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РАЗВИТИЕ МАТЕМАТИЧЕСКОГО ОБЕСПЕЧЕНИЯ
ДЛЯ АНАЛИЗА НЕЛИНЕЙНЫХ МНОГОКАНАЛЬНЫХ

КРУГОВЫХ СТОХАСТИЧЕСКИХ СИСТЕМ∗

И. Н. Синицын1, Э. Р. Корепанов2, В. В. Белоусов3, Т. Д. Конашенкова4

�−−®â�æ¨ï: ‘â�âìï ¯®á¢ïé¥−� à�§¢¨â¨î ¬�â¥¬�â¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï (Œ�)
¤«ï ¢¥à®ïâ−®áâ−®£® �−�«¨§� −¥«¨−¥©−ëå ¬−®£®ª�−�«ì−ëå ªàã£®¢ëå áâ®å�-
áâ¨ç¥áª¨å ¨−ä®à¬�æ¨®−−®-¨§¬¥à¨â¥«ì−ëå á¨áâ¥¬. ‚ ®á−®¢ã Œ� ¯®«®¦¥−ë
¬¥â®¤ë ¯�à�¬¥âà¨§�æ¨¨ ªàã£®¢ëå à�á¯à¥¤¥«¥−¨©. �á®¡®¥ ¢−¨¬�−¨¥ ã¤¥«¥−®
Œ� −� ®á−®¢¥ ¬¥â®¤®¢ −®à¬�«ì−®© �¯¯à®ªá¨¬�æ¨¨ ¨ ¬®¬¥−â®¢. �¯¨á�−ë
¬®¤ã«¨ ¨−áâàã¬¥−â�«ì−®£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï úCStS-ANALYSISû.
�à¨¢¥¤¥−ë â¥áâ®¢ë¥ ¯à¨¬¥àë.

Š«îç¥¢ë¥ á«®¢�: �−�«¨â¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥; ª®íää¨æ¨¥−âë ªàã£®-
¢®£® ®àâ®£®−�«ì−®£® à�§«®¦¥−¨ï; ªàã£®¢�ï á«ãç�©−�ï ¢¥«¨ç¨−�; ªàã£®¢®©
áâ®å�áâ¨ç¥áª¨å ¯à®æ¥áá; ú−�¬®â�−−�ïû −®à¬�«ì−�ï ¯«®â−®áâì; −¥«¨−¥©−�ï
¬−®£®ª�−�«ì−�ï áâ®å�áâ¨ç¥áª�ï á¨áâ¥¬�; ®¤−®- ¨ ¬−®£®¬¥à−ë¥ ¯«®â−®áâ¨
à�á¯à¥¤¥«¥−¨ï; ®àâ®£®−�«ì−®¥ à�§«®¦¥−¨¥ ¯«®â−®áâ¨; íâ�«®−−�ï ¯«®â−®áâì;
MATLAB; úCStS-ANALYSISû

1 Введение

Œ�â¥¬�â¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥ ¤«ï á¯¥ªâà�«ì−®-ª®àà¥«ïæ¨®−−®£® �−�«¨§� ¯à®-
æ¥áá®¢ ¢ −¥«¨−¥©−ëå ªàã£®¢ëå áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬�å (Š‘â‘), ®á−®¢�−−®¥
−� ¬¥â®¤¥ ªàã£®¢®© áâ�â¨áâ¨ç¥áª®© «¨−¥�à¨§�æ¨¨ ¯®áà¥¤áâ¢®¬ ú−�¬®â�−−®£®û
(wrapped) −®à¬�«ì−®£® à�á¯à¥¤¥«¥−¨ï, à�áá¬®âà¥−® ¢ [1{4].

„«ï �−�«¨§� ®¤−®- ¨ ¬−®£®¬¥à−ëå à�á¯à¥¤¥«¥−¨© ¢ −¥«¨−¥©−ëå Š‘â‘ −¥¢ë-
á®ª®© à�§¬¥à−®áâ¨ ¯àï¬ë¥ ¬¥â®¤ë à¥è¥−¨ï ¨−â¥£à®¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥-
−¨© �ã£�çñ¢� ¤«ï å�à�ªâ¥à¨áâ¨ç¥áª¨å äã−ªæ¨© ¯à¨¢®¤ïâ ª �«£®à¨â¬�¬, âà¥¡ã-
îé¨¬ ¯à¨¬¥−¥−¨ï â®«ìª® áà¥¤áâ¢ áã¯¥àª®¬¯ìîâ¥à−®© â¥å−¨ª¨ [5].

Š�ª ¨§¢¥áâ−® [6{8], ¤«ï �−�«¨§� áâ®å�áâ¨ç¥áª¨å ¯à®æ¥áá®¢ ¢ ¬−®£®¬¥à−ëå
−¥«¨−¥©−ëå ‘â‘ ¢ ¥¢ª«¨¤®¢®¬ ¯à®áâà�−áâ¢¥ è¨à®ª®¥ ¯à¨¬¥−¥−¨¥ ¯®«ãç¨«¨
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2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, ekorepanov@ipiran.ru
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¬¥â®¤ë ¯�à�¬¥âà¨§�æ¨¨ à�á¯à¥¤¥«¥−¨© (−®à¬�«ì−®© �¯¯à®ªá¨¬�æ¨¨, −�ç�«ì−ëå
¨ æ¥−âà�«ì−ëå ¬®¬¥−â®¢, ª¢�§¨¬®¬¥−â®¢, � â�ª¦¥ ®àâ®£®−�«ì−ëå à�§«®¦¥−¨© ¨
¨å ¬®¤¨ä¨ª�æ¨©). ‚ −�áâ®ïé¥¥ ¢à¥¬ï á®§¤�−® ¨−áâàã¬¥−â�«ì−®¥ ¯à®£à�¬¬−®¥
®¡¥á¯¥ç¥−¨¥ ¢ áà¥¤¥ MATLAB [3, 7{10].

�à¨¬¥−¨â¥«ì−® ª −¥«¨−¥©−ë¬ £�ãáá®¢ë¬ Š‘â‘ â�ª®¥ Œ� à�§¢¨â® ¢ [11].
÷�áá¬®âà¨¬ à�§¢¨â¨¥ Œ� ¤«ï ®ä«�©−-�−�«¨§� ¯à®æ¥áá®¢ ¢ ¬−®£®ª�−�«ì−ëå
Š‘â‘ [2, 11] −� á«ãç�© ¬−®£®¬¥à−ëå à�á¯à¥¤¥«¥−¨©.

2 Ортогональное разложение плотности круговой случайной
величины

‚ §�¤�ç�å áâ®å�áâ¨ç¥áª®© ¨−ä®à¬�â¨ª¨ è¨à®ª®¥ à�á¯à®áâà�−¥−¨¥ ¯®«ãç¨«¨
¬®¤¥«¨ à�á¯à¥¤¥«¥−¨© ªàã£®¢ëå á«ãç�©−ëå ¢¥«¨ç¨− (Š‘‚), ®á−®¢�−−ë¥ −�
á«¥¤ãîé¨å ®á−®¢−ëå ¯®¤å®¤�å:

{ ú−�¬�âë¢�−¨¥û (wrapping) à�á¯à¥¤¥«¥−¨© «¨−¥©−ëå ‘‚ X −� ªàã£ ¥¤¨−¨ç-
−®£® à�¤¨ãá� — = X(mod2π);

{ ¯à¥®¡à�§®¢�−¨ï ª ¯®«ïà−ë¬ ª®®à¤¨−�â�¬ ¤¢ã¬¥à−®£® «¨−¥©−®£® à�á¯à¥¤¥«¥-
−¨ï (â�ª −�§ë¢�¥¬ë¥ offset distributions) ¨«¨ ¨á¯®«ì§®¢�−¨¥ áâ¥à¥®£à�ä¨ç¥-
áª®© ¯à®¥ªæ¨¨;

{ å�à�ªâ¥à¨§�æ¨¨ (¯�à�¬¥âà¨§�æ¨¨) ªàã£®¢®£® à�á¯à¥¤¥«¥−¨ï ªàã£®¢ë¬¨ ¬®-
¬¥−â�¬¨, á¥¬¨¨−¢�à¨�−â�¬¨ ¨ ¤àã£¨¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨, ¨¬¥îé¨¬¨ ¢�¦−®¥
¯à¥¤¬¥â−®¥ §−�ç¥−¨¥, −� ®á−®¢¥ ®àâ®£®−�«ì−®£® à�§«®¦¥−¨ï ¯«®â−®áâ¨ ¯® −¥-
ª®â®à®© ¡¨®àâ®−®à¬�«ì−®© á¨áâ¥¬¥ äã−ªæ¨© á ¢¥á®¬, §�¤�¢�¥¬ë¬ −¥ª®â®à®©
íâ�«®−−®© ¯«®â−®áâìî à�á¯à¥¤¥«¥−¨ï.

÷�áá¬®âà¨¬ ®àâ®£®−�«ì−®¥ à�§«®¦¥−¨¥ ¯«®â−®áâ¨ fθ(θ) ¤«ï Š‘‚ —, ®¡«�¤�-
îé¥© ª®−¥ç−ë¬¨ ªàã£®¢ë¬¨ ¬®¬¥−â�¬¨, ¯® −¥ª®â®à®© ¨§¢¥áâ−®© ¡¨®àâ®£®−�«ì-
−®© á¨áâ¥¬¥ äã−ªæ¨© {pν(θ), qν(θ)} á ¢¥á®¬ wθ(θ) â�ª¨¬, çâ®

∞∫

−∞

wθ(θ)pν(θ)qν(θ) dθ = δνµ =

{
0 ¯à¨ ν 6= µ ;
1 ¯à¨ ν = µ ,

á«¥¤ãîé¥£® ¢¨¤� [6{8]:

fθ(θ) = wθ(θ)
∑

ν

cνpν(θ) , (1)

£¤¥

cν =

∞∫

−∞

fθ(θ)qν(θ)dθ =

[
qν

(
∂

i∂λ

)
g(λ)

]

λ=0

(
i =
√
−1
)
. (2)
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‡¤¥áì ¢¥«¨ç¨−ë cν −�§ë¢�îâáï ª®íää¨æ¨¥−â�¬¨ ªàã£®¢®£® ®àâ®£®−�«ì−®£® à�§-
«®¦¥−¨ï (Š�÷); gθ(θ) | å�à�ªâ¥à¨áâ¨ç¥áª�ï äã−ªæ¨ï, á®®â¢¥âáâ¢ãîé�ï ¯«®â-
−®áâ¨ fθ(θ); wθ(θ)| ¯«®â−®áâì íâ�«®−−®£® à�á¯à¥¤¥«¥−¨ï.

…á«¨ ¢ (1) ¯®âà¥¡®¢�âì á®¢¯�¤¥−¨ï ªàã£®¢ëå ¬®¬¥−â®¢ ¯¥à¢®£® ¨ ¢â®à®£®
¯®àï¤ª� ¯«®â−®áâ¥© fθ(θ) ¨ wθ(θ), â® Š�÷ ¯à¨¬¥â á«¥¤ãîé¨© ¢¨¤:

fθ(θ) = wθ(θ)

[
1 +

∞∑

ν=3

cνpν(θ)

]
. (3)

”ã−ªæ¨¨ pν(θ) ¨ qν(θ) −¥®¡ï§�â¥«ì−® ¤®«¦−ë ¡ëâì ¯®«¨−®¬�¬¨. �−¨ ¬®£ãâ
¡ëâì «î¡ë¬¨ äã−ªæ¨ï¬¨, ã¤®¢«¥â¢®àïîé¨¬¨ ãá«®¢¨î ¡¨®àâ®−®à¬�«ì−®áâ¨ ¨
ãá«®¢¨ï¬ áãé¥áâ¢®¢�−¨ï ¨−â¥£à�«®¢ (2). ‚á¥ áª�§�−−®¥ ® à�§«®¦¥−¨¨ (3) á¯à�-
¢¥¤«¨¢® ¨ ¢ ¡®«¥¥ ®¡é¥¬ á«ãç�¥. �¤−�ª® ¥á«¨ äã−ªæ¨¨ qν(θ) −¥ ï¢«ïîâáï
¯®«¨−®¬�¬¨, â®, −¥á¬®âàï −� á®¢¯�¤¥−¨¥ ¬®¬¥−â®¢ ¯¥à¢®£® ¨ ¢â®à®£® ¯®àï¤ª�
à�á¯à¥¤¥«¥−¨© fθ(θ) ¨ wθ(θ), ªàã£®¢ë¥ ª®íää¨æ¨¥−âë cν −¥ ¡ã¤ãâ à�¢−ë −ã«î
¯à¨ ν = 1, 2, ¢á«¥¤áâ¢¨¥ ç¥£® áã¬¬¨à®¢�−¨¥ ¯® ν ¡ã¤¥â −�ç¨−�âìáï á 1.

ˆ−®£¤� ¯à¨¬¥−ïîâ à�§«®¦¥−¨¥ ¯® ¯à®¨§¢®¤−ë¬ −¥ª®â®à®© ¯«®â−®áâ¨ wθ(θ),
¨¬¥îé¥© ¯à®¨§¢®¤−ë¥ ¨ ¬®¬¥−âë ¢á¥å ¯®àï¤ª®¢ [6{8]:

fθ(θ) =

∞∑

ν=0

cνw
(ν)
θ (θ) .

‚ íâ®¬ á«ãç�¥ pν(θ) = w
(ν)
θ (θ)/wθ(θ), � äã−ªæ¨¨ qν(θ) ¯à¥¤áâ�¢«ïîâ á®¡®©

¯®«¨−®¬ë.
‚ ®¡é¥¬ á«ãç�¥ ¢ §�¢¨á¨¬®áâ¨ ®â â®£®, ª�ª¨¥ ¢¥«¨ç¨−ë ¯à¨−ïâë §� ¯�à�¬¥âàë

ª®−¥ç−®£® ®âà¥§ª� Š�÷, à�§«¨ç�îâ ¬®¬¥−â−ë¥ Š�÷, á¥¬¨¨−¢�à¨�−â−ë¥ Š�÷,
ª¢�§¨¬®¬¥−â−ë¥ Š�÷ ¨ ¤à. �®íâ®¬ã, ®¡®§−�ç�ï íâ¨ ¯�à�¬¥âàë ç¥à¥§ u, ¡ã¤¥¬
§�¯¨áë¢�âì Š�÷ (3) ¤«ï N ç«¥−®¢ ¢ ¢¨¤¥:

fθ(θ;u) = wθ(θ;u)

[
1 +

N∑

ν=3

cνpν(θ)

]
; cν =

[
qν

(
∂

i∂λ

)
g(λ)

]

λ=0

,

£¤¥ cν = cν(u); pν(θ) = pν(θ, u); qν = qν(θ, u).

3 Ортогональные разложения одно- и многомерных плотностей
круговых стохастических процессов

„«ï ¤¥©áâ¢¨â¥«ì−®£® ªàã£®¢®£® áâ®å�áâ¨ç¥áª®£® ¯à®æ¥áá� (Š‘â�) ®¤−®¬¥à−�ï
¯«®â−®áâì ¤«ï ¬®¬¥−â� ¢à¥¬¥−¨ t ¢ á¨«ã (2) ¨ (3) ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬ Š�÷:

f1(θt; t, u) = w1(θt, t, u)

[
1 +

∞∑

ν=3

cνtpν(θt, u)

]
, (4)
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£¤¥

cνt = cνt(t, u) =

∞∫

−∞

f1(θt; t, u)qν(θt) =

[
qν

(
∂

i∂λ

)
gθ(λ; t, u)

]
.

„«ï ¤¥©áâ¢¨â¥«ì−ëå Š‘â� n-¬¥à−ë¥ ¯«®â−®áâ¨ ¤«ï ¬®¬¥−â®¢ ¢à¥¬¥−¨
t1, . . . , tn ®¯à¥¤¥«ïîâáï ª�ª á®¢®ªã¯−®áâì á®£«�á®¢�−−ëå Š�÷ ¯«®â−®áâ¥© Š‘‚
—t1 , . . . , —tn:

fn(θt1 , . . . , θtn ; t1, . . . , tn, u) = wn(θt1 , . . . , θtn ; t1, . . . , tn, u) [1 +

+

∞∑

k=3

∑

ν1+···+νn=k

cν1, ... , νn(t1, . . . , tn, u)pν1, ... , νn(θt1 , . . . , θtn ; t1, . . . , tn, u)


 , (5)

£¤¥

cν1, ... , νn(t1, . . . , tn, u) =

∞∫

−∞

· · ·
∞∫

−∞

fn(θt1 , . . . , θtn ; t1, . . . , tn, u)×

× qν1, ... , νn(θt1 , . . . , θtn ; t1, . . . , tn, u) dθt1 , . . . , dθtn =

=

[
qν1, ... , νn

(
∂

i∂λ1
, . . . ,

∂

i∂λn
; t1, . . . , tn, u

)
×

× gn(λ1, . . . , λn; t1, . . . , tn, u)
]

λ1=···=λn=0

.

‡¤¥áì {pν1, ... , νn(θt1 , . . . , θtn , u), qν1, ... , νn(θt1 , . . . , θtn , u)} | á®£«�á®¢�−−ë¥
¡¨®àâ®−®à¬�«ì−ë¥ á¨áâ¥¬ë ¯®«¨−®¬®¢, á®®â¢¥âáâ¢ãîé¨¥ á®£«�á®¢�−−ë¬ ¬−®-
£®¬¥à−ë¬ ¯«®â−®áâï¬ wn(θt1 , . . . , θtn , u), ¨¬¥îé¨¬ â¥ ¦¥ ªàã£®¢ë¥ ¬®¬¥−âë
¯¥à¢®£® ¨ ¢â®à®£® ¯®àï¤ª�, çâ® ¨ Š‘â� —(t) = —t.

�£à�−¨ç¨¢�ïáì ¢ (4) ¨ (5) ¯®«¨−®¬�¬¨ −¥ ¢ëè¥ N-© áâ¥¯¥−¨, ¯®«ãç¨¬ á®£«�-
á®¢�−−®¥ ¯à¨¡«¨¦¥−−®¥ ¯à¥¤áâ�¢«¥−¨¥ ¢á¥å ¬−®£®¬¥à−ëå ¯«®â−®áâ¥© Š‘â� —t.
�â¨¬ ¯à¨¡«¨¦¥−−ë¬ ¯à¥¤áâ�¢«¥−¨¥¬ ¬®¦−® ¯à�ªâ¨ç¥áª¨ ¯®«ì§®¢�âìáï, ¥á«¨
Š‘â� ¨¬¥¥â ª®−¥ç−ë¥ ªàã£®¢ë¥ ¬®¬¥−âë ¤® N-£® ¯®àï¤ª� ¢ª«îç¨â¥«ì−® −¥§�-
¢¨á¨¬® ®â â®£®, áãé¥áâ¢ãîâ ¨«¨ −¥ áãé¥áâ¢ãîâ ¥£® ¬®¬¥−âë ¢ëáè¨å ¯®àï¤ª®¢.

�à¨ à�áá¬®âà¥−¨¨ ªàã£®¢ëå ¬�àª®¢áª¨å ‘â� á®®â¢¥âáâ¢ãîé¨¥ Š�÷ ¨á-
¯®«ì§ãîâ ¤«ï ¤¢ãå ¯«®â−®áâ¥© (®¤−®¬¥à−®© ¨ ¯¥à¥å®¤−®©).

‚ à�¬ª�å á¯¥ªâà�«ì−®-ª®àà¥«ïæ¨®−−®© â¥®à¨¨ ¯à¨−¨¬�îâ n = 1, 2 ¨ ®£à�-
−¨ç¨¢�îâáï à�áá¬®âà¥−¨¥¬ ªàã£®¢ëå ¤¨á¯¥àá¨© ¨ ª®¢�à¨�æ¨®−−ëå äã−ªæ¨© [2].
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4 Многоканальные нелинейные круговые стохастические системы

‚¢¥¤¥¬ ¢¥ªâ®à−ë© Š‘â� Y (t) = Yt, á®áâ�¢«¥−−ë© ¨§ Š‘â� —j(t) = —jt
(j = 1, . . . , r), Yt = [—1t · · ·—rt]T, £¤¥ ry = r | ç¨á«® ª�−�«®¢ ¢ Š‘â‘. �ãáâì
¢¥ªâ®à−®¥ −¥«¨−¥©−®¥ áâ®å�áâ¨ç¥áª®¥ ¤¨ää¥à¥−æ¨�«ì−®¥ ãà�¢−¥−¨¥ (¯®−¨¬�¥¬®¥
¢ á¬ëá«¥ ˆâ®), ®¯¨áë¢�îé¥¥ í¢®«îæ¨î Yt, ¨¬¥¥â ¢¨¤ [6{8]:

‘Yt = ϕ(Yt, t) + ψ(Yt, t)Vt ; Y (t0) = Y0 , (6)

£¤¥ ϕ(Yt, t) ¨ ψ(Yt, t)| (ry × 1)- ¨ (ry × rV )-¬¥à−ë¥ ¢ ®¡é¥¬ á«ãç�¥ ¨§¢¥áâ−ë¥
−¥«¨−¥©−ë¥ äã−ªæ¨¨; Vt | (rV ×1)-¬¥à−ë© ªàã£®¢®© ¡¥«ë© èã¬ ¢ áâà®£®¬ á¬ëá-
«¥, ¯à¥¤áâ�¢«ïîé¨© á®¡®© áà¥¤−îî ª¢�¤à�â¨ç¥áªãî ¯à®¨§¢®¤−ãî ¯® ¢à¥¬¥−¨

®â ªàã£®¢®£® ¯à®æ¥áá� á −¥§�¢¨á¨¬ë¬¨ ¯à¨à�é¥−¨ï¬¨ Wt, Vt = ‘Wt. ��ç�«ì−®¥
§−�ç¥−¨¥ Y0 ¡ã¤¥¬ áç¨â�âì −¥§�¢¨á¨¬ë¬ ®â ¯à¨à�é¥−¨© Wt.

�¡®§−�ç¨¬ ç¥à¥§ χ(µ; t) «®£�à¨ä¬¨ç¥áªãî ¯à®¨§¢®¤−ãî ¯® ¢à¥¬¥−¨ ®â
®¤−®¬¥à−®© å�à�ªâ¥à¨áâ¨ç¥áª®© äã−ªæ¨¨ h1(µ, t) ªàã£®¢®£® ¡¥«®£® èã¬� Vt,
χ(µ; t) = (∂/∂t)h1(µ; t). ’®£¤� ¯à¨ ¨§¢¥áâ−ëå ãá«®¢¨ïå [6, 7] ®¤−®- ¨ n-¬¥à−ë¥
¯«®â−®áâ¨ ¡ã¤ãâ ®¯à¥¤¥«ïâìáï á«¥¤ãîé¥© á¨áâ¥¬®© ¨−â¥£à®¤¨ää¥à¥−æ¨�«ì−ëå
ãà�¢−¥−¨©:

∂

∂tn
fn(yt1 , . . . , ytn) = =

1

(2π)nr

∞∫

−∞

· · ·
∞∫

−∞

[
iλTnϕ(ηn, tn) +

+ χ(ψ(ηn, tn)
Tλn; tn)

]
exp

{
i

n∑

k=1

λTk (ηk − ytk)
}
×

× fn(η1, . . . , ηn; t1, . . . , tn) dη1 · · · dηndλ1 · · · dλn
(n = 1, 2, . . .) ¯à¨ ãá«®¢¨ïå

fn(yt1 , . . . , ytn−1
; t1, . . . , tn−1, tn−1) =

= fn−1(yt1 , . . . , ytn−1
; t1, . . . , tn−1)δ(ytn − ytn−1

) ;

f1(yt; t0) = f0(yt) .

„«ï ¤¨áªà¥â−ëå Š‘â‘ á®®â¢¥âáâ¢ãîé¨¥ ¨−â¥£à®à�§−®áâ−ë¥ ãà�¢−¥−¨ï ¯®-
«ãç�îâáï ¯ãâ¥¬ §�¬¥−ë ®¯¥à�â®à� ¤¨ää¥à¥−æ¨à®¢�−¨ï ¯® ¢à¥¬¥−¨ −� ®¯¥à�â®à
á¤¢¨£� ¯® ¢à¥¬¥−¨ [6{8].

5 Математическое обеспечение, основанное на ортогональном
разложении одномерной плотности

�à¨ �¯¯à®ªá¨¬�æ¨¨ ªàã£®¢®© ®¤−®¬¥à−®© ¯«®â−®áâ¨ ª®−¥ç−ë¬ ®âà¥§ª®¬
Š�÷ ¥áâ¥áâ¢¥−−® §� ¯�à�¬¥âàë u ¯à¨−ïâì:mt | ¢¥ªâ®à ªàã£®¢ëå áà¥¤−¨å;Kt |
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ªàã£®¢ãî ª®¢�à¨�æ¨®−−ãî ¬�âà¨æã (®â ª®â®àëå §�¢¨áïâ íâ�«®−−�ï ¯«®â−®áâì, �
á«¥¤®¢�â¥«ì−®, ¨ ¯®«¨−®¬ë {pν(yt), qν(yt)}) ¨ ª®íää¨æ¨¥−âë cκ,t. �®íâ®¬ã ¨§ (4)
¤«ï ®âà¥§ª� Š�÷ ¨¬¥¥¬:

“f1(yt, t, u) ≈ w1(yt, t, u)


1 +

N∑

l=3

∑

|κ|=l

cκtpκ(yt, u)


 . (7)

�à¨ íâ®¬, á®£«�á−® [6, 7], mt,Kt ¨ cνt ¡ã¤ãâ ®¯à¥¤¥«ïâìáï á«¥¤ãîé¥© á¨áâ¥¬®©
®¡ëª−®¢¥−−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©:

‘mt = A0(mt,Kt, t) +
N∑

l=3

∑

|ν|=l

A1ν(mt,Kt, t)cνt, m0 = m(t0) ; (8)

‘Kt = B0(mt,Kt, t) +

N∑

l=3

∑

|ν|=l

B1ν(mt,Kt, t)cνt, K0 = K(t0) ; (9)

‘cκt = Cκ0(mt,Kt, t) +A0(mt,Kt, t)
Tqmκ (α) + tr

[
B0(mt,Kt, t)q

K
κ (α)

]
+

+
N∑

l=3

∑

|ν|=l

{
Cκν(mt,Kt, t) +A1ν(mt,Kt, t)

Tqmκ (α) +

+ tr
[
B1ν(mt,Kt, t)q

K
κ (α)

] }
cνt , cκ0 = cκ(t0) . (10)

‡¤¥áì ¢¢¥¤¥−ë á«¥¤ãîé¨¥ ®¡®§−�ç¥−¨ï:

A0(mt,Kt, t) =

∞∫

−∞

ϕ(yt, t)w1(yt, u) dyt ;

A1ν(mt,Kt, t) =

∞∫

−∞

ϕ(yt, t)pν(yt, u) dyt ;

B0(mt,Kt, t) = B01(mt,Kt, t) +B01(mt,Kt, t)
T +B02(mt,Kt, t) =

=

∞∫

−∞

[
ϕ(yt, t)(yt −mt)

T + (yt −mt)ϕ(yt, t)
T +

+ ψ(yt, t)Gtψ(yt, t)
T
]
w1(yt, u) dyt ;
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B1ν(mt,Kt, t) =

∞∫

−∞

[
ϕ(yt, t)(yt −mt)

T +

+ (yt −mt)ϕ(yt, t)
Tψ(yt, t)Gtψ(yt, t)

T
]
w1(yt, u) dyt ; (11)

Cκ0(mt,Kt, t) =

∞∫

−∞

{
qκ

(
∂

i∂λ

)[
iλTϕ(yt, t) +

+ χ(ψ(yt, t)
Tλ; t)

]
exp

[
iλTyt

]}

λ=0

w1(yt, u) dyt ;

Cκν(mt,Kt, t) =

∞∫

−∞

{
qκ

(
∂

i∂λ

)[
iλTϕ(yt, t) +

+ χ(ψ(yt, t)
Tλ; t)

]
exp

[
iλTyt

]
pν(yt, u)

}

λ=0

w1(yt, u) dyt ,

£¤¥ qmκ (yt) | ¬�âà¨æ�-áâ®«¡¥æ ¯à®¨§¢®¤−ëå ¯®«¨−®¬� qκ(yt) ¯® ª®¬¯®−¥−â�¬
¢¥ªâ®à� mt; q

K
κ (yt) | ª¢�¤à�â−�ï ¬�âà¨æ� ¯à®¨§¢®¤−ëå ¯®«¨−®¬� qκ(yt) ¯®

í«¥¬¥−â�¬ ¬�âà¨æë Kt; Gt = [Glj(t)] | ¬�âà¨æ� ¨−â¥−á¨¢−®áâ¥© ¢¥ªâ®à−®£®
ªàã£®¢®£® ¡¥«®£® èã¬� V , ¯à¨ç¥¬

Glj(t) =

[
∂2χ(µ; t)

∂(iµl)∂(iµj)

]

µ=0

;

qmκ (α) ¨ qKκ (α)| à¥§ã«ìâ�â §�¬¥−ë ®¤−®ç«¥−®¢ ¢¨¤� yρ11t . . . y
ρr

rt á®®â¢¥âáâ¢ãîé¨-
¬¨ −�ç�«ì−ë¬¨ ¬®¬¥−â�¬¨ αρ1, ... , ρr , ª®â®àë¥, ª�ª ¨§¢¥áâ−®, §�¢¨áïâ ®â cκt.

“à�¢−¥−¨ï (10) −¥«¨−¥©−ë ®â−®á¨â¥«ì−® cκt. …á«¨ ®âª�§�âìáï ®â âà¥¡®¢�−¨ï
á®¢¯�¤¥−¨ï ¯¥à¢ëå ¬®¬¥−â®¢ ¨ §�¤�âì íâ¨ ¬®¬¥−âë ¤«ï íâ�«®−−®© ¯«®â−®áâ¨
�¯à¨®à¨, â® ¤«ï cκt ¯®«ãç�âáï «¨−¥©−ë¥ ãà�¢−¥−¨ï. �â¨ ãà�¢−¥−¨ï ¯à®é¥,
ç¥¬ (10), ®¤−�ª® ¯à¨ íâ®¬ ¯à¨¤¥âáï ¢§ïâì ¡®«ìè¥¥ N ¢ (7).

’�ª¨¬ ®¡à�§®¬, ¯à¨ ¨á¯®«ì§®¢�−¨¨ ¯®«¨−®¬¨�«ì−®© ¡¨®àâ®−®à¬�«ì−®© á¨á-
â¥¬ë {pν(yt, u), qµ(yt, u)} ¢ ®á−®¢¥ Œ� ªàã£®¢®£® ®àâ®£®−�«ì−®£® (7) à�§«®¦¥−¨ï
®¤−®¬¥à−®© ¯«®â−®áâ¨ Š‘â� Yt ¢ Š‘â‘ (6) «¥¦�â ãà�¢−¥−¨ï (8){(10) ¯à¨
ãá«®¢¨ïå (11).

‚ á®áâ�¢ Œ� úCStS-ANALYSISû ¢å®¤ïâ:

{ ãà�¢−¥−¨ï ¤«ï à�§«¨ç−ëå â¨¯®¢ á¨áâ¥¬;

{ â¨¯®¢ë¥ á¨áâ¥¬ë ¡¨®àâ®−®à¬�«ì−ëå á¨áâ¥¬ äã−ªæ¨© ¤«ï ®¤−®¬¥à−ëå ¯«®â-
−®áâ¥©;
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{ ®àâ®£®−�«ì−ë¥ à�§«®¦¥−¨ï ¯«®â−®áâ¥© ®¤−®¬¥à−ëå à�á¯à¥¤¥«¥−¨©;

{ ®¡ëª−®¢¥−−ë¥ ¤¨ää¥à¥−æ¨�«ì−ë¥ (à�§−®áâ−ë¥) ãà�¢−¥−¨ï ¤«ï ¯�à�¬¥âà®¢
®¤−®¬¥à−ëå à�á¯à¥¤¥«¥−¨© á á®®â¢¥âáâ¢ãîé¨¬¨ −�ç�«ì−ë¬¨ ãá«®¢¨ï¬¨;

{ ¢ëà�¦¥−¨ï ¤«ï ¢ëç¨á«¥−¨ï â¨¯®¢ëå äã−ªæ¨®−�«®¢, ®¯à¥¤¥«ïîé¨å §�¤�ç¨
¢¥à®ïâ−®áâ−®£® ªàã£®¢®£® �−�«¨§� ¬−®£®ª�−�«ì−®© Š‘â‘;

{ −�¡®à â¥áâ®¢ëå §�¤�ç.

6 Математическое обеспечение, основанное на ортогональных
разложениях n-мерных плотностей

„«ï Š‘â‘ (6) n-¬¥à−®¥ (n ≥ 2) à�á¯à¥¤¥«¥−¨¥ Š‘â� ¬®¦−® ®¯¨á�âì ¢ ¢¨¤¥
á«¥¤ãîé¨å ª®−¥ç−ëå ®âà¥§ª®¢ á®£«�á®¢�−−ëå Š�÷ ¬−®£®¬¥à−ëå ¯«®â−®áâ¥©:

“fn = “fn(yt1 , . . . , ytn , t1, . . . , tn, u) ≈ wn(yt1 , . . . , ytn , t1, . . . , tn, u)
[
1 +

+

N∑

l=3

∑

|κ1|+···+|κn|=l

cκ1, ... , κn,tpκ1, ... , κn(yt1 , . . . , ytn)

]
(n ≥ 2) . (12)

‡¤¥áìwn(yt1 , . . . , ytn , t1, . . . , tn, u)| á®£«�á®¢�−−�ï ¯®á«¥¤®¢�â¥«ì−®áâì ¯«®â-
−®áâ¥©, ¨¬¥îé¨å â¥ ¦¥ ªàã£®¢ë¥ ¬®¬¥−âë ¯¥à¢®£® ¨ ¢â®à®£® ¯®àï¤ª�, çâ® ¨

á®®â¢¥âáâ¢ãîé¨¥ ¯«®â−®áâ¨ “fn, ¢á«¥¤áâ¢¨¥ ç¥£® ª�¦¤�ï ¨§ ¯«®â−®áâ¥© §�¢¨á¨â,
ª�ª ®â ¯�à�¬¥âà®¢, ®â §−�ç¥−¨© ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï mt ¨ ª®¢�à¨�æ¨®−−®©
äã−ªæ¨¨ K(t, t′) ¯à¨ t, t′ = t1, . . . , tn.

“à�¢−¥−¨¥ ¤«ï ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨K(t1, t2), ¥á«¨ §�¬¥−¨âì ¤¢ã¬¥à−ãî

¯«®â−®áâì “f2(yt1 , yt2 ; t1, t2, u) �¯¯à®ªá¨¬¨àãîé¨¬ ¥¥ ®âà¥§ª®¬ Š�÷ (12), ¨¬¥¥â
¢¨¤:

∂K(t1, t2)

∂t2
= B20(mt1 ,mt2 ,Kt1 ,Kt2 ,K(t1, t2), t1, t2) +

+

N∑

l=3

∑

|κ|+|κ2|=l

B2κ1,κ2(mt,Kt, t1, t2)cκ1κ2(t1, t2), K(t1, t1) = Kt1 . (13)

‡¤¥áì ¢¢¥¤¥−ë á«¥¤ãîé¨¥ ®¡®§−�ç¥−¨ï:

B20 = B20(mt1 ,mt2 ,Kt1 ,Kt2 ,K(t1, t2), t1, t2) =

=

∞∫

−∞

∞∫

−∞

(yt1 −mt1)ϕ(yt2 , t2)
Tw2(yt1 , yt2) dyt1dyt2 ;
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B2κ1κ2 = B2κ1,κ2(mt1 ,mt2 ,Kt1 ,Kt2 ,K(t1, t2), t1, t2) =

=

∞∫

−∞

∞∫

−∞

(yt1 −mt1)ϕ(yt2 , t2)
Tpκ1κ2(yt1 , yt2)w2(yt1 , yy2) dyt1dyt2 .

�¡®¡é�ï [6, 7], ¯à¨¢¥¤¥¬ ãà�¢−¥−¨ï ªàã£®¢ëå ª®íää¨æ¨¥−â®¢ á®£«�á®¢�−−ëå
Š�÷ ¢ (12) ¨ á®®â¢¥âáâ¢ãîé¨¥ −�ç�«ì−ë¥ ãá«®¢¨ï ª ¢¨¤ã

∂cκ1, ... , κn(t1, . . . , tn)

∂tn
=

= Cκ1, ... , κn,0(mt1 ,mt2 ,Kt1 ,Kt2 ,K(t1, t2), t1, . . . , tn) +

+


A10(mtn ,Ktn , tn)

T +

N∑

l=3

∑

|ν|=l

cν(tn)A1ν(mtn ,Ktn , tn)
T


 qmκ1, ... , κn

(α) +

+tr






B20(mtn ,Ktn , tn) +

N∑

l=3

∑

|ν|=l

cν(tn)B2ν(mtn ,Ktn , tn)



+ q

Kn
κ1, ... , κn

(α)


+

+
n−1∑

n=1

tr

[{
B20(mtn ,Ktn , tn)

T +

+

N∑

l=3

∑

|ν1|+|ν2|=l

cν1ν2(tn, tn)B2ν1ν2(mt1 ,mt2 ,Kt1 ,Kt2 ,K(t1, t2), t1, t2)

}
×

× qKn
κ1, ... , κn

(α)

]
+

N∑

l=3

∑

|ν1|+···+|νn|=l

cν1, ... , ν2(t1, . . . , tn)×

×Bκ1, ... , κ2,ν1, ... , νn(mt1 ,mt2 ,Kt1 ,Kt2 ,K(t1, t2), t1, . . . , tn) ; (14)

cκ1, ... , κn(t1, . . . , tn−1, tn−1) = cκ1, ... , κn−1+κn(t1, . . . , tn−1) . (15)

‡¤¥áì

Bκ1, ... , κn,0(mth ,mtl ,Kth ,Ktl ,K(th, tl), t1, . . . , tn) =

=

∞∫

−∞

· · ·
∞∫

−∞

{
qκ1, ... , κn

(
yt1 , . . . , ytn−1

,
∂

i∂λn

)
×
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×
[
iλTnϕ(ytn , tn) + χ(ψ(ytn , tn)

Tλn; tn)
]
×

× exp
[
iλTnytn

]}

λn=0

wn(yt1 , . . . , ytn) dyt1 · · · dytn (h, l = 1, 2, . . .) ;

Bκ1, ... , κn,ν1, ... , νn(mth ,mtl ,Kth ,Ktl ,K(th, tl), t1, . . . , tn) =

=

∞∫

−∞

· · ·
∞∫

−∞

{
qκ1, ... , κn

(
yt1, . . . , ytn−1

,
∂

i∂λn

)
×

×
[
iλTnϕ(ytn , tn) + χ(ψ(ytn , tn)

Tλn; tn)
]
×

× exp
[
iλTnytn

]}

λn=0

pν1, ... , νn(yt1 , . . . , ytn)×

× wn(yt1 , . . . , ytn) dyt1 · · · dytn (h, l = 1, 2, . . .) .

’�ª¨¬ ®¡à�§®¬, ¤«ï Š‘â‘ (6) á®£«�á−® ªàã£®¢®¬ã ¬¥â®¤ã �÷ á−�ç�«� á«¥¤ã¥â
¯à®¨−â¥£à¨à®¢�âì ãà�¢−¥−¨ï (8) ¨ (10) ¤«ï ¯à¨¡«¨¦¥−−®£® ®¯à¥¤¥«¥−¨ï mt,Kt ¨

cν (|ν| = 3, . . . , N) ®âà¥§ª� Š�÷ (7) ®¤−®¬¥à−®© ¯«®â−®áâ¨ “f1(yt; t) ª�ª äã−ª-
æ¨¨ t. �®á«¥ íâ®£®, ¯à®¨−â¥£à¨à®¢�¢ ãà�¢−¥−¨ï (14) ¨ (15) ¯à¨ n = 2, t2 > t1
á®¢¬¥áâ−® á ãà�¢−¥−¨¥¬ ¨ −�ç�«ì−ë¬ ãá«®¢¨¥¬ (13), ®¯à¥¤¥«¨¬ ¯à¨¡«¨¦¥−−® ª®-
¢�à¨�æ¨®−−ãî äã−ªæ¨î K(t1, t2) ¨ ¢á¥ ®áâ�¢è¨¥áï ª®íää¨æ¨¥−âë cν1ν2 ®âà¥§ª�

Š�÷ ¤¢ã¬¥à−®© ¯«®â−®áâ¨ “f2(yt1 , yt2 ; t1, t2). ˆ−â¥£à¨àãï ¤�«¥¥ ãà�¢−¥−¨ï (14)
¨ (15) ¤«ï t1 < · · · < tn ¯®á«¥¤®¢�â¥«ì−® ¯à¨ n = 3, . . . , N , ¯à¨¡«¨¦¥−−®
®¯à¥¤¥«¨¬ ª®íää¨æ¨¥−âë cν1, ... , νn ®âà¥§ª®¢ Š�÷.

‚ á®áâ�¢ Œ� úCStS-ANALYSISû (á¬. à�§¤. 5) ¤®¯®«−¨â¥«ì−® ¢å®¤ïâ:

{ â¨¯®¢ë¥ á¨áâ¥¬ë ¡¨®àâ®−®à¬�«ì−ëå äã−ªæ¨© ¤«ï n-¬¥à−ëå ¯«®â−®áâ¥© (n ≥
≥ 2);

{ ®¡ëª−®¢¥−−ë¥ ¤¨ää¥à¥−æ¨�«ì−ë¥ (à�§−®áâ−ë¥) ãà�¢−¥−¨ï ¨ −�ç�«ì−ë¥ ãá«®-
¢¨ï ¤«ï ª®íää¨æ¨¥−â®¢ Š�÷ n-¬¥à−ëå ¯«®â−®áâ¥©;

{ −�¡®à â¥áâ®¢ëå §�¤�ç.

7 Математическое обеспечение на основе метода «намотанной»
нормальной аппроксимации и статистической линеаризации

…á«¨ ª®íää¨æ¨¥−â ¯à¨ ªàã£®¢®¬ ¡¥«®¬ èã¬¥ ¢ ãà�¢−¥−¨¨ (6) §�¢¨á¨â ®â
á®áâ®ï−¨ï, ®á−®¢−ë¥ ãà�¢−¥−¨ï ªàã£®¢®£® ¬¥â®¤� ú−�¬®â�−−®©û −®à¬�«ì−®©
�¯¯à®ªá¨¬�æ¨¨ (Œ���) ¯à¨−¨¬�îâ á«¥¤ãîé¨© ¢¨¤ [11]:
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‘mt = A0(mt,Kt, t) , m0 = m(t0) ; (16)

‘Kt = B0(mt,Kt, t) , K0 = K(t0) ; (17)

∂K(t1, t2)

∂t2
=

= K(t1, t2)K(t2)
−1B01(mt2 ,Kt2 , t2) , t1 < t2 , K(t1, t1) = Kt1 . (18)

‡¤¥áì A0(mt,Kt, t), B0(mt,Kt, t) ¨ B01(mt,Kt, t) ®¯à¥¤¥«¥−ë ¢ (11) ¤«ï ú−�¬®-
â�−−®£®û −®à¬�«ì−®£® à�á¯à¥¤¥«¥−¨ï.

‚ á®áâ�¢ Œ��� ¢ª«îç¥−® ¬�â¥¬�â¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥ [2] ¤«ï á¨áâ¥¬ë (6)
¯à¨ ψ(yt, t) = Ir. Š®íää¨æ¨¥−âë ªàã£®¢®© áâ�â¨áâ¨ç¥áª®© «¨−¥�à¨§�æ¨¨ ¤«ï
â¨¯®¢ëå −¥«¨−¥©−ëå äã−ªæ¨© ¯à¨¢¥¤¥−ë ¢ ¯à¨«®¦¥−¨¨.

8 Математическое обеспечение на основе методов круговых
начальных и центральных моментов

ˆ§ ãà�¢−¥−¨© à�§¤. 5 ¤«ï ªàã£®¢ëå ú−�¬®â�−−ëåû −�ç�«ì−ëå ¬®¬¥−â®¢
αρ = αρ(t) ¯®àï¤ª� ρ, ®¡®¡é�ï [6, 7], ¨¬¥¥¬ á«¥¤ãîé¨¥ ãà�¢−¥−¨ï:

‘αρ = A0,ρ +

N∑

k=3

∑

|ν|=k

Aν,ρcν(α) (cν = qν(α)) , (19)

£¤¥

A0,ρ =

∞∫

−∞

{
∂|ρ|

∂(iλ1)
ρ1 · · · ∂(iλr)ρr

×

×
[
iλTϕ(yt, t) + χ(ψ(yt, t)

Tλ; t)
]
exp

[
iλTyt

]}

λ=0

w1(yt, u) dyt ;

Aν,ρ =

∞∫

−∞

{
∂|ρ|

∂(iλ1)
ρ1 · · · ∂(iλr)ρr

×

×
[
iλTϕ(yt, t) + χ(ψ(yt, t)

Tλ; t)
]
exp

[
iλTyt

]}

λ=0

pν(yt, u)w1(yt, u) dyt

( |ρ| = ρ1 + · · · + ρr , ρ1, . . . , ρr = 0, 1, . . . , N) .

��¯®¬−¨¬, çâ® qν(α) ¯à¥¤áâ�¢«ï¥â á®¡®© à¥§ã«ìâ�â §�¬¥−ë ¢á¥å ®¤−®ç«¥−®¢
yρ11t · · · y

ρr

rt ¢ ¢ëà�¦¥−¨¨ ¯®«¨−®¬� qν(α) á®®â¢¥âáâ¢ãîé¨¬¨ ¬®¬¥−â�¬¨ αρ1, ... , ρr .
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�à¨ á®áâ�¢«¥−¨¨ ãà�¢−¥−¨© (7) ¢ ª®−ªà¥â−ëå §�¤�ç�å á«¥¤ã¥â ¨¬¥âì ¢ ¢¨¤ã,
çâ® ç¨á«® Nρ

r ¬®¬¥−â®¢ ρ-£® ¯®àï¤ª� r-¬¥à−®£® ¢¥ªâ®à� ®¯à¥¤¥«ï¥âáï ä®à¬ã«®©:

Nρ
r = C

ρ
r+ρ−1 =

(r + ρ− 1)!
ρ!(r − 1)! ,

� ¯®«−®¥ ç¨á«® ¬®¬¥−â®¢, −¥ ¯à¥¢®áå®¤ïé¨å N , ¤«ï r-¬¥à−®£® ¢¥ªâ®à� à�¢−®

PNr =

N∑

l=1

N l
r =
(N + r)!

N !r!
− 1 .

“à�¢−¥−¨ï (19) «¨−¥©−ë ®â−®á¨â¥«ì−® αρ ( |ρ| = 3, . . . , N) ¨ −¥«¨−¥©−ë ®â-
−®á¨â¥«ì−® ¬®¬¥−â®¢ ¯¥à¢®£® ¨ ¢â®à®£® ¯®àï¤ª�, ¯®áª®«ìªã íâ�«®−−�ï ¯«®â−®áâì
¨ ¯®«¨−®¬ë pν(yt, u) ¨ qν(yt, u) §�¢¨áïâ ®â ¬®¬¥−â®¢ ¯¥à¢®£® ¨ ¢â®à®£® ¯®àï¤ª�.

�¡®¡é�ï [6, 7], ¯à¥¤áâ�¢¨¬ ãà�¢−¥−¨ï ¤«ï ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© mh

(h = 1, . . . , r) ¨ æ¥−âà�«ì−ëå ¬®¬¥−â®¢ µρ ¯®àï¤ª� ρ ¢ ¢¨¤¥:

‘mh = A0,h +
∞∑

k=3

∑

|ν|=k

Aνrcν , cν = qν(α) ; (20)

‘µρ = B0,ρ −
r∑

h=1

ρhB0,hµρ−eh
+

N∑

k=3

∑

|ν|=k

[
Bν,ρ −

r∑

h=1

ρhBν,hµρ−eh

]
cν

(ρ1, . . . , ρr = 0, 1, . . . , N ; |ρ| = 2, . . . , N) . (21)

‡¤¥áì ¢¢¥¤¥−ë á«¥¤ãîé¨¥ ®¡®§−�ç¥−¨ï:

eh =

[
0 · · · 0 1

h
0 . . . 0

]T
;

A0,h =

∞∫

−∞

ϕh(yt, t)w1(yt, u) dyt ;

Aν,h =

∞∫

−∞

ϕh(yt, t)pν(yt, u)w1(yt, u) dyt ;

A0,ρ =

∞∫

−∞

{
∂|ρ|

∂(iλ1)
ρ1 · · · ∂(iλr)ρr

[
iλTϕ(yt, t) + χ(ψ(yt, t)

Tλ; t)
]
×

× exp
[
iλT(yt −mt)

]}

λ=0

w1(yt, u) dyt ;
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Bν,ρ =

∞∫

−∞

{
∂|ρ|

∂(iλ1)
ρ1 · · · ∂(iλr)ρr

[
iλTϕ(yt, t) + χ(ψ(yt, t)

Tλ; t)
]
×

× exp
[
iλT(yt −mt)

]}

λ=0

pν(yt, u)w1(yt, u) dyt ,

� qν(α) ¤®«¦−ë ¡ëâì ¢ëà�¦¥−ë ç¥à¥§ æ¥−âà�«ì−ë¥ ¬®¬¥−âë.
“à�¢−¥−¨ï (20) ¨ (21) ¢á¥£¤� −¥«¨−¥©−ë ¨§-§� −�«¨ç¨ï á«�£�¥¬ëå ¢¨¤�

µρ−eh
qν(α).

‚ ¯à�ªâ¨ç¥áª¨å §�¤�ç�å ¤«ï ¯®«¨−®¬¨�«ì−ëå äã−ªæ¨© ϕ(yt, t), ψ(yt, t) ¨
pν(yt), qν(yt) −¥¯®áà¥¤áâ¢¥−−® ¨á¯®«ì§ãîâáï á¨¬¢®«ì−ë¥ ¢ëç¨á«¥−¨ï [7{9].

9 Тестовые примеры

�à¨¬¥à 9.1. ÷�§¡à®á å�à�ªâ¥à¨áâ¨ª L(—) ªàã£®¢®£® ®£à�−¨ç¨â¥«ì−®£® ã¯®à�
à�§¬�å� l á §®−®© çã¢áâ¢¨â¥«ì−®áâ¨ d.

