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НОВЫЙ ПОДХОД К РЕАЛИЗАЦИИ ЛОГИЧЕСКИХ ФУНКЦИЙ
В ПРОГРАММИРУЕМЫХ ЛОГИЧЕСКИХ ИНТЕГРАЛЬНЫХ

СХЕМАХ
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�−−®â�æ¨ï: ÷�áá¬�âà¨¢�¥âáï à�áè¨à¥−¨¥ äã−ªæ¨®−�«ì−ëå ¢®§¬®¦−®áâ¥©
«®£¨ç¥áª®£® í«¥¬¥−â� LUT (Look up Table) ¯à®£à�¬¬¨àã¥¬ëå «®£¨ç¥áª¨å
¨−â¥£à�«ì−ëå áå¥¬ (�‹ˆ‘) â¨¯� FPGA (Field-Programmable Gate Array).
�à¥¤«�£�¥¬ë© ¬¥â®¤ ¨á¯®«ì§ã¥â −¥�ªâ¨¢−ãî ¯®«®¢¨−ã ¤¥à¥¢� âà�−§¨áâ®à®¢
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¬¥−−ãî 1-LUT, ª®â®àë© à¥�«¨§ã¥â «®£¨ç¥áªãî äã−ªæ¨î ®¤−®¢à¥¬¥−−® á ¤¥-
è¨äà�æ¨¥© (DC, decording) ¯¥à¥¬¥−−®©, ¨ ¥£® ¨á¯®«ì§®¢�−¨¥ ¤«ï á®§¤�−¨ï
LUT −� n ¯¥à¥¬¥−−ëå n-LUT + DC FPGA. Œ®¤¥«¨à®¢�−¨¥ ¯®¤â¢¥à¦¤�¥â
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¯¥à¥¬¥−−ëå n-LUT. �−�«¨§ ¯®ª�§ë¢�¥â áãé¥áâ¢¥−−ë© ¢ë¨£àëè ¯à¥¤«®¦¥−-
−®£® ¯®¤å®¤�: ã¬¥−ìè¥−¨¥ á«®¦−®áâ¨ ¢ ç¨á«¥ âà�−§¨áâ®à®¢ ¨ á−¨¦¥−¨¥ ¢à¥-
¬¥−−®© §�¤¥à¦ª¨. ÷�§à�¡®â�−−ë© í«¥¬¥−â ¯®§¢®«ï¥â áãé¥áâ¢¥−−® ã¢¥«¨ç¨âì
äã−ªæ¨®−�«ì−®áâì «®£¨ª¨ ®â¥ç¥áâ¢¥−−ëå �‹ˆ‘ ¢ à�¬ª�å áãé¥áâ¢ãîé¨å
®£à�−¨ç¥−¨©, á¤¥à¦¨¢�îé¨å ¨¬¯®àâ®§�¬¥é¥−¨¥ í«¥ªâà®−−®© ª®¬¯®−¥−â−®©
¡�§ë.
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1 Введение

�à®£à�¬¬¨àã¥¬ë¥ «®£¨ç¥áª¨¥ ¨−â¥£à�«ì−ë¥ áå¥¬ë á«ã¦�â è¨à®ª® ¨á¯®«ì-
§ã¥¬®© í«¥¬¥−â−®© ¡�§®© ¤«ï ¯à®¥ªâ¨à®¢�−¨ï æ¨äà®¢®© �¯¯�à�âãàë, ¢ â®¬ ç¨á«¥
¢ ®¡«�áâ¨ ¯¥àá¯¥ªâ¨¢−ëå ¢ëç¨á«¨â¥«ì−ëå �àå¨â¥ªâãà [1{3]. �à¨ íâ®¬ ¬®¤¥«¨
ª®−¥ç−ëå �¢â®¬�â®¢ �ªâ¨¢−® ¨á¯®«ì§ãîâáï ¢ á¨áâ¥¬¥ �¢â®¬�â¨ç¥áª®£® ¯à®¥ªâ¨à®-
¢�−¨ï (‘��÷) �‹ˆ‘ [4{6]. ‚ −�áâ®ïé¥¥ ¢à¥¬ï −¥ª®â®àë¥ �‹ˆ‘ á®¤¥à¦�â ã¦¥
¤¥áïâª¨ ¬¨««¨®−®¢ «®£¨ç¥áª¨å í«¥¬¥−â®¢, ¯à¨ íâ®¬ ®¡é¥¥ ç¨á«® âà�−§¨áâ®à®¢
¢ ¬¨ªà®áå¥¬¥ −� ¯®àï¤®ª ¡®«ìè¥ [7]. �á−®¢−ë¥ à�§à�¡®âç¨ª¨ ¨ ¯à®¨§¢®¤¨â¥«¨
�‹ˆ‘ −�å®¤ïâáï ¢ ‘˜� (ˆ−â¥«, Šá�©«¨−ªá, �ªâ¥«, �â¬¥« ¨ ¤à.). ‚ë¯ãáª�îâ-
áï â�ª¦¥ ®â¥ç¥áâ¢¥−−ë¥ �‹ˆ‘ −� §�¢®¤¥ ¢ ‚®à®−¥¦¥ [8]. Š¨â�©áª¨¥ �‹ˆ‘ ã¦¥

1�¥à¬áª¨© −�æ¨®−�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© ¯®«¨â¥å−¨ç¥áª¨© ã−¨¢¥àá¨â¥â; �¥à¬áª¨© £®áã-
¤�àáâ¢¥−−ë© −�æ¨®−�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© ã−¨¢¥àá¨â¥â, tyurinsergfeo@yandex.ru
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−�ç�«¨ �ªâ¨¢−® §�¢®¥¢ë¢�âì àë−®ª [9, 10]. �ªâ¨¢−® à�§¢¨¢�¥âáï −�¯à�¢«¥−¨¥
ª¢�−â®¢ëå ¢ëç¨á«¥−¨© á ¨á¯®«ì§®¢�−¨¥¬ �‹ˆ‘ [11{14]. ‘®§¤�îâáï �‹ˆ‘
ã¦¥ ¨ ¢ 3D-ä®à¬�â¥ [15]. �¤¨− ¨§ ª«îç¥¢ëå ª®¬¯®−¥−â®¢ �‹ˆ‘ | «®£¨ç¥-
áª¨© í«¥¬¥−â, −�§ë¢�¥¬ë© LUT, ª®â®àë© à¥�«¨§ã¥â §�¤�−−ãî ¢ á®¢¥àè¥−−®©
¤¨§êî−ªâ¨¢−®© −®à¬�«ì−®© ä®à¬¥ «®£¨ç¥áªãî äã−ªæ¨î. ‹®£¨ç¥áª¨© í«¥¬¥−â
LUT ¯¥à¢ëå ¯®ª®«¥−¨© �‹ˆ‘ (1980-¥ ££.) ¨¬¥«¨ âà¨{ç¥âëà¥ ¢å®¤� ¯¥à¥¬¥−-
−ëå. ‘¥©ç�á ç¨á«® ¯¥à¥¬¥−−ëå ®¤−®£® LUT ¤®áâ¨£«® ã¦¥ á¥¬¨. ˆ¬¥îâáï â�ª¦¥
¨ LUT −� ¢®á¥¬ì ¯¥à¥¬¥−−ëå, ®¤−�ª® ®−¨ à¥�«¨§ãîâ −¥ ¢á¥ äã−ªæ¨¨ ¢®áì¬¨
¯¥à¥¬¥−−ëå. ‘«¥¤ã¥â ®¦¨¤�âì ¤�«ì−¥©è¥£® à®áâ� ç¨á«� ¯¥à¥¬¥−−ëå ¤® ¤¥¢ïâ¨{
¤¥áïâ¨. �à¨ç¥¬ áâà®ïâáï íâ¨ í«¥¬¥−âë (ª®−ä¨£ãà¨àãîâáï) ¨§ LUT −� ®¤−ã, ¤¢¥
¨ âà¨ ¯¥à¥¬¥−−ë¥. ’�ª¨¥ í«¥¬¥−âë −�§ë¢�îâ �¤�¯â¨¢−ë¬¨ «®£¨ç¥áª¨¬¨ ¬®¤ã«ï-
¬¨ (�‹Œ). ÷¥�«¨§ãîâáï â�ª¦¥ −¥ª®â®àë¥ (−¥ ¢á¥ ¢®§¬®¦−ë¥) äã−ªæ¨¨ ¢®áì¬¨
¯¥à¥¬¥−−ëå. ’¥¬ −¥ ¬¥−¥¥ ¢ §�¤�−−®© ª®−ä¨£ãà�æ¨¨ (−�áâà®©ª¥) LUT à¥�«¨-
§ã¥â, â. ¥. ¢ëç¨á«ï¥â, â®«ìª® ®¤−ã «®£¨ç¥áªãî äã−ªæ¨î. �â® ¯à¨¢®¤¨â ª â®¬ã,
çâ®, −�¯à¨¬¥à, ¯à¨ à¥�«¨§�æ¨¨ ¤¥è¨äà�æ¨¨ −�¡®à� ¯¥à¥¬¥−−ëå (¢ �«£®à¨â¬�å
ª®¤¨à®¢�−¨ï ¨ ¤¥ª®¤¨à®¢�−¨ï) âà¥¡ãîâáï 2n LUT, � ¯à¨ ã¢¥«¨ç¥−¨¨ ç¨á«�
¯¥à¥¬¥−−ëå ¯®«ãç�îâáï ¢¥áì¬� −¥à�æ¨®−�«ì−ë¥ à¥è¥−¨ï. �à¨¬¥à®¢ ¬®¤¨ä¨-
ª�æ¨¨ �‹Œ ¤«ï íää¥ªâ¨¢−®© ¤¥è¨äà�æ¨¨ −�¡®à� ¯¥à¥¬¥−−ëå ¢ ®â¥ç¥áâ¢¥−−ëå
¨ §�àã¡¥¦−ëå ¨áâ®ç−¨ª�å −�©¤¥−® −¥ ¡ë«®.

‘âà¥¬«¥−¨¥ ª ¢ëç¨á«¥−¨î á¨áâ¥¬ äã−ªæ¨© ®â ®¤−¨å ¨ â¥å ¦¥ ¯¥à¥¬¥−−ëå
¢ ®¤−®¬ ¨ â®¬ ¦¥ LUT ¯à¨¢¥«® ª à�§à�¡®âª¥ â�ª −�§ë¢�¥¬®£® DC LUT [16{18].
’�ª®© í«¥¬¥−â íää¥ªâ¨¢¥− ¤«ï à¥�«¨§�æ¨¨ á¨áâ¥¬ ¡®«ìè®£® ç¨á«� äã−ªæ¨© ®â
®¤−¨å ¨ â¥å ¦¥ n ¯¥à¥¬¥−−ëå ¯® áà�¢−¥−¨î á á®®â¢¥âáâ¢ãîé¨¬ ª®«¨ç¥áâ¢®¬ LUT
−� ®¤−ã äã−ªæ¨î, ®¤−�ª® ®¡«�¤�¥â ¢ëá®ª®© á«®¦−®áâìî. �®¯ëâª� à¥�«¨§�æ¨¨
¤¥è¨äà�æ¨¨ ¯¥à¥¬¥−−ëå ¨ ¢ëç¨á«¥−¨ï ®¤−®© äã−ªæ¨¨ ¯à¨¢¥«� ª á®§¤�−¨î
�¤�¯â¨¢−®£® ãáâà®©áâ¢� −®¢®£® â¨¯� [19]. ’�ª®© í«¥¬¥−â á¯®á®¡¥− à�¡®â�âì ¢ ¤¢ãå
à¥¦¨¬�å | ¢ëç¨á«¥−¨ï äã−ªæ¨¨ ¨ ¤¥è¨äà�æ¨¨ ¯¥à¥¬¥−−ëå, −® ®− −¥ à¥�«¨§ã¥â
®¤−®¢à¥¬¥−−®¥ ¢ëç¨á«¥−¨¥ ¨ â®£® ¨ ¤àã£®£®, çâ® á−¨¦�¥â íää¥ªâ¨¢−®áâì ¥£®
¨á¯®«ì§®¢�−¨ï ¢ �‹Œ. �®íâ®¬ã ¢®§−¨ª«� ¨¤¥ï ®¡ê¥¤¨−¥−¨ï íâ¨å ¤¢ãå ¯à®æ¥áá®¢
¢ ®¤−®¬ ãáâà®©áâ¢¥: ®¤−®¢à¥¬¥−−® ¢ëç¨á«ïâì äã−ªæ¨î ¨ ¯à®¢®¤¨âì ¤¥è¨äà�æ¨î
−�¡®à� ¯¥à¥¬¥−−ëå ¢ LUT. ÷¥è¥−¨î íâ®© §�¤�ç¨ ¨ ¯®á¢ïé¥−� áâ�âìï.

2 Метод реализации дешифрации набора переменных одновременно
с вычислением логической функции

÷�áá¬®âà¨¬ à¥�«¨§�æ¨î LUT ¢ ¢¨¤¥ ®¤−®ãà®¢−¥¢®£® ¤¥à¥¢� â�ª −�§ë¢�¥¬ëå
¯¥à¥¤�îé¨å (pass) âà�−§¨áâ®à®¢ [16{18] | ã¯à®é¥−−®¥ ¢ëà�¦¥−¨¥ ¤«ï n = 2:

z(d0d1d2d3x2x1) =

d3x2x1
d2x2x1
d1x2x1
d0x2x1











(∨•). (1)

‚ ¢ëà�¦¥−¨¨ (1) di | íâ® −�áâà®©ª�. ‡−�ç¥−¨ï äã−ªæ¨¨ ¢ ®¯à¥¤¥«¥−−®¬ áâ®«¡æ¥
â�¡«¨æë ¨áâ¨−−®áâ¨ ä¨ªá¨àãîâáï ¨ á®åà�−ïîâáï ¢ ª®−ä¨£ãà�æ¨®−−ãî ¯�¬ïâì.
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�®¢ë© ¯®¤å®¤ ª à¥�«¨§�æ¨¨ «®£¨ç¥áª¨å äã−ªæ¨© ¢ �‹ˆ‘

÷¨á. 1 ‹®£¨ç¥áª¨© í«¥¬¥−â 2-LUT, ¢ëç¨á«ïîé¨© §−�ç¥−¨¥ §�¤�−−®© «®£¨ç¥áª®©
äã−ªæ¨¨ ¨ ¤¥è¨äà�æ¨î −�¡®à� ¯¥à¥¬¥−−ëå ®¤−®¢à¥¬¥−−®

‚ á®®â¢¥âáâ¢¨¨ á §�¤�−−ë¬¨ ¯¥à¥¬¥−−ë¬¨ �ªâ¨¢¨àã¥âáï ®¤−� ¨§ æ¥¯®ç¥ª, ®¡ê¥¤¨-
−ï¥¬ëå ®¯¥à�æ¨¥© ¬®−â�¦−®£® ˆ‹ˆ (wired OR), ®¡®§−�ç¥−−®© á¨¬¢®«®¬ (∨•).

Š«îç¥¢®© �á¯¥ªâ ¯¥à¢®£® ¢�à¨�−â� í«¥¬¥−â� ¯® áà�¢−¥−¨î á ¤¢ãåà¥¦¨¬−ë¬
í«¥¬¥−â®¬ [19] á®áâ®¨â ¢ ¨á¯®«ì§®¢�−¨¨ −¥�ªâ¨¢−®© ¯®«®¢¨−ë ¤¥à¥¢� ¯® áâ�àè¥©
¯¥à¥¬¥−−®©, ª®â®à�ï ¨á¯®«ì§ã¥âáï ¤«ï ¤¥è¨äà�æ¨¨ −�¡®à�. ‚® ¢à¥¬ï à�¡®âë
ãáâà®©áâ¢� ®¤−� ¥£® ç�áâì ¢ëç¨á«ï¥â §−�ç¥−¨¥ §�¤�−−®© «®£¨ç¥áª®© äã−ªæ¨¨,
� ¤àã£�ï ¤¥è¨äà¨àã¥â −�¡®à ¯¥à¥¬¥−−ëå ¡«�£®¤�àï â®¬ã, çâ® ¢ ãáâà®©áâ¢¥
¨¬¥îâáï ¤®¯®«−¨â¥«ì−ë¥ ª®¯¨¨ ¯¥à¥¬¥−−ëå. ’�ª, −� à¨á. 1 ¢¨¤−®, çâ® ¢ ¢¥àå−¥©
ç�áâ¨ ¤¥à¥¢� −�å®¤¨âáï ¯¥à¥¬¥−−�ï x2 ¡¥§ ¨−¢¥àá¨¨, � ¢ −¨¦−¥© | á ¨−¢¥àá¨¥©.

÷¥�«¨§�æ¨î ¬¥â®¤� ¤«ï n = 2 ¯® áâ�àè¥© ¯¥à¥¬¥−−®© x2 ¯®ª�§ë¢�¥â á«¥¤ã-
îé¥¥ ¢ëà�¦¥−¨¥:

d3x2
(Ground)x2

(∨•)x1
x2 ⇒ z(d3x2x1)(∨•)

x2 ⇒ \1" = z1(x2x1)
d2x2

(Ground)x2
(∨•)x1(∨•)

x2 ⇒ z(d2x2x1)(∨•)

x2 ⇒ \0" = z0(x2x1)
d1x2

(Ground)x2
(∨•)x1(∨•)

x2 ⇒ z(d1x2x1)(∨•)

x2 ⇒ \3" = z3(x2x1)
d0x2

(Ground)x2
(∨•)x1(∨•)

x2 ⇒ z(d0x2x1)(∨•)

x2 ⇒ \2" = z1(x2x1)



















































(∨•) = z(d3d2d1d0x2x1). (2)
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Ground ¢ (2) ®§−�ç�¥â á¨£−�« «®£¨ç¥áª®£® −ã«ï (ª®−áâ�−âã −ã«ï) á è¨−ë
ú�®«ì ¢®«ìâû, ª®â®àë© ¨á¯®«ì§ã¥âáï ¤«ï ¤¥è¨äà�æ¨¨ (�ªâ¨¢−ë¥ −ã«¨).

‘ ãç¥â®¬ ¨−¢¥àâ®à®¢ (NOT) −� ¢ëå®¤¥ ¨ ¢å®¤�å −�áâà®©ª¨ ¨ −� ¢ëå®¤¥ äã−ª-
æ¨© ¤¥è¨äà�æ¨¨, � â�ª¦¥ −¥®¡å®¤¨¬®áâ¨ ú¯®¤âï£¨¢�−¨ïû ¢å®¤®¢ ¨−¢¥àâ®à®¢
ª ãà®¢−î «®£¨ç¥áª®£® −ã«ï à¥§¨áâ®à�¬¨ R0 ¤«ï à¥�«¨§�æ¨¨ äã−ªæ¨© ¤¥è¨-
äà�â®à� ¢ á«ãç�¥ −¥�ªâ¨¢−®áâ¨ á®®â¢¥âáâ¢ãîé¥© æ¥¯®çª¨, ¯®«ãç¨¬ á«¥¤ãîé¥¥
¢ëà�¦¥−¨¥:

d3(NOT)x2
(Vcc)x2

(∨•)x1
x2 ⇒ z(d3x2x1)(∨•)

x2(R0)(NOT)⇒ ¤1" = z1(x2x1)
d2(NOT)x2
(Vcc)x2

(∨•)x1(∨•)
x2 ⇒ z(d2x2x1)(∨•)

x2(R0)(NOT)⇒ ¤0" = z0(x2x1
d1(NOT)x2
(Vcc)x2

(∨•)x1(∨•)
x2 ⇒ z(d1x2x1)(∨•)

x2(R0)(NOT)⇒ ¤3" = z3(x2x1)
d0(NOT)x2
(Vcc)x2

(∨•)x1(∨•)
x2 ⇒ z(d0x2x1)(∨•)

x2(R0)(NOT)⇒ ¤2" = z1(x2x1)



















































(∨•)(NOT) =

= z(d3d2d1d0x2x1). (3)

�¤−�ª® ¢¬¥áâ® ¨á¯®«ì§®¢�−¨ï ¯®¤âï£¨¢�îé¨å à¥§¨áâ®à®¢ íää¥ªâ¨¢−¥© ¡ë«®
¡ë ¢¢¥¤¥−¨¥ ¤®¯®«−¨â¥«ì−ëå ¡«®ª®¢ ¯¥à¥¬¥−−ëå, ®¡¥á¯¥ç¨¢�îé¨å ¯®¤ª«îç¥−¨¥
ãà®¢−ï −ã«ï ª ¨−¢¥àâ®àã ¢ëå®¤� ¤¥è¨äà�æ¨¨ ¢ ®âáãâáâ¢¨¥ �ªâ¨¢�æ¨¨ á®®â¢¥â-
áâ¢ãîé¥© æ¥¯®çª¨. �®¯à®¡ã¥¬ à¥�«¨§®¢�âì íâ® ¤«ï n = 1:

(Vcc)x

(Ground)x
(∨•)(NOT) = z0(x);

(Vcc)x

(Ground)x
(∨•)(NOT) = z1(x);

d1(NOT)x

d0(NOT)x

}

(∨•)(NOT) = z(d0d1x) .



































(4)

‚ ¢ëà�¦¥−¨¨ (4) ¨¬¥îâáï −¥áª®«ìª® á®áâ�¢«ïîé¨å. �¥à¢�ï ç�áâì, ¢ëç¨á«ï-
îé�ï §−�ç¥−¨¥ «®£¨ç¥áª®© äã−ªæ¨¨ ®¤−®© ¯¥à¥¬¥−−®©

d1(NOT)x

d0(NOT)x

}

(∨•)(NOT) = z(d0d1x),

¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�−� ª�ª úáâà®¨â¥«ì−ë© ¡«®ªû, −�§ë¢�¥¬ë© ¬ã«ìâ¨¯«¥ªá®-
à®¬ 2 : 1, ¯à¨ ã¢¥«¨ç¥−¨¨ à�§àï¤−®áâ¨ ¢ á«¥¤ãîé¥¬ ¢¨¤¥:

x

x

}

(∨•).
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‚ ¤¢ãå ¤àã£¨å −¥§�¢¨á¨¬ëå ç�áâïå ¢ëà�¦¥−¨ï (4) ®¤−®¢à¥¬¥−−® ¢ë¯®«−ï-
¥âáï ¤¥è¨äà�æ¨ï ¯¥à¥¬¥−−®© á ®¡¥á¯¥ç¥−¨¥¬ ®àâ®£®−�«ì−®áâ¨ á¨£−�«� −� ¢å®¤¥
¨−¢¥àâ®à®¢ (íâ® §−�ç¨â, çâ® ¢á¥£¤� ¡ã¤¥â «¨¡® −¨§ª¨© ãà®¢¥−ì, «¨¡® ¢ëá®ª¨©,
à�§àë¢ ¢ æ¥¯¨ −¥¢®§¬®¦¥−):

(Vcc)x

(Ground)x
(∨•)(NOT) = z0(x);

(Vcc)x

(Ground)x
(∨•)(NOT) = z1(x).

…á«¨, −�¯à¨¬¥à, x = 0, â® �ªâ¨¢¨§¨àã¥âáï ¯ãâì

(Vcc)x(∨•)(NOT) = z0(x) = 0 .

�à®¨áå®¤¨â ¨−¢¥àá¨ï ª®−áâ�−âë ú1û (Vcc), ãà®¢−ï è¨−ë ¯¨â�−¨ï. ‚ â® ¦¥ ¢à¥¬ï
¯® ¤àã£®© ¢¥â¢¨:

(Ground)x(∨•)(NOT) = z1(x) = 1 .

�à®¨áå®¤¨â ¨−¢¥àá¨ï ª®−áâ�−âë ú0û, â. ¥. è¨−ë ú�®«ì ¢®«ìâû (Ground).
�−�«®£¨ç−® ¢ë¯®«−ï¥âáï ¤¥è¨äà�æ¨ï ¯à¨ x = 1. ‘ ¯®¬®éìî (4) ¬®¦−® áâà®¨âì
í«¥¬¥−âë ¤«ï ¯à®¨§¢®«ì−®£® ç¨á«� ¯¥à¥¬¥−−ëå á ãç¥â®¬ ®£à�−¨ç¥−¨© [20] ¯®
ç¨á«ã ¯®á«¥¤®¢�â¥«ì−® á®¥¤¨−¥−−ëå ¯¥à¥¤�îé¨å âà�−§¨áâ®à®¢ (¢ �‹ˆ‘ | −¥
¡®«¥¥ âà¥å).

3 Разработка электрических схем и их моделирование

�à¥¤«�£�¥¬�ï áå¥¬� 2-LUT ¯® ¢ëà�-

÷¨á. 2 Œ®¤ã«ì 1-LUT + DC á ®¡¥á-
¯¥ç¥−¨¥¬ ®àâ®£®−�«ì−®áâ¨ á¨£−�«®¢ ¯®
¢å®¤�¬ ¨−¢¥àâ®à®¢ ¤¥è¨äà�æ¨¨

¦¥−¨î (3) ¯à¥¤áâ�¢«¥−� −� à¨á. 1, £¤¥
¯®ª�§�−ë ¨−¢¥àâ®àë ¤«ï ¢®ááâ�−®¢«¥−¨ï
«®£¨ç¥áª¨å ãà®¢−¥© á¨£−�«®¢, ¯à®å®¤ï-
é¨å ç¥à¥§ ¬−®¦¥áâ¢® ª®¬¬ãâ�â®à®¢ ¢ ¬�â-
à¨æ�å ª®¬¬ãâ�æ¨¨ �‹ˆ‘. �−¨ −¥ ãç¨-
âë¢�îâáï ¢ ¢ëà�¦¥−¨ïå. ‚¨¤−®, çâ® ¯à¨
x2 = 1 ¤¥è¨äà¨àãîâáï ú¬«�¤è¨¥û −�-
¡®àë 1, 0; � ¯à¨ x2 = 0, −�®¡®à®â, úáâ�à-
è¨¥û −�¡®àë 3, 2. ÷¨áã−®ª 2 ¯®ª�§ë¢�¥â
áå¥¬ã í«¥¬¥−â� −� ®¤−ã ¯¥à¥¬¥−−ãî, ¯®-
áâà®¥−−ãî ¯® ¢ëà�¦¥−¨î (4), � −� à¨á. 3
¯à¥¤áâ�¢«¥−� ¥£® ¬®¤¥«ì ¢ á¨áâ¥¬¥ ¬®¤¥-
«¨à®¢�−¨ï Multisim [21].

�à¨ ¯®áâà®¥−¨¨ í«¥¬¥−â� −� ¤¢¥ ¯¥à¥¬¥−−ë¥ ¨§ âà¥å í«¥¬¥−â®¢ −� ®¤−ã
¯¥à¥¬¥−−ãî (à¨á. 4) ª®−áâ�−âë ¯®¤ª«îç¥−ë â®«ìª® ª úáâ�àè¥¬ãû (ú¯à�¢®¬ãû)
í«¥¬¥−âã −� ®¤−ã ¯¥à¥¬¥−−ãî, ®áâ�«ì−ë¥ ¯®«ãç�îâ ª®−áâ�−âë ®â −¥£®.
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÷¨á. 3 Œ®¤¥«ì ¯à¥¤«�£�¥¬®£® 1-LUT + DC á ®¡¥á¯¥ç¥−¨¥¬ ®àâ®£®−�«ì−®áâ¨ á¨£−�«®¢
¯® ¢å®¤�¬ ¨−¢¥àâ®à®¢ ¤¥è¨äà�æ¨¨ ¯à¨ §�¤�−¨¨ äã−ªæ¨¨ ®âà¨æ�−¨ï: ¯¥à¥¬¥−−�ï = 0,
¢ëå®¤ 0 �ªâ¨¢¥−

÷¨á. 4 Œ®¤ã«ì 2-LUT+DC, ¯®áâà®¥−−ë© ¨§ ¯à¥¤«�£�¥¬ëå 1-LUT + DC

8 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 4 2024



�®¢ë© ¯®¤å®¤ ª à¥�«¨§�æ¨¨ «®£¨ç¥áª¨å äã−ªæ¨© ¢ �‹ˆ‘

÷¨á. 5 ’®¯®«®£¨ï ¯à¥¤«�£�¥¬®£® í«¥¬¥−â� 2-LUT + DC

‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ¯® ¢å®¤ã ¯¥à¢®© ¯¥à¥¬¥−−®© ¤®áâ�â®ç−® â®«ìª® ¯�àë
¨−¢¥àâ®à®¢. �� à¨á. 4 à¥�«¨§®¢�−® ¬−®£®ãà®¢−¥¢®¥ ¤¥à¥¢® ¢ ®â«¨ç¨¥ ®â à¨á. 1.
Œ®¤¥«¨à®¢�−¨¥ ¢ ‘��÷ Microwind [22] ¯®¤â¢¥à¤¨«® ª®àà¥ªâ−®áâì ¢ëç¨á«¥−¨ï
§�¤�−−®© äã−ªæ¨¨ ¨ ¤¥è¨äà�æ¨¨ ¢å®¤−ëå −�¡®à®¢ ¯® ¯à¥¤«®¦¥−−®¬ã ¬¥â®¤ã.

�� à¨á. 5 ¯à¥¤áâ�¢«¥−� à�§à�¡®â�−−�ï â®¯®«®£¨ï ¤«ï í«¥¬¥−â�, ®¯¥à¨àãîé¥-
£® ¤¢ã¬ï ¯¥à¥¬¥−−ë¬¨.

4 Оценка эффективности предлагаемого метода

‚ í«¥¬¥−â¥ −� ®¤−ã ¯¥à¥¬¥−−ãî (1-LUT) ¢á¥£® 8 âà�−§¨áâ®à®¢. …á«¨ ãç¨-
âë¢�âì ¨−¢¥àâ®àë ¯® ¢å®¤�¬ −�áâà®©ª¨, â® 12. „¥è¨äà�æ¨ï âà¥¡ã¥â ¥é¥
8 âà�−§¨áâ®à®¢. ˆâ®£® 20 ¯à®â¨¢ 12, â. ¥. á«®¦−®áâì ¢®§à�áâ�¥â ¯® ®â−®è¥−¨î
ª ¨áå®¤−®¬ã LUT.

�® ã¢¥«¨ç¥−¨ï §�¤¥à¦ª¨ ¢ëç¨á«¥−¨ï ®á−®¢−®© äã−ªæ¨¨ −� à¨á. 3 −¥â ¢ ®â«¨-
ç¨¥ ®â áå¥¬ë −� à¨á. 1, ¢ ª®â®à®© ¢¢®¤ïâáï ¤®¯®«−¨â¥«ì−ë¥ âà�−§¨áâ®àë ¢ æ¥¯ì
®â ª®−ä¨£ãà�æ¨®−−®£® ¡¨â� ¤® ¢ëå®¤�. �¤−�ª® ¤«ï à¥�«¨§�æ¨¨ ¨ äã−ªæ¨¨, ¨ ¤¥-
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è¨äà�æ¨¨ −� ®á−®¢¥ ¨§¢¥áâ−®£® LUT −¥®¡å®¤¨¬ë âà¨ 1-LUT, ¨«¨ 8+8+8 = 24
âà�−§¨áâ®à� ¯à®â¨¢ 20. „«ï ¯®áâà®¥−¨ï í«¥¬¥−â� −� ¤¢¥ ¯¥à¥¬¥−−ë¥ (2-LUT)
−¥®¡å®¤¨¬® âà¨ â�ª¨å í«¥¬¥−â� (á¬. à¨á. 4), ¢ ®¤−®¬ ¨§ ª®â®àëå ¨−¢¥àâ®àë −�
¢ëå®¤�å ¤¥è¨äà�æ¨¨ ¨áª«îç¥−ë, � ¢ ¤¢ãå ¤àã£¨å ¨áª«îç¥−ë ¨−¢¥àâ®àë −�
¢ëå®¤�å äã−ªæ¨¨. �à¨ íâ®¬ á«®¦−®áâì ¨§¢¥áâ−®£® 2-LUT á®áâ�¢«ï¥â 24 âà�−§¨-
áâ®à� (á ¨−¢¥àâ®à�¬¨ ¯® ¢å®¤�¬ −�áâà®©ª¨). �®«ãç�¥¬ 24×5 = 120 âà�−§¨áâ®à®¢
¤«ï à¥�«¨§�æ¨¨ äã−ªæ¨¨ ¤¢ãå ¯¥à¥¬¥−−ëå ¨ ¤¥è¨äà�â®à� −� ç¥âëà¥ ¢ëå®¤�.

‚ â® ¦¥ ¢à¥¬ï ¯à¥¤«�£�¥¬ë© í«¥¬¥−â

÷¨á. 6 ‚ë¨£àëè ¢ ç¨á«¥ âà�−§¨áâ®à®¢
à¥è¥−¨ï L1 (1) ¯® áà�¢−¥−¨î á ¨§¢¥áâ-
−ë¬ L0 (2)

á®¤¥à¦¨â ¢á¥£® 48 âà�−§¨áâ®à®¢ (á¬.
à¨á. 5), ¢ë¨£àëè áãé¥áâ¢¥−−ë©, ¤�¦¥
á ãç¥â®¬ ¯®¢â®à¥−¨ï ¯�à ¨−¢¥àâ®à®¢ −�
¢å®¤�å ¬«�¤è¥© ¯¥à¥¬¥−−®©.

�«¥¬¥−â 3-LUT + DC âà¥¡ã¥â
72 + 16 = 88 âà�−§¨áâ®à®¢ á ãç¥â®¬
¯®¢â®à¥−¨ï ¯�à ¨−¢¥àâ®à®¢ −� ¢å®-
¤�å ¬«�¤è¥© ¯¥à¥¬¥−−®©, � ¨§¢¥áâ−ë©
3-LUT | 14 + 8 + 2 + 6 = 30 âà�−-
§¨áâ®à®¢, −® â�ª¨å í«¥¬¥−â®¢ −ã¦−®
ã¦¥ 9, â. ¥. ¢á¥£® 270 âà�−§¨áâ®à®¢
¯à®â¨¢ 88.

�� à¨á. 6 ¯®ª�§�− ¢ë¨£àëè ¢ ç¨á-
«¥ âà�−§¨áâ®à®¢ ¯à¥¤«�£�¥¬®£® à¥-
è¥−¨ï L1 ¯® áà�¢−¥−¨î á ¨§¢¥áâ-

−ë¬ L0 [19] ¢ §�¢¨á¨¬®áâ¨ ®â ç¨á«� ¯¥à¥¬¥−−ëå. �ç¥¢¨¤−®, çâ® ¢ë¨£àëè
íªá¯®−¥−æ¨�«ì−® ã¢¥«¨ç¨¢�¥âáï á à®áâ®¬ ç¨á«� ¯¥à¥¬¥−−ëå n.

5 Заключение

÷¥è¥−� §�¤�ç� à�§à�¡®âª¨ −®¢®£® ¯®¤å®¤� ª à¥�«¨§�æ¨¨ �¤�¯â¨¢−®£® í«¥-
¬¥−â�, ª®â®àë©, ¢ ®â«¨ç¨¥ ®â ¨§¢¥áâ−®£®, ¢ëç¨á«ï¥â «®£¨ç¥áªãî äã−ªæ¨î
®¤−®¢à¥¬¥−−® á ¤¥è¨äà�æ¨¥© ¯¥à¥¬¥−−®©. �â® ¯®§¢®«ï¥â ¯®¢ëá¨âì äã−ªæ¨-
®−�«ì−ë¥ ¢®§¬®¦−®áâ¨ �‹ˆ‘. Œ®¤¥«¨à®¢�−¨¥ ¯®¤â¢¥à¤¨«® à�¡®â®á¯®á®¡−®áâì
ãáâà®©áâ¢, à�§à�¡®â�−−ëå ¢ á®®â¢¥âáâ¢¨¨ á −®¢ë¬ ¯à¥¤«®¦¥−−ë¬ ¬¥â®¤®¬. „«ï
®¤−®© ¯¥à¥¬¥−−®© ¯®«ãç¥− 12%-−ë© ¢ë¨£àëè ¯® á«®¦−®áâ¨ ¢ ç¨á«¥ âà�−§¨áâ®-
à®¢ ¯® áà�¢−¥−¨î á ¨§¢¥áâ−ë¬ à¥è¥−¨¥¬ ¡¥§ ã¢¥«¨ç¥−¨ï §�¤¥à¦ª¨. „«ï ¤¢ãå
¯¥à¥¬¥−−ëå ¢ë¨£àëè á®áâ�¢¨« 150%, � ¤«ï âà¥å | ¡®«¥¥ 200%. �à¨ íâ®¬
−¥â ã¢¥«¨ç¥−¨ï ç¨á«� âà�−§¨áâ®à®¢ −� ¯ãâ¨ á¨£−�«� ®â ¢å®¤®¢ ª ¢ëå®¤ã ¯à¨
¢ëç¨á«¥−¨¨ ®á−®¢−®© äã−ªæ¨¨.

ˆá¯®«ì§®¢�−¨¥ à�§à�¡®â�−−®£® í«¥¬¥−â� ¤«ï à¥�«¨§�æ¨¨ á¨áâ¥¬ äã−ªæ¨© ®â
®¤−¨å ¨ â¥å ¦¥ ¯¥à¥¬¥−−ëå ¢ �‹ˆ‘ ¯®§¢®«ï¥â ¯®«ãç¨âì ª�ç¥áâ¢¥−−® −®¢ë¥
à¥è¥−¨ï ¯à¨ à¥�«¨§�æ¨¨ ª®−¥ç−ëå �¢â®¬�â®¢. ‚ ¤�«ì−¥©è¥¬ �¢â®àë ¯«�-
−¨àãîâ ¨á¯®«ì§®¢�âì à�§à�¡®â�−−ë¥ í«¥¬¥−âë ¤«ï á®§¤�−¨ï á�¬®á¨−åà®−−ëå
à¥è¥−¨© [23].
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A NEW APPROACH TO IMPLEMENTING LOGICAL FUNCTIONS
IN FIELD-PROGRAMMABLE GATE ARRAYS
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Abstract: The expansion of the functionality of the LUT (Look up Table) logic
element of field-programmable gate array (FPGA) is considered. The proposed
method uses the inactive half of the element's transistor tree. The article

12 Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2024 vol 34 no 4



A new approach to implementing logical functions in FPGAs

studies a single-variable element 1-LUT implementation, which performs a logic
function simultaneously with the variable decoding (DC), and its use to create
an \n-LUT + DC FPGA." The simulation validates the item's performance and
scaling to create n-LUT item. The analysis shows a significant gain of the
proposed approach: reduced complexity in the number of transistors and reduced
time delay. The developed element makes it possible to significantly increase the
functionality of the logic of domestic FPGAs within the framework of existing
restrictions that limit import substitution of the electronic component base.

Keywords: logic function; FPGA; LUT; variable set decoding
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ДИСКРЕТНОЕ УСЛОВНО-ОПТИМАЛЬНОЕ ОЦЕНИВАНИЕ
В НЕЯВНЫХ НАБЛЮДАЕМЫХ СТОХАСТИЧЕСКИХ СИСТЕМАХ

И. Н. Синицын1

�−−®â�æ¨ï: ‘â�âìï ¯®á¢ïé¥−� ¬¥â®¤�¬ ãá«®¢−®-®¯â¨¬�«ì−®£® (¯® �ã£�çñ¢ã)
á¨−â¥§� ä¨«ìâà®¢ ¤«ï ®æ¥−¨¢�−¨ï (ä¨«ìâà�æ¨¨, íªáâà�¯®«ïæ¨¨ ¨ ¨−â¥à¯®-
«ïæ¨¨) ¢ −¥ï¢−ëå ¤¨áªà¥â−ëå áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬�å (‘â‘), ¯à¨¢®¤¨¬ëå
ª ï¢−ë¬ ¯ãâ¥¬ íª¢¨¢�«¥−â−®© £�ãáá®¢áª®© ¨ −¥£�ãáá®¢áª®© «¨−¥�à¨§�æ¨¨.
�à¥¤¯®«�£�¥âáï, çâ® −�¡«î¤¥−¨ï −¥ ¢«¨ïîâ −� ®¡ê¥ªâ −�¡«î¤¥−¨ï ¨ ®¯¨-
áë¢�îâáï ¤¨áªà¥â−ë¬¨ −¥«¨−¥©−ë¬¨ ãà�¢−¥−¨ï¬¨ á −¥ª®àà¥«¨à®¢�−−ë¬¨
¨ �¢â®ª®àà¥«¨à®¢�−−ë¬¨ ¯®¬¥å�¬¨. „�− ®¡§®à à�¡®â ¢ ®¡«�áâ¨ á¨−â¥§�
ãá«®¢−®-®¯â¨¬�«ì−ëå ä¨«ìâà®¢ ¨ íªáâà�¯®«ïâ®à®¢ (“�” ¨ “��) ¤«ï ï¢−ëå
¨ −¥ï¢−ëå ¤¨áªà¥â−ëå −�¡«î¤�¥¬ëå ‘â‘. �à¨¢¥¤¥−ë ®á−®¢−ë¥ ¬®¤¥«¨ ¤¨á-
ªà¥â−ëå −¥ï¢−ëå ‘â‘ ¨ ¬¥â®¤ë ¨å íª¢¨¢�«¥−â−®© «¨−¥�à¨§�æ¨¨. �®«ãç¥−ë
ãà�¢−¥−¨ï “�” ¨ “��. �á−®¢−®¥ ¢−¨¬�−¨¥ ã¤¥«¥−® âà¥¬ ¬¥â®¤�¬ ãá«®¢−®-
®¯â¨¬�«ì−®© ¨−â¥à¯®«ïæ¨¨: ¯àï¬®£® ¤¥©áâ¢¨ï, á ä¨ªá¨à®¢�−−®© §�¤¥à¦ª®©
¨ á ä¨ªá¨à®¢�−−ë¬ ¨−â¥à¢�«®¬. ‚ ª�ç¥áâ¢¥ ¯à¨¬¥à� à�áá¬®âà¥−ë “�”
¨ “�� ¤«ï �¢â®à¥£à¥áá¨®−−ëå ¯à¨¢¥¤¥−−ëå ãà�¢−¥−¨©. ‘¤¥«�−ë ®á−®¢−ë¥
¢ë¢®¤ë, ®¡áã¦¤¥−ë ¯à¨¬¥àë ¨ −�¯à�¢«¥−¨ï ¤�«ì−¥©è¨å ¨áá«¥¤®¢�−¨©.

Š«îç¥¢ë¥ á«®¢�: �¢â®à¥£à¥áá¨®−−ë¥ ãà�¢−¥−¨ï; ¤¨áªà¥â−ë¥ ä¨«ìâàë; −�-
¡«î¤�¥¬�ï ‘â‘; áâ®å�áâ¨ç¥áª�ï á¨áâ¥¬� (‘â‘); ãá«®¢−®-®¯â¨¬�«ì−�ï ¨−â¥à-
¯®«ïæ¨ï: ãá«®¢−®-®¯â¨¬�«ì−�ï ä¨«ìâà�æ¨ï (“�”); ãá«®¢−®-®¯â¨¬�«ì−�ï
íªáâà�¯®«ïæ¨ï (“��)

DOI: 10.14357/08696527240402 EDN: TLHYYA

1 Введение

„«ï à¥è¥−¨ï §�¤�ç ®æ¥−¨¢�−¨ï (ä¨«ìâà�æ¨¨, íªáâà�¯®«ïæ¨¨ ¨ ¨−â¥à¯®«ïæ¨¨)
¢ à¥�«ì−®¬ ¬�áèâ�¡¥ ¢à¥¬¥−¨ ¯à¨¬¥−ï¥âáï ¯à¨−æ¨¯ ¤¨áªà¥â−®£® ãá«®¢−®-®¯â¨-
¬�«ì−®£® ®æ¥−¨¢�−¨ï �ã£�çñ¢� [1]. �â®â ¯à¨−æ¨¯ á®áâ®¨â ¢ ®âª�§¥ ®â �¡á®«îâ−®©
®¯â¨¬�«ì−®áâ¨ ¨ ®£à�−¨ç¥−¨¨ ®¯â¨¬�«ì−ë¬¨ ®æ¥−ª�¬¨ ¤«ï −¥ª®â®àëå ª«�áá®¢
¤®¯ãáâ¨¬ëå ®æ¥−®ª, ã¤®¢«¥â¢®àïîé¨å −¥ª®â®àë¬ ¯à®áâë¬ ¢ à¥�«¨§�æ¨¨ à�§-
−®áâ−ë¬ ãà�¢−¥−¨ï¬, ª®â®àë¥ ¬®£ãâ ¡ëâì ¢ëç¨á«¥−ë −� ®á−®¢¥ à¥§ã«ìâ�â®¢
−�¡«î¤¥−¨© ¢ ¬�áèâ�¡¥ à¥�«ì−®£® ¢à¥¬¥−¨. ƒ«�¢−�ï âàã¤−®áâì ¯à¨ á¨−â¥§¥
¤¨áªà¥â−ëå “�” á®áâ®¨â ¢ ¢ë¡®à¥ ª«�áá� ¤®¯ãáâ¨¬ëå ¤¨áªà¥â−ëå ä¨«ìâà®¢.
�¡ëç−® ¢ ¯à�ªâ¨ç¥áª¨å §�¤�ç�å ª«�áá®¬ ¤®¯ãáâ¨¬ëå ¤¨áªà¥â−ëå “�” áç¨â�îâ
¬−®¦¥áâ¢® ä¨«ìâà®¢, ®¯¨áë¢�¥¬ëå ª®−¥ç−®¬¥à−ë¬¨ à�§−®áâ−ë¬¨ ãà�¢−¥−¨ï¬¨
á −¥ª®â®àë¬¨ −¥¨§¢¥áâ−ë¬¨ áâàãªâãà−ë¬¨ ª®íää¨æ¨¥−â�¬¨. ‚ íâ®¬ á«ãç�¥
¯à®¡«¥¬� ®¯â¨¬¨§�æ¨¨ á¢®¤¨âáï ª ®¯à¥¤¥«¥−¨î ®¯â¨¬�«ì−ëå §−�ç¥−¨© ¢á¥å −¥-
¨§¢¥áâ−ëå ª®íää¨æ¨¥−â®¢, ª®â®àë¥ ¢ ®¡é¥¬ á«ãç�¥ §�¢¨áïâ ®â ¢à¥¬¥−¨.

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, sinitsin@dol.ru
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„¨áªà¥â−®¥ ãá«®¢−®-®¯â¨¬�«ì−®¥ ®æ¥−¨¢�−¨¥ ¢ −¥ï¢−ëå −�¡«î¤�¥¬ëå ‘â‘

�¥à¢�ï ®á®¡¥−−®áâì ¤¨áªà¥â−®£® −¥«¨−¥©−®£® ãá«®¢−®-®¯â¨¬�«ì−®£® ®æ¥−¨-
¢�−¨ï §�ª«îç�¥âáï ¢ â®¬, çâ® â�ª®¥ ®æ¥−¨¢�−¨¥ ï¢«ï¥âáï ¬−®£®ªà¨â¥à¨�«ì−ë¬.
’�ª¨¬ ®¡à�§®¬, −�¤«¥¦¨â ¢®á¯®«ì§®¢�âìáï ¨§¢¥áâ−ë¬¨ ¯�à¥â®-®¯â¨¬�«ì−ë¬¨
®æ¥−ª�¬¨ ¤«ï ¢ë¡®à� ª«�áá� ¤®¯ãáâ¨¬ëå ä¨«ìâà®¢. ‚â®à�ï ®á®¡¥−−®áâì ¤¨á-
ªà¥â−®£® −¥«¨−¥©−®£® ãá«®¢−®-®¯â¨¬�«ì−®£® ®æ¥−¨¢�−¨ï §�ª«îç�¥âáï ¢ â®¬, çâ®
®¯â¨¬�«ì−ë¥ ª®íää¨æ¨¥−âë ¤¨áªà¥â−ëå ä¨«ìâà®¢ ¤®«¦−ë ®¯à¥¤¥«ïâìáï ¢ å®-
¤¥ ¯à®¥ªâ¨à®¢�−¨ï ä¨«ìâà� â®«ìª® �¯à¨®à−ë¬¨ ¤�−−ë¬¨ ¡¥§ ¨á¯®«ì§®¢�−¨ï
â¥ªãé¨å −�¡«î¤¥−¨©, ª�ª íâ® ¨¬¥¥â ¬¥áâ® ¢ ä¨«ìâà�å Š�«¬�−�. „�−−ë¥ â¥-
ªãé¨å −�¡«î¤¥−¨© ¨á¯®«ì§ãîâáï «¨èì ¢ ¯à®æ¥áá¥ ¤¨áªà¥â−®© ä¨«ìâà�æ¨¨ ¯à¨
à¥ªãàà¥−â−®¬ à¥è¥−¨¨ ãà�¢−¥−¨© ä¨«ìâà�.

�®áâ�¢¨¬ §�¤�çã −�©â¨ ãá«®¢−®-®¯â¨¬�«ì−ãî ®æ¥−ªã �Xk ¤«ï «î¡®£® ¬®-
¬¥−â� ¢à¥¬¥−¨ k á«ãç�©−ëå ¢¥«¨ç¨− (‘‚) �Xk, ¨á¯®«ì§ãï −�¡«î¤¥−¨ï Y l

1 =
= {Y1, . . . , Yk} ¢ ª«�áá¥ ¤®¯ãáâ¨¬ëå ä¨«ìâà®¢.

‚ á«ãç�¥ ï¢−ëå ¤¨áªà¥â−ëå −¥«¨−¥©−ëå à¥£à¥áá¨®−−ëå −¥£�ãáá®¢áª¨å ‘â‘
¢¨¤�

Xk+1 = ωk (Xk, Yk, Vk) , Yk = ω1k (Xk, Yk, Vk) (k = 1, 2, . . .) (1)

ª«�áá ¤®¯ãáâ¨¬ëå “�” ¯àï¬®© ä¨«ìâà�æ¨¨ ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬ ãà�¢−¥-
−¨¥¬ �ã£�çñ¢�:

�Xk+1 = δkζk

(

Yk, �Xk

)

+ γk. (2)

‡¤¥áì ζk { −¥ª®â®àë¥ ¨§¢¥áâ−ë¥ áâàãªâãà−ë¥ äã−ªæ¨¨ “�”; δk ¨ γk { áâàãª-
âãà−ë¥ ª®íää¨æ¨¥−âë. Š�¦¤®¬ã ¢ë¡®àã §−�ç¥−¨© δk ¨ γk á®®â¢¥âáâ¢ã¥â ®¯à¥¤¥-
«¥−−ë© ¤®¯ãáâ¨¬ë© ä¨«ìâà, � ¢á¥ ¢®§¬®¦−ë¥ §−�ç¥−¨ï δk ¨ γk ®¯à¥¤¥«ïîâ ª«�áá
¤®¯ãáâ¨¬ëå ä¨«ìâà®¢ ¤«ï ¤�−−ëå äã−ªæ¨© ζk. ÷�§«¨ç−ë¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨
äã−ªæ¨© {ζk} ®¯à¥¤¥«ïîâ à�§«¨ç−ë¥ ª«�ááë ¤®¯ãáâ¨¬ëå ä¨«ìâà®¢. Š�¦¤®¬ã
¢ë¡®àã {ζk} á®®â¢¥âáâ¢ã¥â ®¯à¥¤¥«¥−−ë© ª«�áá ¤®¯ãáâ¨¬ëå ä¨«ìâà®¢.

�®á«¥¤®¢�â¥«ì−®áâì áâàãªâãà−ëå äã−ªæ¨© {ζk} ¢ (2) ¬®¦¥â ¡ëâì ¢ ¯à¨−æ¨¯¥
¯à®¨§¢®«ì−®©. �® â®ç−®áâì ä¨«ìâà�æ¨¨ §�¢¨á¨â ®â ¢ë¡®à� {ζk}. ’�ª¨¬ ®¡à�§®¬,
¢áâ�¥â ¢®¯à®á ® à�æ¨®−�«ì−®¬ ¢ë¡®à¥ {ζk}. �¯à¨®à¨ ¬®¦−® â®«ìª® áª�§�âì, çâ®
ç¥¬ ¡®«ìè¥ à�§¬¥à−®áâì áâàãªâãà−ëå ¢¥ªâ®à−ëå äã−ªæ¨© ζk, â¥¬ ¢ëè¥ â®ç−®áâì
ä¨«ìâà�æ¨¨.

‘«¥¤ãï �ã£�çñ¢ã, ¯à¨¬¥¬ §� ãá«®¢−®-®¯â¨¬�«ì−ë© â�ª®© ¤®¯ãáâ¨¬ë©
ä¨«ìâà, ª®â®àë© ¬¨−¨¬¨§¨àã¥â −�©¤¥−−ë© ¢ à¥§ã«ìâ�â¥ ¯à¥¤ë¤ãé¨å è�£®¢
áà¥¤−¨© ª¢�¤à�â ®è¨¡ª¨M| �Xk+1−Xk+1|

2 −� ª�¦¤®¬ è�£¥ (¯à¨ ª�¦¤®¬ k) ¯ãâ¥¬
¢ë¡®à� δk ¨ γk ¯à¨ ¤�−−ëå §−�ç¥−¨ïå δh ¨ γh, h ≤ k. ’�ª®© ä¨«ìâà −�§ë¢�¥âáï
¤¨áªà¥â−ë¬ ä¨«ìâà®¬ �ã£�çñ¢�. ‡−�ç¥−¨ï δk ¨ γk, á®®â¢¥âáâ¢ãîé¨¥ “�”,
¯à¨−¨¬�îâáï §� ®¯â¨¬�«ì−ë¥ §−�ç¥−¨ï δk ¨ γk.

“à�¢−¥−¨¥ (2) ¯®ª�§ë¢�¥â, ª�ª¨¬ ®¡à�§®¬ ¯à¨ ®¯à¥¤¥«¥−¨¨ ¤®¯ãáâ¨¬®£®
ä¨«ìâà� ¨á¯®«ì§ã¥âáï ¢ ª�¦¤ë© ¬®¬¥−â ¢à¥¬¥−¨ k+1 ¨−ä®à¬�æ¨ï ¯à¥¤ë¤ãé¨å
à¥§ã«ìâ�â®¢ −�¡«î¤¥−¨© Y1, . . . , Yk, � ¨¬¥−−®: íâ� ¨−ä®à¬�æ¨ï à¥�«¨§ã¥âáï
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ç¥à¥§ �Xk. ˆ â®«ìª® â¥ªãé¨© à¥§ã«ìâ�â −�¡«î¤¥−¨ï Yk ¨á¯®«ì§ã¥âáï −¥¯®áà¥¤-
áâ¢¥−−® ¯à¨ ä®à¬¨à®¢�−¨¨ ®æ¥−ª¨ �Xk+1 ¢ ¬®¬¥−â ¢à¥¬¥−¨ k. ’�ª®¢® ãá«®¢¨¥,
¯à¨ ª®â®à®¬M| �Xk+1 −Xk+1|

2 ¬¨−¨¬¨§¨àã¥âáï ¢ ª�¦¤ë© ¬®¬¥−â ¢à¥¬¥−¨ k + 1
“�”. ’�ª¨¬ ®¡à�§®¬, §�¤�ç� á¨−â¥§� “�” �ã£�çñ¢� á¢®¤¨âáï ª −�å®¦¤¥−¨î
®¯â¨¬�«ì−ëå ¯®á«¥¤®¢�â¥«ì−®áâ¥© {δk} ¨ {γk} ¢ (2).

‡�¤�ç� íªáâà�¯®«ïæ¨¨ ®â«¨ç�¥âáï ®â §�¤�ç¨ ®æ¥−¨¢�−¨ï â®«ìª® ¢¥«¨ç¨−®©,
ª®â®à�ï ¤®«¦−� ¡ëâì ®æ¥−¥−�. ‚ §�¤�ç¥ íªáâà�¯®«ïæ¨¨ ¢¬¥áâ® Xk+1 ¡ã¤¥â ®æ¥-
−¨¢�âìáï ¡ã¤ãé¥¥ §−�ç¥−¨¥ Xk+τ+1 ¤¨áªà¥â−®£® ¯à®æ¥áá� Xk ¢ ¬®¬¥−â ¢à¥¬¥−¨
k + 1 ¯® à¥§ã«ìâ�â�¬ −�¡«î¤¥−¨ï Y0, Y1, . . . , Yk, £¤¥ τ | −¥ª®â®à®¥ −�âãà�«ì−®¥
ç¨á«®. ÷�áá¬®âà¨¬ á«¥¤ãîéãî −¥£�ãáá®¢áªãî −¥«¨−¥©−ãî à¥£à¥áá¨®−−ãî ‘â‘:

Xk+1 = ωk (Xk, Vk) , Yk = ω1k (Xk, Yk, Vk) (k = 1, 2, . . .).

„«ï â®£® çâ®¡ë �Xk+1 ¡ë«� ®¯â¨¬�«ì−®© ®æ¥−ª®© Xk+τ+1, ¬¨−¨¬¨§¨àãîé¥©
áà¥¤−¨© ª¢�¤à�â ®è¨¡ª¨M| �Xk+1 −Xk+τ+1|

2, ¯à�¢�ï ç�áâì ãà�¢−¥−¨ï “��

�Xk+τ+1 = δkζk(Xk, �Xk) + γk

¤®«¦−� ¡ëâì «¨−¥©−®© áà¥¤−¥ª¢�¤à�â¨ç−®© à¥£à¥áá¨¥© ‘‚Xk+τ+1 −� á«ãç�©−ë©
¢¥ªâ®à ζk(Yk, �Xk).

‘«¥¤ãï [1, 2], à�áá¬®âà¨¬ âà¨ ¯®áâ�−®¢ª¨ §�¤�ç¨ ¤¨áªà¥â−®© ¨−â¥à¯®«ïæ¨¨.

1. ˆ−â¥à¯®«ïæ¨ï á ä¨ªá¨à®¢�−−®© â®çª®© (¯àï¬�ï ¨−â¥à¯®«ïæ¨ï) | ¬®¬¥−â
¢à¥¬¥−¨ ®æ¥−¨¢�−¨ï ä¨ªá¨à®¢�−, â. ¥. k = S, � ¨−â¥à¢�« −�¡«î¤¥−¨ï l =
= k ≥ S à�áâ¥â.

2. ˆ−â¥à¯®«ïæ¨ï á ä¨ªá¨à®¢�−−®© §�¤¥à¦ª®© | −¨ k, −¨ l −¥ ä¨ªá¨àãîâáï,
−® ¨å à�§−®áâì ®áâ�¥âáï ¯®áâ®ï−−®©, â. ¥. l − k = τ (τ | ¯®áâ®ï−−®¥ ¢à¥¬ï
§�¤¥à¦ª¨).

3. ˆ−â¥à¯®«ïæ¨ï á ä¨ªá¨à®¢�−−ë¬ ¨−â¥à¢�«®¬ (®¡à�â−�ï ¨−â¥à¯®«ïæ¨ï) |
¨−â¥à¢�« −�¡«î¤¥−¨ï ä¨ªá¨à®¢�−: l = N (N | ¯®áâ®ï−−�ï ¢¥«¨ç¨−�),
� ¢à¥¬ï ®æ¥−¨¢�−¨ï k ¨§¬¥−ï¥âáï ®â 0 ¤® N .

�ää¥ªâ¨¢−ë¥ à¥è¥−¨ï §�¤�ç ¨−â¥à¯®«ïæ¨¨ á«ãç�©−ëå áâ®å�áâ¨ç¥áª¨å ¯à®-
æ¥áá®¢ (‘â�), ®¯¨áë¢�¥¬ëå à�§−®áâ−ë¬¨ ãà�¢−¥−¨ï¬¨, ¨§¢¥áâ−ë ¤«ï «¨−¥©−ëå
ãà�¢−¥−¨© ¨ á¯¥æ¨�«ì−®£® ª«�áá� −¥«¨−¥©−ëå ãà�¢−¥−¨© (ãá«®¢−®-£�ãáá®¢áª¨¥
¯®á«¥¤®¢�â¥«ì−®áâ¨). ‚ ®¡é¥¬ á«ãç�¥ ¤«ï −¥«¨−¥©−ëå ãà�¢−¥−¨© (1) íää¥ª-
â¨¢−®£® à¥è¥−¨ï ¯®áâ�¢«¥−−ëå §�¤�ç ¨−â¥à¯®«ïæ¨¨ −¥ −�©¤¥−®. ‚ á«ãç�¥ ª®£¤�
¢®§¬®¦¥− ¢ë¡®à áâàãªâãàë ¨−â¥à¯®«ïâ®à� −� ¡�§¥ �¯à¨®à−®© ¨−ä®à¬�æ¨¨ ® −�-
¡«î¤�¥¬®¬ ‘â�, íää¥ªâ¨¢−®¥ à¥è¥−¨¥ §�¤�ç ¤¨áªà¥â−®© ¨−â¥à¯®«ïæ¨¨ ¬®¦¥â
¡ëâì ¯®«ãç¥−® −� ®á−®¢¥ ¯à¨−æ¨¯� ¤¨áªà¥â−®£® ãá«®¢−®-®¯â¨¬�«ì−®£® ®æ¥−¨¢�-
−¨ï [1, 3, 4].

‚®¯à®áë á¨−â¥§� ¤¨áªà¥â−ëå “�” ¨ “�� ¤«ï ¤¨áªà¥â−ëå ï¢−ëå £�ãá-
á®¢áª¨å ¨ −¥£�ãáá®¢áª¨å ‘â‘ à�áá¬®âà¥−ë ¢ [1]. �®áâ�¢¨¬ §�¤�çã á¨−â¥§�

18 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 4 2024



„¨áªà¥â−®¥ ãá«®¢−®-®¯â¨¬�«ì−®¥ ®æ¥−¨¢�−¨¥ ¢ −¥ï¢−ëå −�¡«î¤�¥¬ëå ‘â‘

¤¨áªà¥â−ëå “�” ¤«ï ä¨«ìâà�æ¨¨, íªáâà�¯®«ïæ¨¨ ¨ ¨−â¥à¯®«ïæ¨¨ −� ®á−®¢¥
íª¢¨¢�«¥−â−®© «¨−¥�à¨§�æ¨¨ −¥«¨−¥©−ëå −¥ï¢−ëå äã−ªæ¨© ®â−®á¨â¥«ì−® áâ�à-
è¥© ¤¨áªà¥â−®© ¯¥à¥¬¥−−®©. ‚ à�§¤. 2 à�áá¬®âà¥−ë ¤¢� â¨¯� −¥ï¢−ëå ¤¨áªà¥â−ëå
‘â‘, ¯à¨¢®¤¨¬ëå ª ï¢−ë¬ ¯ãâ¥¬ íª¢¨¢�«¥−â−®© £�ãáá®¢áª®© ¨ −¥£�ãáá®¢áª®© «¨-
−¥�à¨§�æ¨¨. ÷�§¤¥«ë 3 ¨ 4 ¯®á¢ïé¥−ë ¤¨áªà¥â−ë¬ “�” ¨ “��. ‚ à�§¤. 5
à�áá¬®âà¥−ë âà¨ ¢¨¤� ãá«®¢−®-®¯â¨¬�«ì−ëå ¨−â¥à¯®«ïâ®à®¢. ‚ à�§¤. 6 à�áá¬®â-
à¥−® ¯à¨¬¥−¥−¨¥ à¥§ã«ìâ�â®¢ à�§¤. 3 ¨ 4 ¤«ï ¯à¨¢¥¤¥−−ëå �¢â®à¥£à¥áá¨®−−ëå
ãà�¢−¥−¨©.

2 Приводимые неявные дискретные системы

‚ ª�ç¥áâ¢¥ ¬®¤¥«¥© ¤¨áªà¥â−ëå −¥ï¢−ëå ‘â‘ ¡ã¤¥¬ à�áá¬�âà¨¢�âì á«¥¤ã-
îé¨¥:

Ÿk+1 (Xk+1,Xk, Uk) = 0; Uk+1 = ω
′
k (Uk, Vk) ;

Yk = ω1k (Xk, Vk) (k = 1, 2 . . .);

}

(3)

Ÿk+1 (Xk+1,Xk, Uk) = 0; Uk+1 = ω
′
k (Uk,Wk, Vk) ;

Yk = ω1k (Xk,Wk, Vk) , Wk = ω
′
1k (Wk, Vk) (k = 1, 2 . . .),

}

(4)

£¤¥ Ÿk+1, ω′
k, ω1k ¨ ω′

1k | ¨§¢¥áâ−ë¥ äã−ªæ¨¨ ®â¬¥ç¥−−ëå ¯¥à¥¬¥−−ëå; Xk, Yk
¨ Uk | ¢¥ªâ®àë á®áâ®ï−¨ï, −�¡«î¤¥−¨ï ¨ á«ãç�©−ëå ¢®§¬ãé¥−¨©; Wk ¨ Vk |
−¥§�¢¨á¨¬ë¥ −¥£�ãáá®¢áª¨¥ ‘‚ á ¨§¢¥áâ−ë¬¨ à�á¯à¥¤¥«¥−¨ï¬¨.

