áá¬�âà¨¢�¥¬ë© à�©®− ¨ ¯¥à¨®¤ ¯à®¬ëá«�); X4 | ¯®£®¤� ¢ à�©®−¥ ¯à®¬ëá«�
¢ à�áá¬�âà¨¢�¥¬ë© ¯¥à¨®¤ ¯à®¬ëá«�; T | £®¤ ¯à®¬ëá«�; wij | ¢¥á� á®®â-

¢¥âáâ¢ãîé¨å á¨−�¯á®¢; F Y ¨ FZ | äã−ªæ¨¨ �ªâ¨¢�æ¨¨ (äã−ªæ¨ï ¬®¦¥â ¡ëâì
«¨−¥©−®©, á¨£¬®¨¤®¬ («®£¨áâ¨ç¥áª®©) ¨ £¨¯¥à¡®«¨ç¥áª¨¬ â�−£¥−á®¬).

‚á¥ ¢å®¤ïé¨¥ ¤�−−ë¥ ¤®«¦−ë ¡ëâì −®à¬�«¨§®¢�−ë (®¡ëç−® ¯à¨¢¥¤¥−ë ª ¨−-
â¥à¢�«ã [0, 1]).

ˆáªãááâ¢¥−−�ï −¥©à®−−�ï á¥âì ¯àï¬®£® à�á¯à®áâà�−¥−¨ï ¬®¦¥â ¡ëâì ¯à¥¤-
áâ�¢«¥−� ¢ ¢¨¤¥ á¨áâ¥¬ë ãà�¢−¥−¨©, £¤¥ ¯à®£−®§¨àã¥¬®¥ ç¨á«® �‘ −� ¯à®¬ëá«¥
¢�«îâ®¥¬ª¨å ¢¨¤®¢ ‚�÷ ¢ à�áá¬�âà¨¢�¥¬®¬ à�©®−¥ ¢ ¨−â¥à¥áãîé¨© ¨−â¥à¢�«
¯à®¬ëá«� á®áâ�¢¨â:

Y = F Y

(
Tw15 +

4∑

i=1

w1ixi

)
; Z = FZ

(
Tw25 +

4∑

i=1

w2ixi

)
.
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�¡ãç¥−¨¥ á¥â¨ ¯à¥¤¯®«�£�¥âáï ¯à®¢®¤¨âì á ãç¨â¥«¥¬ ¯ãâ¥¬ ¯®¤¡®à� §−�ç¥−¨©
¢¥á®¢ á¨−�¯á®¢ á ¨á¯®«ì§®¢�−¨¥¬ ¬¥â®¤� áà¥¤−¥ª¢�¤à�â¨ç−®© ®è¨¡ª¨ ¨, ¯à¨
−¥®¡å®¤¨¬®áâ¨, ¯ãâ¥¬ ¨§¬¥−¥−¨ï â®¯®«®£¨¨ á¥â¨ §� áç¥â ¢ª«îç¥−¨ï ¢ áªàëâë©
á«®© ¤®¯®«−¨â¥«ì−ëå −¥©à®−®¢. �à¨ ®¡ãç¥−¨¨ á ãç¨â¥«¥¬ ¤«ï ª�¦¤®£® í«¥-
¬¥−â� ¢ë¡®àª¨ (X1,X2,X3,X4, T )| à¥�«ì−ëå ¢å®¤−ëå ¤�−−ëå (áâ�â¨áâ¨ª� §�
¯à¥¤ë¤ãé¨¥ ¯ãâ¨−ë) | ¢ëç¨á«ï¥âáï úíªá¯¥à¨¬¥−â�«ì−�ïû ®æ¥−ª� Y ¨ Z .

�à®æ¥áá ®¡ãç¥−¨ï §�ª«îç�¥âáï ¢ ¯®è�£®¢®¬ ¢ëç¨á«¥−¨¨ Y ¨ Z ¤«ï í«¥¬¥−â®¢
¢ë¡®àª¨ (X1,X2,X3,X4, T ) á ¨§¬¥−¥−¨¥¬ −� ª�¦¤®¬ è�£¥ §−�ç¥−¨ï ¢¥á� á¨−�¯-
á®¢ ¨ áà�¢−¥−¨¨ ¯®«ãç¥−−ëå §−�ç¥−¨© Y p ¨ Zp c ¨¬¥¢è¨¬¨ ¬¥áâ® à¥�«ì−ë¬¨
§−�ç¥−¨ï¬¨ Y r ¨ Zr. ‚¥á á¨−�¯á� ¤®«¦¥− ¬¥−ïâìáï â�ª, çâ®¡ë ®â¢¥âë á¥â¨
áâà¥¬¨«¨áì ª á¡«¨¦¥−¨î á à¥�«ì−ë¬¨ §−�ç¥−¨ï¬¨. „«ï ¢ëïá−¥−¨ï, −�áª®«ìª®
å®à®è® á¥âì á¯à�¢«ï¥âáï á ¯®áâ�¢«¥−−®© §�¤�ç¥©, ¨á¯®«ì§ã¥âáï áà¥¤−¥ª¢�¤à�-
â¨ç−�ï ®è¨¡ª�. „«ï æ¥«¥−�¯à�¢«¥−−®£® ã¬¥−ìè¥−¨ï ®è¨¡ª¨ ¯à¨¬¥−ï¥âáï ¬¥â®¤
®¡à�â−®£® à�á¯à®áâà�−¥−¨ï, ª®â®àë© ¨á¯®«ì§ã¥â �«£®à¨â¬ £à�¤¨¥−â−®£® á¯ãáª�.
‚ ª�ç¥áâ¢¥ −�ç�«ì−ëå §−�ç¥−¨© ¢¥á®¢ á¨−�¯á®¢ æ¥«¥á®®¡à�§−® ¢ë¡à�âì ¢�à¨�−â
á à�¢−ë¬¨ ¢ª«�¤�¬¨ ¢ æ¥«¥¢®¥ ¯à®£−®§¨àã¥¬®¥ §−�ç¥−¨¥.

„«ï ¯à®¢¥àª¨ ª�ç¥áâ¢� ®¡ãç¥−¨ï á¥â¨ (â¥áâ¨à®¢�−¨ï á¥â¨) ¤®«¦−ë ¨á¯®«ì-
§®¢�âìáï í«¥¬¥−âë ¢ë¡®àª¨ (X1,X2,X3,X4, T ) ¨ á®®â¢¥âáâ¢ãîé¨¥ ¨¬ à¥�«ì−ë¥
§−�ç¥−¨ï Y r ¨Zr, −¥ ¢®è¥¤è¨¥ ¢ ®¡ãç�îéãî ¢ë¡®àªã. ’¥å−®«®£¨ï â¥áâ¨à®¢�−¨ï
á¥â¨ �−�«®£¨ç−� â¥å−®«®£¨¨ ®¡ãç¥−¨ï.

4 Задачи классификации

4.1 Отбор входных данных, влияющих на результат

�«�− á¨âã�æ¨®−−®£® ã¯à�¢«¥−¨ï ¯®¤à�§ã¬¥¢�¥â ®¯¥à�â¨¢−®¥ ¢ëï¢«¥−¨¥ áã-
¤®¢, −�àãè�îé¨å ¯à�¢¨«� ¯à®¬ëá«�, ¨ ®à£�−¨§�æ¨î ¨å ¯à®¢¥àª¨ ¨ ¯à¥á¥ç¥−¨ï
−�àãè¥−¨©. ˆáå®¤−ë¥ ¤�−−ë¥ ¤«ï à¥è¥−¨ï íâ®© §�¤�ç¨ ¯®«ãç�îâáï ®â á¨áâ¥¬
á«¥¦¥−¨ï §� ¯à®¬ëá«®¢®© ®¡áâ�−®¢ª®© à¥�«ì−®£® ¢à¥¬¥−¨ Šˆˆ‘ Œ®÷¥, �ˆ‘,
�‘Œ ÷®áàë¡®«®¢áâ¢�, �¢â®¬�â¨§¨à®¢�−−®© á¨áâ¥¬®© â¥å−¨ç¥áª®£® ª®−âà®«ï
(�‘’Š) −�¤¢®¤−®© ®¡áâ�−®¢ª¨ ¢ §®−¥ ®â¢¥âáâ¢¥−−®áâ¨ ¯®£à�−¨ç−®£® ®à£�−� [7].

�à¥¤¯®«�£�¥âáï, çâ® ª®¬¯«¥ªá ¯à®£à�¬¬ ª«�áá¨ä¨ª�æ¨®−−®© ˆ�‘ ¢å®¤¨â
¢ á®áâ�¢ ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï ¬®−¨â®à¨−£� ¯à®¬ëá«®¢®© ®¡áâ�−®¢ª¨ ¨ ¬®-
¬¥−âë ¯®¤ª«îç¥−¨ï ˆ�‘ ª ®æ¥−ª¥ �‘ ®¯à¥¤¥«ïîâáï ¬®¬¥−â®¬ ¯¥à¢¨ç−®£®
¯®ï¢«¥−¨ï áã¤−� ¢ −�¤¢®¤−®© ®¡áâ�−®¢ª¥ ¨«¨ â¥¬¯®¬ ®¡−®¢«¥−¨ï −�¤¢®¤−®© ®¡-
áâ�−®¢ª¨ (¤�−−ëå ® ª�¦¤®¬ áã¤−¥) ¯® ¤�−−ë¬ ®â á¨áâ¥¬ Šˆˆ‘ Œ®÷¥, �ˆ‘,
�‘Œ, �‘’Š. ‘ ¨á¯®«ì§®¢�−¨¥¬ ˆ�‘ ¯à¨ ª�¦¤®¬ ®¡−®¢«¥−¨¨ ¤�−−ëå ® áã¤−¥
®áãé¥áâ¢«ï¥âáï ®æ¥−ª� ¯à¨−�¤«¥¦−®áâ¨ ª�¦¤®£® ¯à®¬ëá«®¢®£® áã¤−� ª ®¤−®¬ã
¨§ âà¥å ª«�áá®¢:

ª«�áá 1: áã¤�-−�àãè¨â¥«¨ ¯à�¢¨« àë¡®«®¢áâ¢�;

ª«�áá 2: áã¤� | ¢®§¬®¦−ë¥ −�àãè¨â¥«¨ ¯à�¢¨« àë¡®«®¢áâ¢�;

ª«�áá 3: áã¤�, −¥ ï¢«ïîé¨¥áï −�àãè¨â¥«ï¬¨.
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�¥©à®á¥â¥¢®© ¯®¤å®¤ ª ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®© ¯®¤¤¥à¦ª¥ ¯à®æ¥áá®¢ ª®−âà®«ï

„«ï ã¯à®é¥−¨ï áâàãªâãàë ˆ�‘ ¢¥áì ¯à®æ¥áá ¤®¡ëç¨ ‚�÷ ãá«®¢−® ¯à¥¤áâ�-
¢¨¬ ¢ ¢¨¤¥ âà¥å íâ�¯®¢:

(1) á«¥¤®¢�−¨¥ àë¡®¯à®¬ëá«®¢®£® áã¤−� ¨§ ¯®àâ� ¢ à�©®− ¯à®¬ëá«�;

(2) ¢¥¤¥−¨¥ ¢ë«®¢� (¤®¡ëç¨) ‚�÷ ¢ à�©®−¥ ¯à®¬ëá«�;

(3) á«¥¤®¢�−¨¥ �‘ ¨§ à�©®−� ¯à®¬ëá«� ¢ ¯®àâ á¤�ç¨ ¯à®¤ãªæ¨¨ ¨«¨ ª ¯«�¢ãç¥¬ã
àë¡®¯à®¬ëá«®¢®¬ã §�¢®¤ã (ª íâ®¬ã ¦¥ íâ�¯ã ®â−®á¨âáï á«¥¤®¢�−¨¥ áã¤−�-
¯¥à¥¢®§ç¨ª� ‚�÷ ¨«¨ ¯«�¢ãç¥£® §�¢®¤� ¢ ¯®àâ á¤�ç¨ ¯à®¤ãªæ¨¨).

’�ª¨¬ ®¡à�§®¬, ¯¥à¢®−�ç�«ì−® −� ®á−®¢�−¨¨ áâ�â¨áâ¨ç¥áª¨å ¤�−−ëå ® à¥-
§ã«ìâ�â�å ¯à®¬ëá«� áã¤−®¬ ‚�÷ ¢ ¯à¥¤ë¤ãé¨¥ ¯ãâ¨−ë ¬®¦−® ®¯à¥¤¥«¨âì à�á-
¯®«®¦¥−−®áâì áã¤−� ª −�àãè¥−¨ï¬ ¢ â¥ªãé¥© ¯ãâ¨−¥. ‚ëï¢«¥−¨¥ â�ª¨å áã¤®¢
¯®§¢®«¨â ®à£�−¨§®¢�âì ®âá«¥¦¨¢�−¨¥ âà�áá ¨å ¤¢¨¦¥−¨ï −� ä®−¥ −�¤¢®¤−®©
®¡áâ�−®¢ª¨ ª à�©®−ã ¯à®¬ëá«� ¨ ¯à¨ ¯à®¬ëá«¥. �� ¢â®à®¬ íâ�¯¥ âà¥¡ã¥âáï
¢ëï¢¨âì áã¤�, −�àãè�îé¨¥ ¯à�¢¨«� ¯à®¬ëá«� ‚�÷, � −� âà¥âì¥¬ íâ�¯¥ | áã¤�,
−�àãè�îé¨¥ ¯à�¢¨«� âà�−á¯®àâ¨à®¢ª¨ ‚�÷ ¢ ¯®àâë á¤�ç¨ ¯à®¤ãªæ¨¨.

‚ íâ®¬ á«ãç�¥ ®¡®¡é¥−−ãî áâàãªâãàã ˆ�‘ ¬®¦−® ¯à¥¤áâ�¢¨âì ¢ ¢¨¤¥ âà¥å
¢§�¨¬®á¢ï§�−−ëå ˆ�‘, ®¡¥á¯¥ç¨¢�îé¨å ª«�áá¨ä¨ª�æ¨î ¢®§¬®¦−ëå áã¤®¢-−�-
àãè¨â¥«¥© −� ª�¦¤®¬ íâ�¯¥ ¯à®¬ëá«®¢®© ¤¥ïâ¥«ì−®áâ¨ (à¨á. 2).

‚å®¤−ë¥ ¤�−−ë¥ ˆ�‘-1 ¤«ï ¢ëï¢«¥−¨ï ¯®â¥−æ¨�«ì−® ¢®§¬®¦−ëå −�àãè¨-
â¥«¥© −� ¯à¥¤¢�à¨â¥«ì−®© áâ�¤¨¨ ®æ¥−ª¨ ¯à®¬ëá«®¢®© ®¡áâ�−®¢ª¨, â. ¥. −� áâ�¤¨¨
á«¥¤®¢�−¨ï �‘ ¯® �ª¢�â®à¨¨ §®−ë ®â¢¥âáâ¢¥−−®áâ¨ ¯®£à�−¨ç−®£® ®à£�−� ®â ¢å®¤�
¢ −¥¥ ¤® §�å®¤� ¢ à�©®− ¯à®¬ëá«�, ¬®£ãâ ¡ëâì ª®á¢¥−−® á¢ï§�−ë á ¢®§¬®¦−®áâìî
−�àãè¥−¨ï.

�â¨ å�à�ªâ¥à¨áâ¨ª¨ ¤®«¦−ë ¢ëï¢«ïâìáï ¯® à¥§ã«ìâ�â�¬ �−�«¨§� ¤¥ïâ¥«ì-
−®áâ¨ �‘ ¢ ¯à¥¤è¥áâ¢ãîé¨¥ ¯ãâ¨−ë. Š â�ª¨¬ ¢å®¤−ë¬ ¤�−−ë¬ ®â−¥á¥¬:

x1| �‘ (−�§¢�−¨¥ ¨ −®¬¥à� IMO (International Maritime Organization), MMSI
(Maritime Mobile Service Identify)) á®¢¥àè�«® −�àãè¥−¨¥ ¯à�¢¨« ¯à®¬ëá«�
¢ ¯à¥¤ë¤ãé¨å ¯ãâ¨−�å;

x2| ª�¯¨â�− áã¤−� à�−¥¥ ¡ë« ª�¯¨â�−®¬ �‘, á®¢¥àè�¢è¥£® −�àãè¥−¨ï ¯à�¢¨«
¯à®¬ëá«�;

x3 | ¢«�¤¥«ìæã ¤�−−®£® áã¤−� ¯à¨−�¤«¥¦�â áã¤�, á®¢¥àè�¢è¨¥ à�−¥¥ −�àãè¥-
−¨ï ¯à�¢¨« àë¡®«®¢áâ¢�;

x4 | ¨¬¥¥â ¬¥áâ® §�¬¥−� −�§¢�−¨ï �‘ (¯à¨ ¯à¥¦−¨å −®¬¥à�å IMO, MMSI);

x5 | ¨¬¥¥â ¬¥áâ® §�¬¥−� ä«�£� (¨«¨ ä«�£� ¨ −�§¢�−¨ï) �‘;

x6 | �‘ ãª«®−ï«®áì ®â ¤®á¬®âà� ¢ ¬®àáª®¬ ª®−âà®«ì−®¬ ¯ã−ªâ¥ (ŒŠ�)
¢ ¯à¥¤ë¤ãé¨¥ ¯ãâ¨−ë;

x7 | ®¡ê¥¬ ¢ë«®¢«¥−−®£® ¢ ¯à¥¤ë¤ãé¨¥ ¯ãâ¨−ë ¨ á¤�−−®£® ¢ ¯®àâã ‚�÷ −¥
¯à¥¢ëè�¥â ãáâ�−®¢«¥−−®£® ¯®à®£®¢®£® §−�ç¥−¨ï ¢ë¡®à� ª¢®âë.

‚å®¤−ë¬¨ ¤�−−ë¬¨ ˆ�‘-2 ¤«ï ¢ëï¢«¥−¨ï �‘-−�àãè¨â¥«¥© ¯à�¢¨« ¯à®-
¬ëá«� ¢ ¯à®æ¥áá¥ ¤®¡ëç¨ ‚�÷ ¤®«¦−ë á«ã¦¨âì å�à�ªâ¥à¨áâ¨ª¨, ãáâ�−�¢«¨¢�-
îé¨¥ ®£à�−¨ç¥−¨ï −� ¯®àï¤®ª ¯à®¬ëá«�. Š â�ª¨¬ ¢å®¤−ë¬ ¤�−−ë¬ ®â−¥á¥¬:
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÷¨á. 2 ‘âàãªâãà� ˆ�‘ ª«�áá¨ä¨ª�æ¨¨

x8 | ®âáãâáâ¢¨¥ ã �‘ ¤®ªã¬¥−â� ú÷�§à¥è¥−¨¥ −� ¤®¡ëçã (¢ë«®¢) ¢®¤−ëå
¡¨®«®£¨ç¥áª¨å à¥áãàá®¢û (¤�«¥¥ | ÷�§à¥è¥−¨¥), ¢ë¤�¢�¥¬®£® íâ®¬ã áã¤−ã
÷®áàë¡®«®¢áâ¢®¬;

x9 | −�å®¦¤¥−¨¥ ¢ −¥ à�§à¥è¥−−®¬ ¤«ï ¯«�¢�−¨ï à�©®−¥;

x10 | ¢¥¤¥−¨¥ ¯à®¬ëá«� ¢ à�©®−¥, −¥ ãª�§�−−®¬ ¢ ÷�§à¥è¥−¨¨;

x11 | ¢¥¤¥−¨¥ ¯à®¬ëá«� ¢® ¢à¥¬ï, §�¯à¥é¥−−®¥ ¤«ï ¯à®¬ëá«�;

x12 | ¢¥¤¥−¨¥ ¯à®¬ëá«� ‚�÷, −¥ ãª�§�−−®£® ¢ ÷�§à¥è¥−¨¨ −� ¯à®¬ëá¥«
¤�−−®£® �‘;

x13 | ¢¥¤¥−¨¥ ¯à®¬ëá«� ®àã¤¨ï¬¨ «®¢�, −¥ ãª�§�−−ë¬¨ ¢ ÷�§à¥è¥−¨¨ −�
¯à®¬ëá¥« ¤�−−®£® �‘;
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x14 | −�«¨ç¨¥ á¢¥¤¥−¨© ®¡ ®âª«îç¥−¨¨ â¥å−¨ç¥áª¨å áà¥¤áâ¢ ª®−âà®«ï (’‘Š)
−� ¢à¥¬ï, ¯à¥¢ëè�îé¥¥ ¤®¯ãáâ¨¬®¥;

x15| −�«¨ç¨¥ −¥á®®â¢¥âáâ¢¨ï ¢ ¯®§¨æ¨ïå áã¤−� ¯® ¤�−−ë¬ ’‘Š �‘Œ ¨ ¤�−−ë¬
¨§ áã¤®¢®£® áãâ®ç−®£® ¤®−¥á¥−¨ï (‘‘„) ª�¯¨â�−� áã¤−�;

x16 | ®¡ê¥¬ ¢ë«®¢«¥−−®£® ‚�÷ ¯à¥¢ëè�¥â ãáâ�−®¢«¥−−ë© ¢ ÷�§à¥è¥−¨¨ −�
¯à®¬ëá¥«;

x17 | ¨á¯®«ì§®¢�−¨¥ �‘ â�ªâ¨ª¨ «®¢�, á¢®©áâ¢¥−−®© ¡à�ª®−ì¥àáª®¬ã ¯à®-
¬ëá«ã;

x18 | à¥§ã«ìâ�âë à�¡®âë ˆ�‘-1 ¯® ¤�−−®¬ã áã¤−ã: ú1û, ¥á«¨ �‘ |
¯à¥¤¯®«�£�¥¬ë© −�àãè¨â¥«ì, ¨ ú0û, ¥á«¨ à�á¯®«®¦¥−−®áâ¨ ª −�àãè¥−¨ï¬
¯à�¢¨« àë¡®«®¢áâ¢� −¥ ¢ëï¢«¥−®.

‚å®¤−ë¬¨ ¤�−−ë¬¨ ˆ�‘-3 ¤«ï ¢ëï¢«¥−¨ï �‘-−�àãè¨â¥«¥© ¯à�¢¨« ¯à®-
å®¦¤¥−¨ï ŒŠ� ¯à¨ á«¥¤®¢�−¨¨ ¢ ¯®àâ á¤�ç¨ ¯à®¤ãªæ¨¨ ¬®¦¥â á«ã¦¨âì à�áå®¦-
¤¥−¨¥ âà�ááë ¤¢¨¦¥−¨ï ¢ ¨−®áâà�−−ë© ¯®àâ �‘ á ¬¥áâ®¬ ¤¥¦ãàáâ¢� ¯®£à�−¨ç−®£®
áâ®à®¦¥¢®£® ª®à�¡«ï (�‘Š÷) ¢ ŒŠ�:

x6 | �‘ ãª«®−ï«®áì ®â ¤®á¬®âà� ¢ ŒŠ� ¢ ¯à¥¤ë¤ãé¨¥ ¯ãâ¨−ë;

x19 | à¥§ã«ìâ�âë ¨áá«¥¤®¢�−¨ï áã¤−� á ¨á¯®«ì§®¢�−¨¥¬ ˆ�‘-3: ú1û, ¥á«¨
�‘ | −�àãè¨â¥«ì, ¨ ú0û, ¥á«¨ áã¤−® | −¥ −�àãè¨â¥«ì;

x20 | ¯à®å®¦¤¥−¨¥ �‘ ¢−¥ §®−ë ¤¥¦ãàáâ¢� �‘Š÷ ¢ ŒŠ�.

‚å®¤−®© á¨£−�« x20 ¯à¨−¨¬�¥â §−�ç¥−¨¥ ú1û ¯à¨ ãª«®−¥−¨¨ áã¤−� ®â ¤®á¬®â-
à� ¢ ŒŠ� ¨ á«¥¤®¢�−¨¨ ¢ ¨−®áâà�−−ë© ¯®àâ, ú0û | ¯à¨ §�¢¥àè¥−¨¨ ¯à®¬ëá«�
¨ ¢ëå®¤¥ ¨§ à�©®−� ¯à®¬ëá«�.

‘¥â¨ á¢ï§�−ë ¬¥¦¤ã á®¡®© ®¡ê¥ªâ®¬ ¨áá«¥¤®¢�−¨ï (−¥©à®− | íâ® �‘) ¨ ç¥à¥§
à¥§ã«ìâ�âë à�¡®âë: ¢ëå®¤ ˆ�‘-1 ï¢«ï¥âáï ®¤−¨¬ ¨§ ¢å®¤−ëå á¨£−�«®¢ ˆ�‘-2,
¢ëå®¤ ˆ�‘-2 ï¢«ï¥âáï ®¤−¨¬ ¨§ ¢å®¤−ëå á¨£−�«®¢ ˆ�‘-3. ‚á¥ á¥â¨ | ¯àï¬®£®
à�á¯à®áâà�−¥−¨ï, á¨−åà®−−ë¥, á ®¡ãç¥−¨¥¬ ãç¨â¥«¥¬.

‘ ¨á¯®«ì§®¢�−¨¥¬ ¯¥à¥ç¨á«¥−−ëå ˆ�‘ ®áãé¥áâ¢«ï¥âáï �−�«¨§ ª�¦¤®£®
áã¤−�, −�å®¤ïé¥£®áï ¢ §®−¥ ®â¢¥âáâ¢¥−−®áâ¨ ¯®£à�−¨ç−®£® ®à£�−�, −� ®á−®¢¥
¤�−−ëå ® −¥¬, ¯à¥¤®áâ�¢«ï¥¬ëå á¨áâ¥¬�¬¨ ¬®−¨â®à¨−£� −�¤¢®¤−®© ¨ ¯à®¬ëá-
«®¢®© ®¡áâ�−®¢ª¨ �‘’Š ¨ �‘Œ ÷®áàë¡®«®¢áâ¢�. ‚ §�¢¨á¨¬®áâ¨ ®â ¬¥áâ�
−�å®¦¤¥−¨ï áã¤−� ¯à®£à�¬¬−ë¬ ª®¬¯«¥ªá®¬ ¬®−¨â®à¨−£� ®¡áâ�−®¢ª¨ �‘’Š
¯®¤ª«îç�îâáï ¤«ï ¨áá«¥¤®¢�−¨ï áã¤−� «¨¡® á¥âì ˆ�‘-1, «¨¡® ˆ�‘-2, «¨¡®
ˆ�‘-3.

�®¤£®â®¢ª� ¨áå®¤−ëå ¤�−−ëå ¤«ï ˆ�‘ ®áãé¥áâ¢«ï¥âáï á ¨á¯®«ì§®¢�−¨¥¬
á¨áâ¥¬ë ¬®−¨â®à¨−£� �‘’Š −�¤¢®¤−®© ¨ ¯à®¬ëá«®¢®© ®¡áâ�−®¢ª¨ ¨ åà�−¨â
¢ á¢®¨å ¡�§�å ¤�−−ëå ¢áî −¥®¡å®¤¨¬ãî ¨−ä®à¬�æ¨î ¨ ¤®¯®«−ï¥â ¥¥ â¥ªãé¨¬¨
à¥§ã«ìâ�â�¬¨ ¬®−¨â®à¨−£� −�¤¢®¤−®© ¨ ¯à®¬ëá«®¢®© ®¡áâ�−®¢ª¨. ��àï¤ã á ¤�−-
−ë¬¨ ® â¥ªãé¥© ¯ãâ¨−¥ åà�−ïâáï áâ�â¨áâ¨ç¥áª¨¥ ¤�−−ë¥ ¯® �‘ §� ¯à¥¤ë¤ãé¨¥
¯ãâ¨−ë.
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”ã−ªæ¨ï F zi á«ã¦¨â äã−ªæ¨¥© �ªâ¨¢�æ¨¨ −¥©à®−� á¥â¨ ¨ ï¢«ï¥âáï ¢ëå®¤®¬
−¥©à®−�. „«ï ¯à¥¤«�£�¥¬®© ˆ�‘ ¢ ª�ç¥áâ¢¥ äã−ªæ¨¨ �ªâ¨¢�æ¨¨ ¢ë¡¥à¥¬
«®£¨áâ¨ç¥áªãî äã−ªæ¨î:

F (x) =
1

1 + e−x
, 0 < F (x) ≤ 1 .

‘¨áâ¥¬� ãà�¢−¥−¨©, ®âà�¦�îé�ï §�¢¨á¨¬®áâì ¢ëå®¤®¢ ˆ�‘-1, ˆ�‘-2
¨ ˆ�‘-3 ¢ �«£¥¡à�¨ç¥áª®© ä®à¬¥, á«¥¤ãîé�ï:

ZP = FZ
(∑

wixi + bi

)
, i = 1, . . . , 7 ;

ZP1 = F
Z
1

(∑
wp1ixi + b

p
i1

)
, i = 8, . . . , 18 ;

ZP2 = F
Z
3

(∑
wpi2xi + b

p
i2

)
, i = 8, . . . , 18 ;

ZP3 = F
Z
3

(∑
wpi3xi + b

p
i3

)
, i = 8, . . . , 18 ;

ZR1 = F
Z
1

(∑
wRi1xi + b

R
i1

)
, i = 6, 19, 20 ;

ZR2 = F
Z
2

(∑
wRi2xi + b

R
i2

)
, i = 6, 19, 20 ;

ZR3 = F
Z
3

(∑
wRi3xi + b

R
i3

)
, i = 6, 19, 20 .

4.2 Обучение системы

‚ à�áá¬�âà¨¢�¥¬®¬ á«ãç�¥ ¯à¨ ®¡ãç¥−¨¨ á ãç¨â¥«¥¬ −� ¢å®¤ á¥â¨ ˆ�‘-1
¯®¤�¥âáï á¨£−�« 〈X1, . . . ,X7〉, ˆ�‘-2 | á¨£−�« 〈X8, . . . ,X18〉, ˆ�‘-3 |
á¨£−�« 〈X6,X19,X20〉. ’�ª ª�ª ¢å®¤ë −¥©à®á¥â¥© ¯à¨−¨¬�îâ §−�ç¥−¨ï 0 ¨ 1,
â® ¨áâ®ç−¨ª®¬ ®¡ãç�îé¨å ¢å®¤−ëå ¢ë¡®à®ª ¬®£ãâ ¡ëâì £¥−¥à�â®àë á«ãç�©−ëå
ç¨á¥«, ¢ëå®¤−ëå | íªá¯¥àâ−�ï ®æ¥−ª� ¯à¨−�¤«¥¦−®áâ¨ �‘ â®¬ã ¨«¨ ¨−®¬ã
ª«�ááã. ‡�¤�îâáï −�ç�«ì−ë¥ §−�ç¥−¨ï ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢ wij (®¡ëç−®
íâ® −�¡®à à�¢−ëå §−�ç¥−¨©) ¨ £¥−¥à¨àã¥âáï ¯¥à¢�ï ¯®á«¥¤®¢�â¥«ì−®áâì ¢å®¤−ëå
á¨£−�«®¢. �â¢¥â á¥â¨ áà�¢−¨¢�¥âáï á íªá¯¥àâ−®© ®æ¥−ª®©. ‡�â¥¬ á ¯®¬®éìî
á¯¥æ¨�«ì−ëå �«£®à¨â¬®¢ ¨§¬¥−ïîâáï ¢¥á� á¨−�¯á®¢ −¥©à®−−®© á¥â¨ ¨ á−®¢�
¯®¤�¥âáï ¢å®¤−®© á¨£−�«. �®á«¥ áà�¢−¥−¨ï ¨ ¢¥à¨ä¨ª�æ¨¨ ®â¢¥â� á¥â¨ íâ®â
¯à®æ¥áá ¯®¢â®àï¥âáï ¤® â¥å ¯®à, ¯®ª� á¥âì −¥ −�ç−¥â ®â¢¥ç�âì á ¯à¨¥¬«¥¬®©
â®ç−®áâìî.

‚á¥ �«£®à¨â¬ë ®¡ãç¥−¨ï −¥©à®−−ëå á¥â¥©, ¯à¨¬¥−ï¥¬ë¥ ¢ −�áâ®ïé¥¥ ¢à¥-
¬ï, ®á−®¢ë¢�îâáï −� ®æ¥−®ç−®© äã−ªæ¨¨. Œ¥â®¤¨ª¨ ®¡ãç¥−¨ï ¡�§¨àãîâáï −�
¯à¨−æ¨¯¥ ¤®áâ�â®ç−®áâ¨, ¢ ª®â®à®¬ ®è¨¡ª� á¨áâ¥¬ë −¥ ¬®¦¥â ¯à¥¢ëè�âì ®¯à¥¤¥-
«¥−−®£® ¯®ª�§�â¥«ï. „«ï ¢ëç¨á«¥−¨ï ®ç¥à¥¤−ëå ¯®¯à�¢®ª ¢¥á®¢ á¨−�¯á®¢ ®¡ëç−®
¯à¨¬¥−ï¥âáï ¬¥â®¤ £à�¤¨¥−â−®£® á¯ãáª�.
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�¥©à®á¥â¥¢®© ¯®¤å®¤ ª ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®© ¯®¤¤¥à¦ª¥ ¯à®æ¥áá®¢ ª®−âà®«ï

÷¨á. 3 ‘å¥¬� ®¡ãç¥−¨ï ˆ�‘ ª«�áá¨ä¨ª�æ¨¨

�¡é�ï áå¥¬� ®¡ãç¥−¨ï ˆ�‘ ¯à¥¤áâ�¢«¥−� −� à¨á. 3.
‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ¯à®æ¥áá ®¡ãç¥−¨ï ¨ â¥áâ¨à®¢�−¨ï ¬®¦¥â §�¢¥àè¨âìáï

−¥ã¤�ç−®, â. ¥. −¥ ®¡¥á¯¥ç¨âì âà¥¡ã¥¬ãî â®ç−®áâì ª«�áá¨ä¨ª�æ¨¨. ‚ íâ®¬ á«ã-
ç�¥ −¥®¡å®¤¨¬® «¨¡® ¯¥à¥á¬®âà¥âì á®áâ�¢ ¨ ®¡ê¥¬ ®¡ãç�îé¨å ¢ë¡®à®ª, «¨¡®
¬®¤¨ä¨æ¨à®¢�âì áâàãªâãàã ˆ�‘ ¯® á«¥¤ãîé¨¬ ¢®§¬®¦−ë¬ −�¯à�¢«¥−¨ï¬:

{ ¯¥à¥á¬®âà −®¬¥−ª«�âãàë ¢å®¤−ëå ¤�−−ëå;

{ ã¢¥«¨ç¥−¨¥ ç¨á«� ¢−ãâà¥−−¨å á«®¥¢ −¥©à®−®¢;

{ ¨§¬¥−¥−¨¥ äã−ªæ¨¨ �ªâ¨¢�æ¨¨ −¥©à®−®¢;

{ ¯®¤¡®à ¤àã£¨å ¬¥â®¤®¢ ¯®¨áª� íªáâà¥¬ã¬�.

5 Заключение

1. �à¥¤áâ�¢«¥− ¨ ®¡®á−®¢�− ¢®§¬®¦−ë© ¬¥â®¤¨ç¥áª¨© ¯®¤å®¤ ª ¨á¯®«ì§®¢�−¨î
ˆ�‘ ¤«ï ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®© ¯®¤¤¥à¦ª¨ ¤¥ïâ¥«ì−®áâ¨ ¯®£à�-
−¨ç−ëå ®à£�−®¢ ¯® ®à£�−¨§�æ¨¨ ®åà�−ë ‚�÷ ¨ £®áã¤�àáâ¢¥−−®¬ã ª®−âà®«î
¢ íâ®© áä¥à¥.

2. ‘«¥¤ãîé¨¬ è�£®¬ ¤®«¦−® áâ�âì á®§¤�−¨¥ ®¯ëâ−®£® ®¡à�§æ� ˆ�‘, ®¯¨à�-
îé¥£®áï −� à¥�«ì−ë¥ à¥§ã«ìâ�âë ¬®−¨â®à¨−£� ¯à®¬ëá«®¢®© ®¡áâ�−®¢ª¨ §�
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−¥áª®«ìª® ¯à¥¤ë¤ãé¨å «¥â á æ¥«ìî ãâ®ç−¥−¨ï ª®á¢¥−−ëå ¯à¨§−�ª®¢ ¢®§-
¬®¦−ëå −�àãè¥−¨© ¨ ª®−ªà¥â¨§�æ¨¨ ¢å®¤−ëå ¤�−−ëå.

3. „«ï íää¥ªâ¨¢−®£® à¥è¥−¨ï à�áá¬®âà¥−−ëå §�¤�ç −¥®¡å®¤¨¬� ¯®áâ�−®¢ª�
ª®¬¯«¥ªá� �ˆ�Š÷ á ¯à¨¢«¥ç¥−¨¥¬ ¢¥¤ãé¨å −�ãç−ëå ¨ ¯à®¬ëè«¥−−ëå
®à£�−¨§�æ¨©, � â�ª¦¥ á¯¥æ¨�«¨áâ®¢, ãç�áâ¢®¢�¢è¨å −¥¯®áà¥¤áâ¢¥−−® ¢ ª®−-
âà®«¥ ¨ ®åà�−¥ ‚�÷ ¢ ¬®àáª¨å �ª¢�â®à¨ïå ÷®áá¨¨, ¨ á¯¥æ¨�«¨áâ®¢ ¢ ®¡«�áâ¨
á®§¤�−¨ï ˆ�‘.

4. „�«ì−¥©è¥¥ à�§¢¨â¨¥ ¤�−−®£® ¬¥â®¤¨ç¥áª®£® ¯®¤å®¤� ¬®¦¥â ®áãé¥áâ¢«ïâìáï
¢ −�¯à�¢«¥−¨¨ á®§¤�−¨ï á¨áâ¥¬ë â¨¯®¢ëå −�ãç−ëå á¥à¢¨á®¢, ¤®áâã¯−ëå ¤«ï
¨å æ¥«¥¢®£® ¨á¯®«ì§®¢�−¨ï ¢ «î¡®¬ ¯à®¬ëá«®¢®¬ à�©®−¥.
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Neural network approach for information and analytical support of control and protection
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Abstract: The article deals with the use of artificial neural networks (ANN) to
solve some of the information and analytical support problems of goal-setting
and situational management processes in the control and protection of aquatic
biological resources (ABR) system. The analysis of this subject area allows one
to identify a number of high-tech applied tasks of information and analytical
support for the control and protection of ABR, primarily related to goal setting,
calculation of forces and means, as well as their situational management. The
classification of goal-setting, planning, and situational management tasks in this
area is carried out. The structure and composition of the initial input data and
outputs of two types of ANN | classification and forecasting | are justified.
Issues of training and testing of neural systems are discussed.
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â¥«ì−ëå á¨áâ¥¬ −� ¡�§¥ á®¢à¥¬¥−−ëå ¯à®æ¥áá®à®¢ IBM POWER ¯à¨ ¢ë-
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à�á¯à¥¤¥«¥−¨ï ¢ëç¨á«¨â¥«ì−ëå ¯à®æ¥áá®¢ ¨ ¯®â®ª®¢ ¯® ï¤à�¬ æ¥−âà�«ì−ëå
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Multi-Processing). �®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¬®£ãâ ¡ëâì ¨á¯®«ì§®¢�−ë ¯à¨
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¨ ®à£�−¨§�æ¨¨ ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá� ¢ à�á¯à¥¤¥«¥−−ëå £¥â¥à®£¥−−ëå
¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬�å.

Š«îç¥¢ë¥ á«®¢�: £¨¡à¨¤−�ï ¢ëç¨á«¨â¥«ì−�ï á¨áâ¥¬�; IBM POWER8;
IBM POWER9; ®¤−®¢à¥¬¥−−�ï ¬−®£®¯®â®ç−®áâì; à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢;
à�á¯à¥¤¥«¥−¨¥ ¯à®æ¥áá®¢; OpenMP; MPI; NAS Parallel Benchmark

DOI: 10.14357/08696527210108

1 Введение

�¤−®© ¨§ ®á−®¢−ëå â¥−¤¥−æ¨© á®¢à¥¬¥−−®£® íâ�¯� à�§¢¨â¨ï ¢ëá®ª®¯à®¨§¢®-
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∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ç�áâ¨ç−®© ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâ 18-29-03100).
1‚ëç¨á«¨â¥«ì−ë© æ¥−âà „�«ì−¥¢®áâ®ç−®£® ®â¤¥«¥−¨ï ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª,

sergey.malkovsky@ccfebras.ru
2‚ëç¨á«¨â¥«ì−ë© æ¥−âà „�«ì−¥¢®áâ®ç−®£® ®â¤¥«¥−¨ï ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª,

alsor@febras.net
3‚ëç¨á«¨â¥«ì−ë© æ¥−âà „�«ì−¥¢®áâ®ç−®£® ®â¤¥«¥−¨ï ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª,

tsoy.dv@mail.ru
4‚ëç¨á«¨â¥«ì−ë© æ¥−âà „�«ì−¥¢®áâ®ç−®£® ®â¤¥«¥−¨ï ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª,

syler1983.9@gmail.com
5ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�

¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, KVolovich@frccsc.ru

97



‘. ˆ. Œ�«ìª®¢áª¨©, �. �. ‘®à®ª¨−, ƒ. ˆ. –®© ¨ ¤à.

áã¯¥àª®¬¯ìîâ¥à®¢ ¬¨à� á®áâ�¢¨«® 29%). �â® á¢ï§�−® á® á−¨¦¥−¨¥¬ â¥¬¯®¢ à®á-
â� ¯à®¨§¢®¤¨â¥«ì−®áâ¨ −®¢ëå ¯®ª®«¥−¨© ¯à®æ¥áá®à®¢, ¢ë§¢�−−ë¬ âàã¤−®áâï¬¨
¢ à�§à�¡®âª¥ −®¢ëå â¥å−®«®£¨ç¥áª¨å ¯à®æ¥áá®¢ ¯à®¨§¢®¤áâ¢� ¬¨ªà®áå¥¬.

‚ ª�ç¥áâ¢¥ ®á−®¢ë á�¬ëå ¯à®¨§¢®¤¨â¥«ì−ëå ¨§ â�ª¨å £¨¡à¨¤−ëå á¨áâ¥¬
á®¢¬¥áâ−® á £à�ä¨ç¥áª¨¬¨ á®¯à®æ¥áá®à�¬¨ ª®¬¯�−¨¨ NVIDIA �ªâ¨¢−® ¯à¨¬¥−ï-
îâáï æ¥−âà�«ì−ë¥ ¯à®æ¥áá®àë á �àå¨â¥ªâãà®© POWER [1]. ’�ª, 2 ¨§ 10 á�¬ëå
¡ëáâàëå áã¯¥àª®¬¯ìîâ¥à®¢ ¬¨à� −� −®ï¡àì 2020 £. á®§¤�−ë −� ¥¥ ®á−®¢¥. �¤−�
¨§ ¯à¨ç¨− ¢®áâà¥¡®¢�−−®áâ¨ −®¢ëå ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬ −� ¡�§¥ ¯à®æ¥áá®à®¢
IBM POWER | −�«¨ç¨¥ ¢ −¨å è¨− NVLink ¨ CAPI (Coherent Accelerator Pro-
cessor Interface), ¨á¯®«ì§ã¥¬ëå ¤«ï á¢ï§¨ á á®¯à®æ¥áá®à�¬¨ ¨ ¯¥à¨ä¥à¨©−ë¬¨
ãáâà®©áâ¢�¬¨. �−¨ ¯®§¢®«ïîâ §−�ç¨â¥«ì−® á®ªà�â¨âì ¢à¥¬ï −� ¯¥à¥¤�çã ¤�−−ëå
¬¥¦¤ã à�§«¨ç−ë¬¨ ãáâà®©áâ¢�¬¨ ¨, á®®â¢¥âáâ¢¥−−®, ãáª®à¨âì ¨å ®¡à�¡®âªã.

�¥á¬®âàï −� ¢®§à�áâ�îéãî �ªâã�«ì−®áâì áã¯¥àª®¬¯ìîâ¥à®¢, ¨á¯®«ì§ãîé¨å
á®¢à¥¬¥−−ë¥ ¯à®æ¥áá®àë IBM á¥¬¥©áâ¢� POWER, ®â−®á¨â¥«ì−® −¨§ª�ï ¤®«ï ¨å
à�á¯à®áâà�−¥−¨ï ¢ ®âà�á«¨ −¥ ¯®§¢®«ï¥â ¢ ¯®«−®© ¬¥à¥ ®æ¥−¨âì ¢ëç¨á«¨â¥«ì-
−ë¥ ¢®§¬®¦−®áâ¨ ¨ íää¥ªâ¨¢−®áâì ¯à¨¬¥−¥−¨ï ¤�−−®© �àå¨â¥ªâãàë ¢ à¥è¥−¨¨
à�§«¨ç−ëå −�ãç−ëå §�¤�ç, ¯®íâ®¬ã ¢®¯à®á ®æ¥−ª¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¢ëç¨á«¨-
â¥«ì−ëå á¨áâ¥¬, ¯®áâà®¥−−ëå −� ¥¥ ®á−®¢¥, ¯à¨®¡à¥â�¥â −¥á®¬−¥−−ãî ¢�¦−®áâì
¨ �ªâã�«ì−®áâì.

��áâ®ïé�ï áâ�âìï ¯à®¤®«¦�¥â ¨áá«¥¤®¢�−¨ï [2], á¢ï§�−−ë¥ á ¨§ãç¥−¨¥¬ ¯à®-
¨§¢®¤¨â¥«ì−®áâ¨ ®â¤¥«ì−ëå ¯®¤á¨áâ¥¬ ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬, ®á−®¢�−−ëå −�
¯à®æ¥áá®à�å IBM POWER8 [3] ¨ IBM POWER9 [4]. ‚ −¥© á ¨á¯®«ì§®¢�−¨¥¬
â¥áâ� NAS Parallel Benchmark (NPB) [5] ¤�−� ®æ¥−ª� ¢«¨ï−¨ï à�§«¨ç−ëå á¯®á®¡®¢
à�á¯à¥¤¥«¥−¨ï ¢ëç¨á«¨â¥«ì−ëå ¯à®æ¥áá®¢ ¨ ¯®â®ª®¢ ¯® ï¤à�¬ æ¥−âà�«ì−ëå ¯à®-
æ¥áá®à®¢ −� íää¥ªâ¨¢−®áâì ¢ë¯®«−¥−¨ï ¯à®£à�¬¬, ¨á¯®«ì§ãîé¨å à�§«¨ç−ë¥
â¥å−®«®£¨¨ ¯�à�««¥«ì−®£® ¯à®£à�¬¬¨à®¢�−¨ï. �à¨ íâ®¬ ®â¤¥«ì−®¥ ¢−¨¬�−¨¥
ã¤¥«¥−® à¥¦¨¬�¬ äã−ªæ¨®−¨à®¢�−¨ï æ¥−âà�«ì−ëå ¯à®æ¥áá®à®¢. �®«ãç¥−−ë¥
à¥§ã«ìâ�âë ¬®£ãâ ¡ëâì ¯à¨¬¥−¥−ë ¯à¨ ®æ¥−ª¥ íää¥ªâ¨¢−®áâ¨ �«£®à¨â¬®¢ à�á-
¯à¥¤¥«¥−¨ï ¢ëç¨á«¨â¥«ì−ëå à¥áãàá®¢ ¨ ®à£�−¨§�æ¨¨ ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá�
¢ à�á¯à¥¤¥«¥−−ëå £¥â¥à®£¥−−ëå ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬�å.

2 Описание вычислительных платформ
и используемого системного программного обеспечения

‚ à�¡®â¥ ¨áá«¥¤®¢�«�áì ¯à®¨§¢®¤¨â¥«ì−®áâì ¤¢ãå ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬:
IBM Power System S822LC 8335-GTB (¤�«¥¥ | á¨áâ¥¬� IBM POWER8) ¨ IBM
Power System AC922 8335-GTG (¤�«¥¥ | á¨áâ¥¬� IBM POWER9). �¥à¢�ï
¨§ −¨å á®§¤�−� −� ¡�§¥ ¤¢ãå ¯à®æ¥áá®à®¢ IBM POWER8, ¤¢ãå á®¯à®æ¥áá®à®¢
NVIDIA Tesla P100 ¨ ®á−�é¥−� 256 ƒ� ®¯¥à�â¨¢−®© ¯�¬ïâ¨. ‚â®à�ï á¨áâ¥-
¬� ®á−®¢�−� −� ¤¢ãå ¯à®æ¥áá®à�å IBM POWER9 ¨ ç¥âëà¥å á®¯à®æ¥áá®à�å
NVIDIA Tesla V100. �¡ê¥¬ ®¯¥à�â¨¢−®© ¯�¬ïâ¨ íâ®© á¨áâ¥¬ë á®áâ�¢«ï¥â 1 ’�.
÷�áá¬®âà¨¬ å�à�ªâ¥à¨áâ¨ª¨ ¨á¯®«ì§ã¥¬ëå ¢ á¨áâ¥¬�å ¯à®æ¥áá®à®¢.

98 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 31 −®¬¥à 1 2021



�æ¥−ª� ¢«¨ï−¨ï ¯®àï¤ª� à�á¯à¥¤¥«¥−¨ï ¯à®æ¥áá®¢ ¨ ¯®â®ª®¢ ¢ ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬�å

„¥áïâ¨ï¤¥à−ë© ¯à®æ¥áá®à IBM POWER8 ¨¬¥¥â ¬�ªá¨¬�«ì−ãî ç�áâ®âã
4,023 ƒƒæ ¨ ¯¨ª®¢ãî ¯à®¨§¢®¤¨â¥«ì−®áâì 0,32 ’”«®¯á. �− ¯®¤¤¥à¦¨¢�¥â â¥å−®-
«®£¨î ®¤−®¢à¥¬¥−−®© ¬−®£®¯®â®ç−®áâ¨ (simultaneous multithreading, SMT) [6],
¯®§¢®«ïîéãî ¢ë¯®«−ïâì ¤® ¢®áì¬¨ �¯¯�à�â−ëå ¯®â®ª®¢ −� ï¤à®. Š�¦¤®¥ ¢ëç¨á-
«¨â¥«ì−®¥ ï¤à® á®¤¥à¦¨â 32 Š� ª¥è� ¯¥à¢®£® ãà®¢−ï (L1) ¨−áâàãªæ¨©, 64 Š�
ª¥è� L1 ¤�−−ëå ¨ 512 Š� ª¥è� ¢â®à®£® ãà®¢−ï (L2). ’�ª¦¥ −� ª�¦¤®¥ ï¤à® ¯à¨-
å®¤¨âáï 8 Œ� eDRAM (embedded dynamic random access memory) ª¥è� âà¥âì¥£®
ãà®¢−ï (L3), à�§¤¥«ï¥¬®£® ¬¥¦¤ã ¢á¥¬¨ ¢ëç¨á«¨â¥«ì−ë¬¨ ï¤à�¬¨ ¯à®æ¥áá®à�.
„®¯®«−¨â¥«ì−ë© ª¥è ç¥â¢¥àâ®£® ãà®¢−ï (L4) ®¡ê¥¬®¬ 64 Œ�, à¥�«¨§®¢�−−ë©
¯® â¥å−®«®£¨¨ eDRAM, −�å®¤¨âáï ¢−¥ ¯à®æ¥áá®à� −� ¬¨ªà®áå¥¬�å Centaur [7],
®¡¥á¯¥ç¨¢�îé¨å ¯«�−¨à®¢�−¨¥ ¨ ã¯à�¢«¥−¨¥ ®¡¬¥−�¬¨ ¤�−−ë¬¨ á ¯�¬ïâìî.

�à®æ¥áá®à IBM POWER9 (¢¥àá¨ï Scale-out) á ¬�ªá¨¬�«ì−®© ç�áâ®â®©
3,5 ƒƒæ ¨ ¯¨ª®¢®© ¯à®¨§¢®¤¨â¥«ì−®áâìî 0,56 ’”«®¯á ¨¬¥¥â 20 ¢ëç¨á«¨â¥«ì−ëå
ï¤¥à, ¯®¤¤¥à¦¨¢�îé¨å â¥å−®«®£¨î SMT ¤«ï ç¥âëà¥å ¯®â®ª®¢. ‚ëç¨á«¨â¥«ì−ë¥
ï¤à� á®¤¥à¦�â 32 Š� ª¥è� L1 ¨−áâàãªæ¨© ¨ 32 Š� ª¥è� L1 ¤�−−ëå. �� ª�¦-
¤ãî ¯�àã ï¤¥à IBM POWER9 ¯à¨å®¤¨âáï 512 Š� ª¥è� L2 ¨ 10 Œ� eDRAM
ª¥è� L3. �ã¤¥¬ −�§ë¢�âì â�ª¨¥ ¤¢� ï¤à� æ¥−âà�«ì−®£® ¯à®æ¥áá®à� á ¥¤¨−ë¬¨
ª¥è�¬¨ ú¬®¤ã«¥¬û.

�à¨ ¯à®¢¥¤¥−¨¨ ¨áá«¥¤®¢�−¨© ¨á¯®«ì§®¢�«®áì ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥,
à¥ª®¬¥−¤®¢�−−®¥ ¯à®¨§¢®¤¨â¥«¥¬ ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬. ‚ ª�ç¥áâ¢¥ ®¯¥à�-
æ¨®−−®© á¨áâ¥¬ë ¯à¨¬¥−ï«áï ¤¨áâà¨¡ãâ¨¢ GNU/Linux CentOS ¢¥àá¨¨ 7.6.
Š®¬¯¨«ïæ¨ï NPB ®áãé¥áâ¢«ï«�áì ª®¬¯¨«ïâ®à�¬¨ IBM XL C/C++ ¨ For-
tran 16.1.1 (®¯¨á�−¨¥ ¯à®æ¥¤ãàë á¡®àª¨ â¥áâ®¢ ¯à¨¢¥¤¥−® ¢ à�¡®â¥ [2]). �à¨
á¡®àª¥ MPI-¢¥àá¨© â¥áâ®¢ ¨á¯®«ì§®¢�«�áì ¡¨¡«¨®â¥ª� IBM Spectrum MPI 10.3.

3 Оценка влияния порядка распределения процессов и потоков
на эффективность выполнения параллельных вычислений

‚ ¯à®æ¥áá¥ ¨áá«¥¤®¢�−¨© à�áá¬�âà¨¢�«¨áì ¢®¯à®áë íää¥ªâ¨¢−®áâ¨ �¯¯�à�â-
−®£® ®¡¥á¯¥ç¥−¨ï ¯à¨ ¢ë¯®«−¥−¨¨ ¯�à�««¥«ì−ëå ¯à¨«®¦¥−¨©. ‚ ç�áâ−®áâ¨,
á ¯à¨¬¥−¥−¨¥¬ â¥áâ®¢ EP, LU, MG, CG, FT ¨ IS (ª«�áá á«®¦−®áâ¨ C) ¨§
á®áâ�¢� NPB 3.4 ¯à®¢®¤¨«®áì ¨áá«¥¤®¢�−¨¥ ¤®áâ¨£�¥¬®© ¯à®¨§¢®¤¨â¥«ì−®áâ¨
¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬ ®â ª®«¨ç¥áâ¢� ¢ëç¨á«¨â¥«ì−ëå ¯®â®ª®¢ (§¤¥áì ¨ ¤�-
«¥¥ ¯à¨¬¥−¨â¥«ì−® ª MPI ¯®¤ ¯®â®ª�¬¨ ¡ã¤ãâ ¯®¤à�§ã¬¥¢�âìáï ¯à®æ¥ááë) ¯à¨
à�§«¨ç−ëå á¯®á®¡�å ¨å à�á¯à¥¤¥«¥−¨ï ¯® ï¤à�¬ æ¥−âà�«ì−ëå ¯à®æ¥áá®à®¢ ¢ à�§-
«¨ç−ëå SMT-à¥¦¨¬�å (ST, SMT2, SMT4 ¨ SMT8 | 1, 2, 4 ¨ 8 ¯®â®ª®¢ −� ï¤à®
á®®â¢¥âáâ¢¥−−®) ¯à¨ ¢ë¯®«−¥−¨¨ ¯�à�««¥«ì−ëå ¢ëç¨á«¥−¨© á ¨á¯®«ì§®¢�−¨¥¬
â¥å−®«®£¨© OpenMP ¨ MPI. —¨á«® ¯®â®ª®¢, ª®â®à®¥ ¯à¨ íâ®¬ ¨á¯®«ì§®¢�«®áì,
¯à¥¤áâ�¢«¥−® ¢ â�¡«¨æ¥. ˆ§ −¥¥ ¢¨¤−®, çâ® ¯à¨ ¢ë¯®«−¥−¨¨ ¯¥à¢®© £àã¯¯ë â¥á-
â®¢ ¡ë«¨ §�¤¥©áâ¢®¢�−ë ¢á¥ ¯à®æ¥áá®à−ë¥ ï¤à� ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬, � ¯à¨
¢ë¯®«−¥−¨¨ ¢â®à®© | â®«ìª® 80%. �â® ®¡êïá−ï¥âáï â¥¬, çâ® â¥áâë MG, CG, FT
¨ IS ¬®£ãâ ¢ë¯®«−ïâìáï «¨èì −� ç¨á«¥ ¯®â®ª®¢, ªà�â−®¬ áâ¥¯¥−¨ ¤¢®©ª¨.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 31 −®¬¥à 1 2021 99



‘. ˆ. Œ�«ìª®¢áª¨©, �. �. ‘®à®ª¨−, ƒ. ˆ. –®© ¨ ¤à.

—¨á«® ¯®â®ª®¢, ¨á¯®«ì§®¢�−−ëå ¯à¨ §�¯ãáª¥ â¥áâ®¢

’¥áâë ‘¨áâ¥¬� IBM POWER8 ‘¨áâ¥¬� IBM POWER9
EP, LU 1, 2, 4, 8, 16 ¨ 20 ¢ à¥¦¨¬¥

ST; 40, 80 ¨ 160 | ¢ à¥¦¨¬�å
SMT2, SMT4 ¨ SMT8 á®®â¢¥â-
áâ¢¥−−®

1, 2, 4, 8, 16, 32 ¨ 40 ¢ à¥¦¨-
¬¥ ST; 80 ¨ 160 | ¢ à¥¦¨¬�å
SMT2 ¨ SMT4 á®®â¢¥âáâ¢¥−−®

MG, CG, FT, IS 1, 2, 4, 8 ¨ 16 ¢ à¥¦¨¬¥ ST; 32,
64 ¨ 128 | ¢ à¥¦¨¬�å SMT2,
SMT4 ¨ SMT8 á®®â¢¥âáâ¢¥−−®

1, 2, 4, 8, 16 ¨ 32 ¢ à¥¦¨¬¥ ST;
64 ¨ 128 | ¢ à¥¦¨¬�å SMT2
¨ SMT4 á®®â¢¥âáâ¢¥−−®

�à¨ â¥áâ¨à®¢�−¨¨ ¢ëç¨á«¨â¥«ì−ë¥ ¯®â®ª¨ ¯à¨«®¦¥−¨© à�á¯à¥¤¥«ï«¨áì ¬¥¦-
¤ã ï¤à�¬¨ æ¥−âà�«ì−ëå ¯à®æ¥áá®à®¢ ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬ âà¥¬ï à�§«¨ç−ë¬¨
á¯®á®¡�¬¨. �¥à¢ë© á¯®á®¡ §�ª«îç�«áï ¢ à�¢−®¬¥à−®¬ à�á¯à¥¤¥«¥−¨¨ ¯®â®ª®¢
¬¥¦¤ã ¯à®æ¥áá®à�¬¨. �� á¨áâ¥¬¥ IBM POWER8 ¯à¨ §�¯ãáª¥ ¤¢ãå ¯à®æ¥áá®¢
§�¤¥©áâ¢®¢�«®áì ¯¥à¢®¥ ï¤à® ª�¦¤®£® ¨§ ¯à®æ¥áá®à®¢, ¯à¨ §�¯ãáª¥ ç¥âëà¥å |
¯¥à¢ë¥ ¤¢� ï¤à� ¨ â. ¤. �� á¨áâ¥¬¥ IBM POWER9 ¯à¨ ç¨á«¥ ¨á¯®«ì§ã¥¬ëå
ï¤¥à, ¬¥−ìè¥¬ «¨¡® à�¢−®¬ 16, ¢ëç¨á«¨â¥«ì−ë¥ ¯®â®ª¨ §�¯ãáª�«¨áì −� ®â¤¥«ì-
−ëå ú¬®¤ã«ïåû ¯à®æ¥áá®à®¢, ¢ª«îç�îé¨å ¯® 2 ï¤à� ¨ ®¡ê¥¤¨−¥−−ë¥ ª¥è¨ L2
¨ L3. „«ï ¯à¨¬¥à�, ¯à¨ ç¨á«¥ ¢ëç¨á«¨â¥«ì−ëå ¯®â®ª®¢, à�¢−®¬ 4, −� ¯¥à-
¢ëå ï¤à�å ¯¥à¢ëå ¤¢ãå ú¬®¤ã«¥©û ª�¦¤®£® ¨§ ¯à®æ¥áá®à®¢ ¢ë¯®«−ï«®áì ¯®
®¤−®¬ã ¯®â®ªã. �à¨ ç¨á«¥ ¯®â®ª®¢, à�¢−®¬ 32 ¨ 40, −� ª�¦¤®¥ ¢â®à®¥ ï¤à®
§�¤¥©áâ¢®¢�−−ëå ú¬®¤ã«¥©û ¤®¡�¢«ï«®áì ¯® ®¤−®¬ã ¤®¯®«−¨â¥«ì−®¬ã ¯®â®ªã.
�à¨ ¨á¯®«ì§®¢�−¨¨ ¢â®à®£®, ª®¬¯�ªâ−®£® á¯®á®¡� à�á¯à¥¤¥«¥−¨ï ¯®â®ª®¢ ¯à®-
¨áå®¤¨«® ¯®á«¥¤®¢�â¥«ì−®¥ §�¯®«−¥−¨¥ ¢ëç¨á«¨â¥«ì−ëå ï¤¥à á−�ç�«� ¯¥à¢®£®,
� §�â¥¬ ¢â®à®£® ¯à®æ¥áá®à� ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬ë. ‘â®¨â ®â¬¥â¨âì, çâ® ¢ á«ã-
ç�¥ ¯¥à¢®£® ¨ ¢â®à®£® á¯®á®¡®¢ à�á¯à¥¤¥«¥−¨ï ¯à¨ �ªâ¨¢�æ¨¨ à¥¦¨¬®¢ SMT −�
ª�¦¤®¥ §�¤¥©áâ¢®¢�−−®¥ ¯à®æ¥áá®à−®¥ ï¤à® ¤®¡�¢«ï«®áì á®®â¢¥âáâ¢ãîé¥¥ ç¨á-
«® ¤®¯®«−¨â¥«ì−ëå ¢ëç¨á«¨â¥«ì−ëå ¯®â®ª®¢. ’à¥â¨© á¯®á®¡ à�á¯à¥¤¥«¥−¨ï
¢ëç¨á«¨â¥«ì−ëå ¯®â®ª®¢ ¬¥¦¤ã ï¤à�¬¨ æ¥−âà�«ì−ëå ¯à®æ¥áá®à®¢ §�ª«îç�«áï
¢ ¨á¯®«ì§®¢�−¨¨ à¥¦¨¬� ¯® ã¬®«ç�−¨î, â. ¥. ª�ª®¥-«¨¡® á¯¥æ¨�«ì−®¥ à�á¯à¥¤¥-
«¥−¨¥ ¯®â®ª®¢ ¨ ¨å ¯à¨¢ï§ª� −¥ ®áãé¥áâ¢«ï«¨áì.

‚ ª�ç¥áâ¢¥ ¬¥â®¤� ¯¥à¥¤�ç¨ á®®¡é¥−¨© ¤«ï Spectrum MPI ¡ë« ¯à¨¬¥−¥−
PAMI (Parallel Active Messaging Interface) [8]. „�«¥¥ ¯à¥¤áâ�¢«¥−ë à¥§ã«ì-
â�âë ¯à®¢¥¤¥−−ëå íªá¯¥à¨¬¥−â®¢, ¯à¨ç¥¬ ¨å ¯®àï¤®ª ¢ëáâà®¥− ¢ á®®â¢¥âáâ¢¨¨
á ãà®¢−¥¬ −�£àã§ª¨ −� á¥âì ¯¥à¥¤�ç¨ ¤�−−ëå [9]. �®ª�§�â¥«¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨
ãáà¥¤−ï«¨áì ¯® à¥§ã«ìâ�â�¬ 5 ¨á¯ëâ�−¨©. ‚® ¨§¡¥¦�−¨¥ ¯®«ãç¥−¨ï ®è¨¡®ç−ëå
à¥§ã«ìâ�â®¢ ¢á¥ ç¨á«¥−−ë¥ à�áç¥âë ¯à®¢®¤¨«¨áì ¢ ¬®−®¯®«ì−®¬ à¥¦¨¬¥. „¨−�-
¬¨ç¥áª®¥ ã¯à�¢«¥−¨¥ ç�áâ®â®© æ¥−âà�«ì−ëå ¯à®æ¥áá®à®¢ ®âª«îç�«®áì. �à¨ íâ®¬
ãáâ�−�¢«¨¢�«�áì ¬�ªá¨¬�«ì−�ï ç�áâ®â� ¯à®æ¥áá®à®¢, ¤®¯ãáâ¨¬�ï ¯à¨ ®¤−®¢à¥-
¬¥−−®© ¬�ªá¨¬�«ì−®© §�£àã§ª¥ ¢á¥å ¢ëç¨á«¨â¥«ì−ëå ï¤¥à (á¬. à�§¤. 1).