„«ï å�à�ªâ¥à¨áâ¨ª¨ ã¯®à� L(—) ≈ k0(ζ)µ+ k1(ζ)—0 ¨¬¥¥¬ ¯à¨ D 6= 0:

µ =M— ; —0 = —− µ ;

σ2 = D— ; ζ =
µ

σ
; mL = k0(ζ) ; µ = ψ ;

σL = k1(ζ)σ =
√
−2 ln r ; d1 =

d

σ
;

r(l, d) =
(
(cos l + (1− cos l)(�(d1 + ζ) + �(d1 − ζ)))2 +

+ sin2 l(�(d1 + ζ)− �(d1 − ζ))2
)1/2

;

ψ(l, d) = arctan

(
sin l(�(d1 + ζ)− �(d1 − ζ))

cos l + (1− cos l)(�(d1 + ζ) + �(d1 − ζ))

)
.

‚ ç�áâ−®áâ¨, ¯à¨ d = 0 ®âáî¤� ¯®«ãç�¥¬:

r(l, 0) =

√
cos2 l + 4 sin2 l�2(ζ) ; ψ(l, 0) = arctan

(
2 sin l�(ζ)

cos l

)
.

�� à¨á. 1 ¨ 2 ¯à¥¤áâ�¢«¥−ë à¥§ã«ìâ�âë �−�«¨â¨ç¥áª®£® ¨ áâ�â¨áâ¨ç¥áª®£®
¬®¤¥«¨à®¢�−¨ï ¯à¨ à�§«¨ç−ëå §−�ç¥−¨ïå ¯�à�¬¥âà� d1.

�à¨¬¥à 9.2. „«ï ®¤−®¬¥à−®© −¥«¨−¥©−®© ªàã£®¢®© á¨áâ¥¬ë

‘Y + ϕ(Y ) = V
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÷¨á. 1 ÷¥§ã«ìâ�âë �−�«¨â¨ç¥áª®£® ¨ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ¯à¨ d = d1 = 0 (�)
¨ d 6= 0, d1 = 0,01 (¡): 1 | l = π/6; 2 | π/4; 3 | l = π/3

(ϕ(Y ) | áª�«ïà−�ï −¥«¨−¥©−�ï äã−ªæ¨ï; V | ªàã£®¢®© ¡¥«ë© èã¬ ¨−â¥−á¨¢-
−®áâ¨ Gt) ãà�¢−¥−¨ï Œ��� (16){(18) ¨¬¥îâ ¢¨¤:

‘mt = −A0(mt,Dt) , ‘Dt = −2k1(mt,Dt) +Gt ;

∂K(t1, t2)

∂t2
= −k1(mt,Dt)K(t1, t2) ,

£¤¥ A0(mt,Dt) ¨ k1(mt,Dt) | ª®íää¨æ¨¥−âë áâ�â¨áâ¨ç¥áª®© «¨−¥�à¨§�æ¨¨
−¥«¨−¥©−®© äã−ªæ¨¨ ϕ(Y ) ¤«ï ú−�¬®â�−−®£®û −®à¬�«ì−®£® à�á¯à¥¤¥«¥−¨ï á
¯�à�¬¥âà�¬¨ mt ¨ Dt.

�à¨ N = 4 ãà�¢−¥−¨ï (20) ¨ (21) ¨¬¥îâ ¢¨¤

‘mt = A0(mt,Dt) +A13(mt,Dt)µ3t +A14(mt,Dt)µ4t ;

‘Dt = B0(mt,Dt) +B13(mt,Dt)µ3t +B14(mt,Dt)µ4t ;
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÷¨á. 2 ÷¥§ã«ìâ�âë �−�«¨â¨ç¥áª®£® ¨ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ¯à¨ d1 = 0,1 (�)
¨ d1 = 1 (¡): 1 | l = π/6; 2 | π/4; 3 | l = π/3

‘µ3t = C30(mt,Dt) + C33(mt,Dt)µ3t + C34(mt,Dt)µ4t ;

‘µ4t = C40(mt,Dt) + C41(mt,Dt)µ3t + C44(mt,Dt)µ4t −
− 4A13(mt,Dt)µ

2
3t −A14(mt,Dt)µ3tµ4t .

„«ï à�§«¨ç−ëå −¥«¨−¥©−ëå äã−ªæ¨© ϕ(y) ¯®«ãç¥−−ë¥ ãà�¢−¥−¨ï ¯®§¢®«ïîâ
®æ¥−¨âì â®ç−®áâì Œ���.

10 Заключение

„«ï −¥«¨−¥©−ëå ¬−®£®ª�−�«ì−ëå ªàã£®¢ëå áâ®å�áâ¨ç¥áª¨å ¨−ä®à¬�æ¨®−−®-
¨§¬¥à¨â¥«ì−ëå á¨áâ¥¬, ®¯¨áë¢�¥¬ëå −¥«¨−¥©−ë¬¨ ãà�¢−¥−¨ï¬¨, á®¤¥à¦�é¨¬¨
áâ®å�áâ¨ç¥áª¨¥ ¢®§¬ãé¥−¨ï, §�¢¨áïé¨¥ ®â á®áâ®ï−¨ï, à�§à�¡®â�−® Œ� ¤«ï ®ä-
«�©−-�−�«¨§� úCStS-ANALYSISû.

‚ ®á−®¢ã ¯®«®¦¥−ë ¬¥â®¤ë ¯�à�¬¥âà¨§�æ¨¨ ®¤−®- ¨ ¬−®£®¬¥à−ëå ªàã£®¢ëå
¯«®â−®áâ¥© −� ¡�§¥ ú−�¬®â�−−®£®û −®à¬�«ì−®£® à�á¯à¥¤¥«¥−¨ï [2, 11].
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‚ −�áâ®ïé¥¥ ¢à¥¬ï ¢ ˆ�ˆ ÷�� ¢¥¤ãâáï à�¡®âë ¯® á®§¤�−¨î Œ� ¤«ï ¤àã£¨å
íâ�«®−−ëå ¯«®â−®áâ¥©, � â�ª¦¥ ¤«ï ¬−®£®ª�−�«ì−ëå áä¥à¨ç¥áª¨å áâ®å�áâ¨ç¥áª¨å
¨−ä®à¬�æ¨®−−®-¨§¬¥à¨â¥«ì−ëå á¨áâ¥¬.
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�÷ˆ‹�†…�ˆ…
Š®íää¨æ¨¥−âë ªàã£®¢®© áâ�â¨áâ¨ç¥áª®© «¨−¥�à¨§�æ¨¨ ¤«ï â¨¯®¢ëå −¥«¨−¥©−ëå

äã−ªæ¨© Y = ϕ(XN ),
Y ≈ U = k0 + k1(X − µ) . (�.1)
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‡¤¥áì k0(µ, σ) ¨ k1(µ, σ) ®¯à¥¤¥«ïîâáï ä®à¬ã«�¬¨:

µk0(µ, σ) = ϕ(µ, σ) ; (�.2)

k1(µ, σ) =

√
−2 ln r(µ, σ)

σ
, (�.3)

£¤¥ reiψ = MWN exp {iϕ(XN)}; MWN | á¨¬¢®« ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ¤«ï
−�¬®â�−−®£® −®à¬�«ì−®£® à�á¯à¥¤¥«¥−¨ï X = XN .

1. Y = l sgn(XN ) ; k0 =
1

µ
arctan

(
2 sin l� (µ/σ)

cos l

)
;

k1 =
1

σ

√√√√−2 ln
√

cos2 l + 4 sin2 l�2
(
µ

σ

)
;

�(ζ) =
1√
2π

ζ∫

0

e−t
2/2 dt ; ζ =

µ

σ
.

”ã−ªæ¨ï arctan (S/C) ®¯à¥¤¥«¥−� ¢ [3]:

arctan

(
S

C

)
=





arctg

(
S

C

)
, ¥á«¨ C > 0 , S > 0 ;

π

2
, ¥á«¨ C = 0 , S > 0 ;

arctg

(
S

C

)
+ π , ¥á«¨ C < 0 ;

arctg

(
S

C

)
+ 2π , ¥á«¨ C ≥ 0 , S < 0 ;

−¥ ®¯à¥¤¥«¥−® , ¥á«¨ C = 0 , S = 0.

2. Y = l 11 (XN ) ; k0 =
1

µ
arctan

(
sin l (0,5 + � (µ/σ))

0,5− � (µ/σ) + cos l (0,5 + � (µ/σ))

)
;

k1 =
1

σ

√√√√−2 ln
√
1

2
(1 + cos l) + 2(1− cos l)�2

(
µ

σ

)
.

3. Y = lXN 11(XN ) ; k0 =
1

µ
arctan

(
r2
r1

)
;

k1 =
1

σ

√
−2 ln

√
r21 + r

2
2 ;
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r2 =
1

2
e−l

2σ2/2

(
sin (lµ)− 2√

π
IE (lσ) cos (lµ)

)
;

r1 =

(
1

2
− �

(
µ

σ

))
+
1

2
e−l

2σ2/2

(
cos (lµ) +

2√
π
IE (lσ) sin (lµ)

)
;

IE (lσ) =

0∫

−lσ/
√
2

ey
2

dy .

4. Y = lX2N sgn(XN ) ; k0 =
1

µ
arctan

(
r2
r1

)
;

k1 =
1

σ

√
−2 ln

√
r21 + r

2
2 ;

r1 = p1(cos p2(1− Re erf(p3) + Re erf(p4)) + sin p2(Im erf(p3)− Im erf(p4))) ;
r2 = p1(cos p2(Im erf(p4)− Im erf(p3)) + sin p2(3− Re erf(p3) + Re erf(p4))) ;

p1 =
σ

2(1 + 4σ4l2)1/4
e−4µ

2l2σ2/(1+4σ4l2) ;

p2 =
l

1 + 4σ4l2
+
1

2
arctg

(
2lσ2

)
;

p3 =
µ√
2σ
cos

(
1

2
arctg

(
2lσ2

))
+ ı

µ√
2σ
sin

(
1

2
arctg

(
2lσ2

))
;

p4 =
µ√
2σ
cos

(
1

2
arctg

(
2lσ2

))
− ı µ√

2σ
sin

(
1

2
arctg

(
2lσ2

))
.

‡¤¥áì

erf(z) =
2√
π

z∫

0

e−t
2

dt ;

Re erf(z) =

Re z∫

0

e(k
2

l
−1)x2 (cos (2k1x2) + k1 sin (2k1x2)

)
dx ;

Im erf(z) =

Re z∫

0

e(k
2

l
−1)x2 (cos (2k1x2)− k1 sin (2k1x2)

)
dx ;

k1 =
Imz

Rez
.
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÷�§¢¨â¨¥ ¬�â¥¬�â¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï ¤«ï �−�«¨§� áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬

5. Y =





−l , XN < −d ;
l

d
, |XN | ≤ d ,

l , XN ≥ −d ;
k0 =

1

µ
arctan

(
r2
r1

)
, k1 =

1

σ

√
−2 ln

√
r21 + r

2
2 ;

r1 = cos l

(
1− �

(
d+ µ

σ

)
− �

(
d− µ
σ

))
+

+
1

2
e−l

2σ2/(2d2)

(
cos

(
lµ

d

)(
Re erf

(
d− µ√
2σ
− ı lσ√

2d

)
−

− Re erf
(
d+ µ√
2σ
+ ı

lσ√
2d

))
− sin

(
lµ

d

)(
Im erf

(
d− µ√
2σ
− ı lσ√

2d

)
−

− Im erf
(
d+ µ√
2σ
+ ı

lσ√
2d

)))
;

r2 = sin l

(
�

(
d+ µ

σ

)
− �

(
d− µ
σ

))
+

+
1

2
e−l

2σ2/(2d2)

(
cos

(
lµ

d

)(
Im erf

(
d− µ√
2σ
− ı lσ√

2d

)
−

− Im erf
(
d+ µ√
2σ
+ ı

lσ√
2d

))
− sin

(
lµ

d

)(
Re erf

(
d− µ√
2σ
− ı lσ√

2d

)
−

− Re erf
(
d+ µ√
2σ
+ ı

lσ√
2d

)))
.
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ПЕРСОНИФИЦИРОВАННОЕ ПРЕОБРАЗОВАНИЕ
ПРЕДСТАВЛЕНИЙ ЦВЕТНЫХ ИЗОБРАЖЕНИЙ

НА МОНИТОРЕ ПЭВМ

О. П. Архипов1, З. П. Зыкова1

�−−®â�æ¨ï: Œ¥â®¤, ¯à¨¬¥−ï¥¬ë© ¤«ï ¯®¢ëè¥−¨ï â®ç−®áâ¨ â®−®¢®á¯à®¨§¢¥-
¤¥−¨ï ¢ ¯®«¨£à�ä¨¨, ®á−®¢�− −� ¯à¨¬¥−¥−¨¨ à�¢−®ª®−âà�áâ−®£® £à�¤�æ¨®−-
−®£® ¯à¥®¡à�§®¢�−¨ï â®−®¢ëå èª�« ¢ æ¢¥â®¢®¬ ¯à®áâà�−áâ¢¥ úáâ�−¤�àâ−®£®û
−�¡«î¤�â¥«ï. ÷�áá¬®âà¥−� �−�«®£¨ç−�ï §�¤�ç� ¢ æ¢¥â®¢®¬ ¯à®áâà�−áâ¢¥ ¯à®-
¨§¢®«ì−®£® ¯®«ì§®¢�â¥«ï ��‚Œ ¯à¨ æ¢¥â®¢®á¯à®¨§¢¥¤¥−¨¨ −� ¬®−¨â®à¥.
�à¥¤«®¦¥− ¬¥â®¤, ®á−®¢�−−ë© −� ¯à¨¬¥−¥−¨¨ ¯¥àá®−¨ä¨æ¨à®¢�−−®£® à�¢-
−®ª®−âà�áâ−®£® £à�¤�æ¨®−−®£® ¯à¥®¡à�§®¢�−¨ï â®−®¢ëå èª�«. �à¨¢¥¤¥−ë
¯à¨¬¥àë, ¨««îáâà¨àãîé¨¥ íää¥ªâ¨¢−®áâì ¬¥â®¤�.

Š«îç¥¢ë¥ á«®¢�: â®−®¢®á¯à®¨§¢¥¤¥−¨¥; ª®−âà�áâ; £à�¤�æ¨ï; â®−®¢ë¥ èª�«ë;
à�¢−®ª®−âà�áâ−ë¥ £à�¤�æ¨®−−ë¥ ¯à¥®¡à�§®¢�−¨ï

1 Введение

�à¨ ¬�áá®¢®¬ à¥¯à®¤ãæ¨à®¢�−¨¨ ¢ ¯®«¨£à�ä¨¨ ¤«ï ®¡¥á¯¥ç¥−¨ï â®ç−®áâ¨
â®−®¢®á¯à®¨§¢¥¤¥−¨ï è¨à®ª® ¨á¯®«ì§ã¥âáï ¬¥â®¤ ¯à¥¤¢�à¨â¥«ì−®£® ¯à¥®¡à�§®-
¢�−¨ï ¨áå®¤−ëå ¨§®¡à�¦¥−¨© ¢ á®®â¢¥âáâ¢¨¨ á à�¢−®ª®−âà�áâ−ë¬ £à�¤�æ¨®−−ë¬
¯à¥®¡à�§®¢�−¨¥¬ â®−®¢ëå èª�«, ª®â®à®¥ §�¢¨á¨â ®â å�à�ªâ¥à¨áâ¨ª æ¢¥â®¢®á-
¯à®¨§¢¥¤¥−¨ï −� ¯à¨¬¥−ï¥¬®¬ ¯®«¨£à�ä¨ç¥áª®¬ ®¡®àã¤®¢�−¨¨ [1] ¨ ¬®¤¥«¨
æ¢¥â®¢®á¯à¨ïâ¨ï úáâ�−¤�àâ−®£®û −�¡«î¤�â¥«ï [2]. �à¨ íâ®¬ §� áç¥â ã¢¥«¨-
ç¥−¨ï áâ¥¯¥−¨ ¯®¤®¡¨ï ®à¨£¨−�«ã ¯® ¤¥â�«¨§�æ¨¨ ¨§®¡à�¦¥−¨ï áãé¥áâ¢¥−−®
ã«ãçè�¥âáï ¢®á¯à¨ïâ¨¥ ¯®«ãç¥−−ëå à¥¯à®¤ãªæ¨© ¡®«ìè¨−áâ¢®¬ −�¡«î¤�â¥«¥©,
æ¢¥â®¢®á¯à¨ïâ¨¥ ª®â®àëå ¡«¨§ª® ª áâ�−¤�àâã.

—â®¡ë ¤®¡¨âìáï �−�«®£¨ç−®£® à¥§ã«ìâ�â� ¢ ®¡é¥¬ á«ãç�¥, −¥®¡å®¤¨¬® ãç¥áâì,
çâ® §−�ç¨â¥«ì−�ï ç�áâì −�¡«î¤�â¥«¥© ¨¬¥¥â à�§«¨ç−ë¥ �−®¬�«¨¨ æ¢¥â®¢®£® §à¥-
−¨ï [2{4]. �®áª®«ìªã ®á®¡¥−−®áâ¨ æ¢¥â®¢®£® §à¥−¨ï â�ª¨å −�¡«î¤�â¥«¥© −¥
ãç¨âë¢�îâáï ¯à¨ áâ�−¤�àâ−®¬ ®¯¨á�−¨¨, ¢ ®¡é¥¬ á«ãç�¥ âà¥¡ã¥âáï ¯¥àá®−¨-
ä¨æ¨à®¢�−−®¥ ¬®¤¥«¨à®¢�−¨¥ æ¢¥â®¢®á¯à¨ïâ¨ï, á®®â¢¥âáâ¢ãîé¥¥ ª®−ªà¥â−®¬ã
ãáâà®©áâ¢ã ¢ë¢®¤� ¨ ª®−ªà¥â−®¬ã −�¡«î¤�â¥«î.

‚ à�¬ª�å ¤�−−®© à�¡®âë ¤«ï ®¡¥á¯¥ç¥−¨ï ¬�ªá¨¬�«ì−® â®ç−®£® â®−®¢®á-
¯à®¨§¢¥¤¥−¨ï ¯à¨ ¢ë¢®¤¥ æ¢¥â−ëå ¨§®¡à�¦¥−¨© −� ¬®−¨â®à ¯®«ì§®¢�â¥«ìáª®©

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, ofran@orel.ru
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�¥àá®−¨ä¨æ¨à®¢�−−®¥ ¯à¥®¡à�§®¢�−¨¥ ¯à¥¤áâ�¢«¥−¨© æ¢¥â−ëå ¨§®¡à�¦¥−¨©

ª®¬¯ìîâ¥à−®© á¨áâ¥¬ë ¯à¥¤«�£�¥âáï ¬¥â®¤ ¨å ¯à¥¤¢�à¨â¥«ì−®£® ¯¥àá®−¨ä¨æ¨-
à®¢�−−®£® ¯à¥®¡à�§®¢�−¨ï.

Œ¥â®¤ ®á−®¢�− −� ¯à¨¬¥−¥−¨¨ RGB-å�à�ªâ¥à¨§�æ¨¨ æ¢¥â®¢®á¯à¨ïâ¨ï [5{11].

2 RGB-характеризация цветовосприятия

�ãáâì −�¡«î¤�â¥«î (¯à®¨§¢®«ì−®¬ã ¯®«ì§®¢�â¥«î ��‚Œ) ¯à¨á¢®¥− ¯®àï¤-
ª®¢ë© −®¬¥à k. �¡®§−�ç¨¬ ç¥à¥§ Fk äã−ªæ¨î æ¢¥â®¢®á¯à¨ïâ¨ï −�¡«î¤�â¥«¥¬
¯à¥¤áâ�¢«¥−¨ï RGB-¯¨ªá¥«®¢ −� ¬®−¨â®à¥ ��‚Œ, �à£ã¬¥−â�¬¨ ª®â®à®© ï¢«ï-
îâáï ¯¨ªá¥«ë ¨§ RGB-¯à®áâà�−áâ¢�, � §−�ç¥−¨ï¬¨ | ¯¨ªá¥«ë ¨§ æ¢¥â®¢®£®
¯à®áâà�−áâ¢� −�¡«î¤�â¥«ï.

‚ ª�ç¥áâ¢¥ ¯à¨¡«¨¦¥−−®£® æ¨äà®¢®£® ®¯¨á�−¨ï æ¢¥â®¢®á¯à¨ïâ¨ï k-£® −�¡«î-
¤�â¥«ï ¢ á®®â¢¥âáâ¢¨¨ á [5{11] ¬®¦¥â ¨á¯®«ì§®¢�âìáï äã−ªæ¨ï āk, �à£ã¬¥−â�¬¨
¨ §−�ç¥−¨ï¬¨ ª®â®à®© ï¢«ïîâáï RGB-¯¨ªá¥«ë.

”ã−ªæ¨ï āk ¢ëç¨á«ï¥âáï ¯® à¥§ã«ìâ�â�¬ â¥áâ¨à®¢�−¨ï à�§«¨ç¥−¨ï −�¡«î-
¤�â¥«¥¬ ¯à¥¤áâ�¢«¥−¨ï æ¢¥â−ëå ¯¨ªá¥«®¢ −� ¬®−¨â®à¥ ��‚Œ. ˆá¯®«ì§ã¥âáï
â�¡«¨ç−®¥ §�¤�−¨¥ āk

y = āk(x) , x ∈M ,

£¤¥ M | ¬−®¦¥áâ¢® RGB-¯¨ªá¥«®¢, ª®®à¤¨−�âë ª®â®àëå ªà�â−ë 17. ‚ íâ®¬
á«ãç�¥ ¬−®¦¥áâ¢� M ¨ āk(M) ¬®£ãâ ¡ëâì ¯à¥¤áâ�¢«¥−ë ¢ ¢¨¤¥ æ¢¥â−ëå ¨§®¡à�-
¦¥−¨©, ª®â®àë¥ á®åà�−ïîâáï −� ¤¨áª¥ ��‚Œ ¢ 24-¡¨â®¢®¬ BMP-ä®à¬�â¥.

�® ®¯à¥¤¥«¥−¨î «¨−¨ï ãà®¢−ï äã−ªæ¨¨ āk, ¯®áâà®¥−−�ï ¤«ï ¯à®¨§¢®«ì−®£®
¯¨ªá¥«�, ¯à¨¡«¨¦¥−−® á®¢¯�¤�¥â á §®−®© â®«¥à�−â−®áâ¨ ¢ æ¢¥â®¢®¬ ¯à®áâà�−áâ¢¥
−�¡«î¤�â¥«ï | «¨−¨¥© ãà®¢−ï äã−ªæ¨¨ Fk, á®®â¢¥âáâ¢ãîé¥© â®¬ã ¦¥ ¯¨ªá¥«ã.

…á«¨ ¤«ï ¯¨ªá¥«®¢ x′ ¨ x′′ ¢ë¯®«−¥−® á®®â−®è¥−¨¥

Fk
(
x′
)
= Fk

(
x′′
)
,

â®
āk
(
x′
)
≈ āk

(
x′′
)
.

…á«¨ ¤«ï ¯¨ªá¥«®¢ x′ ¨ x′′ ¢ë¯®«−¥−® á®®â−®è¥−¨¥

āk
(
x′
)
= āk

(
x′′
)
,

â®
Fk
(
x′
)
≈ Fk

(
x′′
)
.

’�ª¨¬ ®¡à�§®¬, äã−ªæ¨ï āk ï¢«ï¥âáï ¯¥àá®−¨ä¨æ¨à®¢�−−®© RGB-å�à�ªâ¥-
à¨§�æ¨¥© æ¢¥â®¢®á¯à¨ïâ¨ï −�¡«î¤�â¥«ï ¨ ¬®¦¥â ¨á¯®«ì§®¢�âìáï ¤«ï ¯à¥¤áª�§�-
−¨ï ¢®á¯à¨ïâ¨ï −�¡«î¤�â¥«¥¬ ¯à¥¤áâ�¢«¥−¨ï æ¢¥â−ëå ¨§®¡à�¦¥−¨© −� ¬®−¨â®à¥.

‚ ª�ç¥áâ¢¥ ¯à¨¬¥à� à�áá¬�âà¨¢�îâáï äã−ªæ¨¨ RGB-å�à�ªâ¥à¨§�æ¨¨ æ¢¥â®-
¢®á¯à¨ïâ¨ï:
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÷¨á. 1 ˆ§®¡à�¦¥−¨¥ ¬−®¦¥áâ¢: (�) M ; (¡) ā0(M); (¢) ā1(M)

{ äã−ªæ¨ï ā0, ¯®áâà®¥−−�ï ¯® à¥§ã«ìâ�â�¬ ¢¨§ã�«ì−®£® â¥áâ¨à®¢�−¨ï ¢ æ¢¥â®-
¢®¬ ¯à®áâà�−áâ¢¥ ®¤−®£® à¥�«ì−®£® −�¡«î¤�â¥«ï, ¢®á¯à¨ïâ¨¥ ª®â®à®£® ¡«¨§ª®
ª áâ�−¤�àâã;

{ äã−ªæ¨ï ā1, ¯®áâà®¥−−�ï ¯® à¥§ã«ìâ�â�¬ ¢¨§ã�«ì−®£® â¥áâ¨à®¢�−¨ï ¢ æ¢¥-
â®¢®¬ ¯à®áâà�−áâ¢¥ ®¤−®£® ¢¨àâã�«ì−®£® −�¡«î¤�â¥«ï | ¤¥©â¥à�−®¯�, ¢®á-
¯à¨ïâ¨¥ ª®â®à®£® á®®â¢¥âáâ¢ã¥â ¬®¤¥«¨, ¨á¯®«ì§®¢�−−®© ¢ ¯à®£à�¬¬¥ Color
Oracle [3].

�â®¡à�¦¥−¨¥ ¬−®¦¥áâ¢� M ¢ RGB-¯à®áâà�−áâ¢®, á®®â¢¥âáâ¢ãîé¥¥ ãª�§�−-
−ë¬ äã−ªæ¨ï¬, ¯à¥¤áâ�¢«¥−® −� à¨á. 1.

3 RGB-характеризация восприятия изображений

—â®¡ë ®å�à�ªâ¥à¨§®¢�âì ¢®á¯à¨ïâ¨¥ ¨§®¡à�¦¥−¨ï, ¤®áâ�â®ç−® ¯à¥®¡à�§®¢�âì
¥£® á ¯®¬®éìî äã−ªæ¨¨ āk:

{x} ⇒ āk ({x}) = {āk(x)} .

‚ ®¡é¥¬ á«ãç�¥ §−�ç¥−¨¥ āk ®â ¯à®¨§¢®«ì−®£® ¯¨ªá¥«� x ¬®¦−® ¢ëç¨á-
«¨âì ¯à¨ ¨−â¥à¯®«ïæ¨¨ ¯® ¡«¨¦�©è¨¬ â®çª�¬. ’�ª¨¬¨ â®çª�¬¨ ï¢«ïîâáï
¢¥àè¨−ë −�¨¬¥−ìè¥£® ¨§ RGB-ªã¡¨ª®¢, ª®â®à®¬ã ¯à¨−�¤«¥¦¨â ¯¨ªá¥« x ¨ ¢¥à-
è¨−�¬¨ ª®â®à®£® ï¢«ïîâáï ¯¨ªá¥«ë ¨§ ¬−®¦¥áâ¢� M : (R′, G′, B′); (R′′, G′, B′);
(R′, G′′, B′); (R′, G′, B′′); (R′′, G′′, B′); (R′′, G′, B′′); (R′, G′′, B′′); (R′′, G′′, B′′),
£¤¥ R′, R′′, G′, G′′, B′, B′′ | ç¨á«�, ªà�â−ë¥ 17, ¯à¨ç¥¬

R′ ≤ R ≤ R′′ = R′ + 17 ; G′ ≤ G ≤ G′′ = G′ + 17 ; B′ ≤ B ≤ B′′ = B′ + 17 .

’¥¯¥àì ¤«ï ¯à®¨§¢®«ì−®£® ¯¨ªá¥«� x ¢ á®®â¢¥âáâ¢¨¨, −�¯à¨¬¥à, á ¨−â¥à¯®«ï-
æ¨®−−®© ä®à¬ã«®© ω ¨§ [6] ¨¬¥¥¬:

āk (x) ≈ ω (x,āk,M) .

24 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 22 −®¬¥à 1 2012



�¥àá®−¨ä¨æ¨à®¢�−−®¥ ¯à¥®¡à�§®¢�−¨¥ ¯à¥¤áâ�¢«¥−¨© æ¢¥â−ëå ¨§®¡à�¦¥−¨©

÷¨á. 2 ‚¨¤ ¨§®¡à�¦¥−¨ï: (�) Img; (¡) ā0(Img); (¢) ā1(Img)

‚ ª�ç¥áâ¢¥ ¯à¨¬¥à� à�áá¬�âà¨¢�îâáï à�−¥¥ ®¯à¥¤¥«¥−−ë¥ äã−ªæ¨¨ RGB-å�-
à�ªâ¥à¨§�æ¨¨ æ¢¥â®¢®á¯à¨ïâ¨ï ā0 ¨ ā1 ¨ â¥áâ®¢®¥ ¨§®¡à�¦¥−¨¥ Img (à¨á. 2, �),
ª®â®à®¥ ¨¬¥¥â ®ç¥¢¨¤−ãî −¥¤®áâ�â®ç−ãî ¤¥â�«¨§�æ¨î −¥ª®â®àëå äà�£¬¥−â®¢ ú¢
â¥−ïåû.

‚®á¯à¨ïâ¨¥ ¯à¥¤áâ�¢«¥−¨ï ¨§®¡à�¦¥−¨ï Img −� ¬®−¨â®à¥ ¬®¦−® ¯à¥¤áª�§�âì
á ¯®¬®éìî ¨§®¡à�¦¥−¨© ā0(Img) ¨ ā1(Img), ¯à¨¢¥¤¥−−ëå −� à¨á. 2, ¡ ¨ ¢.

‡�¬¥â¨¬, çâ® −¥¤®áâ�âª¨ ¨áå®¤−®£® ¨§®¡à�¦¥−¨ï, á¢ï§�−−ë¥ á ¯®â¥à¥© ¤¥â�-
«¥© ¢ ®¡«�áâ¨ úâ¥−¥©û, ãáã£ã¡«ïîâáï ¢ ¢®á¯à¨ïâ¨¨ −�¡«î¤�â¥«ï ¯à¨ ¨å ¯à¥¤-
áâ�¢«¥−¨¨ −� ¬®−¨â®à¥. Šà®¬¥ â®£®, ¯à¨ íâ®¬ â¥àïîâáï ¨ −¥ª®â®àë¥ ¤¥â�«¨
¢ ®¡«�áâ¨ úá¢¥â®¢û. —â®¡ë ã«ãçè¨âì ¯à¥¤áâ�¢«¥−¨¥ ¨§®¡à�¦¥−¨© ¢ ¯®¤®¡−ëå
á«ãç�ïå, ¯à¨¬¥−ïîâ à�§«¨ç−ë¥ ¯à¥¤¢�à¨â¥«ì−ë¥ ¯à¥®¡à�§®¢�−¨ï.

�ãáâì ¨§¢¥áâ−® â�¡«¨ç−®¥ §�¤�−¨¥ äã−ªæ¨¨ ¯à¥¤¢�à¨â¥«ì−®£® ¯à¥®¡à�§®¢�-
−¨ï RGB-¨§®¡à�¦¥−¨ï fk,l

y = fk,l(x) , x ∈M .
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÷¨á. 3 ‚¨¤ ¨§®¡à�¦¥−¨©: (�) ā′
0,0(M); (¡) ā′

1,0(M)

‡−�ç¥−¨¥ fk,l ®â ¯à®¨§¢®«ì−®£® ¯¨ªá¥«� x ¯à®¨§¢®«ì−®£® RGB-¨§®¡à�¦¥−¨ï
¬®¦−® ¢ëç¨á«¨âì �−�«®£¨ç−® ¯à¥¤ë¤ãé¥¬ã ¯ãâ¥¬ ¨−â¥à¯®«ïæ¨¨

fk,l(x) ≈ ω (x, fk,l,M) .

„«ï ¢ëç¨á«¥−¨ï ¨§®¡à�¦¥−¨ï {ā′
k,l(x)}, ¯à¥¤áª�§ë¢�îé¥£® ¢®á¯à¨ïâ¨¥ ¯à®-

¨§¢®«ì−®£® ¨§®¡à�¦¥−¨ï {x} ¯®á«¥ ¯à¥®¡à�§®¢�−¨ï, ¤®áâ�â®ç−® ¯à¥®¡à�§®¢�âì
¨§®¡à�¦¥−¨¥ {fk,l(x)} á ¯®¬®éìî äã−ªæ¨¨ āk:

{x} ⇒ {fk,l(x)} ≈ {ω (x, fk,l,M)} ⇒ {āk (ω (x, fk,l,M))} ≈
≈ {ω (ω (x, fk,l,M) ,āk,M)} =

{
ā′
k,l(x)

}
.

‚ ª�ç¥áâ¢¥ ¯à¨¬¥à� à�áá¬�âà¨¢�îâáï à�−¥¥ ®¯à¥¤¥«¥−−ë¥ äã−ªæ¨¨ RGB-å�-
à�ªâ¥à¨§�æ¨¨ æ¢¥â®¢®á¯à¨ïâ¨ï ā0 ¨ ā1, â¥áâ®¢®¥ ¨§®¡à�¦¥−¨¥ Img ¨ äã−ªæ¨ï
¯à¥¤¢�à¨â¥«ì−®£® ¯à¥®¡à�§®¢�−¨ï fk,0, ¯®áâà®¥−−�ï ¯® ¬¥â®¤ã [12].

‚ á®®â¢¥âáâ¢¨¨ á ®¯à¥¤¥«¥−¨¥¬ äã−ªæ¨© āk ¨ fk,0 ¡ë«® ¢ëç¨á«¥−® â�¡«¨ç-
−®¥ §�¤�−¨¥ äã−ªæ¨© ā′

k,0, çâ® ¯®§¢®«¨«® ®¯à¥¤¥«¨âì ¨§®¡à�¦¥−¨ï ā′
0,0(M),

ā′
1,0(M) ¢ á®®â¢¥âáâ¢¨¨ á à¨á. 3.

�® ®¯à¥¤¥«¥−¨î fk,0 ¨á¯®«ì§®¢�−¨¥ á®®â¢¥âáâ¢ãîé¥£® íâ®© äã−ªæ¨¨ ¯à¥-
®¡à�§®¢�−¨ï ¯®§¢®«ï¥â ¬�ªá¨¬�«ì−® (−�áª®«ìª® ¯®§¢®«ï¥â æ¢¥â®¢®¥ ¯à®áâà�−áâ¢®
ª®−ªà¥â−®£® −�¡«î¤�â¥«ï) ã¢¥«¨ç¨âì áâ¥¯¥−ì ¯®¤®¡¨ï ¯à¥¤áâ�¢«¥−¨ï ¨§®¡à�¦¥-
−¨ï ¥£® ®à¨£¨−�«ã ¢ ç�áâ¨ æ¢¥â®¢®£® ¨á¯®«−¥−¨ï. �à¨ íâ®¬ ç�áâ® ã«ãçè�¥âáï
â®ç−®áâì â®−®¢®á¯à®¨§¢¥¤¥−¨ï, � á«¥¤®¢�â¥«ì−®, ¨ ¤¥â�«¨§�æ¨ï ¨§®¡à�¦¥−¨ï, çâ®
¨ ¯®¤â¢¥à¦¤�¥âáï ¢¨¤®¬ ¨§®¡à�¦¥−¨© ā′

0,0(Img) ¨ ā′
1,0(Img) −� à¨á. 4.

…á«¨ −�¨¡®«¥¥ ¢�¦−ë¬ ¯à¨ ¯à¥¤áâ�¢«¥−¨¨ ¨§®¡à�¦¥−¨© ï¢«ï¥âáï ã¢¥«¨ç¥−¨¥
áâ¥¯¥−¨ ¯®¤®¡¨ï ¯à¥¤áâ�¢«¥−¨ï ¨§®¡à�¦¥−¨ï ¥£® ®à¨£¨−�«ã ¢ ç�áâ¨ ¤¥â�«¨§�æ¨¨,
â® á«¥¤ã¥â ¯à¨¬¥−ïâì, ª�ª íâ® ¤¥«�¥âáï ¢ ¯®«¨£à�ä¨¨, ¯à¥¤¢�à¨â¥«ì−ë¥ ¯à¥®¡à�-
§®¢�−¨ï ¨§®¡à�¦¥−¨© −� ®á−®¢¥ à¥§ã«ìâ�â®¢ à�¢−®ª®−âà�áâ−ëå £à�¤�æ¨®−−ëå
¯à¥®¡à�§®¢�−¨© áâã¯¥−ç�âëå â®−®¢ëå èª�«.
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�¥àá®−¨ä¨æ¨à®¢�−−®¥ ¯à¥®¡à�§®¢�−¨¥ ¯à¥¤áâ�¢«¥−¨© æ¢¥â−ëå ¨§®¡à�¦¥−¨©

÷¨á. 4 ‚¨¤ ¨§®¡à�¦¥−¨©: (�) ā′
0,0(Img); (¡) ā′

1,0(Img)

4 Равноконтрастное градационное преобразование ступенчатых
тоновых шкал

÷�áá¬®âà¨¬ áâã¯¥−ç�âë¥ â®−®¢ë¥ èª�«ë

Ti ⊂M , i = 0, 1, . . . , 6 ,

á ª®¬¯®−¥−â�¬¨ ¢¨¤�:

T0 = {t0,j} , t0,j = {(j · 17, j · 17, j · 17);
T1 = {t1,j} ∪ {t1,15+j} , t1,j = (j · 17, 0, 0) ; t1,15+j = (255, j · 17, j · 17) ;
T2 = {t2,j} ∪ {t2,1+j} , t2,j = (j · 17, j · 17, 0) ; t2,15+j = (255, 255, j · 17) ;
T3 = {t3,j} ∪ {t3,15+j} , t3,j = (0, j · 17, 0) ; t3,15+j = (j · 17, 255, j · 17) ;
T4 = {t4,j} ∪ {t4,15+j} , t4,j = (j · 17, j · 17, 0) ; t4,15+j = (255, 255, j · 17) ;
T5 = {t5,j} ∪ {t5,15+j} , t5,j = (0, 0, j · 17) ; t5,15+j = (j · 17, j · 17, 255) ;
T6 = {t6,j} ∪ {t6,15+j} , t6,j = (j · 17, 0, j · 17) ; t6,15+j = (255, j · 17, 255) ,

j = 0, 1, . . . , 15 .

‡�¬¥â¨¬, çâ® á¥à�ï èª�«� T0 ï¢«ï¥âáï à�¢−®¬¥à−®© ¢ RGB-¯à®áâà�−áâ¢¥, �
ª�¦¤�ï ¨§ ®áâ�«ì−ëå èª�« á®áâ®¨â ¨§ ¤¢ãå à�¢−®¬¥à−ëå äà�£¬¥−â®¢ (à¨á. 5).

Š�ª ¨§¢¥áâ−®, ¢ ®¡é¥¬ á«ãç�¥ â®−®¢ë¥ èª�«ë −¥ ï¢«ïîâáï à�¢−®ª®−âà�áâ−ë-
¬¨ ¢ ¢®á¯à¨ïâ¨¨ k-£® −�¡«î¤�â¥«ï, â. ¥.

ck,1 (āk(ti,j),āk(ti,j−1)) 6= ck,1 (āk(ti,j),āk(ti,j+1)) ,
£¤¥ ck,1| ¢¨§ã�«ì−® ®¯à¥¤¥«ï¥¬ë© ª®−âà�áâ ¤¢ãå ¯¨ªá¥«®¢ ¢ æ¢¥â®¢®¬ ¯à®áâà�−-
áâ¢¥ k-£® −�¡«î¤�â¥«ï.
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’�ª¦¥ ¢ ®¡é¥¬ á«ãç�¥ â®−®¢ë¥

÷¨á. 5 ‚¨¤ {ti,j} ¢ RGB-¯à®áâà�−áâ¢¥

èª�«ë −¥ ï¢«ïîâáï à�¢−®ª®−âà�áâ−ë-
¬¨ ¢ ¢®á¯à¨ïâ¨¨ áâ�−¤�àâ−®£® −�¡«î-
¤�â¥«ï, â. ¥.

ck,2 (āk(ti,j),āk(ti,j−1)) 6=
6= ck,2 (āk(ti,j),āk(ti,j+1)) ,

£¤¥ ck,2 | ª®−âà�áâ ¤¢ãå ¯¨ªá¥«®¢
¢ æ¢¥â®¢®¬ ¯à®áâà�−áâ¢¥ k-£® −�¡«î-
¤�â¥«ï, §−�ç¥−¨¥ ª®â®à®£® �¢â®¬�â¨-
ç¥áª¨ ®¯à¥¤¥«ï¥âáï ª�ª à�ááâ®ï−¨¥
–E ¬¥¦¤ã ®¡à�§�¬¨ ¯¨ªá¥«®¢ ¢ Lab-
¯à®áâà�−áâ¢¥, ª®£¤� ¯¨ªá¥«ë áç¨â�-
îâáï à�§«¨ç�¥¬ë¬¨, ¥á«¨ ¢ë¯®«−¥−®
á®®â−®è¥−¨¥ [1]:

–E > 5 .

„«ï à�áá¬�âà¨¢�¥¬ëå á«ãç�¥¢ā0 ¨ā1 ¯¨ªá¥«ë á®®â¢¥âáâ¢ãîé¨å ¯®á«¥¤®¢�-
â¥«ì−®áâ¥© â�ª¦¥ à�á¯à¥¤¥«¥−ë ¢ Lab-¯à®áâà�−áâ¢¥ −¥à�¢−®¬¥à−®, çâ® ®âà�¦¥−®
−� à¨á. 6.

‚ [13] ¯à¥¤«®¦¥− ¬¥â®¤ ®¯à¥¤¥«¥−¨ï äã−ªæ¨¨ γk,l, l ∈ {1, 2}, ª®â®à�ï
¯à¥®¡à�§ã¥â à�¢−®¬¥à−ë¥ èª�«ë {ti,j} ¢ èª�«ë {t′k,l,i,j}:

t′k,l,i,j = γk,l(ti,j) ,

÷¨á. 6 ‚¨¤ {āk(ti,j)} ¢ Lab-¯à®áâà�−áâ¢¥: (�) k = 0; (¡) k = 1
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�¥àá®−¨ä¨æ¨à®¢�−−®¥ ¯à¥®¡à�§®¢�−¨¥ ¯à¥¤áâ�¢«¥−¨© æ¢¥â−ëå ¨§®¡à�¦¥−¨©

¤«ï ª®¬¯®−¥−â®¢ ª®â®àëå ¢ë¯®«−ï¥âáï á®®â−®è¥−¨¥:

ck,l
(
āk(t

′
k,l,i,j),āk(t

′
k,l,i,j−1)

)
≈ ck,l

(
āk(t

′
k,l,i,j),āk(t

′
k,l,i,j+1)

)
, (1)

â. ¥. èª�«ë {t′k,l,i,j} ï¢«ïîâáï à�¢−®ª®−âà�áâ−ë¬¨ ¢ á®®â¢¥âáâ¢¨¨ á l-¬ á¯®á®¡®¬
®¯à¥¤¥«¥−¨ï ª®−âà�áâ�.

�®áª®«ìªã à�ááâ®ï−¨ï ¬¥¦¤ã á®á¥¤−¨¬¨ ç«¥−�¬¨ à�¢−®¬¥à−ëå èª�« à�¢−ë

ρ(ti,j , ti,j−1) = ρ(ti,j, ti,j+1) ,

â® (1) ¬®¦−® §�¯¨á�âì ¢ ®¡é¥¬ ¢¨¤¥ ç¥à¥§ −®à¬¨à®¢�−−ë¥ §−�ç¥−¨ï ª®−âà�áâ�:

σ′k,l,i,j+1 ≈ σ′k,l,i,j , (2)

£¤¥

σ′k,l,i,j =
ck,l
(
āk(t

′
k,l,i,j),āk(t

′
k,l,i,j−1)

)

ρ(ti,j, ti,j−1)
.

�«£®à¨â¬ à¥�«¨§�æ¨¨ ¬¥â®¤� [13] −ã¦¤�¥âáï ¢ ¤®à�¡®âª¥, çâ®¡ë (2) ¢ë¯®«−ï-
«®áì ¨ ¢ á«ãç�¥ −¥à�¢−®¬¥à−ëå èª�«. „«ï íâ®£® ¤®áâ�â®ç−® ¨§¬¥−¨âì �«£®à¨â¬
®¯à¥¤¥«¥−¨ï −®¢®£® ¬¥áâ®¯®«®¦¥−¨ï £à�¤�æ¨©.

�¡®§−�ç¨¬ ç¥à¥§ Si −¥¯à¥àë¢−ë¥ èª�«ë, á®®â¢¥âáâ¢ãîé¨¥ áâã¯¥−ç�âë¬
èª�«�¬ Ti, � Gk,l,i = {gk,l,i,j}, j = 1, 2, . . . , Jk,l,i, | ¯®á«¥¤®¢�â¥«ì−®áâ¨ £à�¤�-
æ¨©, ï¢«ïîé¨¥áï ¯®¤¯®á«¥¤®¢�â¥«ì−®áâï¬¨ Si. ‘®áâ�¢ Gk,l,i §�¢¨á¨â ®â æ¢¥â®-
¢®á¯à¨ïâ¨ï k-£® −�¡«î¤�â¥«ï ¨ l-£® á¯®á®¡� ®¯à¥¤¥«¥−¨ï ª®−âà�áâ�. ‚¨¤−®, çâ®
¢ à�áá¬®âà¥−−ëå ¯à¨¬¥à�å ¤�−−ë¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¨¬¥îâ à�§«¨ç−®¥ ç¨á«®
ª®¬¯®−¥−â®¢ Jk,l,i:

i J0,1,i J1,1,i J0,2,i J1,2,i
0 54 71 19 21
1 58 69 37 24
2 53 61 37 37
3 56 61 43 32
4 59 54 29 24
5 75 63 40 45
6 67 68 36 28

˜ª�«ë {Si}, i ≥ 1, á®áâ®ïâ ¨§ ¤¢ãå à�¢−®¬¥à−ëå äà�£¬¥−â®¢. �¡®§−�ç¨¬
¨å ¤«¨−ë ç¥à¥§ Li,1 ¨ Li,2, � à�ááâ®ï−¨ï ¬¥¦¤ã ¯¨ªá¥«�¬¨ | á®®â¢¥âáâ¢¥−−®
ç¥à¥§ hi,1 ¨ hi,2.

—â®¡ë £à�¤�æ¨¨ ¡ë«¨ à�á¯à¥¤¥«¥−ë à�¢−®¬¥à−®, à�ááâ®ï−¨¥ ¬¥¦¤ã −¨¬¨
¤®«¦−® ¡ëâì à�¢−®

Hk,l,i =
Li,1 + Li,2
Jk,l,i

.
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÷¨á. 7 ‚¨¤ ¨§®¡à�¦¥−¨©: (�) {g0,2,i,j} ¢ RGB-¯à®áâà�−áâ¢¥; (¡) {ā0(g0,2,i,j)} ¢
Lab-¯à®áâà�−áâ¢¥

÷¨á. 8 ‚¨¤ ¨§®¡à�¦¥−¨©: (�) {g1,2,i,j} ¢ RGB-¯à®áâà�−áâ¢¥; (¡) {ā1(g1,2,i,j)} ¢
Lab-¯à®áâà�−áâ¢¥
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�¥àá®−¨ä¨æ¨à®¢�−−®¥ ¯à¥®¡à�§®¢�−¨¥ ¯à¥¤áâ�¢«¥−¨© æ¢¥â−ëå ¨§®¡à�¦¥−¨©

‚ á¢ï§¨ á íâ¨¬ −� ¯¥à¢®¬ äà�£¬¥−â¥ èª�« {Si} ¤®«¦−® ¡ëâì à�á¯à¥¤¥«¥−®
(1 + [Li,1/Hk,l,i]) £à�¤�æ¨©, � −� ¢â®à®¬ | (Jk,l,i − [Li,1/Hk,l,i]).

�®á«¥ ®¯à¥¤¥«¥−¨ï −®¢®£® ¬¥áâ®¯®«®¦¥−¨ï £à�¤�æ¨© ¯à¨¡«¨¦¥−−ë¥ §−�ç¥−¨ï
äã−ªæ¨¨ à�¢−®ª®−âà�áâ−®£® £à�¤�æ¨®−−®£® ¯à¥®¡à�§®¢�−¨ï γk,l, ®¡¥á¯¥ç¨¢�-
îé¥© ¢ë¯®«−¥−¨¥ (2), ¢ëç¨á«ïîâáï ¯à¨ «¨−¥©−®© ¨−â¥à¯®«ïæ¨¨ ®¡ëç−ë¬ ¯ãâ¥¬.

„«ï ¤¢ãå à�áá¬�âà¨¢�¥¬ëå á«ãç�¥¢ ¯à¨ l = 2 ¡ë«¨ −�©¤¥−ë à�§«¨ç−ë¥ ¯®
ª®«¨ç¥áâ¢¥−−®¬ã ¨ ª�ç¥áâ¢¥−−®¬ã á®áâ�¢ã ¯®á«¥¤®¢�â¥«ì−®áâ¨ £à�¤�æ¨©, ®âà�-
¦¥−−ë¥ −� à¨á. 7 ¨ 8.

‚ à¥§ã«ìâ�â¥ à�¢−®ª®−âà�áâ−ëå £à�¤�æ¨®−−ëå ¯à¥®¡à�§®¢�−¨© ªãá®ç−®-à�¢-
−®¬¥à−ë¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ {Ti} ¡ë«¨ ¯à¥®¡à�§®¢�−ë ¢ −¥à�¢−®¬¥à−ë¥, −®
¯à¨¡«¨¦¥−−® à�¢−®ª®−âà�áâ−ë¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ {T ′

k,2,i}, ¯à¥¤áâ�¢«¥−−ë¥ −�
à¨á. 9 ¨ 10.

‚¢¥¤¥¬ ®¡®§−�ç¥−¨ï:

σk,l,i,j =
ck,l (āk(ti,j),āk(ti,j−1))

ρ(ti,j , ti,j−1)
; σ′′k,l,i,j =

ck,l
(
t′k,l,i,j, t

′
k,l,i,j−1

)

ρ(ti,j, ti,j−1)
.