‘«¥¤ãï [5, 6], ¤«ï £�ãáá®¢áª¨å ‘â‘ ¯à¨¬¥−¨¬ ª −¥ï¢−ë¬ ãà�¢−¥−¨ï¬ á®áâ®-
ï−¨ï áà¥¤−¥ª¢�¤à�â¨ç−ãî «¨−¥©−ãî à¥£à¥áá¨î ®â−®á¨â¥«ì−® Xk+1:

Ÿk+1 (Xk+1,Xk, Uk) ≈

≈ Ÿ0,k+1 (Xk, Uk,mk+1,Kk+1) + Ÿ1,k+1 (Xk, Uk,mk+1,Kk+1)Xk+1. (5)

‡¤¥áì Ÿ0,k+1 = Ÿ0,k+1(Xk, Uk,mk+1,Kk+1) ¨ Ÿ1,k+1 =
= Ÿ1,k+1(Xk, Uk,mk+1,Kk+1) | ¢¥ªâ®à−ë¥ ¨ ¬�âà¨ç−ë© ª®íää¨æ¨¥−âë à¥-
£à¥áá¨®−−®© «¨−¥�à¨§�æ¨¨, ¯à¨ç¥¬ detŸ1,k+1 6= 0; mk+1 ¨ Kk+1 | ¢¥ªâ®àë
¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë ‘â� Xk+1. ‚ à¥§ã«ìâ�â¥
−¥ï¢−ë¥ ãà�¢−¥−¨ï (3) ¨ (4) ¯à¨¬ãâ á«¥¤ãîé¨© ï¢−ë© ¢¨¤:

Xk+1 = ω
š
k (Xk, Uk,mk+1,Kk+1) =

= −Ÿ−1
1,k+1(Xk, Uk,mk+1,Kk+1)Ÿ0,k+1(Xk, Uk,mk+1,Kk+1);

Uk+1 = ω
′
k(Uk, Vk); Yk = ω1k(Xk, Vk) (k = 1, 2 . . .);











(6)

Xk+1 = ω
š
k (Xk, Uk,mk+1,Kk+1) =

= −Ÿ−1
1,k+1 (Xk, Uk,mk+1,Kk+1)Ÿ0,k+1 (Xk, Uk,mk+1,Kk+1) ;

Uk+1 = ω
′
k (Uk, Vk,Wk) ;

Yk = ω1k (Xk,Wk) , Wk = ω
′
1k = (Vk,Wk) (k = 1, 2 . . .).



















(7)
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“à�¢−¥−¨ï (6) ¨ ãá«®¢¨¥ detŸ1,k+1 6= 0 «¥¦�â ¢ ®á−®¢¥ â¥®à¥¬ë 2.1 ¤«ï
−¥ï¢−®© £�ãáá®¢áª®© ‘â‘ (4), � ãà�¢−¥−¨ï (7) ¨ ãá«®¢¨¥ detŸ1,k+1 6= 0 |
¢ ®á−®¢¥ â¥®à¥¬ë 2.2.

‚ á«ãç�¥ −¥£�ãáá®¢áª®© ‘â‘, ª®£¤� ¨á¯®«ì§ã¥âáï «¨−¥©−�ï íª¢¨¢�«¥−â−�ï
�¯¯à®ªá¨¬�æ¨ï, ä®à¬ã«� (5) ¯à¨−¨¬�¥â ¢¨¤

Ÿk+1 (Xk+1,Xk, Uk) ≈ Ÿ0,k+1 (Xk, Uk, πk+1) + Ÿ1,k+1 (Xk, Uk, πk+1)Xk+1.

‡¤¥áì ª®íää¨æ¨¥−âë íª¢¨¢�«¥−â−®© «¨−¥�à¨§�æ¨¨ Ÿ0,k+1 ¨ Ÿ1,k+1 §�¢¨áïâ ®â
¯�à�¬¥âà®¢ πk+1, ®¯à¥¤¥«ïîé¨å ¨å ®¤−®¬¥à−ë¥ ¯«®â−®áâ¨ ¨ å�à�ªâ¥à¨áâ¨ç¥áª¨¥
äã−ªæ¨¨. ‚ íâ®¬ á«ãç�¥ ãà�¢−¥−¨ï (6) ¨ (7) ¯à¨−¨¬�îâ á®®â¢¥âáâ¢¥−−® á«¥¤ã-
îé¨© ¢¨¤:

Xk+1 = ω
š
k+1 (Xk, Uk, πk+1) ; Uk+1 = ω

′
k (Uk, Vk) ,

Yk = ω1k (Xk, Uk) (k = 1, 2, . . .)

(â¥®à¥¬� 2.3) ¨ â¥®à¥¬� 2.4:

Xk+1 = ω
š
k (Xk, Uk, πk) ; Uk+1 = ω

′
k (Uk, Vk,Wk) ;

Yk = ω1k (Xk,Wk) , Wk = ω
′
1k (Vk,Wk) (k = 1, 2, . . .).

‡�¬¥ç�−¨¥ 2.1. ‘«ãç�© −¥ï¢−ëå ‘â‘, §�¢¨áïé¨å ®â Xk+l, . . . , Xk+l+1, £¤¥
¯¥à¢ë¥ ãà�¢−¥−¨ï á¨áâ¥¬ (3) ¨ (4) ¨¬¥îâ ¢¨¤:

Ÿk+l(Xk+l,Xk+l+1, . . . , Xk, Uk+l+1, . . . , Uk) = 0 (l = 1, 2, . . .),

¯à¨¢®¤¨âáï ª ãà�¢−¥−¨ï¬ (3) ¨ (4), ¥á«¨ ¢¢¥áâ¨ à�áè¨à¥−−ë¥ ¢¥ªâ®àë á®áâ®ï−¨ï

�X l
k =

[

XTk · · ·XTk+l

]T
; �U l

k =
[

UTk · · ·UTk+l

]T
.

3 Дискретная условно-оптимальная фильтрация

�à¨¬¥−ïï à¥§ã«ìâ�âë [1] ª ¯à¨¢¥¤¥−−ë¬ ï¢−ë¬ ¤¨áªà¥â−ë¬ ‘â‘ (â¥®à¥-
¬ë 2.1{2.4), ¯à¨¤¥¬ ª á«¥¤ãîé¨¬ à¥§ã«ìâ�â�¬.
’¥®à¥¬� 3.1. ‚ ãá«®¢¨ïå â¥®à¥¬ë 2.1 ¨ áãé¥áâ¢®¢�−¨ï ª®−¥ç−ëå ®¤−®¬¥à−ëå
¢¥à®ïâ−®áâ−ëå ¬®¬¥−â®¢ “�” ®¯à¥¤¥«ï¥âáï ãà�¢−¥−¨ï¬¨:

�Xk+1 = δkζk(ω1k (Xk, Vk) , �Xk) + γk. (8)

‡¤¥áì
γk = mk+1 − δkρk, δk = DkB

−1
k ,

£¤¥

mk+1 = Mωk(Xk, Vk);

ρk = Mζk(ω1k(Xk, Vk), �Xk);
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Dk = M[ωk (Xk, Vk)−mk+1] ζk

(

ω1k(Xk, Vk), �Xk

)T
;

Bk = M
[

ζk(ω1k(Xk, Vk), �Xk)− ρk

]

ζk(ω1k(Xk, Vk), �Xk)
T, detBk 6= 0 .

‘®¢¬¥áâ−®¥ à�á¯à¥¤¥«¥−¨¥ Xk ¨ �Xk ¨ à�á¯à¥¤¥«¥−¨¥ Vk (ª®â®à®¥ ¯® ¯à¥¤¯®«®-
¦¥−¨î ¨§¢¥áâ−®) ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬¨ å�à�ªâ¥à¨áâ¨ç¥áª¨¬¨ äã−ªæ¨ï¬¨:

g1,k+1(λ, µ) = Mexp
{

iλTωk(Xk, Vk) + iµ
T
[

δkζk(ω1k(Xk, Vk), �Xk) + γk

]}

;

g1,1(λ, µ) = Mexp
{

iλTX1 + iµ
T �X1

}

.

‡�¬¥ç�−¨¥ 3.1. —â®¡ë −�ç�âì à¥ªãàà¥−â−ë© ¯à®æ¥áá, −¥®¡å®¤¨¬® §�¤�âì á®-
¢¬¥áâ−®¥ à�á¯à¥¤¥«¥−¨¥ X1 ¨ U1 (−�ç�«ì−®¥ à�á¯à¥¤¥«¥−¨¥). …á«¨ à�á¯à¥¤¥«¥−¨¥
¢¥«¨ç¨−ë X1 (−¥§�¢¨á¨¬®© ®â V1) ¨§¢¥áâ−® ¨ ®¯à¥¤¥«ï¥âáï å�à�ªâ¥à¨áâ¨ç¥áª®©
äã−ªæ¨¥© k1(λ), ¬®¦−® ¯à¨−ïâì §� ®æ¥−ªã �X1 ¬�â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥ �X1 =
= MX1 = m1 ¨ ®¯à¥¤¥«¨âì á®¢¬¥áâ−ãî å�à�ªâ¥à¨áâ¨ç¥áªãî äã−ªæ¨î X1 ¨ �X1
¯® ä®à¬ã«¥

g1,1(λ, µ) = k1(λ)e
iµTm1 .

Œ®¦−® â�ª¦¥ ®¯à¥¤¥«¨âì ®æ¥−ªã �X1 ª�ª ‘‚ á ¢ë¡à�−−ë¬ ¯à®¨§¢®«ì−® à�á¯à¥-
¤¥«¥−¨¥¬ ¨ ¯à¨−ïâì

g1,1(λ, µ) = h1(λ)k1(µ),

£¤¥ k1(µ)| å�à�ªâ¥à¨áâ¨ç¥áª�ï äã−ªæ¨ï ‘‚ �X1. ‚ â®¬ á«ãç�¥ ª®£¤� à�á¯à¥¤¥-
«¥−¨¥ −¥¨§¢¥áâ−®, ¥£® ¯à¨å®¤¨âáï §�¤�¢�âì ¯à®¨§¢®«ì−®. �®á«¥ íâ®£® −�ç�«ì−�ï
å�à�ªâ¥à¨áâ¨ç¥áª�ï äã−ªæ¨ï ®¯à¥¤¥«ï¥âáï â�ª ¦¥, ª�ª ¨ ¢ ¯à¥¤ë¤ãé¥¬ á«ã-
ç�¥. ‚á¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢¥«¨ç¨− {δk}, {γk} ¨ {g1,k} ¬®¦−® ¢ëç¨á«¨âì
¨§«®¦¥−−ë¬ ¬¥â®¤®¬ §�à�−¥¥. ’®£¤� ¯à®æ¥áá ®æ¥−¨¢�−¨ï ¯®á«¥¤®¢�â¥«ì−®áâ¨
¢¥«¨ç¨− {Xk} á¢¥¤¥âáï ª ¯à¨¬¥−¥−¨î à¥ªãàà¥−â−®© ä®à¬ã«ë (8).

‚ ãá«®¢¨ïå â¥®à¥¬ë 2.2 ¤«ï ¯®«ãç¥−¨ï ãà�¢−¥−¨© “�”, ¢®-¯¥à¢ëå, á«¥¤ã¥â
¢¢¥áâ¨ à�áè¨à¥−−ë© ¢¥ªâ®à −�¡«î¤¥−¨ï �Yk = [Y

T
k W

T
k ]
T ¨, ¢®-¢â®àëå, ®¡à�â¨âì

¢−¨¬�−¨¥ −� â®, çâ® ®æ¥−ª¥ ¯®¤«¥¦�â −¥ ¢á¥ ª®¬¯®−¥−âë �Yk, � â®«ìª® â¥, ª®â®àë¥
á®®â¢¥âáâ¢ãîâ Yk. �à¨ íâ®¬ ¤«ï ¢ëç¨á«¥−¨ï ª®íää¨æ¨¥−â®¢ «¨−¥�à¨§�æ¨¨
−¥®¡å®¤¨¬ë á®®â¢¥âáâ¢ãîé¨¥ á®®â−®è¥−¨ï ¤«ï mk+1 ¨ Kk+1.

�−�«®£¨ç−® ¢ë¢®¤ïâáï ãà�¢−¥−¨ï “�” ¢ ãá«®¢¨ïå â¥®à¥¬ 2.3 ¨ 2.4.

4 Дискретная условно-оптимальная экстраполяция

�à¨¬¥−ïï â¥®à¨î “�� [1] ª ¯à¨¢¥¤¥−−ë¬ ãà�¢−¥−¨ï¬

Xk+1 = ωk(Xk, Vk); Yk = ω1k(Xk, Yk, Vk), (9)
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¯®«ãç¨¬
�Xk+τ+1 = δkζk(Xk, �Xk) + γk. (10)

‡¤¥áì

γk = mk+τ+1 − δkρk, δk = DkB
−1
k , (11)

£¤¥

mk+τ+1 = MXk+τ+1; (12)

ρk = M ζk(Xk, �Xk); (13)

Dk = M(Xk+τ+1 −mk+τ+1) ζk(Xk, �Xk); (14)

Bk = M
[

ζk(Xk, U �Xk)− ρk

]

ζk(Xk, �Xk)
T. (15)

�®á«¥ ¯®¤áâ�−®¢ª¨ ¢ (12) ¨ (14) ¯¥à¢®£® ãà�¢−¥−¨ï (9) ¤«ï ¬®¬¥−â� ¢à¥¬¥−¨
k + τ + 1 ¯®«ãç�¥¬

mk+τ+1 = Mωk+τ (Xk+τ , Vk+τ ); (16)

Dk = M[ωk+τ (Xk+τ , Vk+τ )−mk+τ+1] ζk

(

ωk(Xk, �Xk)
)T

. (17)

ˆ§ ä®à¬ã« (13) ¨ (14) á«¥¤ã¥â, çâ® ¤«ï ¢ëç¨á«¥−¨ï ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨©
¤®áâ�â®ç−® §−�âì à�á¯à¥¤¥«¥−¨ï Vk ¨ á®¢¬¥áâ−®¥ ®¤−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ Xk

¨ �Xk. „«ï ¢ëç¨á«¥−¨ï ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© ¢ (16) ¨ (17) ¯®âà¥¡ã¥âáï
®¯à¥¤¥«¨âì á®¢¬¥áâ−®¥ à�á¯à¥¤¥«¥−¨¥ Xk,Xk+τ ¨ �Xk. ‡�¤�¤¨¬ ¥£® á«¥¤ãîé¥©
å�à�ªâ¥à¨áâ¨ç¥áª®© äã−ªæ¨¥©:

g2,k,k+τ (λ1, λ2, µ) = Mexp
{

iλT1Xk + iλ
T
2Xk+τ + iµ

T �Xk

}

.

�â� äã−ªæ¨ï ¡ã¤¥â ã¤®¢«¥â¢®àïâì à¥ªãàà¥−â−®¬ã ãà�¢−¥−¨î

g2,k,k+τ+1(λ1, λ2, µ) = Mexp
{

iλT1Xk + iλ
T
2 ωk+τ (Xk+τ , Vk+τ ) + iµ

T �Xk

}

(18)

¯à¨ −�ç�«ì−®¬ ãá«®¢¨¨

g2,k,k(λ1, λ2, µ) = g1,k(λ1 + λ2, µ). (19)

’¥®à¥¬� 4.1 �ãáâì ¢¥ªâ®à−ë© ¤¨áªà¥â−ë© ‘â�
[

XTk Y
T
k

]

®¯à¥¤¥«ï¥âáï ãà�¢-
−¥−¨ï¬¨ −¥£�ãáá®¢áª®© −¥«¨−¥©−®© à¥£à¥áá¨®−−®© ‘â‘ (9) ¨ ¨¬¥¥â ª®−¥ç−ë¥
®¤−®- ¨ ¤¢ã¬¥à−ë¥ ¬®¬¥−âë. ’®£¤� ¥á«¨ ¬�âà¨æ� Bk −¥¢ëà®¦¤¥−�, â® ¤¨á-
ªà¥â−ë© “�� (10) ®¯à¥¤¥«ï¥âáï à¥ªãàà¥−â−ë¬ ®¡à�§®¬ ãà�¢−¥−¨ï¬¨ (11) á ãç¥-
â®¬ (13){(19).
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„¨áªà¥â−®¥ ãá«®¢−®-®¯â¨¬�«ì−®¥ ®æ¥−¨¢�−¨¥ ¢ −¥ï¢−ëå −�¡«î¤�¥¬ëå ‘â‘

“à�¢−¥−¨ï â¥®à¥¬ë 4.1 ¬®£ãâ ¡ëâì à¥è¥−ë â®«ìª® ¨â¥à�â¨¢−®, ¯®áª®«ìªã δk
¨ γk §�¢¨áïâ ®â g2,k,k+τ (λ1, λ2, µ). Œ®¦−® ¯à¥¤«®¦¨âì á«¥¤ãîé¨© ¨â¥à�â¨¢−ë©
¯à®æ¥áá ¢ëç¨á«¥−¨©: á−�ç�«� −�å®¤ïâáï δk, γk ¨ g1,k ¤«ï τ = 0, � §�â¥¬ g2,k,k+τ
®¯à¥¤¥«ï¥âáï ¢ ¯¥à¢®¬ ¯à¨¡«¨¦¥−¨¨, ¤�«¥¥ áâà®¨âáï ¢â®à®¥ ¯à¨¡«¨¦¥−¨¥ δk, γk
¨ g1,k ¨ â. ¤.

�−�«®£¨ç−® ¤«ï ¯à¨¢¥¤¥−−ëå á¨áâ¥¬ ä®à¬ã«¨àãîâáï â¥®à¥¬ë ®¡ “��
¢ ãá«®¢¨ïå â¥®à¥¬ 2.1{2.4.

5 Дискретная условно-оптимальная интерполяция

‚ á«ãç�¥ ãá«®¢−®-®¯â¨¬�«ì−®© ¯àï¬®© ¨−â¥à¯®«ïæ¨¨ (“��ˆ) ®¡®§−�ç¨¬
ç¥à¥§ �XS|k ®æ¥−ªã ¢¥ªâ®à� XS ¯® â¥ªãé¨¬ −�¡«î¤¥−¨ï¬¨ Y k

1 = {Yi, i = 1, k},
k ≥ S. ‘®£«�á−® ¯à¨−æ¨¯ã ãá«®¢−®-®¯â¨¬�«ì−®£® ®æ¥−¨¢�−¨ï ®¯à¥¤¥«¨¬ ª«�áá
¤®¯ãáâ¨¬ëå ®æ¥−®ª �XS|k à�§−®áâ−ë¬ ãà�¢−¥−¨¥¬ “��ˆ

�XS|k = δkζk(Yk+1, �XS|k) + γk, k ≥ S, (20)

¯à¨ §�¤�−−®© ¯®á«¥¤®¢�â¥«ì−®áâ¨ äã−ªæ¨© {ζk} ¨ ¢á¥å ¢®§¬®¦−ëå §−�ç¥−¨ïå
áâàãªâãà−ëå ª®íää¨æ¨¥−â®¢ δk ¨ γk à�§¬¥à−®áâ¨ nx× q ¨ nx×1 á®®â¢¥âáâ¢¥−−®.
��ç�«ì−®¥ ãá«®¢¨¥ ¤«ï ãà�¢−¥−¨© (20) ¨¬¥¥â ¢¨¤ �XS = �XS|S ¨ −�å®¤¨âáï ¨§
à¥è¥−¨ï ¨§¢¥áâ−®© §�¤�ç¨ “�”.

�ãáâì ª®¢�à¨�æ¨®−−�ï ¬�âà¨æ� Kζk
á«ãç�©−®£® ¢¥ªâ®à� ζk =

= ζk(Yk+1, �XS|k) | ¯®«®¦¨â¥«ì−® ®¯à¥¤¥«¥−−�ï ¬�âà¨æ� ¯à¨ ¢á¥å k ≥ S.
�â−®á¨â¥«ì−® äã−ªæ¨© ωšk , ω1k ¨ ζk ¡ã¤¥¬ ¢ ¤�«ì−¥©è¥¬ ¯®«�£�âì, çâ® ®−¨ ®¡¥á-
¯¥ç¨¢�îâ áãé¥áâ¢®¢�−¨¥ ¢á¥å ¬®¬¥−â®¢ ª®−¥ç−®£® ¯®àï¤ª� á®áâ�¢−®£® á«ãç�©−®£®
¢¥ªâ®à� [XTk

�XTS|k]
T ¯à¨ ¢á¥å k ≥ S. �à¨−¨¬�ï ãà�¢−¥−¨¥ (20) ª�ª ãà�¢−¥−¨¥

«¨−¥©−®© à¥£à¥áá¨¨ á«ãç�©−®£® ¢¥ªâ®à�XS −� á«ãç�©−ë© ¢¥ªâ®à ζk(Yk+1, �XS|k),
¯®«ãç�¥¬ á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥.

’¥®à¥¬� 5.1. �ãáâì ¢ ãá«®¢¨ïå â¥®à¥¬ë 3.1 ®æ¥−ª� �XS|k ¢¥ªâ®à� XS ¯®

−�¡«î¤¥−¨ï¬ Y k
1 , k ≥ S, ¨é¥âáï ¢ ª«�áá¥ ®æ¥−®ª, ®¯à¥¤¥«ï¥¬ëå ãà�¢−¥−¨¥¬

−¥«¨−¥©−®£® “��ˆ ¢¨¤� (20). ’®£¤� ®¯â¨¬�«ì−ë¥ §−�ç¥−¨ï ª®íää¨æ¨¥−â®¢ δk
¨ γk ¤«ï “��ˆ áãé¥áâ¢ãîâ ¨ ®¯à¥¤¥«ïîâáï ãà�¢−¥−¨ï¬¨

δkRk = Lk; γk = rk − δkρk, (21)

£¤¥ ¢¢¥¤¥−ë á«¥¤ãîé¨¥ ®¡®§−�ç¥−¨ï:

Rk = Mζ
0
kζ
0T
k , ζ0k = ζk −mζk

= ζk − ρk, ζk = ζk(Yk+1, �Xs|k);

Lk = MX
0
Sζ
0T
k ; rk = MXk; ρk = M ζk.
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„«ï ¢ëç¨á«¥−¨ï Rk, Lk, rk ¨ ρk ¤®áâ�â®ç−® §−�âì ®¤−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥

á«ãç�©−®£® ¢¥ªâ®à� [XTk
�XTS|k]

T ¢ ª�¦¤ë© ¬®¬¥−â ¢à¥¬¥−¨ k ≥ S.

‚ §�¤�ç¥ ãá«®¢−®-®¯â¨¬�«ì−®© ¨−â¥à¯®«ïæ¨¨ á ä¨ªá¨à®¢�−−®© §�¤¥à¦ª®©
(“�ˆ”‡) ®¯à¥¤¥«¨¬ ª«�áá ¤®¯ãáâ¨¬ëå ®æ¥−®ª �Xk|k+τ à�§−®áâ−ë¬ ãà�¢−¥−¨¥¬

�Xk+1|k+1+τ = δkζk( �Xk+τ |k+1+τ ) + γk, k ≥ k0 , (22)

á −�ç�«ì−ë¬ ãá«®¢¨¥¬ �Xk0|k0+τ , ª®â®à®¥ −�å®¤¨âáï ¨§ à¥è¥−¨ï §�¤�ç¨ “��ˆ.
�à¨−¨¬�ï ãà�¢−¥−¨¥ (22) ª�ª ãà�¢−¥−¨¥ «¨−¥©−®© à¥£à¥áá¨¨ á«ãç�©−®£® ¢¥ªâ®à�
Xk+1 −� á«ãç�©−ë© ¢¥ªâ®à ζk( �Xk|k+τ , Yk+1+τ ) ¨ ¨á¯®«ì§ãï ãà�¢−¥−¨ï (21),
¯à¨å®¤¨¬ ª á«¥¤ãîé¥© â¥®à¥¬¥.

’¥®à¥¬� 5.2. �ãáâì ¢ ãá«®¢¨ïå â¥®à¥¬ 3.1 ¨ 5.1 ®æ¥−ª� �Xk|k+τ −�¡«î¤�¥¬®£®

¢¥ªâ®à� Xk ¯® −�¡«î¤¥−¨ï¬ Y k+τ
1 ¨é¥âáï ¢ ª«�áá¥ ®æ¥−®ª, ®¯à¥¤¥«ï¥¬ëå

ãà�¢−¥−¨¥¬ (22). ’®£¤� ®¯â¨¬�«ì−ë¥ §−�ç¥−¨ï ª®íää¨æ¨¥−â®¢ δk ¨ γk ¤«ï
“�ˆ”‡ áãé¥áâ¢ãîâ ¨ ã¤®¢«¥â¢®àïîâ ãà�¢−¥−¨ï¬ (21) á äã−ªæ¨ï¬¨

Rk = M ζkζ
T
k = Kζk

; Lk = MX0k+1ζ
0
k
T
, rk = MXk+1 = mXk+1

,

ζ0k = ζk − ρk, ρk =Mζk, ζk = ζk(Yk+1+τ , �Xk|k+τ ).

}

(23)

„«ï −�å®¦¤¥−¨ï Rk, Lk, rk ¨ ρk ¤®áâ�â®ç−® §−�âì à�á¯à¥¤¥«¥−¨¥ á«ãç�©−®£®

¢¥ªâ®à� [XTk X
T
k+τ
�XTk|k+τ ]

T ¯à¨ k ≥ k0 ¨ à�á¯à¥¤¥«¥−¨ï ¢¥«¨ç¨− Vk, k ≥ k0,

ª®â®àë¥ ¯® ¯à¥¤¯®«®¦¥−¨î ¨§¢¥áâ−ë. ÷�á¯à¥¤¥«¥−¨¥ −�ç�«ì−®£® §−�ç¥−¨ï íâ®£®
¢¥ªâ®à� −�å®¤¨âáï ¨§ à¥è¥−¨ï §�¤�ç¨ “��ˆ.

‚ á«ãç�¥ ãá«®¢−®-®¯â¨¬�«ì−®© ®¡à�â−®© ¨−â¥à¯®«ïæ¨¨ (“��ˆ) ¬®¦−® â�ª-
¦¥ áâà®¨âì à¥ªãàà¥−â−ë¥ �«£®à¨â¬ë ®æ¥−¨¢�−¨ï ¯® ä¨ªá¨à®¢�−−ë¬ −�¡«î¤¥−¨-
ï¬, â. ¥. ¯®á«¥ §�¢¥àè¥−¨ï íªá¯¥à¨¬¥−â�. �à¨¢¥¤¥¬ ãà�¢−¥−¨ï “��ˆ. ‘ íâ®©
æ¥«ìî ®¡®§−�ç¨¬ ç¥à¥§ �Xk|N ®æ¥−ªã ¢¥ªâ®à�Xk ¯® −�¡«î¤¥−¨ï¬ Y N

1 ¨ ®¯à¥¤¥«¨¬
ª«�áá ¤®¯ãáâ¨¬ëå ®æ¥−®ª à�§−®áâ−ë¬ ãà�¢−¥−¨¥¬ “��ˆ

�Xk|N = δkζk( �Xk+1|N ) + γk

á £à�−¨ç−ë¬ ãá«®¢¨¥¬ �XN = �XN |N , ª®â®à®¥ −�å®¤¨âáï ¯à¨ à¥è¥−¨¨ §�¤�ç¨
¤¨áªà¥â−®© “�”.

’¥®à¥¬� 5.3. �ãáâì ¢ ãá«®¢¨ïå â¥®à¥¬ë 3.1 ®æ¥−ª� �Xk|N ¢¥ªâ®à� Xk ¯® −�-

¡«î¤¥−¨ï¬ Y N ¨é¥âáï ¢ ª«�áá¥ ®æ¥−®ª, ®¯à¥¤¥«ï¥¬ëå (23). ’®£¤� ®¯â¨¬�«ì−ë¥
§−�ç¥−¨ï ª®íää¨æ¨¥−â®¢ δk ¨ γk ¤«ï “��ˆ áãé¥áâ¢ãîâ ¨ ã¤®¢«¥â¢®àïîâ

ãà�¢−¥−¨ï¬ “��ˆ ¯à¨ ζk = ζk( �Xk+1|N ). „«ï −�å®¦¤¥−¨ï Rk, Lk, rk ¨ ρk

¤®áâ�â®ç−® §−�âì à�á¯à¥¤¥«¥−¨¥ á«ãç�©−®£® ¢¥ªâ®à� [XTk
�XTk+1|N ]

T ¢ ª�¦¤ë©
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¬®¬¥−â ¢à¥¬¥−¨ k = 1, N − 1. �à¨ íâ®¬ à�á¯à¥¤¥«¥−¨¥ £à�−¨ç−®£® §−�ç¥−¨ï

[XTN−1
�XTN |N ]

T −�å®¤¨âáï á ¨á¯®«ì§®¢�−¨¥¬ ãà�¢−¥−¨© ¤¨áªà¥â−®© “�”.

‡�¬¥ç�−¨¥ 5.1. ÷�áá¬®âà¥−−ë¥ âà¨ ¢¨¤� “�ˆ âà¥¡ãîâ ¤«ï á¢®¥© à¥�«¨§�-
æ¨¨ âà¨ à�§«¨ç−ëå �«£®à¨â¬�, ª�¦¤ë© ¨§ ª®â®àëå ¤®«¦¥− ¯à®¥ªâ¨à®¢�âìáï
á®¢¬¥áâ−® á “�”. Š�ª ¨ ¢ â¥®à¨¨ ¤¨áªà¥â−®© “�”, ¢á¥ á«®¦−ë¥ ¢ëç¨á«¥−¨ï,
á¢ï§�−−ë¥ á −�å®¦¤¥−¨¥¬ Rk, Lk, rk, ρk, δk ¨ γk, ®á−®¢�−ë â®«ìª® −� �¯à¨®à−®©
¨−ä®à¬�æ¨¨ ® ¬®¤¥«¨ −�¡«î¤�¥¬®© á¨áâ¥¬ë ¨ −¥ ¨á¯®«ì§ãîâ à¥§ã«ìâ�â®¢ −�¡«î-
¤¥−¨©. �®íâ®¬ã ®−¨ ¬®£ãâ ¡ëâì ¢ë¯®«−¥−ë §�à�−¥¥ ¢ ¯à®æ¥áá¥ ¯à®¥ªâ¨à®¢�−¨ï
¤¨áªà¥â−®£® ¨−â¥à¯®«ïâ®à� á ¨á¯®«ì§®¢�−¨¥¬ ¯à®£à�¬¬−ëå áà¥¤áâ¢ ¤«ï à¥è¥−¨ï
§�¤�ç áâ�â¨áâ¨ç¥áª®£® �−�«¨§� ‘â�, ®¯¨áë¢�¥¬ëå à�§−®áâ−ë¬¨ ãà�¢−¥−¨ï¬¨.
Šà®¬¥ â®£®, ¨§«®¦¥−−�ï â¥®à¨ï ¯®§¢®«ï¥â ¢ ¯à®æ¥áá¥ ¯à®¥ªâ¨à®¢�−¨ï ®¯à¥¤¥-
«ïâì áà¥¤−¨© ª¢�¤à�â ®è¨¡ª¨ ®æ¥−¨¢�−¨ï ¨, −�¯à¨¬¥à ¨áå®¤ï ¨§ íâ®£®, ¢ë¡¨à�âì
¯®¤å®¤ïé¨© ¤¨áªà¥â−ë© ãá«®¢−®-®¯â¨¬�«ì−ë© ¨−â¥à¯®«ïâ®à. ‘�¬ ¦¥ ¯à®æ¥áá
®æ¥−¨¢�−¨ï (¯àï¬®© ¨−â¥à¯®«ïæ¨¨ ¨«¨ ¨−â¥à¯®«ïæ¨¨ á ä¨ªá¨à®¢�−−®© §�¤¥à¦-
ª®©) ¬®¦¥â ¡ëâì ®áãé¥áâ¢«¥− ¢ à¥�«ì−®¬ ¬�áèâ�¡¥ ¢à¥¬¥−¨ −¥¯®áà¥¤áâ¢¥−−®
¢ ¯à®æ¥áá¥ ¯à®¢¥¤¥−¨ï íªá¯¥à¨¬¥−â®¢.

6 Применение к авторегрессионным приведенным уравнениям

„«ï á¨−â¥§� “�” (á¬. à�§¤. 3) ¢ ãá«®¢¨ïå â¥®à¥¬ë 2.1, ¥á«¨ ¢¢¥áâ¨ á®áâ�¢−®©

¢¥ªâ®à �X =
[

XTk , U
T
k

]T
¨ ¯®«®¦¨âì

�ωšk =
[

(ωšk )
T(ωš1k)

T
]T
,

£¤¥

ωšk (
�Xk,mk+1,Kk+1) = ϕ

š
k (
�Xk,mk+1,Kk+1) + ψ

š
K( �Xk,mk+1,Kk+1)Vk;

ωš1k ≡ ωš1k(
�Xk, Vk),

â® áâàãªâãà−ë¥ äã−ªæ¨¨ ζk á«¥¤ã¥â ¢§ïâì «¨−¥©−ë¬¨ ®â−®á¨â¥«ì−® Yk:

ζk(Yk,
��Xk) =

[

ξk(
��Xk)
T Y Tk ηk(

��Xk)
T
]T
.

÷�§¡¨¢ ¬�âà¨æã ª®íää¨æ¨¥−â®¢ δk −� ¡«®ª¨, δk = [αk βk], ¬®¦−® ¯à¥¤áâ�¢¨âì
ãà�¢−¥−¨¥ ¤¨áªà¥â−®£® ä¨«ìâà� �ã£�çñ¢� ¢ ¢¨¤¥

��Xk+1 = αkξk(
��Xk) + βkηk(

��Xk)Yk + γk.

‡¤¥áì ξk = ξk(
��Xk) ¨ ηk = ηk(

��Xk)| ¨§¢¥áâ−ë¥ áâàãªâãà−ë¥ äã−ªæ¨¨ ä¨«ìâà�;
αk, βk ¨ γk | ª®íää¨æ¨¥−âë ä¨«ìâà�. ‚ íâ®¬ á«ãç�¥ ¨¬¥¥¬

ρk =
[

ρ
(k)T
1 ρ

(k)T
2

]T
, ρ

(k)
1 = Mξk(

��Xk), ρ
(k)
2 = Mηk(

��Xk)ϕ1k( �Xk);
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Bk =

[

κ
(k)
11 κ

(k)
12

κ
(k)
21 κ

(k)
22

]

, det |Bk| 6= 0,

κ
(k)
11 = M

[

ξk

(

��Xk

)

− ρ
(k)
1

]

ξk

(

��Xk

)T
,

κ
(k)
12 = κ

(k)T
21 = M

[

ξk

(

��Xk

)

− ρ
(k)
1

]

ϕš1k
(

�Xk

)T
ηk

(

��Xk

)T
,

κ
(k)
22 = M

[

ηk

(

��Xk

)

ϕš1k
(

�Xk

)

− ρ
(k)
2

]

ϕš1k
(

�Xk

)T
ηk

(

�X ��Xk

)T
+

+Mηk

(

��Xk

)

ψš1k
(

�Xk

)

νkψ
š
1k

(

�Xk

)T
ηk(
��Xk)
T;

Dk =
[

κ
(k)
01 κ

(k)
02

]

, κ
(k)
01 = M

[

ϕšk
(

�Xk

)

−mk+1

]

ξk

(

��Xk

)T
,

κ
(k)
02 = M

[

ϕšk (
�Xk)−mk+1

]

ϕš1k
(

�Xk

)T
ηk

(

��Xk

)T
+

+Mψšk
(

�Xk

)

νkψ
š
1k

(

�Xk

)T
ηk

(

��Xk

)T
;

mk+1 = ρ
(k)
0 , ρ

(k)
0 = Mϕšk

(

�Xk

)

,

£¤¥MVk = 0;MVkV
T
k = νk | ª®¢�à¨�æ¨ï ¡¥«®£® èã¬� Vk.

Œ�âà¨æ� ª®íää¨æ¨¥−â®¢ ä¨«ìâà� δk = [αkβk] ®¯à¥¤¥«ï¥âáï ãà�¢−¥−¨ï¬¨:

αkκ
(k)
11 + βkκ

(k)
21 = κ

(k)
01 ; αkκ

(k)
12 + βkκ

(k)
22 = κ

(k)
02 , (24)

� ¢¥ªâ®à á¬¥é¥−¨ï γk | ä®à¬ã«®©

γk = ρ
(k)
0 − αkρ

(k)
1 − βkρ

(k)
2 . (25)

�à¨ íâ®¬ á¯à�¢¥¤«¨¢® á«¥¤ãîé¥¥ à¥ªãàà¥−â−®¥ ãà�¢−¥−¨¥ ¤«ï ®¤−®¬¥à−®© å�-

à�ªâ¥à¨áâ¨ç¥áª®© äã−ªæ¨¨ [ �XTk
��XTk ]

T:

g1,k+1(λ, µ) = M
{

iλT
[

ϕšk
(

�Xk

)

+ ψšk
(

�Xk

)

Vk

]

+

+ iµT
[

αkξk

(

��Xk

)

+ βkζk

(

��Xk

)

ϕš1k
(

�Xk

)

+

+ βkηk

(

��Xk

)

ψš1k
(

�Xk

)

Vk + γk

]}

. (26)

�® ¢¥«¨ç¨−ë �Xk ¨ ��Xk −¥§�¢¨á¨¬ë ®â Vk. ‘«¥¤®¢�â¥«ì−®, ãá«®¢−®¥ ¬�â¥¬�â¨ç¥-

áª®¥ ®¦¨¤�−¨¥ Mexp{[iλTψšk (
�Xk) + iµ

Tηk(
��Xk)ψ

š
1k(
�Xk)]Vk | �Xk,

��Xk} á®¢¯�¤�¥â
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„¨áªà¥â−®¥ ãá«®¢−®-®¯â¨¬�«ì−®¥ ®æ¥−¨¢�−¨¥ ¢ −¥ï¢−ëå −�¡«î¤�¥¬ëå ‘â‘

á ¡¥§ãá«®¢−ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬, ¯à¥¤áâ�¢«ïîé¨¬ á®¡®© §−�ç¥−¨¥
å�à�ªâ¥à¨áâ¨ç¥áª®© äã−ªæ¨¨ hk(λ

′) ‘‚ Vk ¯à¨

λ′ = ψšk (
�Xk)
Tλ+ ψš1k

(

�Xk

)T
ηk

(

��Xk

)T
µ .

“ç¨âë¢�ï íâ®, ¯à¥¤áâ�¢¨¬ (26) ¢ ¢¨¤¥

g1,k+1(λ, µ) = Mhk

(

ψšk (
�Xk)
Tλ+ ψš1k(

�Xk)
Tηk(

��Xk)β
T
k µ
)

×

× exp
{

iλTϕšk (
�Xk) + iµ

T[αkξk(
��Xk) + βkηk(

��Xk)ϕ
š
1k(
�Xk) + γk]

}

. (27)

“à�¢−¥−¨ï (24), (25) ¨ (27) ®¯à¥¤¥«ïîâ à¥ªãàà¥−â−ë© ¯à®æ¥áá ¢ëç¨á«¥−¨ï
g1,k+1, αk+1, βk+1 ¨ γk+1 ¯® ¨§¢¥áâ−ë¬ g1,k, αk ¨ βk. „«ï −�ç�«� ¯à®æ¥áá�

−¥®¡å®¤¨¬® §�¤�âì å�à�ªâ¥à¨áâ¨ç¥áªãî äã−ªæ¨î g1,1(λ, µ) ¢¥«¨ç¨− �X1 ¨ ��X1
(â¥®à¥¬� 6.1).

„«ï á¨−â¥§� “�� (á¬. à�§¤. 4) ¢ ãá«®¢¨ïå â¥®à¥¬ë 2.2 ¨á¯®«ì§ãîâáï á«¥¤ã-
îé¨¥ á®®â−®è¥−¨ï (â¥®à¥¬� 6.2):

Xk+1 = ϕ
š
k (
�Xk) + ψ

š
k (
�Xk)Vk; Yk = ϕ

š
1k(
�Xk, Yk) + ψ

š
1k(Yk)Vk;

��Xk+τ+1 = αkξk(
��Xk) + βkηk(

��Xk)Yk + γk;

αkκ
(k)
11 + βkκ

(k)
21 = κ

(k)
01 ; αkκ

(k)
12 + βkκ

(k)
22 = κ

(k)
02 ;

γk = ρ
(k+τ+1)
0 − αkρ

(k)
1 − βkρ

(k)
2 , ρ

(k+τ+1)
0 = Mϕšk+τ

(

�Xk+τ

)

;

ρk =
[

ρ
(k)T
1 ρ

(k)T
2

]T
, ρ

(k)
1 = M ξk(

��Xk), ρ
(k)
2 = M ηk(

��Xk)ϕ
š
1k(
�Xk),

� â�ª¦¥ ãà�¢−¥−¨ï â¥®à¥¬ë 4.1 ¤«ï ®¤−®- ¨ ¤¢ã¬¥à−ëå å�à�ªâ¥à¨áâ¨ç¥áª¨å
äã−ªæ¨©.
‡�¬¥ç�−¨¥ 6.1. ‚ á«ãç�¥ −®à¬�«ì−ëå “�” ¨ “�� á®®â¢¥âáâ¢ãîé¨¥ à¥§ã«ìâ�âë
¯à¨¢¥¤¥−ë ¢ [5, 6].
‡�¬¥ç�−¨¥ 6.2. �−�«®£¨ç−® à�áá¬�âà¨¢�îâáï “�” ¨ “�� ¢ ãá«®¢¨ïå ‘â‘
â¥®à¥¬ë 2.2, ¥á«¨ ¢¢¥áâ¨ á®áâ�¢−®© ¢¥ªâ®à �Xk = [X

T
k U

T
k WT

k V Tk ]
T.

7 Заключение

„«ï §�¤�ç à¥�«ì−®£® ¢à¥¬¥−¨ ¤¨áªà¥â−ëå −¥ï¢−ëå £�ãáá®¢áª¨å ¨ −¥£�ãáá®¢-
áª¨å ‘â‘, ¯à¨¢®¤¨¬ëå ª ï¢−ë¬, à�§à�¡®â�−ë −¥«¨−¥©−ë¥ ãá«®¢−®-®¯â¨¬�«ì−ë¥
¯® �ã£�çñ¢ã (¢ áà¥¤−¥ª¢�¤à�â¨ç−®¬ á¬ëá«¥) ¬¥â®¤ë á¨−â¥§� ä¨«ìâà®¢ ¤«ï à¥-
ªãàà¥−â−®© ®æ¥−ª¨ (ä¨«ìâà�æ¨¨) á®áâ®ï−¨ï, íªáâà�¯®«ïæ¨¨ ¨ ¨−â¥à¯®«ïæ¨¨,
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ˆ. �. ‘¨−¨æë−

®á−®¢�−−ë¥ −� íª¢¨¢�«¥−â−®© «¨−¥�à¨§�æ¨¨ −¥ï¢−ëå áãé¥áâ¢¥−−® −¥«¨−¥©−ëå
á®®â−®è¥−¨© ®â−®á¨â¥«ì−® áâ�àè¨å à�§−®áâ¥© (¤¨áªà¥â−ëå ¯¥à¥¬¥−−ëå á®áâ®-
ï−¨ï). ‚ ª�ç¥áâ¢¥ ¯à¨¬¥à®¢ ¤«ï ¯à¨¢¥¤¥−−ëå ‘â‘ ¬®£ãâ ¡ëâì ¨á¯®«ì§®¢�−ë
¬�â¥à¨�«ë ¢ [1], � â�ª¦¥ �¢â®à¥£à¥áá¨®−−ë¥ á¨áâ¥¬ë [5, 6].

‡�á«ã¦¨¢�îâ ¤�«ì−¥©è¥£® à�§¢¨â¨ï ®¡®¡é¥−¨ï ¬¥â®¤®¢ [7, 8], � â�ª¦¥ [9{14].
�à¥¤áâ�¢«ïîâ ¨−â¥à¥á à�§à�¡®âª¨ ä¨«ìâà®¢ ¯® à�§«¨ç−ë¬ ¡�©¥á®¢ë¬ ªà¨â¥-

à¨ï¬, � â�ª¦¥ ®æ¥−ª¨ â®ç−®áâ¨ ä¨«ìâà®¢ ¤«ï −¥£�ãáá®¢áª¨å ¯�à�¬¥âà¨§®¢�−−ëå
à�á¯à¥¤¥«¥−¨©.
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DISCRETE CONDITIONALLY-OPTIMAL ESTIMATION
IN OBSERVABLE IMPLICIT STOCHASTIC SYSTEMS
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Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: The paper is devoted to the approximate methods of nonlinear
conditionally-optimal (by Pugachev) estimation (filtering, extrapolation, and
interpolation) of stochastic processes in discrete implicit stochastic systems (StS)
reducible to explicit StS. The methods are based on equivalent linearization of
implicit functions. It is supposed that observations do not influence objects
and are described by nonlinear equations with noncorrelated and autocorrelated
noises. A survey of publications in the field of conditionally-optimal filtering and
extrapolation for explicit and implicit StS is given. Two discrete mathematical
models of implicit StS and equivalent linearization methods are considered.
For reducible implicit StS, conditionally-optimal filtering and extrapolation
basic algorithms are presented. Special attention is paid to the known types of
interpolation. Implementation to reduced autoregression equations is presented.
Main conclusions and directions of future investigation are discussed.

Keywords: autoregression system; conditionally-optimal extrapolator (COE);
conditionally-optimal filter (COF); conditionally-optimal interpolator; discrete
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ОПТИМИЗАЦИЯ ПОРОГОВОГО ПАРАМЕТРА
RED-ПОДОБНОГО АЛГОРИТМА УПРАВЛЕНИЯ ОЧЕРЕДЬЮ

МОДЕЛИ G/M/1

Я. М. Агаларов1

�−−®â�æ¨ï: ÷�áá¬�âà¨¢�¥âáï §�¤�ç� à�áç¥â� ®¯â¨¬�«ì−®£® ¯®à®£®¢®£® §−�ç¥-
−¨ï RED-¯®¤®¡−®£® �«£®à¨â¬� ¤«ï á¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï (‘Œ�)
G/M/1 á −¥¯®«−ë¬ ®¡−®¢«¥−¨¥¬ ®ç¥à¥¤¨ ¨ ¢¥à®ïâ−®áâ−ë¬ á¡à®á®¬ §�ï¢®ª.
RED-¯®¤®¡−ë© �«£®à¨â¬ ¨á¯®«ì§ã¥â ®¤−®¯®à®£®¢ë© ¬¥å�−¨§¬ ¢¥à®ïâ−®áâ−®-
£® á¡à®á� §�ï¢®ª ¨§ ®ç¥à¥¤¨, á®£«�á−® ª®â®à®¬ã ¢ ª�¦¤ë© ¬®¬¥−â ®á¢®¡®¦¤¥-
−¨ï ®¡á«ã¦¨¢�îé¥£® ¯à¨¡®à� á §�¤�−−®© ¢¥à®ïâ−®áâìî á¡à�áë¢�¥âáï ç�áâì
§�ï¢®ª ¨§ ®ç¥à¥¤¨. ‡�ï¢ª¨ §�−¨¬�îâ ®ç¥à¥¤ì ¢ ¯®àï¤ª¥ ¯®áâã¯«¥−¨ï, ¨ â¥,
ã ª®â®àëå ¢ ¬®¬¥−âë ®á¢®¡®¦¤¥−¨ï ®¡á«ã¦¨¢�îé¥£® ¯à¨¡®à� −®¬¥à ®ç¥à¥¤¨
¡®«ìè¥ §�¤�−−®£® ¯®à®£®¢®£® §−�ç¥−¨ï (−�å®¤ïâáï ¢ ú§®−¥ ¯¥à¥£àã§ª¨û), á §�-
¤�−−®© ¢¥à®ïâ−®áâìî á¡à�áë¢�îâáï. �à¥¤¯®«�£�¥âáï, çâ® ú§®−� ¯¥à¥£àã§ª¨û
¨¬¥¥â ®£à�−¨ç¥−−®¥ ç¨á«® ¬¥áâ, ¨ ¥á«¨ ¢ ¬®¬¥−â ¯®áâã¯«¥−¨ï §�ï¢ª¨ ¢ ú§®−¥
¯¥à¥£àã§ª¨û −¥â á¢®¡®¤−ëå ¬¥áâ, â® §�ï¢ª� á¡à�áë¢�¥âáï. –¥«¥¢�ï äã−ªæ¨ï
¯à¥¤áâ�¢«ï¥â á®¡®© ¢§¢¥è¥−−ãî áã¬¬ã áà¥¤−¥£® ¢à¥¬¥−¨ §�¤¥à¦ª¨ §�ï¢ª¨,
áà¥¤−¥£® ç¨á«� á¡à�áë¢�¥¬ëå ¨§ ®ç¥à¥¤¨ ¢ ¥¤¨−¨æã ¢à¥¬¥−¨ §�ï¢®ª, áà¥¤−¥£®
ç¨á«� ®âª«®−ï¥¬ëå −� ¢å®¤¥ ¢ ¥¤¨−¨æã ¢à¥¬¥−¨ §�ï¢®ª, áà¥¤−¥£® ¢à¥¬¥−¨
¯à®áâ®ï ¯à¨¡®à�, ®¯«�âë ®¡á«ã¦¨¢�−¨ï §�ï¢®ª. ‘ä®à¬ã«¨à®¢�−� ¬�â¥-
¬�â¨ç¥áª�ï §�¤�ç� ®¯â¨¬¨§�æ¨¨ æ¥«¥¢®© äã−ªæ¨¨ ¯® ¯®à®£®¢®¬ã §−�ç¥−¨î
¯à¨ ä¨ªá¨à®¢�−−®¬ à�§¬¥à¥ ú§®−ë ¯¥à¥£àã§ª¨û. �à¨¢¥¤¥−ë ¤®ª�§�â¥«ìáâ¢�
−¥ª®â®àëå á®®â−®è¥−¨© ¬¥¦¤ã å�à�ªâ¥à¨áâ¨ª�¬¨ ‘Œ� ¨ ã−¨¬®¤�«ì−®áâ¨
æ¥«¥¢®© äã−ªæ¨¨ ¯® ¯®à®£®¢®¬ã §−�ç¥−¨î. �à¥¤«®¦¥− ¯à®áâ®© �«£®à¨â¬
£�à�−â¨à®¢�−−®£® à¥è¥−¨ï áä®à¬ã«¨à®¢�−−®© §�¤�ç¨.

Š«îç¥¢ë¥ á«®¢�: ã¯à�¢«¥−¨¥ ®ç¥à¥¤ìî; ®¡−®¢«¥−¨¥ ®ç¥à¥¤¨; ¯®à®£®¢ë©
¯�à�¬¥âà

DOI: 10.14357/08696527240403 EDN: VLYKTK

1 Введение

‚ë¯®«−¥−¨¥ âà¥¡®¢�−¨© ª ª�ç¥áâ¢ã ®¡á«ã¦¨¢�−¨ï (QoS, quality of service)
¢ á®¢à¥¬¥−−ëå á¥âïå ¯¥à¥¤�ç¨ ¤�−−ëå −¥¢®§¬®¦−® ¡¥§ à¥è¥−¨ï ¯à®¡«¥¬ë á¥â¥-
¢ëå ¯¥à¥£àã§®ª, ¢®§−¨ªè¥© c á�¬®£® −�ç�«� ¯®ï¢«¥−¨ï á¥â¥© ¯¥à¥¤�ç¨ ¤�−−ëå
¨ ®áâ�îé¥©áï �ªâã�«ì−®© ¨ ¢ −�áâ®ïé¥¥ ¢à¥¬ï. �¤−¨¬ ¨§ â�ª¨å ¬¥å�−¨§¬®¢ ª®−-
âà®«ï ¯¥à¥£àã§®ª, ª®â®àë© è¨à®ª® ¨á¯®«ì§ã¥âáï ¢ á®¢à¥¬¥−−ëå á¥âïå, á«ã¦¨â
¬¥å�−¨§¬ �ªâ¨¢−®£® ã¯à�¢«¥−¨ï ®ç¥à¥¤ìî (Active Queue Management | AQM),
¢ ç�áâ−®áâ¨ �«£®à¨â¬ë RED (Random Early Detection) [1] ¨ RED-¯®¤®¡−ë¥

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, agglar@yandex.ru
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�«£®à¨â¬ë [2], ª®â®àë¥ ¨á¯®«ì§ãîâ ¯®à®£®¢ë¥ ã¯à�¢«ïîé¨¥ ¯�à�¬¥âàë. ‘ãâì
íâ¨å �«£®à¨â¬®¢ §�ª«îç�¥âáï ¢ â®¬, çâ® ¤«ï ¯�à�¬¥âà� â¥ªãé¥© §�£àã¦¥−−®áâ¨
á¨áâ¥¬ë −�§−�ç�¥âáï ®¤−® ¨«¨ −¥áª®«ìª® ¯®à®£®¢ëå §−�ç¥−¨© (ª®−âà®«ì−ëå â®-
ç¥ª ¯¥à¥ª«îç¥−¨ï) ¨, ª®£¤� §�£àã¦¥−−®áâì ¤®áâ¨£�¥â ª�ª®£®-«¨¡® ¯®à®£®¢®£®
§−�ç¥−¨ï, ¢ á¨áâ¥¬¥ ¬¥−ïîâáï ®¯à¥¤¥«¥−−ë¬ ®¡à�§®¬ ¯à�¢¨«� á¡à®á� ¯®áâã¯�-
îé¨å ¯�ª¥â®¢ á æ¥«ìî ®¡¥á¯¥ç¥−¨ï ¢ë¯®«−¥−¨ï ®á−®¢−ëå âà¥¡®¢�−¨© ª ª�ç¥áâ¢ã
QoS (§�¤¥à¦ª� ¯�ª¥â®¢, à�§¡à®á §�¤¥à¦ª¨, ¢¥à®ïâ−®áâì ¯®â¥àì ¨ ¤à.). ‚ −�ãç−ëå
¯ã¡«¨ª�æ¨ïå ¯à¥¤«®¦¥−® ¬−®¦¥áâ¢® à�§«¨ç−ëå ¬®¤¨ä¨ª�æ¨© RED-�«£®à¨â¬®¢,
−�¨¡®«¥¥ ã¯®¬¨−�¥¬ë¥ ¨§ ª®â®àëå Tail-Drop (ú®â¡à�áë¢�−¨¥ å¢®áâ�û) [1, 3, 4],
RED [1, 5], FRED (Flow Random Early Drop) [6], WRED (Weighted RED) [7],
Blue [7], SFB (Stochastic Fair Blue) [8], CBT (Class-Based Threshold) [9], CHOKe
(CHOse and Keep) [10]. ‚ à�¡®â¥ [11] ¯à¨¢¥¤¥−� ¤®áâ�â®ç−® ¯®¤à®¡−�ï ª«�á-
á¨ä¨ª�æ¨ï ¬®¤¨ä¨ª�æ¨© RED-�«£®à¨â¬®¢. ‘¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï
á ã¯à�¢«ï¥¬ë¬¨ ®ç¥à¥¤ï¬¨ à�áá¬®âà¥−ë ¢ à�¡®â¥ [2], ¢ ª®â®à®© ¯à®¢¥¤¥− â�ª¦¥
ªà�âª¨© ®¡§®à RED-¯®¤®¡−ëå �«£®à¨â¬®¢ ¨ ¤«ï −¥ª®â®àëå ¬®¤¥«¥© ¯à¨¢¥¤¥−ë
�−�«¨â¨ç¥áª¨¥ à¥§ã«ìâ�âë.

�á−®¢−®© æ¥«ìî ®¯â¨¬¨§�æ¨¨ ¬¥å�−¨§¬®¢ AQM áâ�¢¨âáï ¢ë¡®à §−�ç¥−¨©
ã¯à�¢«ïîé¨å ¯�à�¬¥âà®¢ (¢¥à®ïâ−®áâ¨ á¡à®á�, ¯®à®£®¢ëå §−�ç¥−¨©, ç�áâ®âë
®¡−®¢«¥−¨ï §−�ç¥−¨© ã¯à�¢«ïîé¨å ¯�à�¬¥âà®¢ ¨ â. ¤.), ®â ª®â®àëå §�¢¨áïâ ¯�-
à�¬¥âàë QoS. „«ï −¥ª®â®àëå ã¯à�¢«ïîé¨å ¯�à�¬¥âà®¢ §−�ç¥−¨ï ¤®«¦−ë ¡ëâì
ª®¬¯à®¬¨áá−ë¬¨, â�ª ª�ª ¨å ¨§¬¥−¥−¨ï ¬®£ãâ ®¤−®¢à¥¬¥−−® ¢ë§¢�âì ã«ãçè¥−¨¥
®¤−¨å ¨ ãåã¤è¥−¨¥ ¤àã£¨å ¯�à�¬¥âà®¢ QoS, çâ® ãá«®¦−ï¥â §�¤�çã ¢ë¡®à� ®¯â¨-
¬�«ì−ëå §−�ç¥−¨© ¯�à�¬¥âà®¢. ÷¥è¥−¨¥ ®¡é¥© §�¤�ç¨ ®¯â¨¬¨§�æ¨¨ ¬¥å�−¨§¬®¢
AQM á¥â¨ á ãç¥â®¬ ¢§�¨¬®§�¢¨á¨¬®áâ¥© ¯�à�¬¥âà®¢ ã§«®¢ −¥ ¯à¥¤áâ�¢«ï¥âáï
¢®§¬®¦−ë¬ ¨§-§� ¡®«ìè®© á«®¦−®áâ¨, ¯®íâ®¬ã ¨áá«¥¤®¢�â¥«¨ ¨§ãç�îâ á¢®©áâ¢�
¬¥å�−¨§¬®¢ AQM á ¨á¯®«ì§®¢�−¨¥¬ ¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥© ®â¤¥«ì−ëå äà�£-
¬¥−â®¢ á¥â¨, ¢ ç�áâ−®áâ¨ ¬®¤¥«¥© ‘Œ�. �® �−�«¨§ã ‘Œ� á ã¯à�¢«ï¥¬ë¬¨
®ç¥à¥¤ï¬¨ ®ç¥−ì ¬−®£® ¯ã¡«¨ª�æ¨©, ¨ �−�«¨â¨ç¥áª¨¥ à¥§ã«ìâ�âë ¤«ï íâ¨å á¨á-
â¥¬ ¢ ®á−®¢−®¬ ¯®«ãç¥−ë ¤«ï ¬®¤¥«¥© á §�¤�−−ë¬¨ §−�ç¥−¨ï¬¨ ã¯à�¢«ïîé¨å
¯�à�¬¥âà®¢ [11{16], � ¢ à�¡®â�å, ¯®á¢ïé¥−−ëå ®¯â¨¬¨§�æ¨¨ ¬¥å�−¨§¬®¢ AQM
(−�¯à¨¬¥à, [17, 18]), ¢ ª�ç¥áâ¢¥ ¯¥à¥¬¥−−ëå ã¯à�¢«ïîé¨å ¯�à�¬¥âà®¢ à�áá¬�â-
à¨¢�«¨áì ¨−â¥à¢�«ë ®¡−®¢«¥−¨ï ¨«¨ ¢¥à®ïâ−®áâ¨ á¡à®á� §�ï¢®ª, � ¯®à®£®¢ë¥
§−�ç¥−¨ï (â®çª¨ ¯¥à¥ª«îç¥−¨ï) áç¨â�«¨áì ä¨ªá¨à®¢�−−ë¬¨. �ç¥¢¨¤−®, â�ª¨¥
¯®ª�§�â¥«¨ ª�ç¥áâ¢� à�¡®âë ‘Œ�, ª�ª ¤®«ï ¯®â¥àì §�ï¢®ª, §�¤¥à¦ª¨ §�ï¢®ª
¨ ¢à¥¬ï ¯à®áâ®ï ¯à¨¡®à®¢, §�¢¨áïâ ¨ ®â ãáâ�−®¢«¥−−®£® ¢ AQM ¯®à®£®¢®£®
§−�ç¥−¨ï, ¨ ¯®íâ®¬ã ¨§ãç¥−¨¥ ¯®¢¥¤¥−¨ï ãª�§�−−ëå ¯®ª�§�â¥«¥© ¯à¨ ¨§¬¥−¥−¨¨
¯®à®£®¢®£® §−�ç¥−¨ï ¢ë§ë¢�¥â ®¯à¥¤¥«¥−−ë© ¨áá«¥¤®¢�â¥«ìáª¨© ¨−â¥à¥á. �à¨
¯®¨áª¥ à¥§ã«ìâ�â®¢ ¯® ¤�−−®© â¥¬�â¨ª¥ �¢â®àã −¥ ¢áâà¥ç�«¨áì à�¡®âë, ¢ ª®â®àëå
¯®«ãç¥−ë â¥®à¥â¨ç¥áª¨¥ à¥§ã«ìâ�âë ¯® à¥è¥−¨î ¤�−−®© ¬−®£®ªà¨â¥à¨�«ì−®©
®¯â¨¬¨§�æ¨®−−®© §�¤�ç¨ ¤«ï ‘Œ� á ®¡−®¢«¥−¨¥¬ ¨ ¯®à®£®¢ë¬ ã¯à�¢«¥−¨¥¬
®ç¥à¥¤ìî. ‚ á«ãç�¥ ‘Œ� â¨¯� G/M/1, M/G/1/N ¨ M/M/s/N ¡¥§ ®¡−®¢-
«¥−¨ï ®ç¥à¥¤¨ �−�«¨â¨ç¥áª®¥ ¨áá«¥¤®¢�−¨¥ ¯à®¢®¤¨«®áì ¨ ¯®«ãç¥−ë −¥ª®â®àë¥
â¥®à¥â¨ç¥áª¨¥ à¥§ã«ìâ�âë (á¬., −�¯à¨¬¥à, [19, 20]).
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�¯â¨¬¨§�æ¨ï ¯®à®£®¢®£® ¯�à�¬¥âà� RED-¯®¤®¡−®£® �«£®à¨â¬� ã¯à�¢«¥−¨ï ®ç¥à¥¤ìî

‚ −�áâ®ïé¥© à�¡®â¥ ¨áá«¥¤ã¥âáï §�¤�ç� ¯®¨áª� ®¯â¨¬�«ì−®£® ¯®à®£®¢®£® §−�-
ç¥−¨ï RED-¯®¤®¡−®£® �«£®à¨â¬� ¤«ï ¬®¤¥«¨ G/M/1 á −¥¯®«−ë¬ ®¡−®¢«¥−¨¥¬
®ç¥à¥¤¨ ¨ ¢¥à®ïâ−®áâ−ë¬ á¡à®á®¬ §�ï¢®ª. ‚ ª�ç¥áâ¢¥ æ¥«¥¢®© äã−ªæ¨¨ ¨á-
¯®«ì§ã¥âáï ¢§¢¥è¥−−�ï áã¬¬� áà¥¤−¥£® ¢à¥¬¥−¨ §�¤¥à¦ª¨ §�ï¢ª¨, áà¥¤−¥£® ç¨á«�
á¡à�áë¢�¥¬ëå ¨§ ®ç¥à¥¤¨ ¢ ¥¤¨−¨æã ¢à¥¬¥−¨ §�ï¢®ª, áà¥¤−¥£® ç¨á«� ®âª«®−ï¥¬ëå
−� ¢å®¤¥ ¢ ¥¤¨−¨æã ¢à¥¬¥−¨ §�ï¢®ª, áà¥¤−¥£® ¢à¥¬¥−¨ ¯à®áâ®ï ¯à¨¡®à� ¨ ®¯«�âë
®¡á«ã¦¨¢�−¨ï §�ï¢®ª.

2 Описание системы и постановка задачи

÷�áá¬�âà¨¢�¥âáï ‘Œ� á −�ª®¯¨â¥«¥¬ −¥®£à�−¨ç¥−−®© ¥¬ª®áâ¨ ¨ ®¤−¨¬ ¯à¨-
¡®à®¬ ®¡á«ã¦¨¢�−¨ï, −� ª®â®àãî ¯®áâã¯�¥â à¥ªãàà¥−â−ë© ¯®â®ª §�ï¢®ª á äã−ª-
æ¨¥© à�á¯à¥¤¥«¥−¨ï ¢¥à®ïâ−®áâ¥© A(t), v =

∫∞
0 t dA(t) < ∞. ‚à¥¬ï ®¡á«ã-

¦¨¢�−¨ï §�ï¢ª¨ ¯à¨¡®à®¬ −¥ §�¢¨á¨â ®â ¢å®¤−®£® ¯®â®ª� ¨ à�á¯à¥¤¥«¥−® ¯®
íªá¯®−¥−æ¨�«ì−®¬ã §�ª®−ã á ¯�à�¬¥âà®¬ µ > 0. �à¨¥¬ ¨ ®¡á«ã¦¨¢�−¨¥ §�ï¢®ª
¢ á¨áâ¥¬¥ ¯à®¨áå®¤¨â á®£«�á−® ¯®à®£®¢®© áâà�â¥£¨¨ ã¯à�¢«¥−¨ï á ú−¥¯®«−ë¬û
®¡−®¢«¥−¨¥¬ á«¥¤ãîé¨¬ ®¡à�§®¬ [2]. �®áâã¯¨¢è�ï §�ï¢ª� §�−¨¬�¥â ®¤−® á¢®¡®¤-
−®¥ ¬¥áâ® ¢ −�ª®¯¨â¥«¥ ¨, ¥á«¨ ¢ ¬®¬¥−â ¯®áâã¯«¥−¨ï §�áâ�¥â ¯à¨¡®à á¢®¡®¤−ë¬,
áà�§ã §�−¨¬�¥â ¥£® ¨ −�ç¨−�¥â ®¡á«ã¦¨¢�âìáï, � ¢ ¯à®â¨¢−®¬ á«ãç�¥ áâ�−®¢¨âáï
¢ ®ç¥à¥¤ì ª ¯à¨¡®àã ¢ ¯®àï¤ª¥ ¯®áâã¯«¥−¨ï. �ãáâì h1 ¨ h2 | æ¥«ë¥ ¯®«®¦¨-
â¥«ì−ë¥ ç¨á«�, ã¤®¢«¥â¢®àïîé¨¥ ãá«®¢¨ï¬ h2 − h1 = a = const ≥ 0, h1 ≥ 1.
‚ ¤�«ì−¥©è¥¬ h1 ¡ã¤¥¬ −�§ë¢�âì ¯®à®£®¢ë¬ §−�ç¥−¨¥¬. �®áâã¯¨¢è�ï §�ï¢ª�
®âª«®−ï¥âáï, ¥á«¨ ¤«¨−� ®ç¥à¥¤¨ −¥ ¬¥−ìè¥ ç¥¬ h2, ¨−�ç¥ §�−¨¬�¥â ®¤−® á¢®¡®¤-
−®¥ ¬¥áâ® ¢ −�ª®¯¨â¥«¥ ¨, ¥á«¨ ¢ ¬®¬¥−â ¯®áâã¯«¥−¨ï §�áâ�¥â ¯à¨¡®à á¢®¡®¤−ë¬,
áà�§ã §�−¨¬�¥â ¥£® ¨ −�ç¨−�¥â ®¡á«ã¦¨¢�âìáï. �à¥¤¯®«�£�¥âáï, çâ® §�ï¢ª¨ ®¡á«ã-
¦¨¢�îâáï ¢ ¯®àï¤ª¥ ¯®áâã¯«¥−¨ï. ‘à�§ã ¯®á«¥ §�¢¥àè¥−¨ï ®¡á«ã¦¨¢�−¨ï §�ï¢ª�
¯®ª¨¤�¥â á¨áâ¥¬ã, ®á¢®¡®¤¨¢ ®¤−®¢à¥¬¥−−® ¬¥áâ® ¢ −�ª®¯¨â¥«¥ ¨ ¯à¨¡®à, � −�
¯à¨¡®à ¯®áâã¯�¥â ®ç¥à¥¤−�ï §�ï¢ª� ¨§ ®ç¥à¥¤¨ (¥á«¨ â�ª®¢�ï ¥áâì). …á«¨ ¯®á«¥
®ª®−ç�−¨ï ®¡á«ã¦¨¢�−¨ï ®ç¥à¥¤−®© §�ï¢ª¨ ¢ á¨áâ¥¬¥ ®áâ�¥âáï ¡®«ìè¥ ç¥¬ h1 +1
(h1 ≥ 1) §�ï¢®ª, â® á ¢¥à®ïâ−®áâìî β = 1−α ¢á¥, ªà®¬¥ ¯¥à¢ëå ¯® ®ç¥à¥¤¨ h1+1
§�ï¢®ª, á¡à�áë¢�îâáï ¨§ ®ç¥à¥¤¨, ¨−�ç¥ §�ï¢ª¨ ¨§ ®ç¥à¥¤¨ −¥ á¡à�áë¢�îâáï.