’¥áâ EP á«ã¦¨â ¤«ï ®æ¥−ª¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¢ à�áç¥â�å á ¯«�¢�îé¥©
â®çª®© ¯à¨ ®âáãâáâ¢¨¨ §�¬¥â−ëå ¬¥¦¯à®æ¥áá®à−ëå ¢§�¨¬®¤¥©áâ¢¨©. �− ¢ª«îç�-
¥â £¥−¥à�æ¨î ¯á¥¢¤®á«ãç�©−ëå −®à¬�«ì−® à�á¯à¥¤¥«¥−−ëå ç¨á¥«. �� à¨á. 1
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÷¨á. 1 ‡�¢¨á¨¬®áâì ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¢ â¥áâ¥ EP ®â ç¨á«� ¯®â®ª®¢ ¤«ï á¨áâ¥¬ë
IBM POWER8 (�) ¨ IBM POWER9 (¡): ¯ãáâë¥ §−�çª¨ ¨ á¥àë¥ ªà¨¢ë¥ | OpenMP;
§�«¨âë¥ §−�çª¨ ¨ ç¥à−ë¥ ªà¨¢ë¥ | MPI; 1 | à�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢; 2 |
ª®¬¯�ªâ−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢; 3 | ¡¥§ ¯à¨¢ï§ª¨

¯à¨¢¥¤¥−ë £à�ä¨ª¨ §�¢¨á¨¬®áâ¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ®â ç¨á«� ¢ëç¨á«¨â¥«ì−ëå
¯®â®ª®¢ ¤«ï â¥å−®«®£¨© OpenMP ¨ MPI ¯à¨ à�§«¨ç−ëå á¯®á®¡�å ¨å à�á¯à¥¤¥-
«¥−¨ï ¯® ¯à®æ¥áá®à−ë¬ ï¤à�¬.

ˆ§ à¥§ã«ìâ�â®¢, ¯à¨¢¥¤¥−−ëå −� à¨á. 1, ¢¨¤−®, çâ® −� á¨áâ¥¬¥ IBM POWER8
â¥å−®«®£¨ï MPI ¯®ª�§ë¢�¥â ¢ 1,2 à�§� ¡‚®«ìèãî ¬�ªá¨¬�«ì−ãî ¯à®¨§¢®¤¨â¥«ì-
−®áâì, ç¥¬ â¥å−®«®£¨ï OpenMP. �à¨ íâ®¬ −� á¨áâ¥¬¥ IBM POWER9 ¯®¤®¡−�ï
à�§−¨æ� ¬¥¦¤ã ãª�§�−−ë¬¨ â¥å−®«®£¨ï¬¨ ®âáãâáâ¢ã¥â.

�à®¢¥¤¥−−ë¥ íªá¯¥à¨¬¥−âë −¥ ¯®§¢®«¨«¨ ®¡−�àã¦¨âì §−�ç¨¬®© à�§−¨æë
¢ ¤®áâ¨£�¥¬®© ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¯à¨ à�¢−®¬¥à−®¬ ¨ ª®¬¯�ªâ−®¬ à�á¯à¥¤¥«¥-
−¨¨ ¯®â®ª®¢ ¬¥¦¤ã ï¤à�¬¨ æ¥−âà�«ì−ëå ¯à®æ¥áá®à®¢. ‹¨èì −� á¨áâ¥¬¥ IBM
POWER8 à�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢ ¯®§¢®«ï¥â ¯®¢ëá¨âì ¯à®¨§¢®¤¨-
â¥«ì−®áâì ¢ 1,04 à�§� ¤«ï MPI-¢¥àá¨¨ â¥áâ�. �à¨ íâ®¬ áâ®¨â ®â¬¥â¨âì, çâ®
¡¥§ §�¤�−¨ï ä¨ªá¨à®¢�−−®© ¯à¨¢ï§ª¨ ¢ëç¨á«¨â¥«ì−ëå ¯®â®ª®¢ ª ¯à®æ¥áá®à−ë¬
ï¤à�¬ ¤®áâ¨£�¥¬�ï ¬�ªá¨¬�«ì−�ï ¯à®¨§¢®¤¨â¥«ì−®áâì â¥áâ� EP á−¨¦�¥âáï −� ¢á¥å
á¨áâ¥¬�å. ’�ª, −� á¨áâ¥¬¥ IBM POWER8 ®−� −�ç¨−�¥â á−¨¦�âìáï á 8 ¯®â®ª®¢,
� −� á¨áâ¥¬¥ IBM POWER9 | á 16 ¯®â®ª®¢.

��¨¡®«ìèãî íää¥ªâ¨¢−®áâì ¢ â¥áâ¥ EP ¤¥¬®−áâà¨àã¥â á¨áâ¥¬� IBM
POWER9. …¥ ¯à®¨§¢®¤¨â¥«ì−®áâì ¢ 1,2 à�§� ¢ëè¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ á¨áâ¥¬ë
IBM POWER8.

‚ â¥áâ¥ LU ¯à®¢®¤¨âáï LU-à�§«®¦¥−¨¥. �� à¨á. 2 ¯®ª�§�−ë ¯®«ãç¥−−ë¥
à¥§ã«ìâ�âë ®æ¥−ª¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨. ˆ§ −¥£® ¢¨¤−®, çâ® OpenMP-¢¥àá¨ï
íâ®£® â¥áâ� ¤®áâ¨£�¥â ¡®«ìè¥© ¯à®¨§¢®¤¨â¥«ì−®áâ¨, ç¥¬ ¥£® MPI-¢¥àá¨ï. ’�ª,
−� á¨áâ¥¬¥ IBM POWER8 ¯¥à¢�ï ¨§ −¨å ¡®«¥¥ ç¥¬ ¢ 1,2 à�§� ¡ëáâà¥¥ ¢â®à®©.
�à¨ íâ®¬ −� á¨áâ¥¬¥ IBM POWER9 OpenMP-¢¥àá¨ï â¥áâ� ¡ëáâà¥¥ MPI-¢¥àá¨¨
¯à�ªâ¨ç¥áª¨ ¢ 1,1 à�§�. —â® ª�á�¥âáï á¯®á®¡®¢ à�á¯à¥¤¥«¥−¨ï ¢ëç¨á«¨â¥«ì−ëå
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÷¨á. 2 ‡�¢¨á¨¬®áâì ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¢ â¥áâ¥ LU ®â ç¨á«� ¯®â®ª®¢ ¤«ï á¨áâ¥¬ë
IBM POWER8 (�) ¨ IBM POWER9 (¡): ¯ãáâë¥ §−�çª¨ ¨ á¥àë¥ ªà¨¢ë¥ | OpenMP;
§�«¨âë¥ §−�çª¨ ¨ ç¥à−ë¥ ªà¨¢ë¥ | MPI; 1 | à�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢; 2 |
ª®¬¯�ªâ−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢; 3 | ¡¥§ ¯à¨¢ï§ª¨

¯®â®ª®¢ ¬¥¦¤ã ï¤à�¬¨ æ¥−âà�«ì−ëå ¯à®æ¥áá®à®¢, â® −� á¨áâ¥¬¥ IBM POWER8
à�§−¨æë ¢ ¤®áâ¨£�¥¬®© ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¬¥¦¤ã −¨¬¨ −¥ −�¡«î¤�¥âáï. ��
á¨áâ¥¬¥ IBM POWER9 ¯à¨ ç¨á«¥ ¯®â®ª®¢, ¬¥−ìè¥¬ 32, ¤«ï OpenMP-¢¥à-
á¨¨ â¥áâ� −¥¡®«ìè®¥ ¯à¥¨¬ãé¥áâ¢® ¨¬¥¥â ª®¬¯�ªâ−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢.
÷�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢ ®¡«�¤�¥â ¯à¥¨¬ãé¥áâ¢®¬ −�¤ ª®¬¯�ªâ−ë¬
¤«ï MPI-¢¥àá¨¨ ¯à¨ ç¨á«¥ ¯®â®ª®¢, ¬¥−ìè¥¬ 40. �à¨ ®âáãâáâ¢¨¨ ¯à¨¢ï§ª¨
¤®áâ¨£�¥¬�ï á¨áâ¥¬�¬¨ ¯à®¨§¢®¤¨â¥«ì−®áâì á−¨¦�¥âáï ¤«ï ¢á¥å ¢¥àá¨© â¥áâ�
−�ç¨−�ï á 16 ¯®â®ª®¢.

Œ�ªá¨¬�«ì−ãî ¯à®¨§¢®¤¨â¥«ì−®áâì ¢ â¥áâ¥ LU ¨¬¥¥â ¢ëç¨á«¨â¥«ì−�ï á¨á-
â¥¬� IBM POWER9. �−� ¡ëáâà¥¥ ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬ë IBM POWER8
−� 47,9%.

‚ â¥áâ¥ MG á ¨á¯®«ì§®¢�−¨¥¬ ¬−®£®á¥â®ç−®£® �«£®à¨â¬� −�å®¤¨âáï ¯à¨¡«¨-
¦¥−−®¥ à¥è¥−¨¥ âà¥å¬¥à−®£® ãà�¢−¥−¨ï �ã�áá®−� á ¯¥à¨®¤¨ç¥áª¨¬¨ £à�−¨ç−ë¬¨
ãá«®¢¨ï¬¨. �� à¨á. 3 ¯®ª�§�−ë à¥§ã«ìâ�âë ¯à®¢¥¤¥−−ëå íªá¯¥à¨¬¥−â®¢. ˆ§ −¨å
¢¨¤−®, çâ® −� á¨áâ¥¬¥ IBM POWER8 ¬�ªá¨¬�«ì−�ï ¯à®¨§¢®¤¨â¥«ì−®áâì ¤®áâ¨-
£�¥âáï MPI-¢¥àá¨¥© â¥áâ�, ª®â®à�ï ®ª�§ë¢�¥âáï −� 20% ¡ëáâà¥¥ OpenMP-¢¥àá¨¨.
�à¨ íâ®¬ −� á¨áâ¥¬¥ IBM POWER9 OpenMP-¢¥àá¨ï ¯à®¨§¢®¤¨â¥«ì−¥¥ MPI-
¢¥àá¨¨ −� 2,5%. ‚ ®¡®¨å á«ãç�ïå ¤®áâ¨çì −�¨¡®«ìè¥© íää¥ªâ¨¢−®áâ¨ ¯®§¢®«ï¥â
à�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢ ¯® ï¤à�¬ æ¥−âà�«ì−ëå ¯à®æ¥áá®à®¢ ¢ëç¨á-
«¨â¥«ì−ëå á¨áâ¥¬. ‚ë¢®¤ë ®â−®á¨â¥«ì−® ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¢ëç¨á«¨â¥«ì−ëå
á¨áâ¥¬ ¯à¨ ®âáãâáâ¢¨¨ ¯à¨¢ï§ª¨ ¯®â®ª®¢ ª ¢ëç¨á«¨â¥«ì−ë¬ ï¤à�¬ �−�«®£¨ç−ë
¢ë¢®¤�¬, á¤¥«�−−ë¬ ¤«ï â¥áâ®¢ EP ¨ LU.

—â® ª�á�¥âáï ®¡é¥© íää¥ªâ¨¢−®áâ¨ ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬ ¯à¨ ¢ë¯®«−¥−¨¨
â¥áâ� MG, â® á¨áâ¥¬� IBM POWER9 ®ª�§ë¢�¥âáï ¢ 1,2 à�§� ¯à®¨§¢®¤¨â¥«ì−¥¥
á¨áâ¥¬ë IBM POWER8.
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÷¨á. 3 ‡�¢¨á¨¬®áâì ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¢ â¥áâ¥ MG ®â ç¨á«� ¯®â®ª®¢ ¤«ï á¨áâ¥¬ë
IBM POWER8 (�) ¨ IBM POWER9 (¡): ¯ãáâë¥ §−�çª¨ ¨ á¥àë¥ ªà¨¢ë¥ | OpenMP;
§�«¨âë¥ §−�çª¨ ¨ ç¥à−ë¥ ªà¨¢ë¥ | MPI; 1 | à�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢; 2 |
ª®¬¯�ªâ−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢; 3 | ¡¥§ ¯à¨¢ï§ª¨

÷¨á. 4 ‡�¢¨á¨¬®áâì ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¢ â¥áâ¥ CG ®â ç¨á«� ¯®â®ª®¢ ¤«ï á¨áâ¥¬ë
IBM POWER8 (�) ¨ IBM POWER9 (¡): ¯ãáâë¥ §−�çª¨ ¨ á¥àë¥ ªà¨¢ë¥ | OpenMP;
§�«¨âë¥ §−�çª¨ ¨ ç¥à−ë¥ ªà¨¢ë¥ | MPI; 1 | à�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢; 2 |
ª®¬¯�ªâ−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢; 3 | ¡¥§ ¯à¨¢ï§ª¨

‚ â¥áâ¥ CG à¥è�¥âáï á¨áâ¥¬� «¨−¥©−ëå �«£¥¡à�¨ç¥áª¨å ãà�¢−¥−¨© á à�§-
à¥¦¥−−®© ¯à®¨§¢®«ì−®© ¬�âà¨æ¥© ¬¥â®¤®¬ á®¯àï¦¥−−ëå £à�¤¨¥−â®¢. Š®¬¬ãâ�-
æ¨¨ ¢ MPI-à¥�«¨§�æ¨¨ ®à£�−¨§®¢�−ë á ¯®¬®éìî −¥¡«®ª¨àãîé¨å ¤¢ãåâ®ç¥ç−ëå
¢§�¨¬®¤¥©áâ¢¨©. ˆ§ à¨á. 4 ¢¨¤−®, çâ® ¯à¨ ç¨á«¥ ¯®â®ª®¢, ¬¥−ìè¥¬ 32, ¯à¥-
¨¬ãé¥áâ¢® ¢ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¤¥¬®−áâà¨àã¥â MPI-¢¥àá¨ï â¥áâ�. �¤−�ª®
¬�ªá¨¬�«ì−�ï ¯à®¨§¢®¤¨â¥«ì−®áâì ¤®áâ¨£�¥âáï ¥£® OpenMP-¢¥àá¨¥© ¯à¨ ç¨á«¥
¯®â®ª®¢, à�¢−®¬ 128. ‘â®¨â ®â¬¥â¨âì, çâ® ¢ ®¡®¨å á«ãç�ïå −�¨¡®«¥¥ íää¥ª-
â¨¢−ë¬ ®ª�§ë¢�¥âáï à�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢. �à¨ íâ®¬ ®¡à�é�¥â
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−� á¥¡ï ¢−¨¬�−¨¥ á¢¥àå«¨−¥©−®¥ ãáª®à¥−¨¥ ¢ë¯®«−¥−¨ï MPI-¢¥àá¨¨ â¥áâ� ¯à¨
ç¨á«¥ ¯à®æ¥áá®¢ ®â ¤¢ãå ¤® è¥áâ−�¤æ�â¨ −� á¨áâ¥¬¥ IBM POWER9: ¢ 2,2,
4,03, 9,5 ¨ 18,3 à�§� á®®â¢¥âáâ¢¥−−®. �−® −¥ −�¡«î¤�¥âáï ¢ â®¬ á«ãç�¥, ª®£¤�
¯à®æ¥ááë à�¢−®¬¥à−® à�á¯à¥¤¥«ïîâáï −¥ ¬¥¦¤ã ¢ëç¨á«¨â¥«ì−ë¬¨ ú¬®¤ã«ï¬¨û,
� ¬¥¦¤ã ®â¤¥«ì−ë¬¨ ï¤à�¬¨ á¨áâ¥¬ë, çâ® ¡ë«® ¯®ª�§�−® ¢ ¤®¯®«−¨â¥«ì−ëå íªá-
¯¥à¨¬¥−â�å. �â® á¢ï§�−® á �àå¨â¥ªâãà®© ¯à®æ¥áá®à� IBM POWER9, ¢ ª®â®à®¬
ª¥è ¢â®à®£® ¨ âà¥âì¥£® ãà®¢−ï à�§¤¥«ï¥âáï ¬¥¦¤ã ¯�à�¬¨ ¢ëç¨á«¨â¥«ì−ëå ï¤¥à.
�®íâ®¬ã ¯à¨ à�¢−®¬¥à−®¬ à�á¯à¥¤¥«¥−¨¨ ¯à®æ¥áá®¢ ¯® ú¬®¤ã«ï¬û ¢®§à�áâ�¥â
ç¨á«® ¯à®æ¥áá®¢, ¥¤¨−®«¨ç−® ¨á¯®«ì§ãîé¨å íâ¨ ª¥è¨, çâ® ¯à¨¢®¤¨â ª à®áâã ¤®-
áâã¯−®© ¯à¨«®¦¥−¨î ª¥è-¯�¬ïâ¨ ¨, á®®â¢¥âáâ¢¥−−®, ¤®¯®«−¨â¥«ì−®¬ã à®áâã ¥£®
¯à®¨§¢®¤¨â¥«ì−®áâ¨. ’�ª®¥ ¯®¢¥¤¥−¨¥ −¥ ®â¬¥ç¥−® −� á¨áâ¥¬¥ IBM POWER8,
¢ ª®â®à®© ª¥è L2 −¥ à�§¤¥«ï¥âáï ¬¥¦¤ã ï¤à�¬¨ ¯à®æ¥áá®à�, � ª¥è L3 ®¡é¨©.

�à¨ ®âáãâáâ¢¨¨ ¯à¨¢ï§ª¨ ¢ëç¨á«¨â¥«ì−ëå ¯®â®ª®¢ ª ï¤à�¬ æ¥−âà�«ì−ëå
¯à®æ¥áá®à®¢ ¯à®¨§¢®¤¨â¥«ì−®áâì â¥áâ� CG á−¨¦�¥âáï â�ª ¦¥, ª�ª ¨ ¤«ï ¤àã£¨å
â¥áâ®¢ NPB.

�à¨ ¢ë¯®«−¥−¨¨ â¥áâ� CG ¢ëç¨á«¨â¥«ì−�ï á¨áâ¥¬� IBM POWER9 ¯®ª�§ë-
¢�¥â ¢ 1,1 à�§� ¡®«ìèãî ¯à®¨§¢®¤¨â¥«ì−®áâì, ç¥¬ á¨áâ¥¬� IBM POWER8.

‚ â¥áâ¥ FT à¥è�¥âáï âà¥å¬¥à−�ï §�¤�ç� á ¨á¯®«ì§®¢�−¨¥¬ ¤¨áªà¥â−®£®
¯à¥®¡à�§®¢�−¨ï ”ãàì¥. ‚§�¨¬®¤¥©áâ¢¨¥ ¬¥¦¤ã ¯à®æ¥áá�¬¨ MPI-¢¥àá¨¨ ®áã-
é¥áâ¢«ï¥âáï á ¯®¬®éìî á«¥¤ãîé¨å ª®««¥ªâ¨¢−ëå ®¯¥à�æ¨©: MPI Reduce,
MPI Barrier, MPI Bcast, MPI Alltoall. „�−−ë¥, ¯à¨¢¥¤¥−−ë¥ −� à¨á. 5,
á¢¨¤¥â¥«ìáâ¢ãîâ ® â®¬, çâ® â¥å−®«®£¨ï OpenMP ¯®ª�§ë¢�¥â −� á¨áâ¥¬¥ IBM
POWER8 −� 41,6% ¡‚®«ìèãî ¯à®¨§¢®¤¨â¥«ì−®áâì, ç¥¬ â¥å−®«®£¨ï MPI. ’� ¦¥
à�§−¨æ� ¢ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ −� á¨áâ¥¬¥ IBM POWER9 ¤®áâ¨£�¥â 60,7%. �à¨
íâ®¬ −� ®¡¥¨å á¨áâ¥¬�å ®¯â¨¬�«ì−ë¬ ®ª�§ë¢�¥âáï à�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥

÷¨á. 5 ‡�¢¨á¨¬®áâì ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¢ â¥áâ¥ FT ®â ç¨á«� ¯®â®ª®¢ ¤«ï á¨áâ¥¬ë
IBM POWER8 (�) ¨ IBM POWER9 (¡): ¯ãáâë¥ §−�çª¨ ¨ á¥àë¥ ªà¨¢ë¥ | OpenMP;
§�«¨âë¥ §−�çª¨ ¨ ç¥à−ë¥ ªà¨¢ë¥ | MPI; 1 | à�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢; 2 |
ª®¬¯�ªâ−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢; 3 | ¡¥§ ¯à¨¢ï§ª¨
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÷¨á. 6 ‡�¢¨á¨¬®áâì ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¢ â¥áâ¥ IS ®â ç¨á«� ¯®â®ª®¢ ¤«ï á¨áâ¥¬ë
IBM POWER8 (�) ¨ IBM POWER9 (¡): ¯ãáâë¥ §−�çª¨ ¨ á¥àë¥ ªà¨¢ë¥ | OpenMP;
§�«¨âë¥ §−�çª¨ ¨ ç¥à−ë¥ ªà¨¢ë¥ | MPI; 1 | à�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢; 2 |
ª®¬¯�ªâ−®¥ à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢; 3 | ¡¥§ ¯à¨¢ï§ª¨

¯®â®ª®¢ ¯® ï¤à�¬ æ¥−âà�«ì−ëå ¯à®æ¥áá®à®¢, � ¢ ®âáãâáâ¢¨¥ ¯à¨¢ï§ª¨ −�¡«î¤�¥âáï
á−¨¦¥−¨¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨.

‚ëç¨á«¨â¥«ì−�ï á¨áâ¥¬� IBM POWER8 ¯®ª�§ë¢�¥â ¢ â¥áâ¥ FT −� 36,7%
¬¥−ìèãî ¯à®¨§¢®¤¨â¥«ì−®áâì, ç¥¬ ¢ëç¨á«¨â¥«ì−�ï á¨áâ¥¬� IBM POWER9.

‚ â¥áâ¥ IS ®áãé¥áâ¢«ï¥âáï ¯�à�««¥«ì−�ï á®àâ¨à®¢ª� ¡®«ìè®£® ¬�áá¨¢� æ¥«ëå
ç¨á¥« (à¨á. 6). �− ¨á¯®«ì§ã¥âáï ¤«ï ®æ¥−ª¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ æ¥«®ç¨á«¥−-
−ëå ¢ëç¨á«¥−¨© ¯à¨ ¨−â¥−á¨¢−®¬ ¬¥¦¯à®æ¥áá®à−®¬ ¢§�¨¬®¤¥©áâ¢¨¨. �¥à¥¤�ç�
á®®¡é¥−¨© ¬¥¦¤ã ¯à®æ¥áá�¬¨ MPI-¢¥àá¨¨ â¥áâ� ®áãé¥áâ¢«ï¥âáï á ¯®¬®éìî
®¯¥à�æ¨© MPI Alltoall ¨ MPI Allreduce. ÷¥§ã«ìâ�âë íªá¯¥à¨¬¥−â®¢ ¯®ª�§ë-
¢�îâ, çâ® â¥å−®«®£¨ï MPI ¤¥¬®−áâà¨àã¥â ¬¥−ìèãî ¯à®¨§¢®¤¨â¥«ì−®áâì, ç¥¬
OpenMP: −� ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬¥ IBM POWER8 ¯¥à¢�ï ¨§ −¨å ®ª�§ë-
¢�¥âáï −� 36,3%, � −� ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬¥ IBM POWER9 | −� 24,3%
¬¥−¥¥ ¯à®¨§¢®¤¨â¥«ì−®©, ç¥¬ ¢â®à�ï. ‡−�ç¨¬®© à�§−¨æë ¢ ª®¬¯�ªâ−®¬ ¨ à�¢−®-
¬¥à−®¬ à�á¯à¥¤¥«¥−¨¨ ¯®â®ª®¢ ¤«ï â¥å−®«®£¨¨ OpenMP −¥ −�¡«î¤�¥âáï. „«ï
â¥å−®«®£¨¨ MPI ®¯â¨¬�«ì−ë¬ ®ª�§ë¢�¥âáï à�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯à®æ¥á-
á®¢ ¯® æ¥−âà�«ì−ë¬ ¯à®æ¥áá®à�¬. �à¨ ®âáãâáâ¢¨¨ ¯à¨¢ï§ª¨ ¯®â®ª®¢ ¤«ï ®¡¥¨å
â¥å−®«®£¨© ¯�à�««¥«ì−®£® ¯à®£à�¬¬¨à®¢�−¨ï −�¡«î¤�¥âáï á−¨¦¥−¨¥ ¯à®¨§¢®-
¤¨â¥«ì−®áâ¨.

�à¨ ¢ë¯®«−¥−¨¨ â¥áâ� IS ¢ëç¨á«¨â¥«ì−�ï á¨áâ¥¬� IBM POWER9 ®ª�§ë¢�-
¥âáï ¢ 1,4 à�§� ¯à®¨§¢®¤¨â¥«ì−¥© ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬ë IBM POWER8.

4 Анализ полученных результатов

�æ¥−¨¢�ï à¥§ã«ìâ�âë, ¯®«ãç¥−−ë¥ ¢ å®¤¥ íªá¯¥à¨¬¥−â�«ì−ëå à�áç¥â®¢, ¬®¦-
−® á¤¥«�âì ¢ë¢®¤ ® â®¬, çâ® ¯à®æ¥áá®à IBM POWER9 ¨¬¥¥â ¢ 1,1{1,6 à�§�
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¡®«ìèãî ¯à®¨§¢®¤¨â¥«ì−®áâì ¢ NPB, ç¥¬ ¯à®æ¥áá®à IBM POWER8. �à¨ íâ®¬
−�¨¬¥−ìè�ï à�§−¨æ� ¢ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¬¥¦¤ã ¯à®æ¥áá®à�¬¨ −�¡«î¤�¥âáï
¢ â¥áâ¥ CG, � −�¨¡®«ìè�ï | ¢ â¥áâ¥ FT.

�à¨«®¦¥−¨ï, à�§à�¡®â�−−ë¥ á ¨á¯®«ì§®¢�−¨¥¬ â¥å−®«®£¨¨ OpenMP, ¢ ¡®«ì-
è¨−áâ¢¥ á«ãç�¥¢ ¤¥¬®−áâà¨àãîâ −¥áª®«ìª® «ãçè¨© ãà®¢¥−ì ¯à®¨§¢®¤¨â¥«ì−®áâ¨,
ç¥¬ ¯à¨«®¦¥−¨ï, à�§à�¡®â�−−ë¥ á ¨á¯®«ì§®¢�−¨¥¬ â¥å−®«®£¨¨ MPI. ‹¨èì MPI-
¢¥àá¨¨ â¥áâ� EP (−� ®¡¥¨å á¨áâ¥¬�å) ¨ MG (−� á¨áâ¥¬¥ IBM POWER8) ®ª�§�«¨áì
¡ëáâà¥¥ OpenMP-¢¥àá¨©. ‘â®¨â ®â¬¥â¨âì, çâ® −�¨¡®«ìè¥¥ ¯à¥¨¬ãé¥áâ¢® â¥å-
−®«®£¨ï OpenMP ¨¬¥¥â ¢ â¥å á«ãç�ïå, ª®£¤� âà¥¡ã¥âáï à¥�«¨§�æ¨ï ¨−â¥−á¨¢−®£®
¢§�¨¬®¤¥©áâ¢¨ï ¬¥¦¤ã ¢ëç¨á«¨â¥«ì−ë¬¨ ¯®â®ª�¬¨ (â¥áâë FT ¨ IS).

��¨«ãçèãî ¬�áèâ�¡¨àã¥¬®áâì ¯à¨ §�¯ãáª¥ ¢ à¥¦¨¬¥ ST ¤¥¬®−áâà¨àã¥â
â¥áâ EP. ’�ª, −� ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬¥ IBM POWER8 ¯à¨ ¥£® ¢ë¯®«−¥−¨¨
á ¨á¯®«ì§®¢�−¨¥¬ ¢á¥å ï¤¥à æ¥−âà�«ì−ëå ¯à®æ¥áá®à®¢ ¤®áâ¨£�¥âáï ¬�ªá¨¬�«ì−®¥
ãáª®à¥−¨¥ ¢ 19,3 à�§�, � −� ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬¥ IBM POWER9 | ¢ 31,1 à�-
§�. •ã¦¥ ¬�áèâ�¡¨àãîâáï â¥áâë LU, CG, MG ¨ FT (¬�ªá¨¬�«ì−®¥ ãáª®à¥−¨¥
¢ à¥¦¨¬¥ ST | ¢ 15,6, 15,1, 12,5 ¨ 12,3 à�§� −� á¨áâ¥¬¥ IBM POWER8 ¨ ¢ 25,2,
25,8, 21,4 ¨ 21,6 à�§� −� á¨áâ¥¬¥ IBM POWER9 á®®â¢¥âáâ¢¥−−®). ��¨åã¤èãî
¬�áèâ�¡¨àã¥¬®áâì −� á¨áâ¥¬¥ IBM POWER8 ¯®ª�§ë¢�¥â â¥áâ IS. �à¨ ¢ë¯®«-
−¥−¨¨ −� 16 ï¤à�å ¢ à¥¦¨¬¥ ST ®¡¥á¯¥ç¨¢�¥âáï ãáª®à¥−¨¥ à�áç¥â®¢ ¢ 11,1 à�§�.
�à¨ íâ®¬ −� á¨áâ¥¬¥ IBM POWER9 â¥áâ IS ¤¥¬®−áâà¨àã¥â ¬�áèâ�¡¨àã¥¬®áâì,
«¨èì −¥¬−®£¨¬ ãáâã¯�îéãî ¬�áèâ�¡¨àã¥¬®áâ¨ â¥áâ� EP. …£® ¢ë¯®«−¥−¨¥ ¯à¨
§�¯ãáª¥ −� 32 ï¤à�å ¢ à¥¦¨¬¥ ST ãáª®àï¥âáï ¢ 26,9 à�§�.

’¥å−®«®£¨ï SMT −�¨¡®«¥¥ íää¥ªâ¨¢−� −� ¯à®æ¥áá®à�å IBM POWER8.
�� ®á−�é¥−−®© ¨¬¨ á¨áâ¥¬¥ ®−� ¯®§¢®«ï¥â ã«ãçè¨âì ¬�áèâ�¡¨àã¥¬®áâì ¢á¥å
¨áá«¥¤®¢�−−ëå â¥áâ®¢, §� ¨áª«îç¥−¨¥¬ â¥áâ� MG. ‡−�ç¨â¥«ì−® åã¦¥ ¤�−−�ï
â¥å−®«®£¨ï à�¡®â�¥â −� ¯à®æ¥áá®à�å IBM POWER9. ‘ ¥¥ ¯®¬®éìî ã¤�¥âáï
ãáª®à¨âì «¨èì ¢ë¯®«−¥−¨¥ â¥áâ®¢ EP ¨ CG. �à¨ íâ®¬ −�¨¡®«ìè¨© ¢ë¨£àëè ®â
¨á¯®«ì§®¢�−¨ï SMT −� ®¡¥¨å á¨áâ¥¬�å ¤¥¬®−áâà¨àã¥â â¥áâ EP. „�−−�ï â¥å−®«®-
£¨ï ¯®§¢®«ï¥â ãáª®à¨âì ¥£® ¢ë¯®«−¥−¨¥ ¢ 2 à�§�.

÷¥§ã«ìâ�âë ¨áá«¥¤®¢�−¨ï ¯®ª�§�«¨, çâ® ¤«ï ¢á¥å ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬
¨ à�áá¬�âà¨¢�¥¬ëå â¥å−®«®£¨© ¯�à�««¥«ì−®£® ¯à®£à�¬¬¨à®¢�−¨ï §�¤�−¨¥ ä¨ª-
á¨à®¢�−−®© ¯à¨¢ï§ª¨ ¢ëç¨á«¨â¥«ì−ëå ¯à®æ¥áá®¢ ¨ ¯®â®ª®¢ ª ¯à®æ¥áá®à−ë¬
ï¤à�¬ ï¢«ï¥âáï ¢�¦−ë¬ ãá«®¢¨¥¬ ¤«ï ¯®«ãç¥−¨ï ¬�ªá¨¬�«ì−®© ¯à®¨§¢®¤¨â¥«ì-
−®áâ¨. —â® ª�á�¥âáï å�à�ªâ¥à� à�á¯à¥¤¥«¥−¨ï ¯à®æ¥áá®¢ ¨ ¯®â®ª®¢ ¯® ï¤à�¬
¯à®æ¥áá®à®¢, â® ¤«ï ¡®«ìè¨−áâ¢� á«ãç�¥¢ ®¯â¨¬�«ì−ë¬ ®ª�§ë¢�¥âáï à�¢−®-
¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥, ¯®§¢®«ïîé¥¥ ¬�ªá¨¬¨§¨à®¢�âì ¤®áâã¯−ãî ¯à®¯ãáª−ãî
á¯®á®¡−®áâì ¯®¤á¨áâ¥¬ë ¯�¬ïâ¨. �à¨ íâ®¬ −¥®¡å®¤¨¬® ãç¨âë¢�âì �àå¨â¥ªâãà-
−ë¥ ®á®¡¥−−®áâ¨ ¨á¯®«ì§ã¥¬®© á¨áâ¥¬ë. ’�ª, −� á¨áâ¥¬¥ IBM POWER9 ¯à¨
§�¤¥©áâ¢®¢�−¨¨ −¥¡®«ìè®£® ç¨á«� ¯à®æ¥áá®à−ëå ï¤¥à ¬®¦¥â ®ª�§�âìáï ¯®«¥§−ë¬
à�§−¥áâ¨ ¯®â®ª¨ â�ª¨¬ ®¡à�§®¬, çâ®¡ë ª�¦¤ë© ¨§ −¨å ¨á¯®«ì§®¢�« ®â¤¥«ì−ë¥
ª¥è¨ L2 ¨ L3. �â® −¥ â®«ìª® ã¢¥«¨ç¨â ®¡ê¥¬ ¤®áâã¯−®© ¯à®£à�¬¬¥ ª¥è-¯�¬ïâ¨,
−® ¨ á−¨§¨â ç¨á«® ¯®â¥−æ¨�«ì−ëå ª¥è-ª®−ä«¨ªâ®¢, çâ® ¢�¦−® ¤«ï ¯à¨«®¦¥−¨©,
çã¢áâ¢¨â¥«ì−ëå ª ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ª¥è¥© ¯à®æ¥áá®à�.
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5 Заключение

‚ áâ�âì¥ ¯à¥¤áâ�¢«¥−ë à¥§ã«ìâ�âë ª®¬¯«¥ªá−ëå ¨áá«¥¤®¢�−¨© ¯® ®æ¥−ª¥
¢«¨ï−¨ï ¯®àï¤ª� à�á¯à¥¤¥«¥−¨ï ¯à®æ¥áá®¢ ¨ ¯®â®ª®¢ −� ¯à®¨§¢®¤¨â¥«ì−®áâì
¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬, ¯®áâà®¥−−ëå á ¨á¯®«ì§®¢�−¨¥¬ á®¢à¥¬¥−−ëå æ¥−âà�«ì-
−ëå ¯à®æ¥áá®à®¢ IBM POWER. �−¨ ¯®ª�§�«¨, çâ® à�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥
¨ ¯à¨¢ï§ª� ¢ëç¨á«¨â¥«ì−ëå ¯à®æ¥áá®¢ ¨ ¯®â®ª®¢ ª ¯à®æ¥áá®à−ë¬ ï¤à�¬ ¯®§-
¢®«ïîâ ¯®¢ëá¨âì ¯à®¨§¢®¤¨â¥«ì−®áâì ¯�à�««¥«ì−ëå ¯à¨«®¦¥−¨©, � ®âáãâáâ¢¨¥
¯à¨¢ï§ª¨ á−¨¦�¥â ¥¥ −� ¢á¥å á¨áâ¥¬�å. �à¨ §�¤�−¨¨ å�à�ªâ¥à� ¨å à�á¯à¥¤¥«¥-
−¨ï ¢�¦−® ãç¨âë¢�âì �àå¨â¥ªâãà−ë¥ ®á®¡¥−−®áâ¨ ¨á¯®«ì§ã¥¬®© ¢ëç¨á«¨â¥«ì−®©
á¨áâ¥¬ë.

‘à¥¤¨ à�áá¬®âà¥−−ëå â¥å−®«®£¨© ¯�à�««¥«ì−®£® ¯à®£à�¬¬¨à®¢�−¨ï −�¨-
¡®«ìèãî ¯à®¨§¢®¤¨â¥«ì−®áâì ¢ ¡®«ìè¨−áâ¢¥ â¥áâ®¢ ¯®ª�§�«� â¥å−®«®£¨ï
OpenMP.

�à¨ ¢ë¯®«−¥−¨¨ â¥áâ®¢ ¨§ á®áâ�¢� NPB ¯à®æ¥áá®à IBM POWER9 ®ª�§ë-
¢�¥âáï ¢ áà¥¤−¥¬ ¢ 1,3 à�§� ¯à®¨§¢®¤¨â¥«ì−¥¥ ¯à®æ¥áá®à� IBM POWER8 ¯à¨
à�§−¨æ¥ ¢ ¯¨ª®¢®© ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¬¥¦¤ã −¨¬¨ ¢ 1,75 à�§�. ’�ª�ï à�§−¨æ�
¬¥¦¤ã à®áâ®¬ ¯¨ª®¢®© ¨ à¥�«ì−®© ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¬®¦¥â ¡ëâì ®¡êïá−¥−�,
¢ â®¬ ç¨á«¥, â¥¬, çâ® −� ¯à®æ¥áá®à¥ IBM POWER9 â¥å−®«®£¨ï SMT ®ª�§�«�áì
¬¥−¥¥ íää¥ªâ¨¢−®©, ç¥¬ −� ¯à®æ¥áá®à¥ IBM POWER8.

�®«ãç¥−−ë¥ −�ãç−ë¥ à¥§ã«ìâ�âë ¬®£ãâ ¡ëâì ¨á¯®«ì§®¢�−ë ¯à¨ à�§à�¡®âª¥
¯à®£à�¬¬−ëå áà¥¤áâ¢, ®æ¥−ª¥ íää¥ªâ¨¢−®áâ¨ �«£®à¨â¬®¢ à�á¯à¥¤¥«¥−¨ï ¢ëç¨á-
«¨â¥«ì−ëå à¥áãàá®¢, � â�ª¦¥ ¯à¨ ®¯à¥¤¥«¥−¨¨ ®¯â¨¬�«ì−®© ª®−ä¨£ãà�æ¨¨ ¨ ®à-
£�−¨§�æ¨¨ ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá� ¢ëá®ª®¯à®¨§¢®¤¨â¥«ì−ëå ¢ëç¨á«¨â¥«ì−ëå
á¨áâ¥¬, ¯®áâà®¥−−ëå −� à�áá¬�âà¨¢�¥¬ëå ¯à®æ¥áá®à−ëå �àå¨â¥ªâãà�å.

�à¨ ¯à®¢¥¤¥−¨¨ ç¨á«¥−−ëå à�áç¥â®¢ ¡ë«® ¨á¯®«ì§®¢�−® ®¡®àã¤®¢�−¨¥ –Š�
ú–¥−âà ¤�−−ëå „‚� ÷��û (‚– „‚� ÷��, £. •�¡�à®¢áª) [10] ¨ –Š� úˆ−ä®à-
¬�â¨ª�û ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥
÷��û (£. Œ®áª¢�) [11].
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Abstract: The article is devoted to the study of the performance of comput-
ing systems based on modern IBM POWER processors when running parallel
applications. The effect of different methods of distributing computational
processes and threads among central processors' cores on the efficiency of execut-
ing programs developed using MPI (Message Passing Interface) and OpenMP
(Open Multi-Processing) technologies is studied. The results obtained can
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be useful for evaluating the efficiency of algorithms for the distribution of
computing resources and the organization of the computing process in distributed
heterogeneous computing systems.
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ЭВОЛЮЦИЯ СЕТЕВЫХ ПРОЦЕССОРОВ

В. Б. Егоров1

�−−®â�æ¨ï: ‘¥â¥¢ë¥ ¯à®æ¥áá®àë (‘�) ¯à®è«¨ ¤®«£¨© ¯ãâì à�§¢¨â¨ï ®â
ã−¨¢¥àá�«ì−ëå ª®¬¯ìîâ¥à®¢, ®á−�é¥−−ëå á¥â¥¢ë¬¨ ¨−â¥àä¥©á−ë¬¨ ª�àâ�-
¬¨, ¤® ¢ëá®ª®¨−â¥£à¨à®¢�−−ëå á¨áâ¥¬ −� ªà¨áâ�««¥, á®¤¥à¦�é¨å ¤¥áïâª¨
¨ á®â−¨ ¯à®£à�¬¬¨àã¥¬ëå ¯à®æ¥áá®à®¢, �¯¯�à�â−ëå ãáª®à¨â¥«¥© ¨ á¥â¥¢ëå
¨−â¥àä¥©á®¢. ‚ëá®ª�ï ¯à®¨§¢®¤¨â¥«ì−®áâì ‘� ¤®áâ¨£�«�áì ¯® ¤¢ã¬ à�§−ë¬
−�¯à�¢«¥−¨ï¬: áâ�à®¦¨«ë àë−ª� ¬¨ªà®í«¥ªâà®−¨ª¨ −�à�é¨¢�«¨ ¢ −¨å ç¨á«®
¯à®æ¥áá®à−ëå ï¤¥à á âà�¤¨æ¨®−−®© �àå¨â¥ªâãà®©, � −¥¡®«ìè¨¥ ¬®«®¤ë¥ ª®¬-
¯�−¨¨ ¤¥«�«¨ áâ�¢ªã −� á¯¥æ¨�«¨§¨à®¢�−−ë¥ �àå¨â¥ªâãàë. ‚â®à®¥ −�¯à�¢«¥-
−¨¥ ®¡¥á¯¥ç¨¢�«® «ãçè¨¥ ã¤¥«ì−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ‘�, −® ¥£® ¯à¨¢¥à¦¥−æ�¬
¡ë«® âàã¤−® ¢ë¤¥à¦¨¢�âì ª®−ªãà¥−æ¨î ¨§-§� á«®¦−®áâ¨ ¯à®£à�¬¬¨à®¢�−¨ï
¢ −¥âà�¤¨æ¨®−−ëå �àå¨â¥ªâãà�å ¨ ®£à�−¨ç¥−−®áâ¨ à¥áãàá®¢ ¤«ï á®§¤�−¨ï ¯®«-
−®æ¥−−®£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï (��) ¨å ‘�. Š −�áâ®ïé¥¬ã ¢à¥¬¥−¨
¯à�ªâ¨ç¥áª¨ ¢á¥ ®−¨ ¯®ª¨−ã«¨ àë−®ª ‘�, ¡ã¤ãç¨ â�ª ¨«¨ ¨−�ç¥ ¯®£«®é¥−-
−ë¬¨ ªàã¯−ë¬¨ ª®¬¯�−¨ï¬¨. �®á«¥¤−¨¥ ¦¥ ¯® ¡®«ìè¥© ç�áâ¨ ¨á¯®«ì§®¢�«¨
¯à¨®¡à¥â¥−−ë¥ −®ã-å�ã −¥ ¤«ï ¢ëå®¤� −� àë−®ª ‘�, � ¯à¨¬¥−ï«¨ ®¯ëâ
�£à¥áá¨¢−®© ¬−®£®ï¤¥à−®áâ¨ ¤«ï §�¢®¥¢�−¨ï àë−ª� ¢ëá®ª®¯à®¨§¢®¤¨â¥«ì−ëå
á¥à¢¥à−ëå ¯à®æ¥áá®à®¢, ¡ãà−® à�áâãé¥£® ¢ í¯®åã ú®¡«�ç−ëåû â¥å−®«®£¨©.
’�ª¨¬ ®¡à�§®¬, ‘� ¯®áâ¥¯¥−−® ¯à¥ªà�é�îâ áãé¥áâ¢®¢�−¨¥ ª�ª á�¬®áâ®ïâ¥«ì-
−ë¥ ¯à®¤ãªâë ¨ ¯à¥¢à�é�îâáï ¢® ¢−ãâà¨ä¨à¬¥−−ë¥ ¨−áâàã¬¥−âë ¨−â¥««¥ª-
âã�«¨§�æ¨¨ á¥â¥¢ëå ãáâà®©áâ¢.

Š«îç¥¢ë¥ á«®¢�: á¥â¥¢®© ¯à®æ¥áá®à; ¨−â¥£à¨à®¢�−−ë© á¥â¥¢®© ¯à®æ¥áá®à;
�àå¨â¥ªâãà� ¯à®æ¥áá®à−®£® ï¤à�; ¯à®¨§¢®¤¨â¥«ì−ë© ¬−®£®ï¤¥à−ë© á¥à¢¥à
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1 Введение. Предпосылки появления сетевых процессоров

�®−ïâ¨¥ á¥â¥¢®£® ¯à®æ¥áá®à� ¢®§−¨ª«® ¯à�ªâ¨ç¥áª¨ ®¤−®¢à¥¬¥−−® á ¯®ï¢«¥-
−¨¥¬ ¯�ª¥â−ëå á¥â¥© ¯¥à¥¤�ç¨ ¤�−−ëå ®ª®«® ¯®«ã¢¥ª� â®¬ã −�§�¤. ‘¥â¥¢®©
¯à®æ¥áá®à ¯à®è«®£® áâ®«¥â¨ï | íâ® ®¡ëç−ë© ã−¨¢¥àá�«ì−ë© ª®¬¯ìîâ¥à, ¤®-
¯®«−¥−−ë© ¨−â¥àä¥©á−ë¬¨ ª�àâ�¬¨ ¤«ï ¯®¤ª«îç¥−¨ï ¥£® ª á¥âï¬. ‚á¥ á¥â¥¢ë¥
äã−ªæ¨¨, ¢ â®¬ ç¨á«¥ ª®¬¬ãâ�æ¨ï (soft switching) ¯�ª¥â®¢, à¥�«¨§®¢ë¢�«¨áì
¯à®£à�¬¬−®. ’�ª®¥ ã−¨¢¥àá�«ì−®¥ à¥è¥−¨¥ ¯®§¢®«ï«® «¥£ª® á®§¤�¢�âì ¨ á®¢¥à-
è¥−áâ¢®¢�âì ãáâà®©áâ¢� á¥â¥¢®© ¨−äà�áâàãªâãàë, � â�ª¦¥ ¯® ¬¥à¥ −¥®¡å®¤¨¬®áâ¨
¯¥à¥å®¤¨âì −� −®¢ë¥ á¥â¥¢ë¥ â¥å−®«®£¨¨ ¨ ¬¥â®¤ë ª®¬¬ãâ�æ¨¨, ¯à¨ç¥¬ −¥ ¢�¦−®,
è«� à¥çì ® ¯�ª¥â�å ¨«¨ ¢¨àâã�«ì−ëå á®¥¤¨−¥−¨ïå. �à�ªâ¨ç¥áª¨¥ ®£à�−¨ç¥−¨ï
íâ®£® ¯®¤å®¤� áâ�«¨ ¯à®ï¢«ïâìáï «¨èì á ¯®¢ëè¥−¨¥¬ áª®à®áâ¥© ¯¥à¥¤�ç¨ ¤�−−ëå

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, VEgorov@ipiran.ru
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‚. �. …£®à®¢

¢ á¥âïå ¨ −� â¥å−®«®£¨ïå, á¯¥æ¨�«ì−® ®à¨¥−â¨à®¢�−−ëå −� ¡ëáâàãî ª®¬¬ãâ�æ¨î.
�¥á«ãç�©−® ¢ ª®¬¬ãâ�â®à�å ATM (asynchronous transfer mode) ¢®§®¡«�¤�«¨ �¯-
¯�à�â−ë¥ à¥è¥−¨ï ¯® ¯à®¤¢¨¦¥−¨î (hard forwarding) ¯�ª¥â®¢ (¢ á«ãç�¥ ATM |
ïç¥¥ª) ¢ ã§«�å á¥â¨.

�¤−�ª® íà� ¨−â¥à−¥â� á ¤®¬¨−¨à®¢�−¨¥¬ ¯à®â®ª®«ì−®£® áâ¥ª� TCP/IP (trans-
port protocol control / internet protocol) ¨−¨æ¨¨à®¢�«� à�§¢®à®â á¥â¥¢®© ¨−äà�-
áâàãªâãàë ¢−®¢ì ¢ áâ®à®−ã ¯à®£à�¬¬−®© ª®¬¬ãâ�æ¨¨. ‚ IP-á¥âïå ¡�§®¢ë¬¨
ã§«�¬¨ áâ�«¨ ¬�àèàãâ¨§�â®àë (routers), ¯à¨−æ¨¯¨�«ì−® ®¡ï§�−−ë¥ ¯®¤¤¥à¦¨-
¢�âì àï¤ ¯à®â®ª®«®¢ ¬�àèàãâ¨§�æ¨¨. Šà®¬¥ â®£®, ¢ á¥âïå ¬�áèâ�¡� MAN
(metropolitan-area networks) ¨ WAN (wide-area networks) �ªâã�«ì−ë¬¨ áâ�«¨
¢®¯à®áë á¥â¥¢®© ¡¥§®¯�á−®áâ¨, çâ® â�ª¦¥ ¯®âà¥¡®¢�«® ®â á¥â¥¢ëå ãáâà®©áâ¢ ¯®¤-
¤¥à¦ª¨ æ¥«®£® ª®¬¯«¥ªá� á®®â¢¥âáâ¢ãîé¨å ¯à®â®ª®«®¢, � â�ª¦¥ ¢®§¬®¦−®áâ¨
¨−á¯¥ªæ¨¨ á®¤¥à¦¨¬®£® ¯�ª¥â®¢ ú−� «¥âãû. ÷�áè¨à¥−¨¥ ªàã£� §�¤�ç, à�áâãé¥¥
ç¨á«® ¯®¤¤¥à¦¨¢�¥¬ëå ¯à®â®ª®«®¢ ¨ ¯®áâ®ï−−�ï ¨å ®¡−®¢«ï¥¬®áâì ¯à�ªâ¨ç¥áª¨
¨áª«îç�«¨ �¯¯�à�â−ãî à¥�«¨§�æ¨î ãáâà®©áâ¢ ¨−äà�áâàãªâãàë IP-á¥â¥©. ‚ â®
¦¥ ¢à¥¬ï à�áâãé¨¥ áª®à®áâ¨ ¯¥à¥¤�ç¨ ¤�−−ëå ¯à¥¤êï¢«ï«¨ ¢á¥ ¡®«¥¥ ¦¥áâª¨¥
âà¥¡®¢�−¨ï ª §�¤¥à¦ª�¬ ª®¬¬ãâ�æ¨¨ ¯�ª¥â®¢. �â® ®¡ê¥ªâ¨¢−®¥ ¯à®â¨¢®à¥-
ç¨¥ §�áâ�¢¨«® à�§à�¡®âç¨ª®¢ á¥â¥¢®£® ®¡®àã¤®¢�−¨ï ¨áª�âì à¥è¥−¨ï, á¯®á®¡−ë¥
®¡¥á¯¥ç¨âì ª®¬¯à®¬¨áá ¬¥¦¤ã £¨¡ª®áâìî ¯à®£à�¬¬−®© ª®¬¬ãâ�æ¨¨ ¨ áª®à®áâìî
�¯¯�à�â−®£® ¯à®¤¢¨¦¥−¨ï ¯�ª¥â®¢.

�® áç�áâ«¨¢®¬ã á®¢¯�¤¥−¨î, ª® ¢à¥¬¥−¨ ¢®§−¨ª−®¢¥−¨ï ãª�§�−−®£® ¯à®-
â¨¢®à¥ç¨ï, £¤¥-â® −� àã¡¥¦¥ âëáïç¥«¥â¨©, ¬¨ªà®í«¥ªâà®−−�ï ¯à®¬ëè«¥−−®áâì
¯à¥®¤®«¥«� á¢®© úàã¡¥¦û ¢ ¬¨««¨�à¤ âà�−§¨áâ®à®¢ −� ªà¨áâ�««¥ ªà¥¬−¨ï ¨ ¨áª�-
«� áä¥àë è¨à®ª®© ãáâ®©ç¨¢®© ¯à¨¬¥−¨¬®áâ¨ −®¢ëå ‘�ˆ‘-â¥å−®«®£¨©. �¤−®©
¨§ â�ª¨å áä¥à áâ�«¨ ¨−â¥£à¨à®¢�−−ë¥ ‘�. �®¢ë¥ ¢®§¬®¦−®áâ¨ ¬¨ªà®í«¥ªâà®-
−¨ª¨ ¯®§¢®«¨«¨ ®¡ê¥¤¨−¨âì −� ªà¨áâ�««¥ ªà¥¬−¨ï ¬−®¦¥áâ¢® ¯à®æ¥áá®à®¢, ¢ â®¬
ç¨á«¥ ¬−®£®ï¤¥à−ëå (multicore) ¨ ¬−®£®¯®â®ç−ëå (multithreaded), á à�§−®®¡à�§-
−ë¬¨ á¯¥æ¨�«¨§¨à®¢�−−ë¬¨ áà¥¤áâ¢�¬¨ ®¡à�¡®âª¨ á¥â¥¢®£® âà�ä¨ª� ¨ á¥â¥¢ë¬¨
¨−â¥àä¥©á�¬¨ [1].

‘¥â¥¢ë¥ ¯à®æ¥áá®àë ¢ ª�ç¥áâ¢¥ ®á−®¢ë á¥â¥¢ëå ãáâà®©áâ¢ ¯à¥¤®áâ�¢«ï«¨
à�§à�¡®âç¨ª�¬ ¯®á«¥¤−¨å äã−ªæ¨®−�«ì−ãî £¨¡ª®áâì §� áç¥â ¯à®£à�¬¬¨àã¥¬®áâ¨
¯à¨ ¢ëá®ª®© ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¨ ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ ¡«�£®¤�àï ¡®«ìè®¬ã
ç¨á«ã à�§−®®¡à�§−ëå ®¡à�¡�âë¢�îé¨å ãáâà®©áâ¢ [2]. ‚ á¢®î ®ç¥à¥¤ì, ¬¨ªà®-
í«¥ªâà®−−ë¬ ä¨à¬�¬ ¨−â¥£à¨à®¢�−−ë¥ ‘� ®¡¥é�«¨ ãáâ®©ç¨¢ë© ¢ëá®ª¨© á¯à®á
¨å ¯à®¤ãªæ¨¨ §� áç¥â ¡ëáâà®£® à®áâ� àë−ª� á¥â¥¢®£® ®¡®àã¤®¢�−¨ï ¢á«¥¤áâ¢¨¥
à�áè¨àïîé¥£®áï ®å¢�â� ¢á¥å áâ®à®− ¦¨§−¨ á®¢à¥¬¥−−®£® ®¡é¥áâ¢� á¥âï¬¨ ®â
«®ª�«ì−ëå ¤® £«®¡�«ì−ëå.

2 Эволюция архитектур сетевых процессоров

‚â®à�ï ¯®«®¢¨−� ¯¥à¢®£® ¨ ¯¥à¢�ï ¯®«®¢¨−� ¢â®à®£® ¤¥áïâ¨«¥â¨© XXI ¢.
®§−�¬¥−®¢�«¨áì ¡ãà−ë¬ à�áæ¢¥â®¬ ‘�. �� ¬−®£®®¡¥é�îé¨© àë−®ª ¢ëè«¨ á®
á¢®¨¬¨ ¯à®¤ãªâ�¬¨ ª�ª £à�−¤ë ¬¨ªà®í«¥ªâà®−¨ª¨, â�ª¨¥ ª�ª Intel ¨ Motorola,
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�¢®«îæ¨ï á¥â¥¢ëå ¯à®æ¥áá®à®¢

â�ª ¨ àï¤ −¥¡®«ìè¨å ä¨à¬. ‘®®â¢¥âáâ¢¥−−® ®¡®§−�ç¨«¨áì ¤¢� −�¯à�¢«¥−¨ï à�§-
¢¨â¨ï ‘�, à�§«¨ç�îé¨¥áï áâ¥¯¥−ìî ã−¨¢¥àá�«ì−®áâ¨ ¯à®£à�¬¬¨àã¥¬ëå ¯à®æ¥á-
á®à®¢. Šàã¯−ë¥ ª®¬¯�−¨¨, ¨¬¥¢è¨¥ ®¯ëâ à�§à�¡®âª¨ ¨ ¢ë¯ãáª� ã−¨¢¥àá�«ì−ëå
¯à®æ¥áá®à−ëå ï¤¥à, áâà¥¬¨«¨áì ¬�ªá¨¬�«ì−® ¨á¯®«ì§®¢�âì ¨¬¥îé¨¥áï §�¤¥«ë
¤«ï §�å¢�â� àë−ª� ‘�. Œ¥«ª¨¥ ä¨à¬ë áâ�à�«¨áì á®áâ�¢¨âì ¨¬ ª®−ªãà¥−æ¨î
§� áç¥â −¥âà¨¢¨�«ì−ëå, ¡®«¥¥ íää¥ªâ¨¢−ëå �àå¨â¥ªâãà−ëå à¥è¥−¨© −� ®á−®¢¥
ä¨à¬¥−−ëå −®ã-å�ã.

�¥à¢ë© ¯®¤å®¤ ¯®«ãç¨« á¢®¥ −�¨¡®«¥¥ ïàª®¥ ®¡®¡é¥−−®¥ ¢ëà�¦¥−¨¥ ¢ ¬�ª-
à®�àå¨â¥ªâãà¥ Layerscape, �−®−á¨à®¢�−−®© ª®¬¯�−¨¥© Freescale Semiconductor
¢ 2011 £. Œ�ªà®�àå¨â¥ªâãà� ®¯à¥¤¥«ï¥â âà¨ äã−ªæ¨®−�«ì−ëå á«®ï ®¡®¡é¥−−®©
�àå¨â¥ªâãàë ¨−â¥£à¨à®¢�−−®£® ‘�:

(1) ã−¨¢¥àá�«ì−®© ®¡à�¡®âª¨ GPPL (general-purpose processing layer);

(2) ãáª®à¥−−®© ¯�ª¥â−®© ®¡à�¡®âª¨ APPL (accelerated packet processing layer);

(3) ¡ëáâà®£® ¯�ª¥â−®£® ¢¢®¤�-¢ë¢®¤� EPIL (express packet input-output layer).

Œ�ªà®�àå¨â¥ªâãà� −¥ ®¯à¥¤¥«ï¥â á¨áâ¥¬ã ¨−áâàãªæ¨© (instruction set archi-
tecture, ISA) ¯à®£à�¬¬¨àã¥¬ëå ¯à®æ¥áá®à®¢ á«®ï GPPL, ª®−ªà¥â−ë© −�¡®à
äã−ªæ¨© ¢ á«®¥ APPL ¨ ¨−â¥àä¥©áë á«®ï EPIL. �−� ¤�¥â á�¬®¥ ®¡é¥¥ ¯à¥¤-
áâ�¢«¥−¨¥ ® äã−ªæ¨®−�«ì−®áâ¨ ª®¬¯®−¥−â®¢ ‘�, −® −¥ ª®−ªà¥â¨§¨àã¥â ¨å à�¡®âã
¨ ¢§�¨¬®¤¥©áâ¢¨¥ ¤àã£ á ¤àã£®¬. ‘ íâ®© â®çª¨ §à¥−¨ï ¨−â¥à¥á¥− ¯à¥¤«®¦¥−−ë©
ª®¬¯�−¨¥© LSI Corp. ¬¥â®¤ ®à£�−¨§�æ¨¨ à�¡®âë ‘� ¢ ¢¨¤¥ ú¢¨àâã�«ì−®£® ª®−-
¢¥©¥à�û, ¯à¥¤«®¦¥−−ë© ¢ 2010 £. ¤«ï á¥¬¥©áâ¢� ‘� AXXIA. ‘ãâì ¬¥â®¤� ¢ â®¬,
çâ® ¢å®¤ïé¥¬ã ¢ ‘� ¯�ª¥âã ¯®á«¥ ¯¥à¢¨ç−®© ª«�áá¨ä¨ª�æ¨¨ (¢ á«®¥ EPIL ¢ ª�â¥-
£®à¨ïå Layerscape) −�§−�ç�¥âáï ®¯à¥¤¥«¥−−ë© ¬�àèàãâ ®¡à�¡®âª¨, ¯® ª®â®à®¬ã
®− ¤¢¨¦¥âáï, ª�ª ¯® ª®−¢¥©¥àã, ¯¥à¥å®¤ï ®â ®¤−®£® ¡«®ª� ‘� ª ¤àã£®¬ã, ¯à¨ç¥¬
íâ¨¬¨ ¡«®ª�¬¨ ¬®£ãâ ¡ëâì ª�ª ¯à®£à�¬¬¨àã¥¬ë¥ ¯à®æ¥áá®àë, â�ª ¨ �¯¯�à�â−ë¥
ãáª®à¨â¥«¨ (â. ¥. á®®â¢¥âáâ¢¥−−® ª®¬¯®−¥−âë á«®¥¢ GPPL ¨ APPL ¢ Layerscape).
ˆ§ ¡«®ª� ¢ ¡«®ª ¯�ª¥â ¯®¯�¤�¥â ç¥à¥§ ¨¥à�àå¨ç¥áª¨¥ ®ç¥à¥¤¨ ¢ á®®â¢¥âáâ¢¨¨
á âà¥¡®¢�−¨ï¬¨ ª�ç¥áâ¢� ®¡á«ã¦¨¢�−¨ï ¤«ï ¤�−−®£® ¬�àèàãâ� [3, 4].

��àï¤ã á ª®¬¯�−¨ï¬¨ Freescale ¨ LSI ªàã¯−ë¬ ¯®áâ�¢é¨ª®¬ ‘� á âà�-
¤¨æ¨®−−®© ISA ¯à®æ¥áá®à−ëå ï¤¥à ¡ë«� ª®¬¯�−¨ï Cavium Networks. …¥ ‘�
¡ë«¨ ¡ãª¢�«ì−® −�è¯¨£®¢�−ë ¤¥áïâª�¬¨ ¯à®£à�¬¬¨àã¥¬ëå ¯à®æ¥áá®à®¢ á ISA
MIPS ¨«¨ ARM, ¢á¥¢®§¬®¦−ë¬¨ á®¯à®æ¥áá®à�¬¨ ¨ �¯¯�à�â−ë¬¨ ãáª®à¨â¥«ï¬¨,
� â�ª¦¥ à�§−®®¡à�§−ë¬¨ á¥â¥¢ë¬¨ ¨−â¥àä¥©á�¬¨ [5].

�¥ ®¡«�¤�ï ¢®§¬®¦−®áâï¬¨ ª®−ªãà¨à®¢�âì á ªàã¯−ë¬¨ ª®¬¯�−¨ï¬¨ ¢ ª®«¨ç¥-
áâ¢¥−−®¬ ®â−®è¥−¨¨, −¥¡®«ìè¨¥ ä¨à¬ë ¤¥«�«¨ áâ�¢ªã −� ª�ç¥áâ¢¥−−® ®â«¨ç−ë¥,
¨−−®¢�æ¨®−−ë¥ �àå¨â¥ªâãà−ë¥ ¯®¤å®¤ë ¨ ä¨à¬¥−−ë¥ −®ã-å�ã, ª®â®àë¥ ¤®«¦-
−ë ¡ë«¨ áãé¥áâ¢¥−−® ã«ãçè¨âì ã¤¥«ì−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ‘� ¨ â¥¬ á�¬ë¬
−¨¢¥«¨à®¢�âì ¨áå®¤−ë¥ ª®−ªãà¥−â−ë¥ ¯à¥¨¬ãé¥áâ¢� áâ�à®¦¨«®¢ àë−ª� ¬¨ªà®-
í«¥ªâà®−¨ª¨. Š�ª ¯à�¢¨«®, áâ�¢ª� ¤¥«�«�áì −� ¨−â¥£à�æ¨î ¡®«ìè®£® ç¨á«�
¯à¥¤¥«ì−® ã¯à®é¥−−ëå ¯à®æ¥áá®à−ëå ï¤¥à á® á¯¥æ¨�«¨§¨à®¢�−−ë¬¨ ISA, ã§ª®
®à¨¥−â¨à®¢�−−ë¬¨ −� â¨¯®¢ë¥ á¥â¥¢ë¥ äã−ªæ¨¨ ¯«®áª®áâ¨ ¤�−−ëå (data plane),
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®áâ�¢«ïï §�¤�ç¨ ¯«®áª®áâ¨ ã¯à�¢«¥−¨ï (control plane) ¯®¤ª«îç�¥¬®¬ã ã−¨¢¥à-
á�«ì−®¬ã host-¯à®æ¥áá®àã.

•�à�ªâ¥à¥− ¢ íâ®¬ ¯«�−¥ ¯à¨¬¥à ª®¬¯�−¨¨ Netronome. …¥ ‘� á¥¬¥©áâ¢�
NFP ¬®£«¨ ¢ª«îç�âì ¤® 96 ï¤¥à, á¯¥æ¨�«¨§¨à®¢�−−ëå ¯®¤ ®¡à�¡®âªã ¯�ª¥â®¢,
¨ ¤® 120 ï¤¥à ¤«ï ®¡à�¡®âª¨ ¨å ¯®â®ª®¢ [6]. ‚ ‘� â�ª¦¥ ¨−â¥£à¨à®¢�«¨áì
äã−ªæ¨®−�«ì−ë¥ ãáª®à¨â¥«¨ â�¡«¨ç−®£® ¯®¨áª�, ªà¨¯â®£à�ä¨¨, ã¯à�¢«¥−¨ï
®ç¥à¥¤ï¬¨, ¡�«�−á¨à®¢ª¨ −�£àã§ª¨ ¨ ¤à. ‚á¥ íâ® ¤®¯®«−ï«®áì á®¢à¥¬¥−−ë¬¨
¢ëá®ª®áª®à®áâ−ë¬¨ á¥â¥¢ë¬¨ ¨−â¥àä¥©á�¬¨. „«ï ¯®¤ª«îç¥−¨ï host-¯à®æ¥á-
á®à®¢ ¯à¥¤ãá¬�âà¨¢�«¨áì ¨−â¥àä¥©áë PCIe (peripheral component interconnect
express).

„àã£®© ¯à¨¬¥à �−�«®£¨ç−®£® ¯®¤å®¤� | á¥¬¥©áâ¢® ‘� TILE-Gx ª®¬¯�-
−¨¨ Tilera Corp. ‚ ®á−®¢ã á¥¬¥©áâ¢� §�«®¦¥−� ®àâ®£®−�«ì−�ï ¬�âà¨æ� (8 × 9
¢ áâ�àè¥© ¬®¤¥«¨ TILE-Gx72) ú¯«¨â®ªû (tiles) | ¯à®æ¥áá®à−ëå ï¤¥à á ®à¨£¨-
−�«ì−®© ISA, | ®¡ê¥¤¨−ï¥¬ëå ä¨à¬¥−−®© á¥âìî iMesh, ª®â®à�ï á«ã¦¨â £«�¢−ë¬
®â«¨ç¨¥¬ ¤�−−®© �àå¨â¥ªâãàë [7]. �â� ª®−ä¨£ãà¨àã¥¬�ï á¥âì ¯®§¢®«ï¥â äà�£-
¬¥−â¨à®¢�âì ãç�áâª¨ ¬�âà¨æë ¨ ®à£�−¨§®¢ë¢�âì ¯�à�««¥«ì−ãî ¨«¨ ª®−¢¥©¥à−ãî
à�¡®âã ú¯«¨â®ªû ¨ ¨å äà�£¬¥−â®¢. ‚ ‘� ¢ª«îç¥−ë ãáª®à¨â¥«¨ è¨äà®¢�−¨ï.
ˆ−â¥£à¨à®¢�−−ë¥ á¥â¥¢ë¥ ¨−â¥àä¥©áë ¯®¤ª«îç�îâáï ç¥à¥§ á¯¥æ¨�«¨§¨à®¢�−-
−ë© ¯�ª¥â−ë© ¯à®æ¥áá®à. „«ï á¢ï§¨ á host-¯à®æ¥áá®à®¬ â�ª¦¥ ¨á¯®«ì§ãîâáï
¨−â¥àä¥©áë PCIe.

