


СИСТЕМЫ И СРЕДСТВА ИНФОРМАТИКИ 
 

Том 36  № 3  Год 2026 
 

СОДЕРЖАНИЕ 
 
Прогнозирование рисков неблагоприятных событий в сетях передачи 
и обработки данных 

В. Ю. Королев, Д. Ю. Волканов, Т. Д. Герасин 3

Критерий стационарности системы обслуживания 
с неидентичными серверами и заявками разных классов 

Е. В. Морозов 35

Алгоритм управления перегрузкой с использованием 
экспоненциальной векторной авторегрессии 

Фэнжуй Го, Р. Л. Смелянский 47

Эффективность квантового распределения ключей 
в спутниковой оптической связи 

М. В. Сапожников, С. Ю. Казанцев, Ю. Б. Миронов, 
Б. М. Шабанов, А. Е. Матюнин 69

Оценка риска в задаче обращения преобразования Радона 
при использовании непрерывных пороговых функций 

А. А. Кудрявцев, О. В. Шестаков 86

Количественный анализ растрескивания в полимерных 
композиционных материалах по данным компьютерной томографии 

А. В. Пантелеев, Н. В. Турбин, Н. А. Тучков, Р. Л. Талья, 
К. В. Акчупанов, К. К. Ибришев 102

Вейвлет-нейросетевой синтез билинейной стохастической системы 

И. Н. Синицын, В. И. Синицын, Э. Р. Корепанов, 
Т. Д. Конашенкова 128

Интерпретируемое статистическое моделирование качества 
документации и его временной динамики 

А. А. Сачко, А. М. Сачко, В. Ю. Поздышев 150

Интеграция методов и решений искусственного интеллекта 
в сетецентрических системах управления 

А. А. Грушо, Н. А. Грушо, М. И. Забежайло,  
А. А. Зацаринный, В. О. Писковский 172

ИСТОРИЯ. ПАМЯТНЫЕ ДАТЫ. СОБЫТИЯ 

Преданность жизни, науке и делу (к 70-летию со дня рождения 
Ю. С. Ионенкова) 

А. А. Зацаринный, С. В. Козлов 190

Об авторах 193
Правила подготовки рукописей статей 196

 



‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ, 2026. ’. 36. ü 3. ‘. 3{34

ПРОГНОЗИРОВАНИЕ РИСКОВ НЕБЛАГОПРИЯТНЫХ
СОБЫТИЙ В СЕТЯХ ПЕРЕДАЧИ И ОБРАБОТКИ ДАННЫХ∗

В. Ю. Королев1, Д. Ю. Волканов2, Т. Д. Герасин3

�−−®â�æ¨ï: �à¥¤«®¦¥− �«£®à¨â¬ ¯à®£−®§¨à®¢�−¨ï à¨áª®¢ −¥¡«�£®¯à¨ïâ−ëå
á®¡ëâ¨©, á¢ï§�−−ëå á �−®¬�«ì−ë¬¨ ¨§¬¥−¥−¨ï¬¨ å�à�ªâ¥à¨áâ¨ª ª�ç¥áâ¢�
®¡á«ã¦¨¢�−¨ï (Š�) ¢ ª�−�«�å á¢ï§¨, −� ®á−®¢¥ ¬®¤¨ä¨æ¨à®¢�−−®£® POT
(Peaks-Over-Threshold) ¬¥â®¤�. ÷�áá¬�âà¨¢�îâáï ¤�−−ë¥, ¯à¥¤áâ�¢«ïîé¨¥
á®¡®© ¢à¥¬¥−−®© àï¤ §−�ç¥−¨© ç¥âëà¥å ¯®ª�§�â¥«¥© ª�ç¥áâ¢� ®¡á«ã¦¨¢�−¨ï:
¯à®¯ãáª−�ï á¯®á®¡−®áâì, §�¤¥à¦ª� ¯à¨ ¯¥à¥¤�ç¥ ¯�ª¥â�, ¤¦¨ââ¥à ¨ ¤®«ï
¯®â¥àì ¯�ª¥â®¢, �£à¥£¨à®¢�−−ëå §� ¥¤¨−¨æã ¢à¥¬¥−¨ (¯®á¥ªã−¤−®). �â¨
¯®ª�§�â¥«¨ ¡ë«¨ à�ááç¨â�−ë −� ®á−®¢¥ ¨−ä®à¬�æ¨¨, á®¡à�−−®© ¢ à¥�«ì−®©
á¥â¨ ¯¥à¥¤�ç¨ ¨ ®¡à�¡®âª¨ ¤�−−ëå (‘��„). ‚ ª�ç¥áâ¢¥ −¥¡«�£®¯à¨ïâ−ëå
á®¡ëâ¨© à�áá¬®âà¥−ë ¯¥à¥£àã§ª¨, ¯®â¥à¨ ¯�ª¥â®¢ ¨ −¥¤®¯ãáâ¨¬ë¥ §−�ç¥−¨ï
§�¤¥à¦ª¨ ¢ ‘��„. �à¥¤«®¦¥−−ë© ¬¥â®¤ ¯®§¢®«ï¥â ¯à®£−®§¨à®¢�âì à¨á-
ª¨ −¥¡«�£®¯à¨ïâ−ëå á®¡ëâ¨© | ¢ëç¨á«ïâì ¢¥à®ïâ−®áâ¨ ¨å ®áãé¥áâ¢«¥−¨ï
¢ â¥ç¥−¨¥ §�¤�−−ëå ¨−â¥à¢�«®¢ ¢à¥¬¥−¨ ¨«¨ ®æ¥−¨¢�âì à�á¯à¥¤¥«¥−¨¥ ¤«¨−ë
¨−â¥à¢�«� ¢à¥¬¥−¨ ¤® ¨å −�áâã¯«¥−¨ï. Œ¥â®¤ ®à¨¥−â¨à®¢�− −� ¯à¨¬¥−¥−¨¥
¢ ®ª®−−®¬ à¥¦¨¬¥, çâ® ¯®§¢®«ï¥â ¨á¯®«ì§®¢�âì ¥£® ¤«ï �−�«¨§� −¥®¤−®à®¤−ëå
¨ −¥áâ�æ¨®−�à−ëå ¯à®æ¥áá®¢ /̈̈ «¨ ¯®â®ª®¢ á®¡ëâ¨©. –¥«ì ¯à®£−®§¨à®¢�−¨ï
§�ª«îç�¥âáï ¢ ¢ë¡®à¥ ®¯â¨¬�«ì−®£® ª�−�«� á¢ï§¨ á ãç¥â®¬ á®®â¢¥âáâ¢ãîé¨å
âà¥¡®¢�−¨© ª ª�ç¥áâ¢ã ¯¥à¥¤�ç¨ ¨ á®áâ®ï−¨ï á¥â¨, £�à�−â¨àãîé¨å §�¤�−−ë¥
§−�ç¥−¨ï ¯�à�¬¥âà®¢ ª�ç¥áâ¢� ®¡á«ã¦¨¢�−¨ï.

Š«îç¥¢ë¥ á«®¢�: á¥â¨ ¯¥à¥¤�ç¨ ¨ ®¡à�¡®âª¨ ¤�−−ëå; ª�ç¥áâ¢® ®¡á«ã¦¨-
¢�−¨ï; ®¡®¡é¥−−�ï â¥®à¥¬� ÷¥−ì¨; â¥®à¥¬� ��«ª¥¬ë { �¨ª�−¤á� { „¥ •��−�;
POT-¬¥â®¤; ¯à®£−®§¨à®¢�−¨¥ à¨áª®¢ −¥¡«�£®¯à¨ïâ−ëå á®¡ëâ¨©
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1 Введение

‚ á®¢à¥¬¥−−®¬ ¬¨à¥ −�¡«î¤�¥âáï ¯®áâ®ï−−ë© à®áâ ®¡ê¥¬� á¥â¥¢®£® âà�ä¨ª�
¢ ‘��„. ��¯à¨¬¥à, á 2015 ¯® 2020 ££. ®¡ê¥¬ âà�ä¨ª�, ¯¥à¥¤�¢�¥¬®£® ç¥à¥§
ˆ−â¥à−¥â, ¢®§à®á á 0,16 ¤® 0,5 �¡¨â/á [1]. ‚ ÷®áá¨¨ §� ¯®á«¥¤−¨¥ 10 «¥â

∗‘â�âìï ¯®¤£®â®¢«¥−� ¯à¨ ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ Œ¨−¨áâ¥àáâ¢� −�ãª¨ ¨ ¢ëáè¥£® ®¡à�§®¢�-
−¨ï ¢ à�¬ª�å ¯à®£à�¬¬ë Œ®áª®¢áª®£® æ¥−âà� äã−¤�¬¥−â�«ì−®© ¨ ¯à¨ª«�¤−®© ¬�â¥¬�â¨ª¨ ¯®
á®£«�è¥−¨î ü 075-15-2025-345.

1Œ®áª®¢áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â ¨¬¥−¨ Œ. ‚. ‹®¬®−®á®¢�, ä�ªã«ìâ¥â ¢ëç¨á«¨â¥«ì-
−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨; ”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢-
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−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨, timger2357@gmail.com
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‚. ā. Š®à®«¥¢, „. ā. ‚®«ª�−®¢, ’. „. ƒ¥à�á¨−

à®áâ á®áâ�¢«ï« ¢ áà¥¤−¥¬ 26%, ¤®áâ¨£−ã¢ 184,1 �� ¢ 2024 £. [2, 3]. „«ï
¯¥à¥¤�ç¨ â�ª¨å ®¡ê¥¬®¢ ¨−ä®à¬�æ¨¨ ¢�¦−® ®¡¥á¯¥ç¨âì §�¤�−−ë© ãà®¢¥−ì Š�.
Š�ç¥áâ¢® ®¡á«ã¦¨¢�−¨ï | â¥å−®«®£¨ï ¯à¥¤®áâ�¢«¥−¨ï ®¯à¥¤¥«¥−−ë¬ ª«�áá�¬
âà�ä¨ª� à�§«¨ç−ëå ¯à¨®à¨â¥â®¢ ¢ ®¡á«ã¦¨¢�−¨¨ [4]. �¡ëç−® à�áá¬�âà¨¢�îâ
á«¥¤ãîé¨¥ 4 ¯®ª�§�â¥«ï Š� [5]:

(1) ¯à®¯ãáª−�ï á¯®á®¡−®áâì (bandwidth);

(2) §�¤¥à¦ª� ¯à¨ ¯¥à¥¤�ç¥ ¯�ª¥â� (latency);

(3) ¤¦¨ââ¥à (jitter);

(4) ¤®«ï ¯®â¥àì ¯�ª¥â®¢ (loss ratio).

��£àã§ª� −� ª�−�«ë ¯¥à¥¤�ç¨ ¤�−−ëå ã¢¥«¨ç¨¢�¥âáï ¨ ¬®¦¥â ¯à¥¢ëá¨âì ¨å
¯à®¯ãáª−ãî á¯®á®¡−®áâì, ¢ë§¢�¢ ¯¥à¥£àã§ªã. �¥à¥£àã§ª®© ª�−�«� −�§ë¢�¥âáï
á®áâ®ï−¨¥, ª®£¤� áã¬¬�à−�ï ¨−â¥−á¨¢−®áâì ¯®áâã¯«¥−¨ï ¯®â®ª®¢ −� ¥£® ¢å®¤ ¯à¥-
¢ëè�¥â ¯à®¯ãáª−ãî á¯®á®¡−®áâì [6]. „�−−®¥ á®áâ®ï−¨¥ ¢«¥ç¥â §� á®¡®© á¥àì¥§−®¥
ãåã¤è¥−¨¥ Š� ¯®«ì§®¢�â¥«¥©. �â® ãåã¤è¥−¨¥ ¯à®ï¢«ï¥âáï ¢ ã¢¥«¨ç¥−¨¨ §�¤¥à-
¦¥ª ¯�ª¥â®¢ ¤�−−ëå, à®áâ¥ ¨å à�§¡à®á� ¨ ¯®â¥à¥ ç�áâ¨ ¯¥à¥¤�¢�¥¬ëå ¯�ª¥â®¢.
�¤¨− ¨§ ¬¥â®¤®¢ ¡®àì¡ë á ¯¥à¥£àã§ª®© | à�á¯à¥¤¥«¥−¨¥ ¯®â®ª®¢ ¤�−−ëå ¯®
−¥áª®«ìª¨¬ ¬�àèàãâ�¬, §� áç¥â ç¥£® á−¨¦�¥âáï −�£àã§ª� −� ®â¤¥«ì−ë¥ ª�−�-
«ë á¢ï§¨. ’�ª®¥ ¯¥à¥à�á¯à¥¤¥«¥−¨¥ −�§ë¢�¥âáï ¡�«�−á¨à®¢ª®© âà�ä¨ª�, ¨ ®−®
¯®§¢®«ï¥â ¨§¡¥¦�âì ¯¥à¥£àã§ª¨ ¯à¨ ãá«®¢¨¨, çâ® à�á¯à¥¤¥«¨â¥«ì §�à�−¥¥ ¯à®-
¨−ä®à¬¨à®¢�− ® −�¤¢¨£�îé¥©áï ¯¥à¥£àã§ª¥. ‚®§−¨ª�¥â ¢�¦−®¥ −�¯à�¢«¥−¨¥
¢ à�§à�¡®âª¥ ®¯â¨¬�«ì−ëå à�á¯à¥¤¥«¨â¥«¥© á¥â¥¢®£® âà�ä¨ª�, � ¨¬¥−−®: ¯à¥¤-
áª�§�−¨¥ ¯¥à¥£àã§®ª ¢ á¥â¨, � â�ª¦¥ á¢ï§�−−ëå á −¨¬¨ �−®¬�«ì−ëå ¢¥«¨ç¨−
§�¤¥à¦ª¨ ¯�ª¥â®¢ ¨ ¤®«¨ ¯®â¥àï−−ëå ¯�ª¥â®¢. �á®¡¥−−®áâì §�¤�ç¨ §�ª«îç�¥âáï
¢ ¢ëç¨á«¨â¥«ì−ëå ®£à�−¨ç¥−¨ïå ¬¥â®¤� ¯à¥¤áª�§�−¨ï: ¤«ï ¥£® ¯à¨¬¥−¨¬®áâ¨
−� á¥â¥¢ëå ãáâà®©áâ¢�å à�§«¨ç−ëå ãà®¢−¥© ¯à¨å®¤¨âáï à�¡®â�âì á ®£à�−¨ç¥−-
−ë¬¨ ®¡ê¥¬®¬ ¯�¬ïâ¨ ¨ ¢ëç¨á«¨â¥«ì−ë¬¨ ¬®é−®áâï¬¨, ¯à¨áãé¨¬¨ ¢áâà®¥−−ë¬
á¨áâ¥¬�¬.

„�−−ë¥ á¥â¥¢®£® âà�ä¨ª�, ¨á¯®«ì§ã¥¬ë¥ ¤«ï ¯à®£−®§�, ¯à¥¤áâ�¢«ïîâ á®-
¡®© ¢¥ªâ®à−ë© ¢à¥¬¥−−®© àï¤ å�à�ªâ¥à¨áâ¨ª ª�−�«� á¢ï§¨, �£à¥£¨à®¢�−−ëå
(ãáà¥¤−¥−−ëå) ¯® ª®à®âª¨¬ ¯à®¬¥¦ãâª�¬ ¢à¥¬¥−¨, −�¯à¨¬¥à ¯® ¬¨««¨á¥ªã−¤�¬.
‡�¤�ç� ¯à®£−®§¨à®¢�−¨ï §−�ç¥−¨© ¢à¥¬¥−− �ëå àï¤®¢ | ®¤−� ¨§ âà�¤¨æ¨®−−ëå
§�¤�ç ¬�â¥¬�â¨ç¥áª®© áâ�â¨áâ¨ª¨ ¨ ¨−â¥««¥ªâã�«ì−®£® �−�«¨§� ¤�−−ëå. „«ï ¥¥
à¥è¥−¨ï ¨á¯®«ì§ãîâáï ¬−®£¨¥ ¬®¤¥«¨ �¢â®à¥£à¥áá¨®−−®£® â¨¯� [7{13], ª«�áá¨ç¥-
áª¨¥ ¬®¤¥«¨ ¬�è¨−−®£® ®¡ãç¥−¨ï [14{16] ¨ −¥©à®á¥â¥¢ë¥ ¬¥â®¤ë [17{20]. Œ®¤¥«¨
¨ ¬¥â®¤ë, ã¯®¬ï−ãâë¥ ¢ëè¥, ä®ªãá¨àãîâáï −� ®æ¥−ª¥ (¯à¥¤áª�§�−¨¨) ª®−ªà¥â-
−ëå §−�ç¥−¨© ¢à¥¬¥−−�®£® àï¤� −� §�¤�−−®¬ £®à¨§®−â¥ ¯à®£−®§¨à®¢�−¨ï. �à¨
¢ë¡®à¥ ª�−�«� ¢ ¯à®æ¥áá¥ ¡�«�−á¨à®¢ª¨ ¢�¦−® ãç¨âë¢�âì −¥ â®«ìª® á®®â¢¥âáâ¢¨¥
¥£® ¯®ª�§�â¥«¥© Š� âà¥¡®¢�−¨ï¬ ¯à¨«®¦¥−¨ï, −® ¨ ¢¥à®ïâ−®áâì −¥¡«�£®¯à¨ïâ-
−®£® á®¡ëâ¨ï ¢ íâ®¬ ª�−�«¥. ˆ§ ¢á¥å ª�−�«®¢ á ¯®¤å®¤ïé¨¬¨ ¯®ª�§�â¥«ï¬¨ Š�
á«¥¤ã¥â ¢ë¡¨à�âì â®â, £¤¥ ¤�−−�ï ¢¥à®ïâ−®áâì −�¨¬¥−ìè�ï. ‚ −�áâ®ïé¥© à�¡®â¥
¨áá«¥¤ã¥âáï ¬¥â®¤ ¯à®£−®§¨à®¢�−¨ï à¨áª®¢, ãç¨âë¢�îé¨© íâ®â �á¯¥ªâ.
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�à®£−®§¨à®¢�−¨¥ à¨áª®¢ −¥¡«�£®¯à¨ïâ−ëå á®¡ëâ¨© ¢ ‘��„

�¯¨á�−−ë© ¯®¤å®¤ ¡ë« ¢ë¡à�− �¢â®à�¬¨ ¯® á«¥¤ãîé¨¬ ¯à¨ç¨−�¬. ‚®-¯¥à-
¢ëå, ¯à®£−®§¨à®¢�−¨¥ ª®−ªà¥â−ëå §−�ç¥−¨© å�à�ªâ¥à¨áâ¨ª Š� ¢ ‘��„ ¤«ï
¤�−−®© §�¤�ç¨ ¢ −¥ª®â®à®¬ á¬ëá«¥ ¨§¡ëâ®ç−®. ‚®-¢â®àëå, ¯à¨ ¯à®£−®§¨à®¢�−¨¨
§−�ç¥−¨© −¥¨§¡¥¦−ë ®è¨¡ª¨, ª®â®àë¥ á«®¦−® ®æ¥−¨âì ¨«¨ ®¡êïá−¨âì (®á®¡¥−−®
¯à¨ ¨á¯®«ì§®¢�−¨¨ −¥©à®á¥â¥¢ëå ¬¥â®¤®¢). ‚-âà¥âì¨å, ¢ëå®¤ë å�à�ªâ¥à¨áâ¨ª
Š� ‘��„ §� §�¤�−−ë¥ ¯à¥¤¥«ë ¯à¥¤áâ�¢«ïîâ á®¡®© â�ª −�§ë¢�¥¬ë¥ à¥¤ª¨¥
á®¡ëâ¨ï, çâ® §�âàã¤−ï¥â ä®à¬¨à®¢�−¨¥ ®¡ãç�îé¨å ¢ë¡®à®ª ¤«ï ¬®¤¥«¥© ¬�è¨−-
−®£® ®¡ãç¥−¨ï ¨«¨ −¥©à®á¥â¥¢ëå ¬¥â®¤®¢.

‚ à�¬ª�å à¥è�¥¬®© §�¤�ç¨ ®á®¡ãî ¢�¦−®áâì ¯à¥¤áâ�¢«ïîâ à¨áª¨, á¢ï§�−−ë¥
á ªà¨â¨ç¥áª¨¬¨ §−�ç¥−¨ï¬¨ å�à�ªâ¥à¨áâ¨ª, −�¯à¨¬¥à �−®¬�«ì−® ¢ëá®ª¨¥ §−�ç¥-
−¨ï ¤®«¨ ¯®â¥àï−−ëå ¯�ª¥â®¢. ‘â®¨â ®â¬¥â¨âì, çâ® àï¤®¢ë¥ ª®«¥¡�−¨ï, −�¯à¨¬¥à
ä«ãªâã�æ¨¨ áà¥¤−¥£® §−�ç¥−¨ï §�¤¥à¦ª¨ ¢ ¯à¥¤¥«�å ¨áâ®à¨ç¥áª®£® áâ�−¤�àâ−®£®
®âª«®−¥−¨ï, −¥ ¯à¥¤áâ�¢«ïîâ ¨−â¥à¥á�.

„«ï à¥è¥−¨ï §�¤�ç¨ ¯à®£−®§¨à®¢�−¨ï à¨áª®¢, á¢ï§�−−ëå á −�àãè¥−¨¥¬
å�à�ªâ¥à¨áâ¨ª Š�, ¢ ¤�−−®© à�¡®â¥ ¯à¨¬¥−ï¥âáï ¬®¤¨ä¨æ¨à®¢�−−ë© ¬¥â®¤ ¯à¥-
¢ëè¥−¨© ¯®à®£� (POT-¬¥â®¤), ®á−®¢�−−ë© −� ®¡®¡é¥−−®© â¥®à¥¬¥ ÷¥−ì¨ [21]
¨ â¥®à¥¬¥ ��«ª¥¬ë { �¨ª�−¤á� { „¥ •��−� [22,23]. �â®â ¬¥â®¤ áç¨â�¥âáï ®â−®á¨-
â¥«ì−® ¢ëç¨á«¨â¥«ì−® ¯à®áâë¬ ¨ −¥âà¥¡®¢�â¥«ì−ë¬ ¯® ¯�¬ïâ¨.

‚ à�¡®â¥ à�áá¬�âà¨¢�îâáï ¤�−−ë¥, ¯à¥¤áâ�¢«ïîé¨¥ á®¡®© ¢à¥¬¥−−®© àï¤
§−�ç¥−¨© ç¥âëà¥å ¯®ª�§�â¥«¥© å�à�ªâ¥à¨áâ¨ª Š�, ãª�§�−−ëå ¢ëè¥ (¯à®¯ãáª−�ï
á¯®á®¡−®áâì, §�¤¥à¦ª� ¯à¨ ¯¥à¥¤�ç¥ ¯�ª¥â�, ¤¦¨ââ¥à, ¤®«ï ¯®â¥àì ¯�ª¥â®¢) �£à¥-
£¨à®¢�−−ëå §� ¥¤¨−¨æã ¢à¥¬¥−¨ (¯®á¥ªã−¤−®). �â¨ ¯®ª�§�â¥«¨ ¡ë«¨ à�ááç¨â�−ë
−� ®á−®¢¥ á®¡à�−−ëå ¤�−−ëå ¢ à¥�«ì−®© ‘��„.

‘â�âìï ¨¬¥¥â á«¥¤ãîéãî áâàãªâãàã. ÷�§¤¥« 2 á®¤¥à¦¨â ®¯¨á�−¨¥ ¬¥â®¤�
¯à®£−®§¨à®¢�−¨ï à¨áª®¢ −¥¡«�£®¯à¨ïâ−ëå á®¡ëâ¨© ¨ â¥®à¥â¨ç¥áª¨å à¥§ã«ìâ�â®¢,
®¡¥á¯¥ç¨¢�îé¨å ¥£® à�¡®âã. ‚ à�§¤. 3 ¯à¨¢¥¤¥−® ®¯¨á�−¨¥ íªá¯¥à¨¬¥−â�«ì−ëå
¤�−−ëå ¨ à¥§ã«ìâ�âë íªá¯¥à¨¬¥−â�«ì−®£® ¨áá«¥¤®¢�−¨ï.

2 Метод прогнозирования рисков неблагоприятных событий

2.1 Описание математической модели. Экстремальный процесс

÷�áá¬®âà¨¬ á¨áâ¥¬ã, ¯®¤¢¥à£�îéãîáï ¢«¨ï−¨î ®¯à¥¤¥«¥−−®£® ä�ªâ®à�.
�à¥¤¯®«®¦¨¬, çâ® á¨«� ¢®§¤¥©áâ¢¨ï íâ®£® ä�ªâ®à� −� á¨áâ¥¬ã ¢ ª�¦¤ë© ¬®-
¬¥−â ¢à¥¬¥−¨ å�à�ªâ¥à¨§ã¥âáï ç¨á«®¬, ¨§¬¥−ïîé¨¬áï ¢® ¢à¥¬¥−¨. �à¨¬¥à�¬¨
â�ª¨å á¨áâ¥¬ á«ã¦�â:

{ ª�−�« á¢ï§¨, −� Š� ¢ ª®â®à®¬ ¢«¨ï¥â ¥£® §�£àã§ª�; ªà¨â¨ç¥áª¨ ¡®«ìè¨¥
§−�ç¥−¨ï §�£àã§ª¨ ¤¥«�îâ ¯¥à¥¤�çã á®®¡é¥−¨© ¯® ª�−�«ã −¥¢®§¬®¦−®©;

{ ª�−�« á¯ãâ−¨ª®¢®© á¢ï§¨, −� ª�ç¥áâ¢® äã−ªæ¨®−¨à®¢�−¨ï ª®â®à®£® ¢«¨ï¥â
á®áâ®ï−¨¥ ¨®−®áä¥àë, ®¯à¥¤¥«ï¥¬®¥ ¨−¤¥ªá®¬ á®«−¥ç−®© �ªâ¨¢−®áâ¨; ¯à¨
ªà¨â¨ç¥áª¨ ¢ëá®ª®© á®«−¥ç−®© �ªâ¨¢−®áâ¨ ª�ç¥áâ¢® á¢ï§¨ ª�â�áâà®ä¨ç¥áª¨
ãåã¤è�¥âáï.
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�à¨ íâ®¬ ¢®§−¨ª�¥â §�¤�ç� ¯à®£−®§¨à®¢�−¨ï ª�â�áâà®ä¨ç¥áª¨å á®¡ëâ¨©, ¯à¥-
¯ïâáâ¢ãîé¨å ª®àà¥ªâ−®¬ã ¢ë¯®«−¥−¨î á¨áâ¥¬®© á¢®¨å äã−ªæ¨©. Š�â�áâà®ä®©
¢ ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬¥ ¡ã¤¥¬ −�§ë¢�âì «î¡®¥ á®¡ëâ¨¥, á¢ï§�−−®¥ á −�àã-
è¥−¨¥¬ âà¥¡ã¥¬ëå ãá«®¢¨© ª�ç¥áâ¢� ¯¥à¥¤�ç¨ ¨−ä®à¬�æ¨¨. �¤−�ª® ¡¥§ ¯à¨-
¬¥−¥−¨ï á¯¥æ¨�«¨§¨à®¢�−−ëå ¯®¤å®¤®¢, ®à¨¥−â¨à®¢�−−ëå −� ¯à®â¨¢®¤¥©áâ¢¨¥
ª®−ªà¥â−ë¬ à¨áª�¬, ¯à�ªâ¨ç¥áª¨ −¥¢®§¬®¦−® �¡á®«îâ−® â®ç−® ¯à¥¤áª�§�âì á¨«ã
¢®§¤¥©áâ¢¨ï ä�ªâ®à� −� á¨áâ¥¬ã ¢ ª�¦¤ë© ¬®¬¥−â ¢à¥¬¥−¨ ¢ ¡ã¤ãé¥¬. „àã£¨¬¨
á«®¢�¬¨, ¡ã¤ãé¥¥ à�§¢¨â¨¥ ä�ªâ®à� −¥¯à¥¤áª�§ã¥¬®, ¢á«¥¤áâ¢¨¥ ç¥£® §−�ç¥−¨¥
ç¨á«�, å�à�ªâ¥à¨§ãîé¥£® á¨«ã ¢®§¤¥©áâ¢¨ï −� á¨áâ¥¬ã, æ¥«¥á®®¡à�§−® à�áá¬�â-
à¨¢�âì ª�ª á«ãç�©−ë© ¯à®æ¥áá. ‘«¥¤®¢�â¥«ì−®, §�¤�ç� ¯à®£−®§¨à®¢�−¨ï á�¬®£�®
¬®¬¥−â� ª�â�áâà®äë á¢®¤¨âáï ª ¯à®£−®§¨à®¢�−¨î §−�ç¥−¨ï á«ãç�©−®£® ¯à®æ¥áá�
(â. ¥. ¥£® §−�ç¥−¨ï −� ¢¯®«−¥ ®¯à¥¤¥«¥−−®¬ í«¥¬¥−â¥ ¬−®¦¥áâ¢� í«¥¬¥−â�à−ëå ¨á-
å®¤®¢) á¯¥æ¨�«ì−ë¬¨ ¬¥â®¤�¬¨, çâ® çà¥§¢ëç�©−® âàã¤®¥¬ª® ¨ ¯à¨ à�áá¬®âà¥−¨¨
á®¢à¥¬¥−−ëå á«®¦−ëå áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬ (−�¯à¨¬¥à, ‘��„) ¯à�ªâ¨ç¥áª¨
−¥à¥�«¨§ã¥¬® á ¯à¨¥¬«¥¬®© â®ç−®áâìî. ‚ â® ¦¥ ¢à¥¬ï ¢®§−¨ª�¥â ¢¯®«−¥ à¥�«ì−�ï
¨ ¢�¦−�ï §�¤�ç� ¯à®£−®§¨à®¢�−¨ï à�á¯à¥¤¥«¥−¨ï ãª�§�−−®£® á«ãç�©−®£® ¯à®æ¥áá�
¢ â¥ ¨«¨ ¨−ë¥ ¬®¬¥−âë ¢à¥¬¥−¨, â. ¥. §�¤�ç� ¯à®£−®§¨à®¢�−¨ï ¥£® áâ�â¨áâ¨ç¥áª¨å
á¢®©áâ¢. ‚ à¥§ã«ìâ�â¥ à¥è¥−¨ï íâ®© §�¤�ç¨ ¯®ï¢«ï¥âáï ¢®§¬®¦−®áâì ¯à�¢¨«ì−®
®æ¥−¨âì ãà®¢−¨ ã£à®§ë ¢ ª�¦¤®© ª®−ªà¥â−®© á¨âã�æ¨¨. �¤¨− ¨§ ¢®§¬®¦−ëå
¬¥â®¤®¢ à¥è¥−¨ï ¯®á«¥¤−¥© §�¤�ç¨ ¨ à�áá¬�âà¨¢�¥âáï ¢ ¤�−−®© áâ�âì¥.

�à¥¤¯®«®¦¨¬, çâ® ®ç¥−ì ¡®«ìè¨¥ ¨§¬¥−¥−¨ï á«ãç�©−®£® ¯à®æ¥áá�, å�à�ª-
â¥à¨§ãîé¥£® ¢®§¤¥©áâ¢¨¥ ä�ªâ®à�, −¥¡«�£®¯à¨ïâ−® ¢«¨ïîâ −� á¨áâ¥¬ã ¨ ¬®£ãâ
¢ë§¢�âì ¥¥ −¥®¡à�â¨¬ë¥ ¨§¬¥−¥−¨ï. ‚¬¥áâ¥ á â¥¬ ¬�«ë¥ ä«ãªâã�æ¨¨ á«ãç�©−®£®
¯à®æ¥áá�, å�à�ªâ¥à¨§ãîé¥£® ¢®§¤¥©áâ¢¨¥ ä�ªâ®à� −� á¨áâ¥¬ã, ¢¯®«−¥ ¤®¯ãáâ¨¬ë
(¢ â�ª¨å á«ãç�ïå £®¢®àïâ ® úä®−®¢®¬ §−�ç¥−¨¨û ä�ªâ®à�). ‚¢¨¤ã íâ®£® ¤«ï
¯à¥¤áª�§�−¨ï ª�â�áâà®ä à�§ã¬−® à�áá¬�âà¨¢�âì −¥ ¢á¥ ¨§¬¥−¥−¨ï á«ãç�©−®£®
¯à®æ¥áá�, � «¨èì â�ª¨¥, ¢¥«¨ç¨−� ª®â®àëå ¯à¥¢ëè�¥â −¥ª®â®àë© ¯®â¥−æ¨�«ì−®
®¯�á−ë© ¯®à®£.

�ã¤¥¬ £®¢®à¨âì, çâ® ¬®¬¥−âë ¯à¥¢ëè¥−¨ï á«ãç�©−ë¬ ¯à®æ¥áá®¬ ¯®â¥−æ¨�«ì-
−® ®¯�á−®£® ¯®à®£�, à�áá¬�âà¨¢�¥¬ë¥ á®¢¬¥áâ−® á ¢¥«¨ç¨−�¬¨ íâ¨å ¯à¥¢ëè¥−¨©,
®¡à�§ãîâ íªáâà¥¬�«ì−ë© á«ãç�©−ë© ¯à®æ¥áá. „àã£¨¬¨ á«®¢�¬¨, íªáâà¥¬�«ì−ë¬
¯à®æ¥áá®¬ ¡ã¤¥¬ −�§ë¢�âì ¬�àª¨à®¢�−−ë© â®ç¥ç−ë© ¯à®æ¥áá {(τi,Xi)}i≥1, £¤¥
{τi}i≥1 | â®ç¥ç−ë© á«ãç�©−ë© ¯à®æ¥áá; {Xi}i≥1 | á«ãç�©−ë¥ ¢¥«¨ç¨−ë. „�«¥¥
¯® á¬ëá«ã §�¤�ç¨ ¡ã¤¥â ¯à¥¤¯®«�£�âìáï, çâ® Xi > 0, i = 1, 2, . . .

‘à¥¤¨ ¢á¥å ¯à¥¢ëè¥−¨© á«ãç�©−ë¬ ¯à®æ¥áá®¬ ¯®â¥−æ¨�«ì−® ®¯�á−®£® ¯®à®£�
«¨èì −¥ª®â®àë¥ ®ç¥−ì ¡®«ìè¨¥ ¢«¥ªãâ ª�â�áâà®ä¨ç¥áª¨¥ ¯®á«¥¤áâ¢¨ï, ¯®íâ®¬ã
−�àï¤ã á ¯®â¥−æ¨�«ì−® ®¯�á−ë¬ ¯®à®£®¬ à�áá¬®âà¨¬ ªà¨â¨ç¥áª¨© ¯®à®£, ¯à¥¢ë-
è¥−¨¥ ª®â®à®£® íªáâà¥¬�«ì−ë¬ ¯à®æ¥áá®¬ ¨ ¡ã¤¥¬ áç¨â�âì ª�â�áâà®ä®©.

„«ï ã¤®¡áâ¢� â®çªã ®âáç¥â� (−ã«ì ¢à¥¬¥−−�®© èª�«ë) ¯®¬¥áâ¨¬ ¢ â® ¢à¥¬ï,
ª®â®à®¥ ¡ã¤¥¬ áç¨â�âì ú−�áâ®ïé¨¬û. ’¥¬ á�¬ë¬ ú−�áâ®ïé¥¥û å�à�ªâ¥à¨§ã¥âáï
§−�ç¥−¨¥¬ t = 0.

�®áª®«ìªã ¯® ãá«®¢¨î íªáâà¥¬�«ì−ë© ¯à®æ¥áá áç¨â�¥âáï á«ãç�©−ë¬, â®
−¥«ì§ï â®ç−® ¯à¥¤áª�§�âì ¬®¬¥−â −�áâã¯«¥−¨ï ®ç¥à¥¤−®© ª�â�áâà®äë. �¤−�ª®
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�à®£−®§¨à®¢�−¨¥ à¨áª®¢ −¥¡«�£®¯à¨ïâ−ëå á®¡ëâ¨© ¢ ‘��„

¬®¦−® ¢ëç¨á«¨âì ¨«¨ ®æ¥−¨âì ¢¥à®ïâ−®áâ¨ −�áâã¯«¥−¨ï ª�â�áâà®äë ¢ â¥ç¥−¨¥
−¥ª®â®à®£® ¨−â¥à¢�«� ¢à¥¬¥−¨ [0, τ), £¤¥ τ > 0. …á«¨ T | ¬®¬¥−â −�áâã¯«¥−¨ï
ª�â�áâà®äë, â® á®¡ëâ¨¥ úª�â�áâà®ä� −�áâã¯¨«� ¢ â¥ç¥−¨¥ ¨−â¥à¢�«� ¢à¥¬¥−¨
[0, τ)û íª¢¨¢�«¥−â−® â®¬ã, çâ® T < τ . ‚ ª�ç¥áâ¢¥ ¨áå®¤−ëå ¤�−−ëå ¡ã¤¥¬
¨á¯®«ì§®¢�âì ¨−ä®à¬�æ¨î ® à�§¢¨â¨¨ íªáâà¥¬�«ì−®£® ¯à®æ¥áá� −� −¥ª®â®à®¬
¨−â¥à¢�«¥ ¢à¥¬¥−¨ [t0, t1], £¤¥ t0 < t1 < 0.

‚ −�áâ®ïé¥© à�¡®â¥ ®¯¨á�− ¬¥â®¤ ®æ¥−¨¢�−¨ï ãª�§�−−ëå ¢¥à®ïâ−®áâ¥© −�-
áâã¯«¥−¨ï ª�â�áâà®ä, ®á−®¢�−−ë© −� ¤®¢®«ì−® á«®¦−ëå ¬�â¥¬�â¨ç¥áª¨å ¬®¤¥-
«ïå | ®¡®¡é¥−−®© â¥®à¥¬¥ ÷¥−ì¨ ¨ â¥®à¥¬¥ ��«ª¥¬ë { �¨ª�−¤á� { „¥ •��−�.
�á®¡¥−−®áâì íâ®£® ¯®¤å®¤� §�ª«îç�¥âáï ¢ â®¬, çâ® ¤«ï ¯à®£−®§¨à®¢�−¨ï ¢®§-
¬®¦−®áâ¨ −�áâã¯«¥−¨ï ª�â�áâà®ä, −¥®¡ï§�â¥«ì−® ¨¬¥âì áâ�â¨áâ¨ªã á�¬¨å
ª�â�áâà®ä.

�à®áâ¥©è¨© ¢�à¨�−â íâ®£® ¬¥â®¤� ®¯¨á�− ¢ ª−¨£¥ [24], £¤¥ ¯à¥¤¯®«�£�«®áì,
çâ® íªáâà¥¬�«ì−ë© ¯à®æ¥áá ¯à¥¤áâ�¢«ï¥â á®¡®© ¬�àª¨à®¢�−−ë© ¯à®æ¥áá ¢®ááâ�-
−®¢«¥−¨ï, � ¨¬¥−−®: ¢ ãª�§�−−ëå à�¡®â�å ¯à¨−¨¬�«®áì, çâ® ¬®¬¥−âë τ1, τ2, . . .
¯à¥¢ëè¥−¨© ¨áå®¤−ë¬ ¯à®æ¥áá®¬ ¯®â¥−æ¨�«ì−® ®¯�á−®£® ¯®à®£� ®¡à�§ãîâ ¯à®-
æ¥áá ¢®ááâ�−®¢«¥−¨ï. �â® ®§−�ç�¥â, çâ® á«ãç�©−ë¥ ¢¥«¨ç¨−ë

ζi = τi − τi−1, i = 1, 2, . . . , τ0 = 0, (1)

−¥§�¢¨á¨¬ë ¨ ¨¬¥îâ ®¤¨−�ª®¢®¥ à�á¯à¥¤¥«¥−¨¥, â. ¥. ¯®¤ç¨−ïîâáï ®¤−¨¬ ¨ â¥¬ ¦¥
áâ�â¨áâ¨ç¥áª¨¬ §�ª®−®¬¥à−®áâï¬. „àã£¨¬¨ á«®¢�¬¨, ¨−â¥−á¨¢−®áâì ¯®â®ª� íªá-
âà¥¬�«ì−ëå á®¡ëâ¨© áç¨â�«�áì ¯®áâ®ï−−®©. ‚ â® ¦¥ ¢à¥¬ï ¢ à¥�«ì−ëå á«®¦−ëå
á¨áâ¥¬�å, ª®â®àë¥ ¢ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ −¥ ®â−®áïâáï ª ¨−ä®à¬�æ¨®−−® /̈̈ «¨
í−¥à£¥â¨ç¥áª¨ §�¬ª−ãâë¬ ¨ ¯®¤¢¥à¦¥−ë ¢«¨ï−¨î ¢−¥è−¥© áà¥¤ë, ¨−â¥−á¨¢−®áâ¨
¯®â®ª®¢ ¨−ä®à¬�â¨¢−ëå á®¡ëâ¨© −¥ ï¢«ïîâáï ¯®áâ®ï−−ë¬¨. ��¯à¨¬¥à, ¯à¨ �¤¥-
ª¢�â−®¬ ¯à®£−®§¨à®¢�−¨¨ ¯®¢¥¤¥−¨ï ¨−¤¥ªá®¢ ¢ ¢ëá®ª®ç�áâ®â−ëå ä¨−�−á®¢ëå
á¨áâ¥¬�å ¢�¦−ãî à®«ì ¨£à�¥â ¯à¥¤áâ�¢«¥−¨¥ ® â®¬, çâ® ¨−â¥−á¨¢−®áâ¨ ¨−ä®à-
¬�æ¨®−−ëå ¯®â®ª®¢ −� ä¨−�−á®¢ëå àë−ª�å ï¢«ïîâáï á«ãç�©−ë¬¨ [25]. �âª�§
®â ¯à¥¤¯®«®¦¥−¨ï ® ¯®áâ®ï−áâ¢¥ ¨−â¥−á¨¢−®áâ¨ ¯®â®ª� íªáâà¥¬�«ì−ëå á®¡ëâ¨©
¯à¨¢®¤¨â ª −¥®¡å®¤¨¬®áâ¨ ¤®¯ãáâ¨âì, çâ® á«ãç�©−ë¥ ¢¥«¨ç¨−ë (1) ¨¬¥îâ −¥-
®¤¨−�ª®¢®¥ à�á¯à¥¤¥«¥−¨¥. ˆ¬¥−−® â�ª®¥ ®¡®¡é¥−¨¥ ¯®¤å®¤®¢, ¯à¥¤«®¦¥−−ëå
¢ [24], ¨ ¡ã¤¥â ®¯¨á�−® −¨¦¥ ¯à¨¬¥−¨â¥«ì−® ª ¯à®£−®§¨à®¢�−¨î áâ�â¨áâ¨ç¥áª¨å
§�ª®−®¬¥à−®áâ¥© ¯®¢¥¤¥−¨ï å�à�ªâ¥à¨áâ¨ª ª�ç¥áâ¢� ª�−�«®¢ á¢ï§¨ ¢ á®¢à¥¬¥−−ëå
¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬�å.

�¡®§−�ç¨¬ ¢¥«¨ç¨−ã ¯à¥¢ëè¥−¨ï ¨áå®¤−ë¬ ¯à®æ¥áá®¬ ¯®â¥−æ¨�«ì−® ®¯�á-
−®£® ¯®à®£� ¢ ¬®¬¥−â τi á¨¬¢®«®¬Xi, i = 1, 2, . . .�ã¤¥¬ áç¨â�âì çâ®X1,X2, . . .|
−¥§�¢¨á¨¬ë¥ ¨ ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ë¥ á«ãç�©−ë¥ ¢¥«¨ç¨−ë. �â® ®§−�ç�¥â,
çâ® §−�ç¥−¨ï íâ¨å á«ãç�©−ëå ¢¥«¨ç¨− ¯®¤ç¨−ïîâáï ®¤−¨¬ ¨ â¥¬ ¦¥ áâ�â¨áâ¨ç¥-
áª¨¬ §�ª®−®¬¥à−®áâï¬, å�à�ªâ¥à¨§ã¥¬ë¬ äã−ªæ¨¥© à�á¯à¥¤¥«¥−¨ï

F (x) = P(Xi < x), x ∈ R, i = 1, 2, . . .

�ã¤¥¬ áç¨â�âì, çâ® ¯®á«¥¤®¢�â¥«ì−®áâì X1,X2, . . . áâ�â¨áâ¨ç¥áª¨ −¥§�¢¨á¨¬� ®â
¯®á«¥¤®¢�â¥«ì−®áâ¨ τ1, τ2, . . .
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�ãáâì x0 { ªà¨â¨ç¥áª¨© ¯®à®£, ¯à¥¢ëè¥−¨¥ ª®â®à®£® §−�ç¥−¨¥¬ Xi ¨ ¥áâì
ª�â�áâà®ä� (â. ¥. ª�â�áâà®ä¨ç¥áª®¥ á®¡ëâ¨¥ ä®à¬�«ì−® §�¯¨áë¢�¥âáï ¢ ¢¨¤¥
−¥à�¢¥−áâ¢� Xi ≥ x0).

�ç¥¢¨¤−®, çâ® ¢à¥¬ï T −�áâã¯«¥−¨ï ª�â�áâà®äë (â. ¥. ¢à¥¬ï ¯¥à¢®£® ¯à¥¢ë-
è¥−¨ï ãà®¢−ï x0 ª�ª®©-«¨¡® ¨§ ¢¥«¨ç¨− Xi) ¬®¦−® ¯à¥¤áâ�¢¨âì ¢ ¢¨¤¥ áã¬¬ë

T = ζ1 + · · ·+ ζN , (2)

£¤¥ á«ãç�©−ë¥ ¢¥«¨ç¨−ë ζj ®¯à¥¤¥«¥−ë á®®â−®è¥−¨¥¬ (1), � N | íâ® á«ãç�©−�ï
¢¥«¨ç¨−�, ¨¬¥îé�ï £¥®¬¥âà¨ç¥áª®¥ à�á¯à¥¤¥«¥−¨¥ á ¯�à�¬¥âà®¬ P(Xi < x0) =
= F (x0). �â® ®§−�ç�¥â, çâ®

P(N = k) = (F (x0))
k−1 (1− F (x0)) , k = 1, 2, . . .

‘ã¬¬ë ¢¨¤� (2) −�§ë¢�îâáï £¥®¬¥âà¨ç¥áª¨¬¨. ‚ á¨«ã −¥§�¢¨á¨¬®áâ¨ ¯®á«¥¤®-
¢�â¥«ì−®áâ¥© X1,X2, . . . ¨ τ1, τ2, . . . á«ãç�©−�ï ¢¥«¨ç¨−� N (ç¨á«® á«�£�¥¬ëå
¢ áã¬¬¥ (2)) −¥§�¢¨á¨¬� ®â á�¬¨å á«�£�¥¬ëå ζ1, ζ2, . . . �à¨ íâ®¬ ¯à¨−æ¨¯¨�«ì−®¥
®â«¨ç¨¥ £¥®¬¥âà¨ç¥áª¨å á«ãç�©−ëå áã¬¬, à�áá¬�âà¨¢�¥¬ëå §¤¥áì, ®â £¥®¬¥âà¨-
ç¥áª¨å áã¬¬ ¢ âà�¤¨æ¨®−−®¬ ¯®−¨¬�−¨¨ (á¬., −�¯à¨¬¥à, [26, 27]) §�ª«îç�¥âáï
¢ â®¬, çâ® ¢ ¤�−−®¬ á«ãç�¥ á«�£�¥¬ë¥ −¥®¡ï§�â¥«ì−® ¨¬¥îâ ®¤¨−�ª®¢®¥ à�á¯à¥-
¤¥«¥−¨¥, â®£¤� ª�ª ¢ ãª�§�−−ëå ª«�áá¨ç¥áª¨å ª−¨£�å ¨§ãç�«¨áì £¥®¬¥âà¨ç¥áª¨¥
áã¬¬ë ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ëå á«�£�¥¬ëå ¨, á®®â¢¥âáâ¢¥−−®, ¨á¯®«ì§®¢�«¨áì
¬¥â®¤ë, ®à¨¥−â¨à®¢�−−ë¥ ¨¬¥−−® −� â�ªãî á¨âã�æ¨î.

2.2 Вспомогательные теоретические результаты

‚ à�¬ª�å ¯®¤å®¤�, ¨á¯®«ì§ã¥¬®£® ¢ ¤�−−®© à�¡®â¥, ªà�¥ã£®«ì−ë¬¨ ª�¬−ï-
¬¨ á«ã¦�â ¤¢� â¥®à¥â¨ç¥áª¨å à¥§ã«ìâ�â�. �¥à¢ë© ¨§ −¨å | ¢¥àá¨ï §�ª®−�
¡®«ìè¨å ç¨á¥« ¤«ï á«ãç�©−ëå áã¬¬ −¥®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ëå á«ãç�©−ëå
¢¥«¨ç¨− (â¥®à¥¬� 1 −¨¦¥), ®¡®á−®¢ë¢�îé�ï ¨á¯®«ì§®¢�−¨¥ à�á¯à¥¤¥«¥−¨ï ‚¥©-
¡ã««�{ƒ−¥¤¥−ª® ¢ ª�ç¥áâ¢¥ ¬®¤¥«¨ à�á¯à¥¤¥«¥−¨ï ¨−â¥à¢�«®¢ ¢à¥¬¥−¨ ¬¥¦¤ã
ª�â�áâà®ä�¬¨. ‚â®à®© | â¥®à¥¬� ��«ª¥¬ë { �¨ª�−¤á� { „¥ •��−� (â¥®à¥¬� 2
−¨¦¥), ®¡®á−®¢ë¢�îé�ï ¨á¯®«ì§®¢�−¨¥ ®¡®¡é¥−−®£® à�á¯à¥¤¥«¥−¨ï ��à¥â® ¢ ª�-
ç¥áâ¢¥ ¬®¤¥«¨ à�á¯à¥¤¥«¥−¨ï ªà¨â¨ç¥áª¨å §−�ç¥−¨© −¥¡«�£®¯à¨ïâ−®£® ä�ªâ®à�
¯à¨ ¤®áâ�â®ç−® ¡®«ìè®¬ ªà¨â¨ç¥áª®¬ ¯®à®£¥ x0. �â¨ ¤¢� ®¡é¨å à¥§ã«ìâ�â� «¥¦�â
¢ ®á−®¢¥ ¯à¥¤«�£�¥¬®£® ¬¥â®¤�.

�ãáâì ξ1, ξ2, . . . | −¥®¡ï§�â¥«ì−® ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ë¥ á«ãç�©−ë¥ ¢¥-
«¨ç¨−ë. „«ï ª�¦¤®£® −�âãà�«ì−®£® n ≥ 1 ¯®«®¦¨¬ Sn = ξ1 + ξ2 + · · · + ξn.
÷�áá¬®âà¨¬ ¯®á«¥¤®¢�â¥«ì−®áâì æ¥«®ç¨á«¥−−ëå −¥®âà¨æ�â¥«ì−ëå á«ãç�©−ëå ¢¥-
«¨ç¨− {Nn}n≥1 ¨ ¡ã¤¥¬ áç¨â�âì, çâ® ¯à¨ ª�¦¤®¬ n á«ãç�©−ë¥ ¢¥«¨ç¨−ë Nn,
ξ1, ξ2, . . . −¥§�¢¨á¨¬ë ¢ á®¢®ªã¯−®áâ¨. ‚¥§¤¥ ¤�«¥¥ á¨¬¢®« =⇒ ¡ã¤¥â ®¡®§−�ç�âì
áå®¤¨¬®áâì ¯® à�á¯à¥¤¥«¥−¨î.

„«ï ä®à¬�«ì−®© ª®àà¥ªâ−®áâ¨ à�áá¬®âà¨¬ �á¨¬¯â®â¨ç¥áªãî ¯®áâ�−®¢ªã:
¯ãáâì xn = x0,n | (¢®§à�áâ�îé�ï) ¯®á«¥¤®¢�â¥«ì−®áâì ªà¨â¨ç¥áª¨å ¯®à®£®¢
â�ª�ï, çâ®

pn ≡ 1− F (xn) −→ 0 (n→ ∞).
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’®£¤� á«ãç�©−�ï ¢¥«¨ç¨−� N = Nn ¨¬¥¥â £¥®¬¥âà¨ç¥áª®¥ à�á¯à¥¤¥«¥−¨¥ á ¯�à�-
¬¥âà®¬ qn = 1− pn. �à¨ íâ®¬ ENn = p

−1
n ¨, ª�ª å®à®è® ¨§¢¥áâ−®,

lim
n→∞

sup
y≥0

∣∣P (pnNn ≥ y)− e−y
∣∣ = 0.

‚ à�¡®â¥ [21] ¤®ª�§�−� á«¥¤ãîé�ï â¥®à¥¬�, ®¡®¡é�îé�ï ª«�áá¨ç¥áªãî â¥®à¥-
¬ã ÷¥−ì¨ (§�ª®− ¡®«ìè¨å ç¨á¥« ¤«ï £¥®¬¥âà¨ç¥áª¨å áã¬¬) −� á«ãç�© −¥®¤¨−�ª®¢®
à�á¯à¥¤¥«¥−−ëå á«�£�¥¬ëå.

’¥®à¥¬� 1. �à¥¤¯®«®¦¨¬, çâ® á«ãç�©−�ï ¢¥«¨ç¨−� Nn ¨¬¥¥â £¥®¬¥âà¨ç¥áª®¥
à�á¯à¥¤¥«¥−¨¥ á ¯�à�¬¥âà®¬ pn, ¯à¨ç¥¬ pn → 0 ¯à¨ n → ∞. �à¥¤¯®«®¦¨¬,
çâ® áãé¥áâ¢ãîâ ª®−¥ç−ë¥ γ > 0 ¨ b > 0 â�ª¨¥, çâ®

Sn

bnγ =⇒ 1 (n→ ∞).

’®£¤�

lim
n→∞

sup
x≥0

∣∣∣P (pγ
nSNn ≥ bx)− exp

{
−x1/γ

}∣∣∣ = 0.

‡�¬¥â¨¬, çâ® §−�ç¥−¨ï γ > 1 á®®â¢¥âáâ¢ãîâ â®© á¨âã�æ¨¨, ª®£¤� á«ãç�©−ë¥
¢¥«¨ç¨−ë ζi ú¢ áà¥¤−¥¬û ¢®§à�áâ�îâ, â. ¥. íªáâà¥¬�«ì−ë¥ á®¡ëâ¨ï ¯à®¨áå®¤ïâ
¢á¥ à¥¦¥ ¨ à¥¦¥, §−�ç¥−¨ï γ < 1 á®®â¢¥âáâ¢ãîâ â®© á¨âã�æ¨¨, ª®£¤� á«ãç�©−ë¥
¢¥«¨ç¨−ë ζi ú¢ áà¥¤−¥¬û ã¡ë¢�îâ, â. ¥. íªáâà¥¬�«ì−ë¥ á®¡ëâ¨ï ¯à®¨áå®¤ïâ ¢á¥
ç�é¥ ¨ ç�é¥, � §−�ç¥−¨¥ γ = 1 á®®â¢¥âáâ¢ã¥â â®© á¨âã�æ¨¨, ª®£¤� ¨−â¥−á¨¢−®áâì
¯®â®ª� íªáâà¥¬�«ì−ëå á®¡ëâ¨© ú¢ áà¥¤−¥¬û ¯®áâ®ï−−�, −�¯à¨¬¥à ¢ ¯®¢¥¤¥−¨¨ ¨−-
â¥−á¨¢−®áâ¨ −�¡«î¤�îâáï ¯à®ï¢«¥−¨ï æ¨ª«¨ç−®áâ¨, ¯à¨ç¥¬ ¯¥à¨®¤ë ¨§¬¥−¥−¨ï
¨−â¥−á¨¢−®áâ¨ §�¬¥â−® ¬¥−ìè¥ ¯¥à¨®¤� ä¨ªá�æ¨¨ −�¡«î¤¥−¨©.

‚ á¨«ã −¥®¤−®à®¤−®áâ¨ ¤�−−ëå ¯à¨ γ 6= 1 ¯à¥¤¥«ì−ë¬ à�á¯à¥¤¥«¥−¨¥¬
¢ â¥®à¥¬¥ 1 á«ã¦¨â à�á¯à¥¤¥«¥−¨¥ ‚¥©¡ã««�. ‚ ®¡é¥¬ á«ãç�¥, ¢ ®â«¨ç¨¥ ®â
íªá¯®−¥−æ¨�«ì−®£® à�á¯à¥¤¥«¥−¨ï (ª®â®à®¬ã á®®â¢¥âáâ¢ã¥â γ = 1), ã â�ª®£® à�á-
¯à¥¤¥«¥−¨ï ¥áâì ¯�¬ïâì (¯®á«¥¤¥©áâ¢¨¥). �®íâ®¬ã ¯à¨ ¯à®£−®§¨à®¢�−¨¨ à¨áª®¢
ª�â�áâà®ä¨ç¥áª¨å á®¡ëâ¨© ®¯¨áë¢�¥¬ë¬ ¬¥â®¤®¬ ¨¬¥¥â á¬ëá« ¤«ï ¯®¢ëè¥−¨ï
â®ç−®áâ¨ ¯à®£−®§®¢ ¨á¯®«ì§®¢�âì ¨−ä®à¬�æ¨î ® â®¬, ª®£¤� ¡ë«� §�ä¨ªá¨à®¢�−�
¯®á«¥¤−ïï ¯® ¢à¥¬¥−¨ ª�â�áâà®ä� ¨ à�áá¬�âà¨¢�âì á®®â¢¥âáâ¢ãîé¨¥ ãá«®¢−ë¥
¢¥à®ïâ−®áâ¨.

‚â®à®© ªà�¥ã£®«ì−ë© à¥§ã«ìâ�â ¤«ï à�áá¬�âà¨¢�¥¬®£® ¬¥â®¤� ¯à®£−®§¨à®¢�-
−¨ï ª�â�áâà®ä { íâ® â¥®à¥¬� ��«ª¥¬ë { �¨ª�−¤á� { „¥ •��−�, −� ª®â®à®© ®á−®¢�−
â�ª −�§ë¢�¥¬ë© ¬¥â®¤ ¯à¥¢ëè¥−¨© ¯®à®£� (POT-¬¥â®¤).

�ãáâì á«ãç�©−�ï ¢¥«¨ç¨−� X ¨¬¥¥â äã−ªæ¨î à�á¯à¥¤¥«¥−¨ï F (x). ‚ à�¬ª�å
à�áá¬�âà¨¢�¥¬®£® ¬¥â®¤� ¯à®£−®§¨à®¢�−¨ï ª�â�áâà®ä ª�ª ¯à¥¢ëè¥−¨© íªáâà¥-
¬�«ì−ë¬ ¯à®æ¥áá®¬ ªà¨â¨ç¥áª¨å ãà®¢−¥© ¡®«ìè®© ¨−â¥à¥á ¯à¥¤áâ�¢«ï¥â ®¯¨á�-
−¨¥ ãá«®¢−®£® à�á¯à¥¤¥«¥−¨ï ¯à¥¢ëè¥−¨ï á«ãç�©−®© ¢¥«¨ç¨−®© X −¥ª®â®à®£®
(¡®«ìè®£®) ¯®à®£� u

Fu(y) = P(X − u < y|X > u), 0 ≤ y ≤ xF − u,
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£¤¥ y = x − u | ¯à¥¢ëè¥−¨¥ ¯®à®£�; xF = sup{x ∈ R|F (x) < 1} ≤ ∞.
”ã−ªæ¨ï íâ®£® ãá«®¢−®£® à�á¯à¥¤¥«¥−¨ï Fu ¬®¦¥â ¡ëâì ¢ëà�¦¥−� ç¥à¥§ F :

Fu(y) =
F (u+ y)− F (u)

1− F (u)
=
F (x)− F (u)

1− F (u)
.

…á«¨ ¯®à®£ u ¤®áâ�â®ç−® ¢¥«¨ª, â® ¡®«ìè¨−áâ¢® à¥�«¨§�æ¨© á«ãç�©−®© ¢¥«¨ç¨-
−ë X «¥¦¨â ¬¥¦¤ã 0 ¨ u, â�ª çâ® ®æ¥−¨âì F ¢ ¤�−−®¬ ¯à®¬¥¦ãâª¥ −¥á«®¦−®.
�¤−�ª® ®æ¥−¨âì Fu ¯à®¡«¥¬�â¨ç−®, â�ª ª�ª á®®â¢¥âáâ¢ãîé¨å −�¡«î¤¥−¨© ¬�«®.
‚ íâ®© á¨âã�æ¨¨ ¯à¨¬¥−ï¥âáï â¥®à¥¬� 2.

ƒ®¢®àïâ, çâ® äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï F ¯à¨−�¤«¥¦¨â ®¡«�áâ¨max-¯à¨âï¦¥-
−¨ï ®¤−®£® ¨§ ¯à¥¤¥«ì−ëå à�á¯à¥¤¥«¥−¨© íªáâà¥¬�«ì−ëå §−�ç¥−¨©, áª�¦¥¬, G,
¥á«¨ áãé¥áâ¢ãîâ â�ª¨¥ ç¨á«®¢ë¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ {an}n≥1 ¨ {bn}n≥1, çâ®

lim
n→∞

Fn(bnx+ an) = G(x)

¤«ï ¢á¥å x ∈ R. “á«®¢¨¥ ¯à¨−�¤«¥¦−®áâ¨ äã−ªæ¨¨ à�á¯à¥¤¥«¥−¨ï ®¡«�áâ¨
max-¯à¨âï¦¥−¨ï ¯à¥¤¥«ì−®£® à�á¯à¥¤¥«¥−¨ï íªáâà¥¬�«ì−ëå §−�ç¥−¨© ¤®¢®«ì−®
®¡é®. �ãáâì M | ¬−®¦¥áâ¢® äã−ªæ¨© à�á¯à¥¤¥«¥−¨ï, ¯à¨−�¤«¥¦�é¨å ª�-
ª®©-«¨¡® ®¡«�áâ¨ max-¯à¨âï¦¥−¨ï ¯à¥¤¥«ì−®£® à�á¯à¥¤¥«¥−¨ï íªáâà¥¬�«ì−ëå
§−�ç¥−¨©. �� ¯à�ªâ¨ª¥ «î¡ãî í¬¯¨à¨ç¥áªãî äã−ªæ¨î à�á¯à¥¤¥«¥−¨ï ¬®¦−®
á ¤®áâ�â®ç−®© â®ç−®áâìî ¯à¨¡«¨§¨âì äã−ªæ¨¥© ¨§ M.

’¥®à¥¬� 2 [22,23]. ”ã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï F ¯à¨−�¤«¥¦¨â ®¡«�áâ¨ max-¯à¨-
âï¦¥−¨ï à�á¯à¥¤¥«¥−¨ï, ¯à¥¤¥«ì−®£® ¤«ï íªáâà¥¬�«ì−ëå §−�ç¥−¨©, â®£¤�
¨ â®«ìª® â®£¤�, ª®£¤� áãé¥áâ¢ã¥â ¨§¬¥à¨¬�ï äã−ªæ¨ï σ(u) > 0, â�ª�ï çâ®

lim
u→xF

sup
0≤y<xF−u

|Fu(y)−Gδ,σ(u)(y)| = 0,

£¤¥ Gδ,σ(y)| äã−ªæ¨ï ®¡®¡é¥−−®£® à�á¯à¥¤¥«¥−¨ï ��à¥â®:

Gδ,σ(y) =




1−

(
1 +

δ

σ
y

)−1/δ

, δ 6= 0,
1− e−y/σ , δ = 0.

“á«®¢¨ï¬ â¥®à¥¬ë ã¤®¢«¥â¢®àï¥â ¡®«ìè¨−áâ¢® ¨á¯®«ì§ã¥¬ëå −� ¯à�ªâ¨ª¥
à�á¯à¥¤¥«¥−¨©. ��à�¬¥âà δ ®¯à¥¤¥«ï¥â áâ¥¯¥−ì âï¦¥áâ¨ å¢®áâ� à�á¯à¥¤¥«¥−¨ï:
ç¥¬ ¡®«ìè¥ δ, â¥¬ âï¦¥«¥¥ å¢®áâ. ��¯à¨¬¥à, ¯à¨ ¬®¤¥«¨à®¢�−¨¨ ä¨−�−á®¢ëå
¤�−−ëå ®¡ëç−® ¯à¨¬¥−ï¥âáï δ ≥ 0.

2.3 Описание метода

ˆâ�ª, ãç¨âë¢�ï á¤¥«�−−ë¥ ¯à¥¤¯®«®¦¥−¨ï ® −®à¬¨àãîé¨å ¯®áâ®ï−−ëå,
¬®¦−® §�ª«îç¨âì, çâ® ¯à¨ ¡®«ìè¨å §−�ç¥−¨ïå x0
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P(T < t) ≈ 1− exp
{
−[1− F (x0)]

(
t

b

)1/γ
}
, t > 0. (3)

�à¨¬¥−¥−¨¥ ®¯¨áë¢�¥¬®£® ¬¥â®¤� ¢ëç¨á«¥−¨ï ¢à¥¬¥−− �ëå å�à�ªâ¥à¨áâ¨ª ª�-
â�áâà®ä ¢ −¥®¤−®à®¤−ëå ¯®â®ª�å íªáâà¥¬�«ì−ëå á®¡ëâ¨© §�ª«îç�¥âáï ¢ á«¥¤ã-
îé¥¬. �ãáâì ε ∈ (0, 1)| ¯à®¨§¢®«ì−®¥ ç¨á«®. ÷¥è¥−¨¥ ãà�¢−¥−¨ï

P(T < t) = ε

®â−®á¨â¥«ì−® t ®¡®§−�ç¨¬ t(ε). …á«¨ à�á¯à¥¤¥«¥−¨¥ á«ãç�©−®© ¢¥«¨ç¨−ë T ¨¬¥¥â
¢¨¤ (3), â®, ®ç¥¢¨¤−®,

t(ε) = b

[
ln(1− ε)

F (x0)− 1

]γ

.

‘¬ëá« §−�ç¥−¨ï t(ε) §�ª«îç�¥âáï ¢ â®¬, çâ® íâ® ¢à¥¬ï, ¢¥à®ïâ−®áâì −�-
áâã¯«¥−¨ï ª�â�áâà®äë ¤® ª®â®à®£® à�¢−� ε. ˆ§ á®®¡à�¦¥−¨© §¤à�¢®£® á¬ëá«�
®á®¡ë© ¨−â¥à¥á ¯à¥¤áâ�¢«ïîâ §−�ç¥−¨ï ε, ¡«¨§ª¨¥ ª −ã«î (á®®â¢¥âáâ¢ãîé¥¥
§−�ç¥−¨¥ t(ε) | íâ® ¢à¥¬ï, ¤® ª®â®à®£® ª�â�áâà®ä�, áª®à¥¥ ¢á¥£®, −¥ −�áâã¯¨â),
¡«¨§ª¨¥ ª ¥¤¨−¨æ¥ (á®®â¢¥âáâ¢ãîé¥¥ §−�ç¥−¨¥ t(ε) | íâ® ¢à¥¬ï, ¤® ª®â®à®£®
ª�â�áâà®ä�, áª®à¥¥ ¢á¥£®, −�áâã¯¨â), � â�ª¦¥ ε = 1/2 (á®®â¢¥âáâ¢ãîé¥¥ §−�ç¥-
−¨¥ t(1/2)| íâ® úáà¥¤−¥¥û ¢à¥¬ï ¤® −�áâã¯«¥−¨ï ª�â�áâà®äë).

�à¨ ¯à®£−®§¨à®¢�−¨¨ úáà¥¤−¥£®û, ¨«¨ ú®¦¨¤�¥¬®£®û, ¢à¥¬¥−¨ ¤® ª�â�áâà®-
äë ¬®¦−® ¨á¯®«ì§®¢�âì ª�ª ¬¥¤¨�−ã t(1/2) á«ãç�©−®© ¢¥«¨ç¨−ë T , ª®â®à�ï
®¯à¥¤¥«ï¥âáï ¢ ª�ç¥áâ¢¥ à¥è¥−¨ï ãà�¢−¥−¨ï

1− exp
{
−[1− F (x0)]

(
t

b

)1/γ
}
=
1

2

®â−®á¨â¥«ì−® t ¨ à�¢−�

t

(
1

2

)
= b

[
ln 2

1− F (x0)

]γ

,

â�ª ¨ ¬�â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥

ET =
b•(1 + γ)

[1− F (x0)]
γ .

‘â®¨â ®â¬¥â¨âì, çâ®, −�¯à¨¬¥à, ¢ á«ãç�¥ γ = 1 ¬¥¤¨�−� t(1/2) á«ãç�©−®©
¢¥«¨ç¨−ë T ¯®çâ¨ ¢ ¯®«â®à� à�§� (â®ç−¥¥, ¢ (ln 2)−1 à�§) ¬¥−ìè¥ ¬�â¥¬�â¨ç¥áª®£®
®¦¨¤�−¨ï ET .

��à�¬¥âàë b ¨ γ «¥£ª® ®æ¥−¨âì ¬¥â®¤®¬ −�¨¬¥−ìè¨å ª¢�¤à�â®¢. �à¥¤-
¯®«®¦¨¬, çâ® ¢ à�á¯®àï¦¥−¨¨ ¨áá«¥¤®¢�â¥«ï ¨¬¥¥âáï ¢ë¡®àª� Z1, Z2, . . . , Zn
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¯à¥¤ë¤ãé¨å §−�ç¥−¨© á«ãç�©−ëå ¢¥«¨ç¨− ζj. �®à¬¨àãîé�ï äã−ªæ¨ï bk = bkγ

¯�à�¬¥âà� k ¨¬¥¥â á¬ëá« âà¥−¤�, ¨«¨ ®á−®¢−®© â¥−¤¥−æ¨¨ ¯®¢¥¤¥−¨ï à¥�«¨§�æ¨¨
Rk = Z1+ · · ·+Zk á«ãç�©−®© äã−ªæ¨¨ Sk. „«ï «¨−¥�à¨§�æ¨¨ à¥£à¥áá¨®−−®© §�-
¤�ç¨ ¯à®«®£�à¨ä¬¨àã¥¬ bk ¨ Rk. �¡®§−�ç¨¢ β = log b, ¯®«ãç¨¬ ¯à¨¡«¨¦¥−−ë¥
à�¢¥−áâ¢�

logRk ≈ β + γ log k, k = 1, n , (4)

¢ ¯à�¢®© ç�áâ¨ ª®â®àëå áâ®ïâ «¨−¥©−ë¥ äã−ªæ¨¨ ¯�à�¬¥âà®¢ β ¨ γ. ˆá¯®«ì§ãï
áâ�−¤�àâ−ë© ¬¥â®¤ −�¨¬¥−ìè¨å ª¢�¤à�â®¢ ¤«ï ®æ¥−¨¢�−¨ï ¯�à�¬¥âà®¢ «¨−¥©−®©
à¥£à¥áá¨¨ (4), ¯®«ãç¨¬ ®æ¥−ª¨

γ ≈ γ̂ =
n
∑n

k=1
(log k · logRk)− log n!

∑n

k=1
logRk

n
∑n

k=1
(log k)2 − (log n!)2

;

b = exp{β} ≈ exp
{
1

n

(
n∑

k=1

logRk − γ̂ log n!

)}
.

—â®¡ë ¯®«ãç¨âì ®æ¥−ªã ¢¥«¨ç¨−ë 1−F (x0), −¥®¡å®¤¨¬® ¯®áâà®¨âì ¯�à�¬¥â-
à¨ç¥áªãî ¬�â¥¬�â¨ç¥áªãî ¬®¤¥«ì (¯à¨¡«¨¦¥−¨¥) ¤«ï äã−ªæ¨¨ F (x). „«ï íâ®£®
¨á¯®«ì§ã¥¬ ¬¥â®¤ ¯®áâà®¥−¨ï �á¨¬¯â®â¨ç¥áª¨å �¯¯à®ªá¨¬�æ¨© ¤«ï F (x) ¯à¨
¡®«ìè¨å x0, ®á−®¢�−−ë© −� â¥®à¥¬¥ ��«ª¥¬ë { �¨ª�−¤á� { „¥ •��−� (â¥®à¥¬¥ 2).
‘ íâ®© æ¥«ìî ¨áå®¤−ãî ¢ë¡®àªã æ¥−§ãà¨àã¥¬ á−¨§ã −� ãà®¢−¥ θ ∈ (0, x0), £�à�−-
â¨àãîé¥¬ ã¤®¢«¥â¢®à¨â¥«ì−®¥ á®£«�á¨¥ í¬¯¨à¨ç¥áª®£® à�á¯à¥¤¥«¥−¨ï ¢¥«¨ç¨−
Xi − θ (¯à¥¢ëè¥−¨© ãà®¢−ï θ í«¥¬¥−â�¬¨ ¨áå®¤−®© ¢ë¡®àª¨) á ®¡®¡é¥−−ë¬
à�á¯à¥¤¥«¥−¨¥¬ ��à¥â®. ‡�â¥¬ ¯® á®®â¢¥âáâ¢ãîé¥© ¢ë¡®àª¥ ¯à¥¢ëè¥−¨© −�-

å®¤¨¬ ®æ¥−ª¨ δ̂ ¨ σ̂ ¯�à�¬¥âà®¢ δ ¨ σ íâ®£® à�á¯à¥¤¥«¥−¨ï, −�¯à¨¬¥à ¬¥â®¤®¬
¬�ªá¨¬�«ì−®£® ¯à�¢¤®¯®¤®¡¨ï. ‚ ¨â®£¥ ¯®«�£�¥¬:

1− F (x0) ≈ 1−G
δ̂,σ̂
(x0 − θ).

‡�¬¥â¨¬, çâ® ¯à¨ ®â−®á¨â¥«ì−® −¥¡®«ìè¨å §−�ç¥−¨ïå θ ¢ë¡®àª� á®¤¥à¦¨â ¡®«ìè¥
−�¡«î¤¥−¨© ¤«ï ®æ¥−¨¢�−¨ï ¯�à�¬¥âà®¢, −® åã¦¥ à�¡®â�¥â â¥®à¥¬� ��«ª¥¬ë {
�¨ª�−¤á� { „¥ •��−�. �à¨ ¡®«ìè¨å §−�ç¥−¨ïå θ ¯à¨¡«¨¦¥−¨¥ ¢ â¥®à¥¬¥ ��«ª¥-
¬ë { �¨ª�−¤á� { „¥ •��−� ã«ãçè�¥âáï, −® â®ç−®áâì áâ�â¨áâ¨ç¥áª®£® ®æ¥−¨¢�−¨ï
¯�à�¬¥âà®¢ á−¨¦�¥âáï, â�ª ª�ª ¤®áâã¯−® ¬¥−ìè¥ −�¡«î¤¥−¨©.

2.4 Основной алгоритм

�«£®à¨â¬, à¥�«¨§ãîé¨© à�áá¬�âà¨¢�¥¬ë© ¬®¤¨ä¨æ¨à®¢�−−ë© POT-¬¥â®¤,
¢ë£«ï¤¨â á«¥¤ãîé¨¬ ®¡à�§®¬.

1. ‡�¤�âì ªà¨â¨ç¥áª¨© ¯®à®£ x0, ¯à¥¢ëè¥−¨ï ª®â®à®£® áç¨â�îâáï ª�â�áâà®ä¨-
ç¥áª¨¬¨ á®¡ëâ¨ï¬¨.
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2. ‡�¤�âì −¥ª®â®à®¥ m ∈ N.

3. „«ï −�¡®à� ¯®à®£®¢ �θ = {θi}m
i=1, θi < x0 ∀i = 1,m, ¢ë¤¥«¨âì ¬®¬¥−âë

¢à¥¬¥−¨, ¢ ª®â®àëå ¯à®¨§®è«¨ ¯à¥¢ëè¥−¨ï ¯®à®£� θi, ¨ §−�ç¥−¨¥, −� ª®â®à®¥
¢ë¡à�−−ë© ¯®à®£ θi ¡ë« ¯à¥¢ëè¥−.

4. �áãé¥áâ¢¨âì ¯®¤£®−ªã à�á¯à¥¤¥«¥−¨ï ��à¥â® ª ¢ë¡®àª¥, á®áâ®ïé¥© ¨§ ¯à¥-
¢ëè¥−¨© ¯®à®£®¢ θi ∀i ∈ 1,m.

5. ‘®åà�−¨âì à¥§ã«ìâ�â áâ�â¨áâ¨ç¥áª®£® ªà¨â¥à¨ï å¨-ª¢�¤à�â �¨àá®−� á®£«�á¨ï
à�á¯à¥¤¥«¥−¨ï ¢ë¡®àª¨ ¯à¥¢ëè¥−¨© á à�á¯à¥¤¥«¥−¨¥¬ ��à¥â® ¤«ï ª�¦¤®©
¨§ m ¢ë¡®à®ª.

6. ‚ë¡à�âì −®¬¥à i, á®®â¢¥âáâ¢ãîé¨© −�¨¡®«ìè¥¬ã P-§−�ç¥−¨î ãª�§�−−®£®
ªà¨â¥à¨ï, ¨ á®åà�−¨âì á®®â¢¥âáâ¢ãîéãî ¢ë¡®àªã ¨ ¯®«ãç¥−−ë¥ ¤«ï −¥¥

¯�à�¬¥âàë à�á¯à¥¤¥«¥−¨ï ��à¥â® δ̂θl
¨ σ̂θl

.

7. �®¤®£−�âì áâ¥¯¥−−ãî ªà¨¢ãî ª àï¤ã ¨áâ®à¨ç¥áª¨å ®áãé¥áâ¢«¥−¨© ¯à¥¢ëè¥-
−¨© ¯®à®£� (i, T ).

8. ‘®åà�−¨âì ¯®«ãç¥−−ë¥ ¯�à�¬¥âàë γ̂ ¨ b̂ ¨ §−�ç¥−¨¥ R2 ª�ª ¬¥âà¨ªã ª�ç¥áâ¢�
¯®¤£®−ª¨ á®®â¢¥âáâ¢ãîé¥© ªà¨¢®©.

9. ‡�¯¨á�âì ¯®á«¥¤−¥¥ ¨§¢¥áâ−®¥ ¯à®¨áè¥áâ¢¨¥ ¯à¥¢ëè¥−¨ï ¯®à®£� ¨§ ¨§¢¥áâ−ëå
¨áâ®à¨ç¥áª¨å ¤�−−ëå.

10. ˆá¯®«ì§ãï ¯®«ãç¥−−ë¥ ¯�à�¬¥âàë (γ̂, b̂, δ̂θl
, σ̂θl

), ¢ëç¨á«¨âì ãá«®¢−ãî
¢¥à®ïâ−®áâì ®áãé¥áâ¢«¥−¨ï ª�â�áâà®äë ª�ª äã−ªæ¨î ¢à¥¬¥−¨.

11. ˆá¯®«ì§®¢�âì ¯®«ãç¥−−ãî äã−ªæ¨î à�á¯à¥¤¥«¥−¨ï ¤«ï à�§«¨ç−ëå ¢à¥¬¥−-
−ëå £®à¨§®−â®¢ ¯à¨ ä¨ªá¨à®¢�−−®© ¢¥à®ïâ−®áâ¨ (−�¯à¨¬¥à, −� ¢à¥¬¥−−�®¬
£®à¨§®−â¥, á®®â¢¥âáâ¢ãîé¥¬ ¢¥à®ïâ−®áâ¨ 1/2 (áà¥¤−¥¬ ¢à¥¬¥−¨ ¤® ª�â�áâà®-
äë), −� ¢à¥¬¥−−�®¬ ¯à®¬¥¦ãâª¥, á®®â¢¥âáâ¢ãîé¥¬ ªà�©−¥ −¨§ª®©/ªà�©−¥
¢ëá®ª®© ¢¥à®ïâ−®áâ¨, ¨ â. ¤.) ¨, −�®¡®à®â, ¤«ï ®æ¥−¨¢�−¨ï ¢¥à®ïâ−®áâ¨ ¤«ï
ä¨ªá¨à®¢�−−ëå ¢à¥¬¥−− �ëå £®à¨§®−â®¢ (−�¯à¨¬¥à, ¢¥à®ïâ−®áâ¨ â®£®, çâ® ¯à¥-
¢ëè¥−¨¥ ¯®à®£� ¯à®¨§®©¤¥â ¢ ¡«¨¦�©è¨¥ 10, 100 ¨«¨ 3600 á (¨§¬¥à¥−¨©)).

ú�à¨£®¤−®áâìû (à¥¯à¥§¥−â�â¨¢−®áâì) ¢ë¡®àª¨ ¯à¥¢ëè¥−¨© ®¯à¥¤¥«ï¥âáï ¯® ª�-
ç¥áâ¢ã ¯®¤£®−ª¨ à�á¯à¥¤¥«¥−¨ï ��à¥â® ¢ á®®â¢¥âáâ¢¨¨ á â¥®à¥¬®© ��«ª¥¬ë {
�¨ª�−¤á� { „¥ •��−�. ‚ ç�áâ−®áâ¨, «ãçè¥© ¬®¦−® áç¨â�âì ¯¥à¢ãî ¯® ¯®àï¤ªã
¢®§à�áâ�−¨ï ¯®à®£� ¢ë¡®àªã, ¤«ï ª®â®à®©P-§−�ç¥−¨¥ ¢ëè¥α = 0,05. …á«¨ â�ª¨å
¢ë¡®à®ª −¥ ®¡−�àã¦¨«®áì, â® áç¨â�¥¬ â�ª®© ¢ë¡®àªã á «ãçè¨¬ P-§−�ç¥−¨¥¬ áà¥-
¤¨ ¤®áâã¯−ëå. ��¡®à ¯®à®£®¢ �θ ¬®¦¥â ¡ëâì ¢ë¡à�− «î¡®£® à�§¬¥à�. ��¯à¨¬¥à,
¥£® ¬®¦−® ®¯à¥¤¥«ïâì ª�ª −�¡®à ª¢�−â¨«¥© ¢ë¡®àª¨, ¬¥−ìè¨å x0, á ¯®àï¤ª�¬¨
®â 0,5 ¤® 0,999. ’�ª¨¬ ®¡à�§®¬, ¥á«¨ ú¯�à¥â®¢®áâìû ¢®§−¨ª�¥â ¯à¨ áãé¥áâ¢¥−−®
¡®«¥¥ −¨§ª®¬ ¯®à®£¥, ç¥¬ §−�ç¥−¨¥ ªà¨â¨ç¥áª®£® ¯®à®£� x0, â® ¯®«ãç�¥¬ ¢ë¡®àªã
áãé¥áâ¢¥−−® ¡®«ìè¥£® ®¡ê¥¬� ¨, á®®â¢¥âáâ¢¥−−®, ¡�®«ìèãî â®ç−®áâì ®æ¥−¨¢�−¨ï
¯�à�¬¥âà®¢.
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3 Результаты анализа и прогнозирования характеристик
качества обслуживания в сетях передачи и обработки данных

3.1 Описание анализируемых данных

Œ¥â®¤ ¨áá«¥¤®¢�«áï −� ¤�−−ëå, á®¤¥à¦�é¨å ®¡¬¥− á®®¡é¥−¨ï¬¨ ¬¥¦¤ã
¢−ãâà¥−−¥© ¨ ¢−¥è−¥© á¥âìî ª�ä¥¤àë �‘‚Š ä�ªã«ìâ¥â� ‚ŒŠ Œƒ“. ‘¡®à

÷¨á. 1 ˆáå®¤−ë¥ ¤�−−ë¥: (�) ¤®«ï ¯®â¥àï−−ëå ¯�ª¥â®¢; (¡) áà¥¤−ïï §�¤¥à¦ª�;
(¢) −�£àã§ª�. �¥à¢ë¥ 11 000 ¨§¬¥à¥−¨©
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¤�−−ëå ® ¯®â®ª�å á®®¡é¥−¨© ¯à®¢®¤¨«áï ®¤−®¢à¥¬¥−−® ¨§ ¢−¥è−¥© ¨ ¢−ãâà¥−-
−¥© á¥â¨. ’®çª®© á¡®à� ¢ëáâã¯�« ¯à®£à�¬¬−®-�¯¯�à�â−ë© ª®¬¯«¥ªá −� ¡�§¥
á¥à¢¥à−®© ¯«�âä®à¬ë X11DDW-IT á Xeon E5-2640v4 á X710-DA4 ¢ VPP
¯®¤ ã¯à�¢«¥−¨¥¬ ®¯¥à�æ¨®−−®© á¨áâ¥¬ë Linux (¤¨áâà¨¡ãâ¨¢ Debian Bookworm,
¢¥àá¨ï ï¤à� 6.1.0-11-686-pae). Š®¬¯«¥ªá ¢ë¯®«−ï« äã−ªæ¨¨ ¬�àèàãâ¨§�â®à�
¨ ¡à�−¤¬�ãíà� á ®âá«¥¦¨¢�−¨¥¬ á®áâ®ï−¨ï. „�−−ë¥ ¡ë«¨ ®à£�−¨§®¢�−ë ¢ ¢¨¤¥
ã¯®àï¤®ç¥−−®© ¯®á«¥¤®¢�â¥«ì−®áâ¨ á¥â¥¢ëå á®®¡é¥−¨©, ¯à¥¤áâ�¢«¥−−ëå ¢ ¢¨¤¥
¡�©â®¢ëå áâà®ª, ®â¯à�¢«ï¥¬ëå ¨ ¯®«ãç�¥¬ëå á¥â¥¢ë¬¨ ¨−â¥àä¥©á�¬¨ ¬�àèàã-
â¨§�â®à�. ‘®®¡é¥−¨ï á®¤¥à¦�«¨ ¨−ä®à¬�æ¨î ® ¬¥âª�å ¢¨àâã�«ì−ëå ç�áâ−ëå
á¥â¥© ª�−�«ì−®£® ãà®¢−ï (VLAN, L2), IP-�¤à¥á�å (IPv4, L3), ¨á¯®«ì§®¢�−−ëå
âà�−á¯®àâ−ëå ¯à®â®ª®«�å (TCP/UDP/SCTP, L4). „�−−ë¥ ¡ë«¨ á®¡à�−ë á ¨á-
¯®«ì§®¢�−¨¥¬ ãâ¨«¨âë tcpdump ¢ à¥¦¨¬¥ §�¯¨á¨ ¤® 96 � −� ª�¦¤®¥ á®®¡é¥−¨¥
(á á®åà�−¥−¨¥¬ ¨−ä®à¬�æ¨¨ ® ç¨á«¥ ¡�©â ¢ ¨áå®¤−®¬ á®®¡é¥−¨¨). �®á«¥ á¡®à�
¤�−−ë¥ ®¡à�¡�âë¢�«¨áì á¨áâ¥¬®© á¡®à�, åà�−¥−¨ï ¨ ®¡à�¡®âª¨ á¥â¥¢®£® âà�ä¨ª�
(TrafficKeeper) [28], ¨ ¢ à¥§ã«ìâ�â¥ ä®à¬¨à®¢�«áï âà¥å¬¥à−ë© ¢à¥¬¥−−®© àï¤
¨§ 11 000 ¨§¬¥à¥−¨©. Š�¦¤®¥ ¨§¬¥à¥−¨¥ á®¤¥à¦¨â ¯à®¯ãáª−ãî á¯®á®¡−®áâì,
áà¥¤−îî §�¤¥à¦ªã ¨ ¤®«î ¯®â¥à¨ ¯�ª¥â®¢ §� 1 á. ˆáå®¤−ë¥ ¤�−−ë¥ ¢¨§ã�«¨§¨-
à®¢�−ë −� à¨á. 1, £¤¥ ãª�§�−ë àï¤ë ®¡ê¥¬� ¯¥à¥¤�¢�¥¬ëå ¤�−−ëå §� 1 á, áà¥¤−ïï
§�¤¥à¦ª� ¨ ¤®«ï ¯®â¥àì á®®â¢¥âáâ¢¥−−®. �� £à�ä¨ª�å ï¢−® §�¬¥â−ë ¥¤¨−¨ç−ë¥
¢ë¡à®áë ú¢¢¥àåû.

3.2 Эксперименты с оригинальным рядом

÷�áá¬®âà¨¬ àï¤ ¯®â¥àì ¯�ª¥â®¢, ¢ë¡à�¢ ªà¨â¨ç¥áª¨© ¯®à®£, à�¢−ë¬ 10.
‚ íâ®¬ á«ãç�¥:

{ P-§−�ç¥−¨¥ ªà¨â¥à¨ï χ2 �¨àá®−� à�¢−® 0,051 ¯à¨ ¯®à®£¥ θ = 0,05085 (á¬.
â�ª¦¥ à¨á. 2);

{ ¢¨§ã�«¨§�æ¨ï ¯®¤£®−ª¨ ªà¨¢ëå ¯à¨¢¥¤¥−� −� à¨á. 3. �®ª�§�â¥«ì R2 ª�ç¥áâ¢�
¯®¤£®−� ªà¨¢®© à�¢¥− 0,874 ¨ 0,936 ¤«ï ¬®¤¥«¨, ª®â®à�ï ¤®¯ãáª�¥â ¯®áâ®-
ï−−ãî ¨−â¥−á¨¢−®áâì ª�â�áâà®ä (γ = 1), ¨ ¤«ï ¬®¤¥«¨, á¢®¡®¤−®© ®â íâ®£®
¤®¯ãé¥−¨ï, á®®â¢¥âáâ¢¥−−®. ’®â ä�ªâ, çâ® R2 ¡®«ìè¥ ¤«ï ¢â®à®© ¬®¤¥«¨,
¯®¤ªà¥¯«ï¥â ¯à¥¤¯®«®¦¥−¨¥ ® â®¬, çâ® ç�áâ®â� ªà¨â¨ç¥áª¨å á®¡ëâ¨© ¬®¦¥â
−¥ ¡ëâì ¯®áâ®ï−−®©. ‚â®à�ï ¬®¤¥«ì áå®¤¨âáï ª §−�ç¥−¨î γ = 0,7;

{ â�ª¨¬ ®¡à�§®¬, t(ε = 0,001) ≈ 2,28268, t(ε = 0,5) ≈ 225,638 ¨ t(ε =
= 0,999) ≈ 1134,15. �â® ®§−�ç�¥â, çâ® ªà¨â¨ç¥áª®¥ á®¡ëâ¨¥ ú¢ áà¥¤−¥¬û
(¢ ¬¥¤¨�−−®¬ á¬ëá«¥) ¯à®¨§®©¤¥â ¢ â¥ç¥−¨¥ á«¥¤ãîé¨å 225,638 á, ú¯®çâ¨
−�¢¥à−®¥û −¥ ¯à®¨§®©¤¥â ¢ â¥ç¥−¨¥ 2,28268 á ¨ ú¯®çâ¨ −�¢¥à−®¥û ¯à®¨§®©¤¥â
¢ â¥ç¥−¨¥ 1134,15 á.

{ ®¤−�ª® tτ=15(ε = 0,5) ≈ 213,97; tτ=600(ε = 0,5) ≈ 189,16, â. ¥. ¥á«¨ á®-
¡ëâ¨¥ ¤�¢−® −¥ −�¡«î¤�«®áì (−�¯à¨¬¥à, −� ¯à®âï¦¥−¨¨ 10 ¬¨− ¨«¨ 600 á),
â® ¯à¥¤áª�§�−−ë© £®à¨§®−â ãª®à�ç¨¢�¥âáï. �â® á®£«�áã¥âáï á ¨−âã¨â¨¢−®©
¨−â¥à¯à¥â�æ¨¥© ¯�à�¬¥âà� γ < 1, ª®£¤� ª�â�áâà®äë ¤®«¦−ë ¯à®¨áå®¤¨âì
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÷¨á. 2 ƒ¨áâ®£à�¬¬� ¯à¥¢ëè¥−¨© ¯®à®£� ¨ ¯®¤®£−�−−®¥ ¯®¤ −¥¥ à�á¯à¥¤¥«¥−¨¥ ��à¥â®.
‚¥àâ¨ª�«ì−�ï ¯ã−ªâ¨à−�ï «¨−¨ï ®â®¡à�¦�¥â x0 − θ, â. ¥. ªà¨â¨ç¥áª¨© ¯®à®£ (àï¤ ¤®«¨
¯®â¥àì ¯�ª¥â®¢, ªà¨â¨ç¥áª¨© ¯®à®£ = 0,1)

÷¨á. 3 �®¤£®−ª� (èâà¨å®¢ë¥ «¨−¨¨) ªà¨¢ëå ¤«ï àï¤� ªà¨â¨ç¥áª¨å á®¡ëâ¨© (i, T )
(¤®«ï ¯®â¥àì ¯�ª¥â®¢, ªà¨â¨ç¥áª¨© ¯®à®£ x0 = 0,1): (�) ¯®¤£®−ª� ¯àï¬®©, R2 = 0,949;
(¡) ¯®¤£®−ª� áâ¥¯¥−−®© ªà¨¢®©, R2 = 0,978

ç�é¥ á® ¢à¥¬¥−¥¬. �−�«®£¨ç−®¥ ãá«®¢−®¥ ¬®¤¥«¨à®¢�−¨¥ ¡¥áá¬ëá«¥−−® ¤«ï
¬®¤¥«¨, ª®â®à�ï ¤®¯ãáª�¥â γ = 1, â�ª ª�ª ¢ íâ®¬ á«ãç�¥ ¬®¤¥«¨àã¥¬®¥ à�á¯à¥-
¤¥«¥−¨¥ ¯à¥¢à�é�¥âáï ¢ íªá¯®−¥−æ¨�«ì−®¥, ª®â®à®¥, ª�ª ¨§¢¥áâ−®, −¥ ¨¬¥¥â
¯�¬ïâ¨, â�ª çâ® ãá«®¢¨¥ ¨£−®à¨àã¥âáï. “á«®¢−ë¥ äã−ªæ¨¨ à�á¯à¥¤¥«¥−¨ï
¯à¥¤®áâ�¢«¥−ë −� à¨á. 4;

{ ¢ á�¬¨å ¤�−−ëå ¯®á«¥¤−ïï ª�â�áâà®ä� ¯à®¨§®è«� −� 10 973-¬ ¬®¬¥−â¥ ¢à¥¬¥-
−¨, â. ¥. 27 á −�§�¤. Œ®¤¥«ì ¤«ï â�ª®£® á«ãç�ï ¤�¥â tτ=27(ε = 0,5) ≈ 206,29;

{ á ãç¥â®¬ ¯®á«¥¤−¥© §�ä¨ªá¨à®¢�−−®© ª�â�áâà®äë ¬®¤¥«ì â�ª¦¥ ¢ë¤�¥â ãá«®¢-
−ãî ¢¥à®ïâ−®áâì â®£®, çâ® ª�â�áâà®ä� ¯à®¨§®©¤¥â ¤® −¥ª®â®à®£® ¬®¬¥−â� ¢à¥-

16 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 3 2026



�à®£−®§¨à®¢�−¨¥ à¨áª®¢ −¥¡«�£®¯à¨ïâ−ëå á®¡ëâ¨© ¢ ‘��„

÷¨á. 4 Šã¬ã«ïâ¨¢−�ï äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï ¤«ï ¬®¤¥«¨ á ¯®áâ®ï−−®© (�) ¨ −¥¯®áâ®-
ï−−®© (¡) ç�áâ®â®© ªà¨â¨ç¥áª¨å á®¡ëâ¨©. ÷ï¤ ¤®«¨ ¯®â¥àì ¯�ª¥â®¢, ªà¨â¨ç¥áª¨© ¯®à®£
x0 = 0,1: 1 | 0; 2 | 15; 3 | 30; 4 | 45; 5 | 60; 6 | 120; 7 | 180; 8 | 300; 9 |
600; 10 | 27

¬¥−¨. ’�ª¨¬ ®¡à�§®¬, ¢¥à®ïâ−®áâ¨ â®£®, çâ® ¯à¥¢ëè¥−¨¥ ¯®à®£� ¯à®¨§®©¤¥â
¢ â¥ç¥−¨¥ á«¥¤ãîé¨å 15, 30, 60 ¨ 120 á, á®®â¢¥âáâ¢¥−−® à�¢−ë 0,029, 0,062,
0,135 ¨ 0,29.

÷�áá¬®âà¨¬ ¢à¥¬¥−−®© àï¤ áà¥¤−¨å §�¤¥à¦¥ª, â�ª¦¥ ¢ë¡à�¢ ªà¨â¨ç¥áª¨©
¯®à®£ à�¢−ë¬ 400 ¬á, ¨«¨ 0,4. ‚ íâ®¬ á«ãç�¥:

{ P-§−�ç¥−¨¥ áâ�â¨áâ¨ç¥áª®£® â¥áâ� χ2 �¨àá®−� à�¢−® 0,055 ¯à¨ ¯®à®£¥ θ =
= 0,0417 (c¬. â�ª¦¥ à¨á. 5);

÷¨á. 5 ƒ¨áâ®£à�¬¬� ¯à¥¢ëè¥−¨© ¯®à®£� ¨ ¯®¤®£−�−−®¥ ¯®¤ −¥¥ à�á¯à¥¤¥«¥−¨¥ ��à¥â®.
‚¥àâ¨ª�«ì−�ï ¯ã−ªâ¨à−�ï «¨−¨ï ®â®¡à�¦�¥â x0−θ, â. ¥. ªà¨â¨ç¥áª¨© ¯®à®£ (àï¤ áà¥¤−¥©
§�¤¥à¦ª¨, ªà¨â¨ç¥áª¨© ¯®à®£ x0 = 400 ¬á)
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÷¨á. 6 �®¤£®−ª� (èâà¨å®¢ë¥ «¨−¨¨) ªà¨¢ëå ¤«ï àï¤� á®¡ëâ¨© (i, T ) (áà¥¤−ïï §�¤¥à¦ª�,
ªà¨â¨ç¥áª¨© ¯®à®£ x0 = 400 ¬á): (�) ¯®¤£®−ª� ¯àï¬®©, R2 = 0,991; (¡) ¯®¤£®−ª�
áâ¥¯¥−−®© ªà¨¢®©, R2 = 0,993

{ ¢¨§ã�«¨§�æ¨ï ¯®¤£®−ª¨ ªà¨¢ëå ¯à¨¢¥¤¥−� −� à¨á. 6. �®ª�§�â¥«ì R2 ª�ç¥-
áâ¢� ¯®¤£®−� ªà¨¢®© à�¢¥− 0,991 ¤«ï ¬®¤¥«¨, ª®â®à�ï ¤®¯ãáª�¥â ¯®áâ®ï−−ãî
ç�áâ®âã ¯à®¨áå®¦¤¥−¨ï ª�â�áâà®ä (γ = 1), ¨ 0,993 ¤«ï ¬®¤¥«¨, á¢®¡®¤−®©
®â â�ª®£® ¤®¯ãé¥−¨ï. ’®â ä�ªâ, çâ® R2 ¡®«ìè¥ ¤«ï ¢â®à®© ¬®¤¥«¨, ¯®¤-
ªà¥¯«ï¥â ¤®¯ãé¥−¨¥, çâ® ¨−â¥−á¨¢−®áâì ªà¨â¨ç¥áª¨å á®¡ëâ¨© ¬®¦¥â −¥ ¡ëâì
¯®áâ®ï−−®©. „«ï ¢â®à®© ¬®¤¥«¨ γ = 0,932;

{ â�ª¨¬ ®¡à�§®¬, t(ε = 0,001) ≈ 0,451811, t(ε = 0,5) ≈ 200,613, t(ε =
= 0,999) ≈ 1709,85. �â® ®§−�ç�¥â, çâ® ªà¨â¨ç¥áª®¥ á®¡ëâ¨¥ ú¢ áà¥¤−¥¬û
¯à®¨§®©¤¥â ¢ â¥ç¥−¨¥ á«¥¤ãîé¨å 200,613 á, ú¯®çâ¨ −�¢¥à−®¥û −¥ ¯à®¨§®©¤¥â
¢ â¥ç¥−¨¥ 0,451811 á ¨ ú¯®çâ¨ −�¢¥à−®¥û ¯à®¨§®©¤¥â ¢ â¥ç¥−¨¥ 1709,85 á;

{ ®¤−�ª® tτ=15(ε = 0,5) ≈ 197,15, tτ=600(ε = 0,5) ≈ 170,96, â. ¥. ¥á«¨ á®¡ëâ¨¥
¤®«£® −¥ −�¡«î¤�«®áì (−�¯à¨¬¥à, −� ¯à®âï¦¥−¨¨ 10 ¬¨− ¨«¨ 600 á), â®
¯à®£−®§¨àã¥¬ë© £®à¨§®−â ãª®à�ç¨¢�¥âáï. �â® á®£«�áã¥âáï á ¨−âã¨â¨¢−®©
¨−â¥à¯à¥â�æ¨¥© ¯�à�¬¥âà� γ < 1, ª®£¤� ¨−â¥−á¨¢−®áâì ¯®â®ª� ª�â�áâà®ä
ã¢¥«¨ç¨¢�¥âáï á® ¢à¥¬¥−¥¬. “á«®¢−ë¥ äã−ªæ¨¨ à�á¯à¥¤¥«¥−¨ï ¯à¥¤áâ�¢«¥−ë
−� à¨á. 7;

{ ¢ à�áá¬�âà¨¢�¥¬ëå ¤�−−ëå ¯®á«¥¤−ïï ª�â�áâà®ä� ¯à®¨§®è«� −� 10 954 ¬®-
¬¥−â¥ ¢à¥¬¥−¨, â. ¥. 46 á −�§�¤. Œ®¤¥«ì ¤«ï â�ª®£® á«ãç�ï ¤�¥â tτ=46(ε =
= 0,5) ≈ 192,86;

{ á ãç¥â®¬ ¯®á«¥¤−¥© §�à¥£¨áâà¨à®¢�−−®© ª�â�áâà®äë ¬®¤¥«ì ¤�¥â ãá«®¢−ãî
¢¥à®ïâ−®áâì â®£®, çâ® ª�â�áâà®ä� ¯à®¨§®©¤¥â ¤® §�¤�−−®£® ¬®¬¥−â� ¢à¥¬¥−¨.
’�ª¨¬ ®¡à�§®¬, ¢¥à®ïâ−®áâ¨ â®£®, çâ® ¯à¥¢ëè¥−¨¥ ¯®à®£� ¯à®¨§®©¤¥â ¢ á«¥-
¤ãîé¨¥ 15, 30, 60 ¨ 120 á, á®®â¢¥âáâ¢¥−−® à�¢−ë 0,0492, 0,0969, 0,187
¨ 0,345.

’¥¯¥àì à�áá¬®âà¨¬ àï¤ −�£àã§ª¨. �¯à¥¤¥«¨¬ ªà¨â¨ç¥áª¨© ¯®à®£ x0, à�¢−ë©
3 Œ� ¤�−−ëå ¢ á¥ªã−¤ã, ¨«¨ 3 145 728. ‚ íâ®¬ á«ãç�¥:
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÷¨á. 7 Šã¬ã«ïâ¨¢−�ï äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï ¤«ï ¬®¤¥«¨ á ¯®áâ®ï−−®© (�) ¨ −¥¯®-
áâ®ï−−®© (¡) ç�áâ®â®© ªà¨â¨ç¥áª¨å á®¡ëâ¨©. ÷ï¤ áà¥¤−¥© §�¤¥à¦ª¨, ªà¨â¨ç¥áª¨© ¯®à®£
x0 = 400 ¬á: 1 | 0; 2 | 15; 3 | 30; 4 | 45; 5 | 60; 6 | 120; 7 | 180; 8 | 300; 9 |
600; 10 | 46

{ P-§−�ç¥−¨¥ ªà¨â¥à¨ï á®£«�á¨ï χ2 �¨àá®−� à�¢−® 0,00025 ¯à¨ ¯®à®£¥ θ =
= 1805 840, â. ¥. ¢ à�¬ª�å ¯à¥¤®áâ�¢«¥−−®© ¢ë¡®àª¨ −¥ ¡ë« −�©¤¥− â�ª®©
¯®à®£, ª®â®àë© ã¤®¢«¥â¢®àï¥â âà¥¡®¢�−¨î ¯® P-§−�ç¥−¨î. ‚¨§ã�«ì−® ¬®¦−®
áã¤¨âì ®¡ ã¤®¢«¥â¢®à¨â¥«ì−®¬ á®£«�á¨¨ ¨ ãá«®¢−®© ¯à¨¬¥−¨¬®áâ¨ ¬¥â®¤� (á¬.
â�ª¦¥ à¨á. 8);

{ ¢¨§ã�«¨§�æ¨ï ¯®¤£®−ª¨ ªà¨¢ëå ¯à¨¢¥¤¥−� −� à¨á. 9. �®ª�§�â¥«ì R2 ª�ç¥áâ¢�
¯®¤£®−ª¨ ªà¨¢®© à�¢¥− 0,834 ¤«ï ¬®¤¥«¨, ¤®¯ãáª�îé¥© ¯®áâ®ï−−ãî ç�áâ®âã

÷¨á. 8 ƒ¨áâ®£à�¬¬� ¯à¥¢ëè¥−¨© ¯®à®£� ¨ ¯®¤®£−�−−®¥ ª −¥© à�á¯à¥¤¥«¥−¨¥ ��à¥-
â®. ‚¥àâ¨ª�«ì−�ï ¯ã−ªâ¨à−�ï «¨−¨ï ®â®¡à�¦�¥â x0 − θ, â. ¥. ªà¨â¨ç¥áª¨© ¯®à®£ (àï¤
−�£àã§ª¨, ªà¨â¨ç¥áª¨© ¯®à®£ x0 = 3Œ� ¢ á¥ªã−¤ã)
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÷¨á. 9 �®¤£®−ª� (èâà¨å®¢ë¥ «¨−¨¨) ªà¨¢ëå ¤«ï àï¤� á®¡ëâ¨© (i, T ) (àï¤ −�£àã§ª¨,
ªà¨â¨ç¥áª¨© ¯®à®£ x0 = 3Œ� ¢ á¥ªã−¤ã: (�) ¯®¤£®−ª� ¯àï¬®©, R2 = 0,834; (¡) ¯®¤£®−ª�
áâ¥¯¥−−®© ªà¨¢®©, R2 = 0,935

¯à®¨áå®¦¤¥−¨ï ª�â�áâà®ä (γ = 1), ¨ 0,935 ¤«ï ¬®¤¥«¨, á¢®¡®¤−®© ®â íâ®£®
¤®¯ãé¥−¨ï. ’®â ä�ªâ, çâ® R2 ¡®«ìè¥ ¤«ï ¢â®à®© ¬®¤¥«¨, á¢¨¤¥â¥«ìáâ¢ã¥â
¢ ¯®«ì§ã ¤®¯ãé¥−¨ï ® â®¬, çâ® ¨−â¥−á¨¢−®áâì ¯®â®ª� ªà¨â¨ç¥áª¨å á®¡ëâ¨©
¬®¦¥â −¥ ¡ëâì ¯®áâ®ï−−®©. „«ï ¢â®à®© ¬®¤¥«¨ γ = 0,646;

{ â�ª¨¬ ®¡à�§®¬, t(ε = 0,001) ≈ 4,94768, t(ε = 0,5) ≈ 337,615, t(ε =
= 0,999) ≈ 1489,72. �â® ®§−�ç�¥â, çâ® ªà¨â¨ç¥áª®¥ á®¡ëâ¨¥ ú¢ áà¥¤−¥¬û
¯à®¨§®©¤¥â ¢ â¥ç¥−¨¥ á«¥¤ãîé¨å 337,615 á, ú¯®çâ¨ −�¢¥à−®¥û −¥ ¯à®¨§®©¤¥â
¢ â¥ç¥−¨¥ 4,94768 á ¨ ú¯®çâ¨ −�¢¥à−®¥û ¯à®¨§®©¤¥â ¢ â¥ç¥−¨¥ 1489,72 á;

{ ®¤−�ª® tτ=15(ε = 0,5) ≈ 324,36; tτ=600(ε = 0,5) ≈ 149,15, â. ¥. ¥á«¨ á®-
¡ëâ¨¥ ¤�¢−® −¥ −�¡«î¤�«®áì (−�¯à¨¬¥à, −� ¯à®âï¦¥−¨¨ 10 ¬¨− ¨«¨ 600 á),
¯à¥¤áª�§�−−ë© £®à¨§®−â ãª®à�ç¨¢�¥âáï ¡®«¥¥ ç¥¬ ¢ 2 à�§�. �â® áå®¤¨âáï
á ¨−âã¨â¨¢−®© ¨−â¥à¯à¥â�æ¨¥© ¯�à�¬¥âà� γ < 1, ª®£¤� ª�â�áâà®äë ¯à®¨á-
å®¤ïâ ¢á¥ ç�é¥ ¨ ç�é¥. “á«®¢−ë¥ äã−ªæ¨¨ à�á¯à¥¤¥«¥−¨ï ¯à¥¤áâ�¢«¥−ë −�
à¨á. 10;

{ ¢ à�áá¬�âà¨¢�¥¬ëå ¤�−−ëå ¯®á«¥¤−ïï ª�â�áâà®ä� ¯à®¨§®è«� −� 10 741-¬
¬®¬¥−â¥ ¢à¥¬¥−¨, â. ¥. 259 á −�§�¤. Œ®¤¥«ì ¤«ï â�ª®£® á«ãç�ï ¤�¥â tτ=259(ε =
= 0,5) ≈ 209,90;

{ á ãç¥â®¬ ¯®á«¥¤−¥© §�ä¨ªá¨à®¢�−−®© ª�â�áâà®äë ¬®¤¥«ì ¤�¥â ãá«®¢−ãî
¢¥à®ïâ−®áâì â®£®, çâ® ª�â�áâà®ä� ¯à®¨§®©¤¥â ¤® −¥ª®â®à®£® ¬®¬¥−â� ¢à¥¬¥−¨.
’�ª¨¬ ®¡à�§®¬, ¢¥à®ïâ−®áâ¨ â®£®, çâ® ¯à¥¢ëè¥−¨¥ ¯®à®£� ¯à®¨§®©¤¥â ¢ á«¥¤ã-
îé¨¥ 15, 30, 60 ¨ 120 á, á®®â¢¥âáâ¢¥−−® à�¢−ë 0,041, 0,0815, 0,161 ¨ 0,3095.