‘à�¢−¨â¥«ì−ë© �−�«¨§ ¯®á«¥¤®¢�â¥«ì−®áâ¥© §−�ç¥−¨© {t1,j}, {t′k,l,1,j},
{āk(t1,j)}, {āk(t′k,l,1,j)}, {σk,l,1,j}, {σ′k,l,1,j} ¨ {σ′′k,l,1,j}, ¯à®¨««îáâà¨à®¢�−-
−ë© à¨á. 11{13, ¯®ª�§ë¢�¥â áãé¥áâ¢¥−−ë¥ ¨§¬¥−¥−¨ï. ’�ª, ¯®á«¥ ¯à¨¬¥−¥−¨ï

÷¨á. 9 ‚¨¤ ¨§®¡à�¦¥−¨©: (�) {t′0,2,i,j} ¢ RGB-¯à®áâà�−áâ¢¥; (¡) {ā0(t′0,2,i,j)} ¢
Lab-¯à®áâà�−áâ¢¥
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÷¨á. 10 ‚¨¤ ¨§®¡à�¦¥−¨©: (�) {t′1,2,i,j} ¢ RGB-¯à®áâà�−áâ¢¥; (¡) {ā1(t′1,2,i,j)} ¢
Lab-¯à®áâà�−áâ¢¥

¯à¥¤«®¦¥−−®£® ¬¥â®¤� ¤¨�¯�§®− ¨§¬¥−¥−¨ï ª®−âà�áâ� ¤«ï à�áá¬®âà¥−−ëå á«ãç�¥¢
ã¬¥−ìè¨«áï ¡®«¥¥ ç¥¬ ¢ âà¨ à�§�.

„�«¥¥ §�©¬¥¬áï ®¯à¥¤¥«¥−¨¥¬ äã−ªæ¨© ¯à¥¤¢�à¨â¥«ì−ëå ¯à¥®¡à�§®¢�−¨©
¨§®¡à�¦¥−¨© fk,l ¢ á®®â¢¥âáâ¢¨¨ á äã−ªæ¨ï¬¨ γk,l à�¢−®ª®−âà�áâ−ëå £à�¤�æ¨®−-
−ëå ¯à¥®¡à�§®¢�−¨© áâã¯¥−ç�âëå â®−®¢ëå èª�«.

5 Определение функции fk,l

„«ï ®¯à¥¤¥«¥−¨ï −� ¬−®¦¥áâ¢¥ M â�¡«¨ç−®£® §�¤�−¨ï äã−ªæ¨¨ fk,l, á®£«�-
á®¢�−−®© á äã−ªæ¨¥© γk,l, ¤®áâ�â®ç−® ¯à¨à�¢−ïâì ¥¥ §−�ç¥−¨ï §−�ç¥−¨ï¬ γk,l
¤«ï â¥å ¯¨ªá¥«®¢, ª®â®àë¥ ¯à¨−�¤«¥¦�â á®¢®ªã¯−®áâ¨ â®−®¢ëå èª�« {Ti}, ¨
ª®àà¥ªâ−® ¤®®¯à¥¤¥«¨âì ¥¥ §−�ç¥−¨ï ¤«ï ®áâ�¢è¨åáï ¯¨ªá¥«®¢ ¬−®¦¥áâ¢� M .

�ãáâì ¯¨ªá¥« x ¯à¨−�¤«¥¦¨â ®âà¥§ªã [x0, x1], ª®−æë ª®â®à®£® ï¢«ïîâáï
á®á¥¤−¨¬¨ ¯¨ªá¥«�¬¨ ª�ª®©-«¨¡® â®−®¢®© èª�«ë. �®áª®«ìªã §−�ç¥−¨ï γk,l(x0)
¨ γk,l(x1) ¨§¢¥áâ−ë, â® ¯®«�£�¥¬

fk,l(p) =
γk,l(p0)ρ(p, p1) + γk,l(p1)ρ(p0, p)

ρ (p0, p1)
, x ∈ [x0, x1] , (3)

£¤¥ ρ | à�ááâ®ï−¨¥ ¬¥¦¤ã ¤¢ã¬ï ¯¨ªá¥«�¬¨ ¢ RGB-¯à®áâà�−áâ¢¥.
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÷¨á. 11 ÷¥§ã«ìâ�âë ¯à¥®¡à�§®¢�−¨© γ1,2: (�) (R,G,B)j = t1,j, (R
′, G′, B′)j = t

′
1,2,1,j;

(¡) (R,G,B)j = ā1(t1,j), (R
′, G′, B′)j = ā1(t

′
1,2,1,j); 1 | R; 2 | G; 3 | B; 4 | R′;

4 | G′; 6 | B′

÷¨á. 12 �®ª�§�â¥«¨ ª®−âà�áâ� ¤® ¨ ¯®á«¥ ¯à¥®¡à�§®¢�−¨ï γ0,2: 1 | {σ′′
0,2,1,j}; 2 |

{σ0,2,1,j}; 3 | {σ′
0,2,1,j}
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÷¨á. 13 �®ª�§�â¥«¨ ª®−âà�áâ� ¤® ¨ ¯®á«¥ ¯à¥®¡à�§®¢�−¨ï γ1,2: 1 | {σ′′
1,2,1,j}; 2 |

{σ1,2,1,j}; 3 | {σ′
1,2,1,j}

‚® ¢á¥å ¤àã£¨å á«ãç�ïå ¢ëç¨á«¨¬ â®çª¨ ¯¥à¥á¥ç¥−¨ï ¯«®áª®áâ¨, ¯à®å®¤ïé¥©
ç¥à¥§ ¤�−−ãî â®çªã x0 ¯¥à¯¥−¤¨ªã«ïà−® á¥à®© ®á¨ RGB-ªã¡�, ¨ «®¬�−ë¬¨
«¨−¨ï¬¨, á®®â¢¥âáâ¢ãîé¨¬¨ á¥à®© ¨ ¤¢ã¬ à�§−ë¬ ¡«¨¦�©è¨¬ æ¢¥â−ë¬ â®−®¢ë¬
èª�«�¬. �¡®§−�ç¨¬ ¯®«ãç¥−−ë¥ ¯¨ªá¥«ë x0, x1 ¨ x2 á®®â¢¥âáâ¢¥−−®.

„«ï ª�¦¤®© ¨§ íâ¨å â®ç¥ª −�©¤¥âáï ¯�à� ¯¨ªá¥«®¢ á®®â¢¥âáâ¢ãîé¥© â®−®¢®©
èª�«ë, ª®â®àë¥ ï¢«ïîâáï ª®−æ�¬¨ ®âà¥§ª�, á®¤¥à¦�é¥£® íâã â®çªã. Œ®¦¥¬
®¯à¥¤¥«¨âì ¢ −¨å §−�ç¥−¨ï γk,l(x0), γk,l(x1) ¨ γk,l(x2), ¢®á¯®«ì§®¢�¢è¨áì (3).

‚¢¥¤¥¬ ¢ à�áá¬®âà¥−¨¥ ¬�âà¨æã

Ak,l(x) = {ak,l,i,j} , i, j ∈ {0, 1, 2} .

�¯à¥¤¥«¨¬ ¥¥ ª®¬¯®−¥−âë ¨§ á¨áâ¥¬ë ãà�¢−¥−¨©:

Ak,l(x)xn = γk,l(xn) , n ∈ {0, 1, 2} .

�®áª®«ìªã â®çª¨ x0, x1 ¨ x2 §�¢¥¤®¬® −¥ «¥¦�â −� ®¤−®© ¯àï¬®©, â® à¥è¥−¨¥
á¨áâ¥¬ë ãà�¢−¥−¨© áãé¥áâ¢ã¥â, ï¢«ï¥âáï ¥¤¨−áâ¢¥−−ë¬ ¨ ¬®¦¥â ¡ëâì ¢ëç¨á«¥−®
á ¯®¬®éìî ¨§¢¥áâ−ëå ¬¥â®¤®¢.

’¥¯¥àì äã−ªæ¨ï fk,l ¬®¦¥â ¡ëâì á«¥¤ãîé¨¬ ®¡à�§®¬ ®¯à¥¤¥«¥−� ¤«ï ¢á¥å
¯¨ªá¥«®¢ ¬−®¦¥áâ¢� M :

fk,l(x) = Ak,l(x)x .

‘®®â¢¥âáâ¢ãîé�ï äã−ªæ¨ï ā′
k,l ¨¬¥¥â ¢¨¤:

ā′
k,l(x) = ω (ω (x,Ak,l(x),M) ,āk,M) , x ∈M .
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6 Примеры применения функций fk,l

‚ á®®â¢¥âáâ¢¨¨ á ®¯à¥¤¥«¥−¨¥¬ äã−ªæ¨© āk ¨ fk,l ¡ë«® ¢ëç¨á«¥−® â�¡«¨ç−®¥
§�¤�−¨¥ äã−ªæ¨© ā′

k,l, k ∈ {0, 1}, l ∈ {1, 2} (à¨á. 14).

�â® ¯®§¢®«¨«® ¯®áâà®¨âì ¨§®¡à�¦¥−¨ïā′
k,l(Img) (à¨á. 15 ¨ 16), ¯à¥¤áª�§ë¢�-

îé¨¥ ¢®á¯à¨ïâ¨¥ â¥áâ®¢®£® ¨§®¡à�¦¥−¨ï ¯®á«¥ â®£®, ª�ª ®−® ¡ë«® ¯à¥®¡à�§®¢�−®
á ¯®¬®éìî äã−ªæ¨© fk,l, k ∈ {0, 1}, l ∈ {1, 2}.

‡�¬¥â¨¬, çâ®, ª�ª ¨ á«¥¤®¢�«® ®¦¨¤�âì, ¢ à�áá¬®âà¥−−ëå ¯à¨¬¥à�å ¯®á«¥
¯à¥¤¢�à¨â¥«ì−ëå ¯à¥®¡à�§®¢�−¨© −� ®á−®¢¥ à�¢−®ª®−âà�áâ−®£® £à�¤�æ¨®−−®£®
¯à¥®¡à�§®¢�−¨ï áâã¯¥−ç�âëå â®−®¢ëå èª�« ã«ãçè¨«�áì ¤¥â�«¨§�æ¨ï ¯à¥¤áâ�¢-
«¥−¨ï ¨§®¡à�¦¥−¨©. �á®¡¥−−® §�¬¥â−ë¥ ã«ãçè¥−¨ï ¯® ¤¥â�«¨§�æ¨¨ ¯à¥¤áâ�¢«¥-

÷¨á. 14 ‚¨¤ ¨§®¡à�¦¥−¨©: (�) ā′
0,1(M); (¡) ā′

0,2(M); (¢) ā′
1,1(M); (£) ā′

1,2(M)

÷¨á. 15 ‚¨¤ ¨§®¡à�¦¥−¨©: (�) ā′
0,1(Img); (¡) ā′

0,2(Img)
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÷¨á. 16 ‚¨¤ ¨§®¡à�¦¥−¨©: (�) ā′
1,1(Img), (¡) ā′

1,2(Img)

−¨ï ¨§®¡à�¦¥−¨ï ®¡¥á¯¥ç¨«¨ ¯¥àá®−¨ä¨æ¨à®¢�−−ë¥ ¯à¥®¡à�§®¢�−¨ï á ¯®¬®éìî
äã−ªæ¨© fk,1, k ∈ {0, 1}.

7 Заключение

÷�áá¬®âà¥−� §�¤�ç� ã«ãçè¥−¨ï ª�ç¥áâ¢� ¯à¥¤áâ�¢«¥−¨ï æ¢¥â−ëå ¨§®¡à�¦¥−¨©
−� ¬®−¨â®à¥ ¢ ç�áâ¨ ¯®¢ëè¥−¨ï â®ç−®áâ¨ â®−®¢®á¯à®¨§¢¥¤¥−¨ï. �à¥¤«�£�¥âáï
ç¨á«¥−−ë© ¬¥â®¤ ¥¥ à¥è¥−¨ï, á®áâ®ïé¨© ¢ ®¯à¥¤¥«¥−¨¨ ¯¥àá®−¨ä¨æ¨à®¢�−-
−®© äã−ªæ¨¨ ¯à¥¤¢�à¨â¥«ì−®£® ¯à¥®¡à�§®¢�−¨ï ¨§®¡à�¦¥−¨©, á®£«�á®¢�−−®© á
äã−ªæ¨¥© à�¢−®ª®−âà�áâ−®£® £à�¤�æ¨®−−®£® ¯à¥®¡à�§®¢�−¨ï áâã¯¥−ç�âëå â®−®-
¢ëå èª�«.

‚ á¢ï§¨ á −¥¨§¡¥¦−ë¬¨ ¯®£à¥è−®áâï¬¨ ¨§¬¥à¥−¨© ¨ ¢ëç¨á«¥−¨ï äã−ªæ¨¨
à�¢−®ª®−âà�áâ−®£® £à�¤�æ¨®−−®£® ¯à¥®¡à�§®¢�−¨ï, á −¥â®ç−®áâìî â¥áâ¨à®¢�−¨ï
æ¢¥â®¢®á¯à¨ïâ¨ï, á ¤¨áªà¥â−®áâìî á¢ï§�−−ëå æ¢¥â®¢ëå ¯à®áâà�−áâ¢ ¨ á −¥®¡-
å®¤¨¬®áâìî ¯à¨¬¥−¥−¨ï ç¨á«¥−−ëå ¬¥â®¤®¢ ¢®§¬®¦−® â®«ìª® ¯à¨¡«¨¦¥−−®¥
®¯à¥¤¥«¥−¨¥ äã−ªæ¨© ¯à¥¤¢�à¨â¥«ì−®£® ¯à¥®¡à�§®¢�−¨ï ¨§®¡à�¦¥−¨©.

’¥¬ −¥ ¬¥−¥¥, à¥§ã«ìâ�âë ¯à�ªâ¨ç¥áª®© à¥�«¨§�æ¨¨ ¯®ª�§ë¢�îâ íää¥ªâ¨¢-
−®áâì ¯à¨¬¥−¥−¨ï ¬¥â®¤�. �à¨¬¥−¥−¨¥ ¢ëç¨á«¥−−ëå äã−ªæ¨© ¯à¥¤¢�à¨â¥«ì−®£®
¯à¥®¡à�§®¢�−¨ï ¯®§¢®«ï¥â ã«ãçè¨âì ª�ç¥áâ¢® ¯à¥¤áâ�¢«¥−¨ï ¨§®¡à�¦¥−¨© −�
¬®−¨â®à¥ ¢ ç�áâ¨ ¨å ¤¥â�«¨§�æ¨¨.

„¥â�«¨§�æ¨ï ¨§®¡à�¦¥−¨© ã«ãçè�«�áì, ¤�¦¥ ¥á«¨ −¥ ¯à®¢®¤¨«®áì à¥�«ì−®¥
£à�¤�æ¨®−−®¥ â¥áâ¨à®¢�−¨¥ −�¡«î¤�â¥«ï, ¨ £à�¤�æ¨¨ ®¯à¥¤¥«ï«¨áì ¯à¨ �¢â®¬�-
â¨ç¥áª®¬ ¢¨àâã�«ì−®¬ Lab-â¥áâ¨à®¢�−¨¨ ¢ æ¢¥â®¢®¬ ¯à®áâà�−áâ¢¥ −�¡«î¤�â¥«ï.
�¤−�ª®, ª�ª ¨ á«¥¤®¢�«® ®¦¨¤�âì, −�¨«ãçè¨å à¥§ã«ìâ�â®¢ ã¤�¥âáï ¤®¡¨âìáï,
¥á«¨ ¯à¨ ¢ëç¨á«¥−¨¨ äã−ªæ¨¨ ¯à¥¤¢�à¨â¥«ì−®£® ¯à¥®¡à�§®¢�−¨ï ¨á¯®«ì§ãîâáï
¤�−−ë¥ à¥�«ì−®£® â¥áâ¨à®¢�−¨ï.
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÷¥§ã«ìâ�âë à�¡®âë ¨¬¥îâ ¢�¦−®¥ ¯à�ªâ¨ç¥áª®¥ §−�ç¥−¨¥, ¯®áª®«ìªã ¯à¨-
¬¥−¨¬ë ¯à¨ à¥è¥−¨¨ §�¤�ç ¯®¢ëè¥−¨ï ª�ç¥áâ¢� æ¢¥â®¢®á¯à®¨§¢¥¤¥−¨ï −� ¯¥-
à¨ä¥à¨©−ëå ãáâà®©áâ¢�å ��‚Œ −¥ â®«ìª® ¢ ¨−â¥à¥á�å ¯®«ì§®¢�â¥«¥©, çì¥
æ¢¥â®¢®á¯à¨ïâ¨¥ ¡«¨§ª® ª æ¢¥â®¢®á¯à¨ïâ¨î úáâ�−¤�àâ−®£®û −�¡«î¤�â¥«ï, −® ¨ ¢
¨−â¥à¥á�å ¯à®¨§¢®«ì−ëå ¯®«ì§®¢�â¥«¥©, ¢®§¬®¦−®, ¨¬¥îé¨å �−®¬�«¨¨ æ¢¥â®¢®-
£® §à¥−¨ï.

�¢â®àë ¢ëà�¦�îâ ¡«�£®¤�à−®áâì ª®««¥£¥ …. ‚. ÷ï¡¨−ª¨−ã §� á®§¤�−¨¥ ¯à®-
£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï, á ¯®¬®éìî ª®â®à®£® ¡ë«¨ á®§¤�−ë ¨««îáâà�æ¨¨, ¯à¨-
¢¥¤¥−−ë¥ ¢ ¤�−−®© à�¡®â¥.

Литература

1. �«¥ªá�−¤à®¢ „. ÷�¢−®ª®−âà�áâ−®¥ £à�¤�æ¨®−−®¥ ¯à¥®¡à�§®¢�−¨¥ ¯®«¨£à�ä¨ç¥áª¨å
¨§®¡à�¦¥−¨© // �®«¨£à�ä¨ï, 1999. ü 1. ‘. 25{26.

2. „¦�¤¤ „., ‚ëè¥æª¨ ƒ. –¢¥â ¢ −�ãª¥ ¨ â¥å−¨ª¥. | Œ.: Œ¨à, 1978.

3. Jenny B., Vaughn Kelso N. Color Oracle: Design for the color impaired. http://
colororacle.cartography.ch.

4. Vischeck. http://www.vischeck.com.

5. �àå¨¯®¢ �. �., ‡ëª®¢� ‡. �. �¥ª®â®àë¥ ä®à¬ë ¯à¥¤áâ�¢«¥−¨ï æ¢¥â®¢®£® ¯à®-
áâà�−áâ¢� RGB // ˆ−ä®à¬�æ¨®−−ë¥ â¥å−®«®£¨¨, 1999. ü 3. C. 17{23.

6. �àå¨¯®¢ �. �., ‡ëª®¢� ‡. �. ˆ−â¥£à�æ¨ï £¥â¥à®£¥−−®© ¨−ä®à¬�æ¨¨ ® æ¢¥â−ëå
¯¨ªá¥«ïå ¨ ¨å æ¢¥â®¢®á¯à¨ïâ¨¨ // ˆ−ä®à¬�â¨ª� ¨ ¥ñ ¯à¨¬¥−¥−¨ï, 2010. ’. 4.
‚ë¯. 4. ‘. 14{25.

7. �àå¨¯®¢ �. �., ‡ëª®¢� ‡. �. ”ã−ªæ¨®−�«ì−®¥ ®¯¨á�−¨¥ ¨−¤¨¢¨¤ã�«ì−®£® æ¢¥â®-
¢®á¯à¨ïâ¨ï // ˆ−ä®à¬�æ¨®−−ë¥ á¨áâ¥¬ë ¨ â¥å−®«®£¨¨, 2010. ü 5. ‘. 5{12.

8. �àå¨¯®¢ �. �., ‡ëª®¢� ‡. �. RGB-å�à�ªâ¥à¨§�æ¨ï ¯à®áâà�−áâ¢� æ¢¥â®¢®á¯à¨ï-
â¨ï // ‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨. | Œ.: ˆ�ˆ ÷��, 2010. ‚ë¯. 20. ü 1.
‘. 73{90.

9. �àå¨¯®¢ �. �., ‡ëª®¢� ‡. �. �à®£à�¬¬−�ï á¨áâ¥¬� ¬−®£®ªà¨â¥à¨�«ì−®£® ¢ë¡®à� ¨
â¥áâ¨à®¢�−¨ï ¬−®¦¥áâ¢� â¥áâ-¯¨ªá¥«¥© ¤«ï ¨áá«¥¤®¢�−¨ï æ¢¥â®¢®á¯à¨ïâ¨ï (IP 9 3):
‘¢¨¤¥â¥«ìáâ¢® ® £®áã¤�àáâ¢¥−−®© à¥£¨áâà�æ¨¨ ¯à®£à�¬¬ë ¤«ï �‚Œ ü 2010613793
®â 09.06.2010.

10. �àå¨¯®¢ �. �., ‡ëª®¢� ‡. �. Œ−®£®ªà¨â¥à¨�«ì−ë© ¢ë¡®à â¥áâ®¢®£® ¬−®¦¥áâ¢�
¯à¨ ¨áá«¥¤®¢�−¨¨ æ¢¥â®¢®á¯à¨ïâ¨ï // ˆ−ä®à¬�æ¨®−−ë¥ â¥å−®«®£¨¨, 2011. ü 2.
‘. 67{73.

11. �àå¨¯®¢ �. �., ‡ëª®¢� ‡. �. �à®£à�¬¬−�ï á¨áâ¥¬� ¢¨§ã�«ì−®£® â¥áâ¨à®¢�−¨ï ¨
¯à¥¤áª�§�−¨ï ¢®á¯à¨ïâ¨ï æ¢¥â−ëå ¨§®¡à�¦¥−¨© (T 10): ‘¢¨¤¥â¥«ìáâ¢® ® £®áã¤�à-
áâ¢¥−−®© à¥£¨áâà�æ¨¨ ¯à®£à�¬¬ë ¤«ï �‚Œ ü 2011613764 ®â 13.05.2011.

12. ‘®ª®«®¢ ˆ. �., �àå¨¯®¢ �. �., ‡�å�à®¢ ‚. �., ‡ëª®¢� ‡. �., �àå¨¯®¢ �. �.
‘¯®á®¡ ª®¬¯ìîâ¥à−®£® à�á¯®§−�¢�−¨ï ¨ ¢¨§ã�«ì−®£® ¢®á¯à®¨§¢¥¤¥−¨ï æ¢¥â−ëå ¨§®¡-
à�¦¥−¨©: ��â¥−â ÷” ü 2005130683 ®â 04.10.05 // �î«. ü 8 ®â 20.03.07.

13. �àå¨¯®¢ �. �., ‡ëª®¢� ‡. �. ÷�¢−®ª®−âà�áâ−ë¥ £à�¤�æ¨®−−ë¥ ¯à¥®¡à�§®¢�−¨ï
áâã¯¥−ç�âëå â®−®¢ëå èª�« // ˆ−ä®à¬�æ¨®−−ë¥ á¨áâ¥¬ë ¨ â¥å−®«®£¨¨, 2011. ü 4.
‘. 39{46.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 22 −®¬¥à 1 2012 37



‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ, 2012. ’. 22. ü 1. ‘. 38{48

СИСТЕМА ХАРАКТЕРИЗАЦИИ САМОСИНХРОННЫХ
ЭЛЕМЕНТОВ

Ю. Г. Дьяченко1, Н. В. Морозов2, Д. Ю. Степченков3, Ю. А. Степченков4

�−−®â�æ¨ï: �à¥¤áâ�¢«¥−� ¬¥â®¤¨ª� å�à�ªâ¥à¨§�æ¨¨ (¨§¢«¥ç¥−¨ï ¢à¥¬¥−−‚ëå
¨ í«¥ªâà¨ç¥áª¨å ¯�à�¬¥âà®¢ ¤«ï ä®à¬¨à®¢�−¨ï äã−ªæ¨®−�«ì−®-«®£¨ç¥áª®©
¬®¤¥«¨) í«¥¬¥−â®¢ ¡¨¡«¨®â¥ª¨ ¤«ï ¯à®¥ªâ¨à®¢�−¨ï á�¬®á¨−åà®−−ëå (‘‘)
áå¥¬. �®ª�§�−®, çâ® á¯¥æ¨ä¨ª� ¯®¢¥¤¥−¨ï ‘‘-í«¥¬¥−â®¢ −�ª«�¤ë¢�¥â ¤®¯®«-
−¨â¥«ì−ë¥ ®£à�−¨ç¥−¨ï −� ¯à®æ¥áá å�à�ªâ¥à¨§�æ¨¨ ¨ ¯à¨¢®¤¨â ª ¨§¬¥−¥−¨î
á¬ëá«� −¥ª®â®àëå ¯�à�¬¥âà®¢ ¬®¤¥«¨ í«¥¬¥−â�. �¯¨á�−� ¯à®£à�¬¬−�ï á¨á-
â¥¬� å�à�ªâ¥à¨§�æ¨¨ ‘‘-í«¥¬¥−â®¢. �à¥¤áâ�¢«¥−ë à¥§ã«ìâ�âë ¥¥ ®¯ëâ−®©
íªá¯«ã�â�æ¨¨.

Š«îç¥¢ë¥ á«®¢�: á�¬®á¨−åà®−−ë¥ í«¥¬¥−âë; å�à�ªâ¥à¨§�æ¨ï; äã−ªæ¨®-
−�«ì−®-«®£¨ç¥áª�ï ¬®¤¥«ì; ¯à®£à�¬¬−ë¥ áà¥¤áâ¢�

1 Введение

÷�§à�¡®âª� á®¢à¥¬¥−−ëå ¡®«ìè¨å ¨−â¥£à�«ì−ëå áå¥¬ (�ˆ‘) −¥¢®§¬®¦−�
¡¥§ ¨á¯®«ì§®¢�−¨ï £®â®¢ëå ¡¨¡«¨®â¥ª áâ�−¤�àâ−ëå í«¥¬¥−â®¢ à�§−®£® ãà®¢−ï |
®â ¯à®áâ¥©è¨å «®£¨ç¥áª¨å í«¥¬¥−â®¢ ¤® äà�£¬¥−â®¢ ¯�¬ïâ¨ ¨ á«®¦−ëå äã−ª-
æ¨®−�«ì−ëå ¡«®ª®¢. �®âà¥¡¨â¥«ìáª¨¥ å�à�ªâ¥à¨áâ¨ª¨ áå¥¬ë | ª®«¨ç¥áâ¢®
âà�−§¨áâ®à®¢, ¯«®é�¤ì à¥�«¨§�æ¨¨, ¡ëáâà®¤¥©áâ¢¨¥, í−¥à£®¯®âà¥¡«¥−¨¥ | −¥ ¢
¯®á«¥¤−îî ®ç¥à¥¤ì §�¢¨áïâ ®â äã−ªæ¨®−�«ì−®£® á®áâ�¢� ¨á¯®«ì§ã¥¬®© ¡¨¡«¨®-
â¥ª¨ áâ�−¤�àâ−ëå í«¥¬¥−â®¢. �á®¡¥−−® á¨«ì−® íâ® ¯à®ï¢«ï¥âáï ¯à¨ ¯à®¥ªâ¨-
à®¢�−¨¨ ‘‘-áå¥¬. �¡ãá«®¢«¥−® íâ® −¥®¡å®¤¨¬®áâìî ¨−¤¨æ¨à®¢�âì (®¯à¥¤¥«ïâì
¬®¬¥−â ®ª®−ç�−¨ï ¯¥à¥ª«îç¥−¨ï) ª�¦¤ë© í«¥¬¥−â ¢ á®áâ�¢¥ ‘‘-áå¥¬ë. �®¤ í«¥-
¬¥−â®¬ §¤¥áì ¯®−¨¬�¥âáï ®¤−®ª�áª�¤−�ï ¯à¨−æ¨¯¨�«ì−�ï áå¥¬�, ¢ë¯®«−ïîé�ï
−¥ª®â®àãî «®£¨ç¥áªãî äã−ªæ¨î.

‘®¢à¥¬¥−−ë¥ ¡¨¡«¨®â¥ª¨ áâ�−¤�àâ−ëå í«¥¬¥−â®¢ ¤«ï ¯à®¥ªâ¨à®¢�−¨ï §�ª�§-
−ëå �ˆ‘, ª�ª ¯à�¢¨«®, −¥ ãç¨âë¢�îâ ãª�§�−−®© á¯¥æ¨ä¨ª¨ ‘‘-áå¥¬. �â®
§�áâ�¢«ï¥â à�§à�¡®âç¨ª®¢ ‘‘-�ˆ‘ ¢¢®¤¨âì ¢ á®áâ�¢ £®â®¢®© á¥àâ¨ä¨æ¨à®¢�−-
−®© ¡¨¡«¨®â¥ª¨ −®¢ë¥ í«¥¬¥−âë, ¯®¢ëè�îé¨¥ íää¥ªâ¨¢−®áâì ¯à®¥ªâ¨à®¢�−¨ï
‘‘-áå¥¬ ¨ ã«ãçè�îé¨¥ ¨å ¯®âà¥¡¨â¥«ìáª¨¥ å�à�ªâ¥à¨áâ¨ª¨.

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, diaura@mail.ru
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, NMorozov@ipiran.ru
3ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, Stepchenkov@mail.ru
4ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, YStepchenkov@ipiran.ru
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�® ¢ íâ®¬ á«ãç�¥ à�§à�¡®âç¨ª�¬ ¯à¨å®¤¨âáï áâ�«ª¨¢�âìáï á −¥®¡å®¤¨¬®áâìî
å�à�ªâ¥à¨§�æ¨¨ ¤®¡�¢«ï¥¬ëå ¢ ¡¨¡«¨®â¥ªã í«¥¬¥−â®¢, çâ®¡ë ¨¬¥âì ¢®§¬®¦−®áâì
¨á¯®«ì§®¢�âì ¨å ¢ âà�¤¨æ¨®−−®¬ ¬�àèàãâ¥ ¯à®¥ªâ¨à®¢�−¨ï �ˆ‘ á ¯à¨¬¥−¥−¨¥¬
¨¬¥îé¨åáï á¨áâ¥¬ �¢â®¬�â¨§¨à®¢�−−®£® ¯à®¥ªâ¨à®¢�−¨ï (‘��÷). ‚ −�áâ®ïé¥¥
¢à¥¬ï ¨§¢¥áâ−ë à�§«¨ç−ë¥ ¯à®£à�¬¬−ë¥ áà¥¤áâ¢� å�à�ªâ¥à¨§�æ¨¨ í«¥¬¥−â®¢
áâ�−¤�àâ−ëå ¡¨¡«¨®â¥ª, −�¯à¨¬¥à [1{3]. �¤−�ª® ®−¨ −¥ ãç¨âë¢�îâ á¯¥æ¨ä¨ª¨
äã−ªæ¨®−¨à®¢�−¨ï ‘‘-í«¥¬¥−â®¢ ¨ −¥ ¯®§¢®«ïîâ ¨§-§� íâ®£® ¯®«ãç¨âì ¤«ï −¨å
�¤¥ª¢�â−ë¥ äã−ªæ¨®−�«ì−®-«®£¨ç¥áª¨¥ ¬®¤¥«¨.

„�−−�ï à�¡®â� ¯®á¢ïé¥−� ¯à®¡«¥¬�¬ å�à�ªâ¥à¨§�æ¨¨ í«¥¬¥−â®¢, á®áâ�¢«ï-
îé¨å áå¥¬®â¥å−¨ç¥áª¨© ¡�§¨á à�§à�¡®âª¨ ‘‘-áå¥¬, ¨ á®§¤�−¨ï ¯à®£à�¬¬−®£®
ª®¬¯«¥ªá� �¢â®¬�â¨§¨à®¢�−−®© å�à�ªâ¥à¨§�æ¨¨ â�ª¨å í«¥¬¥−â®¢.

2 Состав библиотеки самосинхронных элементов

�ää¥ªâ¨¢−®áâì ¯à®¥ªâ¨à®¢�−¨ï �ˆ‘ á ¨á¯®«ì§®¢�−¨¥¬ ¡¨¡«¨®â¥ª¨ áâ�−-
¤�àâ−ëå í«¥¬¥−â®¢ ®¯à¥¤¥«ï¥âáï ª®«¨ç¥áâ¢¥−−ë¬ ¨ ª�ç¥áâ¢¥−−ë¬ á®áâ�¢®¬ ¡¨¡-
«¨®â¥ª¨, ®¯â¨¬�«ì−®áâìî ¨á¯®«ì§®¢�−−ëå áå¥¬®â¥å−¨ç¥áª¨å ¨ â®¯®«®£¨ç¥áª¨å
à¥è¥−¨©, � â�ª¦¥ ¤®áâ®¢¥à−®áâìî å�à�ªâ¥à¨áâ¨ª í«¥¬¥−â�, §�«®¦¥−−ëå ¢ ¥£®
¬®¤¥«ì.

Š −�áâ®ïé¥¬ã ¢à¥¬¥−¨ ¢ ˆ�ˆ ÷�� à�§à�¡®â�−� ¡¨¡«¨®â¥ª� ‘‘-í«¥¬¥−â®¢
IPI18 [4] ¤«ï ¯à®¥ªâ¨à®¢�−¨ï ŠŒ�� (ª®¬¯«¥¬¥−â�à−ë© ¬¥â�««{®ªá¨¤{¯®«ã-
¯à®¢®¤−¨ª) �ˆ‘ ¯® â¥å−®«®£¨¨ á ¯à®¥ªâ−ë¬¨ −®à¬�¬¨ 180 −¬ ¨ −¨¦¥. �−�
¢ª«îç�¥â 100 í«¥¬¥−â®¢ à�§«¨ç−®© á«®¦−®áâ¨:

{ ®¤−®ª�áª�¤−ë¥ ª®¬¡¨−�æ¨®−−ë¥ í«¥¬¥−âë;

{ ¬ã«ìâ¨¯«¥ªá®àë á ¯�à�ä�§−ë¬¨ ¢å®¤�¬¨ ¨ ¢ëå®¤�¬¨;

{ áã¬¬�â®à ¨ ¯®«ãáã¬¬�â®à á ¯�à�ä�§−ë¬¨ ¢å®¤�¬¨ ¨ ¢ëå®¤�¬¨;

{ á�¬®á¨−åà®−−ë¥ áç¥â−ë¥ âà¨££¥àë á à�§«¨ç−ë¬¨ ¢�à¨�−â�¬¨ ãáâ�−®¢ª¨;

{ ®¤−®â�ªâ−ë¥ RS-âà¨££¥àë á ¡¨ä�§−ë¬¨ ¨ ¯�à�ä�§−ë¬¨ ¢å®¤�¬¨;

{ ¤¢ãåâ�ªâ−ë¥ RS-âà¨££¥àë á ¡¨ä�§−ë¬¨ ¨ ¯�à�ä�§−ë¬¨ ¢å®¤�¬¨;

{ âà¨££¥àë á ã−�à−ë¬ ¨−ä®à¬�æ¨®−−ë¬ ¢å®¤®¬;

{ ¨−¤¨ª�â®à−ë¥ í«¥¬¥−âë (£¨áâ¥à¥§¨á−ë¥ âà¨££¥àë ¨ ¤àã£¨¥).

ˆá¯®«ì§®¢�−¨¥ ¤�−−®© ¡¨¡«¨®â¥ª¨ ¤«ï ¯à®¥ªâ¨à®¢�−¨ï §�ª�§−ëå �ˆ‘ §�-
âàã¤−¥−® ¢ á¢ï§¨ á ®âáãâáâ¢¨¥¬ áâ�−¤�àâ¨§®¢�−−ëå ä�©«®¢ ®¯¨á�−¨ï ¬®¤¥«¥©
í«¥¬¥−â®¢, ¯®«ãç�¥¬ëå á ¯®¬®éìî ¯à®æ¥¤ãàë å�à�ªâ¥à¨§�æ¨¨. ÷ãç−�ï ¦¥
å�à�ªâ¥à¨§�æ¨ï ¯® âàã¤®¥¬ª®áâ¨ á®áâ�¢«ï¥â 3{4 ç¥«®¢¥ª®-¤−ï ¤«ï ª�¦¤®£® í«¥-
¬¥−â�. �®íâ®¬ã à�§à�¡®âª� áà¥¤áâ¢, ¯®§¢®«ïîé¨å �¢â®¬�â¨§¨à®¢�âì ¯à®æ¥¤ãàã
å�à�ªâ¥à¨§�æ¨¨ ‘‘-í«¥¬¥−â®¢, ï¢«ï¥âáï �ªâã�«ì−®© §�¤�ç¥©.

�â¨ ¯à®£à�¬¬−ë¥ áà¥¤áâ¢� â�ª¦¥ áãé¥áâ¢¥−−® á®ªà�é�îâ âàã¤®§�âà�âë ª�ª
−� −�áâà®©ªã £®â®¢®© ¡¨¡«¨®â¥ª¨ í«¥¬¥−â®¢ −� −®¢ãî â¥å−®«®£¨î ¯à¨ ¨§¬¥−¥−¨¨
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¯à®¥ªâ−ëå −®à¬ ¨«¨ â¥å−®«®£¨ç¥áª¨å ¯�à�¬¥âà®¢, â�ª ¨ −� ¢¢®¤ −®¢ëå í«¥¬¥−â®¢
¢ á®áâ�¢ ¨¬¥îé¥©áï ¡¨¡«¨®â¥ª¨.

3 Параметры моделей самосинхронных элементов

”ã−ªæ¨®−�«ì−�ï ¬®¤¥«ì í«¥¬¥−â�, à¥�«¨§®¢�−−®£® ¯® ŠŒ��-â¥å−®«®£¨¨,
¢ª«îç�¥â ¢ á¥¡ï á«¥¤ãîé¨¥ ¯�à�¬¥âàë:

{ §�¤¥à¦ª¨ ¯¥à¥ª«îç¥−¨ï í«¥¬¥−â� ®â ª�¦¤®£® ¢å®¤� ª ª�¦¤®¬ã ¢ëå®¤ã;

{ ¢à¥¬¥−−‚ë¥ ®£à�−¨ç¥−¨ï, −�ª«�¤ë¢�¥¬ë¥ −� ¬®¬¥−âë ¨§¬¥−¥−¨ï ¢å®¤−ëå
¯¥à¥¬¥−−ëå;

{ ¢å®¤−ë¥ ¨ ¢ëå®¤−ë¥ ¥¬ª®áâ¨;

{ ¬®é−®áâì ¯¥à¥ª«îç¥−¨ï.

‡�¤¥à¦ª� ¯¥à¥ª«îç¥−¨ï ¢ëå®¤� í«¥¬¥−â� ®¯à¥¤¥«ï¥âáï −¥áª®«ìª¨¬¨ ä�ª-
â®à�¬¨. �¥à¥ª«îç¥−¨¥ í«¥¬¥−â� ¨−¨æ¨¨àã¥âáï á®®â¢¥âáâ¢ãîé¨¬ ¨§¬¥−¥−¨¥¬
§−�ç¥−¨© á¨£−�«®¢ −� ¥£® ¢å®¤�å. �à¨ íâ®¬ ¤«¨â¥«ì−®áâì ¯¥à¥å®¤� í«¥¬¥−â�
¨§ ®¤−®£® á®áâ®ï−¨ï ¢ ¤àã£®¥ §�¢¨á¨â −¥ â®«ìª® ®â â¥ªãé¥© ¨ ¯®á«¥¤ãîé¥©
ª®¬¡¨−�æ¨© §−�ç¥−¨© ¢å®¤®¢, −® ¨ ®â ¯®àï¤ª� ¨§¬¥−¥−¨ï ¢å®¤®¢, ¤«¨â¥«ì−®áâ¨
¯à®æ¥áá� ¯¥à¥ª«îç¥−¨ï ¢å®¤−®£® á¨£−�«� ¨ â¥ªãé¥£® á®áâ®ï−¨ï ¢−ãâà¥−−¨å ã§«®¢
í«¥¬¥−â�.

‚à¥¬¥−− �ë¥ ®£à�−¨ç¥−¨ï, −�ª«�¤ë¢�¥¬ë¥ −� ¬®¬¥−âë ¨§¬¥−¥−¨ï ¢å®¤−ëå
¯¥à¥¬¥−−ëå, ãç¨âë¢�îâ ¢§�¨¬®®â−®è¥−¨ï ¬¥¦¤ã ¢å®¤−ë¬¨ á¨£−�«�¬¨ ®¯à¥¤¥-
«¥−−®£® äã−ªæ¨®−�«ì−®£® −�§−�ç¥−¨ï. ��¯à¨¬¥à, ¢ âà¨££¥à−ëå í«¥¬¥−â�å á
¢å®¤®¬ à�§à¥è¥−¨ï §�¯¨á¨ ¡®«ìè®¥ §−�ç¥−¨¥ ¨¬¥¥â ¢à¥¬¥−−®© ¨−â¥à¢�« ¬¥¦¤ã
¬®¬¥−â®¬ ¨§¬¥−¥−¨ï ¨−ä®à¬�æ¨®−−®£® ¢å®¤� ¨ ¯®á«¥¤ãîé¥£® ¯¥à¥ª«îç¥−¨ï á¨£-
−�«� à�§à¥è¥−¨ï §�¯¨á¨. ˆ−ä®à¬�æ¨®−−ë© á¨£−�« ¤®«¦¥− ¨§¬¥−¨âìáï à�−ìè¥
á¨£−�«� ã¯à�¢«¥−¨ï ¨ ®áâ�¢�âìáï −¥¨§¬¥−−ë¬ −¥ª®â®à®¥ ¢à¥¬ï ¯®á«¥ ®ª®−ç�−¨ï
¯¥à¥ª«îç¥−¨ï ¯®á«¥¤−¥£®.

�−¥à£¨ï, ¯®âà¥¡«ï¥¬�ï ¢ ¯à®æ¥áá¥ ¯¥à¥ª«îç¥−¨ï áå¥¬ë, à�áå®¤ã¥âáï −�
§�àï¤ ¥¬ª®áâ¥© ¢ ã§«�å áå¥¬ë ¨ −�£à¥¢�−¨¥ à¥§¨áâ¨¢−ëå ª®¬¯®−¥−â®¢ �ªâ¨¢−ëå
âà�−§¨áâ®à−ëå ¨ ¯�áá¨¢−ëå áâàãªâãà. ‚ ®â¤¥«ì−® ¢§ïâ®¬ í«¥¬¥−â¥ ®á−®¢−�ï
á®áâ�¢«ïîé�ï í−¥à£¨¨ ¯®âà¥¡«¥−¨ï ®¯à¥¤¥«ï¥âáï §�àï¤®¬ ¢å®¤−ëå, ¢ëå®¤−ëå ¨
¢−ãâà¥−−¨å ¥¬ª®áâ¥©.

‚ ¬®¤¥«ïå ‘‘-í«¥¬¥−â®¢ ¨á¯®«ì§ãîâáï á«¥¤ãîé¨¥ ¯�à�¬¥âàë:

(1) §�¤¥à¦ª� à�á¯à®áâà�−¥−¨ï á¨£−�«� ®â ¢å®¤®¢ ª ¢ëå®¤�¬ í«¥¬¥−â� ¯à¨
¯¥à¥ª«îç¥−¨¨ ¢ëå®¤� ¨§ 0 ¢ 1;

(2) §�¤¥à¦ª� à�á¯à®áâà�−¥−¨ï á¨£−�«� ®â ¢å®¤®¢ ª ¢ëå®¤�¬ í«¥¬¥−â� ¯à¨
¯¥à¥ª«îç¥−¨¨ ¢ëå®¤� ¨§ 1 ¢ 0;

(3) ¤«¨â¥«ì−®áâì ¯¥à¥¯�¤� ®â 0 ¤® 1 −� ¢ëå®¤¥ ¤«ï ª�¦¤®© §�¢¨á¨¬®© ¯�àë
ú¢å®¤{¢ëå®¤û ¯à¨ ¢á¥å ¢®§¬®¦−ëå ª®¬¡¨−�æ¨ïå ®áâ�«ì−ëå ¢å®¤®¢;
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(4) ¤«¨â¥«ì−®áâì ¯¥à¥¯�¤� ®â 1 ¤® 0 −� ¢ëå®¤¥ ¤«ï ª�¦¤®© §�¢¨á¨¬®© ¯�àë
ú¢å®¤{¢ëå®¤û ¯à¨ ¢á¥å ¢®§¬®¦−ëå ª®¬¡¨−�æ¨ïå ®áâ�«ì−ëå ¢å®¤®¢;

(5) §�¤¥à¦ª� ¢å®¤� ã¯à�¢«¥−¨ï ¯®á«¥ ¨§¬¥−¥−¨ï ¨−ä®à¬�æ¨®−−®£® ¢å®¤� ¯à¨
¯¥à¥ª«îç¥−¨¨ ¯®á«¥¤−¥£® ¨§ 0 ¢ 1;

(6) §�¤¥à¦ª� ¢å®¤� ã¯à�¢«¥−¨ï ¯®á«¥ ¨§¬¥−¥−¨ï ¨−ä®à¬�æ¨®−−®£® ¢å®¤� ¯à¨
¯¥à¥ª«îç¥−¨¨ ¯®á«¥¤−¥£® ¨§ 1 ¢ 0;

(7) ®¯¥à¥¦¥−¨¥ ¢å®¤®¬ ã¯à�¢«¥−¨ï ¨§¬¥−¥−¨ï ¨−ä®à¬�æ¨®−−®£® ¢å®¤� ¯à¨
¯¥à¥ª«îç¥−¨¨ ¯®á«¥¤−¥£® ¨§ 0 ¢ 1;

(8) ®¯¥à¥¦¥−¨¥ ¢å®¤®¬ ã¯à�¢«¥−¨ï ¨§¬¥−¥−¨ï ¨−ä®à¬�æ¨®−−®£® ¢å®¤� ¯à¨
¯¥à¥ª«îç¥−¨¨ ¯®á«¥¤−¥£® ¨§ 1 ¢ 0;

(9) áâ�â¨ç¥áª�ï ¬®é−®áâì ¯®âà¥¡«¥−¨ï;

(10) ¤¨−�¬¨ç¥áª�ï ¬®é−®áâì ¯¥à¥ª«îç¥−¨ï ¢ëå®¤� ¨§ 0 ¢ 1;

(11) ¤¨−�¬¨ç¥áª�ï ¬®é−®áâì ¯¥à¥ª«îç¥−¨ï ¢ëå®¤� ¨§ 1 ¢ 0;

(12) ¥¬ª®áâì ¢å®¤�;

(13) ¬�ªá¨¬�«ì−�ï ¤®¯ãáâ¨¬�ï ¥¬ª®áâì −�£àã§ª¨ −� ¢ëå®¤¥.

…á«¨ ¯ãâ¥© à�á¯à®áâà�−¥−¨ï á¨£−�«� ®â ¤�−−®£® ¢å®¤� ª ¤�−−®¬ã ¢ëå®¤ã
−¥áª®«ìª®, ¯�à�¬¥âàë 1{4, 10 ¨ 11 à�ááç¨âë¢�îâáï ¤«ï ª�¦¤®£® ¨§ −¨å.

‚ á¨−åà®−−ëå áå¥¬�å ¨á¯®«ì§ãîâáï â�ª¦¥ ¯�à�¬¥âàë ú¬¨−¨¬�«ì−�ï ¤«¨-
â¥«ì−®áâì ¢ëá®ª®£® ãà®¢−ï ¨¬¯ã«ìá� −� ¢å®¤¥û ¨ ú¬¨−¨¬�«ì−�ï ¤«¨â¥«ì−®áâì
−¨§ª®£® ãà®¢−ï ¨¬¯ã«ìá� −� ¢å®¤¥û. �−¨ ãª�§ë¢�îâáï ¤«ï ¢å®¤®¢ á¨−åà®−¨§�æ¨¨
¨ ¯à¥¤ãáâ�−®¢ª¨ ¢ âà¨££¥à�å ¨ ¨á¯®«ì§ãîâáï ¤«ï ª®−âà®«ï ¤«¨â¥«ì−®áâ¨ �ªâ¨¢-
−ëå ãà®¢−¥© á®®â¢¥âáâ¢ãîé¨å á¨£−�«®¢. ‚ á�¬®á¨−åà®−−ëå ¦¥ í«¥¬¥−â�å ¢å®¤
ã¯à�¢«¥−¨ï, ï¢«ïîé¨©áï �−�«®£®¬ ¢å®¤� á¨−åà®−¨§�æ¨¨ ¢ á¨−åà®−−®© áå¥¬®-
â¥å−¨ª¥, §�¢¨á¨â ®â ¨−¤¨ª�â®à−®£® ¢ëå®¤� í«¥¬¥−â�. …£® ¨§¬¥−¥−¨¥ à�§à¥è�¥âáï
â®«ìª® ¯®á«¥ ¯¥à¥ª«îç¥−¨ï ¨−¤¨ª�â®à−®£® ¢ëå®¤� −� −®¢®¥ §−�ç¥−¨¥. �®íâ®¬ã
−¥â −¥®¡å®¤¨¬®áâ¨ ¢ ®¯à¥¤¥«¥−¨¨ ¬¨−¨¬�«ì−®© ¤«¨â¥«ì−®áâ¨ ¢å®¤� ã¯à�¢«¥−¨ï.

‚å®¤ë ¯à¥¤ãáâ�−®¢ª¨ ¢ ‘‘-áå¥¬�å â�ª¦¥ −¥ −ã¦¤�îâáï ¢ ¤�−−®¬ ¯�à�¬¥âà¥.
�á¨−åà®−−�ï ¯à¥¤ãáâ�−®¢ª�, ¨á¯®«ì§ã¥¬�ï, £«�¢−ë¬ ®¡à�§®¬, ¤«ï ¨−¨æ¨�«¨-
§�æ¨¨ áå¥¬ë ¯à¨ ¢ª«îç¥−¨¨ ¯¨â�−¨ï ¨«¨ ®¡é¥¬ á¡à®á¥, âà�¤¨æ¨®−−® §�¤�¥âáï
¤®áâ�â®ç−®© ¤«¨â¥«ì−®áâ¨, çâ®¡ë ¢á¥ §�¢¨áïé¨¥ ®â −¥¥ í«¥¬¥−âë ¨ ¡«®ª¨ áå¥¬ë
ãá¯¥«¨ ãáâ�−®¢¨âìáï ¢ ®¯à¥¤¥«¥−−®¥ á®áâ®ï−¨¥. ‘�¬®á¨−åà®−−�ï ¯à¥¤ãáâ�−®¢ª�
â�ª ¦¥ á¢ï§�−� á ¯¥à¥ª«îç¥−¨¥¬ ¨−¤¨ª�â®à−®£® ¢ëå®¤�, ª�ª ¨ ¢å®¤ ã¯à�¢«¥−¨ï.

’�ª¨¬ ®¡à�§®¬, ¢ ‘‘-í«¥¬¥−â�å ¤�−−ë© ¯�à�¬¥âà −¥�ªâã�«¥− ¨ ¢ −�áâ®ïé¥©
¢¥àá¨¨ á¨áâ¥¬ë å�à�ªâ¥à¨§�æ¨¨ −¥ à¥�«¨§®¢�−.