��ª®−¥æ, ª íâ®© ¦¥ ª�â¥£®à¨¨ ‘�, ¢¥à®ïâ−®, ®â−®áïâáï ¢ëá®ª®¨−â¥£à¨à®-
¢�−−ë¥ ¯à¨¡®àë á¥¬¥©áâ¢� nPower ®¤−®£® ¨§ «¨¤¥à®¢ àë−ª� á¥â¥¢ëå ãáâà®©áâ¢,
ª®¬¯�−¨¨ Cisco Systems. Šà®¬¥ à¥ª®à¤−®£® ç¨á«� ¯à®£à�¬¬¨àã¥¬ëå ¯à®æ¥áá®-
à®¢ | ¤® 672 ï¤¥à á ä¨à¬¥−−®© ISA | ¨ −�«¨ç¨ï �¯¯�à�â−ëå ãáª®à¨â¥«¥©,
¯à®ç¨¥ ¯®¤à®¡−®áâ¨ �àå¨â¥ªâãàë ª®¬¯�−¨¥© −¥ à�§£«�è�îâáï [8]. ‚ íâ®¬ ¨ −¥â
¯àï¬®© −¥®¡å®¤¨¬®áâ¨, â�ª ª�ª ª®¬¯�−¨ï ¨á¯®«ì§ã¥â á¢®¨ ‘� áã£ã¡® ¢ á®¡áâ¢¥−-
−ëå ¯à®¤ãªâ�å. (�¥¤�¢−® ¡ë«¨ �−®−á¨à®¢�−ë ¯à®¡−ë¥ ¯®áâ�¢ª¨ ‘� nPower ¤«ï
Facebook ¨ Microsoft [9].)

÷�áá¬®âà¥−−ë¥ ¢ëè¥ �àå¨â¥ªâãàë á® á¯¥æ¨�«¨§¨à®¢�−−ë¬¨ ISA à¥�«¨§ãîâ
¯�à�««¥«¨§¬ ¢ëç¨á«¥−¨© âà¨¢¨�«ì−ë¬ â¨à�¦¨à®¢�−¨¥¬ ®¤¨−�ª®¢ëå ã¯à®é¥−-
−ëå ¯à®æ¥áá®à−ëå ï¤¥à. �−¨, ª�ª ¯à�¢¨«®, ¯à¥¤¯®«�£�îâ ¢áî ®¡à�¡®âªã ¯�ª¥â�
®â −�ç�«� ¤® ª®−æ� −� ®¤−®¬ ¯à®æ¥áá®à¥ á ¯à¨¢«¥ç¥−¨¥¬ ¯à¨ −¥®¡å®¤¨¬®áâ¨
¨−â¥£à¨à®¢�−−ëå �¯¯�à�â−ëå ãáª®à¨â¥«¥©, ¯à¨ç¥¬ ¬¥å�−¨§¬ë à�á¯à¥¤¥«¥−¨ï
¯�ª¥â®¢ ¬¥¦¤ã ¯à®æ¥áá®à�¬¨ ¨ ¢®¢«¥ç¥−¨ï ãáª®à¨â¥«¥© ®¡ëç−® −¥ à�áªàë¢�-
îâáï. �¤−�ª® ¢ ¯à®â¨¢®¢¥á â�ª®© ¯àï¬®«¨−¥©−®© à¥�«¨§�æ¨¨ ¯�à�««¥«¨§¬�
¯à¥¤«�£�«¨áì ¨ ¡®«¥¥ ¨§®éà¥−−ë¥ ¯®¤å®¤ë.

�¤¨− ¨§ −¨å ¯à®¤¥¬®−áâà¨à®¢�«� ª®¬¯�−¨ï EZchip Semiconductor [10]. …¥
�àå¨â¥ªâãà� ú®à¨¥−â¨à®¢�−−ëå −� §�¤�ç¨ ¯à®æ¥áá®à®¢û (task-oriented proces-
sors, TOP) ¡�§¨àã¥âáï −� ª®à®âª®¬ ª®−¢¥©¥à¥ ®¡à�¡®âª¨ ¯�ª¥â®¢ ¨§ ç¥âëà¥å
äã−ªæ¨®−�«ì−® á¯¥æ¨�«¨§¨à®¢�−−ëå áâã¯¥−¥© ¨, á®®â¢¥âáâ¢¥−−®, ç¥âëà¥å â¨¯�å
¯à®æ¥áá®à−ëå ï¤¥à á à�§«¨ç−ë¬¨ ISA. Š�¦¤�ï áâã¯¥−ì ¤®¯ãáª�¥â ¬�áèâ�¡¨-
à®¢�−¨¥ ú¢è¨àìû ¨, ª�ª á«¥¤áâ¢¨¥, â¥®à¥â¨ç¥áª¨ −¥®£à�−¨ç¥−−®¥ −�à�é¨¢�−¨¥
¯à®¨§¢®¤¨â¥«ì−®áâ¨ ‘�. �ç¥¢¨¤−ë© −¥¤®áâ�â®ª �àå¨â¥ªâãàë | −¥®¡å®¤¨¬®áâì

114 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 31 −®¬¥à 1 2021



�¢®«îæ¨ï á¥â¥¢ëå ¯à®æ¥áá®à®¢

¤«ï ª�¦¤®£® â¨¯� ®¡à�¡®âª¨ ç¥âëà¥å ¯à®£à�¬¬, −�¯¨á�−−ëå −� ï§ëª�å −¨§ª®-
£® ãà®¢−ï ¢ ç¥âëà¥å à�§−ëå ISA. ‚á«¥¤áâ¢¨¥ ®à¨£¨−�«ì−®áâ¨ �àå¨â¥ªâãàë ¢áï
¨−ä®à¬�æ¨ï ® −¥© ¨ ¢á¥ áà¥¤áâ¢� à�§à�¡®âª¨ | ª®¬¯¨«ïâ®àë, ¡¨¡«¨®â¥ª¨, á¨¬ã-
«ïâ®àë | ¡¥§�«ìâ¥à−�â¨¢−® ¤®áâã¯−ë â®«ìª® ®â ¢«�¤¥«ìæ� −®ã-å�ã, ¢á«¥¤áâ¢¨¥
ç¥£® à�§à�¡®âª� �� ¤«ï ‘� −¥ â®«ìª® ãá«®¦−¥−� −¥âà¨¢¨�«ì−®áâìî �àå¨â¥ª-
âãàë, −® ¨ ¯à¨−æ¨¯¨�«ì−® ®£à�−¨ç¥−� ¯® ç¨á«ã ¢®§¬®¦−ëå ãç�áâ−¨ª®¢, â. ¥.
¤�−−ë© ¯®¤å®¤ ¢ §−�ç¨â¥«ì−®© áâ¥¯¥−¨ «¨è�¥â ‘� £«�¢−®£® ¯à¥¨¬ãé¥áâ¢� |
£¨¡ª®áâ¨ §� áç¥â ã¤®¡−®© ¨ ¤®áâã¯−®© ¯®«ì§®¢�â¥«ï¬ ¯à®£à�¬¬¨àã¥¬®áâ¨.

�®¯ëâª� ¯à¥®¤®«¥âì íâ®â −¥¤®áâ�â®ª ¡ë«� á¤¥«�−� ¢ �àå¨â¥ªâãà¥ ‘� ¤àã-
£®© −¥¡®«ìè®© ä¨à¬ë | Xelerated [10]. ‡¤¥áì ¢¬¥áâ® ª®à®âª®£® ª®−¢¥©¥à�
á äã−ªæ¨®−�«ì−® ®à¨¥−â¨à®¢�−−ë¬¨ áâã¯¥−ï¬¨ ¯à¥¤«�£�¥âáï ¤«¨−−ë© ª®−¢¥©¥à
á ª®−æ¥¯âã�«ì−® ¨¤¥−â¨ç−ë¬¨ áâã¯¥−ï¬¨, −� ª®â®àëå ¯®á«¥¤®¢�â¥«ì−® ¢ë¯®«-
−ïîâáï ¨−áâàãªæ¨¨ ¯à®£à�¬¬ë: i-ï ¨−áâàãªæ¨ï −� i-© áâã¯¥−¨. ’�ª¨¬ ®¡à�§®¬,
ç¨á«® áâã¯¥−¥© ¢ ª®−¢¥©¥à¥ ®¯à¥¤¥«ï¥âáï ç¨á«®¬ ¨−áâàãªæ¨© ¢ á�¬®© ¤«¨−−®©
¯à®£à�¬¬¥. •®âï ¯¨á�âì ¯à®£à�¬¬ã ¯®-¯à¥¦−¥¬ã ¯à¨å®¤¨âáï −� ä¨à¬¥−−®¬
ï§ëª¥ −¨§ª®£® ãà®¢−ï ¨ ®â«�¦¨¢�âì −� ä¨à¬¥−−®¬ á¨¬ã«ïâ®à¥, ¢¬¥áâ® ç¥âëà¥å
¯à®£à�¬¬ ¯¨è¥âáï â®«ìª® ®¤−� ¤«ï −¥ª®¥£® ú¢¨àâã�«ì−®£® ¯à®æ¥áá®à�û, ¯à¨ íâ®¬
¯à®£à�¬¬¨áâ −¥ ®§�¡®ç¥− ¯�à�««¥«¨§¬®¬, ª®â®àë© �¢â®¬�â¨ç¥áª¨ à¥�«¨§ã¥âáï ¢®
¢à¥¬ï ¨á¯®«−¥−¨ï ¯à®£à�¬¬ë −� ª®−¢¥©¥à¥, ®¡à�¡�âë¢�îé¥¬ ®¤−®¢à¥¬¥−−®
áâ®«ìª® ¯�ª¥â®¢, áª®«ìª® ¢ −¥¬ áâã¯¥−¥©. �á®¡¥−−®áâ¨ ¯®¤å®¤�: ®¤¨−�ª®¢®¥ ¢à¥-
¬ï ®¡à�¡®âª¨ «î¡®£® ¯�ª¥â�, ¯à®¯®àæ¨®−�«ì−®¥ ¤«¨−¥ ª®−¢¥©¥à� ¨ −¥ §�¢¨áïé¥¥
®â â¨¯� ®¡à�¡®âª¨, ¨ ¯®áâ®ï−−�ï £�à�−â¨à®¢�−−�ï ¯à®¯ãáª−�ï á¯®á®¡−®áâì, ®¯à¥-
¤¥«ï¥¬�ï â®«ìª® ç�áâ®â®© à�¡®âë ª®−¢¥©¥à�. �á−®¢−®© −¥¤®áâ�â®ª �àå¨â¥ªâãàë
ªà®¥âáï ¢ ¡®«ìè¨å �¯¯�à�â−ëå §�âà�â�å, â�ª ª�ª ¢ ¨áå®¤−®© ª®−æ¥¯æ¨¨ ¢á¥ áâã-
¯¥−¨ ¤®«¦−ë ¡ëâì äã−ªæ¨®−�«ì−® íª¢¨¢�«¥−â−ë ú¢¨àâã�«ì−®¬ã ¯à®æ¥áá®àãû.
�à¨ ¤«¨−¥ ¯à®£à�¬¬ë ¢ á®â−¨ ¨−áâàãªæ¨© áâ¥¯¥−ì ¨−â¥£à�æ¨¨ ‘� ®ª�§ë¢�¥âáï
íª¢¨¢�«¥−â−®© á®â−ï¬ ú¢¨àâã�«ì−ëå ¯à®æ¥áá®à®¢û. �âã ¯à®¡«¥¬ã Xelerated
ç�áâ¨ç−® à¥è�¥â ®¯â¨¬¨§�æ¨¥© ¯à®£à�¬¬ ¨, −�àãè�ï ¨§−�ç�«ì−ãî ª®−æ¥¯æ¨î,
äã−ªæ¨®−�«ì−®© á¯¥æ¨�«¨§�æ¨¥© áâã¯¥−¥© ª®−¢¥©¥à�.

3 Современные тенденции в развитии сетевых процессоров

‘¥â¥¢ë¥ ¯à®æ¥áá®àë á® áâ�−¤�àâ−ë¬¨ ISA í¢®«îæ¨®−¨à®¢�«¨ ¢ ®á−®¢−®¬ ª®-
«¨ç¥áâ¢¥−−®. �à®£à¥áá â¥å−®«®£¨¨ ¯®§¢®«ï« à�§¬¥é�âì −� ªà¨áâ�««¥ ¢á¥ ¡®«ìè¥
à�§«¨ç−ëå ª®¬¯®−¥−â®¢ ‘�. •�à�ªâ¥à−ë¬ âà¥−¤®¬ ¢ ‘� íâ®© ª�â¥£®à¨¨ áâ�«® ¨å
úARM¨à®¢�−¨¥û [11]. Š�ª ¢¨¤−® ¨§ à¨á. 1, −� ISA ARM ¢ á¢®¨å ‘� ¯¥à¥è«¨ −¥
â®«ìª® ¯à¨¢¥à¦¥−æë ¤àã£¨å áâ�−¤�àâ−ëå ISA, −® ¨ −¥ª®â®àë¥ �¯®«®£¥âë á¯¥æ¨-
�«¨§¨à®¢�−−ëå �àå¨â¥ªâãà: ¯®«−®áâìî −� ARM ¬¨£à¨à®¢�«� ª®¬¯�−¨ï AMCC,
¯¥à¥¢®¤ á¢®¨å ú¯«¨â®ªû −� ARM ¯«�−¨à®¢�«� (−® −¥ ãá¯¥«� ¢ë¯®«−¨âì) Tilera.
�à¥¢�«¨à®¢�−¨¥ �àå¨â¥ªâãàë ARM áâ�«® á«¥¤áâ¢¨¥¬ ª�ª ¥¥ í−¥à£®íää¥ªâ¨¢-
−®áâ¨, â�ª ¨ £¨¡ª®© «¨æ¥−§¨®−−®© ¯®«¨â¨ª¨ ¯�â¥−â®®¡«�¤�â¥«ï. ‚ ¨â®£¥ ARM
¯®¡¥¤¨«�, ª�ª ¢¨¤−® −� ¯à¨¬¥à¥ ª®¬¯�−¨¨ Cavium, ¤�¦¥ �àå¨â¥ªâãàã MIPS,
å®âï á ç¨áâ® â¥å−¨ç¥áª®© â®çª¨ §à¥−¨ï ¯®á«¥¤−ïï ¡®«¥¥ íää¥ªâ¨¢−� ¯® í−¥à£®-
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÷¨á. 1 úARM¨à®¢�−¨¥û ‘�

¯®âà¥¡«¥−¨î ¨ §�−¨¬�¥¬®© −� ªà¨áâ�««¥ ¯«®é�¤¨ [12]. ‚ á¢®î ®ç¥à¥¤ì, ¬�áá®¢®¥
úARM¨à®¢�−¨¥û ‘� ¯®¢«¥ª«® §� á®¡®© ¯à�ªâ¨ç¥áª¨ ¯®«−ë© ®âª�§ ¢ −¨å ®â
¬−®£®¯®â®ç−®áâ¨ ¢ àãá«¥ â¥å−¨ç¥áª®© ¯®«¨â¨ª¨ «¨æ¥−§¨�à� �àå¨â¥ªâãàë [13].

��à�««¥«ì−® í¢®«îæ¨¨ ‘� á® áâ�−¤�àâ−ë¬¨ ISA ¯à®£à�¬¬¨áâáª®¥ á®®¡é¥-
áâ¢® −�à�¡�âë¢�«® ¯®¤ íâ¨ ISA ¢á¥ ¡‚®«ìè¨¥ ®¡ê¥¬ë �� ª�ª á¨áâ¥¬−®£®, â�ª
¨ ¯à¨ª«�¤−®£®, ¢ â®¬ ç¨á«¥ ®¡é¥¤®áâã¯−®£® á ®âªàëâë¬¨ ª®¤�¬¨. Œ−®£®¥ ¨§
íâ¨å −�à�¡®â®ª ¬®£«® ¡ëâì ¨á¯®«ì§®¢�−® ¢ ‘�. ‚ à¥§ã«ìâ�â¥, å®âï ¯® ã¤¥«ì−ë¬
¯�à�¬¥âà�¬ ‘� á® áâ�−¤�àâ−ë¬¨ ISA ãáâã¯�«¨ á¢®¨¬ á¯¥æ¨�«¨§¨à®¢�−−ë¬ ª®−-
ªãà¥−â�¬, ¯®âà¥¡¨â¥«¨ ‘� £®â®¢ë ¡ë«¨ −¥¬−®£® ¯¥à¥¯«�â¨âì §� ªà¥¬−¨©, çâ®¡ë
£®à�§¤® ¡®«ìè¥ ¢ë¨£à�âì −� áâ®¨¬®áâ¨ à�§à�¡®âª¨ �� ¤«ï á¢®¨å ¯à®¤ãªâ®¢
¨ á®ªà�é¥−¨¨ ¢à¥¬¥−¨ ¨å ¢ë¢®¤� −� àë−®ª.

�®áª®«ìªã ‘� á −¥âà�¤¨æ¨®−−®© �àå¨â¥ªâãà®© ¨ −¥áâ�−¤�àâ−ë¬¨ ISA à�§-
à�¡�âë¢�«¨áì ¨ ¯à®¤¢¨£�«¨áì −� àë−®ª ¢ ®á−®¢−®¬ −¥¡®«ìè¨¬¨ ä¨à¬�¬¨, ¨å
®¡é�ï ú�å¨««¥á®¢� ¯ïâ�û | á«®¦−®áâì ¯à®£à�¬¬¨à®¢�−¨ï −� á¯¥æ¨�«ì−ëå ï§ë-
ª�å −¨§ª®£® ãà®¢−ï | ãáã£ã¡«ï«�áì −¥¤®áâ�âª®¬ ä¨à¬¥−−ëå à¥áãàá®¢ ¨ ®£à�-
−¨ç¥−−®áâìî ªàã£� à�§à�¡®âç¨ª®¢ ��. ‚ 2010-å ££. íâ¨ ä¨à¬ë ®¤−� §� ¤àã£®©
¯à¥ªà�é�îâ á�¬®áâ®ïâ¥«ì−ãî ¤¥ïâ¥«ì−®áâì, «¨¡® ¡ã¤ãç¨ ¯®£«®é¥−−ë¬¨ ¬®é−ë-
¬¨ ª®¬¯�−¨ï¬¨, «¨¡® ¤®¡à®¢®«ì−® ¢«¨¢è¨áì ¢ −¨å, çâ® ¨««îáâà¨àã¥â à¨á. 2. �®,
çâ® å�à�ªâ¥à−®, −®¢ë¬¨ ¢«�¤¥«ìæ�¬¨ −®ã-å�ã −¥ã¤�ç−¨ª®¢ ç�áâ® ®ª�§ë¢�«¨áì ®â-
−î¤ì −¥ ¨å ª®−ªãà¥−âë ¨§ «�£¥àï ‘� á® áâ�−¤�àâ−ë¬¨ ISA, � áâ®à®−−¨¥ ¨£à®ª¨.
�ã¤ãç¨ ¡®«¥¥ ¯à�ªâ¨ç−ë¬¨, −®¢ë¥ ®¡«�¤�â¥«¨ −®ã-å�ã ¯à¥¤¯®ç¨â�«¨ ¨á¯®«ì§®-
¢�âì ¯à¨®¡à¥â¥−¨ï ¤«ï ¢−ãâà¨ä¨à¬¥−−ëå −ã¦¤, á«¥¤ãï ¯à¨¬¥àã ª®¬¯�−¨¨ Cisco.
�¡«�¤�ï ¡‚®«ìè¨¬¨ ¢®§¬®¦−®áâï¬¨, ®−¨ ¬®£«¨ á¥¡¥ ¯®§¢®«¨âì á®¤¥à¦�âì èâ�â
¯à®£à�¬¬¨áâ®¢, á®§¤�¢�¢è¨å ¨ ¯®¤¤¥à¦¨¢�¢è¨å á¯¥æ¨ä¨ç¥áª®¥ ¢áâà®¥−−®¥ ��
(firmware) ¤«ï ®£à�−¨ç¥−−®£® ªàã£� ¨−â¥««¥ªâã�«ì−ëå ä¨à¬¥−−ëå ¯à®¤ãªâ®¢.
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÷¨á. 2 ‘¬¥−� ¯à�¢®®¡«�¤�â¥«¥© �àå¨â¥ªâãà ‘�: 1 | â®«ìª® ¤«ï ¢−ãâà¨ä¨à¬¥−−®£®
¨á¯®«ì§®¢�−¨ï; 2 | ¢ë¯ãáª ‘� ¯à¥ªà�é¥−

‚ á¥à¥¤¨−¥ 2010-å ££. ®¯à¥¤¥«¥−−ë© ªà¨§¨á ‘� ¯à®ï¢¨«áï ®â¬¥ç¥−−®© ¢ëè¥
ç¥à¥¤®© ¯®£«®é¥−¨© á¢ï§�−−ëå á íâ¨¬ ¡¨§−¥á®¬ ª®¬¯�−¨©. —¨á«® ¯®áâ�¢é¨ª®¢
‘� á®ªà�â¨«®áì, á¯¥ªâà ¯à¨¡®à®¢ §�¬¥â−® ®¡¥¤−¥«. …á«¨ à�−ìè¥ Freescale à¥£ã-
«ïà−® (à�§ ¢ ¯�àã «¥â) ¢ë¯ãáª�«� −®¢®¥ á¥¬¥©áâ¢® ‘� á −¥áª®«ìª¨¬¨ ¬®¤¥«ï¬¨,
â® ¯®á«¥ á«¨ï−¨ï ¥¥ ¢ 2015 £. á NXP ®¡ê¥¤¨−¥−−�ï ª®¬¯�−¨ï �−®−á¨à®¢�«� «¨èì
®¤¨−-¥¤¨−áâ¢¥−−ë© ‘� QorIQ LX2160A, à�§à�¡®âª� ª®â®à®£® ¡ë«� ¯à®¢¥¤¥−�
¥é¥ ¤® á«¨ï−¨ï. Š®¬¯�−¨ï Cavium, à�§à�¡®â�¢è�ï æ¥«ë© àï¤ á¥¬¥©áâ¢ ‘�
Octeon, á 2014 £. ¯¥à¥−®á¨â �ªæ¥−â á¢®¨å ãá¨«¨© −� ã−¨¢¥àá�«ì−ë¥ ¬−®£®ï¤¥à-
−ë¥ á¥à¢¥à−ë¥ ¯à®æ¥áá®àë ThunderX. �â® −�¯à�¢«¥−¨¥ áâ�−®¢¨âáï ã Cavium
¤®¬¨−¨àãîé¨¬, � ¯®á«¥ ¯®£«®é¥−¨ï ¥¥ ¢ 2018 £. ª®¬¯�−¨¥© Marvell, ¯®å®¦¥,
¥¤¨−áâ¢¥−−ë¬. ’®â ¦¥ ¯ãâì ¯à®è«� ª®¬¯�−¨ï AMCC. ‚ë¯ãáª�¢è�ï ‘� ¤®-
¢®«ì−® ¯®¯ã«ïà−®© á¥à¨¨ nPx, ¢ 2013 £. ®−� �−®−á¨àã¥â á¥à¢¥à−ë¥ ¯à®æ¥áá®àë
X-Gene, � ¯®á«¥ ¥¥ ¯®£«®é¥−¨ï ¢ 2017 £. ª®¬¯�−¨¥© MACOM ¢ë¯ãáª ‘�
®ª®−ç�â¥«ì−® ¯à¥ªà�é�¥âáï. Œ−®¦�é¨¥áï ¯à¨¬¥àë ¯¥à¥®à¨¥−â�æ¨¨ ¯à¥¦−¨å
¯®áâ�¢é¨ª®¢ ‘� −� ¬−®£®ï¤¥à−ë¥ á¥à¢¥à−ë¥ ¯à®æ¥áá®àë §�áâ�¢«ïîâ £®¢®à¨âì
® â¥−¤¥−æ¨¨.

„�¦¥ −� ¯¨ª¥ ¯®¯ã«ïà−®áâ¨ ‘� �¯¯�à�â−ë¥ à¥è¥−¨ï ¯® ¯à®¤¢¨¦¥−¨î ¯�-
ª¥â®¢ á®åà�−ï«¨áì ¢ â¥å−®«®£¨ïå, ®à¨¥−â¨à®¢�−−ëå −� ¡ëáâàãî ª®¬¬ãâ�æ¨î,
â�ª¨å ª�ª ATM ¨«¨ MPLS (multiprotocol label switching). �®íâ®¬ã, å®âï
ä®à¬�«ì−® ¢ ã§«�å á¥â¥© MPLS ¯à¥¤¯®«�£�îâáï ¬�àèàãâ¨§�â®àë, à¥�«ì−® −¥-
¯®áà¥¤áâ¢¥−−® ª®¬¬ãâ�æ¨ï ¯® ¬¥âª�¬ ¢ −¨å ®áãé¥áâ¢«ï¥âáï �¯¯�à�â−® á®£«�á−®
¯à®áâ®© â�¡«¨æ¥, ª®â®àãî ä®à¬¨àã¥â ¬�àèàãâ¨§¨àãîé¨© ¯à®æ¥áá®à, ¯®¤¤¥à-
¦¨¢�îé¨© âà¥¡ã¥¬ë¥ ¯à®â®ª®«ë ¬�àèàãâ¨§�æ¨¨, à�á¯à¥¤¥«¥−¨ï ¬¥â®ª ¨ ¯à.
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’�ª®¥ ï¢−®¥ ä¨§¨ç¥áª®¥ à�§¤¥«¥−¨¥ äã−ªæ¨© ¯«®áª®áâ¥© ¤�−−ëå ¨ ã¯à�¢«¥−¨ï
−�è«® −�¨¡®«¥¥ ¯®«−®¥ ¢ëà�¦¥−¨¥ ¢ ¯à®£à�¬¬−® ®¯à¥¤¥«ï¥¬®© ®à£�−¨§�æ¨¨
á¥â¥© (software-defined networking, SDN). �®¦�«ã©, ¨¬¥−−® SDN, ¢ªã¯¥ á ¢¨à-
âã�«¨§�æ¨¥© á¥â¥¢ëå äã−ªæ¨© (network functions virtualization, NFV), −�−¥á«�
¯® ‘� á�¬ë© ¡®«¥§−¥−−ë© ã¤�à.

‚ ¨áå®¤−®© ª®−æ¥¯æ¨¨ SDN ¢á¥ äã−ªæ¨¨ ¯«®áª®áâ¨ ã¯à�¢«¥−¨ï á®áà¥¤®â®-
ç¥−ë ¢ «®£¨ç¥áª¨ ¥¤¨−®¬ ª®−âà®««¥à¥ á¥â¨, � ¯«®áª®áâì ¤�−−ëå ®¡á«ã¦¨¢�¥âáï
¯à®áâ¥©è¨¬¨ ª®¬¬ãâ�â®à�¬¨, ¤«ï ª®â®àëå ¯à�¢¨«� ª®¬¬ãâ�æ¨¨ §�¤�îâáï ª®−-
âà®««¥à®¬ á¥â¨. ‚ ª�ç¥áâ¢¥ â�ª®£® ª®−âà®««¥à� ¯à¥¤¯®«�£�¥âáï â¨¯®¢®© á¥à¢¥à
(¨«¨ ¢¨àâã�«ì−�ï ¬�è¨−� −� −¥¬) á® áâ�−¤�àâ−ë¬ á¨áâ¥¬−ë¬ ¨ á¯¥æ¨�«ì−ë¬
¯à¨ª«�¤−ë¬ ��, à¥�«¨§ãîé¨¬ ¢á¥ äã−ªæ¨¨ ã¯à�¢«¥−¨ï á¥âìî. ‚ â�ª®© à�ä¨-
−¨à®¢�−−®© ª®−æ¥¯æ¨¨ SDN ¤«ï ‘� ¯à®áâ® −¥â ¬¥áâ�. �® ¤«ï SDN-ª®−âà®««¥à®¢
¯®â¥−æ¨�«ì−® −ã¦−ë ¢ëá®ª®¯à®¨§¢®¤¨â¥«ì−ë¥ á¥à¢¥àë, ¯®áâà®¥−−ë¥ −� ®á−®¢¥
ã−¨¢¥àá�«ì−ëå ¯à®æ¥áá®à®¢ á ¡®«ìè¨¬ ç¨á«®¬ ï¤¥à, ¨ íâ®, ¢¥à®ïâ−®, ®¡êïá−ï¥â
®â¬¥ç¥−−ãî ¢ëè¥ â¥−¤¥−æ¨î ª ¬¨£à�æ¨¨ ¡ë¢è¨å ¯®áâ�¢é¨ª®¢ ¬−®£®ï¤¥à−ëå ‘�
¢ ®¡«�áâì ã−¨¢¥àá�«ì−ëå á¥à¢¥à−ëå ¯à®æ¥áá®à®¢. �® ªà�©−¥© ¬¥à¥, ¯à�ªâ¨ç¥áª¨
¢á¥ ¯à®¨§¢®¤¨â¥«¨ â�ª¨å ú¯¥à¥«¨æ®¢�−−ëåû ‘� ®¡®§−�ç�îâ SDN ¢ ª�ç¥áâ¢¥
®¤−®© ¨§ ®á−®¢−ëå ®¡«�áâ¥© ¯à¨¬¥−¥−¨ï á¢®¨å ¯à®¤ãªâ®¢.

‘â®¨â â�ª¦¥ §�¬¥â¨âì, çâ® ¢ ¨å à¥ª«�¬¥ àï¤®¬ á SDN ¯à�ªâ¨ç¥áª¨ ¢á¥£¤�
ä¨£ãà¨àã¥â NFV. ’�ª¨¬ ®¡à�§®¬, ¥á«¨ ¨§−�ç�«ì−® ‘� ¯à®£à�¬¬−® à¥�«¨§®¢ë-
¢�«¨ â¨¯®¢ë¥ á¥â¥¢ë¥ äã−ªæ¨¨, â® â¥¯¥àì, ú¯¥à¥«¨æ®¢�−−ë¥û ¢ ã−¨¢¥àá�«ì−ë¥
¬−®£®ï¤¥à−ë¥ ¯à®æ¥áá®àë, ®−¨, á«®¢−® æ¥¯«ïïáì §� ã¯«ë¢�îé¨© ®â −¨å á¥â¥¢®©
àë−®ª, ¯ëâ�îâáï à¥�«¨§®¢ë¢�âì ¢á¥ â¥ ¦¥ ¯à¨¢ëç−ë¥ á¥â¥¢ë¥ äã−ªæ¨¨, −® ã¦¥
¢ ¢¨àâã�«ì−®¬ ¯à®áâà�−áâ¢¥.

4 Заключение. Перспективы сетевых процессоров

‡� ¢à¥¬ï áãé¥áâ¢®¢�−¨ï ‘� á¥â¥¢ë¥ â¥å−®«®£¨¨ á®¢¥àè¨«¨ −¥áª®«ìª® ¢¨â-
ª®¢ à�§¢¨â¨ï. �à®£à�¬¬−�ï à¥�«¨§�æ¨ï á¥â¥¢ëå äã−ªæ¨© â® ¤®¯®«−ï«�áì �¯-
¯�à�â−ë¬ ¯à®¤¢¨¦¥−¨¥¬ ¯�ª¥â®¢, â® ¢−®¢ì ¢®§¢à�é�«�áì ª ¯à¥¨¬ãé¥áâ¢¥−−®
¯à®£à�¬¬−®© ª®¬¬ãâ�æ¨¨. �®áâ®ï−−® à�áè¨àï«áï á¯¥ªâà á¥â¥¢ëå ¯à®â®ª®«®¢,
à®á«� §−�ç¨¬®áâì ¬¥à ®¡¥á¯¥ç¥−¨ï á¥â¥¢®© ¡¥§®¯�á−®áâ¨, á®®â¢¥âáâ¢¥−−® ¬¥−ï-
«¨áì à®«ì ¨ §−�ç¥−¨¥ ‘�. ’¥å−®«®£¨ï ‘�ˆ‘ ¯®§¢®«¨«� ®¡ê¥¤¨−¨âì ¢ ®¤−®¬
¬¨ªà®í«¥ªâà®−−®¬ ¯à¨¡®à¥ | ¨−â¥£à¨à®¢�−−®¬ ‘� | ¬−®¦¥áâ¢® ®¡à�¡�âë¢�-
îé¨å ãáâà®©áâ¢ ¨ á¥â¥¢ëå ¨−â¥àä¥©á®¢. ú‡®«®â®© ¢¥ªû ¨−â¥£à¨à®¢�−−ëå ‘�
¯à¨è¥«áï −� −�ç�«® −ë−¥è−¥£® âëáïç¥«¥â¨ï, ª®£¤� ¬�áá®¢® ¯®ï¢«ï«¨áì −¥ â®«ì-
ª® −®¢ë¥ ¯à¨¡®àë, −® ¨ ¨−−®¢�æ¨®−−ë¥ �àå¨â¥ªâãàë á® á¯¥æ¨�«¨§¨à®¢�−−ë¬¨
ISA. �¤−�ª® ¯®á«¥¤−¨¥ ¢ ¨â®£¥ ¯à®¨£à�«¨ ¢ ¯à®â¨¢®áâ®ï−¨¨ á® áâ�−¤�àâ−ë¬¨,
¢ ç�áâ−®áâ¨ á ISA ARM.

‚ −�áâ®ïé¥¥ ¢à¥¬ï −�¬¥â¨«�áì ®âç¥â«¨¢�ï â¥−¤¥−æ¨ï ª á®ªà�é¥−¨î ç¨á«�
ä¨à¬-¯®áâ�¢é¨ª®¢ ‘� ¢á«¥¤áâ¢¨¥ ¨å á«¨ï−¨© ¨ ¯®£«®é¥−¨©, � â�ª¦¥ ª áã¦¥−¨î
®¡«�áâ¨ ¯à¨¬¥−¨¬®áâ¨ á�¬¨å ¯à¨¡®à®¢. �®¢ë¥ ®¡«�¤�â¥«¨ −®ã-å�ã ¬�áá®¢®
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¯¥à¥®à¨¥−â¨àãîâáï á ‘� −� ã−¨¢¥àá�«ì−ë¥ á¥à¢¥à−ë¥ ¯à®æ¥áá®àë, ¯¥à¥−®áï
âã¤� ®¯ëâ �£à¥áá¨¢−®© ¬−®£®ï¤¥à−®áâ¨ ‘�.

‚ −�áâã¯¨¢èãî íàã ú®¡«�ç−ëåû â¥å−®«®£¨© ¯®âà¥¡−®áâì ¢ ¢¨â�îé¨å ¢ ú®¡«�-
ª�åû á¢¥àå¢ëá®ª®¯à®¨§¢®¤¨â¥«ì−ëå á¥à¢¥à�å ¡ã¤¥â ¯à®¤®«¦�âì à�áâ¨ ¡ëáâàë¬¨
â¥¬¯�¬¨. �âªàëâë¬, ®¤−�ª®, ®áâ�¥âáï ¢®¯à®á, á¬®£ãâ «¨ ú¯¥à¥«¨æ®¢�−−ë¥û ¨§
‘� á¥à¢¥à−ë¥ ¯à®æ¥áá®àë, ¢ �¡á®«îâ−®¬ ¡®«ìè¨−áâ¢¥ á¢®¥¬ úARM¨à®¢�−−ë¥û,
ª®−ªãà¨à®¢�âì ¢ ª�ç¥áâ¢¥ ®á−®¢ë â�ª¨å á¥à¢¥à®¢ á ¤�¢−® §�å¢�â¨¢è¨¬¨ íâ®â á¥£-
¬¥−â àë−ª� ¯à®æ¥áá®à�¬¨ �àå¨â¥ªâãàë x86 ®â Intel ¨ AMD. �®, ¢¥à®ïâ−®,
−¥§�¢¨á¨¬® ®â ¨áå®¤� íâ®© áå¢�âª¨ ‘� ¡ã¤ãâ ¢ −¥© −¥ ¡®«¥¥ ç¥¬ −�¡«î¤�â¥«ï¬¨
á ®¡®ç¨−ë ¬¥©−áâà¨¬� ¢ ª�ç¥áâ¢¥ ¢á¥£® «¨èì ¢−ãâà¨ä¨à¬¥−−ëå ¨−áâàã¬¥−â®¢
¨−â¥««¥ªâã�«¨§�æ¨¨ ®£à�−¨ç¥−−®£® ç¨á«� ¯à®¤ãªâ®¢ ¢ ã§ª®¬ ªàã£ã ªàã¯−ëå
¬¨ªà®í«¥ªâà®−−ëå ä¨à¬.
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Abstract: Network processors (NP) have passed a long evolution way from
general-purpose computers equipped with network interfacing cards to highly
integrated on-chip systems comprising dozens of programmable processors, hard-
ware accelerators, and network interfaces. The high performance was reached
in the NPs on two differing directions: old microelectronic firms scaled up
the number of processing cores with a conventional architecture, while small
young companies invented specialized approaches. The second direction provided
better relative characteristics, but the small firms were not competitive due to
complexities of programming in their nonconventional architectures and paucity
of resources to create comprehensive NP software. Ultimately, almost all of them
left recently the NP market, having been absorbed, in one way or another, by
some larger companies. Herewith, the latter utilized the acquired technologies
mostly not for expansion into the NP market so much as for applying the multi-
core experience to conquer the high-performance server processors market which
rapidly grows in the nowadays' era of cloud technologies. Thus, the NPs are
actually ceasing to exist as separate products and turning into an intrafirm tool
for intellectualization of a restricted circle of some specific network devices.
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architecture; high-performance multicore server
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МЕТОДЫ СРАВНЕНИЯ КОНКУРИРУЮЩИХ ГИПОТЕЗ
В ГИПОТЕЗООРИЕНТИРОВАННЫХ СИСТЕМАХ∗

Е. М. Тириков1, Д. Ю. Ковалев2

�−−®â�æ¨ï: ‘ ¯®ï¢«¥−¨¥¬ ª«�áá� á¨áâ¥¬ ã¯à�¢«¥−¨ï ¢¨àâã�«ì−ë¬¨ íªá¯¥à¨-
¬¥−â�¬¨ ¨á¯®«ì§®¢�−¨¥ £¨¯®â¥§ ¨ ¬®¤¥«¥© ¢ ï¢−®¬ ¢¨¤¥ áâ�−®¢¨âáï ¢á¥ ¡®«¥¥
à�á¯à®áâà�−¥−−ë¬. ‚ à�¬ª�å ¯®¤®¡−ëå á¨áâ¥¬ ¨á¯®«ì§ãîâáï ª�ª ¯®à®¦¤¥−-
−ë¥ ¨§ ¤�−−ëå £¨¯®â¥§ë, â�ª ¨ â¥®à¥â¨ç¥áª¨¥ £¨¯®â¥§ë. �à¨ íâ®¬ ªà¨â¨ç¥áª¨
¢�¦−ë¬ áâ�−®¢¨âáï áà�¢−¥−¨¥ ¬¥¦¤ã á®¡®© −¥áª®«ìª¨å ª®−ªãà¨àãîé¨å £¨¯®-
â¥§ à�§−®© ¯à¨à®¤ë. ‚ à�¡®â¥ à�áá¬®âà¥−ë à�§«¨ç−ë¥ ¯®¤å®¤ë ª áà�¢−¥−¨î
ª®−ªãà¨àãîé¨å £¨¯®â¥§ ¨ à¥�«¨§ãîé¨å ¨å ¢ëç¨á«¨â¥«ì−ëå ¬®¤¥«¥© ¬¥¦¤ã
á®¡®©. ÷�áá¬®âà¥−−ë¥ ¯®¤å®¤ë à¥�«¨§®¢�−ë ¢ ¢¨¤¥ ¯à®£à�¬¬−®£® ª®¬¯®−¥−-
â�, ï¢«ïîé¥£®áï ç�áâìî á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¢¨àâã�«ì−ë¬¨ íªá¯¥à¨¬¥−â�¬¨.
�à¨¬¥−¥−¨¥ ª®¬¯®−¥−â� ¯à®¨««îáâà¨à®¢�−® −� §�¤�ç¥ ¯®¨áª� à�§«¨ç¨© äã−ª-
æ¨®−�«ì−®© á¢ï§−®áâ¨ ®¡«�áâ¥© £®«®¢−®£® ¬®§£� ¢ á®áâ®ï−¨¨ ¯®ª®ï ã ¬ã¦ç¨−
¨ ¦¥−é¨−.

Š«îç¥¢ë¥ á«®¢�: á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¢¨àâã�«ì−ë¬¨ íªá¯¥à¨¬¥−â�¬¨; ª®−-
ªãà¨àãîé¨¥ £¨¯®â¥§ë; áà�¢−¥−¨¥ £¨¯®â¥§

DOI: 10.14357/08696527210110

1 Введение

ˆáá«¥¤®¢�−¨ï ¢ ®¡«�áâïå á ¨−â¥−á¨¢−ë¬ ¨á¯®«ì§®¢�−¨¥¬ ¤�−−ëå ¯®à®¤¨«¨
−®¢ë© ª«�áá á¨áâ¥¬ ¯® ã¯à�¢«¥−¨î ¢¨àâã�«ì−ë¬¨ íªá¯¥à¨¬¥−â�¬¨ [1]. ‚ ¯®-
¤®¡−ëå á¨áâ¥¬�å ¢ ï¢−®¬ ¢¨¤¥ ¨á¯®«ì§ã¥âáï −�¡®à ¢§�¨¬®¤¥©áâ¢ãîé¨å £¨¯®â¥§
¨ à¥�«¨§ãîé¨å ¨å ¬®¤¥«¥©. „«ï ®¡êïá−¥−¨ï ®¤−®£® ¨ â®£® ¦¥ ¯à¨à®¤−®£®
ï¢«¥−¨ï ç�áâ® ¬®£ãâ ¡ëâì ¯à¥¤«®¦¥−ë −¥áª®«ìª® ª®−ªãà¨àãîé¨å ¬¥¦¤ã á®¡®©
£¨¯®â¥§. ‚�¦−ë¬ áâ�−®¢¨âáï ¨á¯®«ì§®¢�−¨¥ ª®àà¥ªâ−ëå ¬¥å�−¨§¬®¢ áà�¢−¥−¨ï
£¨¯®â¥§ ¬¥¦¤ã á®¡®©, � â�ª¦¥ ®¡¥á¯¥ç¥−¨¥ à�−¦¨à®¢�−¨ï £¨¯®â¥§ ¯® ¢ë¡à�−−®©
íªá¯¥àâ®¬ ¬¥âà¨ª¥, ¢ëç¨á«¥−−®© −� ¤�−−ëå −�¡«î¤¥−¨©.

‘«®¦−®áâì áà�¢−¥−¨ï £¨¯®â¥§ ¬¥¦¤ã á®¡®© §�ª«îç�¥âáï ¢ è¨à®â¥ ª«�áá�
¬®¤¥«¥©, à¥�«¨§ãîé¨å ¯à¥¤áâ�¢«¥−−ë¥ £¨¯®â¥§ë. —�áâì ¬®¤¥«¥© ®â−®á¨âáï ª à¥-
£à¥áá¨®−−ë¬ ¨ áâà®¨âáï −¥¯®áà¥¤áâ¢¥−−® −� ¤�−−ëå −�¡«î¤¥−¨© ¡¥§ ¤®¡�¢«¥−¨ï
â¥®à¥â¨ç¥áª¨å §−�−¨© ¨§ ¯à¥¤¬¥â−®© ®¡«�áâ¨. ‡�¢¨á¨¬®áâ¨ ¢ ¬®¤¥«ïå ¬®£ãâ ¡ëâì
ª�ª «¨−¥©−ë¬¨, â�ª ¨ −¥«¨−¥©−ë¬¨, � á�¬¨ ãà�¢−¥−¨ï ¬®£ãâ á®¤¥à¦�âì ç�áâ−ë¥

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâë 18-07-01434 ¨ 18-29-22096).
1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�

¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, em.tirikov@gmail.com
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
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Œ¥â®¤ë áà�¢−¥−¨ï ª®−ªãà¨àãîé¨å £¨¯®â¥§ ¢ £¨¯®â¥§®®à¨¥−â¨à®¢�−−ëå á¨áâ¥¬�å

¯à®¨§¢®¤−ë¥ ¨«¨ ¨−â¥£à�«ì−ãî ç�áâì [2]. �®áâà®¥−−ë¥ ¨§ ¤�−−ëå à¥£à¥áá¨®−-
−ë¥ ¬®¤¥«¨, ¢ ®â«¨ç¨¥ ®â â¥®à¥â¨ç¥áª¨å, ¬®£ãâ ¨¬¥âì ¡®«ìè®¥ ç¨á«® ¯�à�¬¥âà®¢
¨ ¡ëâì ¯«®å® ¨−â¥à¯à¥â¨àã¥¬ë¬¨. —�áâì ¬®¤¥«¥© ®â−®á¨âáï ª â¥®à¥â¨ç¥áª¨¬,
®¡ëç−® ¯à¥¤áâ�¢«¥−−ë¬ â®«ìª® á¨áâ¥¬�¬¨ ãà�¢−¥−¨© ¨ ¢ë¤¥«¥−−ë¬ ¨§ ®¡§®à®¢
«¨â¥à�âãàë ¯à¥¤¬¥â−®© ®¡«�áâ¨. ˆ¤¥â �ªâ¨¢−®¥ à�§¢¨â¨¥ £¨¡à¨¤−ëå ¬®¤¥«¥©,
á®ç¥â�îé¨å í«¥¬¥−âë ª�ª â¥®à¥â¨ç¥áª¨å ¬®¤¥«¥©, â�ª ¨ ¬®¤¥«¥©, ¯®áâà®¥−−ëå
−¥¯®áà¥¤áâ¢¥−−® −� ¤�−−ëå −�¡«î¤¥−¨©.

„�−−�ï à�¡®â� ¢ë¯®«−ï¥âáï ¢ à�¬ª�å ¯à®¥ªâ�, −�¯à�¢«¥−−®£® −� à�§à�¡®âªã
¯à®â®â¨¯� £¨¯®â¥§®®à¨¥−â¨à®¢�−−®© á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¢¨àâã�«ì−ë¬¨ íªá¯¥-
à¨¬¥−â�¬¨ [1]. ‚¨àâã�«ì−ë© íªá¯¥à¨¬¥−â á®¤¥à¦¨â ®¯¨á�−¨¥ £¨¯®â¥§, ¬®¤¥«¥©,
¯®â®ª� à�¡®â, � â�ª¦¥ ®−â®«®£¨¨ ¯à¥¤¬¥â−®© ®¡«�áâ¨. ‘à�¢−¥−¨¥ £¨¯®â¥§ ï¢«ï¥âáï
¢�¦−®© ç�áâìî á¨áâ¥¬ë. ‚ à�¡®â¥ à�áá¬®âà¥−ë à�§«¨ç−ë¥ ¯®¤å®¤ë ª áà�¢−¥−¨î
£¨¯®â¥§ ¨ à¥�«¨§ãîé¨å ¨å ¬®¤¥«¥© ¬¥¦¤ã á®¡®©. �à¨¢¥¤¥−® ®¯¨á�−¨¥ ¯à®£à�¬-
¬−®£® ª®¬¯®−¥−â� á¨áâ¥¬ë, à¥�«¨§ãîé¥£® áà�¢−¥−¨¥, ¯®§¢®«ïîé¥¥ −¥ â®«ìª®
¢ë¤¥«¨âì «ãçèãî ¨§ £¨¯®â¥§, −® ¨ à�−¦¨à®¢�âì ¬®¤¥«¨, à¥�«¨§ãîé¨¥ £¨¯®â¥§ë,
¯® ª�ç¥áâ¢ã ¯à¥¤áª�§�−¨ï −� ¢ë¡à�−−®¬ −�¡®à¥ ¤�−−ëå á æ¥«ìî ¯à¥¤®áâ�¢«¥−¨ï
−¥áª®«ìª¨å «ãçè¨å £¨¯®â¥§ íªá¯¥àâã ¤«ï ¯®á«¥¤ãîé¥© ¡®«¥¥ âé�â¥«ì−®© ¯à®-
¢¥àª¨. ’�ª¨¬ ®¡à�§®¬, ¨á¯®«ì§®¢�−¨¥ ®¯¨áë¢�¥¬®£® ª®¬¯®−¥−â� ¯à¨ �−�«¨§¥
¢¨àâã�«ì−ëå íªá¯¥à¨¬¥−â®¢ ¯®§¢®«ï¥â á®ªà�â¨âì ¬−®¦¥áâ¢® à�áá¬�âà¨¢�¥¬ëå
£¨¯®â¥§ ¨ à¥�«¨§ãîé¨å ¨å ¬®¤¥«¥© ¢ −¥áª®«ìª® à�§.

�à¨¬¥à®¬ ®¡«�áâ¨ á ¨−â¥−á¨¢−ë¬ ¨á¯®«ì§®¢�−¨¥¬ ¤�−−ëå, £¤¥ âà¥¡ã¥âáï
¯à¨¬¥−¥−¨¥ ¯®¤å®¤®¢ ª áà�¢−¥−¨î £¨¯®â¥§, á«ã¦¨â −¥©à®¨−ä®à¬�â¨ª�. �à�ª-
â¨ç¥áª®¥ ¯à¨¬¥−¥−¨¥ ª®¬¯®−¥−â� ¤¥¬®−áâà¨àã¥âáï −� ¯à¨¬¥à¥ §�¤�ç¨ ¯®¨áª�
à�§«¨ç¨© äã−ªæ¨®−�«ì−®© á¢ï§−®áâ¨ ®¡«�áâ¥© £®«®¢−®£® ¬®§£� ¬ã¦ç¨− ¨ ¦¥−-
é¨− −� ®á−®¢�−¨¨ ¤�−−ëå äã−ªæ¨®−�«ì−®© ¬�£−¨â−®-à¥§®−�−á−®© â®¬®£à�ä¨¨
¢ á®áâ®ï−¨¨ ¯®ª®ï [3].

÷�¡®â� áâàãªâãà¨à®¢�−� á«¥¤ãîé¨¬ ®¡à�§®¬. ‚ à�§¤. 2 ¯à¨¢®¤¨âáï ®¡§®à
áãé¥áâ¢ãîé¨å ¯®¤å®¤®¢ ª áà�¢−¥−¨î £¨¯®â¥§. ‚ à�§¤. 3 ¯à¥¤áâ�¢«¥−® ®¯¨á�−¨¥
ª®¬¯®−¥−â� áà�¢−¥−¨ï £¨¯®â¥§ ¨ á®®â¢¥âáâ¢ãîé¨å ¬®¤¥«¥©. ‚ à�§¤. 4 ¯à¥¤-
áâ�¢«¥−� ¤¥¬®−áâà�æ¨ï ¯®¤å®¤®¢ ª áà�¢−¥−¨î £¨¯®â¥§ ¢ §�¤�ç¥ ¯®¨áª� à�§«¨ç¨©
¢ äã−ªæ¨®−�«ì−®© á¢ï§−®áâ¨ ®¡«�áâ¥© £®«®¢−®£® ¬®§£� ã ¬ã¦ç¨− ¨ ¦¥−é¨−
¢ á®áâ®ï−¨¨ ¯®ª®ï.

2 Методы сравнения конкурирующих гипотез

‚ ¤�−−®¬ à�§¤¥«¥ à�áá¬®âà¥−ë ¯®¤å®¤ë ª áà�¢−¥−¨î £¨¯®â¥§ ¨ á®®â¢¥â-
áâ¢ãîé¨å ¨¬ ¬®¤¥«¥©, ¨á¯®«ì§®¢�−−ë¥ ¯à¨ à¥�«¨§�æ¨¨ ª®¬¯®−¥−â� á¨áâ¥¬ë
¯® ã¯à�¢«¥−¨î ¢¨àâã�«ì−ë¬¨ íªá¯¥à¨¬¥−â�¬¨. �¯¨á�−¨¥ ª®¬¯®−¥−â� ¯à¨¢¥¤¥−®
¢ á«¥¤ãîé¥¬ à�§¤¥«¥. ‘à�¢−¥−¨¥ ª®−ªãà¨àãîé¨å £¨¯®â¥§ ¢ë¯®«−ï¥âáï −� ®á−®¢¥
áà�¢−¥−¨ï ¬¥¦¤ã á®¡®© à¥�«¨§ãîé¨å ¨å ¬®¤¥«¥©.

‘ãé¥áâ¢ã¥â ¬−®¦¥áâ¢® ¯®¤å®¤®¢ ª áà�¢−¥−¨î à�§«¨ç−ëå ¢ëç¨á«¨â¥«ì−ëå
¬®¤¥«¥©. �¤¨− ¨§ á�¬ëå ¯à®áâëå ¯®¤å®¤®¢ [4, 5] | ã¯®àï¤®ç¥−¨¥ ¬®¤¥«¥© ¯® ¢ë-
¡à�−−®© ¬¥âà¨ª¥ −� â¥áâ®¢ëå ¤�−−ëå, −�¯à¨¬¥à áà¥¤−¥ª¢�¤à�â¨ç−®© ®è¨¡ª¥ ¨«¨
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ª®íää¨æ¨¥−âã ¤¥â¥à¬¨−�æ¨¨ R2. �à¥¨¬ãé¥áâ¢® ¤�−−®£® ¯®¤å®¤� §�ª«îç�¥âáï
¢ ¥£® ¯à®áâ®â¥, ¨−â¥à¯à¥â¨àã¥¬®áâ¨ ¨ ¢®§¬®¦−®áâ¨ áà�¢−¥−¨ï ¬®¤¥«¥© à�§«¨ç-
−ëå â¨¯®¢. �â®â ¯®¤å®¤ ¢ ®á−®¢−®¬ ¯à¨¬¥−ï¥âáï ¤«ï ®âá¥ç¥−¨ï åã¤è¨å ¬®¤¥«¥©
á æ¥«ìî ã¬¥−ìè¥−¨ï ¢ ¤�«ì−¥©è¥¬ ç¨á«� ¯®¯�à−ëå áà�¢−¥−¨© ¬®¤¥«¥©, � â�ª¦¥
¤«ï à�−¦¨à®¢�−¨ï ¬®¤¥«¥© ¯® ¢ë¡à�−−®© ¬¥âà¨ª¥.

�à¨ ¯®¤å®¤¥ á ¨á¯®«ì§®¢�−¨¥¬ áâ�â¨áâ¨ç¥áª®© ¯à®¢¥àª¨ £¨¯®â¥§ ä®à¬ã-
«¨àãîâáï −ã«¥¢�ï ¨ �«ìâ¥à−�â¨¢−�ï £¨¯®â¥§ë, íªá¯¥àâ®¬ ¢ë¡¨à�¥âáï ãà®¢¥−ì
§−�ç¨¬®áâ¨, §�¤�¥âáï áâ�â¨áâ¨ª� á ¨§¢¥áâ−ë¬ à�á¯à¥¤¥«¥−¨¥¬ ¯à¨ ¢¥à−®áâ¨ −ã-
«¥¢®© £¨¯®â¥§ë. ‚ §�¢¨á¨¬®áâ¨ ®â ¯à®¢¥àï¥¬®© £¨¯®â¥§ë íªá¯¥àâ®¬ ¢ë¡¨à�¥âáï
áâ�â¨áâ¨ç¥áª¨© â¥áâ ¨ ¢ëç¨á«ï¥âáï ¤®áâ¨£�¥¬ë© ãà®¢¥−ì §−�ç¨¬®áâ¨. �® à¥-
§ã«ìâ�â�¬ áà�¢−¥−¨ï ¤®áâ¨£�¥¬®£® ãà®¢−ï §−�ç¨¬®áâ¨ á ¨§−�ç�«ì−® ¢ë¡à�−−ë¬
§−�ç¥−¨¥¬ ®â¢¥à£�¥âáï ¨«¨ −¥ ®â¢¥à£�¥âáï −ã«¥¢�ï £¨¯®â¥§�. „�−−ë© á¯®á®¡
áà�¢−¥−¨ï −�¨¡®«¥¥ à�á¯à®áâà�−¥− ¤«ï ¬®¤¥«¥©, «¨−¥©−® §�¢¨áïé¨å ®â á¢®¨å
¯�à�¬¥âà®¢ [4,6]. ‚ à�¡®â¥ [7] ¤«ï áà�¢−¥−¨ï ¬®¤¥«¥© −� áå®¦¥áâì ¨á¯®«ì§ãîâáï
ªà¨â¥à¨© “¨«ª®ªá®−� ¨ ªà¨â¥à¨© §−�ª®¢, ¯à®¢¥àïîé¨¥ £¨¯®â¥§ã ® à�¢¥−áâ¢¥
−ã«î ¬¥¤¨�−ë à�§−®áâ¨ ¯à¥¤áª�§�−¨© ¤¢ãå à�áá¬�âà¨¢�¥¬ëå ¬®¤¥«¥©. ‚ à�-
¡®â¥ [3] ªà¨â¥à¨© §−�ª®¢ ¨á¯®«ì§ã¥âáï ¤«ï ¯®¯�à−®£® áà�¢−¥−¨ï ¤¢ãå ¬−®¦¥áâ¢
−¥«¨−¥©−ëå ¬®¤¥«¥©.

�®¤å®¤ ª áà�¢−¥−¨î à�§«¨ç−ëå ¢ëç¨á«¨â¥«ì−ëå ¬®¤¥«¥© á ¨á¯®«ì§®¢�−¨-
¥¬ ¬¥â®¤®¢ â¥®à¨¨ ¨−ä®à¬�æ¨¨ ¤�¥â ¢®§¬®¦−®áâì ®æ¥−¨âì −¥ â®«ìª® ª�ç¥áâ¢®
¯à¥¤áª�§�−¨ï ¬®¤¥«¨, −® â�ª¦¥ ¨ áâ¥¯¥−ì ¥¥ ¯¥à¥®¡ãç¥−¨ï. �¤−¨¬ ¨§ á�¬ëå
à�á¯à®áâà�−¥−−ëå ¬¥â®¤®¢ ï¢«ï¥âáï ¨−ä®à¬�æ¨®−−ë© ªà¨â¥à¨© �ª�¨ª¥ (AIC,
Akaike's Information Criterion) [8, 9]. Šà¨â¥à¨© ¯®¤å®¤¨â ¤«ï áà�¢−¥−¨ï −¥
â®«ìª® ¬®¤¥«¥©, ¯®áâà®¥−−ëå −� íªá¯¥à¨¬¥−â�«ì−ëå ¤�−−ëå, −® ¨ â¥®à¥â¨ç¥áª¨å
¬®¤¥«¥©. ‹ãçè¥© ¨§ −¥áª®«ìª¨å ¬®¤¥«¥© áç¨â�¥âáï â�, ª®â®à�ï ¨¬¥¥â −�¨¬¥−ìè¥¥
§−�ç¥−¨¥ AIC. �¥¤®áâ�â®ª ¤�−−®£® ¬¥â®¤� ªà®¥âáï ¢ ¯«®å®© ¯à¨¬¥−¨¬®áâ¨ −�
¢ë¡®àª�å ¬�«®£® à�§¬¥à�. �à¥®¤®«¥âì ¤�−−ë© −¥¤®áâ�â®ª ¯®§¢®«ï¥â ¨á¯®«ì§®¢�-
−¨¥ ¬®¤¨ä¨æ¨à®¢�−−®£® ¨−ä®à¬�æ¨®−−®£® ªà¨â¥à¨ï �ª�¨ª¥, ï¢«ïîé¥£®áï ¬¥−¥¥
®¡é¨¬ ¨ ¯à¨¬¥−¨¬®£® ¯à¨ ãá«®¢¨¨, çâ® ¬®¤¥«ì «¨−¥©−® §�¢¨á¨¬� ®â á¢®¨å ¯�-
à�¬¥âà®¢. „àã£®© ¨−ä®à¬�æ¨®−−ë© ªà¨â¥à¨© −®á¨â ¨¬ï ��©¥á� (BIC, Bayesian
Information Criterion) [10]. …£® ®á−®¢−®¥ ®â«¨ç¨¥ ®â ªà¨â¥à¨ï �ª�¨ª¥ á®áâ®¨â
¢ â®¬, çâ® −�ª«�¤ë¢�¥âáï ¡®«¥¥ áâà®£®¥ ®£à�−¨ç¥−¨¥ −� ç¨á«® −�áâà�¨¢�¥¬ëå
¯�à�¬¥âà®¢. „«ï −¥ª®â®àëå ¬®¤¥«¥©, −�¯à¨¬¥à ¯®áâà®¥−−ëå ¯à¨ ¯®¬®é¨ £¥−¥-
â¨ç¥áª®£® ¯à®£à�¬¬¨à®¢�−¨ï, à¥ª®¬¥−¤ã¥âáï ¨á¯®«ì§®¢�âì ¬®¤¨ä¨æ¨à®¢�−−ë¥
ªà¨â¥à¨¨ �ª�¨ª¥ ¨ ��©¥á�, ãç¨âë¢�îé¨¥ ®á®¡¥−−®áâ¨ ¯à¨¬¥−ï¥¬®£® �«£®à¨â-
¬� [11]. �®¤å®¤ á ¨á¯®«ì§®¢�−¨¥¬ ¨−ä®à¬�æ¨®−−ëå ªà¨â¥à¨¥¢ ¯à¨¬¥−ï¥âáï ¤«ï
áà�¢−¥−¨ï ¬®¤¥«¥© à�§−®© ¯à¨à®¤ë, � â�ª¦¥ ¤«ï ®âá¥ç¥−¨ï ¬®¤¥«¥© ¡®«ìè®£®
à�§¬¥à�.

ˆ¤¥ï ¡�©¥á®¢áª®£® ¯®¤å®¤� [12] ª áà�¢−¥−¨î ¢ëç¨á«¨â¥«ì−ëå ¬®¤¥«¥© §�-
ª«îç�¥âáï ¢ ¯¥à¥å®¤¥ ®â �¯à¨®à−ëå §−�−¨© ª �¯®áâ¥à¨®à−ë¬ á ãç¥â®¬ −�¡«î¤�-
¥¬ëå ¤�−−ëå. ‚−�ç�«¥ ¢ëç¨á«ï¥âáï à�§−®áâì ¯à¥¤áª�§�−¨© ¤¢ãå ¬®¤¥«¥©. ‡�â¥¬
¯à®¢¥àï¥âáï £¨¯®â¥§� ® â®¬, çâ® áà¥¤−¥¥ ¢ëç¨á«¥−−®© à�§−®áâ¨ à�¢−® −ã«î.
�à¥¨¬ãé¥áâ¢® ¡�©¥á®¢áª®£® ¯®¤å®¤� §�ª«îç�¥âáï ¢ ¢®§¬®¦−®áâ¨ ®¯à¥¤¥«¥−¨ï
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Œ¥â®¤ë áà�¢−¥−¨ï ª®−ªãà¨àãîé¨å £¨¯®â¥§ ¢ £¨¯®â¥§®®à¨¥−â¨à®¢�−−ëå á¨áâ¥¬�å

áâ¥¯¥−¨ ã¢¥à¥−−®áâ¨ ¢ ¯à®¢¥àª¥ £¨¯®â¥§ë (¤®ª�§�â¥«ì−�ï á¨«� −¥ã¡¥¤¨â¥«ì−�ï;
á«�¡®¥, áà¥¤−¥¥, á¨«ì−®¥ ¤®ª�§�â¥«ìáâ¢®).

�®¤å®¤ ª áà�¢−¥−¨î ¢ëç¨á«¨â¥«ì−ëå ¬®¤¥«¥© −� ®á−®¢¥ ¯®¨áª� áå®¦¥áâ¨
£à�ä®¢®£® ¯à¥¤áâ�¢«¥−¨ï ¬®¤¥«¥© [13] ¯à¥¤ãá¬�âà¨¢�¥â áà�¢−¥−¨¥ áå®¤áâ¢� ¤¢ãå
®à¨¥−â¨à®¢�−−ëå �æ¨ª«¨ç−ëå £à�ä®¢, ¯®áâà®¥−−ëå −� ®á−®¢¥ á¨áâ¥¬ ãà�¢−¥-
−¨©, §�¤�îé¨å ¬®¤¥«¨. ‘âà®¨âáï à�§−®áâ−ë© ®à¨¥−â¨à®¢�−−ë© �æ¨ª«¨ç−ë©
£à�ä. „�−−ë© ¬¥â®¤ ®â«¨ç�¥âáï ®â ¤àã£¨å â¥¬, çâ® á ¥£® ¯®¬®éìî ¬®¦−®
áà�¢−¨¢�âì ¬−®¦¥áâ¢� £¨¯®â¥§ ¢ á®¢®ªã¯−®áâ¨. …£® ¯à¥¨¬ãé¥áâ¢® §�ª«îç�¥âáï
¢ ¢®§¬®¦−®áâ¨ �¯¯à®ªá¨¬�æ¨¨ à�§−®áâ−®£® £à�ä� ¡¥§ ï¢−®£® ¯®áâà®¥−¨ï ¨§-
−�ç�«ì−ëå £à�ä®¢. �¥¤®áâ�âª®¬ ¤�−−®£® ¯®¤å®¤� ï¢«ï¥âáï íªá¯®−¥−æ¨�«ì−�ï
¢ëç¨á«¨â¥«ì−�ï á«®¦−®áâì ¯®áâà®¥−¨ï à�§−®áâ−®£® £à�ä� ¨ −¥¢®§¬®¦−®áâì ãç¥â�
¯�à�¬¥âà¨§ãîé¨å ¯¥à¥¬¥−−ëå. �®¤å®¤ ¯à¨¬¥−ï¥âáï, ª®£¤� ¬®¤¥«¨ ¯à¥¤áâ�¢¨¬ë
¢ ¢¨¤¥ �æ¨ª«¨ç−ëå £à�ä®¢.

