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�−−®â�æ¨ï: ‘â�âìï à�áá¬�âà¨¢�¥â ¢®¯à®áë à�§à�¡®âª¨ á�¬®á¨−åà®−−ëå (‘‘)
âà¨££¥à®¢ −� ®á−®¢¥ ¨áå®¤−®£® ®¯¨á�−¨ï äã−ªæ¨®−¨à®¢�−¨ï ¨å á¨−åà®−−ëå
�−�«®£®¢ −� ¯®¢¥¤¥−ç¥áª®¬ ãà®¢−¥. �−�«¨§¨àãîâáï ®¯æ¨¨ á¨−åà®−−ëå âà¨£-
£¥à®¢ ¨ ¨å á®®â¢¥âáâ¢¨¥ ®á®¡¥−−®áâï¬ ¯®¢¥¤¥−¨ï ‘‘-âà¨££¥à®¢. �à¥¤«�£�¥âáï
¬¥â®¤ ¯à¥®¡à�§®¢�−¨ï á¨−åà®−−®£® ¯®¢¥¤¥−ç¥áª®£® ®¯¨á�−¨ï âà¨££¥à� ¢ ‘‘-
�−�«®£ á ãç¥â®¬ á¯¥æ¨ä¨ª¨ à�¡®âë ‘‘-áå¥¬. �á¨−åà®−−ë¥ á¡à®á ¨ ãáâ�−®¢ª�
á¨−åà®−−®£® âà¨££¥à� ®áâ�îâáï �á¨−åà®−−ë¬¨ ¨ ¢ ‘‘-�−�«®£¥, ®−¨ −¥ ¨−¤¨-
æ¨àãîâáï. ‘¨−åà®−−ë¥ á¡à®á ¨ ãáâ�−®¢ª� ¯à¥®¡à�§ãîâáï ¢ ‘‘-á¡à®á ¨ ‘‘-
ãáâ�−®¢ªã á®®â¢¥âáâ¢¥−−®. ˆå ãá¯¥è−®¥ §�¢¥àè¥−¨¥ ¨−¤¨æ¨àã¥âáï. �®ª�§�−®,
çâ® ‘‘-á¡à®á ¨ ‘‘-ãáâ�−®¢ªã æ¥«¥á®®¡à�§−® à¥�«¨§®¢ë¢�âì á ¯®¬®éìî ¯à¥¤-
¢�à¨â¥«ì−®£® ¬¨ªè¨à®¢�−¨ï á¨£−�«®¢ á¡à®á� ¨ ãáâ�−®¢ª¨ á ¨−ä®à¬�æ¨®−−ë¬
¢å®¤®¬ âà¨££¥à�. �®¤áâ�−®¢ª� ‘‘-âà¨££¥à� ¢¬¥áâ® á¨−åà®−−®£® ¯à®â®â¨¯�
®áãé¥áâ¢«ï¥âáï á ¨á¯®«ì§®¢�−¨¥¬ è�¡«®−®¢, ®¡¥á¯¥ç¨¢�îé¨å �¤¥ª¢�â−®áâì
§�¬¥−ë, ®¯â¨¬�«ì−®áâì �¯¯�à�â−®© à¥�«¨§�æ¨¨ ¨ á�¬®á¨−åà®−−®áâì à¥§ã«ì-
â¨àãîé¥© áå¥¬ë.

Š«îç¥¢ë¥ á«®¢�: á�¬®á¨−åà®−−ë¥ áå¥¬ë; âà¨££¥à; Verilog-®¯¨á�−¨¥; ¤¨�¯�-
§®− à�¡®â®á¯®á®¡−®áâ¨; à¥£¨áâà; í«¥¬¥−â−�ï ¡�§�; à®¡®â®â¥å−¨ç¥áª�ï á¨áâ¥¬�
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1 Введение

�®á«¥¤®¢�â¥«ì−®áâ−ë¥ æ¨äà®¢ë¥ áå¥¬ë ¨£à�îâ ¢�¦−ãî à®«ì ¢ à®¡®â®â¥å−¨-
ç¥áª¨å á¨áâ¥¬�å. ˆå ®á−®¢ã á®áâ�¢«ïîâ âà¨££¥àë. �®íâ®¬ã ¯®á«¥¤®¢�â¥«ì−®áâ-
−ë¥ áå¥¬ë ç�áâ® −�§ë¢�îâ âà¨££¥à−ë¬¨ áå¥¬�¬¨. Š ¨å ç¨á«ã ®â−®áïâáï ®¤¨−®ç-
−ë¥ âà¨££¥àë, à¥£¨áâàë åà�−¥−¨ï, à¥£¨áâàë á¤¢¨£�, áç¥âç¨ª¨ [1]. ‘®¢à¥¬¥−−�ï
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ā. ƒ. „ìïç¥−ª®, ‹. �. �«¥å�−®¢, �. ‚. Œ®à®§®¢ ¨ ¤à.

¬¥â®¤®«®£¨ï ¯à®¥ªâ¨à®¢�−¨ï á¨−åà®−−ëå áå¥¬, ¢ â®¬ ç¨á«¥ ¨ �¢â®¬�â¨§¨à®-
¢�−−®£®, ®á−®¢�−� −� ¨á¯®«ì§®¢�−¨¨ ¤¢ãåâ�ªâ−ëå âà¨££¥à®¢. �−¨ ®¡¥á¯¥ç¨¢�îâ
¡¥áª®−ä«¨ªâ−ãî á¨−åà®−¨§�æ¨î ¯à®æ¥áá� ®¡à�¡®âª¨ ¤�−−ëå [2].

‘�¬®á¨−åà®−−ë¥ áå¥¬ë á¢®¡®¤−ë ®â £«®¡�«ì−®© á¨−åà®−¨§�æ¨¨ [3]. ÷�¡®â�
‘‘-áå¥¬ë ¡�§¨àã¥âáï −� §�¯à®á-®â¢¥â−®¬ ¢§�¨¬®¤¥©áâ¢¨¨ ç�áâ¥© áå¥¬ë ¢ à�¬ª�å
¤¢ãåä�§−®© ¤¨áæ¨¯«¨−ë: à�¡®ç�ï ä�§�, ¢ ª®â®à®© ¤�−−ë¥ à¥�«ì−® ®¡à�¡�âë¢�-
îâáï, ç¥à¥¤ã¥âáï á® á¯¥©á¥à−®© ä�§®©, á«ã¦�é¥© ¤«ï ¯®¤£®â®¢ª¨ ª á«¥¤ãîé¥©
à�¡®ç¥© ä�§¥ [4, 5]. �«�£®¤�àï íâ®¬ã ‘‘-áå¥¬ë ®¡«�¤�îâ ¯à¥¤¥«ì−® è¨à®-
ª¨¬ ¤¨�¯�§®−®¬ à�¡®â®á¯®á®¡−®áâ¨ ¨ ¯®¢ëè¥−−®© á¡®¥ãáâ®©ç¨¢®áâìî [6]. �−¨
á«ã¦�â ¯¥àá¯¥ªâ¨¢−®© í«¥¬¥−â−®© ¡�§®© ¤«ï à¥�«¨§�æ¨¨ æ¨äà®¢ëå ãáâà®©áâ¢
¨ à®¡®â®â¥å−¨ç¥áª¨å á¨áâ¥¬, à�¡®â�îé¨å ¢ íªáâà¥¬�«ì−ëå ãá«®¢¨ïå.

’à¨££¥àë ¢ ‘‘-áå¥¬¥, �−�«®£¨ç−® á¢®¨¬ á¨−åà®−−ë¬ �−�«®£�¬, ¢ë¯®«−ïîâ
à�§−ë¥ äã−ªæ¨¨: à�§àï¤ à¥£¨áâà� åà�−¥−¨ï; à�§àï¤ áç¥âç¨ª�; à�§àï¤ à¥£¨áâà�
á¤¢¨£�; åà�−¨â¥«ì ä«�£� á®áâ®ï−¨ï ¨«¨ ¯à¨§−�ª� ®¯¥à�æ¨¨. �¤−�ª® ¨å ¯®¢¥¤¥-
−¨¥ á¯¥æ¨ä¨ç−®, ¨ ¥£® á®®â¢¥âáâ¢¨¥ ¯®¢¥¤¥−¨î á¨−åà®−−ëå âà¨££¥à®¢ −¥ ¢á¥£¤�
®ç¥¢¨¤−®. ‚ á¢ï§¨ á íâ¨¬ ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨ ‘‘-áå¥¬, á®¤¥à¦�é¨å í«¥¬¥−âë
á ¯�¬ïâìî, ¢®§−¨ª�¥â §�¤�ç� ª®àà¥ªâ−®© ‘‘-à¥�«¨§�æ¨¨ äã−ªæ¨¨ åà�−¥−¨ï,
�¤¥ª¢�â−®© §�¤�−−®¬ã �«£®à¨â¬ã ®¡à�¡®âª¨ ¤�−−ëå áå¥¬®©. �à¨ �¢â®¬�â¨§¨-
à®¢�−−®¬ á¨−â¥§¥ ‘‘-áå¥¬ë −� ®á−®¢¥ ¨áå®¤−®£® á¨−åà®−−®£® ®¯¨á�−¨ï ®−�
¯à¥®¡à�§ã¥âáï ¢ §�¤�çã §�¬¥−ë á¨−åà®−−ëå âà¨££¥à®¢ ‘‘-�−�«®£�¬¨. �â� §�¤�-
ç� à¥è�¥âáï ¢ à�¬ª�å íâ�¯� ¤¥á¨−åà®−¨§�æ¨¨ ¨áå®¤−®£® á¨−åà®−−®£® ®¯¨á�−¨ï
á¨−â¥§¨àã¥¬®© áå¥¬ë [7].

‚®¯à®áë �¢â®¬�â¨§�æ¨¨ á¨−â¥§� �á¨−åà®−−ëå áå¥¬ ¢®®¡é¥ ¨ ‘‘-áå¥¬ ¢ ç�áâ-
−®áâ¨ �ªâ¨¢−® ¨áá«¥¤ãîâáï −�ãç−ë¬ á®®¡é¥áâ¢®¬ [8{17]. �¤−�ª® à¥è¥−¨¥ §�¤�ç¨
§�¬¥−ë á¨−åà®−−ëå âà¨££¥à®¢ ‘‘-�−�«®£�¬¨ ¯à¨ íâ®¬ ®ª�§ë¢�¥âáï ¯®«®¢¨−ç�-
âë¬. ��¯à¨¬¥à, ¢ à�¡®â�å [8, 9, 11, 13{17] á¨−åà®−−ë¥ áå¥¬ë ¯à¥®¡à�§ãîâáï
¢ �á¨−åà®−−ë¥ á® á¢ï§�−−ë¬¨ ¤�−−ë¬¨ (bundled-data) á í¬ã«ïæ¨¥© §�¤¥à¦ª¨
¯¥à¥ª«îç¥−¨ï áå¥¬ë ¤®¯®«−¨â¥«ì−®© æ¥¯®çª®© «®£¨ç¥áª¨å í«¥¬¥−â®¢ ¢¬¥áâ®
à¥�«ì−®£® ª®−âà®«ï §�¢¥àè¥−¨ï ¯¥à¥ª«îç¥−¨ï. ‚ [15] ª�¦¤ë© ¤¢ãåâ�ªâ−ë©
á¨−åà®−−ë© âà¨££¥à §�¬¥é�¥âáï ¯�à®© ®¤−®â�ªâ−ëå âà¨££¥à®¢ ¡¥§ ¨−¤¨ª�æ¨¨,
� ¢ [1, 11, 14, 16] âà¨££¥àë ®áâ�îâáï á¨−åà®−−ë¬¨, «¨èì ¨å â�ªâ®¢ë© á¨£−�«
áâ�−®¢¨âáï «®ª�«ì−ë¬ ¨ ä®à¬¨àã¥âáï ®ªàã¦¥−¨¥¬. ‚ [12, 13] ¤¢ãåâ�ªâ−ë¥ á¨−-
åà®−−ë¥ âà¨££¥àë ¢ à¥£¨áâà�å áâã¯¥−¥© ª®−¢¥©¥à� §�¬¥−ïîâáï ®¤−®â�ªâ−ë¬¨
âà¨££¥à�¬¨ á ®£à�−¨ç¥−¨ï¬¨ ¯® ãáâ�−®¢ª¥ ¨ ã¤¥à¦�−¨î ¢å®¤−ëå á¨£−�«®¢, −¥
�ªâã�«ì−ë¬¨ ¢ ¤¥©áâ¢¨â¥«ì−® ‘‘-áå¥¬�å. ‚ [10] ¯à¥¤«�£�¥âáï á¨−â¥§¨à®¢�âì £«®-
¡�«ì−® �á¨−åà®−−ë¥ «®ª�«ì−® á¨−åà®−−ë¥ áå¥¬ë −� ®á−®¢¥ «®ª�«ì−ëå â�ªâ®¢ëå
£¥−¥à�â®à®¢ ¡¥§ §�¬¥−ë á¨−åà®−−ëå âà¨££¥à®¢. ’�ª¨¬ ®¡à�§®¬, ¯à¥¤«�£�¥¬ë¥
¨§¢¥áâ−ë¥ à¥è¥−¨ï −¥ ®â¢¥ç�îâ âà¥¡®¢�−¨ï¬, ¯à¥¤êï¢«ï¥¬ë¬ ª ‘‘-áå¥¬�¬,
à�¡®â� ª®â®àëå −¥ §�¢¨á¨â ®â §�¤¥à¦¥ª í«¥¬¥−â®¢. �®íâ®¬ã ä®à¬�«¨§�æ¨ï ¯à®-
æ¥¤ãàë à¥�«¨§�æ¨¨ âà¨££¥à®¢ ¨ ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ãáâà®©áâ¢ −� ¨å ®á−®¢¥
¢ ¡�§¨á¥ ‘‘-áå¥¬®â¥å−¨ª¨ �ªâã�«ì−�.

„�−−�ï áâ�âìï �−�«¨§¨àã¥â ®á®¡¥−−®áâ¨ äã−ªæ¨®−¨à®¢�−¨ï á¨−åà®−−ëå
âà¨££¥à®¢, ¯à¥¤«�£�¥â ¯à¨−æ¨¯ë à¥�«¨§�æ¨¨ ‘‘-âà¨££¥à®¢, ®¡¥á¯¥ç¨¢�îé¨å
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÷¥�«¨§�æ¨ï äã−ªæ¨®−�«ì−®áâ¨ á¨−åà®−−ëå âà¨££¥à®¢ ¢ á�¬®á¨−åà®−−®¬ ¡�§¨á¥

�¤¥ª¢�â−ãî äã−ªæ¨®−�«ì−®áâì, ¨ ¤�¥â à¥ª®¬¥−¤�æ¨¨ ¯® ¨å ¯à¨¬¥−¥−¨î. �á®-
¡¥−−®áâ¨ à¥�«¨§�æ¨¨ ‘‘-áç¥âç¨ª®¢ ã¦¥ ¡ë«¨ ¯®¤à®¡−® à�áá¬®âà¥−ë ¢ [18].
‚ ¤�−−®© áâ�âì¥ ¯à¥¤áâ�¢«¥−ë ¯à¨−æ¨¯ë ¨ ¬¥â®¤¨ª� à¥�«¨§�æ¨¨ âà¨££¥à®¢,
¢ë¯®«−ïîé¨å äã−ªæ¨¨ åà�−¨â¥«¥© ¯à¨§−�ª®¢ ®¯¥à�æ¨© ¨ à�§àï¤®¢ à¥£¨áâà®¢
åà�−¥−¨ï ¨ á¤¢¨£�.

2 Опции синхронных триггеров

�á®¡¥−−®áâ¨ äã−ªæ¨®−¨à®¢�−¨ï á¨−åà®−−®£® âà¨££¥à� ®¯¨áë¢�îâáï Verilog-
¬®¤¥«ìî ¥£® ¯®¢¥¤¥−¨ï. �à¨¬¥à ¯®¢¥¤¥−ç¥áª®£® Verilog-®¯¨á�−¨ï ¤¢ãåâ�ªâ−®£®
âà¨££¥à� ¢ ®¡é¥¬ ¢¨¤¥ ¯®ª�§�− −� à¨á. 1, £¤¥ clk | â�ªâ®¢ë© á¨£−�«, ¯® ¯¥à¥¤−¥¬ã
äà®−âã ª®â®à®£® §−�ç¥−¨¥ ¨−ä®à¬�æ¨®−−®£® ¢å®¤� D ä¨ªá¨àã¥âáï ¢ âà¨££¥à¥;
FR(R1, . . . , Rn) | äã−ªæ¨ï �á¨−åà®−−®£® á¡à®á� âà¨££¥à�; FS(S1, . . . , Sm) |
äã−ªæ¨ï �á¨−åà®−−®© ãáâ�−®¢ª¨ âà¨££¥à�; FW (E1, . . . , Ek) | äã−ªæ¨ï à�§à¥-
è¥−¨ï §�¯¨á¨; Q | ¢ëå®¤ âà¨££¥à�.

�à¥¤áâ�¢«¥−−®¥ −� à¨á. 1 Verilog-®¯¨á�−¨¥ á¨−åà®−−®£® ¤¢ãåâ�ªâ−®£® âà¨£-
£¥à� −¥ ã−¨¢¥àá�«ì−®. ‡�¯¨áì ¢ âà¨££¥à ¬®¦¥â ¢ë¯®«−ïâìáï ¯® §�¤−¥¬ã äà®−âã
(¯¥à¥ª«îç¥−¨î ¨§ 1 ¢ 0) á¨£−�«� clk, ¯¥à¥¬¥−−ë¥ â¨¯� Ri, Sj ¨ El ¬®£ãâ
®âáãâáâ¢®¢�âì. Š ®¡ï§�â¥«ì−ë¬ ®â−®áïâáï ¯¥à¥¬¥−−ë¥ â¨¯� clk, D ¨ Q.

‚®§¬®¦−ë¥ ¢�à¨�−âë ®¯æ¨© ¤¢ãåâ�ªâ−®£® á¨−åà®−−®£® âà¨££¥à� ¯à¥¤áâ�¢«¥-
−ë ¢ â�¡«¨æ¥. –¨äàë ¢ ¥¥ ª«¥âª�å ãª�§ë¢�îâ ç¨á«® ¢�à¨�−â®¢, ®â«¨ç�îé¨åáï

always @(posedge clk, R1, . . . , Rn, S1, . . . , Sm) begin
if (FR(R1, . . . , Rn)) Q <= 0;
else if (FS(S1, . . . , Sm)) Q <= 1;
else if (FW (E1, . . . , Ek)) Q <= D;

end

÷¨á. 1 Verilog-®¯¨á�−¨¥ á¨−åà®−−®£® âà¨££¥à� á �á¨−åà®−−®© ¯à¥¤ãáâ�−®¢ª®©

�¯æ¨¨ ¤¢ãåâ�ªâ−®£® á¨−åà®−−®£® âà¨££¥à�

�ªâ¨¢−ë©
äà®−â

â�ªâ®¢®£®
¢å®¤�

’¨¯
§�¯¨á¨

’¨¯
¯à¥¤ãáâ�-

−®¢ª¨

�¥§
á¡à®á�
¨ ãáâ�-
−®¢ª¨

�á¨−åà®−−�ï
¯à¥¤ãáâ�−®¢ª�

‘¨−åà®−−�ï
¯à¥¤ãáâ�−®¢ª�

‘¡à®á
“áâ�-
−®¢ª�

‘¡à®á
¨ ãáâ�-
−®¢ª�

‘¡à®á
“áâ�-
−®¢ª�

‘¡à®á
¨ ãáâ�-
−®¢ª�

�¥à¥¤−¨©
�¥§ãá«®¢−�ï

�¥§ãá«®¢−�ï 1 2 2 4 2 2 4
�® ãá«®¢¨î | 2 2 4 2 2 4

�® ãá«®¢¨î
�¥§ãá«®¢−�ï 2 4 4 8 4 4 8
�® ãá«®¢¨î | 4 4 8 4 4 8

‡�¤−¨©
�¥§ãá«®¢−�ï

�¥§ãá«®¢−�ï 1 2 2 4 2 2 4
�® ãá«®¢¨î | 2 2 4 2 2 4

�® ãá«®¢¨î
�¥§ãá«®¢−�ï 2 4 4 8 4 4 8
�® ãá«®¢¨î | 4 4 8 4 4 8
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ā. ƒ. „ìïç¥−ª®, ‹. �. �«¥å�−®¢, �. ‚. Œ®à®§®¢ ¨ ¤à.

á®ç¥â�−¨ï¬¨ §−�ç¥−¨© �ªâ¨¢−ëå ãà®¢−¥© á¨£−�«®¢ ¨«¨ äã−ªæ¨©, à�§à¥è�îé¨å
¯à¥¤ãáâ�−®¢ªã ¨ §�¯¨áì ¢ âà¨££¥à. �à¥¤ãáâ�−®¢ª� ¯® ãá«®¢¨î ®§−�ç�¥â ¨á-
¯®«ì§®¢�−¨¥ äã−ªæ¨© FR /̈̈ «¨ FS ¤«ï ®¯¨á�−¨ï á®®â¢¥âáâ¢ãîé¨å ãá«®¢¨©
¢¬¥áâ® ®¤¨−®ç−ëå á¨£−�«®¢ á¡à®á� ¨ ãáâ�−®¢ª¨. ‡�¯¨áì ¯® ãá«®¢¨î ®âà�¦�¥â
¨á¯®«ì§®¢�−¨¥ äã−ªæ¨¨ FW ¨«¨ ®¤¨−®ç−®£® á¨£−�«� ¤«ï à�§à¥è¥−¨ï §�¯¨á¨
¨−ä®à¬�æ¨®−−®£® ¢å®¤� ¢ âà¨££¥à ¯® �ªâ¨¢−®¬ã äà®−âã â�ªâ®¢®£® á¨£−�«�.

�−�«¨§ à¥§ã«ìâ�â®¢ á¨−â¥§� á¨−åà®−−ëå âà¨££¥à−ëå áå¥¬ â¨¯®¢ë¬¨ «®£¨-
ç¥áª¨¬¨ á¨−â¥§�â®à�¬¨ (−�¯à¨¬¥à, Yosys [19]) ¯®ª�§ë¢�¥â, çâ® Verilog-®¯¨á�-
−¨¥, á®¤¥à¦�é¥¥ äã−ªæ¨¨ FR, FS ¨«¨ FW , á¨−â¥§�â®à ¯à¥®¡à�§ã¥â ¢ âà¨££¥à
á ¡¥§ãá«®¢−ë¬¨ ®¯æ¨ï¬¨ ¯à¥¤ãáâ�−®¢ª¨ ¨ ã¯à®é¥−−ë¬ à�§à¥è¥−¨¥¬ §�¯¨á¨
¨ ª®¬¡¨−�æ¨®−−®¥ ®ªàã¦¥−¨¥, ä®à¬¨àãîé¥¥ äã−ªæ¨¨ FR, FS ¨ FW .

3 Специфика самосинхронных триггеров

÷®«ì ®à£�−¨§�â®à®¢ ¢§�¨¬®¤¥©áâ¢¨ï äã−ªæ¨®−�«ì−ëå ¡«®ª®¢ ¨ ç�áâ¥© ‘‘-
áå¥¬ë ¨£à�îâ «®ª�«ì−ë¥ á¨£−�«ë ã¯à�¢«¥−¨ï, ä®à¬¨àã¥¬ë¥ −� ®á−®¢¥ ¨−-
¤¨ª�â®à−ëå á¨£−�«®¢, ¯®¤â¢¥à¦¤�îé¨å §�¢¥àè¥−¨¥ ¯¥à¥ª«îç¥−¨ï ‘‘-áå¥¬ë
¢ â¥ªãéãî ä�§ã à�¡®âë [4]. �¤−�ª® −¥¯®áà¥¤áâ¢¥−−�ï ä®à¬�«ì−�ï §�¬¥−� â�ª-
â®¢®£® ¢å®¤� á¨£−�«®¬ ã¯à�¢«¥−¨ï ¯à¨ ¯à¥®¡à�§®¢�−¨¨ á¨−åà®−−®£® âà¨££¥à�
¢ ‘‘-�−�«®£ −¥ ¢á¥£¤� −¥®¡å®¤¨¬�.

‘�¬®á¨−åà®−−ë¥ ª®¬¡¨−�æ¨®−−ë¥ áå¥¬ë ¨á¯®«ì§ãîâ ¯�à�ä�§−®¥ á® á¯¥©á¥-
à®¬ (�”‘) ª®¤¨à®¢�−¨¥ ¨−ä®à¬�æ¨®−−ëå á¨£−�«®¢ [4], ª®â®à®¥ ®¡¥á¯¥ç¨¢�¥â
¯¥à¥¤�çã −¥ â®«ìª® ¡¨â� ¨−ä®à¬�æ¨¨, −® ¨ â¥ªãé¥© ä�§ë á¨£−�«�: à�¡®ç¥© ¨«¨
á¯¥©á¥à−®©. �â� ®á®¡¥−−®áâì ¯®§¢®«ï¥â ¨á¯®«ì§®¢�âì ¨−ä®à¬�æ¨®−−ë© �”‘-
¢å®¤ âà¨££¥à� ¢ ª�ç¥áâ¢¥ à¥£ã«ïâ®à� §�¯¨á¨ ¢ ‘‘-âà¨££¥à ¢¬¥áâ® ¤®¯®«−¨â¥«ì−®£®
¢å®¤� ã¯à�¢«¥−¨ï ¨ ¢ë−ã¦¤�¥â à¥�«¨§®¢ë¢�âì ¨−ä®à¬�æ¨®−−ë¥ �”‘-¢ëå®¤ë
¢ ‘‘-âà¨££¥à�å, ¢§�¨¬®¤¥©áâ¢ãîé¨å á ª®¬¡¨−�æ¨®−−ë¬ ®ªàã¦¥−¨¥¬.

�¤¥ª¢�â−�ï à¥�«¨§�æ¨ï ‘‘-�−�«®£� á¨−åà®−−®£® âà¨££¥à� ¯à¥¤¯®«�£�¥â ¢®á-
¯à®¨§¢¥¤¥−¨¥ â�ª®© ¦¥ äã−ªæ¨®−�«ì−®áâ¨ á â®çª¨ §à¥−¨ï ¯à¥¤ãáâ�−®¢ª¨ ¨ ãá«®-
¢¨© §�¯¨á¨. �á¨−åà®−−ë¥ á¡à®á ¨ ãáâ�−®¢ª�, ¨−¨æ¨¨àã¥¬ë¥ £«®¡�«ì−ë¬¨
á¨£−�«�¬¨, ®áâ�îâáï �á¨−åà®−−ë¬¨ ¨ ¢ ‘‘-âà¨££¥à¥. �−¨ −¥ âà¥¡ãîâ ¨−¤¨-
ª�æ¨¨ §�¢¥àè¥−¨ï ¯à¥¤ãáâ�−®¢ª¨ ¨ à¥�«¨§ãîâáï ¬¨−¨¬�«ì−ë¬¨ �¯¯�à�â−ë¬¨
§�âà�â�¬¨. �à¨¬¥à à¥�«¨§�æ¨¨ ¤¢ãåâ�ªâ−®£® âà¨££¥à� FF0R0 á �”‘-¢å®¤®¬
(R,S) ¨ ¢ëå®¤®¬ (Q,QB) á −ã«¥¢ë¬ á¯¥©á¥à®¬ ¨ á ¢å®¤®¬ �á¨−åà®−−®£® á¡à®á�
AR ¨ ¥£® á¨¬¢®«ì−®¥ ¨§®¡à�¦¥−¨¥ ¯®ª�§�−ë −� à¨á. 2 [20]. „®¯®«−¨â¥«ì−ë¥
�¯¯�à�â−ë¥ §�âà�âë −� à¥�«¨§�æ¨î ¢ −¥¬ �á¨−åà®−−®£® á¡à®á� à�¢−ë 5% ®â
®¡é¥© á«®¦−®áâ¨ áå¥¬ë âà¨££¥à�.

�¤−�ª® ¤«ï ®¯à¥¤¥«¥−¨ï á®áâ®ï−¨ï ¢á¥å ïç¥¥ª âà¨££¥à� �ªâ¨¢−ë¬ ãà®¢−¥¬
¢å®¤� AR = 1 ¨−ä®à¬�æ¨®−−ë© �”‘-¢å®¤ (R,S) ¢ áå¥¬¥ −� à¨á. 2 ¤®«¦¥− −�-
å®¤¨âìáï ¢ á¯¥©á¥à−®¬ á®áâ®ï−¨¨ (R = S = 0). …á«¨ ¢ á®®â¢¥âáâ¢¨¨ á �«£®à¨â¬®¬
à�¡®âë áå¥¬ë ¢ë¯®«−¥−¨¥ íâ®£® ãá«®¢¨ï −¥ £�à�−â¨àã¥âáï ¢® ¢à¥¬ï ¢ª«îç¥−¨ï
¯¨â�−¨ï áå¥¬ë ¨«¨ ¥¥ −�ç�«ì−®£® á¡à®á�, −¥®¡å®¤¨¬® ¨á¯®«ì§®¢�âì ¯à¨−ã¤¨-
â¥«ì−ãî ¯à¥¤ãáâ�−®¢ªã. �à¨¬¥à â�ª®£® ‘‘-âà¨££¥à� ¯®ª�§�− −� à¨á. 3. �à¨
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÷¥�«¨§�æ¨ï äã−ªæ¨®−�«ì−®áâ¨ á¨−åà®−−ëå âà¨££¥à®¢ ¢ á�¬®á¨−åà®−−®¬ ¡�§¨á¥

÷¨á. 2 ‘å¥¬� ¤¢ãåâ�ªâ−®£® ‘‘-âà¨££¥à� FF0R0 á �á¨−åà®−−ë¬ á¡à®á®¬ ¨ ¥£® á¨¬¢®«

÷¨á. 3 ‘å¥¬� ¤¢ãåâ�ªâ−®£® ‘‘-âà¨££¥à� FF0FS0 á ¯à¨−ã¤¨â¥«ì−®© ãáâ�−®¢ª®©

AS = 0 ¢ëå®¤ë ¢á¥å ¥£® í«¥¬¥−â®¢ ãáâ�−�¢«¨¢�îâáï ¢ ®¯à¥¤¥«¥−−®¥ á®áâ®ï−¨¥
−¥§�¢¨á¨¬® ®â §−�ç¥−¨© ®áâ�«ì−ëå ¢å®¤®¢.

�à¨ ¯à¥®¡à�§®¢�−¨¨ á¨−åà®−−®£® âà¨££¥à� ¢ ‘‘-�−�«®£ á¨−åà®−−ë¥ á¡à®á
¨ ãáâ�−®¢ª� ¯à¥®¡à�§ãîâáï ¢ ‘‘-¯à¥¤ãáâ�−®¢ªã, âà¥¡ãîéãî ¯®¤â¢¥à¦¤¥−¨ï
¥¥ ãá¯¥è−®£® §�¢¥àè¥−¨ï ¨−¤¨ª�â®à−®© ¯®¤áå¥¬®©. ÷¥§ã«ìâ�â ¯à¥®¡à�§®¢�−¨ï
‘‘-âà¨££¥à� FF0R0 á �á¨−åà®−−ë¬ á¡à®á®¬ ¢ âà¨££¥à FF0C0 á ¢å®¤®¬ ‘‘-
á¡à®á� C ¯®ª�§�− −� à¨á. 4. �− ®â«¨ç�¥âáï ®â áå¥¬ë −� à¨á. 2 ¤®¯®«−¨â¥«ì−ë¬
í«¥¬¥−â®¬ NOR2, ä®à¬¨àãîé¨¬ ¨−¤¨ª�â®à à¥¦¨¬� ‘‘-á¡à®á� I2 ¨ ¡®«¥¥
á«®¦−ë¬ ¨−¤¨ª�â®à®¬ à¥¦¨¬� §�¯¨á¨ ¨ åà�−¥−¨ï I1.

‘�¬®á¨−åà®−−ë© á¡à®á ¢ FF0C0 à¥�«¨§ã¥âáï ¯à¨ á¯¥©á¥à¥ −� ¢å®¤¥E (E = 1)
¨ âà¥¡ã¥â ®à£�−¨§�æ¨¨ á¯¥æ¨�«ì−®£® áæ¥−�à¨ï á¡à®á�:
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ā. ƒ. „ìïç¥−ª®, ‹. �. �«¥å�−®¢, �. ‚. Œ®à®§®¢ ¨ ¤à.

÷¨á. 4 ‘å¥¬� ¤¢ãåâ�ªâ−®£® ‘‘-âà¨££¥à� FF0C0 á ‘‘-á¡à®á®¬

{ ¯®¤â¢¥à¦¤¥−¨¥ ¯¥à¥ª«îç¥−¨ï âà¨££¥à� ¢ á¯¥©á¥à (I1 = 1);

{ ä®à¬¨à®¢�−¨¥ �ªâ¨¢−®£® §−�ç¥−¨ï ¢å®¤� ‘‘-á¡à®á� (C = 0);

{ ¯®¤â¢¥à¦¤¥−¨¥ §�¢¥àè¥−¨ï á¡à®á� ¨−¤¨ª�â®à−ë¬ ¢ëå®¤®¬ I2 = 1;

{ à�§à¥è¥−¨¥ ¯¥à¥ª«îç¥−¨ï âà¨££¥à� ¢ à�¡®çãî ä�§ã.

’�ª®© áæ¥−�à¨© â¥å−¨ç¥áª¨ à¥�«¨§ã¥¬. �¤−�ª® ®− âà¥¡ã¥â ¤®¯®«−¨â¥«ì−ëå
�¯¯�à�â−ëå §�âà�â ¨ â®à¬®§¨â à�¡®âã ‘‘-áå¥¬ë. ÷¨áã−®ª 5 ¯®ª�§ë¢�¥â �«ì-
â¥à−�â¨¢−ë© ¢�à¨�−â à¥�«¨§�æ¨¨ ‘‘-á¡à®á� −� ®á−®¢¥ âà¨££¥à� FF0R0. �−
®á−®¢�− −� ¨−â¥à¯à¥â�æ¨¨ áãâ¨ á¨−åà®−−®£® á¡à®á�: ¯® �ªâ¨¢−®¬ã äà®−âã â�ª-
â®¢®£® á¨£−�«� ¢ á¨−åà®−−ë© âà¨££¥à §�¯¨áë¢�¥âáï −ã«ì ¢¬¥áâ® §−�ç¥−¨ï ¥£®
¨−ä®à¬�æ¨®−−®£® ¢å®¤�.

��à�ä�§−ë© á¨£−�« ‘‘-á¡à®á� (C, CB) ¢ áå¥¬¥ −� à¨á. 5 ä®à¬¨àã¥â ¨−-
ä®à¬�æ¨®−−ë© �”‘-¢å®¤ âà¨££¥à� FF0R0 ¢¬¥áâ¥ á ¨−ä®à¬�æ¨®−−ë¬ �”‘-
á¨£−�«®¬ (R,S). ��à�ä�§−ë¥ á¨£−�«ë (C, CB) ¨ (R,S) ¨¬¥îâ ¥¤¨−¨ç−ë© á¯¥©-
á¥à. ‘�¬®á¨−åà®−−ë© á¡à®á à¥�«¨§ã¥âáï ª�ª §�¯¨áì á®®â¢¥âáâ¢ãîé¥£® á®áâ®ï−¨ï
¢ âà¨££¥à ¢ à�¡®ç¥© ä�§¥ ¯à¨C = 1, CB = 0. ’�ª®© ¯®¤å®¤ ¯®§¢®«ï¥â ¢ë¯®«−¨âì
‘‘-á¡à®á ¨ ‘‘-ãáâ�−®¢ªã ¡¥§ −¥®¡å®¤¨¬®áâ¨ ®à£�−¨§�æ¨¨ á¯¥æ¨�«ì−®© ¯à®æ¥-
¤ãàë ¨ ®¡ê¥¤¨−¨âì ¨−¤¨ª�â®à−ë¥ ¢ëå®¤ë à¥¦¨¬®¢ §�¯¨á¨ ¨ á¡à®á� (I1 ¨ I2 −�
à¨á. 4) ¢ ®¡é¨© ¢ëå®¤ I. ‚å®¤ �á¨−åà®−−®£® á¡à®á� AR £�à�−â¨àã¥â ®¤−®§−�ç−®¥
®¯à¥¤¥«¥−¨¥ á®áâ®ï−¨ï âà¨££¥à� FF0R0 ¯à¨ ¢ª«îç¥−¨¨ ¯¨â�−¨ï áå¥¬ë.

�á®¡®¥ ¬¥áâ® ¢ ‘‘-áå¥¬®â¥å−¨ª¥ §�−¨¬�îâ âà¨££¥àë, ¨£à�îé¨¥ à®«ì à�§àï-
¤®¢ à¥£¨áâà� åà�−¥−¨ï, −�¯à¨¬¥à ¢ à¥£¨áâà¥ áâã¯¥−¨ ª®−¢¥©¥à�. �−¨, ª�ª ¯à�¢¨-
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÷¥�«¨§�æ¨ï äã−ªæ¨®−�«ì−®áâ¨ á¨−åà®−−ëå âà¨££¥à®¢ ¢ á�¬®á¨−åà®−−®¬ ¡�§¨á¥

÷¨á. 5 ‘å¥¬� ¤¢ãåâ�ªâ−®£® ‘‘-âà¨££¥à� FF0R0 á ‘‘-á¡à®á®¬, ®¡¥á¯¥ç¨¢�¥¬ë¬
®ªàã¦¥−¨¥¬

«®, −¥ ¨¬¥îâ á¨−åà®−−®© ¯à¥¤ãáâ�−®¢ª¨.

÷¨á. 6 ÷�§àï¤ ‘‘-à¥£¨áâà� åà�−¥−¨ï
−� £¨áâ¥à¥§¨á−ëå âà¨££¥à�å

ˆå æ¥«¥á®®¡à�§−® à¥�«¨§®¢ë¢�âì −� ¯�à¥
£¨áâ¥à¥§¨á−ëå âà¨££¥à®¢ [6], ª�ª ¯®ª�§�-
−® −� à¨á. 6.

’�ª¨¬ ®¡à�§®¬, äã−ªæ¨®−�«ì−®áâì
á¨−åà®−−®£® âà¨££¥à� ¬®¦¥â ¡ëâì ¢®á-
¯à®¨§¢¥¤¥−� ¢ ‘‘-âà¨££¥à¥ à�§«¨ç−ë¬¨
á¯®á®¡�¬¨. �à¨ íâ®¬ ¯àï¬®¥ ¯à¥®¡à�§®-
¢�−¨¥ á¨−åà®−−®£® âà¨££¥à� ¢ ‘‘-à¥�«¨-
§�æ¨î ¯ãâ¥¬ §�¬¥−ë á¨−åà®−−ëå ¢å®¤®¢
¨ ¢ëå®¤®¢ ¢ë¢®¤�¬¨ á ‘‘-ª®¤¨à®¢�−¨¥¬
¤�«¥ª® −¥ ¢á¥£¤� ¯à¨¢®¤¨â ª ®¯â¨¬�«ì−®-
¬ã à¥§ã«ìâ�âã ¨§-§� çà¥§¬¥à−®© ¨§¡ëâ®ç-
−®áâ¨ �¯¯�à�â−ëå §�âà�â.

4 Методика преобразования синхронного триггера
в самосинхронный аналог

�à¥®¡à�§®¢�−¨¥ á¨−åà®−−®£® ¤¢ãåâ�ªâ−®£® âà¨££¥à� ¢ ‘‘-à¥�«¨§�æ¨î −�
®á−®¢¥ ¥£® ¨áå®¤−®£® Verilog-®¯¨á�−¨ï ¢ª«îç�¥â á«¥¤ãîé¨¥ è�£¨:
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ā. ƒ. „ìïç¥−ª®, ‹. �. �«¥å�−®¢, �. ‚. Œ®à®§®¢ ¨ ¤à.

{ ®¯à¥¤¥«¥−¨¥ �ªâ¨¢−®£® äà®−â� â�ªâ®¢®£® ¢å®¤�;

{ ®¯à¥¤¥«¥−¨¥ äã−ªæ¨®−�«ì−®£® −�§−�ç¥−¨ï ¢å®¤®¢ âà¨££¥à� (á¡à®á, ãáâ�−®¢ª�,
à�§à¥è¥−¨¥ §�¯¨á¨) ¨ ¨å â¨¯� (�á¨−åà®−−ë©, á¨−åà®−−ë©);

{ à¥�«¨§�æ¨ï äã−ªæ¨© á¡à®á� FR, ãáâ�−®¢ª¨ FS ¨ à�§à¥è¥−¨ï §�¯¨á¨ FW

¢ ¢¨¤¥ ª®¬¡¨−�æ¨®−−®£® ®ªàã¦¥−¨ï âà¨££¥à�;

{ ¯®¤¡®à ‘‘-�−�«®£� ¢ á®®â¢¥âáâ¢¨¨ á ª®«¨ç¥áâ¢¥−−ë¬ ¨ ª�ç¥áâ¢¥−−ë¬ á®-
áâ�¢®¬ ¢å®¤®¢ ¯à¥¤ãáâ�−®¢ª¨ á¨−åà®−−®£® ¯à®â®â¨¯� á ¯®¬®éìî ¡¨¡«¨®â¥ª¨
è�¡«®−®¢ âà¨££¥à®¢;

{ ä®à¬¨à®¢�−¨¥ ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë.

�ªâ¨¢−ë© äà®−â â�ªâ®¢®£® ¢å®¤� ®¯à¥¤¥«ï¥âáï ¯® ¥£® �âà¨¡ãâã ¢ §�£®«®¢ª¥
¯à®æ¥¤ãà−®£® ¡«®ª� always: posedge | ¯¥à¥¤−¨© äà®−â, ¯¥à¥ª«îç¥−¨¥ á¨£−�«�
¨§ 0 ¢ 1; negedge | §�¤−¨© äà®−â, ¯¥à¥ª«îç¥−¨¥ á¨£−�«� ¨§ 1 ¢ 0. ‚ ‘‘-�−�-
«®£¥ â�ªâ®¢ë© ¢å®¤ á �âà¨¡ãâ®¬ posedge §�¬¥é�¥âáï ¢å®¤®¬ à�§à¥è¥−¨ï §�¯¨á¨
(¢å®¤®¬ ã¯à�¢«¥−¨ï) á ¢ëá®ª¨¬ �ªâ¨¢−ë¬ ãà®¢−¥¬, � á �âà¨¡ãâ®¬ negedge |
¢å®¤®¬ ã¯à�¢«¥−¨ï á −¨§ª¨¬ �ªâ¨¢−ë¬ ãà®¢−¥¬.

‚å®¤ ¯à¥¤ãáâ�−®¢ª¨ á¨−åà®−−ë©, ¥á«¨ ¥£® ¨¬¥−¨ −¥â ¢ §�£®«®¢ª¥ (¢ á¯¨áª¥
çã¢áâ¢¨â¥«ì−®áâ¨) ¡«®ª� always. ‘¨−åà®−−�ï ¯à¥¤ãáâ�−®¢ª� ¯à¥®¡à�§ã¥âáï ¢ ‘‘-
¯à¥¤ãáâ�−®¢ªã, � �á¨−åà®−−�ï ®áâ�¥âáï â�ª®© ¦¥ ¨ ¢ ‘‘-âà¨££¥à¥.

�¨¡«¨®â¥ª� è�¡«®−®¢ á®¤¥à¦¨â â¨¯®¢ë¥ à¥�«¨§�æ¨¨ ‘‘-âà¨££¥à®¢ á ®¯æ¨ï¬¨
á¡à®á�, ãáâ�−®¢ª¨, à�§à¥è¥−¨ï §�¯¨á¨ ¨ â. ¤. ‚�à¨�¡¥«ì−®áâì ®¯æ¨© (−�¯à¨¬¥à,
�á¨−åà®−−ë© á¡à®á −¨§ª¨¬ ¨«¨ ¢ëá®ª¨¬ ãà®¢−¥¬) à¥�«¨§ã¥âáï ¤®¯®«−¨â¥«ì−ë¬¨
¨−¢¥àâ®à�¬¨ −� á®®â¢¥âáâ¢ãîé¨å ¢å®¤�å ‘‘-âà¨££¥à�.

‘�¬®á¨−åà®−−ë© âà¨££¥à ¨¬¥¥â ¨−-

÷¨á. 7 „®¯®«−¨â¥«ì−�ï ¨−¤¨ª�â®à−�ï
¯®¤áå¥¬� ¤«ï ‘‘-âà¨££¥à� FF0R0

¤¨ª�â®à−ë© ¢ëå®¤, ¨−¤¨æ¨àãîé¨©,
ª�ª ¯à�¢¨«®, ¢á¥ ïç¥©ª¨ ¢−ãâà¨ âà¨£-
£¥à� ¨ ¨−ä®à¬�æ¨®−−ë© ¢ëå®¤. ‚ −¥ª®-
â®àëå á«ãç�ïå ¨−ä®à¬�æ¨®−−ë© ¢ëå®¤
−¥ ¨−¤¨æ¨àã¥âáï âà¨££¥à®¬ ¢ à�áç¥â¥ −�
â®, çâ® ®− ¡ã¤¥â ¯à®¨−¤¨æ¨à®¢�− ¯®-
á«¥¤ãîé¥© áå¥¬®©, −�¯à¨¬¥à à¥£¨áâà®¬
áâã¯¥−¨ ª®−¢¥©¥à�. ‚ ç�áâ−®áâ¨, ¢ âà¨£-

£¥à�å, áå¥¬ë ª®â®àëå ¯®ª�§�−ë −� à¨á. 2{5, �”‘-¢ëå®¤ (Q, QB) ¢−ãâà¨
âà¨££¥à� −¥ ¨−¤¨æ¨àã¥âáï. „«ï â�ª¨å ‘‘-âà¨££¥à®¢ −¥®¡å®¤¨¬� ¤®¯®«−¨â¥«ì−�ï
¨−¤¨ª�â®à−�ï ¯®¤áå¥¬�, ä®à¬¨àãîé�ï ®¡é¨© ¨−¤¨ª�â®à I Total, ª�ª ¯®ª�§ë¢�¥â
à¨á. 7 ¤«ï á«ãç�ï �”‘-¢ëå®¤� (Q, QB) á −ã«¥¢ë¬ á¯¥©á¥à®¬ ¨ ¨−¤¨ª�â®à−®£®
¢ëå®¤� I á ¥¤¨−¨ç−ë¬ á¯¥©á¥à®¬.

�à¨¬¥−¥−¨¥ ®¯¨á�−−®© ¬¥â®¤¨ª¨ ¯®¢ëè�¥â íää¥ªâ¨¢−®áâì á¨−â¥§� âà¨££¥à-
−®© ‘‘-áå¥¬ë −� ®á−®¢¥ á¨−åà®−−®© áå¥¬ë ¨«¨ ¥¥ ¯®¢¥¤¥−ç¥áª®£® Verilog-
®¯¨á�−¨ï §� áç¥â á®ªà�é¥−¨ï �¯¯�à�â−ëå §�âà�â −� à¥�«¨§�æ¨î ª�ª äã−ªæ¨®-
−�«ì−®© ç�áâ¨ âà¨££¥à�, â�ª ¨ ¥£® ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë.
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÷¥�«¨§�æ¨ï äã−ªæ¨®−�«ì−®áâ¨ á¨−åà®−−ëå âà¨££¥à®¢ ¢ á�¬®á¨−åà®−−®¬ ¡�§¨á¥

5 Методика самосинхронной реализации синхронного регистра

�®¢¥¤¥−ç¥áª®¥ Verilog-®¯¨á�−¨¥ ¯®á«¥¤®¢�â¥«ì−®áâ−®£® á¨−åà®−−®£® ãáâà®©-
áâ¢�, ¢ â®¬ ç¨á«¥ ¨ à¥£¨áâà�, �−�«®£¨ç−® ®¯¨á�−¨î âà¨££¥à� ¨ ®á−®¢ë¢�¥âáï −�
¯à®æ¥¤ãà−®¬ ¡«®ª¥ always. Œ¥â®¤¨ª� à¥�«¨§�æ¨¨ á¨−åà®−−®£® à¥£¨áâà� ¢ ‘‘-
¡�§¨á¥ ¢ª«îç�¥â á«¥¤ãîé¨¥ íâ�¯ë:

{ ®¯à¥¤¥«¥−¨¥ â¨¯� à¥£¨áâà�: åà�−¥−¨ï ¨«¨ á¤¢¨£�;

{ ¢ á«ãç�¥ à¥£¨áâà� åà�−¥−¨ï §�¬¥−� always-¡«®ª� á®¢®ªã¯−®áâìî n à�§àï¤®¢
‘‘-à¥£¨áâà� åà�−¥−¨ï á à¥�«¨§�æ¨¥© ®¤−®£® à�§àï¤� áå¥¬®© −� à¨á. 6 ¨ ®¡-
é¨¬¨ ¢å®¤�¬¨ à�§à¥è¥−¨ï §�¯¨á¨ ¨ ¯à¥¤ãáâ�−®¢ª¨, £¤¥ n | à�§àï¤−®áâì
à¥£¨áâà�, ¢ëâ¥ª�îé�ï ¨§ ¨áå®¤−®£® Verilog-®¯¨á�−¨ï;

{ ¢ á«ãç�¥ à¥£¨áâà� á¤¢¨£� §�¬¥−� always-¡«®ª� è�¡«®−®¬ n-à�§àï¤−®£®
‘‘-à¥£¨áâà� á¤¢¨£� á ãç¥â®¬ ®¯æ¨© ¯à¥¤ãáâ�−®¢ª¨ ¨ ¯�à�««¥«ì−®© §�¯¨-
á¨ ¢ à¥£¨áâà, ãª�§�−−ëå ¢ ¨áå®¤−®¬ Verilog-®¯¨á�−¨¨.

‚ −�áâ®ïé¥¥ ¢à¥¬ï â¨¯®¢®¥ à¥è¥−¨¥ ¤«ï à¥£¨áâà� á¤¢¨£�, ¯à¥¤«�£�¥¬®¥
á¨−åà®−−ë¬¨ «®£¨ç¥áª¨¬¨ á¨−â¥§�â®à�¬¨, ¡�§¨àã¥âáï −� à¥£¨áâà¥ åà�−¥−¨ï
¨ ¥£® ª®¬¡¨−�æ¨®−−®¬ ®ªàã¦¥−¨¨. ‚ ‘‘-¡�§¨á¥ â�ª�ï à¥�«¨§�æ¨ï ®ª�§ë¢�¥âáï
á«¨èª®¬ �¯¯�à�â−® §�âà�â−®© ¨ ¬¥¤«¥−−®©. ‘à�¢−¨â¥«ì−ë© �−�«¨§ ¯®ª�§ë¢�¥â,
çâ® ‘‘-à¥£¨áâàë á¤¢¨£�, ¯®áâà®¥−−ë¥ á ¨á¯®«ì§®¢�−¨¥¬ £®â®¢ëå è�¡«®−®¢,
−� 21% ¯à®é¥ ¨ −� 34% ¡ëáâà¥¥ ¢�à¨�−â®¢, ¯®«ãç¥−−ëå á ¯®¬®éìî ä®à¬�«ì−®©
ª®−¢¥àá¨¨ á¨−â¥§¨à®¢�−−®£® á¨−åà®−−®£® �−�«®£� ¢ ‘‘-à¥�«¨§�æ¨î.

6 Заключение

�à¥®¡à�§®¢�−¨¥ âà¨££¥à� á ãá«®¢−ë¬¨ ®¯æ¨ï¬¨ ¯à¥¤ãáâ�−®¢ª¨ ¢ âà¨££¥à
á ¡¥§ãá«®¢−ë¬¨ ®¯æ¨ï¬¨ ¨ ª®¬¡¨−�æ¨®−−®¥ ®ªàã¦¥−¨¥, ä®à¬¨àãîé¥¥ äã−ª-
æ¨¨ ãá«®¢¨© ¯à¥¤ãáâ�−®¢ª¨ ¨ §�¯¨á¨, á®ªà�é�¥â ç¨á«® ¢�à¨�−â®¢ ¤¢ãåâ�ªâ−ëå
á¨−åà®−−ëå âà¨££¥à®¢ á à�§«¨ç−®© äã−ªæ¨®−�«ì−®áâìî, §�¬¥−ï¥¬ëå ‘‘-âà¨£-
£¥à�¬¨ ¯à¨ á¨−â¥§¥ ‘‘-áå¥¬, ¢ 2 à�§�.

�¤¥ª¢�â−�ï à¥�«¨§�æ¨ï ‘‘-�−�«®£� á¨−åà®−−®£® âà¨££¥à� ¯à¥¤¯®«�£�¥â ¢®á-
¯à®¨§¢¥¤¥−¨¥ â�ª®© ¦¥ äã−ªæ¨®−�«ì−®áâ¨ á â®çª¨ §à¥−¨ï ¯à¥¤ãáâ�−®¢ª¨ ¨ ãá«®-
¢¨© §�¯¨á¨. �á¨−åà®−−ë¥ á¡à®á ¨ ãáâ�−®¢ª� ®áâ�îâáï �á¨−åà®−−ë¬¨ ¨ ¢ ‘‘-
âà¨££¥à¥, � á¨−åà®−−ë¥ ¯à¥®¡à�§ãîâáï ¢ ‘‘-®¯æ¨¨.

‘�¬®á¨−åà®−−ë¥ á¡à®á ¨ ãáâ�−®¢ª� âà¥¡ãîâ ®à£�−¨§�æ¨¨ á¯¥æ¨�«ì−®£® áæ¥-
−�à¨ï á¡à®á� ¨ ãáâ�−®¢ª¨ ¢ á¯¥©á¥à−®© ä�§¥, ¢ §−�ç¨â¥«ì−®© áâ¥¯¥−¨ ãá«®¦−ï-
îé¥£® ‘‘-áå¥¬ã ¨ ¯à¨®áâ�−�¢«¨¢�îé¥£® ¥¥ à�¡®âã, ¯à¨ ¢áâà�¨¢�−¨¨ á¨£−�«®¢
‘‘-á¡à®á� ¨ ãáâ�−®¢ª¨ −¥¯®áà¥¤áâ¢¥−−® ¢ âà¨££¥à. ÷¥�«¨§�æ¨ï ¦¥ ‘‘-á¡à®á�
¨ ãáâ�−®¢ª¨ ª�ª §�¯¨á¨ á®®â¢¥âáâ¢ãîé¥£® á®áâ®ï−¨ï ¢ âà¨££¥à ¢ à�¡®ç¥© ä�§¥
ã¬¥−ìè�¥â á«®¦−®áâì áå¥¬ë ¨ ãáª®àï¥â ¥¥ à�¡®âã.

�à¥¤«®¦¥−−ë¥ ¬¥â®¤¨ª¨ ¯à¥®¡à�§®¢�−¨ï á¨−åà®−−®£® âà¨££¥à� ¨ à¥£¨áâà�
¢ ‘‘-�−�«®£ á ¯®¬®éìî ‘‘-è�¡«®−®¢ ¯®§¢®«ïîâ ä®à¬�«¨§®¢�âì íâã ¯à®æ¥¤ãàã
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ā. ƒ. „ìïç¥−ª®, ‹. �. �«¥å�−®¢, �. ‚. Œ®à®§®¢ ¨ ¤à.

¨ ¯®¢ëá¨âì íää¥ªâ¨¢−®áâì �¢â®¬�â¨§¨à®¢�−−®£® á¨−â¥§� ‘‘-áå¥¬ ¯® ¨áå®¤−®¬ã
á¨−åà®−−®¬ã ¯®¢¥¤¥−ç¥áª®¬ã ®¯¨á�−¨î áå¥¬ë, ¢ëà�¦�îéãîáï ¢ á®ªà�é¥−¨¨
�¯¯�à�â−ëå §�âà�â ¨ ¯®¢ëè¥−¨¨ ¡ëáâà®¤¥©áâ¢¨ï á¨−â¥§¨à®¢�−−®£® ãáâà®©áâ¢�.
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IMPLEMENTATION OF SYNCHRONOUS FLIP-FLOP AND LATCH
FUNCTIONALITY IN A SELF-TIMED BASIS

Yu. G. Diachenko, L. P. Plekhanov, N. V. Morozov, D. Yu. Stepchenkov, G. A. Orlov,
and D. Yu. Diachenko

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 self-timed (ST) flip-flop development issues
based on the original description of their synchronous counterparts functioning at
the behavioral level. The options of synchronous flip-flops and their compliance
with the ST flip-flop's behavioral features are analyzed. The implementations of
some typical ST flip-flops with preset options are represented. A method for con-
verting synchronous flip-flop behavioral description into an ST counterpart tak-
ing into account the ST circuit operation specifics is proposed. Asynchronous reset
and set of the synchronous flip-flop remain asynchronous in the ST counterpart as
well, they are not indicated. Synchronous reset and set are transformed into ST
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reset and ST set, respectively. Their successful completion is indicated. The
paper shows that it is advisable to implement ST reset and ST set by preliminary
mixing of reset and set signals with the flip-flop information input. Substitution
of the ST flip-flop instead of the synchronous prototype is carried out using
templates that ensure the replacement adequacy, the optimality of the hardware
implementation, and the self-timing of the resulting circuit.

Keywords: self-timed circuit; flip-flop, Verilog description; operating range;
register; element base; robotic system
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¯à¨ à¥è¥−¨¨ â�ª¨å ¯à®¡«¥¬, ª�ª á¥£¬¥−â�æ¨ï ¨§®¡à�¦¥−¨©, ®¡−�àã¦¥−¨¥ ¨ ª«�á-
á¨ä¨ª�æ¨ï ®¡ê¥ªâ®¢ [1, 2]. �¤−�ª® íää¥ªâ¨¢−®¥ ®¡ãç¥−¨¥ −¥©à®−−ëå á¥â¥©
âà¥¡ã¥â ¡®«ìè®£® ®¡ê¥¬� à�§¬¥ç¥−−ëå ¤�−−ëå, ¯®áª®«ìªã −¥©à®á¥â¥¢ë¥ ¬®¤¥«¨
¢ª«îç�îâ ¬−®¦¥áâ¢® ¯�à�¬¥âà®¢, ª®â®àë¥ −¥®¡å®¤¨¬® −�áâà�¨¢�âì ¢ ¯à®æ¥áá¥
®¡ãç¥−¨ï [1].

�¤−¨¬ ¨§ à�á¯à®áâà�−¥−−ëå ¯®¤å®¤®¢ ª ¡®àì¡¥ á ¯¥à¥®¡ãç¥−¨¥¬ áâ�«® ¯à¨-
¬¥−¥−¨¥ ¬¥â®¤®¢ �ã£¬¥−â�æ¨¨ ¤�−−ëå (data augmentation) [3, 4], ¯à¥¤¯®«�£�îé¨å
á®§¤�−¨¥ −®¢ëå ®¡ãç�îé¨å ¯à¨¬¥à®¢ ¯ãâ¥¬ à�§−®®¡à�§−ëå âà�−áä®à¬�æ¨© ¨á-
å®¤−ëå ¨§®¡à�¦¥−¨©. �â¨ ¬¥â®¤ë ¯®§¢®«ïîâ à�áè¨à¨âì ®¡ãç�îéãî ¢ë¡®àªã ¡¥§
−¥®¡å®¤¨¬®áâ¨ ¢àãç−ãî á®¡¨à�âì ¤®¯®«−¨â¥«ì−ë¥ ¤�−−ë¥, ¯®¢ëè�ï −�¤¥¦−®áâì
¨ �¤�¯â¨¢−®áâì ¬®¤¥«¥© [3].

„«ï àï¤� ¯à�ªâ¨ç¥áª¨å §�¤�ç [4{8], á¢ï§�−−ëå á �−�«¨§®¬ �íà®ä®â®á−¨¬ª®¢,
¯®«ãç¥−−ëå ¯à¨ ¯®¬®é¨ ��‹�, âà¥¡ã¥âáï �¢â®¬�â¨ç¥áª�ï ®¡à�¡®âª� ¨§®¡à�¦¥-
−¨© á ¡®«ìè¨¬ ç¨á«®¬ ®¡ê¥ªâ®¢ −¥¡®«ìè®£® à�§¬¥à�. �à¨ íâ®¬ −� ®¤−®¬ á−¨¬ª¥
¬®£ãâ ®¤−®¢à¥¬¥−−® ¯à¨áãâáâ¢®¢�âì á®â−¨ â�ª¨å í«¥¬¥−â®¢, çâ® §−�ç¨â¥«ì−®
ãá«®¦−ï¥â ¨å â®ç−®¥ ®¡−�àã¦¥−¨¥ ¨ ª®àà¥ªâ−ãî ª«�áá¨ä¨ª�æ¨î.

’�ª¨¬ ®¡à�§®¬, ®á®¡ãî §−�ç¨¬®áâì ¯à¨®¡à¥â�¥â ¯à¨¬¥−¥−¨¥ ¨−â¥««¥ªâã-
�«ì−ëå ¬¥â®¤®¢ �ã£¬¥−â�æ¨¨, ®à¨¥−â¨à®¢�−−ëå −¥ â®«ìª® −� ª®«¨ç¥áâ¢¥−−®¥
à�áè¨à¥−¨¥ −�¡®à®¢ ¤�−−ëå, −® ¨ −� ã«ãçè¥−¨¥ ¢¨§ã�«ì−ëå å�à�ªâ¥à¨áâ¨ª
¨§®¡à�¦¥−¨©. Š â�ª¨¬ ã«ãçè¥−¨ï¬ ¬®¦−® ®â−¥áâ¨ ¯®¢ëè¥−¨¥ ª®−âà�áâ−®áâ¨,
ä®ªãá¨à®¢ªã −� ¨−ä®à¬�â¨¢−ëå ãç�áâª�å, ª®àà¥ªâ¨à®¢ªã ¬�áèâ�¡� ¨ ä¨«ìâ-
à�æ¨î èã¬�. „�−−ë¥ ¯®¤å®¤ë ¯®§¢®«ïîâ á¤¥«�âì æ¥«¥¢ë¥ ®¡ê¥ªâë ¡®«¥¥
§�¬¥â−ë¬¨ ¨ áâàãªâãà−® à�§«¨ç¨¬ë¬¨, çâ® á¯®á®¡áâ¢ã¥â ¡®«¥¥ íää¥ªâ¨¢−®¬ã
¨§¢«¥ç¥−¨î ¯à¨§−�ª®¢ ¨, ª�ª á«¥¤áâ¢¨¥, ¯®¢ëè�¥â â®ç−®áâì à�¡®âë ¬®¤¥«¥©
¢ §�¤�ç�å ¤¥â¥ªâ¨à®¢�−¨ï ¨ ª«�áá¨ä¨ª�æ¨¨.

–¥«ìî ¤�−−®© à�¡®âë áâ�¢¨âáï ®¯¨á�−¨¥ á¯¥æ¨�«¨§¨à®¢�−−®£® ¬¥â®¤� �ã£-
¬¥−â�æ¨¨ ¤�−−ëå, −�¯à�¢«¥−−®£® −� ¨−â¥««¥ªâã�«ì−®¥ ¯à¥®¡à�§®¢�−¨¥ ¨§®¡à�-
¦¥−¨©, ¨ ¥£® ¯à�ªâ¨ç¥áª®¥ ¯à¨¬¥−¥−¨¥ ¯à¨ ®¡ãç¥−¨¨ −¥©à®á¥â¥¢ëå ¬®¤¥«¥©
¤¥â¥ªâ¨à®¢�−¨ï ¨ ª«�áá¨ä¨ª�æ¨¨ ®¡ê¥ªâ®¢.

2 Методы аугментации данных

‘®¢à¥¬¥−−ë¥ ¯®¤å®¤ë ª �ã£¬¥−â�æ¨¨ ¤�−−ëå ¢ §�¤�ç�å ª®¬¯ìîâ¥à−®£® §à¥-
−¨ï ¬®¦−® ãá«®¢−® à�§¤¥«¨âì −� âà¨ ®¡®¡é¥−−ë¥ £àã¯¯ë [9], ª�¦¤�ï ¨§ ª®â®àëå
¯®-á¢®¥¬ã ¢«¨ï¥â −� å�à�ªâ¥à¨áâ¨ª¨ ®¡ãç�îé¨å ¨§®¡à�¦¥−¨© ¨ −� íää¥ªâ¨¢-
−®áâì ®¡ãç¥−¨ï −¥©à®á¥â¥¢ëå ¬®¤¥«¥©.

�¥à¢�ï £àã¯¯� ¢ª«îç�¥â ¯à®áâà�−áâ¢¥−−ë¥ ¯à¥®¡à�§®¢�−¨ï [10], ª®â®àë¥
¡�§¨àãîâáï −� ¯à®áâëå £¥®¬¥âà¨ç¥áª¨å âà�−áä®à¬�æ¨ïå. ‚â®à�ï ª�â¥£®à¨ï
�ã£¬¥−â�æ¨¨ á¢ï§�−� á ¨áª�¦¥−¨¥¬ æ¢¥â®¢ëå å�à�ªâ¥à¨áâ¨ª ¨§®¡à�¦¥−¨© [10].
’à¥âìï ¨ −�¨¡®«¥¥ �ªâ¨¢−® à�§¢¨¢�îé�ïáï £àã¯¯� ¬¥â®¤®¢ −�¯à�¢«¥−� −� ¤®-
¡�¢«¥−¨¥, ã¤�«¥−¨¥ ¨«¨ ¬®¤¨ä¨ª�æ¨î ¢¨§ã�«ì−®© ¨−ä®à¬�æ¨¨ ¢ ®¡ãç�îé¨å
¯à¨¬¥à�å. �â¨ ¬¥â®¤ë ¢ª«îç�îâ â�ª¨¥ �«£®à¨â¬ë, ª�ª CutOut [11], Cut-
Mix [12], Random Erasing [13], GridMask [9], MixUp [14], SaliencyMix [15],
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�á®¡¥−−®áâ¨ ¯à�ªâ¨ç¥áª®© à¥�«¨§�æ¨¨ ¬¥â®¤� �ã£¬¥−â�æ¨¨ ¬�«ëå ®¡ê¥ªâ®¢

PuzzleMix [16], Select-Mosaic [3] ¨ InstaBoost [17]. ˆå §�¤�ç� §�ª«îç�¥âáï ¢ ãá¨-
«¥−¨¨ ®¡®¡é�îé¥© á¯®á®¡−®áâ¨ ¬®¤¥«¨ ¯ãâ¥¬ ãá«®¦−¥−¨ï ®¡ãç�îé¥© ¢ë¡®àª¨.
�â® ¤®áâ¨£�¥âáï §� áç¥â £¥−¥à�æ¨¨ −®¢ëå, á¨−â¥â¨ç¥áª¨å ª®¬¡¨−�æ¨© ¨áå®¤−ëå
¨§®¡à�¦¥−¨© ¨«¨ ¨å äà�£¬¥−â®¢.

�¥á¬®âàï −� íää¥ªâ¨¢−®áâì íâ¨å ¯®¤å®¤®¢ ¢ áâ�−¤�àâ−ëå §�¤�ç�å, á¢ï§�−−ëå
á −�§¥¬−ë¬¨ ¨§®¡à�¦¥−¨ï¬¨, ®−¨ ¤¥¬®−áâà¨àãîâ §−�ç¨â¥«ì−ë¥ ®£à�−¨ç¥−¨ï
¯à¨ à�¡®â¥ á �íà®ä®â®á−¨¬ª�¬¨, ¯®«ãç¥−−ë¬¨ ¯à¨ ¯®¬®é¨ ��‹�. ‚ ç�áâ-
−®áâ¨, ¬¥â®¤ë, ®á−®¢�−−ë¥ −� −�«®¦¥−¨¨ ¨ á¬¥è¨¢�−¨¨ ¨§®¡à�¦¥−¨©, §�ç�áâãî
á−¨¦�îâ à�§«¨ç¨¬®áâì ¬�«ëå ®¡ê¥ªâ®¢ (−�¯à¨¬¥à, Select-Mosaic ¨ InstaBoost)
«¨¡® ç�áâ¨ç−® ¨«¨ ¯®«−®áâìî ¬�áª¨àãîâ ¨å −� ä®−¥ áæ¥−ë (ª�ª íâ® ¯à®¨áå®¤¨â
¯à¨ ¨á¯®«ì§®¢�−¨¨ MixUp, CutOut, CutMix, GridMask ¨ Random Erasing).
’�ª¨¥ ¬¥â®¤ë, ª�ª PuzzleMix, ¬®£ãâ −�àãè�âì ¯à®áâà�−áâ¢¥−−ãî «®£¨ªã áæ¥−ë,
à�§¬¥é�ï ®¡ê¥ªâë ¢ á¥¬�−â¨ç¥áª¨ −¥ª®àà¥ªâ−ëå ¬¥áâ�å. �â® ®á®¡¥−−® ªà¨â¨ç−®
¤«ï �íà®ä®â®áê¥¬ª¨, £¤¥ ¯«®â−®áâì ¨ ¬�«ë© ¬�áèâ�¡ ®¡ê¥ªâ®¢ ¨£à�îâ ª«îç¥¢ãî
à®«ì ¢ â®ç−®áâ¨ ¤¥â¥ªâ¨à®¢�−¨ï.

’�ª¨¬ ®¡à�§®¬, áãé¥áâ¢ãîé¨¥ ã−¨¢¥àá�«ì−ë¥ ¬¥â®¤ë �ã£¬¥−â�æ¨¨, ª�ª
¯à�¢¨«®, −¥ �¤�¯â¨à®¢�−ë ª á¯¥æ¨ä¨ª¥ ¤�−−ëå, ¯®«ãç�¥¬ëå ¢ ¯à®æ¥áá¥ �íà®ä®-
â®áê¥¬ª¨. ˆ¬ −¥¤®áâ�¥â çã¢áâ¢¨â¥«ì−®áâ¨ ª ¬�áèâ�¡ã ®¡ê¥ªâ®¢, £¥®¬¥âà¨ç¥áª®©
á®£«�á®¢�−−®áâ¨ ¨ ãç¥â� ª®−â¥ªáâ−®© ¨−ä®à¬�æ¨¨, ¯à¨áãé¥© ¨§®¡à�¦¥−¨ï¬ á ¢ë-
á®ª®© ¯«®â−®áâìî ¬¥«ª¨å í«¥¬¥−â®¢. �â¨ ®£à�−¨ç¥−¨ï ¯®¤ç¥àª¨¢�îâ −¥®¡å®¤¨-
¬®áâì ¢ à�§à�¡®âª¥ á¯¥æ¨�«¨§¨à®¢�−−ëå áâà�â¥£¨© �ã£¬¥−â�æ¨¨, á¯®á®¡−ëå á®-
åà�−ïâì ¯à®áâà�−áâ¢¥−−ë© à¥�«¨§¬ ¨ ãá¨«¨¢�âì ¨−ä®à¬�â¨¢−®áâì ¨§®¡à�¦¥−¨©,
çâ® ªà¨â¨ç−® ¤«ï ¯®¢ëè¥−¨ï íää¥ªâ¨¢−®áâ¨ ®¡ãç¥−¨ï −¥©à®á¥â¥© ¢ ãá«®¢¨ïå,
å�à�ªâ¥à−ëå ¤«ï �íà®ä®â®áê¥¬ª¨.

3 Обобщенная схема специализированного метода
аугментации данных

‚ ¤�−−®© à�¡®â¥ ¯à¥¤«�£�¥âáï ¬¥â®¤ ª®−â¥ªáâ−®© �ã£¬¥−â�æ¨¨ ¬�«ëå ®¡ê¥ª-
â®¢ (CSOA), −�¯à�¢«¥−−ë© −� ¯®¢ëè¥−¨¥ â®ç−®áâ¨ ®¡−�àã¦¥−¨ï ¨ ª«�áá¨ä¨ª�-
æ¨¨ ®¡ê¥ªâ®¢ −¥¡®«ìè®£® à�§¬¥à� −� �íà®ä®â®á−¨¬ª�å, ¯®«ãç¥−−ëå á ��‹�.
Š«îç¥¢�ï ¨¤¥ï §�ª«îç�¥âáï ¢ −�¬¥à¥−−®¬ ã¢¥«¨ç¥−¨¨ ª�ª ª®«¨ç¥áâ¢�, â�ª ¨ à�§-
−®®¡à�§¨ï ¬�«ëå ®¡ê¥ªâ®¢ −� ®¡ãç�îé¨å ¨§®¡à�¦¥−¨ïå §� áç¥â ¨å ¨−â¥««¥ª-
âã�«ì−®© ¢áâ�¢ª¨ ¢ ª®−â¥ªáâ−® à¥«¥¢�−â−ë¥ ®¡«�áâ¨ áæ¥−ë. �à¨ íâ®¬ ®¡ê¥ªâë
¬�áèâ�¡¨àãîâáï ¨ ¢¨§ã�«ì−® ã«ãçè�îâáï ¤«ï «ãçè¥£® ¢®á¯à¨ïâ¨ï −¥©à®á¥â¥¢ë-
¬¨ ¬®¤¥«ï¬¨.

‚ [18] ¡ë«® ¯®ª�§�−®, çâ® ¢áâ�¢ª� ®¡ê¥ªâ®¢ ¢ á«ãç�©−ë¥ ®¡«�áâ¨ ¨§®¡à�¦¥−¨ï
¬®¦¥â ¯®«®¦¨â¥«ì−® ¯®¢«¨ïâì −� ª�ç¥áâ¢® ¤¥â¥ªâ¨à®¢�−¨ï. �¤−�ª® ¯à¨ à�¡®-
â¥ á �íà®ä®â®á−¨¬ª�¬¨ ¢®§−¨ª�¥â á¯¥æ¨ä¨ç¥áª�ï ¯à®¡«¥¬�: ¬�«ë¥ ®¡ê¥ªâë −�
â�ª¨å ¨§®¡à�¦¥−¨ïå ç�áâ® à�á¯à¥¤¥«¥−ë −¥à�¢−®¬¥à−® ¨«¨ ¢®¢á¥ ®âáãâáâ¢ãîâ.
�à®áâ®¥ á«ãç�©−®¥ à�§¬¥é¥−¨¥ ¬®¦¥â −�àãè�âì «®£¨ç¥áªãî áâàãªâãàã áæ¥−ë,
¯®íâ®¬ã ¢ ¯à¥¤«�£�¥¬®¬ ¬¥â®¤¥ ¨á¯®«ì§ã¥âáï ª®−â¥ªáâ−®-®á¢¥¤®¬«¥−−®¥ à�§¬¥é¥-
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÷¨á. 1 �¡®¡é¥−−�ï áå¥¬� á¯¥æ¨�«¨§¨à®¢�−−®£® ¬¥â®¤� �ã£¬¥−â�æ¨¨ ¤�−−ëå

−¨¥ ®¡ê¥ªâ®¢. ‚ ç�áâ−®áâ¨, ¢áâ�¢ª� ®áãé¥áâ¢«ï¥âáï ¢ á¥¬�−â¨ç¥áª¨ ¯®¤å®¤ïé¨¥
§®−ë: −�¯à¨¬¥à, �¢â®¬®¡¨«¨ à�§¬¥é�îâáï −� ¤®à®£�å ¨ ¯�àª®¢ª�å, � «î¤¨ | −�
¯¥è¥å®¤−ëå ¤®à®¦ª�å ¨«¨ ®âªàëâëå ¯à®áâà�−áâ¢�å.

Œ¥â®¤ CSOA á®áâ®¨â ¨§ ¯®á«¥¤®¢�â¥«ì−ëå è�£®¢ (à¨á. 1): ¢ë¡®à ¡�§®-
¢®£® ¨§®¡à�¦¥−¨ï; ¢ë¡®àª� ®¡ê¥ªâ®¢ ¨§ ¡¨¡«¨®â¥ª¨; ã¢¥«¨ç¥−¨¥ à�§à¥è¥−¨ï
¨ ã«ãçè¥−¨¥ ¢¨§ã�«ì−®£® ª�ç¥áâ¢� ®¡ê¥ªâ®¢ (object upscaler); ®¯à¥¤¥«¥−¨¥ §®−
¢áâ�¢ª¨; ¬�áèâ�¡¨à®¢�−¨¥ ¨ ¢áâ�¢ª� ®¡ê¥ªâ®¢; ®¡−®¢«¥−¨¥ �−−®â�æ¨©. ‚á¥ íâ�¯ë
�¢â®¬�â¨§¨à®¢�−ë ¨ ¨−â¥£à¨à®¢�−ë ¢ ®¡ãç�îé¨© ª®−¢¥©¥à ¬®¤¥«¨.

�¤¨− ¨§ ª«îç¥¢ëå ¯à¨−æ¨¯®¢ ¯à¥¤«�£�¥¬®£® ¬¥â®¤� §�ª«îç�¥âáï ¢ ¯à¥¤-
¢�à¨â¥«ì−®¬ ¯®¢ëè¥−¨¨ ¢¨§ã�«ì−®£® ª�ç¥áâ¢� ¢áâ�¢«ï¥¬ëå ®¡ê¥ªâ®¢. �â®â
¯à¨−æ¨¯ à¥�«¨§ã¥âáï á ¯®¬®éìî ¬®¤ã«ï object upscaler, ¢ ª®â®à®¬ ¨á¯®«ì§ã¥âáï
á¯¥æ¨�«¨§¨à®¢�−−�ï −¥©à®á¥â¥¢�ï ¬®¤¥«ì á¢¥àå¢ëá®ª®£® à�§à¥è¥−¨ï (SR-á¥âì,
super-resolution network), ª®â®à�ï ¬�áèâ�¡¨àã¥â ®¡ê¥ªâë á −¨§ª¨¬ à�§à¥è¥−¨-
¥¬ ¨ ¢®ááâ�−�¢«¨¢�¥â ¯®â¥àï−−ë© ¢ëá®ª®ç�áâ®â−ë© ª®−â¥−â ¨§®¡à�¦¥−¨© (¡®«¥¥
à¥§ª¨¥ £à�¤¨¥−âë ªà�¥¢, ã£«®¢ë¥ á®¥¤¨−¥−¨ï, ¬¨ªà®â¥ªáâãàë ¨ â. ¤.), ¯®¤�¢«ï¥â
®áâ�â®ç−ë¥ èã¬ë ¨ �àâ¥ä�ªâë ¨−â¥à¯®«ïæ¨¨. ’�ª¨¬ ®¡à�§®¬, ¤¥â¥ªâ®à ¯®«ãç�¥â
−¥¡®«ìè¨¥ ®¡ê¥ªâë, ª®â®àë¥ ¢ë£«ï¤ïâ úç¥âç¥û (®â«¨ç¨â¥«ì−ë¥ ¯à¨§−�ª¨ ®¡ê-
¥ªâ®¢ á®®â¢¥âáâ¢ãîé¥£® ª«�áá� áâ�−®¢ïâáï ¡®«¥¥ ¢ëà�¦¥−−ë¬¨). �â® ¯à¨¢®¤¨â
ª §�¬¥â−® ¡®«¥¥ ¢ëá®ª®© â®ç−®áâ¨ ¤¥â¥ªâ¨à®¢�−¨ï ¨ ª«�áá¨ä¨ª�æ¨¨.

4 Методы увеличения разрешения и их оценка

�� á¥£®¤−ïè−¨© ¤¥−ì ¤®áâã¯¥− è¨à®ª¨© á¯¥ªâà �àå¨â¥ªâãà −¥©à®−−ëå á¥-
â¥© á¢¥àå¢ëá®ª®£® à�§à¥è¥−¨ï: SR-á¥â¨, ®á−®¢�−−ë¥ −� á¢¥àâ®ç−ëå −¥©à®−−ëå
á¥âïå (CNN) (−�¯à¨¬¥à, FSRCNN [19], RCAN [20]); £«ã¡®ª¨¥ £¥−¥à�â¨¢−®-á®-
áâï§�â¥«ì−ë¥ á¥â¨ (−�¯à¨¬¥à, ESRGAN [21], Real-ESRGAN [22]); ¬®¤¥«¨ −�
®á−®¢¥ âà�−áä®à¬¥à®¢ (−�¯à¨¬¥à, SwinIR [23]). Š�¦¤�ï ¨§ �àå¨â¥ªâãà ®¡¥á¯¥-
ç¨¢�¥â á¢®© ¡�«�−á ¬¥¦¤ã â®ç−®áâìî £à�−¨æ, ¯®¤�¢«¥−¨¥¬ �àâ¥ä�ªâ®¢ ¨ ç¨á«®¬
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¯�à�¬¥âà®¢. �®áª®«ìªã à¥§ã«ìâ�âë à�¡®âë SR-á¥â¥© ª�ç¥áâ¢¥−−® à�§«¨ç�îâáï
(−�¯à¨¬¥à, £¥−¥à�â¨¢−®-á®áâï§�â¥«ì−ë¥ á¥â¨ (GAN) ¬®£ãâ ú£�««îæ¨−¨à®¢�âìû
â¥ªáâãàë, ¢ â® ¢à¥¬ï ª�ª ¤«ï âà�−áä®à¬¥à®¢ å�à�ªâ¥à−® ¢ëá®ª®¥ ¯¨ª®¢®¥ ®â−®-
è¥−¨¥ á¨£−�«� ª èã¬ã (PSNR, Peak Signal-to-Noise Ratio) [24]), â® −¥¢®§¬®¦−®
�¯à¨®à¨ ¯à¥¤¯®«®¦¨âì, ª�ª�ï �àå¨â¥ªâãà� «ãçè¥ ¢á¥£® ¯®¤å®¤¨â ¤«ï ¬¥â®¤�
�ã£¬¥−â�æ¨¨ ®¡ê¥ªâ®¢ −¥¡®«ìè®£® à�§¬¥à�.

SR-á¥â¨ ¯à¨−ïâ® å�à�ªâ¥à¨§®¢�âì ¤¢ã¬ï ¬¥âà¨ª�¬¨: PSNR ¨ Structural
Similarity Index (SSIM) [24].

PSNR á«ã¦¨â ª«�áá¨ç¥áª®© ¬¥âà¨ª®© ®æ¥−ª¨ ª�ç¥áâ¢� ¨§®¡à�¦¥−¨©, ª®â®-
à�ï ®á−®¢�−� −� ¨§¬¥à¥−¨¨ áà¥¤−¥ª¢�¤à�â¨ç−®© ®è¨¡ª¨ (MSE) ¬¥¦¤ã ¨áå®¤−ë¬
¨ ¨áª�¦¥−−ë¬ ¨§®¡à�¦¥−¨ï¬¨. �−� ¨§¬¥àï¥âáï ¢ ¤¥æ¨¡¥«�å ¨ ¯®ª�§ë¢�¥â á®®â−®-
è¥−¨¥ ¬¥¦¤ã ¬�ªá¨¬�«ì−® ¢®§¬®¦−ë¬ §−�ç¥−¨¥¬ ¯¨ªá¥«ï ¨ ãà®¢−¥¬ ¨áª�¦¥−¨ï.
Œ¥âà¨ª� PSNR ¢ëç¨á«ï¥âáï ¯® ä®à¬ã«¥:

PSNR = 10 lg

(
MAX2I
MSE

)

.

‡¤¥áì

MSE =
1

mn

m−1∑

i=0

n−1∑

j=0

|I(i, j) −K(i, j)|2 ,

£¤¥ I ¨K| ¨áå®¤−®¥ ¨ ¨áª�¦¥−−®¥ ¨§®¡à�¦¥−¨ï á®®â¢¥âáâ¢¥−−®; m¨n| è¨à¨−�
¨ ¢ëá®â� ¨§®¡à�¦¥−¨©; MAXI | ¬�ªá¨¬�«ì−®¥ §−�ç¥−¨¥ ¯¨ªá¥«ï (−�¯à¨¬¥à,
255 ¤«ï 8-¡¨â−®£® ¨§®¡à�¦¥−¨ï).

�¥á¬®âàï −� è¨à®ª®¥ ¨á¯®«ì§®¢�−¨¥ ¨ ¯à®áâ®âã à¥�«¨§�æ¨¨, ¬¥âà¨ª� PSNR
á«�¡® ª®àà¥«¨àã¥â á ¢¨§ã�«ì−ë¬ ¢®á¯à¨ïâ¨¥¬ ç¥«®¢¥ª�, â�ª ª�ª −¥ ãç¨âë¢�¥â
¯à®áâà�−áâ¢¥−−ë¥ ¨ ¢¨§ã�«ì−ë¥ ®á®¡¥−−®áâ¨ ¨§®¡à�¦¥−¨ï. �®íâ®¬ã ¤«ï ¡®«¥¥
â®ç−®£® ¬®¤¥«¨à®¢�−¨ï ¢¨§ã�«ì−®£® ¢®á¯à¨ïâ¨ï ¡ë«� à�§à�¡®â�−� ¯¥àæ¥¯â¨¢−�ï
¬¥âà¨ª� SSIM [24]. ‚ ¥¥ ®á−®¢¥ «¥¦¨â ®æ¥−ª� áå®¤áâ¢� ¬¥¦¤ã ¤¢ã¬ï ¨§®¡à�-
¦¥−¨ï¬¨ ¯® âà¥¬ ªà¨â¥à¨ï¬: ïàª®áâ¨, ª®−âà�áâã ¨ áâàãªâãà¥. Œ¥âà¨ª� SSIM
¯®§¢®«ï¥â «ãçè¥ ®âà�§¨âì ¢¨§ã�«ì−ë¥ ¨áª�¦¥−¨ï, ¢®á¯à¨−¨¬�¥¬ë¥ ç¥«®¢¥ª®¬,
¨ è¨à®ª® ¯à¨¬¥−ï¥âáï ¢ â�ª¨å §�¤�ç�å, ª�ª á¦�â¨¥, ¢®ááâ�−®¢«¥−¨¥ ¨ á®§¤�−¨¥
¨§®¡à�¦¥−¨©. �®«ãç¥−−ë¥ §−�ç¥−¨ï SSIM ¢�àì¨àãîâáï ¢ ¤¨�¯�§®−¥ [0, 1], £¤¥ 0
ãª�§ë¢�¥â −� ¯®«−®¥ ®â«¨ç¨¥, � 1 | −� ¯®«−®¥ á®¢¯�¤¥−¨¥ ¨§®¡à�¦¥−¨©. Œ¥âà¨ª�
SSIM ¢ëç¨á«ï¥âáï ¯® ä®à¬ã«¥

SSIM(x, y) =
(2µxµy + C1)(2σxy + C2)

(
µ2x + µ

2
y + C1

) (
σ2x + σ

2
y + C2

) ,

£¤¥ x ¨ y | äà�£¬¥−âë ®à¨£¨−�«ì−®£® ¨ ¨áª�¦¥−−®£® ¨§®¡à�¦¥−¨© á®®â¢¥â-
áâ¢¥−−®; µx ¨ µy | áà¥¤−¨¥ §−�ç¥−¨ï ¨−â¥−á¨¢−®áâ¨; σ2x ¨ σ2y | ¤¨á¯¥àá¨¨
(ª®−âà�áâë); σxy | ª®¢�à¨�æ¨ï ¬¥¦¤ã x ¨ y (áâàãªâãà−®¥ áå®¤áâ¢®); C1 ¨ C2 |
¬�«ë¥ ¯®«®¦¨â¥«ì−ë¥ ª®−áâ�−âë, ¯à¥¤®â¢à�é�îé¨¥ ¤¥«¥−¨¥ −� −®«ì ¯à¨ ¬�«ëå
§−�ç¥−¨ïå §−�¬¥−�â¥«ï.
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“ç¨âë¢�ï ¢ëè¥¨§«®¦¥−−®¥, ¬®¦−® §�ª«îç¨âì, çâ® PSNR ®â«¨ç−® ¯®¤®©¤¥â
¤«ï â¥å á«ãç�¥¢, ª®£¤� ¢�¦−® â®ç−®¥ á®¢¯�¤¥−¨¥ á ®à¨£¨−�«ì−ë¬ ¨§®¡à�¦¥-
−¨¥¬ (−�¯à¨¬¥à, á¯ãâ−¨ª®¢ë¥ á−¨¬ª¨). Œ¥âà¨ª� SSIM ¯®¤å®¤¨â ¤«ï ®æ¥−ª¨
¢¨§ã�«ì−®£® ª�ç¥áâ¢� (−�¯à¨¬¥à, ®¡à�¡®âª� ä®â®£à�ä¨© ¨ ¬�áèâ�¡¨à®¢�−¨¥).