�â¬¥â¨¬, çâ® ¯à®æ¥áá ®¡á«ã¦¨¢�−¨ï §�ï¢®ª ¢ ¤�−−®© á¨áâ¥¬¥ ®¯¨áë¢�¥âáï
¢«®¦¥−−®© æ¥¯ìî M�àª®¢� (á¬., −�¯à¨¬¥à, [21]), £¤¥ ¯¥à¥å®¤ë æ¥¯¨ ®¯à¥¤¥«ïîâáï
¬®¬¥−â�¬¨ ¯®áâã¯«¥−¨ï §�ï¢®ª, � á®áâ®ï−¨¥ æ¥¯¨ | ç¨á«®¬ §�ï¢®ª, −�å®¤ïé¨åáï
¢ á¨áâ¥¬¥ ¢ ¬®¬¥−â ¯®áâã¯«¥−¨ï.

�ã¤¥¬ áç¨â�âì, çâ® ¢ ª�¦¤®¬ á®áâ®ï−¨¨ 0 ≤ i ≤ h2 á¨áâ¥¬� ¯®«ãç�¥â ú¤®å®¤û,
¢ëà�¦�îé¨©áï äã−ªæ¨¥©

qi(h1, a) =

=







C0−C1W ÏÖ(i, h1, a)−C2N ÓÂÒ(i, h1, a)−C3W ÐÒÏÓÔ(i, h1, a)−C4v ,

0 ≤ i < h2 ;

qh2−1(h1, a)− C0 − C5 , i = h2 ,

(1)
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£¤¥ C0 ≥ 0 | ú¯«�â�û, ¯®«ãç�¥¬�ï á¨áâ¥¬®©, ¥á«¨ ¯®áâã¯¨¢è�ï §�ï¢ª� ¡ã¤¥â
¯à¨−ïâ� ¢ −�ª®¯¨â¥«ì; C1 ≥ 0| úèâà�äû §� ¥¤¨−¨æã ¢à¥¬¥−¨ ®¦¨¤�−¨ï §�ï¢ª¨
¢ á¨áâ¥¬¥; C2 ≥ 0 | úèâà�äû §� á¡à®á ®¤−®© §�ï¢ª¨; C3 ≥ 0 | úèâà�äû
§� ¥¤¨−¨æã ¢à¥¬¥−¨ ¯à®áâ®ï ¯à¨¡®à�; C4 ≥ 0 | áâ®¨¬®áâì §�âà�â ¢ ¥¤¨−¨æã
¢à¥¬¥−¨ ¨§-§� â¥å−¨ç¥áª®£® ®¡á«ã¦¨¢�−¨ï á¨áâ¥¬ë; C5 ≥ 0| ¢¥«¨ç¨−� úèâà�-
ä�û, ¥á«¨ ¯®áâã¯¨¢è�ï §�ï¢ª� ®âª«®−¥−�; W ÏÖ(i, h1, a) | áà¥¤−¥¥ áã¬¬�à−®¥
¢à¥¬ï ®¦¨¤�−¨ï ¢ á®áâ®ï−¨¨ i ®¡á«ã¦¥−−ëå á¨áâ¥¬®© §�ï¢®ª ¯à¨ ¯®à®£¥ h1;
N ÓÂÒ(i, h1, a)| áà¥¤−¥¥ ç¨á«® á¡à®è¥−−ëå ¨§ ®ç¥à¥¤¨ §�ï¢®ª ¢ á®áâ®ï−¨¨ i ¯à¨
¯®à®£¥ h1; W ÐÒÏÓÔ(i, h1, a) | áà¥¤−¥¥ ¢à¥¬ï ¯à®áâ®ï ¯à¨¡®à� ¢ á®áâ®ï−¨¨ i ¯à¨
¯®à®£¥ h1.

‚¢¥¤¥¬ ®¡®§−�ç¥−¨ï: {πi(h1, a), 0 ≤ i ≤ h2} | áâ�æ¨®−�à−®¥ à�á¯à¥¤¥«¥−¨¥
¢¥à®ïâ−®áâ¥© æ¥¯¨ ¯à¨ ¯®à®£¥ h1; Q(h1, a)| ¯à¥¤¥«ì−®¥ áà¥¤−¥¥ §−�ç¥−¨¥ ú¤®-
å®¤�û á¨áâ¥¬ë ¢ ¥¤¨−¨æã ¢à¥¬¥−¨ ¯à¨ ¯®à®£¥ h1; g(h1, a)| ¯à¥¤¥«ì−®¥ áà¥¤−¥¥
§−�ç¥−¨¥ áã¬¬�à−®£® ú¤®å®¤�û á¨áâ¥¬ë, ãáà¥¤−¥−−®£® ¯® ç¨á«ã ¯®áâã¯¨¢è¨å
§�ï¢®ª ¯à¨ ¯®à®£¥ h1.

‚ áâ�æ¨®−�à−®¬ à¥¦¨¬¥ à�¡®âë á¨áâ¥¬ë ¢¥à−ë à�¢¥−áâ¢�:

g(h1, a) =

h2
∑

i=0

πi(h1, a)qi(h1, a); Q(h1, a) =
g(h1, a)

v
.

‘â�¢¨âáï §�¤�ç� ¬�ªá¨¬¨§�æ¨¨ äã−ªæ¨¨ g(h1, a) (Q(h1, a)) −� ¬−®¦¥áâ¢¥
N = {h1 : h1 ≥ 1}: −�©â¨ ®¯â¨¬�«ì−ë© ¯®à®£ h∗1 ∈ N , â�ª®© çâ®

h∗1 = argmax
h1∈N

g(h1, a). (2)

‚áî¤ã −¨¦¥ ¤«ï ªà�âª®áâ¨ ¨§«®¦¥−¨ï ¬�â¥à¨�«� ¢ ®¡®§−�ç¥−¨ïå ¯�à�¬¥âà a
¡ã¤¥¬ ®¯ãáª�âì.

3 Решение задачи

Š�ª á«¥¤ã¥â ¨§ ®¯¨á�−¨ï ã¯®¬ï−ãâ®© ¢ëè¥ ¢«®¦¥−−®© æ¥¯¨ Œ�àª®¢�, áâ�æ¨®-
−�à−®¥ à�á¯à¥¤¥«¥−¨¥ ¢¥à®ïâ−®áâ¥© {πi(h1), 0 ≤ i ≤ h2} ï¢«ï¥âáï ¥¤¨−áâ¢¥−−ë¬
à¥è¥−¨¥¬ á«¥¤ãîé¥© á¨áâ¥¬ë ãà�¢−¥−¨© à�¢−®¢¥á¨ï:

π0(h1) =

h2
∑

i=0

πi(h1)pi0(h1) ;

πj(h1) =

h2
∑

i=j−1

πi(h1)pij(h1) , j = 1, h2 − 1 ;

πh2(h1) = πh2−1(h1)ph2−1,h2(h1) + πh2(h1)ph2,h2−1(h1) ;

h2
∑

i=0

πi(h1) = 1 , πi(h1) > 0 , i = 0, h2 ,



























































(3)
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£¤¥

pij(h1) =

=



















































































ri+1−j , 0 ≤ i ≤ h1, 1 ≤ j ≤ i+ 1 ;

βi+1−jri+1−j , h1 < j ≤ i+ 1 ≤ h2 ;

(1− β)

i−h1
∑

k=1

βk−1rk + β
i−h1ri+1−j , h1 < i ≤ h2 − 1 , j = h1 ;

(1− β)

i−h1
∑

k=1

βk−1rk+h1−j + β
i−h1ri+1−j , h1 < i ≤ h2 − 1, 1 ≤ j < h1 ;

∞
∑

k=i+1

rk , 0 ≤ i ≤ h1, j = 0 ;

(1− β)

i−h1
∑

k=1

βk−1
∞
∑

l=k+h1

rl + β
i−h1

∞
∑

l=i+1

rl , h1 < i ≤ h2 − 1 , j = 0 ;

ph2j(h1) = ph2−1,j(h1) ¤«ï 0 ≤ j ≤ h2 ; rl =

∞
∫

0

(µv)l

l!
e−µvdA(v) , l ≥ 0 .

ˆ§ ãà�¢−¥−¨© (3), ¯®«®¦¨¢ πi(h1) = Ri(h1)πh2(h1), ¯®«ãç¨¬

Rh2(h1) = 1 ; Rh2−1(h1) =
1− ph2,h2−1(h1)

ph2−1,h2(h2)
;

Rj−1(h1) =
πj(h1)[1 − pjj(h1)]−

∑h2

i=j−1
πi(h1)pij(h1)

pj−1,j(h1)
,

1 ≤ j ≤ h2 − 1 ;

πh2(h1) =

(

1 +
h2−1
∑

i=0
Ri(h1)

)−1

;

πj(h1) =
Rj(h1)

1 +
∑h2−1

i=0
Ri(h1)

, j = 0, h2 − 1 .















































































(4)

”¨ªá¨àã¥¬ á®áâ®ï−¨¥ i. ��©¤¥¬ �−�«¨â¨ç¥áª¨¥ ¢ëà�¦¥−¨ï ¤«ï ¢¥«¨-
ç¨− W ÏÖ(i, h1), N ÓÂÒ(i, h1), W ÐÒÏÓÔ(i, h1), i = 0, h2, ®¯à¥¤¥«ïîé¨¥ áà¥¤−¨©
ú¤®å®¤û qi(h1). ’�ª ª�ª W ÏÖ(h2, h1) = W ÏÖ(h2 − 1, h1), N ÓÂÒ(h2, h1) =

= N ÓÂÒ(h2 − 1, h1) ¨ W ÐÒÏÓÔ(h2, h1) = W ÐÒÏÓÔ(h2 − 1, h1), ãª�§�−−ë¥ −¨¦¥
�−�«¨â¨ç¥áª¨¥ ¢ëà�¦¥−¨ï −�å®¤¨¬ ¤«ï i ≤ h2 − 1.
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�ãáâì v | ä¨ªá¨à®¢�−−®¥ §−�ç¥−¨¥ ¢à¥¬¥−¨ ¯à¥¡ë¢�−¨ï á¨áâ¥¬ë ¢ á®áâ®ï-
−¨¨ i. �ãáâì §�ï¢ª¨, −�å®¤ïé¨¥áï ¢ á¨áâ¥¬¥ ¢ ¬®¬¥−â ¯¥à¥å®¤� ¢ á®áâ®ï−¨¥ i,
ãá«®¢−® ¯à®−ã¬¥à®¢�−ë ç¨á«�¬¨ 1, 2, . . . ¢ ¯®àï¤ª¥ ¯®áâã¯«¥−¨ï ¨ §�ï¢ªã á −®-
¬¥à®¬ l −�§®¢¥¬ l-§�ï¢ª®©. �¡®§−�ç¨¬ ç¥à¥§ Bm á«ãç�©−®¥ á®¡ëâ¨¥, â�ª®¥ çâ®
Bm = {τ1+ · · ·+ τm ≤ v < τ1+ · · ·+ τm+1}, £¤¥ τi | á«ãç�©−�ï ¢¥«¨ç¨−�, à�á-
¯à¥¤¥«¥−−�ï ¯® ¯®ª�§�â¥«ì−®¬ã §�ª®−ã á ¯�à�¬¥âà®¬ µ;Wl/m | ¢à¥¬ï ®¦¨¤�−¨ï
l-§�ï¢ª¨ ¯à¨ ãá«®¢¨¨, çâ® ¯à®¨§®è«® á®¡ëâ¨¥ Bm. ‡�¬¥â¨¬, çâ® Bm íª¢¨¢�-
«¥−â−® §�¢¥àè¥−¨î ®¡á«ã¦¨¢�−¨ï à®¢−® m §�ï¢®ª §� ¢à¥¬ï v. ˆ§¢¥áâ−® [21],
çâ® ãá«®¢−®¥ áà¥¤−¥¥ §−�ç¥−¨¥ á«ãç�©−®© ¢¥«¨ç¨−ë Wl+1 = τ1 + · · · + τl ¯à¨
ãá«®¢¨¨, çâ® ¯à®¨§®è«® Bm, à�¢−®

M [Wl+1/m] =
l

m+ 1
v , l = 1,m .

��§®¢¥¬ §�ï¢ªã úãá¯¥è−®©û, ¥á«¨ ®−� ®¡á«ã¦¥−� á¨áâ¥¬®©. �¡®§−�ç¨¬:
M [WÏÖ/m]i,h1 | áã¬¬�à−®¥ áà¥¤−¥¥ ¢à¥¬ï ®¦¨¤�−¨ï úãá¯¥è−ëåû §�ï¢®ª §�
¢à¥¬ï −�å®¦¤¥−¨ï á¨áâ¥¬ë ¢ á®áâ®ï−¨¨ i (â. ¥. §� ¢à¥¬ï v) ¯à¨ ãá«®¢¨¨ Bm ¨ h1;
M [WÚÁÎ/m]i,h1 | áà¥¤−¥¥ ¢à¥¬ï §�−ïâ®áâ¨ ¯à¨¡®à� ¢ á®áâ®ï−¨¨ i ¯à¨ ãá«®¢¨¨Bm

¨ h1; W ÏÖ(i, h1) | ¡¥§ãá«®¢−®¥ áà¥¤−¥¥ ¢à¥¬ï ®¦¨¤�−¨ï úãá¯¥è−ëåû §�ï¢®ª
¢ á®áâ®ï−¨¨ i ¯à¨ h1.

÷�§®¡ì¥¬ ¬−®¦¥áâ¢® ¢á¥å ¢®§¬®¦−ëå á®áâ®ï−¨© á¨áâ¥¬ë −� âà¨ −¥¯¥à¥á¥ª�-
îé¨åáï ¯®¤¬−®¦¥áâ¢�: {i : i ≤ h1}, {i : h1 < i ≤ 2h1}, {i : 2h1 < i ≤ h2}.
÷�áá¬®âà¨¬ ª�¦¤®¥ ¯®¤¬−®¦¥áâ¢® ¢ ®â¤¥«ì−®áâ¨ ¨ ¯®«ãç¨¬ �−�«¨â¨ç¥áª¨¥ ¢ë-
à�¦¥−¨ï ¤«ï W ÏÖ(i, h1) ¨ W ÚÁÎ(i, h1) = v −W ÐÒÏÓÔ(i, h1)| áà¥¤−¥£® ¢à¥¬¥−¨
§�−ïâ®áâ¨ ¯à¨¡®à� ¢ á®áâ®ï−¨¨ i ¯à¨ ¯®à®£¥ h1.

1. �ãáâì i ≤ h1. ’®£¤� ¨¬¥¥â ¬¥áâ® à�¢¥−áâ¢®

W ÏÖ(i, h1) =

i
∑

m=0

∞
∫

0

[

m
∑

l=1

M [Wl+1/m] + (i−m)v

]

rm(v) dA(v) +

+

∞
∑

m=i+1

i
∑

l=1

∞
∫

0

M [Wl+1/m] rm(v) dA(v) =

=
1

2µ

[

i+1
∑

m=1

(2im− (m− 1)m)rm + i(i+ 1)
∞
∑

m=i+2

rm

]

, i ≤ h1 , (5)

£¤¥ rm(b) = ((µv)m/m!)e−µv | à�á¯à¥¤¥«¥−¨¥ �ã�áá®−� á ¯�à�¬¥âà®¬ µv.
2. �ãáâì h1 < i ≤ 2h1 (â. ¥. i − h1 ≤ h1). �¡®§−�ç¨¬ ç¥à¥§

M [WÎÅÏÂ/m]i,h1,n | áã¬¬�à−®¥ áà¥¤−¥¥ ¢à¥¬ï ®¦¨¤�−¨ï §�ï¢®ª, −¥ ¯à¨áâã-
¯¨¢è¨å ª ®¡á«ã¦¨¢�−¨î §� ¢à¥¬ï v ¢ á®áâ®ï−¨¨ i, −® ®¡á«ã¦¥−−ëå ¢¯®á«¥¤áâ¢¨¨
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(úãá¯¥è−ëåû §�ï¢®ª), ¯à¨ ãá«®¢¨¨ Bm ¨ ¯®à®£¥ h1, ¥á«¨ ç¨á«® −¥ ¯à¨áâã¯¨¢è¨å
ª ®¡á«ã¦¨¢�−¨î ¢ á®áâ®ï−¨¨ i §�ï¢®ª à�¢−® n. ‚¥à−® à�¢¥−áâ¢®:

M [WÎÅÏÂ/m]i,h1,n =

{

nv , n ≤ h1 ;

(h1 + an−h1)v , n > h1 ,
(6)

£¤¥ an−h1 = (1 − β)
∑n−h1

l=1 βl−1l + βn−h1(n − h1) | áà¥¤−¥¥ ç¨á«® −¥ ¯à¨áâã-
¯¨¢è¨å ª ®¡á«ã¦¨¢�−¨î §� ¢à¥¬ï ¢ á®áâ®ï−¨¨ i úãá¯¥è−ëåû §�ï¢®ª, ¢ ®ç¥à¥¤¨
¯¥à¥¤ ª®â®àë¬¨ ®áâ�«®áì ¡®«ìè¥ h1 §�ï¢®ª.

÷�§®¡ì¥¬ ®¡«�áâì §−�ç¥−¨© m −� −¥áª®«ìª® ¯®¤®¡«�áâ¥© ¨ ¤«ï ª�¦¤®© ¯®¤-
®¡«�áâ¨ ¯à¨¢¥¤¥¬ (®¯ãáª�ï ¢ë¢®¤) ä®à¬ã«ã ¤«ï M [WÏÖ/m]i,h1:

M [WÏÖ/m]i,h1 =

m+1
∑

l=2

M [Wl/m] + (1− β)

m
∑

k=1

βk−1(k + h1 −m− 1)v +

+ βm(h1 + ai−m−h1)v , 1 ≤ m ≤ i− h1 − 1 ; (7)

M [WÏÖ/m]i,h1 =

m+1
∑

l=2

M [Wl/m] + (1− β)

i−h1
∑

k=1

βk−1(k + h1 −m− 1)v +

+ βi−h1(i−m)v , i− h1 ≤ m ≤ h1 ; (8)

M [WÏÖ/m]i,h1 = (1− β)

m−h1
∑

k=1

βk−1
k+h1
∑

l=2

M [Wl/Bm] +

+βm−h1

m+1
∑

l=2

M [Wl/Bm]+(1−β)

i−h1
∑

k=m−h1+1

βk−1(k+h1−m−1)v+βi−h1(i−m) ,

h1 + 1 ≤ m ≤ i ; (9)

M [WÏÖ/m]i,h1 = (1− β)

i−h1
∑

k=1

βk−1
k+h1
∑

l=2

l − 1

m+ 1
v + βi−h1

i+1
∑

l=2

l − 1

m+ 1
v ,

m > i . (10)

3. �ãáâì 2h1 < i ≤ h2 (â. ¥. i− h1 > h1). ’®£¤� ¢¥à−ë à�¢¥−áâ¢�:

M [WÏÖ/m]i,h1 =
m+1
∑

l=2

M [Wl/m] + (1− β)
m
∑

k=1

βk−1(k + h1 −m− 1)v +

+ βm(h1 + ai−m−h1)v, 1 ≤ m ≤ h1 ; (11)
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M [WÏÖ/m]i,h1 = (1−β)

m−h1
∑

k=1

βk−1
k+h1
∑

l=1

N [Wl/m]+β
m−h1

m+1
∑

l=2

M [Wl/m]+

+ (1− β)

m
∑

k=m−h1+1

βk−1(k + h1 −m− 1)v + βm(h1 + ai−m−h1)v,

h1 + 1 ≤ m ≤ i− h1. (12)
�à¨ i − h1 + 1 ≤ m ≤ i ¨¬¥¥â ¬¥áâ® à�¢¥−áâ¢® (9), � ¯à¨ m > i ¤«ï

M [WÏÖ/Bm]i,h1 ¢ë¯®«−ï¥âáï à�¢¥−áâ¢® (10).
‡�¬¥â¨¬, çâ® ¢à¥¬ï §�−ïâ®áâ¨ ¯à¨¡®à� ¢ ¯¥à¨®¤ −�å®¦¤¥−¨ï á¨áâ¥¬ë ¢ á®-

áâ®ï−¨¨ i à�¢−® ¢à¥¬¥−¨ ¯à¥¡ë¢�−¨ï ¢ á¨áâ¥¬¥ ¯®á«¥¤−¥© ®¡á«ã¦¥−−®© §� íâ®â
¯¥à¨®¤ §�ï¢ª¨. ’®£¤� �−�«®£¨ç−® ¯à¥¤ë¤ãé¨¬ ä®à¬ã«�¬ ¢ë¢®¤¨¬ á«¥¤ãîéãî
ä®à¬ã«ã:
M [WÚÁÎ/m]i,h1 =

=



















































v , 0 ≤ m ≤ i ≤ h1 ¨«¨ m ≤ h1 < i ;
i+ 1

m+ 1
v , i ≤ h1, m > i ;

(1− β)
m−h1
∑

k=1

βk−1M [Wk+h1+1/m] + β
m−h1v , h1 + 1 ≤ m ≤ i ;

(1− β)
i−h1
∑

k=1

βk−1M [Wk+h1+1/m] + β
i−h1M [Wi+2/m] ,

m ≥ i+ 1 .

(13)

ˆ§ (5){(13) ¯® ä®à¬ã«¥ ¯®«−®© ¢¥à®ïâ−®áâ¨ ¯®«ãç¨¬:

W ÏÖ(i, h1) =
∞
∑

m=0

∞
∫

0

M [WÏÖ/m]i,h1 rm(v) dA(v) ;

W ÚÁÎ(i, h1) =
∞
∑

m=0

∞
∫

0

M [WÚÁÎ/m]i,h1 rm(v) dA(v) .































(14)

’�ª¦¥ ¨¬¥¥â ¬¥áâ® à�¢¥−áâ¢®

N ÓÂÒ(i, h1) =

i−h1
∑

m=1

[

(i+ 1− h1)(1− βm)−
(m− 1)βm −mβm−1 + 1

1− β

]

rm +

+

∞
∑

m=i−h1+1

[

(i+ 1− h1)(1 − βi−h1)−

−
(i− h1 − 1)β

i−h1 − (i− h1)β
i−h1−1 + 1

1− β

]

rm . (15)
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„®ª�¦¥¬ âà¨ ãâ¢¥à¦¤¥−¨ï (¤¢� ¢á¯®¬®£�â¥«ì−ëå ¨ ®¤−® ®á−®¢−®¥) ® á¢®©áâ¢�å
äã−ªæ¨© W ÏÖ(i, h1), W ÚÁÎ(i, h1), N ÓÂÒ(i, h1) ¨ g(h10.
“â¢¥à¦¤¥−¨¥ 1. ‘¯à�¢¥¤«¨¢ë à�¢¥−áâ¢�

W ÏÖ(i+ 1, h1 + 1)−W ÏÖ(i, h1) =W ÚÁÎ(i, h1) , i = 0, h2 ; (16)

N ÓÂÒ(i+ 1, h1 + 1)−N ÓÂÒ(i, h1) = 0 , i = 0, h2 . (17)

„ ® ª � § � â ¥ « ì á â ¢ ® . �à¨ i ≤ h1 à�¢¥−áâ¢® (16) −¥¯®áà¥¤áâ¢¥−−® á«¥¤ã¥â ¨§ (5),
(13) ¨ (14), � ¯à¨ i > h1 ¨ m ≤ h1 à�¢¥−áâ¢® (16) á«¥¤ã¥â ¨§ (6), (8) ¨ (14).
�¡®§−�ç¨¬:

–M [WÏÖ/m]i,h1 =M [WÏÖ/m]i+1,h1+1 −M [WÏÖ/m]i,h1.

÷�áá¬®âà¨¬ –M [WÏÖ/m]i,h1 ¯à¨ h1 < i ≤ 2h1, m > h1.
ˆ§ (8) ¨ (9) á«¥¤ã¥â á®®â−®è¥−¨¥:

–M [WÏÖ/m]i,h1 = (1− β)M [Wh1+2/m] + β(1− βi−h1−1)v + βi−h1v =

= (1− β)M [Wh1+2/m] + βv , m = h1 + 1 ≤ i .

ˆ§ (9) ¯à¨ h1 + 2 ≤ m ≤ i −�å®¤¨¬

–M [WÏÖ/m]i,h1 = (1− β)

m−h1
∑

k=1

βk−1M [Wk+h1+1/m] + β
m−h1v .

ˆ§ (9) ¨ (10) ¯à¨ m = i+ 1 = h1 + 2 ¯®«ãç¨¬

–M [WÏÖ/m]i,h1 = (1− β)M [Wi+1/m] + βM [Wi+2/m] .

ˆ§ (10) ¯à¨ m > i+ 1 á«¥¤ã¥â

–M [WÏÖ/m]i,h1 = (1− β)

i−h1
∑

k=1

βk−1M [Wk+h1+1/m] + β
i−h1M [Wi+2/m] .

’�ª¨¬ ®¡à�§®¬, ¢ á«ãç�¥ h1 < i ≤ 2h1 ¨¬¥¥â ¬¥áâ® à�¢¥−áâ¢®:

–M [WÏÖ/m]i,h1 =

=



























v , m ≤ h1 ;

(1− β)
m−h1
∑

k=1

βk−1M [Wk+h1+1/m] + β
m−h1v , h1 + 1 ≤ m ≤ i ;

(1− β)
i−h1
∑

k=1

βk−1M [Wk+h1+1/m] + β
i−h1M [Wi+2/m] , m ≥ i+ 1 .
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�−�«®£¨ç−® ¤®ª�§ë¢�¥âáï á¯à�¢¥¤«¨¢®áâì ¯®á«¥¤−¥© ä®à¬ã«ë ¨ ¢ á«ãç�¥
i > 2h1. Š�ª ¢¨¤¨¬, ¯à�¢�ï ç�áâì ¯®á«¥¤−¥£® à�¢¥−áâ¢� à�¢−� M [WÚÁÎ/m]i,h1
(á¬. (13)). ’®£¤�, ¢®á¯®«ì§®¢�¢è¨áì á®®â−®è¥−¨ï¬¨ (14) ¨ ¯®á«¥¤−¥© ä®à¬ã«®©,
¯à®¢¥¤ï −¥á«®¦−ë¥ ¯à¥®¡à�§®¢�−¨ï, ¯®«ãç¨¬ à�¢¥−áâ¢® (16) ¤«ï h1 < i ≤ h2.
÷�¢¥−áâ¢® (17) á«¥¤ã¥â −¥¯®áà¥¤áâ¢¥−−® ¨§ (15).
“â¢¥à¦¤¥−¨¥ 2. ‘¯à�¢¥¤«¨¢® à�¢¥−áâ¢®

W ÚÁÎ(i+ 1, h1 + 1)−W ÚÁÎ(i, h1) =

=



























1

µ

∞
∑

m=i+2

rm , i ≤ h1 ;

1

µ





i+1
∑

m=h2+2

rm(1− βm−h1−1) +
∞
∑

m=i+2

rm



 , h1 < i < h2 .

(18)

„ ® ª � § � â ¥ « ì á â ¢ ® . ÷�¢¥−áâ¢® (18) ¤«ï i ≤ h1 á«¥¤ã¥â ¨§ (13) ¨ (14) ¨ ®¯à¥¤¥-
«¥−¨© rm(v) ¨ rm ¢ (5) ¨ (3). „«ï i > h1, ¢®á¯®«ì§®¢�¢è¨áì (13), ¯®á«¥ ¯à®áâëå
¯à¥®¡à�§®¢�−¨© ¯®«ãç¨¬:

M [WÚÁÎ/m]i+1,h1+1 −M [WÚÁÎ/m]i,h1 =

=















(1− βm−h1)
v

m+ 1
, h1 + 1 ≤ m ≤ i ;

v

m+ 1
, m > i+ 1 .

ˆ§ (14), ®¯à¥¤¥«¥−¨© rm(v) ¨ rm ¨ ¯®á«¥¤−¥£® à�¢¥−áâ¢® −�å®¤¨¬ (18).
“â¢¥à¦¤¥−¨¥ 3. –¥«¥¢�ï äã−ªæ¨ï g(h1, a) | ã−¨¬®¤�«ì−�ï äã−ªæ¨ï ¯® h1.
„ ® ª � § � â ¥ « ì á â ¢ ® . Š�ª á«¥¤ã¥â ¨§ (4), á¯à�¢¥¤«¨¢® á®®â−®è¥−¨¥

πj+1(h1 + 1) = [1− π0(h1 + 1)] πj(h1), j = 0, h2 . (19)

�à®¢¥¤ï ¯à®áâë¥ ¯à¥®¡à�§®¢�−¨ï á ¨á¯®«ì§®¢�−¨¥¬ (19), ¯®«ãç¨¬:

g(h1, a)− g(h1 + 1, a) = π0(h1 + 1)

h2
∑

i=0

πi(h1)qi(h1)−

− [1− π0(h1 + 1)]

h2
∑

i=0

πi(h1) [qi+1(h1 + 1)− qi(h1)]− π0(h1 + 1)q0(h1 + 1).

„�«¥¥, ¢ë−¥áï π0(h1 + 1) §� ä¨£ãà−ë¥ áª®¡ª¨ ¢ ¯à�¢®© ç�áâ¨ ¯®á«¥¤−¥-
£® à�¢¥−áâ¢� ¨ ¯®¤áâ�¢¨¢ ¢¬¥áâ® qi(h1) ¨ qi+1(h1 + 1) ¨å ¢ëà�¦¥−¨ï (1), ¨§
ãâ¢¥à¦¤¥−¨© 1 ¨ 2 ¯®«ãç¨¬:
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g(h1, a)− g(h1 + 1, a) =

= π0(h1 + 1)

{

g(h1, a) + C1
1− π0(h1 + 1)

π0(h1 + 1)

h2
∑

i=0

πi(h1)W ÚÁÎ(i, h1)−

− C3
1− π0(h1 + 1)

π0(h1 + 1)

[

h2
∑

i=0

πi(h1)
[

W ÚÁÎ(i, h1)−W ÚÁÎ(i+ 1, h1 + 1)
]

]

−

− C0 + C3

(

v −
1− r0
µ

)

}

. (20)

�¡à�â¨¬ ¢−¨¬�−¨¥, çâ® ¢ (3) ¨¬¥¥¬

pi0(h1) = (1− β)

i−h1
∑

k=1

βk−1
∞
∑

l=k+h1

rl + β
i−h1

∞
∑

l=i+1

rl =

=

i−h1
∑

m=h1+1

rm

(

1− βm−h1
)

+

∞
∑

l=i+1

rl ¯à¨ h1 < i ≤ h2 − 1 ;

ph20(h1) = ph2−1,0(h1) .

ˆ§ ¯¥à¢®£® à�¢¥−áâ¢� ¢ (3) á«¥¤ã¥â á¯à�¢¥¤«¨¢®áâì á«¥¤ãîé¥© ä®à¬ã«ë:

r0 =
1

π0(h1 + 1)

h2+1
∑

i=1

πi(h1 + 1)pi0(h1 + 1) =

=
1− π0(h1 + 1)

π0(h1 + 1)

[

h1
∑

i=0

πi(h1)

∞
∑

m=i+2

rm +

+

h2−1
∑

i=h1+1

πi(h1)





i+1
∑

m=h1+2

rm

(

1− βm−h1−1
)

+
∞
∑

m=i+2

rm+





+ πh2(h1)





h2
∑

m=h1+2

rm

(

1− βm−h1−1
)

+

∞
∑

m=h2+2

rm







 .

ˆ§ ãâ¢¥à¦¤¥−¨ï 2 ¨ ¯®á«¥¤−¥£® à�¢¥−áâ¢� á«¥¤ã¥â, çâ® ¨¬¥¥â ¬¥áâ® á®®â−®-
è¥−¨¥:

r0
µ
=
1− π0(h1 + 1)

π0(h1 + 1)

h2
∑

i=0

πi(h1)
[

W ÚÁÎ(i+ 1, h1 + 1)−W ÚÁÎ(i, h1)
]

. (21)
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ˆ§ (20), ¯®¤áâ�¢¨¢ (21), ¯®«ãç¨¬

g(h1, a)− g(h1 + 1, a) = π0(h1 + 1)[g(h1, a)−G(h1, a)], (22)

£¤¥

G(h1, a) = C0 − C3

(

v −
1

µ

)

− C4v − C1
1− π0(h1 + 1)

π0(h1 + 1)

h2
∑

i=0

πi(h1)W ÚÁÎ(i, h1).

‡�¬¥â¨¬, çâ® äã−ªæ¨ï G(h1, a) | −¥¢®§à�áâ�îé�ï äã−ªæ¨ï ¯® h1, â�ª
ª�ª

∑h2
i=0 πi(h1)W ÚÁÎ(i, h1) | áà¥¤−¥¥ ¢à¥¬ï §�−ïâ®áâ¨ ¯à¨¡®à� ¢ ¯à®¨§¢®«ì−®

¢§ïâ®¬ á®áâ®ï−¨¨ ¨ ¢®§à�áâ�¥â ¯® h1, π0(h1) | ã¡ë¢�îé�ï äã−ªæ¨ï ¯® h1.
’®£¤� ¯®áª®«ìªã ¨¬¥¥â ¬¥áâ® á®®â−®è¥−¨¥ (22), â® g(h1, a) ã¤®¢«¥â¢®àï¥â ¢á¥¬
ãá«®¢¨ï¬ â¥®à¥¬ë 1 ¨§ [22]. ‘«¥¤®¢�â¥«ì−®, ãâ¢¥à¦¤¥−¨¥ 3 ¤®ª�§�−®.

‘®£«�á−® ãâ¢¥à¦¤¥−¨î 3 à¥§ã«ìâ�â ¢ë¯®«−¥−¨ï á«¥¤ãîé¥£® �«£®à¨â¬� á«ã-
¦¨â à¥è¥−¨¥¬ §�¤�ç¨ (2).

1. �®«®¦¨âì h1 = 1.

2. „® â¥å ¯®à ¯®ª� ¢ë¯®«−ï¥âáï ãá«®¢¨¥ Q(h1 + 1, a) > Q(h1, a), ¯®«�£�âì
h1 = h1 + 1.

3. �®«®¦¨âì h∗1 = h1.

4 Заключение

�¡à�â¨¬ ¢−¨¬�−¨¥, çâ® §�¤�ç� ®¯â¨¬¨§�æ¨¨ ¯�à�¬¥âà®¢ QoS ®â−®á¨âáï ª ¬−®-
£®ªà¨â¥à¨�«ì−ë¬, à¥è¥−¨¥ ª®â®àëå ¢ ®¡é¥¬ ¢¨¤¥ ¬�â¥¬�â¨ç¥áª¨¬¨ ¬¥â®¤�¬¨ −¥
¯à¥¤áâ�¢«ï¥âáï ¢®§¬®¦−ë¬ ¨§-§� ¨å á«®¦−®áâ¨. ˆá¯®«ì§®¢�−¨¥ ¬¥â®¤� áª�«ï-
à¨§�æ¨¨ ®¡é¥© æ¥«¥¢®© äã−ªæ¨¨ ¢ ¢¨¤¥ ¢§¢¥è¥−−®© áã¬¬ë ç�áâ−ëå æ¥«¥¢ëå
äã−ªæ¨© ®â−®á¨âáï ª ç¨á«ã −�¨¡®«¥¥ ¯à¨¬¥−ï¥¬ëå −� ¯à�ªâ¨ª¥ ¯à¨ à¥è¥−¨¨ §�-
¤�ç ¬−®£®ªà¨â¥à¨�«ì−®© ®¯â¨¬¨§�æ¨¨. „®ª�§�−−®¥ ¢ ¤�−−®© áâ�âì¥ ãâ¢¥à¦¤¥−¨¥
®¡ ã−¨¬®¤�«ì−®áâ¨ æ¥«¥¢®© äã−ªæ¨¨ §�¤�ç¨ (2) ¯®ª�§ë¢�¥â, çâ® ¢ à�¬ª�å −¥ª®-
â®àëå ¬®¤¥«¥© ‘Œ� ¤�−−ë© ¯®¤å®¤ ¯à®áâ ¢ à¥�«¨§�æ¨¨ ¨ ¤�¥â £�à�−â¨à®¢�−−®¥
à¥è¥−¨¥ ®¯â¨¬¨§�æ¨®−−®© §�¤�ç¨.

‚ ¤�−−®© à�¡®â¥ ¨§-§� ªà�âª®áâ¨ ¨§«®¦¥−¨ï −¥ ¯à¨¢®¤ïâáï à¥§ã«ìâ�âë ¢ëç¨á-
«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢, ¨««îáâà¨àãîé¨å §�¢¨á¨¬®áâ¨ å�à�ªâ¥à¨áâ¨ª ‘Œ�
®â ã¯à�¢«ïîé¨å ¯�à�¬¥âà®¢ a ¨ h1. �«�−¨àã¥âáï íâ¨ à¥§ã«ìâ�âë ¨§«®¦¨âì
¢ á«¥¤ãîé¥© à�¡®â¥, ª®â®à�ï ¡ã¤¥â ¯®á¢ïé¥−� ¨áá«¥¤®¢�−¨î �−�«®£¨ç−®© §�¤�-
ç¨ ¢ á«ãç�¥ �«£®à¨â¬� á −¥¯®«−ë¬ ®¡−®¢«¥−¨¥¬ ®ç¥à¥¤¨ ¨ ¤¢ã¬ï ¯®à®£®¢ë¬¨
§−�ç¥−¨ï¬¨.
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OPTIMIZATION OF THE THRESHOLD PARAMETER
OF A RED-LIKE QUEUE MANAGEMENT ALGORITHM

FOR A G/M/1 QUEUE

Ya. M. Agalarov

Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation

Abstract: The article considers the problem of calculating the optimal threshold
value of a RED-like algorithm by a threshold value for a G/M/1 queue
with incomplete queue renovation and probabilistic clients reset. The RED-like
algorithm uses a single-threshold mechanism for probabilistic reset of clients from
the queue, according to which at each moment of release of the service device,
some clients are removed from the queue with a given probability. Customers
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queue in the order of arrival and those whose queue number exceeds the specified
threshold at the time of release of the service device (they are in the \congestion
zone") are reset with a given probability. It is assumed that the \congestion zone"
has a limited number of seats and if there are no empty seats in the \congestion
zone" at the time of arrival of the customer, the customer is reset. The objective
function is a weighted sum of the average customer delay time, the average number
of customers dropped from the queue per unit of time, the average number of
customers rejected at the entrance per unit of time, the average downtime of the
device, and customer service payment. The mathematical problem of optimizing
the objective function by a threshold value at a fixed size of the \overload zone"
is formulated. The proofs of some relations between the characteristics of the
queuing system and the unimodality of the objective function in terms of the
threshold value are presented. A simple algorithm for the guaranteed solution of
the formulated problem is proposed.

Keywords: queue management; queue renovation; threshold parameter

DOI: 10.14357/08696527240403 EDN: VLYKTK

References

1. Floyd, S., and V. Jacobson. 1993. Random early detection gateways for congestion
avoidance. IEEE ACM T. Network. 1:397{413. doi: 10.1109/90.251892.

2. Viana, C. C. H., I. S. Zaryadov, and T. A. Milovanova. 2020. Queueing systems with
different types of renovation mechanism and thresholds as the mathematical models of
active queue management mechanism. Discrete Continuous Models Applied Computa-
tional Science 28(4):305{318. doi: 10.22363/2658-4670-2020-28-4-305-318.

3. Kabra, M., S. Saha, and B. Lin. 2006. Fast buffer memory with deterministic
packet departures. 14th Symposium on High-Performance Interconnects Proceedings.
Piscataway, NJ: IEEE. 67{72. doi: 10.1109/HOTI.2006.13.

4. Zheng, B., and M. Atiquzzaman. 2008. A framework to determine the optimal weight
parameter of RED in next-generation Internet routers. Int. J. Commun. Syst. 21:987{
1008.

5. Reddy, T. B., A. Ahammed, and R. Banu. 2009. Performance comparison of active
queue management techniques. Int. J. Computer Science Network Security 9(2):405{
408.

6. Lin, D., and R. Morris. 1997. Dynamics of random early detection. Conference on
Applications, Technologies, Architectures, and Protocols for Computer Communication
Proceedings. New York, NY: ACM. 127{137. doi: 10.1145/263109.26315.

7. Feng, W.-C., K. G. Shin, D. D. Kandlur, and D. Saha. 2002. The BLUE active queue
management algorithms. IEEE ACM T. Network. 10(4):513{528. doi: 10.1109/
TNET.2002.801399.

8. Feng, W.-C., D. D. Kandlur, D. Saha, and K. G. Shin. 2001. Stochastic Fair Blue:
A queue management algorithm for enforcing fairness. 20th Annual Joint Conference
of the IEEE Computer and Communications Societies Proceedings. Piscataway, NJ:
IEEE. 3:1520{1529. doi: 10.1109/INFCOM.2001.916648.

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2024 vol 34 no 4 45



Ya. M. Agalarov

9. Parris, M., K. Jeffay, and F. D. Smith. 1999. Lightweight active router-queue manage-
ment for multimedia networking. Proc. SPIE 3654:162{174. doi: 10.1117/12.333807.

10. Pan, R., B. Prabhakar, and K. Psounis. 2000. CHOKe: A stateless active queue
management scheme for approximating fair bandwidth allocation. 19th Annual Joint
Conference of the IEEE Computer and Communications Societies Proceedings. Piscat-
away, NJ: IEEE. 2:942{951.

11. Korolkova, A. V., D. S. Kulyabov, and A. I. Tchernoivanov. 2009. K voprosu o klas-
sifikatsii algoritmov RED [On the classification of RED algorithms]. Vestnik RUDN.
Ser. Matematika. Informatika. Fizika [Bulletin of Russian Peoples' Friendship
University. Series Mathematics, Information Sciences and Physics] 3:34{46. EDN:
KXIRXN.

12. Zaryadov, I. S., A. V. Korolkova, and R. V. Razumchik. 2012. Matematicheskie modeli
rascheta i analiza kharakteristik sistem aktivnogo upravleniya ocheredyami s dvumya
vkhodyashchimi potokami i razlichnymi prioritetami [Mathematical models of active
queue management systems analysis based on queueing system with two types of traffic
and different priorities]. T-Comm 6(7):107{111. EDN: PWXFSB.

13. Gaidamaka, Yu. V., and A. G. Maslennikov. 2013. Ob odnoy sisteme massovogo
obsluzhivaniya s aktivnym upravleniem ochered'yu [On a queuing system with an active
queue management]. Vestnik RUDN. Ser. Matematika. Informatika. Fizika [Bulletin
of Russian Peoples' Friendship University. Series Mathematics, Information Sciences
and Physics] 4:56{64. EDN: RCKTSD.

14. Konovalov, M., and R. Razumchik. 2017. Queueing systems with renovation vs.
queues with RED. Cornell University. arXiv.org. 10 p. Available at: https://arxiv.
org/abs/1709.01477/ (accessed October 16, 2024).

15. Konovalov, M., and R. Razumchik. 2018. Comparison of two active queue management
schemes through theM/D/1/N queue. Informatika i ee Primeneniya | Inform. Appl.
12(4):9{15. doi: 10.14357/19922264180402. EDN: VOGJOZ.

16. Konovalov, M. G., and R. V. Razumchik. 2018. Numerical analysis of improved access
restriction algorithms in aGI/G/1/N system. J. Commun. Technol. El. 63(6):616{625.
doi: 10.1134/S1064226918060141.

17. Lie, A., O. M. Aamo, and L. A. R�nningen. 2004. Optimization of active queue
management based on proportional control system. Conference (International) on
Communications, Internet, and Information Technology Proceedings. St. Thomas,
U.S. Virgin Islands: IASTED/ACTA Press. 6 p.

18. Baldi, S., E. B. Kosmatopoulos, A. Pitsillides, M. Lestas, P. A. Ioannou, and
Y. Wan. 2016. Adaptive optimization for active queue management supporting TCP
flows. P. Amer. Contr. Conf. Piscataway, NJ: IEEE. 751{756. doi: 10.1109/
ACC.2016.7525004.

19. Agalarov, Ya. M. 2023. Ob optimizatsii raboty rezervnogo pribora v mnogolineynoy
sisteme massovogo obsluzhivaniya [Optimization of a queue-length dependent additional
server in the multiserver queue]. Informatika i ee Primeneniya | Inform. Appl.
17(1):89{95. doi: 10.14357/19922264230112. EDN: FCYDUT.

20. Agalarov, Ya. M. 2024. Ob odnoporogovom upravlenii ochered'yu v sisteme massovogo
obsluzhivaniya s neterpelivymi zayavkami [On single-threshold queue management in

46 Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2024 vol 34 no 4



Optimization of the threshold parameter of a RED-like queue management algorithm

a queuing system with impatient customers]. Informatika i ee Primeneniya | Inform.
Appl. 18(2):40{46. doi: 10.14357/19922264240206. EDN: JZHAKU.

21. Karlin, S. 1968. A first course in stochastic processes. New York { London: Academic
Press. 502 p.

22. Agalarov, Ya. M. 2019. Priznak unimodal'nosti tselochislennoy funktsii odnoy pere-
mennoy [A sign of unimodality of an integer function of one variable]. Obozrenie
prikladnoy i promyshlennoy matematiki [Surveys Applied and Industrial Mathematics]
26(1):65{66. EDN: EBHBDB.

Received July 26, 2024

Contributor

Agalarov Yaver M. (b. 1952) | Candidate of Science (PhD) in technology,
associate professor, leading scientist, Federal Research Center \Computer Science
and Control" of the Russian Academy of Sciences, 44-2 Vavilov Str., Moscow
119333, Russian Federation; agglar@yandex.ru

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2024 vol 34 no 4 47



‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ, 2024. ’. 34. ü 4. ‘. 48{58

РАЗРАБОТКА СВЕРТОЧНОГО АЛГОРИТМА ДЛЯ РАСЧЕТА
СТАЦИОНАРНЫХ ХАРАКТЕРИСТИК РЕСУРСНЫХ СИСТЕМ

С ВРЕМЕНЕМ ОБСЛУЖИВАНИЯ, ЗАВИСЯЩИМ
ОТ ОБЪЕМА ТРЕБОВАНИЙ∗

А. И. Назарьин1, Э. С. Сопин2, С. Я. Шоргин3

�−−®â�æ¨ï: ÷¥áãàá−ë¥ á¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï á ®£à�−¨ç¥−−ë¬
à¥áãàá®¬ (÷¥‘Œ�) ¨á¯®«ì§ãîâáï ¤«ï �−�«¨§� ¨ à�áç¥â� ¯®ª�§�â¥«¥© íä-
ä¥ªâ¨¢−®áâ¨ á¨áâ¥¬ ¡¥á¯à®¢®¤−®© á¢ï§¨. ÷�áá¬�âà¨¢�¥âáï ¬−®£®«¨−¥©−�ï
÷¥‘Œ� á ®£à�−¨ç¥−−ë¬ à¥áãàá®¬ ¨ á ¢à¥¬¥−¥¬ ®¡á«ã¦¨¢�−¨ï, §�¢¨áïé¨¬
®â ®¡ê¥¬� âà¥¡®¢�−¨© §�ï¢ª¨, ª®â®à�ï ¯®§¢®«ï¥â ¯à®¢®¤¨âì �−�«¨§ íää¥ª-
â¨¢−®áâ¨ ¡¥á¯à®¢®¤−ëå á¥â¥© ¢ ãá«®¢¨ïå ¯¥à¥¤�ç¨ í«�áâ¨ç−®£® âà�ä¨ª�.
÷�áç¥â ¢¥à®ïâ−®áâ−ëå å�à�ªâ¥à¨áâ¨ª ¬®¤¥«¨ ®á«®¦−ï¥âáï −¥®¡å®¤¨¬®áâìî
¢ëç¨á«¥−¨ï ¬−®£®ªà�â−ëå á¢¥àâ®ª à�á¯à¥¤¥«¥−¨ï âà¥¡®¢�−¨© ª à¥áãàá�¬.
„«ï á−¨¦¥−¨ï á«®¦−®áâ¨ à�áç¥â®¢ ¯à¥¤«®¦¥− á¢¥àâ®ç−ë© �«£®à¨â¬, ¯®§-
¢®«ïîé¨© ¯®«ãç�âì ¢¥à®ïâ−®áâ−ë¥ å�à�ªâ¥à¨áâ¨ª¨, â�ª¨¥ ª�ª ¢¥à®ïâ−®áâì
¯®â¥à¨ §�ï¢ª¨ ¨ áà¥¤−¨© ®¡ê¥¬ §�−ïâ®£® à¥áãàá�, ¢ ¯à®æ¥áá¥ ¢ëç¨á«¥−¨ï
−®à¬¨à®¢®ç−®© ª®−áâ�−âë. �à®¢¥¤¥− ç¨á«¥−−ë© �−�«¨§ ¢¥à®ïâ−®áâ¨ ¯®â¥à¨
§�ï¢ª¨ ¨ áà¥¤−¥£® ®¡ê¥¬� §�−ïâ®£® à¥áãàá� ¤«ï ¤¨áªà¥â−ëå à�á¯à¥¤¥«¥−¨©
âà¥¡®¢�−¨© ª à¥áãàáã.

Š«îç¥¢ë¥ á«®¢�: à¥áãàá−�ï á¨áâ¥¬� ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï; á«ãç�©−ë©
®¡ê¥¬ âà¥¡®¢�−¨©; ¢¥à®ïâ−®áâì ¯®â¥à¨ §�ï¢ª¨
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1 Введение

÷¥áãàá−ë¥ á¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï è¨à®ª® ¯à¨¬¥−ïîâáï ¤«ï ¬®¤¥-
«¨à®¢�−¨ï á¨áâ¥¬ ¡¥á¯à®¢®¤−ëå á¥â¥© á¢ï§¨ [1{3], ª®â®àë¥ ¯®§¢®«ïîâ ãç¨âë¢�âì
−¥®¤−®à®¤−®áâì âà¥¡®¢�−¨© ¯®«ì§®¢�â¥«ìáª¨å á¥áá¨© ª ç�áâ®â−®-¢à¥¬¥−−�®¬ã à¥-
áãàáã ¡�§®¢®© áâ�−æ¨¨, ¢ë§¢�−−®© ¨§¬¥−ç¨¢ë¬ á®áâ®ï−¨¥¬ à�¤¨®ª�−�«� ¨ ¬®-
¡¨«ì−®áâìî ¯®«ì§®¢�â¥«¥©. �¤−� ¨§ ª«îç¥¢ëå ®á®¡¥−−®áâ¥© à¥áãàá−ëå ¬®¤¥«¥©
¢ ¯à¨¬¥−¥−¨¨ ª �−�«¨§ã á¨áâ¥¬ ¡¥á¯à®¢®¤−®© á¢ï§¨ §�ª«îç�¥âáï ¢ ®£à�−¨ç¥−-
−®áâ¨ ¤®áâã¯−®£® à¥áãàá� [4, 5], ®¤−�ª® ¨ á¨áâ¥¬ë á ¡¥áª®−¥ç−ë¬ ®¡ê¥¬®¬ à¥áãàá�
−�å®¤ïâ á¢®¥ ¯à¨¬¥−¥−¨¥ [6].

∗ˆáá«¥¤®¢�−¨¥ ¢ë¯®«−¥−® §� áç¥â £à�−â� ÷®áá¨©áª®£® −�ãç−®£® ä®−¤� ü 22-79-10128,
https://rscf.ru/project/22-79-10128/.

1÷®áá¨©áª¨© ã−¨¢¥àá¨â¥â ¤àã¦¡ë −�à®¤®¢ ¨¬¥−¨ ��âà¨á� ‹ã¬ã¬¡ë, nazaryin ai@rudn.ru
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÷�§à�¡®âª� á¢¥àâ®ç−®£® �«£®à¨â¬� ¤«ï à�áç¥â� å�à�ªâ¥à¨áâ¨ª à¥áãàá−ëå á¨áâ¥¬

�à¨ ¯®áâà®¥−¨¨ ¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥© äã−ªæ¨®−¨à®¢�−¨ï ¬®¡¨«ì−ëå á¥-
â¥© ¯ïâ®£® ¨ ¯®á«¥¤ãîé¨å ¯®ª®«¥−¨©, ª�ª ¯à�¢¨«®, ¨áá«¥¤®¢�â¥«¨ �ªæ¥−â¨àãîâ
¢−¨¬�−¨¥ −� ®á®¡¥−−®áâïå ¯¥à¥¤�ç¨ âà�ä¨ª� á¢¥àå−�¤¥¦−®© á¢ï§¨ á ¬�«ë¬¨
§�¤¥à¦ª�¬¨ (URLLC, Ultra-Reliable Low Latency Communications) ¨«¨ è¨à®-
ª®¯®«®á−®£® ¤®áâã¯� á ä¨ªá¨à®¢�−−®© áª®à®áâìî [7, 8]. ’¥¬ −¥ ¬¥−¥¥ í«�áâ¨ç−ë©
âà�ä¨ª ¢á¥ ¥é¥ á®áâ�¢«ï¥â áãé¥áâ¢¥−−ãî ¤®«î âà�ä¨ª� ¬®¡¨«ì−ëå á¥â¥©, ¯®-
íâ®¬ã ®æ¥−ª� ¯®ª�§�â¥«¥© íää¥ªâ¨¢−®áâ¨ ¥£® ¯¥à¥¤�ç¨ ¯à¥¤áâ�¢«ï¥âáï ¢�¦−®©
§�¤�ç¥© [9]. ‚ ¡®«ìè¨−áâ¢¥ ¨áá«¥¤®¢�−−ëå à�−¥¥ ÷¥‘Œ� ¯à¥¤¯®«�£�«®áì, çâ®
¢à¥¬ï ®¡á«ã¦¨¢�−¨ï −¥ §�¢¨á¨â ®â ®¡ê¥¬� âà¥¡®¢�−¨© §�ï¢®ª ª à¥áãàáã [10,
11], çâ® ®âà�¦�¥â ®á®¡¥−−®áâ¨ ®¡á«ã¦¨¢�−¨ï −¥í«�áâ¨ç−®£® âà�ä¨ª�. �¤−�-
ª® ¤«ï ãç¥â� ®á®¡¥−−®áâ¥© ¯¥à¥¤�ç¨ í«�áâ¨ç−®£® âà�ä¨ª� ¢ ¡¥á¯à®¢®¤−®© á¥â¨
−¥®¡å®¤¨¬® à�áá¬�âà¨¢�âì ÷¥‘Œ� á ¢à¥¬¥−¥¬ ®¡á«ã¦¨¢�−¨ï ¨ ®¡ê¥¬®¬ âà¥¡®-
¢�−¨© ª à¥áãàáã, §�¤�¢�¥¬ë¬¨ á®¢¬¥áâ−®© äã−ªæ¨¥© à�á¯à¥¤¥«¥−¨ï. ‚ à�¡®-
â¥ [12] à�áá¬�âà¨¢�¥âáï ÷¥‘Œ� á ¢à¥¬¥−¥¬ ®¡á«ã¦¨¢�−¨ï, §�¢¨áïé¨¬ ®â ®¡ê¥¬�
âà¥¡ã¥¬ëå à¥áãàá®¢, ª®â®à�ï ¬®¦¥â ¯à¨¬¥−ïâìáï ¤«ï �−�«¨§� ¯®ª�§�â¥«¥© íä-
ä¥ªâ¨¢−®áâ¨ á¥â¨ ¬®¡¨«ì−®© á¢ï§¨ ¢ ãá«®¢¨ïå ¯¥à¥¤�ç¨ í«�áâ¨ç−®£® âà�ä¨ª�.
�à¨ íâ®¬ à¥áãàá ¡�§®¢®© áâ�−æ¨¨ ¢ë¤¥«ï¥âáï á¥áá¨ï¬ ¯¥à¥¤�ç¨ ¤�−−ëå ¤¨áªà¥â-
−ë¬¨ à¥áãàá−ë¬¨ ¡«®ª�¬¨, çâ® ¢ë−ã¦¤�¥â ã¤¥«ïâì ®á®¡®¥ ¢−¨¬�−¨î ÷¥‘Œ�
á ¤¨áªà¥â−ë¬¨ âà¥¡®¢�−¨ï¬¨ ª à¥áãàáã [13].

�¥á¬®âàï −� −�«¨ç¨¥ �−�«¨â¨ç¥áª¨å ä®à¬ã« ¤«ï ¢¥à®ïâ−®áâ−ëå å�à�ªâ¥-
à¨áâ¨ª ÷¥‘Œ�, ¯®«ãç¥−−ëå ¢ [12], ¯àï¬ë¥ à�áç¥âë ¯® −¨¬ ®á«®¦−ïîâáï
−¥®¡å®¤¨¬®áâìî ¢ëç¨á«¥−¨ï ¬−®£®ªà�â−ëå á¢¥àâ®ª à�á¯à¥¤¥«¥−¨ï âà¥¡®¢�−¨©
§�ï¢®ª ª à¥áãàá�¬. ‚ à�¡®â¥ [14] ¯à¥¤áâ�¢«¥− à¥ªãàà¥−â−ë© �«£®à¨â¬ ¤«ï ¯®¤-
áç¥â� áâ�æ¨®−�à−ëå ¢¥à®ïâ−®áâ¥© ¨ å�à�ªâ¥à¨áâ¨ª à¥áãàá−®© á¨áâ¥¬ë á ¢à¥¬¥−¥¬
®¡á«ã¦¨¢�−¨ï, −¥ §�¢¨áïé¨¬ ®â ®¡ê¥¬� âà¥¡®¢�−¨©, ¯®§¢®«ïîé¨© áãé¥áâ¢¥−−®
á−¨§¨âì ¢ëç¨á«¨â¥«ì−ãî á«®¦−®áâì. ‚ ¤�−−®© à�¡®â¥ ¯à¥¤áâ�¢«¥−® à�§¢¨â¨¥
¤�−−®£® �«£®à¨â¬� −� á«ãç�©, ª®£¤� ¢à¥¬ï ®¡á«ã¦¨¢�−¨ï §�¢¨á¨â ®â ®¡ê¥¬� âà¥-
¡®¢�−¨©. ‚ë¢¥¤¥−ë ä®à¬ã«ë ¤«ï à�áç¥â� ¢¥à®ïâ−®áâ¨ ¯®â¥à¨ §�ï¢ª¨ ¨ áà¥¤−¥£®
®¡ê¥¬� §�−ïâ®£® à¥áãàá�.

2 Описание модели

÷�áá¬®âà¨¬ ÷¥‘Œ� á N ¯à¨¡®à�¬¨ ¨ ®¡ê¥¬®¬ à¥áãàá� R < ∞ ¥¤¨−¨æ. ‡�-
ï¢ª¨ ¯®áâã¯�îâ ¢ á¨áâ¥¬ã á®£«�á−® ¯ã�áá®−®¢áª®¬ã ¯®â®ªã á ¯�à�¬¥âà®¬ λ. �®-
áâã¯�îé�ï ¢ á¨áâ¥¬ã i-§�ï¢ª� âà¥¡ã¥â ¤«ï ®¡á«ã¦¨¢�−¨ï ®¤¨− ¯à¨¡®à ¨ ri ¥¤¨−¨æ
à¥áãàá� ¢ á®®â¢¥âáâ¢¨¨ á ¤¨áªà¥â−ë¬ à�á¯à¥¤¥«¥−¨¥¬ pj = P{ri = j}, j = 1, R.
�¡®§−�ç¨¬ §� Hj(x) ãá«®¢−ãî äã−ªæ¨î à�á¯à¥¤¥«¥−¨ï ¢à¥¬¥−¨ ®¡á«ã¦¨¢�−¨ï
§�ï¢ª¨ ¯à¨ §�−ïâ¨¨ j ¥¤¨−¨æ à¥áãàá�.

�ãáâì ¢ −¥ª®â®àë© ¬®¬¥−â ¢à¥¬¥−¨ t ¢ á¨áâ¥¬¥ −�å®¤ïâáï n §�ï¢®ª, ª®â®àë¥
áã¬¬�à−® §�−¨¬�îâ r ¥¤¨−¨æ à¥áãàá�, r ≤ R, � ¢−®¢ì ¯®áâã¯�îé�ï i-§�-
ï¢ª� âà¥¡ã¥â ri ≥ 0 ¥¤¨−¨æ à¥áãàá�. ’®£¤� ¥á«¨ ¢ á¨áâ¥¬¥ −¥â á¢®¡®¤−ëå
¯à¨¡®à®¢ (n = N ) ¨«¨ −¥¤®áâ�â®ç−® á¢®¡®¤−ëå ¥¤¨−¨æ à¥áãàá� (R − r < ri),
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â® §�ï¢ª� −¥ ¬®¦¥â ¡ëâì ®¡á«ã¦¥−� ¨ ¯®ª¨¤�¥â á¨áâ¥¬ã. ‚ ¯à®â¨¢−®¬ á«ãç�¥
§�ï¢ª� ¯à¨−¨¬�¥âáï ¢ á¨áâ¥¬ã ¨ §�−¨¬�¥â âà¥¡ã¥¬ë© ¥© ®¡ê¥¬ à¥áãàá� −� ¢á¥
¢à¥¬ï ®¡á«ã¦¨¢�−¨ï. �® ®ª®−ç�−¨¨ ®¡á«ã¦¨¢�−¨ï §�ï¢ª� ¯®ª¨¤�¥â á¨áâ¥¬ã
¨ ®á¢®¡®¦¤�¥â §�−ïâ®¥ ¥î ç¨á«® ¥¤¨−¨æ à¥áãàá�. �à¨ íâ®¬ ¯à®æ¥ááë ¯®áâã¯«¥−¨ï
§�ï¢®ª −¥ ¢«¨ïîâ −� ç¨á«® ¢ë¤¥«ï¥¬ëå à¥áãàá®¢.

�®¢¥¤¥−¨¥ á¨áâ¥¬ë ®¯¨áë¢�¥âáï á«ãç�©−ë¬ ¯à®æ¥áá®¬

X(t) =
{

ξ(t), γ1(t), γ2(t), . . . , γξ(t)(t) : 0 ≤ n ≤ N, 0 ≤ r ≤ R
}

,

£¤¥ ξ(t) | ç¨á«® §�ï¢®ª ¢ ¬®¬¥−â ¢à¥¬¥−¨ t; γi(t) | ç¨á«® §�−ïâëå ¥¤¨−¨æ
à¥áãàá� i-§�ï¢ª®©. �à®áâà�−áâ¢® á®áâ®ï−¨© ¯à®æ¥áá� ¨¬¥¥â ¢¨¤:

S = {(n, r1, r2, . . . , rn) : 0 ≤ n ≤ N, 0 ≤ r1 + r2 + · · · + rn ≤ R, ri ≥ 1}.

�¡®§−�ç¨¬ §�

bj =

R
∫

0

x d(Hj(x))

ãá«®¢−®¥ áà¥¤−¥¥ ¢à¥¬ï ®¡á«ã¦¨¢�−¨ï §�ï¢ª¨ ¯à¨ ãá«®¢¨¨, çâ® ®−� §�−¨¬�-
¥â j ¥¤¨−¨æ à¥áãàá�. ’®£¤� áà¥¤−¥¥ ¢à¥¬ï ®¡á«ã¦¨¢�−¨ï §�ï¢®ª b ¡ã¤¥â ¨¬¥âì
¢¨¤:

b =

R
∑

i=0

bipi.

‘®£«�á−® [12], áâ�æ¨®−�à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯à®æ¥áá� X(t) ¢ á«ãç�¥ ¤¨áªà¥â-
−®£® à�á¯à¥¤¥«¥−¨ï âà¥¡®¢�−¨© ª à¥áãàá�¬ ¬®¦−® −�©â¨ ¯® ä®à¬ã«�¬:

q0 = lim
t→∞

P{ξ(t) = 0} =

(

1 +

N
∑

k=1

ρk

k!

R
∑

i=0

g(k)r

)−1

; (1)

qk(r) = lim
t→∞

P{ξ(t)} = k, γ1(t) + γ2(t) + · · ·+ γk(t) = r} = q0g
(k)
r

ρk

k!
,

1 ≤ k ≤ N, 1 ≤ r ≤ R , (2)

£¤¥ gi = (1/b)bipi; {g
(k)
r }, r ≥ 1, | k-ªà�â−�ï á¢¥àâª� à�á¯à¥¤¥«¥−¨ï {gr};

ρ = λb | ¯à¥¤«®¦¥−−�ï −�£àã§ª�. ‚¥à®ïâ−®áâì ¯®â¥à¨ §�ï¢ª¨ ¬®¦¥â ¡ëâì
§�¯¨á�−� ¢ ¢¨¤¥:

π = 1− q0

N−1
∑

k=0

ρk

k!