ˆ§ ¯à®¢¥¤¥−−ëå íªá¯¥à¨¬¥−â®¢ ¢¨¤−®, çâ® ¤«ï à�§−ëå å�à�ªâ¥à¨áâ¨ª ¬¥-
â®¤ ¯à¨¬¥−¨¬ ¢ à�§−®© áâ¥¯¥−¨ ¯à¨ à�§«¨ç−ëå ¯®à®£�å, −® ®¡é¨¬¨ ®áâ�îâáï
−¥áª®«ìª® ¬®¬¥−â®¢:

{ ¬¥â®¤ ¯à¨¬¥−¨¬ ¤«ï ¡®«ìè¨−áâ¢� ¯®à®£®¢ àï¤� áà¥¤−¥© §�¤¥à¦ª¨ ¨ ¤®«¨
¯®â¥àì ¯�ª¥â®¢ ¨ ãá«®¢−® ¯à¨¬¥−¨¬ ¤«ï àï¤� −�£àã§ª¨;
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÷¨á. 10 Šã¬ã«ïâ¨¢−�ï äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï ¤«ï ¬®¤¥«¨ á ¯®áâ®ï−−®© (�) ¨ −¥¯®áâ®-
ï−−®© (¡) ç�áâ®â®© ªà¨â¨ç¥áª¨å á®¡ëâ¨©. ÷ï¤ −�£àã§ª¨, ªà¨â¨ç¥áª¨© ¯®à®£ x0 = 3Œ�
¢ á¥ªã−¤ã: 1 | 0; 2 | 15; 3 | 30; 4 | 45; 5 | 60; 6 | 120; 7 | 180; 8 | 300; 9 |
600; 10 | 259

{ ¯® à¥§ã«ìâ�â�¬ ¯®¤£®−ª¨ ªà¨¢ëå (ª�ª ¯® ¯®ª�§�â¥«î R2, â�ª ¨ ¢¨§ã�«ì−®)
¬®¦−® §�ª«îç¨âì, çâ® ¯�à�¬¥âà γ, å�à�ªâ¥à¨§ãîé¨© ¨−â¥−á¨¢−®áâì ¯®â®ª�
ª�â�áâà®ä, −¥ ï¢«ï¥âáï ¯®áâ®ï−−ë¬ ¨ ç�áâ® ®ª�§ë¢�¥âáï ¬¥−ìè¥ ¥¤¨−¨æë.
ˆ§ íâ®£® á«¥¤ã¥â, çâ® ¨−â¥−á¨¢−®áâì ¯®â®ª� ¯à¥¢ëè¥−¨ï ¯®à®£®¢ ¢ à�áá¬�â-
à¨¢�¥¬ëå á«ãç�ïå ¢®§à�áâ�¥â ¢® ¢à¥¬¥−¨;

{ áã¤ï ¯® £à�ä¨ª�¬ ¯®¤£®−ª¨ ªà¨¢ëå ¤«ï àï¤®¢ ¤®«¨ ¯®â¥àì ¯�ª¥â®¢ ¨ −�£àã§ª¨,
ç�áâ®â� ¯à¥¢ëè¥−¨© ¯®à®£� −¥¯®áâ®ï−−�, ¯à¨ç¥¬ ®−� ¨§¬¥−ï¥âáï −¥¬®−®â®−-
−®: ¢¨¤−ë ¯à®¬¥¦ãâª¨ ¢à¥¬¥−¨, −� ª®â®àëå ª�â�áâà®äë ¯à®¨áå®¤ïâ ç�é¥
¨«¨ à¥¦¥. ÷ï¤ áà¥¤−¥© §�¤¥à¦ª¨ −¥ ¨¬¥¥â â�ª®© ¢ëà�¦¥−−®© ®á®¡¥−−®áâ¨,
¢á«¥¤áâ¢¨¥ ç¥£® ¬®¤¥«ì ®¯¨áë¢�¥â ¥£® «ãçè¥.

3.3 Эксперименты с обобщающей характеристикой качества

�à¨ �−�«¨§¥ ¤�−−ëå ¢¨¤−®, çâ® à�§−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ¯à¥¢ëè�îâ ªà¨â¨ç¥-
áª¨¥ ¯®à®£¨ ¢ à�§−ë¥ ¬®¬¥−âë ¢à¥¬¥−¨. �â® ®¡áâ®ïâ¥«ìáâ¢® âà¥¡ã¥â ¤®¯®«−¨â¥«ì-
−®© ®¡à�¡®âª¨ ¯à®£−®§®¢, ¯à¨¬¥−¥−¨ï ¬¥â®¤®¢ �−á�¬¡«¨à®¢�−¨ï ¨«¨ íªá¯¥àâ−ëå
á¨áâ¥¬. �® ¢®§¬®¦¥− ¨ ¤àã£®© ¯®¤å®¤, §�ª«îç�îé¨©áï ¢ ®¡ê¥¤¨−¥−¨¨ ª®®à¤¨−�â
¢¥ªâ®à� à¥£¨áâà¨àã¥¬ëå å�à�ªâ¥à¨áâ¨ª ¢ ¥¤¨−ãî �£à¥£¨à®¢�−−ãî ¨«¨ ¨−â¥£à�«ì-
−ãî å�à�ªâ¥à¨áâ¨ªã, ª®â®à�ï ®¯¨áë¢�¥â á®áâ®ï−¨¥ ª�ç¥áâ¢� äã−ªæ¨®−¨à®¢�−¨ï
à�áá¬�âà¨¢�¥¬®© á¨áâ¥¬ë ¢ æ¥«®¬. ‚ ç�áâ−®áâ¨, ¢ ª�ç¥áâ¢¥ â�ª®© ¨−â¥£à�«ì-
−®© ¢¥«¨ç¨−ë ¬®¦−® ¨á¯®«ì§®¢�âì ¥¢ª«¨¤®¢ã −®à¬ã ¢¥ªâ®à� �−�«¨§¨àã¥¬ëå
¯®ª�§�â¥«¥©. �à¨ íâ®¬ ¤¨�¯�§®−ë ¨§¬¥−¥−¨ï à�áá¬�âà¨¢�¥¬ëå å�à�ªâ¥à¨áâ¨ª
á¨«ì−® à�§«¨ç�îâáï, ¨, ªà®¬¥ â®£®, ®−¨ ¢§�¨¬®á¢ï§�−ë, çâ® ¯à®ï¢«ï¥âáï ¢ −¥-
−ã«¥¢ëå ª®íää¨æ¨¥−â�å ª®àà¥«ïæ¨¨. ‘«¥¤®¢�â¥«ì−®, ¢ ª�ç¥áâ¢¥ �£à¥£¨àãîé¥©
å�à�ªâ¥à¨áâ¨ª¨ æ¥«¥á®®¡à�§−® ¨á¯®«ì§®¢�âì −®à¬ã Œ�å�«�−®¡¨á�
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÷¨á. 11 ƒ¨áâ®£à�¬¬� ¯à¥¢ëè¥−¨© ¯®à®£� ¨ ¯®¤®£−�−−®¥ ¯®¤ −¥¥ à�á¯à¥¤¥«¥−¨¥ ��à¥â®.
‚¥àâ¨ª�«ì−�ï ¯ã−ªâ¨à−�ï «¨−¨ï ®â®¡à�¦�¥â x0 − θ, â. ¥. ªà¨â¨ç¥áª¨© ¯®à®£ (àï¤ −®à¬ë
Œ�å�«�−®¡¨á�, ªà¨â¨ç¥áª¨© ¯®à®£ x0 à�¢¥− ª¢�−â¨«¨ ¢ë¡®àª¨ ¯®àï¤ª� 0,99)

‖x‖M =
√
x›−1xT,

£¤¥ › | ª®¢�à¨�æ¨®−−�ï ¬�âà¨æ� ¢¥ªâ®à� x. �â� å�à�ªâ¥à¨áâ¨ª� ãç¨âë¢�¥â
ª®àà¥«ïæ¨î å�à�ªâ¥à¨áâ¨ª ª�−�«� á¢ï§¨. �à¨ íâ®¬ á−�ç�«� −¥®¡å®¤¨¬® −®à¬¨-
à®¢�âì à�áá¬�âà¨¢�¥¬ë¥ ¢à¥¬¥−− �ë¥ àï¤ë, � §�â¥¬ ¯® −®à¬¨à®¢�−−ë¬ §−�ç¥−¨ï¬
¯®áç¨â�âì ¬�âà¨æã ª®àà¥«ïæ¨¨. ’�ª®© ¯®¤å®¤ âà¥¡ã¥â åà�−¥−¨ï ¨ ®¡à�¡®âª¨
¯®á«¥¤−¨å ¨§¬¥à¥−¨© ¤«ï ¨å −®à¬¨à®¢ª¨. ’�ª¨¬ ®¡à�§®¬, �«£®à¨â¬, ®¡à�¡�âë-
¢�îé¨© â�ªãî −®à¬ã, âà¥¡ã¥â ¤®¯®«−¨â¥«ì−®£® åà�−¥−¨ï ¨ ®¡à�¡®âª¨ −¥ª®â®à®£®
¨§¬¥−ïîé¥£®áï −�¡®à� ¨áâ®à¨ç¥áª¨å ¤�−−ëå (§¤¥áì ¨ ¤�«¥¥ | ®â 1000 ¤® 2000
−� −®à¬¨à®¢ªã ¨ 1000 −� ¯®¤áç¥â ¬�âà¨æë ª®àà¥«ïæ¨¨).

�ë« ¯à®¢¥¤¥− íªá¯¥à¨¬¥−â á ®¡®¡é�îé¥© å�à�ªâ¥à¨áâ¨ª®© ª�ç¥áâ¢� ª�−�«�
á¢ï§¨ | −®à¬®© Œ�å�«�−®¡¨á�. „«ï −¥£® ªà¨â¨ç¥áª¨© ¯®à®£ x0 ¡ë« ¢ë¡à�−
à�¢−ë¬ ª¢�−â¨«¨ ¢á¥© ¢ë¡®àª¨ ¯®àï¤ª� 0,99. ‚ â�ª®¬ á«ãç�¥:

{ P-§−�ç¥−¨¥ ªà¨â¥à¨ï á®£«�á¨ï χ2 �¨àá®−� à�¢−® 0,061 ¯à¨ ¯®à®£¥ θ = 1,6
(á¬. â�ª¦¥ à¨á. 11);

{ ¢¨§ã�«¨§�æ¨ï ¯®¤£®−ª¨ ªà¨¢ëå ¯à¨¢¥¤¥−� −� à¨á. 12. �®ª�§�â¥«ì R2 ª�ç¥-
áâ¢� ¯®¤£®−ª¨ ªà¨¢®© à�¢¥− 0,9945 ¤«ï ¬®¤¥«¨, ¤®¯ãáª�îé¥© ¯®áâ®ï−−ãî
¨−â¥−á¨¢−®áâì ¯®â®ª� ª�â�áâà®ä (γ = 1), ¨ 0,9969 ¤«ï ¬®¤¥«¨, á¢®¡®¤−®© ®â
â�ª®£® ãá«®¢¨ï. ’®â ä�ªâ, çâ®R2 ¡®«ìè¥ ¤«ï ¢â®à®© ¬®¤¥«¨, á¢¨¤¥â¥«ìáâ¢ã¥â
¢ ¯®«ì§ã −¥¯®áâ®ï−áâ¢� ç�áâ®âë ªà¨â¨ç¥áª¨å á®¡ëâ¨©. ‚â®à�ï ¬®¤¥«ì ¤�¥â
γ = 1,078. �¤−�ª® §−�ç¥−¨ï R2 ®ç¥−ì ¡«¨§ª¨, � γ ®â«¨ç�¥âáï ®â ¥¤¨−¨æë
¬¥−ìè¥ ç¥¬ −� ®¤−ã ¤¥áïâãî (®âª«®−¥−¨¥ ¢¯®«−¥ ¬®¦−® ®¡êïá−¨âì áâ�â¨áâ¨-
ç¥áª®© ¯®£à¥è−®áâìî), â�ª çâ® ¯à¥¤¯®«®¦¥−¨¥ ® −¥¯®áâ®ï−áâ¢¥ ¨−â¥−á¨¢−®áâ¨
−¥ ¡¥áá¯®à−®;
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÷¨á. 12 �®¤£®−ª� (èâà¨å®¢ë¥ «¨−¨¨) ªà¨¢ëå ¤«ï àï¤� á®¡ëâ¨© (i, T ) (àï¤ −®à¬ë Œ�-
å�«�−®¡¨á�, ªà¨â¨ç¥áª¨© ¯®à®£ x0 à�¢¥− ª¢�−â¨«¨ ¢ë¡®àª¨ ¯®àï¤ª� 0,99): (�) ¯®¤£®−ª�
¯àï¬®©, R2 = 0,9945; (¡) ¯®¤£®−ª� áâ¥¯¥−−®© ªà¨¢®©, R2 = 0,9969

{ â�ª¨¬ ®¡à�§®¬, t(ε = 0,001) ≈ 0,04267, t(ε = 0,5) ≈ 49,2797, t(ε =
= 0,999) ≈ 587,744. �â® ®§−�ç�¥â, çâ® ªà¨â¨ç¥áª®¥ á®¡ëâ¨¥ ú¢ áà¥¤−¥¬û
¯à®¨§®©¤¥â ¢ â¥ç¥−¨¥ á«¥¤ãîé¨å 49,2797 á, ú¯®çâ¨ −�¢¥à−®¥û −¥ ¯à®¨§®©¤¥â
¢ â¥ç¥−¨¥ 0,04267 á ¨ ú¯®çâ¨ −�¢¥à−®¥û ¯à®¨§®©¤¥â ¢ â¥ç¥−¨¥ 587,744 á;

{ ®¤−�ª® tτ=15(ε = 0, 5) ≈ 52,116; tτ=600(ε = 0,5) ≈ 55,32, â. ¥. ¥á«¨ á®¡ë-
â¨¥ ¤�¢−® −¥ −�¡«î¤�«®áì (−�¯à¨¬¥à, −� ¯à®âï¦¥−¨¨ 10 ¬¨− ¨«¨ 600 á),
¯à¥¤áª�§�−−ë© £®à¨§®−â ã¢¥«¨ç¨¢�¥âáï. �â® â�ª¦¥ áå®¤¨âáï á ¨−âã¨â¨¢−®©
¨−â¥à¯à¥â�æ¨¥© §−�ç¥−¨© ¯�à�¬¥âà� γ > 1, ®§−�ç�îé¨å, çâ® ¢ â�ª®¬ á«ãç�¥
ª�â�áâà®äë ¤®«¦−ë ¯à®¨áå®¤¨âì ¢á¥ à¥¦¥ ¨ à¥¦¥. �−�«®£¨ç−®¥ ãá«®¢−®¥
¬®¤¥«¨à®¢�−¨¥ ¡¥áá¬ëá«¥−−® ¤«ï ¬®¤¥«¨ á γ = 1 (à¨á. 13);

÷¨á. 13 Šã¬ã«ïâ¨¢−�ï äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï ¤«ï ¬®¤¥«¨ á ¯®áâ®ï−−®© (�) ¨ −¥¯®-
áâ®ï−−®© (¡) ç�áâ®â®© ªà¨â¨ç¥áª¨å á®¡ëâ¨©. ÷ï¤ −®à¬ë Œ�å�«�−®¡¨á�, ªà¨â¨ç¥áª¨©
¯®à®£ x0 à�¢¥− ª¢�−â¨«¨ ¢ë¡®àª¨ ¯®àï¤ª� 0,99: 1 | 0; 2 | 15; 3 | 30; 4 | 45; 5 |
60; 6 | 120; 7 | 180; 8 | 300; 9 | 600; 10 | 5
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{ ¢ à�áá¬�âà¨¢�¥¬ëå ¤�−−ëå ¯®á«¥¤−ïï ª�â�áâà®ä� ¯à®¨§®è«� −� 10 995-¬
¬®¬¥−â¥ ¢à¥¬¥−¨, â. ¥. 5 á −�§�¤. Œ®¤¥«ì ¤«ï â�ª®£® á«ãç�ï ¤�¥â tτ=5(ε =
= 0,5) ≈ 50,671;

{ á ãç¥â®¬ ¯®á«¥¤−¥© §�à¥£¨áâà¨à®¢�−−®© ª�â�áâà®äë ¬®¤¥«ì â�ª¦¥ ¤�¥â ãá«®¢-
−ãî ¢¥à®ïâ−®áâì â®£®, çâ® ª�â�áâà®ä� ¯à®¨§®©¤¥â ¤® −¥ª®â®à®£® ¬®¬¥−â�
¢à¥¬¥−¨, � ¨¬¥−−®: ¢¥à®ïâ−®áâ¨ â®£®, çâ® ¯à¥¢ëè¥−¨¥ ¯®à®£� ¯à®¨§®©¤¥â
¢ á«¥¤ãîé¨¥ 15, 30, 60 ¨ 120 á, á®®â¢¥âáâ¢¥−−® à�¢−ë 0,195, 0,344, 0,557
¨ 0,790.

’�ª¨¬ ®¡à�§®¬, ¯à¥¤«®¦¥−−ë© ¬¥â®¤ ¯à¨¬¥−¨¬ ¤«ï �£à¥£¨à®¢�−−®© å�à�ª-
â¥à¨áâ¨ª¨ ª�ç¥áâ¢� ª�−�«�. �¤−�ª® ¥£® á«�¡ë¬ ¬¥áâ®¬ ï¢«ï¥âáï â®, çâ® ¨§-§�
−¥®¡å®¤¨¬®áâ¨ ¯à¥¤¢�à¨â¥«ì−®© −®à¬¨à®¢ª¨ ¤�−−ë© ¯®¤å®¤ áâ�−®¢¨âáï á«®¦−®
¨−â¥à¯à¥â¨àã¥¬ë¬.

3.4 Оконный режим работы алгоритма

ˆ§ £à�ä¨ª®¢ ¯®¤£®−ª¨ ¯àï¬®© ¢¨¤−®, çâ® ¢ ®¯à¥¤¥«¥−−ë¥ ¯¥à¨®¤ë ¢à¥¬¥−¨
¯à¥¢ëè¥−¨ï ¯®à®£� ¯à®¨áå®¤ïâ ç�é¥, � ¢ ¤àã£¨¥ | à¥¦¥. ‚ á¢ï§¨ á íâ¨¬ ¢¯®«−¥
à�§ã¬−® ®æ¥−¨¢�âì ¨−â¥à¥áãîé¨¥ ¯�à�¬¥âàë à�á¯à¥¤¥«¥−¨ï ¨ ¯®¤£®−ï¥¬ëå ªà¨-
¢ëå, å�à�ªâ¥à¨§ãîé¨å âà¥−¤ë ¨−â¥−á¨¢−®áâ¨ ª�â�áâà®ä, −¥ ¯® ¢á¥¬ ¨¬¥îé¨¬áï
¤�−−ë¬, � ¯® ¯®á«¥¤−¨¬ k ¨§¬¥à¥−¨ï¬, £¤¥ k | ¯�à�¬¥âà è¨à¨−ë ®ª−�. ’�ª¨¬
®¡à�§®¬:

{ ¬®¤¥«ì ¬®¦¥â ¡ëâì �¤�¯â¨à®¢�−� ¯®¤ «®ª�«ì−ë¥ ¨§¬¥−¥−¨ï ¢ á¥â¨ −¥§�¢¨á¨¬®
®â ¯®«−®© ¨áâ®à¨¨, ª®â®à�ï ¬®¦¥â ¡ëâì −¥�ªâã�«ì−� ¨«¨ ¨§¡ëâ®ç−�;

{ ¢ëç¨á«¨â¥«ì−�ï á«®¦−®áâì á®®â¢¥âáâ¢ãîé¥£® �«£®à¨â¬� ã¬¥−ìè�¥âáï §� áç¥â
ã¬¥−ìè¥−¨ï ®¡ê¥¬� �−�«¨§¨àã¥¬®© ¢ë¡®àª¨;

{ ¯®à®£¨ ¬®£ãâ ¢ëç¨á«ïâìáï �¤�¯â¨¢−® −� ª�¦¤®¬ −®¢®¬ ®ª−¥ «¨¡® ¢ë¡¨à�âìáï
ª�ª ¢−¥è−¨¥ ¯�à�¬¥âàë.

…á«¨ à¥§ã«ìâ�â ¯® â®© ¨«¨ ¨−®© ¯à¨ç¨−¥ −¥ ï¢«ï¥âáï ã¤®¢«¥â¢®à¨â¥«ì−ë¬, â®
¬®¦−® ¨§¬¥−ïâì è¨à¨−ã ®ª−� k ¨ ¢ë¡¨à�âì «ãçè¨© ¯à®£−®§ ¯® P-§−�ç¥−¨î â¥áâ�
å¨-ª¢�¤à�â /̈̈ «¨R2. ’�ª¨¬ ®¡à�§®¬, ¬®¤¨ä¨æ¨à®¢�−−ë© �¤�¯â¨¢−ë© �«£®à¨â¬
®âëáª�−¨ï ¢¥à®ïâ−®áâ¨ ª�â�áâà®äë ¢ë£«ï¤¨â á«¥¤ãîé¨¬ ®¡à�§®¬.

1. ‚ë¡à�âì è¨à¨−ã ®ª−� k (à�§¬¥à à�áá¬�âà¨¢�¥¬®£® ¢à¥¬¥−−�®£® ¯à®¬¥¦ãâª�,
−� ª®â®à®¬ áâ�â¨áâ¨ç¥áª¨¥ §�ª®−®¬¥à−®áâ¨ à�áá¬�âà¨¢�¥¬®£® ¯à®æ¥áá� ¯à¥¤-
¯®«�£�îâáï −¥¨§¬¥−−ë¬¨) ¨ áä®à¬¨à®¢�âì á®®â¢¥âáâ¢ãîéãî ¯®¤¢ë¡®àªã.

2. ‚ë¯®«−¨âì −�¤ íâ®© ¯®¤¢ë¡®àª®© ¯¯. 1{10 �«£®à¨â¬�, ®¯¨á�−−®£® ¢ëè¥.

3. …á«¨ ¯® â®© ¨«¨ ¨−®© ¯à¨ç¨−¥ P-§−�ç¥−¨¥ áâ�â¨áâ¨ç¥áª®£® ªà¨â¥à¨ï ¨«¨
§−�ç¥−¨ï ¯®ª�§�â¥«ï R2 −¥«ì§ï áç¨â�âì ã¤®¢«¥â¢®à¨â¥«ì−ë¬¨, â® ¨§¬¥−¨âì k
¨ ¯®¢â®à¨âì ¢ëç¨á«¥−¨ï.

…á«¨ ¯®à®£ §�¤�¥âáï ¨§¢−¥, â® ¯à¥¤áâ�¢«ï¥âáï ¢®§¬®¦−ë¬ ¢ ª�ç¥áâ¢¥ �−�«¨-
§¨àã¥¬®© ¢ë¡®àª¨ à�áá¬�âà¨¢�âì −¥ k ¯®á«¥¤−¨å §−�ç¥−¨© ¢à¥¬¥−−�®£® àï¤�,
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� k ¯®á«¥¤−¨å ¯à¥¢ëè¥−¨© ¯®à®£� á ¨å ¢à¥¬¥−− �ë¬¨ ®â¬¥âª�¬¨, £�à�−â¨àãï
−¥ª®â®àë© à�§¬¥à ¢ë¡®àª¨ ¤«ï ¬¥â®¤®¢ ¯®¤£®−ª¨ à�á¯à¥¤¥«¥−¨ï ��à¥â®.

ú�ª®−−�ïû ¬®¤¨ä¨ª�æ¨ï ¬¥â®¤� ¯®§¢®«ï¥â ãç¨âë¢�âì ¤¨−�¬¨ªã ¨−â¥−á¨¢-
−®áâ¨ ª�â�áâà®ä.

‡¤¥áì ¨ ¤�«¥¥, ¥á«¨ −¥ ãª�§�−® ¨−®¥, à�áá¬�âà¨¢�îâáï ¯®¤¢ë¡®àª¨ ®¡ê¥¬�
k = 2000. �«£®à¨â¬ ¯¥à¥§�¯ãáª�¥âáï −� ¢ë¡®àª�å (®ª−�å), á¬¥é�¥¬ëå −� s = 15
¢à¥¬¥−− �ëå ®â¬¥â®ª ¢¯¥à¥¤. ‚á¥ ãá«®¢−ë¥ ¢¥à®ïâ−®áâ¨ áç¨â�îâáï ®â−®á¨â¥«ì−®
¯®á«¥¤−¥£® §�¬¥ç¥−−®£® ¯à¥¢ëè¥−¨ï ¯®à®£� ¢−ãâà¨ ®ª−�. ��à�¬¥âà γ áç¨â�¥âáï
®â«¨ç−ë¬ ®â ¥¤¨−¨æë ¨ �−�«¨§¨àã¥âáï ¥£® ¤¨−�¬¨ª� ¯à¨ áª®«ì¦¥−¨¨ ®ª®−.

„�«¥¥ ¯à¥¤áâ�¢«¥−ë íªá¯¥à¨¬¥−âë, ¢ ª®â®àëå ãª�§�−−ë© �«£®à¨â¬ ¡ë«
¯à¨¬¥−¥− ª àï¤ã ¤®«¨ ¯®â¥àì á ªà¨â¨ç¥áª¨¬ ¯®à®£®¬ x0 = 0,1 (£à�ä¨ª ¯à¨¢¥¤¥−
−� à¨á. 14), ª àï¤ã −�£àã§ª¨ á à�−¥¥ à�áá¬®âà¥−−ë¬ ªà¨â¨ç¥áª¨¬ ¯®à®£®¬
x0 = 3Œ� (à¨á. 15) ¨ ª àï¤ã áà¥¤−¥© §�¤¥à¦ª¨ á ¯®à®£®¬ x0 = 400 ¬á (à¨á. 16).

ˆ§ £à�ä¨ª®¢ ¢¨¤−®, çâ®:

{ ¯à¥¤¯®«®¦¥−¨¥ ® −¥¯®áâ®ï−áâ¢¥ γ, â. ¥. −¥¬®−®â®−−®¬ ¨§¬¥−¥−¨¨ ¨−â¥−á¨¢-
−®áâ¨ ª�â�áâà®ä, ¯®¤â¢¥à¦¤�¥âáï á å®à®è¨¬¨ P-§−�ç¥−¨ï¬¨ ¨ ¢ëá®ª¨¬¨ R2.
„¨�¯�§®− ¨§¬¥−¥−¨ï ¯�à�¬¥âà� γ ®å¢�âë¢�¥â ¨−â¥à¢�« ®â 0,5 ¤® 3;

{ àï¤ áà¥¤−¥© §�¤¥à¦ª¨ ¤®¯ãáª�¥â −�¨«ãçè¥¥ ¯à®£−®§¨à®¢�−¨¥ á ¯®¬®éìî
à�áá¬�âà¨¢�¥¬®£® ¬¥â®¤�, áã¤ï ¯® £à�ä¨ªã P-§−�ç¥−¨©;

÷¨á. 14 �æ¥−ª� γ (�) ¨ ¢¥à®ïâ−®áâ¨ −� áª®«ì§ïé¥¬ ®ª−¥ (¡), � â�ª¦¥ á®®â¢¥âáâ¢ãîé¨¥
P-§−�ç¥−¨ï (¢) ¨ §−�ç¥−¨ïR2 ¯®¤£®−ª¨ ªà¨¢®© (£) (àï¤ ¤®«¨ ¯®â¥àì ¯�ª¥â®¢, ªà¨â¨ç¥áª¨©
¯®à®£ x0 = 0,1)
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÷¨á. 15 �æ¥−ª� γ (�) ¨ ¢¥à®ïâ−®áâ¨ −� áª®«ì§ïé¥¬ ®ª−¥ (¡), � â�ª¦¥ á®®â¢¥âáâ¢ãîé¨¥
P-§−�ç¥−¨ï (¢) ¨ §−�ç¥−¨ï R2 ¯®¤£®−ª¨ ªà¨¢®© (£) (àï¤ −�£àã§ª¨, ªà¨â¨ç¥áª¨© ¯®à®£
x0 = 3Œ� ¢ á¥ªã−¤ã)

÷¨á. 16 �æ¥−ª� γ (�) ¨ ¢¥à®ïâ−®áâ¨ −� áª®«ì§ïé¥¬ ®ª−¥ (¡), � â�ª¦¥ á®®â¢¥âáâ¢ãîé¨¥
P-§−�ç¥−¨ï (¢) ¨ §−�ç¥−¨ï R2 ¯®¤£®−ª¨ ªà¨¢®© (£) (àï¤ áà¥¤−¥© §�¤¥à¦ª¨, ªà¨â¨ç¥áª¨©
¯®à®£ x0 = 400 ¬á)
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{ ¢ëç¨á«ï¥¬�ï ¢¥à®ïâ−®áâì (−� £à�ä¨ª�å ®−� ¯à¥¤áâ�¢«¥−� ¤«ï §−�ç¥−¨ï t = 15)
¨§¬¥−ï¥âáï ®â §−�ç¥−¨©, ¡«¨§ª¨å ª −ã«î, ¤® §−�ç¥−¨©, ¡«¨§ª¨å ª ¥¤¨−¨æ¥.
�à¨ íâ®¬ −�¡«î¤�¥¬ë¥ à¥§ª¨¥ áª�çª¨ ¢¥à®ïâ−®áâ¨ ¬¥¦¤ã á®á¥¤−¨¬¨ ®ª−�¬¨
¬®£ãâ ¡ëâì ®¡êïá−¥−ë −®¢ë¬ ¯à¥¢ëè¥−¨¥¬ ¯®à®£�, ¯®¯�¤�îé¨¬ ¢ úá¤¢¨-

÷¨á. 17 ‚¥à®ïâ−®áâ¨ ªà¨â¨ç¥áª®£® á®¡ëâ¨ï ¢ â¥ç¥−¨¥ á«¥¤ãîé¨å t á¥ªã−¤ ¤«ï à�§−ëå t
(1 | 3; 2 | 7,5; 3 | 15; 4 | 30; 5 | 45; 6 | 60; 7 | 120; 8 | 180; 9 | 240;
10 | 300): (�) àï¤ ¤®«¨ ¯®â¥àì ¯�ª¥â®¢, ªà¨â¨ç¥áª¨© ¯®à®£ x0 = 0,1; (¡) àï¤ −�£àã§ª¨,
ªà¨â¨ç¥áª¨© ¯®à®£ x0 = 3Œ� ¢ á¥ªã−¤ã; (¢) àï¤ áà¥¤−¥© §�¤¥à¦ª¨, ªà¨â¨ç¥áª¨© ¯®à®£
x0 = 400 ¬á
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−ãâ®¥û ®ª−® ¨ áãé¥áâ¢¥−−® ¨§¬¥−ïîé¨¬ ¯à®£−®§¨àã¥¬ë¥ §−�ç¥−¨ï §� áç¥â
â®£®, çâ® ¢ëç¨á«ï¥âáï ãá«®¢−�ï ¢¥à®ïâ−®áâì. �®«¥¥ ¯®¤à®¡−ë¥ £à�ä¨ª¨
¯à¥¤áâ�¢«¥−ë −� à¨á. 17;

{ áã¤ï ¯® P-§−�ç¥−¨ï¬ áâ�â¨áâ¨ç¥áª¨å â¥áâ®¢ −� à�§−ëå ®ª−�å, ¢® ¢á¥å á«ãç�ïå
¡ë¢�îâ ®ª−�, ¨«¨ ¬®¬¥−âë ¢à¥¬¥−¨, ª®£¤� à�á¯à¥¤¥«¥−¨¥ ¯®¤£®−ï¥âáï åã¦¥
¨«¨ «ãçè¥, ¨ ¨−®£¤� −¨¦¥ ¯à¨¥¬«¥¬®£® ¯®à®£�. ˆ−®£¤� à�á¯à¥¤¥«¥−¨¥
��à¥â® −¥ ¯®¤å®¤¨«® á ¤®áâ�â®ç−®© ã¢¥à¥−−®áâìî ª® ¢á¥© ¢ë¡®àª¥ àï¤�
−�£àã§ª¨, â®£¤� ª�ª ¤«ï −¥ª®â®àëå ®ª®− à�á¯à¥¤¥«¥−¨¥ ��à¥â® ¯®¤£®−ï«®áì
¢¯®«−¥ ã¤®¢«¥â¢®à¨â¥«ì−®.

’�ª¨¬ ®¡à�§®¬, ¬®¤¨ä¨æ¨à®¢�−−ë© �«£®à¨â¬, à¥�«¨§®¢�−−ë© ¢ à¥¦¨¬¥
áª®«ì§ïé¥£® ®ª−�, ®ª�§ë¢�¥âáï ¢¯®«−¥ à�¡®â®á¯®á®¡−ë¬.

4 Заключение

‚ ¤�−−®© à�¡®â¥ ¯à¥¤«®¦¥− ¬¥â®¤ ¯à®£−®§¨à®¢�−¨ï à¨áª®¢ −¥¡«�£®¯à¨ïâ−ëå
á®¡ëâ¨©, ¢®§−¨ª�îé¨å ¢ ‘��„, � ¨¬¥−−®: ¯¥à¥£àã§®ª, �−®¬�«ì−ëå §−�ç¥−¨©
¯®â¥àì ¯�ª¥â®¢ ¨ −¥¤®¯ãáâ¨¬ëå §−�ç¥−¨© §�¤¥à¦ª¨. Œ¥â®¤ áâ�« à�§¢¨â¨¥¬ POT-
¬¥â®¤�, ®á−®¢�−−®£® −� â¥®à¥¬¥ ��«ª¥¬ë { �¨ª�−¤á� { „¥ •��−� [22,23]. „�−−ë©
¬¥â®¤ ¡ë« à¥�«¨§®¢�− ¨ ¨áá«¥¤®¢�− −� ¤�−−ëå, ¯®«ãç¥−−ëå ¨§ à¥�«ì−®© ‘��„.
÷¥§ã«ìâ�âë íªá¯¥à¨¬¥−â®¢ ¯®ª�§�«¨ ¯à�ªâ¨ç¥áªãî à�¡®â®á¯®á®¡−®áâì ¯à¥¤«®-
¦¥−−®£® ¬¥â®¤�. ��¨«ãçè¨¥ à¥§ã«ìâ�âë ¯®ª�§�«� ¬®¤¨ä¨ª�æ¨ï �«£®à¨â¬�,
à¥�«¨§®¢�−−�ï ¢ à¥¦¨¬¥ áª®«ì§ïé¥£® ®ª−�.

‚ à�¡®â¥ ¢á¥ §−�ç¥−¨ï å�à�ªâ¥à¨áâ¨ª Š� ¡à�«¨áì á è�£®¬ ¢ 1 á. ‚ ª�ç¥áâ¢¥
¤�«ì−¥©è¨å −�¯à�¢«¥−¨© ¨áá«¥¤®¢�−¨© −¥®¡å®¤¨¬® ¨áá«¥¤®¢�âì ®¯â¨¬�«ì−ë©
à�§¬¥à è�£� ¤«ï å�à�ªâ¥à¨áâ¨ª Š�, ¯à¨ ª®â®à®¬ ¬¥â®¤ ¯à®£−®§¨à®¢�−¨ï à¨áª®¢
−¥¡«�£®¯à¨ïâ−ëå á®¡ëâ¨©, ¢®§−¨ª�îé¨å ¢ ‘��„, ¤�¥â −�¨«ãçè¨¥ à¥§ã«ìâ�âë.
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FORECASTING OF RISKS OF ADVERSE EVENTS
IN DATA TRANSMISSION AND PROCESSING NETWORKS
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Abstract: An algorithm is proposed for forecasting the risks of adverse events
related to anomalous values of quality of service characteristics in data trans-
mission channels. This method is based on a modified Peaks-Over-Threshold
technique. The study considers data represented by a time series of values for
four quality of service characteristics: bandwidth, round-trip-time, jitter, and
relative number of lost packets aggregated per second. These characteristics were
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computed from real data collected in a real data transmission and processing
network. As adverse events, overloads, packet losses, and large values of round-
trip times are considered. The proposed method makes it possible to forecast
the risks of adverse events by calculating the probabilities that an adverse event
occurs during a specified time interval or estimation of the distribution of the
time interval till the next adverse event. The method is designed to be applied
in the sliding window mode which makes it possible to use this approach for the
analysis of nonhomogeneous and nonstationary processes and/or flows of events.
The purpose of forecasting is to choose the optimal transmission channel with the
account of the corresponding requirements to the quality of transmission and the
network state providing the given values of the parameters of quality of service.

Keywords: data transmission and processing networks; quality of service;
generalized R�enyi theorem; Balkema { Pickands { De Haan theorem; Peaks-
Over-Threshold method; forecasting of risks of adverse events
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КРИТЕРИЙ СТАЦИОНАРНОСТИ СИСТЕМЫ
ОБСЛУЖИВАНИЯ С НЕИДЕНТИЧНЫМИ СЕРВЕРАМИ

И ЗАЯВКАМИ РАЗНЫХ КЛАССОВ∗

Е. В. Морозов1
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−®áâ¨ ¬−®£®á¥à¢¥à−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë ®¡á«ã¦¨¢�−¨ï ¢¨¤� M/G/m
á −¥®£à�−¨ç¥−−ë¬ ¡ãä¥à®¬ ¤«ï ®¦¨¤�−¨ï ¨ §�ï¢ª�¬¨ à�§−ëå ª«�áá®¢, ¢à¥¬¥-
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¨ á®®â−®è¥−¨¥ ¡�«�−á� ¤«ï ç¨á«� §�ï¢®ª ¢ á¨áâ¥¬¥, ¢ ®â«¨ç¨¥ ®â −�©¤¥−−®£® à�-
−¥¥ ¤®ª�§�â¥«ìáâ¢�, ¨á¯®«ì§®¢�¢è¥£® ¡�«�−á®¢®¥ á®®â−®è¥−¨¥ ¤«ï ¢¥«¨ç¨−ë
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®¯à¥¤¥«ï¥¬®© ¬�ªá¨¬�«ì−®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ á¨áâ¥¬ë. Šà®¬¥ â®£®,
¢ ¤®ª�§�â¥«ìáâ¢¥ ¯®ª�§�−ë ¢á¥ ®á−®¢−ë¥ è�£¨ à¥£¥−¥à�â¨¢−®£® ¬¥â®¤� �−�«¨§�
áâ�æ¨®−�à−®áâ¨ áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬ ®¡á«ã¦¨¢�−¨ï.
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1 Введение

„�−−�ï à�¡®â� á®¤¥à¦¨â −®¢®¥ ª®à®âª®¥ ¤®ª�§�â¥«ìáâ¢® ªà¨â¥à¨ï áâ�æ¨-
®−�à−®áâ¨ ¬−®£®á¥à¢¥à−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë ®¡á«ã¦¨¢�−¨ï á §�ï¢ª�¬¨
à�§−ëå ª«�áá®¢, ®¡á«ã¦¨¢�−¨¥ ª®â®àëå §�¢¨á¨â ª�ª ®â ª«�áá� §�ï¢ª¨, â�ª ¨ ®â
−�§−�ç¥−−®£® ¥© á¥à¢¥à�. ’�ª¨¬ ®¡à�§®¬, ¬®¦−® ãâ¢¥à¦¤�âì, çâ® á¥à¢¥àë
¢ á¨áâ¥¬¥ −¥¨¤¥−â¨ç−ë. ‚ ª�ç¥áâ¢¥ ¡�§®¢®© ¬®¤¥«¨ ®¡á«ã¦¨¢�−¨ï à�áá¬�â-
à¨¢�¥âáï m-á¥à¢¥à−�ï á¨áâ¥¬� ¢¨¤� M/G/m c −¥®£à�−¨ç¥−−ë¬ ¡ãä¥à®¬ ¤«ï
®¦¨¤�îé¨å §�ï¢®ª ¨ ¢å®¤−ë¬¨ ¯ã�áá®−®¢áª¨¬¨ ¯®â®ª�¬¨ §�ï¢®ª K à�§−ëå
ª«�áá®¢. �¤−�ª® ¯à®¢¥¤¥−−ë© �−�«¨§ −¥¯®áà¥¤áâ¢¥−−® ¯¥à¥−®á¨âáï −� á¨áâ¥¬ã
¢¨¤� GI/G/m á ¥¤¨−áâ¢¥−−ë¬ ¢å®¤−ë¬ ¯à®æ¥áá®¬ ¢®ááâ�−®¢«¥−¨ï, ¢ ª®â®à®¬
¢−®¢ì ¯®áâã¯�îé�ï §�ï¢ª�, −¥§�¢¨á¨¬® ®â ¤àã£¨å á®¡ëâ¨© ¢ á¨áâ¥¬¥, ¡ã¤¥â §�-

ï¢ª®© ª«�áá� k á ¢¥à®ïâ−®áâìî pk,
∑K

k=1 pk = 1. ÷�§ã¬¥¥âáï, ¯à¥¤¯®«®¦¥−¨¥
® −¥¨¤¥−â¨ç−ëå á¥à¢¥à�å (−¥®¤−®à®¤−®áâì) ¤¥«�¥â ¬®¤¥«ì £®à�§¤® ¡®«¥¥ £¨¡ª®©

∗‘â�âìï ¯®¤£®â®¢«¥−� ¯à¨ ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ Œ¨−¨áâ¥àáâ¢� −�ãª¨ ¨ ¢ëáè¥£® ®¡à�§®¢�-
−¨ï ¢ à�¬ª�å ¯à®£à�¬¬ë Œ®áª®¢áª®£® æ¥−âà� äã−¤�¬¥−â�«ì−®© ¨ ¯à¨ª«�¤−®© ¬�â¥¬�â¨ª¨ ¯®
á®£«�è¥−¨î ü 075-15-2025-345.

1ˆ−áâ¨âãâ ¯à¨ª«�¤−ëå ¬�â¥¬�â¨ç¥áª¨å ¨áá«¥¤®¢�−¨© Š�à¥«ìáª®£® −�ãç−®£® æ¥−âà� ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª; �¥âà®§�¢®¤áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â, emorozov@krc.karelia.ru
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¤«ï ¯à�ªâ¨ç¥áª¨å ¯à¨«®¦¥−¨©. �¥®¤−®à®¤−®áâì | ¥áâ¥áâ¢¥−−®¥ ¯à¥¤¯®«®¦¥−¨¥
¯à¨ áâ®å�áâ¨ç¥áª®¬ ¬®¤¥«¨à®¢�−¨¨ á®¢à¥¬¥−−ëå ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬ ª�ª
¡®«ìè®£® ¬�áèâ�¡� [1{3], â�ª ¨ ¢ëá®ª®© áâ¥¯¥−¨ ¤¥â�«¨§�æ¨¨ [4]. �à¨ íâ®¬
¬®¦¥â à�áá¬�âà¨¢�âìáï −¥®¤−®à®¤−®áâì á¥à¢¥à®¢ ª�ª −� ãà®¢−¥ ®â¤¥«ì−®© ¬−®-
£®á¥à¢¥à−®© á¨áâ¥¬ë ®¡á«ã¦¨¢�−¨ï, â�ª ¨ −� ãà®¢−¥ ãáâà®©áâ¢ ¢ëç¨á«¨â¥«ì−®©
á¥â¨ ¢ æ¥«®¬.

•®à®è® ¨§¢¥áâ−®, çâ® �−�«¨§ ¬−®£®á¥à¢¥à−ëå á¨áâ¥¬ ¢¥áì¬� á«®¦¥−, � ¤«ï
á¨áâ¥¬ á −¥¨¤¥−â¨ç−ë¬¨ á¥à¢¥à�¬¨ −¥â ï¢−ëå �−�«¨â¨ç¥áª¨å à¥§ã«ìâ�â®¢ ¤«ï
áâ�æ¨®−�à−ëå å�à�ªâ¥à¨áâ¨ª, ¥á«¨ §�¤�¢�¥¬ë¥ à�á¯à¥¤¥«¥−¨ï (¢à¥¬¥−¨ ®¡á«ã-
¦¨¢�−¨ï, ¨−â¥à¢�«� ¢å®¤−®£® ¯®â®ª�) −¥ ï¢«ïîâáï ¯®ª�§�â¥«ì−ë¬¨. �¤−�ª®
§−�−¨¥ ãá«®¢¨© áâ�æ¨®−�à−®áâ¨ â�ª¨å á¨áâ¥¬ ¬®¦¥â ®ª�§�âìáï ¢�¦−®© �«ìâ¥à−�-
â¨¢®© ®âáãâáâ¢¨î �−�«¨â¨ç¥áª¨å ä®à¬ã«, ®á®¡¥−−® ¢ á«ãç�¥ à¥£¥−¥à¨àãîé¥£®
®á−®¢−®£® ¯à®æ¥áá�, ®¯¨áë¢�îé¥£® ¤¨−�¬¨ªã á¨áâ¥¬ë (ª®â®àë© ¨ à�áá¬�âà¨¢�¥â-
áï ¢ ¤�−−®© à�¡®â¥). ‚ íâ®¬ á«ãç�¥ à¥£¥−¥à�â¨¢−®¥ (¨¬¨â�æ¨®−−®¥) ¬®¤¥«¨à®¢�−¨¥
¯®§¢®«ï¥â ¯®«ãç�âì −�¤¥¦−ë¥ ®æ¥−ª¨ âà¥¡ã¥¬ëå áâ�æ¨®−�à−ëå å�à�ªâ¥à¨áâ¨ª
á¨áâ¥¬ë, ¢ ç�áâ−®áâ¨ −� ®á−®¢¥ à¥£¥−¥à�â¨¢−®© ¢¥àá¨¨ æ¥−âà�«ì−®© ¯à¥¤¥«ì-
−®© â¥®à¥¬ë (á¬. £«. IV ¢ [5]). Šà¨â¥à¨© áâ�æ¨®−�à−®áâ¨, à�áá¬�âà¨¢�¥¬ë©
¢ ¤�−−®© à�¡®â¥, ¨¬¥¥â ª®−áâàãªâ¨¢−ãî ä®à¬ã ¨ ïá−ë© ¨−âã¨â¨¢−ë© á¬ëá«,
� ¥£® ¯à�ªâ¨ç¥áª®¥ ¨á¯®«ì§®¢�−¨¥ á®®â¢¥âáâ¢ã¥â å®à®è® ¨§¢¥áâ−®¬ã ¯à¨−æ¨¯ã:
¨−â¥−á¨¢−®áâì ¢å®¤−®£® ¯à®æ¥áá� ¤®«¦−� ¡ëâì ¬¥−ìè¥ (−�¤«¥¦�é¨¬ ®¡à�§®¬
®¯à¥¤¥«¥−−®©) ¬�ªá¨¬�«ì−®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ á¨áâ¥¬ë.

��¤® ®â¬¥â¨âì, çâ® à�−¥¥ ¢ à�¡®â¥ [6] (á¬. â�ª¦¥ [7]) ¡ë«® ¯à¥¤áâ�¢«¥−®
¨−®¥ ¤®ª�§�â¥«ìáâ¢® ªà¨â¥à¨ï áâ�æ¨®−�à−®áâ¨, ª®â®à®¥ ®¯¨à�«®áì −� á¢®©áâ¢�
¯à®æ¥áá� −¥§�¢¥àè¥−−®© à�¡®âë ¢ á¨áâ¥¬¥, ¢ â® ¢à¥¬ï ª�ª ¢ ¤�−−®© áâ�âì¥
¨á¯®«ì§ã¥âáï á®®â−®è¥−¨¥ ¡�«�−á� ¤«ï ¯à®æ¥áá� ç¨á«� §�ï¢®ª ¢ á¨áâ¥¬¥. �� á�¬®¬
¤¥«¥ §¤¥áì ¤�−® −®¢®¥ ¤®ª�§�â¥«ìáâ¢® ¤®áâ�â®ç−®áâ¨ á®®â¢¥âáâ¢ãîé¥£® ãá«®¢¨ï,
� ¤®ª�§�â¥«ìáâ¢® −¥®¡å®¤¨¬®áâ¨ ®áâ�¥âáï −¥¨§¬¥−−ë¬ ¨ ¯®íâ®¬ã ®¯ãé¥−®.

÷�áá¬�âà¨¢�¥¬�ï á¨áâ¥¬� ¢¥áì¬� á«®¦−� ¤«ï �−�«¨§�, ®¤−�ª® ®−� ®â−®á¨âáï
ª à¥£¥−¥à¨àãîé¨¬, â. ¥. ¢á¥ ®¯¨áë¢�îé¨¥ ¥¥ ¤¨−�¬¨ªã ¯à®æ¥ááë | ª«�áá¨ç¥áª¨
à¥£¥−¥à¨àãîé¨¥. �â® ¯®§¢®«ï¥â ¨á¯®«ì§®¢�âì ¬®é−ë¥ ¬¥â®¤ë à¥£¥−¥à�â¨¢−®-
£® �−�«¨§� ¤«ï ¯®«ãç¥−¨ï ãá«®¢¨© ¥¥ áâ�æ¨®−�à−®áâ¨. ‚�¦−® ¯®¤ç¥àª−ãâì, çâ®
à�áá¬�âà¨¢�¥¬ë© ¯®¤å®¤ ¤¥¬®−áâà¨àã¥â ¢á¥ ¢�¦−¥©è¨¥ è�£¨ ¬¥â®¤� �−�«¨§� áâ�-
æ¨®−�à−®áâ¨ à¥£¥−¥à¨àãîé¨å á¨áâ¥¬ ®¡á«ã¦¨¢�−¨ï, ¯®¤à®¡−® ¯à¥¤áâ�¢«¥−−®£®
¢ ª−¨£¥ [7], ª®â®à�ï â�ª¦¥ á®¤¥à¦¨â ¯à¥¤è¥áâ¢ãîé¨¥ à¥§ã«ìâ�âë (¨ ááë«ª¨ −�
à�¡®âë), ®â−®áïé¨¥áï ª �−�«¨§ã áâ�æ¨®−�à−®áâ¨ ¬−®£®á¥à¢¥à−ëå á¨áâ¥¬, ¢ â®¬
ç¨á«¥ á −¥áª®«ìª¨¬¨ ª«�áá�¬¨ §�ï¢®ª. �â¬¥â¨¬, çâ® áâ�æ¨®−�à−®áâì ¢ ¤�−−®©
à�¡®â¥ ¯®−¨¬�¥âáï ª�ª ¯®«®¦¨â¥«ì−�ï ¢®§¢à�â−®áâì à¥£¥−¥à¨àãîé¥£® ¯à®æ¥áá�,
®¯¨áë¢�îé¥£® ¤¨−�¬¨ªã à�áá¬�âà¨¢�¥¬®© á¨áâ¥¬ë ®¡á«ã¦¨¢�−¨ï.

„�−−�ï à�¡®â� ¯®á¢ïé�¥âáï ¯�¬ïâ¨ �ª�¤¥¬¨ª� ÷�� �«¥ªá�−¤à� �«¥ªá¥-
¥¢¨ç� �®à®¢ª®¢� (1931{2026), −� £«ã¡®ª¨¥ ¨¤¥¨ ª®â®à®£® ®−� ¢ §−�ç¨â¥«ì−®©
¬¥à¥ ®¯¨à�¥âáï. ‚ ç�áâ−®áâ¨, ¢ à�¡®â¥ ¨á¯®«ì§ã¥âáï á¢®©áâ¢® áâ®å�áâ¨ç¥áª®©
®£à�−¨ç¥−−®áâ¨ (¨«¨ ®£à�−¨ç¥−−®áâ¨ ¯® ¢¥à®ïâ−®áâ¨ [8]) −¥§�¢¥àè¥−−®£® ¢à¥¬¥-
−¨ ®¡á«ã¦¨¢�−¨ï, ä�ªâ¨ç¥áª¨ ãáâ�−®¢«¥−−®¥ ¢ ¥£® à�−−¥© à�¡®â¥ [9], � â�ª¦¥
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Šà¨â¥à¨© áâ�æ¨®−�à−®áâ¨ á¨áâ¥¬ë ®¡á«ã¦¨¢�−¨ï á −¥¨¤¥−â¨ç−ë¬¨ á¥à¢¥à�¬¨

¯à¨−æ¨¯ ú−�áëé¥−¨ïû, ¨á¯®«ì§®¢�−−ë©, ¢ ç�áâ−®áâ¨, ¯à¨ ¯®áâà®¥−¨¨ â�ª −�§ë-
¢�¥¬ëå á¨áâ¥¬ á �¢â®−®¬−ë¬ ®¡á«ã¦¨¢�−¨¥¬ [9,10].

2 Описание модели

÷�áá¬�âà¨¢�¥âáïm-á¥à¢¥à−�ï á¨áâ¥¬� ®¡á«ã¦¨¢�−¨ï â¨¯�M/G/m á −¥®£à�-
−¨ç¥−−ë¬ ¡ãä¥à®¬ ¤«ï ®¦¨¤�−¨ï ¨ K ª«�áá�¬¨ §�ï¢®ª, ¯à¨ç¥¬ §�ï¢ª¨ ª«�áá� k
¯®áâã¯�îâ ¢ á¨áâ¥¬ã ¢ á®®â¢¥âáâ¢¨¨ á ¯ã�áá®−®¢áª¨¬ ¯®â®ª®¬ á ¯�à�¬¥âà®¬ λk ∈
∈ (0, ∞), k = 1,K; m ≥ 1. ‚å®¤−ë¥ ¯®â®ª¨ ¯à¥¤¯®«�£�îâáï −¥§�¢¨á¨¬ë¬¨.
�à¨ ®âáãâáâ¢¨¨ á¢®¡®¤−®£® á¥à¢¥à� §�ï¢ª¨ ®¡à�§ãîâ ®¡éãî ®ç¥à¥¤ì ¢ ¯®àï¤ª¥
¯®áâã¯«¥−¨ï. ‚à¥¬¥−� ®¡á«ã¦¨¢�−¨ï §�ï¢®ª ª«�áá� k, ¯®áâã¯�îé¨å −� á¥à¢¥à i,
®¡à�§ãîâ ¯®á«¥¤®¢�â¥«ì−®áâì −¥§�¢¨á¨¬ëå, ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ëå (��÷)

á«ãç�©−ëå ¢¥«¨ç¨− (‘‚) {S(n)ik , n ≥ 1}. �¯¨á�−−ãî á¨áâ¥¬ã ®¡®§−�ç¨¬ ç¥à¥§ ›.

�¨¦¥ ¡ã¤¥â à�áá¬®âà¥−� ¥é¥ ®¤−� á¨áâ¥¬�, ®¡®§−�ç�¥¬�ï “›, á ¥¤¨−áâ¢¥−−ë¬
¢å®¤−ë¬ ¯à®æ¥áá®¬ ¢®ááâ�−®¢«¥−¨ï, ¢ ª®â®à®¬ ¯à®¨§¢®«ì−�ï §�ï¢ª� ¯à¨−�¤-
«¥¦¨â ª«�ááã k á ¢¥à®ïâ−®áâìî pk −¥§�¢¨á¨¬® ®â ¤àã£¨å á®¡ëâ¨© ¢ á¨áâ¥¬¥.
�¡®§−�ç¨¬ ç¥à¥§ µik = 1/ESik ∈ (0, ∞) ¨−â¥−á¨¢−®áâì ®¡á«ã¦¨¢�−¨ï §�ï¢ª¨
ª«�áá� k −� á¥à¢¥à¥ i, £¤¥ ç¥à¥§ Sik ®¡®§−�ç¥− â¨¯¨ç−ë© í«¥¬¥−â ¯®á«¥¤®¢�â¥«ì-

−®áâ¨ {S(n)ik }. (’¨¯¨ç−ë© í«¥¬¥−â ¯®á«¥¤®¢�â¥«ì−®áâ¨ ��÷ ‘‚ ®¡®§−�ç�¥âáï
¡¥§ ¥£® −®¬¥à� ¢ ¯®á«¥¤®¢�â¥«ì−®áâ¨.) �¡®§−�ç¨¬ áã¬¬�à−ãî ¨−â¥−á¨¢−®áâì
¢å®¤−®£® ¯®â®ª� ç¥à¥§ λ =

∑
k λk. ‚�¦−® ®â¬¥â¨âì, çâ® ¢¢¨¤ã ¯àï¬®© ¤¨áæ¨¯«¨-

−ë ®¡á«ã¦¨¢�−¨ï á ¢¥à®ïâ−®áâìî pk = λk/λ ¯à®¨§¢®«ì−�ï §�ï¢ª� (áã¬¬�à−®£®)
¢å®¤−®£® ¯ã�áá®−®¢áª®£® ¯®â®ª� ®ª�§ë¢�¥âáï k-§�ï¢ª®©. �®«¥¥ â®£®, á â�ª®© ¦¥
¢¥à®ïâ−®áâìî «î¡�ï §�ï¢ª�, ¯®áâã¯�îé�ï −� («î¡®©) á¥à¢¥à, ï¢«ï¥âáï k-§�ï¢-
ª®©, k = 1,K. �¡®§−�ç¨¬ ç¥à¥§ Ii(t) ¢à¥¬ï ¯à®áâ®ï á¥à¢¥à� i ¢ ¨−â¥à¢�«¥ [0, t],
� ç¥à¥§ I(t) =

∑m
i=1 Ii(t)| áã¬¬�à−®¥ ¢à¥¬ï ¯à®áâ®ï ¢á¥å á¥à¢¥à®¢. �ãáâì ν(t)

®¡®§−�ç�¥â ç¨á«® §�ï¢®ª ¢ á¨áâ¥¬¥ ¢ ¬®¬¥−â t−, A(t) | ®¡é¥¥ ç¨á«® ¯®áâã¯¨¢-
è¨å ¢ á¨áâ¥¬ã §�ï¢®ª, Di(t) | ç¨á«® ®¡á«ã¦¥−−ëå §�ï¢®ª á¥à¢¥à®¬ i (¢á¥ |
¢ ¨−â¥à¢�«¥ [0, t]), ¨ ¯ãáâì D(t) =

∑
iDi(t). (‚á¥ ¯à®æ¥ááë ¯à¥¤¯®«�£�îâáï

−¥¯à¥àë¢−ë¬¨ á¯à�¢� ¨ ¨¬¥îé¨¬¨ ¯à¥¤¥«ë á«¥¢� [11].)

„«ï ª�¦¤®£® i ¨ k ¢¢¥¤¥¬ ¯®á«¥¤®¢�â¥«ì−®áâì ��÷-¨−¤¨ª�â®à®¢ {1(n)ik , n ≥
≥ 1} â�ª¨å, çâ® 1

(n)
ik = 1, ¥á«¨ n-ï ¯® áç¥âã §�ï¢ª�, ¯®áâã¯�îé�ï −� á¥à¢¥à i,

ï¢«ï¥âáï k-§�ï¢ª®©, ¨ 1
(n)
ik = 0 ¢ ¯à®â¨¢−®¬ á«ãç�¥. ‚�¦−® ¯®¤ç¥àª−ãâì, çâ®

áà¥¤−¥¥ E1
(n)
ik = E1ik = pk ¤«ï ¢á¥å i, ¯®áª®«ìªã ª�¦¤ë© á¥à¢¥à ¯®«ãç�¥â

§�ï¢ª¨ ¨§ ®¡é¥© ®ç¥à¥¤¨, ®¡à�§®¢�−−®© ¢ ¯®àï¤ª¥ ¯®áâã¯«¥−¨ï. ’�ª¨¬ ®¡à�§®¬,
¨−¤¨ª�â®àë (â¨¯¨ç−ë¥) 1ik ¨ 1jk ¨¬¥îâ ®¤−® ¨ â® ¦¥ à�á¯à¥¤¥«¥−¨¥ ¤«ï ª�¦¤®£®

ä¨ªá¨à®¢�−−®£® k ¨ ¢á¥å i ¨ j, ¯à¨ç¥¬ E1ik = pk, i = 1,m. ‚ á¢ï§¨ á íâ¨¬ ¢à¥¬ï
®¡á«ã¦¨¢�−¨ï n-© ¯® áç¥âã §�ï¢ª¨ −� á¥à¢¥à¥ i ¬®¦−® ®¯à¥¤¥«¨âì ª�ª áã¬¬ã

S
(n)
i =

K∑

k=1

1
(n)
ik S

(n)
ik i = 1,m; n ≥ 1 .
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‚à¥¬¥−� ®¡á«ã¦¨¢�−¨ï {S(n)i } ®¡à�§ãîâ ��÷-¯®á«¥¤®¢�â¥«ì−®áâì, â¨¯¨ç−ë©

í«¥¬¥−â ª®â®à®© ¨¬¥¥â áà¥¤−¥¥ §−�ç¥−¨¥ ESi =
∑K

k=1 pkESik, i = 1,m. �¡®-
§−�ç¨¬ ç¥à¥§ Si(t) ®áâ�â®ç−®¥ ¢à¥¬ï â¥ªãé¥£® ¢ ¬®¬¥−â t− ®¡á«ã¦¨¢�−¨ï −�
á¥à¢¥à¥ i (¯®«�£�¥¬ Si(t) = 0, ¥á«¨ á¥à¢¥à á¢®¡®¤¥−), t ≥ 0, i = 1,m. ‚¢¥¤¥¬
â�ª¦¥ ¨−â¥−á¨¢−®áâì ®¡á«ã¦¨¢�−¨ï µi = 1/ESi −� á¥à¢¥à¥ i ¨ áã¬¬�à−ãî (¬�ª-
á¨¬�«ì−ãî) ¨−â¥−á¨¢−®áâì ®¡á«ã¦¨¢�−¨ï ¢á¥© á¨áâ¥¬ë µ =

∑
i µi. (…¥ â�ª¦¥

−�§ë¢�îâ ¯à®¯ãáª−®© á¯®á®¡−®áâìî ¨«¨ ¬®é−®áâìî á¨áâ¥¬ë.) ’�ª¦¥ ®¡®§−�ç¨¬

ç¥à¥§ D̂i(t) ç¨á«® ãå®¤®¢ ®¡á«ã¦¥−−ëå §�ï¢®ª á á¥à¢¥à� i ¢ ¨−â¥à¢�«¥ [0, t]
¯à¨ ãá«®¢¨¨, çâ® á¥à¢¥à ¯®áâ®ï−−® §�−ïâ ¢ íâ®¬ ¨−â¥à¢�«¥ (íâ® â�ª −�§ë¢�¥¬ë©
−�áëé¥−−ë© à¥¦¨¬), i = 1,m. �®«¥¥ â®ç−®, −� ®á−®¢¥ ¯à®æ¥¤ãàë ª�¯«¨−-

£� ¢ ¯à®æ¥áá¥ {D̂i(t), t ≥ 0} ¨á¯®«ì§ãîâáï â¥ ¦¥ á�¬ë¥ ¨−â¥à¢�«ë, ª®â®àë¥
¯à¥¤áâ�¢«ïîâ á®¡®© ¢à¥¬¥−� ®¡á«ã¦¨¢�−¨ï, ä®à¬¨àãîé¨¥ à¥�«ì−ë© ¯à®æ¥áá

ãå®¤®¢ {Di(t), t ≥ 0} ¢ á¨áâ¥¬¥ ›. ’�ª¨¬ ®¡à�§®¬, ¯à®æ¥áá {D̂i(t), t ≥ 0}
¬®¦−® ¯à¥¤áâ�¢¨âì ª�ª à¥§ã«ìâ�â ú¢ë¡à�áë¢�−¨ïû ¨−â¥à¢�«®¢ ¯à®áâ®ï á¥à¢¥à� i
−� ¯à®¬¥¦ãâª¥ [0, t] ¨ á¤¢¨£� ¯®«ãç¥−−®© âà�¥ªâ®à¨¨ ª −�ç�«ã ª®®à¤¨−�â. �â�
¯à®æ¥¤ãà� ¯à¨¬¥−ï¥âáï ª ª�¦¤®¬ã á¥à¢¥àã ¨ à�á¯à®áâà�−ï¥âáï −� t → ∞. (�â-
¬¥â¨¬, çâ® −� á�¬®¬ ¤¥«¥ ¢ ª�¯«¨−£¥ ¨á¯®«ì§ãîâáï −¥ ¨áå®¤−ë¥, � áâ®å�áâ¨ç¥áª¨
íª¢¨¢�«¥−â−ë¥ ¨¬ ‘‚ (á¬., −�¯à¨¬¥à, [12]).)

Š�ª å®à®è® ¨§¢¥áâ−®, ª«�áá¨ç¥áª�ï à¥£¥−¥à�æ¨ï ¯à®æ¥áá� {ν(t), t ≥ 0}
¢®§−¨ª�¥â ¢ ¬®¬¥−âë ¯à¨å®¤� §�ï¢®ª ¢ ¯®«−®áâìî ¯ãáâãî á¨áâ¥¬ã, ®¯à¥¤¥«ï¥¬ë¥
à¥ªãàá¨¢−® ª�ª

T0 := 0, Tn+1 = inf
k

(
tk : tk > Tn, ν

(
t−k
)
= 0
)
, n ≥ 0 .

„«¨−ë æ¨ª«®¢ à¥£¥−¥à�æ¨¨ Tn+1 − Tn | ��÷ ‘‚, ¯à¨ç¥¬ â¨¯¨ç−�ï ¤«¨−�
æ¨ª«� ¡ã¤¥â ®¡®§−�ç�âìáï ç¥à¥§ T . ’�ª¨¬ ®¡à�§®¬, ¢¥à−® áâ®å�áâ¨ç¥áª®¥ à�¢¥−-
áâ¢® T =st Tn+1 − Tn, n ≥ 1. �ã¤¥¬ áç¨â�âì («¨èì ¤«ï −¥ª®â®à®£® ã¯à®é¥−¨ï
¤®ª�§�â¥«ìáâ¢�), çâ® ¢ ¬®¬¥−â ¯à¨å®¤� ¯¥à¢®© §�ï¢ª¨ t1 = 0 á¨áâ¥¬� ¯®«−®áâìî
¯ãáâ� (â. ¥. T0 = 0 | ¬®¬¥−â à¥£¥−¥à�æ¨¨). ‚ ¯à®â¨¢−®¬ á«ãç�¥ à�á¯à¥¤¥«¥−¨¥
¢à¥¬¥−¨ T1 ¤® ¯¥à¢®£® ¬®¬¥−â� à¥£¥−¥à�æ¨¨ ¬®¦¥â −¥ á®¢¯�¤�âì á à�á¯à¥¤¥«¥−¨-
¥¬ T , ®¤−�ª® ¯à®¢¥¤¥−−ë© −¨¦¥ �−�«¨§ ®áâ�¥âáï á¯à�¢¥¤«¨¢ë¬ ¨ ¤«ï íâ®£® ¡®«¥¥
®¡é¥£® á«ãç�ï (á¬. à�§¤. 4 ¤�−−®© áâ�âì¨).

�¯à¥¤¥«¨¬ â¥¯¥àì −¥§�¢¥àè¥−−®¥ ¢ ¬®¬¥−â t ¢à¥¬ï ¤® ®ç¥à¥¤−®£® ¬®¬¥−â�
à¥£¥−¥à�æ¨¨ ¯à®æ¥áá� ®ç¥à¥¤¨:

T (t) = min
n≥1
(Tn − t : Tn > t) , t ≥ 0 .

‡�¬¥â¨¬, çâ® T (0) = T1 =st T . �ç¥¢¨¤−®, ¬®¬¥−âë à¥£¥−¥à�æ¨¨ {Tn} ®¡à�§ãîâ
¯à®æ¥áá ¢®ááâ�−®¢«¥−¨ï.

÷�áá¬®âà¨¬ −¥ª®â®àë© à¥£¥−¥à¨àãîé¨© ¯à®æ¥áá {X(t)} á ¬®¬¥−â�¬¨ à¥-
£¥−¥à�æ¨¨ {Tn} ¨ ¤«¨−®© æ¨ª«� à¥£¥−¥à�æ¨¨ T . Š«îç¥¢®© �á¨¬¯â®â¨ç¥áª¨©
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à¥§ã«ìâ�â, ¨á¯®«ì§ã¥¬ë© ¢ à¥£¥−¥à�â¨¢−®¬ �−�«¨§¥ áâ�æ¨®−�à−®áâ¨, á®áâ®¨â
¢ á«¥¤ãîé¥¬: ¥á«¨ ET =∞, â® ¨¬¥¥â ¬¥áâ® áå®¤¨¬®áâì ¯® ¢¥à®ïâ−®áâ¨

T (t)⇒ ∞, t→ ∞ ,

¨«¨, íª¢¨¢�«¥−â−®, limt→∞ P(T (t) > x) = 1 ¤«ï ª�¦¤®£® x ≥ 0. �¡à�â−®,
áå®¤¨¬®áâì T (t) ⇒ ∞ ¢«¥ç¥â ET = ∞ (c¬. £«. XI ¢ [8].) ÷¥£¥−¥à¨àãîé¨©
¯à®æ¥áá {X(t)} −�§ë¢�¥âáï ¯®«®¦¨â¥«ì−® ¢®§¢à�â−ë¬, ¥á«¨

ET <∞ , (1)

¨ ¢ íâ®¬ á«ãç�¥ ¯à®æ¥áá −¥§�¢¥àè¥−−®£® ¢à¥¬¥−¨ {T (t), t ≥ 0} áâ®å�áâ¨ç¥áª¨
®£à�−¨ç¥− (á¬. [7, 8]), â. ¥. ¤«ï «î¡®£® ε > 0 áãé¥áâ¢ã¥â â�ª�ï ¯®áâ®ï−−�ï
C <∞, çâ®

inf
t≥0
P(T (t) ≤ C) ≥ 1− ε .

…á«¨ ¢ ¤®¯®«−¥−¨¥ ª ãá«®¢¨î (1) à�á¯à¥¤¥«¥−¨¥ ¤«¨−ë æ¨ª«� T −¥à¥è¥âç�â®¥ [8],
â® áãé¥áâ¢ã¥â ¥¤¨−áâ¢¥−−®¥ ¯à¥¤¥«ì−®¥ áâ�æ¨®−�à−®¥ à�á¯à¥¤¥«¥−¨¥

π(·) = lim
t→∞

P(X(t) ∈ ·) = P(X ∈ ·) =
E

(∫ T

0
1(X(t) ∈ ·) dt

)

ET
, (2)

£¤¥ X ¥áâì ¯à¥¤¥« ¯® à�á¯à¥¤¥«¥−¨î ¯à®æ¥áá� X(t) ¯à¨ t → ∞. (�®¤à®¡−®¥
¨§«®¦¥−¨¥ á®®â¢¥âáâ¢ãîé¥© â¥®à¨¨ ¬®¦−® −�©â¨ ¢ [7, 11, 13].) ‘®®â−®è¥−¨¥ (2)
¯®ª�§ë¢�¥â ¢�¦−®áâì ¯®−ïâ¨ï ¯®«®¦¨â¥«ì−®© ¢®§¢à�â−®áâ¨ ¤«ï à¥£¥−¥à¨àãîé¥£®
¯à®æ¥áá� (¯® �−�«®£¨¨ á à®«ìî íâ®£® ¯®−ïâ¨ï ¢ â¥®à¨¨ æ¥¯¥© Œ�àª®¢� [11]).
�â¬¥â¨¬, çâ® ¨á¯®«ì§ã¥¬ë¥ −¨¦¥ à¥§ã«ìâ�âë â¥®à¨¨ ¢®ááâ�−®¢«¥−¨ï ¬®¦−®
−�©â¨, −�¯à¨¬¥à, ¢ ¬®−®£à�ä¨ïå [11,13,14].

3 Критерий стационарности

–¥«ì ¤�−−®© à�¡®âë | ¤�âì −®¢®¥, £®à�§¤® ¡®«¥¥ ª®à®âª®¥, ç¥¬ ¯à¥¦−¥¥ (á¬.,
−�¯à¨¬¥à, à�§¤. 4.1, 4.4 ¢ ¬®−®£à�ä¨¨ [7]), ¤®ª�§�â¥«ìáâ¢® á«¥¤ãîé¥£® ªà¨â¥-
à¨ï ¯®«®¦¨â¥«ì−®© ¢®§¢à�â−®áâ¨ ¯à®æ¥áá� ®ç¥à¥¤¨ ¢ à�áá¬�âà¨¢�¥¬®© á¨áâ¥¬¥.
(‡�¬¥â¨¬, çâ® ¢¯¥à¢ë¥ íâ®â ªà¨â¥à¨© ¡ë« −�©¤¥− ¢ áâ�âì¥ [6].) �¨¦¥ á¨áâ¥-
¬� ®¡á«ã¦¨¢�−¨ï −�§ë¢�¥âáï ¯®«®¦¨â¥«ì−® ¢®§¢à�â−®©, ¥á«¨ à¥£¥−¥à¨àãîé¨©
¯à®æ¥áá {ν(t)} | ¯®«®¦¨â¥«ì−® ¢®§¢à�â−ë©.

’¥®à¥¬� 1.

I. …á«¨
λ =

∑

k

λk < µ =
∑

i

µi. (3)

â® á¨áâ¥¬� › ¯®«®¦¨â¥«ì−® ¢®§¢à�â−�.
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II. �ãáâì λ ≥ µ. ’®£¤� ¥á«¨ λ > µ, â® á ¢¥à®ïâ−®áâìî 1

lim inf
t→∞

ν(t)

t
≥ λ− µ > 0 ,

¥á«¨ λ = µ, â® ν(t)⇒ ∞.

„ ® ª � § � â ¥ « ì á â ¢ ® . �à¥¤¯®«®¦¨¬, ®â ¯à®â¨¢−®£®, çâ® ¯à¨ ãá«®¢¨¨ (3)

ν(t)⇒ ∞, t→ ∞ . (4)

’®£¤� ¤«ï ª�¦¤®£® i P (Si(t) = 0) ≤ P(ν(t) ≤ m) → 0 ¨ áà¥¤−¥¥ áã¬¬�à−®¥
¢à¥¬ï ¯à®áâ®ï á¥à¢¥à®¢ ã¤®¢«¥â¢®àï¥â á®®â−®è¥−¨î:

EI(t) =
∑

i

t∫

0

P(Si(u) = 0) du = o(t), t→ ∞ . (5)

�® ¯®áâà®¥−¨î Di(t) = D̂i(t − Ii(t)), ¨ ¯®íâ®¬ã ¢¥à−® á«¥¤ãîé¥¥ á®®â−®è¥−¨¥
¤«ï ç¨á«� §�ï¢®ª ¢ á¨áâ¥¬¥ ¢ ¬®¬¥−â t:

ν(t) = A(t)−
m∑

i=1

Di(t) = A(t)−
m∑

i=1

D̂i (t− Ii(t)) , t ≥ 0 . (6)

�®áª®«ìªã {D̂i(t)} ¥áâì ¯à®æ¥áá ¢®ááâ�−®¢«¥−¨ï á® áà¥¤−¥© ¤«¨−®© ¨−â¥à¢�«�
¢®ááâ�−®¢«¥−¨ï ESi = 1/µi, â® ¯à¨ t→ ∞ á ¢¥à®ïâ−®áâìî 1

D̂i(t)

t
→ µi, i = 1,m . (7)

‚¢¨¤ã (5), ¤«ï «î¡®£® δ > 0 ¬®¦−® ¢ë¡à�âì â�ª®¥ ç¨á«® tδ, çâ® EI(t)/t ≤ δ2 ¯à¨
t ≥ tδ. ’®£¤� ¯® −¥à�¢¥−áâ¢ã Œ�àª®¢�

P

(
I(t)

t
> δ

)
≤ EI(t)

tδ
≤ δ, t ≥ tδ .

’�ª¨¬ ®¡à�§®¬, ¨¬¥¥â ¬¥áâ® â�ª¦¥ áå®¤¨¬®áâì ¯® ¢¥à®ïâ−®áâ¨ I(t)/t ⇒ 0, ®âªã¤�
á«¥¤ã¥â

Ii(t)

t
⇒ 0, i = 1,m; t→ ∞ . (8)
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�¡®§−�ç¨¬ µ− λ = εo, â�ª çâ® εo > 0. �®áª®«ìªã A(t)/t ⇒ λ á ¢¥à®ïâ−®áâìî 1
(¨ ¯® ¢¥à®ïâ−®áâ¨), â® ¨§ (6), ¢¢¨¤ã (7) ¨ (8), á«¥¤ã¥â

0 ≤ ν(t)

t
=
A(t)

t
−
∑

i

D̂i(t− Ii(t))

t− Ii(t)

t− Ii(t)

t
⇒ λ− µ = −εo < 0, t→ ∞.

’�ª¨¬ ®¡à�§®¬, −¥®âà¨æ�â¥«ì−�ï ¢¥«¨ç¨−� ν(t)/t áå®¤¨âáï ¯® à�á¯à¥¤¥«¥−¨î
ª ®âà¨æ�â¥«ì−®© ¯®áâ®ï−−®©. �®«ãç¥−−®¥ ¯à®â¨¢®à¥ç¨¥ §�áâ�¢«ï¥â ®âª�§�âìáï ®â
¯à¥¤¯®«®¦¥−¨ï (4), â. ¥. ν(t) 6⇒ ∞. �®íâ®¬ã

inf
i
P(ν(uj) ≤ N) ≥ ε (9)

¤«ï −¥ª®â®à®© ¤¥â¥à¬¨−¨à®¢�−−®© ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¬®¬¥−â®¢ ¢à¥¬¥−¨ uj →
→ ∞ ¨ −¥ª®â®àëå ¯®áâ®ï−−ëå N ¨ ε > 0.

‡�¢¥àè�îé¨© íâ�¯ ¤®ª�§�â¥«ìáâ¢� á®áâ®¨â ¢ â®¬, çâ®¡ë ¯®ª�§�âì, çâ® −�
á®¡ëâ¨¨ {ν(uj) ≤ N} á¨áâ¥¬� ®¯ãáâ®è�¥âáï ¨ −�áâã¯�¥â ¬®¬¥−â à¥£¥−¥à�æ¨¨
¢ â¥ç¥−¨¥ −¥§�¢¨áïé¥£® ®â j ¨ uj ¨−â¥à¢�«� ¢à¥¬¥−¨ á −¥ª®â®à®© ¢¥à®ïâ−®áâìî,
à�¢−®¬¥à−® ¯® j ®â¤¥«¥−−®© ®â −ã«ï. �â®â íâ�¯ −�§ë¢�¥âáï ¯à®æ¥¤ãà®© à�§£àã§-
ª¨ [7].

÷�áá¬®âà¨¬ ¬�ªá¨¬�«ì−®¥ ¯® ¢á¥¬ ª«�áá�¬ ¨ á¥à¢¥à�¬ ¢à¥¬ï ®¡á«ã¦¨¢�−¨ï
n-© ®¡á«ã¦¨¢�¥¬®© §�ï¢ª¨

max
1≤k≤K

max
1≤i≤m

S
(n)
ik =: Sn ≤

∑

k

∑

i

S
(n)
ik , n ≥ 1 .

‡�¬¥â¨¬, çâ® ‘‚ {Sn} | ��÷ á® áà¥¤−¨¬ ES < ∞. �®áâà®¨¬ −¨¦−îî £à�-
−¨æã ¤«ï à�á¯à¥¤¥«¥−¨ï áã¬¬�à−®© −¥§�¢¥àè¥−−®© à�¡®âë ¢ á¨áâ¥¬¥ W (uj) =
=
∑m

i=1Wi(uj) ¢ ¯à®¨§¢®«ì−ë© ¬®¬¥−â ¢à¥¬¥−¨ uj, ã¤®¢«¥â¢®àïîé¨© −¥à�¢¥−-
áâ¢ã (9). �¥âàã¤−® ¢¨¤¥âì, çâ® ¤«ï ¯à®¨§¢®«ì−®£® §�¤�−−®£® x ≥ 0 ¢ë¯®«−¥−ë
á«¥¤ãîé¨¥ −¥à�¢¥−áâ¢�:

P(W (uj) ≤ x) ≥ P




ν(uj)∑

j=1

Sj +

m∑

i=1

Si(uj) ≤ x


 ≥

≥ P




N∑

j=1

Sj +

m∑

i=1

Si(uj) ≤ x, ν(uj) ≤ N


 ≥

≥ P (ν(uj) ≤ N)− P




N∑

j=1

Sj +

m∑

i=1

Si(uj) > x


 . (10)

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 3 2026 41



…. ‚. Œ®à®§®¢

�â¬¥â¨¬, çâ® ¯à®æ¥áá −¥§�¢¥àè¥−−®£® ¢à¥¬¥−¨ ®¡á«ã¦¨¢�−¨ï {Si(t), t ≥ 0}
®£à�−¨ç¥− ¯® ¢¥à®ïâ−®áâ¨, çâ® á«¥¤ã¥â ¨§ ¢�¦−®© à�¡®âë [9]. �®íâ®¬ã −�©¤¥âáï
ç¨á«® x0 â�ª®¥, çâ® ¢ëç¨â�¥¬®¥ ¢ (10) ¬®¦¥â ¡ëâì á¤¥«�−® ¬¥−ìè¥ ε/2 ¯à¨ x ≥ x0,
£¤¥ ε ã¤®¢«¥â¢®àï¥â (9). ’®£¤� ¨§ á®®â−®è¥−¨© (9) ¨ (10) á«¥¤ã¥â á¯à�¢¥¤«¨¢®áâì
á«¥¤ãîé¥© à�¢−®¬¥à−®© (¯® j) −¨¦−¥© £à�−¨æë:

inf
j
P(W (uj) ≤ x) ≥ ε

2
, x ≥ x0.

‚ë¡¥à¥¬ ¯à®¨§¢®«ì−ãî ¯®áâ®ï−−ãî C ≥ x0 + –, £¤¥ – > 0 | ¤àã£�ï ¯à®¨§-
¢®«ì−�ï ¯®áâ®ï−−�ï. ’®£¤� ¨¬¥¥â ¬¥áâ® á«¥¤ãîé�ï à�¢−®¬¥à−�ï −¨¦−ïï £à�−¨æ�
¤«ï à�á¯à¥¤¥«¥−¨ï −¥§�¢¥àè¥−−®£® ¢ ¬®¬¥−â uj ¢à¥¬¥−¨ ¤® à¥£¥−¥à�æ¨¨:

inf
j
P(T (uj) ≤ C) ≥ inf

j
P (W (uj) ≤ x0, x0 < τ(uj) ≤ x0 +–) ≥

≥ ε

2
e−λx0(1− e−λ–),

£¤¥ ãçâ¥−®, çâ® ®áâ�â®ç−®¥ ¢à¥¬ï τ(uj) ¢ ¬®¬¥−â uj ¤® ¯à¨å®¤� ®ç¥à¥¤−®© §�ï¢ª¨
à�á¯à¥¤¥«¥−® ª�ª ‘‚ τ . �âáî¤� á«¥¤ã¥â, çâ® T (t) 6⇒ ∞, ¨ ¯®íâ®¬ã ET < ∞,
â. ¥. á¨áâ¥¬� ¯®«®¦¨â¥«ì−® ¢®§¢à�â−�.

„®ª�§�â¥«ìáâ¢® ¯. II (¯à¨ λ ≥ µ) −¥ ¬¥−ï¥âáï ¯® áà�¢−¥−¨î á [7] ¨ ¯®íâ®¬ã
®¯ãé¥−®. ’¥®à¥¬� ¤®ª�§�−�.

�â¬¥â¨¬, çâ® ¢ á«ãç�¥ ¨¤¥−â¨ç−ëå á¥à¢¥à®¢, â. ¥. ¯à¨ µi ≡ µo, ãá«®¢¨¥ (3)
á¢®¤¨âáï ª å®à®è® ¨§¢¥áâ−®¬ã ãá«®¢¨î λ < µom [7, 11,13].

÷¥§ã«ìâ�âë â¥®à¥¬ë 1 −¥¯®áà¥¤áâ¢¥−−® ¯¥à¥−®áïâáï −� á¨áâ¥¬ã “› á ¥¤¨−áâ¢¥−-
−ë¬ ¢å®¤−ë¬ ¯à®æ¥áá®¬ ¢®ááâ�−®¢«¥−¨ï á ��÷-¨−â¥à¢�«�¬¨ ¬¥¦¤ã ¯à¨å®¤�¬¨
§�ï¢®ª {τn, n ≥ 1} á ¨−â¥−á¨¢−®áâìî λ = 1/Eτ . �à¨ íâ®¬ −®¢�ï §�ï¢ª� ®ª�§ë-
¢�¥âáï §�ï¢ª®© ª«�áá� k á §�¤�−−®© ¢¥à®ïâ−®áâìî pk, ¨ ¯®íâ®¬ã §�ï¢ª¨ ª«�áá� k
®¡à�§ãîâ ¢å®¤−®© ¯à®æ¥áá ¢®ááâ�−®¢«¥−¨ï á ¨−â¥−á¨¢−®áâìî λk := λpk (

∑
k pk =

= 1). Œ¨−¨¬�«ì−ë¬ ¤®¯®«−¨â¥«ì−ë¬ ãá«®¢¨¥¬ ¢ íâ®¬ á«ãç�¥ (¯® áà�¢−¥−¨î á®
á«ãç�¥¬ ¯ã�áá®−®¢áª®£® ¢å®¤−®£® ¯®â®ª�) ®ª�§ë¢�¥âáï âà¥¡®¢�−¨¥

max
1≤i≤m

max
1≤k≤K

P(τ > Sik) > 0 , (11)

ª®â®à®¥ ¨á¯®«ì§ã¥âáï ¢ ¯à®æ¥¤ãà¥ à�§£àã§ª¨ ¤«ï ¤®áâ¨¦¥−¨ï á®áâ®ï−¨ï −ã«ì
¯®á«¥ ¯®¯�¤�−¨ï ¯à®æ¥áá� ν(·) ¢ ¨−â¥à¢�« [0, N ], á¬. (9). (’�ª¦¥ á¬. ¯. 4.1.1
¢ [7].) ‚ íâ®¬ á«ãç�¥ ¯à®æ¥¤ãà� à�§£àã§ª¨ ®ª�§ë¢�¥âáï á«®¦−¥¥, ç¥¬ ¢ á«ãç�¥
¯®ª�§�â¥«ì−®£® ¨−â¥à¢�«� τ , ®¤−�ª® ®−� ã¯à®é�¥âáï, ¥á«¨ (11) §�¬¥−¨âì −�
ãá«®¢¨¥

min
1≤i≤m

min
1≤k≤K

P(τ > Sik) > 0 .

‡�¬¥â¨¬, çâ® ãá«®¢¨¥ (11) �¢â®¬�â¨ç¥áª¨ ¢ë¯®«−¥−®, ¥á«¨ ¨−â¥à¢�« τ −¥ ®£à�−¨-
ç¥−.

42 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 3 2026



Šà¨â¥à¨© áâ�æ¨®−�à−®áâ¨ á¨áâ¥¬ë ®¡á«ã¦¨¢�−¨ï á −¥¨¤¥−â¨ç−ë¬¨ á¥à¢¥à�¬¨

4 Заключительные замечания

�� á�¬®¬ ¤¥«¥ ¯à®¢¥¤¥−−ë© ¢ëè¥ �−�«¨§ á¯à�¢¥¤«¨¢ ¤«ï á¨áâ¥¬ë á ¯à®-
¨§¢®«ì−ë¬ (ª®−¥ç−ë¬ á ¢¥à®ïâ−®áâìî 1) −�ç�«ì−ë¬ §−�ç¥−¨¥¬ ν(0), ª®£¤�
âà¥¡ã¥âáï ¤®¯®«−¨â¥«ì−® ¤®ª�§�âì, çâ® ¯¥à¢ë© ¬®¬¥−â à¥£¥−¥à�æ¨¨ T1 < ∞
c ¢¥à®ïâ−®áâìî 1. (‘¬. à�§¤. 2.3, £«. 2 ¢ [7].)

�ç¥¢¨¤−®, çâ® â¥®à¥¬� 1 á®¤¥à¦¨â ªà¨â¥à¨© ¯®«®¦¨â¥«ì−®© ¢®§¢à�â−®áâ¨
â�ª¦¥ ¨ ¤«ï ¯à®æ¥áá� −¥§�¢¥àè¥−−®© à�¡®âë ¢ á¨áâ¥¬¥, ª®â®àë© à¥£¥−¥à¨àã¥â
¢ â¥ ¦¥ á�¬ë¥ ¬®¬¥−âë à¥£¥−¥à�æ¨¨ {Tn}.

‚ à�¡®â¥ [6] ¨á¯®«ì§®¢�«®áì á«¥¤ãîé¥¥ á®®â−®è¥−¨¥ ¡�«�−á� ¬¥¦¤ã ¢¥«¨-
ç¨−®© −¥§�¢¥àè¥−−®© à�¡®âë W (t) ¢ ¬®¬¥−â t, ¯®áâã¯¨¢è¥© ¢ á¨áâ¥¬ã à�¡®â®©

V (t) =
∑A(t)

n=1 Sn (Sn | ¢à¥¬ï ®¡á«ã¦¨¢�−¨ï n-© §�ï¢ª¨) ¨ ®¡á«ã¦¥−−®© à�¡®-
â®© V0(t), ¢ ¨−â¥à¢�«¥ [0, t]:

W (t) = V (t)− V0(t), t ≥ 0 . (12)

‚ á«ãç�¥ ®¤−®£® ª«�áá� §�ï¢®ª (á â¨¯¨ç−ë¬ ¢à¥¬¥−¥¬ ®¡á«ã¦¨¢�−¨ï S) ¨ ¨¤¥−-
â¨ç−ëå á¥à¢¥à®¢ V (t)/t → λ/ES. �¤−�ª® ¤«ï à�áá¬�âà¨¢�¥¬®© ¢ ¤�−−®© áâ�âì¥
á¨áâ¥¬ë íâ®â ¯à¥¤¥« −¥ ã¤�¥âáï ®¯à¥¤¥«¨âì, ¯®áª®«ìªã à�á¯à¥¤¥«¥−¨¥ ¢¥«¨ç¨-
−ë Sn §�¢¨á¨â ®â á¥à¢¥à�, ª®â®àë© −�§−�ç�¥âáï n-© ¯® áç¥âã §�ï¢ª¥. �â®
®¡áâ®ïâ¥«ìáâ¢® §−�ç¨â¥«ì−® ãá«®¦−ï¥â �−�«¨§ áâ�æ¨®−�à−®áâ¨ ¢ [6] −� ®á−®¢¥
á®®â−®è¥−¨ï (12).

�â¬¥â¨¬, çâ® ¯à®¢¥¤¥−−ë© �−�«¨§ á¯à�¢¥¤«¨¢ ¤«ï ¡®«¥¥ è¨à®ª®£® ª«�áá�
¢å®¤−ëå ¯à®æ¥áá®¢, ¥á«¨ áãé¥áâ¢ã¥â ª®−¥ç−ë© ¯à¥¤¥« limt→∞A(t)/t = λ ¨ á¨á-
â¥¬� ®¡«�¤�¥â ª«�áá¨ç¥áª®© à¥£¥−¥à�æ¨¥©. �â® ¢¥à−®, ¢ ç�áâ−®áâ¨, ¤«ï ¢å®¤−®£®
à¥£¥−¥à¨àãîé¥£® ¯à®æ¥áá�, à�áá¬®âà¥−−®£® ¢ à�§¤. 4.6 ¢ [7].

’à¥¡®¢�−¨¥ −�«¨ç¨ï «¨èì ®¤−®£® ¢å®¤−®£® ¯à®æ¥áá� ¢®ááâ�−®¢«¥−¨ï (¢ á¨áâ¥-

¬¥ “›) á¢ï§�−® á â¥¬, çâ® ¯à®¢¥¤¥−−ë© �−�«¨§ ®¯¨à�¥âáï −� ¯®−ïâ¨¥ ª«�áá¨ç¥áª®©
à¥£¥−¥à�æ¨¨ ¯® ‘¬¨âã [14]. �à¨ −�«¨ç¨¨ ¡®«¥¥ ®¤−®£® (−¥¯ã�áá®−®¢áª®£®) ¢å®¤-
−®£® ¯à®æ¥áá� ª«�áá¨ç¥áª�ï à¥£¥−¥à�æ¨ï, ¢®®¡é¥ £®¢®àï, −¥ ¨¬¥¥â ¬¥áâ�. ‚ íâ®¬
á«ãç�¥, ®¤−�ª®, ¬®¦−® ¨á¯®«ì§®¢�âì â�ª −�§ë¢�¥¬ãî ®¤−®§�¢¨á¨¬ãî à¥£¥−¥à�-
æ¨î [15], ª®£¤� ¤¢� á®á¥¤−¨å æ¨ª«� à¥£¥−¥à�æ¨¨ §�¢¨á¨¬ë, −® ¨å ¤«¨−ë, ¢®®¡é¥
£®¢®àï, −¥â. ’�ª�ï à¥£¥−¥à�æ¨ï ¢®§−¨ª�¥â ¯à¨ ¯®áâà®¥−¨¨ ¬®¬¥−â®¢ à¥£¥−¥à�æ¨¨
æ¥¯¥© Œ�àª®¢�, ¢®§¢à�â−ëå ¯® •�àà¨áã, ¬¥â®¤®¬ à�áé¥¯«¥−¨ï [11,16]. �«ìâ¥à-
−�â¨¢−ë© ¬¥â®¤ ¯®áâà®¥−¨ï â�ª®© (¡®«¥¥ á«®¦−®©) à¥£¥−¥à�æ¨¨, ®á−®¢�−−®© −�
â¥®à¨¨ ®¡−®¢«ïîé¨å á®¡ëâ¨©, ¡ë« ¯à¥¤«®¦¥− �. �. �®à®¢ª®¢ë¬ ¢ [17].

�à¥¤áâ�¢«ï¥âáï ¯¥àá¯¥ªâ¨¢−ë¬ ®¡®¡é¥−¨¥ ¯à®¢¥¤¥−−®£® �−�«¨§� −� ¬−®£®-
á¥à¢¥à−ãî á¨áâ¥¬ã á ®¤−®§�¢¨á¨¬®© à¥£¥−¥à�æ¨¥© ¢ á«ãç�¥, ª®£¤� ¤«¨−ë æ¨ª«®¢
¯®-¯à¥¦−¥¬ã ®¡à�§ãîâ ¯à®æ¥áá ¢®ááâ�−®¢«¥−¨ï.
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Abstract: The paper provides a new, short proof of the stability criterion for
a multiclass stochastic M/G/m-type queueing system with an unlimited buffer
for the waiting customers and different classes of customers such that the service
time of a customer depends both on their class and the assigned server. The
proof is based on the theory of regenerative processes and a balance relation for
the number of customers in the system, unlike the proof found earlier which
used a balance relation for the workload process. The criterion is constructively
formulated and has the following evident intuitive interpretation: the input
rate must be less than the (properly defined) maximal capacity of the system.
Moreover, the proof shows all the main steps of the regenerative stability analysis
method of stochastic queueing systems.
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АЛГОРИТМ УПРАВЛЕНИЯ ПЕРЕГРУЗКОЙ
С ИСПОЛЬЗОВАНИЕМ ЭКСПОНЕНЦИАЛЬНОЙ ВЕКТОРНОЙ

АВТОРЕГРЕССИИ

Фэнжуй Го1, Р. Л. Смелянский2

�−−®â�æ¨ï: �à¥¤«®¦¥− ª®¬¡¨−¨à®¢�−−ë© �«£®à¨â¬ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®©
TCP (Transmission Control Protocol), ®á−®¢�−−ë© −� á®¢¬¥áâ−®¬ ¨á¯®«ì-
§®¢�−¨¨ âà�¤¨æ¨®−−®£® à¥�ªâ¨¢−®£® �«£®à¨â¬� ã¯à�¢«¥−¨ï à�§¬¥à®¬ Cwnd
(Congestion Window) ¨ ¬¥â®¤� ¯à®£−®§¨à®¢�−¨ï Cwnd á ¯®¬®éìî íªá¯®-
−¥−æ¨�«ì−®© ¢¥ªâ®à−®© �¢â®à¥£à¥áá¨¨ (Exponential Vector Autoregression,
EVAR). �®á«¥ ¢®§−¨ª−®¢¥−¨ï ¯¥à¥£àã§ª¨ ¬¥â®¤ EVAR ¨á¯®«ì§ã¥âáï ¤«ï
¯à®£−®§¨à®¢�−¨ï à�§¬¥à� Cwnd −� á«¥¤ãîé¥¬ ¨−â¥à¢�«¥ −�¡«î¤¥−¨ï, � ¯®-
«ãç¥−−ë© ¯à®£−®§ ¯à¨¬¥−ï¥âáï ¢ ª�ç¥áâ¢¥ −®¢®£® §−�ç¥−¨ï Cwnd á æ¥«ìî
¯®«ãç¥−¨ï ¡®«ìè¥£® ®¡ê¥¬� ¤®áâã¯−®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ („�‘). Šà®-

¬¥ â®£®, ¢ à�¡®â¥ ¢¢®¤¨âáï ¡¥§®¯�á−ë© ¯®à®£RTT (Round-Trip Time), ª®â®àë©
®£à�−¨ç¨¢�¥â ¨á¯®«ì§®¢�−¨¥ ¯à®£−®§¨àã¥¬®£® §−�ç¥−¨ï ¨ ¯®§¢®«ï¥â ¨§¡¥¦�âì
á¨âã�æ¨¨, ª®£¤� á«¨èª®¬ ¡ëáâà®¥ ¢®ááâ�−®¢«¥−¨¥ à�§¬¥à� Cwnd ¯à¨¢®¤¨â
ª ¢®§−¨ª−®¢¥−¨î ¤®¯®«−¨â¥«ì−ëå á®¡ëâ¨© ¯¥à¥£àã§ª¨. �à¥¤«®¦¥−−ë© �«-
£®à¨â¬ ¨áá«¥¤ã¥âáï −� íªá¯¥à¨¬¥−â�«ì−®¬ áâ¥−¤¥ ns-3 ¯à¨ á®¯®áâ�¢«¥−¨¨
á NewReno, CUBIC ¨ BBRv1. ÷¥§ã«ìâ�âë ¯®ª�§ë¢�îâ, çâ® ¯® áà�¢−¥−¨î
á ¡�§®¢ë¬¨ �«£®à¨â¬�¬¨ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© ¯à¥¤«®¦¥−−ë© �«£®à¨â¬
¯®§¢®«ï¥â ¯®«ãç¨âì ¤®¯®«−¨â¥«ì−® −¥ ¬¥−¥¥ 0,5 Œ¡¨â/á „�‘.

Š«îç¥¢ë¥ á«®¢�: ã¯à�¢«¥−¨¥ ¯¥à¥£àã§ª®© TCP; íªá¯®−¥−æ¨�«ì−�ï ¢¥ªâ®à-
−�ï �¢â®à¥£à¥áá¨ï; ¯à®£−®§¨à®¢�−¨¥ ®ª−� ¯¥à¥£àã§ª¨; ¤®áâã¯−�ï ¯à®¯ãáª−�ï
á¯®á®¡−®áâì; ¬®¤¥«¨à®¢�−¨¥ ¢ ns-3

DOI: 10.14357/08696527260303 EDN: LRRIMB

1 Введение

�à®â®ª®« TCP | ®á−®¢−®© ¯à®â®ª®« âà�−á¯®àâ−®£® ãà®¢−ï á £�à�−â¨à®-
¢�−−ë¬ á¥à¢¨á®¬ [1]. �á−®¢−ãî á«®¦−®áâì ¢ à�¡®âã ¯à®â®ª®«� TCP ¢−®áïâ
¨§¬¥−ç¨¢®áâì ¤®áâã¯−®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ âà�−á¯®àâ−®£® á®¥¤¨−¥−¨ï (¤�-
«¥¥ | ª�−�«�) ¨ §�¤¥à¦ª¨ ¯�ª¥â®¢ ¢ ª�−�«¥. �®á«¥¤−ïï ¢¥«¨ç¨−� ®æ¥−¨¢�¥âáï
ç¥à¥§ ¯�à�¬¥âà RTT, ®âá«¥¦¨¢�¥¬ë© ¯à®â®ª®«®¬ TCP. �à¨ç¨−� íâ®© ¨§¬¥−-
ç¨¢®áâ¨ ªà®¥âáï ¢ á«ãç�©−®¬ å�à�ªâ¥à¥ á¬¥á¨ ¯�ª¥â®¢ à�§−ëå ¯®â®ª®¢ ¤�−−ëå,
à�§¤¥«ïîé¨å ®¤−ã ¨ âã ¦¥ «¨−¨î ¯¥à¥¤�ç¨ ¨ ¥¥ á¥â¥¢ë¥ ãáâà®©áâ¢�. Œ�àèàãâ
¯¥à¥¤�ç¨, ¨á¯®«ì§ã¥¬ë© ¯à®â®ª®«®¬ TCP, á®áâ®¨â ¨§ −¥áª®«ìª¨å «¨−¨© ¨ á¥â¥-
¢ëå ãáâà®©áâ¢. ‘®áâ�¢ ¯®â®ª®¢, à�§¤¥«ïîé¨å ª�¦¤ãî ¨§ −¨å, ¢ à�§−ë¥ ¬®¬¥−âë

1”�ªã«ìâ¥â ¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨-
¢¥àá¨â¥â� ¨¬¥−¨ Œ. ‚. ‹®¬®−®á®¢�, guofengrui@lvk.cs.msu.ru

2”�ªã«ìâ¥â ¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨-
¢¥àá¨â¥â� ¨¬¥−¨ Œ. ‚. ‹®¬®−®á®¢�, smel@cs.msu.ru
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¢à¥¬¥−¨ à�§«¨ç¥−. �¥à¥£àã§ª®© −�§ë¢�îâ á¨âã�æ¨î, ¯à¨ ª®â®à®© áã¬¬�à−ë©
¯®â®ª ¤�−−ëå, ¯à®å®¤ïé¨© ç¥à¥§ å®âï ¡ë ®¤−® ¨§ ãáâà®©áâ¢ ¬�àèàãâ�, ¯à¥¢ëè�-
¥â à¥áãàá−ë¥ ¢®§¬®¦−®áâ¨ íâ®£® ãáâà®©áâ¢�. Š�ª à¥§ã«ìâ�â, ãáâà®©áâ¢® −�ç¨−�¥â
á¡à�áë¢�âì ¯�ª¥âë.

”�ªâ¨ç¥áª¨ �«£®à¨â¬ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© ¢ ª�¦¤ë© ¬®¬¥−â ¢à¥¬¥−¨
¤®«¦¥− ®¯à¥¤¥«ïâì ¬�ªá¨¬�«ì−® ¤®¯ãáâ¨¬®¥ ç¨á«® ¯�ª¥â®¢, ª®â®àë¥ ®− ¬®¦¥â
¨−¦¥ªâ¨à®¢�âì ¢ ª�−�«, −¥ ¢ë§ë¢�ï ¯¥à¥£àã§ª¨ ¨ −¥ ¯à¨¢®¤ï ª çà¥§¬¥à−®¬ã
à®áâã §�¤¥à¦ª¨ ¯¥à¥¤�ç¨ [2]. �â® ç¨á«® ®¯à¥¤¥«ï¥â à�§¬¥à ®ª−� ¯¥à¥£àã§ª¨
(¤�«¥¥ | Cwnd) −� áâ®à®−¥ ®â¯à�¢¨â¥«ï. ÷�−¥¥ ¡ë«® ¯à¥¤«®¦¥−® ¬−®¦¥áâ¢®
�«£®à¨â¬®¢ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© [3]. ”�ªâ ¢®§−¨ª−®¢¥−¨ï ¯¥à¥£àã§ª¨ ®−¨
®¯à¥¤¥«ïîâ «¨¡® ¯® ¯®â¥à¥ ¯�ª¥â� (â�ª −�§ë¢�¥¬ë¥ loss-based-¬¥â®¤ë), «¨¡® ¯®
à®áâã ¢¥«¨ç¨−ë RTT (delay-based-¬¥â®¤ë). ‚¥«¨ç¨−ã Cwnd ®−¨ ¯®¤¡¨à�îâ,
§®−¤¨àãï „�‘ ¯® áå¥¬¥ AIMD (Additive Increase Multiplicative Decrease) [4].
�à¨ ¢®§−¨ª−®¢¥−¨¨ ¯¥à¥£àã§ª¨ à�§¬¥à Cwnd á®ªà�é�¥âáï, ¢á«¥¤áâ¢¨¥ ç¥£®
âà¥¡ã¥âáï ¢à¥¬ï −� ¥£® ¢®ááâ�−®¢«¥−¨¥. Š�ª ¯à�¢¨«®, ç¥¬ ¢ëè¥ „�‘ ª�−�«�,
â¥¬ ¯à®¤®«¦¨â¥«ì−¥¥ ¯¥à¨®¤ ¢à¥¬¥−¨, −¥®¡å®¤¨¬ë© ¤«ï ¢®ááâ�−®¢«¥−¨ï à�§¬¥à�
Cwnd [5]. ‚ íâ®â ¯¥à¨®¤ „�‘ ª�−�«� −¥¤®¨á¯®«ì§ã¥âáï, � áª®à®áâì ¯®â®ª� ¤�−−ëå
®ª�§ë¢�¥âáï −¨¦¥ ¬�ªá¨¬�«ì−® ¢®§¬®¦−®©. �®íâ®¬ã �«£®à¨â¬ë ã¯à�¢«¥−¨ï
¯¥à¥£àã§ª®© áâà¥¬ïâáï ¬�ªá¨¬�«ì−® á®ªà�â¨âì ¯¥à¨®¤ ¢®ááâ�−®¢«¥−¨ï à�§¬¥à�
Cwnd.