3 Компонент сравнения гипотез и соответствующих им моделей

‚ ¤�−−®¬ à�§¤¥«¥ ¯à¨¢¥¤¥−® ®¯¨á�−¨¥ ª®¬¯®−¥−â�1 ¤«ï áà�¢−¥−¨ï £¨¯®â¥§
¨ á®®â¢¥âáâ¢ãîé¨å ¨¬ ¬®¤¥«¥©. Š®¬¯®−¥−â ¯à¥¤áâ�¢«ï¥â á®¡®© á®¢®ªã¯−®áâì
äã−ªæ¨© −� ï§ëª¥ Python, à¥�«¨§ãîé¨å ¯®¤å®¤ë, à�áá¬®âà¥−−ë¥ ¢ à�§¤. 2.

”ã−ªæ¨ï range models(models, dataset, metrics, threshold) ¯à¥¤−�§−�ç¥−�
¤«ï à�−¦¨à®¢�−¨ï ¬®¤¥«¥© ¯® ¢ë¡à�−−®© ¬¥âà¨ª¥ −� ¢ë¡à�−−®¬ −�¡®à¥ ¤�−−ëå.
�� ¢å®¤ äã−ªæ¨ï ¯à¨−¨¬�¥â −�¡®à ¬®¤¥«¥©, ª®â®àë¥ âà¥¡ã¥âáï à�−¦¨à®¢�âì,
−�¡®à ¤�−−ëå, −� ª®â®à®¬ áâà®¨âáï ¢ë¡à�−−�ï ¬¥âà¨ª�, ¬¥âà¨ªã ¯à¥¤áª�§�−¨©,
¯®à®£ §−�ç¥−¨© ¤«ï ®âá¥ç¥−¨ï ¯«®å¨å ¬®¤¥«¥©. ‚ ª�ç¥áâ¢¥ ¬¥âà¨ª ¯à¥¤áª�§�−¨©
¬®£ãâ ¡ëâì ¨á¯®«ì§®¢�−ë ¬¥âà¨ª¨ ¨§ ¡¨¡«¨®â¥ª¨ Sklearn, −�¯à¨¬¥à áà¥¤−¥ª¢�¤-
à�â¨ç−�ï ®è¨¡ª� ¨«¨ ª®íää¨æ¨¥−â ¤¥â¥à¬¨−�æ¨¨, � â�ª¦¥ ¨−ä®à¬�æ¨®−−ë¥
ªà¨â¥à¨¨, ®¯à¥¤¥«¥−−ë¥ ¢ ¢¨¤¥ äã−ªæ¨© −¨¦¥. �� ¢ëå®¤¥ äã−ªæ¨ï ¢®§¢à�é�¥â
à�−¦¨à®¢�−−ë© á¯¨á®ª ¬®¤¥«¥© á ¢ëç¨á«¥−−ë¬¨ ¬¥âà¨ª�¬¨.

”ãªæ¨¨ get AIC(model, dataset) ¨ get BIC(model, dataset) ®áãé¥áâ¢«ïîâ
¢ëç¨á«¥−¨¥ ¨−ä®à¬�æ¨®−−®£® ªà¨â¥à¨ï �ª�¨ª¥ ¨ ¡�©¥á®¢áª®£® ¨−ä®à¬�æ¨®−-
−®£® ªà¨â¥à¨ï á®®â¢¥âáâ¢¥−−® ¤«ï ¢ë¡à�−−®© ¬®¤¥«¨ ¨ −�¡®à� ¤�−−ëå. ��
¢å®¤ äã−ªæ¨¨ ¯à¨−¨¬�îâ ¬®¤¥«ì ¨ −�¡®à ¤�−−ëå, −� ¢ëå®¤¥ ¢®§¢à�é�îâ §−�-
ç¥−¨¥ ¨−ä®à¬�æ¨®−−ëå ªà¨â¥à¨¥¢. ”ã−ªæ¨¨ get AIC nonlinear(model, dataset)
¨ get BIC nonlinear(model, dataset) ®áãé¥áâ¢«ïîâ ¢ëç¨á«¥−¨¥ ªà¨â¥à¨¥¢ ¤«ï
−¥«¨−¥©−ëå ¬®¤¥«¥©.

”ã−ªæ¨ï update bayesian probability(model, dataset, prior probability) ®áã-
é¥áâ¢«ï¥â ¢ëç¨á«¥−¨¥ ¡�©¥á®¢áª®© ¢¥à®ïâ−®áâ¨ ¤«ï ¢ë¡à�−−®© ¬®¤¥«¨ −� ¢ë-
¡à�−−®¬ −�¡®à¥ ¤�−−ëå á ãç¥â®¬ §�¤�−−®© �¯à¨®à−®© ®æ¥−ª¨ ¢¥à®ïâ−®áâ¨. ”ã−ª-
æ¨ï compute bayesian hypothesis score(model, dataset) ®áãé¥áâ¢«ï¥â ¢ëç¨á«¥−¨¥
¡�©¥á®¢áª®© ®æ¥−ª¨ á®®â¢¥âáâ¢¨ï ¯à¥¤áª�§�−¨© ¬®¤¥«¨ −�¡«î¤¥−¨ï¬.

1https://github.com/dmkovalev/hypothesis platform/blob/main/core/comparison/compare
models.py.
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”ã−ªæ¨ï compare models(models, dataset, stat test) ®áãé¥áâ¢«ï¥â áà�¢−¥-
−¨¥ ¤¢ãå ¬®¤¥«¥© ¬¥¦¤ã á®¡®© −� ®¤−®¬ −�¡®à¥ ¤�−−ëå. �� ¢å®¤ äã−ªæ¨ï
¯à¨−¨¬�¥â ¤¢¥ ¬®¤¥«¨, −�¡®à ¤�−−ëå, � â�ª¦¥ ¢ë¡à�−−ë© íªá¯¥àâ®¬ áâ�â¨-
áâ¨ç¥áª¨© â¥áâ. �� ¢ëå®¤¥ ¬¥â®¤ ¢®§¢à�é�¥â ¨áâ¨−ã, ¥á«¨ −¥«ì§ï ®â¡à®-
á¨âì £¨¯®â¥§ã ® à�§«¨ç¨¨ ¯à¥¤áª�§�−¨© ¬®¤¥«¥©, ¨−�ç¥ | «®¦ì. ”ã−ªæ¨ï
compare preds on different datasets(models, dataset 1, dataset 2, stat test) ®áã-
é¥áâ¢«ï¥â �−�«®£¨ç−®¥ áà�¢−¥−¨¥ ¤¢ãå ¬®¤¥«¥© ¬¥¦¤ã á®¡®©, −® ã¦¥ −� ¤¢ãå
−�¡®à�å ¤�−−ëå. �� ¢å®¤ äã−ªæ¨ï ¯à¨−¨¬�¥â ¬®¤¥«¨, ¤¢� −�¡®à� ¤�−−ëå, � â�ª-
¦¥ ¢ë¡à�−−ë© íªá¯¥àâ®¬ áâ�â¨áâ¨ç¥áª¨© â¥áâ. �� ¢ëå®¤¥ äã−ªæ¨ï ¢®§¢à�é�¥â
¨áâ¨−ã, ¥á«¨ à¥§ã«ìâ�â áà�¢−¥−¨ï ¬®¤¥«¥© ®¤¨−�ª®¢ ¤«ï ®¡®¨å −�¡®à®¢ ¤�−−ëå.

”ã−ªæ¨ï compute diff dag(models, dataset) ¯à¥¤−�§−�ç¥−� ¤«ï ¢ëç¨á«¥−¨ï
£à�ä� à�§−®áâ¨ ¤¢ãå ®à¨¥−â¨à®¢�−−ëå �æ¨ª«¨ç−ëå £à�ä®¢, ¯®áâà®¥−−ëå ¯®
¤�−−ë¬ ¢å®¤−ëå ¬®¤¥«¥©. �� ¢å®¤−ë¥ ¬®¤¥«¨ −�«�£�¥âáï ¤®¯®«−¨â¥«ì−®¥
®£à�−¨ç¥−¨¥ ® «¨−¥©−®áâ¨. �� ¢ëå®¤¥ äã−ªæ¨ï ¢®§¢à�é�¥â ¢ëç¨á«¥−−ë© £à�ä
à�§−®áâ¨ ¬®¤¥«¥©. …á«¨ ¬−®¦¥áâ¢® à¥¡¥à £à�ä� ¯ãáâ®¥, â® ¬®¤¥«¨ áç¨â�îâáï
áå®¦¨¬¨.

4 Сравнение конкурирующих гипотез для задачи поиска различий
в функциональной связности областей головного мозга
у мужчин и женщин

‚ ¤�−−®¬ à�§¤¥«¥ ¯à¨¢®¤ïâáï à¥§ã«ìâ�âë áà�¢−¥−¨ï à�§«¨ç−ëå £¨¯®â¥§ ¨ á®-
®â¢¥âáâ¢ãîé¨å ¨¬ ¬®¤¥«¥© ¤«ï §�¤�ç¨ ¯®¨áª� à�§«¨ç¨© ¢ äã−ªæ¨®−�«ì−®©
á¢ï§−®áâ¨ ®¡«�áâ¥© £®«®¢−®£® ¬®§£� ã ¬ã¦ç¨− ¨ ¦¥−é¨− ¢ á®áâ®ï−¨¨ ¯®ª®ï.
�®áâ�−®¢ª� ¨ ®¯¨á�−¨¥ §�¤�ç¨ ¯à¨¢¥¤¥−ë ¢ à�¡®â¥ [3]. „«ï ¯®áâ�¢«¥−−®© §�¤�ç¨
¡ë«¨ áä®à¬ã«¨à®¢�−ë £¨¯®â¥§ë ¨ à¥�«¨§ãîé¨¥ ¨å ¬®¤¥«¨ (à¨á. 1). ‘«¥¢�
¯à¨¢¥¤¥− £à�ä §�¢¨á¨¬®áâ¨ −¥áª®«ìª¨å £¨¯®â¥§ ¬¥¦¤ã á®¡®©. ‚¥àè¨−®© £à�-
ä� á«ã¦¨â −�¡®à ª®−ªãà¨àãîé¨å ¬¥¦¤ã á®¡®© £¨¯®â¥§. Š®−ªãà¨àãîé¨¬¨
ï¢«ïîâáï £¨¯®â¥§ë, ®¯¨áë¢�îé¨¥ ®¤¨− ¨ â®â ¦¥ ¥áâ¥áâ¢¥−−ë© ä¥−®¬¥− ¨ à¥�«¨-
§®¢�−−ë¥ à�§−ë¬¨ ¢ëç¨á«¨â¥«ì−ë¬¨ ¬®¤¥«ï¬¨. �à¨¢¥¤¥−−ë¥ ¬¥â®¤ë áà�¢−¥−¨ï
à�¡®â�îâ ¤«ï ª®−ªãà¨àãîé¨å £¨¯®â¥§, ¤«ï §�¢¨á¨¬ëå £¨¯®â¥§ ®−¨ −¥ ¯à¨¬¥-
−¨¬ë.

„«ï ¤�−−®© §�¤�ç¨ ¢ë¤¥«¥−ë âà¨ ¬−®¦¥áâ¢� ª®−ªãà¨àãîé¨å £¨¯®â¥§: ¢ë¡®à
�â«�á®¢ ¨ ¢ë¤¥«¥−¨¥ à¥£¨®−®¢ £®«®¢−®£® ¬®§£� ç¥«®¢¥ª�, ¯®áâà®¥−¨¥ äã−ªæ¨®-
−�«ì−®© á¢ï§−®áâ¨ à¥£¨®−®¢ £®«®¢−®£® ¬®§£�, ¯®¨áª §−�ç¨¬ëå à�§«¨ç¨© ¢ äã−ª-
æ¨®−�«ì−®© á¢ï§−®áâ¨ ã ¬ã¦ç¨− ¨ ¦¥−é¨− ¢ á®áâ®ï−¨¨ ¯®ª®ï.

„«ï ¯¥à¢®£® ¬−®¦¥áâ¢� −¥â ¥¤¨−®£® á¯®á®¡� ¢ë¡à�âì âã ¨«¨ ¨−ãî ¬®¤¥«ì.
‚ à�¡®â¥ [14] áà�¢−¨¢�¥âáï ¬−®¦¥áâ¢® à�§«¨ç−ëå ¬¥â®¤®¢ ¤«ï ¢ë¤¥«¥−¨ï à¥£¨®-
−®¢. �â¬¥ç�¥âáï, çâ® ¬®¤¥«¨ −¥ ¯®«−®áâìî áà�¢−¨¬ë, ¯®íâ®¬ã ®ª®−ç�â¥«ì−ë©
¢ë¡®à ®áâ�¥âáï §� íªá¯¥àâ®¬. ‚ ¤�−−®© à�¡®â¥ ¨á¯®«ì§ã¥âáï �â«�á Harvard{
Oxford [15], á ¯®¬®éìî ª®â®à®£® ¢ë¤¥«ïîâáï 48 à¥£¨®−®¢ ª®àâ¨ª�«ì−®© ç�áâ¨
£®«®¢−®£® ¬®§£�.
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Œ¥â®¤ë áà�¢−¥−¨ï ª®−ªãà¨àãîé¨å £¨¯®â¥§ ¢ £¨¯®â¥§®®à¨¥−â¨à®¢�−−ëå á¨áâ¥¬�å

÷¨á. 1 ƒ¨¯®â¥§ë ¨ ¬®¤¥«¨ ¤«ï §�¤�ç¨ ¯®¨áª� à�§«¨ç¨© ¢ äã−ªæ¨®−�«ì−®© á¢ï§−®áâ¨
à¥£¨®−®¢ £®«®¢−®£® ¬®§£� ã ¬ã¦ç¨− ¨ ¦¥−é¨− ¢ á®áâ®ï−¨¨ ¯®ª®ï

„«ï ¢â®à®£® ¬−®¦¥áâ¢� ª®−ªãà¨àãîé¨å £¨¯®â¥§ ® äã−ªæ¨®−�«ì−®© á¢ï§−®áâ¨
à¥£¨®−®¢ £®«®¢−®£® ¬®§£� ¨á¯®«ì§ãîâáï −¥áª®«ìª® ¬¥â®¤®¢. �¥à¢ë¬ è�£®¬ ¤«ï
¤�−−®£® áà�¢−¥−¨ï á«ã¦¨â ®âá¥ç¥−¨¥ ¬®¤¥«¥© ¯® ¯®à®£®¢®¬ã §−�ç¥−¨î ª®íää¨-
æ¨¥−â� ¤¥â¥à¬¨−�æ¨¨. �â® ¤¥«�¥âáï ¤«ï á®ªà�é¥−¨ï ¯à®áâà�−áâ¢� áà�¢−¨¢�¥¬ëå
¬®¤¥«¥©. ˆ§ 48 à¥£¨®−®¢ ¤«ï 23 ¯®áâà®¥−ë ¬®¤¥«¨ á ®æ¥−ª®© ¢ëè¥ ¯®à®£®¢®£®
ª®íää¨æ¨¥−â� ¤¥â¥à¬¨−�æ¨¨, à�¢−®£® 0,7. ‚â®àë¬ è�£®¬ ï¢«ï¥âáï áà�¢−¥−¨¥
«¨−¥©−ëå ¨ −¥«¨−¥©−ëå ¬®¤¥«¥©, £¤¥ −¥«¨−¥©−ë¥ ¬®¤¥«¨ ¡ë«¨ ¯®«ãç¥−ë ¬¥-
â®¤®¬ £¥−¥â¨ç¥áª®£® ¯à®£à�¬¬¨à®¢�−¨ï. „«ï áà�¢−¥−¨ï ¬®¤¥«¥© ¨á¯®«ì§ãîâáï
ªà¨â¥à¨¨ �ª�¨ª¥ ¨ ��©¥á�.

÷¥§ã«ìâ�âë áà�¢−¥−¨ï á ¨á¯®«ì§®¢�−¨¥¬ ¨−ä®à¬�æ¨®−−ëå ªà¨â¥à¨¥¢ �ª�¨ª¥
¨ ��©¥á� ¯à¨¢¥¤¥−ë ¢ â�¡«. 1. ‡¤¥áì ¨ ¤�«¥¥ à¥§ã«ìâ�âë ¯à¨¢®¤ïâáï â®«ìª® ¤«ï
à¥£¨®−®¢ Precentual Gyrus, Postcentral Gyrus ¨ Planum Polare. „«ï ªà¨â¥à¨ï

’�¡«¨æ� 1 ˆ−ä®à¬�æ¨®−−ë¥ ªà¨â¥à¨¨

÷¥£¨®−
Šà¨â¥à¨© �ª�¨ª¥ Šà¨â¥à¨© ��©¥á�

‹¨−¥©−�ï ¬®¤¥«ì ƒ� ‹¨−¥©−�ï ¬®¤¥«ì ƒ�
Precentual Gyrus −53 058 −58 638 −54 987 −37 821
Postcentral Gyrus −46 048 −52 315 −42 874 −34 508
Planum Polare −7 109 −10 658 −6 925 −3 215
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�ª�¨ª¥ «ãçè¨¥ à¥§ã«ìâ�âë ¯®ª�§�«� −¥«¨−¥©−�ï ¬®¤¥«ì, ¢ â® ¢à¥¬ï ª�ª ¤«ï
ªà¨â¥à¨ï ��©¥á� «ãçè¥© ®ª�§�«�áì «¨−¥©−�ï ¬®¤¥«ì.

�¥á®®â¢¥âáâ¢¨¥ ¬¥¦¤ã ¤¢ã¬ï ¨−ä®à¬�æ¨®−−ë¬¨ ªà¨â¥à¨ï¬¨ ¢ë§¢�−® â¥¬,
çâ® ¢ ªà¨â¥à¨¨ ��©¥á� ãç¨âë¢�îâáï −¥ â®«ìª® â®ç−®áâì ¯à¥¤áª�§�−¨ï, −® â�ª¦¥
¨ á«®¦−®áâì ¯à®¢¥àï¥¬®© ¬®¤¥«¨. ‚ ¬®¤¥«¨ £¥−¥â¨ç¥áª®£® ¯à®£à�¬¬¨à®¢�−¨ï
(ƒ�) ç¨á«® ¯�à�¬¥âà®¢ §−�ç¨â¥«ì−® ¡®«ìè¥, ç¥¬ ¢ ®¡ëç−®© «¨−¥©−®© ¬®¤¥«¨,
¯®íâ®¬ã ã ªà¨â¥à¨ï ��©¥á� ®æ¥−ª� ¬®¤¥«¨ ƒ� ¢ëè¥, ç¥¬ ã «¨−¥©−®©. …á«¨
âà¥¡ã¥âáï −¥ â®«ìª® â®ç−®áâì ¯à¥¤áª�§�−¨©, −® ¨ ¯à®áâ®â� ¬®¤¥«¨, â® á«¥¤ã¥â
¨á¯®«ì§®¢�âì ªà¨â¥à¨© ��©¥á�, ¨−�ç¥ | ªà¨â¥à¨© �ª�¨ª¥.

’à¥âì¥ ¬−®¦¥áâ¢® ª®−ªãà¨àãîé¨å £¨¯®â¥§ ® ¯®¨áª¥ §−�ç¨¬ëå à�§«¨ç¨©
¢ äã−ªæ¨®−�«ì−®© á¢ï§−®áâ¨ à¥£¨®−®¢ £®«®¢−®£® ¬®§£� ã ¬ã¦ç¨− ¨ ¦¥−é¨− ¢ á®-
áâ®ï−¨¨ ¯®ª®ï á®áâ®¨â ¨§ ¤¢ãå ª®−ªãà¨àãîé¨å £¨¯®â¥§ (¬®¤¥«¥©). �¥à¢�ï ¬®¤¥«ì
¯à¥¤áâ�¢«ï¥â á®¡®© à�§−®áâì ¬¥¦¤ã ¯à¥¤áª�§�−¨ï¬¨ ¤«ï ¬ã¦ç¨− ¨ ¦¥−é¨− ¢ ¢ë-
¡à�−−®¬ à¥£¨®−¥. ‚â®à�ï ¬®¤¥«ì áâà®¨âáï ¢ëç¨â�−¨¥¬ £à�ä®¢, ¯®áâà®¥−−ëå
¤«ï ¬ã¦ç¨− ¨ ¦¥−é¨−, ª�¦¤ë© ¨§ ª®â®àëå ®¯¨áë¢�¥â ¢§�¨¬®¤¥©áâ¢¨¥ ¬¥¦¤ã
à¥£¨®−�¬¨ £®«®¢−®£® ¬®§£�. „�−−ë¥ £¨¯®â¥§ë −¥ ï¢«ïîâáï áà�¢−¨¬ë¬¨ −�¯àï-
¬ãî, � áª®à¥¥ ï¢«ïîâáï ¢§�¨¬®¤®¯®«−ïîé¨¬¨. …á«¨ ¯®«ãç¥−−ë¥ à¥£¨®−ë á®
§−�ç¨¬ë¬¨ à�§«¨ç¨ï¬¨ −¥ á®¢¯�¤�îâ, â® íªá¯¥àâã à¥ª®¬¥−¤ã¥âáï ¤®¯®«−¨â¥«ì−®
¯à®¢¥à¨âì ¤�−−ë© à¥£¨®−, −�¯à¨¬¥à ¨á¯®«ì§ãï ¤àã£®© −�¡®à ¤�−−ëå.

„«ï ¯¥à¢®© ¬®¤¥«¨ ¯à®¢¥àï¥âáï à�¢¥−áâ¢® ¬¥¤¨�−ë à�§−®áâ¨ −ã«î á ¨á¯®«ì-
§®¢�−¨¥¬ áâ�â¨áâ¨ç¥áª®£® â¥áâ� | ªà¨â¥à¨ï §−�ª®¢ [16], � â�ª¦¥ ¡�©¥á®¢áª®£®
¯®¤å®¤�. ÷¥§ã«ìâ�âë ¤«ï âà¥å à¥£¨®−®¢ ¯à¥¤áâ�¢«¥−ë ¢ â�¡«. 2.

“à®¢¥−ì §−�ç¨¬®áâ¨ ¢ë¡à�− à�¢−ë¬ 0,05. ÷¥£¨®−ë Precentual Gyrus ¨ Post-
central Gyrus ®ª�§�«¨áì à�§−ë¬¨ ¤«ï ¬ã¦ç¨− ¨ ¦¥−é¨−. „«ï à¥£¨®−� Planum
Polare −ã«¥¢�ï £¨¯®â¥§� ® áå®¦¥áâ¨ à¥£¨®−®¢ −¥ ®â¢¥à£�¥âáï. ‚�¦−®¥ §�¬¥ç�−¨¥:
å®âï −ã«¥¢�ï £¨¯®â¥§� −¥ ®â¢¥à£�¥âáï, −® ¯®«ãç¥−−®¥ §−�ç¥−¨¥ ¡«¨§ª® ª ¯®à®-
£ã 0,05. …á«¨ ¢ë¡à�âì §−�ç¥−¨¥ ¯®à®£�, −�¯à¨¬¥à 0,1, â® −ã«¥¢�ï £¨¯®â¥§�
® áå®¦¥áâ¨ à¥£¨®−� ¡ã¤¥â ®â¢¥à£−ãâ� ¨ ¤«ï Planum Polare.

÷¥§ã«ìâ�âë áà�¢−¥−¨ï á ¯à¨¬¥−¥−¨¥¬ ¡�©¥á®¢áª®£® ¯®¤å®¤� ¯à¥¤áâ�¢«¥−ë
¢ â�¡«. 3. ÷¥§ã«ìâ�âë á®¢¯�¤�îâ á �−�«®£¨ç−ë¬¨ à¥§ã«ìâ�â�¬¨ ¤«ï áâ�â¨áâ¨-
ç¥áª®£® â¥áâ�, ¯à¨ íâ®¬ ¯®ï¢«ï¥âáï ¢®§¬®¦−®áâì ®æ¥−¨âì áâ¥¯¥−ì ã¢¥à¥−−®áâ¨
¢ à¥§ã«ìâ�â¥.

„«ï à¥£¨®−®¢ Precentual Gyrus ¨ Postcentral Gyrus −ã«¥¢�ï £¨¯®â¥§� áå®¦¥áâ¨
íâ¨å à¥£¨®−®¢ ã ¬ã¦ç¨− ¨ ¦¥−é¨− ®â¢¥à£�¥âáï á® áà¥¤−¥© áâ¥¯¥−ìî ã¢¥à¥−−®áâ¨.

’�¡«¨æ� 2 ÷¥§ã«ìâ�âë áà�¢−¥−¨ï ¤¢ãå ¬®¤¥«¥© ƒ�,
®¡ãç¥−−ëå −� à�§−ëå ¢ë¡®àª�å

÷¥£¨®− „®áâ¨£�¥¬ë© ãà®¢¥−ì §−�ç¨¬®áâ¨
Precentual Gyrus 0,0045 (®â¢¥à£�¥âáï)
Postcentral Gyrus 0,0003 (®â¢¥à£�¥âáï)
Planum Polare 0,08 (−¥ ®â¢¥à£�¥âáï)
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Œ¥â®¤ë áà�¢−¥−¨ï ª®−ªãà¨àãîé¨å £¨¯®â¥§ ¢ £¨¯®â¥§®®à¨¥−â¨à®¢�−−ëå á¨áâ¥¬�å

’�¡«¨æ� 3 ÷¥§ã«ìâ�âë áà�¢−¥−¨ï ¡�©¥á®¢áª¨¬ ¯®¤å®¤®¬

÷¥£¨®− η „®ª�§�â¥«ì−�ï á¨«�
Precentual Gyrus 29 : 1 (29) ‘à¥¤−¥¥ ¤®ª�§�â¥«ìáâ¢®
Postcentral Gyrus 54 : 1 (54) ‘à¥¤−¥¥ ¤®ª�§�â¥«ìáâ¢®
Planum Polare 7 : 1 (0,14) ‘«�¡®¥ ¤®ª�§�â¥«ìáâ¢®

÷¨á. 2 ƒà�ä à�§−®áâ¨ ¤«ï ¬ã¦ç¨− ¨ ¦¥−é¨−

�à¨ íâ®¬ ¤«ï Planum Polare −ã«¥¢�ï £¨¯®â¥§� −¥ ®â¢¥à£�¥âáï á® á«�¡®© áâ¥¯¥−ìî
ã¢¥à¥−−®áâ¨, çâ® £®¢®à¨â ® −¥®¡å®¤¨¬®áâ¨ ¤®¯®«−¨â¥«ì−®£® ¨áá«¥¤®¢�−¨ï ¤�−−®-
£® à¥£¨®−�. ‚ æ¥«®¬ à¥§ã«ìâ�âë áâ�â¨áâ¨ç¥áª®£® ¨ ¡�©¥á®¢áª®£® ¯®¤å®¤� áå®¦¨,
−® ¨−®£¤� ®−¨ ¬®£ãâ ¤�¢�âì à�§−ë¥ à¥§ã«ìâ�âë.

„«ï ¢â®à®© ¬®¤¥«¨ áâà®¨âáï à�§−®áâì £à�ä®¢ á¢ï§−®áâ¨ ¤«ï ¬ã¦ç¨− ¨ ¦¥−-
é¨− (à¨á. 2). ‚¥àè¨−�¬¨ ¯®áâà®¥−−®£® £à�ä� à�§−®áâ¨ á«ã¦�â à¥£¨®−ë ¬®§£�,
� à¥¡à�¬¨ | á¢ï§¨ ¬¥¦¤ã à¥£¨®−�¬¨. …á«¨ äã−ªæ¨®−�«ì−�ï á¢ï§−®áâì à¥£¨®−�
à�§«¨ç−� ã ¬ã¦ç¨− ¨ ¦¥−é¨−, â® ¢ £à�ä¥ à�§−®áâ¨ ¯à¨áãâáâ¢ã¥â å®âï ¡ë ®¤−® à¥-
¡à® ¤«ï ¤�−−®£® à¥£¨®−�. „«ï à¥£¨®−� Postcentral Gyrus ¢ £à�ä¥ ¥áâì â�ª®¥ à¥¡à®.
’�ª¦¥ ¤«ï íâ®£® à¥£¨®−� −ã«¥¢�ï £¨¯®â¥§� ®¡ ®âáãâáâ¢¨¨ à�§«¨ç¨© ®â¢¥à£�¥âáï ¯®
®¡®¨¬ ªà¨â¥à¨ï¬. „«ï à¥£¨®−� Planum Polare −¥â à¥¡¥à, ¨ £¨¯®â¥§� ®¡ ®âáãâáâ¢¨¨
à�§«¨ç¨© −¥ ®â¢¥à£�¥âáï ¯® ®¡®¨¬ ªà¨â¥à¨ï¬. „«ï à¥£¨®−� Precentual Gyrus ¯®
áâ�â¨áâ¨ç¥áª¨¬ ªà¨â¥à¨ï¬ £¨¯®â¥§� ®â¢¥à£�¥âáï, −® à¥¡à� ¢ £à�ä¥ ®âáãâáâ¢ãîâ,
â�ª¨¬ ®¡à�§®¬, à¥§ã«ìâ�â áà�¢−¥−¨ï á ¨á¯®«ì§®¢�−¨¥¬ à�§−ëå ¬¥â®¤®¢ ®â«¨ç�-
¥âáï, ¯à¨ íâ®¬ íªá¯¥àâã à¥ª®¬¥−¤ã¥âáï ¯à®¢¥áâ¨ ¤®¯®«−¨â¥«ì−ë¥ ¨áá«¥¤®¢�−¨ï
¤�−−®£® à¥£¨®−�.

5 Заключение

÷�§¢¨â¨¥ á¨áâ¥¬ ¯®¤¤¥à¦ª¨ ¢¨àâã�«ì−ëå íªá¯¥à¨¬¥−â®¢ ¯à¨¢¥«® ª −¥®¡å®¤¨-
¬®áâ¨ ï¢−®£® áà�¢−¥−¨ï ¨ à�−¦¨à®¢�−¨ï £¨¯®â¥§ ¨ á®®â¢¥âáâ¢ãîé¨å ¨¬ ¬®¤¥«¥©.
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‚ áâ�âì¥ à�áá¬®âà¥−ë ¯®¤å®¤ë ª áà�¢−¥−¨î £¨¯®â¥§ ¨ à¥�«¨§ãîé¨å ¨å ¢ëç¨á-
«¨â¥«ì−ëå ¬®¤¥«¥©. �®¤å®¤ë à¥�«¨§®¢�−ë ¢ ª®¬¯®−¥−â¥ áà�¢−¥−¨ï £¨¯®â¥§,
ª®â®àë© ï¢«ï¥âáï ®¤−®© ¨§ á®áâ�¢−ëå ç�áâ¥© á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¢¨àâã�«ì−ë¬¨
íªá¯¥à¨¬¥−â�¬¨. ‘à�¢−¥−¨¥ ¬®¤¥«¥© ¤¥¬®−áâà¨àã¥âáï −� à¥è¥−¨¨ §�¤�ç¨ ¨§
®¡«�áâ¨ −¥©à®ä¨§¨®«®£¨¨.
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Abstract: With the advent of a new class of virtual experiments management
systems, the use of hypotheses and models in an explicit form becomes more and
more widespread. Such systems apply both hypotheses generated from the data
and theoretical hypotheses. It becomes critically important to compare several
competing hypotheses of different origin with each other. The paper considers
various approaches to comparing competing hypotheses and computationalmodels
implementing them. The considered approaches are implemented as a software
component that is a part of a virtual experiment management system. The
component is applied for problem solving in neurophysiology.
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ПРИМЕНЕНИЕ НЕЙРОННЫХ СЕТЕЙ ГЛУБОКОГО
ОБУЧЕНИЯ В МАТЕМАТИЧЕСКОМ ОБЕСПЕЧЕНИИ

ЦИФРОВЫХ ДВОЙНИКОВ
ЭЛЕКТРОЭНЕРГЕТИЧЕСКИХ СИСТЕМ

С. П. Ковалёв1

�−−®â�æ¨ï: ÷�áá¬�âà¨¢�¥âáï ¯à®¡«¥¬�â¨ª� à�§à�¡®âª¨ æ¨äà®¢ëå ¤¢®©−¨-
ª®¢ á®¢à¥¬¥−−ëå �ªâ¨¢−ëå à�á¯à¥¤¥«¨â¥«ì−ëå í«¥ªâà®í−¥à£¥â¨ç¥áª¨å á¨áâ¥¬
(÷��‘). ‚ë¤¥«¥−ë ¯®¤å®¤ë ª ¯à¨¬¥−¥−¨î ¨áªãááâ¢¥−−ëå −¥©à®−−ëå á¥â¥©
£«ã¡®ª®£® ®¡ãç¥−¨ï ¢ ¨−â¥««¥ªâã�«ì−®¬ ã¯à�¢«¥−¨¨ ãª�§�−−ë¬¨ á¨áâ¥¬�¬¨
−� ¡�§¥ æ¨äà®¢ëå ¤¢®©−¨ª®¢. „�− ªà�âª¨© ®¡§®à à¥«¥¢�−â−ëå �àå¨â¥ªâãà
−¥©à®á¥â¥©. �à¨¢¥¤¥−ë ¯à¨¬¥àë −¥©à®á¥â¥¢ëå áà¥¤áâ¢ ¤«ï à¥è¥−¨ï àï¤�
ª«îç¥¢ëå §�¤�ç ¨−â¥««¥ªâã�«ì−®£® ã¯à�¢«¥−¨ï, ¢ª«îç�ï ¯à®£−®§¨à®¢�−¨¥
−�£àã§ª¨, ¯à®£−®§¨à®¢�−¨¥ æ¥−ë í«¥ªâà®í−¥à£¨¨, ®¯â¨¬¨§�æ¨î à�á¯à¥¤¥-
«¥−¨ï −�£àã§ª¨ ¬¥¦¤ã ¤®áâã¯−ë¬ £¥−¥à¨àãîé¨¬ ®¡®àã¤®¢�−¨¥¬, ®æ¥−ªã
¨ ¯à®£−®§¨à®¢�−¨¥ â¥å−¨ç¥áª®£® á®áâ®ï−¨ï í−¥à£¥â¨ç¥áª®£® ®¡®àã¤®¢�−¨ï,
¤¨�£−®áâ¨ªã ®âª�§®¢ ¨ ª�â�áâà®ä. ‘ä®à¬ã«¨à®¢�−ë à¥ª®¬¥−¤�æ¨¨ ¯® �«ì-
â¥à−�â¨¢−ë¬ ¢�à¨�−â�¬ ¯à¨¬¥−¥−¨ï à�áá¬®âà¥−−ëå −¥©à®á¥â¥¢ëå áà¥¤áâ¢,
â�ª¨¬ ª�ª ¢ª«îç¥−¨¥ ¢ á®áâ�¢ ¡�§®¢®£® ¬�â¥¬�â¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï æ¨ä-
à®¢®£® ¤¢®©−¨ª� «¨¡® ¯®áâ�¢ª� ¢ ¢¨¤¥ ¤®¯®«−¨â¥«ì−ëå ¯à¨«®¦¥−¨© ¤«ï
®¯à¥¤¥«¥−−ëå ª�â¥£®à¨© ¯®«ì§®¢�â¥«¥©.

Š«îç¥¢ë¥ á«®¢�: æ¨äà®¢®© ¤¢®©−¨ª; à�á¯à¥¤¥«¨â¥«ì−�ï í«¥ªâà®í−¥à£¥â¨-
ç¥áª�ï á¨áâ¥¬�; ¨áªãááâ¢¥−−�ï −¥©à®−−�ï á¥âì £«ã¡®ª®£® ®¡ãç¥−¨ï; ¯à®£−®§¨-
à®¢�−¨¥; ¤¨�£−®áâ¨ª� ®âª�§®¢
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1 Введение

‘®¢à¥¬¥−−ë¥ �ªâ¨¢−ë¥ ÷��‘ ¯à¥¤áâ�¢«ïîâ á®¡®© á«®¦−ë¥ ¢ëá®ª®â¥å−®-
«®£¨ç−ë¥ ®¡ê¥ªâë, á®¥¤¨−ïîé¨¥ à�§−®®¡à�§−ë¥ í−¥à£®¯à¨¥¬−¨ª¨ (¢ â®¬ ç¨á«¥
á ã¯à�¢«ï¥¬ë¬ ¯®âà¥¡«¥−¨¥¬), «®ª�«ì−®¥ £¥−¥à¨àãîé¥¥ ®¡®àã¤®¢�−¨¥ (¢ â®¬
ç¨á«¥ −� ¢®§®¡−®¢«ï¥¬ëå ¨áâ®ç−¨ª�å í−¥à£¨¨ | ‚ˆ�) ¨ á¨áâ¥¬ë −�ª®¯«¥−¨ï
í«¥ªâà®í−¥à£¨¨. ƒ«�¢−ë¬ ¯à¨−æ¨¯®¬ ®à£�−¨§�æ¨¨ ã¯à�¢«¥−¨ï â�ª¨¬¨ ®¡ê¥ªâ�-
¬¨, ¢ á®®â¢¥âáâ¢¨¨ á ¯®¤å®¤®¬ ¬®¤¥«ì−®-®à¨¥−â¨à®¢�−−®© á¨áâ¥¬−®© ¨−¦¥−¥à¨¨
(Model-Based Systems Engineering) ¨ ¯�à�¤¨£¬®© ç¥â¢¥àâ®© ¯à®¬ëè«¥−−®© à¥-
¢®«îæ¨¨ (Industrie 4.0), ï¢«ï¥âáï ä®à¬¨à®¢�−¨¥ æ¨äà®¢®£® ¤¢®©−¨ª� (Digital
Twin) | ¢¨àâã�«ì−®© ª®¯¨¨ ®¡ê¥ªâ�, ¤®áâ®¢¥à−® ¢®á¯à®¨§¢®¤ïé¥© ¨ §�¤�îé¥©
áâàãªâãàã, á®áâ®ï−¨¥ ¨ ¯®¢¥¤¥−¨¥ ®à¨£¨−�«� ¢ à¥�«ì−®¬ ¢à¥¬¥−¨ [1]. –¨äà®¢®©

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ã¯à�¢«¥−¨ï ¨¬. ‚. �. ’à�¯¥§−¨ª®¢� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª,
kovalyov@sibnet.ru
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¤¢®©−¨ª, ¡ã¤ãç¨ ¨−â¥««¥ªâã�«ì−®© −�¤áâà®©ª®© −�¤ áà¥¤®© ¨−â¥à−¥â� ¢¥é¥©
¨ ¨−ä®à¬�æ¨®−−®© ¬®¤¥«ìî ®¡ê¥ªâ�, áâ�−®¢¨âáï ª«îç¥¢ë¬ ¡�§®¢ë¬ í«¥¬¥−â®¬
á¨áâ¥¬ë ã¯à�¢«¥−¨ï ®¡ê¥ªâ®¬.

�¤−�ª® ¢ −�áâ®ïé¥¥ ¢à¥¬ï ¬−®£¨¥ ¢®¯à®áë ä®à¬¨à®¢�−¨ï ¨ ¯à¨¬¥−¥−¨ï
æ¨äà®¢ëå ¤¢®©−¨ª®¢ ¢ í−¥à£¥â¨ª¥ −¥ à¥è¥−ë [2]. ’à�¤¨æ¨®−−ë¥ ä¨§¨ª®-¬�-
â¥¬�â¨ç¥áª¨¥ ¬®¤¥«¨ ¯«®å® á¯à�¢«ïîâáï á ¢ëá®ª®© ¤¨−�¬¨ª®© ¨ áªàëâë¬¨
¯®¢¥¤¥−ç¥áª¨¬¨ §�ª®−®¬¥à−®áâï¬¨, ¯à¨áãé¨¬¨ ÷��‘, ¯®íâ®¬ã ¬�â¥¬�â¨ç¥áª®¥
®¡¥á¯¥ç¥−¨¥ æ¨äà®¢®£® ¤¢®©−¨ª� âà¥¡ã¥â ¯à¨¬¥−¥−¨ï áà¥¤áâ¢ ¨áªãááâ¢¥−−®£®
¨−â¥««¥ªâ�, ¢ ç�áâ−®áâ¨ −� ¡�§¥ −¥©à®−−ëå á¥â¥© £«ã¡®ª®£® ®¡ãç¥−¨ï [3]. �−�«¨§ã
â�ª¨å áà¥¤áâ¢, ¢ª«îç�ï à¥ª®¬¥−¤�æ¨¨ ¯® å�à�ªâ¥àã ¨å ¯à¨¬¥−¥−¨ï, ¯®á¢ïé¥−�
−�áâ®ïé�ï à�¡®â�.

2 Возможности искусственных нейронных сетей

ˆáªãááâ¢¥−−®© −¥©à®−−®© á¥âìî (ªà�âª® | −¥©à®á¥âìî) −�§ë¢�¥âáï ¬−®£®-
ª®¬¯®−¥−â−ë© ¨−ä®à¬�æ¨®−−®-¢ëç¨á«¨â¥«ì−ë© ¡«®ª, á¯®á®¡−ë© ª á�¬®®¡ãç¥-
−¨î −� ¯à¨¬¥à�å �−�«®£¨ç−® ¬®§£ã ¦¨¢®£® ®à£�−¨§¬� [4]. �¥©à®á¥â¨ à�§¢¨¢�îâáï
−�ç¨−�ï á 1950-å ££. ¨ ¢ −�áâ®ïé¥¥ ¢à¥¬ï ¯¥à¥¦¨¢�îâ −�áâ®ïé¨© ¡ã¬ ¢ ª�ç¥áâ¢¥
á�¬®© ¯¥àá¯¥ªâ¨¢−®© â¥å−®«®£¨¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� | �¢â®¬�â¨ç¥áª®-
£® úã£�¤ë¢�−¨ïû §�à�−¥¥ −¥ ¨§¢¥áâ−ëå §�¢¨á¨¬®áâ¥©. …é¥ ¢ 1980-å ££. ¡ë«®
ãáâ�−®¢«¥−®, çâ® ¤®áâ�â®ç−® ¡®«ìè�ï −¥©à®á¥âì ¬®¦¥â ¡ëâì ®¡ãç¥−� á «î-
¡®© â®ç−®áâìî �¯¯à®ªá¨¬¨à®¢�âì «î¡ãî äã−ªæ¨î ¬−®£¨å ¯¥à¥¬¥−−ëå F , −¥
¨¬¥ï −¨ª�ª®© �¯à¨®à−®© ¨−ä®à¬�æ¨¨ ® −¥© [5]. �à¨¬¥à�¬¨ ¤«ï ®¡ãç¥−¨ï
�¯¯à®ªá¨¬¨àãîé¥© −¥©à®á¥â¨ á«ã¦�â ¯�àë ¢¨¤� (Y , F (Y )) á à�§−ë¬¨ −�¡®-
à�¬¨ �à£ã¬¥−â®¢ Y , ¢ á®¢®ªã¯−®áâ¨ ¢ â®© ¨«¨ ¨−®© áâ¥¯¥−¨ ¯®ªàë¢�îé¨¬¨
®¡«�áâì ®¯à¥¤¥«¥−¨ï äã−ªæ¨¨ F . �¡ãç¥−−�ï −¥©à®á¥âì, ¯®«ãç¨¢ −� ¢å®¤ ¯à®-
¨§¢®«ì−®¥ §−�ç¥−¨¥ −�¡®à� �à£ã¬¥−â®¢ X, ¡ëáâà® ¢ë¤�¥â §−�ç¥−¨¥, ¡«¨§ª®¥
ª F (X).

˜¨à®ª® ¨§¢¥áâ−ë ¯à¨¬¥àë ¯à¨¬¥−¥−¨ï −¥©à®á¥â¥© ¢ §�¤�ç�å, £¤¥ F §�¤�-
¥â: ¯à¨−�¤«¥¦−®áâì ¢å®¤−®£® −�¡®à� â®¬ã ¨«¨ ¨−®¬ã ª«�ááã (à�á¯®§−�¢�−¨¥
®¡à�§®¢ à�§«¨ç−®© ¬®¤�«ì−®áâ¨ | ¨§®¡à�¦¥−¨©, äà�£¬¥−â®¢ à¥ç¨, ¬�áá¨¢®¢
ç¨á«¥−−ëå ¤�−−ëå ¨ ¤à.); ®ç¥à¥¤−®¥ §−�ç¥−¨¥ ¢ −¥ª®â®à®¬ àï¤ã, §�¤�−−®¬ã
¢å®¤−ë¬ −�¡®à®¬ (¯à®£−®§¨à®¢�−¨¥); ¯¥à¥¢®¤ ¢å®¤−ëå §−�ç¥−¨© ¢ ¨−ãî á¨á-
â¥¬ã ®¡®§−�ç¥−¨© (ª®¤¨à®¢�−¨¥) ¨ â. ¤. ‘ãé¥áâ¢ãîâ â�ª¦¥ §�¤�ç¨ ®¡ãç¥−¨ï
−¥©à®á¥â¨ ú¡¥§ ãç¨â¥«ïû, ª®£¤� ®â −¥¥ âà¥¡ã¥âáï ¢ëç¨á«¨âì −¥ �¯¯à®ªá¨¬�æ¨î
−¥ª®â®à®© äã−ªæ¨¨, � áâ�â¨áâ¨ç¥áª¨¥ å�à�ªâ¥à¨áâ¨ª¨ à�á¯à¥¤¥«¥−¨ï ¢å®¤−ëå
−�¡®à®¢ ¤�−−ëå. ‚ ¨−¦¥−¥à−ëå ¯à¨ª«�¤−ëå §�¤�ç�å −¥®¡å®¤¨¬® âé�â¥«ì−®
¯®¤¡¨à�âì áâàãªâãàã −�¡®à� �à£ã¬¥−â®¢ â�ª, çâ®¡ë ®−: (1) ¢ª«îç�« ¢á¥ ¯�à�¬¥â-
àë, áãé¥áâ¢¥−−® ¢«¨ïîé¨¥ −� −¥¨§¢¥áâ−ãî �¯¯à®ªá¨¬¨àã¥¬ãî §�¢¨á¨¬®áâì F ;
(2) −¥ ¡ë« §�èã¬«¥− −¥§−�ç�é¨¬¨ ¯�à�¬¥âà�¬¨; (3) ¯®§¢®«ï« áà�¢−¨â¥«ì−® «¥£ª®
¯®«ãç¨âì ¬−®£® ¤®áâ®¢¥à−ëå ®¡ãç�îé¨å ¯à¨¬¥à®¢, ¡®«¥¥ ¨«¨ ¬¥−¥¥ à�¢−®¬¥à-
−® à�á¯à¥¤¥«¥−−ëå ¯® ®¡«�áâ¨ ®¯à¥¤¥«¥−¨ï äã−ªæ¨¨ F . �® ¤�¦¥ ¯à¨ ®ç¥−ì
å®à®è¥¬ −�¡®à¥ á«¥¤ã¥â ¨¬¥âì ¢ ¢¨¤ã, çâ® ª�ç¥áâ¢® �¯¯à®ªá¨¬�æ¨¨ £�à�−â¨-
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÷¨á. 1 ˆáªãááâ¢¥−−�ï −¥©à®−−�ï á¥âì

àã¥âáï «¨èì ¢ áà¥¤−¥¬: ¢ ®¡é¥¬ á«ãç�¥ ¬®£ãâ áãé¥áâ¢®¢�âì §−�ç¥−¨ï −�¡®à�
�à£ã¬¥−â®¢, −� ª®â®àëå ¢ëå®¤ ®¡ãç¥−−®© −¥©à®á¥â¨ ¡ã¤¥â áª®«ì ã£®¤−® á¨«ì−®
®â«¨ç�âìáï ®â ¯à�¢¨«ì−®£® §−�ç¥−¨ï äã−ªæ¨¨ F . ˆ§¢¥áâ−ë ¢ëç¨á«¨â¥«ì−ë¥
íªá¯¥à¨¬¥−âë ¢ à�á¯®§−�¢�−¨¨ ¨§®¡à�¦¥−¨©, £¤¥ −¥¡®«ìè¨¥, −¥§�¬¥â−ë¥ ç¥«®¢¥-
ç¥áª®¬ã £«�§ã ¨áª�¦¥−¨ï, ¢ëç¨á«¥−−ë¥ ¯® ú¡¥«ë¬ ¯ïâ−�¬û å®à®è¥© ®¡ãç�îé¥©
¢ë¡®àª¨, ¢ë§ë¢�«¨ ã −¥©à®á¥â¥¢ëå à�á¯®§−�¢�â¥«¥© ä�â�«ì−ãî ®è¨¡ªã |
−�¯à¨¬¥à, ¨áª�¦¥−−®¥ ¨§®¡à�¦¥−¨¥ �¢â®¡ãá� à�á¯®§−�¢�«®áì ª�ª áâà�ãá [6].
�®íâ®¬ã á®¢à¥¬¥−−ë¥ −¥©à®á¥â¨ ¬®£ãâ §−�ç¨â¥«ì−® ®¡®£�â¨âì, −® −¥ §�¬¥−¨âì
á®¡®© ¤àã£¨¥ áà¥¤áâ¢� ¬�â¥¬�â¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï ¨−â¥««¥ªâã�«ì−®£® ã¯à�¢-
«¥−¨ï.

�«¥¬¥−â�à−ë¬ áâà®¨â¥«ì−ë¬ ¡«®ª®¬ −¥©à®á¥â¨, ª�ª −¥âàã¤−® ¤®£�¤�âìáï,
á«ã¦¨â −¥á«®¦−ë© ¢ëç¨á«¨â¥«ì−ë© ¬®¤ã«ì, £àã¡® ¨¬¨â¨àãîé¨© ¯®¢¥¤¥−¨¥
ª«¥âª¨-−¥©à®−�. �â®â ¬®¤ã«ì ¨¬¥¥â −¥áª®«ìª® ¢å®¤®¢ ¨ ®¤¨− ¢ëå®¤, −� ª®-
â®àë© ¯à¨ ¯®áâã¯«¥−¨¨ ¢å®¤−ëå á¨£−�«®¢ ¢ë¤�¥â à¥§ã«ìâ�â ¤¥©áâ¢¨ï äã−ªæ¨¨
¢®§¡ã¦¤¥−¨ï −� ¨å ¢§¢¥è¥−−ãî áã¬¬ã (à¨á. 1). ”ã−ªæ¨ï ¢®§¡ã¦¤¥−¨ï ¨¬¥¥â
¢¨¤ á¨£¬®¨¤�, ª�ª −� à¨á. 1, ¨«¨ ¤àã£®© −¥¯à¥àë¢−®© �¯¯à®ªá¨¬�æ¨¨ ¯®à®£®¢®©
§�¢¨á¨¬®áâ¨. ��¡®àë W ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢ ¢å®¤®¢ ¢á¥å −¥©à®−®¢ ¨ á«ã-
¦�â â¥¬¨ ¯�à�¬¥âà�¬¨ −¥©à®á¥â¨, ª®â®àë¥ ¯®¤¡¨à�îâáï ¢ å®¤¥ ®¡ãç¥−¨ï ¢ æ¥«ïå
¬¨−¨¬¨§�æ¨¨ äã−ªæ¨¨ ®è¨¡ª¨.
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„«ï −¥©à®á¥â¥© âà�¤¨æ¨®−−®© ï¢«ï¥âáï ¬−®£®á«®©−�ï â®¯®«®£¨ï: á¨£−�« ¯®-
á«¥¤®¢�â¥«ì−® ¯à®å®¤¨â áª¢®§ì á«®¨ ¢ −�¯à�¢«¥−¨¨ ®â ¢å®¤−®£® (input) ç¥à¥§
¯à®¬¥¦ãâ®ç−ë¥ ¨«¨ áªàëâë¥ (hidden) ª ¢ëå®¤−®¬ã (output). �¥©à®á¥âì á ¡�§®¢®©
¬−®£®á«®©−®© �àå¨â¥ªâãà®© −�§ë¢�¥âáï ¯¥àæ¥¯âà®−®¬ (perceptron). ‚ á®¢à¥¬¥−-
−ëå ¯¥àæ¥¯âà®−�å ç¨á«® ¯à®¬¥¦ãâ®ç−ëå á«®¥¢ ¤®å®¤¨â ¤® á®â¥−, ¯®íâ®¬ã ¨å
−�§ë¢�îâ £«ã¡®ª¨¬¨ (deep). ‘ç¨â�¥âáï, çâ® ¯® ¬¥à¥ ¯à®å®¦¤¥−¨ï á«®¥¢ ¢å®¤−®©
á¨£−�« ¯à¥®¡à�§ã¥âáï ¢ ¯à¥¤áâ�¢«¥−¨ï ¢á¥ ¡®«¥¥ ¢ëá®ª®ãà®¢−¥¢ëå ¯à¨§−�ª®¢
(features), å�à�ªâ¥à¨§ãîé¨å ¥£® ¯®¤«¨−−ë© úá¬ëá«û. „«ï §�¤�ç â¨¯� à�á¯®-
§−�¢�−¨ï ®¡à�§®¢, ª®â®àë¥ á¢®¤ïâáï ¨¬¥−−® ª ¢ë¤¥«¥−¨î ¯à¨§−�ª®¢, ¬®¦−®
®¯â¨¬¨§¨à®¢�âì á¥âì ¯ãâ¥¬ ã¬¥−ìè¥−¨ï ç¨á«� á¢ï§¥© ¬¥¦¤ã −¥©à®−�¬¨ á®á¥¤−¨å
á«®¥¢, á®®â¢¥âáâ¢¥−−® ã¬¥−ìè�ï ª®«¨ç¥áâ¢® ª®íää¨æ¨¥−â®¢, ¯®¤«¥¦�é¨å ¯®¤-
¡®àã. �¯â¨¬¨§¨à®¢�−−�ï â�ª¨¬ á¯®á®¡®¬ £«ã¡®ª�ï á¥âì −�§ë¢�¥âáï á¢¥àâ®ç−®©
(convolutional neural network, CNN) [7].

‘ãé¥áâ¢ãîâ â�ª¦¥ à¥ªãàà¥−â−ë¥ �àå¨â¥ªâãàë á¥â¥© (recurrent neural net-
work, RNN), ¢ª«îç�îé¨¥ ®¡à�â−ë¥ á¢ï§¨ ®â −¥©à®−®¢ ¯®á«¥¤ãîé¨å á«®¥¢
ª ¯à¥¤ë¤ãé¨¬. �«�£®¤�àï ®¡à�â−ë¬ á¢ï§ï¬ ¯®ï¢«ï¥âáï ¢®§¬®¦−®áâì ãç¨âë¢�âì
à¥§ã«ìâ�âë ¯à¥¤ë¤ãé¨å �ªâ®¢ ¯à®å®¦¤¥−¨ï á¨£−�«®¢ ¢ ¯®á«¥¤ãîé¨å, â. ¥. ç�á-
â¨ç−® §�¯®¬¨−�âì ¨áâ®à¨î äã−ªæ¨®−¨à®¢�−¨ï á¥â¨. �â� ¢®§¬®¦−®áâì ®á®¡¥−−®
ã¤®¡−� ¢ §�¤�ç�å ¯à®£−®§¨à®¢�−¨ï ¢à¥¬¥−−‚ëå àï¤®¢. —â®¡ë ãç¨âë¢�âì ú¬¥¤-
«¥−−ë¥û ª®àà¥«ïæ¨¨, §�¬¥â−ë¥ â®«ìª® −� ¤®áâ�â®ç−® ¤«¨−−ëå äà�£¬¥−â�å àï¤�,
¢ −¥©à®−ë â�ª®© á¥â¨ ¢ ï¢−®¬ ¢¨¤¥ ¢áâà�¨¢�îâ í«¥¬¥−âë ¯�¬ïâ¨ ¨ ã¯à�¢«ïîé¨¥
¨å −�¯®«−¥−¨¥¬ ¢−ãâà¥−−¨¥ ª®¬¬ãâ�â®àë (£¥©âë). ��¨¡®«¥¥ è¨à®ª® ¯à¨¬¥−ï-
îâáï ¤¢� â¨¯� −¥©à®−®¢ â�ª®£® à®¤�: Long Short-Term Memory (LSTM) ¨ Gated
Recurrent Unit (GRU) [8].

‚ §�¢¥àè¥−¨¥ ªà�âª®£® ®¡§®à� à�áá¬®âà¨¬ �àå¨â¥ªâãàë −¥©à®á¥â¥©, ¯à¨¬¥-
−ï¥¬ë¥ ¢ ®¡ãç¥−¨¨ ¡¥§ ãç¨â¥«ï. �¤−¨¬ ¨§ ¯®¤å®¤®¢ §¤¥áì ï¢«ï¥âáï ¯®áâà®¥−¨¥
á¥â¨, ¢ ª®â®à®© ¢å®¤−®© ¨ ¢ëå®¤−®© á«®© á®áâ®ïâ ¨§ ®¤¨−�ª®¢®£® ç¨á«� −¥©à®-
−®¢, � áªàëâë¥ á«®¨ | ¨§ áãé¥áâ¢¥−−® ¬¥−ìè¥£® ª®«¨ç¥áâ¢�. ’�ªãî −¥©à®á¥âì
âà¥−¨àãîâ −� ¯à®¨§¢®«ì−®¬ ¬�áá¨¢¥ ¯à¥¤¬¥â−ëå ¤�−−ëå ¢ æ¥«ïå ¬¨−¨¬¨§�-
æ¨¨ ®â«¨ç¨ï ¢ëå®¤� ®â ¢å®¤�, ¢ë−ã¦¤�ï áªàëâë© á«®© ä®à¬¨à®¢�âì −�¡®à
¯à¨§−�ª®¢, áâ�â¨áâ¨ç¥áª¨ ¤®áâ®¢¥à−® ª«�áá¨ä¨æ¨àãîé¨© ¢å®¤−®© ¬�áá¨¢. ’�ª
ãáâà®¥−ë �¢â®ª®¤¨à®¢é¨ª¨ (autoencoders, AE), ¨§¢¥áâ−ë¥ á¢®¨¬ ¯à¨¬¥−¥−¨¥¬
¢ à�á¯®§−�¢�−¨¨ à¥ç¨: �¢â®ª®¤¨à®¢é¨ª ¡¥à¥â −� á¥¡ï âàã¤®¥¬ªãî äã−ªæ¨î
à�§¬¥âª¨ ¯®â®ª� à¥ç¨ −� á¬ëá«®¢ë¥ ¥¤¨−¨æë [9]. „àã£®© ¯®¤å®¤ ª ®¡ãç¥−¨î
¡¥§ ãç¨â¥«ï á®áâ®¨â ¢ ®à£�−¨§�æ¨¨ ¢§�¨¬®á¢ï§�−−ëå −¥©à®−®¢ ¢ �−á�¬¡«ì ¢ ä¨-
§¨ª®-áâ�â¨áâ¨ç¥áª®¬ á¬ëá«¥. �® ¬¥à¥ ¯à®å®¦¤¥−¨ï −�¡®à®¢ ¢å®¤−ëå ¤�−−ëå
áª¢®§ì â�ª®© �−á�¬¡«ì ®− áâà¥¬¨âáï ª à�¢−®¢¥á−®¬ã á®áâ®ï−¨î (¬¨−¨¬ã¬ã äã−ª-
æ¨®−�«� úí−¥à£¨¨û), ¢ ª®â®à®¬ ¢®á¯à®¨§¢®¤¨âáï −�¨¡®«¥¥ ú¯®å®¦¥¥ −� ¯à�¢¤ãû
¢¥à®ïâ−®áâ−®¥ à�á¯à¥¤¥«¥−¨¥ ¢å®¤−ëå ¤�−−ëå. ’�ª®© ¯®¤å®¤ à¥�«¨§®¢�− ¢ ®£à�-
−¨ç¥−−ëå ¬�è¨−�å �®«ìæ¬�−� (restricted Boltzmann machine, RBM), ¨§ ª®â®àëå
á®¡¨à�îâ £«ã¡®ª¨¥ á¥â¨ ¤®¢¥à¨ï (deep belief network, DBN).

‚ í«¥ªâà®í−¥à£¥â¨ª¥ ¥áâ¥áâ¢¥−−ë¬ ®¡à�§®¬ ¢ë¤¥«ïîâáï −¥áª®«ìª® ®¡«�áâ¥©
¯à¨¬¥−¥−¨ï −¥©à®á¥â¥© [10], ª�¦¤�ï ¨§ ª®â®àëå ªà�âª® à�áá¬®âà¥−� ¤�«¥¥.
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3 Области применения нейросетей в энергетике

3.1 Прогнозирование нагрузки (load forecasting)

�æ¥−ª� ®¡ê¥¬� ¯®âà¥¡«¥−¨ï −¥ª®â®à®£® ®¡ê¥ªâ� í−¥à£¥â¨ª¨ ¢ −¥ª®â®àë©
¡ã¤ãé¨© ¯¥à¨®¤ ¢à¥¬¥−¨ ¯à¨ ¨§¢¥áâ−ëå ä�ªâ¨ç¥áª¨å ¨áâ®à¨ç¥áª¨å §−�ç¥−¨ïå
¯®âà¥¡«¥−¨ï ®¡ê¥ªâ� ®â−®á¨âáï ª ª«�áá¨ç¥áª¨¬ §�¤�ç�¬ ã¯à�¢«¥−¨ï ¢ í«¥ªâà®-
í−¥à£¥â¨ª¥. ’®ç−®¥ ¯à®£−®§¨à®¢�−¨¥ ¯®§¢®«ï¥â ¯à�¢¨«ì−® à�ááç¨â�âì í−¥à£¥â¨-
ç¥áª¨© ¡�«�−á ¨ ¢ë¡à�âì à¥¦¨¬−ë¥ ¯�à�¬¥âàë ÷��‘. ’¨¯®¢�ï §�¤�ç� ¢ ãá«®¢¨ïå
á®¢à¥¬¥−−®£® àë−ª� á®áâ®¨â ¢ ¯®áâà®¥−¨¨ ¯à®£−®§−®£® ¯à®ä¨«ï ¯®âà¥¡«¥−¨ï �ª-
â¨¢� ®¤−®£® áã¡ê¥ªâ� −� ®ç¥à¥¤−ë¥ ª�«¥−¤�à−ë¥ áãâª¨ á ¤¨áªà¥â−®áâìî 1 ç, −®
¢áâà¥ç�îâáï ¨ §�¤�ç¨ á ¬�áèâ�¡®¬ ®¡ê¥ªâ� ¯à®£−®§¨à®¢�−¨ï ®â ®¤−®£® ¯à¨¡®à� ¤®
−�æ¨®−�«ì−®© í−¥à£®á¨áâ¥¬ë ¨ á £®à¨§®−â®¬ ¯à®£−®§¨à®¢�−¨ï ®â 1 ¬¨− ¤® 20 «¥â.

•®à®è® ¨§¢¥áâ−ë â�ª¨¥ £àã¡ë¥ �«£®à¨â¬ë (ä®à¬ã«ë) ¯à®£−®§¨à®¢�−¨ï, ª�ª
ãáà¥¤−¥−¨¥ ä�ªâ¨ç¥áª¨å ¯à®ä¨«¥© §� ç¥âëà¥ ¯à¥¤è¥áâ¢ãîé¨å â¨¯®¢ëå (à�¡®-
ç¨å/¢ëå®¤−ëå) ¤−ï ¨ áã¬¬¨à®¢�−¨¥ ¬®é−®áâ¨ ¢á¥å í−¥à£®¯à¨¥¬−¨ª®¢ ®¡ê¥ªâ�
á ãç¥â®¬ ª®íää¨æ¨¥−â®¢ ¨å ¨á¯®«ì§®¢�−¨ï. ‘ãé¥áâ¢ãîâ ¨ ¡®«¥¥ â®−ª¨¥ áâ�â¨-
áâ¨ç¥áª¨¥ ¬¥â®¤ë ¯à®£−®§¨à®¢�−¨ï, â�ª¨¥ ª�ª à¥£à¥áá¨®−−ë¥ ¬®¤¥«¨, ¢ ª®â®àëå
¯® ¨áâ®à¨ç¥áª¨¬ §−�ç¥−¨ï¬ ¯®¤¡¨à�îâáï ª®íää¨æ¨¥−âë §�à�−¥¥ §�¤�−−®© äã−ª-
æ¨®−�«ì−®© §�¢¨á¨¬®áâ¨ ¯®âà¥¡«¥−¨ï ®â ¢à¥¬¥−¨ (¢ ¢¨¤¥ ”ãàì¥-à�§«®¦¥−¨ï
á −¥áª®«ìª¨¬¨ −�ç�«ì−ë¬¨ £�à¬®−¨ª�¬¨) ¨ ®â â¥¬¯¥à�âãàë ¢®§¤ãå� (¢ ¢¨¤¥ ¯®«¨-
−®¬� −¥¢ëá®ª®© áâ¥¯¥−¨). ‚ æ¥«ïå ¤�«ì−¥©è¥£® ã¢¥«¨ç¥−¨ï â®ç−®áâ¨ ¨ áª®à®áâ¨
¯à®£−®§¨à®¢�−¨ï (� â�ª¦¥ ®âç�áâ¨ ¨§ áâà¥¬«¥−¨ï ®â¤�âì ¤�−ì ¬®¤¥) ¯à¨¢«¥ª�îâ
−¥©à®á¥â¨ £«ã¡®ª®£® ®¡ãç¥−¨ï.