�−¥à£®¯®âà¥¡«¥−¨¥ ¯à¨ ®âáãâáâ¢¨¨ ¯¥à¥ª«îç¥−¨ï ¢ëå®¤� í«¥¬¥−â�, ¨á¯®«ì-
§ã¥¬®¥ ¢ á¨−åà®−−ëå áå¥¬�å, ®â−®á¨âáï ª® ¢å®¤ã í«¥¬¥−â� ¨ à�ááç¨âë¢�¥âáï
â®«ìª® ¢ â®¬ á«ãç�¥, ª®£¤� ¯à¨ íâ®¬ ¨§¬¥−ï¥âáï á®áâ®ï−¨¥ áå¥¬ë í«¥¬¥−â�, �
¢−¥è−¨¥ ¢ëå®¤ë ®áâ�îâáï −¥¨§¬¥−−ë¬¨. �¤−�ª® ¢ ‘‘-¡¨¡«¨®â¥ª¥ −¥â â�ª¨å
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÷¨á. 1 ”à�£¬¥−â ¯à¨−æ¨¯¨�«ì−®© áå¥¬ë

í«¥¬¥−â®¢, ¢−ãâà¥−−¨¥ ¢ëå®¤ë ª®â®àëå ¯¥à¥ª«îç�«¨áì ¡ë, � ¢−¥è−¨¥ ¢ëå®¤ë
¯à¨ íâ®¬ −¥ ¬¥−ï«¨áì. �â® ®§−�ç�«® ¡ë ®âáãâáâ¢¨¥ ¨−¤¨æ¨àã¥¬®áâ¨ á®®â¢¥âáâ¢ã-
îé¨å ¢−ãâà¥−−¨å ¢ëå®¤®¢. …á«¨ ¢ í«¥¬¥−â¥ −¥â ¨−¤¨ª�â®à−®£® ¢ëå®¤�, â® ¢á¥
¥£® ¢ëå®¤ë | ¢−¥è−¨¥ ¨ ¯¥à¥ª«îç¥−¨¥ ¢−ãâà¨ í«¥¬¥−â� ®¡ï§�â¥«ì−® ¯à¨¢¥¤¥â
ª ¨§¬¥−¥−¨î á®áâ®ï−¨ï å®âï ¡ë ®¤−®£® ¨§ −¨å. �®íâ®¬ã í−¥à£®¯®âà¥¡«¥−¨¥ ¯à¨
®âáãâáâ¢¨¨ ¯¥à¥ª«îç¥−¨ï ¢ëå®¤� í«¥¬¥−â� −¥ ¢ª«îç�¥âáï ¢ ¬®¤¥«ì í«¥¬¥−â®¢
‘‘-¡¨¡«¨®â¥ª¨.

‡−�ç¥−¨ï §�¤¥à¦¥ª ¨ í−¥à£®¯®âà¥¡«¥−¨ï ®â−®á¨â¥«ì−® ª�ª®£®-«¨¡® ¢å®¤�
®¯à¥¤¥«ïîâáï ¤«ï ¢á¥å ¢®§¬®¦−ëå ¯ãâ¥© à�á¯à®áâà�−¥−¨ï á¨£−�«� ®â ¤�−−®£®
¢å®¤� ¤® ¢ëå®¤�. „«ï ª�¦¤®£® ¯ãâ¨ §�¯ãáª�¥âáï á¢®© á¥�−á ¬®¤¥«¨à®¢�−¨ï.
��ç�«ì−®¥ á®áâ®ï−¨¥ ¢å®¤®¢ ¨ ¢ëå®¤®¢ í«¥¬¥−â� ¢ ª�¦¤®¬ á¥�−á¥ ¢ë¡¨à�¥âáï â�ª,
çâ®¡ë �ªâ¨¢¨à®¢�«�áì ¨¬¥−−® ¢ë¡à�−−�ï æ¥¯®çª� âà�−§¨áâ®à®¢ ¨ ¯¥à¥§�àï¦�«®áì
−�¨¡®«ìè¥¥ ª®«¨ç¥áâ¢® ¥¬ª®áâ¥© −� á®®â¢¥âáâ¢ãîé¥¬ ¯ãâ¨.

�� à¨á. 1 ¯à¨¢¥¤¥−� n-ç�áâì ¯à¨−æ¨¯¨�«ì−®© áå¥¬ë «®£¨ç¥áª®£® í«¥¬¥−â�,
¢ë¯®«−ïîé¥£® äã−ªæ¨î

OUT =�I0 ∗ I1 ∗ I2|I2 ∗ I3 .

��ç�«ì−®¥ −�¯àï¦¥−¨¥ −� ¢ëå®¤¥ OUT = 1. �¥à¥ª«îç¥−¨¥ ¢ëå®¤� OUT ¨§
1 ¢ 0 ¢ §�¢¨á¨¬®áâ¨ ®â ¢å®¤� I2 «®£¨ç¥áª¨ à�§à¥è�¥âáï ¯à¨ ¤¢ãå ª®¬¡¨−�æ¨ïå
¢å®¤−ëå á¨£−�«®¢: {I0 = I1 = 1, I3 = 0} ¨ {I0 = I1 = ∗, I3 = 1}, | ¨ ¬®¦¥â
¯à®¨áå®¤¨âì âà¥¬ï á¯®á®¡�¬¨:

(1) ¯® æ¥¯®çª¥ ¨§ âà¥å âà�−§¨áâ®à®¢ n-â¨¯� ¯à¨ I1 = I0 = 1, I3 = 0;

(2) ¯® æ¥¯®çª¥ ¨§ ¤¢ãå âà�−§¨áâ®à®¢ ¯à¨ I0 = 0, I1 = ∗, I3 = 1;
(3) ¯® æ¥¯®çª¥ ¨§ ¤¢ãå âà�−§¨áâ®à®¢ ¯à¨ I0 = 1, I1 = 0, I3 = 1.
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‚ ¯¥à¢®¬ á«ãç�¥ ¡ã¤ãâ ¯¥à¥§�àï¦�âìáï ¢á¥ ¯�à�§¨â−ë¥ ¥¬ª®áâ¨ C1, C2,
C3 ¨ C4. ‚® ¢â®à®¬ á«ãç�¥ ¡ã¤ãâ ¯¥à¥§�àï¦�âìáï â®«ìª® ¥¬ª®áâ¨ C1 ¨ C4.
‚ âà¥âì¥¬ á«ãç�¥ ¡ã¤ãâ ¯¥à¥§�àï¦�âìáï ¥¬ª®áâ¨ C1, C2 ¨ C4. �â¨ âà¨ ¢�à¨�−â�
¯¥à¥ª«îç¥−¨ï ¢ëå®¤� OUT ¨§ 1 ¢ 0 ¯à¨ ¯®¤�ç¥ ¯¥à¥¯�¤� 0 → 1 −� ¢å®¤ I2
å�à�ªâ¥à¨§ãîâáï à�§−ë¬¨ §−�ç¥−¨ï¬¨ §�¤¥à¦ª¨ à�á¯à®áâà�−¥−¨ï, ¤«¨â¥«ì−®áâ¨
á¯�¤� ¢ëå®¤−®£® á¨£−�«� ¨ í−¥à£®¯®âà¥¡«¥−¨ï. �®íâ®¬ã ¯à¨ å�à�ªâ¥à¨§�æ¨¨
í«¥¬¥−â� ¨å ¢á¥ −¥®¡å®¤¨¬® ãç¥áâì ¨ á¯¥æ¨ä¨æ¨à®¢�âì ¢ ¬®¤¥«¨ í«¥¬¥−â� ¤«ï
¬�ªá¨¬�«ì−® â®ç−®£® ®¯¨á�−¨ï ¯®¢¥¤¥−¨ï í«¥¬¥−â� ¢ à¥�«ì−ëå ãá«®¢¨ïå à�¡®âë.
�à¨ −¥®¡å®¤¨¬®áâ¨ ç¨á«® ¢�à¨�−â®¢ ¬®¦¥â ¡ëâì á¢¥¤¥−® ª ®¤−®¬ã | −�¨åã¤è¥¬ã
á â®çª¨ §à¥−¨ï §�¤¥à¦ª¨ ¨ í−¥à£®¯®âà¥¡«¥−¨ï (¢ ¤�−−®¬ á«ãç�¥ | ¯¥à¢®¬ã).

‚áï á®¢®ªã¯−®áâì ¯�à�¬¥âà®¢ äã−ªæ¨®−�«ì−®© ¬®¤¥«¨ í«¥¬¥−â� à�ááç¨âë¢�-
¥âáï −� ®á−®¢¥ í«¥ªâà¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ¯à¨−æ¨¯¨�«ì−®© áå¥¬ë í«¥¬¥−â� á
¯®¬®éìî ¯à®£à�¬¬ë Ngspice [5]. ƒà�ä¨ª¨ ¨§¬¥−¥−¨ï ãà®¢−ï ¢å®¤−ëå, ¢ëå®¤-
−ëå ¨ ¢−ãâà¥−−¨å ã§«®¢ áå¥¬ë í«¥¬¥−â� ¯®§¢®«ïîâ ¢ëï¢¨âì ¢á¥ ¢à¥¬¥−−‚ë¥ ¨
í«¥ªâà¨ç¥áª¨¥ å�à�ªâ¥à¨áâ¨ª¨ í«¥¬¥−â� ¯ãâ¥¬ �−�«¨§� ®âª«¨ª� áå¥¬ë í«¥¬¥−â�
−� á¯¥æ¨�«ì−® ¯®¤®¡à�−−ë¥ (áä®à¬¨à®¢�−−ë¥) ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¯¥à¥ª«îç¥-
−¨ï ¢å®¤−ëå ¯¥à¥¬¥−−ëå á ¢�àì¨àã¥¬®© ä®à¬®© ¨¬¯ã«ìá®¢. �â� ¯à®æ¥¤ãà� ¨
−�§ë¢�¥âáï å�à�ªâ¥à¨§�æ¨¥© í«¥¬¥−â�. „«ï ¥¥ �¢â®¬�â¨§�æ¨¨ ¡ë« à�§à�¡®â�−
¯à®£à�¬¬−ë© ª®¬¯«¥ªá ‘�•ˆ� (‘¨áâ¥¬� �¢â®¬�â¨§¨à®¢�−−®© å�à�ªâ¥à¨§�æ¨¨
¨−â¥£à�«ì−ëå ¡¨¡«¨®â¥ª).

4 Структура программного комплекса САХИБ

Š®¬¯«¥ªá ‘�•ˆ� à�§à�¡®â�− ¢ à�¬ª�å �ˆ÷ ú‘’…÷•û [6] ¨ ®¡¥á¯¥ç¨¢�¥â
¤«ï áâ�−¤�àâ−ëå ‘��÷ ¢ë¯®«−¥−¨¥ å�à�ªâ¥à¨§�æ¨¨ ®â¤¥«ì−ëå í«¥¬¥−â®¢ ‘‘-
‘�ˆ‘ (á¢¥àå¡®«ìè¨å ¨−â¥£à�«ì−ëå áå¥¬). Š®¬¯«¥ªá ‘�•ˆ� á®áâ®¨â ¨§
á«¥¤ãîé¨å ®á−®¢−ëå ç�áâ¥© (à¨á. 2):

{ ¡¨¡«¨®â¥ª¨, ¢ª«îç�îé¥© á¯¨áª¨ æ¥¯¥© í«¥¬¥−â®¢, ¬®¤¥«¨ âà�−§¨áâ®à®¢,
ãç¨âë¢�îé¨¥ ¢�à¨�¡¥«ì−®áâì à�§¬¥à®¢ âà�−§¨áâ®à®¢ ¢ áå¥¬¥ ¨ â¥å−®«®£¨-
ç¥áª¨© ¨ ä¨§¨ç¥áª¨© à�§¡à®á ¨å ¯�à�¬¥âà®¢, ¨ äã−ªæ¨®−�«ì−®-«®£¨ç¥áª¨¥
¬®¤¥«¨ í«¥¬¥−â®¢;

{ ¯®¤á¨áâ¥¬ë à�áç¥â� ¯�à�¬¥âà®¢ ¬®¤¥«¨ í«¥¬¥−â�, �−�«¨§¨àãîé¥© áâàãªâã-
àã ¯à¨−æ¨¯¨�«ì−®© áå¥¬ë í«¥¬¥−â�, ä®à¬¨àãîé¥© −� ®á−®¢¥ íâ®£® �−�«¨§�
§�¤�−¨ï ¤«ï í«¥ªâà¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï áå¥¬ë í«¥¬¥−â� ¨ ¨§¢«¥ª�îé¥©
¯�à�¬¥âàë ¬®¤¥«¨ í«¥¬¥−â� ¨§ à¥§ã«ìâ�â®¢ ¬®¤¥«¨à®¢�−¨ï;

{ ¯®¤á¨áâ¥¬ë âà�−á«ïæ¨¨ à¥§ã«ìâ�â®¢ å�à�ªâ¥à¨§�æ¨¨, ®¡à�¡�âë¢�îé¥©
à¥§ã«ìâ�âë í«¥ªâà¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï í«¥¬¥−â� ¨ ä®à¬¨àãîé¥© ä�©«ë
äã−ªæ¨®−�«ì−®-«®£¨ç¥áª®£® ®¯¨á�−¨ï ¡¨¡«¨®â¥ª¨ í«¥¬¥−â®¢ ¢ à�§«¨ç−ëå
ä®à¬�â�å;
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÷¨á. 2 ‘âàãªâãà−�ï áå¥¬� ª®¬¯«¥ªá� ‘�•ˆ�

{ ¯®¤á¨áâ¥¬ë ã¯à�¢«¥−¨ï å�à�ªâ¥à¨§�æ¨¥©, ã¯à�¢«ïîé¥© ¯®¤á¨áâ¥¬�¬¨ à�á-
ç¥â� ¯�à�¬¥âà®¢ ¨ âà�−á«ïæ¨¨ à¥§ã«ìâ�â®¢ ¨ ¢ª«îç�îé¥© £à�ä¨ç¥áª¨© ¨−-
â¥àä¥©á ¯®«ì§®¢�â¥«ï, á®¯à®¢®¦¤�îé¨© ¨ ã¯à®é�îé¨© ¯à®æ¥áá å�à�ªâ¥à¨-
§�æ¨¨.

Š®¬¯«¥ªá ‘�•ˆ� ¢ë¯®«−ï¥â á«¥¤ãîé¨¥ ¤¥©áâ¢¨ï:

1. �à®¢®¤¨â ¢å®¤−®© ª®−âà®«ì: á¨−â�ªá¨ç¥áª¨© ¨ á¥¬�−â¨ç¥áª¨© �−�«¨§ ¨áå®¤-
−®£® ®¯¨á�−¨ï å�à�ªâ¥à¨§ã¥¬®£® í«¥¬¥−â�.
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2. �−�«¨§¨àã¥â âà�−§¨áâ®à−ãî áâàãªâãàã í«¥¬¥−â� ¨ ®¯à¥¤¥«ï¥â −�¡®à ¢¥ª-
â®à®¢ ¢å®¤−ëå ¢®§¤¥©áâ¢¨©, ®¡¥á¯¥ç¨¢�îé¨å ¢ëï¢«¥−¨¥ í«¥ªâà¨ç¥áª¨å ¨
¢à¥¬¥−−‚ëå ¯�à�¬¥âà®¢ í«¥¬¥−â� ¤«ï ¢á¥å ãá«®¢¨© à�á¯à®áâà�−¥−¨ï á¨£−�«�
®â ¢å®¤®¢ ª ¢ëå®¤�¬.

3. ‡�¤�¥â ®ªàã¦�îéãî áà¥¤ã: −�¯àï¦¥−¨¥ ¯¨â�−¨ï, â¥¬¯¥à�âãàã, −�ª«®− ¢å®¤-
−ëå ¨¬¯ã«ìá®¢, −�£àã§ªã ¢ëå®¤®¢ ¨ −�áâà®©ª¨ ¯à®æ¥áá� ¬®¤¥«¨à®¢�−¨ï | ¢
á®®â¢¥âáâ¢¨¨ á §�¤�−−ë¬¨ ¯®«ì§®¢�â¥«¥¬ ®£à�−¨ç¥−¨ï¬¨ ¨ å�à�ªâ¥à¨áâ¨ª�¬¨
¯à®æ¥áá� ¬®¤¥«¨à®¢�−¨ï.

4. ‡�¯ãáª�¥â ¨ ¢ë¯®«−ï¥â SPICE-¯®¤®¡−®¥ ¬®¤¥«¨à®¢�−¨¥, áã¬¬¨àã¥â à¥§ã«ì-
â�âë: §�¤¥à¦ª¨ ®â ¢å®¤®¢ ª ¢ëå®¤�¬, ¢à¥¬¥−−‚ë¥ ®£à�−¨ç¥−¨ï ¤«ï ¢å®¤®¢,
§−�ç¥−¨ï ¢å®¤−ëå ¨ ¢ëå®¤−ëå ¥¬ª®áâ¥©, ¬®é−®áâ¨ ¯®âà¥¡«¥−¨ï.

5. ƒ¥−¥à¨àã¥â äã−ªæ¨®−�«ì−®-«®£¨ç¥áªãî ¬®¤¥«ì (á¯¥æ¨ä¨ª�æ¨î) í«¥¬¥−â�,
¢ª«îç�îéãî §�¤¥à¦ª¨ ®â ¢å®¤®¢ ª ¢ëå®¤�¬, ¢à¥¬¥−−ë¥ ®£à�−¨ç¥−¨ï ¤«ï
¢å®¤®¢, ¯�à�¬¥âàë ¢ë¢®¤®¢.

6. ƒ¥−¥à¨àã¥â ä�©« à¥§ã«ìâ�â®¢, ª®â®àë© §�â¥¬ áà¥¤áâ¢�¬¨ ‘�•ˆ� ¯à¥-
®¡à�§ã¥âáï ¢ ä�©« ®¯¨á�−¨ï ¡¨¡«¨®â¥ª¨ í«¥¬¥−â®¢ ¢ áâ�−¤�àâ−®¬ ä®à¬�â¥
Liberty [7].

‚¢®¤ ¨áå®¤−ëå ¤�−−ëå, §�¯ãáª ¬®¤¥«¨à®¢�−¨ï ¨ âà�−á«ïæ¨ï ¯®«ãç¥−−ëå
à¥§ã«ìâ�â®¢ ¯®¤¤¥à¦¨¢�îâáï £à�ä¨ç¥áª¨¬ ¯®«ì§®¢�â¥«ìáª¨¬ ¨−â¥àä¥©á®¬ ¢ �‘
Windows ¢¥àá¨¨ XP ¨ áâ�àè¥. „«ï ¢ë¯®«−¥−¨ï ª�¦¤®£® íâ�¯� å�à�ªâ¥à¨§�æ¨¨
¯®¤ª«îç�¥âáï á®®â¢¥âáâ¢ãîé�ï ¯à®£à�¬¬�, ¨−â¥£à¨à®¢�−−�ï ¢ ¯à®£à�¬¬−ë©
ª®¬¯«¥ªá ‘�•ˆ�.

‚å®¤−®© ª®−âà®«ì §�ª«îç�¥âáï ¢ á¨−â�ªá¨ç¥áª®¬ ¨ á¥¬�−â¨ç¥áª®¬ �−�«¨§¥
¨áå®¤−®£® ®¯¨á�−¨ï å�à�ªâ¥à¨§ã¥¬®£® í«¥¬¥−â�. ‚ ª�ç¥áâ¢¥ ¨áå®¤−®£® ®¯¨á�−¨ï
í«¥¬¥−â� ¨á¯®«ì§ã¥âáï á«¥¤ãîé�ï ¨−ä®à¬�æ¨ï:

{ á¯¥æ¨ä¨ª�æ¨ï í«¥¬¥−â� ª�ª úç¥à−®£® ïé¨ª�û;

{ ¯à¨−æ¨¯¨�«ì−�ï áå¥¬�, ¢ª«îç�îé�ï ŠŒ��-âà�−§¨áâ®àë, ¯�à�§¨â−ë¥ à¥-
§¨áâ®àë ¨ ¥¬ª®áâ¨, ¢ ¢¨¤¥ á¯¨áª� æ¥¯¥© ¢ SPICE-ä®à¬�â¥ á ãª�§�−¨¥¬
¯¥à¥ç−ï ¢−¥è−¨å ¢ë¢®¤®¢.

‘¯¥æ¨ä¨ª�æ¨ï í«¥¬¥−â�, ¢ á¢®î ®ç¥à¥¤ì, á®¤¥à¦¨â á«¥¤ãîéãî ¨−ä®à¬�æ¨î:

{ ¨¬ï ¡¨¡«¨®â¥ª¨;

{ ¨¬ï í«¥¬¥−â�;

{ â¨¯ «®£¨ª¨ (ª®¬¡¨−�æ¨®−−�ï, âà¨££¥à−�ï, ¯á¥¢¤®¤¨−�¬¨ç¥áª�ï, á âà¥¬ï á®-
áâ®ï−¨ï¬¨);

{ â¨¯ ¢ë¢®¤� (¢å®¤, ¢ëå®¤, ¢å®¤{¢ëå®¤) ¨ ¤¨áæ¨¯«¨−� (ã−�à−ë©, ¯�à�ä�§−ë©
á® á¯¥©á¥à®¬, ¯�à�ä�§−ë© ¡¥§ á¯¥©á¥à�, ¡¨ä�§−ë©, ¨−ä�§−ë©);

{ äã−ªæ¨®−�«ì−®¥ −�§−�ç¥−¨¥ ¢å®¤®¢ ¨ ¢ëå®¤®¢ (¨−ä®à¬�æ¨®−−ë©, ã¯à�¢«ï-
îé¨©, ¨−¤¨ª�â®à−ë©, ¯à¥¤ãáâ�−®¢ª�).
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„�−−�ï ¨−ä®à¬�æ¨ï ¯®¤£®â�¢«¨¢�¥âáï ¯®«ì§®¢�â¥«¥¬ á¨áâ¥¬ë ‘�•ˆ� −�
®á−®¢¥ äã−ªæ¨®−�«ì−®© å�à�ªâ¥à¨áâ¨ª¨ í«¥¬¥−â� ¢ á®áâ�¢¥ ¡¨¡«¨®â¥ª¨ ¨ ¥£®
â®¯®«®£¨ç¥áª®© à¥�«¨§�æ¨¨. ��à�§¨â−ë¥ ¯�à�¬¥âàë (¥¬ª®áâ¨ ¨ à¥§¨áâ®àë)
¯à¨−æ¨¯¨�«ì−®© áå¥¬ë í«¥¬¥−â� ¨§¢«¥ª�îâáï ¨§ ¥£® â®¯®«®£¨ç¥áª®© à¥�«¨§�æ¨¨
á ¯®¬®éìî áâ�−¤�àâ−ëå áà¥¤áâ¢ ¨¬¥îé¥©áï ‘��÷.

’¥áâ®¢ë¥ ¢¥ªâ®àë ¨á¯®«ì§ãîâáï ¤«ï ¬®¤¥«¨à®¢�−¨ï ¯à¨−æ¨¯¨�«ì−®© áå¥¬ë
í«¥¬¥−â�. Š�¦¤ë© ¢¥ªâ®à ®¯¨áë¢�¥â −�ç�«ì−®¥ á®áâ®ï−¨¥ ¢ëå®¤−ëå ã§«®¢ áå¥¬ë
¨ ¯®¢¥¤¥−¨¥ ¢á¥å ¥¥ ¢å®¤®¢ ¢ ¯à®æ¥áá¥ ®¤−®£® á¥�−á� ¬®¤¥«¨à®¢�−¨ï. �à¨ ä®à-
¬¨à®¢�−¨¨ â¥áâ®¢ëå ¢¥ªâ®à®¢ ãç¨âë¢�¥âáï âà�−§¨áâ®à−�ï áâàãªâãà� í«¥¬¥−â�:
áâ�â¨ç¥áª®¥ á®áâ®ï−¨¥ −¥�ªâ¨¢−ëå ¢å®¤®¢ ¢ë¡¨à�¥âáï â�ª¨¬ ®¡à�§®¬, çâ®¡ë ®¡¥á-
¯¥ç¨âì ¯à®å®¦¤¥−¨¥ á¨£−�«� ®â �−�«¨§¨àã¥¬®£® ¢å®¤� ª ¢ëå®¤ã ¯® ªà¨â¨ç¥áª®¬ã,
á â®çª¨ §à¥−¨ï §�¤¥à¦ª¨ ¨«¨ í−¥à£®¯®âà¥¡«¥−¨ï, ¯ãâ¨. ‚ ŠŒ��-«®£¨ª¥ ªà¨-
â¨ç¥áª¨© ¯ãâì ®¯à¥¤¥«ï¥âáï ¬�ªá¨¬�«ì−ë¬ ç¨á«®¬ âà�−§¨áâ®à®¢, ç¥à¥§ ª®â®àë¥
¯à®â¥ª�¥â â®ª, ¯à¨¢®¤ïé¨© ª ¯¥à¥§�àï¤ã ¢−ãâà¥−−¨å ¨ ¢ëå®¤−ëå (−�£àã§®ç−ëå)
¯�à�§¨â−ëå ¥¬ª®áâ¥© ¢ ¯à®æ¥áá¥ ¯¥à¥ª«îç¥−¨ï ¢ëå®¤� í«¥¬¥−â�.

5 Результаты процедуры характеризации

ˆá¯®«ì§®¢�−¨¥ ‘��÷ ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨ �ˆ‘ ¯à¥¤êï¢«ï¥â ¤®¯®«−¨â¥«ì-
−ë¥ âà¥¡®¢�−¨ï ª�ª ª ¯®«−®â¥ ®¯¨á�−¨ï í«¥¬¥−â®¢ ¡¨¡«¨®â¥ª¨, â�ª ¨ ª á®¯à®¢®¦-
¤�îé¨¬ ¥¥ ä�©«�¬ â¥å−¨ç¥áª®£® ®¯¨á�−¨ï í«¥¬¥−â®¢ ¡¨¡«¨®â¥ª¨. �â¨ ä�©«ë
¨¬¥îâ áâ�−¤�àâ¨§®¢�−−ë¥ ä®à¬�âë ¨ ¨á¯®«ì§ãîâáï á¨áâ¥¬�¬¨ «®£¨ç¥áª®£® ¬®-
¤¥«¨à®¢�−¨ï ¨ äã−ªæ¨®−�«ì−®£® ¨ â®¯®«®£¨ç¥áª®£® á¨−â¥§� à�§à�¡�âë¢�¥¬®©
áå¥¬ë. �−¨ á®¤¥à¦�â ¢áî −¥®¡å®¤¨¬ãî ¨−ä®à¬�æ¨î ®¡ í«¥¬¥−â�å ¡¨¡«¨®â¥ª¨
®â äã−ªæ¨®−�«ì−®-«®£¨ç¥áª¨å ¬®¤¥«¥© á −�¡®à®¬ ¢à¥¬¥−−‚ëå ¨ í«¥ªâà¨ç¥áª¨å
¯�à�¬¥âà®¢ ¤® £�¡�à¨â−ëå ¯àï¬®ã£®«ì−¨ª®¢ â®¯®«®£¨ç¥áª¨å à¥�«¨§�æ¨© í«¥¬¥−-
â®¢, ¨á¯®«ì§ã¥¬ëå á¨áâ¥¬�¬¨ â®¯®«®£¨ç¥áª®£® á¨−â¥§�.

�à®¬ëè«¥−−ë¬ áâ�−¤�àâ®¬ ä®à¬�â� ®¯¨á�−¨ï äã−ªæ¨®−�«ì−®-«®£¨ç¥áª¨å
¬®¤¥«¥© ¡¨¡«¨®â¥ª áâ�−¤�àâ−ëå í«¥¬¥−â®¢ ¯à¨§−�− ä®à¬�â Liberty [7]. �−
¨á¯®«ì§ã¥âáï ¯à�ªâ¨ç¥áª¨ ¢á¥¬¨ �¢â®¬�â¨§¨à®¢�−−ë¬¨ á¨áâ¥¬�¬¨ äã−ªæ¨®−�«ì-
−®£® ¬®¤¥«¨à®¢�−¨ï ¨ â®¯®«®£¨ç¥áª®£® á¨−â¥§� �ˆ‘. �®íâ®¬ã �¢â®¬�â¨ç¥áª®¥
ä®à¬¨à®¢�−¨¥ ä�©«� ®¯¨á�−¨ï ¬®¤¥«¥© í«¥¬¥−â®¢ ¢ ä®à¬�â¥ Liberty ¯® à¥§ã«ì-
â�â�¬ å�à�ªâ¥à¨§�æ¨¨ í«¥¬¥−â®¢ ¡¨¡«¨®â¥ª¨ ï¢«ï¥âáï â�ª¦¥ ¢�¦−®© §�¤�ç¥©.

‚á¥ å�à�ªâ¥à¨§ã¥¬ë¥ ¬®¤¥«¨ í«¥¬¥−â®¢ ¢ ä®à¬�â¥ Liberty ®¡ê¥¤¨−ïîâáï ¢
¡¨¡«¨®â¥ª¨. Š®−áâàãªæ¨¨ ä®à¬�â� Liberty ¯®§¢®«ïîâ ®¯¨áë¢�âì ¤®áâ�â®ç−®
á«®¦−ë¥ ¨ à�§−®®¡à�§−ë¥ í«¥¬¥−âë áâ�−¤�àâ−ëå ¡¨¡«¨®â¥ª, ¢ â®¬ ç¨á«¥ ¨ ‘‘-
í«¥¬¥−âë. Š�¦¤�ï ¡¨¡«¨®â¥ª� á®áâ®¨â ¨§ ¤¢ãå ç�áâ¥© | §�£®«®¢ª� ¨ ááë«®ª −�
í«¥¬¥−âë ¡¨¡«¨®â¥ª¨.

‡�£®«®¢®ª ¡¨¡«¨®â¥ª¨ á®¤¥à¦¨â ¨−ä®à¬�æ¨î ®¡ ãá«®¢¨ïå å�à�ªâ¥à¨§�æ¨¨,
¥¤¨−¨æ�å ¨§¬¥à¥−¨ï ¯�à�¬¥âà®¢ ¬®¤¥«¥©, á¯®á®¡�å ¨§¬¥à¥−¨ï á¨£−�«®¢ ¨ ®¯¨-
á�−¨¥ è�¡«®−®¢ â�¡«¨æ, ¨á¯®«ì§ã¥¬ëå ¯à¨ ®¯¨á�−¨¨ í«¥¬¥−â®¢. ˆ−ä®à¬�æ¨ï
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‘¨áâ¥¬� å�à�ªâ¥à¨§�æ¨¨ á�¬®á¨−åà®−−ëå í«¥¬¥−â®¢

®¡ ãá«®¢¨ïå å�à�ªâ¥à¨§�æ¨¨ á®¤¥à¦¨â ¤�−−ë¥ ® â¥¬¯¥à�âãà¥ ¨ −�¯àï¦¥−¨¨ ¯¨-
â�−¨ï, ¯à¨ ª®â®àëå ¯à®¨áå®¤¨«® á−ïâ¨¥ §−�ç¥−¨©. �®¤ á¯®á®¡�¬¨ ¨§¬¥à¥−¨ï
á¨£−�«®¢ ¯®¤à�§ã¬¥¢�îâáï ãà®¢−¨ −�¯àï¦¥−¨ï, ¯à¨ ª®â®àëå á−¨¬�îâáï â¥ ¨«¨
¨−ë¥ ¢à¥¬¥−−‚ë¥ ¨ í−¥à£¥â¨ç¥áª¨¥ å�à�ªâ¥à¨áâ¨ª¨. ˜�¡«®−ë â�¡«¨æ, ¢å®¤ïé¨¥
¢ §�£®«®¢®ª, ®¯¨áë¢�îâ â¨¯ ¨−ä®à¬�æ¨¨, á®¤¥à¦�é¥©áï ¢ â�¡«¨æ¥, à�§¬¥à−®áâì
â�¡«¨æë, � â�ª¦¥ å�à�ªâ¥à §−�ç¥−¨©, ¯® ª®â®àë¬ ¯à®¨áå®¤¨â å�à�ªâ¥à¨§�æ¨ï.

�¯¨á�−¨¥ í«¥¬¥−â� á®¤¥à¦¨â á¢¥¤¥−¨ï ® ¯«®é�¤¨ ¥£® â®¯®«®£¨ç¥áª®© à¥�-
«¨§�æ¨¨, ® ¢å®¤−ëå, ¢−ãâà¥−−¨å ¨ ¢ëå®¤−ëå ¯®àâ�å, ¥¬ª®áâ−ë¥ ¨ ¢à¥¬¥−− �ë¥
å�à�ªâ¥à¨áâ¨ª¨ ¯®àâ®¢, ¯à¥¤áâ�¢«¥−−ë¥ ¢ à�§¤. 3. ‡�¢¥àè�¥â ®¯¨á�−¨¥ í«¥¬¥−â�
ãª�§�−¨¥ §−�ç¥−¨ï áâ�â¨ç¥áª®© ¬®é−®áâ¨ ¯®âà¥¡«¥−¨ï.

�¨¡«¨®â¥ª� ¬®¤¥«¥© á®§¤�¥âáï ¤«ï ª�¦¤®£® ¢�à¨�−â� ãá«®¢¨© äã−ªæ¨®−¨à®-
¢�−¨ï í«¥¬¥−â®¢ ¨ ¬®¤¥«¥© ŠŒ��-âà�−§¨áâ®à®¢, §�¢¨áïé¨å ®â £¥®¬¥âà¨ç¥áª¨å
à�§¬¥à®¢ â®¯®«®£¨ç¥áª®© à¥�«¨§�æ¨¨ âà�−§¨áâ®à®¢ ¨ à�§¡à®á� â¥å−®«®£¨ç¥áª¨å
¯�à�¬¥âà®¢ ¯à®æ¥áá� ¨§£®â®¢«¥−¨ï �ˆ‘.

‘ ¯®¬®éìî à�§à�¡®â�−−®£® ¯à®£à�¬¬−®£® ª®¬¯«¥ªá� ‘�•ˆ� ¡ë«� ¯à®¢¥¤¥-
−� å�à�ªâ¥à¨§�æ¨ï ¡¨¡«¨®â¥ª¨ IPI18 ‘‘-í«¥¬¥−â®¢ ŠŒ��-¡�§¨á�, á®§¤�−−®©
¢ ¯à®¥ªâ−ëå −®à¬�å 0,18 ¬ª¬, � â�ª¦¥ ¡¨¡«¨®â¥ª¨ IPI65 ¢ ¯à®¥ªâ−ëå −®à¬�å
65 −¬. �¯ëâ−�ï íªá¯«ã�â�æ¨ï á¨áâ¥¬ë ‘�•ˆ� ¯®ª�§�«� ¥¥ íää¥ªâ¨¢−®áâì ¯à¨
å�à�ªâ¥à¨§�æ¨¨ ¡¨¡«¨®â¥ª ‘‘-í«¥¬¥−â®¢.

6 Выводы

1. Š®¬¯«¥ªá ‘�•ˆ� à¥è�¥â ¯à®¡«¥¬ã ¯®áâà®¥−¨ï ª®àà¥ªâ−ëå äã−ªæ¨®−�«ì-
−®-«®£¨ç¥áª¨å ¬®¤¥«¥© ‘‘-í«¥¬¥−â®¢.

2. ÷�§à�¡®â�−ë ¬¥â®¤¨ª¨ ¯®áâà®¥−¨ï −�ç�«ì−®£® á®áâ®ï−¨ï í«¥¬¥−â®¢ á ¯�-
¬ïâìî (âà¨££¥à®¢, ¯á¥¢¤®¤¨−�¬¨ç¥áª¨å í«¥¬¥−â®¢), ¨¬¥îé¨å −¥áª®«ìª®
¢−ãâà¥−−¨å ¨ ¢−¥è−¨å ¢ëå®¤®¢. �â® ®¡¥á¯¥ç¨«® à¥�«¨§ã¥¬®áâì á¥�−á®¢
í«¥ªâà¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï, ¨á¯®«ì§ã¥¬ëå ¤«ï ¢ëç¨á«¥−¨ï ¢à¥¬¥−−‚ëå ¨
í«¥ªâà¨ç¥áª¨å ¯�à�¬¥âà®¢ å�à�ªâ¥à¨§ã¥¬ëå í«¥¬¥−â®¢.

3. �� ®á−®¢¥ �«£®à¨â¬®¢ ¨ ¬¥â®¤¨ª ä®à¬�«¨§�æ¨¨ ®¯¨á�−¨ï ¯à¨−æ¨¯¨�«ì−®©
áå¥¬ë í«¥¬¥−â� ¨ ä®à¬¨à®¢�−¨ï §�¤�−¨ï −� í«¥ªâà¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥,
¢ëï¢«ïîé¥¥ ¢à¥¬¥−−‚ë¥ ¨ í«¥ªâà¨ç¥áª¨¥ ¯�à�¬¥âàë áå¥¬ë, à�§à�¡®â�−ë
¯à®£à�¬¬−ë¥ áà¥¤áâ¢� ¯à®æ¥¤ãàë å�à�ªâ¥à¨§�æ¨¨ á ¨á¯®«ì§®¢�−¨¥¬ áà¥¤ë
à�§à�¡®âª¨ Borland Delphi. �−¨ ®¡¥á¯¥ç¨¢�îâ á¨−â�ªá¨ç¥áª¨© ¨ á¥¬�−â¨ç¥-
áª¨© ª®−âà®«ì ¢å®¤−ëå ¤�−−ëå, ä®à¬¨à®¢�−¨¥ §�¤�−¨ï −� ¬®¤¥«¨à®¢�−¨¥
¢ ä®à¬�â¥ SPICE, §�¯ãáª §�¤�−¨ï −� ¬®¤¥«¨à®¢�−¨¥ á ¨á¯®«ì§®¢�−¨¥¬
¯à®£à�¬¬ë í«¥ªâà¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï Ngspice, à�áç¥â ¨ �ªªã¬ã«ïæ¨î
¢à¥¬¥−−ëå ¨ í«¥ªâà¨ç¥áª¨å ¯�à�¬¥âà®¢ í«¥¬¥−â� ¯® ¥£® ¯à¨−æ¨¯¨�«ì−®©
áå¥¬¥ á ¯�à�§¨â−ë¬¨ ª®¬¯®−¥−â�¬¨.
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ā. ƒ. „ìïç¥−ª®, �. ‚. Œ®à®§®¢, „. ā. ‘â¥¯ç¥−ª®¢, ā. �. ‘â¥¯ç¥−ª®¢

4. ÷�§à�¡®â�−� ¯®¤á¨áâ¥¬� âà�−á«ïæ¨¨ à¥§ã«ìâ�â®¢ ¬®¤¥«¨à®¢�−¨ï í«¥¬¥−â�
¢ ®¯¨á�−¨¥ ¥£® äã−ªæ¨®−�«ì−®-«®£¨ç¥áª®© ¬®¤¥«¨ ¢ ä®à¬�â¥ Liberty, ¨á-
¯®«ì§ã¥¬®¬ ¡®«ìè¨−áâ¢®¬ á®¢à¥¬¥−−ëå ¯à®¬ëè«¥−−ëå ‘��÷ ¤«ï á¨−â¥§�
áå¥¬®â¥å−¨ª¨, â®¯®«®£¨¨ �ˆ‘ ¨ ®æ¥−®ç−®£® à�áç¥â� ¥¥ ¢à¥¬¥−−‚ëå ¨ í−¥à£¥-
â¨ç¥áª¨å å�à�ªâ¥à¨áâ¨ª.

5. ÷�§à�¡®â�−� ¯®¤á¨áâ¥¬� ã¯à�¢«¥−¨ï å�à�ªâ¥à¨§�æ¨¥©, ®¡¥á¯¥ç¨¢�îé�ï ¨−-
â¥£à�æ¨î ¯à®£à�¬¬−ëå áà¥¤áâ¢ ‘�•ˆ� ¢ ¥¤¨−ãî á¨áâ¥¬ã å�à�ªâ¥à¨§�æ¨¨
í«¥¬¥−â®¢ ŠŒ��-¡�§¨á� ¨ ¯à¥¤®áâ�¢«ïîé�ï ¯®«ì§®¢�â¥«î ã¤®¡−ë© £à�ä¨-
ç¥áª¨© ¨−â¥àä¥©á. �− ¢ ¨−âã¨â¨¢−® ¯®−ïâ−®© ä®à¬¥ ¯®¬®£�¥â ¯®«ì§®¢�â¥«î
áä®à¬¨à®¢�âì §�¤�−¨¥ −� å�à�ªâ¥à¨§�æ¨î ¡¨¡«¨®â¥ç−®£® í«¥¬¥−â�, ãç¨âë-
¢�îé¥¥ ãá«®¢¨ï ¥£® äã−ªæ¨®−¨à®¢�−¨ï (−�¨åã¤è¨¥, â¨¯®¢ë¥, −�¨«ãçè¨¥) á
â®çª¨ §à¥−¨ï −�¯àï¦¥−¨ï ¯¨â�−¨ï, â¥¬¯¥à�âãàë, â¥å−®«®£¨ç¥áª¨å ¯�à�¬¥-
âà®¢ �ªâ¨¢−ëå ª®¬¯®−¥−â®¢, ¨−¤¨æ¨àã¥â ¯à®æ¥áá ¢ë¯®«−¥−¨ï å�à�ªâ¥à¨§�-
æ¨¨, ¨−ä®à¬¨àãï ¯®«ì§®¢�â¥«ï ® áâ¥¯¥−¨ §�¢¥àè¥−−®áâ¨ ®â¤¥«ì−ëå íâ�¯®¢
¯à®æ¥áá� å�à�ªâ¥à¨§�æ¨¨ ¨ ¢á¥£® ¯à®æ¥áá� ¢ æ¥«®¬.

6. ‘ ¯®¬®éìî ‘�•ˆ� ¡ë«� ¯à®¢¥¤¥−� å�à�ªâ¥à¨§�æ¨ï ¡¨¡«¨®â¥ª¨ ‘‘-í«¥-
¬¥−â®¢ ŠŒ��-¡�§¨á� ¢ ¯à®¥ªâ−ëå −®à¬�å 0,18 ¬ª¬ ¨ 65 −¬.

Литература

1. Encounter Library Characterizer, Cadence. http://www.cadence.com/rl/Resources/
datasheets/library characterizer ds.pdf.

2. CHARISMA: á¨áâ¥¬� å�à�ªâ¥à¨§�æ¨¨ ¡¨¡«¨®â¥ª áâ�−¤�àâ−ëå ïç¥¥ª // Radix Tools.
http://www.radixtools.ru/¦les/Charisma Presentation RU.ppt.

3. �−â®−®¢ ‘. ‚., —ã©ª® „. ‚. �à®£à�¬¬� å�à�ªâ¥à¨§�æ¨¨ ¡¨¡«¨®â¥ª¨ æ¨äà®¢ëå
ŠŒ��-í«¥¬¥−â®¢. http://library.mephi.ru/data/scienti¦c-sessions/2003/1/148.html.

4. �¨¡«¨®â¥ª� á�¬®á¨−åà®−−ëå í«¥¬¥−â®¢ ¨ áà¥¤áâ¢ ®â«�¤ª¨ à¥ªãàà¥−â−®£® ª®¬¯ìîâ¥à�:
�âç¥â ¯® �ˆ÷, è¨äà ú��÷Šû. | Œ.: ˆ�ˆ ÷��, 2010.

5. Ngspice Circuit Simulator. http://ngspice.sourceforge.net.

6. ÷�§à�¡®âª� ¬¥â®¤¨ª¨ ¨ ¯à®£à�¬¬−ëå áà¥¤áâ¢ å�à�ªâ¥à¨§�æ¨¨ í«¥¬¥−â®¢ ¡¨¡«¨®â¥ª¨
‘��÷ á�¬®á¨−åà®−−ëå �ˆ‘: �âç¥â ¯® �ˆ÷, è¨äà ú‘’…÷•û. | Œ.: ˆ�ˆ ÷��,
2011.

7. Synopsys Inc., Liberty User Guides and Reference Manual Suite Version 2007.12.
ftp://ftp.synopsys.com/pub/LUGRM07/Liberty User Guides Reference Manual 2007.
12.pdf.

48 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 22 −®¬¥à 1 2012



‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ, 2012. ’. 22. ü 1. ‘. 49{61

ФИКСАЦИЯ ИСКЛЮЧИТЕЛЬНЫХ СИТУАЦИЙ
В РЕКУРРЕНТНОМ ОПЕРАЦИОННОМ УСТРОЙСТВЕ∗

Р. А. Зеленов1, А. А. Прокофьев2, Ю. А. Степченков3, В. Н. Волчек4

�−−®â�æ¨ï: �¡®§−�ç¥−ë ¯à®¡«¥¬ë, á¢ï§�−−ë¥ á ä¨ªá�æ¨¥© ¨áª«îç¨â¥«ì−ëå
á¨âã�æ¨© (ˆ‘) ¢ ¬−®£®ï¤¥à−®© ¯®â®ª®¢®© ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬¥. �−�«¨§¨-
àãîâáï ¢®§¬®¦−ë¥ ¢�à¨�−âë ®¡−�àã¦¥−¨ï ˆ‘ ¨ ä®à¬¨à®¢�−¨ï ®â«�¤®ç−®©
¨−ä®à¬�æ¨¨ ¤«ï ¥¥ ¯¥à¥¤�ç¨ −� ®¡à�¡®âªã. ‘ä®à¬ã«¨à®¢�−ë ¯à¨−æ¨¯ë
á®§¤�−¨ï «®£¨ª¨ ä¨ªá�æ¨¨ ¨ ®¡à�¡®âª¨ ˆ‘, ¯à¨¬¥−¨¬ë¥ ¤«ï «î¡®£® ¢¨¤�
¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬.

Š«îç¥¢ë¥ á«®¢�: ¨áª«îç¨â¥«ì−ë¥ á¨âã�æ¨¨; ¯à¥àë¢�−¨ï; ¯®â®ª®¢�ï �àå¨-
â¥ªâãà�; à¥ªãàà¥−â−®áâì

1 Введение

‚ ˆ−áâ¨âãâ¥ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª ¢¥¤¥âáï à�§à�-
¡®âª� ¬−®£®ï¤¥à−®© ¯®â®ª®¢®© à¥ªãàà¥−â−®© ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬ë (Œ�÷‚‘)
á −¥âà�¤¨æ¨®−−®© �àå¨â¥ªâãà®©, ï¢«ïîé¥©áï à�§¢¨â¨¥¬ ¯®â®ª®¢®£® ¯®¤å®¤�.
‚ ®á−®¢¥ ¯�à�¤¨£¬ë ¢ëç¨á«¥−¨© «¥¦¨â £à�ä®¤¨−�¬¨ç¥áª®¥ ¯à¥¤áâ�¢«¥−¨¥ �«-
£®à¨â¬®¢, à¥ªãàà¥−â−® á¢¥à−ãâëå ¤® ¬®¬¥−â� ¨−¨æ¨�æ¨¨ ¨á¯®«−¥−¨ï ¨ á�¬®-
à�§¢®à�ç¨¢�îé¨åáï ¢ å®¤¥ ¢ë¯®«−¥−¨ï §�¤�ç. ‚ ¢ëç¨á«¨â¥«ì−®¬ ¯à®æ¥áá¥
§�¤¥©áâ¢®¢�− ¥¤¨−ë© ¯®â®ª á�¬®¤®áâ�â®ç−ëå ¤�−−ëå, ª®â®àë© åà�−¨â ¢ á¥¡¥
à¥ªãàà¥−â−® á¦�âë© �«£®à¨â¬ à¥è¥−¨ï ª®−ªà¥â−®© §�¤�ç¨ [1].

�á®¡¥−−®áâì Œ�÷‚‘ §�ª«îç�¥âáï ¢ â®¬, çâ® ¢ −¥© ®áãé¥áâ¢«ï¥âáï ¢§�¨-
¬®¤¥©áâ¢¨¥ ¤¢ãå ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬ á à�§«¨ç−®© �àå¨â¥ªâãà®©: ã¯à�¢«ï-
îé¥£® ãà®¢−ï, ¡�§¨àãîé¥£®áï −� áâ�−¤�àâ−ëå ä®−-−¥©¬�−®¢áª¨å ¯à¨−æ¨¯�å,
¨ ®¯¥à�æ¨®−−®£® ãà®¢−ï, à¥�«¨§®¢�−−®£® ¢ ¢¨¤¥ à¥ªãàà¥−â−®£® ®¯¥à�æ¨®−−®£®
ãáâà®©áâ¢� (÷�“). ‘«¥¤®¢�â¥«ì−®, −¥®¡å®¤¨¬® à¥è¨âì á«¥¤ãîé¨¥ ¯à®¡«¥¬ë
¢§�¨¬®¤¥©áâ¢¨ï íâ¨å ãà®¢−¥©:

(1) ®¡¬¥− ¤�−−ë¬¨ (à¥è¥−� ¯ãâ¥¬ ¢¢¥¤¥−¨ï ¡ãä¥à−®© ¯�¬ïâ¨ (��) [2]);

(2) ®¡à�¡®âª� ˆ‘ | à¥�ªæ¨ï �¯¯�à�âãàë −� ®è¨¡ª¨ ¨ ®â«�¤®ç−ë¥ á®¡ëâ¨ï.

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ç�áâ¨ç−®© ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ ¯® �à®£à�¬¬¥ äã−¤�¬¥−â�«ì−ëå
¨áá«¥¤®¢�−¨© ��ˆ’ ÷�� −� 2011 £., ¯à®¥ªâ 1.5.

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, graf.developer@gmail.com
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, a.a.prokofyev@mail.ru
3ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, YStepchenkov@ipiran.ru
4ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, v volchek@inbox.ru
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÷. �. ‡¥«¥−®¢, �. �. �à®ª®äì¥¢, ā. �. ‘â¥¯ç¥−ª®¢, ‚. �. ‚®«ç¥ª

�¡à�¡®âª� ˆ‘ ï¢«ï¥âáï á«®¦−®© ¨ çà¥§¢ëç�©−® �ªâã�«ì−®© §�¤�ç¥©, ª®â®à�ï
¢ª«îç�¥â ¢ á¥¡ï ®¡−�àã¦¥−¨¥ ®è¨¡®ª, á¡®à ®â«�¤®ç−®© ¨−ä®à¬�æ¨¨, ¢ë¯®«−¥-
−¨¥ äã−ªæ¨© ®¡à�¡®âª¨ ¢®§−¨ªè¨å á¨âã�æ¨©, � â�ª¦¥ ¢−¥¤à¥−¨¥ ¯®¤¤¥à¦ª¨
®â«�¤®ç−ëå ¯à®æ¥¤ãà ¢ ¢ëç¨á«¨â¥«ì−ãî á¨áâ¥¬ã. ‚ ¤�−−®© áâ�âì¥ ¯à¥¤áâ�¢«¥−
�−�«¨§ ¯à®¡«¥¬ à¥�«¨§�æ¨¨ äã−ªæ¨© ä¨ªá�æ¨¨ ¨ ®¡à�¡®âª¨ ˆ‘ ¢ ÷�“, � â�ª¦¥
¢®§¬®¦−ëå ¢�à¨�−â®¢ ¨å à¥è¥−¨ï.