‚ ª�ç¥áâ¢¥ ªà¨â¥à¨ï ®æ¥−ª¨ ¬¥â®¤� ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© ¡ã¤¥â ¨á¯®«ì§®-
¢�âìáï ªà¨â¥à¨©

Bf − Cwnd
RTT

≈ 0 , (1)

£¤¥ Bf | ¤®áâã¯−�ï ¯®â®ªã f ¯à®¯ãáª−�ï á¯®á®¡−®áâì ª�−�«�1 (¤�«¥¥ | ¯à®áâ®
„�‘). ‚¥«¨ç¨−ã Bf − Cwnd/RTT ¡ã¤¥¬ −�§ë¢�âì −¥¤®¨á¯®«ì§®¢�−−®© „�‘
(�„�‘). —¥¬ ¡«¨¦¥ �„�‘ ª −ã«î, â¥¬ «ãçè¥ �«£®à¨â¬ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®©
¨á¯®«ì§ã¥â „�‘ ¯®â®ª�.

‚ áâ�âì¥ ¯à¥¤«�£�¥âáï ¬¥â®¤ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®©, £¤¥ ã¯à�¢«¥−¨¥ à�§¬¥-
à®¬ Cwnd ¯à¥¤áâ�¢«ï¥â á®¡®© ª®¬¯®§¨æ¨î âà�¤¨æ¨®−−®£® �«£®à¨â¬� ã¯à�¢«¥−¨ï
à�§¬¥à®¬ Cwnd ¨ �«£®à¨â¬� −� ®á−®¢¥ ¯à®£−®§¨à®¢�−¨ï à�§¬¥à� Cwnd ¯® ¬¥â®¤ã
EVAR (¯®¤à®¡−® ®− ®¯¨á�− ¢ [6]). Œ¥â®¤ EVAR ¡ë« à�§à�¡®â�− ¤«ï ¯à®£−®§¨à®-
¢�−¨ï ª�ç¥áâ¢� ª�−�«� ¯¥à¥¤�ç¨ ¤�−−ëå −� âà�−á¯®àâ−®¬ ãà®¢−¥, ¢ª«îç�ï â�ª¨¥
¯�à�¬¥âàë, ª�ª RTT, „�‘ ¨ ¤à.

2 Обзор алгоритмов управления перегрузкой

Š�ª ã¦¥ ¡ë«® ®â¬¥ç¥−® ¢ëè¥, „�‘ ª�−�«� ¨§¬¥−ç¨¢�. �«£®à¨â¬ ã¯à�¢«¥−¨ï
¯¥à¥£àã§ª®© ¤®«¦¥− ¬�ªá¨¬�«ì−® ¨á¯®«ì§®¢�âì „�‘, −® â�ª, çâ®¡ë −¥ ¢ë§ë¢�âì
¯®â¥àì ¨ à®áâ� §�¤¥à¦ª¨ ¯¥à¥¤�ç¨ ¨§-§� à®áâ� ¤«¨−ë ®ç¥à¥¤¥© ¢ ª�−�«¥ [7].

1�®¤à®¡−�ï ¬¥â®¤¨ª� ¥¥ ¢ëç¨á«¥−¨ï ¯à¨¢¥¤¥−� ¢ à�§¤. 4.
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�«£®à¨â¬ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© á ¨á¯®«ì§®¢�−¨¥¬ íªá¯®−¥−æ¨�«ì−®© �¢â®à¥£à¥áá¨¨

�¥á¬®âàï −� â® çâ® ¡�§®¢�ï á¯¥æ¨ä¨ª�æ¨ï TCP ¡ë«� ®¯ã¡«¨ª®¢�−� ¡®«¥¥
40 «¥â −�§�¤, TCP ®áâ�¥âáï ®á−®¢−ë¬ ¯à®â®ª®«®¬ âà�−á¯®àâ−®£® ãà®¢−ï ¤«ï
¯¥à¥¤�ç¨ ¤�−−ëå ¢ ¨−â¥à−¥â¥. ‚ á¢ï§¨ á íâ¨¬ à�§¢¨â¨¥ �«£®à¨â¬®¢ ã¯à�¢«¥−¨ï
¯¥à¥£àã§ª®© ¯®-¯à¥¦−¥¬ã ®áâ�¥âáï �ªâã�«ì−®© §�¤�ç¥©. �®¢ë¥ ãá«®¢¨ï ¯¥à¥¤�ç¨
¤�−−ëå á¢ï§�−ë á à®áâ®¬ „�‘ ª�−�«�, ã¢¥«¨ç¥−¨¥¬ ¯à®¨§¢¥¤¥−¨ï ¯à®¯ãáª−®©
á¯®á®¡−®áâ¨ −� §�¤¥à¦ªã, ¯®ï¢«¥−¨¥¬ ª�−�«®¢ á ¡ëáâà® ¬¥−ïîé¨¬¨áï ¯�à�-
¬¥âà�¬¨, � â�ª¦¥ è¨à®ª¨¬ ¨á¯®«ì§®¢�−¨¥¬ á¥â¥© æ¥−âà®¢ ®¡à�¡®âª¨ ¤�−−ëå
¨ ¡¥á¯à®¢®¤−ëå á¥â¥©. ‚ íâ¨å ãá«®¢¨ïå �«£®à¨â¬ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© ¤®«-
¦¥− −¥ â®«ìª® ¢ëï¢«ïâì ä�ªâ ¢®§−¨ª−®¢¥−¨ï ¯¥à¥£àã§ª¨ ¨«¨ ¥¥ ¯à¨¡«¨¦¥−¨ï, −®
¨ ¡ëáâà¥¥ ¢®ááâ�−�¢«¨¢�âì à�§¬¥à Cwnd ¯®á«¥ ¥£® á®ªà�é¥−¨ï.

‘ ¬¥â®¤®«®£¨ç¥áª®© â®çª¨ §à¥−¨ï à�§«¨ç¨ï ¬¥¦¤ã �«£®à¨â¬�¬¨ ã¯à�¢«¥−¨ï
¯¥à¥£àã§ª®© ®¯à¥¤¥«ïîâáï â¥¬, ª�ª ¢ëï¢«ï¥âáï ä�ªâ ¢®§−¨ª−®¢¥−¨ï ¯¥à¥£àã§ª¨
¨«¨ ¥¥ ¯à¨¡«¨¦¥−¨ï, � â�ª¦¥ â¥¬, ª�ª�ï ¨−ä®à¬�æ¨ï ¨á¯®«ì§ã¥âáï ¯à¨ ä®à¬¨-
à®¢�−¨¨ ã¯à�¢«ïîé¥£® ¢®§¤¥©áâ¢¨ï (à¥è¥−¨ï). Œ®¦−® ¢ë¤¥«¨âì ¤¢¥ ¡®«ìè¨¥
£àã¯¯ë �«£®à¨â¬®¢ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© [8]: à¥�ªâ¨¢−ë¥ ¨ ¯à®�ªâ¨¢−ë¥,
®á−®¢�−−ë¥ −� ¯à®£−®§¥ á®áâ®ï−¨ï ª�−�«�.

÷¥�ªâ¨¢−ë¥ �«£®à¨â¬ë ª®àà¥ªâ¨àãîâ à�§¬¥à Cwnd ¯® á¨£−�«�¬, ®âà�-
¦�îé¨¬ ã¦¥ −�áâã¯¨¢èãî (¨«¨ −�à�áâ�îéãî) ¯¥à¥£àã§ªã, −�¯à¨¬¥à ¯® ¯®-
â¥àï¬ ¯�ª¥â®¢ (loss-based), à®áâã RTT ¨«¨ §�¤¥à¦ª¨ ¢ ®ç¥à¥¤¨ (delay-based)
¨ â. ¯. [9]. �à¨¬¥à�¬¨ è¨à®ª® à�á¯à®áâà�−¥−−ëå loss-based-�«£®à¨â¬®¢ ¬®-
£ãâ á«ã¦¨âì Reno/NewReno [2, 10], CUBIC [11]. �â¨ �«£®à¨â¬ë ¢ë¡à�−ë
¢ ª�ç¥áâ¢¥ ¯à¥¤áâ�¢¨â¥«¥© à¥�ªâ¨¢−®£® ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© ¯®â®¬ã, çâ® ®−¨
áç¨â�îâáï áâ�−¤�àâ�¬¨ ¤«ï ¢á¥å è¨à®ª® à�á¯à®áâà�−¥−−ëå ®¯¥à�æ¨®−−ëå á¨áâ¥¬
Linux, Windows, macOS/iOS.

‚ á®¢à¥¬¥−−ëå à¥�«¨§�æ¨ïå TCP à�§¢¨â¨¥ à¥�ªâ¨¢−ëå �«£®à¨â¬®¢ −�¯à�¢-
«¥−® −� �¤�¯â�æ¨î ª ¡®«¥¥ ¢ëá®ª®© „�‘ ª�−�«� ¨ ª ¡®«¥¥ á«®¦−®© ¤¨−�¬¨ª¥
¯®â¥àì ¨ §�¤¥à¦¥ª. NewReno ãâ®ç−ï¥â ¬¥å�−¨§¬ ¢®ááâ�−®¢«¥−¨ï ¯®á«¥ ¯®â¥àì
§� áç¥â ®¡à�¡®âª¨ ç�áâ¨ç−ëå ¯®¤â¢¥à¦¤¥−¨© (ACK), çâ® ¯®¢ëè�¥â ãáâ®©ç¨¢®áâì
¢®ááâ�−®¢«¥−¨ï à�§¬¥à� Cwnd ¯à¨ −¥áª®«ìª¨å ¯®â¥àïå ¢ ®¤−®¬ ®ª−¥ ¯¥à¥¤�ç¨.
CUBIC ¨á¯®«ì§ã¥â −¥«¨−¥©−ë© à®áâ à�§¬¥à� Cwnd ª�ª äã−ªæ¨î ¢à¥¬¥−¨ ¯®á«¥
¯®á«¥¤−¥£® á®ªà�é¥−¨ï ®ª−�, çâ® ¯®§¢®«ï¥â ¡ëáâà¥¥ §®−¤¨à®¢�âì „�‘ ¢ ª�−�«�å
á ¡®«ìè¨¬¨ §−�ç¥−¨ï¬¨ „�‘ ¨ RTT ¨ ®¤−®¢à¥¬¥−−® ã¬¥−ìè�âì �£à¥áá¨¢−®áâì
à®áâ� ®ª®«® à�−¥¥ ¤®áâ¨£−ãâ®£® à�§¬¥à� ®ª−�.

�à®�ªâ¨¢−ë¥ �«£®à¨â¬ë ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© ®æ¥−¨¢�îâ ¨ ¯à®£−®§¨àã-
îâ „�‘, à�§¬¥à Cwnd ¨ ®¦¨¤�¥¬ãî ¤®«î ¯®â¥àì −� ®¯à¥¤¥«¥−−®¬ £®à¨§®−â¥
¯à®£−®§¨à®¢�−¨ï, � §�â¥¬ −� ®á−®¢¥ ¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢ ®¯à¥¤¥«ïîâ −¥-
®¡å®¤¨¬ë© à�§¬¥à Cwnd. �à®�ªâ¨¢−ë¥ �«£®à¨â¬ë ¬®¦−® à�§¤¥«¨âì −� âà¨
ª«�áá�:

(1) �«£®à¨â¬ë, ®á−®¢�−−ë¥ −� ¯à®¨§¢¥¤¥−¨¨ ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ −� §�-
¤¥à¦ªã (Bandwidth-Delay Product, BDP), −�¯à¨¬¥à �«£®à¨â¬ BBR [12].
�â®â �«£®à¨â¬ ¡�§¨àã¥âáï −� ¨§¢¥áâ−®¬ ä�ªâ¥ [13]: à�§¬¥à Cwnd −¥ ¤®«¦¥−
¯à¥¢ëè�âì ¯à®¨§¢¥¤¥−¨ï ¢¥«¨ç¨− RTT ¨ B;
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(2) �«£®à¨â¬ë −� ®á−®¢¥ áâ�â¨áâ¨ç¥áª¨å ¬®¤¥«¥©, −�¯à¨¬¥à ¬®¤¥«ì ç�áâ¨ç−®-
¤¨ääã§¨®−−®£® ¬�àª®¢áª®£® ¯à®æ¥áá� ¤«ï TCP-á®¥¤¨−¥−¨ï ¢ £¥â¥à®£¥−−®¬
ª�−�«¥ [14];

(3) �«£®à¨â¬ë −� ®á−®¢¥ £«ã¡®ª®£® ®¡ãç¥−¨ï, ¢ ç�áâ−®áâ¨ ®¡ãç¥−¨ï á ¯®¤ªà¥¯-
«¥−¨¥¬, −�¯à¨¬¥à �«£®à¨â¬ PCC Vivace [15].

�¥§�¢¨á¨¬® ®â â®£®, ®â−®áïâáï «¨ �«£®à¨â¬ë ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© ª à¥-
�ªâ¨¢−ë¬ ¨«¨ ¯à®�ªâ¨¢−ë¬, ¨å æ¥«ì ¤®áâ¨£�¥âáï §� áç¥â ¨§¬¥−¥−¨ï à�§¬¥à�
Cwnd. Šà®¬¥ â®£®, §�¤�ç� ¯à¥¤®â¢à�é¥−¨ï ¯¥à¥£àã§®ª ¬®¦¥â à¥è�âìáï ¨ §�
áç¥â ã¯à�¢«¥−¨ï ®ç¥à¥¤ï¬¨ ¢ á¥â¥¢ëå ãáâà®©áâ¢�å, −�¯à¨¬¥à á ¨á¯®«ì§®¢�−¨¥¬
RED-¯®¤®¡−ëå �«£®à¨â¬®¢ ã¯à�¢«¥−¨ï ®ç¥à¥¤ï¬¨ [16]. ‚ â�ª¨å �«£®à¨â¬�å
ã¯à�¢«¥−¨¥ ¯¥à¥£àã§ª®© à¥�«¨§ã¥âáï ¯®áà¥¤áâ¢®¬ �ªâ¨¢−®£® à¥£ã«¨à®¢�−¨ï ¤«¨-
−ë ®ç¥à¥¤¨ ¢ á¨áâ¥¬¥ ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï G/M/1: ¥á«¨ ®ç¥à¥¤ì ¯à¥¢ëè�¥â
§�¤�−−®¥ ¯®à®£®¢®¥ §−�ç¥−¨¥, â® áç¨â�¥âáï, çâ® á¨áâ¥¬� −�å®¤¨âáï ¢ §®−¥ ¯¥à¥-
£àã§ª¨, ¨ ç�áâì §�ï¢®ª ¢ ®ç¥à¥¤¨ ¬®¦¥â ¡ëâì á¡à®è¥−� á §�¤�−−®© ¢¥à®ïâ−®áâìî.
�«�£®¤�àï íâ®¬ã à®áâ ®ç¥à¥¤¨ ®£à�−¨ç¨¢�¥âáï ¤® ¯®«−®£® §�¯®«−¥−¨ï ¡ãä¥à�,
çâ® ¯®§¢®«ï¥â á−¨¦�âì §�¤¥à¦ªã ¨ ã¬¥−ìè�âì ¢¥à®ïâ−®áâì ¯®á«¥¤ãîé¨å ¯®â¥àì
¨§-§� ¥£® ¯¥à¥¯®«−¥−¨ï.

�¤−�ª® ã¯à�¢«¥−¨¥ ®ç¥à¥¤ï¬¨ ¢ á¥â¥¢ëå ãáâà®©áâ¢�å ¨ ã¯à�¢«¥−¨¥ à�§¬¥à®¬
Cwnd −� áâ®à®−¥ ®â¯à�¢¨â¥«ï à¥è�îâ §�¤�çã ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© −� à�§−ëå
ãà®¢−ïå: ¯¥à¢®¥ ®£à�−¨ç¨¢�¥â à®áâ ®ç¥à¥¤¨ ¢ ª�−�«¥, ¢â®à®¥ à¥£ã«¨àã¥â ®¡ê¥¬
¤�−−ëå, ¨−¦¥ªâ¨àã¥¬ëå ®â¯à�¢¨â¥«¥¬ ¢ ª�−�«. ‚ −�áâ®ïé¥© à�¡®â¥ ®á−®¢−®¥
¢−¨¬�−¨¥ ã¤¥«ï¥âáï �«£®à¨â¬�¬, ¢ ª®â®àëå ã¯à�¢«¥−¨¥ ¯¥à¥£àã§ª®© à¥�«¨§ã¥âáï
§� áç¥â ã¯à�¢«¥−¨ï à�§¬¥à®¬ Cwnd.

�á−®¢−®© −¥¤®áâ�â®ª à¥�ªâ¨¢−ëå �«£®à¨â¬®¢ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© §�-
ª«îç�¥âáï ¢ ¤«¨â¥«ì−®¬ ¢®ááâ�−®¢«¥−¨¨ à�§¬¥à� Cwnd ¯®á«¥ ¥£® á®ªà�é¥−¨ï
¨§-§� ¯®ï¢«¥−¨ï ¯à¨§−�ª®¢ ¯¥à¥£àã§ª¨ [17]. Š�ª á«¥¤áâ¢¨¥ | −¥¤®¨á¯®«ì§®¢�−¨¥
¤®áâã¯−®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ ª�−�«�. �−¨ çà¥§¬¥à−® à¥§ª® á®ªà�é�îâ à�§-
¬¥à ®ª−� ¯¥à¥£àã§ª¨ ¯à¨ ¢®§−¨ª−®¢¥−¨¨ ¯¥à¥£àã§ª¨ ¨«¨ ¥¥ ¯à¨§−�ª�å [18]. ˆ¤¥ï
¯à¥¤«�£�¥¬®£® ¯®¤å®¤� á®áâ®¨â ¢ â®¬, çâ®¡ë úá¬ï£ç¨âìû íâ® á®ªà�é¥−¨¥ §� áç¥â
¯à¨¬¥−¥−¨ï �«£®à¨â¬®¢ ¯à®£−®§¨à®¢�−¨ï, çâ® ¤®«¦−® ¯®§¢®«¨âì ¡ëáâà¥¥ ¢®á-
áâ�−�¢«¨¢�âì à�§¬¥à ®ª−� ¯¥à¥£àã§ª¨. ‘à�¢−¥−¨¥¬ �„�‘ ª�−�«� ã à¥�ªâ¨¢−®£®
�«£®à¨â¬� ¨ ã �«£®à¨â¬� á ¨á¯®«ì§®¢�−¨¥¬ ¯à®£−®§¨à®¢�−¨ï ¬®¦−® ®¯à¥¤¥«¨âì,
ª�ª®© ¨§ ¬¥â®¤®¢ íää¥ªâ¨¢−¥¥ ¨á¯®«ì§ã¥â „�‘ ¯®â®ª�.

�à¥¤«�£�¥¬ë© ¢ −�áâ®ïé¥© à�¡®â¥ �«£®à¨â¬ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© ¯®áâà®-
¥− −� ¨¤¥¥ ª®¬¡¨−¨à®¢�−¨ï âà�¤¨æ¨®−−ëå à¥�ªâ¨¢−ëå �«£®à¨â¬®¢ ã¯à�¢«¥−¨ï
à�§¬¥à®¬ Cwnd ¨ �«£®à¨â¬®¢ −� ®á−®¢¥ ¥£® ¯à®£−®§¨à®¢�−¨ï.

3 Методика расчета окна перегрузки и прогнозирование по EVAR

3.1 Окно управления перегрузкой (Cwnd) и методика его расчета

‚ ¤�«ì−¥©è¥¬ t ®¡®§−�ç�¥â −¥¯à¥àë¢−®¥ ¢à¥¬ï ¨ ¨§¬¥àï¥âáï ¢ ¬¨««¨á¥ªã−-
¤�å. „«ï ¢ëç¨á«¥−¨ï ¯�à�¬¥âà®¢ ª�−�«� ®áì ¢à¥¬¥−¨ à�§¡¨¢�¥âáï −� ¨−â¥à¢�«ë
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�«£®à¨â¬ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© á ¨á¯®«ì§®¢�−¨¥¬ íªá¯®−¥−æ¨�«ì−®© �¢â®à¥£à¥áá¨¨

−�¡«î¤¥−¨ï ®¤¨−�ª®¢®© ¤«¨−ë –t. �â¨ ¨−â¥à¢�«ë ¤�«¥¥ −�§ë¢�îâáï á«®â�¬¨.
‘«®â á −®¬¥à®¬ n ¨¬¥¥â ¢¨¤:

In = [n–t, (n+ 1)–t), n = 0, 1, 2, . . . , (2)

£¤¥ –t | ¤«¨â¥«ì−®áâì ®¤−®£® ¨−â¥à¢�«� −�¡«î¤¥−¨ï, ¨§¬¥àï¥¬�ï ¢ ¬¨««¨-
á¥ªã−¤�å; n | ¡¥§à�§¬¥à−ë© −®¬¥à á«®â�. ‚á¥ ¯�à�¬¥âàë ª�ç¥áâ¢� ª�−�«�,
¨á¯®«ì§ã¥¬ë¥ ¤�«¥¥ ¢ ¬¥â®¤¥ EVAR, à�ááç¨âë¢�îâáï ¯® ¤�−−ë¬, ¯®«ãç¥−−ë¬
¢ ¯à¥¤¥«�å á®®â¢¥âáâ¢ãîé¥£® á«®â� In.

�¡®§−�ç¨¬ ç¥à¥§ FlightSize (t) ®¡ê¥¬ ¤�−−ëå, −�å®¤ïé¨åáï ¢ ª�−�«¥ ¨ −¥
¯®¤â¢¥à¦¤¥−−ëå ¯®«ãç�â¥«¥¬ ª ¬®¬¥−âã −¥¯à¥àë¢−®£® ¢à¥¬¥−¨ t [1]. �− ¤®«¦¥−
ã¤®¢«¥â¢®àïâì á«¥¤ãîé¥¬ã ®£à�−¨ç¥−¨î:

FlightSize (t) ≤ min{Cwnd (t), rwnd}, (3)

£¤¥ rwnd | à�§¬¥à ®ª−� ¯®«ãç�â¥«ï. “ç¨âë¢�ï, çâ® à�§¬¥à Cwnd ¢á¥£¤�
§−�ç¨â¥«ì−® ¬¥−ìè¥ à�§¬¥à� rwnd, ¡ã¤¥¬ áç¨â�âì, çâ®

FlightSize (t) ≤ Cwnd (t). (4)

Š�ª ã¦¥ ¡ë«® ®â¬¥ç¥−® ¢ëè¥, à�§¬¥à Cwnd (t) ¤«ï ¯®â®ª� f ¢ â¥ªãé¨©
¬®¬¥−â ¢à¥¬¥−¨ t ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥− ¢ ¢¨¤¥

Cwnd (t) ≈ Bf (t,–t)RTTf (t,–t), (5)

£¤¥–t | ¤«¨â¥«ì−®áâì ®ª−� −�¡«î¤¥−¨©; RTTf (t,–t)| áà¥¤−¥¥ §−�ç¥−¨¥ RTT
¯® ¢á¥¬ ¯�ª¥â�¬, ¯®«ãç¥−−ë¬ −� ¨−â¥à¢�«¥ −�¡«î¤¥−¨ï (t, t+–t]; Bf (t,–t)|
„�‘ ª�−�«� ¤«ï ¯®â®ª� f −� ¨−â¥à¢�«¥ (t, t + –t], â. ¥. à�§−¨æ� ¬¥¦¤ã −®¬¨-
−�«ì−®© ¯à®¯ãáª−®© á¯®á®¡−®áâìî ª�−�«� ¨ ç¨á«®¬ ¡¨â, ¯¥à¥¤�−−ëå ¤àã£¨¬¨ −�
íâ®¬ ¨−â¥à¢�«¥ –t, ®â−¥á¥−−®© ª ¤«¨â¥«ì−®áâ¨ ¨−â¥à¢�«�.

ˆ§ á®®â−®è¥−¨© (3){(5) ¯®«ãç�¥¬:

FlightSize (t) ≤ Cwnd (t) ≈ Bf (t,–t)RTTf (t,–t). (6)

‘®®â−®è¥−¨¥ (5) ¢ à�¬ª�å ¯à¥¤«�£�¥¬®£® ¬¥â®¤� ¨á¯®«ì§ã¥âáï ª�ª ú¡¥§®¯�á-
−�ïû ¢¥àå−ïï ®æ¥−ª� ¤«ï Cwnd (t) ¨ −¥ ®¡ï§�−® â®ç−® ¢ë¯®«−ïâìáï ¢ ª�¦¤ë©
¬®¬¥−â ¢à¥¬¥−¨.

3.2 Метод экспоненциальной векторной авторегрессии

Œ¥â®¤ íªá¯®−¥−æ¨�«ì−®© ¢¥ªâ®à−®© �¢â®à¥£à¥áá¨¨ (EVAR) ¡ë« ¯à¥¤«®¦¥−
¤«ï §�¤�ç¨ ¯à®£−®§¨à®¢�−¨ï å�à�ªâ¥à¨áâ¨ª âà�−á¯®àâ−®£® ª�−�«� ¨ ¯®¤à®¡−®
®¯¨á�− ¢ à�¡®â¥ [6]. Š«îç¥¢�ï ¨¤¥ï íâ®£® ¬¥â®¤� á®áâ®¨â ¢ á«¥¤ãîé¥¬: ¢¬¥áâ®
−¥¯®áà¥¤áâ¢¥−−®£® ¯à¨¬¥−¥−¨ï ª«�áá¨ç¥áª®© ¢¥ªâ®à−®© �¢â®à¥£à¥áá¨¨ (VAR) [19]
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ª ¨áå®¤−®¬ã ¢à¥¬¥−−�®¬ã àï¤ã {Xn}, á−�ç�«� ¢ë¯®«−ï¥âáï ¯à¥®¡à�§®¢�−¨¥ àï-
¤� {Xn} ¢ ¯®á«¥¤®¢�â¥«ì−®áâì ¢¥ªâ®à®¢ ª¢�−â¨«¥©, ¯®áâà®¥−−ëå ¯® ¢§¢¥è¥−−®©
í¬¯¨à¨ç¥áª®© äã−ªæ¨¨ à�á¯à¥¤¥«¥−¨ï; � §�â¥¬ ª ¯®«ãç¥−−®¬ã ¬−®£®¬¥à−®¬ã
àï¤ã ¯à¨¬¥−ï¥âáï ¬®¤¥«ì VAR. (� ª¢�−â¨«ïå ¡ë«® áª�§�−® ¢ëè¥ ¢® ¢¢¥¤¥−¨¨.)

˜�£ 1. ‚§¢¥è¥−−�ï í¬¯¨à¨ç¥áª�ï äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï.
�ãáâì §�¤�− −�¡«î¤�¥¬ë© ¢à¥¬¥−−®© àï¤ {X1, . . . ,Xn}, £¤¥ Xn | §−�ç¥−¨¥

¨−â¥à¥áãîé¥© å�à�ªâ¥à¨áâ¨ª¨ ª�−�«� (−�¯à¨¬¥à, RTT) −� á«®â¥ In. „«ï áª®«ì-
§ïé¥£® ®ª−� à¥£à¥áá¨¨ ¤«¨−ë N ¢¢®¤¨âáï ¢§¢¥è¥−−�ï í¬¯¨à¨ç¥áª�ï äã−ªæ¨ï
à�á¯à¥¤¥«¥−¨ï

F ∗
n,N (x) =

N∑

i=1

wi I (Xn−N+i < x) , x ∈ R,

£¤¥ wi | ¨§¢¥áâ−ë¥ ¢¥á�, wi ≥ 0,
∑N

i=1wi = 1; I(Xn−N+i < x)| ¨−¤¨ª�â®à.
‚ EVAR ¢¥á� ¢ë¡¨à�îâáï íªá¯®−¥−æ¨�«ì−ë¬¨, â�ª çâ® ¡®«¥¥ á¢¥¦¨¬ −�¡«î-

¤¥−¨ï¬ ¯à¨¯¨áë¢�¥âáï ¡®«ìè¨© ¢¥á. �à¨ íªá¯®−¥−æ¨�«ì−®¬ ¢§¢¥è¨¢�−¨¨ ¢¥á�
®¯à¥¤¥«ïîâáï á«¥¤ãîé¨¬ ®¡à�§®¬:

wj =
(1− pe)(1− pj

e)

N − pe(N + 1− pN
e )
, j = 1, N, pe ∈ [0, 1),

£¤¥ pe ®¡®§−�ç�¥â íªá¯®−¥−æ¨�«ì−ë© ª®íää¨æ¨¥−â §�âãå�−¨ï (¯à¥¤¯®«�£�¥¬, çâ®
ç¥¬ ¡«¨¦¥ −�¡«î¤¥−¨¥ ª â¥ªãé¥¬ã ¬®¬¥−âã, â¥¬ á¨«ì−¥¥ ¥£® ¢«¨ï−¨¥ −� F ∗

n,N ).

˜�£ 2. �¯à¥¤¥«¨âì −� ®á−®¢¥ F ∗
n,N ¢§¢¥è¥−−ë¥ ¢ë¡®à®ç−ë¥ ª¢�−â¨«¨ [20].

‚ë¡¥à¥¬ m ãà®¢−¥© ª¢�−â¨«¥© 0 < p1 < · · · < pm < 1. �� ª�¦¤®¬
¢à¥¬¥−−�®¬ ®ª−¥ à¥£à¥áá¨¨ ¢§¢¥è¥−−ë© ¢ë¡®à®ç−ë© ª¢�−â¨«ì ut,k ®¯à¥¤¥«ï¥âáï
ª�ª à¥è¥−¨¥ ãà�¢−¥−¨ï F ∗

n,N (un,k) = pk; ãç¨âë¢�ï, çâ® F ∗
n,N | í¬¯¨à¨ç¥áª�ï

äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï, íâ® íª¢¨¢�«¥−â−® á«¥¤ãîé¥© §�¯¨á¨:

un,k = inf
{
u : F ∗

n,N (u) ≥ pk

}
, k = 1,m,

£¤¥ pk | ¯®àï¤®ª ª¢�−â¨«ï; m | ç¨á«® ª¢�−â¨«¥©; N | à�§¬¥à ®ª−� à¥£à¥áá¨¨.
�®«ãç¥−−ë¥ m ª¢�−â¨«¥© ®¡à�§ãîâ ¢¥ªâ®à ª¢�−â¨«¥© ®ª−� à¥£à¥áá¨¨

{un,1, un,2, . . . , un,m}, ª®â®àë© ¯à¨ á¤¢¨£¥ ¢® ¢à¥¬¥−¨ ®¡à�§ã¥â m-¬¥à−ë© ¢à¥-
¬¥−−®© àï¤, ª®â®àë© á«ã¦¨â ¨áå®¤−ë¬¨ ¤�−−ë¬¨ ¤«ï ¬¥â®¤� VAR.

3.3 Прогнозирование Cwnd на основе EVAR

ˆá¯®«ì§®¢�−¨¥ ¬¥â®¤� EVAR à�áá¬�âà¨¢�¥âáï ¯à¨ á«¥¤ãîé¨å ¯à¥¤¯®«®¦¥-
−¨ïå:

{ ¯à®æ¥áá ¯¥à¥¤�ç¨ à�§¡¨¢�¥âáï −� ¨−â¥à¢�«ë −�¡«î¤¥−¨ï –t, ®¯à¥¤¥«¥−−ë¥
¢ à�§¤. 3.1 ª�ª á«®âë In. �à¥¤¯®«�£�¥âáï, çâ® ¤«¨â¥«ì−®áâì ®¤−®£® ¨−â¥à¢�«�
−�¡«î¤¥−¨ï à�¢−� ¢à¥¬¥−¨ ¢ë¯®«−¥−¨ï �«£®à¨â¬� EVAR;
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�«£®à¨â¬ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© á ¨á¯®«ì§®¢�−¨¥¬ íªá¯®−¥−æ¨�«ì−®© �¢â®à¥£à¥áá¨¨

{ „�‘ ¯®â®ª� â�ª®¢�, çâ® §� ¢à¥¬ï ®¤−®£® á«®â� ¬®¦¥â ¯à®¨§®©â¨ −¥ ¡®«¥¥
®¤−®£® á®¡ëâ¨ï ¯¥à¥£àã§ª¨.

�ã¤¥¬ ®¡®§−�ç�âì ¯à®£−®§, ¯®«ãç¥−−ë© ¯® ¬¥â®¤ã EVAR, | EVAR (m̂), £¤¥
m̂ ®§−�ç�¥â ã¯®àï¤®ç¥−−ë© ¯® ¢à¥¬¥−¨ −�¡®à §−�ç¥−¨© ¢ ®ª−¥ à¥£à¥áá¨¨, ª®â®àë©
¡ã¤¥¬ −�§ë¢�âì ®ª−®¬ −�¡«î¤¥−¨©. ’®£¤� ¯à®£−®§ë RTT ¨ „�‘ −� á«¥¤ãîé¥¬
á«®â¥ ¬®¦−® §�¯¨á�âì â�ª:

RTTn+1 = EVAR
(
R̂TT

)
, Bn+1 = EVAR

(
B̂
)
, (7)

£¤¥ RTTn+1 | ¯à®£−®§¨àã¥¬®¥ §−�ç¥−¨¥ RTT −� á«®â¥ n+ 1; R̂TT| á®¢®ªã¯-
−®áâì §−�ç¥−¨© RTT ¢ ®ª−¥ à¥£à¥áá¨¨; �−�«®£¨ç−® Bn+1 ®¡®§−�ç�¥â ¯à®£−®§¨-

àã¥¬®¥ §−�ç¥−¨¥ „�‘ −� á«®â¥ n + 1, � B̂ | á®¢®ªã¯−®áâì §−�ç¥−¨© B ¢ ®ª−¥
à¥£à¥áá¨¨.

ˆáå®¤ï ¨§ á®®â−®è¥−¨ï (6), ¯à®£−®§¨àã¥¬®¥ §−�ç¥−¨¥ ®ª−� ¯¥à¥£àã§ª¨ ¬®¦¥â
¡ëâì ¢ëç¨á«¥−® â�ª:

Cwnde = RTTn+1Bn+1. (8)

…áâì ¤¢� á¯®á®¡� ®æ¥−ª¨ Cwnd. �¤¨− ¯à¥¤áâ�¢«¥− ä®à¬ã«®© (8). „àã£®©

¨á¯®«ì§ã¥â ¬¥â®¤ ª¢�−â¨«¥©. ‚ íâ®¬ á«ãç�¥ ¯à®¯ãáª−�ï á¯®á®¡−®áâì B
(Q)
n+1

¢ëç¨á«ï¥âáï ¯® ä®à¬ã«¥ (2):

B
(Q)
n+1 = inf{x : F ∗

B(x) ≥ pB}, 0 < pB < 1, (9)

£¤¥ F ∗
B(x) | í¬¯¨à¨ç¥áª�ï äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï §−�ç¥−¨© ¯à®¯ãáª−®© á¯®-

á®¡−®áâ¨ ¢ ®ª−¥ à¥£à¥áá¨¨; pB | ¢¥à®ïâ−®áâì, ª®â®àãî â�ª¦¥ ¬®¦−® ¨−â¥à¯à¥-
â¨à®¢�âì ª�ª ãà®¢¥−ì ª¢�−â¨«ï ¤«ï ¯à®¯ãáª−®© á¯®á®¡−®áâ¨.

’®£¤� ¯à®£−®§ à�§¬¥à� ®ª−� ¯¥à¥£àã§ª¨ ¬®¦−® ®æ¥−¨âì ª�ª

Cwndk = RTTn+1B
(Q)
n+1.

�à®£−®§ ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ ¬®¦¥â ¡ëâì ¯®«ãç¥− ¤¢ã¬ï á¯®á®¡�¬¨:
(�) ¬¥â®¤®¬ EVAR (¯® ä®à¬ã«¥ (7)); (¡) −� ®á−®¢¥ ª¢�−â¨«¥© ¯à®¯ãáª−®© á¯®á®¡-
−®áâ¨, ¢ëç¨á«ï¥¬®© ¯® ä®à¬ã«¥ (9). ‡−�ç¥−¨¥ Cwnd, ¯®«ãç¥−−®¥ ¢ á«ãç�¥ (�),
¤�«¥¥ ®¡®§−�ç�¥âáï ª�ªCwnde, � ¢ á«ãç�¥ (¡) | ª�ªCwndk. ‚ íªá¯¥à¨¬¥−â�«ì−®©
ç�áâ¨ ¯à®¢®¤ïâáï �−�«¨§ ¨ áà�¢−¥−¨¥ íâ¨å ¤¢ãå ¢�à¨�−â®¢ ¯à®£−®§� Cwnd.

3.4 Комбинированный алгоритм управления размером окна перегрузки
с использованием EVAR

ˆ¤¥ï ª®¬¡¨−¨à®¢�−−®£® �«£®à¨â¬� ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© á®áâ®¨â ¢ â®¬,
çâ®¡ë ®á−�áâ¨âì ¨§¢¥áâ−ë¥ à¥�ªâ¨¢−ë¥ �«£®à¨â¬ë ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© (−�-
¯à¨¬¥à, NewReno) �«£®à¨â¬®¬, ª®â®àë© ¢ á«ãç�¥ −�áâã¯«¥−¨ï ¯¥à¥£àã§ª¨ ¡ã¤¥â
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”í−¦ã© ƒ®, ÷. ‹. ‘¬¥«ï−áª¨©

¯à¨¬¥−ïâì ®æ¥−ªã úà�§ã¬−®£®û á®ªà�é¥−¨ï à�§¬¥à� ®ª−� ¯¥à¥£àã§ª¨ −� ®á−®¢¥
�«£®à¨â¬®¢ ¯à®£−®§¨à®¢�−¨ï. �â® ¯®§¢®«¨â á®ªà�â¨âì ¯¥à¨®¤ −�à�é¨¢�−¨ï à�§-
¬¥à� Cwnd ¨ â¥¬ á�¬ë¬ ã¢¥«¨ç¨âì áª®à®áâì ¯®â®ª�. �à¥¤«�£�¥¬�ï ª®¬¡¨−�æ¨ï
à�¡®â�¥â á«¥¤ãîé¨¬ ®¡à�§®¬.

1. �� ª�¦¤®¬ ¨−â¥à¢�«¥ −�¡«î¤¥−¨ï à�ááç¨âë¢�îâáï ¯�à�¬¥âàë ª�ç¥áâ¢� ª�-
−�«� (RTT ¨ ¯à®¯ãáª−�ï á¯®á®¡−®áâì), � â�ª¦¥ Cwnd. �® ®ª®−ç�−¨¨ ª�¦¤®£®

¨−â¥à¢�«� −�¡«î¤¥−¨ï ¢ëç¨á«ïîâáï ¯à®£−®§ë R̂TT ¨ Ĉwnd ¯® ¯�à�¬¥âà�¬
ª�ç¥áâ¢� ª�−�«�, −�ª®¯«¥−−ë¬ ¢ ®ª−¥ à¥£à¥áá¨¨. Šà®¬¥ â®£®, á ¨á¯®«ì-
§®¢�−¨¥¬ ¬¥â®¤� ª¢�−â¨«¥© ¯® ®ª−ã à¥£à¥áá¨¨ ®æ¥−¨¢�¥âáï ¢¥«¨ç¨−� RTT,
−�§ë¢�¥¬�ï ¡¥§®¯�á−ë¬ ¯®à®£®¬ RTT.

2. …á«¨ ª ª®−æã â¥ªãé¥£® ¨−â¥à¢�«� −�¡«î¤¥−¨ï −¥ §�ä¨ªá¨à®¢�−® ¢®§−¨ª−®-
¢¥−¨¥ ¯¥à¥£àã§ª¨ ¢ ª�−�«¥ ¢ â¥ç¥−¨¥ ¤�−−®£® ¨−â¥à¢�«�, â® ¢ëç¨á«¥−−ë© −�

íâ®¬ ¨−â¥à¢�«¥ ¯à®£−®§ Ĉwnd −¥ ¢«¨ï¥â −� à�§¬¥à ®ª−� ¯¥à¥£àã§ª¨ ¨ ®¯à¥-
¤¥«ï¥âáï ¢ë¡à�−−ë¬ à¥�ªâ¨¢−ë¬ �«£®à¨â¬®¬ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®©.

3. …á«¨ ¯¥à¥£àã§ª� ¨«¨ ¯à¨§−�ª¨ ¥¥ ¯®ï¢¨«¨áì −� â¥ªãé¥¬ ¨−â¥à¢�«¥ −�-

¡«î¤¥−¨ï, â® ¯®á«¥ ¥£® §�¢¥àè¥−¨ï áà�¢−¨¢�îâ ¯®á«¥¤−¥¥ §−�ç¥−¨¥ Ĉwnd
á ¯à¥¤ë¤ãé¥£® ¨−â¥à¢�«� Tp á à�§¬¥à®¬ Cwnd, à�ááç¨â�−−ë¬ à¥�ªâ¨¢−ë¬

�«£®à¨â¬®¬ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®©. …á«¨ Ĉwnd < Cwnd, â® ¢ë¡¨à�¥¬

Cwnd ¨ ¢®§¢à�é�¥¬áï ª è�£ã 2. …á«¨ ¦¥ Ĉwnd > Cwnd, â® ¢ ª�ç¥-

áâ¢¥ −®¢®£® §−�ç¥−¨ï à�§¬¥à� ®ª−� ¯¥à¥£àã§ª¨ Cwnd ¡¥à¥¬ §−�ç¥−¨¥ Ĉwnd
¨ ¯¥à¥å®¤¨¬ ª è�£ã 4.

4. �®ª� R̂TT ≤ RTT, ¨á¯®«ì§ã¥¬ ¢ ª�ç¥áâ¢¥ §−�ç¥−¨ï ®ª−� ¯¥à¥£àã§ª¨ Ĉwnd.

Š®£¤� R̂TT > RTT, ¨á¯®«ì§®¢�−¨¥ ¯à®£−®§� à�§¬¥à� ®ª−� ¯¥à¥£àã§ª¨
¯à¥ªà�é�¥âáï ¨ ã¯à�¢«¥−¨¥ ¯¥à¥å®¤¨â ª ¡�§®¢®¬ã à¥�ªâ¨¢−®¬ã �«£®à¨â¬ã.
�¥à¥å®¤ ª è�£ã 2.

�¥®¡å®¤¨¬®áâì ¢¢¥¤¥−¨ï ¡¥§®¯�á−®£® ¯®à®£� RTT ®¡ãá«®¢«¥−� â¥¬, çâ® ¨á-

¯®«ì§®¢�−¨¥ −� ®ç¥à¥¤−®¬ á«®â¥ ¢¥«¨ç¨−ë Ĉwnd ¯®á«¥ ¢®§−¨ª−®¢¥−¨ï ¯¥à¥£àã§ª¨

®¯à¥¤¥«ï¥âáï −¥ â®«ìª® á®®â−®è¥−¨¥¬ Ĉwnd ¨ Cwnd, −® ¨ â¥ªãé¨¬ §−�ç¥−¨-

¥¬ R̂TT. �à¨ −¥¨§¬¥−−®© „�‘ à®áâ R̂TT ¬®¦¥â á¯à®¢®æ¨à®¢�âì ã¢¥«¨ç¥−¨¥

®ç¥à¥¤¥© ¢ ª�−�«¥ ¨ ¯�¤¥−¨¥ áª®à®áâ¨ ¯®â®ª�. �®íâ®¬ã ãá«®¢¨¥ Ĉwnd > Cwnd

¢ ª�ç¥áâ¢¥ ªà¨â¥à¨ï ¢ë¡®à� Ĉwnd −¥®¡å®¤¨¬® ¯à¨¬¥−ïâì á ãç¥â®¬ ¤¨−�¬¨-

ª¨ R̂TT, ª®â®à�ï ¬®¦¥â áãé¥áâ¢¥−−® ¢®§à�áâ�âì ¨§-§� −¥®¯à�¢¤�−−® ¡®«ìè®£®
ã¢¥«¨ç¥−¨ï à�§¬¥à� ®ª−� ¯¥à¥£àã§ª¨. �®á«¥¤−¥¥ ¬®¦¥â ¯à¨¢®¤¨âì ª à®áâã
�„�‘ á®£«�á−® ä®à¬ã«¥ (1). �â® ®¡ãá«®¢«¨¢�¥â −¥®¡å®¤¨¬®áâì ¢¢¥¤¥−¨ï RTT
¢ ª�ç¥áâ¢¥ ¤®¯®«−¨â¥«ì−®£® ®£à�−¨ç¥−¨ï. �¥§®¯�á−ë© ¯®à®£ RTT ®¯à¥¤¥«ï¥âáï
¯® ä®à¬ã«¥:

RTT = inf{x : F ∗
RTT(x) ≥ pRTT}, 0 < pRTT < 1,

54 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 3 2026



�«£®à¨â¬ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© á ¨á¯®«ì§®¢�−¨¥¬ íªá¯®−¥−æ¨�«ì−®© �¢â®à¥£à¥áá¨¨

£¤¥ F ∗
RTT(x) | í¬¯¨à¨ç¥áª�ï äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï RTT ¢ ®ª−¥ à¥£à¥áá¨¨,

� pRTT | ãà®¢¥−ì ª¢�−â¨«ï ¤«ï RTT. ÷�§«¨ç−ë¬ §−�ç¥−¨ï¬ pRTT á®®â¢¥âáâ¢ãîâ
à�§«¨ç−ë¥ §−�ç¥−¨ï RTT. ‚ à�§¤. 4.3 −� ¯à¨¬¥à¥ CUBIC �−�«¨§¨àãîâáï
à¥§ã«ìâ�âë íªá¯¥à¨¬¥−â®¢ ¯à¨ à�§«¨ç−ëå §−�ç¥−¨ïå pRTT.

3.5 Вычислительная сложность предлагаемого алгоритма

‚ ¤�−−®¬ à�§¤¥«¥ �−�«¨§¨àãîâáï ¢ëç¨á«¨â¥«ì−�ï á«®¦−®áâì −¥áª®«ìª¨å
¡�§®¢ëå �«£®à¨â¬®¢ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© ¨ ¬¥â®¤� EVAR, � â�ª¦¥ ¬®¬¥−â
¢ë¯®«−¥−¨ï ¢ëç¨á«¥−¨© ¢ ª�¦¤®¬ ¨§ íâ¨å �«£®à¨â¬®¢.

�à¥¤«�£�¥¬ë© ¢ −�áâ®ïé¥© à�¡®â¥ �«£®à¨â¬ −¥ §�¬¥−ï¥â ¡�§®¢ë© à¥�ªâ¨¢−ë©
�«£®à¨â¬, � à�áè¨àï¥â ¥£® §� áç¥â ¯à®æ¥¤ãàë ¯à®£−®§¨à®¢�−¨ï à�§¬¥à� Cwnd.
‚ á¢ï§¨ á íâ¨¬ ¤®¯®«−¨â¥«ì−�ï ¢ëç¨á«¨â¥«ì−�ï −�£àã§ª� ¢®§−¨ª�¥â −¥ ¯à¨ ®¡-
à�¡®âª¥ ª�¦¤®£® ¯�ª¥â� ¨«¨ ¯®áâã¯«¥−¨¨ ª�¦¤®£® ¯®¤â¢¥à¦¤¥−¨ï (ACK), � ®¤¨−
à�§ −� ª�¦¤®¬ á«®â¥ In, â. ¥. ¯®á«¥ §�¢¥àè¥−¨ï ®ç¥à¥¤−®£® ¨−â¥à¢�«� −�¡«î¤¥-
−¨ï –t. �¡®§−�ç¨¬ ç¥à¥§ N à�§¬¥à ®ª−� à¥£à¥áá¨¨. ‚ëç¨á«¨â¥«ì−�ï §�¤�ç�
EVAR á¢ï§�−� á ¯®áâà®¥−¨¥¬ ¢§¢¥è¥−−®© í¬¯¨à¨ç¥áª®© äã−ªæ¨¨ à�á¯à¥¤¥«¥−¨ï
¯® ¤�−−ë¬ ®ª−� à¥£à¥áá¨¨ ¨ ¢ëç¨á«¥−¨¥¬ ª¢�−â¨«¥©. �®íâ®¬ã ¢ëç¨á«¨â¥«ì−�ï
á«®¦−®áâì ¬¥â®¤� EVAR −�¯àï¬ãî §�¢¨á¨â ®â à�§¬¥à� ®ª−� à¥£à¥áá¨¨.

Š�ª ¯®ª�§�−® ¢ â�¡«¨æ¥, �«£®à¨â¬ë NewReno ¨ CUBIC ®¡−®¢«ïîâ à�§-
¬¥à ®ª−� ¯¥à¥£àã§ª¨ ¯® ¯®¤â¢¥à¦¤¥−¨ï¬ (ACK), ¤ã¡«ï¬ ACK ¨ â�©¬-�ãâ�¬
(time out). BBRv1, ¢ á¢®î ®ç¥à¥¤ì, ª®àà¥ªâ¨àã¥â à�§¬¥à ®ª−� ¯¥à¥£àã§ª¨ −�
®á−®¢¥ ®æ¥−ª¨ BDP. �à¨ ª�¦¤®¬ â�ª®¬ ®¡−®¢«¥−¨¨ ¢ë¯®«−ï¥âáï ª®−¥ç−®¥ ç¨á«®
�à¨ä¬¥â¨ç¥áª¨å ®¯¥à�æ¨©, ¯®íâ®¬ã ¢ëç¨á«¨â¥«ì−�ï á«®¦−®áâì ®¤−®£® ã¯à�¢«ï-
îé¥£® ¤¥©áâ¢¨ï ¬®¦¥â à�áá¬�âà¨¢�âìáï ª�ªO(1). ‚ â® ¦¥ ¢à¥¬ï ¢ëç¨á«¨â¥«ì−�ï
á«®¦−®áâì ¬¥â®¤� EVAR á®áâ�¢«ï¥â O(N logN), £¤¥ N ®¡®§−�ç�¥â à�§¬¥à ®ª−�
à¥£à¥áá¨¨.

…á«¨ áà�¢−¨¢�âì â®«ìª® ¢ëç¨á«¨â¥«ì−ãî á«®¦−®áâì, â® ¬¥â®¤ EVAR ¨¬¥¥â
¡®«¥¥ ¢ëá®ª¨¥ ¯®ª�§�â¥«¨ ¯® áà�¢−¥−¨î á ãª�§�−−ë¬¨ ¡�§®¢ë¬¨ �«£®à¨â¬�¬¨.
�¤−�ª® ¤«ï NewReno, CUBIC ¨ BBRv1 ¢ëç¨á«¥−¨ï ¢ë¯®«−ïîâáï ¯®á«¥ ¯®-
áâã¯«¥−¨ï ª�¦¤®£® ¯®¤â¢¥à¦¤¥−¨ï (ACK). EVAR ¦¥ ¢ë¯®«−ï¥âáï â®«ìª® ®¤¨−
à�§ −� ª�¦¤®¬ á«®â¥ In. ‚ íªá¯¥à¨¬¥−â�å, à�áá¬®âà¥−−ëå ¢ ¤�−−®© áâ�âì¥,
¯à¨ ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ ª�−�«� 100 Œ¡¨â/á ¨ In = 100 ¬á §� ®¤¨− á«®â
¢ áà¥¤−¥¬ ¯®áâã¯�¥â ®ª®«® 830 ACK-¯�ª¥â®¢. Šà®¬¥ â®£®, ¤«ï EVAR ¤®«¦−®

‘à�¢−¥−¨¥ ¢ëç¨á«¨â¥«ì−®© á«®¦−®áâ¨ �«£®à¨â¬®¢

�«£®à¨â¬ Š®£¤� ¢ë¯®«−ï¥âáï ®¡−®¢«¥−¨¥
‚ëç¨á«¨â¥«ì-
−�ï á«®¦−®áâì

NewReno �® ACK ¨ time out O(1)
CUBIC �® ACK ¨ á®áâ®ï−¨î ¯®á«¥ ¯®á«¥¤−¥£® á®ªà�é¥−¨ï Cwnd O(1)
BBRv1 �® ACK ¨ ®æ¥−ª�¬ „�‘ ¨ ¬¨−¨¬�«ì−®£® RTT O(1)
EVAR �¤¨− à�§ −� á«®â In O(N logN)
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¢ë¯®«−ïâìáï ãá«®¢¨¥ TEVAR ≤ –t, £¤¥ TEVAR | ¢à¥¬ï ¢ëç¨á«¥−¨ï ¯à®£−®§�.
‚ë¯®«−¥−¨¥ íâ®£® ãá«®¢¨ï ®§−�ç�¥â, çâ® EVAR ãá¯¥¢�¥â §�¢¥àè¨âì ¢ëç¨á«¥−¨¥
¯à®£−®§� ¤® −�ç�«� á«¥¤ãîé¥£® á«®â� ¨ −¥ ¯à¨¢®¤¨â ª áãé¥áâ¢¥−−®¬ã ã¢¥«¨ç¥−¨î
¢ëç¨á«¨â¥«ì−®© −�£àã§ª¨ −� ®â¯à�¢«ïîéãî áâ®à®−ã.

4 Экспериментальные данные, методика и результаты

�ªá¯¥à¨¬¥−â�«ì−�ï ç�áâì à�¡®âë á®áâ®¨â ¨§ âà¥å íªá¯¥à¨¬¥−â®¢.

1. –¥«ì íªá¯¥à¨¬¥−â� 1 | ®æ¥−ª� ¨ áà�¢−¥−¨¥ â®ç−®áâ¨ ¯à®£−®§¨à®¢�−¨ïCwnd
¬¥â®¤�¬¨ Cwndk ¨ Cwnde. „«ï ®æ¥−ª¨ â®ç−®áâ¨ ¨á¯®«ì§ãîâáï ªà¨â¥à¨¨
RMSE ¨ MAPE [21].

2. –¥«ì íªá¯¥à¨¬¥−â� 2 | áà�¢−¥−¨¥ ¯à¥¤«�£�¥¬®£® ¬¥â®¤� á −¥áª®«ìª¨¬¨
âà�¤¨æ¨®−−ë¬¨ �«£®à¨â¬�¬¨ (NewReno, CUBIC ¨ BBRv1) ¯® ªà¨â¥à¨ï¬
�„�‘ ¨ ª®íää¨æ¨¥−â� íää¥ªâ¨¢−®áâ¨ ¬¥â®¤� (á¬. ¯. 4.2.2). „«ï íâ®£® −�
¡�§¥ á¨¬ã«ïâ®à� ns-3 ¡ë« ¯®áâà®¥− íªá¯¥à¨¬¥−â�«ì−ë© áâ¥−¤ (á¬. ¯. 4.2.1).

3. –¥«ì íªá¯¥à¨¬¥−â� 3 | �−�«¨§ §�¢¨á¨¬®áâ¨ ãà®¢−ï ª¢�−â¨«ï ¤«ï ®æ¥−ª¨
RTT. ‚ ª�ç¥áâ¢¥ ªà¨â¥à¨ï ¨á¯®«ì§ã¥âáï áà¥¤−¥¥ §−�ç¥−¨¥ ª®íää¨æ¨¥−â�
íää¥ªâ¨¢−®áâ¨ ¬¥â®¤� ¯à¨ à�§«¨ç−ëå ãà®¢−ïå ª¢�−â¨«ï (á¬. à�§¤. 4.3).

‚® ¢á¥å íªá¯¥à¨¬¥−â�å ¨á¯®«ì§®¢�«¨áì á«¥¤ãîé¨¥ ä¨ªá¨à®¢�−−ë¥ ¯�à�-
¬¥âàë ¬®¤¥«¨ EVAR: à¥£à¥áá¨®−−ë© ¯®àï¤®ª pr = 4, à�§¬¥à ®ª−� à¥£à¥áá¨¨
N = 10000, ¯�à�¬¥âà íªá¯®−¥−æ¨�«ì−®£® ¢§¢¥è¨¢�−¨ï pe = 0,8; ¯à¨¬¥−ï-
«®áì 11 ª¢�−â¨«¥© á ãà®¢−ï¬¨ ¢¥à®ïâ−®áâ¨ pi: 5%, 15%, 25%, 35%, 45%, 50%,
55%, 65%, 75%, 85% ¨ 95%. ‚®¯à®á ¢ë¡®à� ¯�à�¬¥âà®¢ ¬®¤¥«¨ EVAR ¯®¤à®¡−®
®¯¨á�− ¨ ¯à®�−�«¨§¨à®¢�− ¢ áâ�âì¥ [6].

4.1 Эксперимент 1: анализ на открытом наборе данных

‚ íªá¯¥à¨¬¥−â¥ ¨á¯®«ì§ã¥âáï ®âªàëâë© −�¡®à [22], á®áâ®ïé¨© ¨§ ¢à¥¬¥−− �ëå
àï¤®¢ ¯�à�¬¥âà®¢ TCP-¯®â®ª®¢ ¯®¤ ã¯à�¢«¥−¨¥¬ �«£®à¨â¬� Reno. ˆ§ íâ®£®
−�¡®à� ¤�−−ëå á«ãç�©−ë¬ ®¡à�§®¬ ¢ë¡¨à�«¨áì 10 100 ¯®á«¥¤®¢�â¥«ì−ëå −�-
¡«î¤¥−¨©; ¯¥à¢ë¥ 10 000 −�¡«î¤¥−¨© ¯à¨¬¥−ï«¨áì ¢ ª�ç¥áâ¢¥ ¨áâ®à¨ç¥áª¨å
(®¡ãç�îé¨å) ¤�−−ëå ¤«ï ¯à®£−®§¨à®¢�−¨ï ¯®á«¥¤ãîé¨å 100 −�¡«î¤¥−¨©. ÷�á-
áç¨âë¢�«¨áì ¤¢� ¢¨¤� ¯à®£−®§®¢: Cwnde, ¯®«ãç¥−−ë© ¯à¨ á®¢á¬¥áâ−®¬ ¯à®£−®-
§¨à®¢�−¨¨ RTTn+1 ¨ Bn+1, ¨ Cwndk, £¤¥ ¢¥«¨ç¨−� RTTn+1 ¯à¥¤áª�§ë¢�«�áì

¬¥â®¤®¬ EVAR, � §−�ç¥−¨¥ B
(Q)
n+1 à�ááç¨âë¢�«®áì ¬¥â®¤®¬ ª¢�−â¨«¥© (ãà®¢¥−ì

ª¢�−â¨«ï pB = 95%). „�«¥¥ ¯®«ãç¥−−ë¥ §−�ç¥−¨ï áà�¢−¨¢�«¨ á à¥�«ì−® −�¡«î-
¤�¥¬ë¬ Cwndr. Šà®¬¥ â®£®, ¢ ª�ç¥áâ¢¥ áà�¢−¨â¥«ì−®£® ¬¥â®¤� ¨á¯®«ì§®¢�«áï
ª«�áá¨ç¥áª¨© �«£®à¨â¬ VAR; ¯®«ãç¥−−ë© á ¥£® ¯®¬®éìî à¥§ã«ìâ�â ®¡®§−�ç�¥âáï
ª�ª Cwndv. �®àï¤®ª ¢ëç¨á«¥−¨ï RMSE ¨ MAPE ¯à¨¢¥¤¥− ¢ áâ�âì¥ [21].

�� à¨á. 1 ¯®ª�§�−ë ¨§¬¥−¥−¨ï à�§¬¥à� ®ª−� ¯¥à¥£àã§ª¨ Cwndr (1) ¤«ï �«£®-
à¨â¬� Reno: Cwnde (2), Cwndk (3) ¨ Cwndv (4). �® ªà¨â¥à¨ï¬ RMSE ¨ MAPE
¯à®£−®§ Cwndv ®ª�§�«áï −�¨åã¤è¨¬. �â® á¢ï§�−® á â¥¬, çâ® ¢ ª«�áá¨ç¥áª®¬
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Œ¥â®¤ RMSE MAPE, %

Cwnde 39082,934 9,31
Cwndk 56442,163 13,84
Cwndv 90253,771 22,91

÷¨á. 1 ƒà�ä¨ª à¥§ã«ìâ�â®¢ ¯à®£−®§� Cwnd ¯à¨ ¨á¯®«ì§®¢�−¨¨ �«£®à¨â¬� Reno: 1 |
Cwndr; 2 | Cwnde; 3 | Cwndk; 4 | Cwndv

VAR, ¢ ®â«¨ç¨¥ ®â EVAR, −¥ ¨á¯®«ì§ã¥âáï íªá¯®−¥−æ¨�«ì−®¥ ¢§¢¥è¨¢�−¨¥ ¡®«¥¥
á¢¥¦¨å −�¡«î¤¥−¨© ¢ ®ª−¥ à¥£à¥áá¨¨, ¯®íâ®¬ã ¬¥â®¤ åã¦¥ ãç¨âë¢�¥â ¯®á«¥¤−¨¥
¨§¬¥−¥−¨ï ¯�à�¬¥âà®¢ ª�−�«� ¨ ¤�¥â ¬¥−¥¥ â®ç−ë© ¯à®£−®§. �® ªà¨â¥à¨ï¬ RMSE
¨ MAPE ¬¥â®¤ Cwnde ¯à¥¢®áå®¤¨â Cwndk. �¤−�ª® ¯®á«¥ ª�¦¤®£® í¯¨§®¤� ¯¥-
à¥£àã§ª¨ Cwnde ¨ Cwndr á−¨¦�«¨áì ¯à¨¬¥à−® ¤® ®¤−®£® ¨ â®£® ¦¥ ãà®¢−ï, ¢ â®
¢à¥¬ï ª�ª á®ªà�é¥−¨¥ Cwndk ¡ë«® ¬¥−¥¥ §−�ç¨â¥«ì−ë¬ ¨ ¯®§¢®«ï«® ¡ëáâà¥¥
¢®ááâ�−�¢«¨¢�âì ¬�ªá¨¬�«ì−® ¤®¯ãáâ¨¬ë© à�§¬¥à. �®íâ®¬ã Cwndk ®ª�§ë¢�¥âáï
¯à¥¤¯®çâ¨â¥«ì−¥¥.

4.2 Эксперимент 2: проверка на экспериментальном стенде ns-3

�®áª®«ìªã ¯®«ãç¨âì ¤�−−ë¥ ® á®áâ®ï−¨¨ ª�−�«� ¯®á«¥ ¨§¬¥−¥−¨ï Cwnd
á ¨á¯®«ì§®¢�−¨¥¬ EVAR â®«ìª® −� ®á−®¢¥ ®âªàëâ®£® −�¡®à� ¤�−−ëå, ã¯®¬ï−ãâ®£®
¢ëè¥, ¡ë«® −¥¢®§¬®¦−®, â® ¡ë« ¯®áâà®¥− á ¯®¬®éìî ns-3 íªá¯¥à¨¬¥−â�«ì−ë©
áâ¥−¤, −� ª®â®à®¬ ¡ë«¨ ¯à®¢¥¤¥−ë íªá¯¥à¨¬¥−âë á¥à¨¨ 2 ¨ 3.

4.2.1 Состав модулей экспериментального стенда ns-3

‘å¥¬� íªá¯¥à¨¬¥−â�«ì−®£® áâ¥−¤� ¯®ª�§�−� −� à¨á. 2. ‘â¥−¤ á®áâ®¨â ¨§
ç¥âëà¥å ®á−®¢−ëå ª®¬¯®−¥−â®¢: ¬®¤ã«ï TCP Agent, ¬®¤ã«ï Noise Agent, ¬®¤ã«ï
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÷¨á. 2 ’®¯®«®£¨ï íªá¯¥à¨¬¥−â�«ì−®£® TCP-áâ¥−¤� ¢ ns-3

TCP Sink ¨ ã§ª®£® ª�−�«� á¢ï§¨ (Bottleneck Link). Œ®¤ã«ì TCP Agent ã¯à�¢-
«ï¥â ¯¥à¥¤�ç¥©, ä®à¬¨àã¥â ®á−®¢−®© TCP-¯®â®ª ¨ ¯à¨ ®¯à¥¤¥«¥−−ëå ¢ëè¥
ãá«®¢¨ïå ¨á¯®«ì§ã¥â ¯à®£−®§ ¤«ï ®ª−� ¯¥à¥£àã§ª¨. Œ®¤ã«ì Noise Agent §�¤�¥â
ä®−®¢ãî −�£àã§ªã ¢ ª�−�«¥ ¢ ¢¨¤¥ ¯ã�áá®−®¢áª®£® UDP-¯®â®ª� (¤�«¥¥ | èã¬),
ª®−ªãà¨àãîé¥£® á ®á−®¢−ë¬ ¯®â®ª®¬ §� ¯à®¯ãáª−ãî á¯®á®¡−®áâì ª�−�«�. ��
à¨á. 3 ¯®ª�§�−® ¨§¬¥−¥−¨¥ áª®à®áâ¨ èã¬� ¨ ¤®áâã¯−®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨
ª�−�«�, £¤¥ á¨−ïï «¨−¨ï ®¡®§−�ç�¥â áª®à®áâì ¯¥à¥¤�ç¨ èã¬�, � ¦¥«â�ï ®¡«�áâì |
„�‘. Œ®¤ã«ì TCP Sink ¯à¨−¨¬�¥â TCP-¯®â®ª ®â TCP Agent. Š®¬¯®−¥−â

÷¨á. 3 ˆ§¬¥−¥−¨¥ áª®à®áâ¨ ¯¥à¥¤�ç¨ èã¬®¢®£® ¯®â®ª� ¨ ¤®áâã¯−®© ¯à®¯ãáª−®©
á¯®á®¡−®áâ¨ ª�−�«�: 1 | ¤®áâã¯−�ï ¯à®¯ãáª−�ï á¯®á®¡−®áâì ¤«ï ¯®â®ª� ¯à¨ −�«¨ç¨¨
èã¬�; 2 | ¯à®¯ãáª−�ï á¯®á®¡−®áâì ª�−�«�; 3 | áª®à®áâì ¯¥à¥¤�ç¨ èã¬®¢®£® ¯®â®ª�
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Bottleneck Link ¬®¤¥«¨àã¥â ª�−�« á¢ï§¨ ¬¥¦¤ã ã§«�¬¨ client ¨ server ¨ ®¯à¥¤¥«ï¥â
−®¬¨−�«ì−ë¥ ¯�à�¬¥âàë ª�−�«�. �®¤à®¡−®¥ ®¯¨á�−¨¥ ª�¦¤®£® ¬®¤ã«ï, � â�ª¦¥
¨áå®¤−ë© ª®¤ ®¯ã¡«¨ª®¢�−ë −� GitHub [23].

4.2.2 Критерии анализа экспериментов

‚ íªá¯¥à¨¬¥−â¥ ¤«ï ®æ¥−ª¨ â®£®, −�áª®«ìª® ¯®«−® á®®â¢¥âáâ¢ãîé¨© �«£®à¨â¬
ã¯à�¢«¥−¨ï ¨á¯®«ì§ã¥â „�‘, ¢ëç¨á«ïîâáï �„�‘ ¨ ª®íää¨æ¨¥−â íää¥ªâ¨¢-
−®áâ¨ ¬¥â®¤�. �� ¯à¨¬¥à¥ NewReno �„�‘ −� m-¬ ¨−â¥à¢�«¥ ¤«¨−®© Tp,

®¡®§−�ç�¥¬�ï ª�ª BNewRenom , à�ááç¨âë¢�¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬:

BNewRenom = Bm
äðó − Cwndm

RTTm
, (10)

£¤¥ Bm
äðó ®¡®§−�ç�¥â „�‘ ¯®â®ª� ¢ ª�−�«¥ −� m-¬ ¨−â¥à¢�«¥ −�¡«î¤¥−¨ï,

ª®â®à�ï ¬®¦¥â à�ááç¨âë¢�âìáï ¯® ä®à¬ã«¥ (1); Cwndm | áà¥¤−¥¥ Cwnd, −�-
¡«î¤�¥¬®¥ −� m-¬ ¨−â¥à¢�«¥; RTTm | áà¥¤−¥¥ RTT, −�¡«î¤�¥¬®¥ −� â®¬ ¦¥
¨−â¥à¢�«¥.

…á«¨ §−�ç¥−¨ï �„�‘ ã ¤¢ãå à�§«¨ç−ëå �«£®à¨â¬®¢ á®¢¯�¤�îâ, ¨å ¬®¦−®
áà�¢−¨¢�âì ¯® ¬�ªá¨¬�«ì−ë¬ §−�ç¥−¨ï¬ �„�‘: ç¥¬ ¬¥−ìè¥ ¬�ªá¨¬�«ì−®¥
§−�ç¥−¨¥ �„�‘, â¥¬ ¯®«−¥¥ ¨á¯®«ì§ã¥âáï „�‘.

�−�«®£¨ç−® −� ¯à¨¬¥à¥ NewReno ª®íää¨æ¨¥−â íää¥ªâ¨¢−®áâ¨ ¬¥â®¤� −�
m-¬ ¨−â¥à¢�«¥ ¤«¨−®© Tp, ®¡®§−�ç�¥¬ë© ª�ª KNewRenom , à�ááç¨âë¢�¥âáï á«¥¤ã-
îé¨¬ ®¡à�§®¬:

KNewRenom =
BNewRenom

Bm
äðó

, (11)

£¤¥ B m
äðó ¯à¥¤áâ�¢«ï¥â á®¡®© ¤®áâã¯−ãî ¯à®¯ãáª−ãî á¯®á®¡−®áâì, ¢ëç¨á«ï¥¬ãî

−� m-¬ ¨−â¥à¢�«¥. KNewRenom ∈ [0, 1].

4.2.3 Результаты экспериментов

‚ à�áá¬�âà¨¢�¥¬ëå íªá¯¥à¨¬¥−â�å áª®à®áâì ¯¥à¥¤�ç¨ ¯® ª�−�«ã á®áâ�¢«ï«�
100 Œ¡¨â/á, §�¤¥à¦ª� ¢�àì¨à®¢�«�áì ¢ ¤¨�¯�§®−¥ 6{12 ¬á, à�§¬¥à ¯�ª¥â�
¡ë« à�¢¥− 1 000 ¡�©â, � ¨−â¥à¢�« −�¡«î¤¥−¨ï Tp | 100 ¬á. Šà®¬¥ â®£®,
¢ ª�ç¥áâ¢¥ áà�¢−¨â¥«ì−®£® ¬¥â®¤� ¨á¯®«ì§®¢�«áï �«£®à¨â¬ VAR. ‹®£¨ª� ¥£®
à�¡®âë á®®â¢¥âáâ¢ã¥â áå¥¬¥, ®¯¨á�−−®© ¢ à�§¤. 3.4; ®â«¨ç¨¥ á®áâ®¨â â®«ìª® ¢ â®¬,
çâ® ¤«ï ¢ëç¨á«¥−¨ï ¯à®£−®§� ¨á¯®«ì§ã¥âáï VAR.

�� à¨á. 4 ¯à¥¤áâ�¢«¥−ë �„�‘ ¨ ª®íää¨æ¨¥−â íää¥ªâ¨¢−®áâ¨ ¤«ï �«£®à¨â¬�
NewReno (2), ¯à¥¤«®¦¥−−®£® ¬¥â®¤� (1) ¨ �«£®à¨â¬� VAR (3) ¢ á®®â¢¥âáâ¢¨¨
á ä®à¬ã«�¬¨ (10) ¨ (11). ˆ§ à¨á. 4 ¢¨¤−®, çâ® �„�‘ ¤«ï NewReno ª®«¥¡«¥âáï
®â 0 ¤® 3,1 Œ¡¨â/á, ¤«ï ¯à¥¤«®¦¥−−®£® ¬¥â®¤� | ®â 0 ¤® 2,2 Œ¡¨â/á, â®£¤�
ª�ª ¤«ï �«£®à¨â¬� VAR | ®â 0 ¤® 4,2 Œ¡¨â/á. Œ�ªá¨¬�«ì−®¥ §−�ç¥−¨¥ �„�‘
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÷¨á. 4 ‘à�¢−¥−¨¥ �„�‘ (�) ¨ ª®íää¨æ¨¥−â� íää¥ªâ¨¢−®áâ¨ (¡) ¤«ï ¯à¥¤«®¦¥−−®£®
¬¥â®¤� (1), �«£®à¨â¬� NewReno (2) ¨ �«£®à¨â¬� VAR (3)

ã ¯à¥¤«®¦¥−−®£® ¬¥â®¤� −� 0,9 Œ¡¨â/á ¬¥−ìè¥, ç¥¬ ¬�ªá¨¬�«ì−®¥ §−�ç¥−¨¥
�„�‘ ã NewReno. �â® ®§−�ç�¥â, çâ® ¯®«¥§−ë© ¯®â®ª ¯®«ãç�¥â ¯®çâ¨ 1 Œ¡¨â/á
¤®¯®«−¨â¥«ì−® ¯à¨ â®¬ ¦¥ á�¬®¬ èã¬¥. „«ï �«£®à¨â¬� VAR ¨§-§� −¥¤®áâ�â®ç−®
â®ç−®£® ¯à®£−®§� ¡ë«¨ ¯®«ãç¥−ë −�¨åã¤è¨¥ à¥§ã«ìâ�âë: ¥£® �„�‘ ®ª�§�«�áì
¯®çâ¨ −� 1 Œ¡¨â/á ¢ëè¥, ç¥¬ ã NewReno.

�� à¨á. 5 ¯à¥¤áâ�¢«¥−ë �„�‘ ¨ ª®íää¨æ¨¥−â íää¥ªâ¨¢−®áâ¨ ¤«ï �«£®à¨â¬�
CUBIC (2), ¯à¥¤«®¦¥−−®£® ¬¥â®¤� (1) ¨ �«£®à¨â¬� VAR (3) ¢ á®®â¢¥âáâ¢¨¨
á ä®à¬ã«�¬¨ (10) ¨ (11). ˆ§ à¨á. 5 ¢¨¤−®, çâ® �„�‘ ¤«ï CUBIC ª®«¥¡«¥âáï
®â 0 ¤® 2,9 Œ¡¨â/á, ¤«ï ¯à¥¤«®¦¥−−®£® ¬¥â®¤� | ®â 0 ¤® 2,4 Œ¡¨â/á, â®£¤�
ª�ª ¤«ï �«£®à¨â¬� VAR | ®â 0 ¤® 3,7 Œ¡¨â/á. Œ�ªá¨¬�«ì−®¥ §−�ç¥−¨¥
�„�‘ ã ¯à¥¤«®¦¥−−®£® ¬¥â®¤� −� 0,5 Œ¡¨â/á ¬¥−ìè¥, ç¥¬ ã CUBIC. �â®
®§−�ç�¥â, çâ® ¯®«¥§−ë© ¯®â®ª ¯®«ãç�¥â 0,5 Œ¡¨â/á ¤®¯®«−¨â¥«ì−® ¯à¨ â®¬
¦¥ á�¬®¬ èã¬¥. Š�ª ¨ ¢ á«ãç�¥ á NewReno, �«£®à¨â¬ VAR â�ª¦¥ ¯®ª�§�«
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÷¨á. 5 ‘à�¢−¥−¨¥ �„�‘ (�) ¨ ª®íää¨æ¨¥−â� íää¥ªâ¨¢−®áâ¨ (¡) ¤«ï ¯à¥¤«®¦¥−−®£®
¬¥â®¤� (1), �«£®à¨â¬� CUBIC (2) ¨ �«£®à¨â¬� VAR (3)

−�¨åã¤è¨¥ à¥§ã«ìâ�âë: ¥£® �„�‘ ®ª�§�«�áì ¯®çâ¨ −� 0,8 Œ¡¨â/á ¢ëè¥, ç¥¬
ã CUBIC.

�®¬¨¬® âà�¤¨æ¨®−−ëå �«£®à¨â¬®¢ NewReno ¨ CUBIC ¡ë«® â�ª¦¥ ¯à®¢¥¤¥−®
áà�¢−¥−¨¥ BBRv1 [13] á ¯à¥¤«�£�¥¬ë¬ ¬¥â®¤®¬. �� à¨á. 6 ¯à¥¤áâ�¢«¥−ë
�„�‘ ¨ ª®íää¨æ¨¥−â íää¥ªâ¨¢−®áâ¨ ¤«ï �«£®à¨â¬� BBRv1 (2), ¯à¥¤«®¦¥−−®£®
¬¥â®¤� (1) ¨ �«£®à¨â¬� VAR (3) ¢ á®®â¢¥âáâ¢¨¨ á ä®à¬ã«�¬¨ (10) ¨ (11). ��
à¨á. 6 ¢¨¤−®: ¬�ªá¨¬�«ì−®¥ §−�ç¥−¨¥ �„�‘ ã ¯à¥¤«®¦¥−−®£® ¬¥â®¤� ¡ë«®
−� 52,3 Œ¡¨â/á ¬¥−ìè¥, ç¥¬ ã BBRv1. �«£®à¨â¬ VAR §�−¨¬�¥â ¯à®¬¥¦ãâ®ç−®¥
¯®«®¦¥−¨¥ ¬¥¦¤ã EVAR ¨ BBR: �„�‘ ã VAR ®ª�§�«�áì ¯®çâ¨ −� 8,9 Œ¡¨â/á
¢ëè¥, ç¥¬ ã EVAR, −® ¯®çâ¨ −� 43,1 Œ¡¨â/á −¨¦¥ ¬�ªá¨¬�«ì−®£® §−�ç¥−¨ï
�„�‘ ã BBR.

÷¨áã−®ª 6 â�ª¦¥ ¤¥¬®−áâà¨àã¥â, çâ® ¯à¨ ®¤¨−�ª®¢®¬ ãà®¢−¥ èã¬� ¢ ¯¥-
à¨®¤ �ªâ¨¢−®£® ¯à®¡¨à®¢�−¨ï ®ç¥à¥¤¨ �«£®à¨â¬®¬ BBR ¯®«¥§−ë© ¯®â®ª ¯®-
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÷¨á. 6 ‘à�¢−¥−¨¥ �„�‘ (�) ¨ ª®íää¨æ¨¥−â� íää¥ªâ¨¢−®áâ¨ (¡) ¤«ï ¯à¥¤«®¦¥−−®£®
¬¥â®¤� (1), �«£®à¨â¬� BBRv1 (2) ¨ �«£®à¨â¬� VAR (3)

«ãç�¥â ¯®çâ¨ 50 Œ¡¨â/á ¤®¯®«−¨â¥«ì−®, â®£¤� ª�ª ¢−¥ íâ®£® ¯¥à¨®¤� |
«¨èì 0,04 Œ¡¨â/á.

4.3 Эксперимент 3: Оценка безопасного порога при различных значениях
квантилей

‚ à�§¤. 3.4 ¡ë«® ¢¢¥¤¥−® ¯®−ïâ¨¥ ¡¥§®¯�á−®£® ¯®à®£�RTT, −¥®¡å®¤¨¬®£® ¤«ï
â®£®, çâ®¡ë ¨áª«îç¨âì á¨âã�æ¨î −¥®¯à�¢¤�−−® ¤®«£®£® ¨á¯®«ì§®¢�−¨ï ¯à®£−®§�.
„«ï ®æ¥−ª¨ §−�ç¥−¨ï RTT ¡ë« ¯à®¢¥¤¥− �−�«¨§ ¢«¨ï−¨ï ãà®¢−ï ª¢�−â¨«ï
¢ ®ª−¥ à¥£à¥áá¨¨ −� ¢¥«¨ç¨−ã RTT. ‚ ª�ç¥áâ¢¥ �«£®à¨â¬� áà�¢−¥−¨ï ¡ë« ¢ë¡à�−
CUBIC. „«ï ª¢�−â¨«¥© ãà®¢−¥© 10%, 20%, . . . , 90% ¢ëç¨á«ï«�áì à�§−®áâì–K
¬¥¦¤ã áà¥¤−¨¬¨ §−�ç¥−¨ï¬¨ ª®íää¨æ¨¥−â� íää¥ªâ¨¢−®áâ¨ ¬¥â®¤� ¤«ï CUBIC
¨ EVAR ¤«ï ª¢�−â¨«¥© ª�¦¤®£® ãà®¢−ï, � ¨¬¥−−®:
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÷¨á. 7 ÷�§−®áâì áà¥¤−¨å §−�ç¥−¨© ª®íää¨æ¨¥−â� íää¥ªâ¨¢−®áâ¨ –K ¤«ï CUBIC
¨ EVAR ¯à¨ à�§«¨ç−ëå ª¢�−â¨«ì−ëå §−�ç¥−¨ïå ¡¥§®¯�á−®£® ¯®à®£�

–K(m) =
1

n

(∑

n

KCUBIC(m) −
∑

n

KEVAR(m)

)
,

£¤¥ KCUBIC(m) ¨ KEVAR(m) | ª®íää¨æ¨¥−âë íää¥ªâ¨¢−®áâ¨ ¬¥â®¤� ¤«ï CUBIC

¨ EVAR á®®â¢¥âáâ¢¥−−® ¯à¨ ª¢�−â¨«¥ ãà®¢−ï m, ¢ëç¨á«ï¥¬ë¥ ¯® ä®à¬ã«¥ (11).
—¥¬ ¡®«ìè¥ §−�ç¥−¨¥ –K, â¥¬ ¡«¨¦¥ EVAR ¯à¨ ®¤−®¬ ¨ â®¬ ¦¥ ãà®¢−¥ ª¢�−-
â¨«ï ª ¬�ªá¨¬�«ì−® ¤®¯ãáâ¨¬®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ ª�−�«� ¯® áà�¢−¥−¨î
á CUBIC.

�� à¨á. 7 ®¡®¡é¥−ë à¥§ã«ìâ�âë ¤«ï à�áá¬®âà¥−−ëå ¤¥¢ïâ¨ ãà®¢−¥© ª¢�−â¨-
«ï. ˆ§ −¨å ¢¨¤−®, çâ® ¬�ªá¨¬�«ì−®¥ §−�ç¥−¨¥ –K ¤®áâ¨£�¥âáï ¯à¨ ª¢�−â¨«¥
¡¥§®¯�á−®£® ¯®à®£�, à�¢−®¬ 70%.

5 Заключение

‚ à�¡®â¥ ¯à¥¤«®¦¥− �«£®à¨â¬ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© −� ®á−®¢¥ íªá¯®−¥−-
æ¨�«ì−®© ¢¥ªâ®à−®© �¢â®à¥£à¥áá¨¨. Š«îç¥¢�ï ¨¤¥ï §�ª«îç�¥âáï ¢ â®¬, çâ®¡ë
úá£«�¦¨¢�âìû á®ªà�é¥−¨¥ ®ª−� ¯¥à¥£àã§ª¨ §� áç¥â ¨á¯®«ì§®¢�−¨ï ¯à®£−®§� ¥£®
à�§¬¥à�, â¥¬ á�¬ë¬ á®ªà�é�ï ¢à¥¬ï, ª®â®à®¥ à¥�ªâ¨¢−ë¥ �«£®à¨â¬ë §�âà�ç¨¢�îâ
−� ¯à®¡¨à®¢�−¨¥ ¤®áâã¯−®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨, ¨ ¢à¥¬ï −� ¢®ááâ�−®¢«¥−¨¥
¥£® à�§¬¥à�.

÷¥§ã«ìâ�âë íªá¯¥à¨¬¥−â®¢ ¯®ª�§ë¢�îâ, çâ® ¯® áà�¢−¥−¨î á ª«�áá¨ç¥áª¨¬¨
à¥�ªâ¨¢−ë¬¨ �«£®à¨â¬�¬¨ ã¯à�¢«¥−¨ï ¯¥à¥£àã§ª®© (NewReno, CUBIC) ¯à¥¤-
«®¦¥−−ë© �«£®à¨â¬ ¯®§¢®«ï¥â ¬�ªá¨¬�«ì−® ¨á¯®«ì§®¢�âì „�‘ ¯®â®ª�. �®
áà�¢−¥−¨î á BBRv1 ¯à¥¤«®¦¥−−ë© �«£®à¨â¬ ¯®§¢®«ï¥â §�¬¥â−® á−¨§¨âì �„�‘
¢ ¬®¬¥−âë ¯¥à¨®¤¨ç¥áª®£® ¯à®¡¨à®¢�−¨ï ®ç¥à¥¤¨.
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�¤−�ª®, ª�ª ®â¬¥ç¥−® ¢ à�§¤. 3.3, ¯à¥¤«�£�¥¬ë© �«£®à¨â¬ à�áá¬®âà¥− ¢ ¯à¥¤-
¯®«®¦¥−¨¨, çâ® „�‘ ¯®â®ª� ¤®¯ãáª�¥â ¯®ï¢«¥−¨¥ −¥ ¡®«¥¥ ®¤−®£® á®¡ëâ¨ï ¯¥-
à¥£àã§ª¨ §� ¢à¥¬ï ®¤−®£® á«®â�. �â® ¯à¥¤¯®«®¦¥−¨¥ ä�ªâ¨ç¥áª¨ −�ª«�¤ë¢�¥â
®£à�−¨ç¥−¨¥ −� á®®â−®è¥−¨¥ ¬¥¦¤ã áª®à®áâìî ¨§¬¥−¥−¨ï á®áâ®ï−¨ï ª�−�«� ¨ ¢à¥-
¬¥−¥¬, −¥®¡å®¤¨¬ë¬ ¤«ï ¢ëç¨á«¥−¨ï ¯à®£−®§� ¬¥â®¤®¬ EVAR. ‚ à�áá¬�âà¨¢�-
¥¬®© ¯®áâ�−®¢ª¥ −� â¥ªãé¥¬ ¨−â¥à¢�«¥ ¨á¯®«ì§ã¥âáï ¯à®£−®§¨àã¥¬®¥ §−�ç¥−¨¥
®ª−� ¯¥à¥£àã§ª¨, ¯®«ãç¥−−®¥ ¯® ¤�−−ë¬ ¯à¥¤ë¤ãé¥£® ¨−â¥à¢�«� −�¡«î¤¥−¨ï.
‚ ¤�«ì−¥©è¥¬ ¯«�−¨àã¥âáï à�§à�¡®â�âì ª®àà¥ªâ¨àãîé¨© �«£®à¨â¬ ¤«ï ¡®«¥¥ ®¡-
é¥£® á«ãç�ï, ª®£¤� §� ¢à¥¬ï ®¤−®£® á«®â� ¬®¦¥â ¯à®¨áå®¤¨âì −¥áª®«ìª® á®¡ëâ¨©
¯¥à¥£àã§ª¨.
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Abstract: The paper proposes a combined TCP (Transmission Control Protocol)
congestion control algorithm that integrates a traditional reactive congestion
window control mechanism with a congestion window (Cwnd) prediction proce-
dure based on exponential vector autoregression (EVAR). The method is intended
to reduce the period during which the available bandwidth remains underutilized
after a congestion event. Once congestion or its signs are detected, EVAR is used
to predict the Cwnd value for the next observation interval, and this forecast is
applied as a new Cwnd value if it satisfies an additional safety constraint. The
safety threshold is defined through the round-trip time (RTT) and limits the
use of the forecast when rapid Cwnd recovery may increase queues and cause
additional congestion events. The proposed algorithm is evaluated on an ns-3
test stand and compared with NewReno, CUBIC, and BBRv1. The results show
that, compared with the baseline congestion control algorithms, the proposed
algorithm makes it possible to obtain at least 0.5 Mbit/s of additional available
bandwidth.

Keywords: TCP congestion control; exponential vector autoregression; conges-
tion window prediction; available bandwidth; ns-3 simulation
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ЭФФЕКТИВНОСТЬ КВАНТОВОГО РАСПРЕДЕЛЕНИЯ
КЛЮЧЕЙ В СПУТНИКОВОЙ ОПТИЧЕСКОЙ СВЯЗИ∗

М. В. Сапожников1, С. Ю. Казанцев2, Ю. Б. Миронов3, Б. М. Шабанов4,
А. Е. Матюнин5

�−−®â�æ¨ï: �à®¢®¤¨âáï ®æ¥−ª� ¢®§¬®¦−®áâ¨ ¯à¨¬¥−¥−¨ï ª¢�−â®¢®£® à�á-
¯à¥¤¥«¥−¨ï ª«îç¥© (Š÷Š) ¢ §�¤�ç�å á¯ãâ−¨ª®¢®© ®¯â¨ç¥áª®© á¢ï§¨. ‚¥à¨ä¨-
æ¨à®¢�−� ¬¥â®¤¨ª� à�áç¥â� ¯®ª�§�â¥«¥© íää¥ªâ¨¢−®áâ¨ á¯ãâ−¨ª®¢®£® Š÷Š,
¢ª«îç�îé�ï ®¡éãî íää¥ªâ¨¢−®áâì ¯à®¯ãáª�−¨ï â�ª®£® ª�−�«� á¢ï§¨. ‚¥à¨-
ä¨ª�æ¨ï ¬¥â®¤¨ª¨ ¢ë¯®«−¥−� ¯ãâ¥¬ ª�ç¥áâ¢¥−−®£® á®¯®áâ�¢«¥−¨ï ¯®«ãç¥−−ëå
à¥§ã«ìâ�â®¢ á ¤�−−ë¬¨ −�âãà−®£® íªá¯¥à¨¬¥−â� ¯® á¯ãâ−¨ª®¢®¬ã Š÷Š ¬¥¦¤ã
ª¢�−â®¢ë¬ á¯ãâ−¨ª®¬ Micius ¨ −�§¥¬−®© áâ�−æ¨¥©, à�á¯®«®¦¥−−®© ¢ ‡¢¥−¨£®-
à®¤¥. �à®¢¥¤¥−� ®æ¥−ª� ¯à¥¤¥«ì−®© íää¥ªâ¨¢−®© ¤«¨−ë á¯ãâ−¨ª®¢®£® ª�−�«�
¯à¨ âà¥å áâ�−¤�àâ−ëå ¤«¨−�å ¢®«−: 850, 1310 ¨ 1550 −¬. „«ï ¤«¨−ë ¢®«−ë
850 −¬ ¢ë¯®«−¥− à�áç¥â ¯®ª�§�â¥«¥© íää¥ªâ¨¢−®áâ¨ Š÷Š á ãç¥â®¬ ¯à®â®ª®-
«®¢ BB84 ¨ B92. �à®¢¥¤¥−−®¥ ¨áá«¥¤®¢�−¨¥ ¯®¤â¢¥à¦¤�¥â ¯à¨−æ¨¯¨�«ì−ãî
¢®§¬®¦−®áâì ¯à¨¬¥−¥−¨ï Š÷Š ¢ §�¤�ç�å á¯ãâ−¨ª®¢®© ®¯â¨ç¥áª®© á¢ï§¨.

Š«îç¥¢ë¥ á«®¢�: á¯ãâ−¨ª®¢�ï ®¯â¨ç¥áª�ï á¢ï§ì; ª¢�−â®¢®¥ à�á¯à¥¤¥«¥−¨¥
ª«îç¥©; íää¥ªâ¨¢−®áâì ª¢�−â®¢®£® à�á¯à¥¤¥«¥−¨ï ª«îç¥©; áª®à®áâì à¥£¨áâ-
à�æ¨¨ ä®â®−®¢; áª®à®áâì â¥¬−®¢ëå ®âáç¥â®¢

DOI: 10.14357/08696527260304 EDN: FAVBZT

1 Введение

‚ ãá«®¢¨ïå à�áâãé¥© ã£à®§ë, ª®â®àãî ¯à¥¤áâ�¢«ïîâ ª¢�−â®¢ë¥ ª®¬¯ìîâ¥àë
¤«ï ªà¨¯â®£à�ä¨ç¥áª®© áâ®©ª®áâ¨ ª«�áá¨ç¥áª¨å ªà¨¯â®á¨áâ¥¬ á ®âªàëâë¬ ª«î-
ç®¬ [1, 2], â¥å−®«®£¨ï Š÷Š à�áá¬�âà¨¢�¥âáï ª�ª ¯¥àá¯¥ªâ¨¢−®¥ áà¥¤áâ¢® ®¡¥á-
¯¥ç¥−¨ï ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨ [3]. Š¢�−â®¢®¥ à�á¯à¥¤¥«¥−¨¥ ª«îç¥©
¯®§¢®«ï¥â £¥−¥à¨à®¢�âì ¨ à�á¯à¥¤¥«ïâì ªà¨¯â®£à�ä¨ç¥áª¨¥ ª«îç¨ á ¤®ª�§ã¥¬®©
§�é¨â®© ®â ¯�áá¨¢−®£® ¨ �ªâ¨¢−®£® ¯¥à¥å¢�â�, ¨áª«îç�ï −¥®¡å®¤¨¬®áâì ¤®¢¥à¥−-
−ëå ¯®áà¥¤−¨ª®¢ ¯à¨ ¯¥à¥¤�ç¥ ª«îç¥¢®© ¨−ä®à¬�æ¨¨.

’¥®à¥â¨ç¥áª¨ á¯ãâ−¨ª®¢ë© Š÷Š ¯®§¢®«ï¥â ®¡¥á¯¥ç¨âì ¡¥§®¯�á−®áâì ¯¥à¥¤�-
ç¨ ¤�−−ëå −� âà�−áª®−â¨−¥−â�«ì−ë¥ à�ááâ®ï−¨ï [1, 4]. �¤−�ª® ¯à�ªâ¨ç¥áª�ï
à¥�«¨§�æ¨ï á¯ãâ−¨ª®¢®£® Š÷Š áâ�«ª¨¢�¥âáï á äã−¤�¬¥−â�«ì−ë¬¨ ®£à�−¨ç¥−¨-
ï¬¨. —�áâ−ë¥ �â¬®áä¥à−ë¥ ¢®§¤¥©áâ¢¨ï, ¢ë§ë¢�îé¨¥ §�âãå�−¨¥ á¨£−�«� [4{7],

∗”¨−�−á®¢�ï ¯®¤¤¥à¦ª� ¨áá«¥¤®¢�−¨© Œ. ‚. ‘�¯®¦−¨ª®¢�, ā. �. Œ¨à®−®¢� ¨ �. Œ. ˜�¡�-
−®¢� ®áãé¥áâ¢«¥−� �ˆ– úŠãàç�â®¢áª¨© ¨−áâ¨âãâû ¢ à�¬ª�å £®áã¤�àáâ¢¥−−®£® §�¤�−¨ï.

1��æ¨®−�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úŠãàç�â®¢áª¨© ¨−áâ¨âãâû, msapozh@jscc.ru
2Œ®áª®¢áª¨© â¥å−¨ç¥áª¨© ã−¨¢¥àá¨â¥â á¢ï§¨ ¨ ¨−ä®à¬�â¨ª¨, s.i.kazantsev@mtuci.ru
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−¨§ª�ï ª¢�−â®¢�ï íää¥ªâ¨¢−®áâì ¤¥â¥ªâ®à®¢ ®¤¨−®ç−ëå ä®â®−®¢ ¨ −¥−ã«¥¢®©
ãà®¢¥−ì â¥¬−®¢ëå ®âáç¥â®¢ ¯à¨¢®¤ïâ ª à¥§ª®¬ã á−¨¦¥−¨î áª®à®áâ¨ £¥−¥à�æ¨¨
ª«îç� (Rsift) ¨ à®áâã ãà®¢−ï ª¢�−â®¢ëå ®è¨¡®ª (Quantum Bit Error Rate, QBER)
á ã¢¥«¨ç¥−¨¥¬ ¤¨áâ�−æ¨¨ [8].

Šà¨â¨ç¥áª¨¬¨ ãá«®¢¨ï¬¨ à�¡®â®á¯®á®¡−®áâ¨ Š÷Š áç¨â�îâáï −¥¯à¥¢ëè¥−¨¥
¯®à®£� QBER < 11% (¤«ï ¯à®â®ª®«� BB84) [9] ¨ ¯à¥¢ëè¥−¨¥ ¢¥à®ïâ−®áâ¨ à¥£¨-
áâà�æ¨¨ á¨£−�«� −�¤ íää¥ªâ¨¢−ë¬ ãà®¢−¥¬ èã¬�. �â¨ ä�ªâ®àë ¨ ®¯à¥¤¥«ïîâ
¯à¥¤¥«ì−® ¤®¯ãáâ¨¬ãî ¤«¨−ã âà�ááë [10]. ‚ −�§¥¬−ëå ¢®«®ª®−−®-®¯â¨ç¥áª¨å
«¨−¨ïå á¢ï§¨ (‚�‹‘) íâ¨ ®£à�−¨ç¥−¨ï ¤¥«�îâ −¥¢®§¬®¦−ë¬ Š÷Š −� à�ááâ®-
ï−¨ï á¢ëè¥ ∼ 500 ª¬. ÷¥ª®à¤−ë¥ ¤�«ì−®áâ¨ Š÷Š ¯® ®¯â¨ç¥áª®¬ã ¢®«®ª−ã
¢ ∼ 1000 ª¬, ¤®áâ¨£−ãâë¥ ¢ «�¡®à�â®à−ëå ãá«®¢¨ïå á ¨á¯®«ì§®¢�−¨¥¬ ¯à®â®ª®«�
Š÷Š −� ¯®«ïå-¡«¨§−¥æ�å (Twin-Field Quantum Key Distribution, TF-QKD),
¢ −�áâ®ïé¥¥ ¢à¥¬ï −¥ ¬®£ãâ ¡ëâì à¥�«¨§®¢�−ë ¢ á®¢à¥¬¥−−®© â¥«¥ª®¬¬ã−¨ª�æ¨-
®−−®© ¨−äà�áâàãªâãà¥ ‚�‹‘, ¯®áª®«ìªã ¤�−−ë© ¯®¤å®¤ âà¥¡ã¥â ®ç¥−ì â®ç−®©
−�áâà®©ª¨ ®¡®àã¤®¢�−¨ï ¨ çà¥§¢ëç�©−® çã¢áâ¢¨â¥«¥− ª «î¡ë¬ ¢−¥è−¨¬ ¢®§¤¥©-
áâ¢¨ï¬ [10, 11]. ‚á¥ íâ® áâ¨¬ã«¨àã¥â à�§¢¨â¨¥ á¯ãâ−¨ª®¢ëå á¨áâ¥¬ Š÷Š, £¤¥
¡�®«ìè�ï ç�áâì âà�ááë ¯à®å®¤¨â ¢ ¢�ªãã¬¥, � �â¬®áä¥à−ë© ãç�áâ®ª ®£à�−¨ç¥−
15{20 ª¬ [12, 13].

’¥¬ −¥ ¬¥−¥¥ ¤�¦¥ ¢ á¯ãâ−¨ª®¢ëå áæ¥−�à¨ïå íää¥ªâ¨¢−®áâì ª�−�«� §�¢¨á¨â ®â
¤«¨−ë ¢®«−ë, £¥®¬¥âà¨¨ âà�ááë, ¯�à�¬¥âà®¢ ®¯â¨ç¥áª®© á¨áâ¥¬ë ¨ å�à�ªâ¥à¨áâ¨ª
¤¥â¥ªâ®à®¢, çâ® âà¥¡ã¥â áâà®£®© ª®«¨ç¥áâ¢¥−−®© ®æ¥−ª¨ ¯¥à¥¤ ¯à®¥ªâ¨à®¢�−¨¥¬
à¥�«ì−ëå á¨áâ¥¬, ®¡ãá«®¢«¨¢�ï �ªâã�«ì−®áâì â�ª®£® ¨áá«¥¤®¢�−¨ï.

–¥«ìî −�áâ®ïé¥© à�¡®âë áâ�¢¨âáï ¢¥à¨ä¨ª�æ¨ï ¬¥â®¤¨ª¨ à�áç¥â� ¯®ª�§�-
â¥«¥© íää¥ªâ¨¢−®áâ¨ á¯ãâ−¨ª®¢®£® Š÷Š (QBER ¨ Rsift), ¢ª«îç�îé¥© ®¡éãî
íää¥ªâ¨¢−®áâì ¯à®¯ãáª�−¨ï â�ª®£® ª�−�«� ¨ ¯®à®£®¢ãî ¤«¨−ã âà�ááë, á ¯®á«¥¤ã-
îé¥© ®æ¥−ª®© à�¡®â®á¯®á®¡−®áâ¨ ª�−�«� ¤«ï ¤«¨− ¢®«− λ = 850, 1310 ¨ 1550 −¬
¯à¨ ¨á¯®«ì§®¢�−¨¨ ¯à®â®ª®«®¢ BB84 ¨ B92. „«ï ¢¥à¨ä¨ª�æ¨¨ ¬¥â®¤¨ª¨ ¯à®-
¢¥¤¥−® ª®«¨ç¥áâ¢¥−−®¥ á®¯®áâ�¢«¥−¨¥ ¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢ á ¤�−−ë¬¨ −�âãà-
−®£® íªá¯¥à¨¬¥−â� ¯® á¯ãâ−¨ª®¢®¬ã Š÷Š ¬¥¦¤ã á¯ãâ−¨ª®¬ Micius [12, 14, 15]
¨ −�§¥¬−®© áâ�−æ¨¥© ¢ ‡¢¥−¨£®à®¤¥ [16].

„«ï à�áç¥â®¢ ¢ ¯¥à¢®¬ ®ª−¥ ¯à®§à�ç−®áâ¨ (λ = 850 −¬) ¢ë¡à�− «�¢¨−−ë©
¤¥â¥ªâ®à ®¤¨−®ç−ëå ä®â®−®¢ ¬®¤¥«¨ SPDMH2 ª®¬¯�−¨¨ Thorlabs [17]. „«ï

’�¡«¨æ� 1 •�à�ªâ¥à¨áâ¨ª¨ ¨áá«¥¤ã¥¬ëå ¤¥â¥ªâ®à®¢

„¥â¥ªâ®à
(ä¨à¬�)

‘¯¥ªâà�«ì−ë©
¤¨�¯�§®−, −¬

�ää¥ªâ¨¢−®áâì ηd

(¤«¨−� ¢®«−ë)

—�áâ®â�
â¥¬−®¢ëå
®âáç¥â®¢
DCR, ƒæ

Œ�ªá¨¬�«ì−�ï
ç�áâ®â� f ,

Œƒæ

SPDMH2 (Thorlabs) 400{1000 50% (λ = 850 −¬) 100 20

ID Qube NIR
900{1700

20% (λ = 1301 −¬) 3000
100(ID Quantique) 20% (λ = 1550 −¬) 6000
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�ää¥ªâ¨¢−®áâì ª¢�−â®¢®£® à�á¯à¥¤¥«¥−¨ï ª«îç¥© ¢ á¯ãâ−¨ª®¢®© ®¯â¨ç¥áª®© á¢ï§¨

à�áç¥â®¢ ¢® ¢â®à®¬ ¨ âà¥âì¥¬ ®ª−�å ¯à®§à�ç−®áâ¨ (λ = 1310 ¨ 1550 −¬) ¢ë-
¡à�− «�¢¨−−ë© ¤¥â¥ªâ®à á¥à¨¨ ID Qube NIR ª®¬¯�−¨¨ ID Quantique (Gated
model) [18]. •�à�ªâ¥à¨áâ¨ª¨ ¨áá«¥¤ã¥¬ëå ¤¥â¥ªâ®à®¢ ¯à¨¢¥¤¥−ë ¢ â�¡«. 1.

2 Методика расчета показателей эффективности спутникового
квантового распределения ключей

„«ï ¯à®â®ª®«� BB84 ª®íää¨æ¨¥−â ª¢�−â®¢ëå ®è¨¡®ª −� ¡¨â ¬®¦¥â ¡ëâì
à�ááç¨â�− ¯® à�§«¨ç−ë¬ ¬¥â®¤¨ª�¬, ®¯¨á�−−ë¬ ¢ [19{21]. ‚ ¯à®áâ¥©è¥¬ á«ãç�¥
QBER à�ááç¨âë¢�¥âáï á®£«�á−® ¢ëà�¦¥−¨î:

e84 =
cpsignal + (pdark + pstaycounts)/2

pclick
. (1)

‡¤¥áì c | á®¡áâ¢¥−−�ï ®è¨¡ª� ¤¥â¥ªâ®à�, ¢¥à®ïâ−®áâì â®£®, çâ® ä®â®− ¯®-
¯�« ¢ ®è¨¡®ç−ë© ¤¥â¥ªâ®à ¢á«¥¤áâ¢¨¥ −¥â®ç−®áâ¨ ¯à®æ¥¤ãàë ¨§¬¥à¥−¨ï ¯à¨-
¥¬−¨ª®¬ ª¢�−â®¢®£® á®áâ®ï−¨ï; psignal | ¢¥à®ïâ−®áâì áà�¡�âë¢�−¨ï ¤¥â¥ªâ®à�,
®¡ãá«®¢«¥−−®£® ä®â®−�¬¨, ¯¥à¥¤�−−ë¬¨ ¢ ®¤−®¬ á«�¡®¬ ª®£¥à¥−â−®¬ ¨¬¯ã«ìá¥;
pclick = psignal + pdark + pstaycounts | ¯®«−�ï ¢¥à®ïâ−®áâì §�à¥£¨áâà¨à®¢�âì ®â-
¯à�¢«¥−−ë© ¯¥à¥¤�âç¨ª®¬ á«�¡ë© ª®£¥à¥−â−ë© ¨¬¯ã«ìá −� áâ®à®−¥ ¯à¨¥¬−¨ª�,
£¤¥ pdark = DCR/f | ¢¥à®ïâ−®áâ¨ â¥¬−®¢ëå ®âç¥â®¢ ¤¥â¥ªâ®à� (DCR| ç�áâ®â�
â¥¬−®¢ëå ®âáç¥â®¢ (Dark Count Rate); f | ¬�ªá¨¬�«ì−�ï ç�áâ®â� ¨¬¯ã«ìá®¢
¯¥à¥¤�âç¨ª�); pstaycounts | ¢¥à®ïâ−®áâì áà�¡�âë¢�−¨ï ¤¥â¥ªâ®à�, ¢ë§¢�−−®£®
¤®¯®«−¨â¥«ì−ë¬¨ ä®−®¢ë¬¨ ¢ª«�¤�¬¨, ®¯à¥¤¥«¥−−�ï ¢ å®¤¥ íªá¯¥à¨¬¥−â� ¯®
Š÷Š [16].

‚¥à®ïâ−®áâì áà�¡�âë¢�−¨ï ¤¥â¥ªâ®à�, ®¡ãá«®¢«¥−−®£® ä®â®−�¬¨, ¯¥à¥¤�−−ë-
¬¨ ¢ ®¤−®¬ á«�¡®¬ ª®£¥à¥−â−®¬ ¨¬¯ã«ìá¥, à�ááç¨âë¢�¥âáï ª�ª

psignal = 1− e−ηdηµ , (2)

£¤¥ ηd | ª¢�−â®¢�ï íää¥ªâ¨¢−®áâì ¤¥â¥ªâ®à�; η | ®¡é�ï íää¥ªâ¨¢−®áâì ¯à®-
¯ãáª�−¨ï; µ | áà¥¤−¥¥ ç¨á«® ä®â®−®¢ ¢ ¨¬¯ã«ìá¥.