‚ à�¬ª�å −�áâ®ïé¥£® ¨áá«¥¤®¢�−¨ï ¤«ï ®æ¥−ª¨ ¯à¨¬¥−¨¬®áâ¨ à�§«¨ç−ëå
¯®¤å®¤®¢ ª á¢¥àå¢ëá®ª®¬ã à�§à¥è¥−¨î ¡ë«¨ ¢ë¡à�−ë ¯® ®¤−®© ¬®¤¥«¨ ª�¦¤®£®
â¨¯� −¥©à®á¥â¥¢ëå �àå¨â¥ªâãà, ª®â®àë¥ −�¨¡®«¥¥ è¨à®ª® ¨á¯®«ì§ãîâáï ¨ �ªâ¨¢-
−® ¯®¤¤¥à¦¨¢�îâáï ¢ à�¬ª�å íª®á¨áâ¥¬ë PyTorch: RCAN (CNN), Real-ESRGAN
(GAN) ¨ SwinIR (âà�−áä®à¬¥à).

RCAN (Residual Channel Attention Network) | íâ® £«ã¡®ª�ï á¢¥àâ®ç−�ï
−¥©à®−−�ï á¥âì á á®¢à¥¬¥−−®© �àå¨â¥ªâãà®©, ®à¨¥−â¨à®¢�−−®© −� ¢®ááâ�−®¢«¥−¨¥
¬¥«ª¨å ¤¥â�«¥© ¨§®¡à�¦¥−¨ï [20].

Real-ESRGAN (Real-Enhanced Super-Resolution GAN) ¯à¥¤áâ�¢«ï¥â á®¡®©
ã«ãçè¥−−ãî SR-á¥âì ESRGAN [21], ®á−®¢�−−ãî −� �àå¨â¥ªâãà¥ GAN ¨ ®à¨¥−-
â¨à®¢�−−ãî −� à�¡®âã á à¥�«ì−ë¬¨ ãåã¤è¥−¨ï¬¨ å�à�ªâ¥à¨áâ¨ª (degradation),
å�à�ªâ¥à−ë¬¨ ¤«ï ä®â®£à�ä¨© ¨ ¢¨¤¥®ª®−â¥−â� [22].

�¥á¬®âàï −� ã«ãçè¥−¨ï, ¯à¨¬¥−¥−−ë¥ ¢ Real-ESRGAN, ¢ëá®ª¨¥ §−�ç¥−¨ï
PSNR ¨ SSIM −¥ ¢á¥£¤� £�à�−â¨àãîâ ®¡ê¥ªâ¨¢−®¥ ª�ç¥áâ¢® ¨§®¡à�¦¥−¨©. Š�ª
¨ ¢ ESRGAN, £¤¥ ®¯â¨¬¨§�æ¨ï ¯®¤ PSNR ¯à¨¢¥«� ª á£«�¦¨¢�−¨î ¨ ¯®â¥à¥
â¥ªáâãà, ¬®¤¥«ì Real-ESRGAN â�ª¦¥ ¤¥¬®−áâà¨àã¥â ¡®«¥¥ −¨§ª¨© PSNR ¯®
áà�¢−¥−¨î á ¤àã£¨¬¨ ¯®¤å®¤�¬¨ [19, 20], −¥á¬®âàï −� ¡®«¥¥ à¥�«¨áâ¨ç−ë©
¢¨§ã�«ì−ë© à¥§ã«ìâ�â [21].

Œ®¤¥«ì SwinIR (Swin Transformer for Image Restoration) | ®¤−� ¨§ ¯¥à¢ëå
âà�−áä®à¬¥à-�àå¨â¥ªâãà, á¯¥æ¨�«ì−® �¤�¯â¨à®¢�−−ëå ¤«ï §�¤�ç ¢®ááâ�−®¢«¥−¨ï
¨§®¡à�¦¥−¨©: SR, ã¤�«¥−¨¥ èã¬� (denoising) ¨ ãáâà�−¥−¨¥ �àâ¥ä�ªâ®¢ JPEG-
á¦�â¨ï [23].

�à¨¬¥à à�¡®âë SR-á¥â¥© RCAN, Real-ESRGAN ¨ SwinIR ¯à¥¤áâ�¢«¥− −�
à¨á. 2.

‚ â�¡«. 1 ¯à¨¢¥¤¥−ë §−�ç¥−¨ï PSNR ¨ SSIM ¤«ï −¥©à®á¥â¥¢ëå ¬®¤¥«¥©
RCAN, Real-ESRGAN ¨ SwinIR. „�−−ë¥ à�ááç¨â�−ë ¤«ï íâ�«®−−®£® −�¡®à�
¤�−−ëå Set5 á ª®íää¨æ¨¥−â®¬ ¬�áèâ�¡¨à®¢�−¨ï, à�¢−ë¬ 4 [23].

÷¨á. 2 �à¨¬¥à à�¡®âë SR-á¥â¥©: (�) ¨áå®¤−ë© ®¡ê¥ªâ; (¡) RCAN; (¢) Real-ESRGAN;
(£) SwinIR
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’�¡«¨æ� 1 ‡−�ç¥−¨ï PSNR ¨ SSIM ¤«ï
−¥©à®á¥â¥¢ëå ¬®¤¥«¥© RCAN, Real-ESRGAN
¨ SwinIR

SR-á¥â¨ PSNR SSIM
RCAN 32,63 0,9002
Real-ESRGAN 26,22 0,7655
SwinIR 32,72 0,7655

5 Аугментация данных с помощью SR-сети

„«ï â®£® çâ®¡ë ¢ë¡à�âì ª®−ªà¥â−ãî SR-á¥âì ¤«ï ¬¥â®¤� �ã£¬¥−â�æ¨¨ CSOA,
−¥®¡å®¤¨¬® ¡ë«® ®æ¥−¨âì ¢«¨ï−¨¥ ª�¦¤®© �àå¨â¥ªâãàë −� â®ç−®áâì ¤¥â¥ªâ¨à®-
¢�−¨ï ¨ ª«�áá¨ä¨ª�æ¨¨ ®¡ê¥ªâ®¢. ‚ ª�ç¥áâ¢¥ ¤¥â¥ªâ®à� ¡ë«� ¢ë¡à�−� ¬®¤¥«ì
SSD MobileNet V2 FPNLite 320×320 [25]. „�−−�ï ¬®¤¥«ì «¥£ª®¢¥á−� (¬®¦¥â §�-
¯ãáª�âìáï −� í−¥à£®íää¥ªâ¨¢−ëå ãáâà®©áâ¢�å á −¥©à®−−ë¬ ¯à®æ¥áá®à®¬ (Neural
Processing Unit, NPU)) ¨ ¤®áâã¯−� ¢® ¬−®£¨å ®âªàëâëå à¥¯®§¨â®à¨ïå (−�¯à¨¬¥à,
TensorFlow 2 Detection Model Zoo [26], Hailo Model Zoo [27] ¨ RKNN Model
Zoo [28]). SSD MobileNet V2 á−�¡¦¥−� ¯à®áâë¬ ª®−¢¥©¥à®¬ �ã£¬¥−â�æ¨¨ ¤�−-
−ëå (§¥àª�«ì−®¥ ®â®¡à�¦¥−¨¥ ¨ á«ãç�©−®¥ ª�¤à¨à®¢�−¨¥ ¨§®¡à�¦¥−¨©), ª®â®àë©
−¥ ¢−®á¨â á¥àì¥§−ëå ¨§¬¥−¥−¨© ¢® ¢−¥è−¨© ¢¨¤ ®¡ê¥ªâ®¢. —â®¡ë ¨§®«¨à®¢�âì
¢«¨ï−¨¥ SR-á¥â¥©, ¬®¤¥«ì SSD-MobileNetV2 FPNLite (320 × 320) ®¡ãç¥−� −�
−�¡®à¥ ¤�−−ëå VisDrone á è�£®¬ ¬�áèâ�¡¨à®¢�−¨ï ®¡ê¥ªâ®¢ SR-á¥âìî ¨ ¡¥§
−¥£®. Š«îç¥¢ë¥ íâ�¯ë íªá¯¥à¨¬¥−â�:

(1) ®¡ãç¥−¨¥ ¡�§®¢®£® ¤¥â¥ªâ®à�. SSD MobileNetV2 FPNLite | ª®¬¯�ªâ−ë©
¨ «¥£ª®¢¥á−ë© ¤¥â¥ªâ®à, ¯®¤å®¤ïé¨© ¤«ï ®¡à�¡®âª¨ ¢å®¤−ëå ¤�−−ëå á −¨§-
ª¨¬ à�§à¥è¥−¨¥¬ (320 × 320 ¯¨ªá¥«¥©) ¨ §�¯ãáª� −� í−¥à£®íää¥ªâ¨¢−ëå
ãáâà®©áâ¢�å á NPU. “ ¡®«ìè¨−áâ¢� ®¤−®áâã¯¥−ç�âëå ¤¥â¥ªâ®à®¢ â®ç−®áâì
®¡−�àã¦¥−¨ï ¨ ª«�áá¨ä¨ª�æ¨¨ −¥¡®«ìè¨å ¨ ¡®«¥¥ ªàã¯−ëå ®¡ê¥ªâ®¢ §�¬¥â-
−® à�§«¨ç�îâáï [29]. �® íâ®© ¯à¨ç¨−¥ ¬®¤¥«ì SSD MobileNetV2 FPNLite
å®à®è® ¯®¤å®¤¨â −� à®«ì ¡�§®¢®£® ¤¥â¥ªâ®à�: ã«ãçè¥−¨ï ®â á¢¥àå¢ëá®ª®£®
à�§à¥è¥−¨ï ¨§®¡à�¦¥−¨© ¤®«¦−ë ¯à®ï¢¨âìáï ®á®¡¥−−® ïàª® ¤«ï ®¡ê¥ªâ®¢
−¥¡®«ìè®£® à�§¬¥à� (â. ¥. ¨¬¥−−® â�¬, £¤¥ ¡�§®¢�ï â®ç−®áâì ¤¥â¥ªâ¨à®¢�−¨ï
MobileNetV2 á�¬�ï −¨§ª�ï);

(2) �ã£¬¥−â�æ¨ï ¤�−−ëå á ¯®¬®éìî SR-á¥â¨, á®áâ®ïé�ï ¨§ ¤¢ãå ¯®á«¥¤®¢�â¥«ì-
−ëå è�£®¢:

{ ¤«ï ª�¦¤®£® ¨§®¡à�¦¥−¨ï ¨§ ®¡ãç�îé¥£® −�¡®à� ¤�−−ëå −¥®¡å®¤¨¬®
¨§¢«¥çì ¤�−−ë¥ à�§¬¥âª¨ ¨§ ä�©«� �−−®â�æ¨¨, ¢ ª®â®àëå á®¤¥à¦�âáï
ª®®à¤¨−�âë ®£à�−¨ç¨¢�îé¨å à�¬®ª ¢á¥å ®¡ê¥ªâ®¢ (ª®®à¤¨−�âë æ¥−âà�,
è¨à¨−� ¨ ¢ëá®â� | [xi, yi, wi, hi]);
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÷¨á. 3 �à¨¬¥à �ã£¬¥−â�æ¨¨ ¤�−−ëå á ¯®¬®éìî SR-á¥â¨

{ ª�¦¤ë© ®¡ê¥ªâ ¨§¢«¥ª�¥âáï ¯® ª®®à¤¨−�â�¬ ®£à�−¨ç¨¢�îé¥© à�¬ª¨
¨ ¯à®¯ãáª�¥âáï ç¥à¥§ SR-á¥âì. ÷¥§ã«ìâ�â à�¡®âë á¥â¨ | ã«ãçè¥−−®¥
¨§®¡à�¦¥−¨¥ ®¡ê¥ªâ� ¢ ¡®«¥¥ ¢ëá®ª®¬ à�§à¥è¥−¨¨. ‡�â¥¬ ®¡ê¥ªâ ¬�á-
èâ�¡¨àã¥âáï ¯®¤ ¨áå®¤−ë© à�§¬¥à ®£à�−¨ç¨¢�îé¥© à�¬ª¨ ¨ ¯®¬¥é�¥âáï
®¡à�â−® −� ¨áå®¤−®¥ ¨§®¡à�¦¥−¨¥ ¤�â�á¥â�. ”�©« �−−®â�æ¨¨ ®áâ�¥âáï
¡¥§ ¨§¬¥−¥−¨©, â�ª ª�ª à�§¬¥àë ®¡ê¥ªâ®¢ ¨ ¬¥áâ� à�á¯®«®¦¥−¨ï ®áâ�îâáï
¯à¥¦−¨¬¨. �à®æ¥áá �ã£¬¥−â�æ¨¨ ä�ªâ¨ç¥áª¨ §�¬¥−ï¥â ¢á¥ ¨§®¡à�¦¥−¨ï
®¡ê¥ªâ®¢ −� ¨å ¡®«¥¥ ç¥âªãî ¢¥àá¨î (à¨á. 3);

(3) ®¡ãç¥−¨¥ −¥©à®á¥â¥¢®© ¬®¤¥«¨ SSD MobileNetV2 FPNLite −� ®¡−®¢«¥−−®¬
−�¡®à¥ ¤�−−ëå.

6 Экспериментальные исследования

„«ï íªá¯¥à¨¬¥−â®¢ á −¥©à®á¥â¥¢ë¬¨ ¬®¤¥«ï¬¨ ¡ë« ¢ë¡à�− −�¡®à ¤�−−ëå
VisDrone, ª®â®àë© á«ã¦¨â íâ�«®−−ë¬ ¤�â�á¥â®¬ ¤«ï §�¤�ç¨ ¤¥â¥ªâ¨à®¢�−¨ï
¨ ª«�áá¨ä¨ª�æ¨¨ ®¡ê¥ªâ®¢ −� �íà®ä®â®á−¨¬ª�å. „�â�á¥â VisDrone å�à�ªâ¥à¨§ã-
¥âáï ¡®«ìè¨¬ ç¨á«®¬ ®¡ê¥ªâ®¢ ¨ ¢ëá®ª®© ¯«®â−®áâìî �−−®â�æ¨¨ (®ª®«® 0,48 ¬«−
®£à�−¨ç¨¢�îé¨å à�¬®ª 12 à�§«¨ç−ëå ª«�áá®¢) [30]. „¢� á¢®©áâ¢� ¤¥«�îâ −�¡®à
¤�−−ëå ¯®¤å®¤ïé¨¬ ¤«ï §�¤�ç ¨áá«¥¤®¢�−¨ï:

(1) ¡®«ìè�ï ¯«®â−®áâì ®¡ê¥ªâ®¢ −� ®¤¨− ª�¤à (áà¥¤−¥¥ §−�ç¥−¨¥ | 53 ®¡ê¥ªâ�).
�â® ¯à¨¢®¤¨â ª ç�áâë¬ ¬¥¦®¡ê¥ªâ−ë¬ ®ªª«î§¨ï¬ −� ¬−®£®«î¤−ëå ã«¨æ�å
¨ ¯¥à¥ªà¥áâª�å;

(2) ¯à¥®¡«�¤�−¨¥ ®¡ê¥ªâ®¢ −¥¡®«ìè®£® à�§¬¥à�. �à¨¬¥à−® 63% (306 âëá. ¨§
488 âëá.) ®£à�−¨ç¨¢�îé¨å à�¬®ª à�§¬¥à®¬ (è¨à¨−� ¨«¨ ¢ëá®â�) ¬¥−¥¥
32 ¯¨ªá¥«¥© ¨ ¯®çâ¨ 90% à�¬®ª §�−¨¬�îâ ¬¥−¥¥ 0,3% ¯«®é�¤¨ ¨§®¡à�¦¥-
−¨© [31].
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�á®¡¥−−®áâ¨ ¯à�ªâ¨ç¥áª®© à¥�«¨§�æ¨¨ ¬¥â®¤� �ã£¬¥−â�æ¨¨ ¬�«ëå ®¡ê¥ªâ®¢

’�¡«¨æ� 2 ’®ç−®áâì ¤¥â¥ªâ¨à®¢�−¨ï ¨ ª«�áá¨ä¨ª�æ¨¨ ®¡ê¥ªâ®¢ SSD
MobileNetV2 FPNLite ¯à¨ ®¡ãç¥−¨¨ −� à�§«¨ç−ëå ¤�−−ëå

Œ®¤¥«¨ mAP mAP small mAP medium mAP large
��§®¢�ï ¬®¤¥«ì 0,031 0,004 0,044 0,150
RCAN ×2 0,041 0,014 0,048 0,149
RCAN ×4 0,041 0,014 0,049 0,152
RCAN ×8 0,043 0,015 0,051 0,150
Real-ESRGAN ×2 0,038 0,010 0,044 0,152
Real-ESRGAN ×4 0,035 0,008 0,044 0,148
Real-ESRGAN ×8 0,036 0,009 0,045 0,150
SwinIR ×2 0,045 0,015 0,051 0,150
SwinIR ×4 0,047 0,016 0,050 0,152
SwinIR ×8 0,050 0,017 0,051 0,152

÷�§«¨ç−ë¥ �àå¨â¥ªâãàë á¥â¥© á¢¥àå¢ëá®ª®£® à�§à¥è¥−¨ï ¨¬¥îâ å�à�ªâ¥à-
−ë¥ ®á®¡¥−−®áâ¨, §�«®¦¥−−ë¥ ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨ ¬®¤¥«¥©: á¢¥àâ®ç−ë¥ ¬®¤¥«¨
SR-á¥â¥© ®¯â¨¬¨§¨à®¢�−ë ¤«ï ¬�ªá¨¬¨§�æ¨¨ §−�ç¥−¨© PSNR/SSIM ¨ ¬®£ãâ
á−�¡¦�âì ¤¥â¥ªâ®à úç¨áâë¬¨û, á¢®¡®¤−ë¬¨ ®â èã¬®¢ ¤¥â�«ï¬¨ [20]; GAN −�æ¥-
«¥−ë −� ¯¥àæ¥¯â¨¢−ë© à¥�«¨§¬, ç�áâ® ú£�««îæ¨−¨àãïû ®áâàë¥ ªà�ï ¨ â¥ªáâãàë,
ª®â®àë¥ ¬®£ãâ á®§¤�¢�âì ¡®«¥¥ á¨«ì−ë¥ ¯�ââ¥à−ë �ªâ¨¢�æ¨¨ ¢ à�−−¨å á«®ïå
¤¥â¥ªâ®à� [22]; âà�−áä®à¬¥àë ä¨ªá¨àãîâ á¢ï§¨ ¬¥¦¤ã ¤�«¥ª® à�§−¥á¥−−ë¬¨
¯¨ªá¥«ï¬¨, çâ® ¯®§¢®«ï¥â ¨¬ «ãçè¥ ¢®ááâ�−�¢«¨¢�âì ä®à¬ë ¨ ª®−âãàë ®¡ê¥ª-
â®¢ [23]. —â®¡ë ®¯à¥¤¥«¨âì, ª�ª�ï �àå¨â¥ªâãà� á¥â¥© á¢¥àå¢ëá®ª®£® à�§à¥è¥−¨ï
¡®«ìè¥ ¢á¥£® ¯®¤å®¤¨â ¤«ï �ã£¬¥−â�æ¨¨ ®¡ê¥ªâ®¢, ¡ë«¨ ¤®¯®«−¨â¥«ì−® áä®à-
¬¨à®¢�−ë 9 ¢¥àá¨© ¤�â�á¥â� VisDrone á ¯®¬®éìî âà¥å SR-á¥â¥© á à�§−ë¬¨
ª®íää¨æ¨¥−â�¬¨ ¬�áèâ�¡¨à®¢�−¨ï (2, 4 ¨ 8): RCAN, Real-ESRGAN ¨ SwinIR.
�� ª�¦¤®© ¢¥àá¨¨ −�¡®à� ¤�−−ëå VisDrone ¡ë«� ®¡ãç¥−� ¬®¤¥«ì SSD Mo-
bileNetV2 FPNLite. ‚á¥ ¯�à�¬¥âàë ®¡ãç¥−¨ï ¡ë«¨ §�ä¨ªá¨à®¢�−ë. ˆ§¬¥−ï«¨áì
â®«ìª® �àå¨â¥ªâãàë SR-á¥â¥© ¤«ï �ã£¬¥−â�æ¨¨ ¤�−−ëå ¨ ª®íää¨æ¨¥−âë ¬�á-
èâ�¡¨à®¢�−¨ï. ÷¥§ã«ìâ�âë íªá¯¥à¨¬¥−â®¢ (¢ á®®â¢¥âáâ¢¨¨ á ¯à®â®ª®«®¬ ®æ¥−ª¨
¡¨¡«¨®â¥ª¨ COCO Evaluation Metrics) ¯à¥¤áâ�¢«¥−ë ¢ â�¡«. 2.

ˆ§ íªá¯¥à¨¬¥−â�«ì−ëå ¤�−−ëå ¬®¦−® á¤¥«�âì ¢ë¢®¤ ® â®¬, çâ® ®á−®¢−®© ¯à¨-
à®áâ ¯à¨ ¨á¯®«ì§®¢�−¨¨ ¢á¥å ¬®¤¥«¥© SR-á¥â¥© ¨¤¥â §� áç¥â ¯®¢ëè¥−¨ï â®ç−®áâ¨
¤¥â¥ªâ¨à®¢�−¨ï ¨ ª«�áá¨ä¨ª�æ¨¨ −¥¡®«ìè¨å ®¡ê¥ªâ®¢. �®ª�§�â¥«¨ ¯à¨ à�¡®â¥
á® áà¥¤−¨¬¨ ¨ ¡®«ìè¨¬¨ ®¡ê¥ªâ�¬¨ ¯®¢ëè�îâáï −¥§−�ç¨â¥«ì−®. ‚ ®áâ�«ì−®¬
íªá¯¥à¨¬¥−âë ¯®ª�§ë¢�îâ ç¥âª¨¥ à�§«¨ç¨ï ¬¥¦¤ã âà¥¬ï á¥¬¥©áâ¢�¬¨ SR-á¥â¥©.

’à�−áä®à¬¥à SwinIR áâ�¡¨«ì−® ®¡¥á¯¥ç¨¢�¥â −�¨¡®«ìè¨© ¯à¨à®áâ ¢ â®ç-
−®áâ¨ ¤¥â¥ªâ¨à®¢�−¨ï ¨ ª«�áá¨ä¨ª�æ¨¨: mAP à�áâ¥â á 0,032 ¤® 0,045{0,050.
�®ª�§�â¥«¨ mAP ¨ mAP small áâ�¡¨«ì−® ¯®¢ëè�îâáï ¯à¨ ã¢¥«¨ç¥−¨¨ ª®íää¨-
æ¨¥−â� ¬�áèâ�¡¨à®¢�−¨ï á 2 ¤® 8.

CNN-¬®¤¥«ì RCAN ¤�¥â çãâì ¬¥−ìè¨© ¯à¨à®áâ ¯®ª�§�â¥«¥© mAP
¨ mAP small (á 0,032 ¤® 0,041{0,043 ¨ á 0,004 ¤® 0,014{0,015 á®®â¢¥âáâ¢¥−-
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÷¨á. 4 ‚«¨ï−¨¥ SR-á¥â¥© −� â®ç−®áâì ¤¥â¥ªâ¨à®¢�−¨ï ¨ ª«�áá¨ä¨ª�æ¨¨ ®¡ê¥ªâ®¢: 1 |
mAP; 2 | mAP small

−®). �á−®¢−®© íää¥ªâ ¤®áâ¨£�¥âáï ¯à¨ ª®íää¨æ¨¥−â¥ ¬�áèâ�¡¨à®¢�−¨ï 2. �â®
á¢¨¤¥â¥«ìáâ¢ã¥â ® â®¬, çâ® ¯®á«¥ ¢®ááâ�−®¢«¥−¨ï £à�¤¨¥−â®¢ ªà�¥¢ ¤�«ì−¥©è¥¥
¯®¢ëè¥−¨¥ ª®íää¨æ¨¥−â� ¬�áèâ�¡¨à®¢�−¨ï −¥§−�ç¨â¥«ì−® ã¢¥«¨ç¨¢�¥â â®ç−®áâì
¤¥â¥ªâ¨à®¢�−¨ï ¨ ª«�áá¨ä¨ª�æ¨¨.

ƒ¥−¥à�â¨¢−®-á®áâï§�â¥«ì−�ï ¬®¤¥«ì Real-ESRGAN ¯à¨ ª®íää¨æ¨¥−â¥ ¬�á-
èâ�¡¨à®¢�−¨ï 2 ã«ãçè�¥â ¯®ª�§�â¥«¨ mAP ¨ mAP small á«�¡¥¥ ¤àã£¨å á¥â¥©.
„�«ì−¥©è¥¥ ¯®¢ëè¥−¨¥ ª®íää¨æ¨¥−â� ¬�áèâ�¡¨à®¢�−¨ï −¥£�â¨¢−® áª�§ë¢�¥âáï
−� â®ç−®áâ¨ à�¡®âë ¬®¤¥«¨ SSD MobileNetV2 FPNLite. ‘�¬ë¥ £«�¤ª¨¥ ¨ ¯à¨-
ïâ−ë¥ ¤«ï ç¥«®¢¥ç¥áª®£® £«�§� â¥ªáâãàë ã¬¥−ìè�îâ â®ç−®áâì ¤¥â¥ªâ¨à®¢�−¨ï
¨ ª«�áá¨ä¨ª�æ¨¨ ®¡ê¥ªâ®¢.

‘à�¢−¥−¨¥ ¯®ª�§�â¥«¥© mAP ¨ mAP small ¯à¥¤áâ�¢«¥−® −� à¨á. 4.

7 Заключение

‚ ¯à¥¤áâ�¢«¥−−®© à�¡®â¥ ¯à¨¢¥¤¥−ë ®á®¡¥−−®áâ¨ ¯à�ªâ¨ç¥áª®© à¥�«¨§�æ¨¨
¬¥â®¤� �ã£¬¥−â�æ¨¨ ¬�«ëå ®¡ê¥ªâ®¢ −� ®á−®¢¥ á¥â¥© á¢¥àå¢ëá®ª®£® à�§à¥è¥−¨ï,
¯®¤â¢¥à¦¤�îé¨¥, çâ® ¢ª«îç¥−¨¥ SR-á¥â¥© ¢ �ã£¬¥−â�æ¨î ¤�−−ëå §−�ç¨â¥«ì−®
¯®¢ëè�¥â íää¥ªâ¨¢−®áâì ®¡−�àã¦¥−¨ï ¨ ª«�áá¨ä¨ª�æ¨¨ ®¡ê¥ªâ®¢.

26 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 35 −®¬¥à 3 2025



�á®¡¥−−®áâ¨ ¯à�ªâ¨ç¥áª®© à¥�«¨§�æ¨¨ ¬¥â®¤� �ã£¬¥−â�æ¨¨ ¬�«ëå ®¡ê¥ªâ®¢

�®«ãç¥−−ë¥ à¥§ã«ìâ�âë á®£«�áãîâáï á ã¦¥ ¨§¢¥áâ−ë¬¨ ®æ¥−ª�¬¨
PSNR/SSIM à�§«¨ç−ëå ª«�áá®¢ SR-á¥â¥© [23]: SwinIR (32,72 ¤�/0,9021)
¨ RCAN (32,63 ¤�/0,9002) «¨¤¨àãîâ ¯® ¯®ª�§�â¥«î ¯¨ªá¥«ì−®© â®ç−®áâ¨;
¬®¤¥«ì Real-ESRGAN (26,22 ¤�/0,7655), ®à¨¥−â¨à®¢�−−�ï −� ¯¥àæ¥¯â¨¢−ë©
à¥�«¨§¬, å�à�ªâ¥à¨§ã¥âáï ¡®«¥¥ −¨§ª¨¬¨ ¯®ª�§�â¥«ï¬¨. ‚ëá®ª¨¥ PSNR ¨ SSIM
¯à¨¢®¤ïâ ª ã«ãçè¥−¨î â®ç−®áâ¨ ¤¥â¥ªâ¨à®¢�−¨ï ¨ ª«�áá¨ä¨ª�æ¨¨ ®¡ê¥ªâ®¢ â®«ì-
ª® ¯à¨ ®âáãâáâ¢¨¨ �àâ¥ä�ªâ®¢. ‚ á¢®î ®ç¥à¥¤ì, £«�¤ª¨¥ â¥ªáâãàë, å�à�ªâ¥à−ë¥
¤«ï £¥−¥à�â¨¢−®-á®áâï§�â¥«ì−ëå á¥â¥©, ¬®£ãâ ¢¢¥áâ¨ ¤¥â¥ªâ®à ¢ §�¡«ã¦¤¥−¨¥.

‚ à¥§ã«ìâ�â¥ íªá¯¥à¨¬¥−â�«ì−ëå ¨áá«¥¤®¢�−¨©, ¯à¥¤áâ�¢«¥−−ëå ¢ áâ�âì¥,
¬®¦−® á¤¥«�âì ¢ë¢®¤ ® â®¬, çâ®: ¬®¤¥«ì SwinIR á ª®íää¨æ¨¥−â®¬ ¬�áèâ�¡¨-
à®¢�−¨ï 4 ¨«¨ 8 «ãçè¥ ¢á¥£® ¯®¤å®¤¨â ¤«ï �ã£¬¥−â�æ¨¨ −¥¡®«ìè¨å ®¡ê¥ªâ®¢ −�
�íà®ä®â®á−¨¬ª�å; RCAN á ª®íää¨æ¨¥−â®¬ ¬�áèâ�¡¨à®¢�−¨ï 2 ¬®¦−® ¨á¯®«ì-
§®¢�âì ¢ ª�ç¥áâ¢¥ «¥£ª®¢¥á−®© �«ìâ¥à−�â¨¢ë ¢ á«ãç�¥ ¤¥ä¨æ¨â� ¢ëç¨á«¨â¥«ì−ëå
à¥áãàá®¢; ¬®¤¥«¨ −� ®á−®¢¥ GAN ¬®¦−® ¨á¯®«ì§®¢�âì â®«ìª® ¯®á«¥ ¤®¯®«−¨â¥«ì-
−®© à¥£ã«ïà¨§�æ¨¨.
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Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation

Abstract: The paper examines the limitations of modern data augmentation
methods when applied to images captured by unmanned aerial vehicles in
scenarios characterized by high object density and small object sizes. A specialized
method, Contextual Small-Object Augmentation, is proposed to intelligently
place visually enhanced objects into semantically relevant regions of the image
while preserving spatial realism. In particular, the study focuses on a data
augmentation module that utilizes super-resolution (SR) networks to improve
the visual quality of small objects. For this purpose, several state-of-the-art
SR neural models | RCAN, Real-ESRGAN, and SwinIR | were selected.
Their impact on the accuracy of object detection and classification was evaluated
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using the SSD MobileNet V2 FPNLite 320 × 320 model trained on various
versions of the VisDrone benchmark dataset. The detection results were compared
against a baseline model trained on the original dataset following the evaluation
protocol of the COCO Evaluation Metrics. The experimental results demonstrate
that incorporating high-resolution networks into the augmentation pipeline
significantly improves the detection accuracy of small objects while maintaining
computational efficiency.

Keywords: object detection; object classification; transformer; convolutional
neural network; generative adversarial network; data augmentation
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НЕЙРОСЕТЕВОЙ БАЙЕСОВСКИЙ СИНТЕЗ МНОГОМЕРНОЙ
ЛИНЕЙНОЙ СТОХАСТИЧЕСКОЙ СИСТЕМЫ∗

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

�−−®â�æ¨ï: ÷�§à�¡®â�− −®¢ë© ¬¥â®¤ á¨−â¥§� ®¯â¨¬�«ì−®© ¬−®£®¬¥à−®© «¨-
−¥©−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë (‘â‘) ¯® ¡�©¥á®¢áª®¬ã ªà¨â¥à¨î (�Š), ®á−®-
¢�−−®¬ã −� ª®«¨ç¥áâ¢¥−−®© ®æ¥−ª¥ ®è¨¡ª¨ ®æ¥−ª¨ ¢ëå®¤−®£® áâ®å�áâ¨ç¥áª®£®
¯à®æ¥áá� (‘â�). ‘â®å�áâ¨ç¥áª�ï á¨áâ¥¬� ®¯¨áë¢�¥âáï ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã-
£�çñ¢� ¤«ï ¢å®¤−®£® ¨ ¢ëå®¤−®£® ‘â�. ‚ á®áâ�¢ ¢¥ªâ®à−®£® ¢å®¤−®£® ‘â�
¢å®¤¨â ¯®«¥§−ë© á¨£−�« ¨ �¤¤¨â¨¢−�ï ¬−®£®¬¥à−�ï −®à¬�«ì−® à�á¯à¥¤¥«¥−−�ï
¯®¬¥å� á −ã«¥¢ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ ¨ ¨§¢¥áâ−®© ¬�âà¨æ¥© ª®¢�à¨-
�æ¨®−−ëå äã−ªæ¨©. ‘«ãç�©−�ï ¯®¬¥å� −¥ §�¢¨á¨â ®â ¢¥ªâ®à� á«ãç�©−ëå
¯�à�¬¥âà®¢ ¯®«¥§−®£® á¨£−�«�. ÷�á¯à¥¤¥«¥−¨¥ ¢¥ªâ®à� á«ãç�©−ëå ¯�à�¬¥âà®¢
§�¤�−®. �®áâà®¥−� ¬®¤¥«ì �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ ¢ëå®¤−®£® ‘â� −� ®á−®¢¥
¢¥©¢«¥â-ª�−®−¨ç¥áª®£® à�§«®¦¥−¨ï (‚‹Š÷) á«ãç�©−®© ¯®¬¥å¨ ¨ ¢¥©¢«¥â-à�§-
«®¦¥−¨ï ¢å®¤−®£® ‘â�. „«ï −�å®¦¤¥−¨ï −¥¨§¢¥áâ−ëå ¯�à�¬¥âà®¢ ¬®¤¥«¨
®¯â¨¬�«ì−®© ®æ¥−ª¨ ¢ëå®¤−®£® ‘â� à�§à�¡®â�−� �àå¨â¥ªâãà� ¬−®£®á«®©−®©
¢¥©¢«¥â-−¥©à®−−®© á¥â¨ (‚�‘). �¡ãç¥−¨¥ ‚�‘ á ãç¨â¥«¥¬ ®áãé¥áâ¢«ï¥âáï
¬¥â®¤®¬ ®¡à�â−®£® à�á¯à®áâà�−¥−¨ï ®è¨¡ª¨. �®«ãç¥−ë ä®à¬ã«ë ¤«ï ¬�â¥¬�-
â¨ç¥áª®£® ®¦¨¤�−¨ï, ¢â®à®£® −�ç�«ì−®£® ¬®¬¥−â� ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë
®è¨¡ª¨ �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ ¢ëå®¤−®£® ‘â�. �à¨¢¥¤¥− ¨««îáâà�â¨¢−ë©
¯à¨¬¥à.
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ˆ. �. ‘¨−¨æë−, ‚. ˆ. ‘¨−¨æë−, �. ÷. Š®à¥¯�−®¢, ’. „. Š®−�è¥−ª®¢�

¨ áà¥¤áâ¢ [1{7]. �¢â®àë à�§¢¨¢�îâ â¥®à¨î ¯®áâà®¥−¨ï �Š-®¯â¨¬�«ì−ëå −¥-
áâ�æ¨®−�à−ëå áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬ (‘â‘) ¬¥â®¤®¬ ª�−®−¨ç¥áª¨å à�§«®¦¥−¨©
(Š÷) [1, 4, 5]. ÷�áá¬�âà¨¢�îâáï ‘â‘, ¨§ãç¥−¨¥ ª®â®àëå ¢¥¤¥âáï −� ®á−®¢¥ ¬�â¥-
¬�â¨ç¥áª®© ¬®¤¥«¨ ¨§-§� âàã¤−®áâ¨ ¯à®¢¥¤¥−¨ï −�âãà−ëå ¨á¯ëâ�−¨©. „«ï ¨¬¨-
â�æ¨®−−®£® ¬®¤¥«¨à®¢�−¨ï ‘â�, §�¤�−−®£® −� ª®−¥ç−®¬ ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨,
�¢â®àë ¯à¨¬¥−ïîâ Š÷ ‘â�, ¯®§¢®«ïîé¨¥ á¢¥áâ¨ ¬®¤¥«¨à®¢�−¨¥ ‘â� ª ¬®¤¥-
«¨à®¢�−¨î á«ãç�©−ëå ¢¥«¨ç¨− (‘‚). �à�ªâ¨ç¥áª®¥ §−�ç¥−¨¥ à¥è¥−¨ï §�¤�ç¨
á¨−â¥§� �Š-®¯â¨¬�«ì−®© ‘â‘ §�ª«îç�¥âáï ¢ ®á−®¢−®¬ ¢ â®¬, çâ® ®−® ¯®§¢®«ï¥â
−�©â¨ â¥®à¥â¨ç¥áª¨© ®¯â¨¬ã¬, ª ª®â®à®¬ã à�§à�¡®âç¨ª ¤®«¦¥− áâà¥¬¨âìáï ¯à¨
¯à®¥ªâ¨à®¢�−¨¨ à¥�«ì−®© á¨áâ¥¬ë.

‚ [8, 9] ®¯¨á�− à¥ªãàà¥−â−ë© ¬¥â®¤ ¯®áâà®¥−¨ï ‚‹Š÷ ‘â� −� ®á−®¢¥ ®à-
â®−®à¬¨à®¢�−−®£® ¡�§¨á� ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨ [10]. ‘ æ¥«ìî
ã¬¥−ìè¥−¨ï ¯à¥¤¢�à¨â¥«ì−ëå âàã¤®¥¬ª¨å �−�«¨â¨ç¥áª¨å ¢ëª«�¤®ª ¢ [11, 12]
¡ë« à�§à�¡®â�− −¥©à®á¥â¥¢®© �«£®à¨â¬ ¯®áâà®¥−¨ï ‚‹Š÷ (¤�«¥¥ | Š÷‚�‘)
‘â�. ‚ [13{17] ¤�−® à¥è¥−¨¥ §�¤�ç¨ �Š-®¯â¨¬�«ì−®© −¥áâ�æ¨®−�à−®© ‘â‘,
®¯¨áë¢�¥¬®© ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢�, ¬¥â®¤®¬ ‚‹Š÷. ‚ [18, 19] à¥è¥-
−� §�¤�ç� á¨−â¥§� ®¯â¨¬�«ì−®© −¥áâ�æ¨®−�à−®© «¨−¥©−®© ®¤−®¬¥à−®© ‘â‘ ¯®
ªà¨â¥à¨î ¬¨−¨¬ã¬� áà¥¤−¥ª¢�¤à�â¨ç−®© ®è¨¡ª¨ (‘Š�) ¨ ¯® í−¥à£¥â¨ç¥áª®¬ã
ªà¨â¥à¨î −� ®á−®¢¥ Š÷‚�‘ ‘â� ¨ á ¯à¨¬¥−¥−¨¥¬ −¥©à®á¥â¥¢ëå â¥å−®«®£¨©
(�’) [20]. ‚ [18] ¡ë« ¯à®¢¥¤¥− áà�¢−¨â¥«ì−ë© �−�«¨§ −®¢®£® ¬¥â®¤� ¯®áâà®¥-
−¨ï ®æ¥−ª¨ ¢ëå®¤−®£® ‘â� á¨áâ¥¬ë, ®¯¨áë¢�¥¬®© ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢�,
−� ®á−®¢¥ Š÷‚�‘ ¨ �’ á ¯à¨¡«¨¦¥−−ë¬¨ ¬¥â®¤�¬¨, ¯à¨¬¥−ï¥¬ë¬¨ Š÷ ¡¥§
�’. �−�«¨§ ¯®ª�§�«, çâ® ¢á¥ ¬¥â®¤ë ¤�îâ ®¤¨−�ª®¢ë© ¯®àï¤®ª â®ç−®áâ¨ ¢ë-
ç¨á«¥−¨©, −® ¯à¨¬¥−¥−¨¥ �’ ¯®§¢®«ï¥â ¨§¡¥¦�âì âàã¤®¥¬ª¨å �−�«¨â¨ç¥áª¨å
¢ëª«�¤®ª.

‚ −�áâ®ïé¥© à�¡®â¥ −¥©à®á¥â¥¢®© ¯®¤å®¤ á¨−â¥§� ®¤−®¬¥à−®© ®¯â¨¬�«ì−®©
‘â‘ ¯à¨¬¥−¥− ¤«ï á¨−â¥§� ¬−®£®¬¥à−®© ®¯â¨¬�«ì−®© ‘â‘. ‚ à�§¤. 2 ¤�−� ¯®-
áâ�−®¢ª� §�¤�ç¨. ÷�áá¬�âà¨¢�¥âáï ¬−®£®¬¥à−�ï −¥áâ�æ¨®−�à−�ï «¨−¥©−�ï ‘â‘,
®¯¨áë¢�¥¬�ï ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢� ¤«ï ¢å®¤−®£® ¨ âà¥¡ã¥¬®£® ¢ëå®¤−®£®
‘â�. ‚ á®áâ�¢ ¢å®¤−®£® ‘â� ¢å®¤¨â �¤¤¨â¨¢−�ï á«ãç�©−�ï ¯®¬¥å� á −ã«¥¢ë¬
¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ ¨ §�¤�−−®© ¬�âà¨æ¥© ª®¢�à¨�æ¨®−−ëå äã−ªæ¨©.
�¯â¨¬�«ì−�ï ¯® �Š ®æ¥−ª� ¢ëå®¤−®£® ‘â� −�å®¤¨âáï ¨§ ãá«®¢¨ï ¬¨−¨¬ã-
¬� ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï äã−ªæ¨¨ ¯®â¥àì, §�¢¨áïé¥© ®â ª®«¨ç¥áâ¢¥−−®©
®è¨¡ª¨ ®æ¥−ª¨ ¢ëå®¤−®£® ‘â�. ‚ à�§¤. 3 ®¯¨á�− �«£®à¨â¬ −�å®¦¤¥−¨ï �Š-
®¯â¨¬�«ì−®© ®æ¥−ª¨ ¢ëå®¤−®£® ‘â� −� ®á−®¢¥ ¬−®£®á«®©−®© ‚�‘ [20{22].
‚å®¤−ë¬¨ ¤�−−ë¬¨ ‚�‘ á«ã¦¨â á®¢®ªã¯−®áâì ‘‚, ª®â®à�ï ä®à¬¨àã¥âáï ¬¥â®-
¤®¬ Š÷‚�‘. Œ®¤¥«ì �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ ¢ëå®¤−®£® ‘â� áâà®¨âáï ¢ ¢¨¤¥
«¨−¥©−®© ª®¬¡¨−�æ¨¨ ¢å®¤−ëå ‘‚ á ª®íää¨æ¨¥−â�¬¨, §�¤�−−ë¬¨ ¤¥â¥à¬¨−¨-
à®¢�−−ë¬¨ ª®®à¤¨−�â−ë¬¨ äã−ªæ¨ï¬¨. �¥¨§¢¥áâ−ë¥ ¯�à�¬¥âàë ª®®à¤¨−�â−ëå
äã−ªæ¨© −�å®¤ïâáï ¬¥â®¤®¬ ®¡à�â−®£® à�á¯à®áâà�−¥−¨ï ®è¨¡ª¨ [20]. �®«ãç¥−ë
ä®à¬ã«ë ¤«ï ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë ®è¨¡ª¨
�Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ ¢ëå®¤−®£® ‘â�. ‚ à�§¤. 4 ¯à¨¢¥¤¥− ¨««îáâà�â¨¢−ë©
¯à¨¬¥à.
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2 Постановка задачи

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

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

¢ ¢¨¤¥ áã¬¬ë ¯®«¥§−®£® á¨£−�«�

S(t) = [S1(t)S2(t) · · ·SNZ
(t)]T

¨ −®à¬�«ì−® à�á¯à¥¤¥«¥−−®© á«ãç�©−®© ¯®¬¥å¨ ¢ ¢¨¤¥ ‘â�

X(t) = [X1(t)X2(t) · · ·XNZ
(t)]T

á −ã«¥¢ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ ¨ ¨§¢¥áâ−®© ¬�âà¨æ¥© ª®¢�à¨�æ¨®−−ëå
äã−ªæ¨© KX(t1, t2) = M[X(t1)X

T(t1)], t1, t2 ∈ [t0, tk]:

Z(t) = S(t) +X(t). (1)

Š®¬¯®−¥−âë ¯®«¥§−®£® á¨£−�«� Sh(t), h = 1, NZ , ¯à¥¤áâ�¢«ïîâ á®¡®© «¨−¥©−ãî
ª®¬¡¨−�æ¨î §�¤�−−ëå á«ãç�©−ëå ¯�à�¬¥âà®¢ Ur, r = 1, NU :

Sh(t) =

NU∑

r=1

Urξhr(t) , (2)

£¤¥ ξh1(t), . . . , ξhNU
(t)| ¨§¢¥áâ−ë¥ ¤¥â¥à¬¨−¨à®¢�−−ë¥ áâàãªâãà−ë¥ äã−ªæ¨¨.

�ã¤¥¬ áç¨â�âì, çâ® ¢¥ªâ®à−ë© ¯�à�¬¥âà U = [U1 U2 · · ·UNU
]T | NU -¬¥à-

−�ï ‘‚ á §�¤�−−®© ¯«®â−®áâìî ¢¥à®ïâ−®áâ¨ fU(u), −¥ §�¢¨áïé�ï ®â á«ãç�©−®©
¯®¬¥å¨ X(t) ¨ á ª®−¥ç−ë¬¨ ¯¥à¢ë¬¨ ¨ ¢â®àë¬¨ ¬®¬¥−â�¬¨:

mU
r =M [Ur], r = 1, NU ; •

U
r1r2 =M [Ur1Ur2 ] ;

KU
r1r2 =M [(Ur1 −mU

r1)(Ur2 −mU
r2)], r1, r2 = 1, NU .

’à¥¡ã¥¬ë© ¢ëå®¤−®© ‘â� á¨áâ¥¬ë W (t) = [W1(t)W2(t) · · ·WNW
(t)]T §�¤�−

¢ëà�¦¥−¨ï¬¨ ¤«ï p = 1, NW , r = 1, NU

Wp(t) =

NU∑

r=1

ζpr(t)Ur , (3)

£¤¥ ζpr(t)| ¨§¢¥áâ−ë¥ ¤¥â¥à¬¨−¨à®¢�−−ë¥ áâàãªâãà−ë¥ äã−ªæ¨¨.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 35 −®¬¥à 3 2025 35



ˆ. �. ‘¨−¨æë−, ‚. ˆ. ‘¨−¨æë−, �. ÷. Š®à¥¯�−®¢, ’. „. Š®−�è¥−ª®¢�

’à¥¡ã¥âáï −�©â¨ ®¯â¨¬�«ì−ãî ‘â‘, ¢ëå®¤−®© ‘â� ª®â®à®©

W ∗(t) = [W ∗

1 (t)W
∗

2 (t) · · ·W ∗

NW
(t)]T

®¡¥á¯¥ç¨¢�« ¡ë ¬¨−¨¬ã¬ ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï §�¤�−−®© äã−ªæ¨¨ ¯®â¥àì
l(W,W ∗):

M [l(W,W ∗)] = min .

‚¥«¨ç¨−ãM [l(W,W ∗)] −�§ë¢�îâ áà¥¤−¨¬ à¨áª®¬. Šà¨â¥à¨¨ ¬¨−¨¬ã¬� áà¥¤−¥£®
à¨áª�, á®®â¢¥âáâ¢ãîé¨¥ äã−ªæ¨ï¬ ¯®â¥àì, §�¢¨áïé¨¬ ®â á«ãç�©−ëå ¯�à�¬¥âà®¢,
®¡ëç−® −�§ë¢�îâ ¡�©¥á®¢áª¨¬¨ ªà¨â¥à¨ï¬¨, � ‘â� W ∗(t) | �Š-®¯â¨¬�«ì−®©
®æ¥−ª®© âà¥¡ã¥¬®£® ‘â� W (t).

‚ ¯à�ªâ¨ç¥áª¨å §�¤�ç�å ¨−ä®à¬�â¨ª¨ ¯®«ì§ãîâáï ªà¨â¥à¨¥¬ ¬¨−¨¬ã¬�
‘Š�:

l(–) = tr [– ·–T], –(t) =W (t)−W ∗(t) .

�¡®¡é¥−¨¥¬ ªà¨â¥à¨ï ‘Š� ¢ëáâã¯�¥â á«®¦−®-áâ�â¨áâ¨ç¥áª¨© ªà¨â¥à¨© (‘‘Š),
ª®£¤� äã−ªæ¨ï ¯®â¥àì §�¤�¥âáï ¢ ¢¨¤¥ ¨§¢¥áâ−®© äã−ªæ¨¨, §�¢¨áïé¥© ®â ¬�â¥¬�-
â¨ç¥áª®£® ®¦¨¤�−¨ï ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë ®è¨¡ª¨

l(W,W ∗) = f(m–(t),K–(t)) .

…á«¨ ®è¨¡ª� à�á¯à¥¤¥«¥−� −®à¬�«ì−®, â® ç�áâ−ë¬ á«ãç�¥¬ ‘‘Š áâ�−®¢¨âáï
ªà¨â¥à¨© ¬�ªá¨¬ã¬� ¢¥à®ïâ−®áâ¨ â®£®, çâ® ®è¨¡ª� −¥ ¢ë©¤¥â ¨§ §�¤�−−®© ®¡«�áâ¨
A– = {– : |–p| < ap(t)(p = 1, NW )}:

P (– ∈ A–) = max .
‚ §�¤�ç�å ¯à�ªâ¨ª¨ ç�áâ® ®ª�§ë¢�¥âáï ¯®«¥§−ë¬ �Š ¢ ¢¨¤¥ −�ª®¯«¥−−®£® ãé¥à¡�

l(–) = 1− exp{−k2– ·–T}, k = const .

„«ï ¯à¨¬¥−¥−¨ï â¥å−®«®£¨¨ ¨áªãááâ¢¥−−ëå −¥©à®−−ëå á¥â¥© (ˆ�‘) −�¤®
à¥è¨âì ¤¢¥ §�¤�ç¨:

(1) á¬®¤¥«¨à®¢�âì NN −¥§�¢¨á¨¬ëå à¥�«¨§�æ¨© ¢å®¤−®£® ‘â� {zi(t)}NN

i=1, −�-
¡«î¤�¥¬®£® −� §�¤�−−®¬ ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ [t0, tk], ¨ á®®â¢¥âáâ¢ãîé¥¥ ¨¬
¬−®¦¥áâ¢® −¥§�¢¨á¨¬ëå à¥�«¨§�æ¨© ¢ëå®¤−®£® ‘â� {wi(t)}NN

i=1;

(2) ¯®áâà®¨âì ¬®¤¥«ì ®æ¥−ª¨ wi∗(t), ª®â®àãî ˆ�‘ ¡ã¤¥â ¢ë¤�¢�âì ¢ ®â¢¥â −�
à¥�«¨§�æ¨î ¢å®¤−®£® ‘â� zi(t).

�æ¥−ª� áà¥¤−¥£® à¨áª� ¢ëç¨á«ï¥âáï ¯® ä®à¬ã«¥

E(t) =
1

NN

NN∑

i=1

l
(

wi(t), wi∗(t)
)

.

‚ â¥à¬¨−�å â¥®à¨¨ ˆ�‘ äã−ªæ¨ï E(t) −�§ë¢�¥âáï äã−ªæ¨¥© áâ®¨¬®áâ¨. ’®£¤�
�Š-®¯â¨¬�«ì−�ï ®æ¥−ª� W ∗(t) −�å®¤¨âáï ¨§ ãá«®¢¨ï, çâ® ¥¥ à¥�«¨§�æ¨¨ ¡ã¤ãâ
®¡¥á¯¥ç¨¢�âì minE(t).
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3 Основные результаты

�ãáâì ¬−®£®¬¥à−ë¥ ¤¥©áâ¢¨â¥«ì−ë¥ ‘â� Z(t) ¨ W ∗(t) (t ∈ [t0, tk]) §�¤�−ë
−� ¢¥à®ïâ−®áâ−ëå ¯à®áâà�−áâ¢�å (HZ ,AZ ,PZ) ¨ (HW ,AW ,PW ) á®®â¢¥âáâ¢¥−−®.
‡¤¥áì

HZ = L
2[t0, tk]× L

2[t0, tk]× · · · × L
2[t0, tk]

︸ ︷︷ ︸

NZ

;

HW = L
2[t0, tk]× L

2[t0, tk]× · · · × L
2[t0, tk]

︸ ︷︷ ︸

NW

,

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

∫ tk
t0

|f(t)|2 dt]1/2; AZ | σ-�«£¥¡à� ¢ HZ ; AW |

σ-�«£¥¡à� ¢ HW ; PZ(Z(t) = [z1(t) z2(t) · · · zNZ
(t)]T) | ¢¥à®ïâ−®áâì á®-

¡ëâ¨ï Z(t) = [z1(t) z2(t) · · · zNZ
(t)]T, zh(t) ∈ L2[t0, tk], h = 1, NX ;

PW (W (t) = [w1(t)w2(t) · · ·wNW
(t)]T) | ¢¥à®ïâ−®áâì á®¡ëâ¨ï W (t) =

= [w1(t)w2(t) · · ·wNW
(t)]T, wp(t) ∈ L2[t0, tk], p = 1, NW .

„«ï ¬®¤¥«¨à®¢�−¨ï ¢å®¤−®£® ‘â� Z(t) ¯à¨¬¥−¨¬ ¬¥â®¤ Š÷ [1,4,5]. ‚ ¯à®-
áâà�−áâ¢¥ L2[t0, tk] §�¤�¤¨¬ ®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨
−®á¨â¥«ï¬¨ á ¬�ªá¨¬�«ì−ë¬ ãà®¢−¥¬ à�§à¥è¥−¨ï J [10]:

{ϕ00(t), ψjk(t)} , (4)

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

√
2j ψ(2jt−k)| ¢¥©¢«¥âë ãà®¢−ï j, j = 1, J , k = 0, 1, 2j − 1.

„«ï ã¤®¡áâ¢� ¢¥©¢«¥â-¡�§¨á (4) ¯à¥¤áâ�¢«ï¥âáï ¢ ¢¨¤¥

g1(t) = ϕ00(t); g2(t) = ψ00(t) ;

gv(t) = ψjk(t), j = 1, J , k = 0, 1, 2j − 1, v = 2j + k + 1 ;

L = 2J+1 | ç¨á«® ¡�§¨á−ëå ¢¥©¢«¥â-äã−ªæ¨©. ‘®£«�á−® [12], ¯à¥¤áâ�¢¨¬
‘â� X(t) ¢ ¢¨¤¥ ¥£® Š÷‚�‘:

XL(t) =
L∑

v=1

V X
v κL

v (t) ;

XL
h (t) =

L∑

v=1

V X
v κL

vh(t) , h = 1, NZ ,
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£¤¥ V X
v | −¥ª®àà¥«¨à®¢�−−ë¥ ‘‚ á −ã«¥¢ë¬¨ ¬�â¥¬�â¨ç¥áª¨¬¨ ®¦¨¤�−¨ï¬¨

¨ ¤¨á¯¥àá¨ï¬¨ DX
v = 1; κ

L
v (t) = [κ

L
v1(t)κ

L
v2(t) · · · κL

vNZ
(t)]T | ¢¥ªâ®à−ë¥ ª®-

®à¤¨−�â−ë¥ äã−ªæ¨¨. ‘ª�«ïà−ë¥ ª®®à¤¨−�â−ë¥ äã−ªæ¨¨ ¯à¥¤áâ�¢«ïîâ á®¡®©
«¨−¥©−ë¥ ª®¬¡¨−�æ¨¨ ¡�§¨á−ëå ¢¥©¢«¥â-äã−ªæ¨©

κL
vh(t) =

L∑

µ=1

cvh
µ gµ(t), h = 1, NZ ,

¨«¨

κL
vh(t) =

(

cvh
)T

gL(t) , h = 1, NZ ,

£¤¥

cvh(t) = [cvh
1 (t) c

vh
2 (t) · · · cvh

L (t)]
T ; gL(t) = [g1(t) g2(t) · · · gL(t)]

T .

Š�ª ¨§¢¥áâ−®, ‘‚ V X
v , v = 1, L, ã¤®¢«¥â¢®àïîâ á®®â−®è¥−¨ï¬ [1,4,5]:

V X
v =

tk∫

t0

(av(t))
TX(t) dt , v = 1, L ,

£¤¥ av(t) = [av1(t) av2(t) · · · avNZ
(t)]T | ä®à¬¨àãîé¨¥ äã−ªæ¨¨, ª®â®àë¥ ¬®¦-

−® ®¯à¥¤¥«¨âì ¡¥áç¨á«¥−−ë¬ ¬−®¦¥áâ¢®¬ á¯®á®¡®¢, ¯à¨ íâ®¬ −� −¨å −�ª«�¤ë¢�-
¥âáï â®«ìª® ®¤−® ãá«®¢¨¥: çâ®¡ë ‘‚ V X

v , v = 1, L, ¡ë«¨ −¥ª®àà¥«¨à®¢�−−ë¬¨.
�ãáâì áª�«ïà−ë¥ äã−ªæ¨¨ avh(t) ∈ L2[t0, tk], v = 1, L, h = 1, NZ , â®£¤�
avh(t) ¬®¦−® �¯¯à®ªá¨¬¨à®¢�âì ª®−¥ç−ë¬¨ áã¬¬�¬¨ (¡¥áª®−¥ç−ëå ¢ ¯à®áâà�−-
áâ¢¥ L2[t0, tk]) ¢¥©¢«¥â-àï¤®¢

aL
vh(t) =

L∑

θ=1

αvh
θ gθ(t) , (5)

£¤¥

αvh
θ =

1

LNZc
vh
θ

. (6)

ˆ¬¥¥¬ á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥.
“â¢¥à¦¤¥−¨¥ 1. ‘ª�«ïà−ë¥ ä®à¬¨àãîé¨¥ äã−ªæ¨¨ avh(t) ∈ L2[t0, tk], v =
= 1, L, h = 1, NZ , ¬®¦−® �¯¯à®ªá¨¬¨à®¢�âì ª®−¥ç−ë¬¨ áã¬¬�¬¨ (¡¥áª®−¥ç−ëå
¢ ¯à®áâà�−áâ¢¥ L2[t0, tk]) ¢¥©¢«¥â-àï¤®¢ (5), £¤¥ −¥¨§¢¥áâ−ë¥ ª®íää¨æ¨¥−âë

αvh
θ , v, θ = 1, L, h = 1, NZ , ¢ëç¨á«ïîâáï ¯® ä®à¬ã«�¬ (6).
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‘®£«�á−® ¬¥â®¤ã ª®®à¤¨−�â−ëå äã−ªæ¨© [1,4,5], à�áá¬®âà¨¬ ‘‚

V Z
v =

NZ∑

h=1

tk∫

t0

aL
vh(t)Zh(t) dt , v = 1, L , (7)

¨ �¯¯à®ªá¨¬¨àã¥¬ ‘â� Z(t) à�§«®¦¥−¨¥¬ ¯® ª®®à¤¨−�â−ë¬ äã−ªæ¨ï¬:

ZL(t) =

L∑

v=1

V Z
v κ

L
v (t). (8)

�®á«¥¤®¢�â¥«ì−®áâì ‘â� ZL(t) áå®¤¨âáï ¢ áà¥¤−¥ª¢�¤à�â¨ç−®¬ ª ‘â� Z(t) ¯à¨
L → ∞ ¤«ï ª�¦¤®£® ä¨ªá¨à®¢�−−®£® t ∈ [t0, tk]. ”®à¬ã«ë (7) ¨ (8) ãáâ�−�¢-
«¨¢�îâ ¢§�¨¬−® ®¤−®§−�ç−®¥ á®®â¢¥âáâ¢¨¥ ¬¥¦¤ã ‘â� ZL(t) ¨ á®¢®ªã¯−®áâìî
‘‚ V Z

v , v = 1, L.
�®á«¥ ¯®¤áâ�−®¢ª¨ ¢ (7) ¢ëà�¦¥−¨ï Zh(t) =

∑NU

r=1 Urξhr(t)+Xh(t) ¯®«ãç¨¬

V Z
v =

NU∑

r=1

Ur

NZ∑

h=1

tk∫

t0

aL
vh(t)ξhr(t) dt + V

X
v , v = 1, L .

‚¢¥¤¥¬ ®¡®§−�ç¥−¨ï

βU
vr =

NZ∑

h=1

tk∫

t0

aL
vh(t)ξhr(t) dt ,

â®£¤�

V Z
v =

NU∑

r=1

βU
vrUr + V

X
v , v = 1, L . (9)

ˆ§ ãá«®¢¨ï ξhr(t) ∈ L2[t0, tk], h = 1, NZ , r = 1, NU , á«¥¤ã¥â, çâ® áª�«ïà-
−ë¥ äã−ªæ¨¨ ξhr(t) ¬®¦−® �¯¯à®ªá¨¬¨à®¢�âì ª®−¥ç−ë¬¨ áã¬¬�¬¨ (¡¥áª®−¥ç−ëå
¢ ¯à®áâà�−áâ¢¥ L2[t0, tk]) ¢¥©¢«¥â-àï¤®¢ ξL

hr(t) =
∑L

v=1 γ
hr
v gv(t) á ª®íää¨æ¨¥−-

â�¬¨ γhr
v =

∫ tk
t0
ξhr(t)gv(t) dt. ’®£¤�

βU
vr =

NZ∑

h=1

L∑

θ=1

αvh
θ γhr

θ . (10)

‚ ¨â®£¥ ¤®ª�§�−® á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥.
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“â¢¥à¦¤¥−¨¥ 2. ‘â®å�áâ¨ç¥áª¨© ¯à®æ¥áá Z(t), (t ∈ [t0, tk]) ¬®¦−® �¯¯à®ª-

á¨¬¨à®¢�âì ‘â� ZL(t), §�¤�−−ë¬ ¢ëà�¦¥−¨¥¬ (8). Œ¥¦¤ã ‘â� ZL(t)
¨ á®¢®ªã¯−®áâìî ‘‚ V Z

v , v = 1, L, ä®à¬ã«ë (7) ¨ (8) ãáâ�−�¢«¨¢�îâ ¢§�¨¬−®

®¤−®§−�ç−®¥ á®®â¢¥âáâ¢¨¥. ‘«ãç�©−ë¥ ¢¥«¨ç¨−ë V Z
v ®¯à¥¤¥«ïîâáï ä®à¬ã«�-

¬¨ (9), (10).

’�ª¨¬ ®¡à�§®¬, ¯à®æ¥áá ¬®¤¥«¨à®¢�−¨ï NN à¥�«¨§�æ¨© {zi(t)}NN

i=1 ¢å®¤−®£®
‘â� Z(t), −�¡«î¤�¥¬®£® −� §�¤�−−®¬ ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ [t0, tk], á®áâ®¨â
¢ ¬®¤¥«¨à®¢�−¨¨ NN á®¢®ªã¯−®áâ¥© §−�ç¥−¨© {vZi

v }NN

i=1 ‘‚ V Z
v , v = 1, L. ��

¢ëå®¤¥ ‘â‘ ¤®«¦−� ¯®«ãç¨âì á®®â¢¥âáâ¢ãîé¥¥ ¬−®¦¥áâ¢® §−�ç¥−¨© {wi(t)}NN

i=1
âà¥¡ã¥¬®£® ¢ëå®¤−®£® ‘â� W (t). �� ¢å®¤ ‚�‘ ¯®¤�¥âáï ®¡ãç�îé�ï ¢ë¡®àª�
{([t vZi

1 vZi
2 · · · vZi

L ]
T, wi(t))}NN

i=1.
�¡®¡é�ï ®¯ëâ á¨−â¥§� ®¯â¨¬�«ì−ëå ¯® à�§«¨ç−ë¬ �Š «¨−¥©−ëå ‘â‘,

®¯¨áë¢�¥¬ëå ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢� [13{17], ¢ ª�ç¥áâ¢¥ ¬®¤¥«¨ �Š-®¯-
â¨¬�«ì−®© ®æ¥−ª¨ ¢ëå®¤−®£® ‘â� á¨áâ¥¬ë à�áá¬®âà¨¬ «¨−¥©−ãî ª®¬¯®§¨æ¨î
‘‚ V Z

v (v = 1, L) á ª®íää¨æ¨¥−â�¬¨ ¢ ¢¨¤¥ ¢¥ªâ®à−ëå ¤¥â¥à¬¨−¨à®¢�−−ëå
ª®®à¤¨−�â−ëå äã−ªæ¨© χL

v (t) = [χ
L
v1(t)χ

L
v2(t) · · ·χL

LNW
(t)]T:

WL(t) =

L∑

v=1

V Z
v χ

L
v (t); WL(t) =

[
WL
1 (t)W

L
2 (t) · · ·WL

NW
(t)
]T
;

WL
p (t) =

L∑

v=1

V Z
v χvp(t) , p = 1, NW .

�ã¤¥¬ áç¨â�âì, çâ® áª�«ïà−ë¥ äã−ªæ¨¨ χL
vp(t) ∈ L2[t0, tk], p = 1, NW , v =

= 1, L, â®£¤� ¨å ¬®¦−® �¯¯à®ªá¨¬¨à®¢�âì ª®−¥ç−ë¬¨ áã¬¬�¬¨ (¡¥áª®−¥ç−ëå
¢ ¯à®áâà�−áâ¢¥ L2[t0, tk]) ¢¥©¢«¥â-àï¤®¢

χL
vp(t) =

L∑

µ=1

λvp
µ gµ(t),

¨«¨
χL

vp(t) = (λ
vp)T gL(t),

£¤¥ λvp = [λvp
1 λvp

2 · · ·λvp
L ]
T | −¥¨§¢¥áâ−ë¥ ¢¥á®¢ë¥ ª®íää¨æ¨¥−âë. …á«¨ ¤«ï

v = 1, L ¢¢¥áâ¨ ¬�âà¨æë −¥¨§¢¥áâ−ëå ª®íää¨æ¨¥−â®¢

˜v =








λv1
1 λv1

2 · · · λv1
L

λv2
1 λv2

2 · · · λv2
L

...
. . . . . .

...
λvNW

1 λvNW

2 · · · λvNW

L







,
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�¥©à®á¥â¥¢®© ¡�©¥á®¢áª¨© á¨−â¥§ ¬−®£®¬¥à−®© «¨−¥©−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë

â®£¤�
χL

v (t) = ˜vg
L(t).

‚ ®â¢¥â −� ª�¦¤ãî i-î à¥�«¨§�æ¨î ¢å®¤−®£® ‘â� ¢ ¢¨¤¥ á®¢®ªã¯−®áâ¨
§−�ç¥−¨© ‘‚ vZi

v , v = 1, L, ‚�‘ ¡ã¤¥â ¢ë¤�¢�âì §−�ç¥−¨¥ ®æ¥−ª¨ ¢ëå®¤−®£® ‘â�

w∗i(t) =

L∑

v=1

vZi
v χL

v (t).

�àå¨â¥ªâãàã ‚�‘, ¨§®¡à�¦¥−−ãî −� à¨á. 1, ¬®¦−® ®¯¨á�âì á«¥¤ãîé¨¬
®¡à�§®¬:

{ ¢å®¤−®© á«®©: t, [vZi
1 vZi

2 · · · vZi
L ]
T, i = 1, NN ;

{ ¯¥à¢ë© áªàëâë© á«®© §�¤�¥â ¯à®áâà�−áâ¢® ¯à¨§−�ª®¢ ¢ ¢¨¤¥ ¢¥ªâ®à� ¡�§¨á−ëå
¢¥©¢«¥â-äã−ªæ¨© gL(t);

{ ¢â®à®© áªàëâë© á«®© ¢ëç¨á«ï¥â §−�ç¥−¨ï ª®®à¤¨−�â−ëå äã−ªæ¨© χL
v (t),

v = 1, L;

{ ¢ëå®¤−®© á«®© ¢ëç¨á«ï¥â §−�ç¥−¨¥ ®æ¥−ª¨ ¢¥ªâ®à−®£® ¢ëå®¤−®£® ‘â� w∗i(t)
¤«ï ª�¦¤®£® −�¡®à� ®¡ãç¥−¨ï i = 1, NN .

‚¥©¢«¥â-−¥©à®−−�ï á¥âì ¯à¥¤áâ�¢«ï¥â á®¡®© ¬−®£®á«®©−ë© ¯¥àá¥¯âà®− á ç¥-
âëàì¬ï á«®ï¬¨. �¥à¢ë© á«®© ¢å®¤−ëå −¥©à®−®¢ á«ã¦¨â ¢å®¤−ë¬ á«®¥¬ ¨ ¯¥à¥¤�-
¥â ¢ á¥âì (LNN + 1) ¢å®¤−ëå á¨£−�«®¢. ‚â®à®© á«®© ¯à¥¤áâ�¢«ï¥â á®¡®© ¯¥à¢ë©
áªàëâë© á«®©, á®¤¥à¦¨â ®¤¨− áªàëâë© −¥©à®−, −� ¢å®¤ ª®â®à®£® ¯®áâã¯�¥â
â®«ìª® ¢å®¤−®© á¨£−�« t ¨ ¢ëç¨á«ï¥âáï §−�ç¥−¨¥ ¡�§¨á−®£® ¢¥ªâ®à� gL(t) à�§¬¥à-
−®áâ¨L. ’à¥â¨© á«®© ‚�‘ ï¢«ï¥âáï ¢â®àë¬ áªàëâë¬ á«®¥¬, á®¤¥à¦¨âL áªàëâëå
−¥©à®−®¢ ¨ ¢ëç¨á«ï¥â §−�ç¥−¨ï ¢¥ªâ®à−ëå ª®®à¤¨−�â−ëå äã−ªæ¨© χL

v (t), v =
= 1, L, à�§¬¥à−®áâ¨ NW . �¥©à®− ¢â®à®£® á«®ï á¢ï§�− á −¥©à®−�¬¨ âà¥âì¥£®
á«®ï á¨−�¯â¨ç¥áª¨¬¨ á¢ï§ï¬¨, ª�¦¤�ï ¨§ ª®â®àëå å�à�ªâ¥à¨§ã¥âáï ¬�âà¨æ¥©
á¨−�¯â¨ç¥áª¨å ¢¥á®¢ ˜v à�§¬¥à−®áâ¨ (NW × L). —¥â¢¥àâë© á«®© á®áâ®¨â ¨§ NN

¢ëå®¤−ëå −¥©à®−®¢, −�§ë¢�¥âáï ¢ëå®¤−ë¬ á«®¥¬ ¨ ¢ëç¨á«ï¥â §−�ç¥−¨ï äã−ªæ¨©
w∗i(t), i = 1, NN . ‚å®¤−ë¬¨ á¨£−�«�¬¨ ¤«ï ª�¦¤®£® i-£® ¢ëå®¤−®£® −¥©à®−�
á«ã¦�â á¨£−�«ë á ¢å®¤−ëå −¥©à®−®¢ vZi

v , v = 1, L, ¨ ¢ëå®¤−ë¥ á¨£−�«ë χL
v (t),

v = 1, L, á® áªàëâëå −¥©à®−®¢ âà¥âì¥£® á«®ï.
�� à¨á. 1 ¯®ª�§�−®, çâ® ã§«ë ¢å®¤−®£® á«®ï vZi

v , v = 1, L, i = 1, NN , á¢ï§�−ë
á¨−�¯â¨ç¥áª¨¬¨ á¢ï§ï¬¨ ¡¥§ ¢¥á®¢ â®«ìª® á ã§�¬¨ ¢ëå®¤−®£® á«®ï, ¯®íâ®¬ã ‚�‘
¯à¥¤áâ�¢«ï¥â á®¡®© −¥¯®«−®á¢ï§−ãî á¥âì.

„«ï ®¡ãç¥−¨ï ‚�‘ á ãç¨â¥«¥¬ ¯à¨¬¥−¨¬ �«£®à¨â¬ ®¡à�â−®£® à�á¯à®áâà�-
−¥−¨ï ®è¨¡ª¨ [20]. �¡ãç�¥¬ë¬¨ ¯�à�¬¥âà�¬¨ á«ã¦�â ¬�âà¨æë á¨−�¯â¨ç¥áª¨å
¢¥á®¢ ˜v à�§¬¥à−®áâ¨ (NW × L). �à¨¬¥−¨¬ ¯�ª¥â−ë© à¥¦¨¬ ®¡ãç¥−¨ï, ª®â®-
àë© ¯à®¢®¤¨âáï ¯®á«¥ ¯®¤�ç¨ ¢ á¥âì ¢á¥å NN −�¡®à®¢ ®¡ãç¥−¨ï, çâ® ®âà�¦¥−®
¢ áâàãªâãà¥ á¥â¨.
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÷¨á. 1 �àå¨â¥ªâãà� ‚�‘

„«ï ª�¦¤®£® i-£® ¯à¨¬¥à� ¢ëç¨á«ï¥âáï §−�ç¥−¨¥ äã−ªæ¨¨ ¯®â¥àì
l(wi(t), wi∗(t)). ”ã−ªæ¨ï áâ®¨¬®áâ¨ à�áá¬�âà¨¢�¥âáï ª�ª äã−ªæ¨ï, §�¢¨áï-
é�ï ®â ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢ λvp, p = 1, NW , v = 1, L:

E (λvp) =
1

N

NN∑

i=1

l
(

wi, wi∗ (λvp)
)

. (11)
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�¥©à®á¥â¥¢®© ¡�©¥á®¢áª¨© á¨−â¥§ ¬−®£®¬¥à−®© «¨−¥©−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë

��ç¨−�ï á ¨áå®¤−®£® §−�ç¥−¨ï λvp(0), £¥−¥à¨àã¥âáï ¯®á«¥¤®¢�â¥«ì−®áâì ¢¥-
á®¢ëå ª®íää¨æ¨¥−â®¢ λvp(1), λvp(2), . . ., â�ª¨å çâ® ¯à¨ ¯¥à¥å®¤¥ ®â n-© ¨â¥à�æ¨¨
�«£®à¨â¬� ª (n + 1)-© ¨â¥à�æ¨¨ §−�ç¥−¨¥ äã−ªæ¨¨ áâ®¨¬®áâ¨ (11) ã¬¥−ìè�¥âáï:
E(λvp(n+ 1)) < E(λvp(n)). Š®àà¥ªâ¨à®¢ª� ¢¥á®¢ ®áãé¥áâ¢«ï¥âáï ¯® ä®à¬ã«¥

λvp(n+ 1) = λvp(n)− ηqvp(n), (12)

£¤¥

qvp(n) = ∇E (λvp(n)) , ∇E (λvp) =

[
∂E

∂λvp
1

∂E

∂λvp
2

· · · ∂E
∂λvp

L

]T

,

∂E

∂λvp
µ

=
1

NN

NN∑

i=1

∂l
(

wi, wi∗
)

∂wi∗
p

∂wi∗
p

∂λvp
µ

=
1

NN

NN∑

i=1

∂l
(

wi, wi∗
)

∂wi∗
p

vZi
v gµ(t) ;

η = const | ¯�à�¬¥âà áª®à®áâ¨ ®¡ãç¥−¨ï, 0 < η < 1.
�à®æ¥áá ®¡ãç¥−¨ï ‚�‘ ¯à®¢®¤¨âáï ®â ¨â¥à�æ¨¨ ª ¨â¥à�æ¨¨, ¯®ª� §−�ç¥-

−¨ï ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢ −¥ áâ�¡¨«¨§¨àãîâáï ®ª®«® ®¯â¨¬�«ì−®£® §−�ç¥−¨ï
λvp∗ = [λvp∗

1 λvp∗

2 · · ·λvp∗

L ]
T, � äã−ªæ¨ï áâ®¨¬®áâ¨ −¥ á®©¤¥âáï ª −¥ª®â®à®¬ã

¬¨−¨¬�«ì−®¬ã §−�ç¥−¨î EL
min [20]. ‚ ¨â®£¥ �Š-®¯â¨¬�«ì−�ï ®æ¥−ª� WL∗

(t)
®¯à¥¤¥«¨âáï ¢ëà�¦¥−¨ï¬¨:

WL∗

(t) =
L∑

v=1
V Z

v χ
L∗

v (t), W
L∗

(t) =
[

WL∗

1 (t)W
L∗

2 (t) · · ·WL∗

NW
(t)
]T
;

WL∗

p (t) =
L∑

v=1
V Z

v χ
L∗

vp (t), χ
L∗

vp (t) =
(
λvp∗

)T
gL(t) =

L∑

µ=1
λvp∗

µ gµ(t),

p = 1, NW .







(13)

‚ à¥§ã«ìâ�â¥ ¯®«ãç¥− �«£®à¨â¬ á¨−â¥§� �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ WL∗

(t)
¢ëå®¤−®£® ‘â� (3) ¯® à¥§ã«ìâ�â�¬ −�¡«î¤¥−¨ï ¢å®¤−®£® ‘â� (1) −� ¯à®¬¥¦ãâª¥
¢à¥¬¥−¨ [t0, tk].

’®ç−®áâì �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ WL∗

(t) ¢ëå®¤−®£® ‘â�W (t) ®æ¥−¨¢�¥âáï
¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬, ¢â®àë¬ −�ç�«ì−ë¬ ¬®¬¥−â®¬ ¨ ª®¢�à¨�æ¨®−−®©
¬�âà¨æ¥© ®è¨¡ª¨

–(t) =W (t)−WL∗

(t), –(t) = [–1(t)–2(t) · · ·–NW
(t)]T ,

£¤¥

–p(t) =Wp(t)−WL∗

p (t) =

NU∑

r=1

Ur

(

ζpr(t)−
L∑

v=1

βU
vrχ

L∗

vp (t)

)

−
L∑

v=1

V X
v χL∗

vp (t),

p = 1, NW .
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�«£®à¨â¬. ‘¨−â¥§ �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ ¢ëå®¤−®£® ‘â�

1. ‡�¤�−¨¥ ¬−®¦¥áâ¢� ®¡ãç�îé¨å ¯à¨¬¥à®¢ {([t vZi
1 vZi

2 · · · vZi
L ]
T, wi(t))}NN

i=1.

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

3. ˆ−¨æ¨�«¨§�æ¨ï ¢¥á®¢. �à¨ n = 0

λvp(0) = λvp
0 , v = 1, L, p = 1, NW .

4. ‚ëç¨á«¥−¨¥ äã−ªæ¨© ¯¥à¢®£® áªàëâ®£® á«®ï gv(t), v = 1, L.

5. ‚ëç¨á«¥−¨¥ äã−ªæ¨© ¢â®à®£® áªàëâ®£® á«®ï

χL
vp(n) = (λ

vp(n))TgL(t) =

L∑

µ=1

λvp
µ (n)gµ(t), p = 1, Nw, v = 1, L .

6. ‚ëç¨á«¥−¨¥ ä�ªâ¨ç¥áª®£® ®âª«¨ª�

w∗i =

L∑

v=1

vZi
v χ− vL(n), i = 1, NN .

7. ‚ëç¨á«¥−¨¥ §−�ç¥−¨ï äã−ªæ¨¨ áâ®¨¬®áâ¨ ¯® ä®à¬ã«¥ (11). ��ç¨−�ï
á âà¥âì¥£® è�£�, ¯à®¢¥àª� ãá«®¢¨ï ®ª®−ç�−¨ï �¤�¯â�æ¨¨ ¢¥á®¢E(λvp(n)) =
= EL

min. …á«¨ ãá«®¢¨¥ ¢ë¯®«−ï¥âáï, ¢ëå®¤ ¨§ �«£®à¨â¬�; ¢ ¯à®â¨¢−®¬
á«ãç�¥ ¯¥à¥å®¤ ª ¯. 8.

8. �¤�¯â�æ¨ï ¢¥á®¢. ˆ§¬¥−¥−¨¥ ¢¥á®¢ ¯® ä®à¬ã«¥ (12).

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

�ãáâì

εζpr(t, L) = ζpr(t)−
L∑

v=1

βU
vrχ

L∗

vp (t), p = 1, NW , r = 1, NU ,

â®£¤�

–p(t) =

NU∑

r=1

Urε
ζ
pr(t, L)−

L∑

v=1

V X
v χL∗

vp (t), p = 1, NW .

“â¢¥à¦¤¥−¨¥ 3. �ãáâì ¢ë¯®«−ïîâáï ãâ¢¥à¦¤¥−¨ï 1 ¨ 2, � �Š-®¯â¨¬�«ì-

−�ï ®æ¥−ª� WL∗

(t) ¢ëå®¤−®£® ‘â� W (t) ¢ëç¨á«ï¥âáï ¯® ä®à¬ã«�¬ (13).
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�¥©à®á¥â¥¢®© ¡�©¥á®¢áª¨© á¨−â¥§ ¬−®£®¬¥à−®© «¨−¥©−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë

’®£¤� ª®¬¯®−¥−âë ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ®è¨¡ª¨ M[–(t)] = m–(t) =
= [m–1 m

–
2 (t) · · ·m–NW

(t)]T ¢ëç¨á«ïîâáï ¯® ä®à¬ã«�¬

m–p (t) =

NU∑

r=1

mU
r ε

ζ
pr(t, L), p = 1, NW ,

ª®¬¯®−¥−âë ¢â®à®£® −�ç�«ì−®£® ¬®¬¥−â� ®è¨¡ª¨ •–(t) = M[–(t)–T(t)] =

= ‖•–pq(t)‖NW

p,q=1 | ¯® ä®à¬ã«�¬

•–pq(t) =

NU∑

r1=1

NU∑

r2=1

•U
r1r2ε

ζ
pr1(t, L)ε

ζ
qr2(t, L) +

L∑

v=1

χL∗

vp (t)χ
L∗

vq (t), p, q = 1, NW ,

ª®¬¯®−¥−âë ª®¢�à¨�æ¨®−−®© ¬�âà¨æë ®è¨¡ª¨ K–(t) = M[(–(t) −
−m–(t))(–(t) −m–(t))

T] = ‖K–pq(t)‖NW

p,q=1 | ¯® ä®à¬ã«�¬

K–pq(t) =

NU∑

r1=1

NU∑

r2=1

KU
r1r2ε

ζ
pr1(t, L)ε

ζ
qr2(t, L) +

L∑

v=1

χL∗

vp (t)χ
L∗

vq (t), p, q = 1, NW .

4 Пример

��©â¨ ®¯â¨¬�«ì−ë© ¢ áà¥¤−¥ª¢�¤à�â¨ç−®¬ «¨−¥©−ë© ä¨«ìâà, ¯à¥¤−�§−�ç¥−-
−ë© ¤«ï ¢®á¯à®¨§¢¥¤¥−¨ï ¤¢ã¬¥à−®£® ¯®«ïà¨§®¢�−−®£® á¨£−�«�

W1(t) = β (U1 + U2t) ; W2(t) = ρ (U1 + U2t)

¯® à¥§ã«ìâ�â�¬ −�¡«î¤¥−¨ï:

Z1(t) = β (U1 + U2t+X(t)) ; Z2(t) = ρ (U2 + U2t+X(t)) .

��¡«î¤¥−¨ï ¯à®¢®¤ïâáï ¢ â¥ç¥−¨¥ ¨−â¥à¢�«� ¢à¥¬¥−¨ ¤«¨â¥«ì−®áâìî T , ¯à¥¤-
è¥áâ¢ãîé¥¬ã ¤�−−®¬ã ¬®¬¥−âã t. �¤−®¬¥à−ë© −®à¬�«ì−® à�á¯à¥¤¥«¥−−ë© ‘â�
X(t) −¥ §�¢¨á¨â ®â CB U = [U1 U2]

T, ¨¬¥¥â −ã«¥¢®¥ ¬�â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥
¨ −¥áâ�æ¨®−�à−ãî ª®¢�à¨�æ¨®−−ãî äã−ªæ¨îKX(t1, t2) = D exp(−α1|t1−t2|)+
+ α2(t1 + t2). „¢ã¬¥à−�ï ‘‚ U â�ª¦¥ §�¤�−� −®à¬�«ì−ë¬ à�á¯à¥¤¥«¥−¨¥¬
á ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ mU = [mU

1 m
U
2 ]
T ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æ¥©

KU = ‖KU
ij‖2i,j=1. ‘®£«�á−® (2) ¨ (3) áâàãªâãà−ë¥ äã−ªæ¨¨ ¨¬¥îâ ¢¨¤:

ξ11(t) = β , ξ12(t) = βt , ξ21(t) = ρ , ξ22(t) = ρt ;

ζ11(t) = β , ζ12(t) = βt , ζ21(t) = ρ , ζ22(t) = ρt ,

£¤¥ β ¨ ρ | ¬�áèâ�¡−ë¥ ª®íää¨æ¨¥−âë ª®®à¤¨−�â á¨£−�«�.
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„«ï ¯à®¢¥¤¥−¨ï ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢ à�§à�¡®â�−® ¨−áâàã¬¥−â�«ì-
−®¥ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ (ˆ��) ú�Š-‘¨−â¥§-‚�‘.2û ¢ áà¥¤¥ MATLAB −�
®á−®¢¥ ®àâ®−®à¬¨à®¢�−−®£® ¡�§¨á� ¢¥©¢«¥â®¢ •��à�. �«£®à¨â¬ ®¡ãç¥−¨ï ¨á¯®«ì-
§ã¥âáï ¢ ¯à®æ¥áá¥ äã−ªæ¨®−¨à®¢�−¨ï ‚�‘. �ªá¯¥à¨¬¥−â�«ì−® ¢ë¡à�− ¯�à�¬¥âà
áª®à®áâ¨ ®¡ãç¥−¨ï ‚�‘ η = 0,001. ˆáå®¤−ë¥ ¤�−−ë¥: t ∈ [9, 16]; T = 8; β = 2;
ρ = 3; D = 1; α1 = 1; α2 = 0,01; mU

1 = 0; m
U
2 = 0; K

U
11 = 1; K

U
22 = 1;

KU
12 = 0; J = 3; L = 16. �� à¨á. 2{7 ¯à¨¢¥¤¥−ë à¥§ã«ìâ�âë ¢ëç¨á«¨â¥«ì−ëå

íªá¯¥à¨¬¥−â®¢.
�� à¨á. 2 ¨§®¡à�¦¥− £à�ä¨ª á¨£−�«� W1(t) ¨ ¥£® ®æ¥−ª¨ W ∗

1 (t), −� à¨á. 3 |
£à�ä¨ª á¨£−�«� W2(t) ¨ ¥£® ®æ¥−ª¨ W ∗

2 (t). �� à¨á. 4 ¯à¨¢¥¤¥− £à�ä¨ª ¬®-
¤ã«ï ®è¨¡ª¨ –1(t) = W1(t) −W ∗

1 (t), � −� à¨á. 5 | £à�ä¨ª ¬®¤ã«ï ®è¨¡ª¨
–2(t) = W2(t) −W ∗

2 (t). Œ�â¥¬�â¨ç¥áª¨¥ ®¦¨¤�−¨ï ®è¨¡®ª ¢®á¯à®¨§¢¥¤¥−¨ï
ª®¬¯®−¥−â®¢ á¨£−�«� à�¢−ë −ã«î. �� à¨á. 6 ¨ 7 ¨§®¡à�¦¥−ë £à�ä¨ª¨ ¤¨á¯¥àá¨©
®è¨¡®ª –1(t) ¨ –2(t) á®®â¢¥âáâ¢¥−−®.