�à¨¬¥à®¢ ªà�âª®áà®ç−®£® ¯à®£−®§¨à®¢�−¨ï −�£àã§ª¨ ¯à¨ ¯®¬®é¨ −¥©à®á¥â¥©
¨§¢¥áâ−® ®ç¥−ì ¬−®£®. Š�ª ¨ ¢ à¥£à¥áá¨®−−ëå ¬®¤¥«ïå, ®á−®¢−ë¬¨ ¢å®¤−ë¬¨

÷¨á. 2 ‚ëç¨á«¨â¥«ì−ë© íªá¯¥à¨¬¥−â ¯® ¯à®£−®§¨à®¢�−¨î −�£àã§ª¨ [11]
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¤�−−ë¬¨ ¤«ï −¨å á«ã¦�â ¬�áá¨¢ë ¨áâ®à¨ç¥áª¨å §−�ç¥−¨© ¯®âà¥¡«¥−¨ï §� à�§«¨ç-
−ë¥ ¯¥à¨®¤ë (¯à¥¤ë¤ãé¨© ç�á, ¤¥−ì, −¥¤¥«ï) ¨ â¥¬¯¥à�âãà� ¢®§¤ãå�. ‚ ª�ç¥áâ¢¥
¤®¯®«−¨â¥«ì−ëå �à£ã¬¥−â®¢ ¬®£ãâ ¯®¤�¢�âìáï: −®¬¥à ¤−ï −¥¤¥«¨, â¨¯ ¤−ï (à�-
¡®ç¨©/¢ëå®¤−®©), â¥¬¯¥à�âãà� â®çª¨ à®áë (¤«ï ãç¥â� ¢«�¦−®áâ¨). ˆ§¢¥áâ−ë
¢ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë ¯® ¯à®£−®§¨à®¢�−¨î ¯®ç�á®¢ëå ¯à®ä¨«¥© ¯®-
âà¥¡«¥−¨ï ¤«ï í−¥à£®á¨áâ¥¬ à¥£¨®−�«ì−®£® ãà®¢−ï −� ¡�§¥ ª�ª ¬−®£®á«®©−ëå
¯¥àæ¥¯âà®−®¢, â�ª ¨ à¥ªãàà¥−â−ëå á¥â¥©, ®¡ãç¥−−ëå −� ¢ëè¥¯¥à¥ç¨á«¥−−ëå
¤�−−ëå, £¤¥ ã¤�«®áì ¤®áâ¨çì ¯®£à¥è−®áâ¨ ¬¥−¥¥ 1% −� à¥�«ì−ëå ¤�−−ëå [11]
(à¨á. 2). ��¨¬¥−ìèãî ¯®£à¥è−®áâì ¯à®¤¥¬®−áâà¨à®¢�«� à¥ªãàà¥−â−�ï á¥âì,
¯à¨ç¥¬ á £¨¯¥à¡®«¨ç¥áª¨¬ â�−£¥−á®¬ ¢ ª�ç¥áâ¢¥ äã−ªæ¨¨ �ªâ¨¢�æ¨¨.

3.2 Прогнозирование цен на электроэнергию (electricity price forecasting)

�®áâ�−®¢ª� §�¤�ç¨ ¯à®£−®§¨à®¢�−¨ï æ¥− −� í−¥à£®à¥áãàáë â�ª¦¥ ¢¯®«−¥ ®ç¥-
¢¨¤−�: âà¥¡ã¥âáï ¯à¥¤áª�§�âì æ¥−ã −� −¥ª®â®àë© ¡ã¤ãé¨© ¯¥à¨®¤. �«�£®¤�àï
−�«¨ç¨î ®¡è¨à−ëå ¬�áá¨¢®¢ ¨áâ®à¨ç¥áª¨å ¤�−−ëå á ä�ªâ¨ç¥áª¨¬¨ æ¥−�¬¨, −¥-
âàã¤−® à¥�«¨§®¢�âì ú−�¨¢−ë©û �«£®à¨â¬ à�áç¥â� ®¦¨¤�¥¬®© æ¥−ë −� ®ç¥à¥¤−ë¥
áãâª¨, á®áâ®ïé¨© ¢ ¢ë¡®à¥ ¬�áá¨¢� §� ¯à¥¤ë¤ãé¨¥ áãâª¨ á â�ª¨¬ ¦¥ â¨¯®¬
¤−ï −¥¤¥«¨ (à�¡®ç¨©/¢ëå®¤−®©), á ¯®á«¥¤ãîé¨¬ ¢−¥á¥−¨¥¬ úäã−¤�¬¥−â�«ì−ëåû
¯®¯à�¢®ª (á¥§®−−ë¥, ®¡é¥íª®−®¬¨ç¥áª¨¥ ¨ ¯à®ç¨¥ ä�ªâ®àë) ¨ ¤®¡�¢«¥−¨¥¬ −¥-
¡®«ìè®£® á«ãç�©−®£® úèã¬�û. ˆ§¢¥áâ−ë ¯à¨¬¥àë, ª®£¤� â�ª®© �«£®à¨â¬ ¤�¢�«
®è¨¡ªã ¯à¨¬¥à−® ¢ 16%, ¯à¥¢®áå®¤ï ¯® â®ç−®áâ¨ −¥ª®â®àë¥ á«®¦−ë¥ áâ�â¨áâ¨-
ç¥áª¨¥ ¬¥â®¤ë [12]. �¤−�ª® ¯® ¬¥à¥ à�§¢¨â¨ï í−¥à£¥â¨ç¥áª®£® àë−ª� âà¥¡®¢�−¨ï
ª â®ç−®áâ¨ ¯à®£−®§� æ¥−ë á® áâ®à®−ë ãç�áâ−¨ª®¢ ¯®¢ëè�îâáï. “¢¥«¨ç¨¢�îâáï
à�§¡à®á æ¥− ¨ áâ¥¯¥−ì ¢«¨ï−¨ï ª®á¢¥−−ëå ä�ªâ®à®¢, ¢¯«®âì ¤® ¢®§−¨ª−®¢¥−¨ï
úíää¥ªâ� ¡�¡®çª¨û. �®íâ®¬ã ¢®áâà¥¡®¢�−−ë¬¨ áâ�−®¢ïâáï ¨−â¥««¥ªâã�«ì−ë¥
¬¥â®¤ë ¯à®£−®§¨à®¢�−¨ï æ¥−ë.

‚ ª�ç¥áâ¢¥ ¯¥àá¯¥ªâ¨¢−®£® ¬¥â®¤� §¤¥áì ¥áâ¥áâ¢¥−−ë¬ ®¡à�§®¬ à�áá¬�âà¨-
¢�¥âáï ¯à¨¬¥−¥−¨¥ à¥ªãàà¥−â−ëå −¥©à®á¥â¥© £«ã¡®ª®£® ®¡ãç¥−¨ï. �à¨ íâ®¬ −�
¢å®¤ â�ª®© á¥â¨ æ¥«¥á®®¡à�§−® ¯®¤�¢�âì −¥ â®«ìª® −�ª®¯«¥−−ë© àï¤ ä�ªâ¨ç¥áª¨å
§−�ç¥−¨© æ¥− §� ¯à¥¤ë¤ãé¨¥ ¯¥à¨®¤ë (®â¤¥«ì−® ¯® ª�¦¤®© ¤¥©áâ¢ãîé¥© ¬®¤¥«¨
àë−ª�), −® ¨ ¤®¯®«−¨â¥«ì−ë¥ ¯¥à¥¬¥−−ë¥ â¥å−¨ª®-íª®−®¬¨ç¥áª®© ú®¡áâ�−®¢-
ª¨û, â�ª¨¥ ª�ª â¥¬¯¥à�âãà� ¢®§¤ãå� ¨«¨ á®®â−®è¥−¨¥ á¯à®á� ¨ ¯à¥¤«®¦¥−¨ï.
ˆ§¢¥áâ¥− ¯à¨¬¥à ¯à�ªâ¨ç¥áª®© à¥�«¨§�æ¨¨ ¨−áâàã¬¥−â� ¯à®£−®§¨à®¢�−¨ï æ¥− −�
í«¥ªâà®í−¥à£¨î á ãç¥â®¬ íâ¨å ¯¥à¥¬¥−−ëå −� ¡�§¥ à¥ªãàà¥−â−®© á¥â¨ −¥©à®−®¢
â¨¯� GRU [12].

3.3 Оптимизация распределения нагрузки (economic dispatch)

÷�á¯à¥¤¥«¥−¨¥ −�£àã§ª¨ ¬¥¦¤ã ¨¬¥îé¨¬¨áï £¥−¥à¨àãîé¨¬¨ ¨áâ®ç−¨ª�¬¨
®â−®á¨âáï ª ç¨á«ã ®á−®¢−ëå §�¤�ç ã¯à�¢«¥−¨ï ÷��‘. �ªâã�«ì−®áâì íâ®© §�¤�ç¨
®¡ãá«®¢«¥−� ¢®§¬®¦−®áâìî ÷��‘ ¯¥à¥¤�¢�âì ¯®âà¥¡¨â¥«ï¬ í−¥à£¨î, ¯®«ãç¥−-
−ãî ¨§ à�§«¨ç−ëå ¨áâ®ç−¨ª®¢ | ª�ª ®â «®ª�«ì−ëå £¥−¥à�â®à®¢ ¨ −�ª®¯¨â¥«¥©,
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�à¨¬¥−¥−¨¥ −¥©à®−−ëå á¥â¥© £«ã¡®ª®£® ®¡ãç¥−¨ï ¢ ¬�â¥¬�â¨ç¥áª®¬ ®¡¥á¯¥ç¥−¨¨

â�ª ¨ ®â ã¤�«¥−−ëå áâ�−æ¨©, ¤®áâã¯−ëå ç¥à¥§ ¯®¤ª«îç¥−¨¥ ª ¬�£¨áâà�«ì−®© á¥â¨.
�®ï¢«ï¥âáï ¢®§¬®¦−®áâì ¯à¨−¨¬�âì ª®−ªà¥â−ë¥ à¥è¥−¨ï ¯® ®â¡®àã ¬®é−®áâ¨ ®â
ª�¦¤®£® ¤®áâã¯−®£® ¨áâ®ç−¨ª� â�ª, çâ®¡ë ¬�ªá¨¬¨§¨à®¢�âì ¨−â¥£à�«ì−ë© íª®-
−®¬¨ç¥áª¨© íää¥ªâ ®â ¯®áâ�¢ª¨ í«¥ªâà®í−¥à£¨¨ ¯à¨ á®¡«î¤¥−¨¨ ®£à�−¨ç¥−¨© ¯®
−�¤¥¦−®áâ¨.

�à¨ à�á¯à¥¤¥«¥−¨¨ ¨§¢¥áâ−®© (¤®áâ®¢¥à−® ¯à¥¤áª�§�−−®©) −�£àã§ª¨ á«¥¤ã¥â
¬¨−¨¬¨§¨à®¢�âì íªá¯«ã�â�æ¨®−−ë¥ à�áå®¤ë £¥−¥à¨àãîé¨å ¬®é−®áâ¥©. �¤−�ª®
§�¢¨á¨¬®áâì à�áå®¤®¢ ®â ®¡ê¥¬� ¢ëà�¡®âª¨ ç�áâ® −¥ ¨§¢¥áâ−� â®ç−® ¨ ¯®¤¢¥à¦¥-
−� ¢«¨ï−¨î ¬−®£¨å ä�ªâ®à®¢ ¨ âàã¤−®¯à¥¤áª�§ã¥¬ëå ä¨§¨ç¥áª¨å ®£à�−¨ç¥−¨©.
Šà®¬¥ â®£®, ¯à¨ ¯à¨−ïâ¨¨ à¥è¥−¨ï ¤«ï ª�¦¤®£® ¨áâ®ç−¨ª� á«¥¤ã¥â ãç¨âë¢�âì
¯®â¥à¨ ¯à¨ ¯¥à¥¤�ç¥ í«¥ªâà®í−¥à£¨¨ ¤® −�£àã§ª¨, ãà®¢¥−ì §�£àï§−¥−¨ï ®ªàã-
¦�îé¥© áà¥¤ë ¢á«¥¤áâ¢¨¥ à�¡®âë ¨áâ®ç−¨ª� ¨ ¤àã£¨¥ −¥ä¨−�−á®¢ë¥ ä�ªâ®àë.
�â¨ ãá«®¢¨ï §�âàã¤−ïîâ ¯à¨¬¥−¥−¨¥ âà�¤¨æ¨®−−ëå ¬¥â®¤®¢ à¥è¥−¨ï ®¯â¨¬¨§�-
æ¨®−−ëå §�¤�ç â¨¯� ¬�â¥¬�â¨ç¥áª®£® ¯à®£à�¬¬¨à®¢�−¨ï ¨ ®âªàë¢�îâ ¯®«¥ ¤«ï
¯à¨¢«¥ç¥−¨ï −¥©à®á¥â¥©.

„«ï ®¯â¨¬¨§�æ¨¨ à�á¯à¥¤¥«¥−¨ï −�£àã§ª¨ ¬®£ãâ ¨á¯®«ì§®¢�âìáï ª«�áá¨ç¥-
áª¨¥ ¬−®£®á«®©−ë¥ ¯¥àæ¥¯âà®−ë [13]. ˆå ®¡ãç�îâ −� ¯à¨¬¥à�å, á£¥−¥à¨à®¢�−-
−ëå ¯ãâ¥¬ ¨¬¨â�æ¨®−−®£® ¬®¤¥«¨à®¢�−¨ï. ‚ ¤®¯®«−¥−¨¥ ª −¨¬ §�¤¥©áâ¢ãîâáï
¯¥àæ¥¯âà®−ë, ®¡ãç¥−−ë¥ ¯à¥¤áª�§ë¢�âì ¯® ¬¥â¥®¤�−−ë¬ ¢ëà�¡®âªã ‚ˆ�.

3.4 Оценка и прогнозирование технического состояния энергетического
оборудования (power machine health assessment and prediction)

‡�¤�ç� ®æ¥−ª¨ â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ®¡®àã¤®¢�−¨ï á®áâ®¨â ¢ ®¯à¥¤¥«¥−¨¨
ä�ªâ¨ç¥áª®£® −�«¨ç¨ï, å�à�ªâ¥à�, ¬¥áâ ¨§−®á�, á¡®¥¢ ¨ ®âª�§®¢ ¨, á®®â¢¥â-
áâ¢¥−−®, ¯®âà¥¡−®áâ¨ ¢ â¥å−¨ç¥áª®¬ ®¡á«ã¦¨¢�−¨¨. ˆáå®¤−ë¬ ¬�â¥à¨�«®¬ ¤«ï
¢ë¯®«−¥−¨ï ®æ¥−ª¨ á«ã¦�â ¬�áá¨¢ë à¥§ã«ìâ�â®¢ ¨§¬¥à¥−¨ï −¥¯®áà¥¤áâ¢¥−−®
−�¡«î¤�¥¬ëå å�à�ªâ¥à¨áâ¨ª á®áâ®ï−¨ï ®¡®àã¤®¢�−¨ï, â�ª¨å ª�ª ¢¨¡à�æ¨ï, â¥¬-
¯¥à�âãà�, ¤�¢«¥−¨¥, ¢ëå®¤−®¥ −�¯àï¦¥−¨¥ ¨ ¤à. �à®£−®§ á®áâ®ï−¨ï á¢®¤¨âáï
ª ®æ¥−ª¥, −® −¥ −� â¥ªãé¨© ¬®¬¥−â ¢à¥¬¥−¨, � −� −¥ª®â®àë© ¡ã¤ãé¨© ¯¥à¨®¤
(£®à¨§®−â ¯à®£−®§¨à®¢�−¨ï). �� ®á−®¢¥ ¯à®£−®§� à�ááç¨âë¢�îâáï ¨−¤¨ª�â®àë
â¥å−¨ç¥áª®£® á®áâ®ï−¨ï, â�ª¨¥ ª�ª ®áâ�¢è¥¥áï ¢à¥¬ï ¯®«¥§−®© à�¡®âë ®¡®àã¤®-
¢�−¨ï (remaining useful life, RUL).

‘®¢à¥¬¥−−ë¥ â¥å−®«®£¨¨ ¨−â¥à−¥â� ¢¥é¥© ¯®§¢®«ïîâ �¢â®¬�â¨ç¥áª¨ ä®à¬¨-
à®¢�âì ¢ à¥�«ì−®¬ ¢à¥¬¥−¨ ¡®«ìè¨¥ ¯®â®ª¨ ¤®áâ®¢¥à−ëå §−�ç¥−¨© ¯¥à¢¨ç−ëå
å�à�ªâ¥à¨áâ¨ª á®áâ®ï−¨ï ®¡®àã¤®¢�−¨ï, ¨ ¤«ï ¨å ®¡à�¡®âª¨ âà¥¡ãîâáï ¢ëç¨á-
«¨â¥«ì−ë¥ ¬®¤ã«¨, á¯®á®¡−ë¥ ®¯¥à�â¨¢−® ¢ë¤�¢�âì §�á«ã¦¨¢�îé¨¥ ¤®¢¥à¨ï
®æ¥−ª¨ ¨ ¯à®£−®§ë. ‘ãé¥áâ¢ãîâ ¬¥â®¤¨ª¨ ®ç¥−ì £àã¡®© ®æ¥−ª¨ ¨−¤¨ª�â®à®¢ â¥å-
−¨ç¥áª®£® á®áâ®ï−¨ï ¯ãâ¥¬ ¯à®áâëå �«£¥¡à�¨ç¥áª¨å ¯à¥®¡à�§®¢�−¨© ¯¥à¢¨ç−ëå
å�à�ªâ¥à¨áâ¨ª, ®¤−�ª® ¨å −¥«ì§ï áç¨â�âì ã¤®¢«¥â¢®à¨â¥«ì−ë¬¨ ¤«ï ¢ëá®ª®-
â¥å−®«®£¨ç−ëå ÷��‘. ‚ á¢®î ®ç¥à¥¤ì, âà�¤¨æ¨®−−ë¥ ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨¥
¬®¤¥«¨ ¯®¤å®¤ïâ ¯«®å®, ¯®áª®«ìªã ®−¨ ¢ ®á−®¢−®¬ à�ááç¨â�−ë −� à¥¦¨¬ ¯®áâ-
®¡à�¡®âª¨ (®ä«�©−). Šà®¬¥ â®£®, ¯à�ªâ¨ç¥áª¨ −¥¢®§¬®¦−® ¯®áâà®¨âì ä¨§¨ç¥áª¨
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¤®áâ®¢¥à−ãî ¬®¤¥«ì ¢®§−¨ª−®¢¥−¨ï á¡®¥¢ ¢ ®¡®àã¤®¢�−¨¨ á«®¦−®© ª®−áâàãªæ¨¨
á ãç¥â®¬ ¢á¥å ¢«¨ïîé¨å ä�ªâ®à®¢ ¨ ãá«®¢¨© ¥£® äã−ªæ¨®−¨à®¢�−¨ï. ‚®§−¨ª�¥â
¥áâ¥áâ¢¥−−®¥ ¯®«¥ ¤«ï ¯à¨¬¥−¥−¨ï ¬�è¨−−®£® ®¡ãç¥−¨ï ¨ −¥©à®á¥â¥©.

„«ï ®æ¥−ª¨ ¨ ¯à®£−®§¨à®¢�−¨ï â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ®¡®àã¤®¢�−¨ï ¢ ¯®-
á«¥¤−¨¥ £®¤ë ¡ë«¨ �¯à®¡¨à®¢�−ë ¢á¥ ®á−®¢−ë¥ �àå¨â¥ªâãàë á¥â¥© £«ã¡®ª®£®
®¡ãç¥−¨ï [14]. �ë«¨ ãáâ�−®¢«¥−ë ¨ ¤¢¥ ®á−®¢−ë¥ âàã¤−®áâ¨ ¯à¨¬¥−¥−¨ï −¥©à®-
á¥â¥©: ¡®«ìè®¥ ç¨á«® ¢å®¤−ëå á¨£−�«®¢ ¨ ¬�«®¥ ª®«¨ç¥áâ¢® ®¡ãç�îé¨å ¯à¨¬¥à®¢
(¬�áá¨¢®¢ §−�ç¥−¨© å�à�ªâ¥à¨áâ¨ª, §�à¥£¨áâà¨à®¢�−−ëå ¢® ¢à¥¬ï á¡®¥¢ ¨ à�§¬¥-
ç¥−−ëå à¥§ã«ìâ�â�¬¨ ¨å �−�«¨§�). ‚ æ¥«ïå ã¬¥−ìè¥−¨ï ç¨á«� á¨£−�«®¢ ¢å®¤−®©
¯®â®ª ¯¥à¥¢®¤ïâ ¢ ç�áâ®â−ãî ®¡«�áâì ¯ãâ¥¬ ¡ëáâà®£® ¯à¥®¡à�§®¢�−¨ï ”ãàì¥ «¨¡®
¢¥©¢«¥â-à�§«®¦¥−¨ï. � çâ®¡ë §�¤¥©áâ¢®¢�âì à�á¯®§−�¢�â¥«ì−ë© ¯®â¥−æ¨�« á¢¥à-
â®ç−ëå á¥â¥©, áâà®¨âáï ¤¢ã¬¥à−�ï ª�àâ¨−� ¢å®¤−®£® ¯®â®ª� ¢ ç�áâ®â−®-¢à¥¬¥−−‚®©
®¡«�áâ¨. ÷¥ªãàà¥−â−ë¥ á¥â¨ â�ª¦¥ −�å®¤ïâ ¯à¨¬¥−¥−¨¥ ¤«ï �−�«¨§� ¢à¥¬¥−−‚ëå
àï¤®¢ å�à�ªâ¥à¨áâ¨ª. � çâ® ª�á�¥âáï −¥¤®áâ�âª� ®¡ãç�îé¨å ¯à¨¬¥à®¢, â® ¥£®
®¡å®¤ïâ, ¯à¨¢«¥ª�ï â¥å−®«®£¨¨ ®¡ãç¥−¨ï ¡¥§ ãç¨â¥«ï (−� ¡�§¥ �¢â®ª®¤¨à®¢é¨ª®¢
¨ ¬�è¨− �®«ìæ¬�−�), ¯®§¢®«ïîé¨¥ ¨¤¥−â¨ä¨æ¨à®¢�âì á¡®¨ ª�ª áâ�â¨áâ¨ç¥áª¨¥
�−®¬�«¨¨ ¢å®¤−®£® ¯®â®ª� ¡¥§ ª�ª®©-«¨¡® �¯à¨®à−®© ¨−ä®à¬�æ¨¨ ® −¨å. ‘«¥¤ãï
ãá«®¢−®© �−�«®£¨¨ ¬¥¦¤ã −¥©à®á¥âìî ¨ ç¥«®¢¥ç¥áª¨¬ ¬®§£®¬, ¬®¦−® áª�§�âì,
çâ® ®¡ãç¥−¨¥ ®æ¥−ª¥ â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ¡¥§ ãç¨â¥«ï −�¤¥«ï¥â ª®¬¯ìîâ¥à å®-
à®è® à�§¢¨â®© ã ®¯ëâ−®£® íªá¯«ã�â¨àãîé¥£® ¯¥àá®−�«� á¯®á®¡−®áâìî ú−ãâà®¬
çã¢áâ¢®¢�âì, çâ® ®¡®àã¤®¢�−¨¥ à�¡®â�¥â −¥¯à�¢¨«ì−®û.

3.5 Диагностика отказов и катастроф (faults and disasters diagnosis)

„¨�£−®áâ¨ª� ®âª�§®¢ ¢ ÷��‘ á®áâ®¨â ¢ ®¯à¥¤¥«¥−¨¨ ¬¥áâ� ª®à®âª®£® §�-
¬ëª�−¨ï, ¥£® ¢¨¤� ¨ ¬�ªá¨¬�«ì−®£® ®âª«®−¥−¨ï −�¯àï¦¥−¨ï ®â ¤®¯ãáâ¨¬®£®.
„¨�£−®áâ¨ª� ¥áâ¥áâ¢¥−−ë¬ ®¡à�§®¬ á¢®¤¨âáï ª �−�«¨§ã ¯à®ä¨«¥© −�¯àï¦¥−¨ï
−� è¨−�å ¢ −¥¡®«ìè®© ¢à¥¬¥−−‚®© ®ªà¥áâ−®áâ¨ ¬®¬¥−â� ®âª�§� á ãç¥â®¬ ª®−ä¨£ã-
à�æ¨¨ (â®¯®«®£¨¨) ÷��‘. �à®æ¥¤ãàã â�ª®£® �−�«¨§� ¬®¦−® ®¯¨á�âì ª�ª §�¤�çã
à�á¯®§−�¢�−¨ï ®¡à�§®¢ −� ¯à®ä¨«ïå, ¯®íâ®¬ã ®− ¥é¥ á 1990-å ££. à�áá¬�âà¨¢�¥âáï
ª�ª ¥áâ¥áâ¢¥−−�ï ®¡«�áâì ¯à¨¬¥−¥−¨ï −¥©à®á¥â¥©.

�¤−�ª® à¥�«ì−ë¥ ÷��‘ ¨¬¥îâ â�ª®© ¬�áèâ�¡, çâ® −¥©à®á¥â¥¢®© �−�«¨§
®âª�§®¢ −� −¨å âà¥¡ã¥â ®ç¥−ì ¡®«ìè¨å ¢ëç¨á«¨â¥«ì−ëå à¥áãàá®¢. �®íâ®¬ã ®áï-
§�¥¬ë¥ ¯¥àá¯¥ªâ¨¢ë ¥£® ¯à�ªâ¨ç¥áª®£® ¯à¨¬¥−¥−¨ï ¯®ï¢¨«¨áì «¨èì ¢ ¯®á«¥¤−¥¥
¢à¥¬ï ¡«�£®¤�àï à�§¢¨â¨î â¥å−®«®£¨© £«ã¡®ª®£® ®¡ãç¥−¨ï ¨ ¨å �¯¯�à�â−®© ¡�§ë.
ˆ§¢¥áâ−ë à�§à�¡®âª¨ ¢ ®¡«�áâ¨ �¢â®¬�â¨ç¥áª®© ¤¨�£−®áâ¨ª¨ ®âª�§®¢ ¨ �¢�à¨©
−� ¡�§¥ á¢¥àâ®ç−ëå −¥©à®á¥â¥© [15] ¨ �¢â®ª®¤¨à®¢é¨ª®¢ [16]. Œ−®£® ®¡ãç�îé¨å
¯à¨¬¥à®¢ ¤«ï âà¥−¨à®¢ª¨ â�ª¨å á¥â¥© ¬®¦−® á£¥−¥à¨à®¢�âì ¯ãâ¥¬ ¨¬¨â�æ¨®−−®£®
¬®¤¥«¨à®¢�−¨ï ¢ ¯à®£à�¬¬�å-á¨¬ã«ïâ®à�å ¯à®¬ëè«¥−−®£® ãà®¢−ï £®â®¢−®áâ¨,
â�ª¨å ª�ª Siemens PSS/E. �«�£®¤�àï ¢ëá®ª®© áª®à®áâ¨ áà�¡�âë¢�−¨ï å®à®è®
®¡ãç¥−−®© −¥©à®á¥â¨, ¯®ï¢«ï¥âáï ¯¥àá¯¥ªâ¨¢� ¯¥à¥å®¤� ª ¯à¥¢¥−â¨¢−®¬ã �−�«¨§ã
á®áâ®ï−¨ï ÷��‘ ¤® −�áâã¯«¥−¨ï �¢�à¨© ¨ ®¯à¥¤¥«¥−¨ï ¬¥à ¯® ¨å ¯à¥¤®â¢à�é¥-
−¨î. „®¯®«−¨â¥«ì−® ¯à¨ ¯®¬®é¨ −¥©à®á¥â¥© à¥è�îâáï §�¤�ç¨ â¨¯� ¢¥à¨ä¨ª�æ¨¨
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�à¨¬¥−¥−¨¥ −¥©à®−−ëå á¥â¥© £«ã¡®ª®£® ®¡ãç¥−¨ï ¢ ¬�â¥¬�â¨ç¥áª®¬ ®¡¥á¯¥ç¥−¨¨

â®¯®«®£¨¨ ÷��‘, à�§«®¦¥−¨ï ¨−â¥£à�«ì−ëå ¯à®ä¨«¥© ¯®âà¥¡«¥−¨ï −� ¯à®ä¨«¨
®â¤¥«ì−ëå í−¥à£®¯à¨¥¬−¨ª®¢ (¤¥§�£à¥£�æ¨¨) ¨ â. ¯.

…é¥ ¡®«¥¥ ¯¥àá¯¥ªâ¨¢−ë¬ ¯à¥¤áâ�¢«ï¥âáï ¯à¨¬¥−¥−¨¥ −¥©à®á¥â¥© ¤«ï ¯à®-
£−®§¨à®¢�−¨ï áâàãªâãà−ëå ª�â�áâà®ä ÷��‘ | íªáæ¥áá®¢, ®á−®¢−®© ãé¥à¡ ®â
ª®â®àëå ¢ë§¢�− −¥ ®âª�§®¬ ª�ª®£®-«¨¡® ®â¤¥«ì−®£® í«¥¬¥−â�, � ª�áª�¤−ë¬ à�§-
àãè¥−¨¥¬ ¢§�¨¬®á¢ï§¥© ¬¥¦¤ã í«¥¬¥−â�¬¨ (úíää¥ªâ ¤®¬¨−®û). •®âï â�ª¨¥
ª�â�áâà®äë −¥¬−®£®ç¨á«¥−−ë, ãé¥à¡ ®â −¨å −�áâ®«ìª® ¢¥«¨ª, çâ® «î¡®© ¢ª«�¤
¢ ¯®¢ëè¥−¨¥ ¤®áâ®¢¥à−®áâ¨ ¨å ¯à¥¤áª�§�−¨ï ¨¬¥¥â ¡®«ìè®¥ á®æ¨�«ì−®¥ ¨ íª®-
−®¬¨ç¥áª®¥ §−�ç¥−¨¥. ”¨§¨ª®-¬�â¥¬�â¨ç¥áª¨¥ ¬®¤¥«¨ áâàãªâãà−ëå ª�â�áâà®ä
®ç¥−ì âàã¤®¥¬ª¨ ¢ à�§à�¡®âª¥ ¨ à¥è¥−¨¨ ¢¢¨¤ã ¡®«ìè®£® ç¨á«� à�§−®¯«�−®¢ëå
¢«¨ïîé¨å ä�ªâ®à®¢ ¨ −¥£«�¤ª®£®/à�§àë¢−®£® å�à�ªâ¥à� ¬®¤¥«¨àã¥¬ëå §�¢¨á¨-
¬®áâ¥©, � ¡�§� −�¡«î¤¥−¨© §� â�ª¨¬¨ ª�â�áâà®ä�¬¨ −¥¢¥«¨ª�, ¯®íâ®¬ã ¬®¦−®
¯à¥¤¯®«®¦¨âì, çâ® ¤«ï ¨å ¯à®£−®§¨à®¢�−¨ï æ¥«¥á®®¡à�§−® ¡ã¤¥â ¯à¨¬¥−ïâì −¥©-
à®á¥â¨ á ®¡ãç¥−¨¥¬ ¡¥§ ãç¨â¥«ï. �¤−�ª® ¯à�ªâ¨ç¥áª�ï à¥�«¨§�æ¨ï íâ®£® ¯®¤å®¤�
âà¥¡ã¥â §−�ç¨â¥«ì−®£® ®¡ê¥¬� ¤�«ì−¥©è¨å ¨áá«¥¤®¢�−¨©.

4 Заключение

�¥©à®á¥â¨ ®¡«�¤�îâ §−�ç¨â¥«ì−ë¬ ¯®â¥−æ¨�«®¬ ¯à¨¬¥−¥−¨ï ¢ ¨−â¥««¥ªâã-
�«ì−®¬ ã¯à�¢«¥−¨¨ ÷��‘ −� ¡�§¥ æ¨äà®¢ëå ¤¢®©−¨ª®¢. “¦¥ á¥©ç�á ®−¨ ¯®§¢®-
«ïîâ à¥è�âì àï¤ §�¤�ç á ®è¨¡ª®© ¯®àï¤ª� 10%, çâ® áç¨â�¥âáï ¤®áâ�â®ç−ë¬ ¤«ï
¬−®£¨å ¯à�ªâ¨ç¥áª¨å æ¥«¥©. �¥©à®á¥â¥¢ë¥ áà¥¤áâ¢� ¯à®£−®§¨à®¢�−¨ï −�£àã§ª¨,
æ¥− ¨ £¥−¥à�æ¨¨ æ¥«¥á®®¡à�§−® ¢ª«îç�âì ¢ ¡�§®¢®¥ ¬�â¥¬�â¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥
æ¨äà®¢®£® ¤¢®©−¨ª�, ¢ â® ¢à¥¬ï ª�ª áà¥¤áâ¢� ¤¨�£−®áâ¨ª¨ â¥å−¨ç¥áª®£® á®áâ®ï-
−¨ï ¨ �¢�à¨© ®â−®áïâáï ª á¯¥æ¨�«¨§¨à®¢�−−ë¬ ¯à¨«®¦¥−¨ï¬. � ¢ ¯¥àá¯¥ªâ¨¢¥
−¥©à®á¥â¥¢ë¥ áà¥¤áâ¢� á¬®£ãâ §�−ïâì «¨¤¨àãîé¥¥ ¯®«®¦¥−¨¥ áà¥¤¨ ª®¬¯®−¥−-
â®¢ ¬�â¥¬�â¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï æ¨äà®¢®£® ¤¢®©−¨ª� í−¥à£®á¨áâ¥¬ë. ‡¤¥áì
¢®§−¨ª�¥â àï¤ ¯¥àá¯¥ªâ¨¢−ëå −�¯à�¢«¥−¨© ¤�«ì−¥©è¨å ¨áá«¥¤®¢�−¨©.
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Abstract: Development problems for digital twins of contemporary active power
distribution systems are considered. Approaches to employing deep learning
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neural networks in digital twin-based intelligent control of these systems are
highlighted. A brief review of relevant neural network architectures is outlined.
Examples of neural network tools for solving a number of key intelligent control
problems are presented, including load forecasting, electricity price forecasting,
economic dispatch, power machine health assessment and prediction, and faults
and disasters diagnosis. Recommendations are provided regarding alternative
deployment modes of the presented neural network tools, such as inclusion into
a digital twin basic mathematical software, or supply as auxiliary applications
for certain categories of users.

Keywords: digital twin; electrical distribution system; deep learning neural
network; forecasting; fault diagnosis
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МОДЕЛЬ СООБЩЕСТВА ПОЛЬЗОВАТЕЛЕЙ
ТЕХНОЛОГИИ ПОДДЕРЖКИ

КОНКРЕТНО-ИСТОРИЧЕСКИХ ИССЛЕДОВАНИЙ

И. М. Адамович1, О. И. Волков2

�−−®â�æ¨ï: ‘â�âìï ¯à®¤®«¦�¥â á¥à¨î à�¡®â, ¯®á¢ïé¥−−ëå ®¯¨á�−¨î ¨ �−�-
«¨§ã à�á¯à¥¤¥«¥−−®© â¥å−®«®£¨¨ ¯®¤¤¥à¦ª¨ ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¨áá«¥-
¤®¢�−¨© (�Šˆˆ), ®á−®¢�−−®© −� ¯à¨−æ¨¯�å ªà�ã¤á®àá¨−£�. „�−−�ï áâ�âìï
¯®á¢ïé¥−� ®¯¨á�−¨î ¨ ®¡®á−®¢�−¨î ¯®¤å®¤� ª ¬®¤¥«¨à®¢�−¨î á®®¡é¥áâ¢�
¯®«ì§®¢�â¥«¥© â¥å−®«®£¨¨ (‘�’) ¨ ¯à®æ¥áá®¢ à�á¯à®áâà�−¥−¨ï ¨áª�¦¥−−®©
¨−ä®à¬�æ¨¨ ¬¥¦¤ã ¥¥ ç«¥−�¬¨ á æ¥«ìî ¨§ãç¥−¨ï ãáâ®©ç¨¢®áâ¨ â¥å−®«®£¨¨
�Šˆˆ ª ¯®¯ëâª�¬ ¨áª�¦¥−¨ï ¨áâ®à¨¨, çâ® áâ�−®¢¨âáï �ªâã�«ì−®© §�¤�ç¥©
¢ á®¢à¥¬¥−−®¬ ®¡é¥áâ¢¥. �à¥¤«®¦¥−−ë© ¯®¤å®¤ §�ª«îç�¥âáï ¢ ä®à¬¨à®¢�−¨¨
¬®¤¥«¨ áâàãªâãàë á®®¡é¥áâ¢� −� ¡�§¥ ®à¨¥−â¨à®¢�−−®£® £à�ä� �®««®¡�è�{
÷¨®à¤�−�. �à¨−æ¨¯ë à�á¯à®áâà�−¥−¨ï ¨−ä®à¬�æ¨¨ ¬¥¦¤ã ã§«�¬¨ £à�ä�
®¯à¥¤¥«¥−ë á ãç¥â®¬ ä�ªâ®à®¢ ¨ íää¥ªâ®¢, ¨¬¥îé¨å ¬¥áâ® ¢ à¥�«ì−ëå á®æ¨-
�«ì−ëå á¥âïå ¨ ®¡ãá«®¢«¥−−ëå ª�ª å�à�ªâ¥à¨áâ¨ª�¬¨ ¨å ç«¥−®¢, å�à�ªâ¥à®¬
¨å ¢§�¨¬®¤¥©áâ¢¨ï, â�ª ¨ á¢®©áâ¢�¬¨ á�¬®© á®æ¨�«ì−®© á¥â¨. �à®¢¥àª�
�¤¥ª¢�â−®áâ¨ ¬®¤¥«¨ ¡ë«� ®áãé¥áâ¢«¥−� §� áç¥â áà�¢−¥−¨ï å�à�ªâ¥à� à�á-
¯à®áâà�−¥−¨ï ¨áª�¦¥−−®© ¨−ä®à¬�æ¨¨ ¢ à¥¦¨¬¥ ®âáãâáâ¢¨ï ¯à®â¨¢®¤¥©áâ¢¨ï
¨−ä®à¬�æ¨®−−ë¬ �â�ª�¬ á «®£¨áâ¨ç¥áª®© ªà¨¢®©, ®âà�¦�îé¥© ¯à®æ¥áá ¤¨ä-
äã§¨¨ ¨−−®¢�æ¨©.

Š«îç¥¢ë¥ á«®¢�: ¢¨àâã�«ì−®¥ á®®¡é¥áâ¢®; ¬®¤¥«ì; â¥å−®«®£¨ï; ¨áª�¦¥−¨¥
¨áâ®à¨¨; ª®−ªà¥â−®-¨áâ®à¨ç¥áª®¥ ¨áá«¥¤®¢�−¨¥

DOI: 10.14357/08696527210112

1 Введение

�®¤¤¥à¦ª� ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¨áá«¥¤®¢�−¨© áâ�−®¢¨âáï ®¤−®© ¨§ �ªâã-
�«ì−ëå §�¤�ç á®¢à¥¬¥−−®áâ¨ ¢ á¢ï§¨ á ¢®¢«¥ç¥−¨¥¬ ¢ ¨áá«¥¤®¢�â¥«ìáª¨© ¯à®æ¥áá
−¥ â®«ìª® ç«¥−®¢ ¯à®ä¥áá¨®−�«ì−®£® ¨áâ®à¨ç¥áª®£® á®®¡é¥áâ¢�, −® ¨ á�¬ëå
è¨à®ª¨å á«®¥¢ −¥¯à®ä¥áá¨®−�«®¢ ¢ á¢ï§¨ á® ¢á¥ ã¢¥«¨ç¨¢�îé¨¬áï ¨−â¥à¥á®¬
ª ç�áâ−®©, á¥¬¥©−®© ¨áâ®à¨¨ [1].

‚ [2, 3] ®¯¨á�−� à�§à�¡®â�−−�ï ¢ ”ˆ– ˆ“ ÷�� à�á¯à¥¤¥«¥−−�ï â¥å−®«®£¨ï
�Šˆˆ, ®á−®¢�−−�ï −� ¯à¨−æ¨¯�å ªà�ã¤á®àá¨−£� (¬®¡¨«¨§�æ¨¨ à¥áãàá®¢ è¨à®-
ª®£® ªàã£� ¤®¡à®¢®«ìæ¥¢ ¯®áà¥¤áâ¢®¬ ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨©). ’¥å−®«®-
£¨ï �Šˆˆ ¢ª«îç�¥â ¢ á¥¡ï ®−«�©−-¯«�âä®à¬ã ¤«ï ª®¬¬ã−¨ª�æ¨¨ ¨ á®¢¬¥áâ−®©

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, Adam@amsd.com

2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, Volkov@amsd.com
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¤¥ïâ¥«ì−®áâ¨ ¨áá«¥¤®¢�â¥«¥©, ¨ ‘�’ �Šˆˆ ®¡«�¤�¥â ¢á¥¬¨ ¯à¨§−�ª�¬¨ −�ãç-
−®-¯à®ä¥áá¨®−�«ì−®£® á¥â¥¢®£® á®®¡é¥áâ¢� [4]. ’�ª¦¥ ¥£® ¬®¦−® à�áá¬�âà¨¢�âì
ª�ª ¢¨àâã�«ì−®¥ ¤¥ïâ¥«ì−®¥ á®®¡é¥áâ¢® (á®®¡é¥áâ¢® ¯à�ªâ¨ª¨) | £àã¯¯ã «î-
¤¥©, ®¡ê¥¤¨−¥−−ëå ®¡é¨¬ ¨−â¥à¥á®¬, ¯à®ä¥áá¨¥© ¨«¨ å®¡¡¨, áãé¥áâ¢ãîéãî
¢ á¥â¨ ˆ−â¥à−¥â ¡¥§ ª�ª®£®-«¨¡® áâ®à®−−¥£® ä¨−�−á¨à®¢�−¨ï ¨«¨ ¯à¨−ã¦¤¥−¨ï
¨ å�à�ªâ¥à¨§ãîéãîáï:

{ ¯à¨¢¥à¦¥−−®áâìî ª ¥¤¨−®© ¯à¥¤¬¥â−®© ®¡«�áâ¨ (¢ ¤�−−®¬ á«ãç�¥ | ¨áâ®à¨¨);

{ ®áãé¥áâ¢«¥−¨¥¬ ¢§�¨¬®¤¥©áâ¢¨ï ¨ ¨−ä®à¬�æ¨®−−®£® ®¡¬¥−�;

{ ãç�áâ¨¥¬ ¢ ¯à�ªâ¨ç¥áª®© ¤¥ïâ¥«ì−®áâ¨ [5].

�®¤ ãáâ®©ç¨¢®áâìî â¥å−®«®£¨¨ �Šˆˆ ª ä�«ìá¨ä¨ª�æ¨¨ ¨áâ®à¨¨ ¡ã¤¥¬ ¯®-
−¨¬�âì á¯®á®¡−®áâì ‘�’ �Šˆˆ ¯à®â¨¢®áâ®ïâì ¯®¯ëâª�¬ á®§−�â¥«ì−®£® ¨áª�¦¥-
−¨ï ¨áâ®à¨ç¥áª®© ¨−ä®à¬�æ¨¨, çâ® áâ�−®¢¨âáï �ªâã�«ì−®© §�¤�ç¥© ¢ á®¢à¥¬¥−−®¬
®¡é¥áâ¢¥ [6].

„�−−�ï áâ�âìï ¯®á¢ïé¥−� ¬®¤¥«¨à®¢�−¨î ª�ª á�¬®© ‘�’ �Šˆˆ, â�ª ¨ ¯à®-
æ¥áá®¢ à�á¯à®áâà�−¥−¨ï ¨áª�¦¥−−®© ¨−ä®à¬�æ¨¨ ¬¥¦¤ã ¥¥ ã§«�¬¨ á æ¥«ìî
¨§ãç¥−¨ï ãáâ®©ç¨¢®áâ¨ â¥å−®«®£¨¨ �Šˆˆ ª ¯®¯ëâª�¬ ¨áª�¦¥−¨ï ¨áâ®à¨¨.

2 Описание подхода к моделированию

‘ãé¥áâ¢ã¥â ¬−®¦¥áâ¢® ¯®¤å®¤®¢ ª ¬®¤¥«¨à®¢�−¨î ¯à®æ¥áá� à�á¯à®áâà�−¥-
−¨ï ¨−ä®à¬�æ¨¨ ¢ á®æ¨�«ì−ëå á¥âïå: ¬®¤¥«ì „�«¥ï{Š¥−¤�««�, ¬®¤¥«ì −� ¡�§¥
ª«¥â®ç−®£® �¢â®¬�â�, ¯®à®£®¢�ï ¬®¤¥«ì, ª�áª�¤−�ï ¬®¤¥«ì, ¬�àª®¢áª�ï ¬®¤¥«ì
¢«¨ï−¨ï ¨ ¤à. �á®¡ãî ¯®¯ã«ïà−®áâì ¯à¨®¡à¥«� SIR (susceptible-infectious-
removed) ¬®¤¥«ì, ®á−®¢�−−�ï −� áå®¤áâ¢¥ ¯à®æ¥áá®¢ à�á¯à®áâà�−¥−¨ï ¨−ä®à¬�-
æ¨¨ ¢ ¢¨àâã�«ì−®¬ á®®¡é¥áâ¢¥ ¨ à�á¯à®áâà�−¥−¨ï ¨−ä¥ªæ¨¨ ¢ ¯®¯ã«ïæ¨¨ [7].
�¥¤®áâ�â®ª ¤�−−®£® ¯®¤å®¤� | ãáà¥¤−¥−¨¥ ¯®á«¥¤áâ¢¨©, ¢ â® ¢à¥¬ï ª�ª äã−-
¤�¬¥−â�«ì−ë¬ ¨áâ®ç−¨ª®¬ à¨áª� ¢ â�ª¨å ï¢«¥−¨ïå ¢ëáâã¯�îâ íªáâà¥¬ã¬ë, � −¥
áà¥¤−¨¥ §−�ç¥−¨ï [8], ¯®íâ®¬ã ¯à¥¤áâ�¢«ï¥âáï ¡®«¥¥ æ¥«¥á®®¡à�§−ë¬ ¯à®¢¥áâ¨
¨§ãç¥−¨¥ ‘�’ �Šˆˆ á ¯®¬®éìî ¬¥â®¤®¢ ¨¬¨â�æ¨®−−®£® ¬®¤¥«¨à®¢�−¨ï. „�−-
−ë© ¬¥â®¤ ¯®§¢®«¨â ®æ¥−¨âì ¡«¨§®áâì ¯«®â−®áâ¨ à�á¯à¥¤¥«¥−¨ï ¯®á«¥¤áâ¢¨©
¨−ä®à¬�æ¨®−−ëå �â�ª ª −®à¬�«ì−®¬ã à�á¯à¥¤¥«¥−¨î ¨ â¥¬ á�¬ë¬ á¤¥«�âì ¢ë¢®¤
® æ¥«¥á®®¡à�§−®áâ¨ ®æ¥−ª¨ à¨áª®¢ −� ¡�§¥ áà¥¤−¨å §−�ç¥−¨©. „«ï íâ®£® á«¥¤ã¥â
®¯à¥¤¥«¨âì ª�ª ¯à¨−æ¨¯ë ¬®¤¥«¨à®¢�−¨ï áâàãªâãàë á®®¡é¥áâ¢�, â�ª ¨ ¯à¨−æ¨¯ë
à�á¯à®áâà�−¥−¨ï ¨−ä®à¬�æ¨¨ ¬¥¦¤ã ¥¥ ã§«�¬¨.

3 Принципы построения модели структуры сообщества

„«ï ¨§ãç¥−¨ï £¥−¥§¨á� á®æ¨�«ì−ëå á¥â¥© ¯à¨¬¥−ïîâáï á«ãç�©−ë¥ £à�äë à�§-
«¨ç−ëå â¨¯®¢. �á®¡® á«¥¤ã¥â ¢ë¤¥«¨âì á«ãç�©−ë¥ £à�äë á ¯à¥¤¯®çâ¨â¥«ì−ë¬
á¢ï§ë¢�−¨¥¬, ª®â®àë¥ ®¡êïá−ïîâ ¬¥å�−¨§¬ à®áâ� á¥â¥¢ëå áâàãªâãà ¨ ®¡¥á¯¥ç¨-
¢�îâ ¨å �¤¥ª¢�â−®¥ ¬®¤¥«¨à®¢�−¨¥ [9].
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Œ®¤¥«ì á®®¡é¥áâ¢� ¯®«ì§®¢�â¥«¥© â¥å−®«®£¨¨ �Šˆˆ

‘®æ¨�«ì−ë¥ á¥â¨ ®â−®áïâáï ª â�ª −�§ë¢�¥¬ë¬ ú¬�«ë¬ ¬¨à�¬û | £à�ä�¬,
®¡«�¤�îé¨¬ ¯à¨ §−�ç¨â¥«ì−®¬ ç¨á«¥ ¢¥àè¨− áà�¢−¨â¥«ì−® −¥¡®«ìè¨¬ ¤¨�¬¥â-
à®¬. „«ï ¬�«ëå ¬¨à®¢ â¨¯¨ç−ë áâ¥¯¥−−ë¥ à�á¯à¥¤¥«¥−¨ï ¢¥àè¨− ¯® ç¨á«ã
¨¬¥îé¨åáï ã −¨å á¢ï§¥© (¡¥§¬�áèâ�¡−ë¥ á¥â¨) [10].

ˆáâ®à¨ç¥áª¨ ¯¥à¢�ï ¬®¤¥«ì ¯à¥¤¯®çâ¨â¥«ì−®£® á¢ï§ë¢�−¨ï, à�§à�¡®â�−−�ï
¤«ï ¬®¤¥«¨à®¢�−¨ï á¥â¨ ˆ−â¥à−¥â ¨ −�¨¡®«¥¥ ¨§¢¥áâ−�ï −� á¥£®¤−ïè−¨© ¤¥−ì,
¡ë«� ¯à¥¤«®¦¥−� ¢ à�¡®â¥ A. L. Barabasi ¨ R. Albert [11]. ‚¯®á«¥¤áâ¢¨¨ á«ã-
ç�©−ë¥ −¥®à¨¥−â¨à®¢�−−ë¥ £à�äë, à¥�«¨§ãîé¨¥ íâã ¬®¤¥«ì, ¯®«ãç¨«¨ −�§¢�−¨¥
£à�ä®¢ ��à�¡�è¨{�«ì¡¥àâ. �® íâ¨ £à�äë, −¥á¬®âàï −� á¢®î ¯®¯ã«ïà−®áâì, |
−¥ ¥¤¨−áâ¢¥−−ë¥ ¯à¥¤áâ�¢¨â¥«¨ ª«�áá� á«ãç�©−ëå £à�ä®¢ á ¯à¥¤¯®çâ¨â¥«ì−ë¬
á¢ï§ë¢�−¨¥¬.

�à¥¤¬¥â®¬ ¨áá«¥¤®¢�−¨ï ï¢«ï¥âáï ¢«¨ï−¨¥ ç«¥−®¢ á®æ¨�«ì−®© á¥â¨ ¤àã£ −�
¤àã£� ¨ ¨§¬¥−¥−¨¥ ¨å ¬−¥−¨© ¯® â¥¬ ¨«¨ ¨−ë¬ ¢®¯à®á�¬ ¨áâ®à¨¨ ¢ à¥§ã«ìâ�â¥ íâ®-
£® ¢«¨ï−¨ï. Œ®¤¥«ì ¢«¨ï−¨ï ¢ á®æ¨�«ì−®© á¥â¨ ¯à¥¤áâ�¢«ï¥â á®¡®© ¢§¢¥è¥−−ë©
®à¨¥−â¨à®¢�−−ë© £à�ä, ¢¥àè¨−ë ª®â®à®£® á®®â¢¥âáâ¢ãîâ ç«¥−�¬ á®æ¨�«ì−®©
£àã¯¯ë, � ¤ã£¨ ®¯¨áë¢�îâ ¨å ¢§�¨¬−®¥ ¢«¨ï−¨¥ [12]. „¥©áâ¢¨â¥«ì−®, ¢ á®-
®¡é¥áâ¢¥, ®à£�−¨§®¢�−−®¬ ¢®ªàã£ −¥ª®â®à®£® ®¡é¥£® §�−ïâ¨ï, ®¡¬¥− ¢«¨ï−¨¥¬
¬¥¦¤ã ãç�áâ−¨ª�¬¨, ®¡«�¤�îé¨¬¨ à�§−ë¬ ãà®¢−¥¬ ¯à®ä¥áá¨®−�«¨§¬� ¨ �¢â®-
à¨â¥â−®áâ¨, −¥ ¬®¦¥â ¡ëâì á¨¬¬¥âà¨ç−ë¬. …á«¨ ãç�áâ−¨ª A ¯à¨á«ãè¨¢�¥âáï
ª ¬−¥−¨î ãç�áâ−¨ª� B ¨ ¢−¨¬�â¥«ì−® ç¨â�¥â ¥£® ¯ã¡«¨ª�æ¨¨ ¢ á®®¡é¥áâ¢¥, â®
ãç�áâ−¨ª B ¯à¨ íâ®¬ ¬®¦¥â ¨ −¥ ¯®¤®§à¥¢�âì ® áãé¥áâ¢®¢�−¨¨ ãç�áâ−¨ª� A.

Œ®¤¥«ì, ®¯¨áë¢�îé�ï ®à¨¥−â¨à®¢�−−ë© £à�ä, ¢ ª®â®à®¬ ¯à¥¤¯®çâ¨â¥«ì−®¥
¯à¨á®¥¤¨−¥−¨¥ §�¢¨á¨â ®â ¢å®¤ïé¨å ¨ ¨áå®¤ïé¨å áâ¥¯¥−¥©, ¡ë«� ¯à¥¤«®¦¥−�
�®««®¡�è¥¬ ¨ ¤à. ¢ à�¡®â¥ [13]. ˆ¬¥−−® íâ� ¬®¤¥«ì ¡ë«� ¢§ïâ� §� ®á−®¢ã ¯à¨
¬®¤¥«¨à®¢�−¨¨ ‘�’ �Šˆˆ.

4 Принципы моделирования процесса распространения информации

�à¨ ¬®¤¥«¨à®¢�−¨¨ á®æ¨�«ì−ëå á¥â¥©, ¢§�¨¬−®£® ¢«¨ï−¨ï ¨å ç«¥−®¢ (�£¥−-
â®¢), ¤¨−�¬¨ª¨ ¨å ¬−¥−¨© ¨ â. ¤. ¢®§−¨ª�¥â −¥®¡å®¤¨¬®áâì ãç¥â� ä�ªâ®à®¢
(íää¥ªâ®¢), ¨¬¥îé¨å ¬¥áâ® ¢ à¥�«ì−ëå á®æ¨�«ì−ëå á¥âïå. Š�ª ¯®ª�§�−® ¢ [14],
¢ à¥�«ì−ëå á®æ¨�«ì−ëå á¥âïå ¬®£ãâ ¨¬¥âì ¬¥áâ® á«¥¤ãîé¨¥ íää¥ªâë ¨ á¢®©-
áâ¢�, ®¡ãá«®¢«¥−−ë¥ ª�ª å�à�ªâ¥à¨áâ¨ª�¬¨ ¨ ¯®âà¥¡−®áâï¬¨ �£¥−â®¢ (®ª�§ë¢�-
îé¨å ¢«¨ï−¨¥ ¨ ¯®¤¢¥à£�îé¨åáï ¢«¨ï−¨î), å�à�ªâ¥à®¬ ¨å ¢§�¨¬®¤¥©áâ¢¨ï, â�ª
¨ á¢®©áâ¢�¬¨ á�¬®© á®æ¨�«ì−®© á¥â¨:

(1) −�«¨ç¨¥ á®¡áâ¢¥−−ëå ¬−¥−¨© �£¥−â®¢;

(2) ¨§¬¥−¥−¨¥ ¬−¥−¨© ¯®¤ ¢«¨ï−¨¥¬ ¤àã£¨å ç«¥−®¢ á®æ¨�«ì−®© á¥â¨;

(3) à�§«¨ç−�ï §−�ç¨¬®áâì ¬−¥−¨© (¢«¨ïâ¥«ì−®áâ¨, ¤®¢¥à¨ï) ®¤−¨å �£¥−â®¢ ¤«ï
¤àã£¨å �£¥−â®¢;

(4) à�§«¨ç−�ï áâ¥¯¥−ì ¯®¤¢¥à¦¥−−®áâ¨ �£¥−â®¢ ¢«¨ï−¨î (ª®−ä®à¬¨§¬, ãáâ®©-
ç¨¢®áâì ¬−¥−¨©);
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(5) áãé¥áâ¢®¢�−¨¥ ú«¨¤¥à®¢ ¬−¥−¨©û (�£¥−â®¢ á ¬�ªá¨¬�«ì−ë¬ ú¢«¨ï−¨¥¬û);

(6) áãé¥áâ¢®¢�−¨¥ ¯®à®£� çã¢áâ¢¨â¥«ì−®áâ¨ ª ¨§¬¥−¥−¨î ¬−¥−¨ï ®ªàã¦�îé¨å;

(7) ¢®§¤¥©áâ¢¨¥ áâàãªâãà−ëå á¢®©áâ¢ á®æ¨�«ì−ëå á¥â¥© −� ¤¨−�¬¨ªã ¬−¥−¨©;

(8) �ªâ¨¢−®áâì (æ¥«¥−�¯à�¢«¥−−®¥ ¯®¢¥¤¥−¨¥) �£¥−â®¢;

(9) −¥¯®«−�ï /̈̈ «¨ �á¨¬¬¥âà¨ç−�ï ¨−ä®à¬¨à®¢�−−®áâì �£¥−â®¢.

�®íâ®¬ã ¤«ï ª®àà¥ªâ−®£® ¯à¥¤áâ�¢«¥−¨ï ¯à®æ¥áá� à�á¯à®áâà�−¥−¨ï ¨−ä®à¬�æ¨¨
¢ ‘�’ �Šˆˆ ¬®¤¥«ì ¤®«¦−� ¯®¤¤¥à¦¨¢�âì á«¥¤ãîé¨¥ å�à�ªâ¥à¨áâ¨ª¨ �£¥−â®¢.

÷®«ì: ®¡ëç−ë©/�â�ªãîé¨© �£¥−â. �â�ªãîé¨© �£¥−â á®®â¢¥âáâ¢ã¥â §«®ã¬ëè-
«¥−−¨ªã, á®§−�â¥«ì−® ¨ �ªâ¨¢−® à�á¯à®áâà�−ïîé¥¬ã ¤¥§¨−ä®à¬�æ¨î. �¡ëç-
−ë¥ �£¥−âë áâ�−®¢ïâáï ®¡ê¥ªâ�¬¨ íâ®© �â�ª¨. ÷®«ì ¥áâì ¯®áâ®ï−−�ï å�à�ªâ¥-
à¨áâ¨ª� �£¥−â�.

�®§¨æ¨ï: −®à¬�«ì−�ï, ¨áª�¦¥−−�ï, −¥©âà�«ì−�ï. �â−®á¨âáï ª ¢®¯à®áã, ¬−¥−¨¥
¯® ª®â®à®¬ã �â�ªãîé¨© �£¥−â ¯ëâ�¥âáï ¨áª�§¨âì. �®à¬�«ì−�ï ¯®§¨æ¨ï
®§−�ç�¥â, çâ® �£¥−â ¨¬¥¥â á«®¦¨¢è¥¥áï ª®àà¥ªâ−®¥, −¥¨áª�¦¥−−®¥ ¬−¥−¨¥
¯® ¤�−−®© â¥¬¥. ˆáª�¦¥−−�ï ¯®§¨æ¨ï á®®â¢¥âáâ¢ã¥â ¨áª�¦¥−−®¬ã ¬−¥−¨î,
á«®¦¨¢è¥¬ãáï ¢ à¥§ã«ìâ�â¥ ¨−ä®à¬�æ¨®−−®© �â�ª¨. �¥©âà�«ì−�ï ¯®§¨æ¨ï
®§−�ç�¥â, çâ® ã �£¥−â� −¥â á«®¦¨¢è¥£®áï ¬−¥−¨ï ¯® ¤�−−®¬ã ¢®¯à®áã. �®§¨æ¨ï
�£¥−â� ¬®¦¥â ¬¥−ïâìáï ¢® ¢à¥¬¥−¨.

“¢¥à¥−−®áâì: áâ¥¯¥−ì ã¢¥à¥−−®áâ¨ �£¥−â� ¢ á®áâ®ïâ¥«ì−®áâ¨ á¢®¥© ¯®§¨æ¨¨.
Œ®¦¥â ¬¥−ïâìáï ¯à¨ ¢®§¤¥©áâ¢¨¨ ¬−¥−¨© ®ªàã¦¥−¨ï �£¥−â�. �à¨ ¤®áâ¨¦¥−¨¨
−ã«¥¢®£® ãà®¢−ï ã¢¥à¥−−®áâ¨ �£¥−â ¬¥−ï¥â á¢®î ¯®§¨æ¨î. �¥−ã«¥¢®© ãà®¢¥−ì
ã¢¥à¥−−®áâ¨ �£¥−â� á −¥©âà�«ì−®© ¯®§¨æ¨¥© á®®â¢¥âáâ¢ã¥â ¨−¥àâ−®áâ¨ ¥£®
¬ëè«¥−¨ï.

�¢â®à¨â¥â−®áâì: ª®íää¨æ¨¥−â, á ª®â®àë¬ ¢®§¤¥©áâ¢¨¥ �£¥−â� ®ª�§ë¢�¥â ¢«¨-
ï−¨¥ −� ¯®§¨æ¨î ¨ ã¢¥à¥−−®áâì á®á¥¤�. �® áãâ¨, á«ã¦¨â ª®íää¨æ¨¥−â®¬
®á«�¡«¥−¨ï ¢®§¤¥©áâ¢¨ï. •®âï ¢ ¯à¨−æ¨¯¥ �¢â®à¨â¥â−®áâì ¬®¦¥â ¬¥−ïâìáï
á â¥ç¥−¨¥¬ ¢à¥¬¥−¨, ¬®¦−® ¡¥§ ®£à�−¨ç¥−¨ï ®¡é−®áâ¨ áç¨â�âì, çâ® −� ¯à®âï-
¦¥−¨¨ ®¤−®© ¨−ä®à¬�æ¨®−−®© �â�ª¨ ¤�−−�ï å�à�ªâ¥à¨áâ¨ª� ¬®¦¥â áç¨â�âìáï
ª®−áâ�−â®©. ‚®§¬®¦−ë âà¨ ¢�à¨�−â� ¨−â¥à¯à¥â�æ¨¨ �¢â®à¨â¥â−®áâ¨:

(1) −¥§�¢¨á¨¬�ï å�à�ªâ¥à¨áâ¨ª� �£¥−â� (®¡ê¥ªâ¨¢−�ï å�à�ªâ¥à¨áâ¨ª� �£¥−â�);

(2) −¥§�¢¨á¨¬�ï å�à�ªâ¥à¨áâ¨ª� ¤ã£¨ ú�£¥−â→�£¥−âû (áã¡ê¥ªâ¨¢−�ï å�à�ª-
â¥à¨áâ¨ª� �£¥−â�);

(3) å�à�ªâ¥à¨áâ¨ª� �£¥−â�, §�¢¨áïé�ï ®â ç¨á«� ¥£® ¨áå®¤ïé¨å á¢ï§¥© (®¡ê-
¥ªâ¨¢−�ï å�à�ªâ¥à¨áâ¨ª�, ®âà�¦�îé�ï ç¨á«® ãç�áâ−¨ª®¢ á®®¡é¥áâ¢�,
¨−â¥à¥áãîé¨åáï ¬−¥−¨¥¬ ¤�−−®£® �£¥−â�).

�ªâ¨¢−®áâì: ¯¥à¥¬¥−−ë© ª®íää¨æ¨¥−â, ®âà�¦�îé¨© áâ¥¯¥−ì ¢®§¤¥©áâ¢¨ï �£¥−-
â� −� á®á¥¤¥©. ˆáå®¤−® à�¢¥− −ã«î, −® ¯à¨ ¯®ï¢«¥−¨¨ ¢®§¤¥©áâ¢¨ï −� �£¥−â�
á® áâ®à®−ë ®ªàã¦¥−¨ï áâ�−®¢¨âáï ¯®«®¦¨â¥«ì−ë¬ ¨ ®áâ�¥âáï ¯®«®¦¨â¥«ì−ë¬

148 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 31 −®¬¥à 1 2021



Œ®¤¥«ì á®®¡é¥áâ¢� ¯®«ì§®¢�â¥«¥© â¥å−®«®£¨¨ �Šˆˆ

¤® ®ª®−ç�−¨ï ¨−ä®à¬�æ¨®−−®© �â�ª¨. ÷�áâ¥â ¯à¨ −¥®¡å®¤¨¬®áâ¨ §�é¨é�âì
á¢®î ¯®§¨æ¨î ¯® ¬¥à¥ à®áâ� ãà®¢−ï ¢®§¤¥©áâ¢¨ï á® áâ®à®−ë ç�áâ¨ ®ªàã¦¥−¨ï,
¨¬¥îé¥© ¯®§¨æ¨î, ®â«¨ç−ãî ®â ¯®§¨æ¨¨ �£¥−â�.

‚®§¤¥©áâ¢¨¥: ¢ëç¨á«ï¥¬�ï å�à�ªâ¥à¨áâ¨ª�, ®ª�§ë¢�îé¥¥ ¢«¨ï−¨¥ −� �ªâ¨¢-
−®áâì, ã¢¥à¥−−®áâì ¨, ¢ ª®−¥ç−®¬ ¨â®£¥, ¯®§¨æ¨î �£¥−â�:

{ ¨áå®¤ïé¥¥ ¢®§¤¥©áâ¢¨¥ �£¥−â� ¯à®¯®àæ¨®−�«ì−® �ªâ¨¢−®áâ¨ ¨ ¨¬¥¥â §−�ª,
á®®â¢¥âáâ¢ãîé¨© ¯®§¨æ¨¨ (à�¢−® −ã«î ¯à¨ −¥©âà�«ì−®© ¯®§¨æ¨¨);

{ ¢å®¤ïé¥¥ ¢®§¤¥©áâ¢¨¥ �£¥−â� ï¢«ï¥âáï áã¬¬®© ¨áå®¤ïé¨å ¢®§¤¥©áâ¢¨© ¥£®
®ªàã¦¥−¨ï á ãç¥â®¬ �¢â®à¨â¥â−®áâ¨ ¢®§¤¥©áâ¢ãîé¨å �£¥−â®¢.