R
∑

r=0

g(k+1)r , (3)

50 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 4 2024



÷�§à�¡®âª� á¢¥àâ®ç−®£® �«£®à¨â¬� ¤«ï à�áç¥â� å�à�ªâ¥à¨áâ¨ª à¥áãàá−ëå á¨áâ¥¬

� áà¥¤−¥¥ âà¥¡®¢�−¨¥ ª à¥áãàáã |

B = q0

N
∑

k=1

ρk

k!

R
∑

r=1

rg(k)r . (4)

3 Сверточный алгоритм

ˆ§ ¢¨¤� ä®à¬ã« (1){(4) áâ�−®¢¨âáï ïá−®, çâ® ¢ëç¨á«¥−¨ï áâ�æ¨®−�à−®£®
à�á¯à¥¤¥«¥−¨ï ¨ ¢¥à®ïâ−®áâ−ëå å�à�ªâ¥à¨áâ¨ª ®á«®¦−ïîâáï, â�ª ¦¥ ª�ª ¨ ¤«ï
÷¥‘Œ� á ¢à¥¬¥−¥¬ ®¡á«ã¦¨¢�−¨ï, −¥ §�¢¨áïé¨¬ ®â ®¡ê¥¬� §�−ïâ®£® à¥áãàá�,
−¥®¡å®¤¨¬®áâìî ¢ëç¨á«¥−¨ï ¬−®£®ªà�â−ëå á¢¥àâ®ª à�á¯à¥¤¥«¥−¨ï {gr}, r ≥ 1.

‚¢¥¤¥¬ äã−ªæ¨¨ G(n, r), ¨¬¥îé¨¥ á«¥¤ãîé¨© ¢¨¤:

G(n, r) =

n
∑

k=0

ρk

k!

r
∑

j=0

g
(k)
j . (5)

�® ®¯à¥¤¥«¥−¨î, G(N,R) = q−10 , â. ¥. ¯à¥¤áâ�¢«ï¥â á®¡®© −®à¬¨à®¢®ç−ãî
ª®−áâ�−âã.

“â¢¥à¦¤¥−¨¥ 1. ”ã−ªæ¨¨ G(n, r) ¬®£ãâ ¡ëâì ¢ëç¨á«¥−ë á®£«�á−® à¥ªãàà¥−â-
−®¬ã á®®â−®è¥−¨î

G(n, r) = G(n − 1, r) +
ρ

n

r
∑

j=0

gj (G(n − 1, r − j)−G(n − 2, r − j)) ,

2 ≤ n ≤ N ,

á −�ç�«ì−ë¬¨ ãá«®¢¨ï¬¨

G(0, r) = 1 , 0 ≤ r ≤ R ;

G(1, r) = 1 + ρ

r
∑

j=0

gj , 0 ≤ r ≤ R .

„ ® ª � § � â ¥ « ì á â ¢ ® .
��ç�«ì−ë¥ ãá«®¢¨ï ¢ë¢®¤ïâáï ¨§ ®¯à¥¤¥«¥−¨ï äã−ªæ¨© G(n, r) (5). „«ï

¢ë¢®¤� à¥ªãàà¥−â−®£® á®®â−®è¥−¨ï à�áá¬®âà¨¬ à�§−®áâì

G(n, r)−G(n− 1, r) =

n
∑

k=0

ρk

k!

r
∑

i=0

g
(k)
j −

n−1
∑

k=0

ρk

k!

r
∑

i=0

g
(k)
j =

ρk

n!

r
∑

j=0

g
(n)
j .
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„�«¥¥ à�§«®¦¨¬ g
(n)
j ¯® ä®à¬ã«¥ á¢¥àâª¨ ¨ ¯à®¢¥¤¥¬ ¯à¥®¡à�§®¢�−¨ï á ¨§¬¥−¥-

−¨¥¬ ¯®àï¤ª� áã¬¬¨à®¢�−¨ï:

ρn

n!

r
∑

j=0

g
(n)
j =

ρn

n!

r
∑

j=0

j
∑

i=0

gjg
(n−1)
j−i =

ρn

n!

r
∑

i=0

gi

r
∑

i=j

g
(n−1)
j−i =

=
ρ

n

r
∑

i=0

gi

(

ρn−1

(n− 1)!

r−i
∑

i=0

g
(n−1)
j−i

)

.

�¥âàã¤−® §�¬¥â¨âì, çâ® ¢ëà�¦¥−¨¥ ¢ áª®¡ª�å ¯à¥¤áâ�¢«ï¥â á®¡®© â®¦¥ à�§−®áâì
G(n− 1, r − i)−G(n− 2, r − i). ’�ª¨¬ ®¡à�§®¬, ¯®«ãç�¥¬

G(n, r)−G(n− 1, r) =
ρ

n

r
∑

i=0

gi(G(n − 1, r − i)−G(n − 2, r − i)),

çâ® ¤®ª�§ë¢�¥â ãâ¢¥à¦¤¥−¨¥. �

�¤−® ¨§ £«�¢−ëå ¯à¥¨¬ãé¥áâ¢ ¯à¥¤«®¦¥−−®£® ¬¥â®¤� à�áç¥â� −®à¬¨à®¢®ç−®©
ª®−áâ�−âë §�ª«îç�¥âáï ¢ ¢®§¬®¦−®áâ¨ ¨á¯®«ì§®¢�−¨ï ¯à®¬¥¦ãâ®ç−ëå à�áç¥â®¢
−®à¬¨à®¢®ç−®© ª®−áâ�−âë ¤«ï ¢ëç¨á«¥−¨ï ¢¥à®ïâ−®áâ¨ ¯®â¥à¨ ¨ áà¥¤−¥£® ®¡ê¥¬�
§�−ïâ®£® à¥áãàá� −�¯àï¬ãî ¡¥§ à�áç¥â� áâ�æ¨®−�à−®£® à�á¯à¥¤¥«¥−¨ï (2). �â¨
à¥§ã«ìâ�âë áä®à¬ã«¨à®¢�−ë ¢ á«¥¤ãîé¨å ãâ¢¥à¦¤¥−¨ïå.
“â¢¥à¦¤¥−¨¥ 2. ‚¥à®ïâ−®áâì ¯®â¥à¨ §�ï¢ª¨ π ¬®¦¥â ¡ëâì ¯®«ãç¥−� ¯®
ä®à¬ã«¥

π = 1−
1

G(N,R)

r
∑

i=0

gjG(N − 1, R − i).

„ ® ª � § � â ¥ « ì á â ¢ ® . �¥à¥¯¨áë¢�ï ä®à¬ã«ã (3) ¢ â¥à¬¨−�å äã−ªæ¨© G(n, r)
¨ ¯à¨¬¥−ïï ä®à¬ã«ã á¢¥àâª¨, � â�ª¦¥ áâ�−¤�àâ−ë¥ ¯à¥®¡à�§®¢�−¨ï á ¨§¬¥−¥−¨-
ï¬¨ ¯®àï¤ª� áã¬¬¨à®¢�−¨ï, ¯®«ãç¨¬

π = 1− qo

N−1
∑

k=0

ρk

k!

R
∑

r=0

g(k+1)r = 1−
1

G(N,R)

N−1
∑

k=0

ρk

k!

R
∑

r=0

g(k+1)r =

= 1−
1

G(N,R)

N−1
∑

k=0

ρk

k!

R
∑

r=0

r
∑

i=0

gig
(k)
r−i = 1−

1

G(N,R)

R
∑

i=0

gi

N−1
∑

k=0

ρk

k!

R−i
∑

r=0

g(k)r .

�¥âàã¤−® §�¬¥â¨âì, çâ® ¢−ãâà¥−−¨¥ áã¬¬ë ¬®£ãâ ¡ëâì §�¯¨á�−ë ¢ â¥à¬¨−�å
äã−ªæ¨© G(n, r). ’�ª¨¬ ®¡à�§®¬,

π = 1−
1

G(N,R)

R
∑

i=0

giG(N − 1, R − i). �
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“â¢¥à¦¤¥−¨¥ 3. ‘à¥¤−¥¥ ç¨á«® §�−ïâ®£® à¥áãàá� B ¬®¦−® §�¯¨á�âì ¯à¨
¯®¬®é¨ äã−ªæ¨© G(n, r) ¢ ¢¨¤¥

B = R−
1

G(N,R)

R
∑

i=1

G(N,R − i).

„ ® ª � § � â ¥ « ì á â ¢ ® . �® ®¯à¥¤¥«¥−¨î, áà¥¤−¨© ®¡ê¥¬ §�−ïâ®£® à¥áãàá� ¬®¦−®
§�¯¨á�âì ª�ª à�§−®áâì ®¡é¥£® ®¡ê¥¬� à¥áãàá� ¨ áà¥¤−¥£® ç¨á«� −¥§�−ïâëå ¥¤¨−¨æ
à¥áãàá� B. ‡�¯¨è¥¬ B á®£«�á−® ä®à¬ã«¥ (4) ¨ ¯à¨¬¥−¨¬ áâ�−¤�àâ−ë¥ ¯à�¢¨«�
¯à¥®¡à�§®¢�−¨ï áã¬¬:

B =

R
∑

r=0

(R − r)q0

N
∑

k=0

ρk

k!
g(k)r =

1

G(N,R)

N
∑

k=0

ρk

k!

R
∑

r=0

(R− r)g(k)r =

=
1

G(N,R)

N
∑

k=0

ρk

k!

R
∑

r=0

R−r
∑

i=1

g(k)r =
1

G(N,R)

R
∑

i=1

N
∑

k=0

ρk

k!

R−i
∑

r=0

g(k)r .

‡�¯¨áë¢�ï ¢−ãâà¥−−¨¥ áã¬¬ë ¯®á«¥¤−¥£® ¢ëà�¦¥−¨ï ¢ â¥à¬¨−�å äã−ªæ¨©
G(n, r), ¯®«ãç¨¬ ®ª®−ç�â¥«ì−®¥ ¢ëà�¦¥−¨¥ ¤«ï áà¥¤−¥£® ®¡ê¥¬� §�−ïâ®£® à¥-
áãàá� B:

B = R−G−1(N,R)

R
∑

i=1

G(N,R − i) . �

’�ª¨¬ ®¡à�§®¬, ãâ¢¥à¦¤¥−¨ï 1{3 ®¡à�§ãîâ á¢¥àâ®ç−ë© �«£®à¨â¬ ¢ëç¨á«¥-
−¨ï ¢¥à®ïâ−®áâ¨ ¯®â¥à¨ §�ï¢ª¨ ¨ áà¥¤−¥£® ®¡ê¥¬� §�−ïâ®£® à¥áãàá� ¢ ÷¥‘Œ�
á ¢à¥¬¥−�¬¨ ®¡á«ã¦¨¢�−¨ï, §�¢¨áïé¨¬¨ ®â âà¥¡®¢�−¨© ª à¥áãàáã. „«ï ¢ëç¨á-
«¥−¨ï ¢¥à®ïâ−®áâ−ëå å�à�ªâ¥à¨áâ¨ª ¤®áâ�â®ç−® ¤¢ãå ¯®á«¥¤−¨å áâà®ª äã−ªæ¨©
G(n, r) ¯à¨ n = N − 1 ¨ N .

4 Численный пример

‚ à�¬ª�å ç¨á«¥−−®£® ¯à¨¬¥à� à�áá¬�âà¨¢�¥âáï ÷¥‘Œ� áN = 100¯à¨¡®à�¬¨
¨ R = 100 ¥¤¨−¨æ�¬¨ à¥áãàá�. �ã¤¥¬ áç¨â�âì, çâ® ¢à¥¬ï ®¡á«ã¦¨¢�−¨ï ¨¬¥¥â
à�á¯à¥¤¥«¥−¨¥ �à«�−£� •(k, θj) á ¯«®â−®áâìî

hj(x) =
xk−1θk

j

(k − 1)!
e−θjx, x ≥ 0,

£¤¥ ¯�à�¬¥âà k §�ä¨ªá¨à®¢�− ¨ à�¢¥− 2, � θj | ¯�à�¬¥âà, §�¢¨áïé¨© ®â ®¡ê¥¬�
âà¥¡®¢�−¨©. ‚ à�¬ª�å ç¨á«¥−−®£® ¯à¨¬¥à� ¯à¥¤¯®«®¦¨¬, çâ® θj = j/R, j = 1, R,
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÷¨á. 1 ‚¥à®ïâ−®áâì ¯®â¥à¨ §�ï¢ª¨ ¢ §�-
¢¨á¨¬®áâ¨ ®â ¨−â¥−á¨¢−®áâ¨ ¯®áâã¯«¥−¨ï
§�ï¢®ª: 1 | ¡¨−®¬¨�«ì−®¥ à�á¯à¥¤¥«¥−¨¥;
2 | ¯ã�áá®−®¢áª®¥ à�á¯à¥¤¥«¥−¨¥; 3 |
£¥®¬¥âà¨ç¥áª®¥ à�á¯à¥¤¥«¥−¨¥

÷¨á. 2 ‘à¥¤−¨© ®¡ê¥¬ §�−ïâ®£® à¥áãàá�
¢ §�¢¨á¨¬®áâ¨ ®â ¨−â¥−á¨¢−®áâ¨ ¯®áâã¯«¥-
−¨ï §�ï¢®ª: 1 | ¡¨−®¬¨�«ì−®¥ à�á¯à¥¤¥-
«¥−¨¥; 2 | ¯ã�áá®−®¢áª®¥ à�á¯à¥¤¥«¥−¨¥;
3 | £¥®¬¥âà¨ç¥áª®¥ à�á¯à¥¤¥«¥−¨¥

â. ¥. ç¥¬ ¡®«ìè¥ ¥¤¨−¨æ à¥áãàá� §�−ïâ®, â¥¬ ¬¥−ìè¥ áà¥¤−¥¥ ¢à¥¬ï ®¡á«ã¦¨¢�−¨ï.
�â® ¢ æ¥«®¬ á®®â¢¥âáâ¢ã¥â ¯à¨−æ¨¯�¬ ¯¥à¥¤�ç¨ í«�áâ¨ç−®£® âà�ä¨ª�.

�ã¤¥¬ à�áá¬�âà¨¢�âì âà¨ â¨¯� à�á¯à¥¤¥«¥−¨© âà¥¡®¢�−¨© ª à¥áãàáã: ¡¨−®-
¬¨�«ì−®¥, ¯ã�áá®−®¢áª®¥ ¨ £¥®¬¥âà¨ç¥áª®¥. ‚ á¢ï§¨ á â¥¬ çâ® ¢ ¡®«ìè¨−áâ¢¥
â¥å−¨ç¥áª¨å á¨áâ¥¬ §�ï¢ª¨ ®¡ï§�â¥«ì−® §�−¨¬�îâ −¥ª®â®àë© ¬¨−¨¬�«ì−ë© ®¡ê-
¥¬, ¨á¯®«ì§ãîâáï á¬¥é¥−−ë¥ à�á¯à¥¤¥«¥−¨ï á ãá«®¢¨¥¬ p0 = 0, ¯à¨ íâ®¬ ¢ á«ãç�¥
¯ã�áá®−®¢áª®£® ¨ £¥®¬¥âà¨ç¥áª®£® à�á¯à¥¤¥«¥−¨© ¯à¨¬¥−ï¥âáï ¥é¥ ¨ ãá¥ç¥−¨¥,
çâ®¡ë pi = 0, i > R.

��à�¬¥âàë à�á¯à¥¤¥«¥−¨© ¡ë«¨ ¢ë¡à�−ë â�ª¨¬ ®¡à�§®¬, çâ®¡ë ¬�â¥¬�â¨ç¥-
áª¨¥ ®¦¨¤�−¨ï m á®¢¯�¤�«¨ ¨ ¡ë«¨ à�¢−ë 6, � ¤¨á¯¥àá¨¨ σ2 à�§«¨ç�«¨áì. ’�ª,
¤«ï ¡¨−®¬¨�«ì−®£® à�á¯à¥¤¥«¥−¨ï σ2 = 2,5, ¤«ï ¯ã�áá®−®¢áª®£® | σ2 = 5, � ¤«ï
£¥®¬¥âà¨ç¥áª®£® | σ2 = 30.

�� à¨á. 1 ¯à¥¤áâ�¢«¥− £à�ä¨ª ¢¥à®ïâ−®áâ¨ ¯®â¥à¨ §�ï¢ª¨ ¤«ï à�áá¬®âà¥−-
−ëå à�á¯à¥¤¥«¥−¨© ¢ §�¢¨á¨¬®áâ¨ ®â ¨−â¥−á¨¢−®áâ¨ ¯®áâã¯«¥−¨© λ. ƒà�ä¨ª
¯®ª�§ë¢�¥â, çâ® ¡®«ìè�ï ¤¨á¯¥àá¨ï à�á¯à¥¤¥«¥−¨ï âà¥¡®¢�−¨© ª à¥áãàáã ¯à¨¢®-
¤¨â ª á−¨¦¥−¨î ¢¥à®ïâ−®áâ¨ ¯®â¥à¨. ��¡«î¤�¥¬ë© íää¥ªâ á¢ï§�− á â¥¬, çâ®
¢ ¯®¤®¡−ëå á¨áâ¥¬�å â¥àïîâáï ¯à¥¨¬ãé¥áâ¢¥−−® −�¨¡®«¥¥ úâï¦¥«ë¥û (á â®çª¨
§à¥−¨ï âà¥¡®¢�−¨© ª à¥áãàáã) §�ï¢ª¨. ‘®®â¢¥âáâ¢¥−−®, ¯à¨ ã¢¥«¨ç¥−¨¨ ¤¨á¯¥àá¨¨
à�á¯à¥¤¥«¥−¨ï ã¬¥−ìè�¥âáï áà¥¤−¨© ®¡ê¥¬ ¯®â¥àï−−ëå §�ï¢®ª ¨ ã¢¥«¨ç¨¢�¥âáï
áà¥¤−¨© ®¡ê¥¬ ¯à¨−ïâëå, çâ® ¯®§¢®«ï¥â ¯à¨−ïâì −� ®¡á«ã¦¨¢�−¨¥ ¡®«ìè¥¥ ç¨á«®
§�ï¢®ª.

�® íâ¨¬ ¦¥ ¯à¨ç¨−�¬ ¢®§−¨ª�¥â à�§«¨ç¨¥ ¨ ¢ áà¥¤−¥¬ ®¡ê¥¬¥ §�−ïâ®£® à¥áãà-
á�, ¯à¥¤áâ�¢«¥−−®¬ −� à¨á. 2. ’�ª ª�ª ¡®«ìè�ï ¤¨á¯¥àá¨ï ¯à¨¢®¤¨â ª ã¢¥«¨ç¥−¨î
áà¥¤−¥£® ®¡ê¥¬� ¯à¨−ïâëå §�ï¢®ª, â® ®−¨ ¡ã¤ãâ ¡®«¥¥ âà¥¡®¢�â¥«ì−ë¬¨ ª à¥áãà-
áã, −® §�©¬ãâ ¬¥−ìè¥ ¢à¥¬¥−¨ −� ®¡á«ã¦¨¢�−¨¥. �¤−�ª® á«¥¤ã¥â §�¬¥â¨âì, çâ®
§¤¥áì à�§«¨ç¨ï ¬¥¦¤ã à�§−ë¬¨ à�á¯à¥¤¥«¥−¨ï¬¨ −¥ −�áâ®«ìª® áãé¥áâ¢¥−−ë¥.
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5 Заключение

‚ ¤�−−®© à�¡®â¥ à�áá¬�âà¨¢�«�áì ÷¥‘Œ� á ¤¨áªà¥â−ë¬ à�á¯à¥¤¥«¥−¨¥¬
âà¥¡®¢�−¨© ª à¥áãàáã ¨ ¢à¥¬¥−¥¬ ®¡á«ã¦¨¢�−¨ï, §�¢¨áïé¨¬ ®â ®¡ê¥¬� âà¥¡®-
¢�−¨©. „«ï ¢ëç¨á«¥−¨ï ¢¥à®ïâ−®áâ−ëå å�à�ªâ¥à¨áâ¨ª á¨áâ¥¬ë ¡ë« à�§à�¡®â�−
á¢¥àâ®ç−ë© �«£®à¨â¬, ¯®§¢®«ïîé¨© ¨§¡¥¦�âì ¢ëç¨á«¥−¨© ¬−®£®ªà�â−ëå á¢¥à-
â®ª à�á¯à¥¤¥«¥−¨ï âà¥¡®¢�−¨© ¯à¨ à�áç¥â¥ −®à¬¨à®¢®ç−®© ª®−áâ�−âë, � §�â¥¬
¨á¯®«ì§®¢�âì ¯à®¬¥¦ãâ®ç−ë¥ à¥§ã«ìâ�âë ¤«ï ¢ëç¨á«¥−¨ï ¢¥à®ïâ−®áâ−ëå å�à�ª-
â¥à¨áâ¨ª. �ë« ¯à¨¢¥¤¥− ç¨á«¥−−ë© ¯à¨¬¥à ¤«ï âà¥å ¤¨áªà¥â−ëå à�á¯à¥¤¥«¥−¨©
âà¥¡®¢�−¨© ª à¥áãàá�¬.
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DEVELOPMENT OF A CONVOLUTIONAL ALGORITHM
FOR CALCULATING THE STATIONARY CHARACTERISTICS

OF RESOURCE LOSS SYSTEMS
WITH REQUIREMENTS-DEPENDING SERVING TIME
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Abstract: Resource loss systems (ReLS) are often used to analyze and calculate
the performance metrics of wireless communication systems. The authors consider
a multiserver ReLS with discrete requirements and service times that depend
on the volume required resources, which allows one to analyze the efficiency of
elastic traffic transmission in wireless networks. The evaluation of probabilistic
characteristics for the model is complicated by the need to perform multiple
convolutions of resource requirement distributions. To reduce the complexity of
the calculations, the paper proposes a convolutional algorithm that allows one
to obtain probabilistic measures, such as the loss probability and the average
volume of occupied resources, during the calculation of normalization constant.
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Development of a convolutional algorithm for calculating the characteristics of ReLS

The numerical analysis of the loss probability and the average volume of occupied
resources for discrete distributions of resource requirements is carried out.

Keywords: resource loss system; random requirements; loss probability

DOI: 10.14357/08696527240404 EDN: VSZCBK

Acknowledgments

The research was funded by the Russian Science Foundation, project No. 22-79-
10128, https://rscf.ru/en/project/22-79-10128/.

References

1. Beschastnyi, V. A., D. Yu. Ostrikova, and Yu. V. Gaidamaka. 2019. Analiz proizvodi-
tel'nosti sistem \novoe radio" seti 5G s pomoshch'yu sistemy massovogo obsluzhivaniya
s peremennymi trebovaniyami k resursu [5G New Radio base station performance
analysis using limited resource loss system with variable demands]. Sistemy i Sredst-
va Informatiki | Systems and Means of Informatics 29(4):73{83. doi: 10.14357/
08696527190407. EDN: BDLAIF.

2. Beschastnyi, V. A., D. Yu. Ostrikova, V. S. Shorgin, D. A. Moltchanov, and
Yu. V. Gaidamaka. 2021. Analiz nepreryvnosti pol'zovatel'skoy sessii v besprovod-
nykh sistemakh teragertsevogo diapazona [Uninterrupted connectivity time performance
analysis in terahertz systems]. Sistemy i Sredstva Informatiki | Systems and Means
of Informatics 31(4):144{156. doi: 10.14357/08696527210412. EDN: WXUQJJ.

3. Moltchanov, D., E. Sopin, V. Begishev, A. Samuylov, Y. Koucheryavy, and
K. Samouylov. 2022. A tutorial on mathematical modeling of 5G/6G millimeter
wave and terahertz cellular systems. IEEE Commun. Surv. Tut. 24(2):1072{1116. doi:
10.1109/COMST.2022.3156207.

4. Naumov, V., K. Samuilov, and A. Samuilov. 2016. On the total amount of resources oc-
cupied by serviced customers. Automat. Rem. Contr. 77(8):1419{1427. doi: 10.1134/
S0005117916080087. EDN: WVUOFR.

5. Tikhonenko, O., and M. Zi�o lkowski. 2021. Queueing systems with random volume
customers and their performance characteristics. J. Information Organizational Sciences
45(1):21{38. doi: 10.31341/jios.45.1.2.

6. Pankratova, E., S. Moiseeva, and M. Farhadov. 2022. Infinite-server resource queueing
systems with different types of Markov-modulated Poisson process and renewal arrivals.
Mathematics 10(16):2962. 16 p. doi: 10.3390/math10162962.

7. Kochetkova, I. A., A. I. Kushchazli, P. A. Kharin, and S. Ya. Shorgin. 2021. Mo-
del' dlya analiza prioritetnogo dostupa trafika URLLC pri preryvanii obsluzhivaniya
i snizhenii skorosti peredachi sessiy eMBB v seti 5G [Model for analyzing priori-
ty URLLC transmission with eMBB bit rate degradation and interruptions in 5G
networks]. Sistemy i Sredstva Informatiki | Systems and Means of Informatics
31(3):123{134. doi: 10.14357/08696527210311. EDN: UYLDMI.

8. Rumyantseva, A. S., F. A. Moskaleva, A. K. Samuilov, S. Ya. Shorgin, and
Yu. V. Gaidamaka. 2024. O modelirovanii sovmestnogo obsluzhivaniya odnoadresno-
go i mnogoadresnogo trafika s prioritizatsiey [On modeling shared service of unicast
and multicast traffic with prioritization]. Sistemy i Sredstva Informatiki | Sys-

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2024 vol 34 no 4 57



A. I. Nazarin, E. S. Sopin, and S. Ya. Shorgin

tems and Means of Informatics 34(2):40{54. doi: 10.14357/08696527240203. EDN:
QXWAUL.

9. Kochetkova, I. A., A. S. Vlaskina, P. L. E. Eseng Mangue, and V. S. Shorgin. 2024.
Zadacha razdeleniya resursa besprovodnoy seti po zaderzhke peredachi elastichnogo
trafika [Radio resource allocation for elastic traffic transmission with latency fairness
in networks]. Sistemy i Sredstva Informatiki | Systems and Means of Informatics
34(1):23{32. doi: 10.14357/08696527240102. EDN: WXYPQV.

10. Begishev, V., E. Sopin, D. Moltchanov, R. Kovalchukov, A. Samuylov, S. Andreev,
Y. Koucheryavy, and K. Samouylov. 2021. Joint use of guard capacity and multicon-
nectivity for improved session continuity in millimeter-wave 5G NR systems. IEEE T.
Veh. Technol. 70(3): 2657{2672. doi: 10.1109/TVT2021.3061906.

11. Daraseliya, A., E. Sopin, D. Moltchanov, Y. Koucheryavy, and K. Samouylov.
2023. Performance of offloading strategies in collocated deployments of millimeter
wave NR-u technology. IEEE T. Veh. Technol. 72(2):2535{2549. doi: 10.1109/
TVT.2022.3213927.

12. Naumov, V. A., and K. E. Samouylov. 2016. O svyazi resursnykh sistem massovogo
obsluzhivaniya s setyami Erlanga [On relationship between queuing systems with
resources and Erlang networks]. Informatika i ee Primeneniya | Inform. Appl.
10(3):9{14. doi: 10.14357/19922264160302. EDN: WMJXQH.

13. Sopin, E., K. Samouylov, O. Vikhrova, R. Kovalchukov, D. Moltchanov, and
A. Samuylov. 2016. Evaluating a case of downlink uplink decoupling using queuing
system with random requirements. Internet of things, smart spaces, and next generation
networks and systems. Eds. O. Galinina, S. Balandin, and Y. Koucheryavy. Lecture
notes in computer science ser. Cham: Springer. 9870:440{450. doi: 10.1007/978-3-
319-46301-8 37.

14. Sopin, E., K. Ageev, E. Markova, O. Vikhrova, and Yu. Gaidamaka. 2018. Per-
formance analysis of M2M traffic in LTE network using queuing systems with ran-
dom resource requirements. Autom. Control Comp. S. 52(5):345{353. doi: 10.3103/
S0146411618050127. EDN: AZMION.

Received September 1, 2024
Contributors
Nazarin Artem I. (b. 2000) | Master student, Department of Probability
Theory and Cyber Security, Peoples' Friendship University of Russia (RUDN
University), 6 Miklukho-Maklaya Str., Moscow 117198, Russian Federation;
nazaryin ai@rudn.ru
Sopin Eduard S. (b. 1987) | Candidate of Science (PhD) in physics and mathe-
matics, associate professor, Department of Probability Theory and Cyber Security,
Peoples' Friendship University of Russia (RUDN University), 6 Miklukho-Maklaya
Str., Moscow 117198, Russian Federation; senior scientist, Federal Research Center
\Computer Science and Control" of the Russian Academy of Sciences, 44-2 Vavilov
Str., Moscow 119333, Russian Federation; sopin-es@rudn.ru
Shorgin Sergey Ya. (b. 1952) | Doctor of Science in physics and mathematics,
professor, principal scientist, Federal Research Center \Computer Science and
Control" of the Russian Academy of Sciences, 44-2 Vavilov Str., Moscow 119133,
Russian Federation; sshorgin@ipiran.ru

58 Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2024 vol 34 no 4



‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ, 2024. ’. 34. ü 4. ‘. 59{72

КООПЕРАТИВНЫЕ САМОНАСТРАИВАЮЩИЕСЯ
ГИБРИДНЫЕ ИНТЕЛЛЕКТУАЛЬНЫЕ СИСТЕМЫ

ПЕРСОНАЛИЗИРОВАННОЙ ДИАГНОСТИКИ
И ПРОГНОЗИРОВАНИЯ В МЕДИЦИНЕ: КОНЦЕПЦИЯ,

ПОДХОД К РАЗРАБОТКЕ, ДЕКОМПОЗИЦИЯ ПРОБЛЕМЫ∗

С. Б. Румовская1, Ф. Н. Парамзин2

�−−®â�æ¨ï: Š«¨−¨ç¥áª�ï ª�àâ¨−� ¯®«¨¬®à¡¨¤−ëå, ¯®«¨íâ¨®«®£¨ç¥áª¨å §�-
¡®«¥¢�−¨© (¢ â®¬ ç¨á«¥ ®áâà®£® ¯�−ªà¥�â¨â� (��)) à�§−®®¡à�§−�, −¥¯à¥¤áª�-
§ã¥¬� ¨ ¬®¦¥â ¯¥à¥á¥ª�âìáï á® ¬−®¦¥áâ¢®¬ ¤àã£¨å §�¡®«¥¢�−¨©. �â® ¨§¬¥−ï¥â
¨ ®á«®¦−ï¥â ¯à®æ¥áá ¯¥àá®−�«¨§¨à®¢�−−®© ®æ¥−ª¨ (¤¨�£−®áâ¨ç¥áª®© ¨ ¯à®£−®-
áâ¨ç¥áª®©) á®áâ®ï−¨ï á«®¦−®£® ®¡ê¥ªâ� ¢ ¬¥¤¨æ¨−¥ (®à£�−¨§¬� ¯�æ¨¥−â�), çâ®
¢«¥ç¥â á¥àì¥§−ë¥ ®è¨¡ª¨ ¨ à¨áª¨. �¥®¡å®¤¨¬ë â¥å−®«®£¨¨ ¢¨àâã�«¨§�æ¨¨
¯à¨−ïâ¨ï à¥è¥−¨©. ‚ à�¡®â¥ ¯à¥¤«®¦¥−ë ª®®¯¥à�â¨¢−ë¥ á�¬®−�áâà�¨¢�-
îé¨¥áï £¨¡à¨¤−ë¥ ¨−â¥««¥ªâã�«ì−ë¥ á¨áâ¥¬ë (Š‘ƒ¨ˆ‘) (−� ¯à¨¬¥à¥ ��),
� â�ª¦¥ à�áá¬®âà¥−ë à¥§ã«ìâ�âë à¥¤ãªæ¨¨ ¯à®¡«¥¬ë ¯¥àá®−�«¨§¨à®¢�−−®©
®æ¥−ª¨ á®áâ®ï−¨ï ¯�æ¨¥−â� ¨ á¯¥æ¨ä¨ª�æ¨¨ §�¤�ç ¨§ ¯®«ãç¥−−®© ¤¥ª®¬¯®§¨-
æ¨¨.
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âï¦¥áâ¨ ¨ ¯à®£−®§¨à®¢�−¨¥ á®áâ®ï−¨ï ¯�æ¨¥−â�
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1 Введение

Œ¥¤¨æ¨−� ¨ §¤à�¢®®åà�−¥−¨¥ äã−ªæ¨®−¨àãîâ ¢ ãá«®¢¨ïå à�§−®®¡à�§¨ï ¬¨à�
¨ «î¡®£® ®¡ê¥ªâ�, −¥®¯à¥¤¥«¥−−®áâ¨ £à�−¨æ ®¡ê¥ªâ®¢, ¯®«¨æ¥−âà¨§¬� ¨ ¯¥à¥å®¤�
ª á®âàã¤−¨ç¥áâ¢ã, ¤®¯®«−¨â¥«ì−®áâ¨ ¨ ®â−®á¨â¥«ì−®áâ¨ §−�−¨© [1], çâ® ¯®¢ëè�¥â
−�£àã§ªã −� ¢à�ç¥©. ‚¢¨¤ã íâ®£® �ªâã�«ì−® ¨áá«¥¤®¢�−¨¥ ¯à®¡«¥¬ë ¢ëà�¡®âª¨
à¥è¥−¨© ¯à¨ ¯¥àá®−�«¨§¨à®¢�−−®© ®æ¥−ª¥ âï¦¥áâ¨ ¨ ¯à®£−®§¨à®¢�−¨¨ á®áâ®ï−¨ï
á«®¦−®£® ®¡ê¥ªâ� (��’ �‘ ‘�) ¢ ¬¥¤¨æ¨−¥ á æ¥«ìî ¯®¢ëè¥−¨ï íää¥ªâ¨¢−®áâ¨
¨ ª�ç¥áâ¢� ¯®«−®£® à�−−¥£® ®¯¨á�−¨ï âï¦¥áâ¨, â¥ç¥−¨ï §�¡®«¥¢�−¨ï ¨ ¥£® ¨áå®-
¤®¢. ’�ª¦¥ ¢¢¨¤ã â¥−¤¥−æ¨¨ ª à�§à�¡®âª¥ ¨−â¥««¥ªâã�«ì−ëå á¨áâ¥¬ (ˆ‘) ¤«ï
¬¥¤¨æ¨−ë ¨ §¤à�¢®®åà�−¥−¨ï ¢ ¢¨¤¥ £¨¡à¨¤−®© ˆ‘ (ƒ¨ˆ‘) [2], ¢ â®¬ ç¨á«¥ ¯à¨

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

−�ãª, sophiyabr@gmail.com
2–¥−âà�«ì−�ï £®à®¤áª�ï ª«¨−¨ç¥áª�ï ¡®«ì−¨æ�; ��«â¨©áª¨© ä¥¤¥à�«ì−ë© ã−¨¢¥àá¨â¥â ¨¬.
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¯®¤¤¥à¦ª¥ £®áã¤�àáâ¢� ¢ ¯«�−¨à®¢�−¨¨ ¨ ä¨−�−á¨à®¢�−¨¨ ¯®¤®¡−ëå ¨áá«¥¤®¢�-
−¨© ¨ à�§à�¡®â®ª [1, 3], �ªâã�«ì−� à�§à�¡®âª� Š‘ƒ¨ˆ‘ ¤«ï ��’ �‘ ‘� −�
¯à¨¬¥à¥ ��, å�à�ªâ¥à¨§ãîé¥£®áï á«®¦−®© ª«¨−¨ç¥áª®© ª�àâ¨−®©, ä�§®¢®áâìî
â¥ç¥−¨ï ¨ ¢ëá®ª®© ¢¥à®ïâ−®áâìî à�§¢¨â¨ï âï¦¥«ëå ®á«®¦−¥−¨©, çâ® ¯à¨¢®-
¤¨â [4{6] ª «¥â�«ì−®áâ¨ ¯à¨ âï¦¥«®¬ �� | ¤® 70% ¨ ¢ëè¥, � â�ª¦¥ ª ®è¨¡ª�¬
¢ ®æ¥−ª¥ á®áâ®ï−¨ï ¯à¨ ¯®áâã¯«¥−¨¨ | ¤® 26%{30%, ¢ áâ�æ¨®−�à¥ | ¤® 10%.
‚ ®á−®¢¥ «¥¦�â ¨¤¥¨, ®¯¨á�−−ë¥ ¢ à�¡®â¥ [7]. ‚ [8] ¯à¥¤áâ�¢«¥−ë à¥§ã«ìâ�âë ¨á-
á«¥¤®¢�−¨ï ¯à®¡«¥¬−®© áà¥¤ë ��’ �‘ ‘� −� ¯à¨¬¥à¥ ��. ‚ −�áâ®ïé¥© à�¡®â¥
¯à¥¤«®¦¥−� à�§à�¡®âª� Š‘ƒ¨ˆ‘ −� ¡�§¥ ¯à®¡«¥¬−®-¨−áâàã¬¥−â�«ì−®© (�ˆ)
¬¥â®¤®«®£¨¨ [9] à�§à�¡®âª¨ ƒ¨ˆ‘ ¨ ¬®¤¥«¨ ªàã¯−®§¥à−¨áâ®© äã−ªæ¨®−�«ì−®©
ƒ¨ˆ‘ [10] (¯à¨ −¥®¡å®¤¨¬®áâ¨ ¬®¦−® ¤®¯®«−¨âì ¤® ¬¥«ª®§¥à−¨áâ®© ¬®¤¥«¨ [9]),
� â�ª¦¥ à�áá¬®âà¥−ë à¥§ã«ìâ�âë à¥¤ãªæ¨¨ ¯à®¡«¥¬ë ¨ á¯¥æ¨ä¨ª�æ¨¨ §�¤�ç ¨§
¥¥ ¤¥ª®¬¯®§¨æ¨¨.

2 Концепция и методология разработки

�¥àá®−�«¨§¨à®¢�−−�ï (¨−¤¨¢¨¤ã�«¨§¨à®¢�−−�ï) ¬¥¤¨æ¨−� ¡�§¨àã¥âáï −� ¨−-
¤¨¢¨¤ã�«ì−ëå ®á®¡¥−−®áâïå ¯�æ¨¥−â�, áâà®ï ¨−¤¨¢¨¤ã�«ì−ë¥ ¯à®£−®§ë ¡®«ì−®-
£®, � −¥ ¡®«¥§−¨. Š®®¯¥à�â¨¢−�ï á�¬®−�áâà�¨¢�îé�ïáï ƒ¨ˆ‘ (à¨á. 1) ú‚¨à-
âã�«ì−ë¥ ª®−á¨«¨ã¬ë ¯¥àá®−�«¨§¨à®¢�−−®© ®æ¥−ª¨ âï¦¥áâ¨ ¨ ¯à®£−®§¨à®¢�−¨ï
á®áâ®ï−¨ï ¯�æ¨¥−â®¢û (‚Š ��’ �‘�) −� ¯à¨¬¥à¥ �� ¡ã¤ãâ ¨−â¥£à¨à®¢�âì
à�§−®à®¤−ë¥ ¬®¤¥«¨ ¢ëà�¡®âª¨ ¨−¤¨¢¨¤ã�«ì−ëå à¥è¥−¨© −� ¢á¥å íâ�¯�å ¯à®-
æ¥áá� ¢¥¤¥−¨ï ¯�æ¨¥−â� ¯à¨ ª®¬¯«¥ªá−®©, ¯®«¨�á¯¥ªâ−®© ¯¥àá®−�«¨§¨à®¢�−−®©
®æ¥−ª¥ á®áâ®ï−¨ï á ¨−â¥à¯à¥â�æ¨¥© à¥§ã«ìâ�â®¢ ¢ ãá«®¢¨ïå áãé¥áâ¢¥−−®£® à�§−®-
®¡à�§¨ï, −¥®¤−®à®¤−®áâ¨ ¨ −¥®¯à¥¤¥«¥−−®áâ¨ ¨−ä®à¬�æ¨¨ ª�ª ® á�¬®¬ ®¡ê¥ªâ¥,
â�ª ¨ ® ¯à®æ¥áá¥ ��’ �‘ ‘�. ÷¥ª®¬¥−¤�æ¨¨ Š‘ƒ¨ˆ‘ ¢¯®á«¥¤áâ¢¨¨ ¯®¬®£ãâ
¢à�çã ®¯à¥¤¥«¨âìáï á ¯à�¢¨«ì−®© â¥à�¯¨¥©, ¯à¨ç¥¬ ¬¥â®¤ à�−−¥© ®¡ê¥ªâ¨¢¨§�-
æ¨¨ âï¦¥áâ¨ §�¡®«¥¢�−¨ï ¨ ®¯à¥¤¥«¥−¨¥ −�¯à�¢«¥−¨ï ¥£® â¥ç¥−¨ï | ¢ëà�¡®âª�
ª®««¥ªâ¨¢−ëå á®âàã¤−¨ç�îé¨å à¥è¥−¨© äã−ªæ¨®−�«ì−®© £¥â¥à®£¥−−®© ¬®¤¥«ìî
ƒ¨ˆ‘ −� à�§−ëå ä�§�å §�¡®«¥¢�−¨ï á ãç¥â®¬ à�§−®à®¤−ëå §−�−¨© ® ¥£® íâ¨®«®-
£¨¨ ¨ ¯�â®£¥−¥§¥ | ä®à¬¨àã¥âáï á¨âã�â¨¢−® ¢ §�¢¨á¨¬®áâ¨ ®â ¯à®ï¢«ïîé¥©áï
á¨¬¯â®¬�â¨ª¨ ¨ ¤«ï ª�¦¤®£® ¯�æ¨¥−â� (®â−®è¥−¨ï ¨−â¥£à�æ¨¨ ¢ äã−ªæ¨®−�«ì−®©
ƒ¨ˆ‘ −� à¨á. 1 ®¯ãé¥−ë). Œ®¤¥«¨ á¯¥æ¨�«¨áâ®¢ ¢¨àâã�«ì−®£® ª®−á¨«¨ã¬� ¤®-
¯®«−ïîâ à¥è¥−¨ï ¤àã£ ¤àã£� ¨ á®âàã¤−¨ç�îâ, ®¡¬¥−¨¢�ïáì ç�áâ−ë¬¨ à¥è¥−¨ï¬¨.

Œ®¤¥«ì «¨æ�, ¯à¨−¨¬�îé¥£® à¥è¥−¨ï (‹�÷), ¯®«ãç�ï ç�áâ−ë¥ à¥è¥−¨ï,
¨−â¥£à¨àã¥â ¨å, ¯à¥®¤®«¥¢�ï ¯à¨ −¥®¡å®¤¨¬®áâ¨ ¯à®â¨¢®à¥ç¨¥ ¨ ¢ë−®áï à¥è¥−¨¥
® âï¦¥áâ¨ á®áâ®ï−¨ï á ¯®¤à®¡−ë¬ ®¯¨á�−¨¥¬ á¨âã�æ¨¨ ¨ ®¡®á−®¢�−¨¥¬ à¥§ã«ìâ�-
â®¢. …á«¨ ¨−â¥£à�æ¨ï −¥¢®§¬®¦−�, ¬®¤¥«ì ‹�÷ §�¯ãáª�¥â à¥ª®−ä¨£ãà�æ¨î á¨á-
â¥¬ë (á�¬®−�áâà®©ª� áâàãªâãàë á¨áâ¥¬ë). �à®¡«¥¬� ¯à®£−®§¨à®¢�−¨ï ¨áå®¤®¢
§�¡®«¥¢�−¨ï â�ª¦¥ à¥è�¥âáï ‹�÷, ¯®íâ®¬ã ¬®¤¥«ì ‹�÷ à�áè¨à¥−� âà�−áä®à-
¬�æ¨®−−®© ƒ¨ˆ‘ | ¬®¤ã«ì−�ï ANFIS (adaptive network fuzzy inference system)
¨ ¯à¥æ¥¤¥−â−�ï íªá¯¥àâ−�ï á¨áâ¥¬� (�‘) â�ª¦¥ ¢ª«îç¥−ë ¢ £¥â¥à®£¥−−®¥ ¬®¤¥«ì-
−®¥ ¯®«¥ (ƒŒ�). Œ®¤ã«ì−�ï ANFIS ¯®§¢®«¨â ®¡¥á¯¥ç¨âì ä®à¬�«¨§�æ¨î à�§¬ë-
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Š®®¯¥à�â¨¢−ë¥ á�¬®−�áâà�¨¢�îé¨¥áï ƒ¨ˆ‘ ¯¥àá®−�«¨§¨à®¢�−−®© ¤¨�£−®áâ¨ª¨

÷¨á. 1 �¡é�ï áå¥¬� ¬®¤¥«¥© Š‘ƒ¨ˆ‘, ¨å ¬¥áâ® ¢ ¯à®æ¥áá¥ ¯¥àá®−�«¨§¨à®¢�−−®©
®æ¥−ª¨ á®áâ®ï−¨ï á«®¦−®£® ®¡ê¥ªâ� ¢ ¬¥¤¨æ¨−¥ ¨ á®®â¢¥âáâ¢¨¥ ¬®¤¥«¥© £¥â¥à®£¥−−®£®
¬®¤¥«ì−®£® ¯®«ï í«¥¬¥−â�¬ ¨§ ¤¥ª®¬¯®§¨æ¨¨: pDP | ¯à®¡«¥¬� ��’ �‘ ‘� ¢ ¬¥¤¨æ¨−¥;
{ph
1 , . . . , p

h
i
, . . . , ph

dm
, ph

N
} | ¬−®¦¥áâ¢® í«¥¬¥−â®¢ (§�¤�ç) ¨§ ¤¥ª®¬¯®§¨æ¨¨ ¯à®¡«¥¬ë,

¢ª«îç�îé¥© ¯®¤¯à®¡«¥¬ã pOP ¯à®£−®§¨à®¢�−¨ï ¨áå®¤®¢ §�¡®«¥¢�−¨ï; �’- ¨ �”-
¬®¤¥«ì | ¬®¤¥«ì â¥å−®«®£¨ç¥áª®© ¨ äã−ªæ¨®−�«ì−®© §�¤�ç¨ á®®â¢¥âáâ¢¥−−®; 1 |
¨−¨æ¨�«¨§�æ¨ï ¨ §�¯ãáª ª®−á¨«¨ã¬�; 2 | §�¯à®á −� ãâ®ç−¥−¨¥ ¢å®¤−®© ¨−ä®à¬�æ¨¨;
3 | á®®â¢¥âáâ¢¨¥ í«¥¬¥−â� ¨§ ¤¥ª®¬¯®§¨æ¨¨ ¨ ¬®¤¥«¨ ª®−á¨«¨ã¬�; 4 | ¯¥à¥¤�ç� ¢á¥©
¯®«ãç¥−−®© −� ¯à¥¤ë¤ãé¨å íâ�¯�å ¢å®¤−®© ¨ ¢ëå®¤−®© ¨−ä®à¬�æ¨¨; 5 | ¯¥à¥¤�ç�
¢å®¤−®© ¨−ä®à¬�æ¨¨; 6 | ¨−â¥àä¥©áë ¢¢®¤�/¢ë¢®¤� ¨−ä®à¬�æ¨¨ á ¢®§¬®¦−®áâìî ¥¥
ª®àà¥ªâ¨à®¢ª¨; 7 | ®â−®è¥−¨ï ¢ª«îç¥−¨ï; 8 | ®â−®è¥−¨ï ¤¥ª®¬¯®§¨æ¨¨; 9 | ¯¥à¥¤�ç�
¢ëå®¤−®© ¨−ä®à¬�æ¨¨ −� ¨−â¥àä¥©á; 10 | ®â−®è¥−¨¥ ¢§�¨¬®¤¥©áâ¢¨ï (¨−â¥£à�æ¨¨)
¬®¤¥«¥© ƒ¨ˆ‘
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âëå ¯®−ïâ¨© ¨ á¢ï§¥© (−¥ç¥âª®áâì ¢ à�ááã¦¤¥−¨ïå ¢à�ç¥©), ¢ëà�¡�âë¢�ï ¯à®£−®§,
¨−â¥à¯à¥â¨àã¥¬ë© �‘ á ¡�§®© §−�−¨© ¨ ¡�§®© ¯à¥æ¥¤¥−â®¢, ¯®¯®«−ï¥¬®© ¯® à¥-
§ã«ìâ�â�¬ à�¡®âë ANFIS, ®¡à�¡�âë¢�îé¥© â¨¯®¢ë¥ á¨âã�æ¨¨. ‚®§¬®¦¥− à¥¦¨¬
ú�‘-ANFISû ¤«ï ¯®«ãç¥−¨ï ¯à®£−®§� �‘ /̈̈ «¨ ¤«ï ®¡ãç¥−¨ï ANFIS. Œ®¤¥«¨
¨§ ƒŒ� ‚Š ��’ �‘� á¬®£ãâ à�¡®â�âì �¢â®−®¬−®. ÷�§à�¡®âª� ‚Š ��’ �‘ ª�ª
Š‘ƒ¨ˆ‘ −� ¯à¨¬¥à¥ �� ¢ª«îç�¥â á«¥¤ãîé¨¥ íâ�¯ë (á ¢®§¬®¦−®áâìî ¢®§¢à�â�
−� ¯à¥¤ë¤ãé¨¥ íâ�¯ë ¤«ï ãâ®ç−¥−¨ï/ª®àà¥ªâ¨à®¢ª¨ ¨−ä®à¬�æ¨ /̈¬®¤¥«¥©):

(1) á¨áâ¥¬−ë© �−�«¨§ ¯à®¡«¥¬ë ��’ �‘ ‘�:

(1.1) ú¨¤¥−â¨ä¨ª�æ¨ï ¯à®¡«¥¬ëû ��’ �‘ ‘�, å�à�ªâ¥à¨§ãîé¥©áï £¥-
â¥à®£¥−−®áâìî, à�§−®®¡à�§¨¥¬ ¡®«ìè®£® ç¨á«� ä�ªâ®à®¢, −¥®¤−®-
§−�ç−®áâìî ®æ¥−ª¨ á¨âã�æ¨¨, ®è¨¡ª�¬¨ ¢ ¢ë¡®à¥ ¯à¨®à¨â¥â®¢ ¨ ¯à®-
â¨¢®à¥ç¨¢®áâìî âà¥¡®¢�−¨© | ®á−®¢−ë¥ à¥§ã«ìâ�âë ¤�−−®£® íâ�¯�
¯à¥¤áâ�¢«¥−ë ¢ [8];

(1.2) úà¥¤ãªæ¨ï ¯à®¡«¥¬ëû. ÷¥§ã«ìâ�â | ¤¥ª®¬¯®§¨æ¨ï, ¢ª«îç�îé�ï ª�ª
äã−ªæ¨®−�«ì−ë¥ §�¤�ç¨, á®áâ�¢«ïîé¨¥ äã−ªæ¨®−�«ì−ë¥ áâàãªâãàë
¯à®¡«¥¬, â�ª ¨ â¥å−®«®£¨ç¥áª¨¥ §�¤�ç¨, à¥è�¥¬ë¥ ¤«ï íää¥ªâ¨¢−®©
®à£�−¨§�æ¨¨ ®¡à�¡®âª¨ ¤�−−ëå ¨ §−�−¨© ¢ å®¤¥ ¯à®æ¥áá� ¢¥¤¥−¨ï
¯�æ¨¥−â�;

(1.3) úá¯¥æ¨ä¨ª�æ¨ï §�¤�çû. ÷¥§ã«ìâ�â | ª®−æ¥¯âã�«ì−ë¥ ¬®¤¥«¨;

(1.4) ú¢ë¡®à ¬¥â®¤®¢ à¥è¥−¨ï §�¤�çû ¨§ ¤¥ª®¬¯®§¨æ¨¨ ¯à®¡«¥¬ë ��’
�‘ ‘� | ãáâ�−�¢«¨¢�¥âáï á®®â¢¥âáâ¢¨¥ ú§�¤�ç�{ª«�áá ¬¥â®¤� ä®à-
¬�«¨§®¢�−−®£® ¯à¥¤áâ�¢«¥−¨ï á¨áâ¥¬ (Œ”�‘)û, ãç¨âë¢�îé¥¥ ª�-
ç¥áâ¢¥−−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ¬¥â®¤®¢. ‡¤¥áì ¬®¦¥â ¡ëâì ¢ëï¢«¥−�
�«ìâ¥à−�â¨¢−®áâì (äã−ªæ¨®−�«ì−�ï ¨§¡ëâ®ç−®áâì) ¨−áâàã¬¥−â�à¨¥¢
à¥è¥−¨ï §�¤�ç, ª®£¤� ®¤−®© ¨«¨ −¥áª®«ìª¨¬ §�¤�ç�¬ ¨§ ¤¥ª®¬¯®§¨-
æ¨¨ ¯à®¡«¥¬ë ��’ �‘ ‘� áâ�¢¨âáï ¢ á®®â¢¥âáâ¢¨¥ ¡®«¥¥ ®¤−®£®
ª«�áá� Œ”�‘. …á«¨ ¢ëï¢«¥−� §�¤�ç� (ú¡¥«®¥ ¯ïâ−®û), ª®â®à®© −¥
¡ë« ¯®áâ�¢«¥− ¢ á®®â¢¥âáâ¢¨¥ ª«�áá Œ”�‘, â® à¥�«¨§ãîâ íâ�¯ 2.1i,
¨−�ç¥ íâ�¯ 2.1;

(2) íâ�¯ë á¨−â¥§� ¨ â¥áâ¨à®¢�−¨ï ¬¥â®¤®¢ ¨ ¬®¤¥«¥© ‚Š ��’ �‘�:

(2.1i) §�¯ãáª æ¨ª«� ¬¥«ª®§¥à−¨áâ®© £¨¡à¨¤¨§�æ¨¨ [9] ¤«ï ¢á¥å ú¡¥«ëå ¯ïâ¥−û
á æ¥«ìî ®â®¡à�¦¥−¨ï ¨−áâàã¬¥−â�«ì−®© áâàãªâãàë ¯à®¡«¥¬ë ¯®áà¥¤-
áâ¢®¬ ª®−áâàã¨à®¢�−¨ï ¨§ −�¡®à� ¨−áâàã¬¥−â�«ì−ëå áà¥¤áâ¢ (§¥à¥−)
¬¥â®¤�-¯®â®¬ª� (£¨¡à¨¤� ¢−ãâà¨ £¨¡à¨¤�), «¨è¥−−®£® à®¤¨â¥«ìáª¨å −¥-
¤®áâ�âª®¢;

(2.1) úà�§à�¡®âª� ¬®¤¥«¥© �¢â®¬�â¨§¨à®¢�−−®£® à¥è¥−¨ï §�¤�ç ¨§ ¤¥ª®¬¯®-
§¨æ¨¨ ¯à®¡«¥¬ëû ��’ �‘ ‘�, ¢ª«îç�¥¬ëå ¢ ƒŒ�. …á«¨ −� íâ�¯¥ 1.4
¢ëï¢«¥−� äã−ªæ¨®−�«ì−�ï ¨§¡ëâ®ç−®áâì, â® ¤«ï ª�¦¤®© á®®â¢¥âáâ¢ã-
îé¥© ¬®¤¥«¨ á¯¥æ¨ä¨æ¨àãîâáï ®¡«�áâ¨ à¥«¥¢�−â−®áâ¨ | ¬−®¦¥áâ¢�
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Š®®¯¥à�â¨¢−ë¥ á�¬®−�áâà�¨¢�îé¨¥áï ƒ¨ˆ‘ ¯¥àá®−�«¨§¨à®¢�−−®© ¤¨�£−®áâ¨ª¨

§−�ç¥−¨© ¯�à�¬¥âà®¢ ¢−¥è−¥© áà¥¤ë (¢à¥¬ï ®á¬®âà�, à¥£«�¬¥−â ��’
�‘ ‘� ¨ â. ¤.);

(2.2) úà�§à�¡®âª� í¢à¨áâ¨ç¥áª®£® �«£®à¨â¬� á¨−â¥§� ¨ à¥ª®−ä¨£ãà�æ¨¨ ¬¥â®-
¤�û �¢â®¬�â¨§¨à®¢�−−®© ��’ �‘ ‘� ¢ ¬¥¤¨æ¨−¥. ÷¥§ã«ìâ�â à�¡®âë
�«£®à¨â¬� | ¬−®¦¥áâ¢® âà®¥ª ú¬®¤¥«ì §�¤�ç¨, ¬®¤¥«ì §�¤�ç¨, ¬¥¦-
¬®¤¥«ì−ë© ¨−â¥àä¥©áû ¤«ï ¯®á«¥¤ãîé¥© ¨−¨æ¨�«¨§�æ¨¨ −� íâ�¯¥ 2.3
¢¨àâã�«ì−®£® ª®−á¨«¨ã¬�. ‘¯¨á®ª âà®¥ª ä®à¬¨àã¥âáï ¢ §�¢¨á¨¬®áâ¨ ®â
á¨âã�æ¨¨, á«®¦¨¢è¥©áï ¯à¨ ¢ëà�¡®âª¥ ª®««¥ªâ¨¢−®£® à¥è¥−¨ï ¢ á¨á-
â¥¬¥ (§�¯à®á� ®â ¬®¤¥«¨ ‹�÷ −� à¥ª®−ä¨£ãà�æ¨î á¨áâ¥¬ë), � â�ª¦¥
®â íâ�¯� ¢¥¤¥−¨ï ¯�æ¨¥−â�, ä�§ë â¥ç¥−¨ï §�¡®«¥¢�−¨ï ¨ ¯à®ï¢¨¢è¨åáï
á¨¬¯â®¬®¢ ¨ à¥�ªæ¨©;

(2.3) úà�§à�¡®âª� äã−ªæ¨®−�«ì−®© áâàãªâãàëû Š‘ƒ¨ˆ‘ −� ¯à¨¬¥à¥ ��,
úá¨−â¥§ ¨−â¥£à¨à®¢�−−®£® ¬¥â®¤�û ¨ ¬�è¨−−ë¥ íªá¯¥à¨¬¥−âë.

3 Декомпозиция проблемы и спецификация задач

‚ −�áâ®ïé¥© à�¡®â¥ ¯à¨¬¥−ï¥âáï ¬¥â®¤ à¥¤ãªæ¨¨ ª�ª �¤�¯â�æ¨ï ¤«ï ¯à®¡«¥¬
â¨¯� ��’ �‘ ‘� ¬¥â®¤� à¥¤ãªæ¨¨ ¤¨�£−®áâ¨ç¥áª®© ¯à®¡«¥¬ë ¢è¨àì ¨ ¢£«ã¡ì,
®á−®¢�−−®£® −� §−�−¨ïå, ¨§ [11] (íâ�¯ë à�áá¬®âà¥−ë ¤�«¥¥). �¡é�ï áå¥¬�
¤¥ª®¬¯®§¨æ¨¨ ¯à¥¤áâ�¢«¥−� −� à¨á. 2.

�â�¯ 1. ”�§®¢�ï à¥¤ãªæ¨ï. Œ−®¦¥áâ¢® �«ìâ¥à−�â¨¢−ëå §�¤�ç à�§−ëå ä�§
ã¯à�¢«¥−¨ï (®¡ê¥ªâ®¬ ¤¨�£−®áâ¨ª¨) á¢ï§�−® á ¯à®¡«¥¬®© ®â−®è¥−¨ï¬¨ úç�áâì{
æ¥«®¥û. ‚ ¬¥¤¨æ¨−¥ ¢ ª�ç¥áâ¢¥ ®¤−®à®¤−ëå ¯à¥¢�«¨àãîâ §�¤�ç¨ ãç¥â� ¨ ª®−âà®«ï
{pu 1, . . . , pu n1, pk 1, . . . , pk n2} (á¬. à¨á. 2).

�â�¯ 2. ‡�¯ãáª�¥âáï à¥¤ãªæ¨ï ¯® áâà�â�¬ | à¥¤ãªæ¨ï ¢è¨àì ¯® ¯à®ä¥á-
á¨®−�«ì−ë¬ ®¡à�§�¬ psp 1, . . . , pspn, pdm, ¢ª«îç�îé¨¬ ¨ ®¡à�§ ‹�÷ pdm. �à¨
−¥®¡å®¤¨¬®áâ¨ ¢ë¤¥«ï¥âáï §�¤�ç� ¯à¥¤®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ ppreproc teh, ¯®áâã-

÷¨á. 2 �¡é�ï áå¥¬� à¥¤ãªæ¨¨ ¯à®¡«¥¬ ®æ¥−ª¨ á®áâ®ï−¨ï ®¡ê¥ªâ� ¢ ¬¥¤¨æ¨−¥
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¯¨¢è¥© ¢ à¥§ã«ìâ�â¥ à¥è¥−¨ï §�¤�ç, ¢ë¤¥«¥−−ëå −� íâ�¯¥ ä�§®¢®© à¥¤ãªæ¨¨
(−�¯à¨¬¥à, à�á¯à¥¤¥«¥−¨¥ ¨−ä®à¬�æ¨¨ ¯® psp 1, . . . , pspn, pdm).

�â�¯ 3. ‚ë¤¥«¥−−ë¥ ¯à®ä¥áá¨®−�«ì−ë¥ ®¡à�§ë ¯®á«¥ §�¯ãáª� ¬¥â®¤� à¥-
¤ãªæ¨¨ ¯® ¨−ä®à¬�æ¨®−−®-ã¯à�¢«ïîé¨¬ ®â−®è¥−¨ï¬ á¢ï§ë¢�îâáï ¢ áâàãªâãàã
ú¬¥â�®¡à�¡®âª�û, ¢ ª®â®à®© pdm áâ�−®¢¨âáï ª®®à¤¨−¨àãîé¥© §�¤�ç¥© (ª®®à¤¨-
−¨àã¥â ¢ë§®¢, ¯¥à¥à�á¯à¥¤¥«¥−¨¥ à¥áãàá®¢ ¨ â. ¤.), â�ª ª�ª ‹�÷ ¨−â¥£à¨àã¥â ¢á¥
¯®áâã¯¨¢è¨¥ ª −¥¬ã ç�áâ−ë¥ §�ª«îç¥−¨ï ¨ ä®à¬¨àã¥â ¨â®£®¢®¥. �� íâ®¬ íâ�¯¥
psp 1, . . . , pspn, pdm ¬®£ãâ ¡ëâì à¥¤ãæ¨à®¢�−ë ¯® ¨−ä®à¬�æ¨®−−®-ã¯à�¢«ïîé¨¬
®â−®è¥−¨ï¬ (à¥¤ãªæ¨ï ¢£«ã¡ì). ‡¤¥áì ¬®£ãâ ¡ëâì ¢ë¤¥«¥−ë §�¤�ç¨ à�§−®£®
â¨¯� (¯à¨ −¥®¡å®¤¨¬®áâ¨ −� ¬−®¦¥áâ¢¥ §�¤�ç §�¤�¥âáï ¯®àï¤®ª ¨å à¥è¥−¨ï),
ª�ª, −�¯à¨¬¥à, ¤«ï pspn −� à¨á. 2: §�¤�ç¨ úªàã¯−ë¥û pz ¨ á¢ï§�−−ë¥ á −¨¬¨
ú¬¥«ª¨¥û pz teh ¨ áª®¬¯¥−á¨à®¢�−−ë¥ §�âàã¤−¥−¨ï ptyp (ç�áâ® ¢áâà¥ç�îé¨¥áï,
á â¨¯®¢ë¬ à¥è¥−¨¥¬). ‚®§¬®¦−® á®ç¥â�−¨¥ à�§−ëå ¢�à¨�−â®¢ áâàãªâãà: (1) ú¬¥-
â�®¡à�¡®âª�û | −� à¨á. 2 ¤«ï pspn; (2) úæ¥¯®çª�û (á ®¡à�â−®© á¢ï§ìî ¨ ¡¥§);
(3) ú¯®¤ç¨−¥−−�ï ®¡à�¡®âª�û, ãáâ�−�¢«¨¢�îé�ï ®â−®è¥−¨ï ¢ª«îç¥−¨ï ®¤−®©
§�¤�ç¨ ¢ ¤àã£ãî | ¯¥à¢�ï ¢ëáâã¯�¥â ª�ª ¢á¯®¬®£�â¥«ì−�ï ¤«ï ¢â®à®© (−�¯à¨¬¥à,
−� à¨á. 2 | pz 1 ¨ pz teh 2). �à¨ −¥®¡å®¤¨¬®áâ¨ ¯®á«¥ íâ�¯� 3 §�¯ãáª�¥âáï à¥¤ãªæ¨ï
§�¤�ç ¢ £à�ä /̂̂ ‹ˆ ¨«¨ Š�Œ� (−� à¨á. 2 −¥ ¯à¨¢¥¤¥−�).