÷¨á. 2 ƒà�ä¨ª á¨£−�«� W1 (1) ¨ ¥£®
®æ¥−ª¨ W ∗

1
(2)

÷¨á. 3 ƒà�ä¨ª á¨£−�«� W2 (1) ¨ ¥£®
®æ¥−ª¨ W ∗

2
: (2)

÷¨á. 4 ƒà�ä¨ª ¬®¤ã«ï ®è¨¡ª¨ –1(t) =
=W1(t)−W ∗

1
(t)

÷¨á. 5 ƒà�ä¨ª ¬®¤ã«ï ®è¨¡ª¨ –2 =
=W2(t)−W ∗

2
(t)
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�¥©à®á¥â¥¢®© ¡�©¥á®¢áª¨© á¨−â¥§ ¬−®£®¬¥à−®© «¨−¥©−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë

÷¨á. 6 ƒà�ä¨ª ¤¨á¯¥àá¨¨ ®è¨¡ª¨ –1(t) ÷¨á. 7 ƒà�ä¨ª ¤¨á¯¥àá¨¨ ®è¨¡ª¨–2(t)

‚ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë ¯®ª�§�«¨, çâ® ç¨á«® ®¡ãç�îé¨å ¯à¨¬¥-
à®¢ NN ¬®¦−® ¡à�âì à�¢−ë¬ ¯�à�¬¥âàã L | ç¨á«ã ¡�§¨á−ëå äã−ªæ¨©. “¢¥-
«¨ç¥−¨¥ ç¨á«� ¯à¨¬¥à®¢ −¥ ¯à¨¢¥«® ª ã«ãçè¥−¨î â®ç−®áâ¨ ¢ëç¨á«¥−¨ï ¯�à�-
¬¥âà®¢ ®æ¥−ª¨ ¢ëå®¤−®£® á¨£−�«�. ‚ ¤�−−®¬ ¯à¨¬¥à¥ NN = 16. �à¨ n ≥ 80
|E(n+1)−E(n)| ≤ 0,0001. �� à¨á. 2{7 ¢ë¢¥¤¥−ë à¥§ã«ìâ�âë ¢ëç¨á«¨â¥«ì−ëå
íªá¯¥à¨¬¥−â®¢ ¯à¨ n = 100.

�à¨ ¨§¬¥−¥−¨¨ ¢ëå®¤−®£® á¨£−�«� W1(t) ®â −41 ¤® 39 ¬®¤ã«ì �¡á®«îâ−®©
®è¨¡ª¨ ®æ¥−ª¨ ¢ëå®¤−®£® ‘â� –1(t) = W1(t) − W ∗

1 (t) −¥ ¯à¥¢ëè�¥â 2,4,
� ¤¨á¯¥àá¨ï ®è¨¡ª¨ D1 ¨§¬¥−ï¥âáï ®â 0,4 ¤® 2,9. �à¨ ¨§¬¥−¥−¨¨ ¢ëå®¤−®£®
á¨£−�«� W2(t) ®â −61 ¤® 60 ¬®¤ã«ì �¡á®«îâ−®© ®è¨¡ª¨ ®æ¥−ª¨ ¢ëå®¤−®£® ‘â�
–2(t) = W2(t) −W ∗

2 (t) −¥ ¯à¥¢ëè�¥â 3,7, � ¤¨á¯¥àá¨ï ®è¨¡ª¨ D2 ¨§¬¥−ï¥âáï
®â 0,9 ¤® 6,6.

5 Заключение

‚ à�¡®â¥ ®¯¨á�− ¬¥â®¤ ¯à¨¡«¨¦¥−−®£® ¬®¤¥«¨à®¢�−¨ï �Š-®¯â¨¬�«ì−®© ®æ¥−-
ª¨ ¢ëå®¤−®£® ‘â� ¬−®£®¬¥à−®© −¥áâ�æ¨®−�à−®© «¨−¥©−®© ‘â‘, ®¯¨áë¢�¥¬®©
ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢� ¤«ï ¢å®¤−®£® ¨ ¢ëå®¤−®£® ‘â�. ‚ ®á−®¢¥ ¬¥â®¤�
«¥¦¨â ¬¥â®¤ Š÷ ‘â� ¨ −¥©à®á¥â¥¢ë¥ â¥å−®«®£¨¨. �à¥¤«�£�¥¬ë© ¬¥â®¤ ¯®-
§¢®«ï¥â ¯®áâà®¨âì ®æ¥−ªã ¢ëå®¤−®£® ‘â� ¡¥§ −�å®¦¤¥−¨ï ãá«®¢−®© ¯«®â−®áâ¨
¢¥à®ïâ−®áâ¨ ¢ëå®¤−®£® ‘â� ®â−®á¨â¥«ì−® −�¡«î¤�¥¬®£® ¢å®¤−®£® ‘â�. ‚å®¤−®©
‘â� ¬®¤¥«¨àã¥âáï ¢ ¢¨¤¥ á®¢®ªã¯−®áâ¨ ‘‚, ª®â®à�ï ¯®¤�¥âáï −� ¢å®¤ ¬−®£®-
á«®©−®© ‚�‘. ‚ë¡à�−� ¬®¤¥«ì �Š-®æ¥−ª¨ ¢ëå®¤−®£® ‘â� ¢ ¢¨¤¥ «¨−¥©−®©
ª®¬¡¨−�æ¨¨ ¢å®¤−ëå ‘‚ á ª®íää¨æ¨¥−â�¬¨, §�¤�−−ë¬¨ ¤¥â¥à¬¨−¨à®¢�−−ë-
¬¨ ª®®à¤¨−�â−ë¬¨ äã−ªæ¨ï¬¨. Š®®à¤¨−�â−ë¥ äã−ªæ¨¨ ¯à¥¤áâ�¢«¥−ë ¢ ¢¨¤¥
¢¥©¢«¥â-à�§«®¦¥−¨© ¯® §�¤�−−®¬ã ®àâ®−®à¬¨à®¢�−−®¬ã ¡�§¨áã ¢¥©¢«¥â®¢ á −¥¨§-
¢¥áâ−ë¬¨ ª®íää¨æ¨¥−â�¬¨. „«ï −�å®¦¤¥−¨ï −¥¨§¢¥áâ−ëå ª®íää¨æ¨¥−â®¢ ‚‹÷
ª®®à¤¨−�â−ëå äã−ªæ¨© à�§à�¡®â�−� ¬−®£®á«®©−�ï �àå¨â¥ªâãà� ‚�‘. �¡ãç¥−¨¥
‚�‘ ®áãé¥áâ¢«ï¥âáï ¬¥â®¤®¬ ®¡à�â−®£® à�á¯à®áâà�−¥−¨ï ®è¨¡ª¨. �®«ãç¥−ë
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ˆ. �. ‘¨−¨æë−, ‚. ˆ. ‘¨−¨æë−, �. ÷. Š®à¥¯�−®¢, ’. „. Š®−�è¥−ª®¢�

ä®à¬ã«ë ¤«ï ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï, ¢â®à®£® −�ç�«ì−®£® ¬®¬¥−â� ¨ ª®¢�-
à¨�æ¨®−−®© ¬�âà¨æë ®è¨¡ª¨ �Š-®æ¥−ª¨ ¢ëå®¤−®£® ‘â�. ‚ ¯à¨¬¥à¥ ¢ ª�ç¥áâ¢¥
�Š ¢§ïâ ªà¨â¥à¨© ¬¨−¨¬ã¬� ‘Š� ®æ¥−ª¨ ¢ëå®¤−®£® ‘â�. �� ¯à¨¬¥à¥ ¯à®¨«-
«îáâà¨à®¢�−� ¢ëá®ª�ï â®ç−®áâì ¯à¥¤«�£�¥¬®£® ¬¥â®¤�.

÷¥§ã«ìâ�âë ¤®¯ãáª�îâ ¯à¨¬¥−¥−¨¥ à�§à�¡®â�−−®£® ¬¥â®¤� ¤«ï à¥è¥−¨ï §�-
¤�ç¨ á¨−â¥§� áª�«ïà−ëå ¨ ¢¥ªâ®à−ëå «¨−¥©−ëå ‘â‘, ®¯â¨¬�«ì−ëå ¯® äã−ªæ¨®-
−�«ì−®¬ã �Š.
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I. N. Sinitsyn, V. I. Sinitsyn, E. R. Korepanov, and T. D. Konashenkova

NEURAL NETWORKS BAYES SYNTHESIS
OF MULTIDIMENSIONAL LINEAR STOCHASTIC SYSTEM

I. N. Sinitsyn, V. I. Sinitsyn, E. R. Korepanov, and T. D. Konashenkova

Federal Research Center \Computer Science and Control" of the Russian Academy
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Abstract: New method of optimal synthesis of multidimensional linear stochas-
tic system on Bayes criterion (BC) based on quantitative estimate of output
stochastic process (StP). Stochastic system is described by Pugachev equation
for input and output StP. Input StP contains useful signal and random additive
multidimensional normal noise with zero mathematical expectation and known
matrix of covariance functions. Random noise does not depend upon vector of
random parameters of useful signal. Distribution of random vector parameters
is known. Model of BC optimal estimate of output StP is constructed on the
basis of wavelet canonical expansion (CE) of random noise and wavelet CE of
input StP. For finding unknown parameters in optimal output StP estimate, the
architecture of multilayer wavelet neural networks (WNN) is developed. The
WNN training algorithm for inverse error prevalence by method steepest descent
is used. Formulae for mathematical expectation, second initial probabilistic
moment, and error covariance matrix of BC optimal estimate of output StP is
obtained. Numerical example illustrates CE WNN preference with wavelet CE.
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ТИПОВЫЕ МОДЕЛИ СИСТЕМЫ НАБЛЮДЕНИЯ
ДЛЯ ЗАДАЧ ОТСЛЕЖИВАНИЯ И НАВИГАЦИИ
БЕСПИЛОТНЫХ ДВИЖУЩИХСЯ ОБЪЕКТОВ∗

И. В. Урюпин1

�−−®â�æ¨ï: ÷¥è¥−¨¥ −�¢¨£�æ¨®−−ëå §�¤�ç ¯®áà¥¤áâ¢®¬ ä¨«ìâà�æ¨¨ á®-
áâ®ï−¨ï áâ®å�áâ¨ç¥áª®© ¤¨−�¬¨ç¥áª®© á¨áâ¥¬ë ¯® ª®á¢¥−−ë¬ −�¡«î¤¥−¨ï¬
®á−®¢ë¢�¥âáï −� ¤¢ãå à�¢−ëå ¯® ¢�¦−®áâ¨ ¬®¤¥«ïå. �¥à¢�ï | íâ® ¬®¤¥«ì
¤¢¨¦¥−¨ï ®¡ê¥ªâ�, ¯®«®¦¥−¨¥ ª®â®à®£® âà¥¡ã¥âáï ®æ¥−¨âì. ‚â®à�ï | íâ® ¬®-
¤¥«ì −�¡«î¤¥−¨©, ®á®¡¥−−®áâ¨ ª®â®à®© ¤¨ªâã¥â à�§−®®¡à�§¨¥ ¯à¨¬¥−ï¥¬ëå
¨§¬¥à¨â¥«ì−ëå áà¥¤áâ¢. ‚ áâ�âì¥ ¤�−® á¨áâ¥¬�â¨ç¥áª®¥ ¨§«®¦¥−¨¥ ¢�à¨�−â®¢
¢â®à®© ¬®¤¥«¨. ‘¨áâ¥¬� −�¡«î¤¥−¨© ä®à¬¨àã¥âáï ¢ à�¬ª�å â¨¯®¢®£® −¥-
ª®®¯¥à�â¨¢−®£® áæ¥−�à¨ï, ª®£¤� §� ®¡ê¥ªâ®¬ ¢¥¤¥â −�¡«î¤¥−¨¥ −¥§�¢¨á¨¬ë©
ª®¬¯«¥ªá ¢−¥è−¨å ¨§¬¥à¨â¥«¥©. ˆ§¬¥àï¥¬ë¥ ¢ íâ®¬ áæ¥−�à¨¨ ä¨§¨ç¥áª¨¥
¢¥«¨ç¨−ë | íâ® ã£«ë −�¯à�¢«¥−¨© (�§¨¬ãâ, ¨«¨ ¯¥«¥−£, ¨ ¢®§¢ëè¥−¨¥) ¨ ¤�«ì-
−®áâì. �® ¢®§¤¥©áâ¢¨¥ −� à¥§ã«ìâ�âë ¨§¬¥à¥−¨© ¢−¥è−¨å −¥ª®−âà®«¨àã¥¬ëå
ä�ªâ®à®¢, ä®à¬¨àã¥¬ëå áà¥¤®©, ¢ ª®â®à®© ¯à®¨áå®¤¨â ¤¢¨¦¥−¨¥-−�¡«î¤¥-
−¨¥, ¬®¦¥â ¡ëâì ¢¥áì¬� à�§−®®¡à�§−ë¬. ‚ áâ�âì¥ ¯à¥¤«�£�îâáï −¥áª®«ìª®
â¨¯®¢ëå ¢�à¨�−â®¢ ®¯¨á�−¨ï â�ª®£® ¢®§¤¥©áâ¢¨ï. �¥à¢ë©, áâ�−¤�àâ−ë©,
¯à¥¤¯®«�£�¥â ¯à®áâë¥ �¤¤¨â¨¢−ë¥ ®è¨¡ª¨ −�¡«î¤¥−¨©. ‚® ¢â®à®¬ íâ� ¬®¤¥«ì
ãá«®¦−ï¥âáï ¯à¥¤¯®«®¦¥−¨¥¬ ® ª®àà¥«¨à®¢�−−®áâ¨ ®è¨¡®ª ¨§¬¥à¥−¨© á â¥ªã-
é¨¬ á®áâ®ï−¨¥¬ ¤¢¨¦ãé¥£®áï ®¡ê¥ªâ�. �à¨¤�¥â íâ®¬ã ¢�à¨�−âã ä¨§¨ç¥áª¨©
á¬ëá« ¨§¬¥à¥−¨¥ ¤�«ì−®áâ¨. ‚ ®¡®¨å á«ãç�ïå ¯à¥¤¯®«�£�¥âáï ãáâ®©ç¨¢®¥ (¡¥§
á¡®¥¢) äã−ªæ¨®−¨à®¢�−¨¥ ª®¬¯«¥ªá� −�¡«î¤¥−¨ï. ’à¥â¨© ¢�à¨�−â ®á−®¢�− −�
¨§¢¥áâ−®© ¬®¤¥«¨ ¯¥à¥ª«îç�îé¨åáï ª�−�«®¢ −�¡«î¤¥−¨ï ¨ ¯®§¢®«ï¥â £¨¡ª®
¬®¤¥«¨à®¢�âì ¢ëå®¤ë ¨§ áâà®ï ç�áâ¨ ¨§¬¥à¨â¥«¥© ª�ª ªà�âª®¢à¥¬¥−−ë¥, â�ª
¨ ¤«¨â¥«ì−ë¥. ��ª®−¥æ, ä¨−�«ì−ë© ¢�à¨�−â ãç¨âë¢�¥â ®á®¡¥−−®áâ¨ ¨á¯®«ì-
§®¢�−¨ï á®−�à®¢ | �ªãáâ¨ç¥áª¨å á¥−á®à®¢, â. ¥. ¤¢¨¦¥−¨¥ ¢ ¢®¤−®© áà¥¤¥.
„«ï ¨««îáâà�æ¨¨ à�§−¨æë ¢ à�áá¬®âà¥−−ëå ¬®¤¥«ïå ¯à¨¢¥¤¥−ë à�áç¥âë
á ¨á¯®«ì§®¢�−¨¥¬ ®æ¥−ª¨ ¯®«®¦¥−¨ï ¯® ¯àï¬ë¬ ¨§¬¥à¥−¨ï¬, −� ª®â®àãî −¥
¢«¨ï¥â ¬®¤¥«ì ¤¢¨¦¥−¨ï.

Š«îç¥¢ë¥ á«®¢�: −�¢¨£�æ¨ï; ®âá«¥¦¨¢�−¨¥ æ¥«¨; ¡¥á¯¨«®â−ë¥ �¯¯�à�âë;
áâ®å�áâ¨ç¥áª�ï ¤¨−�¬¨ç¥áª�ï á¨áâ¥¬� −�¡«î¤¥−¨ï; �¤¤¨â¨¢−ë¥ ¢®§¬ãé¥−¨ï;
ª®àà¥«¨à®¢�−−ë¥ èã¬ë; ¬�àª®¢áª¨¥ æ¥¯¨; �ªãáâ¨ç¥áª¨¥ á®−�àë
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’¨¯®¢ë¥ ¬®¤¥«¨ á¨áâ¥¬ë −�¡«î¤¥−¨ï ¤«ï §�¤�ç ®âá«¥¦¨¢�−¨ï ¨ −�¢¨£�æ¨¨ ®¡ê¥ªâ®¢

1 Введение

’à�¤¨æ¨®−−® §�¤�ç�¬ ¬®¤¥«¨à®¢�−¨ï ¯®¢¥¤¥−¨ï à�§«¨ç−ëå á¨áâ¥¬ ã¤¥«ï¥âáï
¡®«ìè®¥ ¢−¨¬�−¨¥ [1{4]. �à¨¬¥à®¬ â�ª¨å á¨áâ¥¬ ¬®¦¥â á«ã¦¨âì ¯®¢¥¤¥−¨¥ ¯¥-
à¥¬¥é�îé¨åáï ¢ ¯à®áâà�−áâ¢¥ ®¡ê¥ªâ®¢. „«ï ®æ¥−ª¨ ¯®¢¥¤¥−¨ï â�ª¨å ®¡ê¥ªâ®¢
à�§à�¡�âë¢�îâáï á¨áâ¥¬ë −�¡«î¤¥−¨ï, ¯®§¢®«ïîé¨¥ à¥è�âì §�¤�ç¨ ®âá«¥¦¨¢�-
−¨ï, −�¢¨£�æ¨¨ ¨ ¯®§¨æ¨®−¨à®¢�−¨ï.

�à¥¤áâ�¢«¥−¨¥ à�§«¨ç−ëå −�¢¨£�æ¨®−−ëå §�¤�ç ¢ ¢¨¤¥ §�¤�ç¨ áâ®å�áâ¨ç¥-
áª®© ä¨«ìâà�æ¨¨ | á�¬ë© â¨¯¨ç−ë© á¯®á®¡ ¨å à¥è¥−¨ï. �à®¤®«¦�ï ®¡áã¦¤¥-
−¨¥ ã−¨¢¥àá�«ì−ëå ¬®¤¥«¥© áâ®å�áâ¨ç¥áª¨å ¤¨−�¬¨ç¥áª¨å á¨áâ¥¬ −�¡«î¤¥−¨ï,
−�ç�â®¥ ¢ [5] ¤«ï ¬®¤¥«¥© á®áâ®ï−¨ï, ¢ ¤�−−®© áâ�âì¥ áä®ªãá¨àã¥¬áï −� ¬®¤¥-
«ïå á¨áâ¥¬ë −�¡«î¤¥−¨ï. �à¨ íâ®¬ ¨¬¥îâáï ¢ ¢¨¤ã â¥ ¦¥ ¯à¨«®¦¥−¨ï, â. ¥.
®¡«�áâì �¢â®−®¬−ëå ¤¢¨¦ãé¨åáï ®¡ê¥ªâ®¢. Š�ª ¨ ¤«ï ¬®¤¥«¥© ¤¢¨¦¥−¨ï ¢ [5],
¢ ¤�−−®© áâ�âì¥ ¨áâ®ç−¨ª�¬¨ ¤«ï ¬�â¥¬�â¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ¯®á«ã¦¨«¨
¢ ®á−®¢−®¬ −¥ª®®¯¥à�â¨¢−ë¥ áæ¥−�à¨¨ ®âá«¥¦¨¢�−¨ï ¨ −�¢¨£�æ¨¨ ¡¥á¯¨«®â−ëå
«¥â�â¥«ì−ëå �¯¯�à�â®¢ [6], �¢â®−®¬−ëå ¯®¤¢®¤−ëå �¯¯�à�â®¢ [7] ¨ ¡¥á¯¨«®â−ëå
�¢â®¬®¡¨«¥© [8]. �®¤ −¥ª®®¯¥à�â¨¢−®áâìî ¯®−¨¬�¥âáï −�¡«î¤¥−¨¥ §� ¤¢¨¦ã-
é¨¬áï ®¡ê¥ªâ®¬ ¢−¥è−¨¬¨ ¯® ®â−®è¥−¨î ª −¥¬ã ¨§¬¥à¨â¥«ì−ë¬¨ ª®¬¯«¥ªá�¬¨.
’¨¯¨ç−ë© ¯à¨¬¥à â�ª®£® ª®¬¯«¥ªá� | à�¤¨®«®ª�æ¨®−−�ï áâ�−æ¨ï (÷‹‘), çìï
¨áâ®à¨ï −�áç¨âë¢�¥â ã¦¥ ¬−®£® ¤¥áïâ¨«¥â¨©, −® ¨á¯®«ì§®¢�−¨¥ ¯à®¤®«¦�¥â ®áâ�-
¢�âìáï �ªâã�«ì−ë¬ [9, 10]. �¨çâ® −¥ ¬¥è�¥â á¥©ç�á ¨á¯®«ì§®¢�âì ÷‹‘ ¨«¨
�−�«®£¨ç−ë¥ ª®¬¯«¥ªáë, à�§¬¥é�ï ¨å −� ¡®àâã ¤¢¨¦ãé¥£®áï ®¡ê¥ªâ�. �®íâ®-
¬ã −�¤® ¯®ïá−¨âì, çâ® �ªæ¥−â −� −¥ª®®¯¥à�â¨¢−®¥ ¨á¯®«ì§®¢�−¨¥ á¤¥«�− á â¥¬,
çâ®¡ë ®£à�−¨ç¨âì ä¨§¨ç¥áª¨ ¨§¬¥àï¥¬ë¥ ¢¥«¨ç¨−ë ã£«�¬¨ −�¯à�¢«¥−¨ï (�§¨-
¬ãâ, ¨«¨ ¯¥«¥−£, ¨ ¢®§¢ëè¥−¨¥) ¨ ¤�«ì−®áâìî. �î�−áë, ª®â®àë¥ ¤�îâ ¤àã£¨¥
¨§¬¥à¨â¥«ì−ë¥ ¬¥â®¤ë, −�¯à¨¬¥à ¤�âç¨ª¨ „®¯«¥à� ¨«¨ £¨à®áª®¯ë, ®áâ�îâáï §�
ª®®¯¥à�â¨¢−ë¬ áæ¥−�à¨¥¬. ’�ª¨¥ ãáâà®©áâ¢� á¯®á®¡−ë ¢−¥áâ¨ ¢ −�¢¨£�æ¨®−−ë¥
§�¤�ç¨ á®¢¥àè¥−−® −®¢®¥ ª�ç¥áâ¢®, çâ®, −�¯à¨¬¥à, ¯à¥ªà�á−® ¤¥¬®−áâà¨àãîâ
§�¤�ç¨ ¯®§¨æ¨®−¨à®¢�−¨ï, à¥è�¥¬ë¥ á ¯®¬®éìî ¤®¯«¥à®¢áª¨å á¥−á®à®¢, à�§¬¥-
é¥−−ëå −� ¯®¤¢®¤−ëå �¯¯�à�â�å [11{13]. �à¥¤«�£�¥¬ë¥ ¢ áâ�âì¥ ¬®¤¥«¨ ¨áå®¤ïâ
¨§ á�¬ëå ¯à®áâëå ¨§¬¥à¥−¨©, ª®â®àë¥ ¯®¬¨¬® ÷‹‘ ä®à¬¨àãîâ £«®¡�«ì−ë¥
−�¢¨£�æ¨®−−ë¥ á¨áâ¥¬ë [14, 15] ¨«¨ �ªãáâ¨ç¥áª¨¥ á®−�àë [16, 17].

’�ª¨¥ ¦¥ ¨§¬¥à¥−¨ï ¬®£ãâ ä®à¬¨à®¢�âìáï ú−� ¡®àâãû ¨−¥àæ¨�«ì−ë¬¨ ¤�âç¨-
ª�¬¨ ª�ª à¥§ã«ìâ�â ¨−â¥£à¨à®¢�−¨ï ãáª®à¥−¨ï-áª®à®áâ¨. �à¨ íâ®¬ ¡ã¤¥â à¥è�âì-
áï §�¤�ç� ¯®§¨æ¨®−¨à®¢�−¨ï. �â® ãá«®¦−¨â ¬®¤¥«¨, −® ¢ ¯¥àá¯¥ªâ¨¢¥ ¤�áâ §−�ç¨-
â¥«ì−ë© ¯à¨à®áâ â®ç−®áâ¨ [18] ¨ á®åà�−¨â �ªâã�«ì−®áâì ¯à¥¤«�£�¥¬ëå ¬®¤¥«¥©.

�£à�−¨ç¨¢è¨áì ã£«�¬¨ ¨ ¤�«ì−®áâìî, ¢ ¤�−−®© áâ�âì¥ ¡®«¥¥ ¤¥â�«ì−® ®¡áã¤¨¬
â¨¯®¢ë¥ ãà�¢−¥−¨ï á �¤¤¨â¨¢−ë¬ èã¬®¬. �á−®¢−®© ¢®¯à®á ¡ã¤¥â ¢®ªàã£ â®£®,
ª�ª «ãçè¥ «¨−¥�à¨§®¢�âì â�ª¨¥ ¨§¬¥à¥−¨ï ¤«ï æ¥«¥© ä¨«ìâà�æ¨¨. ‚â®à®© �á¯¥ªâ
¢ ¯à¥¤«�£�¥¬ëå ¬®¤¥«ïå ª�á�¥âáï ¢�à¨�−â®¢ ¡®«¥¥ �¤¥ª¢�â−®£® ¬®¤¥«¨à®¢�−¨ï
èã¬®¢ ¢ ¨§¬¥à¥−¨ïå, ¢ ç�áâ−®áâ¨ ¨å ª®àà¥«ïæ¨¨ á á®áâ®ï−¨¥¬, ¨ á¡®¥¢ ¢ ª�−�«�å
−�¡«î¤¥−¨©. ˆ ¯®á«¥¤−¨© �á¯¥ªâ | íâ® ãç¥â ¯à¨−æ¨¯¨�«ì−®© ®á®¡¥−−®áâ¨
á®−�à®¢ | −�«¨ç¨¥ ¢à¥¬¥−−�®© §�¤¥à¦ª¨ ¯à¨ ¯®áâã¯«¥−¨¨ ¨§¬¥à¥−¨© [19{22].
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2 Измерения с аддитивным шумом. Линейные псевдонаблюдения

�à¥¤¢�àïï ä®à¬¨à®¢�−¨¥ ®¡é¨å ¬®¤¥«¥© á¨áâ¥¬ −�¡«î¤¥−¨ï, ®¡áã¤¨¬ âà¨
¢�à¨�−â� ª®−ªà¥â−ëå ¨§¬¥à¥−¨©, −� ¯à¨¬¥à¥ ª®â®àëå ¢ë¯®«−ï¥âáï ¯à¥¤¢�à¨-
â¥«ì−�ï ¯®¤£®â®¢ª� ¤�−−ëå ¤«ï ä¨«ìâà�æ¨¨, ¨§¢¥áâ−ëå ª�ª ¯á¥¢¤®−�¡«î¤¥−¨ï.
“à�¢−¥−¨ï, §�¯¨á�−−ë¥ ¢ ¤�−−®¬ à�§¤¥«¥ ¤«ï ¨§¬¥à¥−¨© ã£«®¢ −�¯à�¢«¥−¨©
¨ ¤�«ì−®áâ¨, ¯à¥®¡à�§®¢�−−ë¥ ¢ ä®à¬ã «¨−¥©−ëå ¯á¥¢¤®−�¡«î¤¥−¨©, ¢ á«¥¤ã-
îé¥¬ à�§¤¥«¥ ¨á¯®«ì§ãîâáï ¢ ¤¨−�¬¨ç¥áª¨å ¬®¤¥«ïå.

‹¨−¥�à¨§�æ¨ï | á�¬ë© à�á¯à®áâà�−¥−−ë© á¯®á®¡ ¢ë¯®«−¨âì ¯à¥¤¢�à¨â¥«ì-
−ãî ¯®¤£®â®¢ªã ª ä¨«ìâà�æ¨¨, ã¯à®áâ¨âì ¬®¤¥«ì â�ª, çâ®¡ë §�â¥¬ ¯à¨¬¥−ïâì
®¯â¨¬�«ì−ë¥ ¬¥â®¤ë �−�«¨§� ¨ á¨−â¥§� ¤«ï «¨−¥©−ëå á¨áâ¥¬. �¤−�ª® ¢−¥ §�¢¨-
á¨¬®áâ¨ ®â â®£®, çâ® ¨¬¥−−® «¨−¥�à¨§ã¥âáï ¨ ª�ª¨¥ â®çª¨ ¢ë¡¨à�îâáï ¢ ª�ç¥áâ¢¥
®¯®à−ëå, â�ª®© ¯à®áâ®© ¬¥â®¤, ª�ª ¯à�¢¨«®, ®ª�§ë¢�¥âáï ¨ á�¬ë¬ £àã¡ë¬. �¤-
−¨¬ ¨§ −¥¬−®£¨å ã¤�ç−ëå ¢�à¨�−â®¢ «¨−¥�à¨§�æ¨¨, á®åà�−¨¢è¨¬ �ªâã�«ì−®áâì,
®áâ�¥âáï ¬¥â®¤ «¨−¥©−ëå ¯á¥¢¤®−�¡«î¤¥−¨©. ‚¯¥à¢ë¥ ¨¤¥ï íâ®£® ¬¥â®¤� ¨§«®-
¦¥−� ¢ à�¡®â¥ [23], � ¢á¯«¥áª ¢−¨¬�−¨ï ¢ á®¢à¥¬¥−−ëå ¯à¨«®¦¥−¨ïå ®¡¥á¯¥ç¨«�
à�¡®â� [24] ¨ ¨−á¯¨à¨à®¢�−−ë¥ ¥î ¨áá«¥¤®¢�−¨ï, −�ç�âë¥ ¢ [25].

�à¨¬¥−¨¬ íâ®â ¬¥â®¤ ª ã£«®¢ë¬ ¨§¬¥à¥−¨ï¬ (�§¨¬ãâã, ¨«¨ ¯¥«¥−£ã, ¨ ã£«ã
¢®§¢ëè¥−¨ï) ¨ ¤�«ì−®áâ¨ á −¥ª®â®àë¬¨ ãá®¢¥àè¥−áâ¢®¢�−¨ï¬¨.

�ãáâì �¢â®−®¬−ë© �¯¯�à�â (A | apparatus) ¨¬¥¥â ª®®à¤¨−�âë (XA, YA, ZA)
¢ á¨áâ¥¬¥ ª®®à¤¨−�â Oxyz, á¢ï§�−−®© á §¥¬«¥© (z | ¢ëá®â�). ˆ§¬¥à¨â¥«ì (M |
meter) ¨¬¥¥â ª®®à¤¨−�âë (XM, YM, ZM) ¨ ¢ë¯®«−ï¥â ¨§¬¥à¥−¨ï �§¨¬ãâ�, ã£«�

¢®§¢ëè¥−¨ï ¨ ¤�«ì−®áâ¨ ¢ −�¯à�¢«¥−¨¨
−−→
MA.

�§¨¬ãâ ϕ. ’¨¯®¢®¥ ¨§¬¥à¥−¨¥

yϕ = ϕ+ vϕ = arctan

(
YA − YM

XA −XM

)

vϕ (1)

�§¨¬ãâ� á®¤¥à¦¨â �¤¤¨â¨¢−ãî ®è¨¡ªã | á«ãç�©−ãî ¢¥«¨ç¨−ã vϕ á −ã«¥¢ë¬
¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ ¨ ¨§¢¥áâ−®© ¤¨á¯¥àá¨¥© D{vϕ} = σ2ϕ. ‘ä®à¬¨àã¥¬
¨§ íâ®£® ¨§¬¥à¥−¨ï á¨−ãá ¨ ª®á¨−ãá, ®£à�−¨ç¨¢è¨áì «¨−¥©−®© ç�áâìî à�§«®¦¥−¨ï
’¥©«®à� ¤«ï ¬�«ëå vϕ:

ysinϕ = sin(yϕ) = sin(ϕ+ vϕ) ≈ sin(ϕ) + cos(ϕ)vϕ ;

ycosϕ = cos(yϕ) = cos(ϕ+ vϕ) ≈ cos(ϕ) − sin(ϕ)vϕ .

�®áª®«ìªã E{(cos(ϕ))2} ≤ 1 ¨ E{(sin(ϕ))2} ≤ 1, â® ¯à¨ ¢¯®«−¥ ®¡é¨å
ãá«®¢¨ïå �¯¯à®ªá¨¬�æ¨î ¬®¦−® ã¯à®áâ¨âì, §�¯¨á�¢

ysinϕ ≈ sin(ϕ) + v1 ;
ycosϕ ≈ cos(ϕ) + v2 ,
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£¤¥ v1 ¨ v2 | −¥§�¢¨á¨¬ë¥ á«ãç�©−ë¥ ¢¥«¨ç¨−ë, E{v1} = E{v2} = 0 ¨ D{v1} =
= D{v2} = σ2ϕ. ’®£¤� ¯®«ãç�¥¬:

tan(ϕ) =
YA − YM

XA −XM

≈
ysinϕ − v1

ycosϕ − v2
;

(YA − YM) y
cos
ϕ − (XA −XM) y

sin
ϕ ≈ (YA − YM) v2 − (XA −XM) v1 ;

−YMy
cos
ϕ +XMy

sin
ϕ ≈

(
ysinϕ ,−ycosϕ

)
(

XA

YA

)

+ (YA − YM) v2 − (XA −XM) vq.

�â® ¨ ¥áâì ¯á¥¢¤®−�¡«î¤¥−¨ï, −�§¢�−−ë¥ «¨−¥©−ë¬¨, ¯®áª®«ìªã ¤�îâ ¨§¬¥à¥−¨ï
«¨−¥©−®© ª®¬¡¨−�æ¨¨ ®æ¥−¨¢�¥¬ëå ª®®à¤¨−�â −� ä®−¥ �¤¤¨â¨¢−®£® èã¬�.

�ª®−ç�â¥«ì−® ¨§¬¥à¥−¨¥ �§¨¬ãâ� yϕ = ϕ+vϕ ¬®¦¥â ¡ëâì �¯¯à®ªá¨¬¨à®¢�−®
¯á¥¢¤®−�¡«î¤¥−¨¥¬

Yϕ = −YMy
cos
ϕ +XMy

sin
ϕ , (2)

£¤¥ ysinϕ = sin(yϕ); ycosϕ = cos(yϕ).
“£®« ¢®§¢ëè¥−¨ï λ. ˆ§¬¥à¥−¨¥

yλ = λ+ vλ = arctan

(
ZA − ZM

|XA −XM|

)

cos(ϕ) + vλ (3)

á �¤¤¨â¨¢−®© á«ãç�©−®© ®è¨¡ª®© vλ á −ã«¥¢ë¬ áà¥¤−¨¬ ¨ ¤¨á¯¥àá¨¥©D{vλ} = σ2λ
¯à¥®¡à�§ã¥âáï �−�«®£¨ç−® �§¨¬ãâã, ¨áå®¤ï ¨§ ¬�«®áâ¨ ®è¨¡ª¨ vλ:

ysinλ = sin(yλ) ≈ sin(λ) + cos(λ)vλ ≈ sin(λ) + v3 ;

ycosλ = cos(yλ) ≈ cos(λ)− sin(λ)vλ ≈ cos(λ) + v4

á −¥§�¢¨á¨¬ë¬¨ v3 ¨ v4, E{v3} = E{v4} = 0 ¨ D{v3} = D{v4} = σ2λ. „«ï tan(λ)
¯®«ãç�¥¬

tan(λ) =
ZA − ZM

|XA −XM| cos(ϕ) ≈
ysinλ − v3
ycosλ − v4

.

÷�áá¬�âà¨¢�ï ¤«ï ¯à®áâ®âë á«ãç�© XA > XM ¨ §�¬¥−ïï cos(ϕ) −� ycosϕ − v2,
¢ë¯®«−ï¥¬ �−�«®£¨ç−ë¥ ¯à®¤¥«�−−ë¬ ¢ëè¥ ¯à¥®¡à�§®¢�−¨ï:

ycosϕ ycosλ (ZA − ZM)− ysinλ (XA −XM) ≈ (ZA − ZM) y
cos
λ v2 −

− (XA −XM) v3 + (ZA − ZM) y
cos
ϕ v4 − (ZA − ZM) v2v4.
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�®áª®«ìªã ¢á¥ vi ¯à¥¤¯®«�£�«¨áì −¥§�¢¨á¨¬ë¬¨ ¨ æ¥−âà¨à®¢�−−ë¬¨, â®
¯®á«¥¤−¨¬ á«�£�¥¬ë¬ â�ª¦¥ ¬®¦−® ¯à¥−¥¡à¥çì ¨ §�¯¨á�âì ®ª®−ç�â¥«ì−®

− ycosϕ ycosλ ZM+ y
sin
λ XM ≈ −ycosϕ ycosλ ZA+ y

sin
λ XA+

+ (ZA − ZM) y
cos
λ v2 − (XA −XM) v3 + (ZA − ZM) y

cos
ϕ v4.

’�ª¨¬ ®¡à�§®¬, ¨§¬¥à¥−¨¥ ã£«� ¢®§¢ëè¥−¨ï yλ = λ+ vλ �¯¯à®ªá¨¬¨àã¥âáï
¯á¥¢¤®−�¡«î¤¥−¨¥¬

Yλ = −ycosϕ ycosλ ZM+ y
sin
λ XM , (4)

£¤¥ ysinλ = sin(yλ); ycosλ = cos(yλ); ycosϕ = cos(yϕ).
„�«ì−®áâì r. ˆ§¬¥à¥−¨¥

yr = r + vr =
ZA − ZM

sin(λ)
+ v5 (5)

á �¤¤¨â¨¢−®© ¨ −¥§�¢¨á¨¬®© ®â ¯à¥¤ë¤ãé¨å vi ®è¨¡ª®© vr = v5, E{v5} =
= 0, D{v5} = σ2r , ¯à¥®¡à�§ã¥âáï á ¯®¬®éìî �¯¯à®ªá¨¬�æ¨¨ ã£«� ¢®§¢ëè¥−¨ï
sin(λ) ≈ ysinλ − v3:

r = yr − v5 ≈
ZA − ZM

ysinλ − v3
.

�®áâã¯�ï �−�«®£¨ç−® ¯à¥®¡à�§®¢�−¨ï¬ ã£«®¢, ¯®«ãç�¥¬

ZA − ZM − yry
sin
λ ≈ −yrv3 − ysinλ v5 + v3v5 ,

£¤¥ ¯®á«¥¤−¥¥ á«�£�¥¬®¥ ¯® á®®¡à�¦¥−¨ï¬ ¬�«®áâ¨ â�ª¦¥ ¬®¦−® ®¯ãáâ¨âì, §�¯¨á�¢
®ª®−ç�â¥«ì−®

ZM+ yry
sin
λ ≈ ZA+ yrv3 + y

sin
λ v5 .

ˆâ�ª, ¨§¬¥à¥−¨¥ ¤�«ì−®áâ¨ yr = d + v5 �¯¯à®ªá¨¬¨àã¥âáï ¯á¥¢¤®−�¡«î¤¥-
−¨¥¬

Yr = ZM+ yry
sin
λ , (6)

£¤¥ ysinλ = sin(yλ).
’¥¯¥àì ¢ ¬®¤¥«¨ á¨áâ¥¬ë −�¡«î¤¥−¨ï ¬®¦−® ¨á¯®«ì§®¢�âì «¨¡® ¨áå®¤−ë¥

úâ®ç−ë¥û á®®â−®è¥−¨ï (1), (3), (5), ¯à¥¤áâ�¢«¥−−ë¥ ¢¥ªâ®à®¬ y = (yϕ, yλ, yr)
′,

«¨¡® �¯¯à®ªá¨¬�æ¨î | ¢¥ªâ®à (Yϕ, Yλ, Yr)
′, ®¡ê¥¤¨−ïîé¨© ãà�¢−¥−¨ï (2), (4)

¨ (6):
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y =












arctan

(
YA − YM

XA −XM

)

arctan

(
ZA − ZM

|XA −XM|

)

cos(ϕ)

ZA − ZM

sin(λ)












+ V ,

ϕ = arctan

(
YA − YM

XA −XM

)

, λ = arctan

(
ZA − ZM

|XA −XM|

)

, (7)

X = (XA, YA, ZA)
′, V = (vϕ, v2, vr)

′, ¨«¨

Y =





ysinϕ −ycosϕ 0
ysinλ 0 −ycosϕ ycosλ
0 0 1



X +

+





XM −XA YA − YM 0 0 0
0 (ZA − ZM) y

cos
λ XM −XA (ZA − ZM) y

cos
ϕ 0

0 0 yr 0 ysinλ



V , (8)

X = (XA, YA, ZA)
′, V = (v1, v2, v3, v4, v5)′, ç¥à¥§ ú′û ®¡®§−�ç¥−� ®¯¥à�æ¨ï

âà�−á¯®−¨à®¢�−¨ï.

3 Общая модель системы наблюдения

‹î¡�ï ¨§ −�¢¨£�æ¨®−−ëå §�¤�ç, ¤«ï ª®â®àëå §¤¥áì ä®à¬¨àãîâáï ¬®¤¥«¨,
¨¬¥¥â âà¨ ª®¬¯®−¥−âë: ¬®¤¥«ì ¤¢¨¦¥−¨ï (−¥ª®â®àë¥ ¢�à¨�−âë ¯à¥¤«®¦¥−ë ¢ [5]),
¬®¤¥«ì ¨§¬¥à¨â¥«ì−®£® ª®¬¯«¥ªá� ¨ �«£®à¨â¬ ®æ¥−¨¢�−¨ï. ‡�¤�ç� ®¯à¥¤¥«¥−¨ï
¯®«®¦¥−¨ï ¤¢¨¦ãé¥£®áï ®¡ê¥ªâ� ä®à¬ã«¨àã¥âáï ª�ª §�¤�ç� ®æ¥−¨¢�−¨ï á®áâ®-
ï−¨ï Xt ∈ R

pX ¤¨áªà¥â−®© áâ®å�áâ¨ç¥áª®© á¨áâ¥¬ë ¯® −�¡«î¤¥−¨ï¬ yt ∈ R
qy

(¨«¨ ¨å �¯¯à®ªá¨¬�æ¨¨ Yt ∈ R
qY ) ¢¨¤�

Xt = �
(1)
t Xt−1 +�

(2)
t (Xt−1)Wt ;

yt = ψ
(1)
t (Xt) + ψ

(2)
t (Xt)vt ;

Yt = ā
(1)
t (yt)Xt +ā

(2)
t (Xt, yt)Vt ,







(9)

£¤¥ t = 1,X0 = η.
‚ ¯à¥¤ë¤ãé¥¬ à�§¤¥«¥ ¡ë«¨ §�à�−¥¥ ®¯¨á�−ë ¢�à¨�−âë ä®à¬¨à®¢�−¨ï Yt.

ˆâ®£®¢�ï ä®à¬ã«� (8) ¯à¥¦¤¥ ¢á¥£® ¯®¤ç¥àª¨¢�¥â ¨å «¨−¥©−ãî ä®à¬ã −�«¨ç¨¥¬

á«�£�¥¬®£® ā(1)t (yt)Xt. ’¨¯®¢ë¥ ¢�à¨�−âë äã−ªæ¨© �(1)t ¨ �(2)t ®¡áã¦¤�îâáï
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¢ áâ�âì¥ [5]. ‘®¤¥à¦�−¨¥ ¤�−−®© áâ�âì¨ | íâ® ¢�à¨�−âë äã−ªæ¨© ψ(1)t , ψ(2)t (Xt),

ā
(1)
t ¨ ā(2)t .

Œ®¤¥«ì (9) ®§−�ç�¥â, çâ® ¢ë¯®«−¥−� ¤¨áªà¥â¨§�æ¨ï ãà�¢−¥−¨© ¤¢¨¦¥−¨ï:
¤¨áªà¥â−ë¬ ¬®¬¥−â�¬ t = 0, 1, 2 . . . ®â¢¥ç�îâ ¬®¬¥−âë ¢à¥¬¥−¨ á è�£®¬ δ [á]:
0, δ, 2δ, . . . , tδ, . . . ‚ ª�¦¤ë© ¬®¬¥−â ¤¨áªà¥â−®£® ¢à¥¬¥−¨ t −�¡«î¤�â¥«¥¬ ¢ë-
¯®«−ïîâáï ¨§¬¥à¥−¨ï. …á«¨ ¨§¬¥à¨â¥«ì−ë© ª®¬¯«¥ªá ®¤¨−, â® qy = 3 ¨ −�¡«î-
¤�â¥«¥¬ ä®à¬¨àã¥âáï ¢¥ªâ®à yt = (yϕt , yλt

, yrt)
′, â. ¥. ¨§¬¥àïîâáï �§¨¬ãâ, ã£®«

¢®§¢ëè¥−¨ï ¨ ¤�«ì−®áâì ¤® æ¥«¨, � äã−ªæ¨¨ ψ(1)t ¨ψ(2)t ®¯à¥¤¥«ï¥â (7). �¥«¨−¥©-
−ë¥ ¨§¬¥à¥−¨ï ¬®£ãâ �¯¯à®ªá¨¬¨à®¢�âìáï ¯á¥¢¤®−�¡«î¤¥−¨ï¬¨, â. ¥. ¢¥ªâ®à®¬
Yt = (Yϕt , Yλt

, Yrt)
′, à�ááç¨âë¢�¥¬ë¬ ¢ á®®â¢¥âáâ¢¨¨ á (2), (8) ¨ (6). ‚ íâ®¬ á«ãç�¥

äã−ªæ¨¨ ā(1)t ¨ ā(2)t ®¯à¥¤¥«ï¥â (8). ‡�¬¥â¨¬, çâ® ¢ à�áá¬�âà¨¢�¥¬ëå ¢�à¨�−â�å
¨§¬¥à¥−¨© ¢á¥£¤� qY = qy, å®âï ¢ ®¡é¥¬ á«ãç�¥ à�§¬¥à−®áâì ¯á¥¢¤®−�¡«î¤¥−¨©
¬®¦¥â ®â«¨ç�âìáï.

…á«¨ ¢ ¬®¤¥«¨ ®¡ê¥¤¨−¥−ë q ¨§¬¥à¨â¥«ì−ëå ª®¬¯«¥ªá®¢, â® ¢¥ªâ®à −�¡«î-
¤¥−¨© yt ¢ (9) ª®¬¡¨−¨àã¥â ¯®áâã¯�îé¨¥ ®â −¨å ¨§¬¥à¥−¨ï ã£«®¢ ¨ ¤�«ì−®áâ¨,

â. ¥. yt = (y
(1)
ϕt , y

(1)
λt
, y
(1)
rt , . . . , y

(q)
ϕt , y

(q)
λt
, y
(q)
rt )

′. �à¨ íâ®¬ ¯®«ãç�¥âáï, çâ® qy = 3q.
’�ª¨¬ ®¡à�§®¬, á¨áâ¥¬� −�¡«î¤¥−¨ï ¨¬¥¥â ¢¨¤:

Xt = �
(1)
t Xt−1 +�

(2)
t (Xt−1)Wt ;

y
(i)
t = ψ

(i,1)
t (Xt) + ψ

(i,2)
t (Xt)v

(i)
t ;

Y
(i)
t = ā

(i,1)
t

(

y
(i)
t

)

Xt +ā
(i,2)
t

(

Xt, y
(i)
t

)

V
(i)
t ,







(10)

£¤¥ t = 1,X0 = η; i = 1, q.
—â®¡ë (10) §�¯¨á�âì ¢ ª�−®−¨ç¥áª®© ä®à¬¥ (9), −ã¦−® ®¡®§−�ç¨âì:

{ yt = ((y
(1)
t )

′, . . . , (y
(q)
t )

′)′ | ¢¥ªâ®à −�¡«î¤¥−¨©, á®áâ�¢«¥−−ë© ¨§ q £àã¯¯ ¨§-

¬¥à¥−¨©, ¢ ª�¦¤®© £àã¯¯¥ y(i)t = (y
(i)
ϕt , y

(i)
λt
, y
(i)
rt )

′ ¥áâì ã£«ë ϕ, λ ¨ ¤�«ì−®áâì r

¤«ï i-£® ¨§¬¥à¨â¥«ì−®£® ª®¬¯«¥ªá�, v(i)t | ¢¥ªâ®à ®è¨¡®ª ¨§¬¥à¥−¨© ¢ íâ®©
£àã¯¯¥;

{ Yt = ((Y
(1)
t )

′, . . . , (Y
(q)
t )

′)′ | ¢¥ªâ®à ¯á¥¢¤®−�¡«î¤¥−¨©, á®áâ�¢«¥−−ë© ¨§ q

£àã¯¯ ¨§¬¥à¥−¨©, ª�¦¤�ï £àã¯¯� Y (i)t = (Y
(i)
t , Y

(i)
t , Y

(i)
t )

′ ®â¢¥ç�¥â á®®â¢¥â-

áâ¢ãîé¥© £àã¯¯¥ y(i)t , V (i)t | ¢¥ªâ®à ®è¨¡®ª ¨§¬¥à¥−¨© ¢ íâ®© £àã¯¯¥.

‚¥ªâ®à-äã−ªæ¨¨ψ(i,1)t ¨ ¬�âà¨æëψ(i,2)t ,ā(i,1)t ¨ā(i,2)t , i = 1, q, ®¯à¥¤¥«ïîâáï
¤«ï ª�¦¤®© £àã¯¯ë −�¡«î¤¥−¨©-¯á¥¢¤®−�¡«î¤¥−¨©, ¨å áãé¥áâ¢®¢�−¨¥ ®§−�ç�¥â
−¥§�¢¨á¨¬®áâì −�¡«î¤�â¥«ï (¨§¬¥à¨â¥«ì−®£® ª®¬¯«¥ªá�), ä®à¬¨àãîé¥£® −�¡«î-
¤¥−¨ï ª�¦¤®© £àã¯¯ë, â. ¥.
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ψ
(1)
t =

((

ψ
(1,1)
t

)
′

, . . .
(

ψ
(q,1)
t

)
′

)
′

; ψ
(2)
t = diag

(

ψ
(1,2)
t , . . . , ψ

(q,2)
t

)

;

ā
(1)
t =





ā
(1,1)
t
· · ·
ā
(q,1)
1



 ; ā
(2)
t = diag

(

ā
(1,2)
t , . . . ,ā

(q,2)
t

)

.

4 Измерения, зависящие от состояния

Š®¢�à¨�æ¨¨ ®è¨¡®ª ¨§¬¥à¥−¨© ¨ ¯á¥¢¤®−�¡«î¤¥−¨© ¢ ¬®¤¥«¨ (10) á®áâ®ïâ ¨§
¡«®ª®¢ ¢¨¤�

cov
(

v
(i)
t , v

(i)
t

)

= diag
{
σ2ϕ, σ

2
λ, σ

2
r

}
;

cov
(

V
(i)
t , V

(i)
t

)

= diag
{
σ2ϕ, σ

2
ϕ, σ

2
λ, σ

2
λ, σ

2
r

}
,

ª®â®àë¥ ¯®¢â®àïîâáï ¤«ï ª�¦¤®£® ¨§ q ¨§¬¥à¨â¥«ì−ëå ª®¬¯«¥ªá®¢. �â® ®â-
à�¦�¥â ¢ëáª�§�−−ë¥ ¯à¥¤¯®«®¦¥−¨ï ® −¥§�¢¨á¨¬®áâ¨ ª�¦¤®£® â¨¯� ¨§¬¥à¥−¨©
¨ ª�¦¤®£® ¨§¬¥à¨â¥«ì−®£® ª®¬¯«¥ªá�, çâ® ®§−�ç�¥â ®âáãâáâ¢¨¥ §�¢¨á¨¬®áâ¨ ®â Xt

äã−ªæ¨¨ ψ(2)t . �â® ¯à¥¤¯®«®¦¥−¨¥ −¥ ¢á¥£¤� ¬®¦¥â ®ª�§�âìáï ¢¥à−ë¬, ¨ ¬®¤¥«ì
−�¡«î¤¥−¨ï ¯®âà¥¡ã¥âáï ãá®¢¥àè¥−áâ¢®¢�âì. �à®¤¥¬®−áâà¨à®¢�âì â�ªãî á¨âã�-
æ¨î ¬®¦−® −� ¯à¨¬¥à¥ ¨§¬¥à¥−¨ï ¤�«ì−®áâ¨ yr, ¯à¥¤¯®«®¦¨¢, çâ® σr = σr(r).
„¥©áâ¢¨â¥«ì−®, ¡ã¤¥¬ ¨áå®¤¨âì ¨§ á«¥¤ãîé¨å á®®¡à�¦¥−¨©. ‘ç¨â�âì, çâ® ¯à¨
¨§¬¥à¥−¨¨ ã£«®¢ ®è¨¡ª� −¥ §�¢¨á¨â ®â â¥ªãé¥£® ¯®«®¦¥−¨ï A, ¢®§¬®¦−®, â�ª
ª�ª ã£®« ¢á¥£¤� ¨§¬¥àï¥âáï ª�ª ¢¥«¨ç¨−� ¢ ¤¨�¯�§®−¥ [0, 2π], â. ¥. å®âï ¡ë �¡á®-
«îâ−®¥ §−�ç¥−¨¥ ¨§¬¥−ï¥¬®© å�à�ªâ¥à¨áâ¨ª¨ −¥ ¬¥−ï¥â ¬�áèâ�¡�. �¦¨¤�âì, çâ®
¤�«ì−®áâì ¡ã¤¥â ¨§¬¥àïâìáï á ®¤−®© ¨ â®© ¦¥ ®è¨¡ª®© ª�ª ¤«ï ®¡ê¥ªâ�, −�å®¤ï-
é¥£®áï àï¤®¬ (¤®¯ãáâ¨¬ ¢ 100 ¬), â�ª ¨ ¤«ï ®¡ê¥ªâ� ã¤�«¥−−®£® (¢ −¥áª®«ìª¨å
ª¨«®¬¥âà�å) ã¦¥ −¥ á«¥¤ã¥â. Œ®¦−® á®á«�âìáï −� −¥ª®â®à®¥ ãáà¥¤−¥−−®¥ §−�ç¥-
−¨¥, ãáâ�−®¢«¥−−®¥ ¯à�ªâ¨ç¥áª¨, −® ¡®«¥¥ ¯à�¢¨«ì−ë¬ ¯à¥¤áâ�¢«ï¥âáï ¨§¬¥àïâì
®è¨¡ªã ¢ ¯à®æ¥−â�å, â. ¥. ¯®«�£�âì σr = σr(r) = εrr ¤«ï −¥ª®â®à®£® 0 < εr ≪ 1.
�à¨ íâ®¬ −¨ª�ª¨å ¨§¬¥−¥−¨© ¢ à�ááã¦¤¥−¨ï ® ¬®¤¥«¨ ¯á¥¢¤®−�¡«î¤¥−¨© ¢−®á¨âì
−¥ âà¥¡ã¥âáï, ¥¤¨−áâ¢¥−−®¥ ¤®¯®«−¥−¨¥ | íâ®

ψ
(i,2)
t (Xt) = diag

{
1, 1, εirr

}
;

cov
(

v
(i)
t , v

(i)
t

)

= diag
{
σ2ϕ, σ

2
λ, 1
}
;

cov
(

V
(i)
t , V

(i)
t

)

= diag
{
σ2ϕ, σ

2
ϕ, σ

2
λ, σ

2
λ, 1
}
.

’�ª�ï ¬®¤¥«ì ¤�¥â ¢®§¬®¦−®áâì ¨−â¥à¯à¥â¨à®¢�âì ª�ç¥áâ¢¥−−ë¥ ®æ¥−ª¨ ¤�«ì-
−®¬¥à®¢. ��¯à¨¬¥à, £®¢®àï ® ú−¥â®ç−ëåû ¨§¬¥à¥−¨ïå ¤�«ì−®áâ¨, ¬®¦−® ¯®«®-
¦¨âì εr = 0,1. ’®£¤� ¤�«ì−®áâì ¤® A, −�å®¤ïé¥£®áï −� à�ááâ®ï−¨¨ 10 ª¬, ¡ã¤¥â
å�à�ªâ¥à¨§®¢�âìáï ®è¨¡ª®© ¯®àï¤ª� 1 ª¬, � −� à�ááâ®ï−¨¨ 100 ¬ | ¯®àï¤ª� 10 ¬.
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ˆ íâ® ¤¥©áâ¢¨â¥«ì−® ¯«®å¨¥ ¨§¬¥à¥−¨ï. „«ï â®ç−ëå ¨§¬¥à¥−¨© ¬®¦−® ¯®«®-
¦¨âì εr = 0,01. ’®£¤� ¤�«ì−®áâì ¤® A, −�å®¤ïé¥£®áï −� à�ááâ®ï−¨¨ 10 ª¬, ¡ã¤¥â
å�à�ªâ¥à¨§®¢�âìáï ®è¨¡ª®© ¯®àï¤ª� 100 ¬, � −� à�ááâ®ï−¨¨ 100 ¬ | ¯®àï¤ª� 1 ¬.

5 Сбой измерительного комплекса

‚ëå®¤ ¨§ áâà®ï ¨§¬¥à¨â¥«ì−®© �¯¯�à�âãàë | â¨¯¨ç−�ï á¨âã�æ¨ï. �¥ ¬¥-
−¥¥ â¨¯¨ç−ë ä®à¬ë ¢«¨ï−¨ï á¡®¥¢ ¨§¬¥à¨â¥«¥© −� à¥§ã«ìâ�âë −�¡«î¤¥−¨©.
‚ −�¢¨£�æ¨¨ â�ª®¢ë¬¨ ¬®¦−® áç¨â�âì ä®à¬¨à®¢�−¨¥ ¨§¬¥à¥−¨© á ã¢¥«¨ç¥−-
−®© ®è¨¡ª®© (¢ë¡à®á) ¨«¨ ¯®«−ë© ¢ëå®¤ ¨§ áâà®ï ¨§¬¥à¨â¥«ì−®£® ª®¬¯«¥ªá�.
•®à®è¥© ¬®¤¥«ìî ¤«ï â�ª¨å á¨âã�æ¨© á«ã¦�â ¤�¢−® ¨§¢¥áâ−ë¥ ¬®¤¥«¨ á¨áâ¥¬
á ¯¥à¥ª«îç�îé¨¬¨áï ª�−�«�¬¨ −�¡«î¤¥−¨ï [26, 27].

�à®æ¥áá á¡®¥¢ ¨§¬¥à¨â¥«ì−®£® ª®¬¯«¥ªá� ®¯¨áë¢�¥âáï ¬�àª®¢áª®© æ¥¯ìî Qt,
t = 1, 2, . . . , Q0 = θ. “¤®¡−® áç¨â�âì, çâ®

Qt = (Qϕt , Qλt
, Qrt , Q

v
ϕt
, Qv

λt
, Qv

rt
)′ ∈ R

6 ,

¨¬¥ï ¢ ¢¨¤ã, çâ® í«¥¬¥−â Qϕt ®â¢¥ç�¥â §� �§¨¬ãâ, Qλt
| §� ã£®« ¢®§¢ëè¥-

−¨ï, Qrt | §� ¤�«ì−®áâì, í«¥¬¥−âë Qv
ϕt

, Qv
λt

¨ Qv
rt

| §� á®®â¢¥âáâ¢ãîé¨¥
®è¨¡ª¨ ¨§¬¥à¥−¨ï. ��ç�«ì−®¥ á®áâ®ï−¨¥ æ¥¯¨ θ = (1, 1, 1, 1, 1, 1)′ á®®â¢¥âáâ¢ã¥â
−®à¬�«ì−®© à�¡®â¥ ¨§¬¥à¨â¥«ì−®£® ª®¬¯«¥ªá�, á®áâ®ï−¨¥ Qt = (0, 0, 0, 0, 0, 0)

′

®§−�ç�¥â ¯®«−ë© ¢ëå®¤ ¨§ áâà®ï, á®áâ®ï−¨¥ Qt = (1, 1, 1,›ϕ,›λ,›r)
′ ®§−�ç�¥â,

çâ® ®è¨¡ª¨ ¨§¬¥à¥−¨© ¢¬¥áâ® ¤¨á¯¥àá¨© σ2ϕ, σ2λ ¨ σ2r ¨¬¥îâ ¤¨á¯¥àá¨¨ ›2ϕσ
2
ϕ,

›2λσ
2
λ ¨ ›2rσ

2
r , â. ¥. ¯®àï¤®ª ®è¨¡ª¨ ¢®§à�áâ�¥â ªà�â−® á ª®íää¨æ¨¥−â�¬¨ ›ϕ, ›λ

¨ ›r.
’�ªãî æ¥¯ì ¬®¦−® ¯à¥¤¯®«�£�âì ®¤−®à®¤−®©, ¢ ¬�âà¨æ¥ ¯¥à¥å®¤−ëå ¢¥à®ïâ-

−®áâ¥© ˜t = ˜ ∈ R
3×3 −¥−ã«¥¢ë¬¨ ®áâ�¥âáï â®«ìª® ç�áâì í«¥¬¥−â®¢. ‚®-¯¥à¢ëå,

íâ® ¤¨�£®−�«ì−ë¥ í«¥¬¥−âë, ¨¬¥îé¨¥ á¬ëá« ¢¥à®ïâ−®áâ¨ á®åà�−¥−¨ï â¥ªãé¥-
£® á®áâ®ï−¨ï (˜11,˜22,˜33), ¢®§¬®¦−® ˜33 = 0, çâ® ¯®¤à�§ã¬¥¢�¥â ¥¤¨−¨ç−ë©
¢ë¡à®á. ‚®-¢â®àëå, íâ® ¢¥à®ïâ−®áâ¨ ¯¥à¥å®¤� ¨§ −®à¬�«ì−®£® á®áâ®ï−¨ï ¢ á®áâ®-
ï−¨¥ ¯®«−®£® ¢ëå®¤� ¨§ áâà®ï ¨ ®¡à�â−® (˜12 ¨ ˜21) ¨ ¯¥à¥å®¤� ¨§ −®à¬�«ì−®£®
á®áâ®ï−¨ï ¢ á®áâ®ï−¨¥ ã¢¥«¨ç¥−−®© ®è¨¡ª¨ ¨ ®¡à�â−® (˜13 ¨ ˜31). �à¨ â�ª¨å
®¡®§−�ç¥−¨ïå yt ¢ (9) ¯à¨¬¥â ¢¨¤:

yt = diag {Qϕt, Qλt
, Qrt}ψ

(1)
t (Xt) + diag

{
Qv

ϕt
, Qv

λt
, Qv

rt

}
ψ
(2)
t (Xt)vt. (11)

‘®®â¢¥âáâ¢¥−−®, ¢ ¬®¤¥«¨ á q ¨§¬¥à¨â¥«ì−ë¬¨ ª®¬¯«¥ªá�¬¨ âà¥¡ã¥âáï q

æ¥¯¥© Q(i)t , i = 1, q, ª�¦¤�ï ¨§ ª®â®àëå �−�«®£¨ç−® (11) ¢®©¤¥â ¢ §�¯¨áì (10) ¤«ï

¨§¬¥à¨â¥«ì−®£® ¡«®ª� y(i)t .
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6 Временные задержки наблюдений

�ãáâì á®áâ®ï−¨¥ Xt á®áâ®¨â â®«ìª® ¨§ â¥ªãé¨å ª®®à¤¨−�â �¯¯�à�â� A.
�¡®§−�ç¨¬ ¥£® ç¥à¥§ Xt = (X(t), Y (t), Z(t))

′. �¯à¥¤¥«¨¬ ¤«ï ¨§¬¥à¨â¥«ì−®£®
ª®¬¯«¥ªá� M (á ª®®à¤¨−�â�¬¨ (XM, YM, ZM)) ¢¥«¨ç¨−ã

τt = min

{

T,

√

(X(t)−XM)2 + (Y (t)− YM)2 + (Z(t)− ZM)2

δvs

}

, (12)

£¤¥ vs | áª®à®áâì ¯à®å®¦¤¥−¨ï á¨£−�«� ¢ −�¯à�¢«¥−¨¨
−−→
MA. …á«¨ M | ÷‹‘, â®

íâ® áª®à®áâì á¢¥â�; ¥á«¨ M | á®−�à, â® íâ® áª®à®áâì §¢ãª�. ÷�¤¨ª�« ¢ (12) | íâ®
¤�«ì−®áâì, ¤¥«¥−¨¥ á è�£®¬ ¤¨áªà¥â¨§�æ¨¨ δ | íâ® ¯¥à¥¢®¤ ®¡ëç−®£® ¢à¥¬¥−¨
¢ ¤¨áªà¥â−ë¥ §−�ç¥−¨ï èª�«ë t = 1, 2, . . ., � ®£à�−¨ç¥−¨¥ á¢¥àåã ¢¥«¨ç¨−®© T
−ã¦−®, çâ®¡ë ä®à¬�«ì−® ®¡®§−�ç¨âì −�ç�«ì−ë¥ ãá«®¢¨ï, ®£à�−¨ç¨¢ ä�ªâ¨ç¥áª¨
¬�ªá¨¬�«ì−ãî ã¤�«¥−−®áâì A ®â M. …á«¨ ¢¥«¨ç¨−� vs = 300 000 ª¬/á, â® −�
à�ááâ®ï−¨¨ 1 ª¬ ¢¥«¨ç¨−� τt ¡ã¤¥â ¨¬¥âì ¯®àï¤®ª 10−7 á ’�ª¨¬¨ §−�ç¥−¨ï¬¨,
ª®−¥ç−®, −�¤® ¯à¥−¥¡à¥£�âì. …á«¨ vs = 1500 ¬/á (§¢ãª ¢ ¢®¤¥), â® −� à�ááâ®ï−¨¨
1 ª¬ ¢¥«¨ç¨−� τt ¡ã¤¥â à�¢−� 0,7 á, −� à�ááâ®ï−¨¨ 10 ª¬ | ã¦¥ 7 á, ¨ ¯à¥−¥¡à¥£�âì
â�ª®© §�¤¥à¦ª®© ã¦¥ −¥ á«¥¤ã¥â. ‘ ¨§¬¥−¥−¨¥¬ à�ááâ®ï−¨ï (ª®â®à®¥ −�¡«î¤�â¥«î
−¥ ¨§¢¥áâ−® â®ç−®, � â®«ìª® ¨§¬¥àï¥âáï á ®è¨¡ª®©) ¢¥«¨ç¨−� τt ¡ã¤¥â ¬¥−ïâìáï.
�âà�¦¥−¨¥¬ íâ®£® á«ã¦¨â á«¥¤ãîé�ï ¬®¤¥«ì −�¡«î¤¥−¨ï:

Xt = �
(1)
t Xt−1 +�

(2)
t (Xt−1)Wt ;

yt = ψ
(1)
t (Xt−τt) + ψ

(2)
t (Xt−τt)vt ;

Yt = ā
(1)
t (yt)Xt−τt +ā

(2)
t (Xt−τt , yt)Vt ,







(13)

£¤¥ t = −T, . . . , 0, 1, . . . , X−T−1 = η.
�¥§ ¯á¥¢¤®−�¡«î¤¥−¨© íâ� ¬®¤¥«ì ¢ ®¡é¥¬ ¢¨¤¥ ¯®¤à®¡−® ¨§ãç¥−� ¢ [19{21],

�«£®à¨â¬ë, ¨á¯®«ì§ãîé¨¥ Yt ¤«ï à¥è¥−¨ï −�¢¨£�æ¨®−−ëå §�¤�ç, | ¡«¨¦�©è�ï
¯¥àá¯¥ªâ¨¢�. �â¬¥â¨¬, çâ®, ª�ª ¨ ¢ ¯à¥¤ë¤ãé¥¬ à�§¤¥«¥, ¬®¤¥«ì (13) ¤«ï ®¤−®£®
¨§¬¥à¨â¥«ì−®£® ª®¬¯«¥ªá� ®ç¥¢¨¤−ë¬ ®¡à�§®¬ ®¡®¡é�¥âáï −� á«ãç�© q ª®¬¯«¥ª-

á®¢: ¤«ï íâ®£® ¬®¤¥«ì (10) −� ®á−®¢�−¨¨ (13) −ã¦−® ¤®¯®«−¨âì ¢¥«¨ç¨−�¬¨ τ (i)t ,
i = 1, q.

7 Численный эксперимент

ˆá¯®«ì§ã¥¬ ¬®¤¥«ì ¤¢¨¦¥−¨ï ¨§ áâ�âì¨ [5], ¤®¯®«−¨¢ ¥¥ ¤¢ã¬ï ¨§¬¥à¨-
â¥«ì−ë¬¨ ª®¬¯«¥ªá�¬¨ á ª®®à¤¨−�â�¬¨ (5, 0, 0) ¨ (0, 5, 0) ¢ á¨áâ¥¬¥ ª®®à¤¨−�â
Oxyz, á¢ï§�−−®© á §¥¬«¥©. ’�ª¨¬ ®¡à�§®¬, ®¯¨á�−−®¥ ¢ [5] ¤¢¨¦¥−¨¥ �¯¯�à�â�,
®¡−�àã¦¨¢�¥¬®£® ¢ á«ãç�©−®© â®çª¥ η á E{η} = (30, 30, 1)′ ª¬ ¨ å�®â¨ç¥áª¨¬
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®¡à�§®¬ −�¯à�¢«ïîé¥£®áï ¢ áâ®à®−ã −�ç�«� ª®®à¤¨−�â á® á«ãç�©−®© áà¥¤−¥© áª®-
à®áâìî ≈ 212 ª¬/ç, ¤®¯®«−¥−® á¨áâ¥¬®© −�¡«î¤¥−¨ï á q = 2 ¨§¬¥à¨â¥«ì−ë¬¨
ª®¬¯«¥ªá�¬¨, à�á¯®«®¦¥−−ë¬¨ ¢ ¯«®áª®áâ¨ z = 0 −� ®áïå Oy (¯¥à¢ë©) ¨ Ox
(¢â®à®©).

„¢¨¦¥−¨¥ ¬®¤¥«¨à®¢�«®áì ¢ â¥ç¥−¨¥ 6 ¬¨−. „¨áªà¥â−ë¥ ¬®¬¥−âë ¢à¥¬¥−¨
t = −T, . . . , 0, . . . , 1000 ®â¢¥ç�îâ à�§¡¨¥−¨î ¨−â¥à¢�«� ¢à¥¬¥−¨ −�¡«î¤¥−¨ï
á è�£®¬ ¤¨áªà¥â¨§�æ¨¨ δ = 0,0001 ç. …á«¨ ¤¢¨¦ãé¨©áï ®¡ê¥ªâ | íâ® «¥â�â¥«ì-
−ë© �¯¯�à�â, � ¨§¬¥à¨â¥«ì−ë¥ ª®¬¯«¥ªáë | ÷‹‘, â® T = 0. ‚â®à®© á«ãç�© |
¤¢¨¦¥−¨¥ ¯®¤¢®¤−®£® �¯¯�à�â� | ¤�¥â T = 105, ¯®â®¬ã çâ® ¬�ªá¨¬�«ì−®¥ à�á-
áâ®ï−¨¥ ¢ ¬®¬¥−â ®¡−�àã¦¥−¨ï �¯¯�à�â� t = −T − 1 ¤® æ¥«¨ á®áâ�¢«ï¥â ≈ 57 ª¬.

�à¨¬¥àë ¯àï¬®© ®æ¥−ª¨ ¯®«®¦¥−¨ï ¤«ï T = 0 (�) ¨ 105 (¡) ¢ ¯«®áª®áâ¨ Oxy;
¨§¬¥à¨â¥«ì−ë¥ ª®¬¯«¥ªáë à�á¯®«®¦¥−ë ¢ ¯«®áª®áâ¨ z = 0 −� ®áïåOy (1) ¨Ox (2)
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�è¨¡ª¨ ¨§¬¥à¥−¨© å�à�ªâ¥à¨§ãîâ ¢¥«¨ç¨−ë σϕ = σλ = 0,25π/180, â. ¥.
0,25◦, σr = 0,025 ª¬. „«ï ¨««îáâà�æ¨¨ à¥§ã«ìâ�â®¢ ¬®¤¥«¨à®¢�−¨ï á¨áâ¥¬ë
−�¡«î¤¥−¨ï −� â¥ ¦¥ âà�¥ªâ®à¨¨, çâ® ¯à¨¢¥¤¥−ë ¢ [5], −�«®¦¥−ë ®æ¥−ª¨ ª®®à-
¤¨−�â ¯® ¯àï¬ë¬ ¨§¬¥à¥−¨ï¬, � ¨¬¥−−®: ¯® ¨§¬¥à¥−¨ï¬ (yϕt , yλt

, yrt)
′ ª�¦¤®£®

ª®¬¯«¥ªá�, ¯à¥−¥¡à¥£�ï ®è¨¡ª®©, ¢ëç¨á«¥−ë ®æ¥−ª¨ ¯®«®¦¥−¨ï (ã£«ë ¨ ¤�«ì-
−®áâì ¯¥à¥áç¨â�−ë ¢ ¤¥ª�àâ®¢ë ª®®à¤¨−�âë), � ¨â®£®¢�ï ®æ¥−ª�, ¨§®¡à�¦¥−−�ï
−� à¨áã−ª¥, ¯®«ãç¥−� ª�ª áà¥¤−¥¥ ®â ¤¢ãå ¨§¬¥à¨â¥«¥©.

÷�§−¨æ� ¢ ¨−ä®à¬�æ¨¨, ª®â®àãî ¤�îâ ¨§¬¥à¥−¨ï ¯®«®¦¥−¨ï ¤¢¨¦ãé¥£®áï
®¡ê¥ªâ� ¢ ¬®¤¥«ïå −� à¨áã−ª¥, ¢¨¤−� −¥¢®®àã¦¥−−ë¬ £«�§®¬, å®âï ¬�áèâ�¡
úáªà�¤ë¢�¥âû ®â«¨ç¨ï. ”®à¬�«ì−ë¥ ®æ¥−ª¨ â�ª®¢ë: áà¥¤−¥ª¢�¤à�â¨ç−®¥ ®â-
ª«®−¥−¨¥ ®æ¥−ª¨ ¯®«®¦¥−¨ï ¯® ¯àï¬ë¬ ¨§¬¥à¥−¨ï¬ ¢ áà¥¤−¥¬ −� ¨−â¥à¢�«¥
−�¡«î¤¥−¨ï t = 0, 1000 á®áâ�¢«ï¥â ¤«ï ¬®¤¥«¨ T = 0 ¯® ®áï¬ Ox ¨ Oy ≈ 65 ¬,
¯® ®á¨ Oz | ≈ 90 ¬, ¤«ï ¬®¤¥«¨ T = 105| ¯® ®áï¬ Ox ¨ Oy ≈ 126 ¬, ¯® ®á¨
Oz | ≈ 94 ¬. �â® ¢¯®«−¥ ®¦¨¤�¥¬ë© à¥§ã«ìâ�â: áª®à®áâì ¯® ®á¨ Oz ®ç¥−ì ¬�«�
¨ ®â ãç¥â� ¢à¥¬¥−−�®© §�¤¥à¦ª¨ ¬®¦−® ®âª�§�âìáï, áª®à®áâ¨ ¯® ®áï¬ Ox ¨ Oy
¢¥«¨ª¨ −�áâ®«ìª®, çâ® §�¤¥à¦ª� ãåã¤è�¥â ª�ç¥áâ¢® ¯®§¨æ¨®−¨à®¢�−¨ï ¢ 2 à�§�.

8 Заключение

�à¥¤«®¦¥−−ë¥ ¢ áâ�âì¥ ¬®¤¥«¨ −�¡«î¤¥−¨ï ¤®¯®«−ïîâ ¬®¤¥«¨ ¤¢¨¦¥−¨ï,
à�−¥¥ ¯à¥¤áâ�¢«¥−−ë¥ ¢ [5], ¨ ¬®£ãâ ¡ëâì ¨á¯®«ì§®¢�−ë ¢ è¨à®ª®¬ á¯¥ªâà¥ −�-
¢¨£�æ¨®−−ëå §�¤�ç. �® ¢�à¨�−âë ¨á¯®«ì§®¢�−¨ï ®£à�−¨ç¥−ë −¥ª®®¯¥à�â¨¢−ë¬
áæ¥−�à¨¥¬, ª®£¤� ¨§¬¥à¥−¨ï ¢ë¯®«−ïîâáï ¢−¥è−¨¬ ¯® ®â−®è¥−¨î ª ¤¢¨¦ã-
é¥¬ãáï ®¡ê¥ªâã −�¡«î¤�â¥«¥¬, á®®â¢¥âáâ¢¥−−®, ¨§¬¥àïâìáï ¬®£ãâ â®«ìª® ã£«ë
¯®«®¦¥−¨ï ¨ ¤�«ì−®áâì. …á«¨ −�¢¨£�æ¨®−−ë¥ §�¤�ç¨ á¢ï§�−ë á ®à¨¥−â�æ¨¥©
¢ ¯à®áâà�−áâ¢¥, â® ¯®âà¥¡ãîâáï ¨−ë¥ ¨§¬¥à¨â¥«ì−ë¥ ¨−áâàã¬¥−âë. „«ï ¬®¤¥«¥©,
®à¨¥−â¨à®¢�−−ëå −� «¨−¥�à¨§�æ¨î ¨ ¯á¥¢¤®«¨−¥�à¨§�æ¨î, ª�ª ¯à®¤¥¬®−áâà¨à®-
¢�−® ¢ ¤�−−®© áâ�âì¥, íâ� â¥¬� ¯à¥¤áâ�¢«ï¥â ¤®áâ�â®ç−® ¨−â¥à¥á−ãî ¯¥àá¯¥ªâ¨¢ã.
ˆ¬¥îé¨¥áï ¦¥ ¬®¤¥«¨ ¬®£ãâ ¯à¨¬¥−ïâìáï ¤«ï à�§à�¡®âª¨ íää¥ªâ¨¢−ëå ä¨«ìâ-
à®¢ ¢ â�ª¨å §�¤�ç�å, ª�ª ¯®§¨æ¨®−¨à®¢�−¨¥ ¨ ®âá«¥¦¨¢�−¨¥ æ¥«¥©. �á®¡¥−−®
¯®«¥§−® ¡ë«® ¡ë ¯®«ãç¨âì ¤¥©áâ¢¥−−ë¥ �«£®à¨â¬ë ®æ¥−¨¢�−¨ï ¯®«®¦¥−¨ï ¢ ¬®-
¤¥«¨ á ¢à¥¬¥−− �ë¬¨ §�¤¥à¦ª�¬¨ −�¡«î¤¥−¨©.
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TYPICAL MODELS OF OBSERVATION SYSTEM
FOR TRACKING AND NAVIGATION

OF UNMANNED MOVING OBJECTS

I. V. Uryupin

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

Abstract: The solution of navigation problems by the state of a stochastic
dynamic system filtering on indirect observations is based on two models of
equal importance. The first is motion model of the object whose position needs
to be estimated. The second is the observation model, the specific features of
which are dictated by the variety of measurement instruments used. The article
discusses a typical noncooperative scenario in which an object is monitored by an
independent complex of external measurements. The physical quantities measured
in this scenario are directional angles (azimuth, or bearing, and elevation) and
range. However, the impact on the measurement results of external uncontrolled
factors formed by the environment in which the movement-observation takes
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place can be quite diverse. The article proposes several typical options for
describing such an impact. The first, the standard one, assumes simple additive
errors of observations. In the second case, this model is complicated by the
assumption that measurement errors are correlated with the current state of
the moving object. The physical meaning of this option is provided by the
range measurement. Both cases assume stable (without failures) operation of
the monitoring complex. The third option is based on a well-known model of
switching observation channels and allows for flexible modeling of both short-
and long-term failures of some measuring devices. The final version takes into
account the specific features of using sonars | acoustic sensors, i. e., motion
in an aquatic environment. To illustrate the differences between the models
considered, calculations are provided using position estimates based on direct
measurements which are not affected by the motion model.

Keywords: navigation; target tracking; unmanned vehicles; stochastic dynamic
observation system; additive disturbances; correlated noise; Markov chains;
acoustic sonars
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УНИМОДАЛЬНОСТЬ ВЗВЕШЕННОЙ СУММЫ ЧАСТНЫХ
КРИТЕРИЕВ МОДЕЛИ G/M/1 С ОБНОВЛЕНИЕМ

И ДВУХПОРОГОВЫМ RED-ПОДОБНЫМ АЛГОРИТМОМ

Я. М. Агаларов1

�−−®â�æ¨ï: ‚ −�áâ®ïé¥¥ ¢à¥¬ï ¢ áãé¥áâ¢ãîé¨å ¨−ä®à¬�æ¨®−−ëå á¥âïå
¢ ¤®¯®«−¥−¨¥ ª ¬¥å�−¨§¬�¬ áª¢®§−®£® ª®−âà®«ï ¯¥à¥£àã§®ª �ªâ¨¢−® ¢−¥¤àï-
îâ ¢ ¬�àèàãâ¨§�â®àë RED-¯®¤®¡−ë¥ (RED | Random Early Detection)
¬¥å�−¨§¬ë ã¯à�¢«¥−¨ï ®ç¥à¥¤ìî. ‚ à�¡®â¥ à�áá¬®âà¥−� ¬®¤¥«ì á¨áâ¥¬ë
¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï (‘Œ�) G/M/1, ¢ ª®â®à®© ®ç¥à¥¤ì ã¯à�¢«ï¥âáï
¤¢ãå¯®à®£®¢ë¬ RED-¯®¤®¡−ë¬ �«£®à¨â¬®¬ á ¢¥à®ïâ−®áâ−ë¬ á¡à®á®¬ §�-
ï¢®ª. ‚ à�áá¬�âà¨¢�¥¬®© ¬®¤¥«¨ à¥è¥−¨¥ ® á¡à®á¥ ¯à¨−¨¬�¥âáï ¢ ¬®¬¥−â
§�¢¥àè¥−¨ï ®¡á«ã¦¨¢�−¨ï §�ï¢ª¨ ¢ §�¢¨á¨¬®áâ¨ ®â â¥ªãé¥© ¤«¨−ë ®ç¥à¥¤¨.
’¥®à¥â¨ç¥áª¨ ¨áá«¥¤®¢�−® ¯®¢¥¤¥−¨¥ ¢§¢¥è¥−−®© äã−ªæ¨¨ ªà¨â¥à¨¥¢ (¨−â¥−-
á¨¢−®áâ¨ ¯à¨−ïâ®£® ¯®â®ª� §�ï¢®ª, áà¥¤−¥© §�¤¥à¦ª¨ ®¡á«ã¦¥−−ëå §�ï¢®ª,
¨−â¥−á¨¢−®áâ¨ ®âª«®−¥−−ëå −� ¢å®¤¥ §�ï¢®ª, ¨−â¥−á¨¢−®áâ¨ á¡à®è¥−−ëå ¨§
®ç¥à¥¤¨ §�ï¢®ª, áà¥¤−¥£® ¢à¥¬¥−¨ ¯à®áâ®ï ¯à¨¡®à�) ¯à¨ ¨§¬¥−¥−¨¨ §−�ç¥-
−¨ï −¨¦−¥£® ¯®à®£®¢®£® ¯�à�¬¥âà� �«£®à¨â¬�. „®ª�§�− àï¤ ãâ¢¥à¦¤¥−¨©
® á¢®©áâ¢�å ç�áâ−ëå ªà¨â¥à¨¥¢ ¨ ãâ¢¥à¦¤¥−¨¥ ® â®¬, çâ® ¢§¢¥è¥−−�ï äã−ªæ¨ï
ç�áâ−ëå ªà¨â¥à¨¥¢ ã−¨¬®¤�«ì−� ¯® −¨¦−¥¬ã ¯®à®£®¢®¬ã ¯�à�¬¥âàã. �à¥¤-
«®¦¥−® ¯à®áâ®¥ ¯à�¢¨«® ª®àà¥ªæ¨¨ §−�ç¥−¨ï −¨¦−¥£® ¯®à®£®¢®£® ¯�à�¬¥âà�,
ª®â®à®¥ £�à�−â¨à®¢�−−® −�å®¤¨â ¬�ªá¨¬�«ì−®¥ §−�ç¥−¨¥ ¢§¢¥è¥−−®© äã−ªæ¨¨
ç�áâ−ëå ªà¨â¥à¨¥¢.

Š«îç¥¢ë¥ á«®¢�: á¨áâ¥¬� ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï; RED-¯®¤®¡−ë© �«£®-
à¨â¬; ®¡−®¢«¥−¨¥ ®ç¥à¥¤¨; ã−¨¬®¤�«ì−®áâì

DOI: 10.14357/08696527250305 EDN: KMBOVF

1 Введение

‚ −�áâ®ïé¥¥ ¢à¥¬ï ¢ ¤®¯®«−¥−¨¥ ª áãé¥áâ¢ãîé¨¬ �«£®à¨â¬�¬ ª®−âà®«ï
¨ ¯à¥¤®â¢à�é¥−¨ï ¯¥à¥£àã§®ª ¢ ¨−â¥à−¥â¥ à¥ª®¬¥−¤ãîâ ¨ �ªâ¨¢−® ¢−¥¤àïîâ
RED-¯®¤®¡−ë¥ �«£®à¨â¬ë (áå¥¬ë), ª®â®àë¥ ®â−®áïâáï ª ª«�ááã ¯®à®£®¢ëå �«£®-
à¨â¬®¢ �ªâ¨¢−®£® ã¯à�¢«¥−¨ï ®ç¥à¥¤ï¬¨ (AQM | Active Queue Management) [1,
2]). ‘å¥¬� RED ¡ë«� ¢¯¥à¢ë¥ ®¯¨á�−� ¨ ¯à®�−�«¨§¨à®¢�−� ¢ [3], ¯®¤à®¡−�ï
ª«�áá¨ä¨ª�æ¨ï ¨ ®¡§®à RED-¯®¤®¡−ëå �«£®à¨â¬®¢ ¯à¨¢¥¤¥−ë ¢ à�¡®â�å [4{7].

�á−®¢−ë¬¨ ªà¨â¥à¨ï¬¨, ¯® ª®â®àë¬ ®¯à¥¤¥«ïîâ íää¥ªâ¨¢−®áâì RED-�«£®-
à¨â¬®¢, á«ã¦�â §−�ç¥−¨ï ¯®ª�§�â¥«¥© ª�ç¥áâ¢� à�¡®âë á¥â¨, −�§ë¢�¥¬ëå QoS-
¯�à�¬¥âà�¬¨ (QoS | Quality of Service) [8]: §�¤¥à¦ª� âà�ä¨ª� ¢ á¥â¨, ¯®â¥à¨
âà�ä¨ª�, ¯à®¯ãáª−�ï á¯®á®¡−®áâì ¨á¯®«ì§ã¥¬ëå á®¥¤¨−¥−¨©, ¤¦¨ââ¥à §�¤¥à¦ª¨
(à�§¡à®á ¢à¥¬¥−¨ §�¤¥à¦ª¨) ¨ −¥ª®â®àë¥ ¤àã£¨¥ ¯�à�¬¥âàë. �® ¯à¥¤−�§−�ç¥−¨î

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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RED-�«£®à¨â¬ë ¤®«¦−ë ¬¨−¨¬¨§¨à®¢�âì §�¤¥à¦ªã, á−¨§¨âì ¯®â¥à¨ ¨ ã¬¥−ì-
è¨âì à�§¡à®á âà�ä¨ª�, � â®ç−¥¥, á®¢¬¥áâ−® á ¤àã£¨¬¨ ¬¥å�−¨§¬�¬¨ à¥£ã«¨à®¢�-
−¨ï ¯¥à¥£àã§ª¨ ®¡¥á¯¥ç¨âì ¢ë¯®«−¥−¨¥ âà¥¡®¢�−¨© ª QoS-¯�à�¬¥âà�¬.