‡�¢¨á¨¬®áâì §−�ç¥−¨© å�à�ªâ¥à¨áâ¨ª �£¥−â� ®â ãà®¢−ï ¢®§¤¥©áâ¢¨ï á«¥¤ã¥â
áç¨â�âì «¨−¥©−®© ¨ −¥ ãç¨âë¢�âì ¤®¯®«−¨â¥«ì−ë¥ ¯á¨å®«®£¨ç¥áª¨¥ ä�ªâ®àë,
â�ª¨¥ ª�ª íää¥ªâ ú¯à®¤®«¦¨â¥«ì−®£® ¢«¨ï−¨ïû, íää¥ªâ ú®¡à�â−®£® ¤¥©áâ¢¨ïû,
íää¥ªâ ¯¥à¥¯®«−¥−¨ï ¨ áª«®−−®áâì ª ¨§¡¨à�â¥«ì−®¬ã ¯®âà¥¡«¥−¨î ¨−ä®à¬�-
æ¨¨ [15] ¢ á¢ï§¨ á ®âáãâáâ¢¨¥¬ ¨å ã¤®¢«¥â¢®à¨â¥«ì−®© ¬®¤¥«¨. �à�¢®¬¥à−®áâì
â�ª®£® ¤®¯ãé¥−¨ï ¬®¦¥â ¡ëâì ®ª®−ç�â¥«ì−® ¯®¤â¢¥à¦¤¥−� â®«ìª® ¯à¨ à¥�«ì−®©
íªá¯«ã�â�æ¨¨ â¥å−®«®£¨¨ �Šˆˆ, −® ª®á¢¥−−ë¬ ¯®¤â¢¥à¦¤¥−¨¥¬ ¬®¦¥â á«ã¦¨âì
á®¢¯�¤¥−¨¥ à¥§ã«ìâ�â®¢ ¬®¤¥«¨à®¢�−¨ï ¢ áà�¢−¨¬ëå à¥¦¨¬�å á à¥§ã«ìâ�â�¬¨
à�¡®âë ¬®¤¥«¥©, çìï �¤¥ª¢�â−®áâì ã¦¥ ¯®¤â¢¥à¦¤¥−�.

5 Описание модели

5.1. Œ®¤¥«ì áâàãªâãàë á®®¡é¥áâ¢� ä®à¬¨àã¥âáï −� ¡�§¥ ®à¨¥−â¨à®¢�−−®£®
£à�ä� �®««®¡�è�{÷¨®à¤�−� [9]. ‚ ª�ç¥áâ¢¥ −�ç�«ì−®£® £à�ä� G0 ¢ëáâã¯�¥â
¥¤¨−áâ¢¥−−�ï ¢¥àè¨−� ¡¥§ ¤ã£. �� ª�¦¤®¬ è�£¥ £¥−¥à�æ¨¨ ¢ £à�ä¥G ¯®ï¢«ï¥âáï
¥¤¨−áâ¢¥−−�ï ¤ã£�, á −¥ª®â®à®© ¢¥à®ïâ−®áâìî −� íâ®¬ è�£¥ ¬®¦¥â ¯®ï¢¨âìáï
¨ −®¢�ï ¢¥àè¨−�. „«ï ¯®áâà®¥−¨ï £à�ä� ä¨ªá¨àãîâáï −¥ª®â®àë¥ −¥®âà¨æ�â¥«ì-
−ë¥ ¯�à�¬¥âàë α, β, γ, δin ¨ δout â�ª¨¬ ®¡à�§®¬, çâ® α + β + γ = 1. ‡�â¥¬
®¯à¥¤¥«ï¥âáï £à�ä G(t), ª®â®àë© ¢ ¬®¬¥−â ¢à¥¬¥−¨ t ¨¬¥¥â ¢ â®ç−®áâ¨ t ¤ã£
¨ á«ãç�©−®¥ ç¨á«® n(t) ¢¥àè¨−.

�à�¢¨«® ¯à¥¤¯®çâ¨â¥«ì−®£® á¢ï§ë¢�−¨ï á®áâ®¨â ¢ â®¬, çâ® ¢ë¡®à ¢¥àè¨−ë v
£à�ä� G(t) á®£«�á−® ¢¥«¨ç¨−¥ dout + δout ®§−�ç�¥â, çâ® ¢¥à®ïâ−®áâì ¢ë¡®à�

P (v = vi) =
dout(vi) + δout
t+ δoutn(t)

.

�−�«®£¨ç−® ¢ë¡®à ¢¥àè¨−ë v á®£«�á−® ¢¥«¨ç¨−¥ din + δin ®§−�ç�¥â, çâ® ¢¥à®ïâ-
−®áâì

P (v = vi) =
din(vi) + δin
t+ δinn(t)

.

‡¤¥áì ¯®¤ dout(vi) ¨ din(vi) ¯®−¨¬�îâáï ¯®«ãáâ¥¯¥−ì ¨áå®¤� ¨ á®®â¢¥âáâ¢¥−−® ¯®-
«ãáâ¥¯¥−ì §�å®¤� ¢¥àè¨−ë vi £à�ä�G(t). „«ï t ≥ t0 ¨§ £à�ä�G(t) ä®à¬¨àã¥âáï
£à�ä G(t+ 1) ¢ á®®â¢¥âáâ¢¨¨ á® á«¥¤ãîé¨¬¨ ¯à�¢¨«�¬¨ à®áâ�.
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�à�¢¨«® �. ‘ ¢¥à®ïâ−®áâìî α ¤®¡�¢«ï¥âáï −®¢�ï ¢¥àè¨−� v á®¢¬¥áâ−® á ¤ã£®© ®â
¢¥àè¨−ë v ª áãé¥áâ¢ãîé¥© ¢¥àè¨−¥ w, ª®â®à�ï ¢ë¡¨à�¥âáï á®£«�á−® din + δin.

�à�¢¨«® B. ‘ ¢¥à®ïâ−®áâìî β ¤®¡�¢«ï¥âáï ¤ã£� ¬¥¦¤ã áãé¥áâ¢ãîé¨¬¨ ¢¥àè¨-
−�¬¨ v ¨w, £¤¥ v ¨w ¢ë¡¨à�îâáï −¥§�¢¨á¨¬®: v á®£«�á−® dout+δout ¨w á®£«�á−®
din + δin.

�à�¢¨«® C. ‘ ¢¥à®ïâ−®áâìî γ ¤®¡�¢«ï¥âáï −®¢�ï ¢¥àè¨−� w ¨ ¤ã£� ®â áãé¥áâ¢ã-
îé¥© ¢¥àè¨−ë v ª ¢¥àè¨−¥ w, £¤¥ ¢¥àè¨−� v ¢ë¡¨à�¥âáï á®£«�á−® dout + δout.

5.2. �à¨ ä®à¬¨à®¢�−¨¨ £à�ä� ¤«ï ª�¦¤®£® ã§«� ¨áå®¤−® §�¤�îâáï á«¥¤ã-
îé¨¥ å�à�ªâ¥à¨áâ¨ª¨ �£¥−â®¢:

{ à®«ì r ∈ {0, 1}: ¤«ï ¢á¥å ãáâ�−�¢«¨¢�¥âáï §−�ç¥−¨¥ 0 (®¡ëç−ë© �£¥−â),
ªà®¬¥ á«ãç�©−®£® −�¡®à� �£¥−â®¢A, ¤«ï ª®â®àëå ãáâ�−�¢«¨¢�¥âáï §−�ç¥−¨¥ 1
(�â�ªãîé¨©). —¨á«® �â�ªãîé¨å �£¥−â®¢ |A|| ¯�à�¬¥âà ¬®¤¥«¨;

{ ¯®§¨æ¨ï p ∈ {−1, 0, 1}: ãáâ�−�¢«¨¢�¥âáï §−�ç¥−¨¥ −1 (¨áª�¦¥−−�ï) ¤«ï
�â�ªãîé¨å �£¥−â®¢. „«ï ®¡ëç−ëå �£¥−â®¢ ãáâ�−�¢«¨¢�¥âáï §−�ç¥−¨¥ 0 (−¥©â-
à�«ì−�ï), §� ¨áª«îç¥−¨¥¬ á«ãç�©−®£® ¯®¤−�¡®à� �£¥−â®¢ N+, ¤«ï ª®â®àëå
ãáâ�−�¢«¨¢�¥âáï §−�ç¥−¨¥ 1 (−®à¬�«ì−�ï). ÷�§¬¥à ¯®¤−�¡®à� |N+| | ¯�à�-
¬¥âà ¬®¤¥«¨;

{ ã¢¥à¥−−®áâì u ∈ |0,+∞|: §−�ç¥−¨¥ à�á¯à¥¤¥«¥−® «®£−®à¬�«ì−® ¤«ï ®¡ëç−ëå
�£¥−â®¢ ¨ à�¢−® +∞ ¤«ï �â�ªãîé¨å �£¥−â®¢;

{ �¢â®à¨â¥â−®áâì b ∈ |0, 1|: §−�ç¥−¨¥ à�á¯à¥¤¥«¥−® −®à¬�«ì−®;

{ �ªâ¨¢−®áâì a = 〈amin, acur〉; amin, acur ∈ |0, 1|: amin | ¬¨−¨¬ã¬ �ªâ¨¢−®áâ¨
�£¥−â� ¯®á«¥ −�ç�«� §�é¨âë ¯®§¨æ¨¨, §−�ç¥−¨¥ ª®â®à®£® à�á¯à¥¤¥«¥−® −®à-
¬�«ì−®, � acur | ¢ëç¨á«ï¥¬ë© â¥ªãé¨© ãà®¢¥−ì �ªâ¨¢−®áâ¨ �£¥−â�, ¨áå®¤−®
§�¤�¢�¥¬ë© ª�ª 0 ¤«ï ®¡ëç−ëå �£¥−â®¢ ¨ 1 ¤«ï �â�ªãîé¨å.

„«ï ª�¦¤®© ¤ã£¨ d £à�ä�G §�¤�¥âáï �¢â®à¨â¥â−®áâì p ∈ {−1, 0, 1}: §−�ç¥−¨¥
à�á¯à¥¤¥«¥−® −®à¬�«ì−®.

5.3. ÷�¡®â� ¬®¤¥«¨ ®áãé¥áâ¢«ï¥âáï á ¤¨áªà¥â−ë¬ ¢à¥¬¥−¥¬. �� ª�¦¤®¬ è�£¥
¨á¯®«ì§ãîâáï ¤¢� ¬�áá¨¢� á®áâ®ï−¨© ¬®¤¥«¨: −�ç�«ì−®¥ ¨ ª®−¥ç−®¥ á®áâ®ï−¨¥
è�£�. Š®−¥ç−®¥ á®áâ®ï−¨¥ ¢ëç¨á«ï¥âáï −� ®á−®¢¥ −�ç�«ì−®£®, ¯®á«¥ ç¥£® ¯à¨
¯¥à¥å®¤¥ ª á«¥¤ãîé¥¬ã è�£ã ª®−¥ç−®¥ á®áâ®ï−¨¥ ª®¯¨àã¥âáï ¢ −�ç�«ì−®¥.

‚ §�¢¨á¨¬®áâ¨ ®â §�¤�−−®£® ª�ª ¯�à�¬¥âà ¬®¤¥«¨ ¢�à¨�−â� ¨−â¥à¯à¥â�æ¨¨
�¢â®à¨â¥â−®áâ¨ ¯®¤ uxy ¡ã¤¥¬ ¯®−¨¬�âì: (�) �¢â®à¨â¥â−®áâì uy ã§«� y; (¡) �¢â®-
à¨â¥â−®áâì ud ¤ã£¨ dyx; (¢) ¢ëç¨á«ï¥¬ãî å�à�ªâ¥à¨áâ¨ªã u, §�¢¨áïéãî ®â ç¨á«�
¨áå®¤ïé¨å á¢ï§¥© y:

u = 1− 1

(|Oy|+ 1)α
,

£¤¥ α | ¯�à�¬¥âà ¬®¤¥«¨.
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�«£®à¨â¬ ¢ëç¨á«¥−¨ï ª®−¥ç−®£® á®áâ®ï−¨ï á«¥¤ãîé¨©.

1. „«ï ª�¦¤®£® ®¡ëç−®£® ã§«� x ∈ G\A ¢ëç¨á«ï¥âáï ¥£® ®ªàã¦¥−¨¥ Ox ⊂ G :
∀ y ∈ Ox ∃ dyx.

2. „«ï ã§«� x ¢ëç¨á«ï¥âáï ¢å®¤ïé¥¥ ¢®§¤¥©áâ¢¨¥:

vx =
∑

y∈Ox

pya
cur
y uxyβ ,

£¤¥ ª®íää¨æ¨¥−â β | ¯�à�¬¥âà ¬®¤¥«¨.

3. …á«¨ vx 6= 0, â®:

{ ¥á«¨ px ¨ vx ¨¬¥îâ ®¤¨− §−�ª (pxvx > 0), â® ux ← ux + vx;

{ ¢ ¯à®â¨¢−®¬ á«ãç�¥ ux ← ux − |vx|. …á«¨ ¢ à¥§ã«ìâ�â¥ ux < 0, â®
ux ← |ux|, px ← sgn (vx).

4. „«ï ã§«� x : px 6= 0 ¢ëç¨á«ï¥âáï ®ªàã¦¥−¨¥ á ®â«¨ç−®© ®â px ¯®§¨æ¨¥©
O−
x ⊂ Ox : y ∈ O−

x ⇒ py 6= px. …á«¨ px = 0⇒ O−
x = ∅.

5. „«ï ã§«� ¢ëç¨á«ï¥âáï ¢å®¤ïé¥¥ ¢®§¤¥©áâ¢¨¥ ¨−®£® §−�ª�:

v−x =
∑

y∈O−

x

pya
cur
y uxyβ .

6. �ªâã�«¨§¨àã¥âáï ãà®¢¥−ì �ªâ¨¢−®áâ¨:

v−x 6= 0⇒ acurx = aminx +
(
1− aminx

)(
1− 1

(|v−x |+ 1)α
)
.

6 Результаты моделирования

�−�«¨§ ¯®ª�§�« á®®â¢¥âáâ¢¨¥ à�á¯à¥¤¥«¥−¨ï ã§«®¢ á£¥−¥à¨à®¢�−−®£® £à�ä� ¯®
ç¨á«ã ¨å á¢ï§¥© áâ¥¯¥−−®¬ã §�ª®−ã á ¯®ª�§�â¥«¥¬ áâ¥¯¥−¨, «¥¦�é¨¬ ¢ ¤¨�¯�§®−¥
|2, 3| ¨ ¯®«®¦¨â¥«ì−®© �áá®àâ�â¨¢−®áâìî (å�à�ªâ¥à®¬ ª®àà¥«ïæ¨¨ ã§«®¢, ®¯¨áë-
¢�¥¬ë¬ ª®íää¨æ¨¥−â®¬ �¨àá®−�), çâ® â¨¯¨ç−® ¤«ï á®æ¨�«ì−ëå á¥â¥© ¢ æ¥«®¬
¨ á¥â¥© á®âàã¤−¨ç¥áâ¢� ãç¥−ëå ¢ ç�áâ−®áâ¨ [16].

�−�«¨§ áâàãªâãàë £à�ä� ¯®ª�§�«, çâ® ¤® 60% ã§«®¢ á¥â¨ ¬®£ãâ ¡ëâì −¥-
¤®áâã¯−ë ¤«ï ¨−ä®à¬�æ¨®−−®© �â�ª¨. ’�ª®¥ ¯®«®¦¥−¨¥ ¤¥« á®®â¢¥âáâ¢ãîâ
à¥�«ì−ë¬ −�ãç−®-¯à®ä¥áá¨®−�«ì−ë¬ á¥â¥¢ë¬ á®®¡é¥áâ¢�¬, ¢ ª®â®àëå ®â¤¥«ì-
−ë© �¢â®à¨â¥â−ë© á¯¥æ¨�«¨áâ ¨«¨ −¥ª®â®à�ï ª®¬¯�ªâ−�ï £àã¯¯� á¯¥æ¨�«¨áâ®¢
¬®£ãâ £¥−¥à¨à®¢�âì ¨−ä®à¬�æ¨î, ¨−â¥à¥áãîéãî ¬−®£¨å ãç�áâ−¨ª®¢ á®®¡é¥áâ¢�,
−® á�¬¨ ®−¨ ¯à¨ íâ®¬ ¬®£ãâ −¥ ¨−â¥à¥á®¢�âìáï ¬−¥−¨¥¬ ¬¥−¥¥ �¢â®à¨â¥â−ëå
¢ ¤�−−®¬ ¢®¯à®á¥ ª®««¥£ ¨ ¡ëâì −¥ ¢ ªãàá¥ ¢¥¤ãé¨åáï áà¥¤¨ −¨å ¤¨áªãáá¨©.
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÷¨á. 1 ƒà�ä¨ª¨ à�á¯à®áâà�−¥−¨ï ¤¥§¨−-
ä®à¬�æ¨¨

÷¨á. 2 ÷�á¯à¥¤¥«¥−¨¥ ¯®á«¥¤áâ¢¨© ¨−-
ä®à¬�æ¨®−−ëå �â�ª

�ë«� ¯à®¢¥¤¥−� á¥à¨ï à�áç¥â®¢ ¬®¤¥«¨ á® §−�ç¥−¨¥¬ ¯�à�¬¥âà� |N+| = 0,
â. ¥. ¢á¥¬ �£¥−â�¬, §� ¨áª«îç¥−¨¥¬ �â�ªãîé¥£®, ¡ë«� ãáâ�−®¢«¥−� −¥©âà�«ì−�ï
¯®§¨æ¨ï. �â® ¯®§¢®«¨«® áà�¢−¨âì à¥§ã«ìâ�âë à�á¯à®áâà�−¥−¨ï ¨áª�¦¥−−®©
¨−ä®à¬�æ¨¨ ¢ á¥â¨ á à¥§ã«ìâ�â�¬¨, ¯®«ãç¥−−ë¬¨ á ¯®¬®éìî ¬®¤¥«¥© ú¤¨ääã§¨¨
¨−−®¢�æ¨©û, �¤¥ª¢�â−®áâì ª®â®àëå ¨ á®®â¢¥âáâ¢¨¥ ¯à®æ¥áá�¬ à�á¯à®áâà�−¥−¨ï
¨−ä®à¬�æ¨¨ ã¦¥ ¤®ª�§�−� [14].

�� à¨á. 1 ¯à¨¢¥¤¥−ë âà¨ ¯à¨¬¥à� £à�ä¨ª®¢ à�á¯à®áâà�−¥−¨ï ¨áª�¦¥−−®©
¨−ä®à¬�æ¨¨, ¯®ª�§ë¢�îé¨å ¤¨−�¬¨ªã ¤®«¨ ã§«®¢ á ¨áª�¦¥−−®© ¯®§¨æ¨¥© ¢ ®¡-
é¥¬ ®¡ê¥¬¥ ãï§¢¨¬ëå ã§«®¢. S-®¡à�§−�ï ä®à¬� £à�ä¨ª� á®®â¢¥âáâ¢ã¥â ä®à¬¥
«®£¨áâ¨ç¥áª®© ªà¨¢®©, ®âà�¦�îé¥© ¯à®æ¥áá ¤¨ääã§¨¨ ¨−−®¢�æ¨© [14].

‘à�¢−¥−¨¥ £à�ä¨ª®¢ −� à¨á. 1 ¤¥¬®−áâà¨àã¥â §−�ç¨â¥«ì−ë© à�§¡à®á à¥§ã«ì-
â�â®¢. �� à¨á. 2 ¯à¨¢¥¤¥−� £¨áâ®£à�¬¬� ¯«®â−®áâ¨ à�á¯à¥¤¥«¥−¨ï ¢à¥¬¥−¨
¤®áâ¨¦¥−¨ï 50%-−®£® ¯®à®£� à�á¯à®áâà�−¥−¨ï ¨áª�¦¥−−®© ¯®§¨æ¨¨ áà¥¤¨ ãï§-
¢¨¬ëå ã§«®¢.

‚¨¤ à�á¯à¥¤¥«¥−¨ï −¥ á®®â¢¥âáâ¢ã¥â −®à¬�«ì−®¬ã §�ª®−ã, çâ® ¯®¤â¢¥à¦¤�¥â
−¥æ¥«¥á®®¡à�§−®áâì ®æ¥−ª¨ à¨áª®¢ −� ¡�§¥ áà¥¤−¨å §−�ç¥−¨©.

‘à�¢−¥−¨¥ à¥§ã«ìâ�â®¢ ¤«ï à�§«¨ç−ëå ¢�à¨�−â®¢ ¨−â¥à¯à¥â�æ¨¨ �¢â®à¨â¥â-
−®áâ¨, ®¯¨á�−−ëå ¢ëè¥, ¯®ª�§�«®, çâ® ¯à¨ ®¯à¥¤¥«¥−−ëå §−�ç¥−¨ïå ¯�à�¬¥âà� α
¯à¨−æ¨¯¨�«ì−®© à�§−¨æë ¬¥¦¤ã −¨¬¨ −¥â. �â® ®§−�ç�¥â, çâ® ¤«ï ¤�«ì−¥©è¨å
íªá¯¥à¨¬¥−â®¢ ¬®¦¥â ¨á¯®«ì§®¢�âìáï ¯¥à¢ë© ¢�à¨�−â | −¥§�¢¨á¨¬�ï å�à�ªâ¥à¨-
áâ¨ª� �£¥−â�.

7 Выводы

÷¥§ã«ìâ�âë ¬®¤¥«¨à®¢�−¨ï ¢ à¥¦¨¬¥ ®âáãâáâ¢¨ï ¯à®â¨¢®¤¥©áâ¢¨ï ¨−ä®à¬�-
æ¨®−−ë¬ �â�ª�¬ á®®â¢¥âáâ¢ãîâ ª«�áá¨ç¥áª¨¬ ¬®¤¥«ï¬ à�á¯à®áâà�−¥−¨ï ¨−ä®à-
¬�æ¨¨ ¢ á®®¡é¥áâ¢�å, çâ® á¢¨¤¥â¥«ìáâ¢ã¥â ®¡ �¤¥ª¢�â−®áâ¨ ¯®áâà®¥−−®© ¬®¤¥«¨.

‡−�ç¨â¥«ì−ë© à�§¡à®á à¥§ã«ìâ�â®¢ ¯à®¤¥¬®−áâà¨à®¢�« ¯à¥¨¬ãé¥áâ¢® ¯®-
áâà®¥−−®© ¬®¤¥«¨ ¯¥à¥¤ ¯®¯ã«ïà−®© SIR-¬®¤¥«ìî §� áç¥â ¢®§¬®¦−®áâ¨ ®æ¥−ª¨
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−¥ â®«ìª® áà¥¤−¨å ¯®á«¥¤áâ¢¨©, −® ¨ íªáâà¥¬ã¬®¢, ª®â®àë¥ ¢ëáâã¯�îâ äã−¤�-
¬¥−â�«ì−ë¬ ¨áâ®ç−¨ª®¬ à¨áª�.

Œ®¦−® á¤¥«�âì ¢ë¢®¤ ® ¯¥àá¯¥ªâ¨¢−®áâ¨ ¬®¤¥«¨ ¤«ï ¨áá«¥¤®¢�−¨ï ¯à®-
æ¥áá®¢ à�á¯à®áâà�−¥−¨ï ¨áª�¦¥−−®© ¨−ä®à¬�æ¨¨ ¬¥¦¤ã ã§«�¬¨ ‘�’ �Šˆˆ
á æ¥«ìî ¨§ãç¥−¨ï íää¥ªâ¨¢−®áâ¨ ¬¥à ¯à®â¨¢®¤¥©áâ¢¨ï ¨ ãáâ®©ç¨¢®áâ¨ â¥å−®«®-
£¨¨ �Šˆˆ ª ¯®¯ëâª�¬ ¨áª�¦¥−¨ï ¨áâ®à¨¨.
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Abstract: The article continues a series of works devoted to description and
analysis of distributed technology of concrete historical investigation support
based on the principles of crowdsourcing. This article is devoted to description
and substantiation of the approach to modeling the community of technology
users and the processes of spreading distorted information among its members to
study the resistance of technology of concrete historical investigation support to
attempts of history distortion, which is an urgent task in modern society. The
proposed approach is to create a model of community structure on the basis of
the Bollobas{Riordan directed graph. The principles of information spreading
between graph nodes are based on factors and effects that occur in real social
networks and are determined by the characteristics of their members, the nature
of their interaction, and the properties of the social network. The adequacy of the
model was verified by comparing the character of distorted information spread
in the mode of resistance to information attacks lack with the logistic curve that
shows the process of innovation diffusion.
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ПОДХОД К СОВЕРШЕНСТВОВАНИЮ КОНЦЕПТУАЛЬНЫХ
СХЕМ БАЗ ГЕОДАННЫХ ПОСРЕДСТВОМ МОДЕЛЕЙ

ДЛЯ ПРОСТРАНСТВЕННО-ЛОГИЧЕСКОГО СВЯЗЫВАНИЯ
ГЕООБЪЕКТОВ

Д. А. Никишин1

�−−®â�æ¨ï: ‚ ª®−â¥ªáâ¥ ¨áá«¥¤®¢�−¨© ¯® á®¢¥àè¥−áâ¢®¢�−¨î ª®−æ¥¯âã�«ì-
−ëå áå¥¬ ¯à¥¤áâ�¢«¥−¨ï â®¯®£à�ä¨ç¥áª®© ¨−ä®à¬�æ¨¨ á æ¥«ìî à�§¢¨â¨ï
¯à®æ¥áá®¢ £¥®�−�«¨â¨ª¨ ¢ ¯¥àá¯¥ªâ¨¢−ëå £¥®£à�ä¨ç¥áª¨å ¨−ä®à¬�æ¨®−−ëå
á¨áâ¥¬�å (ƒˆ‘) §¤¥áì à�áá¬®âà¥−� ®¤−� ¨§ ¯à®¡«¥¬, ¨¬¥îé¨å ¬¥áâ® ¢ âà�-
¤¨æ¨®−−ëå ª®−æ¥¯âã�«ì−ëå áå¥¬�å. �à¥¤áâ�¢«¥−� à�áè¨à¥−−�ï â¨¯®«®£¨ï
¢¨¤®¢ ¯à®áâà�−áâ¢¥−−®© «®ª�«¨§�æ¨¨ £¥®®¡ê¥ªâ®¢, ¢ª«îç�îé�ï á®áâ�¢−ë¥
£¥®®¡ê¥ªâë. ‚ ª�ç¥áâ¢¥ à¥è¥−¨ï ¯à¥¤«®¦¥−® ¢−¥¤à¥−¨¥ ¢ áâàãªâãàã ¡�§
£¥®¤�−−ëå (�ƒ„) á¯¥æ¨�«ì−ëå ®¡ê¥ªâ®¢ ¤�−−ëå, ®¡¥á¯¥ç¨¢�îé¨å ï¢−®¥
¯à®áâà�−áâ¢¥−−®-«®£¨ç¥áª®¥ á¢ï§ë¢�−¨¥ ª®¬¯®−¥−â®¢ á®áâ�¢−ëå £¥®®¡ê¥ªâ®¢
¨ äã−ªæ¨®−�«ì−ëå ¨−äà�áâàãªâãà ¬¥¦¤ã á®¡®©.

Š«îç¥¢ë¥ á«®¢�: ª®−æ¥¯âã�«ì−ë¥ áå¥¬ë ¡�§ £¥®¤�−−ëå; â¨¯ë ¯à®áâà�−-
áâ¢¥−−®© «®ª�«¨§�æ¨¨ £¥®¤�−−ëå; ¯à®áâà�−áâ¢¥−−®-«®£¨ç¥áª®¥ á¢ï§ë¢�−¨¥
£¥®®¡ê¥ªâ®¢
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1 Введение

÷�¡®â� ¯®á¢ïé¥−� ¢®¯à®á�¬ á®¢¥àè¥−áâ¢®¢�−¨ï ª®−æ¥¯âã�«ì−ëå áå¥¬ ¤«ï
¯¥àá¯¥ªâ¨¢−ëå �ƒ„, ¯à¨§¢�−−ëå ®¡¥á¯¥ç¨âì ¯®â¥−æ¨�« ¤«ï à�§¢¨â¨ï ¬¥â®¤®«®-
£¨¨ �−�«¨§� ¨ ®â®¡à�¦¥−¨ï ¨−ä®à¬�æ¨¨ ® ¬¥áâ−®áâ¨ ¢ ƒˆ‘. �à¨ íâ®¬ äã−ªæ¨-
®−�«ì−®áâì ƒˆ‘ á«¥¤ã¥â à�áá¬�âà¨¢�âì ª�ª ®¤−® ¨§ ¢�¦−¥©è¨å á¢®©áâ¢ ¨−ä®à-
¬�æ¨®−−ëå, ã¯à�¢«ïîé¨å ¨ â¥«¥ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬ (ˆ“’‘). „�−−ë¥
¨áá«¥¤®¢�−¨ï ¯à®¢®¤ïâáï ¢ à�¬ª�å ®¡é¥£® −�¯à�¢«¥−¨ï ¨áá«¥¤®¢�−¨ï ®á®¡¥−−®-
áâ¥© ¨−ä®à¬�æ¨®−−ëå âà�−áä®à¬�æ¨© ¢ ª®−â¥ªáâ¥ ¯�à�¤¨£¬ë ¯®«¨�¤¨ç¥áª®£®
ª®¬¯ìîâ¨−£� [1{3].

‚ ¯®á«¥¤−¨¥ ¤¥áïâ¨«¥â¨ï ¯à®áâà�−áâ¢¥−−ë¥ ¤�−−ë¥ ¢á¥ £«ã¡¦¥ ¯à®−¨ª�îâ
¢ à�§«¨ç−ë¥ ®âà�á«¥¢ë¥ áä¥àë. ’¥−¤¥−æ¨¥© áâ�«® ¢®§à�áâ�−¨¥ à®«¨ á¥£¬¥−â�
£¥®�−�«¨â¨ª¨ (�−�«¨â¨ª¨ ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå), −�¯à�¢«¥−−®© ¢ ¯¥à¢ãî
®ç¥à¥¤ì −� à¥�«¨§�æ¨î íää¥ªâ¨¢−®£® ã¯à�¢«¥−¨ï ¨−äà�áâàãªâãà®©. Š â®¬ã
¦¥ ú�−�«¨§ ¡®«ìè¨å ®¡ê¥¬®¢ ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå á æ¥«ìî ®¯à¥¤¥«¥−¨ï
æ¥«¥¢ëå ®à¨¥−â¨à®¢ ¨ ¯à¨−ïâ¨ï à¥è¥−¨© áâ�« −¥®¡å®¤¨¬ë¬ ãá«®¢¨¥¬ ãá¯¥å�

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, dmnikishin@mail.ru
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¡¨§−¥á� ¨ −�ãç−ëå ®âªàëâ¨©û [4]. �−�«¨§¨àãï íâ¨ â¥−¤¥−æ¨¨, ¬®¦−® ®¦¨¤�âì,
çâ® ¤�«ì−¥©è¥¥ à�§¢¨â¨¥ ƒˆ‘ ¢ æ¥«®¬ ¨ ¯à¨¬¥−ï¥¬ëå ¢ ƒˆ‘ ¬®¤¥«¥© ¯à®áâà�−-
áâ¢¥−−ëå ¤�−−ëå ¢ ç�áâ−®áâ¨ á® ¢à¥¬¥−¥¬ ¯®âà¥¡ã¥â ª�ç¥áâ¢¥−−ëå ¨§¬¥−¥−¨©
(−�¯à¨¬¥à, ¤«ï §�¤�ç, ¯à¥¤áâ�¢«¥−−ëå ¢ [5, 6]).

Š�ª ¡ë«® ¯®ª�§�−® ¢ à�¡®â¥ [7], −¥ª®â®àë¥ áãé¥áâ¢ãîé¨¥ âà�¤¨æ¨®−−ë¥ ª®−-
æ¥¯âã�«ì−ë¥ áå¥¬ë1 ®¯¥à¨àãîâ ¢ ª�ç¥áâ¢¥ ¬®¤¥«¨ ¤«ï ®¯¨á�−¨ï £¥®®¡ê¥ªâ®¢ −¥
¨å �−�«¨â¨ç¥áª¨¬ ¯à¥¤áâ�¢«¥−¨¥¬, � ¬®¤¥«ï¬¨ ¨å ª�àâ®£à�ä¨ç¥áª®£® ¨§®¡à�¦¥-
−¨ï | ãá«®¢−ë¬¨ §−�ª�¬¨ (“‡). Œ¥¦¤ã −¨¬¨ ¥áâì à�§«¨ç¨ï, ª®â®àë¥ ¯à¨¢®¤ïâ
ª àï¤ã á«¥¤áâ¢¨©, ¢ â®¬ ç¨á«¥ ª ®âáãâáâ¢¨î ¢ −¥ª®â®àëå âà�¤¨æ¨®−−ëå á¨áâ¥¬�å
“‡ (‘“‡) ¯®«−®æ¥−−®©, ®¤−®§−�ç−®© á¢ï§¨ ª�ª ¬¥¦¤ã £¥®®¡ê¥ªâ®¬ ¨ “‡, â�ª
¨ ¬¥¦¤ã ¬®¤¥«ï¬¨ ®â¤¥«ì−ëå £¥®®¡ê¥ªâ®¢.

�à¨¬¥à®¬ â�ª®© ª®−æ¥¯âã�«ì−®© áå¥¬ë ¬®¦¥â á«ã¦¨âì âà�¤¨æ¨®−−�ï ‘“‡
â®¯®£à�ä¨ç¥áª®© −�¯à�¢«¥−−®áâ¨. …¥ áâàãªâãà� ¨ á®¤¥à¦�−¨¥ ä�ªâ¨ç¥áª¨ §�-
ªà¥¯«¥−ë ¢ −®à¬�â¨¢−ëå ¤®ªã¬¥−â�å [8{12]. �®à¬�â¨¢−ë© ¡�§¨á ¬¥â®¤®«®£¨¨
¯à¨¬¥−¥−¨ï íâ®© ‘“‡ ¢ ª®−â¥ªáâ¥ ƒˆ‘ ®¯à¥¤¥«ï¥âáï £àã¯¯®© áâ�−¤�àâ®¢ [13{16].

„«ï ¯¥à¢®£® á«ãç�ï ¯à¨¬¥à®¬ ¬®£ãâ á«ã¦¨âì £¥®®¡ê¥ªâë â¨¯� ú®¢à�£û, ú−�-
áë¯ìû, ú¢ë¥¬ª�û, ª®â®àë¥ ¯¥à¥¤�îâáï −¥áª®«ìª¨¬¨ áâàãªâãà−ë¬¨ í«¥¬¥−â�¬¨
(¡à®¢ª�, ¯®¤®è¢�), ¯à¨ íâ®¬ ï¢−®¥ á¢ï§ë¢�−¨¥ íâ¨å ª®¬¯®−¥−â®¢ ¢ ¡®«¥¥ á«®¦−ë¥
£¥®®¡ê¥ªâë (®¢à�£, ¢�« ¨ â. ¯.) −¥ ¯à¥¤ãá¬�âà¨¢�¥âáï, íâ� ¨å á¢ï§ì ¬®¦¥â ¡ëâì ¢®á-
áâ�−®¢«¥−� «¨èì −� ¬¥−â�«ì−®¬ ãà®¢−¥ ¨«¨ ¯ãâ¥¬ á«®¦−ëå �«£®à¨â¬®¢/̄ à®æ¥¤ãà
¯à®áâà�−áâ¢¥−−®£® �−�«¨§�.

�à¨¬¥à®¬ ¢â®à®£® á«ãç�ï á«ã¦�â ¤®à®£¨, ª®â®àë¥ ¬®£ãâ ¯à¥â¥à¯¥¢�âì à�§-
àë¢ë ¢ −�á¥«¥−−ëå ¯ã−ªâ�å, −� ¬®áâ�å/íáâ�ª�¤�å, −�áë¯ïå ¨ â. ¯. �à®æ¥¤ãàë
¢®ááâ�−®¢«¥−¨ï ¨å ª®−ä¨£ãà�æ¨¨ â�ª¦¥ −¥ âà¨¢¨�«ì−ë.

ˆ, ¢-âà¥âì¨å, ¢ ¡®«ìè¨−áâ¢¥ áãé¥áâ¢ãîé¨å ‘“‡ −¥ ¯à¥¤ãá¬�âà¨¢�¥âáï á¢ï-
§ë¢�−¨¥ ®â¤¥«ì−ëå £¥®®¡ê¥ªâ®¢ ª®¬¯®−¥−â®¢ ¢ ¡®«¥¥ á«®¦−ë¥ áâàãªâãàë (¯®
äã−ªæ¨®−�«ì−®¬ã, â®¯®«®£¨ç¥áª®¬ã ¨ ¤àã£¨¬ ¯à¨§−�ª�¬), −�¯à¨¬¥à ®¡ê¥¤¨-
−¥−¨¥ ¤®à®£ ¨ ¤àã£¨å í«¥¬¥−â®¢ ¢ ¤®à®¦−ãî á¥âì. �â® â�ª¦¥ ®£à�−¨ç¨¢�¥â
¢®§¬®¦−®áâ¨ �−�«¨§�.

‘®®â¢¥âáâ¢¥−−®, ®¤−¨¬ ¨§ −�¯à�¢«¥−¨© á®¢¥àè¥−áâ¢®¢�−¨ï ¯à¨¬¥−ï¥¬ëå
¢ ƒˆ‘ ¬®¤¥«¥© ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¬®¦¥â áâ�âì ®¡®£�é¥−¨¥ âà�¤¨æ¨-
®−−ëå ª®−æ¥¯âã�«ì−ëå áå¥¬ ¬¥å�−¨§¬®¬ ï¢−®£® ¯à®áâà�−áâ¢¥−−®-«®£¨ç¥áª®£®
á¢ï§ë¢�−¨ï ª®¬¯®−¥−â®¢ ¬®¤¥«¥© á®áâ�¢−ëå £¥®®¡ê¥ªâ®¢ ¨ äã−ªæ¨®−�«ì−ëå ¨−-
äà�áâàãªâãà, çâ® ¨ ï¢«ï¥âáï ¯à¥¤¬¥â®¬ à�áá¬®âà¥−¨ï ¢ ¤�−−®© ¯ã¡«¨ª�æ¨¨.

2 Типология составных геообъектов

Œ®¤¥«ì £¥®®¡ê¥ªâ� ¡ã¤¥¬ à�áá¬�âà¨¢�âì ª�ª −�«¨ç¨¥ ¢ −¥ª®â®à®© ®¡«�áâ¨
¯à®áâà�−áâ¢�, §�¤�−−®© ¯à®áâà�−áâ¢¥−−®© ¬®¤¥«ìî £¥®®¡ê¥ªâ� (¥£® ú¬¥âà¨-

1Š®−æ¥¯âã�«ì−�ï áå¥¬� §¤¥áì ¯®−¨¬�¥âáï ª�ª á¨áâ¥¬� ¢§�¨¬®á¢ï§�−−ëå ¯®−ïâ¨©, −¥®¡å®¤¨¬�ï
¨ ¤®áâ�â®ç−�ï ¤«ï ®¯¨á�−¨ï âà¥¡ã¥¬®£® �á¯¥ªâ� ¬®¤¥«¨àã¥¬®£® ®¡ê¥ªâ�, ¢ª«îç�îé�ï ¬®¤¥«¨
¤�−−ëå (ª«�ááë £¥®®¡ê¥ªâ®¢), á®¯àï¦¥−−ë¥ á −¨¬¨ ®£à�−¨ç¥−¨ï ¨ ¬¥â®¤ë ¨å ®¡à�¡®âª¨.
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�®¤å®¤ ª á®¢¥àè¥−áâ¢®¢�−¨î ª®−æ¥¯âã�«ì−ëå áå¥¬ ¡�§ £¥®¤�−−ëå

ª®©û [14]), ®¯à¥¤¥«¥−−®© á®¢®ªã¯−®áâ¨ á¥¬�−â¨ç¥áª¨å á¢®©áâ¢ á ª®−ªà¥â−ë¬¨
¨å §−�ç¥−¨ï¬¨. ‡−�ç¥−¨ï ¬¥âà¨ç¥áª¨å ¨ á¥¬�−â¨ç¥áª¨å á¢®©áâ¢ ¢ á®¢®ªã¯-
−®áâ¨ ¯à¥¤áâ�¢«ïîâ á®¡®© ¤�−−ë¥ ¬®¤¥«¨ íâ®£® £¥®®¡ê¥ªâ�. �à¨ íâ®¬ ãáâ®©ç¨¢®
¢áâà¥ç�îé�ïáï á®¢®ªã¯−®áâì íâ¨å á¢®©áâ¢, ¯à¨¬¥−¨¬�ï ¤«ï ¤®áâ�â®ç−® ¡®«ìè®£®
¬−®¦¥áâ¢� £¥®®¡ê¥ªâ®¢, ¬®¦¥â ¡ëâì ®¯à¥¤¥«¥−� ª�ª ª«�áá £¥®®¡ê¥ªâ�.

÷�áá¬®âà¨¬ ¬®¤¥«¨ £¥®®¡ê¥ªâ®¢ á â®çª¨ §à¥−¨ï ¬¥âà¨ç¥áª®£® �á¯¥ªâ� ¬®¤¥«¨
£¥®®¡ê¥ªâ� (®¯¨á�−¨ï ¥£® «®ª�«¨§�æ¨¨ ¢ ¯à®áâà�−áâ¢¥ [13, 16]). ’®£¤� â¨¯ë
¬¥âà¨ª¨, ¨á¯®«ì§ã¥¬ë¥ ¤«ï ¬®¤¥«¨à®¢�−¨ï £¥®¡ê¥ªâ®¢, ¬®¦−® à�§¤¥«¨âì −� ¤¢¥
£àã¯¯ë:

(1) í«¥¬¥−â�à−ë¥ (á®®â¢¥âáâ¢ãîé¨¥ âà�¤¨æ¨®−−ë¬ â¨¯�¬ ¬¥âà¨ª¨):

{ â®ç¥ç−ë© ®¡ê¥ªâ | ®§−�ç�¥â −�«¨ç¨¥ ¢ ¤�−−®© â®çª¥ (®¡«�áâ¨ ¯à®áâà�−-
áâ¢�, −¥ ¢ëà�¦�îé¥©áï ¢ â¥ªãé¥¬ ¬�áèâ�¡¥ ®¯¨á�−¨ï) ®¯à¥¤¥«¥−−®©
á®¢®ªã¯−®áâ¨ á¥¬�−â¨ç¥áª¨å á¢®©áâ¢, −�¯à¨¬¥à ¬�«®à�§¬¥à−®¥ áâà®¥-
−¨¥, ¤¥à¥¢® ¨ ¤à.;

{ «¨−¥©−ë© ®¡ê¥ªâ | −�«¨ç¨¥ ®¯à¥¤¥«¥−−®© á®¢®ªã¯−®áâ¨ á¢®©áâ¢ ¢¤®«ì
−¥ª®â®à®© «¨−¨¨ (¯®«®áë, è¨à¨−� ª®â®à®© −¥ ¢ëà�¦�¥âáï ¢ â¥ªãé¥¬
¬�áèâ�¡¥ ®¯¨á�−¨ï), −�¯à¨¬¥à ¤®à®£�, ¯à®á¥ª�, ®£à�¤�, «¨−¨ï £à�−¨æë
¨ â. ¯.;

{ ¯«®é�¤−®© ®¡ê¥ªâ | ®¡«�¤�−¨¥ −¥ª®â®à®© ®¡«�áâ¨ ¯à®áâà�−áâ¢� ®¯à¥¤¥-
«¥−−®© á®¢®ªã¯−®áâìî á¢®©áâ¢, −�¯à¨¬¥à «¥á−®© ¬�áá¨¢, á¥«ìå®§ã£®¤¨¥,
�¤¬¨−¨áâà�â¨¢−®-â¥àà¨â®à¨�«ì−®¥ ®¡à�§®¢�−¨¥ ¨ â. ¯.;

(2) á®áâ�¢−®©1 £¥®®¡ê¥ªâ (¤�«¥¥ ‘ƒ�) | á®áâ®ïé¨© ¨§ −¥áª®«ìª¨å ¡®«¥¥ ¯à®á-
âëå £¥®®¡ê¥ªâ®¢. �−�«¨§¨àãï ‘“‡, ¬®¦−® ®â¬¥â¨âì, çâ® ¢® ¬−®£¨å á«ãç�ïå
¯à¥¤áâ�¢«¥−−ë¥ ¢ −¥© â¨¯ë £¥®®¡ê¥ªâ®¢ −®áïâ á®áâ�¢−®© å�à�ªâ¥à | ®−¨
¯à¥¤áâ�¢«ïîâ á®¡®© á®¢®ªã¯−®áâì −¥áª®«ìª¨å ª®¬¯®−¥−â®¢ ¡®«¥¥ −¨§ª®£®
ãà®¢−ï �£à¥£�æ¨¨. ˆå ¯à¨¬¥àë ¡ã¤ãâ à�áá¬®âà¥−ë −¨¦¥, −� à¨á. 1{3.
�à¨¬¥à®¬ à�§«¨ç¨ï ãà®¢−¥© �£à¥£�æ¨¨ ¬®£ãâ á«ã¦¨âì áãé−®áâ¨ ®â¤¥«ì−®£®
§¤�−¨ï, ª¢�àâ�«� §�áâà®©ª¨ ¨ −�á¥«¥−−®£® ¯ã−ªâ� ¢ æ¥«®¬.

��§®© ¤«ï ¯®áâà®¥−¨ï á®áâ�¢−ëå £¥®®¡ê¥ªâ®¢ á«ã¦�â ¡®«¥¥ ¯à®áâë¥ ®¡ê¥ªâë,
ª®â®àë¥, ¢ á¢®î ®ç¥à¥¤ì, ¬®£ãâ ¯à¥¤áâ�¢«ïâì á®¡®© ª�ª á®áâ�¢−ë¥ áâàãªâãàë, â�ª
¨ í«¥¬¥−â�à−ë¥ ®¡ê¥ªâë (¯à¨¬¨â¨¢ë). �à¨ íâ®¬ à¥çì ¨¤¥â ¨¬¥−−® ® à�§−ëå ¢¨¤�å
£¥®®¡ê¥ªâ®¢, â. ¥. §¤¥áì −¥ á®¯®áâ�¢«ïîâáï ¯à¥¤áâ�¢«¥−¨ï ®¡ê¥ªâ®¢ ®¯à¥¤¥«¥−−®£®
¢¨¤� à�§«¨ç−ë¬¨ ¯® á«®¦−®áâ¨ ¬®¤¥«ï¬¨ ¬¥âà¨ª¨.

�âáãâáâ¢¨¥ ï¢−®£® á¢ï§ë¢�−¨ï ª�ª ¬¥¦¤ã ª®¬¯®−¥−â�¬¨ â�ª¨å á®áâ�¢−ëå
£¥®®¡ê¥ªâ®¢, â�ª ¨ ¬¥¦¤ã ®â¤¥«ì−ë¬¨ ®¡ê¥ªâ�¬¨ ¢ á®áâ�¢¥ äã−ªæ¨®−�«ì−ëå
¨−äà�áâàãªâãà ¯®â¥−æ¨�«ì−® §�âàã¤−ï¥â ¨å á¯¥æ¨ä¨ç¥áª¨© �−�«¨§. ÷¥è¥−¨¥¬

1’®, çâ® ¨¬¥¥âáï §¤¥áì ¢ ¢¨¤ã, á®®â¢¥âáâ¢ã¥â ®¯à¥¤¥«¥−¨î úá«®¦−ë© ®¡ê¥ªâû ¢ [16], ¯à¨
íâ®¬ â¥à¬¨− úª®¬¯«¥ªá−ë© ®¡ê¥ªâû, −¥ á®¢á¥¬ ã¤�ç−® ¯à¥¤áâ�¢«¥−−ë© ¢ íâ®¬ ¦¥ á¬ëá«¥ ¢ [13],
¢ ª®−â¥ªáâ¥ ¤�−−®© à�¡®âë ¯à¨¬¥−¥− ¢ ¤àã£®¬ ª�ç¥áâ¢¥.
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÷¨á. 1 ˆ««îáâà�æ¨ï á®áâ�¢−®£® ®¡ê¥ªâ�: (�) ¨§®¡à�¦¥−¨¥; (¡) áâàãªâãà� ¤�−−ëå ¤«ï
®¯¨á�−¨ï �‹‘

§¤¥áì ¬®¦¥â áâ�âì ¢ª«îç¥−¨¥ ¢ �ƒ„ á¯¥æ¨�«ì−ëå áâàãªâãà ¤�−−ëå, ®¯¨áë¢�-
îé¨å ¢ ï¢−®¬ ¢¨¤¥ ¯à®áâà�−áâ¢¥−−®-«®£¨ç¥áª¨¥ á¢ï§¨ (�‹‘) ¬¥¦¤ã ®â¤¥«ì−ë¬¨
£¥®®¡ê¥ªâ�¬¨.

Šà®¬¥ â®£®, −� £¥®®¡ê¥ªâ á®áâ�¢−®£® â¨¯� ¬®£ãâ ¡ëâì −�«®¦¥−ë ®á®¡ë¥ ¯à�-
¢¨«� ä®à¬¨à®¢�−¨ï ¥£® áâàãªâãàë. �� íâ®© ®á−®¢¥ ¬®¦−® ¢ë¤¥«¨âì á«¥¤ãîé¨¥
â¨¯ë1:

(�) ®¡ê¥ªâ ª�ª á®¢®ªã¯−®áâì (�−£«. aggregate) ª®¬¯®−¥−â®¢, ª®â®à�ï −¥ −�ª«�-
¤ë¢�¥â ª�ª¨å-«¨¡® ãá«®¢¨© −� ª®«¨ç¥áâ¢® ¨ ¢§�¨¬−®¥ à�á¯®«®¦¥−¨¥ /̈̈ «¨
¯à¨¬ëª�−¨¥ ®¡ê¥ªâ®¢-ª®¬¯®−¥−â®¢. �à¨¬¥à�¬¨ ¬®£ãâ á«ã¦¨âì: ¯à¥¤¯à¨ï-
â¨¥ (à¨á. 1, �), ¢ª«îç�îé¥¥ ¢ á¥¡ï ª®−âãà ¢«�¤¥−¨ï (ª®â®àë© ¬®¦¥â ¡ëâì
®ä®à¬«¥− ¢ ¢¨¤¥ ®£à�¤ë), � â�ª¦¥ ª®¬¯«¥ªá §¤�−¨© ¨ á®®àã¦¥−¨© (§¤�−¨ï,
âàã¡ë ¨ ¤àã£¨¥ á®®àã¦¥−¨ï). �� à¨á. 1, ¡ ¯à¨¢¥¤¥−� á¯¥æ¨�«ì−�ï áâàãªâãà�
¤�−−ëå, ¯à¥¤−�§−�ç¥−−�ï ¤«ï ¢á¥áâ®à®−−¥£® ®¯¨á�−¨ï �‹‘ ¤�−−®£® ®¡ê¥ªâ�;

(¡) ®¡ê¥ªâ ª�ª ª®¬¯«¥ªá ª®¬¯®−¥−â®¢, ª®−ä¨£ãà�æ¨ï ª®â®à®£®, ¢ ®â«¨ç¨¥ ®â
¯à¥¤ë¤ãé¥£® á«ãç�ï, ®¡ãá«®¢«¥−� ®á®¡ë¬¨ ¯à�¢¨«�¬¨ ®à£�−¨§�æ¨¨ ¥£® ª®¬-
¯®−¥−â®¢, −�¯à¨¬¥à ¨å ®¯à¥¤¥«¥−−ë¬ ª®«¨ç¥áâ¢®¬ /̈̈ «¨ ¤®¯ãáâ¨¬ë¬¨ ¢�-
à¨�−â�¬¨ ¨å ¢§�¨¬−®£® á®¯àï¦¥−¨ï.

�−�«®£¨ç−ë© ¯®¤å®¤ ¨á¯®«ì§ã¥âáï, −�¯à¨¬¥à, ¢ áâàãªâãà�å £¥®¤�−−ëå OSM
(Open Street Map), £¤¥ ¯à¥¤ãá¬®âà¥−® ¨á¯®«ì§®¢�−¨¥ à�§«¨ç−ëå à®«¥© ¤«ï ®â-
¤¥«ì−ëå áâàãªâãà−ëå í«¥¬¥−â®¢ ‘ƒ�: −�¯à¨¬¥à, ¢−ãâà¥−−¨© ¨ ¢−¥è−¨© ª®−âãàë
¤«ï ¯®«¨£®−� á ú®áâà®¢®¬û. „àã£¨¬ ¯à¨¬¥−¥−¨¥¬ ï¢«ï¥âáï ®¯¨á�−¨¥ «®£¨ç¥áª¨å
áå¥¬ (−�¯à¨¬¥à, ¬�àèàãâ� âà�−á¯®àâ� [17] ¨ â. ¯.).

•�à�ªâ¥à−ë¬¨ ¯à¨¬¥à�¬¨ â�ª¨å ®¡ê¥ªâ®¢-ª®¬¯«¥ªá®¢ á«ã¦�â ä®à¬ë à¥«ì¥-
ä�. ’�ª, ®â¤¥«ì−ë¥ «¨−¨¨ ¯¥à¥£¨¡� ¨«¨ ¯¥à¥«®¬� áª«®−�, ¢ëáâã¯�îé¨¥ ª�ª
á�¬®áâ®ïâ¥«ì−ë¥ £¥®®¡ê¥ªâë, ®¡à�§ãîâ á®¡®© ®â¤¥«ì−ë¥ í«¥¬¥−â�à−ë¥ áª«®−ë,
ª®â®àë¥, ¢ á¢®î ®ç¥à¥¤ì, ¬®£ãâ ¡ëâì ®¡ê¥¤¨−¥−ë ¢ ä®à¬ë à¥«ì¥ä� à�§«¨ç−®©
ª®−ä¨£ãà�æ¨¨, ¢¯«®âì ¤® ®¡é¥© ¬®¤¥«¨ à¥«ì¥ä� ¬¥áâ−®áâ¨. ÷�áá¬®âà¨¬ ¨å
¯®¤à®¡−¥¥.

1÷¥çì ¨¤¥â ® ªà�©−¨å á«ãç�ïå, ¬¥¦¤ã ª®â®àë¬¨ ¬®¦¥â ¨¬¥âì ¬¥áâ® ¬−®¦¥áâ¢® ¯à®¬¥¦ãâ®ç−ëå
¢�à¨�−â®¢, ®â«¨ç�îé¨åáï ¯® ®¡ê¥¬ã −�«®¦¥−−ëå ãá«®¢¨©.
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�®¤å®¤ ª á®¢¥àè¥−áâ¢®¢�−¨î ª®−æ¥¯âã�«ì−ëå áå¥¬ ¡�§ £¥®¤�−−ëå

÷¨á. 2 ˆ««îáâà�æ¨ï ª®¬¯«¥ªá−®£® £¥®®¡ê¥ªâ� â¨¯� úáª«®−û, ®¡à�§®¢�−−®£® ®â¤¥«ì-
−ë¬¨ áâàãªâãà−ë¬¨ «¨−¨ï¬¨: (�) ¨§®¡à�¦¥−¨¥; (¡) áâàãªâãà� ¤«ï ®¯¨á�−¨ï �‹‘

÷¨á. 3 ˆ««îáâà�æ¨ï ª®¬¯«¥ªá−®£® £¥®®¡ê¥ªâ�, ®¡à�§®¢�−−®£® ®â¤¥«ì−ë¬¨ áª«®−�¬¨
(ª�àì¥à): (�) ¨§®¡à�¦¥−¨¥; (¡) áâàãªâãà� ¤«ï ®¯¨á�−¨ï �‹‘

1. ‘ª«®−, ¨«¨ ®âª®á1,2, ¯® á¢®¥© ª®−ä¨£ãà�æ¨¨ ¨¬¥¥â áå®¤áâ¢® á ¯®«¨£®−�«ì-
−ë¬ â¨¯®¬ ¬¥âà¨ª¨ (à¨á. 2, �), −®, ¢ ®â«¨ç¨¥ ®â −¥£®, ¨¬¥¥â ¤¢¥ ¢¥â¢¨ ª®−âãà�:
¢¥àå−îî, á®®â¢¥âáâ¢ãîéãî «¨−¨¨ ¡à®¢ª¨, ¨ −¨¦−îî, á®®â¢¥âáâ¢ãîéãî «¨-
−¨¨ ¯®¤−®¦¨ï. �à¨ íâ®¬ −ã¦−® ®â¬¥â¨âì, çâ® áà¥¤áâ¢�¬¨ ‘“‡ ®¯à¥¤¥«ïîâáï
â®«ìª® íâ¨ ¤¢� −¥á¬¥¦−ëå ãç�áâª� áª«®−�, ¤«ï ®¡à�§®¢�−¨ï ¯®«¨£®−� ¬¥¦¤ã
−¨¬¨ −¥®¡å®¤¨¬® ¢®ááâ�−®¢¨âì −¥¤®áâ�îé¨¥ á¢ï§ãîé¨¥ «¨−¨¨ (¯®ª�§�−ë −�
à¨á. 2, � ¯ã−ªâ¨à®¬). �� à¨á. 2, ¡ ¯®ª�§�−� áâàãªâãà� ¤�−−ëå, á¢ï§ë¢�îé�ï
íâ¨ ®¡ê¥ªâë-«¨−¨¨ ¢ ª®¬¯«¥ªá−ë© £¥®®¡ê¥ªâ áª«®−�, � â�ª¦¥ ®¯¨áë¢�îé�ï
¥£® á¢ï§¨ á® á¬¥¦−ë¬¨ áª«®−�¬¨ | ¤àã£¨¬¨ £¥®®¡ê¥ªâ�¬¨.

2. ‘«¥¤ãîé¨¬ ãà®¢−¥¬ �£à¥£¨à®¢�−¨ï ï¢«ï¥âáï ä®à¬� à¥«ì¥ä�, ª®â®à�ï
¢ª«îç�¥â á®¢®ªã¯−®áâì ¢§�¨¬®á¢ï§�−−ëå ¬¥¦¤ã á®¡®© í«¥¬¥−â®¢-áª«®−®¢.
’�ª, −� à¨á. 3, � ¯®ª�§�− ª�àì¥à, ¯à¥¤áâ�¢«ïîé¨© á®¡®© á®¢®ªã¯−®áâì

1‡¤¥áì à�áá¬�âà¨¢�îâáï â®«ìª® áª«®−ë, ¨¬¥îé¨¥ ¢ëà�¦¥−−ë¥ «¨−¨¨ ¡à®¢ª¨ ¨ ¯®¤®è¢ë.
2‚®®¡é¥ £®¢®àï, ¢ ®â«¨ç¨¥ ®â ¨áªãááâ¢¥−−® á¯«�−¨à®¢�−−®£® ®âª®á�, áª«®−, ª�ª ¯à�¢¨«®, ¨¬¥¥â

¡®«¥¥ á«®¦−ãî ª®−ä¨£ãà�æ¨î: ªà¨¢®© (¢ë£−ãâë© ¨«¨ ¢®£−ãâë©) ¯à®ä¨«ì, � â�ª¦¥ −¥áª®«ìª®
à�§«¨ç−ëå ú¯®ïá®¢û ¢ ¯à®ä¨«¥ | −�¯à¨¬¥à, ®áë¯−®© áª«®− ¢ª«îç�¥â ®¡àë¢ ¨ ¯®¤áâ¨«�îéãî ¥£®
á®¡áâ¢¥−−® ®áë¯ì.
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®âª®á®¢ ¨ ¯®«®£¨å ¯«®é�¤®ª. �� à¨á. 3, ¡ ¯®ª�§�−� áâàãªâãà� ¤�−−ëå
¤«ï ®¯¨á�−¨ï �‹‘ ¤�−−®£® ®¡ê¥ªâ�, ¢ª«îç�îé�ï ¬−®¦¥áâ¢® £¥®®¡ê¥ªâ®¢,
®¯¨áë¢�îé¨å áª«®−ë ¨ á¯¥æ¨�«ì−® ¢ë¤¥«ï¥¬ëå ª�ª £¥®®¡ê¥ªâë £®à¨§®−-
â�«ì−ëå ¯«®é�¤®ª.

3 Проблема агрегирования геообъектов

Š�ª £®¢®à¨«®áì ¢ëè¥, −¥¤®áâ�â®ª âà�¤¨æ¨®−−®© ‘“‡ §�ª«îç�¥âáï ¢ ®âáãâ-
áâ¢¨¨ ¢®§¬®¦−®áâ¨ ï¢−®£® áâàãªâãà¨à®¢�−−®£® ®¯¨á�−¨ï á®áâ�¢−ëå ®¡ê¥ªâ®¢
¢ ¢¨¤¥ æ¥«®áâ−®© ¬®¤¥«¨ £¥®®¡ê¥ªâ�. �â® ¯à¥¯ïâáâ¢ã¥â ¯®«−®æ¥−−®¬ã ®¯¨á�−¨î
¨ �−�«¨§ã â®¯®£à�ä¨ç¥áª®© á¨âã�æ¨¨, âà¥¡®¢�−¨ï ª ª®â®àë¬ ¢ −�áâ®ïé¥¥ ¢à¥¬ï
¯®¢ëè�îâáï.

‘®®â¢¥âáâ¢¥−−®, å�à�ªâ¥à−ë¥ «¨−¨¨ ®¡à�§ãîâ á®¡®© −¥ æ¥«®áâ−ãî ¬®¤¥«ì
áª«®−�, � á®¢®ªã¯−®áâì ®â¤¥«ì−ëå áª«®−®¢ | ®¢à�£�, ¡ã£à�, ï¬ë ¨«¨ ¤àã£®©
ä®à¬ë à¥«ì¥ä�. �−�«¨§ â�ª¨å ®¡ê¥ªâ®¢ ª�ª ¥¤¨−®£® æ¥«®£® ¯à¥¤¯®«�£�¥â
¤®¯®«−¨â¥«ì−®¥ ¢®ááâ�−®¢«¥−¨¥ â�ª¨å ®¡ê¥ªâ®¢ ¯ãâ¥¬ ¯®¨áª� ¨ á®áâ�¢«¥−¨ï
®â¤¥«ì−ëå ¨å í«¥¬¥−â®¢. �â¤¥«ì−ë¥ ä®à¬ë à¥«ì¥ä�, ¢ á¢®î ®ç¥à¥¤ì, â�ª¦¥
¬®£«¨ ¡ë ¡ëâì ®¡ê¥¤¨−¥−ë ¢ ®¡éãî ¬®¤¥«ì à¥«ì¥ä� ¬¥áâ−®áâ¨, ª®â®à�ï, ¯® áãâ¨,
áâ�«� ¡ë â®¯®«®£¨ç¥áª¨ ¨ «®£¨ç¥áª¨ ¡®«¥¥ ª®àà¥ªâ−ë¬ �−�«®£®¬ âà�¤¨æ¨®−−®
¨á¯®«ì§ã¥¬ëå ¬®¤¥«¥© à¥«ì¥ä� â¨¯� TIN (triangular irregular network).

•�à�ªâ¥à−ë¬¨ ¯à¨¬¥−¥−¨ï¬¨ â�ª®£® ¯®¤å®¤� ¬®£ãâ á«ã¦¨âì â�ª¨¥ á¯¥æ¨ä¨-
ç¥áª¨¥ â¨¯ë ®¡ê¥ªâ®¢:

{ ¬ã«ìâ¨®¡ê¥ªâë | −¥ ¨¬¥îé¨¥ ï¢−ëå ¯à®áâà�−áâ¢¥−−ëå á¢ï§¥© í«¥¬¥−â®¢,
−® ¨¬¥îé¨¥ «®£¨ç¥áªãî ¯®¤®¯«¥ªã, ®¡ê¥¤¨−ïîéãî ¨å ¢ ¥¤¨−®¥ æ¥«®¥; ¨å
¬®¦−® áç¨â�âì ç�áâ−ë¬ á«ãç�¥¬ −¥á¢ï§−®© á¥â¨;

{ ¯®«¨£®− á −¥¯®«−®© £à�−¨æ¥© | ª®£¤� ¯à¥¤¯®«�£�¥âáï ®¡ê¥ªâ â¨¯� ú¯®«¨£®−û,
−® ¥£® ª®−âãà ®¯¨áë¢�¥âáï «¨èì äà�£¬¥−â�¬¨ «¨−¨¨: −�¯à¨¬¥à, ¢®¤®¥¬,
ã ª®â®à®£® −¥ ¢áï ¡¥à¥£®¢�ï «¨−¨ï ¤®áâã¯−� ¤«ï â®¯®£à�ä¨ç¥áª®© áê¥¬ª¨.

‘«¥¤ãîé¨¬ ãà®¢−¥¬ ¤�−−®© ¯à®¡«¥¬ë ï¢«ï¥âáï ®âáãâáâ¢¨¥ ¯®«−®æ¥−−®£®
á¢ï§ë¢�−¨ï ¬¥¦¤ã á®¡®© ®â¤¥«ì−ëå ¢§�¨¬®§�¢¨á¨¬ëå ®¡ê¥ªâ®¢ ¬¥áâ−®áâ¨. ‚ −�-
áâ®ïé¥¥ ¢à¥¬ï è¨à®ª® ¯à�ªâ¨ªã¥âáï á¢ï§ë¢�−¨¥ ®¡ê¥ªâ®¢ ¯®áà¥¤áâ¢®¬ ú¬¥â-
à¨ç¥áª®© á®£«�á®¢�−−®áâ¨û [16] (§� áç¥â á®¢¯�¤¥−¨ï ¬¥áâ®¯®«®¦¥−¨ï ã§«®¢ëå
â®ç¥ª ¯à®áâà�−áâ¢¥−−®£® ®¯¨á�−¨ï), çâ® ¤«ï §�¤�ç £¥®�−�«¨â¨ª¨ áâ�−®¢¨âáï ã¦¥
−¥¯à¨¥¬«¥¬ë¬ [18,19].