2 Особенности реализации многоядерной потоковой рекуррентной
вычислительной системы

Š�ª ã¯®¬¨−�«®áì ¢ëè¥, �àå¨â¥ªâãà� Œ�÷‚‘ ï¢«ï¥âáï ¤¢ãåãà®¢−¥¢®©
(à¨á. 1): ¢ ª�ç¥áâ¢¥ ã¯à�¢«ïîé¥£® ¢ëáâã¯�¥â ä®−-−¥©¬�−®¢áª¨© ¯à®æ¥áá®à,
¢ ¥£® §�¤�ç¨ ¢å®¤¨â ¯®¤£®â®¢ª� ¤�−−ëå ¤«ï ®¯¥à�æ¨®−−®£® ãà®¢−ï ¨ á¢ï§ì á ¯¥à¨-
ä¥à¨©−ë¬¨ ãáâà®©áâ¢�¬¨; ÷�“ ¯à¥¤−�§−�ç¥−® ¤«ï íää¥ªâ¨¢−®£® ¨á¯®«−¥−¨ï
¯�à�««¥«ì−ëå �«£®à¨â¬®¢.

‚ ª�ç¥áâ¢¥ ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï (��) ¤«ï ÷�“ ¢ëáâã¯�îâ ª�¯áã«ë [2].
�â® ¯à®£à�¬¬ë, ¯à¥¤áâ�¢«ïîé¨¥ á®¡®© −�¡®à í«¥¬¥−â®¢ á�¬®¤®áâ�â®ç−ëå ¤�−-
−ëå (®¯¥à�−¤®¢), | ¨−áâàãªæ¨¨ ¯® −�áâà®©ª¥ ®¯à¥¤¥«¥−−ëå ¡«®ª®¢, ¤�−−ë¥ ¨
ª®¬�−¤ë ¤«ï ¨å ®¡à�¡®âª¨.

÷¨á. 1 ‘âàãªâãà� Œ�÷‚‘
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”¨ªá�æ¨ï ¨áª«îç¨â¥«ì−ëå á¨âã�æ¨© ¢ à¥ªãàà¥−â−®¬ ®¯¥à�æ¨®−−®¬ ãáâà®©áâ¢¥

‚§�¨¬®¤¥©áâ¢¨¥ ¤¢ãå ãà®¢−¥© ®áãé¥áâ¢«ï¥âáï ç¥à¥§ ��. ‘ æ¥«ìî á®ªà�-
é¥−¨ï ®¡ê¥¬� ¤�−−ëå, ¯®áâã¯�îé¨å á® áâ®à®−ë ã¯à�¢«ïîé¥£® ãà®¢−ï, ¯¥à¥¤
¨−¨æ¨�«¨§�æ¨¥© ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá� ¢ �� §�¯¨áë¢�îâáï è�¡«®−ë ª�¯áã«,
á®¤¥à¦�é¨¥ â®«ìª® äã−ªæ¨®−�«ì−ë¥ ¯®«ï ®¯¥à�−¤®¢, ¢ ¯à®æ¥áá¥ ¦¥ ¢ëç¨á«¥−¨©
¨¤¥â §�¯®«−¥−¨¥ «¨èì á®¤¥à¦�â¥«ì−ëå ç�áâ¥© (−¥¯®áà¥¤áâ¢¥−−® ¤�−−ëå). ’�ª¨¬
®¡à�§®¬, ¢ ¯à®æ¥áá¥ ¬−®£®ªà�â−®£® ¢ë¯®«−¥−¨ï ª�¯áã« ¢áï ¨−ä®à¬�æ¨ï ® å®¤¥
¢ëç¨á«¥−¨© ®áâ�¥âáï −¥¨§¬¥−−®©, ¬¥−ïîâáï â®«ìª® ®¡à�¡�âë¢�¥¬ë¥ ¤�−−ë¥ [3].

‚ â¥ªãé¥© à¥�«¨§�æ¨¨ ®¯¥à�æ¨®−−®¥ ãáâà®©áâ¢® (�“) ¨¬¥¥â ¢ á¢®¥¬ á®áâ�¢¥
ç¥âëà¥ ¯à®æ¥áá®à−ëå ï¤à� (�Ÿ). ÷�á¯à¥¤¥«¥−¨¥ ¢å®¤−®£® ¯®â®ª� á�¬®¤®áâ�-
â®ç−ëå ¤�−−ëå ¯® á¥ªæ¨ï¬ ®áãé¥áâ¢«ï¥âáï äã−ªæ¨®−�«ì−ë¬ ¡«®ª®¬ (”�) |
à�á¯à¥¤¥«¨â¥«¥¬. �®áâã¯�îé¨¥ −� ¢å®¤ �Ÿ ¤�−−ë¥ á−�ç�«� −�å®¤ïâ á¢®î ¯�-
àã ¢ ¯�¬ïâ¨ á®¢¯�¤¥−¨© (�‘), §�â¥¬ ¢ §�¢¨á¨¬®áâ¨ ®â à¥¦¨¬� à�¡®âë ¨ ª®¤®¢
®¯¥à�æ¨© ¦®−£«¥à ®¯à¥¤¥«ï¥â, −� ª�ª®¥ ¯«¥ç® ¢ëç¨á«¨â¥«ì−®£® ãáâà®©áâ¢� (‚“)
¯®¤�âì ®¯¥à�−¤ë ¤«ï ¨å ¤�«ì−¥©è¥© ®¡à�¡®âª¨ [4].

3 Фиксация исключительных ситуаций в рекуррентном операционном
устройстве

Š�ª ¨ ¢ «î¡®© ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬¥, ¢ Œ�÷‚‘ ¢®§¬®¦−® ¢®§−¨ª−®¢¥−¨¥
®è¨¡®ª, á¢ï§�−−ëå á à�§«¨ç−®£® à®¤� ®è¨¡ª�¬¨ ¨ á¡®ï¬¨, ª®â®àë¥ −¥¢®§¬®¦−®
¯à¥¤ãá¬®âà¥âì −� íâ�¯¥ ¯à®£à�¬¬¨à®¢�−¨ï [5, 6]. �®¤®¡−ë¥ á®¡ëâ¨ï −¥¨§¡¥¦−®
¯à¨¢®¤ïâ ª −�àãè¥−¨î −®à¬�«ì−®£® å®¤� ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá�, ¯®íâ®¬ã
¢áâ�¥â §�¤�ç� ¨å ®¡−�àã¦¥−¨ï, ®¡à�¡®âª¨, ¢®ááâ�−®¢«¥−¨ï ª®àà¥ªâ−®áâ¨ ¢ëç¨á-
«¥−¨©. �à¥¤áâ�¢¨¬ áâàãªâãàã äã−ªæ¨¨ ®¡à�¡®âª¨ ˆ‘ ¢ ¢¨¤¥ ¤¥à¥¢� (à¨á. 2).

„¢ãåãà®¢−¥¢�ï ®à£�−¨§�æ¨ï Œ�÷‚‘ −�ª«�¤ë¢�¥â á¯¥æ¨ä¨ªã −� ¯®á«¥-
¤®¢�â¥«ì−®áâì ¤¥©áâ¢¨© ¯à¨ à�¡®â¥ á ®è¨¡ª�¬¨ ¨ á«ã¦¥¡−ë¬¨ ¯à®æ¥¤ãà�¬¨.
’à¥¡ã¥âáï à�§¤¥«¥−¨¥ äã−ªæ¨©, ¯à¥¤áâ�¢«¥−−ëå −� à¨á. 2, ¬¥¦¤ã ã¯à�¢«ïîé¨¬
ãà®¢−¥¬ (““) ¨ ÷�“.

‚−¥¤à¥−¨¥ «®£¨ª¨ ä¨ªá�æ¨¨ ¨áª«îç¨â¥«ì−ëå á¨âã�æ¨© âà¥¡ã¥â ¯à¨¬¥−¥−¨ï
�−�«¨â¨ç¥áª®£® ¯®¤å®¤� á ®æ¥−ª®© à�§«¨ç−ëå ¢®§¬®¦−ëå ¢�à¨�−â®¢ ¨á¯®«−¥−¨ï,
â�ª ª�ª −¥®¡å®¤¨¬® ã¤®¢«¥â¢®àïâì ªà¨â¥à¨ï¬:

{ ¯®«−®âë ¯®ªàëâ¨ï ˆ‘: ¤®«¦−ë ®¡−�àã¦¨¢�âìáï ¢á¥ ¢®§¬®¦−ë¥ ˆ‘, ª®â®àë¥
¬®£ãâ ¢®§−¨ª−ãâì ¢ å®¤¥ à�¡®âë ÷�“, ¢ â®¬ ç¨á«¥ ¨ ¢á«¥¤áâ¢¨¥ á¡®¥¢ ¢
�¯¯�à�âãà¥;

{ ¯®«−®âë ®â«�¤®ç−®© ¨−ä®à¬�æ¨¨, ¯¥à¥¤�¢�¥¬®© −� ““: ¢ §�¢¨á¨¬®áâ¨ ®â
¬¥áâ� ¨ ¢à¥¬¥−¨ ¢®§−¨ª−®¢¥−¨ï ˆ‘ ã¯à�¢«ïîé¨© ãà®¢¥−ì ¡ã¤¥â ¯à®¨§¢®¤¨âì
®¡à�¡®âªã à�§−ë¬¨ á¯®á®¡�¬¨;

{ ¬¨−¨¬¨§�æ¨¨ �¯¯�à�â−ëå §�âà�â −� à¥�«¨§�æ¨î ¢ ãáâà®©áâ¢¥;

{ à�−−¥£® ®¡−�àã¦¥−¨ï ˆ‘: ¥á«¨ ®è¨¡ª�, ¯à¨¢®¤ïé�ï ª ˆ‘, ¬®¦¥â ¡ëâì
®¡−�àã¦¥−� ¢ −¥áª®«ìª¨å ¬¥áâ�å, â® ¥¥ −¥®¡å®¤¨¬® ®¡−�àã¦¨¢�âì −� ª�ª
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¬®¦−® ¡®«¥¥ à�−−¨å íâ�¯�å ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá�. �â® ¯®§¢®«¨â â®ç−¥¥
®¯à¥¤¥«¨âì ¯à¨ç¨−ã ¥¥ ¢®§−¨ª−®¢¥−¨ï.

„«ï à¥�«¨§�æ¨¨ ä¨ªá�æ¨¨ ˆ‘ âà¥¡ã¥âáï −�©â¨ ®â¢¥âë −� á«¥¤ãîé¨¥ ¢®-
¯à®áë:

1. Š�ª®¢ ¯¥à¥ç¥−ì ˆ‘, ¨å ª«�áá¨ä¨ª�æ¨ï ¨ ¯à¨®à¨â¥âë?

2. Š�ªãî ¨−ä®à¬�æ¨î ® ¢®§−¨ªè¥© ˆ‘ âà¥¡ã¥âáï á®åà�−¨âì?

3. —â® ¤®«¦−® ¯à®¨§®©â¨ á ¢ëç¨á«¨â¥«ì−ë¬ ¯à®æ¥áá®¬ ¢ ÷�“ ¯à¨ ¢®§−¨ª−®-
¢¥−¨¨ ˆ‘?

4. Š�ª¨¬ ®¡à�§®¬ ““ ¯®«ãç¨â ¨−ä®à¬�æ¨î ®¡ ˆ‘?

5. Š�ª®¢ë ¢®§¬®¦−ë¥ ¢�à¨�−âë ®¡à�¡®âª¨ ˆ‘?

3.1 Перечень исключительных ситуаций

„«ï á®áâ�¢«¥−¨ï ¯¥à¥ç−ï ˆ‘ ¯à®�−�«¨§¨àã¥¬ à�¡®âã ª�¦¤®£® ”� ¢ ®â¤¥«ì-
−®áâ¨ á â®çª¨ §à¥−¨ï á¯¥æ¨ä¨ª�æ¨¨ ¨ ãáâ�−®¢¨¬, ª�ª¨¥ ®è¨¡ª¨ ¢®§¬®¦−ë ¢ å®¤¥
¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá�. Š�¦¤ë© ¨§ ”� à�¡®â�¥â ¯®¤ ã¯à�¢«¥−¨¥¬ ¤�−−ëå,
¯®áâã¯�îé¨å −� ¥£® ¢å®¤. ‚ íâ¨å ¤�−−ëå ¬®£ãâ ¯¥à¥¤�¢�âìáï ª®¤ë −�áâà®©ª¨;
á«¥¤®¢�â¥«ì−®, ¥á«¨ ª®¤ −�áâà®©ª¨ −¥ á¯¥æ¨ä¨æ¨à®¢�−, â® ¯®¢¥¤¥−¨¥ ”� −¥
®¯à¥¤¥«¥−® ¨ â�ª�ï á¨âã�æ¨ï ¤®«¦−� ¢ë§ë¢�âì ˆ‘. �®¤®¡−®£® à®¤� ˆ‘ ¬®¦−®
®â−¥áâ¨ ª â¨¯ã ú®è¨¡ª� ¯® ¤®¯ãáâ¨¬®áâ¨û. �¤−�ª® ¡ã¤¥¬ ¯®á«¥¤®¢�â¥«ì−ë
¨ −�ç−¥¬ �−�«¨§ ¢®§¬®¦−ëå ®è¨¡®ª ¢ äã−ªæ¨®−�«ì−ëå ¡«®ª�å á ¨−â¥àä¥©á�
¢§�¨¬®¤¥©áâ¢¨ï ÷�“ á ã¯à�¢«ïîé¨¬ ãà®¢−¥¬ | ¡ãä¥à−®© ¯�¬ïâ¨.

�−�«¨§ áâàãªâãàë ¨ äã−ªæ¨®−¨à®¢�−¨ï �� ¢ëï¢¨« á«¥¤ãîé¨¥ ¢®§¬®¦−ë¥
−�àãè¥−¨ï ¢ ª®àà¥ªâ−®áâ¨ à�¡®âë:

{ ¯®¯ëâª� ®¡à�é¥−¨ï ¯® −¥áãé¥áâ¢ãîé¥¬ã �¤à¥áã �� (â¨¯ ú®è¨¡ª� ¯® ¤®¯ãá-
â¨¬®áâ¨û, â�ª ª�ª �¤à¥á ¯à¥¢ëè�¥â ¤®¯ãáâ¨¬®¥ �¤à¥á−®¥ ¯à®áâà�−áâ¢®):

• á® áâ®à®−ë ““ | −¥¢¥à−®¥ §−�ç¥−¨¥ −� è¨−¥ �¤à¥á�;

• ç¥à¥§ ¨−¤¥ªá−ë¥ à¥£¨áâàë �� | ¢ëå®¤ §� £à�−¨æë �¤à¥á−®£® ¯à®áâà�−-
áâ¢� ¯à¨ áç¨âë¢�−¨¨ ¨ §�¯¨á¨ ¤�−−ëå;

{ §�¯¨áì ¤�−−ëå á® áâ®à®−ë ““ ¢ −¥¯à¥¤−�§−�ç¥−−®¥ ¤«ï −¨å ¬¥áâ®: ¯®-
¯ëâª� §�¯¨á�âì äã−ªæ¨®−�«ì−ãî ç�áâì ®¯¥à�−¤� ¢ ®¡«�áâì ¯�¬ïâ¨, ¯à¥¤-
−�§−�ç¥−−ãî ¤«ï åà�−¥−¨ï á®¤¥à¦�â¥«ì−®© ç�áâ¨, ¨ −�®¡®à®â (ú®è¨¡ª� ¯®
−�§−�ç¥−¨îû);

{ ®âáãâáâ¢¨¥ ®¡ï§�â¥«ì−®£® ª®−ä¨£ãà�æ¨®−−®£® ®¯¥à�−¤� ¯® �¤à¥áã, á®®â¢¥â-
áâ¢ãîé¥¬ã −�ç�«ã ª�¯áã«ë (ú®è¨¡ª� ¯® ®âáãâáâ¢¨îû).

’�ª¨¥ á®¡ëâ¨ï ¬®£ãâ ¯à®¨áå®¤¨âì, ¥á«¨ ¢®§−¨ª á¡®© ¢ à�¡®â¥ ¯à¨ §�¯¨á¨
®¯¥à�−¤®¢ ª�¯áã«ë ¢ �� ã¯à�¢«ïîé¨¬ ãà®¢−¥¬.
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�®á«¥ �� ®¯¥à�−¤ë ¯®¯�¤�îâ ¢ à�á¯à¥¤¥«¨â¥«ì. „«ï ®¡¥á¯¥ç¥−¨ï à�−−¥£®
®¡−�àã¦¥−¨ï «®£¨ç−® ¨¬¥−−® −� ¢å®¤¥ à�á¯à¥¤¥«¨â¥«ï ¯à®¢¥àïâì −� á®®â¢¥âáâ¢¨¥
á¯¥æ¨ä¨ª�æ¨¨ §−�ç¥−¨ï äã−ªæ¨®−�«ì−ëå ¯®«¥© ®¯¥à�−¤®¢ (ú®è¨¡ª� ¯® ¤®¯ãáâ¨-
¬®áâ¨û). �® ¤�−−ë© �−�«¨§ −¥ ¬®¦¥â £�à�−â¨à®¢�âì ¯®«−®£® ®âáãâáâ¢¨ï ®è¨¡®ª ¢
äã−ªæ¨®−�«ì−ëå ¯®«ïå, â�ª ª�ª ¢á«¥¤áâ¢¨¥ ®¯à¥¤¥«¥−−ëå ¯à¨ç¨− §−�ç¥−¨ï ¯®-
«¥© ¡ã¤ãâ á¯¥æ¨ä¨æ¨à®¢�−−ë¬¨, −® ®â«¨ç−ë¬¨ ®â §�¤ã¬�−−ëå ¯à®£à�¬¬¨áâ®¬,
çâ® ¯à¨¢¥¤¥â ª ®è¨¡ª�¬ ¢ å®¤¥ ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá�.

Šà®¬¥ â®£®, ¢ à�á¯à¥¤¥«¨â¥«¥ ¬®£ãâ ¢®§−¨ª�âì ¥é¥ ¤¢� â¨¯� −�àãè¥−¨©
ª®àà¥ªâ−®áâ¨ à�¡®âë:

(1) ¯® ¯à¨ç¨−¥ −¥¯à�¢¨«ì−®£® ¯à®£à�¬¬¨à®¢�−¨ï ¨«¨ á¡®ï ¢®§¬®¦−ë á¨âã�æ¨¨,
ª®£¤� −¥áª®«ìª® ®¯¥à�−¤®¢ ¡ã¤ãâ −�¯à�¢«¥−ë −� ®¤¨− ¨ â®â ¦¥ ¯ãâì ¯¥à¥¤�ç¨
¤�−−ëå ®¤−®¢à¥¬¥−−® (ú®è¨¡ª� ¯® ª®««¨§¨¨û);

(2) ¢á«¥¤áâ¢¨¥ −¥¢¥à−ëå −�áâà®¥ª à�ááë«ª¨ ®¯¥à�−¤®¢ ®−¨ −¥ ¬®£ãâ ¡ëâì ª®à-
à¥ªâ−® −�¯à�¢«¥−ë ¢ ¬¥áâ� á¢®¥£® −�§−�ç¥−¨ï (ú®è¨¡ª� ¯® à¥¯«¨ª�æ¨¨û).

„àã£¨å â¨¯®¢ ˆ‘ ¢ à�á¯à¥¤¥«¨â¥«¥ −¥ ¯à¥¤ãá¬®âà¥−®, â�ª ª�ª ®áâ�«ì−ë¥
¢�à¨�−âë ¥£® à�¡®âë á¯¥æ¨ä¨æ¨à®¢�−ë ¨ ¬®£ãâ ª®àà¥ªâ−® ®¡à�¡�âë¢�âìáï.

�à¨ ®¯à¥¤¥«¥−−®© −�áâà®©ª¥ ¦®−£«¥à� −ã¦−® ä¨ªá¨à®¢�âì ˆ‘, � ¨¬¥−−® ¯à¨
®¡−�àã¦¥−¨¨ −¥á®¢¬¥áâ¨¬®áâ¨ ¢ §−�ç¥−¨ïå ®â¤¥«ì−ëå äã−ªæ¨®−�«ì−ëå ¯®«¥©
áæ¥¯¨¢è¨åáï ®¯¥à�−¤®¢, ª®£¤�:

{ −¥¢®§¬®¦−® ®¯à¥¤¥«¨âì, −ã¦−® «¨ −�¯à�¢«ïâì à¥§ã«ìâ¨àãîé¨© ®¯¥à�−¤ −�
è¨−ã ®¡¬¥−� ¤�−−ë¬¨ á à�á¯à¥¤¥«¨â¥«¥¬ ¨ �� (ú®è¨¡ª� ¯® íªá¯®§¨æ¨¨û);

{ ª®¤ë ®¯¥à�æ¨© −¥á®¢¬¥áâ¨¬ë (ú®è¨¡ª� ¯® ®¯¥à�æ¨¨û);

{ −¥¢®§¬®¦−® ®¯à¥¤¥«¨âì, −ã¦−� ¯¥à¥áë«ª� à¥§ã«ìâ¨àãîé¥£® ®¯¥à�−¤� ¢®®¡-
é¥, � ¥á«¨ ¤�, â® ¢ á¢®î ¨«¨ á®á¥¤−îî á¥ªæ¨î (ú®è¨¡ª� ¯® ¯¥à¥áë«ª¥û).

‚ �‘ ¬®¦¥â ¡ëâì §�ä¨ªá¨à®¢�−� ˆ‘, á¢ï§�−−�ï á ®¡à�é¥−¨¥¬ ª −¥áãé¥-
áâ¢ãîé¥¬ã �¤à¥áã (ú®è¨¡ª� ¯® ¤®¯ãáâ¨¬®áâ¨û).

‚ëç¨á«¨â¥«ì ¢ë¯®«−ï¥â ®¯¥à�æ¨¨ −�¤ ¤�−−ë¬¨ ¨, ¯®¤®¡−® ¡®«ìè¨−áâ¢ã
¯à®æ¥áá®à®¢, ®âá«¥¦¨¢�¥â á®¯ãâáâ¢ãîé¨¥ ®¯¥à�æ¨ï¬ á®¡ëâ¨ï ¨ å�à�ªâ¥à¨áâ¨ª¨
¯®«ãç�¥¬ëå à¥§ã«ìâ�â®¢ (−ã«¥¢®¥ §−�ç¥−¨¥ à¥§ã«ìâ�â�, ¯¥à¥−®áë, ¯¥à¥¯®«−¥−¨ï,
¢å®¦¤¥−¨ï ¢ æ¨ª«ë ¨ â. ¤.). �à®¢¥¤ï ¨å �−�«¨§, ¬®¦−® ¯à¨©â¨ ª ¢ë¢®¤ã, çâ®
â®«ìª® ä�ªâ ¯¥à¥¯®«−¥−¨ï ¬®¦¥â −¥£�â¨¢−® ¯®¢«¨ïâì −� å®¤ ¢ëç¨á«¨â¥«ì−®£®
¯à®æ¥áá�, � íâ® ®§−�ç�¥â, çâ® ¯à¨ ¥£® −�áâã¯«¥−¨¨ ¤®«¦−� ¢ëà�¡�âë¢�âìáï ˆ‘ |
ú®è¨¡ª� ¯® ¯¥à¥¯®«−¥−¨îû. �¥à¥¯®«−¥−¨ï ¢®§¬®¦−ë ¢ âà¥å ¬¥áâ�å ¢ëç¨á«¨â¥-
«ï: �à¨ä¬¥â¨ª®-«®£¨ç¥áª®¬ ãáâà®©áâ¢¥ (�‹“), à¥£¨áâà¥ B, à¥£¨áâà¥ C.

÷¥§ã«ìâ�â ¢ëç¨á«¥−¨© ¤®«¦¥− ç¥à¥§ ¨−â¥àä¥©á ®¡¬¥−� ¤�−−ë¬¨ ¯®¯�¤�âì −�
¬¥¦á¥ªæ¨®−−ë¥ è¨−ë; á«¥¤®¢�â¥«ì−®, §¤¥áì ¢®§¬®¦−� ú®è¨¡ª� ¯® ª®««¨§¨¨û.

‚ ®áâ�«ì−ëå ã§«�å ÷�“ ä¨ªá�æ¨¨ ˆ‘ −¥ âà¥¡ã¥âáï, â�ª ª�ª ¨å äã−ªæ¨®−¨-
à®¢�−¨¥ −¥ ¤®¯ãáª�¥â ¯®ï¢«¥−¨ï ˆ‘.
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3.2 Классификация исключений

�®«ãç¨¢ ¯¥à¥ç¥−ì ˆ‘, −¥®¡å®¤¨¬® ¯à®¢¥áâ¨ ¨å ª«�áá¨ä¨ª�æ¨î, â�ª ª�ª íâ®
¯®§¢®«¨â à�§à�¡®â�âì áâà�â¥£¨î ¯® ¨å ä¨ªá�æ¨¨ ¨ ¤�«ì−¥©è¥© ®¡à�¡®âª¥. ��
à¨á. 3 ¯à¨¢¥¤¥−� áå¥¬� ª«�áá¨ä¨ª�æ¨¨ ˆ‘ ¯® âà¥¬ ®á−®¢−ë¬ ¯à¨§−�ª�¬:

1. Šà¨â¨ç−®áâì ®§−�ç�¥â ¢®§¬®¦−®áâì ¨«¨ −¥¢®§¬®¦−®áâì ¤�«ì−¥©è¥£® ¯à®-
¤®«¦¥−¨ï ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá�. Šà¨â¨ç−ë¥ ˆ‘ ¤®«¦−ë −¥¬¥¤«¥−−®
£¥−¥à¨à®¢�âì ¯à¥àë¢�−¨ï −� ã¯à�¢«ïîé¨© ãà®¢¥−ì.

‚ ¯à®æ¥áá¥ ®â«�¤ª¨ ¬®¦¥â ¯®âà¥¡®¢�âìáï ¯¥à¥å®¤ ¢ ¯®è�£®¢®¥ ¨á¯®«−¥−¨¥
¯à¨ ¢®§−¨ª−®¢¥−¨¨ ®¯à¥¤¥«¥−−ëå ãá«®¢¨©, ¢ â® ¢à¥¬ï ª�ª ¢ ¯à®æ¥áá¥ ¢ëç¨á-
«¥−¨© ¤®áâ�â®ç−® â®«ìª® §�ä¨ªá¨à®¢�âì ä�ªâ ¢®§−¨ª−®¢¥−¨ï íâ¨å ãá«®¢¨©
¡¥§ £¥−¥à�æ¨¨ ¯à¥àë¢�−¨©, ¯®íâ®¬ã −¥ªà¨â¨ç−ë¥ ˆ‘ ¬®£ãâ ¨¬¥âì ¢®§¬®¦-
−®áâì −�áâà®©ª¨ á¢®¥£® ¯®¢¥¤¥−¨ï:

{ «®£¨à®¢�−¨¥ ¨−ä®à¬�æ¨¨ ®¡ ˆ‘;

{ £¥−¥à�æ¨ï ¯à¥àë¢�−¨©.

2. �à¨®à¨â¥â ¯®§¢®«¨â ®¯à¥¤¥«¨âì ®ç¥à¥¤−®áâì ¨ ¢®§¬®¦−®áâì ®¡à�¡®âª¨ ˆ‘
¢ á«ãç�¥, ª®£¤� ¢ à�§«¨ç−ëå ã§«�å ãáâà®©áâ¢� ®¤−®¢à¥¬¥−−® ¢®§−¨ª�îâ
®è¨¡ª¨. �à¨ íâ®¬ −¥®¡å®¤¨¬® á®åà�−¨âì ¨−ä®à¬�æ¨î ® −�¨¡®«¥¥ ¢�¦−ëå ¨§
−¨å. �à¨®à¨â¥â ¬®¦¥â ®¡®§−�ç�âìáï ç¨á«®¬ (ã¢¥«¨ç¥−¨¥ ç¨á«� á®®â¢¥âáâ¢ã¥â
ã¬¥−ìè¥−¨î ¯à¨®à¨â¥â�, â�¡«. 1), ¨ ¯à¨ ®¤−®¢à¥¬¥−−®¬ ¢®§−¨ª−®¢¥−¨¨
®¡à�¡®âª¥ ¡ã¤ãâ ¯®¤«¥¦�âì ˆ‘ á ¡®«ìè¨¬ ¯à¨®à¨â¥â®¬.

3. �® −�§−�ç¥−¨î ˆ‘ ¤¥«ïâáï −� ¤¢� ¢¨¤�:

(�) ¨á¯®«ì§ãîé¨¥áï ¯®áâ®ï−−® ¤«ï ä¨ªá�æ¨¨ ®è¨¡®ª;

(¡) ®¯à¥¤¥«ï¥¬ë¥ ¯®«ì§®¢�â¥«¥¬ ¤«ï æ¥«¥© ®â«�¤ª¨.

�¥à¥ç¥−ì â¨¯®¢ ˆ‘ ¨ ¨å ª«�áá¨ä¨ª�æ¨ï ¯à¥¤áâ�¢«¥−ë ¢ â�¡«. 1.

÷¨á. 3 Š«�áá¨ä¨ª�æ¨ï ˆ‘
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’�¡«¨æ� 1 �¥à¥ç¥−ì ¨ ª«�áá¨ä¨ª�æ¨ï ˆ‘

’¨¯ ˆ‘
Œ¥áâ®

¢®§−¨ª−®¢¥−¨ï

Š«�áá¨ä¨ª�æ¨ï

�à¨®-
à¨â¥â

Šà¨â¨ç−®áâì ��§−�ç¥−¨¥

Šà¨-
â¨ç−�ï

�¥ªà¨-
â¨ç−�ï

”¨ªá�-
æ¨ï

®è¨¡®ª

�â«�¤-
ª�

�� + + 1
�è¨¡ª� ¯® ¤®¯ãáâ¨¬®áâ¨ ÷�á¯à¥¤¥«¨â¥«ì + + 2

�‘ + + 3
�è¨¡ª� ¯® ®âáãâáâ¢¨î �� + + 4
�è¨¡ª� ¯® −�§−�ç¥−¨î �� + + 5

�è¨¡ª� ¯® ª®««¨§¨¨
÷�á¯à¥¤¥«¨â¥«ì + + 6
’�á®¢é¨ª + + 7

�è¨¡ª� ¯® íªá¯®§¨æ¨¨ †®−£«¥à + + 8
�è¨¡ª� ¯® ®¯¥à�æ¨¨ †®−£«¥à + + 9
�è¨¡ª� ¯® ¯¥à¥áë«ª¥ †®−£«¥à + + 10
�è¨¡ª� ¯® à¥¯«¨ª�æ¨¨ ÷�á¯à¥¤¥«¨â¥«ì + + + 11

�è¨¡ª� ¯® ¯¥à¥¯®«−¥−¨î

‚ëç¨á«¨â¥«ì:
�‹“

+ + + 12

‚ëç¨á«¨â¥«ì:
à¥£¨áâà B

+ + + 13

‚ëç¨á«¨â¥«ì:
à¥£¨áâà C

+ + + 14

��ˆ‘ + + + 15
�®«ì§®¢�â¥«ìáª�ï ˆ‘
(®â«�¤®ç−�ï)

�¯à¥¤¥«ï¥âáï
à�§à�¡®âç¨ª®¬

+ + + 16

3.3 Отладочная информация об исключительной ситуации

�á−®¢−®© ¯à®¡«¥¬®© ¯à¨ ä¨ªá�æ¨¨ ˆ‘ ï¢«ï¥âáï á¡®à ¨ á®åà�−¥−¨¥ ¨−-
ä®à¬�æ¨¨ ® ¢®§−¨ªè¥¬ á®¡ëâ¨¨. ‘®åà�−ï¥¬�ï ®¡ ˆ‘ ¨−ä®à¬�æ¨ï ¤®«¦−�
®¡¥á¯¥ç¨¢�âì ¢®§¬®¦−®áâì ®¯à¥¤¥«¨âì:

(1) £¤¥ ¢®§−¨ª«� ˆ‘ (”� ¨ ¯à¨ −¥®¡å®¤¨¬®áâ¨ −®¬¥à �Ÿ);

(2) â¨¯ ˆ‘;

(3) ¢à¥¬ï ¢®§−¨ª−®¢¥−¨ï ˆ‘: ¢¥àè¨−� ¢ £à�ä¥ ¢ëç¨á«¥−¨©.

÷¥è¥−¨¥ ¯¥à¢ëå ¤¢ãå ¯à®¡«¥¬ ¤®áâ�â®ç−® ®ç¥¢¨¤−®: ¢¢¥áâ¨ à¥£¨áâàë ¤«ï
á®åà�−¥−¨ï ª®¤� ”�, −®¬¥à� �Ÿ ¨ ª®¤� â¨¯� ˆ‘. ‘®åà�−¥−¨¥ ¦¥ ¢à¥¬¥−−‚®©
å�à�ªâ¥à¨áâ¨ª¨ âà¥¡ã¥â �−�«¨§� áâàãªâãàë ÷�“. ˆáå®¤ï ¨§ ®á®¡¥−−®áâ¥© à¥-
�«¨§�æ¨¨ ��, ¬®¦−® á¤¥«�âì ¢ë¢®¤, çâ® á®áâ®ï−¨¥ ¨−¤¥ªá−ëå ¨ àï¤� ¤àã£¨å
ã¯à�¢«ïîé¨å à¥£¨áâà®¢ â®ç−® ®¯à¥¤¥«ï¥â, ¢ ª�ª®¬ ¬¥áâ¥ £à�ä� �«£®à¨â¬� −�-
å®¤¨âáï ¯à®æ¥áá ¢ëç¨á«¥−¨ï. �® ¯à¨ íâ®¬ ®áâ�¥âáï −¥¨§¢¥áâ¥− −®¬¥à æ¨ª«�
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”¨ªá�æ¨ï ¨áª«îç¨â¥«ì−ëå á¨âã�æ¨© ¢ à¥ªãàà¥−â−®¬ ®¯¥à�æ¨®−−®¬ ãáâà®©áâ¢¥

¨á¯®«−¥−¨ï �«£®à¨â¬�, ¯®íâ®¬ã −¥®¡å®¤¨¬® ¢¢¥áâ¨ á®®â¢¥âáâ¢ãîé¨© áç¥âç¨ª.
’�ª¨¬ ®¡à�§®¬, ¯ãâ¥¬ ®¡ê¥¤¨−¥−¨ï ¨−ä®à¬�æ¨¨ ¨§ à¥£¨áâà®¢ �� ¨ áç¥âç¨ª�
æ¨ª«®¢ ä®à¬¨àã¥âáï ¢à¥¬¥−−®© ¯�à�¬¥âà.

3.4 Функционирование блока обработки исключительных ситуаций
в рекуррентном опреционном устройстве

ˆ§ ¢ëè¥¯à¨¢¥¤¥−−®£® �−�«¨§� á«¥¤ã¥â, çâ® ¢ ª�¦¤®¬ ¨§ ”� −¥®¡å®¤¨¬® à¥�-
«¨§®¢�âì ¯à®¢¥àªã ãá«®¢¨© ¢®§−¨ª−®¢¥−¨ï ˆ‘ ¨ à�§à�¡®â�âì ”�, ®â¢¥ç�îé¨© §�
á¡®à ¨ åà�−¥−¨¥ ¨−ä®à¬�æ¨¨ ® ¢®§−¨ªè¨å ˆ‘ (¡«®ª ®¡à�¡®âª¨ ¨áª«îç¨â¥«ì−ëå
á¨âã�æ¨©, ��ˆ‘) ¨ ®¡¥á¯¥ç¨¢�îé¨© á¢ï§ì á ““.

ˆ§ ¯à¥¤«®¦¥−−®© ª«�áá¨ä¨ª�æ¨¨ ˆ‘ á«¥¤ã¥â, çâ® ªà¨â¨ç−ë¥ ®è¨¡ª¨ ¤®«¦-
−ë ¯à¨¢®¤¨âì ª −¥¬¥¤«¥−−®¬ã §�¢¥àè¥−¨î ¢ëç¨á«¥−¨© ¨ ¯¥à¥¤�ç¥ ã¯à�¢«¥−¨ï
−� ““. �à¨ ¢®§−¨ª−®¢¥−¨¨ ¦¥ −¥ªà¨â¨ç−ëå ˆ‘ ¢®§¬®¦−® ¯à®¤®«¦¥−¨¥ à�¡®âë
á «®£¨à®¢�−¨¥¬ ¨−ä®à¬�æ¨¨ ® ¢®§−¨ªè¥¬ á®¡ëâ¨¨. Šà®¬¥ â®£®, «î¡�ï ˆ‘
¬®¦¥â ¨á¯®«ì§®¢�âìáï ¢ ®â«�¤®ç−ëå æ¥«ïå, −�¯à¨¬¥à ®áâ�−�¢«¨¢�âì ª®−¢¥©¥à ¨
¯¥à¥¢®¤¨âì ÷�“ ¢ à¥¦¨¬ ¯®è�£®¢®£® ¨á¯®«−¥−¨ï. ‚ á¢ï§¨ á íâ¨¬ æ¥«¥á®®¡à�§−®
¢¢®¤¨âì á«¥¤ãîé¨¥ à¥¦¨¬ë à�¡®âë ��ˆ‘:

{ ¯à¨ ¢®§−¨ª−®¢¥−¨¨ −¥ªà¨â¨ç−ëå ˆ‘:

• ¨£−®à¨à®¢�âì ¨å ¢®§−¨ª−®¢¥−¨¥;

• «®£¨à®¢�âì ˆ‘ ¡¥§ ¨§¬¥−¥−¨ï å®¤� ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá�;

• �ªâ¨¢¨à®¢�âì à¥¦¨¬ ®â«�¤ª¨;

{ ¯à¨ ¢®§−¨ª−®¢¥−¨¨ ªà¨â¨ç−ëå ˆ‘:

• ®áâ�−®¢¨âì ª®−¢¥©¥à ¨ £¥−¥à¨à®¢�âì ¯à¥àë¢�−¨¥;

• �ªâ¨¢¨à®¢�âì à¥¦¨¬ ®â«�¤ª¨.

„«ï ¬¨−¨¬¨§�æ¨¨ ¯à®¬¥¦ãâª� ¢à¥¬¥−¨ ¬¥¦¤ã ä¨ªá�æ¨¥© ˆ‘ ¨ ¯¥à¥å®-
¤®¬ ¢ à¥¦¨¬ ®â«�¤ª¨ ¯à¨−ïâ® à¥è¥−¨¥ à�áè¨à¨âì äã−ªæ¨®−�«ì−®áâì ��ˆ‘
á¯®á®¡−®áâìî ¢ë¯®«−ïâì ®â«�¤®ç−ë¥ ¯à®æ¥¤ãàë (−�¯à¨¬¥à, ¯®è�£®¢ãî ®â«�¤-
ªã, çâ¥−¨¥/§�¯¨áì ¯�¬ïâ¨ ¨ ¢−ãâà¥−−¨å à¥£¨áâà®¢), ª®−âà®«¨àã¥¬ë¥ ““ ¨«¨
¯®«ì§®¢�â¥«¥¬.

‹®£¨à®¢�−¨¥ ¨−ä®à¬�æ¨¨ âà¥¡ã¥â ¢¢¥¤¥−¨ï ¯�¬ïâ¨ ¢ ��ˆ‘, à�§¬¥à ª®â®-
à®© ¡ã¤¥â §�¢¨á¥âì ®â ¯à¥á«¥¤ã¥¬ëå à�§à�¡®âç¨ª®¬ æ¥«¥©. �� à�−−¨å íâ�¯�å
−¥®¡å®¤¨¬® −�ª�¯«¨¢�âì ª�ª ¬®¦−® ¡®«ìè¥ ®â«�¤®ç−®© ¨−ä®à¬�æ¨¨, â®£¤� ª�ª
¢ ¡ã¤ãé¥¬, ª®£¤� Œ�÷‚‘ ¯à®©¤¥â ¯à¨¥¬®-á¤�â®ç−ë¥ ¨á¯ëâ�−¨ï, à�§¬¥à ¬®¦¥â
¡ëâì ã¬¥−ìè¥−. ”�ªâ ¯¥à¥¯®«−¥−¨ï ¤�−−®© ¯�¬ïâ¨ ¬®¦¥â £¥−¥à¨à®¢�âì ˆ‘
ú®è¨¡ª� ¯® ¯¥à¥¯®«−¥−¨îû.

�à®¡«¥¬� ¢®§−¨ª�¥â ¯à¨ ¯®áâã¯«¥−¨¨ −� ¢å®¤ë ��ˆ‘ á¢¥¤¥−¨© ® −¥áª®«ìª¨å
®¤−®¢à¥¬¥−−® ¢®§−¨ªè¨å ˆ‘. �−� á¢ï§�−� á −¥®¡å®¤¨¬®áâìî «¨¡® ã¢¥«¨ç¨¢�âì
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�¯¯�à�â−ë¥ §�âà�âë −� à¥�«¨§�æ¨î ¤�−−®£® ¡«®ª�, «¨¡® ã¢¥«¨ç¨¢�âì ¢à¥¬ï ¥£®
à�¡®âë. ‚ íâ®¬ á«ãç�¥ æ¥«¥á®®¡à�§−® ¢¢¥¤¥−¨¥ ¤¢ãå ¢�à¨�−â®¢ à�¡®âë ��ˆ‘:

(1) ¯à¨ −�«¨ç¨¨ å®âï ¡ë ®¤−®© ªà¨â¨ç−®© ˆ‘ ®¡à�¡®âª¥ ¯®¤¢¥à£�¥âáï −�¨¡®«¥¥
¯à¨®à¨â¥â−�ï;

(2) ª®£¤� ¢á¥ ˆ‘ −¥ ï¢«ïîâáï ªà¨â¨ç−ë¬¨ ¨ à¥¦¨¬ à�¡®âë ¯à¥¤¯®«�£�¥â «®-
£¨à®¢�−¨¥ ¨−ä®à¬�æ¨¨, ��ˆ‘ ®áâ�−®¢¨â ª®−¢¥©¥à ¨ ¢ â¥ç¥−¨¥ −¥áª®«ìª¨å
â�ªâ®¢ §�¯¨è¥â ¨−ä®à¬�æ¨î ®¡® ¢á¥å ˆ‘ ¢ á¢®î ¯�¬ïâì.

3.5 Взаимодействие с управляющим уровнем при возникновении
исключительных ситуаций

÷¥ªãàà¥−â−®¥ ®¯¥à�æ¨®−−®¥ ãáâà®©áâ¢® ¬®¦¥â ®¡−�àã¦¨¢�âì ¯®ï¢«¥−¨ï ˆ‘,
−® ®¤−®£® ä�ªâ� ä¨ªá�æ¨¨ −¥¤®áâ�â®ç−® | ¢áâ�¥â ¢®¯à®á ® ¯¥à¥¤�ç¥ ã¯à�¢«¥−¨ï
¨ ¨−ä®à¬�æ¨¨ ®¡ ˆ‘ −� ““. ‚ ¯¥à¢ãî ®ç¥à¥¤ì ““ ¤®«¦¥− ã§−�âì ® â®¬,
çâ® ¯à®¨§®è«� ®è¨¡ª�, � §�â¥¬, ¯®á«¥ −¥ª®â®àëå ¯à®æ¥¤ãà á®åà�−¥−¨ï á¢®¥£®
á®áâ®ï−¨ï, ¯®«ãç¨âì ¨−ä®à¬�æ¨î ®¡ ˆ‘ ¨ ¯¥à¥©â¨ ª ¥¥ ®¡à�¡®âª¥.

„«ï ¯®«ãç¥−¨ï ““ ¨−ä®à¬�æ¨¨ ® ä�ªâ¥ ®è¨¡ª¨ áãé¥áâ¢ã¥â −¥áª®«ìª®
¢�à¨�−â®¢ à¥�«¨§�æ¨¨:

(1) ““ á −¥ª®â®à®© ¯¥à¨®¤¨ç−®áâìî ®¯à�è¨¢�¥â ÷�“.

(2) ¨−â¥£à�æ¨ï á á¨áâ¥¬®© ¯à¥àë¢�−¨© ¯à®æ¥áá®à�, ¯®¤ ã¯à�¢«¥−¨¥¬ ª®â®à®£®
äã−ªæ¨®−¨àã¥â ““.

�®á«¥¤−¨© ¢�à¨�−â ï¢«ï¥âáï ¡®«¥¥ ¯à¥¤¯®çâ¨â¥«ì−ë¬, â�ª ª�ª ¯®§¢®«ï¥â
á®ªà�â¨âì à�áå®¤ ¢ëç¨á«¨â¥«ì−ëå à¥áãàá®¢ ¨ ®áãé¥áâ¢¨âì ¯à�ªâ¨ç¥áª¨ ¬®¬¥−-
â�«ì−ãî ¯¥à¥¤�çã ¨−ä®à¬�æ¨¨ ® ä�ªâ¥ ¢®§−¨ª−®¢¥−¨ï ˆ‘ −� ““.

�®á«¥ â®£® ª�ª ““ ®¯®¢¥é¥− ®¡ ®è¨¡ª¥, ®− ¬®¦¥â «¨¡® áà�§ã, «¨¡® ¯®á«¥ §�-
¢¥àè¥−¨ï â¥ªãé¥© §�¤�ç¨ áç¨â�âì ¯®¤à®¡−ãî ¨−ä®à¬�æ¨î ®¡ ˆ‘ ¨§ ¢−ãâà¥−−¨å
à¥£¨áâà®¢ ÷�“, ¢å®¤ïé¨å ¢ á®áâ�¢ ��ˆ‘.

3.6 Обработка исключительных ситуаций на управляющем уровне

“¯à�¢«ïîé¨© ãà®¢¥−ì ¯®á«¥ ¯®«ãç¥−¨ï ¨−ä®à¬�æ¨¨ ®¡ ˆ‘ ¤®«¦¥− ª®àà¥ªâ-
−® −� −¥¥ ®âà¥�£¨à®¢�âì. Œ®¦−® ¢ë¤¥«¨âì ¤¢� à¥¦¨¬� à�¡®âë á¨áâ¥¬ë ¢ æ¥«®¬:
à�¡®ç¨© ¨ à¥¦¨¬ ®â«�¤ª¨.

‚ à�¡®ç¥¬ à¥¦¨¬¥ −¥®¡å®¤¨¬® «¨¡® ®áâ�−�¢«¨¢�âì ¢ëç¨á«¨â¥«ì−ë© ¯à®æ¥áá
¨ ¢ë¤�¢�âì ¯®«ì§®¢�â¥«î á®®¡é¥−¨¥ ®¡ ®è¨¡ª¥, «¨¡®, ¥á«¨ íâ® ¢®§¬®¦−®,
¯à®¤®«¦�âì à�¡®âã, ä¨ªá¨àãï á¢¥¤¥−¨ï ® ¢®§−¨ªè¨å ˆ‘ ¢® ¢−ãâà¥−−¥© ¯�¬ïâ¨
ãáâà®©áâ¢�. ‚ë¡®à ¢�à¨�−â®¢ ¤¥©áâ¢¨© ¤®«¦¥− ®áãé¥áâ¢«ïâìáï ç¥à¥§ ¯�à�¬¥âàë
−�áâà®©ª¨ ãáâà®©áâ¢�.

‚ à¥¦¨¬¥ ®â«�¤ª¨ âà¥¡ã¥âáï ¢ë¤�¢�âì á®®¡é¥−¨¥ ®¡ ®è¨¡ª¥, ®áâ�−�¢«¨¢�âì
¢ëç¨á«¨â¥«ì−ë© ¯à®æ¥áá ¨ ¯¥à¥å®¤¨âì ª ¯à®æ¥¤ãà¥ ®â«�¤ª¨.
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”¨ªá�æ¨ï ¨áª«îç¨â¥«ì−ëå á¨âã�æ¨© ¢ à¥ªãàà¥−â−®¬ ®¯¥à�æ¨®−−®¬ ãáâà®©áâ¢¥

�® §�¢¥àè¥−¨¨ ®¡à�¡®âª¨ ˆ‘ −¥®¡å®¤¨¬® ¢®ááâ�−®¢¨âì ¢ëç¨á«¨â¥«ì−ë©
¯à®æ¥áá, çâ® −¥¢®§¬®¦−® ¡¥§ ¨§¬¥−¥−¨ï ¢−ãâà¥−−¥£® á®áâ®ï−¨ï ÷�“. �¥à¥¤ â¥¬
ª�ª §�¯ãáâ¨âì −� ¢ë¯®«−¥−¨¥ −®¢ë© æ¨ª« ¢ëç¨á«¥−¨©, âà¥¡ã¥âáï ¯à®¢¥áâ¨ à�¡®âã
¯® ®ç¨áâª¥ ª®−¢¥©¥à�: ãáâ�−®¢¨âì âà¥¡ãîé¨¥áï §−�ç¥−¨ï ä«�£®¢, ã¯à�¢«ïîé¨å
à¥£¨áâà®¢ ¨ ¯�¬ïâ¨.

4 Среда разработки программного обеспечения для рекуррентного
операционного устройства

�à¨ á®§¤�−¨¨ �� ¤«ï ÷�“ (ª�¯áã«) à�§à�¡®âç¨ª ¤®«¦¥− ãç¨âë¢�âì ¬−®¦¥-
áâ¢® −î�−á®¢, á¢ï§�−−ëå á ®á®¡¥−−®áâï¬¨ à�¡®âë ª�ª ¢á¥£® ÷�“ ¢ æ¥«®¬, â�ª
¨ ¥£® ®â¤¥«ì−ëå ”�. �ç¥¢¨¤−®, çâ® ç¥«®¢¥ç¥áª¨© ä�ªâ®à (−¥¢−¨¬�â¥«ì−®áâì,
−¥¢®§¬®¦−®áâì ¤¥à¦�âì ¢ ¯�¬ïâ¨ ®£à®¬−®¥ ª®«¨ç¥áâ¢® ¨−ä®à¬�æ¨¨ ¨§ á¯¥æ¨ä¨-
ª�æ¨¨) ¬®¦¥â áâ�âì ¯®â¥−æ¨�«ì−ë¬ ¨áâ®ç−¨ª®¬ ®è¨¡®ª ¢ ª�¯áã«�å. �â® ®§−�ç�¥â,
çâ® ¤«ï ¨å à�§à�¡®âª¨ −¥®¡å®¤¨¬® ¨á¯®«ì§®¢�âì áà¥¤áâ¢®, ª®â®à®¥ ¡ã¤¥â á¢®¤¨âì
ª ¬¨−¨¬ã¬ã ¢¥à®ïâ−®áâì ¢®§−¨ª−®¢¥−¨ï â�ª®£® à®¤� ®è¨¡®ª. „«ï à¥è¥−¨ï íâ®©
¯à®¡«¥¬ë ¡ë«� à�§à�¡®â�−� á¨áâ¥¬� ª�¯áã«ì−®£® ¯à®£à�¬¬¨à®¢�−¨ï ¨ ®â«�¤ª¨
(‘Š�’) [2], ª®â®àãî ¬®¦−® ®â−¥áâ¨ ª â�ª®¬ã ª«�ááã ��, ª�ª ¨−â¥£à¨à®¢�−−ë¥
áà¥¤ë à�§à�¡®âª¨.