„¥ª®¬¯®§¨æ¨ï ¯à®¡«¥¬ë ��’ �‘ ‘� ª�ª à¥§ã«ìâ�â ¥¥ à¥¤ãªæ¨¨ ¯à¥¤-
áâ�¢«¥−� −� à¨á. 3 | ¡�§¨àã¥âáï −� ª«¨−¨ç¥áª¨å à¥ª®¬¥−¤�æ¨ïå, ¨−áâàãªæ¨ïå
¨ ¬¥â®¤¨ç¥áª¨å ãª�§�−¨ïå ¯® �� [4, 12{15], � â�ª¦¥ −� à¥§ã«ìâ�â�å ¨§¢«¥ç¥−¨ï
§−�−¨© á¯¥æ¨�«¨áâ®¢ (¢à�ç¥©). —â®¡ë −¥ ¯¥à¥£àã¦�âì à¨á. 3, ®¯ãé¥−ë §�¤�ç¨
ãç¥â� á¨¬¯â®¬�â¨ç¥áª®© ¨−ä®à¬�æ¨¨ ¨ á�¬� ¯à®¡«¥¬� ��’ �‘ ‘�. �® à¥§ã«ì-
â�â�¬ ¡¥á¥¤ á ¢à�ç�¬¨ ¯à¨−ïâ® à¥è¥−¨¥ ¢ à�¬ª�å −�áâ®ïé¥£® ¨áá«¥¤®¢�−¨ï −¥
¤¥â�«¨§¨à®¢�âì ¯à®ä¥áá¨®−�«ì−ë¥ ®¡à�§ë ¯ã«ì¬®−®«®£�, ª�à¤¨®«®£�, −¥¢à®«®£�
¨ −¥äà®«®£�. �¯à¥¤¥«¨¬ áå¥¬ã ª®−æ¥¯âã�«ì−ëå ¬®¤¥«¥© z-© §�¤�ç¨ ¢ â¥à¬¨−�å
ª®−æ¥¯âã�«ì−ëå ¬®¤¥«¥© [9, 10] ¨ ï§ëª� ¨áç¨á«¥−¨ï ¯à¥¤¨ª�â®¢ ¯¥à¢®£® ¯®àï¤-
ª� ª�ª

ph
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∀ z, z ∈ {ConfAP,FASS,Etio,ResSF,CarSF,CNSF,ExcSF,GIF,

DECom,DLCom, IntASS,DevMOF, tehMOF,DetELN,PO, tehPO,

IntP,Fin} ,

£¤¥ ph
0 z | úz-ï ®¤−®à®¤−�ï §�¤�ç�û;Goalhz ¨Datahz | æ¥«ì ¨ ¢å®¤−ë¥ ¤�−−ë¥ z-©

§�¤�ç¨ á®®â¢¥âáâ¢¥−−®; ∧ | ®¤−®¢à¥¬¥−−�ï ¢ë¯®«−¨¬®áâì �â®¬�à−ëå ä®à¬ã«;
METh

z | ¬¥â®¤, ¬®¤¥«ì, �«£®à¨â¬ ¨ ¯à®£à�¬¬� z-© §�¤�ç¨; phase, cvar ¨ ct |
ä�§� §�¤�ç¨, ª«�áá ¯¥à¥¬¥−−ëå ¨ ª«�áá §�¤�ç¨ á®®â¢¥âáâ¢¥−−®; pDP | áå¥¬�
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Š®®¯¥à�â¨¢−ë¥ á�¬®−�áâà�¨¢�îé¨¥áï ƒ¨ˆ‘ ¯¥àá®−�«¨§¨à®¢�−−®© ¤¨�£−®áâ¨ª¨

÷¨á. 3 „¥ª®¬¯®§¨æ¨ï ¯à®¡«¥¬ë ¯¥àá®−�«¨§¨à®¢�−−®© ®æ¥−ª¨ á®áâ®ï−¨ï á«®¦−®£®
®¡ê¥ªâ� ¢ ¬¥¤¨æ¨−¥: 1 | ¨−ä®à¬�æ¨®−−®-ã¯à�¢«ïîé¨¥ ®â−®è¥−¨ï; 2 | â¥å−®«®£¨ç¥áª�ï
§�¤�ç� ¯®áâà®¥−¨ï ¢å®¤−®£® ¬−®¦¥áâ¢� ¨−ä®à¬�â¨¢−ëå ¯à¨§−�ª®¢; 3 | ¨−ä®à¬�æ¨®−-
−®-ã¯à�¢«ïîé¨¥ ®â−®è¥−¨ï −� ¬−®¦¥áâ¢�å â¥å−®«®£¨ç¥áª¨å ¨ äã−ªæ¨®−�«ì−ëå §�¤�ç;
4 | ¯à®ä¥áá¨®−�«ì−ë¥ ®¡à�§ë ¯à®¡«¥¬ë

ª®−æ¥¯âã�«ì−ëå ¬®¤¥«¥© ¯à®¡«¥¬ë ��’ �‘ ‘� ¢ ¬¥¤¨æ¨−¥; Rinc ¨ Rdec |
®â−®è¥−¨ï ¢ª«îç¥−¨ï ¨ ¤¥ª®¬¯®§¨æ¨¨ á®®â¢¥âáâ¢¥−−®; Sh

z | á¯¥æ¨ä¨ª�â®à,
¢ª«îç�îé¨© ¨¤¥−â¨ä¨ª�â®à §�¤�ç¨ ¨ á¢®©áâ¢� ®¤−®à®¤−®© ¯à®¡«¥¬−®© áà¥¤ë |
¢ á®®â¢¥âáâ¢¨¨ á ¬®¤¥«ìî (3) ¨§ [8] ®¯à¥¤¥«ïîâ áâà�âã Sk (¯�à�¬¥âà¨ç¥áª�ï,
¯®â®ª®¢�ï ¨«¨ á¨âã�æ¨®−−�ï) à¥è¥−¨ï z-© §�¤�ç¨ ¨ âà¥¡ã¥¬ë© ¤«ï ¥¥ à¥è¥−¨ï
¯à®ä¥áá¨®−�«ì−ë© ï§ëª L. ‘âà�â� Sk ¡ã¤¥â ®¯à¥¤¥«¥−® ¯®á«¥ ¢ë¡®à� ¬¥â®¤®¢
à¥è¥−¨ï §�¤�ç ¨§ ¤¥ª®¬¯®§¨æ¨¨ (á¬. à�§¤. 2, íâ�¯ 1.4).

‡�¤�ç¨ ¢à�ç� ¯à¨¥¬−®£® ®â¤¥«¥−¨ï (l | å¨àãà£¨ï/£�áâà®í−â¥à®«®£¨ï):

(1) ph
ConfAP: GoalhConfAP | ¯®¤â¢¥à¤¨âì ��; ä�§ë ãç¥â�, ª®−âà®«ï ¨ �−�«¨§�;
RdecConfAP = {(ph

ConfAP, p
h
FASS), (p

h
ConfAP, p

h
Fin), (p

h
Fin, p

h
ConfAP)}; «¨−£¢¨áâ¨-

ç¥áª¨¥ ¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨ª�;

(2) ph
FASS: Goal

h
FASS | ¯¥à¢¨ç−�ï ®æ¥−ª� âï¦¥áâ¨; ä�§ë ãç¥â�, ª®−âà®«ï

¨ �−�«¨§�; RdecFASS = {(ph
ConfAP, p

h
FASS), (p

h
FASS, p

h
Etio)}; «¨−£¢¨áâ¨ç¥áª¨¥

¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨ª�.
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‡�¤�ç¨ ¢ëï¢«¥−¨ï ¯®«¨®à£�−−®© −¥¤®áâ�â®ç−®áâ¨ (���):

(1) ph
ResSF: GoalhResSF | ¢ëï¢«¥−¨¥ −¥¤®áâ�â®ç−®áâ¨ ¤ëå�â¥«ì−®© á¨á-

â¥¬ë; ä�§ë ãç¥â�, ª®−âà®«ï ¨ �−�«¨§�; «¨−£¢¨áâ¨ç¥áª¨¥ −¥ç¥â-
ª¨¥ ¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨ª�; L | ¯ã«ì¬®−®«®£¨ï; RdecResSF =

= {(ph
ResSF, p

h
IntAss), (p

h
ResSF, p

h
DLCom), (p

h
ResSF, p

h
Fin), (p

h
Fin, p

h
ResSF)};

(2) ph
CarSF: GoalhCarSF | ¢ëï¢«¥−¨¥ −¥¤®áâ�â®ç−®áâ¨ á¥à¤¥ç−®-á®áã¤¨áâ®©

á¨áâ¥¬ë (‘‘‘); ä�§ë ãç¥â�, ª®−âà®«ï ¨ �−�«¨§�; «¨−£¢¨áâ¨ç¥áª¨¥
−¥ç¥âª¨¥ ¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨ª�; L | ª�à¤¨®«®£¨ï; RdecCarSF =

= {(ph
CarSF, p

h
IntASS), (p

h
CarSF, p

h
DLCom), (p

h
CarSF, p

h
Fin), (p

h
Fin, p

h
CarSF)};

(3) ph
CNSF: GoalhCNSF | ¢ëï¢«¥−¨¥ −¥¤®áâ�â®ç−®áâ¨ æ¥−âà�«ì−®© −¥à¢-

−®© á¨áâ¥¬ë (–�‘); ä�§ë ãç¥â�, ª®−âà®«ï ¨ �−�«¨§�; «¨−£¢¨áâ¨ç¥-
áª¨¥ −¥ç¥âª¨¥ ¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨ª�; L | −¥¢à®«®£¨ï; RdecCNSF =

= {(ph
CNSF, p

h
IntASS), (p

h
CNSF, p

h
DLCom), (p

h
CNSF, p

h
Fin), (p

h
Fin, p

h
CNSF)};

(4) ph
ExcSF: GoalhExcSF | ¢ëï¢«¥−¨¥ −¥¤®áâ�â®ç−®áâ¨ ¢ë¤¥«¨â¥«ì−®© á¨á-

â¥¬ë (‚‘); ä�§ë ãç¥â�, ª®−âà®«ï ¨ �−�«¨§�; «¨−£¢¨áâ¨ç¥áª¨¥ −¥-
ç¥âª¨¥ ¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨ª�; L | −¥äà®«®£¨ï; RdecExcSF =

= {(ph
ExcSF, p

h
IntASS), (p

h
ExcSF, p

h
DLCom), (p

h
ExcSF, p

h
Fin), (p

h
Fin, p

h
ExcSF)};

(5) ph
GIF: GoalhGIF | ¢ëï¢«¥−¨¥ −¥¤®áâ�â®ç−®áâ¨ ¦¥«ã¤®ç−®-ª¨è¥ç−®£® âà�ª-

â� (†Š’); ä�§ë ãç¥â�, ª®−âà®«ï ¨ �−�«¨§�; «¨−£¢¨áâ¨ç¥áª¨¥ −¥ç¥âª¨¥
¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨ª�; L | å¨àãà£¨ï/£�áâà®í−â¥à®«®£¨ï; RdecGIF =
= {(ph

GIF, p
h
IntASS), (p

h
GIF, p

h
DLCom), (p

h
GIF, p

h
Fin), (p

h
Fin, p

h
GIF)}.

‡�¤�ç¨ «¥ç�é¥£® å¨àãà£� (L | å¨àãà£¨ï):

(1) ph
Etio: GoalhEtio | ®¯à¥¤¥«¨âì íâ¨®«®£¨î ��; ä�§ë ãç¥â� ¨ �−�-

«¨§�; «¨−£¢¨áâ¨ç¥áª¨¥ −¥ç¥âª¨¥ ¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨ª�; RdecEtio =

= {(ph
FASS, p

h
Etio), (p

h
Etio, p

h
IntASS)};

(2) ph
DECom: GoalhDECom | ¢ëï¢«¥−¨¥ à�−−¨å ®á«®¦−¥−¨©; ä�§ë ãç¥â�, ª®−â-

à®«ï ¨ �−�«¨§�; «¨−£¢¨áâ¨ç¥áª¨¥ −¥ç¥âª¨¥ ¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨ª�;
RdecDECom = {(ph

DECom, p
h
IntASS)};

(3) ph
DLCom: GoalhDLCom | ¢ëï¢«¥−¨¥ ¯®§¤−¨å ®á«®¦−¥−¨©; ä�§ë ãç¥â�,

ª®−âà®«ï ¨ �−�«¨§�; «¨−£¢¨áâ¨ç¥áª¨¥ −¥ç¥âª¨¥ ¯¥à¥¬¥−−ë¥, ct-¤¨�£−®-
áâ¨ª�; RdecDLCom = {(ph

ResSF, p
h
DLCom), (p

h
CarSF, p

h
DLCom), (p

h
CNSF, p

h
DLCom),

(ph
ExcSF, p

h
DLCom), (p

h
GIF, p

h
DLCom), (p

h
DECom, p

h
IntASS)};

(4) ph
IntASS: Goal

h
IntASS | ®¯à¥¤¥«¨âì áâ¥¯¥−ì âï¦¥áâ¨ (¢â®à¨ç−®, −� ®á−®-

¢¥ à�áè¨à¥−−®© á¨¬¯â®¬�â¨ç¥áª®© ¨−ä®à¬�æ¨¨); ä�§ë ãç¥â�, ª®−âà®-
«ï ¨ �−�«¨§�; «¨−£¢¨áâ¨ç¥áª¨¥ ¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨ª�; RdecIntASS =

= {(ph
Etio, p

h
IntASS), (p

h
ResSF, p

h
IntASS), (p

h
CarSF, p

h
IntASS), (p

h
CNSF, p

h
IntAss),
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(ph
ExcSF, p

h
IntASS), (p

h
GIF, p

h
IntASS), (p

h
IntASS, p

h
DevMOF), (p

h
IntASS, p

h
Fin),

(ph
DetELN, p

h
IntASS), (p

h
IntASS, p

h
DetELN)} ∪R

dec
DECom.

‡�¤�ç¨ £�áâà®í−â¥à®«®£�/å¨àãà£� (L | å¨àãà£¨ï/£�áâà®í−â¥à®«®£¨ï):

(1) ph
DevMOF: GoalhDevMOF | ®¯à¥¤¥«¨âì −�¯à�¢«¥−¨¥ à�§¢¨â¨ï §�¡®«¥¢�-

−¨ï ¢ ®â−®è¥−¨¨ ���; ä�§ë ãç¥â�, ª®−âà®«ï ¨ �−�«¨§�; «¨−£¢¨-
áâ¨ç¥áª¨¥ ¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨ª�; RdecDevMOF = {(ph

IntASS, p
h
DevMOF),

(ph
DevMOF, p

h
Fin), (p

h
Fin, p

h
DevMOF), (p

h
tehMOF, p

h
DevMOF), (p

h
DevMOF, p

h
tehMOF),

(ph
DevMOF, p

h
PO)};

(2) ph
tehMOF: GoalhtehMOF | ®¯â¨¬¨§�æ¨ï −�¡®à� ¯®ª�§�â¥«¥© ¤«ï ®¯à¥-

¤¥«¥−¨ï −�¯à�¢«¥−¨ï à�§¢¨â¨ï §�¡®«¥¢�−¨ï ®â−®á¨â¥«ì−® ���; ä�§�
�−�«¨§�, ¤¥â¥à¬¨−¨à®¢�−−ë¥ ¯¥à¥¬¥−−ë¥, ct-®¯â¨¬¨§�æ¨ï; RdectehMOF =

= {(ph
tehMOF, p

h
DevMOF), (p

h
DevMOF, p

h
tehMOF)}.

‡�¤�ç¨ ‹�÷ (L | å¨àãà£¨ï):

(1) ph
DetELN: GoalhDetELN | ®¯à¥¤¥«¨âì ¬�áèâ�¡, å�à�ªâ¥à ¨ «®-

ª�æ¨î −¥ªà®§�; ä�§ë ãç¥â�, ª®−âà®«ï ¨ �−�«¨§�; «¨−-
£¢¨áâ¨ç¥áª¨¥ −¥ç¥âª¨¥ ¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨ª�; RdecDetELN =

= {(ph
DetELN, p

h
IntASS), (p

h
IntASS, p

h
DetELN), (p

h
DetELN, p

h
PO), (p

h
DetELN, p

h
Fin)};

(2) ph
PO: GoalhPO | ¯à®£−®§ ¨áå®¤®¢ �� (¯�−ªà¥�â¨ç¥áª�ï ¨−ä¥ªæ¨ï

¨ «¥â�«ì−ë© ¨áå®¤); ä�§ë ãç¥â�, ª®−âà®«ï ¨ �−�«¨§�; ¤¥â¥à¬¨−¨-
à®¢�−−ë¥ ¯¥à¥¬¥−−ë¥, ct-¯à®£−®§¨à®¢�−¨¥; RdecPO = {(ph

DetELN, p
h
PO),

(ph
DevMOF, p

h
PO), (p

h
PO, p

h
IntP), (p

h
IntP, p

h
PO), (p

h
PO, p

h
tehPO), (p

h
tehPO, p

h
PO)};

(3) ph
tehPO:GoalhtehPO | ®¯â¨¬¨§�æ¨ï −�¡®à� ¯®ª�§�â¥«¥© ¤«ï ¯à®£−®§¨à®¢�−¨ï

¨áå®¤®¢ ��; ä�§� �−�«¨§�, ¤¥â¥à¬¨−¨à®¢�−−ë¥ ¯¥à¥¬¥−−ë¥, ct-®¯â¨¬¨§�-
æ¨ï;RdectehPO={(ph

PO, p
h
tehPO), (p

h
tehPO, p

h
PO), (p

h
IntP, p

h
tehPO), (p

h
tehPO, p

h
IntP)};

(4) ph
IntP: GoalhIntP | ä®à¬¨à®¢�−¨¥ ®¡êïá−¥−¨ï ¯®«ãç¥−−®£® ¯à®-

£−®§� ¨«¨ (¯à¨ −¥®¡å®¤¨¬®áâ¨) ¯à®£−®§ ¨áå®¤®¢ �� (¯�−ªà¥�-
â¨ç¥áª�ï ¨−ä¥ªæ¨ï ¨ «¥â�«ì−ë© ¨áå®¤); ä�§ë ãç¥â�, ª®−âà®«ï
¨ �−�«¨§�; «¨−£¢¨áâ¨ç¥áª¨¥ ¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨ª�; RdecIntP =

= {(ph
IntP, p

h
PO), (p

h
PO, p

h
IntP), (p

h
IntP, p

h
tehPO), (p

h
tehPO, p

h
IntP), (p

h
IntP, p

h
Fin)};

(5) ph
Fin: Goal

h
Fin | ä®à¬¨à®¢�−¨¥ ¯¥àá®−�«¨§¨à®¢�−−®© ¨−â¥£à�«ì−®© ª®¬-

¯«¥ªá−®© ®æ¥−ª¨ á®áâ®ï−¨ï ¯�æ¨¥−â� ¨ ¨â®£®¢®£® §�ª«îç¥−¨ï; ä�§ë
ãç¥â�, ª®−âà®«ï ¨ �−�«¨§�; «¨−£¢¨áâ¨ç¥áª¨¥ ¯¥à¥¬¥−−ë¥, ct-¤¨�£−®áâ¨-
ª�; RdecFin = {(ph

ConfAP, p
h
Fin), (p

h
Fin, p

h
ConfAP), (p

h
ResSF, p

h
Fin), (p

h
Fin, p

h
ResSF),

(ph
CarSF, p

h
Fin), (p

h
Fin, p

h
CarSF), (p

h
CNSF, p

h
Fin), (p

h
Fin, p

h
CNSF), (p

h
ExcSF, p

h
Fin),

(ph
Fin, p

h
ExcSF), (p

h
GIF, p

h
Fin), (p

h
Fin, p

h
GIF), (p

h
DevMOF, p

h
Fin), (p

h
Fin, p

h
DevMOF),

(ph
IntASS, p

h
Fin), (p

h
DetELN, p

h
Fin), (p

h
IntP, p

h
Fin)}.
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4 Заключение

‚ −�áâ®ïé¥© à�¡®â¥ ®¯¨á�− ¯®¤å®¤ ª à�§à�¡®âª¥ Š‘ƒ¨ˆ‘ ¤«ï ¯®¤¤¥à¦ª¨
¯à¨−ïâ¨ï à¥è¥−¨© ¢ ¬¥¤¨æ¨−¥, � â�ª¦¥ ¤¥ª®¬¯®§¨æ¨ï ¯à®¡«¥¬ë ��’ �‘ ‘�
¢ á¨áâ¥¬ã ¢§�¨¬®á¢ï§�−−ëå §�¤�ç. ‘«¥¤ãîé¨© íâ�¯ | ¨áá«¥¤®¢�−¨¥ äã−ªæ¨-
®−�«ì−®© ¨ ¨−áâàã¬¥−â�«ì−®© −¥®¤−®à®¤−®áâ¨ ¯à®¡«¥¬ë ��’ �‘ ‘�. ÷�§-
à�¡®âª� ¬¥â®¤®¢ ¨ ¬®¤¥«¥© ¯à¥¤«®¦¥−−ëå Š‘ƒ¨ˆ‘ | æ¥«ì ¨áá«¥¤®¢�−¨ï,
¢ë¯®«−ï¥¬®£® §� áç¥â £à�−â� ÷®áá¨©áª®£® −�ãç−®£® ä®−¤� ü 24-21-00392. �®-
¤®¡−ë¥ á¨áâ¥¬ë ®¡¥á¯¥ç�â á¢®¥¢à¥¬¥−−®¥ ¢ëï¢«¥−¨¥ ¨ ¯à®£−®§¨à®¢�−¨¥ âï¦¥«ëå
á®áâ®ï−¨© ¨ ®á«®¦−¥−¨©, � â�ª¦¥ ¯®¢ëáïâ ª�ç¥áâ¢® ¯à®£−®§� ¨, ª�ª á«¥¤áâ¢¨¥, «¥-
ç¥−¨ï. �à¨ íâ®¬ ã ¤�−−®£® ¨áá«¥¤®¢�−¨ï ¥áâì ¯¥àá¯¥ªâ¨¢ë ¤�«ì−¥©è¥£® à�§¢¨â¨ï
¢ á¬ëá«¥ à�áè¨à¥−¨ï Š‘ƒ¨ˆ‘ ¤«ï à¥è¥−¨ï â�ª¦¥ ¨ ¯à®¡«¥¬ë ¯à®â¨¢®¤¥©áâ¢¨ï
¢ëï¢«¥−−ë¬ �−®¬�«¨ï¬ (¯�â®«®£¨ï¬) [16] ¢ ®à£�−¨§¬¥ ¯�æ¨¥−â�, â. ¥. −�§−�ç¥−¨ï
«¥ç¥−¨ï á æ¥«ìî ¤®áâ¨¦¥−¨ï ®¯à¥¤¥«¥−−®£® íää¥ªâ� ®â â¥à�¯¨¨.
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Abstract: The clinical picture of polymorbid, polyetiological diseases (including
acute pancreatitis) is diverse, unpredictable, and can intersect with many other
diseases. This changes and complicates the process of personalized assessment
(diagnostic and prognostic) of the state of a complex object in medicine (a patient)
which entails serious errors and risks. It is necessary to support decision-making in
medicine by artificial intelligence systems. The paper proposes cooperative self-
configuring hybrid intelligent systems (using acute pancreatitis as an example) and
also considers the results of reducing the problem of personalized assessment of the
patient's condition and specification of tasks from the resulting decomposition.
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РАЗВИТИЕ СТРУКТУРЫ НАДКОРПУСНЫХ БАЗ ДАННЫХ∗

А. А. Гончаров1

�−−®â�æ¨ï: �¯¨á�−® à�§¢¨â¨¥ áâàãªâãàë −�¤ª®à¯ãá−ëå ¡�§ ¤�−−ëå (��„),
®à¨¥−â¨à®¢�−−®¥ −� ¡®«¥¥ £«ã¡®ªãî ¤¥â�«¨§�æ¨î à¥§ã«ìâ�â®¢ �−�«¨§� ¯�à�«-
«¥«ì−ëå â¥ªáâ®¢ ¨ ¡®«ìèãî á¨áâ¥¬−®áâì ¢ ä¨ªá¨à®¢�−¨¨ íâ¨å à¥§ã«ìâ�â®¢.
÷�áá¬®âà¥−� ¨áå®¤−�ï áâàãªâãà� â®© ç�áâ¨ ��„, ª®â®à�ï ®â−®á¨âáï ª �−−®â¨-
à®¢�−¨î ¯¥à¥¢®¤−ëå á®®â¢¥âáâ¢¨©, ¯®á«¥ ç¥£® ¯à¥¤áâ�¢«¥−ë ç¥âëà¥ á¯®á®¡�
¥¥ á®¢¥àè¥−áâ¢®¢�−¨ï. �â¨ á¯®á®¡ë ®¡¥á¯¥ç¨¢�îâ á«¥¤ãîé¨¥ ®á−®¢−ë¥ ¢®§-
¬®¦−®áâ¨: (1) á−�¡¦�âì ¡«®ª¨ â¥ªáâ� ®à¨£¨−�«� ¨ ¯¥à¥¢®¤� ¡®«¥¥ ¯®¤à®¡−®©
à�§¬¥âª®©; (2) ª«�áá¨ä¨æ¨à®¢�âì ¯à¨§−�ª¨ ¡«®ª� â¥ªáâ� ¯® −¥áª®«ìª¨¬ ®á−®-
¢�−¨ï¬; (3) á®åà�−ïâì á¢¥¤¥−¨ï ® «¥ªá¨ç¥áª¨å ¯®ª�§�â¥«ïå ¯à¨§−�ª®¢ ¡«®ª�
â¥ªáâ�; (4) á®åà�−ïâì á¢¥¤¥−¨ï ® −¥à¥«¥¢�−â−®áâ¨ ¯�à äà�£¬¥−â®¢ ¯�à�««¥«ì-
−®£® â¥ªáâ� ¯®¨áª®¢®¬ã §�¯à®áã. �¥à¥ç¨á«¥−−ë¥ ¢®§¬®¦−®áâ¨ ¯®§¢®«ïîâ
¯®¢ëá¨âì ª�ç¥áâ¢® à¥§ã«ìâ¨àãîé¨å ¤�−−ëå á â®çª¨ §à¥−¨ï ¨å ¯®«−®âë ¨ á¨á-
â¥¬−®áâ¨, � á®®â¢¥âáâ¢ãîé¨¥ ¨§¬¥−¥−¨ï áâàãªâãàë ¤�−−ëå | á¤¥«�âì ¥¥
¡®«¥¥ £¨¡ª®©. �¨ ®¤−® ¨§ ¯à¥¤«�£�¥¬ëå ¨§¬¥−¥−¨© áâàãªâãàë ¤�−−ëå −¥
§�¢¨á¨â ®â æ¥«¥© ¨ §�¤�ç ª�ª®£®-«¨¡® ª®−ªà¥â−®£® ¨áá«¥¤®¢�−¨ï, ¯à®¢®¤¨¬®£®
á ¨á¯®«ì§®¢�−¨¥¬ ��„.

Š«îç¥¢ë¥ á«®¢�: −�¤ª®à¯ãá−�ï ¡�§� ¤�−−ëå; ¯�à�««¥«ì−ë¥ â¥ªáâë; �−−®-
â¨à®¢�−¨¥ â¥ªáâ®¢; ª®à¯ãá−�ï «¨−£¢¨áâ¨ª�

DOI: 10.14357/08696527240406 EDN: BCFEHI

1 Введение

‘ 2012 £. ¢ ”ˆ– ˆ“ ÷�� à�§à�¡�âë¢�îâáï ¡�§ë ¤�−−ëå, ª®â®àë¥ ®¡¥á-
¯¥ç¨¢�îâ ¯à®¢¥¤¥−¨¥ ¨áá«¥¤®¢�−¨©, ¯à¥¤¯®«�£�îé¨å à�¡®âã á ¯�à�««¥«ì−ë¬¨
â¥ªáâ�¬¨ | ¯à¥¦¤¥ ¢á¥£® ¨å �−−®â¨à®¢�−¨¥2. ‚ [1] íâ¨¬ ¡�§�¬ ¤�−−ëå ¡ë«®
¤�−® −�§¢�−¨¥ −�¤ª®à¯ãá−ëå. ‘®£«�á−® [2, 3], á â®çª¨ §à¥−¨ï ®â−®è¥−¨ï ª â¥ªá-
â�¬ ¯�à�««¥«ì−®£® ª®à¯ãá� ¢ áâàãªâãà¥ ��„ ¢ëç«¥−¨¬ë ¤¢¥ á®áâ�¢«ïîé¨å:
(1) úª®à¯ãá−�ïû | ¯à¥¤−�§−�ç¥−−�ï ¤«ï åà�−¥−¨ï ¯�à�««¥«ì−ëå â¥ªáâ®¢, ¨å ¬¥-
â�¤�−−ëå ¨ ¬®àä®«®£¨ç¥áª®© à�§¬¥âª¨; (2) ú−�¤ª®à¯ãá−�ïû | ¯à¥¤−�§−�ç¥−−�ï

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

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, a.gonch48@gmail.com

2�¥à¢ë¬ ¯à®¥ªâ®¬, ¢ à�¬ª�å ª®â®à®£® ¡ë«� −�ç�â� à�§à�¡®âª� â�ª¨å ¡�§ ¤�−−ëå, áâ�« ¯à®¥ªâ ¯®
£à�−âã ÷””ˆ ü 12-06-33038 úŠ®−âà�áâ¨¢−ë¥ ª®à¯ãá−ë¥ ¨áá«¥¤®¢�−¨ï àãááª¨å ¨ äà�−æã§áª¨å
£«�£®«ì−ëå ª�â¥£®à¨© ¢ ¯®«¨¢�à¨�−â−ëå ¯�à�««¥«ì−ëå â¥ªáâ�åû, ¢ë¯®«−ï¢è¨©áï ¢ 2012{2013 ££.
(https://www.rfbr.ru/project search/276215/).
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¤«ï åà�−¥−¨ï ¢á¥å â¥å ¤�−−ëå, ª®â®àë¥ ®â−®áïâáï ª �−−®â¨à®¢�−¨î ¯¥à¥¢®¤−ëå
á®®â¢¥âáâ¢¨©, ®¡−�àã¦¥−−ëå ¢ â¥ªáâ�å.

Š�ª ¯®ª�§ë¢�¥â ®¯ëâ ¨á¯®«ì§®¢�−¨ï ��„ [4], áâàãªâãà� ª®à¯ãá−®© á®áâ�¢«ï-
îé¥© ��„ ®áâ�¥âáï −¥¨§¬¥−−®© ¢−¥ §�¢¨á¨¬®áâ¨ ®â ¯à®¢®¤¨¬ëå ¨áá«¥¤®¢�−¨©,
� ¤®áâã¯ ª â¥ªáâ�¬ ®áãé¥áâ¢«ï¥âáï ¨áª«îç¨â¥«ì−® ¢ à¥¦¨¬¥ çâ¥−¨ï. ‚ ª�-
ç¥áâ¢¥ æ¥«¨ ¤®áâã¯� ª â¥ªáâ�¬ ¢ëáâã¯�¥â ¯à¥¦¤¥ ¢á¥£® ¯®¨áª ¯�à äà�£¬¥−â®¢
¯�à�««¥«ì−ëå â¥ªáâ®¢, á®¤¥à¦�é¨å ª�ª¨¥-«¨¡® ï§ëª®¢ë¥ ¥¤¨−¨æë, ¯à¨ç¥¬ ¨á-
ª®¬ë¥ ¥¤¨−¨æë −¥®¡ï§�â¥«ì−® ¤®«¦−ë ¡ëâì á«®¢®ä®à¬�¬¨: −�¯à¨¬¥à, ¢ [5]
¢ ª�ç¥áâ¢¥ ®¡ê¥ªâ� ¯®¨áª� ¢ëáâã¯�îâ ¯ã−ªâã�æ¨®−−ë¥ §−�ª¨, � ¢ [6] | ¨¬¯«¨-
æ¨â−ë¥ «®£¨ª®-á¥¬�−â¨ç¥áª¨¥ ®â−®è¥−¨ï. —â® ª�á�¥âáï áâàãªâãàë −�¤ª®à¯ãá−®©
á®áâ�¢«ïîé¥© ��„, â® ®−� ¬®¦¥â âà¥¡®¢�âì ¤®à�¡®âª¨, çâ®¡ë ®¡¥á¯¥ç¨âì ¡®-
«¥¥ è¨à®ª¨¥ ¢®§¬®¦−®áâ¨ �−−®â¨à®¢�−¨ï ¯¥à¥¢®¤−ëå á®®â¢¥âáâ¢¨© (¡®«¥¥ â®£®,
¨−®£¤� ¢¬¥áâ® ¨á¯®«ì§®¢�−¨ï íâ®© á®áâ�¢«ïîé¥© ¤«ï �−−®â¨à®¢�−¨ï á®§¤�îâáï
®â¤¥«ì−ë¥ ¯®¤á¨áâ¥¬ë á ¢ëá®ª®© áâ¥¯¥−ìî �¢â®−®¬¨¨ [7{9]). –¥«ì −�áâ®ïé¥©
áâ�âì¨ | à�áá¬®âà¥âì â�ª¨¥ ¨§¬¥−¥−¨ï áâàãªâãàë −�¤ª®à¯ãá−®© á®áâ�¢«ïîé¥©
��„, ª®â®àë¥ ¬®£ãâ ¡ëâì ¯®«¥§−ë ¢−¥ §�¢¨á¨¬®áâ¨ ®â æ¥«¥© ¨ §�¤�ç ª®−ªà¥â−®£®
¨áá«¥¤®¢�−¨ï. ‚ ª�ç¥áâ¢¥ ®â¯à�¢−®© â®çª¨ ¯à¨−¨¬�¥âáï áâàãªâãà�, ®¯¨á�−−�ï
¢ à�¡®â�å [2, 3].

2 Исходная структура надкорпусной составляющей
надкорпусной базы данных

�à¥¦¤¥ ç¥¬ ¯¥à¥©â¨ ª ®¯¨á�−¨î ¨§¬¥−¥−¨©, à�áá¬®âà¨¬ ¨áå®¤−ãî áâàãª-
âãàã −�¤ª®à¯ãá−®© á®áâ�¢«ïîé¥© ��„ á®£«�á−® [2, 3]. �� à¨á. 1 ¯à¨¢¥¤¥−
äà�£¬¥−â «®£¨ç¥áª®© áå¥¬ë íâ®© á®áâ�¢«ïîé¥©1. �� áå¥¬¥ ¢ ã¯à®é¥−−®¬ ¢¨¤¥
¯à¥¤áâ�¢«¥−ë ®á−®¢−ë¥ â�¡«¨æë ¡�§ë ¤�−−ëå2, ¢ ª®â®àëå åà�−¨âáï ¢á¥, çâ®
®â−®á¨âáï ª �−−®â¨à®¢�−¨î ¯¥à¥¢®¤−ëå á®®â¢¥âáâ¢¨©. �à®¬¥¦ãâ®ç−ë¥ â�¡«¨-
æë, ®¡¥á¯¥ç¨¢�îé¨¥ á¢ï§¨ ¬−®£¨¥-ª®-¬−®£¨¬, −¥ ¯®ª�§�−ë. Šà®¬¥ â®£®, ¢ áå¥¬ã
¢ª«îç¥−� â�¡«¨æ� ú‚å®¦¤¥−¨¥ á«®¢®ä®à¬ëû, ª®â®à�ï á®¤¥à¦¨â ¤�−−ë¥ ® á¢ï§ïå
á«®¢®ä®à¬ ¨ äà�£¬¥−â®¢ ¨áå®¤−ëå â¥ªáâ®¢ (®à¨£¨−�«� ¨«¨ ¯¥à¥¢®¤�), � â�ª¦¥
® ¯®§¨æ¨¨ ª�¦¤®£® ¢å®¦¤¥−¨ï á«®¢®ä®à¬ë ¢® äà�£¬¥−â¥ â¥ªáâ�. ‚ áâà®£®¬
á¬ëá«¥ íâ� â�¡«¨æ� ®â−®á¨âáï ª ª®à¯ãá−®© á®áâ�¢«ïîé¥© ��„, −®, ¯®áª®«ìªã
®−� ®¡¥á¯¥ç¨¢�¥â á¢ï§ì ¬¥¦¤ã ¤¢ã¬ï á®áâ�¢«ïîé¨¬¨, ¥¥ −¥«ì§ï ¨£−®à¨à®¢�âì
¤�¦¥ ¢ à�¬ª�å à�áá¬®âà¥−¨ï −�¤ª®à¯ãá−®© á®áâ�¢«ïîé¥©.

‘ â�¡«¨æ¥© ú‚å®¦¤¥−¨¥ á«®¢®ä®à¬ëû á¢ï§�−� â�¡«¨æ� ú�«®ª â¥ªáâ�û, ª®-
â®à�ï ®â−®á¨âáï ª −�¤ª®à¯ãá−®© á®áâ�¢«ïîé¥© ��„. �®¤ ¡«®ª®¬ â¥ªáâ� ¯®-
−¨¬�¥âáï ®âà¥§®ª â¥ªáâ�, −¥®¡å®¤¨¬ë© ¨ ¤®áâ�â®ç−ë© ¤«ï �−�«¨§� ¢å®¦¤¥−¨ï

1’¥à¬¨−®«®£¨ï, ¨á¯®«ì§ã¥¬�ï ¢ −�áâ®ïé¥© áâ�âì¥ ¯à¨ ®¯¨á�−¨¨ áâàãªâãàë ��„ ¨ −� à¨áã−ª�å,
−¥ ¢á¥£¤� á®¢¯�¤�¥â á â®©, çâ® ¨á¯®«ì§®¢�«�áì ¢ à�¡®â�å [2, 3]. ‚ á«ãç�¥ à�áå®¦¤¥−¨© ¢ ª�ç¥áâ¢¥
®â¯à�¢−®© â®çª¨ ¢ëáâã¯�«¨ à�¡®âë [6, 10].

2�� áå¥¬�å ¡�§ë ¤�−−ëå ¨á¯®«ì§ãîâáï á®ªà�é¥−¨ï: PK | ¯¥à¢¨ç−ë© ª«îç (®â �−£«. primary
key); FK | ¢−¥è−¨© ª«îç (®â �−£«. foreign key).
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÷¨á. 1 ”à�£¬¥−â «®£¨ç¥áª®© áå¥¬ë −�¤ª®à¯ãá−®© á®áâ�¢«ïîé¥© ��„

¨áá«¥¤ã¥¬®© ï§ëª®¢®© ¥¤¨−¨æë, ã¯®âà¥¡«¥−−®© ¢ á®áâ�¢¥ íâ®£® ®âà¥§ª� (â. ¥.,
¢ áãé−®áâ¨, ¡«®ª â¥ªáâ� ¯à¥¤áâ�¢«ï¥â á®¡®© á®¢®ªã¯−®áâì ¢å®¦¤¥−¨ï ¨áá«¥¤ã-
¥¬®© ï§ëª®¢®© ¥¤¨−¨æë ¨ ª®−â¥ªáâ� íâ®£® ¢å®¦¤¥−¨ï). �«�£®¤�àï â®¬ã çâ®
¬¥¦¤ã â�¡«¨æ�¬¨ ú‚å®¦¤¥−¨¥ á«®¢®ä®à¬ëû ¨ ú�«®ª â¥ªáâ�û à¥�«¨§®¢�−� á¢ï§ì
¬−®£¨¥-ª®-¬−®£¨¬, «î¡®¥ ¢å®¦¤¥−¨¥ á«®¢®ä®à¬ë ¬®¦¥â ¨á¯®«ì§®¢�âìáï ¢ «î-
¡®¬ ç¨á«¥ ¡«®ª®¢ â¥ªáâ�, � ¤®¡�¢«ï¥¬�ï à�§¬¥âª� ®áâ�¥âáï ç¥âª® ®â¤¥«¥−−®© ®â
â¥ªáâ®¢.

�à¥¤¯®«�£�¥âáï, çâ® ª�¦¤ë© ¡«®ª â¥ªáâ� ä®à¬¨àã¥âáï ¤«ï −¥ª®â®à®£® |
¨ â®«ìª® ®¤−®£® | ¢å®¦¤¥−¨ï ¨áá«¥¤ã¥¬®© ï§ëª®¢®© ¥¤¨−¨æë. �® íâ®© ¯à¨ç¨−¥
â�¡«¨æ� ú�«®ª â¥ªáâ�û á¢ï§�−� á â�¡«¨æ¥© úŸ§ëª®¢�ï ¥¤¨−¨æ�û, á®¤¥à¦�é¥©
¯¥à¥ç¥−ì ¨áá«¥¤ã¥¬ëå ï§ëª®¢ëå ¥¤¨−¨æ. ‚ á¢®î ®ç¥à¥¤ì, ï§ëª®¢ë¥ ¥¤¨−¨æë −�
®á−®¢�−¨¨ áå®¤áâ¢� ¯® ª�ª¨¬-«¨¡® ªà¨â¥à¨ï¬ ¬®£ãâ £àã¯¯¨à®¢�âìáï ¢ ª«�áâ¥àë,
á¢¥¤¥−¨ï ® ª®â®àëå ¯®¬¥é¥−ë ¢ â�¡«¨æã úŠ«�áâ¥à ï§ëª®¢ëå ¥¤¨−¨æû.

Šà®¬¥ â®£®, ¡«®ª â¥ªáâ� ¬®¦¥â å�à�ªâ¥à¨§®¢�âìáï −�¡®à®¬ ¯à¨§−�ª®¢, §−�-
ç¨¬ëå ¤«ï �−�«¨§� ¢å®¦¤¥−¨ï ï§ëª®¢®© ¥¤¨−¨æë. ’�ª¨¥ ¯à¨§−�ª¨ åà�−ïâáï
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¢ â�¡«¨æ¥ ú�à¨§−�ª ¡«®ª� â¥ªáâ�û. Š�ª ¨ ï§ëª®¢ë¥ ¥¤¨−¨æë, ¯à¨§−�ª¨ ¡«®-
ª� â¥ªáâ� ®¡ê¥¤¨−ïîâáï ¢ ª«�áâ¥àë, ¯¥à¥ç¥−ì ª®â®àëå á®¤¥à¦¨âáï ¢ â�¡«¨æ¥
úŠ«�áâ¥à ¯à¨§−�ª®¢ ¡«®ª� â¥ªáâ�û.

‘¢¥¤¥−¨ï ® â®¬, ª�ª¨¥ ¡«®ª¨ â¥ªáâ� ®à¨£¨−�«� ¨ ¯¥à¥¢®¤� á®®â¢¥âáâ¢ãîâ ¤àã£
¤àã£ã ¯® á¬ëá«ã, á®¤¥à¦�âáï ¢ â�¡«¨æ¥ ú�−−®â¨à®¢�−−®¥ ¯¥à¥¢®¤−®¥ á®®â¢¥â-
áâ¢¨¥û (��‘). ˆ§-§� â®£® çâ® â¥ªáâ ®à¨£¨−�«� ¬®¦¥â ¨¬¥âì −¥áª®«ìª® ¯¥à¥¢®¤®¢,
®¤¨− ¨ â®â ¦¥ ¡«®ª ®à¨£¨−�«� ¬®¦¥â ¡ëâì á¢ï§�− á −¥áª®«ìª¨¬¨ ��‘, ¢ â® ¢à¥¬ï
ª�ª ¡«®ª ¯¥à¥¢®¤� | â®«ìª® á ®¤−¨¬ ��‘. Š�¦¤®¥ ��‘ ¬®¦¥â å�à�ªâ¥à¨§®¢�âì-
áï −�¡®à®¬ ¯à¨§−�ª®¢, ¯¥à¥ç¥−ì ª®â®àëå åà�−¨âáï ¢ â�¡«¨æ¥ ú�à¨§−�ª ��‘û.

3 Расширение возможностей разметки блоков текста

Š�ª ¡ë«® ®â¬¥ç¥−® ¢ à�§¤. 2, á¢ï§ì ¬¥¦¤ã â�¡«¨æ�¬¨ ú‚å®¦¤¥−¨¥ á«®¢®ä®à-
¬ëû ¨ ú�«®ª â¥ªáâ�û à¥�«¨§®¢�−� ¯à¨ ¯®¬®é¨ ¯à®¬¥¦ãâ®ç−®© â�¡«¨æë (−� à¨á. 1
®−� −¥ ¯®ª�§�−�). �¤−�ª® ¢ àï¤¥ ¯à®¥ªâ®¢ (á¬., −�¯à¨¬¥à, [11{13]) ¢®§−¨ª�«�
−¥®¡å®¤¨¬®áâì á®åà�−ïâì ¤�−−ë¥ ® â®¬, ¢ ª�ª®¬ ª�ç¥áâ¢¥ ¢ëáâã¯�¥â â® ¨«¨ ¨−®¥
¢å®¦¤¥−¨¥ á«®¢®ä®à¬ë ¢ à�¬ª�å §�¤�−−®£® ¡«®ª� â¥ªáâ�.

�à¥¤¯®«®¦¨¬, ¨áá«¥¤ã¥âáï §−�ç¥−¨¥ àãááª®£® £«�£®«� å®â¥âì (¯à¨¬¥à 1).

�à¨¬¥à 1. Ÿ −¥ å®çã á¬®âà¥âì íâ®â ä¨«ì¬ á¥£®¤−ï.

…á«¨ ¨áå®¤¨âì ¨§ â®£®, çâ® ¢á¥ á®¤¥à¦¨¬®¥ ¯à¨¬¥à� 1 ¢å®¤¨â ¢ ¡«®ª â¥ªá-
â�, � ¢ ª�ç¥áâ¢¥ ¨áá«¥¤ã¥¬®© ï§ëª®¢®© ¥¤¨−¨æë ¢ë¡à�− £«�£®« å®â¥âì, â®
¯à¨ à�§¬¥âª¥ íâ®£® ¡«®ª� â¥ªáâ� ¦¥«�â¥«ì−® ãª�§�âì, ª�ª®¥ ¨¬¥−−® ¢å®¦¤¥−¨¥
�−−®â¨àã¥âáï | −�§®¢¥¬ íâ® ú£«�¢−ë¬ á«®¢®¬û. ‚ ¤�−−®¬ á«ãç�¥ íâ® ¡ë«� ¡ë
á«®¢®ä®à¬� å®çã. Šà®¬¥ â®£®, ¬®¦¥â ¯®−�¤®¡¨âìáï ¢ë¤¥«ïâì á«®¢�, §−�ç¨¬ë¥
¤«ï �−�«¨§� äã−ªæ¨®−¨à®¢�−¨ï íâ®£® ¢å®¦¤¥−¨ï | ¢ ¯à¨¬¥à¥ 1 â�ª¨¬ á«®¢®¬
¬®£ ¡ë ¡ëâì ã¯à�¢«ï¥¬ë© ¨−ä¨−¨â¨¢ á¬®âà¥âì | −�§®¢¥¬ íâ® úäã−ªæ¨®−�«ì−®
§−�ç¨¬ë¬ á«®¢®¬û. ‚ ¯à¨¬¥à¥ 1′ íâ¨ ¢å®¦¤¥−¨ï §�ª«îç¥−ë ¢ ª¢�¤à�â−ë¥ áª®¡ª¨.

�à¨¬¥à 1′. Ÿ −¥ [å®çã]ÇÌÁ×Î. [á¬®âà¥âì]ÆÕÎËÃ. ÚÎÁÞ. íâ®â ä¨«ì¬ á¥£®¤−ï.

—â®¡ë á®åà�−¨âì â�ª¨¥ á¢¥¤¥−¨ï | −�§®¢¥¬ ¨å á¢¥¤¥−¨ï¬¨ ® à®«¨, ª®â®àãî
¢å®¦¤¥−¨¥ á«®¢®ä®à¬ë ¨£à�¥â ¢ ¡«®ª¥ â¥ªáâ�, | ¢ â�¡«¨æã á¢ï§¥© ¢å®¦¤¥-
−¨© á«®¢®ä®à¬ ¨ ¡«®ª®¢ â¥ªáâ� ¤®¡�¢«ï«¨áì áâ®«¡æë, ¨¬¥îé¨¥ «®£¨ç¥áª¨©
â¨¯ ¤�−−ëå: úï¢«ï¥âáï £«�¢−ë¬ á«®¢®¬û, úï¢«ï¥âáï äã−ªæ¨®−�«ì−® §−�ç¨¬ë¬
á«®¢®¬û. �¤−�ª® â�ª�ï áâàãªâãà� −¥¤®áâ�â®ç−® £¨¡ª�: ¤®¡�¢«¥−¨¥ −®¢®© à®«¨
¯à¨¢®¤¨â ª ¨§¬¥−¥−¨î áâàãªâãàë â�¡«¨æë, � á«¥¤®¢�â¥«ì−®, ª −¥®¡å®¤¨¬®áâ¨
¤®à�¡�âë¢�âì ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥.

�®«¥¥ â®£®, ¬®¦¥â ¢®§−¨ª−ãâì ¯®âà¥¡−®áâì ¢ ¬−®£®ãà®¢−¥¢®© à�§¬¥âª¥ ¢å®¦-
¤¥−¨© á«®¢®ä®à¬. �à¥¤¯®«®¦¨¬, âà¥¡ã¥âáï ¯à®¢¥áâ¨ �−−®â¨à®¢�−¨¥ ¢®¯à®á−®-
®â¢¥â−ëå áâàãªâãà (¯à¨¬¥à 2).

�à¨¬¥à 2. | �ã ¯®ç¥¬ã âë ¬¥−ï −¥ ¯®§¢�«? | Ÿ ¤ã¬�«, çâ® âë ¢ ªãàá¥. . .

‚ íâ®¬ á«ãç�¥ ¬®¦¥â ¯®âà¥¡®¢�âìáï, á ®¤−®© áâ®à®−ë, ¢ë¤¥«¨âì £«�¢−ë¥
(¯®ç¥¬ã) ¨ äã−ªæ¨®−�«ì−® §−�ç¨¬ë¥ (ç�áâ¨æ� −ã) á«®¢� | ¢ ¯à¨¬¥à¥ 2′ §�ª«îç¥−ë
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÷¨á. 2 ‚�à¨�−â à¥�«¨§�æ¨¨ á¢ï§¨ ¬¥¦¤ã â�¡«¨æ�¬¨ ú‚å®¦¤¥−¨¥ á«®¢®ä®à¬ëû ¨ ú�«®ª
â¥ªáâ�û

¢ ª¢�¤à�â−ë¥ áª®¡ª¨, � á ¤àã£®© áâ®à®−ë, ç�áâ¨ ¡«®ª� â¥ªáâ�, á®¤¥à¦�é¨¥ ¢®¯à®á
(�ã ¯®ç¥¬ã âë ¬¥−ï −¥ ¯®§¢�«) ¨ ®â¢¥â (Ÿ ¤ã¬�«, çâ® âë ¢ ªãàá¥) | ¢ ¯à¨¬¥à¥ 2′

§�ª«îç¥−ë ¢ ä¨£ãà−ë¥ áª®¡ª¨.
�à¨¬¥à 2′. {| [�ã]ÆÕÎËÃ. ÚÎÁÞ. [¯®ç¥¬ã]ÇÌÁ×Î. âë ¬¥−ï −¥ ¯®§¢�«?}×ÏÐÒÏÓ

{|Ÿ ¤ã¬�«, çâ® âë ¢ ªãàá¥. . .}ÏÔ×ÅÔ
�®áª®«ìªã â¥®à¥â¨ç¥áª¨ ª�ª ç¨á«® à®«¥©, â�ª ¨ ç¨á«® â¨¯®¢ ç�áâ¥© ¡«®ª�

â¥ªáâ� ¬®¦¥â ¡ëâì «î¡ë¬ (¯à¨â®¬ −¥ ®¡ï§�â¥«ì−® ¨§¢¥áâ−ë¬ ¢ −�ç�«¥ ¢ë¯®«−¥−¨ï
¯à®¥ªâ�), ¤«ï ®¡¥á¯¥ç¥−¨ï à�¡®âë á íâ¨¬¨ ®¡ê¥ªâ�¬¨ ¢ áâàãªâãàã ��„ ¬®£ãâ
¡ëâì ¤®¡�¢«¥−ë ¤¢¥ â�¡«¨æë: ú÷®«ì ¢ ¡«®ª¥ â¥ªáâ�û ¨ ú’¨¯ ç�áâ¨ ¡«®ª� â¥ªá-
â�û. �� −¨å ¡ã¤¥â ááë«�âìáï â�¡«¨æ�, á¢ï§ë¢�îé�ï ú‚å®¦¤¥−¨¥ á«®¢®ä®à¬ëû
¨ ú�«®ª â¥ªáâ�û (à¨á. 2).

’�ª�ï áâàãªâãà� ¥áâ¥áâ¢¥−−ë¬ ®¡à�§®¬ −�ª«�¤ë¢�¥â ®£à�−¨ç¥−¨¥: ª�¦¤®¥
¢å®¦¤¥−¨¥ á«®¢®ä®à¬ë ¬®¦¥â ¨¬¥âì â®«ìª® ®¤−ã à®«ì ¨ ¢å®¤¨âì â®«ìª® ¢ ®¤−ã
ç�áâì ¡«®ª� â¥ªáâ�. �â® á¤¥«�−® −�¬¥à¥−−® ¯® â®© ¯à¨ç¨−¥, çâ® ¡¥§ ¯®¤®¡-
−®£® ®£à�−¨ç¥−¨ï �−−®â¨à®¢�−¨¥ ¨ £à�ä¨ç¥áª®¥ ¯à¥¤áâ�¢«¥−¨¥ ¥£® à¥§ã«ìâ�â®¢
¬®£«® ¡ë ¨§«¨è−¥ ãá«®¦−¨âìáï, � à�§¬¥ç¥−−ë¥ ¤�−−ë¥, ª�ª á«¥¤áâ¢¨¥, áâ�âì
áãé¥áâ¢¥−−® ¡®«¥¥ ú£àï§−ë¬¨û.

4 Гибкость классификации признаков блока текста

‚ á®®â¢¥âáâ¢¨¨ á® áå¥¬®© −� à¨á. 1 ª�¦¤ë© ¯à¨§−�ª ¡«®ª� â¥ªáâ� ¬®¦¥â
¢å®¤¨âì â®«ìª® ¢ ®¤¨− ª«�áâ¥à ¯à¨§−�ª®¢ ¨ ¯à¨¢ï§�− ª ®¤−®¬ã ï§ëªã. �¥à¢®¥
®¡áâ®ïâ¥«ìáâ¢® −�ª«�¤ë¢�¥â ¨§«¨è−¥ ¦¥áâª¨¥ ®£à�−¨ç¥−¨ï −� áâàãªâãàã åà�−¥-
−¨ï ¤�−−ëå: ª ¯à¨¬¥àã, ®−® −¥ ¯®§¢®«ï¥â £àã¯¯¨à®¢�âì ¯à¨§−�ª¨ −� à�§−ëå
®á−®¢�−¨ïå. ‚â®à®¥ ®¡áâ®ïâ¥«ìáâ¢® §�âàã¤−ï¥â à�¡®âã á −¥áª®«ìª¨¬¨ ï§ëª�¬¨,
¯®áª®«ìªã ¯à¨¢®¤¨â ª ¤ã¡«¨à®¢�−¨î ¯à¨§−�ª®¢ (¤®¡�¢«ïîâáï ¯à¨§−�ª¨, à�§«¨-
ç�îé¨¥áï â®«ìª® ¯à¨¢ï§ª®© ª ï§ëªã) ¨ ãá«®¦−ï¥â ¯®á«¥¤ãîé¨© �−�«¨§ ¤�−−ëå
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÷¨á. 3 ˆ§¬¥−¥−−�ï áâàãªâãà� åà�−¥−¨ï ¯à¨§−�ª®¢ ¡«®ª� â¥ªáâ�

(¯à®¡«¥¬�â¨ç−® ¯®«ãç¨âì ª®«¨ç¥áâ¢¥−−ë¥ ¤�−−ë¥ ¯® §�¤�−−®¬ã ¯à¨§−�ªã ¤«ï
ª�¦¤®£® ï§ëª�).

—â®¡ë á−ïâì ã¯®¬ï−ãâë¥ ®£à�−¨ç¥−¨ï ¨ ã¯à®áâ¨âì à�¡®âã á −¥áª®«ìª¨¬¨
ï§ëª�¬¨, áå¥¬� åà�−¥−¨ï ¤�−−ëå ¡ë«� ¨§¬¥−¥−� á«¥¤ãîé¨¬ ®¡à�§®¬ (à¨á. 3).
‚®-¯¥à¢ëå, ¢¬¥áâ® á¢ï§¨ ®¤¨−-ª®-¬−®£¨¬ ¬¥¦¤ã ¯à¨§−�ª�¬¨ ¡«®ª� â¥ªáâ� ¨ ª«�á-
â¥à�¬¨ íâ¨å ¯à¨§−�ª®¢ ¡ë«� à¥�«¨§®¢�−� á¢ï§ì ¬−®£¨¥-ª®-¬−®£¨¬. ‚®-¢â®àëå,
−� á«ãç�© ¥á«¨ ¯à¨§−�ª¨ ®ª�¦ãâáï −�áâ®«ìª® ¬−®£®ç¨á«¥−−ë¬¨ ¨ à�§−®à®¤−ë¬¨,
çâ® ¯®âà¥¡ã¥âáï á£àã¯¯¨à®¢�âì −¥ â®«ìª® ¨å, −® ¨ ª«�áâ¥àë, ªã¤� ®−¨ ¢å®¤ïâ,
¡ë«� ¤®¡�¢«¥−� â�¡«¨æ� úƒàã¯¯� ª«�áâ¥à®¢ ¯à¨§−�ª®¢ ¡«®ª� â¥ªáâ�û. ‚-âà¥âì¨å,
á¢ï§ì ¬¥¦¤ã ¯à¨§−�ª�¬¨ ¡«®ª� â¥ªáâ� ¨ ï§ëª�¬¨, ¤«ï ª®â®àëå íâ¨ ¯à¨§−�ª¨
�ªâã�«ì−ë, ¡ë«� â�ª¦¥ §�¬¥−¥−� −� ¬−®£¨¥-ª®-¬−®£¨¬.

‘®¢®ªã¯−®áâì íâ¨å à¥è¥−¨© ®¡¥á¯¥ç¨¢�¥â £¨¡ª®áâì à�¡®âë á ¯à¨§−�ª�¬¨
¡«®ª� â¥ªáâ�, â�ª ª�ª ¤�¥â ¢®§¬®¦−®áâì ª«�áá¨ä¨æ¨à®¢�âì ¯à¨§−�ª¨ ¯® à�§−ë¬
®á−®¢�−¨ï¬, ¨á¯®«ì§®¢�âì ¯à¨ ª«�áá¨ä¨ª�æ¨¨ ¤®¯®«−¨â¥«ì−ë© ãà®¢¥−ì ¢«®¦¥−-
−®áâ¨ ¨ á ¡�®«ìè¨¬ ã¤®¡áâ¢®¬ à�¡®â�âì á â¥ªáâ®¢ë¬¨ ¤�−−ë¬¨ −� −¥áª®«ìª¨å
ï§ëª�å.

5 Указание на лексические показатели признаков блока текста

‚ á¨âã�æ¨¨, ª®£¤� à�§¬¥âç¨ª �−�«¨§¨àã¥â ¡«®ª â¥ªáâ� ¨ ¯à¨−¨¬�¥â à¥è¥−¨¥,
çâ® −¥®¡å®¤¨¬® á−�¡¤¨âì íâ®â ¡«®ª â¥ªáâ� ª�ª¨¬-«¨¡® ¯à¨§−�ª®¬, íâ® à¥è¥−¨¥
§�ç�áâãî ®á−®¢ë¢�¥âáï −� â®¬, çâ® ¢ ¯à®æ¥áá¥ �−�«¨§� ¡ë«� ®¡−�àã¦¥−� ®¤−�
¨«¨ −¥áª®«ìª® ï§ëª®¢ëå ¥¤¨−¨æ, ª®â®àë¥ ãª�§ë¢�îâ −� íâ®â ¯à¨§−�ª. ’�ª, ¥á«¨
�−�«¨§ ã¯®âà¥¡«¥−¨ï £«�£®«� å®â¥âì ¤®«¦¥− ãç¨âë¢�âì −�«¨ç¨¥ ®âà¨æ�−¨ï, â®
¯à¨ �−�«¨§¥ ¯à¨¬¥à� 1 à�§¬¥âç¨ª ¯à¨¬¥â à¥è¥−¨¥ ¯à¨á¢®¨âì ¡«®ªã â¥ªáâ� á®®â-
¢¥âáâ¢ãîé¨© ¯à¨§−�ª. �ç¥¢¨¤−®, çâ® íâ® à¥è¥−¨¥ ¡ã¤¥â ®¡ãá«®¢«¥−® −�«¨ç¨¥¬
á«®¢� −¥. �¤−�ª® áâàãªâãà� −�¤ª®à¯ãá−®© á®áâ�¢«ïîé¥© ��„, ¯à¨¢¥¤¥−−�ï −�
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÷¨á. 4 ‘âàãªâãà� åà�−¥−¨ï ¤�−−ëå ® «¥ªá¨ç¥áª¨å ¯®ª�§�â¥«ïå ¯à¨§−�ª®¢ ¡«®ª� â¥ªáâ�

à¨á. 1, −¥ ¯®§¢®«ï¥â á®åà�−¨âì íâ¨ á¢¥¤¥−¨ï. �® íâ®© ¯à¨ç¨−¥ ¢ ®¡−®¢«¥−−®©
¢¥àá¨¨ áâàãªâãàë ¡ë«® à¥è¥−® ¯à¥¤ãá¬®âà¥âì ¯®¤®¡−ãî ¢®§¬®¦−®áâì, çâ®¡ë
â¥¬ á�¬ë¬ ®âà�§¨âì á«®¦−ë¥ á¢ï§¨ ¢å®¦¤¥−¨ï á«®¢®ä®à¬, ¡«®ª®¢ â¥ªáâ� ¨ ¨å
¯à¨§−�ª®¢ (à¨á. 4). Šà®¬¥ â®£®, ¨§-§� íâ®£® à¥è¥−¨ï ¯®ï¢¨«�áì, ¢ áãé−®áâ¨,
¢â®à�ï á¢ï§ì −�¤ª®à¯ãá−®© á®áâ�¢«ïîé¥© ��„ á ª®à¯ãá−®©:

(1) ¢å®¦¤¥−¨¥ á«®¢®ä®à¬ë ¢ª«îç¥−® ¢ ¡«®ª â¥ªáâ� (¯¥à¢�ï á¢ï§ì ª®à¯ãá−®©
¨ −�¤ª®à¯ãá−®© á®áâ�¢«ïîé¨å);

(2) ¡«®ª â¥ªáâ� ¨¬¥¥â ¯à¨§−�ª;

(3) ¢å®¦¤¥−¨¥ á«®¢®ä®à¬ë ¢ëáâã¯�¥â ¢ ª�ç¥áâ¢¥ «¥ªá¨ç¥áª®£® ¯®ª�§�â¥«ï ¯à¨-
§−�ª� ¡«®ª� â¥ªáâ� (¢â®à�ï á¢ï§ì ª®à¯ãá−®© ¨ −�¤ª®à¯ãá−®© á®áâ�¢«ïîé¨å).

6 Запись сведений о нерелевантности пары фрагментов запросу

�à¨ à�¡®â¥ á® á¯¨áª®¬ ¯�à äà�£¬¥−â®¢ ¯�à�««¥«ì−®£® â¥ªáâ�, −�©¤¥−−ëå ¯®
ª�ª®¬ã-«¨¡® ¯®¨áª®¢®¬ã §�¯à®áã ¨ ¯®¤«¥¦�é¨å �−−®â¨à®¢�−¨î, −¥à¥¤ª® ¢®§−¨-
ª�¥â á¨âã�æ¨ï, ª®£¤� ç�áâì ¯�à ¢ ¤¥©áâ¢¨â¥«ì−®áâ¨ ®ª�§ë¢�¥âáï −¥à¥«¥¢�−â−®©
íâ®¬ã §�¯à®áã. Š�ª ¯à�¢¨«®, íâ® ®¡ãá«®¢«¥−® −¥á−ïâ®© ®¬®−¨¬¨¥©. ’�ª, ¯à¨ ¯®-
¨áª¥ ¯�à, £¤¥ ¢ àãááª®ï§ëç−®¬ äà�£¬¥−â¥ á®¤¥à¦¨âáï £«�£®« ¯®áâ¥«¨âì ¢ «î¡ëå
ä®à¬�å, ¢ ¢ë¤�çã ¯®¯�¤ãâ á«ãç�¨, ¯®¤®¡−ë¥ ¯à¨¬¥àã 3.

�à¨¬¥à 3. �¡«®¬®¢ á¨¤¥« −� ªà�î ¯®áâ¥«¨. [ˆ. �. ƒ®−ç�à®¢. �¡«®¬®¢
(1848{1859)] Oblomov �etait assis sur le bord du lit. [Oblomov (¯¥à. L. Jurgenson;
1988)]

�à¨ç¨−� ¢ â®¬, çâ® á«®¢®ä®à¬� ¯®áâ¥«¨ ¨¬¥¥â á¥¬ì ¬®àä®«®£¨ç¥áª¨å à�§-
¡®à®¢ (¯à¨¢®¤ïâáï ¢ â�¡«¨æ¥; ¯¥à¥ç¥−ì ¨á¯®«ì§ã¥¬ëå ¯à¨§−�ª®¢ ¨ á®ªà�é¥−¨©
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�. �. ƒ®−ç�à®¢

Œ®àä®«®£¨ç¥áª¨¥ à�§¡®àë á«®¢®ä®à¬ë ¯®áâ¥«¨

ü ‹¥¬¬� ��¡®à
¯à¨§−�ª®¢ ÷�áè¨äà®¢ª�

1 ¯®áâ¥«ì
S, f, inan,
sg, gen, norm

‘ãé¥áâ¢¨â¥«ì−®¥, ¦¥−áª¨© à®¤, −¥®¤ãè¥¢«¥−−®¥,
¥¤¨−áâ¢¥−−®¥ ç¨á«®, à®¤¨â¥«ì−ë© ¯�¤¥¦, á«®¢�à−�ï
ä®à¬�

2 ¯®áâ¥«ì
S, f, inan,
sg, dat, norm

‘ãé¥áâ¢¨â¥«ì−®¥, ¦¥−áª¨© à®¤, −¥®¤ãè¥¢«¥−−®¥,
¥¤¨−áâ¢¥−−®¥ ç¨á«®, ¤�â¥«ì−ë© ¯�¤¥¦, á«®¢�à−�ï
ä®à¬�

3 ¯®áâ¥«ì
S, f, inan,
sg, loc, norm

‘ãé¥áâ¢¨â¥«ì−®¥, ¦¥−áª¨© à®¤, −¥®¤ãè¥¢«¥−−®¥,
¥¤¨−áâ¢¥−−®¥ ç¨á«®, ¯à¥¤«®¦−ë© ¯�¤¥¦, á«®¢�à−�ï
ä®à¬�

4 ¯®áâ¥«ì
S, f, inan,
pl, nom, norm

‘ãé¥áâ¢¨â¥«ì−®¥, ¦¥−áª¨© à®¤, −¥®¤ãè¥¢«¥−−®¥,
¬−®¦¥áâ¢¥−−®¥ ç¨á«®, ¨¬¥−¨â¥«ì−ë© ¯�¤¥¦,
á«®¢�à−�ï ä®à¬�

5 ¯®áâ¥«ì
S, f, inan,
pl, acc, norm

‘ãé¥áâ¢¨â¥«ì−®¥, ¦¥−áª¨© à®¤, −¥®¤ãè¥¢«¥−−®¥,
¬−®¦¥áâ¢¥−−®¥ ç¨á«®, ¢¨−¨â¥«ì−ë© ¯�¤¥¦,
á«®¢�à−�ï ä®à¬�

6 ¯®áâ¥«¨âì
V, sg, pf,
act, imper,
2p, norm

ƒ«�£®«, ¥¤¨−áâ¢¥−−®¥ ç¨á«®, á®¢¥àè¥−−ë© ¢¨¤,
¤¥©áâ¢¨â¥«ì−ë© §�«®£, ¯®¢¥«¨â¥«ì−®¥ −�ª«®−¥−¨¥,
¢â®à®¥ «¨æ®, á«®¢�à−�ï ä®à¬�

7 ¯®áâ«�âì
V, sg, pf,
act, imper,
2p, norm

ƒ«�£®«, ¥¤¨−áâ¢¥−−®¥ ç¨á«®, á®¢¥àè¥−−ë© ¢¨¤,
¤¥©áâ¢¨â¥«ì−ë© §�«®£, ¯®¢¥«¨â¥«ì−®¥ −�ª«®−¥−¨¥,
¢â®à®¥ «¨æ®, á«®¢�à−�ï ä®à¬�

÷¨á. 5 ‘âàãªâãà� åà�−¥−¨ï ¤�−−ëå ® −¥à¥«¥¢�−â−®áâ¨ ¯�à §�¯à®áã
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÷�§¢¨â¨¥ áâàãªâãàë −�¤ª®à¯ãá−ëå ¡�§ ¤�−−ëå

¯à¨¢¥¤¥− ¢ [14]), −® «¨èì ®¤¨− ¨§ −¨å | ü 6 | ¤¥©áâ¢¨â¥«ì−® ®â−®á¨âáï
ª £«�£®«ã ¯®áâ¥«¨âì.