�¡¥á¯¥ç¨âì ¯à�¢¨«ì−ãî −�áâà®©ªã ¯�à�¬¥âà®¢ RED-�«£®à¨â¬� ¬�àèàãâ¨-
§�â®à� ¬®¦−® â®«ìª® ¯à¨ ¯à�¢¨«ì−®¬ ¯à®£−®§¥ ¯®¢¥¤¥−¨ï ç�áâ−ëå ªà¨â¥à¨¥¢.
„«ï íâ®£® −¥®¡å®¤¨¬® à¥è¨âì ¬−®£®ªà¨â¥à¨�«ì−ãî §�¤�çã: ¯à¨ ª�ª¨å §−�ç¥−¨ïå
¯�à�¬¥âà®¢ �«£®à¨â¬� ®¡¥á¯¥ç¨¢�¥âáï ¢ë¯®«−¥−¨¥ âà¥¡ã¥¬ëå ®£à�−¨ç¥−¨© −�
¢¥«¨ç¨−ë ç�áâ−ëå ¯®ª�§�â¥«¥© (ç�áâ−ëå æ¥«¥¢ëå äã−ªæ¨©). ‚ ®á−®¢−®¬ ¤«ï
¨áá«¥¤®¢�−¨ï íâ®© §�¤�ç¨ ¢ ¬�áèâ�¡¥ á¥â¨ ¨á¯®«ì§ãîâáï ¨¬¨â�æ¨®−−ë¥ ¬®¤¥-
«¨, � áãé¥áâ¢ãîé¨¥ �−�«¨â¨ç¥áª¨¥ ¬®¤¥«¨ à�§à�¡®â�−ë ¤«ï ¬�àèàãâ¨§�â®à®¢
á RED-�«£®à¨â¬�¬¨ ¢ ¢¨¤¥ ¬®¤¥«¥© à�§«¨ç−ëå â¨¯®¢ ‘Œ� á ã¯à�¢«ï¥¬ë¬¨ ®ç¥-
à¥¤ï¬¨ (á¬., −�¯à¨¬¥à, [9{11]), £¤¥ ¢ ¯®¤�¢«ïîé¥¬ ¡®«ìè¨−áâ¢¥ à�¡®â áâ�¢¨âáï
§�¤�ç� à�áç¥â� §−�ç¥−¨© å�à�ªâ¥à¨áâ¨ª â�ª¨å ‘Œ�. ÷�¡®âë, ¢ ª®â®àëå ¨áá«¥-
¤ã¥âáï §�¤�ç� �¤�¯â�æ¨¨ ¯�à�¬¥âà®¢ RED-�«£®à¨â¬� ª ¨§¬¥−ïîé¨¬áï ãá«®¢¨ï¬
¢ á¥â¨, à�áá¬�âà¨¢�îâ ¢ ®á−®¢−®¬ ¢¥à®ïâ−®áâì á¡à®á� ¨ ¢¥á®¢®© ª®íää¨æ¨¥−â
¢ ª�ç¥áâ¢¥ ã¯à�¢«ïîé¨å ¯�à�¬¥âà®¢, ®áâ�«ì−ë¥ ¯�à�¬¥âàë áç¨â�îâ ä¨ªá¨à®-
¢�−−ë¬¨ [12{17], å®âï −�áâà®©ª� ¢¥àå−¥£® ¨ −¨¦−¥£® ¯®à®£®¢ RED-�«£®à¨â¬�,
¯® ¬−¥−¨î −¥ª®â®àëå ¨áá«¥¤®¢�â¥«¥©, ¬®¦¥â â�ª¦¥ áãé¥áâ¢¥−−® ¯®¢ëá¨âì íä-
ä¥ªâ¨¢−®áâì �«£®à¨â¬� (á¬., −�¯à¨¬¥à, [18]).

‘«®¦−®áâì §�¤�ç¨ ¯à�¢¨«ì−®© −�áâà®©ª¨ ¯�à�¬¥âà®¢ RED-�«£®à¨â¬� ¢ë-
§¢�−�, ¢ ç�áâ−®áâ¨, â¥¬, çâ® −¥ª®â®àë¥ ç�áâ−ë¥ ªà¨â¥à¨¨ ¢§�¨¬−® ª®−ä«¨ªâãîâ
(−�¯à¨¬¥à, −�áâà®©ª� ¬®¦¥â ¢ë§¢�âì ¢ ®¤−® ¨ â® ¦¥ ¢à¥¬ï á−¨¦¥−¨¥ áà¥¤−¥©
§�¤¥à¦ª¨ ¨ ã¢¥«¨ç¥−¨¥ ¯®â¥àì âà�ä¨ª�). �à¨ �−�«¨â¨ç¥áª®¬ ¨áá«¥¤®¢�−¨¨
â�ª¨å (¬−®£®ªà¨â¥à¨�«ì−ëå) §�¤�ç ¤«ï ¯®¨áª� ª®¬¯à®¬¨áá−®£® à¥è¥−¨ï, ª®-
â®à®¥ ã¤®¢«¥â¢®àï¥â ¢á¥¬ ªà¨â¥à¨ï¬, −�¨¡®«¥¥ ç�áâ® ¨á¯®«ì§ãîâ ¢§¢¥è¥−−ãî
áã¬¬ã ç�áâ−ëå ªà¨â¥à¨¥¢ (¬¥â®¤ ¢§¢¥è¥−−®© äã−ªæ¨¨), £¤¥ ¢¥á®¢ë¥ ª®íää¨æ¨-
¥−âë ãª�§ë¢�îâ −� ®â−®á¨â¥«ì−ãî ¢�¦−®áâì á®®â¢¥âáâ¢ãîé¥£® ªà¨â¥à¨ï [19{22].
�®«ãç¥−−®¥ íâ¨¬ ¬¥â®¤®¬ ®¯â¨¬�«ì−®¥ à¥è¥−¨¥, ¬¨−¨¬¨§¨àãîé¥¥ (¬�ªá¨¬¨§¨-
àãîé¥¥) ¢§¢¥è¥−−ãî äã−ªæ¨î, ®ª�§ë¢�¥âáï ®¯â¨¬�«ì−ë¬ ¯® ��à¥â® ¯à¨ ¯®«®-
¦¨â¥«ì−ëå ¢¥á®¢ëå ª®íää¨æ¨¥−â�å ç�áâ−ëå ªà¨â¥à¨¥¢ ¨ á«�¡® ®¯â¨¬�«ì−ë¬ ¯®
��à¥â® ¯à¨ −¥®âà¨æ�â¥«ì−ëå ª®íää¨æ¨¥−â�å [19].

�¨¦¥ ¯à¨¢¥¤¥−ë ¤®ª�§�â¥«ìáâ¢� −¥áª®«ìª¨å ãâ¢¥à¦¤¥−¨© ® á¢®©áâ¢�å ¢§¢¥-
è¥−−®© äã−ªæ¨¨ ç�áâ−ëå ªà¨â¥à¨¥¢ ¬®¤¥«¨ ¬�àèàãâ¨§�â®à� â¨¯�M/G/1 á ¤¢ãå-
¯®à®£®¢ë¬ RED-¯®¤®¡−ë¬ �«£®à¨â¬®¬ ã¯à�¢«¥−¨ï ®ç¥à¥¤ìî. –¥«ìî ¤�−−®©
à�¡®âë áâ�¢¨âáï à�§à�¡®âª� ¯à®æ¥¤ãàë ª®àà¥ªæ¨¨ ¯®à®£®¢ëå §−�ç¥−¨© RED-¯®-
¤®¡−®£® �«£®à¨â¬� ¤«ï à�áá¬�âà¨¢�¥¬®© ¬®¤¥«¨, £�à�−â¨à®¢�−−® ¯®¢ëè�îé¥©
íää¥ªâ¨¢−®áâì �«£®à¨â¬� ¢ á¬ëá«¥ ¬�ªá¨¬¨§�æ¨¨ ¢§¢¥è¥−−®© æ¥«¥¢®© äã−ªæ¨¨.

2 Описание системы

÷�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¥© F (t), 0 < v =

∫
∞

0 t dF (t) < ∞. ‚à¥¬ï
®¡á«ã¦¨¢�−¨ï §�ï¢ª¨ ¯à¨¡®à®¬ −¥ §�¢¨á¨â ®â ¢å®¤−®£® ¯®â®ª� ¨ à�á¯à¥¤¥«¥−® ¯®
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“−¨¬®¤�«ì−®áâì ¢§¢¥è¥−−®© áã¬¬ë ç�áâ−ëå ªà¨â¥à¨¥¢ ¬®¤¥«¨ G/M/1 á ®¡−®¢«¥−¨¥¬

íªá¯®−¥−æ¨�«ì−®¬ã §�ª®−ã á ¯�à�¬¥âà®¬ 0 < µ < ∞. �à¨¥¬ ¨ ®¡á«ã¦¨¢�−¨¥
§�ï¢®ª ¢ á¨áâ¥¬¥ ¯à®¨áå®¤¨â á®£«�á−® ¬¥å�−¨§¬ã ã¯à�¢«¥−¨ï á ú−¥¯®«−ë¬û ®¡-
−®¢«¥−¨¥¬ á«¥¤ãîé¨¬ ®¡à�§®¬ [4]. �ãáâì h0, h1 ¨ h2 | æ¥«ë¥ ¯®«®¦¨â¥«ì−ë¥
ç¨á«�, ã¤®¢«¥â¢®àïîé¨¥ ãá«®¢¨ï¬ h1−h0 ≥ 0, h2−h1 ≥ 0 ¨ h0 ≥ 1. ‚ ¤�«ì−¥©-
è¥¬ h0 ¡ã¤¥¬ −�§ë¢�âì −¨¦−¨¬ ¯®à®£®¬, h1 | ¢¥àå−¨¬ ¯®à®£®¬. �®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�¥, ¥á«¨ ¤«¨−� ®ç¥à¥¤¨ ¬¥−ìè¥ ç¥¬ h2, â® áâ�−®¢¨âáï ¢ ®ç¥à¥¤ì
ª ¯à¨¡®àã ¢ ¯®àï¤ª¥ ¯®áâã¯«¥−¨ï, � ¨−�ç¥ ®âª«®−ï¥âáï. �® §�¢¥àè¥−¨¨ ®¡á«ã-
¦¨¢�−¨ï §�ï¢ª� áà�§ã ¯®ª¨¤�¥â á¨áâ¥¬ã, ®á¢®¡®¤¨¢ ®¤−®¢à¥¬¥−−® ¯à¨¡®à ¨ ¬¥áâ®
¢ −�ª®¯¨â¥«¥, ¨ áà�§ã ¯®á«¥ ®á¢®¡®¦¤¥−¨ï ¯à¨¡®à ¯à¨−¨¬�¥â ®ç¥à¥¤−ãî §�ï¢ªã
¨§ ®ç¥à¥¤¨ (¥á«¨ â�ª®¢�ï ¥áâì). …á«¨ ¯®á«¥ §�¢¥àè¥−¨ï ®¡á«ã¦¨¢�−¨ï ®ç¥à¥¤−®©
§�ï¢ª¨ ¢ á¨áâ¥¬¥ ®áâ�¥âáï ¡®«ìè¥ ç¥¬ h1 + 1 §�ï¢®ª, â® á ¢¥à®ïâ−®áâìî (1 − α)
¢á¥ §�ï¢ª¨ ¢ ®ç¥à¥¤¨, ªà®¬¥ ¯¥à¢ëå h0, ¡ã¤ãâ á¡à®è¥−ë, � á ¢¥à®ïâ−®áâìî α
¢á¥ §�ï¢ª¨ (ªà®¬¥ ®¡á«ã¦¥−−®©) ®áâ�−ãâáï ¢ á¨áâ¥¬¥. ‚ ¤�«ì−¥©è¥¬ §�ï¢ªã,
®¡á«ã¦¥−−ãî ¯à¨¡®à®¬, ¡ã¤¥¬ −�§ë¢�âì úãá¯¥è−®©û.

‡�¬¥â¨¬, çâ® ¯à®æ¥áá ®¡á«ã¦¨¢�−¨ï §�ï¢®ª ¢ ¤�−−®© á¨áâ¥¬¥ ®¯¨áë¢�¥âáï
¢«®¦¥−−®© æ¥¯ìî M�àª®¢� (á¬., −�¯à¨¬¥à, [23]), £¤¥ ¯¥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. ‡�¬¥â¨¬ â�ª¦¥, çâ® á®áâ®ï−¨ï ¢«®¦¥−−®© æ¥¯¨
¢å®¤ïâ ¢ ®¤¨− ¢®§¢à�â−ë© ¯®«®¦¨â¥«ì−ë© ª«�áá.

‚¢¥¤¥¬ ®¡®§−�ç¥−¨ï:

{πi(h), 0 ≤ i ≤ ∞} | áâ�æ¨®−�à−®¥ à�á¯à¥¤¥«¥−¨¥ ¢¥à®ïâ−®áâ¥© æ¥¯¨ ¯à¨
−�¡®à¥ h, h = (h0, h1, h2) (πi(h)| áâ�æ¨®−�à−�ï ¢¥à®ïâ−®áâì â®£®, çâ® æ¥¯ì
(á¨áâ¥¬�) −�å®¤¨âáï ¢ á®áâ®ï−¨¨ i);

V ÏÖ(h) =
∑h2

i=0 πi(h)V ÏÖ(i, h), £¤¥ V ÏÖ(i, h)| áà¥¤−¥¥ §−�ç¥−¨¥ áã¬¬�à−®£®
¢à¥¬¥−¨ −�å®¦¤¥−¨ï ¢ ®ç¥à¥¤¨ úãá¯¥è−ëåû §�ï¢®ª §� ¢à¥¬ï ¯à¥¡ë¢�−¨ï
á¨áâ¥¬ë ¢ á®áâ®ï−¨¨ i ¯à¨ −�¡®à¥ h;

N ÓÂÒ(h) =
∑h2

i=0 πi(h)N ÓÂÒ(i, h), £¤¥ N ÓÂÒ(i, h) | áà¥¤−¥¥ ç¨á«® á¡à®è¥−−ëå
¨§ ®ç¥à¥¤¨ §�ï¢®ª §� ¢à¥¬ï ¯à¥¡ë¢�−¨ï á¨áâ¥¬ë ¢ á®áâ®ï−¨¨ i ¯à¨ −�¡®à¥ h;

V ÐÒÏÓÔ(h) =
∑h2

i=0 πi(h)V ÐÒÏÓÔ(i, h), £¤¥ V ÐÒÏÓÔ(i, h)| áà¥¤−¥¥ ¢à¥¬ï ¯à®áâ®ï
¯à¨¡®à� §� ¢à¥¬ï ¯à¥¡ë¢�−¨ï á¨áâ¥¬ë ¢ á®áâ®ï−¨¨ i ¯à¨ −�¡®à¥ h.

÷�áá¬®âà¨¬ ¢§¢¥è¥−−ãî áã¬¬ã ç�áâ−ëå ¯®ª�§�â¥«¥© (1 − πh2(h), V ÏÖ(h),

N ÓÂÒ(h), V ÐÒÏÓÔ(h) ¨ πh2(h)) á ¢¥á®¢ë¬¨ ª®íää¨æ¨¥−â�¬¨ C0 ≥ 0, C1 ≥ 0,
C2 ≥ 0, C3 ≥ 0 ¨ C4 ≥ 0 [24]:

Q(h) =
1

v

[
C0 − C1V ÏÖ(h)− C2N ÓÂÒ(h)− C3V ÐÒÏÓÔ(h)− C4πh2(h)

]
=

=
1

v

h2∑

i=0

πi(h)di(h), (1)
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£¤¥

d(h) =

{
C0 − C1V ÏÖ(i, h)− C2N ÓÂÒ(i, h)− C3V ÐÒÏÓÔ(i, h), 0 ≤ i < h2 ;

dh2−1(h)− C0 −C4, i = h2.

‘â�¢¨âáï §�¤�ç� ¨áá«¥¤®¢�−¨ï ¯®¢¥¤¥−¨ï äã−ªæ¨¨ Q(h) ¯à¨ ¨§¬¥−¥−¨¨ §−�-
ç¥−¨ï ¯®à®£®¢®£® ¯�à�¬¥âà� h0 ¯à¨ ãá«®¢¨ïå h2 − h1 = a2 = const ¨ h1 − h0 =
= a1 = const, £¤¥ a1 ≥ 0, a2 ≥ 0. ‚ ¤�«ì−¥©è¥¬ ¤«ï ªà�âª®áâ¨ ¨§«®¦¥−¨ï (¡¥§
¯®â¥àì ®¡é−®áâ¨ à¥§ã«ìâ�â®¢, â�ª ª�ª v | ¯®áâ®ï−−�ï ¢¥«¨ç¨−�) à�áá¬�âà¨¢�¥¬
¢¬¥áâ® Q(h) äã−ªæ¨î D(h) = Q(h)v =

∑h2
i=0 πi(h)di(h).

3 Доказательство унимодальности функции D(h)

�ãáâì ¢ë¯®«−ïîâáï ãá«®¢¨ï h2 − h1 = a2 = const ≥ 0 ¨ h1 − h0 = a1 =
= const ≥ 0. ’�ª ª�ª ¢ à�áá¬�âà¨¢�¥¬®¬ á«ãç�¥ h0 ®¤−®§−�ç−® §�¤�¥â −�¡®à h,
â® ¢áî¤ã ¤«ï ã¤®¡áâ¢� ¨§«®¦¥−¨ï ¢¬¥áâ® ¯¥à¥¬¥−−®© h ¡ã¤¥¬ ¯¨á�âì h0.

‘¨áâ¥¬� ãà�¢−¥−¨© à�¢−®¢¥á¨ï ¢«®¦¥−−®© æ¥¯¨ Œ�àª®¢� ¨¬¥¥â ¢¨¤:

~πT(h0)P(h0) = ~π
T(h0),

h2∑

i=0

πi(h1) = 1, πi(h1) > 0, i = 0, h2 . (2)

‡¤¥áì ~πT(h0) = (π0(h0), . . . , πh2(h0))| ¢¥ªâ®à-áâà®ª� áâ�æ¨®−�à−ëå á®áâ®ï−¨©
æ¥¯¨; P(h0) = (pi,j(h0))

h2,h2
i=0,j=0 | ¬�âà¨æ� ¯¥à¥å®¤−ëå ¢¥à®ïâ−®áâ¥© æ¥¯¨, £¤¥

pi,j(h0) =







ri+1−j , 0 ≤ i ≤ h1 + 1, 1 ≤ j ≤ i+ 1 ≤ h2 ;

αi+1−jri+1−j , h1 + 1 < i ≤ h2 − 1, h0 < j ≤ i+ 1 ;

(1− α)

i−h1−1∑

k=1

αk−1rk + α
i−h1−1ri+1−j, h1 + 1 < i ≤ h2 − 1,

j = h0 ;

(1− α)

i−h1−1∑

k=1

αk−1rk+h0−j + α
i−h1−1ri+1−j ,

h1 + 1 < i ≤ h2 − 1, 1 ≤ j < h0 ;
∞∑

k=i+1

rk, 0 ≤ i ≤ h1 + 1, j = 0 ;

(1− α)

i−h1−1∑

k=1

αk−1
∞∑

l=k+h0

rl + α
i−h1−1

∞∑

l=i+1

rl, h1 < i ≤ h2 − 1,

j = 0 ;

ph2−1,j(h0), i = h2, 0 ≤ j ≤ h2 ;

0 ¢ ®áâ�«ì−ëå á«ãç�ïå,
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rl =

∞∫

0

(µv)l

l!
e−µvdF (v), l ≥ 0 .

ˆ§ ãà�¢−¥−¨© (2), ¯®«®¦¨¢ πi(h0) = Ai(h0)πh2(h0), ¯®«ãç¨¬

Ah2(h0) = 1 ; Ah2−1(h0) =
1− ph2,h2(h0)

ph2−1,h2(h0)
;

Aj−1(h0) =
πj(h0)[1− pj,j(h0)]−

∑h2

i=j+1
πi(h0)pi,j(h0)

pj−1,j(h0)
,

1 ≤ j ≤ h2 − 1 ,







(3)

£¤¥

πh2(h0) =

(

1 +

h2−1∑

i=0

Ai(h0)

)−1

; πj(h0) =
Aj(h0)

1 +
∑h2−1

i=0
Ai(h0)

, j = 0, h2 − 1 .

�â¬¥â¨¬, çâ® ¤«ï áâ�æ¨®−�à−ëå ¢¥à®ïâ−®áâ¥© ¢ë¯®«−ï¥âáï á®®â−®è¥−¨¥

πj+1(h0 + 1) = [1− π0(h0 + 1)] πj(h0), j = 0, h2 . (4)

”¨ªá¨àã¥¬ á®áâ®ï−¨¥ i. ��©¤¥¬ �−�«¨â¨ç¥áª¨¥ ¢ëà�¦¥−¨ï ¤«ï ¢¥«¨ç¨−
V ÏÖ(i, h0), N ÓÂÒ(i, h0) ¨ V ÐÒÏÓÔ(i, h0), i = 0, h2.

�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,
¢ª«îç�ï ¨ ¯®áâã¯¨¢èãî, 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; Vl/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−® [23], çâ® ãá«®¢−®¥ áà¥¤−¥¥ §−�ç¥−¨¥ á«ãç�©−®©
¢¥«¨ç¨−ë Vl+1 = (τ1 + · · ·+ τl) ¯à¨ ãá«®¢¨¨, çâ® ¯à®¨§®è«® Bm, à�¢−®

M [Vl+1/m] =
l

m+ 1
v , l = 1,m .

÷�áá¬®âà¨¬ ¢à¥¬ï ®¦¨¤�−¨ï l-§�ï¢ª¨, l = 2, i + 1, §� ¢à¥¬ï ¯à¥¡ë¢�−¨ï
á¨áâ¥¬ë ¢ á®áâ®ï−¨¨ i. �¡®§−�ç¨¬: M [VÏÖ/m]i,h0 | áã¬¬�à−®¥ áà¥¤−¥¥ ¢à¥¬ï
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®¦¨¤�−¨ï úãá¯¥è−ëåû §�ï¢®ª, ¯à®è¥¤è¨å ®¡á«ã¦¨¢�−¨¥ ¨«¨ ¯à¨áâã¯¨¢è¨å
ª ®¡á«ã¦¨¢�−¨î ¢ á®áâ®ï−¨¨ i ¯à¨ ãá«®¢¨¨ Bm; M [VÎÅÏÂ/m]i,h0 | áà¥¤−¥¥
áã¬¬�à−®¥ ¢à¥¬ï ®¦¨¤�−¨ï úãá¯¥è−ëåû §�ï¢®ª ¢ ®ç¥à¥¤¨, −¥ ¯à¨áâã¯¨¢è¨å
ª ®¡á«ã¦¨¢�−¨î ¢ á®áâ®ï−¨¨ i ¯à¨ ãá«®¢¨¨ Bm; M [VÚÁÎ/m]i,h0 | áà¥¤−¥¥ ¢à¥¬ï
§�−ïâ®áâ¨ ¯à¨¡®à� ¢ á®áâ®ï−¨¨ i ¯à¨ ãá«®¢¨¨ Bm; V ÏÖ(i, h0) | ¡¥§ãá«®¢−®¥
áà¥¤−¥¥ ¢à¥¬ï ®¦¨¤�−¨ï úãá¯¥è−ëåû §�ï¢®ª ¢ á®áâ®ï−¨¨ i ¯à¨ ¯®à®£¥ h0.

�â¬¥â¨¬ áà�§ã, çâ® W ÏÖ(i, h1/0) = iv ¨ W ÚÁÎ(i, h1/0) = v ¤«ï 0 ≤ i ≤ h2,
V ÏÖ(h2, h0) = V ÏÖ(h2 − 1, h0) ¨ V ÐÒÏÓÔ(h2, h0) = V ÐÒÏÓÔ(h2 − 1, h0). ÷�§®¡ì¥¬
¬−®¦¥áâ¢® á®áâ®ï−¨© á¨áâ¥¬ë −� ç¥âëà¥ �«ìâ¥à−�â¨¢−ëå ¯®¤¬−®¦¥áâ¢� ¨ ª�¦¤ë©
á«ãç�© à�áá¬®âà¨¬ ¢ ®â¤¥«ì−®áâ¨.

I. ‘«ãç�© i ≤ h0. ‡�¬¥â¨¬, çâ® ¢ íâ®¬ á«ãç�¥ ¢á¥ §�ï¢ª¨, −�å®¤ïé¨¥áï
¢ ®ç¥à¥¤¨, ¡ã¤ãâ ãá¯¥è−® ®¡á«ã¦¥−ë ¨ á¯à�¢¥¤«¨¢ë á«¥¤ãîé¨¥ à�¢¥−áâ¢�:

M [VÏÖ/m]i,h0 =
m∑

l=1

M [Vl+1/m] =
m∑

l=1

l

m+ 1
v =

mv

2
, m ≤ i ; (5)

M [VÎÅÏÂ/m]i,h0 = [(i+ 1)− (m+ 1)] v = (i−m)v , m ≤ i ; (6)

M [VÏÖ/m]i,h0 =
i∑

l=1

M [Vl+1/m] =
i∑

l=1

l

m+ 1
v =

i(i+ 1)v

2(m+ 1)
, m > i ; (7)

M [VÚÁÎ/m]i,h0 =







M [Vi+2/m] =
i+ 1

m+ 1
v ¯à¨ m > i ;

v ¯à¨ m ≤ i .
(8)

ˆ§ (5){(8) ¤«ï ¡¥§ãá«®¢−®£® áã¬¬�à−®£® áà¥¤−¥£® ¢à¥¬¥−¨ ®¦¨¤�−¨ï §�ï¢®ª
á ¯®¬®éìî ä®à¬ã«ë ¯®«−®© ¢¥à®ïâ−®áâ¨ ¯®«ãç¨¬:

V ÏÖ(i, h0) =
1

2µ

[
i+1∑

m=1

(2im − (m− 1)m)rm + i(i+ 1)
∞∑

m=i+2

rm

]

, i ≤ h0 ; (9)

V ÚÁÎ(i, h0) =
1

µ

i+1∑

m=1

mrm +
i+ 1

µ

∞∑

m=i+2

rm , 1 ≤ i ≤ h0 . (10)

II. ‘«ãç�© h0 < i ≤ h1 + 1. �¡à�â¨¬ ¢−¨¬�−¨¥ −� â®, çâ® ¢ ¤�−−®¬
á«ãç�¥ §�ï¢ª¨, −¥ ¯à¨áâã¯¨¢è¨¥ ¢ á®áâ®ï−¨¨ i ª ®¡á«ã¦¨¢�−¨î, ¬®£ãâ ¡ëâì
á¡à®è¥−ë ¢ ¯®á«¥¤ãîé¨å á®áâ®ï−¨ïå á¨áâ¥¬ë. �ãáâì an(i, h0) | áà¥¤−¥¥
ç¨á«® úãá¯¥è−ëåû §�ï¢®ª ¯à¨ ¯®à®£¥ h0, −¥ ¯à¨áâã¯¨¢è¨å ª ®¡á«ã¦¨¢�−¨î
¢ á®áâ®ï−¨¨ i; a+n (i, h0) | áà¥¤−¥¥ ç¨á«® úãá¯¥è−ëåû §�ï¢®ª ¯à¨ ¯®à®£¥ h0,
−¥ ¯à¨áâã¯¨¢è¨å ª ®¡á«ã¦¨¢�−¨î ¢ á®áâ®ï−¨¨ i ¨ ¯¥à¥¤ ª®â®àë¬¨ ¢ ®ç¥à¥¤¨
®áâ�«®áì ¡®«ìè¥ h0 + 1 §�ï¢®ª; n | ®¡é¥¥ ç¨á«® §�ï¢®ª, −¥ ¯à¨áâã¯¨¢è¨å
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ª ®¡á«ã¦¨¢�−¨î ¢ á®áâ®ï−¨¨ i. „®ª�¦¥¬ ãâ¢¥à¦¤¥−¨¥ 1, ª®â®àë¬ ¢®á¯®«ì§ã¥¬áï
−¨¦¥ ¯à¨ ¢ë¢®¤¥ ä®à¬ã« ¤«ï M [VÏÖ/m]i,h0.

“â¢¥à¦¤¥−¨¥ 1. ‚¥à−ë á«¥¤ãîé¨¥ á®®â−®è¥−¨ï:

an(i, h0) =

{
h0 + a

+
n (i, h0), n > h0 ;

n, n ≤ h0 ,
(11)

£¤¥
a+n (i, h0) = a

+
n+1(i+ 1, h0 + 1).

„ ® ª � § � â ¥ « ì á â ¢ ® . ‘¯à�¢¥¤«¨¢®áâì à�¢¥−áâ¢� (11) ¢ á«ãç�¥ n ≤ h0 á«¥¤ã¥â
¨§ â®£®, çâ® ¢ ¤�−−®© ‘Œ� l-§�ï¢ª� ¯à¨ l ≤ h0 + 1 ¨ ¯®à®£¥ h0 −¥ á¡à�áë¢�¥âáï.
‘¯à�¢¥¤«¨¢®áâì à�¢¥−áâ¢� (11) ¯à¨ n > h0 á«¥¤ã¥â ¨§ â®£®, çâ® ¢¥à®ïâ−®áâ¨
á¡à®á� l-§�ï¢ª¨ ¯à¨ ¯®à®£¥ h0 ¨ (l + 1)-§�ï¢ª¨ ¯à¨ ¯®à®£¥ h0 + 1 à�¢−ë.

‚ á«ãç�¥ h0 < i ≤ h1 + 1 ¤«ï V ÚÁÎ(i, h0) ®áâ�¥âáï ¢ á¨«¥ á®®â−®è¥−¨¥ (10),
� ¤«ï V ÏÖ(i, h0) (�−�«®£¨ç−® (9)) ¯®«ãç¨¬:

V ÏÖ(i, h0) =

i∑

m=0

∞∫

0

[
m∑

l=1

M [Vl+1/m] + ai−m(i, h0)v

]

rm(v) dF (v) +

+

∞∑

m=i+1

i∑

l=1

∞∫

0

M [Vl+1/m] rm(v) dF (v) =

=
1

2µ

[
i+1∑

m=1

[(m− 1)m+ ai−m(i, h0)]rm + i(1 + 1)
∞∑

m=i+2

rm

]

. (12)

III. ‘«ãç�© h1+1 < i ≤ h1+h0+1 (â. ¥. i−h1−1 ≤ h0). ÷�§®¡ì¥¬ ®¡«�áâì
§−�ç¥−¨© m −� −¥áª®«ìª® ¯®¤®¡«�áâ¥© ¨, ¯à®¢¥¤ï ¯à®áâë¥ ¯à¥®¡à�§®¢�−¨ï, ¤«ï
ª�¦¤®© ®¡«�áâ¨ ¯®«ãç¨¬ á«¥¤ãîé¨¥ ä®à¬ã«ë ¤«ï M [VÏÖ/m]i,h0:

{ ¯à¨ 1 ≤ m ≤ i− h1 − 1

M [VÏÖ/m]i,h0 =

=
m+1∑

l=2

M [Vl/m] + (1− α)
m∑

k=1

αk−1(k + h0 −m− 1)v + αmai−m(i, h0)v =

= −mv
2
+
α− αm+1

1− α
v + (1− αm)h0v + α

mai−m(i, h0)v ; (13)
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{ ¯à¨ i− h1 ≤ m ≤ h0 + 1

M [VÏÖ/m]i,h0 =

=

m+1∑

l=2

M [Vl/m]+(1−α)
i−h1−1∑

k=1

αk−1(k+h0−m−1)v+αi−h1−1ai−m(i, h0)v =

=
mv

2
+

[

1− (i− h1)α
i−h1−1 +

α− αi−h1

1− α

]

v +

+
(

1− αi−h1
)

(h0 −m− 1)v + αi−h1−1ai−m(i, h0)v ; (14)

{ ¯à¨ h0 + 1 < m ≤ i+ h0 − h1 − 1

M [VÏÖ/m]i,h0 = (1−α)
m−h0∑

k=1

αk−1
k+h0∑

l=2

M [Vl/m]+α
m−h0

m+1∑

l=2

M [Vl/m]+

+ (1− α)αm−h0

i−h1−m+h0∑

k=1

αk−1(k − 1)v + αi−h1ai−m(i, h0)v =

= (1− α)

m−h0∑

k=1

αk−1 (k + h0 − 1)(k + h0)
2(m+ 1)

v + αm−h0mv

2
−

− αi−h1(i− h1 −m+ h0)v + α
i−h1ai−m(i, h0)v ; (15)

{ ¯à¨ i+ h0 − h1 ≤ m ≤ i

M [VÏÖ/m]i,h0 = α
i−h1−1

m+1∑

l=2

M [Vl/m] +

+ (1− α)

i−h1−1∑

k=1

αk−1
k+h0∑

l=2

M [Vl/m] + α
i−h1−1ai−m(i, h0)v =

= αi−h1−1mv

2
+ (1− α)

i−h1−1∑

k=1

αk−1 (k + h0 − 1)(k + h0)
2(m+ 1)

v +

+ αi−h1−1ai−m(i, h0)v ; (16)
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{ ¯à¨ m > i

M [VÏÖ/m]i,h0 = (1−α)
i−h1−1∑

k=1

αk−1
k+h0∑

l=2

M [Vl/m]+α
i−h1−1

i+1∑

l=2

M [Vl/m] =

= (1− α)

i−h1−1∑

k=1

αk−1 (k + h0 − 1)(k + h0)
2(m+ 1)

v + αi−h1−1 i(i+ 1)v

2
. (17)

IV. ‘«ãç�© i > h1 + 1 + h0 (â. ¥. i − h1 − 1 > h0). ÷�ááã¦¤�ï â�ª
¦¥, ª�ª ¨ ¢ ¯à¥¤ë¤ãé¥¬ á«ãç�¥, ¯®«ãç¨¬, çâ® ¯à¨ m ≤ h0 + 1 ¢ë¯®«−ïîâáï
à�¢¥−áâ¢� (13), ¯à¨ h0 + 1 < m ≤ i + h0 − h1 − 1 ¢¥à−ë à�¢¥−áâ¢� (15), ¯à¨
i+h0−h1 ≤ m ≤ i ¢¥à−ë à�¢¥−áâ¢� (16), ¯à¨m > i á¯à�¢¥¤«¨¢ë à�¢¥−áâ¢� (17).

’�ª ª�ª ¯à¨¡®à ®áâ�¥âáï §�−ïâë¬, ¯®ª� ¢ á¨áâ¥¬¥ −�å®¤¨âáï å®âï ¡ë ®¤−�
§�ï¢ª�, â® ¢à¥¬ï §�−ïâ®áâ¨ ¯à¨¡®à� ¢ ¯¥à¨®¤ −�å®¦¤¥−¨ï á¨áâ¥¬ë ¢ á®áâ®ï−¨¨ i
à�¢−® ¢à¥¬¥−¨ ¯à¥¡ë¢�−¨ï §� íâ®â ¯¥à¨®¤ ¢ á¨áâ¥¬¥ ¯®á«¥¤−¥© ¯®áâã¯¨¢è¥©
§�ï¢ª¨, � §−�ç¨â, ¢¥à−® à�¢¥−áâ¢®:

M [VÚÁÎ/m]i,h0 =







v , 0 ≤ m ≤ i ≤ h1 + 1 ;
i+ 1

m+ 1
v, i ≤ h1 + 1, m > i ;

v, m ≤ h0, h1 + 1 < i ;

(1− α)

m−h0∑

k=1

αk−1M [Vk+h0+1/m] + α
m−h0v,

h0 + 1 ≤ m ≤ i+ h0 − h1 − 1, h1 + 1 < i ;

(1− α)

i−h1−1∑

k=1

βk−1M [Vk+h0+1/m] + α
i−h1−1v,

i+ h0 − h1 ≤ m ≤ i ;

(1− α)

1−h1−1∑

k=1

αk−1M [Vk+h0+1/m] +

+ αi−h1−1M [Vi+2/m] , m ≥ i+ 1.

(18)

„«ï ¡¥§ãá«®¢−®£® áà¥¤−¥£® ¢à¥¬¥−¨ ®¦¨¤�−¨ï §�ï¢®ª ¨ áà¥¤−¥£® ¢à¥¬¥−¨
§�−ïâ®áâ¨ á¨áâ¥¬ë ¢ á«ãç�¥ i ≥ h2 ¯® ä®à¬ã«¥ ¯®«−®© ¢¥à®ïâ−®áâ¨ ¨¬¥¥¬:

V ÏÖ(i, h0) =
∞∑

m=0

∞∫

0

M [VÏÖ/m]i,h0 rm(v) dA(v) ; (19)

V ÚÁÎ(i, h0) =

∞∑

m=0

∞∫

0

M [VÚÁÎ/m]i,h0 rm(v) dA(v).
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„®ª�¦¥¬ −¥áª®«ìª® ãâ¢¥à¦¤¥−¨© ® á¢®©áâ¢�å ç�áâ−ëå ¯®ª�§�â¥«¥©.

“â¢¥à¦¤¥−¨¥ 2. ‘¯à�¢¥¤«¨¢ë à�¢¥−áâ¢�:

V ÏÖ(i+ 1, h0 + 1)− V ÏÖ(i, h0) = V ÚÁÎ(i, h0) , i = 0, h2 ; (20)

N ÓÂÒ(i+ 1, h0 + 1)−N ÓÂÒ(i, h0) = 0 , i = 0, h2 . (21)

„ ® ª � § � â ¥ « ì á â ¢ ® . ‚®á¯®«ì§®¢�¢è¨áì à�¢¥−áâ¢�¬¨ (9), (10), (12){(17) ¯à¨
ãá«®¢¨¨, çâ® ¢à¥¬ï ¯à¥¡ë¢�−¨ï ¢ á®áâ®ï−¨¨ i à�¢−® v, ¯®«ãç¨¬ á«¥¤ãîé¨¥
á®®â−®è¥−¨ï:

{ ¤«ï 0 ≤ i ≤ h1 + 1 ¢¥à−®

M [VÏÖ/m]i+1,h0+1 −M [VÏÖ/m]i,h0 =







v ¯à¨ m ≤ i ;
i+ 1

m+ 1
v ¯à¨ m > i ;

(22)

{ ¤«ï h1 + 1 < i ≤ h1 + h0 + 1 ¢¥à−®

M [VÏÖ/m]i+1,h0+1 −M [VÏÖ/m]i,h0 =

=







v , 0 ≤ m ≤ h0 + 1 ;

(1− α)

m−h0∑

k=1

αk−1k + h0
m+ 1

v + αm−h0v,

h0 + 1 < i+ h0 − h1 − 1 ;

(1− α)

i−h1−1∑

k=1

αk−1 k + h0
m+ 1

v + αi−h1−1v,

i+ h0 − h1 ≤ m ≤ i ;

(1− α)

i−h1−1∑

k=1

αk−1 k + h0
m+ 1

v + αi−h1−1 i+ 1

m+ 1
v , m > i .

(23)

Š�ª á«¥¤ã¥â ¨§ ¯. IV, ¤«ï á«ãç�ï h1+h0+1 < i ≤ h2−1 â�ª¦¥ ¢ë¯®«−ï¥âáï
à�¢¥−áâ¢® (23). Š�ª ¢¨¤¨¬, ¥á«¨ ®¡ê¥¤¨−¨âì (22) ¨ (23), â® ¯®«ãç¨¬ (18).
‘«¥¤®¢�â¥«ì−®, ¯à¨¬¥−¨¢ ä®à¬ã«ã (19), ¯®«ãç¨¬ (20).

„«ï áà¥¤−¥£® ç¨á«� á¡à®è¥−−ëå ¢ á®áâ®ï−¨¨ i §�ï¢®ª ¯à¨ ãá«®¢¨¨, çâ®
¯à®¨§®è«® á®¡ëâ¨¥ Bm, ¢¥à−ë à�¢¥−áâ¢�:

{ ¯à¨ i ≤ h1 + 1 (â�ª ª�ª ¢ á®áâ®ï−¨ïå i ≤ h1 + 1 §�ï¢ª¨ −¥ á¡à�áë¢�îâáï)

M [NÓÂÒ/m]i,h0 = 0 ;
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{ ¯à¨ h1 + 1 < i ≤ h2, m ≤ i− h1 − 1

M [NÓÂÒ/m]i,h0 = (1− α)
m∑

k=1

αk−1(i+ 1− k − h0) =

= (i+ 1− h0)(1− αm)−mαm +
1− αm

1− α
;

{ ¯à¨ h1 + 1 < i ≤ h2, m > i− h1 − 1

M [NÓÂÒ/m]i,h0 =

i−h1−1∑

k=1

(1− α)αk−1(i+ 1− k − h0) =

= (i+ 1− h0)
(

1− αi−h1−1
)

− (i− h1 − 1)αi−h1−1 +
1− αi−h1−1

1− α
.

’®£¤� ¡¥§ãá«®¢−®¥ áà¥¤−¥¥ ç¨á«® á¡à®è¥−−ëå ¢ á®áâ®ï−¨¨ i §�ï¢®ª ¯à¨ ¯®à®£¥ h0
à�¢−®

N ÓÂÒ(i, h0) =

i−h1−1∑

m=1

[

(i+ 1− h0)(1 − αm)−mαm +
1− αm

1− α

]

rm +

+

[

(i+ 1− h0)
(

1− αi−h1−1
)

− (i− h1 − 1)αi−h1−1 +
1− αi−h1−1

1− α

]
∞∑

m=i−h1

rm.

ˆ§ ¯®á«¥¤−¥£® à�¢¥−áâ¢� −¥¯®áà¥¤áâ¢¥−−® á«¥¤ã¥â ¤®ª�§�â¥«ìáâ¢® à�¢¥−-
áâ¢� (21).
“â¢¥à¦¤¥−¨¥ 3. ‘¯à�¢¥¤«¨¢® à�¢¥−áâ¢®

h2∑

i=0

πi(h0)
[
V ÚÁÎ(i+ 1, h0 + 1)− V ÚÁÎ(i, h0)

]
=
r0
µ

π0(h0 + 1)

1− π0(h0 + 1)
. (24)

„ ® ª � § � â ¥ « ì á â ¢ ® . ˆ§ (18) ¨ (19), ¯®¤áâ�¢¨¢ M [Vl/m] = (l/(m + 1))v
¨ ¯à®¢¥¤ï ¯à®áâë¥ ¯à¥®¡à�§®¢�−¨ï, ¯®«ãç¨¬:

V ÚÁÎ(i+ 1, h0 + 1)− V ÚÁÎ(i, h0) =

=







1

µ

∞∑

m=i+2

rm , i ≤ h1 ;

1

µ





i−h1+h0∑

m=h0+2

rm

(

1− αm−h0−1
)

+
(

1− αi−h1
) i+1∑

m=i−h1+h0+1

rm +
∞∑

m=i+2

rm



 ,

h1 + 1 ≤ i .
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‹¥£ª® ¯®ª�§�âì, çâ® ¤«ï «î¡®£® ä¨ªá¨à®¢�−−®£® i ¢ëà�¦¥−¨¥ ¢ ¯à�¢®© ç�áâ¨ íâ®£®
à�¢¥−áâ¢� ¨ ¢ëà�¦¥−¨¥ ¤«ï (1/µ)pi+1,0(h0+1), ¯®«ãç�¥¬®£® ¨§ (2), à�¢−®á¨«ì−ë.
‘«¥¤®¢�â¥«ì−®, ¢ë¯®«−ï¥âáï à�¢¥−áâ¢®

V ÚÁÎ(i+ 1, h0 + 1)− V ÚÁÎ(i, h0) =
1

µ
pi+1,0(h0 + 1) , 0 ≤ i ≤ h2 .

ˆ§ ãà�¢−¥−¨ï ¤«ï π0(h0 + 1) ¢ (2) ¨ á®®â−®è¥−¨© (3) ¯®«ãç¨¬

r0 =
1

π0(h0 + 1)

h2+1∑

i=1

πi(h0 + 1)pi,0(h0 + 1) =

=
1− π0(h0 + 1)

π0(h0 + 1)

h2∑

i=0

πi(h0)pi+1,0(h0 + 1).

ˆ§ ¯®á«¥¤−¥£® à�¢¥−áâ¢� á«¥¤ã¥â (24).
“â¢¥à¦¤¥−¨¥ 4. –¥«¥¢�ï äã−ªæ¨ï D(h0) | ã−¨¬®¤�«ì−�ï äã−ªæ¨ï ¯® h0 ¯à¨
h2 − h1 = const ¨ h1 − h0 = const.
„ ® ª � § � â ¥ « ì á â ¢ ® . Š�ª á«¥¤ã¥â ¨§ (2) ¨ (4), ¢¥à−ë à�¢¥−áâ¢�:

D(h0)−D(h0 + 1) =

h2∑

i=0

πi(h0)di(h0)−
h2+1∑

i=1

πi(h0 + 1)di(h0 + 1)−

− π0(h0 + 1)d0(h0 + 1) = π0(h0 + 1)

h2∑

i=0

πi(h0)di(h0)−

− [1− π0(h0 + 1)]

h2∑

i=0

πi(h0) [di+1(h0 + 1)− di(h0)]− π0(h0 + 1)d0(h0 + 1).

�âáî¤�, ¢ë−¥áï π0(h0 + 1) §� ä¨£ãà−ë¥ áª®¡ª¨ ¢ ¯à�¢®© ç�áâ¨ ¯®á«¥¤−¥£®
à�¢¥−áâ¢�, ¯®¤áâ�¢¨¢ ¢¬¥áâ® di(h0), di+1(h0 + 1) ¨ d0(h0 + 1) ¨å ¢ëà�¦¥−¨ï
¨§ (1) ¨ ¨á¯®«ì§®¢�¢ (20) ¨ (21), ¯®«ãç¨¬:

D(h0)−D(h0 + 1) = π0(h0 + 1)

{

D(h0) +C1
1− π0(h0 + 1)

π0(h0 + 1)
×

×
[

h2∑

i=0

πi(h0)
[
V ÏÖ(i+ 1, h0 + 1)− V ÏÖ(i, h0)

]

]

−
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−C2
1

π0(h0 + 1)

[
h2∑

i=0

πi+1(h0 + 1)
[
N ÓÂÒÏÓ(i+ 1, h0 + 1)−N ÓÂÒÏÓ(i, h0)

]

]

−

− C3
1− π0(h0 + 1)

π0(h0 + 1)

[
h2∑

i=0

πi(h0)
[
V ÐÒÏÓÔ(i+ 1, h0 + 1)− V ÐÒÏÓÔ(i, h0)

]

]

−

− d0(h0 + 1)

}

=

= π0(h0 + 1)

{

D(h0) + C1
1− π0(h0 + 1)

π0(h0 + 1)

h2∑

i=0

πi(h0)V ÚÁÎ(i, h0)−

− C3
1− π0(h0 + 1)

π0(h0 + 1)

[
h2∑

i=0

πi(h0)
[
V ÚÁÎ(i, h0)− V ÚÁÎ(i+ 1, h0 + 1)

]

]

−

− C0 + C4

(

v − 1− r0
µ

)}

.

‡�¬¥−¨¢ ¢ëà�¦¥−¨¥ ¢ ª¢�¤à�â−ëå áª®¡ª�å ¢ ¯à�¢®© ç�áâ¨ ¯®á«¥¤−¥£® à�¢¥−-
áâ¢� −� ¯à�¢ãî ç�áâì à�¢¥−áâ¢� (24), ¯¥à¥¯¨è¥¬ ¥£® ¢ ¢¨¤¥:

D(h0)−D(h0 + 1) = π0(h0 + 1)[D(h0)−G(h0)] , (25)

£¤¥

G(h0) = C0−(C3 + C4)
r0
µ
+
C4
µ

−C4v−C1
1− π0(h0 + 1)

π0(h0 + 1)

h2∑

i=0

πi(h0)V ÚÁÎ(i, h0).

‡�¬¥â¨¬, çâ® äã−ªæ¨ï G(h0) | −¥¢®§à�áâ�îé�ï äã−ªæ¨ï ¯® h0, â�ª ª�ª
∑h2

i=0 πi(h0)V ÚÁÎ(i, h0)| áà¥¤−¥¥ ¢à¥¬ï §�−ïâ®áâ¨ ¯à¨¡®à� §� ¢à¥¬ï −�å®¦¤¥−¨ï
¢ ¯à®¨§¢®«ì−®¬ á®áâ®ï−¨¨ ¨ ¢®§à�áâ�¥â ¯® h0, π0(h0) | ã¡ë¢�îé�ï äã−ªæ¨ï
¯® h0. ’®£¤�, ¯®áª®«ìªã ¨¬¥¥â ¬¥áâ® á®®â−®è¥−¨¥ (25), ¤®ª�§�â¥«ìáâ¢® ãâ¢¥à¦-
¤¥−¨ï 3 −¥¯®áà¥¤áâ¢¥−−® á«¥¤ã¥â ¨§ â¥®à¥¬ë 1, ¯à¨¢¥¤¥−−®© ¢ [25].

�� à¨áã−ª¥ ¯à®¨««îáâà¨à®¢�−® ¯®¢¥¤¥−¨¥ ¢§¢¥è¥−−®© áã¬¬ë ç�áâ−ëå ¯®ª�-
§�â¥«¥© ¬®¤¥«¨ ‘Œ� á RED-¯®¤®¡−ë¬ �«£®à¨â¬®¬ ¯à¨ á«¥¤ãîé¨å §−�ç¥−¨ïå
¯�à�¬¥âà®¢: C0 = 10; C1 = 0,1; C2 = 3; C3 = 0,5; C4 = 0,01; f(t) =
= λ exp(−λt); λ = 4; µ = 4; a2 = 0. �� à¨áã−ª¥ D∗(a) | äã−ªæ¨ï
¬�ªá¨¬�«ì−ëå §−�ç¥−¨© ¢§¢¥è¥−−®© áã¬¬ë ®â ¯¥à¥¬¥−−®© a = a1 = h1 − h0,
h∗ | §−�ç¥−¨¥ −¨¦−¥£® ¯®à®£� h0, ¯à¨ ª®â®à®¬ D(h0) ¤®áâ¨£�¥â ¬�ªá¨¬�«ì−®£®
§−�ç¥−¨ï.
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ƒà�ä¨ª¨ äã−ªæ¨© D(h0) ¯à¨ a = 4, α = 0,2 (1) ¨ ¯à¨ a = 4, α = 0,8 (2) ¨ äã−ªæ¨¨
D∗(a) (3)

4 Заключение

ˆ§ á¢®©áâ¢� ã−¨¬®¤�«ì−®áâ¨ á«¥¤ã¥â, çâ® h0 = h∗ | â®çª� ¬�ªá¨¬ã¬�Q(h0),
¥á«¨ ¢ë¯®«−ï¥âáï ãá«®¢¨¥ Q(h∗ − 1) ≤ Q(h∗) ¨ Q(h∗) ≥ Q(h∗ + 1). ’�ª¦¥ ¨§
á¢®©áâ¢� ã−¨¬®¤�«ì−®áâ¨ Q(h0) á«¥¤ã¥â ¯à®áâ®¥ ¯à�¢¨«® ®¯â¨¬�«ì−®© −�áâà®©-
ª¨ −¨¦−¥£® ¯®à®£®¢®£® §−�ç¥−¨ï à�áá¬�âà¨¢�¥¬®£® RED-¯®¤®¡−®£® �«£®à¨â¬�:
¯�à�¬¥âà h0 ¯®á«¥¤®¢�â¥«ì−® ã¢¥«¨ç¨¢�âì ¨«¨ ¯®á«¥¤®¢�â¥«ì−® ã¬¥−ìè�âì ¤® â¥å
¯®à, ¯®ª� ¢®§à�áâ�¥â Q(h0).

�â¬¥â¨¬ â�ª¦¥, çâ® ¥á«¨ C0 ¨−â¥à¯à¥â¨à®¢�âì ª�ª ú¯«�âãû ¯®áâã¯¨¢è¥©
§�ï¢ª¨, C1, C2, C3 ¨ C4 | úèâà�äëû ¢ ¥¤¨−¨æã ¢à¥¬¥−¨ á®®â¢¥âáâ¢¥−−® §�
§�¤¥à¦ªã §�ï¢ª¨, §� á¡à®á ¨§ ®ç¥à¥¤¨, §� ¯à®áâ®© ¯à¨¡®à� ¨ ®âª�§ ¢ ®¡á«ã¦¨¢�−¨¨,
� äã−ªæ¨î di(h0)| ª�ª áà¥¤−¨© ú¤®å®¤û, ¯®«ãç�¥¬ë© ‘Œ� ¢ ¥¤¨−¨æã ¢à¥¬¥−¨
§� ¢à¥¬ï −�å®¦¤¥−¨ï ¢ á®áâ®ï−¨¨ i, â® Q(h0) ¨−â¥à¯à¥â¨àã¥âáï ª�ª ¯à¥¤¥«ì−ë©
ú¤®å®¤û ‘Œ� ¢ ¥¤¨−¨æã ¢à¥¬¥−¨ [20{22,24].

‡�¬¥â¨¬, çâ® ã−¨¬®¤�«ì−®áâì äã−ªæ¨¨Q(h) ¤®ª�§�−� ¯® −¨¦−¥¬ã ¯®à®£ã ¯à¨
ãá«®¢¨¨ ¯®áâ®ï−−ëå a1 ¨ a2. Š�ª ¯®ª�§ë¢�îâ ¢ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë,
¯à®¢¥¤¥−−ë¥ ¤«ï �−�«¨§� §�¢¨á¨¬®áâ¨ Q(h) ®â h1 ¨ h2, ®¯â¨¬�«ì−®¥ §−�ç¥−¨¥
¢§¢¥è¥−−®© äã−ªæ¨¨ ¯® −¨¦−¥¬ã ¯®à®£ã ¯à¨ ¡®«ìè¨å §−�ç¥−¨ïå a1 (¨«¨ a2)
¬¥−ï¥âáï −¥§−�ç¨â¥«ì−® (á¬. −� à¨áã−ª¥ £à�ä¨ª äã−ªæ¨¨ D∗(a)).
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UNIMODALITY OF THE WEIGHTED SUM OF PARTIAL CRITERIA
OF THE G/M/1MODEL WITH UPDATING

AND A TWO-THRESHOLD RED-LIKE ALGORITHM
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Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation

Abstract: Currently, in addition to end-to-end congestion control mechanisms,
RED-like (RED | Random Early Detection) queue management mechanisms are
being actively implemented in routers in existing information networks. The paper
considers a model of theG/M/1 queu¥ system in which the queue is controlled by
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a two-threshold RED-like algorithm with probabilistic dumping of requests.
In the model under consideration, the decision to reset is made at the time
of completion of the client service depending on the current queue length.
Theoretically, the behavior of a weighted function of criteria (the intensity of the
accepted customer flow, the average delay of served customers, the intensity of
rejected customers at the entrance, the intensity of customers dropped from the
queue, and the average downtime of the device) is studied when changing the value
of the lower threshold parameter of the algorithm. A number of statements about
the properties of particular criteria and the statement that the weighted function
of particular criteria is unimodal in terms of the lower threshold parameter are
proved. A simple rule for correcting the value of the lower threshold parameter is
proposed which is guaranteed to find the maximum value of a weighted function
of particular criteria.

Keywords: queuing system; RED-like algorithm; queue updating; unimodality
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ARIMA-МОДЕЛИРОВАНИЕ ПОСЛЕДОВАТЕЛЬНОСТИ
ВРЕМЕН ПРЕБЫВАНИЯ В СИСТЕМЕ МАССОВОГО

ОБСЛУЖИВАНИЯ

М. П. Кривенко1

�−−®â�æ¨ï: �à®¢¥¤¥−® ¯®áâà®¥−¨¥ ¬®¤¥«¨ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢à¥¬¥− ¯à¥¡ë-
¢�−¨ï {Vi} −� ®á−®¢¥ ¨¬¥îé¨åáï ¯à¥¤¯®«®¦¥−¨© ®â−®á¨â¥«ì−® å�à�ªâ¥à¨áâ¨ª
á¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï (‘Œ�) ¨ §�¤�−−ëå −�¡®à®¢ ¤�−−ëå. „«ï
áâ�â¨áâ¨ç¥áª®£® ª®−âà®«ï áâ�¡¨«ì−®áâ¨ ‘Œ� á ¯®¬®éìî {Vi} ¯à¨¢«¥ç¥−� ¬®-
¤¥«ì ARIMA (AutoRegressive Integrated Moving Average). �á−®¢−ë¥ ¯à¨ç¨−ë
¤«ï íâ®£®: ¯à®æ¥áá {Vi} ¬®¦¥â ¡ëâì ª�ª áâ�æ¨®−�à−ë¬, â�ª ¨ −¥áâ�æ¨®−�à−ë¬
á §�¢¨á¨¬®áâìî ®â¤¥«ì−ëå á®áâ®ï−¨©; ®¯à®¡ë¢�−¨¥ ã¯à®é¥−−®£® ¢�à¨�−â�
ARIMA-¬®¤¥«¨ ¯à¨ ®¡−�àã¦¥−¨¨ −¥áâ�¡¨«ì−®áâ¨ ¯®ª�§�«® ¥¥ ¤¥©áâ¢¥−−®áâì;
áãé¥áâ¢ã¥â á®®â¢¥âáâ¢ãîé�ï ¯à®£à�¬¬−�ï à¥�«¨§�æ¨ï | ¯�ª¥â forecasting
¯«�âä®à¬ë R. �à¨ íâ®¬ áâ�â¨áâ¨ç¥áª¨© ª®−âà®«ì áâ�¡¨«ì−®áâ¨ | ¯¨®−¥àáª®¥
−�¯à�¢«¥−¨¥, ¨ ®¯ëâ� ¯®áâà®¥−¨ï á®®â¢¥âáâ¢ãîé¨å áâ�â¨áâ¨ç¥áª¨å ¬®¤¥«¥©
¯à�ªâ¨ç¥áª¨ −¥â. ‚ áâ�âì¥ ¯à®ïá−ïîâáï â®−ª®áâ¨ ¯à¨−¨¬�¥¬ëå ª ¤¥©áâ¢¨î
®¡é¨å ¯à¨−æ¨¯®¢ ¯®áâà®¥−¨ï ¬®¤¥«¨ ¢ á«ãç�¥ ª®−âà®«ï áâ�¡¨«ì−®áâ¨ äã−ªæ¨-
®−¨à®¢�−¨ï ‘Œ�. „«ï ¨««îáâà�æ¨¨ ¢®§¬®¦−®áâ¥© ARIMA-¬®¤¥«¨à®¢�−¨ï
à�áá¬�âà¨¢�îâáï ¯®á«¥¤®¢�â¥«ì−®áâ¨ {Vi} ¤«ï ¤¢ãå¯à®æ¥áá®à−®© á¨áâ¥¬ë
M/M/2 ®¡à�¡®âª¨ §�¤�−¨© á® á«ãç�©−ë¬ ¢ë¡®à®¬ ç¨á«� âà¥¡ã¥¬ëå ¯à®-
æ¥áá®à®¢. �à®¢¥¤¥−−ë¥ íªá¯¥à¨¬¥−âë ¯®ª�§�«¨: ARIMA-¬®¤¥«ì ãç¨âë¢�¥â
®á®¡¥−−®áâ¨ ¯à®æ¥áá� {Vi}; ¯à¨−ïâë© ¬¥â®¤ ¯®¤£®−ª¨ ¬®¤¥«¨ ¤¥¬®−áâà¨-
àã¥â −�¤¥¦−®áâì; ¯à¨¬¥−¥−¨¥ ¤«ï ª®−âà®«ï áâ�¡¨«ì−®áâ¨ â®«ìª® ¯�à�¬¥âà®¢
¬®¤¥«¨ −¥íää¥ªâ¨¢−®. �®ï¢¨¢è�ïáï ¢®§¬®¦−®áâì ¯à®£−®§¨à®¢�−¨ï −¥ ¯à®â¨-
¢®à¥ç¨â ®¡é¨¬ à¥§ã«ìâ�â�¬ ® ¯®¢¥¤¥−¨¨ áâ�¡¨«ì−®© ¨«¨ −¥áâ�¡¨«ì−®© á¨áâ¥¬,
¬®¦¥â ¢−®á¨âì ª®àà¥ªâ¨¢ë ¢ ¯à¨−ïâ¨¥ à¥è¥−¨ï ® áâ�¡¨«ì−®áâ¨, � â�ª¦¥ á«ã-
¦¨âì ®â¯à�¢−®© â®çª®© ¯à¨ �−�«¨§¥ ¨ ®æ¥−ª¥ à¨áª®¢ ¨á¯®«ì§®¢�−¨ï ‘Œ�.
ˆáá«¥¤®¢�−� �¤¥ª¢�â−®áâì ¯à¥¤«�£�¥¬®© ¬®¤¥«¨.

Š«îç¥¢ë¥ á«®¢�: ‘Œ� (á¨áâ¥¬� ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï); ¢à¥¬¥−−ë¥ àï¤ë;
â¥áâë áâ�¡¨«ì−®áâ¨; �¢â®¬�â¨ç¥áª®¥ ¯à®£−®§¨à®¢�−¨¥; ARIMA-¬®¤¥«¨à®¢�-
−¨¥; áâ�â¨áâ¨ª� á R
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ARIMA-¬®¤¥«¨à®¢�−¨¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢à¥¬¥− ¯à¥¡ë¢�−¨ï ¢ ‘Œ�

¢å®¤−®£® ¯®â®ª� ¨ â. ¤.) ¨ §�¤�−−®£® −�¡®à� ¤�−−ëå ¯®áâà®¨âì ¯à¥¤áâ�¢«¥−¨¥
® −�¨¡®«¥¥ ¯®¤å®¤ïé¥¬ áâ®å�áâ¨ç¥áª®¬ ¯à®æ¥áá¥, ª®â®àë© ¬®£ ¡ë ¯®à®¤¨âì
−�¡«î¤¥−−ë¥ §−�ç¥−¨ï. ’�ª�ï §�¤�ç� çà¥§¢ëç�©−® á«®¦−� ¨ ®áâ�¥âáï â�ª®¢®©
¤�¦¥ ¢ â®¬ á«ãç�¥, ª®£¤� ®¡ê¥¬ ¤®áâã¯−ëå ¤�−−ëå ¬®¦−® á¤¥«�âì áª®«ì ã£®¤−®
¡®«ìè¨¬. “¢¥«¨ç¥−¨¥ ç¨á«� ¢ë¡®à®ç−ëå §−�ç¥−¨© æ¥«¥á®®¡à�§−® á â®çª¨ §à¥-
−¨ï −�¤¥¦−®áâ¨ áâ�â¨áâ¨ç¥áª®£® ¢ë¢®¤� ¨ ¦¥«�â¥«ì−® ª�ª áà¥¤áâ¢® à¥�«¨§�æ¨¨
¡¥áª®−¥ç−®áâ¨ ¯à¨ ãáâ�−®¢«¥−¨¨ áâ�¡¨«ì−®áâ¨, −®, áª®à¥¥ ¢á¥£®, ãá«®¦−¨â ¬®-
¤¥«ì å®âï ¡ë ¯®â®¬ã, çâ® −� ¤«¨â¥«ì−®¬ ¯¥à¨®¤¥ ¢à¥¬¥−¨ ¯à¨å®¤¨âáï ¤®¯ãáª�âì
¨§¬¥−ç¨¢®áâì ãá«®¢¨© äã−ªæ¨®−¨à®¢�−¨ï ‘Œ�. �¥ −�¤® §�¡ë¢�âì â�ª¦¥, çâ®
à®áâ ®¡à�¡�âë¢�¥¬ëå ¤�−−ëå ãáã£ã¡«ï¥â ¢ëç¨á«¨â¥«ì−ë¥ ¯à®¡«¥¬ë.

’¥¬ −¥ ¬¥−¥¥ ¬®¦−® ¤®¡¨âìáï §−�ç¨â¥«ì−®£® ¯à®£à¥áá�, ¥á«¨ à�áá¬�âà¨¢�âì
â®«ìª® «¨−¥©−ë¥ ¯à®æ¥ááë ¨ −�¤¥ïâìáï, çâ® ®−¨ å®à®è® �¯¯à®ªá¨¬¨àãîâ ¢® ¢á¥å
−ã¦−ëå �á¯¥ªâ�å á¢®©áâ¢� ¨áâ¨−−®£® ¯à®æ¥áá�. Šà®¬¥ â®£®, ¤«ï à�áá¬�âà¨¢�-
¥¬®£® ¤�«¥¥ ¯à®æ¥áá� ¯à¥¡ë¢�−¨ï §�ï¢®ª ¢ ‘Œ� á ç¥£®-â® −�¤® −�ç¨−�âì.

�á®¡®¥ ¢−¨¬�−¨¥ ¢ íâ®¬ á¬ëá«¥ ¯à¨¢«¥ª�¥â ¬¥â®¤®«®£¨ï �®ªá�{„¦¥−ª¨−-
á�, ¨§¢¥áâ−�ï ¯®¤ ¨¬¥−¥¬ ARIMA; ¥¥ −�¨¡®«¥¥ á®¢à¥¬¥−−®¥ ¨§«®¦¥−¨¥ ¤�−®
¢ à�§¤. 4 [1]. ‘®®â¢¥âáâ¢ãîé�ï ¬®¤¥«ì ¤�−−ëå ¯à¥¤áâ�¢«ï¥â á®¡®© à�áè¨à¥−¨¥
¬®¤¥«¨ �¢â®à¥£à¥áá¨¨ ¨ áª®«ì§ïé¥£® áà¥¤−¥£® ARMA(p, q), ¯à¨¬¥−ï¥âáï ª −¥-
áâ�æ¨®−�à−ë¬ ¢à¥¬¥−−‚ë¬ àï¤�¬, ª®â®àë¥ ¬®¦−® á¤¥«�âì áâ�æ¨®−�à−ë¬¨ ¯ãâ¥¬
¢§ïâ¨ï à�§−®áâ¥© ¯®àï¤ª� d ®â ¨áå®¤−®£® ¢à¥¬¥−−‚®£® àï¤�, ¨ ®¡®§−�ç�¥âáï ª�ª
ARIMA (p, d, q). �¥á¥§®−−ë© ¢�à¨�−â ARIMA-¬®¤¥«¨, á®£«�á−® [2], ¨¬¥¥â ¢¨¤:

ϕ(B)
(

1−Bd
)

yt = c+ θ(B)εt , (1)

£¤¥ {εt} | ¡¥«ë© èã¬ á −ã«¥¢ë¬ áà¥¤−¨¬ ¨ ¤¨á¯¥àá¨¥© σ2; B | ®¯¥à�â®à
®¡à�â−®£® á¤¢¨£�; ϕ(z) ¨ θ(z) | ¯®«¨−®¬ë ¯®àï¤ª� p ¨ q á®®â¢¥âáâ¢¥−−®.
—â®¡ë ®¡¥á¯¥ç¨âì ®¡à�â¨¬®áâì ¬®¤¥«¨ ¨ ¢®§¬®¦−®áâì ¯®áâà®¥−¨ï ¯à®£−®§�,
¯à¥¤¯®«�£�¥âáï, çâ® ϕ(z) ¨ θ(z) −¥ ¨¬¥îâ ª®à−¥© ¢ ®¡«�áâ¨ |z| < 1.

�à¨ç¨− ®¡à�â¨âìáï ª ARIMA-¬®¤¥«¨ ¢ ª®−â¥ªáâ¥ áâ�â¨áâ¨ç¥áª®£® ª®−âà®«ï
áâ�¡¨«ì−®áâ¨ ‘Œ� −¥áª®«ìª®.

‚®-¯¥à¢ëå, ¤«ï −¥áâ�¡¨«ì−ëå á¨áâ¥¬ ¨ ¢å®¤−®£® ¯®â®ª� ®¯à¥¤¥«¥−−®© ¨−â¥−-
á¨¢−®áâ¨ ç¨á«® ®¡á«ã¦¨¢�¥¬ëå §�ï¢®ª «¨−¥©−® à�áâ¥â ¯à¨ ã¢¥«¨ç¨¢�îé¥¬áï t,
¯®íâ®¬ã ¢à¥¬ï ¯à¥¡ë¢�−¨ï ¢ á¨áâ¥¬¥ ¢ áà¥¤−¥¬ â�ª¦¥ à�áâ¥â ¯® ªà�©−¥© ¬¥à¥
«¨−¥©−® [3], � ¤«ï áâ�¡¨«ì−ëå | áâ�−®¢¨âáï ¯®áâ®ï−−ë¬. ’�ª¨¬ ®¡à�§®¬, ¯à¨
ª®−âà®«¥ áâ�¡¨«ì−®áâ¨ ¯à¨å®¤¨âáï ¯à¨ ¡®«ìè¨å §−�ç¥−¨ïå ¢à¥¬¥−¨ áâ�«ª¨¢�âìáï
ª�ª á® áâ�æ¨®−�à−ë¬, â�ª ¨ á −¥áâ�æ¨®−�à−ë¬ ¯®¢¥¤¥−¨¥¬ ¯à®æ¥áá� ¯à¥¡ë¢�−¨ï
§�ï¢®ª ¢ á¨áâ¥¬¥, ¤«ï ª®â®à®£® ª â®¬ã ¦¥ å�à�ªâ¥à−� §�¢¨á¨¬®áâì ®â¤¥«ì−ëå
á®áâ®ï−¨©. �¥à¥ç¨á«¥−−®¥ ª�ª à�§ ¨ ®â¢¥ç�¥â á®¤¥à¦�−¨î ARIMA-¬®¤¥«¨.

‚®-¢â®àëå, ®¯à®¡®¢�−¨¥ ä�ªâ¨ç¥áª¨ ã¯à®é¥−−®£® ¢�à¨�−â� ARIMA-¬®¤¥«¨
¯à¨ ®¡−�àã¦¥−¨¨ −¥áâ�¡¨«ì−®áâ¨ ¯®ª�§�«® ¥¥ ¤¥©áâ¢¥−−®áâì [3].

‚-âà¥âì¨å, −¥á¬®âàï −� á«®¦−®áâì ARIMA-¬®¤¥«¨, áãé¥áâ¢ã¥â ¥¥ ¯à®-
£à�¬¬−�ï à¥�«¨§�æ¨ï, ªáâ�â¨, â®¦¥ −¥¯à®áâ�ï. ‘�¬� ¯® á¥¡¥ à�áá¬�âà¨¢�¥¬�ï
¬®¤¥«ì ¤®áâ�â®ç−® á«®¦−�, â�ª ª�ª ¯à¥¤áâ�¢«ï¥â á®¡®© ª®¬¡¨−�æ¨î âà¥å ¤�«¥-
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ª® −¥ ¯à®áâëå ¬®¤¥«¥©, ¯®¤à�§ã¬¥¢�îé¨å á®ç¥â�−¨¥ à�§−®à®¤−ëå âàã¤®¥¬ª¨å
¬¥â®¤®¢ ®æ¥−¨¢�−¨ï ¨å ¯�à�¬¥âà®¢. ‚¤®¡�¢®ª ¥¥ ¯à¨¬¥−¥−¨¥ á®¯à®¢®¦¤�¥âáï
¢ëç¨á«¨â¥«ì−ë¬¨ ¯à®¡«¥¬�¬¨, á¢ï§�−−ë¬¨ á −¥®¡å®¤¨¬®áâìî à¥�«¨§�æ¨¨ ¯à®-
æ¥¤ãà ¬−®£®¬¥à−®© ®¯â¨¬¨§�æ¨¨ ¨ ¯®¤¤¥à¦ª¨ ¬¥â®¤®¢ ¯¥à¥¯à®¢¥àª¨, ¤� ¥é¥
¤«ï §�¢¥¤®¬® ¡®«ìè¨å ®¡ê¥¬®¢ ®¡à�¡�âë¢�¥¬ëå ¤�−−ëå; ¢á¥ íâ® −¥ á¯®á®¡áâ¢ã¥â
�ªâ¨¢−®¬ã á�¬®áâ®ïâ¥«ì−®¬ã ¯à®¤¢¨¦¥−¨î ¯à¥¤«�£�¥¬®© ¬®¤¥«¨. �� ¯®¬®éì
¯à¨å®¤¨â ¢®§¬®¦−®áâì ¨á¯®«ì§®¢�−¨ï −�¤¥¦−®£® ¨−áâàã¬¥−â�à¨ï ¤«ï à�¡®âë
á ARIMA-¬®¤¥«ìî ¢ ¢¨¤¥ ¯�ª¥â� forecasting [2] ¯à®£à�¬¬−®© áà¥¤ë ¢ëç¨á«¥-
−¨© R [4] (§¤¥áì ¨ ¤�«¥¥ ¨¬¥−� ¯�ª¥â®¢ ¨ äã−ªæ¨©, ®â−®áïé¨åáï ª R, ¢ë¤¥«¥−ë
¦¨à−ë¬).

‚-ç¥â¢¥àâëå, ¢ ®¡«�áâ¨ à®¤áâ¢¥−−ëå ¨áá«¥¤®¢�−¨© á¥â¥¢®£® âà�ä¨ª� [5]
¬®¦−® ®¡−�àã¦¨âì ¬−®¦¥áâ¢® ¯®§¨â¨¢−ëå ¯à¨¬¥à®¢ ¨á¯®«ì§®¢�−¨ï ARIMA-¬®-
¤¥«¨.

�−�«¨§ á¥â¥¢®£® âà�ä¨ª� (¤�«¥¥ | ¯à®áâ® âà�ä¨ª�) | ¢�¦−ë© íâ�¯ à�§-
à�¡®âª¨ ãá¯¥è−ëå ¯à¥¢¥−â¨¢−ëå áå¥¬ ª®−âà®«ï ¯¥à¥£àã§®ª ¨ ¢ëï¢«¥−¨ï ¨å
¢®§¬®¦−ëå ¯à¨ç¨−. �à¨ íâ®¬ ¢ë¤¥«ïîâáï ¤¢¥ ª�â¥£®à¨¨ ¯à®£−®§®¢: ¤®«£®áà®ç-
−ë¥ ¨ ªà�âª®áà®ç−ë¥. �à®£−®§¨à®¢�−¨¥ âà�ä¨ª� −� ¤«¨â¥«ì−ë© ¯¥à¨®¤ ¢à¥¬¥−¨
¤�¥â ¥£® à�§¢¥à−ãâ®¥ ®¯¨á�−¨¥ ¤«ï ®æ¥−ª¨ ¡ã¤ãé¨å ¯®âà¥¡−®áâ¥© ¢ ¯à®¯ãáª−®©
á¯®á®¡−®áâ¨ ¨, á«¥¤®¢�â¥«ì−®, ¯®§¢®«ï¥â ¡®«¥¥ ¤¥â�«ì−® ¯«�−¨à®¢�âì ¨ ¯à¨−¨-
¬�âì «ãçè¨¥ à¥è¥−¨ï. Šà�âª®¢à¥¬¥−−®¥ ¯à®£−®§¨à®¢�−¨¥ á¢ï§�−® á ¤¨−�¬¨ç¥-
áª¨¬ à�á¯à¥¤¥«¥−¨¥¬ à¥áãàá®¢. �−® ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�−® ¤«ï ã«ãçè¥−¨ï
¬¥å�−¨§¬®¢ ª�ç¥áâ¢� ®¡á«ã¦¨¢�−¨ï, ¤«ï ¬�àèàãâ¨§�æ¨¨ ¯�ª¥â®¢, � â�ª¦¥ ¤«ï
ª®−âà®«ï ¯¥à¥£àã§ª¨ ¨ ®¯â¨¬�«ì−®£® ã¯à�¢«¥−¨ï à¥áãàá�¬¨.

„«ï ®¯¨á�−¨ï ¨ ¯à®£−®§¨à®¢�−¨ï âà�ä¨ª� ¨á¯®«ì§ãîâáï à�§«¨ç−ë¥ £àã¯¯ë
¬¥â®¤®¢, ®¤−� ¨§ ª®â®àëå ®á−®¢�−� −� «¨−¥©−ëå ¬®¤¥«ïå ¢à¥¬¥−−‚ëå àï¤®¢.
‘�¬ë¥ ¯®¯ã«ïà−ë¥ áà¥¤¨ −¨å | ¬®¤¥«¨ �¢â®à¥£à¥áá¨¨ ¨ ¬®¤¥«¨ áª®«ì§ïé¥£®
áà¥¤−¥£®, ª®â®àë¥ ¬®£ãâ ¨á¯®«ì§®¢�âìáï ¯® ®â¤¥«ì−®áâ¨ ¨«¨ ®¡ê¥¤¨−ïâìáï ¤«ï
¯®«ãç¥−¨ï ¡®«¥¥ â®ç−®£® ®¯¨á�−¨ï ¤�−−ëå. ’�ª�ï ¬®¤¥«ì ®ª�§ë¢�¥âáï ªà�©−¥
íää¥ªâ¨¢−®© ¤«ï à�§«¨ç−ëå ¢�à¨�−â®¢ âà�ä¨ª�, ¢ª«îç�ï ¯à®£−®§¨à®¢�−¨¥ æ¨ª-
«¨ç¥áª¨å ¨ á¥§®−−ëå ¯à®æ¥áá®¢. „�«ì−¥©è¨¬ à�§¢¨â¨¥¬ ®ª�§ë¢�¥âáï ¨−â¥£à¨-
à®¢�−−�ï ARIMA-¬®¤¥«ì, ¯®§¢®«ïîé�ï ¤®áâ¨çì ¢ëá®ª¨å ¯®ª�§�â¥«¥© ª�ç¥áâ¢�
¯à®£−®§¨à®¢�−¨ï. ‚ ¯®á«¥¤−¥¥ ¢à¥¬ï ¯à¥¤«®¦¥−ë ¬®¤¨ä¨ª�æ¨¨ ¯¥à¥ç¨á«¥−-
−ëå ¬®¤¥«¥© [5]: K-ä�ªâ®à−�ï ARMA, −�ª®¯¨â¥«ì−�ï ¯à®£−®§¨à®¢�−¨ï APM
(Accumulative Predicting Model), SARIMA (Seasonal ARIMA) á ª«�áâ¥à�¬¨ ¯®
¬¥â®¤ã k-áà¥¤−¨å, SARIMA −� ®á−®¢¥ ¢¥©¢«¥â-¯à¨¡«¨¦¥−¨©, áª®àà¥ªâ¨à®¢�−-
−�ï AARIMA (Adjusted ARIMA), ¯à¨¡«¨¦¥−¨¥ ¤«ï ¯à®£−®§¨à®¢�−¨ï âà�ä¨ª�
−� ®á−®¢¥ áà¥¤áâ¢ ¯à®£−®§¨à®¢�−¨ï ¢à¥¬¥−−‚ëå àï¤®¢ EPTS (Engineering Predic-
tion Time Series). �â¨ ¬®¤¨ä¨ª�æ¨¨ ¯à¨¢®¤ïâ ª ã«ãçè¥−¨î â®ç−®áâ¨ ¯à®£−®§�,
¯®§¢®«ïîâ ã¢¥«¨ç¨âì áª®à®áâì ®¡à�¡®âª¨ ¤�−−ëå ¨ ¯®¢ëá¨âì íää¥ªâ¨¢−®áâì §�
áç¥â á−¨¦¥−¨ï èã¬� âà�ä¨ª�, á®§¤�îâ ¯à¥¤¯®áë«ª¨ ¤«ï ¯®á«¥¤ãîé¥£® à�§¢¨â¨ï
«¨−¥©−ëå ¬®¤¥«¥©.

�¯ëâ ¨á¯®«ì§®¢�−¨ï «¨−¥©−ëå ¬®¤¥«¥© ¯à¨ ¯à®£−®§¨à®¢�−¨¨ ¯®§¢®«ï¥â
â�ª¦¥ ¢ëç«¥−¨âì á®áâ�¢«ïîé¨¥ ¬¥â®¤®«®£¨¨ ¨áá«¥¤®¢�−¨ï âà�ä¨ª�:
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ARIMA-¬®¤¥«¨à®¢�−¨¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢à¥¬¥− ¯à¥¡ë¢�−¨ï ¢ ‘Œ�

{ ®á−®¢−ë¥ íâ�¯ë �−�«¨§� âà�ä¨ª� (¯à¥¤¢�à¨â¥«ì−�ï ®¡à�¡®âª�, ¨−â¥««¥ªâã-
�«ì−ë© �−�«¨§ ¤�−−ëå);

{ ¨á¯®«ì§ã¥¬ë¥ ¯®ª�§�â¥«¨ íää¥ªâ¨¢−®áâ¨;

{ ®á−®¢−ë¥ ¬®¤¥«¨ âà�ä¨ª� ¨ ¬¥â®¤ë ¯à®£−®§¨à®¢�−¨ï, � â�ª¦¥ ¨å ¬®¤¨ä¨ª�-
æ¨¨;

{ áâ�−¤�àâ−ë¥ −�¡®àë ¤�−−ëå (¤«ï ®¡ãç¥−¨ï, ¢¥à¨ä¨ª�æ¨¨ ¨ â¥áâ¨à®¢�−¨ï).

ˆ, −�ª®−¥æ, ¢-¯ïâëå, −¥ á«¥¤ã¥â §�¡ë¢�âì, çâ® áâ�â¨áâ¨ç¥áª¨© ª®−âà®«ì
áâ�¡¨«ì−®áâ¨ | ¯¨®−¥àáª®¥ −�¯à�¢«¥−¨¥, ¨ ®¯ëâ� ¯®áâà®¥−¨ï áâ�â¨áâ¨ç¥áª¨å
¬®¤¥«¥© ¯à®â¥ª�îé¨å ¢ ‘Œ� ¯à®æ¥áá®¢ −¥â, � ¢®â á®¬−¥−¨ï ¢ à¥§ã«ìâ�â¨¢−®áâ¨
¯à¨¬¥−¥−¨ï ª®¬¡¨−¨à®¢�−−®© ¬®¤¥«¨ «¨−¥©−ëå ¯à®æ¥áá®¢ ¥áâì.

2 Принципы построения модели данных

„�«¥¥ ¢ëïá−ïîâáï â®−ª®áâ¨ (¤¥â�«¨, ¯®¤à®¡−®áâ¨) ¯à¨−¨¬�¥¬ëå ª ¤¥©áâ¢¨î
®¡é¨å ¯à¨−æ¨¯®¢ ¯®áâà®¥−¨ï ¬®¤¥«¨ ¢ á«ãç�¥ ª®−âà®«ï áâ�¡¨«ì−®áâ¨ äã−ªæ¨-
®−¨à®¢�−¨ï ‘Œ�. �à¨ íâ®¬ −¥®¡å®¤¨¬® ãç¨âë¢�âì ¤¢� ¢�¦−ëå ãá«®¢¨ï: ¤«ï
¬®¤¥«¨à®¢�−¨ï ¯à¨¢«¥ª�¥âáï á«®¦−�ï áâàãªâãà� (ARIMA-¬®¤¥«ì ¨ ¥¥ ¬−®£®-
ç¨á«¥−−ë¥ ¬®¤¨ä¨ª�æ¨¨, ã¯®¬ï−ãâë¥ ¢ á¢ï§¨ á �−�«¨§®¬ âà�ä¨ª�) ¨ ®âáãâáâ¢¨¥
á®®â¢¥âáâ¢ãîé¥£® ®¯ëâ� áâ�â¨áâ¨ç¥áª®£® ®¯¨á�−¨ï á«®¦−ëå ¯à®æ¥áá®¢ (¯®á«¥¤®-
¢�â¥«ì−®áâ¨ ¢à¥¬¥− ¯à¥¡ë¢�−¨ï §�ï¢®ª ¢ ®ç¥à¥¤¨ ¨«¨ ¢ á¨áâ¥¬¥).

”®à¬¨àã¥¬ë¥ à¥è¥−¨ï á®ç¥â�îâ ®¡é¨¥ ª®−âãàë ARIMA-¯®¤å®¤� ¨ ¢®§¬®¦-
−®áâ¨ ¯à¨¢«¥ª�¥¬®£® ª ®¡à�¡®âª¥ ¤�−−ëå ¯�ª¥â� forecasting áà¥¤ë R. ��§®¢®©
¤«ï íâ®£® ¯�ª¥â� á«ã¦¨â à�¡®â� [2], ª®â®à�ï ¯à¥â¥à¯¥«� −¥áª®«ìª® à¥¤�ªæ¨©.
�®á«¥¤−¨© ¢�à¨�−â ¯¥à¥¢¥¤¥− −� àãááª¨© ï§ëª [6].

��ª¥â forecasting áà¥¤ë R ¨¬¥¥âáï ¢ ®âªàëâ®¬ ¤®áâã¯¥ −� https://CRAN.R-
project.org/package=forecasting ¨ á®¤¥à¦¨â âà¨ ®á−®¢−ë¥ ¯à®æ¥¤ãàë: ¬®¤¥«¨-
à®¢�−¨¥ ARIMA-¤�−−ëå (äã−ªæ¨ï arima.sim(. . .)); ¯®¤£®−ª� ARIMA-¬®¤¥«¨
(äã−ªæ¨ï auto.arima(. . .)); ARIMA-¯à®£−®§¨à®¢�−¨¥ (äã−ªæ¨ï forecast(. . .)).

‚ë¡®à ®¡ê¥¬� �−�«¨§¨àã¥¬ëå ¤�−−ëå. ‚�¦−ë¬ ¨ ¢¥áì¬� ¯à®â¨¢®à¥ç¨¢ë¬
ä�ªâ®à®¬ ¯à®æ¥áá� ¯®áâà®¥−¨ï ¬®¤¥«¨ ®ª�§ë¢�¥âáï ¤«¨−� àï¤� −�¡«î¤¥−¨©. —â®-
¡ë ®¡¥á¯¥ç¨âì ¤®áâ�â®ç−ãî ¤®«î ®¡ê¥ªâ¨¢−®áâ¨ ¯à¨−ïâëå à¥è¥−¨©, −¥®¡å®¤¨¬®
¨¬¥âì §−�ç¨â¥«ì−®¥ ç¨á«® á¢¨¤¥â¥«ìáâ¢, −� ª®â®àëå ¬®¦¥â ¡ëâì ®á−®¢�− à�æ¨-
®−�«ì−ë© ¢ë¡®à ¬®¤¥«¨. Šà®¬¥ â®£®, áâ�â¨áâ¨ç¥áª¨© ¢ë¢®¤ ® −¥áâ�¡¨«ì−®áâ¨
¬®¦¥â ¢ë«¨âìáï ¢ ®ª®−ç�â¥«ì−®¥ §�ª«îç¥−¨¥ ® −¥áâ�¡¨«ì−®áâ¨ ‘Œ� â®«ìª®
¯®á«¥ ¥£® à�á¯à®áâà�−¥−¨ï −� ¯à®¬¥¦ãâ®ª [0,∞). ‚ à¥§ã«ìâ�â¥ ¯®«ãç�¥âáï, çâ®
ã¢¥à¥−−®áâì ¢ ¯à�¢®â¥ ¯®«ãç�¥¬ëå à¥§ã«ìâ�â®¢ à�áâ¥â á ã¢¥«¨ç¥−¨¥¬ ®¡ê¥¬®¢
®¡à�¡�âë¢�¥¬ëå ¤�−−ëå, −® ®¡à�¡®âª� ¯®â¥−æ¨�«ì−® ¡¥§£à�−¨ç−®£® ®¡ê¥¬� ¨á-
å®¤−ëå ¤�−−ëå −� ¯à�ªâ¨ª¥ −¥ à¥�«¨§ã¥¬� å®âï ¡ë ¨§-§� áãé¥áâ¢¥−−ëå ¢¯«®âì ¤®
−¥¯à¥®¤®«¨¬ëå ¢ëç¨á«¨â¥«ì−ëå ®£à�−¨ç¥−¨©. ‚�¦−¥¥ ¤àã£®¥: ¯à¨¬¥−¥−¨¥ áâ�-
â¨áâ¨ç¥áª¨å â¥áâ®¢ ¯à¨ ú−¥®£à�−¨ç¥−−®©û ¤«¨−¥ N−¥ª®â®à®£® ¢à¥¬¥−−‚®£® àï¤�
¬®¦¥â ¯à¨¢¥áâ¨ ª ®è¨¡®ç−ë¬ ¢ë¢®¤�¬ ®â−®á¨â¥«ì−® −¥áâ�¡¨«ì−®áâ¨ ‘Œ� [7] |
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¯à¨−ïâ¨¥ −ã«¥¢®© £¨¯®â¥§ë á ¯®¬®éìî ªà¨â¥à¨ï â¨¯� „¨ª¨{”ã««¥à� ¯à¨ §−�-
ç¨â¥«ì−ëå, −® ª®−¥ç−ëå §−�ç¥−¨ïå N ¬®¦¥â £®¢®à¨âì ® ¢®§¬®¦−®© ¯¥à¥£àã§ª¥
¨ −¥áâ�¡¨«ì−®© à�¡®â¥ ‘Œ�, −® ®¤−®¢à¥¬¥−−® á íâ¨¬ ¯à¨ ¡‚®«ìè¨å §−�ç¥−¨ïå
N | ® ¢®ááâ�−®¢«¥−¨¨ à�¡®âë á¨áâ¥¬ë, ª®â®à®¥ ¢ ¨â®£¥ £¨¯®â¥â¨ç¥áª¨ á¯®á®¡−®
¯à¨¢¥áâ¨ ª ¯®§¨æ¨®−¨à®¢�−¨î ‘Œ� ª�ª áâ�¡¨«ì−®©. ’�ª¨¬ ®¡à�§®¬, ¯à¨ ¢ë¡®à¥
®à¨¥−â¨à®¢®ç−ëå §−�ç¥−¨© N ¯à¨å®¤¨âáï àãª®¢®¤áâ¢®¢�âìáï ¯à®â¨¢®à¥ç¨¢ë¬¨
âà¥¡®¢�−¨ï¬¨:

{ ®£à�−¨ç¥−¨ï, −�«�£�¥¬ë¥ ¯à¥¤¬¥â−®© ®¡«�áâìî �−�«¨§� áâ�¡¨«ì−®áâ¨;
{ æ¥«¥¢ë¥ ¯®ª�§�â¥«¨ íää¥ªâ¨¢−®áâ¨ ¯à¥¤«�£�¥¬ëå à¥è¥−¨©;
{ ¢ëç¨á«¨â¥«ì−ë¥ ¢®§¬®¦−®áâ¨ ª�ª ¯®áâà®¥−¨ï, â�ª ¨ ¯à¨¬¥−¥−¨ï ¯à®æ¥¤ãà

�−�«¨§� ¤�−−ëå.