ƒ«�¢−ë¬¨ §�¤�ç�¬¨ ‘Š�’ ï¢«ïîâáï: ®¡¥á¯¥ç¥−¨¥ à�§à�¡®âç¨ª®¢ ª�¯áã« ¨−-
áâàã¬¥−â�¬¨ ¤«ï ¯à®£à�¬¬¨à®¢�−¨ï ¨ ®â«�¤ª¨; ®¡−�àã¦¥−¨¥ ¢®§¬®¦−ëå ®è¨¡®ª
−� ª�ª ¬®¦−® ¡®«¥¥ à�−−¥¬ íâ�¯¥ à�§à�¡®âª¨. Š á®¦�«¥−¨î, ¢® ¢à¥¬ï á®§¤�-
−¨ï ª�¯áã«ë −¥¢®§¬®¦−® ®¯à¥¤¥«¨âì ¢á¥ ®è¨¡ª¨, ª®â®àë¥ ¬®£ãâ ¢®§−¨ª−ãâì ¢
¯à®æ¥áá¥ ¨á¯®«−¥−¨ï ª�¯áã«ë.

�à®æ¥áá à�§à�¡®âª¨ �� ¤«ï ÷�“ ¨â¥à�æ¨®−−ë©, ¨ ¥£® ¬®¦−® à�§¤¥«¨âì −�
âà¨ ¯®¢â®àïîé¨åáï íâ�¯�: ¯à®£à�¬¬¨à®¢�−¨¥ ª�¯áã«ë, ¨á¯®«−¥−¨¥ ¥¥ −� ¬®¤¥«¨
÷�“ ¨ ®â«�¤ª� á ¯®¬®éìî ¢áâà®¥−−ëå áà¥¤áâ¢.

4.1 Использование системы капсульного программирования и отладки
для работы с исключительными ситуациями

�á−®¢−�ï §�¤�ç� ‘Š�’ á®áâ®¨â ¢ ¯®¬®é¨ à�§à�¡®âç¨ªã ¯à¨ ä®à¬¨à®¢�−¨¨
ª�¯áã«ë, ª®â®à�ï ¡ã¤¥â á®¤¥à¦�âì ¬¨−¨¬�«ì−®¥ ª®«¨ç¥áâ¢® ®è¨¡®ª. �è¨¡ª¨
á¨−â�ªá¨á� ¯à¨ ¨á¯®«ì§®¢�−¨¨ ‘Š�’ ¨áª«îç¥−ë, â�ª ª�ª ¨á¯®«ì§ã¥âáï ¢¨§ã�«ì-
−ë© ª®−áâàãªâ®à ª�¯áã« [2].

�¡−�àã¦¥−¨¥ ¡®«ìè¨−áâ¢� ˆ‘, ¯¥à¥ç¥−ì ª®â®àëå ¯à¨¢¥¤¥− ¢ëè¥, ¢®§«�£�âì
−� ‘Š�’ −¥ ¨¬¥¥â á¬ëá«�. ‚®-¯¥à¢ëå, ¤«ï −¥ª®â®àëå ¨§ −¨å íâ® −¥¢®§¬®¦−®
¯® ¯à¨ç¨−¥ −¥®¡å®¤¨¬®áâ¨ §�¯ãáª� ¢ëç¨á«¨â¥«ì−® ¯à®æ¥áá�. ‚®-¢â®àëå, «î¡ë¥
¨§ ˆ‘ ¬®£ãâ ¢®§−¨ª−ãâì ¢ à¥§ã«ìâ�â¥ ®è¨¡®ª ¨«¨ �¯¯�à�â−®£® á¡®ï ¢® ¢à¥¬ï
¯¥à¥¬¥é¥−¨© ª�¯áã«ë ¬¥¦¤ã ““ ¨ ÷�“, ¯®íâ®¬ã ¨å ¢ «î¡®¬ á«ãç�¥ −ã¦−®
¯à®¢¥àïâì ¢ �¯¯�à�âãà¥.
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÷. �. ‡¥«¥−®¢, �. �. �à®ª®äì¥¢, ā. �. ‘â¥¯ç¥−ª®¢, ‚. �. ‚®«ç¥ª

�¯à¥¤¥«¥−−ë© á¥¬�−â¨ç¥áª¨© �−�«¨§ ª�¯áã« ¢ ‘Š�’ ¢−¥¤à¨âì ¢á¥ ¦¥ −¥-
®¡å®¤¨¬® ¯® ¯à¨ç¨−¥ á«®¦−®áâ¨ ¯à®£à�¬¬¨à®¢�−¨ï ¨ −¥¢®§¬®¦−®áâ¨ ãç¥â� ¢á¥å
−î�−á®¢ ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬ë. ’®«ìª® á ¯®¬®éìî ‘Š�’ ¬®£ãâ ¡ëâì ¢ëï¢«¥-
−ë á«¥¤ãîé¨¥ ®è¨¡ª¨:

{ ¢ëå®¤ §� à�¬ª¨ ¤®¯ãáâ¨¬®© ¨§¡ëâ®ç−®áâ¨ ¢ ¯à®æ¥áá¥ à�§¢¥àâë¢�−¨ï �«£®-
à¨â¬�;

{ −�àãè¥−¨¥ áâàãªâãàë ª�¯áã«ë:

• ®âáãâáâ¢¨¥ ®¡ï§�â¥«ì−ëå ®¯¥à�−¤®¢;

• ¢§�¨¬−�ï ¯à®â¨¢®à¥ç¨¢®áâì ®â¤¥«ì−ëå äã−ªæ¨®−�«ì−ëå ¯®«¥© ¢ ®¯¥à�−-
¤�å.

‚á«¥¤áâ¢¨¥ ¨á¯®«ì§®¢�−¨ï ¢ ‘Š�’ VHDL-¬®¤¥«¨ ÷�“ ¤«ï ¯à®æ¥áá� â¥á-
â¨à®¢�−¨ï ¨ ®â«�¤ª¨ ª�¯áã«, ¯à¥¤áâ�¢«ï¥âáï ¢®§¬®¦−ë¬ ¢®§«®¦¨âì −� ‘Š�’
−¥ª®â®àë¥ äã−ªæ¨¨ ““, � ¨¬¥−−®:

{ ¯®«ãç¥−¨¥ ®â ¬®¤¥«¨ ÷�“ ¨−ä®à¬�æ¨¨ ® ¢®§−¨ª−®¢¥−¨¨ ˆ‘;

{ ¢ë¤�çã ¯®«ì§®¢�â¥«î ¨−ä®à¬�æ¨¨, ª®â®à�ï á¬®¦¥â ¯®¬®çì ¥¬ã ¢ ãáâà�−¥−¨¨
®è¨¡ª¨, ¢ë§¢�¢è¥© ˆ‘.

ˆ−ä®à¬�æ¨ï ®¡ ˆ‘ ¬®¦¥â ¡ëâì ¯®ª�§�−� à�§à�¡®âç¨ªã −¥ â®«ìª® ¢ ¢¨¤¥
á®áâ®ï−¨ï ¢−ãâà¥−−¨å à¥£¨áâà®¢ ¡«®ª� ä¨ªá�æ¨¨ ˆ‘. �� ®á−®¢¥ íâ¨å ¤�−−ëå
‘Š�’ ¬®¦¥â ¢ −¥ª®â®àëå á«ãç�ïå �¢â®¬�â¨ç¥áª¨ ®¯à¥¤¥«¨âì, ª�ª®© ®¯¥à�−¤
á®¤¥à¦¨â ¢ á¥¡¥ ®è¨¡ªã.

’�ª¨¬ ®¡à�§®¬, ¢ áª®à®¬ ¢à¥¬¥−¨ ¯«�−¨àã¥âáï ¤®¯®«−¨âì ‘Š�’ á«¥¤ãîé¨¬¨
ª®¬¯®−¥−â�¬¨:

{ á¥¬�−â¨ç¥áª¨¬ �−�«¨§�â®à®¬ ª�¯áã«, ª®â®àë© ¯®§¢®«¨â ®¡−�àã¦¨¢�âì −¥ª®-
â®àë¥ «®£¨ç¥áª¨¥ ®è¨¡ª¨ ¢ ª�¯áã«�å;

{ ª®¬¯®−¥−â®¬ �−�«¨§� ˆ‘, ª®â®àë© ¡ã¤¥â ¯® à¥§ã«ìâ�â�¬ �−�«¨§� ®âç¥â�
à�¡®âë ¬®¤¥«¨ ÷�“ á®®¡é�âì ¯®«ì§®¢�â¥«î ¨−ä®à¬�æ¨î ® ¢®§−¨ªè¨å ˆ‘
¨, £¤¥ ¢®§¬®¦−®, ãª�§ë¢�âì −� ¯à¨ç¨−ã ¨å ¢®§−¨ª−®¢¥−¨ï.

‚−¥¤à¥−¨¥ ¤�−−®£® äã−ªæ¨®−�«� ¯®§¢®«¨â −¥ â®«ìª® á−¨§¨âì ª®«¨ç¥áâ¢®
¢®§¬®¦−ëå ®è¨¡®ª ¢ ª�¯áã«�å, −® â�ª¦¥ ¢ −¥ª®â®à®© áâ¥¯¥−¨ �¢â®¬�â¨§¨à®¢�âì
¯à®æ¥áá ®â«�¤ª¨, çâ® ï¢«ï¥âáï �ªâã�«ì−®© §�¤�ç¥© ¤«ï áà¥¤ à�§à�¡®âª¨ ��
−¨§ª®£® ãà®¢−ï �¡áâà�ªæ¨¨.

5 Заключение

‚ ¤�−−®© áâ�âì¥ ¯à®¢¥¤¥− �−�«¨§ ¯à®¡«¥¬, ¢®§−¨ª�îé¨å ¯à¨ à�§à�¡®âª¥
«®£¨ª¨ ä¨ªá�æ¨¨ ¨ ®¡à�¡®âª¨ ˆ‘ ¢ ÷�“, ¨ à�áá¬®âà¥−ë ¢�à¨�−âë ¨å à¥è¥−¨ï.
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”¨ªá�æ¨ï ¨áª«îç¨â¥«ì−ëå á¨âã�æ¨© ¢ à¥ªãàà¥−â−®¬ ®¯¥à�æ¨®−−®¬ ãáâà®©áâ¢¥

�à¨−æ¨¯ë á®§¤�−¨ï ¯®¤®¡−®© äã−ªæ¨®−�«ì−®áâ¨, ª®â®àë¥ ¬®£ãâ ¡ëâì ¨á¯®«ì-
§®¢�−ë ¯à�ªâ¨ç¥áª¨ ¤«ï «î¡®© ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬ë, ¬®¦−® ¯à¥¤áâ�¢¨âì ¢
¢¨¤¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ è�£®¢:

(1) á®áâ�¢«¥−¨¥ ¯¥à¥ç−ï ¢®§¬®¦−ëå ˆ‘ −� ®á−®¢¥ �−�«¨§� äã−ªæ¨®−¨à®¢�−¨ï
ª�¦¤®£® ¨§ ¡«®ª®¢ ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬ë;

(2) ª«�áá¨ä¨ª�æ¨ï ˆ‘, ª®â®à�ï −¥®¡å®¤¨¬� ¤«ï ¢ëà�¡®âª¨ ¯à�¢¨« ¨å ®¡à�-
¡®âª¨;

(3) ®¯à¥¤¥«¥−¨¥ ¬¨−¨¬�«ì−® −¥®¡å®¤¨¬®£® −�¡®à� ¨−ä®à¬�æ¨¨, ª®â®àë© ¯®-
§¢®«¨â íää¥ªâ¨¢−® ¯à®¢®¤¨âì ¯à®æ¥¤ãàë ®â«�¤ª¨;

(4) ®¯à¥¤¥«¥−¨¥ ¢®§¬®¦−ëå ¢�à¨�−â®¢ à�¡®âë á ˆ‘, ¨ ¢ á«ãç�¥ ¥á«¨ ¨å ä¨ª-
á�æ¨ï ¨ ®¡à�¡®âª� ¢®§«®¦¥−ë −� à�§−ë¥ �¯¯�à�â−ë¥ ¬®¤ã«¨, â® à�§à�¡®âª�
¯à®â®ª®«� ¨å ¢§�¨¬®¤¥©áâ¢¨ï;

(5) ¢−¥¤à¥−¨¥ �¯¯�à�â−®© ¯®¤¤¥à¦ª¨ ®¡−�àã¦¥−¨ï ¨ ®¡à�¡®âª¨ ˆ‘ ¢ ¢ëç¨á«¨-
â¥«ì−ãî á¨áâ¥¬ã.

‚ −�áâ®ïé¥¥ ¢à¥¬ï ¢¥¤¥âáï �¯à®¡�æ¨ï ¢ëè¥¨§«®¦¥−−ëå ¢�à¨�−â®¢ à¥è¥−¨ï
¯à®¡«¥¬ ä¨ªá�æ¨¨ ¨ ®¡à�¡®âª¨ ˆ‘ ¤«ï ÷�“.
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ИЕРАРХИЧЕСКИЙ МЕТОД АНАЛИЗА САМОСИНХРОННЫХ
ЭЛЕКТРОННЫХ СХЕМ∗

Л. П. Плеханов1

�−−®â�æ¨ï: ÷�§¢¨â¨î ¨ ¢−¥¤à¥−¨î á�¬®á¨−åà®−−ëå áå¥¬ (‘‘), ®¡«�¤�îé¨å
ã−¨ª�«ì−ë¬¨ á¢®©áâ¢�¬¨, ¢® ¬−®£®¬ ¯à¥¯ïâáâ¢ãîâ âàã¤−®áâ¨ ¯à®¥ªâ¨à®¢�-
−¨ï, ¢ ç�áâ−®áâ¨ �−�«¨§ −� á�¬®á¨−åà®−−®áâì ú¡®«ìè¨åû áå¥¬. �à¥¤«�£�¥âáï
¨¥à�àå¨ç¥áª¨© ¬¥â®¤ �−�«¨§� áå¥¬ −¥®£à�−¨ç¥−−®£® à�§¬¥à�, ®á−®¢�−−ë©
−� äã−ªæ¨®−�«ì−®¬ ¯®¤å®¤¥. ‚ «¨â¥à�âãà¥ ¯®¤®¡−®£® ¯®¤å®¤� ¨ ¬¥â®¤� −¥
®â¬¥ç¥−®.

Š«îç¥¢ë¥ á«®¢�: á�¬®á¨−åà®−−ë¥ áå¥¬ë; �á¨−åà®−−ë¥ áå¥¬ë; �−�«¨§
á�¬®á¨−åà®−−®áâ¨

1 Введение

‘�¬®á¨−åà®−−ë¥ áå¥¬ë ®¡«�¤�îâ ã−¨ª�«ì−ë¬¨ á¢®©áâ¢�¬¨, −¥¤®áâ¨¦¨¬ë¬¨
¢ à¥�«¨§�æ¨¨ ¤àã£¨å â¨¯®¢ áå¥¬, á¨−åà®−−ëå ¨«¨ �á¨−åà®−−ëå. Š −¨¬ ®â−®áïâáï
−¥§�¢¨á¨¬®áâì ¯®¢¥¤¥−¨ï ®â §�¤¥à¦¥ª í«¥¬¥−â®¢, ¯®«−®¥ ®âáãâáâ¢¨¥ á®áâï§�−¨©,
®âª�§®¡¥§®¯�á−®áâì, ¯à�¢¨«ì−®áâì äã−ªæ¨®−¨à®¢�−¨ï ¢ ¬�ªá¨¬�«ì−® è¨à®ª®¬
¤¨�¯�§®−¥ ¢−¥è−¨å ãá«®¢¨© (â¥¬¯¥à�âãàë ¨ −�¯àï¦¥−¨ï ¯¨â�−¨ï) ¨ −¥ª®â®àë¥
¤àã£¨¥ [1{3].

�¤−�ª® ‘‘-áå¥¬ë ¯®ª� −¥ ¯®«ãç¨«¨ è¨à®ª®£® à�á¯à®áâà�−¥−¨ï ¯® àï¤ã
¯à¨ç¨−, ¢ ç�áâ−®áâ¨ ¨−¤ãáâà¨�«ì−®© ¨−¥àæ¨¨. „àã£®© ¢�¦−¥©è¥© ¯à¨ç¨−®©
ï¢«ï¥âáï âàã¤−®áâì ¯à®¥ªâ¨à®¢�−¨ï â�ª¨å áå¥¬. „«ï ®¡¥á¯¥ç¥−¨ï á¢®©áâ¢� á�¬®-
á¨−åà®−−®áâ¨ áå¥¬ë −¥®¡å®¤¨¬® â¥¬ ¨«¨ ¨−ë¬ á¯®á®¡®¬ ¢ëç¨á«¨âì ¨ ¯à®¢¥à¨âì
¢á¥ ¢®§¬®¦−ë¥ á®áâ®ï−¨ï, ¢ ª®â®àë¥ ¯®¯�¤�¥â áå¥¬� ¢ à¥�«ì−®© à�¡®â¥, � â�ª¦¥
¢á¥ ¢®§¬®¦−ë¥ ¯¥à¥å®¤ë ¬¥¦¤ã íâ¨¬¨ á®áâ®ï−¨ï¬¨.

ƒ«�¢−®© ¨ −¥¨§¡¥¦−®© ç�áâìî ¯à®¥ªâ¨à®¢�−¨ï ‘‘-áå¥¬ ï¢«ï¥âáï ¨å �−�«¨§
−� á�¬®á¨−åà®−−®áâì. �®íâ®¬ã −� ¯à�ªâ¨ª¥ −�«¨ç¨¥ áà¥¤áâ¢ �−�«¨§� ‘‘-áå¥¬
«î¡®£® à�§¬¥à� ¥áâì −¥®¡å®¤¨¬®¥ ãá«®¢¨¥ ¯®«−®æ¥−−®£® ¯à®¥ªâ¨à®¢�−¨ï â�ª¨å
áå¥¬.

�á−®¢−ë¥ áãé¥áâ¢ãîé¨¥ ¬¥â®¤ë ¯à®¥ªâ¨à®¢�−¨ï ‘‘-áå¥¬ ®á−®¢�−ë −� ¯à¥¤-
áâ�¢«¥−¨¨ ¯®¢¥¤¥−¨ï áå¥¬ ¢ ä®à¬¥ ¯¥à¥ª«îç¥−¨© á¨£−�«®¢ | á®¡ëâ¨©. ’�ª¨¥

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ç�áâ¨ç−®© ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ ¯® �à®£à�¬¬¥ äã−¤�¬¥−â�«ì−ëå
¨áá«¥¤®¢�−¨© ��ˆ’ ÷�� −� 2012 £., ¯à®¥ªâ 1.5.

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, LPlekhanov@ipiran.ru
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ˆ¥à�àå¨ç¥áª¨© ¬¥â®¤ �−�«¨§� á�¬®á¨−åà®−−ëå í«¥ªâà®−−ëå áå¥¬

¬¥â®¤ë ¤�«¥¥ ¡ã¤ãâ −�§ë¢�âìáï á®¡ëâ¨©−ë¬¨. �â® ¬¥â®¤ ¤¨�£à�¬¬ ¯¥à¥å®¤®¢
(„�), ¢®áå®¤ïé¨© ª Œ�««¥àã [4], ¨ ¬¥â®¤ ¤¨�£à�¬¬ ¨§¬¥−¥−¨© („ˆ), ¯à¥¤«®-
¦¥−−ë© £àã¯¯®© ‚. ˆ. ‚�àè�¢áª®£® [5].

„àã£®© ¯®¤å®¤ | äã−ªæ¨®−�«ì−ë© | ®á−®¢�− −� �−�«¨§¥ ¯®¢¥¤¥−¨ï áå¥¬ ¢
¯à¥¤áâ�¢«¥−¨¨ «®£¨ç¥áª¨¬¨ äã−ªæ¨ï¬¨. �−�«¨§ ‘‘-áå¥¬ ¯à¨ â�ª®¬ ¯®¤å®¤¥
¯à¥¤«®¦¥− ¢ [6], � á�¬ ¯®¤å®¤ ¡®«¥¥ ¯®¤à®¡−® ¯à¥¤áâ�¢«¥− ¢ [7].

‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ¢ á¨«ã ®â¬¥ç¥−−®© ¢ëè¥ ®¡ê¥ªâ¨¢−®© −¥®¡å®¤¨¬®áâ¨
¯à®¢¥àª¨ á ¨áç¥à¯ë¢�îé¥© ¯®«−®â®© á®áâ®ï−¨© ¨ ¯¥à¥å®¤®¢ −¨ª�ª¨¥ ¬¥â®¤ë
�−�«¨§�, ®á−®¢�−−ë¥ −� ¨áá«¥¤®¢�−¨¨ ¯®«−®© á¨áâ¥¬ë ãà�¢−¥−¨© áå¥¬ë (ãç¥â�
¢á¥å ¥¥ í«¥¬¥−â®¢), −¥ ¯®§¢®«ïîâ −¥®£à�−¨ç¥−−® ã¢¥«¨ç¨¢�âì à�§¬¥à �−�«¨§¨àã-
¥¬®© áå¥¬ë. �à¨ç¨−� | ¢ íªá¯®−¥−æ¨�«ì−®¬ à®áâ¥ ¢ëç¨á«¨â¥«ì−®© á«®¦−®áâ¨
á ã¢¥«¨ç¥−¨¥¬ ç¨á«� ¨−ä®à¬�æ¨®−−ëå ¢å®¤®¢ áå¥¬ë ¨ ¯¥à¥¬¥−−ëå ¯�¬ïâ¨ (¢®
¢á¥å á«ãç�ïå) «¨¡® ¥é¥ ¨ á ã¢¥«¨ç¥−¨¥¬ ç¨á«� ãà�¢−¥−¨© áå¥¬ë (¢ á«ãç�¥ „�).

�¥àá¯¥ªâ¨¢� �−�«¨§� ‘‘-áå¥¬, á«¥¤®¢�â¥«ì−®, «¥¦¨â ¢ à�§à�¡®âª¥ ¨¥à�àå¨-
ç¥áª¨å ¬¥â®¤®¢, ¤�îé¨å ¢®§¬®¦−®áâì ª®àà¥ªâ−® á®ªà�é�âì ¨áá«¥¤ã¥¬ë¥ áãé-
−®áâ¨ (á®¡ëâ¨ï, ãà�¢−¥−¨ï ¨ â. ¤.).

�¤¨− ¨§ ¢®§¬®¦−ëå ¯®¤å®¤®¢ ª â�ª®¬ã �−�«¨§ã ¢ á®¡ëâ¨©−ëå ¯à¥¤áâ�¢«¥−¨-
ïå ¬®¦−® −�©â¨ ¢ [8]. ‚ −¥¬ ¯à¥¤«�£�¥âáï ¨á¯®«ì§®¢�âì „ˆ, à�−¥¥ ¯®áâà®¥−−ë¥
¤«ï ¡«®ª®¢ −¨¦−¥£® ãà®¢−ï, ¢ ¤®¢®«ì−® á«®¦−®¬ ¢§�¨¬®¤¥©áâ¢¨¨ á „ˆ �−�«¨§¨-
àã¥¬®© áå¥¬ë. Œ�â¥à¨�« ¨§«®¦¥− ª�ª ¢®§¬®¦−ë© ¯ãâì (¢ ä®à¬¥ ¤®ª�§�â¥«ìáâ¢
â¥®à¥¬), −® −¥ à�§à�¡®â�− ª�ª ¯à�ªâ¨ç¥áª¨© ¬¥â®¤.

�®¯ëâª� ¯à¥¤«®¦¨âì ¨¥à�àå¨ç¥áª¨© �−�«¨§ á¤¥«�−� ¢ [9, á. 6]. �®¬¨¬®
â®£®, çâ® ®¡áã¦¤¥−¨¥ ¨ ®¡®á−®¢�−¨¥ ¨¥à�àå¨ç¥áª®£® �−�«¨§� −¥ á®®â¢¥âáâ¢ã¥â
−�§¢�−¨î áâ�âì¨, ¯à¨¢¥¤¥−−ë¥ ¢ −¥© ¢ëª«�¤ª¨ −¥ ®¡®á−®¢�−ë. �à¥¤«�£�¥âáï
á®ªà�é�âì áå¥¬ã ¯ãâ¥¬ §�¬¥−ë ¡«®ª®¢ −� ú¬�ªà®í«¥¬¥−âëû, ¨¬¥îé¨¥ â®«ìª®
ä�§®¢ë¥ á¨£−�«ë, ¨ �−�«¨§¨à®¢�âì −� ¯®«ã¬®¤ã«ïà−®áâì (−¥§�¢¨á¨¬®áâì ®â §�-
¤¥à¦¥ª í«¥¬¥−â®¢) à¥§ã«ìâ¨àãîéãî ¬®¤¥«ì áå¥¬ë. ‡�ï¢«ï¥âáï, çâ® á¢®©áâ¢®
¯®«ã¬®¤ã«ïà−®áâ¨ ¨áå®¤−®© áå¥¬ë á®¢¯�¤�¥â á ¯®«ã¬®¤ã«ïà−®áâìî à¥§ã«ìâ¨-
àãîé¥© ¬®¤¥«¨. �¤−�ª® ¨ áå¥¬�, ¨ ¬®¤¥«ì ®¯¨áë¢�îâáï à�§−ë¬¨ á¨áâ¥¬�¬¨
ãà�¢−¥−¨© ®â à�§−ëå ¯¥à¥¬¥−−ëå. �â¨ á¨áâ¥¬ë ¢ áâ�âì¥ −¥ ¯à¨¢®¤ïâáï, ¨ á¢ï§ì
¬¥¦¤ã ¨å ¯¥à¥¬¥−−ë¬¨, ãà�¢−¥−¨ï¬¨ ¨ ¯®«ã¬®¤ã«ïà−®áâìî −¥ ãáâ�−®¢«¥−�.
„�«¥¥, ®á−®¢−ë¥ ¨áâ®ç−¨ª¨ á®áâï§�−¨© (−�àãè�îé¨¥ ¯®«ã¬®¤ã«ïà−®áâì) | ¨−-
ä®à¬�æ¨®−−ë¥ ¡¨áâ�¡¨«ì−ë¥ á¨£−�«ë | ¢ ¬�ªà®í«¥¬¥−âë −¥ ¯®¯�¤�îâ, � ®¤−¨
ä�§®¢ë¥ á¨£−�«ë −¥ ®âà�¦�îâ ¢á¥© ¤¨−�¬¨ª¨ ¢§�¨¬®¤¥©áâ¢¨ï ¡«®ª®¢. …á«¨,
−�¯à¨¬¥à, −� ¨−ä®à¬�æ¨®−−ëå ¢å®¤�å âà¨££¥à� [9, à¨á. 2] ¢ á®áâ�¢¥ ¨áå®¤−®©
áå¥¬ë ¥áâì á®áâï§�−¨ï, â® ¯à¨ ¯¥à¥å®¤¥ ª ä�§®¢®¬ã ¬�ªà®í«¥¬¥−âã ®−¨ ¨áç¥§�îâ,
â. ¥. −¥ ãç¨âë¢�îâáï.

”ã−ªæ¨®−�«ì−ë© ¯®¤å®¤ ¨á¯®«ì§ã¥â ¤àã£¨¥ ¯à¨−æ¨¯ë ¨, ª�ª §�ï¢«¥−® ¢
¯ã¡«¨ª�æ¨ïå [6, 7], ¤�¥â ¢®§¬®¦−®áâì ¨¥à�àå¨ç¥áª®£® �−�«¨§�. Š®−ªà¥â−ë¬
á¯®á®¡�¬ ¥£® ¤®áâ¨¦¥−¨ï ¨ ¯®á¢ïé¥−� −�áâ®ïé�ï áâ�âìï.
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2 Метод анализа

�−�«®£®¢ ¯à¥¤«�£�¥¬®£® (äã−ªæ¨®−�«ì−®£®) ¯®¤å®¤� ¨ ¬¥â®¤� ¢ «¨â¥à�âãà¥
−¥ −�©¤¥−®.

Š ®á®¡¥−−®áâï¬ ‘‘-áå¥¬, ®¯à¥¤¥«ïîé¨¬ ª�ª ¨å á¢®©áâ¢�, â�ª ¨ á¯®á®¡ë
¯à®¥ªâ¨à®¢�−¨ï, á«¥¤ã¥â ®â−¥áâ¨ á¯¥æ¨�«ì−®¥ | á�¬®á¨−åà®−−®¥ | ª®¤¨à®¢�−¨¥
¨−ä®à¬�æ¨¨ ¨ ¤¢ãåä�§−ë© à¥¦¨¬ à�¡®âë [1].

‹î¡�ï ‘‘-áå¥¬� ¢ ª®−¥ç−®¬ ¯à¨¬¥−¥−¨¨ ¤®«¦−� ¡ëâì §�¬ª−ãâ®© (á ¯®¬®-
éìî ®¡é¥© ®¡à�â−®© á¢ï§¨) ¨ á�¬®£¥−¥à¨àãîé¥©. ‘å¥¬� ¯®íâ®¬ã �¢â®¬�â¨ç¥áª¨
¯¥à¥å®¤¨â ¯®®ç¥à¥¤−® ¨§ ®¤−®© ä�§ë (áâ�¤¨¨) ¢ ¤àã£ãî, çâ® −¥®¡å®¤¨¬® ¤«ï
®¡¥á¯¥ç¥−¨ï á�¬®á¨−åà®−−®áâ¨. ”�§ë −®áïâ −�§¢�−¨¥ à�¡®ç¥© ¨ á¯¥©á¥à� (¯à®-
¬¥¦ãâ®ç−®©).

‚ á®¡ëâ¨©−ëå ¬¥â®¤�å �−�«¨§� áå¥¬ë à�áá¬�âà¨¢�îâáï ¨¬¥−−® ª�ª §�¬ª−ã-
âë¥ (á¨áâ¥¬� ãà�¢−¥−¨©, á®®â¢¥âáâ¢¥−−®, â�ª¦¥ §�¬ª−ãâ�).

�¤−�ª® ¤«ï æ¥«¥© �−�«¨§� ¬®¦−® ¨áá«¥¤®¢�âì ¨ à�§®¬ª−ãâë¥ áå¥¬ë [3], çâ® ¨
à¥�«¨§ã¥âáï ¯à¨ äã−ªæ¨®−�«ì−®¬ ¯®¤å®¤¥. ‘®®â¢¥âáâ¢ãîé¨© äã−ªæ¨®−�«ì−ë©
¬¥â®¤ �−�«¨§� (”Œ�), ¨á¯®«ì§ãîé¨© ¯®«−ãî á¨áâ¥¬ã ãà�¢−¥−¨© áå¥¬ë, ®¯¨á�−
¢ [6]. Š�ª ®¤−� ¨§ £«�¢−ëå §�¤�ç ”Œ� (¯®¬¨¬® �−�«¨§� á�¬®á¨−åà®−−®áâ¨)
¨§−�ç�«ì−® áâ�¢¨«�áì §�¤�ç� ®¯à¥¤¥«¥−¨ï ¯�à�¬¥âà®¢ ¢−¥è−¨å á¢ï§¥© áå¥¬ë,
âà¥¡ã¥¬ëå ¤«ï á«¥¤ãîé¥£® ¢¥àå−¥£® ãà®¢−ï ¨¥à�àå¨¨ �−�«¨§¨àã¥¬®© áå¥¬ë.

‚ à�¬ª�å äã−ªæ¨®−�«ì−®£® ¯®¤å®¤� ¬®¦−® ¥áâ¥áâ¢¥−−® ¯®¤®©â¨ ª ¨¥à�àå¨-
ç¥áª®¬ã �−�«¨§ã: áå¥¬ë ¢ ®ª®−ç�â¥«ì−®¬ ¢¨¤¥ á®§¤�îâáï ¨¥à�àå¨ç¥áª¨, á−¨§ã
¢¢¥àå, ®−¨ −� íâ�¯¥ ¯à®¥ªâ¨à®¢�−¨ï à�§®¬ª−ãâë ¨ ¨¬¥îâ ¯®−ïâ−ë© ¤«ï à�§à�-
¡®âç¨ª� ¨−â¥àä¥©á.

‘ãé¥áâ¢® ¯à¥¤«�£�¥¬®£® ¨¥à�àå¨ç¥áª®£® ¬¥â®¤� �−�«¨§� (ˆŒ�) á®áâ®¨â ¢
â®¬, çâ® �−�«¨§¨àã¥¬�ï áå¥¬� −¥ à�áªàë¢�¥âáï ¤® í«¥¬¥−â®¢ (ãà�¢−¥−¨©), ª�ª íâ®
âà¥¡ã¥âáï ¢ áãé¥áâ¢ãîé¨å ú¯®«−ëåû ¬¥â®¤�å. ‘å¥¬� ¤®«¦−� á®áâ®ïâì ¨§ äà�£-
¬¥−â®¢ (¡«®ª®¢), §�à�−¥¥ ¯à®è¥¤è¨å ”Œ�. �� íâ�¯¥ ˆŒ� ¯à®¢¥àïîâáï â®«ìª®
¢−¥è−¨¥ ®¯¨á�−¨ï (¨−â¥àä¥©áë) äà�£¬¥−â®¢ áå¥¬ë ¨ á®¥¤¨−¥−¨ï äà�£¬¥−â®¢.

‚ëç¨á«¨â¥«ì−�ï á«®¦−®áâì ˆŒ� ¯à�ªâ¨ç¥áª¨ «¨−¥©−� ¯® ç¨á«ã á¨£−�«®¢
¨ äà�£¬¥−â®¢, çâ® ¯®§¢®«ï¥â �−�«¨§¨à®¢�âì ú¯®íâ�¦−®û, á−¨§ã ¢¢¥àå, áå¥¬ë
«î¡®£® à�§¬¥à�.

’�ª¨¬ ®¡à�§®¬, ®¡é¨© ¯®àï¤®ª �−�«¨§� ‘‘-áå¥¬ ¤®«¦¥− á®áâ®ïâì ¨§ ¤¢ãå
íâ�¯®¢: �−�«¨§� áå¥¬ −¨¦−¥£® ãà®¢−ï ¯® ¯®«−ë¬ ãà�¢−¥−¨ï¬ (”Œ�) ¨ ¨¥à�àå¨-
ç¥áª®£® �−�«¨§� −� ¢á¥å ¡®«¥¥ ¢ëá®ª¨å ãà®¢−ïå (ˆŒ�).

„«ï íää¥ªâ¨¢−®£® ¯à®å®¦¤¥−¨ï −�¨¡®«¥¥ âàã¤®¥¬ª®£® íâ�¯� | ”Œ� |
à�§¬¥à �−�«¨§¨àã¥¬ëå áå¥¬ −� −¥¬ ¬®¦−® á¤¥«�âì ¤®áâ�â®ç−® ¬�«ë¬, ¢¯«®âì ¤®
®â¤¥«ì−®£® âà¨££¥à� ¨ −¥¡®«ìè®© ª®¬¡¨−�æ¨®−−®© ïç¥©ª¨. ‘®§¤�−¨¥ −¥¡®«ìè¨å
‘‘-áå¥¬ ¢ −�áâ®ïé¨© ¬®¬¥−â ã¦¥ å®à®è® ®âà�¡®â�−®.

„�«¥¥ ¡ã¤¥â à�áá¬�âà¨¢�âìáï ¨¥à�àå¨ç¥áª¨© ¬¥â®¤.
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ˆ¥à�àå¨ç¥áª¨© ¬¥â®¤ �−�«¨§� á�¬®á¨−åà®−−ëå í«¥ªâà®−−ëå áå¥¬

2.1 Представление разомкнутых самосинхронных схем

‚ á®¡ëâ¨©−ëå ¬¥â®¤�å áå¥¬ë ¯à¥¤áâ�¢«ïîâáï §�¬ª−ãâë¬¨, −¥ ¨¬¥îé¨¬¨
¢å®¤®¢ ¨ ¢ëå®¤®¢. �� ¯à�ªâ¨ª¥ à�§à�¡�âë¢�¥¬ë¥ áå¥¬ë ¢á¥£¤� ¨¬¥îâ ¢å®¤ë ¨
¢ëå®¤ë, −® ¯à¨ ¯¥à¥å®¤¥ ª á®¡ëâ¨©−®¬ã �−�«¨§ã âà¥¡ã¥âáï ¤®¯®«−ïâì ®¯¨á�−¨¥
ª�¦¤®© áå¥¬ë á¯¥æ¨�«ì−ë¬ §�¬ëª�−¨¥¬ (−¥ ¢á¥£¤� ¯à®áâë¬), ¢ à¥§ã«ìâ�â¥ ç¥£®
¢å®¤ë ¨ ¢ëå®¤ë ú¨áç¥§�îâû.

„«ï à�§®¬ª−ãâ®© ‘‘-áå¥¬ë −¥®¡å®¤¨¬® ï¢−® ®¡®§−�ç¨âì ¥¥ ¨−â¥àä¥©á |
¢−¥è−¨¥ ¢å®¤ë ¨ ¢ëå®¤ë, � â�ª¦¥ á−�¡¤¨âì ¨å ®¯à¥¤¥«¥−−ë¬¨ �âà¨¡ãâ�¬¨ |
â¨¯�¬¨ ¨ á¢®©áâ¢�¬¨, á¯¥æ¨ä¨ç−ë¬¨ ¤«ï á�¬®á¨−åà®−−®áâ¨. �â¨ �âà¨¡ãâë ¡ã¤ãâ
®âà�¦�âì ®á®¡¥−−®áâ¨ ¢§�¨¬®¤¥©áâ¢¨ï ¢−¥è−¨å á¨£−�«®¢ ª�ª á ®ªàã¦¥−¨¥¬, â�ª
¨ á ¢−ãâà¥−−¨¬¨ í«¥¬¥−â�¬¨.

’¨¯ë ¢−¥è−¨å á¨£−�«®¢ (‘‘-â¨¯ë) ¬®¦−® à�§¤¥«¨âì −� âà¨ £àã¯¯ë: ¨−ä®à-
¬�æ¨®−−ë¥, ª®−âà®«ì−ë¥ ¨ ¢á¯®¬®£�â¥«ì−ë¥.

Š ¨−ä®à¬�æ¨®−−ë¬ á¨£−�«�¬ ®â−®áïâáï ¯�à�ä�§−ë¥ á® á¯¥©á¥à®¬ (�”‘-
á¨£−�«ë) ¨ ¡¨áâ�¡¨«ì−ë¥ | ¢å®¤ë ¨ ¢ëå®¤ë ¡¨áâ�¡¨«ì−ëå ïç¥¥ª (�‘Ÿ) (�‘-
á¨£−�«ë). Š®−âà®«ì−ë¥ á¨£−�«ë ¯à¥¤−�§−�ç¥−ë ¤«ï ®à£�−¨§�æ¨¨ ¯¥à¥å®¤®¢ ¨§
®¤−®© ä�§ë ¢ ¤àã£ãî. Š −¨¬ ®â−®áïâáï ã¯à�¢«ïîé¨¥ −� ¢å®¤¥ (“-á¨£−�«ë) ¨
¨−¤¨ª�â®à−ë¥ −� ¢ëå®¤¥ (ˆ-á¨£−�«ë): “-á¨£−�«ë ¨−¨æ¨¨àãîâ ¯¥à¥ª«îç¥−¨ï
¨§ ®¤−®© ä�§ë ¢ ¤àã£ãî, ˆ-á¨£−�«ë ¯®-

÷¨á. 1 ’¨¯®¢®© ¨−â¥àä¥©á à�§®¬ª−ã-
â®© ‘‘-áå¥¬ë

ª�§ë¢�îâ §�¢¥àè¥−¨¥ ¯¥à¥å®¤� áå¥¬ë ¢
â¥ªãéãî ä�§ã.

„àã£¨¥ à�§−®¢¨¤−®áâ¨ á¨£−�«®¢,
¢áâà¥ç�îé¨¥áï ¨−®£¤� ¢ áå¥¬�å, | ¬ã«ì-
â¨ä�§−ë¥, ¬ã«ìâ¨áâ�¡¨«ì−ë¥, ã−�à−ë¥
¨−ä®à¬�æ¨®−−ë¥ | ãç¨âë¢�îâáï �−�«®-
£¨ç−® ¢ëè¥¯à¨¢¥¤¥−−ë¬ ¨ ¤«ï ¯à®áâ®âë
à�áá¬�âà¨¢�âìáï −¥ ¡ã¤ãâ.

‚á¯®¬®£�â¥«ì−ë¥ á¨£−�«ë ¯à¥¤−�§−�-
ç¥−ë ¤«ï ¢á¯®¬®£�â¥«ì−ëå æ¥«¥© (−�¯à¨-
¬¥à, à¥¦¨¬−ë¥ ¨«¨ �á¨−åà®−−®© ¯à¥¤ã-
áâ�−®¢ª¨) ¨ ¤�«¥¥ â�ª¦¥ ãç¨âë¢�âìáï −¥
¡ã¤ãâ.

Š®−âà®«ì−ë¥ ¨ �”‘-á¨£−�«ë á¯¥æ¨-
ä¨ç−ë ¤«ï ä�§ë à�¡®âë ¨ ¢¬¥áâ¥ ¡ã¤ãâ
−�§ë¢�âìáï ä�§®¢ë¬¨ á¨£−�«�¬¨. ˆ −� ¢å®¤¥, ¨ −� ¢ëå®¤¥ áå¥¬ë ¤®«¦−®
¯à¨áãâáâ¢®¢�âì å®âï ¡ë ¯® ®¤−®¬ã ä�§®¢®¬ã á¨£−�«ã.

�¯¨á�−−ë© ¨−â¥àä¥©á ¡ã¤¥¬ −�§ë¢�âì â¨¯®¢ë¬ ¨−â¥àä¥©á®¬ à�§®¬ª−ãâ®©
áå¥¬ë (à¨á. 1).

‘å¥¬� ¤®«¦−� á®áâ®ïâì ¨§ äà�£¬¥−â®¢, §�à�−¥¥ ¯à®è¥¤è¨å ç¥à¥§ ”Œ�
(‘‘-äà�£¬¥−â®¢). ˆáª«îç¥−¨ï ¤¥«�îâáï ¤«ï ¨−¢¥àâ®à®¢ ¨ ¯®¢â®à¨â¥«¥©, ¤«ï
ª®â®àëå �−�«¨§ −¥ âà¥¡ã¥âáï.
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‘å¥¬� ¯à¥¤áâ�¢«ï¥âáï ¢ ¢¨¤¥ á¯¨áª� ¨¬¥− äà�£¬¥−â®¢ ¨ á®¥¤¨−¥−¨© ¬¥¦¤ã
−¨¬¨, ª�ª íâ® ¤¥«�¥âáï ¢ ï§ëª�å ®¯¨á�−¨ï �¯¯�à�âãàë (â¨¯� VHDL | VHSIC
(very high-speed integrated circuits) Hardware Description Language).

�â¬¥â¨¬ −¥ª®â®àë¥ ®á®¡¥−−®áâ¨ ¯®¢¥¤¥−¨ï ‘‘-áå¥¬. ‚ á®®â¢¥âáâ¢¨¨ á
¤¢ãåä�§−ë¬ à¥¦¨¬®¬ à�¡®âë «î¡®© á¨£−�« áå¥¬ë ¢ ª�¦¤®© ¨§ ä�§ ¬®¦¥â
¨§¬¥−¨âìáï −¥ ¡®«¥¥ ®¤−®£® à�§�. � ª�¦¤�ï ¯�à� �‘-á¨£−�«®¢, ¢å®¤−ëå ¨«¨
¢ëå®¤−ëå, ¬®¦¥â ¬¥−ïâìáï â®«ìª® ¢ ®¤−®© ¨§ ä�§. ’�ª�ï ä�§� −�§ë¢�¥âáï
âà�−§¨â−®© ¤«ï ¯�àë. �à¨ íâ®¬ ¤«ï ¢å®¤−ëå �‘-á¨£−�«®¢ âà�−§¨â−�ï ä�§� |
íâ® ä�§�, ª®£¤� ¨å ¨§¬¥−¥−¨ï à�§à¥è¥−ë ¯® ãá«®¢¨ï¬ á�¬®á¨−åà®−−®áâ¨, ¤«ï
¢ëå®¤−ëå | ª®£¤� ¨§¬¥−¥−¨ï ¬®£ãâ ¯à®¨áå®¤¨âì ä�ªâ¨ç¥áª¨.

2.2 Исходные данные и задачи иерархического метода анализа

�à¥¤¬¥â®¬ �−�«¨§� ¡ã¤¥â à�§®¬ª−ãâ�ï áå¥¬� (¤�«¥¥ ¨¬¥−ã¥¬�ï £«�¢−®© áå¥-
¬®©), ¨¬¥îé�ï â¨¯®¢®© ¨−â¥àä¥©á ¨ á®áâ®ïé�ï ¨§ ‘‘-äà�£¬¥−â®¢.

‚ ¨−â¥àä¥©á¥ £«�¢−®© áå¥¬ë ¤®«¦−ë ¡ëâì ãª�§�−ë:

(1) £àã¯¯ë ¢å®¤−ëå ¨ ¢ëå®¤−ëå á¨£−�«®¢ ¨ ¨å ‘‘-â¨¯ë á®£«�á−® â¨¯®¢®¬ã
¨−â¥àä¥©áã;

(2) ¤«ï ¢å®¤−ëå ä�§®¢ëå á¨£−�«®¢ | §−�ç¥−¨ï á¯¥©á¥à®¢, 0 ¨«¨ 1.

‚ ®¯¨á�−¨ïå ª�¦¤®£® ‘‘-äà�£¬¥−â� ¤®«¦−ë ¯à¨áãâáâ¢®¢�âì á«¥¤ãîé¨¥
�âà¨¡ãâë ¨−â¥àä¥©á�:

(1) £àã¯¯ë ¢å®¤−ëå ¨ ¢ëå®¤−ëå á¨£−�«®¢ ¨ ¨å ‘‘-â¨¯ á®£«�á−® â¨¯®¢®¬ã
¨−â¥àä¥©áã;

(2) ¤«ï ¢å®¤−ëå ¨ ¢ëå®¤−ëå ä�§®¢ëå á¨£−�«®¢ | §−�ç¥−¨ï á¯¥©á¥à®¢.

(3) ¤«ï ¢ëå®¤−ëå ä�§®¢ëå á¨£−�«®¢ | á¯¨áª¨ ¨−¤¨æ¨àã¥¬ëå ¨¬¨ ¢å®¤®¢ ¨
¢ëå®¤®¢ äà�£¬¥−â�;

(4) ¨−ä®à¬�æ¨ï, á¢ï§�−−�ï á ¤¨áæ¨¯«¨−®© (¯®àï¤ª®¬ ¨§¬¥−¥−¨©) �‘- ¨ ä�-
§®¢ëå á¨£−�«®¢. �â� ¨−ä®à¬�æ¨ï −ã¦−� ¤«ï ®¯à¥¤¥«¥−¨ï á®áâï§�−¨© ¢
£«�¢−®© áå¥¬¥ ¨ ¡ã¤¥â ®¡êïá−¥−� ¢ ¯. 2.5.

Š�ª ¤®ª�§�−® ¢ [1, á. 118] ¨ ¡®«¥¥ ¯®¤à®¡−® ®¯¨á�−® ¢ [3], ¤«ï �−�«¨§�
á�¬®á¨−åà®−−®áâ¨ à�§®¬ª−ãâ®© áå¥¬ë −¥®¡å®¤¨¬® ¨ ¤®áâ�â®ç−® ¯à®¢¥à¨âì ¥¥
(�) −� ¨−¤¨æ¨àã¥¬®áâì ¨ (¡) −� ®âáãâáâ¢¨¥ á®áâï§�−¨©. Šà®¬¥ â®£®, ª�ª ¨ ¢ ”Œ�,
¤®«¦−� ¡ëâì ¯®«ãç¥−� ¨−â¥àä¥©á−�ï ¨−ä®à¬�æ¨ï ¤«ï á«¥¤ãîé¥£® ¢¥àå−¥£®
ãà®¢−ï ¨¥à�àå¨¨. ‘ ãç¥â®¬ áª�§�−−®£®, §�¤�ç¨, ª®â®àë¥ −¥®¡å®¤¨¬® à¥è�âì ¢
ˆŒ�, á«¥¤ãîé¨¥:

(1) ¯à®¢¥àª� ¯à�¢¨«ì−®áâ¨ á®¥¤¨−¥−¨© äà�£¬¥−â®¢;

(2) ¯à®¢¥àª� ¨−¤¨æ¨àã¥¬®áâ¨ á¨£−�«®¢;

(3) ¯à®¢¥àª� á®¡«î¤¥−¨ï ¤¨áæ¨¯«¨−ë �‘-á¨£−�«®¢;

(4) ¯®«ãç¥−¨¥ ¯�à�¬¥âà®¢ ¨−â¥àä¥©á� £«�¢−®© áå¥¬ë.
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2.3 Проверка правильности соединений фрагментов

‚ ¤�−−®© §�¤�ç¥ ¯à®¢¥àïîâáï á®¥¤¨−¥−¨ï äà�£¬¥−â®¢ á â®çª¨ §à¥−¨ï á�¬®-
á¨−åà®−−®áâ¨. ˆ-á¨£−�«ë á®¥¤¨−ïîâáï á “-á¨£−�«�¬¨, �‘ | á �‘-á¨£−�«�¬¨,
�”‘ | á �”‘-á¨£−�«�¬¨.

�¥®¡å®¤¨¬® ¯à®¢¥àïâì ®âáãâáâ¢¨¥ à�§¡�«�−á� ä�§ −� ¢å®¤�å ª�¦¤®£® äà�£-
¬¥−â�, â. ¥. á«¥¤¨âì §� â¥¬, çâ®¡ë §−�ç¥−¨ï ä�§®¢ëå á¨£−�«®¢, ¯®¤ª«îç¥−−ëå ª
®¤−®¬ã äà�£¬¥−âã, á®®â¢¥âáâ¢®¢�«¨ ®¤−®© ¨ â®© ¦¥ ä�§¥.

’à�−§¨â−ë¥ ä�§ë á®¥¤¨−ï¥¬ëå �‘-á¨£−�«®¢ ¤®«¦−ë ¡ëâì á®£«�á®¢�−ë á®
§−�ç¥−¨ï¬¨ á¯¥©á¥à®¢ á®¯à®¢®¦¤�îé¨å ¨å ä�§®¢ëå á¨£−�«®¢.

’�ª¦¥ −¥®¡å®¤¨¬® á«¥¤¨âì, çâ®¡ë ¢ æ¥¯ïå �‘-á¨£−�«®¢ −¥ ®ª�§�«®áì −¨ª�ª¨å
¤®¯®«−¨â¥«ì−ëå í«¥¬¥−â®¢ | ¨−¢¥àâ®à®¢, ¯®¢â®à¨â¥«¥© ¨«¨ ¤à., | â�ª ª�ª
¨§¢¥áâ−®, çâ® íâ® ¯à¨¢®¤¨â ª −�àãè¥−¨î á�¬®á¨−åà®−−®áâ¨.