�¡é�ï íää¥ªâ¨¢−®áâì ¯à®¯ãáª�−¨ï ®¯à¥¤¥«ï¥âáï á®£«�á−® ¬¥â®¤¨ª�¬ [21{23]
¢ëà�¦¥−¨¥¬

η = ηtηrηdivηabsorptionηscatteringR
ηscatteringMIηsciηbw , (3)

£¤¥ ηt ¨ ηr | íää¥ªâ¨¢−®áâ¨ ¯¥à¥¤�âç¨ª� ¨ ¯à¨¥¬−¨ª� á®®â¢¥âáâ¢¥−−®; ηdiv |
ª®íää¨æ¨¥−â ¯à®¯ãáª�−¨ï, ®¡ãá«®¢«¥−−ë© à�áå®¤¨¬®áâìî ®¯â¨ç¥áª®£® ¨§«ã-
ç¥−¨ï; ηabsorption | ª®íää¨æ¨¥−â ¯à®¯ãáª�−¨ï, ®¡ãá«®¢«¥−−ë© ¯®£«®é¥−¨¥¬;
ηscatteringR

| ª®íää¨æ¨¥−â ¯à®¯ãáª�−¨ï, ®¡ãá«®¢«¥−−ë© ¬®«¥ªã«ïà−ë¬ à�áá¥-
ï−¨¥¬; ηscatteringMI | ª®íää¨æ¨¥−â ¯à®¯ãáª�−¨ï, ®¡ãá«®¢«¥−−ë© �íà®§®«ì−ë¬
à�áá¥ï−¨¥¬; ηsci | ª®íää¨æ¨¥−â ¯à®¯ãáª�−¨ï ¨§-§� íää¥ªâ� áæ¨−â¨««ïæ¨¨;
ηbw | ª®íää¨æ¨¥−â ¯à®¯ãáª�−¨ï ¨§-§� íää¥ªâ� ¡«ã¦¤�−¨ï «ãç�.
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‘ª®à®áâì £¥−¥à�æ¨¨ ª«îç� Rsift ¢ ¯à®â®ª®«¥ BB84 ¬®¦¥â ¡ëâì à�ááç¨â�−�
á«¥¤ãîé¨¬ ®¡à�§®¬ [21,24]:

RBB84 =
1

2
pclick

{
1− τ ′ + f(e84)[e84 log2(e84) + (1 − e84) log2(1− e84)]

}
. (4)

‡¤¥áì e84 | ª®íää¨æ¨¥−â ª¢�−â®¢ëå ®è¨¡®ª −� ¡¨â (1); pclick | ¯®«−�ï ¢¥-
à®ïâ−®áâì §�à¥£¨áâà¨à®¢�âì ®â¯à�¢«¥−−ë© ¯¥à¥¤�âç¨ª®¬ á«�¡ë© ª®£¥à¥−â−ë©
¨¬¯ã«ìá −� áâ®à®−¥ ¯à¨¥¬−¨ª�; f(e84) | ª®íää¨æ¨¥−â ¨§¡ëâ®ç−®áâ¨ ¯à¨ ª®à-
à¥ªæ¨¨ ®è¨¡®ª [25]; τ ′ = τ(e84/β) | ¤®«ï ª«îç�, ®â¡à�áë¢�¥¬�ï −� íâ�¯¥
ãá¨«¥−¨ï ª®−ä¨¤¥−æ¨�«ì−®áâ¨ (privacy amplification), ¢ ª®â®à®©

τ(e84) =





log2
(
1 + 4e84 − 4e284

)
, e84 <

1

2
;

1, e84 ≥
1

2
,

£¤¥ β | ¯�à�¬¥âà ¡¥§®¯�á−®áâ¨:

β =
pclick − p′

pclick
.

‡¤¥áì p′ | ¢¥à®ïâ−®áâì â®£®, çâ® ¢ á«�¡®¬ ª®£¥à¥−â−®¬ ¨¬¯ã«ìá¥ á®¤¥à¦¨âáï
¤¢� ¨«¨ ¡®«¥¥ ä®â®−®¢, ¨ ¢ëà�¦�¥âáï ç¥à¥§ áà¥¤−¥¥ ç¨á«® ä®â®−®¢ ¢ ¨¬¯ã«ìá¥ µ
á«¥¤ãîé¨¬ ®¡à�§®¬:

p′ = 1−
(
1 + µ+

µ2

2
+
1

2

µ3

6

)
exp(−µ) .

„«ï ¯à®â®ª®«� B92 ª®íää¨æ¨¥−â ª¢�−â®¢ëå ®è¨¡®ª −� ¡¨â QBER ¨ áª®à®áâì
£¥−¥à�æ¨¨ ª«îç� Rsift à�ááç¨âë¢�îâáï �−�«®£¨ç−® ¯à®â®ª®«ã BB84 á ãç¥â®¬
§�¬¥−ë ª®íää¨æ¨¥−â®¢ 1/2 −� 1/4 [21,24,25] ¨ ®¯à¥¤¥«ïîâáï ¢ëà�¦¥−¨ï¬¨

e92 =
cpsignal + (ddark + pstaysounts)/4

pclick
; (5)

RB92 =
1

4
pclick

{
1− τ ′ + f(e92)[e92 log2(e92) + (1− e92) log2(1− e92)]

}
. (6)

3 Верификация методики расчета показателей эффективности
спутникового квантового распределения ключей

‚ æ¥«ïå ®æ¥−ª¨ ¢�«¨¤−®áâ¨ à�áá¬®âà¥−−®© ¬¥â®¤¨ª¨ à�áç¥â� ¯®ª�§�â¥«¥©
íää¥ªâ¨¢−®áâ¨ Š÷Š, ¢ª«îç�ï ¢ëà�¦¥−¨ï (1), (2), (4){(6), � â�ª¦¥ ®¡®¡é¥−−®£®

72 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 3 2026



�ää¥ªâ¨¢−®áâì ª¢�−â®¢®£® à�á¯à¥¤¥«¥−¨ï ª«îç¥© ¢ á¯ãâ−¨ª®¢®© ®¯â¨ç¥áª®© á¢ï§¨

’�¡«¨æ� 2 ��à�¬¥âàë, ®¯à¥¤¥«¥−−ë¥ ¢ å®¤¥ íªá¯¥à¨¬¥−â� ¯® Š÷Š [16]

�à®â®ª®« Š÷Š BB84
�à¡¨â� á¯ãâ−¨ª� Micius �¨§ª�ï ®ª®«®§¥¬−�ï ®à¡¨â�
Œ�ªá¨¬�«ì−ë© ã£®« ¢®§¢ëè¥−¨ï á¯ãâ−¨ª� 54◦

“£®« ¬¥áâ� −� á¯ãâ−¨ª, á ª®â®à®£® −�ç�«®áì ãáâ®©ç¨¢®¥
¤¢ãáâ®à®−−¥¥ −�¢¥¤¥−¨¥ 28◦

„¨�¬¥âà «¨−§ë ¯à¨¥¬−®£® ãáâà®©áâ¢�, Dr 600 ¬¬
„¨�¬¥âà «¨−§ë ¯¥à¥¤�îé¥£® ãáâà®©áâ¢�, Dt 300 ¬¬
�¯â¨ç¥áª�ï íää¥ªâ¨¢−®áâì í«¥¬¥−â®¢ −�§¥¬−®© ¯à¨-
¥¬−®© áâ�−æ¨¨, ηopt(ηr)

0,27

Š¢�−â®¢�ï íää¥ªâ¨¢−®áâì ¤¥â¥ªâ®à� ®¤¨−®ç−ëå ä®-
â®−®¢, ηd

0,6

‘à¥¤−¥¥ ç¨á«® ä®â®−®¢ ¢ ¨¬¯ã«ìá¥, µ 0,8

—�áâ®â� ¨¬¯ã«ìá®¢ ¯¥à¥¤�âç¨ª�, ft 108 ƒæ
‚¥à®ïâ−®áâì §�à¥£¨áâà¨à®¢�âì èã¬, ª®â®àë© ¢ª«îç�-
¥â ¢ á¥¡ï ç¨á«® â¥¬−®¢ëå ®âáç¥â®¢ ¤¥â¥ªâ®à®¢ ®¤¨-
−®ç−ëå ä®â®−®¢ ¨ ¤®¯®«−¨â¥«ì−ë¥ ä®−®¢ë¥ ¢ª«�¤ë,
pdark + pstaycounts

5 · 10−6

‘®¡áâ¢¥−−�ï ®è¨¡ª� ¤¥â¥ªâ®à�, ¢¥à®ïâ−®áâì â®£®, çâ®
ä®â®− ¯®¯�« ¢ ®è¨¡®ç−ë© ¤¥â¥ªâ®à ¢á«¥¤áâ¢¨¥ −¥â®ç-
−®áâ¨ ¯à®æ¥¤ãàë ¨§¬¥à¥−¨ï ¯à¨¥¬−¨ª®¬ ª¢�−â®¢®£®
á®áâ®ï−¨ï, c

0,5%

ª®íää¨æ¨¥−â� ¯à®¯ãáª�−¨ï (3), −¥®¡å®¤¨¬® ¯à®¢¥áâ¨ ¥¥ ¢¥à¨ä¨ª�æ¨î ¯ãâ¥¬
ª�ç¥áâ¢¥−−®£® á®¯®áâ�¢«¥−¨ï ¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢ á ¤�−−ë¬¨ −�âãà−®£® íªá-
¯¥à¨¬¥−â� ¯® á¯ãâ−¨ª®¢®¬ã Š÷Š, ®¯¨á�−−®£® ¢ à�¡®â¥ [16]. ’�ª®£® ¢¨¤� áà�¢-
−¥−¨¥ ®¡¥á¯¥ç¨¢�¥â ¢¥à¨ä¨ª�æ¨î ¯®«ãç¥−−ëå §�¢¨á¨¬®áâ¥© ¨ á«ã¦¨â ªà¨â¥à¨¥¬
¢�«¨¤−®áâ¨ ¯à¨¬¥−ï¥¬®£® à�áç¥â−®£® ¯®¤å®¤� ª ®æ¥−ª¥ íää¥ªâ¨¢−®áâ¨ Š÷Š.

‚ ãª�§�−−®¬ íªá¯¥à¨¬¥−â¥ à¥�«¨§®¢�−® á¯ãâ−¨ª®¢®¥ Š÷Š ¬¥¦¤ã á¯ãâ−¨ª®¬
úŒ¨æ¨ãáû (Micius) [12, 14, 15] ¨ −�§¥¬−®© áâ�−æ¨¥©, à�á¯®«®¦¥−−®© ¢ ‡¢¥-
−¨£®à®¤¥. ‘¥�−á á¢ï§¨ ¯à®¢¥¤¥− ¢ −®çì á 28 ä¥¢à�«ï −� 1 ¬�àâ� 2022 £. ¯à¨
¯à®å®¦¤¥−¨¨ á¯ãâ−¨ª� ç¥à¥§ §®−ã ¢¨¤¨¬®áâ¨ áâ�−æ¨¨. ��à�¬¥âàë, ®¯à¥¤¥«¥−−ë¥
¢ å®¤¥ íªá¯¥à¨¬¥−â�, ¯à¥¤áâ�¢«¥−ë ¢ â�¡«. 2.

�� ®á−®¢�−¨¨ ¤�−−ëå â�¡«. 2, −� à¨á. 1 ¯à¨¢¥¤¥−® á®¯®áâ�¢«¥−¨¥ à�ááç¨â�−-
−®© áª®à®áâ¨ £¥−¥à�æ¨¨ ¯à®á¥ï−−®£® ª¢�−â®¢®£® ª«îç�, ¯®«ãç¥−−®© á ¨á¯®«ì-
§®¢�−¨¥¬ ®¯¨á�−−®© ¬¥â®¤¨ª¨ ®æ¥−ª¨ ¯®ª�§�â¥«¥© íää¥ªâ¨¢−®áâ¨ á¯ãâ−¨ª®¢®£®
Š÷Š, ¨ íªá¯¥à¨¬¥−â�«ì−ëå ¤�−−ëå, §�à¥£¨áâà¨à®¢�−−ëå ¢ å®¤¥ ¯à®«¥â� á¯ãâ-
−¨ª� Micius −�¤ ‡¢¥−¨£®à®¤áª®© −�§¥¬−®© áâ�−æ¨¥© [16].

�à¨ ç¨á«¥−−®¬ ¬®¤¥«¨à®¢�−¨¨ áª®à®áâ¨ £¥−¥à�æ¨¨ ¯à®á¥ï−−®£® ª¢�−â®¢®£®
ª«îç� (á¬. à¨á. 1) ª®íää¨æ¨¥−âë ¯à®¯ãáª�−¨ï, ®¡ãá«®¢«¥−−ë¥ áæ¨−â¨««ïæ¨¥©
¨ ¡«ã¦¤�−¨¥¬ ¯ãçª�, à�ááç¨âë¢�«¨áì −� ®á−®¢¥ ¢¥àâ¨ª�«ì−®£® ¯à®ä¨«ï áâàãª-
âãà−®© ¯®áâ®ï−−®© ¯®ª�§�â¥«ï ¯à¥«®¬«¥−¨ï C2n(h) [6], ®¯¨áë¢�¥¬®£® ¬®¤¥«ìî
ƒà¨−¢ã¤� [26], ¢ á®®â¢¥âáâ¢¨¨ á ¬¥â®¤¨ª®©, ¨§«®¦¥−−®© ¢ [6]. „�−−�ï ¬®¤¥«ì
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Œ. ‚. ‘�¯®¦−¨ª®¢, ‘. ā. Š�§�−æ¥¢, ā. �. Œ¨à®−®¢ ¨ ¤à.

÷¨á. 1 ‘ª®à®áâì £¥−¥à�æ¨¨ ¯à®á¥ï−−®© ª¢�−â®¢®© ª«îç¥¢®© ¯®á«¥¤®¢�â¥«ì−®áâ¨: 1 |
íªá¯¥à¨¬¥−â�«ì−ë¥ ¤�−−ë¥; 2 | ç¨á«¥−−®¥ ¬®¤¥«¨à®¢�−¨¥; 3 | ¯à®âï¦¥−−®áâì âà�ááë

¢ë¡à�−� á ãç¥â®¬ −®ç−ëå ãá«®¢¨© ¯à®¢¥¤¥−¨ï −�âãà−®£® íªá¯¥à¨¬¥−â� [16], ¯à¨
ª®â®àëå âãà¡ã«¥−â−ë¥ ä«ãªâã�æ¨¨ ¢ ¯à¨§¥¬−®¬ á«®¥ �â¬®áä¥àë ®á«�¡«¥−ë,
� ¯à®ä¨«ì C2n(h) á®®â¢¥âáâ¢ã¥â ãáâ®©ç¨¢®© áâà�â¨ä¨ª�æ¨¨, çâ® ®¡¥á¯¥ç¨¢�¥â
�¤¥ª¢�â−®áâì ¥¥ ¯à¨¬¥−¥−¨ï ¤«ï ®æ¥−ª¨ ®¡é¥© íää¥ªâ¨¢−®áâ¨ ª�−�«� η (3).

‘®¯®áâ�¢«¥−¨¥ à�ááç¨â�−−®© ¨ íªá¯¥à¨¬¥−â�«ì−®© áª®à®áâ¨ £¥−¥à�æ¨¨ ¯à®á¥-
ï−−®£® ª«îç� Rsift ¢ å®¤¥ ¯à®«¥â� á¯ãâ−¨ª� Micius −�¤ ‡¢¥−¨£®à®¤áª®© áâ�−æ¨¥©
¤¥¬®−áâà¨àã¥â å®à®è¥¥ ª�ç¥áâ¢¥−−®¥ á®£«�á¨¥ ¢ â¥ç¥−¨¥ ¢á¥£® á¥�−á� á¢ï§¨.
��¡«î¤�¥¬�ï ¤¨−�¬¨ª� ¯®¤â¢¥à¦¤�¥â �¤¥ª¢�â−®áâì ¬®¤¥«¨à®¢�−¨ï ¢«¨ï−¨ï �â-
¬®áä¥à−ëå ¯®â¥àì ¨ £¥®¬¥âà¨ç¥áª®© ª®−ä¨£ãà�æ¨¨ ª�−�«�. �â® á¢¨¤¥â¥«ìáâ¢ã¥â
® ¯à¨¬¥−¨¬®áâ¨ ®¯¨á�−−®© ¬¥â®¤¨ª¨ à�áç¥â� ¯®ª�§�â¥«¥© íää¥ªâ¨¢−®áâ¨ á¯ãâ-
−¨ª®¢®£® Š÷Š ¤«ï ¤�«ì−¥©è¨å ¨áá«¥¤®¢�−¨©.

4 Оценка предельной протяженности спутникового канала
для квантового распределения ключей

�ää¥ªâ¨¢−®áâì á¯ãâ−¨ª®¢®© ª¢�−â®¢®© «¨−¨¨ á¢ï§¨ ®¯à¥¤¥«ï¥âáï −¥ â®«ì-
ª® £¥®¬¥âà¨ç¥áª®© ¯à®âï¦¥−−®áâìî âà�ááë ¨ ç�áâ−ë¬¨ �â¬®áä¥à−ë¬¨ ¢®§¤¥©-
áâ¢¨ï¬¨, −® ¨ á®®â−®è¥−¨¥¬ ¬¥¦¤ã áª®à®áâìî à¥£¨áâà�æ¨¨ ¯®«¥§−ëå ä®â®−®¢
¨ â¥¬−®¢ë¬ ä®−®¬. Šà¨â¨ç¥áª¨¬ ä�ªâ®à®¬, ®£à�−¨ç¨¢�îé¨¬ à�¡®â®á¯®á®¡-
−®áâì á¨áâ¥¬ë, áç¨â�¥âáï ãá«®¢¨¥, ¯à¨ ª®â®à®¬ áª®à®áâì à¥£¨áâà�æ¨¨ ¯®«¥§−ëå
ä®â®−®¢ áâ�−®¢¨âáï á®¯®áâ�¢¨¬®© ¨«¨ −¨¦¥ â¥¬−®¢®£® ä®−�. �â® ¢«¥ç¥â §� á®¡®©
à¥§ª®¥ á−¨¦¥−¨¥ ¤®áâ®¢¥à−®áâ¨ ¯¥à¥¤�¢�¥¬®© ¨−ä®à¬�æ¨¨, ¢¯«®âì ¤® −¥¯à¨¥¬«¥-
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�ää¥ªâ¨¢−®áâì ª¢�−â®¢®£® à�á¯à¥¤¥«¥−¨ï ª«îç¥© ¢ á¯ãâ−¨ª®¢®© ®¯â¨ç¥áª®© á¢ï§¨

¬ëå §−�ç¥−¨© [9]. ‚ á¢ï§¨ á íâ¨¬, ¥á«¨ §−�ç¥−¨¥ ¯à®¨§¢¥¤¥−¨ï ç�áâ®âë ®â¯à�¢ª¨
®¤¨−®ç−ëå ä®â®−®¢ f −� ¢¥à®ïâ−®áâì à¥£¨áâà�æ¨¨ ä®â®−� p ¬¥−ìè¥ áª®à®áâ¨
â¥¬−®¢ëå ®âáç¥â®¢ DCR, â® ¯¥à¥¤�ç� −¥®áãé¥áâ¢¨¬�: ¯à¨ íâ®¬ ¯à¥¤¥«¥ ®â«¨ç¨âì
á¨£−�« ®â èã¬� §�âàã¤−¨â¥«ì−®.

‘¨£−�« ¤®«¦¥− ¡ëâì à�§«¨ç¨¬ ¯® áà�¢−¥−¨î á ä®−®¢ë¬ ãà®¢−¥¬, ¯®íâ®¬ã
−¥®¡å®¤¨¬® ¢ë¯®«−¥−¨¥ −¥à�¢¥−áâ¢�

1− e−ηdηµ = psignal > pdark , (7)

£¤¥ η | ®¡é�ï íää¥ªâ¨¢−®áâì ¯à®¯ãáª�−¨ï (3); psignal | ¢¥à®ïâ−®áâì áà�¡�-
âë¢�−¨ï ¤¥â¥ªâ®à�, ®¡ãá«®¢«¥−−®£® ä®â®−�¬¨, ¯¥à¥¤�−−ë¬¨ ¢ ®¤−®¬ á«�¡®¬
ª®£¥à¥−â−®¬ ¨¬¯ã«ìá¥ (2); pdark | ¢¥à®ïâ−®áâì â¥¬−®¢ëå ®âáç¥â®¢ ¤¥â¥ªâ®à®¢
®¤¨−®ç−ëå ä®â®−®¢.

“ç¨âë¢�ï, çâ® ¯à¨ ηdηµ ≪ 1 ¢¥à®ïâ−®áâì áà�¡�âë¢�−¨ï ¤¥â¥ªâ®à� psignal ≈
≈ ηdηµ, −� ®á−®¢�−¨¨ ¢ëà�¦¥−¨ï (7) ¯®à®£®¢�ï ¢¥à®ïâ−®áâì à¥£¨áâà�æ¨¨ ®¤¨-
−®ç−®£® ä®â®−� ®¯à¥¤¥«ï¥âáï ª�ª

psignalÐÏÒÏÇ =
DCR

fµηd
.

„«ï à�áç¥â� ¢¥à®ïâ−®áâ¨ áà�¡�âë¢�−¨ï ¤¥â¥ªâ®à� psignal âà¥¡ã¥âáï ¯à¥¤¢�à¨-
â¥«ì−�ï ®æ¥−ª� ®¡é¥© íää¥ªâ¨¢−®áâ¨ ¯à®¯ãáª�−¨ï ª�−�«� η, ®¯à¥¤¥«ï¥¬®© ª�ª
¯à®¨§¢¥¤¥−¨¥ £¥®¬¥âà¨ç¥áª¨å ¨ ç�áâ−ëå �â¬®áä¥à−ëå ¯®â¥àì (3).

‡�¢¨á¨¬®áâ¨ ®¡é¥© íää¥ªâ¨¢−®áâ¨ ¯à®¯ãáª�−¨ï ª�−�«� ¢ á«ãç�¥ ¬�ªá¨¬�«ì-
−®£® ¢®§¢ëè¥−¨ï á¯ãâ−¨ª� 50◦ ¤«ï λ = 850, 1310 ¨ 1550 −¬ ¯à¥¤áâ�¢«¥−ë −�
à¨á. 2. �� ¢â®à¨ç−®© ®á¨ ®â«®¦¥−� ¯à®âï¦¥−−®áâì âà�ááëL(t), á®®â¢¥âáâ¢ãîé�ï
£¥®¬¥âà¨¨ á¯ãâ−¨ª®¢®© á¢ï§¨.

�� ®á−®¢�−¨¨ ¤�−−ëå à¨á. 2 ¬®¦−® á¤¥«�âì á«¥¤ãîé¨¥ ¢ë¢®¤ë: íää¥ª-
â¨¢−®áâì ¯à®¯ãáª�−¨ï á−¨¦�¥âáï á ã¢¥«¨ç¥−¨¥¬ ¤«¨−ë ¢®«−ë, â. ¥. η|λ=850 >
> η|λ=1310 > η|λ=1550; −�¨¡®«¥¥ ¢ëá®ªãî íää¥ªâ¨¢−®áâì ¤¥¬®−áâà¨àã¥â ª�−�«
¯à¨ λ = 850 −¬, çâ® ®¡ãá«®¢«¥−®, ¢ ç�áâ−®áâ¨, ¬¥−ìè¨¬¨ ¤¨äà�ªæ¨®−−ë¬¨ ¯®-
â¥àï¬¨ ¨ ¡®«¥¥ ¢ëá®ª®© ª¢�−â®¢®© íää¥ªâ¨¢−®áâìî ¤¥â¥ªâ®à®¢ ¢ íâ®¬ ¤¨�¯�§®−¥
(á¬. â�¡«. 1).

÷�ááç¨â�−−ë¥ ¢¥à®ïâ−®áâ¨ áà�¡�âë¢�−¨ï ¤¥â¥ªâ®à� psignal á ãç¥â®¬ à¨á. 2
¤«ï λ = 850, 1310 ¨ 1550 −¬ ¯à¥¤áâ�¢«¥−ë −� à¨á. 3. �� à¨á. 3 â�ª¦¥ −�−¥á¥−ë
¯®à®£®¢ë¥ ¢¥à®ïâ−®áâ¨ à¥£¨áâà�æ¨¨ ®¤¨−®ç−ëå ä®â®−®¢.

�� à¨á. 3 ¯®ª�§�−ë ¢à¥¬¥−− �ë¥ §�¢¨á¨¬®áâ¨ ¢¥à®ïâ−®áâ¨ à¥£¨áâà�æ¨¨ ¯®«¥§-
−®£® ä®â®−� psignal (1) ¨ ¯®à®£®¢®© ¢¥à®ïâ−®áâ¨ (2). �� ¢â®à¨ç−®© ®á¨ ®â«®¦¥−�
¯à®âï¦¥−−®áâì âà�ááë L(t), ®¯à¥¤¥«ï¥¬�ï £¥®¬¥âà¨¥© á¯ãâ−¨ª®¢®© á¢ï§¨. ˆ§
à¨á. 3 ¢¨¤−®, çâ®:

(1) ¯à¨ λ = 850 −¬ psignal > psignalÐÏÒÏÇ ¢ â¥ç¥−¨¥ ¨−â¥à¢�«� ¢à¥¬¥−¨ ®â t ≈
≈ 10 ¤® 290 á. �®à®£®¢�ï ¤«¨−� âà�ááë, ®â¢¥ç�îé�ï ¬®¬¥−âã ¯¥à¥á¥ç¥−¨ï
ªà¨¢ëå, á®áâ�¢«ï¥â Lmax ≈ 1289,8 ª¬, çâ® á®®â¢¥âáâ¢ã¥â ã£«ã ¬¥áâ� á¯ãâ-
−¨ª� ϕ < 20◦, ª®£¤� ãáâ®©ç¨¢®¥ ¤¢ãáâ®à®−−¥¥ −�¢¥¤¥−¨¥ ®âáâãâáâ¢ã¥â.
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Œ. ‚. ‘�¯®¦−¨ª®¢, ‘. ā. Š�§�−æ¥¢, ā. �. Œ¨à®−®¢ ¨ ¤à.

÷¨á. 2 ‡�¢¨á¨¬®áâ¨ ®¡é¥© íää¥ªâ¨¢−®áâ¨ ¯à®¯ãáª�−¨ï ª�−�«� ¤«ï à�§«¨ç−ëå ¤«¨−
¢®«−: 1 | λ = 850 −¬; 2 | 1310; 3 | λ = 1550 −¬; 4 | ¯à®âï¦¥−−®áâì âà�ááë

’�ª¨¬ ®¡à�§®¬, á¨áâ¥¬� −� ¤«¨−¥ ¢®«−ë 850 −¬ á¯®á®¡−� ®¡¥á¯¥ç¨âì à�-
¡®â®á¯®á®¡−ë© á¥�−á á¢ï§¨ ¢ â¥ç¥−¨¥ ¢à¥¬¥−¨, ª®£¤� ã£®« ¬¥áâ� á¯ãâ−¨ª�
¯à¥¢ëè�¥â 20◦. �â® á®£«�áã¥âáï á ä¨§¨ç¥áª¨¬¨ ®£à�−¨ç¥−¨ï¬¨ à¥�«ì−ëå
á¯ãâ−¨ª®¢ëå íªá¯¥à¨¬¥−â®¢, £¤¥ á¢ï§ì ¢®§¬®¦−� â®«ìª® ¯à¨ ®â−®á¨â¥«ì−®
¢ëá®ª¨å ã£«�å ¬¥áâ� (®¡ëç−® > 15◦{20◦);

(2) ¯à¨ λ = 1310 −¬ ¢® ¢á¥¬ ¤¨�¯�§®−¥ ¢à¥¬¥−¨ á¥�−á� psignal < psignalÐÏÒÏÇ .
’�ª¨¬ ®¡à�§®¬, ãá«®¢¨¥ à�§«¨ç¨¬®áâ¨ á¨£−�«� ¨ èã¬� −¥ ¢ë¯®«−ï¥âáï −¨
¯à¨ ª�ª¨å ãá«®¢¨ïå. �â® ®¡ãá«®¢«¥−® á−¨¦¥−¨¥¬ ª¢�−â®¢®© íää¥ªâ¨¢−®áâ¨
¤¥â¥ªâ®à®¢ ¯® áà�¢−¥−¨î á �−�«®£¨ç−ë¬¨ ¯à¨¡®à�¬¨ −� ¤«¨−¥ ¢®«−ë 850 −¬,
ã¢¥«¨ç¥−¨¥¬ ¤¨äà�ªæ¨®−−ëå ¯®â¥àì, � â�ª¦¥ ç�áâ−ë¬¨ �â¬®áä¥à−ë¬¨
¢®§¤¥©áâ¢¨ï¬¨, ®á®¡¥−−® ¯à¨ ¡®«ìè¨å §¥−¨â−ëå ã£«�å. �� ®á−®¢�−¨¨
íâ®£® ¯à¨ §�¤�−−ëå ¯�à�¬¥âà�å ¤¥â¥ªâ®à� ¨á¯®«ì§®¢�−¨¥ ¤«¨−ë ¢®«−ë
1310 −¬ ¤«ï á¯ãâ−¨ª®¢®£® Š÷Š ä¨§¨ç¥áª¨ −¥¢®§¬®¦−® ¢ à�¬ª�å ¤�−−®©
ª®−ä¨£ãà�æ¨¨: á¨áâ¥¬� −¥ ¬®¦¥â ¤®áâ¨çì ¯®à®£� à�¡®â®á¯®á®¡−®áâ¨ ¤�¦¥
¯à¨ ¬¨−¨¬�«ì−®© ¤«¨−¥ âà�ááë;

(3) ¤«ï ¤«¨−ë ¢®«−ë λ = 1550 −¬ ª�ç¥áâ¢¥−−�ï ª�àâ¨−� ¯®«−®áâìî ¯®¢â®àï¥â
á«ãç�© 1310 −¬. ÷�§«¨ç¨¥ ¬¥¦¤ã á¨£−�«®¬ ¨ èã¬®¬ ®âáãâáâ¢ã¥â −� ¢á¥¬
¨−â¥à¢�«¥ ¢à¥¬¥−¨.

�à®¢¥¤¥−−ë© �−�«¨§ ¤¥¬®−áâà¨àã¥â, çâ® à�¡®â®á¯®á®¡−®áâì á¯ãâ−¨ª®¢®£®
ª�−�«� c Š÷Š á¨«ì−® §�¢¨á¨â ®â ¤«¨−ë ¢®«−ë, ¨ «¨èì ¯à¨ ¨á¯®«ì§®¢�−¨¨
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�ää¥ªâ¨¢−®áâì ª¢�−â®¢®£® à�á¯à¥¤¥«¥−¨ï ª«îç¥© ¢ á¯ãâ−¨ª®¢®© ®¯â¨ç¥áª®© á¢ï§¨

÷¨á. 3 ‚¥à®ïâ−®áâì áà�¡�âë¢�−¨ï ¤¥â¥ªâ®à�: (�) λ = 850 −¬; (¡) 1310; (¢) λ = 1550 −¬;
1 | psignal; 2 | psignal

ÐÏÒÏÇ
; 3 | ¯à®âï¦¥−−®áâì âà�ááë
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÷¨á. 4 ‘ª®à®áâì £¥−¥à�æ¨¨ ¯à®á¥ï−−®© ª¢�−â®¢®© ª«îç¥¢®© ¯®á«¥¤®¢�â¥«ì−®áâ¨ (�)
¨ ª®íää¨æ¨¥−â ª¢�−â®¢ëå ®è¨¡®ª −� ¡¨â (¡): 1 | BB84; 2 | B92; 3 | ¯à®âï¦¥−−®áâì
âà�ááë

λ = 850 −¬ ¢®§¬®¦−® ¤®áâ¨¦¥−¨¥ ãá«®¢¨ï psignal > psignalÐÏÒÏÇ ¯à¨ §�¤�−−ëå ¯�-

à�¬¥âà�å ¤¥â¥ªâ®à®¢ (á¬. â�¡«. 1). „«ï ¤«¨− ¢®«− 1310 ¨ 1550 −¬ ¯à¨ §�¤�−−ëå
¯�à�¬¥âà�å ¤¥â¥ªâ®à®¢ ¯¥à¥¤�ç� ¨−ä®à¬�æ¨¨ −¥¢®§¬®¦−�, ¯®áª®«ìªã ãà®¢¥−ì
á¨£−�«� ®áâ�¥âáï −¨¦¥ ¯®à®£� à�§«¨ç¨¬®áâ¨ á ä®−®¢ë¬ èã¬®¬ −� ¢á¥¬ ¯à®âï-
¦¥−¨¨ á¥�−á� á¢ï§¨. �â¨ à¥§ã«ìâ�âë ¯®¤â¢¥à¦¤�îâ ªà¨â¨ç¥áªãî à®«ì ¢ë¡®à�
¤«¨−ë ¢®«−ë ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨ á¯ãâ−¨ª®¢ëå á¨áâ¥¬ ª¢�−â®¢ëå ª®¬¬ã−¨ª�æ¨©
¨ ãª�§ë¢�îâ −� −¥®¡å®¤¨¬®áâì ¨á¯®«ì§®¢�−¨ï ¢ëá®ª®íää¥ªâ¨¢−ëå ¤¥â¥ªâ®à®¢.

�� à¨á. 4 ¯à¥¤áâ�¢«¥−ë áª®à®áâì £¥−¥à�æ¨¨ ¯à®á¥ï−−®© ª¢�−â®¢®© ª«îç¥¢®©
¯®á«¥¤®¢�â¥«ì−®áâ¨ ¨ ª®íää¨æ¨¥−â ª¢�−â®¢ëå ®è¨¡®ª −� ¡¨â ¯à¨ à�¡®ç¥© ¤«¨−¥
¢®«−ë λ = 850 −¬ ¤«ï ¤¢ãå ¯à®â®ª®«®¢ Š÷Š: BB84 ¨ B92. �� ¢â®à¨ç−®© ®á¨
®â«®¦¥−� ¯à®âï¦¥−−®áâì âà�ááë L(t), á®®â¢¥âáâ¢ãîé�ï £¥®¬¥âà¨¨ á¯ãâ−¨ª®¢®©
á¢ï§¨.
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�ää¥ªâ¨¢−®áâì ª¢�−â®¢®£® à�á¯à¥¤¥«¥−¨ï ª«îç¥© ¢ á¯ãâ−¨ª®¢®© ®¯â¨ç¥áª®© á¢ï§¨

ˆ§ à¨á. 4 ¢¨¤−®, çâ®:
(1) ¯à®â®ª®« BB84 ®¡¥á¯¥ç¨¢�¥â ¡®«¥¥ ¢ëá®ªãî áª®à®áâì (¬�ªá¨¬�«ì−®¥ §−�-

ç¥−¨¥ Rmaxsift ≈ 3,3 ª¡¨â/á), ¢ â® ¢à¥¬ï ª�ª ¯à®â®ª®« B92 ¨¬¥¥â ¬¥−ìèãî
áª®à®áâì (Rmaxsift ≈ 1,7 ª¡¨â/á). �â® à�§«¨ç¨¥ ®¡êïá−ï¥âáï ¡®«¥¥ −¨§ª®©
íää¥ªâ¨¢−®áâìî ª®¤¨à®¢�−¨ï ¢ B92 (¢ áà¥¤−¥¬ 50% ¨¬¯ã«ìá®¢ â¥àïîâáï
−� íâ�¯¥ ¯à®á¥¨¢�−¨ï, â®£¤� ª�ª ¢ BB84 50% | â®«ìª® ¯à¨ −¥á®¢¯�¤¥−¨¨
¡�§¨á®¢);

(2) ¤«ï ¯à®â®ª®«� BB84 ¬¨−¨¬�«ì−ë© QBER≈ 1,1%, ¬�ªá¨¬�«ì−ë©≈ 17,5%;
¤«ï B92: ¬¨−¨¬�«ì−ë© QBER ≈ 0,8%, ¬�ªá¨¬�«ì−ë© ≈ 8,5%. „«ï ¯à®â®-
ª®«� BB84 §−�ç¥−¨¥ QBER ¯à¥¢ëè�¥â ¯®à®£®¢ãî £à�−¨æã 11%, çâ® â¥®à¥-
â¨ç¥áª¨ ¤¥«�¥â ä®à¬¨à®¢�−¨¥ ª«îç� −¥¢®§¬®¦−ë¬ [9]. �â® á¢¨¤¥â¥«ìáâ¢ã¥â
® −�«¨ç¨¨ âà¥âì¥© áâ®à®−ë (…¢ë), ¯®áª®«ìªã «î¡®¥ ¨§¬¥à¥−¨¥ á® áâ®à®-
−ë §«®ã¬ëè«¥−−¨ª� −¥¨§¡¥¦−® ¢ë§ë¢�¥â ¨§¬¥−¥−¨¥ á®áâ®ï−¨ï ª¢�−â®¢ëå
ç�áâ¨æ. ‚ íâ®¬ á«ãç�¥ ¯à®â®ª®« ¯à¥ªà�é�¥âáï, ¨ ãç�áâ−¨ª¨ ¯®¢â®àïîâ ¯à®-
æ¥¤ãàã £¥−¥à�æ¨¨ ª«îç� ¯®ª� −¥ ã¤®áâ®¢¥àïâáï ¢ ¥£® ¡¥§®¯�á−®áâ¨. �¤−�ª®
íâ¨ ¢à¥¬¥−− �ë¥ ¨−â¥à¢�«ë á®®â¢¥âáâ¢ãîâ ã£«�¬ ¬¥áâ� á¯ãâ−¨ª� ϕ < 20◦.
’�ª¨¬ ®¡à�§®¬, ¯à¥¢ëè¥−¨¥ QBER ¢ úªà�©−¨åû â®çª�å −¥ áâ�−®¢¨âáï ªà¨-
â¨ç−ë¬ ¤«ï ¯à�ªâ¨ç¥áª®© à¥�«¨§�æ¨¨, ¯®áª®«ìªã ¢ íâ¨å ãá«®¢¨ïå á¢ï§ì −¥
ãáâ�−�¢«¨¢�¥âáï.

ˆâ�ª, ¯à¨ ¨á¯®«ì§®¢�−¨¨ ¤«¨−ë ¢®«−ë 850 −¬ ¢ á¯ãâ−¨ª®¢®¬ ª�−�«¥ Š÷Š:
(1) ¯à®â®ª®« BB84 ®¡¥á¯¥ç¨¢�¥â ¢ëá®ªãî áª®à®áâì £¥−¥à�æ¨¨ ª«îç� (¤®

3,3 ª¡¨â/á), −® á®¯àï¦¥− á ¡®«¥¥ ¢ëá®ª¨¬ ãà®¢−¥¬ ¢ ®¡«�áâ¨ ¬�«ëå ã£«®¢
¬¥áâ�;

(2) ¯à®â®ª®« B92 å�à�ªâ¥à¨§ã¥âáï ¬¥−ìè¥© áª®à®áâìî (¤® 1,7 ª¡¨â/á), −® ¡®«¥¥
−¨§ª¨¬ ¨ áâ�¡¨«ì−ë¬ , çâ® ¯®¢ëè�¥â −�¤¥¦−®áâì ª«îç� ¢ ãá«®¢¨ïå á«�¡®£®
á¨£−�«�.

5 Заключение

‚ à�¡®â¥ ¢¥à¨ä¨æ¨àã¥âáï ¬¥â®¤¨ª� à�áç¥â� ¯®ª�§�â¥«¥© íää¥ªâ¨¢−®áâ¨ á¯ãâ-
−¨ª®¢®£® Š÷Š (QBER ¨ Rsift), ¢ª«îç�îé�ï ®¡éãî íää¥ªâ¨¢−®áâì ¯à®¯ãá-
ª�−¨ï η â�ª®£® ª�−�«� á¢ï§¨. ‚¥à¨ä¨ª�æ¨ï ¢ë¯®«−¥−� ¯ãâ¥¬ ª�ç¥áâ¢¥−−®£®
á®¯®áâ�¢«¥−¨ï ¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢ á ¤�−−ë¬¨ −�âãà−®£® íªá¯¥à¨¬¥−â� ¯®
á¯ãâ−¨ª®¢®¬ã Š÷Š ¬¥¦¤ã á¯ãâ−¨ª®¬ Micius ¨ −�§¥¬−®© áâ�−æ¨¥©, à�á¯®«®¦¥−-
−®© ¢ ‡¢¥−¨£®à®¤¥. �®ª�§�−® å®à®è¥¥ á®£«�á¨¥ ¬¥¦¤ã à�ááç¨â�−−®© ¨ íªá¯¥à¨-
¬¥−â�«ì−®© áª®à®áâìî £¥−¥à�æ¨¨ ª«îç� ¢ â¥ç¥−¨¥ ¢á¥£® á¥�−á�, çâ® ¯®¤â¢¥à¦¤�¥â
ª®àà¥ªâ−®áâì ¯à¨−ïâëå ¬®¤¥«ì−ëå ¯à¥¤¯®«®¦¥−¨©.

�à®¢¥¤¥−� ®æ¥−ª� ¯à¥¤¥«ì−®© íää¥ªâ¨¢−®© ¤«¨−ë á¯ãâ−¨ª®¢®£® ª�−�«� −�
âà¥å ¤«¨−�å ¢®«−: 850, 1310 ¨ 1550 −¬. “áâ�−®¢«¥−®, çâ® ¯à¨ λ = 850 −¬
¤®áâ¨¦¨¬� à�¡®â®á¯®á®¡−�ï á¢ï§ì; ¤«ï λ = 1310 ¨ 1550 −¬ áª®à®áâì à¥£¨áâà�æ¨¨
¯®«¥§−ëå ä®â®−®¢ ¢á¥£¤� −¨¦¥ â¥¬−®¢®£® ä®−�, çâ® ®¡ãá«®¢«¥−® −¨§ª®© ª¢�−â®-
¢®© íää¥ªâ¨¢−®áâìî ¨áá«¥¤ã¥¬ëå ¤¥â¥ªâ®à®¢, §−�ç¨â¥«ì−ë¬¨ ¤¨äà�ªæ¨®−−ë¬¨
¨ �â¬®áä¥à−ë¬¨ ¯®â¥àï¬¨.
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„«ï ¤«¨−ë ¢®«−ë 850 −¬ ¢ë¯®«−¥− à�áç¥â íää¥ªâ¨¢−®áâ¨ Š÷Š ¤«ï ¯à®-
â®ª®«®¢ BB84 ¨ B92. �à®¢¥¤¥−−ë© �−�«¨§ ¯®ª�§ë¢�¥â, çâ® ¯à®â®ª®« BB84
®¡¥á¯¥ç¨¢�¥â ¢ëá®ªãî áª®à®áâì £¥−¥à�æ¨¨ ª«îç� (¤® 3,3 ª¡¨â/á), −® á®¯àï¦¥−
á ¡®«¥¥ ¢ëá®ª¨¬ ãà®¢−¥¬ QBER ¢ ®¡«�áâ¨ ¬�«ëå ã£«®¢ ¬¥áâ�; ¯à®â®ª®« B92
å�à�ªâ¥à¨§ã¥âáï ¬¥−ìè¥© áª®à®áâìî (¤® 1,7 ª¡¨â/á), −® ¡®«¥¥ −¨§ª¨¬ ¨ áâ�¡¨«ì-
−ë¬ QBER, çâ® ¯®¢ëè�¥â −�¤¥¦−®áâì ª«îç� ¢ ãá«®¢¨ïå á«�¡®£® á¨£−�«�. •®âï
QBER ¢ BB84 ¯à¥¢ëè�¥â ªà¨â¨ç¥áª¨© ¯®à®£ 11% (¯à¨ ϕ > 20◦), íâ®â ¨−â¥à¢�«
¨áª«îç�¥âáï ¨§ ¯à�ªâ¨ç¥áª®£® ¨á¯®«ì§®¢�−¨ï, ¯®áª®«ìªã ¢ −¥¬ íää¥ªâ¨¢−®áâì
ª�−�«� ¯�¤�¥â −¨¦¥ âà¥¡ã¥¬®£® ãà®¢−ï ¨ ä¨§¨ç¥áª�ï á¢ï§ì −¥¢®§¬®¦−�.

�®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¯®¤â¢¥à¦¤�îâ ¯à¨−æ¨¯¨�«ì−ãî ¢®§¬®¦−®áâì ¯à¨-
¬¥−¥−¨ï Š÷Š ¢ §�¤�ç�å á¯ãâ−¨ª®¢®© ®¯â¨ç¥áª®© á¢ï§¨.
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Abstract: The paper evaluates the feasibility of using quantum key distribution in
satellite optical communications. A methodology for calculating the performance
indicators of satellite quantum key distribution, including the overall throughput
efficiency of such a communication channel, is verified. The methodology is
verified by qualitatively comparing the obtained results with data from a full-
scale satellite quantum key distribution experiment between the Micius quantum
satellite and a ground station located in Zvenigorod. The maximum effective
length of the satellite channel is estimated for three standard wavelengths: 850,
1310, and 1550 nm. For a wavelength of 850 nm, the performance indicators of
quantum key distribution are calculated taking into account the BB84 and B92
protocols. The study confirms the fundamental feasibility of using quantum key
distribution in satellite optical communications.
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ОЦЕНКА РИСКА В ЗАДАЧЕ ОБРАЩЕНИЯ ПРЕОБРАЗОВАНИЯ
РАДОНА ПРИ ИСПОЛЬЗОВАНИИ НЕПРЕРЫВНЫХ

ПОРОГОВЫХ ФУНКЦИЙ∗

А. А. Кудрявцев2, О. В. Шестаков2

�−−®â�æ¨ï: Œ¥â®¤ë ¢¥©¢«¥â-�−�«¨§� è¨à®ª® ¨á¯®«ì§ãîâáï ¯à¨ à¥è¥−¨¨
§�¤�ç à¥ª®−áâàãªæ¨¨ â®¬®£à�ä¨ç¥áª¨å ¨§®¡à�¦¥−¨©, ¢®§−¨ª�îé¨å ¢ ¬¥-
¤¨æ¨−¥, ¡¨®«®£¨¨, �áâà®−®¬¨¨ ¨ ¤àã£¨å ®¡«�áâïå. ˆå ¯à¨¢«¥ª�â¥«ì−®áâì
§�ª«îç�¥âáï ¢ ¡ëáâà®â¥ �«£®à¨â¬®¢, �¤�¯â�æ¨¨ ª ®á®¡¥−−®áâï¬ ¨§®¡à�¦¥−¨©
¨ ¢®§¬®¦−®áâ¨ à¥ª®−áâàãªæ¨¨ «®ª�«ì−ëå ãç�áâª®¢ ¨§®¡à�¦¥−¨ï ¯® −¥¯®«−ë¬
¯à®¥ªæ¨®−−ë¬ ¤�−−ë¬. �â® ¨¬¥¥â ¢�¦−®¥ §−�ç¥−¨¥, −�¯à¨¬¥à ¤«ï ¬¥¤¨-
æ¨−áª¨å ¯à¨«®¦¥−¨©, £¤¥ ¯�æ¨¥−â� −¥¦¥«�â¥«ì−® ¯®¤¢¥à£�âì «¨è−¥© ¤®§¥
®¡«ãç¥−¨ï. �−�«¨§ ¯®£à¥è−®áâ¥© íâ¨å ¬¥â®¤®¢ ¯à¥¤áâ�¢«ï¥â á®¡®© ¢�¦−ãî
¯à�ªâ¨ç¥áªãî §�¤�çã, ¯®áª®«ìªã ¯®§¢®«ï¥â ®æ¥−¨âì ª�ç¥áâ¢® ª�ª á�¬¨å ¬¥-
â®¤®¢, â�ª ¨ ¨á¯®«ì§ã¥¬®£® ®¡®àã¤®¢�−¨ï. ‚ à�¡®â¥ à�áá¬�âà¨¢�¥âáï §�¤�ç�
à¥ª®−áâàãªæ¨¨ äã−ªæ¨¨ ¨§®¡à�¦¥−¨ï ¯à¨ ®¡à�é¥−¨¨ ®¯¥à�â®à� ÷�¤®−�. ˆá-
á«¥¤ãîâáï �á¨¬¯â®â¨ç¥áª¨¥ á¢®©áâ¢� ®æ¥−ª¨ à¨áª� ¯à¨ ¯®à®£®¢®© ®¡à�¡®âª¥
ª®íää¨æ¨¥−â®¢ ¢¥©¢«¥â-¢¥©£«¥â-à�§«®¦¥−¨ï äã−ªæ¨¨ ¨§®¡à�¦¥−¨ï. �à¨-
¢®¤ïâáï ãá«®¢¨ï, ¯à¨ ª®â®àëå ¨¬¥¥â ¬¥áâ® �á¨¬¯â®â¨ç¥áª�ï −®à¬�«ì−®áâì
¨ á¨«ì−�ï á®áâ®ïâ¥«ì−®áâì −¥á¬¥é¥−−®© ®æ¥−ª¨ à¨áª�.

Š«îç¥¢ë¥ á«®¢�: ¯à¥®¡à�§®¢�−¨¥ ÷�¤®−�; ¢¥©¢«¥â-¢¥©£«¥â-à�§«®¦¥−¨¥;
¯®à®£®¢�ï ®¡à�¡®âª�; ®æ¥−ª� à¨áª�
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1 Введение

Œ¥â®¤ë áâ�â¨áâ¨ç¥áª®£® �−�«¨§� ç�áâ® ¯à¨¬¥−ïîâáï ¤«ï à¥è¥−¨ï §�¤�ç,
¢ ª®â®àëå ¤®áâã¯−ë «¨èì ª®á¢¥−−ë¥ −�¡«î¤¥−¨ï, ¢ ç�áâ−®áâ¨ ¤«ï §�¤�ç ª®¬¯ìî-
â¥à−®© â®¬®£à�ä¨¨, á¢ï§�−−ëå á à¥ª®−áâàãªæ¨¥© ¨§®¡à�¦¥−¨© ¯® ¯à®¥ªæ¨ï¬.
’®¬®£à�ä¨ç¥áª¨¥ ¬¥â®¤ë à¥ª®−áâàãªæ¨¨ ¨§®¡à�¦¥−¨© è¨à®ª® à�á¯à®áâà�−¥−ë
¢ á�¬ëå à�§−ëå ®¡«�áâïå, ¢ª«îç�ï ¬¥¤¨æ¨−ã, £¥®ä¨§¨ªã, �áâà®−®¬¨î ¨ à�-
¤¨®«®ª�æ¨î. ‡�¤�ç� ®¡à�é¥−¨ï ¯à¥®¡à�§®¢�−¨ï ÷�¤®−�, «¥¦�é¥£® ¢ ®á−®¢¥

∗‘â�âìï ¯®¤£®â®¢«¥−� ¯à¨ ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ Œ¨−¨áâ¥àáâ¢� −�ãª¨ ¨ ¢ëáè¥£® ®¡à�§®¢�-
−¨ï ¢ à�¬ª�å ¯à®£à�¬¬ë Œ®áª®¢áª®£® æ¥−âà� äã−¤�¬¥−â�«ì−®© ¨ ¯à¨ª«�¤−®© ¬�â¥¬�â¨ª¨ ¯®
á®£«�è¥−¨î ü 075-15-2025-345.

1Œ®áª®¢áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â ¨¬. Œ. ‚. ‹®¬®−®á®¢�, ä�ªã«ìâ¥â ¢ëç¨á«¨â¥«ì−®©
¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨; Œ®áª®¢áª¨© æ¥−âà äã−¤�¬¥−â�«ì−®© ¨ ¯à¨ª«�¤−®© ¬�â¥¬�â¨ª¨,
aakudryavtsev@cs.msu.ru

2Œ®áª®¢áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â ¨¬. Œ. ‚. ‹®¬®−®á®¢�, ä�ªã«ìâ¥â ¢ëç¨á«¨â¥«ì−®©
¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨; Œ®áª®¢áª¨© æ¥−âà äã−¤�¬¥−â�«ì−®© ¨ ¯à¨ª«�¤−®© ¬�â¥¬�â¨ª¨;
”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª; oshestakov@cs.msu.ru
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�æ¥−ª� à¨áª� ¢ §�¤�ç¥ ®¡à�é¥−¨ï ¯à¥®¡à�§®¢�−¨ï ÷�¤®−�

¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨ ¯à®¥ªæ¨®−−ëå ¤�−−ëå, ®â−®á¨âáï ª −¥ª®àà¥ªâ−® ¯®-
áâ�¢«¥−−ë¬, ¨ ¤«ï ¥¥ à¥è¥−¨ï âà¥¡ã¥âáï ¨á¯®«ì§®¢�âì ¬¥â®¤ë à¥£ã«ïà¨§�æ¨¨,
¯®áª®«ìªã ¢ à¥�«ì−ëå −�¡«î¤¥−¨ïå ¢á¥£¤� ¯à¨áãâáâ¢ã¥â èã¬. Š«�áá¨ç¥áª¨¥ «¨-
−¥©−ë¥ ¬¥â®¤ë à¥£ã«ïà¨§�æ¨¨ −¥ ¢á¥£¤� ¤�îâ ã¤®¢«¥â¢®à¨â¥«ì−ë¥ à¥§ã«ìâ�âë,
¯®áª®«ìªã −¥ ãç¨âë¢�îâ ®á®¡¥−−®áâ¨ ¨§®¡à�¦¥−¨©, â�ª¨¥ ª�ª à¥§ª�ï á¬¥−� ä®-
−�, £à�−¨æë ª®−âãà®¢ ¨ â. ¯. ‘ íâ¨¬ −¥¤®áâ�âª®¬ ¯®§¢®«ïîâ á¯à�¢¨âìáï ¬¥â®¤ë
¢¥©¢«¥â-à�§«®¦¥−¨ï, ¯à¥¤«®¦¥−−ë¥ ¢ à�¡®â¥ [1]. ‚ à�¡®â�å [2{4] ¯à®¢®¤¨âáï
�−�«¨§ áà¥¤−¥ª¢�¤à�â¨ç−®£® à¨áª� ¬¥â®¤®¢ −¥«¨−¥©−®© à¥£ã«ïà¨§�æ¨¨, ®á−®-
¢�−−ëå −� ¯®à®£®¢®© ®¡à�¡®âª¥ ª®íää¨æ¨¥−â®¢ ¢¥©¢«¥â-à�§«®¦¥−¨ï. ‚ ¤�−−®©
à�¡®â¥ à�áá¬�âà¨¢�¥âáï ®æ¥−ª� áà¥¤−¥ª¢�¤à�â¨ç−®£® à¨áª� ¨ ¯®ª�§ë¢�¥âáï, çâ®
¯à¨ −¥ª®â®àëå ¤®¯®«−¨â¥«ì−ëå âà¥¡®¢�−¨ïå −� £«�¤ª®áâì äã−ªæ¨¨ ¨§®¡à�¦¥-
−¨ï íâ� ®æ¥−ª� á¨«ì−® á®áâ®ïâ¥«ì−� ¨ �á¨¬¯â®â¨ç¥áª¨ −®à¬�«ì−�. �−�«®£¨ç−ë¥
à¥§ã«ìâ�âë ¤«ï §�¤�ç¨ ®¡à�é¥−¨ï «¨−¥©−ëå ®¤−®à®¤−ëå ®¯¥à�â®à®¢ ¯®«ãç¥−ë
¢ à�¡®â�å [5{7].

2 Преобразование Радона

�à¥®¡à�§®¢�−¨¥ ÷�¤®−� äã−ªæ¨¨ f ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬:

Rf(s, θ) =

∫

Ls,θ

f(x, y) dl,

£¤¥
Ls,θ = {(x, y) : x cos θ + y sin θ − s = 0} .

‡�¤�ç� à¥ª®−áâàãªæ¨¨ â®¬®£à�ä¨ç¥áª®£® ¨§®¡à�¦¥−¨ï á®áâ®¨â ¢ −�å®¦¤¥−¨¨
äã−ªæ¨¨ f(x, y) ¯à¨ −�¡«î¤¥−¨¨ äã−ªæ¨¨ Rf(s, θ), â. ¥. ®¡à�é¥−¨¨ ¯à¥®¡à�§®-
¢�−¨ïR. „«ï à¥è¥−¨ï íâ®© §�¤�ç¨ ¢ à�¡®â¥ [1] ¯à¥¤«®¦¥− ¬¥â®¤ ¢¥©¢«¥â-¢¥©£«¥â-
à�§«®¦¥−¨ï, ª®â®àë© ¯®§¢®«ï¥â ãç¨âë¢�âì à�§«¨ç−ë¥ «®ª�«ì−ë¥ ®á®¡¥−−®áâ¨
¨§®¡à�¦¥−¨©. ‚ë¡¨à�¥âáï â�ª −�§ë¢�¥¬�ï ¬�áèâ�¡¨àãîé�ï äã−ªæ¨ï φ(x) ¨ á®-
®â¢¥âáâ¢ãîé�ï ¢¥©¢«¥â-äã−ªæ¨ï ψ(x), á ¯®¬®éìî ª®â®àëå áâà®¨âáï ¤¢ã¬¥à−ë©
®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á

ψ
[1]
j,k1,k2

(x, y) = 2jφ
(
2jx− k1

)
ψ
(
2jy − k2

)
;

ψ
[2]
j,k1,k2

(x, y) = 2jψ
(
2jx− k1

)
φ
(
2jy − k2

)
;

ψ
[3]
j,k1,k2

(x, y) = 2jψ
(
2jx− k1

)
ψ
(
2jy − k2

)
,





(1)

£¤¥ j, k1, k2 ∈ Z. ˆ−¤¥ªá j ¢ (1) −�§ë¢�¥âáï ¬�áèâ�¡®¬, � ¨−¤¥ªáë k1 ¨ k2 |
á¤¢¨£�¬¨. „«ï ¯®áâà®¥−¨ï ¡�§¨á� äã−ªæ¨¨ φ ¨ ψ ¤®«¦−ë ã¤®¢«¥â¢®àïâì ®¯à¥-
¤¥«¥−−ë¬ ãá«®¢¨ï¬ [8], ®¤−�ª® ª«�áá ¤®¯ãáâ¨¬ëå äã−ªæ¨© ¤®áâ�â®ç−® è¨à®ª,
¨ ¬®¦−® ®¡¥á¯¥ç¨âì ¢ë¯®«−¥−¨¥ −¥®¡å®¤¨¬ëå âà¥¡®¢�−¨©: §�¤�−−®¥ ç¨á«® −¥¯à¥-
àë¢−ëå ¯à®¨§¢®¤−ëå, ®¯à¥¤¥«¥−−®¥ ç¨á«® −ã«¥¢ëå ¬®¬¥−â®¢ ã ψ ¨ ¤®áâ�â®ç−®
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¡ëáâà®¥ ã¡ë¢�−¨¥ äã−ªæ¨© φ ¨ψ −� ¡¥áª®−¥ç−®áâ¨. ‚áî¤ã ¤�«¥¥ ¯à¥¤¯®«�£�¥âáï,
çâ® φ ¨ ψ ã¤®¢«¥â¢®àïîâ ¢á¥¬ −¥®¡å®¤¨¬ë¬ âà¥¡®¢�−¨ï¬.

‚¥©¢«¥â-à�§«®¦¥−¨¥ äã−ªæ¨¨ f ¨¬¥¥â ¢¨¤:

f =
∑

λ,j,k1,k2

〈
f, ψ

[λ]
j,k1,k2

〉
ψ
[λ]
j,k1,k2

. (2)

Œ¥â®¤ à¥ª®−áâàãªæ¨¨ f §�ª«îç�¥âáï ¢ §�¬¥−¥ ª®íää¨æ¨¥−â®¢ ¢ (2) −� ¢¥«¨ç¨−ë,
¢ëà�¦�îé¨¥áï ç¥à¥§ Rf , � −¥ ç¥à¥§ f . �ãáâì

ξ
[λ]
j,k1,k2

=
1

4π
Ri[Rψ

[λ]
j,k1,k2

],

£¤¥ ®¯¥à�â®à ÷¨áá� Ri ®¯à¥¤¥«ï¥âáï á®®â−®è¥−¨¥¬

R̂i[g](ω) = |w|ĝ(ω).

�à¨ ¤®áâ�â®ç−®© £«�¤ª®áâ¨ φ ¨ ψ ¯®á«¥¤®¢�â¥«ì−®áâì {2−j/2ξ
[λ]
j,k1,k2

} ®¡à�§ã-

¥â ãáâ®©ç¨¢ë© ¡�§¨á [2]. �à¨ íâ®¬ 〈f, ψ[λ]j,k1,k2
〉 = 〈Rf, ξ[λ]j,k1,k2

〉. ”ã−ªæ¨¨

2−j/2ξ
[λ]
j,k1,k2

−�§ë¢�îâáï ¢¥©£«¥â�¬¨, ¨ ä®à¬ã«� ®¡à�é¥−¨ï, «¥¦�é�ï ¢ ®á−®¢¥
¬¥â®¤� ¢¥©¢«¥â-¢¥©£«¥â-à�§«®¦¥−¨ï, ¢ë£«ï¤¨â á«¥¤ãîé¨¬ ®¡à�§®¬:

f =
∑

λ,j,k1,k2

〈
Rf, ξ

[λ]
j,k1,k2

〉
ψ
[λ]
j,k1,k2

.

3 Модель проекционных данных

�� ¯à�ªâ¨ª¥ −�¡«î¤¥−¨ï ¯à¥¤áâ�¢«ïîâ á®¡®© ®âáç¥âë äã−ªæ¨¨ −� −¥ª®â®à®¬
ª®−¥ç−®¬ −®á¨â¥«¥. Šà®¬¥ â®£®, −�¡«î¤¥−¨ï á®¤¥à¦�â èã¬, ¢ë§¢�−−ë© ä®−®¢ë¬
¨§«ãç¥−¨¥¬, ¯®¬¥å�¬¨ ®¡®àã¤®¢�−¨ï ¨ ¤àã£¨¬¨ ¯à¨ç¨−�¬¨. �¥§ ®£à�−¨ç¥−¨ï
®¡é−®áâ¨ ¡ã¤¥¬ áç¨â�âì, çâ® ¯à®¥ªæ¨®−−ë¥ ¤�−−ë¥ ¨§¬¥àïîâáï ¯à¨ (s, θ) ∈
∈ [−1, 1]× [0, π], ¨ à�áá¬®âà¨¬ á«¥¤ãîéãî ¬®¤¥«ì:

Xi,l = (Rf)i,l + ζi,l, i = 1, n , l = 1, n ,

£¤¥ R | ®¯¥à�â®à ÷�¤®−�; f | ¨áª®¬�ï äã−ªæ¨ï ¨§®¡à�¦¥−¨ï; ζi,l ∼ N(0, σ2)
¨ −¥§�¢¨á¨¬ë ¢ á®¢®ªã¯−®áâ¨. „«ï ¯à¨¬¥−¥−¨ï ¢¥©¢«¥â-à�§«®¦¥−¨ï −¥®¡å®¤¨¬®,
çâ®¡ë ç¨á«® −�¡«î¤¥−¨© ¡ë«® −¥ª®â®à®© áâ¥¯¥−ìî ¤¢®©ª¨. …á«¨ íâ® −¥ â�ª, â®
−¥¤®áâ�îé¨¥ ¤�−−ë¥ ª�ª¨¬-«¨¡® ®¡à�§®¬ ¤®¯®«−ïîâáï. ‚ á¢ï§¨ á íâ¨¬ ¤�«¥¥
¡ã¤¥¬ ¯à¥¤¯®«�£�âì, çâ® n = 2J ¤«ï −¥ª®â®à®£® J > 0.
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�¥à¥å®¤ ª ¤¨áªà¥â−®¬ã �−�«®£ã ¢¥©¢«¥â-¢¥©£«¥â-à�§«®¦¥−¨ï ä�ªâ¨ç¥áª¨
¯à¥¤áâ�¢«ï¥â á®¡®© −¥ª®â®à®¥ ¬�âà¨ç−®¥ ¯à¥®¡à�§®¢�−¨¥ [1], ¢ à¥§ã«ìâ�â¥ ª®â®-
à®£® ¯®«ãç�¥âáï á«¥¤ãîé�ï ¬®¤¥«ì ¤¨áªà¥â−ëå ª®íää¨æ¨¥−â®¢ [9]:

Z
[λ]
j,k1,k2

= ν
[λ]
j,k1,k2

+ ζ
[λ]
j,k1,k2

, (3)

£¤¥ ν
[λ]
j,k1,k2

= 2J〈Rf, ξ[λ]j,k1,k2
〉, � ζ

[λ]
j,k1,k2

ã¦¥ ¯¥à¥áâ�îâ ¡ëâì −¥§�¢¨á¨¬ë¬¨ ¨ ¨¬¥-

îâ −®à¬�«ì−®¥ à�á¯à¥¤¥«¥−¨¥ á −ã«¥¢ë¬ áà¥¤−¨¬ ¨ ¤¨á¯¥àá¨¥© σ2λ,j = σ2λ2
j

(¢¥«¨ç¨−ë σ2λ (λ = 1, 2, 3) §�¢¨áïâ ®â ¢ë¡à�−−®£® ¢¥©¢«¥â-¡�§¨á�).
„«ï ã¯à®é¥−¨ï §�¯¨á¨ ¤�«¥¥ −�àï¤ã á (3) ¡ã¤¥¬ à�áá¬�âà¨¢�âì −®à¬¨à®¢�−-

−ãî ¬®¤¥«ì

Y
[λ]
j,k1,k2

=
Z
[λ]
j,k1,k2

σλ · 2j/2
=

ν
[λ]
j,k1,k2

σλ · 2j/2
+

ζ
[λ]
j,k1,k2

σλ · 2j/2
= µ

[λ]
j,k1,k2

+ z
[λ]
j,k1,k2

, (4)

£¤¥ µ
[λ]
j,k1,k2

= (σλ · 2j/2)−1 · 2J 〈f, ψ[λ]j,k1,k2
〉; z[λ]j,k1,k2

∼ N(0, 1).

4 Пороговая обработка

—â®¡ë ¯®¤�¢¨âì èã¬ ¨ ¢®ááâ�−®¢¨âì ú®ç¨é¥−−®¥û ¨§®¡à�¦¥−¨¥, ª ª®íää¨-
æ¨¥−â�¬ ¢ (4) ®¡ëç−® ¯à¨¬¥−ï¥âáï ¯®à®£®¢�ï ®¡à�¡®âª� á äã−ªæ¨¥© ρH(y, T ) =
= y1(|y| > T ) (¦¥áâª�ï ¯®à®£®¢�ï ®¡à�¡®âª�) ¨«¨ ρS(y, T ) = sgn(y) (|y| − T )+
(¬ï£ª�ï ¯®à®£®¢�ï ®¡à�¡®âª�) ¨ −¥ª®â®àë¬ ¯®à®£®¬ T . ‘¬ëá« â�ª®© ¯à®æ¥¤ãàë
§�ª«îç�¥âáï ¢ ®¡−ã«¥−¨¨ ¤®áâ�â®ç−® ¬�«ëå ª®íää¨æ¨¥−â®¢, ª®â®àë¥ ¨−â¥à¯à¥-
â¨àãîâáï ª�ª èã¬. Š�¦¤�ï ¨§ íâ¨å äã−ªæ¨© ¨¬¥¥â á¢®¨ −¥¤®áâ�âª¨: äã−ªæ¨ï ρH

à�§àë¢−�, çâ® ¯à¨¢®¤¨â ª ¯®â¥à¥ ãáâ®©ç¨¢®áâ¨, � ρS ¨áª�¦�¥â ¢á¥ ª®íää¨æ¨¥−âë,
¢ë§ë¢�ï ¤®¯®«−¨â¥«ì−®¥ á¬¥é¥−¨¥. ‚ àï¤¥ à�¡®â ¯à¥¤«®¦¥−ë �«ìâ¥à−�â¨¢−ë¥
äã−ªæ¨¨ ¯®à®£®¢®© ®¡à�¡®âª¨ ρ(y, T ), ¯à¥¤áâ�¢«ïîé¨¥ á®¡®© ª®¬¯à®¬¨áá ¬¥¦¤ã
¦¥áâª®© ¨ ¬ï£ª®© ¯®à®£®¢®© ®¡à�¡®âª®© [10{21]. �â¨ äã−ªæ¨¨ −¥¯à¥àë¢−ë, ª�ª
¨ äã−ªæ¨ï ρS(y, T ), −® ¯à¨ íâ®¬ ρ(y, T )→ y ¯à¨ |y| → ∞, â. ¥. ¤«ï ¡®«ìè¨å �¡-
á®«îâ−ëå §−�ç¥−¨© ª®íää¨æ¨¥−â®¢ ®−¨ ¯®å®¦¨ −� äã−ªæ¨î ¦¥áâª®© ¯®à®£®¢®©
®¡à�¡®âª¨.

‚ á¢ï§¨ á ¯®ï¢«¥−¨¥¬ à�§−®®¡à�§−ëå ¢¨¤®¢ äã−ªæ¨© ¯®à®£®¢®© ®¡à�¡®â-
ª¨ ¨¬¥¥â á¬ëá« à�áá¬®âà¥âì −¥ª®â®àë© ®¡é¨© ª«�áá â�ª¨å äã−ªæ¨©. �ãáâì
äã−ªæ¨ï h(y, T ) ®¡«�¤�¥â á«¥¤ãîé¨¬¨ á¢®©áâ¢�¬¨:

(1) h(−y, T ) = −h(y, T ) (−¥ç¥â−®áâì);

(2) 0 ≤ h(y, T ) ≤ T ¯à¨ y ≥ 0 (®£à�−¨ç¥−−®áâì);

(3) h(T, T ) = T (−¥¯à¥àë¢−®áâì ¯®à®£®¢®© äã−ªæ¨¨).
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’®£¤� äã−ªæ¨ï ¯®à®£®¢®© ®¡à�¡®âª¨ ®¯à¥¤¥«ï¥âáï ¢ëà�¦¥−¨¥¬

ρh(y, T ) =

{
y − h(y, T ) ¯à¨ |y| > T ;

0 ¯à¨ |y| ≤ T.

’�ª®© ¢¨¤ ¨¬¥îâ, −�¯à¨¬¥à, äã−ªæ¨¨ ¬ï£ª®© ¨ £¨¡à¨¤−®© ¯®à®£®¢®© ®¡à�¡®â-
ª¨ [13, 20], äã−ªæ¨ï ¯®à®£®¢®© ®¡à�¡®âª¨ −� ®á−®¢¥ £¨¯¥à¡®«¨ç¥áª®£® â�−£¥−-
á� [19], á¨£¬®¨¤−�ï äã−ªæ¨ï [21] ¨ −¥ª®â®àë¥ ¤àã£¨¥.

5 Погрешность пороговой обработки

�¤−¨¬ ¨§ ª«îç¥¢ëå ¢®¯à®á®¢ áâ�−®¢¨âáï ¢ë¡®à ¯®à®£®¢®£® §−�ç¥−¨ï T .
�®à®£®¢®¥ §−�ç¥−¨¥ ¤®«¦−® ¡ëâì â�ª¨¬, çâ®¡ë á¤¥«�âì ¯®£à¥è−®áâì ¨á¯®«ì§ã-
¥¬®£® ¬¥â®¤� ¬¨−¨¬�«ì−®©. „«ï ®æ¥−¨¢�−¨ï ¯®£à¥è−®áâ¨ ¢ ¬¥â®¤�å ¯®à®£®¢®©
®¡à�¡®âª¨ ®¡ëç−® à�áá¬�âà¨¢�¥âáï áà¥¤−¥ª¢�¤à�â¨ç−ë© à¨áª

RJ(T ) =
J−1∑

j=0

2j−1∑

k1=0

2j−1∑

k2=0

3∑

λ=1

σ2λ · 2jE
(
ρh

(
Y
[λ]
j,k1,k2

, Tj

)
− µ

[λ]
j,k1,k2

)2
. (5)

‚ á¢ï§¨ á −�«¨ç¨¥¬ ¬−®¦¨â¥«¥© 2j, ®ª�§ë¢�îé¨å ¢«¨ï−¨¥ −� ¢¥«¨ç¨−ã à¨áª�
−� ª�¦¤®¬ ¬�áèâ�¡¥, ¯®à®£ Tj ®¡ëç−® ¢ë¡¨à�¥âáï ®â¤¥«ì−® ¤«ï ª�¦¤®£® j.
’�ª¨¬ ®¡à�§®¬, ¤�«¥¥ ¢¬¥áâ® ¥¤¨−®£® ¯®à®£� ¡ã¤¥¬ ¨á¯®«ì§®¢�âì ¢¥ªâ®à ¯®à®£®¢
T = (T0, . . . , TJ−1). �¡®§−�ç¨¬ ç¥à¥§ Tmin â¥®à¥â¨ç¥áª¨© ú¨¤¥�«ì−ë©û ¢¥ªâ®à
¯®à®£®¢, ¬¨−¨¬¨§¨àãîé¨© (5):

RJ(Tmin) = min
Tj>0, j=0,...,J−1

RJ(T ).

„«ï RJ(Tmin) á¯à�¢¥¤«¨¢� á«¥¤ãîé�ï ®æ¥−ª� á¢¥àåã.

’¥®à¥¬� 1. �ãáâì f à�¢−®¬¥à−® à¥£ã«ïà−� ¯® ‹¨¯è¨æã á ¯®ª�§�â¥«¥¬ γ > 0,
â®£¤�

RJ(Tmin) ≤ C · 2(6/(2γ+3))JJ (2γ+6)(2γ+3),
¯à¨ íâ®¬ −¨¦−¥© £à�−¨æ¥© ¤«ï Tmin,j á«ã¦¨â ¢¥«¨ç¨−�

T ∗
j =

√
12γ + 6

2γ + 3
ln 2j − 2γ + 9

4γ + 6

√
2γ + 3

8γ + 4γ + 6

ln ln 2j√
ln 2j

.

„ ® ª � § � â ¥ « ì á â ¢ ® â¥®à¥¬ë 1 �−�«®£¨ç−® ¤®ª�§�â¥«ìáâ¢ã á®®â¢¥âáâ¢ãîé¥£®
ãâ¢¥à¦¤¥−¨ï ¢ à�¡®â¥ [22].
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6 Оценка риска

‡�¬¥â¨¬, çâ® úà�§ã¬−®¥û ¯®à®£®¢®¥ §−�ç¥−¨¥ ¤®«¦−® ã¢¥«¨ç¨¢�âìáï á à®á-
â®¬ J [8]. �à¨ íâ®¬ ¢ ®¯à¥¤¥«¥−−®¬ á¬ëá«¥ ¬�ªá¨¬�«ì−ë¬ áà¥¤¨ úà�§ã¬−ëå
¯®à®£®¢û [23, 24] ®ª�§ë¢�¥âáï â�ª −�§ë¢�¥¬ë© ã−¨¢¥àá�«ì−ë© ¯®à®£, ª®â®àë©

¢ ¤�−−®¬ á«ãç�¥ ¨¬¥¥â ¢¨¤ TU,j =
√
6 ln 2j [25]. �®áª®«ìªã áà¥¤−¥ª¢�¤à�â¨ç−ë©

à¨áª (5) ¢ ï¢−®¬ ¢¨¤¥ §�¢¨á¨â ®â −¥−�¡«î¤�¥¬ëå §−�ç¥−¨© µ
[λ]
j,k1,k2

, ¢ëç¨á«¨âì

¥£® −� ¯à�ªâ¨ª¥ −¥«ì§ï, � §−�ç¨â, −¥«ì§ï −�©â¨ ¨ ¢¥ªâ®à RJ(Tmin). �®íâ®¬ã
¤«ï ¢ëç¨á«¥−¨ï ¯®à®£®¢®£® §−�ç¥−¨ï à¥è�¥âáï §�¤�ç� ¬¨−¨¬¨§�æ¨¨ áâ�â¨áâ¨-
ç¥áª®© ®æ¥−ª¨ à¨áª� (5), ¯®áâà®¥−−®© ¯® ¬¥â®¤ã ‘â¥©−� [26]. …á«¨ h(y, T )
¤¨ää¥à¥−æ¨àã¥¬� ¯® ¯¥à¥¬¥−−®© y, â® á¯à�¢¥¤«¨¢® á®®â−®è¥−¨¥:

E
(
ρh

(
Y
[λ]
j,k1,k2

, Tj

)
− µ

[λ]
j,k1,k2

)2
= 1 + Eg2

(
Y
[λ]
j,k1,k2

)
− 2 Eg′

(
Y
[λ]
j,k1,k2

)
,

£¤¥

g
(
Y
[λ]
j,k1,k2

)
= Y

[λ]
j,k1,k2

− ρh

(
Y
[λ]
j,k1,k2

, Tj

)
.

’�ª¨¬ ®¡à�§®¬, ¢ ª�ç¥áâ¢¥ −¥á¬¥é¥−−®© ®æ¥−ª¨ à¨áª� ¬®¦−® ¨á¯®«ì§®¢�âì
á«¥¤ãîéãî ¢¥«¨ç¨−ã:

�RJ(T ) =

J−1∑

j=0

2j−1∑

k1=0

2j−1∑

k2=0

3∑

λ=1

σ2λ,κ · 2jF
(
Y
[λ]
j,k1,k2

, Tj

)
, (6)

£¤¥

F (y, Tj) =

{
y2 − 1, |y| ≤ Tj ;

h2(y, Tj) + 1− 2h′y(y, Tj), |y| > Tj .

‚¥ªâ®à ¯®à®£®¢, ¬¨−¨¬¨§¨àãîé¨© ®æ¥−ªã (6), ®¡®§−�ç¨¬ ç¥à¥§ TS:

�RJ(TS) = min
Tj∈[0,TU,j ], j=0,J−1

�RJ(T ).

�â®â ¢¥ªâ®à ¨¬¨â¨àã¥â â¥®à¥â¨ç¥áª¨© ú¨¤¥�«ì−ë©û ¢¥ªâ®à ¯®à®£®¢ Tmin.
�ãáâì äã−ªæ¨ï f à�¢−®¬¥à−® à¥£ã«ïà−� ¯® ‹¨¯è¨æã á ¯®ª�§�â¥«¥¬ γ > 0.

�¡®§−�ç¨¬

j∗∗ ≈ 2

2γ + 3
J + c∗∗ log2 J,

£¤¥ c∗∗ > 1/(2γ + 3)| −¥ª®â®à®¥ ¯®«®¦¨â¥«ì−®¥ ç¨á«®. �à¨ ¢ë¡®à¥ ¤®áâ�â®ç−®

£«�¤ª®© ¢¥©¢«¥â-äã−ªæ¨¨ −�ç¨−�ï á j∗∗ §−�ç¥−¨ï µ
[λ]
j,k1,k2

−¥ ¢«¨ïîâ −� ¯®àï¤®ª

à¨áª� [27]. ‚ ¤�−−®© à�¡®â¥ ¯à¥¤¯®«�£�¥âáï, çâ® ¢ë¡à�−−�ï ¢¥©¢«¥â-äã−ªæ¨ï
ã¤®¢«¥â¢®àï¥â ¢á¥¬ −¥®¡å®¤¨¬ë¬ âà¥¡®¢�−¨ï¬. ‚ ç�áâ−®áâ¨, ¤«ï á¯à�¢¥¤«¨-
¢®áâ¨ ¢á¥å ãâ¢¥à¦¤¥−¨© ¬®¦−® ¢ë¡à�âì ¢¥©¢«¥â-äã−ªæ¨î Œ¥©¥à� á ¤®áâ�â®ç−ë¬
ç¨á«®¬ −¥¯à¥àë¢−ëå ¯à®¨§¢®¤−ëå [8].
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‘«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥, ¤®ª�§�â¥«ìáâ¢® ª®â®à®£® �−�«®£¨ç−® ¤®ª�§�â¥«ì-
áâ¢ã «¥¬¬ë 3 ¨§ à�¡®âë [22] ¨ â¥®à¥¬ë 2 ¨§ à�¡®âë [28], ãáâ�−�¢«¨¢�¥â −¨¦−îî
£à�−¨æã ¤«ï ª®¬¯®−¥−â ¢¥ªâ®à� TS ¯à¨ j > j∗∗.

’¥®à¥¬� 2. �ãáâì f à�¢−®¬¥à−® à¥£ã«ïà−� ¯® ‹¨¯è¨æã á ¯®ª�§�â¥«¥¬ γ > 0.
�ãáâì ¤«ï −¥ª®â®àëå ¯®«®¦¨â¥«ì−ëå ª®−áâ�−â b ¨ C

∣∣h′y(y, T )
∣∣ ≤ CT b,

∣∣h′T (y, T )
∣∣ ≤ CT b,

∣∣h′′yT (y, T )
∣∣ ≤ CT b, ∀y ∈ R. (7)

’®£¤� ¤«ï T2,j = σ
√
(3u/2) ln 2j ¯à¨ ¯à®¨§¢®«ì−®¬ 0 < u < min{2,

(2/3)(12γ + 6)/(2γ + 3)}

P




J−1⋃

j=j∗∗

{TS,j ∈ [0, T2,j ]}


 ≤ cJ · 22J exp

{
−C 2

(2θ−u)j∗∗

Jmax {3,b+1}

}
,

£¤¥ θ ¬®¦−® ¢ë¡à�âì ¯à®¨§¢®«ì−® ¨§ ¨−â¥à¢�«� (u/2, 1).

7 Асимптотические свойства оценки риска

�®ª�¦¥¬, çâ® ®æ¥−ª� (6) �á¨¬¯â®â¨ç¥áª¨ −®à¬�«ì−�.

’¥®à¥¬� 3. �ãáâì f à�¢−®¬¥à−® à¥£ã«ïà−� ¯® ‹¨¯è¨æã á ¯®ª�§�â¥«¥¬ γ > 0
¨ h(y, T ) ã¤®¢«¥â¢®àï¥â ãá«®¢¨ï¬ (7). ’®£¤�

P

(
�RJ(TS)−RJ(Tmin)

Cλ · 22J
< x

)
→ �(x) ¯à¨ J → ∞,

£¤¥ ª®−áâ�−â� Cλ §�¢¨á¨â ®â ¢ë¡à�−−®© ¢¥©¢«¥â-äã−ªæ¨¨.

„ ® ª � § � â ¥ « ì á â ¢ ® : ‡�¯¨è¥¬

�RJ(TS)−RJ(Tmin) = �RJ(TS)− �RJ(Tmin) + �RJ(Tmin)−RJ(Tmin) =

= U(TS) + �RJ(Tmin)−RJ(Tmin),

£¤¥

U(T ) =

J−1∑

j=0

Uj(Tj);

Uj(Tj) = �RJ,j(Tj)− �RJ,j(Tmin,j) =

= σ2λ2
j
2j−1∑

k1=0

2j−1∑

k2=0

3∑

λ=1

(
F (Y

[λ]
j,k1,k2

, Tj)− F
(
Y
[λ]
j,k1,k2

, Tmin,j

))
.
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�®¢â®àïï à�ááã¦¤¥−¨ï ¨§ ¤®ª�§�â¥«ìáâ¢� â¥®à¥¬ë 3 ¢ à�¡®â¥ [28], ¬®¦−®
ã¡¥¤¨âìáï, çâ®

�RJ(Tmin)−RJ(Tmin)

Cλ2
2J

=⇒ N(0, 1), J → ∞. (8)

�®ª�¦¥¬, çâ®
U(TS)

22J
P−→ 0. (9)

‡�¯¨è¥¬

U(TS) =

j∗∗−1∑

j=0

Uj (TS,j) +

J−1∑

j=j∗∗

Uj (TS,j) ≡ S1 + S2.

—¨á«® á«�£�¥¬ëå ¢ S1 à�¢−® 2j
∗∗

, ¨ ¢ á¨«ã ãá«®¢¨© (7) á¯à�¢¥¤«¨¢� ®æ¥−ª�

|F (Yj,k, TS,j)| < Cjmax{2,b}. ‘«¥¤®¢�â¥«ì−®,

|S1| ≤ CJc′ · 2(6/(2γ+3))J ,

£¤¥ c′ | −¥ª®â®à�ï ¯®«®¦¨â¥«ì−�ï ª®−áâ�−â�. ’�ª¨¬ ®¡à�§®¬,

|S1|
22J

→ 0 ¯. ¢.

�¡®§−�ç¨¬ T2,j = σ
√
v ln 2j, £¤¥ 2 < v < min{3, (12γ + 6)/(2γ + 3)}. „«ï

¯à®¨§¢®«ì−®£® ε > 0

P

( |S2)|
22J

> ε

)
=P




∣∣∣∣
∑J−1

j=j∗∗
Uj(TS,j)

∣∣∣∣
22J

> ε


≤

J−1∑

j=j∗∗

P

( |Uj(TS,j)|
22J

> εC

)
≤

≤
J−1∑

j=j∗∗

P (TS,j ∈ [0, T2,j ]) +
J−1∑

j=j∗∗

P

(
supT∈[T2,j ,TU,j ] |Uj(T )− EUj(T )|

22j
>
εC

2

)
+

+
J−1∑

j=j∗∗

P

(
supT∈[T2,j ,TU,j] |EUj(T )|

22j
>
εC

2

)
. (10)

‚ á¨«ã â¥®à¥¬ë 2 ¯¥à¢�ï áã¬¬� áâà¥¬¨âáï ª −ã«î. „�«¥¥, ¯®¢â®àïï à�ááã¦¤¥−¨ï
¨§ à�¡®â [22,28], ¬®¦−® ã¡¥¤¨âìáï, çâ® ¯à¨ ¯à®¨§¢®«ì−®¬ ¢ë¡®à¥ 1/2 < θ < 1
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J−1∑

j=j∗∗

P

(
supT∈[T2,j ,TU,j ] |Uj(T )− EUj(T )|

22j
>
εC

2

)
≤

≤ c
J−1∑

j=j∗∗

22j exp

{
−C 2(2θ−1)j

jmax{1,b/2}

}
≤ cJ · 22J exp

{
−C 2

(2θ−1)j∗∗

Jmax{1,b/2}

}
.

��ª®−¥æ, ¯à¨ j → ∞

supT∈[T2,j ,TU,j ] |EUj(T )|
22j

≤ C · 2(1/2−v/2)j jmax{1/2,(b−1)/2} → 0 ,

¨ −�ç¨−�ï á −¥ª®â®à®£® J ¢á¥ á«�£�¥¬ë¥ ¢ âà¥âì¥© áã¬¬¥ ¢ (10) áâ�−®¢ïâáï à�¢−ë¬¨
−ã«î.

’�ª¨¬ ®¡à�§®¬, á¯à�¢¥¤«¨¢® (9), çâ® ¢¬¥áâ¥ á (8) §�¢¥àè�¥â ¤®ª�§�â¥«ìáâ¢®
â¥®à¥¬ë.

‘«¥¤ãîé�ï â¥®à¥¬� ãáâ�−�¢«¨¢�¥â á¢®©áâ¢® á¨«ì−®© á®áâ®ïâ¥«ì−®áâ¨ ®æ¥−-
ª¨ (6).

’¥®à¥¬� 4. �ãáâì γ > 0 ¨ äã−ªæ¨ï h(y, T ) ã¤®¢«¥â¢®àï¥â ãá«®¢¨ï¬ (7). ’®£¤�

�RJ(TS)−RJ(Tmin)

2(2+δ)J
→ 0 ¯. ¢. ¯à¨ J → ∞

¯à¨ «î¡®¬ δ > 0.

„ ® ª � § � â ¥ « ì á â ¢ ® . Š�ª ¢ â¥®à¥¬¥ 3, ®¡®§−�ç¨¬

U(T ) =

J−1∑

j=0

Uj(Tj), Uj(Tj) = �RJ,j(Tj)− �RJ,j(Tmin,j)

¨ §�¯¨è¥¬

�RJ(TS)−RJ(Tmin) = U(TS) + �RJ(Tmin)−RJ(Tmin),

U(TS) =

j∗∗−1∑

j=0

Uj(TS,j) +
J−1∑

j=j∗∗

Uj(TS,j) ≡ S1 + S2.

ˆ§ ¯à¥¤ë¤ãé¥© â¥®à¥¬ë á«¥¤ã¥â, çâ®

|S1|
2(2+δ)J

→ 0 ¯. ¢.
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�ãáâì 2− 2δ < u < 2. „«ï ¯à®¨§¢®«ì−®£® ε > 0

P

(
|S2)|
2(2+δ)J

> ε

)
= P




∣∣∣∣
∑J−1

j=j∗∗
Uj(TS,j)

∣∣∣∣
2(2+δ)J

> ε


 ≤

≤
J−1∑

j=j∗∗

P

(
|Uj(TS,j)|
2(2+δ)j

> εC

)
≤

J−1∑

j=j∗∗

P (TS,j ∈ [0, T1,j ]) +

+
J−1∑

j=j∗∗

P

(
supT∈[T1,j ,TU,j ] |Uj(T )− EUj(T )|

2(2+δ)j
>
εC

2

)
+

+

J−1∑

j=j∗∗

P

(
supT∈[T1,j ,TU,j ] |EUj(T )|

2(2+δ)j
>
εC

2

)
≡ pJ + qJ + rJ .

„«ï pJ á¯à�¢¥¤«¨¢� ®æ¥−ª� ¨§ â¥®à¥¬ë 2. „�«¥¥, ¯®¢â®àïï à�ááã¦¤¥−¨ï ¨§
à�¡®â [22,28], ¬®¦−® ã¡¥¤¨âìáï, çâ® ¯à¨ ¯à®¨§¢®«ì−®¬ ¢ë¡®à¥ 1/2 < θ < 1

qJ ≤ cJ · 22J exp
{
−C 2

(δ+2θ−1)j∗∗

Jmax{1,b/2}

}

¨ ¯à¨ j → ∞
supT∈[T1,j ,TU,j ] |EUj(T )|

2(2+δ)j
≤ C · 2(1/2−u/2−δ)j jmax{1/2,(b−1)/2} → 0 ,

â. ¥. −�ç¨−�ï á −¥ª®â®à®£® J ¢á¥ á«�£�¥¬ë¥ ¢ rJ áâ�−®¢ïâáï à�¢−ë¬¨ −ã«î.
’�ª¨¬ ®¡à�§®¬,

∞∑

J=1

(pJ + qJ + rJ) <∞

¨
|S2|
2(2+δ)J

→ 0 ¯. ¢.

¢ á¨«ã «¥¬¬ë �®à¥«ï{Š�−â¥««¨.
÷�ááã¦¤�ï �−�«®£¨ç−®, ¬®¦−® ¯®ª�§�âì, çâ®

�RJ(Tmin)−RJ(Tmin)

2(2+δ)J
→ 0 ¯. ¢.

’¥®à¥¬� ¤®ª�§�−�.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 3 2026 95



�. �. Šã¤àï¢æ¥¢, �. ‚. ˜¥áâ�ª®¢

8 Заключение

‚ ¤�−−®© à�¡®â¥ à�áá¬�âà¨¢�¥âáï ¬®¤¥«ì â®¬®£à�ä¨ç¥áª¨å ¤�−−ëå, §�£àï§-
−¥−−ëå �¤¤¨â¨¢−ë¬ £�ãáá®¢ë¬ èã¬®¬, ¨ ®¡áã¦¤�¥âáï §�¤�ç� à¥ª®−áâàãªæ¨¨
â®¬®£à�ä¨ç¥áª¨å ¨§®¡à�¦¥−¨© á ¯®¬®éìî ¬¥â®¤®¢ ¯®à®£®¢®© ®¡à�¡®âª¨ á ¯®à®-
£®¢ë¬¨ äã−ªæ¨ï¬¨, ¯à¨−�¤«¥¦�é¨¬¨ −¥ª®â®à®¬ã á¯¥æ¨�«ì−®¬ã ª«�ááã. ‚ë¡®à
ª®−ªà¥â−®£® ¢¨¤� ¯®à®£®¢®© äã−ªæ¨¨ ¤«ï ¯à�ªâ¨ç¥áª®£® ¨á¯®«ì§®¢�−¨ï §�¢¨á¨â
®â ¯à¨«®¦¥−¨© ¨ ®¡ê¥¬� ¤®áâã¯−ëå ¤�−−ëå. ��áâà®©ª� ¤®¯®«−¨â¥«ì−ëå ¯�à�-
¬¥âà®¢ ¯®à®£®¢®© ®¡à�¡®âª¨ ¯®¢ëè�¥â ¨å ¯à®¨§¢®¤¨â¥«ì−®áâì ¢ −¥ª®â®àëå ª®−-
ªà¥â−ëå á¨âã�æ¨ïå. ‚ ¤�«ì−¥©è¥¬ ¯à¥¤¯®«�£�¥âáï ®¡®¡é¨âì à�áá¬�âà¨¢�¥¬ãî
¬®¤¥«ì ¨ ãç¥áâì −�«¨ç¨¥ §�¢¨á¨¬®áâ¨ ¢ èã¬®¢®© á®áâ�¢«ïîé¥© à¥£¨áâà¨àã¥¬ëå
¤�−−ëå.
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Abstract: Wavelet analysis methods are widely used to solve tomographic image
reconstruction problems in medicine, biology, astronomy, and other fields. Their
appeal lies in the speed of the algorithms, adaptability to image features, and
the ability to reconstruct local image regions from incomplete projection data.
This is particularly important for medical applications where it is undesirable
to expose a patient to an unnecessary radiation dose. Error analysis of these
methods is an important practical task as it allows one to evaluate the quality of
both the methods themselves and the equipment used. This paper considers the
problem of image function reconstruction using the Radon operator inversion.
The asymptotic properties of the risk estimate are investigated under thresholding
of the coefficients of the wavelet-vaguelette decomposition of the image function.
Conditions are presented under which the asymptotic normality and strong
consistency of the unbiased risk estimate hold.
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КОЛИЧЕСТВЕННЫЙ АНАЛИЗ РАСТРЕСКИВАНИЯ
В ПОЛИМЕРНЫХ КОМПОЗИЦИОННЫХ МАТЕРИАЛАХ

ПО ДАННЫМ КОМПЬЮТЕРНОЙ ТОМОГРАФИИ∗

А. В. Пантелеев1, Н. В. Турбин2, Н. А. Тучков3, Р. Л. Талья4, К. В. Акчупанов5,
К. К. Ибришев6

�−−®â�æ¨ï: �à¥¤áâ�¢«¥−ë à¥§ã«ìâ�âë �−�«¨§� à�áâà¥áª¨¢�−¨ï ¯®«¨¬¥à−®£®
ª®¬¯®§¨æ¨®−−®£® ¬�â¥à¨�«� (�ŠŒ), ¢ë¯®«−¥−−®£® á ¨á¯®«ì§®¢�−¨¥¬ à�§à�-
¡®â�−−®£® ¬¥â®¤� ®¯à¥¤¥«¥−¨ï ¯«®â−®áâ¨ âà¥é¨− ¯® ¤�−−ë¬ ª®¬¯ìîâ¥à−®©
â®¬®£à�ä¨¨ (Š’). Œ¥â®¤ ¯®§¢®«ï¥â ®áãé¥áâ¢«ïâì �¢â®¬�â¨ç¥áª®¥ ®¡−�àã-
¦¥−¨¥ ¨ ®âá«¥¦¨¢�−¨¥ ¬¨ªà®âà¥é¨− −� ¯®á«¥¤®¢�â¥«ì−ëå â®¬®£à�ä¨ç¥áª¨å
áà¥§�å. �«£®à¨â¬, «¥¦�é¨© ¢ ®á−®¢¥ ¬¥â®¤�, ¯®áâà®¥− −� ¡�§¥ á®¢à¥¬¥−−ëå
¯à¥¤áâ�¢«¥−¨© ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−®£® §à¥−¨ï. ˆáá«¥¤®¢�− ã£«¥¯«�áâ¨ª
�¢¨�æ¨®−−®£® ª«�áá� c ãª«�¤ª®©, á®áâ®ïé¥© ¨§ 33 á«®¥¢, ¨ áå¥¬®©, ¯à¥¤-
áâ�¢¨â¥«ì−®© ¤«ï ®á−®¢−ëå ª®¬¯®−¥−â®¢ ª®−áâàãªæ¨¨ ªàë«� á�¬®«¥â�, â�ª¨å
ª�ª −¥áãé¨¥ ¯�−¥«¨ ¨ «®−¦¥à®−ë. ÷�áâà¥áª¨¢�−¨¥ ¬�âà¨æë ¢ ®¡à�§æ�å
�ŠŒ ¢®§−¨ª�«® ¢ à¥§ã«ìâ�â¥ ¯à¨«®¦¥−¨ï æ¨ª«¨ç¥áª¨å à�áâï£¨¢�îé¨å −�-
£àã§®ª. �¥à¥¤ æ¨ª«¨ç¥áª¨¬ −�£àã¦¥−¨¥¬ ¯à®¢®¤¨«¨áì ª¢�§¨áâ�â¨ç¥áª¨¥
¨á¯ëâ�−¨ï −� à�áâï¦¥−¨¥ ¤«ï ®¯à¥¤¥«¥−¨ï ¯à¥¤¥«� ¯à®ç−®áâ¨ ®¡à�§æ®¢. —¨á-
«® ¯à¨«®¦¥−−ëå æ¨ª«®¢ −�£àã§ª¨ ¢ë¡¨à�«®áì ®¯ëâ−ë¬ ¯ãâ¥¬ ¨§ ãá«®¢¨©
á®åà�−¥−¨ï æ¥«®áâ−®áâ¨ ®¡à�§æ�, á ®¤−®© áâ®à®−ë, ¨ §−�ç¨â¥«ì−®£® à�§¢¨â¨ï
à�áâà¥áª¨¢�−¨ï ¬�âà¨æë ¢ á«®ïå | á ¤àã£®©. �«£®à¨â¬ ¯®¨áª� âà¥é¨− ¯®
â®¬®£à�ä¨ç¥áª®¬ã ¨§®¡à�¦¥−¨î á®áâ®¨â ¨§ −¥áª®«ìª¨å íâ�¯®¢, ¢ª«îç�îé¨å
®¯à¥¤¥«¥−¨¥ ®à¨¥−â�æ¨¨ ¨ £à�−¨æ á«®¥¢ ¯® â®«é¨−¥, ®¡−�àã¦¥−¨¥ ®¡«�áâ¥©
á âà¥é¨−�¬¨ ¨ ª®àà¥ªâ¨à®¢ªã ¢ëï¢«¥−−ëå âà¥é¨− ¯® ¤�−−ë¬, ¯®«ãç¥−−ë¬
¢ á¬¥¦−ëå á«®ïå. „«ï ®¡à�¡®âª¨ â®¬®£à�ä¨ç¥áª¨å ¨§®¡à�¦¥−¨© ¯à¨¬¥−¥-
−ë ä¨«ìâàë ˜�àà�, ‘®¡¥«ï, ¬®àä®«®£¨ç¥áª¨¥ ®¯¥à�æ¨¨ ¨ ¡¨−�à¨§�æ¨ï.
‚ à¥§ã«ìâ�â¥ ¯à¨¬¥−¥−¨ï ¬¥â®¤� ¤«ï ¨áá«¥¤®¢�−−®£® �ŠŒ ¯®«ãç¥−ë à�á-
¯à¥¤¥«¥−¨ï ¯«®â−®áâ¨ âà¥é¨− ¢ á«®ïå, á®®â−®è¥−¨ï ¤«¨−−ëå ¨ ª®à®âª¨å
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1 Введение

�ªá¯«ã�â�æ¨®−−�ï −�¤¥¦−®áâì ¨ áâàãªâãà−�ï æ¥«®áâ−®áâì �ŠŒ ªà¨â¨ç¥áª¨
§�¢¨áïâ ®â ¨å á®¯à®â¨¢«¥−¨ï −�ª®¯«¥−¨î ¯®¢à¥¦¤¥−¨©. ‘à¥¤¨ à�§«¨ç−ëå ¬¥å�-
−¨§¬®¢ ¯®¢à¥¦¤¥−¨ï à�áâà¥áª¨¢�−¨¥ ¬�âà¨æë ¢ �ŠŒ ï¢«ï¥âáï −�¨¡®«¥¥ ç�áâ®©
ä®à¬®© −�àãè¥−¨ï á¯«®è−®áâ¨ ¬�â¥à¨�«�, ¯à¥¤è¥áâ¢ãîé¥© ¡®«¥¥ á¥àì¥§−®©
¤¥£à�¤�æ¨¨, â�ª®© ª�ª à�áá«®¥−¨¥ ¨ à�§àë¢ë �à¬¨àãîé¨å ¢®«®ª®− [1{7]. ’�ª¨¬
®¡à�§®¬, ¢−ãâà¨á«®©−�ï âà¥é¨−®áâ®©ª®áâì ®ª�§ë¢�¥âáï ¢�¦−ë¬ ¬¥å�−¨ç¥áª¨¬
á¢®©áâ¢®¬, ®¯à¥¤¥«ïîé¨¬ á®¯à®â¨¢«ï¥¬®áâì �ŠŒ à�áâà¥áª¨¢�−¨î. Š®«¨ç¥-
áâ¢¥−−®© å�à�ªâ¥à¨áâ¨ª®© áâ¥¯¥−¨ ¯®¢à¥¦¤¥−−®áâ¨ ¬�â¥à¨�«� ¢ëáâã¯�¥â ¯«®â-
−®áâì âà¥é¨− | ¨å ç¨á«® −� ¥¤¨−¨æã ¤«¨−ë ¨«¨ ¯«®é�¤¨ á«®ï. �� ¤�−−ë© ¬®¬¥−â
¢ ¨áá«¥¤®¢�â¥«ìáª®© ¨ ¨−¦¥−¥à−®© ¯à�ªâ¨ª¥ ®âáãâáâ¢ãîâ áâ�−¤�àâ¨§®¢�−−ë¥ ¬¥-
â®¤ë ®¯à¥¤¥«¥−¨ï ç¨á«� âà¥é¨−. —�é¥ ¯à¨¬¥−ïîâáï âà�¤¨æ¨®−−ë¥ ¯®¤å®¤ë
ª −�¡«î¤¥−¨î §� ¢®§−¨ª−®¢¥−¨¥¬ ¨ à�§¢¨â¨¥¬ ¤¥ä¥ªâ®¢, ®£à�−¨ç¨¢�îé¨¥áï
¢¨§ã�«ì−ë¬ ¨ ®¯â¨ç¥áª¨¬ ª®−âà®«¥¬ ¯®¢¥àå−®áâ¨ ¨«¨ à�§àãè�îé¨¬ ¨áá«¥¤®¢�-
−¨¥¬ ¯®¯¥à¥ç−ëå è«¨ä®¢. “ª�§�−−ë¥ ¬¥â®¤ë ¨¬¥îâ áãé¥áâ¢¥−−ë© −¥¤®áâ�â®ª,
á¢ï§�−−ë© á ®£à�−¨ç¥−−ë¬ ç¨á«®¬ ¤®áâã¯−ëå ¤«ï �−�«¨§� ¯®¢¥àå−®áâ¥© ®¡à�§-
æ� �ŠŒ. �¥àá¯¥ªâ¨¢−ë¬ ¨−áâàã¬¥−â®¬ ¨áá«¥¤®¢�−¨ï ¢−ãâà¥−−¥© áâàãªâãàë
ª®−áâàãªæ¨®−−ëå ¬�â¥à¨�«®¢ ï¢«ï¥âáï ¬¥â®¤ à¥−â£¥−®¢áª®© Š’. �á®¡¥−−®áâ¨
¯®«ãç¥−¨ï â®¬®£à�ä¨ç¥áª¨å ¨§®¡à�¦¥−¨© ¨ �−�«¨§� â®ç−®áâ¨ à¥§ã«ìâ�â®¢ áª�-
−¨à®¢�−¨ï ¤¥â�«ì−® à�áá¬®âà¥−ë ¢ [8, 9]. ‚ ª�ç¥áâ¢¥ ®á−®¢−®£® ¨−áâàã¬¥−â� ¢ −¨å
¨á¯®«ì§ãîâáï �«£¥¡à�¨ç¥áª¨¥ ¬¥â®¤ë ¢®ááâ�−®¢«¥−¨ï âà¥å¬¥à−ëå ¨§®¡à�¦¥−¨©
®¡ê¥ªâ� ¨áá«¥¤®¢�−¨ï (â®¬®£à�ä¨ç¥áª®© à¥ª®−áâàãªæ¨¨). ‚ ®â«¨ç¨¥ ®â à�¡®â [8,
9], ¢ ¤�−−®© áâ�âì¥ ¨áá«¥¤ãîâáï ¨§®¡à�¦¥−¨ï (áª�−ë) á«®¨áâëå ª®¬¯®§¨æ¨®−−ëå
¬�â¥à¨�«®¢ −� ®á−®¢¥ �«£®à¨â¬®¢ ª®¬¯ìîâ¥à−®£® §à¥−¨ï.

‚ à�¡®â�å [10{15] ¨áá«¥¤®¢�â¥«¨ ãá¯¥è−® ¯à¨¬¥−ï«¨ ®¡ê¥¬−ë© �−�«¨§ ¤�−-
−ëå à¥−â£¥−®¢áª®© Š’ ¤«ï ª®«¨ç¥áâ¢¥−−®© ®æ¥−ª¨ à�áâà¥áª¨¢�−¨ï, ¢®§−¨ª�îé¥-
£® ¯à¨ æ¨ª«¨ç¥áª®© −�£àã§ª¥. �¤−�ª® ª®«¨ç¥áâ¢¥−−�ï ®æ¥−ª� áâ¥¯¥−¨ à�áâà¥á-
ª¨¢�−¨ï �ŠŒ ¯® â®¬®£à�¬¬¥ ¯à¨ ¯®¬®é¨ â¨¯®¢®© á¥£¬¥−â�æ¨¨ §�âàã¤−¨â¥«ì−�
¢ á¢ï§¨ á −¥¢®§¬®¦−®áâìî ª«�áá¨ä¨ª�æ¨¨ ¤¥ä¥ªâ®¢ â¨¯� úâà¥é¨−�û ¨ ú¯�®à�û,
¨¤¥−â¨ç−ëå ¯® à¥−â£¥−®¢áª®© ¯«®â−®áâ¨. �� â®¬®£à�ä¨ç¥áª¨å ¨§®¡à�¦¥−¨ïå ¢ë-
á®ª®£® à�§à¥è¥−¨ï ¬®¦−® ¨¤¥−â¨ä¨æ¨à®¢�âì âà¥é¨−ë ¢ ¬�âà¨æ¥ �ŠŒ ¨ ¯�®àë
−¥¢®®àã¦¥−−ë¬ £«�§®¬ á ¯®á«¥¤ãîé¥© ª«�áá¨ä¨ª�æ¨¥©, ®¤−�ª® ¯à¨ ¡®«ìè®¬
®¡ê¥¬¥ à¥§ã«ìâ�â®¢ ¥áâ¥áâ¢¥−−® ¢®§−¨ª�¥â −¥®¡å®¤¨¬®áâì ¢ �¢â®¬�â¨§�æ¨¨ ¯à®-
æ¥¤ãàë ®¡à�¡®âª¨ à¥§ã«ìâ�â®¢ â®¬®£à�ä¨¨. ‚ ¤�−−®¬ ¨áá«¥¤®¢�−¨¨ ¯à¨¬¥−ï¥âáï
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�. ‚. ��−â¥«¥¥¢, �. ‚. ’ãà¡¨−, �. �. ’ãçª®¢ ¨ ¤à.