�â�¯ë ¯®áâà®¥−¨ï ¬®¤¥«¨. ARIMA-®à¨¥−â¨à®¢�−−�ï ¯à®æ¥¤ãà� ¯®-
áâà®¥−¨ï ¬®¤¥«¨ á®áâ®¨â ¨§ ¨â¥à�æ¨®−−®£® æ¨ª«� ¨¤¥−â¨ä¨ª�æ¨¨, ®æ¥−ª¨
¨ ¤¨�£−®áâ¨ç¥áª®© ¯à®¢¥àª¨. �â�¯®¬, ¢ë§ë¢�îé¨¬ −�¨¡®«ìè¨¥ âàã¤−®áâ¨
¢ ¯à�ªâ¨ç¥áª¨å ¯®¯ëâª�å ¯®áâà®¥−¨ï ¬®¤¥«¨ ¢à¥¬¥−−‚ëå àï¤®¢, ®ª�§ë¢�¥âáï
¨¤¥−â¨ä¨ª�æ¨ï. ‡¤¥áì ¨§ ¡®£�â®£® −�¡®à� ¬®¤¥«¥© −¥®¡å®¤¨¬® ¢ë¡à�âì ®¤¨−
¯à®æ¥áá, ª®â®àë© ¬®£ ¡ë �¤¥ª¢�â−® ®¯¨á�âì ¤�−−ë© ¨áá«¥¤ã¥¬ë© àï¤. �¥á¬®âàï
−� â® çâ® ¤«ï à�æ¨®−�«ì−®£® ¢ë¡®à� ¨¬¥îâáï −¥ª®â®àë¥ ®¡ê¥ªâ¨¢−ë¥ ªà¨â¥à¨¨,
ç�é¥ ¢á¥£® −¥ áãé¥áâ¢ã¥â ç¥âª® ®¯à¥¤¥«¥−−®© ¯à®æ¥¤ãàë, ¢¥¤ãé¥© ¢ ª�¦¤®© ª®−-
ªà¥â−®© á¨âã�æ¨¨ ª ã−¨ª�«ì−®¬ã à¥è¥−¨î, ¨ ¯à¨å®¤¨âáï ®¡à�é�âìáï ª §¤à�¢®¬ã
á¬ëá«ã.

�®áª®«ìªã ¨¤¥−â¨ä¨ª�æ¨ï ¬®¤¥«¨ á®¤¥à¦¨â ¬−®£® á«®¦−®áâ¥©, ¢®§−¨ª�¥â
¦¥«�−¨¥ ¯®«−®áâìî ¨áª«îç¨âì íâ®â íâ�¯, −�¯à¨¬¥à ¯ãâ¥¬ ¨á¯®«ì§®¢�−¨ï ¬®-
¤¥«¨, á®¤¥à¦�é¥© ¡®«ìè¨¥ §−�ç¥−¨ï ¯�à�¬¥âà®¢ d, p ¨ q, â. ¥. ¢ª«îç�îé¥©
¢ á¥¡ï ¢�à¨�−âë, ª®â®àë¥ ¬®£ãâ ¢®§−¨ª−ãâì −� ¯à�ªâ¨ª¥. „�¦¥ ¥á«¨ −¥ ®¡à�-
é�âì ¢−¨¬�−¨ï −� ¢ëç¨á«¨â¥«ì−ë¥ á«®¦−®áâ¨ �«£®à¨â¬®¢ ®¡à�¡®âª¨ ¤�−−ëå,
¯®¤®¡−ë© ¯®¤å®¤ ®ª�§ë¢�¥âáï −¥à�¡®â®á¯®á®¡−ë¬, â�ª ª�ª ¯à¨¢®¤¨â ª ®æ¥−ª�¬
¯�à�¬¥âà®¢ ¬®¤¥«¨ á çà¥§¢ëç�©−® ¢ëá®ª¨¬¨ áâ�−¤�àâ−ë¬¨ ®âª«®−¥−¨ï¬¨ ¨§-§�
¯®â¥−æ¨�«ì−®© ¬−®¦¥áâ¢¥−−®áâ¨ à¥è¥−¨©.

…é¥ ®¤−� ¢®§¬®¦−®áâì ¯®áâà®¥−¨ï ¬®¤¥«¨ á®áâ®¨â ¢ â®¬, çâ®¡ë �¢â®¬�â¨§¨à®-
¢�âì áâ�¤¨î ¨¤¥−â¨ä¨ª�æ¨¨ ¢ å®¤¥ æ¨ª«� ¯®áâà®¥−¨ï ¬®¤¥«¨, ¯à¨¬¥−ïï ¯à¨¥¬ë
¯®¤¡®à� ¯�à�¬¥âà®¢ ¯®àï¤ª� ¬®¤¥«¨, ¨á¯®«ì§ãîé¨¥, ¢ ç�áâ−®áâ¨, ¨−ä®à¬�-
æ¨®−−ë¥ ªà¨â¥à¨¨. �¯ëâ à�¡®âë á ¯®¤®¡−ë¬¨ ªà¨â¥à¨ï¬¨ á¢¨¤¥â¥«ìáâ¢ã¥â
® ¯à®â¨¢®à¥ç¨¢®áâ¨ ¯®«ãç�îé¨åáï à¥§ã«ìâ�â®¢ ¨ áª«®−−®áâ¨ ª çà¥§¬¥à−®¬ã
ãá«®¦−¥−¨î ¬®¤¥«¥©. „®¯®«−¨â¥«ì−�ï âàã¤−®áâì á®áâ®¨â ¢ â®¬, çâ® ¯®«−�ï
®æ¥−ª� å�à�ªâ¥à¨áâ¨ª �«ìâ¥à−�â¨¢−ëå ¬®¤¥«¥© ®ª�§ë¢�¥âáï ¢¥áì¬� §�âà�â−®©
á ¢ëç¨á«¨â¥«ì−®© â®çª¨ §à¥−¨ï.

’�ª¨¬ ®¡à�§®¬, «ãçè¥© áâà�â¥£¨¥© áâ�−®¢¨âáï ¯®áâà®¥−¨¥ á−�ç�«� −¥á«®¦−®©
¬®¤¥«¨, ª®â®àãî §�â¥¬ ã¦¥ ¬®¦−® ¡ã¤¥â ãâ®ç−ïâì. ”�ªâ¨ç¥áª¨ íâ® ®§−�ç�¥â, çâ®
¢ë¡®à ¬®¤¥«¨ ®á−®¢ë¢�¥âáï −� ã¡¥¦¤¥−¨¨, çâ® −� ¯à�ªâ¨ª¥ «¥¦�é¨© ¢ ®á−®¢¥
¯à®æ¥áá, áª®à¥¥ ¢á¥£®, ¡ã¤¥â ¤®áâ�â®ç−® ¯à®áâë¬, � ¯à¨¬¥−¥−¨¥ ¬®¤¥«¨ à�æ¨®-
−�«ì−®.
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”ã−ªæ¨ï auto.arima(. . .) ä®à¬¨àã¥â −�¨«ãçèãî ¬®¤¥«ì á®£«�á−® ®¤−®¬ã
¨§ ¨−ä®à¬�æ¨®−−ëå ªà¨â¥à¨¥¢ (AIC (Akaike information criterion), AICc, BIC
(Bayesian information criterion)) ¨§ á®¢®ªã¯−®áâ¨ ¯à®áâëå ¬®¤¥«¥© ¢ ¤¨�¯�§®−¥,
§�¤�−−®¬ ¬�ªá¨¬�«ì−ë¬¨ §−�ç¥−¨ï¬¨ ¯�à�¬¥âà®¢ d, p ¨ q. �¢â®àë [6] ®â¤�îâ
¯à¥¤¯®çâ¥−¨¥ AICc | áª®àà¥ªâ¨à®¢�−−®¬ã ªà¨â¥à¨î �ª�¨ª¥, −® ¯à¨ ª®−âà®-
«¥ äã−ªæ¨®−¨à®¢�−¨ï ‘Œ� ¯à¨−¨¬�¥¬ë¥ §−�ç¥−¨ï N ®¡ëç−® ¢¥«¨ª¨ ¨ ®¡�
ªà¨â¥à¨ï �ª�¨ª¥ à�¢−®á¨«ì−ë.

�¤�¯â�æ¨ï ¬®¤¥«¨ ¤�−−ëå. „¨�¯�§®− íää¥ªâ¨¢−®£® ¯à¨¬¥−¥−¨ï ARIMA-
¬®¤¥«¨ à�áè¨àï¥âáï, ¥á«¨ ¤®¯ãáâ¨âì ¢®§¬®¦−®áâì ¯à¥®¡à�§®¢�−¨ï ¤�−−ëå. …£®
¢¨¤ ¬®¦¥â ¯à®¨áâ¥ª�âì ¨§ ¯à¥¤¬¥â−®© ®¡«�áâ¨, ® ç¥¬ £®¢®à¨âì ¤«ï §�¤�ç ª®−âà®«ï
áâ�¡¨«ì−®áâ¨ ¯®ª� ¯à¥¦¤¥¢à¥¬¥−−®, «¨¡® ®−® ¡ã¤¥â §�¤�¢�âìáï ¢ ®¡é¥¬ ¯�à�¬¥â-
à¨ç¥áª®¬ ¢¨¤¥ ¨ ®æ¥−¨¢�âìáï ¯® ¤�−−ë¬. ��¨«ãçè¨¬ ®¡à�§®¬ §�à¥ª®¬¥−¤®¢�«®
á¥¡ï ¯à¥®¡à�§®¢�−¨¥ �®ªá�{Š®ªá�, ª®â®à®¥ −�æ¥«¥−® −� ¯®¢ëè¥−¨¥ −�¤¥¦−®áâ¨
áâ�â¨áâ¨ç¥áª¨å ¢ë¢®¤®¢ ¯ãâ¥¬ ¯®¢ëè¥−¨ï áâ¥¯¥−¨ �¤¥ª¢�â−®áâ¨ ¤�−−ëå ¯à¥¤¯®-
«®¦¥−¨ï¬. �−® ®á®¡¥−−® ¯®«¥§−® ¢ ª®−â¥ªáâ¥ à¥£à¥áá¨®−−®£® �−�«¨§� ¨ ¤àã£¨å
¬¥â®¤®¢ ä®à¬¨à®¢�−¨ï áâ�â¨áâ¨ç¥áª¨å ¬®¤¥«¥©, £¤¥ ¤®¯ãé¥−¨¥ ® £®¬®áª¥¤�áâ¨ç-
−®áâ¨ ¨ −®à¬�«ì−®áâ¨ ¨¬¥¥â à¥è�îé¥¥ §−�ç¥−¨¥, ®¯à¥¤¥«¥−® ¤«ï ¯®«®¦¨â¥«ì−ëå
−�¡«î¤¥−¨© yi ¨ ¨¬¥¥â ¢¨¤:

“yi = f(yi) =







yλBC
i − 1
λBC

, λBC 6= 0 ;
ln(yi), λBC = 0 .

‡¤¥áì ¯�à�¬¥âà λBC ®¯à¥¤¥«ï¥â å�à�ªâ¥à ¯à¥®¡à�§®¢�−¨ï.
�à¥®¡à�§®¢�−¨¥ �®ªá�{Š®ªá� è¨à®ª® ¨á¯®«ì§ã¥âáï ¢ à�§«¨ç−ëå ®¡«�áâïå,

¥£® ¯à¨¬¥−¥−¨¥ ®á®¡¥−−® ¨−â¥à¥á−® ¤«ï ¥é¥ −¥¨§¢¥¤�−−ëå á¨âã�æ¨©. �®íâ®¬ã
¢ë¡®à ¯®¤å®¤ïé¥£® §−�ç¥−¨ï λBC áâ�−®¢¨âáï ¢�¦−ë¬ è�£®¬ ARIMA-�−�«¨-
§� ¨ à¥�«¨§ã¥âáï «¨¡® ¬¥â®¤®¬ áâ�¡¨«¨§�æ¨¨ ¤¨á¯¥àá¨¨ [8], «¨¡® á ¯®¬®éìî
λBC-¯�à�¬¥âà¨§®¢�−−®© ¯®¤£®−ª¨ −®à¬�«ì−®£® à�á¯à¥¤¥«¥−¨ï ¬¥â®¤®¬ ¬�ªá¨-
¬�«ì−®£® ¯à�¢¤®¯®¤®¡¨ï ¨«¨ −� ®á−®¢¥ −�å®¦¤¥−¨ï ¬�ªá¨¬�«ì−®© ¢¥«¨ç¨−ë
ª®íää¨æ¨¥−â� ª®àà¥«ïæ¨¨ ¬¥¦¤ã ª¢�−â¨«ï¬¨ äã−ªæ¨¨ −®à¬�«ì−®£® à�á¯à¥¤¥-
«¥−¨ï ¨ ®âá®àâ¨à®¢�−−®© ¯à¥®¡à�§®¢�−−®© ¯®á«¥¤®¢�â¥«ì−®áâìî [9].

�¤−® ¨§ áãé¥áâ¢¥−−ëå ®£à�−¨ç¥−¨© §�ª«îç�¥âáï ¢ â®¬, çâ® ¯à¥®¡à�§®¢�−¨¥
�®ªá�{Š®ªá� ¬®¦−® ¯à¨¬¥−ïâì â®«ìª® ª ¯®«®¦¨â¥«ì−ë¬ ¤�−−ë¬, −® ¤«ï áâ�-
â¨áâ¨ç¥áª®£® �−�«¨§� ¯à®æ¥áá� ¯à¥¡ë¢�−¨ï íâ® −¥�ªâã�«ì−®. ‚�¦−¥¥, çâ® ®−®
¯à¥¤¯®«�£�¥â, çâ® ¤�−−ë¥ −¥§�¢¨á¨¬® ¨ ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−ë, çâ® ï¢−® −¥
¢ë¯®«−ï¥âáï ¢ à�áá¬�âà¨¢�¥¬®¬ á«ãç�¥.

�®á«¥ ¯à¨¬¥−¥−¨ï ¯à¥®¡à�§®¢�−¨ï �®ªá�{Š®ªá� ¢®§−¨ª�¥â ¯à®¡«¥¬� ª®à-
à¥ªâ−®© ¨−â¥à¯à¥â�æ¨¨ ¥£® à¥§ã«ìâ�â®¢. �à¥®¡à�§®¢�−−ë¥ ¤�−−ë¥ ¬®£ãâ ¤�âì
à�§−ãî ¨−ä®à¬�æ¨î ¯® áà�¢−¥−¨î á ¨áå®¤−ë¬¨ ¤�−−ë¬¨, ®á®¡¥−−® á â®çª¨ §à¥-
−¨ï ¢§�¨¬®á¢ï§¥© ¬¥¦¤ã ¯¥à¥¬¥−−ë¬¨ ¨ §−�ç¨¬®áâ¨ ¯à¥¤¨ªâ®à®¢ ¢ à¥£à¥áá¨®−−®©
¬®¤¥«¨. �à¨ ¯à¥¤áâ�¢«¥−¨¨ à¥§ã«ìâ�â®¢ ¦¥«�â¥«ì−® ®¡à�â−® ¯à¥®¡à�§®¢�âì à¥-
§ã«ìâ�âë ¢ ¨áå®¤−ãî èª�«ã, çâ®¡ë áâ�−®¢¨«¨áì ¯®−ïâ−¥¥ ¥£® ¯®á«¥¤áâ¢¨ï. •®âï
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−�¤® ¯à¨§−�âì, çâ® −� −�ç�«ì−®¬ íâ�¯¥ ¯à®¤¢¨¦¥−¨ï ARIMA-¬®¤¥«¨ ¢ ®¡-
«�áâ¨ áâ�â¨áâ¨ç¥áª®£® ª®−âà®«ï áâ�¡¨«ì−®áâ¨ ¢®¯à®áë ¨−â¥à¯à¥â�æ¨¨ ¬®¤¥«¨ −¥
áâ®«ì ã¦ �ªâã�«ì−ë. �®, áâ�¡¨«¨§¨àãï ¤¨á¯¥àá¨î ¨ ã«ãçè�ï −®à¬�«ì−®áâì
à�á¯à¥¤¥«¥−¨© ¤�−−ëå, ¯à¥®¡à�§®¢�−¨¥ �®ªá�{Š®ªá� ¯®¢ëè�¥â ¤®áâ®¢¥à−®áâì
áâ�â¨áâ¨ç¥áª¨å ¬®¤¥«¥© ¨ −�¤¥¦−®áâì ¯®«ãç�¥¬ëå −� ®á−®¢¥ ¤�−−ëå ¢ë¢®¤®¢,
� §−�ç¥−¨¥ λ ¢�¦−® ª�ª ¨−¤¨ª�â®à á®£«�á¨ï á ¡�§®¢ë¬¨ ¯à¥¤¯®«®¦¥−¨ï¬¨ ¯à¨-
¬¥−ï¥¬®£® à¥£à¥áá¨®−−®£® �−�«¨§�.

ARIMA-¯à®£−®§¨à®¢�−¨¥. �à®£−®§¨à®¢�−¨¥ ¨áá«¥¤ã¥¬ëå ¯à®æ¥áá®¢ �ªâã-
�«ì−® ¢ ¡®«ìè¥© áâ¥¯¥−¨ ¢ á«ãç�¥ áâ�¡¨«ì−ëå ‘Œ�, ª®£¤� «®ª�«ì−ë¥ ¨§¬¥−¥−¨ï
¬®£ãâ ¯à¨−¨¬�âì ¢¨¤ ®¯�á−ëå â¥−¤¥−æ¨© ¨ âà¥¡®¢�âì ¢¬¥è�â¥«ìáâ¢� ¢ ª®−âà®«ì
äã−ªæ¨®−¨à®¢�−¨ï. �¥áâ�¡¨«ì−®¥ ¯®¢¥¤¥−¨¥ ®¡−�àã¦¨¢�¥âáï, ª®£¤� d ≥ 1, ¯à¨-
ç¥¬ á®£«�á−® [3], áª®à¥¥ ¢á¥£®, ¤«ï ®¯¨á�−¨ï ¨áá«¥¤ã¥¬®£® ¯à®æ¥áá� ¤®áâ�â®ç−®
¡ã¤¥â ®£à�−¨ç¨âìáï â®«ìª® §−�ç¥−¨¥¬ d = 1 ¨ ®¦¨¤�âì «¨−¥©−®£® à®áâ� áà¥¤−¥£®
−�¡«î¤�¥¬®£® ¯à®æ¥áá�. ‚ íâ®¬ á¬ëá«¥ ãª�§�−−®¥ §−�ç¥−¨¥ ¬®¦¥â ¯®¤â¢¥à¦¤�âì
¯à�¢¨«ì−®áâì ¯®¤¡®à� ¬®¤¥«¨.

�«£®à¨â¬ ¯à®£−®§¨à®¢�−¨ï ¤®«¦¥− ®á−®¢ë¢�âìáï −� ¯®¤å®¤ïé¥© ¬®¤¥«¨
¢à¥¬¥−−‚®£® àï¤�, ¢ëç¨á«ïâì ¯à®£−®§ë ¨ ¢ ®¡ï§�â¥«ì−®¬ ¯®àï¤ª¥ ¤�¢�âì ¯à¥¤-
áâ�¢«¥−¨¥ ® ª�ç¥áâ¢¥ ¯®áâà®¥−−ëå ¯à®£−®§®¢.

„«ï ¯®áâà®¥−¨ï ¯à®£−®§� ¨áá«¥¤ã¥¬®£® ¯à®æ¥áá� ¢ â®çª¥ t = T + 1 ¯à¨
¨§¢¥áâ−ëå ¯à¥¤è¥áâ¢ãîé¨å §−�ç¥−¨ïå ¤«ï t = . . . , T − 1, T ¨ ¯®«ãç¥−−ëå
®æ¥−ª�å ¯�à�¬¥âà®¢ ¬®¤¥«¨ ¢ ¯¥à¢ãî ®ç¥à¥¤ì −�å®¤¨âáï â�ª®¥ à�§«®¦¥−¨¥ ¯à¥¤-
áâ�¢«¥−¨ï (1), çâ® yt ®ª�§ë¢�¥âáï ¢ «¥¢®© ç�áâ¨, � ¢á¥ ®áâ�«ì−ë¥ ç«¥−ë yi ¨ εi
á ¬¥−ìè¨¬¨ §−�ç¥−¨ï¬¨ ¨−¤¥ªá®¢ | ¢ ¯à�¢®©. …á«¨ â¥¯¥àì ¢ −¥¬ ¯à®¢¥áâ¨
§�¬¥−ã t −� T + h, â® ¬®¦−® ¯®á«¥¤®¢�â¥«ì−® ¤«ï h = 1, 2, . . . −ã¦−®¥ ç¨á«® à�§
¯¥à¥áç¨â�âì ¯à®£−®§¨àã¥¬®¥ §−�ç¥−¨¥ yT+h, §�¬¥−¨¢ ¢ ¯à�¢®© ç�áâ¨ à�§«®¦¥−¨ï
®è¨¡ªã ¯à®£−®§� ¡ã¤ãé¥£® §−�ç¥−¨ï ¢ â®çª¥ t = T + h −� 0, � ¯à®è«ë¥ ®è¨¡-
ª¨ | á®®â¢¥âáâ¢ãîé¨¬¨ ®áâ�âª�¬¨ ¤«ï ã¦¥ ¨¬¥îé¨åáï ¨«¨ á¯à®£−®§¨à®¢�−−ëå
§−�ç¥−¨© yt.

‚ëç¨á«¥−¨¥ ¨−â¥à¢�«®¢ ¢®§¬®¦−ëå §−�ç¥−¨© ARIMA-¯à®£−®§� (¨−â¥à¢�«®¢
¯à®£−®§�) ¢ ®¡é¥¬ á«ãç�¥ ¢ë¯®«−ï¥âáï á«®¦−¥¥ ª�ª ¢ á¬ëá«¥ ®¡®á−®¢�−¨ï ¯à�-
¢®¬¥à−®áâ¨ ¨áå®¤−ëå ¯à¥¤¯®«®¦¥−¨©, â�ª ¨ á ãç¥â®¬ ª®−ªà¥â−®£® ¢¨¤� ¬®¤¥«¨.
�à¨¬¥à®¬ ¯à®áâ®£® à¥§ã«ìâ�â� á«ã¦¨â ®¡ëç−ë© ¢¨¤ ¤®¢¥à¨â¥«ì−®£® ¨−â¥à¢�«�
¤«ï ®æ¥−ª¨ ¯à®£−®§� ¢ â®çª¥ T + 1 ¯à¨ −�©¤¥−−®¬ ¢ë¡®à®ç−®¬ áâ�−¤�àâ−®¬
®âª«®−¥−¨¨ ®áâ�âª®¢. �â®â à¥§ã«ìâ�â á¯à�¢¥¤«¨¢ ¤«ï ¢á¥å ¬®¤¥«¥© ARIMA, −¥-
§�¢¨á¨¬® ®â ¨å ¯�à�¬¥âà®¢ ¨ ¯®àï¤ª®¢ [6]. Œ−®£®è�£®¢ë¥ ¨−â¥à¢�«ë ¯à®£−®§�,
¯à�¢¤� ¤«ï ç�áâ−ëå á«ãç�¥¢ ARIMA-¬®¤¥«¥©, ¯à¨¢¥¤¥−ë ¢ [10].

ˆ−â¥à¢�«ë ¯à®£−®§� ¤«ï ¬®¤¥«¥© ARIMA áâà®ïâáï −� ®á−®¢−ëå ¤®¯ãé¥−¨ïå
à¥£à¥áá¨®−−®£® �−�«¨§� ®¡ ®áâ�âª�å. �® íâ®© ¯à¨ç¨−¥ ¨å ä®à¬¨à®¢�−¨¥ −¥®¡å®-
¤¨¬® ¯à¥¤¢�àïâì ¨áá«¥¤®¢�−¨ï¬¨ §�¢¨á¨¬®áâ¨ ¨ à�á¯à¥¤¥«¥−¨ï ®áâ�âª®¢. …á«¨
®áâ�âª¨ −¥ ª®àà¥«¨à®¢�−ë, −® −¥ à�á¯à¥¤¥«¥−ë −®à¬�«ì−®, â® ¬®¦−® ®¡à�â¨âìáï
ª ¡ãâáâà¥¯-¬¥â®¤ã, çâ® ¤®¯ãáª�¥â äã−ªæ¨ï forecast.

‚ ®¡é¥¬ á«ãç�¥ ¨−â¥à¢�«ë ¯à®£−®§� ¢ ¬®¤¥«ïå ARIMA ã¢¥«¨ç¨¢�îâáï ¯®
¬¥à¥ à�áè¨à¥−¨ï ¯à®£−®§−®£® £®à¨§®−â�. „«ï áâ�æ¨®−�à−ëå ¬®¤¥«¥©, ª®£¤�
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d = 0, ®−¨ ¡ã¤ãâ áå®¤¨âìáï ¨ ¤«ï ¤«¨â¥«ì−ëå £®à¨§®−â®¢ ¡ã¤ãâ, ¯® áãé¥áâ¢ã,
®¤¨−�ª®¢ë¬¨. …á«¨ ¦¥ d ≥ 1, â® ¨−â¥à¢�«ë ¯à®£−®§� ¡ã¤ãâ ¯à®¤®«¦�âì à�áâ¨
¢ ¡ã¤ãé¥¬.

3 Эксперименты

„«ï ¨áá«¥¤®¢�−¨ï ¢®§¬®¦−®áâ¥© ARIMA-¬®¤¥«¨à®¢�−¨ï à�áá¬®âà¨¬, ª�ª
¨ à�−ìè¥ ¢ [11], ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢à¥¬¥− ¯à¥¡ë¢�−¨ï §�ï¢®ª ¢ á¨áâ¥¬¥ {Vi}
¤«ï ¤¢ãå¯à®æ¥áá®à−®© á¨áâ¥¬ë ®¡à�¡®âª¨ §�¤�−¨© á® á«ãç�©−ë¬ ¢ë¡®à®¬ ç¨á«�
âà¥¡ã¥¬ëå ¯à®æ¥áá®à®¢. ”ã−ªæ¨®−¨à®¢�−¨¥ ¯®¤®¡−®© á¨áâ¥¬ë M/M/2 ®¯à¥-
¤¥«ï¥âáï ¯�à�¬¥âà�¬¨: λ | ¨−â¥−á¨¢−®áâì ¯®áâã¯«¥−¨ï §�¤�−¨© −� ®¡à�¡®âªã;
p1 | ¢¥à®ïâ−®áâì â®£®, çâ® ¤«ï ¢ë¯®«−¥−¨ï §�¤�−¨ï âà¥¡ã¥âáï ®¤¨− ¯à®æ¥áá®à;
µ | áà¥¤−¥¥ ¢à¥¬ï ®¡à�¡®âª¨ §�¤�−¨ï ¯à®æ¥áá®à®¬/̄ à®æ¥áá®à�¬¨. ‘«¥¤ã¥â
§�¬¥â¨âì, çâ® ®¡®§−�ç¥−¨ï λBC ¨ λ à�§−®© ¯à¨à®¤ë ¨ ¯® ¢®§¬®¦−®áâ¨ á®åà�−ïîâ
á«®¦¨¢è¨¥áï âà�¤¨æ¨¨ ¯ã¡«¨ª�æ¨©.

“á«®¢¨¥ áâ�¡¨«ì−®áâ¨ íâ®© á¨áâ¥¬ë ¯à¨ ¯à®áâ¥©è¥¬ ¯ã�áá®−®¢áª®¬ ¢å®¤−®¬
¯®â®ª¥ äã−ªæ¨®−¨à®¢�−¨ï ¨§¢¥áâ−® ¨ ¯à¨−¨¬�¥â ¢¨¤λ/µ < 2/(2−p21), á ¯®¬®éìî
ª®â®à®£® ¡ã¤¥â ®áãé¥áâ¢«ïâìáï ¢ë¡®à ¬®¤¥«¨àã¥¬ëå á¨áâ¥¬: ¯�à�¬¥âàë p1 ¨ µ
¯à¨−¨¬�îâáï ¡�§®¢ë¬¨ á® §−�ç¥−¨ï¬¨ p1 = 0,5 ¨ µ = 1, � λ ¢ë¡¨à�¥âáï ª�ª
Cλ(2µ)/(2− p21), £¤¥ Cλ | ¨−¤¨ª�â®à áâ�¡¨«ì−®áâ¨ à�¡®âë á¨áâ¥¬ë (¯à¨ Cλ < 1
á¨áâ¥¬� áâ�¡¨«ì−�). ÷�áá¬�âà¨¢�«¨áì á«ãç�¨ Cλ = 0,5, 0,9, 1,1 ¨ 1,5 ¨ á«¥-
¤ãîé¨¥ áå¥¬ë áâ�â¨áâ¨ç¥áª¨å ¨á¯ëâ�−¨© ¤«ï ª�¦¤®£® ¨§ −¨å: £¥−¥à¨à®¢�−¨¥
¢à¥¬¥−−‚®£® àï¤� ¯à¥¡ë¢�−¨ï ¢ á¨áâ¥¬¥ ¯à¨ ®¡à�¡®âª¥ 100 000 §�ï¢®ª; à�áé¥¯«¥-
−¨¥ àï¤� −� ¨¤ãé¨¥ ®¤¨− §� ¤àã£¨¬ äà�£¬¥−âë à�§¬¥à®¬ 1000 ª�¦¤ë©; ¯®¤£®−ª�
ARIMA-¬®¤¥«¨ ¤«ï ª�¦¤®£® äà�£¬¥−â� (¢á¥£® 400 ¢�à¨�−â®¢).

÷�¡®â®á¯®á®¡−®áâì ¬®¤¥«¨. ‚ ¯¥à¢ãî ®ç¥à¥¤ì íªá¯¥à¨¬¥−âë ¯®ª�§�«¨, çâ®
ARIMA-¬®¤¥«ì ãç¨âë¢�¥â ®á®¡¥−−®áâ¨ ¯à®æ¥áá� ¯à¥¡ë¢�−¨ï §�ï¢®ª ¢ ‘Œ�:

{ ¯à¨ ã¬¥à¥−−ëå §−�ç¥−¨ïå ¢ ¤¨�¯�§®−¥ Cλ < 1 ç¥âª® ¯à®ï¢«ï¥âáï −�ç�«ì-
−�ï ä�§� äã−ªæ¨®−¨à®¢�−¨ï ‘Œ�, ª®£¤� áâ�¡¨«¨§¨àãîâáï ¥¥ ¯®ª�§�â¥«¨
¨ §−�ç¥−¨ï d ¬¥−ïîâáï á 1 (à®áâ áà¥¤−¨å ¯®ª�§�â¥«¥© ¤«ï ¯¥à¢ëå äà�£¬¥−â®¢
¤�−−ëå) −� 0 (áâ�¡¨«¨§�æ¨ï ¤«ï ¯®á«¥¤ãîé¨å äà�£¬¥−â®¢);

{ ®¦¨¤�¥¬®¥ ¯®¢¥¤¥−¨¥ ¯à®æ¥áá� ¯à¥¡ë¢�−¨ï −� ¡¥áª®−¥ç−®áâ¨ ¬®¦¥â äà�£-
¬¥−â�à−® −�àãè�âìáï, ¨ áâ�â¨áâ¨ç¥áª¨© �−�«¨§ ¤«ï ¯à¨−ïâ®© ¬®¤¥«¨ âãâ
¦¥ ¡ã¤¥â á¢¨¤¥â¥«ìáâ¢®¢�âì ®¡ íâ®¬; â�ª ®¦¨¤�¥¬ë¥ §−�ç¥−¨ï d = 0 (á¢¨-
¤¥â¥«ìáâ¢® áâ�¡¨«ì−®áâ¨ á¨áâ¥¬ë) ¨ 1 (−¥áâ�¡¨«ì−�ï á¨áâ¥¬�) ¨§à¥¤ª� (3%
¢�à¨�−â®¢) §�¬¥−ïîâáï −� d = 2, çâ® ¬®¦¥â ¡ëâì ¢ë§¢�−® ¤®¯à¥¤¥«ì−ë¬
−¥«¨−¥©−ë¬ ¯®¢¥¤¥−¨¥¬ ¯à®æ¥áá� ¨«¨ á¬¥−®© å�à�ªâ¥à� ¥£® ¨§¬¥−¥−¨©.

��¤¥¦−®áâì à¥§ã«ìâ�â®¢. �®¤£®−ª� ¬®¤¥«¨ ¤«ï ¯à¨−ïâ®© à¥�«¨§�æ¨¨
ARIMA-¬®¤¥«¨à®¢�−¨ï ®áãé¥áâ¢«ï¥âáï ¯ãâ¥¬ ¢ë¡®à� −�¨«ãçè¥© ª®¬¡¨−�æ¨¨
§−�ç¥−¨© ¯�à�¬¥âà®¢ p ¨ q ¨§ {1, 2, . . . , 5} × {1, 2, . . . , 5}. ‘à¥¤¨ ¯à®�−�«¨-
§¨à®¢�−−ëå ¢�à¨�−â®¢ ¢áâà¥â¨«®áì «¨èì 1,5% á à¥è¥−¨¥¬ −� £à�−¨æ¥; â�ª
¯®«ãç¨«®áì, çâ® ¢á¥ ¯®¤®¡−ë¥ à¥è¥−¨ï ®¤¨−�ª®¢ë ¨ ¨¬¥îâ ¢¨¤ ARIMA(5, 2, 0).
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’®â ä�ªâ, çâ® ç¨á«® ®áâ�«ì−ëå à¥è¥−¨© ¤®¬¨−¨àã¥â, ãªà¥¯«ï¥â ¤®¢¥à¨¥ ª ¯à¨−ï-
â®¬ã ¬¥â®¤ã ¯®¤£®−ª¨ ¬®¤¥«¨, � â�ª¦¥ á¢¨¤¥â¥«ìáâ¢ã¥â ® ¤®áâ�â®ç−®áâ¨ ¯à¨−ïâëå
¯à¥¤¥«ì−ëå §−�ç¥−¨© p ¨ q.

�ää¥ªâ¨¢−®áâì ¯à¥®¡à�§®¢�−¨ï ¨áå®¤−ëå ¤�−−ëå. „«ï ¯®¤ª«îç¥−¨ï
¯à¥®¡à�§®¢�−¨ï ¤�−−ëå �®ªá�{Š®ªá� ¢ à�¬ª�å ¯�ª¥â� forecasting −¥®¡å®¤¨-
¬® ãª�§�âì lambda= \auto". �®«ãç¥−−ë¥ ®æ¥−ª¨ ¯�à�¬¥âà� λBC ¬®£ãâ ¤�âì
¯à¥¤¢�à¨â¥«ì−ãî ¨−ä®à¬�æ¨î ®â−®á¨â¥«ì−® ®¡é¨å áâ�â¨áâ¨ç¥áª¨å á¢®©áâ¢ �−�-
«¨§¨àã¥¬ëå ¯à®æ¥áá®¢. ’�ª, ¢ ç�áâ−®áâ¨, ¯à¨ Cλ ≈ 1, áà¥¤−¨¥ §−�ç¥−¨ï λBC
¡«¨§ª¨ ª 1, â. ¥. −¥®¡å®¤¨¬®áâì ¢ ¯à¥®¡à�§®¢�−¨¨ ®â¯�¤�¥â.

‘«¥¤ã¥â ®¡à�â¨âì ¢−¨¬�−¨¥ −� â®, çâ® ¢ å®¤¥ íªá¯¥à¨¬¥−â®¢ ¯à®ï¢¨«�áì −¥-
ãáâ®©ç¨¢®áâì à�¡®âë ¯à®æ¥¤ãàë ®æ¥−¨¢�−¨ï λBC, ª®£¤� ¥¥ à¥§ã«ìâ�â «¨¡® ¯à®áâ®
−¥ ä®à¬¨àã¥âáï ¡¥§ ª�ª¨å-«¨¡® ¤®¯®«−¨â¥«ì−ëå á®®¡é¥−¨© (5% ¢�à¨�−â®¢),
«¨¡® ¯à¨ à�§«¨ç−ëå ¤�−−ëå à�¢¥− ®¤−®¬ã ¨ â®¬ã ¦¥ §−�ç¥−¨î (15% ¢�à¨�−â®¢
λBC = −0,8999268 ¨ 21% ¢�à¨�−â®¢ λBC = 1,999927, çâ®, áª®à¥¥ ¢á¥£®, ®â-
¢¥ç�¥â £à�−¨ç−ë¬ ¢®§¬®¦−ë¬ §−�ç¥−¨ï¬ λBC). �®¤®¡−ë¥ á¨âã�æ¨¨ ¢®§−¨ª�îâ
¢ −¥áâ�¡¨«ì−®¬ á«ãç�¥, ¨ ¨å ç�áâ®â� à�áâ¥â á ã¢¥«¨ç¥−¨¥¬ §−�ç¥−¨ï ¨−¤¨ª�-
â®à� −¥áâ�¡¨«ì−®áâ¨, � ¯à¨ç¨−� ªà®¥âáï ¢ ¯à¨−ïâ®© áå¥¬¥ ¯à®£−®§¨à®¢�−¨ï
á ¯®¬®éìî ARIMA-¬®¤¥«¨: ¯à¥®¡à�§®¢�−¨¥ �®ªá�{Š®ªá� −�å®¤¨âáï ¢ −�ç�«¥
æ¥¯®çª¨ ¯à®æ¥¤ãà ¯®¤¡®à� ¬®¤¥«¨ [6, à¨á. 8.11] ¨ ¥£® ¯à¨¬¥−¥−¨¥ á®¢¥àè¥−−®
�¤¥ª¢�â−® à¥�£¨àã¥â −� −¥áâ�æ¨®−�à−®áâì �−�«¨§¨àã¥¬ëå ¯à®æ¥áá®¢ ¢ á«ãç�¥ −¥-
áâ�¡¨«ì−®áâ¨. Šà®¬¥ â®£®, ¯à¥¤¯®«�£�¥âáï, çâ® ¤�−−ë¥ −¥§�¢¨á¨¬® ¨ ®¤¨−�ª®¢®
à�á¯à¥¤¥«¥−ë, çâ® á®¢¥àè¥−−® â®ç−® −¥ ¢ë¯®«−ï¥âáï ¤«ï ¯à®æ¥áá� {Vi}. �¥-
áâ�¡¨«ì−®áâì äã−ªæ¨®−¨à®¢�−¨ï ‘Œ� ¨§¬¥−ï¥â ¤® −¥ã§−�¢�¥¬®áâ¨, ¢®§¬®¦−®,
¤�¦¥ ¯®å®¦¥¥ −� −®à¬�«ì−®¥ à�á¯à¥¤¥«¥−¨¥ Vi ¤«ï áâ�¡¨«ì−®£® á«ãç�ï.

�¥à¥ç¨á«¥−−ë¥ ä�ªâ®àë (−¥à¥�«ì−®áâì ãá«®¢¨© ¯à¨¬¥−¥−¨ï ¨ á«®¦−®áâì
¨−â¥à¯à¥â�æ¨¨ à¥§ã«ìâ�â®¢ ¯à¥®¡à�§®¢�−¨ï, −¥ãáâ®©ç¨¢®áâì ¯à®æ¥¤ãà ®¡à�¡®âª¨)
¤�îâ ®á−®¢�−¨ï ¤«ï ®âª�§� ®â ¯à¨¬¥−¥−¨ï ¯à¥®¡à�§®¢�−¨ï �®ªá�{Š®ªá�, â¥¬
¡®«¥¥ çâ® ¢ íâ®¬ á«ãç�¥ íªá¯¥à¨¬¥−â�«ì−ë¥ à¥§ã«ìâ�âë ARIMA-¬®¤¥«¨à®¢�−¨ï,
ª�á�îé¨¥áï áâàãªâãà−ëå ¯�à�¬¥âà®¢ (p, d, q), ¯à�ªâ¨ç¥áª¨ −¥ ®â«¨ç�îâáï ®â
¢�à¨�−â� á ¯à¥¤¢�à¨â¥«ì−ë¬ ¯à¥®¡à�§®¢�−¨¥¬ ¤�−−ëå.

‘â�â¨áâ¨ç¥áª¨© ª®−âà®«ì áâ�¡¨«ì−®áâ¨. �à¨ ®¡−�àã¦¥−¨¨ áâ�æ¨®−�à−®áâ¨
−�¡«î¤¥−−®£® ¨«¨ ¯à¥®¡à�§®¢�−−®£® ¯à®æ¥áá®¢ ¨á¯®«ì§ã¥âáï â¥áâ −� ¥¤¨−¨ç−ë©
ª®à¥−ì, à¥§ã«ìâ�âë ª®â®à®£® ®âà�¦�îâáï −� §−�ç¥−¨¨ ¯�à�¬¥âà� d ¯®áâà®¥−−®©
−� ®á−®¢¥ ¤�−−ëå ARIMA-¬®¤¥«¨. Š�ª á«¥¤áâ¢¨¥, ¯®«ãç�¥¬ ¯à�¢¨«® à¥è¥−¨ï:
¥á«¨ d = 0, â® à¥çì ¨¤¥â ® áâ�¡¨«ì−®© á¨áâ¥¬¥, � ¥á«¨ d ≥ 1, â® ® −¥áâ�¡¨«ì-
−®©. �®«ãç¥−−ë¥ íªá¯¥à¨¬¥−â�«ì−ë¥ à¥§ã«ìâ�âë ¤«ï á®®â¢¥âáâ¢ãîé¥© ®è¨¡ª¨
ª«�áá¨ä¨ª�æ¨¨ (14% ¤«ï Cλ = 0,5, 93% ¤«ï Cλ = 0,9, 0% ¤«ï Cλ = 1,1
¨ 0% ¤«ï Cλ = 1,5) á®£«�áãîâáï á [3], çâ® ¢¯®«−¥ ¥áâ¥áâ¢¥−−®, â�ª ª�ª à¥çì
¨¤¥â ®¡ ®¤−®¬ ¨ â®¬ ¦¥ ªà¨â¥à¨¨ §−�ç¨¬®áâ¨ „¨ª¨{”ã««¥à�. �®íâ®¬ã ®áâ�¥âáï
¢ á¨«¥ ¨ ®á−®¢−®© ¢ë¢®¤ [7] ® æ¥«¥á®®¡à�§−®áâ¨ ¨á¯®«ì§®¢�−¨ï ¤«ï ª®−âà®«ï
áâ�¡¨«ì−®áâ¨ ª®¬¡¨−¨à®¢�−−ëå ªà¨â¥à¨¥¢.

�¤¥ª¢�â−®áâì ARIMA-¬®¤¥«¨. ‚ áâ�−¤�àâ−®© «¨−¥©−®© à¥£à¥áá¨¨ ¯à¥¤-
¯®«�£�¥âáï, çâ® ®è¨¡ª¨ −¥§�¢¨á¨¬ë ¨ à�á¯à¥¤¥«¥−ë ®¤¨−�ª®¢®. �®á«¥¤−¥¥
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ARIMA-¬®¤¥«¨à®¢�−¨¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢à¥¬¥− ¯à¥¡ë¢�−¨ï ¢ ‘Œ�

âà¥¡®¢�−¨¥ ¬®¦¥â ãá¨«¨¢�âìáï ãá«®¢¨¥¬ −®à¬�«ì−®áâ¨. �� ¯à�ªâ¨ª¥ ¯à®¢¥àª�
áä®à¬ã«¨à®¢�−−ëå ¯à¥¤¯®«®¦¥−¨© ¤«ï ¢ë¡®à®ç−ëå ®áâ�âª®¢ á¢®¤¨«�áì ª ¨á-
á«¥¤®¢�−¨î ®â«¨ç¨ï ®â −ã«ï §−�ç¥−¨© �¢â®ª®àà¥«ïæ¨®−−®© äã−ªæ¨¨ (�Š”)
¨ ª ¯à¨¬¥−¥−¨î áâ�−¤�àâ−ëå ªà¨â¥à¨¥¢ −®à¬�«ì−®áâ¨. �à¨ íâ®¬ ãà®¢¥−ì §−�ç¨-
¬®áâ¨ ¯à¨ â¥áâ¨à®¢�−¨¨ ¯à¨−¨¬�«áï à�¢−ë¬ 10%.

“ç¨âë¢�ï à�§¢¥¤®ç−ë© å�à�ªâ¥à ¨§ãç¥−¨ï ¢®§¬®¦−®áâ¨ ARIMA-¬®¤¥«¨à®-
¢�−¨ï ¤«ï ®¯¨á�−¨ï ¯à®æ¥áá� ¯à¥¡ë¢�−¨ï §�ï¢®ª ¢ ‘Œ�, á«¥¤®¢�«® �ªâ¨¢−®
¨á¯®«ì§®¢�âì £à�ä¨ç¥áª¨¥ ¬¥â®¤ë. ’�ª, �−�«¨§ ¯®¢¥¤¥−¨ï £à�ä¨ª®¢ �Š”,
¢ª«îç�îé¨å ¤®¢¥à¨â¥«ì−ãî ®¡«�áâì ¤«ï −ã«¥¢ëå §−�ç¥−¨©, ¯®ª�§�« −�«¨ç¨¥
â®«ìª® ®â¤¥«ì−ëå ¢ëå®¤®¢ §� ¥¥ £à�−¨æë. ƒ¨áâ®£à�¬¬−�ï ®æ¥−ª� ¯«®â−®áâ¨ à�á-
¯à¥¤¥«¥−¨ï ®áâ�âª®¢ ¨¬¥«� ª®«®ª®«®®¡à�§−ë© ¢¨¤, á¨¬¬¥âà¨ç−ë© ®â−®á¨â¥«ì−®
áà¥¤−¥£® §−�ç¥−¨ï, â. ¥. á®®â¢¥âáâ¢®¢�«� −®à¬�«ì−®© ¯«®â−®áâ¨. �®«ãç¥−−ë¥
¢¨§ã�«ì−ë¬ ¯ãâ¥¬ ¯à¥¤¢�à¨â¥«ì−ë¥ ¯à¥¤¯®«®¦¥−¨ï ® −¥§�¢¨á¨¬®áâ¨ ¨ −®à¬�«ì-
−®áâ¨ ¯®¤¢¥à£«¨áì ¤®¯®«−¨â¥«ì−®¬ã ä®à¬�«ì−®¬ã �−�«¨§ã.

Š«�áá¨ç¥áª®© ¯à®æ¥¤ãà®© â¥áâ¨à®¢�−¨ï, ¯à¥¤«®¦¥−−®© ¤«ï ®æ¥−ª¨ �¢â®-
ª®àà¥«ïæ¨¨ ¢ à¥£à¥áá¨®−−ëå ®â−®è¥−¨ïå, áç¨â�¥âáï ªà¨â¥à¨© „ãà¡¨−�{“®âá®-
−� (Durbin{Watson), à¥�«¨§®¢�−−ë© ¢ ¢¨¤¥ äã−ªæ¨¨ dwtest(. . . ) ¨§ ¯�ª¥â�
lmtest. „àã£¨¬¨ â¥áâ�¬¨ −� �¢â®ª®àà¥«ïæ¨î, ¯à¥¤«®¦¥−−ë¬¨ ¨¬¥−−® ¤«ï ¤¨�-
£−®áâ¨ç¥áª®© ¯à®¢¥àª¨ ARIMA-¬®¤¥«¥© [12, £«. 6], á«ã¦�â â¥áâ �®ªá�{�¨àá�
(Box{Pierce) ¨ ¬®¤¨ä¨æ¨à®¢�−−ë© ¢�à¨�−â â¥áâ� ‹î−£�{�®ªá� (Ljung{Box).
�¡� à¥�«¨§®¢�−ë ¢ ¢¨¤¥ äã−ªæ¨¨ Box.test(. . . ) ¨§ ¯�ª¥â� stats. ‚ ®â«¨ç¨¥
®â ¤¨�£−®áâ¨ç¥áª¨å â¥áâ®¢ ¯�ª¥â� lmtest ãª�§�−−�ï äã−ªæ¨ï ®¡à�¡�âë¢�¥â ¢ ª�-
ç¥áâ¢¥ ®á−®¢−®£® �à£ã¬¥−â� àï¤ ®áâ�âª®¢, � −¥ á¯¥æ¨ä¨ª�æ¨î «¨−¥©−®© ¬®¤¥«¨,
çâ® ¯®§¢®«ï¥â −¥ ¢¢®¤¨âì ¤®¯®«−¨â¥«ì−ë¥ ¯à¥¤¯®«®¦¥−¨ï ¨ â¥¬ á�¬ë¬ áãé¥-
áâ¢¥−−ë¬ ®¡à�§®¬ ã¯à®é�¥â ¥¥ ¯à¨¬¥−¥−¨¥. „«ï ¢á¥å ¢�à¨�−â®¢ ¤�−−ëå ¨ ®¡®¨å
â¥áâ®¢ Box.test(. . . ) à¥§ã«ìâ�âë á® 100%-−®© ¡¥§®è¨¡®ç−®áâìî ãª�§ë¢�îâ −�
¯à�¢¤®¯®¤®¡−®áâì ¯à¥¤¯®«®¦¥−¨ï ® −¥§�¢¨á¨¬®áâ¨ ®áâ�âª®¢.

‚ R à¥�«¨§®¢�−ë ¯à�ªâ¨ç¥áª¨ ¢á¥ ¨¬¥îé¨¥áï â¥áâë −� −®à¬�«ì−®áâì |
«¨¡® ¢ ¢¨¤¥ áâ�−¤�àâ−ëå äã−ªæ¨©, «¨¡® ¢å®¤ïé¨¬¨ ¢ á®áâ�¢ ®â¤¥«ì−ëå ¯�ª¥-
â®¢. �à¨¬¥à®¬ ¡�§®¢®© äã−ªæ¨¨ á«ã¦¨â shapiro.test(. . .), ¯à¨ ¯®¬®é¨ ª®â®à®©
¬®¦−® à¥�«¨§®¢�âì â¥áâ ˜�¯¨à®{“¨«ª� (Shapiro{Wilk). ‚ á¯¥æ¨�«¨§¨à®¢�−-
−ë© ¯�ª¥â nortest ¢å®¤ïâ ¤àã£¨¥ à�á¯à®áâà�−¥−−ë¥ ¯à®¢¥àª¨ −� −®à¬�«ì−®áâì:
ad.test(. . .) | â¥áâ �−¤¥àá®−�{„�à«¨−£� (Anderson{Darling); cvm.test(. . .) |
â¥áâ Šà�¬¥à� { ä®− Œ¨§¥á� (Cramer { von Mises); lillie.test(. . .) | â¥áâ Š®«¬®£®-
à®¢�{‘¬¨à−®¢� ¢ ¬®¤¨ä¨ª�æ¨¨ ‹¨««¨¥ä®àá� (Lilliefors{Kolmogorov{Smirnov);
pearson.test(. . .) | ªà¨â¥à¨© å¨-ª¢�¤à�â �¨àá®−� (Pearson); sf.test(. . .) |
â¥áâ ˜�¯¨à®{”à�−á¨ï (Shapiro{Francia). ˆ§ −¨å ¨á¯®«ì§®¢�«¨áì äã−ªæ¨¨
ad.test(. . .), cvm.test(. . .), lillie.test(. . .) ¨ pearson.test(. . .), −¥ ¨¬¥îé¨¥ ®£à�-
−¨ç¥−¨© ¯® à�§¬¥àã ¢ë¡®àª¨ ¨ â¥¬ á�¬ë¬ −¥ âà¥¡ãîé¨¥ ¤®¯®«−¨â¥«ì−ëå
¢à¥¬¥−−‚ëå §�âà�â −� à�−¤®¬¨§�æ¨î. „«ï ¢á¥å ¢�à¨�−â®¢ ¤�−−ëå ¨ ®â®¡à�−-
−ëå â¥áâ®¢ á® 100%-−®© ¡¥§®è¨¡®ç−®áâìî £¨¯®â¥§� ® −®à¬�«ì−®¬ à�á¯à¥¤¥«¥−¨¨
®áâ�âª®¢ ®â¢¥à£�«�áì. „«ï ãá¨«¥−¨ï −�¤¥¦−®áâ¨ ¯à¨−¨¬�¥¬ëå à¥è¥−¨© �−�«¨§
¯®á«¥¤®¢�â¥«ì−®áâ¨ ®áâ�âª®¢ ¤®¯®«−ï«áï ¨áá«¥¤®¢�−¨¥¬ á«ãç�©−®© ¯¥à¥áâ�−®¢-
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ª¨ ¥¥ í«¥¬¥−â®¢; à¥§ã«ìâ�âë ®áâ�¢�«¨áì ¡¥§ ¨§¬¥−¥−¨© ¨ £®¢®à¨«¨ ® â®¬, çâ®
¯à¥¤¯®«®¦¥−¨¥ ® −®à¬�«ì−®áâ¨ ®áâ�âª®¢ ¥á«¨ ¨ ¬®¦¥â ¡ëâì ¯à¨−ïâë¬, â® â®«ìª®
ª�ª £àã¡®¥ ¯à¨¡«¨¦¥−¨¥. �â® ¯®«ãç¨«® á¢®¥ ¯®¤â¢¥à¦¤¥−¨¥ ¯®á«¥ ã¬¥−ìè¥-
−¨ï à�§¬¥à� äà�£¬¥−â� ¤® 100 (−�¯®¬−¨¬, çâ® ®¡é¥¥ ç¨á«® äà�£¬¥−â®¢ ¯à¨ íâ®¬
áâ�−®¢¨«®áì à�¢−ë¬ 1000) á ¯®á«¥¤ãîé¨¬ ¨áá«¥¤®¢�−¨¥¬ §�¢¨á¨¬®áâ¨ ¨ −®à¬�«ì-
−®áâ¨: −¥§�¢¨á¨¬®áâì ãáâ�−�¢«¨¢�«�áì â�ª ¦¥ áâà®£®, � ç¨á«® ¯à¨−ïâ¨© £¨¯®â¥§ë
® −®à¬�«ì−®¬ à�á¯à¥¤¥«¥−¨¨ ¢®§à�áâ�«® ¨ ¬®£«® áâ�−®¢¨âìáï ¡®«¥¥ 50%.

�à¨¬¥àë ¯à®£−®§®¢. �âªàë¢�îé¨¥áï ¢®§¬®¦−®áâ¨ ¨á¯®«ì§®¢�−¨ï ¯à®£−®-
§� {Vi} −� ®á−®¢¥ ARIMA-¬®¤¥«¨ ¯à®¨««îáâà¨àã¥¬ −� ¤¢ãå ¯à¨¬¥à�å: ª®£¤�
¨áá«¥¤ã¥¬�ï á¨áâ¥¬� áâ�¡¨«ì−�, Cλ = 0,9, ¨ −¥áâ�¡¨«ì−�, Cλ = 1,1. ‡−�ç¥-
−¨ï áâ¥¯¥−¨ áâ�¡¨«ì−®áâ¨ Cλ ¢ë¡à�−ë ¢¡«¨§¨ ¥¤¨−¨ç−®£® ¯®à®£®¢®£® §−�ç¥−¨ï
¨ ¬®£ãâ ¯à¨¢®¤¨âì ª ®è¨¡ª�¬ ¯à¨−ïâ¨ï á®®â¢¥âáâ¢ãîé¨å à¥è¥−¨©. ˆ§ ¢á¥©
á®¢®ªã¯−®áâ¨ äà�£¬¥−â®¢ ¤«ï ª�¦¤®£® ¯à¨¬¥à� ¡ë«¨ ¢ë¡à�−ë ¯® ®¤−®¬ã â�ª,
çâ®¡ë áâàãªâãà� á®®â¢¥âáâ¢ãîé¨å ¬®¤¥«¥© ¡ë«� ¡ë ®¤¨−�ª®¢®© ¨ −¥âà¨¢¨�«ì−®©,
â�ª®¢®© ®ª�§�«�áì ARIMA(3, 1, 2); ®æ¥−ª¨ ¯�à�¬¥âà®¢ ¬®¤¥«¨ ®ª�§�«¨áì, ¥áâ¥-
áâ¢¥−−®, à�§«¨ç−ë¬¨. ‡−�ç¥−¨ï Vi, −�¡«î¤¥−−ë¥ ¤«ï ®¯à¥¤¥«¥−−®£® äà�£¬¥−â�
(i = 1, 1000) ¨ á¯à®£−®§¨à®¢�−−ë¥ (i = 1001, 1200) ¯à¨ Cλ = 0,9 ¨ Cλ = 1,1
¯à¨¢¥¤¥−ë −� à¨á. 1 ¨ 2 á®®â¢¥âáâ¢¥−−®. �¡«�áâ¨, ®¡à�§®¢�−−ë¥ 90%-−ë¬¨
¤®¢¥à¨â¥«ì−ë¬¨ ¨−â¥à¢�«�¬¨, ¢ë¤¥«¥−ë á¥àë¬ æ¢¥â®¬.

„«ï Cλ = 0,9 §−�ç¥−¨¥ d = 1 ¯à¥¤ã¯à¥¦¤�¥â ® ¢®§¬®¦−®© −¥áâ�¡¨«ì−®áâ¨
á¨áâ¥¬ë, çâ® ®è¨¡®ç−®. �® ¯®¢¥¤¥−¨¥ ¯à®£−®§� −� à¨á. 1 −¥ â®«ìª® ãª�§ë¢�¥â
−� áâ�¡¨«ì−®áâì, −® ¨ ¤�¥â ®æ¥−ªã áà¥¤−¥£® ¯®¢¥¤¥−¨ï àï¤� {Vi}. „®¢¥à¨â¥«ì−ë¥
¨−â¥à¢�«ë ¤«ï ¯à®£−®§¨àã¥¬ëå §−�ç¥−¨© ¢à¥¬¥−¨ ¯à¥¡ë¢�−¨ï ¤®áâ�â®ç−® ¯à®-
âï¦¥−−ë¥, çâ® á®®â¢¥âáâ¢ã¥â −¥¬�«®¬ã à�§¡à®áã á�¬®£® −�¡«î¤�¥¬®£® ¯à®æ¥áá�.

„«ï Cλ = 1,1 ®æ¥−ª� d = 1 ¨ ¯®¢¥¤¥−¨¥ ¯à®£−®§¨àã¥¬ëå §−�ç¥−¨© (á¬.
à¨á. 2) £®¢®àïâ ® −¥áâ�¡¨«ì−®¬ ¯®¢¥¤¥−¨¨ á¨áâ¥¬ë, � ¨å ¨§¬¥−¥−¨ï ¡ëáâà® ¯à¨-
−¨¬�îâ ®¦¨¤�¥¬ë© «¨−¥©−ë© ¢¨¤. ÷�§¬¥àë ¤®¢¥à¨â¥«ì−®© ®¡«�áâ¨ ¯®«−®áâìî
á®£«�áãîâáï á ¯®¢¥¤¥−¨¥¬ {Vi} −� ¯¥à¨®¤¥ −�¡«î¤¥−¨ï.

÷¨á. 1 �®¢¥¤¥−¨¥ {Vi} −� ®á−®¢¥ ¤�−−ëå
26-£® äà�£¬¥−â� ¨ ¬®¤¥«¨ARIMA(3, 1, 2)
¯à¨ Cλ = 0,9

÷¨á. 2 �®¢¥¤¥−¨¥ {Vi} −� ®á−®¢¥ ¤�−−ëå
35-£® äà�£¬¥−â� ¨ ¬®¤¥«¨ ARIMA(3, 1, 2)
á ¤à¥©ä®¬ ¯à¨ Cλ = 1,1
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ARIMA-¬®¤¥«¨à®¢�−¨¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢à¥¬¥− ¯à¥¡ë¢�−¨ï ¢ ‘Œ�

’�ª¨¬ ®¡à�§®¬, ®æ¥−ª� ¯¥àá¯¥ªâ¨¢ë −¥ ¯à®â¨¢®à¥ç¨â ®¡é¨¬ à¥§ã«ìâ�â�¬
® ¯®¢¥¤¥−¨¨ áâ�¡¨«ì−®© ¨«¨ −¥áâ�¡¨«ì−®© á¨áâ¥¬ë, ¬®¦¥â ¢−®á¨âì ª®àà¥ªâ¨¢ë
¢ ¯à¨−ïâ¨¥ à¥è¥−¨ï ® áâ�¡¨«ì−®áâ¨, � â�ª¦¥ á«ã¦¨âì ®â¯à�¢−®© â®çª®© ¯à¨
�−�«¨§¥ ¨ ®æ¥−ª¥ à¨áª®¢ ¨á¯®«ì§®¢�−¨ï ‘Œ�.

4 Заключение

‘âà¥¬«¥−¨¥ ¯à¨¬¥−¨âì ARIMA-¬®¤¥«¨à®¢�−¨¥ ¯à®æ¥áá®¢ ¢à¥¬¥− ¯à¥¡ë¢�-
−¨ï §�ï¢®ª ¢ ‘Œ� ¢ ¯¥à¢ãî ®ç¥à¥¤ì ®¯¨à�«®áì −� á¢®©áâ¢� íâ¨å ¯à®æ¥áá®¢,
®¡®á−®¢�−−ë¥ à�−¥¥. Šà®¬¥ â®£®, ¯à¨¢«¥ç¥−¨¥ ¬®¤¥«¨ ¡ë«® ®¡¥á¯¥ç¥−® ¯à®-
£à�¬¬−ë¬¨ áà¥¤áâ¢�¬¨, � â�ª¦¥ ¨¬¥«¨áì ¯®§¨â¨¢−ë¥ ¯à¨¬¥àë ¥¥ ¨á¯®«ì§®¢�−¨ï
¢ ¤àã£¨å ¡«¨§ª¨å ®¡«�áâïå. ‚ ¤®¯®«−¥−¨¥ ª íâ®¬ã ¯à®¢¥¤¥−−ë¥ ¨áá«¥¤®¢�−¨ï
¢®§¬®¦−®áâ¥© ARIMA-¬®¤¥«¨ ¯®§¢®«¨«¨ ¯à¥¤¯à¨−ïâãî ¯®¯ëâªã ¥¥ ¢−¥¤à¥−¨ï
¯à¨ à¥è¥−¨¨ §�¤�ç ª®−âà®«ï áâ�¡¨«ì−®áâ¨ ‘Œ� §�¢¥àè¨âì ãá¯¥è−®.

‚ áâ�−¤�àâ−®© «¨−¥©−®© à¥£à¥áá¨¨, áâ�¢è¥© ¡�§®¢ë¬ ¬¥â®¤®¬ ¢ à�áá¬�âà¨¢�-
¥¬®© á¨âã�æ¨¨, ¯à¥¤¯®«�£�¥âáï, çâ® ®è¨¡ª¨ −¥§�¢¨á¨¬ë ¨ à�á¯à¥¤¥«¥−ë ®¤¨−�-
ª®¢®, ¯®á«¥¤−¥¥ ¬®¦¥â ãá¨«¨¢�âìáï ¤® âà¥¡®¢�−¨ï −®à¬�«ì−®áâ¨. ‚ ¯à®¢¥¤¥−−ëå
íªá¯¥à¨¬¥−â�å ¯à¨ à�áá¬®âà¥−¨¨ ®áâ�âª®¢ ¤«ï �¯¯à®ªá¨¬¨à®¢�−−®© à¥£à¥áá¨¨
¨ ¨å ¢ë¡®à®ç−ëå �¢â®ª®àà¥«ïæ¨© íâ¨ ¯à¥¤¯®«®¦¥−¨ï ¢ ®á−®¢−®¬ ¢ë¯®«−ïîâ-
áï. �¤−�ª® ¯à¨ à�áè¨à¥−¨¨ á¯¥ªâà� �¯à¨®à−ëå ¤®¯ãé¥−¨© ®â−®á¨â¥«ì−® ‘Œ�
¯à¨å®¤¨âáï ¤®¯ãáª�âì, çâ® ¯à¥¤¯®«®¦¥−¨ï à¥£à¥áá¨®−−®£® �−�«¨§� ¬®£ãâ −�àã-
è�âìáï. �®íâ®¬ã ¡®«¥¥ ã¬¥áâ−® ¯à¥¤¯®«®¦¨âì, çâ® ®è¨¡ª¨ ¯à¥¤áâ�¢«ïîâ á®¡®©
−�¡«î¤¥−¨ï áâ�æ¨®−�à−®£® ¯à®æ¥áá� ¢â®à®£® ¯®àï¤ª� á −ã«¥¢ë¬ áà¥¤−¨¬ §−�ç¥-
−¨¥¬ [10, à�§¤. 6.6]. �®áª®«ìªã ¬−®£¨¥ �Š” å®à®è® �¯¯à®ªá¨¬¨àãîâáï �Š”
¯à�¢¨«ì−® ¢ë¡à�−−®£® ¯à®æ¥áá� ARMA(p, q), â�ª®¥ à�áè¨à¥−−®¥ ¯à¥¤áâ�¢«¥−¨¥
®¡ ®è¨¡ª�å ¬®¤¥«¨ ¬®¦¥â ¯à¥¤áâ�¢«ïâì ¨−â¥à¥á ¢ ¯¥àá¯¥ªâ¨¢¥.

„àã£¨¬ á¯®á®¡®¬ −¥©âà�«¨§�æ¨¨ ®âª«®−¥−¨© ®â ª«�áá¨ç¥áª¨å ¯à¥¤¯®«®¦¥−¨©
à¥£à¥áá¨¨ ¯à¨ ¯à®£−®§¨à®¢�−¨¨ ¬®¦¥â áâ�âì ¯à¨¬¥−¥−¨¥ ¬¥â®¤®¢ ã¯à�¢«¥−¨ï ¢ë-
¡®àª®©. �à®áâ® ¢®á¯®«ì§®¢�âìáï ¡ãâáâà¥¯®¬ ¤«ï ®æ¥−¨¢�−¨ï ¨−â¥à¢�«®¢ ¯à®£−®§�
(¯�à�¬¥âà bootstrap äã−ªæ¨¨ forecast(. . .)) −¥ª®àà¥ªâ−®, ¯®â®¬ã çâ® â¨à�¦¨à®-
¢�âìáï ¤®«¦−� −®à¬�«ì−® à�á¯à¥¤¥«¥−−�ï ®è¨¡ª�, ç¥£®, ª�ª ®ª�§ë¢�¥âáï, −¥â.
�®íâ®¬ã ¬®¦−® ¨¬¨â¨à®¢�âì á«ãç�©−ë¬ ®¡à�§®¬ ¯à®¯ãáª í«¥¬¥−â®¢ {Vi} (¢ ¤ãå¥
¬¥â®¤� áª«�¤−®£® −®¦�) ¨ ¯®«ãç�âì ¤«ï á£«�¦¨¢�−¨ï ¬−®¦¥áâ¢® ¨−â¥à¢�«®¢.
„�−−�ï ¢®§¬®¦−®áâì ã äã−ªæ¨¨ forecast(. . .) ®âáãâáâ¢ã¥â.
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ARIMA-MODELING OF THE SEQUENCE OF SOJOURN TIMES
IN QUEUEING SYSTEMS

M. P. Krivenko

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

Abstract: The article constructs a model of the sequence of sojourn times {Vi}
based on the available assumptions regarding the characteristics of the queuing
system and the specified data sets. For statistical control of the stability of
the queuing system, the ARIMA-model (AutoRegressive Integrated Moving
Average) has been used. The main reasons for this are as follows: the process {Vi}
can be both stationary and nonstationary with the dependence of individual
states; testing a simplified version of the ARIMA-model when instability is
detected has shown its effectiveness; and there is a corresponding software
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ARIMA-modeling of the sequence of sojourn times in queueing systems

implementation | the forecasting package of the R platform. At the same
time, statistical stability control is a pioneer direction and there is practically
no experience in building appropriate statistical models. The article clarifies
the subtleties of the general principles of model construction taken into action
in the case of monitoring the stability of the queuing system. To illustrate the
capabilities of ARIMA-modeling, sequences for a dual-processor M/M/2 job
processing system with a random selection of the number The ARIMA-model
takes into account the features of the process {Vi}; the adopted method of fitting
the model demonstrates reliability; and using only model parameters for stability
control is not effective. The emerged predictive capability does not contradict
the overall results on the behavior of stable or unstable systems, can make
adjustments to the decision on stability, and can also serve as a starting point for
analyzing and assessing the risks of using queueing system. The adequacy of the
proposed model is investigated.

Keywords: queueing system; time series; tests of stability; automatic forecasting;
ARIMA- modeling; statistics with R
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МОДЕЛЬ АВТОМАТИЗИРОВАННОЙ СИСТЕМЫ ИМИТАЦИИ
АТАК НА ОСНОВЕ МАШИННОГО ОБУЧЕНИЯ∗

М. М. Греков1

�−−®â�æ¨ï: ÷�áá¬�âà¨¢�¥âáï ¯à¨¬¥−¥−¨¥ ¬¥â®¤®¢ ¬�è¨−−®£® ®¡ãç¥−¨ï ¤«ï
¯®áâà®¥−¨ï ¨−â¥««¥ªâã�«ì−®© á¨áâ¥¬ë ¨¬¨â�æ¨¨ �â�ª, ®à¨¥−â¨à®¢�−−®© −�
�¢â®¬�â¨§�æ¨î â¥áâ¨à®¢�−¨ï −� ¯à®−¨ª−®¢¥−¨¥ ¢ à�¬ª�å ®¡¥á¯¥ç¥−¨ï á¥â¥¢®©
¡¥§®¯�á−®áâ¨. ’à�¤¨æ¨®−−ë¥ ¬¥â®¤ë ¯à®¢¥¤¥−¨ï â�ª¨å â¥áâ®¢ å�à�ªâ¥à¨§ã-
îâáï ¢ëá®ª®© âàã¤®¥¬ª®áâìî ¨ áãé¥áâ¢¥−−ë¬¨ §�âà�â�¬¨ ¢à¥¬¥−¨ ¨ à¥áãàá®¢.
÷�§à�¡®â�−−�ï ¬®¤¥«ì ¨á¯®«ì§ã¥â �«£®à¨â¬ë £¥−¥à�â¨¢−®£® á®áâï§�â¥«ì−®£®
¨¬¨â�æ¨®−−®£® ®¡ãç¥−¨ï ¨ ®¡ãç¥−¨ï á ¯®¤ªà¥¯«¥−¨¥¬. �â® ¯®§¢®«ï¥â ¢®á¯à®-
¨§¢®¤¨âì ¯®¢¥¤¥−¨¥ �â�ªãîé¨å ¨ ä®à¬¨à®¢�âì à¥�«¨áâ¨ç−ë¥ áæ¥−�à¨¨, ¯à¨-
¡«¨¦¥−−ë¥ ª ¤¥©áâ¢¨ï¬ ¯à®ä¥áá¨®−�«ì−ëå á¯¥æ¨�«¨áâ®¢ ¯® ¡¥§®¯�á−®áâ¨.
�á®¡¥−−®áâì ¬®¤¥«¨ §�ª«îç�¥âáï ¢® ¢¢¥¤¥−¨¨ á¥¬�−â¨ç¥áª¨å ¢®§−�£à�¦¤¥-
−¨© | ®−¨ ¯®§¢®«ïîâ ãç¨âë¢�âì −¥ â®«ìª® á�¬ ä�ªâ ¤®áâ¨¦¥−¨ï æ¥«¨, −®
¨ â�ª¨¥ ¯�à�¬¥âàë, ª�ª −®¢¨§−� �â�ªãîé¥£® ¤¥©áâ¢¨ï ¨ ¥£® áªàëâ−®áâì. „«ï
¯®¢ëè¥−¨ï ãáâ®©ç¨¢®áâ¨ ª ¨§¬¥−¥−¨ï¬ ¢ á¥â¥¢®© áà¥¤¥ ¬®¤¥«ì ¬®¦¥â ¡ëâì
à�áè¨à¥−� ¤¢ã¬ï ¤¨áªà¨¬¨−�â®à�¬¨. ’�ª¦¥ ¯à¥¤ãá¬®âà¥−� ¢®§¬®¦−®áâì ¬−®-
£®�£¥−â−®£® ¢§�¨¬®¤¥©áâ¢¨ï, çâ® ¯®§¢®«ï¥â ¬®¤¥«¨à®¢�âì áª®®à¤¨−¨à®¢�−−ë¥
�â�ª¨, ¨¬¨â¨àãîé¨¥ ¤¥©áâ¢¨ï −¥áª®«ìª¨å §«®ã¬ëè«¥−−¨ª®¢.

Š«îç¥¢ë¥ á«®¢�: ¨−ä®à¬�æ¨®−−�ï ¡¥§®¯�á−®áâì; £¥−¥à�â¨¢−®¥ á®áâï§�â¥«ì-
−®¥ ¨¬¨â�æ¨®−−®¥ ®¡ãç¥−¨¥; ¨¬¨â�æ¨ï �â�ª; ¬�è¨−−®¥ ®¡ãç¥−¨¥
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1 Введение

‚ ãá«®¢¨ïå ¡ëáâà® à�§¢¨¢�îé¥£®áï «�−¤è�äâ� ã£à®§ ¨−ä®à¬�æ¨®−−®©
¡¥§®¯�á−®áâ¨ ¤¥©áâ¢¨ï §«®ã¬ëè«¥−−¨ª®¢ ¯à¥¤áâ�¢«ïîâ á¥àì¥§−ãî ¯à®¡«¥¬ã ¤«ï
®à£�−¨§�æ¨© ¢® ¢á¥å ®âà�á«ïå. ‚�¦−ë¬ ä�ªâ®à®¬ áâ�«� ®æ¥−ª� íää¥ªâ¨¢−®áâ¨
¢−¥¤à¥−−®© á¨áâ¥¬ë §�é¨âë ¨−ä®à¬�æ¨¨.

ˆ¬¨â�æ¨ï ¢§«®¬®¢ ¨ �â�ª (Breach and Attack Simulation, BAS) | ¡ëáâà®
à�§¢¨¢�îé�ïáï ®¡«�áâì ¢ ®¡«�áâ¨ ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨. BAS-á¨áâ¥¬ë
áâ�−®¢ïâáï ¢á¥ ¡®«¥¥ ¢�¦−ë¬ ¨−áâàã¬¥−â®¬ ¤«ï ®æ¥−ª¨ ¨ ã«ãçè¥−¨ï ¯à¨¬¥-
−ï¥¬ëå ¬¥à ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨ [1]. ’�ª¨¥ á¨áâ¥¬ë ¯à¥¤¯®«�£�îâ
¨á¯®«ì§®¢�−¨¥ ¯¥à¥¤®¢ëå â¥å−®«®£¨© ¤«ï ¬®¤¥«¨à®¢�−¨ï ¨ â¥áâ¨à®¢�−¨ï ¯®-
â¥−æ¨�«ì−® á«�¡ëå ¬¥áâ ª®¬¯ìîâ¥à−ëå á¥â¥© ¨ á¨áâ¥¬. �á−®¢−®© æ¥«ìî BAS
áâ�¢¨âáï ¢ëï¢«¥−¨¥ ¯®â¥−æ¨�«ì−ëå ãï§¢¨¬®áâ¥©, ¯à¥¦¤¥ ç¥¬ ®−¨ ¬®£ãâ ¡ëâì

∗‘â�âìï à¥ª®¬¥−¤®¢�−� ª ¯ã¡«¨ª�æ¨¨ ¯à®£à�¬¬−ë¬ ª®¬¨â¥â®¬ 15-© Œ¥¦¤ã−�à®¤−®© ª®−ä¥-
à¥−æ¨¨ úˆ−â¥««¥ªâã�«¨§�æ¨ï ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨û.

1’ã«ìáª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â, grekov.web@yandex.ru
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¨á¯®«ì§®¢�−ë §«®ã¬ëè«¥−−¨ª�¬¨. ’à�¤¨æ¨®−−® BAS-á¨áâ¥¬ë ¯®«�£�«¨áì −�
¯à¥¤®¯à¥¤¥«¥−−ë¥ áæ¥−�à¨¨, ®á−®¢�−−ë¥ −� ¯à�¢¨«�å, ¤«ï ¨¬¨â�æ¨¨ �â�ª.

‚ ¯®á«¥¤−¨¥ £®¤ë ¨á¯®«ì§®¢�−¨î ¬¥â®¤®¢ ¬�è¨−−®£® ®¡ãç¥−¨ï ¨ ¬®¤¥«¥©
−¥©à®á¥â¥© ¢ ®¡«�áâ¨ á¥â¥¢®© ¡¥§®¯�á−®áâ¨ ã¤¥«ï¥âáï §−�ç¨â¥«ì−®¥ ¢−¨¬�−¨¥
¢ á¢ï§¨ á ¢®§à�áâ�îé¥© á«®¦−®áâìî ¨ ¨§®éà¥−−®áâìî á¥â¥¢ëå �â�ª [2]. Œ¥â®¤ë
®¡ãç¥−¨ï á ¯®¤ªà¥¯«¥−¨¥¬ (Reinforcement Learning, RL) ¨ £«ã¡®ª®£® ®¡ãç¥−¨ï
á ¯®¤ªà¥¯«¥−¨¥¬ (Deep Reinforcement Learning, DRL) è¨à®ª® ¨á¯®«ì§ãîâáï
−�ãç−ë¬ á®®¡é¥áâ¢®¬ ¤«ï ¬®¤¥«¨à®¢�−¨ï ¨ �¢â®¬�â¨§�æ¨¨ â¥áâ¨à®¢�−¨ï −� ¯à®-
−¨ª−®¢¥−¨¥ [3]. �¤−�ª® ¨å ¯à¨¬¥−¥−¨¥ ¢ ª®−â¥ªáâ¥ ªàã¯−ëå á¥â¥©, á®áâ®ïé¨å
¨§ ¬−®¦¥áâ¢� å®áâ®¢ ¨ ã§«®¢, áâ�«ª¨¢�¥âáï á àï¤®¬ áãé¥áâ¢¥−−ëå ®£à�−¨ç¥−¨©.
�â¨ ¬¥â®¤ë, ª�ª ¯à�¢¨«®, ¤¥¬®−áâà¨àãîâ ¢ëá®ªãî íää¥ªâ¨¢−®áâì ¯à¨ â¥áâ¨à®-
¢�−¨¨ −� ãà®¢−¥ ®¤−®£® å®áâ�, ¨å �¤�¯â¨¢−®áâì ¨ ¬�áèâ�¡¨àã¥¬®áâì §−�ç¨â¥«ì−®
á−¨¦�îâáï ¯à¨ à�¡®â¥ ¢ ¡®«¥¥ á«®¦−ëå ¨ ¬−®£®á®áâ�¢−ëå áà¥¤�å, â�ª¨å ª�ª
ªàã¯−ë¥ á¥â¨.

‚ âà�¤¨æ¨®−−ëå ¬¥â®¤�å RL/DRL �£¥−â ¢ë−ã¦¤¥− ¨áá«¥¤®¢�âì ¬−®¦¥-
áâ¢® ¢®§¬®¦−ëå á®áâ®ï−¨© á¨áâ¥¬ë, çâ® âà¥¡ã¥â §−�ç¨â¥«ì−ëå ¢ëç¨á«¨â¥«ì−ëå
à¥áãàá®¢ ¨ ¢à¥¬¥−¨. ��£à�¤ë, ¯®«ãç�¥¬ë¥ §� ãá¯¥è−®¥ â¥áâ¨à®¢�−¨¥ ãï§¢¨¬®-
áâ¥©, −¥¤®áâ�â®ç−® ç�áâë¥ ¨«¨ ¤�¦¥ ®âáãâáâ¢ãîâ −� ¯à®âï¦¥−¨¨ ¡®«ìè®£® ç¨á«�
¢§�¨¬®¤¥©áâ¢¨©. Šà®¬¥ â®£®, á«®¦−®áâì −�áâà®©ª¨ −�£à�¤ ¤«ï à�¡®âë ¢ á¥â¨
á ¬−®¦¥áâ¢®¬ å®áâ®¢ §−�ç¨â¥«ì−® ã¢¥«¨ç¨¢�¥âáï. Š�¦¤ë© å®áâ ¨ ¥£® ®ªàã¦¥−¨¥
¬®£ãâ âà¥¡®¢�âì ¨−¤¨¢¨¤ã�«ì−®© −�áâà®©ª¨ ¯�à�¬¥âà®¢ −�£à�¤ë, çâ® ¯à¨¢®¤¨â
ª ¤®¯®«−¨â¥«ì−®© á«®¦−®áâ¨ ¢ ¯à®æ¥áá¥ ®¡ãç¥−¨ï.

�¤−¨¬ ¨§ ¯¥àá¯¥ªâ¨¢−ëå ¯®¤å®¤®¢ ¢ ®¡«�áâ¨ â¥áâ¨à®¢�−¨ï −� ¯à®−¨ª−®¢¥-
−¨¥ ®ª�§�«®áì £¥−¥à�â¨¢−®¥ á®áâï§�â¥«ì−®¥ ¨¬¨â�æ¨®−−®¥ ®¡ãç¥−¨¥ (Generative
Adversarial Imitation Learning, GAIL) [4]. GAIL ¨á¯®«ì§ã¥â ª®−æ¥¯æ¨î ¨¬¨â�æ¨-
®−−®£® ®¡ãç¥−¨ï, £¤¥ �£¥−â ®¡ãç�¥âáï −� ®á−®¢¥ ¯®¢¥¤¥−¨ï íªá¯¥àâ�, � −¥ −�¯àï¬ãî
−� −�£à�¤�å, ¯®«ãç�¥¬ëå ¢ ¯à®æ¥áá¥ â¥áâ¨à®¢�−¨ï. �â® ¯®§¢®«ï¥â �£¥−âã ¡ëáâà¥¥
�¤�¯â¨à®¢�âìáï ª á«®¦−ë¬ áæ¥−�à¨ï¬, ¬¨−¨¬¨§¨àãï −¥®¡å®¤¨¬®áâì ¢ â®−ª®©
−�áâà®©ª¥ −�£à�¤.

’�ª¨¬ ®¡à�§®¬, �£¥−â ¬®¦¥â ¨¬¨â¨à®¢�âì ãá¯¥è−ë¥ áâà�â¥£¨¨ �â�ª¨, ¤�¦¥
¥á«¨ â�ª¨¥ á®¡ëâ¨ï ¯à®¨áå®¤ïâ à¥¤ª®. Šà®¬¥ â®£®, GAIL §−�ç¨â¥«ì−® ã¯à®é�¥â
−�áâà®©ªã −�£à�¤, â�ª ª�ª �£¥−â ®¡ãç�¥âáï ¯®¤à�¦�âì ¤¥©áâ¢¨ï¬ ®¯ëâ−ëå â¥áâ¥à®¢
−� ¯à®−¨ª−®¢¥−¨¥, � −¥ ¯®«�£�âìáï −� á«®¦−ë¥ áå¥¬ë −�£à�¤, à�§à�¡®â�−−ë¥
¤«ï ª�¦¤®© ª®−ªà¥â−®© ãï§¢¨¬®áâ¨ ¨«¨ ª®¬¯®−¥−â� á¨áâ¥¬ë. �â® ¯®§¢®«ï¥â
íää¥ªâ¨¢−® ¬®¤¥«¨à®¢�âì �â�ª¨ ¢ ¡®«ìè¨å ¨ á«®¦−ëå á¥âïå ¡¥§ −¥®¡å®¤¨¬®áâ¨
àãç−®© −�áâà®©ª¨ −�£à�¤ ¤«ï ª�¦¤®£® ®â¤¥«ì−®£® å®áâ�.