2.4 Проверка индицируемости сигналов

�� íâ®¬ è�£¥ ®¯à¥¤¥«ï¥âáï, ª�ª¨¥ ¢−ãâà¥−−¨¥ ¨ ¢−¥è−¨¥ á¨£−�«ë £«�¢-
−®© áå¥¬ë ¨−¤¨æ¨àãîâáï −� ¥¥ ä�§®¢ëå ¢ëå®¤�å. ‚á¯®¬®£�â¥«ì−ë¥ á¨£−�«ë
−¥ ãç¨âë¢�îâáï. �®á¨â¥«ï¬¨ ¨−ä®à¬�æ¨¨ ®¡ ¨−¤¨ª�æ¨¨ ¢ëáâã¯�îâ ä�§®¢ë¥
á¨£−�«ë.

Š�¦¤®¬ã ä�§®¢®¬ã á¨£−�«ã á®¯®áâ�¢«ï¥âáï á¯¨á®ª ¨−¤¨æ¨àã¥¬ëå ¨¬ á¨£−�-
«®¢. ˆ§−�ç�«ì−® ¨ á�¬ á¨£−�« §�¯¨áë¢�¥âáï ¢ íâ®â á¯¨á®ª.

�à¨ ¯à®¢¥àª¥ áãé¥áâ¢¥−−® ¨á¯®«ì§ã¥âáï á¢®©áâ¢® âà�−§¨â¨¢−®áâ¨ ¨−¤¨æ¨àã-
¥¬®áâ¨ [1].

�à®¢¥àª� ¯à®¨§¢®¤¨âáï ®â ¢å®¤®¢ áå¥¬ë ª ¢ëå®¤�¬. �® å®¤ã ¯à®¢¥àª¨
ª�¦¤ë© äà�£¬¥−â ¯®«ãç�¥â −� á¢®¨ ä�§®¢ë¥ ¢å®¤ë á¯¨áª¨ ¨−¤¨æ¨à®¢�−¨ï.
�® ¯®«ãç¥−−ë¬ á¯¨áª�¬ ¨ ¯�à�¬¥âà�¬ ¨−â¥àä¥©á� (á¯¨áª�¬ ¨−¤¨æ¨àã¥¬ëå
äà�£¬¥−â®¬ á¢®¨å ¢å®¤®¢ ¨ ¢ëå®¤®¢) ¯ãâ¥¬ ®¡ê¥¤¨−¥−¨ï ä®à¬¨àãîâáï á¯¨áª¨
¢ëå®¤−ëå ä�§®¢ëå á¨£−�«®¢ äà�£¬¥−â�. �à®æ¥áá §�ª�−ç¨¢�¥âáï −� ä�§®¢ëå
¢ëå®¤�å áå¥¬ë.

�¡ï§�â¥«ì−ë¬ ¤«ï ãá¯¥è−®© ¯à®¢¥àª¨ ï¢«ï¥âáï ¯à¨áãâáâ¢¨¥ ¢á¥å ¢−ãâà¥−-
−¨å á¨£−�«®¢ áå¥¬ë å®âï ¡ë ¢ ®¤−®¬ ¨§ ¢ëå®¤−ëå á¯¨áª®¢ ¨−¤¨æ¨à®¢�−¨ï.
�à¨áãâáâ¢¨¥ ¢−¥è−¨å ä�§®¢ëå á¨£−�«®¢ £«�¢−®© áå¥¬ë −¥ ®¡ï§�â¥«ì−®, â�ª ª�ª
®−¨ ¬®£ãâ ¡ëâì ¨−¤¨æ¨à®¢�−ë −� ¢¥àå−¥¬ ãà®¢−¥ ¨¥à�àå¨¨.

2.5 Проверка соблюдения дисциплины бистабильных сигналов

„�−−ë© è�£ ¯à¥¤−�§−�ç¥− ¤«ï ®¡−�àã¦¥−¨ï á®áâï§�−¨© ¢ £«�¢−®© áå¥¬¥.
�à¨ ãá«®¢¨¨ ãá¯¥è−®£® ¯à®å®¦¤¥−¨ï ¯à¥¤ë¤ãé¨å è�£®¢ �−�«¨§� ¨áâ®ç−¨ª®¬
á®áâï§�−¨© ¬®¦¥â áâ�âì −¥á®£«�á®¢�−−®áâì ¯¥à¥ª«îç¥−¨© �‘-á¨£−�«®¢ äà�£¬¥−-
â®¢ ¨ á¢ï§�−−ëå á −¨¬¨ ä�§®¢ëå á¨£−�«®¢. ‘®£«�á®¢�−−�ï ¯®á«¥¤®¢�â¥«ì−®áâì
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¨å ¯¥à¥ª«îç¥−¨©, ®¡¥á¯¥ç¨¢�îé�ï ®âáãâ-

÷¨á. 2 Š ¯®−ïâ¨î ®ç¥à¥¤−®áâ¨
¯¥à¥ª«îç¥−¨©

áâ¢¨¥ á®áâï§�−¨©, −®á¨â −�§¢�−¨¥ ¤¨áæ¨¯-
«¨−ë.

�à¥¤¢�à¨â¥«ì−® ¢¢¥¤¥¬ ¯®−ïâ¨¥ ®ç¥à¥¤-
−®áâ¨ ¨§¬¥−¥−¨© á¨£−�«®¢. �à¨ ¨áá«¥¤®¢�-
−¨¨ ‘‘-áå¥¬ ¨§-§� ¯à®¨§¢®«ì−®áâ¨ §�¤¥à¦¥ª
¢¬¥áâ® ¯®−ïâ¨ï ¢à¥¬¥−¨ ¨¬¥¥â á¬ëá« ¨á¯®«ì-
§®¢�âì ¯®−ïâ¨¥ ®ç¥à¥¤−®áâ¨ (à¨á. 2).

�� à¨á. 2W1 ¨W2 | æ¥¯®çª¨ ¯®á«¥¤®¢�-
â¥«ì−ëå í«¥¬¥−â®¢, ¨¬¥îé¨¥ −¥ ¬¥−¥¥ ®¤−®£®
í«¥¬¥−â�.

�® â¥®à¨¨ §�¤¥à¦ª¨ í«¥¬¥−â®¢ å®âï ¨ ¯à®¨§¢®«ì−ë, −® −¥ à�¢−ë −ã«î.
�®íâ®¬ã á¯à�¢¥¤«¨¢® ãâ¢¥à¦¤¥−¨¥, çâ® ¨§¬¥−¥−¨ï á¨£−�«®¢ D ¨ E ¢á¥£¤� ¡ã¤ãâ
¯à®¨áå®¤¨âì ¯®á«¥ ¨§¬¥−¥−¨ï á¨£−�«� A.

��§®¢¥¬ á¨£−�« A ¨−¨æ¨�â®à®¬ ¤«ï á¨£−�«®¢ D ¨ E, � á¨£−�«ë D ¨ E |
ª®−â¨−ã�â®à�¬¨ (¯à®¤®«¦�â¥«ï¬¨) á¨£−�«� A. �® á¬ëá«ã ‘‘-áå¥¬ ª®−â¨−ã�-
â®à�¬¨ ¡ã¤ãâ ä�§®¢ë¥ á¨£−�«ë: ®¤¨−®ç−ë¥ ¨«¨ ¯�àë �”‘-á¨£−�«®¢.

’�ª¨¬ ®¡à�§®¬, ¨§¬¥−¥−¨¥ ¨−¨æ¨�â®à� ¢á¥£¤� ¡ã¤¥â ¯à¥¤è¥áâ¢®¢�âì ¨§¬¥−¥-
−¨î «î¡®£® ¥£® ª®−â¨−ã�â®à�. �ç¥¢¨¤−® ¨ á¢®©áâ¢® âà�−§¨â¨¢−®áâ¨: ª®−â¨−ã�â®à
ª®−â¨−ã�â®à� ¡ã¤¥â ª®−â¨−ã�â®à®¬ ¨å ®¡é¥£® ¨−¨æ¨�â®à�.

�ã¤¥¬ −�§ë¢�âì â�ª¦¥ ª®−ªãà¥−â−ë¬¨ á¨£−�«ë, ®ç¥à¥¤−®áâì ¨§¬¥−¥−¨© ª®-
â®àëå ¯® ®â−®è¥−¨î ¤àã£ ª ¤àã£ã ¯à®¨§¢®«ì−�. Š®−ªãà¥−â−ë¬¨ ¬®£ãâ ¡ëâì ª�ª
á¨£−�«ë, ¨¬¥îé¨¥ ®¡é¨© ¨−¨æ¨�â®à, −�¯à¨¬¥à D ¨ E, â�ª ¨ á¨£−�«ë á à�§−ë¬¨
¨−¨æ¨�â®à�¬¨ (−¥§�¢¨á¨¬ë¥).

�â¬¥â¨¬, çâ® ¨−¤¨ª�â®à−ë¥ á¨£−�«ë ¢á¥£¤� ï¢«ïîâáï ª®−â¨−ã�â®à�¬¨ â¥å
á¨£−�«®¢, ª®â®àë¥ ®−¨ ¨−¤¨æ¨àãîâ.

÷�áá¬®âà¨¬ áå¥¬�â¨ç−® ¯à¨¬¥à á®¥¤¨−¥−¨ï �‘-á¨£−�«®¢ ¤¢ãå äà�£¬¥−â®¢
−� à¨á. 3, £¤¥ ¯®ª�§�−� ¢ëå®¤−�ï �‘Ÿ ®¤−®£® äà�£¬¥−â� ¨ ¢å®¤−�ï ¤àã£®£®.

“ç¨âë¢�ï ®á®¡¥−−®áâ¨ ¯®¢¥¤¥−¨ï ‘‘-áå¥¬, ®á−®¢−®¥ ¯à�¢¨«® ¤¨áæ¨¯«¨−ë
�‘-á¨£−�«®¢ ¯à¨ á®¥¤¨−¥−¨¨ äà�£¬¥−â®¢ á®áâ®¨â ¢ á«¥¤ãîé¥¬.
÷ ÐÅÒÉÏÄ ×ÒÅÍÅÎÉ, ËÏÇÄÁ ×ÙÈÏÄÎÙÅ âó-ÓÉÇÎÁÌÙ (Y1, Y2) ÍÏÇÕÔ ÍÅÎÑÔØÓÑ,
ÓÉÇÎÁÌ B ÄÏÌÖÅÎ ÚÁÐÒÅÔÉÔØ ÉÚÍÅÎÅÎÉÅ ×ÈÏÄÎÏÊ âóñ (ÚÁÂÌÏËÉÒÏ×ÁÔØ ÅÅ
×ÈÏÄÙ).
÷�áá¬®âà¨¬ ¯®á«¥¤®¢�â¥«ì−®áâì ¨§¬¥−¥−¨© á¨£−�«®¢ ¢ á®¥¤¨−¥−¨¨.
‚ëå®¤−ë¥ �‘-á¨£−�«ë ¬¥−ïîâáï ¢ ®¤−®© ¨§ ä�§ | âà�−§¨â−®©. ‚ íâ®© ä�§¥

á¨£−�« B ¡«®ª¨àã¥â ¯®¤ª«îç¥−−ë¥ �‘-¢å®¤ë. ‚ á«¥¤ãîé¥© | −¥âà�−§¨â−®© |
ä�§¥ á¨£−�« B ®âªàë¢�¥â �‘-¢å®¤ë, ¨ ä�§� §�ª�−ç¨¢�¥âáï, ª®£¤� ¯¥à¥å®¤−ë¥
¯à®æ¥ááë ¢® ¢å®¤−®© �‘Ÿ §�¢¥àè¨«¨áì, � á¨£−�«B ¥é¥ ®áâ�¥âáï ¢ à�§à¥è�îé¥¬
á®áâ®ï−¨¨.

Š�ª ¢¨¤−®, ¢ −¥âà�−§¨â−®© ä�§¥ ¤¨áæ¨¯«¨−� á®¡«î¤�¥âáï, ¨ á®áâï§�−¨© −¥
¢®§−¨ª�¥â.
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÷¨á. 3 ‘®¥¤¨−¥−¨¥ �‘-á¨£−�«®¢ ‘‘-äà�£¬¥−â®¢: Y1 ¨ Y2 | �‘-á¨£−�«ë; A |
à�§à¥è�îé¨© á¨£−�« ¢ëå®¤�; B | à�§à¥è�îé¨© á¨£−�« ¢å®¤�; ˆ | ¨−¤¨ª�â®àë;
¯ã−ªâ¨à | £à�−¨æë äà�£¬¥−â®¢

‚ −�áâã¯�îé¥© ¤�«¥¥ âà�−§¨â−®© ä�§¥ ¨§¬¥−ïîâáï ¨ á¨£−�« B, ¨ ¢ëå®¤−ë¥
�‘-á¨£−�«ë. —â®¡ë −¥ ¢®§−¨ª«® á®áâï§�−¨©, ¤®«¦¥− á®¡«î¤�âìáï ¯®àï¤®ª íâ¨å
¨§¬¥−¥−¨©, � ¯®â®¬ã ¯à¥¤ë¤ãé¥¥ ¯à�¢¨«® ¬®¦−® â¥¯¥àì áä®à¬ã«¨à®¢�âì â�ª.
÷ ÔÒÁÎÚÉÔÎÏÊ ÆÁÚÅ ÓÎÁÞÁÌÁ ÄÏÌÖÅÎ ÉÚÍÅÎÉÔØÓÑ ÓÉÇÎÁÌ B, ÚÁÂÌÏËÉÒÏ×Á×
×ÈÏÄÙ, É ÌÉÛØ ÚÁÔÅÍ ÍÏÇÕÔ ÍÅÎÑÔØÓÑ ×ÙÈÏÄÎÙÅ âó-ÓÉÇÎÁÌÙ.
�®áª®«ìªã ¢ −¥âà�−§¨â−®© ä�§¥ ®â−®è¥−¨¥ ®ç¥à¥¤−®áâ¨ à�áá¬�âà¨¢�¥¬ëå

á¨£−�«®¢ ®âáãâáâ¢ã¥â, ¯à�¢¨«® ¤¨áæ¨¯«¨−ë ¬®¦−® à�á¯à®áâà�−¨âì −� ®¡¥ ä�-
§ë. „�−−®¥ ¯à�¢¨«® ã¦¥ ¬®¦−® ¢ëà�§¨âì ¢ áå¥¬®â¥å−¨ç¥áª¨å â¥à¬¨−�å, ¨
®ª®−ç�â¥«ì−® ®−® ä®à¬ã«¨àã¥âáï â�ª.
÷ ÓÏÅÄÉÎÅÎÉÉ âó-ÓÉÇÎÁÌÏ× ÆÒÁÇÍÅÎÔÏ× ×ÙÈÏÄÎÙÅ ÓÉÇÎÁÌÙ (Y1, Y2) É ÂÌÏ-
ËÉÒÕÀÝÉÊ ÓÉÇÎÁÌ B ÎÅ ÍÏÇÕÔ ÂÙÔØ ËÏÎËÕÒÅÎÔÎÙÍÉ. óÉÇÎÁÌ B ÄÏÌÖÅÎ
ÂÙÔØ ÉÎÉÃÉÁÔÏÒÏÍ ÓÉÇÎÁÌÏ× (Y1, Y2), Á ÔÅ, × Ó×ÏÀ ÏÞÅÒÅÄØ, ÄÏÌÖÎÙ ÂÙÔØ
ËÏÎÔÉÎÕÁÔÏÒÁÍÉ ÓÉÇÎÁÌÁ B.
�â® ¯à�¢¨«® ¤¨áæ¨¯«¨−ë ¡ã¤¥â ®á−®¢−ë¬ ¯à¨ ¯à®¢¥àª¥ ¢®§¬®¦−ëå á®áâï§�-

−¨© ¢ ¨¥à�àå¨ç¥áª®¬ �−�«¨§¥.
�â¬¥â¨¬ â�ª¦¥, çâ® á¨£−�«ë A ¨ B ¤®«¦−ë ¡ëâì ä�§®¢ë¬¨.
‚ à¥�«ì−ëå ‘‘-áå¥¬�å ¢®§¬®¦−ë ç¥âëà¥ ®á−®¢−ëå ¢�à¨�−â� á®¥¤¨−¥−¨©

�‘-á¨£−�«®¢ ¨ ã¯à�¢«ïîé¨å ¨¬¨ ä�§®¢ëå á¨£−�«®¢: âà¨ ¨§ −¨å ®â«¨ç�îâáï
á¯®á®¡®¬ á®¥¤¨−¥−¨ï à�§à¥è�îé¨å á¨£−�«®¢ (à¨á. 4), ç¥â¢¥àâë© ¯à¨¢¥¤¥− −¨¦¥.

‚�à¨�−âë á®¥¤¨−¥−¨© â�ª®¢ë.

1. �¥¯®áà¥¤áâ¢¥−−®¥ á®¥¤¨−¥−¨¥ à�§à¥è�îé¨å á¨£−�«®¢ A ¨ B (æ¥¯®çª¨ W1
¨ W2 ®âáãâáâ¢ãîâ). �‘-á¨£−�«ë ¥áâì ª®−â¨−ã�â®àë á¨£−�«� A, ª®â®àë©
á®¢¯�¤�¥â á B. �à�¢¨«® ¤¨áæ¨¯«¨−ë á®¡«î¤¥−®, ¨ á®¥¤¨−¥−¨¥ ª®àà¥ªâ−®.
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÷¨á. 4 ‚�à¨�−âë á®¥¤¨−¥−¨© à�§à¥è�îé¨å á¨£−�«®¢:W1 ¨ W2 | ¢®§¬®¦−ë¥ æ¥¯®çª¨
í«¥¬¥−â®¢

2. ‚�à¨�−â á §�¤¥à¦ª®© á¨£−�«� A. ‚ −�«¨ç¨¨ æ¥¯®çª� W1 (®¡ëç−® íâ®
ãá¨«¨¢�îé¨¥ ¨−¢¥àâ®àë ¨«¨ ¯®¢â®à¨â¥«¨), � W2 ®âáãâáâ¢ã¥â. �‘-á¨£−�«ë
(Y1, Y2) ¯®-¯à¥¦−¥¬ã ®áâ�îâáï ª®−â¨−ã�â®à�¬¨ á¨£−�«� B, ¨ á®¥¤¨−¥−¨¥
â�ª¦¥ ª®àà¥ªâ−®.

3. ‘®¥¤¨−¥−¨¥ á §�¤¥à¦ª®© á¨£−�«� B | ¯à¨áãâáâ¢ã¥â æ¥¯®çª� W2. ‚−¥
§�¢¨á¨¬®áâ¨ ®â −�«¨ç¨ï æ¥¯®çª¨ W1 �‘-á¨£−�«ë ¨ á¨£−�« B ï¢«ïîâáï
ª®−ªãà¥−â−ë¬¨, ¨ â�ª®¥ á®¥¤¨−¥−¨¥ −¥ª®àà¥ªâ−®.

4. �� à¨á. 5 ¯®ª�§�− ¢�à¨�−â á ®¡à�â−®© á¢ï§ìî. �¡à�â−�ï á¢ï§ì ¬®¦¥â ¡ëâì
«®ª�«ì−®© ¨«¨ £«®¡�«ì−®© (®¡é¥© ®¡à�â−®© á¢ï§ìî ¢á¥© áå¥¬ë) á «î¡®©
§�¤¥à¦ª®© ¢ æ¥¯¨. „«ï ª®àà¥ªâ−®áâ¨ á®¥¤¨−¥−¨ï á¨£−�« B ¤®«¦¥− ç¥à¥§
®¡à�â−ãî á¢ï§ì ¨−¤¨æ¨à®¢�âìáï −� á¨£−�«¥ A, � á¨£−�« A, ã¦¥ «®ª�«ì-
−®, ¤®«¦¥− ¨−¤¨æ¨à®¢�âìáï −� B. ‚ ¯à®â¨¢−®¬ á«ãç�¥ ¡ã¤¥â −�àãè¥−�
¤¨áæ¨¯«¨−� ¨å ¨§¬¥−¥−¨©.

…á«¨ ®¡à�â−�ï á¢ï§ì £«®¡�«ì−�ï, â® â�ª�ï ¨−¤¨ª�æ¨ï A −� B ¡ã¤¥â à¥�-
«¨§®¢�−� �¢â®¬�â¨ç¥áª¨ (¯à¨ ãá«®¢¨¨ ãá¯¥è−®© ¯à®¢¥àª¨ ¯® ¯. 2.4), â�ª ª�ª
®¡é�ï ®¡à�â−�ï á¢ï§ì ¯® ¯à¨−æ¨¯ã á�¬®á¨−åà®−−®áâ¨ ¤®«¦−� ¨−¤¨æ¨à®¢�âì ¢á¥
¢−ãâà¥−−¨¥ á¨£−�«ë áå¥¬ë. ‚ ®áâ�«ì−ëå á«ãç�ïå âà¥¡ã¥âáï ¯à®¢¥àª� ¨−¤¨ª�æ¨¨
¯® ¯®«ãç¥−−ë¬ −� ¯à¥¤ë¤ãé¥¬ è�£¥ á¯¨áª�¬.

��¯à¨¬¥à, á¨£−�« B −� à¨á. 5 ¬®¦¥â ¡ëâì ¯®¤á®¥¤¨−¥− ª ¢ëå®¤ã ¨−¤¨ª�â®à�
«¥¢®£® äà�£¬¥−â�.

Šà®¬¥ ¯¥à¥ç¨á«¥−−ëå ®á−®¢−ëå ¢�à¨�−â®¢ ¢®§¬®¦−ë á®¥¤¨−¥−¨ï á −¥áª®«ì-
ª¨¬¨ à�§à¥è�îé¨¬¨ á¨£−�«�¬¨ ¢ �‘Ÿ. ‚ íâ¨å á«ãç�ïå ¡«®ª¨à®¢ª� ¨ à�§à¥-
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÷¨á. 5 ‘®¥¤¨−¥−¨¥ �‘-á¨£−�«®¢ á ¨á¯®«ì§®¢�−¨¥¬ ®¡à�â−®© á¢ï§¨

è¥−¨¥ ¯à®¨§¢®¤ïâáï ª®¬¡¨−�æ¨ï¬¨ §−�ç¥−¨© à�§à¥è�îé¨å á¨£−�«®¢ ¨ ¯à�¢¨«®
¤¨áæ¨¯«¨−ë ¤®«¦−® ãç¨âë¢�âì ª�ª ª®¬¡¨−�æ¨¨, â�ª ¨ ®ç¥à¥¤−®áâì ¨§¬¥−¥−¨©
ã¯à�¢«ïîé¨å á¨£−�«®¢.

ˆ§ ¨§«®¦¥−−®£® ¢ëè¥ ¢¨¤−®, çâ® ¢ �âà¨¡ãâ�å ¨−â¥àä¥©á®¢ ‘‘-äà�£¬¥−â®¢
¤®«¦−� á®¤¥à¦�âìáï ¨−ä®à¬�æ¨ï ® ¢å®¤−ëå ¨ ¢ëå®¤−ëå �‘Ÿ: ª�ª¨¬¨ ¢å®¤�¬¨
äà�£¬¥−â®¢ ¨ ª�ª¨¬¨ §−�ç¥−¨ï¬¨ ®−¨ ¡«®ª¨àãîâáï ¨ áãé¥áâ¢ãîâ «¨ §�¤¥à¦ª¨ ¢
æ¥¯ïå ¡«®ª¨à®¢ª¨. �â� ¨−ä®à¬�æ¨ï £®â®¢¨âáï −� ¡®«¥¥ −¨§ª¨å ãà®¢−ïå ¨¥à�àå¨¨
á ¯®¬®éìî ˆŒ�, � −� −¨¦−¥¬ ãà®¢−¥ | ”Œ�.

�à®¢¥àª� ¤¨áæ¨¯«¨−ë �‘-á¨£−�«®¢ §�ª«îç�¥âáï ¢ ãáâ�−®¢«¥−¨¨ ¢�à¨�−â�
á®¥¤¨−¥−¨ï, ¯à�¢¨«ì−®áâ¨ ¡«®ª¨à®¢ª¨ á®®â¢¥âáâ¢ãîé¨¬¨ §−�ç¥−¨ï¬¨ ä�§®¢ëå
á¨£−�«®¢ ¨, ¢ á«ãç�¥ «®ª�«ì−®© ®¡à�â−®© á¢ï§¨, ¯à®¢¥àª¥ ¨−¤¨ª�æ¨¨ à�§à¥è�-
îé¨å á¨£−�«®¢ ¯® à�−¥¥ ¯®«ãç¥−−ë¬ á¯¨áª�¬ ¨−¤¨ª�æ¨¨.

2.6 Получение параметров интерфейса главной схемы

�� íâ®¬ è�£¥ £®â®¢¨âáï ¨−ä®à¬�æ¨ï ¤«ï á«¥¤ãîé¥£® ¢¥àå−¥£® ãà®¢−ï ¨¥-
à�àå¨¨ ®¡ ¨−¤¨ª�æ¨¨ ¢á¥å ¢−¥è−¨å á¨£−�«®¢ ¨ ¯�à�¬¥âà�å á®¥¤¨−¥−¨© ¢−¥è−¨å
�‘-á¨£−�«®¢ áå¥¬ë.

ˆ§ ¯®«ãç¥−−ëå à�−¥¥ á¯¨áª®¢ ¨−¤¨ª�æ¨¨ ä�§®¢ëå ¢ëå®¤®¢ ¢ë¡¨à�îâáï
¢−¥è−¨¥ á¨£−�«ë, ª®â®àë¥ ¨ á®áâ�¢«ïîâ ¢−¥è−¨¥ á¯¨áª¨ ¨−¤¨ª�æ¨¨.

‚−¥è−¨¥ �‘-á¨£−�«ë ¢ á¨«ã á¯¥æ¨ä¨ª¨ ‘‘-áå¥¬ á®¥¤¨−ïîâáï á �‘-á¨£−�-
«�¬¨ ¢−ãâà¥−−¨å ‘‘-äà�£¬¥−â®¢ −¥¯®áà¥¤áâ¢¥−−®, ¡¥§ ¯à®¬¥¦ãâ®ç−ëå í«¥¬¥−-
â®¢. �®íâ®¬ã ¯�à�¬¥âàë ¢−¥è−¨å �‘-á¨£−�«®¢ ¨ á¨£−�«®¢, ¨å ¡«®ª¨àãîé¨å,
®¯à¥¤¥«ïîâáï ¯® �âà¨¡ãâ�¬ ¨−â¥àä¥©á®¢ ¯®¤á®¥¤¨−¥−−ëå ‘‘-äà�£¬¥−â®¢.
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‹. �. �«¥å�−®¢

�®«ãç¥−−�ï ¨−ä®à¬�æ¨ï ¯®¬¥é�¥âáï ¢ á®®â¢¥âáâ¢ãîé¨¥ �âà¨¡ãâë ¨−â¥àä¥©-
á� £«�¢−®© áå¥¬ë.

„�−−ë© è�£ §�¢¥àè�¥â �−�«¨§ á�¬®á¨−åà®−−®áâ¨ −� â¥ªãé¥¬ ãà®¢−¥ ¨¥à�à-
å¨¨.

3 Заключение

�¤−®© ¨§ £«�¢−ëå âàã¤−®áâ¥© ¯à®¥ªâ¨à®¢�−¨ï ‘‘-áå¥¬ ¯à�ªâ¨ç¥áª¨å à�§¬¥-
à®¢ ï¢«ï¥âáï �−�«¨§ á�¬®á¨−åà®−−®áâ¨. ‚® ¢á¥å á«ãç�ïå âà¥¡ã¥âáï ¢ëç¨á«¨âì ¨
¯à®¢¥à¨âì ¢á¥ à�¡®ç¨¥ á®áâ®ï−¨ï áå¥¬ë ¨ ¯¥à¥å®¤ë ¬¥¦¤ã −¨¬¨. ‘ãé¥áâ¢ãîé¨¥
¬¥â®¤ë âà¥¡ãîâ ¯®«−®£® à�áªàëâ¨ï áå¥¬, â. ¥. ¨áá«¥¤®¢�−¨ï ãà�¢−¥−¨© ¢á¥å ¥¥
í«¥¬¥−â®¢. �à¨ ã¢¥«¨ç¥−¨¨ à�§¬¥à� áå¥¬ë á«®¦−®áâì ¢ëç¨á«¥−¨© à�áâ¥â íªá-
¯®−¥−æ¨�«ì−® ®â ç¨á«� ¢å®¤®¢ ¨ ¯¥à¥¬¥−−ëå ¯�¬ïâ¨, � ¥é¥ ¤®¯®«−¨â¥«ì−® ¨ ®â
ç¨á«� í«¥¬¥−â®¢, çâ® −¥ ¯®§¢®«ï¥â �−�«¨§¨à®¢�âì áå¥¬ë ¢á¥ ã¢¥«¨ç¨¢�îé¨åáï
à�§¬¥à®¢.

‚¯¥à¢ë¥ ¯à¥¤áâ�¢«¥− ¬¥â®¤ ¨¥à�àå¨ç¥áª®£® �−�«¨§� ‘‘-áå¥¬, ®á−®¢�−−ë© −�
äã−ªæ¨®−�«ì−®¬ ¯®¤å®¤¥. �® ¯®«−ë¬ ãà�¢−¥−¨ï¬ ¢ −¥¬ �−�«¨§¨àãîâáï â®«ìª®
äà�£¬¥−âë −¨¦−¥£® ãà®¢−ï, à�§¬¥à ª®â®àëå ¬®¦¥â ¡ëâì ¢ë¡à�− ¤®áâ�â®ç−®
¬�«ë¬.

�� ¢á¥å ãà®¢−ïå ¨¥à�àå¨¨ ¢ëè¥ −¨¦−¥£® ¤«ï �−�«¨§� ¨á¯®«ì§ãîâáï −¥
ãà�¢−¥−¨ï í«¥¬¥−â®¢, � ¢§�¨¬®á¢ï§¨ äà�£¬¥−â®¢ ¨ ¨−ä®à¬�æ¨ï, ¯®«ãç¥−−�ï −�
¯à¥¤ë¤ãé¥¬ ãà®¢−¥. ‘«®¦−®áâì ¢ëç¨á«¥−¨© §¤¥áì ¯à�ªâ¨ç¥áª¨ «¨−¥©−� ®â ç¨á«�
äà�£¬¥−â®¢ ¨ á¨£−�«®¢.

’�ª®© ¯®àï¤®ª ¯®§¢®«ï¥â −�à�é¨¢�âì á−¨§ã ¢¢¥àå à�§¬¥àë �−�«¨§¨àã¥¬ëå
áå¥¬ ¨ â¥¬ á�¬ë¬ à¥è¨âì ®¤−ã ¨§ £«�¢−ëå ¯à®¡«¥¬ ¯à®¥ªâ¨à®¢�−¨ï ‘‘-áå¥¬, ¢®
¬−®£®¬ â®à¬®§ïéãî ¨å à�§¢¨â¨¥, | �−�«¨§ áå¥¬ −¥®£à�−¨ç¥−−ëå à�§¬¥à®¢.

‚�¦−®áâì à¥è¥−¨ï ¯à®¡«¥¬ë ¯à®¥ªâ¨à®¢�−¨ï ‘‘-áå¥¬ «î¡ëå à�§¬¥à®¢
¤¨ªâã¥â −¥®¡å®¤¨¬®áâì ¥¥ �¢â®¬�â¨§�æ¨¨. �à¥¤«®¦¥−−ë© ¨¥à�àå¨ç¥áª¨© ¬¥-
â®¤ ¤®áâ�â®ç−® ä®à¬�«¨§®¢�− ¤«ï à¥�«¨§�æ¨¨ ¢ ¯à®£à�¬¬−ëå áà¥¤áâ¢�å. “¦¥
à�§à�¡®â�−� ¨ äã−ªæ¨®−¨àã¥â ¯à®£à�¬¬a �−�«¨§� ‘‘-áå¥¬ −¨¦−¥£® ãà®¢−ï
”�‡�� [10], ¯à¥¤®áâ�¢«ïîé�ï ¤«ï ¢¥àå−¥£® ãà®¢−ï −¥®¡å®¤¨¬ãî ¨−ä®à¬�-
æ¨î. �¢â®¬�â¨§�æ¨ï ¯à¥¤«®¦¥−−®£® ¨¥à�àå¨ç¥áª®£® ¬¥â®¤�, â�ª¨¬ ®¡à�§®¬,
¯®¤£®â®¢«¥−� ¨ −�ç−¥â ®áãé¥áâ¢«ïâìáï ¢ ¡«¨¦�©è¥¥ ¢à¥¬ï.
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ПОВЫШЕНИЕ ОТКАЗОУСТОЙЧИВОСТИ ДАННЫХ
В КЭШ-ПАМЯТИ ПУТЕМ ИХ ОБНОВЛЕНИЯ

Б. З. Шмейлин1

�−−®â�æ¨ï: �à¥¤«®¦¥− ¬¥â®¤ á−¨¦¥−¨ï ãï§¢¨¬®áâ¨ ¤�−−ëå ªíè-¯�¬ïâ¨ ª
ªà�âª®¢à¥¬¥−−ë¬ ®âª�§�¬ ¯ãâ¥¬ ¨å ®¡−®¢«¥−¨ï. �¡−®¢«¥−¨¥ ¤�−−ëå ¯«�−¨-
àã¥âáï ¯à¨ �−�«¨§¥ ª®¤� ¯à¨ª«�¤−®© ¯à®£à�¬¬ë −� íâ�¯¥ ª®¬¯¨«ïæ¨¨. Œ¥â®¤
¯à¨¬¥−¨¬ ª á¢ï§�−−ë¬ áâàãªâãà�¬ ¤�−−ëå (‘‘„), çâ® ¯®ª�§�−® −� ¬�áá¨-
¢�å ¨ ¢«®¦¥−−ëå áâàãªâãà�å ¤�−−ëå. �«�−¨à®¢�−¨¥ ®¡−®¢«¥−¨ï ¤�−−ëå
ªíè-¯�¬ïâ¨ ¯à®¤¥¬®−áâà¨à®¢�−® −� ¯à¨¬¥à¥ ¯à®£à�¬¬ë ã¬−®¦¥−¨ï ¬�âà¨æ.

Š«îç¥¢ë¥ á«®¢�: ¬¨ªà®¯à®æ¥áá®à−ë¥ á¨áâ¥¬ë; í«¥¬¥−âë ¤�−−ëå ªíè-¯�-
¬ïâ¨; ãï§¢¨¬®áâì ª ªà�âª®¢à¥¬¥−−ë¬ ®âª�§�¬; á¢ï§�−−ë¥ áâàãªâãàë ¤�−−ëå

1 Введение

Šíè-¯�¬ïâì ï¢«ï¥âáï ®¤−¨¬ ¨§ ®á−®¢−ëå ª®¬¯®−¥−â®¢ á®¢à¥¬¥−−ëå ¬¨ªà®-
¯à®æ¥áá®à−ëå á¨áâ¥¬. Šíè-¯�¬ïâì ¤�−−ëå ®¡¥á¯¥ç¨¢�¥â ¯à®æ¥áá®àã íää¥ªâ¨¢-
−ë© ¤®áâã¯ ª ¤�−−ë¬. �à¨ ã¢¥«¨ç¥−¨¨ ®¡ê¥¬� ªíè-¯�¬ïâ¨ ¯¥à¢®£® ãà®¢−ï
íâ®â ª®¬¯®−¥−â ªà¨áâ�««� §�−¨¬�¥â ¢á¥ ã¢¥«¨ç¨¢�îéãîáï ¤®«î áà¥¤¨ ¤àã£¨å
ª®¬¯®−¥−â®¢. �¥¨á¯à�¢−®áâ¨ íâ®© ¯�¬ïâ¨ ¬®£ãâ ¨áª�§¨âì ¤�−−ë¥, ¨ â�ª¨¥ ¨áª�-
¦¥−−ë¥ ¤�−−ë¥ ¬®£ãâ ¯¥à¥¬¥áâ¨âìáï −� ¤àã£¨¥ ª®¬¯®−¥−âë ¢ ¨¥à�àå¨¨ ¯�¬ïâ¨,
� â�ª¦¥ ¢ ¯à®æ¥áá®à. ‚ ¤�«ì−¥©è¥¬ ¢ áâ�âì¥ ¯®¤ ªíè-¯�¬ïâìî ¡ã¤¥â ¯®−¨¬�âìáï
ªíè-¯�¬ïâì ¯¥à¢®£® ãà®¢−ï. �¤−� ¨§ £«�¢−ëå ã£à®§ −�¤¥¦−®¬ã åà�−¥−¨î ¤�−-
−ëå ¢ ªíè-¯�¬ïâ¨ | íâ® ªà�âª®¢à¥¬¥−−ë¥ ®âª�§ë, ¯à¨ç¨−®© ª®â®àëå ï¢«ïîâáï
¢−¥è−¨¥ ¢®§¤¥©áâ¢¨ï, â�ª¨¥ ª�ª ª®á¬¨ç¥áª¨¥ ¨§«ãç¥−¨ï, �«ìä�-ç�áâ¨æë ¨ ¤à.
ˆ§-§� ¢ëá®ª®© áâ¥¯¥−¨ ¨−â¥£à�æ¨¨ ¢áâà®¥−−�ï ¢ ªà¨áâ�«« ªíè-¯�¬ïâì −�¨¡®«¥¥
¯®¤¢¥à¦¥−� ªà�âª®¢à¥¬¥−−ë¬ ®âª�§�¬.

ˆáá«¥¤®¢�−¨ï ¯®ª�§ë¢�îâ, çâ® ¤®«ï á¡®¥¢ ¢ ªíè-¯�¬ïâ¨ ¢®§à�áâ�¥â ¯® áà�¢-
−¥−¨î á ¤àã£¨¬¨ ª®¬¯®−¥−â�¬¨ ¬¨ªà®¯à®æ¥áá®à−ëå á¨áâ¥¬. ‚ ¯®á«¥¤−¥¥ ¢à¥¬ï
â�ª®£® à®¤� −¥¨á¯à�¢−®áâ¨ ¢®§−¨ª�îâ ç�é¥, ç¥¬ ä�â�«ì−ë¥ ®âª�§ë ¨§-§� â¥å−®-
«®£¨ç¥áª¨å ¨«¨ ¯à®¨§¢®¤áâ¢¥−−ëå ®è¨¡®ª.

„«ï ã¢¥«¨ç¥−¨ï ¢à¥¬¥−¨ −�à�¡®âª¨ á¨áâ¥¬ë −� ®âª�§ ¯à¥¦¤¥ ¢á¥£® −¥®¡å®-
¤¨¬® á−¨§¨âì ¤®«î ®è¨¡®ª ¢ ªíè-¯�¬ïâ¨. „®áâ¨¦¥−¨¥ íâ®© æ¥«¨ ¯à¥¤áâ�¢«ï¥âáï
¨áª«îç¨â¥«ì−® ¢�¦−®© §�¤�ç¥©.

‚ á¢ï§¨ á íâ¨¬ ¯à®¡«¥¬¥ á−¨¦¥−¨ï ãï§¢¨¬®áâ¨ í«¥¬¥−â®¢ ¤�−−ëå ¢ ªíè-
¯�¬ïâ¨ ¢ ¯®á«¥¤−¨¥ £®¤ë ã¤¥«ï¥âáï ¯®¢ëè¥−−®¥ ¢−¨¬�−¨¥. ‚® ¢á¥å à�¡®â�å,

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, shmeilin@mail.ru
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�®¢ëè¥−¨¥ ®âª�§®ãáâ®©ç¨¢®áâ¨ ¤�−−ëå ¢ ªíè-¯�¬ïâ¨ ¯ãâ¥¬ ¨å ®¡−®¢«¥−¨ï

¯®á¢ïé¥−−ëå à¥è¥−¨î íâ®© ¯à®¡«¥¬ë, â¥¬ ¨«¨ ¨−ë¬ á¯®á®¡®¬ ¯à¥¤«�£�¥âáï
ã¬¥−ìè¨âì ¢à¥¬ï ¯à¥¡ë¢�−¨ï −¥¬®¤¨ä¨æ¨à®¢�−−ëå í«¥¬¥−â®¢ ¤�−−ëå ¢ ªíè-¯�-
¬ïâ¨ [1{4]. „�−−�ï à�¡®â� ¯®á¢ïé¥−� á−¨¦¥−¨î ãï§¢¨¬®áâ¨ ª ªà�âª®¢à¥¬¥−−ë¬
®âª�§�¬ í«¥¬¥−â®¢ á¢ï§�−−ëå áâàãªâãà ¤�−−ëå, ¢ ç�áâ−®áâ¨ í«¥¬¥−â®¢ ¬�áá¨¢®¢ ¨
í«¥¬¥−â®¢ ¢«®¦¥−−ëå áâàãªâãà, ¯ãâ¥¬ ®¡−®¢«¥−¨ï úç¨áâëåû (−¥¬®¤¨ä¨æ¨à®¢�−-
−ëå) áâà®ª ªíè-¯�¬ïâ¨. �¡−®¢«¥−¨¥ ¢ë¯®«−ï¥âáï ¯ãâ¥¬ §�¯¨á¨ ª®¯¨¨ áâà®ª¨ ¨§
¯�¬ïâ¨ ¡®«¥¥ −¨§ª®£® ãà®¢−ï ¨¥à�àå¨¨ (ªíè-¯�¬ïâ¨ ¢â®à®£® ãà®¢−ï ¨«¨ £«�¢−®©
¯�¬ïâ¨). ’�ª®¥ ®¡−®¢«¥−¨¥ ¯«�−¨àã¥âáï ¯à¨ �−�«¨§¥ ª®¤� ¯à¨ª«�¤−®© ¯à®£à�¬¬ë
−� íâ�¯¥ ª®¬¯¨«ïæ¨¨. Š®¬¯¨«ïâ®à ¢áâà�¨¢�¥â ¢ ª®¬¯¨«¨àã¥¬ë© ª®¤ ¨−áâàãªæ¨¨
prefetch á �¤à¥á®¬, ®¯à¥¤¥«¥−−ë¬ ¯à¨ ¯«�−¨à®¢�−¨¨ ®¡−®¢«¥−¨ï. ˆ−áâàãªæ¨ï
prefetch ¯à¥¤ãá¬®âà¥−� ¢ á®¢à¥¬¥−−ëå ¬¨ªà®¯à®æ¥áá®à�å, ¢ ç�áâ−®áâ¨ ¢ ¯à®æ¥á-
á®à¥ Pentium M. �âª�§®ãáâ®©ç¨¢®áâì í«¥¬¥−â®¢ ¤�−−ëå ¢ ªíè-¯�¬ïâ¨ ¢â®à®£®
ãà®¢−ï ¨«¨ £«�¢−®© ¯�¬ïâ¨ ®¡¥á¯¥ç¨¢�¥âáï ¯à¨¬¥−¥−¨¥¬ ª®àà¥ªâ¨àãîé¨å ª®¤®¢.

2 Анализ уязвимости элементов данных в кэш-памяти

‘ æ¥«ìî �−�«¨§� ãï§¢¨¬®áâ¨ í«¥¬¥−â®¢ ¤�−−ëå ¯à¥¤áâ�¢¨¬ à�§«¨ç−ë¥ ¯¥-
à¨®¤ë áãé¥áâ¢®¢�−¨ï í«¥¬¥−â®¢ ¢ ªíè-¯�¬ïâ¨. Š â�ª¨¬ ¯¥à¨®¤�¬ ®â−®áïâáï
á«¥¤ãîé¨¥ ¯à®¬¥¦ãâª¨ ¢à¥¬¥−¨ [3]:

{ FR | ¯à®¬¥¦ãâ®ª ¢à¥¬¥−¨ ¬¥¦¤ã ¢ë¡®àª®© áâà®ª¨ ¢ ªíè (fetch | F) ¨
çâ¥−¨¥¬ í«¥¬¥−â� ¤�−−ëå (read | R);

{ RR | ¯à®¬¥¦ãâ®ª ¢à¥¬¥−¨ ¬¥¦¤ã ¤¢ã¬ï çâ¥−¨ï¬¨ í«¥¬¥−â� ¤�−−ëå (read |
R);

{ WR | ¯à®¬¥¦ãâ®ª ¢à¥¬¥−¨ ¬¥¦¤ã §�¯¨áìî (write | W) ¨ çâ¥−¨¥¬ í«¥¬¥−â�
¤�−−ëå (read | R);

{ FW | ¯à®¬¥¦ãâ®ª ¢à¥¬¥−¨ ¬¥¦¤ã ¢ë¡®àª®© áâà®ª¨ ¢ ªíè (fetch | F) ¨
§�¯¨áìî (write | W);

{ RW | ¯à®¬¥¦ãâ®ª ¢à¥¬¥−¨ ¬¥¦¤ã çâ¥−¨¥¬ (read | R) ¨ §�¯¨áìî (write |
W) í«¥¬¥−â� ¤�−−ëå.

�� à¨á. 1 £à�ä¨ç¥áª¨ ¯®ª�§�−ë ¢á¥ íâ¨ ¯¥à¨®¤ë. ��§®¢¥¬ ¯¥à¨®¤ë áãé¥áâ¢®-
¢�−¨ï í«¥¬¥−â®¢ ¢ ªíè, ãï§¢¨¬ë¥ ª á¡®î, ä�§�¬¨ à¨áª� (”÷). Š ”÷ ®â−®áïâáï
¯¥à¨®¤ë FR, RR, WR.

‘«¥¤ã¥â ®â¬¥â¨âì, çâ® −¥ ¢á¥ í«¥¬¥−âë ¤�−−ëå áâà®ª¨ ¨á¯®«ì§ãîâáï ¯à®-
æ¥áá®à®¬, � ¯®íâ®¬ã ãï§¢¨¬®áâì ª á¡®ï¬ ¤®«¦−� ¡ëâì ®¡¥á¯¥ç¥−� â®«ìª® ¤«ï
í«¥¬¥−â®¢, ®è¨¡ª¨ ¢ ª®â®àëå ¬®£ãâ ¯®¢«¨ïâì −� ¢ë¯®«−¥−¨¥ ¯à®£à�¬¬ë. ��-
§®¢¥¬ íâ¨ í«¥¬¥−âë ªà¨â¨ç¥áª¨¬¨. Šà¨â¨ç¥áª®¥ ¢à¥¬ï, �áá®æ¨¨àãîé¥¥áï á
ªà¨â¨ç¥áª¨¬ í«¥¬¥−â®¬, | íâ® ¯¥à¨®¤, ¢ â¥ç¥−¨¥ ª®â®à®£® §−�ç¥−¨¥ íâ®£® í«¥-
¬¥−â� ¤�−−ëå ¤®«¦−® ¡ëâì −¥¨§¬¥−−ë¬. Šà¨â¨ç¥áª®¥ ¢à¥¬ï ¤«ï ª®−ªà¥â−®£®
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÷¨á. 1 �¥à¨®¤ë áãé¥áâ¢®¢�−¨ï í«¥¬¥−â®¢ ¤�−−ëå ¢ ªíè-¯�¬ïâ¨

í«¥¬¥−â� ¤�−−ëå á®®â¢¥âáâ¢ã¥â ä�§�¬ à¨áª� FR, RR, WR ¤«ï íâ®£® í«¥¬¥−-
â�. Šà�âª®¢à¥¬¥−−ë© ®âª�§, ¯à®¨§®è¥¤è¨© ¢ ¨−â¥à¢�«¥ ªà¨â¨ç¥áª®£® ¢à¥¬¥−¨,
¬®¦¥â ¯à¨¢¥áâ¨ ª ®è¨¡ª¥ ¢ë¯®«−¥−¨ï ¯à¨«®¦¥−¨ï.

�à¥¤è¥áâ¢ãîé¨¥ à�¡®âë. ÷�¡®â� [5] ¯®á¢ïé¥−� �−�«¨§ã ãï§¢¨¬®áâ¨ í«¥¬¥−-
â®¢ ¤�−−ëå ªíè-¯�¬ïâ¨ −� íâ�¯¥ ª®¬¯¨«ïæ¨¨. �¢â®à�¬¨ ¯à¥¤«�£�¥âáï ¢ë¯®«−¨âì
¯à¥®¡à�§®¢�−¨¥ ª®¤� ¯à®£à�¬¬ë ¤«ï á−¨¦¥−¨ï ãï§¢¨¬®áâ¨ ªíè-¯�¬ïâ¨. ƒ«�¢-
−�ï ®á®¡¥−−®áâì à�áá¬�âà¨¢�¥¬®© ªíè-¯�¬ïâ¨ á â®çª¨ §à¥−¨ï ¥¥ ãï§¢¨¬®áâ¨ ª
ªà�âª®¢à¥¬¥−−ë¬ ®âª�§�¬ §�ª«îç�¥âáï ¢ â®¬, çâ® áâà®ª� ªíè-¯�¬ïâ¨ ®å¢�ç¥−�
ª®−âà®«¥¬ ¯® ç¥â−®áâ¨, ®¤−�ª® ¯à¨ ¬®¤¨ä¨ª�æ¨¨ áâà®ª¨ (§�¯¨á¨ ¢ −¥¥) ¡¨â
ç¥â−®áâ¨ −¥ ¬¥−ï¥âáï. �â® §−�ç¨â, çâ® úç¨áâ�ïû (−¥¬®¤¨ä¨æ¨à®¢�−−�ï) áâà®ª�
−¥ãï§¢¨¬� ª á¡®ï¬. ‚ à�¡®â¥ ãï§¢¨¬®áâì ®¯à¥¤¥«ï¥âáï ¯à®¤®«¦¨â¥«ì−®áâìî ¨−-
â¥à¢�«� ¬¥¦¤ã ¯®¢â®à−ë¬¨ ®¡à�é¥−¨ï¬¨ ¯® çâ¥−¨î ª ®¤−®¬ã ¨ â®¬ã ¦¥ í«¥¬¥−âã
¤�−−ëå ¬®¤¨ä¨æ¨à®¢�−−®© áâà®ª¨. �à¨ íâ®¬ ¯à¥¤¯®«�£�¥âáï, çâ® ¢ â¥ç¥−¨¥ íâ®£®
¨−â¥à¢�«� ¢à¥¬¥−¨ áâà®ª� −¥ ¡ë«� ¢ëâ¥á−¥−� ¨§ ªíè-¯�¬ïâ¨.