‘«¥¤®¢�â¥«ì−®, ¢ ¯à®æ¥áá¥ �−−®â¨à®¢�−¨ï ¯¥à¥¢®¤−ëå á®®â¢¥âáâ¢¨© ¢®§−¨-
ª�¥â á¨âã�æ¨ï, ª®£¤� −�¤® −¥ â®«ìª® �−−®â¨à®¢�âì ¯¥à¥¢®¤−ë¥ á®®â¢¥âáâ¢¨ï ¨§
¯�à, à¥«¥¢�−â−ëå §�¯à®áã, −® ¨ ®â¬¥ç�âì ¯�àë, −¥à¥«¥¢�−â−ë¥ §�¯à®áã. �â® ¯à¨-
¢®¤¨â ª −¥®¡å®¤¨¬®áâ¨ á®§¤�âì âà¥âìî á¢ï§ì −�¤ª®à¯ãá−®© á®áâ�¢«ïîé¥© ��„
á ª®à¯ãá−®© ¨ ¤®¡�¢¨âì â�¡«¨æë ¤«ï á®åà�−¥−¨ï ¤�−−ëå ® ¯®¨áª®¢®¬ §�¯à®á¥
¨ ãá«®¢¨ïå ¯®¨áª�, ¯à¨¬¥−ï¢è¨åáï ¯®«ì§®¢�â¥«¥¬ (à¨á. 5).

�®¤ ¯®¨áª®¢ë¬ §�¯à®á®¬ ¯®−¨¬�¥âáï á®¢®ªã¯−®áâì ¤¢ãå ãá«®¢¨© ¯®¨áª� |
¢ â¥ªáâ¥ ®à¨£¨−�«� ¨ ¢ â¥ªáâ¥ ¯¥à¥¢®¤�, ¯à¨ç¥¬ ª�¦¤®¥ ãá«®¢¨¥ ¯à¨¢ï§ë¢�¥âáï
ª ï§ëªã. �à¨−¨¬�ï ¢® ¢−¨¬�−¨¥, çâ® ®¤−¨ ¨ â¥ ¦¥ ¯®¨áª®¢ë¥ §�¯à®áë /̈̈ «¨
ãá«®¢¨ï ¯®¨áª� ¬®£ãâ ¯à¨¬¥−ïâìáï à�§−ë¬¨ ¯®«ì§®¢�â¥«ï¬¨, á¢ï§¨ ¬¥¦¤ã íâ¨¬¨
®¡ê¥ªâ�¬¨ ¨ ¯®«ì§®¢�â¥«ï¬¨ ¨¬¥îâ â¨¯ ¬−®£¨¥-ª®-¬−®£¨¬. �â® à¥è¥−¨¥ ¯®§¢®-
«ï¥â ¨§¡¥¦�âì ¤ã¡«¨à®¢�−¨ï ¤�−−ëå ¨ «¥£ª® ¯®«ãç�âì á¢¥¤¥−¨ï ® â®¬, ª�ª¨¥ ¯�àë
®â¬¥ç¥−ë ª�ª −¥à¥«¥¢�−â−ë¥ −¥ª®â®à®¬ã ¯®¨áª®¢®¬ã §�¯à®áã/ãá«®¢¨î ¯®¨áª�
¢−¥ §�¢¨á¨¬®áâ¨ ®â â®£®, ª�ª®© ¯®«ì§®¢�â¥«ì ¤®¡�¢¨« íâã ®â¬¥âªã.

7 Заключение

�®¤¢®¤ï ¨â®£¨, ¬®¦−® á¤¥«�âì ¢ë¢®¤, çâ® à�§¢¨â¨¥ áâàãªâãàë ��„, ®¯¨-
á�−−®¥ ¢ −�áâ®ïé¥© áâ�âì¥, ¯à¨¢®¤¨â ª ¯®¢ëè¥−¨î ª�ç¥áâ¢� à¥§ã«ìâ¨àãîé¨å
¤�−−ëå á â®çª¨ §à¥−¨ï ¨å ¯®«−®âë ¨ á¨áâ¥¬−®áâ¨, � â�ª¦¥ ª ¯®«ãç¥−¨î ¡®«¥¥
£¨¡ª®© áâàãªâãàë ¤�−−ëå. •®âï ¯®âà¥¡−®áâì ¢ ª�¦¤®¬ ¨§ ¯¥à¥ç¨á«¥−−ëå ¨§-
¬¥−¥−¨© áâàãªâãàë ¤�−−ëå ¬®¦¥â à�§«¨ç�âìáï ¢ §�¢¨á¨¬®áâ¨ ®â ®á®¡¥−−®áâ¥©
¢ë¯®«−ï¥¬®£® ¯à®¥ªâ�, −¨ ®¤−® ¨§ ®¯¨á�−−ëå ¨§¬¥−¥−¨© −¥ §�¢¨á¨â ®â æ¥«¥©
¨ §�¤�ç ª�ª®£®-«¨¡® ª®−ªà¥â−®£® ¨áá«¥¤®¢�−¨ï, ¯à®¢®¤¨¬®£® á ¨á¯®«ì§®¢�−¨¥¬
��„.
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DEVELOPING THE STRUCTURE
OF SUPRACORPORA DATABASES

A. A. Goncharov
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of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: The paper presents the methods for developing the structure of
supracorpora databases to provide a more detailed representation of the results
from parallel text analysis. The initial data structure for the annotation of
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translation correspondences is examined and four methods for its improvement
are described. These methods provide the possibilities (i) to mark up the original
and translation text blocks in more detail; (ii) to classify the features of a text
block using multiple facets; (iii) to save data about lexical markers of text block
features; and (iν) to save data about the irrelevance of text fragments pairs to
a search query. All these possibilities allow improving the quality of the final
data in terms of its completeness and consistency and the corresponding changes
in the data structure can make it more flexible. The proposed changes to the data
structure are independent of the goals and objectives of any specific study that
may be conducted using supracorpora databases.
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ТЕОРИЯ S-СИМВОЛОВ: РАЗВИТИЕ И ПРИМЕНЕНИЕ

В. Д. Ильин1

�−−®â�æ¨ï: �à¥¤áâ�¢«¥−� −®¢�ï ¢¥àá¨ï â¥®à¨¨ S-á¨¬¢®«®¢ (á ¤®¯®«−¥−¨ï-
¬¨ ¨ ãâ®ç−¥−¨ï¬¨). ’¥®à¨ï S-á¨¬¢®«®¢ ¨§ãç�¥â ¯®áâà®¥−¨¥ ¢§�¨¬®á¢ï§�−−ëå
á¨áâ¥¬ S-(á¨¬¢®«®¢, ª®¤®¢ ¨ á¨£−�«®¢) ¤«ï á®§¤�−¨ï ä®à¬�«¨§®¢�−−ëå ï§ëª®¢
(¢ª«îç�ï ï§ëª¨ á¯¥æ¨ä¨ª�æ¨¨ ¨ ¯à®£à�¬¬¨à®¢�−¨ï); á¨¬¢®«ì−®¥ ¬®¤¥«¨à®-
¢�−¨¥ ¯à®¨§¢®«ì−ëå ®¡ê¥ªâ®¢ (S-¬®¤¥«¨à®¢�−¨¥), ¢ª«îç�ï á¨áâ¥¬ë ¯®−ïâ¨©
¨ §−�−¨©; ¯®áâà®¥−¨¥ á¨¬¢®«ì−®-ª®¤®¢®-á¨£−�«ì−®© áà¥¤ë (S-áà¥¤ë); ª®−-
áâàã¨à®¢�−¨¥ S-®¡ê¥ªâ®¢ −� ®á−®¢¥ á¨áâ¥¬ §−�−¨© (¢ª«îç�ï ¯à®£à�¬¬−ë¥
á¨áâ¥¬ë ¨ ¨−ä®à¬�æ¨®−−ë¥ à¥áãàáë). S-áà¥¤� á«ã¦¨â ¨−äà�áâàãªâãà−ë¬
®á−®¢�−¨¥¬ ¤«ï à¥è¥−¨ï §�¤�ç ¨áá«¥¤®¢�â¥«ìáª®©, ¨−¦¥−¥à−®© ¨ ¤àã£®©
¤¥ïâ¥«ì−®áâ¨ á ¯®¬®éìî ¯à®£à�¬¬¨àã¥¬ëå ¬�è¨− (S-¬�è¨−). ’¥®à¨ï S-á¨¬-
¢®«®¢ à�áá¬�âà¨¢�¥âáï ª�ª ç�áâì ¬¥â®¤®«®£¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï à�§à�¡®â®ª
ä®à¬�«¨§®¢�−−ëå ï§ëª®¢, á¨áâ¥¬ §−�−¨© ¨ ¤à., ¢ë¯®«−ï¥¬ëå ¢ S-áà¥¤¥.
‚ −®¢®© ¢¥àá¨¨ â¥®à¨¨ ¤®¡�¢«¥− à�§¤¥« ® ä®à¬®®à¨¥−â¨à®¢�−−ëå ï§ëª�å á á¥-
¬�−â¨ç¥áª®© à�§¬¥âª®© (S-ï§ëª�å) ¨ ¯à¨¢¥¤¥−® ®¯à¥¤¥«¥−¨¥ á¨áâ¥¬ë §−�−¨©
® ¯à®¨§¢®«ì−®¬ S-®¡ê¥ªâ¥. �à¨¢¥¤¥−ë ¯à¨¬¥àë ¯à¨¬¥−¥−¨ï ¢ �¢â®¬�â¨§�-
æ¨¨ ¯à®£à�¬¬¨à®¢�−¨ï, æ¨äà®¢¨§�æ¨¨ á¨áâ¥¬ë £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï
¨ íª®−®¬¨ç¥áª®£® ¬¥å�−¨§¬�.
Š«îç¥¢ë¥ á«®¢�: â¥®à¨ï S-á¨¬¢®«®¢; ä®à¬®®à¨¥−â¨à®¢�−−ë¥ ï§ëª¨ á á¥¬�−-
â¨ç¥áª®© à�§¬¥âª®© (S-ï§ëª¨); S-á¨áâ¥¬ë §−�−¨©; S-áà¥¤�; S-¬®¤¥«¨à®¢�−¨¥;
S-¬�è¨−�; â¥å−®«®£¨¨ æ¨äà®¢¨§�æ¨¨

DOI: 10.14357/08696527240407 EDN: JQYQGW

1 Введение

’àã¤−® −�©â¨ ¯à¨à®¤−ë¥ ¨«¨ ¨§®¡à¥â¥−−ë¥ «î¤ì¬¨ ®¡ê¥ªâë á −¥âà¨¢¨�«ì-
−ë¬ æ¥«¥¢ë¬ ¯®¢¥¤¥−¨¥¬, äã−ªæ¨®−¨à®¢�−¨¥ ª®â®àëå −¥ ¡ë«® ¡ë á®¯àï¦¥−®
á ¨á¯®«ì§®¢�−¨¥¬ ¢§�¨¬®á¢ï§�−−ëå á¨áâ¥¬ á¨¬¢®«®¢, ª®¤®¢ ¨ á¨£−�«®¢. —¥«®¢¥ª
¯à¨−¨¬�¥â á®®¡é¥−¨ï, á®áâ�¢«¥−−ë¥ ¨§ á¢¥â®¢ëå, §¢ãª®¢ëå, â�ªâ¨«ì−ëå, §�¯�-
å®¢ëå ¨ ¢ªãá®¢ëå á¨£−�«®¢. �®á«¥ ®¡à�¡®âª¨ ®à£�−�¬¨ ¢®á¯à¨ïâ¨ï á®®¡é¥−¨ï
¯à¥®¡à�§ãîâáï ¢ ª®¤®¢ãî ä®à¬ã, ¯à¨£®¤−ãî ¤«ï ®¡à�¡®âª¨ −¥à¢−®© á¨áâ¥¬®©
/̈̈ «¨ ¬®§£®¬. Š®¤ á®®¡é¥−¨ï, ®¡à�¡®â�−−ë© ¬®§£®¬, ¯à¥®¡à�§ã¥âáï ¢ á¨¬¢®«ì-

−ãî ä®à¬ã (£à�ä¨ç¥áª®£®, �ã¤¨®- ¨«¨ ¤àã£®£® ®¡à�§�), ¯®§¢®«ïîéãî ®á¬ëá«¨âì
á®®¡é¥−¨¥. �ää¥ªâ¨¢−®áâì á¨¬¢®«ì−®-ª®¤®¢®-á¨£−�«ì−ëå à¥è¥−¨© ®¯à¥¤¥«ï¥â
ª�ç¥áâ¢® äã−ªæ¨®−¨à®¢�−¨ï ãáâà®©áâ¢ á ¯à®£à�¬¬¨àã¥¬ë¬ ¯®¢¥¤¥−¨¥¬ (ª®¬-
¯ìîâ¥à®¢, á¬�àâä®−®¢ ¨ ¤à.). ‚ â¥®à¨¨ S-á¨¬¢®«®¢ â�ª¨¥ ãáâà®©áâ¢� −�§¢�−ë
S-¬�è¨−�¬¨2 [1{4].

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

2�à¥ä¨ªá S- ®§−�ç�¥â ¯à¨−�¤«¥¦−®áâì ¯®−ïâ¨© â¥®à¨¨ S-á¨¬¢®«®¢.
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ˆ−â¥««¥ªâã�«ì−®¥ á®¢¥àè¥−áâ¢®¢�−¨¥ ç¥«®¢¥ç¥áâ¢� ¢á¥£¤� ¡ë«® á¢ï§�−®
á à®áâ®¬ ã¬¥−¨ï á®§¤�¢�âì ¨ ¯à¨¬¥−ïâì ¢§�¨¬®á¢ï§�−−ë¥ S-(á¨¬¢®«ì−ë¥, ª®¤®-
¢ë¥ ¨ á¨£−�«ì−ë¥) á¨áâ¥¬ë ¤«ï ï§ëª®¢ á¨¬¢®«ì−®£® ¬®¤¥«¨à®¢�−¨ï ¯à®¨§¢®«ì−ëå
®¡ê¥ªâ®¢ (S-¬®¤¥«¨à®¢�−¨ï) ¨ ¯®áâà®¥−¨ï S-á¨áâ¥¬ §−�−¨© [5{7]. �â�¯−ë¬¨
¨§®¡à¥â¥−¨ï¬¨ −� íâ®¬ ¯ãâ¨ áâ�«¨ �«ä�¢¨âë (�ã¤¨®- ¨ £à�ä¨ç¥áª¨¥ á¨áâ¥-
¬ë á¨¬¢®«®¢) ¨ ï§ëª¨, ¯®á«ã¦¨¢è¨¥ à�§¢¨â¨î à¥ç¨ ¨ ¯¨áì¬¥−−®áâ¨ (á¯®á®¡®¢
¯®áâà®¥−¨ï £à�ä¨ç¥áª¨å ¬®¤¥«¥© à¥ç¥¢ëå á®®¡é¥−¨©) [1{4].

‚¯¥à¢ë¥ à�ááã¦¤¥−¨ï ® §−�ç¥−¨¨ á¨¬¢®«ì−®£® ¯à¥¤áâ�¢«¥−¨ï áãé−®áâ¥© ¤«ï
á¨áâ¥¬ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¡ë«¨ ®¯ã¡«¨ª®¢�−ë ¢ 1975 £. ¢ à�¡®â¥ [8].

�®−ïâ¨¥ S-¬®¤¥«¨à®¢�−¨ï ¡ë«® ®¯à¥¤¥«¥−® ¢ 1989 £. ¢ ª−¨£¥ ® á¨áâ¥¬¥ ¯®à®¦-
¤¥−¨ï ¯à®£à�¬¬ ¨ ¬¥â®¤®«®£¨¨ �¢â®¬�â¨§¨à®¢�−−®£® ª®−áâàã¨à®¢�−¨ï æ¥«¥¢ëå
¯à®£à�¬¬−ëå á¨áâ¥¬ [9, á. 248{249].

�¯ã¡«¨ª®¢�−−�ï ¢ 2023 £. ¯¥à¢�ï ¢¥àá¨ï â¥®à¨¨ S-á¨¬¢®«®¢ [1{4] á«ã¦¨â
à�áè¨à¥−−ë¬ ®¡®¡é¥−¨¥¬ â¥®à¨¨ S-¬®¤¥«¨à®¢�−¨ï [10, 11]. ÷ï¤ à¥§ã«ìâ�â®¢,
¯à¥¤áâ�¢«¥−−ëå ¢ ¤�−−®© áâ�âì¥, ãâ®ç−ï¥â ¨ ¤®¯®«−ï¥â â¥®à¨î S-á¨¬¢®«®¢.
�à¨¢¥¤¥−ë ¯à¨¬¥àë ¯à¨¬¥−¥−¨ï íâ®© â¥®à¨¨.

÷¥§ã«ìâ�â¨¢−®áâì ¯à¨¬¥−¥−¨ï ¬¥â®¤®«®£¨ç¥áª®£® ¨ â¥å−®«®£¨ç¥áª®£® ®¡¥á-
¯¥ç¥−¨ï ¯à®æ¥áá®¢ æ¨äà®¢¨§�æ¨¨ ¢® ¬−®£®¬ §�¢¨á¨â ¨ ®â à¥§ã«ìâ�â®¢ á¢®¥¢à¥-
¬¥−−®© ¬®¤¥à−¨§�æ¨¨ ¨−äà�áâàãªâãà−ëå áà¥¤áâ¢ á¨¬¢®«ì−®-ª®¤®¢®-á¨£−�«ì−®©
áà¥¤ë (S-áà¥¤ë) [1{4]. �â¨ áà¥¤áâ¢� −¥®¡å®¤¨¬ë ¤«ï à¥�«¨§�æ¨¨ â¥å−®«®£¨©
®¡«�ç−ëå ¢ëç¨á«¥−¨© [12], æ¨äà®¢ëå ¤¢®©−¨ª®¢ (�−£«. Digital Twins) [13, 14]
¨ á¥¬�−â¨ç¥áª®£® ¢¥¡� (Semantic Web) [15, 16].

”®à¬�«¨§®¢�−−�ï §�¯¨áì ¨ à�§¬¥âª� â¥ªáâ�. „«ï §�¯¨á¨ ®¯à¥¤¥«¥−¨©,
§�¬¥ç�−¨© ¨ ¯à¨¬¥à®¢ ¢ áâ�âì¥ ¨á¯®«ì§ãîâáï áà¥¤áâ¢� ï§ëª� TSM-ª®¬¯«¥ªá�
(TSM: Textual Symbolic Modeling) [1{4, 9].

‘à¥¤áâ¢� ¢ë¤¥«¥−¨ï äà�£¬¥−â®¢ â¥ªáâ�, ¯à¨¬¥−ï¥¬ë¥ ¢ áâ�âì¥:
� 〈äà�£¬¥−â â¥ªáâ�〉 � ≈ ®¯à¥¤¥«¥−¨¥ ¨«¨ ãâ¢¥à¦¤¥−¨¥ (á¨¬¢®« ≈ §�¬¥−ï¥â

á«®¢® ú®§−�ç�¥âû);
♦ 〈äà�£¬¥−â â¥ªáâ�〉 ♦ ≈ §�¬¥ç�−¨¥;
© 〈äà�£¬¥−â â¥ªáâ�〉 © ≈ ¯à¨¬¥à.
�¥à¢ë¥ ¢å®¦¤¥−¨ï −�§¢�−¨© ¯®−ïâ¨© ¨ −�¨¡®«¥¥ ¢�¦−ë¥ äà�£¬¥−âë â¥ªáâ�

¢ë¤¥«¥−ë ªãàá¨¢®¬.

2 Теория S-символов: методологический арсенал

�¡à�áâ�ï ¤®¯®«−¥−¨ï¬¨ ¨ ¯à¨¬¥−¥−¨ï¬¨ [¢ �¢â®¬�â¨§�æ¨¨ ¯à®£à�¬¬¨à®¢�-
−¨ï, ¯®áâà®¥−¨¨ á¨áâ¥¬ §−�−¨© ¨ ¤à. (¢ë¡®àª� ¯à¨¬¥à®¢ ¯à¨¢¥¤¥−� ¢ à�§¤. 3)],
¯à¨à�áâ�¥â, á®¢¥àè¥−áâ¢ã¥âáï ¨ �¯à®¡¨àã¥âáï ¬¥â®¤®«®£¨ç¥áª¨© �àá¥−�« â¥®à¨¨
S-á¨¬¢®«®¢ [17].

‚ ¯¥à¢®© ¢¥àá¨¨ â¥®à¨¨ S-á¨¬¢®«®¢ [1{4] ¡ë«¨ ¯à¥¤áâ�¢«¥−ë ¥¥ ª®−æ¥¯âã-
�«ì−ë¥ ®á−®¢�−¨ï [1], ¢ª«îç�îé¨¥ ®¯à¥¤¥«¥−¨ï S-(á¨¬¢®«®¢, ª®¤®¢, á¨£−�«®¢)
¨ S-á¨¬¢®«ì−ëå ª®−áâàãªæ¨© (ª�ª S-®¡ê¥ªâ®¢, á¢®©áâ¢�, ¢§�¨¬®á¢ï§¨ ¨ ¬¥â®¤ë
¯®áâà®¥−¨ï ª®â®àëå ¨§ãç�îâáï ¢ íâ®© â¥®à¨¨). �ë«¨ ¢¢¥¤¥−ë ®¯à¥¤¥«¥−¨ï
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’¥®à¨ï S-á¨¬¢®«®¢: à�§¢¨â¨¥ ¨ ¯à¨¬¥−¥−¨¥

í«¥¬¥−â�à−ëå ¨ á®áâ�¢−ëå S-á¨¬¢®«®¢, ¢¨¤®¢ ¨ â¨¯®¢ S-á¨¬¢®«®¢, S-®â−®è¥-
−¨© ¨ â¨¯¨§�æ¨¨ S-®¡ê¥ªâ®¢; ®¯à¥¤¥«¥−¨ï S-á®®¡é¥−¨ï ¨ S-á¨áâ¥¬ë ¯®−ïâ¨©.
♦ S-®¡ê¥ªâ à�áá¬�âà¨¢�¥âáï ª�ª ®â®¡à�¦¥−¨¥ ¨§ãç�¥¬®£® ®¡ê¥ªâ� ¢ á¨¬¢®«ì−®-
ª®¤®¢®-á¨£−�«ì−ãî áà¥¤ã (S-áà¥¤ã), ¢ë¯®«−¥−−®¥ ¯à¨ §�¤�−−ëå ®£à�−¨ç¥−¨ïå.
S-®¡ê¥ªâ ¬®¦¥â ¨¬¥âì ¯à®¨§¢®«ì−ãî ä¨§¨ç¥áªãî áãé−®áâì ¨ á«®¦−®áâì, ¡ëâì
¯à¨à®¤−ë¬ ¨«¨ á®§¤�−−ë¬ «î¤ì¬¨, ¢®¯«®é¥−−ë¬ ¨«¨ ¬ëá«¨¬ë¬. ♦

‚ à�§¤¥«¥, ¯®á¢ïé¥−−®¬ ä®à¬�«¨§�æ¨¨ §−�−¨© ®¡ S-§�¤�ç�å [2], ¡ë«¨ ¤�−ë
®¯à¥¤¥«¥−¨ï S-§�¤�ç−ëå ®¡ê¥ªâ®¢ [S-(§�¤�ç¨, �«£®à¨â¬�, ¯à®£à�¬¬ë, ¤�−−ëå,
¬®¤¥«¨ §�¤�ç−®© ®¡«�áâ¨, §�¤�ç−®£® £à�ä�); à�§à¥è�îé¨å áâàãªâãà −� S-§�-
¤�ç−®¬ £à�ä¥, á¨áâ¥¬ë §−�−¨© ®¡ S-§�¤�ç−ëå ®¡ê¥ªâ�å ¨ ¤à.]. �à¨¢¥¤¥−®
®¯¨á�−¨¥ ¬¥â®¤®«®£¨¨ ª®−áâàã¨à®¢�−¨ï S-§�¤�ç−ëå ®¡ê¥ªâ®¢.

‚ à�§¤¥«¥ ® á¥â¥¢®¬ â�¡á1-à¥è�â¥«¥ S-§�¤�ç [3] ¯à¨¢¥¤¥−® ®¯¨á�−¨¥ S-¬®-
¤¥«¨ ª®®¯¥à�â¨¢−®£® à¥è�â¥«ï §�¤�ç, ¯à¥¤áâ�¢«ïîé¥£® á®¡®© á¥âì à¥è�â¥«¥©
§�¤�ç, ¢ ª®â®à®© ª�¦¤ë© ã§¥« ¬®¦¥â ¢§�¨¬®¤¥©áâ¢®¢�âì á «î¡ë¬ ¤àã£¨¬ ã§-
«®¬ íâ®© á¥â¨. Š�¦¤ë© ãç�áâ−¨ª ª®®¯¥à�æ¨¨, ¯à¥¤áâ�¢«ïîé¨© á®¡®© æ¥«¥¢ãî
ª®−¢¥©¥à−ãî S-¬�è¨−ã (¢ëç¨á«¨â¥«ì−ãî ¨«¨ ¨áç¨á«¨â¥«ì−ãî), ¨¬¥¥â æ¨äà®¢®£®
¤¢®©−¨ª� [13, 14] ¨ á¯¥æ¨�«¨§¨àã¥âáï −� ®¯à¥¤¥«¥−−®¬ ª«�áá¥ §�¤�ç ¨§ §�¤�−−®©
¯à¥¤¬¥â−®© ®¡«�áâ¨. �¡ãç�îé¨¥áï æ¨äà®¢ë¥ ¤¢®©−¨ª¨ á«ã¦�â áà¥¤áâ¢®¬ á®¢¥à-
è¥−áâ¢®¢�−¨ï äã−ªæ¨®−¨à®¢�−¨ï ®â¤¥«ì−ëå ã§«®¢ ¨ ¢á¥© á¥â¥¢®© ª®®¯¥à�æ¨¨.

‚ à�§¤¥«¥ ® ª«�áá�å ¡�§®¢ëå S-§�¤�ç [4] −� ®á−®¢�−¨¨ ¨§ãç¥−¨ï −�§−�ç¥−¨ï
¨ á¢®©áâ¢ à�§«¨ç−ëå S-§�¤�ç, à¥è�¥¬ëå á ¯®¬®éìî S-¬�è¨−, ¤�−ë ®¯à¥¤¥«¥−¨ï
¢®áì¬¨ ®á−®¢−ëå ª«�áá®¢ §�¤�ç: S-¯à¥¤áâ�¢«¥−¨ï; S-¯à¥®¡à�§®¢�−¨ï; S-à�á-
¯®§−�¢�−¨ï; S-ª®−áâàã¨à®¢�−¨ï; S-¨−â¥à¯à¥â�æ¨¨; S-®¡¬¥−�; S-(á®åà�−¥−¨ï;
−�ª®¯«¥−¨ï ¨ ¯®¨áª�); S-(¨−ä®à¬�æ¨®−−®© §�é¨âë ¨ ªà¨¯â®£à�ä¨¨).

2.1 S-языки
Ÿ§ëª¨ −� ®á−®¢¥ §¢ãª®¢ëå ¨ ¦¥áâ®¢ëå á¨áâ¥¬ á¨¬¢®«®¢ áâ�«¨ ¯¥à¢ë¬¨

ï§ëª�¬¨ á®®¡é¥−¨© [1].
�â�¯−ë¬ ¨§®¡à¥â¥−¨¥¬ ç¥«®¢¥ç¥áâ¢�, ¯®¢«¨ï¢è¨¬ −� à�§¢¨â¨¥ ï§ëª®¢, áâ�«®

à¨á®¢�−¨¥ (£à�ä¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ à¥�«ì−ëå ¨ ¢®®¡à�¦�¥¬ëå áãé−®áâ¥©).
÷¨á®¢�−¨¥ á¤¥«�«® ¢®§¬®¦−ë¬ á®§¤�−¨¥ £à�ä¨ç¥áª¨å ¬®¤¥«¥© −¥ â®«ìª® ¢¨¤¨¬ëå
®¡ê¥ªâ®¢, −® ¨ áãé−®áâ¥©, −¥ ¨¬¥îé¨å ¯à®®¡à�§®¢ ¢ à¥�«ì−®áâ¨.

‚�¦−ë¬ (¤«ï à�§¢¨â¨ï ï§ëª®¢) à¥§ã«ìâ�â®¬ áâ�«® ¨§®¡à¥â¥−¨¥ ¨ ¯à¨¬¥−¥−¨¥
£à�ä¨ç¥áª¨å áå¥¬ ¢ à®«¨ £à�ä¨ç¥áª¨å ¬®¤¥«¥©, ®âà�¦�îé¨å ãáâà®©áâ¢® /̈̈ «¨
á¢®©áâ¢�, /̈̈ «¨ äã−ªæ¨®−�«ì−®áâì ®¡ê¥ªâ®¢.

‘å¥¬�â¨ç¥áª¨¥ ¨§®¡à�¦¥−¨ï §¢ãª®¢ à¥ç¨ «¥¦�â ¢ ®á−®¢¥ ¨§®¡à¥â¥−¨© �«ä�-
¢¨â®¢ ¨ £à�ä¨ç¥áª¨å ¬®¤¥«¥© à¥ç¥¢ëå á®®¡é¥−¨©. ’�ª á®§¤�¢�«�áì ¯¨áì¬¥−−®áâì
¨ à�§¢¨¢�«áï á¨¬¢®«ì−ë© ¨−áâàã¬¥−â�à¨© �¡áâà�ªâ−®£® ¬ëè«¥−¨ï, ®â á®¢¥à-
è¥−áâ¢� ª®â®à®£® §�¢¨áïâ áã¤ì¡ë ¨§®¡à¥â¥−¨© ¨ ®âªàëâ¨©.

♦ ‚ ¬−®¦¥áâ¢¥ ¨§ãç�¥¬ëå ¢ â¥®à¨¨ S-á¨¬¢®«®¢ ï§ëª®¢ ¢ë¤¥«¥−® ¯®¤¬−®¦¥-
áâ¢® ¨−áâàã¬¥−â�«ì−ëå S-ï§ëª®¢, ª®â®àë¥ á«ã¦�â ¤«ï á®§¤�−¨ï S-á®®¡é¥−¨©

1’�¡á | ¬−®£®á«®©−�ï â�¡«¨æ� á â¨¯¨§¨à®¢�−−ë¬¨ ª«¥âª�¬¨ [3,9]. �� ®á−®¢¥ â�¡á®¢ ¯®áâà®¥−�
á¨áâ¥¬� ã¯à�¢«¥−¨ï ¡�§�¬¨ ¤�−−ëå ª�¦¤®£® ã§«� á¥â¥¢®£® â�¡á-à¥è�â¥«ï S-§�¤�ç.
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¢ á®®â¢¥âáâ¢¨¨ á â¥®à¨¥© S-á¨¬¢®«®¢. �−¨ ¨á¯®«ì§ãîâáï ¨ ¤«ï ®¯¨á�−¨ï íâ®©
â¥®à¨¨. ♦

ˆ−áâàã¬¥−â�«ì−ë¥ S-ï§ëª¨. ‚ ¨−áâàã¬¥−â�«ì−ëå S-ï§ëª�å ¢®¯«®é�-
¥âáï ¢§£«ï¤ −� íää¥ªâ¨¢−ë¥ ®¯¨á�−¨ï S-®¡ê¥ªâ®¢ (S-§�¤�ç, S-á¨áâ¥¬ §−�−¨©
¨ ¤à.), à�ááç¨â�−−ë¥ −� ¨−â¥à¯à¥â�æ¨î ¨áá«¥¤®¢�â¥«ï¬¨, à�§à�¡®âç¨ª�¬¨ ¨ ¯®-
¬®£�îé¨¬¨ ¨¬ S-¬�è¨−�¬¨. �®áª®«ìªã «î¤¨ ¨¬¥îâ à�§−ë¥ ¢§£«ï¤ë −� íä-
ä¥ªâ¨¢−®áâì ¨ ã¤®¡áâ¢® ¨−áâàã¬¥−â�«ì−ëå ï§ëª®¢, æ¥«¥á®®¡à�§−® áâà¥¬¨âìáï
ª ¯®áâà®¥−¨î ¬ã«ìâ¨ï§ëç−®© áà¥¤ë. ˆáá«¥¤®¢�â¥«¨ ¨ à�§à�¡®âç¨ª¨ ¤®«¦−ë
¨¬¥âì ¢®§¬®¦−®áâì ¯®«ì§®¢�âìáï â¥¬¨ S-ï§ëª�¬¨, ª®â®àë¥ áç¨â�îâ −�¨¡®«¥¥
¯®¤å®¤ïé¨¬¨ ¤«ï à¥è¥−¨ï ¨−â¥à¥áãîé¨å ¨å §�¤�ç.

� ˆ−áâàã¬¥−â�«ì−ë¬¨ S-ï§ëª�¬¨ −�§ë¢�¥¬ ä®à¬�«¨§®¢�−−ë¥ ä®à¬®®à¨¥−-
â¨à®¢�−−ë¥ ï§ëª¨ á á¥¬�−â¨ç¥áª®© à�§¬¥âª®©, ¯à¥¤−�§−�ç¥−−ë¥ ¤«ï á®§¤�−¨ï
á¯¥æ¨ä¨ª�æ¨© S-§�¤�ç [2], S-á¨áâ¥¬ §−�−¨© [5{7] ¨ ¤àã£¨å S-á®®¡é¥−¨© [1]. �

�® ä®à¬�¬ ¯à¥¤áâ�¢«¥−¨ï S-á®®¡é¥−¨© ¢ â¥®à¨¨ S-á¨¬¢®«®¢ ¢ë¤¥«¥−ë
¤¢� ®á−®¢−ëå ª«�áá� S-ï§ëª®¢: ¤«ï á®§¤�−¨ï ¯®á«¥¤®¢�â¥«ì−ëå S-á®®¡é¥−¨©
(á à�§¡¨¢ª®© −� áâà�−¨æë, áâà®ª¨ ¨ ¤àã£¨¥ á®áâ�¢«ïîé¨¥) ¨ â�¡«¨ç−ëå S-á®®¡é¥-
−¨© [¢ ä®à¬¥ ®¤−®á«®©−ëå ¨ ¬−®£®á«®©−ëå â�¡«¨ç−ëå áâàãªâãà (â�¡á®¢ [3,9])].

‘¥¬�−â¨ç¥áª�ï à�§¬¥âª� S-á®®¡é¥−¨ï ¯à¥¤−�§−�ç¥−� ¤«ï ¢ë¤¥«¥−¨ï ®¯à¥-
¤¥«¥−¨©, ¯à¨¬¥à®¢ ¨ ¤àã£¨å ç�áâ¥© á®®¡é¥−¨ï, ¨¬¥îé¨å §�¤�−−ãî á¬ëá«®¢ãî
−�£àã§ªã.

© Š S-ï§ëª�¬ ®â−®áïâáï â�¡á-®à¨¥−â¨à®¢�−−ë¥ ï§ëª¨ ®¯¨á�−¨ï á¨áâ¥¬
§−�−¨© ®¡ S-§�¤�ç�å [2, 6, 9], ï§ëª ú�¡à�§û [11, 18, 19] ¨ ï§ëª TSM [1{4, 9].

♦ ‘à¥¤¨ £à�ä¨ç¥áª¨å ä®à¬®®à¨¥−â¨à®¢�−−ëå ï§ëª®¢ á á¥¬�−â¨ç¥áª®© à�§-
¬¥âª®© ¯®ç¥â−®¥ ¬¥áâ® ¯à¨−�¤«¥¦¨â ï§ëªã −®â−®© §�¯¨á¨ ¬ã§ëª�«ì−ëå ¯à®-
¨§¢¥¤¥−¨©1. �«�£®¤�àï ¨§®¡à¥â¥−¨î ¨ à�§¢¨â¨î íâ®£® ï§ëª� áâ�«® ¢®§¬®¦−ë¬
á®åà�−¥−¨¥, −�ª®¯«¥−¨¥ (ª�ª ¨−ä®à¬�æ¨®−−ëå à¥áãàá®¢ [20]) ¨ à�á¯à®áâà�−¥−¨¥
¬ã§ëª�«ì−ëå ¯à®¨§¢¥¤¥−¨© ♦ ©

♦ ‘¥àì¥§−ë© ¯®¢®à®â ¢ ¯¥à¥®æ¥−ª¥ ¬®−®¯®«ì−®© à®«¨ â¥ªáâ®¢ëå ¨−áâàã¬¥−-
â�«ì−ëå ï§ëª®¢ −�¬¥â¨«áï ¢ −�ç�«¥ 1980-å ££. ‚ â¥ £®¤ë −¥¤®áâ�âª¨ ¬−®£¨å à�¡®â
¯® �¢â®¬�â¨§�æ¨¨ ¯à®£à�¬¬¨à®¢�−¨ï ¡ë«¨ á¢ï§�−ë á® áâà¥¬«¥−¨¥¬ ¤�âì «®£¨ç¥-
áª¨ §�¢¥àè¥−−ë© ®¡à�§ á®§¤�¢�¥¬®© á¨áâ¥¬ë �¢â®¬�â¨§�æ¨¨ ¯à®£à�¬¬¨à®¢�−¨ï,
¨á¯®«ì§ãï ¬®−®«®£ ¨«¨ ¤¨�«®£ ¢ ¯®á«¥¤®¢�â¥«ì−®© â¥ªáâ®¢®© áà¥¤¥. �à¨¢ëçª�
®â®¡à�¦�âì à¥§ã«ìâ�âë à�¡®âë −� ¯®á«¥¤®¢�â¥«ì−®áâïå ¡ã¬�¦−ëå ¨«¨ íªà�−−ëå
áâà�−¨æ ®ª�§�«� à¥è�îé¥¥ ¢«¨ï−¨¥ −� �àå¨â¥ªâãàã ¡®«ìè¨−áâ¢� à�§à�¡®â�−−ëå
ª â®¬ã ¢à¥¬¥−¨ á¨áâ¥¬ �¢â®¬�â¨§�æ¨¨ ¯à®£à�¬¬¨à®¢�−¨ï [9]. ♦

2.2 S-система знаний об S-объекте

� S-á¨áâ¥¬� §−�−¨©=: 〈ca ≈S-á¨áâ¥¬� Sc ¯®−ïâ¨©, ®¯¨áë¢�îé�ï S-®¡ê¥ªâ〉,
〈setlng ≈ S-¬®¤¥«ì á®¢®ªã¯−®áâ¨ S-ï§ëª®¢ á®®¡é¥−¨©, ¨−â¥à¯à¥â¨àã¥¬ëå −� ca〉,

1Œã§ëª�«ì−�ï −®â�æ¨ï // �−æ¨ª«®¯¥¤¨ï ÷ã−¨¢¥àá�«¨á. https://ÒÕÎÉ.ÒÆ/íÕÚÙËÁÌØÎÁÑ
ÎÏÔÁÃÉÑ.
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〈setintr ≈ S-¬®¤¥«ì á®¢®ªã¯−®áâ¨ ¨−â¥à¯à¥â�â®à®¢ S-á®®¡é¥−¨©, á®áâ�¢«¥−−ëå
−� ï§ëª�å ¨§ setlng〉. �

� S-á¨áâ¥¬� ¯®−ïâ¨© =: 〈S-¬®¤¥«ì á¨áâ¥¬ë ¯®−ïâ¨©〉, 〈á¯¥æ¨ä¨ª�æ¨ï
¯à¨¬¥−¨¬®áâ¨ S-á¨áâ¥¬ë ¯®−ïâ¨©〉.

〈S-¬®¤¥«ì á¨áâ¥¬ë Sc ¯®−ïâ¨©〉 =: 〈¬−®¦¥áâ¢® Ssc ¯®−ïâ¨©〉, 〈á¥¬¥©áâ¢®

rel(SSc) á¢ï§¥©, §�¤�−−ëå −� Ssc〉.
〈‘¯¥æ¨ä¨ª�æ¨ï ¯à¨¬¥−¨¬®áâ¨ S-á¨áâ¥¬ë ¯®−ïâ¨©〉 =: 〈®¡«�áâ¨ ¯à¨¬¥−¨-

¬®áâ¨〉, 〈â¨¯ë ª®àà¥á¯®−¤¥−â®¢〉, 〈áâ�¤¨¨ ¯à¨¬¥−¨¬®áâ¨〉. �

—â®¡ë ¯à®¢¥à¨âì, ¬®¦¥â «¨ ¨§ãç�¥¬®¥ S-á®®¡é¥−¨¥ ¨§¬¥−¨âì −¥ª®â®àãî
S-á¨áâ¥¬ã §−�−¨© ca, ¥£® −¥®¡å®¤¨¬® ¨−â¥à¯à¥â¨à®¢�âì −� ca.

�à®æ¥áá ¨−â¥à¯à¥â�æ¨¨ −� ca á®®¡é¥−¨ï (−�§ë¢�¥¬®£® ¢å®¤−ë¬ ¨ ¯à¥¤áâ�¢-
«¥−−®£® −� S-ï§ëª�å ¨§ á®¢®ªã¯−®áâ¨ setlng):

(1) ¯®áâà®¥−¨¥ ¢ëå®¤−®£® á®®¡é¥−¨ï ¯® §�¤�−−®¬ã ¢å®¤−®¬ã;

(2) �−�«¨§ ¢ëå®¤−®£® á®®¡é¥−¨ï (âà¥¡ãîâáï «¨ ¨§¬¥−¥−¨ï ¢ ca);

(3) ¥á«¨ âà¥¡ã¥âáï, â® ¨§¬¥−¥−¨¥ ca; ¥á«¨ −¥â | §�¢¥àè¥−¨¥ [1, 2].

3 Формирование и апробация методологического арсенала теории
S-символов

Œ¥â®¤ë â¥®à¨¨ S-á¨¬¢®«®¢ á®§¤�¢�«¨áì ª�ª áà¥¤áâ¢� à¥è¥−¨ï §�¤�ç −�ãç−®-
â¥å−¨ç¥áª¨å ¯à®¥ªâ®¢, ¢ ¢ë¯®«−¥−¨¨ ª®â®àëå ãç�áâ¢®¢�« �¢â®à. �á−®¢−�ï ç�áâì
íâ¨å ¯à®¥ªâ®¢, ¢ë¯®«−¥−−ëå ¢ ˆ−áâ¨âãâ¥ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷��, ¡ë«�
¯®á¢ïé¥−� â¥®à¨¨ ¨ ¯à¨¬¥−¥−¨ï¬ S-¬®¤¥«¨à®¢�−¨ï.

3.1 Конструирование целевых программных систем с заданными
характеристиками на основе S-системы знаний о задачах

�� −�ç�«ì−ëå íâ�¯�å â¥®à¨ï S-á¨¬¢®«®¢ ä®à¬¨à®¢�«�áì −� ®á−®¢¥ à¥§ã«ì-
â�â®¢, ¯®«ãç¥−−ëå ¢ à�¡®â�å ¯® �¢â®¬�â¨§�æ¨¨ ¯à®£à�¬¬¨à®¢�−¨ï. ‚ 1989 £.
¡ë«� §�¢¥àè¥−� à�§à�¡®âª� ¬¥â®¤®«®£¨¨ ª®−áâàã¨à®¢�−¨ï æ¥«¥¢ëå ¯à®£à�¬¬−ëå
á¨áâ¥¬ á §�¤�−−ë¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨ −� ®á−®¢¥ S-á¨áâ¥¬ë §−�−¨© ® §�¤�ç�å.
�à¨ª«�¤−ë¬ à¥§ã«ìâ�â®¬ íâ®© ¬¥â®¤®«®£¨¨ áâ�«� á¨áâ¥¬� ¯®à®¦¤¥−¨ï ¯à®-
£à�¬¬, ¢ ª®â®à®© ¯à®£à�¬¬¨àã¥¬ë¥ §�¤�ç¨ à�áá¬�âà¨¢�îâáï ª�ª S-®¡ê¥ªâë [9].
–¥«¥¢ë¥ á¨áâ¥¬ë ¯à¥¤áâ�¢«¥−ë ª�ª à¥§ã«ìâ�âë ¯®¨áª� à�§à¥è�îé¨å áâàãªâãà
−� §�¤�ç−ëå £à�ä�å [9,21]. ‚ 1994{1995 ££. ¡ë«� á®§¤�−� ¬¥â®¤®«®£¨ï ª®−áâàã-
¨à®¢�−¨ï ¯�à�««¥«ì−ëå ¯à®£à�¬¬ −� ®á−®¢¥ á¨áâ¥¬ë §−�−¨© ® ¯à®£à�¬¬¨àã¥¬ëå
§�¤�ç�å. ‚ −¥© ¡ë« ¯à¥¤áâ�¢«¥− S-ï§ëª ®¡à�¡®âª¨ §−�−¨© ® §�¤�ç�å ú�¡à�§û
¨ S-¬¥â®¤ à�á¯�à�««¥«¨¢�−¨ï ¯à®£à�¬¬ [18]. �®§¤−¥¥ íâ� ¬¥â®¤®«®£¨ï ¡ë«�
ãá®¢¥àè¥−áâ¢®¢�−� [19].

♦ Œ¥â®¤ë ª®−áâàã¨à®¢�−¨ï æ¥«¥¢ëå ¯à®£à�¬¬−ëå á¨áâ¥¬ á §�¤�−−ë¬¨ å�-
à�ªâ¥à¨áâ¨ª�¬¨ à�§¢¨¢�îâáï â�ª¦¥ ¢ à�¡®â�å ¤àã£¨å �¢â®à®¢, §�−¨¬�îé¨åáï
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¨áá«¥¤®¢�−¨ï¬¨ ¨ ¯à®¨§¢®¤áâ¢®¬ ¯à®£à�¬¬−ëå ¯à®¤ãªâ®¢ (© ¢ à�¡®â�å ¯®á«¥¤-
−¨å «¥â [22{24] ¨ ¤àã£¨å à�¡®â�å ©). ♦

3.2 S-модели системы ситуационного государственного управления
и нормализованного экономического механизма

‚ 1996 £. ¢ ¯à®æ¥áá¥ ãç�áâ¨ï ¢ ¯à®¥ªâ¥ ¨−ä®à¬�â¨§�æ¨¨ á¨áâ¥¬ë £®áã¤�à-
áâ¢¥−−®£® ã¯à�¢«¥−¨ï ÷®áá¨¨ ¡ë«� á®§¤�−� ¨ à¥�«¨§®¢�−� ¬¥â®¤®«®£¨ï á¨âã�æ¨-
®−−®© ¨−ä®à¬�â¨§�æ¨¨ £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï [25]. Œ¥å�−¨§¬ £®áã¤�à-
áâ¢¥−−®£® ã¯à�¢«¥−¨ï ¡ë« ¯à¥¤áâ�¢«¥− ª�ª S-®¡ê¥ªâ á¨âã�æ¨®−−®£® ã¯à�¢«¥−¨ï,
� §�¤�ç¨ £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï | ª�ª S-§�¤�ç¨. Š®−âà®«ì á®áâ®ï−¨ï
S-®¡ê¥ªâ� ®áãé¥áâ¢«ï«áï ¯ãâ¥¬ S-¬�è¨−−®£® áà�¢−¥−¨ï â¥ªãé¨å §−�ç¥−¨© ¯¥-
à¥¬¥−−ëå á®áâ®ï−¨ï á®¢®ªã¯−®áâ¨ £®á¯à®áâà�−áâ¢ (íª®−®¬¨ç¥áª®£®, ®¡®à®−−®£®
¨ ¤à.) á æ¥«¥¢ë¬¨ §−�ç¥−¨ï¬¨, §�¤�¢�¥¬ë¬¨ íªá¯¥àâ�¬¨ �¡¥á¯¥ç¨¢�îé¥© áâ®-
à®−ë. �� ®á−®¢¥ �−�«¨§� à�§−®áâ¥© ®âëáª¨¢�«¨áì à¥ª®¬¥−¤ã¥¬ë¥ (÷¥è�îé¥©
áâ®à®−¥) ã¯à�¢«ïîé¨¥ ¢®§¤¥©áâ¢¨ï.

�®à¬�«¨§®¢�−−ë© íª®−®¬¨ç¥áª¨© ¬¥å�−¨§¬ (��Œ) ¨§ãç�¥âáï ª�ª ®à£�−¨§�-
æ¨®−−®-â¥å−¨ç¥áª�ï á¨áâ¥¬�, á¢ï§�−−�ï ®â−®è¥−¨ï¬¨ ª®®à¤¨−�æ¨¨ ¨ ¯®¤ç¨−¥-
−¨ï [26, 27] á á¨áâ¥¬®© £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï. ’¥å−®«®£¨¨ ¤®£®¢®à−ëå
®â−®è¥−¨© ¢ æ¨äà®¢®© áà¥¤¥, ¯«�â¥¦−®£® ¨ â®¢�à−®£® ªà¥¤¨â®¢�−¨ï, ®−«�©−-
¡�−ª¨−£� ¨ ¤àã£¨¥ â¥å−®«®£¨¨ −®à¬�«¨§®¢�−−®£® â®¢�à−®-¤¥−¥¦−®£® ®¡à�é¥−¨ï
��Œ à¥�«¨§ãîâáï −� ®á−®¢¥ ®−«�©−-á¥à¢¨á®¢, äã−ªæ¨®−¨àãîé¨å ¢ S-áà¥¤¥;
��Œ ¯à¥¤áâ�¢«¥− ª�ª S-®¡ê¥ªâ.

♦ �à¥¤«®¦¥−−ë¥ S-¬®¤¥«¨, ¬¥â®¤ë ¨ â¥å−®«®£¨¨ ¨å à¥�«¨§�æ¨¨ â�ª¦¥
à�§¢¨¢�îâáï ¤àã£¨¬¨ ¨áá«¥¤®¢�â¥«ï¬¨ ¨ à�§à�¡®âç¨ª�¬¨ ¨−ä®à¬�æ¨®−−ëå â¥å-
−®«®£¨©, §�−¨¬�îé¨¬¨áï §�¤�ç�¬¨ æ¨äà®¢®© íª®−®¬¨ª¨ (© ¢ à�¡®â�å ¯®á«¥¤−¨å
«¥â [28{30] ¨ ¤àã£¨å à�¡®â�å ©). ♦

4 Заключение

�à¥¤áâ�¢«¥−� ®¡−®¢«¥−−�ï ¢¥àá¨ï â¥®à¨¨ S-á¨¬¢®«®¢ [1{4], ¤®¯®«−¥−−�ï
à�§¤¥«®¬ ® ä®à¬®®à¨¥−â¨à®¢�−−ëå ï§ëª�å á á¥¬�−â¨ç¥áª®© à�§¬¥âª®© (S-ï§ë-
ª�å) (¯®¤à�§¤. 2.1) ¨ ®¯à¥¤¥«¥−¨¥¬ ®¡®¡é¥−−®© S-á¨áâ¥¬ë §−�−¨© ®¡ S-®¡ê¥ªâ¥1

(¯®¤à�§¤. 2.2).
�à¨¢¥¤¥−ë ¯à¨¬¥àë ¯à¨¬¥−¥−¨ï ¢ ª®−áâàã¨à®¢�−¨¨ ¯à®£à�¬¬−ëå á¨áâ¥¬,

S-¬®¤¥«¨à®¢�−¨¨ á¨âã�æ¨®−−®© á¨áâ¥¬ë £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï ¨ −®à¬�-
«¨§®¢�−−®£® íª®−®¬¨ç¥áª®£® ¬¥å�−¨§¬� (à�§¤. 3)2.

1‚ ¯¥à¢®© ¢¥àá¨¨ â¥®à¨¨ S-á¨¬¢®«®¢ ¡ë«® ¯à¨¢¥¤¥−® ®¯à¥¤¥«¥−¨¥ S-á¨áâ¥¬ë §−�−¨© ®¡ S-§�-
¤�ç−ëå ®¡ê¥ªâ�å [2].

2�¡−®¢«ï¥¬�ï ¢ë¡®àª� ¯ã¡«¨ª�æ¨©, æ¨â¨àãîé¨å à�¡®âë ¯® ¬¥â®¤®«®£¨¨ S-¬®¤¥«¨à®¢�−¨ï
¨ ¥¥ ¯à¨¬¥−¥−¨ï¬, ¯à¨¢¥¤¥−� ¢ áâ�âì¥ ú‘¨¬¢®«ì−®¥ ¬®¤¥«¨à®¢�−¨¥ (S-¬®¤¥«¨à®¢�−¨¥)û, ®¯ã¡-
«¨ª®¢�−−®© ¢ í−æ¨ª«®¯¥¤¨¨ ÷ã−¨¢¥àá�«¨á. https://ÒÕÎÉ.ÒÆ/óÉÍ×ÏÌØÎÏÅ ÍÏÄÅÌÉÒÏ×ÁÎÉÅ (S-
ÍÏÄÅÌÉÒÏ×ÁÎÉÅ)#ðÒÉÍÅÒÙ ÃÉÔÉÒÏ×ÁÎÉÑ ÒÁÂÏÔ ÐÏ ÍÅÔÏÄÏÌÏÇÉÉ S-ÍÏÄÅÌÉÒÏ×ÁÎÉÑ É Å¾
ÐÒÉÍÅÎÅÎÉÀ.
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Abstract: The article presents a new version of the theory of S-symbols
(with additions and clarifications). The theory of S-symbols studies the con-
struction of interconnected systems of S-(symbols, codes and signals) to create
formalized languages (including specification and programming languages); the
symbolic modeling of arbitrary objects (S-modeling), including systems of con-
cepts and knowledge; the construction of a symbolic-code-signal environment
(S-environment); and the construction of S-objects based on knowledge systems
(including software systems and information resources). The S-environment
serves as an infrastructural basis for solving the problems of research, engi-
neering, and other activities using programmable machines (S-machines). The
theory of S-symbols is considered as a part of the methodological arsenal for the
development of formalized languages, knowledge systems, etc. performed in the
S-environment. The new version of the theory adds a section on form-oriented
languages with semantic markup (S-languages) and provides a definition of the
knowledge system about an arbitrary S-object. The examples of applications
in the automation of programming, digitalization of the public administration
system, and the economic mechanism are given.
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digitalization technologies

DOI: 10.14357/08696527240407 EDN: JQYQGW

References

1. Ilyin, V. D. 2023. Teoriya S-simvolov: kontseptual'nye osnovaniya [Theory of
S-symbols: Conceptual foundations]. Sistemy i Sredstva Informatiki | Systems
and Means of Informatics 33(1):126{134. doi: 10.14357/08696527230112. EDN:
OCIEKY.

2. Ilyin, V. D. 2023. Teoriya S-simvolov: Formalizatsiya znaniy ob S-zadachakh [Theory
of S-symbols: Formalization of knowledge about S-problems]. Sistemy i Sredstva
Informatiki | Systems and Means of Informatics 33(2):124{131. doi: 10.14357/
08696527230212. EDN: ACFEQB.

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2024 vol 34 no 4 93



V. D. Ilyin

3. Ilyin, V. D. 2023. Teoriya S-simvolov: setevoy tabs-reshatel' S-zadach [Theory of
S-symbols: Network tabs-solver of S-problems]. Sistemy i Sredstva Informatiki |
Systems and Means of Informatics 33(3):141{148. doi: 10.14357/08696527230312.
EDN: EJHIQJ.

4. Ilyin, V. D. 2023. Teoriya S-simvolov: klassy bazovykh S-zadach [Theory of S-symbols:
The classes of basic S-problems]. Sistemy i Sredstva Informatiki | Systems and Means
of Informatics 33(4):139{148. doi: 10.14357/08696527230413. EDN: YLGBME.

5. Ilyin, V. D., and I. A. Sokolov. 2007. Simvol'naya model' sistemy znaniy informatiki
v cheloveko-avtomatnoy srede [The symbol model of informatics knowledge system
in human{automaton environment]. Informatika i ee Primeneniya | Inform. Appl.
1(1):66{78. EDN: JTESDO.

6. Ilyin, A. V., and V. D. Ilyin. 2014. Sistematizatsiya znaniy o programmiruemykh
zadachakh [Systematization of knowledge about programmable tasks]. Sistemy i Sred-
stva Informatiki | Systems and Means of Informatics 24(3):192{203. doi:
10.14357/08696527140314. EDN: SXZJEP.

7. Nakamori, Y., ed. 2023. Knowledge technology and systems. Toward establishing
knowledge systems science ser. Singapore: Springer. 287 p. doi: 10.1007/978-981-99-
1075-5.

8. Newell, A., and H. A. Simon. 1976. Computer science as empirical inquiry: Symbols
and search. Commun. ACM 19(3):113{126. doi: 10.1145/360018.360022.

9. Ilyin, V. D. 1989. Sistema porozhdeniya programm [The system of program generating].
Moscow: Nauka. 264 p.

10. Ilyin, A. V., and V. D. Ilyin. 2009. Osnovy teorii S-modelirovaniya [Basics of the
theory of S-modeling]. Moscow: IPI RAN. 144 p. EDN: VSGOMN.

11. Ilyin, V. D. 2022. Symbolic modeling (S-modeling): An introduction to theory. Ar-
tificial intelligence trends in systems. Ed. R. Silhavy. Lecture notes in networks and
systems ser. Cham: Springer. 502:585{591. doi: 10.1007/978-3-031-09076-9 54.

12. Xiaoyu, W., and G. Zhengming. 2020. Research and development of data security
multidimensional protection system in cloud computing environment. Conference (In-
ternational) on Advance in Ambient Computing and Intelligence Proceedings. Ottawa,
ON, Canada: IEEE. 67{70. doi: 10.1109/ICAACI50733.2020.00019.

13. Semeraro, C., M. Lezoche, H. Panetto, and M. Dassisti. 2021. Digital twin paradigm:
A systematic literature review. Comput. Ind. 130:103469. 23 p. doi: 10.1016/
j.compind.2021.103469.

14. Nguyen, H., R. Trestian, D. To, and M. Tatipamula. 2021. Digital twin for 5G and
beyond. IEEE Commun. Mag. 59(2):10{15. doi: 10.1109/MTOM.001.2000343.

15. What is the Semantic Web? 2024. W3C. Available at: https://www.w3.org/RDF/FAQ
(accessed October 14, 2024).

16. Kulesza, R., M. F. de Sousa, M. L. M. de Ara�ujo, et al. 2020. Evolution of web systems
architectures: A roadmap. Special topics in multimedia, IoT and Web technologies.
Eds. V. Roesler, E. Barr�ere, and R. Willrich. Cham: Springer. 3{21. doi: 10.1007/978-
3-030-35102-1 1.

17. Ilyin, V. D. 2024. The theory of S-symbols in the methodological arsenal of artificial
intelligence. Int. J. Open Information Technologies 12(3):122{128. EDN: SNFUAJ.

18. Ilyin, V. D. 1995. A methodology for knowledge based engineering of parallel program
systems. 8th Conference (International) on Industrial and Engineering Applications

94 Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2024 vol 34 no 4



Theory of S-symbols: Development and application

of Artificial Intelligence and Expert Systems Proceedings. Gordon and Breach Science
Publs., Inc. 805{809.

19. Ilyin, A. V., and V. D. Ilyin. 2021. Updated methodology for task knowledge based
development of parallel programs. Data science and intelligent systems. Eds. R. Sil-
havy, P. Silhavy, and Z. Prokopova. Lecture notes in networks and systems ser. Cham:
Springer. 231:319{328. doi: 10.1007/978-3-030-90321-3 25.

20. Ilyin, V. D. 2023. Konstruirovanie tselevykh informatsionnykh resursov [Constructing
of targeted information resources]. Sovremennye informatsionnye tekhnologii i IT-
obrazovanie [Modern Information Technologies and IT-Education] 19(2):333{339. doi:
10.25559/SITITO.019.202302.333-339. EDN: ZSNATQ.

21. Ilyin, A. V. 2007. Konstruirovanie razreshayushchikh struktur na zadachnykh grafakh
sistemy znaniy o programmiruemykh zadachakh [Constructing of resolving structures
on task graphs of the knowledge system about programmable tasks]. Informatsionnye
tekhnologii i vychislitel'nye sistemy [J. Information Technologies and Computing
Systems] 3:30{36. EDN: KUUGUN.

22. Dorenskaya, E. A., A. A. Kulikovskaya, and Yu. A. Semenov. 2020. Yazyk opisaniya
problemy i issledovanie ego vozmozhnostey [Exploring possibilities of language
for describing the problem]. Sovremennye informatsionnye tekhnologii i IT-
obrazovanie [Modern Information Technologies and IT-Education] 16(3):653{663.
doi: 10.25559/SITITO.16.202003.653-663. EDN: MIKDEN.

23. Kryuchkov, A. V., and Yu. P. Stepin. 2021. Kontseptual'nye osnovy sistemy bez pro-
grammirovaniya i ee vozmozhnoe primenenie dlya importozameshcheniya v protsessakh
razrabotki spetsial'nogo programmnogo obespecheniya ASUP [Conceptual foundations
of the system without programming and its possible application for import substi-
tution in the development of special software]. Avtomatizatsiya, telemekhanizatsiya
i svyaz' v neftyanoy promyshlennosti [Automation, Telemechanization and Communi-
cation in Oil Industry] 9(578):60{68. doi: 10.33285/0132-2222-2021-9(578)-60-68.
EDN: FPPZOH.

24. Okhtilev, M. Yu., V. N. Koromyslichenko, and P. A. Okhtilev. 2024. Proizvodst-
vo programm. Inzhenernyy podkhod [Program production. Engineering approach].
Moscow; Vologda: Infra-Inzheneriya. 140 p.

25. Ilyin, V. D. 1996. Osnovaniya situatsionnoy informatizatsii [Fundamentals of situa-
tional informatization]. Moscow: Nauka, Fizmatlit. 180 p.

26. Ilyin, V. D. 2009. Model' normalizovannoy ekonomiki (NEk-model'): osnovy kontsep-
tsii [The model of normalized economics (NEc-model): Basics of framework]. Upravlenie
bol'shimi sistemami [Large-Scale Systems Control] 25:116{138. EDN: KKXUUB.

27. Ilyin, A. V., and V. D. Ilyin. 2014. Towards a normalized economic mechanism based
on E-services. Agris on-line Papers in Economics and Informatics 6(3):39{49. doi:
10.22004/ag.econ.188734.

28. Bauer, V. P., V. V. Eremin, S. N. Silvestrov, and V. V. Smirnov. 2019. Ekonomiche-
skoe modelirovanie protsessov tsifrovoy transformatsii [Economic modeling of digital
transformation processes]. Zh. ekonomicheskoy teorii [Russ. J. of Economic Theory]
16(3):428{443. doi: 10.31063/2073-6517/2019.16-3.11. EDN: XPZPOT.

29. Sil'vestrov, S. N., V. P. Bauer, V. V. Eremin, and N. V. Lapenkova. 2020. O tsifrovoy
transformatsii predpriyatiya v kontekste sistemnoy ekonomicheskoy teorii [About digital
transformation of the enterprise in the context of systemic economic theory]. Ekonomi-

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2024 vol 34 no 4 95



V. D. Ilyin

cheskaya nauka sovremennoy Rossii [Economics of Contemporary Russia] 2(89):22{45.
doi: 10.33293/1609-1442-2020-2(89)-22-45. EDN: WLYFFF.

30. Kikavets, V. V., and Y. K. Tsaregradskaya. 2020. The implementation of principles
of the budget process in the financing of public procurement in the digital economy.
Artificial intelligence: Anthropogenic nature vs. social origin. Eds. E. Popkova and
B. Sergi. Advances in intelligent systems and computing ser. Cham: Springer. 1100:28{
35. doi: 10.1007/978-3-030-39319-9 4.