‚ ¤�−−®© áâ�âì¥ ¯à¥¤«�£�¥âáï ¬®¤¥«ì −� ®á−®¢¥ £¥−¥à�â¨¢−®£® á®áâï§�â¥«ì−®£®
¨¬¨â�æ¨®−−®£® ®¡ãç¥−¨ï ¤«ï �¢â®¬�â¨§�æ¨¨ ¯à®æ¥áá� â¥áâ¨à®¢�−¨ï −� ¯à®−¨ª-
−®¢¥−¨¥ ¨ ã«ãçè¥−¨ï ®æ¥−ª¨ íää¥ªâ¨¢−®áâ¨ á¨áâ¥¬ §�é¨âë ¨−ä®à¬�æ¨¨. ÷�§-
à�¡�âë¢�¥¬�ï ¬®¤¥«ì −� ®á−®¢¥ £¥−¥à�â¨¢−®£® á®áâï§�â¥«ì−®£® ¨¬¨â�æ¨®−−®£®
®¡ãç¥−¨ï ¤®¯®«−¥−� ¬¥å�−¨§¬®¬ á¥¬�−â¨ç¥áª¨å ¢®§−�£à�¦¤¥−¨©, çâ® ¯®§¢®«ï¥â
®æ¥−¨¢�âì �â�ª¨ −¥ â®«ìª® ¯® ä�ªâã ¤®áâ¨¦¥−¨ï æ¥«¨, −® ¨ á ãç¥â®¬ ¨å −®¢¨§−ë
¨ áâ¥¯¥−¨ áªàëâ−®áâ¨. ’�ª�ï ä®à¬�«¨§�æ¨ï äã−ªæ¨¨ ¢®§−�£à�¦¤¥−¨ï á¯®á®¡-
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Œ®¤¥«ì �¢â®¬�â¨§¨à®¢�−−®© á¨áâ¥¬ë ¨¬¨â�æ¨¨ �â�ª −� ®á−®¢¥ ¬�è¨−−®£® ®¡ãç¥−¨ï

áâ¢ã¥â ®¡ãç¥−¨î �£¥−â� ¡®«¥¥ á«®¦−ë¬, ¯à¨¡«¨¦¥−−ë¬ ª à¥�«ì−ë¬ ãá«®¢¨ï¬
áæ¥−�à¨ï¬, � â�ª¦¥ ®¡¥á¯¥ç¨¢�¥â ¢®á¯à®¨§¢¥¤¥−¨¥ ¯®¢¥¤¥−¨ï, å�à�ªâ¥à−®£® ¤«ï
ª¢�«¨ä¨æ¨à®¢�−−ëå á¯¥æ¨�«¨áâ®¢ ¢ ®¡«�áâ¨ â¥áâ¨à®¢�−¨ï −� ¯à®−¨ª−®¢¥−¨¥.
Šà®¬¥ â®£®, �àå¨â¥ªâãà� ¬®¤¥«¨ ¯®¤¤¥à¦¨¢�¥â ¬−®£®�£¥−â−ë© à¥¦¨¬, ¯à¨ ª®-
â®à®¬ −¥áª®«ìª® �£¥−â®¢ ¬®£ãâ ¢§�¨¬®¤¥©áâ¢®¢�âì ¬¥¦¤ã á®¡®© ¨ á ®ªàã¦¥−¨¥¬
¢ à�¬ª�å ¥¤¨−®£® ¯à®æ¥áá� �â�ª¨. ‚ à¥�«ì−ëå ãá«®¢¨ïå §«®ã¬ëè«¥−−¨ª¨ ç�áâ®
¨á¯®«ì§ãîâ −¥áª®«ìª® �£¥−â®¢ ¤«ï ¢ë¯®«−¥−¨ï �â�ª, â�ª¨å ª�ª à�á¯à¥¤¥«¥−−ë¥
DoS-�â�ª¨ ¨«¨ á«®¦−ë¥ ¬−®£®§�¤�ç−ë¥ �â�ª¨ á æ¥«ìî ®¡å®¤� §�é¨â−ëå ¬¥å�-
−¨§¬®¢. Œ−®£®�£¥−â−ë© ¯®¤å®¤ ¢ ª®−â¥ªáâ¥ GAIL ¯®§¢®«ï¥â ¬®¤¥«¨à®¢�âì â�ª¨¥
ª®®à¤¨−¨à®¢�−−ë¥ �â�ª¨ ¡®«¥¥ íää¥ªâ¨¢−®, ç¥¬ íâ® ¢®§¬®¦−® ¯à¨ ¨á¯®«ì§®-
¢�−¨¨ âà�¤¨æ¨®−−ëå ¬¥â®¤®¢ RL/DRL, ª®â®àë¥ ç�é¥ ¢á¥£® ä®ªãá¨àãîâáï −�
®¤−®¬ �£¥−â¥ ¨ ®¤−®¬ ®¡ê¥ªâ¥ â¥áâ¨à®¢�−¨ï.

2 Генеративное состязательное имитационное обучение

�à¨¬¥−¥−¨¥ ®¡ãç¥−¨ï á ¯®¤ªà¥¯«¥−¨¥¬ ¬®¦¥â ¡ëâì −¥¯à®áâ®© §�¤�ç¥©, ª®£¤�
®¯â¨¬�«ì−�ï ¯®«¨â¨ª� −¥¨§¢¥áâ−� ¨«¨ ¥¥ âàã¤−® ®á¢®¨âì á −ã«ï [5]. ‚ëá®ª�ï
à�§¬¥à−®áâì ¤¨áªà¥â−®£® ¯à®áâà�−áâ¢� ¤¥©áâ¢¨© �£¥−â� ¯à¨¢®¤¨â ª ¯à®¡«¥¬¥ áå®-
¤¨¬®áâ¨. ˆ¬¨â�æ¨®−−®¥ ®¡ãç¥−¨¥ à¥è�¥â ãª�§�−−ãî ¯à®¡«¥¬ã, ¯®§¢®«ïï �£¥−âã
¨¬¨â¨à®¢�âì ¯®«¨â¨ªã íªá¯¥àâ�.

GAIL | íâ® ¬¥â®¤ ¨¬¨â�æ¨®−−®£® ®¡ãç¥−¨ï, ª®â®àë© ¨á¯®«ì§ã¥â £¥−¥à�â®à
¨ ¤¨áªà¨¬¨−�â®à ¤«ï á®§¤�−¨ï à¥�«¨áâ¨ç−ëå áæ¥−�à¨¥¢ �â�ª¨. ‚ ®á−®¢¥ GAIL
«¥¦�â £¥−¥à�â¨¢−ë¥ á®áâï§�â¥«ì−ë¥ −¥©à®−−ë© á¥â¨ (Generative Adversarial Net-
work, GAN), ª®â®àë¥ áâ�«¨ ¬®é−ë¬ ¨−áâàã¬¥−â®¬ ¤«ï ¬®¤¥«¨à®¢�−¨ï á«®¦−ëå
à�á¯à¥¤¥«¥−¨© ¤�−−ëå [6]. GAN ¯à¥¤áâ�¢«ï¥â á®¡®© ¤¢¥ −¥©à®−−ë¥ á¥â¨, ®¤−� ¨§
ª®â®àëå á«ã¦¨â £¥−¥à�â®à®¬, � ¢â®à�ï | ¤¨áªà¨¬¨−�â®à®¬. ‚ å®¤¥ á®áâï§�â¥«ì-
−®£® ®¡ãç¥−¨ï ¬®¦¥â ¡ëâì ¯®«ãç¥−� ¬®¤¥«ì, á¯®á®¡−�ï á®§¤�¢�âì −®¢ë¥ ®¡à�§æë
¤�−−ëå, ¯®¤®¡−ë¥ à¥�«ì−ë¬ [7].

ƒ¥−¥à�â®à G ®¡ãç�¥âáï −� ®á−®¢¥ áâà�â¥£¨¨ ¨ á®§¤�¥â âà�¥ªâ®à¨¨ �â�ª, ¬�ª-
á¨¬�«ì−® ¯®å®¦¨¥ −� ¯®¢¥¤¥−¨¥ íªá¯¥àâ�. �ãáâì πG | íâ® ¯®«¨â¨ª� £¥−¥à�â®à�,
ª®â®à�ï −� ®á−®¢¥ â¥ªãé¥£® á®áâ®ï−¨ï st ¢ë¡¨à�¥â ¤¥©áâ¢¨ï at ¤«ï �â�ª¨. ‚®§-
−�£à�¦¤¥−¨¥ rt, ¯®«ãç�¥¬®¥ −� ª�¦¤®¬ è�£¥, ®¯à¥¤¥«ï¥âáï ª�ª à�§−¨æ� ¬¥¦¤ã
¤¥©áâ¢¨ï¬¨ £¥−¥à�â®à� ¨ ¤¥©áâ¢¨ï¬¨ íªá¯¥àâ�.

�¡ãç¥−¨¥ £¥−¥à�â®à� ¢ GAIL á¢®¤¨âáï ª ¬�ªá¨¬¨§�æ¨¨ ¯à�¢¤®¯®¤®¡¨ï ¤¥©-
áâ¢¨© íªá¯¥àâ�:

JG(πG) = Eat∼πG
[logD (st, at)] ,

£¤¥ D(st, at) | ¢¥à®ïâ−®áâì â®£®, çâ® ¤¨áªà¨¬¨−�â®à ¯à¨¬¥â ¤¥©áâ¢¨ï at ª�ª
¤¥©áâ¢¨ï, ¢ë¯®«−¥−−ë¥ à¥�«ì−ë¬ íªá¯¥àâ®¬; E | ¬�â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥ ¯®
¢ë¡®àª¥ ¤¥©áâ¢¨© at ¨§ ¯®«¨â¨ª¨ πG.

„¨áªà¨¬¨−�â®à D ®¡ãç�¥âáï ¤«ï â®£®, çâ®¡ë ®â«¨ç¨âì ¤¥©áâ¢¨ï £¥−¥à�â®à�
®â ¤¥©áâ¢¨©, ¢ë¯®«−¥−−ëå íªá¯¥àâ�¬¨. „¨áªà¨¬¨−�â®à ¯®«ãç�¥â ¯�àã (st, at).
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÷¨á. 1 Œ®¤¥«ì á¨áâ¥¬ë −� ®á−®¢¥ GAIL ¨ DRL

‚®§−�£à�¦¤¥−¨¥ ¤«ï ¤¨áªà¨¬¨−�â®à� ¬®¦−® §�¯¨á�âì ª�ª

LD(D) = Eat∼πexpert [logD (st, at)] + Eat∼πG
[log (1−D (st, at))] ,

£¤¥ πexpert | ¯®«¨â¨ª� íªá¯¥àâ�, ª®â®à�ï ¯à¥¤áâ�¢«ï¥â à¥�«ì−ë¥ ¤¥©áâ¢¨ï �â�-
ªãîé¨å.

„«ï á®§¤�−¨ï ¬®¤¥«¨ ¨−â¥««¥ªâã�«ì−®© BAS-á¨áâ¥¬ë, ¯à¥¤áâ�¢«¥−−®© −�
à¨á. 1, ¯à¥¤«�£�¥âáï ¯à¨¬¥−¨âì �àå¨â¥ªâãàã, ª®â®à�ï ®á−®¢�−� −� ¬®¤¥«ïå GAIL
¨ DRL/RL. �¤−® ¨§ ª«îç¥¢ëå á¢®©áâ¢ ¯à¥¤«�£�¥¬®© ¬®¤¥«¨ §�ª«îç�¥âáï ¢ ¥¥
á¯®á®¡−®áâ¨ ä®à¬¨à®¢�âì áæ¥−�à¨¨ �â�ª, ¤®áâ®¢¥à−® ¢®á¯à®¨§¢®¤ïé¨¥ ¯®¢¥¤¥-
−¨¥ íªá¯¥àâ� ¯à¨ ¯à®¢¥¤¥−¨¨ â¥áâ¨à®¢�−¨ï −� ¯à®−¨ª−®¢¥−¨¥. �à¨−æ¨¯ à�¡®âë
®á−®¢�− −� á®§¤�−¨¨ á®®â¢¥âáâ¢¨ï ¬¥¦¤ã ¤¥©áâ¢¨ï¬¨ íªá¯¥àâ� ¨ à¥�ªæ¨ï¬¨ æ¥«¥-
¢®© á¨áâ¥¬ë. Š�ª â®«ìª® á®¯®áâ�¢«¥−¨¥ ¨§ãç¥−®, £¥−¥à�â®à ¬®¦¥â ¨á¯®«ì§®¢�âì
¥£® ¤«ï ¨¬¨â�æ¨¨ �â�ª, �−�«®£¨ç−ëå â¥¬, ª®â®àë¥ ¢ë¯®«−ïîâáï íªá¯¥àâ®¬. ‡�-
â¥¬ á£¥−¥à¨à®¢�−−ë¥ áæ¥−�à¨¨ �â�ª ¨á¯®«ì§ãîâáï ¤«ï ®¡ãç¥−¨ï �£¥−â� RL/DRL
¢ë¯®«−ïâì ¯à®−¨ª−®¢¥−¨¥ ¢ á¥â¥¢ãî ¨−äà�áâàãªâãàã. �£¥−â ®¡ãç¥− ¬�ªá¨-
¬¨§¨à®¢�âì á¢®¥ ¢®§−�£à�¦¤¥−¨¥, −�å®¤ï ãï§¢¨¬®áâ¨ ¨ ¨á¯®«ì§ãï ¨å, � â�ª¦¥
¨§¡¥£�ï ®¡−�àã¦¥−¨ï ¬¥å�−¨§¬�¬¨ ¡¥§®¯�á−®áâ¨ á¥â¨. ’�ª�ï ¬®¤¥«ì ¯®§¢®«¨â
ã¬¥−ìè¨âì âàã¤®¥¬ª®áâì ¨ á¤¥«�âì ¯à®æ¥áá â¥áâ¨à®¢�−¨ï −� ¯à®−¨ª−®¢¥−¨¥ ¡®«¥¥
¬�áèâ�¡¨àã¥¬ë¬.

�¥à¢®−�ç�«ì−ë¬¨ ¢å®¤−ë¬¨ ¤�−−ë¬¨ á«ã¦�â §−�−¨ï íªá¯¥àâ®¢. ‘®§¤�-
−¨¥ â�ª®£® −�¡®à� ¤�−−ëå ¢®§¬®¦−® ¢ �¢â®¬�â¨ç¥áª®¬ à¥¦¨¬¥ á ¯®¬®éìî
DeepExploit [7]. �®«ãç¥−−ë© −�¡®à ¤�−−ëå | íâ® ¬−®¦¥áâ¢® á®áâ®ï−¨© ¨ ¤¥©-
áâ¢¨©, çâ® ¯à¥¤áâ�¢«ï¥â á®¡®© âà�¥ªâ®à¨¨ �â�ª. ƒ¥−¥à�â®à ®¡ãç�¥âáï ¢ â¥áâ®¢®©
áà¥¤¥ á ®¤−¨¬ ãáâà®©áâ¢®¬, �£¥−â ¢ë¯®«−ï¥â ¤¥©áâ¢¨ï ¢ ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬¥
(à¥�«ì−�ï áà¥¤�). �¡¥ ¬®¤¥«¨ −¥ ¨¬¥îâ ¤®áâã¯� ª ¢å®¤−ë¬ ¤�−−ë¬. �¡ãç¥−¨¥
®áãé¥áâ¢«ï¥âáï §� áç¥â ¤¨áªà¨¬¨−�â®à�, ª®â®àë© ¤®«¦¥− ®â«¨ç�âì ¬−®¦¥áâ¢® ¨§
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Œ®¤¥«ì �¢â®¬�â¨§¨à®¢�−−®© á¨áâ¥¬ë ¨¬¨â�æ¨¨ �â�ª −� ®á−®¢¥ ¬�è¨−−®£® ®¡ãç¥−¨ï

¡�§ë §−�−¨© ®â ¬−®¦¥áâ¢, ¯®«ãç�¥¬ëå ®â £¥−¥à�â®à� ¨ RL/DRL-�£¥−â�. ’�ª¨¬
®¡à�§®¬, ¬®¤¥«¨ ¨â¥à�â¨¢−® ®¡ãç�îâáï ¢ë¯®«−ïâì ¤¥©áâ¢¨ï, ª®â®àë¥ ¯à¨¢®¤ïâ
ª ãá¯¥è−®¬ã ¯à®−¨ª−®¢¥−¨î.

3 Сбор данных для обучения и структура набора данных

‚ ®â«¨ç¨¥ ®â âà�¤¨æ¨®−−ëå ¬¥â®¤®¢ ®¡ãç¥−¨ï á ¯®¤ªà¥¯«¥−¨¥¬, £¤¥ â®ç−�ï
ä®à¬�«¨§�æ¨ï ¯à¨§−�ª®¢ á®áâ®ï−¨ï ®¯à¥¤¥«ï¥â äã−ªæ¨î ¢®§−�£à�¦¤¥−¨ï [3],
£¥−¥à�â¨¢−®¥ á®áâï§�â¥«ì−®¥ ¨¬¨â�æ¨®−−®¥ ®¡ãç¥−¨¥ ®¯¨à�¥âáï −� âà�¥ªâ®à¨¨
íªá¯¥àâ®¢ | ¯®á«¥¤®¢�â¥«ì−®áâ¨ á®áâ®ï−¨© ¨ ¤¥©áâ¢¨© [4, 5]. �â® á−¨¦�¥â §�-
¢¨á¨¬®áâì ®â àãç−®© −�áâà®©ª¨ ¯à¨§−�ª®¢, ®¤−�ª® ª�ç¥áâ¢® ¬®¤¥«¨ ¢ à¥è�îé¥©
áâ¥¯¥−¨ §�¢¨á¨â ®â à¥¯à¥§¥−â�â¨¢−®áâ¨ âà�¥ªâ®à¨©, ¯®«−®âë ¨ á®£«�á®¢�−−®áâ¨
¤�−−ëå, ª®â®àë¥ ¤®«¦−ë ®âà�¦�âì ¯®¢¥¤¥−¨¥ à¥�«ì−ëå �â�ªãîé¨å [1].

„�−−ë¥ á®¡¨à�îâáï �¢â®¬�â¨ç¥áª¨ ¢ â¥áâ®¢®© áà¥¤¥ Metasploitable2 á ¯®-
¬®éìî DeepExploit [7], çâ® ¯®§¢®«ï¥â ¢®á¯à®¨§¢¥áâ¨ ãï§¢¨¬®áâ¨ à¥�«ì−ëå
á¨áâ¥¬, â�ª¨¥ ª�ª ãáâ�à¥¢è¨¥ ¢¥àá¨¨ ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï ¨ ®âªàëâë¥
á¥à¢¨áë [8]. �à®æ¥áá −�ç¨−�¥âáï á® áª�−¨à®¢�−¨ï æ¥«¨ ¤«ï ¢ëï¢«¥−¨ï ¤®áâã¯-
−ëå ¯®àâ®¢, á¥à¢¨á®¢ ¨ ¨å ª®−ä¨£ãà�æ¨©, çâ® ä®à¬¨àã¥â ®á−®¢ã ¤«ï âà�¥ªâ®à¨©
úá®áâ®ï−¨¥{¤¥©áâ¢¨¥û. ��¨¢ëáè¥¥ §−�ç¥−¨¥ ¢®§−�£à�¦¤¥−¨ï ¯à¨á¢�¨¢�¥âáï áæ¥-
−�à¨î, ¯à¨ ª®â®à®¬ �£¥−â −¥ â®«ìª® íªá¯«ã�â¨à®¢�« æ¥«¥¢®© ã§¥«, −® ¨ ¯®«ãç¨«
à�áè¨à¥−−ë¥ ¯à¨¢¨«¥£¨¨ [9, 10]. ‚ ¬®¬¥−â ¤®áâ¨¦¥−¨ï ¬�ªá¨¬�«ì−®£® ¢®§−�-
£à�¦¤¥−¨ï ä¨ªá¨àãîâáï á®®â¢¥âáâ¢ãîé¨¥ ¯�àë á®áâ®ï−¨¥ | ¤¥©áâ¢¨¥, ª®â®àë¥
§�â¥¬ á®åà�−ïîâáï ¢ −�¡®à ¤�−−ëå ¤«ï ®¡ãç¥−¨ï.

‚¥ªâ®à á®áâ®ï−¨ï á®áâ®¨â ¨§ ¯ïâ¨ ª®¬¯®−¥−â®¢: â¨¯ ®¯¥à�æ¨®−−®© á¨áâ¥¬ë
(−�¯à¨¬¥à, Linux), ®¯à¥¤¥«ï¥¬ë© −� ®á−®¢¥ ¨−ä®à¬�æ¨¨ ® æ¥«¨; −�§¢�−¨¥ á¥à¢¨á�
¨«¨ ¯à®¤ãªâ� (−�¯à¨¬¥à, SSH), ¢ëï¢«ï¥¬®¥ ¯® ¤�−−ë¬ ¯®àâ�; ¢¥àá¨ï á¥à¢¨á�
(−�¯à¨¬¥à, 5.9 ¤«ï OpenSSH), ¨§¢«¥ª�¥¬�ï ¨§ ª®−ä¨£ãà�æ¨¨ á¥à¢¨á�; â¨¯
íªá¯«®©â-¬®¤ã«ï | ¬®¤ã«ì Metasploit ¤«ï íªá¯«ã�â�æ¨¨ ãï§¢¨¬®áâ¨; æ¥«¥¢�ï
¯«�âä®à¬�, ãª�§ë¢�îé�ï ª®−ªà¥â−ãî ¢¥àá¨î ¨«¨ �àå¨â¥ªâãàã, ¢ë¡¨à�¥¬ãî ¨§
á¯¨áª� æ¥«¥©.

’¨¯ íªá¯«®©â-¬®¤ã«ï ®¯à¥¤¥«ï¥âáï −� ®á−®¢¥ ¯®¨áª� ¬®¤ã«¥© Metasploit ¤«ï
ª®−ªà¥â−®£® á¥à¢¨á�, á ä¨«ìâà�æ¨¥© ¯® á®¢¬¥áâ¨¬®áâ¨ á ®¯¥à�æ¨®−−®© á¨áâ¥¬®©
¨ ª�ç¥áâ¢®¬ íªá¯«®©â� [7]. –¥«¥¢�ï ¯«�âä®à¬� ¢ë¡¨à�¥âáï ¨§ á¯¨áª�, á¢ï§�−−®£®
á ª�¦¤ë¬ íªá¯«®©â®¬, £¤¥ ª�¦¤�ï æ¥«ì á®¯à®¢®¦¤�¥âáï ®¯¨á�−¨¥¬ ¨ −�¡®à®¬
á®¢¬¥áâ¨¬ëå ¯®«¥§−ëå −�£àã§®ª (payload). ‚ë¡®à íâ¨å ¯�à�¬¥âà®¢ ®£à�−¨ç¥−
á®¢¬¥áâ¨¬®áâìî á å�à�ªâ¥à¨áâ¨ª�¬¨ á¥à¢¨á�, çâ® ®¡¥á¯¥ç¨¢�¥â ¨å ¯à¨¬¥−¨¬®áâì
¢ à¥�«ì−ëå �â�ª�å [7]. ‡−�ç¨¬®áâì ª®¬¯®−¥−â®¢ ¯®¤â¢¥à¦¤�¥âáï �−�«¨§®¬ ¡�§ë
CVE, £¤¥ ãï§¢¨¬®áâ¨, â�ª¨¥ ª�ª CVE-2021-44228 (Log4j) ¨«¨ CVE-2017-
5638 (Apache Struts), §�¢¨áïâ ®â á¥à¢¨á®¢, ¢¥àá¨© ¨ â¨¯®¢ íªá¯«ã�â�æ¨¨ [8].
‘¡®à ¤�−−ëå ¯à®¨áå®¤¨â ¢ ¤¢ãå à¥¦¨¬�å: −�ç�«ì−®¥ á®áâ®ï−¨¥ ä®à¬¨àã¥âáï
á ¨á¯®«ì§®¢�−¨¥¬ á«ãç�©−®£® ¢ë¡®à� ¨§ ¤®áâã¯−ëå ¯�à�¬¥âà®¢, � ¯®á«¥¤ã-
îé¨¥ á®áâ®ï−¨ï ®á−®¢�−ë −� â¥ªãé¨å ª®−ä¨£ãà�æ¨ïå, ¢ëï¢«¥−−ëå ¢ ¯à®æ¥áá¥
â¥áâ¨à®¢�−¨ï [5].
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�®á«¥ á¡®à� ¤�−−ë¥ ®¡à�¡�âë¢�îâáï ¤«ï ¯®¤£®â®¢ª¨ ª ®¡ãç¥−¨î GAIL. ��
¯¥à¢®¬ íâ�¯¥ ¨áª«îç�îâáï ¤ã¡«¨ª�âë ¨ á®áâ®ï−¨ï á −¥¨§¢¥áâ−ë¬¨ á¥à¢¨á�¬¨ [7].

Š�ç¥áâ¢® ¤�−−ëå ®æ¥−¨¢�¥âáï ¯® ¤¢ã¬ ¬¥âà¨ª�¬:

(1) ¯®«−®â� (¤®«ï §�¯¨á¥© á ¯®«−ë¬ −�¡®à®¬ ª®¬¯®−¥−â®¢ á®áâ®ï−¨ï) ¤®áâ¨£�¥â
96% ¡«�£®¤�àï ¨áª«îç¥−¨î −¥¯®«−ëå ¤�−−ëå [1];

(2) á®£«�á®¢�−−®áâì (®âáãâáâ¢¨¥ ¤ã¡«¨ª�â®¢ ¨ ¯à®â¨¢®à¥ç¨© ¢ âà�¥ªâ®à¨ïå) á®-
áâ�¢«ï¥â 98%, çâ® ¯®¤â¢¥à¦¤¥−® �−�«¨§®¬ ã−¨ª�«ì−®áâ¨ ¯�à á®áâ®ï−¨¥{
¤¥©áâ¢¨¥.

‚�«¨¤�æ¨ï ¤�−−ëå ®áãé¥áâ¢«ï¥âáï ¯ãâ¥¬ á®¯®áâ�¢«¥−¨ï á ãï§¢¨¬®áâï¬¨
Metasploitable2. Š�ç¥áâ¢® ¬®¤¥«¨ GAIL §�¢¨á¨â ®â à¥¯à¥§¥−â�â¨¢−®áâ¨ âà�¥ª-
â®à¨© ¨ â®ç−®áâ¨ ®¡à�¡®âª¨ ¤�−−ëå, çâ® ®¡¥á¯¥ç¨¢�¥â £¥−¥à�æ¨î à¥�«¨áâ¨ç−ëå
áæ¥−�à¨¥¢ �â�ª [4].

’¨¯ ®¯¥à�æ¨®−−®© á¨áâ¥¬ë, −�§¢�−¨¥ á¥à¢¨á�, â¨¯ íªá¯«®©â-¬®¤ã«ï ª®¤¨àã-
îâáï ª�ª æ¥«®¥ ç¨á«® (¨−¤¥ªá á¯¨áª�), ª®â®à®¥ −®à¬�«¨§ã¥âáï ¢ ¤¨�¯�§®−¥ [−1, 1]
ç¥à¥§ ¬�ªá¨¬�«ì−®¥ ç¨á«® â¨¯®¢ ¢ á¯¨áª¥ ¯® ä®à¬ã«¥:

�si =
si − Smean
Smean

,

£¤¥ si | ¨−¤¥ªá ¯à¨§−�ª� ¨§ á¯¨áª� ¤® −®à¬�«¨§�æ¨¨; Smean | §−�ç¥−¨¥, à�¢−®¥
¬�ªá¨¬�«ì−®¬ã ç¨á«ã ¢ á¯¨áª¥ ¯à¨§−�ª�, ¯®¤¥«¥−−®¬ã ¯®¯®«�¬.

‚¥àá¨ï á¥à¢¨á� ¨§¢«¥ª�¥âáï ¨§ à¥§ã«ìâ�â®¢ áª�−¨à®¢�−¨ï ¢ ¢¨¤¥ ¢¥é¥áâ¢¥−-
−®£® ç¨á«�. ’¨¯ æ¥«¥¢®© ¯«�âä®à¬ë ®¡®§−�ç�¥âáï æ¥«ë¬ ç¨á«®¬ ¨ ¯à¥¤áâ�¢«ï¥â
á®¡®© −®¬¥à æ¥«¨, ¯®«ãç¥−−ë© ¨§ á¯¨áª� ¢ á®¯®áâ�¢«¥−−®¬ íªá¯«®©â¥.

„«ï ª�¦¤®£® íªá¯«®©â� ¨ æ¥«¨ ä®à¬¨àã¥âáï á¯¨á®ª á®¢¬¥áâ¨¬ëå ¯®«¥§−ëå
−�£àã§®ª (payload), ª®â®àë¥ ¯à¥¤áâ�¢«ïîâ á®¡®© ª®−ªà¥â−ë¥ ¢�à¨�−âë íªá¯«ã-
�â�æ¨¨. „¥©áâ¢¨¥ �£¥−â� ®¯à¥¤¥«ï¥âáï ª�ª ¢ë¡®à −®¬¥à� payload'� ¨§ íâ®£®
á¯¨áª� [5]. „«ï á¥â¥¢ëå áæ¥−�à¨¥¢ ¤®¡�¢«ïîâáï ¯�à�¬¥âàë ã§«®¢, â�ª¨¥ ª�ª
®âªàëâë¥ ¯®àâë ¨ áâ�âãá ª®¬¯à®¬¥â�æ¨¨, ª®â®àë¥ â�ª¦¥ −®à¬�«¨§ãîâáï ¤«ï
ãç¥â� ¢§�¨¬®¤¥©áâ¢¨ï ¢ ¬−®£®�£¥−â−ëå �â�ª�å [5].

’�ª¨¬ ®¡à�§®¬, ¤«ï ®¤−®£® ã§«� ¨â®£®¢ë© ¢¥ªâ®à ®âà�¦�¥â ®¡à�¡®â�−−ë¥
¨ ¯à¨¢¥¤¥−−ë¥ ª ¥¤¨−®© èª�«¥ ¤�−−ë¥: −0,375, −0,35135135135135137, 3,3,
−0,13196894848270996, 2 | á á®®â¢¥âáâ¢ãîé¨¬ ¤¥©áâ¢¨¥¬ 56 (¨−¤¥ªá payload
Metasploit).

�¡à�¡®â�−−ë¥ ¤�−−ë¥ ä®à¬¨àãîâ ®¡ãç�îé¨© −�¡®à ¤«ï GAIL, £¤¥ á®-
áâ®ï−¨ï ¨ ¤¥©áâ¢¨ï áâ�−®¢ïâáï íªá¯¥àâ−ë¬¨, íâ�«®−−ë¬¨ âà�¥ªâ®à¨ï¬¨. „«ï
â¥áâ¨àã¥¬®© á¨áâ¥¬ë ¤¥©áâ¢¨ï ¯à¥¤áª�§ë¢�îâáï −¥©à®−−®© á¥âìî �£¥−â� ¨§ á¯¨á-
ª� á®¢¬¥áâ¨¬ëå ¯®«¥§−ëå −�£àã§®ª −� ®á−®¢¥ â¥ªãé¥£® á®áâ®ï−¨ï áà¥¤ë [4].
�®à¬�«¨§®¢�−−ë¥ á®áâ®ï−¨ï ¯®¤�îâáï ¢ á¥âì ¤«ï ®æ¥−ª¨ ¨ ®¡−®¢«ïîâáï ¯®á«¥
ª�¦¤®£® è�£� �£¥−â�. ’�ª®© ¯®¤å®¤ ¬¨−¨¬¨§¨àã¥â −¥®¡å®¤¨¬®áâì àãç−®© −�-
áâà®©ª¨ ¯à¨§−�ª®¢, −® âà¥¡ã¥â ®¡à�¡®âª¨ ¤�−−ëå ¤«ï ¯®¢ëè¥−¨ï ¨å ª�ç¥áâ¢�,
çâ® ¤®áâ¨£�¥âáï ®¯¨á�−−ë¬¨ ¬¥â®¤�¬¨.
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Œ®¤¥«ì �¢â®¬�â¨§¨à®¢�−−®© á¨áâ¥¬ë ¨¬¨â�æ¨¨ �â�ª −� ®á−®¢¥ ¬�è¨−−®£® ®¡ãç¥−¨ï

÷¨á. 2 ÷¥§ã«ìâ�âë íªá¯«ã�â�æ¨¨ ãï§¢¨¬®© ¢¨àâã�«ì−®© ¬�è¨−ë: 1 | ¯®áâ-íªá¯«ã�â�-
æ¨¨; 2 | ¢à¥¬¥−−ë¥ §�âà�âë

‚ ¯à®æ¥áá¥ ®¡ãç¥−¨ï −� ®á−®¢¥ â¥ªãé¥£® á®áâ®ï−¨ï £¥−¥à�â®à-�£¥−â, ¨á¯®«ì-
§ãï á¢®î ¯®«¨â¨ªã π(a|s), ¢ë¡¨à�¥â ¤¥©áâ¢¨¥ a. „¨áªà¨¬¨−�â®à, ¢ á¢®î ®ç¥à¥¤ì,
ãç¨âáï ®â«¨ç�âì ¤¥©áâ¢¨ï íªá¯¥àâ� ®â á£¥−¥à¨à®¢�−−ëå ¤¥©áâ¢¨© �£¥−â�. ��
®á−®¢¥ ®¡à�â−®© á¢ï§¨ ®â ¤¨áªà¨¬¨−�â®à� �£¥−â ª®àà¥ªâ¨àã¥â á¢®î ¯®«¨â¨ªã
π(a|s), áâà¥¬ïáì ¬�ªá¨¬¨§¨à®¢�âì áå®¤áâ¢® á® áâà�â¥£¨¥© íªá¯¥àâ�. �� à¨á. 2
¯à®¤¥¬®−áâà¨à®¢�−ë à¥§ã«ìâ�âë âà¥å íªá¯¥à¨¬¥−â®¢ ¯® íªá¯«ã�â�æ¨¨ ®¤−®£®
ãï§¢¨¬®£® ã§«� Metasploitable 2.

4 Семантические вознаграждения

‘¥¬�−â¨ç¥áª¨¥ ¯à¨§−�ª¨ ¯à¥¤áâ�¢«ïîâ ¢ëá®ª®ãà®¢−¥¢ãî ¨−ä®à¬�æ¨î ® á®-
áâ®ï−¨¨ áà¥¤ë ¨«¨ ¤¥©áâ¢¨ïå �£¥−â�. Š â�ª¨¬ ¯à¨§−�ª�¬ ¬®£ãâ ®â−®á¨âìáï
ª®−â¥ªáâ−ë¥ §�¢¨á¨¬®áâ¨, ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ë¥ á¢ï§¨, � â�ª¦¥ «®£¨ç¥áª¨¥
®â−®è¥−¨ï ¬¥¦¤ã í«¥¬¥−â�¬¨ á¨áâ¥¬ë. ˆå ¨á¯®«ì§®¢�−¨¥ ¯®§¢®«ï¥â ¡®«¥¥ â®ç−®
ãç¨âë¢�âì á¯¥æ¨ä¨ªã ¨áá«¥¤ã¥¬®© §�¤�ç¨ ¯à¨ ¯®áâà®¥−¨¨ äã−ªæ¨¨ ¢®§−�£à�¦-
¤¥−¨ï.

‚¢¥¤¥−¨¥ á¥¬�−â¨ç¥áª¨å ¢®§−�£à�¦¤¥−¨© −�¯à�¢«¥−® −� ¯®¢ëè¥−¨¥ ª�ç¥áâ¢�
®¡ãç¥−¨ï �£¥−â� §� áç¥â ¢ª«îç¥−¨ï ¢ ¬®¤¥«ì ¤®¯®«−¨â¥«ì−ëå á¢¥¤¥−¨© ® å�-
à�ªâ¥à¥ æ¥«¥¢®© áà¥¤ë ¨ ¯à¥¤¯®çâ¨â¥«ì−®¬ ¯®¢¥¤¥−¨¨. ’�ª¨¥ ¢®§−�£à�¦¤¥−¨ï
¬®£ãâ ¡ëâì §�¤�−ë ª�ª ¢àãç−ãî, −� ®á−®¢¥ íªá¯¥àâ−ëå §−�−¨©, â�ª ¨ ¨§¢«¥ç¥−ë
�¢â®¬�â¨ç¥áª¨ á ¯®¬®éìî �«£®à¨â¬®¢ ¬�è¨−−®£® ®¡ãç¥−¨ï.

‚ á¨áâ¥¬�å, à¥�«¨§ãîé¨å £¥−¥à�â¨¢−®¥ á®áâï§�â¥«ì−®¥ ¨¬¨â�æ¨®−−®¥ ®¡ãç¥-
−¨¥, á¥¬�−â¨ç¥áª¨¥ ¢®§−�£à�¦¤¥−¨ï ¢ë¯®«−ïîâ ¢�¦−ãî äã−ªæ¨î | ®−¨ ¤®-
¯®«−ïîâ ¡�§®¢ë¥ ¬¥âà¨ª¨ ãá¯¥å� �â�ª¨ ¨ ¯®§¢®«ïîâ �£¥−âã ¢ëà�¡�âë¢�âì ¡®-
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«¥¥ à¥�«¨áâ¨ç−ë¥ ¨ £¨¡ª¨¥ áâà�â¥£¨¨. ‚ ®â«¨ç¨¥ ®â âà�¤¨æ¨®−−ëå ¯®¤å®¤®¢,
¢ ª®â®àëå ªà¨â¥à¨¥¬ ãá¯¥å� á«ã¦¨â, ª�ª ¯à�¢¨«®, â®«ìª® ä�ªâ íªá¯«ã�â�æ¨¨
ãï§¢¨¬®áâ¨, á¥¬�−â¨ç¥áª¨¥ ¬¥âà¨ª¨ ¢¢®¤ïâ ®æ¥−ªã ª�ç¥áâ¢� ¤¥©áâ¢¨© á â®çª¨
§à¥−¨ï ¨å −®¢¨§−ë ¨ áªàëâ−®áâ¨.

�®¢¨§−� å�à�ªâ¥à¨§ã¥â áâ¥¯¥−ì ®âª«®−¥−¨ï â¥ªãé¥£® ¤¥©áâ¢¨ï �£¥−â� ®â à�−¥¥
−�¡«î¤�¢è¨åáï áâà�â¥£¨©, � áªàëâ−®áâì | ¢¥à®ïâ−®áâì ®¡å®¤� §�é¨â−ëå ¬¥å�-
−¨§¬®¢, ¢ª«îç�ï á¨áâ¥¬ë ®¡−�àã¦¥−¨ï ¢â®à¦¥−¨© ¨ ¬®−¨â®à¨−£®¢ë¥ áà¥¤áâ¢�.
’�ª¨¬ ®¡à�§®¬, �£¥−â ¯®«ãç�¥â ¤®¯®«−¨â¥«ì−ë¥ á¨£−�«ë ª ¯®¨áªã −¥áâ�−¤�àâ-
−ëå ¨ ¬�«®§�¬¥â−ëå ¯ãâ¥© ¤®áâ¨¦¥−¨ï æ¥«¨, çâ® ¡®«¥¥ â®ç−® ®âà�¦�¥â ¯®¢¥¤¥−¨¥
à¥�«ì−ëå �â�ªãîé¨å ¢ á®¢à¥¬¥−−ëå ãá«®¢¨ïå.

”®à¬�«ì−® ¨â®£®¢�ï äã−ªæ¨ï ¢®§−�£à�¦¤¥−¨ï ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥−�
ª�ª áã¬¬� ¡�§®¢®£® ª®¬¯®−¥−â� ¨ á¥¬�−â¨ç¥áª®© á®áâ�¢«ïîé¥©, ®âà�¦�îé¥©
¢ëá®ª®ãà®¢−¥¢ë¥ âà¥¡®¢�−¨ï ª �â�ª¥:

R(s, a) = Rbase(s, a) +Rsem(s, a).

„«ï ¯®¢ëè¥−¨ï â®ç−®áâ¨ ®æ¥−ª¨ ¯®¢¥¤¥−¨ï �£¥−â� ¢®§¬®¦−® à�áè¨à¥−¨¥
�àå¨â¥ªâãàë GAIL á ¨á¯®«ì§®¢�−¨¥¬ ¤¢ãå ¤¨áªà¨¬¨−�â®à®¢ [11]. �¥à¢ë©
¤¨áªà¨¬¨−�â®à ¯®-¯à¥¦−¥¬ã ®â¢¥ç�¥â §� à�á¯®§−�¢�−¨¥ ¯®¤«¨−−®áâ¨ ¤¥©áâ¢¨©
®â−®á¨â¥«ì−® íªá¯¥àâ−ëå âà�¥ªâ®à¨©, ¢ â® ¢à¥¬ï ª�ª ¢â®à®© �−�«¨§¨àã¥â áâ¥-
¯¥−ì áªàëâ−®áâ¨ ¤¥©áâ¢¨©, ¢ëï¢«ïï â¥ ¨§ −¨å, ª®â®àë¥ −�¨¬¥−¥¥ ¯®¤¢¥à¦¥-
−ë ¤¥â¥ªâ¨à®¢�−¨î. ’�ª�ï ª®−ä¨£ãà�æ¨ï ¯®§¢®«ï¥â ®¤−®¢à¥¬¥−−® ãç¨âë¢�âì
¨ à¥§ã«ìâ�â¨¢−®áâì �â�ª¨, ¨ ¥¥ −¥§�¬¥â−®áâì, çâ® ®á®¡¥−−® ¢�¦−® ¢ ãá«®¢¨ïå
¯à®â¨¢®¤¥©áâ¢¨ï á® áâ®à®−ë §�é¨é¥−−®© á¨áâ¥¬ë.

‚ à�¬ª�å íâ®© ¬®¤¨ä¨ª�æ¨¨ ¢¢®¤¨âáï ¤®¯®«−¨â¥«ì−ë© á¥¬�−â¨ç¥áª¨© ¤¨á-
ªà¨¬¨−�â®à Dsem(s, a), ª®â®àë© á®¯®áâ�¢«ï¥â ¤¥©áâ¢¨ï �£¥−â� á §�à�−¥¥ §�¤�−-
−ë¬¨ ªà¨â¥à¨ï¬¨ §−�ç¨¬®áâ¨ ¨ ¯à¨¥¬«¥¬®áâ¨. ‚ ç�áâ−®áâ¨, ®− ®æ¥−¨¢�¥â, −�-
áª®«ìª® ¢ë¡à�−−®¥ ¤¥©áâ¢¨¥ á®®â¢¥âáâ¢ã¥â æ¥«¥¢ë¬ âà¥¡®¢�−¨ï¬ ¯® áªàëâ−®áâ¨,
®à¨£¨−�«ì−®áâ¨ ¨ ª®−â¥ªáâ−®© ã¬¥áâ−®áâ¨ ¢ ¤�−−®© á¨âã�æ¨¨:

Dsem(st, at) =
1

1 + exp(−fsem (st, at) + αRsem(st, at))
,

£¤¥ fsem(s, a) | äã−ªæ¨ï, ®æ¥−¨¢�îé�ï á¥¬�−â¨ç¥áªãî §−�ç¨¬®áâì ¤¥©áâ¢¨ï a
¢ á®áâ®ï−¨¨ s.

�®¤®¡−®¥ à�áè¨à¥−¨¥ ¯®§¢®«ï¥â ®¡ãç�âì �£¥−â®¢ ¡®«¥¥ £¨¡ª¨¬ ¨ à¥�«¨áâ¨ç-
−ë¬ áâà�â¥£¨ï¬, ®à¨¥−â¨à®¢�−−ë¬ −¥ â®«ìª® −� ¤®áâ¨¦¥−¨¥ æ¥«¨ �â�ª¨, −® ¨ −�
�¤�¯â�æ¨î ª ¬¥å�−¨§¬�¬ §�é¨âë, çâ® §−�ç¨â¥«ì−® ¯à¨¡«¨¦�¥â ¨¬¨â�æ¨®−−ë¥
áæ¥−�à¨¨ ª ãá«®¢¨ï¬ à¥�«ì−®£® äã−ªæ¨®−¨à®¢�−¨ï á«®¦−ëå ¨−ä®à¬�æ¨®−−ëå
á¨áâ¥¬.

5 Многоагентный подход к координированным атакам

„«ï á®§¤�−¨ï ¡®«¥¥ à¥�«¨áâ¨ç−ëå áæ¥−�à¨¥¢ �â�ª ¢ à�§à�¡�âë¢�¥¬®© á¨áâ¥¬¥
¯à¥¤ãá¬®âà¥−� ¢®§¬®¦−®áâì ¯à¨¬¥−¥−¨ï ¬−®£®�£¥−â−®£® ¯®¤å®¤�. ‚ à�¬ª�å
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Œ®¤¥«ì �¢â®¬�â¨§¨à®¢�−−®© á¨áâ¥¬ë ¨¬¨â�æ¨¨ �â�ª −� ®á−®¢¥ ¬�è¨−−®£® ®¡ãç¥−¨ï

â�ª®© �àå¨â¥ªâãàë −¥áª®«ìª® �£¥−â®¢ ¤¥©áâ¢ãîâ ¯�à�««¥«ì−®, ª®®à¤¨−¨àãï á¢®¨
¤¥©áâ¢¨ï á æ¥«ìî ¤®áâ¨¦¥−¨ï ®¡é¥© §�¤�ç¨. �â® ¯®§¢®«ï¥â ¢®á¯à®¨§¢®¤¨âì
á«®¦−ë¥ ¬®¤¥«¨ �â�ª, å�à�ªâ¥à−ë¥ ¤«ï à�á¯à¥¤¥«¥−−ëå ¨«¨ áª®®à¤¨−¨à®¢�−−ëå
¤¥©áâ¢¨© §«®ã¬ëè«¥−−¨ª®¢.

Š�¦¤ë© �£¥−â ¬®¦¥â ¢ë¯®«−ïâì á¢®î á¯¥æ¨ä¨ç¥áªãî à®«ì, çâ® ®âà�¦�-
¥â â¨¯¨ç−ãî áâàãªâãàã ¬−®£®íâ�¯−ëå �â�ª, ¯à¨ ª®â®àëå à�§«¨ç−ë¥ ãç�áâ−¨ª¨
¯à¨¬¥−ïîâ à�§«¨ç−ë¥ â�ªâ¨ª¨, áà¥¤áâ¢� ¨ áâà�â¥£¨¨. Œ−®£®�£¥−â−ë© ¯®¤-
å®¤ ®á®¡¥−−® �ªâã�«¥− ¯à¨ ¬®¤¥«¨à®¢�−¨¨ �â�ª, ¯à®¢®¤¨¬ëå ®à£�−¨§®¢�−−ë¬¨
£àã¯¯�¬¨, £¤¥ ¢§�¨¬®¤¥©áâ¢¨¥ ¬¥¦¤ã ãç�áâ−¨ª�¬¨ ªà¨â¨ç¥áª¨ ¢�¦−® ¤«ï ®¡å®¤�
áà¥¤áâ¢ §�é¨âë.

‘ â®çª¨ §à¥−¨ï ®¡ãç¥−¨ï ¬®¤¥«¨ ¤¨áªà¨¬¨−�â®à ¢ â�ª®© á¨áâ¥¬¥ ¤®«¦¥−
ãç¨âë¢�âì −¥ â®«ìª® ¨−¤¨¢¨¤ã�«ì−ë¥ ¤¥©áâ¢¨ï �£¥−â®¢, −® ¨ ¨å á®¢®ªã¯−®¥
¢®§¤¥©áâ¢¨¥ −� ®¡éãî áâà�â¥£¨î �â�ª¨. �æ¥−ª� ¤¥©áâ¢¨© ¯à®¢®¤¨âáï á ãç¥â®¬ ¨å
−®¢¨§−ë, áªàëâ−®áâ¨, � â�ª¦¥ áâ¥¯¥−¨ á®£«�á®¢�−−®áâ¨ ¬¥¦¤ã �£¥−â�¬¨.

”®à¬�«ì−® §−�ç¥−¨¥ ¤¨áªà¨¬¨−�â®à� Dθ(st, {ai
t}N

i=1) ¤«ï −�¡®à� ¨§ N �£¥−-
â®¢ ¬®¦¥â ¡ëâì ®¯à¥¤¥«¥−® á«¥¤ãîé¨¬ ®¡à�§®¬:

Dθ

(

st,
{
ai

t

}N

i=1

)

=
1

1 + exp

(

−
∑N

i=1
fθ(st, a

i
t) + α

∑N

i=1
Rsem(st, a

i
t)

) ,

£¤¥ fθ(st, a
i
t)| ¯�à�¬¥âà¨ç¥áª�ï äã−ªæ¨ï, ®â®¡à�¦�îé�ï ¯�àã á®áâ®ï−¨¥{¤¥©áâ-

¢¨¥ �£¥−â� i ¢ «®£¨â-§−�ç¥−¨¥; Rsem(st, a
i
t)| á¥¬�−â¨ç¥áª®¥ ¢®§−�£à�¦¤¥−¨¥ ¤«ï

¤¥©áâ¢¨ï �£¥−â� i, ãç¨âë¢�îé¥¥ −®¢¨§−ã ¨ áªàëâ−®áâì �â�ª¨; α| ª®íää¨æ¨¥−â,
à¥£ã«¨àãîé¨© ¢«¨ï−¨¥ á¥¬�−â¨ç¥áª®© á®áâ�¢«ïîé¥© −� ¤¨áªà¨¬¨−�â®à.

’�ª¨¬ ®¡à�§®¬, ¬®¤¥«ì ¯®«ãç�¥â ¢®§¬®¦−®áâì ®æ¥−¨¢�âì ª�ª ®â¤¥«ì−ë¥ ¤¥©-
áâ¢¨ï, â�ª ¨ ª®««¥ªâ¨¢−ãî ¤¨−�¬¨ªã ¯®¢¥¤¥−¨ï �£¥−â®¢, çâ® ®á®¡¥−−® ¢�¦−® ¯à¨
¢®á¯à®¨§¢¥¤¥−¨¨ ¬−®£®¢¥ªâ®à−ëå �â�ª.

�®«¨â¨ª� ª�¦¤®£® �£¥−â� πθi
(ai

t|st) ¢ ¯à®æ¥áá¥ ®¡ãç¥−¨ï ª®àà¥ªâ¨àã¥âáï −�
®á−®¢¥ á¨£−�«� ®¡à�â−®© á¢ï§¨ ®â ¤¨áªà¨¬¨−�â®à� ¨ á®®â¢¥âáâ¢ãîé¨å á¥¬�−â¨-
ç¥áª¨å ¢®§−�£à�¦¤¥−¨©. –¥«¥¢�ï äã−ªæ¨ï ¤«ï �£¥−â� i ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬
¢ëà�¦¥−¨¥¬:

Jπi
= Eπi

[

Dθ

(

st,
{
ai

t

}N

i=1

)

+ γRsem
(
st, a

i
t

)]

,

£¤¥ Jπi
| æ¥«ì ®¡ãç¥−¨ï ¤«ï ª�¦¤®£® �£¥−â� i, ¢ª«îç�îé�ï ª�ª ª«�áá¨ç¥áª®¥

¢®§−�£à�¦¤¥−¨¥ ®â ¤¨áªà¨¬¨−�â®à�, â�ª ¨ á¥¬�−â¨ç¥áª®¥ ¢®§−�£à�¦¤¥−¨¥; γ |
ª®íää¨æ¨¥−â ¤«ï ãç¥â� ¢�¦−®áâ¨ á¥¬�−â¨ç¥áª®£® ¢®§−�£à�¦¤¥−¨ï ¢ ¯à®æ¥áá¥
®¡ãç¥−¨ï.

ˆ−â¥£à�æ¨ï ¬−®£®�£¥−â−®£® ¢§�¨¬®¤¥©áâ¢¨ï ¯®§¢®«ï¥â ä®à¬¨à®¢�âì ¡®«¥¥
â®ç−ë¥, ¤¨−�¬¨ç−ë¥ ¨ à�§−®®¡à�§−ë¥ áæ¥−�à¨¨ �â�ª, çâ® à�áè¨àï¥â ¢®§¬®¦−®áâ¨
¨¬¨â�æ¨®−−®£® â¥áâ¨à®¢�−¨ï ¢ ãá«®¢¨ïå à¥�«¨áâ¨ç−®© ¨ ¨§¬¥−ïîé¥©áï áà¥¤ë.
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6 Заключение

“¦¥ −¥ ¢ë§ë¢�¥â −¨ª�ª¨å á®¬−¥−¨© â® ®¡áâ®ïâ¥«ìáâ¢®, çâ® ¬®¤¥«¨à®¢�−¨¥
¢§«®¬®¢ ¨ �â�ª áâ�«® ¢�¦−ë¬ ª®¬¯®−¥−â®¬ á®¢à¥¬¥−−®© ª¨¡¥à¡¥§®¯�á−®áâ¨.
ˆá¯®«ì§ãï BAS-á¨áâ¥¬ë −� ®á−®¢¥ ¯à¥¤áâ�¢«¥−−®© ¬®¤¥«¨, ®à£�−¨§�æ¨¨ ¬®£ãâ
¢ëï¢«ïâì ¯®â¥−æ¨�«ì−ë¥ ãï§¢¨¬®áâ¨ ¨ ã£à®§ë ¡¥§®¯�á−®áâ¨. �¥àá¯¥ªâ¨¢−ë¬ −�-
¯à�¢«¥−¨¥¬ ¤�«ì−¥©è¨å à�¡®â §¤¥áì ¢¨¤¨âáï ¨−â¥−á¨¢−®¥ íªá¯¥à¨¬¥−â¨à®¢�−¨¥
á æ¥«ìî ®æ¥−ª¨ íää¥ªâ¨¢−®áâ¨ ¬®¤¥«¨ ¢ áà�¢−¥−¨¨ á áãé¥áâ¢ãîé¨¬¨ ¯®¤å®¤�¬¨
ª â¥áâ¨à®¢�−¨î −� ¯à®−¨ª−®¢¥−¨¥ ¢ à¥�«ì−ëå á¥â¥¢ëå ¨−äà�áâàãªâãà�å. �â¨
à¥§ã«ìâ�âë ¡ã¤ãâ á¯®á®¡áâ¢®¢�âì á®¢¥àè¥−áâ¢®¢�−¨î ¬®¤¥«¥© ¨¬¨â�æ¨¨ �â�ª −�
®á−®¢¥ ¬�è¨−−®£® ®¡ãç¥−¨ï.
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MODEL OF AUTOMATED ATTACK SIMULATION SYSTEM
BASED ON MACHINE LEARNING∗
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Tula State University, 92 Lenina Ave., Tula 300012, Russian Federation

Abstract: The paper explores the application of machine learning techniques to
the development of an intelligent attack simulation system designed to automate
penetration testing as a part of network security assurance. Traditional penetra-
tion testing methods are often labor-intensive and require significant time and
resource investment. The proposed model integrates Generative Adversarial Im-
itation Learning and reinforcement learning algorithms, enabling the simulation
of attacker behavior and the generation of realistic scenarios that closely mimic
the actions of professional security experts. A key feature of the model is the
incorporation of semantic rewards which account not only for the achievement of
attack objectives but also for factors such as the novelty and stealthiness of the
actions. To improve adaptability in dynamic network environments, the model
can be extended with dual discriminators. Additionally, support for multi-agent
interaction makes it possible to simulate coordinated attacks involving multiple
adversaries.
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ОБЕЗЛИЧИВАНИЕ ПОЛЬЗОВАТЕЛЬСКИХ ДАННЫХ
С ПРИВЛЕЧЕНИЕМ ДОВЕРЕННОГО ЦЕНТРА

ДЕПЕРСОНАЛИЗАЦИИ

А. В. Ладиков1

�−−®â�æ¨ï: ÷�áá¬�âà¨¢�îâáï ¢®¯à®áë §�é¨âë ¤�−−ëå ¢ á¨áâ¥¬�å ¡¨§−¥á-
�−�«¨â¨ª¨ ¨ ¨á¯®«ì§®¢�−¨ï ¢ �−�«¨â¨ç¥áª¨å æ¥«ïå ®¡¥§«¨ç¥−−ëå ¤�−−ëå,
çâ® ¯®§¢®«ï¥â ¯®¢ëá¨âì ¨å §�é¨âã ¢ á«ãç�¥ −¥á�−ªæ¨®−¨à®¢�−−®£® ¤®áâã¯�
ª á¨áâ¥¬�¬ åà�−¥−¨ï �−�«¨â¨ç¥áª®© ¨−ä®à¬�æ¨¨ ¨«¨ ®à£�−¨§�æ¨¨ ¢ æ¥-
«®¬. �®ª�§�−®, çâ® ®¡¥§«¨ç¨¢�−¨¥ ¤�−−ëå ¢ ¯¥à¨¬¥âà¥ ®à£�−¨§�æ¨¨, å®âï
¨ á−¨¦�¥â à¨áª ãâ¥çª¨ ¤�−−ëå, −® −¥ ¨áª«îç�¥â ¥£® ¢ á«ãç�¥ −¥á�−ªæ¨-
®−¨à®¢�−−®£® ¤®áâã¯� ª® ¬−®£¨¬ á¨áâ¥¬�¬ ®à£�−¨§�æ¨¨, ¢ª«îç�ï á¨áâ¥¬ã
®¡¥§«¨ç¨¢�−¨ï. ÷�áá¬®âà¥− ¢®¯à®á ¤¥«¥£¨à®¢�−¨ï ¯à®æ¥¤ãàë ®¡¥§«¨ç¨¢�−¨ï
¯¥àá®−�«ì−ëå ¨¤¥−â¨ä¨ª�â®à®¢ âà¥âì¥©, ¤®¢¥à¥−−®©, áâ®à®−¥, −�§ë¢�¥¬®©
¤®¢¥à¥−−ë¬ æ¥−âà®¬ ®¡¥§«¨ç¨¢�−¨ï. �à¨¢¥¤¥− �«£®à¨â¬ ¯®«ãç¥−¨ï ®¡¥§«¨-
ç¥−−ëå ¤�−−ëå ®â ª«¨¥−â®¢ ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬ ¢ ã¦¥ ®¡¥§«¨ç¥−−®¬ ¢¨¤¥
á ¨á¯®«ì§®¢�−¨¥¬ ¤®¢¥à¥−−®£® æ¥−âà� ®¡¥§«¨ç¨¢�−¨ï ¯¥àá®−�«ì−ëå ¨¤¥−â¨-
ä¨ª�â®à®¢. „�−ë à¥ª®¬¥−¤�æ¨¨ ¯® ¯®¢ëè¥−¨î §�é¨é¥−−®áâ¨ ¤�−−ëå ¯à¨
¨á¯®«ì§®¢�−¨¨ ¤®¢¥à¥−−®£® æ¥−âà� ®¡¥§«¨ç¨¢�−¨ï, � â�ª¦¥ à¥ª®¬¥−¤�æ¨¨
¯® ®¡¥§«¨ç¨¢�−¨î, ª®â®àë¥ ¯®§¢®«ïîâ ¬¨−¨¬¨§¨à®¢�âì ¨§¬¥−¥−¨ï ¢ á¨áâ¥¬�å
¡¨§−¥á-�−�«¨â¨ª¨ ¯à¨ ¯¥à¥å®¤¥ ®â ®¡à�¡®âª¨ ¯¥àá®−�«ì−ëå ¯®«ì§®¢�â¥«ìáª¨å
¤�−−ëå ª ®¡à�¡®âª¥ ®¡¥§«¨ç¥−−ëå ¯®«ì§®¢�â¥«ìáª¨å ¨¤¥−â¨ä¨ª�â®à®¢.

Š«îç¥¢ë¥ á«®¢�: ®¡¥§«¨ç¨¢�−¨¥ ¤�−−ëå; ¤®¢¥à¥−−ë© æ¥−âà ¤¥¯¥àá®−�«¨§�-
æ¨¨; ¯¥àá®−�«ì−ë¥ ¨¤¥−â¨ä¨ª�â®àë; §�é¨â� ¤�−−ëå; ãâ¥çª� ¤�−−ëå
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1 Введение

�ªâ¨¢−�ï æ¨äà®¢¨§�æ¨ï ®¡é¥áâ¢� áãé¥áâ¢¥−−® ã¯à®é�¥â ¢§�¨¬®¤¥©áâ¢¨¥
¯®«ì§®¢�â¥«¥© ¬¥¦¤ã á®¡®© ¨ á à�§«¨ç−ë¬¨ ®à£�−¨§�æ¨ï¬¨. �®«ìè¨−áâ¢® ®¯¥à�-
æ¨©, â�ª¨å ª�ª, −�¯à¨¬¥à, ¯®ªã¯ª� ¨ ¤®áâ�¢ª� â®¢�à®¢, ®¯«�â� ãá«ã£, ¡�−ª®¢áª¨¥
®¯¥à�æ¨¨, §�ï¢ª¨ ¨ ¯®àãç¥−¨ï, ¬®£ãâ ¡ëâì ®áãé¥áâ¢«¥−ë ¢ í«¥ªâà®−−®¬ ¢¨¤¥, çâ®
¯®¢ëè�¥â ã¤®¡áâ¢® ¢§�¨¬®¤¥©áâ¢¨ï ¯®«ì§®¢�â¥«¥© á ®à£�−¨§�æ¨ï¬¨ ¨ ¯à¨¢®¤¨â
ª ¢§�¨¬−®¬ã á®ªà�é¥−¨î ¢à¥¬¥−¨, ¯®¤®¡−ëå ¢§�¨¬®¤¥©áâ¢¨©.

“ç¨âë¢�ï, çâ® ¤«ï ãá¯¥è−®£® à�§¢¨â¨ï æ¨äà®¢ëå à¥è¥−¨© ®à£�−¨§�æ¨ï¬
âà¥¡ã¥âáï £«ã¡®ª® ¯®−¨¬�âì ¯®«ì§®¢�â¥«¥© íâ¨å à¥è¥−¨© ¨ á¯®á®¡ë ¨å ¢§�¨-
¬®¤¥©áâ¢¨ï á æ¨äà®¢ë¬¨ á¥à¢¨á�¬¨, ®à£�−¨§�æ¨¨ áâà¥¬ïâáï ª ¯®«ãç¥−¨î ®â
á¢®¨å ª«¨¥−â®¢ ¡®«ìè¥£® ª®«¨ç¥áâ¢� áâ�â¨áâ¨ç¥áª®© ¨−ä®à¬�æ¨¨, ª®â®à�ï −¥
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¢á¥£¤� á¢ï§�−� á ®á−®¢−®© äã−ªæ¨®−�«ì−®áâìî ¯à¥¤«�£�¥¬®£® ¯à®¤ãªâ� ¨«¨ á¥à-
¢¨á�, � á«ã¦¨â ¨áª«îç¨â¥«ì−® ¤«ï ¯®¢ëè¥−¨ï ª�ç¥áâ¢� ¯à¥¤«�£�¥¬®£® ¯à®¤ãªâ�,
¥£® ª®−ªãà¥−â®á¯®á®¡−®áâ¨ ¨«¨ ¦¥ á®§¤�−¨î ¤«ï ®à£�−¨§�æ¨© ¤®¯®«−¨â¥«ì−®©
æ¥−−®áâ¨, §�ª«îç�îé¥©áï ¢ ¬®−¥â¨§�æ¨¨ ¯®«ãç�¥¬®© ®â ª«¨¥−â®¢ ¨−ä®à¬�æ¨¨.
‚ íâ®¬ á«ãç�¥ ¨−ä®à¬�æ¨ï, ¯®«ãç¥−−�ï ®â ¯®«ì§®¢�â¥«¥©, ¯®áâã¯�¥â −�¯àï¬ãî
¢ á¨áâ¥¬ë ¡¨§−¥á-�−�«¨â¨ª¨.

�®áª®«ìªã à¥çì ¨¤¥â ® ¤®¡à®á®¢¥áâ−ëå ®à£�−¨§�æ¨ïå, áâà¥¬ïé¨åáï ¡ëâì
¯à®§à�ç−ë¬¨ ¤«ï á¢®¨å ¯®«ì§®¢�â¥«¥© ¨ à�¡®â�îé¨å ¢ ¯à�¢®¢®¬ ¯®«¥ [1], ¯®«ì-
§®¢�â¥«ï ¯à®áïâ ¯à¥¤®áâ�¢¨âì á®£«�á¨¥ −� ¯à¥¤®áâ�¢«¥−¨¥ ¨ ®¡à�¡®âªã áâ�â¨áâ¨-
ç¥áª®© ¨−ä®à¬�æ¨¨. �à¨ íâ®¬ á®¡¨à�¥¬�ï áâ�â¨áâ¨ç¥áª�ï ¨−ä®à¬�æ¨ï −¥ ¢á¥£¤�
¬®¦¥â ¡ëâì ¯®«ãç¥−� ¢ ®¡¥§«¨ç¥−−®¬ ¢¨¤¥, â. ¥. ¢ á¨áâ¥¬ë ¡¨§−¥á-�−�«¨â¨ª¨
¬®£ãâ ¯®¯�¤�âì ¤�−−ë¥, ¯®§¢®«ïîé¨¥ ¨¤¥−â¨ä¨æ¨à®¢�âì ª®−ªà¥â−®£® ¯®«ì§®¢�-
â¥«ï, çâ® −¥á¥â à¨áª¨ ¢ á¢ï§¨ á ãç�áâ¨¢è¨¬¨áï á«ãç�ï¬¨ ãâ¥çª¨ ¯¥àá®−�«ì−ëå
¤�−−ëå ¯®«ì§®¢�â¥«¥© ¨§ −�ª�¯«¨¢�îé¨å ¨å ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬ [2, 3].

‚ á¢ï§¨ á â¥¬ çâ® á¨áâ¥¬ë ¡¨§−¥á-�−�«¨â¨ª¨ ®â«¨ç�îâáï ¯® á¯®á®¡ã ¤®áâã¯�
ª ¨−ä®à¬�æ¨¨ ®â á¨áâ¥¬ ®¯¥à�â¨¢−®© ®¡à�¡®âª¨ ¤�−−ëå [4], íâ® ¯®¢ëè�¥â à¨áª
ãâ¥çª¨ ¯®«ì§®¢�â¥«ìáª¨å ¤�−−ëå ¨§ ¯®¤®¡−ëå á¨áâ¥¬, çâ® ¯®à®¦¤�¥â ¯®âà¥¡−®áâ¨
¢ ¤®¯®«−¨â¥«ì−ëå á¯®á®¡�å §�é¨âë ¨−ä®à¬�æ¨¨, ®¡à�¡�âë¢�¥¬®© ¢ á¨áâ¥¬�å
¡¨§−¥á-�−�«¨â¨ª¨. �à¨ íâ®¬ §�é¨â−ë¥ ¬¥àë ¤®«¦−ë ¡ëâì −�¯à�¢«¥−ë ª�ª −�
−¥¤®¯ãé¥−¨¥ −¥á�−ªæ¨®−¨à®¢�−−®£® ¤®áâã¯� ¢ á¨áâ¥¬ã, â�ª ¨ −� ¬¨−¨¬¨§�æ¨î
¯®á«¥¤áâ¢¨© ãé¥à¡� ¢ á«ãç�¥ ¯à®−¨ª−®¢¥−¨ï ¢ á¨áâ¥¬ã §«®ã¬ëè«¥−−¨ª®¢.

�¤−¨¬ ¨§ á¯®á®¡®¢ §�é¨âë ¤�−−ëå ¢ á¨áâ¥¬�å ¡¨§−¥á-�−�«¨â¨ª¨, ¯®§¢®«ï-
îé¨¬ á−¨§¨âì ¯®á«¥¤áâ¢¨ï ãé¥à¡�, áâ�«® ®¡¥§«¨ç¨¢�−¨¥ ¤�−−ëå, ®¡à�¡�âë¢�-
¥¬ëå ¢ á¨áâ¥¬�å ¡¨§−¥á-�−�«¨â¨ª¨.

‚®¯à®áë ®¡¥§«¨ç¨¢�−¨ï ¨ §�é¨âë ¯¥àá®−�«ì−ëå ¤�−−ëå −� ¯à®âï¦¥−¨¨ ¯®-
á«¥¤−¨å âà¥å ¤¥áïâ¨«¥â¨© ®áâ�îâáï ¯à¥¤¬¥â®¬ −�ãç−ëå ¨áá«¥¤®¢�−¨©. �¤−®©
¨§ ¯¥à¢ëå ¯à¨ª«�¤−ëå à¥�«¨§�æ¨©, ¨á¯®«ì§ã¥¬ëå ¤«ï ®¡¥§«¨ç¨¢�−¨ï ¬¥¤¨æ¨−-
áª¨å ¤�−−ëå, áâ�«� à�¡®â� ‹. ‘¢¨−¨ [5]. ‚ −¥© ¢¯¥à¢ë¥ ®¯¨á�− ¬¥â®¤ §�¬¥−ë
çã¢áâ¢¨â¥«ì−ëå ¤�−−ëå −� ¨¤¥−â¨ä¨ª�â®àë, ª®â®àë© ¯®«ãç¨« −�§¢�−¨¥ ú¯á¥¢-
¤®�−®−¨¬¨§�æ¨ïû. ‚ ¤�«ì−¥©è¨å ¨áá«¥¤®¢�−¨ïå ‹. ‘¢¨−¨ [6] ¡ë« ä®à¬�«¨§®¢�−
¬¥â®¤ k-�−®−¨¬−®áâ¨, ®¡¥á¯¥ç¨¢�îé¨© −¥¢®§¬®¦−®áâì ¨¤¥−â¨ä¨ª�æ¨¨ ®â¤¥«ì-
−®£® áã¡ê¥ªâ� ¢ ¢ë¡®àª¥ ¯ãâ¥¬ £�à�−â¨¨ â®£®, çâ® ª�¦¤ë© ª¢�§¨¨¤¥−â¨ä¨ª�â®à
¯®¢â®àï¥âáï −¥ ¬¥−¥¥ ç¥¬ ã k §�¯¨á¥©. �¥á¬®âàï −� è¨à®ª®¥ ¯à¨¬¥−¥−¨¥, ¬¥â®¤
®ª�§�«áï ãï§¢¨¬ ª �â�ª�¬, ¨á¯®«ì§ãîé¨¬ ¢−¥è−¨¥ §−�−¨ï [7].

„«ï ¯®¢ëè¥−¨ï ãáâ®©ç¨¢®áâ¨ ª â�ª¨¬ �â�ª�¬ ¡ë«¨ ¯à¥¤«®¦¥−ë ¬¥â®¤ë
l-¤¨¢¥àá¨ä¨ª�æ¨¨ [7], ®¡¥á¯¥ç¨¢�îé¨¥ à�§−®®¡à�§¨¥ §−�ç¥−¨© çã¢áâ¢¨â¥«ì−ëå
�âà¨¡ãâ®¢ ¢−ãâà¨ ª�¦¤®© íª¢¨¢�«¥−â−®© £àã¯¯ë, ¨ t-ª®£¥à¥−â−®áâ¨ [8], ®£à�−¨ç¨-
¢�îé¥© ¢«¨ï−¨¥ ¤®¬¨−¨àãîé¨å §−�ç¥−¨©. Œ¥â®¤ë �¢â®¬�â¨ç¥áª®£® ¢ëï¢«¥−¨ï
ª¢�§¨¨¤¥−â¨ä¨ª�â®à®¢ ¢ −�¡®à�å ¤�−−ëå à�áá¬®âà¥−ë ¢ áâ�âì¥ [9], � ¢ à�¡®â¥ [10]
¯à¥¤«®¦¥− á¯®á®¡ �¢â®¬�â¨ç¥áª®£® ¯®¨áª� ª¢�§¨¨¤¥−â¨ä¨ª�â®à®¢ á ¨á¯®«ì§®¢�-
−¨¥¬ ¤¥à¥¢ì¥¢.

�¤−�ª® −�¨¡®«ìè¨© ¢ª«�¤ ¢ ä®à¬�«ì−®¥ ®¡®á−®¢�−¨¥ ª®−ä¨¤¥−æ¨�«ì−®áâ¨
¤�−−ëå ¢−¥á«� ¤¨ää¥à¥−æ¨�«ì−�ï ¯à¨¢�â−®áâì, ¢¢¥¤¥−−�ï ‘¨−â¨¥© „¢®àª [11],
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�¡¥§«¨ç¨¢�−¨¥ ¯®«ì§®¢�â¥«ìáª¨å ¤�−−ëå á ¯à¨¢«¥ç¥−¨¥¬ „–„

®¡¥á¯¥ç¨¢�îé�ï áâà®£® ®¯à¥¤¥«¥−−ë¥ ¢¥à®ïâ−®áâ−ë¥ £�à�−â¨¨ â®£®, çâ® à¥§ã«ì-
â�â ®¡à�¡®âª¨ ¢ë¡®àª¨ áâ�â¨áâ¨ç¥áª¨ −¥ §�¢¨á¨â ®â −�«¨ç¨ï ¨«¨ ®âáãâáâ¢¨ï
ª®−ªà¥â−®© §�¯¨á¨.

�®á«¥¤−¨¥ ¨áá«¥¤®¢�−¨ï à�áá¬�âà¨¢�îâ ¢®¯à®á −¥®¡å®¤¨¬®áâ¨ á®¡«î¤¥−¨ï
¡�«�−á� ¬¥¦¤ã ¯à¨¢�â−®áâìî ¨ ¯®«¥§−®áâìî ¤�−−ëå, � â�ª¦¥ á¨«ì−ãî §�¢¨á¨-
¬®áâì ¯®−ïâ¨© ú�−®−¨¬−ë¥ ¤�−−ë¥û ¨ ú¯¥àá®−�«ì−ë¥ ¤�−−ë¥û ®â ¯à¨¬¥−¨¬®£®
§�ª®−®¤�â¥«ìáâ¢� à�§«¨ç−ëå áâà�− [12]. ‚ à�¡®â¥ [13] à�áá¬�âà¨¢�îâáï ¢®¯à®áë
�−®−¨¬¨§�æ¨¨ ¯¥àá®−�«ì−ëå ¤�−−ëå á â®çª¨ §à¥−¨ï ¥¢à®¯¥©áª®£® §�ª®−®¤�â¥«ì-
áâ¢�, ¯®¤ç¥àª¨¢�¥âáï îà¨¤¨ç¥áª�ï −¥®¯à¥¤¥«¥−−®áâì ¢®¯à®á®¢ ®¡¥§«¨ç¥−−ëå
¤�−−ëå ¨ á«ãç�¥¢, ¯à¨ ª®â®àëå ®¡¥§«¨ç¥−−ë¥ ¤�−−ë¥ ¯®¯�¤�îâ ¯®¤ ¤¥©áâ¢¨¥
GDPR (General Data Protection Regulation) [13].

‚ à®áá¨©áª®© «¨â¥à�âãà¥ ®á−®¢−®© à�¡®â®©, ®¯¨áë¢�îé¥© ¬¥â®¤ë ®¡¥§«¨-
ç¨¢�−¨ï ¯¥àá®−�«ì−ëå ¤�−−ëå, áç¨â�îâáï à¥ª®¬¥−¤�æ¨¨ ÷®áª®¬−�¤§®à®¬� [14].
Š�â¥£®à¨§�æ¨ï ¯¥àá®−�«ì−ëå ¤�−−ëå ¢ á®®â¢¥âáâ¢¨¨ á à®áá¨©áª¨¬ §�ª®−®¤�â¥«ì-
áâ¢®¬ ¨ ¢®¯à®áë ®¡é¥¤®áâã¯−ëå ª�â¥£®à¨© ¯¥àá®−�«ì−ëå ¤�−−ëå à�áá¬®âà¥−ë
¢ ¯ã¡«¨ª�æ¨¨ …. ‚. �®«ãï−®¢®© [15]. ‘¯®á®¡ë ª®¬¡¨−¨à®¢�−¨ï à¥ª®¬¥−¤ã¥¬ëå
÷®áª®¬−�¤§®à®¬ ¬¥â®¤®¢ ¤«ï ®¡¥§«¨ç¨¢�−¨ï ¤�−−ëå ¢ �−�«¨â¨ç¥áª¨å á¨áâ¥¬�å
®¯¨á�−ë ¢ à�¡®â¥ [16].

��à�««¥«ì−® á à�§¢¨â¨¥¬ áâ�â¨áâ¨ç¥áª¨å ¬¥â®¤®¢ �−®−¨¬¨§�æ¨¨ ¨ ®¡¥§«¨-
ç¨¢�−¨ï ¤�−−ëå ¯®«ãç¨«� à�á¯à®áâà�−¥−¨¥ �àå¨â¥ªâãà−�ï ¯�à�¤¨£¬� ¨á¯®«ì§®-
¢�−¨ï ¤®¢¥à¥−−ëå ¯®áà¥¤−¨ª®¢ (Trusted Third Parties, TTP). ‚ â�ª¨å á¨áâ¥¬�å
¯¥à¥¤�ç� ¨ ®¡¥§«¨ç¨¢�−¨¥ ¯¥àá®−�«ì−ëå ¤�−−ëå ®áãé¥áâ¢«ïîâáï á ¯à¨¢«¥ç¥−¨¥¬
¨§®«¨à®¢�−−®© áãé−®áâ¨, ®â¢¥ç�îé¥© §� ¡¥§®¯�á−ãî ®¡à�¡®âªã, âà�−áä®à¬�æ¨î
¨«¨ ä¨«ìâà�æ¨î ¤�−−ëå ¯¥à¥¤ ¨å ¯®áâã¯«¥−¨¥¬ ¢ á¨áâ¥¬ë ®¡à�¡®âª¨ ¨ åà�−¥−¨ï
¨−ä®à¬�æ¨¨. „®¢¥à¥−−ë© ¯®áà¥¤−¨ª ¬®¦¥â ¢ë¯®«−ïâì äã−ªæ¨¨ ¤¥¯¥àá®−�«¨§�-
æ¨¨, �£à¥£�æ¨¨ ¨«¨ è¨äà®¢�−¨ï ¯à®¯ãáª�¥¬ëå ç¥à¥§ −¥£® ¤�−−ëå.

‚ ¯ã¡«¨ª�æ¨¨ [17] ®¯¨áë¢�¥âáï á¨áâ¥¬� ®¡¬¥−� ¤�−−ë¬¨ ç¥à¥§ ¯à®¬¥¦ã-
â®ç−®¥ ¤®¢¥à¥−−®¥ §¢¥−® ¯®¢¥àå −¥¤®¢¥à¥−−®© ¨−äà�áâàãªâãàë. �àå¨â¥ªâãà�
®¯¨áë¢�¥â à®«ì ¤®¢¥à¥−−®£® ¯®áà¥¤−¨ª�, ®¡¥á¯¥ç¨¢�îé¥£® è¨äà®¢�−¨¥ ¤�−−ëå
¨ ã¯à�¢«¥−¨¥ ¤®áâã¯®¬. ‚ à�¡®â¥ [18] ®¯¨áë¢�¥âáï �àå¨â¥ªâãà�, ¢ ª®â®à®© ¯à®-
¬¥¦ãâ®ç−ë© ª®¬¯®−¥−â ¨£à�¥â à®«ì ¤®¢¥à¥−−®£® ¯®áà¥¤−¨ª� ¬¥¦¤ã ¢«�¤¥«ìæ�¬¨
¤�−−ëå ¨ ®¡«�ç−ë¬¨ ¯à®¢�©¤¥à�¬¨, ¤�−−ë© ª®¬¯®−¥−â ¢ë¯®«−ï¥â è¨äà®¢�−¨¥
¨ ¤¥¯¥àá®−�«¨§�æ¨î ¤�−−ëå, ª®−âà®«ì ¤®áâã¯� ¨ ¢ë¯®«−¥−¨¥ ¯®«¨â¨ª ¡¥§®¯�á-
−®áâ¨. „�−−�ï à�¡®â� −�¨¡®«¥¥ ä®à¬�«ì−® ®¯¨áë¢�¥â ª®−æ¥¯æ¨î ¤®¢¥à¥−−ëå
¯®áà¥¤−¨ª®¢.

�àå¨â¥ªâãà� á ¤®¢¥à¥−−ë¬ ¯®áà¥¤−¨ª®¬ ¯®§¢®«ï¥â ¤®áâ¨çì ¢ëá®ª®© áâ¥¯¥−¨
¨§®«ïæ¨¨ ¯¥àá®−�«ì−ëå ¤�−−ëå ®â ¯®á«¥¤ãîé¨å íâ�¯®¢ ¨å ¨á¯®«ì§®¢�−¨ï, çâ®
®á®¡¥−−® ¢�¦−® ¢ ãá«®¢¨ïå à�á¯à¥¤¥«¥−−ëå ¢ëç¨á«¥−¨© ¨«¨ ¯à¨ ¯¥à¥¤�ç¥ ¤�−−ëå
¬¥¦¤ã ®à£�−¨§�æ¨ï¬¨.

�à¥¤«�£�¥¬ë© ¢ −�áâ®ïé¥© à�¡®â¥ ¯®¤å®¤ á ¨á¯®«ì§®¢�−¨¥¬ ¤®¢¥à¥−−®£®
æ¥−âà� ¤¥¯¥àá®−�«¨§�æ¨¨ („–„) ¯à¥¤áâ�¢«ï¥â á®¡®© à¥�«¨§�æ¨î ¯�à�¤¨£¬ë ¤®-
¢¥à¥−−®£® ¯®áà¥¤−¨ª� (TTP), á®åà�−ïîé¥© á®¢¬¥áâ¨¬®áâì á ã¦¥ à�§¢¥à−ãâë¬¨
ª®à¯®à�â¨¢−ë¬¨ á¨áâ¥¬�¬¨ åà�−¥−¨ï ¤�−−ëå. ‚ ®â«¨ç¨¥ ®â ¤¨ää¥à¥−æ¨�«ì-
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−®© ¯à¨¢�â−®áâ¨ ¬¥â®¤ ®à¨¥−â¨à®¢�− −� ¨−äà�áâàãªâãà−®¥ à�§¤¥«¥−¨¥ åà�−¥−¨ï
¨ ®¡à�¡®âª¨ ¨¤¥−â¨ä¨ª�â®à®¢ ¨ â¥«¥¬¥âà¨¨, çâ® á−¨¦�¥â à¨áª ª®¬¯à®¬¥â�æ¨¨
¯®«−®£® −�¡®à� ¤�−−ëå. ‚ ¯à¥¤«�£�¥¬®© áå¥¬¥ −¨ ®¤¨− ¨§ ãç�áâ−¨ª®¢ ¯à®æ¥áá�
®¡à�¡®âª¨ ¤�−−ëå, §� ¨áª«îç¥−¨¥¬ ¯®«ì§®¢�â¥«ï, ¢«�¤¥îé¥£® ¯¥àá®−�«ì−ë¬¨
¤�−−ë¬¨ ¨ ®â¯à�¢«ïîé¥£® ¨å ¢ ¨−ä®à¬�æ¨®−−ãî á¨áâ¥¬ã, −¥ ¨¬¥¥â ¤®áâã¯�
ª ®à¨£¨−�«ì−ë¬ ¯®«ì§®¢�â¥«ìáª¨¬ ¨¤¥−â¨ä¨ª�â®à�¬ ¨ â¥«¥¬¥âà¨¨, çâ® ®¡¥á¯¥-
ç¨¢�¥âáï à�§¤¥«¥−¨¥¬ ¤�−−ëå −� íâ�¯¥ ¨å ®â¯à�¢ª¨ ¢ ¨−ä®à¬�æ¨®−−ãî á¨áâ¥¬ã.

Œ¥â®¤ ®¡¥á¯¥ç¨¢�¥â á®£«�á®¢�−−®áâì ä®à¬�â®¢ ¨ ã−¨ª�«ì−®áâ¨ ¨¤¥−â¨ä¨-
ª�â®à®¢ ¯à¨ ¯®«−®¬ ãáâà�−¥−¨¨ ¯àï¬ëå ¯¥àá®−�«ì−ëå á¢ï§¥©, çâ® ¤¥«�¥â ¥£®
íää¥ªâ¨¢−ë¬ ¨−áâàã¬¥−â®¬ ¯à¨ ¨−â¥£à�æ¨¨ á �−�«¨â¨ç¥áª¨¬¨ á¨áâ¥¬�¬¨, ¨ á®-
¡«î¤¥−¨¥ âà¥¡®¢�−¨© §�ª®−®¤�â¥«ìáâ¢� ® ¯¥àá®−�«ì−ëå ¤�−−ëå.

2 Обезличивание с привлечением третьей, доверенной стороны

‚ á®¢à¥¬¥−−®¬ ¬¨à¥ ¡®«ìè�ï ç�áâì ¯®«ì§®¢�â¥«ìáª¨å ¤�−−ëå ¢ ®à£�−¨§�æ¨¨
¯®ï¢«ï¥âáï ¯ãâ¥¬ á¡®à� ¨−ä®à¬�æ¨¨ ¯à¨ ¢§�¨¬®¤¥©áâ¢¨¨ ¯®«ì§®¢�â¥«¥© á ¨−-
ä®à¬�æ¨®−−ë¬¨ á¨áâ¥¬�¬¨. �â¯à�¢«ï¥¬�ï ¢ à�¬ª�å ®¤−®© ¯®áë«ª¨ ª«¨¥−âáª�ï
¨−ä®à¬�æ¨ï ¬®¦¥â ¡ëâì à�§¤¥«¥−� −� ¤¢¥ £àã¯¯ë: ¯®«ì§®¢�â¥«ìáª¨¥ ¨¤¥−â¨-
ä¨ª�â®àë, ¯®§¢®«ïîé¨¥ ¨¤¥−â¨ä¨æ¨à®¢�âì ª«¨¥−â� ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë,
¨ â¥«¥¬¥âà¨ï [19], −¥áãé�ï �−�«¨â¨ç¥áª¨¥ §−�−¨ï ¢ ª®−â¥ªáâ¥ ¯®«ì§®¢�â¥«ï.

Š ¯¥à¢®© £àã¯¯¥ ®â−®áïâáï â�ª¨¥ ¤�−−ë¥, ª�ª −®¬¥à ¨ á¥à¨ï ¤®ªã¬¥−â�,
ã¤®áâ®¢¥àïîé¥£® «¨ç−®áâì, −®¬¥à â¥«¥ä®−�, �¤à¥á í«¥ªâà®−−®© ¯®çâë ¨ «î¡ë¥
¤àã£¨¥ ¨¤¥−â¨ä¨ª�â®àë, ®¤−®§−�ç−® ¨¤¥−â¨ä¨æ¨àãîé¨¥ ª«¨¥−â�. Š® ¢â®à®©
£àã¯¯¥ ®â−®áïâáï ¢á¥ ¤�−−ë¥, −¥ ¯®§¢®«ïîé¨¥ ®¤−®§−�ç−® ¨¤¥−â¨ä¨æ¨à®¢�âì
ª«¨¥−â�, −® ¯à¨ íâ®¬ −¥®¡å®¤¨¬ë¥ ¤«ï ¢§�¨¬®¤¥©áâ¢¨ï ª«¨¥−â� á ¨−ä®à¬�æ¨®−-
−®© á¨áâ¥¬®© ¨«¨ ¯à¥¤áâ�¢«ïîé¨¥ �−�«¨â¨ç¥áª¨© ¨−â¥à¥á, −�¯à¨¬¥à: á¢¥¤¥−¨ï
®¡ ®¯¥à�æ¨®−−®© á¨áâ¥¬¥; á¢¥¤¥−¨ï ® ¢§�¨¬®¤¥©áâ¢¨¨ á ¯à¨«®¦¥−¨ï¬¨; ¢à¥¬ï,
¯à®¢¥¤¥−−®¥ ¢ ¯à¨«®¦¥−¨¨; áã¬¬� ¯«�â¥¦�; ¨á¯®«ì§ã¥¬ë¥ ¨ −¥¨á¯®«ì§ã¥¬ë¥
¢®§¬®¦−®áâ¨ á¥à¢¨á� ¨ «î¡�ï ¤àã£�ï ¨−ä®à¬�æ¨ï, −¥ ¯®§¢®«ïîé�ï ®¤−®§−�ç−®
¨¤¥−â¨ä¨æ¨à®¢�âì ¯®«ì§®¢�â¥«ï.