à¥−â£¥−®¢áª�ï Š’ ¢ëá®ª®£® à�§à¥è¥−¨ï, á ¯®¬®éìî ª®â®à®© ¢®§¬®¦−® ä¨ªá¨-
à®¢�âì ¢−ãâà¥−−îî ¬¨ªà®áâàãªâãàã �ŠŒ [16{18]. ‚ [19] ¯à¥¤«®¦¥− �«£®à¨â¬
¨ ®¯¨á�−® ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¤«ï �¢â®¬�â¨ç¥áª®£® ®¡−�àã¦¥−¨ï âà¥é¨−
¢ á«®¨áâëå ª®¬¯®§¨â−ëå ¬�â¥à¨�«�å, � ¢ [20] | �«£®à¨â¬ ®¯à¥¤¥«¥−¨ï ¬®−®á«®¥¢
−� ®á−®¢¥ �−�«¨§� ¯®á«¥¤®¢�â¥«ì−®áâ¨ â®¬®£à�ä¨ç¥áª¨å ¨§®¡à�¦¥−¨©. ‘â�âìï
¯®á¢ïé¥−� ®¡ê¥¤¨−¥−¨î ¤¢ãå à�§à�¡®â�−−ëå à�−¥¥ �«£®à¨â¬®¢ ®¡−�àã¦¥−¨ï
âà¥é¨− ¨ £à�−¨æ ¬®−®á«®¥¢ ¢ ª®¬¯®§¨æ¨®−−®¬ ¬�â¥à¨�«¥ á æ¥«ìî −�å®¦¤¥−¨ï
®¡é¥£® ç¨á«� −�©¤¥−−ëå âà¥é¨− ¢ ª�¦¤®¬ á«®¥, ç¨á«� ¤«¨−−ëå ¨ ª®à®âª¨å âà¥-
é¨− ¢ ª�¦¤®¬ á«®¥, áà¥¤−¥£® (¨ −®à¬�«¨§®¢�−−®£®) ¨−â¥à¢�«� ¬¥¦¤ã âà¥é¨−�¬¨
¢ ª�¦¤®¬ á«®¥, ®æ¥−®ª ¯«®â−®áâ¨ âà¥é¨−. �«£®à¨â¬ ¯®áâà®¥− −� ®á−®¢¥ �−�«¨§�
á®¢à¥¬¥−−ëå â¥−¤¥−æ¨© ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−®£® §à¥−¨ï [21{25]. �®«ãç¥−−ë¥
¤�−−ë¥ ¯à¥¤áâ�¢«ïîâ ¡�§ã ¤«ï �−�«¨§� âà¥é¨−®áâ®©ª®áâ¨ �ŠŒ, −¥®¡å®¤¨¬ãî
¤«ï ¯à®¢¥¤¥−¨ï ª�ç¥áâ¢¥−−®© ®¡à�¡®âª¨ ª¢�«¨ä¨ª�æ¨®−−ëå ¨á¯ëâ�−¨© �ŠŒ.

2 Образцы полимерных композиционных материалов

ˆáá«¥¤®¢�− ã£«¥¯«�áâ¨ª (�ŠŒ −� ®á−®¢¥ ã£«¥à®¤−®£® ¢®«®ª−� ¨ ¯®«¨¬¥à−®©
¬�âà¨æë) �¢¨�æ¨®−−®£® ª«�áá� c ãª«�¤ª®©, á®áâ®ïé¥© ¨§ 33 á«®¥¢, á® áå¥¬®©,
¯à¥¤áâ�¢¨â¥«ì−®© ¤«ï ®á−®¢−ëå ª®¬¯®−¥−â®¢ ª®−áâàãªæ¨¨ ªàë«� á�¬®«¥â�, â�ª¨å
ª�ª −¥áãé¨¥ ¯�−¥«¨ ¨ «®−¦¥à®−ë. ‚ ¤�−−®© ãª«�¤ª¥ ¨á¯®«ì§®¢�−ë á«®¨ á ®à¨-
¥−â�æ¨¥© 0◦, ±45◦ ¨ 90◦ ¢ á®®â−®è¥−¨¨ 9% : 73% : 18%, £¤¥ 73% á®®â¢¥âáâ¢ã¥â
áã¬¬�à−®© ¤®«¥ ¢ ãª«�¤ª¥ á«®¥¢ á ®à¨¥−â�æ¨¥© +45◦ ¨ −45◦. �¡à�§æë ¡ë«¨
¨§£®â®¢«¥−ë ¬¥â®¤®¬ ¢�ªãã¬−®© ¨−äã§¨¨ (�−£«. Vacuum assisted Resin Transfer
Molding, VaRTM).

3 Рентгеновская компьютерная томография

÷¥−â£¥−®¢áª�ï Š’ ï¢«ï¥âáï ¬¥â®¤®¬ −¥à�§àãè�îé¥£® ª®−âà®«ï, ¯®§¢®«ï-
îé¨¬ ¯®«ãç�âì âà¥å¬¥à−ë¥ ¨§®¡à�¦¥−¨ï ¢−ãâà¥−−¥© áâàãªâãàë ®¡ê¥ªâ� −� ®á−®-
¢¥ �−�«¨§� ®á«�¡«¥−¨ï à¥−â£¥−®¢áª®£® ¨§«ãç¥−¨ï ¯à¨ ¥£® ¯à®å®¦¤¥−¨¨ ç¥à¥§ ¬�-
â¥à¨�«. Œ¥â®¤ ®á−®¢�− −� à¥£¨áâà�æ¨¨ á¥à¨¨ ¤¢ã¬¥à−ëå ¯à®¥ªæ¨©, ¯®«ãç�¥¬ëå
¯à¨ ¢à�é¥−¨¨ ®¡à�§æ�, á ¯®á«¥¤ãîé¥© ¬�â¥¬�â¨ç¥áª®© à¥ª®−áâàãªæ¨¥© ®¡ê¥¬�
á ¯®¬®éìî �«£®à¨â¬®¢ ®¡à�â−®£® ¯à®¥æ¨à®¢�−¨ï, â�ª¨å ª�ª �«£®à¨â¬ ”¥«ì¤ª�¬-
¯�{„í¢¨á�{Šà¥áá� (Feldkamp{Davis{Kress, FDK). Š®−âà�áâ−®áâì ¨§®¡à�¦¥−¨ï
®¯à¥¤¥«ï¥âáï à�§«¨ç¨ï¬¨ ¢ ª®íää¨æ¨¥−â�å ®á«�¡«¥−¨ï, ª®â®àë¥ §�¢¨áïâ ®â
¯«®â−®áâ¨ ¬�â¥à¨�«�, �â®¬−®£® −®¬¥à� ¨ í−¥à£¨¨ à¥−â£¥−®¢áª®£® ¨§«ãç¥−¨ï |
ä�ªâ®à�, ¨¬¥îé¥£® ®á®¡® ¢�¦−®¥ §−�ç¥−¨¥ ¯à¨ ¨áá«¥¤®¢�−¨¨ ª®¬¯®§¨æ¨®−−ëå
¬�â¥à¨�«®¢ á® áå®¦¨¬¨ á¢®©áâ¢�¬¨ ª®¬¯®−¥−â®¢.

�à¨ à�¡®â¥ á Š’ −¥®¡å®¤¨¬® ãç¨âë¢�âì ¢«¨ï−¨¥ â�ª¨å �àâ¥ä�ªâ®¢, ª�ª
ã¦¥áâ®ç¥−¨¥ ¯ãçª� (�−£«. beam hardening), èã¬ë ¨ ª®«ìæ¥¢ë¥ �àâ¥ä�ªâë, ¨ ¯à¨-
¬¥−ïâì á®®â¢¥âáâ¢ãîé¨¥ ¬¥â®¤ë ª®àà¥ªæ¨¨ ¨ ª�«¨¡à®¢ª¨. ‘«¥¤®¢�â¥«ì−®, ®¯â¨-
¬�«ì−ë© ¢ë¡®à ¯�à�¬¥âà®¢ á¡®à� ¤�−−ëå ¨ à¥ª®−áâàãªæ¨¨ ¨£à�¥â ª«îç¥¢ãî à®«ì
¢ ®¡¥á¯¥ç¥−¨¨ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¨−ä®à¬�â¨¢−®áâ¨ à¥§ã«ìâ�â®¢ Š’.
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Š®«¨ç¥áâ¢¥−−ë© �−�«¨§ à�áâà¥áª¨¢�−¨ï ¢ �ŠŒ ¯® ¤�−−ë¬ ª®¬¯ìîâ¥à−®© â®¬®£à�ä¨¨

’�¡«¨æ� 1 ��áâà®©ª¨ â®¬®£à�ä¨ç¥áª®£® áª�−¨à®¢�−¨ï

��à�¬¥âà ‡−�ç¥−¨¥ …¤¨−¨æ� ¨§¬¥à¥−¨ï
��¯àï¦¥−¨¥ 145 ª‚
‘¨«� â®ª� 130 µA
‚à¥¬ï íªá¯®§¨æ¨¨ 0,7 á
÷�§¬¥à ¢®ªá¥«ï 0,017 ¬¬
ƒ¥®¬¥âà¨ç¥áª®¥ ã¢¥«¨ç¥−¨¥ 7,89 |
—¨á«® ¯à®¥ªæ¨© 2160 èâ.

�� ª�ç¥áâ¢® ¯®«ãç�¥¬ëå â®¬®£à�ä¨ç¥áª¨å ¤�−−ëå á¨«ì−®¥ ¢«¨ï−¨¥ ®ª�§ë-
¢�îâ: −�¯àï¦¥−¨¥, á¨«� â®ª�, ¢à¥¬ï íªá¯®§¨æ¨¨, ç¨á«® ¯à®¥ªæ¨©, ¯®«ãç¥−−ëå
¯à¨ ¢à�é¥−¨¨ ®¡à�§æ� −� 360◦, � â�ª¦¥ à�ááâ®ï−¨ï ú®¡ê¥ªâ{¨áâ®ç−¨ªû ¨ ú¨á-
â®ç−¨ª{¤¥â¥ªâ®àû. ƒ¥®¬¥âà¨ï á¨áâ¥¬ë (à�ááâ®ï−¨ï ®â ¨áâ®ç−¨ª� ¤® ®¡ê¥ªâ�
¨ ®â ¨áâ®ç−¨ª� ¤® ¤¥â¥ªâ®à�) ¢«¨ï¥â −� à�§¬¥à ¢®ªá¥«ï, ª®â®àë© ®¯à¥¤¥«ï¥â
¬¨−¨¬�«ì−ë© à�§¬¥à ®¡ê¥ªâ� ¨«¨ ¤¥ä¥ªâ�, à�§«¨ç¨¬®£® −� à¥ª®−áâàã¨à®¢�−−ëå
áà¥§�å ¨«¨ âà¥å¬¥à−ëå ¬®¤¥«ïå.

‚ ¨áá«¥¤®¢�−¨¨ ¨á¯®«ì§®¢�− ª®¬¯«¥ªá Š’ ª�¡¨−¥â−®£® â¨¯� Sanying
nanoVoxel-40001, ®¡®àã¤®¢�−−ë© ¨áâ®ç−¨ª®¬ à¥−â£¥−®¢áª®£® ¨§«ãç¥−¨ï á −�-
¯àï¦¥−¨¥¬ ¤® 300 ª‚ ¨ ¬¨ªà®ä®ªãá®¬, çâ® ¯®§¢®«ï¥â à¥�«¨§®¢�âì å®à®èãî
¯à®−¨æ�¥¬®áâì ¨ ¢ëá®ª®¥ à�§à¥è¥−¨¥ −� ¤®áâ�â®ç−® ªàã¯−ëå ®¡ê¥ªâ�å ª®−âà®«ï.

‚ â�¡«. 1 ¯à¥¤áâ�¢«¥−ë ®á−®¢−ë¥ ¯�à�¬¥âàë −�áâà®©ª¨ â®¬®£à�ä�.

4 Испытания

÷�áâà¥áª¨¢�−¨¥ ¬�âà¨æë ¢ ®¡à�§�å �ŠŒ ¢®§−¨ª�«® ¢ à¥§ã«ìâ�â¥ ¯à¨«®¦¥−¨ï
æ¨ª«¨ç¥áª¨å à�áâï£¨¢�îé¨å −�£àã§®ª. �¥à¥¤ æ¨ª«¨ç¥áª¨¬ −�£àã¦¥−¨¥¬ ¯à®-
¢®¤¨«¨áì ª¢�§¨áâ�â¨ç¥áª¨¥ ¨á¯ëâ�−¨ï −� à�áâï¦¥−¨¥ ¤«ï ®¯à¥¤¥«¥−¨ï ¯à¥¤¥«�
¯à®ç−®áâ¨ ¯à¨ à�áâï¦¥−¨¨ ®¡à�§æ®¢. „�−−ë¥ ¨á¯ëâ�−¨ï ¢ë¯®«−ï«¨áì ¢ à¥-
¦¨¬¥ ª®−âà®«ï ¯¥à¥¬¥é¥−¨ï ¢ á®®â¢¥âáâ¢¨¨ á® áâ�−¤�àâ®¬ ƒ�‘’ 32656-2014.
‘à¥¤−¥¥ §−�ç¥−¨¥ ¯à¥¤¥«� ¯à®ç−®áâ¨, ¯®«ãç¥−−®¥ ¢ à¥§ã«ìâ�â¥ ª¢�§¨áâ�â¨ç¥-
áª¨å ¨á¯ëâ�−¨©, ¢ ¤�«ì−¥©è¥¬ ¨á¯®«ì§®¢�«®áì ¤«ï §�¤�−¨ï ãà®¢−ï æ¨ª«¨ç¥áª®©
−�£àã§ª¨.

ˆá¯ëâ�−¨ï á æ¨ª«¨ç¥áª®© à�áâï£¨¢�îé¥© −�£àã§ª®© ¯à®¢®¤¨«¨áì á®£«�á−®
áâ�−¤�àâã ƒ�‘’ ÷ 5743-2016. ‚á¥ íªá¯¥à¨¬¥−âë ¢ë¯®«−ï«¨áì −� á¥à¢®£¨¤-
à�¢«¨ç¥áª®© ¨á¯ëâ�â¥«ì−®© ¬�è¨−¥, ®á−�é¥−−®© £¨¤à�¢«¨ç¥áª¨¬¨ ª«¨−®¢ë-
¬¨ §�å¢�â�¬¨ ¤«ï ¯à¥¤®â¢à�é¥−¨ï ¯à®áª�«ì§ë¢�−¨ï ¨ ®¡¥á¯¥ç¥−¨ï â®ç−®áâ¨
¯à¨«®¦¥−¨ï −�£àã§ª¨. �¡à�§æë ¯®¤¢¥à£�«¨áì æ¨ª«¨ç¥áª®¬ã −�£àã¦¥−¨î ¯®
á¨−ãá®¨¤�«ì−®¬ã §�ª®−ã á −¨§ª®© ç�áâ®â®© ¯à¨«®¦¥−¨ï −�£àã§ª¨ ¤«ï ¬¨−¨¬¨-
§�æ¨¨ íää¥ªâ®¢ ¢ï§ª®£® à�§®£à¥¢� ¯®«¨¬¥à−®© ¬�âà¨æë. –¨ª«¨ç¥áª�ï −�£àã§ª�

1https://nevatec.ru/equipment/nastolnyiy-kompyuternyiy-tomograf-nanovoxel-1000.html;
Sanying nanovoxel-4000, https://en.sypi.com/page/407.html.
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�. ‚. ��−â¥«¥¥¢, �. ‚. ’ãà¡¨−, �. �. ’ãçª®¢ ¨ ¤à.

¯à¨ª«�¤ë¢�«�áì á ª®íää¨æ¨¥−â®¬ �á¨¬¬¥âà¨¨ R = 0,1. Š®íää¨æ¨¥−â R à�-
¢¥− ®â−®è¥−¨î ¬¨−¨¬�«ì−®© −�£àã§ª¨ æ¨ª«� ª ¬�ªá¨¬�«ì−®© á ãç¥â®¬ §−�ª�.
‚ à¥§ã«ìâ�â¥ ¢ë¡®à� æ¨ª«¨ç¥áª®© à�áâï£¨¢�îé¥© −�£àã§ª¨ ®¡à�§¥æ ¨á¯ëâë-
¢�« ¨áª«îç¨â¥«ì−® à�áâï£¨¢�îé¨¥ −�£àã§ª¨, çâ® ¯à¥¤®â¢à�é�«® ¢®§−¨ª−®¢¥−¨¥
¯®¢à¥¦¤¥−¨© ®â á¦�â¨ï. Œ�ªá¨¬�«ì−ë© ãà®¢¥−ì æ¨ª«¨ç¥áª®© −�£àã§ª¨ á®-
®â¢¥âáâ¢®¢�« 60% ®â ¯à®ç−®áâ¨ ®¡à�§æ®¢ −� à�áâï¦¥−¨¥. �à®¤®«¦¨â¥«ì−®áâì
¨á¯ëâ�−¨© ®¯à¥¤¥«ï«�áì ¢ 200 000 æ¨ª«®¢ −�£àã§ª¨. “ª�§�−−®¥ §−�ç¥−¨¥ ¢ë-
¡¨à�«®áì ®¯ëâ−ë¬ ¯ãâ¥¬ ¨§ ãá«®¢¨© á®åà�−¥−¨ï æ¥«®áâ−®áâ¨ ®¡à�§æ�, á ®¤−®©
áâ®à®−ë, ¨ §−�ç¨â¥«ì−®£® à�§¢¨â¨ï à�áâà¥áª¨¢�−¨ï ¬�âà¨æë ¢ á«®ïå | á ¤àã£®©.

5 Алгоритм поиска трещин

�� ¢å®¤ �«£®à¨â¬� ®¡−�àã¦¥−¨ï âà¥é¨− ¯®¤�¥âáï ¯®á«¥¤®¢�â¥«ì−®áâì ¯®-
«ãâ®−®¢ëå â®¬®£à�ä¨ç¥áª¨å áª�−®¢ ª®¬¯®§¨â� ¨ ¨−ä®à¬�æ¨ï ®¡ ã£«�å ãª«�¤ª¨
á«®¥¢. �à¨¬¥à ®¤−®£® ¨§ ¨§®¡à�¦¥−¨© ¢ ¯®á«¥¤®¢�â¥«ì−®áâ¨, ¯®¤«¥¦�é¥© �−�«¨-
§ã ®¯¨á�−−ë¬ ¬¥â®¤®¬, ¯à¥¤áâ�¢«¥− −� à¨á. 1. �«£®à¨â¬ ¢®§¢à�é�¥â ª®®à¤¨−�âë
®¡«�áâ¥©, á®¤¥à¦�é¨å âà¥é¨−ë, ¢ ª�¦¤®¬ á«®¥.

�«£®à¨â¬ ¯®¨áª� âà¥é¨− ¯® â®¬®£à�ä¨ç¥áª®¬ã ¨§®¡à�¦¥−¨î á®áâ®¨â ¨§
âà¥å íâ�¯®¢, ¯à®¨««îáâà¨à®¢�−−ëå −� ¯à¨¬¥à¥ ®¡à�¡®âª¨ ¢ë¤¥«¥−−®© ®¡«�áâ¨
¨§®¡à�¦¥−¨ï −� à¨á. 2.

�¥à¢ë© íâ�¯. �¯à¥¤¥«¥−¨¥ ã£«� ®à¨¥−â�æ¨¨ á«®ï ¤«ï ª�¦¤®£® áª�−� ¢ ¯®-
á«¥¤®¢�â¥«ì−®áâ¨. �â¨ ¤�−−ë¥ ¯®§¢®«ïîâ à�§¡¨âì ¨áå®¤−ãî ¯®á«¥¤®¢�â¥«ì−®áâì
−� ¯®¤¯®á«¥¤®¢�â¥«ì−®áâ¨, ª®«¨ç¥áâ¢® ª®â®àëå á®®â¢¥âáâ¢ã¥â ç¨á«ã á«®¥¢ ¬�-
â¥à¨�«�. �â® ¯®§¢®«ï¥â ¨¤¥−â¨ä¨æ¨à®¢�âì £à�−¨æë á«®¥¢, çâ® á¯®á®¡áâ¢ã¥â
¡®«¥¥ â®ç−®¬ã −�å®¦¤¥−¨î ®¡«�áâ¥©, á®¤¥à¦�é¨å âà¥é¨−ë, −� âà¥âì¥¬ íâ�¯¥
�«£®à¨â¬�. ‚¨§ã�«¨§�æ¨ï à�¡®âë �«£®à¨â¬� −� íâ®¬ íâ�¯¥ ¯®ª�§�−� −� à¨á. 3.

÷¨á. 1 �à¨¬¥à â®¬®£à�ä¨ç¥áª®£® ¨§®¡-
à�¦¥−¨ï (áâà¥«ª�¬¨ ¯®ª�§�−ë ¯à¨¬¥àë
âà¥é¨−ë)

÷¨á. 2 �à¨¬¥à â®¬®£à�ä¨ç¥áª®£® ¨§®¡-
à�¦¥−¨ï ¨ ®¡«�áâ¨ ¤«ï ¨««îáâà�æ¨¨ íâ�-
¯®¢ à�¡®âë �«£®à¨â¬� ¯®¨áª� âà¥é¨−
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Š®«¨ç¥áâ¢¥−−ë© �−�«¨§ à�áâà¥áª¨¢�−¨ï ¢ �ŠŒ ¯® ¤�−−ë¬ ª®¬¯ìîâ¥à−®© â®¬®£à�ä¨¨

÷¨á. 3 �¥à¢ë© íâ�¯ �«£®à¨â¬� ¯®¨áª� âà¥é¨−

�à¨¥−â�æ¨ï á«®¥¢ ®¯à¥¤¥«ï¥âáï ¯ãâ¥¬ �−�«¨§� èã¬� ¨§®¡à�¦¥−¨ï ¨ âà¥é¨−.
‚®-¯¥à¢ëå, �«£®à¨â¬ ¯à¨¬¥−ï¥â ª ¨áå®¤−®¬ã ¨§®¡à�¦¥−¨î (à¨á. 3, a) ä¨«ìâà
˜�àà�, ª®â®àë© ¤®áâ�â®ç−® çã¢áâ¢¨â¥«¥− ª £à�¤¨¥−â�¬ ¨−â¥−á¨¢−®áâ¨ ¬¥¦¤ã
á®á¥¤−¨¬¨ ¯¨ªá¥«ï¬¨, çâ®¡ë ¢ë¤¥«¨âì ª�ª ¢ëá®ª®ª®−âà�áâ−ë¥ âà¥é¨−ë, â�ª
¨ èã¬ (à¨á. 3, ¡). �®«ãç¥−−®¥ ¨§®¡à�¦¥−¨¥ §�â¥¬ ¯à¥®¡à�§ã¥âáï ¢ ¡¨−�à−ãî
ä®à¬ã á ¨á¯®«ì§®¢�−¨¥¬ �¤�¯â¨¢−®£® ¯®à®£� ¤«ï ç¥âª®£® à�§¤¥«¥−¨ï ¯¨ªá¥«¥©
−� ç¥à−ë© ä®− ¨ ¡¥«ë¥ ®¡ê¥ªâë (èã¬ ¨ âà¥é¨−ë). ‚¯®á«¥¤áâ¢¨¨ ¯à¨¬¥−ïîâáï
¬®àä®«®£¨ç¥áª¨¥ ®¯¥à�æ¨¨, â�ª¨¥ ª�ª à�áè¨à¥−¨¥ ¨ íà®§¨ï [21], ¤«ï ã¤�«¥-
−¨ï −¥§−�ç¨â¥«ì−ëå èã¬®¢ëå �àâ¥ä�ªâ®¢ ¨ £àã¯¯¨à®¢ª¨ ®áâ�¢è¨åáï ®¡ê¥ªâ®¢
(à¨á. 3, ¢). Œ−®£¨¥ ¨§ ¯®«ãç¥−−ëå ¡¥«ëå ®¡«�áâ¥© ¨¬¥îâ ç¥âªãî ®à¨¥−â�æ¨î,
ª®â®à�ï ¨á¯®«ì§ã¥âáï ¤«ï ®¯à¥¤¥«¥−¨ï ã£«� ®à¨¥−â�æ¨¨ á«®ï (à¨á. 3, £). �â¨
®¡«�áâ¨ ª«�áá¨ä¨æ¨àãîâáï ¯® ¨å ®à¨¥−â�æ¨¨, ¨ ¤«ï ª�¦¤®£® ª«�áá� à�ááç¨âë-
¢�¥âáï ¢§¢¥è¥−−�ï áã¬¬�, ®á−®¢�−−�ï −� ¯«®é�¤¨ ®¡«�áâ¥©. �à¨¥−â�æ¨ï á«®¥¢
áª�−¨à®¢�−¨ï á®®â¢¥âáâ¢ã¥â ª«�ááã á −�¨¡®«ìè¥© ¢§¢¥è¥−−®© áã¬¬®©.

�®áª®«ìªã âà¥é¨−ë §−�ç¨â¥«ì−® ªàã¯−¥¥ èã¬®¢ëå ®¡ê¥ªâ®¢, ®−¨ ¢−®áïâ
−�¨¡®«ìè¨© ¢ª«�¤ ¢® ¢§¢¥è¥−−ãî áã¬¬ã á¢®¥£® ª«�áá�, íää¥ªâ¨¢−® ®¯à¥¤¥«ïï
®à¨¥−â�æ¨î á«®¥¢. …á«¨ âà¥é¨−ë ®âáãâáâ¢ãîâ, ã£®« ®¯à¥¤¥«ï¥âáï ¨áª«îç¨â¥«ì−®
èã¬®¬. ��ª®−¥æ, ¤�−−ë¥ ®¡ ®à¨¥−â�æ¨¨ á«®¥¢, ¯à¥¤®áâ�¢«¥−−ë¥ ¢ ª�ç¥áâ¢¥
¢å®¤−ëå ¤�−−ëå, ¨á¯®«ì§ãîâáï ¤«ï ãâ®ç−¥−¨ï ã£«®¢, ®¯à¥¤¥«¥−−ëå �«£®à¨â¬®¬.

÷�áá¬®âà¨¬ �«£®à¨â¬ à¥�«¨§�æ¨¨ ¯¥à¢®£® íâ�¯� ¯® è�£�¬. �ãáâì ¨áå®¤−®¥
¨§®¡à�¦¥−¨¥ §¤¥áì (à¨á. 3, �) ¨ ¤�«¥¥ (á¬. à¨á. 4, �) ¯à¥¤áâ�¢«ï¥â á®¡®© ¬�âà¨æã

P = (P (p))p∈D , p = (pi, pj), P (p) ∈ {0, 1, . . . , 255},
D = {1, 2, . . . , h} × {1, 2, . . . , w},

£¤¥ h | ¢ëá®â� ¨§®¡à�¦¥−¨ï; w | è¨à¨−�; p | ª®®à¤¨−�âë ¯¨ªá¥«ï; P (p) |
ïàª®áâì á®®â¢¥âáâ¢ãîé¥£® ¯¨ªá¥«ï. Š�¦¤�ï ®¯¥à�æ¨¨ −�¤ ¨§®¡à�¦¥−¨¥¬ ¢ ¯. 1.1{
1.3 ¨ ¯. 2.1{2.5 ¢ë¯®«−ï¥âáï ¤«ï ¢á¥å ¯¨ªá¥«¥© á−¨¬ª�, â. ¥. ∀ p ∈ D.
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�. ‚. ��−â¥«¥¥¢, �. ‚. ’ãà¡¨−, �. �. ’ãçª®¢ ¨ ¤à.

1.1. �à¨¬¥−ï¥âáï ä¨«ìâà ˜�àà� ¤«ï ¨§¢«¥ç¥−¨ï èã¬®¢ëå �àâ¥ä�ªâ®¢ ¨ âà¥é¨−
−� á−¨¬ª¥ (á¬. à¨á. 3, ¡):

P (2)(p) =

{
255,

∣∣P (Sh)(p)
∣∣ > 255 ;

∣∣P (Sh)(p)
∣∣ ,

∣∣P (Sh)(p)
∣∣ ≤ 255 .

‡¤¥áì p = (pi, pj) ¨ q = (qi, qj) | ª®®à¤¨−�âë ¯¨ªá¥«ï; P (2)(p) | à¥§ã«ìâ�â
¯à¨¬¥−¥−¨ï ä¨«ìâà� ˜�àà�; Sh| ï¤à® á¢¥àâª¨:

Sh =

( −3 0 3
−10 0 10
−3 0 3

)
;

P (Sh)(p) =

1∑

qi=−1

1∑

qj=−1

Shqi+1,qj+1 , P
(Sh)(p) ∈ [−4080, 4080] .

1.2. �à¨¬¥−ï¥âáï �¤�¯â¨¢−�ï ¡¨−�à¨§�æ¨ï á ¯�à�¬¥âà�¬¨ k(p) = 7, const = 2
¤«ï ã¯à®é¥−¨ï ¤�«ì−¥©è¥£® �−�«¨§� ¨§®¡à�¦¥−¨ï:

P (3)(p) =

{
255, P (2)(p) > Ath ;

0, P (2)(p) ≤ Ath .

‡¤¥áì

Ath =
∑

q∈S

Gσ(p − q)P (2)(p)− const ,

£¤¥

σ = 0,3
((
k(p) − 1

)
· 0,5− 1

)
+ 0,8; Gσ(x) =

1

σ
√
2pi
exp

(
− x2

2σ2

)
;

S = [pi − k(p), . . . , pi+ k
(p)]× [pj − k(p), . . . , pj + k

(p)]| ï¤à®, æ¥−âà®¬ ª®â®à®£®

á«ã¦¨â ¯¨ªá¥«ì p; k(p) | à�§¬¥à ï¤à�; const| ª®−áâ�−â�.
1.3. �®á«¥¤®¢�â¥«ì−® ¯à¨¬¥−ïîâáï ¬®àä®«®£¨ç¥áª¨¥ ®¯¥à�æ¨ï à�áè¨à¥−¨ï
¨ íà®§¨¨ c ï¤à®¬ Kr = (Kr(q))3×3, Kr (qi, qj) = 1 ¤«ï ®ç¨áâª¨ ¨§®¡à�¦¥−¨ï ®â
¨§«¨è−¥ ¬¥«ª¨å èã¬®¢ëå �àâ¥ä�ªâ®¢ (á¬. à¨á. 3, ¢):

P (4)(p) = min
(qi,qj):Kr (qi,qj)6=0

(
P (3)(pi + (qi − 1), pj + (qi − 1))

)
;

P (5)(p) = max
(qi,qj):Kr (qi,qj)6=0

(
P (4)(pi + (qi − 1), pj + (qi − 1))

)
.
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1.4. „«ï ¤�«ì−¥©è¥£® �−�«¨§� á−¨¬ª� âà¥¡ã¥âáï ®¯à¥¤¥«¨âì ª®®à¤¨−�âë ®¡«�-
áâ¥©, £¤¥ á®¤¥à¦�âáï ®áâ�¢è¨¥áï èã¬®¢ë¥ �àâ¥ä�ªâë ¨ í«¥¬¥−âë âà¥é¨−. �à¨-
¬¥−ï¥âáï �«£®à¨â¬ ‘ã§ãª¨ ¯®¨áª� ª®−âãà®¢ [21], à¥§ã«ìâ�â®¬ ª®â®à®£® áâ�−®¢¨âáï
¬−®¦¥áâ¢® â®ç¥ª, ®¯¨áë¢�îé¨å £¥®¬¥âà¨î ®¡ê¥ªâ®¢ −� ¨§®¡à�¦¥−¨¨:

Ok =
{{

s(1), s(2), . . . , s(nk)
}

k

}
, k ∈ {1, 2, . . . , d},

£¤¥ Ok | k-© ®¡ê¥ªâ −� á−¨¬ª¥, ¯à¥¤áâ�¢«ïîé¨© á®¡®© èã¬®¢®© �àâ¥ä�ªâ ¨«¨
í«¥¬¥−â âà¥é¨−ë; s = (si, sj)| ª®®à¤¨−�âë ¯¨ªá¥«¥©, ®¯¨áë¢�îé¨å £¥®¬¥âà¨î
®¡ê¥ªâ�; nk | ç¨á«® ¤�−−ëå ¯¨ªá¥«¥©. �«£®à¨â¬ ‘ã§ãª¨ ¯®¨áª� ª®−âãà®¢
®â¡à�áë¢�¥â ¢á¥ «¨è−¨¥ ¯¨ªá¥«¨, «¥¦�é¨¥ −� ¯àï¬ëå «¨−¨ïå, ¨ ®áâ�¢«ï¥â
â®«ìª® ¨å ª®−¥ç−ë¥ â®çª¨.

��©¤¥−−ë¥ ®¡ê¥ªâë −� á−¨¬ª¥ ¯à¥¤áâ�¢«ïîâáï ¢ ¢¨¤¥ ¯àï¬®ã£®«ì−ëå ®¡«�-
áâ¥©:

Areak = (x, y, h,w)k , k ∈ {1, 2, . . . , d},

£¤¥ Areak | k-ï ®¡«�áâì, ®¯¨áë¢�îé�ï ®¡ê¥ªâ −� ¨§®¡à�¦¥−¨¨; xk =

= min1≤m≤nk
{s(m)i } ¨ yk = min1≤m≤nk

{s(m)j } | ª®®à¤¨−�âë «¥¢®£® ¢¥àå-

−¥£® ã£«� ¯àï¬®ã£®«ì−®© ®¡«�áâ¨; hk = max1≤m≤nk
{s(m)i } − xk ¨ wk =

= max1≤m≤nk
{s(m)j } − yk | ¢ëá®â� ¨ è¨à¨−�.

1.5. ‡−�ï ª®®à¤¨−�âë ¨ £¥®¬¥âà¨î ®¡ê¥ªâ®¢ −� á−¨¬ª¥, ¬®¦−® ®¯à¥¤¥«¨âì ¨å
®à¨¥−â�æ¨î, −� ®á−®¢¥ ª®â®à®© ¡ã¤¥â ãáâ�−®¢«¥− ã£®« ãª«�¤ª¨ −� ¨§®¡à�¦¥−¨¨
(á¬. à¨á. 3, £). „«ï ª�¦¤®£® ®¡ê¥ªâ� −� á−¨¬ª¥ −�å®¤ïâáï á«¥¤ãîé¨¥ â®çª¨: TL
(top left) | ªà�©−ïï ¢¥àå−ïï «¥¢�ï â®çª� ª®−âãà� ®¡ê¥ªâ�; TR (top right) |
ªà�©−ïï ¢¥àå−ïï ¯à�¢�ï â®çª�; BL (bottom left) | ªà�©−ïï −¨¦−ïï «¥¢�ï â®çª�;
BR (bottom right) | ªà�©−ïï −¨¦−ïï ¯à�¢�ï â®çª�. „«ï ®¯à¥¤¥«¥−¨ï ¤�−−ëå

â®ç¥ª ¨§ í«¥¬¥−â®¢ ¬−®¦¥áâ¢� O ä®à¬¨àã¥âáï ã¯®àï¤®ç¥−−®¥ ¬−®¦¥áâ¢® O(sort1)

¯® á«¥¤ãîé¥¬ã ¯à�¢¨«ã:

∀ s(a) =
(
s
(a)
i , s

(a)
j

)
¨ s(b) =

(
s
(b)
i , s

(b)
j

)
, s(a), s(b) ∈ Q(sort1) :

s(a) ≺ s(b) ⇔
(
s
(a)
i > s

(b)
i

)
∨
(
s
(a)
i = s

(b)
i ∧ s(a)j > s

(b)
i

)
.

’�ª¦¥ ä®à¬¨àã¥âáï ¢â®à®¥ ã¯®àï¤®ç¥−−®¥ ¬−®¦¥áâ¢® O(sort2) ¯® ¯à�¢¨«ã

∀ s(a) =
(
s
(a)
i , s

(b)
j

)
¨ s(b) =

(
s
(b)
i , s

(b)
j

)
, s(a), s(b) ∈ O(sort2) :

s(a) ≺ s(b) ⇔
(
s
(a)
j > s

(b)
j

)
∨
(
s
(a)
j = s

(b)
j ∧ s(a)i > s

(b)
i

)
.
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‚ ¨â®£¥ ¯®«ãç�¥¬:

O
(sort1)
k =

(
sσ1(1) ≺ sσ1(2) ≺ · · · ≺ sσ1(nk)

)
, sσ1(m) ≡ s(m) ;

O
(sort2)
k =

(
sσ2(1) ≺ sσ2(2) ≺ · · · ≺ sσ2(nk)

)
, sσ2(m) ≡ s(m).

…á«¨ wk > hk, â® TLk = (TLi,TLj) = sσ1(1), BLk = (BLi,BLj)k = sσ1(2),

TR = (TRi,TRj)k = sσ1(nk−1), BR = (BRi,BRj)k = sσ1(nk). ‚ ¯à®â¨¢-

−®¬ á«ãç�¥ TL = (TLi,TLj)k = sσ2(1), TR = (TRi,TRj)k = sσ2(2), BL =

= (BLi,BLj)k = s
σ2(nk−1), BR = (BRi,BRj)k = s

σ2(nk).
�¯à¥¤¥«¨¬ ®à¨¥−â�æ¨î ®¡ê¥ªâ®¢ O = {O1, O2, . . . , Od} −� á−¨¬ª¥. „«ï

íâ®£® −¥®¡å®¤¨¬® ãáâ�−®¢¨âì ¨å ¯à¨−�¤«¥¦−®áâì ®¤−®¬ã ¨§ ª«�áá®¢ C =
= {c1, c2, c3, c4} = {0◦, 45◦,−45◦, 90◦}, à�§¡¨âì ¨áå®¤−®¥ ¬−®¦¥áâ¢® −� ¯®¤-

¬−®¦¥áâ¢� O(ct) ¨ ¢ëç¨á«¨âì á®®â¢¥âáâ¢ãîé¨¥ ¢§¢¥è¥−−ë¥ áã¬¬ë Smct, t ∈
∈ {1, 2, 3, 4}.

…á«¨ wk > hk, â® ¯à®¢¥àï¥âáï ¢ë¯®«−¥−¨¥ ãá«®¢¨ï (TRjk
< TLjk

< BRjk
)∨

∨ (TRjk
< BLjk

< BRjk
). …á«¨ ®−® ¢ë¯®«−ï¥âáï, â® Ok ∈ O(c4).

…á«¨ wk ≤ hk, â® ¯à®¢¥àï¥âáï ¢ë¯®«−¥−¨¥ ãá«®¢¨ï

(2wk < h) ∨ (BLik < TLik < BRik) ∨ (TLik < BRik < TRik)∨
∨ (TLik < BLik < TRik) .

…á«¨ ®−® ¢ë¯®«−ï¥âáï, â®Ok ∈ O(c1). ‚ ¯à®â¨¢−®¬ á«ãç�¥ ¯à®¢¥àï¥âáï ¢ë¯®«−¥-
−¨¥ ãá«®¢¨ï (TLik > xk+0,5wk)∧ (BRik < xk+0,5wk). …á«¨ ®−® ¢ë¯®«−ï¥âáï,

â® Ok ∈ O(c2). ‚ ¯à®â¨¢−®¬ á«ãç�¥ ¯à®¢¥àï¥âáï ¢ë¯®«−¥−¨¥ ãá«®¢¨ï (TRik <

< xk + 0,5wk) ∧ (BLik > xk + 0,5wk). …á«¨ ®−® ¢ë¯®«−ï¥âáï, â® Ok ∈ O(c3).
‚ ¯à®â¨¢−®¬ á«ãç�¥ ¯à®¢¥àï¥âáï ¢ë¯®«−¥−¨¥ ãá«®¢¨ï:

((TRik > xk + 0,3wk) ∧ (TRik < xk + 0,7wk))∧
∧ ((BLik > xk + 0,3wk) ∧ (BLik < xk + 0,7wk)) .

…á«¨ ®−® ¢ë¯®«−ï¥âáï, â® Ok ∈ O(c1). ‚ ¯à®â¨¢−®¬ á«ãç�¥ ®¡ê¥ªâ −¥ ¨¬¥¥â ïàª®
¢ëà�¦¥−−®© ®à¨¥−â�æ¨¨ ¨ −¥ ¯à¨−�¤«¥¦¨â −¨ ®¤−®¬ã ª«�ááã.

‚§¢¥è¥−−�ï áã¬¬� Smct, t ∈ {1, 2, 3, 4}, ¢ëç¨á«ï¥âáï ¤«ï ª«�áá®¢ á«¥¤ãîé¨¬
®¡à�§®¬: Smct = vct

∑
Ok∈O(ct) hkwk, v = {1; 1,3; 1,3; 1}.“£«ã ãª«�¤ª¨ ¡ã¤¥â

á®®â¢¥âáâ¢®¢�âì ª«�áá á −�¨¡®«ìè¥© ¢§¢¥è¥−−®© áã¬¬®©:

t∗ = argmin
t∈{1,2,3,4}

Smct ; θ = ct∗ .

÷¥§ã«ìâ�â®¬ ¯¥à¢®£® íâ�¯� �«£®à¨â¬� áâ�−®¢¨âáï ã£®« θ ãª«�¤ª¨ á«®ï −�
á−¨¬ª¥ ¬¨ªà®áâàãªâãàë ª®¬¯®§¨â�.
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‚â®à®© íâ�¯. �¯à¥¤¥«¥−¨¥ −� áª�−¥ ®¡«�áâ¥©, á®¤¥à¦�é¨å âà¥é¨−ë.
�â®â íâ�¯ ¢® ¬−®£®¬ �−�«®£¨ç¥− ¯à¥¤ë¤ãé¥¬ã, ®á−®¢−®¥ ®â«¨ç¨¥ §�ª«îç�¥âáï
¢ æ¥«¨: ¨§®«¨à®¢�âì â®«ìª® âà¥é¨−ë ¯à¨ íää¥ªâ¨¢−®¬ ¯®¤�¢«¥−¨¨ ä®−®¢®£®
èã¬�. ‚¨§ã�«¨§�æ¨ï íâ®£® ¯à®æ¥áá� ¯à¥¤áâ�¢«¥−� −� à¨á. 4. �¥à¢®−�ç�«ì−®
ª ¨áå®¤−®¬ã ¨§®¡à�¦¥−¨î (à¨á. 4, �) ¯à¨¬¥−ï¥âáï ä¨«ìâà ‘®¡¥«ï. �® áà�¢−¥−¨î
á ä¨«ìâà®¬ ˜�àà� ®− ¬¥−¥¥ çã¢áâ¢¨â¥«¥− ª £à�¤¨¥−â�¬ ¨−â¥−á¨¢−®áâ¨ ¬¥¦¤ã
á®á¥¤−¨¬¨ ¯¨ªá¥«ï¬¨ (à¨á. 4, ¡). �â® ¯®§¢®«ï¥â �«£®à¨â¬ã ¨§®«¨à®¢�âì âà¥é¨−ë,
ª®â®àë¥ ¨¬¥îâ ¢ëá®ª¨© ª®−âà�áâ ¯® áà�¢−¥−¨î á ®áâ�â®ç−ë¬ èã¬®¬.

‡�â¥¬ ¨§®¡à�¦¥−¨¥ ¡¨−�à¨§¨àã¥âáï á ¨á¯®«ì§®¢�−¨¥¬ £«®¡�«ì−®£® ¯®à®£�,
� èã¬®¯®¤�¢«¥−¨¥ ¢ë¯®«−ï¥âáï á ¯®¬®éìî ®¯¥à�æ¨© ¬®àä®«®£¨ç¥áª®£® à�áè¨-
à¥−¨ï ¨ íà®§¨¨ (à¨á. 4, ¢). ‹î¡ë¥ ®áâ�¢è¨¥áï èã¬®¢ë¥ �àâ¥ä�ªâë ã¤�«ïîâáï
¯ãâ¥¬ ä¨«ìâà�æ¨¨ ®¡ê¥ªâ®¢ −� ®á−®¢¥ §�à�−¥¥ ®¯à¥¤¥«¥−−®£® ¯®à®£� ®¡«�áâ¨
(à¨á. 4, £).

÷�áá¬®âà¨¬ �«£®à¨â¬ à¥�«¨§�æ¨¨ ¢â®à®£® íâ�¯� ¯® è�£�¬.
2.1. �à¨¬¥−ï¥âáï ä¨«ìâà ‘®¡¥«ï ¤«ï ¨§¢«¥ç¥−¨ï âà¥é¨− (á¬. à¨á. 4, ¡):

P (2)(p) =

{
255,

∣∣P (Sb)(p)
∣∣ > 255 ;

∣∣P (Sb)(p)
∣∣ ,

∣∣P (Sb)(p)
∣∣ ≤ 255 .

‡¤¥áì

P (Sb)(p) =

1∑

qi=−1

1∑

qj=−1

P (p+ q)Sbqi+1,qj+1 ,

£¤¥ p = (pi, pj) ¨ q = (qi, qj) | ª®®à¤¨−�âë ¯¨ªá¥«ï, P (Sb)(p) ∈ [−1020, 1020];
P (2)(p)| à¥§ã«ìâ�â ¯à¨¬¥−¥−¨ï ä¨«ìâà�; Sb| ï¤à® á¢¥àâª¨:

Sb =

(−1 0 1
−2 0 2
−1 0 1

)
.

÷¨á. 4 ‚â®à®© íâ�¯ �«£®à¨â¬� ¯®¨áª� âà¥é¨−
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2.2. �à¨¬¥−ï¥âáï ¯®à®£®¢�ï ¡¨−�à¨§�æ¨ï á ¯®à®£®¢ë¬ §−�ç¥−¨¥¬ th = 127 ¤«ï
ã¯à®é¥−¨ï ¤�«ì−¥©è¥£® �−�«¨§�:

P (3)(p) =

{
255, P (2)(p) > th ;

0, P (2)(p) ≤ th.

÷¥§ã«ìâ�â®¬ ¤�−−®£® è�£� áâ�−®¢¨âáï ç¥à−®-¡¥«®¥ ¨§®¡à�¦¥−¨¥, £¤¥ ¡¥«ë¥ ¯¨ª-
á¥«¨ á®®â¢¥âáâ¢ãîâ ®¡«�áâï¬, £¤¥, ¢®§¬®¦−®, −�å®¤¨âáï âà¥é¨−�.
2.3. Š ¨§®¡à�¦¥−¨î ¯à¨¬¥−ï¥âáï ¬®àä®«®£¨ç¥áª�ï ®¯¥à�æ¨ï à�áè¨à¥−¨ï
c ï¤à®¬ Kr = (Kr (q))5×5, Kr (qi, qj) = 1. �â® ¯®§¢®«¨â ã¢¥«¨ç¨âì ¯«®é�¤ì
®¡«�áâ¥© á ¡¥«ë¬¨ ¯¨ªá¥«ï¬¨ ¨ á£àã¯¯¨à®¢�âì ¨å:

P (4)(p) = max
(qi,qj):Kr (qi,qj)6=0

(
P (3) (pi + (qi − 2), pj + (qj − 2))

)
.

2.4. �à¨¬¥−ï¥âáï ¬®àä®«®£¨ç¥áª�ï ®¯¥à�æ¨ï íà®§¨¨ á ï¤à®¬ Kr = (Kr (q))6×6,
Kr (qi, qj) = 1 ¤«ï ¢®§¢à�é¥−¨ï ¨§−�ç�«ì−®© ¯«®é�¤¨ ®¡«�áâ¥© á ¡¥«ë¬¨ ¯¨ªá¥-
«ï¬¨ á á®åà�−¥−¨¥¬ ¯à¨ íâ®¬ ¨å £àã¯¯¨à®¢ª¨:

P (5)(p) = min
(qi,qj):Kr (qi,qj)6=0

(
P (4) (pi + (qi − 2), pj + (qj − 2))

)
.

2.5. „«ï ®ç¨áâª¨ ¨§®¡à�¦¥−¨ï ®â èã¬� ¯®á«¥¤®¢�â¥«ì−® ¯à¨¬¥−ïîâáï ®¯¥à�æ¨¨
á ï¤à®¬ Kr = (Kr (q))2×2, Kr (qi, qj) = 1 (á¬. à¨á. 4, ¢):

P (6)(p) = min
(qi,qj):Kr (qi,qj)6=0

(
P (5) (pi + (qi − 1), pj + (qj − 1))

)
;

P (7)(p) = max
(qx,qy):Kr (qx,qy)6=0

(
P (6) (px + (qx − 1), py + (qy − 1))

)
.

2.6. —â®¡ë ¨§¢«¥çì ª®®à¤¨−�âë ¢á¥å ®¡«�áâ¥© ¨§ ¡¥«ëå ¯¨ªá¥«¥© ¯à¨¬¥−ï¥âáï
�«£®à¨â¬ ‘ã§ãª¨ [21] ¯®¨áª� ª®−âãà®¢. ÷¥§ã«ìâ�â®¬ ¥£® à�¡®âë áâ�−®¢¨âáï
¬−®¦¥áâ¢® ¯àï¬®ã£®«ì−ëå ®¡«�áâ¥©, ®¯¨áë¢�îé¨å ª®®à¤¨−�âë £àã¯¯ ¡¥«ëå
¯¨ªá¥«¥©:

Area =
{
(x, y, h,w)(1), (x, y, h,w)(2) , . . . , (x, y, h,w)(d)

}
, d ∈ N ,

£¤¥ x(m) ¨ y(m) | ª®®à¤¨−�âë «¥¢®£® ¢¥àå−¥£® ã£«�m-© ¯àï¬®ã£®«ì−®© ®¡«�áâ¨;
h(m) ¨ w(m) | ¢ëá®â� ¨ è¨à¨−� m-© ¯àï¬®ã£®«ì−®© ®¡«�áâ¨, m ∈ {1, 2, . . . , d}.
2.7. �à®¢®¤¨âáï ã¤�«¥−¨¥ ¨§«¨è−¥ ¬¥«ª¨å £àã¯¯ ¡¥«ëå ¯¨ªá¥«¥©, ª®â®àë¥,
¢¥à®ïâ−¥¥ ¢á¥£®, −¥ ®â−®áïâáï ª âà¥é¨−�¬. „«ï íâ®£® ®áãé¥áâ¢«ï¥âáï áà�¢−¥−¨¥
¯«®é�¤¥© ¯àï¬®ã£®«ì−ëå ®¡«�áâ¥©, ®¯¨áë¢�îé¨å £àã¯¯ë ¯¨ªá¥«¥©, á §�¤�−−ë¬
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¯®à®£®¢ë¬ §−�ç¥−¨¥¬. �à®¢¥àï¥âáï ¢ë¯®«−¥−¨¥ ãá«®¢¨ï h(m)w(m) > 50. …á«¨
®−® −¥ ¢ë¯®«−ï¥âáï, â® íâ® ãª�§ë¢�¥â −� â®, çâ®m-ï £àã¯¯� ¯¨ªá¥«¥© ¯à¥¤áâ�¢«ï¥â
á®¡®© èã¬®¢®© �àâ¥ä�ªâ. ˆ§ ¯àï¬®ã£®«ì−ëå ®¡«�áâ¥©, ¤«ï ª®â®àëå ¢ë¯®«−ï¥âáï
¤�−−®¥ ãá«®¢¨¥, ä®à¬¨àã¥âáï ¬−®¦¥áâ¢® (á¬. à¨á. 4, £)

AreaCl =
{
(x, y, h,w)(1), (x, y, h,w)(2), . . . , (x, y, h,w)(dc)

}
, dc ∈ N , dc ≤ d .

2.8. �®áª®«ìªã âà¥é¨−ë −� á−¨¬ª�å ¯à¥¤áâ�¢«ïîâ á®¡®© ¯àï¬ë¥ «¨−¨¨, ®à¨-
¥−â¨à®¢�−−ë¥ −� ¨§®¡à�¦¥−¨¨ ¢ á®®â¢¥âáâ¢¨¨ á ã£«®¬ ãª«�¤ª¨, â® í«¥¬¥−âë

âà¥é¨−, åà�−ïé¨¥áï ¢ AreaCl, ¬®¦−® ¯à¥¤áâ�¢¨âì ¢ ¢¨¤¥ (x1, y1, x2, y2)
(m), £¤¥

x
(m)
1 ¨ y

(m)
1 | −�ç�«® í«¥¬¥−â� âà¥é¨−ë; x

(m)
2 ¨ y

(m)
2 | ª®−¥æ í«¥¬¥−â� âà¥é¨−ë,

m ∈ {1, 2, . . . , dc}. ��ç�«® ¨ ª®−¥æ í«¥¬¥−â®¢ âà¥é¨− ®¯à¥¤¥«ïîâáï −� ®á−®¢¥
ã£«� ãª«�¤ª¨ θ −� á−¨¬ª¥, ¢ëç¨á«¥−−®£® −� ¯¥à¢®¬ íâ�¯¥ �«£®à¨â¬�, á«¥¤ãîé¨¬
®¡à�§®¬:

θ = 0◦ : x
(m)
1 = x(m), y

(m)
1 =

[
y(m) +

w(m)

2

]
, x
(m)
2 = x(m) + h,

y
(m)
2 =

[
y(m) +

w(m)

2

]
;

θ = 45◦ : x
(m)
1 = x(m), y

(m)
1 = y(m) + w, x

(m)
2 = x(m) + h, y

(m)
2 = y(m) ;

θ = −45◦ : x(m)1 = x(m), y
(m)
1 = y(m), x

(m)
2 = x(m) + h, y

(m)
2 = y(m) + w ;

θ = 90◦ : x
(m)
1 =

[
x(m) +

h(m)

2

]
, y
(m)
1 = y(m), x

(m)
2 =

[
x(m) +

h(m)

2

]
,

y
(m)
2 = y(m) + w .

‚ à¥§ã«ìâ�â¥ ä®à¬¨àã¥âáï ¬−®¦¥áâ¢®:

CracksLine =
{
(x1, y1, x2, y2)

(1), (x1, y1, x2, y2)
(2), . . . , (x1, y1, x2, y2)

(dc)
}
.

2.9. ˆ§ ¬−®¦¥áâ¢� í«¥¬¥−â®¢ âà¥é¨− CrackLine ¨§¢«¥ª�îâáï ªàã¯−ë¥ í«¥¬¥−âë
á®£«�á−® ãá«®¢¨î

√(
x
(m)
1 − x

(m)
2

)2
+ (y

(m)
1 − y

(m)
2 )

2 > 40 .

ˆ§ í«¥¬¥−â®¢, ¤«ï ª®â®àëå ¢ë¯®«−ï¥âáï ¤�−−®¥ ãá«®¢¨¥, ä®à¬¨àã¥âáï ¬−®¦¥-
áâ¢®:

CLnL =
{
(x1, y1, x2, y2)

(1), (x1, y1, x2, y2)
(2), . . . , (x1, y1, x2, y2)

(dcl)
}
,

dcl ∈ N , dcl ≤ dc.
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2.10. �à®¢®¤¨âáï £àã¯¯¨à®¢ª� í«¥¬¥−â®¢ âà¥é¨−, à�á¯®«®¦¥−−ëå ¡«¨§ª® ¤àã£
ª ¤àã£ã. „«ï ª�¦¤®£® í«¥¬¥−â� ä®à¬¨àã¥âáï ®¡«�áâì, ®£à�−¨ç¥−−�ï ¤¢ã¬ï
¯�à�««¥«ì−ë¬¨ ¯àï¬ë¬¨ «¨−¨ï¬¨, ¢−ãâà¨ ª®â®à®© ®− −�å®¤¨âáï, ¯® á«¥¤ãîé¥¬ã
¯à�¢¨«ã:

θ = 0◦ : kr(el)m = inf, br(el)m = x
(m)
1 − l, kl(el)m = inf, bl(el)m = x

(m)
1 + l ;

θ = 45◦ : kr(el)m = −1, br(el)m = y
(m)
1 + x

(m)
1 − l

√
2 , kl(el)m = 1,

bl(el)m = y
(m)
1 + x

(m)
1 + l

√
2 ;

θ = −45◦ : kr(el)m = 1, br(el)m = y
(m)
1 − x

(m)
1 − l

√
2, kl(el)m = 1,

bl(el)m = y
(m)
1 − x

(m)
1 + l

√
2 ;

θ = 90◦ : kr(el)m = 0, br(el)m = y
(m)
1 − l, kl(el)m = 0, bl(el)m = y

(m)
1 + l ,

£¤¥ kr
(el)
m ¨ br

(el)
m | ¯�à�¬¥âàë ¯à�¢®© ¯àï¬®©, ®£à�−¨ç¨¢�îé¥© ®¡«�áâì m-£®

í«¥¬¥−â� âà¥é¨−ë; klm ¨ blm | ¯�à�¬¥âàë «¥¢®© ¯àï¬®©; l = 20 | ¯�à�¬¥âà
�«£®à¨â¬�; m ∈ {1, 2, . . . , dcl}. ‚ à¥§ã«ìâ�â¥ ä®à¬¨àã¥âáï ¬−®¦¥áâ¢®:

CrA =
{
(kr,br, kl,bl)

(el)
1 , (kr,br, kl,bl)

(el)
2 , . . . , (kr,br, kl,bl)

(el)
dcl

}
.

�«¥¬¥−âë ¬−®¦¥áâ¢� CrA áà�¢−¨¢�îâáï á®£«�á−® ãá«®¢¨î:

θ ∈ {90◦, 45◦,−45◦} :
((
y
(a)
1 > kr

(el)
b x

(a)
1 + br

(el)
b

)
∧

∧
(
y
(a)
1 < kl

(el)
b x

(a)
1 + bl

(el)
b

))
∨
((
y
(a)
2 > kr

(el)
b x

(a)
2 + br

(el)
b

)
∧

∧
(
y
(a)
2 < kl

(el)
b x

(a)
2 + bl

(el)
b

))
;

θ = 0◦ :
(
x
(a)
1 > br

(el)
b ∧ x(a)1 < bl

(el)
b

)
∨
(
x
(a)
2 > br

(el)
b ∧ x(a)2 < bl

(el)
b

)
,

£¤¥ a, b ∈ {1, 2, . . . , dcl}, a 6= b. …á«¨ ¤«ï ¤¢ãå í«¥¬¥−â®¢ ¬−®¦¥áâ¢� CrA
ãá«®¢¨¥ ¢ë¯®«−ï¥âáï, â® íâ® §−�ç¨â, çâ® ¤�−−ë¥ í«¥¬¥−âë ®¯¨áë¢�îâ ®¤−ã ¨ âã
¦¥ âà¥é¨−ã. ’�ª¨¥ í«¥¬¥−âë áâ�−®¢ïâáï ç�áâìî ®¤−®© £àã¯¯ë. ÷¥§ã«ìâ�â®¬
£àã¯¯¨à®¢ª¨ áâ�−®¢ïâáï ¬−®¦¥áâ¢�:

GrC(m) =
{
(kr,br, kl,bl)

(el)
1 , (kr,br, kl,bl)

(el)
2 , . . . , (kr,br, kl,bl)

(el)

d(m)

}(m)
,

£¤¥ d(m) | ç¨á«® í«¥¬¥−â®¢ âà¥é¨− ¢ m-© £àã¯¯¥, m ∈ {1, 2, . . . , g}, g | ç¨á«®
£àã¯¯ í«¥¬¥−â®¢ âà¥é¨−.
2.11. �� ®á−®¢¥ ¬−®¦¥áâ¢� GrC ä®à¬¨àãîâáï ®¡«�áâ¨, ®¯¨áë¢�îé¨¥ à�á¯®«®-
¦¥−¨¥ £àã¯¯ í«¥¬¥−â®¢ âà¥é¨−:
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Š®«¨ç¥áâ¢¥−−ë© �−�«¨§ à�áâà¥áª¨¢�−¨ï ¢ �ŠŒ ¯® ¤�−−ë¬ ª®¬¯ìîâ¥à−®© â®¬®£à�ä¨¨

Cr = {(kr,br, kl,bl)1, (kr,br, kl,bl)2, . . . , (kr,br, kl,bl)g} ,
£¤¥ krm ¨brm | ¯�à�¬¥âàë ¯à�¢®© ¯àï¬®©, ®£à�−¨ç¨¢�îé¥© ®¡«�áâìm-© £àã¯¯ë
í«¥¬¥−â®¢ âà¥é¨−; klm ¨ blm | ¯�à�¬¥âàë «¥¢®© ¯àï¬®©, m ∈ {1, 2, . . . , g}.
2.12. ��©¤¥−−ë¥ âà¥é¨−ë à�§¤¥«ïîâáï −� ¤«¨−−ë¥ ¨ ª®à®âª¨¥. Š«�áá¨ä¨ª�-
æ¨ï ®áãé¥áâ¢«ï¥âáï −� ®á−®¢¥ ¤«¨−ë âà¥é¨−ë, −�å®¤ïé¥©áï ¢ ª�¤à¥ áê¥¬ª¨.
‚ ¨â®£¥ ä®à¬¨àã¥âáï ¬−®¦¥áâ¢® K = {cl1, cl2, . . . , clg}, cl ∈ {0; 1}, £¤¥ cl = 0
á®®â¢¥âáâ¢ã¥â ª®à®âª®© âà¥é¨−¥, � cl = 1| ¤«¨−−®© âà¥é¨−¥.

÷¥§ã«ìâ�â®¬ ¢â®à®£® íâ�¯� áâ�−®¢¨âáï ¬−®¦¥áâ¢® ®¡«�áâ¥© á®¤¥à¦�−¨ï âà¥-
é¨− Cr ¨ ¬−®¦¥áâ¢® ª«�áá®¢ âà¥é¨− K.

’à¥â¨© íâ�¯. Š®àà¥ªâ¨à®¢ª� −�©¤¥−−ëå ãç�áâª®¢ ¢®§¬®¦−®£® á®¤¥à¦�−¨ï
âà¥é¨− á ãç¥â®¬ ¨−ä®à¬�æ¨¨ ® £à�−¨æ�å á«®¥¢, ¯®«ãç¥−−®© −� ¯¥à¢®¬ íâ�-
¯¥. �è¨¡®ç−® ¨¤¥−â¨ä¨æ¨à®¢�−−ë¥ §®−ë ã¤�«ïîâáï, � ¯à®¯ãé¥−−ë¥ ®¡«�áâ¨
¤®áâà�¨¢�îâáï á ¨á¯®«ì§®¢�−¨¥¬ ª®®à¤¨−�â ®¡«�áâ¥© −� á®á¥¤−¨å áª�−�å. Š®-
®à¤¨−�âë §®−, ¯®«ãç¥−−ë¥ −� âà¥âì¥¬ íâ�¯¥, ¡ã¤ãâ á®®â¢¥âáâ¢®¢�âì âà¥é¨−�¬
¢ ¨áå®¤−®© ¯®á«¥¤®¢�â¥«ì−®áâ¨ áª�−®¢.

÷�áá¬®âà¨¬ �«£®à¨â¬ à¥�«¨§�æ¨¨ âà¥âì¥£® íâ�¯� ¯® è�£�¬. ˆáå®¤−ë¬¨
¤�−−ë¬¨ ¢ëáâã¯�îâ ã£«ë ãª«�¤ª¨ θ(all) = {θ(1), θ(2), . . . , θ(n)}, ®¯à¥¤¥«¥−−ë¥

−� á−¨¬ª�å, ¨ ®¡«�áâ¨ á®¤¥à¦�−¨ï âà¥é¨− Cr(all) = {Cr(1),Cr(2), . . . ,Cr(n)},
£¤¥ n | ç¨á«® á−¨¬ª®¢ ¢ ¨áå®¤−®© ¯®á«¥¤®¢�â¥«ì−®áâ¨.
3.1. �à®¢®¤¨âáï ¯®¨áª £à�−¨æ á«®¥¢ ¢ ¯®á«¥¤®¢�â¥«ì−®áâ¨ á−¨¬ª®¢ −� ®á−®¢¥
¢ëç¨á«¥−−ëå ã£«®¢ ãª«�¤ª¨ −� ¨§®¡à�¦¥−¨ïå ¨ ¨§¢¥áâ−ëå ã£«�å ãª«�¤ª¨ á«®¥¢.
÷¥§ã«ìâ�â®¬ áâ�−®¢¨âáï ¬−®¦¥áâ¢® BD = {bd1,bd2, . . . ,bdsl}, sl ∈ N, £¤¥
sl | ç¨á«® á«®¥¢ ¢ ª®¬¯®§¨â¥; bdm | ç¨á«® á−¨¬ª®¢, á®®â¢¥âáâ¢ãîé¨å m-¬ã
á«®î. ‘−¨¬ª¨ ¨§ ¬−®¦¥áâ¢� {1, 2, . . . ,bd1} ¡ã¤ãâ á®®â¢¥âáâ¢®¢�âì ¯¥à¢®¬ã á«®î
ª®¬¯®§¨â�, ¨§ ¬−®¦¥áâ¢� {bd1 + 1,bd1 + 2, . . . ,bd1 + bd2} | ¢â®à®¬ã á«®î
¨ â. ¤.
3.2. ˆ§ ¬−®¦¥áâ¢� ®¡«�áâ¥© á®¤¥à¦�−¨ï âà¥é¨− ä®à¬¨àãîâáï ¯®á«¥¤®¢�â¥«ì-
−®áâ¨, ®¯¨áë¢�îé¨¥ âà¥é¨−ë ¢ ª�¦¤®¬ á«®¥ ¬�â¥à¨�«�. �à®¢®¤¨âáï áà�¢−¥−¨¥
ª®®à¤¨−�â ®¡«�áâ¥©, ¯à¨−�¤«¥¦�é¨å ®¤−®¬ã á«®î, ¤àã£ á ¤àã£®¬. …á«¨ ª®®à-
¤¨−�âë ®â«¨ç�îâáï −¥§−�ç¨â¥«ì−®, â® íâ® ãª�§ë¢�¥â −� â®, çâ® ¤�−−ë¥ ®¡«�áâ¨
®¯¨áë¢�îâ ®¤−ã ¨ âã ¦¥ âà¥é¨−ã. ’�ª¨¥ ®¡«�áâ¨ áâ�−®¢ïâáï ç�áâìî ®¤−®©
¯®á«¥¤®¢�â¥«ì−®áâ¨:

Seq(all1) = {Seq1,Seq2, . . . ,Seqsl} ,
Seqm =

{
seq1, seq2, . . . , seqrs

}
, rs ∈ N, m ∈ {1, 2, . . . , sl} ,

sequ = (coords1, coords2, . . . , coordsbdu
) , u ∈ {1, 2, . . . , rs} ,

coordsz ∈
{

n⋃

i=1

Cri

}⋃
{None} , z ∈ {1, 2, . . . ,bdu} ,

£¤¥ Seq(all)| ¬−®¦¥áâ¢® ¬−®¦¥áâ¢ ¢á¥å ¯®á«¥¤®¢�â¥«ì−®áâ¥© −� á−¨¬ª�å; Seqm |
¬−®¦¥áâ¢® ¯®á«¥¤®¢�â¥«ì−®áâ¥©, −�©¤¥−−ëå ¢ m-¬ á«®¥ ¬�â¥à¨�«�; sequ | u-ï
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¯®á«¥¤®¢�â¥«ì−®áâì ®¡«�áâ¥© á®¤¥à¦�−¨ï âà¥é¨−; coordsz | ª®®à¤¨−�âë ®¡«�áâ¨
á®¤¥à¦�−¨ï âà¥é¨−ë ¨«¨ §−�ç¥−¨¥None ¢ á«ãç�¥, ¥á«¨ ®¡«�áâì, á®®â¢¥âáâ¢ãîé�ï
¯®á«¥¤®¢�â¥«ì−®áâ¨, −¥ ¡ë«� −�©¤¥−� −� á−¨¬ª¥.
3.3. �à®¢®¤¨âáï ¯à®¢¥àª� ¢á¥å áä®à¬¨à®¢�−−ëå ¯®á«¥¤®¢�â¥«ì−®áâ¥© ®¡«�-
áâ¥© á®¤¥à¦�−¨ï âà¥é¨−. …á«¨ ¢ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¡®«ìè¨−áâ¢® í«¥¬¥−â®¢
¯à¥¤áâ�¢«ïîâ á®¡®© ª®®à¤¨−�âë ®¡«�áâ¥©, � −¥ §−�ç¥−¨ï None, â® íâ® ãª�§ë-
¢�¥â −� â®, çâ® ¤�−−�ï ¯®á«¥¤®¢�â¥«ì−®áâì ¤¥©áâ¢¨â¥«ì−® ®¯¨áë¢�¥â âà¥é¨−ã.
‡−�ç¥−¨ï None §�¬¥−ïîâáï ª®®à¤¨−�â�¬¨ ®¡«�áâ¨, ¢ëç¨á«¥−−ë¬¨ −� ®á−®¢¥
ª®®à¤¨−�â ¤àã£¨å ®¡«�áâ¥© ¤�−−®© ¯®á«¥¤®¢�â¥«ì−®áâ¨. ‚ ¯à®â¨¢−®¬ á«ãç�¥
¯®á«¥¤®¢�â¥«ì−®áâì −¥ á®®â¢¥âáâ¢ã¥â âà¥é¨−¥ ¨ ã¤�«ï¥âáï ¨§ ¬−®¦¥áâ¢� ¢á¥å
¯®á«¥¤®¢�â¥«ì−®áâ¥©. ’�ª ä®à¬¨àã¥âáï ¬−®¦¥áâ¢®

Seq(all2) = {Seq1,Seq2, . . . ,Seqsl} .

÷¥§ã«ìâ�â®¬ âà¥âì¥£® íâ�¯� áâ�−®¢¨âáï ¬−®¦¥áâ¢® Seq(all2), ¢ ª®â®à®¬ á®¤¥à-
¦�âáï ¯®á«¥¤®¢�â¥«ì−®áâ¨ ®¡«�áâ¥© á®¤¥à¦�−¨ï âà¥é¨−.

6 Результаты и обсуждение

÷�áá¬®âà¨¬ à¥§ã«ìâ�â à�¡®âë �«£®à¨â¬� ®¡−�àã¦¥−¨ï âà¥é¨− −� ¯à¨¬¥à¥
¯®á«¥¤®¢�â¥«ì−®áâ¨ â®¬®£à�ä¨ç¥áª¨å áª�−®¢ ¬�â¥à¨�«� á® á«¥¤ãîé¨¬¨ å�à�ªâ¥-
à¨áâ¨ª�¬¨:

{ à�§¬¥à ¨§®¡à�¦¥−¨ï: 1965 × 1629 ¯¨ªá¥«¥©;

{ ç¨á«® ¨§®¡à�¦¥−¨©: 1093;

{ £«ã¡¨−� áª�−¨à®¢�−¨ï: ®â 0,366 ¤® 6,542 ¬¬;

{ è�£ áª�−¨à®¢�−¨ï: ∼ 0,0055 ¬¬;

{ ç¨á«® á«®¥¢: 33.

�� à¨á. 5, � ¯®ª�§�−® ®¤−® ¨§ ¨§®¡à�¦¥−¨© ¨áå®¤−®© ¯®á«¥¤®¢�â¥«ì−®áâ¨. ��
à¨á. 5, ¡ ¯à¥¤áâ�¢«¥−® ¨§®¡à�¦¥−¨¥ á ®â¬¥ç¥−−ë¬¨ ®¡«�áâï¬¨ âà¥é¨−: á ¤«¨−-
−ë¬¨ à¨áª�¬¨ | âà¥é¨−� ¤«¨−−�ï, á ª®à®âª¨¬¨ | ª®à®âª�ï. �¡«�áâ¨ âà¥é¨−
®£à�−¨ç¥−ë ¤¢ã¬ï ¯àï¬ë¬¨ «¨−¨ï¬¨, ã£®« −�ª«®−� ª®â®àëå á®¢¯�¤�¥â á ã£«®¬
ãª«�¤ª¨. •�à�ªâ¥à¨áâ¨ª¨ áª�−� ãª�§�−ë ¢ «¥¢®¬ ¢¥àå−¥¬ ã£«ã ¨§®¡à�¦¥−¨ï:
−®¬¥à á«®ï, ã£®« ãª«�¤ª¨ ¨ £«ã¡¨−� áª�−¨à®¢�−¨ï.

Š®®à¤¨−�âë ®¡«�áâ¥© á®¤¥à¦�−¨ï âà¥é¨− ¯à¥¤áâ�¢«ïîâ á®¡®© ¬−®¦¥áâ¢®
ã¯®àï¤®ç¥−−ëå ç¨á¥« (krc, brc, klc, blc), c ∈ N ∪ {0}, £¤¥ krc ¨ brc | ¯�-
à�¬¥âàë ¯à�¢®© ¯àï¬®©, ®£à�−¨ç¨¢�îé¥© ®¡«�áâì á®¤¥à¦�−¨ï âà¥é¨−ë; klc
¨ blc | ¯�à�¬¥âàë «¥¢®© ¯àï¬®©, ®£à�−¨ç¨¢�îé¥© ®¡«�áâì (krc ¨ klc | ã£«®¢ë¥
ª®íää¨æ¨¥−âë á®®â¢¥âáâ¢ãîé¥© ¯àï¬®©; brc ¨ blc | á¢®¡®¤−ë¥ ç«¥−ë).

‘å¥¬� ¢¨§ã�«¨§�æ¨¨ ¯àï¬ëå, ®£à�−¨ç¨¢�îé¨å ®¡«�áâì á®¤¥à¦�−¨ï âà¥é¨-
−ë, ¯à¥¤áâ�¢«¥−� −� à¨á. 6.
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Š®«¨ç¥áâ¢¥−−ë© �−�«¨§ à�áâà¥áª¨¢�−¨ï ¢ �ŠŒ ¯® ¤�−−ë¬ ª®¬¯ìîâ¥à−®© â®¬®£à�ä¨¨

÷¨á. 5 ’®¬®£à�ä¨ç¥áª®¥ ¨§®¡à�¦¥−¨¥ ¢ ¨áå®¤−®¬ ¢¨¤¥ (a) ¨ á ®â¬¥ç¥−−ë¬¨ âà¥é¨−�¬¨
¢ à¥§ã«ìâ�â¥ à�¡®âë �«£®à¨â¬� (¡)

÷¨á. 6 ‘å¥¬� ¢¨§ã�«¨§�æ¨¨ ¯àï¬ëå, ®£à�−¨ç¨¢�îé¨å ®¡«�áâì á®¤¥à¦�−¨ï âà¥é¨−ë

ˆ−ä®à¬�æ¨ï, ¯®«ãç�¥¬�ï ¯®á«¥ ®¡à�¡®âª¨ áª�−�:

(1) ®¡é¥¥ ç¨á«® −�©¤¥−−ëå âà¥é¨− ¢ ª�¦¤®¬ á«®¥;

(2) ç¨á«® ¤«¨−−ëå ¨ ª®à®âª¨å âà¥é¨− ¢ ª�¦¤®¬ á«®¥ (à¨á. 7);

(3) áà¥¤−¨© ¨−â¥à¢�« ¬¥¦¤ã âà¥é¨−�¬¨ ¢ ª�¦¤®¬ á«®¥ (à¨á. 8).

…á«¨ ã£®« ãª«�¤ª¨ ¢ á«®¥ á®áâ�¢«ï¥â 0◦ ¨«¨ 90◦, â® ¨á¯®«ì§ãîâáï á«¥¤ãîé¨¥
ä®à¬ã«ë:

l =
1

s(n− 1)

n−1∑

k=1

b
(av)
k − b

(av)
k+1 , b

(av)
k =

blk − brk
2

+ blk , (1)

£¤¥ blk ¨ brk | á¢®¡®¤−ë¥ ç«¥−ë ¯àï¬ëå, ®£à�−¨ç¨¢�îé¨å k-î ®¡«�áâì
á®¤¥à¦�−¨ï âà¥é¨−ë (¯¨ªá.); s | ç¨á«® ¯¨ªá¥«¥© ¢ ¬¨««¨¬¥âà¥ á®£«�á−®
¬�áèâ�¡ã á−¨¬ª�; n | ç¨á«® âà¥é¨− ¢ á«®¥. �¡«�áâ¨ á®¤¥à¦�−¨ï âà¥é¨−
®âá®àâ¨à®¢�−ë ¢ ¯®àï¤ª¥ ¢®§à�áâ�−¨ï ¯�à�¬¥âà� bl, s = 263 ¯¨ªá.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 3 2026 117



�. ‚. ��−â¥«¥¥¢, �. ‚. ’ãà¡¨−, �. �. ’ãçª®¢ ¨ ¤à.

÷¨á. 7 ÷�á¯à¥¤¥«¥−¨¥ âà¥é¨− ¯® á«®ï¬: 1 | ª®à®âª¨¥ âà¥é¨−ë; 2 | ¤«¨−−ë¥ âà¥é¨−ë

÷¨á. 8 ÷�á¯à¥¤¥«¥−¨¥ áà¥¤−¥£® à�ááâ®ï−¨ï ¬¥¦¤ã âà¥é¨−�¬¨

„«ï ã£«®¢ ãª«�¤ª¨ 45◦ ¨«¨−45◦ áà¥¤−¨© ¨−â¥à¢�« ¢ëç¨á«ï¥âáï ¯® ä®à¬ã«¥:

l =
1

s(n− 1)

n−1∑

k=1

(
b
(av)
k − b

(av)
k+1

) √
2

2
. (2)

‚ á«ãç�¥, ¥á«¨ ¢ á«®¥ ¬¥−¥¥ ¤¢ãå ®¡«�áâ¥©, á®¤¥à¦�é¨å âà¥é¨−ë, §−�ç¥−¨¥
áà¥¤−¥£® ¨−â¥à¢�«� ¯®«�£�¥âáï à�¢−ë¬ −ã«î;
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Š®«¨ç¥áâ¢¥−−ë© �−�«¨§ à�áâà¥áª¨¢�−¨ï ¢ �ŠŒ ¯® ¤�−−ë¬ ª®¬¯ìîâ¥à−®© â®¬®£à�ä¨¨

÷¨á. 9 ÷�á¯à¥¤¥«¥−¨¥ ¯«®â−®áâ¨ âà¥é¨− ¯® á«®ï¬: à�áç¥â ¯® ä®à¬ã«�¬ (3) (1) ¨ (4) (2)

(4) −®à¬�«¨§®¢�−−ë© áà¥¤−¨© ¨−â¥à¢�« ¬¥¦¤ã âà¥é¨−�¬¨ ¢ ª�¦¤®¬ á«®¥
(à¨á. 9):

|l| = l

W
,

£¤¥ W | è¨à¨−� áª�−�, ¬¬. …á«¨ ã£®« ãª«�¤ª¨ ¢ á«®¥ á®áâ�¢«ï¥â 90◦,
â® W = 6,19 ¬¬. …á«¨ ã£®« ãª«�¤ª¨ 0◦, â® W = 7,47 ¬¬. …á«¨ ã£®«
ãª«�¤ª¨ 45◦ ¨«¨ −45◦, â® W = 9,71 ¬¬;

(5) ®æ¥−ª� ¯«®â−®áâ¨ âà¥é¨−, à�ááç¨â�−−�ï ¯® ç¨á«ã âà¥é¨− (à¨á. 10, �):

l(1) =
n

W
; (3)

(6) ®æ¥−ª� ¯«®â−®áâ¨ âà¥é¨−, à�ááç¨â�−−�ï ¯® áà¥¤−¥¬ã ¨−â¥à¢�«ã ¬¥¦¤ã
âà¥é¨−�¬¨, ®¯à¥¤¥«ï¥¬®¬ã ¯® ä®à¬ã«�¬ (1) ¨«¨ (2) (à¨á. 10, ¡):

l(2) =
1

l
. (4)

‚ á«ãç�ïå, ¥á«¨ ®æ¥−ªã ¯«®â−®áâ¨ ¯® ä®à¬ã«¥ (4) −¥«ì§ï ¢ëç¨á«¨âì, §−�ç¥-
−¨¥ §�¬¥−ï¥âáï −� ¢ëç¨á«¥−−®¥ ¯® ä®à¬ã«¥ (3).

÷¥§ã«ìâ�âë ¢ëç¨á«¥−¨ï ¯à¥¤áâ�¢«¥−ë ¢ ¢¨¤¥ £à�ä¨ª®¢ −� à¨á. 7{10. �� £à�-
ä¨ª¥ à�á¯à¥¤¥«¥−¨ï âà¥é¨− ¯® á«®ï¬ (á¬. à¨á. 7) ¢¨¤−®, çâ® ¡®«ìè¨−áâ¢® âà¥é¨−
ª®à®âª¨¥. „«¨−−ë¥ âà¥é¨−ë ¢áâà¥ç�îâáï £®à�§¤® à¥¦¥, ¯à¨ç¥¬ §−�ç¨â¥«ì−®¥
¨å ç¨á«® à�á¯®«®¦¥−® ¢ á«®ïå üü 3, 7, 14, 18, 25 ¨ 27, ã£®« ãª«�¤ª¨ ª®â®àëå
à�¢¥− 90◦. ÷�á¯à¥¤¥«¥−¨¥ âà¥é¨− ¯à�ªâ¨ç¥áª¨ á¨¬¬¥âà¨ç−® ®â−®á¨â¥«ì−® æ¥−â-
à�«ì−®£® á«®ï ü 16, çâ® ®¡ãá«®¢«¥−® á¨¬¬¥âà¨ç−®© ãª«�¤ª®© á«®¥¢ ª®¬¯®§¨â�.
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�. ‚. ��−â¥«¥¥¢, �. ‚. ’ãà¡¨−, �. �. ’ãçª®¢ ¨ ¤à.

÷¨á. 10 ÷�á¯à¥¤¥«¥−¨¥ ¯«®â−®áâ¨ âà¥é¨− ¯® á«®ï¬ ¯® ä®à¬ã«�¬ (3) (�) ¨ (4) (¡)

’�¡«¨æ� 2 •�à�ªâ¥à¨áâ¨ª¨ à�á¯à¥¤¥«¥−¨© ¯«®â−®áâ¨ âà¥é¨− ¯® á«®ï¬

�à¨¥−â�æ¨ï
á«®¥¢

÷�á¯à¥¤¥«¥−¨¥ ¯«®â−®áâ¨
âà¥é¨− (3) ¯® á«®ï¬

÷�á¯à¥¤¥«¥−¨¥ ¯«®â−®áâ¨
âà¥é¨− (4) ¯® á«®ï¬

‘à¥¤−¥¥
§−�ç¥−¨¥

‘â�−¤�àâ−®¥
®âª«®−¥−¨¥

‘à¥¤−¥¥
§−�ç¥−¨¥

‘â�−¤�àâ−®¥
®âª«®−¥−¨¥

0◦ 0 0 0 0
45◦ 0,372 0,273 0,607 0,538

−45◦ 0,122 0,180 0,318 0,609
90◦ 1,346 0,153 1,388 0,149

�æ¥−ª¨ ¯«®â−®áâ¥©, ¯®«ãç¥−−ë¥ ¯® ä®à¬ã«�¬ (3) ¨ (4) ¨ ¯à¥¤áâ�¢«¥−−ë¥ −�
à¨á. 9, ¯à�ªâ¨ç¥áª¨ á®¢¯�¤�îâ −� ¡®«ìè¨−áâ¢¥ á«®¥¢. ‚ á«®ïå üü 26, 28, 31
¨ 32 ®æ¥−ª¨ §−�ç¨â¥«ì−® à�áå®¤ïâáï. �â® á¢ï§�−® á −¥à�¢−®¬¥à−ë¬ à�á¯à¥¤¥«¥-
−¨¥¬ âà¥é¨−, −� çâ® ãª�§ë¢�¥â áà¥¤−¥¥ à�ááâ®ï−¨¥ ¬¥¦¤ã âà¥é¨−�¬¨ (á¬. à¨á. 8):
¢ ¤�−−ëå á«®ïå ®−® ¤®áâ¨£�¥â ¬¨−¨¬�«ì−ëå −¥−ã«¥¢ëå §−�ç¥−¨©.

�� à¨á. 10 ¯à¥¤áâ�¢«¥−ë à�á¯à¥¤¥«¥−¨ï ¯«®â−®áâ¨ âà¥é¨− ¯® á«®ï¬ ¢ ¢¨¤¥
£à�ä¨ª®¢ úïé¨ª á ãá¨ª�¬¨û. ƒà�−¨æ�¬¨ úïé¨ª®¢û á«ã¦�â ¯¥à¢ë© ¨ âà¥â¨©
ª¢�àâ¨«¨, � úãáëû ®å¢�âë¢�îâ §−�ç¥−¨ï, «¥¦�é¨¥ ¢ ¯à¥¤¥«�å 1,5 ¬¥¦ª¢�àâ¨«ì-
−®£® à�§¬�å� ®â ¯¥à¢®£® ¨ âà¥âì¥£® ª¢�àâ¨«¥©. ‹¨−¨ï −� úïé¨ª¥û á®®â¢¥âáâ¢ã¥â
¬¥¤¨�−−®¬ã §−�ç¥−¨î à�á¯à¥¤¥«¥−¨ï.

‚ â�¡«. 2 ¤�−ë å�à�ªâ¥à¨áâ¨ª¨ à�á¯à¥¤¥«¥−¨© ¯«®â−®áâ¨ âà¥é¨−, ®â−®áï-
é¨åáï ª à¨á. 10.

��¨¡®«ìè¨¥ §−�ç¥−¨ï ¯«®â−®áâ¨ âà¥é¨− ¤®áâ¨£�îâáï ¢ á«®ïå á ®à¨¥−â�æ¨¥©
90◦, çâ® ®¡ãá«®¢«¥−® ¢®§−¨ª−®¢¥−¨¥¬ §−�ç¨â¥«ì−ëå −�¯àï¦¥−¨© ¢ á«®¥ �ŠŒ
¢ −�¯à�¢«¥−¨¨ ¯®¯¥à¥ª �à¬¨àãîé¨å ¢®«®ª®−. ��¨¡®«ìè¨© à�§¡à®á ¨ −�¨¡®«ìè¥¥
ç¨á«® ¢ë¡à®á®¢ §−�ç¥−¨© ¯«®â−®áâ¨ âà¥é¨− −�¡«î¤�¥âáï ¢ á«®ïå á ®à¨¥−â�æ¨¥©
45◦ ¨ −45◦, çâ® ®¡ãá«®¢«¥−® á«®¦−®áâìî ¬¥å�−¨§¬®¢ à�§¢¨â¨ï âà¥é¨− ¢ á«®-
ïå á ¤�−−®© ®à¨¥−â�æ¨¥© ¯à¨ ®¤−®®á−®© à�áâï£¨¢�îé¥© −�£àã§ª¥. ‚ á«®ïå
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Š®«¨ç¥áâ¢¥−−ë© �−�«¨§ à�áâà¥áª¨¢�−¨ï ¢ �ŠŒ ¯® ¤�−−ë¬ ª®¬¯ìîâ¥à−®© â®¬®£à�ä¨¨

á ®à¨¥−â�æ¨¥© 0◦ âà¥é¨−ë ®âáãâáâ¢ãîâ, ¯®íâ®¬ã ®æ¥−ª¨ ¯«®â−®áâ¨ ®ª�§ë¢�îâáï
−ã«¥¢ë¬¨.

�¡−�àã¦¥−® áãé¥áâ¢¥−−®¥ à�áå®¦¤¥−¨¥ ¬¥¦¤ã §−�ç¥−¨ï¬¨ ¯«®â−®áâ¨ âà¥-
é¨−, ¯®«ãç¥−−ë¬¨ ¯® ä®à¬ã«�¬ (3) ¨ (4) ¤«ï á«®¥¢ á ã£«�¬¨ ãª«�¤ª¨ +45◦

¨ −45◦. Š�ª ®â¬¥ç�«®áì à�−¥¥, ¢ íâ¨å á«®ïå âà¥é¨−ë ®¡à�§ãîâáï à¥¤ª® ¨ −¥-
à�¢−®¬¥à−®, çâ® á−¨¦�¥â â®ç−®áâì à�áç¥â®¢ ¯® ä®à¬ã«¥ (4). ’�ª¨¬ ®¡à�§®¬, ¯à¨
®æ¥−ª¥ ¯«®â−®áâ¨ âà¥é¨− ¢ ¤�−−ëå á«®ïå ¯à¥¤¯®çâ¨â¥«ì−® ¨á¯®«ì§®¢�−¨¥ ä®à-
¬ã«ë (3), ®¡¥á¯¥ç¨¢�îé¥© ¡®«¥¥ ª®àà¥ªâ−ë¥ à¥§ã«ìâ�âë. ‚ â® ¦¥ ¢à¥¬ï ¢ á«®ïå
á ãª«�¤ª®© 90◦ ®æ¥−ª¨ ¯«®â−®áâ¥© ¯® ®¡¥¨¬ ä®à¬ã«�¬ ¯à�ªâ¨ç¥áª¨ ¨¤¥−â¨ç−ë.
�¤−�ª® áâ®¨â ãç¨âë¢�âì, çâ® ¢ −¨å ª®−æ¥−âà�æ¨ï âà¥é¨− ¤®áâ�â®ç−® ¢ëá®ª�,
� á«¥¤®¢�â¥«ì−®, ¢¥à®ïâ−®áâì ®è¨¡ª¨ �«£®à¨â¬� ¯à¨ ¨å ®¡−�àã¦¥−¨¨ ¢ëè¥ ¯®
áà�¢−¥−¨î á ¤àã£¨¬¨ á«®ï¬¨. �®«ìè®¥ ç¨á«® ¡«¨§ª® à�á¯®«®¦¥−−ëå ¤¥ä¥ªâ®¢
à�§«¨ç¨âì £®à�§¤® á«®¦−¥¥, −¥¦¥«¨ ¥¤¨−¨ç−ë¥ âà¥é¨−ë. �®íâ®¬ã, ¤®¯ãáª�ï
à�¢−®¬¥à−®áâì à�á¯à¥¤¥«¥−¨ï âà¥é¨− ¢ á«®ïå á ãª«�¤ª®© 90◦, ¤«ï ®æ¥−ª¨ ¨å
¯«®â−®áâ¨ æ¥«¥á®®¡à�§−® ¨á¯®«ì§®¢�âì ä®à¬ã«ã (4). �®áª®«ìªã ®−� ®á−®¢�−� −�
áà¥¤−¥¬ à�ááâ®ï−¨¨ ¬¥¦¤ã âà¥é¨−�¬¨, íää¥ªâ ®â ®è¨¡ª¨ �«£®à¨â¬� ¡ã¤¥â ç�á-
â¨ç−® −¨¢¥«¨à®¢�âìáï §� áç¥â −¥¯®áà¥¤áâ¢¥−−®£® ãáà¥¤−¥−¨ï à�ááâ®ï−¨ï ¬¥¦¤ã
âà¥é¨−�¬¨. ’�ª¨¬ ®¡à�§®¬, ¤«ï ®æ¥−ª¨ ¯«®â−®áâ¨ âà¥é¨− ¢ á«®ïå á ã£«�¬¨
ãª«�¤ª¨ ±45◦ à¥ª®¬¥−¤ã¥âáï ¨á¯®«ì§®¢�âì ä®à¬ã«ã (3), � ¤«ï á«®¥¢ 90◦ |
ä®à¬ã«ã (4).

7 Заключение

�à¥¤«®¦¥− −®¢ë© ¬¥â®¤ ®¡−�àã¦¥−¨ï ¨ ª®«¨ç¥áâ¢¥−−®© ®æ¥−ª¨ áâ¥¯¥-
−¨ à�áâà¥áª¨¢�−¨ï ¢ ¬−®£®á«®©−®¬ ã£«¥¯«�áâ¨ª¥ �ŠŒ −� ¯à¨¬¥à¥ ®¡à�§æ®¢
á 33-á«®©−®© áå¥¬®© ãª«�¤ª¨. ‚ å®¤¥ ¨áá«¥¤®¢�−¨ï ¯®¤â¢¥à¦¤¥−� ¯à¨¬¥−¨¬®áâì
à¥−â£¥−®¢áª®© Š’ ¢ëá®ª®£® à�§à¥è¥−¨ï ¢ ª�ç¥áâ¢¥ ¨−áâàã¬¥−â� −¥à�§àãè�îé¥-
£® ª®−âà®«ï ¤«ï â®ç−®© ¢¨§ã�«¨§�æ¨¨ ¢−ãâà¥−−¨å á¥â¥© âà¥é¨− −� ¢á¥© £«ã¡¨−¥
áª�−¨à®¢�−¨ï ®â 0,366 ¤® 6,542 ¬¬, á®®â¢¥âáâ¢ãîé¥© â¨¯®¢®© â®«é¨−¥ ®¡à�§æ®¢
�ŠŒ ¤«ï ®¡é¥© ¨ á¯¥æ¨�«ì−®© ª¢�«¨ä¨ª�æ¨¨ ¬�â¥à¨�«�.

‚ëï¢«¥−®, çâ® à�§à�¡®â�−−ë© �«£®à¨â¬ ãá¯¥è−® �¢â®¬�â¨§¨àã¥â ¯à®æ¥áá
¨¤¥−â¨ä¨ª�æ¨¨ £à�−¨æ á«®¥¢ ¨ ã£«®¢ ãª«�¤ª¨ á ¨á¯®«ì§®¢�−¨¥¬ ¬®àä®«®£¨ç¥-
áª¨å ¯à¥®¡à�§®¢�−¨© ¨ �−�«¨§� èã¬®¢ëå ¨áª�¦¥−¨©, ¨áª«îç�ï −¥®¡å®¤¨¬®áâì
àãç−®£® ª®−âà®«ï. ’�ª ª�ª à�áâà¥áª¨¢�−¨¥ ¬�âà¨æë �ŠŒ | íâ® â¨¯®¢�ï ä®à¬�
¢−ãâà¥−−¥£® à�§àãè¥−¨ï ¯®¤ −�£àã§ª®© ¢®«®ª−¨áâëå ª®¬¯®§¨æ¨®−−ëå ¬�â¥à¨-
�«®¢ −� ®á−®¢¥ ¯®«¨¬¥à−®£® á¢ï§ãîé¥£®, ¢ ª«�áá ª®â®àëå ¢å®¤ïâ à�§−®à®¤−ë¥
¬�â¥à¨�«ë á −¥¯à¥àë¢−ë¬ �à¬¨à®¢�−¨¥¬, à�§à�¡®â�−−ë© ¬¥â®¤ ®æ¥−ª¨ áâ¥¯¥−¨
à�áâà¥áª¨¢�−¨ï ¯à¨¬¥−¨¬ ¤«ï ã£«¥¯«�áâ¨ª®¢, áâ¥ª«®¯«�áâ¨ª®¢, ®à£�−®¯«�áâ¨-
ª®¢ ¨ ¤àã£¨å à�á¯à®áâà�−¥−−ëå ª®−áâàãªæ¨®−−ëå ¬�â¥à¨�«®¢. „®áâã¯−�ï ¤«ï
®¡à�¡®âª¨ ¯® ¯à¥¤áâ�¢«¥−−®¬ã ¬¥â®¤ã â®«é¨−� ®¡ê¥ªâ®¢ ª®−âà®«ï ®£à�−¨ç¥−�
¨áª«îç¨â¥«ì−® ¢®§¬®¦−®áâï¬¨ â®¬®£à�ä¨ç¥áª®£® ®¡®àã¤®¢�−¨ï.

‚ à¥§ã«ìâ�â¥ ¨áá«¥¤®¢�−¨ï �ŠŒ à�§à�¡®â�−−ë¬ ¬¥â®¤®¬ ¯®«ãç¥−� ª®¬-
¯«¥ªá−�ï ª®«¨ç¥áâ¢¥−−�ï ®æ¥−ª� ¯®¢à¥¦¤¥−¨© ¤«ï ª�¦¤®£® ®â¤¥«ì−®£® á«®ï,
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�. ‚. ��−â¥«¥¥¢, �. ‚. ’ãà¡¨−, �. �. ’ãçª®¢ ¨ ¤à.

¢ª«îç�ï ®¡é¥¥ ç¨á«® ¤«¨−−ëå ¨ ª®à®âª¨å âà¥é¨−, áà¥¤−¨© ¨−â¥à¢�« ¬¥¦¤ã
âà¥é¨−�¬¨ ¨ ¤¢� à�§«¨ç−ëå ¢�à¨�−â� ®æ¥−ª¨ ¯«®â−®áâ¨ âà¥é¨−. �®«ãç¥−-
−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ¨¬¥îâ ¯à�ªâ¨ç¥áªãî §−�ç¨¬®áâì ¢ à¥è¥−¨¨ §�¤�ç ª®−âà®«ï
�ŠŒ ¢ ¯à®¬ëè«¥−−ëå ¨ «�¡®à�â®à−ëå ãá«®¢¨ïå. Š ¢ëï¢«¥−−ë¬ ®á®¡¥−−®áâï¬
äã−ªæ¨®−¨à®¢�−¨ï à�§à�¡®â�−−®£® ¬¥â®¤� ®â−®á¨âáï ¢®§¬®¦−®áâì ®¯à¥¤¥«¥−¨ï
ã£«� ãª«�¤ª¨ á ¯®¬®éìî �−�«¨§� èã¬®¢ëå ¨áª�¦¥−¨© ¤�¦¥ −� ¨§®¡à�¦¥−¨ïå, £¤¥
âà¥é¨−ë ®âáãâáâ¢ãîâ, � â�ª¦¥ ¨á¯®«ì§®¢�−¨¥ ª®®à¤¨−�â−ëå ¤�−−ëå á á®á¥¤−¨å
áà¥§®¢ ¤«ï ¢®á¯®«−¥−¨ï −¥¤®áâ�îé¥© ¨−ä®à¬�æ¨¨ ® âà¥é¨−�å.
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QUANTITATIVE ANALYSIS OF CRACKING IN POLYMER
COMPOSITE MATERIALS BY COMPUTED TOMOGRAPHY

A. V. Panteleev, N. V. Turbin, N. A. Tuchkov, R. L. Talya, K. V. Akchupanov,
and K. K. Ibrishev

Moscow Aviation Institute (National Research University), 4 Volokolamskoe Shosse,
Moscow 125933, Russian Federation

Abstract: The article presents the results of a polymer composite material (PCM)
matrix cracking analysis performed using a newly developed method for crack
density detection based on computed tomography data. This method allows for
the automatic detection and tracking of microcracks across successive tomographic
sections. The underlying algorithm is based on modern computer vision concepts.
An aircraft-grade carbon fiber with a 33-layer stacking sequence representative
of key aircraft wing structural components such as load-bearing panels and spars,
was investigated. Matrix cracking in the PCM samples occurred as a result
of the application of cyclic tensile loads. Prior to cyclic loading, quasi-static
tensile tests were performed to determine the tensile strength of the samples. The
number of applied load cycles was selected experimentally from the conditions
for maintaining the integrity of the sample, on the one hand, and the significant
development of matrix cracking in the layers on the other. The tomographic image
crack search algorithm consists of several stages, including determination of the
orientation and thickness boundaries of layers, detecting areas with cracks, and
correcting identified cracks based on data obtained in adjacent layers. Scharr and
Sobel filters, morphological operations, and binarization were used to process the
tomographic images. As a result of the application of the method for the studied
PCM, crack density distributions in layers, ratios of long and short cracks, as
well as statistical characteristics of the distributions obtained | representing
the basis for analyzing PCM crack resistance necessary for the high-quality
processing of PCM characterization tests | were obtained.

Keywords: composite materials; matrix cracking; computed tomography; fil-
tration; binarization; morphological transformations
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‚¥©¢«¥â-−¥©à®á¥â¥¢®© á¨−â¥§ ¡¨«¨−¥©−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë

1 Введение

�¨«¨−¥©−�ï áâ®å�áâ¨ç¥áª�ï á¨áâ¥¬� ¯à¥¤áâ�¢«ï¥â á®¡®© ¢�¦−ë© ç�áâ−ë©
á«ãç�© ‘â‘ á® á«ãç�©−ë¬¨ ¯�à�¬¥âà�¬¨. �¨«¨−¥©−ë¥ ‘â‘ ¯à¨¬¥−ïîâáï ¤«ï
¨§ãç¥−¨ï äã−ªæ¨®−¨à®¢�−¨ï à�§«¨ç−ëå ¯à¨ª«�¤−ëå ¤¨−�¬¨ç¥áª¨å á¨áâ¥¬. ˆá-
á«¥¤®¢�−¨ï¬ ¢ ®¡«�áâ¨ �−�«¨§� ¨ á¨−â¥§� �‹‘â‘ ¯®á¢ïé¥−® ¬−®¦¥áâ¢® à�¡®â
(á¬., −�¯à¨¬¥à [1{9]).

�¢â®àë §�−¨¬�îâáï à�§à�¡®âª®© ¬¥â®¤®¢ �−�«¨§� ¨ á¨−â¥§� ‘â‘ −� ®á−®¢¥
â¥®à¨¨ Š÷ ‘â� [2]. ‚ −�áâ®ïé¥© à�¡®â¥ ¤�−® à¥è¥−¨¥ §�¤�ç¨ á¨−â¥§� ®¯â¨¬�«ì−®©
¯® ªà¨â¥à¨î ¬¨−¨¬ã¬� ‘Š� ¬−®£®¬¥à−®© −�¡«î¤�¥¬®© �‹‘â‘, ®¯¨áë¢�¥¬®©

ãà�¢−¥−¨ï¬¨ ‚. _‘. �ã£�çñ¢� ¤«ï ¢å®¤−®£® ‘â� ¨ âà¥¡ã¥¬®£® ¢ëå®¤−®£® ‘â�,
§�¢¨áïé¨å ®â á«ãç�©−ëå ¯�à�¬¥âà®¢. ‚ á®áâ�¢ ¢å®¤−®£® ‘â� ¢å®¤¨â á«ãç�©−�ï
¯®¬¥å�, −¥§�¢¨á¨¬�ï ®â á«ãç�©−ëå ¯�à�¬¥âà®¢. „�−−ë© ‘Š�-®¯â¨¬�«ì−ë©
«¨−¥©−ë© ®¯¥à�â®à �‹‘â‘ −�å®¤¨âáï ¯à¨ à¥è¥−¨¨ ®¯¥à�â®à−®£® ãà�¢−¥−¨ï,
á¢ï§ë¢�îé¥£® ¢â®à®© −�ç�«ì−ë© ¬®¬¥−â ¢å®¤−®£® ‘â� ¨ á¬¥è�−−ë© ¢â®à®©
−�ç�«ì−ë© ¬®¬¥−â ¢å®¤−®£® ¨ âà¥¡ã¥¬®£® ¢ëå®¤−®£® ‘â�. �à¨¡«¨¦¥−−ë© �−�-
«¨â¨ç¥áª¨© ¬¥â®¤ à¥è¥−¨ï ®¯¥à�â®à−®£® ãà�¢−¥−¨ï à�§à�¡®â�− −� ®á−®¢¥ ®¡é¨å
¯à¨−æ¨¯®¢ ¯à¨¡«¨¦¥−−®£® à¥è¥−¨ï ®¯¥à�â®à−ëå ãà�¢−¥−¨© [10] á ¯à¨¬¥−¥−¨¥¬
â¥®à¨¨ ŠŒ� [11], −¥©à®á¥â¥¢ëå â¥å−®«®£¨© [12] ¨ ‚‹Š÷ ‘â� [2]. „«ï ¯®áâà®-
¥−¨ï ‚‹Š÷ ‘â� ¢ë¡à�−ë ®àâ®−®à¬¨à®¢�−−ë¥ ¡�§¨áë ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨
−®á¨â¥«ï¬¨ [11], ®¤−® ¨§ ¯à¥¨¬ãé¥áâ¢ ª®â®àëå §�ª«îç�¥âáï ¢ ¢®§¬®¦−®áâ¨ ¯à¨-
¬¥−¨âì ¡ëáâàë¥ �«£®à¨â¬ë Œ�««� [13] ¯à¨ ¢ëç¨á«¥−¨¨ ª®íää¨æ¨¥−â®¢ ¢¥©¢-
«¥â-à�§«®¦¥−¨© (‚‹÷) ¯® íâ¨¬ ¡�§¨á�¬. �à¥¤«�£�¥¬ë© ¯à¨¡«¨¦¥−−ë© ¬¥â®¤
à¥è¥−¨ï ®¯¥à�â®à−®£® ãà�¢−¥−¨ï ¤«ï ¬−®£®¬¥à−®© ‘Š�-®¯â¨¬�«ì−®© á¨áâ¥-
¬ë ï¢«ï¥âáï ®¡®¡é¥−¨¥¬ −� ¬−®£®¬¥à−ë© á«ãç�© �−�«®£¨ç−®£® ¯à¨¡«¨¦¥−−®£®
�−�«¨â¨ç¥áª®£® ¬¥â®¤� à¥è¥−¨ï ®¯¥à�â®à−®£® ãà�¢−¥−¨ï ¤«ï ®¤−®¬¥à−®© ‘Š�-
®¯â¨¬�«ì−®© ‘â‘ [14, 15].

�à¥¨¬ãé¥áâ¢® ¡�§¨á� ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨ §�ª«îç�¥âáï
¢ áãé¥áâ¢®¢�−¨¨ ¤«ï íâ¨å ¡�§¨á®¢ �«£®à¨â¬� Œ�««�, ¯®§¢®«ïîé¥£® ¢ëç¨á«ïâì
ª®íää¨æ¨¥−âë ‚‹÷ äã−ªæ¨©, ¯à¨−�¤«¥¦�é¨å ¯à®áâà�−áâ¢ã L2[t0, tk], ¡¥§ ¢ë-
ç¨á«¥−¨ï ¨−â¥£à�«®¢.

„«ï ¯®áâà®¥−¨ï ‚‹Š÷ ¢¥ªâ®à−®© á«ãç�©−®© ¯®¬¥å¨ −� ®á−®¢¥ ®àâ®−®à¬¨-
à®¢�−−®£® ¡�§¨á� ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨ [11] à�§à�¡®â�− −¥©-
à®á¥â¥¢®© �«£®à¨â¬ á ¯à¨¬¥−¥−¨¥¬ ‚�‘ [16, 17], ¯®íâ®¬ã ¢¢¥¤¥−® ®¡®§−�ç¥−¨¥
Š÷‚�‘ [18]. ‚å®¤−®© ‘â� �¯¯à®ªá¨¬¨àã¥âáï ¯à¨¡«¨¦¥−−ë¬ ‘â�, ª®¬¯®−¥−âë
ª®â®à®£® ¯à¥¤áâ�¢«¥−ë ¢ ¢¨¤¥ «¨−¥©−®© ª®¬¡¨−�æ¨¨ ¡�§¨á−ëå ¢¥©¢«¥â®¢ ®àâ®-
−®à¬¨à®¢�−−®£® ¡�§¨á� á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨, ¢ë¡à�−−®£® ¯à¨ ¯®áâà®¥−¨¨
Š÷‚�‘ á«ãç�©−®© ¯®¬¥å¨. ��§¢�−−�ï ‘Š�-®¯â¨¬�«ì−�ï ®æ¥−ª� âà¥¡ã¥¬®-
£® ¢ëå®¤−®£® ‘â� ®¯à¥¤¥«ï¥âáï ª�ª à¥§ã«ìâ�â ¢®§¤¥©áâ¢¨ï ‘Š�-®¯â¨¬�«ì−®£®
«¨−¥©−®£® ®¯¥à�â®à� �‹‘â‘ −� ¯à¨¡«¨¦¥−−ë© ¢å®¤−®© ‘â�.

‚ à�§¤. 2 ¤�−� ¯®áâ�−®¢ª� §�¤�ç¨. ‚ à�§¤. 3 ®¯¨á�− ¯à®æ¥áá ¯®áâà®¥−¨ï
¯à¨¡«¨¦¥−−®£® ®¯¥à�â®à−®£® ãà�¢−¥−¨ï ¤«ï −�å®¦¤¥−¨ï ‘Š�-®¯â¨¬�«ì−®£®
®¯¥à�â®à� �‹‘â‘. ‚ à�§¤. 4 ¯à¨¢¥¤¥− −¥©à®á¥â¥¢®© �«£®à¨â¬ à¥è¥−¨ï ¯à¨-
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¡«¨¦¥−−®£® ®¯¥à�â®à−®£® ãà�¢−¥−¨ï. ‚ à�§¤. 5 ®¯¨á�− ¯à®æ¥áá ¯®áâà®¥−¨ï
‘Š�-®¯â¨¬�«ì−®© ®æ¥−ª¨ âà¥¡ã¥¬®£® ¢ëå®¤−®£® ‘â�. �à¨¢¥¤¥− �«£®à¨â¬ ª®¬-
¯ìîâ¥à−®£® ¬®¤¥«¨à®¢�−¨ï ‘Š�-®æ¥−ª¨ ¢ëå®¤−®£® ‘â� �‹‘â‘. „«ï ®æ¥−ª¨
â®ç−®áâ¨ ¬¥â®¤� ¯®«ãç¥−ë ä®à¬ã«ë ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï, ¢â®à®£® −�-
ç�«ì−®£® ¬®¬¥−â� ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë ®è¨¡ª¨ ‘Š�-®æ¥−ª¨ âà¥¡ã¥¬®£®
¢ëå®¤−®£® ‘â�.