�à¨¬¥à®¬ â�ª®£® á¢ï§ë¢�−¨ï ¬®¦¥â á«ã¦¨âì ¯®á«¥¤®¢�â¥«ì−®áâì ®â¤¥«ì−ëå
ãç�áâª®¢ ¤®à®£¨ (á à�§−ë¬ ¯®ªàëâ¨¥¬ ¨«¨ ¤�¦¥ à�§−®£® ª«�áá�) ¨«¨ ¯à®¥§¦¨å
ç�áâ¥© ¬−®£®¯®«®á−®© ¤®à®£¨, ®¡à�§ãîé¨å ¤®à®£ã ¢ æ¥«®¬, � íâ� ¤®à®£�, ¢ á¢®î
®ç¥à¥¤ì, ¢ ç¨á«¥ ¯à®ç¨å ¬®¦¥â ¡ëâì ¢ª«îç¥−� ¢ ¡®«¥¥ á«®¦−ë© ®¡ê¥ªâ | ¤®-
à®¦−ãî á¥âì1. �à¨ íâ®¬ á«¥¤ã¥â ¨¬¥âì ¢ ¢¨¤ã à�§«¨ç¨¥ á¢ï§¥© ¢ ¬¥âà¨ç¥áª®¬

1‚ ª®−â¥ªáâ¥ íâ®£® ¬®¦−® ¯à¥¤«®¦¨âì ¢¢¥áâ¨ ¢ ª®−æ¥¯âã�«ì−ãî áå¥¬ã ®¡ê¥ªâë, ¯à¥¤áâ�¢«ïîé¨¥
¨−äà�áâàãªâãàë ¢ æ¥«®¬, −�¯à¨¬¥à âà�−á¯®àâ−ãî á¥âì, á¥âì á¢ï§¨ ¨ â. ¯.
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�®¤å®¤ ª á®¢¥àè¥−áâ¢®¢�−¨î ª®−æ¥¯âã�«ì−ëå áå¥¬ ¡�§ £¥®¤�−−ëå

(â®¯®«®£¨ç¥áª®¬) ¨ ¢ á¥¬�−â¨ç¥áª®¬ («®£¨ç¥áª®¬, á¬ëá«®¢®¬) ¯«�−¥; ¯à¨ íâ®¬
¢®§¬®¦−ë á«ãç�¨, ª®£¤� ¬¥¦¤ã í«¥¬¥−â�¬¨ ®âáãâáâ¢ã¥â ¢¨¤¨¬�ï ¯à®áâà�−áâ¢¥−-
−�ï (â®¯®«®£¨ç¥áª�ï) á¢ï§ì, −® â¥¬ −¥ ¬¥−¥¥ «®£¨ç¥áª�ï á¢ï§ì ¯à¨áãâáâ¢ã¥â.

�¥á¬®âàï −� â® çâ® �ƒ„ ƒˆ‘ ¯®â¥−æ¨�«ì−® ¤�¥â ¢®§¬®¦−®áâì ¨á¯®«ì§®¢�−¨ï
¬¥å�−¨§¬� ï¢−ëå �‹‘ [13, 16], ¯à¨ ¯¥à¥å®¤¥ ª ƒˆ‘ âà�¤¨æ¨®−−�ï −®¬¥−ª«�-
âãà� â¨¯®¢ ¬¥âà¨ª¨ ¬®¤¥«¥© £¥®®¡ê¥ªâ®¢ ¯à�ªâ¨ç¥áª¨ −¥ ¯à¥â¥à¯¥«� ¨§¬¥−¥−¨©:
¢ ®á−®¢−®¬ ¨á¯®«ì§ãîâáï ¢á¥ â¥ ¦¥ í«¥¬¥−â�à−ë¥ â¨¯ë ¬¥âà¨ª¨ | â®çª¨, «¨−¨¨
¨ ®¡«�áâ¨. “−¨¢¥àá�«ì−ëå, ª®−¢¥−æ¨®−�«ì−ëå (®¡é¥¯à¨−ïâëå) ¬¥â®¤®¢ ¤«ï ¯à®-
áâà�−áâ¢¥−−®-«®£¨ç¥áª®£® á¢ï§ë¢�−¨ï ¢ ï¢−®¬ ¢¨¤¥ ¢ −�áâ®ïé¥¥ ¢à¥¬ï −¥â, â�ª®¥
á¢ï§ë¢�−¨¥ ¯à¨¬¥−ï¥âáï «¨èì −� ãà®¢−¥ ª®−ªà¥â−ëå, ç�áâ−ëå â¥å−®«®£¨ç¥áª¨å
à¥è¥−¨©.

‘®®â¢¥âáâ¢¥−−®, à¥è¥−¨¥¬ íâ®© ¯à®¡«¥¬ë ¨ ®¤−¨¬ ¨§ −�¯à�¢«¥−¨© ¤�«ì-
−¥©è¥£® à�§¢¨â¨ï £¥®¬®¤¥«¥© ¯à¥¤áâ�¢«ï¥âáï ¢¢¥¤¥−¨¥ ¢ áâàãªâãàã �ƒ„ á¯¥æ¨-
�«ì−ëå ®¡ê¥ªâ®¢ ¤�−−ëå, ®¡¥á¯¥ç¨¢�îé¨å ï¢−®¥ ¯à®áâà�−áâ¢¥−−®-«®£¨ç¥áª®¥
á¢ï§ë¢�−¨¥ ª®¬¯®−¥−â®¢ ‘ƒ� ¨ äã−ªæ¨®−�«ì−ëå ¨−äà�áâàãªâãà ¬¥¦¤ã á®¡®©.

‚á¥ íâ® ¯®¬®¦¥â ®áãé¥áâ¢«ïâì á¯¥æ¨ä¨ç¥áª¨¥ ¢¨¤ë £¥®�−�«¨§�, � â�ª¦¥
¯à®¢®¤¨âì �¢â®¬�â¨§¨à®¢�−−ë© ª®−âà®«ì æ¥«®áâ−®áâ¨ ¤�−−ëå ¢ �ƒ„.

4 Заключение

„�−−�ï à�¡®â� −�¯à�¢«¥−� −� á®¢¥àè¥−áâ¢®¢�−¨¥ äã−ªæ¨®−�«� £¥®�−�«¨â¨ª¨;
ª®−¥ç−ë¬ à¥§ã«ìâ�â®¬ ¨áá«¥¤®¢�−¨© ¤®«¦−� áâ�âì à�§à�¡®âª� ª®−æ¥¯âã�«ì−®©
áå¥¬ë ¤«ï ®¯¨á�−¨ï â®¯®£à�ä¨ç¥áª®© á¨âã�æ¨¨, ª®â®à�ï ¡ã¤¥â á«ã¦¨âì ®á−®¢®©
¤«ï á®¢¥àè¥−áâ¢®¢�−¨ï ¨−ä®à¬�æ¨®−−ëå âà�−áä®à¬�æ¨© £¥®¤�−−ëå ¢ ª®−â¥ªáâ¥
ˆ“’‘.

‚ à�¡®â¥ à�áá¬®âà¥−� ®¤−� ¨§ ¯à®¡«¥¬, ¯à¨áãé�ï âà�¤¨æ¨®−−ë¬ ª®−æ¥¯âã-
�«ì−ë¬ áå¥¬�¬ £¥®¤�−−ëå | ¯à®¡«¥¬� ¬®¤¥«¨à®¢�−¨ï ‘ƒ�. ‚ ª�ç¥áâ¢¥ ¢®§-
¬®¦−®£® ¯®¤å®¤� ª ¥¥ à¥è¥−¨î ¨ ®¤−®£® ¨§ −�¯à�¢«¥−¨© ¤�«ì−¥©è¥£® à�§¢¨â¨ï
ƒˆ‘-â¥å−®«®£¨© ¯à¥¤«®¦¥−® ¢¢¥¤¥−¨¥ á¯¥æ¨�«ì−ëå ®¡ê¥ªâ®¢ ¤�−−ëå, ®¡¥á-
¯¥ç¨¢�îé¨å ï¢−®¥ ¯à®áâà�−áâ¢¥−−®-«®£¨ç¥áª®¥ á¢ï§ë¢�−¨¥ ª®¬¯®−¥−â®¢ ‘ƒ�
¨ äã−ªæ¨®−�«ì−ëå ¨−äà�áâàãªâãà ¬¥¦¤ã á®¡®©. ’�ª®© ¯®¤å®¤, −¥á¬®âàï −�
−¥ª®â®à®¥ ãá«®¦−¥−¨¥ áâàãªâãàë �ƒ„, ¯®§¢®«¨â ®¡¥á¯¥ç¨âì ¯®â¥−æ¨�« ¤«ï á®-
¢¥àè¥−áâ¢®¢�−¨ï ¬¥â®¤®¢ ¨ â¥å−®«®£¨© £¥®�−�«¨â¨ª¨, � â�ª¦¥ �¢â®¬�â¨§¨à®¢�âì
ª®−âà®«ì æ¥«®áâ−®áâ¨ £¥®¤�−−ëå; ¢ −�áâ®ïé¥¥ ¢à¥¬ï ¤�−−�ï äã−ªæ¨®−�«ì−®áâì
®¡¥á¯¥ç¨¢�¥âáï ¤®áâ�â®ç−® á«®¦−ë¬¨ ¬¥â®¤�¬¨.
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types of spatial localization of geoobjects, including composite geoobjects, is
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SIR-МОДЕЛЬ КАК ИНСТРУМЕНТ ИССЛЕДОВАНИЯ
ДЕСТРУКТИВНЫХ ПРОЦЕССОВ

ПРИ УСВОЕНИИ НОВОГО ЗНАНИЯ

О. М. Корчажкина1

�−−®â�æ¨ï: �¯¨áë¢�¥âáï ¯®¤å®¤ ª �−�«¨§ã á¯®á®¡®¢ ãá¢®¥−¨ï −®¢®£® §−�-
−¨ï, ®á−®¢�−−ë© −� ¬�â¥¬�â¨ç¥áª®¬ ¬®¤¥«¨à®¢�−¨¨ ãç¥¡−®© á¨âã�æ¨¨, ª®-
â®à�ï ¯à¥¤áâ�¢«¥−� ¯® ®¡à�§æã SIR (susceptible{infected{recovered) ¬®¤¥«¨
“¨«ìï¬� Š¥à¬�ª� ¨ �−¤¥àá®−� Œ�ªŠ¥−¤à¨ª�, ¨§−�ç�«ì−® ¨á¯®«ì§®¢�−−®©
¤«ï ¯à®£−®§¨à®¢�−¨ï ¯à®æ¥áá� à�á¯à®áâà�−¥−¨ï í¯¨¤¥¬¨¨ −� ®¡è¨à−ë¥ §�¬ª-
−ãâë¥ £àã¯¯ë −�á¥«¥−¨ï á æ¥«ìî ¯à¥¤®â¢à�é¥−¨ï £ã¡¨â¥«ì−ëå ¯®á«¥¤áâ¢¨©
¢á¥®¡é¥£® §�à�¦¥−¨ï. Œ®¤¨ä¨æ¨à®¢�−−�ï SIR-¬®¤¥«ì ¯®§¢®«ï¥â ¨§ãç¨âì
àï¤ §�ª®−®¬¥à−®áâ¥© ¯®§−�¢�â¥«ì−®£® ¯à®æ¥áá� ¨ ¢ëï¢¨âì á¯®á®¡ë ¯®¢¥¤¥-
−¨ï ¤¨−�¬¨ç¥áª®© á¨áâ¥¬ë ¢ ¢¨¤¥ §�¬ª−ãâ®£® ¬�«®ç¨á«¥−−®£® ãç¥−¨ç¥áª®£®
á®®¡é¥áâ¢�, ª®£¤� à�¡®â� á ¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¥© ¬®¦¥â ¯à¨¢¥áâ¨ ª ª®£−¨-
â¨¢−®© ¯¥à¥£àã§ª¥ ¨ ®è¨¡ª�¬ ¢ à¥è¥−¨¨ ãç¥¡−ëå §�¤�ç. �®¤å®¤ à¥�«¨§ã¥âáï
ª�ª ç¨á«¥−−®-£à�ä¨ç¥áª¨© íªá¯¥à¨¬¥−â −� ä�§®¢®© ¯«®áª®áâ¨, ¯®§¢®«ïîé¨©
á®áâ�¢¨âì æ¥«®áâ−ãî ª�àâ¨−ã ï¢«¥−¨ï ¨ ¯à®�−�«¨§¨à®¢�âì ãá«®¢¨ï ¤¢¨¦¥−¨ï
á¨áâ¥¬ë ª á®áâ®ï−¨î ãáâ®©ç¨¢®£® à�¢−®¢¥á¨ï, çâ® íª¢¨¢�«¥−â−® ¯à¥®¤®«¥−¨î
ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¨.
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1 Введение

‚ −�áâ®ïé¥¥ ¢à¥¬ï ¯à®¡«¥¬� ãá¢®¥−¨ï ãç�é¨¬¨áï ¯à¥¤¬¥â−®£® §−�−¨ï à�á-
á¬�âà¨¢�¥âáï á −®¢ëå ¯®§¨æ¨©, ãç¨âë¢�îé¨å ®¡é¨© ®¡ê¥¬ ¨−ä®à¬�æ¨¨, ª®â®-
àë© âà¥¡ã¥âáï ¤«ï ®¢«�¤¥−¨ï ¯à¥¤¬¥â®¬. „®áâã¯−®áâì ¬−®£®ç¨á«¥−−ëå ãç¥¡−ëå
¬�â¥à¨�«®¢ ¨ ã¢¥«¨ç¥−¨¥ ¢à¥¬¥−¨, ®â¢®¤¨¬®£® −� á�¬®áâ®ïâ¥«ì−ãî à�¡®âã, ¯à¨-
¢®¤¨â ¨ ãç¨â¥«ï, ¨ ãç�é¨åáï ª −¥®¡å®¤¨¬®áâ¨ ¯®áâ®ï−−®£® ®â¡®à� à¥áãàá®¢ |
¨áâ®ç−¨ª®¢ ¯®«¥§−®£® §−�−¨ï. �¤−�ª® ãç�é¨¥áï, −�å®¤ïé¨¥áï ¯®¤ ¢®§¤¥©áâ¢¨-
¥¬ −�à�áâ�îé¥£® ¨−ä®à¬�æ¨®−−®£® ¯®â®ª�, ª®£¤� ã −¨å ¥é¥ −¥ áä®à¬¨à®¢�−ë
¢ ¤®áâ�â®ç−®© áâ¥¯¥−¨ ã¬¥−¨ï úä¨«ìâà�æ¨¨û ¯®«¥§−®© ¨ ¨§¡ëâ®ç−®© ¨−ä®à-
¬�æ¨¨, ¥¥ ªà¨â¨ç¥áª�ï ®æ¥−ª� ¨ ª«�áá¨ä¨ª�æ¨ï ¯® ®¯à¥¤¥«¥−−ë¬ ªà¨â¥à¨ï¬,

1ˆ−áâ¨âãâ ª¨¡¥à−¥â¨ª¨ ¨ ®¡à�§®¢�â¥«ì−®© ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£®
æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, olgakomax@gmail.com
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¬®£ãâ ¡ëâì ¤¥§®à¨¥−â¨à®¢�−ë, çâ® ¯à¨¢®¤¨â ª ¯®â¥à¥ ¬®â¨¢�æ¨¨ ¯à¨ ¨§ãç¥−¨¨
¯à¥¤¬¥â�. �®íâ®¬ã ®¤−®© ¨§ ¯à®¡«¥¬, áâ®ïé¨å ¯¥à¥¤ ãç¨â¥«¥¬, áâ�−®¢¨âáï
®æ¥−ª� ®¡ê¥¬� −®¢®£® ãç¥¡−®£® ¬�â¥à¨�«�, ¯à¥¤êï¢«ï¥¬®£® ãç�é¨¬áï ¤«ï ãá¢®-
¥−¨ï.

–¥«ì −�áâ®ïé¥© áâ�âì¨ | ¯à¥¤«®¦¨âì ¬�â¥¬�â¨ç¥áªãî ¬®¤¥«ì, á ¯®¬®éìî
ª®â®à®© ¬®¦−® ®æ¥−¨¢�âì ãá«®¢¨ï −¨¢¥«¨à®¢�−¨ï −¥£�â¨¢−®£® ¢«¨ï−¨ï ¨§¡ëâ®ç-
−®© ãç¥¡−®© ¨−ä®à¬�æ¨¨ ¯à¨ ãá¢®¥−¨¨ −®¢®£® §−�−¨ï ¢ §�¬ª−ãâ®¬ ãç¥−¨ç¥áª®¬
á®®¡é¥áâ¢¥.

2 Постановка задачи

÷�áá¬®âà¨¬ ¯®¤å®¤ ª ¬®¤¥«¨à®¢�−¨î ¯à®æ¥áá� ãá¢®¥−¨ï −®¢®£® §−�−¨ï ¢ ãç¥-
−¨ç¥áª®¬ á®®¡é¥áâ¢¥, ª®£¤� ãç¨â¥«ì ¢§�¨¬®¤¥©áâ¢ã¥â á £àã¯¯®© ãç�é¨åáï, à�-
¡®â�îé¨å á®¢¬¥áâ−® −�¤ à¥è¥−¨¥¬ ¥¤¨−®© §�¤�ç¨ (−�¯à¨¬¥à, ¯à®¥ªâ®¬) ¨«¨
ãá¢�¨¢�îé¨å ®¯à¥¤¥«¥−−ãî â¥¬ã ¢ à�¬ª�å ¯à¥¤¬¥â−®© ¯à®£à�¬¬ë. ‚ ®á−®¢ã
¬®¤¥«¨ ¯®«®¦¨¬ ¯à®æ¥ááë, ª ª®â®àë¬ ¯à¨¢®¤¨â ¤¥áâàãªâ¨¢−®¥ ¢®§¤¥©áâ¢¨¥ −�
ãç�é¨åáï ¨§¡ëâ®ç−®© (â. ¥. ¨§«¨è−¥©, −¥−ã¦−®©) ¨−ä®à¬�æ¨¨.

�à¥¤«�£�¥¬�ï ¬®¤¥«ì ¡�§¨àã¥âáï −� ¬®¤¥«¨ Š¥à¬�ª�{Œ�ªŠ¥−¤à¨ª�, ¨«¨
SIR-¬®¤¥«¨, á ¯®¬®éìî ª®â®à®© ¢ ¬¥¤¨æ¨−áª®© áâ�â¨áâ¨ª¥ ®¯¨áë¢�¥âáï ¤¨−�¬¨ª�
®å¢�â� §�¬ª−ãâ®© £àã¯¯ë −�á¥«¥−¨ï ¨−ä¥ªæ¨®−−ë¬¨ §�¡®«¥¢�−¨ï¬¨ á æ¥«ìî
�−�«¨§� ¨ ¯à®£−®§¨à®¢�−¨ï ¤�«ì−¥©è¥£® â¥ç¥−¨ï ¨−ä¥ªæ¨¨ | ¥¥ ã£�á�−¨ï ¨«¨
à�á¯à®áâà�−¥−¨ï [1].

‘ à�§¢¨â¨¥¬ ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨© ¬®¤¥«ì Š¥à¬�ª�{Œ�ªŠ¥−¤à¨ª�,
¯à¥¤«®¦¥−−�ï ¢ 1927 £., áâ�«� ¯à¨¬¥−ïâìáï −¥ â®«ìª® ¢ ®¡«�áâ¨ ¬¥¤¨æ¨−ë.
‚ −�áâ®ïé¥¥ ¢à¥¬ï ¨§¢¥áâ−® −¥ª®â®à®¥ ç¨á«® ¨áá«¥¤®¢�−¨©, ¯à¨¢«¥ª�îé¨å SIR-
¬®¤¥«ì ¤«ï ¯à¥¤®â¢à�é¥−¨ï úí¯¨¤¥¬¨©û ¢ ¢¨àâã�«ì−®© áà¥¤¥, −�¯à¨¬¥à:

{ ¤«ï ¨áá«¥¤®¢�−¨ï ¢«¨ï−¨ï ¢à¥¤®−®á−®£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï (‚��),
¢ë§¢�−−®£® −¥ª®−âà®«¨àã¥¬ë¬ à�á¯à®áâà�−¥−¨¥¬ ¢¨àãá®¢ ¯® ã§«�¬ á¥â¨, ¤«ï
®æ¥−ª¨ ®¡ê¥¬®¢ âà�ä¨ª�, £¥−¥à¨àã¥¬®£® ‚�� [2];

{ ¤«ï ®æ¥−ª¨ áâàãªâãà−ëå á¯®á®¡®¢ §�é¨âë ª®¬¯ìîâ¥à−ëå á¥â¥© ®â ¢¨àãá−ëå
�â�ª [3];

{ ¤«ï ¤àã£¨å ¨−¦¥−¥à−ëå à¥è¥−¨© [4].

‚ à�¡®â¥ [5] ¨áá«¥¤ã¥âáï ¤¨−�¬¨ç¥áª®¥ à�§¢¨â¨¥ áâàãªâãàë §�¬ª−ãâ®© á®æ¨�«ì−®©
£àã¯¯ë, −�å®¤ïé¥©áï ¯®¤ −¥£�â¨¢−ë¬ ¨−ä®à¬�æ¨®−−ë¬ ¢®§¤¥©áâ¢¨¥¬, ¨ ¤¥«�-
¥âáï ¯à®£−®§ ®â−®á¨â¥«ì−® ¢®§¬®¦−®áâ¨ úá®æ¨�«ì−®£® ¢§àë¢�û ¢ ¨áá«¥¤ã¥¬®©
£àã¯¯¥, � ª®««¥ªâ¨¢ �¢â®à®¢ [6] ¯à¨¢«¥ª�¥â ¤�−−ãî ¬®¤¥«ì ¤«ï �−�«¨§� à�¡®âë
¤¨−�¬¨ç¥áª¨å á¨áâ¥¬ ¢ ¡¨®«®£¨¨.

’¥¬ −¥ ¬¥−¥¥ á ¯®¬®éìî SIR-¬®¤¥«¨ ¥é¥ −¥ à�áá¬�âà¨¢�«¨áì §�ª®−®¬¥à−®áâ¨
¯®§−�¢�â¥«ì−®£® ¯à®æ¥áá�, ®áãé¥áâ¢«ï¥¬®£® ¢ §�¬ª−ãâ®¬ ãç¥−¨ç¥áª®¬ á®®¡-
é¥áâ¢¥, ª®â®àë¥ ¯à¨¢®¤ïâ ª ¤¥áâàãªâ¨¢−ë¬ ï¢«¥−¨ï¬, ¢ë§¢�−−ë¬ −¥ã¬¥−¨¥¬
ãç�é¨åáï à�¡®â�âì á ¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¥©.
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3 Элементы классической SIR-модели

Š«�áá¨ç¥áª�ï SIR-¬®¤¥«ì ®¯¨áë¢�¥âáï á«¥¤ãîé¥© á¨áâ¥¬®© ãà�¢−¥−¨©1:

∂S

∂t
= ‘S = −βSI ; (1)

∂I

∂t
= ‘I = βSI − γI ; (2)

∂R

∂t
= ‘R = γI . (3)

�−� ®¯¨áë¢�¥â ¯®¢¥¤¥−¨¥ −¥ª®¥© §�¬ª−ãâ®© £àã¯¯ë ¨á¯ëâã¥¬ëå ND, −�å®¤ï-
é¨åáï ¢ §®−¥ à¨áª�, â. ¥. ¢ §®−¥ à�á¯à®áâà�−¥−¨ï ¨−ä¥ªæ¨¨ D. ‚ −¥ª®â®àë©
¬®¬¥−â ¢à¥¬¥−¨ t, −�å®¤ïé¨©áï ¢ ¯à¥¤¥«�å ®âà¥§ª� −�¡«î¤¥−¨ï [0, T ], ¥¥ ç«¥−®¢
¬®¦−® à�§¤¥«¨âì −� âà¨ £àã¯¯ë:

(1) S(t) | ãï§¢¨¬ë¥ ¨á¯ëâã¥¬ë¥, ª®â®àë¥ −� ¬®¬¥−â ¢à¥¬¥−¨ t §¤®à®¢ë,
®¤−�ª®, −�å®¤ïáì ¢ £àã¯¯¥ à¨áª�, ¬®£ãâ ¡ëâì ¨−ä¨æ¨à®¢�−ë ¢¨àãá®¬ D
á ¢ëá®ª®© áâ¥¯¥−ìî ¢¥à®ïâ−®áâ¨ (¢®á¯à¨¨¬ç¨¢�ï £àã¯¯�);

(2) I(t)| ¨−ä¨æ¨à®¢�−−ë¥ ¨á¯ëâã¥¬ë¥, ª®â®àë¥ ®¯à¥¤¥«¥−−® ï¢«ïîâáï ¯¥à¥-
−®áç¨ª�¬¨ ¨−ä¥ªæ¨¨ D (¨−ä¨æ¨à®¢�−−�ï £àã¯¯�);

(3) R(t)| ¨á¯ëâã¥¬ë¥, ª®â®àë¥ ¢ë§¤®à®¢¥«¨, ¯à¨®¡à¥âï â¥¬ á�¬ë¬ ¨¬¬ã−¨â¥â
ª ¨−ä¥ªæ¨¨ D, � â�ª¦¥ â¥ ¨á¯ëâã¥¬ë¥, ª®â®àë¥ −¥ á¯à�¢¨«¨áì á ¢¨àãá®¬ D
¨ áª®−ç�«¨áì (£àã¯¯� ¢ë¡ë¢è¨å ¨á¯ëâã¥¬ëå).

�ç¥¢¨¤−®, çâ® ¯à®æ¥áá ¢§�¨¬®¤¥©áâ¢¨ï ¨á¯ëâã¥¬ëå á ¨−ä¥ªæ¨¥© D ¬®¦¥â
¡ëâì ¢ëà�¦¥− ¤¨−�¬¨ç¥áª®© ä®à¬ã«®©: S → I → R, çâ® ®âà�¦�¥â ¯à®æ¥áá
¯¥à¥å®¤� ¨á¯ëâã¥¬ëå ¨§ ®¤−®© £àã¯¯ë ¢ ¤àã£ãî. ‚ ¯à¥¤¥«¥ (¯® ®ª®−ç�−¨¨
í¯¨¤¥¬¨¨) ¢á¥ ¨á¯ëâã¥¬ë¥ ª®−æ¥−âà¨àãîâáï ¢ £àã¯¯¥ ¢ë¡ë¢è¨å R, ª®−â¨−£¥−â
ª®â®à®© á®áâ®¨â ª�ª ¨§ ¯®«−®áâìî ¨§«¥ç¨¢è¨åáï ç«¥−®¢, â�ª ¨ ã¬¥àè¨å, −¥ á¯à�-
¢¨¢è¨åáï á ¨−ä¥ªæ¨¥©. �à¨ íâ®¬ ®¡é¥¥ ç¨á«® ¨á¯ëâã¥¬ëå ®áâ�¥âáï ¯®áâ®ï−−ë¬
¨ à�¢−ë¬ ND.

„«ï �−�«¨§� ¯à®æ¥áá� ¨−ä¨æ¨à®¢�−¨ï ®¯¥à¨àãîâ −¥áª®«ìª¨¬¨ ¯à®¨§¢®¤−ë-
¬¨ äã−ªæ¨© S(t), I(t) ¨ R(t), ®¯à¥¤¥«ïîé¨ ¬¨ áª®à®áâì ¯¥à¥å®¤� ¨á¯ëâã¥¬ëå
¨§ ®¤−®© £àã¯¯ë ¢ ¤àã£ãî, ¨«¨ áª®à®áâì ¨−ä¨æ¨à®¢�−¨ï ¨ ¢ë§¤®à®¢«¥−¨ï ¨«¨

á¬¥àâ¨: ∂S/∂t = ‘S | áª®à®áâì §�à�¦¥−¨ï ¨á¯ëâã¥¬ëå ¢ £àã¯¯¥ S (à�¡®â�

−� ú¢ëå®¤û); ∂I/∂t = ‘I | áª®à®áâì ¤¢¨¦¥−¨ï ¨á¯ëâã¥¬ëå ¢ £àã¯¯¥ I (à�¡®-

â� −� ú¢å®¤{¢ëå®¤û); ∂R/∂t = ‘R | áª®à®áâì ¯®¯®«−¥−¨ï £àã¯¯ë R §� áç¥â
¨á¯ëâã¥¬ëå ¨§ £àã¯¯ë I (à�¡®â� −� ú¢å®¤û).

‚ ä®à¬ã«�å (1){(3) ¢¥«¨ç¨−ë íâ¨å ¯à®¨§¢®¤−ëå §�¢¨áïâ ª�ª ®â −�ç�«ì−ëå
§−�ç¥−¨© á�¬¨å äã−ªæ¨© S(0) ¨ I(0), â�ª ¨ ®â −¥ª®â®àëå ¯�à�¬¥âà®¢ ¯à®æ¥áá� β

1�®«¥¥ ¯®¤à®¡−® á¬. ¢ [1; 5; 6, á. 157{177].
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¨ γ. ‚ SIR-¬®¤¥«¨ ¯�à�¬¥âà β | íâ® íää¥ªâ¨¢−�ï ç�áâ®â� ª®−â�ªâ®¢ ¢ ¤�−−®©
¯®¯ã«ïæ¨¨ ¢® ¢à¥¬ï í¯¨¤¥¬¨¨ D. �−� ¯®ª�§ë¢�¥â, ª�ª�ï ç�áâì ®¡é¥£® ç¨á«�
ª®−â�ªâ®¢ ¢ ¥¤¨−¨æã ¢à¥¬¥−¨, ®¡®§−�ç¥−−�ï ç¥à¥§ γ, ¯à¨¢¥«� ª §�à�¦¥−¨î.

4 Специфика использования SIR-модели для исследования
информационных процессов в замкнутой малочисленной
ученической группе

‚ ª®−â¥ªáâ¥ −�áâ®ïé¥£® ¨áá«¥¤®¢�−¨ï ¯à¥¤áâ�¢«ï¥â ¨−â¥à¥á, ª�ª ¡ã¤¥â ¢¥áâ¨
á¥¡ï ¤¨−�¬¨ç¥áª�ï á¨áâ¥¬� ¢ ¢¨¤¥ §�¬ª−ãâ®© ¬�«®ç¨á«¥−−®© (¢ ®¤¨−{âà¨ ¤¥áïâª�
ç¥«®¢¥ª) ãç¥−¨ç¥áª®© £àã¯¯ë ¯à¨ à¥è¥−¨¨ ãç¥¡−®-¯®§−�¢�â¥«ì−®© §�¤�ç¨, ª®£¤�
®â−®á¨â¥«ì−ë© ®¡ê¥¬ ¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¨ ¢ ®¡é¥¬ ¯®â®ª¥ ãç¥¡−®© ¨−ä®à-
¬�æ¨¨ ¬®¦¥â áâ�âì ªà¨â¨ç¥áª¨¬ ¨ ¯à¨¢¥áâ¨ ª ¢§àë¢−®¬ã à®áâã ª®£−¨â¨¢−®©
¯¥à¥£àã§ª¨1 ¢ ¯à®æ¥áá¥ ¢®á¯à¨ïâ¨ï, ¯¥à¥à�¡®âª¨ ¨ ãá¢®¥−¨ï ãç¥¡−®£® ¬�â¥à¨�«�.
„«ï íâ®£® áä®à¬ã«¨àã¥¬ ¨áå®¤−ë¥ ¤�−−ë¥, ®â¢¥ç�îé¨¥ SIR-¬®¤¥«¨, ¢ ª®â®à®©
�−�«®£®¬ ¨−ä¥ªæ¨¨ D á«ã¦¨â ¨§¡ëâ®ç−�ï ¨−ä®à¬�æ¨ï E.

1. �ãáâì NE | ®¡é¥¥ ç¨á«® ãç�é¨åáï à�áá¬�âà¨¢�¥¬®© §�¬ª−ãâ®© £àã¯¯ë
(ªãàá�, ª«�áá�), −�å®¤ïé¨åáï ¢ ¤�−−®¬ ¨−ä®à¬�æ¨®−−®¬ ¯à®áâà�−áâ¢¥, −�-
¯à¨¬¥à ¢ ¨−ä®à¬�æ¨®−−®© ®¡à�§®¢�â¥«ì−®© áà¥¤¥, ¨ ¯®¤¢¥à¦¥−−ëå ¢®§¤¥©-
áâ¢¨î −¥¯à¥àë¢−® ¯®áâã¯�îé¥© ãç¥¡−®© ¨−ä®à¬�æ¨¨, á®¤¥à¦�é¥© ®¯à¥¤¥-
«¥−−ë© ®¡ê¥¬ ¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¨ E.

2. Š�¦¤ë© ¨§ NE ãç�é¨åáï §�¬ª−ãâ®£® ãç¥−¨ç¥áª®£® á®®¡é¥áâ¢� ¢−ãâà¨ ®â-
à¥§ª� ¢à¥¬¥−¨ [0, T ], £¤¥ T | íâ® ¯¥à¨®¤ ¢à¥¬¥−¨, ®â¢¥¤¥−−ë© −� ¨§ãç¥−¨¥
¬�â¥à¨«� ¨«¨ à¥è¥−¨¥ ãç¥¡−®© §�¤�ç¨, ¬®¦¥â −�å®¤¨âìáï ¢ ®¤−®¬ ¨§ âà¥å
à�§«¨ç−ëå á®áâ®ï−¨©, ®¡à�§ãîé¨å ®âªàëâë¥ £àã¯¯ë S(t), I(t) ¨ R(t).
Šà®¬¥ â®£®, ¯à¨ ®¯à¥¤¥«¥−−ëå ®¡áâ®ïâ¥«ìáâ¢�å, ¢ë§¢�−−ëå ®á®¡¥−−®áâï-
¬¨ ãç¥¡−®£® ¯à®æ¥áá�, ¨ ¢ §�¢¨á¨¬®áâ¨ ®â áª®à®áâ¨ ¨ £«ã¡¨−ë ãá¢®¥−¨ï
ãç¥¡−®£® ¬�â¥à¨�«� ãç�é¨¥áï ¬®£ãâ ¯¥à¥å®¤¨âì ¨§ ®¤−®© £àã¯¯ë ¢ ¤àã£ãî,
¯à¨ç¥¬ ¤«ï ª�¦¤®£® ¬®¬¥−â� ¢à¥¬¥−¨ t ¢ë¯®«−ï¥âáï ®ç¥¢¨¤−®¥ ãá«®¢¨¥:
NE = S(t) + I(t) +R(t).

3. �à¨ t = 0 ¨¬¥¥¬: S(0) > 0, I(0) > 0 ¨ R(0) = 0, â. ¥. ¨§−�ç�«ì−® ¢á¥
ãç�é¨¥áï áª®−æ¥−âà¨à®¢�−ë ¢ ¤¢ãå £àã¯¯�å | S ¨ I: S(0) + I(0) = NE.
� ¯® ®ª®−ç�−¨¨ ¨§ãç¥−¨ï â¥¬ë ¨«¨ à¥è¥−¨ï ®¡é¥© ãç¥¡−®© §�¤�ç¨ £àã¯¯ë S
¨ I ¯ãáâ¥îâ, ¯®áª®«ìªã ¢á¥ ãç�é¨¥áï ¯¥à¥å®¤ïâ ¢ £àã¯¯ã R: S(T ) = 0;
I(T ) = 0; R(T ) = NE.

1Š®£−¨â¨¢−�ï ¯¥à¥£àã§ª� | ¯á¨å®«®£¨ç¥áª®¥ á®áâ®ï−¨¥ ç¥«®¢¥ª�, ¯®¤¢¥à¦¥−−®£® ¤¥áâàãªâ¨¢-
−®¬ã ¢«¨ï−¨î ¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¨, ª®â®àãî ®− −¥ ¢ á¨«�å ¢®á¯à¨−ïâì, ¯¥à¥à�¡®â�âì ¨«¨
ãá¢®¨âì. �à¨ ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¥ ¢®§à�áâ�¥â ®¡ê¥¬ −¥¤®áâ®¢¥à−®£® ¨«¨ −¥¤®¯®«ãç¥−−®£®
§−�−¨ï §� áç¥â −�ª®¯«¥−¨ï ®è¨¡®ª, ª®â®àë¥ ¤®¯ãáª�îâáï ¨ −¥ ®âà�¡�âë¢�îâáï ãç�é¨¬¨áï ¢ å®¤¥
¯®§−�¢�â¥«ì−®© ¤¥ïâ¥«ì−®áâ¨, çâ® ¯à¨¢®¤¨â ª ¯®â¥à¥ ¯®«¥§−®© ¨−ä®à¬�æ¨¨, â®à¬®§ïé¥© ¯à®æ¥áá
ãá¢®¥−¨ï −®¢ëå §−�−¨©.
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4. �® ®ª®−ç�−¨¨ ¨§ãç¥−¨ï â¥¬ë ¨«¨ à¥è¥−¨ï ãç¥¡−®© §�¤�ç¨ ¢á¥ ãç�é¨¥áï
¯¥à¥¬¥é�îâáï ¢ £àã¯¯ã R(T ), ¨ ¯® à¥§ã«ìâ�â�¬ à�¡®âë ¨å ¬®¦−® à�§¤¥«¨âì
−� âà¨ ¯®¤£àã¯¯ë (¤¢¥ ¨§ £àã¯¯ë S ¨ ®¤−� ¨§ £àã¯¯ë I):

¯®¤£àã¯¯� �: ãç�é¨¥áï, ª®â®àë¥ áà�§ã ¯¥à¥è«¨ ¨§ £àã¯¯ë S ¢ £àã¯¯ã R,
¬¨−ãï £àã¯¯ã I, ¯®áª®«ìªã ¨§−�ç�«ì−® ¨¬¥«¨ ¢ëá®ª¨© ¨−â¥««¥ªâã�«ì-
−ë© ãà®¢¥−ì ¨ ¯®«ãç¥−−ë© à�−¥¥ ¯®§¨â¨¢−ë© ®¯ëâ à�¡®âë á ¨§¡ëâ®ç−®©
¨−ä®à¬�æ¨¥© (¯®¤®¡−® áâ®©ª®¬ã ¨¬¬ã−¨â¥âã ª ¨−ä¥ªæ¨¨); ¢ ä®à¬ã-
«�å (4) ¨ (6) −¨¦¥ ®−¨ ¯à¥¤áâ�¢«¥−ë á«�£�¥¬ë¬ αSR, £¤¥ α ãª�§ë¢�¥â −�
ú−¥íää¥ªâ¨¢−®¥û ç¨á«® ª®−â�ªâ®¢ á ¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¥© ¢ ¥¤¨-
−¨æã ¢à¥¬¥−¨1, á®¢¥àè¥−−®¥ ãç�é¨¬¨áï £àã¯¯ë S, ®â−®á¨â¥«ì−® ¢á¥å N
ãç�é¨åáï; ¢¥«¨ç¨−ã α ¬®¦−® −�§¢�âì ª®íää¨æ¨¥−â®¬ ¯®â¥−æ¨�«ì−®©
§�é¨é¥−−®áâ¨ ®â ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¨, çâ® ®§−�ç�¥â ¯®«−®¥ ®âáãâ-
áâ¢¨¥ ã íâ®© ç�áâ¨ ãç�é¨åáï ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¨;

¯®¤£àã¯¯� ¡: ãç�é¨¥áï ¨§ £àã¯¯ëS, ¯à¨−�¤«¥¦�é¨¥ ª ú£àã¯¯¥ à¨áª�û, â. ¥.
â¥, çâ® ¬®£«¨ ¡ëâì ú¨−ä¨æ¨à®¢�−ëû ¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¥© ¨ ¯¥à¥è«¨
á−�ç�«� ¢ £àã¯¯ã I; §�â¥¬ ®−¨ áã¬¥«¨ ¯à¥®¤®«¥âì âàã¤−®áâ¨ ¨, ¯à®�−�-
«¨§¨à®¢�¢ á¢®¨ ®è¨¡ª¨, ¯¥à¥è«¨ ¢ £àã¯¯ã R; ¢ ä®à¬ã«�å (4) ¨ (5) −¨¦¥
®−¨ ¯à¥¤áâ�¢«¥−ë á«�£�¥¬ë¬ βSI, £¤¥ ¢¥«¨ç¨−� β | íâ® úíää¥ªâ¨¢−®¥û
ç¨á«® ª®−â�ªâ®¢ á ¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¥© ¢ ¥¤¨−¨æã ¢à¥¬¥−¨, á®¢¥à-
è¥−−®¥ ãç�é¨¬¨áï £àã¯¯ë I, ®â−®á¨â¥«ì−® ¢á¥åN ãç�é¨åáï; ¢¥«¨ç¨−ã β
−�§®¢¥¬ ª®íää¨æ¨¥−â®¬ ¯®â¥−æ¨�«ì−®© ¯®¤¢¥à¦¥−−®áâ¨ ª®£−¨â¨¢−®©
¯¥à¥£àã§ª¥;

¯®¤£àã¯¯� ¢: áã¬¬�à−ë© ª®−â¨−£¥−â ãç�é¨åáï, ¢ª«îç�îé¨© ª�ª â¥å, çâ®
¨§−�ç�«ì−® −�å®¤¨«¨áì ¢ £àã¯¯¥ I, â. ¥. ã¦¥ ¡ë«¨ ú¨−ä¨æ¨à®¢�−ëû
¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¥©, â�ª ¨ ãç�é¨åáï ¨§ ú£àã¯¯ë à¨áª�û, ¯¥à¥è¥¤-
è¨å ¢ £àã¯¯ã I ¨§ £àã¯¯ë S; ¢ ä®à¬ã«�å (5) ¨ (6) −¨¦¥ ®−¨ ¯à¥¤áâ�¢«¥−ë
á«�£�¥¬ë¬ γI; £¤¥ ¢¥«¨ç¨−� γ, −�§ë¢�¥¬�ï, á®£«�á−® SIR-¬®¤¥«¨, ª®íä-
ä¨æ¨¥−â®¬ ¢ë§¤®à®¢«¥−¨ï, ãª�§ë¢�¥â −� ®â−®á¨â¥«ì−®¥ ç¨á«® ãç�é¨åáï
¨§ ®¡é¥£® ç¨á«� N , ¨§−�ç�«ì−® ¯®¤¢¥à£è¨åáï ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¥
¢ ¥¤¨−¨æã ¢à¥¬¥−¨, � §�â¥¬ ¯à¥®¤®«¥¢è¨å ¥¥; −�§®¢¥¬ γ ¯®ª�§�â¥«¥¬
¯à¥®¤®«¥−¨ï ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¨2.

’®£¤� á¨áâ¥¬� ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© (1){(3) ¯à¨®¡à¥â�¥â á«¥¤ãîé¨©
¢¨¤:

1‚ ¤�−−®© §�¤�ç¥ §� ¥¤¨−¨æã ¢à¥¬¥−¨ á«¥¤ã¥â ¯à¨−ïâì �ª�¤¥¬¨ç¥áª¨© ¨«¨ �áâà®−®¬¨ç¥áª¨©
ç�á.

2�® �−�«®£¨¨ á ¬®¤¥«ìî à�á¯à®áâà�−¥−¨ï í¯¨¤¥¬¨¨, £¤¥ γ | ®¡é¥¥ ç¨á«® ª®−â�ªâ®¢ ¢ ¥¤¨-
−¨æã ¢à¥¬¥−¨, � 1/γ ¢ëáâã¯�¥â ª�ª áà¥¤−¥¥ ¢à¥¬ï ¡®«¥§−¨, ¥á«¨ ¯à®¤®«¦¨â¥«ì−®áâì ¡®«¥§−¨
à�á¯à¥¤¥«¥−� ¯® íªá¯®−¥−æ¨�«ì−®¬ã §�ª®−ã [6, á. 159], ¬®¦−® ¯à¨−ïâì, çâ® ¯à®¤®«¦¨â¥«ì−®áâì
¯à¥®¤®«¥−¨ï ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¨ â�ª¦¥ à�á¯à¥¤¥«¥−� ¯® íªá¯®−¥−æ¨�«ì−®¬ã §�ª®−ã á® áà¥¤−¨¬
¢à¥¬¥−¥¬ 1/γ.
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∂S

∂t
= ‘S = −βSI − αSR ; (4)

∂I

∂t
= ‘I − βSI − γI ; (5)

∂R

∂t
= ‘R = γI + αSR . (6)

‚ [6, á. 160] ®â¬¥ç�¥âáï, çâ® ¢ ª«�áá¨ç¥áª®© SIR-¬®¤¥«¨ ãà�¢−¥−¨¥, ¨¬¥îé¥¥
¢¨¤ (3), ï¢«ï¥âáï ¨§¡ëâ®ç−ë¬. �®íâ®¬ã, ¨áª«îç¨¢ ¯®¤®¡−®¥ ãà�¢−¥−¨¥ (6) ¨§
á¨áâ¥¬ë (4){(6) ¨ ãç¨âë¢�ï, çâ® R = N − S − I, ¯®«ãç¨¬ á«¥¤ãîéãî à¥§ã«ì-
â¨àãîéãî á¨áâ¥ -¬ã ®¡ëª−®¢¥−−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©, ª®â®àãî
¨á¯®«ì§ã¥¬ ¤«ï ¨áá«¥¤®¢�−¨ï ¯à®æ¥áá®¢, ¯à®¨áå®¤ïé¨å ¢ §�¬ª−ãâ®© ¬�«®ç¨á-
«¥−−®© ãç¥−¨ç¥áª®© £àã¯¯¥ ¯à¨ à�¡®â¥ á ¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¥©:

‘S = [αS + (α− β)I − αN ]S ; (7)

‘I = (βS − γ)I . (8)

�à®æ¥ááë ¢ §�¬ª−ãâëå £àã¯¯�å ¯® SIR-¬®¤¥«¨ ¯®¤ç¨−ïîâáï §�ª®−�¬ à�§-
¢¨â¨ï ¤¨−�¬¨ç¥áª¨å á¨áâ¥¬, ¯à¥¤áâ�¢«ïîé¨å á®¡®© á®®â¢¥âáâ¢ãîé¨¥ à¥�«ì−ë¬
á¨áâ¥¬�¬ ¬�â¥¬�â¨ç¥áª¨¥ ®¡ê¥ªâë, í¢®«îæ¨ï ª®â®àëå ®¯à¥¤¥«ï¥âáï −�ç�«ì−ë¬¨
ãá«®¢¨ï¬¨, â. ¥. §−�ç¥−¨ï¬¨ ¨áª®¬ëå äã−ªæ¨© ¢ −�ç�«ì−ë© ¬®¬¥−â ¢à¥¬¥−¨,
¨«¨ ¢à¥¬¥−−‚ëå −�ç�«ì−ëå ãá«®¢¨©. „«ï ®¯¨á�−¨ï ¯®¢¥¤¥−¨ï ¯®¤®¡−ëå á¨á-
â¥¬ ®¡ëç−® ¨á¯®«ì§ãîâ ¨å ä�§®¢ë¥ ¯®àâà¥âë (”�), ª®â®àë¥ ¤¥¬®−áâà¨àãîâ
ä�§®¢ë¥ âà�¥ªâ®à¨¨ | ¢¥ªâ®à−ë¥ ¯ãâ¨ ¨§¬¥−¥−¨ï ¯�à�¬¥âà®¢ á¨áâ¥¬ë ¢® ¢à¥-
¬¥−¨. ‚ ¯ã¡«¨ª�æ¨ïå, ¯®á¢ïé¥−−ëå ¡¨®«®£¨ç¥áª¨¬ ¨ ¨−ä®à¬�æ¨®−−ë¬ ¯à®-
æ¥áá�¬ ¢ ¡®«ìè¨å ¯®¯ã«ïæ¨ïå á ç¨á«®¬ ãç�áâ−¨ª®¢ ¢ ¤¥áïâª¨ ¨ á®â−¨ âëáïç
ç¥«®¢¥ª, ¨áá«¥¤®¢�−¨¥ ®¡ëç−® ®áãé¥áâ¢«ï¥âáï ¯ãâ¥¬ �−�«¨§� á¨áâ¥¬ë ¤¨ää¥-
à¥−æ¨�«ì−ëå ãà�¢−¥−¨© â¨¯� (1){(3) ¨ ¯®áâà®¥−¨¥¬ £à�ä¨ª®¢ äã−ªæ¨© S(t),
I(t) ¨ R(t) [1{3, 5, 6], â®£¤� ª�ª ¤«ï ¬�«®ç¨á«¥−−ëå £àã¯¯ ¨á¯ëâã¥¬ëå ¬¥â®¤
¯®áâà®¥−¨ï ”� ¯à¥¤áâ�¢«ï¥âáï ¡®«¥¥ −�£«ï¤−®© ¨««îáâà�æ¨¥© ¯à®¨áå®¤ïé¨å
¢ −¨å ¯à®æ¥áá®¢.

5 Результаты исследования динамической системы
методом фазовых портретов

‡�¤�ç� ç¨á«¥−−®-£à�ä¨ç¥áª®£® ¨áá«¥¤®¢�−¨ï ¤¨−�¬¨ç¥áª®© á¨áâ¥¬ë, ª�ª®¢®©
ï¢«ï¥âáï §�¬ª−ãâ�ï ¬�«®ç¨á«¥−−�ï ãç¥−¨ç¥áª�ï £àã¯¯�, ¯®¤¢¥à¦¥−−�ï ¢®§¤¥©-
áâ¢¨î ¨§¡ëâ®ç−®© ãç¥¡−®© ¨−ä®à¬�æ¨¨, á®áâ®¨â ¢ à�§¡¨¥−¨¨ ä�§®¢®© ¯«®áª®áâ¨

( ‘S, ‘I) ¢ §�¢¨á¨¬®áâ¨ ®â ¯�à�¬¥âà®¢ α, β ¨ γ −� æ¥«¥¢ë¥ ®ªà¥áâ−®áâ¨ ¨ ¨§ãç¥-
−¨¨ ¡¨äãàª�æ¨©, ¯à®¨áå®¤ïé¨å ¢−ãâà¨ íâ¨å ®¡«�áâ¥©, á æ¥«ìî ®¯à¥¤¥«¥−¨ï
ãáâ®©ç¨¢®áâ¨ à�¢−®¢¥á−ëå á®áâ®ï−¨© á¨áâ¥¬ë.
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÷¨á. 1 ”�§®¢ë¥ ¯®àâà¥âë SIR-¬®¤¥«¨ −� ä�§®¢®© ¯«®áª®áâ¨ ( ‘S, ‘I) ¯à¨ α < β (a)
¨ α > β (¡)

÷�áç¥âë ¨ ¯®áâà®¥−¨ï ”�, ¯à®¢¥¤¥−−ë¥ ¢ ¢¥¡-áà¥¤¥ PhaPl [7, 8], ¯®ª�§�-
«¨, çâ® á¨áâ¥¬� ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© (7){(8) ¯à¨ «î¡ëå á®®â−®è¥−¨ïå
¯�à�¬¥âà®¢ α, β ¨ γ ¨¬¥¥â âà¨ â®çª¨ à�¢−®¢¥á¨ï | ®á®¡ë¥ â®çª¨ (�’): �’1
á ª®®à¤¨−�â�¬¨ (0; 0) | �á¨¬¯â®â¨ç¥áª¨ ãáâ®©ç¨¢ë© ¤¨ªà¨â¨ç¥áª¨© ã§¥«; �’2
á ª®®à¤¨−�â�¬¨ (γ/β;α(βN −γ)/(β(α−β))| −¥ãáâ®©ç¨¢®¥ á¥¤«®; �’3 á ª®®à-
¤¨−�â�¬¨ (N ; 0) | −¥ãáâ®©ç¨¢ë© ã§¥« (à¨á. 1). �¡«�áâ¨ ”�, ®¡¥á¯¥ç¨¢�îé¨¥
ãáâ®©ç¨¢ãî à�¡®âã á¨áâ¥¬ë ¢¡«¨§¨ �’1 (0; 0), à�á¯®«�£�îâáï ¬¥¦¤ã ®áìî ®à-
¤¨−�â ¨ ®¤−®© ¨§ á¥¯�à�âà¨á �’2. �â® ®§−�ç�¥â, çâ® ¥á«¨ −�ç�«ì−ë¥ ãá«®¢¨ï,

®â¢¥ç�îé¨¥ §−�ç¥−¨ï¬ ‘S0 ¨ ‘I0, ¡ã¤ãâ §�¤�−ë ¢ ¯à¥¤¥«�å íâ®© ®¡«�áâ¨, â® á¨áâ¥¬�
¯à¨¤¥â ¢ ãáâ®©ç¨¢®¥ á®áâ®ï−¨¥ à�¢−®¢¥á¨ï, «®ª�«¨§ãïáì ¢¡«¨§¨ �’1, � ª®-
£−¨â¨¢−�ï ¯¥à¥£àã§ª�, ¢ë§¢�−−�ï ¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¥©, ¡ã¤¥â ¯à¥®¤®«¥−�
¢á¥¬¨ N ãç�é¨¬¨áï §� −¥ª®â®àë© ¯à®¬¥¦ãâ®ª ¢à¥¬¥−¨, ®¯à¥¤¥«ï¥¬ë© ¢à¥¬¥−¥¬
¤¢¨¦¥−¨ï ®â −�ç�«ì−®£® á®áâ®ï−¨ï ª �’1.

�à¨¬¥àë −�¨¡®«¥¥ à¥�«ì−ëå á«ãç�¥¢ ¯à¥¤áâ�¢«¥−ë −� £à�ä¨ª�å à¨á. 2, £¤¥
α | ª®íää¨æ¨¥−â ¯®â¥−æ¨�«ì−®© §�é¨é¥−−®áâ¨ ®â ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¨
(ú−¥íää¥ªâ¨¢−®¥û ç¨á«® ª®−â�ªâ®¢ á ¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¥© ¢ ¥¤¨−¨æã ¢à¥¬¥-
−¨, á®¢¥àè¥−−®¥ ¢á¥¬¨ ãç�é¨¬¨áï £àã¯¯ë ç¨á«¥−−®áâìî N ); β | ª®íää¨æ¨¥−â
¯®â¥−æ¨�«ì−®© ¯®¤¢¥à¦¥−−®áâ¨ ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¥ (úíää¥ªâ¨¢−®¥û ç¨á«®
ª®−â�ªâ®¢ á ¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¥© ¢ ¥¤¨−¨æã ¢à¥¬¥−¨, á®¢¥àè¥−−®¥ ¢á¥¬¨
ãç�é¨¬¨áï £àã¯¯ë ç¨á«¥−−®áâìî N ); γ | ¯®ª�§�â¥«ì ¯à¥®¤®«¥−¨ï ª®£−¨â¨¢-
−®© ¯¥à¥£àã§ª¨ (ç¨á«® ãç�é¨åáï ¨§ £àã¯¯ë ç¨á«¥−−®áâìî N , ¯à¥®¤®«¥¢è¨å
ª®£−¨â¨¢−ãî ¯¥à¥£àã§ªã ¢ ¥¤¨−¨æã ¢à¥¬¥−¨). ‘«¥¤ã¥â ®¡à�â¨âì ¢−¨¬�−¨¥, çâ®
§−�ç¥−¨ï ¯�à�¬¥âà®¢ α, β ¨ γ ¢ë¡à�−ë á ãç¥â®¬ ¬�«®ç¨á«¥−−®áâ¨ £àã¯¯ë (N =
= 20).
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÷¨á. 2 ”�§®¢ë¥ ¯®àâà¥âë ¤¨−�¬¨ç¥áª®© á¨áâ¥¬ë ¯à¨ N = 20: 1 | ®¡«�áâ¨ ãáâ®©ç¨-
¢®áâ¨; 2 | ®¡«�áâ¨ −¥ãáâ®©ç¨¢®áâ¨; (�) α = 5; β = 4, γ = 3; (¡) α = 5; β = 3, γ = 4;
(¢) α = 5; β = 4, γ = 6; (£) α = 2; β = 1, γ = 1; (¤) α = 2; β = 3, γ = 1; (¥) α = 1;
β = 2, γ = 3; (¦) α = 1; β = 3, γ = 2; (§) α = 1; β = 2, γ = 1
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”�§®¢ë¥ ¯®àâà¥âë −� à¨á. 1 ¨ 2 ¤¥¬®−áâà¨àãîâ −�«¨ç¨¥ âà¥å �’ à�§−®£®
â¨¯� á è¥áâìî æ¥«¥¢ë¬¨ ®ªà¥áâ−®áâï¬¨, à�á¯®«®¦¥−−ë¬¨ ¢ ¯¥à¢®¬ ¨ ç¥â¢¥à-
â®¬ ª¢�¤à�−â�å ”�. �®íâ®¬ã ¤¢¨¦¥−¨¥ ª â®© ¨«¨ ¨−®© �’ ¡ã¤¥â §�¢¨á¥âì ®â
â®£®, ¨§ ª�ª®© ¨§ íâ¨å ®ªà¥áâ−®áâ¥© −�ç−¥âáï ¤¢¨¦¥−¨¥ ¯® á®®â¢¥âáâ¢ãîé¥©
ä�§®¢®© âà�¥ªâ®à¨¨ ¢ ¬®¬¥−â ¢à¥¬¥−¨ t = 0, â. ¥. ®â −�ç�«ì−®© â®çª¨ á ª®®à-

¤¨−�â�¬¨ ( ‘S0, ‘I0). ‚ íâ¨ ª®®à¤¨−�âë, ¢ á¢®î ®ç¥à¥¤ì, ¢ −¥ï¢−®¬ ¢¨¤¥ §�«®¦¥−
®¡ê¥¬ ¨§¡ëâ®ç−®© ¨−ä®à¬�æ¨¨, ª®â®àë© ç¥à¥§ á®®â−®è¥−¨¥ ¯�à�¬¥âà®¢ N , α,
β ¨ γ «¨¡® ¯à¥®¤®«¥¢�¥âáï á¨áâ¥¬®©, «¨¡® −¥â. ˆ§ íâ®© −�ç�«ì−®© â®çª¨ −�
”� −�ç¨−�¥âáï ¤¢¨¦¥−¨¥ ¢® ¢à¥¬¥−¨ ¯® ¯à®å®¤ïé¥© ç¥à¥§ −¥¥ ä�§®¢®© âà�¥ª-
â®à¨¨. �à®¤®«¦¨â¥«ì−®áâì ¯¥à¥å®¤−®£® ¯à®æ¥áá� ®¯à¥¤¥«ï¥âáï, ª�ª ¯®ª�§ë¢�îâ
”� −� à¨á. 2, ã£«®¬ −�ª«®−� á¥¯�à�âà¨á −¥ãáâ®©ç¨¢®£® á¥¤«� �’2, ¯®áª®«ì-
ªã ¨¬¥−−® íâ� �’ ä®à¬¨àã¥â ®á−®¢−®¥ ¯à®áâà�−áâ¢® à�¢−®¢¥á−ëå á®áâ®ï−¨©
á¨áâ¥¬ë.

…á«¨ â®çª� ( ‘S0, ‘I0) −�å®¤¨âáï ¢ §®−¥ §�å¢�â� �’1, ª®â®à�ï ï¢«ï¥âáï ¥¤¨−-
áâ¢¥−−®© ãáâ®©ç¨¢®© â®çª®©, â® á¨áâ¥¬� á ®¯à¥¤¥«¥−−®© áª®à®áâìî ¯à¨¤¥â ¢ á®-
áâ®ï−¨¥ ãáâ®©ç¨¢®£® à�¢−®¢¥á¨ï (®¡«�áâ¨ 1 −� à¨á. 2). �â® ¡ã¤¥â ®§−�ç�âì, çâ®
¢á¥¬ ãç�é¨¬áï £àã¯¯ë ã¤�«®áì ¯à¥®¤®«¥âì ª®£−¨â¨¢−ãî ¯¥à¥£àã§ªã. …á«¨ ¦¥
−�ç�«ì−�ï â®çª� −�å®¤¨âáï ¢−¥ ®¡«�áâ¨ §�å¢�â� �’1, â® ®−� ãå®¤¨â ¢ ¡¥áª®-
−¥ç−®áâì ¯® ®¤−®© ¨§ á®®â¢¥âáâ¢ãîé¨å âà�¥ªâ®à¨© (®¡«�áâ¨ 2 −� à¨á. 2). �â®
®§−�ç�¥â, çâ® ®¡ê¥¬ ¨§¡ëâ®ç−®© ãç¥¡−®© ¨−ä®à¬�æ¨¨ ¯à¨¢®¤¨â ª ¢®§−¨ª−®¢¥−¨î
−¥¯à¥®¤®«¨¬®© ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¨, ¯à¥¯ïâáâ¢ãîé¥© ãá¢®¥−¨î �ªâã�«ì−®£®
ãç¥¡−®£® ¬�â¥à¨�«� ¡®«ìè¨−áâ¢®¬ ãç�é¨åáï £àã¯¯ë.

�� à¨á. 3 ¯à¨¢¥¤¥−ë ¯à¨¬¥àë ¤¢ãå á®®â−¥á¥−−ëå ¯® ®áï¬ ª®®à¤¨−�â ¨ ¯®-
¯�à−® −�«®¦¥−−ëå ¤àã£ −� ¤àã£� ”� ¨áá«¥¤ã¥¬®© á¨áâ¥¬ë.

÷¨á. 3 „¢¨¦¥−¨¥ á¨áâ¥¬ë ¢ ®ªà¥áâ−®áâïå �’ ¯à¨ ( ‘S0, ‘I0) = (10; 15) (�) ¨ ( ‘S0, ‘I0) =
= (10;−2) (¡): 3 | α = 5, β = 4, γ = 6 (á¬. à¨á. 2, ¢); 4 | α = 2, β = 1, γ = 1 (á¬.
à¨á. 2, £); 5 | α = 1, β = 2, γ = 3 (á¬. à¨á. 2, ¥); 6 | α = 1, β = 3, γ = 2 (á¬. à¨á. 2, ¦)
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‚ £àã¯¯�å, £¤¥ ¡®«ìè¨−áâ¢® ãç�é¨åáï úá¨«ì−ë¥û (α > β) ¨ ¢ëá®ª ¯®ª�-
§�â¥«ì ¯à¥®¤®«¥−¨ï ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¨ γ, ¬®¦¥â ¢ë¯®«−ïâìáï «î¡®¥ ¨§
á®®â−®è¥−¨©: γ > α > β ¨«¨ α > γ > β, â. ¥. ç¨á«® ¯®¤¢¥à£è¨åáï ª®£−¨-
â¨¢−®© ¯¥à¥£àã§ª¥ ¢ ¥¤¨−¨æã ¢à¥¬¥−¨ β ¬¥−ìè¥ γ | ç¨á«‚� ¥¥ ¯à¥®¤®«¥¢è¨å
¢ âã ¦¥ ¥¤¨−¨æã ¢à¥¬¥−¨. �� ”� ¤«ï íâ¨å £àã¯¯ ¯®«ãç�¥¬ ¡‚®«ìè¨¥ ¯® ¯«®-
é�¤¨ §®−ë ãáâ®©ç¨¢®£® à�¢−®¢¥á¨ï ¨ ¬¥−ìè¥¥ ¢à¥¬ï ¯à¥®¤®«¥−¨ï ª®£−¨â¨¢−®©
¯¥à¥£àã§ª¨.

„«ï £àã¯¯ á ¯à¥¨¬ãé¥áâ¢¥−−® á«�¡ë¬ á®áâ�¢®¬ ãç�é¨åáï (α < β) á¯à�-
¢¥¤«¨¢ë á®®â−®è¥−¨ï: γ < α < β ¨«¨ α < γ < β, â. ¥. ç¨á«® ¯®¤¢¥à£è¨åáï
ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¥ ¢ ¥¤¨−¨æã ¢à¥¬¥−¨ β ¡®«ìè¥ ç¨á«‚� ¥¥ ¯à¥®¤®«¥¢è¨å ¢ âã
¦¥ ¥¤¨−¨æã ¢à¥¬¥−¨ γ. ’®£¤� ¯«®é�¤ì §®−ë ãáâ®©ç¨¢®£® à�¢−®¢¥á¨ï á−¨¦�¥âáï,
� ¢à¥¬ï ¯à¥®¤®«¥−¨ï ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¨ à�áâ¥â.

6 Заключение

—¨á«¥−−®-£à�ä¨ç¥áª®¥ ¨áá«¥¤®¢�−¨¥, ¯à®¢¥¤¥−−®¥ −� ä�§®¢®© ¯«®áª®áâ¨, ¯®-
ª�§�«®, çâ® SIR-¬®¤¥«ì, ¨§−�ç�«ì−® ¨¬¥¢è�ï æ¥«ìî �−�«¨§ ãá«®¢¨© à�á¯à®áâà�-
−¥−¨ï í¯¨¤¥¬¨¨ ¢ ®¡è¨à−ëå £àã¯¯�å −�á¥«¥−¨ï, ¯à¨ ®¯à¥¤¥«¥−−ëå ¤®¯ãé¥−¨ïå
¯à¨¬¥−¨¬� ª ®¯¨á�−¨î á¯¥æ¨ä¨ª¨ ¯à®â¥ª�−¨ï ¤¥áâàãªâ¨¢−ëå ¨−ä®à¬�æ¨®−-
−ëå ¯à®æ¥áá®¢ ¢ §�¬ª−ãâëå ¬�«®ç¨á«¥−−ëå ãç¥−¨ç¥áª¨å £àã¯¯�å. ‘ íâ®©
æ¥«ìî ¡ë«� ¯à¥¤áâ�¢«¥−� ¬®¤¨ä¨ª�æ¨ï á¨áâ¥¬ë ®¡ëª−®¢¥−−ëå ¤¨ää¥à¥−æ¨-
�«ì−ëå ãà�¢−¥−¨© ª«�áá¨ç¥áª®© SIR-¬®¤¥«¨ ¯ãâ¥¬ ¢¢¥¤¥−¨ï ¨−ä®à¬�æ¨®−−ëå
¯�à�¬¥âà®¢: ª®íää¨æ¨¥−â� ¯®â¥−æ¨�«ì−®© §�é¨é¥−−®áâ¨ ãç�é¨åáï ®â ª®£−¨-
â¨¢−®© ¯¥à¥£àã§ª¨ α; ª®íää¨æ¨¥−â� ¯®â¥−æ¨�«ì−®© ¯®¤¢¥à¦¥−−®áâ¨ ãç�é¨åáï
ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¥ β; ¯®ª�§�â¥«ï ¯à¥®¤®«¥−¨ï ãç�é¨¬¨áï ª®£−¨â¨¢−®©
¯¥à¥£àã§ª¨ γ.