�®áª®«ìªã ¤«ï �−�«¨â¨ç¥áª¨å æ¥«¥© ¢�¦−ë −¥ á�¬¨ §−�ç¥−¨ï ¯®«ì§®¢�-
â¥«ìáª¨å ¨¤¥−â¨ä¨ª�â®à®¢, ¨¤¥−â¨ä¨æ¨àãîé¨å ª®−ªà¥â−®£® ¯®«ì§®¢�â¥«ï, � ¨å
ã−¨ª�«ì−®áâì ¨ á¯®á®¡−®áâì ®â«¨ç¨âì ®¤−®£® ¯®«ì§®¢�â¥«ï ¨ ¥£® �âà¨¡ãâë ®â
¤àã£®£®, � â�ª¦¥ á®®â¢¥âáâ¢¨¥ ä®à¬�â� ¨¤¥−â¨ä¨ª�â®à� ä®à¬�âã, ®¦¨¤�¥¬®¬ã
�−�«¨â¨ç¥áª®© á¨áâ¥¬®© [16], â® «®£¨ç−ë¬ ¯à¥¤áâ�¢«ï¥âáï ¯®¤å®¤, ¯à¨ ª®â®à®¬
¯®«ì§®¢�â¥«ìáª¨¥ ¨¤¥−â¨ä¨ª�â®àë ¡ã¤ãâ ¯®áâ�¢«ïâìáï ¢ �−�«¨â¨ç¥áªãî á¨áâ¥¬ã
ã¦¥ ¢ ®¡¥§«¨ç¥−−®¬ ¢¨¤¥. „�−−®¥ ¨§¬¥−¥−¨¥ áãé¥áâ¢¥−−® á−¨¦�¥â æ¥−−®áâì
¤�−−ëå ¤«ï §«®ã¬ëè«¥−−¨ª� | ¤«ï −¥£® −�¨¡®«ìèãî æ¥−−®áâì ¯à¥¤áâ�¢«ï¥â
¨¬¥−−® á¢ï§ì â¥«¥¬¥âà¨¨ á −�áâ®ïé¨¬¨ ¯®«ì§®¢�â¥«ìáª¨¬¨ ¨¤¥−â¨ä¨ª�â®à�¬¨,
â�ª ª�ª ¤®áâã¯ ª ¯®¤®¡−®© ¨−ä®à¬�æ¨¨ ¯®§¢®«ï¥â ¨á¯®«ì§®¢�âì ¥¥ ¤«ï á®¢¥à-
è¥−¨ï §«®−�¬¥à¥−−ëå ¤¥©áâ¢¨© ¯® ®â−®è¥−¨î ª ¢«�¤¥«ìæ�¬ ¤�−−ëå ¨ ¤àã£¨¬
ãç�áâ−¨ª�¬ ¯à®æ¥áá� ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨.
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‘ ãç¥â®¬ â®£®, çâ® ®â¯à�¢«ï¥¬ë¥ ¤�−−ë¥ ¬®¦−® à�§¤¥«¨âì −� ¤¢¥ £àã¯¯ë,
áâ�−®¢¨âáï ¢®§¬®¦−ë¬ ®â¯à�¢¨âì ¨å ¤¢ã¬ï −¥§�¢¨á¨¬ë¬¨ ¯®áë«ª�¬¨:

{ ¢ ¯¥à¢®© ¯®áë«ª¥ á®¡¨à�îâáï ¢á¥ ¨¤¥−â¨ä¨ª�â®àë, ¨¤¥−â¨ä¨æ¨àãîé¨¥ ¯®«ì-
§®¢�â¥«ï;

{ ¢® ¢â®à®© ¯®áë«ª¥ á®¡¨à�¥âáï á¢ï§�−−�ï á ¯®«ì§®¢�â¥«¥¬ �−�«¨â¨ç¥áª�ï
¨−ä®à¬�æ¨ï.

�¥à¢�ï ¯®áë«ª� ®â¯à�¢«ï¥âáï âà¥âì¥©, −¥§�¢¨á¨¬®©, áâ®à®−¥, ¤�«¥¥ ¡ã¤¥¬
−�§ë¢�âì íâã áâ®à®−ã „–„ [19], ¢â®à�ï ¯®áë«ª� ®â¯à�¢«ï¥âáï ¢ á¨áâ¥¬ã ¡¨§−¥á-
�−�«¨â¨ª¨ ®à£�−¨§�æ¨¨.

‡�¤�ç� „–„ á®áâ®¨â ¢ ®¡¥§«¨ç¨¢�−¨¨ ¯®«ãç¥−−ëå ¨¤¥−â¨ä¨ª�â®à®¢ ®¤−¨¬ ¨§
à¥ª®¬¥−¤®¢�−−ëå ¬¥â®¤®¢ ®¡¥§«¨ç¨¢�−¨ï ¨ ¯¥à¥¤�ç¥ ã¦¥ ®¡¥§«¨ç¥−−ëå ¤�−−ëå
¢ á¨áâ¥¬ã ¡¨§−¥á-�−�«¨â¨ª¨ ®à£�−¨§�æ¨¨. �� áâ®à®−¥ ®à£�−¨§�æ¨¨, á®¡¨à�îé¥©
¤�−−ë¥, ¤¢¥ ¯®«ãç¥−−ë¥ ¯®áë«ª¨ ®¡ê¥¤¨−ïîâáï, ¢ à¥§ã«ìâ�â¥ ç¥£® ¯®«ãç�¥â-
áï ¯®áë«ª�, á®áâ®ïé�ï ¨§ ®¡¥§«¨ç¥−−ëå ¨¤¥−â¨ä¨ª�â®à®¢ ¨ ¤®¯®«−¨â¥«ì−ëå
�−�«¨â¨ç¥áª¨å ¤�−−ëå [19].

�®¤à®¡−�ï áå¥¬� ®¡¥§«¨ç¨¢�−¨ï ¤�−−ëå á ¯à¨¢«¥ç¥−¨¥¬ „–„ ¯à®¤¥¬®−-
áâà¨à®¢�−� −� à¨áã−ª¥, £¤¥

{ Data source | ¯¥à¢®¨áâ®ç−¨ª ¯®«ì§®¢�â¥«ìáª¨å ¤�−−ëå, á®¤¥à¦�é¨© ¯¥àá®-
−�«ì−ë¥ ¤�−−ë¥ ¨«¨ ¤àã£¨¥ ¤�−−ë¥ ¯®«ì§®¢�â¥«ï;

{ Trusted depersonalization center | ¤®¢¥à¥−−ë© æ¥−âà ¤¥¯¥àá®−�«¨§�æ¨¨ ¤�−-
−ëå;

{ Data processor | ®à£�−¨§�æ¨ï, ¯®«ãç�îé�ï ¨ ®¡à�¡�âë¢�îé�ï ¯®«ì§®¢�-
â¥«ìáª¨¥ ¤�−−ë¥;

‘å¥¬� ®¡¥§«¨ç¨¢�−¨ï ¯®«ì§®¢�â¥«ìáª¨å ¤�−−ëå á ¯à¨¢«¥ç¥−¨¥¬ ¤®¢¥à¥−−®£® æ¥−âà�
¤¥¯¥àá®−�«¨§�æ¨¨

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 35 −®¬¥à 3 2025 121



�. ‚. ‹�¤¨ª®¢

{ BI-Platform | �−�«¨â¨ç¥áª�ï ¯«�âä®à¬�, ¯à®¨§¢®¤ïé�ï åà�−¥−¨¥ ¨ ®¡à�-
¡®âªã ¯®«ãç¥−−ëå ¯®«ì§®¢�â¥«ìáª¨å ¤�−−ëå ¢ �−�«¨â¨ç¥áª¨å æ¥«ïå;

{ PIi | ¯¥àá®−�«ì−ë© ¨¤¥−â¨ä¨ª�â®à ¯®«ì§®¢�â¥«ï;

{ DIi | ®¡¥§«¨ç¥−−ë© ¨¤¥−â¨ä¨ª�â®à, ¯®áâ�¢«¥−−ë© ¢ á®®â¢¥âáâ¢¨¥ ¯¥àá®-
−�«ì−®¬ã ¨¤¥−â¨ä¨ª�â®àã PIi;

{ Rti | á«ãç�©−ë© ¡¨«¥â (Random ticket), ä®à¬¨àãîé¨©áï ¤«ï ª�¦¤®£®
¯¥àá®−�«ì−®£® ¨¤¥−â¨ä¨ª�â®à� ¯à¨ ª�¦¤®© ¥£® ®â¯à�¢ª¥;

{ Data | −¥¯¥àá®−�«ì−ë¥ ¤�−−ë¥ ¯®«ì§®¢�â¥«ï, �áá®æ¨¨à®¢�−−ë¥ á ¯¥àá®-
−�«ì−ë¬¨ ¨¤¥−â¨ä¨ª�â®à�¬¨.

�«£®à¨â¬ ®¡¥§«¨ç¨¢�−¨ï á ¯à¨¢«¥ç¥−¨¥¬ „–„ §�ª«îç�¥âáï ¢ á«¥¤ãîé¥¬:

(1) ¨áâ®ç−¨ª ¤�−−ëå (Data Source), ª«¨¥−âáª®¥ ãáâà®©áâ¢® ¨«¨ «î¡�ï ¤àã£�ï
¨−ä®à¬�æ¨®−−�ï á¨áâ¥¬�, ª®â®à®© âà¥¡ã¥âáï ¯¥à¥¤�âì ¤�−−ë¥ ¢ ¯«�âä®à¬ã
¡¨§−¥á-�−�«¨â¨ª¨ (BI-Platform), ä®à¬¨àã¥â −�¡®à ¤�−−ëå, á®áâ®ïé¨© ¨§
¯¥àá®−�«ì−ëå ¨¤¥−â¨ä¨ª�â®à®¢ (PI1,PI2, . . . ,PIn) ¨ �−�«¨â¨ç¥áª®© ¨−ä®à-
¬�æ¨¨ (Data);

(2) ¢ ¯à®æ¥áá¥ ®â¯à�¢ª¨ −�¡®à� ¤�−−ëå ¨áâ®ç−¨ª®¬ ¤�−−ëå ¤«ï ª�¦¤®£® ¯¥à-
á®−�«ì−®£® ¨¤¥−â¨ä¨ª�â®à� PIi, ¯à¨áãâáâ¢ãîé¥£® ¢ ¯®áë«ª¥, £¥−¥à¨àã¥âáï
á«ãç�©−ë© ¡¨«¥â Rti, ¯®áë«ª� à�§¤¥«ï¥âáï −� ¤¢¥ −¥§�¢¨á¨¬ëå: ¯¥à-
¢�ï ¯à¥¤áâ�¢«ï¥â á®¡®© −�¡®à á«ãç�©−ëå ¡¨«¥â®¢, ®¡ê¥¤¨−¥−−ë© á â¥«¥-
¬¥âà¨¥© ({Rt1,Rt2, . . . ,Rtn}{Data}), � ¢â®à�ï á®áâ®¨â ¨§ ¯¥àá®−�«ì−ëå
¨¤¥−â¨ä¨ª�â®à®¢ ¨ ¯®áâ�¢«¥−−ëå ¨¬ ¢ á®®â¢¥âáâ¢¨¥ á«ãç�©−ëå ¡¨«¥â®¢
({Rt1,Rt2, . . . ,Rtn}{PI1,PI2, . . . ,PIn});

(3) ¯¥à¢�ï ¯®áë«ª� ({Rt1,Rt2, . . . ,Rtn}{Data}) ®â¯à�¢«ï¥âáï ®à£�−¨§�æ¨¨, ®¡-
à�¡�âë¢�îé¥© ¤�−−ë¥ ª«¨¥−â®¢ (Data processor);

(4) ¢â®à�ï ¯®áë«ª� ({Rt1,Rt2, . . . ,Rtn}{PI1,PI2, . . . ,PIn}) ¯¥à¥¤�¥âáï ¢ „–„.
„«ï ¯®¢ëè¥−¨ï ¡¥§®¯�á−®áâ¨ ¯¥à¥¤�ç¨ ¤�−−ëå ¨ ®âáãâáâ¢¨ï á¢ï§¥© ¬¥¦-
¤ã ¯¥à¥¤�¢�¥¬ë¬¨ ¯¥àá®−�«ì−ë¬¨ ¨¤¥−â¨ä¨ª�â®à�¬¨ ¯¥àá®−�«ì−ë¥ ¨¤¥−-
â¨ä¨ª�â®àë ¨ á®¯®áâ�¢«¥−−ë¥ ¨¬ á«ãç�©−ë¥ ¡¨«¥âë ¬®£ãâ ¯¥à¥¤�¢�âìáï
¢ „–„ −¥áª®«ìª¨¬¨ ¯®áë«ª�¬¨ [20, 21];

(5) „–„, ¯®«ãç¨¢ −�¡®à ¯¥àá®−�«ì−ëå ¨¤¥−â¨ä¨ª�â®à®¢ ¨ á®¯®áâ�¢«¥−−ëå
¨¬ á«ãç�©−ëå ¡¨«¥â®¢, ¯à®¨§¢®¤¨â ®¡¥§«¨ç¨¢�−¨¥ ª�¦¤®£® ¨§ ¯®«ã-
ç¥−−ëå ¯¥àá®−�«ì−ëå ¨¤¥−â¨ä¨ª�â®à®¢, áâ�¢ï ¢ á®®â¢¥âáâ¢¨¥ ª�¦¤®¬ã
¯¥àá®−�«ì−®¬ã ¨¤¥−â¨ä¨ª�â®àã PIi ®¡¥§«¨ç¥−−ë© ¨¤¥−â¨ä¨ª�â®à DIi,
¨á¯®«ì§ãï à¥ª®¬¥−¤®¢�−−ë¥ ¬¥â®¤ë ®¡¥§«¨ç¨¢�−¨ï ¯¥àá®−�«ì−ëå ¤�−-
−ëå. �®á«¥ ç¥£® ä®à¬¨àã¥âáï −®¢�ï ¯®áë«ª�, á®áâ®ïé�ï ¨§ ®¡¥§«¨-
ç¥−−ëå ¨¤¥−â¨ä¨ª�â®à®¢ ¨ á®¯®áâ�¢«¥−−ëå á −¨¬¨ á«ãç�©−ëå ¡¨«¥â®¢
({Rt1,Rt2, . . . ,Rtn}{DI1,DI2, . . . ,DIn});

(6) ¯®«ãç¥−−�ï ¯®áë«ª� ¯¥à¥¤�¥âáï ¢ ®à£�−¨§�æ¨î, ®¡à�¡�âë¢�îéãî ¯®«ì§®-
¢�â¥«ìáª¨¥ ¤�−−ë¥ (Data processor);
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(7) ¯®á«¥ ¯®«ãç¥−¨ï ¯¥à¢®© ({Rt1,Rt2, . . . ,Rtn}{Data}) ¨ ¢â®à®©
({Rt1,Rt2, . . . ,Rtn}{DI1,DI2, . . . ,DIn}) ¯®áë«®ª −� áâ®à®−¥ ®à£�−¨§�æ¨¨
¯à®¨áå®¤¨â áª«¥¨¢�−¨¥ ¯®áë«®ª, ¯à¨ ª®â®à®¬ ª�¦¤®¬ã á«ãç�©−®¬ã ¡¨«¥-
âã Rti áâ�¢¨âáï ¢ á®®â¢¥âáâ¢¨¥ ®¡¥§«¨ç¥−−ë© ¯¥àá®−�«ì−ë© ¨¤¥−â¨ä¨ª�-
â®à DIi;

(8) ¯®«ãç¨¢è�ïáï ¢ à¥§ã«ìâ�â¥ ¯®áë«ª� ({DI1,DI2, . . . ,DIn}{Data}), á®áâ®-
ïé�ï ¨§ ¯¥à¥¤�−−®© ®â ª«¨¥−â� â¥«¥¬¥âà¨¨ ({Data}) ¨ −�¡®à� ã¦¥ ®¡¥§«¨ç¥−-
−ëå ¯®«ì§®¢�â¥«ìáª¨å ¨¤¥−â¨ä¨ª�â®à®¢ ({DI1,DI2, . . . ,DIn}), á®åà�−ï¥âáï
¢ á¨áâ¥¬ã ¡¨§−¥á-�−�«¨â¨ª¨ (BI-Platform).

‚�¦−® ®â¬¥â¨âì, çâ® ¤«ï ®¡¥á¯¥ç¥−¨ï ¡¥§®¯�á−®áâ¨ ¤�−−ëå, ®¡à�¡�âë¢�-
¥¬ëå „–„, ¨ á®åà�−¥−¨ï ¢®§¬®¦−®áâ¨ ®¡à�¡®âª¨ ¯¥àá®−�«¨§¨à®¢�−−ëå ¤�−−ëå
¢ á¨áâ¥¬�å ¡¨§−¥á-�−�«¨â¨ª¨ ¡¥§ áãé¥áâ¢¥−−®£® ¨§¬¥−¥−¨ï �−�«¨â¨ç¥áª¨å á¨áâ¥¬
âà¥¡ã¥âáï ¢ë¯®«−¥−¨¥ ¤¢ãå ãá«®¢¨©.
1. ‘¨áâ¥¬� ¤¥¯¥àá®−�«¨§�æ¨¨ ¤®«¦−� ®¡¥á¯¥ç¨¢�âì ®¡¥§«¨ç¨¢�−¨¥ ¯®«ãç¥−−ëå

¨¤¥−â¨ä¨ª�â®à®¢ ®â¤¥«ì−® ¤àã£ ®â ¤àã£� ¨ à�§¤¥«ì−®¥ ¨å á®åà�−¥−¨¥ [20,
21]. ��¯à¨¬¥à, ¯à¨ ®¡¥§«¨ç¨¢�−¨¨ −�¡®à� ¨¤¥−â¨ä¨ª�â®à®¢ ¢¨¤� {ˆ¬ï,
”�¬¨«¨ï, �®¬¥à â¥«¥ä®−�} ¤®«¦¥− ¡ëâì ¯®«ãç¥− −�¡®à ¨¤¥−â¨ä¨ª�â®à®¢
{f (ˆ¬ï), f (”�¬¨«¨ï), f (�®¬¥à â¥«¥ä®−�)}, £¤¥ f(PI) → DI | ¬¥â®¤
®¡¥§«¨ç¨¢�−¨ï.

2. Œ¥â®¤ ®¡¥§«¨ç¨¢�−¨ï ¨¤¥−â¨ä¨ª�â®à®¢ ¤®«¦¥− á®åà�−ïâì ¨å â¨¯ ¤«ï ®¡¥á-
¯¥ç¥−¨ï á®¢¬¥áâ¨¬®áâ¨ á ã¦¥ áãé¥áâ¢ãîé¥© ¨ à�§¢¥à−ãâ®© ¢ ®à£�−¨§�æ¨¨
á¨áâ¥¬®© ¡¨§−¥á-�−�«¨â¨ª¨ [16]. ��¯à¨¬¥à, ¯à¨ ®¡¥§«¨ç¨¢�−¨¨ �¤à¥á�
í«¥ªâà®−−®© ¯®çâë ¤®«¦¥− ¡ëâì ¯®«ãç¥− ¨¤¥−â¨ä¨ª�â®à, á®¢¯�¤�îé¨© ¯®
á¢®¥¬ã ä®à¬�âã á ¤®¯ãáâ¨¬ë¬ §−�ç¥−¨¥¬ �¤à¥á� í«¥ªâà®−−®© ¯®çâë, � ¯à¨
®¡¥§«¨ç¨¢�−¨¨ −®¬¥à� â¥«¥ä®−� ¤®«¦¥− ¡ëâì ¯®«ãç¥− ¨¤¥−â¨ä¨ª�â®à, á®-
¢¯�¤�îé¨© á ¤®¯ãáâ¨¬ë¬ §−�ç¥−¨¥¬ ¤«ï â¥«¥ä®−−®£® −®¬¥à�.

÷¥�«¨§�æ¨ï ®¯¨á�−−®© ¢ëè¥ áå¥¬ë ®¡¥§«¨ç¨¢�−¨ï ¤�−−ëå ¯®§¢®«ï¥â ®à£�-
−¨§�æ¨¨, ï¢«ïîé¥©áï ª®−¥ç−ë¬ ¯®«ãç�â¥«¥¬ ¤�−−ëå ®â á¢®¨å ª«¨¥−â®¢, ®¯¥à¨-
à®¢�âì ¨¬¨ ª�ª ¯¥àá®−�«ì−ë¬¨, á®åà�−ïï ã−¨ª�«ì−®áâì ¯®«ì§®¢�â¥«ìáª¨å ¨¤¥−-
â¨ä¨ª�â®à®¢ ¨ ¨å á®¢¬¥áâ¨¬®áâì á áãé¥áâ¢ãîé¨¬¨ á¨áâ¥¬�¬¨ ¡¨§−¥á-�−�«¨â¨ª¨.
�à¨ íâ®¬ á¨áâ¥¬� ®¡¥§«¨ç¨¢�−¨ï ¯¥àá®−�«ì−ëå ¨¤¥−â¨ä¨ª�â®à®¢, à¥�«¨§®¢�−-
−�ï ¢ ¢¨¤¥ „–„, åà�−¨â ¯¥àá®−�«ì−ë¥ ¨¤¥−â¨ä¨ª�â®àë −¥ á¢ï§�−−ë¬¨ ¬¥¦¤ã
á®¡®© ¨ −¥ åà�−¨â −¨ª�ª®© ¤®¯®«−¨â¥«ì−®© ¨−ä®à¬�æ¨¨ ® ¯®«ì§®¢�â¥«ïå, çâ® −¥
¯®§¢®«ï¥â §«®ã¬ëè«¥−−¨ªã ¢ á«ãç�¥ ¯®«ãç¥−¨ï ¤®áâã¯� ª ¤®¢¥à¥−−®¬ã æ¥−âàã
®¡¥§«¨ç¨¢�−¨ï ¯®«ãç¨âì ª�ª¨¥-«¨¡® ¯®«¥§−ë¥ ¤�−−ë¥ ¨§ åà�−¨¬®© ¢ á¨áâ¥¬¥
¨−ä®à¬�æ¨¨, ªà®¬¥ −�¡®à� ¯¥àá®−�«ì−ëå ¨¤¥−â¨ä¨ª�â®à®¢, «®£¨ç¥áª¨ −¥ á¢ï-
§�−−ëå ¬¥¦¤ã á®¡®©.

3 Анализ преимуществ предлагаемой схемы обезличивания

÷�áá¬®âà¨¬ ¤�«¥¥ ®á−®¢−ë¥ à�§«¨ç¨ï ¢ ®¡¥á¯¥ç¥−¨¨ ¡¥§®¯�á−®áâ¨ ¯à¥¤-
«�£�¥¬®© áå¥¬ë ®¡¥§«¨ç¨¢�−¨ï ¯¥àá®−�«ì−ëå ¨¤¥−â¨ä¨ª�â®à®¢ ¨ áå¥¬ë,
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¯à¨ ª®â®à®© á¨áâ¥¬� ®¡¥§«¨ç¨¢�−¨ï −�å®¤¨âáï ¢ ¯¥à¨¬¥âà¥ ®à£�−¨§�-
æ¨¨ [16].

�¥à¢®¥ ®â«¨ç¨¥ ¯à¥¤«�£�¥¬®© áå¥¬ë | ä¨§¨ç¥áª®¥ à�§¤¥«¥−¨¥ ¬¥áâ åà�−¥−¨ï
â¥«¥¬¥âà¨¨ ¨ ¯¥àá®−�«ì−ëå ¨¤¥−â¨ä¨ª�â®à®¢. ‚ á«ãç�¥ ¨á¯®«ì§®¢�−¨ï á¨áâ¥¬ë
®¡¥§«¨ç¨¢�−¨ï ¢ ¯¥à¨¬¥âà¥ ®à£�−¨§�æ¨¨ ª®¬¯à®¬¥â�æ¨ï ¯¥à¨¬¥âà� ®à£�−¨§�æ¨¨
á ¯®¬®éìî ã¤�ç−® ¯à®¢¥¤¥−−®© �â�ª¨ ¯à¨¢®¤¨â ª ¯®«ãç¥−¨î §«®ã¬ëè«¥−−¨ª®¬
¤®áâã¯� ª ¯¥àá®−�«ì−ë¬ ¤�−−ë¬ ¨ â¥«¥¬¥âà¨¨, á −¥© á¢ï§�−−®©, â. ¥. à�áªàë¢�¥â
¤�−−ë¥ ® ¯®«ì§®¢�â¥«ïå.

‚ á«ãç�¥ ¦¥ ¨á¯®«ì§®¢�−¨ï „–„ ¤«ï à�áªàëâ¨ï ¤�−−ëå ® ¯®«ì§®¢�â¥«ïå
âà¥¡ã¥âáï ª®¬¯à®¬¥â�æ¨ï ¤¢ãå −¥§�¢¨á¨¬ëå á¨áâ¥¬: æ¥−âà� ¤¥¯¥àá®−�«¨§�æ¨¨
¨ ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë á â¥«¥¬¥âà¨¥©. �à¨ íâ®¬ ª®¬¯à®¬¥â�æ¨ï æ¥−âà� ¤¥-
¯¥àá®−�«¨§�æ¨¨ −¥ ¯à¨¢®¤¨â ª à�áªàëâ¨î ¯¥àá®−�«ì−ëå ¤�−−ëå ¯®«ì§®¢�â¥«¥©,
â�ª ª�ª ¨¤¥−â¨ä¨ª�â®àë ®¤−®£® ¯®«ì§®¢�â¥«ï åà�−ïâáï ¢ −¥ á¢ï§�−−®¬ ¬¥¦¤ã
á®¡®© ¢¨¤¥ ¨ ãáâ�−®¢¨âì ¬¥¦¤ã −¨¬¨ á¢ï§ì, ¨á¯®«ì§ãï â®«ìª® «¨èì ¤�−−ë¥ ¨§
„–„, −¥¢®§¬®¦−® [20, 21].

‚â®à®¥ ®â«¨ç¨¥ §�ª«îç�¥âáï ¢ à�§¤¥«¥−¨¨ ¤�−−ëå −� ¯¥àá®−�«ì−ë¥ ¨¤¥−-
â¨ä¨ª�â®àë ¨ â¥«¥¬¥âà¨î −� íâ�¯¥ ¨å ®â¯à�¢ª¨ ¢ ¨−ä®à¬�æ¨®−−ãî á¨áâ¥¬ã.
‚ ®¯¨á�−−ëå à�−¥¥ áå¥¬�å á ¨á¯®«ì§®¢�−¨¥¬ ¤®¢¥à¥−−ëå ¯®áà¥¤−¨ª®¢ [17, 18]
¤®¢¥à¥−−ë© ¯®áà¥¤−¨ª ¯à®¯ãáª�¥â ç¥à¥§ á¥¡ï ¨−ä®à¬�æ¨î, â. ¥. ¨¬¥¥â ¯®«−ë©
¤®áâã¯ ª ¯¥àá®−�«ì−ë¬ ¨¤¥−â¨ä¨ª�â®à�¬ ¨ â¥«¥¬¥âà¨¨. ‚ ¯à¥¤«®¦¥−−®© áå¥¬¥ §�
áç¥â à�§¤¥«¥−¨ï ¤�−−ëå −� íâ�¯¥ ®â¯à�¢ª¨ ¤®¢¥à¥−−ë© ¯®áà¥¤−¨ª ®¡à�¡�âë¢�¥â
â®«ìª® ¯¥àá®−�«ì−ë¥ ¨¤¥−â¨ä¨ª�â®àë ¡¥§ â¥«¥¬¥âà¨¨ (§−�ç¨¬®£® ª®−â¥ªáâ�), çâ®
â�ª¦¥ ¯®¢ëè�¥â −�¤¥¦−®áâì áå¥¬ë §� áç¥â â®£®, çâ® ª®¬¯à®¬¥â�æ¨ï ¤®¢¥à¥−-
−®£® ¯®áà¥¤−¨ª� −¥ ¯à¨¢®¤¨â ª à�áªàëâ¨î ¤�−−ëå ¯®«ì§®¢�â¥«ï ¢ á¢ï§ª¥ á ¥£®
¨¤¥−â¨ä¨ª�â®à�¬¨.

ˆ§ ¯¥à¢®£® ¨ ¢â®à®£® ®â«¨ç¨© á«¥¤ã¥â ¨−â¥à¥á−®¥ á¢®©áâ¢® | æ¥«¥¢�ï á¨áâ¥¬�,
á®¡¨à�îé�ï ¢ á¢®¨å ¨−â¥à¥á�å ¨«¨ ¨−â¥à¥á�å ¯®«ì§®¢�â¥«¥© ¨−ä®à¬�æ¨î ® −¨å
¨ ®¡à�¡�âë¢�îé�ï ¥¥, ¬®¦¥â ¯®«−®áâìî ®âª�§�âìáï ®â ®¡à�¡®âª¨ ¯¥àá®−�«ì−ëå
¤�−−ëå, ¯¥à¥«®¦¨¢ ®â¢¥âáâ¢¥−−®áâì §� ¨å ®¡à�¡®âªã −� „–„. ‚ ¤¥©áâ¢¨â¥«ì-
−®áâ¨, ¥á«¨ ¤�−−ë¥ ¢ ¯à¨¢ï§ª¥ ª ¯¥àá®−�«ì−ë¬ ¨¤¥−â¨ä¨ª�â®à�¬ á®¡¨à�îâáï
¢ �−�«¨â¨ç¥áª¨å æ¥«ïå, â® ¢á«¥¤áâ¢¨¥ à�§¤¥«¥−¨ï ®¡à�¡®âª¨ ¯¥àá®−�«ì−ëå ¨¤¥−-
â¨ä¨ª�â®à®¢ ¨ â¥«¥¬¥âà¨¨ æ¥«¥¢�ï á¨áâ¥¬� (á¨áâ¥¬� ¡¨§−¥á-�−�«¨â¨ª¨) −¥ ®¡à�-
¡�âë¢�¥â ¯¥àá®−�«ì−ë¥ ¨¤¥−â¨ä¨ª�â®àë ¯®«ì§®¢�â¥«¥©, â�ª ª�ª ®−¨ ¯®áâã¯�îâ
¢ á¨áâ¥¬ã ã¦¥ ¢ ®¡¥§«¨ç¥−−®¬ ¢¨¤¥. �â®, ¢ á¢®î ®ç¥à¥¤ì, ¯®§¢®«ï¥â ®à£�−¨§�æ¨-
ï¬ ¯¥à¥«®¦¨âì ®â¢¥âáâ¢¥−−®áâì §� ®¡à�¡®âªã ¯¥àá®−�«ì−ëå ¤�−−ëå, ¡¥§®¯�á−®¥
¨å åà�−¥−¨¥, ãç¥â ä�ªâ®¢ á®£«�á¨ï ¯®«ì§®¢�â¥«¥© á ®¡à�¡®âª®© ¯¥àá®−�«ì−ëå
¤�−−ëå ¨ ®â§ë¢ íâ¨å á®£«�è¥−¨© −� „–„, � â�ª¦¥ ¯®§¢®«ï¥â á¬ï£ç¨âì âà¥¡®¢�-
−¨ï ª §�é¨â¥ á®¡áâ¢¥−−®© ¨−äà�áâàãªâãàë, â�ª ª�ª à¨áª ¥¥ ª®¬¯à®¬¥â�æ¨¨ −¥
¯®§¢®«¨â §«®ã¬ëè«¥−−¨ª�¬ ¡¥§ ¤®¯®«−¨â¥«ì−ëå ãá¨«¨© à�áªàëâì ¯¥àá®−�«ì−ë¥
¤�−−ë¥ ¯®«ì§®¢�â¥«¥© ¢ á¢ï§ª¥ á åà�−¨¬ë¬ ª®−â¥ªáâ®¬.

Š«îç¥¢®© ¦¥ −¥¤®áâ�â®ª ¯à¥¤«�£�¥¬®© áå¥¬ë ªà®¥âáï ¢ −¥®¡å®¤¨¬®áâ¨ ¨§-
¬¥−¥−¨ï ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï, ¯®áâ�¢«ï¥¬®£® ¯®«ì§®¢�â¥«ï¬ ¨−ä®à¬�æ¨-
®−−®© á¨áâ¥¬ë, á æ¥«ìî à�§¤¥«¥−¨ï ¤�−−ëå −� ¯¥àá®−�«ì−ë¥ ¨¤¥−â¨ä¨ª�â®àë
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�¡¥§«¨ç¨¢�−¨¥ ¯®«ì§®¢�â¥«ìáª¨å ¤�−−ëå á ¯à¨¢«¥ç¥−¨¥¬ „–„

¨ â¥«¥¬¥âà¨î −� íâ�¯¥ ®â¯à�¢ª¨. �à¨ íâ®¬ ¤�−−®¥ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥-
−¨¥ ¬®¦¥â ¯à¥¤®áâ�¢«ïâìáï „–„ ¢ ¢¨¤¥ ¯à®£à�¬¬−ëå ¬®¤ã«¥©, ¢áâà�¨¢�¥¬ëå
¢ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¨ ®¡¥á¯¥ç¨¢�îé¨å ª®àà¥ªâ−®¥ à�§¤¥«¥−¨¥ ¤�−−ëå −�
áâ®à®−¥ ¯®«ì§®¢�â¥«ìáª®£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï.

4 Заключение

‚ áâ�âì¥ à�áá¬®âà¥− ¢®¯à®á á−¨¦¥−¨ï à¨áª®¢ ãâ¥çª¨ ¯®«ì§®¢�â¥«ìáª¨å ¤�−-
−ëå ¢ ®à£�−¨§�æ¨ïå, ®¡à�¡�âë¢�îé¨å ¤�−−ë¥ ¢ �−�«¨â¨ç¥áª¨å æ¥«ïå, §� áç¥â
®¡¥§«¨ç¨¢�−¨ï ¯®«ì§®¢�â¥«ìáª¨å ¤�−−ëå, ¯®áâã¯�îé¨å ¨ �£à¥£¨àãîé¨åáï ®à-
£�−¨§�æ¨ï¬¨ ¢ á¨áâ¥¬�å ¡¨§−¥á-�−�«¨â¨ª¨. �à¥¤«®¦¥− á¯®á®¡ ¯®«ãç¥−¨ï ¯®«ì-
§®¢�â¥«ìáª¨å ¤�−−ëå ¢ ã¦¥ ®¡¥§«¨ç¥−−®¬ ¢¨¤¥, çâ® ¯®§¢®«ï¥â á−¨§¨âì à¨áª¨
à�§£«�è¥−¨ï ¨−ä®à¬�æ¨¨ ® ª«¨¥−â�å ®à£�−¨§�æ¨¨ ¢ á«ãç�¥ ª®¬¯à®¬¥â�æ¨¨ ¥¥
¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬ ¨ ¯®«ãç¥−¨ï −¥á�−ªæ¨®−¨à®¢�−−®£® ¤®áâã¯� §«®ã¬ëè-
«¥−−¨ª®¢ ª −¨¬, çâ® ¢®§¬®¦−® ¢ á«ãç�¥ à�§¬¥é¥−¨ï áà¥¤áâ¢� ¤¥¯¥àá®−�«¨§�æ¨¨
¢ ¯¥à¨¬¥âà¥ ®à£�−¨§�æ¨¨.

�à¥¤«®¦¥−−®¥ ¯®−ïâ¨¥ „–„ ¯® á¢®¥© à®«¨ −�¨¡®«¥¥ ¡«¨§ª® ª ¤®¢¥à¥−−®¬ã
ã¤®áâ®¢¥àïîé¥¬ã æ¥−âàã, ¯à®¨§¢®¤ïé¥¬ã ¢ë¯ãáª æ¨äà®¢ëå á¥àâ¨ä¨ª�â®¢ ¤«ï
®à£�−¨§�æ¨© ¨ £�à�−â¨àãîé¥¬ã, çâ® ¡¥§®¯�á−®áâì á¥àâ¨ä¨ª�â� ®¡¥á¯¥ç¨¢�¥âáï
¡¥§®¯�á−®áâìî ¯à¨¢�â−®£® ª«îç�, åà�−¨¬®£® ã¤®áâ®¢¥àïîé¨¬ æ¥−âà®¬ á®£«�á−®
áâ�−¤�àâ�¬. �® â®© ¦¥ �−�«®£¨¨ „–„ åà�−¨â §�é¨é¥−−ë¬ ®¡à�§®¬ ¯�àë ®¡¥§-
«¨ç¥−−ëå ¯¥àá®−�«ì−ëå ¨¤¥−â¨ä¨ª�â®à®¢ ¨ ®à¨£¨−�«ì−ëå ¯®«ì§®¢�â¥«ìáª¨å
¨¤¥−â¨ä¨ª�â®à®¢, á®¯®áâ�¢«¥−−ëå ¨¬.

‚�¦−® ®â¬¥â¨âì, çâ® ¯à¨¬¥−¥−¨¥ ¯à¥¤«®¦¥−−®© áå¥¬ë −¥ ®£à�−¨ç¨¢�¥âáï
á¨áâ¥¬�¬¨ ¡¨§−¥á-�−�«¨â¨ª¨. ‚®§¬®¦−® ¯à¨¬¥−¥−¨¥ ¤�−−®£® ¯®¤å®¤� ¢ ª«¨-
¥−â-á¥à¢¥à−®© �àå¨â¥ªâãà¥ ¯à¨ ¢§�¨¬®¤¥©áâ¢¨¨ ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë ¨ ¥¥
¯®«ì§®¢�â¥«¥© ç¥à¥§ „–„, � â�ª¦¥ ®â¯à�¢ª¨ �¤à¥á−®© ª®¬¬ã−¨ª�æ¨¨ ®â ¨−ä®à-
¬�æ¨®−−®© á¨áâ¥¬ë ¯®«ì§®¢�â¥«ï¬ ¯®áà¥¤áâ¢®¬ ¤¥®¡¥§«¨ç¨¢�−¨ï ¨¤¥−â¨ä¨ª�â®-
à®¢ −� áâ®à®−¥ æ¥−âà� ¤¥¯¥àá®−�«¨§�æ¨¨. „�−−ë¥ ¯®¤å®¤ë ¡ã¤ãâ à�áá¬®âà¥−ë
¢ ®â¤¥«ì−®© áâ�âì¥.
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Abstract: The article is devoted to the issues of data protection in business
intelligence systems and the use of depersonalized data for analytical purposes,
which allows to increase their protection in case of unauthorized access to
analytical information storage systems or the organization as a whole. It is shown
that depersonalization of data in the perimeter of the organization, although it
reduces the risk of data leakage, but does not exclude it in case of unauthorized
access to many systems of the organization including the depersonalization system.
The issue of delegating the procedure of personal identifiers depersonalization to
the third, trusted, party called a trusted depersonalization center is considered.
The algorithm of receiving depersonalized data from clients of information
systems in already depersonalized form using the trusted center of personal
identifiers depersonalization is given. The recommendations are given on how
to improve data security when using a trusted depersonalization center as well
as recommendations on depersonalization, which allow minimizing changes in
business intelligence systems when switching from processing personal user data
to processing depersonalization user identifiers.

Keywords: data depersonalization; trusted depersonalization center; personal
identifiers; data protection; data leakage
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ЭВОЛЮЦИЯ КОНЦЕПТУАЛЬНЫХ ПОДХОДОВ
К ИНТЕГРАЦИИ ИНФОКОММУНИКАЦИОННЫХ

И УПРАВЛЯЮЩИХ СИСТЕМ КАК ОСНОВЫ
ПЕРСПЕКТИВНЫХ ОРГАНИЗАЦИОННЫХ СИСТЕМ

А. А. Зацаринный1, С. В. Козлов2

�−−®â�æ¨ï: ‚ ®¡§®à−®© áâ�âì¥ ¯à¨¢®¤¨âáï �−�«¨§ ®¯ëâ� á®§¤�−¨ï, á®¢à¥¬¥−-
−®£® á®áâ®ï−¨ï ¨ ¯¥àá¯¥ªâ¨¢ë à�§¢¨â¨ï ¨−â¥£à¨à®¢�−−ëå á¨áâ¥¬ ã¯à�¢«¥−¨ï
(ˆ‘“). �®ª�§�−ë íâ�¯ë í¢®«îæ¨®−−®£® à�§¢¨â¨ï á¨áâ¥¬: ®â áâàãªâãà−®© ¨−-
â¥£à�æ¨¨ �¯¯�à�â−®-¯à®£à�¬¬−ëå áà¥¤áâ¢ ¨−ä®ª®¬¬ã−¨ª�æ¨®−−ëå ¨ ã¯à�¢-
«ïîé¨å á¨áâ¥¬ ¢ 1980-¥ ££. ª äã−ªæ¨®−�«ì−®© ¨−â¥£à�æ¨¨ à�§−®à®¤−ëå
äã−ªæ¨®−�«ì−ëå á¨áâ¥¬ −� àã¡¥¦¥ −�ç�«� XXI ¢. ¨ ¢ ¯¥àá¯¥ªâ¨¢¥ ª ¨−â¥£à�-
æ¨¨ æ¥«¥¢ëå ¨ ®¡¥á¯¥ç¨¢�îé¨å ¯à®æ¥áá®¢ ¯® ¨¥à�àå¨¨ ®à£�−®¢ ã¯à�¢«¥−¨ï
(�“) ¨ ¯® £®à¨§®−â�«¨ ¢§�¨¬®¤¥©áâ¢¨ï à�§−®à®¤−ëå äã−ªæ¨®−�«ì−ëå á¨áâ¥¬.
�à¨¢¥¤¥−ë ®á−®¢−ë¥ í«¥¬¥−âë ®−â®«®£¨¨ ¯à¥¤¬¥â−®© ®¡«�áâ¨ ¨−â¥£à¨à®¢�−-
−ëå á¨áâ¥¬ ¢ ¢¨¤¥ ¢§�¨¬®á¢ï§¨ áâ�−¤�àâ®¢ ¯à¥¤¯à¨ïâ¨© (BPM, ERP, CRM
¨ ¤à.) ¨ á¨áâ¥¬ë á®®â¢¥âáâ¢ãîé¨å −®â�æ¨© (IDEF). ‚ë¤¥«¥−ë ¯à®¡«¥¬ë ¨å
¯à¨¬¥−¥−¨ï, ®¡ãá«®¢«¥−−ë¥ à�áè¨à¥−¨¥¬ à�§−®®¡à�§¨ï í«¥¬¥−â®¢ ¨ ¬�áèâ�-
¡®¢ ¨−â¥£à¨à®¢�−−ëå á¨áâ¥¬. �®ª�§�−� −¥®¡å®¤¨¬®áâì ¢ë¡®à� −®¢®© ®á−®¢ë
¨−â¥£à�æ¨¨ ¨−ä®ª®¬¬ã−¨ª�æ¨®−−ëå ¨ ã¯à�¢«ïîé¨å á¨áâ¥¬ ¢ ¢¨¤¥ á¨áâ¥¬ë
¯à®æ¥áá®¢, ¢ª«îç�ï æ¥«¥¢ë¥ äã−ªæ¨®−�«ì−ë¥ ¯à®æ¥ááë, ®¡¥á¯¥ç¨¢�îé¨¥
¯à®æ¥ááë á¨áâ¥¬−®© ¨−¦¥−¥à¨¨ ¨ ¯à®â¨¢®¤¥©áâ¢ãîé¨¥ á®§¤�−¨î ¨ äã−ªæ¨®-
−¨à®¢�−¨î ¨−â¥£à¨à®¢�−−ëå á¨áâ¥¬.

Š«îç¥¢ë¥ á«®¢�: ¨−â¥£à¨à®¢�−−�ï á¨áâ¥¬�; áâàãªâãà−�ï, äã−ªæ¨®−�«ì-
−�ï ¨ ¯à®æ¥áá−�ï ¨−â¥£à�æ¨ï; áâ�−¤�àâë ®à£�−¨§�æ¨©; á¨áâ¥¬� −®â�æ¨© ¤«ï
¨−â¥£à¨à®¢�−−ëå á¨áâ¥¬; á¨áâ¥¬� ¯®«−ëå £àã¯¯ æ¥«¥¢ëå, ®¡¥á¯¥ç¨¢�îé¨å
¨ ¯à®â¨¢®¤¥©áâ¢ãîé¨å ¯à®æ¥áá®¢

DOI: 10.14357/08696527250309 EDN: IMTLJY

1 Введение

‚ à�§¢¨â¨¨ ®à£�−¨§�æ¨®−−ëå á¨áâ¥¬ (�à‘) §� ¯®á«¥¤−¨¥ 15{20 «¥â ®â¬¥ç�îâ-
áï ªàã¯−ë¥ ¨§¬¥−¥−¨ï −� ãà®¢−¥ á¬¥−ë ¨å ¯�à�¤¨£¬ë [1, 2]. ’¥ªâ®æ¥−âà¨ç¥áª�ï
¯�à�¤¨£¬� �à‘ ª�ª áâà®£® ä¨ªá¨à®¢�−−®¥ ¯® áâàãªâãà¥ ¨ â®¯®«®£¨¨ ä®à¬¨à®¢�-
−¨¥ ãáâã¯�¥â ¬¥áâ® −®¢®©, å®«¨áâ¨ç¥áª®© ¯�à�¤¨£¬¥ (à¨á. 1). …¥ áãâì ®¯à¥¤¥«ï¥âáï
−¥ â®«ìª® ¢−¥è−¨¬ ¨ ¢−ãâà¥−−¨¬ áâà®¥−¨¥¬, � ¥é¥ ¨ â¥¬, ª�ª ¨ ç¥¬ ®−� á¥¡ï
¯à®ï¢«ï¥â ¢ á¨áâ¥¬¥, ¢ ª®â®àãî ®−� ¢ª«îç¥−� ª�ª í«¥¬¥−â [3]. �®¢�ï ¯�à�¤¨£¬�

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

2”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, skozlov@frccsc.ru
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÷¨á. 1 �¢®«îæ¨ï ¯�à�¤¨£¬ë à�§¢¨â¨ï ¬¥−¥¤¦¬¥−â�

¨å à�§¢¨â¨ï ®¡ãá«®¢«¨¢�¥â à�áè¨à¥−¨¥ ¢®§¬®¦−®áâ¥© §� áç¥â á®¢¥àè¥−áâ¢®¢�-
−¨ï á¨áâ¥¬ë ã¯à�¢«¥−¨ï (‘“) ¢ ¨å á®áâ�¢¥ −� ®á−®¢¥ ¨−â¥£à�æ¨¨ à�§−®à®¤−ëå
äã−ªæ¨®−�«ì−ëå (¨−ä®ª®¬¬ã−¨ª�æ¨®−−ëå, ã¯à�¢«ïîé¨å ¨ ¤à.) á¨áâ¥¬.

‚ áâ�âì¥ à�áá¬®âà¥−ë −®¢ë¥ �á¯¥ªâë à�§¢¨â¨ï ‘“, á¢ï§�−−ë¥ á ¯¥à¥å®¤®¬ ®â
äã−ªæ¨®−�«ì−®© ª ¯à®æ¥áá−®© ¨−â¥£à�æ¨¨ á ãç¥â®¬ −®¢®£® ¯®¤å®¤� ª ¯à¥¤áâ�¢-
«¥−¨î á¨áâ¥¬ë æ¥«¥¢ëå ¯à®æ¥áá®¢ ¢ �à‘ (á¬. à¨á. 1).

2 Основные этапы развития интегрированных систем управления

�−�«¨§ à�¡®â ¯® á®§¤�−¨î ˆ‘“ à�§«¨ç−®£® −�§−�ç¥−¨ï −� ¯à®âï¦¥−¨¨
•• ¢. á¢¨¤¥â¥«ìáâ¢ã¥â ® â®¬, çâ® ¯à�ªâ¨ç¥áª¨ ¤® 1970{1980-å ££. ¨−â¥£à�æ¨ï
®áãé¥áâ¢«ï«�áì −� áâàãªâãà−®¬ ãà®¢−¥ [4{8]. �−� ¡ë«� −�¯à�¢«¥−� ¢ ¯¥à¢ãî
®ç¥à¥¤ì −� á®¢¥àè¥−áâ¢®¢�−¨¥ â¥«¥ª®¬¬ã−¨ª�æ¨®−−®© ®á−®¢ë ¤«ï ®¡¥á¯¥ç¥−¨ï
ª�ç¥áâ¢¥−−®£® ¨−ä®à¬�æ¨®−−®£® ¢§�¨¬®¤¥©áâ¢¨ï ®à£�−®¢ ¨ áã¡ê¥ªâ®¢ ã¯à�¢«¥-
−¨ï ¢ á¨áâ¥¬�å ª®à¯®à�â¨¢−®£® ã¯à�¢«¥−¨ï §� áç¥â ª®¬¯«¥ªá−®£® ¯à¨¬¥−¥−¨ï
à�§−®à®¤−ëå áà¥¤áâ¢ �¢â®¬�â¨§�æ¨¨ ã¯à�¢«¥−¨ï. �¤−®¢à¥¬¥−−® á íâ¨¬ ®áã-
é¥áâ¢«ï«®áì à�áè¨à¥−¨¥ ¯¥à¥ç−ï ãá«ã£, ¯à¥¤®áâ�¢«ï¥¬ëå �“. ‚ íâ®â ¯¥à¨®¤
¯à¥¤¬¥â−�ï ®¡«�áâì ¨ ¬�áèâ�¡ë ¨−â¥£à�æ¨¨ äã−ªæ¨®−�«ì−ëå í«¥¬¥−â®¢ ¢ á®áâ�-
¢¥ ˆ‘“ á®®â¢¥âáâ¢®¢�«¨ á¨áâ¥¬�¬ â¨¯� C2 (command, control) ¨ C3 (command,
control, and communications), çâ® ¯®á«ã¦¨«® ¨áå®¤−®© ¡�§®© ¤«ï ¤�«ì−¥©è¥£®
à�§¢¨â¨ï ˆ‘“ ¢ −�¯à�¢«¥−¨¨ äã−ªæ¨®−�«ì−®© ¨−â¥£à�æ¨¨ −®¢ëå í«¥¬¥−â®¢.
‘âàãªâãà−�ï ¨−â¥£à�æ¨ï ¯à¥¤¯®«�£�¥â ®¡ê¥¤¨−¥−¨¥ à�§«¨ç−ëå ª®¬¯®−¥−â®¢ á¨á-
â¥¬ë −� ãà®¢−¥ ¨å �àå¨â¥ªâãàë ¨ ¨−äà�áâàãªâãàë. –¥«ìî áâ�¢¨âáï ®¡¥á¯¥ç¥−¨¥
á®¢¬¥áâ¨¬®áâ¨ ¨ ¢§�¨¬®¤¥©áâ¢¨ï ¬¥¦¤ã à�§«¨ç−ë¬¨ á¨áâ¥¬�¬¨, ¬®¤ã«ï¬¨ ¨ ¡�-
§�¬¨ ¤�−−ëå.
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÷¨á. 2 �â�¯ë â¥å−®«®£¨ç¥áª®£® à�§¢¨â¨ï ˆ‘“

�®áâ®ï−−® à�áâãé¨¥ ¯®âà¥¡−®áâ¨ �“ ¢ ®¡¥á¯¥ç¥−¨¨ á¨âã�æ¨®−−®© ®á¢¥-
¤®¬«¥−−®áâ¨ ¨å ¤®«¦−®áâ−ëå «¨æ ®¡ãá«®¢¨«¨ −¥®¡å®¤¨¬®áâì ¯®íâ�¯−®£® ¯®¤-
ª«îç¥−¨ï ¢ á®áâ�¢ ‘“ −®¢ëå äã−ªæ¨®−�«ì−ëå í«¥¬¥−â®¢, ®¡¥á¯¥ç¨¢�îé¨å
à¥�«¨§�æ¨î â�ª¨å äã−ªæ¨©, ª�ª á¡®à ¨−ä®à¬�æ¨¨ ®¡ ®¡áâ�−®¢ª¥, −�¢¨£�æ¨î,
®à¨¥−â¨à®¢�−¨¥, à�á¯®§−�¢�−¨¥ ¨ â. ¤. ‚ §�àã¡¥¦−®© ¯à�ªâ¨ª¥ ¢ −�ç�«¥ XXI ¢.
¡ë«¨ ®¡−®¢«¥−ë ª®−æ¥¯æ¨¨ à�§¢¨â¨ï ¨−â¥£à¨à®¢�−−ëå á¨áâ¥¬ [9{11] ¤® ãà®¢−ï
C4IEFTW, C5IEFTW ¨ ¤à.

‚ à�§¢¨â¨¨ ˆ‘“ á â®çª¨ §à¥−¨ï æ¨äà®¢¨§�æ¨¨ ª�ª ¤®¬¨−¨àãîé¥© â¥å−®«®-
£¨¨ ¬®¦−® ¢ë¤¥«¨âì âà¨ íâ�¯�, ª�ª ¯®ª�§�−® −� à¨á. 2.

÷�§¢¨â¨¥ ‘“ ®áãé¥áâ¢«ï¥âáï ¢ áâ¢®à¥ ¯à¥®¤®«¥−¨ï −®¢ëå ã£à®§ ¢ ¨−ä®ª®¬¬ã-
−¨ª�æ¨®−−®© áä¥à¥. �¡é¥¥ −�¯à�¢«¥−¨¥ ¨å à�§¢¨â¨ï: ®â á¯¥æ¨�«¨§¨à®¢�−−ëå,
¬®−®äã−ªæ¨®−�«ì−ëå ‘“ ª ¬−®£®äã−ªæ¨®−�«ì−ë¬, ¬−®£®¤®¬¥−−ë¬ á¨áâ¥¬�¬
á ¯®íâ�¯−®© ¨−â¥£à�æ¨¥© ¢ ¨å á®áâ�¢¥ äã−ªæ¨®−�«ì−ëå í«¥¬¥−â®¢, à¥�«¨§ã¥¬ëå
−� ®á−®¢¥ −®¢ëå â¥å−®«®£¨© ¢ ãá«®¢¨ïå æ¨äà®¢®© âà�−áä®à¬�æ¨¨. ‚ à�§¢¨-
â¨¨ ã¯à�¢«¥−ç¥áª®© ¤¥ïâ¥«ì−®áâ¨ ®¡ëç−® ¢ë¤¥«ïîâ �¢â®¬�â¨§�æ¨î äã−ªæ¨© ¯®
¢ë¯®«−¥−¨î §�¤�ç ã¯à�¢«¥−¨ï ¨ �¢â®¬�â¨§�æ¨î ¯à®æ¥áá®¢ ã¯à�¢«¥−¨ï, à¥�-
«¨§ã¥¬ëå −� ®á−®¢¥ äã−ªæ¨®−�«ì−®£® ¨ ¯à®æ¥áá−®£® ¯®¤å®¤®¢ á®®â¢¥âáâ¢¥−−®.
�−�«¨§ ¨ ®¡®¡é¥−¨¥ −�¯à�¢«¥−¨© à�§¢¨â¨ï ˆ‘“ â¨¯� ‘nI á¢¨¤¥â¥«ìáâ¢ã¥â ® â®¬,
çâ® ¯® ¬¥à¥ à�áè¨à¥−¨ï ¨å äã−ªæ¨®−�«ì−®áâ¨ ¢®§à�áâ�¥â á«®¦−®áâì ª®¬¯«¥ªá−®©
�¢â®¬�â¨§�æ¨¨ äã−ªæ¨© ¯® ¢ë¯®«−¥−¨î §�¤�ç ã¯à�¢«¥−¨ï, −¥¯à®¯®àæ¨®−�«ì−®
¡ëáâà® à�áâ¥â á«®¦−®áâì ®¡¥á¯¥ç¥−¨ï ¬¥¦§�¤�ç−®£® ¢§�¨¬®¤¥©áâ¢¨ï, çâ® ¥é¥
¡®«¥¥ ãáã£ã¡«ï¥âáï ¢ à�¬ª�å ¬−®£®¤®¬¥−−®© á¨áâ¥¬ë. ”ã−ªæ¨®−�«ì−�ï �¢â®-
¬�â¨§�æ¨ï −¥ ¯®§¢®«ï¥â ¤®áâ¨çì ¤®«¦−®£® íää¥ªâ� ®â ¨−â¥£à�æ¨¨ à�§−®à®¤−ëå
á¨áâ¥¬, ¢®§à�áâ�¥â à®«ì �¢â®¬�â¨§�æ¨¨ ¯à®æ¥áá®¢. �� 1-© ¨ 2-© áâ�¤¨ïå ¨−-
â¥£à�æ¨¨ ‘“ ª�ª ®¡ê¥ªâ ¨áá«¥¤®¢�−¨ï ¯à¥¤áâ�¢«ï¥âáï ¢ ¢¨¤¥ ¢§�¨¬®ã¢ï§�−−®©
á®¢®ªã¯−®áâ¨ ®à£�−®¢, æ¥−âà®¢ ¨ áà¥¤áâ¢ ã¯à�¢«¥−¨ï (�–‘“), � ¯à¥¤¬¥â ¨á-
á«¥¤®¢�−¨ï á®áâ�¢«ïîâ ¡¨§−¥á-¯à®æ¥ááë ¨ á¨áâ¥¬®â¥å−¨ª� ¤«ï ¨å à¥�«¨§�æ¨¨.
�á−®¢−ë¬¨ ¬¥â®¤�¬¨ ¨áá«¥¤®¢�−¨© á«ã¦�â ¬¥â®¤ë äã−ªæ¨®−�«ì−®£® ¯®¤å®¤�
¨ á¨áâ¥¬−®© ¨−¦¥−¥à¨¨. �� à¨á. 3 ¯®ª�§�−� å�à�ªâ¥à¨áâ¨ª� íâ�¯®¢ í¢®«îæ¨¨
ˆ‘“, � −� à¨á. 4 | ¨§¬¥−¥−¨¥ ãà®¢−ï �¢â®¬�â¨§�æ¨¨ äã−ªæ¨© ¨ ¯à®æ¥áá®¢,
à¥�«¨§ã¥¬ëå ¢ à�¬ª�å ã¯à�¢«¥−ç¥áª®© ¤¥ïâ¥«ì−®áâ¨. ‚ −�áâ®ïé¥¥ ¢à¥¬ï ®¡ê¥ª-
â®¬ ¨áá«¥¤®¢�−¨ï áâ�−®¢¨âáï ˆ‘“ ª�ª ¬−®£®äã−ªæ¨®−�«ì−�ï á¨áâ¥¬� −� ãà®¢−¥
í«¥¬¥−â®¢ ‘“, à�áá¬�âà¨¢�¥¬ëå −� 2-© ¨ 3-© áâ�¤¨ïå. �à¥¤¬¥â ¨áá«¥¤®¢�−¨ï
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÷¨á. 3 •�à�ªâ¥à¨áâ¨ª� íâ�¯®¢ í¢®«îæ¨¨ ˆ‘“

÷¨á. 4 ˆ§¬¥−¥−¨¥ ãà®¢−ï �¢â®¬�â¨§�æ¨¨ äã−ªæ¨© ¨ ¯à®æ¥áá®¢ ã¯à�¢«¥−¨ï
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¤®«¦¥− à�áá¬�âà¨¢�âìáï ¯à�ªâ¨ç¥áª¨ ¯®«−®áâìî −� ãà®¢−¥ ¯à®æ¥áá®¢ ¢ ¦¨§−¥−-
−®¬ æ¨ª«¥ ‘“, � ¬¥â®¤ë ¨áá«¥¤®¢�−¨ï | −� ®á−®¢¥ ¯à®æ¥áá−®£® ¨ ¯à®¥ªâ−®£®
¯®¤å®¤®¢ ¨ á¨áâ¥¬−®© ¨−¦¥−¥à¨¨. …é¥ ç¥â¢¥àâì ¢¥ª� −�§�¤ â�ª�ï ¨−â¥£à�æ¨ï
®£à�−¨ç¨¢�«�áì 3{4 ¢¨¤�¬¨ äã−ªæ¨®−�«ì−ëå á¨áâ¥¬ (1-ï áâ�¤¨ï), � ®¡¥á¯¥ç¥-
−¨¥ ¨å á®¢¬¥áâ−®£® äã−ªæ¨®−¨à®¢�−¨ï ¤®áâ¨£�«®áì §� áç¥â ¯à¨¬¥−¥−¨ï á¨áâ¥¬ë
¯à®â®ª®«®¢ ¨ à�§«¨ç−®£® à®¤� è«î§®¢. „�«ì−¥©è¥¥ à�áè¨à¥−¨¥ äã−ªæ¨®−�«ì-
−®áâ¨ ˆ‘“ ¯à¨¢®¤¨«® ª ¢®§à�áâ�−¨î á«®¦−®áâ¨ ®¡¥á¯¥ç¥−¨ï á®¢¬¥áâ¨¬®áâ¨ ¥¥
ª®¬¯®−¥−â®¢.

ˆ−ä®ª®¬¬ã−¨ª�æ¨®−−�ï áä¥à� ¢ −�áâ®ïé¥¥ ¢à¥¬ï áâ�−®¢¨âáï ¢¥áì¬� ãï§-
¢¨¬®© ¢ ®â−®è¥−¨¨ á®¢à¥¬¥−−ëå ã£à®§ ¯à¨ à¥�«¨§�æ¨¨ á¨áâ¥¬−ëå à¥è¥−¨©,
®¯à¥¤¥«ïîé¨å ®¡¥á¯¥ç¥−¨¥ ¨−â¥à®¯¥à�¡¥«ì−®áâ¨ à�§−®à®¤−ëå í«¥¬¥−â®¢ ¯à¨
á®§¤�−¨¨ ˆ‘“.

�® ¬¥à¥ à�§¢¨â¨ï â¥å−®«®£¨© −�¡«î¤�¥âáï ¨−â¥−á¨¢−®¥ à�áè¨à¥−¨¥ £®à¨-
§®−â®¢ ã£à®§. ‘ª«�¤ë¢�¥âáï â�ª®¥ ¯®«®¦¥−¨¥, ª®£¤� ¢ ãá«®¢¨ïå −�à�áâ�−¨ï
¢−¥è−¨å ã£à®§ «�¢¨−®®¡à�§−® à�áâ¥â á«®¦−®áâì ®à£�−¨§�æ¨¨ ¨ ª�ç¥áâ¢¥−−®£®
®¡¥á¯¥ç¥−¨ï ¤¥ïâ¥«ì−®áâ¨ �“, çâ® áâ�−®¢¨âáï ¯à¨ç¨−®© ¯®ï¢«¥−¨ï ¢â®à¨ç−ëå
ã£à®§ ¢−ãâà¨á¨áâ¥¬−®£® å�à�ªâ¥à�. �£à�−¨ç¥−¨ï á¨áâ¥¬−®£® ¯®¤å®¤� [12, 13],
á¢ï§�−−ë¥ á −¥¤®áâ�â®ç−®© ®¯à¥¤¥«¥−−®áâìî ¯à¥¤¬¥â−®© áä¥àë ‘“, ¯à®â¨¢®à¥-
ç¨¢®áâìî ¨áå®¤−ëå ¤�−−ëå ¨ æ¥«®áâ−®áâìî ®¡ê¥ªâ� ¨áá«¥¤®¢�−¨©, ¯à®ï¢«ïîâáï
¢ â®¬, çâ® á®§¤�¢�¥¬ë¥ ‘“ −¥ ¢ ¯®«−®© ¬¥à¥ ¡ã¤ãâ á®®â¢¥âáâ¢®¢�âì ãá«®¢¨ï¬ ¨å
¯à¨¬¥−¥−¨ï, � á ãç¥â®¬ ¢ëá®ª®© á«®¦−®áâ¨ ˆ‘“ â�ª®¥ ¯®«®¦¥−¨¥ áâ�−®¢¨âáï
á¤¥à¦¨¢�îé¨¬ ä�ªâ®à®¬.

3 Развитие стандартов управления организационными системами

�à¨¬¥−¨â¥«ì−® ª áâ�¤¨ï¬ −�ç¨−�ï á âà¥âì¥© (á¬. à¨á. 3) ¢ â¥®à¨¨ ¨ ¯à�ªâ¨ª¥
¨−â¥£à�æ¨¨ ‘“ á®§¤�− ¨ è¨à®ª® ¨á¯®«ì§ã¥âáï −�¡®à à�§−®à®¤−ëå áâ�−¤�àâ®¢
¯à¥¤¯à¨ïâ¨© [14], ®¡®¡é¥−¨¥ ¨ ª«�áá¨ä¨ª�æ¨ï ª®â®àëå ¯à¥¤áâ�¢«¥−ë ¢ â�¡«. 1.
“ç¨âë¢�ï ®¤−®¢à¥¬¥−−®¥ ¯à¨¬¥−¥−¨¥ à�§«¨ç−ëå áâ�−¤�àâ®¢ ã¯à�¢«¥−¨ï ®à£�-
−¨§�æ¨ï¬¨ [13,15{17], ª�ª ¯®ª�§�−® −� à¨á. 5, á«¥¤ã¥â ®â¬¥â¨âì, çâ® à�áè¨à¥−¨¥
¯¥à¥ç−ï ®¡ê¥¤¨−ï¥¬ëå ¢ á®áâ�¢¥ ˆ‘“ à�§−®à®¤−ëå í«¥¬¥−â®¢ ãá«®¦−ï¥â ¯à¨-
¬¥−¥−¨¥ áãé¥áâ¢ãîé¨å áâ�−¤�àâ®¢ ®à£�−¨§�æ¨© ¨§-§� ã¢¥«¨ç¥−¨ï ¨å ¯¥à¥ç−ï
¨ à�áè¨à¥−¨ï à�§¢¥â¢«¥−−®áâ¨ −¥®¡å®¤¨¬®© ª®−ä¨£ãà�æ¨¨ ¨å ¢§�¨¬®¤¥©áâ¢¨ï.
�� à¨á. 6 ¯®ª�§�−® á®®â¢¥âáâ¢¨¥ −®â�æ¨© ¤«ï ®¯¨á�−¨ï áâ�−¤�àâ®¢ ®à£�−¨§�æ¨©
¨ ¢ë¤¥«¥−ë −�¨¡®«¥¥ è¨à®ª® ¯à¨¬¥−ï¥¬ë¥ ¨§ −¨å. ’�ª, á¨áâ¥¬ë ¯® áâ�−¤�àâã
ERP2 ®¡ê¥¤¨−ïîâ ¢ á¥¡¥ à¥�«¨§�æ¨î ¡®«ìè¨−áâ¢� ®¯¨á�−−ëå à�−¥¥ áâ�−¤�àâ®¢
¨ ®¡¥á¯¥ç¨¢�îâ ¬�ªá¨¬�«ì−ãî �¢â®¬�â¨§�æ¨î ®¡ê¥¤¨−¥−−ëå ¡¨§−¥á-¯à®æ¥áá®¢
¯à®¨§¢®¤áâ¢¥−−ëå ¨ ¤àã£¨å ®à£�−¨§�æ¨©:

ERP2 = CSRP + SRM+ PLM+ SCM+ e-COM+ · · · .
�à¨ ¢á¥å ¤®áâ®¨−áâ¢�å ãª�§�−−®© á¨áâ¥¬ë áâ�−¤�àâ®¢ ®à£�−¨§�æ¨¨ ¨ á®®â-

¢¥âáâ¢ãîé¨å ¨¬ −®â�æ¨© −¥ ®¡¥á¯¥ç¨¢�¥âáï �¤¥ª¢�â−ë© ãç¥â −¥£�â¨¢−®£® ¢«¨ï-
−¨ï ã£à®§ ¢ ¢¨¤¥ ¯à®â¨¢®¤¥©áâ¢ãîé¨å ¯à®æ¥áá®¢, � ¡¨§−¥á-¯à®æ¥ááë ¯à¨ íâ®¬
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�¢®«îæ¨ï ª®−æ¥¯âã�«ì−ëå ¯®¤å®¤®¢ ª ¨−â¥£à�æ¨¨ ¨−ä®ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬

’�¡«¨æ� 1 ��¯à�¢«¥−¨ï ¢§�¨¬®¤¥©áâ¢¨ï áâ�−¤�àâ®¢ ¢ ¥¤¨−®¬ æ¨ª«¥ ã¯à�¢«¥−¨ï
®à£�−¨§�æ¨¥© (¯à¥¤¯à¨ïâ¨¥¬)

�¡®§−�ç¥−¨¥ ��¨¬¥−®¢�−¨¥ ‚§�¨¬®¤¥©áâ¢¨¥ ¢ ¥¤¨−®¬ æ¨ª«¥
�â�¯ ¯«�−¨à®¢�−¨ï

PLM Product Lifecycle Manage-
ment: “¯à�¢«¥−¨¥ ¦¨§−¥−−ë¬
æ¨ª«®¬ ¯à®¤ãªâ� ®â à�§à�¡®âª¨
¤® ¢ë¢®¤� ¨§ íªá¯«ã�â�æ¨¨

“¯à�¢«ï¥â ¦¨§−¥−−ë¬ æ¨ª«®¬
¯à®¤ãªâ� −�ç¨−�ï á íâ�¯� ¯à®-
¥ªâ¨à®¢�−¨ï. „�−−ë¥ ® ¯à®-
¤ãªâ¥ ¯¥à¥¤�îâáï ¢ ERP ¨ APS
¤«ï ¯«�−¨à®¢�−¨ï ¯à®¨§¢®¤-
áâ¢�

CAD/CAM Computer-Aided
Design/Computer-Aided
Manufacturing: Š®¬¯ìîâ¥à-
−®¥ ¯à®¥ªâ¨à®¢�−¨¥/ª®¬¯ìî-
â¥à−®¥ ¯à®¨§¢®¤áâ¢®

ˆá¯®«ì§ãîâáï ¤«ï ¯à®¥ªâ¨à®-
¢�−¨ï ¨ ¯à®¨§¢®¤áâ¢� ¯à®¤ãª-
â�, ¤�−−ë¥ ¯¥à¥¤�îâáï ¢ PLM
¨ ERP

ERP Enterprise Resource Plan-
ning: “¯à�¢«¥−¨¥ à¥áãàá�¬¨
¯à¥¤¯à¨ïâ¨ï (ä¨−�−áë, ¯¥àá®-
−�«, §�ªã¯ª¨, ¯à®¨§¢®¤áâ¢®)

�� ®á−®¢¥ ¤�−−ëå ®â PLM
¯«�−¨àã¥â à¥áãàáë (¬�â¥à¨�-
«ë, ä¨−�−áë, ¯¥àá®−�«) ¤«ï
¯à®¨§¢®¤áâ¢�

MRP/MRP II Material Requirements Plan-
ning / Manufacturing
Resource Planning: �«�−¨à®-
¢�−¨¥ ¯®âà¥¡−®áâ¥© ¢ ¬�â¥à¨-
�«�å/¯«�−¨à®¢�−¨¥ ¯à®¨§¢®¤-
áâ¢¥−−ëå à¥áãàá®¢

�«�−¨àã¥â ¯®âà¥¡−®áâ¨ ¢ ¬�-
â¥à¨�«�å ¨ ¯à®¨§¢®¤áâ¢¥−−ëå
à¥áãàá�å −� ®á−®¢¥ ¤�−−ëå ®â
ERP

APS Advanced Planning and
Scheduling: �«�−¨à®¢�−¨¥
¨ ®¯â¨¬¨§�æ¨ï ¯à®¨§¢®¤áâ¢¥−-
−ëå ¯à®æ¥áá®¢

�¯â¨¬¨§¨àã¥â ¯à®¨§¢®¤áâ¢¥−-
−®¥ à�á¯¨á�−¨¥, ãç¨âë¢�ï ¤�−-
−ë¥ ®â ERP ¨ PLM

�â�¯ ¯à®¨§¢®¤áâ¢�
MES Manufacturing Execution

System: “¯à�¢«¥−¨¥ ¯à®-
¨§¢®¤áâ¢¥−−ë¬¨ ¯à®æ¥áá�¬¨
¢ à¥�«ì−®¬ ¢à¥¬¥−¨

“¯à�¢«ï¥â ¯à®¨§¢®¤áâ¢¥−−ë-
¬¨ ¯à®æ¥áá�¬¨ ¢ à¥�«ì−®¬ ¢à¥-
¬¥−¨, ¯®«ãç�ï ¤�−−ë¥ ®â APS
¨ ERP

SCADA Supervisory Control and Da-
ta Acquisition: Œ®−¨â®à¨−£
¨ ã¯à�¢«¥−¨¥ ¯à®¬ëè«¥−−ë¬
®¡®àã¤®¢�−¨¥¬

Œ®−¨â®à¨â ¨ ª®−âà®«¨àã¥â
®¡®àã¤®¢�−¨¥, ¯¥à¥¤�¢�ï ¤�−-
−ë¥ ¢ MES ¤«ï �−�«¨§�
¨ ã¯à�¢«¥−¨ï

BPM Business Process Manage-
ment: “¯à�¢«¥−¨¥ ¡¨§−¥á-¯à®-
æ¥áá�¬¨, ¨å ¬®¤¥«¨à®¢�−¨¥,
�¢â®¬�â¨§�æ¨ï ¨ ®¯â¨¬¨§�æ¨ï

�¢â®¬�â¨§¨àã¥â ¨ ®¯â¨¬¨§¨-
àã¥â ¡¨§−¥á-¯à®æ¥ááë, á¢ï§�−-
−ë¥ á ¯à®¨§¢®¤áâ¢®¬, ¨á¯®«ì-
§ãï ¤�−−ë¥ ®â MES ¨ ERP

TQM Total Quality Management:
‚á¥®¡é¥¥ ã¯à�¢«¥−¨¥ ª�ç¥-
áâ¢®¬

�¡¥á¯¥ç¨¢�¥â ª®−âà®«ì ª�ç¥-
áâ¢� −� ¢á¥å íâ�¯�å ¯à®¨§¢®¤-
áâ¢�
�à®¤®«¦¥−¨¥ â�¡«. 1 −� á. 136
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’�¡«¨æ� 1 (¯à®¤®«¦¥−¨¥) ��¯à�¢«¥−¨ï ¢§�¨¬®¤¥©áâ¢¨ï áâ�−¤�àâ®¢ ¢ ¥¤¨−®¬ æ¨ª«¥
ã¯à�¢«¥−¨ï ®à£�−¨§�æ¨¥© (¯à¥¤¯à¨ïâ¨¥¬)

�¡®§−�ç¥−¨¥ ��¨¬¥−®¢�−¨¥ ‚§�¨¬®¤¥©áâ¢¨¥ ¢ ¥¤¨−®¬ æ¨ª«¥
�â�¯ ã¯à�¢«¥−¨ï ¢§�¨¬®®â−®è¥−¨ï¬¨ á ª«¨¥−â�¬¨

CRM Customer Relationship Man-
agement: “¯à�¢«¥−¨¥ ¢§�¨-
¬®®â−®è¥−¨ï¬¨ á ª«¨¥−â�¬¨,
¢ª«îç�ï ¯à®¤�¦¨, ¬�àª¥â¨−£
¨ ®¡á«ã¦¨¢�−¨¥

“¯à�¢«ï¥â ¢§�¨¬®¤¥©áâ¢¨¥¬
á ª«¨¥−â�¬¨, ¢ª«îç�ï §�ª�-
§ë, ¯à®¤�¦¨ ¨ ®¡á«ã¦¨¢�−¨¥.
„�−−ë¥ ® §�ª�§�å ¯¥à¥¤�îâáï
¢ ERP ¤«ï ¯«�−¨à®¢�−¨ï ¯à®-
¨§¢®¤áâ¢�

ERP Enterprise Resource Plan-
ning: “¯à�¢«¥−¨¥ à¥áãàá�¬¨
¯à¥¤¯à¨ïâ¨ï (ä¨−�−áë, ¯¥à-
á®−�«, §�ªã¯ª¨, ¯à®¨§¢®¤áâ¢®)

ˆ−â¥£à¨àã¥â ¤�−−ë¥ ®â CRM
¤«ï ã¯à�¢«¥−¨ï §�ª�§�¬¨, ä¨-
−�−á�¬¨ ¨ à¥áãàá�¬¨

EDI Electronic Data Interchange:
�«¥ªâà®−−ë© ®¡¬¥− ¤�−−ë¬¨

�¡¥á¯¥ç¨¢�¥â í«¥ªâà®−−ë©
®¡¬¥− ¤�−−ë¬¨ á ª«¨¥−â�¬¨
¨ ¯®áâ�¢é¨ª�¬¨

�â�¯ ã¯à�¢«¥−¨ï æ¥¯®çª�¬¨ ¯®áâ�¢®ª
SCM/SCP/SCE Supply Chain Manage-

ment/Supply Chain Plan-
ning/Supply Chain Execu-
tion: “¯à�¢«¥−¨¥ æ¥¯®çª�¬¨
¯®áâ�¢®ª/¯«�−¨à®¢�−¨¥ æ¥-
¯®ç¥ª ¯®áâ�¢®ª/¨á¯®«−¥−¨¥
æ¥¯®ç¥ª ¯®áâ�¢®ª

“¯à�¢«ï¥â æ¥¯®çª�¬¨ ¯®áâ�-
¢®ª, ¯«�−¨à®¢�−¨¥¬ ¨ ¨á¯®«-
−¥−¨¥¬, ¨á¯®«ì§ãï ¤�−−ë¥ ®â
ERP ¨ CRM

WMCIAS Warehouse Management and
Control Integrated Automa-
tion Systems: “¯à�¢«¥−¨¥
áª«�¤®¬ ¨ ¨−â¥£à¨à®¢�−−ë¥
á¨áâ¥¬ë �¢â®¬�â¨§�æ¨¨

“¯à�¢«ï¥â áª«�¤áª¨¬¨ ®¯¥-
à�æ¨ï¬¨ ¨ ¨−â¥£à¨à®¢�−−ë¬¨
á¨áâ¥¬�¬¨ �¢â®¬�â¨§�æ¨¨

�â�¯ �−�«¨§� ¨ ®âç¥â−®áâ¨
BI Business Intelligence: �−�-

«¨§ ¤�−−ëå ¤«ï ¯®¤¤¥à¦ª¨
¯à¨−ïâ¨ï à¥è¥−¨©

�−�«¨§¨àã¥â ¤�−−ë¥ ®â ¢á¥å
á¨áâ¥¬ (ERP, MES, CRM,
PLM) ¤«ï ¯®¤¤¥à¦ª¨ ¯à¨−ï-
â¨ï à¥è¥−¨©

DM Data Mining: ˆ§¢«¥ç¥−¨¥
§−�−¨© ¨§ ¤�−−ëå

ˆ§¢«¥ª�¥â §−�−¨ï ¨§ ¤�−−ëå
¤«ï ã«ãçè¥−¨ï ¯à®æ¥áá®¢

GAAP/IFRS Generally Accepted Ac-
counting Principles/
International Financial Re-
porting Standards: �¡é¥¯à¨-
−ïâë¥ ¯à¨−æ¨¯ë ¡ãå£�«â¥à-
áª®£® ãç¥â�/¬¥¦¤ã−�à®¤−ë¥
áâ�−¤�àâë ä¨−�−á®¢®© ®âç¥â-
−®áâ¨

�¡¥á¯¥ç¨¢�¥â á®®â¢¥âáâ¢¨¥
ä¨−�−á®¢®© ®âç¥â−®áâ¨ ®¡-
é¥¯à¨−ïâë¬ ¯à¨−æ¨¯�¬
¨ ¬¥¦¤ã−�à®¤−ë¬ áâ�−¤�àâ�¬

�ª®−ç�−¨¥ â�¡«. 1 −� á. 137
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�¢®«îæ¨ï ª®−æ¥¯âã�«ì−ëå ¯®¤å®¤®¢ ª ¨−â¥£à�æ¨¨ ¨−ä®ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬

’�¡«¨æ� 1 (®ª®−ç�−¨¥) ��¯à�¢«¥−¨ï ¢§�¨¬®¤¥©áâ¢¨ï áâ�−¤�àâ®¢ ¢ ¥¤¨−®¬ æ¨ª«¥ ã¯à�¢-
«¥−¨ï ®à£�−¨§�æ¨¥© (¯à¥¤¯à¨ïâ¨¥¬)

�¡®§−�ç¥−¨¥ ��¨¬¥−®¢�−¨¥ ‚§�¨¬®¤¥©áâ¢¨¥ ¢ ¥¤¨−®¬ æ¨ª«¥
IAB/APICS International Association of

Bookkeepers/American Pro-
duction and Inventory Control
Society: Œ¥¦¤ã−�à®¤−�ï �á-
á®æ¨�æ¨ï ¡ãå£�«â¥à®¢/�¬¥à¨-
ª�−áª®¥ ®¡é¥áâ¢® ã¯à�¢«¥−¨ï
¯à®¨§¢®¤áâ¢®¬ ¨ §�¯�á�¬¨

�®¤¤¥à¦¨¢�¥â áâ�−¤�àâë ¡ãå-
£�«â¥àáª®£® ãç¥â� ¨ ã¯à�¢«¥−¨ï
¯à®¨§¢®¤áâ¢®¬

BPM Business Process Management:
“¯à�¢«¥−¨¥ ¡¨§−¥á-¯à®æ¥áá�¬¨,
¨å ¬®¤¥«¨à®¢�−¨¥, �¢â®¬�â¨§�-
æ¨ï ¨ ®¯â¨¬¨§�æ¨ï

ˆá¯®«ì§ã¥â �−�«¨â¨ªã ®â BI ¤«ï
®¯â¨¬¨§�æ¨¨ ¡¨§−¥á-¯à®æ¥áá®¢

�â�¯ ã¯à�¢«¥−¨ï ¯¥àá®−�«®¬
HRM Human Resource Management:

“¯à�¢«¥−¨¥ ç¥«®¢¥ç¥áª¨¬¨ à¥-
áãàá�¬¨

“¯à�¢«ï¥â ç¥«®¢¥ç¥áª¨¬¨ à¥-
áãàá�¬¨, ¨−â¥£à¨àãï ¤�−−ë¥
á ERP ¨ CRM

¯à¥¤áâ�¢«ïîâáï ¡¥§®â−®á¨â¥«ì−® ª ¨å ¯à¨¢ï§ª¥ ª �–‘“. �¡®¡é�ï á¢¥¤¥−¨ï,
¯à¥¤áâ�¢«¥−−ë¥ −� à¨á. 5 ¨ 6 ¨ ¢ â�¡«. 1, −�¤® ®â¬¥â¨âì, çâ® ¯® ¬¥à¥ à�áè¨à¥-
−¨ï à�§¬¥à−®áâ¨ ˆ‘“ áâ�−®¢¨âáï �ªâã�«ì−ë¬ ¤àã£®© ¯®¤å®¤ ª á¨áâ¥¬�â¨§�æ¨¨
¢ ¨å ¯à¥¤¬¥â−®© ®¡«�áâ¨ −� ®á−®¢¥ ¯à¥¤áâ�¢«¥−¨ï ¯®«−ëå £àã¯¯ æ¥«¥¢ëå äã−ª-
æ¨®−�«ì−ëå ¯à®æ¥áá®¢, ¯à®æ¥áá®¢ á¨áâ¥¬−®© ¨−¦¥−¥à¨¨, ®¡¥á¯¥ç¨¢�îé¨å ¨å
à¥�«¨§�æ¨î, ¨ ¯à®â¨¢®¤¥©áâ¢ãîé¨å ¯à®æ¥áá®¢. …£® ¬¥â®¤¨ç¥áªãî ®á−®¢ã ¤®«¦-
−® á®áâ�¢«ïâì ¯à¥¤áâ�¢«¥−¨¥ á¨áâ¥¬ë ¯à®æ¥áá®¢ ¢ ¦¨§−¥−−®¬ æ¨ª«¥ ˆ‘“ á ¥¥
¤¥ª®¬¯®§¨æ¨¥© á ãç¥â®¬ ®âà�¦¥−¨ï ¯à®æ¥áá®¢ ¢§�¨¬®¤¥©áâ¢¨ï �–‘“.

‚�¦−® ®â¬¥â¨âì, çâ® ¯à®æ¥áá−�ï ®á−®¢� �à‘, ®âà�¦¥−−�ï ¢ áâ�−¤�àâ�å
¯à¥¤¯à¨ïâ¨© (á¬. â�¡«. 1) ¨ ¢ ®á−®¢−ëå −®â�æ¨ïå (á¬. à¨á. 6), −¥ ¢ ¯®«−®©

÷¨á. 5 ÷�§¢¨â¨¥ áâ�−¤�àâ®¢ ã¯à�¢«¥−¨ï ®à£�−¨§�æ¨¥© (¯à¥¤¯à¨ïâ¨¥¬)
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÷¨á. 6 ‚§�¨¬®¤¥©áâ¢¨¥ á¨áâ¥¬ë −®â�æ¨© á ®á−®¢−ë¬¨ áâ�−¤�àâ�¬¨ ã¯à�¢«¥−¨ï ®à£�-
−¨§�æ¨¥©

¬¥à¥ �¤�¯â¨à®¢�−� ª à¥�«¨ï¬ ¯¥àá¯¥ªâ¨¢−ëå ˆ‘“, ¯®áª®«ìªã −¥ ãç¨âë¢�¥â
−¥®¡å®¤¨¬®áâì −®¢®£® ¯®¤å®¤� ª ¤¥ª®¬¯®§¨æ¨¨ á¨áâ¥¬ë ¯à®æ¥áá®¢ ¢ ¦¨§−¥−−®¬
æ¨ª«¥ ˆ‘“ ª�ª ¯à¥¤¬¥â� ¯®íâ�¯−®© ¨−â¥£à�æ¨¨ −� ãà®¢−¥ ®à£�−¨§�æ¨®−−ëå,
®à£�−¨§�æ¨®−−®-à¥áãàá−ëå ¨ â¥å−¨ª®-â¥å−®«®£¨ç¥áª¨å ¯à®æ¥áá®¢, ®âà�¦�îé¨å
¢§�¨¬®¤¥©áâ¢¨¥ �–‘“ (â�¡«. 2).

�à¥¤áâ�¢«¥−¨¥ á¨áâ¥¬ë ¯à®æ¥áá®¢, ®âà�¦�îé¨å ¢§�¨¬®¤¥©áâ¢¨¥ í«¥¬¥−-
â®¢ ‘“, ¯®§¢®«ï¥â −� ª�ç¥áâ¢¥−−® −®¢®¬ ãà®¢−¥ ¯®¤å®¤¨âì ª á®§¤�−¨î ˆ‘“.
‚ â�¡«. 2 á ãç¥â®¬ [18] ¯à¥¤áâ�¢«¥−� ¨å ª«�áá¨ä¨ª�æ¨ï.
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�¢®«îæ¨ï ª®−æ¥¯âã�«ì−ëå ¯®¤å®¤®¢ ª ¨−â¥£à�æ¨¨ ¨−ä®ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬

’�¡«¨æ� 2 Š«�áá¨ä¨ª�æ¨ï ¯à®æ¥áá®¢ ¢ ¦¨§−¥−−®¬ æ¨ª«¥ ˆ‘“

�«¥¬¥−âë
‘“ ‚¨¤ë ¯à®æ¥áá®¢ �à¨§−�ª ª«�áá¨ä¨ª�æ¨¨ ¯à®æ¥áá®¢

�à£�−ë
ã¯à�¢«¥−¨ï

�à£�−¨§�æ¨®−−ë¥
(�¤¬¨−¨áâà�â¨¢−ë¥

¨«¨ ¡¨§−¥á-¯à®æ¥ááë)

‚§�¨¬®¤¥©áâ¢¨¥ �“, ¯®¤à�§¤¥«¥−¨©,
¤®«¦−®áâ−ëå «¨æ, á¯¥æ¨�«¨áâ®¢ ¬¥¦-
¤ã á®¡®© ¡¥§ ãç¥â� ¯à¨¬¥−¥−¨ï áà¥¤áâ¢
ã¯à�¢«¥−¨ï

–¥−âàë
ã¯à�¢«¥−¨ï

�à£�−¨§�æ¨®−−®-
â¥å−¨ç¥áª¨¥ ¯à®æ¥ááë

‚§�¨¬®¤¥©áâ¢¨¥ �“, ¯®¤à�§¤¥«¥−¨©,
¤®«¦−®áâ−ëå «¨æ, á¯¥æ¨�«¨áâ®¢ ¬¥¦¤ã
á®¡®© á ãç¥â®¬ ¯à¨¬¥−¥−¨ï â¥å−¨ç¥áª¨å
áà¥¤áâ¢ ã¯à�¢«¥−¨ï

�à£�−¨§�æ¨®−−®-
¨−ä®à¬�æ¨®−−ë¥ ¯à®æ¥ááë

‚§�¨¬®¤¥©áâ¢¨¥ �“, ¯®¤à�§¤¥«¥−¨©,
¤®«¦−®áâ−ëå «¨æ, á¯¥æ¨�«¨áâ®¢ ¬¥¦¤ã
á®¡®© á ãç¥â®¬ ¯à¨¬¥−¥−¨ï áà¥¤áâ¢ ã¯à�-
¢«¥−¨ï ¨−ä®à¬�æ¨®−−ë¬¨ à¥áãàá�¬¨

�à£�−¨§�æ¨®−−®-
ª®£−¨â¨¢−ë¥ ¯à®æ¥ááë

‚§�¨¬®¤¥©áâ¢¨¥ �“, ¯®¤à�§¤¥«¥−¨©,
¤®«¦−®áâ−ëå «¨æ, á¯¥æ¨�«¨áâ®¢ ¬¥¦-
¤ã á®¡®© á ãç¥â®¬ ¯à¨¬¥−¥−¨ï áà¥¤áâ¢
ã¯à�¢«¥−¨ï à¥áãàá�¬¨ §−�−¨©

‘à¥¤áâ¢�
ã¯à�¢«¥−¨ï

’¥å−¨ª®-
â¥å−®«®£¨ç¥áª¨¥

¯à®æ¥ááë

‚§�¨¬®¤¥©áâ¢¨¥ áà¥¤áâ¢ ã¯à�¢«¥−¨ï
¬¥¦¤ã á®¡®© ¡¥§ ãç�áâ¨ï ç¥«®¢¥ª�-®¯¥-
à�â®à�

4 Заключение

‚ ®¡§®à−®© áâ�âì¥, ¯®á¢ïé¥−−®© í¢®«îæ¨¨ ª®−æ¥¯âã�«ì−ëå ¯®¤å®¤®¢ −� ä®-
−¥ á¬¥−ë ¯�à�¤¨£¬ë á®¢à¥¬¥−−®£® ¬¥−¥¤¦¬¥−â�, ¯®ª�§�−� ¯¥àá¯¥ªâ¨¢� ¯¥à¥å®¤�
ª ¯à®æ¥áá−®© ¨−â¥£à�æ¨¨ ¨−ä®ª®¬¬ã−¨ª�æ¨®−−ëå ¨ ã¯à�¢«ïîé¨å á¨áâ¥¬ ª�ª
®á−®¢ë ¯¥àá¯¥ªâ¨¢−ëå ‘“. ÷�§¢¨â¨¥ ˆ‘“ ª�ª ERP-á¨áâ¥¬ë ¢ ¢¨¤¥ ¨−â¥£à¨à®-
¢�−−®© á®¢®ªã¯−®áâ¨ ¬¥â®¤®¢, ¯à®æ¥áá®¢, â¥å−®«®£¨© ¨ áà¥¤áâ¢ ¢ −�¯à�¢«¥−¨¨
à�áè¨à¥−¨ï ¥¥ äã−ªæ¨®−�«ì−ëå ¢®§¬®¦−®áâ¥© æ¥«¥á®®¡à�§−® ¯à®¢®¤¨âì ¯®íâ�¯-
−® −� ®á−®¢¥ ª®¬¯«¥ªá−®£® ¯à¨¬¥−¥−¨ï ¬¥â®¤®¢ äã−ªæ¨®−�«ì−®£® ¨ ¯à®æ¥áá−®£®
¯®¤å®¤®¢, çâ® ®¡¥á¯¥ç¨¢�¥â ¢®§¬®¦−®áâì ®¤−®¢à¥¬¥−−®£® ¯à®¥ªâ¨à®¢�−¨ï ®à£�-
−¨§�æ¨®−−®© áâàãªâãàë (äã−ªæ¨®−�«ì−ëå ®¡«�áâ¥© ˆ‘“) ¨ ¯®àï¤ª� ¢§�¨¬®¤¥©-
áâ¢¨ï í«¥¬¥−â®¢ á¨áâ¥¬ë ¢ à�¬ª�å íâ®© áâàãªâãàë, ¯à¥¤áâ�¢«ï¥¬ëå ¢ ¢¨¤¥ ¯®«−®©
£àã¯¯ë ¯à®æ¥áá®¢ (�«£®à¨â¬®¢ äã−ªæ¨®−¨à®¢�−¨ï), ®âà�¦�îé¥© ¢§�¨¬®¤¥©áâ¢¨¥
®à£�−¨§�æ¨®−−ëå ‘“.