Received August 3, 2024

Contributor

Ilyin Vladimir D. (b. 1937) | Doctor of Science in technology, professor, senior
scientist, Federal Research Center \Computer Science and Control" of the Russian
Academy of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation;
vdilyin@yandex.ru

96 Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2024 vol 34 no 4



‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ, 2024. ’. 34. ü 4. ‘. 97{107

ПРОБЛЕМЫ ЦЕЛЕПОЛАГАНИЯ
В АППАРАТНО-ПРОГРАММНОМ КОМПЛЕКСЕ

«БЕЗОПАСНЫЙ ГОРОД»

А. А. Зацаринный1, А. П. Сучков2

�−−®â�æ¨ï: �à®¢¥¤¥− �−�«¨§ ª®−æ¥¯âã�«ì−ëå ¯®¤å®¤®¢ ª á®§¤�−¨î �¯¯�-
à�â−®-¯à®£à�¬¬−®£® ª®¬¯«¥ªá� (��Š) ú�¥§®¯�á−ë© £®à®¤û (�ƒ) á ¯®§¨æ¨©
®¡®á−®¢�−−®£® æ¥«¥¯®«�£�−¨ï á ãç¥â®¬ −¥®¡å®¤¨¬®áâ¨ à�áá¬®âà¥−¨ï â�ª®£®
¯®ª�§�â¥«ï, ª�ª ¯à®£−®§¨àã¥¬ë© ãé¥à¡ ®â ¢®§¬®¦−ëå çà¥§¢ëç�©−ëå á¨âã�-
æ¨© (—‘). �� à¥�«ì−ëå ¯à¨¬¥à�å ¨ −� ª®−ªà¥â−®© ¬®¤¥«¨ ¯®ª�§�−®, çâ® ¤«ï
à¥�«ì−®© ®æ¥−ª¨ áâ¥¯¥−¨ à¨áª®¢ à�§«¨ç−ëå ¢¨¤®¢ —‘ −¥®¡å®¤¨¬® ®â®©â¨ ®â
á«®¦¨¢è¥©áï ¯à�ªâ¨ª¨ ä¨ªá¨à®¢�−−®© ®æ¥−ª¨ à¨áª®¢ ¡¥§ ãç¥â� ª®−ªà¥â−ëå
ãá«®¢¨© ¢ à¥£¨®−�å ¨ ¢á¥å ä�ªâ®à®¢ ¢«¨ï−¨ï −� ¨å à¥�«ì−ãî ¢¥«¨ç¨−ã, ¤«ï
ç¥£® −¥®¡å®¤¨¬® á®§¤�−¨¥ á¨áâ¥¬ë à�áç¥â� ¯à®£−®§¨àã¥¬®£® ãé¥à¡�. ÷�áá¬®-
âà¥− ®á−®¢−®© ¯®¤å®¤ ª à�áç¥âã ¯à®£−®§¨àã¥¬®£® ãé¥à¡�. �®ª�§�−®, çâ® ®¤−®
¨§ ®á−®¢−ëå −�¯à�¢«¥−¨© ¨á¯®«ì§®¢�−¨ï ¯®ª�§�â¥«¥© ¯à®£−®§¨àã¥¬®£® à¨á-
ª� | ®¯à¥¤¥«¥−¨¥ à�§¬¥à� ¢®§¬®¦−ëå íª®−®¬¨ç¥áª¨ æ¥«¥á®®¡à�§−ëå §�âà�â
−� ¯à®ä¨«�ªâ¨ªã —‘.

Š«îç¥¢ë¥ á«®¢�: ��Š ú�¥§®¯�á−ë© £®à®¤û; æ¥«¥¯®«�£�−¨¥; ¯à¨ç¨−¥−−ë©
ãé¥à¡; ¯à¥¤®â¢à�é¥−−ë© ãé¥à¡; ¯à®£−®§¨àã¥¬ë© ãé¥à¡
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1 Введение

�� á®¢¥é�−¨¨ ¯® ®á−®¢−ë¬ −�¯à�¢«¥−¨ï¬ íª®−®¬¨ç¥áª®© ¯®«¨â¨ª¨ áâà�-
−ë −� ¯¥à¨®¤ ¤® 2030 £. �à¥§¨¤¥−â ÷®áá¨¨ �ªæ¥−â¨à®¢�« ¢−¨¬�−¨¥ −� −®¢ëå
−�æ¯à®¥ªâ�å, ¢ ¯¥à¢ãî ®ç¥à¥¤ì −� ¤®áâ¨¦¥−¨¨ â¥å−®«®£¨ç¥áª®£® áã¢¥à¥−¨â¥â�
÷®áá¨¨ [1]. �¥§ ¤®áâ¨¦¥−¨ï íâ®© æ¥«¨ ®£à®¬−�ï áâà�−� á á�¬®© ¡®«ìè®© ¯«®é�-
¤ìî ¨ áà�¢−¨â¥«ì−® −¥¡®«ìè¨¬ −�á¥«¥−¨¥¬ −¥ á¬®¦¥â ¢ëáâ®ïâì ¢ á®¢à¥¬¥−−®¬
¬¨à¥ ¢ ãá«®¢¨ïå �£à¥áá¨¢−®© ¡®àì¡ë §� à¥áãàáë ¨ ¨å ¯¥à¥¤¥«. �à¨ íâ®¬ ®¤-
−®© ¨§ áâà�â¥£¨ç¥áª¨å æ¥«¥© áâ�¢¨âáï ®¡¥á¯¥ç¥−¨¥ á®åà�−−®áâ¨ ¢á¥£® á¯¥ªâà�
®£à®¬−¥©è¨å §�¯�á®¢ ¯à¨à®¤−ëå à¥áãàá®¢ −�è¥© áâà�−ë.

‚ íâ®¬ ¯«�−¥ ¢�¦−¥©è¨¬ ª®¬¯«¥ªá®¬ ¬¥à®¯à¨ïâ¨© ¢ëáâã¯�¥â ¯à®£à�¬¬�
ú�®áâà®¥−¨¥ ¨ à�§¢¨â¨¥ �¯¯�à�â−®-¯à®£à�¬¬−®£® ª®¬¯«¥ªá� \�¥§®¯�á−ë© £®-
à®¤"û, ¯à¨−ïâ�ï ¢® ¨á¯®«−¥−¨¥ ¯®àãç¥−¨ï �à¥§¨¤¥−â� ÷®áá¨©áª®© ”¥¤¥à�æ¨¨
®â 27 ¬�ï 2014 £. ü �à-1175. ‚ë¯®«−¥−¨¥ ¯à®£à�¬¬ë ®áãé¥áâ¢«ï¥âáï −� ®á−®¢¥

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

2”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, ASuchkov@ipiran.ru
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−®à¬�â¨¢−®© ¡�§ë, ¢ª«îç�îé¥© Š®−æ¥¯æ¨î ¯®áâà®¥−¨ï ¨ à�§¢¨â¨ï ��Š �ƒ,
…¤¨−ë¥ âà¥¡®¢�−¨ï ª â¥å−¨ç¥áª¨¬ ¯�à�¬¥âà�¬ á¥£¬¥−â®¢ ��Š �ƒ ¨ ¤àã£¨¥
−®à¬�â¨¢−ë¥ ¯à�¢®¢ë¥ �ªâë [2].

Š®¬¯®−¥−âë ��Š �ƒ ª −�áâ®ïé¥¬ã ¢à¥¬¥−¨ á®§¤�−ë ¨ ¯à®¤®«¦�îâ á®§¤�-
¢�âìáï ¯à�ªâ¨ç¥áª¨ ¢® ¢á¥å áã¡ê¥ªâ�å ÷”. �à¨ íâ®¬ ª®®à¤¨−¨àãîéãî à®«ì
¢ ¢ë¯®«−¥−¨¨ à�¡®â −� ®á−®¢¥ ¥¤¨−ëå âà¥¡®¢�−¨© −� ¯à®âï¦¥−¨¨ ¬−®£¨å «¥â ®áã-
é¥áâ¢«ï« ‘®¢¥â £«�¢−ëå ª®−áâàãªâ®à®¢ ¯®¤ ¯à¥¤á¥¤�â¥«ìáâ¢®¬ ¯¥à¢®£® §�¬¥áâ¨-
â¥«ï Œ¨−¨áâà� Œ—‘ ÷”, ¢ ª®â®à®¬ �ªâ¨¢−®¥ ãç�áâ¨¥ ¯à¨−¨¬�«¨ ¯à¥¤áâ�¢¨â¥«¨
”ˆ– ˆ“ ÷��. �®«¥¥ â®£®, ¢ 2020 £. Œ—‘ ÷®áá¨¨ −� ª®−ªãàá−®© ®á−®¢¥ §�¤�«®
á¨áâ¥¬®®¡à�§ãîéãî −�ãç−®-¨áá«¥¤®¢�â¥«ìáªãî ¨ ®¯ëâ−®-ª®−áâàãªâ®àáªãî à�-
¡®âã (�ˆ�Š÷) á æ¥«ìî −�ãç−®£® ®¡®á−®¢�−¨ï ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª®©
¬®¤¥«¨ ¤«ï ®¡¥á¯¥ç¥−¨ï ¬¥¦¢¥¤®¬áâ¢¥−−®£® ¨ ¬¥¦ãà®¢−¥¢®£® ¢§�¨¬®¤¥©áâ¢¨ï
¢ ¨−ä®à¬�æ¨®−−®-ª®¬¬ã−¨ª�æ¨®−−®© ¨−äà�áâàãªâãà¥ ��Š �ƒ −� ®á−®¢¥ ¥¤¨-
−ëå â¥å−®«®£¨ç¥áª¨å áâ�−¤�àâ®¢, ¢ª«îç�ï à�§à�¡®âªã ®−â®«®£¨ç¥áª®© ¬®¤¥«¨
¤�−−ëå, ¯à®£−®§−®-�−�«¨â¨ç¥áª¨å ¬®¤¥«¥© ¯® ¢á¥¬ ¢¨¤�¬ ¨ â¨¯�¬ à¨áª®¢, � â�ª-
¦¥ ¨á¯ëâ�â¥«ì−®£® áâ¥−¤� ¤«ï �¯à®¡�æ¨¨ ¨ ®â«�¤ª¨ ¯à®£à�¬¬−®-â¥å−¨ç¥áª¨å
à¥è¥−¨© ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨ ¨ ¢−¥¤à¥−¨¨ á¨áâ¥¬ ��Š. ‚ à�¬ª�å íâ®© �ˆ�Š÷
¯à¥¤¯®«�£�«®áì ®¡¥á¯¥ç¨âì á¨áâ¥¬−ë© ¯®¤å®¤ ª ¯®áâà®¥−¨î ¨ à�§¢¨â¨î ��Š �ƒ
−� â¥àà¨â®à¨¨ áã¡ê¥ªâ®¢ ¨ ¬ã−¨æ¨¯�«¨â¥â®¢ ÷”. �¤−�ª® ¢ 2022 £. ãª�§�−−�ï
�ˆ�Š÷ ¡ë«� §�ªàëâ�. ‚¬¥áâ¥ á â¥¬ �−�«¨§ â¥å−¨ç¥áª®£® §�¤�−¨ï (’‡) −�
��Š, � â�ª¦¥ à¥§ã«ìâ�â®¢ â¥å−¨ç¥áª®£® ¯à®¥ªâ¨à®¢�−¨ï ¢ ®â¤¥«ì−ëå áã¡ê¥ªâ�å
(�à¥−¡ãà£, Šãàáª, ÷®áâ®¢-−�-„®−ã, ‘¥¢¥à−�ï �á¥â¨ï, �àï−áª ¨ ¤à.) ¯®ª�§ë¢�-
¥â, çâ® à�§à�¡®âª� ��Š −¥ ãç¨âë¢�¥â àï¤ ¢�¦−ëå ä�ªâ®à®¢ ¦¨§−¥¤¥ïâ¥«ì−®áâ¨
áã¡ê¥ªâ®¢ ¢ à�§«¨ç−ëå ¯à¨à®¤−ëå ¨ ª«¨¬�â¨ç¥áª¨å ãá«®¢¨ïå.

‚ −�áâ®ïé¥© áâ�âì¥ �¢â®àë −� ®á−®¢¥ �−�«¨§� ¬�â¥à¨�«®¢ â¥å−¨ç¥áª®£® ¯à®-
¥ªâ¨à®¢�−¨ï ¯à¥¤«�£�îâ ¬¥â®¤¨ç¥áª¨¥ ¯®¤å®¤ë ª ª®àà¥ªâ¨à®¢ª¥ âà¥¡®¢�−¨© −�
à�§à�¡®âªã ��Š ¢ ç�áâ¨ á¨áâ¥¬ë ¯®ª�§�â¥«¥© ãé¥à¡�.

2 Сущность проблемы целеполагания
в аппаратно-программном комплексе «Безопасный город»

�®¤ æ¥«¥¯®«�£�−¨¥¬ ¯®−¨¬�¥âáï ¯à®æ¥áá ãáâ�−®¢«¥−¨ï ¨ ä®à¬�«¨§�æ¨¨ æ¥-
«¥©, ª®â®àë¥ ¤®«¦−ë ¡ëâì ª®−ªà¥â−ë¬¨, ¨§¬¥à¨¬ë¬¨, ¤®áâ¨¦¨¬ë¬¨, ®¡¥á¯¥-
ç¥−−ë¬¨ à¥áãàá�¬¨ ¨ ¯à¨¢ï§�−−ë¬¨ ª® ¢à¥¬¥−¨ [3]. �â® ¯à¥¤¯®«�£�¥â ä®à¬¨à®-
¢�−¨¥ ¬−®£®ãà®¢−¥¢®© á¨áâ¥¬ë æ¥«¥¢ëå ¯®ª�§�â¥«¥© (–�), á¨áâ¥¬ë ã¯à�¢«¥−¨ï
¨ ®¯à¥¤¥«¥−¨¥ ªà¨â¥à¨¥¢ ®æ¥−ª¨ –� ¢á¥å ãà®¢−¥© (¯®à®£®¢ë¥ §−�ç¥−¨ï ¨ ¢à¥-
¬¥−−��ï ¯à¨¢ï§ª�), ¯«�−¨à®¢�−¨¥ ¨ ãç¥â ¤¨−�¬¨ç¥áª¨å æ¥«¥© [4{6].

‚ [6, 7] á¤¥«�− �−�«¨§ ª®−æ¥¯âã�«ì−ëå ¯®¤å®¤®¢ ª á®§¤�−¨î ��Š �ƒ á ¯®-
§¨æ¨© ®¡®á−®¢�−−®£® æ¥«¥¯®«�£�−¨ï ¢ à�¬ª�å ¬®¤¥«¨ á¨áâ¥¬ á¨âã�æ¨®−−®£®
ã¯à�¢«¥−¨ï, � â�ª¦¥ á ãç¥â®¬ â®£®, çâ® ¢ ¯à¨−ïâ®© Š®−æ¥¯æ¨¨ ¢ ¯®«−®© ¬¥à¥
−¥ ª®−ªà¥â¨§¨àã¥âáï ¢®§¬®¦−®áâì ä®à¬¨à®¢�−¨ï á¨áâ¥¬ë æ¥«¥¢ëå ¯®ª�§�â¥«¥©
��Š �ƒ. Šà®¬¥ â®£®, ¢ ’‡ −� à�§à�¡®âªã àï¤� à¥£¨®−�«ì−ëå ��Š ®âáãâáâ¢ã-
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�à®¡«¥¬ë æ¥«¥¯®«�£�−¨ï ¢ �¯¯�à�â−®-¯à®£à�¬¬−®¬ ª®¬¯«¥ªá¥ ú�¥§®¯�á−ë© £®à®¤û

îâ âà¥¡®¢�−¨ï ª à¥�«¨§�æ¨¨ ¯®«®¦¥−¨© Š®−æ¥¯æ¨¨ ¢ ç�áâ¨ æ¥«¥¢ëå ªà¨â¥à¨¥¢
¨ ¯®ª�§�â¥«¥© (à�§¤¥« VIII).

’�ª¨¬ ®¡à�§®¬, ¢ á®§¤�−−ëå ¨ á®§¤�¢�¥¬ëå á¥£¬¥−â�å ��Š ®âáãâáâ¢ã¥â â�ª®©
¢�¦−ë© ¨ ®¯à¥¤¥«ïîé¨© äã−ªæ¨®−�«ì−ë© ¡«®ª, ª�ª æ¥«¥¯®«�£�−¨¥ ¨ á¢ï§�−−ë¥
á −¨¬ ¯®¤á¨áâ¥¬ë ¯«�−¨à®¢�−¨ï ¨ ã¯à�¢«¥−¨ï –�. �à¨ç¨−� â�ª®£® á®áâ®ï−¨ï
¤¥« | ¨§−�ç�«ì−®¥ ®âáãâáâ¢¨¥ â�ª¨å äã−ªæ¨®−�«ì−ëå á¨áâ¥¬−ëå âà¥¡®¢�−¨©.
Šà®¬¥ â®£®, ®âáãâáâ¢ã¥â â�ª®© ¢�¦−ë© à�§¤¥« äã−ªæ¨®−�«ì−ëå §�¤�ç, ª�ª ¬®−¨-
â®à¨−£ ¨ ãç¥â á®¡ëâ¨©, á¢ï§�−−ëå á ¯à®æ¥áá�¬¨ ¯à¥¤ã¯à¥¦¤¥−¨ï ¢®§−¨ª−®¢¥−¨ï
—‘, ¨, ª�ª á«¥¤áâ¢¨¥, −¥ à¥�«¨§ãîâáï á®®â¢¥âáâ¢ãîé¨¥ ¯®«®¦¥−¨ï Š®−æ¥¯æ¨¨
¢ ç�áâ¨ ã¯à�¢«¥−¨ï ¯à®æ¥áá�¬¨ ¯à®ä¨«�ªâ¨ª¨ ¨ ¯à¥¤ã¯à¥¦¤¥−¨ï ¢®§¬®¦−ëå
ã£à®§.

�¥®¡å®¤¨¬® ®â¬¥â¨âì, çâ® ¢ à¥§ã«ìâ�â¥ à�áá¬®âà¥−¨ï ¯à®¥ªâ®¢ ��Š �ƒ
¢® ¬−®£¨å à¥£¨®−�å ÷®áá¨¨ ¢®§−¨ª�îâ ¯à¨−æ¨¯¨�«ì−ë¥ §�¬¥ç�−¨ï ª ’‡ −� ¨å
à¥�«¨§�æ¨î. ‘ãâì íâ¨å §�¬¥ç�−¨© ªà�âª® á®áâ®¨â ¢ á«¥¤ãîé¥¬.

–¥«ìî á®§¤�−¨ï ��Š �ƒ ¢ á®®â¢¥âáâ¢¨¨ á ¯à¨−ïâë¬¨ ª®−æ¥¯âã�«ì−ë¬¨
¨ −®à¬�â¨¢−ë¬¨ ¤®ªã¬¥−â�¬¨ áâ�¢¨âáï ®¡¥á¯¥ç¥−¨¥ ¨−ä®à¬�æ¨®−−®£® ®¡¬¥−�,
¯à®£−®§¨à®¢�−¨ï, ¬®−¨â®à¨−£�, ¯à¥¤ã¯à¥¦¤¥−¨ï ¨ «¨ª¢¨¤�æ¨¨ ªà¨§¨á−ëå á¨-
âã�æ¨© ¨ ¯à®¨áè¥áâ¢¨© (Š‘¨�). �¥á¬®âàï −� íâ®, ¢ â¥å−¨ç¥áª¨å §�¤�−¨ïå −�
á®§¤�−¨¥ ��Š ¡®«ìè�ï ç�áâì âà¥¡®¢�−¨© ª −¨¬ ®à¨¥−â¨à®¢�−� −� à¥�«¨§�æ¨î
äã−ªæ¨© «¨ª¢¨¤�æ¨¨, � −¥ ¯à¥¤ã¯à¥¦¤¥−¨ï Š‘¨�. ’�ª®© ¯®¤å®¤ áâ�« á«¥¤áâ¢¨-
¥¬ ®âáãâáâ¢¨ï ®¡®á−®¢�−−®£® æ¥«¥¯®«�£�−¨ï ¢ ��Š �ƒ ¢ ¢¨¤¥ á¨áâ¥¬ë ¨§¬¥à¨-
¬ëå æ¥«¥¢ëå ¯®ª�§�â¥«¥© á¨áâ¥¬ë, çâ® ï¢«ï¥âáï ®¡é¥£®áã¤�àáâ¢¥−−®© ¯à�ªâ¨ª®©
¢ ¯à®¥ªâ�å ä¥¤¥à�«ì−®£® §−�ç¥−¨ï. �à¨ íâ®¬ ¯à¨−æ¨¯¨�«ì−�ï −¥®¡å®¤¨¬®áâì
¢¢¥¤¥−¨ï ¢ á®áâ�¢¥ á¨áâ¥¬ë –�, â�ª¨å ª�ª ¯à¨ç¨−¥−−ë© ¨ ¯à¥¤®â¢à�é¥−−ë©
ãé¥à¡, �¢â®à�¬¨ −¥®¤−®ªà�â−® ®â¬¥ç�«�áì [7, 8].

�®á«¥¤−¨¥ à�§àãè¨â¥«ì−ë¥ çà¥§¢ëç�©−ë¥ á¨âã�æ¨¨ ¯à¨à®¤−®£® å�à�ªâ¥à�
¯®ª�§ë¢�îâ −¥®¡å®¤¨¬®áâì à�áá¬®âà¥−¨ï â�ª®£® ¯®ª�§�â¥«ï, ª�ª ¯à®£−®§¨àã-
¥¬ë© ãé¥à¡ ®â ¢®§¬®¦−ëå Š‘¨�. “¡¥¤¨â¥«ì−ë¬ ¯à¨¬¥à®¬ ¯à�¢¨«ì−®áâ¨
â�ª®£® −�ãç−®-®¡®á−®¢�−−®£® ¯®¤å®¤� ª ä®à¬¨à®¢�−¨î á¨áâ¥¬ë æ¥«¥¢ëå ¯®-
ª�§�â¥«¥© ��Š �ƒ ¯®á«ã¦¨«¨ á®¡ëâ¨ï á −�¢®¤−¥−¨ï¬¨ ¢ �à¥−¡ãà£áª®© ®¡«�áâ¨
¢¥á−®© íâ®£® £®¤�. Œ−®£®¬¨««¨�à¤−ë© ãé¥à¡, ¯à¨ç¨−¥−−ë© £®áã¤�àáâ¢ã, −¥ ¡ë«
á¢®¥¢à¥¬¥−−® á¯à®£−®§¨à®¢�−, å®âï ¢á¥ ¨áå®¤−ë¥ ¤�−−ë¥ ¤«ï â�ª®£® ¯à®£−®§�
¡ë«¨. ‚ à¥§ã«ìâ�â¥ −¥ ¡ë«¨ á¯«�−¨à®¢�−ë ¯à¥¤ã¯à¥¤¨â¥«ì−ë¥ ¬¥à®¯à¨ïâ¨ï
¨ §�£à�¤¨â¥«ì−ë¥ ¤�¬¡ë á®®àã¦�«¨áì ã¦¥ ¢ á«®¦−ëå ãá«®¢¨ïå −¥¯®áà¥¤áâ¢¥−-
−® ¢ ¯à®æ¥áá¥ §�â®¯«¥−¨ï. �à¨ íâ®¬ ®ç¥¢¨¤−®, çâ® ¯à¥¤¢�à¨â¥«ì−�ï ®æ¥−ª�
á®®â−®è¥−¨ï ¯à®£−®§¨àã¥¬®£® ãé¥à¡� ¨ §�âà�â −� ã¯à¥¦¤�îéãî à¥�«¨§�æ¨î
−¥®¡å®¤¨¬ëå ¬¥à®¯à¨ïâ¨© ¯® ¯à¥¤®â¢à�é¥−¨î §�â®¯«¥−¨ï ¯®§¢®«¨«� ¡ë áã-
é¥áâ¢¥−−® á−¨§¨âì ¯à¨ç¨−¥−−ë© ãé¥à¡ ¨ £®áã¤�àáâ¢ã, ¨ ª®−ªà¥â−ë¬ ¦¨â¥«ï¬
®¡«�áâ¨.

’¥å−¨ç¥áª¨¥ §�¤�−¨ï −� ¢á¥ à¥£¨®−�«ì−ë¥ ��Š �ƒ ®à¨¥−â¨àãîâ á¨áâ¥¬ã
−� á®¢¥àè¥−−® −¥ª®àà¥ªâ−ãî ¬¥â®¤¨ªã ®æ¥−ª¨ à¨áª®¢, ®á−®¢�−−ãî −� â�¡-
«¨æ�å ®æ¥−ª¨ ú¯®ª�§�â¥«¥© à¨áª®¢û −� â¥àà¨â®à¨¨ ¯¨«®â−ëå ¬ã−¨æ¨¯�«ì−ëå
®¡à�§®¢�−¨©, ª®â®à�ï ¨¬¥¥â ¤¢¥ £à�¤�æ¨¨ | ú¯à¨¥¬«¥¬ë© à¨áªû (®¤¨− −�
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¤¥áïâì âëáïç) ¨ ú¯®¢ëè¥−−ë© à¨áªû (®¤¨− −� âëáïçã), å®âï ®¡é¥¯à¨−ïâë©
¢ −�ãç−®© ¯à�ªâ¨ª¥ ¯®ª�§�â¥«ì (áâ¥¯¥−ì) à¨áª� ¥áâì ¯à®¨§¢¥¤¥−¨¥ ¢¥à®ïâ−®áâ¨
à¥�«¨§�æ¨¨ ã£à®§ë −� ¯à®£−®§¨àã¥¬ë© ãé¥à¡. ’�ª, ¢ ’‡ −� ��Š �ƒ ¯®
�à¥−¡ãà£áª®© ®¡«�áâ¨ (’‡ ¨áå. ü 43-1799-2 ®â 28.03.2017) §�¤�−� á«¥¤ãîé�ï
úáâ¥¯¥−ì à¨áª�û:

�à¨¬¥à ¯®ª�§�â¥«¥© à¨áª� ¯® �à¥−¡ãà£áª®© ®¡«�áâ¨

ü ¯/¯ ��¨¬¥−®¢�−¨¥ à¨áª� �®ª�§�â¥«ì à¨áª�
‚à¥¬¥−−ë¥

¯®ª�§�â¥«¨ à¨áª�
÷¨áª¨ ¢®§−¨ª−®¢¥−¨ï Š‘¨� ¯à¨à®¤−®£® å�à�ªâ¥à�

2.
÷¨áª¨ ¢®§−¨ª−®¢¥−¨©

¯®¤â®¯«¥−¨© (§�â®¯«¥−¨©) �à¨¥¬«¥¬ë© à¨áª | 10−4 Œ�àâ{¨î−ì

’�ª�ï £àã¡�ï á¨áâ¥¬� ®æ¥−ª¨ à¨áª®¢ ¯à¥¤áâ�¢«ï¥âáï ¯à¨−æ¨¯¨�«ì−® −¥¯à¨-
¥¬«¥¬®©, â�ª ª�ª ¤¥§®à¨¥−â¨àã¥â äã−ªæ¨®−¨à®¢�−¨¥ ��Š �ƒ ¢ ª®−ªà¥â−ëå
ãá«®¢¨ïå ¨ ¢ ª®−ªà¥â−®¬ à¥£¨®−¥. ’¥¬ −¥ ¬¥−¥¥ ¨¬¥−−® â�ª¨¥ ®æ¥−ª¨ à¨áª®¢,
ª®â®àë¥ −¥ ¯à¥¤ãá¬�âà¨¢�îâ ¯à®£−®§¨à®¢�−¨¥ ãé¥à¡� ¨ ®æ¥−ªã ¯à¥¤®â¢à�é¥−-
−®£® ãé¥à¡�, §�¤�−ë ¨ ã¦¥ à¥�«¨§®¢�−ë ¢ ¤¥áïâª�å à¥£¨®−®¢ ÷®áá¨¨ (¢ª«îç�ï
¨ �à¥−¡ãà£áªãî ®¡«�áâì). ’�ª®© ¯®¤å®¤ ª §�¤�−¨î âà¥¡®¢�−¨© ª ��Š �ƒ −¥ ¯®-
§¢®«ï¥â ¯à¥¤®â¢à�é�âì ¬−®£¨¥ ¯®â¥−æ¨�«ì−ë¥ (á ãç¥â®¬ ®á®¡¥−−®áâ¥© à�§«¨ç−ëå
à¥£¨®−®¢ ÷®áá¨¨) ¯à¨ç¨−¥−−ë¥ ãé¥à¡ë (§�ç�áâãî | ¬−®£®¬¨««¨�à¤−ë¥).

3 Предлагаемые подходы к расчету прогнозируемого ущерба

‚ [3,7,8] ¯à¥¤«®¦¥−� áâàãªâãà� ¨¥à�àå¨ç¥áª®© á¨áâ¥¬ë –�, ®¡¥á¯¥ç¨¢�îé�ï
¯®«−®æ¥−−®¥ æ¥«¥¯®«�£�−¨¥, £¤¥ ®á−®¢−ë¬¨ ¯®ª�§�â¥«ï¬¨ á«ã¦�â ¯à¨ç¨−¥−−ë©
¨ ¯à¥¤®â¢à�é¥−−ë© ãé¥à¡ ®â —‘. �®á«¥¤−¨¥ á®¡ëâ¨ï á −�¢®¤−¥−¨ï¬¨ ¢¥á−®©
2024 £. ïàª® ¯®ª�§�«¨ −¥®¡å®¤¨¬®áâì ãç¥â� ¯à®£−®§¨àã¥¬®£® ãé¥à¡�.

�à¥¤®â¢à�é¥−−ë© ãé¥à¡ Wu á¢ï§�− á ¯à®£−®§¨àã¥¬ë¬ ãé¥à¡®¬ Wp (¡¥§
ãç¥â� ¯à®ä¨«�ªâ¨ç¥áª¨å ¬¥à®¯à¨ïâ¨©), ¯à¨ç¨−¥−−ë¬ ãé¥à¡®¬ Wc (á ãç¥â®¬
¯à®ä¨«�ªâ¨ç¥áª¨å ¬¥à®¯à¨ïâ¨©) ¨ §�âà�â�¬¨ Z −� ¯à®ä¨«�ªâ¨ç¥áª¨¥ ¬¥à®¯à¨-
ïâ¨ï, ¯à¥¤®â¢à�é¥−¨¥ ¨ á¬ï£ç¥−¨¥ ¯®á«¥¤áâ¢¨© ®â Š‘¨� á«¥¤ãîé¨¬ ®ç¥¢¨¤−ë¬
á®®â−®è¥−¨¥¬ [9]:

Wu =Wp +Wc − Z . (1)

÷�áç¥â ¯à®£−®§¨àã¥¬®£® ãé¥à¡� ¬®¦−® ®áãé¥áâ¢«ïâì à�§«¨ç−ë¬¨ á¯®á®¡�¬¨.
��¯à¨¬¥à, ¯à®£−®§¨àã¥¬ë© ãé¥à¡ ¢ ãá«®¢¨ïå ®âáãâáâ¢¨ï ¬¥à ¯à®â¨¢®¤¥©áâ¢¨ï
à�¢¥− ¯à¨ç¨−¥−−®¬ã ãé¥à¡ã. „àã£ãî ¢®§¬®¦−®áâì ®æ¥−¨¢�âì ¯à®£−®§¨àã¥¬ë©
ãé¥à¡ ¤�¥â ¯à¥æ¥¤¥−â−ë© ¯®¤å®¤. �®£�â�ï áâ�â¨áâ¨ª� Š‘¨�, −�ª®¯«¥−−�ï
ª�ª ¢ á�¬®¬ Œ—‘, â�ª ¨, ¢ ç�áâ−®áâ¨, ¢ ¯à�ªâ¨ª¥ áâà�å®¢�−¨ï, ¬®¦¥â ¤�âì
¡¥§ ®á®¡ëå ãá¨«¨© −�¡®àë ¯à®£−®§¨àã¥¬ëå ãé¥à¡®¢ ¤«ï ®¤−®â¨¯−ëå ®¡ê¥ªâ®¢
¨ Š‘¨�. “ç¥â §�âà�â −� ¯à®ä¨«�ªâ¨ªã —‘, ª®â®àë¥, −¥á®¬−¥−−®, ¤®ªã¬¥−â�«ì−®
§�ä¨ªá¨à®¢�−ë, â®¦¥ ¢®§¬®¦¥− ¯à¨ à�áç¥â¥ ¯® ä®à¬ã«¥ (1).

„àã£®© ¯®¤å®¤ ª à�áç¥âã ¯à®£−®§¨àã¥¬®£® ãé¥à¡� ¯à¥¤¯®«�£�¥â ¨á¯®«ì§®¢�-
−¨¥ à�áç¥â−ëå §�¤�ç, ¢ ç�áâ−®áâ¨ (á¬. à¨áã−®ª):
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�à¨¬¥à ¢¨§ã�«¨§�æ¨¨ à�áç¥â®¢ ¯® ¯à®£−®§¨à®¢�−¨î à�§¢¨â¨ï Š‘¨�

{ ®¯à¥¤¥«¥−¨¥ §®− §�â®¯«¥−¨ï á ãç¥â®¬ ãà®¢−ï ¯®¤ê¥¬� ¢®¤ë, −�«¨ç¨ï §�é¨â-
−ëå á®®àã¦¥−¨© ¨ à¥«ì¥ä� ¬¥áâ−®áâ¨;

{ �¢�à¨¨ á ¢ë¡à®á®¬ â®ªá¨ç−ëå ¢¥é¥áâ¢ ¨ à�áç¥â §®− §�à�¦¥−¨ï á ãç¥â®¬ à®§ë
¢¥âà®¢;

{ à�á¯à®áâà�−¥−¨¥ ¯®¦�à®¢ ¢ £®à®¤áª®© §�áâà®©ª¥, «¥á�å ¨ áâ¥¯−ëå §®−�å;

{ à�áç¥â §®− ¯®à�¦¥−¨ï ¯à¨ ¢§àë¢�å.

�à¨ íâ®¬ à�ááç¨âë¢�îâáï ª®«¨ç¥áâ¢® ¨ ¢¨¤ë §�âà®−ãâëå ®¡ê¥ªâ®¢, ç¨á«¥−−®áâì
¯®áâà�¤�¢è¥£® −�á¥«¥−¨ï, ®æ¥−¨¢�¥âáï áæ¥−�à−ë© ¯à®£−®§ ãé¥à¡� á ãç¥â®¬ ¢«¨ï-
−¨ï à�§«¨ç−ëå ä�ªâ®à®¢ (¡«�£®¯à¨ïâ−®¥, áà¥¤−¥¥ ¨ −¥¡«�£®¯à¨ïâ−®¥) ¨, −�ª®−¥æ,
à�ááç¨âë¢�îâáï ¯à®£−®§¨àã¥¬ë¥ §�âà�âë −� «¨ª¢¨¤�æ¨î ¯®á«¥¤áâ¢¨© Š‘¨�.

�¯¯�à�â−®-¯à®£à�¬¬−ë© ª®¬¯«¥ªá �ƒ à�á¯®«�£�¥â ¢á¥¬¨ íâ¨¬¨ ¯à®£à�¬¬−ë-
¬¨ áà¥¤áâ¢�¬¨ ¨ ¤�−−ë¬¨ [10].

’�ª, ¢ �ª¢�â®à¨¨ à¥ª¨ “à�« §¨¬®© 2024 £. á«®¦¨«áï àï¤ −¥¡«�£®¯à¨ïâ−ëå
ä�ªâ®à®¢ [11{13].

‚®-¯¥à¢ëå, ¢ë¯�«® ®ç¥−ì ¬−®£® á−¥£�; ¯à¨ íâ®¬ ® à¥�«ì−®© ã£à®§¥ à¥ª®à¤−®£®
¢¥á¥−−¥£® ¯®«®¢®¤ìï á¨−®¯â¨ª¨ ¨ áà¥¤áâ¢� ¬�áá®¢®© ¨−ä®à¬�æ¨¨ ¯à¥¤ã¯à¥¦¤�«¨
¥é¥ ¢ ä¥¢à�«¥ 2024 £. ’�ª, ¢ ��èª®àâ®áâ�−¥ ¢ëá®â� á−¥¦−®£® ¯®ªà®¢� −� 60%
¯à¥¢ëá¨«� −®à¬ã.

‚®-¢â®àëå, 1{2 �¯à¥«ï ¢ §®−¥ ¢®¤®á¡®à� “à�«� −�ç�«®áì à¥§ª®¥ ¯®â¥¯«¥−¨¥ ¤®
14{18 ◦C. ‘−¥£, −�ª®¯«¥−−ë© §� §¨¬ã, áâ�« ¨−â¥−á¨¢−® â�ïâì, ¨ ã¦¥ ¯® ¨áâ¥ç¥−¨¨
âà¥å áãâ®ª â�«�ï ¢®¤� ãáâà¥¬¨«�áì ¢ à¥ªã “à�«. Œ�ªá¨¬�«ì−ë© ãà®¢¥−ì ¢®¤ë,
¯à¨ ª®â®à®¬ áãé¥áâ¢ãîé¨¥ §�é¨â−ë¥ ¤�¬¡ë ¬®£ãâ §�é¨â¨âì £®à®¤ �à¥−¡ãà£,
á®áâ�¢«ï¥â 5,5 ¬ + 85 á¬ §�¯�á�. �® ¤�−−ë¬ −� 6 �¯à¥«ï ãà®¢¥−ì ¢®¤ë ¢ à¥ª¥
áãé¥áâ¢¥−−® ¯à¥¢ëá¨« ¤®¯ãáâ¨¬ë© ¨ ¯®¤−ï«áï ¤® 9,6 ¬.
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‚-âà¥âì¨å, ¡®«ìè®© ¢ª«�¤ ¢ −�¢®¤−¥−¨¥ ¢−¥á«® ��� úˆ−â¥à ÷��û, â�ª
ª�ª ¤® −�ç�«� ¯�¢®¤ª� ¢ ¢®¤®åà�−¨«¨é¥ ˆà¨ª«¨−áª®© £¨¤à®í«¥ªâà®áâ�−æ¨¨
¡ë« −�ª®¯«¥− ¬�ªá¨¬ã¬ ¢®¤ë, � §�â¥¬ «¨è−îî á¡à®á¨«¨ ¨ §�â®¯¨«¨ £®à®¤,
¯à®¨£−®à¨à®¢�¢ äã−ªæ¨î à¥£ã«¨à®¢�−¨ï ¢®¤®áâ®ª�. �� ¢§£«ï¤ íªá¯¥àâ®¢, íâ®
®¤¨− ¨§ à¥è�îé¨å ä�ªâ®à®¢ [12].

ˆâ�ª, ¯®«�£�ï ¢ ®á−®¢�−¨¥ äã−ªæ¨®−�«ì−®áâ¨ ��Š �ƒ æ¥«¥¢ë¥ ¯®ª�§�â¥«¨
Wc | ¯à¨ç¨−¥−−ë© ãé¥à¡,Wu | ¯à¥¤®â¢à�é¥−−ë© ãé¥à¡ ¨Wp | ¯à®£−®§¨àã-
¥¬ë© ãé¥à¡, � â�ª¦¥ ¯®«−®æ¥−−ãî á¨áâ¥¬ã ã¯à�¢«¥−¨ï íâ¨¬¨ –� (¬®−¨â®à¨−£,
¯«�−¨à®¢�−¨¥, �−�«¨§ ¨ ¯à®£−®§¨à®¢�−¨¥), ¬®¦−® á®§¤�âì ãá«®¢¨ï ¤«ï ¨á¯®«ì-
§®¢�−¨ï ¢á¥£® á¯¥ªâà� ã¯à�¢«ïîé¨å ¢®§¤¥©áâ¢¨© −¥ â®«ìª® −� −¥¯®áà¥¤áâ¢¥−−ë¥
ã£à®§ë ¨ à¨áª¨ ¢®§−¨ª−®¢¥−¨ï —‘, −® ¨ −� ª®á¢¥−−ë¥ ¯à¨ç¨−ë ¨å ¢®§−¨ª−®¢¥−¨ï.
�â¬¥â¨¬, çâ® ¢ Š®−æ¥¯æ¨¨ [2] â�ª¨¥ ª®á¢¥−−ë¥ ã£à®§ë ¯®¤à®¡−® ¯¥à¥ç¨á«¥−ë,
−® −¨ ¢ à¥�«¨§®¢�−−ëå á¥£¬¥−â�å ��Š, −¨ ¢ �ˆ�Š÷ �ƒ ®−¨ −¨ª�ª −¥ ãç¨âë-
¢�îâáï. ‚ á¢ï§¨ á íâ¨¬ ¤«ï á®§¤�−¨ï ¯®«−®æ¥−−®© á¨áâ¥¬ë ã¯à�¢«¥−¨ï à¨áª�¬¨
−¥®¡å®¤¨¬®:

{ ãáâ�−®¢«¥−¨¥ �¤¥ª¢�â−®© á¨áâ¥¬ë æ¥«¥©;

{ ¢ëï¢«¥−¨¥ ä�ªâ®à®¢ ¢«¨ï−¨ï ¨ ã¯à�¢«ïîé¨å ¢®§¤¥©áâ¢¨© −� æ¥«¨ á¨áâ¥¬ë;
{ ¬®¤¥«¨à®¢�−¨¥ íâ®£® ¢«¨ï−¨ï ¤«ï ®æ¥−ª¨ áâ¥¯¥−¨ ¤®áâ¨¦¥−¨ï æ¥«¥© á¨áâ¥¬ë.

�â¬¥â¨¬, çâ® ¯®ª�§�â¥«ì ¯à®£−®§¨àã¥¬®£® ãé¥à¡�, ¢®-¯¥à¢ëå, −¥®¡å®¤¨¬
¤«ï à¥�«ì−®© ®æ¥−ª¨ áâ¥¯¥−¨ à¨áª®¢ à�§«¨ç−ëå ¢¨¤®¢ Š‘¨�. �à¨ íâ®¬ á«®-
¦¨¢è�ïáï ¯à�ªâ¨ª� ä¨ªá¨à®¢�−−®© ¢® ¢à¥¬¥−¨ ú¯®â®«®ç−®©û ®æ¥−ª¨ à¨áª®¢ ¡¥§
ãç¥â� ª®−ªà¥â−ëå ãá«®¢¨© ¢ à¥£¨®−�å ¨ á®¢®ªã¯−®áâ¨ ¢á¥å ä�ªâ®à®¢ ¢«¨ï−¨ï
−� ¨å à¥�«ì−ãî ¢¥«¨ç¨−ã ®ª�§�«�áì ®ç¥¢¨¤−® −¥®¡ê¥ªâ¨¢−®© ¨ ¯®â®¬ã −¥¯à¨-
¥¬«¥¬®©. Š�ª ã¦¥ ã¯®¬¨−�«®áì, ®¡é¥¯à¨−ïâë© ¢ −�ãç−®© ¯à�ªâ¨ª¥ ¯®ª�§�â¥«ì
(áâ¥¯¥−ì) à¨áª� ¥áâì ¯à®¨§¢¥¤¥−¨¥ ¢¥à®ïâ−®áâ¨ à¥�«¨§�æ¨¨ ã£à®§ë −� ¯à®£−®§¨-
àã¥¬ë© ãé¥à¡ [13] ¨, ª�ª ¨§ íâ®£® á«¥¤ã¥â, ¨¬¥¥â áâ®¨¬®áâ−®¥ ¢ëà�¦¥−¨¥.

…áâ¥áâ¢¥−−®, çâ® §�¤�ç� ®æ¥−ª¨ ¢á¥å ¢®§¬®¦−ëå áâ¥¯¥−¥© à¨áª� ¤«ï ¢á¥å ®¡ê-
¥ªâ®¢ à¥£¨®−� ¢ë£«ï¤¨â ªà�©−¥ §�âà�â−®© ¨ ¢ ¯®«−®¬ ®¡ê¥¬¥ −¥ à¥�«¨§ã¥¬®©. ��
¯à�ªâ¨ª¥ −¥®¡å®¤¨¬® ®æ¥−®ç−® (−�¯à¨¬¥à, íªá¯¥àâ−ë¬ ¬¥â®¤®¬) ¢ë¤¥«¨âì −�¨¡®-
«¥¥ à¨áª®®¯�á−ë¥ ®¡ê¥ªâë, ®¡ê¥ªâë á −�¨¡®«ìè¨¬ ¢®§¬®¦−ë¬ ¯à®£−®§¨àã¥¬ë¬
ãé¥à¡®¬ ¨ á®æ¨�«ì−® §−�ç¨¬ë¥ ®¡ê¥ªâë ¨ ®áãé¥áâ¢«ïâì à�áç¥â ¯®â¥−æ¨�«ì−®£®
à¨áª� ¤«ï íâ¨å ¢ë¤¥«¥−−ëå ®¡ê¥ªâ®¢. „«ï ®â®¡à�¦¥−¨ï áâ¥¯¥−¥© à¨áª� á«¥¤ã¥â
ãáâ�−®¢¨âì ¨§¬¥à¨¬ãî èª�«ã, −�¯à¨¬¥à ¤«ï Š‘¨� à�§−®£® ãà®¢−ï ®¯�á−®áâ¨
(®¡ê¥ªâ®¢�ï, ¬ã−¨æ¨¯�«ì−�ï, à¥£¨®−�«ì−�ï ¨ ä¥¤¥à�«ì−�ï) á ®¯à¥¤¥«¥−¨¥¬ £à�-
¤�æ¨© ¢ áâ®¨¬®áâ−®¬ ¨§¬¥à¥−¨¨ ¯à®£−®§¨àã¥¬®£® à¨áª�.

�â¬¥â¨¬ â�ª¦¥, çâ® ¯à¨−æ¨¯¨�«ì−® −¥«ì§ï ä¨ªá¨à®¢�âì ®æ¥−ª¨ áâ¥¯¥−¨
à¨áª� ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨ á¨áâ¥¬ ��Š �ƒ; æ¥«¥á®®¡à�§−® á®§¤�âì ¯®¤á¨áâ¥¬ã ¨å
¤¨−�¬¨ç¥áª®£® à�áç¥â� ¨ ã¯à�¢«¥−¨ï ¨¬¨ á ãç¥â®¬ áª«�¤ë¢�îé¥©áï á¯¥æ¨ä¨ª¨.
’�ª®© ¯®¤å®¤ ¯®§¢®«¨â áãé¥áâ¢¥−−® ãá¨«¨âì ¯à®ä¨«�ªâ¨ç¥áªãî äã−ªæ¨î ��Š
�ƒ −� ®á−®¢¥ ¢â®à®£® −�¯à�¢«¥−¨ï ¨á¯®«ì§®¢�−¨ï ¯®ª�§�â¥«¥© ¯à®£−®§¨àã¥¬®£®
à¨áª�, � ¨¬¥−−®: ®¯à¥¤¥«¥−¨¥ ¢®§¬®¦−ëå íª®−®¬¨ç¥áª¨ æ¥«¥á®®¡à�§−ëå §�âà�â
−� ¯à®ä¨«�ªâ¨ªã Š‘¨�.
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4 Оценка показателя прогнозируемого ущерба

÷�áá¬®âà¨¬ ¯à¨¬¥à à�áç¥â� ¯à¥¤®â¢à�é¥−−®£® ãé¥à¡�. „®¯ãáâ¨¬, çâ® N1
®¡ê¥ªâ®¢ à¥£¨®−� ®á−�é¥−ë −¥ª¨¬¨ áà¥¤áâ¢�¬¨ §�é¨âë ®â Š‘¨�, � N2 | −¥â.
‘à¥¤−¨© ãé¥à¡ ®â Š‘¨�, ¯® ¤�−−ë¬ áâ�â¨áâ¨ª¨, −� íâ¨å ®¡ê¥ªâ�å á®áâ�¢«ï¥â U1
¨ U2 á®®â¢¥âáâ¢¥−−®; ïá−®, çâ® U1 < U2. „®¯ãáâ¨¬, çâ® Š‘¨� −� íâ¨å ®¡ê¥ªâ�å
¬®£ãâ ¯à®¨áå®¤¨âì á ®¤¨−�ª®¢®© ¢¥à®ïâ−®áâìî p.

�à¥¤¯®«®¦¨¬, çâ® −� k ¨§ N2 ®¡ê¥ªâ�å ¯à®¢¥¤¥−ë ¬¥à®¯à¨ïâ¨ï ¯® ãáâ�−®¢ª¥
áà¥¤áâ¢ §�é¨âë ®¡é¥© áà¥¤−¥© áâ®¨¬®áâìî a àã¡«¥© ¤«ï ª�¦¤®£® ®¡ê¥ªâ�.

÷�ááç¨â�¥¬ ¯à¥¤®â¢à�é¥−−ë© ãé¥à¡ á ãç¥â®¬ â®£®, çâ® (á¬. ä®à¬ã«ã (1))

Wp = pU1N1 + pU2N2 ; Wc = pU1(N1 + k) + pU2(N2 − k); Z = ak .

’®£¤�

Wu = pU1N1 + pU2N2 − pU1(N1 + k)− pU2(N2 − k)− ak .

�âáî¤�
Wu = k(pU2 − pU1 − a)→ max

0≤k≤N2
, Wu > 0 .

…á«¨ p(U2 − U1) ≥ a, â® ¬�ªá¨¬ã¬ ¤®áâ¨£�¥âáï ¯à¨ k = N2. �â® ®§−�ç�¥â, çâ®
¯à¨ ®¡é¨å §�âà�â�å aN2 ¯®«ãç¥− ¯®«®¦¨â¥«ì−ë© ¯à¥¤®â¢à�é¥−−ë© ãé¥à¡.

ˆ§ ¯à¨¢¥¤¥−−®£® ¯à¨¬¥à� ¬®¦−® á¤¥«�âì ¢�¦−ë© ¢ë¢®¤. ‚ ’‡ −� á®§¤�−¨¥
á¥£¬¥−â®¢ ��Š �ƒ ¯à¨¢®¤ïâáï −¥ª®àà¥ªâ−ë¥ ä¨ªá¨à®¢�−−ë¥ ®æ¥−ª¨ ¯®ª�§�â¥-
«¥© à¨áª� (ç�áâ®â ¢®§−¨ª−®¢¥−¨ï —‘) ¤«ï à�§«¨ç−ëå ã£à®§, ¨ ®−¨ á®áâ�¢«ïîâ
®¤¨− −� âëáïçã ¨ ®¤¨− −� ¤¥áïâì âëáïç. ’�ª¨¬ ®¡à�§®¬, ¯à¨ â�ª®¬ ¯®¤å®¤¥
íª®−®¬¨ç¥áª¨ æ¥«¥á®®¡à�§−ë¬¨ ¯à®ä¨«�ªâ¨ç¥áª¨¬¨ ¬¥à®¯à¨ïâ¨ï¬¨ á â®çª¨ §à¥-
−¨ï ¯à¥¤®â¢à�é¥−−®£® ãé¥à¡� ®ª�§ë¢�îâáï «¨èì â¥ ¬¥à®¯à¨ïâ¨ï, ¤«ï ª®â®àëå
á¯à�¢¥¤«¨¢® á®®â−®è¥−¨¥

aN2 ≤
(

10−3 . . . 10−4
)

(U2N2 − U1N2) .

�â® ®§−�ç�¥â, çâ® §�âà�âë −� ¯à®ä¨«�ªâ¨ªã Š‘¨� ¤®«¦−ë ¡ëâì −� −¥áª®«ìª®
¯®àï¤ª®¢ ¬¥−ìè¥, ç¥¬ ¢®§¬®¦−ë© ãé¥à¡. ’�ª¨¥ ãá«®¢¨ï ¬®£ãâ ¡ëâì, ¢¥à®-
ïâ−®, ¢ë¯®«−¥−ë ¢ á«ãç�¥ ®¡®àã¤®¢�−¨ï §¤�−¨© á®®â¢¥âáâ¢ãîé¨¬¨ áà¥¤áâ¢�¬¨
(¯®¦�à−®© á¨£−�«¨§�æ¨¨, �¢â®¬�â¨ç¥áª®£® ¯®¦�à®âãè¥−¨ï ¨ ¤à.).

…á«¨ ¯à¨¬¥−¨âì ¯à¥¤«�£�¥¬ë© ¯®¤å®¤ ª à�áç¥âã à¥�«ì−®© áâ¥¯¥−¨ à¨áª�
¤«ï á«ãç�ï −�¢®¤−¥−¨© ¢ �à¥−¡ãà£áª®© ®¡«�áâ¨, ¢¥à®ïâ−®áâì −�¢®¤−¥−¨ï ¯à¨
á�¬ëå ¡«�£®¯à¨ïâ−ëå ®æ¥−ª�å ¢àï¤ «¨ ¡ë«� −¨¦¥ 1/2, ¨ â®£¤� íª®−®¬¨ç¥áª¨
æ¥«¥á®®¡à�§−ë¬¨ ¯à®ä¨«�ªâ¨ç¥áª¨¬¨ ¬¥à®¯à¨ïâ¨ï¬¨ á«¥¤ã¥â áç¨â�âì â¥ ¬¥à®-
¯à¨ïâ¨ï, £¤¥

aN2 ≤
1

2
(U2N2 − U1N2) .
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�® §�ï¢«¥−¨î £ã¡¥à−�â®à� ®¡«�áâ¨ „. ‚. ��á«¥à�, áã¬¬� ãé¥à¡� ®â ¯�¢®¤ª�
¢ �à¥−¡ãà¦ì¥ á®áâ�¢¨«� ¡®«¥¥ 40 ¬«à¤ àã¡. [10], � §−�ç¨â, á�¬�ï áªà®¬−�ï
®æ¥−ª� à�§¬¥à� íª®−®¬¨ç¥áª¨ æ¥«¥á®®¡à�§−ëå ¯à®ä¨«�ªâ¨ç¥áª¨å ¬¥à®¯à¨ïâ¨©
á®áâ�¢«ï¥â −¥ ¬¥−¥¥ 20 ¬«à¤ àã¡. �âáî¤� á«¥¤ã¥â, çâ® à¥�«¨§�æ¨ï ª®¬¯«¥ªá�
¯à®ä¨«�ªâ¨ç¥áª¨å à�¡®â, ¢ª«îç�ï ¢®§¢¥¤¥−¨¥ ¤�¬¡, ¯®§¢®«¨«� ¡ë, á ®¤−®©
áâ®à®−ë, áãé¥áâ¢¥−−® á−¨§¨âì ¢¥à®ïâ−®áâì §�â®¯«¥−¨ï, � á ¤àã£®© | áíª®−®¬¨âì
§−�ç¨â¥«ì−ë¥ áà¥¤áâ¢� ¤«ï £®áã¤�àáâ¢� (¯à¨¬¥à−® 20 ¬«à¤ àã¡.).

…á«¨ §�âà�âë ¯à¥¢ëè�îâ à�§¬¥àë ¢®§¬®¦−®£® ãé¥à¡� ¨ p(U2 − U1) <
< a, â® ¬�ªá¨¬ã¬ Wu = 0 (¢ á«ãç�¥ â�ª¨å ¯à®ä¨«�ªâ¨ç¥áª¨å ¬¥à®¯à¨ïâ¨©,
ª�ª «¨ª¢¨¤�æ¨ï áâ�à®£® ¦¨«ìï, á®¢¥àè¥−áâ¢®¢�−¨¥ ¨−äà�áâàãªâãàë ¨ â. ¯.)
¨ §−�ç¨¬®áâì íâ¨å ¬¥à®¯à¨ïâ¨© ®æ¥−¨¢�¥âáï ¯® ¤àã£¨¬ ªà¨â¥à¨ï¬, ¢ ç�áâ−®áâ¨
ª�ª á®æ¨�«ì−® §−�ç¨¬ëå.

5 Выводы

1. �á−®¢−®© −¥¤®áâ�â®ª áãé¥áâ¢ãîé¥© á¨áâ¥¬ë ¯à®¥ªâ¨à®¢�−¨ï ¨ á®§¤�−¨ï
��Š �ƒ ªà®¥âáï ¢ ®âáãâáâ¢¨¨ �¤¥ª¢�â−®© á¨áâ¥¬ë æ¥«¥©, � ¯®â®¬ã −¥-
®¡å®¤¨¬® ¢¢¥áâ¨ ¢ á®áâ�¢ á¨áâ¥¬ë –� ¯à¨ç¨−¥−−ë©, ¯à®£−®§¨àã¥¬ë©
¨ ¯à¥¤®â¢à�é¥−−ë© ãé¥à¡.

2. „«ï à¥�«ì−®© ®æ¥−ª¨ áâ¥¯¥−¨ à¨áª®¢ à�§«¨ç−ëå ¢¨¤®¢ Š‘¨� −¥®¡å®¤¨¬®
®â®©â¨ ®â á«®¦¨¢è¥©áï ¯à�ªâ¨ª¨ ä¨ªá¨à®¢�−−®© ®æ¥−ª¨ à¨áª®¢ ¡¥§ ãç¥â�
ª®−ªà¥â−ëå ãá«®¢¨© ¢ à¥£¨®−�å ¨ ¢á¥å ä�ªâ®à®¢ ¢«¨ï−¨ï −� ¨å à¥�«ì−ãî
¢¥«¨ç¨−ã, ¤«ï ç¥£® −¥®¡å®¤¨¬® á®§¤�−¨¥ á¨áâ¥¬ë à�áç¥â� ¯à®£−®§¨àã¥¬®£®
ãé¥à¡�.

3. �¤−® ¨§ ®á−®¢−ëå −�¯à�¢«¥−¨© ¨á¯®«ì§®¢�−¨ï ¯®ª�§�â¥«¥© ¯à®£−®§¨àã¥¬®£®
à¨áª� | ®¯à¥¤¥«¥−¨¥ à�§¬¥à®¢ ¢®§¬®¦−ëå íª®−®¬¨ç¥áª¨ æ¥«¥á®®¡à�§−ëå
§�âà�â −� ¯à®ä¨«�ªâ¨ªã Š‘¨�.
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THE PROBLEMS OF GOAL SETTING
IN THE HARDWARE AND SOFTWARE COMPLEX “SAFE CITY”

A. A. Zatsarinny and A. P. Suchkov

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

Abstract: The article analyzes conceptual approaches to the creation of the
agro-industrial complex \Safe City" from the standpoint of sound goal-setting
taking into account the need to consider such an indicator as the predicted
damage from possible emergencies. Using real examples and a specific model,
it is shown that for a real assessment of the degree of risks of various types of
emergencies, it is necessary to move away from the established practice of fixed risk
assessment without taking into account specific conditions in the regions and all
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factors influencing their real value, for which it is necessary to create a system
for calculating the predicted damage. The main approaches for calculating the
predicted damage are considered. It is proved that one of the main directions
of using indicators of predicted risk is to determine the amount of possible
economically feasible costs for emergency prevention.

Keywords: agro-industrial complex \Safe City;" goal setting; damage caused;
damage prevented; predicted damage

DOI: 10.14357/08696527240408 EDN: MZBSSN

References

1. Prezident Rossii Vladimir Putin smenil vektor razvitiya strany [Russian President
Vladimir Putin has changed the vector of the country's development]. URA.RU,
26.08.2024. Available at: https://ura.news/news/1052809969 (accessed October 14,
2024).

2. Kontseptsiya postroeniya i razvitiya apparatno-programmnogo kompleksa \Bezopas-
nyy gorod": Rasporyazhenie Pravitel'stva RF ot 3 dekabrya 2014 g. No. 2446-r
[The concept of construction and development of the hardware and software com-
plex \Safe City": Government decree No. 2446-r dated 03.12.2014]. Available
at: http://static.government.ru/media/¦les/OapBppc8jyA.pdf (accessed October 14,
2024).

3. Zatsarinny, A. A., and A. P. Suchkov. 2021. Informatsionnoe vzaimodeystvie v raspre-
delennykh sistemakh situatsionnogo upravleniya [Information interaction in distributed
situational management systems]. Moscow: TORUS PRESS. 268 p. doi: 10.30826/
94588-293-5. EDN: OGXXUY.

4. Suchkov, A. P. 2013. Formirovanie sistemy tseley dlya situatsionnogo upravleniya [For-
mation of the goals system for situational control]. Sistemy i Sredstva Informatiki |
Systems and Means of Informatics 23(2):187{197. doi: 10.14357/08696527130213.
EDN: ROYATF.

5. Suchkov, A. P. 2017. Polnofunktsional'nyy protsessnyy podkhod k realizatsii sis-
tem situatsionnogo upravleniya [A fully functional process-based approach to the
implementation of situational control systems]. Sistemy i Sredstva Informatiki | Sys-
tems and Means of Informatics 27(1):85{99. doi: 10.14357/08696527170106. EDN:
YODDAZ.

6. Zatsarinny, A. A., and A. P. Suchkov. 2020. Ugrozy i riski realizatsii komplek-
snykh nauchno-tekhnicheskikh programm v ramkakh prioritetov strategii nauchno-
tekhnologicheskogo razvitiya Rossii [Threats and risks of implementing complex scien-
tific and technical programs within the priorities of the Russian science and technology
development strategy]. Sistemy i Sredstva Informatiki | Systems and Means of
Informatics 30(3):97{111. doi: 10.14357/08696527200309. EDN: LNTVKI.

7. Zatsarinny, A. A., and A. P. Suchkov. 2020. Tselepolaganie v apparatno-programmnom
komplekse \Bezopasnyy gorod": zadachi i realii [Goal setting in the hardware and
software complex \Safe city": Tasks and realities]. Tekhnologii grazhdanskoy bezopas-
nosti [Civil Security Technology] 17(3):69{74. doi: 10.54234/CST.19968493.2020.
17.3.65.12.69. EDN: EYGFFI.

106 Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2024 vol 34 no 4



The problems of goal setting in the hardware and software complex \Safe City"

8. Zatsarinny, A. A., and A. P. Suchkov. 2021. Metodicheskiy podkhod k otsenke ugroz
i riskov realizatsii programmy \Postroenie i razvitie apparatno-programmnogo kom-
pleksa \Bezopasnyy gorod" [Methodological approach to the assessment of threats
and risks of the program implementation for the construction and development of the
hardware and software complex \Safe City"]. Informatsionnye tekhnologii i vychisli-
tel'nye sistemy [J. Information Technologies and Computing Systems] 1:32{41. doi:
10.14357/20718632210104. EDN: YCWNVR.

9. Edinaya mezhvedomstvennaya metodika otsenki ushcherba ot chrezvychaynykh situa-
tsiy tekhnogennogo, prirodnogo i terroristicheskogo kharaktera, a takzhe klassifikatsii
i ucheta chrezvychaynykh situatsiy [Unified interdepartmental methodology for assess-
ing damage from man-made, natural and terrorist emergencies as well as classification
and accounting of emergencies]. 2004. Moscow: FGU VNII GOChS. 159 p.

10. Vlasti Orenburgskoy oblasti podschitali summu ushcherba ot pavodka [The authorities of
the Orenburg region have calculated the amount of damage from the flood]. Available at:
https://www.kp.ru/online/news/5761607/?ysclid=m1emfa0hje643228555 (accessed
October 14, 2024).

11. Uroven' reki Ural u Orenburga priblizilsya k opasnoy otmetke [The Ural River
near Orenburg has approached dangerous levels]. 06.04.2024, 12:14. Izvestiya [Izves-
tia]. Available at: https://iz.ru/1678000/2024-04-06/uroven-reki-ural-u-orenburga-
priblizilsia-k-opasnoi-otmetke (accessed October 14, 2024).

12. Chto stalo prichinoy navodneniy na Urale i v Sibiri [What caused the floods in the
Urals and Siberia]. 19.04.2024. Meduza. Available at: https://milnews.ru/news-
5205542-chto-stalo-prichinoj-navodnenij-na-urale-i-v-sibiri-ih-mogno-bylo-
predotvratit-a-vinovaty-lyudi-ili-.html (accessed October 14, 2024).

13. Chibilev, A. A. 08.08.2024. O letnem pavodke i vesennem navodnenii 2024 goda
na reke Ural i ego pritokakh [About the summer flood and spring flood of 2024 on
the Ural River and its tributaries]. Institut stepi UrO RAN [Institute of Steppe
of the Ural Branch of the Russian Academy of Sciences]. Available at: http://
orensteppe.org/news/o-letnem-pavodke-i-vesennem-navodnenii-2024-goda-na-reke-
ural-i-ego-pritokah (accessed October 14, 2024).

Received September 2, 2024

Contributors

Zatsarinny Alexander A. (b. 1951) | Doctor of Science in technology, professor,
principal scientist, Federal Research Center \Computer Science and Control" of
the Russian Academy of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian
Federation; AZatsarinny@ipiran.ru
Suchkov Alexander P. (b. 1954) | Doctor of Science 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;
ASuchkov@frccsc.ru

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2024 vol 34 no 4 107



‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ, 2024. ’. 34. ü 4. ‘. 108{114

ПРОГРАММА РАН «ОПТИЧЕСКИЙ КОМПЬЮТЕР»
И ЕЕ ПОСЛЕДСТВИЯ

В. П. Торчигин1

�−−®â�æ¨ï: ‚ à�¬ª�å ¯à®£à�¬¬ë ÷�� ú�¯â¨ç¥áª¨© ª®¬¯ìîâ¥àû ¯à¨ ¨áá«¥-
¤®¢�−¨¨ ¢®§¬®¦−®áâ¨ á®§¤�−¨ï ®¯â¨ç¥áª¨å à¥§®−�â®à®¢, ¢ ª®â®àëå á¢¥â®¢�ï
¢®«−� æ¨àªã«¨àã¥â ¢ ®¤−®à®¤−®¬ áâ¥ª«¥, ¢ëïá−¨«®áì, çâ® â�ª�ï ¢®§¬®¦−®áâì
ã¦¥ à¥�«¨§®¢�−� ¢ ¢¨¤¥ è�à®¢®© ¬®«−¨¨ ¢ �â¬®áä¥à¥ ‡¥¬«¨. ‚ à¥§ã«ìâ�â¥
¯®ï¢¨«�áì ®¯â¨ç¥áª�ï ¬®¤¥«ì è�à®¢®© ¬®«−¨¨, á®£«�á−® ª®â®à®© è�à®¢�ï
¬®«−¨ï ¯à¥¤áâ�¢«ï¥â á®¡®© ¯à®áâ® æ¨àªã«¨àãîé¥© á¢¥â, â. ¥. ®¡ê¥ªâ, ¢ áã-
é¥áâ¢®¢�−¨¥ ª®â®à®£® âàã¤−® ¯®¢¥à¨âì ¡¥§ ¤®¯®«−¨â¥«ì−ëå ã¡¥¤¨â¥«ì−ëå
¤®ª�§�â¥«ìáâ¢. ’�ª¨¥ ¤®ª�§�â¥«ìáâ¢� ¡ë«¨ ¯®«ãç¥−ë. ‚ ¬−®£®ç¨á«¥−−ëå
áâ�âìïå ¯®ª�§�−® ¯®«−®¥ áå®¤áâ¢® �−®¬�«ì−®£® ¯®¢¥¤¥−¨ï ¯à¨à®¤−ëå è�à®-
¢ëå ¬®«−¨©, ª®â®à®¥ ®á−®¢�−® −� ¬−®£®«¥â−¨å ¬−®£®ç¨á«¥−−ëå á¢¨¤¥â¥«ì-
áâ¢�å ®ç¥¢¨¤æ¥¢, á ¯®¢¥¤¥−¨¥¬ æ¨àªã«¨àãîé¥£® á¢¥â� ¢ �â¬®áä¥à¥, ª®â®à®¥
á«¥¤ã¥â ¨§ ¯à®áâëå §�ª®−®¢ ä¨§¨ª¨ ¨ ®¯â¨ª¨. �®«¥¥ â®£®, ®ª�§�«®áì, çâ®
¢ ¯à¨à®¤¥ áãé¥áâ¢ã¥â æ¥«ë© ¬¨à æ¨àªã«¨àãîé¥£® á¢¥â�, á®áâ®ïé¨© ¨§ ®¡ê-
¥ªâ®¢ á �−®¬�«ì−ë¬¨ á¢®©áâ¢�¬¨. �â® ¯®§¢®«¨«® ®¡êïá−¨âì ¤àã£®¥ −¥ ¬¥−¥¥
§�£�¤®ç−®¥ ï¢«¥−¨¥ ®¤−®¯ã§ëàìª®¢®© á®−®«î¬¨−¥áæ¥−æ¨¨. ˆ§¤�−ë ¤¢¥ ª−¨-
£¨ ¯® íâ®© â¥¬¥ ¢ �ìî ‰®àª¥ ¨ ‹®−¤®−¥. ’�ª¨¬ ®¡à�§®¬, ¯®á«¥¤áâ¢¨¥¬
¯à®£à�¬¬ë ú�¯â¨ç¥áª¨© ª®¬¯ìîâ¥àû áâ�«® ®âªàëâ¨¥ −®¢®£® ¬¨à� æ¨àªã«¨-
àãîé¥£® á¢¥â� á −¥®¡ëç−ë¬¨ ®¡ê¥ªâ�¬¨, ª®â®àë¥ ¬®£ãâ ¡ëâì ¢®áâà¥¡®¢�−ë
¨ ¢ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¥.