2 Постановка задачи

÷�áá¬®âà¨¬ �‹‘â‘, ®¯¨áë¢�¥¬ãî ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢� ¤«ï ¢å®¤−®£®
¨ âà¥¡ã¥¬®£® ¢ëå®¤−®£® ‘â�. �� ¢å®¤ �‹‘â‘ ¯®áâã¯�¥â ¢¥ªâ®à−ë© ‘â�

Z(t) = [Z1(t)Z2(t) · · ·ZNZ
(t)]T , t ∈ [t0, tk].

’à¥¡ã¥¬ë© ¢ëå®¤−®© ‘â� á¨áâ¥¬ë | ¢¥ªâ®à

W (t) = [W1(t)W2(t) · · · WNW
(t)]T , t ∈ [t0, tk] .

�ã¤¥¬ áç¨â�âì, çâ® ‘â� Z(t) ¨ W (t) §�¤�−ë á®®â¢¥âáâ¢¥−−® −� ¢¥à®ïâ−®áâ−ëå
¯à®áâà�−áâ¢�å (HZ ,AZ ,PZ) ¨ (HW ,AW ,PW ). ‡¤¥áì

HZ = L
2[t0, tk]× L

2[t0, tk]× · · · × L
2[t0, tk]︸ ︷︷ ︸

NZ

;

HW = L
2[t0, tk]× L

2[t0, tk]× · · · × L
2[t0, tk]︸ ︷︷ ︸

NW

,

£¤¥ L2[t0, tk]| £¨«ì¡¥àâ®¢® ¯à®áâà�−áâ¢® äã−ªæ¨© f(t) (t ∈ [t0, tk]) á −®à¬®©

‖f‖ =




tk∫

t0

|f(t)|2 dt



1/2

;

AZ | σ-�«£¥¡à� ¢ HZ ; AW | σ-�«£¥¡à� ¢ HW ; PZ(Z(t) = [z1(t) z2(t) · · ·
· · · zNZ

(t)]T) | ¢¥à®ïâ−®áâì á®¡ëâ¨ï Z(t) = [z1(t) z2(t) · · · zNZ
(t)]T, zh(t) ∈

∈ L2[t0, tk], h = 1, NZ ; PW (W (t) = [w1(t)w2(t) · · · wNW
(t)]T | ¢¥à®ïâ−®áâì

á®¡ëâ¨ï

W (t) = [w1(t)w2(t) · · · wNW
(t)]T , wp(t) ∈ L

2[t0, tk], p = 1, NW .

‚å®¤−®© ¨ âà¥¡ã¥¬ë© ¢ëå®¤−®© ‘â� §�¢¨áïâ ®â ¢¥ªâ®à−®© á«ãç�©−®© ¢¥-
«¨ç¨−ë (‘‚) U = [U1 U2 . . . UNU

]T á §�¤�−−®© ¯«®â−®áâìî fU (u) ¨ ª®−¥ç−ë¬¨
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¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ mU = [mU
1 m

U
2 · · · mU

NU
]T ¨ ª®¢�à¨�æ¨®−−®© ¬�â-

à¨æ¥© KU = ‖KU
pq‖NU

p,q=1. ‚ á®áâ�¢ ¢å®¤−®£® ‘â� ¢å®¤¨â −®à¬�«ì−�ï á«ãç�©−�ï

¯®¬¥å�X(t) = [X1(t)X2(t) · · · XNZ
(t)]T á −ã«¥¢ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬

¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æ¥© KX(t1, t2) = ‖KX
hl (t1, t2)‖

NZ

h,l=1.

‚å®¤−®© ‘â� Z(t) ®¯¨áë¢�¥âáï ¡¨«¨−¥©−ë¬ ãà�¢−¥−¨¥¬ ®â−®á¨â¥«ì−® ‘‚ U
¨ á«ãç�©−®© ¯®¬¥å¨ X(t):

Z(t) = ξ(t)U + (B0 +BU)X(t), (1)

£¤¥ ξ(t) = ‖ξhr(t)‖NZ ,NU

h,r=1 , ξhr(t) ∈ L2[t0, tk]| §�¤�−−ë¥ áâàãªâãà−ë¥ äã−ªæ¨¨;

B0 = [b01 b02 · · · b0NZ
]T; B = ‖bhr‖NZ ,NU

h,r=1 , bh0 = const, bhr = const. �âáî¤�

ãà�¢−¥−¨ï ¤«ï ª®¬¯®−¥−â®¢ ‘â� Z(t) ¨¬¥îâ ¢¨¤:

Zh(t) =

NU∑

r=1

ξhr(t)Ur +

(
bh0 +

NU∑

r=1

bhrUr

)
Xh(t) , h = 1, NZ . (2)

’à¥¡ã¥¬ë© ¢ëå®¤−®© ‘â� W (t) −¥ ¤®«¦¥− á®¤¥à¦�âì ¯®¬¥åã ¨ §�¤�− ãà�¢-
−¥−¨¥¬

W (t) = ζ(t)U , (3)

£¤¥ ζ(t) = ‖ηpr(t)‖NW ,NU

p,r=1 , ζpr(t) ∈ L2[t0, tk], | §�¤�−−ë¥ áâàãªâãà−ë¥ äã−ªæ¨¨.

“à�¢−¥−¨ï ¤«ï ª®¬¯®−¥−â®¢ ‘â� W (t) ¨¬¥îâ ¢¨¤:

Wp(t) =

NU∑

r=1

ζpr(t)Ur , p = 1, NW . (4)

„«ï �‹‘â‘ (1){(4) âà¥¡ã¥âáï −�©â¨ ®¯â¨¬�«ì−ãî ‘â‘, ã¤®¢«¥â¢®àïîéãî
á«¥¤ãîé¨¬ ãá«®¢¨ï¬:

{ ¢ëå®¤−®© ‘â� W ∗(t) = [W ∗
1 (t)W

∗
2 (t) · · · W ∗

NW
(t)]T ®¯â¨¬�«ì−®© ‘â‘

ã¤®¢«¥â¢®àï¥â ãà�¢−¥−¨î á ®¯¥à�â®à®¬ At = ‖Aph
t ‖NW ,NU

p,h=1 :

W ∗(t) = AtZ(t) ; (5)

{ ¢ëå®¤−®© ‘â� W ∗ = W ∗(t) ®¡¥á¯¥ç¨¢�¥â ¬¨−¨¬ã¬ ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�-
−¨ï ‘Š� l(–) = tr [– ·–T], –t =W (t)−W ∗(t):

M
[
tr
{
(W (t)−W ∗(t)) (W (t)−W ∗(t))T

}]
= min .

‘â®å�áâ¨ç¥áª¨© ¯à®æ¥áá W ∗(t) ¤�«¥¥ ¡ã¤¥¬ −�§ë¢�âì ‘Š�-®æ¥−ª®© âà¥¡ã¥¬®£®
‘â� W (t).
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3 Аппроксимация операторного уравнения синтеза
по критерию среднеквадратичной ошибки

�ãáâì At ¯à¨−�¤«¥¦¨â ª«�ááã «¨−¥©−ëå ®¯¥à�â®à®¢, â®£¤� ¨§¢¥áâ−® ãà�¢−¥-
−¨¥, ®¯à¥¤¥«ïîé¥¥ ®¯¥à�â®à ‘â‘, ®¯â¨¬�«ì−®© ¯® áà¥¤−¥ª¢�¤à�â¨ç−®¬ã ªà¨â¥-
à¨î [2]:

At

[
M
[
Z(t)Z(τ)T

]]
= M

[
W (t)Z(τ)T

]
, t, τ ∈ [t0, tk]. (6)

‚¢¥¤¥¬ ®¡®§−�ç¥−¨ï:

M
[
Z(t)Z(τ)T

]
= •ZZ(t, τ); M

[
W (t)Z(τ)T

]
= •WZ(t, τ).

’®£¤� ãà�¢−¥−¨¥ (6) ¬®¦−® ¯¥à¥¯¨á�âì ¢ ¢¨¤¥:

At

[
•ZZ(t, τ)

]
= •WZ(t, τ), t, τ ∈ [t0, tk]. (7)

“ç¨âë¢�ï, çâ® •ZZ(t, τ) = ‖•ZZ
hl (t, τ)‖

NZ

h,l=1 ¨ •WZ(t, τ) = ‖•WZ
ph (t, τ)‖

NW ,NZ

p,h=1 ,

� í«¥¬¥−â�¬¨ ¬�âà¨ç−®£® ®¯¥à�â®à� At á«ã¦�â ®¯¥à�â®àë Aph
t : L2[t0, tk] →

→ L2[t0, tk], ¯à¥¤áâ�¢¨¬ ®¯¥à�â®à−®¥ ãà�¢−¥−¨¥ (7) ¢ ¢¨¤¥ á¨áâ¥¬ë ®¯¥à�â®à−ëå
ãà�¢−¥−¨©:

NZ∑

h=1

Aph
t

[
•ZZ

hl (t, τ)
]
= •WZ

pl (t, τ), t, τ ∈ [t0, tk], p = 1, NW , l = 1, NZ . (8)

‘«ãç�©−ë¥ ¢¥«¨ç¨−ë U ¨ ‘â� X(t) −¥§�¢¨á¨¬ë, ¯®íâ®¬ã á®£«�á−® (2)
−�ç�«ì−ë¥ ¬®¬¥−âë ¢â®à®£® ¯®àï¤ª� ª®¬¯®−¥−â®¢ ‘â� Z(t) ¤«ï t, τ ∈ [t0, tk]
¢ëç¨á«ïîâáï ¯® ä®à¬ã«�¬:

•ZZ
hl (t, τ) = M [Zh(t)Zl(τ)] =

NU∑

r1=1

NU∑

r2=1

ξhr1(t)ξ
2
lr2(τ)γ

U
r1r2 +

+

(
b0hb0l +

NU∑

r=1

(b0hblr + b0lbhr)m
U
r +

NU∑

r1=1

NU∑

r2=1

bhpblqγ
U
r1r2

)
KX

hl (t, τ),

h, l = 1, NZ , γ
U
r1r2 = M [Ur1Ur2 ] .

‘®£«�á−® (2) ¨ (4) ¨ ãç¨âë¢�ï −¥§�¢¨á¨¬®áâì ‘‚ U ¨ ‘â� X(t), ¨¬¥¥¬
á«¥¤ãîé¨¥ ä®à¬ã«ë ¤«ï ¢ëç¨á«¥−¨ï á¬¥è�−−ëå −�ç�«ì−ëå ¬®¬¥−â®¢ ¢â®à®£®
¯®àï¤ª� ª®¬¯®−¥−â®¢ ‘â� Z(t) ¨ W (t) ¤«ï t, τ ∈ [t0, tk]:

•WZ
ph (t, τ) = M[Wp(t)Zh(τ)] =

NU∑

r1=1

NU∑

r2=1

ζp(t)ξh(τ)γ
U
r1r2 , p = 1, NW , h = 1, NZ .
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‚ ¯à®áâà�−áâ¢¥ L2[t0, tk] §�¤�¤¨¬ ®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á ¢¥©¢«¥â®¢ á ª®¬-
¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨ {gν(t)}∞ν=1 [11]. ‚ ¯à®áâà�−áâ¢¥ L2([t0, tk] × [t0, tk])
®¯à¥¤¥«¨¬ ®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á ¯ãâ¥¬ â¥−§®à−®£® ¯à®¨§¢¥¤¥−¨ï ¤¢ãå
¢¥©¢«¥â-¡�§¨á®¢ {gν(t)}∞ν=1 ¢ ¢¨¤¥ {gν(t)gµ(τ)}∞ν,µ=1. ”ã−ªæ¨¨ •ZZ

hl (t, τ),

•WZ
pl (t, τ) ∈ L2([t0, tk]× [t0, tk]) ¬®¦−® ¯à¥¤áâ�¢¨âì ª�ª áã¬¬ë ¢¥©¢«¥â-àï¤®¢

•ZZL
hl (t, τ) =

∞∑

ν=1

∞∑

µ=1

γZZ
hlνµgν(t)gµ(τ) ;

•WZL
ph (t, τ) =

∞∑

ν=1

∞∑

µ=1

γWZ
phνµgν(t)gµ(τ)





(9)

á ª®íää¨æ¨¥−â�¬¨

γZZ
hlνµ =

tk∫

t0

tk∫

t0

•ZZL
hl (t, τ)gν(t)gµ(τ) dtdτ ;

γWZ
plνµ =

tk∫

t0

tk∫

t0

•WZL
pl (t, τ)gν(t)gµ(τ) dtdτ .





(10)

�®á«¥ ¯®¤áâ�−®¢ª¨ (9) ¢ (8) ¯®«ãç¨¬ á¨áâ¥¬ã ®¯¥à�â®à−ëå ãà�¢−¥−¨©

NZ∑

h=1

∞∑

ν=1

∞∑

µ=1

γZZ
hlνµA

ph
t [gν(t)]gµ(τ) =

∞∑

ν=1

∞∑

µ=1

γWZ
phνµgν(t)gµ(τ),

t, τ ∈ [t0, tk]; p = 1, NW ; l = 1, NZ . (11)

�¯à¥¤¥«¨¬ í«¥¬¥−â�à−ë¥ ®¯¥à�â®àë Aph
t : L

2[t0, tk]→ L2[t0, tk] á«¥¤ãîé¨¬
®¡à�§®¬:

Aph
t [gν(t)] = f

ph
ν (t). (12)

�®á«¥ ¯®¤áâ�−®¢ª¨ (12) ¢ (11) ¨¬¥¥¬:

NZ∑

h=1

∞∑

ν=1

∞∑

µ=1

γZZ
hlνµf

ph
ν (t)gµ(τ) =

∞∑

ν=1

∞∑

µ=1

γWZ
phνµgν(t)gµ(τ),

t, τ ∈ [t0, tk]; p = 1, NW ; l = 1, NZ . (13)
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�à¥¤áâ�¢¨¬ äã−ªæ¨¨ fphL
µ (t) ¢ ¢¨¤¥ «¨−¥©−®© ª®¬¡¨−�æ¨¨ ¡�§¨á−ëå ¢¥©¢«¥â®¢

¯à®áâà�−áâ¢� L2[t0, tk]:

fph
ν (t) =

∞∑

θ=1

αph
νθgθ(t) , α

ph
νθ =

tk∫

t0

fph
ν (t)gν(t) dt . (14)

�®¤áâ�¢«ïï (14) ¢ (13), ¯®«ãç¨¬ á¨áâ¥¬ã «¨−¥©−ëå ãà�¢−¥−¨© ®â−®á¨â¥«ì−®

−¥¨§¢¥áâ−ëå ª®íää¨æ¨¥−â®¢ αph
νθ :

NZ∑

h=1

∞∑

ν=1

∞∑

µ=1

γZZ
hlνµgµ(τ)

∞∑

θ=1

αph
νθgθ(t) =

∞∑

ν=1

∞∑

µ=1

γWZ
phνµgν(t)gµ(τ),

t, τ ∈ [t0, tk], p = 1, NW , l = 1, NZ . (15)

„«ï ¯à¨¡«¨¦¥−−®£® à¥è¥−¨ï ãà�¢−¥−¨© (15) ®â−®á¨â¥«ì−® ¡¥áª®−¥ç−®£® ç¨á-

«� −¥¨§¢¥áâ−ëå ¯�à�¬¥âà®¢ αph
νθ −¥®¡å®¤¨¬® §�¬¥−¨âì ¨å ãà�¢−¥−¨ï¬¨, §�¢¨áï-

é¨¬¨ ®â ª®−¥ç−®£® ç¨á«� −¥¨§¢¥áâ−ëå ¯�à�¬¥âà®¢ [10].
Šà�â−®¬�áèâ�¡−ë© �−�«¨§ [11] ¯®§¢®«ï¥â ®¯à¥¤¥«¨âì ¯®á«¥¤®¢�â¥«ì−®áâì

¢«®¦¥−−ëå ¯®¤¯à®áâà�−áâ¢ L2J [t0, tk] ¯à®áâà�−áâ¢� L2[t0, tk] c ¬�ªá¨¬�«ì−ë¬
ãà®¢−¥¬ ¢¥©¢«¥â-à�§à¥è¥−¨ï J = 1, 2, 3, . . ., ¢ ª�¦¤®¬ ¨§ ª®â®àëå ¬®¦−® ¯®áâà®-
¨âì ®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨ {gν(t)}L

ν=1

á ª®−¥ç−ë¬ ç¨á«®¬ ¡�§¨á−ëå ¢¥©¢«¥â®¢ L = 2J+1. �¯à¥¤¥«¨¬ ®¯¥à�â®àë ¯à®-
¥ªâ¨à®¢�−¨ï QJ : L

2[t0, tk] → L2J [t0, tk], ª®â®àë¥ áâ�¢ïâ ¢ á®®â¢¥âáâ¢¨¥ ª�¦¤®©
äã−ªæ¨¨, ¯à¨−�¤«¥¦�é¥© L2[t0, tk], ¥¥ ¯à®¥ªæ¨î ¢ ¢¨¤¥ ª®−¥ç−®© «¨−¥©−®©
ª®¬¡¨−�æ¨¨ ¡�§¨á−ëå ¢¥©¢«¥â®¢ gν(t), ν = 1, L.

‘®£«�á−® á¢®©áâ¢�¬ ŠŒ� §�¤�¤¨¬ ¯®á«¥¤®¢�â¥«ì−®áâì ¢«®¦¥−−ëå ¯®¤¯à®-
áâà�−áâ¢ L2J([t0, tk]× [t0, tk]), J = 0, 1, 2, . . ., ¯à®áâà�−áâ¢� L2([t0, tk]× [t0, tk]).
‚ ª�¦¤®¬ ¯®¤¯à®áâà�−áâ¢¥ L2J([t0, tk]×[t0, tk]) ®¯à¥¤¥«¨¬ á®®â¢¥âáâ¢ãîé¨© ¢¥©¢-

«¥â-¡�§¨á {gν(t)gµ(τ)}L
ν,µ=1 á ª®−¥ç−ë¬ ç¨á«®¬ ¡�§¨á−ëå ¢¥©¢«¥â®¢, à�¢−ë¬ L2.

�¯à¥¤¥«¨¬ ®¯¥à�â®àë ¯à®¥ªâ¨à®¢�−¨ï

PJ : L
2([t0, tk]× [t0, tk])→ L

2
J([t0, tk]× [t0, tk]),

ª®â®àë¥ áâ�¢ïâ ¢ á®®â¢¥âáâ¢¨¥ ª�¦¤®© äã−ªæ¨¨, ¯à¨−�¤«¥¦�é¥© ¯à®áâà�−áâ¢ã
L2([t0, tk]×[t0, tk]), ¥¥ ¯à®¥ªæ¨î ¢ ¢¨¤¥ ª®−¥ç−®© «¨−¥©−®© ª®¬¡¨−�æ¨¨ ¡�§¨á−ëå
¢¥©¢«¥â®¢ gν(t)gµ(τ), ν, µ = 1, L.

„�«¥¥, ¢®-¯¥à¢ëå, ¢ ãà�¢−¥−¨ïå (8) �¯¯à®ªá¨¬¨àã¥¬ ®¯¥à�â®àë

Aph
t : L

2[t0, tk]→ L
2[t0, tk]
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‚¥©¢«¥â-−¥©à®á¥â¥¢®© á¨−â¥§ ¡¨«¨−¥©−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë

«¨−¥©−ë¬¨ ®¯¥à�â®à�¬¨

AphL
t = QJA

ph
t , AphL

t : L2J [t0, tk]→ L
2
J [t0, tk], A

phL
t [gν(t)] = f

phL
v (t),

ν = 1, L , fphL
v (t) = QJ

(
fph

ν (t)
)
=

L∑

θ=1

αphL
νθ gθ(t); (16)

¢®-¢â®àëå, ¢ ãà�¢−¥−¨ïå (8) �¯¯à®ªá¨¬¨àã¥¬ äã−ªæ¨¨ •ZZ
hl (t, τ),•

WZ
pl (t, τ) ∈

∈ L2([t0, tk] × [t0, tk]) ¨å ¯à®¥ªæ¨ï¬¨ •ZZL
hl (t, τ),•

WZL
pl (t, τ) ∈ L2J([t0, tk] ×

× [t0, tk]); ¢-âà¥âì¨å, ãçâ¥¬, çâ® ¨§ ®¯à¥¤¥«¥−¨ï ŠŒ� [11] á«¥¤ãîâ ¯à¥¤¥«ì−ë¥
á®®â−®è¥−¨ï ¤«ï t, τ ∈ [t0, tk]:

lim
L→∞

•ZZL
hl (t, τ) = •

ZZ
hl (t, τ); lim

L→∞
•WZL

pl (t, τ) = •WZ
pl (t, τ).

’®£¤� ãà�¢−¥−¨ï (15) §�¬¥−ïâáï ¯à¨¡«¨¦¥−−ë¬¨ ãà�¢−¥−¨ï¬¨ ®â−®á¨â¥«ì−®

ª®−¥ç−®£® ç¨á«� −¥¨§¢¥áâ−ëå ¯�à�¬¥âà®¢ αphL
νθ :

NZ∑

h=1

L∑

ν=1

L∑

µ=1

γZZ
hlνµgµ(τ)

L∑

θ=1

αph
νθgθ(t) =

L∑

ν=1

L∑

µ=1

γWZ
phνµgν(t)gµ(τ),

t, τ ∈ [t0, tk], p = 1, NW , l = 1, NZ . (17)

��ª®−¥æ, ª�ª ¨§¢¥áâ−® [10], ¯® ®¯à¥¤¥«¥−¨î ¯®á«¥¤®¢�â¥«ì−®áâì ®¯¥à�â®à®¢

{AphL
t }, AphL

t : L2J [t0, tk] → L2J [t0, tk], −�§ë¢�¥âáï áå®¤ïé¥©áï ª ®¯¥à�â®àã

Aph
t : L

2[t0, tk] → L2[t0, tk] ¯à¨ L → ∞ ¤«ï gν(t) ∈ L2J [t0, tk], ν = 1, L, ¥á«¨
¢ë¯®«−¥−ë ãá«®¢¨ï:

(1) ¤«ï ν = 1, L ¯®á«¥¤®¢�â¥«ì−®áâì {fphL
ν (t)} áå®¤¨âáï ª fph

ν (t) ¯à¨ L→ ∞;

(2) ¤«ï ν = 1, L
∥∥∥AphL

t [gν(t)]−QJA
ph
t [gν(t)]

∥∥∥→ 0 ¯à¨ L→ ∞ . (18)

�¥à¢®¥ ãá«®¢¨¥ ¢ë¯®«−ï¥âáï á®£«�á−® á¢®©áâ¢�¬ ŠŒ� [11]. ‚â®à®¥ ãá«®¢¨¥
¢ë¯®«−ï¥âáï ¢ á¨«ã (16), ¯®áª®«ìªã

AphL
t [gν(t)]−QJA

ph
t [gν(t)] = QJA

ph
t [gν(t)]−QJA

ph
t [gν(t)] = 0 . (19)

‚ ¨â®£¥ ¤®ª�§�−®

“â¢¥à¦¤¥−¨¥ 1. „«ï �‹‘â‘ (1){(4) ãà�¢−¥−¨ï ª®¢�à¨�æ¨®−−®£® ‘Š�-á¨−â¥-
§� ®¯à¥¤¥«ïîâáï ãà�¢−¥−¨ï¬¨ (8), (15), (17). �®á«¥¤®¢�â¥«ì−®áâì ®¯¥à�â®à®¢

{AphL
t }, AphL

t : L2J [t0, tk] → L2J [t0, tk], ¢ á¨«ã (18), (19) áå®¤¨âáï ª ®¯¥à�â®àã

Aph
t : L

2[t0, tk]→ L2[t0, tk] ¯à¨L→ ∞ ¤«ï gν(t) ∈ L2J [t0, tk], ν = 1, L.
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4 Нейросетевой алгоритм решения приближенного операторного
уравнения синтеза по критерию среднеквадратичной ошибки

„«ï à¥è¥−¨ï á¨áâ¥¬ë «¨−¥©−ëå ®¯¥à�â®à−ëå ãà�¢−¥−¨© (17) ¯à¨¬¥−¨¬ −¥©-
à®á¥â¥¢ë¥ â¥å−®«®£¨¨. „«ï íâ®£® à�áá¬®âà¨¬ §�¤�çã �¯¯à®ªá¨¬�æ¨¨ ¨§¢¥áâ−ëå
äã−ªæ¨© •WZ

pl (t, τ), p = 1, NW , l = 1, NZ , t, τ ∈ [t0, tk], «¨−¥©−®© §�¢¨á¨¬®áâìî
¤¢ã¬¥à−ëå §�¤�−−ëå ¢¥©¢«¥â-äã−ªæ¨©

ρZZ
hlνθ(t, τ) = gθ(t)

L∑

µ=1

γZZ
hlνµgµ(τ)

á −¥¨§¢¥áâ−ë¬¨ ª®íää¨æ¨¥−â�¬¨ αph
νθ , p = 1, NW , h = 1, NZ , ν, θ = 1, L:

•WZL
pl (t, τ) =

L∑

ν=1

L∑

θ=1

NZ∑

h=1

αph
νθρ

ZZ
hlνθ(t, τ).

‚ëç¨á«¨¬ §−�ç¥−¨ï äã−ªæ¨© •WZ
pl (t, τ) ¨ ρZZ

hlνθ(t, τ) ¢ â®çª�å

ti = t0 + i
δt

2
, τj = t0 + j

δτ

2
, δt =

tk − t0
L

, i, j = 1, L , (20)

¢¢¥¤¥¬ ®¡®§−�ç¥−¨ï •WZ
plij = •

WZ
pl (ti, tj), ρ

ZZ
hlνθij = ρZZ

hlνθ(ti, tj) ¨ ¯®áâà®¨¬ äã−ª-
æ¨î áâ®¨¬®áâ¨

E•(α) =
1

2NWNZL
2

NW∑

p=1

NZ∑

l=1

L∑

i=1

L∑

j=1

(
•WZ

plij −
L∑

ν=1

L∑

θ=1

NZ∑

h=1

αph
νθρ

ZZ
hlνθ(t, τ)

)2
, (21)

¨«¨

E•(α) =
1

2NWNZL
2

NW∑

p=1

NZ∑

l=1

L∑

i=1

L∑

j=1

(
eWZ
plij

)2
,

£¤¥

eWZ
plij = •

WZ
plij −

L∑

ν=1

L∑

θ=1

NZ∑

h=1

αph
νθρ

ZZ
hlνθ(t, τ).

‚ à¥§ã«ìâ�â¥ §�¤�ç� ¯®áâà®¥−¨ï «¨−¥©−®£® ®¯¥à�â®à� At = ‖AphL
t ‖NW ,NZ

p,h=1 á¢¥-

¤¥−� ª −�å®¦¤¥−¨î ®¯â¨¬�«ì−ëå §−�ç¥−¨© ª®íää¨æ¨¥−â®¢ αph
νθ , p = 1, NW ,

h = 1, NZ , ν, θ = 1, L, ¯à¨ ª®â®àëå äã−ªæ¨ï áâ®¨¬®áâ¨ (21) ¯à¨−¨¬�¥â ¬¨−¨-
¬�«ì−®¥ §−�ç¥−¨¥.

„«ï à¥è¥−¨ï ¯®áâ�¢«¥−−®© §�¤�ç¨ ¯®áâà®¨¬ ¬−®£®á«®©−ãî ‚�‘ (á¬. à¨áã-
−®ª) á® á«¥¤ãîé¥© áâàãªâãà®©:
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‚¥©¢«¥â-−¥©à®á¥â¥¢®© á¨−â¥§ ¡¨«¨−¥©−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë

�àå¨â¥ªâãà� ‚�‘
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{ ¢å®¤−®© á«®©: ti, tj, i, j = 1, L, ¢ëç¨á«ï¥¬ë¥ ¯® ä®à¬ã«�¬ (20);

{ ¯¥à¢ë© áªàëâë© á«®© ¢ëç¨á«ï¥â §−�ç¥−¨ï ¡�§¨á−ëå äã−ªæ¨© gθi = gθ(ti)
¨ gµj = gµ(tj), θ, µ = 1, L;

{ ¢â®à®© áªàëâë© á«®© ¢ëç¨á«ï¥â §−�ç¥−¨ï äã−ªæ¨©

ρZZ
hlνj = ρ

ZZ
hlν (tj) =

L∑

µ=1

γZZ
hlνµgµ(tj), h, l = 1, NZ , ν = 1, L ;

{ âà¥â¨© áªàëâë© á«®© ¢ëç¨á«ï¥â §−�ç¥−¨ï äã−ªæ¨©

ρZZ
hlνθij = ρ

ZZ
hlνθ(ti, tj) = gθ(ti)ρ

ZZ
hlν (tj), h, l = 1, NZ , ν, θ = 1, L ;

{ ¢ëå®¤−®© á«®© ¢ëç¨á«ï¥â §−�ç¥−¨ï ä�ªâ¨ç¥áª®£® ®âª«¨ª� á¥â¨

ρWZ
plij = ρ

WZ
pl (ti, tj) =

L∑

ν=1

L∑

θ=1

NZ∑

h=1

αph
νθρ

ZZ
hlνθ(ti, tj), p = 1, NW , l = 1, NZ .

‘¥âì á®¤¥à¦¨â ¯ïâì á«®¥¢, ¢ â®¬ ç¨á«¥ âà¨ áªàëâëå. �¡ãç�¥¬ë¬¨ ¯�à�-

¬¥âà�¬¨ á«ã¦�â á¨−�¯â¨ç¥áª¨¥ ¢¥á� αph
νθ , p = 1, NW , h = 1, NZ , ν, θ = 1, L.

„«ï ®¡ãç¥−¨ï ‚�‘ ¯à¨¬¥−ï¥âáï ¯�ª¥â−ë© à¥¦¨¬ ®¡ãç¥−¨ï á ãç¨â¥«¥¬ ¬¥â®¤®¬
®¡à�â−®£® à�á¯à®áâà�−¥−¨ï ®è¨¡ª¨ [12]. ��ç¨−�ï á ¨áå®¤−ëå §−�ç¥−¨© ¢¥á®¢

αph
νθ(0) = αph

νθ0, p = 1, NW , h = 1, NZ , ν, θ = 1, L, £¥−¥à¨àã¥âáï ¯®á«¥¤®¢�-

â¥«ì−®áâì ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢ αph
νθ(1), α

ph
νθ(2), . . ., p = 1, NW , h = 1, NZ ,

ν, θ = 1, L, â�ª¨å çâ® ¯à¨ ¯¥à¥å®¤¥ ®â n-© ¨â¥à�æ¨¨ �«£®à¨â¬� ª (n+1)-© ¢ë¯®«-
−ï¥âáï ãá«®¢¨¥ E•(α(n + 1)) ≤ E•(α(n)), � §−�ç¥−¨ï ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢

áâ�¡¨«¨§¨àãîâáï ®ª®«® ®¯â¨¬�«ì−ëå §−�ç¥−¨© αph∗

νθ , p = 1, NW , h = 1, NZ ,

ν, θ = 1, L. Š®àà¥ªâ¨à®¢ª� ¢¥á®¢ ®áãé¥áâ¢«ï¥âáï ¯® ä®à¬ã«¥:

αph
νθ(n+ 1) = α

ph
νθ(n)− ηqph

νθ (n), (22)

£¤¥

qph
νθ (n) =

∂E•(α)

∂αph
νθ

=

= − 1

NWNZL
2

NW∑

r=1

NZ∑

l=1

L∑

i=1

L∑

j=1

(
•WZ

plij −
L∑

ν=1

L∑

θ=1

NZ∑

h=1

αph
νθρ

ZZ
hlνθij

)
ρZZ

hlνθij;

η = const | ¯�à�¬¥âà áª®à®áâ¨ ®¡ãç¥−¨ï, 0 < η < 1.
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‚¥©¢«¥â-−¥©à®á¥â¥¢®© á¨−â¥§ ¡¨«¨−¥©−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë

‚ ¨â®£¥ ¢ ãá«®¢¨ïå ãâ¢¥à¦¤¥−¨ï 1 ¨¬¥¥¬ á«¥¤ãîé¨© �«£®à¨â¬ ®¯à¥¤¥«¥−¨ï

¯�à�¬¥âà®¢ «¨−¥©−®£® ®¯¥à�â®à� AL
t = ‖AphL

t ‖NW ,NZ

p,h=1 .

�«£®à¨â¬ 1. �¥©à®á¥â¥¢®© �«£®à¨â¬ à¥è¥−¨ï ¯à¨¡«¨¦¥−−®£® ®¯¥à�â®à−®£®
ãà�¢−¥−¨ï ‘Š�-á¨−â¥§�.

1. ƒ¥−¥à�æ¨ï ¬−®¦¥áâ¢� ®¡ãç�îé¨å ¯à¨¬¥à®¢ ¢ ¢¨¤¥ á®¢®ªã¯−®áâ¨ §−�ç¥−¨©
¯�à�¬¥âà� ¢à¥¬¥−¨ ti, tj, i, j = 1, L, á®£«�á−® (20) ¨ á®®â¢¥âáâ¢ãîé¨å
§−�ç¥−¨© á¬¥è�−−ëå ¢â®àëå −�ç�«ì−ëå ¬®¬¥−â®¢ ¢å®¤−®£® ¨ ¢ëå®¤−®£®

‘â� •WZ(ti, tj) = ‖•WZ
phij‖

NW ,NZ

p,h=1 . ‡�¤�−¨¥ §−�ç¥−¨© ¢â®àëå −�ç�«ì−ëå

¬®¬¥−â®¢ ¢å®¤−®£® ‘â� •ZZ(ti, tj) = ‖•ZZ
hlij‖

NZ ,NZ

h,l=1 .

2. �¯à¥¤¥«¥−¨¥ ª®íää¨æ¨¥−â®¢ γZZ
hlνµ, h, l = 1, NZ , ν, µ = 1, L, á®£«�á−® (10)

á ¯®¬®éìî �«£®à¨â¬� Œ�««� [13].

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

4. ˆ−¨æ¨�«¨§�æ¨ï ¢¥á®¢. �à¨ n = 0 αph
νθ(0) = αph

νθ0, p = 1, NW , h = 1, NZ ,

ν, θ = 1, L.

5. ‚ëç¨á«¥−¨¥ äã−ªæ¨© ¯¥à¢®£® áªàëâ®£® á«®ï gθi = gθ(ti) ¨ gµj = gµ(tj),

θ, µ = 1, L, i, j = 1, L.

6. ‚ëç¨á«¥−¨¥ äã−ªæ¨© ¢â®à®£® áªàëâ®£® á«®ï ρZZ
hlνj, h, l = 1, NZ , ν, j = 1, L.

7. ‚ëç¨á«¥−¨¥ äã−ªæ¨© âà¥âì¥£® áªàëâ®£® á«®ï ρZZ
hlνθij, h, l = 1, NZ , ν, θ, i, j =

= 1, L.

8. ‚ëç¨á«¥−¨¥ äã−ªæ¨© ¢ëå®¤−®£® á«®ï ρWZ
plij , p = 1, NW , l = 1, NZ , ν, θ =

= 1, L.

9. ‚ëç¨á«¥−¨¥ §−�ç¥−¨ï äã−ªæ¨¨ áâ®¨¬®áâ¨ ¯® ä®à¬ã«¥ (21). ��ç¨−�ï á âà¥âì¥-
£® è�£� ¯à¨ h = 3 ¯à®¢¥àª� ãá«®¢¨ï ®ª®−ç�−¨ï �¤�¯â�æ¨¨ ¢¥á®¢: |E•(α(n +
+ 1))− E•(α(n))| ≤ δE.

…á«¨ ãá«®¢¨¥ ¢ë¯®«−ï¥âáï, ¢ëå®¤ ¨§ �«£®à¨â¬�, ¢ ¯à®â¨¢−®¬ á«ãç�¥ ¯¥à¥å®¤
ª ¯. 10.

10. �¤�¯â�æ¨ï ¢¥á®¢. ˆ§¬¥−¥−¨¥ ¢¥á®¢ ¯® ä®à¬ã«¥ (22).

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

5 Синтез оценки выходного стохастического процесса
по критерию среднеквадратичной ошибки

„«ï ¯®áâà®¥−¨ï ‘Š�-®æ¥−ª¨ ¢ëå®¤−®£® ‘â� ¯à¥¤áâ�¢¨¬ ¢å®¤−®© ‘â�
¢ ¢¨¤¥ ¢¥©¢«¥â-àï¤�. „«ï íâ®£® ¢−�ç�«¥ ¯®áâà®¨¬ Š÷‚�‘ á«ãç�©−®© ¯®¬¥å¨
X(t) [18] ¢ ¢¨¤¥
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XL(t) =

L∑

ν=1

V X
ν κL

ν (t) , X
L
h (t) =

L∑

ν=1

V X
ν κL

νh(t) , h = 1, NZ , (23)

£¤¥ V X
ν | −¥ª®àà¥«¨à®¢�−−ë¥ ‘‚ á −ã«¥¢ë¬¨ ¬�â¥¬�â¨ç¥áª¨¬¨ ®¦¨¤�−¨ï¬¨

¨ ¤¨á¯¥àá¨ï¬¨ DX
ν = 1; κL

ν (t) = [κ
L
ν1(t)κ

L
ν2(t) · · · κL

νNZ
(t)]T | ¢¥ªâ®à−ë¥

ª®®à¤¨−�â−ë¥ äã−ªæ¨¨. ‘ª�«ïà−ë¥ ª®®à¤¨−�â−ë¥ äã−ªæ¨¨ κL
νh(t) ∈ L2[t0, tk],

ν = 1, L, h = 1, NZ , ¯à¥¤áâ�¢«ïîâ á®¡®© «¨−¥©−ë¥ ª®¬¡¨−�æ¨¨ ¡�§¨á−ëå
¢¥©¢«¥â-äã−ªæ¨©

κL
νh(t) =

L∑

µ=1

cνh
µ gµ(t), h = 1, NZ . (24)

‚ ãà�¢−¥−¨ïå (2) äã−ªæ¨¨ ξhr(t) ∈ L2[t0, tk], h = 1, NZ , r = 1, NU ,
�¯¯à®ªá¨¬¨àã¥¬ ª®−¥ç−ë¬¨ áã¬¬�¬¨ (¡¥áª®−¥ç−ëå ¢ ¯à®áâà�−áâ¢¥ L2[t0, tk])
¢¥©¢«¥â-àï¤®¢

ξL
hr(t) =

L∑

ν=1

βhr
ν gν(t) , β

hr
ν =

tk∫

t0

ξhr(t)gν(t) dt. (25)

„«ï ¢å®¤−®£® ‘â� Z(t) ¯®áâà®¨¬ ¯®á«¥¤®¢�â¥«ì−®áâì ‘â� ZL(t) =
= [ZL

1 (t)Z
L
2 (t) · · ·ZL

NZ
(t)]T, ª®¬¯®−¥−âë ª®â®à®£® ¨¬¥îâ ¢¨¤:

ZL
h (t) =

NU∑

r=1

Urξ
L
hr(t) +

(
bh0 +

NU∑

r=1

bhrUr

)
XL

h (t), h = 1, NZ .

Š�ª ¨§¢¥áâ−® [2], XL(t) áå®¤¨âáï ¢ áà¥¤−¥¬ ª¢�¤à�â¨ç−®¬ ª X(t) ¯à¨ L → ∞.
‘®£«�á−® á¢®©áâ¢�¬ ŠŒ�, ξL

hr(t) → ξhr(t), h = 1, Nz, r = 1, NU , ¯à¨ L → ∞
¤«ï t ∈ [t0, tk]. �® ãá«®¢¨î §�¤�ç¨ ‘‚ U ¨ ¯®¬¥å� X(t) −¥§�¢¨á¨¬ë, ‘‚ U
¨¬¥¥â ª®−¥ç−ë¥ ¢¥à®ïâ−®áâ−ë¥ ¬®¬¥−âë. ‘«¥¤®¢�â¥«ì−®, ¤«ï «î¡ëå t ∈ [t0, tk]
á¯à�¢¥¤«¨¢ë á®®â−®è¥−¨ï:

M
[
Zh(t)− ZL

h (t)
]2
=

= M

[
NU∑

r=1

Ur

(
ξhr(t)− ξL

hr(t)
)
+

(
bh0 +

NU∑

r=1

bhrUr

)
(
Xh(t)−XL

h (t)
)
]2
=
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‚¥©¢«¥â-−¥©à®á¥â¥¢®© á¨−â¥§ ¡¨«¨−¥©−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë

= M

[
NU∑

r=1

Ur

(
ξhr(t)− ξL

hr(t)
)
]2
+

+M

[
bh0 +

NU∑

r=1

bhrUr

]2
M
[
Xh(t)−XL

h (t)
]2 → 0 ¯à¨ L→ 0 ¤«ï h = 1, NZ .

„®ª�§�−® á«¥¤ãîé¥¥

“â¢¥à¦¤¥−¨¥ 2. �®á«¥¤®¢�â¥«ì−®áâì ‘â� ZL(t) áå®¤¨âáï ¢ áà¥¤−¥¬ ª¢�¤à�-
â¨ç−®¬ ª ‘â� Z(t) ¯à¨ L→ ∞ ¤«ï ª�¦¤®£® ä¨ªá¨à®¢�−−®£® t ∈ [t0, tk].

“ç¨âë¢�ï (23){(25), ¯à¥¤áâ�¢¨¬ ª®¬¯®−¥−âë ‘â� ZL(t) ¢ ¢¨¤¥ ‚‹÷:

Zh(t) =

NU∑

r=1

Ur

L∑

ν=1

βhr
ν gν(t) +

(
bh0 +

NU∑

r=1

bhrUr

)
L∑

ν=1

V X
ν

L∑

µ=1

cνh
µ gµ(t) =

=

L∑

µ=1

(
L∑

ν=1

cνh
µ

(
bh0 +

NU∑

r=1

bhrUr

)
V X

ν + β
hr
µ

NU∑

r=1

Ur

)
gµ(t), h = 1, NZ . (26)

‘®£«�á−® ãà�¢−¥−¨î (5) ¯à¨¡«¨¦¥−−ãî ‘Š�-®æ¥−ªã WL∗

(t) âà¥¡ã¥¬®£®
¢ëå®¤−®£® ‘â� W (t) ¬®¦−® §�¯¨á�âì ¢ ¢¨¤¥:

WL∗

(t) = AL
t Z

L(t) ,

¨«¨

WL∗

p (t) =

NZ∑

h=1

AphL
t

[
ZL

h (t)
]
, p = 1, NW . (27)

�®¤áâ�¢«ïï (26) ¢ (27), ¨¬¥¥¬:

WL∗

p (t) =

NZ∑

h=1

L∑

µ=1

(
L∑

ν=1

cνh
µ

(
bh0 +

NU∑

r=1

bhrUr

)
V X

ν + β
hr
µ

NU∑

r=1

Ur

)
AphL

t [gµ(t)],

p = 1, NW . (28)
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ˆ§ (28) ¢ á¨«ã (16) á«¥¤ã¥â:

WL∗

p (t) =

NZ∑

h=1

L∑

µ=1

(
L∑

ν=1

cνh
µ

(
bh0 +

NU∑

r=1

bhrUr

)
V X

ν + β
hr
µ

NU∑

r=1

Ur

)
fphL

µ (t) =

=

NZ∑

h=1

L∑

µ=1

(
L∑

ν=1

cνh
µ

(
bh0 +

NU∑

r=1

bhrUr

)
V X

ν + β
hr
µ

NU∑

r=1

Ur

)
L∑

θ=1

αphL
µθ gθ(t),

p = 1, NW . (29)

‚ ¨â®£¥ ¨¬¥¥¬ á«¥¤ãîé¥¥

“â¢¥à¦¤¥−¨¥ 3. ‚ ãá«®¢¨ïå ãâ¢¥à¦¤¥−¨© 1 ¨ 2 ¯à¨¡«¨¦¥−−�ï ‘Š�-®æ¥−ª� ¢ë-
å®¤−®£® ‘â� ¡¨«¨−¥©−®© ‘â‘, ®¯¨áë¢�¥¬®© ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢� (1){
(4), ®¯à¥¤¥«ï¥âáï á®®â−®è¥−¨ï¬¨ (29).

„«ï ª®¬¯ìîâ¥à−®£® ¬®¤¥«¨à®¢�−¨ï ‘Š�-®æ¥−ª¨ WL∗

(t) ¢ëå®¤−®£® ‘â�
W (t) −¥®¡å®¤¨¬® c ¯®¬®éìî ¤�âç¨ª®¢ á«ãç�©−ëå ç¨á¥« ¯®«ãç¨âì §−�ç¥−¨ï u =
= [u1 u2 · · · uN ]

T ¢¥ªâ®à−®© ‘‚ U á §�¤�−−®© ¯«®â−®áâìî ¢¥à®ïâ−®áâ¨ fu(u)
¨ §−�ç¥−¨ï vX

ν , ν = 1, L, −®à¬�«ì−ëå ‘‚ V X
ν , ν = 1, L, á −ã«¥¢ë¬ ¬�â¥¬�â¨ç¥-

áª¨¬ ®¦¨¤�−¨¥¬ ¨ ¥¤¨−¨ç−ë¬¨ ¤¨á¯¥àá¨ï¬¨.

�«£®à¨â¬ 2. Š®¬¯ìîâ¥à−®¥ ¬®¤¥«¨à®¢�−¨¥ ‘Š�-®æ¥−ª¨ ¢ëå®¤−®£® ‘â�

1. ‚ë¡®à ¡�§¨á� ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨, §�¤�−¨¥ ¬�ªá¨¬�«ì−®£®
ãà®¢−ï ¢¥©¢«¥â-à�§à¥è¥−¨ï J.

2. ‚ë¯®«−¥−¨¥ �«£®à¨â¬� 1 ¤«ï ®¯à¥¤¥«¥−¨ï ¯�à�¬¥âà®¢ αph
νθ , p = 1, NW ,

h = 1, NZ , ν, θ = 1, L.

3. ‚ë¯®«−¥−¨¥ �«£®à¨â¬� ú�®áâà®¥−¨¥ Š÷‚�‘ ¬�âà¨æë ª®¢�à¨�æ¨®−−ëå
äã−ªæ¨© ¢¥ªâ®à−®£® ‘â�û [18] ¤«ï −�å®¦¤¥−¨ï ª®íää¨æ¨¥−â®¢ cνh, ν =
= 1, L, h = 1, NZ .

4. ‚ëç¨á«¥−¨¥ ª®íää¨æ¨¥−â®¢ βhr
ν , h = 1, NZ , r = 1, NU , ν = 1, L, ‚‹÷

äã−ªæ¨© ξhr(t), h = 1, NZ , r = 1, NU , á®£«�á−® (25) á ¯®¬®éìî �«£®à¨â¬�
Œ�««� [13].

5. ƒ¥−¥à�æ¨ï §−�ç¥−¨© u = [u1 u2 · · · uN ]
T ¢¥ªâ®à−®© ‘‚ U á §�¤�−−®© ¯«®â-

−®áâìî ¢¥à®ïâ−®áâ¨ fu(u) ¨ vX
ν , ν = 1, L, −®à¬�«ì−ëå ‘‚ V X

ν , ν = 1, L,
á −ã«¥¢ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ ¨ ¥¤¨−¨ç−ë¬¨ ¤¨á¯¥àá¨ï¬¨ á ¯®-
¬®éìî á®®â¢¥âáâ¢ãîé¨å ¤�âç¨ª®¢ á«ãç�©−ëå ç¨á¥«.

6. ‚ëç¨á«¥−¨¥ ‘Š�-®æ¥−ª¨ WL∗

(t) ¢ëå®¤−®£® ‘â� W (t) ¤«ï t ∈ [t0, tk] ¯®
ä®à¬ã«�¬ (29).
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‚¥©¢«¥â-−¥©à®á¥â¥¢®© á¨−â¥§ ¡¨«¨−¥©−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë

‚ à�¬ª�å ª®àà¥«ïæ¨®−−®© â¥®à¨¨ [1, 2] â®ç−®áâì ‘Š�-®æ¥−ª¨ ®æ¥−¨¢�¥âáï
¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬, ¢â®àë¬ −�ç�«ì−ë¬ ¬®¬¥−â®¬ ¨ ª®¢�à¨�æ¨®−−®©
¬�âà¨æ¥© ®è¨¡ª¨

–(t) = [–1(t)–2(t) · · · –NW
(t)]T ,

£¤¥

–p(t) =

NU∑

r=1

Urζpr(t)−

−
N2Z∑

h=1

L∑

µ=1

(
L∑

ν=1

cνh
µ

(
bh0 +

NU∑

r=1

bhrUr

)
V X

ν + β
hr
µ

NU∑

r=1

Ur

)
fphL

µ (t), p = 1, NW .

…á«¨ ¢¢¥áâ¨ ®¡®§−�ç¥−¨ï

εLpr(t) = ζpr(t)−
N2Z∑

h=1

L∑

µ=1

βhr
µ fphL

µ (t) ;

χL
phν(t) =

L∑

µ=1

cνh
µ fphL

µ (t),

£¤¥ p = 1, NW , h = 1, NZ , r = 1, NU , ν = 1, L, â®

–p(t) =

NU∑

r=1

Urε
L
pr(t)−

NZ∑

h=1

(
bh0 +

NU∑

r=1

bhrUr

)
L∑

ν=1

V X
ν χL

phν(t), p = 1, NW .

ˆ§¢¥áâ−®, çâ®

M
[
V X

ν

]
= 0, M[U ] = mU =

[
mU
1 m

U
2 · · · mU

NU

]T
,

¯®íâ®¬ã ª®¬¯®−¥−âë ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ®è¨¡ª¨

M[–(t)] =
[
m–1 (t)m

–
2 (t) · · · m–NW

(t)
]T

¢ëç¨á«ïîâáï ¯® ä®à¬ã«�¬:

m–p (t) =

NU∑

r=1

mU
r ε

L
pr(t) , p = 1, NW . (30)

„«ï ¢ëç¨á«¥−¨ï ¢â®à®£® −�ç�«ì−®£® ¬®¬¥−â�

•–(t) = M
[
–(t)–T(t)

]
= ‖•–pq(t)‖NW

p,q=1
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®è¨¡ª¨ –t á ãç¥â®¬ −¥§�¢¨á¨¬®áâ¨ ‘‚ U ¨ ‘â� X(t), M[V 2ν (t)] = 1, ν = 1, L,

M[Ur1Ur2 ] = γ
U
r1r2, r1, r2 = 1, NU , ¯®«ãç¥−ë ä®à¬ã«ë:

•–pq(t) =M [–p(t)–q(t)] =

NU∑

r1=1

NU∑

r2=1

γU
r1r2ε

L
pr1(t)ε

L
qr2(t) +

+

NZ∑

h=1

(
b2h0 + 2

NU∑

r=1

bh0bhrm
U
r +

NU∑

r1=1

NU∑

r2=1

bhr1bhr2γ
U
r1r2

)
L∑

ν=1

χL
phν(t)χ

L
qhν(t),

p, q = 1, NW . (31)

�«¥¬¥−âë ª®¢�à¨�æ¨®−−®© ¬�âà¨æë ®è¨¡ª¨

K–(t) = M
[
(–(t)−m–(t))(–(t)−m–(t))

T
]
=
∥∥∥K–pq(t)

∥∥∥
NW

p,q=1

¢ëç¨á«ïîâáï ¯® ¨§¢¥áâ−ë¬ ä®à¬ã«�¬:

K–pq(t) = •
–
pq(t)−m–p (t)m

–
q (t) , p, q = 1, NW . (32)

‚ ¨â®£¥ ¨¬¥¥¬ á«¥¤ãîé¥¥

“â¢¥à¦¤¥−¨¥ 4. ‚ ãá«®¢¨ïå ãâ¢¥à¦¤¥−¨© 1{3 â®ç−®áâì ‘Š�-®æ¥−ª¨ WL∗

(t)
¢ëå®¤−®£® ‘â� W (t) �‹‘â‘ (1){(4) ®æ¥−¨¢�¥âáï ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬,
¢â®àë¬ −�ç�«ì−ë¬ ¬®¬¥−â®¬ ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æ¥© ®è¨¡ª¨ –(t) =
= W (t) − WL∗

(t), ª®¬¯®−¥−âë ª®â®àëå á®®â¢¥âáâ¢¥−−® ¢ëç¨á«ïîâáï ¯®
ä®à¬ã«�¬ (30), (31) ¨ (32).

6 Заключение

„«ï ¬−®£®¬¥à−®© �‹‘â‘, ®¯¨áë¢�¥¬®© ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢� ¤«ï
¢å®¤−®£® ¨ âà¥¡ã¥¬®£® ¢ëå®¤−®£® ‘â�, à�§à�¡®â�−® ¬¥â®¤®«®£¨ç¥áª®¥ ¨ �«£®-
à¨â¬¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥ á¨−â¥§� ‘Š�-®¯â¨¬�«ì−®© ®æ¥−ª¨ ¢ëå®¤−®£® ‘â�.
‚ ®á−®¢¥ ¬¥â®¤®«®£¨¨ «¥¦¨â �−�«¨â¨ç¥áª®¥ à¥è¥−¨¥ ¯à¨¡«¨¦¥−−®£® ®¯¥à�â®à-
−®£® ãà�¢−¥−¨ï, á¢ï§ë¢�îé¥£® −�ç�«ì−ë© ¢â®à®© ¬®¬¥−â ¢å®¤−®£® ‘â� ¨ á¬¥-
è�−−ë© ¢â®à®© −�ç�«ì−ë© ¬®¬¥−â ¢å®¤−®£® ¨ âà¥¡ã¥¬®£® ¢ëå®¤−®£® ‘â�. �à¨
à�§à�¡®âª¥ ¬¥â®¤� ¯à¨¬¥−ï«¨áì â¥®à¨ï ŠŒ�, â¥®à¨ï ‚‹Š÷ ‘â� ¨ ‚�‘.

„�−−�ï à�¡®â� áâ�«� ®¡®¡é¥−¨¥¬ à¥§ã«ìâ�â®¢, ¯®«ãç¥−−ëå ¯à¨ à�§à�¡®âª¥
¬¥â®¤®¢ á¨−â¥§� ®¯â¨¬�«ì−ëå ‘â‘ −� ®á−®¢¥ ‚�‘ ¨ ¯®ª�§�¢è¨å ¯à¥¨¬ãé¥áâ¢�
‚�‘-á¨−â¥§� ¯® áà�¢−¥−¨î á à¥ªãàà¥−â−ë¬¨ ¬¥â®¤�¬¨ á¨−â¥§� [14, 15, 18, 19].
‚ −�áâ®ïé¥¥ ¢à¥¬ï −� ®á−®¢¥ ¬¥â®¤®«®£¨ç¥áª®£® ¨ �«£®à¨â¬¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï,
¨§«®¦¥−−®£® ¢ ¤�−−®© áâ�âì¥, à�§à�¡�âë¢�¥âáï ¨−áâàã¬¥−â�«ì−®¥ ¯à®£à�¬¬−®¥
®¡¥á¯¥ç¥−¨¥ ú�‹‘â‘-‘¨−â¥§-‚�‘û.
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‚¥©¢«¥â-−¥©à®á¥â¥¢®© á¨−â¥§ ¡¨«¨−¥©−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë

‚ ¤�«ì−¥©è¥¬ ¯à¥¤¯®«�£�¥âáï ¯à¨¬¥−¨âì à�§à�¡®â�−−®¥ ¬¥â®¤®«®£¨ç¥áª®¥
¨ �«£®à¨â¬¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥ ¤«ï à¥è¥−¨ï §�¤�ç¨ á¨−â¥§� �‹‘â‘, ®¯â¨¬�«ì-
−ëå ¯® ¤àã£¨¬ ¢¥à®ïâ−®áâ−ë¬ ªà¨â¥à¨ï¬.
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WAVELET NEURAL NETWORK SYNTHESIS
OF BILINEAR STOCHASTIC SYSTEM

I. N. Sinitsyn1, V. I. Sinitsyn1,2, E. R. Korepanov1, and T. D. Konashenkova1

1Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation
2Moscow Aviation Institute (National Research University), 4 Volokolamskoe
Shosse, Moscow 125993, Russian Federation

Abstract: The paper is devoted to methodological and algorithmical support of
wavelet neural network (WNN) mean square estimation (MSE) synthesis for an
observable bilinear stochastic system (BLStS). The BLStS is described by the
Pugachev equations for the input and output stochastic processes (StP). The out-
put StP is dependent on the random parameters vector. The input StP contains
random noise independent of random parameters. The random parameters vector
is defined by a probability density function. The linear operator for MSE optimal
StS is the approximate solution of the operator equation connecting probability
second-order moments. The approximate solution is based on the theory of
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multiscale analysis and a WNN. The random noise is approximated by a wavelet
canonical expansion (WLCE) built upon an orthonormal basis of wavelets with
compact carrier. This WLCE is constructed on a WNN and is denoted as
CEWNN. Input is approximated by linear combination of basic wavelets with
random coefficients. The optimal MSE is composed as a linear combination
of basic wavelets with random coefficients. Accuracy estimates for the output
StP are provided in terms of probability moments of the first and second order.
Experimental software tools \BLStS-Synthesis-WNN" and test examples are
developed.

Keywords: bilinear stochastic system; mean square criterion; modeling; optimal
estimate; stochastic process; stochastic system; wavelet; wavelet canonical
expansion; wavelet neural network

DOI: 10.14357/08696527260307 EDN: BUJSNS

Acknowledgments

The research was carried out using the infrastructure of the Shared Research Facilities
\High Performance Computing and Big Data" (CKP \Informatics") of FRC CSC
RAS (Moscow).

References

1. Pugachev, V. S. 1965. Theory of random functions and its application to control
problems. Oxford: Pergamon Press. 884 p.

2. Sinitsyn, I. N. 2023. Kanonicheskie predstavleniya sluchaynykh funktsiy. Teoriya
i primeneniya [Canonical expansions of random functions. Theory and applications].
2nd ed. Moscow: TORUS PRESS. 816 p.

3. Xu, H., Sh. Liu, Sh. Zhao, and J. Wang. 2023. Distributed control for a class of
nonlinear systems based on distributed high-gain observer. ISA T. 138:329{340. doi:
10.1016/j.isatra.2023.03.002. EDN: OQULQW.

4. Venkateswaran, S., and C. Kravaris. 2023. Linear unknown input observers for
sensor fault estimation in nonlinear systems. IFAC PapersOnLine 56(1):61{66. doi:
10.1016/j.ifacol.2023.02.011. EDN: RFPITX.

5. Musavi, N., D. Sun, S. Mitra, G. E. Dullerud, and S. Shakkottai. 2023. HyHooVer:
Verification and parameter synthesis in stochastic systems with hybrid state space
using optimistic optimization. IEEE Open J. Control Systems 2:263{276. doi:
10.1109/ojcsys.2023.3299152. EDN: NXBJJR.

6. Chen, Z., and W. Ma. 2024. A Bayesian approach to data-driven multi-stage stochas-
tic optimization. J. Global Optim. 90:401{428. doi: 10.1007/s10898-024-01410-3.
EDN: WPGMYA.

7. Tsyganov, A. V., and Yu. V. Tsyganova. 2025. Obshchiy podkhod k postroeniyu gradi-
entnykh metodov parametricheskoy identifikatsii na osnove modifitsirovannoy vzveshen-
noy ortogonalizatsii Grama{Shmidta i algoritmov diskretnoy filtratsii informatsionnogo
tipa [A general approach to constructing gradient methods for parameter identification
based on modified weighted Gram{Schmidt orthogonalization and information-type
discrete filtering algorithms]. Kompyuternye issledovaniya i modelirovanie [Computer

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2026 vol 36 no 3 147



I. N. Sinitsyn, V. I. Sinitsyn, E. R. Korepanov, and T. D. Konashenkova

Research and Modeling] 17(5):761{782. doi: 10.20537/2076-7633-2025-17-5-761-
782. EDN: LWPVIJ.

8. Kozachek, O. A., and A. A. Bobtsov. 2025. Sintez adaptivnogo nablyudatelya so-
stoyaniya dlya klassa nestatsionarnykh bilineynykh sistem v usloviyakh chastichnoy
parametricheskoy neopredelennosti [Adaptive state observer synthesis for a class of
nonstationary bilinear systems under conditions of partial parametric uncertainty].
Izvestiya vysshikh uchebnykh zavedeniy. Priborostroenie [J. Instrument Engineering]
68(5):397{405. doi: 10.17586/0021-3454-2025-68-5-397-405. EDN: RPVOZM.

9. Zhu, B., H. R. Karimi, L. Zhang, and X. Zhao. 2025. Neural network-based adaptive
reinforcement learning for optimized backstepping tracking control of nonlinear systems
with input delay. Appl. Intell. 55(2):129. 16 p. doi: 10.1007/s10489-024-05932-x.
EDN: NFOEVA.

10. Pugachev, V.,S., and I. N. Sinitsyn. 1999. Lectures on functional analysis and
applications. Singapore: World Scientific. 752 p.

11. Daubechies, I. 1992. Ten lectures on wavelets. Philadelphia, PA: Society for Industrial
and Applied Mathematics. 352 p.

12. Haykin, S. 1999. Neural networks. A comprehensive foundation. 2nd ed. Prentice-Hall
of India Pvt. Ltd. 842 p.

13. Mallat, S. G. 1999. A wavelet tour of signal processing. 2nd ed. Academic Press.
637 p.

14. Sinitsyn, I. N., V. I. Sinitsyn, E. R. Korepanov, and T. D. Konashenkova. 2026.
Priblizhennyy analiticheskiy veyvlet-neyrosetevoy sintez nelineynoy stokhasticheskoy
sistemy vysokoy dostupnosti [Approximate analytical synthesis of nonlinear stochastic
systems with high availability by mean square criterion]. Sistemy vysokoy dostupnosti
[Highly Available Systems] 22(2):18{32. doi: 10.18127/j20729472-202602-02.EDN:
UDXTEZ.

15. Sinitsyn, I. N., V. I. Sinitsyn, E. R. Korepanov, and T. D. Konashenkova. 2026.
Veyvlet-neyrosetevoy sintez optimalnoy nablyudayemoy stokhasticheskoy lineynoy sis-
temy Pugachyova s parametricheskimi shumami po srednekvadratichnomu kriteriyu
[Wavelet-neural network synthesis of the optimal observed linear stochastic Pugachev
system with parametric noises using the mean-square criterion]. Sistemy i Sredst-
va Informatiki | Systems and Means of Informatics 36(2):18{39. doi: 10.14357/
08696527260202. EDN: FADQTM.

16. Terekhov, S. A. 2001. Veyvlety i neyronnye seti [Wavelets and neural networks]. Lektsii
po neyroinformatike [Lectures on neuroinformatics]. Moscow: MIFI. 142{181.

17. Veitch, D. 2005. Wavelet neural networks and their application in the study of
dynamical system. Networks 1(8):313{320.

18. Sinitsyn, I. N., V. I. Sinitsyn, E. R. Korepanov, and T. D. Konashenkova. 2025.
Algoritm modelirovaniya vektornogo stokhasticheskogo protsessa posredstvom ego ka-
nonicheskogo razlozheniya na osnove mnogosloynoy veyvlet-neyronnoy seti [Modeling
algorithms for vector stochastic process by canonical expansions based on multilayer
wavelet neural network]. Sistemy i Sredstva Informatiki | Systems and Means of
Informatics 35(2):17{30. doi: 10.14357/08696527250202. EDN: TFDTXJ.

19. Sinitsyn, I. N., V. I. Sinitsyn, E. R. Korepanov, and T. D. Konashenkova. 2025.
Neyrosetevoy bayesovskiy sintez mnogomernoy lineynoy stokhasticheskoy sistemy [Neu-

148 Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2026 vol 36 no 3



Wavelet neural network synthesis of bilinear stochastic system

ral networks Bayes synthesis of multidimensional linear stochastic system]. Sistemy
i Sredstva Informatiki | Systems and Means of Informatics 35(3):33{53. doi:
10.14357/08696527250303. EDN: SUNQAL.

Received May 7, 2026
Accepted September 15, 2026

Contributors

Sinitsyn Igor N. (b. 1940) | Doctor of Science in technology, professor, Honored
scientist of RF, principal scientist, Federal Research Center \Computer Science and
Control" of the Russian Academy of Sciences, 44-2 Vavilov Str., Moscow 119333,
Russian Federation; sinitsin@dol.ru

Sinitsyn Vladimir I. (b. 1968) | Doctor of Science in physics and mathematics,
principal scientist, Federal Research Center \Computer Science and Control" of the
Russian Academy of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federa-
tion; professor, Educational Center, Institute of Computer Sciences, Moscow Avi-
ation Institute (National Research University), 4 Volokolamskoe Shosse, Moscow
125993, Russian Federation; vsinitsin@ipiran.ru

Korepanov Eduard R. (b. 1966) | Candidate of Science (PhD) in technology,
leading scientist, Federal Research Center \Computer Science and Control" of
the Russian Academy of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian
Federation; ekorepanov@ipiran.ru

Konashenkova Tatiana D. (b. 1964) | Candidate of Science (PhD) in physics and
mathematics, scientist, Federal Research Center \Computer Science and Control"
of the Russian Academy of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian
Federation; tkonashenkova64@mail.ru

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2026 vol 36 no 3 149



‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ, 2026. ’. 36. ü 3. ‘. 150{171

ИНТЕРПРЕТИРУЕМОЕ СТАТИСТИЧЕСКОЕ
МОДЕЛИРОВАНИЕ КАЧЕСТВА ДОКУМЕНТАЦИИ

И ЕГО ВРЕМЕННОЙ ДИНАМИКИ

А. А. Сачко1, А. М. Сачко2, В. Ю. Поздышев3

�−−®â�æ¨ï: Š�ç¥áâ¢® ¤®ªã¬¥−â�æ¨¨ −� á¯¥æ¨�«¨§¨à®¢�−−ëå ®âà�á«¥¢ëå
¯à¥¤¯à¨ïâ¨ïå ®áâ�¥âáï ®¤−¨¬ ¨§ ä�ªâ®à®¢, ¢«¨ïîé¨å −� áà®ª¨ ¢ë¯®«−¥−¨ï
§�ª�§®¢, ãáâ®©ç¨¢®áâì ¯à®¨§¢®¤áâ¢¥−−ëå ¯à®æ¥áá®¢, á¥¡¥áâ®¨¬®áâì ¨ íªá¯«ã-
�â�æ¨®−−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ¯à®¤ãªæ¨¨. �à¨ íâ®¬ áãé¥áâ¢ãîé¨¥ ¯®¤å®¤ë
ª ª®−âà®«î ¤®ªã¬¥−â�æ¨¨ ¯à¥¨¬ãé¥áâ¢¥−−® ®à¨¥−â¨à®¢�−ë −� ¢ëï¢«¥−¨¥
ã¦¥ ¢®§−¨ªè¨å −¥á®®â¢¥âáâ¢¨© ¨ ¢ ®£à�−¨ç¥−−®© áâ¥¯¥−¨ ¨á¯®«ì§ãîâ ¬¥â®¤ë
áâ�â¨áâ¨ç¥áª®£® �−�«¨§� ¤«ï ¯®¤¤¥à¦ª¨ ã¯à�¢«¥−ç¥áª¨å à¥è¥−¨©, ®á®¡¥−−®
¢ áä¥à¥ ¢ëï¢«¥−¨ï §�ª®−®¬¥à−®áâ¥© ¨ ¯à®£−®§¨à®¢�−¨ï à¨áª®¢. –¥«ì −�-
áâ®ïé¥£® ¨áá«¥¤®¢�−¨ï | à�§à�¡®âª� ¨ �¯à®¡�æ¨ï ¬¥â®¤¨ª¨ áâ�â¨áâ¨ç¥áª®£®
�−�«¨§� ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨ ¤«ï á®¢¥àè¥−áâ¢®¢�−¨ï á¨áâ¥¬ ¯®¤¤¥à¦ª¨
¯à¨−ïâ¨ï à¥è¥−¨© á¯¥æ¨�«¨§¨à®¢�−−ëå ®âà�á«¥¢ëå ¯à¥¤¯à¨ïâ¨©. ˆáá«¥¤®-
¢�−¨¥ ¢ë¯®«−¥−® −� ®á−®¢¥ �−�«¨§� á¯«®è−®© ¢ë¡®àª¨ ¨§ 6739 ¤®ªã¬¥−â®¢,
¯à®è¥¤è¨å ¯à®æ¥¤ãàã −®à¬®ª®−âà®«ï −� ®â¤¥«ì−®¬ á¯¥æ¨�«¨§¨à®¢�−−®¬ ®â-
à�á«¥¢®¬ ¯à¥¤¯à¨ïâ¨¨ §� 12 ª¢�àâ�«®¢ ¢ ¯¥à¨®¤ á ¯¥à¢®£® ª¢�àâ�«� 2023 £. ¯®
ç¥â¢¥àâë© ª¢�àâ�« 2025 £. „®ªã¬¥−âë ¡ë«¨ à�á¯à¥¤¥«¥−ë ¯® ç¥âëà¥¬ â¨¯�¬
(ª®−áâàãªâ®àáª�ï, ¯à®£à�¬¬−�ï, £à�ä¨ç¥áª�ï ¤®ªã¬¥−â�æ¨ï ¨ ¨§¢¥é¥−¨ï ®¡
¨§¬¥−¥−¨¨) ¨ âà¥¬ ãà®¢−ï¬ ª�ç¥áâ¢� (úå®à®è¥¥û, úáà¥¤−¥¥û, ú¯«®å®¥û). ˆá-
¯®«ì§®¢�«¨áì ¬¥â®¤ë �−�«¨§� â�¡«¨æ á®¯àï¦¥−−®áâ¨ (ªà¨â¥à¨© χ2 �¨àá®−�,
ª®íää¨æ¨¥−â V Šà�¬¥à�, áâ�−¤�àâ¨§¨à®¢�−−ë¥ ®áâ�âª¨) á ¡ãâáâà�¯-®æ¥−ª®©
ãáâ®©ç¨¢®áâ¨ à¥§ã«ìâ�â®¢; ¬®¤¥«¨à®¢�−¨¥ ¢à¥¬¥−−®£® âà¥−¤� «®£¨â-¯à¥®¡-
à�§®¢�−−®© ¤®«¨ ª�ç¥áâ¢¥−−ëå ¤®ªã¬¥−â®¢ á ¤¨�£−®áâ¨ª®© ®áâ�âª®¢ (â¥áâë
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ˆ−â¥à¯à¥â¨àã¥¬®¥ áâ�â¨áâ¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨

1 Введение

‚ í¯®åã æ¨äà®¢®© âà�−áä®à¬�æ¨¨ ¨ ¨¬¯®àâ®§�¬¥é¥−¨ï á¯¥æ¨�«¨§¨à®¢�−−ë¬
®âà�á«¥¢ë¬ ¯à¥¤¯à¨ïâ¨ï¬ −¥®¡å®¤¨¬� ®¯â¨¬¨§�æ¨ï ¡¨§−¥á-¯à®æ¥áá®¢, ¢ª«îç�ï
�¢â®¬�â¨§�æ¨î ¤®ªã¬¥−â®®¡®à®â� −� ¡�§¥ ¯¥à¥¤®¢ëå ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬.
�â® ¯®§¢®«¨â á®ªà�â¨âì áà®ª¨ á®£«�á®¢�−¨ï, ¬¨−¨¬¨§¨à®¢�âì ®è¨¡ª¨ ¨ ®¡¥á-
¯¥ç¨âì á®®â¢¥âáâ¢¨¥ −®à¬�â¨¢−ë¬ âà¥¡®¢�−¨ï¬. ‡�ªà¥¯«¥−−�ï ¢ ¤®ªã¬¥−â�æ¨¨
¨ á®®â¢¥âáâ¢ãîé�ï −®à¬�â¨¢−ë¬ âà¥¡®¢�−¨ï¬ ¯à®á«¥¦¨¢�¥¬®áâì ¦¨§−¥−−®£®
æ¨ª«� ¢ë¯ãáª�¥¬ëå ¨§¤¥«¨© ¢ëáâã¯�¥â á¨áâ¥¬®®¡à�§ãîé¨¬ ä�ªâ®à®¬ ¤«ï áà®-
ª®¢ à¥�«¨§�æ¨¨ §�ª�§®¢, á¥¡¥áâ®¨¬®áâ¨ ¨ íªá¯«ã�â�æ¨®−−®© −�¤¥¦−®áâ¨ à�§à�-
¡®â®ª. ‘®¢à¥¬¥−−®¥ ¯à¥¤¯à¨ïâ¨¥ ¯à¥¤áâ�¢«ï¥â á®¡®© á«®¦−ãî ®à£�−¨§�æ¨®−−®-
â¥å−¨ç¥áªãî á¨áâ¥¬ã, ¯à¥¤ãá¬�âà¨¢�îéãî ¢áâà�¨¢�−¨¥ ¯à®æ¥áá®¢ ã¯à�¢«¥−¨ï
ª�ç¥áâ¢®¬ ¤®ªã¬¥−â�æ¨¨ ¢ ®¡éãî �àå¨â¥ªâãàã á¨áâ¥¬ë ¬¥−¥¤¦¬¥−â� ª�ç¥áâ¢�.
�¤−�ª® −� ¯à�ªâ¨ª¥ áãé¥áâ¢ãîé¨¥ á¨áâ¥¬ë ª®−âà®«ï ¢ ¡®«ìè¨−áâ¢¥ á¢®¥¬ −®áïâ
à¥�ªâ¨¢−ë© å�à�ªâ¥à: ®−¨ −¥ ¨á¯®«ì§ãîâ −�ª®¯«¥−−ë¥ ¤�−−ë¥ ¨ áâ�â¨áâ¨ç¥áª®¥
¯à®£−®§¨à®¢�−¨¥. ‚ à¥§ã«ìâ�â¥ −¥ª�ç¥áâ¢¥−−�ï ¤®ªã¬¥−â�æ¨ï §�ç�áâãî áâ�−®-
¢¨âáï ä�ªâ®à®¬ á−¨¦¥−¨ï íää¥ªâ¨¢−®áâ¨, ª®£¤� ¢à¥¬ï ¨−¦¥−¥à®¢ à�áå®¤ã¥âáï
−� ¥¥ ¤®à�¡®âªã, � −¥ −� ¯à®¥ªâ−ë¥ §�¤�ç¨. �¥à¥å®¤ ª ¯à®�ªâ¨¢−®¬ã ã¯à�¢«¥−¨î
−� ®á−®¢¥ ¬�â¥¬�â¨ç¥áª®£® �¯¯�à�â� �−�«¨§� ¤�−−ëå ¨ á®¢à¥¬¥−−®© ¨−ä®à¬�æ¨-
®−−®© ¨−äà�áâàãªâãàë ¯®§¢®«¨â ¢ëï¢«ïâì âà¥−¤ë ¨ ¯à¥¤®â¢à�é�âì ¯à®¡«¥¬ë
¤® ¨å ¢®§−¨ª−®¢¥−¨ï, ¯®¢ëè�ï ª�ç¥áâ¢® ¤®ªã¬¥−â®®¡®à®â� ª�ª í«¥¬¥−â� ¥¤¨−®©
á¨áâ¥¬ë ¯à¥¤¯à¨ïâ¨ï.

÷�−¥¥ ¢®¯à®áë ®¡¥á¯¥ç¥−¨ï ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨ à�áá¬�âà¨¢�«¨áì ¢ à�§-
«¨ç−ëå ¯à¨ª«�¤−ëå ®¡«�áâïå [1], ¢ª«îç�îé¨å à�§à�¡®âªã �¢¨�æ¨®−−®© â¥å-
−¨ª¨, ¯®¤£®â®¢ªã ¯à®¨§¢®¤áâ¢ ¨ ã¯à�¢«¥−¨¥ ¨−¦¥−¥à−ë¬¨ ¤�−−ë¬¨ [2]. ˆá-
á«¥¤®¢�−¨ï ¯®ª�§ë¢�îâ, çâ® ª�ç¥áâ¢® ¤®ªã¬¥−â¨à®¢�−−®© ¨−ä®à¬�æ¨¨ á¢ï§�−®
á® áà®ª�¬¨ ¢ë¯®«−¥−¨ï ¯à®¥ªâ®¢, ®¡ê¥¬®¬ ¯®¢â®à−ëå á®£«�á®¢�−¨©, ç¨á«®¬
ª®àà¥ªâ¨à®¢®ª ¨ ãáâ®©ç¨¢®áâìî ¯à®¨§¢®¤áâ¢¥−−ëå ¯à®æ¥áá®¢ [3]. ‚ á®¢à¥-
¬¥−−ëå á¨áâ¥¬�å ¬¥−¥¤¦¬¥−â� ª�ç¥áâ¢� ¤®ªã¬¥−â¨à®¢�−−ë¥ ¯à®æ¥¤ãàë à�á-
á¬�âà¨¢�îâáï ª�ª á�¬®áâ®ïâ¥«ì−ë© ®¡ê¥ªâ ã¯à�¢«¥−¨ï ¨ ª®−âà®«ï, � ª�ç¥áâ¢®
¤®ªã¬¥−â�æ¨¨ | ª�ª ä�ªâ®à ¢®á¯à®¨§¢®¤¨¬®áâ¨ ¯à®æ¥áá®¢ ¨ á−¨¦¥−¨ï ®¯¥à�-
æ¨®−−ëå ¯®â¥àì [4, 5]. �¤−®¢à¥¬¥−−® à�§¢¨â¨¥ æ¨äà®¢¨§�æ¨¨ ¨ −�ª®¯«¥−¨¥
¨áâ®à¨ç¥áª¨å ¤�−−ëå ¯à¨¢¥«¨ ª à�áè¨à¥−¨î ¯à¨¬¥−¥−¨ï ª®«¨ç¥áâ¢¥−−ëå ¬¥-
â®¤®¢ �−�«¨§�, ¢ª«îç�ï ¯à®£−®§¨à®¢�−¨¥, à¥£à¥áá¨®−−®¥ ¬®¤¥«¨à®¢�−¨¥ ¨ ¬¥-
â®¤ë ¨−â¥««¥ªâã�«ì−®£® �−�«¨§� ¤�−−ëå [6{10]. �¤−�ª® §−�ç¨â¥«ì−�ï ç�áâì
áãé¥áâ¢ãîé¨å à�¡®â ®à¨¥−â¨à®¢�−� «¨¡® −� ®¯¨á�−¨¥ ®à£�−¨§�æ¨®−−ëå ¬¥-
å�−¨§¬®¢ ®¡¥á¯¥ç¥−¨ï ª�ç¥áâ¢�, «¨¡® −� ¨á¯®«ì§®¢�−¨¥ á«®¦−ëå ¯à¥¤¨ªâ¨¢-
−ëå ¬®¤¥«¥©, âà¥¡ãîé¨å ªàã¯−ëå ¬�áá¨¢®¢ ¤�−−ëå ¨ §−�ç¨â¥«ì−ëå ¢ëç¨á«¨-
â¥«ì−ëå à¥áãàá®¢. „«ï §�¤�ç �−�«¨§� ¤®ªã¬¥−â®®¡®à®â� á¯¥æ¨�«¨§¨à®¢�−−ëå
®âà�á«¥¢ëå ¯à¥¤¯à¨ïâ¨© ¯®¤®¡−ë¥ ¯®¤å®¤ë ¬®£ãâ ¡ëâì ®£à�−¨ç¥−ë âà¥¡®¢�-
−¨ï¬¨ ¨−â¥à¯à¥â¨àã¥¬®áâ¨ à¥§ã«ìâ�â®¢, à¥¦¨¬−ë¬¨ ®£à�−¨ç¥−¨ï¬¨ ¨ −¥®¡-
å®¤¨¬®áâìî ¢−¥¤à¥−¨ï ¢ áãé¥áâ¢ãîé¨¥ ª®−âãàë ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥-
−¨©.
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�à®¢¥¤¥−−ë© �−�«¨§ «¨â¥à�âãàë ¯®ª�§�« ®£à�−¨ç¥−−®¥ ç¨á«® à�¡®â, ®¡ê-
¥¤¨−ïîé¨å ¬¥â®¤ë �−�«¨§� ª�â¥£®à¨�«ì−ëå ¤�−−ëå, ¢à¥¬¥−− �ëå àï¤®¢ ¨ ¨−â¥à-
¯à¥â¨àã¥¬®£® áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ¯à¨¬¥−¨â¥«ì−® ª ®æ¥−ª¥ ª�ç¥áâ¢�
¤®ªã¬¥−â�æ¨¨. Š®¬¯«¥ªá−ë¥ ¨áá«¥¤®¢�−¨ï, ®¡ê¥¤¨−ïîé¨¥ �−�«¨§ â�¡«¨æ á®-
¯àï¦¥−−®áâ¨, ¢à¥¬¥−− �ëå àï¤®¢ ¨ ¯à¥¤¨ªâ¨¢−®¥ ¬®¤¥«¨à®¢�−¨¥ ¯à¨¬¥−¨â¥«ì−®
ª ¤®ªã¬¥−â�æ¨¨ á¯¥æ¨�«¨§¨à®¢�−−ëå ®âà�á«¥¢ëå ¯à¥¤¯à¨ïâ¨©, ¢ ¤®áâã¯−®©
«¨â¥à�âãà¥ ®âáãâáâ¢ãîâ. �â® ®¯à¥¤¥«¨«® ¢ë¡®à áâ�â¨áâ¨ç¥áª®£® ¯®¤å®¤�, ¨á-
¯®«ì§ã¥¬®£® ¢ −�áâ®ïé¥¬ ¨áá«¥¤®¢�−¨¨.

–¥«ì −�áâ®ïé¥£® ¨áá«¥¤®¢�−¨ï | à�§à�¡®âª� ¨ �¯à®¡�æ¨ï ¬¥â®¤¨ª¨ áâ�â¨áâ¨-
ç¥áª®£® �−�«¨§� ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨, ®¡¥á¯¥ç¨¢�îé¥© ¢ëï¢«¥−¨¥ ãáâ®©ç¨¢ëå
§�ª®−®¬¥à−®áâ¥©, ®æ¥−ªã ¤¨−�¬¨ª¨ ¯®ª�§�â¥«¥© ¨ ä®à¬¨à®¢�−¨¥ �−�«¨â¨ç¥áª®©
®á−®¢ë ¤«ï á®¢¥àè¥−áâ¢®¢�−¨ï á¨áâ¥¬ ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨© á¯¥æ¨�«¨-
§¨à®¢�−−ëå ®âà�á«¥¢ëå ¯à¥¤¯à¨ïâ¨©.

��ãç−�ï −®¢¨§−� à�¡®âë á®áâ®¨â ¢ �¤�¯â�æ¨¨ ª®¬¯«¥ªá� ¨−â¥à¯à¥â¨àã¥¬ëå
áâ�â¨áâ¨ç¥áª¨å ¬¥â®¤®¢ ª �−�«¨§ã ¯à®æ¥áá®¢ ¤®ªã¬¥−â®®¡®à®â� á¯¥æ¨�«¨§¨à®¢�−-
−ëå ®âà�á«¥¢ëå ¯à¥¤¯à¨ïâ¨©. �à�ªâ¨ç¥áª�ï §−�ç¨¬®áâì à¥§ã«ìâ�â®¢ §�ª«îç�-
¥âáï ¢ ¢®§¬®¦−®áâ¨ ¨á¯®«ì§®¢�−¨ï ¯à¥¤«®¦¥−−®£® ¯®¤å®¤� ¢ �−�«¨â¨ç¥áª¨å
¬®¤ã«ïå á¨áâ¥¬ ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨©.

‚ à�¡®â¥ ¯à®¤¥¬®−áâà¨à®¢�−� ¯à¨−æ¨¯¨�«ì−�ï ¯à¨¬¥−¨¬®áâì ä®à¬�«¨§®-
¢�−−ëå áâ�â¨áâ¨ç¥áª¨å ¬¥â®¤®¢ ª �−�«¨§ã −¥¯à®¨§¢®¤áâ¢¥−−ëå ¯à®æ¥áá®¢ ¢ ®à-
£�−¨§�æ¨®−−®-â¥å−¨ç¥áª¨å á¨áâ¥¬�å, çâ® à�áè¨àï¥â ¬¥â®¤®«®£¨ç¥áª¨© �¯¯�à�â
á¨áâ¥¬−®£® �−�«¨§�. ÷�§à�¡®â�−−ë© ¨−áâàã¬¥−â�à¨© ¯®§¢®«ï¥â ¯¥à¥©â¨ ª ¯à®-
�ªâ¨¢−®¬ã ã¯à�¢«¥−¨î ª�ç¥áâ¢®¬ −� ®á−®¢¥ ®¡ê¥ªâ¨¢−ëå ¤�−−ëå: ¢ëï¢«ïâì
¯à®¡«¥¬−ë¥ â¨¯ë ¤®ªã¬¥−â�æ¨¨, ®¡®á−®¢�−−® à�á¯à¥¤¥«ïâì âàã¤®¢ë¥ à¥áãàáë
¨ ¨á¯®«ì§®¢�âì ¯à®£−®§−ãî ¬®¤¥«ì ¤«ï ®¯¥à�â¨¢−®£® ¯«�−¨à®¢�−¨ï. ‚ ®â«¨ç¨¥ ®â
¯®¤å®¤®¢ −� ¡�§¥ ¬�è¨−−®£® ®¡ãç¥−¨ï, ¯à¥¤«®¦¥−−�ï ¬¥â®¤®«®£¨ï å�à�ªâ¥à¨§ã-
¥âáï ¢ëá®ª®© ¨−â¥à¯à¥â¨àã¥¬®áâìî à¥§ã«ìâ�â®¢ ¨ ã¬¥à¥−−ë¬¨ ¢ëç¨á«¨â¥«ì−ë¬¨
âà¥¡®¢�−¨ï¬¨. �â® ¯®§¢®«ï¥â ¨−â¥£à¨à®¢�âì ¥¥ ¢ �−�«¨â¨ç¥áª¨¥ ¬®¤ã«¨ á¨áâ¥¬
¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨©, ¢ â®¬ ç¨á«¥ −� à¥¦¨¬−ëå ¯à¥¤¯à¨ïâ¨ïå á ®£à�−¨-
ç¥−−ë¬ ¤®áâã¯®¬ ª ®¡«�ç−ë¬ á¥à¢¨á�¬ ¨ ¢−¥è−¨¬ ¢ëç¨á«¨â¥«ì−ë¬ ¬®é−®áâï¬.

2 Характеристика данных и общая методология

ˆáá«¥¤®¢�−¨¥ ¢ë¯®«−¥−® −� ®á−®¢¥ ¤�−−ëå −®à¬®ª®−âà®«ï á¯¥æ¨�«¨§¨à®¢�−-
−®£® ®âà�á«¥¢®£® ¯à¥¤¯à¨ïâ¨ï §� ¯¥à¨®¤ á ¯¥à¢®£® ª¢�àâ�«� 2023 £. ¯® ç¥â¢¥àâë©
ª¢�àâ�« 2025 £. ‚ �−�«¨§ ¢ª«îç¥−ë 6739 ¤®ªã¬¥−â®¢. „«ï ª�¦¤®£® ¤®ªã¬¥−â�
ä¨ªá¨à®¢�«¨áì ª¢�àâ�« à¥£¨áâà�æ¨¨, â¨¯ ¤®ªã¬¥−â� (ª®−áâàãªâ®àáª�ï ¤®ªã¬¥−-
â�æ¨ï | Š„, ¯à®£à�¬¬−�ï ¤®ªã¬¥−â�æ¨ï | �„, £à�ä¨ç¥áª�ï ¤®ªã¬¥−â�æ¨ï |
ƒ„, ¨§¢¥é¥−¨ï ®¡ ¨§¬¥−¥−¨¨ | ˆˆ) ¨ ¨â®£®¢�ï ª�â¥£®à¨ï ª�ç¥áâ¢�.

Š«�áá¨ä¨ª�æ¨ï ª�ç¥áâ¢� ¯à®¢®¤¨«�áì ¯® ç¨á«ã ¢ëï¢«¥−−ëå §�¬¥ç�−¨©. Š�-
â¥£®à¨ï úå®à®è¥¥û §�ä¨ªá¨à®¢�−® ¤® 10 §�¬¥ç�−¨© ¢ª«îç¨â¥«ì−®, úáà¥¤−¥¥û |
®â 11 ¤® 30 §�¬¥ç�−¨©, ú¯«®å®¥û | ¡®«¥¥ 30 §�¬¥ç�−¨©. ’�ª®¥ ¯à¥¤áâ�¢«¥−¨¥
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ˆ−â¥à¯à¥â¨àã¥¬®¥ áâ�â¨áâ¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨

¨á¯®«ì§®¢�«®áì ª�ª ®¯¥à�æ¨®−−®¥ ®¯à¥¤¥«¥−¨¥ ª�ç¥áâ¢� ¨ ¯®§¢®«ï«® ¯à¨¬¥−ïâì
¬¥â®¤ë �−�«¨§� ª�â¥£®à¨�«ì−ëå ¤�−−ëå.

÷�á¯à¥¤¥«¥−¨¥ ¢ë¡®àª¨ ¯® â¨¯�¬ á®áâ�¢¨«®: Š„ | 2339 ¤®ªã¬¥−â®¢ (34,7%),
�„ | 1140 (16,9%), ƒ„ | 906 (13,4%), ˆˆ | 2354 (34,9%). �¡é�ï ¤®«ï
¤®ªã¬¥−â®¢ ª�â¥£®à¨¨ úå®à®è¥¥û á®áâ�¢¨«� 72,7% (95%-−ë© ¤®¢¥à¨â¥«ì−ë©
¨−â¥à¢�« („ˆ): 71,6%{73,8%), ª�â¥£®à¨¨ úáà¥¤−¥¥û | 15,4% (95%-−ë© „ˆ:
14,5%{16,3%), ª�â¥£®à¨¨ ú¯«®å®¥û | 11,9% (95%-−ë© „ˆ: 11,1%{12,7%).
’�ª¨¬ ®¡à�§®¬, ¡®«¥¥ ç¥â¢¥àâ¨ ¤®ªã¬¥−â®¢ (27,3%) ®ª�§�«¨áì ¯à®¡«¥¬−ë¬¨
(úáà¥¤−¥¥û + ú¯«®å®¥û), çâ® ¯®¤â¢¥à¦¤�¥â −¥®¡å®¤¨¬®áâì ãá¨«¥−¨ï ª®−âà®«ï
ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨.

„«ï ¯à®¢¥àª¨ ¨áá«¥¤®¢�â¥«ìáª¨å ¯à¥¤¯®«®¦¥−¨© ¡ë«¨ áä®à¬ã«¨à®¢�−ë
è¥áâì £¨¯®â¥§. „«ï ª�¦¤®© £¨¯®â¥§ë ®¯à¥¤¥«¥−ë −ã«¥¢�ï (H0) ¨ �«ìâ¥à−�â¨¢−�ï
(H1) ä®à¬ã«¨à®¢ª¨, ¢ë¡à�− áâ�â¨áâ¨ç¥áª¨© ªà¨â¥à¨© ¨ §�¤�−® ¯à�¢¨«® ¯à¨−ï-
â¨ï à¥è¥−¨ï ¯à¨ ãà®¢−¥ §−�ç¨¬®áâ¨ α = 0,05. ‚® ¢á¥å á«ãç�ïå ¨á¯®«ì§®¢�«¨áì
¤¢ãáâ®à®−−¨¥ ªà¨â¥à¨¨, §� ¨áª«îç¥−¨¥¬ £¨¯®â¥§ë ® ¯®«®¦¨â¥«ì−®¬ ¢à¥¬¥−−�®¬
âà¥−¤¥, ¤«ï ª®â®à®© ¯à¨¬¥−ï«�áì ®¤−®áâ®à®−−ïï ¯à®¢¥àª�. �à®¢¥àª� £¨¯®â¥§
−�¯à�¢«¥−� −¥ −� ãáâ�−®¢«¥−¨¥ ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥©, � −� ¢ëï¢«¥−¨¥
áâ�â¨áâ¨ç¥áª¨å �áá®æ¨�æ¨© ¨ ãáâ®©ç¨¢ëå §�ª®−®¬¥à−®áâ¥© ¢ ¨áá«¥¤ã¥¬ëå ¤�−-
−ëå. ‘¯®á®¡ë ¯à®¢¥àª¨ ª�¦¤®© £¨¯®â¥§ë ¨ á®®â¢¥âáâ¢ãîé¨¥ áâ�â¨áâ¨ç¥áª¨¥
ªà¨â¥à¨¨ ¯à¨¢¥¤¥−ë ¢ â�¡«. 1.

�à¨¬¥−ï¥¬ë© áâ�â¨áâ¨ç¥áª¨© ¨−áâàã¬¥−â�à¨© ¢ë¡¨à�«áï ¨áå®¤ï ¨§ áâàãª-
âãàë ¤�−−ëå ¨ æ¥«¥© ¨áá«¥¤®¢�−¨ï. „«ï ®æ¥−ª¨ á¢ï§¨ ¬¥¦¤ã â¨¯®¬ ¤®ªã¬¥−â�
¨ ª�ç¥áâ¢®¬ ¨á¯®«ì§®¢�«¨áì ¬¥â®¤ë �−�«¨§� â�¡«¨æ á®¯àï¦¥−−®áâ¨ (ªà¨â¥à¨©
χ2 �¨àá®−�, ª®íää¨æ¨¥−â V Šà�¬¥à� ¨ �−�«¨§ áâ�−¤�àâ¨§¨à®¢�−−ëå ®áâ�â-
ª®¢) [11{13], ãáâ®©ç¨¢®áâì ¢ë¡®àª¨ ®æ¥−¥−� ¡ãâáâà�¯-�−�«¨§®¬ [14]. „«ï ¨á-
á«¥¤®¢�−¨ï ¢à¥¬¥−−�®© ¤¨−�¬¨ª¨ ¯à¨¬¥−ï«®áì «®£¨â-¬®¤¥«¨à®¢�−¨¥ [15] ¤®«¨
¤®ªã¬¥−â®¢ ¢ëá®ª®£® ª�ç¥áâ¢� á ¤¨�£−®áâ¨ª®© ®áâ�âª®¢ [16] ¨ ¯à®£−®§¨à®¢�−¨-
¥¬. „«ï ¢ëï¢«¥−¨ï ¢®§¬®¦−ëå ¨§¬¥−¥−¨© ¯®¢¥¤¥−¨ï ¯à®æ¥áá� ¨á¯®«ì§®¢�«áï
â¥áâ —®ã [17, 18]. ‘à�¢−¥−¨¥ âà�¥ªâ®à¨© ¨§¬¥−¥−¨ï ª�ç¥áâ¢� ¬¥¦¤ã â¨¯�¬¨
¤®ªã¬¥−â�æ¨¨ ¢ë¯®«−ï«®áì ¬¥â®¤®¬ ª®¢�à¨�æ¨®−−®£® �−�«¨§� ANCOVA [19,
20]. „®¯®«−¨â¥«ì−® ®æ¥−¨¢�«®áì −�«¨ç¨¥ á¥§®−−ëå íää¥ªâ®¢ [21] ¨ ¯à®¢®¤¨«¨áì
ª®¢�à¨�æ¨®−−ë© �−�«¨§ ¨ ª®àà¥«ïæ¨®−−ë© �−�«¨§ �¨àá®−� [22] ¤«ï ¢ëï¢«¥−¨ï
á¢ï§¨ ¬¥¦¤ã ®¡ê¥¬®¬ ¤®ªã¬¥−â®¯®â®ª� ¨ ª�ç¥áâ¢®¬. ˆáá«¥¤®¢�−¨¥ ¢ë¯®«−¥−® −�
ï§ëª¥ Python 3.9.

�¥à¥¤ ¯à¨¬¥−¥−¨¥¬ áâ�â¨áâ¨ç¥áª¨å ¬®¤¥«¥© ¡ë«¨ ¯à®¢¥à¥−ë ¯à¥¤¯®áë«ª¨
¨å ¨á¯®«ì§®¢�−¨ï.

‚® ¢á¥å ¬¥â®¤�å ¯à¥¤¯®«�£�«®áì, çâ® ¥¤¨−¨æ¥© −�¡«î¤¥−¨ï á«ã¦¨â ®â¤¥«ì-
−ë© ¤®ªã¬¥−â, � �£à¥£¨à®¢�−¨¥ ¯® ª¢�àâ�«�¬ ¨á¯®«ì§ã¥âáï ¨áª«îç¨â¥«ì−® ¤«ï
�−�«¨§� ¤¨−�¬¨ª¨ ¯®ª�§�â¥«¥©. „«ï �£à¥£¨à®¢�−−ëå ¯® ª¢�àâ�«�¬ ¤�−−ëå
�¢â®ª®àà¥«ïæ¨ï ®áâ�âª®¢ ¯à®¢¥àï«�áì â¥áâ®¬ „�à¡¨−�{“®âá®−� (DW = 2,039,
�¢â®ª®àà¥«ïæ¨ï ®âáãâáâ¢ã¥â). �®áª®«ìªã ¨áá«¥¤®¢�−¨¥ ®á−®¢�−® −� á¯«®è−®© ¢ë-
¡®àª¥ ¤®ªã¬¥−â®¢, ¯à®è¥¤è¨å −®à¬®ª®−âà®«ì §� à�áá¬�âà¨¢�¥¬ë© ¯¥à¨®¤, à¨áª
á¨áâ¥¬�â¨ç¥áª®© ®è¨¡ª¨ ®â¡®à� ¡ë« ¬¨−¨¬¨§¨à®¢�−, ®¤−�ª® ¢®§¬®¦−®áâì ®à-
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’�¡«¨æ� 1 ‘¢®¤−�ï â�¡«¨æ� ¯à®¢¥àª¨ £¨¯®â¥§

ƒ¨¯®-
â¥§�

‘®¤¥à-
¦�−¨¥

�ã«¥¢�ï
£¨¯®â¥§�

(H0)

�«ìâ¥à−�-
â¨¢−�ï

£¨¯®â¥§� (H1)

Šà¨â¥à¨©
¯à®¢¥àª¨

”�ªâ¨-
ç¥áª¨¥

¯®ª�§�â¥«¨

Šà¨â¥à¨©
¯à¨−ïâ¨ï
à¥è¥−¨ï

÷¥§ã«ìâ�â
¯à¨−ïâ¨ï
à¥è¥−¨ï

1

Š�ç¥áâ¢®
§�¢¨á¨â ®â
â¨¯� ¤®ªã-
¬¥−â�

’¨¯
¤®ªã¬¥−â�
¨ ª�ç¥áâ¢®
−¥§�¢¨á¨-
¬ë

‘ãé¥áâ¢ã¥â
á¢ï§ì ¬¥¦¤ã
â¨¯®¬ ¨ ª�ç¥áâ-
¢®¬

χ2-â¥áâ
�¨àá®−�,
V Šà�¬¥à�
(α = 0,05)

χ2 = 206,45;
p < 0,001;
V = 0,124
[0,096; 0,313]

�â¢¥à£-
−ãâì H0,
¥á«¨
p < 0,05

H0 ®â-
¢¥à£−ãâ�

2

‘ãé¥áâ¢ã-
¥â
ãáâ®©ç¨-
¢ë©
¢à¥¬¥−−®©
âà¥−¤

β1 = 0
(−¥â ¢à¥-
¬¥−−®£®
âà¥−¤�)

β1 > 0 (¯®«®-
¦¨â¥«ì−ë©
âà¥−¤)

t-â¥áâ ¤«ï
ª®íää¨æ¨-
¥−â� β1
¢ «®£¨â-
¬®¤¥«¨
(α = 0,05,
®¤−®áâ®-
à®−−¨©)

β1 = 0,098;
p < 0,001;
R2 = 0,83

�â¢¥à£-
−ãâì H0,
¥á«¨
p < 0,05

H0 ®â-
¢¥à£−ãâ�

3

�à¨áãâáâ-
¢ãîâ
áâàãªâãà-
−ë¥
á¤¢¨£¨

�âáãâáâ-
¢¨¥ áâàãª-
âãà−®£®
á¤¢¨£�
(ª®íää¨-
æ¨¥−âë
¯®áâ®ï−-
−ë)

‘ãé¥áâ¢ã¥â
â®çª� à�§«®¬�
(áâàãªâãà−ë©
á¤¢¨£)

’¥áâ —®ã
(F -áâ�â¨-
áâ¨ª�,
α = 0,05)

F (2, 8) =
= 7,32;p =
0,0156

�â¢¥à£-
−ãâì H0,
¥á«¨
p < 0,05

H0 ®â-
¢¥à£−ãâ�

4

’à¥−¤ë
à�§«¨ç�-
îâáï ¯®
â¨¯�¬ ¤®-
ªã¬¥−â®¢

’à¥−¤ë
¯�à�«-
«¥«ì−ë
(¢§�¨¬®-
¤¥©áâ¢¨¥
â¨¯×¢à¥-
¬ï = 0)

’à¥−¤ë
−¥¯�à�««¥«ì−ë
(¢§�¨¬®¤¥©áâ-
¢¨¥ â¨¯×¢à¥¬ï
6= 0)

ANCOVA
(F -â¥áâ
¢§�¨¬®¤¥©-
áâ¢¨ï
â¨¯×
× ¢à¥¬ï)

F (3, 32) =
= 4,747;p =
= 0,0063

�â¢¥à£-
−ãâì H0,
¥á«¨
p < 0,05

H0 ®â-
¢¥à£−ãâ�

5

Š�ç¥áâ¢®
¯®¤¢¥à¦¥-
−®
á¥§®−−®áâ¨

‚á¥ ª¢�à-
â�«ì−ë¥
¤�¬¬¨
à�¢−ë
−ã«î (á¥-
§®−−®áâì
®âáãâáâ-
¢ã¥â)

•®âï ¡ë ®¤¨−
ª¢�àâ�«ì−ë©
íää¥ªâ 6= 0

F -â¥áâ ¤«ï
á®¢¬¥áâ−®©
§−�ç¨-
¬®áâ¨
ª¢�àâ�«ì-
−ëå
¤�¬¬¨

F (3, 7) =
= 1,817;
p = 0,232

�â¢¥à£-
−ãâì H0,
¥á«¨
p < 0,05

H0 −¥ ®â-
¢¥à£−ãâ�

6

�¡ê¥¬ ¤®-
ªã¬¥−â®¢
ª®àà¥«¨-
àã¥â á ª�-
ç¥áâ¢®¬

ρ = 0
(ª®àà¥«ï-
æ¨ï ®âáãâ-
áâ¢ã¥â)

ρ 6= 0
(ª®àà¥«ïæ¨ï
¯à¨áãâáâ¢ã¥â)

Š®àà¥«ï-
æ¨ï �¨à-
á®−�
(t-â¥áâ,
α = 0,05)

r = −0,083;
t(46) =
= −0,565;
p = 0,575

�â¢¥à£-
−ãâì H0,
¥á«¨
p < 0,05

H0 −¥ ®â-
¢¥à£−ãâ�

£�−¨§�æ¨®−−ëå ®á®¡¥−−®áâ¥© ª®−ªà¥â−®£® ¯à¥¤¯à¨ïâ¨ï ª�ª ¨áâ®ç−¨ª� ¢−¥è−¥£®
®£à�−¨ç¥−¨ï ¨áá«¥¤®¢�−¨ï á®åà�−ï«�áì.

„«ï ªà¨â¥à¨ï χ2 �¨àá®−� ¤®¯®«−¨â¥«ì−® ¯à®¢¥àï«®áì ãá«®¢¨¥ ¯à¨¬¥−¨-
¬®áâ¨: ®¦¨¤�¥¬ë¥ ç�áâ®âë ¢ ïç¥©ª�å −¥ ¤®«¦−ë ¡ëâì á«¨èª®¬ ¬�«ë (−¥ ¡®-
«¥¥ 20% ïç¥¥ª á ®¦¨¤�¥¬®© ç�áâ®â®© ¬¥−¥¥ 5). ‚ ¤�−−®¬ ¨áá«¥¤®¢�−¨¨ ¤®«ï â�ª¨å
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ˆ−â¥à¯à¥â¨àã¥¬®¥ áâ�â¨áâ¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨

ïç¥¥ª à�¢−� 0%, ¬¨−¨¬�«ì−�ï ®¦¨¤�¥¬�ï ç�áâ®â� á®áâ�¢«ï¥â 103,5. „«ï ¤®¯®«-
−¨â¥«ì−®© ¯à®¢¥àª¨ ¡ë« ¨á¯®«ì§®¢�− G-ªà¨â¥à¨© (®â−®è¥−¨¥ ¯à�¢¤®¯®¤®¡¨ï)
ª�ª ¡®«¥¥ ãáâ®©ç¨¢ë© ª ¬�«ë¬ ç�áâ®â�¬ | ¥£® à¥§ã«ìâ�âë á®¢¯�«¨ á χ2.

„«ï «®£¨â-¬®¤¥«¨ ¢à¥¬¥−−�®£® àï¤� ¯à®¢¥àï«¨áì «¨−¥©−®áâì á¢ï§¨ ¬¥¦¤ã
«®£¨â-¯à¥®¡à�§®¢�−−®© ¤®«¥© logit (πt) ¨ ¢à¥¬¥−¥¬ (¢¥à¨ä¨æ¨à®¢�−� ¢¨§ã�«ì−®
¯® ¤¨�£à�¬¬¥ à�áá¥ï−¨ï), −®à¬�«ì−®áâì à�á¯à¥¤¥«¥−¨ï ®áâ�âª®¢, £®¬®áª¥¤�áâ¨ç-
−®áâì ¨ ®âáãâáâ¢¨¥ �¢â®ª®àà¥«ïæ¨¨. „¨�£−®áâ¨ª� ¢ë¯®«−ï«�áì á ¨á¯®«ì§®¢�−¨¥¬
â¥áâ®¢ ˜�¯¨à®{“¨«ª� (W = 0,953; p = 0,683), �à®©è�{��£�−� (LM = 0,031;
p = 0,860) ¨ „�à¡¨−�{“®âá®−� (DW = 2,039). “ç¨âë¢�ï ¬�«®¥ ç¨á«® −�¡«î¤¥-
−¨© (n = 12), à¥§ã«ìâ�âë â¥áâ� ˜�¯¨à®{“¨«ª� ¨−â¥à¯à¥â¨à®¢�«¨áì á®¢¬¥áâ−®
á ¢¨§ã�«ì−®© ®æ¥−ª®© ¤¨�£−®áâ¨ç¥áª®£® QQ-£à�ä¨ª�, � ¯®ª�§�â¥«¨ ¢á¥å â¥áâ®¢
à�áá¬�âà¨¢�«¨áì ª�ª ¤®¯®«−¨â¥«ì−ë© ªà¨â¥à¨©, −® −¥ ª�ª ¥¤¨−áâ¢¥−−®¥ ®á−®¢�-
−¨¥ ¯à¨−ïâ¨ï à¥è¥−¨ï.