‚ á¨áâ¥¬¥ −®â�æ¨© ¯à¥¤¬¥â−®© ®¡«�áâ¨ ˆ‘“ ª«îç¥¢ë¬¨ áâ�−®¢ïâáï IDEF0
¨ IDEF3, ª®â®àë¥ ¯à¨ ¨á¯®«ì§®¢�−¨¨ ¯à®æ¥áá−®© ¨−â¥£à�æ¨¨ ¤®«¦−ë ¡ëâì �¤�¯-
â¨à®¢�−ë á ãç¥â®¬ á¨áâ¥¬�â¨§�æ¨¨ æ¥«¥¢ëå äã−ªæ¨®−�«ì−ëå ¨ ®¡¥á¯¥ç¨¢�îé¨å
¯à®æ¥áá®¢ á¨áâ¥¬−®© ¨−¦¥−¥à¨¨ ¢ ¦¨§−¥−−®¬ æ¨ª«¥ ˆ‘“.

�®¢ë© ¯®¤å®¤ ª á¨áâ¥¬�â¨§�æ¨¨ ¯®«−ëå £àã¯¯ æ¥«¥¢ëå äã−ªæ¨®−�«ì−ëå
¯à®æ¥áá®¢, ®â«¨ç�îé¨©áï ®â âà�¤¨æ¨®−−®£® ¨å ¯à¥¤áâ�¢«¥−¨ï −� ãà®¢−¥ ¡¨§-
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−¥á-¯à®æ¥áá®¢, −¥ ãç¨âë¢�îé¥£® ¯à®æ¥ááë ¢§�¨¬®¤¥©áâ¢¨ï í«¥¬¥−â®¢ ‘“, ¯®§-
¢®«ï¥â ¯®-−®¢®¬ã ¯®¤å®¤¨âì ª á®§¤�−¨î ˆ‘“ ¨ −� ã−¨ä¨æ¨à®¢�−−®© ®á−®¢¥
ª«�áá¨ä¨ª�æ¨¨ æ¥«¥¢ëå ¨ ¯à®â¨¢®¤¥©áâ¢ãîé¨å ¯à®æ¥áá®¢ (á¬. â�¡«. 2) ¯à®¢®¤¨âì
�−�«¨§ ãï§¢¨¬®áâ¥© −� áâëª�å ®¤−®à®¤−ëå ¨ à�§−®à®¤−ëå ¯à®æ¥áá®¢, ¨á¯®«ì§ãï
«ãçè¨¥ ¯à�ªâ¨ª¨ áâ�−¤�àâ®¢ ®à£�−¨§�æ¨© ¨ á®®â¢¥âáâ¢ãîé¨å ¨¬ −®â�æ¨©.
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EVOLUTION OF CONCEPTUAL APPROACHES
TO THE INTEGRATION OF INFORMATION, CONTROL,
AND TELECOMMUNICATION SYSTEMS AS THE BASIS

OF PROMISING ORGANIZATIONAL SYSTEMS

A. A. Zatsarinny and S. V. Kozlov

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

Abstract: The review article provides an analysis of the experience of creating,
the current state, and prospects for the development of integrated control
systems. The stages of the evolutionary development of systems are shown: from
the structural integration of hardware and software means of infocommunication
and control systems in the 1980s to the functional integration of heterogeneous
functional systems at the turn of the early 21st century and in the future to the
integration of target and supporting processes in the hierarchy of control bodies
and in the horizontal interaction of heterogeneous functional systems. The main
elements of the ontology of the integrated systems domain are presented in the
form of a relationship between enterprise standards (BPM, ERP, CRM, etc.) and
a system of corresponding notations (IDEF). The problems of their application
caused by the expansion of the variety of elements and scales of integrated systems
are highlighted. The article demonstrates the need to choose a new basis for
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integrating information and communication systems and control systems in the
form of a system of processes, including target functional processes, support-
ing system engineering processes, and processes that prevent the creation and
operation of integrated systems.

Keywords: integrated system; structural, functional, and process integra-
tion; organization standards; notation system for integrated systems; system of
complete groups of target, supporting, and countering processes
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ИСТОРИЯ. ПАМЯТНЫЕ ДАТЫ. СОБЫТИЯ

Š 85-‹…’ˆā ‡�‘‹“†…���ƒ� „…Ÿ’…‹Ÿ ��“Šˆ

÷�‘‘ˆ‰‘Š�‰ ”…„…÷�–ˆˆ ˆ. �. ‘ˆ�ˆ–›��

ˆ£®àì �¨ª®«�¥¢¨ç ‘¨−¨æë−, ¯à®ä¥áá®à, ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, §�á«ã-
¦¥−−ë© ¤¥ïâ¥«ì −�ãª¨ ÷”, ¯®ç¥â−ë© −�áâ�¢−¨ª | ¢ë¤�îé¨©áï ãç¥−ë© ¢ ®¡«�áâ¨
¯à¨ª«�¤−®© ¬¥å�−¨ª¨ ¨ ã¯à�¢«¥−¨ï, ¯à¨ª«�¤−®© ¬�â¥¬�â¨ª¨ ¨ ¨−ä®à¬�â¨ª¨,
®á−®¢�â¥«ì −�ãç−®© èª®«ë ¢ ®¡«�áâ¨ áâ®å�áâ¨ç¥áª¨å ¨−ä®à¬�æ¨®−−ëå â¥å−®-
«®£¨©, �¢â®à á¢ëè¥ 650 −�ãç−ëå âàã¤®¢, 62 ª−¨£ ¨ 30 ¨§®¡à¥â¥−¨©. ˆ¬¥¥â
¡®«ìè®© ®¯ëâ à�¡®âë ¢ ¯à®¬ëè«¥−−®áâ¨, ¢ëáè¨å â¥å−¨ç¥áª¨å ãç¥¡−ëå §�¢¥¤¥-
−¨ïå ¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª.

1 Этапы научной деятельности

ˆ£®àì �¨ª®«�¥¢¨ç ‘¨−¨æë− à®¤¨«áï

ˆ. �. ‘¨−¨æë− | á®âàã¤−¨ª �ˆˆ
�Œ, 1963 £.

14 �¢£ãáâ� 1940 £. ¢ Œ®áª¢¥ ¢ á¥¬ì¥ ¯¥¤�£®-
£®¢. �®«ãç¨« ¡«¥áâïé¥¥ ®¡à�§®¢�−¨¥, ®ª®−-
ç¨¢ �−£«¨©áªãî á¯¥æèª®«ã ü 1 ¢ ‘®ª®«ì-
−¨ª�å á á¥à¥¡àï−®© ¬¥¤�«ìî, Œ‚’“ ¨¬.
�. �. ��ã¬�−� ¨ Œƒ“ ¨¬. Œ. ‚. ‹®¬®−®á®-
¢�, £¤¥ ¢ 1965 £. §�é¨â¨« ª�−¤¨¤�âáªãî ¤¨á-
á¥àâ�æ¨î. �¤−®¢à¥¬¥−−® á ãç¥¡®© ¢ Œƒ“
¯® ¯à¨£«�è¥−¨î �ª�¤¥¬¨ª� �. ā. ˆè«¨−-
áª®£® −�ç�« à�¡®â�âì ¢ ¨§¢¥áâ−®¬ à�ª¥â-
−®-ª®á¬¨ç¥áª®¬ ��ãç−®-¨áá«¥¤®¢�â¥«ìáª®¬
¨−áâ¨âãâ¥ ¯à¨ª«�¤−®© ¬¥å�−¨ª¨ ¨¬. �ª�¤¥-
¬¨ª� ‚. ˆ. Šã§−¥æ®¢� (�ˆˆ �Œ). ‚ ¯¥-
à¨®¤ 1960{1983 ££. ãç�áâ¢®¢�« ¢ à�§à�¡®âª¥
¨ ¨á¯ëâ�−¨ïå £¨à®áª®¯¨ç¥áª¨å ª®¬�−¤−ëå
¯à¨¡®à®¢ ¨ ¨−ä®à¬�æ¨®−−®-¨§¬¥à¨â¥«ì−ëå
á¨áâ¥¬, ¢¥« ¨−¦¥−¥à−ãî ¨ −�ãç−®-¨áá«¥-
¤®¢�â¥«ìáªãî ¤¥ïâ¥«ì−®áâì, ¯® à¥§ã«ìâ�â�¬
ª®â®à®© ¢ 1983 £. §�é¨â¨« ¤®ªâ®àáªãî ¤¨á-
á¥àâ�æ¨î.

�à�ªâ¨ç¥áª�ï à�¡®â� ¢ �ˆˆ �Œ ®à-
£�−¨ç−® á®¢¬¥é�«�áì á ¯¥¤�£®£¨ç¥áª®© ¤¥-
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ïâ¥«ì−®áâìî: á−�ç�«� ¢ Œ‚’“ ¨¬. �. �. ��ã-

ˆ. �. ‘¨−¨æë− −� ª�ä¥¤à¥
‚‚ˆ� ¨¬. �. …. †ãª®¢áª®£®,
1974 £.

¬�−�, §�â¥¬ ¢ ‚®¥−−®-¢®§¤ãè−®© ¨−¦¥−¥à−®©
�ª�¤¥¬¨¨ ¨¬. ¯à®ä¥áá®à� �. …. †ãª®¢áª®£®
(‚‚ˆ�). ‚ ¯¥à¨®¤ 1974{1983 ££. ˆ. �. ‘¨−¨-
æë− à�¡®â�« −� ä�ªã«ìâ¥â¥ �¢¨�æ¨®−−®£® ¢®-
®àã¦¥−¨ï ‚‚ˆ�, £¤¥ §�−¨¬�«áï ¯®¤£®â®¢ª®©
�¢¨�æ¨®−−ëå ¨−¦¥−¥à®¢ ¨ ª®á¬®−�¢â®¢, ¯à¨-
−¨¬�« ãç�áâ¨¥ ¢ à�§à�¡®âª¥ ¨ ¨á¯ëâ�−¨ïå á¯¥-
æ¨�«ì−®© â¥å−¨ª¨.

‚ 1984 £. ˆ. �. ‘¨−¨æë− ¡ë« −�¯à�¢«¥−
¢® ¢−®¢ì ®à£�−¨§®¢�−−ë© ˆ−áâ¨âãâ ¯à®¡«¥¬
¨−ä®à¬�â¨ª¨ �� ‘‘‘÷ (ˆ�ˆ ��, ¢¯®á«¥¤-
áâ¢¨¨ | ˆ�ˆ ÷��, −ë−¥ | ”ˆ– ˆ“ ÷��)
¤«ï à�¡®â ¢ ®¡«�áâ¨ á¯¥æ¨�«ì−ëå á¨áâ¥¬−ëå
¯à¨¬¥−¥−¨© �‚Œ −®¢ëå ¯®ª®«¥−¨©. ‚ −�-
áâ®ïé¥¥ ¢à¥¬ï ˆ. �. ‘¨−¨æë− ï¢«ï¥âáï àã-
ª®¢®¤¨â¥«¥¬ −�ãç−®£® −�¯à�¢«¥−¨ï ú’¥®à¥â¨-
ª®-¢¥à®ïâ−®áâ−ë¥ ¨ áâ�â¨áâ¨ç¥áª¨¥ ¬¥â®¤ë
¬®¤¥«¨à®¢�−¨ïû ¢ ”ˆ– ˆ“ ÷��, §�¬¥áâ¨â¥-
«¥¬ ¯à¥¤á¥¤�â¥«ï á¥ªæ¨¨ “ç¥−®£® á®¢¥â� ”ˆ–
ˆ“ ÷��, ç«¥−®¬ âà¥å ¤¨áá¥àâ�æ¨®−−ëå á®¢¥-

â®¢. ‚ à�§−ë¥ £®¤ë ˆ. �. ‘¨−¨æë− ¡ë« §�¬¥áâ¨â¥«¥¬ £¥−¥à�«ì−®£® ª®−áâàãªâ®à�,
§�¬¥áâ¨â¥«¥¬ £«�¢−®£® ª®−áâàãªâ®à� ¨ £«�¢−ë¬ ª®−áâàãªâ®à®¬ àï¤� �¢â®¬�â¨-
§¨à®¢�−−ëå ¨ ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬ á¯¥æ¨�«ì−®£® −�§−�ç¥−¨ï, −�£à�¦¤¥−
¢¥¤®¬áâ¢¥−−ë¬¨ −�£à�¤�¬¨.

ˆ£®àì �¨ª®«�¥¢¨ç ‘¨−¨æë− ¬−®£® á¨« ®â¤�¥â ¯®¤£®â®¢ª¥ −�ãç−®-¯¥¤�£®£¨-
ç¥áª¨å ª�¤à®¢. ‘ 1987 £. ˆ. �. ‘¨−¨æë− ï¢«ï¥âáï ¯à®ä¥áá®à®¬ Œ®áª®¢áª®£®
�¢¨�æ¨®−−®£® ¨−áâ¨âãâ� ¨ ç¨â�¥â á¯¥æªãàáë ¢ ®¡«�áâ¨ áâ®å�áâ¨ç¥áª®© ¤¨−�¬¨ª¨,
−�¤¥¦−®áâ¨ ¨ ¡¥§®¯�á−®áâ¨ ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬, à�¡®â�¥â §�¬¥áâ¨â¥«¥¬
£«�¢−®£® à¥¤�ªâ®à� ¦ãà−�«� ú‘¨áâ¥¬ë ¢ëá®ª®© ¤®áâã¯−®áâ¨û, � â�ª¦¥ ç«¥−®¬
à¥¤ª®««¥£¨© àï¤� ¢¥¤ãé¨å à¥æ¥−§¨àã¥¬ëå −�ãç−ëå ¦ãà−�«®¢: úˆ−ä®à¬�â¨ª�
¨ ¥ñ ¯à¨¬¥−¥−¨ïû, ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û, úPattern Recognition
and Image Analysisû, ú��ãª®¥¬ª¨¥ â¥å−®«®£¨¨û ¨ ¤à.

‚ 2001 £. ˆ. �. ‘¨−¨æë−ã ¡ë«® ¯à¨á¢®¥−® ¯®ç¥â−®¥ §¢�−¨¥ ú‡�á«ã¦¥−−ë©
¤¥ïâ¥«ì −�ãª¨ ÷®áá¨©áª®© ”¥¤¥à�æ¨¨û, � ¢ 2024 £. ®− ¡ë« −�£à�¦¤¥− î¡¨«¥©−®©
¬¥¤�«ìî ú300 «¥â ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãªû.

2 Основные направления работ

�á−®¢−ë¥ −�ãç−ë¥ âàã¤ë ˆ. �. ‘¨−¨æë−� ®â−®áïâáï ª á«¥¤ãîé¨¬ ®¡«�áâï¬:

{ áâ�â¨áâ¨ç¥áª�ï â¥®à¨ï ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨© ¨ �¢â®¬�â¨§¨à®¢�−−ëå
á¨áâ¥¬;
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{ ¯à¥æ¨§¨®−−ë¥ ¨−ä®à¬�æ¨®−−®-¨§¬¥à¨â¥«ì−ë¥ â¥å−®«®£¨¨ ¨ á¨áâ¥¬ë ¤«ï
−�ãç−ëå ¨áá«¥¤®¢�−¨© ¨ á¯¥æ¨�«ì−®£® −�§−�ç¥−¨ï;

{ ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª¨¥ â¥å−®«®£¨¨ ¨ á¨áâ¥¬ë ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï
à¥è¥−¨© ¤«ï ¨−ä®à¬�â¨§�æ¨¨ ¢ëáè¨å ®à£�−®¢ £®áã¤�àáâ¢¥−−®© ¢«�áâ¨ ÷”
¨ ä¥¤¥à�«ì−ëå ¢¥¤®¬áâ¢;

{ â¥®à¨ï á¨áâ¥¬ ¨−â¥£à¨à®¢�−−®© «®£¨áâ¨ç¥áª®© ¯®¤¤¥à¦ª¨ ¨ ®à£�−¨§�æ¨®−−®-
â¥å−¨ª®-íª®−®¬¨ç¥áª¨å á¨áâ¥¬ (�’�‘);

{ â¥®à¨ï áâ®å�áâ¨ç¥áª¨å ª�−®−¨ç¥áª¨å ¯à¥¤áâ�¢«¥−¨© (Š�) ¨ áâ®å�áâ¨ç¥áª¨å
á¨áâ¥¬ (‘â‘).

‚ ®¡«�áâ¨ áâ�â¨áâ¨ç¥áª®© â¥®à¨¨ ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨© ¨ �¢â®¬�â¨-
§¨à®¢�−−ëå á¨áâ¥¬ ¥¬ã ¯à¨−�¤«¥¦�â äã−¤�¬¥−â�«ì−ë¥ à¥§ã«ìâ�âë ¯® â¥®à¨¨
ª�−®−¨ç¥áª¨å ¨ ®¡®¡é¥−−ëå Š� á«ãç�©−ëå äã−ªæ¨© (‘”) ¢ ‘â‘, ¢ â®¬ ç¨á«¥
á à�á¯à¥¤¥«¥−−ë¬¨ ¯�à�¬¥âà�¬¨ ¨ á«ãç�©−®© áâàãªâãà®© (1964{1983). Œ¥â®-
¤ë â¥®à¨¨ ‘â‘ ¨¬ à�á¯à®áâà�−¥−ë −� ‘â‘, ®¯¨áë¢�¥¬ë¥ ¤¨ää¥à¥−æ¨�«ì−ë¬¨
ãà�¢−¥−¨ï¬¨ á ‘” á®áâ®ï−¨ï, ãà�¢−¥−¨ï¬¨ ¢ £¨«ì¡¥àâ®¢ëå ¨ ¡�−�å®¢ëå ¯à®-
áâà�−áâ¢�å. ˆ¬ à�§à�¡®â�−ë íää¥ªâ¨¢−ë¥ ¢ëç¨á«¨â¥«ì−ë¥ ¬¥â®¤ë −�å®¦¤¥−¨ï
à�á¯à¥¤¥«¥−¨©, ®á−®¢�−−ë¥ −� ¯�à�¬¥âà¨§�æ¨¨, ¯®§¢®«ïîé¨¥ à�¤¨ª�«ì−® á®ªà�-
â¨âì ç¨á«® ãà�¢−¥−¨© ¤«ï ¯�à�¬¥âà®¢ à�á¯à¥¤¥«¥−¨©, � â�ª¦¥ −®¢ë¥ ¢ëç¨á«¨-
â¥«ì−ë¥ ¬¥â®¤ë áâ�â¨áâ¨ç¥áª®£® �−�«¨§� ¨ á¨−â¥§�, ¤®¯ãáª�îé¨¥ íää¥ªâ¨¢−®¥
®æ¥−¨¢�−¨¥ â®ç−®áâ¨ ¨ ®à¨¥−â¨à®¢�−−ë¥ −� ¯�à�««¥«ì−ë¥ áâ�â¨áâ¨ç¥áª¨¥ ¢ë-
ç¨á«¥−¨ï. ˆ£®àì �¨ª®«�¥¢¨ç ‘¨−¨æë− à�§à�¡®â�« ¬¥â®¤ë −�å®¦¤¥−¨ï â®ç−ëå
à�á¯à¥¤¥«¥−¨© á ¨−¢�à¨�−â−®© ¬¥à®©, ®¡−�àã¦¨« àï¤ −®¢ëå ª«�áá®¢ â®ç−ëå
à�á¯à¥¤¥«¥−¨© (1979{1993). ‚�¦−ë¥ à¥§ã«ìâ�âë ¯®«ãç¥−ë ¨¬ ¯® â¥®à¥â¨ª®-
£àã¯¯®¢ë¬ ¬¥â®¤�¬ �−�«¨§� �¢â®¬�â¨§¨à®¢�−−ëå á¨áâ¥¬ (1983{2000), à�§à�¡®-
â�−� áâ�â¨áâ¨ç¥áª�ï â¥®à¨ï ª�â�áâà®ä®ãáâ®©ç¨¢®áâ¨ �¢â®¬�â¨§¨à®¢�−−ëå á¨áâ¥¬
¢ëá®ª®© â®ç−®áâ¨ ¨ ¤®áâã¯−®áâ¨. ‚ 2005{2007 ££. ˆ. �. ‘¨−¨æë− à�§à�¡®â�«
â¥®à¨î á¨−£ã«ïà−ëå ‘â‘. ‚ à�§−ë¥ £®¤ë ®− ¢®§¢à�é�«áï ª ¢®¯à®á�¬ �−�«¨§�
¨ á¨−â¥§� íà¥¤¨â�à−ëå ‘â‘. ‚ ¡®«ìè®© á¥à¨¨ áâ�â¥© ˆ. �. ‘¨−¨æë− à�§à�¡®-
â�« ¬¥â®¤ë ¨ �«£®à¨â¬ë áâ�â¨áâ¨ç¥áª®© «¨−¥�à¨§�æ¨¨ á«®¦−ëå −¥«¨−¥©−®áâ¥©,
®¯¨áë¢�¥¬ëå ¤à®¡−®-à�æ¨®−�«ì−ë¬¨, ¨àà�æ¨®−�«ì−ë¬¨ ¨ á¯¥æ¨�«ì−ë¬¨ äã−ª-
æ¨ï¬¨. ˆ¬ ¯®«ãç¥−ë ¢�¦−ë¥ à¥§ã«ìâ�âë ¢ ®¡«�áâ¨ ‘â‘ −� ¬−®£®®¡à�§¨ïå, ¢ â®¬
ç¨á«¥ ªàã£®¢ëå, áä¥à¨ç¥áª¨å, æ¨«¨−¤à¨ç¥áª¨å ¨ ¤à.

‚ ¯¥à¨®¤ 2016{2020 ££. ¯®¤ àãª®¢®¤áâ¢®¬ ˆ. �. ‘¨−¨æë−� ¯®«ãç¥−ë ¢�¦−ë¥
à¥§ã«ìâ�âë ¢ ®¡«�áâ¨ áã¡- ¨ ãá«®¢−®-®¯â¨¬�«ì−®£® ®æ¥−¨¢�−¨ï ¯à®æ¥áá®¢ ¢ ‘â‘
−� ¬−®£®®¡à�§¨ïå, íà¥¤¨â�à−ëå ‘â‘, � â�ª¦¥ â¥®à¨¨ ãá«®¢−®-®¯â¨¬�«ì−®£®
ã¯à�¢«¥−¨ï ¯® à�§«¨ç−ë¬ ªà¨â¥à¨ï¬.

ˆ£®àì �¨ª®«�¥¢¨ç ‘¨−¨æë− | ®á−®¢®¯®«®¦−¨ª áâ®å�áâ¨ç¥áª¨å ¨−ä®à¬�-
æ¨®−−ëå â¥å−®«®£¨© ®¯¥à�â¨¢−®© ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨, ª�«¨¡à®¢ª¨, ª®−âà®«ï
¨ ¬®−¨â®à¨−£� �¢â®¬�â¨§¨à®¢�−−ëå á¨áâ¥¬. �®¤ ¥£® àãª®¢®¤áâ¢®¬ ¨ ¯à¨ −¥¯®-
áà¥¤áâ¢¥−−®¬ ãç�áâ¨¨ á®§¤�−ë ¨−áâàã¬¥−â�«ì−ë¥ áà¥¤áâ¢� ¤«ï áâ�â¨áâ¨ç¥áª®£®
�−�«¨§�, ¬®¤¥«¨à®¢�−¨ï ¨ á¨−â¥§� á¨áâ¥¬: ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−ë¥ ¤¨�«®-
£®¢ë¥ á¨áâ¥¬ë ¨ ¡¨¡«¨®â¥ª¨ ú‘â‘-�−�«¨§û (1989{1990, 2004{2007), ú‘â‘-
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‘ á®§¤�â¥«¥¬ â¥®à¨¨ ä¨«ìâà�æ¨¨ ÷. �. Š�«¬�−®¬, 2008 £.

”¨«ìâàû (1991, 2004{2007), ú‘â‘-Œ®¤¥«ìû (1993, 2007), Nalib (1991{1993),
TransStatLib (1991{1993), ASAP-ALPHA-97, ú�¥§®¯�á−®áâì ¨ −�¤¥¦−®áâìû
(1991{1995), ú‡¤®à®¢ì¥ ÷”û (1992{1996, 1999, 2003) ¨ ¤à. ˆ¬ à�§à�¡®â�−ë
íää¥ªâ¨¢−ë¥ á¨¬¢®«ì−ë¥ ¬¥â®¤ë �−�«¨§� ¨ á¨−â¥§� ‘â‘. ‚ 2005{2007 ££. á®-
§¤�−® ¨ ¢−¥¤à¥−® á¯¥æ¨�«¨§¨à®¢�−−®¥ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ú‘â‘-‘Œ�û,
� ¢ 2007{2010 ££. | ú‘â‘-ˆ’Š÷û.

…£® ª−¨£¨ ¢ ®¡«�áâ¨ â¥®à¨¨ ‘â‘ | ú‘â®å�áâ¨ç¥áª¨¥ ¤¨ää¥à¥−æ¨�«ì−ë¥
á¨áâ¥¬ë. �−�«¨§ ¨ ä¨«ìâà�æ¨ïû (1985, 1987, 1990), ú‹¥ªæ¨¨ ¯® äã−ªæ¨®−�«ì-
−®¬ã �−�«¨§ã ¨ ¥£® ¯à¨«®¦¥−¨ï¬û (1999, 2018), ú’¥®à¨ï áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬û
(2000, 2001, 2004, á®¢¬¥áâ−® á ‚. ‘. �ã£�çñ¢ë¬), � â�ª¦¥ ú”¨«ìâàë Š�«¬�−�
¨ �ã£�çñ¢�û (2006, 2007), úŠ�−®−¨ç¥áª¨¥ ¯à¥¤áâ�¢«¥−¨ï á«ãç�©−ëå äã−ªæ¨©
¨ ¨å ¯à¨¬¥−¥−¨¥ ¢ §�¤�ç�å ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ −�ãç−ëå ¨áá«¥¤®¢�−¨©û
(2009) ¨ ú‹¥ªæ¨¨ ¯® −®à¬�«ì−®© ¨ í««¨¯á®¨¤�«ì−®© �¯¯à®ªá¨¬�æ¨¨ à�á¯à¥¤¥-
«¥−¨© ¢ áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬�åû (2013, á®¢¬¥áâ−® á ‚. ˆ. ‘¨−¨æë−ë¬) è¨à®ª®
¨§¢¥áâ−ë ¢ ÷®áá¨¨ ¨ §� àã¡¥¦®¬.

��ç¨−�ï á 2017 £. ˆ. �. ‘¨−¨æë− ¢¥¤¥â ¨áá«¥¤®¢�−¨ï ¢ ®¡«�áâ¨ ¢¥à®ïâ−®áâ-
−®£® ¨ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ¨ �−�«¨§�, ä¨«ìâà�æ¨¨ ¨ íªáâà�¯®«ïæ¨¨,
à�á¯®§−�¢�−¨ï ¨ ®¡ãç¥−¨ï ®á®¡ëå ‘â‘, −¥ à�§à¥è¥−−ëå ®â−®á¨â¥«ì−® ¯à®¨§¢®¤-
−ëå, � â�ª¦¥ −¥ï¢−ëå, ¢ â®¬ ç¨á«¥ íà¥¤¨â�à−ëå, á¨áâ¥¬. �®«ìè®¥ ¢−¨¬�−¨¥
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ˆ. �. ‘¨−¨æë− ã¤¥«ï¥â â¥®à¨¨ ¨ ¯à¨¬¥−¥−¨î ª�−®−¨ç¥áª¨å à�§«®¦¥−¨© (Š÷)
¨ ¨−â¥£à�«ì−ëå Š� −� ®á−®¢¥ ¢¥©¢«¥â, −¥©à®á¥â¥¢ëå ¨ ¡¨®−¨ç¥áª¨å ¯®¤å®¤®¢.

‚ ®¡«�áâ¨ ¯à¥æ¨§¨®−−ëå ¨−ä®à¬�æ¨®−−®-¨§¬¥à¨â¥«ì−ëå â¥å−®«®£¨© ¨ �¢â®-
¬�â¨§¨à®¢�−−ëå á¨áâ¥¬ ¤«ï −�ãç−ëå ¨áá«¥¤®¢�−¨© ¨ á¯¥æ¨�«ì−®£® −�§−�ç¥−¨ï
ˆ. �. ‘¨−¨æë−ë¬ ¢¯¥à¢ë¥ à�§à�¡®â�−� â¥®à¨ï àï¤� ¨−ä®à¬�æ¨®−−®-¨§¬¥à¨-
â¥«ì−ëå á¨áâ¥¬ ¢ ãá«®¢¨ïå á«ãç�©−ëå ¤¨−�¬¨ç¥áª¨å ¢®§¬ãé¥−¨©, ®âªàëâ àï¤
−®¢ëå áâ�â¨áâ¨ç¥áª¨å ¤¨−�¬¨ç¥áª¨å íää¥ªâ®¢ (¢ë¡à®áë à�§−ëå â¨¯®¢, ä«ãª-
âã�æ¨®−−ë¥ ãå®¤ë, −�ª®¯«¥−¨¥ ¢®§¬ãé¥−¨© ¨ ¤à.). …¬ã ¯à¨−�¤«¥¦�â ¯¥à¢ë¥
à�¡®âë ¯® áâ�â¨áâ¨ç¥áª®© ¤¨−�¬¨ª¥ ª®¬�−¤−®-¨§¬¥à¨â¥«ì−ëå £¨à®áª®¯¨ç¥áª¨å
¯à¨¡®à®¢, �ªá¥«¥à®¬¥âà®¢, £à�¤¨¥−â®¬¥âà®¢ ¨ ¬¥âà®«®£¨ç¥áª¨å á¨áâ¥¬ ¢ëá®-
ç�©è¥© â®ç−®áâ¨, ¨−ä®à¬�æ¨®−−®© â¥®à¨¨ ¨ ¬¥â®¤�¬ ¨§¬¥à¥−¨©, ª�«¨¡à®¢®ª,
ãáª®à¥−−ëå ¨á¯ëâ�−¨© ¢ íªáâà¥¬�«ì−ëå ãá«®¢¨ïå, � â�ª¦¥ áâ�â¨áâ¨ç¥áª®£® ¨ ¯®-
«ã−�âãà−®£® ¬®¤¥«¨à®¢�−¨ï. �®¤ ¥£® àãª®¢®¤áâ¢®¬ ¨ ¯à¨ −¥¯®áà¥¤áâ¢¥−−®¬
ãç�áâ¨¨ à�§à�¡®â�−ë ¨ ¢−¥¤à¥−ë −¥áª®«ìª® ¯®ª®«¥−¨© á¥à¨©−ëå á¨áâ¥¬ (¢ â®¬
ç¨á«¥ á® ¢áâà®¥−−ë¬¨ ãáâà®©áâ¢�¬¨ ¤«ï á−¨¦¥−¨ï ¢®§¬ãé¥−¨©), ®¡«�¤�îé¨å
ã−¨ª�«ì−ë¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨ (1959{1983). ÷�¡®â�ï ¢ �ˆˆ �Œ, ˆ. �. ‘¨-
−¨æë− ¯à¨−¨¬�« −¥¯®áà¥¤áâ¢¥−−®¥ ãç�áâ¨¥ ¢ ®¯à¥¤¥«¥−¨¨ â¥å−¨ç¥áª®© ¯®«¨â¨ª¨
¢ ®¡«�áâ¨ −®¢®© á¯¥æ¨�«ì−®© â¥å−¨ª¨ (1979{1983). ‚ 2013 £. ¡ë« −�£à�¦¤¥−
¬¥¤�«ìî ú100 «¥â á® ¤−ï à®¦¤¥−¨ï �ª�¤¥¬¨ª� ‚. ˆ. Šã§−¥æ®¢�û.

‘ ¨¬¥−¥¬ ˆ. �. ‘¨−¨æë−� á¢ï§�−® á®§¤�−¨¥ ª®−æ¥¯æ¨© �¢â®¬�â¨§�æ¨¨ −�-
ãç−ëå ¨áá«¥¤®¢�−¨© ¢ ‘‘‘÷, ¢ ¯¥à¢ãî ®ç¥à¥¤ì ®á−®¢�−−ëå −� áà¥¤áâ¢�å ¬�á-
á®¢®© ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ (1984{1988). �®¤ àãª®¢®¤áâ¢®¬ ¨ ¯à¨ ãç�áâ¨¨
ˆ. �. ‘¨−¨æë−� áä®à¬ã«¨à®¢�−ë ¯à¨−æ¨¯ë á®§¤�−¨ï ¬¨ªà®¢¨¤¥®á¨áâ¥¬ ¨ á®-
§¤�− àï¤ ¡�§®¢ëå á¨áâ¥¬ ¢ ¨−â¥à¥á�å Œ‚„ ¨ Œ¨−§¤à�¢� ‘‘‘÷ (1984{1988).
�®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¯®«ãç¨«¨ à�§¢¨â¨¥ ¢ �¢â®¬�â¨§¨à®¢�−−ëå á¨áâ¥¬�å ¬¥â-
à®«®£¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï, ¢¨¤¥®ª®−âà®«ï ¨ ¡¨®¬¥âà¨ç¥áª¨å á¨áâ¥¬�å. �®¤
àãª®¢®¤áâ¢®¬ ˆ. �. ‘¨−¨æë−� à�§à�¡®â�−ë ¯à¨−æ¨¯ë ¯®áâà®¥−¨ï ¨ �àå¨â¥ªâã-
àë ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬ ª®¬�−¤−ëå ¯ã−ªâ®¢, � â�ª¦¥ −®¢ë¥ ¡ëáâàë¥ ¬¥â®¤ë
¨ �«£®à¨â¬ë ®¡à�¡®âª¨ ¨§®¡à�¦¥−¨©, ®¡«�¤�îé¨å á¨«ì−®© ¯à®áâà�−áâ¢¥−−®-
¢à¥¬¥−−�®© ¤¥ä®à¬�æ¨¥©. „«ï �¢â®¬�â¨§�æ¨¨ �áâà®¬¥âà¨ç¥áª¨å −�ãç−ëå ¨áá«¥-
¤®¢�−¨© ¡ë« á®§¤�− ª®¬¯«¥ªá ¬®¤¥«¥©, �«£®à¨â¬®¢ ¨ á¯¥æ¨�«ì−®£® ¯à®£à�¬¬−®£®
®¡¥á¯¥ç¥−¨ï ¨ ¨−ä®à¬�æ¨®−−ë¥ à¥áãàáë ¤«ï −¥áâ�−¤�àâ−®© ¨−â¥£à¨à®¢�−−®©
®¡à�¡®âª¨ ¯�à�¬¥âà®¢ ¢à�é¥−¨ï ‡¥¬«¨ ¯® äã−¤�¬¥−â�«ì−®© ¯à®¡«¥¬¥ ú‘â�â¨-
áâ¨ç¥áª�ï ¤¨−�¬¨ª� ¢à�é¥−¨ï ‡¥¬«¨û. ‚ 2005{2010 ££. á®¢¬¥áâ−® á ā. ƒ. Œ�à-
ª®¢ë¬ ¨ ‹. ‚. ÷ëå«®¢®© ¢¯¥à¢ë¥ ®¡−�àã¦¥− àï¤ −®¢ëå íää¥ªâ®¢ (�¢â®ª®«¥-
¡�−¨ï ¯®«îá� ‡¥¬«¨ −� ç�−¤«¥à®¢áª®© ç�áâ®â¥, ¯�à�¬¥âà¨ç¥áª�ï áâ�¡¨«¨§�æ¨ï
ç�−¤«¥à®¢áª¨å ª®«¥¡�−¨©, −¥«¨−¥©−ë¥ ä«ãªâã�æ¨®−−ë¥ ¤à¥©äë −¥áâ�¡¨«ì−®áâ¨
¢à�é¥−¨ï ‡¥¬«¨ ¨ ¤à.).

‚ ®¡«�áâ¨ ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª¨å â¥å−®«®£¨© ¨ �¢â®¬�â¨§¨à®¢�−−ëå
á¨áâ¥¬ ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï à¥è¥−¨© ¤«ï ¨−ä®à¬�â¨§�æ¨¨ ¢ëáè¨å ®à£�−®¢
£®áã¤�àáâ¢¥−−®© ¢«�áâ¨, ä¥¤¥à�«ì−ëå ¢¥¤®¬áâ¢ ¨ ¤à. à�§à�¡®â�− ¨ ¢−¥¤à¥− àï¤
¡�§®¢ëå ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨© (®¡à�¡®âª� ¨−ä®à¬�æ¨¨ ®â −¥§�¢¨á¨¬ëå
¨áâ®ç−¨ª®¢, ä®à¬¨à®¢�−¨¥ ¨ åà�−¥−¨¥ ¡®«ìè¨å ¡�§ í«¥ªâà®−−ëå ®¡à�§®¢, ã¯à�¢-
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«¥−¨¥ ¨−ä®à¬�æ¨®−−ë¬¨ �ªâ¨¢�¬¨

‘¨−¨æë− ˆ£®àì �¨ª®«�¥¢¨ç, 2024 £.

¨ ¤à.). ‘ä®à¬ã«¨à®¢�−ë ¯à¨−æ¨-
¯ë ¨ à�§à�¡®â�−ë ¡�§®¢ë¥ á¨áâ¥¬®-
â¥å−¨ç¥áª¨¥ à¥è¥−¨ï ¤«ï àï¤� ªàã¯-
−®¬�áèâ�¡−ëå �¢â®¬�â¨§¨à®¢�−−ëå
¨−ä®à¬�æ¨®−−ëå ¨ ¨−ä®à¬�æ¨®−−®-
ã¯à�¢«ïîé¨å á¨áâ¥¬ ¢ëá®ª®© â®ç-
−®áâ¨ ¨ ¤®áâã¯−®áâ¨. ÷�¡®âë ¢ íâ®¬
−�¯à�¢«¥−¨¨ ¡ë«¨ ®â¬¥ç¥−ë ¢¥¤®¬-
áâ¢¥−−ë¬¨ −�£à�¤�¬¨ ƒ«�¢−®£® ã¯à�¢-
«¥−¨ï á¯¥æ¨�«ì−ëå ¯à®£à�¬¬ �à¥§¨-
¤¥−â� ÷”. ‚ ¯¥à¨®¤ 1999{2010 ££.
¢ à�¬ª�å à�¡®â, ¢®§£«�¢«ï¥¬ëå
�ª�¤¥¬¨ª�¬¨ ‘. ‚. …¬¥«ìï−®¢ë¬
¨ ‘. Š. Š®à®¢¨−ë¬, ˆ. �. ‘¨−¨æë−
à�§à�¡®â�« â¥®à¨î á¨áâ¥¬ ¢ëá®ª®© ¤®-
áâã¯−®áâ¨ á −®¢ë¬¨ ¢¨¤�¬¨ áâ®å�áâ¨-
ç¥áª®© ®¡à�â−®© á¢ï§¨.

‚ ®¡«�áâ¨ â¥®à¨¨ ¨−â¥£à¨à®-
¢�−−®© «®£¨áâ¨ç¥áª®© ¯®¤¤¥à¦ª¨
¨ �’�‘ ˆ. �. ‘¨−¨æë−ë¬ á®¢¬¥áâ−®
á �. ‘. ˜�«�¬®¢ë¬ ¢ ¯¥à¨®¤ 2009{

2020 ££. ¡ë«� á®§¤�−� −�ãç−�ï èª®«�. ‚ 2020{2022 ££. ¢ëè¥« ¯®«−ë© æ¨ª«
äã−¤�¬¥−â�«ì−ëå áâ�â¥© ¢ ®¡«�áâ¨ ®¯â¨¬�«ì−®£® ®æ¥−¨¢�−¨ï ¨ ã¯à�¢«¥−¨ï
¢ áâ®å�áâ¨ç¥áª¨å á¨−¥à£¥â¨ç¥áª¨å �’�‘ à�§«¨ç−®£® −�§−�ç¥−¨ï1.

3 Канонические представления (канонические разложения
и интегральные канонические представления)

�á®¡®¥ ¬¥áâ® ¢ −�ãç−®¬ â¢®àç¥áâ¢¥ ˆ. �. ‘¨−¨æë−� §�−¨¬�¥â â¥®à¨ï áâ®å�-
áâ¨ç¥áª¨å Š�. Š�ª ¨§¢¥áâ−®, Š� ã¤®¡−ë ¤«ï ¢ë¯®«−¥−¨ï à�§«¨ç−ëå ®¯¥à�æ¨©
�−�«¨§� −�¤ á«ãç�©−ë¬¨ äã−ªæ¨ï¬¨, ®á®¡¥−−® «¨−¥©−ëå. �¡êïá−ï¥âáï íâ® â¥¬,
çâ® ¢ Š� ‘” ¥¥ §�¢¨á¨¬®áâì ®â �à£ã¬¥−â� (áª�«ïà−®£® ¨«¨ ¢¥ªâ®à−®£®) ¢ëà�-
¦�¥âáï ¯à¨ ¯®¬®é¨ ¢¯®«−¥ ®¯à¥¤¥«¥−−ëå −¥á«ãç�©−ëå ª®®à¤¨−�â−ëå äã−ªæ¨©,
çâ® ¤�¥â ¢®§¬®¦−®áâì á¢¥áâ¨ ¢ë¯®«−¥−¨¥ à�§«¨ç−ëå «¨−¥©−ëå ®¯¥à�æ¨© ª á®®â-
¢¥âáâ¢ãîé¨¬ ®¯¥à�æ¨ï¬ −�¤ −¥á«ãç�©−ë¬¨ ª®®à¤¨−�â−ë¬¨ äã−ªæ¨ï¬¨. ‚�¦−®¥
§−�ç¥−¨¥ Š� ‘” ¨¬¥îâ ¤«ï §�¤�ç áâ�â¨áâ¨ç¥áª®© ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ (á¨£−�-
«®¢, ¨§®¡à�¦¥−¨©, áæ¥− ¨ ¤àã£¨å ®¡à�§®¢), áâ®å�áâ¨ç¥áª®£® á¨áâ¥¬−®£® �−�«¨§�,
¨¤¥−â¨ä¨ª�æ¨¨ ¨ á¨−â¥§�, �−�«¨â¨ç¥áª®£® ¨ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï,

1‘¬. ®¡§®à ‘®ª®«®¢ ˆ. �., ‡�å�à®¢ ‚. �., ˜®à£¨− ‘. Ÿ, Š®à¥¯�−®¢ �. ÷., ‘¨−¨æë− ‚. ˆ.
‘â®å�áâ¨ç¥áª¨¥ á¨áâ¥¬ë ¨ à�§¢¨â¨¥ ®à£�−¨§�æ¨®−−®-â¥å−¨ª®-íª®−®¬¨ç¥áª¨å á¨áâ¥¬ // ‘¨áâ¥¬ë
¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨, 2020. ’. 30. ü 3.
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ª®¬¯«¥ªá−®£® à¥è¥−¨ï §�¤�ç, á¢ï§�−−ëå á ¯®áâà®¥−¨¥¬ ª®¬¯ìîâ¥à−ëå ¬®¤¥«¥©
¯®¤¤¥à¦ª¨ −�ãç−ëå ¨áá«¥¤®¢�−¨©. ‡¤¥áì ¬¥â®¤ë Š� ‘” ®ª�§ë¢�îâáï ¤®áâ�-
â®ç−® ã−¨¢¥àá�«ì−ë¬¨ áà¥¤áâ¢�¬¨. ‘®§¤�−¨¥ â¥®à¨¨ Š� ‘” á¢ï§�−® á ¨¬¥−�¬¨
Œ. ‹®í¢�, �. �. Š®«¬®£®à®¢�, Š. Š�àã−¥−� ¨ ‚. ‘. �ã£�çñ¢� ¨ ®â−®á¨âáï ª 1940{
1950 ££. ‘®¢à¥¬¥−−ë¥ ¯à®¡«¥¬ë �¢â®¬�â¨§�æ¨¨ −�ãç−ëå ¨áá«¥¤®¢�−¨©, â¥á−®
á¢ï§�−−ë¥ á ¨−ä®à¬�æ¨®−−ë¬¨ â¥å−®«®£¨ï¬¨ ¨ ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª®© −�ãç-
−ëå ¨áá«¥¤®¢�−¨©, áâ�¢ïâ −®¢ë¥ §�¤�ç¨ à�§à�¡®âª¨ ¯à¨ª«�¤−®© â¥®à¨¨, � â�ª¦¥
¬¥â®¤¨ç¥áª®£®, �«£®à¨â¬¨ç¥áª®£® ¨ ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï ¢ ®¡«�áâ¨ áâ®å�-
áâ¨ç¥áª®£® á¨áâ¥¬−®£® �−�«¨§�, ¨¤¥−â¨ä¨ª�æ¨¨ ¨ áâ®å�áâ¨ç¥áª¨å ¨−ä®à¬�æ¨®−-
−ëå â¥å−®«®£¨© −�ãç−ëå ¨áá«¥¤®¢�−¨© −� ¡�§¥ Š� ‘”. �¥à¢®¥ á¨áâ¥¬�â¨ç¥áª®¥
¨§«®¦¥−¨¥ â¥®à¨¨ Š� ‘” ¡ë«® ¤�−® ‚. ‘. �ã£�çñ¢ë¬ ¢ ¨§¢¥áâ−®© ª−¨£¥ ú’¥®-
à¨ï á«ãç�©−ëå äã−ªæ¨© ¨ ¥ñ ¯à¨¬¥−¥−¨¥ ¢ §�¤�ç�å �¢â®¬�â¨ç¥áª®£® ã¯à�¢«¥−¨ïû
(1957, 1960, 1962). Š 2009 £. ˆ. �. ‘¨−¨æë−ë¬ ¡ë«� −�¯¨á�−� ¬®−®£à�ä¨ï
úŠ�−®−¨ç¥áª¨¥ ¯à¥¤áâ�¢«¥−¨ï á«ãç�©−ëå äã−ªæ¨© ¨ ¨å ¯à¨¬¥−¥−¨¥ ¢ §�¤�ç�å
ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ −�ãç−ëå ¨áá«¥¤®¢�−¨©û, ¢ ª®â®à®© ¡ë«¨ ¢á¥áâ®à®−-
−¥ ¨§«®¦¥−ë ¢¥à®ïâ−®áâ−ë¥ ¨ áâ�â¨áâ¨ç¥áª¨¥ ®á−®¢ë �−�«¨§� ¨ á¨−â¥§� á¨áâ¥¬
¬¥â®¤�¬¨ Š� ‘” ¨ ¨å ¯à¨¬¥−¥−¨ï. ‘®¢à¥¬¥−−ë¥ ¢®¯à®áë à�§¢¨â¨ï Š� ‘”
¨ Š� á«ãç�©−ëå í«¥¬¥−â®¢ ¢ äã−ªæ¨®−�«ì−ëå ¯à®áâà�−áâ¢�å −�è«¨ ®âà�¦¥−¨¥
ã¦¥ ¢ ¯¥à¥à�¡®â�−−®¬ ¨ ¤®¯®«−¥−−®¬ ¨§¤�−¨¨ úŠ�−®−¨ç¥áª¨¥ ¯à¥¤áâ�¢«¥−¨ï
á«ãç�©−ëå äã−ªæ¨©. ’¥®à¨ï ¨ ¯à¨¬¥−¥−¨ïû, ¢ëè¥¤è¥¬ ¢ 2023 £.

�â¤¥«ì−®¥ ¢−¨¬�−¨¥ §¤¥áì ã¤¥«¥−® à�§¢¨â¨î Š÷ −� ®á−®¢¥ ¢¥©¢«¥â-â¥å-
−®«®£¨©. „«ï �−�«¨§� −¥áâ�æ¨®−�à−ëå áâ®å�áâ¨ç¥áª¨å ¯à®æ¥áá®¢ (‘â�), §�-
¤�−−ëå −� ª®−¥ç−®¬ ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨, ˆ. �. ‘¨−¨æë− ¢ë¡¨à�¥â ¢¥©¢«¥âë
á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨ (−�¯à¨¬¥à, ¢¥©¢«¥âë „®¡¥è¨ ¨«¨ ¢¥©¢«¥âë •��à�).
‚¥©¢«¥â-¡�§¨á §�¤�¥âáï á ¯®¬®éìî ¨â¥à�æ¨®−−®£® �«£®à¨â¬� á ¨§¬¥−¥−¨¥¬ ¬�á-
èâ�¡� ¨ á¤¢¨£®¬ ¥¤¨−áâ¢¥−−®© äã−ªæ¨¨ | ¬�áèâ�¡¨àãîé¥©. �â® ¯à¨¢®¤¨â
ª ¯à®æ¥¤ãà¥ ªà�â−®¬�áèâ�¡−®£® �−�«¨§�, ª®â®àë© á«ã¦¨â ¨−áâàã¬¥−â®¬ ¯®áâà®-
¥−¨ï ¡�§¨á®¢ ¢¥©¢«¥â®¢. ‘ ¯®¬®éìî ¢¥©¢«¥â-¡�§¨á−ëå äã−ªæ¨© ¬®¦−® ¯®ªàëâì
¢áî ®¡«�áâì ¨§¬¥−¥−¨ï ¨áá«¥¤ã¥¬®£® ‘â�. ‚¥©¢«¥âë á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨
−¥ ¬®£ãâ ¡ëâì §�¯¨á�−ë ¢ �−�«¨â¨ç¥áª®© ä®à¬¥, ªà®¬¥ ¯à®áâ¥©è¨å ¨§ −¨å |
¢¥©¢«¥â®¢ •��à�, � å�à�ªâ¥à¨§ãîâáï −�¡®à®¬ ç¨á«¥−−ëå ª®íää¨æ¨¥−â®¢ ¢ −¥ª®-
â®àëå äã−ªæ¨®−�«ì−ëå ãà�¢−¥−¨ïå, á®¤¥à¦�é¨å ¨§¬¥−¥−¨¥ ¬�áèâ�¡� ¨ á¤¢¨£
�à£ã¬¥−â®¢. �®íâ®¬ã ç�áâ® ¤«ï ¯à®¢¥¤¥−¨ï ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢
¨á¯®«ì§ãîâáï ¢¥©¢«¥âë •��à�. ˆ. �. ‘¨−¨æë−ë¬ à�§à�¡®â�−� ª®àà¥«ïæ¨®−-
−�ï â¥®à¨ï �−�«¨§� ¨ á¨−â¥§� áª�«ïà−ëå ¨ ¢¥ªâ®à−ëå ‘” ¨ ª®¢�à¨�æ¨®−−ëå
äã−ªæ¨© (¬�âà¨æ) −� ®á−®¢¥ ®àâ®−®à¬¨à®¢�−−®£® ¢¥©¢«¥â-¡�§¨á�, ¯®à®¦¤¥−−®£®
¢¥©¢«¥â�¬¨ á ª®−¥ç−ë¬ −®á¨â¥«¥¬ (¨ á®§¤�−® ¨−áâàã¬¥−â�«ì−®¥ ¯à®£à�¬¬−®¥
®¡¥á¯¥ç¥−¨¥), ¯à¥¤«®¦¥− ¬¥â®¤ á¨−â¥§� Š÷ −� ®á−®¢¥ ¢¥©¢«¥â-−¥©à®−−ëå á¥â¥©
(Š÷ ‚�‘).

‚ ¯®á«¥¤−¥¥ ¢à¥¬ï ¯®«ãç¥−® à�§¢¨â¨¥ ¬¥â®¤®¢ ®¯â¨¬¨§�æ¨¨ ¯®áà¥¤áâ¢®¬
Š÷ ‚�‘ ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬, ®¯¨áë¢�¥¬ëå ®¡®¡é¥−−ë¬¨ «¨−¥©−ë¬¨,
¯�à�¬¥âà¨ç¥áª¨¬¨ ¨ −¥«¨−¥©−ë¬¨ ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢�, ¯® áà¥¤−¥ª¢�¤-
à�â¨ç−®¬ã, í−¥à£¥â¨ç¥áª®¬ã, á«®¦−®-áâ�â¨áâ¨ç¥áª®¬ã ¨ ¡�©¥á®¢ë¬ ªà¨â¥à¨ï¬.
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„«ï ‘â‘ ¡®«ìè®© à�§¬¥à−®áâ¨ �«£®à¨â¬ë −¥ âà¥¡ãîâ ¯à¥¤¢�à¨â¥«ì−ëå �−�«¨-
â¨ç¥áª¨å ¢ëª«�¤®ª, ª®£¤� á«ãç�©−ë¥ ¯�à�¬¥âàë á¨áâ¥¬ë §�¤�−ë ¯¥à¢ë¬¨ ¤¢ã¬ï
¢¥à®ïâ−®áâ−ë¬¨ ¬®¬¥−â�¬¨. ��ç�âë à�¡®âë ¯® ¯à¨¬¥−¥−¨î Š÷ á −¥§�¢¨á¨¬ë¬¨
ª®¬¯®−¥−â�¬¨ ¢ á«ãç�¥ −¥£�ãáá®¢ëå à�á¯à¥¤¥«¥−¨©.

÷ï¤ ¢�¦−ëå â¥®à¥â¨ç¥áª¨å ¨ ¯à�ªâ¨ç¥áª¨å à¥§ã«ìâ�â®¢ ¡ë« ¯®«ãç¥−
ˆ. �. ‘¨−¨æë−ë¬ ¢ ®¡«�áâ¨ ¬¥âà®«®£¨¨, ¡¨®¬¥âà¨¨, ¡¨®−¨ç¥áª¨å ‘â‘, ¢ â®¬
ç¨á«¥ −� ®á−®¢¥ ¬ãà�¢ì¨−ëå, à®¥¢ëå ¨ ¯à®ç¨å í¢à¨áâ¨ª.

��ãç−�ï èª®«� ˆ. �. ‘¨−¨æë−� ¢ ®¡«�áâ¨ áâ®å�áâ¨ç¥áª¨å â¥å−®«®£¨© ¨ á¨á-
â¥¬ áä®à¬¨à®¢�«�áì −� ®á−®¢¥ ãç¥−ëå ¨ á¯¥æ¨�«¨áâ®¢ �� ‘‘‘÷ (ˆ�ˆ ��
‘‘‘÷, ˆ�ˆ ÷��, ”ˆ– ˆ“ ÷��), Œ�ˆ, � â�ª¦¥ á¯¥æ¨�«¨§¨à®¢�−−ëå
¢¥¤®¬áâ¢.

Š ç¨á«ã ®á−®¢−ëå à¥§ã«ìâ�â®¢ −�ãç−®© èª®«ë ˆ. �. ‘¨−¨æë−� ¬®¦−®
®â−¥áâ¨ á«¥¤ãîé¨¥:

(1) â¥®à¨ï Š÷, ¢¥©¢«¥â-ª�−®−¨ç¥áª¨å à�§«®¦¥−¨© (Š÷‚‹) ¨ Š÷ ‚�‘, ¢ â®¬
ç¨á«¥ −� ¬−®£®®¡à�§¨ïå;

(2) ¬¥â®¤ë �−�«¨§� ¨ ãá«®¢−®-®¯â¨¬�«ì−®£® á¨−â¥§� ¯® ¡�©¥á®¢áª¨¬ ªà¨â¥à¨ï¬
á«®¦−ëå (−¥ à�§à¥è¥−−ëå ®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå, −¥ï¢−ëå, íà¥¤¨â�à-
−ëå) ‘â‘, ¢ â®¬ ç¨á«¥ −� ®á−®¢¥ Š÷, Š÷‚‹ ¨ Š÷ ‚�‘;

(3) �¢â®¬�â¨§¨à®¢�−−ë¥ à�¡®ç¨¥ ¬¥áâ� ¨ ª®¬¯«¥ªáë ã−¨¢¥àá�«ì−ëå áà¥¤áâ¢
íªá¯à¥áá-�−�«¨§� ¤«ï áà¥¤áâ¢ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ á âà�¤¨æ¨®−−®©
¨ á¯¥æ¨�«ì−®© �àå¨â¥ªâãà®©;

(4) â¥®à¥â¨ç¥áª¨¥ ®á−®¢ë ¨ ª®¬¯«¥ªá ¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥© áâ�â¨áâ¨ç¥áª®©
¤¨−�¬¨ª¨ ä«ãªâã�æ¨© ¤¢¨¦¥−¨ï ¯®«îá� ¨ ¢à�é¥−¨ï ‡¥¬«¨;

(5) ¬¥â®¤¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥ ¨ ª®¬¯«¥ªá á¯¥æ¨�«¨§¨à®¢�−−ëå ¨−áâàã¬¥−â�«ì-
−ëå ¯à®£à�¬¬−ëå áà¥¤áâ¢ ¢¥à®ïâ−®áâ−®£® ¨ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï
¨ �−�«¨§� áà®ç−ëå ä¨−�−á®¢ëå ®¯¥à�æ¨©;

(6) ¬¥â®¤¨ç¥áª®¥ ¨ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ª®−âà®«ï ¨ ¨¤¥−â¨ä¨ª�æ¨¨ ¤«ï
¡¨®¬¥âà¨ç¥áª¨å â¥å−®«®£¨© −� ¡�§¥ ¯¥àá®−�«ì−ëå ¢¨¤¥®á¨áâ¥¬ à�§«¨ç−®£®
−�§−�ç¥−¨ï;

(7) ¬¥â®¤¨ç¥áª®¥ ¨ ¯à®£à�¬¬−®-â¥å−¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥ ¤«ï CALS-â¥å−®«®£¨©
¢ ãá«®¢¨ïå á«ãç�©−ëå ¢®§¬ãé¥−¨© ¨ áâ®å�áâ¨ç¥áª¨å ä�ªâ®à®¢ ¤«ï á¨áâ¥¬
¢ëá®ª®© ¤®áâã¯−®áâ¨. ‘®§¤�− ¨ ¢−¥¤à¥− àï¤ �’�‘.

“ç¥−¨ª¨ ¨ ª®««¥£¨ ˆ. �. ‘¨−¨æë−� ¯®§¤à�¢«ïîâ ˆ£®àï �¨ª®«�¥¢¨ç� á î¡¨-
«¥¥¬ ¨ ¦¥«�îâ ªà¥¯ª®£® §¤®à®¢ìï ¨ ¤�«ì−¥©è¨å ãá¯¥å®¢ ¢ ¬−®£®£à�−−®© ¤¥ï-
â¥«ì−®áâ¨.

ˆ. �. ‘®ª®«®¢, ‚. �. ‡�å�à®¢, ‘. Ÿ. ˜®à£¨−,
�. ÷. Š®à¥¯�−®¢, ‚. ˆ. ‘¨−¨æë−
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70. ‘¨−¨æë− ˆ. �. ‘ã¡®¯â¨¬�«ì−�ï ä¨«ìâà�æ¨ï ¢ áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬�å, −¥ à�§à¥-
è¥−−ëå ®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå, á® á«ãç�©−ë¬¨ ¯�à�¬¥âà�¬¨ // ˆ−ä®à¬�â¨ª�
¨ ¥ñ ¯à¨¬¥−¥−¨ï, 2024. ’. 18. ‚ë¯. 1. ‘. 2{10. doi: 10.14357/19922264240101.
EDN: KUWMKJ.

71. ‘¨−¨æë− ˆ. �. ‘â�â¨áâ¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ ¤¨ää¥à¥−æ¨�«ì−ëå áâ®å�áâ¨ç¥áª¨å
á¨áâ¥¬, −¥ à�§à¥è¥−−ëå ®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå // ˆ−ä®à¬�â¨ª� ¨ ¥ñ ¯à¨¬¥-
−¥−¨ï, 2024. ’. 18. ‚ë¯. 3. ‘. 12{20. doi: 10.14357/19922264240302. EDN:
WWMEOT.
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� � � ‚ ’ � ÷ � •

�£�«�à®¢ Ÿ¢¥à Œ¨à§�¡¥ª®¢¨ç (à. 1952) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, ¤®æ¥−â,
¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à-
¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
�àå¨¯®¢ ��¢¥« �«¥£®¢¨ç (à. 1979) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, ¤¨à¥ªâ®à
�à«®¢áª®£® ä¨«¨�«� ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
ƒà¥ª®¢ Œ¨å�¨« Œ¨å�©«®¢¨ç (à. 1998) | �á¯¨à�−â, �áá¨áâ¥−â ª�ä¥¤àë ¨−ä®à-
¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨ ’ã«ìáª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â�
„ìïç¥−ª® „¥−¨á āàì¥¢¨ç (à. 1987) | ¨−¦¥−¥à-¨áá«¥¤®¢�â¥«ì ”¥¤¥à�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª
„ìïç¥−ª® āà¨© ƒ¥®à£¨¥¢¨ç (à. 1958) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, áâ�àè¨©
−�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
‡�æ�à¨−−ë© �«¥ªá�−¤à �«¥ªá¥¥¢¨ç (à. 1951) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª,
¯à®ä¥áá®à, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−â-
à� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
Š®§«®¢ ‘¥à£¥© ‚¨â�«ì¥¢¨ç (à. 1955) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, ¢¥¤ãé¨©
−�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
Š®−�è¥−ª®¢� ’�âìï−� „¬¨âà¨¥¢−� (à. 1964) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥-
áª¨å −�ãª, −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−-
ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
Š®à¥¯�−®¢ �¤ã�à¤ ÷ã¤®«ìä®¢¨ç (à. 1966) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª,
¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à-
¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
Šà¨¢¥−ª® Œ¨å�¨« �¥âà®¢¨ç (à. 1946) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®ä¥áá®à,
¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à-
¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
‹�¤¨ª®¢ �−¤à¥© ‚«�¤¨¬¨à®¢¨ç (à. 1985) | àãª®¢®¤¨â¥«ì ®â¤¥«� à�§à�¡®âª¨
¯«�âä®à¬ë ¡¨§−¥á-�−�«¨â¨ª¨, §�¬¥áâ¨â¥«ì ¤¨à¥ªâ®à� ¯® à�§à�¡®âª¥ ®¡«�ç−®©
¨−äà�áâàãªâãàë �� ú‹�¡®à�â®à¨ï Š�á¯¥àáª®£®û
Œ®à®§®¢ �¨ª®«�© ‚¨ªâ®à®¢¨ç (à. 1956) | áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥-
à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª
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�¡ �¢â®à�å

�à«®¢ ƒ¥®à£¨© �«¥ªá�−¤à®¢¨ç (à. 1994) | ¬«�¤è¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥-
à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª
�«¥å�−®¢ ‹¥®−¨¤ �¥âà®¢¨ç (à. 1943) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, áâ�àè¨©
−�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
‘¨−¨æë− ‚«�¤¨¬¨à ˆ£®à¥¢¨ç (à. 1968) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà�
úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
‘¨−¨æë− ˆ£®àì �¨ª®«�¥¢¨ç (à. 1940) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®ä¥áá®à,
§�á«ã¦¥−−ë© ¤¥ïâ¥«ì −�ãª¨ ÷”, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª
‘â¥¯ç¥−ª®¢ „¬¨âà¨© āàì¥¢¨ç (à. 1973) | áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥-
à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª
“àî¯¨− ˆ«ìï ‚�¤¨¬®¢¨ç (à. 1993) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¬«�¤è¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à-
¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
”¨«¨¯¯áª¨å ‘¥à£¥© ‹¥®−¨¤®¢¨ç (à. 1987) | ¬«�¤è¨© −�ãç−ë© á®âàã¤−¨ª ”¥-
¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª
–ãª�−®¢ Œ�ªá¨¬ ‚«�¤¨¬¨à®¢¨ç (à. 1995) | −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª
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�à�¢¨«� ¯®¤£®â®¢ª¨ àãª®¯¨á¥© áâ�â¥© ¤«ï ¯ã¡«¨ª�æ¨¨
¢ ¦ãà−�«¥ ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û

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

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

’¥¬�â¨ª� ¦ãà−�«� ®å¢�âë¢�¥â á«¥¤ãîé¨¥ −�¯à�¢«¥−¨ï:
{ ¨−ä®à¬�æ¨®−−®-â¥«¥ª®¬¬ã−¨ª�æ¨®−−ë¥ á¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨å ¯®áâà®¥−¨ï;
{ �àå¨â¥ªâãà� ¨ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¢ëç¨á«¨â¥«ì−ëå ¬�è¨−, ª®¬¯«¥ªá®¢ ¨ á¥-

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

¨ −¥ ¯à¥¤−�§−�ç¥−−ë¥ ª ®¤−®¢à¥¬¥−−®© ¯ã¡«¨ª�æ¨¨ ¢ ¤àã£¨å ¨§¤�−¨ïå.
�ã¡«¨ª�æ¨ï ¯à¥¤®áâ�¢«¥−−®© �¢â®à®¬(�¬¨) àãª®¯¨á¨ −¥ ¤®«¦−� −�àãè�âì ¯®«®¦¥-
−¨© £«�¢ 69, 70 à�§¤¥«� VII ç�áâ¨ IV ƒà�¦¤�−áª®£® ª®¤¥ªá�, ª®â®àë¥ ®¯à¥¤¥«ïîâ
¯à�¢� −� à¥§ã«ìâ�âë ¨−â¥««¥ªâã�«ì−®© ¤¥ïâ¥«ì−®áâ¨ ¨ áà¥¤áâ¢� ¨−¤¨¢¨¤ã�«¨§�æ¨¨,
¢ â®¬ ç¨á«¥ �¢â®àáª¨¥ ¯à�¢�, ¢ ÷”.
�â¢¥âáâ¢¥−−®áâì §� −�àãè¥−¨¥ �¢â®àáª¨å ¯à�¢, ¢ á«ãç�¥ ¯à¥¤êï¢«¥−¨ï ¯à¥â¥−§¨©
ª à¥¤�ªæ¨¨ ¦ãà−�«�, −¥áãâ �¢â®àë áâ�â¥©.
��¯à�¢«ïï àãª®¯¨áì ¢ à¥¤�ªæ¨î, �¢â®àë á®åà�−ïîâ á¢®¨ ¯à�¢� −� ¤�−−ãî àãª®-
¯¨áì ¨ ¯à¨ íâ®¬ ¯¥à¥¤�îâ ãçà¥¤¨â¥«ï¬ ¨ à¥¤ª®««¥£¨¨ ¦ãà−�«� −¥¨áª«îç¨â¥«ì−ë¥
¯à�¢� −� ¨§¤�−¨¥ áâ�âì¨ −� àãááª®¬ ï§ëª¥ (¨«¨ −� ï§ëª¥ áâ�âì¨, ¥á«¨ ®− ®â«¨ç¥−
®â àãááª®£®) ¨ −� ¯¥à¥¢®¤ ¥¥ −� �−£«¨©áª¨© ï§ëª, � â�ª¦¥ −� ¥¥ à�á¯à®áâà�-
−¥−¨¥ ¢ ÷®áá¨¨ ¨ §� àã¡¥¦®¬. Š�¦¤ë© �¢â®à ¤®«¦¥− ¯à¥¤áâ�¢¨âì ¢ à¥¤�ªæ¨î
¯®¤¯¨á�−−ë© á ¥£® áâ®à®−ë ú‹¨æ¥−§¨®−−ë© ¤®£®¢®à ® ¯¥à¥¤�ç¥ −¥¨áª«îç¨â¥«ì-
−ëå ¯à�¢ −� ¨á¯®«ì§®¢�−¨¥ ¯à®¨§¢¥¤¥−¨ïû, â¥ªáâ ª®â®à®£® à�§¬¥é¥− ¯® �¤à¥áã
http://www.ipiran.ru/publications/licence.doc. �â®â ¤®£®¢®à ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢-
«¥− ¢ ¡ã¬�¦−®¬ (¢ 2-å íª§.) ¨«¨ ¢ í«¥ªâà®−−®¬ ¢¨¤¥ (®âáª�−¨à®¢�−−�ï ª®¯¨ï
§�¯®«−¥−−®£® ¨ ¯®¤¯¨á�−−®£® ¤®ªã¬¥−â�).
…á«¨ ¯à¨ ¯®¤£®â®¢ª¥ áâ�âì¨ �¢â®àë ¨á¯®«ì§®¢�«¨ ¨−áâàã¬¥−âë −� ®á−®¢¥ ¨áªãá-
áâ¢¥−−®£® ¨−â¥««¥ªâ�, ®−¨ ®¡ï§�−ë ¢ª«îç¨âì íâã ¨−ä®à¬�æ¨î ¢ â¥ªáâ áâ�âì¨.
÷¥¤ª®««¥£¨ï ¢¯à�¢¥ §�¯à®á¨âì ã �¢â®à®¢ íªá¯¥àâ−®¥ §�ª«îç¥−¨¥ ® ¢®§¬®¦−®áâ¨
¯ã¡«¨ª�æ¨¨ ¯à¥¤áâ�¢«¥−−®© áâ�âì¨ ¢ ®âªàëâ®© ¯¥ç�â¨.

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

3. ÷¥¤�ªæ¨ï ¦ãà−�«� ®áãé¥áâ¢«ï¥â íªá¯¥àâ¨§ã ¯à¨á«�−−ëå áâ�â¥© ¢ á®®â¢¥âáâ¢¨¨
á ¯à¨−ïâ®© ¢ ¦ãà−�«¥ ¯à®æ¥¤ãà®© à¥æ¥−§¨à®¢�−¨ï.
‚®§¢à�é¥−¨¥ àãª®¯¨á¨ −� ¤®à�¡®âªã −¥ ®§−�ç�¥â ¥¥ ¯à¨−ïâ¨ï ª ¯¥ç�â¨.
„®à�¡®â�−−ë© ¢�à¨�−â á ®â¢¥â®¬ −� §�¬¥ç�−¨ï à¥æ¥−§¥−â� −¥®¡å®¤¨¬® ¯à¨á«�âì
¢ à¥¤�ªæ¨î.

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

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

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

7. �à¨ ¯®¤£®â®¢ª¥ àãª®¯¨á¨ ¢ MS Word à¥ª®¬¥−¤ã¥âáï ¨á¯®«ì§®¢�âì á«¥¤ãîé¨¥
−�áâà®©ª¨.
��à�¬¥âàë áâà�−¨æë: ä®à¬�â | �4; ®à¨¥−â�æ¨ï | ª−¨¦−�ï; ¯®«ï (á¬): ¢−ãâà¨ |
2,5, á−�àã¦¨ | 1,5, á¢¥àåã ¨ á−¨§ã | 2, ®â ªà�ï ¤® −¨¦−¥£® ª®«®−â¨âã«� | 1,3.
�á−®¢−®© â¥ªáâ: áâ¨«ì | ú�¡ëç−ë©û, èà¨äâ | Times New Roman, à�§¬¥à |
14 ¯ã−ªâ®¢, �¡§�æ−ë© ®âáâã¯ | 0,5 á¬, 1,5 ¨−â¥à¢�«�, ¢ëà�¢−¨¢�−¨¥ | ¯® è¨à¨−¥.
÷¥ª®¬¥−¤ã¥¬ë© ®¡ê¥¬ àãª®¯¨á¨ | −¥ á¢ëè¥ 10 áâà�−¨æ ãª�§�−−®£® ä®à¬�â�.
�à¨ ¯à¥¢ëè¥−¨¨ ãª�§�−−®£® ®¡ê¥¬� à¥¤ª®««¥£¨ï ¢¯à�¢¥ ¯®âà¥¡®¢�âì ®â �¢â®à�
á®ªà�é¥−¨ï ®¡ê¥¬� àãª®¯¨á¨.
‘®ªà�é¥−¨ï á«®¢, ¯®¬¨¬® áâ�−¤�àâ−ëå, −¥ ¤®¯ãáª�îâáï. „®¯ãáª�¥âáï ¬¨−¨¬�«ì−®¥
ª®«¨ç¥áâ¢® �¡¡à¥¢¨�âãà.
‚á¥ áâà�−¨æë àãª®¯¨á¨ −ã¬¥àãîâáï.
˜�¡«®−ë ®ä®à¬«¥−¨ï ¯à¥¤áâ�¢«¥−ë ¢ ¨−â¥à−¥â¥:
http://www.ipiran.ru/journal/template iiep ssi 2024.zip

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

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

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

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

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

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

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

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

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

«¨â¥à�æ¨¨ á ¯¥à¥¢®¤®¬ −� �−£«¨©áª¨© ï§ëª; �−£«¨©áª¨¥ à�¡®âë ¨ à�¡®âë −�
¤àã£¨å ï§ëª�å | −� ï§ëª¥ ®à¨£¨−�«�.

�¥®¡å®¤¨¬® ¤«ï á®áâ�¢«¥−¨ï á¯¨áª� \References" ¯®«ì§®¢�âìáï à�§¬¥é¥−−®© −�
á�©â¥ http://www.translit.net/ru/bgn/ ¡¥á¯«�â−®© ¯à®£à�¬¬®© âà�−á«¨â¥à�æ¨¨ àãá-
áª®£® â¥ªáâ� ¢ «�â¨−¨æã.
‘¯¨á®ª «¨â¥à�âãàë \References" ¯à¨¢®¤¨âáï ¯®«−®áâìî ®â¤¥«ì−ë¬ ¡«®ª®¬, ¯®¢â®-
àïï ¢á¥ ¯®§¨æ¨¨ ¨§ á¯¨áª� «¨â¥à�âãàë ª àãááª®ï§ëç−®© ç�áâ¨, −¥§�¢¨á¨¬® ®â â®£®,
¨¬¥îâáï ¨«¨ −¥â ¢ −¥¬ ¨−®áâà�−−ë¥ ¨áâ®ç−¨ª¨. …á«¨ ¢ á¯¨áª¥ «¨â¥à�âãàë ª àãááª®-
ï§ëç−®© ç�áâ¨ ¥áâì ááë«ª¨ −� ¨−®áâà�−−ë¥ ¯ã¡«¨ª�æ¨¨, −�¡à�−−ë¥ «�â¨−¨æ¥©, ®−¨
¯®«−®áâìî ¯®¢â®àïîâáï ¢ á¯¨áª¥ \References".
�à¨¬¥àë ááë«®ª −� à�§«¨ç−ë¥ ¢¨¤ë ¯ã¡«¨ª�æ¨© ¢ á¯¨áª¥ \References":
�¯¨á�−¨¥ áâ�âì¨ ¨§ ¦ãà−�«�:
Zhang, Z., and D. Zhu. 2008. Experimental research on the localized electro-
chemical micromachining. Russ. J. Electrochem. 44(8):926{930. doi:10.1134/
S1023193508080077.
�¯¨á�−¨¥ áâ�âì¨ ¨§ í«¥ªâà®−−®£® ¦ãà−�«�:
Swaminathan, V., E. Lepkoswka-White, and B. P. Rao. 1999. Browsers or
buyers in cyberspace? An investigation of electronic factors influencing electronic
exchange. JCMC 5(2). Available at: http://www.ascusc.org/jcmc/vol5/issue2/
(accessed April 28, 2011).
�¯¨á�−¨¥ ¬�â¥à¨�«®¢ ª®−ä¥à¥−æ¨©:
Usmanov, T. S., A. A. Gusmanov, I. Z. Mullagalin, R. Ju. Muhametshina,
A. N. Chervyakova, and A. V. Sveshnikov. 2007. Osobennosti proektirovaniya
razrabotki mestorozhdeniy s primeneniem gidrorazryva plasta [Features of the design of
field development with the use of hydraulic fracturing]. Trudy 6-go Mezhdunarodnogo
Simpoziuma \Novye resursosberegayushchie tekhnologii nedropol'zovaniya i povyshe-
niya neftegazootdachi" [6th Symposium (International) \New Energy Saving Subsoil
Technologies and the Increasing of the Oil and Gas Impact" Proceedings]. Moscow.
267{272.
�¯¨á�−¨¥ ª−¨£¨ (¬®−®£à�ä¨¨, á¡®à−¨ª¨):
Lindorf, L. S., and L. G. Mamikoniants, eds. 1972. Ekspluatatsiya turbogenera-
torov s neposredstvennym okhlazhdeniem [Operation of turbine generators with direct
cooling]. Moscow: Energy Publs. 352 p.
�¯¨á�−¨¥ ¯¥à¥¢®¤−®© ª−¨£¨ (¢ á¯¨áª¥ «¨â¥à�âãàë ª àãááª®ï§ëç−®© ç�áâ¨ −¥®¡å®-
¤¨¬® ãª�§�âì: / �¥à. á �−£«. | ¯®á«¥ −�§¢�−¨ï ª−¨£¨, � ¢ ª®−æ¥ ááë«ª¨ ãª�§�âì
®à¨£¨−�« ª−¨£¨ ¢ ªàã£«ëå áª®¡ª�å):

1. ‚ àãááª®ï§ëç−®© ç�áâ¨:
’¨¬®è¥−ª® ‘. �., Ÿ−£ „. •., “¨¢¥à “. Š®«¥¡�−¨ï ¢ ¨−¦¥−¥à−®¬ ¤¥«¥ / �¥à.
á �−£«. | Œ.: Œ�è¨−®áâà®¥−¨¥, 1985. 472 á. (Timoshenko S. P., Young D. H.,
Weaver W. Vibration problems in engineering. | 4th ed. | New York, NY,
USA: Wiley, 1974. 521 p.)
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engineering. 4th ed. New York, NY: Wiley. 521 p.
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http://www.scribd.com/doc/1034528/ (accessed February 7, 2011).
�¯¨á�−¨¥ ¤¨áá¥àâ�æ¨¨ ¨«¨ �¢â®à¥ä¥à�â� ¤¨áá¥àâ�æ¨¨:
Semenov, V. I. 2003. Matematicheskoe modelirovanie plazmy v sisteme kompaktnyy
tor [Mathematical modeling of the plasma in the compact torus]. Moscow. D.Sc. Diss.
272 p.
Kozhunova, O. S. 2009. Tekhnologiya razrabotki semanticheskogo slovarya informat-
sionnogo monitoringa [Technology of development of semantic dictionary of information
monitoring system]. PhD Thesis. Moscow: IPI RAN. 23 p.
�¯¨á�−¨¥ ƒ�‘’�:
GOST 8.586.5-2005. 2007. Metodika vypolneniya izmereniy. Izmerenie raskhoda
i kolichestva zhidkostey i gazov s pomoshch'yu standartnykh suzhayushchikh ustroystv
[Method of measurement. Measurement of flow rate and volume of liquids and gases by
means of orifice devices]. Moscow: Standardinform Publs. 10 p.
�¯¨á�−¨¥ ¯�â¥−â�:
Bolshakov, M. V., A. V. Kulakov, A. N. Lavrenov, and M. V. Palkin. 2006. Sposob
orientirovaniya po krenu letatel'nogo apparata s opticheskoy golovkoy samonavedeniya
[The way to orient on the roll of aircraft with optical homing head]. Patent RF
No. 2280590.

10. �à¨á«�−−ë¥ ¢ à¥¤�ªæ¨î ¬�â¥à¨�«ë �¢â®à�¬ −¥ ¢®§¢à�é�îâáï.
11. �à¨ ®â¯à�¢ª¥ ä�©«®¢ ¯® í«¥ªâà®−−®© ¯®çâ¥ ¯à®á¨¬ ¯à¨¤¥à¦¨¢�âìáï á«¥¤ãîé¨å

¯à�¢¨«:
{ ãª�§ë¢�âì ¢ ¯®«¥ subject (â¥¬�) −�§¢�−¨¥ ¦ãà−�«� ¨ ä�¬¨«¨î �¢â®à�;
{ ãª�§ë¢�âì ¢ â¥ªáâ¥ ¯¨áì¬� −�§¢�−¨¥ áâ�âì¨, �¢â®à®¢ ¨ ¦ãà−�«, ¢ ª®â®àë© −�-

¯à�¢«ï¥âáï áâ�âìï;
{ ¨á¯®«ì§®¢�âì attach (¯à¨á®¥¤¨−¥−¨¥);
{ ¢ á®áâ�¢ í«¥ªâà®−−®© ¢¥àá¨¨ áâ�âì¨ ¤®«¦−ë ¢å®¤¨âì: ä�©«, á®¤¥à¦�é¨© â¥ªáâ
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Journal \Systems and Means of Informatics" publishes theoretical, review, and discussion
articles on the research and development in the field of information technology.

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

Topics covered include the following areas:
{ information and communication systems and tools of their design;
{ architecture and software of computational complexes and networks; and
{ methods and tools of information protection.
1. The Journal publishes original articles which have not been published before and are

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

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

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

This agreement should be submitted in paper form or in the form of a scanned copy
(signed by the authors).
The Editorial Board has the right to request from the authors an official expert conclu-
sion that the submitted article has no classified data prohibited for publication.
If authors used artificial intelligence (AI)-based tools in preparing their manuscript,
they must include this information in the text of the article.

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

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

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

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

6. The manuscript of the article should be presented electronically in the MS WORD (.doc
or .docx) or LATEX (.tex) formats, and additionally in the .pdf format. All documents
may be sent by e-mail or provided on a CD or diskette. A hard copy submission is not
necessary.
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7. The recommended typesetting instructions for manuscript.
Pages parameters: format A4, portrait orientation, document margins (cm): left | 2.5,
right | 1.5, above | 2.0, below | 2.0, footer 1.3.
Text: font |Times New Roman, font size | 14, paragraph indent | 0.5, line
spacing | 1.5, justified alignment.
The recommended manuscript size: not more than 10 pages of the specified format. If
the specified size exceeded, the editorial board is entitled to require the author to reduce
the manuscript.
Use only standard abbreviations. Avoid abbreviations in the title and abstract. The full
term for which an abbreviation stands should precede its first use in the text unless it is
a standard unit of measurement.
All pages of the manuscript should be numbered.
The templates for the manuscript typesetting are presented on site:
http://www.ipiran.ru/journal/template iiep ssi 2024.zip

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

e-mail address;
{ data on authors according to the format (see site):
http://www.ipiran.ru/journal/collected/2019 29 03 rus/authors.asp and
http://www.ipiran.ru/journal/collected/2019 29 03 eng/authors.asp;

{ abstract (not less than 100 words) both in Russian and in English. Abstract is
a short summary of the article that can be published separately. The abstract is
the main source of information on the article and it could be included in leading
information systems and data bases. The abstract in English has to be an original
text and should not be an exact translation of the Russian one. Good English is
required. In abstracts, avoid references and formulae.

{ Indexing is performed on the basis of keywords. The use of keywords from the
internationally accepted thematic Thesauri is recommended.
Important! Keywords must not be sentences.

{ Acknowledgments.
9. References. Russian references have to be presented both in English translation and in

Latin transliteration (refer http://www.translit.net/ru/bgn/).
Please take into account the following examples of Russian references appearance:
Article in journal:
Zhang, Z., and D. Zhu. 2008. Experimental research on the localized electro-
chemical micromachining. Russ. J. Electrochem. 44(8):926{930. doi:10.1134/
S1023193508080077.
Journal article in electronic format:
Swaminathan, V., E. Lepkoswka-White, and B. P. Rao. 1999. Browsers or
buyers in cyberspace? An investigation of electronic factors influencing electronic
exchange. JCMC 5(2). Available at: http://www.ascusc.org/jcmc/vol5/issue2/
(accessed April 28, 2011).
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Conference proceedings:
Usmanov, T. S., A. A. Gusmanov, I. Z. Mullagalin, R. Ju. Muhametshina,
A. N. Chervyakova, and A. V. Sveshnikov. 2007. Osobennosti proektirovaniya
razrabotki mestorozhdeniy s primeneniem gidrorazryva plasta [Features of the design of
field development with the use of hydraulic fracturing]. Trudy 6-go Mezhdunarodnogo
Simpoziuma \Novye resursosberegayushchie tekhnologii nedropol'zovaniya i povyshe-
niya neftegazootdachi" [6th Symposium (International) \New Energy Saving Subsoil
Technologies and the Increasing of the Oil and Gas Impact" Proceedings]. Moscow.
267{272.
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Lindorf, L. S., and L. G. Mamikoniants, eds. 1972. Ekspluatatsiya turbogenera-
torov s neposredstvennym okhlazhdeniem [Operation of turbine generators with direct
cooling]. Moscow: Energy Publs. 352 p.
Dissertation and Thesis:
Kozhunova, O. S. 2009. Tekhnologiya razrabotki semanticheskogo slovarya informat-
sionnogo monitoringa [Technology of development of semantic dictionary of information
monitoring system]. Moscow: IPI RAN. PhD Thesis. 23 p.
State standards and patents:
GOST 8.586.5-2005. 2007. Metodika vypolneniya izmereniy. Izmerenie raskhoda
i kolichestva zhidkostey i gazov s pomoshch'yu standartnykh suzhayushchikh ustroystv
[Method of measurement. Measurement of flow rate and volume of liquids and gases by
means of orifice devices]. M.: Standardinform Publs. 10 p.
Bolshakov, M. V., A. V. Kulakov, A. N. Lavrenov, and M. V. Palkin. 2006. Sposob
orientirovaniya po krenu letatel'nogo apparata s opticheskoy golovkoy samonavedeniya
[The way to orient on the roll of aircraft with optical homing head]. Patent RF
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the number is placed in square brackets. All items from the reference list should be cited.

10. Manuscripts and additional materials are not returned to Authors by the Editorial
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submitted, in the text of the e-mail;
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charges for the authors as well as there are no royalties.
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