ˆáá«¥¤®¢�−¨¥ ¯à¥¤«®¦¥−−®© ¬®¤¥«¨ á ¯®¬®éìî ¬¥â®¤� ä�§®¢®© ¯«®áª®áâ¨
¯®ª�§�«®, çâ® ”� á¨áâ¥¬ë ®¤−®â¨¯−ë ¨ −¥ §�¢¨áïâ ®â §−�ç¥−¨© ¨−ä®à¬�-
æ¨®−−ëå ¯�à�¬¥âà®¢ ¤«ï ãç¥−¨ç¥áª®© £àã¯¯ë á ä¨ªá¨à®¢�−−®© ç¨á«¥−−®áâìî
ãç�é¨åáï N . Š�¦¤ë© ”� ¨¬¥¥â âà¨ �’: �á¨¬¯â®â¨ç¥áª¨ ãáâ®©ç¨¢ë© ¤¨ªà¨-
â¨ç¥áª¨© ã§¥« á ª®®à¤¨−�â�¬¨ (0; 0); −¥ãáâ®©ç¨¢®¥ á¥¤«® (N ; 0); −¥ãáâ®©ç¨¢ë©
ã§¥«, ª®®à¤¨−�âë ª®â®à®£® ®¯à¥¤¥«ïîâáï ¨−ä®à¬�æ¨®−−ë¬¨ ¯�à�¬¥âà�¬¨ £àã¯-
¯ë α, β ¨ γ. ‚ëï¢«¥−ë æ¥«¥¢ë¥ ®ªà¥áâ−®áâ¨ ª�¦¤®© �’, ª®â®àë¥ ¤¥«ïâ ¯à�¢ãî
ª®®à¤¨−�â−ãî ¯®«ã¯«®áª®áâì −� è¥áâì §®− | âà¨ §®−ë ãáâ®©ç¨¢®£® ¨ âà¨ §®−ë
−¥ãáâ®©ç¨¢®£® à�¢−®¢¥á¨ï.

‚ ª�ç¥áâ¢¥ ¯à¨¬¥à� ¯à®¢¥¤¥− á®¯®áâ�¢¨â¥«ì−ë© �−�«¨§ ç¥âëà¥å ”� ¯à¨
à�§«¨ç−ëå §−�ç¥−¨ïå ¨−ä®à¬�æ¨®−−ëå ¯�à�¬¥âà®¢ á¨áâ¥¬ë, ª®â®àë© ¯®¤â¢¥à-
¤¨« ¨−âã¨â¨¢−® ¯®−ïâ−ãî §�ª®−®¬¥à−®áâì: á¨áâ¥¬ë á ¡‚®«ìè¨¬ ª®íää¨æ¨¥−â®¬
¯®â¥−æ¨�«ì−®© §�é¨é¥−−®áâ¨ α /̈̈ «¨ ¬¥−ìè¨¬ ª®íää¨æ¨¥−â®¬ ¯®â¥−æ¨�«ì−®©
¯®¤¢¥à¦¥−−®áâ¨ ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¥ β /̈̈ «¨ ¡®«¥¥ ¢ëá®ª¨¬ ¯®ª�§�â¥«¥¬
¯à¥®¤®«¥−¨ï ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¨ γ ¨¬¥îâ ¡®«¥¥ ®¡è¨à−ë¥ §®−ë ãáâ®©ç¨¢®£®
à�¢−®¢¥á¨ï, � ¥¥ ç«¥−ë ¯à¥®¤®«¥¢�îâ ª®£−¨â¨¢−ë¥ ¯¥à¥£àã§ª¨ §� ¬¥−ìè¥¥ ¢à¥¬ï.
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‚ ¤�«ì−¥©è¥¬ ¯à¥¤¯®«�£�¥âáï ¨§ãç¨âì á¯®á®¡ë ¯à¥¤áâ�¢«¥−¨ï ®¡ê¥¬� ¨§-
¡ëâ®ç−®© ¨−ä®à¬�æ¨¨ ¨ ¨−ä®à¬�æ¨®−−ëå ¯�à�¬¥âà®¢ §�¬ª−ãâ®© ãç¥−¨ç¥áª®©
£àã¯¯ë ç¥à¥§ −�ç�«ì−ë¥ ãá«®¢¨ï; ®æ¥−¨âì ¯®à®£®¢ë© ®¡ê¥¬ ¨§¡ëâ®ç−®£® ãç¥¡-
−®£® ¬�â¥à¨�«�, á¯®á®¡−ë© ¯à¨¢¥áâ¨ ª ¢®§à�áâ�−¨î ª®£−¨â¨¢−®© ¯¥à¥£àã§ª¨
ç«¥−®¢ £àã¯¯ë; §�¢¨á¨¬®áâì áª®à®áâ¨ ¤¢¨¦¥−¨ï á¨áâ¥¬ë ¢¡«¨§¨ ®á®¡ëå â®-
ç¥ª ®â å�à�ªâ¥à¨áâ¨ª £àã¯¯ë. ‘ ¯à�ªâ¨ç¥áª®© â®çª¨ §à¥−¨ï ¯à®¤®«¦¥−¨¥
¤�−−®£® ¨áá«¥¤®¢�−¨ï ¯®¬®¦¥â ãç¨â¥«î ®¯à¥¤¥«¨âì, ª�ª®© ®â−®á¨â¥«ì−ë© ®¡ê-
¥¬ ¤®¯®«−¨â¥«ì−®£® ãç¥¡−®£® ¬�â¥à¨�«� æ¥«¥á®®¡à�§−® ¯à¨¢«¥ª�âì ª ¨§ãç¥−¨î
¯à¥¤¬¥â−®© â¥¬ë ¨«¨ à¥è¥−¨î ãç¥¡−®© §�¤�ç¨ ¢ ª®−ªà¥â−ëå ãá«®¢¨ïå ®¡ãç¥-
−¨ï.
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SIR-model as a tool to study destructive processes in new knowledge acquisition

SIR-MODEL AS A TOOL TO STUDY DESTRUCTIVE PROCESSES
IN NEW KNOWLEDGE ACQUISITION

O. M. Korchazhkina

Institute of Cybernetics and Educational Computing of Federal Research Center
\Computer Science and Control" of the Russian Academy of Sciences, 44-2 Vavilov
Str., Moscow 119333, Russian Federation

Abstract: The article describes an approach to the analysis of mastering new
knowledge with the use of mathematical modeling of a learning situation. The
proposed model is based on W. Kermack and A. McKendrick's SIR (susceptible{
infected{recovered) model which was originally used to predict the spread of
an epidemic to large closed populations in order to prevent the disastrous
consequences of global infection. The modified SIR-model allows researchers to
investigate a number of regularities that a cognitive process carried out in a closed
small student community has. The model also aims at identifying the ways of
behavior of such a dynamic system when working with excessive information can
lead to cognitive overload and errors in solving learning tasks. The approach
is implemented as a numerical and graphical experiment on the phase plane,
which makes it possible to compose a holistic picture of the phenomenon and to
analyze the conditions under which the system moves towards the state of stable
equilibrium. The latter is equal to overcoming cognitive overwork by the doers.

Keywords: cognitive process; new knowledge; cognitive overwork;
closed student community; Kermack{McKendrick model; SIR-model; phase
plane/portrait; system stability/instability
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МОДЕЛЬ НОРМАЛИЗОВАННОЙ ЭКОНОМИКИ
И АКТУАЛЬНЫЕ ТЕХНОЛОГИИ ЦИФРОВИЗАЦИИ

В. Д. Ильин1

�−−®â�æ¨ï: �à¥¤áâ�¢«¥−ë ª«îç¥¢ë¥ ®¡−®¢«¥−¨ï ¬®¤¥«¨ −®à¬�«¨§®¢�−−®©
íª®−®¬¨ª¨ ¨ �ªâã�«ì−ë¥ â¥å−®«®£¨¨ æ¨äà®¢¨§�æ¨¨. �¡−®¢«¥−−�ï ¬®¤¥«ì
¯à¥¤áâ�¢«¥−� ªà�âª¨¬ ®¯¨á�−¨¥¬ −®à¬�«¨§®¢�−−®£® íª®−®¬¨ç¥áª®£® ¬¥å�-
−¨§¬� (��Œ), à¥�«¨§ã¥¬®£® −� ®á−®¢¥ ®−«�©−-á¥à¢¨á®¢, äã−ªæ¨®−¨àãîé¨å
¢ áà¥¤¥ æ¨äà®¢ëå ¤¢®©−¨ª®¢. �®à¬�«¨§®¢�−−ë© íª®−®¬¨ç¥áª¨© ¬¥å�−¨§¬
¢ª«îç�¥â á¨âã�æ¨®−−® ã¯à�¢«ï¥¬ë¥ ª®¬¯«¥ªáë à¥áãàá−®£® ®¡¥á¯¥ç¥−¨ï, ¯à®-
¨§¢®¤áâ¢� à¥�«ì−ëå â®¢�à®¢ ¨ ¤à. ��−ª®¢áª�ï á¨áâ¥¬� ��Œ ¢ª«îç�¥â
¯¥àá®−�«ì−ë¥ í«¥ªâà®−−ë¥ ¡�−ª¨ (���ë) ä¨§¨ç¥áª¨å «¨æ, ª®à¯®à�â¨¢−ë¥
í«¥ªâà®−−ë¥ ¡�−ª¨ (Š��ë), ¡�−ª¨-¯à®¢�©¤¥àë ¨ ¡�−ª-à¥£ã«ïâ®à, ¯®¤ ã¯à�¢-
«¥−¨¥¬ ª®â®à®£® äã−ªæ¨®−¨àãîâ ¢á¥ ¤àã£¨¥ ¡�−ª¨. �®à¬�«¨§®¢�−−ë¥ ¤¥−ì£¨
(�„) ¯à¥¤−�§−�ç¥−ë ¤«ï ¯à¥¤áâ�¢«¥−¨ï áâ®¨¬®áâ¨ â®¢�à®¢ ¨ ¨¬ãé¥áâ¢¥−-
−ëå áâ�âãá®¢ ãç�áâ−¨ª®¢ íª®−®¬¨ç¥áª®© ¤¥ïâ¥«ì−®áâ¨ (í¤-ãç�áâ−¨ª®¢), ¤«ï
®¯«�âë â®¢�à®¢, ¨−¢¥áâ¨à®¢�−¨ï ¨ −�ª®¯«¥−¨ï ¡®£�âáâ¢�. �®à¬�«¨§®¢�−−ë¥
¤¥−ì£¨ á«ã¦�â ã−¨¢¥àá�«ì−ë¬ í«¥ªâà®−−ë¬ áà¥¤áâ¢®¬ ª®«¨ç¥áâ¢¥−−®£® ¤®-
ªã¬¥−â¨à®¢�−¨ï ¨¬ãé¥áâ¢¥−−ëå ®â−®è¥−¨©, ã¤®áâ®¢¥àï¥¬ëå £®áã¤�àáâ¢®¬
¯®áà¥¤áâ¢®¬ ®−«�©−-á¥à¢¨á®¢ ¡�−ª�-à¥£ã«ïâ®à�. “¯à�¢«¥−¨¥ íª®−®¬¨ç¥áª¨¬
¯®¢¥¤¥−¨¥¬ ®áãé¥áâ¢«ï¥âáï ¯®áà¥¤áâ¢®¬ á¨áâ¥¬ ®¡ï§�â¥«ì−ëå ¨ ®à¨¥−â¨àã-
îé¨å âà¥¡®¢�−¨© ª à¥§ã«ìâ�â�¬ à¥è¥−¨ï §�¤�ç ¢ á®áâ�¢¥ ª®¬¯«¥ªá®¢ ��Œ.

Š«îç¥¢ë¥ á«®¢�: ¬®¤¥«ì −®à¬�«¨§®¢�−−®© íª®−®¬¨ª¨; −®à¬�«¨§®¢�−−ë©
íª®−®¬¨ç¥áª¨© ¬¥å�−¨§¬; ¯¥àá®−�«ì−ë¥ í«¥ªâà®−−ë¥ ¡�−ª¨; ª®à¯®à�â¨¢−ë¥
í«¥ªâà®−−ë¥ ¡�−ª¨; −®à¬�«¨§®¢�−−ë¥ ¤¥−ì£¨; ®−«�©−-á¥à¢¨áë
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1 Введение

‚ 2009 £. ¢ áâ�âì¥, ¯®¤£®â®¢«¥−−®© −� ®á−®¢¥ ¤®ª«�¤�, ¯à¥¤áâ�¢«¥−−®£® �à¥§¨-
¤¨ã¬ã ÷��, ¡ë«¨ à�áá¬®âà¥−ë ¬®¤¥«¨, ®âà�¦�îé¨¥ úá«®¦¨¢è¨¥áï ¢−ãâà¥−−¨¥
¬¥å�−¨§¬ë à�§¢¨â¨ï íª®−®¬¨ª¨ ª�ª æ¥«®£®û [1, á. 492]. ’®£¤� ¦¥ ¢ ¯¥à¢®©
áâ�âì¥ ® ¬®¤¥«¨ −®à¬�«¨§®¢�−−®© íª®−®¬¨ª¨ [2] ¡ë«� ¯à¥¤«®¦¥−� ª®−æ¥¯æ¨ï íª®-
−®¬¨ç¥áª®© á¨áâ¥¬ë, £¤¥ úãáâ�−®¢«¥−−ë¥ §�ª®−®¬ ¯à�¢¨«� ¨ £®áã¤�àáâ¢¥−−ë¥
ã¯à�¢«ïîé¨¥ ¢®§¤¥©áâ¢¨ï ¤®«¦−ë −�¯à�¢«ïâì íª®−®¬¨ç¥áªãî ¤¥ïâ¥«ì−®áâì −�-
á¥«¥−¨ï −� §�é¨âã ¨ à�§¢¨â¨¥ ¯®â¥−æ¨�«� áâà�−ëû [2, á. 118]. �ë«� ®¡®á−®¢�−�
−¥®¡å®¤¨¬®áâì á¢®¥¢à¥¬¥−−®© �¤�¯â�æ¨¨ ãáâà®©áâ¢� íª®−®¬¨ç¥áª®£® ¬¥å�−¨§¬�
ª ¨§¬¥−ïîé¨¬áï á®æ¨�«ì−®-íª®−®¬¨ç¥áª¨¬ ®â−®è¥−¨ï¬ ¨ ¯¥à¥¤®¢ë¬ â¥å−®«®-

1‚ëç¨á«¨â¥«ì−ë© æ¥−âà ¨¬. �. �. „®à®¤−¨æë−� ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà�
úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, vdilyin@yandex.ru
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£¨ï¬ ç¥«®¢¥ª®-¬�è¨−−®© áà¥¤ë, ¢ ª®â®à®© ®− äã−ªæ¨®−¨àã¥â (� úíª®−®¬¨áâë
¯à®¤®«¦�«¨ ¤¥à¦�âìáï ª®−æ¥¯æ¨¨ ¤¥−¥£ ª�ª â®¢�à�-¯®áà¥¤−¨ª�, −¥ à¥�£¨àãï −�
¯à¨−æ¨¯¨�«ì−ë¥ â¥å−®«®£¨ç¥áª¨¥ ¯¥à¥¬¥−ë ¢ ¢®§¬®¦−®áâïå ¤®ªã¬¥−â¨à®¢�−¨ï
íª®−®¬¨ç¥áª¨å á¤¥«®ªû [2, á. 117]). ‚ à�§¤. 3.4 [‚−¥è−¨© ®¡¬¥− â®¢�à�¬¨
(íªá¯®àâ/̈ ¬¯®àâ)] [2, á. 131] ¡ë«® ¯à¥¤«®¦¥−® ¯à¨−ïâì, çâ® ú¯à¨¬¥−¨¬ë ¤¥−ì£¨
â®«ìª® á¨áâ¥¬, ãç�áâ¢ãîé¨å ¢ á¤¥«ª¥û.

‚ −�è¨ ¤−¨, ¯®¤â¢¥à¦¤�ï ¯®«®¦¥−¨ï ®¡−®¢«ïîé¥©áï ª®−æ¥¯æ¨¨ ¬®¤¥«¨ −®à-
¬�«¨§®¢�−−®© íª®−®¬¨ª¨ [2{4], ¡ëáâàë¬¨ â¥¬¯�¬¨ à�§¢¨¢�îâáï ®−«�©−-á¥à¢¨áë
¢ â®à£®¢«¥, ¡�−ª®¢áª®© ¨ ¤àã£¨å ®¡«�áâïå ¤¥ïâ¥«ì−®áâ¨. ˆ−â¥−á¨¢−® à�áâ¥â
¯à¨¬¥−¥−¨¥ à®¡®â®¢ ¢ ¯à®¬ëè«¥−−®áâ¨1, ¤®¡ë¢�îé¨å ª®¬¯�−¨ïå2, á¥«ìáª®¬
å®§ï©áâ¢¥3 ¨ ¤àã£¨å ®¡«�áâïå ¤¥ïâ¥«ì−®áâ¨. “¢¥«¨ç¨¢�¥âáï ç¨á«® áâà�−, á ª®â®-
àë¬¨ ÷®áá¨ï §�ª«îç¨«� á®£«�è¥−¨ï ® ¯à¨¬¥−¥−¨¨ −�æ¨®−�«ì−ëå ¢�«îâ ¢ â®à£®-
¢ëå á¤¥«ª�å. �à¨¡«¨¦�îâáï ¤−¨, ª®£¤� ¢ −®à¬�«¨§®¢�−−®© ¡�−ª®¢áª®© á¨áâ¥¬¥
¯à¨¢ëç−ë¥ ¤«ï �ªâ¨¢−ëå ãç�áâ−¨ª®¢ íª®−®¬¨ç¥áª®© ¤¥ïâ¥«ì−®áâ¨ á¬�àâä®−ë
¨ ¯«�−è¥âë áâ�−ãâ ¢ë¯®«−ïâì à®«¨ ¯¥àá®−�«ì−ëå í«¥ªâà®−−ëå ¡�−ª®¢ [2, á. 126].
�� £®áã¤�àáâ¢¥−−®¬ ãà®¢−¥ ÷®áá¨¨ ¯à¨§−�−¨¥ ®¯à¥¤¥«ïîé¥© á¢ï§¨ íää¥ªâ¨¢-
−®áâ¨ å®§ï©áâ¢¥−−®© ¨ ¤àã£¨å ¢¨¤®¢ á®¢à¥¬¥−−®© ¤¥ïâ¥«ì−®áâ¨ á ¯à¨¬¥−¥−¨¥¬
¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨© ¢ëà�¦¥−® ¢ ¯à®£à�¬¬¥ ú–¨äà®¢�ï íª®−®¬¨ª� ÷®á-
á¨©áª®© ”¥¤¥à�æ¨¨û [5]. ”®à¬�«ì−® ãç�áâ¢ãï ¢ à¥�«¨§�æ¨¨ íâ®© ¯à®£à�¬¬ë,
¡�−ª¨ ¯®-¯à¥¦−¥¬ã áâà¥¬ïâáï á®åà�−¨âì ¢®§¬®¦−®áâì á«�¡® ®£à�−¨ç¥−−®£® à�á-
¯®àï¦¥−¨ï ¤¥−¥¦−ë¬¨ áà¥¤áâ¢�¬¨ ª«¨¥−â®¢, â®à£®¢«¨ ªà¥¤¨â�¬¨, ¢�«îâ−®©
á¯¥ªã«ïæ¨¨ ¨ ¤àã£®© ¤¥ïâ¥«ì−®áâ¨, ã¬¥−ìè�îé¥© â®¢�à−ãî ¥¬ª®áâì ¤¥−¥£. ‘ −�-
ç�«®¬ à¥�«¨§�æ¨¨ ¨¤¥¨ á®¢¥àè¥−áâ¢®¢�−¨ï à�§«¨ç−ëå ¢¨¤®¢ ¤¥ïâ¥«ì−®áâ¨ (−¥
â®«ìª® ®â−®áïé¨åáï ª íª®−®¬¨ª¥) ¯ãâ¥¬ ¯à¨¬¥−¥−¨ï ª®¬¯ìîâ¥à®¢ ¨ ª®¬¯ìîâ¥à-
−ëå ãáâà®©áâ¢ (−�§¢�−−®© æ¨äà®¢¨§�æ¨¥© íª®−®¬¨ª¨ [6, 7]) ¢®§−¨ª«¨ ¨ á â¥å
¯®à −¥ ãâ¨å�îâ ¤¨áªãáá¨¨ ® §−�ç¥−¨¨ æ¨äà®¢¨§�æ¨¨, −�¯à�¢«¥−¨ïå ¥¥ à�§¢¨â¨ï
¨ ¯®á«¥¤áâ¢¨ïå [8, 9] . �� á®¢à¥¬¥−−®¬ íâ�¯¥ ¢ â¥å−®«®£¨ç¥áª®¬ ï¤à¥ æ¨äà®-
¢¨§�æ¨¨ ¨−â¥−á¨¢−® ¯à®¤¢¨£�îâáï M2M-â¥å−®«®£¨¨ (Machine-to-Machine) [10,
11], â¥å−®«®£¨¨ ®¡«�ç−ëå ¢ëç¨á«¥−¨© (Cloud Computing) ¨ í«¥ªâà®−−ëå á¥à¢¨-
á®¢ [12{15], ¨−â¥à−¥â� ¢¥é¥© (Internet of Things, IoT) [16], æ¨äà®¢ëå ¤¢®©−¨ª®¢

(Digital Twins4). “á¯¥è−®¥ à�§¢¨â¨¥ íâ¨å ¨ ¤àã£¨å ¯¥à¥¤®¢ëå ¨−ä®à¬�æ¨®−−ëå
â¥å−®«®£¨© á®§¤�¥â ¯à¥¤¯®áë«ª¨ ¤«ï ãáª®à¥−¨ï ¯¥à¥å®¤� ª −®à¬�«¨§®¢�−−®¬ã
íª®−®¬¨ç¥áª®¬ã ¬¥å�−¨§¬ã [2{4].

‡�¯¨áì ä®à¬ã« ¨ ¢ë¤¥«¥−¨¥ äà�£¬¥−â®¢ â¥ªáâ�. „«ï ¢ë¤¥«¥−¨ï ®¯à¥¤¥«¥-
−¨©, §�¬¥ç�−¨© ¨ ¯à¨¬¥à®¢ ¨á¯®«ì§ãîâáï áà¥¤áâ¢� ï§ëª� TSM-ª®¬¯«¥ªá� (TSM:

1�à¨¬¥−¥−¨¥ ¯à®¬ëè«¥−−ëå à®¡®â®¢: ¯®¯ã«ïà−ë¥ −�¯à�¢«¥−¨ï à®¡®â¨§�æ¨¨ // MENTA-
MORE. https://mentamore.com/robototexnika/primenenie-promyshlennyx-robotov.html.

2�®©ª® �. „®¡ë¢�îé¨¥ ª®¬¯�−¨¨ ¨ à®¡®â¨§�æ¨ï // RoboTrends. http://robotrends.ru/
robopedia/1711-dobyvayushie-kompanii-i-robotizaciya.

3�®©ª® �. ‘¥«ìáª®¥ å®§ï©áâ¢® ¨ à®¡®âë // RoboTrends. http://robotrends.ru/robopedia/
selskoe-hozyaystvo-i-roboty.

4The New Age of Manufacturing: Digital Twin Technology & IIoT. https://medium.com/
@lior.kitain/the-new-age-of-manufacturing-digital-twin-technology-iiot-494acee5572a.
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Œ®¤¥«ì −®à¬�«¨§®¢�−−®© íª®−®¬¨ª¨ ¨ �ªâã�«ì−ë¥ â¥å−®«®£¨¨ æ¨äà®¢¨§�æ¨¨

textual symbolic modeling), à�§à�¡®â�−−®£® ¤«ï ä®à¬�«¨§®¢�−−®£® ®¯¨á�−¨ï â¥ª-
áâ®¢ëå ¬®¤¥«¥©1.

‚ áâ�âì¥ ¯à¨¬¥−¥−ë á«¥¤ãîé¨¥ áà¥¤áâ¢� ¢ë¤¥«¥−¨ï äà�£¬¥−â®¢ â¥ªáâ�:
� 〈äà�£¬¥−â ®¯¨á�−¨ï〉 �≈ ãâ¢¥à¦¤¥−¨¥ (®¯à¥¤¥«¥−¨¥, �ªá¨®¬� ¨ ¤à.) (§¤¥áì

¨ ¤�«¥¥ á¨¬¢®« ≈ §�¬¥−ï¥â á«®¢® ú®§−�ç�¥âû);
♦ 〈äà�£¬¥−â ®¯¨á�−¨ï〉 ♦ ≈ §�¬¥ç�−¨¥;
© 〈äà�£¬¥−â ®¯¨á�−¨ï〉 © ≈ ¯à¨¬¥à.
Šãàá¨¢®¬ ¢ë¤¥«¥−ë ¯¥à¢ë¥ ¢å®¦¤¥−¨ï −�§¢�−¨© ¯®−ïâ¨© ¨ äà�£¬¥−âë ®¯¨-

á�−¨ï, ª ª®â®àë¬ �¢â®à å®ç¥â ¯à¨¢«¥çì ¢−¨¬�−¨¥.
�¡áã¦¤�¥¬ë¥ à¥§ã«ìâ�âë. ‚ ®¡§®à¥ ¯à¥¤áâ�¢«¥−ë à¥§ã«ìâ�âë, ¯®«ãç¥−−ë¥

¯à¨ ¢ë¯®«−¥−¨¨ −�ãç−®-¨áá«¥¤®¢�â¥«ìáª®© à�¡®âë úŒ®¤¥«¨à®¢�−¨¥ á®æ¨�«ì−ëå,
íª®−®¬¨ç¥áª¨å ¨ íª®«®£¨ç¥áª¨å ¯à®æ¥áá®¢û (ü 0063-2016-0005), ¢ë¯®«−ï¥¬®©
¢ á®®â¢¥âáâ¢¨¨ á £®áã¤�àáâ¢¥−−ë¬ §�¤�−¨¥¬ ”��� ÷®áá¨¨ ¤«ï ”¥¤¥à�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷��.

2 Нормализованный экономический механизм: общая характеристика

� �®à¬�«¨§®¢�−−ë© íª®−®¬¨ç¥áª¨© ¬¥å�−¨§¬ | àë−®ç−ë© íª®−®¬¨ç¥áª¨©
¬¥å�−¨§¬, ª®¬¯«¥ªáë ª®â®à®£® (á¬. â�¡«¨æã) à�¡®â�îâ −� ®á−®¢¥ ®−«�©−-á¥à-
¢¨á®¢, äã−ªæ¨®−¨àãîé¨å ¢ áà¥¤¥ æ¨äà®¢ëå ¤¢®©−¨ª®¢. �à¥¤áâ�¢«ï¥â á®¡®©
ç¥«®¢¥ª®-¬�è¨−−ãî á¨áâ¥¬ã, á¢ï§�−−ãî ®â−®è¥−¨ï¬¨ ª®®à¤¨−�æ¨¨ ¨ ¯®¤ç¨−¥-
−¨ï á £®áã¤�àáâ¢¥−−ë¬ ¬¥å�−¨§¬®¬. “áâà®©áâ¢® ¨ ¯à�¢¨«� äã−ªæ¨®−¨à®¢�−¨ï
��Œ, ãáâ�−®¢«¥−−ë¥ £®áã¤�àáâ¢¥−−ë¬¨ §�ª®−�¬¨, áâ¨¬ã«¨àãîâ ¢¥áâ¨ å®§ï©-
áâ¢¥−−ãî ¤¥ïâ¥«ì−®áâì, ®à¨¥−â¨à®¢�−−ãî −� §�é¨âã ¨ à�§¢¨â¨¥ ¯®â¥−æ¨�«�
áâà�−ë. „¥«�¥âáï íâ® ¯®áà¥¤áâ¢®¬ −�«®£®¢, ¯®è«¨− ¨ ¤àã£¨å íª®−®¬¨ç¥áª¨å
¨−áâàã¬¥−â®¢. �

�á−®¢−ë¥ ª®¬¯«¥ªáë ��Œ

“¯à�¢«¥−¨¥
íª®−®¬¨ç¥áª®©
¤¥ïâ¥«ì−®áâìî

÷¥áãàá−®¥ ®¡¥á¯¥ç¥−¨¥
�à®¨§¢®¤áâ¢® à¥�«ì−ëå â®¢�à®¢
’®à£®¢«ï
÷¥§¥à¢¨à®¢�−¨¥ ¦¨§−¥−−®-−¥®¡å®¤¨¬ëå â®¢�à®¢
ˆ−¢¥áâ¨à®¢�−¨¥
ƒ®áã¤�àáâ¢¥−−ë© ¡î¤¦¥â, à¥§¥à¢ë, −�«®£¨, ¯®è«¨−ë
÷¥£¨®−�«ì−ë¥ ¡î¤¦¥âë ¨ −�«®£¨
�à®ä¥áá¨®−�«ì−®¥ ®¡à�§®¢�−¨¥ ¨ à�§¢¨â¨¥ −�á¥«¥−¨ï
÷�§¢¨â¨¥ á¨áâ¥¬ ®à£�−¨§�æ¨¨ ¨ ®¡¥á¯¥ç¥−¨ï ¦¨§−¥¤¥ïâ¥«ì−®áâ¨
‚®ááâ�−®¢«¥−¨¥ ¨ à�§¢¨â¨¥ áà¥¤ë ®¡¨â�−¨ï
”®−¤ë á®æ¨�«ì−®£® ®¡¥á¯¥ç¥−¨ï
„®ªã¬¥−â¨à®¢�−¨¥ â®¢�à−®-¤¥−¥¦−®£® ®¡à�é¥−¨ï ¨ ¨¬ãé¥áâ¢¥−−ëå
áâ�âãá®¢ (®áãé¥áâ¢«ï¥âáï −®à¬�«¨§®¢�−−®© ¡�−ª®¢áª®© á¨áâ¥¬®©)

1ˆ«ì¨− ‚. „. ‘¨¬¢®«ì−®¥ ¬®¤¥«¨à®¢�−¨¥ // �®«ìè�ï à®áá¨©áª�ï í−æ¨ª«®¯¥¤¨ï (í«¥ªâà®−−�ï
¢¥àá¨ï). http://dev.bigenc.ru/technology and technique/text/4010980.
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��Œ-ª®¬¯«¥ªá ã¯à�¢«¥−¨ï íª®−®¬¨ç¥áª®© ¤¥ïâ¥«ì−®áâìî ®¯à¥¤¥«ï¥â æ¥«¨
¨ à¥�«¨§ãîé¨¥ ¨å §�¤�ç¨ à�§¢¨â¨ï íª®−®¬¨ç¥áª®© á¨áâ¥¬ë áâà�−ë; ª®®à¤¨−¨àã¥â
à¥è¥−¨¥ íâ¨å §�¤�ç [3, 4]. ��Œ-ª®¬¯«¥ªáë à¥áãàá−®£® ®¡¥á¯¥ç¥−¨ï ¨ ¯à®¨§-
¢®¤áâ¢� â®¢�à®¢ á«ã¦�â ï¤à®¬ ��Œ. ‚ ¤®¯®«−¥−¨¥ ª £®áã¤�àáâ¢¥−−®¬ã à¥§¥à-
¢¨à®¢�−¨î æ¥«¥á®®¡à�§−® à�§¢¨¢�âì á¥âì åà�−¨«¨é −¥£®áã¤�àáâ¢¥−−®£® à¥§¥à¢�
¦¨§−¥−−®-−¥®¡å®¤¨¬ëå â®¢�à®¢ (¦−-â®¢�à®¢). Ÿ¤à®¬ ª®¬¯«¥ªá� ¤®ªã¬¥−â¨à®-
¢�−¨ï â®¢�à−®-¤¥−¥¦−®£® ®¡à�é¥−¨ï ¨ ¨¬ãé¥áâ¢¥−−ëå áâ�âãá®¢ í¤-ãç�áâ−¨ª®¢
ï¢«ï¥âáï á¨áâ¥¬� ¨¬ãé¥áâ¢¥−−ëå áâ�âãá®¢ (á¬. à�§¤. 3). ‘¯¥æ¨ä¨æ¨à®¢�−−ë¥
¨¬ãé¥áâ¢¥−−ë¥ ®¡ê¥ªâë (á¨-®¡ê¥ªâë) −®à¬�«¨§®¢�−−®© íª®−®¬¨ç¥áª®© á¨áâ¥-
¬ë | íâ® ¯à¨−�¤«¥¦�é¨¥ ä¨§¨ç¥áª¨¬ ¨ îà¨¤¨ç¥áª¨¬ «¨æ�¬ áà¥¤áâ¢� ¯à®¨§¢®¤-
áâ¢�, à¥�«¨§�æ¨¨ ¨ à¥§¥à¢¨à®¢�−¨ï â®¢�à®¢, áà¥¤áâ¢� ¤®ªã¬¥−â¨à®¢�−¨ï, � â�ª¦¥
¯à¥¤¬¥âë ¯®âà¥¡«¥−¨ï, §�à¥£¨áâà¨à®¢�−−ë¥ ¢ íª®−®¬¨ç¥áª®© á¨áâ¥¬¥.

� ’®¢�à | ¯à®¤�¢�¥¬ë© á¨-®¡ê¥ªâ. � ♦ Š�¦¤®¬ã â®¢�àã ¯®áâ�¢«¥−� ¢ á®-
®â¢¥âáâ¢¨¥ í«¥ªâà®−−�ï ã−¨ä¨æ¨à®¢�−−�ï á¯¥æ¨ä¨ª�æ¨ï, ¢ ª®â®à®© ãª�§�−ë
−�¨¬¥−®¢�−¨¥ â®¢�à�, −�§−�ç¥−¨¥ ¨ ¤àã£¨¥ á¢¥¤¥−¨ï. ♦

3 Система имущественных статусов и нормализованные деньги

� ‘¨áâ¥¬� ¨¬ãé¥áâ¢¥−−ëå áâ�âãá®¢ (¨á-á¨áâ¥¬�) | íâ® à¥�«¨§ã¥¬�ï −�
®á−®¢¥ ®−«�©−-á¥à¢¨á®¢ á¨áâ¥¬� ¤®ªã¬¥−â�«ì−®£® ¯à¥¤áâ�¢«¥−¨ï ¤¥−¥¦−®© ¨ −¥-
¤¥−¥¦−®© á®áâ�¢«ïîé¨å ¨¬ãé¥áâ¢¥−−ëå áâ�âãá®¢ í¤-ãç�áâ−¨ª®¢ [2{4]. „¥-
−¥¦−�ï á®áâ�¢«ïîé�ï ¢ëà�¦¥−� §−�ç¥−¨ï¬¨ áã¬¬ �„ ¢ à�§¤¥«�å ã−¨ª�«ì−ëå
¯®«¨¢�«îâ−ëå áç¥â®¢ í¤-ãç�áâ−¨ª®¢ (¨á-áç¥â®¢). �¥¤¥−¥¦−�ï | ¤®ªã¬¥−â�¬¨,
¯®¤â¢¥à¦¤�îé¨¬¨ ¯à�¢® á®¡áâ¢¥−−®áâ¨ −� −¥¤¢¨¦¨¬®áâì, âà�−á¯®àâ ¨ ¤àã-
£®¥ ¨¬ãé¥áâ¢®, ª®â®à®¥ ¯à¨ −¥®¡å®¤¨¬®áâ¨ ¬®¦¥â à�áá¬�âà¨¢�âìáï ª�ª §�«®£®-
¢®¥. �

� ˆá-áç¥â | ã−¨ª�«ì−ë© ¯®«¨¢�«îâ−ë© ¡�−ª®¢áª¨© áç¥â, à�§¬¥é¥−−ë©
¢ ¯¥àá®−�«ì−®¬ í«¥ªâà®−−®¬ ¡�−ª¥ ä¨§¨ç¥áª®£® «¨æ� ¨«¨ ª®à¯®à�â¨¢−®¬ í«¥ª-
âà®−−®¬ ¡�−ª¥ îà¨¤¨ç¥áª®£® «¨æ�. �

� �®à¬�«¨§®¢�−−ë¥ ¤¥−ì£¨ | ã−¨¢¥àá�«ì−®¥ í«¥ªâà®−−®¥ áà¥¤áâ¢® ª®«¨ç¥-
áâ¢¥−−®£® ¤®ªã¬¥−â¨à®¢�−¨ï ¨¬ãé¥áâ¢¥−−ëå ®â−®è¥−¨©, ã¤®áâ®¢¥àï¥¬ëå £®áã-
¤�àáâ¢®¬. �à¥¤−�§−�ç¥−® ¤«ï ¯à¥¤áâ�¢«¥−¨ï áâ®¨¬®áâ¨ â®¢�à®¢ ¨ ¨¬ãé¥áâ¢¥−-
−ëå áâ�âãá®¢ í¤-ãç�áâ−¨ª®¢, ¤«ï ®¯«�âë â®¢�à®¢, ¨−¢¥áâ¨à®¢�−¨ï ¨ −�ª®¯«¥−¨ï
¡®£�âáâ¢�. “−¨¢¥àá�«ì−®áâì �„ ¢ëà�¦�¥âáï ¢ ¯à¨¬¥−¨¬®áâ¨ ¢® ¢á¥å ¢−ãâà¥−-
−¨å ¨ ¢−¥è−¨å íª®−®¬¨ç¥áª¨å á¤¥«ª�å, à�§à¥è¥−−ëå §�ª®−®¬ £®áã¤�àáâ¢�, ¯®¤
îà¨á¤¨ªæ¨¥© ª®â®à®£® äã−ªæ¨®−¨àã¥â íª®−®¬¨ç¥áª�ï á¨áâ¥¬�. �

4 Нормализованная банковская система

��−ª®¢áª�ï á¨áâ¥¬� ��Œ (−®à¬�«¨§®¢�−−�ï ¡�−ª®¢áª�ï á¨áâ¥¬�) ¢ª«îç�-
¥â ���ë ) ä¨§¨ç¥áª¨å «¨æ, Š��ë, ¡�−ª¨-¯à®¢�©¤¥àë ¨ ¡�−ª-à¥£ã«ïâ®à, ¯®¤
ã¯à�¢«¥−¨¥¬ ª®â®à®£® äã−ªæ¨®−¨àãîâ ¢á¥ ¤àã£¨¥ ¡�−ª¨ [2{4].
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Œ®¤¥«ì −®à¬�«¨§®¢�−−®© íª®−®¬¨ª¨ ¨ �ªâã�«ì−ë¥ â¥å−®«®£¨¨ æ¨äà®¢¨§�æ¨¨

� ��−ª-à¥£ã«ïâ®à | £®áã¤�àáâ¢¥−−®¥ ãçà¥¦¤¥−¨¥, ã¯à�¢«ïîé¥¥ äã−ªæ¨®-
−¨à®¢�−¨¥¬ ¡�−ª®¢áª®© á¨áâ¥¬ë ��Œ. ‡�¤�ç¨ ¡�−ª�-à¥£ã«ïâ®à�, à¥�«¨§ã¥¬ë¥
¯®áà¥¤áâ¢®¬ ®−«�©−-á¥à¢¨á®¢:

{ ¢ë¤�ç� ¨ ®â§ë¢ «¨æ¥−§¨© −� ¯à�¢® ¡�−ª®¢áª®© ¤¥ïâ¥«ì−®áâ¨ (¢«�¤¥«ìæ�¬
���®¢, Š��®¢ ¨ ¡�−ª®¢-¯à®¢�©¤¥à®¢);

{ ª®−âà®«ì ¨á¯®«ì§®¢�−¨ï ¢�«îâ−ëå ç�áâ¥© ¨á-áç¥â®¢;

{ ã¤®áâ®¢¥à¥−¨¥ ®¯¥à�æ¨© −�¤ ¨á-áç¥â�¬¨ ¯à¨ á®¢¥àè¥−¨¨ ª®−âà®«¨àã¥¬ëå
á¤¥«®ª;

{ ®¡á«ã¦¨¢�−¨¥ §�¯à®á®¢ −� ¤®áà®ç−ë© ¢®§¢à�â ¤®«£®¢ ¨ ¢ë¯®«−¥−¨¥ ¤®«£®¢®©
¤¥−¥¦−®© í¬¨áá¨¨ (¯à¨ à¥�«¨§�æ¨¨ â¥å−®«®£¨¨ ¤®«£®¢®© â®à£®¢«¨) [4,17];

{ ª®−âà®«ì ¢ë¯®«−¥−¨ï í¤-ãç�áâ−¨ª�¬¨ ¯à�¢¨« ¡�−ª®¢áª®© ¤¥ïâ¥«ì−®áâ¨; �−�-
«¨§ ä¨−�−á®¢®© á®áâ�¢«ïîé¥© íª®−®¬¨ç¥áª®© ¤¥ïâ¥«ì−®áâ¨ ¨ ¯à¥¤®áâ�¢«¥−¨¥
à¥§ã«ìâ�â®¢ ¢ ¯®àï¤ª¥, ãáâ�−®¢«¥−−®¬ §�ª®−®¬;

{ à�§à�¡®âª�, ¬®¤¨ä¨ª�æ¨ï ¨ ãâ¢¥à¦¤¥−¨¥ ¯à®è¥¤è¨å â¥áâ¨à®¢�−¨¥ ã−¨ä¨-
æ¨à®¢�−−ëå ä®à¬ ¡�−ª®¢áª¨å ¤®ªã¬¥−â®¢ (¢ª«îç�ï ¨á-áç¥â�);

{ ª®−âà®«ì íää¥ªâ¨¢−®áâ¨ à�§¬¥é¥−¨ï áà¥¤áâ¢ £®áã¤�àáâ¢¥−−®£® ¤¥−¥¦−®£®
à¥§¥à¢�, ä®−¤®¢ £®áã¤�àáâ¢¥−−®© á®æ¨�«ì−®© §�é¨âë, ¤àã£¨å £®áã¤�àáâ¢¥−-
−ëå ä®−¤®¢ ¨ ä®−¤®¢ á £®áã¤�àáâ¢¥−−ë¬ ãç�áâ¨¥¬. �

��−ª-à¥£ã«ïâ®à à�á¯®«�£�¥â á¥âìî á¥à¢¥à®¢, à�§¬¥é¥−−ëå −� â¥àà¨â®à¨¨ áâà�-
−ë, ¯®¤ îà¨á¤¨ªæ¨¥© ª®â®à®© −�å®¤¨âáï íª®−®¬¨ç¥áª�ï á¨áâ¥¬�.

� ��−ª¨-¯à®¢�©¤¥àë | ª®¬¬¥àç¥áª¨¥ ¯à¥¤¯à¨ïâ¨ï, ãçà¥¦¤¥−−ë¥ îà¨¤¨-
ç¥áª¨¬¨ «¨æ�¬¨ (¨«¨ ®¡ê¥¤¨−¥−¨ï¬¨ îà¨¤¨ç¥áª¨å «¨æ, ®¡ê¥¤¨−¥−¨ï¬¨ ä¨§¨-
ç¥áª¨å «¨æ, ®¡ê¥¤¨−¥−¨ï¬¨ îà¨¤¨ç¥áª¨å ¨ ä¨§¨ç¥áª¨å «¨æ), §�−¨¬�îé¨¬¨áï
¯à®¨§¢®¤áâ¢®¬ â®¢�à®¢ /̈̈ «¨ ¨å à¥�«¨§�æ¨¥©. ��−ª-¯à®¢�©¤¥à à�á¯®«�£�¥â ®¡ê-
¥¤¨−¥−−ë¬¨ ¢ á¥âì á¥à¢¥à�¬¨, ¯à¥¤−�§−�ç¥−−ë¬¨ ¤«ï ®¡á«ã¦¨¢�−¨ï §�¯à®á®¢ ®â
���®¢ ¨ Š��®¢ ª«¨¥−â®¢ ¨ ¢§�¨¬®¤¥©áâ¢¨ï á á¥à¢¥à�¬¨ ¡�−ª�-à¥£ã«ïâ®à�.

�−«�©−-á¥à¢¨áë ¡�−ª�-¯à®¢�©¤¥à� ¯à¥¤−�§−�ç¥−ë:

{ ¤«ï ®¡á«ã¦¨¢�−¨ï §�¯à®á®¢ ¢«�¤¥«ìæ¥¢ ¨á-áç¥â®¢, −�¯à�¢«ï¥¬ëå ¯®áà¥¤-
áâ¢®¬ ���®¢ ¨ Š��®¢ ¯à¨ á®¢¥àè¥−¨¨ á¤¥«®ª (¢ª«îç�ï §�¯à®áë −� ã¤®-
áâ®¢¥à¥−¨¥ á®áâ®ï−¨ï ¨á-áç¥â®¢ ¯�àâ−¥à®¢ ¯® á¤¥«ª�¬, −�¯à�¢«ï¥¬ë¥ á ¨å
à�§à¥è¥−¨ï);

{ åà�−¥−¨ï ¨ ®¡−®¢«¥−¨ï §�è¨äà®¢�−−ëå ª®¯¨© ¨á-áç¥â®¢ ª«¨¥−â®¢ ¡�−ª�-
¯à®¢�©¤¥à�;

{ �−�«¨§� ¨−¢¥áâ¨æ¨®−−ëå §�¯à®á®¢ ª«¨¥−â®¢ (¯®â¥−æ¨�«ì−ëå ¨−¢¥áâ®à®¢ ¨ ¯®-
«ãç�â¥«¥© ¨−¢¥áâ¨æ¨©), ¯à¨ íâ®¬ ¡�−ª¨-¯à®¢�©¤¥àë ¬®£ãâ ¢ë¯®«−ïâì §�ª�§ë
¯®«ãç�â¥«¥© ¨−¢¥áâ¨æ¨© −� ª®−á®«¨¤�æ¨î §�ï¢®ª ¨−¢¥áâ®à®¢, çâ®¡ë ª®¬-
¯«¥ªá¨à®¢�âì §�ª�§�−−ãî áã¬¬ã ¨−¢¥áâ¨æ¨¨;

{ à¥£¨áâà�æ¨¨ §�ª«îç¥−−ëå ¤®£®¢®à®¢ (á ª®−âà®«¥¬ ¤®¯ãáâ¨¬®áâ¨ á¤¥«®ª) ¨ ¢¥-
¤¥−¨ï ¡�§ ¤�−−ëå â�ª¨å ¤®£®¢®à®¢;

{ îà¨¤¨ç¥áª®£® á®¯à®¢®¦¤¥−¨ï à¥�«¨§ã¥¬ëå á¤¥«®ª. �
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5 Технологии долговой электронной торговли и денежной эмиссии

�¤−� ¨§ �ªâã�«ì−ëå â¥å−®«®£¨© −®à¬�«¨§�æ¨¨ ¤¥©áâ¢ãîé¥£® ¢ ÷®áá¨¨ íª®−®-
¬¨ç¥áª®£® ¬¥å�−¨§¬� | â¥å−®«®£¨ï í«¥ªâà®−−®© ¤®«£®¢®© â®à£®¢«¨, ¯à¨ ª®â®à®©
®âáà®ç¥−−�ï ç�áâì ®¯«�âë â®¢�à� ®ä®à¬«ï¥âáï ª�ª ¤®«£ ¯®ªã¯�â¥«ï ¯à®¤�¢æã
(−¥ ¡�−ªã!), ¨¬¥îé¥¬ã Š�� ¨«¨ ��� [4, 17]. �à¨¬¥−¨â¥«ì−® ª ¤®«£�¬, ®¡à�-
§®¢�¢è¨¬áï ¢ à¥§ã«ìâ�â¥ ¯à®¤�¦¨ ¯à¨®à¨â¥â−ëå ¦−-â®¢�à®¢, ¬®£ãâ ¤¥©áâ¢®¢�âì
¯à�¢¨«� ¤®áà®ç−®£® ¢®§¢à�â� ¤®«£®¢ ¯à®¤�¢æ�¬ ¨§ áà¥¤áâ¢ ¡�−ª�-à¥£ã«ïâ®à�.
♦ „®áà®ç−ë¬ ¢®§¢à�â®¬ ¤®«£®¢ ¯à®¤�¢æ�¬ ¯à¨®à¨â¥â−ëå â®¢�à®¢ ¡�−ª-à¥£ã-
«ïâ®à à¥�«¨§ã¥â â¥ªãéãî £®áã¤�àáâ¢¥−−ãî ¯à®£à�¬¬ã ¯®¤¤¥à¦ª¨ ¯à®¨§¢®¤áâ¢�
¨ ¯à®¤�¦¨ â�ª¨å â®¢�à®¢. ♦

� „®«£®¢�ï ¤¥−¥¦−�ï í¬¨áá¨ï ¢ë¯®«−ï¥âáï ¡�−ª®¬-à¥£ã«ïâ®à®¬ â®«ìª® â®-
£¤�, ª®£¤� áã¬¬� ¢®§¢à�é¥−−ëå ¯®ªã¯�â¥«ï¬¨ ¤®«£®¢ ¬¥−ìè¥ ®ç¥à¥¤−®© ¤®«£®¢®©
áã¬¬ë, §�¯à®è¥−−®© ¤«ï ¢®§¢à�â� ¯à®¤�¢æã. �¬¨â¨àã¥¬�ï áã¬¬� à�¢−� à�§−®áâ¨
§�¯à®è¥−−®© ¤®«£®¢®© áã¬¬ë ¨ áã¬¬ë −� áç¥âã ¤®«£®¢®£® ®â¤¥«�. � „®«£®¢�ï
¤¥−¥¦−�ï í¬¨áá¨ï á«ã¦¨â áà¥¤áâ¢®¬ à¥£ã«¨à®¢�−¨ï ®¡é¥© áã¬¬ë ¤¥−¥£ ¢ íª®-
−®¬¨ç¥áª®© á¨áâ¥¬¥. ’�ª¨¬ á¯®á®¡®¬ ®áãé¥áâ¢«ï¥âáï à¥£ã«¨à®¢�−¨¥ â®¢�à−®©
¥¬ª®áâ¨ ¤¥−¥£. ♦ �à�¢¨«�, à¥�«¨§ã¥¬ë¥ ¢ â¥å−®«®£¨¨, ¨áª«îç�îâ ¢®§¬®¦−®áâì
í¬¨áá¨¨ ¤¥−¥¦−ëå áã¬¬, −¥ ®¡¥á¯¥ç¥−−ëå â®¢�à�¬¨. ♦

6 Технология поливалютного рынка

‚ ª®−æ¥¯æ¨¨ ¯®«¨¢�«îâ−®£® àë−ª� ��Œ â¥å−®«®£¨¨ ¢−¥è−¥íª®−®¬¨ç¥áª¨å
á¤¥«®ª äã−ªæ¨®−¨àãîâ â�ª, çâ® ¤«ï «î¡®© ¯�àë áâà�− −� ª�¦¤®¬ ®âà¥§ª¥
¢à¥¬¥−¨ ®¯à¥¤¥«¥−® −¥ª®â®à®¥ ¬−®¦¥áâ¢® â®¢�à®¢, ¬−®¦¥áâ¢® ¯à¨¬¥−¨¬ëå ¤«ï
à�áç¥â®¢ ¢�«îâ, â�¬®¦¥−−ë¥ ¯à�¢¨«� ¨ ¯à�¢¨«� ¢−¥è−¥â®à£®¢ëå á¡®à®¢ [4]. „«ï
ª�¦¤®£® â¨¯� â®¢�à� í¤-ãç�áâ−¨ª¨ ¨¬¥îâ ¢®§¬®¦−®áâì á®¢¥àè�âì á¤¥«ª¨ ¢ «î¡®©
¢�«îâ¥ ¨§ á¯¨áª�, ï¢«ïîé¥£®áï ¯¥à¥á¥ç¥−¨¥¬ ¬−®¦¥áâ¢ ¢�«îâ, à�§à¥è¥−−ëå
¡�−ª�¬¨-à¥£ã«ïâ®à�¬¨ £®áã¤�àáâ¢, ª ª®â®àë¬ ®â−®áïâáï ãç�áâ−¨ª¨ á¤¥«ª¨.

♦ �� ¯®«¨¢�«îâ−®¬ àë−ª¥ ��Œ ¤®«£®¢�ï â®à£®¢«ï á«ã¦¨â áà¥¤áâ¢®¬, áâ¨-
¬ã«¨àãîé¨¬ ¯à®¤�¦¨ ¯à¨®à¨â¥â−ëå â®¢�à®¢ á ®¯«�â®© ¢ −�æ¨®−�«ì−®© ¢�«îâ¥:
¢®§¬®¦−®áâì ¢ ®â−®á¨â¥«ì−® ª®à®âª¨¥ áà®ª¨ ¯®«ãç¨âì ¤®«£®¢ãî ç�áâì áâ®¨¬®áâ¨
â®¢�à®¢ áãé¥áâ¢ã¥â ã ¯à®¤�¢æ®¢ ¢ â¥å á«ãç�ïå, ª®£¤� â®¢�àë ®¯«�ç¥−ë −�æ¨®-
−�«ì−®© ¢�«îâ®©. ♦

♦ –¥«¥á®®¡à�§−ë ®â−®è¥−¨ï ª®®à¤¨−�æ¨¨ ¬¥¦¤ã áâà�−�¬¨ (¯à¨ ¢ëà�¡®âª¥
¨ à¥�«¨§�æ¨¨ áå¥¬ ª®−âà®«ï ¨á¯®«−¥−¨ï ãª�§�−−ëå ¯à�¢¨«) ¨ −¥æ¥«¥á®®¡à�§−ë
«î¡ë¥ £«®¡�«ì−ë¥ à¥£ã«ïâ®àë, ®£à�−¨ç¨¢�îé¨¥ á¢®¡®¤ã íª®−®¬¨ç¥áª®£® ¢ë¡®à�
í¤-ãç�áâ−¨ª®¢. ♦

7 Технология назначенных платежей

� ��§−�ç¥−−ë© ¯«�â¥¦ | â¥å−®«®£¨ç¥áª¨ £�à�−â¨à®¢�−−�ï ®¯«�â� §�ª�-
§�−−ëå â®¢�à®¢, ¯à�¢¨«� à¥�«¨§�æ¨¨ ª®â®à®© ¦¥áâª® á¢ï§�−ë á ¯à�¢¨«�¬¨
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Œ®¤¥«ì −®à¬�«¨§®¢�−−®© íª®−®¬¨ª¨ ¨ �ªâã�«ì−ë¥ â¥å−®«®£¨¨ æ¨äà®¢¨§�æ¨¨

¨á¯®«−¥−¨ï §�ª�§� [18]. ‘ã¬¬� −�§−�ç¥−−®£® ¯«�â¥¦� ¯¥à¥¢®¤¨âáï −� áç¥â ¯®«ã-
ç�â¥«ï áà�§ã ¯®á«¥ â®£®, ª�ª §�ª�§ç¨ª ¯®¤â¢¥à¤¨« ¨á¯®«−¥−¨¥ §�ª�§�. ‚ á«ãç�¥
−¥¨á¯®«−¥−¨ï §�ª�§� −�§−�ç¥−−ë© ¯«�â¥¦ ®â¬¥−ï¥âáï. �

� ’¥å−®«®£¨ï −�§−�ç¥−−ëå ¯«�â¥¦¥© | á®¢®ªã¯−®áâì ¬¥â®¤®¢, áà¥¤áâ¢
¨ ¯à�¢¨« à¥�«¨§�æ¨¨ −�§−�ç¥−−ëå ¯«�â¥¦¥© ¢ áà¥¤¥ æ¨äà®¢ëå ¤¢®©−¨ª®¢. �

8 Технология ситуационного онлайн-бюджетирования

�−«�©−-¡î¤¦¥â¨à®¢�−¨¥ (−�æ¨®−�«ì−ëå ¨ à¥£¨®−�«ì−ëå ¯à®¥ªâ®¢) à�áá¬�â-
à¨¢�¥âáï ª�ª §�¤�ç� ¨−â¥à¢�«ì−®£® ¯«�−¨à®¢�−¨ï à�áå®¤®¢ á ãç¥â®¬ á¨âã�-
æ¨®−−® §�¢¨á¨¬ëå ®¡ï§�â¥«ì−ëå ¨ ®à¨¥−â¨àãîé¨å âà¥¡®¢�−¨© ª ¨áª®¬®¬ã
à¥è¥−¨î [19,20].

„«ï ç¨á«®¢®£® ®âà¥§ª� [amin, amax] (amin ≥ 0, amax > 0), §�¤�îé¥£® à�á-
¯à¥¤¥«ï¥¬ãî ¢¥«¨ç¨−ã (© áã¬¬ã ¤¥−¥£ ©), ®âà¥§ª®¢ [bmini , bmaxi ] (bmini ≥ 0,
bmaxi > 0, i = 1, . . . , n), §�¤�îé¨å §�¯à®áë ¯® à�áå®¤−ë¬ áâ�âìï¬, ¨ ¢¥á®¢ëå
ª®íää¨æ¨¥−â®¢ (¯à¨®à¨â¥â®¢) à�áå®¤−ëå áâ�â¥© pi > 0 (i = 1, . . . , n) âà¥¡ã¥âáï
−�©â¨ ¯«�− à�áå®¤®¢ ¯® áâ�âìï¬

[
xmini , xmaxi

]
:
{
0 ≤ xmini ≤ bmini , xmaxi ≤ bmaxi ,

∑
xmini ≤ amin,

∑
xmaxi ≤ amax, i = 1, . . . , n

}
. (1)

„«ï á®¢®ªã¯−®£® ¢¥ªâ®à� ¨áª®¬®£® ¯«�−� x = (xmin1 , . . . , xminn , xmax1 , . . . , xmaxn )
¬®¦¥â ¡ëâì â�ª¦¥ §�¤�− −�¡®à âà¥¡®¢�−¨©

Cx ≤ d← q , (2)

£¤¥ C | ¬�âà¨æ� ¢¥é¥áâ¢¥−−ëå ª®íää¨æ¨¥−â®¢ à�§¬¥à� k × 2n (k ≥ 1); d |
¢¥ªâ®à-áâ®«¡¥æ ¢¥é¥áâ¢¥−−ëå ª®−áâ�−â à�§¬¥à� k; q | ¢¥ªâ®à-áâ®«¡¥æ ¢¥á®¢ëå
ª®íää¨æ¨¥−â®¢ (¯à¨®à¨â¥â®¢) âà¥¡®¢�−¨© (0 < qi ≤ +∞, i = 1, . . . , k).

�¡ï§�â¥«ì−ë¥ âà¥¡®¢�−¨ï ¨¬¥îâ ¯à¨®à¨â¥â +∞. �à¨®à¨â¥âë ®à¨¥−â¨àã-
îé¨å âà¥¡®¢�−¨© §�¤�îâáï ¯®«®¦¨â¥«ì−ë¬¨ ¢¥é¥áâ¢¥−−ë¬¨ ç¨á«�¬¨. ♦ �à¨®-
à¨â¥âë §�¤�îâ íªá¯¥àâë-íª®−®¬¨áâë, ãç¨âë¢�ï ®â−®á¨â¥«ì−ãî ¢�¦−®áâì ¢ë¯®«-
−¥−¨ï à�áá¬�âà¨¢�¥¬ëå âà¥¡®¢�−¨©. ♦

’à¥¡®¢�−¨ï (1) ï¢«ïîâáï ®¡ï§�â¥«ì−ë¬¨. ’à¥¡®¢�−¨ï (2) ¬®£ãâ ¡ëâì ª�ª
®¡ï§�â¥«ì−ë¬¨, â�ª ¨ ®à¨¥−â¨àãîé¨¬¨.

‡�¤�ç� à¥è�¥âáï «¨¡® ¬¥â®¤®¬ ¯à¨®à¨â¥â−®£® ¨−â¥à¢�«ì−®£® à�á¯à¥¤¥«¥-
−¨ï, à¥�«¨§®¢�−−ë¬ ¢ ¤¥©áâ¢ãîé¥¬ ¨−â¥à−¥â-á¥à¢¨á¥ ¯«�−¨à®¢�−¨ï à�áå®¤®¢1,
«¨¡® ¬¥â®¤®¬ æ¥«¥¢®£® ¯¥à¥¬¥é¥−¨ï à¥è¥−¨ï ¢ à¥¦¨¬¥ ¢ëç¨á«¨â¥«ì−®£® íªá¯¥-
à¨¬¥−â�.

1ˆ«ì¨− �. ‚. ˆ−â¥à−¥â-á¥à¢¨á ¯«�−¨à®¢�−¨ï à�áå®¤®¢. https://www.res-plan.com/
services-ru.
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9 Заключение

Š −�ç�«ã 2021 £. ç�áâì ¯®«®¦¥−¨© ª®−æ¥¯æ¨¨ ¬®¤¥«¨ −®à¬�«¨§®¢�−−®© íª®-
−®¬¨ª¨ à¥�«¨§®¢�−� (á¬. ¢¢¥¤¥−¨¥). Š �ªâã�«ì−ë¬ â¥å−®«®£¨ï¬ á®¢à¥¬¥−−®£®
íâ�¯� æ¨äà®¢¨§�æ¨¨, ª®â®àë¥ æ¥«¥á®®¡à�§−® à¥�«¨§®¢�âì, ®â−®áïâáï â¥å−®«®£¨¨
−®à¬�«¨§®¢�−−®£® â®¢�à−®-¤¥−¥¦−®£® ®¡à�é¥−¨ï, ¯à¥¤−�§−�ç¥−−ë¥ ¤«ï ä®à¬¨-
à®¢�−¨ï ¨ à¥�«¨§�æ¨¨ ¤®£®¢®à−ëå ®â−®è¥−¨© ¢ æ¨äà®¢®© áà¥¤¥, ¯«�â¥¦−®£®
¨ â®¢�à−®£® ªà¥¤¨â®¢�−¨ï [21], ®−«�©−-¡�−ª¨−£� −� ®á−®¢¥ ¡�−ª®¢-¯à®¢�©¤¥à®¢,
Š��®¢ ¨ ��¡®¢ [3,4].
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Abstract: The review presents key updates of the model of normalized economics
and relevant technologies of digitalization. The updated model is presented
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of digital twins. Normalized economic mechanism includes the situationally
managed systems of resource support, production of real goods, etc. The NEM
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electronic banks, provider banks, and the regulation bank under which all other
banks operate. The normalized money is intended to represent the value of goods
and property statuses of the economic activity participants, to pay for goods,
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state through the online services of the regulation bank. An economic management
is to be based on the systems of mandatory and orienting requirements to the
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†ãà−�« ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û ¯ã¡«¨ªã¥â â¥®à¥â¨ç¥áª¨¥, ®¡§®à−ë¥
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†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¥.
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{ �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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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 ¯à¨¬¥à®¢ ®ä®à¬«¥−¨ï ¯à¥¤áâ�¢«¥−ë ¢ ˆ−â¥à−¥â¥:

http://www.ipiran.ru/publications/collected/template.doc

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-
chemical micromachining. Russ. J. Electrochem. 44(8):926{930. doi:10.1134/
S1023193508080077.

�¯¨á�−¨¥ áâ�âì¨ ¨§ í«¥ªâà®−−®£® ¦ãà−�«�:

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).

�¯¨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
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.

�¯¨á�−¨¥ ª−¨£¨ (¬®−®£à�ä¨¨, á¡®à−¨ª¨):

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.

�¯¨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):

1. ‚ àãááª®ï§ëç−®© ç�áâ¨:
’¨¬®è¥−ª® ‘. �., Ÿ−£ „. •., “¨¢¥à “. Š®«¥¡�−¨ï ¢ ¨−¦¥−¥à−®¬ ¤¥«¥ / �¥à.
á �−£«. | Œ.: Œ�è¨−®áâà®¥−¨¥, 1985. 472 á. (Timoshenko S. P., Young D. H.,
Weaver W. Vibration problems in engineering. | 4th ed. | New York, NY,
USA: Wiley, 1974. 521 p.)
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2. ‚ �−£«®ï§ëç−®© ç�áâ¨:
Timoshenko, S. P., D. H. Young, and W. Weaver. 1974. Vibration problems in
engineering. 4th ed. New York, NY: Wiley. 521 p.

�¯¨á�−¨¥ −¥®¯ã¡«¨ª®¢�−−®£® ¤®ªã¬¥−â�:

Latypov, A. R., M. M. Khasanov, and V. A. Baikov. 2004. Geology and pro-
duction (NGT GiD). Certificate on official registration of the computer program
No. 2004611198. (In Russian, unpubl.)

�¯¨á�−¨¥ ¨−â¥à−¥â-à¥áãàá�:

Pravila tsitirovaniya istochnikov [Rules for the citing of sources]. Available at:
http://www.scribd.com/doc/1034528/ (accessed February 7, 2011).

�¯¨á�−¨¥ ¤¨áá¥àâ�æ¨¨ ¨«¨ �¢â®à¥ä¥à�â� ¤¨áá¥àâ�æ¨¨:

Semenov, V. I. 2003. Matematicheskoe modelirovanie plazmy v sisteme kompaktnyy
tor [Mathematical modeling of the plasma in the compact torus]. Moscow. D.Sc. Diss.
272 p.

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

�¯¨á�−¨¥ ƒ�‘’�:

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]. Moscow: Standardinform Publs. 10 p.

�¯¨á�−¨¥ ¯�â¥−â�:

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.

10. �à¨á«�−−ë¥ ¢ à¥¤�ªæ¨î ¬�â¥à¨�«ë �¢â®à�¬ −¥ ¢®§¢à�é�îâáï.
11. �à¨ ®â¯à�¢ª¥ ä�©«®¢ ¯® í«¥ªâà®−−®© ¯®çâ¥ ¯à®á¨¬ ¯à¨¤¥à¦¨¢�âìáï á«¥¤ãîé¨å

¯à�¢¨«:

{ ãª�§ë¢�âì ¢ ¯®«¥ subject (â¥¬�) −�§¢�−¨¥ ¦ãà−�«� ¨ ä�¬¨«¨î �¢â®à�;
{ ¨á¯®«ì§®¢�âì attach (¯à¨á®¥¤¨−¥−¨¥);
{ ¢ á®áâ�¢ í«¥ªâà®−−®© ¢¥àá¨¨ áâ�âì¨ ¤®«¦−ë ¢å®¤¨âì: ä�©«, á®¤¥à¦�é¨© â¥ªáâ

áâ�âì¨, ¨ ä�©«(ë), á®¤¥à¦�é¨©(¥) ¨««îáâà�æ¨¨.

12. †ãà−�« ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û ï¢«ï¥âáï −¥ª®¬¬¥àç¥áª¨¬ ¨§¤�−¨¥¬.
�«�â� §� ¯ã¡«¨ª�æ¨î −¥ ¢§¨¬�¥âáï, £®−®à�à �¢â®à�¬ −¥ ¢ë¯«�ç¨¢�¥âáï.

�¤à¥á à¥¤�ªæ¨¨ ¦ãà−�«� ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û:

Œ®áª¢� 119333, ã«. ‚�¢¨«®¢�, ¤. 44, ª®à¯. 2, ”ˆ– ˆ“ ÷��

’¥«.: +7 (499) 135-86-92 ”�ªá: +7 (495) 930-45-05

e-mail: ssi@frccsc.ru (‘âà¨£¨−� ‘¢¥â«�−� �¨ª®«�¥¢−�)

http://www.ipiran.ru/journal/collected
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Requirements for manuscripts submitted
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:
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