„«ï â¥áâ� —®ã ¯à¥¤¯®«�£�¥âáï, çâ® ®áâ�âª¨ ¢ ¯®¤¢ë¡®àª�å −¥§�¢¨á¨¬ë,
−®à¬�«ì−® à�á¯à¥¤¥«¥−ë ¨ £®¬®áª¥¤�áâ¨ç−ë, � ¤¨á¯¥àá¨ï ®è¨¡®ª ¯®áâ®ï−−� ¢®
¢à¥¬¥−¨. �â¨ ãá«®¢¨ï ¡ë«¨ ¯à®¢¥à¥−ë ¤«ï ª�¦¤®© ¯®¤¢ë¡®àª¨ (â¥áâë ˜�¯¨à®{
“¨«ª� ¨ �à®©è�{��£�−�). „¨�£−®áâ¨ª� −¥ ¢ëï¢¨«� ªà¨â¨ç¥áª¨å −�àãè¥−¨©.

„«ï ANCOVA ¯à®¢¥àï«¨áì: «¨−¥©−®áâì á¢ï§¨ §�¢¨á¨¬®© ¯¥à¥¬¥−−®© á ª®-
¢�à¨�â®© (¢à¥¬¥−¥¬), ®âáãâáâ¢¨¥ ¢ëà�¦¥−−®© ¬ã«ìâ¨ª®««¨−¥�à−®áâ¨ ¬¥¦¤ã
ä¨ªâ¨¢−ë¬¨ ¯¥à¥¬¥−−ë¬¨ ¨ ª®¢�à¨�â®© ¯®¤â¢¥à¦¤¥−® §−�ç¥−¨ï¬¨ ä�ªâ®à�
¨−ä«ïæ¨¨ ¤¨á¯¥àá¨¨ (VIF < 2 ¤«ï ¢á¥å ¯à¥¤¨ªâ®à®¢), � â�ª¦¥ −®à¬�«ì−®áâì
à�á¯à¥¤¥«¥−¨ï ®áâ�âª®¢ (QQ-£à�ä¨ª ¨ â¥áâ ˜�¯¨à®{“¨«ª�). �®, ãç¨âë¢�ï
à®¡�áâ−®áâì ANCOVA ª −�àãè¥−¨ï¬ −®à¬�«ì−®áâ¨ ¯à¨ ¤�−−®¬ ®¡ê¥¬¥ ¢ë¡®àª¨,
¢¨§ã�«ì−�ï ®æ¥−ª� QQ-£à�ä¨ª� ¢¯®«−¥ ¤®áâ�â®ç−�. ��àãè¥−¨© −¥ ®¡−�àã¦¥−®.

„«ï ª®àà¥«ïæ¨®−−®£® �−�«¨§� ¯à¥¤¯®«�£�¥âáï ¤¢ã¬¥à−®¥ −®à¬�«ì−®¥ à�á¯à¥-
¤¥«¥−¨¥ ¯�à ¯¥à¥¬¥−−ëå (®¡ê¥¬, ¤®«ï ¯à®¡«¥¬−ëå ¤®ªã¬¥−â®¢), çâ® ¢¥à¨ä¨æ¨à®-
¢�−® á ¯®¬®éìî ¤¨�£à�¬¬ à�áá¥ï−¨ï. ‚ë¡à®áë ¢ ¤�−−ëå ®âáãâáâ¢ãîâ. „«ï ãç¥â�
¢®§¬®¦−®© −¥«¨−¥©−®áâ¨ á¢ï§¥© ¤®¯®«−¨â¥«ì−® ¯®áâà®¥−� ªà¨¢�ï á£«�¦¨¢�−¨ï
LOWESS | §−�ç¨¬®© §�¢¨á¨¬®áâ¨ −¥ ®¡−�àã¦¥−®.

„«ï ¯à®¢¥àª¨ áâ�â¨áâ¨ç¥áª¨å £¨â®¯¥§ ¢® ¢á¥å â¥áâ�å ¨á¯®«ì§®¢�«áï ¡�§®¢ë©
ãà®¢¥−ì §−�ç¨¬®áâ¨ α = 0,05 (¤¢ãáâ®à®−−¨¥ �«ìâ¥à−�â¨¢ë, ¥á«¨ −¥ ®£®¢®à¥−®
¨−®¥) [23]. ‚ ç�áâ−®áâ¨, ¯à¨ ¯à®¢¥àª¥ £¨¯®â¥§ë ® −�«¨ç¨¨ ¯®«®¦¨â¥«ì−®£®
¢à¥¬¥−−�®£® âà¥−¤� ¯à¨¬¥−ï«áï ®¤−®áâ®à®−−¨© ªà¨â¥à¨©, ¤«ï ®áâ�«ì−ëå ¯à®æ¥-
¤ãà | ¤¢ãáâ®à®−−¨¥. �®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¨−â¥à¯à¥â¨à®¢�«¨áì á®¢¬¥áâ−®
á à�§¬¥à�¬¨ íää¥ªâ®¢ ¨ „ˆ, çâ® ¯®§¢®«¨«® ¨§¡¥¦�âì ®¯®àë ¨áª«îç¨â¥«ì−® −�
p-§−�ç¥−¨ï [22, 23]. ‚ ãá«®¢¨ïå à¥�«ì−®£® ¯à¥¤¯à¨ïâ¨ï, £¤¥ æ¥−� ®è¨¡ª¨ ¬®¦¥â
¡ëâì ¢ëá®ª®©, ¤®¯ãáâ¨¬® ¯à¨¬¥−¥−¨¥ ¡®«¥¥ áâà®£®£® ãà®¢−ï α = 0,01. �¤−�ª®
¢® ¢á¥å á«ãç�ïå, £¤¥ −ã«¥¢�ï £¨¯®â¥§� ®â¢¥à£�¥âáï, p-§−�ç¥−¨ï ¬¥−ìè¥ 0,001,
¯®íâ®¬ã ¢ë¢®¤ë ®áâ�îâáï −¥¨§¬¥−−ë¬¨.

3 Анализ связи типа документа и качества

„«ï ¯à®¢¥àª¨ −ã«¥¢®© £¨¯®â¥§ë ®¡ ®âáãâáâ¢¨¨ á¢ï§¨ ¬¥¦¤ã â¨¯®¬ ¨ ¥£®
ª�ç¥áâ¢®¬ ¡ë«� ¯®áâà®¥−� â�¡«¨æ� á®¯àï¦¥−−®áâ¨ 4 × 3 (â¨¯ ¤®ªã¬¥−â� × ãà®-
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’�¡«¨æ� 2 ÷�á¯à¥¤¥«¥−¨¥ ª�ç¥áâ¢� ¯® â¨¯�¬ ¤®ªã¬¥−â®¢

’¨¯
Š�â¥£®à¨ï

‚á¥£®�«®å®¥ ‘à¥¤−¥¥ •®à®è¥¥

Š„ 363 (15,5%) 393 (16,8%) 1583 (67,7%) 2339
�„ 143 (12,5%) 141 (12,4%) 856 (75,1%) 1140
ƒ„ 162 (17,9%) 186 (20,5%) 558 (61,6%) 906
ˆˆ 134 (5,7%) 317 (13,5%) 1903 (80,8%) 2354

‚á¥£® 802 (11,9%) 1037 (15,4%) 4900 (72,7%) 6739

¢¥−ì ª�ç¥áâ¢�) (â�¡«. 2) ¨ ¢ë¯®«−¥− �−�«¨§ −¥§�¢¨á¨¬®áâ¨ á ¨á¯®«ì§®¢�−¨¥¬
ªà¨â¥à¨ï χ2 �¨àá®−� [12]:

χ2 =

r∑

i=1

c∑

j=1

(Oij −Eij)
2

Eij
,

£¤¥ Oij | −�¡«î¤�¥¬�ï ç�áâ®â�; Eij | ®¦¨¤�¥¬�ï ç�áâ®â�; r ¨ c | ç¨á«® áâà®ª
¨ áâ®«¡æ®¢ â�¡«¨æë á®¯àï¦¥−−®áâ¨ á®®â¢¥âáâ¢¥−−®.

�®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¢ëç¨á«¥−¨ï ªà¨â¥à¨ï χ2 �¨àá®−� ¯®ª�§�«¨ −�«¨-
ç¨¥ áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬®© §�¢¨á¨¬®áâ¨ ¬¥¦¤ã à�áá¬�âà¨¢�¥¬ë¬¨ ¯à¨§−�ª�¬¨:
χ2(6) = 206,45; p < 0,001. ‘«¥¤®¢�â¥«ì−®, −ã«¥¢�ï £¨¯®â¥§� ® −¥§�¢¨á¨¬®áâ¨
â¨¯� ¤®ªã¬¥−â� ¨ ª�ç¥áâ¢� ¡ë«� ®â¢¥à£−ãâ�. ‘â¥¯¥−¨ á¢®¡®¤ë ¡ë«¨ ®¯à¥¤¥«¥−ë
¯® ä®à¬ã«¥ df = (r − 1)(c − 1). „«ï ®æ¥−ª¨ á¨«ë ¢ëï¢«¥−−®© §�¢¨á¨¬®áâ¨
¤®¯®«−¨â¥«ì−® à�ááç¨âë¢�«áï ª®íää¨æ¨¥−â V Šà�¬¥à�:

V =

√
x2

N(min(r, c) − 1) ,

£¤¥ N | ®¡é¨© ®¡ê¥¬ ¢ë¡®àª¨.
ˆ−â¥à¯à¥â�æ¨ï á¨«ë á¢ï§¨ ¯à®¢®¤¨«�áì ¯® èª�«¥ Š®í−� ¨ á®áâ�¢¨«� V =

= 0,124, çâ® á®£«�á−® à�á¯à®áâà�−¥−−ë¬ à¥ª®¬¥−¤�æ¨ï¬ ¯® ¨−â¥à¯à¥â�æ¨¨
à�§¬¥à®¢ íää¥ªâ� á®®â¢¥âáâ¢ã¥â á«�¡®© áâ¥¯¥−¨ �áá®æ¨�æ¨¨ (< 0,2) [11], −®
¯à�ªâ¨ç¥áª¨ §−�ç¨¬®¬ã (p < 0,001) [13] íää¥ªâã.

�â¬¥â¨¬, çâ® ¡�§®¢�ïϕ =
√
x2/N = 0,175 â�ª¦¥ ¯®¯�¤�¥â ¢ ¤¨�¯�§®− á«�¡®-

£® íää¥ªâ�, ç¥¬ ¯®¤â¢¥à¦¤�¥â á®£«�á®¢�−−®áâì ®æ¥−®ª. �à¨ íâ®¬ áâ�â¨áâ¨ç¥áª�ï
§−�ç¨¬®áâì à¥§ã«ìâ�â� ®¡ãá«®¢«¥−� −¥ â®«ìª® ¢¥«¨ç¨−®© íää¥ªâ�, −® ¨ ®¡ê¥¬®¬
¢ë¡®àª¨. �à¨ áâ�−¤�àâ−®¬ ãà®¢−¥ §−�ç¨¬®áâ¨ α = 0,05 ¬®é−®áâì ªà¨â¥à¨ï χ2

�¨àá®−� ¯à¥¢ëè�¥â 99%, ®§−�ç�ï, çâ® ¢¥à®ïâ−®áâì ®è¨¡ª¨ ¢â®à®£® à®¤� (¯à®-
¯ãáâ¨âì áãé¥áâ¢ãîé¨© íää¥ªâ) á®áâ�¢«ï¥â ¬¥−¥¥ 1%. ’�ª¨¬ ®¡à�§®¬, ¤�¦¥ ¯à¨
−�«¨ç¨¨ á«�¡®£® íää¥ªâ� ®− ¡ë« ¡ë ®¡−�àã¦¥− á ¢ëá®ª®© ¢¥à®ïâ−®áâìî. Š�ª
á«¥¤áâ¢¨¥, ¢ë¢®¤ë −�¤¥¦−ë, � ¢ëï¢«¥−−�ï á¢ï§ì ¯à¨§−�−� ãáâ®©ç¨¢®©, ®¤−�ª®
¥¥ ¯à�ªâ¨ç¥áª�ï §−�ç¨¬®áâì âà¥¡ã¥â ¨−â¥à¯à¥â�æ¨¨ á®¢¬¥áâ−® á ®á®¡¥−−®áâï¬¨
®à£�−¨§�æ¨®−−®£® ª®−â¥ªáâ� ¯à¥¤¯à¨ïâ¨ï.
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ˆ−â¥à¯à¥â¨àã¥¬®¥ áâ�â¨áâ¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨

„«ï ®æ¥−ª¨ ãáâ®©ç¨¢®áâ¨ ¯®«ãç¥−−®© ®æ¥−ª¨ á¨«ë á¢ï§¨ ¡ë« ¢ë¯®«−¥− −¥¯�-
à�¬¥âà¨ç¥áª¨© ¡ãâáâà�¯-�−�«¨§ [14], £¤¥ ¨§ ¨áå®¤−®© ¢ë¡®àª¨N á ¢®§¢à�é¥−¨¥¬
£¥−¥à¨à®¢�«®áì B = 1000 ¯á¥¢¤®¢ë¡®à®ª, ¤«ï ª�¦¤®© ¢ëç¨á«ï«®áì V ∗. ‘â�−-
¤�àâ−�ï ®è¨¡ª� ®æ¥−ª¨ ®¯à¥¤¥«ï«�áì ª�ª ¢ë¡®à®ç−®¥ áâ�−¤�àâ−®¥ ®âª«®−¥−¨¥
¡ãâáâà�¯-à�á¯à¥¤¥«¥−¨ï

SE (V ) =

√√√√ 1

B − 1

B∑

b=1

(
V ∗

b − V
∗
)2
,

� 95%-−ë© „ˆ | ¯à®æ¥−â¨«ì−ë¬ ¬¥â®¤®¬: [V ∗
(0,025), V

∗
(0,975)], à�áç¥â−ë© ¨−â¥à-

¢�« V = [0,096; 0,313] ¯®¤â¢¥à¦¤�¥â áâ�¡¨«ì−®áâì ®æ¥−ª¨. �®«ãç¥−−®¥ §−�ç¥−¨¥
®æ¥−ª¨ V = 0,124, å®âï ¨ ¯®¯�¤�¥â ¢ ¤¨�¯�§®− á«�¡ëå íää¥ªâ®¢ ¯® èª�«¥ Š®í−�,
®ª�§ë¢�¥âáï áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬ë¬ (p < 0,001), ®áâ�¥âáï áâ�¡¨«ì−ë¬ ¯à¨ ¬−®-
£®ªà�â−®© ¯¥à¥¢ë¡®àª¥ (95%-−ë© „ˆ: [0,096; 0,313]) ¨ −¥ á®¤¥à¦¨â −ã«ï. ’®,
çâ® ¤�−−ë© „ˆ −¥ ¢ª«îç�¥â −ã«¥¢®¥ §−�ç¥−¨¥, á¢¨¤¥â¥«ìáâ¢ã¥â ® ¢®á¯à®¨§¢®¤¨-
¬®áâ¨ ®æ¥−ª¨ ¢ ¯à¥¤¥«�å ¨áá«¥¤ã¥¬®© ¢ë¡®àª¨ ¨ ® â®¬, çâ® ¤�¦¥ ¯à¨ −¥¡®«ìè®©
¢¥«¨ç¨−¥ íää¥ªâ� ®− −¥ á«ãç�¥− ¨ −¥ ®¡ãá«®¢«¥− ¢ë¡®à®ç−ë¬¨ ä«ãªâã�æ¨ï¬¨.
�â® ¤®¯®«−¨â¥«ì−® ¯®¤â¢¥à¦¤�¥â ¥£® áâ�â¨áâ¨ç¥áªãî §−�ç¨¬®áâì ¨ −�¤¥¦−®áâì.

„«ï ®¯à¥¤¥«¥−¨ï ¢ª«�¤®¢ ®â¤¥«ì−ëå ª�â¥£®à¨© ¢ −�¡«î¤�¥¬ãî §�¢¨á¨¬®áâì
(χ2) �−�«¨§¨à®¢�«¨áì áâ�−¤�àâ¨§¨à®¢�−−ë¥ ®áâ�âª¨ â�¡«¨æë á®¯àï¦¥−−®áâ¨ [12]

rij =
Oij − Eij√

Eij

.

‡−�ç¥−¨ï áâ�−¤�àâ¨§¨à®¢�−−ëå ®áâ�âª®¢ ¯® ¬®¤ã«î ¡®«¥¥ ¤¢ãå (|rij | > 2)
¨−â¥à¯à¥â¨à®¢�«¨áì ª�ª ¨−¤¨ª�â®à §−�ç¨¬®£® ®âª«®−¥−¨ï −�¡«î¤�¥¬ëå ç�áâ®â
®â ®¦¨¤�¥¬ëå ¯à¨ ãá«®¢¨¨ ¨å −¥§�¢¨-

’�¡«¨æ� 3 ‘â�−¤�àâ¨§®¢�−−ë¥ ®áâ�â-
ª¨ â�¡«¨æë á®¯àï¦¥−−®áâ¨

’¨¯
Š�â¥£®à¨ï

•®à®è¥¥ ‘à¥¤−¥¥ �«®å®¥
Š„ −2,85 −1,74 +5,07
�„ +0,94 −2,60 +0,63
ƒ„ −3,93 +3,95 +5,22
ˆˆ +4,63 −2,38 −8,73

á¨¬®áâ¨. ‚ à¥§ã«ìâ�â¥ ¡ë«¨ ¢ëï¢«¥−ë
ïç¥©ª¨, ¢−®áïé¨¥ −�¨¡®«ìè¨© ¢ª«�¤
¢ χ2 (â�¡«. 3) [23].

‡−�ç¥−¨ï áâ�−¤�àâ¨§¨à®¢�−−ëå
®áâ�âª®¢, ¯à¥¢ëè�îé¨¥ ¯® ¬®¤ã«î 2,
á¢¨¤¥â¥«ìáâ¢ãîâ ® á¨áâ¥¬�â¨ç¥áª¨å,
� −¥ á«ãç�©−ëå ®âª«®−¥−¨ïå ®â ®¦¨¤�-
¥¬ëå ç�áâ®â. ’�ª, £à�ä¨ç¥áª�ï ¤®ªã-
¬¥−â�æ¨ï ¤¥¬®−áâà¨àã¥â §−�ç¨¬® ¬¥−ìè¥ å®à®è¨å ¤®ªã¬¥−â®¢ (−3,93) ¨ ¡®«ìè¥
−¥ã¤®¢«¥â¢®à¨â¥«ì−ëå (+5,22); �−�«®£¨ç−�ï â¥−¤¥−æ¨ï ¤«ï ª®−áâàãªâ®àáª®© ¤®-
ªã¬¥−â�æ¨¨ (−2,85 ¨ +5,07 á®®â¢¥âáâ¢¥−−®). „«ï ¨§¢¥é¥−¨© ®¡ ¨§¬¥−¥−¨¨
−�¡«î¤�¥âáï ¨§¡ëâ®ª å®à®è¨å (+4,63) ¨ −¥¤®áâ�â®ª ¯«®å¨å (−8,73) ¤®ªã¬¥−-
â®¢. �à®£à�¬¬−�ï ¤®ªã¬¥−â�æ¨ï §−�ç¨¬®£® ®âª«®−¥−¨ï −¥ ¯®ª�§ë¢�¥â, §�
¨áª«îç¥−¨¥¬ −¥¤®áâ�âª� áà¥¤−¨å ¤®ªã¬¥−â®¢ (−2,6). ��¨¡®«ìè¨¥ ®âª«®−¥−¨ï
−�¡«î¤�îâáï ¤«ï ˆˆ (−8,73 ¤«ï ¯«®å¨å ¤®ªã¬¥−â®¢) ¨ ƒ„ (+5,22 ¤«ï ¯«®å¨å
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÷¨á. 1 ÷�á¯à¥¤¥«¥−¨¥ ª�ç¥áâ¢� ¯® â¨¯�¬ ¤®ªã¬¥−â®¢ ¨ ª�â¥£®à¨ï¬: 1 | ¯«®å®¥ ª�ç¥áâ¢®;
2 | áà¥¤−¥¥; 3 | å®à®è¥¥ ª�ç¥áâ¢®

¤®ªã¬¥−â®¢). �à¨ íâ®¬ áâ�−¤�àâ¨§¨à®¢�−−ë¥ ®áâ�âª¨ ¨á¯®«ì§®¢�«¨áì ª�ª ¨−áâàã-
¬¥−â ®¯¨á�−¨ï áâàãªâãàë §�¢¨á¨¬®áâ¨ ¨ −¥ à�áá¬�âà¨¢�«¨áì ª�ª á�¬®áâ®ïâ¥«ì−®¥
¤®ª�§�â¥«ìáâ¢® ¯à¨ç¨− ¢®§−¨ª−®¢¥−¨ï à�§«¨ç¨©.

�®«ãç¥−−ë¥ à¥§ã«ìâ�âë á¢¨¤¥â¥«ìáâ¢ãîâ ® −¥®¤−®à®¤−®áâ¨ à�á¯à¥¤¥«¥−¨ï
ª�ç¥áâ¢� ¬¥¦¤ã â¨¯�¬¨ ¤®ªã¬¥−â�æ¨¨ ¨ ¯®§¢®«ïîâ à�áá¬�âà¨¢�âì â¨¯ ¤®ªã¬¥−â�
ª�ª ®¤¨− ¨§ ä�ªâ®à®¢, á¢ï§�−−ëå á ¢¥à®ïâ−®áâìî ¯®ï¢«¥−¨ï à�§«¨ç−ëå ª�â¥£®-
à¨© ª�ç¥áâ¢�. �â® ãª�§ë¢�¥â −� ãáâ®©ç¨¢ë¥ ¯�ââ¥à−ë, ª®â®àë¥ −¥ ¬®£ãâ ¡ëâì
®¡êïá−¥−ë ¢ë¡®à®ç−®© ¢�à¨�æ¨¥© ¨ á«ã¦�â ®á−®¢®© ¤«ï �¤à¥á−ëå ã¯à�¢«¥−-
ç¥áª¨å ¢®§¤¥©áâ¢¨©, � ¨¬¥−−®: −�¨¡®«¥¥ ¢ëà�¦¥−−ë¥ ®âª«®−¥−¨ï å�à�ªâ¥à−ë
¤«ï £à�ä¨ç¥áª®© ¤®ªã¬¥−â�æ¨¨ ¨ ¨§¢¥é¥−¨© ®¡ ¨§¬¥−¥−¨¨. „«ï £à�ä¨ç¥áª®©
¤®ªã¬¥−â�æ¨¨ −�¡«î¤�«�áì ¯®¢ëè¥−−�ï ¯à¥¤áâ�¢«¥−−®áâì ¤®ªã¬¥−â®¢ ª�â¥£®à¨©
¡®«¥¥ −¨§ª®£® ª�ç¥áâ¢� ¯® áà�¢−¥−¨î á ®¦¨¤�¥¬ë¬ à�á¯à¥¤¥«¥−¨¥¬, â®£¤� ª�ª
¤«ï ¨§¢¥é¥−¨© ®¡ ¨§¬¥−¥−¨¨ −�¡«î¤�«�áì ®¡à�â−�ï ª�àâ¨−� | ¤®«ï ¤®ªã¬¥−â®¢
¢ëá®ª®© ª�â¥£®à¨¨ ª�ç¥áâ¢� ¯à¥¢ëè�«� ®¦¨¤�¥¬ë¥ §−�ç¥−¨ï (à¨á. 1).

ˆ§ ¢ëè¥¯à¥¤áâ�¢«¥−−®£® ¬®¦−® á¤¥«�âì ¢ë¢®¤ ® â®¬, çâ® ª�ç¥áâ¢® ¤®ªã¬¥−-
â�æ¨¨ áãé¥áâ¢¥−−® ¤¨ää¥à¥−æ¨à®¢�−® ¯® â¨¯�¬, çâ® ¯®¤â¢¥à¦¤�¥â £¨¯®â¥§ã 1.
‚¬¥áâ¥ á â¥¬ ®¡−�àã¦¥−−�ï �áá®æ¨�æ¨ï −¥ ®§−�ç�¥â ¯àï¬®© ¯à¨ç¨−−®-á«¥¤áâ¢¥−-
−®© §�¢¨á¨¬®áâ¨ ¨ âà¥¡ã¥â ¤�«ì−¥©è¥© ¯à®¢¥àª¨ −� à�áè¨à¥−−ëå ¤�−−ëå.

‚ª«�¤ ª�¦¤®£® â¨¯� ¢ ®¡éãî χ2 à�á¯à¥¤¥«¨«áï á«¥¤ãîé¨¬ ®¡à�§®¬: ˆˆ |
50,0%; ƒ„ | 28,2%; Š„ | 17,9%; �„ | 3,9%. ’�ª¨¬ ®¡à�§®¬, ¨¬¥−−® ®âª«®-
−¥−¨ï ¢ ª�ç¥áâ¢¥ ˆˆ ¢−®áïâ −�¨¡®«ìè¨© ¢ª«�¤ ¢ áâ�â¨áâ¨ç¥áªãî §�¢¨á¨¬®áâì.

4 Анализ временной динамики и прогнозирование

„«ï ¨áá«¥¤®¢�−¨ï ¨§¬¥−¥−¨ï ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨ ¢® ¢à¥¬¥−¨ §� 12 ª¢�à-
â�«®¢ ¨á¯®«ì§®¢�«�áì ¬®¤¥«ì «¨−¥©−®£® âà¥−¤� ¤«ï «®£¨â-¯à¥®¡à�§®¢�−−®© ¤®«¨
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ˆ−â¥à¯à¥â¨àã¥¬®¥ áâ�â¨áâ¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨

¤®ªã¬¥−â®¢ ª�â¥£®à¨¨ úå®à®è¥¥û (π). ‚ë¡®à «®£¨â-¯à¥®¡à�§®¢�−¨ï ®¡ãá«®¢«¥−
®£à�−¨ç¥−−®áâìî ¨áå®¤−®© ¯¥à¥¬¥−−®© ¨−â¥à¢�«®¬ (0; 1), çâ® ¯®§¢®«ï¥â á−¨§¨âì
¢«¨ï−¨¥ íää¥ªâ� −�áëé¥−¨ï ¯à¨ ¯à¨¡«¨¦¥−¨¨ ¤®«¥© ª £à�−¨æ�¬ ¤¨�¯�§®−� [17,
19{21].

„«ï ª�¦¤®£® ª¢�àâ�«� à�ááç¨âë¢�«�áì ¤®«ï ¤®ªã¬¥−â®¢ ª�â¥£®à¨¨ úå®à®-
è¥¥û, ¯®á«¥ ç¥£® ¯à¨¬¥−ï«®áì ¯à¥®¡à�§®¢�−¨¥

logit (πt) = ln

(
πt

1− πt

)
,

£¤¥ πt | −�¡«î¤�¥¬�ï ¤®«ï å®à®è¨å ¢ ª¢�àâ�«¥.
„«ï áâ�¡¨«¨§�æ¨¨ à�áç¥â®¢ ã ¯¥à¨®¤®¢ á ¯à¥¤¥«ì−ë¬¨ §−�ç¥−¨ï¬¨ πt (0 ¨«¨ 1)

¨á¯®«ì§®¢�«�áì ç¨á«¥−−�ï ª®àà¥ªæ¨ï á ¤®¡�¢«¥−¨¥¬ ¬�«®© ª®−áâ�−âë ε = 10−6.
�æ¥−¨¢�−¨¥ ¢à¥¬¥−−�®£® âà¥−¤� ¢ë¯®«−ï«®áì á ¯®¬®éìî «¨−¥©−®© à¥£à¥áá¨¨.

‹¨−¥©−�ï à¥£à¥áá¨ï «®£¨â-¯à¥®¡à�§®¢�−−®© ¤®«¨ ®â −®¬¥à� ª¢�àâ�«� t (t = 1, 12):

logit (πt) = β0 + β1t+ εt .

�® à¥§ã«ìâ�â�¬ ®æ¥−ª¨ ¯®«ãç¥−� ¬®¤¥«ì

logit (πt) = 0,583 + 0,098t .

Š®íää¨æ¨¥−â ¢à¥¬¥−¨ ®ª�§�«áï áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬ë¬ (p < 0,001), çâ®
á¢¨¤¥â¥«ìáâ¢ã¥â ® −�«¨ç¨¨ ãáâ®©ç¨¢®© ¯®«®¦¨â¥«ì−®© ¤¨−�¬¨ª¨ ¤®«¨ ¤®ªã¬¥−-
â®¢ ¢ëá®ª®£® ª�ç¥áâ¢� ¢ ¯à¥¤¥«�å ¨áá«¥¤ã¥¬®£® ¯¥à¨®¤�. �æ¥−ª� ¯�à�¬¥âà®¢
¢ë¯®«−ï«�áì ¬¥â®¤®¬ −�¨¬¥−ìè¨å ª¢�¤à�â®¢ (Œ�Š). ‡−�ç¨¬®áâì âà¥−¤� ®æ¥-
−¨¢�«�áì ¯® t-ªà¨â¥à¨î ¤«ï β1. ‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ª®íää¨æ¨¥−â β1 å�à�ª-
â¥à¨§ã¥â ¨§¬¥−¥−¨¥ «®£�à¨ä¬� ®â−®è¥−¨ï è�−á®¢, � −¥ ¯àï¬®© ¯à¨à®áâ ¤®«¨
¤®ªã¬¥−â®¢, ¢ á¢ï§¨ á ç¥¬ ¨−â¥à¯à¥â�æ¨ï ¨§¬¥−¥−¨ï ª�ç¥áâ¢� ¢ ¯à®æ¥−â−ëå
¯ã−ªâ�å ¢ë¯®«−ï«�áì â®«ìª® ¯®á«¥ ®¡à�â−®£® ¯à¥®¡à�§®¢�−¨ï ¬®¤¥«¨.

�¡à�â−®¥ ¯à¥®¡à�§®¢�−¨¥ ¯®§¢®«ï¥â ¨−â¥à¯à¥â¨à®¢�âì à¥§ã«ìâ�â ¢ ¨áå®¤−ëå
¥¤¨−¨æ�å:

�πt =
exp

(
̂logit(πt)

)

1 + exp
(
̂logit(πt)

) .

„«ï ®æ¥−ª¨ ª�ç¥áâ¢� ®¯¨á�−¨ï ¨á¯®«ì§®¢�«áï ª®íää¨æ¨¥−â ¤¥â¥à¬¨−�æ¨¨,
à�ááç¨â�−−ë© ¤«ï ¯à®£−®§¨àã¥¬ëå §−�ç¥−¨© ¬®¤¥«¨. Š®íää¨æ¨¥−â ¤¥â¥à¬¨-
−�æ¨¨ R2 = 0,83(pt(β1)) < 0,001 à�ááç¨âë¢�«áï ª�ª ª¢�¤à�â ª®íää¨æ¨¥−â�
ª®àà¥«ïæ¨¨ �¨àá®−� ¬¥¦¤ã −�¡«î¤¥−−ë¬¨ ¤®«ï¬¨ ¨ ¯à¥¤áª�§�−−ë¬¨ ¯® ¬®¤¥«¨
§−�ç¥−¨ï¬¨ ¯®á«¥ ®¡à�â−®£® ¯à¥®¡à�§®¢�−¨ï. �®«ãç¥−−®¥ §−�ç¥−¨¥ ãª�§ë¢�¥â −�
¢ëá®ªãî á®£«�á®¢�−−®áâì ¬®¤¥«¨ á −�¡«î¤�¥¬ë¬¨ ¤�−−ë¬¨, ®¤−�ª® −¥ à�áá¬�â-
à¨¢�¥âáï ª�ª á�¬®áâ®ïâ¥«ì−®¥ ¯®¤â¢¥à¦¤¥−¨¥ ¯à®£−®áâ¨ç¥áª®© ¯à¨£®¤−®áâ¨.
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÷¨á. 2 „¨−�¬¨ª� ¤®«¨ å®à®è¨å ¤®ªã¬¥−â®¢ á ¯à®£−®§®¬

„¨�£−®áâ¨ª� ®áâ�âª®¢ ¯®¤â¢¥à¤¨«� ¢ë¯®«−¥−¨¥ ¯à¥¤¯®áë«®ª Œ�Š: −®à-
¬�«ì−®¥ à�á¯à¥¤¥«¥−¨¥ ®áâ�âª®¢ (â¥áâ ˜�¯¨à®{“¨«ª�: W = 0,953; p = 0,683);
£®¬®áª¥¤�áâ¨ç−®áâì | ¯®áâ®ï−áâ¢® ¤¨á¯¥àá¨¨ (â¥áâ �à®©è�{��£�−�: LM =
= 0,031; p = 0,860); ®âáãâáâ¢¨¥ �¢â®ª®àà¥«ïæ¨¨ (áâ�â¨áâ¨ª� „�à¡¨−�{“®âá®−�:
DW = 2,039) [15].

�� ®á−®¢¥ ¯®áâà®¥−−®© ¬®¤¥«¨ ¢ë¯®«−¥−® ¯à®£−®§¨à®¢�−¨¥ §−�ç¥−¨ï ¯®ª�§�-
â¥«ï −� ¯¥à¢ë© ª¢�àâ�« 2026 £., ¯®«ãç¥−−®¥ ¯®¤áâ�−®¢ª®© ¢ ãà�¢−¥−¨¥ à¥£à¥áá¨¨
á ¯®á«¥¤ãîé¨¬ ®¡à�â−ë¬ ¯à¥®¡à�§®¢�−¨¥¬: 85,3% [81, 7%; 88, 3%] (95%-−ë©
¯à®£−®§−ë© ¨−â¥à¢�«). �®«ãç¥−−ë© ¯à®£−®§−ë© ¨−â¥à¢�« ¯®«−®áâìî «¥¦¨â
¢ ®¡«�áâ¨ ¤®¯ãáâ¨¬ëå §−�ç¥−¨© (¬¥¦¤ã 0 ¨ 1 ¯à¨ ¯¥à¥¢®¤¥ ¯à®æ¥−â� ¢ ¤¥áïâ¨ç−ãî
¤à®¡ì), çâ® ¯®¤â¢¥à¦¤�¥â ãáâ®©ç¨¢®áâì ¬®¤¥«¨ ¨ ®âáãâáâ¢¨¥ íªáâà�¯®«ïæ¨®−−ëå
¢ë¡à®á®¢. �¨¦−ïï £à�−¨æ� ¨−â¥à¢�«� (81,7%) áãé¥áâ¢¥−−® ¯à¥¢ëè�¥â â¥ªãé¥¥
áà¥¤−¥¥ §−�ç¥−¨¥ (72,7%), çâ® £®¢®à¨â ® ¯à®¤®«¦¥−¨¨ ¯®«®¦¨â¥«ì−®£® âà¥−¤�.
‚ëá®ª¨© R2 (0,83) ¨ −¨§ª®¥ §−�ç¥−¨¥ áà¥¤−¥© �¡á®«îâ−®© ¯à®æ¥−â−®© ®è¨¡ª¨
(MAPE) (14,0%) −� íâ�¯¥ ¢¥à¨ä¨ª�æ¨¨ £®¢®àïâ ® ¯à¨¥¬«¥¬®© ¯à®£−®áâ¨ç¥áª®©
á¯®á®¡−®áâ¨ ¬®¤¥«¨ ¨ ¤®¯®«−¨â¥«ì−® ¯®¤â¢¥à¦¤�îâ �¤¥ª¢�â−®áâì ¬®¤¥«¨ ¤«ï ®¯¥-
à�â¨¢−®£® ¯«�−¨à®¢�−¨ï (à¨á. 2). �® á«¥¤ã¥â ¯®¬−¨âì, çâ® ¯®«ãç¥−−ë© ¯à®£−®§
®âà�¦�¥â ®¦¨¤�¥¬®¥ ¯à®¤®«¦¥−¨¥ à�−¥¥ −�¡«î¤�¥¬®© â¥−¤¥−æ¨¨ ¯à¨ ãá«®¢¨¨
á®åà�−¥−¨ï å�à�ªâ¥à¨áâ¨ª ¨áá«¥¤ã¥¬®£® ¯à®æ¥áá� ¨ ®âáãâáâ¢¨ï áãé¥áâ¢¥−−ëå
®à£�−¨§�æ¨®−−ëå ¨§¬¥−¥−¨©. ‘«¥¤®¢�â¥«ì−®, à¥§ã«ìâ�âë á«¥¤ã¥â ¨−â¥à¯à¥â¨-
à®¢�âì ª�ª �−�«¨â¨ç¥áª¨© áæ¥−�à¨© ¯à®¤®«¦¥−¨ï ¢ëï¢«¥−−®£® âà¥−¤�, � −¥ ª�ª
¤¥â¥à¬¨−¨à®¢�−−ë© ¯à®£−®§ ä�ªâ¨ç¥áª¨å §−�ç¥−¨©. ’�ª¨¬ ®¡à�§®¬, £¨¯®â¥§� 2
® −�«¨ç¨¨ ¯®«®¦¨â¥«ì−®£® ¢à¥¬¥−−�®£® âà¥−¤� ¯®¤â¢¥à¦¤¥−�.

5 Проверка структурных изменений

„«ï ®æ¥−ª¨ ãáâ®©ç¨¢®áâ¨ ¢à¥¬¥−−�®© ¤¨−�¬¨ª¨ ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨ ¨ ¢ë-
ï¢«¥−¨ï ¢®§¬®¦−ëå ¨§¬¥−¥−¨© å�à�ªâ¥à� ¯à®æ¥áá� ¯à¨¬¥−ï«áï â¥áâ —®ã [17, 18].
Œ¥â®¤ ¯®§¢®«ï¥â ¯à®¢¥à¨âì £¨¯®â¥§ã ® −¥¨§¬¥−−®áâ¨ ¯�à�¬¥âà®¢ à¥£à¥áá¨®−−®©
¬®¤¥«¨ −� à�§«¨ç−ëå ¢à¥¬¥−− �ëå ¨−â¥à¢�«�å ¨ ¨á¯®«ì§ã¥âáï ¤«ï ®¡−�àã¦¥−¨ï
¯®â¥−æ¨�«ì−ëå áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬ëå áâàãªâãà−ëå ¨§¬¥−¥−¨©, çâ® ®á®¡¥−−®
¢�¦−® ¤«ï ®¡−�àã¦¥−¨ï â®ç¥ª ¡¨äãàª�æ¨¨ ¢ ¤¨−�¬¨ª¥ ¯®ª�§�â¥«¥© ª�ç¥áâ¢�.
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ˆ−â¥à¯à¥â¨àã¥¬®¥ áâ�â¨áâ¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨

�ãáâì ¢à¥¬¥−−®© àï¤ à�§¤¥«ï¥âáï −� ¤¢� ¯®¤¯¥à¨®¤� ¢ ¬®¬¥−â ¢à¥¬¥−¨ t = t0.
„«ï ¨áå®¤−®© ¢ë¡®àª¨ ¨ ¤¢ãå ¯®«ãç¥−−ëå ¯®¤¯¥à¨®¤®¢ ®æ¥−¨¢�«¨áì ®â¤¥«ì−ë¥
à¥£à¥áá¨®−−ë¥ ¬®¤¥«¨, ¯®á«¥ ç¥£® à�ááç¨âë¢�«�áì áâ�â¨áâ¨ª� —®ã −� ®á−®¢¥
áà�¢−¥−¨ï áã¬¬ ª¢�¤à�â®¢ ®áâ�âª®¢.

‚ ¨áá«¥¤®¢�−¨¨ â®çª� à�§¤¥«¥−¨ï ®¯à¥¤¥«ï«�áì ¯ãâ¥¬ ¯®á«¥¤®¢�â¥«ì−®© ¯à®-
¢¥àª¨ ¤®¯ãáâ¨¬ëå ¬®¬¥−â®¢ ¢à¥¬¥−¨ ¢−ãâà¨ àï¤� á ¯®á«¥¤ãîé¥© ®æ¥−ª®© áâ�-
â¨áâ¨ç¥áª®© §−�ç¨¬®áâ¨ à¥§ã«ìâ�â�. ’�ª®© ¯®¤å®¤ ¨á¯®«ì§®¢�«áï ª�ª ¨áá«¥¤®¢�-
â¥«ìáª�ï ¯à®æ¥¤ãà� ¯®¨áª� ¯®â¥−æ¨�«ì−ëå ¨§¬¥−¥−¨© áâàãªâãàë ¯à®æ¥áá�. �ë«¨
¯®áâà®¥−ë âà¨ à¥£à¥áá¨®−−ë¥ ¬®¤¥«¨: ¯® ¢á¥¬ã àï¤ã (áã¬¬� ª¢�¤à�â®¢ ®áâ�âª®¢,
RSS), ¯® ¯¥à¢®¬ã ¯®¤¯¥à¨®¤ã (RSS1, n1 −�¡«î¤¥−¨©) ¨ ¯® ¢â®à®¬ã ¯®¤¯¥à¨®¤ã
(RSS2, n2 −�¡«î¤¥−¨©). ‘â�â¨áâ¨ª� â¥áâ� ¨¬¥¥â ¢¨¤:

F =
(RSS− RSS1 − RSS2)/k

(RSS1 +RSS2)/(n1 + n2 − 2k)
,

£¤¥ k | ç¨á«® ®æ¥−¨¢�¥¬ëå ¯�à�¬¥âà®¢ (¢ à�áá¬�âà¨¢�¥¬®¬ á«ãç�¥ k = 2:
ª®−áâ�−â� ¨ ª®íää¨æ¨¥−â ¢à¥¬¥−¨).

�à¨ á¯à�¢¥¤«¨¢®áâ¨ −ã«¥¢®© £¨¯®â¥§ë ®¡ ®âáãâáâ¢¨¨ áâàãªâãà−®£® á¤¢¨£�
áâ�â¨áâ¨ª� ¯®¤ç¨−ï¥âáï à�á¯à¥¤¥«¥−¨î ”¨è¥à� F (k, n1 + n2 − 2k). ’®çª�
à�§«®¬� ¢ë¡¨à�«�áì ¬¨−¨¬¨§�æ¨¥© áã¬¬ë ª¢�¤à�â®¢ ®áâ�âª®¢ ¯à¨ à�§¤¥«¥−¨¨
¢ë¡®àª¨ −� ¤¢� ¯®¤¯¥à¨®¤�. �®á«¥¤®¢�â¥«ì−ë© ¯¥à¥¡®à ¢®§¬®¦−ëå â®ç¥ª
à�§«®¬� ¢ëï¢¨« §−�ç¨¬ë© á¤¢¨£ ¢ ç¥â¢¥àâ®¬ ª¢�àâ�«¥ 2024 £. (t0 = 8): F (2, 8) =
= 7,32; p = 0,0156.

�®«ãç¥−−®¥ §−�ç¥−¨¥ ¯®§¢®«ï¥â ®â¢¥à£−ãâì −ã«¥¢ãî £¨¯®â¥§ã ® ¯®áâ®ï−áâ¢¥
¯�à�¬¥âà®¢ ¬®¤¥«¨ −� ãà®¢−¥ §−�ç¨¬®áâ¨ α = 0,05 ¨ ãª�§ë¢�¥â −� −�«¨ç¨¥
áâ�â¨áâ¨ç¥áª¨å ¯à¨§−�ª®¢ ¨§¬¥−¥−¨ï å�à�ªâ¥à� ¢à¥¬¥−−�®© ¤¨−�¬¨ª¨.

‘«¥¤ã¥â ãç¨âë¢�âì, çâ® â¥áâ —®ã ä¨ªá¨àã¥â −�«¨ç¨¥ áâàãªâãà−®£® ¨§¬¥−¥−¨ï
¬®¤¥«¨, ®¤−�ª® á�¬ ¯® á¥¡¥ −¥ ¯®§¢®«ï¥â ãáâ�−®¢¨âì ¯à¨ç¨−ë ¥£® ¢®§−¨ª−®¢¥-
−¨ï, ¢ á¢ï§¨ á ç¥¬ ¢ëï¢«¥−−ë© ¬®¬¥−â ¨§¬¥−¥−¨ï á«¥¤ã¥â à�áá¬�âà¨¢�âì ª�ª
®á−®¢�−¨¥ ¤«ï ¯®á«¥¤ãîé¥£® �−�«¨§� ®à£�−¨§�æ¨®−−ëå, â¥å−®«®£¨ç¥áª¨å ¨«¨
à¥£«�¬¥−â−ëå ä�ªâ®à®¢, � −¥ ª�ª ¤®ª�§�â¥«ìáâ¢® ¢«¨ï−¨ï ª®−ªà¥â−®£® á®¡ëâ¨ï.

‘ ¯à�ªâ¨ç¥áª®© â®çª¨ §à¥−¨ï ¯®«ãç¥−−ë© à¥§ã«ìâ�â ¯®ª�§ë¢�¥â, çâ® ¨á¯®«ì-
§®¢�−¨¥ ¥¤¨−®© ¬®¤¥«¨ ª�ç¥áâ¢� ¤«ï ¢á¥£® ¯¥à¨®¤� −�¡«î¤¥−¨ï ¬®¦¥â ¯à¨¢®¤¨âì
ª ¯®â¥à¥ ¨−ä®à¬�æ¨¨ ® ¢−ãâà¥−−¥© ¤¨−�¬¨ª¥ ¯à®æ¥áá�. �â® ¯®¤â¢¥à¦¤�¥â
æ¥«¥á®®¡à�§−®áâì à¥£ã«ïà−®£® ®¡−®¢«¥−¨ï ¯�à�¬¥âà®¢ �−�«¨â¨ç¥áª¨å ¬®¤¥«¥©
¢ á¨áâ¥¬�å ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨©.

’�ª¨¬ ®¡à�§®¬, £¨¯®â¥§� 3 ® −�«¨ç¨¨ áâàãªâãà−ëå ¨§¬¥−¥−¨© ¯®«ãç¨«�
áâ�â¨áâ¨ç¥áª®¥ ¯®¤â¢¥à¦¤¥−¨¥.

6 Проверка различий по типам документов

„«ï ¯à®¢¥àª¨ à�§«¨ç¨© ¢à¥¬¥−−�®© ¤¨−�¬¨ª¨ ª�ç¥áâ¢� ¬¥¦¤ã â¨¯�¬¨ ¤®ªã-
¬¥−â®¢ ¡ë« ¯à¨¬¥−¥− ª®¢�à¨�æ¨®−−ë© �−�«¨§ (ANCOVA) [19, 20]. �â®â ¬¥â®¤
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¯®§¢®«¨« ®æ¥−¨âì, ¨§¬¥−ï¥âáï «¨ å�à�ªâ¥à ¢à¥¬¥−−�®£® âà¥−¤� ¢ §�¢¨á¨¬®áâ¨
®â ª�â¥£®à¨¨ ¤®ªã¬¥−â� ¯à¨ ª®−âà®«¥ ®¡é¥£® ¢«¨ï−¨ï ¢à¥¬¥−¨, â. ¥. áà�¢−¨âì
−�ª«®−ë «¨−¨© à¥£à¥áá¨¨ ¤«ï −¥áª®«ìª¨å £àã¯¯, ª®−âà®«¨àãï ¢«¨ï−¨¥ −¥¯à¥-
àë¢−®© ª®¢�à¨�âë (¢à¥¬¥−¨). Œ®¤¥«ì ¢ª«îç�«� «®£¨â-¯à¥®¡à�§®¢�−−ãî ¤®«î
¤®ªã¬¥−â®¢ ª�â¥£®à¨¨ úå®à®è¥¥û ¢ ª�ç¥áâ¢¥ §�¢¨á¨¬®© ¯¥à¥¬¥−−®©, ä¨ªá¨à®-
¢�−−ë© ä�ªâ®à úâ¨¯ ¤®ªã¬¥−â�û, −¥¯à¥àë¢−ãî ª®¢�à¨�âã ú¢à¥¬ïû, � â�ª¦¥ ç«¥−
¢§�¨¬®¤¥©áâ¢¨ï úâ¨¯{¢à¥¬ïû ¨ ¨¬¥«� ¢¨¤:

logit (πit) = µ+ αi + βt+ γit+ εit ,

£¤¥ µ | ®¡é�ï ª®−áâ�−â� ¬®¤¥«¨ (ãà®¢¥−ì ¯à¨ t = 0); i | â¨¯ ¤®ªã¬¥−â�; t |
¢à¥¬ï; αi | ä¨ªá¨à®¢�−−ë© íää¥ªâ â¨¯� ¤®ªã¬¥−â�; β | ®¡é¨© ª®íää¨æ¨¥−â
¢à¥¬¥−¨; γi | ª®íää¨æ¨¥−â ¢§�¨¬®¤¥©áâ¢¨ï (¯®¯à�¢ª� ª −�ª«®−ã âà¥−¤� ¤«ï
ª®−ªà¥â−®£® â¨¯� ¤®ªã¬¥−â�); εit | á«ãç�©−�ï ®è¨¡ª� ¬®¤¥«¨.

�á−®¢−®© ¨−â¥à¥á ¯à¥¤áâ�¢«ï« �−�«¨§ ¢§�¨¬®¤¥©áâ¢¨ï ¬¥¦¤ã ¢à¥¬¥−¥¬ ¨ â¨-
¯®¬ ¤®ªã¬¥−â�, ¤«ï ç¥£® áà�¢−¨¢�«¨áì ¯®«−�ï ¬®¤¥«ì (á ç«¥−®¬ ¢§�¨¬®¤¥©áâ¢¨ï)
¨ ¢«®¦¥−−�ï (¡¥§ −¥£®). ‘à�¢−¥−¨¥ ¯®«−®© ¬®¤¥«¨ ¨ ¢«®¦¥−−®© ¤�«® F (3, 32) =
= 4,747; p = 0,0063. �â¨ à¥§ã«ìâ�âë ¯®ª�§ë¢�îâ áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬®¥ ã«ãç-
è¥−¨¥ ª�ç¥áâ¢� ¯®«−®© ¬®¤¥«¨. �®«ãç¥−−®¥ §−�ç¥−¨¥ p = 0,0063 áãé¥áâ¢¥−−®
−¨¦¥ ¯®à®£� 0,01, çâ® ¯®§¢®«ï¥â ®â¢¥à£−ãâì −ã«¥¢ãî £¨¯®â¥§ã ® ¯�à�««¥«ì−®áâ¨
âà¥−¤®¢ á ¢ëá®ª®© áâ¥¯¥−ìî ã¢¥à¥−−®áâ¨. �â® ®§−�ç�¥â, çâ® ¤¨−�¬¨ª� ª�ç¥áâ¢�
−¥ ï¢«ï¥âáï ¥¤¨−®®¡à�§−®©, � −�ª«®−ë «¨−¨© âà¥−¤�, â. ¥. áª®à®áâ¨ ¨§¬¥−¥−¨ï
ª�ç¥áâ¢� ¬¥¦¤ã â¨¯�¬¨ ¤®ªã¬¥−â®¢, §−�ç¨¬® à�§«¨ç�îâáï. „�−−ë© à¥§ã«ìâ�â
®¡®á−®¢ë¢�¥â −¥®¡å®¤¨¬®áâì à�§à�¡®âª¨ ¨−¤¨¢¨¤ã�«ì−ëå áâà�â¥£¨© ã¯à�¢«¥−¨ï
¤«ï ª�¦¤®£® â¨¯� ¤®ªã¬¥−â�æ¨¨.

„«ï ¨−â¥à¯à¥â�æ¨¨ å�à�ªâ¥à� à�§«¨ç¨© ¡ë«¨ à�ááç¨â�−ë ®æ¥−ª¨ ª®íää¨-
æ¨¥−â®¢ ¢à¥¬¥−−®£® âà¥−¤� ®â¤¥«ì−® ¤«ï ª�¦¤®© £àã¯¯ë. �æ¥−ª¨ «®£¨â-ª®íä-
ä¨æ¨¥−â®¢ ¢à¥¬¥−¨ ¤«ï ª�¦¤®£® â¨¯� ¨§ ¬®¤¥«¨ á ¢§�¨¬®¤¥©áâ¢¨¥¬ (¢ ¨áå®¤−ëå
¥¤¨−¨æ�å/ª¢�àâ�«) á®áâ�¢¨«¨:

{ Š„: β = 0,0639 (p = 0,072) | á«�¡ë© ¯®«®¦¨â¥«ì−ë© âà¥−¤ (−¥§−�ç¨¬);

{ �„: β = −0,6004 (p = 0,102) | ®âà¨æ�â¥«ì−ë© âà¥−¤ (−¥§−�ç¨¬ ¨§-§�
¢ëá®ª®© ¢�à¨�æ¨¨);

{ ƒ„: β = 0,2587 (p = 0,003) | §−�ç¨¬ë© ¯®«®¦¨â¥«ì−ë© âà¥−¤;

{ ˆˆ: β = 0,0396 (p = 0,161) | á«�¡ë© ¯®«®¦¨â¥«ì−ë© âà¥−¤ (−¥§−�ç¨¬).

‘à¥¤¨ ®â¤¥«ì−ëå £àã¯¯ áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬ë© ¯®«®¦¨â¥«ì−ë© âà¥−¤ ¡ë«
¢ëï¢«¥− â®«ìª® ¤«ï £à�ä¨ç¥áª®© ¤®ªã¬¥−â�æ¨¨, çâ®, ¢¥à®ïâ−®, ãª�§ë¢�¥â −�
íää¥ªâ¨¢−®áâì ¬¥à, ¯à¨−ïâëå ¢ ®â−®è¥−¨¨ íâ®© ª�â¥£®à¨¨. „«ï ¯à®£à�¬-
¬−®© ¤®ªã¬¥−â�æ¨¨ −�¡«î¤�«�áì ®âà¨æ�â¥«ì−�ï ®æ¥−ª� ª®íää¨æ¨¥−â� âà¥−¤�,
®¤−�ª® áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬ëå ¤®ª�§�â¥«ìáâ¢ ãåã¤è¥−¨ï ª�ç¥áâ¢� ¯®«ãç¥−® −¥
¡ë«® (p = 0,102), çâ® âà¥¡ã¥â ¤®¯®«−¨â¥«ì−®£® �−�«¨§�. „«ï ®áâ�«ì−ëå â¨¯®¢
¤®ªã¬¥−â®¢ −�¯à�¢«¥−¨ï ¨§¬¥−¥−¨© ª®íää¨æ¨¥−â®¢ â�ª¦¥ −¥ ¤®áâ¨£«¨ áâ�â¨áâ¨-
ç¥áª®© §−�ç¨¬®áâ¨, ¢ á¢ï§¨ á ç¥¬ ®−¨ −¥ ¨−â¥à¯à¥â¨à®¢�«¨áì ª�ª ¯®¤â¢¥à¦¤¥−−ë¥
â¥−¤¥−æ¨¨ ã«ãçè¥−¨ï ¨«¨ ãåã¤è¥−¨ï ª�ç¥áâ¢�.
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ˆ−â¥à¯à¥â¨àã¥¬®¥ áâ�â¨áâ¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨

÷¨á. 3 ÷�§«¨ç¨ï ¢ ¤¨−�¬¨ª¥ ª�ç¥áâ¢� ¬¥¦¤ã â¨¯�¬¨ ¤®ªã¬¥−â®¢

�®«ãç¥−−ë¥ à¥§ã«ìâ�âë á¢¨¤¥â¥«ìáâ¢ãîâ −¥ ® â®¬, çâ® ®â¤¥«ì−ë¥ â¨¯ë ¤®-
ªã¬¥−â�æ¨¨ ®¡ï§�â¥«ì−® ã«ãçè�îâáï ¨«¨ ãåã¤è�îâáï, � ® â®¬, çâ® å�à�ªâ¥à
¨§¬¥−¥−¨© ¬¥¦¤ã £àã¯¯�¬¨ à�§«¨ç�¥âáï ¨ âà¥¡ã¥â à�§¤¥«ì−®£® �−�«¨§� (à¨á. 3).
�� ¯à�ªâ¨ª¥ íâ® ®§−�ç�¥â, çâ® ¥¤¨−ë¥ ¬¥àë ã¯à�¢«¥−¨ï ª�ç¥áâ¢®¬ ¬®£ãâ ¨¬¥âì
−¥®¤¨−�ª®¢ãî íää¥ªâ¨¢−®áâì ¤«ï à�§«¨ç−ëå â¨¯®¢ ¤®ªã¬¥−â�æ¨¨, ¢á«¥¤áâ¢¨¥
ç¥£® −�¨¡®«¥¥ æ¥«¥á®®¡à�§−® ¯à¨¬¥−ïâì ¤¨ää¥à¥−æ¨à®¢�−−ë© ¯®¤å®¤ ª ¬®−¨â®-
à¨−£ã ¨ ª®àà¥ªâ¨àãîé¨¬ ¬¥à®¯à¨ïâ¨ï¬. ’�ª¨¬ ®¡à�§®¬, £¨¯®â¥§� 4 ® à�§«¨ç¨¨
¢à¥¬¥−− �ëå âà�¥ªâ®à¨© ª�ç¥áâ¢� ¬¥¦¤ã â¨¯�¬¨ ¤®ªã¬¥−â�æ¨¨ ¯®«ãç¨«� áâ�â¨áâ¨-
ç¥áª®¥ ¯®¤â¢¥à¦¤¥−¨¥.

7 Проверка качества на подверженность сезонности

„«ï ®æ¥−ª¨ ¢®§¬®¦−®£® ¢«¨ï−¨ï á¥§®−−ëå ä�ªâ®à®¢ −� ª�ç¥áâ¢® ¤®ªã¬¥−â�-
æ¨¨ ¢ ¬®¤¥«ì à¥£à¥áá¨¨ («®£¨â-¤®«ï ®â ¢à¥¬¥−¨) ¡ë«¨ ¤®¯®«−¨â¥«ì−® ¢ª«îç¥−ë
ä¨ªâ¨¢−ë¥ ¯¥à¥¬¥−−ë¥ ª¢�àâ�«®¢Qkt (¯¥à¢ë© ª¢�àâ�« ¨á¯®«ì§®¢�«áï ¢ ª�ç¥áâ¢¥
¡�§®¢®£® ãà®¢−ï):

logit (πt) = β0 + β1t+

4∑

k=2

δkQkt + εt .

’�ª®© ¯®¤å®¤ ¯®§¢®«ï« ¯à®¢¥à¨âì −�«¨ç¨¥ á¨áâ¥¬�â¨ç¥áª¨å ¢−ãâà¨£®¤®¢ëå ª®-
«¥¡�−¨© ¯®ª�§�â¥«ï ª�ç¥áâ¢� ¯®á«¥ ãç¥â� ®¡é¥£® ¢à¥¬¥−−�®£® âà¥−¤�.

‘®¢¬¥áâ−�ï §−�ç¨¬®áâì á¥§®−−ëå ª®¬¯®−¥−â®¢ ®æ¥−¨¢�«�áì á ¨á¯®«ì§®¢�−¨¥¬
F -ªà¨â¥à¨ï ¯ãâ¥¬ áà�¢−¥−¨ï à�áè¨à¥−−®© ¬®¤¥«¨ á á¥§®−−ë¬¨ ¯¥à¥¬¥−−ë¬¨Qkt
¨ ¬®¤¥«¨, ¢ª«îç�îé¥© â®«ìª® ¢à¥¬¥−−®© âà¥−¤: F (3, 7) = 1,817; p = 0,232.
‘â�â¨áâ¨ç¥áª¨ −¥§−�ç¨¬®¥ §−�ç¥−¨¥ p = 0,232¯à¥¢ëè�¥â ãáâ�−®¢«¥−−ë© ãà®¢¥−ì
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§−�ç¨¬®áâ¨ α = 0,05, á¢¨¤¥â¥«ìáâ¢ã¥â ®¡ ®âáãâáâ¢¨¨ à¥£ã«ïà−ëå ¢−ãâà¨£®¤®¢ëå
ª®«¥¡�−¨© ª�ç¥áâ¢� ¨ −¥ ¤�¥â áâ�â¨áâ¨ç¥áª¨å ®á−®¢�−¨© ®â¢¥à£−ãâì −ã«¥¢ãî
£¨¯®â¥§ã.

„®¯®«−¨â¥«ì−® ¢ë¯®«−ï«�áì STL-¤¥ª®¬¯®§¨æ¨ï ¢à¥¬¥−−�®£® àï¤� ª�ª ®¯¨-
á�â¥«ì−ë© ¨−áâàã¬¥−â �−�«¨§� áâàãªâãàë ¢à¥¬¥−−�®© ¤¨−�¬¨ª¨. �−� â�ª¦¥ −¥
¢ëï¢¨«� ¢ëà�¦¥−−®© á¥§®−−®© ª®¬¯®−¥−âë, ª®â®à�ï ¨¬¥«� áãé¥áâ¢¥−−® ¬¥−ì-
èãî �¬¯«¨âã¤ã ¯® áà�¢−¥−¨î á ®¡é¥© ¨§¬¥−ç¨¢®áâìî àï¤� (¬¥−¥¥ 5% ®â áà¥¤−¥£®
ãà®¢−ï). �®«ãç¥−−ë¥ à¥§ã«ìâ�âë −¥ ¯®§¢®«ïîâ á¤¥«�âì ¢ë¢®¤ ® −�«¨ç¨¨ à¥-
£ã«ïà−ëå á¥§®−−ëå ª®«¥¡�−¨© ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨ ¢ ¯à¥¤¥«�å ¨áá«¥¤ã¥¬®£®
¯¥à¨®¤�. ‘«¥¤ã¥â ãç¨âë¢�âì, çâ® ®âáãâáâ¢¨¥ áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬®£® íää¥ª-
â� −¥ íª¢¨¢�«¥−â−® ¤®ª�§�â¥«ìáâ¢ã ®âáãâáâ¢¨ï á¥§®−−®áâ¨ ¢®®¡é¥: −�©¤¥−−ë©
à¥§ã«ìâ�â ®§−�ç�¥â «¨èì â®, çâ® ¢ ¨¬¥îé¨åáï ¤�−−ëå á¥§®−−ë© ª®¬¯®−¥−â −¥
¡ë« ®¡−�àã¦¥−. ‘ ¯à�ªâ¨ç¥áª®© â®çª¨ §à¥−¨ï íâ® ¯®§¢®«ï¥â −¥ ¢ª«îç�âì á¥-
§®−−ãî ª®àà¥ªâ¨à®¢ªã ¢ ¡�§®¢ãî �−�«¨â¨ç¥áªãî ¬®¤¥«ì ¯à¨ â¥ªãé¥¬ ®¡ê¥¬¥
−�¡«î¤¥−¨©.

„«ï æ¥«¥© ¯à¨−ïâ¨ï ã¯à�¢«¥−ç¥áª¨å à¥è¥−¨© −�ª®¯«¥−−ëå ¤�−−ëå ¤®áâ�-
â®ç−®, çâ®¡ë ¯à¥¤¯®«®¦¨âì, çâ® ¯à®æ¥áá à�§à�¡®âª¨ ¤®ªã¬¥−â�æ¨¨ ®áâ�¥âáï
áâ�¡¨«ì−ë¬ ¨ à�¢−®¬¥à−ë¬ ¢ â¥ç¥−¨¥ £®¤�, � á¥§®−−ë¥ ä�ªâ®àë (®â¯ãáª�, ®â-
ç¥â−ë¥ ¯¥à¨®¤ë) áãé¥áâ¢¥−−® −¥ ¢«¨ïîâ −� ª�ç¥áâ¢®. �âáãâáâ¢¨¥ ¢ëà�¦¥−−ëå
íää¥ªâ®¢ ¯®§¢®«ï¥â ¨áª«îç¨âì á¥§®−−®áâì ¨§ ç¨á«� ä�ªâ®à®¢, âà¥¡ãîé¨å ®¡ï§�-
â¥«ì−®£® ãç¥â� ¯à¨ ¯«�−¨à®¢�−¨¨ à¥áãàá®¢. Š�ç¥áâ¢® ¤®ªã¬¥−â®¢ −¥ ¯®¤¢¥à¦¥−®
à¥£ã«ïà−ë¬ ¢−ãâà¨£®¤®¢ë¬ ª®«¥¡�−¨ï¬, çâ® á¢¨¤¥â¥«ìáâ¢ã¥â ® áâ�¡¨«ì−®áâ¨
¯à®æ¥áá®¢ ¨ ®¯à®¢¥à£�¥â £¨¯®â¥§ã 5 ® −�«¨ç¨¨ á¥§®−−ëå ª®«¥¡�−¨©.

8 Анализ корреляции объема с качеством

„«ï ®æ¥−ª¨ ¢®§¬®¦−®© á¢ï§¨ ¬¥¦¤ã ®¡ê¥¬®¬ ¤®ªã¬¥−â®¯®â®ª� ¨ ª�ç¥áâ¢®¬
¤®ªã¬¥−â�æ¨¨ ¡ë« ¢ë¯®«−¥− ª®àà¥«ïæ¨®−−ë© �−�«¨§ [21, 23]. ‚ ª�ç¥áâ¢¥
¯®ª�§�â¥«ï ®¡ê¥¬� ¨á¯®«ì§®¢�«®áì ª®«¨ç¥áâ¢® ¤®ªã¬¥−â®¢ §� ¯¥à¨®¤ −�¡«î¤¥−¨ï,
� ª�ç¥áâ¢® ®æ¥−¨¢�«®áì ç¥à¥§ ¤®«î ¯à®¡«¥¬−ëå ¤®ªã¬¥−â®¢ (ª�â¥£®à¨¨ úáà¥¤−¥¥û
¨ ú¯«®å®¥û).

„«ï ®æ¥−ª¨ «¨−¥©−®© §�¢¨á¨¬®áâ¨ à�ááç¨âë¢�«áï ¢ë¡®à®ç−ë© ª®íää¨æ¨¥−â
ª®àà¥«ïæ¨¨ �¨àá®−�

r =

∑
i
(xi − x) (yi − y)

√∑
i
(xi − x)2

∑
i
(yi − y)2

,

£¤¥ xi | ¥¦¥ª¢�àâ�«ì−®¥ ®¡é¥¥ ç¨á«® ¤®ªã¬¥−â®¢; yi | ¤®«ï ¯à®¡«¥¬−ëå (áã¬¬�
úáà¥¤−¥¥û + ú¯«®å®¥û) [18].

�−�«¨§ ¢ë¯®«−ï«áï ¯® á®¢®ªã¯−®áâ¨ ¨§ 48 −�¡«î¤¥−¨© (12 ª¢�àâ�«®¢ × 4 â¨-
¯� ¤®ªã¬¥−â®¢):
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ˆ−â¥à¯à¥â¨àã¥¬®¥ áâ�â¨áâ¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨

t = r

√
n− 2
1− r2

,

£¤¥ n = 48 | ç¨á«® −�¡«î¤¥−¨©, ç¨á«® áâ¥¯¥−¥© á¢®¡®¤ë df = n − 2 = 46.
‘«¥¤®¢�â¥«ì−®, r = −0,083; t(46) = −0,565; p = 0,575.

‚ à�áá¬�âà¨¢�¥¬ëå £¨¯®â¥§�å ¯à®¢¥àï¥âáï §−�ç¥−¨¥ ρ (ª®íää¨æ¨¥−â ª®à-
à¥«ïæ¨¨ ¢ £¥−¥à�«ì−®© á®¢®ªã¯−®áâ¨), −® ¯® ¨¬¥îé¨¬áï ¢ë¡®à®ç−ë¬ ¤�−−ë¬
¢ëç¨á«ï¥âáï â®«ìª® ¥£® ®æ¥−ª� r, ¨ á ¯®¬®éìî t-ªà¨â¥à¨ï ¯à®¢¥àï¥âáï §−�ç¨-
¬®áâì ®â«¨ç¨ï r ®â −ã«ï, çâ® íª¢¨¢�«¥−â−® ¯à®¢¥àª¥ £¨¯®â¥§ë ρ = 0. …á«¨
p-§−�ç¥−¨¥ ¬�«®, â® ¤¥«�¥âáï ¢ë¢®¤ ® â®¬, çâ® ª®àà¥«ïæ¨ï ¢ £¥−¥à�«ì−®© á®-
¢®ªã¯−®áâ¨ áãé¥áâ¢ã¥â. ÷�ááç¨â�−−®¥ ¢ ¤�−−®¬ á«ãç�¥ §−�ç¥−¨¥ ª®íää¨æ¨¥−â�
ª®àà¥«ïæ¨¨ ¡«¨§ª® ª −ã«î (r = −0,083) ¨ ãª�§ë¢�¥â −� ®âáãâáâ¢¨¥ ¢ëà�¦¥−−®©
«¨−¥©−®© §�¢¨á¨¬®áâ¨ ¬¥¦¤ã ¨áá«¥¤ã¥¬ë¬¨ ¯¥à¥¬¥−−ë¬¨. �â® â�ª¦¥ ¯®¤â¢¥à-
¦¤�¥âáï ¢ëá®ª¨¬ p-§−�ç¥−¨¥¬ (p = 0,575), ª®â®à®¥ á¢¨¤¥â¥«ìáâ¢ã¥â ®¡ ®âáãâáâ¢¨¨
ª�ª®©-«¨¡® áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬®© «¨−¥©−®© á¢ï§¨ ¬¥¦¤ã ®¡ê¥¬®¬ ¤®ªã¬¥−â®-
¯®â®ª� ¨ ¤®«¥© ¯à®¡«¥¬−ëå ¤®ªã¬¥−â®¢. „®¯®«−¨â¥«ì−® ¡ë« à�ááç¨â�− „ˆ ¤«ï
ª®íää¨æ¨¥−â� ª®àà¥«ïæ¨¨ (95%-−ë© „ˆ: [−0,36; 0,21]). �®áª®«ìªã ¨−â¥à¢�«
¢ª«îç�¥â −ã«¥¢®¥ §−�ç¥−¨¥ ¨ ¤®¯ãáª�¥â ª�ª á«�¡ãî ®âà¨æ�â¥«ì−ãî, â�ª ¨ á«�¡ãî
¯®«®¦¨â¥«ì−ãî á¢ï§ì, á®¡à�−−ë¥ ¤�−−ë¥ −¥ ¯®§¢®«ïîâ ãáâ�−®¢¨âì ãáâ®©ç¨¢ãî
§�¢¨á¨¬®áâì ¬¥¦¤ã ®¡ê¥¬®¬ ¤®ªã¬¥−â®¯®â®ª� ¨ ª�ç¥áâ¢®¬.

„«ï ¯à®¢¥àª¨ ¢®§¬®¦−ëå −¥«¨−¥©−ëå §�¢¨á¨¬®áâ¥© ¤®¯®«−¨â¥«ì−® ¢ë¯®«-
−ï«áï ¢¨§ã�«ì−ë© �−�«¨§ ¤¨�£à�¬¬ à�áá¥ï−¨ï ¨ ¯®áâà®¥−¨¥ ªà¨¢®© á£«�¦¨¢�−¨ï
LOWESS (à¨á. 4). Ÿ¢−ëå ¯à¨§−�ª®¢ ãáâ®©ç¨¢®© −¥«¨−¥©−®© áâàãªâãàë ®¡−�àã-
¦¥−® −¥ ¡ë«®.

‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ®âáãâáâ¢¨¥ áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬®© ª®àà¥«ïæ¨¨ −¥
®§−�ç�¥â ¯®«−®£® ®âáãâáâ¢¨ï ¢«¨ï−¨ï ®¡ê¥¬� −� ª�ç¥áâ¢®. �®«ãç¥−−ë© à¥§ã«ìâ�â

÷¨á. 4 Š®àà¥«ïæ¨ï ¤®«¨ ¯à®¡«¥¬−ëå ¤®ªã¬¥−â®¢ á ®¡ê¥¬®¬: 1 | Š„; 2 | �„; 3 |
ƒ„; 4 | ˆˆ
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�. �. ‘�çª®, �. Œ. ‘�çª®, ‚. ā. �®§¤ëè¥¢

á¢¨¤¥â¥«ìáâ¢ã¥â «¨èì ® â®¬, çâ® ¢ ¯à¥¤¥«�å ¨áá«¥¤ã¥¬ëå ¤�−−ëå ¨ ¢ë¡à�−−®©
ä®à¬ë ¬®¤¥«¨ ã¡¥¤¨â¥«ì−ëå ¤®ª�§�â¥«ìáâ¢ â�ª®© á¢ï§¨ ®¡−�àã¦¥−® −¥ ¡ë«®. ��
¯à�ªâ¨ª¥ íâ® ®§−�ç�¥â, çâ® à®áâ ®¡ê¥¬� ¤®ªã¬¥−â®¯®â®ª� á�¬ ¯® á¥¡¥ −¥ ¯à®ï¢¨«
ãáâ®©ç¨¢®© �áá®æ¨�æ¨¨ á ãåã¤è¥−¨¥¬ ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨ ¢ à�áá¬�âà¨¢�¥¬®¬
¯¥à¨®¤¥. �¤−�ª®, å®âï ¢ ¨áá«¥¤ã¥¬®¬ ¤¨�¯�§®−¥ ®¡ê¥¬®¢ áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬®©
á¢ï§¨ −¥ ®¡−�àã¦¥−®, ¤�−−ë© à¥§ã«ìâ�â á®§¤�¥â ¯à¥¤¯®áë«ª¨, ª®â®àë¥ ¯®§¢®«ïîâ
¯à¥¤¯à¨ïâ¨î −�à�é¨¢�âì ®¡ê¥¬ë à�¡®â ¡¥§ á¥àì¥§−ëå ®¯�á¥−¨© ®â−®á¨â¥«ì−®
ãåã¤è¥−¨ï ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨.

’�ª¨¬ ®¡à�§®¬, £¨¯®â¥§� 6 ® −�«¨ç¨¨ áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬®© á¢ï§¨ ¬¥¦¤ã
®¡ê¥¬®¬ ¤®ªã¬¥−â®¯®â®ª� ¨ ª�ç¥áâ¢®¬ áâ�â¨áâ¨ç¥áª®£® ¯®¤â¢¥à¦¤¥−¨ï −¥ ¯®«ã-
ç¨«�.

9 Заключение

�à®¢¥¤¥−−®¥ ¨áá«¥¤®¢�−¨¥ à�§¢¨¢�¥â áâ�â¨áâ¨ç¥áª¨© ¯®¤å®¤ ª �−�«¨§ã ª�-
ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨ −� á¯¥æ¨�«¨§¨à®¢�−−ëå ®âà�á«¥¢ëå ¯à¥¤¯à¨ïâ¨ïå. „«ï
íâ®£® ¡ë« à�§à�¡®â�− ¨ �¯à®¡¨à®¢�− ¯®¤å®¤ ª áâ�â¨áâ¨ç¥áª®¬ã �−�«¨§ã ª�ç¥áâ¢�
¤®ªã¬¥−â�æ¨¨ ®â¤¥«ì−®£® á¯¥æ¨�«¨§¨à®¢�−−®£® ®âà�á«¥¢®£® ¯à¥¤¯à¨ïâ¨ï, ®à¨-
¥−â¨à®¢�−−ë© −� ¨á¯®«ì§®¢�−¨¥ ¢ �−�«¨â¨ç¥áª¨å ª®−âãà�å á¨áâ¥¬ ¯®¤¤¥à¦ª¨
¯à¨−ïâ¨ï à¥è¥−¨©. �� ®á−®¢¥ ¤�−−ëå −®à¬®ª®−âà®«ï ® ¤®ªã¬¥−â�å (N = 6739)
§� ¯¥à¨®¤ á 2023 ¯® 2025 ££. ¨áá«¥¤®¢�−ë ®á®¡¥−−®áâ¨ à�á¯à¥¤¥«¥−¨ï ª�ç¥-
áâ¢� ¤®ªã¬¥−â�æ¨¨, ¢à¥¬¥−−��ï ¤¨−�¬¨ª� ¯®ª�§�â¥«¥© ¨ ä�ªâ®àë, ¯®â¥−æ¨�«ì−®
á¢ï§�−−ë¥ á ¨§¬¥−¥−¨¥¬ ãà®¢−ï ª�ç¥áâ¢�.

�ë«¨ áä®à¬ã«¨à®¢�−ë ¨ ¯à®¢¥à¥−ë è¥áâì ®á−®¢−ëå £¨¯®â¥§, ª�á�îé¨åáï
£¥â¥à®£¥−−®áâ¨ ª�ç¥áâ¢� ¯® â¨¯�¬ ¤®ªã¬¥−â®¢, ¥£® ¢à¥¬¥−−�®© ¤¨−�¬¨ª¨, áâàãª-
âãà−®© ãáâ®©ç¨¢®áâ¨, á¢ï§¨ á ®¡ê¥¬®¬, à�§«¨ç¨© âà¥−¤®¢ ¯® â¨¯�¬ ¨ á¥§®−−®áâ¨.
—¥âëà¥ £¨¯®â¥§ë ¯®«ãç¨«¨ áâ�â¨áâ¨ç¥áª®¥ ¯®¤â¢¥à¦¤¥−¨¥; ¤¢¥ £¨¯®â¥§ë: ® −�-
«¨ç¨¨ á¢ï§¨ ®¡ê¥¬� á ª�ç¥áâ¢®¬ ¨ −�«¨ç¨¨ á¥§®−−®áâ¨ | −¥ ¯®¤â¢¥à¤¨«¨áì.

�à¨¬¥−¥−¨¥ ª®¬¯«¥ªá� áâ�â¨áâ¨ç¥áª¨å ¬¥â®¤®¢ (â�¡«¨æë á®¯àï¦¥−−®áâ¨,
¡ãâáâà�¯, «®£¨â-¬®¤¥«¨à®¢�−¨¥, â¥áâ —®ã, ANCOVA, ª®àà¥«ïæ¨®−−ë© �−�-
«¨§) ¯®§¢®«¨«® ¯®«ãç¨âì ª®«¨ç¥áâ¢¥−−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ¨áá«¥¤ã¥¬®£® ¯à®æ¥áá�
¨ ®æ¥−¨âì ãáâ®©ç¨¢®áâì ¢ëï¢«¥−−ëå §�ª®−®¬¥à−®áâ¥©. �®ª�§�−® −�«¨ç¨¥ áâ�â¨-
áâ¨ç¥áª¨ §−�ç¨¬®© �áá®æ¨�æ¨¨ ¬¥¦¤ã â¨¯®¬ ¤®ªã¬¥−â� ¨ ª�â¥£®à¨¥© ª�ç¥áâ¢�, ¯à¨
íâ®¬ ¢¥«¨ç¨−� íää¥ªâ� å�à�ªâ¥à¨§®¢�«�áì ª�ª á«�¡�ï ¯® à�§¬¥àã, −® ¢®á¯à®¨§-
¢®¤¨¬�ï ¢ ¯à¥¤¥«�å ¨áá«¥¤ã¥¬®© ¢ë¡®àª¨. �−�«¨§ ¢à¥¬¥−−�®© ¤¨−�¬¨ª¨ ¢ëï¢¨«
ãáâ®©ç¨¢ãî ¯®«®¦¨â¥«ì−ãî â¥−¤¥−æ¨î ¨§¬¥−¥−¨ï ¤®«¨ ¤®ªã¬¥−â®¢ ¢ëá®ª®£®
ª�ç¥áâ¢� ¨ ¯®§¢®«¨« ¯®áâà®¨âì ¯à®£−®§−ë© áæ¥−�à¨© à�§¢¨â¨ï ¯®ª�§�â¥«ï ¯à¨
á®åà�−¥−¨¨ −�¡«î¤�¥¬ëå ãá«®¢¨©. „®¯®«−¨â¥«ì−® ®¡−�àã¦¥−ë áâ�â¨áâ¨ç¥áª¨¥
¯à¨§−�ª¨ áâàãªâãà−®£® ¨§¬¥−¥−¨ï ¯à®æ¥áá� ¢® ¢â®à®© ¯®«®¢¨−¥ ¨áá«¥¤ã¥¬®£®
¯¥à¨®¤�, � â�ª¦¥ à�§«¨ç¨ï âà�¥ªâ®à¨© ¨§¬¥−¥−¨ï ª�ç¥áâ¢� ¬¥¦¤ã â¨¯�¬¨ ¤®ªã-
¬¥−â�æ¨¨.

�¤−®¢à¥¬¥−−® à¥§ã«ìâ�âë −¥ ¯®¤â¢¥à¤¨«¨ −�«¨ç¨¥ ¢ëà�¦¥−−ëå á¥§®−−ëå
íää¥ªâ®¢ ¨ −¥ ¢ëï¢¨«¨ áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬®© «¨−¥©−®© á¢ï§¨ ¬¥¦¤ã ®¡ê-
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ˆ−â¥à¯à¥â¨àã¥¬®¥ áâ�â¨áâ¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨

¥¬®¬ ¤®ªã¬¥−â®¯®â®ª� ¨ ª�ç¥áâ¢®¬. �â¨ ¢ë¢®¤ë á«¥¤ã¥â ¨−â¥à¯à¥â¨à®¢�âì ª�ª
®âáãâáâ¢¨¥ ¤®áâ�â®ç−ëå áâ�â¨áâ¨ç¥áª¨å ®á−®¢�−¨© ¤«ï ¯®¤â¢¥à¦¤¥−¨ï á®®â¢¥â-
áâ¢ãîé¨å íää¥ªâ®¢ ¢ à�¬ª�å ¨áá«¥¤ã¥¬ëå ¤�−−ëå, � −¥ ª�ª ¤®ª�§�â¥«ìáâ¢® ¨å
¯®«−®£® ®âáãâáâ¢¨ï.

��ãç−�ï §−�ç¨¬®áâì à�¡®âë §�ª«îç�¥âáï ¢ �¤�¯â�æ¨¨ ª®¬¯«¥ªá� ¨−â¥à¯à¥â¨-
àã¥¬ëå áâ�â¨áâ¨ç¥áª¨å ¬¥â®¤®¢ ª �−�«¨§ã ¯à®æ¥áá®¢ ¤®ªã¬¥−â®®¡®à®â� ¢ ãá«®¢¨-
ïå á¯¥æ¨�«¨§¨à®¢�−−®£® ®âà�á«¥¢®£® ¯à¥¤¯à¨ïâ¨ï. ‚ ®â«¨ç¨¥ ®â ç¨áâ® ®¯¨á�â¥«ì-
−ëå ¯®¤å®¤®¢, ¯à¥¤«®¦¥−−�ï ¬¥â®¤¨ª� ¯®§¢®«ï¥â ¯à®¢®¤¨âì ä®à¬�«¨§®¢�−−ãî
®æ¥−ªã §�ª®−®¬¥à−®áâ¥©, ãç¨âë¢�âì −¥®¯à¥¤¥«¥−−®áâì à¥§ã«ìâ�â®¢ ¯®áà¥¤áâ¢®¬
„ˆ ¨ ¨á¯®«ì§®¢�âì ¥¤¨−ë© �−�«¨â¨ç¥áª¨© ª®−âãà ¤«ï ®æ¥−ª¨ á®áâ®ï−¨ï ¯à®-
æ¥áá�.

�à�ªâ¨ç¥áª�ï §−�ç¨¬®áâì ¨áá«¥¤®¢�−¨ï á®áâ®¨â ¢ ¢®§¬®¦−®áâ¨ ¨−â¥£à�æ¨¨
à�§à�¡®â�−−®£® ¯®¤å®¤� ¢ áãé¥áâ¢ãîé¨¥ ¯à®æ¥¤ãàë ¬®−¨â®à¨−£� ª�ç¥áâ¢� ¤®ªã-
¬¥−â�æ¨¨ ¨ ¯®¤¤¥à¦ª¨ ã¯à�¢«¥−ç¥áª¨å à¥è¥−¨©. �®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¬®£ãâ
¨á¯®«ì§®¢�âìáï ¤«ï ¯à¨®à¨â¨§�æ¨¨ −�¯à�¢«¥−¨© ª®−âà®«ï, à¥£ã«ïà−®£® �−�«¨§�
¤¨−�¬¨ª¨ ¯®ª�§�â¥«¥© ¨ ¯®áâà®¥−¨ï áæ¥−�à¨¥¢ à�§¢¨â¨ï ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨-
®−−®£® ®¡¥á¯¥ç¥−¨ï.

�à¨ ¨−â¥à¯à¥â�æ¨¨ à¥§ã«ìâ�â®¢ −¥®¡å®¤¨¬® ãç¨âë¢�âì ®£à�−¨ç¥−¨ï ¨áá«¥¤®-
¢�−¨ï. �−�«¨§ ¢ë¯®«−¥− −� ¤�−−ëå ®¤−®£® ®â¤¥«ì−®£® ¯à¥¤¯à¨ïâ¨ï, ¢à¥¬¥−−®©
¨−â¥à¢�« −�¡«î¤¥−¨© ®£à�−¨ç¥− âà¥¬ï £®¤�¬¨, � ª�ç¥áâ¢® ®æ¥−¨¢�«®áì −� ®á−®-
¢¥ ª�â¥£®à¨�«ì−®© èª�«ë, −¥ ãç¨âë¢�îé¥© à�§«¨ç−ãî ªà¨â¨ç−®áâì ®â¤¥«ì−ëå
§�¬¥ç�−¨©. “ª�§�−−ë¥ ®£à�−¨ç¥−¨ï −¥ á−¨¦�îâ ¯à¨¬¥−¨¬®áâì ¯à¥¤«®¦¥−−®£®
¯®¤å®¤�, ®¤−�ª® ®£à�−¨ç¨¢�îâ ¢®§¬®¦−®áâì ¯àï¬®£® ¯¥à¥−®á� ª®«¨ç¥áâ¢¥−−ëå
®æ¥−®ª −� ¤àã£¨¥ ®à£�−¨§�æ¨¨ ¡¥§ ¤®¯®«−¨â¥«ì−®© ¯à®¢¥àª¨.

�¥àá¯¥ªâ¨¢ë ¤�«ì−¥©è¨å ¨áá«¥¤®¢�−¨© á¢ï§�−ë á à�áè¨à¥−¨¥¬ ¢ë¡®àª¨ §�
áç¥â ¢ª«îç¥−¨ï ¤�−−ëå −¥áª®«ìª¨å ¯à¥¤¯à¨ïâ¨©, á ãç¥â®¬ áâàãªâãàë ¨ ªà¨-
â¨ç−®áâ¨ ¢ëï¢«ï¥¬ëå §�¬¥ç�−¨©, � â�ª¦¥ á à�§à�¡®âª®© ¯à¥¤¨ªâ¨¢−ëå ¬®¤¥«¥©
®æ¥−ª¨ ¢¥à®ïâ−®áâ¨ ¢®§¢à�â� ¤®ªã¬¥−â� ¥é¥ ¤® §�¢¥àè¥−¨ï ¯à®æ¥¤ãàë −®à¬®-
ª®−âà®«ï. „®¯®«−¨â¥«ì−ë¬ −�¯à�¢«¥−¨¥¬ ¬®¦¥â áâ�âì �−�«¨§ íª®−®¬¨ç¥áª¨å
¯®á«¥¤áâ¢¨© ¨§¬¥−¥−¨ï ª�ç¥áâ¢� ¤®ªã¬¥−â�æ¨¨ ¨ ¨−â¥£à�æ¨ï à¥§ã«ìâ�â®¢ ¢ ª®¬-
¯«¥ªá−ë¥ á¨áâ¥¬ë ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨©.
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Abstract: Documentation quality at specialized industrial enterprises is a critical
factor influencing order lead times, manufacturing process stability, production
costs, and product performance. However, existing documentation control ap-
proaches primarily focus on identifying already manifested nonconformities and
underutilize statistical analysis methods for management decision support, partic-
ularly in pattern recognition and risk forecasting. This study aims to develop and
validate a statistical analysis methodology for documentation quality to enhance
decision support systems at specialized industrial enterprises. The study is based
on a comprehensive census of 6,739 documents that underwent standard compli-
ance control (normative control) at a defense industrial enterprise over 12 quarters
from Q1 2023 to Q4 2025. These documents were categorized into four types
(engineering, software, and graphical documentation, along with change notices)
and three quality levels (\Good," \Average," and \Poor"). The research meth-
ods included contingency table analysis (Pearson's χ2 test, Cram�ers's V , and
standardized residuals) with bootstrap estimation for result robustness; time-
trend modeling of the logit-transformed proportion of high-quality documents
with residual diagnostics (Shapiro{Wilk, Breusch{Pagan, and Durbin{Watson
tests) and forecasting; the Chow test for structural break detection; analysis of
covariance (ANCOVA); seasonality analysis; and correlation analysis.
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ИНТЕГРАЦИЯ МЕТОДОВ И РЕШЕНИЙ
ИСКУССТВЕННОГО ИНТЕЛЛЕКТА

В СЕТЕЦЕНТРИЧЕСКИХ СИСТЕМАХ УПРАВЛЕНИЯ

А. А. Грушо1, Н. А. Грушо2, М. И. Забежайло3, А. А. Зацаринный4,
В. О. Писковский5

�−−®â�æ¨ï: �¡áã¦¤�îâáï −¥ª®â®àë¥ �á¯¥ªâë ¨áâ®à¨¨, � â�ª¦¥ á®¢à¥¬¥−-
−ë¥ ¢®§¬®¦−®áâ¨ ¯à¨¬¥−¥−¨ï á¥â¥æ¥−âà¨ç¥áª¨å (‘–) â¥å−®«®£¨© ¢ á¨áâ¥¬�å
ã¯à�¢«¥−¨ï ¨ ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨©. �á®¡®¥ ¢−¨¬�−¨¥ ã¤¥«¥−® ¯à®-
¡«¥¬¥ ¨−â¥£à�æ¨¨ ¬¥â®¤®¢ ¨ à¥è¥−¨© ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� (ˆˆ) ¢ ‘–
á¨áâ¥¬�å ã¯à�¢«¥−¨ï (‘–‘“). ‘ä®à¬ã«¨à®¢�− àï¤ �ªâã�«ì−ëå ¯à®¡«¥¬, å�-
à�ªâ¥à¨§ãîé¨å ¨á¯®«ì§®¢�−¨¥ ¬¥â®¤®¢ ¨ â¥å−®«®£¨© −� ¡�§¥ á¨âã�æ¨®−−®£®
ã¯à�¢«¥−¨ï (‘“) ¢ á®¢à¥¬¥−−ëå ‘–‘“ ¤«ï ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨©
¢ ¤¨−�¬¨ç¥áª¨ ¬¥−ïîé¥©áï ®¡áâ�−®¢ª¥. ÷�áá¬®âà¥− àï¤ ®á®¡¥−−®áâ¥© á®¢à¥-
¬¥−−®£® ¯®¤å®¤� ª á®§¤�−¨î ‘– á¨áâ¥¬ (‘–‘) ¢®¥−−®£® ã¯à�¢«¥−¨ï. ‘ ãç¥â®¬
á®¢à¥¬¥−−ëå ¤®áâ¨¦¥−¨© ¢ à�§¢¨â¨¨ ¨−ä®à¬�æ¨®−−®-â¥å−®«®£¨ç¥áª®© (ˆ’)
¨−äà�áâàãªâãàë ¨ è¨à®ª®£® ¨á¯®«ì§®¢�−¨ï −®¢ëå ¯¥àá¯¥ªâ¨¢−ëå à¥è¥−¨©
¢ ®¡«�áâ¨ ˆˆ ®¡áã¦¤�îâáï ¢®§¬®¦−®áâ¨ ¨á¯®«ì§®¢�−¨ï ‘–‘“ ª�ª ¯«®é�¤ª¨
¤«ï ¨−â¥£à�æ¨¨ à�§«¨ç−ëå ¬¥â®¤®¢ ¨ áà¥¤áâ¢ ¯à¥¤áâ�¢«¥−¨ï ¨ ¨−â¥««¥ªâã-
�«ì−®£® �−�«¨§� ¤�−−ëå, ¢ â®¬ ç¨á«¥ á æ¥«ìî ¯®¤¤¥à¦�−¨ï á¨âã�æ¨®−−®©
®á¢¥¤®¬«¥−−®áâ¨ (‘�) «¨æ, ¯à¨−¨¬�îé¨å à¥è¥−¨ï (‹�÷).

Š«îç¥¢ë¥ á«®¢�: á¥â¥æ¥−âà¨ç¥áª¨¥ á¨áâ¥¬ë ã¯à�¢«¥−¨ï; ¨áªãááâ¢¥−−ë© ¨−-
â¥««¥ªâ; �−�«¨§ ¤�−−ëå ¨ ¯à¨−ïâ¨¥ à¥è¥−¨©; á¨âã�æ¨®−−�ï ®á¢¥¤®¬«¥−−®áâì;
¨−â¥£à�æ¨ï ¬¥â®¤®¢ ¨ à¥è¥−¨©

DOI: 10.14357/08696527260309 EDN: WWTWAA

1 Введение

‚ ãá«®¢¨ïå á®¢à¥¬¥−−®© £¥®¯®«¨â¨ç¥áª®© ®¡áâ�−®¢ª¨ ¢ ¬¨à¥ ®á®¡ãî �ªâã�«ì-
−®áâì ¯à¨®¡à¥â�¥â ª®−æ¥¯æ¨ï ‘–-ã¯à�¢«¥−¨ï, ¯à¥¦¤¥ ¢á¥£® ¢ áä¥à¥ ®¡®à®−ë,
¡¥§®¯�á−®áâ¨ ¨ ¯à�¢®¯®àï¤ª� [1]. ��¨¡®«¥¥ ã¡¥¤¨â¥«ì−® à�§¢¨â¨¥ ¯à¨−æ¨¯®¢
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−�ãª, info@itake.ru

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

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

5”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, vpvp80@yandex.ru

172



ˆ−â¥£à�æ¨ï ¬¥â®¤®¢ ¨ à¥è¥−¨© ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¢ ‘–‘“

á¥â¥æ¥−âà¨§¬� ¯®¤â¢¥à¦¤�¥âáï ®¯ëâ®¬ ¯à®¢¥¤¥−¨ï á¯¥æ¨�«ì−®© ¢®¥−−®© ®¯¥à�-
æ¨¨ −� “ªà�¨−¥, ¢ å®¤¥ ¢®©−ë −� �«¨¦−¥¬ ‚®áâ®ª¥ ¨ ¤àã£¨å ¢®®àã¦¥−−ëå
ª®−ä«¨ªâ®¢ [2, 3]. �¤−¨¬ ¨§ ª«îç¥¢ëå ä�ªâ®à®¢ ¯à¨ íâ®¬ ¢ëáâã¯�¥â à¥§ª®
¢®§à®áè�ï à®«ì ¨−ä®à¬�æ¨®−−®£® ®¡¥á¯¥ç¥−¨ï ¯à¨ ¯«�−¨à®¢�−¨¨ ¨ ¯à®¢¥¤¥-
−¨¨ ®¯¥à�æ¨© à�§«¨ç−®£® ãà®¢−ï, ®á−®¢�−−®£® −� ¯à¨¬¥−¥−¨¨ è¨à®ª®£® á¯¥ªâà�
¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨©, ¯à¥¦¤¥ ¢á¥£® â¥å−®«®£¨© ˆˆ.

‚ áâ�âì¥ à�áá¬�âà¨¢�îâáï á¨áâ¥¬®â¥å−¨ç¥áª¨¥ ¯®¤å®¤ë ª ¨−â¥£à�æ¨¨ ¬¥â®¤®¢
¨ à¥è¥−¨©, ¯à¥¤«�£�¥¬ëå á®¢à¥¬¥−−ë¬¨ â¥å−®«®£¨ï¬¨ ˆˆ, ¯à¨¬¥−¨â¥«ì−®
ª §�¤�ç�¬, à¥�«¨§ã¥¬ë¬ ¢ à�¬ª�å ‘–‘“.

2 Некоторые исторические аспекты концепции
сетецентрического управления

�ªâã�«ì−®áâì à�áá¬®âà¥−¨ï íâ�¯®¢ à�§¢¨â¨ï ª®−æ¥¯æ¨¨ ‘–-ã¯à�¢«¥−¨ï
¯à¥¤áâ�¢«ï¥â ¨−â¥à¥á á ãç¥â®¬ â�ª¨å ä�ªâ®à®¢, ª�ª ¨−â¥−á¨¢−®¥ à�§¢¨â¨¥ ¨−ä®à-
¬�æ¨®−−ëå â¥å−®«®£¨© ¢® ¢á¥å áä¥à�å, ãáª®à¥−−ë© ¯¥à¥å®¤ ª −®¢®© ¯�à�¤¨£¬¥
¢ −�ãç−ëå ¨áá«¥¤®¢�−¨ïå, ®á−®¢�−−ëå −� ®¡à�¡®âª¥ ¨ �−�«¨§¥ −�ª®¯«¥−−ëå
¤�−−ëå ¡®«ìè®£® ®¡ê¥¬�, �ªâ¨¢−ë¥ ¢ëá®ª®â¥å−®«®£¨ç−ë¥ ¢®¥−−ë¥ à�§à�¡®âª¨
¢ à�§−ëå áâà�−�å, ¢ª«îç�ï ‘˜�, ��’� ¨ Š¨â�©, � â�ª¦¥ ¨å �¯à®¡�æ¨ï
¢ à�¬ª�å ¢¥¤ãé¨åáï ¢®©− ¨ ¢®®àã¦¥−−ëå ª®−ä«¨ªâ®¢.

‘ãâì ‘–-ã¯à�¢«¥−¨ï á®áâ®¨â ¢ ®¡ê¥¤¨−¥−¨¨ ¢á¥å ãç�áâ−¨ª®¢ ¢ ¥¤¨−®¥ ¨−-
ä®à¬�æ¨®−−®¥ ¯®«¥ ¨ à¥�«¨§�æ¨¨ �«£®à¨â¬®¢ �¢â®¬�â¨ç¥áª®£® ¢§�¨¬®¤¥©áâ¢¨ï
¬¥¦¤ã −¨¬¨, çâ® ¯à¨−æ¨¯¨�«ì−®, ¡¥§ æ¥−âà�«¨§®¢�−−®£® ã¯à�¢«¥−¨ï.

”®à¬�«ì−® �¢â®à�¬¨ ª®−æ¥¯æ¨¨ ‘– ¢®©−ë áç¨â�îâáï �¬¥à¨ª�−áª¨¥ á¯¥æ¨�-
«¨áâë: ¢¨æ¥-�¤¬¨à�« ‚®¥−−®-¬®àáª¨å á¨« ‘˜� �àâãà ‘¥¡à®¢áª¨ ¨ ¯à®ä¥áá®à
„¦®− ƒ�àáâª�, ª®â®àë¥ ®¯ã¡«¨ª®¢�«¨ ®á−®¢−ë¥ ¯®«®¦¥−¨ï íâ®© ª®−æ¥¯æ¨¨
¢ ª®−æ¥ 1990-å ££. [4].

‚¬¥áâ¥ á â¥¬ íâ®â íâ�¯ á«¥¤ã¥â áç¨â�âì ¢â®à¨ç−ë¬, â�ª ª�ª ª®−æ¥¯æ¨ï ‘–-
ã¯à�¢«¥−¨ï −� á�¬®¬ ¤¥«¥ ¢¯¥à¢ë¥ ¡ë«� à�§à�¡®â�−� ¢ ‘®¢¥âáª®¬ ‘®î§¥ ¥é¥
¢ −�ç�«¥ 1980-å ££. ’�ª, −�ç�«ì−¨ª ƒ¥−¥à�«ì−®£® èâ�¡� ‚®®àã¦¥−−ëå ‘¨«
‘‘‘÷ ¬�àè�« �. ‚. �£�àª®¢ ¢ íâ®â ¯¥à¨®¤ −¥ â®«ìª® ¯à¥¤«®¦¨« ¯®¤å®¤ë, ¢®
¬−®£®¬ ¯à¥¤¢®áå¨â¨¢è¨¥ á¥â¥æ¥−âà¨§¬, −® ¨ ãá¯¥è−® �¯à®¡¨à®¢�« ¨å ¢ å®¤¥
àãª®¢®¤¨¬ëå ¨¬ ªàã¯−ëå ãç¥−¨© ú‡�¯�¤-81û ¨ ú™¨â-82û, ª®â®àë¥ ¯à®¨§¢¥«¨
¡®«ìè®¥ ¢¯¥ç�â«¥−¨¥ −� ‘˜� ¨ ¨å á®î§−¨ª®¢ [5, 6].

÷¥�«¨§�æ¨ï ‘–-¯®¤å®¤®¢ ¡ë«� ®á−®¢�−� −� ¯à¨¬¥−¥−¨¨ ¢ å®¤¥ ã¯®¬ï−ãâëå
ãç¥−¨© −� ¯®«¥¢ëå ¯ã−ªâ�å ã¯à�¢«¥−¨ï ª®¬¯«¥ªá®¢ �¢â®¬�â¨§�æ¨¨ −®¢®© �¢â®¬�-
â¨§¨à®¢�−−®© á¨áâ¥¬ë ã¯à�¢«¥−¨ï (�‘“) ¢®©áª�¬¨ (�‘“‚) úŒ�−¥¢àû. ‚ íâ®©
�‘“‚ ¢¯¥à¢ë¥ ®¡¥á¯¥ç¨¢�«áï �¢â®¬�â¨§¨à®¢�−−ë© ®¡¬¥− ¤�−−ë¬¨ ¬¥¦¤ã ¢á¥-
¬¨ ¯ã−ªâ�¬¨ ã¯à�¢«¥−¨ï á ¢ëá®ª¨¬¨ ¯®ª�§�â¥«ï¬¨ ®¯¥à�â¨¢−®áâ¨, −�¤¥¦−®áâ¨
¨ §�é¨âë ¨−ä®à¬�æ¨¨. �® à�§«¨ç−ë¬ ®æ¥−ª�¬, ¤�−−�ï á¨áâ¥¬� ¢ −¥áª®«ìª®
à�§ ¯®¢ëè�«� íää¥ªâ¨¢−®áâì ã¯à�¢«¥−¨ï ¢®©áª�¬¨ ¨ ®àã¦¨¥¬, ¯à¥¦¤¥ ¢á¥£®
¢ â�ªâ¨ç¥áª®¬ §¢¥−¥ [5]. ‚ ¯®á«¥¤ãîé¨¥ £®¤ë �‘“‚ úŒ�−¥¢àû áâ�«� ®á−®¢®©
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ã¯à�¢«¥−¨ï ¢®©áª�¬¨ áâà�− ‚�àè�¢áª®£® ¤®£®¢®à�. Š á®¦�«¥−¨î, ª®¬¯«¥ªáë
�¢â®¬�â¨§�æ¨¨ â�ª ¨ −¥ ¡ë«¨ è¨à®ª® ¢−¥¤à¥−ë ¢ ‚®®àã¦¥−−ëå ‘¨«�å ‘‘‘÷,
� ¯®á«¥ ¥£® à�á¯�¤� à�¡®âë ¢ íâ®¬ −�¯à�¢«¥−¨¨ ¢ ÷®áá¨¨ ¯® æ¥«®¬ã àï¤ã ¯à¨ç¨−
¯à�ªâ¨ç¥áª¨ ®áâ�−®¢¨«¨áì.

‚¬¥áâ¥ á â¥¬ â¥å−®«®£¨¨ íâ®© á¨áâ¥¬ë ¯® ¨§¢¥áâ−ë¬ ¯à¨ç¨−�¬ áâ�«¨ ¤®áâã¯−ë
¢ ‘˜� ¨ ¯®á«¥ ¢¥áì¬� ¢ëá®ª®© ¨å ®æ¥−ª¨ ¯®«ãç¨«¨ à�§¢¨â¨¥ −� ®á−®¢¥ ¡®«¥¥
á®¢à¥¬¥−−ëå �¯¯�à�â−®-¯à®£à�¬¬−ëå áà¥¤áâ¢ ¨ á¨áâ¥¬ á¢ï§¨. …áâì á¢¨¤¥â¥«ì-
áâ¢�, çâ® �¬¥à¨ª�−æë ¯®á«¥ ¯à¥ªà�é¥−¨ï áãé¥áâ¢®¢�−¨ï ‚�àè�¢áª®£® ¤®£®¢®à�
¨§ãç¨«¨ ®áâ�¢è¨©áï ¢ ƒ„÷ ª®¬¯«¥ªá úŒ�−¥¢àû: ¥£® ¨á¯®«ì§®¢�«¨ ¢ èâ�¡−ëå
¨£à�å, ¨ à¥§ã«ìâ�â ¢¯¥ç�â«¨« | �¢â®¬�â¨§�æ¨ï ¯®§¢®«¨«� ãá«®¢−®© �à¬¨¨ ‚�à-
è�¢áª®£® ¤®£®¢®à� à�§£à®¬¨âì ��’� ¡¥§ ï¤¥à−®£® ®àã¦¨ï §� −¥áª®«ìª® ¤−¥©.
�«£®à¨â¬ë úŒ�−¥¢à�û ¢¯®á«¥¤áâ¢¨¨ «¥£«¨ ¢ ®á−®¢ã �¬¥à¨ª�−áª®© ª®−æ¥¯æ¨¨,
ª®â®à�ï, ¯® áãé¥áâ¢ã, ¨ ¯à¥¤áâ�¢«¥−� ¢ ¨§¢¥áâ−®© áâ�âì¥ [4]. ˆ¬¥−−® ¢ −¥© �¢â®àë
¢¢¥«¨ è¨à®ª® ¯à¨¬¥−ï¥¬ë© ¢¯®á«¥¤áâ¢¨¨ â¥à¬¨− úá¥â¥æ¥−âà¨ç¥áª�ï ¢®©−�û.

Š®−æ¥¯æ¨î áâ�«¨ �ªâ¨¢−® ¢−¥¤àïâì ¢ ‘˜�, ¢ ç�áâ−®áâ¨ ¢ ¢®©−¥ ¢ ˆà�ª¥
¢ 2003 £. ’�ª, ª®�«¨æ¨®−−ë¥ á¨«ë ¨á¯®«ì§®¢�«¨ à�á¯à¥¤¥«¥−−ãî ¨−ä®à¬�-
æ¨®−−ãî á¨áâ¥¬ã ¡®¥¢®£® ã¯à�¢«¥−¨ï ãà®¢−ï ú¡à¨£�¤�{¡�â�«ì®−{à®â�û. „«ï
®à¨¥−â¨à®¢�−¨ï ¨ ¯¥à¥¤�ç¨ ä®à¬�«¨§®¢�−−ëå á®®¡é¥−¨© (¯à¨ª�§®¢, ¤®−¥á¥−¨©,
¯®¤â¢¥à¦¤¥−¨© ¨ â. ¯.) ª®¬�−¤¨àë ¨ ¯¥à¥¤®¢ë¥ −�¢®¤ç¨ª¨ �¬¥à¨ª�−áª¨å ¯®¤-
à�§¤¥«¥−¨© ¡ë«¨ ®á−�é¥−ë ª�à¬�−−ë¬¨ ª®¬¯ìîâ¥à�¬¨ [7]. �â® ¡ë« ¯à¨¬¥à
¯à�ªâ¨ç¥áª®£® ¯à¨¬¥−¥−¨ï ‘– ¯®¤å®¤®¢ ¢ ¤¥©áâ¢¨¨, ª®â®àë© ¯®§¢®«¨« ¯à¥¤áâ�-
¢¨âì ¢¥áì ¢®¥−−ë© à¥áãàá ¢ ˆà�ª¥ ¢ ¢¨¤¥ ¥¤¨−®© á¨áâ¥¬ë. �â¬¥â¨¬, çâ® ¯à¨ íâ®¬
�¬¥à¨ª�−æë ¯à¨§−�îâ ¯à¨®à¨â¥â ¨ §−�ç¨¬®áâì ¨¤¥© �. ‚. �£�àª®¢� [5, 7].