Š«îç¥¢ë¥ á«®¢�: ¯¥à¥¤�ç� ®¯â¨ç¥áª¨å á¨£−�«®¢; è�à®¢�ï ¬®«−¨ï; æ¨àªã-
«¨àãîé¨© á¢¥â; ¬®«¥ªã«ïà−®¥ à�áá¥ï−¨¥ á¢¥â�; 2D-á¢¥â®¢®¤
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1 Введение

‚ −�ç�«¥ 1990-å ££. ¢ ÷�� ¢ à�¬ª�å ¯à®£à�¬¬ë ú�¯â¨ç¥áª¨© ª®¬¯ìîâ¥àû
¯à®¢®¤¨«¨áì ¨áá«¥¤®¢�−¨ï ¢®§¬®¦−®áâ¨ á®§¤�−¨ï ª®¬¯ìîâ¥à�, ¢ ª®â®à®¬ í«¥ª-
âà¨ç¥áª¨¥ á¨£−�«ë §�¬¥−¥−ë á¢¥â®¢ë¬¨. �ë«® ãáâ�−®¢«¥−®, çâ® ®¯â¨ç¥áª¨¥ á¨£-
−�«ë ¨¬¥îâ ¯à¥¨¬ãé¥áâ¢® ¯¥à¥¤ í«¥ªâà¨ç¥áª¨¬¨ ¯à¨ á®§¤�−¨¨ ¬−®£¨å ãáâà®©áâ¢
¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨, ®á®¡¥−−® ¯à¨ ®à£�−¨§�æ¨¨ ª®¬¬ã−¨ª�æ¨®−−ëå á¥â¥©
áã¯¥àª®¬¯ìîâ¥à®¢ ¨ áª®à®áâ−®© ¯¥à¥¤�ç¨ á¨£−�«®¢ −� ¡®«ìè¨¥ à�ááâ®ï−¨ï, £¤¥
à�§ã¬−®© �«ìâ¥à−�â¨¢ë ®¯â¨ç¥áª¨¬ á¨£−�«�¬ −¥ áãé¥áâ¢ã¥â. �â® á¯à�¢¥¤«¨¢®
¨ ¤«ï á®¢à¥¬¥−−ëå ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬, ®á−®¢�−−ëå −� −®¢ëå ¯à¨−æ¨¯�å
®à£�−¨§�æ¨¨ ¢ëç¨á«¥−¨© [1, 2].

‚ â® ¦¥ ¢à¥¬ï ®â¬¥ç�«®áì, çâ® ¯à¨ á®§¤�−¨¨ ¯à®æ¥áá®à−ëå í«¥¬¥−â®¢ í«¥ªâà¨-
ç¥áª¨¥ á¨£−�«ë ¨¬¥îâ ¯à¥¨¬ãé¥áâ¢®, â�ª ª�ª ¬¨−¨¬�«ì−ë¥ à�§¬¥àë ®¯â¨ç¥áª¨å

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, v torchigin@mail.ru
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�à®£à�¬¬� ÷�� ú�¯â¨ç¥áª¨© ª®¬¯ìîâ¥àû ¨ ¥¥ ¯®á«¥¤áâ¢¨ï

«®£¨ç¥áª¨å í«¥¬¥−â®¢ ®£à�−¨ç¥−ë ¤«¨−®© ¢®«−ë á¢¥â�, � à�§¬¥àë «®£¨ç¥áª¨å
í«¥¬¥−â®¢ á í«¥ªâà¨ç¥áª¨¬¨ á¨£−�«�¬¨ ¨¬¥îâ ¯¥àá¯¥ªâ¨¢ë §−�ç¨â¥«ì−®£® ã¬¥−ì-
è¥−¨ï. �â®â ¢ë¢®¤ −�è¥« ¯®¤â¢¥à¦¤¥−¨¥ ¢ −�áâ®ïé¥¥ ¢à¥¬ï. �¤−�ª® ¡¥§
®¯â¨ç¥áª¨å áà¥¤áâ¢ ¢ ¢¨¤¥ à¥−â£¥−®¢áª®£® ¨§«ãç¥−¨ï −¥¢®§¬®¦−® ¡ë«® á®§¤�−¨¥
á®¢à¥¬¥−−ëå í«¥ªâà®−−ëå ¯à¨¡®à®¢ á â¥å−®«®£¨ç¥áª¨¬¨ −®à¬�¬¨, ¨§¬¥àï¥¬ë¬¨
¤¥áïâª�¬¨ ¨ ¥¤¨−¨æ�¬¨ −�−®¬¥âà®¢.

�¥ª®â®àë¥ ¯®á«¥¤áâ¢¨ï ¯à®£à�¬¬ë ú�¯â¨ç¥áª¨© ª®¬¯ìîâ¥àû −¥¢®§¬®¦−®
¡ë«® ¯à¥¤¢¨¤¥âì, â�ª ª�ª −¥¢®§¬®¦−® ¯à¥¤ã£�¤�âì ¡ã¤ãé¨¥ ®âªàëâ¨ï. �à¨
¨áá«¥¤®¢�−¨¨ ¢®¯à®á®¢ ¯® à¥�«¨§�æ¨¨ ¢®«−®¢®£® ¬ã«ìâ¨¯«¥ªá¨à®¢�−¨ï (wave-
length division multiplexing, WDM) á ¨á¯®«ì§®¢�−¨¥¬ ®¯â¨ç¥áª¨å à¥§®−�â®à®¢
¢ ¢¨¤¥ ¬¨−¨�âîà−ëå áâ¥ª«ï−−ëå è�à¨ª®¢ ¡ë« à�áá¬®âà¥− ¯®¤å®¤, ¯à¨ ª®â®à®¬
á¢¥â æ¨àªã«¨àã¥â ¢−ãâà¨ ®¤−®à®¤−®£® áâ¥ª«�, £¤¥ á®§¤�¥â ¤«ï á¥¡ï áä¥à¨ç¥áª¨©
2D-á¢¥â®¢®¤, ¯®ª�§�â¥«ì ¯à¥«®¬«¥−¨ï ¢ ª®â®à®¬ ã¢¥«¨ç¥− ¯®¤ ¤¥©áâ¢¨¥¬ íâ®£®
¦¥ æ¨àªã«¨àãîé¥£® á¢¥â�.

�ª�§�«®áì, çâ® ¯à¨à®¤� ã¦¥ à¥�«¨§®¢�«� íâ®â ¯®¤å®¤. �¤−�ª® á¢¥â æ¨à-
ªã«¨àã¥â −¥ ¢ ®¤−®à®¤−®¬ áâ¥ª«¥, � ¢ ®¤−®à®¤−®¬ ¢®§¤ãå¥. –¨àªã«¨àãîé¨©
á¢¥â ¢ íâ®¬ á«ãç�¥ ¯à¥¤áâ�¢«ï¥â á®¡®© è�à®¢ãî ¬®«−¨î ¢ �â¬®áä¥à¥ ‡¥¬«¨ [3].
’�ª ¯®ï¢¨«�áì ®¯â¨ç¥áª�ï ¬®¤¥«ì è�à®¢®© ¬®«−¨¨. �¤−�ª® −¥®¡å®¤¨¬® ¡ë«®
¤®ª�§�âì, çâ® ®−� ¯à�¢¨«ì−® ®¯¨áë¢�¥â ¯à¨à®¤ã è�à®¢®© ¬®«−¨¨, â�ª ª�ª ®¡ê-
¥ªâë, á®áâ®ïé¨¥ ¨§ á¢¥â�, −¨ªâ® à�−¥¥ −¥ ã¯®¬¨−�«, ¤�¦¥ ¢ á�¬ëå −¥®¡ëç−ëå
£¨¯®â¥§�å. �ª�¤¥¬¨ª �. ‹. Š�¯¨æ� ¨§ãç�« íâ® ï¢«¥−¨¥ ¨ ¢ ª®−æ¥ á¢®¥© ¦¨§−¨
¢ë−ã¦¤¥− ¡ë« ¯à¨§−�âì, çâ® íâ®â ¯«�§¬¥−−ë© ®à¥è¥ª ¥¬ã −¥ ¯® §ã¡�¬. Šà®¬¥
â®£®, ®− ¯à¥¤¯®«®¦¨«, çâ® è�à®¢ë¥ ¬®«−¨¨ ¯à¨−�¤«¥¦�â ¤àã£®¬ã, −¥¨§¢¥áâ-
−®¬ã ¥¬ã, ¬¨àã. �− ®ª�§�«áï ¯à�¢. „�«ì−¥©è¨¥ ¨áá«¥¤®¢�−¨ï ¯®ª�§�«¨, çâ®
¤¥©áâ¢¨â¥«ì−® áãé¥áâ¢ã¥â ¤àã£®© ¬¨à, −�á¥«¥−−ë© ®¡ê¥ªâ�¬¨ á �−®¬�«ì−ë¬¨
á¢®©áâ¢�¬¨. �à¨ç¨−®© �−®¬�«¨© â�ª¨å ®¡ê¥ªâ®¢ á«ã¦¨â æ¨àªã«¨àãîé¨© ¢ −¨å
á¢¥â [4, 5].

2 Физическая природа шаровой молнии

Š�ª ã¦¥ ®â¬¥ç�«®áì, è�à®¢�ï ¬®«−¨ï ¯à¥¤áâ�¢«ï¥â á®¡®© á¢¥â, æ¨àªã«¨-
àãîé¨© ¢ �â¬®áä¥à¥ ‡¥¬«¨. �â® ®¡ëç−ë© ¡¥«ë© á¢¥â, ¨§«ãç�¥¬ë© «¨−¥©−®©
è�à®¢®© ¬®«−¨¥©, ¯®¯�¢è¨© ¢ «®¢ãèªã, ª®â®àãî ®− ãáâà®¨« á¥¡¥ ¨§ ®¡ëç−®£®
¢®§¤ãå�. ‚ ª®−¥ç−®¬ ¨â®£¥ íâ� «®¢ãèª� ¯à¥¢à�â¨«�áì ¢ á¢¥â®¢®© ¯ã§ëàì ¢ ¢¨¤¥
â®−ª®© áä¥à¨ç¥áª®© ®¡®«®çª¨ ¨§ á¨«ì−® á¦�â®£® ¢®§¤ãå�, ¢ ª®â®à®¬ ¢® ¢á¥å ¢®§-
¬®¦−ëå −�¯à�¢«¥−¨ïå æ¨àªã«¨àã¥â ¡¥«ë© á¢¥â. ’�ª®© ¯ã§ëàì á¢¥â¨âáï ¡¥«ë¬
á¢¥â®¬, ¯®â®¬ã çâ® æ¨àªã«¨àãîé¨© á¢¥â à�áá¥¨¢�¥âáï −� ä«ãªâã�æ¨ïå ¯«®â−®áâ¨
¢®§¤ãå� ¨§-§� å®à®è® ¨§¢¥áâ−®£® ï¢«¥−¨ï ¬®«¥ªã«ïà−®£® à�áá¥ï−¨ï á¢¥â�. ‚ íâ®¬
à�§¤¥«¥ ¤�−® ¯®«−®¥ ®¡êïá−¥−¨¥ ä¨§¨ç¥áª®© ¯à¨à®¤ë è�à®¢®© ¬®«−¨¨.

„«ï ¤�«ì−¥©è¥£® ¯®ïá−¥−¨ï «¨èì ãª�¦¥¬, çâ® â�ª®© á¢¥â®¢®© ¯ã§ëàì ¯® á¢®¥©
ª®−áâàãªæ¨¨ −�¯®¬¨−�¥â ¬ë«ì−ë© ¯ã§ëàì á â®© «¨èì à�§−¨æ¥©, çâ® ¬ë«ì−�ï
¯«¥−ª� §�¬¥−¥−� ¯«¥−ª®© á¨«ì−® á¦�â®£® ¢®§¤ãå�, ¢ ª®â®à®© ¢® ¢á¥å −�¯à�¢«¥−¨ïå
æ¨àªã«¨àã¥â ¡¥«ë© á¢¥â ¨ á¦¨¬�¥â ¢®§¤ãå ¢ ¯«¥−ª¥. ‘ä¥à¨ç¥áª�ï ä®à¬� ¯«¥−ª¨
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¬ë«ì−®£® ¯ã§ëàï ®¡¥á¯¥ç¨¢�¥âáï §� áç¥â ¨§¡ëâ®ç−®£® ¤�¢«¥−¨ï ¢®§¤ãå� ¢−ãâà¨
®¡ê¥¬� á�¬®£® ¬ë«ì−®£® ¯ã§ëàï. ‘ä¥à¨ç¥áª�ï ä®à¬� ¯«¥−ª¨ á¢¥â®¢®£® ¯ã§ëàï
®¡¥á¯¥ç¨¢�¥âáï æ¥−âà®¡¥¦−ë¬¨ á¨«�¬¨, ª®â®àë¥ á®§¤�¥â æ¨àªã«¨àãîé¨© ¢ −¥©
á¢¥â. „�¢«¥−¨¥ ¢®§¤ãå� ¢−ãâà¨ ¨ ¢−¥ ¯«¥−ª¨ ®¤¨−�ª®¢®.

’�ª¨¬ ®¡à�§®¬, è�à®¢�ï ¬®«−¨ï | íâ® á¨¬¡¨®§ ¢®§¤ãå� ¨ á¢¥â�. –¨à-
ªã«¨àãîé¨© á¢¥â á¦¨¬�¥â ¢®§¤ãå ¢ áä¥à¨ç¥áª®© ¯«¥−ª¥. ‚ á¢®î ®ç¥à¥¤ì
¯«¥−ª� ¯à¥¤®â¢à�é�¥â à�á¯à®áâà�−¥−¨¥ á¢¥â� ¢ á¢®¡®¤−®¥ ¯à®áâà�−áâ¢®, â�ª ª�ª
¯à¥¤áâ�¢«ï¥â á®¡®© 2D-á¢¥â®¢®¤, ªà¨¢¨§−� ª®â®à®£® −¥ à�¢−� −ã«î. �� íâ®¬
®¡êïá−¥−¨¥ ä¨§¨ç¥áª®© ¯à¨à®¤ë è�à®¢®© ¬®«−¨¨ ¬®¦−® áç¨â�âì §�¢¥àè¥−−ë¬.

‚ ¢¥¤ãé¨å ¬¥¦¤ã−�à®¤−ëå ¦ãà−�«�å ¯® ä¨§¨ª¥ ¨ ®¯â¨ª¥ ®¯ã¡«¨ª®¢�−® ¡®«¥¥
¯ïâ¨ ¤¥áïâª®¢ −�ãç−ëå áâ�â¥©, £¤¥ ¯®¤à®¡−® ®¡êïá−¥−ë ¢á¥ §�£�¤®ç−ë¥ á¢®©áâ¢�
¯à¨à®¤−®© è�à®¢®© ¬®«−¨¨. ‘áë«ª¨ −� áâ�âì¨ ¯à¨¢¥¤¥−ë ¢ ª−¨£�å [4, 5]. �ë«®
¯®ª�§�−®, çâ® ®¯â¨ç¥áª�ï ¬®¤¥«ì è�à®¢®© ¬®«−¨¨ ¢ ¢¨¤¥ æ¨àªã«¨àãîé¥£® á¢¥â�
®¡«�¤�¥â â¥¬ ¦¥ −�¡®à®¬ ¯�à�¤®ªá�«ì−ëå ¨ ¨−âà¨£ãîé¨å á¢®©áâ¢, ¯®«ãç¥−−ëå
−� ®á−®¢¥ ¯à®áâëå §�ª®−®¢ ä¨§¨ª¨ ¨ ®¯â¨ª¨, ¨§ãç�¥¬ëå ¢ áà¥¤−¥© èª®«¥, ª�ª
¨ ¯à¨à®¤−ë¥ è�à®¢ë¥ ¬®«−¨¨, á¢®©áâ¢� ª®â®àëå ¨§¢¥áâ−ë ¨§ ¬−®£®ç¨á«¥−−ëå
á¢¨¤¥â¥«ìáâ¢ ®ç¥¢¨¤æ¥¢. Œ®¦−® áª�§�âì, çâ® ¯à¨à®¤−ë¥ è�à®¢ë¥ ¬®«−¨¨ |
íâ® íªá¯¥à¨¬¥−â�«ì−ë¥ ®¡à�§æë, á®§¤�−−ë¥ ¯à¨à®¤®© ¤«ï ¯à®¢¥àª¨ ®¯â¨ç¥áª®©
¬®¤¥«¨ è�à®¢®© ¬®«−¨¨, � á¢¨¤¥â¥«ìáâ¢� ¬−®£®ç¨á«¥−−ëå ®ç¥¢¨¤æ¥¢ | íâ® ®âç¥â
® ¯à®¢¥¤¥−−ëå ¯à®¢¥àª�å, ª®â®àë© ¯®¤â¢¥à¦¤�¥â á¯à�¢¥¤«¨¢®áâì ®¯â¨ç¥áª®©
¬®¤¥«¨.

’�ª¨¬ ®¡à�§®¬, ä¨§¨ç¥áª�ï ¯à¨à®¤� è�à®¢®© ¬®«−¨¨, ª®â®à�ï ®áâ�¢�«�áì
−¥à�áªàëâ®© ¢ â¥ç¥−¨¥ ¢¥ª®¢ ¨ ®â−®á¨â¥«ì−® ª®â®à®© áãé¥áâ¢ãîâ á®â−¨ à�§-
«¨ç−ëå â¥®à¨© ¨ âëáïç¨ −�ãç−ëå ¯ã¡«¨ª�æ¨©, ¡ë«� à�áªàëâ� á«ãç�©−® ¯à¨
¨áá«¥¤®¢�−¨¨ á®¢¥àè¥−−® ¤àã£¨å â¥å−¨ç¥áª¨å ¯à®¡«¥¬.

ˆ§¢¥áâ¥− â�ª −�§ë¢�¥¬ë© ãâ¨−ë© â¥áâ: ¥á«¨ çâ®-â® ¢ë£«ï¤¨â, ª�ª ãâª�, ¯«�-
¢�¥â, ª�ª ãâª�, ªàïª�¥â, ª�ª ãâª�, â®, ¢¥à®ïâ−®, íâ® ¨ ¥áâì ãâª�. ‘¢®©áâ¢� è�à®¢®©
¬®«−¨¨ (ãâª¨) å®à®è® ¨§¢¥áâ−ë ¨§ −�ª®¯«¥−−ëå §� áâ®«¥â¨ï á¢¨¤¥â¥«ìáâ¢ ¬−®£¨å
®ç¥¢¨¤æ¥¢. �¨ ®¤−� ¨§ ¬−®£®ç¨á«¥−−ëå â¥®à¨© −¥ ¬®¦¥â ¯à¥¤«®¦¨âì ®¡ê¥ªâ
á â�ª¨¬¨ ¦¥ á¢®©áâ¢�¬¨, ª�ª¨¥ −�¡«î¤�îâáï ã ¥áâ¥áâ¢¥−−ëå è�à®¢ëå ¬®«−¨©.
�¯â¨ç¥áª�ï ¬®¤¥«ì è�à®¢®© ¬®«−¨¨ ¯à®å®¤¨â ãª�§�−−ë© ¢ëè¥ ãâ¨−ë© â¥áâ.
„¥©áâ¢¨â¥«ì−®, ®¯â¨ç¥áª�ï ¬®¤¥«ì ¯à¥¤áâ�¢«ï¥â æ¨àªã«¨àãîé¨© á¢¥â, ª®â®àë©
¢ë£«ï¤¨â, ª�ª è�à®¢�ï ¬®«−¨ï, ¨¬¥¥â â�ª¨¥ ¦¥ á¢®©áâ¢�, ª�ª è�à®¢�ï ¬®«−¨ï,
¢¥¤¥â á¥¡ï ¢ �â¬®áä¥à¥ ‡¥¬«¨, ª�ª è�à®¢�ï ¬®«−¨ï, ¢¥à®ïâ−®, â�ª�ï ®¯â¨ç¥áª�ï
¬®¤¥«ì á®®â¢¥âáâ¢ã¥â ¯à¨à®¤¥ è�à®¢®© ¬®«−¨¨.

�â¬¥â¨¬, çâ® á�¬� è�à®¢�ï ¬®«−¨ï ¯®¬®£�¥â ¯à®©â¨ íâ®â â¥áâ, ¯®áª®«ìªã −�-
¡®à á¢®©áâ¢ ¯à¨à®¤−®© è�à®¢®© ¬®«−¨¨ ã−¨ª�«¥− ¨ ®âáãâáâ¢ãîâ ¤àã£¨¥ ®¡ê¥ªâë
á â�ª¨¬ −�¡®à®¬ á¢®©áâ¢. ’�ª¨¥ á¢®©áâ¢� ®âáãâáâ¢ãîâ ã ¢á¥å ¨§¢¥áâ−ëå ®¡ê¥ªâ®¢,
á®áâ®ïé¨å ¨§ ç�áâ¨æ.

3 Стабильность шаровой молнии

�®«ìè¨−áâ¢® ¨áá«¥¤®¢�â¥«¥© è�à®¢®© ¬®«−¨¨ ¢®§à�¦�îâ ¯à®â¨¢ ¯à¨¢¥¤¥−-
−®© ¬®¤¥«¨ è�à®¢®© ¬®«−¨¨, ¯®áª®«ìªã, á ¨å â®çª¨ §à¥−¨ï, æ¨àªã«¨àãîé¨©
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�à®£à�¬¬� ÷�� ú�¯â¨ç¥áª¨© ª®¬¯ìîâ¥àû ¨ ¥¥ ¯®á«¥¤áâ¢¨ï

á¢¥â −¥ ¬®¦¥â áãé¥áâ¢®¢�âì ¢ ¯à¨à®¤¥. „¥©áâ¢¨â¥«ì−®, á¦�âë© ¢®§¤ãå ¢á¥£¤�
¨¬¥¥â â¥−¤¥−æ¨î à�áè¨àïâìáï. ‹î¡®© á¢¥â ¨¬¥¥â â¥−¤¥−æ¨î à�á¯à®áâà�−ïâìáï
¯® ¯àï¬®©. ‘«¥¤®¢�â¥«ì−®, â�ª®© æ¨àªã«¨àãîé¨© á¢¥â ¤®«¦¥− ¡ëâì −¥ãáâ®©ç¨¢.

�áâ�¥âáï ¢®¯à®á: ª�ª ®¡êïá−¨âì áâ�¡¨«ì−®áâì æ¨àªã«¨àãîé¥£® á¢¥â�? ‚®-
®¡é¥ £®¢®àï, íâ® ¯à®¡«¥¬� ¤«ï ä¨§¨ª®¢-â¥®à¥â¨ª®¢. �¤−�ª® ¢ â¥ç¥−¨¥ ¯®«ãâ®à�
¤¥áïâª� «¥â â�ª®¢ëå −¥ −�è«®áì. —â®¡ë ®â¢¥â¨âì −� íâ®â ¢®¯à®á, §−�−¨© ®¤−®©
â®«ìª® ®¯â¨ª¨ −¥¤®áâ�â®ç−®. ’à¥¡ãîâáï ¤®¯®«−¨â¥«ì−ë¥ §−�−¨ï ¨§ â�ª¨å ®¡«�-
áâ¥© ä¨§¨ª¨, ª�ª í«¥ªâà®¤¨−�¬¨ª�, ¬¥å�−¨ª�, ®¡é�ï ä¨§¨ª� ¨ â¥®à¨ï ãáâ®©ç¨-
¢®áâ¨. �à¨ ¨§ãç¥−¨¨ á®áâ®ï−¨ï −�ãª¨ ¢ íâ¨å ®¡«�áâïå ¢ëïá−¨«®áì, çâ® á¨âã�æ¨î
−¥«ì§ï áç¨â�âì ã¤®¢«¥â¢®à¨â¥«ì−®©. „® á¨å ¯®à ¯à®¤®«¦�îâáï á¯®àë ® ¢¥«¨ç¨−¥
¨¬¯ã«ìá� á¢¥â� ¢ ®¯â¨ç¥áª®© áà¥¤¥. �¥â ¥¤¨−®£® ¬−¥−¨ï −¥ â®«ìª® ® ¢¥«¨ç¨−¥
¨¬¯ã«ìá�, −® ¨ ® â®¬, ã¢¥«¨ç¨¢�¥âáï ¨«¨ ã¬¥−ìè�¥âáï ¢¥«¨ç¨−� íâ®£® ¨¬¯ã«ìá�
¯® áà�¢−¥−¨î á ¨¬¯ã«ìá®¬ á¢¥â� ¢ á¢®¡®¤−®¬ ¯à®áâà�−áâ¢¥. �¥§ ®¡®á−®¢�−−ëå
§−�−¨© ® ¢¥«¨ç¨−¥ ¨¬¯ã«ìá� á¢¥â� ¢ ®¯â¨ç¥áª®© áà¥¤¥ ¤�«ì−¥©è¨¥ ¨áá«¥¤®¢�−¨ï
¬¥å�−¨ç¥áª¨å á¢®©áâ¢ á¢¥â� −¥¢®§¬®¦−ë, â�ª ª�ª á¨«ë, ¤¥©áâ¢ãîé¨¥ −� á¢¥â,
§�¢¨áïâ ®â ¢¥«¨ç¨−ë íâ®£® ¨¬¯ã«ìá�.

�ë«� ¯à®¢¥¤¥−� á¥à¨ï à�§«¨ç−ëå ¬ëá«¥−−ëå íªá¯¥à¨¬¥−â®¢, ¢ ª®â®àëå
¨á¯®«ì§®¢�«¨áì â®«ìª® ®¡é¥¯à¨−ïâë¥ §�ª®−ë ä¨§¨ª¨ ¨ ®¯â¨ª¨. ‚á¥ íâ¨ íªá-
¯¥à¨¬¥−âë ¤�«¨ ®¤−®§−�ç−ë© à¥§ã«ìâ�â: ¨¬¯ã«ìá á¢¥â� ¢ ®¯â¨ç¥áª®© áà¥¤¥
ã¢¥«¨ç¨¢�¥âáï ¢ n à�§, £¤¥ n | ¯®ª�§�â¥«ì ¯à¥«®¬«¥−¨ï íâ®© áà¥¤ë [6]. �ë-
«¨ ¯®«ãç¥−ë ¨ ¤àã£¨¥ à¥§ã«ìâ�âë, −¥ á¢ï§�−−ë¥ −�¯àï¬ãî á æ¨àªã«¨àãîé¨¬
á¢¥â®¬.

Šà®¬¥ â®£®, ¡ë«® ¯®ª�§�−®, çâ® á�¬ â¥à¬¨− úí«¥ªâà®áâà¨ªæ¨®−−®¥ ¤�¢«¥−¨¥û
−¥ ¯à¨¬¥−¨¬ ¯à¨ á¦�â¨¨ ¢®§¤ãå� æ¨àªã«¨àãîé¨¬ á¢¥â®¬. ‚ ¯®«¥ í«¥ªâà®¬�£-
−¨â−®© ¢®«−ë ¢®§−¨ª−®¢¥−¨¥ ¤�¢«¥−¨ï ®¡¥á¯¥ç¨¢�¥âáï −¥ â®«ìª® í«¥ªâà¨ç¥áª¨¬
¯®«¥¬ ¢®«−ë, −® ¨ ¥¥ ¬�£−¨â−ë¬ ¯®«¥¬. �®áª®«ìªã §� áç¥â íâ®£® ï¢«¥−¨ï
¯à®¨áå®¤¨â á¦�â¨¥ ¢®§¤ãå� ¢ â®−ª®© áä¥à¨ç¥áª®© ¯«¥−ª¥ á¨«ì−® á¦�â®£® ¢®§-
¤ãå�, â¥à¬¨− í«¥ªâà®áâà¨ªæ¨®−−®¥ ¤�¢«¥−¨¥ −¥ ¯®«−®áâìî ®âà�¦�¥â ä¨§¨ªã
ï¢«¥−¨ï.

�−�«¨§ −¥®¡å®¤¨¬ëå ãá«®¢¨© ãáâ®©ç¨¢®áâ¨ æ¨àªã«¨àãîé¥£® á¢¥â� ¯à®¢®-
¤¨«áï −� ®á−®¢¥ ®¡é¥¯à¨−ïâ®£® ¯®¤å®¤�, á®£«�á−® ª®â®à®¬ã ¯®«−�ï í−¥à£¨ï
á¨áâ¥¬ë ¤®«¦−� ¨¬¥âì ¬¨−¨¬ã¬ [7, 8]. ‚ à�áá¬�âà¨¢�¥¬®¬ á«ãç�¥ í−¥à£¨ï è�à®-
¢®© ¬®«−¨¨ á®áâ®¨â ¨§ í−¥à£¨¨ á¦�â®£® £�§� ¨ í−¥à£¨¨ æ¨àªã«¨àãîé¥£® á¢¥â�.
�® ¬¥à¥ ã¢¥«¨ç¥−¨ï à�¤¨ãá� æ¨àªã«¨àãîé¥£® á¢¥â� í−¥à£¨ï á¦�â®£® ¢®§¤ãå�
¢á¥£¤� ã¬¥−ìè�¥âáï. ’®£¤� ¨§ ãá«®¢¨ï áãé¥áâ¢®¢�−¨ï ¬¨−¨¬ã¬� ®¡é¥© í−¥à£¨¨,
í−¥à£¨ï æ¨àªã«¨àãîé¥£® á¢¥â� ¤®«¦−� ã¢¥«¨ç¨âìáï. �®ª�§�−®, çâ® íâ® ¨¬¥¥â
¬¥áâ® â®«ìª® ¢ â®¬ á«ãç�¥, ¥á«¨ á¢¥â æ¨àªã«¨àã¥â ¢ áà¥¤¥ á ¯®ª�§�â¥«¥¬ ¯à¥-
«®¬«¥−¨ï, áãé¥áâ¢¥−−® ®â«¨ç�îé¨¬áï ®â ¥¤¨−¨æë. �â® âà¥¡®¢�−¨¥ ¢ë¯®«−ï¥âáï
¢ â®¬ á«ãç�¥, ª®£¤� ¬®«¥ªã«ë á¦�â®£® ¢®§¤ãå� ¯«®â−® ã¯�ª®¢�−ë ¨ ¥£® ¯«®â−®áâì
áà�¢−¨¬� á ¯«®â−®áâìî ¢®¤ë [9].

�®«ãç¥−−ë© ¢ë¢®¤ ¯®¤â¢¥à¦¤�¥âáï â�ª¦¥ −¥®¡ëç−® ¡®«ìè¨¬ ¢à¥¬¥−¥¬ ¦¨§-
−¨ æ¨àªã«¨àãîé¥£® á¢¥â�, ª®â®à®¥ −� âà¨ ¯®àï¤ª� ¯à¥¢®áå®¤¨â ¢à¥¬ï ¦¨§−¨
á®«−¥ç−®£® á¢¥â� ¢ �â¬®áä¥à¥ ‡¥¬«¨. �â® ®¡êïá−ï¥âáï â¥¬, çâ® ¯à¨ ¯«®â−®©
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ã¯�ª®¢ª¥ ¬®«¥ªã« ã¬¥−ìè�îâáï ä«ãªâã�æ¨¨ ¯«®â−®áâ¨ ¢®§¤ãå�, ª®â®àë¥ ®â¢¥â-
áâ¢¥−−ë §� ï¢«¥−¨¥ ¬®«¥ªã«ïà−®£® à�áá¥ï−¨ï á¢¥â�, ®¯à¥¤¥«ïîé¥¥ ¢à¥¬ï ¦¨§−¨
á¢¥â� ¢ ¯à®§à�ç−®© ®¯â¨ç¥áª®© áà¥¤¥.

’�ª¨¬ ®¡à�§®¬, �−�«¨§ ãáâ®©ç¨¢®áâ¨ æ¨àªã«¨àãîé¥£® á¢¥â� ¯®§¢®«¨« −¥
â®«ìª® ãâ®ç−¨âì §−�−¨ï ® ä¨§¨ç¥áª¨å ï¢«¥−¨ïå, ®â¢¥âáâ¢¥−−ëå §� ãáâ®©ç¨¢®áâì
è�à®¢®© ¬®«−¨¨, −® ¨ ®¯à¥¤¥«¨âì ¥¥ ã−¨ª�«ì−ë¥ ä¨§¨ç¥áª¨¥ ¯�à�¬¥âàë.

4 Заключение

�−�«¨§ ¢ à�¬ª�å ¯à®£à�¬¬ë ú�¯â¨ç¥áª¨© ª®¬¯ìîâ¥àû ç¨áâ® â¥å−¨ç¥áª¨å
¢®¯à®á®¢ ¢®§¬®¦−®áâ¨ ã«ãçè¥−¨ï á¢®©áâ¢ ®¯â¨ç¥áª¨å à¥§®−�â®à®¢, ¨á¯®«ì§ã-
¥¬ëå ¯à¨ ¯¥à¥¤�ç¥ ¯®áà¥¤áâ¢®¬ WDM ®¯â¨ç¥áª¨å á¨£−�«®¢, ¯à¨¢¥« ª ®âªàëâ¨î
á®¢¥àè¥−−® −®¢®£® ¬¨à� æ¨àªã«¨àãîé¥£® á¢¥â�, −�á¥«¥−−®£® ®¡ê¥ªâ�¬¨ á �−®-
¬�«ì−ë¬¨ á¢®©áâ¢�¬¨.

�à¥¤¯®«®¦¥−¨¥ ® â®¬, çâ® á¢¥â ¬®¦¥â æ¨àªã«¨à®¢�âì ¢ ®¤−®à®¤−®© ®¯â¨-
ç¥áª®© áà¥¤¥, ®¯à�¢¤�«®áì á�¬ë¬ −¥®¦¨¤�−−ë¬ ®¡à�§®¬. �ª�§�«®áì, çâ® íâ®
ï¢«¥−¨¥ ã¦¥ áãé¥áâ¢ã¥â ¢ ¯à¨à®¤¥ ¨ ¯à¥¤áâ�¢«ï¥â á®¡®© è�à®¢ãî ¬®«−¨î. ˜�-
à®¢�ï ¬®«−¨ï á®¢¥àè¥−−® −¥ â®, çâ® ¯à¥¤¯®«�£�«®áì ¤�¦¥ ¢ á�¬ëå −¥®¡ã§¤�−−ëå
ä�−â�§¨ïå. ‘¢®©áâ¢� è�à®¢®© ¬®«−¨¨ −�áâ®«ìª® −¥®¡ëç−ë, çâ® ¤® −�áâ®ïé¥-
£® ¢à¥¬¥−¨ −¨ªâ® −¥ ¬®£ ¢®®¡à�§¨âì, çâ® ¬®¦¥â áãé¥áâ¢®¢�âì ®¡ê¥ªâ á â�ª¨¬¨
á¢®©áâ¢�¬¨. ‚ ¬−®£®ç¨á«¥−−ëå áâ�âìïå, ®¯ã¡«¨ª®¢�−−ëå á 2003 £., ¯®ª�§�−®,
çâ® ¯®¢¥¤¥−¨¥ ®¯â¨ç¥áª®© ¬®¤¥«¨ è�à®¢®© ¬®«−¨¨ ¯®«−®áâìî á®¢¯�¤�¥â á ¯®¢¥-
¤¥−¨¥¬ ¯à¨à®¤−ëå è�à®¢ëå ¬®«−¨©, ª®â®àë¥ ¬®£ãâ à�áá¬�âà¨¢�âìáï ª�ª íªá-
¯¥à¨¬¥−â�«ì−ë¥ ®¡à�§æë ®¯â¨ç¥áª®© ¬®¤¥«¨, á¢®©áâ¢� ª®â®àëå §�ä¨ªá¨à®¢�−ë
¢ ¬−®£®ç¨á«¥−−ëå á¢¨¤¥â¥«ìáâ¢�å ®ç¥¢¨¤æ¥¢.

�à¨ �−�«¨§¥ á¢®©áâ¢ ®¯â¨ç¥áª®© ¬®¤¥«¨ è�à®¢®© ¬®«−¨¨ ¡ë«¨ ãâ®ç−¥−ë
á®¢à¥¬¥−−ë¥ ¯à¥¤áâ�¢«¥−¨ï ® ¢¥«¨ç¨−¥ ¬®¬¥−â� á¢¥â� ¢ ®¯â¨ç¥áª®© áà¥¤¥, ® ¬¥-
å�−¨§¬�å ¢®§−¨ª−®¢¥−¨ï ¤�¢«¥−¨ï, á®§¤�¢�¥¬®£® á¢¥â®¬ ¢ £�§�å, ®¡ ®á®¡¥−−®áâïå
¢§�¨¬®¤¥©áâ¢¨ï á¢¥â� á ®¯â¨ç¥áª®© áà¥¤®©. �â¨ ãâ®ç−¥−¨ï ª�á�îâáï −¥ â®«ìª®
à�áá¬�âà¨¢�¥¬ëå ¯à®¡«¥¬, � ¨¬¥îâ ¢á¥®¡é¨© å�à�ªâ¥à.

ˆ§ á¬ëá«� −�§¢�−¨ï ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª á«¥¤ã¥â, çâ® íâ� �ª�¤¥¬¨ï
¤®«¦−� ¡ëâì ®à¨¥−â¨à®¢�−� −� −�ãç−ë¥ ¨áá«¥¤®¢�−¨ï. Š�ª ®â¬¥ç�« �. ‹. Š�¯¨-
æ�, −�ãª� | íâ® ¨áá«¥¤®¢�−¨¥ −¥¨§¢¥áâ−®£®. ‚á¥ ®áâ�«ì−®¥ | íâ® â¥å−¨ç¥áª¨©
¯à®£à¥áá. �âªàëâ¨¥ ¨ ¨áá«¥¤®¢�−¨¥ ¯à¨à®¤ë è�à®¢®© ¬®«−¨¨ ®â−®áïâáï ª ®¡-
«�áâ¨ −�ãª¨ ¨ áâ�«® ®ç¥à¥¤−ë¬ è�£®¬ ¢ ¯®§−�−¨¨ ¯à¨à®¤ë, å®âï ¨ á®áâ®ï«¨áì
¯à¨ ¨§ãç¥−¨¨ ç¨áâ® â¥å−¨ç¥áª®© ¯à®¡«¥¬ë.
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THE RAS PROGRAM “OPTICAL COMPUTER”
AND ITS CONSEQUENCES

V. P. Torchigin

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

Abstract: Within the framework of the RAS program \Optical Computer"
during the study of the possibility of creating optical resonators in which a light
wave circulates in homogeneous glass, it was found that such a possibility has
already been realized in the form of ball lightning in the Earth's atmosphere.
As a result, an optical model of ball lightning appeared according to which ball
lightning is simply circulating light, that is, an object whose existence is difficult
to believe without additional convincing evidence. Such evidence was obtained.
Numerous articles have shown the complete similarity of the anomalous behavior
of natural ball lightning, which is based on many years of numerous eyewitness
accounts, with the behavior of circulating light in the atmosphere, which follows
from the simple laws of physics and optics. Moreover, it turned out that in
nature, there is a whole world of circulating light consisting of objects with
anomalous properties. This made it possible to explain another no less mysterious
phenomenon of single-bubble sonoluminescence. Two books on this topic have
been published in New York and London. Thus, the consequence of the Optical
Computer program was the discovery of a new world of circulating light with
unusual objects that may be in demand in computing technology.
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ON AN APPROACH TO DATA ANALYSIS AND VISUALIZATION
IN THE DOMAIN OF EMPLOYEE–ORGANIZATION

RELATIONSHIPS∗

Kishankumar Bhimani1 and Khushbu Saradva1

Abstract: An increasing number of domains in science and industry rely on
the intensive use of data. In such domains, obtaining new knowledge is almost
impossible without the use of modern methods of data analysis and visualization.
A typical example is the domain of human resource (HR) management. This paper
proposes an approach to the application of exploratory data analysis, feature
extraction from data, and predictive analytics to determine the relationships
between an employee and an organization. Correlation analysis is used to
identify relationships between data attributes and assess the strength of these
dependencies. Word clouds and conditional feature selection are used during
feature extraction. A feature that corresponds to the risk of an employee leaving
the organization is implemented. The approach is applied on a nationwide dataset
of organization's employee survey and contributes to computer science methods
in sociology and HR management.

Keywords: data analysis; data visualization; human resource management;
employee{organization relationship
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1 Introduction

The comprehension of workplace dynamics [1] is an area of study that has gathered
significant attention, given its intricate connection with organizational success.
This comprehension, which involves understanding the complexities of employee
behaviors and their conjunction with organizational elements, is critical to fostering
a conducive and productive work environment.

This paper delves into a comprehensive analysis of the workplace, employing
data science methodologies and visualization techniques to a dataset gleaned from
a large employee survey. We have undertaken this study with a keen interest in un-
derstanding the multifaceted relationship between employees and their organization.
We focus on several key facets including employee satisfaction, their engagement
levels, work environment conditions, demographic analysis, and, more critically,

∗The paper is published on the proposal of the Program Committee of the 25th International
Conference on Data Analytics and Management in Data Intensive Domains (DAMDID/RCDL
2023).

1National Research University Higher School of Economics, 11 Pokrovsky Blvd., Moscow 109028,
Russian Federation
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burnout prediction. This multifocal approach enables a holistic understanding of the
work-place, thereby furnishing actionable insights.

Additionally, we aim at filling some gaps between complex data science methods
and their practical application in understanding employee{organization dynamics.
The analysis is presented in an accessible manner, thereby enabling individuals even
with limited programming or data science knowledge to comprehend the insights
derived.

Throughout the paper, we strive to contribute to the broader dialogue on
employee{organization relationships (EOR) and the various elements influencing
it. We are hopeful that our research will serve as a valuable key for various
stakeholders, including HR professionals, organizational leaders, researchers, and
employees alike. We believe that the insights derived from our analysis can catalyze
effective decision-making processes and lead to the development of healthier, more
productive workplaces.

2 Related Works

For decades, scholars specializing in organizational behavior have dedicated them-
selves to a deeper understanding of the relationship between employees and their
respective organizations [2]. The EOR has steadily emerged as a central area of study
for experts in organizational behavior, HR management, and industrial relations [3].
Existing literature comprehensively explores the EOR from both the individual
perspective and at group and organizational levels of analysis [4].

The EOR has entrenched itself in the academic discourse, seeking to underpin the
theoretical groundwork essential for comprehending the mutual exchange from both
employer and employee standpoints. The relationship between employee performance
and employer benefits represents a multifaceted dynamic [5]. There exists a mutual
commitment to improvement on both ends of this spectrum, which can be stimulated
through various forms of analysis. Numerous methodologies, approaches, and
publications provide substantial literature in this domain. They address key areas
such as the EOR, employee satisfaction, burnout, workspace environment, and the
consequential link between employee engagement and organizational performance [6].

The paper by Frye et al. [7] underscores the significant financial and operational
costs associated with employee attrition. Their research highlights the importance
of predictive models, such as logistic regression, in understanding and preventing
employee quits. This study aligns with a growing body of literature emphasizing
the need to address employee attrition and burnout for organizational success.
Brewer and Shapard's [8] study conducts a metaanalysis on the connection between
employee burnout and factors like age and experience. It underscores the practical
significance of understanding this relationship for effective burnout interventions.
The literature review emphasizes the harmful impact of burnout on individuals
and organizations and the need to address these research findings to guide HR
professionals in addressing burnout effectively.
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Nair et al. [9] paper underscores the indispensable role of data visualization in
predictive analytics highlighting how visual analytics, in tandem with various Data
Science tools, bridges the gap between raw data and actionable insights of business
intelligence. This method is the key to expand this to real employee survey visual
analytics.

This body of literature acts as a comprehensive resource for understanding the
nuances and dynamics of the EOR facilitating the formulation of effective strategies
for mutual growth and satisfaction. Here, data science could lead this field by analy-
sis and visualization [10] because it covers wide range of solution for all sectors. The
contemporary workplace is undergoing significant transformations driven by techno-
logical advancements, changing demographics, and evolving employee expectations.
Organizations are increasingly recognizing the importance of employee opinion and
engagement (EOE) to ensure their success and sustainability. In this context, the
application of data science techniques and visualization tools to analyze employee
survey data presents a valuable opportunity for organizations to gain insights into
employee perceptions, sentiments, and engagement levels. This literature review
aims to explore existing research on the intersection of workplace analysis, EOE,
data science methodologies, and visualization techniques.

3 Data

This paper aims to elaborate on the dynamics of today's workplaces through the
application of advanced data science techniques. The backbone of this extensive
analysis rests on a meticulously collected, broad-ranging data set procured from
a nationwide employee survey.

This data set, sourced through a paid acquisition rather than open-source means,
gives an inclusive view of the current situation, encompassing all industry sectors and
employee roles. The data size is substantial, originally composed of 18,976 entries
with 82 attributes each. However, through a process of cleaning and removal
of duplicate entries, this raw dataset was streamlined to 18,972 unique records
with 80 attributes, further enhancing the potential for precise insights. Since the
information predominantly consists of survey responses, it necessitated rigorous
information wrangling and use of filtering methods to streamline it for significant
interpretation and analysis [11].

To ensure transparency and to support reproducibility in future research, we
will facilitate access to a sample copy of our dataset in a secure manner. It protects
the privacy of research participants and aims to help other researchers validate our
methods and results while adhering to data protection standards. The aim of sharing
these sample data is to foster a collaborative, transparent research environment that
would encourage further explorations in this domain.

3.1 Data collection

The data used in this paper is accurately acquired from employee survey-based
company from a specific country. The motivation behind this collection strategy was
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to build a comprehensive model to elucidate workplace dynamics for both employees
and organizations. To ensure the reliability and accuracy of our data, we opted to
source this large dataset from a reputable organization specializing in high-quality,
precision data surveys.

Data collection structure is described in detail in Table 1 which is available at:
https://github.com/MrBhimani/Employee Survey Analysis/blob/main/Dataset/
Dataset.xlsx. The table represents the raw data from the employee survey where
the headers define the questions tag and the responses are recorded in subsequent
rows of the dataframe. This layout provides a clear and systematic view of the
data for an effective understanding to learners. Also, full dataset is freely open
access for users at GitHub: https://github.com/MrBhimani/Employee Survey
Analysis/blob/main/Dataset/Dataset.xlsx.

3.2 Data preprocessing

Preprocessing the collected data is a key to ensuring its readiness for analysis [12].
The following methods were systematically used for this purpose.

{ the initial data headers contained redundant tags, i. e., 〈br〉 that could complicate
analysis. We rectified this by transforming these tags into simplified dataframe
columns, thereby enhancing the clarity of the dataset;

{ handling missing value [13] and steamlining data;

{ responses to several survey questions were taken on a five-point scale: `Agree,'
`Rather agree than disagree,' `Disagree rather than agree,' `Disagree,' and
`Difficult to answer.' We numbered these responses, mapping them to the
values 1, 2, 3, 4, and 5, respectively, for bidirectional conversion;

{ we applied label encoding, scaling, and various other transformations during the
programming phase to ensure standardization and reliability of the dataset;

{ a range of data science techniques were applied to further prepare the dataframe.
These included methods for data mapping, transformation, and others, all
de-signed to enhance the usability of the dataset; and

{ in preparation for text processing tasks such as word cloud creation, we performed
stop word removal using the NLTK (National Language Toolkit) library. Stop
words, which are commonly occurring words of minimal significance (e. g., `a,'
`an,' `the,' `are'), were removed to focus the text analysis on meaningful content.

Through these comprehensive preprocessing steps, we were able to refine our
dataset, increasing its suitability for a thorough and accurate workplace analysis.

4 Methodology

This methodology seeks to address an innovative approach to understand and navigate
the complexities of employee surveys and workplace analytics | a challenge faced
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by numerous organizations in their quest for customized insights. We have given
special consideration to visual interpretation by applying modern data science
methodologies, facilitating an intuitive understanding of the analyses presented.

Our approach is designed to be accessible not only to those experienced in
programming and data science but also to individuals who might be beginners in
these domains. We provide ready-to-use code promoting wider adoption of the
methods introduced.

The insights gained from the employee{organization dynamic are of vital im-
portance to a range of areas, including Management, Economics, Sociology, and
HR. These sectors can leverage our visually rich approach to glean new insights,
potentially enhancing their understanding of their domains and enriching future
publications. In this section, we will describe our methodology, which comprises
of three main stages: Exploratory Data Analysis (EDA), Feature Engineering, and
Predictive Analysis.

4.1 Exploratory data analysis
Any survey-based research must begin with EDA [14], which offers an excellent
way to fully understand data patterns and linkages. By engaging in EDA, we can
conduct statistical analysis, identify correlations, spot missing data, detect outliers,
and determine the central tendency of the dataframe. These steps collectively permit
us to find insightful patterns and informative visualizations.

The EDA graphs, in their simplicity and expressiveness, provide a practical and
effective means to represent the underlying data. Exploratory data analysis equips
the researcher to discover the data's inherent structure by uncovering new insights.
In this study, the broad objectives of EDA are to enhance our understanding of the
survey responses, identify patterns within the data, and build easy to understand for
audience.

Applied to our context, EDA plays a pivotal role in gaining insights into
employee satisfaction and engagement, organizational work culture, happiness
indices, benefits offered, the company's value to its employees, and demographic
factors. The use of EDA in our methodology ensures that we capitalize on the
richness of our dataset, uncovering nuanced information for our further analyses and
discussions.

Correlation analysis: Correlation analysis is a vital aspect of EDA for under-
standing relationships between variables and quantifying their strength. In Fig. 1,
we present a correlation analysis of 60 key questions from Table 1, focusing on
response-based categorical data.

In Figs. 1a and 1d, we observe normal distributions, indicating a balanced
relationship between these categories. However, Figs. 1b and 1e show skewed
distributions suggesting an asymmetry in the relationships. Figure 1c displays
a symmetric distribution indicating a different pattern altogether. Figure 1f is
a correlation histogram, filled with p-values. Notably, this histogram displays
aligned foundation to further analysis.
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Figure 1 Correlation analysis of response-based categorical data (a){(e) and heatmap of
correlation with p-value (f )

4.2 Feature engineering

In many instances, datasets, including those derived from questionnaires, articles,
reviews, and surveys, contain text fields that can serve as rich sources of information.
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Feature engineering is the process through which these raw data elements are
carefully selected, manipulated, and transformed into more meaningful attributes
or \features." These features, which can be quantified inputs in a predictive model,
often significantly enhance the quality and accuracy of the resulting analysis [15].

A key strength of feature engineering is its role as a springboard to predictive
analysis, enabling the application of Machine Learning (ML), Deep Learning (DL),
and Natural Language Processing (NLP) techniques [16]. From Table 1, questions 71
and 72 allow employees to express their perceptions freely. The NLP techniques
are pivotal in understanding individual sentiments. In Fig. 8, a commonly used
Word Cloud approach will be illustrated. Researchers can further enrich these
categorical data by employing NLP algorithms for text classification [17] such as
Word2Vec, Glove, TF-IDF, Bag-of-Words, and Embedding Algorithms [18]. It
can provide a predictive perspective, facilitating the forecasting and estimating of
future outcomes.

The journey of feature engineering starts with data preprocessing and cleaning.
We employ standard techniques such as data imputation for missing values [13]
using algorithms like mean imputation, median imputation, or advanced techniques
like K-nearest neighbors (KNN) imputation 0. Very few Outliers are identified and
addressed using methods such as IQR (Interquartile Range) based detection [19].

Feature engineering can aid in interpreting survey trends and directing predictive
analyses in the context of employee surveys. For instance, the replies \Agree,"
\Rather agree than disagree," \Disagree rather than agree," \Difficult to answer,"
and \Agree" on the five-point scale were converted into numerical features using
mapping [20]. Now, we have numerical values representing each response and we
can create features based on the survey questions. For example, let us say we have
a survey question like \I am satisfied with my job." We can create a feature called
\Job Satisfaction" and assign it the numerical values corresponding to the responses
of each employee. These features, mapped against variables such as age, gender,
industry, position, and region of work, allowed us to explore and identify patterns
more effectively.

4.3 Predictive Analytics

Predictive analytics encompasses a range of business intelligence technologies (IT)
de-signed to identify patterns and relationships within large datasets, enabling the
prediction of future behaviors and events. In the context of our study, predictive
analytics offers significant value by forecasting potential employee attrition. This
insight can guide organizations to enhance their employee satisfaction, happiness,
and benefits programs proactively, mitigating potential turnover [21].

Ponnuru et al. [22] present ML algorithms, specifically Logistic Regression, on
IBM HR data to predict and address employee attrition for only software industry.
Najafi-Zangeneh et al. [23] use an ML framework with a \max-out" feature selection
method to predict employee attrition and assess model stability using an IBM HR
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Figure 2 Industry-wise comparison of satisfaction (1), burnout (2), and employee attrition
score (3)

dataset, Srivastava and Nair [24] utilize predictive analytics to forecast and mitigate
employee attrition by analyzing past data to predict future voluntary terminations.

In the realm of predictive analytics, we have established three vital components
to gauge attrition score calculation as shown in Fig. 2. Firstly, we measure
Employee Satisfaction (1) by tallying the \Agree" responses in the industry sector,
directly extracted from Question 28 in the data from Table 1. Secondly, we
pinpoint Employee Burnout (2) by identifying the column with the highest count
of \Disagree" responses for Question 49 and calculating the \Agree" responses
within it. This metric indicates employees considering leaving within the next
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year. Thirdly, our custom-developed Employee Attrition score (3), created through
condition-based programming, assesses the risk of employees leaving. This score takes
into account responses from both Questions, capturing instances where employees
express a desire to leave alongside dissatisfaction. These components collectively
provide a comprehensive understanding of potential burnout and attrition risks
within the organization.

Figure 3 A Pie chart visualizing distribution of employees across various industry
sectors: I | services for the public (4829 employees); II | pharmaceutics and medicine
(2410 employees); III | energy, mining, and processing of raw materials (1585 employees);
IV | business services, service, and engineering companies (1392 employees); V |
production, trade, and production companies (1160 employees); VI | telecommunications
and communications (1099 employees); VII | retail networks (1087 employees); VIII |
IT and Internet (1018 employees); IX { banks (1000 employees); X | transport, logistics,
and car dealers (937 employees); XI | food production, trade, and production companies
(858 employees); XII | wholesalers, dealers, and distributors (761 employees); XIII |
nonprofit and public organizations (232 employees); XIV | construction and real estate
(223 employees); XV | FMCG (157 employees); XVI | media, marketing, advertising,
and publishing business (117 employees); and XVII | finance and insurance (107 employees)
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5 Results

5.1 Demographic analysis and visualization

In these findings, the demographic analysis plays a significant role, given the
multiple features available for exploration and visualization within the dataset.

Figure 3 presents a pie chart representing the number of employees across
different industry sectors. Each sector's percentage and total employee count are
clearly displayed, providing a comprehensive view of employee distribution across
these industry segments. The legend lists all industry sectors included in the dataset.

The primary objective of this visualization is to provide a clear and concise
overview of how employees are distributed across various industry sectors. A pie
chart is particularly well-suited for this purpose as it allows for a quick and intuitive
comparison of the percentage count of employees working within each industry sector
relative to the total workforce. Consequently, it facilitates a rapid assessment of the
industry sectors with the highest and lowest proportions of employees, a key aspect
of our analysis in understanding the workforce landscape.

Figure 4 demonstrates a bar chart illustrating the distribution of employees across
various age ranges. The X-axis lists age group categories while the Y -axis reflects

Figure 4 Employee age range distribution with total count
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the corresponding employee counts. This visualization sheds valuable insights into
the age demographics of the workforce, shedding light on the proportion of younger
vs. older employees across sectors.

The objective of this visualization is to provide an overview of how the employee
population is distributed across various age groups. A bar chart is particularly
well-suited for this purpose because it excels in showing comparisons among discrete
categories, such as different age ranges, on the X-axis. The Y -axis, on the other
hand, is utilized to represent the count of employees within each age category.
Its capacity to clearly depict the relationship between age categories and employee
count enhances the interpretability for highlighting any trends or disparities in the
age composition of the workforce, aiding in the assessment of age-related workforce
characteristics.

A correlation map in a form of heatmap is shown in Fig. 5. It connects various
age groups to different industry sectors. With age ranges on theX-axis and industry
sectors on the Y -axis, the color-coded representation, ranging from 0 to 700, allows
for a detailed examination of the workforce distribution. The heatmap is an ideal
choice for this representation due to its ability to highlight patterns and variations
across two categorical variables | age groups on the X-axis and various industry
sectors on the Y -axis. This visualization method facilitates the quick identification
of trends, revealing how age demographics vary across different sectors. For instance,

Figure 5 Heatmap of age ranges vs. industry sectors with workforce color-coded counts
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the heatmap shows that there are more employees in the Public Services sector in
the age ranges of 31 to 35, 36 to 40, and 41 to 45, compared to Fast-Moving
Consumer Goods (FMCG), or Finance and Insurance, which has lower employees
count overall.

5.2 Work satisfaction and engagement

Understanding employee satisfaction and engagement within their current work-
places is a crucial aspect of our research. To assess this, we selected several pertinent
questions from the survey (namely, Questions 12, 14, 15, 17{19, 30, 31, 34, and
37 from Table 1). Each of these questions targets specific aspects related to work
satisfaction and engagement, with employees' interest in their work, their perception
of their abilities, their satisfaction with their salary, their perceived value to the
company, and their opinion on the company's appraisal methods [25].

While frequency plots for each question can yield important insights, we have
chosen violin plots for their ability to clearly delineate the distribution of responses
across multiple categories.

Figure 6 Violin plot showing response distribution of each question in work satisfaction
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This violin plot is shown in Fig. 6, with each question tag on the X-axis and
the corresponding responses on the Y -axis. The resulting visualization provides
a clear picture of the response distribution for each question. Violin plots are a well-
suited choice for this task as they excel in revealing the distribution of responses
across various categories, making them particularly effective for survey data. The
violin plots offer a clear and intuitive representation, distinctly illustrating that the
majority of responses cluster around `Agree' and `Rather agree than disagree,' with
a narrowing of the plots for the remaining response categories. This graph allows
one to gauge general work satisfaction and engagement trends across the surveyed
employees.

5.3 Work environment analysis

A comprehensive work environment analysis involves evaluating a variety of as-
pects [26]. We have selected several survey questions (specifically, Questions 13,
15, 29, 42, 45, 60, 63, and 65 from Table 1), revolving around factors such as
organized work culture, provided benefits, opportunities for advancement, comfort

Figure 7 Radar plot illustrating frequency of responses to work environment related
questions
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at the workplace, and relationships with managers, and camaraderie with team-
mates, among others. The results are presented using radar plot. Radar plot has
its unique capability to effectively assess response density and patterns in work
environment-related questions. This plot excels in this context due to its abili-
ty to simultaneously represent multiple response categories in a single plot, each
differentiated by a distinct color.

This visualization choice offers a perfect view of response frequencies for specific
questions, aiding in the precise evaluation of work environment factors by capturing
density and distribution patterns. Hence, a radar plot presents the most compelling
and comprehensive visualization for response analysis. In Fig. 7, the spider graph
within the radar plot illustrates the total count of responses, ranging from `Agree'
to `Disagree,' each represented by a distinct color. The perimeter of the radar
plot displays the corresponding questions, while the legend accurately depicts the
response categories. This graphical representation facilitates a clear understanding
of the survey responses related to work environment factors.

5.4 Word cloud analysis

A word cloud provides a striking visual representation of textual data, with words
that appear more frequently in a source text given greater prominence. In Fig. 8, we
have created two distinct word clouds A & B, focusing on Questions 71 and 72 from
the survey, which respectively address `What makes our company a good employer?'
and `What could be improved in the work/processes in the company?'

In addition, to uncover common themes between the responses to these two
questions, we utilized a Venn diagram approach, depicted in Fig. 8c. This diagram
presents overlapping categories between the two word clouds, helping to identify
key areas that can mutually enhance both the employee experience and company pro-
cesses. Interestingly, the terms `salary,' `team,' `training,' `staff,' `responsibility,'
`work,' `time,' `organization,' `management,' and `company' emerge as common
elements in both contexts. These words suggest focal points for both parties to
work on and improve, enhancing the overall work environment and organizational
processes.

Word clouds are ideal for this purpose as they highlight the most frequently
occurring terms, providing a quick and intuitive overview of the survey's textual
responses. Their significance in employee surveys extends beyond this study as
they not only aid in current analysis but also open avenues for future research,
particularly, for NLP enthusiasts, by offering rich insights into employee sentiment
and areas of concern.

5.5 Burnout prediction

Burnout is a state of emotional, mental, and often physical exhaustion brought
on by prolonged or repeated stress by any mean. High levels of burnout can also
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]

Figure 8 Word clouds for employer attractiveness words (a), suggested areas for company's
improvement (b), and a Venn diagram identifying overlapping terminology (c)

drive employees to consider leaving their current organization [27]. In survey,
Questions 28 and 49 from Table 1 specifically probe the burnout levels among
individual employees.

Figure 2 breaks down key aspects of employee engagement in various sectors.
It uses three components: Employee Satisfaction (1), Employee Burnout (2), and
Employee Attrition (3). Employee Satisfaction is determined by counting \Agree"
responses in Question 28, indicating the level of satisfaction. Employee Burnout is
identified by counting \Agree" responses in Question 49, indicating an intention to
leave within a year. Employee Attrition score is calculated using custom algorithm
that link responses from both Questions, helping us accurately estimate potential
burnout and attrition risk among employees. Figure 2 provides a clear snapshot of
these critical factors in employee engagement across different sectors.
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Bar charts are ideal for this purpose as they distinctly represent the count of
such employees in each industry, providing a clear visual of burnout likelihood with
satisfaction and also, underscoring their importance in quantifying and visualizing
employee attrition score estimation, making them a precise choice.

6 Concluding Remarks, Discussion, and Future Research

This research stands as a testament to the profound implications of data science
across various management sectors [28], particularly, within the realm of EOR.
Through using these approaches, one can enhance their findings. This broad-based
approach is designed to resonate with a diverse array of readers | from researchers
in sociology and management to firms seeking a detailed understanding of their
workforce's satisfaction.

By leveraging a comprehensive dataset from a nationwide employee survey,
we have delved deep into the multifaceted dynamics of the workplace, shedding
light on critical aspects such as employee satisfaction, engagement levels, work
environment conditions, demographic analysis, and the often-overlooked issue of
burnout prediction. Our approach in the realm of burnout research sets us apart.
Rather than focusing solely on employee attrition scores, we have developed an
algorithm that simultaneously assesses employee satisfaction and burnout levels,
offering a holistic perspective that goes beyond traditional methods.

In total, this research study serves as a bridge between the domains of data science
and management, sociology, HR, and administration. It is aimed at encouraging
professionals in these sectors to embrace visualization-based approaches, fostering
innovation, and providing actionable insights that can drive positive change within
organizations.

Our dataset, though extensive, primarily focuses on standard visualizations for
employee survey and demographic data. However, we acknowledge that there is
immense potential for further research in areas such as correlation, clustering [29],
employee behavior, and burnout analysis. These avenues present opportunities
for utilizing modern data science technologies and tools to inform organizational
policies.

The richness of our dataset indeed lends itself to various advanced techniques,
including ML and DL algorithms. These can be harnessed for predicting burnout,
assessing employee satisfaction, generating recruitment ideas, and identifying boom-
ing job market sectors. Additionally, text-based data offer an exciting frontier for
NLP [30] researchers to uncover behavioral insights. Furthermore, we intend to
explore data visualization tools like Tableau and Power BI to create informative
dashboards.

Efforts have been made to utilize a multitude of visualization techniques to
comprehensively analyze the workplace culture and the interplay of employees
within an organization. The canvas of possibilities ranges from discovering unique
patterns and correlations in the data to applying more advanced methods of ML such
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as DL and NLP models and making common toolkit for survey-based analysis [31].
Such approaches can extract1 more nuanced insights and may allow for more precise
predictions.
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¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨©.
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