‚ ÷®áá¨¨ à�§¢¨â¨¥ á¨áâ¥¬−ëå §�¬ëá«®¢ �‘“‚ úŒ�−¥¢àû ¡ë«® ¯à®¤®«¦¥−®
¢ á¥à¥¤¨−¥ 1990-å ££. ¢ à�¬ª�å á®§¤�−¨ï �‘“ ú�®«¥â-Šû ¢ ¨−â¥à¥á�å ‚®§¤ãè−®-
¤¥á�−â−ëå ¢®©áª (‚„‚). ÷�¡®âë ¢¥«¨áì ¯®¤ àãª®¢®¤áâ¢®¬ ®¤−®£® ¨§ á®§¤�â¥«¥©
�‘“‚ úŒ�−¥¢àû ÷. �. �¨ª®«�¥¢� [5, 8]. ‚ íâ®© á¨áâ¥¬¥, ¯à¥¤áâ�¢«ï¢è¥© á®-
¡®© £«ã¡®ª®¥ à�§¢¨â¨¥ ‘– ¨¤¥©, ¯à¥¤¯®«�£�«®áì ¤®¢¥áâ¨ ã¯à�¢«¥−¨¥ ¤® ª�¦¤®©
¥¤¨−¨æë −� ¯®«¥ ¡®ï: á�¬®«¥â�, ¢¥àâ®«¥â�, ®àã¤¨ï, ¡®©æ�. Š −�ç�«ã 2000-å ££.
à�§à�¡®âª� ¤�−−®© �‘“ ¡ë«� ¢ æ¥«®¬ §�¢¥àè¥−�, � ãá¯¥è−ë¥ ¯®«¨£®−−ë¥ ¨á-
¯ëâ�−¨ï ¥¥ ª®¬¯®−¥−â®¢ ¯®ª�§�«¨, çâ® á¨áâ¥¬� ¬®¦¥â ¡ëâì ¯à¨¬¥−¥−� ª�ª ¤«ï
ã¯à�¢«¥−¨ï ¬®¡¨«ì−ë¬¨ ‚„‚, â�ª ¨ á®¥¤¨−¥−¨ï¬¨ ‘ãå®¯ãâ−ëå ¢®©áª. �¤−�-
ª® ¤�«ì−¥©è¨¥ à�¡®âë ¡ë«¨ ¯à¨®áâ�−®¢«¥−ë ¢ á¢ï§¨ á §�¯ãáª®¬ ª®¬¯«¥ªá−®©
¯à®£à�¬¬ë ¯® á®§¤�−¨î ¥¤¨−®© á¨áâ¥¬ë ã¯à�¢«¥−¨ï â�ªâ¨ç¥áª®£® §¢¥−� (…‘“
’‡). ‚ −¥© à¥�«¨§ãîâáï âà¥¡®¢�−¨ï ¯® ®¡ê¥¤¨−¥−¨î ¢ ¥¤¨−ãî á¥âì ª®¬�−¤−ëå
¯ã−ªâ®¢, à�§¢¥¤ª¨, à�ª¥â−ëå ¢®©áª ¨ �àâ¨««¥à¨¨, ¢®©áª®¢®© �¢¨�æ¨¨ ¨ ¯à®â¨¢®-
¢®§¤ãè−®© ®¡®à®−ë (�‚�), ¡à®−¥â¥å−¨ª¨, ¡¥á¯¨«®â−ëå «¥â�â¥«ì−ëå �¯¯�à�â®¢
¨ ¤�¦¥ íª¨¯¨à®¢ª¨ «¨ç−®£® á®áâ�¢� á ¨á¯®«ì§®¢�−¨¥¬ á¨áâ¥¬ −�¢¨£�æ¨¨, á¢ï§¨
¨ á¯ãâ−¨ª®¢ëå áà¥¤áâ¢ −�¡«î¤¥−¨ï.

�â¬¥â¨¬, çâ® à�§«¨ç−ë¥ �á¯¥ªâë ª®−æ¥¯æ¨¨ ‘–-ã¯à�¢«¥−¨ï ¯®áâ®ï−−® ¯®¤-
¢¥à£�«¨áì ªà¨â¨ç¥áª®¬ã �−�«¨§ã [9{12]. ’�ª, ¢ [11] ¯à¥¤áâ�¢«¥− �−�«¨§ íâ®©
ª®−æ¥¯æ¨¨ á ¯®§¨æ¨© ¥¥ ¢«¨ï−¨ï −� à�§¢¨â¨¥ ¨−ä®ª®¬¬ã−¨ª�æ¨®−−ëå â¥å−®«®-
£¨©.

174 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 3 2026



ˆ−â¥£à�æ¨ï ¬¥â®¤®¢ ¨ à¥è¥−¨© ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¢ ‘–‘“

3 Особенности современного подхода к созданию
сетецентрических систем военного управления

‘®¢à¥¬¥−−ë¥ ¯®¤å®¤ë ª à¥�«¨§�æ¨¨ ‘–‘“ ¢ ¢®¥−−®© áä¥à¥ ¯à¥¤¯®«�£�-
îâ ®¡ê¥¤¨−¥−¨¥ ¢ ¥¤¨−ãî ¨−ä®à¬�æ¨®−−ãî á¥âì �¡á®«îâ−® ¢á¥å ãç�áâ−¨ª®¢
¡®¥¢ëå ¤¥©áâ¢¨©, � íâ® −¥ â®«ìª® ¯ã−ªâë, ®à£�−ë ¨ áà¥¤áâ¢� ã¯à�¢«¥−¨ï, −®
â�ª¦¥ ¨ ®£à®¬−®¥ ç¨á«® áà¥¤áâ¢ ¨á¯®«−¨â¥«ì−ëå §¢¥−ì¥¢, ¢ª«îç�ï �¢¨�æ¨î,
à�ª¥â−®¥ ¨ �àâ¨««¥à¨©áª®¥ ®àã¦¨¥, áà¥¤áâ¢� �‚�, à�§¢¥¤ª¨, à�¤¨®í«¥ªâà®−-
−®© ¡®àì¡ë, ¡¥§íª¨¯�¦−ë¥ áà¥¤áâ¢� à�§«¨ç−®£® ¡�§¨à®¢�−¨ï ¨ ¬−®£®¥ ¤àã-
£®¥. „«ï â�ª®£® úª¢�§¨£«®¡�«ì−®£®û (úª¢�§¨û | ¢ à�¬ª�å à�©®−� ¡®¥¢ëå
¤¥©áâ¢¨©) ®¡ê¥¤¨−¥−¨ï ¯à¨¬¥−ï¥âáï �¢â®¬�â¨§¨à®¢�−−�ï §�é¨é¥−−�ï á¨áâ¥¬�
á¢ï§¨ á ¢ëá®ª¨¬¨ ¯®ª�§�â¥«ï¬¨ ãáâ®©ç¨¢®áâ¨ ¨ ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ §� áç¥â
ª®¬¯«¥ªá−®£® ¨á¯®«ì§®¢�−¨ï ª�−�«®¢ à�§«¨ç−®© ä¨§¨ç¥áª®© ¯à¨à®¤ë (à�¤¨®,
¯à®¢®¤−ëå, ®¯â¨ç¥áª¨å, á¯ãâ−¨ª®¢ëå, «�§¥à−ëå ¨ ¤à.). “¯à�¢«¥−¨¥ äã−ªæ¨-
®−¨à®¢�−¨¥¬ á¨áâ¥¬ë á¢ï§¨ â�ª¦¥ ¢ª«îç�¥âáï ¢ ª®−âãà ‘–-ã¯à�¢«¥−¨ï. �à¨
íâ®¬, ¢ ®â«¨ç¨¥ ®â ª«�áá¨ç¥áª¨å æ¥−âà�«¨§®¢�−−ëå ¬¥â®¤®¢ ã¯à�¢«¥−¨ï ¯®
¨¥à�àå¨¨ ¯®¤ç¨−¥−−®áâ¨, ¢ ‘–‘“ à¥�«¨§ã¥âáï ¯à¨−æ¨¯¨�«ì−�ï ¢®§¬®¦−®áâì
�¢â®¬�â¨§¨à®¢�−−®£® ¨−ä®à¬�æ¨®−−®£® ¢§�¨¬®¤¥©áâ¢¨ï úª�¦¤ë© á ª�¦¤ë¬û.
�à¥¤¯®«�£�¥âáï, çâ® ¥¤¨−®£® æ¥−âà� ã¯à�¢«¥−¨ï ¢ â�ª¨å á¨áâ¥¬�å −¥ áãé¥áâ-
¢ã¥â.

ƒ«�¢−�ï æ¥«ì â�ª®£® ã¯à�¢«¥−¨ï | ä®à¬¨à®¢�−¨¥ ¢ ªà�âç�©è¨¥ áà®ª¨ (¬¨-
−ãâë ¨ ¤�¦¥ á¥ªã−¤ë) ¨ ¯®¤¤¥à¦�−¨¥ ‘� ® á®áâ®ï−¨¨ ª®−ªà¥â−ëå ãç�áâª®¢
¡®¥¢®£® á®¯à¨ª®á−®¢¥−¨ï ¤«ï ¤®«¦−®áâ−ëå ‹�÷. �ç¥¢¨¤−®, çâ® à¥�«¨§�æ¨ï
áâ®«ì á«®¦−®© ‘–‘“ ®£à®¬−ë¬ ç¨á«®¬ à�§−®à®¤−ëå ª®¬¯®−¥−â®¢ âà¥¡ã¥â à�§-
à�¡®âª¨ á«®¦−ëå �«£®à¨â¬®¢ ®¡à�¡®âª¨, �−�«¨§�, ¯¥à¥¤�ç¨, åà�−¥−¨ï, � â�ª¦¥
§�é¨âë ¨−ä®à¬�æ¨¨.

…áâ¥áâ¢¥−−®, çâ® â�ª¨¥ �«£®à¨â¬ë ¤®«¦−ë á®§¤�¢�âìáï −� ®á−®¢¥ ¨−â¥£à�-
æ¨¨ ¡®«ìè¨å à�§−®à®¤−ëå ¤�−−ëå, ¯«�âä®à¬¥−−®£® ¯®¤å®¤� ¨, ª®−¥ç−® ¦¥,
¯à¨¬¥−¥−¨ï â¥å−®«®£¨© ˆˆ [13, 14].

‚�¦−¥©è�ï ®¡«�áâì à¥§ã«ìâ�â¨¢−®£® ¯à¨¬¥−¥−¨ï ˆˆ á¥£®¤−ï | �−�«¨§ ¡®«ì-
è¨å ¤�−−ëå (Big Data1) ¨ ¯®¤¤¥à¦ª� ¯à¨−ïâ¨ï à¥è¥−¨© ¢ ®£à�−¨ç¥−−®¥ ¢à¥¬ï.
„¥©áâ¢¨â¥«ì−®, ®£à�−¨ç¥−−®áâì ¢à¥¬¥−¨ −¥ ¯®§¢®«ï¥â ¯à®¢¥áâ¨ ¨áç¥à¯ë¢�îé¨©
�−�«¨§ Big Data âà�¤¨æ¨®−−ë¬¨ ¬¥â®¤�¬¨. ’¥¬ −¥ ¬¥−¥¥ ¨¬¥îâáï ¢®§¬®¦−®áâ¨
¨á¯®«ì§®¢�âì ¢ ª®¬¯ìîâ¥à−®¬ �−�«¨§¥ ®¯ëâ ç¥«®¢¥ª�-íªá¯¥àâ�, ¨§ãç�îé¥£® Big

1‘¥£®¤−ï â¥à¬¨− Big Data ¨−â¥£à¨àã¥â áà�§ã −¥áª®«ìª® íää¥ªâ®¢ | å�à�ªâ¥à¨áâ¨ª ¡®«ìè¨å
¤�−−ëå. �¤−�ª® ¯à¥¤¯à¨−ïâ®¥ §¤¥áì ®¡áã¦¤¥−¨¥ ä®ªãá¨àã¥âáï ¢ ¯¥à¢ãî ®ç¥à¥¤ì «¨èì −�
¤¢ãå: (1) íää¥ªâ¥ á®¡áâ¢¥−−® Big | ®âáãâáâ¢¨¨ ¢®§¬®¦−®áâ¥© ®¡à�¡�âë¢�âì ã¦¥ ¨¬¥îé¨¥áï
®£à®¬−ë¥ ®¡ê¥¬ë ¤�−−ëå, §�¤¥©áâ¢®¢�¢ à�§ã¬−ë¥ à¥áãàáë (¢ëç¨á«¨â¥«ì−ë¥ ¬®é−®áâ¨, ¢à¥¬ï. . .),
¨ (2) íää¥ªâ¥ Open | ®âªàëâ®áâ¨ ®¡à�¡�âë¢�¥¬ëå ª®««¥ªæ¨© ¤�−−ëå, ¤®¯ãáª�îé¥¬ ¢®§¬®¦−®áâ¨
¯®¯®«−ïâì ã¦¥ ¨¬¥îé¨¥áï ¤�−−ë¥ ¨−ä®à¬�æ¨¥© ¯à¨−æ¨¯¨�«ì−® −®¢®© ú¯à¨à®¤ëû (á«¥¤áâ¢¨¥¬
ç¥£® áâ�−®¢ïâáï âàã¤−®áâ¨ ¢ ç�áâ¨ �¤¥ª¢�â−®£® ¨á¯®«ì§®¢�−¨ï àï¤� âà�¤¨æ¨®−−ëå ¬¥â®¤®¢ �−�«¨§�
¤�−−ëå ¨ ®âáãâáâ¢¨ï ¢ ®¡é¥¬ á«ãç�¥ ¢®§¬®¦−®áâ¥© ¤«ï −�¤¥¦−®£® ®¡®á−®¢�−¨ï ª®àà¥ªâ−®áâ¨
¯®«ãç�¥¬ëå §�ª«îç¥−¨© | á¬. ¤�«¥¥ ¯® â¥ªáâã).
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Data ¢ ãá«®¢¨ïå, ª®£¤� ¯à¨¬¥−¥−¨¥ âà�¤¨æ¨®−−ëå ¬¥â®¤®¢ �−�«¨§� ¤�−−ëå1 −¥
¢¥¤¥â ª ãá¯¥åã2. �¡ëç−® ¢ â�ª¨å á¨âã�æ¨ïå íªá¯¥àâ, ¨á¯®«ì§ãï â¥ ¨«¨ ¨−ë¥ æ¥-
¯®çª¨ à�ááã¦¤¥−¨©, ¯à¨¢®¤¨â à¥§ã«ìâ¨àãîé¥¥ §�ª«îç¥−¨¥ ª −¥®á¯�à¨¢�¥¬®¬ã3

á®áâ®ï−¨î «¨¡® ª®−áâ�â¨àã¥â −¥¤®áâ�â®ç−®áâì ¨¬¥îé¨åáï ã −¥£® â¥ªãé¨å ¤�−-
−ëå ¤«ï ä®à¬¨à®¢�−¨ï −¥®á¯�à¨¢�¥¬®£® §�ª«îç¥−¨ï4. �¥à¥−®á −� ª®¬¯ìîâ¥à
¨á¯®«ì§ã¥¬ëå íªá¯¥àâ®¬ í¢à¨áâ¨ç¥áª¨å ¯à¨¥¬®¢, ¢ ¯¥à¢ãî ®ç¥à¥¤ì à¥§ã«ìâ�-
â¨¢−®© áå¥¬ë ¥£® à�ááã¦¤¥−¨©, ¯®§¢®«ï¥â à¥�«¨§®¢�âì â®â ¦¥ | ú¯à®§à�ç−®û
¨−â¥à¯à¥â¨àã¥¬ë© ¨ ®¡êïá−ï¥¬ë© ¤«ï ‹�÷ | á¯®á®¡ �−�«¨§� ¤�−−ëå, ®¤−�ª®
á ®¡à�¡®âª®© áãé¥áâ¢¥−−® ¡®«ìè¨å ®¡ê¥¬®¢ ¨−ä®à¬�æ¨¨, ¯à¨ç¥¬ á áãé¥áâ¢¥−−®
¡®«¥¥ ¢ëá®ª®© áª®à®áâìî.

‘®¢à¥¬¥−−ë© ‘–-¯®¤å®¤ ¯® áãâ¨ | ¨¬¥−−® â�ª�ï ®¡«�áâì �−�«¨§� ¨−ä®à-
¬�æ¨¨ ¨ ã¯à�¢«¥−¨ï, £¤¥ ¤¨−�¬¨ç¥áª¨ ¬¥−ïîé¨¥áï ¡®«ìè¨¥ ®¡ê¥¬ë ¤�−−ëå
(Big Data) −¥®¡å®¤¨¬® ®¡à�¡�âë¢�âì ¢ ®£à�−¨ç¥−−ë¥ ¨−â¥à¢�«ë ¢à¥¬¥−¨. ‡¤¥áì
¯à¨å®¤¨âáï ¨¬¥âì ¤¥«® ®¤−®¢à¥¬¥−−® á ¬−®¦¥áâ¢®¬ â¥ªãé¨å æ¥«¥©, � â�ª¦¥
á¬¥−ïîé¨å ¤àã£ ¤àã£� á¨âã�æ¨©, ª�¦¤�ï ¨§ ª®â®àëå å�à�ªâ¥à¨§ã¥âáï ¬−®¦¥-
áâ¢®¬ à�§−®à®¤−ëå ¯�à�¬¥âà®¢. „®áâ�â®ç−® è¨à®ª® ¨§¢¥áâ−ë© á¥£®¤−ï ¯à¨¬¥à
â¥å−®«®£¨ç¥áª®£® à¥è¥−¨ï ¯®¤®¡−®£® â¨¯� | á¨áâ¥¬� Palantir [15, 16], ¯à¥¤áâ�¢-
«ïîé�ï á®¡®© £«®¡�«ì−ãî æ¨äà®¢ãî ¯«�âä®à¬ã á¡®à� ¨ ª®−á®«¨¤�æ¨¨ (ç¥à¥§
¬−®¦¥áâ¢® à¥�«¨§ã¥¬ëå ¨−â¥àä¥©á®¢, è«î§®¢), � â�ª¦¥ ¯®á«¥¤ãîé¥£® ®¯¥à�-
â¨¢−®£® �−�«¨§� ¤�−−ëå ¨§ ¢á¥¢®§¬®¦−ëå ¨áâ®ç−¨ª®¢, ®à¨¥−â¨à®¢�−−®£® −�
¯®¤¤¥à¦ªã ‹�÷ à�§−ëå ãà®¢−¥© ¢ ¯à¨−ïâ¨¨ à¥è¥−¨©. ‚®§¬®¦−®áâ¨ á¨áâ¥¬ë
Palantir ®¡¥á¯¥ç¨¢�âì £«ã¡®ª¨© �−�«¨§ ®£à®¬−ëå ®¡ê¥¬®¢ ¤�−−ëå ¢ §�¤�−−ë¥
¨−â¥à¢�«ë ¢à¥¬¥−¨, ®£à�−¨ç¥−−ë¥ âà¥¡®¢�−¨ï¬¨ ¯à¨¬¥−¥−¨ï ¢ à¥�«ì−®© ®¡-
áâ�−®¢ª¥, | ¢�¦−¥©è�ï å�à�ªâ¥à−�ï ®á®¡¥−−®áâì íâ®£® á¨áâ¥¬®â¥å−¨ç¥áª®£®
‘–-à¥è¥−¨ï.

�à¨¢¥¤¥¬ ¯à¨¬¥à−ë© ¯¥à¥ç¥−ì −�¨¡®«¥¥ �ªâã�«ì−ëå §�¤�ç, ª®â®àë¥ ¬®£«¨
¡ë à¥è�âìáï ¢ áä¥à¥ ¡¥§®¯�á−®áâ¨, ®¡®à®−ë ¨ ¯à�¢®¯®àï¤ª� á ¨á¯®«ì§®¢�−¨¥¬
ˆˆ [14]:

{ ä®à¬¨à®¢�−¨¥ ‘� ¤«ï ‹�÷ −� ®á−®¢¥ á¡®à� ¨ �−�«¨§� ®£à®¬−®£® ®¡ê¥¬�
à�§¢¥¤ë¢�â¥«ì−ëå ¤�−−ëå ¨§ ¨áâ®ç−¨ª®¢ à�§«¨ç−®© ¬®¤�«ì−®áâ¨ ¨ ¡®«ìè®©
à�§¬¥à−®áâ¨, � â�ª¦¥ ¡®«ìè¨å ®¡ê¥¬®¢ −¥áâàãªâãà¨à®¢�−−®© ¨−ä®à¬�æ¨¨
¨§ ®âªàëâëå ¨áâ®ç−¨ª®¢ ® á®áâ®ï−¨¨ ¢®¥−−®-¯®«¨â¨ç¥áª®© ®¡áâ�−®¢ª¨ ¢ ª®−-
ªà¥â−ëå à¥£¨®−�å;

{ ¯«�−¨à®¢�−¨¥ áæ¥−�à¨¥¢ ¡®¥¢ëå ¤¥©áâ¢¨© á ¯à¨¬¥−¥−¨¥¬ á®¢à¥¬¥−−ëå
áà¥¤áâ¢ ¯®à�¦¥−¨ï, à�§¢¥¤ª¨ ¨ −�¢¨£�æ¨¨, ¢ª«îç�îé¥¥ ®æ¥−ªã ¨ ¯à®£−®§¨-

1��¯à¨¬¥à, ¤®ª�§�â¥«ìáâ¢ ¤¥¤ãªâ¨¢−®£® ¨«¨ ¦¥ áâ�â¨áâ¨ç¥áª®£® å�à�ªâ¥à� ¤«ï ®¡®á−®¢�−¨ï
¤®¢¥à¨ï ª ä®à¬¨àã¥¬ë¬ ¢ ¯à®æ¥áá¥ �−�«¨§� ¤�−−ëå §�ª«îç¥−¨ï¬.

2��¯à¨¬¥à, ¨§-§� ®âªàëâ®£® (¤®¯ãáª�îé¥£® ¯®¯®«−¥−¨ï ¨−ä®à¬�æ¨¥©, ¢ â®¬ ç¨á«¥ ¯à¨−æ¨¯¨-
�«ì−® −®¢®£® â¨¯�) å�à�ªâ¥à� Big Data.

3�¥®¯à®¢¥à£�¥¬®áâ¨ −� ¨¬¥îé¨åáï ¢ ¥£® à�á¯®àï¦¥−¨¨ ¤�−−ëå.
4ˆ−ë¬¨ á«®¢�¬¨, ä¨ªá¨àã¥âáï −¥®¡å®¤¨¬®áâì ¯®¯®«−¥−¨ï â¥ªãé¥£® ¬�áá¨¢� �−�«¨§¨àã¥¬ëå

¤�−−ëå −®¢®© ¨−ä®à¬�æ¨¥©, ª®â®à�ï ¡ã¤¥â ¨á¯®«ì§®¢�−� ¤«ï ®¡¥á¯¥ç¥−¨ï ¤®áâ®¢¥à−®áâ¨ ¨â®£®¢®£®
§�ª«îç¥−¨ï.

176 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 3 2026



ˆ−â¥£à�æ¨ï ¬¥â®¤®¢ ¨ à¥è¥−¨© ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¢ ‘–‘“

à®¢�−¨¥ ¢®§¬®¦−ëå ¨áå®¤®¢ ®¯¥à�æ¨© á ¨á¯®«ì§®¢�−¨¥¬ ¡®«ìè¨å ¬ã«ìâ¨¬®-
¤�«ì−ëå ¬®¤¥«¥© (¯®¤®¡−ëå GPT (Generative Pretrained Transformer) [17],
Anthropic Cloud [18] ¨ ¤à., � â�ª¦¥ ¯«�âä®à¬ â¨¯� Palantir [15, 16]);

{ c®§¤�−¨¥ æ¨äà®¢ëå ¤¢®©−¨ª®¢ áà¥¤áâ¢ ¢®®àã¦¥−¨ï, ¢®¥−−®© ¨ á¯¥æ¨�«ì−®©
â¥å−¨ª¨ (‚‚‘’), � â�ª¦¥ æ¨äà®¢ëå ¯®«¨£®−®¢ ¤«ï à¥�«¨§�æ¨¨ −®¢ëå ¯®¤-
å®¤®¢ ª ¯à®¢¥¤¥−¨î ¨á¯ëâ�−¨© ®¡à�§æ®¢ ‚‚‘’ á æ¥«ìî á®ªà�é¥−¨ï ¢à¥¬¥−¨
¨ áâ®¨¬®áâ¨ ¨á¯ëâ�−¨©, ¯®¢ëè¥−¨ï ª�ç¥áâ¢� ¯à®¥ªâ¨à®¢�−¨ï;

{ á®§¤�−¨¥ ¨ ®âà�¡®âª� â¥å−®«®£¨© à®¥¢®£® ¢§�¨¬®¤¥©áâ¢¨ï ¡¥á¯¨«®â−ëå �¯-
¯�à�â®¢ ¢ à�§«¨ç−ëå áà¥¤�å: −�§¥¬−®©, −�¤¢®¤−®©, ¯®¤¢®¤−®© ¨ ¢®§¤ãè−®©;

{ à�§à�¡®âª� ª®¬¯«¥ªá� ¬®¤¥«¥© ¨ �«£®à¨â¬®¢ �¢â®−®¬−®© à�¡®âë ®¡ê¥ªâ®¢,
äã−ªæ¨®−¨àãîé¨å ¢ áªàëâ−®¬ à¥¦¨¬¥ ¡¥§ ¯®áâ®ï−−®© á¢ï§¨ á æ¥−âà�¬¨
ã¯à�¢«¥−¨ï, ¢ª«îç�ï −�¢¨£�æ¨î, ¯®¤¤¥à¦ªã ¯à¨−ïâ¨ï à¥è¥−¨© ¨ ¤à.;

{ à�§à�¡®âª� â¥å−®«®£¨© �−�«¨§� ¬¥¤¨�¤�−−ëå (ä®â®£à�ä¨©, ¢¨¤¥®§�¯¨á¥©,
£®«®á�) á æ¥«ìî ¢ëï¢«¥−¨ï ¨áªãááâ¢¥−−® áä®à¬¨à®¢�−−ëå ¯®¤¤¥«®ª (¤¨¯-
ä¥©ª®¢);

{ ¬®¤¥«¨à®¢�−¨¥ −®¢ëå ¬�â¥à¨�«®¢ á §�¤�−−ë¬¨ á¢®©áâ¢�¬¨ á ãç¥â®¬ âà¥¡®-
¢�−¨© ª á®¢à¥¬¥−−®© ¡®¥¢®© íª¨¯¨à®¢ª¥ ¢®¥−−®á«ã¦�é¨å;

{ à�§à�¡®âª� ª®¬¯«¥ªá� ®à£�−¨§�æ¨®−−®-â¥å−¨ç¥áª¨å ¬¥à ¤«ï ®¡¥á¯¥ç¥−¨ï
¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨, ¢ª«îç�ï ¯®¨áª ãï§¢¨¬®áâ¥©, ¨å à�á¯®§−�¢�-
−¨¥, ª«�áá¨ä¨ª�æ¨î ¨ −¥©âà�«¨§�æ¨î;

{ à�§à�¡®âª� ª®¬¯«¥ªá� ¬®¤¥«¥© ¨ �«£®à¨â¬®¢, ®¡¥á¯¥ç¨¢�îé¨å ä®à¬¨à®-
¢�−¨¥ ¨ ¬�è¨−−®¥ ®¡ãç¥−¨¥ ¡®«ìè¨å ï§ëª®¢ëå ¬®¤¥«¥© á ¨á¯®«ì§®¢�−¨¥¬
¢ëá®ª®¯à®¨§¢®¤¨â¥«ì−®© ¢ëç¨á«¨â¥«ì−®© ¨−äà�áâàãªâãàë;

{ ¨−â¥£à�æ¨ï ¢ ¥¤¨−ë© á¢®¤−ë© ®âç¥â à¥§ã«ìâ�â®¢ ¯®ª®¬¯®−¥−â−®© ®¡à�¡®âª¨
¬ã«ìâ¨¬®¤�«ì−ëå ¤�−−ëå, å�à�ªâ¥à¨§ãîé¨å ª®−ªà¥â−ë© ®¡ê¥ªâ ¨«¨ á¨âã-
�æ¨î −� ¯®«¥ ¡®ï (à¥è¥−¨¥ ¯à®¡«¥¬ë ª®¬¯«¥ªá¨à®¢�−¨ï ¤�−−ëå, ¨«¨ data
fusion).

‚ −�áâ®ïé¥¥ ¢à¥¬ï «¨¤¨àãîé¨¥ ¯®§¨æ¨¨ ¢ ¨á¯®«ì§®¢�−¨¨ ˆˆ ¢ ¢®¥−−ëå
¨ ®¡®à®−−ëå æ¥«ïå §�−¨¬�îâ ‘˜� [19]. ’�ª, ¢ 2018 £. ¡ë« á®§¤�− �¡ê¥¤¨−¥−-
−ë© æ¥−âà ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� (Joint Artificial Intelligence Center, JAIC),
ª®â®àë© ¢¯®á«¥¤áâ¢¨¨ âà�−áä®à¬¨à®¢�«áï ¢ æ¥−âà�«¨§®¢�−−ãî áâàãªâãàã |
�à®¥ªâ−ë© ®ä¨á ¯® æ¨äà®¢®© âà�−áä®à¬�æ¨¨ ¨ ¨áªãááâ¢¥−−®¬ã ¨−â¥««¥ªâã
(Chief Digital and Artificial Intelligence Office, CDAO). …£® §�¤�ç� | ª®®à¤¨-
−�æ¨ï ¢á¥å ¨−¨æ¨�â¨¢ ¯® ¢−¥¤à¥−¨î ˆˆ ¢ ®¡®à®−−ãî ®âà�á«ì. �á®¡®¥ ¢−¨¬�−¨¥
ã¤¥«ï¥âáï âà¥¬ −�¯à�¢«¥−¨ï¬ [19]:

(1) ¯à¥¤¨ªâ¨¢−�ï �−�«¨â¨ª�;

(2) à�§¢¨â¨¥ �¢â®−®¬−ëå á¨áâ¥¬;

(3) ¨−â¥««¥ªâã�«ì−�ï ®¡à�¡®âª� ¤�−−ëå.
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�. �. ƒàãè®, �. �. ƒàãè®, Œ. ˆ. ‡�¡¥¦�©«® ¨ ¤à.

‚ ®á−®¢¥ | §�¤�ç� �−�«¨§� ¬�áá¨¢®¢ ¬−®£®¬®¤�«ì−ëå ¤�−−ëå (á¯ãâ−¨ª®¢ë¥
á−¨¬ª¨, ¤�−−ë¥ à�¤¨®«®ª�æ¨®−−®© à�§¢¥¤ª¨, â¥«¥¬¥âà¨¨ −®á¨¬ëå ¨ ¡®àâ®¢ëå
ãáâà®©áâ¢ ¨ ¤à.).

Š«îç¥¢®© âà¥−¤ á®áâ®¨â ¢ ¯¥à¥®à¨¥−â�æ¨¨ á ªàã¯−ëå ¯®áâ�¢é¨ª®¢-¬®−®-
¯®«¨áâ®¢ æ¨äà®¢ëå à¥è¥−¨© (Boeing, Northrop Grumman, Lockheed Martin,
Raytheon) −� −¥¡®«ìè¨¥, −® ú�£à¥áá¨¢−ë¥û ¨ ¨−−®¢�æ¨®−−ë¥ ª®¬¯�−¨¨, à�−¥¥
−¥ à�¡®â�¢è¨¥ ¢ ¢®¥−−®© áä¥à¥. �â® ¯à¥¦¤¥ ¢á¥£® Palantir ¨ Anduril [20].

‘¥£®¤−ï ®¤−¨¬ ¨§ â¥å−®«®£¨ç¥áª¨å «¨¤¥à®¢ ¢ áä¥à¥ à¥�«¨§�æ¨¨ ‘–‘“ áâ�«�
�−�«¨â¨ç¥áª�ï ª®¬¯�−¨ï ú��«�−â¨àû (Palantir). ‚ ®á−®¢¥ | à¥§ã«ìâ�âë ¬−®-
£®«¥â−¨å ¨áá«¥¤®¢�−¨© ¨ à�§à�¡®â®ª ¤«ï ¯à¨¬¥−¥−¨ï â¥å−®«®£¨© ˆˆ ¢ ¢®¥−−®©
áä¥à¥. ��àï¤ã á ¨§¢¥áâ−ë¬¨ ª®¬¯�−¨ï¬¨-£¨£�−â�¬¨ (Boeing, Lockheed Martin,
Northrop Grumman ¨ ¤à.) ú��«�−â¨àû áâ�«� �ªâ¨¢−® ä®à¬¨à®¢�âì −ë−¥è−¨©
â¥å−®«®£¨ç¥áª¨© «�−¤è�äâ ¢ ®¡«�áâ¨ −�æ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨ ‘˜� [15, 19].
’�ª, ¢ ¬�àâ¥ 2026 £. −� ª®−ä¥à¥−æ¨¨ AIPCON ª®¬¯�−¨ï ¯à®¤¥¬®−áâà¨à®¢�«�
¢®§¬®¦−®áâ¨ −®¢®© ¢®¥−−®© á¨áâ¥¬ë Maven Smart System, ª®â®à�ï ®¡¥á¯¥ç¨¢�¥â
áãé¥áâ¢¥−−®¥ ¯®¢ëè¥−¨¥ íää¥ªâ¨¢−®áâ¨ ã¯à�¢«¥−¨ï ã¤�à�¬¨ §� áç¥â á®ªà�é¥-
−¨ï æ¨ª«� ã¯à�¢«¥−¨ï (¢à¥¬ï ®â à�á¯®§−�¢�−¨ï æ¥«¥© ¤® ä®à¬¨à®¢�−¨ï §�¤�−¨ï
−� ¯à¨¬¥−¥−¨¥ ®àã¦¨ï ¯® −¨¬). �â� á¨áâ¥¬� ¢−¥¤àï¥âáï ¢® ¢á¥å à®¤�å ¢®©áª
�¥−â�£®−� [21].

4 Сетецентрические системы управления и задача поддержания
ситуационной осведомленности лиц, принимающих решения

÷¥§ã«ìâ�â¨¢−®áâì ¨á¯®«ì§®¢�−¨ï ‘–-¯®¤å®¤� ¯®¤à�§ã¬¥¢�¥â −�¤¥¦−®áâì
¯à¨¬¥−ï¥¬ëå à¥è¥−¨©-ª®¬¯®−¥−â®¢, ¢ ¯¥à¢ãî ®ç¥à¥¤ì ¯® á«¥¤ãîé¨¬ âà¥¬ −�-
¯à�¢«¥−¨ï¬:

(a) �−�«¨§ ¤�−−ëå ¨ ä®à¬¨à®¢�−¨¥ ¯à¥¤«®¦¥−¨ï ¤«ï ‹�÷ ¯® ¯à¥¤¯®çâ¨â¥«ì−ë¬
¢ â¥ªãé¥© á¨âã�æ¨¨ ã¯à�¢«¥−ç¥áª¨¬ à¥è¥−¨ï¬ (ª®¬¯®−¥−âë ‘–‘ �−�«¨§�
¤�−−ëå ¨ ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨© (�„¨��÷);

(b) ¯®¤¤¥à¦�−¨¥ −�¤¥¦−®© á¢ï§¨ ¬¥¦¤ã ã§«�¬¨ §�¤¥©áâ¢®¢�−−®© ‘–-¨−äà�-
áâàãªâãàë;

(c) ®¡¥á¯¥ç¥−¨¥ −�¤¥¦−®© §�é¨âë ª�ª ª®¬¯®−¥−â®¢ ‘–‘ �„¨��÷, â�ª ¨ ¨−äà�-
áâàãªâãàë ®¡¬¥−� ¤�−−ë¬¨ ¬¥¦¤ã ã§«�¬¨ ‘–‘“ ®â ¢−¥è−¨å ¢à¥¤®−®á−ëå
¢®§¤¥©áâ¢¨© (ª®¬¯ìîâ¥à−ëå �â�ª).

�à¨ íâ®¬ á¯¥æ¨ä¨ç−ë© ¤«ï −�¯à�¢«¥−¨© (b) ¨ (c) ª®¬¯«¥ªá §�¤�ç | íâ® ®á®¡�ï
®¡«�áâì, £¤¥ ¢ ä®ªãá¥ ¢−¨¬�−¨ï ª�ª ¢®¯à®áë ãáâ®©ç¨¢®áâ¨ ª®¬¬ã−¨ª�æ¨®−−®©
�àå¨â¥ªâãàë ‘–‘“ ª −�àãè¥−¨ï¬ èâ�â−®£® à¥¦¨¬� á¢ï§¨ ¬¥¦¤ã ã§«�¬¨, â�ª
¨ áâ®©ª®áâì ¨−äà�áâàãªâãàë ‘–‘“ ¯® ®â−®è¥−¨î ª ª®¬¯ìîâ¥à−ë¬ �â�ª�¬
¯à®â¨¢−¨ª�. �â® ª®¬¯«¥ªá §�¤�ç, ¢ª«îç�îé¨©:

{ ®¡¥á¯¥ç¥−¨¥ ¢®§¬®¦−®áâ¨ á�¬®¢®ááâ�−®¢«¥−¨ï ¢ á«ãç�¥ ®âª�§®¢ ®â¤¥«ì−ëå
ã§«®¢ ‘–‘“;
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ˆ−â¥£à�æ¨ï ¬¥â®¤®¢ ¨ à¥è¥−¨© ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¢ ‘–‘“

{ ¨á¯®«ì§®¢�−¨¥ ¨−−®¢�æ¨®−−ëå ¯®¤å®¤®¢ ª ®¡¥á¯¥ç¥−¨î −�¤¥¦−®áâ¨ ª®¬¬ã-
−¨ª�æ¨©1 ¢ ãá«®¢¨ïå ¨á¯®«ì§®¢�−¨ï ª�−�«®¢ á¢ï§¨ ¯®−¨¦¥−−®£® ª�ç¥áâ¢�
(¢ â®¬ ç¨á«¥ ¤¥£à�¤¨àãîé¨å ¨«¨ ¦¥ ¢à¥¬¥−−® −¥¤®áâã¯−ëå);

{ ¡�«�−á ®â¢¥âáâ¢¥−−®áâ¨ –¥−âà� ¨ ª®−ªà¥â−®£® ã§«� ‘–‘“ ¯à¨ ¯à¨−ïâ¨¨
à¥è¥−¨ï ¢ ª®−ªà¥â−®© á¨âã�æ¨¨ (¯à®¡«¥¬� ¡�«�−á� á¥â¥æ¥−âà¨ç−®áâ¨ ¨ æ¥−â-
à�«¨§�æ¨¨ ¢ ¬¥å�−¨§¬�å ®¡¥á¯¥ç¥−¨ï ®¯¥à�â¨¢−®áâ¨ ¨ −�¤¥¦−®áâ¨ ¯à¨−¨¬�-
¥¬ëå à¥è¥−¨©2);

{ � â�ª¦¥ àï¤ ¤àã£¨å §−�ç¨¬ëå �á¯¥ªâ®¢ §�á«ã¦¨¢�îâ ®¡áã¦¤¥−¨ï ¢ ®â¤¥«ì−®©
¯ã¡«¨ª�æ¨¨.

‡¤¥áì ¦¥ ®£à�−¨ç¨¬áï à�áá¬®âà¥−¨¥¬ ¢®§¬®¦−®áâ¥© ¨−áâàã¬¥−â�à¨ï â¥å ª®¬¯®-
−¥−â®¢ ‘–-á¨áâ¥¬, ª®â®àë¥ ®¡¥á¯¥ç¨¢�îâ �−�«¨§ ¤�−−ëå, £¥−¥à�æ¨î ¨ ®æ¥−ªã
�«ìâ¥à−�â¨¢, � â�ª¦¥ ¢ë¡®à ¨§ íâ¨å �«ìâ¥à−�â¨¢ | á®¡áâ¢¥−−® ¯à¨−ïâ¨¥ à¥è¥−¨©.

�®¤¤¥à¦�−¨¥ á¨âã�æ¨®−−®© ®á¢¥¤®¬«¥−−®áâ¨ ‹�÷ ¬®¦¥â ¡ëâì ä®à¬�«¨-
§®¢�−® ª�ª §�¤�ç� �−�«¨§� â¥ªãé¨å ¤�−−ëå á æ¥«ìî ä®à¬¨à®¢�−¨ï ¨ ®æ¥−ª¨
�«ìâ¥à−�â¨¢ ¤«ï ¯à¨−ïâ¨ï à¥è¥−¨©, ¢ë¯®«−ï¥¬ëå ¢ à¥¦¨¬¥ ¦¥áâª¨å ®£à�−¨ç¥-
−¨© ¯® ¢à¥¬¥−¨, ®¡ãá«®¢«¥−−ëå ¤¨−�¬¨ª®© à�§¢¨â¨ï á¨âã�æ¨© [13]. ÷�áá¬®âà¨¬,
ª�ª¨¬¨ ú¯à®æ¥¤ãà−ë¬¨ áà¥¤áâ¢�¬¨û, ¢ â®¬ ç¨á«¥ ¬�â¥¬�â¨ç¥áª¨¬¨ ¬®¤¥«ï¬¨,
¬¥â®¤�¬¨ ¨ �«£®à¨â¬�¬¨, ®¡¥á¯¥ç¨¢�îé¨¬¨ íää¥ªâ¨¢−ãî (¢ á¬ëá«¥ á«®¦−®áâ¨
−¥®¡å®¤¨¬ëå ¢ëç¨á«¥−¨©, � â�ª¦¥ ¬�áá¨¢−®áâ¨ ¯à¨¢«¥ª�¥¬ëå ª®¬¯ìîâ¥à−ëå
à¥áãàá®¢) à¥�«¨§�æ¨î ¢ ªà¨â¨ç¥áª¨ §−�ç¨¬ëå ¯à¨«®¦¥−¨ïå, ¬®¦−® ®¡¥á¯¥ç¨âì
¯®¤¤¥à¦�−¨¥ ‘�.

�¤−¨¬ ¨§ à¥§ã«ìâ�â¨¢−ëå ¢ à¥�«ì−ëå ¯à¨«®¦¥−¨ïå ª«�áá®¢ â�ª¨å ¬¥â®¤®¢
¨ à¥è¥−¨© ®ª�§�«®áì ¯à¥¤«®¦¥−−®¥ „. �. �®á¯¥«®¢ë¬ ¥é¥ ¢ á¥à¥¤¨−¥ 1980-å ££.
‘“ [22{24]. “¦¥ ¢ á¥à¥¤¨−¥ 1990-å ££. íâ®â ¯®¤å®¤ áâ�« �ªâ¨¢−® ¨á¯®«ì§®¢�âìáï
�¬¥à¨ª�−áª¨¬¨ á¯¥æ¨�«¨áâ�¬¨ ¢ ¯à¨«®¦¥−¨ïå ®¡®à®−−®£® å�à�ªâ¥à� [25{30]
ª�ª ®¤¨− ¨§ ¯®¯ã«ïà−ëå ¢�à¨�−â®¢ ¯à®æ¥¤ãà−®© à¥�«¨§�æ¨¨ ª®¬¯®−¥−â®¢ ‘–‘
�„¨��÷.

‚ ®á−®¢¥ ¨á¯®«ì§ã¥¬®£® ¢ à�¬ª�å ‘“-¯®¤å®¤� «¥¦¨â ª«�áâ¥à¨§�æ¨ï á®áâ®ï-
−¨© ®¡ê¥ªâ� ã¯à�¢«¥−¨ï (á¨âã�æ¨©), ®¯¨áë¢�¥¬ëå ¢ â®¬ ç¨á«¥ −� ¥áâ¥áâ¢¥−−®¬
ï§ëª¥. „�«¥¥ ª�¦¤®¬ã ¨§ ¯®áâà®¥−−ëå â�ª¨¬ ¯ãâ¥¬ ª«�áá®¢ ú®¤−®à®¤−ëåû
á¨âã�æ¨© á®¯®áâ�¢«ï¥âáï â¨¯®¢®¥ (¤«ï ¤�−−®£® ª«�áâ¥à� á®áâ®ï−¨© ®¡ê¥ªâ� ã¯à�-
¢«¥−¨ï) à¥è¥−¨¥. ‚ à¥§ã«ìâ�â¥ ä®à¬¨àã¥âáï á¨áâ¥¬� ¯à�¢¨«-¯à®¤ãªæ¨© ¢¨¤�:
¥á«¨ 〈á¨âã�æ¨ï〉 ⇒ â® 〈á®®â¢¥âáâ¢ãîé¥¥ ¥© à¥è¥−¨¥〉. ‘ä®à¬¨à®¢�−−�ï â�ª¨¬

1‘¬., ¢ ç�áâ−®áâ¨, ¢®§¬®¦−®áâ¨ ¯®¤å®¤� semantic communication, ¢ ®á−®¢¥ ª®â®à®£® ãç¥â
ª®−â¥ªáâ� ¨ ä®−®¢ëå §−�−¨© ãç�áâ−¨ª®¢ ª®¬¬ã−¨ª�æ¨¨, ¯®§¢®«ïîé¨å �ªâ¨¢−® §�¤¥©áâ¢®¢�âì
¢ ¨−ä®à¬�æ¨®−−®¬ ®¡¬¥−¥ â�ª¦¥ ¨ á¬ëá« ¯¥à¥¤�¢�¥¬ëå á®®¡é¥−¨©. �¡é¥¥ ¯à¥¤áâ�¢«¥−¨¥
® ¢®§¬®¦−®áâïå íâ®£® ¯®¤å®¤� ¬®¦−® −�©â¨, ¢ ç�áâ−®áâ¨, ¢ ®¡§®à�å: Qin Zh., Tao X., Lu J.,
Li G. E. Semantic communications: Principles and challenges. arXiv:2201.01389v1 [cs.IT], 30 Dec
2021; Xin G., Fan P., Letaief K. B. Semantic communication: A survey of its theoretical
development //Entropy, 2024. Vol. 26. Art. 102. doi: 10.3390/e26020102.

2‘¬., −�¯à¨¬¥à, −¥¤�¢−¨© ®¡§®à ª®à¯®à�æ¨¨ RAND: How Artificial Intelligence Could Reshape
Four Essential Competitions in Future Warfare, RAND Corp. Available at: https://www.rand.org
(accessed January 22, 2026).
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®¡à�§®¬ á¨áâ¥¬� ¯à�¢¨« (rule-based system) à¥�«¨§ã¥â ¬¥å�−¨§¬ ã¯à�¢«¥−¨ï,
¯®§¢®«ïï ¯à¨ −¥®¡å®¤¨¬®áâ¨ ¢ëáâà�¨¢�âì æ¥¯®çª¨ ã¯à�¢«ïîé¨å ¢®§¤¥©áâ¢¨©
¢ ¤¨−�¬¨ç¥áª¨ ¬¥−ïîé¨åáï á¨âã�æ¨ïå ¤¥©áâ¢¨ï ®¡ê¥ªâ� ã¯à�¢«¥−¨ï. �ªâã�«ì-
−®áâì ‘“-¯®¤å®¤� ¯à¨ ¨á¯®«ì§®¢�−¨¨ ¢ ¯à¨«®¦¥−¨ïå ¢®¥−−®£® å�à�ªâ¥à� −¥
ãâà�ç¥−� ¨ ¢ −�áâ®ïé¨© ¬®¬¥−â (á¬., −�¯à¨¬¥à, [1] ¨ ¤à.).

�¤−�ª® ¢ â�ª®¬ ú¯àï¬®«¨−¥©−®¬û ¨á¯®«ì§®¢�−¨¨ ‘“-¯®¤å®¤� ¢ á®¢à¥¬¥−−ëå
‘–‘“ ®¡®§−�ç¨«¨áì ¤¢� úã§ª¨å ¬¥áâ�û.

�¥à¢®¥ á®áâ®¨â ¢ â®¬, çâ® ¢ëï¢¨«�áì ªà¨â¨ç¥áª�ï −¥®¡å®¤¨¬®áâì ®¡¥á¯¥ç¨-
¢�âì ¤¨−�¬¨ç¥áªãî à¥®à£�−¨§�æ¨î ¨á¯®«ì§ã¥¬ëå ¢ á¨áâ¥¬¥ ‘“-¯à�¢¨« ‘ˆ’“-
�–ˆŸ ⇒ ÷…˜…�ˆ… (¡ëáâà®¥, â. ¥. ®â¢¥ç�îé¥¥ áª®à®áâ¨ ¨§¬¥−¥−¨ï �−�«¨-
§¨àã¥¬®© á¨âã�æ¨¨, ¯®à®¦¤¥−¨¥ −®¢ëå ¯à�¢¨«, ª®â®àë¥ −¥®¡å®¤¨¬® ¢ª«îç¨âì
¢ �ªâã�«ì−ãî á¨áâ¥¬ã ‘“-¯à�¢¨«, � â�ª¦¥ ®¯¥à�â¨¢−®¥ ã¤�«¥−¨¥ ¨§ á¨áâ¥¬ë
‘“-¯à�¢¨« â¥å ª®¬¯®−¥−â®¢, ª®â®àë¥ ãâà�â¨«¨ á¢®î �ªâã�«ì−®áâì).

‚â®àë¬ ã§ª¨¬ ¬¥áâ®¬ áâ�«� −¥®¡å®¤¨¬®áâì ¡ëáâà®, â. ¥. á®®â¢¥âáâ¢ãï áª®à®áâ¨
¨§¬¥−¥−¨ï �−�«¨§¨àã¥¬®© á¨âã�æ¨¨, ¯à®¢®¤¨âì ¯à®¢¥àªã −¥¯à®â¨¢®à¥ç¨¢®áâ¨
¢−®¢ì áä®à¬¨à®¢�−−®© â¥ªãé¥© (¨§¬¥−¥−−®© | á¬. ¢ëè¥) á¨áâ¥¬ë ‘“-¯à�¢¨«.

�à¨ íâ®¬ ¯à�ªâ¨ª� ¯®ª�§�«�, çâ® −�¤¥¦−ë© ®â¢¥â −� ª�¦¤ë© ¨§ íâ¨å ¢ë§®¢®¢
âà¥¡ã¥â ¢ â®¬ ç¨á«¥ ¨ ¯à®¢¥¤¥−¨ï ¤®¯®«−¨â¥«ì−ëå ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−ëå
äã−¤�¬¥−â�«ì−ëå ¨áá«¥¤®¢�−¨©.

’�ª¨¬ ®¡à�§®¬, à�§à�¡®âª� ¯®¤å®¤®¢, ¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥© ¨ ¬¥â®¤®¢,
� â�ª¦¥ à¥�«¨§ãîé¨å ¨å ¯à¨ª«�¤−ëå ¯à®£à�¬¬−®-�¯¯�à�â−ëå à¥è¥−¨©, á¯®-
á®¡−ëå ®¡¥á¯¥ç¨âì −�¤¥¦−ãî §�é¨âã ª®¬¬ã−¨ª�æ¨© ¨ ã§«®¢ ‘–‘“ ®â ¢−¥è−¨å
¢à¥¤®−®á−ëå ¢®§¤¥©áâ¢¨©, áâ�−®¢¨âáï á¥£®¤−ï �ªâã�«ì−®© ¯à®¡«¥¬�â¨ª®©, ¯à¨-
¢«¥ª�îé¥© ¢á¥ ¡®«¥¥ ¯à¨áâ�«ì−®¥ ¢−¨¬�−¨¥ á¯¥æ¨�«¨áâ®¢ [31].

5 Сетецентрическая система управления как «площадка» интеграции
множества методов и средств представления и анализа данных

��àï¤ã á à�§à�¡®âª®© ¬¥â®¤®¢ ¨ ¬®¤¥«¥© ‘–‘“ −¥ ¬¥−¥¥ á¥àì¥§−®£® ¢−¨¬�−¨ï
âà¥¡ãîâ ¨ ¬¥å�−¨§¬ë ®à£�−¨§�æ¨¨ ¢§�¨¬®á®£«�á®¢�−−®© ®¡à�¡®âª¨ ¢ ‘–‘“
¬�áá¨¢−ëå ¬ã«ìâ¨¬®¤�«ì−ëå ¤�−−ëå.

‘®¡áâ¢¥−−® ¯à¨−ïâ¨¥ à¥è¥−¨ï ¢ ‘–‘“ ¢ ª®−ªà¥â−®© á¨âã�æ¨¨ ®å¢�âë¢�¥â
âà¨ �á¯¥ªâ�:

(1) á¡®à §−�ç¥−¨© ¯�à�¬¥âà®¢, å�à�ªâ¥à¨§ãîé¨å íâã ª®−ªà¥â−ãî á¨âã�æ¨î;

(2) ãç¥â ®¯ëâ� à¥è¥−¨© (¯à¨ç¥¬ ª�ª ãá¯¥è−ëå, â�ª ¨ ¯à¨§−�−−ëå ¯®§¤−¥¥
®è¨¡®ç−ë¬¨), à�−¥¥ ã¦¥ ¯à¨−¨¬�¢è¨åáï ¢ ¯®å®¦¨å á¨âã�æ¨ïå;

(3) ¬�â¥¬�â¨ç¥áª¨© ¨ ¯à®£à�¬¬−ë© ú¨−áâàã¬¥−â�à¨©û �„¨��÷, ª®â®àë© ¯®-
§¢®«ï« ¡ë ª®àà¥ªâ−® ®¡à�¡�âë¢�âì ¨¬¥îé¨¥áï ¤�−−ë¥ à�§«¨ç−ëå ¢¨¤®¢
®¤−®à®¤−ë¬¨ (¢§�¨¬−® á®£«�á®¢�−−ë¬¨) ¬¥â®¤�¬¨ ¨ �«£®à¨â¬�¬¨.

��¨¡®«¥¥ ¯®¯ã«ïà−ë© ª«�áá ú¨−áâàã¬¥−â®¢û �−�«¨§� ¤�−−ëå ¢ à�áá¬�âà¨-
¢�¥¬®¬ ª®−â¥ªáâ¥ | íâ® ¬�â¥¬�â¨ç¥áª¨¥ ¬®¤¥«¨ ¨−â¥à¯®«ïæ¨®−−®-íªáâà�¯®«ï-
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ˆ−â¥£à�æ¨ï ¬¥â®¤®¢ ¨ à¥è¥−¨© ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¢ ‘–‘“

æ¨®−−®£® â¨¯�. ˆå áà¥¤áâ¢�¬¨ à¥�«¨§ã¥âáï ¯à®áâ�ï ¤¢ãåè�£®¢�ï ¯à®æ¥¤ãà−�ï
áå¥¬�:

(1) ¯¥à¢¨ç−®¥ ú®¡ãç¥−¨¥û −� ã¦¥ −�ª®¯«¥−−ëå ¤�−−ëå (¨−â¥à¯®«ïæ¨ï ¨¬¥îé¥-
£®áï −�¡®à� á¨âã�æ¨©-¯à¥æ¥¤¥−â®¢, ¯®¤®¡−ëå �−�«¨§¨àã¥¬®¬ã, í¬¯¨à¨ç¥-
áª¨¬¨ §�¢¨á¨¬®áâï¬¨ â®£® ¨«¨ ¨−®£® ª®−ªà¥â−®£® ¢¨¤� | ª®àà¥«ïæ¨®−−ë¬¨,
¯à¨ç¨−−®-á«¥¤áâ¢¥−−ë¬¨ ¨ â. ¯.);

(2) ®æ¥−ª� íªáâà�¯®«¨àã¥¬®áâ¨ ¯®áâà®¥−−ëå ¨−â¥à¯®«ïæ¨®−−ëå §�¢¨á¨¬®áâ¥©
−� ¢−®¢ì �−�«¨§¨àã¥¬ãî á¨âã�æ¨î (¢ â®¬ ç¨á«¥, ¢ á«ãç�¥ ãá¯¥å�, ¨á¯®«ì§®-
¢�−¨¥ ®¯ëâ� à�−¥¥ ¯à¨−ïâëå ¢ �−�«®£¨ç−ëå á¨âã�æ¨ïå ãá¯¥è−ëå à¥è¥−¨©
¨ ¢ â¥ªãé¥© �−�«¨§¨àã¥¬®© á¨âã�æ¨¨).

Šà¨â¨ç¥áª¨ §−�ç¨¬®© ®á®¡¥−−®áâìî ¨á¯®«ì§®¢�−¨ï ¨−â¥à¯®«ïæ¨®−−®-íªáâ-
à�¯®«ïæ¨®−−ëå ¬¥â®¤®¢ ¢ §�¤�ç�å ®¡áã¦¤�¥¬®£® â¨¯� ®ª�§ë¢�¥âáï −¥®¡å®¤¨¬®áâì
®¯¥à¨à®¢�âì (¯à¨ç¥¬ ¢§�¨¬−® á®£«�á®¢�−−ë¬¨ áà¥¤áâ¢�¬¨) à�§−®à®¤−ë¬¨ ¨ à�§-
−®â¨¯−ë¬¨ ¤�−−ë¬¨ (ãç¨âë¢�âì íää¥ªâ ¬ã«ìâ¨¬®¤�«ì−®áâ¨ ¤�−−ëå). ‡¤¥áì
á¥£®¤−ï è¨à®ª® à�á¯à®áâà�−¥− ¯®¤å®¤, ª®â®àë© áà¥¤áâ¢�¬¨ â¥å−®«®£¨© â¥å
¨«¨ ¨−ëå ¨áªãááâ¢¥−−ëå −¥©à®−−ëå á¥â¥© à¥�«¨§ã¥â ¯¥à¥¢®¤ �−�«¨§¨àã¥¬ëå
¤�−−ëå ¨§ ¨áå®¤−®£® ¯à¥¤áâ�¢«¥−¨ï ¢ ç¨á«®¢ë¥ ¢¥ªâ®àë (â�ª −�§ë¢�¥¬�ï ¢¥ª-
â®à¨§�æ¨ï). Š á®¦�«¥−¨î, ®− ¨¬¥¥â ¯à¨−æ¨¯¨�«ì−ë© −¥¤®áâ�â®ª: ¢ ¯à®æ¥áá¥
¢¥ªâ®à¨§�æ¨¨ ¬®¦¥â ¡ëâì ãâà�ç¥−� ¢®§¬®¦−®áâì −¥ä®à¬�«ì−® ¨−â¥à¯à¥â¨à®-
¢�âì (®¯¨á�âì ¢ á®¤¥à¦�â¥«ì−ëå â¥à¬¨−�å �−�«¨§¨àã¥¬®© ¯à¥¤¬¥â−®© ®¡«�áâ¨)
¨ ®¡êïá−¨âì à¥§ã«ìâ�âë ¯àï¬ëå ¨ ®¡à�â−ëå ¢¥ªâ®à¨§�æ¨®−−ëå ¯à¥®¡à�§®¢�−¨©
(®¡ê¥ªâ ⇒ ç¨á«®¢®© ¢¥ªâ®à ¨ ¢ ®¡à�â−®¬ −�¯à�¢«¥−¨¨: ç¨á«®¢®© ¢¥ªâ®à ⇒ ¨á-
å®¤−ë© ®¡ê¥ªâ). “âà�â� §¤¥áì −�¤¥¦−®© ¨−â¥à¯à¥â¨àã¥¬®áâ¨ ¨ ®¡êïá−ï¥¬®áâ¨
¯®«ãç�¥¬ëå §�ª«îç¥−¨© ¬®¦¥â ®ª�§�âìáï ªà¨â¨ç−®© ¤«ï ‹�÷ (ª�ª «¨æ�, ¯à¨-
−¨¬�îé¥£® −� á¥¡ï ®â¢¥âáâ¢¥−−®áâì §� á®®â¢¥âáâ¢ãîé¥¥ à¥è¥−¨¥). �¤−¨¬ ¨§
¯¥àá¯¥ªâ¨¢−ëå −�¯à�¢«¥−¨©, ¯®§¢®«ïîé¨å −�©â¨ ¯ãâ¨ ®¡å®¤� â�ª®£® ¡�àì¥à�,
®ª�§�«®áì ¨á¯®«ì§®¢�−¨¥ ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−ëå ˆˆ-�£¥−â®¢ ¢ �−�«¨§¥
ª�¦¤®£® ª®−ªà¥â−®£® ¢¨¤� ®¡à�¡�âë¢�¥¬ëå ¤�−−ëå (á¬., −�¯à¨¬¥à, [32]).

��ª®−¥æ, ªà¨â¨ç−®© â®çª®© ¢á¥ ¥é¥ ®áâ�¥âáï ¨−â¥£à�æ¨ï à¥§ã«ìâ�â®¢ ®¡à�¡®â-
ª¨ ª�¦¤®£® å�à�ªâ¥à¨§ãîé¥£® �−�«¨§¨àã¥¬ãî á¨âã�æ¨î â¨¯� ¤�−−ëå ¢ ¥¤¨−ë©
á¢®¤−ë© à¥§ã«ìâ�â (â�ª −�§ë¢�¥¬�ï ¯à®¡«¥¬� data fusion). �à¥¤áâ�¢«ï¥âáï ®ç¥-
¢¨¤−ë¬, çâ® ª�¦¤ë© ¨§ §�¤¥©áâ¢®¢�−−ëå ¢ ®¯¨á�−¨¨ â¥ªãé¥© á¨âã�æ¨¨ â¨¯®¢
¤�−−ëå | ®¤−� ¨§ ¥¥ §−�ç¨¬ëå å�à�ªâ¥à¨áâ¨ª; á«¥¤®¢�â¥«ì−®, á¢¥¤¥−¨¥ íâ¨å
®â¤¥«ì−ëå å�à�ªâ¥à¨áâ¨ª ¢ ¥¤¨−®¥ ®¡é¥¥ §�ª«îç¥−¨¥ | ¥áâ¥áâ¢¥−−ë© ¨â®£ ¬−®-
£®�á¯¥ªâ−®£® �−�«¨§� ®á®¡¥−−®áâ¥© ¨¬¥−−® íâ®© á¨âã�æ¨¨. •®à®è® ¨§¢¥áâ−®,
çâ® ¬�â¥¬�â¨ç¥áª�ï â¥å−¨ª� ®¡à�¡®âª¨ ¤�−−ëå ®¤−®£® ª®−ªà¥â−®£® â¨¯�, ª�ª
¯à�¢¨«®, −¥ ¯®§¢®«ï¥â ¯àï¬® ¯¥à¥−¥áâ¨ ¥¥ ¨ −� ®¡à�¡®âªã ¤�−−ëå ¯à¨−æ¨¯¨�«ì−®
¨−®£® â¨¯�1. ’�ª¨¬ ®¡à�§®¬, à�§à�¡®âª� ¨ à�§¢¨â¨¥ ú¨−áâàã¬¥−â�«ì−ëåû áà¥¤,

1��¯à¨¬¥à, ¯à¨ à�¡®â¥ á ª®àâ¥¦�¬¨ ¢¨¤� 〈ç¨á«®, ¨§®¡à�¦¥−¨¥〉 à¥£à¥áá¨®−−ë¥ ¬®¤¥«¨ ¨−-
â¥à¯®«ïæ¨¨ ç¨á«®¢ëå ¤�â�á¥â®¢ −¥ ¯à¥¤áâ�¢«ï¥âáï ¢®§¬®¦−ë¬ à�á¯à®áâà�−¨âì (−¥®á¯�à¨¢�¥¬ë¬
®¡à�§®¬) ¨ −� ®¡à�¡®âªã ¨§®¡à�¦¥−¨©.
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¨−â¥£à¨àãîé¨å à¥§ã«ìâ�âë �−�«¨§� ¬ã«ìâ¨¬®¤�«ì−ëå ¤�−−ëå, | �ªâã�«ì−�ï
á¥£®¤−ï ¯à®¡«¥¬�â¨ª� ¨áá«¥¤®¢�−¨© ¨ à�§à�¡®â®ª.

‚ ª®−¥ç−®¬ ¨â®£¥ áãâì ¨−â¥£à�æ¨¨ | á®§¤�âì −�¤¥¦−ë¥ ¢®§¬®¦−®áâ¨ ¤«ï
¯®«ãç¥−¨ï ¢�à¨�−â®¢ (�«ìâ¥à−�â¨¢) ¯à¨−ïâ¨ï à¥è¥−¨ï ¢ ®£à�−¨ç¥−−®¥ ¢à¥¬ï
á ãç¥â®¬ ¨¬¥îé¨åáï Big Data ¨ −¥®¡å®¤¨¬®áâ¨ −�¤¥¦−®© ®æ¥−ª¨ ª�¦¤®© ¨§
ä®à¬¨àã¥¬ëå ¢ ¯à®æ¥áá¥ ¨å �−�«¨§� �«ìâ¥à−�â¨¢.

6 Заключение

‚ áâ�âì¥ ¯à¥¤áâ�¢«¥− ¢§£«ï¤ �¢â®à®¢ −� ¯à®¡«¥¬�â¨ªã ¨−â¥£à�æ¨¨ ¬¥â®¤®¢
¨ à¥è¥−¨© ˆˆ ¢ ‘–‘“, ¯à¥¦¤¥ ¢á¥£® ¢ ¢®¥−−®© ¨ á¯¥æ¨�«ì−®© áä¥à¥.

‚¯¥ç�â«ïîé¨¥ ¤®áâ¨¦¥−¨ï ¯®á«¥¤−¨å ¯à¨¬¥à−® 30 «¥â ¢ à�§¢¨â¨¨ ˆ’-¨−ä-
à�áâàãªâãàë (¢ëá®ª®¯à®¨§¢®¤¨â¥«ì−ë¥ ¢ëç¨á«¥−¨ï, à�á¯à¥¤¥«¥−−ë¥ ¨ ®¡«�ç−ë¥
�àå¨â¥ªâãàë, ¢ëá®ª®áª®à®áâ−ë¥ á¨áâ¥¬ë á¢ï§¨ ¨ −�¢¨£�æ¨¨ ¨ ¤à.) áâ�«¨ ¬®é−®©
â¥å−®«®£¨ç¥áª®© ®á−®¢®© ¤«ï à�§¢¨â¨ï ‘–‘“-à¥è¥−¨ï −� ¯à¨−æ¨¯¨�«ì−® −®-
¢®¬ ãà®¢−¥ ¢®§¬®¦−®áâ¥© ¢ ¨−â¥à¥á�å ã¯à�¢«¥−¨ï ¢®©áª�¬¨, á¨«�¬¨ ¨ ®àã¦¨¥¬.
ˆá¯®«ì§®¢�−¨¥ â¥å−®«®£¨© ¡ëáâà®© ®¡à�¡®âª¨ ®£à®¬−ëå ¬�áá¨¢®¢ ¯®áâ®ï−−® ¯®-
¯®«−ï¥¬ëå ®¯¥à�â¨¢−ëå ¤�−−ëå ¯®§¢®«ï¥â á®ªà�â¨âì ¨−â¥à¢�«ë ¢à¥¬¥−¨ ¢ æ¨ª«¥
ú®¡−�àã¦¥−¨¥{à¥�ªæ¨ï{¢®§¤¥©áâ¢¨¥ (¯®à�¦¥−¨¥)û ¤® ¬¨−¨¬ã¬�1. ��àï¤ã á íâ¨¬
¯à¨−æ¨¯¨�«ì−® −®¢ë¥ ª�ç¥áâ¢� ¨ ¢®§¬®¦−®áâ¨ ¢ à�§¢¨â¨¥ ‘–‘“-¯®¤å®¤� ¯à¨-
¢−¥á«¨ −®¢ë¥ ¨−äà�áâàãªâãà−ë¥ ¢®§¬®¦−®áâ¨ ¢¬¥áâ¥ á ¯à¨¬¥−¥−¨¥¬ −®¢¥©è¨å
ˆˆ-á¨áâ¥¬ ¨ à¥è¥−¨© | ¡®«ìè¨å ï§ëª®¢ëå ¬®¤¥«¥©, á¨áâ¥¬ £¥−¥à�â¨¢−®£®
ˆˆ2.

‚ áâ�âì¥ ¯®ª�§�−®, çâ® â¥å−®«®£¨¨ ‘–-ã¯à�¢«¥−¨ï ¯à¥¤áâ�¢«ïîâ á®¡®© ¯¥à-
á¯¥ªâ¨¢−ë© ¨−áâàã¬¥−â ¯®¢ëè¥−¨ï íää¥ªâ¨¢−®áâ¨ ã¯à�¢«¥−¨ï −� à�§«¨ç−ëå
áâ�¤¨ïå ã¯à�¢«¥−ç¥áª®£® æ¨ª«�, ¯à¥¦¤¥ ¢á¥£® ¢ ¢®¥−−®© áä¥à¥, §� áç¥â à�§¢¨â¨ï
¨ ª®¬¯«¥ªá−®£® ¯à¨¬¥−¥−¨ï ¬¥â®¤®¢ ¨ â¥å−®«®£¨© ˆˆ.

‚ ç�áâ¨ ª®¬¯®−¥−â®¢ á®¡áâ¢¥−−® �−�«¨§� ¤�−−ëå ¨ £¥−¥à�æ¨¨ �«ìâ¥à−�â¨¢
¤«ï ¯à¨−ïâ¨ï à¥è¥−¨© ¢ ‘–‘“ �ªâã�«ì−ë¬ ¢ë§®¢®¬ ¢à¥¬¥−¨ áâ�«� −¥®¡å®¤¨-
¬®áâì à�§à�¡®âª¨ �¤¥ª¢�â−ëå ¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥©, ¬¥â®¤®¢ ¨ â¥å−®«®£¨©
ˆˆ, ¯®§¢®«ïîé¨å:

{ ®¯¥à¨à®¢�âì ¬�«ë¬¨ ¯® ç¨á«ã í«¥¬¥−â®¢ ª®««¥ªæ¨ï¬¨ á¨âã�æ¨©-¯à¥æ¥¤¥−â®¢,
ª�¦¤�ï ¨§ ª®â®àëå å�à�ªâ¥à¨§ã¥âáï ¡®«ìè¨¬ −�¡®à®¬ à�§−®à®¤−ëå ¨ à�§−®-
â¨¯−ëå (¬ã«ìâ¨¬®¤�«ì−ëå) ¯�à�¬¥âà®¢;

{ ¨−â¥£à¨à®¢�âì ç�áâ−ë¥ §�ª«îç¥−¨ï ¯® ¢á¥¬ â�ª¨¬ ¬ã«ìâ¨¬®¤�«ì−ë¬ ¯�à�-
¬¥âà�¬ ¢ á¢®¤−ãî ®æ¥−ªã3 á®®â¢¥âáâ¢ãîé¥© á¨âã�æ¨¨-¯à¥æ¥¤¥−â�;

1�® áà�¢−¥−¨î á à¥�«¨ï¬¨ ®¯¥à�æ¨© �à¬¨¨ ‘˜� ¢ ˆà�ª¥ ¢ −�ç�«¥ 2000-å ££. íâ¨ ¨−â¥à-
¢�«ë ¢à¥¬¥−¨ á®ªà�â¨«¨áì −� ¯®àï¤®ª, ¯à¨ íâ®¬ | ¢ ®â«¨ç¨¥ ®â â®© ¢®¥−−®© ª®¬¯�−¨¨ |
¯®ï¢¨«�áì ¢®§¬®¦−®áâì ¨áç¥à¯ë¢�îé¥£® �−�«¨§� ¢á¥å ¤®áâã¯−ëå ‹�÷ ¤�−−ëå ¢ ¯à®æ¥áá¥ ¯®¤£®-
â®¢ª¨ á®®â¢¥âáâ¢ãîé¨å à¥è¥−¨© (�−�«¨§� ¤�−−ëå, ä®à¬¨à®¢�−¨ï á¨áâ¥¬ë æ¥«¥ãª�§�−¨©, ¢ë¡®à�
¯à¥¤¯®çâ¨â¥«ì−ëå áà¥¤áâ¢ ¯®à�¦¥−¨ï ¤«ï ª®−ªà¥â−ëå æ¥«¥© ¨ â. ¯.).

2‚ â®¬ ç¨á«¥ ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−ëå ¡¨¡«¨®â¥ª ˆˆ-�£¥−â®¢, � â�ª¦¥ â�ª −�§ë¢�¥¬ëå
foundation models (¡�§®¢ëå £¥−¥à�â¨¢−ëå ¬®¤¥«¥© ¤«ï ®¯à¥¤¥«¥−−ëå ¯à¥¤¬¥â−ëå ®¡«�áâ¥©).

3‚ â�ª¨å á«ãç�ïå ç�áâ® £®¢®àïâ ® ¯à®¡«¥¬¥ data fusion (¨−â¥£à�æ¨¨/á«¨ï−¨ï ¤�−−ëå).
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ˆ−â¥£à�æ¨ï ¬¥â®¤®¢ ¨ à¥è¥−¨© ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¢ ‘–‘“

{ ®¡à�¡�âë¢�âì ¯à¨ áà�¢−¥−¨¨ ¯à¥æ¥¤¥−â®¢-á¨âã�æ¨© áà¥¤áâ¢�¬¨ ¨−â¥à¯®«ï-
æ¨®−−®-íªáâà�¯®«ïæ¨®−−®£® ¯®¤å®¤� ¨ ¯®¨áª¥ á®®â¢¥âáâ¢ãîé¨å «®ª�«ì−ëå
§�ª®−®¬¥à−®áâ¥© (í¬¯¨à¨ç¥áª¨å §�¢¨á¨¬®áâ¥©, å�à�ªâ¥à¨§ãîé¨å ¨¬¥−−® íâ¨
�−�«¨§¨àã¥¬ë¥ á¨âã�æ¨¨-¯à¥æ¥¤¥−âë) ¬ã«ìâ¨¬®¤�«ì−ë¥ ¤�−−ë¥ ¢§�¨¬−® á®-
£«�á®¢�−−ë¬¨ ú®¤−®à®¤−ë¬¨û ¨−áâàã¬¥−â�«ì−ë¬¨ áà¥¤áâ¢�¬¨ (¬�â¥¬�â¨ç¥-
áª¨¬¨ ¬¥â®¤�¬¨ ¨ �«£®à¨â¬�¬¨).

�ç¥¢¨¤−®, çâ® ãá¯¥è−®¥ ¯à¨¬¥−¥−¨¥ ‘–-ã¯à�¢«¥−¨ï âà¥¡ã¥â æ¥«¥−�¯à�¢«¥−-
−®© ¯®¤£®â®¢ª¨ ¢ëá®ª®ª¢�«¨ä¨æ¨à®¢�−−ëå ª�¤à®¢, ¯à¨ç¥¬ −¥ â®«ìª® á¯¥æ¨�«¨-
áâ®¢-¨á¯®«−¨â¥«¥©, −® ¨ ¯à¥¦¤¥ ¢á¥£® àãª®¢®¤¨â¥«¥© ¢á¥å ãà®¢−¥©.

�à¥¤«�£�¥¬ë¥ ¢ áâ�âì¥ ¯®¤å®¤ë á®§¤�îâ ãá«®¢¨ï ¤«ï à¥è¥−¨ï á«®¦−ëå
§�¤�ç, ãáª®à¥−¨ï ¨−−®¢�æ¨©, −�¯à�¢«¥−ë −� ä®à¬¨à®¢�−¨¥ ª«îç¥¢ëå ä�ªâ®à®¢
®¡¥á¯¥ç¥−¨ï ª®−ªãà¥−â®á¯®á®¡−®áâ¨ ÷®áá¨¨ ¢ ¢®¥−−®© ¨ á¯¥æ¨�«ì−®© áä¥à¥
¨ ¢ ª®−¥ç−®¬ áç¥â¥ á¯®á®¡áâ¢ãîâ ®¡¥á¯¥ç¥−¨î ¥¥ â¥å−®«®£¨ç¥áª®£® «¨¤¥àáâ¢�.
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INTEGRATION OF ARTIFICIAL INTELLIGENCE METHODS
AND SOLUTIONS IN NETWORK-CENTRIC CONTROL SYSTEMS

A. A. Grusho, N. A. Grusho, M. I. Zabezhailo, A. A. Zatsarinnу, and V. O. Piskovski

Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation

Abstract: The article discusses historical aspects as well as current capabilities
of using network-centric technologies in management and control systems and
decision support. Special attention is paid to the problem of integrating artificial
intelligence methods and solutions into network-centric control systems (NCCS).
The authors formulate a number of current issues related to the application
of situational control methods and technologies in modern NCCS to support
decision-making in a dynamically changing environment. Furthermore, the paper
outlines specific features of the contemporary approach to creating network-
centric military management and control systems. Taking into account recent
advancements in information technology infrastructure development and the
widespread use of new promising solutions in the field of artificial intelligence,
the possibilities of using the NCCS as a platform for integrating various methods
and means of data representation and intelligent analysis, particularly to maintain
the situational awareness of decision makers, are discussed.

Keywords: network-centric control systems; artificial intelligence; data analysis
and decision making; situational awareness; methods and means integration
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ИСТОРИЯ. ПАМЯТНЫЕ ДАТЫ. СОБЫТИЯ

�÷…„����‘’œ †ˆ‡�ˆ, ��“Š… ˆ „…‹“

(ª 70-«¥â¨î á® ¤−ï à®¦¤¥−¨ï ā. ‘. ˆ®−¥−ª®¢�)

āà¨© ‘¥à£¥¥¢¨ç ˆ®−¥−ª®¢ (1956{2023) | áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª
®â¤¥«� úˆ−ä®à¬�æ¨®−−ë¥, ã¯à�¢«ïîé¨¥ ¨ â¥«¥ª®¬¬ã−¨ª�æ¨®−−ë¥ á¨áâ¥¬ëû,
ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, ¯®«ª®¢−¨ª. ÷®¤¨«áï 27 �¢£ãáâ� 1956 £. ¢ £«ã¡¨−ª¥
’¢¥àáª®© ®¡«�áâ¨ (¢ ¤¥à¥¢−¥ ˆ¢�−®¢áª®¥ ‡�¯�¤−®¤¢¨−áª®£® à�©®−�) ¢ ¯à®áâ®©
àãááª®© á¥¬ì¥. ‘ à�−−¨å «¥â ®− ¯à®ï¢¨« âï£ã ª §−�−¨ï¬ ¨ áâà¥¬«¥−¨¥ ¬−®£®¥ ¤¥-
«�âì á¢®¨¬¨ àãª�¬¨ (−�¯à¨¬¥à, ¢ 20-«¥â−¥¬ ¢®§à�áâ¥ ®− á�¬®áâ®ïâ¥«ì−® ¯®áâ�¢¨«
¤¥à¥¢¥−áªãî ¡�−î, áàã¡¨¢ ¥¥ â®«ìª® ®¤−¨¬ â®¯®à®¬). �à®è¥« âà�¤¨æ¨®−−ë© ¤«ï
á®¢¥âáª®£® ç¥«®¢¥ª� ¯ãâì: èª®«�, ¨−áâ¨âãâ (‹¥−¨−£à�¤áª¨© í«¥ªâà®â¥å−¨ç¥áª¨©
¨−áâ¨âãâ á¢ï§¨ ¨¬¥−¨ ¯à®ä. Œ. �. �®−ç-�àã¥¢¨ç�). ‡�â¥¬ | ¢®¥−−�ï á«ã¦¡�
¢ â¥ç¥−¨¥ 12 «¥â: ¢ 6-© ®â¤¥«ì−®© �à¬¨¨ �‚� (¢ ‹¥−¨−£à�¤áª®¬ ¢®¥−−®¬ ®ªàã£¥)
−� ¤®«¦−®áâïå ®â ¨−¦¥−¥à� ®â¤¥«¥−¨ï ã§«� á¢ï§¨ §¥−¨â−®-à�ª¥â−®© ¡à¨£�¤ë ¤®
−�ç�«ì−¨ª� á¢ï§¨ §¥−¨â−®-à�ª¥â−®£® ¯®«ª� ¨ −� 10-¬ ƒ®áã¤�àáâ¢¥−−®¬ −�ãç-
−®-¨áá«¥¤®¢�â¥«ìáª®¬ ¨á¯ëâ�â¥«ì−®¬ ¯®«¨£®−¥ �‚� (Š�§�åáâ�−) ¢ ¤®«¦−®áâ¨
−�ç�«ì−¨ª� á¢ï§¨ ¨á¯ëâ�â¥«ì−®£® æ¥−âà�.
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‚ 1990 £. ¯®áâã¯¨« ¢ ‚®¥−−ãî �ª�¤¥¬¨î á¢ï§¨ ¨¬. ‘. Œ. �ã¤¥−−®£®, ¯®á«¥
®ª®−ç�−¨ï ª®â®à®© ¢ 1993 £. (¤¨¯«®¬ á ®â«¨ç¨¥¬) ¯à®è¥« á«®¦−ë© ¯ãâì ®â
¬«�¤è¥£® −�ãç−®£® á®âàã¤−¨ª� ¤® −�ç�«ì−¨ª� á¨áâ¥¬−®£® ®â¤¥«� ¯® â¥¬�â¨ª¥
á¨áâ¥¬ ®¡¬¥−� ¤�−−ë¬¨ �‘“ ‚‘ ÷” ¢ 16-¬ –�ˆˆˆ Œ¨−®¡®à®−ë ÷®áá¨¨. �®
§�¢¥àè¥−¨¨ ¢®¥−−®© á«ã¦¡ë āà¨© ‘¥à£¥¥¢¨ç ¯à¨è¥« à�¡®â�âì ¢ ˆ�ˆ ÷��
¨ ¢ 2006 £. áâ�« ¯¥à¢ë¬ á®âàã¤−¨ª®¬ á®§¤�−−®£® 33-£® ®â¤¥«�.

�®«ìè®© ®¯ëâ −�ãç−®-¨áá«¥¤®¢�â¥«ìáª®© à�¡®âë, ¯®«ãç¥−−ë© ¨¬ ¢ ¢¥¤ãé¥¬
¢®¥−−®¬ �ˆˆ, ïá−®¥ ¯®−¨¬�−¨¥ ¯®âà¥¡−®áâ¥© §�ª�§ç¨ª�, ¢ëá®ª�ï ª®¬¯¥â¥−â-
−®áâì ¢ ®¡«�áâ¨ ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬ ¨ â¥å−®«®£¨© ®ª�§�«¨áì ¢¥áì¬� æ¥−−ë¬¨
¯à¨ ®¡®á−®¢�−¨¨ âà¥¡®¢�−¨© ¨ à�§à�¡®âª¥ ¯à®¥ªâ®¢ â�ªâ¨ª®-â¥å−¨ç¥áª¨å §�¤�-
−¨© −� �Š÷ ¯® á®§¤�−¨î ªàã¯−®¬�áèâ�¡−®© ¬−®£®ãà®¢−¥¢®©, â¥àà¨â®à¨�«ì−®
à�á¯à¥¤¥«¥−−®© ¢¥¤®¬áâ¢¥−−®© á¨áâ¥¬ë á¨âã�æ¨®−−ëå æ¥−âà®¢ ¢ §�é¨é¥−−®¬
¨á¯®«−¥−¨¨. ā. ‘. ˆ®−¥−ª®¢ ¢−¥á §−�ç¨â¥«ì−ë© ¢ª«�¤ ¢ à�§à�¡®âªã á¨áâ¥-
¬®â¥å−¨ç¥áª¨å à¥è¥−¨©, á®§¤�−¨¥ à�¡®ç¥© ¨ ª®−áâàãªâ®àáª®© ¤®ªã¬¥−â�æ¨¨,
ª®¬¯«¥ªâ®¢ ®à£�−¨§�æ¨®−−®-â¥å−¨ç¥áª¨å ¤®ªã¬¥−â®¢ ¤«ï ¯à®¢¥¤¥−¨ï à�§«¨ç−ëå
¢¨¤®¢ ¨á¯ëâ�−¨©, � â�ª¦¥ ¯à¨−ï« ¢ −¨å �ªâ¨¢−®¥ ãç�áâ¨¥ −� ®¡ê¥ªâ�å §�ª�§ç¨ª�
¢ Œ®áª¢¥, Šà�á−®¤�à¥, �®¢®à®áá¨©áª¥, ‘®ç¨, —¥«ï¡¨−áª¥, ‘�−ªâ-�¥â¥à¡ãà£¥,
‚«�¤¨¢®áâ®ª¥ ¨ Œãà¬�−áª¥. ‚ ¯®á«¥¤ãîé¥¬ ®− �ªâ¨¢−® ãç�áâ¢®¢�« ¢ à�¡®-
â�å ¯® −�ãç−®-â¥å−¨ç¥áª®¬ã á®¯à®¢®¦¤¥−¨î äã−ªæ¨®−¨à®¢�−¨ï á¨âã�æ¨®−−ëå
æ¥−âà®¢ ¢ ç�áâ¨ ª®¬¯«¥ªá−®© ®æ¥−ª¨ íää¥ªâ¨¢−®áâ¨ ¨å ¯à¨¬¥−¥−¨ï ¨ íªá¯«ã�-
â�æ¨¨.

ƒ«ã¡®ª¨¥ í−æ¨ª«®¯¥¤¨ç¥áª¨¥ §−�−¨ï, ¯®áâ®ï−−® ®¡−®¢«ï¥¬ë¥ −� ®á−®¢¥ �−�-
«¨§� è¨à®ª®£® ¯¥à¥ç−ï −�ãç−®-â¥å−¨ç¥áª®© «¨â¥à�âãàë, ¯à®ä¥áá¨®−�«ì−ë© ªàã-
£®§®à ¨ £«ã¡®ª®¥ ¯®−¨¬�−¨¥ ®à£�−¨§�æ¨®−−®-¬¥â®¤¨ç¥áª®© ®á−®¢ë á¨áâ¥¬−®£®
¯®¤å®¤� ª ¢ë¯®«−¥−¨î �ˆ÷ ¨ �Š÷ ¯® á®§¤�−¨î ¨ à�§¢¨â¨î ªàã¯−®¬�áèâ�¡−ëå
¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬ ¯®§¢®«¨«¨ ¥¬ã áâ�âì ®¤−¨¬ ¨§ ¢¥¤ãé¨å ¨á¯®«−¨â¥«¥©
ª®¬¯«¥ªá� à�¡®â ¯® ¨áá«¥¤®¢�−¨î ¨ à�§à�¡®âª¥ á®¢à¥¬¥−−ëå ¨−ä®à¬�æ¨®−−ëå
á¨áâ¥¬ ¢ ¨−â¥à¥á�å à�§«¨ç−ëå §�ª�§ç¨ª®¢, ¢ â®¬ ç¨á«¥ ®à£�−®¢ £®áã¤�àáâ¢¥−−®£®
¨ ¢®¥−−®£® ã¯à�¢«¥−¨ï.

÷ãª®¢®¤áâ¢ãïáì á¨áâ¥¬−ë¬ ¯®¤å®¤®¬ ª à¥è¥−¨î á«®¦−ëå −�ãç−®-¯à�ªâ¨ç¥-
áª¨å §�¤�ç, āà¨© ‘¥à£¥¥¢¨ç ã¬¥«® ¢ë¤¥«ï« ¯à¨®à¨â¥âë ¢ à�¡®â¥, á¢®¥¢à¥¬¥−−®
¨ á ¢ëá®ª¨¬ ª�ç¥áâ¢®¬ ¯à¥¤áâ�¢«ï« ®âç¥â−ë¥ ¬�â¥à¨�«ë. �− �ªâ¨¢−® ¯ã¡-
«¨ª®¢�« à¥§ã«ìâ�âë á¢®¨å −�ãç−ëå ¨áá«¥¤®¢�−¨©: ¥£® ¬®−®£à�ä¨¨ ¨ ¤¥áïâª¨
−�ãç−ëå áâ�â¥© ¯®á¢ïé¥−ë �ªâã�«ì−ë¬ ¢®¯à®á�¬ á®§¤�−¨ï ¨−ä®à¬�æ¨®−−®-â¥-
«¥ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬ −� ®á−®¢¥ á®¢à¥¬¥−−ëå ¨−ä®à¬�æ¨®−−ëå â¥å−®«®-
£¨©.

‚ 2019 £. ãá¯¥è−® §�é¨â¨« ª�−¤¨¤�âáªãî ¤¨áá¥àâ�æ¨î −� á®¨áª�−¨¥ ãç¥−®©
áâ¥¯¥−¨ ª�−¤¨¤�â� â¥å−¨ç¥áª¨å −�ãª ¯® á¯¥æ¨�«ì−®áâ¨ 05.13.01 (ú‘¨áâ¥¬−ë©
�−�«¨§, ã¯à�¢«¥−¨¥ ¨ ®¡à�¡®âª� ¨−ä®à¬�æ¨¨û), ¢ ª®â®à®© ¯à¥¤áâ�¢¨« ¬¥â®¤ë
¨ ¬¥â®¤¨ª¨ ª®¬¯«¥ªá−®© ®æ¥−ª¨ á¨áâ¥¬®â¥å−¨ç¥áª¨å à¥è¥−¨© −� ¢á¥å áâ�¤¨ïå
¦¨§−¥−−®£® æ¨ª«� ¨−ä®à¬�æ¨®−−®-â¥«¥ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬.

�− ¢á¥£¤� (−�ç¨−�ï á ¡¥§ãª®à¨§−¥−−®£® ¢−¥è−¥£® ¢¨¤�) á«ã¦¨« ®¡à�§æ®¢ë¬
¯à¨¬¥à®¬ ®â¢¥âáâ¢¥−−®£®, �ªªãà�â−®£® ¨ áªàã¯ã«¥§−®£®, ¢¯«®âì ¤® ãç¥â� ¢¥áì¬�
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¢�¦−ëå ¬¥«®ç¥©, ®â−®è¥−¨ï ª à�¡®â¥. ‚® ¢á¥¬ «î¡¨« ¯®¤¤¥à¦¨¢�âì ¯®àï¤®ª:
®â ã¯®àï¤®ç¥−−®© ¨ á¨áâ¥¬�â¨§¨à®¢�−−®© à�áª«�¤ª¨ ¬−®£®ç¨á«¥−−®© −�ãç−®©
«¨â¥à�âãàë −� à�¡®ç¥¬ ¬¥áâ¥, áâà®©−®© ª«�áá¨ä¨ª�æ¨¨ ¯�¯®ª ¨ ä�©«®¢ −� ¥£®
ä«¥èª�å ¤® áâàãªâãà¨à®¢�−−®£®, ç¥âª® ¢ëáâà®¥−−®£® ¬ëè«¥−¨ï ¨ ®¡®á−®¢�−−ëå
ª®àà¥ªâ−ëå ¤¥©áâ¢¨© ¢ à�¡®â¥.

’�ª¨¬ ¬ë ¯®¬−¨¬ āà¨ï ‘¥à£¥¥¢¨ç�.
7 ¤¥ª�¡àï 2023 £. ®− áª®à®¯®áâ¨¦−® ãè¥« ¨§ ¦¨§−¨ ¢ ¯®«−®¬ à�áæ¢¥â¥

â¢®àç¥áª¨å á¨«. „«ï −�è¥£® ª®««¥ªâ¨¢� íâ® áâ�«® âï¦¥«®© ¨ −¥¢®á¯®«−¨¬®©
ãâà�â®©. Œë ç�áâ® ¢á¯®¬¨−�¥¬ ¥£® ¯à¨ ¢ë¯®«−¥−¨¨ â¥ªãé¨å §�¤�ç. . .

�â� áâ�âìï | ¯�¬ïâì ¨ ¤�−ì £«ã¡®ª®£® ã¢�¦¥−¨ï á®âàã¤−¨ªã, ª®â®àë©
âàã¤¨«áï ¢ ª®««¥ªâ¨¢¥ ˆ�ˆ ÷�� (c 2015 £. | ”ˆ– ˆ“ ÷��) ®ª®«® 18 «¥â,
¨ ç¥«®¢¥ªã, ª®â®à®£® ®â«¨ç�«¨ ¡¥§§�¢¥â−�ï ¯à¥¤�−−®áâì ¦¨§−¨, −�ãª¥ ¨ ¤¥«ã.
�ã¤¥¬ åà�−¨âì á¢¥â«ãî ¯�¬ïâì ® −¥¬.

�. �. ‡�æ�à¨−−ë©, ‘. ‚. Š®§«®¢
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� � � ‚ ’ � ÷ � •

�ªçã¯�−®¢ Š®−áâ�−â¨− ‚�á¨«ì¥¢¨ç (à. 2002) | ¨−¦¥−¥à ˆ−áâ¨âãâ� ú�¢¨�æ¨-
®−−�ï â¥å−¨ª�û Œ®áª®¢áª®£® �¢¨�æ¨®−−®£® ¨−áâ¨âãâ� (−�æ¨®−�«ì−®£® ¨áá«¥¤®-
¢�â¥«ìáª®£® ã−¨¢¥àá¨â¥â�)

‚®«ª�−®¢ „¬¨âà¨© āàì¥¢¨ç (à. 1979) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�-
ãª, ¤®æ¥−â ª�ä¥¤àë �¢â®¬�â¨§�æ¨¨ á¨áâ¥¬ ¢ëç¨á«¨â¥«ì−ëå ª®¬¯«¥ªá®¢ ä�ªã«ì-
â¥â� ¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£®
ã−¨¢¥àá¨â¥â� ¨¬¥−¨ Œ. ‚. ‹®¬®−®á®¢�

ƒ¥à�á¨− ’¨¬®ä¥© „¬¨âà¨¥¢¨ç (à. 2000) | �á¯¨à�−â ª�ä¥¤àë ¬�â¥¬�â¨ç¥áª®©
áâ�â¨áâ¨ª¨ ä�ªã«ìâ¥â� ¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£®
£®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� ¨¬¥−¨ Œ. ‚. ‹®¬®−®á®¢�

ƒ® ”í−¦ã© (à. 1996) | �á¯¨à�−â ä�ªã«ìâ¥â� ¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨ª¨ ¨ ª¨-
¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� ¨¬¥−¨ Œ. ‚. ‹®¬®−®á®¢�

ƒàãè® �«¥ªá�−¤à �«¥ªá�−¤à®¢¨ç (à. 1946) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ¯à®ä¥áá®à, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£®
æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª

ƒàãè® �¨ª®«�© �«¥ªá�−¤à®¢¨ç (à. 1982) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà�
úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª

‡�¡¥¦�©«® Œ¨å�¨« ˆ¢�−®¢¨ç (à. 1956) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¯à®ä¥áá®à, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−â-
à� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª

‡�æ�à¨−−ë© �«¥ªá�−¤à �«¥ªá¥¥¢¨ç (à. 1951) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª,
¯à®ä¥áá®à, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−â-
à� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª

ˆ¡à¨è¥¢ Š¨à¨«« Š®−áâ�−â¨−®¢¨ç (à. 2000) | ¨−¦¥−¥à ˆ−áâ¨âãâ� ú�¢¨�æ¨-
®−−�ï â¥å−¨ª�û Œ®áª®¢áª®£® �¢¨�æ¨®−−®£® ¨−áâ¨âãâ� (−�æ¨®−�«ì−®£® ¨áá«¥¤®-
¢�â¥«ìáª®£® ã−¨¢¥àá¨â¥â�)

Š�§�−æ¥¢ ‘¥à£¥© āàì¥¢¨ç (à. 1971) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¯à®ä¥áá®à Œ®áª®¢áª®£® â¥å−¨ç¥áª®£® ã−¨¢¥àá¨â¥â� á¢ï§¨ ¨ ¨−ä®à¬�â¨ª¨

Š®−�è¥−ª®¢� ’�âìï−� „¬¨âà¨¥¢−� (à. 1964) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥-
áª¨å −�ãª, −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−-
ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
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Š®à¥¯�−®¢ �¤ã�à¤ ÷ã¤®«ìä®¢¨ç (à. 1966) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª,
¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à-
¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª

Š®à®«¥¢ ‚¨ªâ®à āàì¥¢¨ç (à. 1954) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�-
ãª, ¯à®ä¥áá®à, §�¢¥¤ãîé¨© ª�ä¥¤à®© ¬�â¥¬�â¨ç¥áª®© áâ�â¨áâ¨ª¨ ä�ªã«ìâ¥â�
¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨-
¢¥àá¨â¥â� ¨¬¥−¨ Œ. ‚. ‹®¬®−®á®¢�; ¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª

Šã¤àï¢æ¥¢ �«¥ªá¥© �−¤à¥¥¢¨ç (p. 1978) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ¤®æ¥−â ª�ä¥¤àë ¬�â¥¬�â¨ç¥áª®© áâ�â¨áâ¨ª¨ ä�ªã«ìâ¥â� ¢ëç¨á«¨â¥«ì−®©
¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� ¨¬¥−¨
Œ. ‚. ‹®¬®−®á®¢�; áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª Œ®áª®¢áª®£® æ¥−âà� äã−¤�¬¥−-
â�«ì−®© ¨ ¯à¨ª«�¤−®© ¬�â¥¬�â¨ª¨

Œ�âî−¨− �«¥ªá�−¤à …¢£¥−ì¥¢¨ç (à. 1991) | �á¯¨à�−â Œ®áª®¢áª®£® â¥å−¨ç¥-
áª®£® ã−¨¢¥àá¨â¥â� á¢ï§¨ ¨ ¨−ä®à¬�â¨ª¨

Œ¨à®−®¢ āà¨© �®à¨á®¢¨ç (à. 1985) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, ¢¥¤ãé¨©
−�ãç−ë© á®âàã¤−¨ª ��æ¨®−�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úŠãàç�â®¢áª¨©
¨−áâ¨âãâû

Œ®à®§®¢ …¢á¥© ‚¨ªâ®à®¢¨ç (à. 1947) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¯à®ä¥áá®à, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª «�¡®à�â®à¨¨ áâ®å�áâ¨ç¥áª®£® ¬®¤¥«¨-
à®¢�−¨ï ¨−ä®à¬�æ¨®−−®-¢ëç¨á«¨â¥«ì−ëå ¨ ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬ ˆ−áâ¨-
âãâ� ¯à¨ª«�¤−ëå ¬�â¥¬�â¨ç¥áª¨å ¨áá«¥¤®¢�−¨© | ®¡®á®¡«¥−−®£® ¯®¤à�§¤¥«¥−¨ï
”ƒ�“� ”ˆ– úŠ�à¥«ìáª¨© −�ãç−ë© æ¥−âà ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãªû; ¯à®-
ä¥áá®à ª�ä¥¤àë �Œ¨Š �¥âà®§�¢®¤áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â�

��−â¥«¥¥¢ �−¤à¥© ‚«�¤¨¬¨à®¢¨ç (à. 1955) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ¯à®ä¥áá®à, ¯à®ä¥áá®à �¡à�§®¢�â¥«ì−®£® æ¥−âà� ˆ−áâ¨âãâ� úŠ®¬¯ìîâ¥à-
−ë¥ −�ãª¨û Œ®áª®¢áª®£® �¢¨�æ¨®−−®£® ¨−áâ¨âãâ� (−�æ¨®−�«ì−®£® ¨áá«¥¤®¢�-
â¥«ìáª®£® ã−¨¢¥àá¨â¥â�)

�¨áª®¢áª¨© ‚¨ªâ®à �«¥£®¢¨ç (à. 1963) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà�
úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª

�®§¤ëè¥¢ ‚�«¥à¨© āàì¥¢¨ç (à. 1960) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, áâ�àè¨©
¯à¥¯®¤�¢�â¥«ì, −�ãç−ë© àãª®¢®¤¨â¥«ì �¢â®−®¬−®© −¥ª®¬¬¥àç¥áª®© ®à£�−¨§�-
æ¨¨ ¤®¯®«−¨â¥«ì−®£® ¯à®ä¥áá¨®−�«ì−®£® ®¡à�§®¢�−¨ï ú��ãç−®-®¡à�§®¢�â¥«ì-
−ë© æ¥−âà ‚Š� ú�«¬�§{�−â¥©û ¨¬. �ª�¤¥¬¨ª� ‚. �. …äà¥¬®¢�û

‘�¯®¦−¨ª®¢ Œ�ªá¨¬ ‚ïç¥á«�¢®¢¨ç (à. 1998) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª,
¬«�¤è¨© −�ãç−ë© á®âàã¤−¨ª ��æ¨®−�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úŠãà-
ç�â®¢áª¨© ¨−áâ¨âãâû
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‘�çª® �«¥ªá�−¤à �«¥ªá�−¤à®¢¨ç (à. 1998) | �á¯¨à�−â �¢â®−®¬−®© −¥ª®¬¬¥à-
ç¥áª®© ®à£�−¨§�æ¨¨ ¤®¯®«−¨â¥«ì−®£® ¯à®ä¥áá¨®−�«ì−®£® ®¡à�§®¢�−¨ï ú��ãç−®-
®¡à�§®¢�â¥«ì−ë© æ¥−âà ‚Š� ú�«¬�§{�−â¥©û ¨¬. �ª�¤¥¬¨ª� ‚. �. …äà¥¬®¢�û

‘�çª® �−�áâ�á¨ï Œ�àâ¨−®¢−� (à. 1999) | á®¨áª�â¥«ì ãç¥−®© áâ¥¯¥−¨ �¢â®-
−®¬−®© −¥ª®¬¬¥àç¥áª®© ®à£�−¨§�æ¨¨ ¤®¯®«−¨â¥«ì−®£® ¯à®ä¥áá¨®−�«ì−®£® ®¡à�-
§®¢�−¨ï ú��ãç−®-®¡à�§®¢�â¥«ì−ë© æ¥−âà ‚Š� ú�«¬�§{�−â¥©û ¨¬. �ª�¤¥¬¨ª�
‚. �. …äà¥¬®¢�û

‘¨−¨æë− ‚«�¤¨¬¨à ˆ£®à¥¢¨ç (à. 1968) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
£«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à-
¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª; ¯à®ä¥áá®à ®¡à�§®¢�â¥«ì−®£®
æ¥−âà� ¨−áâ¨âãâ� úŠ®¬¯ìîâ¥à−ë¥ −�ãª¨û Œ®áª®¢áª®£® �¢¨�æ¨®−−®£® ¨−áâ¨âãâ�
(−�æ¨®−�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® ã−¨¢¥àá¨â¥â�)

‘¨−¨æë− ˆ£®àì �¨ª®«�¥¢¨ç (à. 1940) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®ä¥áá®à,
§�á«ã¦¥−−ë© ¤¥ïâ¥«ì −�ãª¨ ÷”, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª

‘¬¥«ï−áª¨© ÷ãá«�− ‹¥®−¨¤®¢¨ç (à. 1950) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ¯à®ä¥áá®à, ç«¥−-ª®àà¥á¯®−¤¥−â ÷��, §�¢¥¤ãîé¨© ª�ä¥¤à®© �¢â®¬�â¨§�-
æ¨¨ á¨áâ¥¬ ¢ëç¨á«¨â¥«ì−ëå ª®¬¯«¥ªá®¢ ä�ªã«ìâ¥â� ¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨ª¨
¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� ¨¬¥−¨ Œ. ‚. ‹®¬®-
−®á®¢�

’�«ìï ÷®¬�− ‹ì¢®¢¨ç (à. 2003) | ¨−¦¥−¥à �¡à�§®¢�â¥«ì−®£® æ¥−âà� ˆ−áâ¨âãâ�
úŠ®¬¯ìîâ¥à−ë¥ −�ãª¨û Œ®áª®¢áª®£® �¢¨�æ¨®−−®£® ¨−áâ¨âãâ� (−�æ¨®−�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® ã−¨¢¥àá¨â¥â�)

’ãà¡¨− �¨ª®«�© ‚�á¨«ì¥¢¨ç (à. 1989) | ¢¥¤ãé¨© ¨−¦¥−¥à ˆ−áâ¨âãâ� ú�¥à¥-
¤®¢�ï ¨−¦¥−¥à−�ï èª®«�û Œ®áª®¢áª®£® �¢¨�æ¨®−−®£® ¨−áâ¨âãâ� (−�æ¨®−�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® ã−¨¢¥àá¨â¥â�)

’ãçª®¢ �¨ª®«�© �«¥ªá�−¤à®¢¨ç (à. 2002) | �áá¨áâ¥−â �¡à�§®¢�â¥«ì−®£® æ¥−â-
à� ˆ−áâ¨âãâ� úŠ®¬¯ìîâ¥à−ë¥ −�ãª¨û Œ®áª®¢áª®£® �¢¨�æ¨®−−®£® ¨−áâ¨âãâ�
(−�æ¨®−�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® ã−¨¢¥àá¨â¥â�)

˜�¡�−®¢ �®à¨á Œ¨å�©«®¢¨ç (à. 1954) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ç«¥−-
ª®àà¥á¯®−¤¥−â ÷��, §�¬¥áâ¨â¥«ì ¤¨à¥ªâ®à� ��æ¨®−�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£®
æ¥−âà� úŠãàç�â®¢áª¨© ¨−áâ¨âãâû

˜¥áâ�ª®¢ �«¥£ ‚«�¤¨¬¨à®¢¨ç (p. 1976) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�-
ãª, ¯à®ä¥áá®à ª�ä¥¤àë ¬�â¥¬�â¨ç¥áª®© áâ�â¨áâ¨ª¨ ä�ªã«ìâ¥â� ¢ëç¨á«¨â¥«ì−®©
¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� ¨¬¥−¨
Œ. ‚. ‹®¬®−®á®¢�; áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ì-
áª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª; ¢¥¤ãé¨©
−�ãç−ë© á®âàã¤−¨ª Œ®áª®¢áª®£® æ¥−âà� äã−¤�¬¥−â�«ì−®© ¨ ¯à¨ª«�¤−®© ¬�â¥-
¬�â¨ª¨
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�à�¢¨«� ¯®¤£®â®¢ª¨ àãª®¯¨á¥© áâ�â¥© ¤«ï ¯ã¡«¨ª�æ¨¨
¢ ¦ãà−�«¥ ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û

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

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

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

{ ¨−ä®à¬�æ¨®−−®-â¥«¥ª®¬¬ã−¨ª�æ¨®−−ë¥ á¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨å ¯®áâà®¥−¨ï;
{ �àå¨â¥ªâãà� ¨ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¢ëç¨á«¨â¥«ì−ëå ¬�è¨−, ª®¬¯«¥ªá®¢ ¨ á¥-

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

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

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

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

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

…á«¨ ¯à¨ ¯®¤£®â®¢ª¥ áâ�âì¨ �¢â®àë ¨á¯®«ì§®¢�«¨ ¨−áâàã¬¥−âë −� ®á−®¢¥ ¨áªãá-
áâ¢¥−−®£® ¨−â¥««¥ªâ�, ®−¨ ®¡ï§�−ë ¢ª«îç¨âì íâã ¨−ä®à¬�æ¨î ¢ â¥ªáâ áâ�âì¨.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�¯¨á�−¨¥ áâ�âì¨ ¨§ ¦ãà−�«�:

Zhang, Z., and D. Zhu. 2008. Experimental research on the localized electro-
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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Timoshenko, S. P., D. H. Young, and W. Weaver. 1974. Vibration problems in
engineering. 4th ed. New York, NY: Wiley. 521 p.
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Kozhunova, O. S. 2009. Tekhnologiya razrabotki semanticheskogo slovarya informat-
sionnogo monitoringa [Technology of development of semantic dictionary of information
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�¯¨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
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�¯¨á�−¨¥ ¯�â¥−â�:

Bolshakov, M. V., A. V. Kulakov, A. N. Lavrenov, and M. V. Palkin. 2006. Sposob
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{ ãª�§ë¢�âì ¢ â¥ªáâ¥ ¯¨áì¬� −�§¢�−¨¥ áâ�âì¨, �¢â®à®¢ ¨ ¦ãà−�«, ¢ ª®â®àë© −�-
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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:

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

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

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

The Editorial Board has the right to request from the authors an official expert conclu-
sion that the submitted article has no classified data prohibited for publication.
If authors used artificial intelligence (AI)-based tools in preparing their manuscript,
they must include this information in the text of the article.

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

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

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

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

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

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

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

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

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

All pages of the manuscript should be numbered.

The templates for the manuscript typesetting are presented on site:

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

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

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

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

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

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

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

Important! Keywords must not be sentences.
{ Acknowledgments.

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

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

Article in journal:

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

Journal article in electronic format:

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

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

Books and other monographs:

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

Dissertation and Thesis:

Kozhunova, O. S. 2009. Tekhnologiya razrabotki semanticheskogo slovarya informat-
sionnogo monitoringa [Technology of development of semantic dictionary of information
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