�¢â®à�¬¨ ¢ëà�¡®â�−ë à¥ª®¬¥−¤�æ¨¨ ¤«ï ®¯â¨¬¨§¨àãîé¨å ª®¬¯¨«ïâ®à®¢;
æ¥«ìî â�ª®© ®¯â¨¬¨§�æ¨¨ ï¢«ï¥âáï −¥ â®«ìª® ¯®¢ëè¥−¨¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨,
−® ¨ á−¨¦¥−¨¥ ãï§¢¨¬®áâ¨ ªíè-¯�¬ïâ¨. ‡�ç�áâãî íâ¨ âà¥¡®¢�−¨ï ï¢«ïîâáï
¯à®â¨¢®à¥ç¨¢ë¬¨, â�ª ª�ª á à®áâ®¬ ®â−®á¨â¥«ì−®£® ç¨á«� ¯à®¬�å®¢ ãï§¢¨¬®áâì
í«¥¬¥−â®¢ ¤�−−ëå ªíè-¯�¬ïâ¨ á−¨¦�¥âáï, −® ¯à¨ íâ®¬ á−¨¦�¥âáï ¨ ¯à®¨§¢®-
¤¨â¥«ì−®áâì. ‚ à�¡®â¥ [5] ¯®ª�§�−®, ª�ª ¤®áâ¨çì ª®¬¯à®¬¨áá� ¬¥¦¤ã −¨¬¨ −�
¯à¨¬¥à¥ ¯à®£à�¬¬ë ã¬−®¦¥−¨ï ¬�âà¨æ. �¤−�ª® ¢ë¡à�−−ë© ¢ ª�ç¥áâ¢¥ ®¡ê¥ªâ�
¨áá«¥¤®¢�−¨ï ªíè ¯àï¬®£® ®â®¡à�¦¥−¨ï á −¥¡®«ìè¨¬ ®¡é¨¬ ®¡ê¥¬®¬ áà�¢−¨-
â¥«ì−® à¥¤ª® ¯à¨¬¥−ï¥âáï, ¨ ¯®íâ®¬ã ¯à¨¬¥−¥−¨¥ à¥§ã«ìâ�â®¢ à�¡®âë ¢¥áì¬�
®£à�−¨ç¥−®.

‚ à�¡®â¥ [4] ¯à¥¤«�£�¥âáï ¢ë¯®«−ïâì ®¡−®¢«¥−¨¥ áâà®ª, ®¡à�é¥−¨¥ ª ª®â®àë¬
−�¨¡®«¥¥ ¢¥à®ïâ−® ¢ ¡«¨¦�©è¥¥ ¢à¥¬ï. �â® â®«ìª® çâ® ¨á¯®«ì§®¢�−−ë¥ áâà®ª¨,
â�ª −�§ë¢�¥¬ë¥ áâà®ª¨ MRU (most recently used). �¢â®àë ¯à¥¤«�£�îâ ¢ë-
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�®¢ëè¥−¨¥ ®âª�§®ãáâ®©ç¨¢®áâ¨ ¤�−−ëå ¢ ªíè-¯�¬ïâ¨ ¯ãâ¥¬ ¨å ®¡−®¢«¥−¨ï

¯®«−ïâì áâ�â¨ç¥áªãî ¨ ¤¨−�¬¨ç¥áªãî ¯à¥¤¢�à¨â¥«ì−ãî ¢ë¡®àªã MRU-áâà®ª.
‚ ¯¥à¢®¬ á«ãç�¥ â�ª�ï ¢ë¡®àª� ¯«�−¨àã¥âáï −� íâ�¯¥ ª®¬¯¨«ïæ¨¨. „¨−�¬¨-
ç¥áª�ï ¯à¥¤¢�à¨â¥«ì−�ï ¢ë¡®àª� ¢ë¯®«−ï¥âáï ¯® à¥§ã«ìâ�â�¬ ¬®¤¥«¨à®¢�−¨ï
à�¡®âë ¯à¨«®¦¥−¨ï. ÷¥§ã«ìâ�âë íªá¯¥à¨¬¥−â®¢ ¯®ª�§ë¢�îâ, çâ® ¤«ï ¬−®£¨å
¯à¨«®¦¥−¨© 46% ®¡à�é¥−¨© ¢ë¯®«−ï¥âáï ª â®© ¦¥ á�¬®© MRU-áâà®ª¥, � ª
á®á¥¤−¨¬ áâà®ª�¬ | â®«ìª® 26%. —¥¬ ¤�«ìè¥ ã¤�«¥−¨¥ áâà®ª ®â MRU-á«®â�,
â¥¬ ®¡à�é¥−¨¥ ª −¨¬ ¯à®¨áå®¤¨â à¥¦¥.

�à¨ â�ª®¬ ¯®¤å®¤¥ ®¡−®¢«¥−¨¥ ¡ã¤¥â ¢ë¯®«−ïâìáï ç¥à¥§ á«¨èª®¬ ª®à®âª¨¥
¨−â¥à¢�«ë ¢à¥¬¥−¨, çâ®¡ë ¢ â¥ç¥−¨¥ −¨å ¬®¦−® ¡ë«® ®¦¨¤�âì ®è¨¡ª¨ ¢ í«¥¬¥−â¥
¤�−−ëå, ¢ë§¢�−−®© ªà�âª®¢à¥¬¥−−ë¬ ®âª�§®¬. ‚ ®â«¨ç¨¥ ®â â�ª®£® á¯®á®¡�
®¡−®¢«¥−¨ï ¢ ¤�−−®© à�¡®â¥ ¯à¥¤«�£�¥âáï ¬¥â®¤¨ª� â®ç−®£® ®¯à¥¤¥«¥−¨ï ªà¨â¨-
ç¥áª®£® í«¥¬¥−â� ¤�−−ëå ¨ ¨−â¥à¢�«� ¢à¥¬¥−¨, ¢ â¥ç¥−¨¥ ª®â®à®£® −¥®¡å®¤¨¬®
¥£® ®¡−®¢«¥−¨¥.

‚ à�¡®â¥ [4] ¯à®�−�«¨§¨à®¢�−ë ¨−â¥à¢�«ë ¢à¥¬¥−¨ ¬¥¦¤ã ¯®á«¥¤®¢�â¥«ì-
−ë¬¨ ®¡à�é¥−¨ï¬¨ ª í«¥¬¥−â�¬ ¤�−−ëå ªíè-¯�¬ïâ¨. �â®â ¯®ª�§�â¥«ì −�§¢�−
inter-reference gap (IRG). �− ¢ëç¨á«ï«áï ¯® 20 ¯à¨«®¦¥−¨ï¬ ¨§ −�¡®à� SPEC
CPU2000, ¯à¨ç¥¬ ãç¨âë¢�«¨áì ®¡à�é¥−¨ï ª ®¤−®¬ã ¨ â®¬ã ¦¥ í«¥¬¥−âã. ‚ áà¥¤-
−¥¬ ¯® 20 ¯à¨«®¦¥−¨ï¬ IRG à�¢¥− 1430 â�ªâ�¬. �¤−�ª® â�ª®¥ §−�ç¥−¨¥ IRG
á«¨èª®¬ ¬�«®, çâ®¡ë ¢ë¯®«−¥−−®¥ ¢−ãâà¨ â�ª®£® ¨−â¥à¢�«� ®¡−®¢«¥−¨¥ §�¬¥â−®
á−¨§¨«® ¡ë ãï§¢¨¬®áâì í«¥¬¥−â®¢ ¤�−−ëå.

�ë«® ãáâ�−®¢«¥−®, çâ® ¢¥áì¬� ¡®«ìèãî ¤®«î áà¥¤¨ ¢á¥å áâà®ª ªíè-¯�¬ïâ¨
á®áâ�¢«ïîâ áâà®ª¨ á IRG < 200 â�ªâ®¢. Œ®¦−® ¯à¥¤¯®«®¦¨âì, çâ® áâà®ª¨
ªíè-¯�¬ïâ¨ á IRG < 200 â�ªâ®¢ á®¤¥à¦�â ¤�−−ë¥, ®¡à�¡�âë¢�¥¬ë¥ «®ª�«ì−ë¬¨
æ¨ª«�¬¨, � ¡«®ª¨ ªíè-¯�¬ïâ¨ á ¡®«ìè¨¬¨ §−�ç¥−¨ï¬¨ IRG á®¤¥à¦�â ¤�−−ë¥,
®¡à�¡�âë¢�¥¬ë¥ £«®¡�«ì−ë¬¨ æ¨ª«�¬¨.

‘âà®ª¨ á IRG < 200 â�ªâ®¢ ¢−®áïâ ®ç¥−ì −¥§−�ç¨â¥«ì−ë© ¢ª«�¤ ¢ ®¡éãî
ãï§¢¨¬®áâì ªíè-¯�¬ïâ¨ (¬¥−¥¥ 3%), â�ª ª�ª á®¤¥à¦�â í«¥¬¥−âë ¤�−−ëå á ®ç¥−ì
ç�áâë¬¨ ®¡à�é¥−¨ï¬¨, ¢ ®á−®¢−®¬ ¢ á«®â�å, ¡«¨§ª¨å ª MRU-á«®â�¬. �®íâ®¬ã
¢ ¤�−−®© à�¡®â¥ ¯à¨ à�áç¥â¥ áà¥¤−¥£® §−�ç¥−¨ï IRG ¡ë«¨ ®â¡à®è¥−ë áâà®ª¨
á IRG < 200. �®á«¥ ¯¥à¥à�áç¥â� íâ®£® ¯®ª�§�â¥«ï áà¥¤−¥¥ ¥£® §−�ç¥−¨¥ ¯®
20 ¯à¨«®¦¥−¨ï¬ á®áâ�¢¨«® ®ª®«® 4000 â�ªâ®¢, � ¯® ç¥âëà¥¬ ¯à¨«®¦¥−¨ï¬ ®−®
á®áâ�¢¨«® > 6000 â�ªâ®¢. ‚ â�¡«. 1 ¯à¨¢¥¤¥−ë å�à�ªâ¥à¨áâ¨ª¨ íâ¨å ¯à¨«®¦¥−¨©
¨ áà¥¤−¨¥ §−�ç¥−¨ï IRG.

�¯¨áë¢�¥¬�ï à�¡®â� áâ�¢¨«� á¢®¥© æ¥«ìî á−¨¦¥−¨¥ ãï§¢¨¬®áâ¨ í«¥¬¥−â®¢
¤�−−ëå ªíè-¯�¬ïâ¨ ¢ ¯à¨«®¦¥−¨ïå á ¡®«ìè¨¬¨ §−�ç¥−¨ï¬¨ IRG. “á«®¢¨ï, ¯à¨
ª®â®àëå íää¥ªâ¨¢−® ¯à¨¬¥−ïâì ®¡−®¢«¥−¨¥, á«¥¤ãîé¨¥:

{ í«¥¬¥−â ¤�−−ëå ¤®«¦¥− ¡ëâì ªà¨â¨ç¥áª¨¬ í«¥¬¥−â®¬;

{ ªà¨â¨ç¥áª®¥ ¢à¥¬ï ¬¥¦¤ã ¯®¢â®à−ë¬ ®¡à�é¥−¨¥¬ ª í«¥¬¥−âã ¤�−−ëå ¤®«¦−®
¯à¥¢ëè�âì §�à�−¥¥ ãáâ�−®¢«¥−−®¥ §−�ç¥−¨¥ ä�§ë à¨áª�;

{ ®¡à�é¥−¨¥ ¯à®æ¥áá®à� ª í«¥¬¥−âã ¤�−−ëå ¤®«¦−® ¡ëâì ®¡à�é¥−¨¥¬ ¯® çâ¥-
−¨î.
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’�¡«¨æ� 1 ‘à¥¤−¨¥ §−�ç¥−¨ï IRG ¯® ç¥âëà¥¬ ¯à¨«®¦¥−¨ï¬

�à¨«®¦¥−¨¥ •�à�ªâ¥à¨áâ¨ª� ¯à¨«®¦¥−¨ï ‘à¥¤−¥¥ §−�ç¥−¨¥ IRG

Gcc

�¯â¨¬¨§¨àãîé¨© ª®¬¯¨«ïâ®à ¤«ï ¯à®æ¥á-
á®à� Motorola. „«ï ¤®áâ¨¦¥−¨ï å®à®-
è¨å à¥§ã«ìâ�â®¢ ¯® ®¯â¨¬¨§�æ¨¨ ¨á¯®«ì-
§ã¥â ¡®«ìè®© ®¡ê¥¬ ¯�¬ïâ¨

6414

Parser

‘¨−â�ªá¨ç¥áª¨© �−�«¨§�â®à ¯à¥¤«®¦¥−¨©
−� �−£«¨©áª®¬ ï§ëª¥. ‚å®¤−ë¥ ¤�−-
−ë¥ | ¯®á«¥¤®¢�â¥«ì−®áâì ¯à¥¤«®¦¥−¨©,
¢ëå®¤ | á¯¨á®ª ¢ëï¢«¥−−ëå ®è¨¡®ª

8249

Swim �à®£à�¬¬� ¯à®£−®§� ¯®£®¤ë 7369

Ammp
�à®£à�¬¬� ¨áá«¥¤®¢�−¨ï ¬®«¥ªã«ïà−®©
¤¨−�¬¨ª¨ −� ª®¬¯«¥ªá¥ ¨−£¨¡¨â®à� ¡¥«ª� 6698

‚ á«¥¤ãîé¥¬ à�§¤¥«¥ ¯à¨¢¥¤¥− á¯®á®¡ ®¯¨á�−¨ï å�à�ªâ¥à� ®¡à�é¥−¨© ª í«¥-
¬¥−â�¬ á¢ï§�−−ëå áâàãªâãà ¤�−−ëå, −� ®á−®¢¥ ª®â®à®£® ¯«�−¨àã¥âáï ®¡−®¢«¥−¨¥.

3 Описание характера обращений к элементам связанных структур
данных

�à®æ¥áá ®¡à�é¥−¨ï ª í«¥¬¥−â�¬ ‘‘„ ¡ã¤¥¬ ®¯¨áë¢�âì á ¯®¬®éìî ¤¥áªà¨¯-
â®à®¢ ‘‘„, ª�ª íâ® ¡ë«® ¯à¥¤«®¦¥−® ¢ [6]. �â¨ ¤¥áªà¨¯â®àë á®¤¥à¦�â ¡�§®¢ë©
�¤à¥á áâàãªâãàë, ¥¥ à�§¬¥à, è�£ ®¡à�é¥−¨ï ª −¥©, ¨ ®−¨ ¯®¬¥ç�îâáï ®¡ê¥¬®¬
à�¡®âë, ¢ë¯®«−ï¥¬®© ¯à®£à�¬¬®© ¯à¨ ¢ë¯®«−¥−¨¨ ª�¦¤®£® æ¨ª«� ¨â¥à�æ¨¨.
‘ ¯®¬®éìî â�ª®£® �¯¯�à�â� ¬®¦−® ®¯¨á�âì ®¡à�é¥−¨ï ª ¯�¬ïâ¨ ¤«ï ¬�áá¨¢®¢,
á¢ï§�−−ëå á¯¨áª®¢, ¢«®¦¥−−ëå áâàãªâãà ¤�−−ëå ¨ à¥ªãàá¨©.

„¥áªà¨¯â®à ‘‘„ ¯®§¢®«ï¥â ®¯à¥¤¥«¨âì ä�ªâ ¯®¢â®à−®£® ®¡à�é¥−¨ï ª í«¥¬¥−-
âã ¤�−−ëå ªíè-¯�¬ïâ¨ ¨ ç¨á«® â�ªâ®¢ ¬¥¦¤ã ¯®á«¥¤®¢�â¥«ì−ë¬¨ ®¡à�é¥−¨ï¬¨.
—¨á«® â�ªâ®¢ ¬¥¦¤ã ¯®á«¥¤®¢�â¥«ì−ë¬¨ ®¡à�é¥−¨ï¬¨ ¯®§¢®«ï¥â ãáâ�−®¢¨âì,
¯à¥¢ëá¨â «¨ ªà¨â¨ç¥áª®¥ ¢à¥¬ï ã ª�ª®£®-«¨¡® í«¥¬¥−â� ¤�−−ëå §�¤�−−®¥ §−�-
ç¥−¨¥ ä�§ë à¨áª�. ’�ª¨¬ ®¡à�§®¬ ¬®¦−® ®¯à¥¤¥«¨âì ¢ë¯®«−¥−¨¥ ãá«®¢¨©
−¥®¡å®¤¨¬®áâ¨ ®¡−®¢«¥−¨ï.

‚ ª�ç¥áâ¢¥ ‘‘„ à�áá¬®âà¨¬ ¬�áá¨¢ ¨ ¢«®¦¥−−ãî áâàãªâãàã. Š�¦¤�ï ¨§ íâ¨å
‘‘„ ®¯¨áë¢�¥âáï ¤¥áªà¨¯â®à®¬, ®âà�¦�îé¨¬ à�§¬¥é¥−¨¥ í«¥¬¥−â®¢ áâàãªâã-
àë ¢ ¯�¬ïâ¨ ¨ ¯®àï¤®ª ®¡à�¡®âª¨ íâ¨å í«¥¬¥−â®¢ ¯à¨«®¦¥−¨¥¬. „¥áªà¨¯â®à
¬�áá¨¢� | Dm(B,L, S), £¤¥ B | ¡�§®¢ë© �¤à¥á ¬�áá¨¢� ¤�−−ëå; L | ç¨á«®
í«¥¬¥−â®¢ ¬�áá¨¢�; S | è�£ ¬¥¦¤ã ¤¢ã¬ï ¯®á«¥¤®¢�â¥«ì−ë¬¨ ®¡à�é¥−¨ï¬¨.

„¥áªà¨¯â®à ¢«®¦¥−−®© áâàãªâãàë ¤�−−ëå ¯à¥¤áâ�¢«¥− −� à¨á. 2. „¥áªà¨¯-
â®à ¢−¥è−¥£® æ¨ª«� ®¡à�é¥−¨© ª ¯�¬ïâ¨ | Dout(B,L1, S1), £¤¥ L1 | ç¨á«®
í«¥¬¥−â®¢ ¬�áá¨¢�, ®¡à�¡�âë¢�¥¬ëå ¢® ¢−¥è−¥¬ æ¨ª«¥; S1 | è�£ ¬¥¦¤ã ¤¢ã¬ï
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�®¢ëè¥−¨¥ ®âª�§®ãáâ®©ç¨¢®áâ¨ ¤�−−ëå ¢ ªíè-¯�¬ïâ¨ ¯ãâ¥¬ ¨å ®¡−®¢«¥−¨ï

¯®á«¥¤®¢�â¥«ì−ë¬¨ ®¡à�é¥−¨ï¬¨ ¢®

÷¨á. 2 „¥áªà¨¯â®à ¢«®¦¥−−®© áâàãªâã-
àë ¤�−−ëå

¢−¥è−¥¬ æ¨ª«¥.
„¥áªà¨¯â®à ¢«®¦¥−−®£® æ¨ª«� ®¡à�-

é¥−¨© ª ¯�¬ïâ¨ | Dnest(O2, L2, S2),
£¤¥ ¯�à�¬¥âà O2 | á¬¥é¥−¨¥ ®â−®á¨-
â¥«ì−® ¡�§®¢®£® �¤à¥á� ¬�áá¨¢� ¤�−-
−ëå ¯à¨ ¢ë¯®«−¥−¨¨ ¢«®¦¥−−®£® æ¨ª«�;
L2 | ç¨á«® í«¥¬¥−â®¢ ¬�áá¨¢�, ®¡à�¡�-
âë¢�¥¬ëå ¢® ¢«®¦¥−−®¬ æ¨ª«¥; S2 |
è�£ ¬¥¦¤ã ¤¢ã¬ï ¯®á«¥¤®¢�â¥«ì−ë¬¨
®¡à�é¥−¨ï¬¨ ¢® ¢«®¦¥−−®¬ æ¨ª«¥.

‘¨áâ¥¬� ¤¥áªà¨¯â®à®¢ ‘‘„ | íâ® ®à¨¥−â¨à®¢�−−ë© £à�ä, ¢¥àè¨−�¬¨ ª®-
â®à®£® ï¢«ïîâáï ¤¥áªà¨¯â®àë, � ¤ã£�¬¨ | §�¢¨á¨¬®áâ¨ ¬¥¦¤ã ¤¥áªà¨¯â®à�¬¨.
Š�¦¤ë© ¤¥áªà¨¯â®à ‘‘„ ¢ íâ®¬ £à�ä¥ ¤®¯®«−ï¥âáï ¨−ä®à¬�æ¨¥© ® à�¡®â¥
¯à¨«®¦¥−¨ï, ¢ë¯®«−¥−−®© ¯à¨ ®¡à�¡®âª¥ áâàãªâãàë ¤�−−ëå, á®®â¢¥âáâ¢ãîé¥©
íâ®¬ã ¤¥áªà¨¯â®àã ‘‘„.

�� ¯à¨¬¥à¥ ¢«®¦¥−−®© áâàãªâãàë ¤�−−ëå ¯à¥¤áâ�¢¨¬ ¨−ä®à¬�æ¨î ® à�¡®â¥
¯à¨«®¦¥−¨ï:

for (i = 0; i < L1; i++)
{
... = data1 [i];
for (j = 0; j < L2; j++) o2
{ w1
... = data2 [j]; w2
}

}

6
?

6

?

6

?

‡¤¥áì w1 | ®¡ê¥¬ à�¡®âë ¯à¨«®¦¥−¨ï ¯à¨ ¢ë¯®«−¥−¨¨ ®¤−®© ¨â¥à�æ¨¨ ¢−¥è-
−¥£® æ¨ª«�; w2 | ®¡ê¥¬ à�¡®âë ¯à¨«®¦¥−¨ï ¯à¨ ¢ë¯®«−¥−¨¨ ®¤−®© ¨â¥à�æ¨¨
¢«®¦¥−−®£® æ¨ª«�; o2 | ®¡ê¥¬ à�¡®âë ¯à¨«®¦¥−¨ï, ¢ë¯®«−¥−−ë© ¨¬ ¯®á«¥
ª�¦¤®© ¨â¥à�æ¨¨ ¢−¥è−¥£® æ¨ª«� ¤® ¯¥à¢®© ¨â¥à�æ¨¨ ¢«®¦¥−−®£® æ¨ª«�.

�¡ê¥¬ à�¡®âë ¯à¨«®¦¥−¨ï ¨§¬¥àï¥âáï ¢ â�ªâ�å à�¡®âë ¯à®æ¥áá®à�.
�� à¨á. 3 ¯à¥¤áâ�¢«¥−� á¨áâ¥¬� ¤¥áªà¨¯â®à®¢ ¢«®¦¥−−ëå áâàãªâãà ¤�−−ëå á

−¥áª®«ìª¨¬¨ ãà®¢−ï¬¨ ¢«®¦¥−¨ï.
ˆá¯®«ì§ãï ¤¥áªà¨¯â®àë ‘‘„, ¬®¦−® à�§à�¡®â�âì �«£®à¨â¬ ®¯à¥¤¥«¥−¨ï

ãï§¢¨¬ëå í«¥¬¥−â®¢ ¤�−−ëå ¢ ªíè-¯�¬ïâ¨. �â®â �«£®à¨â¬ á®áâ®¨â ¨§ ¤¢ãå
ç�áâ¥©:

(1) áà�¢−¥−¨¥ �¤à¥á®¢ ®¡à�é¥−¨© ª ¯�¬ïâ¨ ¢ à�§«¨ç−ëå æ¨ª«�å;

(2) ¢ëç¨á«¥−¨¥ ¢à¥¬¥−−‚®£® ¨−â¥à¢�«� ¬¥¦¤ã ¤¢ã¬ï ®¡à�é¥−¨ï¬¨ ¯® ®¤¨−�ª®-
¢ë¬ �¤à¥á�¬ ¢ á«ãç�¥ ¨å á®¢¯�¤¥−¨ï.
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÷¨á. 3 ‘¨áâ¥¬� ¤¥áªà¨¯â®à®¢ ¢«®¦¥−−ëå áâàãªâãà ¤�−−ëå

…á«¨ íâ®â ¨−â¥à¢�« ¯à¥¢ëè�¥â ãáâ�−®¢«¥−−®¥ §−�ç¥−¨¥ ä�§ë à¨áª�, â® í«¥-
¬¥−â, à�§¬¥é¥−−ë© ¯® ¤�−−®¬ã �¤à¥áã, ï¢«ï¥âáï ãï§¢¨¬ë¬ ¨ ¤®«¦¥− ¡ëâì
®¡−®¢«¥−. �� à¨á. 4 ¯à¥¤áâ�¢«¥− �«£®à¨â¬ ¢ëç¨á«¥−¨ï ¨−â¥à¢�«� ¢à¥¬¥−¨ ¬¥¦¤ã
®¡à�é¥−¨ï¬¨ ª í«¥¬¥−â�¬ ¤�−−ëå ¢ ªíè-¯�¬ïâ¨.

Œ®¬¥−â ®¡à�é¥−¨ï ª í«¥¬¥−âã ¤�−−ëå ¢® ¢−¥è−¥¬ æ¨ª«¥ | time1 = k ∗ w1.
Œ®¬¥−â ®¡à�é¥−¨ï ª í«¥¬¥−âã ¤�−−ëå ¢® ¢«®¦¥−−®¬ æ¨ª«¥ | time2 =

= k ∗ w1 + o2 + j ∗ w2. �â® §−�ç¥−¨¥ ¯®«ãç�¥âáï á«®¦¥−¨¥¬ ¢à¥¬¥−¨ à�¡®âë
¢«®¦¥−−®£® æ¨ª«� | o2+j∗w2| ¨ ¢à¥¬¥−¨ à�¡®âë ¢−¥è−¥£® æ¨ª«� −� ¨â¥à�æ¨ïå
®â 1 ¤® k − k ∗ w1.

1. for (A1 = B. i = 0; A1 < L1; A1 = +S1. i++)
{

2. ADR1 [i] = A1;
3. for (ADR2 = B +O2. j = 0; ADR2 < (L1 +O2);

ADR2 = +S2. j++)
{

4. for (k = 0; k < j; k++)
{

5. if (ADR2 = ADR1 [k])
{

6. D = time2 − time1 = k ∗ w1 + o2 + j ∗ w2 −
− k ∗w1 = o2+ j ∗w2; (1)

}}}}

÷¨á. 4 ‚ëç¨á«¥−¨¥ ¨−â¥à¢�«� ¢à¥¬¥−¨ ¬¥¦¤ã ®¡à�é¥−¨ï¬¨ ª í«¥¬¥−â�¬ ¤�−−ëå ¢
ªíè-¯�¬ïâ¨: 1 | æ¨ª« ¯® �¤à¥á�¬ ®¡à�é¥−¨© ¢−¥è−¥£® æ¨ª«�; 2 | á¯¨á®ª �¤à¥á®¢
®¡à�é¥−¨© ¢−¥è−¥£® æ¨ª«�; 3 | æ¨ª« ¯® �¤à¥á�¬ ®¡à�é¥−¨© ¢«®¦¥−−®£® æ¨ª«�; 4 |
æ¨ª« áà�¢−¥−¨© â¥ªãé¥£® �¤à¥á� ®¡à�é¥−¨ï ¢«®¦¥−−®£® æ¨ª«� á �¤à¥á�¬¨ ®¡à�é¥−¨©
¢−¥è−¥£® æ¨ª«�; 5, 6 | ¯à¨ á®¢¯�¤¥−¨¨ �¤à¥á®¢ ¢ëç¨á«ï¥âáï ¨−â¥à¢�« ¢à¥¬¥−¨ ¬¥¦¤ã
®¡à�é¥−¨ï¬¨ ¢® ¢−¥è−¥¬ ¨ ¢«®¦¥−−®¬ æ¨ª«�å
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�®¢ëè¥−¨¥ ®âª�§®ãáâ®©ç¨¢®áâ¨ ¤�−−ëå ¢ ªíè-¯�¬ïâ¨ ¯ãâ¥¬ ¨å ®¡−®¢«¥−¨ï

ˆ−â¥à¢�« ¢à¥¬¥−¨ D ¬¥¦¤ã ¤¢ã¬ï ¯®á«¥¤®¢�â¥«ì−ë¬¨ ®¡à�é¥−¨ï¬¨ ª í«¥-
¬¥−âã ¤�−−ëå ªíè-¯�¬ïâ¨ D = time2 − time1 = o2 + j ∗ w2, â. ¥. íâ® ¨−â¥à¢�«
¢à¥¬¥−¨ ¬¥¦¤ã k-© ¨â¥à�æ¨¥© ¢−¥è−¥£® æ¨ª«� ¨ à�¡®â®© ¢® ¢−ãâà¥−−¥¬ æ¨ª«¥ ¤®
¬®¬¥−â� ãáâ�−®¢«¥−¨ï à�¢¥−áâ¢� �¤à¥á®¢ ®¡à�é¥−¨© ¢ ®¡®¨å æ¨ª«�å.

4 Пример планирования обновления. Область применения метода
обновления

‚ íâ®¬ à�§¤¥«¥ à�áá¬�âà¨¢�¥âáï ¯«�−¨à®¢�−¨¥ ®¡−®¢«¥−¨ï í«¥¬¥−â®¢ ¤�−−ëå
ªíè-¯�¬ïâ¨ −� ¯à¨¬¥à¥ ã¬−®¦¥−¨ï ¬�âà¨æ. “¬−®¦�¥¬ ¬�âà¨æãA −� ¬�âà¨æãB,
à¥§ã«ìâ¨àãîé�ï ¬�âà¨æ� | C. �«¥¬¥−â ¬�âà¨æë cij à�¢¥− ¯à®¨§¢¥¤¥−¨î
áâà®ª¨ i ¬�âà¨æë A −� áâ®«¡¥æ j ¬�âà¨æë B. “¬−®¦¥−¨¥ ¢®§¬®¦−®, ¥á«¨ ç¨á«®
í«¥¬¥−â®¢ áâà®ª ¬�âà¨æë A à�¢−® ç¨á«ã í«¥¬¥−â®¢ áâ®«¡æ®¢ ¬�âà¨æë B.

Š�¦¤ë© í«¥¬¥−â ¬�âà¨æë C ¢ëç¨á«ï¥âáï â�ª:

cij =

n∑

r=1

airbrj , i = 1, 2, . . . ,m , j = 1, 2, . . . , q ,

£¤¥ n | ç¨á«® áâà®ª ¬�âà¨æë A ¨«¨ ç¨á«® áâ®«¡æ®¢ ¬�âà¨æë B; m | ç¨á«®
áâ®«¡æ®¢ ¬�âà¨æë A; q | ç¨á«® áâà®ª ¬�âà¨æë B. ‚ à�áá¬�âà¨¢�¥¬®¬ ¯à¨¬¥à¥
¬�âà¨æë §�¤�−ë ¢ ¢¨¤¥ ¤¢ã¬¥à−ëå ¬�áá¨¢®¢, í«¥¬¥−âë áâà®ª ¬�âà¨æ à�§¬¥é¥−ë
¢ á®á¥¤−¨å ïç¥©ª�å ¯�¬ïâ¨. �à®¨§¢¥¤¥−¨¥ ¬�âà¨æ ¢ë¯®«−ï¥âáï á«¥¤ãîé¨¬
®¡à�§®¬:

array a [M] [N]
array b [N] [Q]
array c [M] [Q]
for (k = 0; i < m; k++) // ÃÉËÌ ÐÏ ×ÓÅÍ ÓÔÒÏËÁÍ ÍÁÔÒÉÃÙ á
{
for (j = k; j < q; j++)// ÃÉËÌ ÕÍÎÏÖÅÎÉÑ ÏÄÎÏÊ ÓÔÒÏËÉ
c[j, 0] = 0; // ÍÁÔÒÉÃÙ á ÎÁ ×ÓÅ ÓÔÏÌÂÃÙ ÍÁÔÒÉÃÙ ÷

{
for (i = 0; i < n; i++)// ÃÉËÌ ÕÍÎÏÖÅÎÉÑ ÏÄÎÏÊ ÓÔÒÏËÉ

{ // ÍÁÔÒÉÃÙ á ÎÁ ÏÄÉÎ ÓÔÏÌÂÅÃ ÍÁÔÒÉÃÙ B
c[j, i] = a[j, i]*b[i, j];
c[j, i] + = c[j, i];

}
}

}

�à®£à�¬¬� ¯®¢â®à−® ®¡à�é�¥âáï ª í«¥¬¥−âã b[i, j] ç¥à¥§ ä¨ªá¨à®¢�−−ë©
¨−â¥à¢�« ¢à¥¬¥−¨. �«¥¬¥−âë ¬�âà¨æë B ¬®£ãâ áâ�âì ãï§¢¨¬ë¬¨ ¢ â®¬ á«ãç�¥,
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ª®£¤� ¨−â¥à¢�« ¢à¥¬¥−¨ ¬¥¦¤ã ¤¢ã¬ï ¯®á«¥¤®¢�â¥«ì−ë¬¨ ®¡à�é¥−¨ï¬¨ ª −¥¬ã
¯à¥¢ëè�¥â §−�ç¥−¨¥ ä�§ë à¨áª�. ‡�¤�¢è¨áì íâ¨¬ §−�ç¥−¨¥¬, ¬®¦−® ãáâ�−®¢¨âì,
¯à¨ ª�ª®© à�§¬¥à−®áâ¨ ¬�âà¨æ í«¥¬¥−âë ¬�âà¨æë B áâ�−®¢ïâáï ãï§¢¨¬ë¬¨.

�ãáâì ¤«¨â¥«ì−®áâì ª�¦¤®£® çâ¥−¨ï ¨ ª�¦¤®© §�¯¨á¨ ®¤¨−�ª®¢ë¥ ¨ á®áâ�-
¢«ïîâ ¤¢� ¬�è¨−−ëå â�ªâ� (¯à¥¤¯®«�£�¥âáï ®âáãâáâ¢¨¥ ¯à®¬�å� ¢ ªíè-¯�¬ïâ¨,
â. ¥. −ã¦−�ï áâà®ª� à�§¬¥é¥−� ¢ ªíè-¯�¬ïâ¨ ¯¥à¢®£® ãà®¢−ï). „«¨â¥«ì−®áâì
ª�¦¤®© ®¯¥à�æ¨¨ ¯à®æ¥áá®à� á®áâ�¢«ï¥â ®¤¨− ¬�è¨−−ë© â�ªâ. ’®£¤� ¤«¨â¥«ì-
−®áâì ®¤−®© ¨â¥à�æ¨¨ ¢«®¦¥−−®£® æ¨ª«� w2 à�¢−ï¥âáï áã¬¬¥ ¤«¨â¥«ì−®áâ¥© ¤¢ãå
çâ¥−¨© (a[i, j] ¨ b[j, i]) ¨ ®¤−®© §�¯¨á¨ (c[i, j]) ¨ ¤¢ãå ®¯¥à�æ¨© ¯à®æ¥áá®à�
(a[i, j] ∗ b[j, i] + c[i, j]):

w2 = 3 ∗ 2 + 2 = 8 .
�¡ê¥¬ à�¡®âë ¯à¨«®¦¥−¨ï o2, ¢ë¯®«−¥−−ë© ¨¬ ¯®á«¥ ª�¦¤®© ¨â¥à�æ¨¨

¢−¥è−¥£® æ¨ª«� ¤® ¯¥à¢®© ¨â¥à�æ¨¨ ¢«®¦¥−−®£® æ¨ª«�, à�¢¥− ¤«¨â¥«ì−®áâ¨
®¤−®£® çâ¥−¨ï, ®¤−®© §�¯¨á¨ ¨ ®¤−®© ®¯¥à�æ¨¨ ¯à®æ¥áá®à� (c[i, 0] = 0):

o2 = 2 ∗ 2 + 1 = 5 ;
w1 = w2 + o2 = 13 .

�® ä®à¬ã«¥ (1) (á¬. à¨á. 4) ¨−â¥à¢�« ¢à¥¬¥−¨ D ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬
®¡à�§®¬:

D = o2 + j ∗ w2 .
‚ à�áá¬�âà¨¢�¥¬®¬ á«ãç�¥ i = 0, â. ¥. ªà¨â¨ç¥áª®¥ ¢à¥¬ï ®¯à¥¤¥«ï¥âáï

à�¡®â®© −� ¢á¥å ¨â¥à�æ¨ïå ¢«®¦¥−−®£® æ¨ª«�. ‚ áâ�âì¥ [3] ¡ë«¨ à¥ª®¬¥−¤®¢�−ë
á«¥¤ãîé¨¥ ¨−â¥à¢�«ë ¨−¢�«¨¤�æ¨¨ (¨«¨ ®¡−®¢«¥−¨ï): «¨¡® 2K â�ªâ®¢ | ¤«ï
¯à¨«®¦¥−¨© á ®â−®á¨â¥«ì−® ª®à®âª¨¬¨ ä�§�¬¨ à¨áª� RR, «¨¡® 500 â�ªâ®¢ |
¤«ï ¯à¨«®¦¥−¨© á ®â−®á¨â¥«ì−® ¤«¨â¥«ì−ë¬¨ ä�§�¬¨ à¨áª� RR. �âáî¤� ¬®¦−®
ãáâ�−®¢¨âì, ¯à¨ ª�ª®¬ à�§¬¥à¥ ¬�âà¨æë −¥®¡å®¤¨¬® ¢ë¯®«−ïâì ®¡−®¢«¥−¨¥ á
ç�áâ®â®© 2K â�ªâ®¢ ¨«¨ 500 â�ªâ®¢. ’�ª®¥ ®¡−®¢«¥−¨¥ −ã¦−® ¢ë¯®«−ïâì ¯à¨
¨−â¥à¢�«¥ ¢à¥¬¥−¨ ¬¥¦¤ã ¯®¢â®à−ë¬¨ ®¡à�é¥−¨ï¬¨ ª í«¥¬¥−âã ¬�âà¨æëD = 2K
¨«¨ D = 500.

„«ï D = 2K §−�ç¥−¨¥ ¨−¤¥ªá� ¢«®¦¥−−®£® æ¨ª«� j ¢ëç¨á«ï¥âáï á«¥¤ãîé¨¬
®¡à�§®¬:

j =
D

w2
− o2 =

2000

8
− 5 = 250 − 5 = 145 .

„«ï D = 500 íâ® §−�ç¥−¨¥ ¢ëç¨á«ï¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬:

j =
500

8
− 5 = 62,5− 5 = 57,5 .

ˆâ�ª, ¨−â¥−á¨¢−®¥ ®¡−®¢«¥−¨¥ á«¥¤ã¥â ¯à¨¬¥−ïâì ¢ â®¬ á«ãç�¥, ª®£¤� ç¨á«®
í«¥¬¥−â®¢ áâà®ª¨ ¬�âà¨æë A (áâ®«¡æ� ¬�âà¨æë B) ¡®«ìè¥ 58.
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�®¢ëè¥−¨¥ ®âª�§®ãáâ®©ç¨¢®áâ¨ ¤�−−ëå ¢ ªíè-¯�¬ïâ¨ ¯ãâ¥¬ ¨å ®¡−®¢«¥−¨ï

‡¤¥áì −¥ à�áá¬�âà¨¢�«¨áì �«£®à¨â¬ë ¡ëáâà®£® ¯¥à¥¬−®¦¥−¨ï ¬�âà¨æ, �
¤�−−ë© ¯à¨¬¥à ¯à¨¢¥¤¥− â®«ìª® ¢ ª�ç¥áâ¢¥ ¨««îáâà�æ¨¨ ¯à¨¬¥−¥−¨ï ¬¥â®¤�
®¡−®¢«¥−¨ï á æ¥«ìî á−¨¦¥−¨ï ãï§¢¨¬®áâ¨ í«¥¬¥−â®¢ ¤�−−ëå ªíè-¯�¬ïâ¨.

„®áâ®¨−áâ¢� ¬¥â®¤� ®¡−®¢«¥−¨ï í«¥¬¥−â®¢ ¤�−−ëå ªíè-¯�¬ïâ¨:

{ ¢®§¬®¦−®áâì ®¯à¥¤¥«¥−¨ï �¤à¥á®¢ ¨ ¢à¥¬¥−¨ ®¡−®¢«¥−¨ï −� íâ�¯¥ ª®¬¯¨«ï-
æ¨¨;

{ ¡«�£®¤�àï ã−¨¢¥àá�«ì−®¬ã ¯®ª�§�â¥«î å�à�ªâ¥à� ®¡à�é¥−¨ï ª ¯�¬ïâ¨ ¢ ¢¨¤¥
¤¥áªà¨¯â®à� ‘‘„ −¥â −¥®¡å®¤¨¬®áâ¨ ®¯à¥¤¥«ïâì â¨¯ ‘‘„: ¬�áá¨¢ «¨ íâ®,
á¢ï§�−−ë© á¯¨á®ª ¨«¨ ¤àã£�ï à¥£ã«ïà−�ï áâàãªâãà�;

{ ¢ ®â«¨ç¨¥ ®â ¯à¥¤«�£�¥¬®£® ¢ [4], ¯® áãé¥áâ¢ã, í¢à¨áâ¨ç¥áª®£® ¯®¤å®¤� ª
¢ë¡®àã ª�−¤¨¤�â®¢ −� ®¡−®¢«¥−¨¥ §¤¥áì ¢ë¡®à ®¯à¥¤¥«ï¥âáï áâà®£® �−�«¨â¨-
ç¥áª¨;

{ à¥�«¨§�æ¨ï ¬¥â®¤� ®¡−®¢«¥−¨ï ¤�−−ëå −¥ ¯à¨¢®¤¨â ª §�¬¥â−®© ¯®â¥à¥ ¯à®¨§-
¢®¤¨â¥«ì−®áâ¨ ¬¨ªà®¯à®æ¥áá®à−®© á¨áâ¥¬ë.

�£à�−¨ç¥−¨ï ¬¥â®¤�:

{ −� íâ�¯¥ ª®¬¯¨«ïæ¨¨ à¥�«¨§�æ¨ï ¯à¥¤«�£�¥¬®£® ¬¥â®¤� −¥¢®§¬®¦−� ¯à¨
ª®á¢¥−−®© �¤à¥á�æ¨¨, � â�ª¦¥ ¯à¨ ¤¨−�¬¨ç¥áª¨ ®¯à¥¤¥«ï¥¬ëå ãª�§�â¥«ïå;

{ ¢ë¡®à ª�−¤¨¤�â®¢ −� ®¡−®¢«¥−¨¥ ¯à¥¤¯®«�£�¥â, çâ® ¢ â¥ç¥−¨¥ ä�§ë à¨áª�
áâà®ª� ªíè-¯�¬ïâ¨, á®¤¥à¦�é�ï í«¥¬¥−â ¤�−−ëå | ª�−¤¨¤�â −� ®¡−®¢«¥−¨¥,
−¥ ¡ë«� ¢ëâ¥á−¥−� ¨§ ªíè-¯�¬ïâ¨;

{ ¯à¨ ®¡−®¢«¥−¨¨ í«¥¬¥−â®¢ ¤�−−ëå ¢®§−¨ª�¥â ¯®¢ëè¥−−ë© âà�ä¨ª −� è¨−¥
¯�¬ïâ¨ ¨ á¢ï§�−−®¥ á íâ¨¬ ¯®¢ëè¥−−®¥ í−¥à£®¯®âà¥¡«¥−¨¥.

÷�áá¬®âà¨¬ ¯®¤à®¡−¥¥ ¯®á«¥¤−¥¥ ®£à�−¨ç¥−¨¥ | ¯®¢ëè¥−−®¥ í−¥à£®¯®âà¥¡-
«¥−¨¥. ‚ à�¡®â¥ [1] ¯à¨¢¥¤¥−ë ¤�−−ë¥ ¯® ¯®âà¥¡«¥−¨î í−¥à£¨¨ ¯à¨ à�¡®â¥
à�§«¨ç−ëå ¯à¨«®¦¥−¨© ¨§ −�¡®à� SPEC CPU2000 ¯à¨ à�§«¨ç−ëå ¬¥â®¤�å
¯®¤¤¥à¦�−¨ï ¨¤¥−â¨ç−®áâ¨ ¨−ä®à¬�æ¨¨ ¢ ªíè-¯�¬ïâ¨ ¨ £«�¢−®© ¯�¬ïâ¨ |
®¡à�â−®© ¨ áª¢®§−®© ¯�¬ïâ¨. �à¨ ®¡à�â−®© §�¯¨á¨ ¬®¤¨ä¨æ¨à®¢�−−�ï áâà®ª�
ª®¯¨àã¥âáï ¢ £«�¢−ãî ¯�¬ïâì ¯à¨ ¥¥ ¢ëâ¥á−¥−¨¨ ¨§ ªíè, â®£¤� ª�ª ¯à¨ áª¢®§−®©
§�¯¨á¨ ª®¯¨à®¢�−¨¥ áâà®ª¨ ¢ë¯®«−ï¥âáï ¯à¨ ª�¦¤®© ¥¥ ¬®¤¨ä¨ª�æ¨¨. ‚ á«ãç�¥
®¡à�â−®© §�¯¨á¨ í«¥¬¥−âë ¡®«¥¥ ãï§¢¨¬ë ª á¡®ï¬, −® ¯à¨ íâ®¬ á−¨¦�¥âáï âà�ä¨ª
−� è¨−¥ ¯�¬ïâ¨ ¨ ¯®âà¥¡«¥−¨¥ í−¥à£¨¨.

‚ â�¡«. 2 ¨ 3 ¯à¨¢¥¤¥−ë ¤�−−ë¥ ¯® ¯®âà¥¡«¥−¨î í−¥à£¨¨ ¯à¨ à�¡®â¥ ¯à¨«®-
¦¥−¨© ¨§ −�¡®à� SPEC CPU2000: ¢ â�¡«. 2 ¯à¨¢¥¤¥−ë ¤�−−ë¥ ¤«ï ¯à®£à�¬¬ á
¢ëá®ª¨¬ ¯®âà¥¡«¥−¨¥¬ í−¥à£¨¨, � ¢ â�¡«. 3 | á −¨§ª¨¬.

�� ®á−®¢�−¨¨ ¯à¨¢¥¤¥−−ëå §¤¥áì ¤�−−ëå ¬®¦−® à¥ª®¬¥−¤®¢�âì ¯à¨¬¥−¥−¨¥
®¡−®¢«¥−¨ï ¤«ï ¯à¨«®¦¥−¨© ¢â®à®© £àã¯¯ë, ¥á«¨ í−¥à£®¯®âà¥¡«¥−¨¥ ï¢«ï¥âáï
ªà¨â¨ç¥áª¨¬ ¯�à�¬¥âà®¬.
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�. ‡. ˜¬¥©«¨−

’�¡«¨æ� 2 �à¨«®¦¥−¨ï á ¢ëá®ª¨¬ í−¥à£®¯®âà¥¡«¥−¨¥¬

�®âà¥¡«¥−¨¥ í−¥à£¨¨, „¦
�à¨«®¦¥−¨¥ •�à�ªâ¥à¨áâ¨ª� ¯à¨«®¦¥−¨ï ‘ª¢®§−�ï

§�¯¨áì
�¡à�â−�ï

§�¯¨áì
‘à¥¤−¥¥
§−�ç¥−¨¥

Mcf
�à®£à�¬¬� ¯«�−¨à®¢�−¨ï âà�−á-
¯®àâ−ëå ¯®â®ª®¢ 0,026 0,023 0,0255

Art
�à®£à�¬¬� ¬®¤¥«¨à®¢�−¨ï ¯à®-
æ¥áá®¢ −¥©à®−−®© á¥â¨ 0,038 0,035 0,0375

Equake
�à®£à�¬¬� ¬®¤¥«¨à®¢�−¨ï á¥©á-
¬¨ç¥áª®£® à�á¯à®áâà�−¥−¨ï ¢®«−
¢ ¡®«ìè¨å ¡�áá¥©−�å

0,018 0,012 0,015

’�¡«¨æ� 3 �à¨«®¦¥−¨ï á −¨§ª¨¬ í−¥à£®¯®âà¥¡«¥−¨¥¬

�®âà¥¡«¥−¨¥ í−¥à£¨¨, „¦
�à¨«®¦¥−¨¥ •�à�ªâ¥à¨áâ¨ª� ¯à¨«®¦¥−¨ï ‘ª¢®§−�ï

§�¯¨áì
�¡à�â−�ï

§�¯¨áì
‘à¥¤−¥¥
§−�ç¥−¨¥

Gcc �à¨¢¥¤¥−� ¢ â�¡«.1 0,007 0,001 0,004

Crafty
�à®£à�¬¬� à¥è¥−¨ï è�å¬�â−ëå
§�¤�ç −� ¢ëá®ª®¯à®¨§¢®¤¨â¥«ì-
−ëå ª®¬¯ìîâ¥à�å

0,007 0,002 0,0045

Parser �à¨¢¥¤¥−� ¢ â�¡«. 1 0,008 0,003 0,0055

Gap
�à®£à�¬¬� à¥�«¨§ã¥â ï§ëª ¨
¡¨¡«¨®â¥ªã, ¯à¥¤−�§−�ç¥−−ë¥
¤«ï ¢ëç¨á«¥−¨© ¢ £àã¯¯�å

0,007 0,002 0,0045

Wupwise

�à®£à�¬¬� à¥è¥−¨ï §�¤�ç ª¢�−-
â®¢®© åà®¬®¤¨−�¬¨ª¨, •�à�ªâ¥-
à¨§ã¥âáï çà¥§¢ëç�©−® ¨−â¥−á¨¢-
−ë¬¨ ¢ëç¨á«¥−¨ï¬¨

0,006 0,001 0,0035

Facerec
�à®£à�¬¬� à�á¯®§−�¢�−¨ï ®¡-
à�§� 0,006 0,003 0,0045

5 Заключение

�à¥¤«�£�¥¬ë© ¬¥â®¤ ®¡−®¢«¥−¨ï í«¥¬¥−â®¢ ¤�−−ëå ªíè-¯�¬ïâ¨ ®¡«�¤�¥â
àï¤®¬ áãé¥áâ¢¥−−ëå ¯à¥¨¬ãé¥áâ¢ ¯¥à¥¤ ¤àã£¨¬¨ ¬¥â®¤�¬¨ ¯®¢ëè¥−¨ï ¨å ®âª�-
§®ãáâ®©ç¨¢®áâ¨, � ¨¬¥−−®:

{ ¬®¬¥−âë ¢ë¯®«−¥−¨ï ®¡−®¢«¥−¨ï ®¯à¥¤¥«ïîâáï −� íâ�¯¥ ª®¬¯¨«ïæ¨¨ ¨ −¥
âà¥¡ãîâ ¤®à®£®áâ®ïé¥£® ¬®¤¥«¨à®¢�−¨ï à�¡®âë ¯à¨«®¦¥−¨ï;

{ à¥�«¨§�æ¨ï ¬¥â®¤� ®¡−®¢«¥−¨ï ¤�−−ëå −¥ ¯à¨¢®¤¨â ª §�¬¥â−®© ¯®â¥à¥ ¯à®¨§-
¢®¤¨â¥«ì−®áâ¨ ¬¨ªà®¯à®æ¥áá®à−®© á¨áâ¥¬ë.
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�®¢ëè¥−¨¥ ®âª�§®ãáâ®©ç¨¢®áâ¨ ¤�−−ëå ¢ ªíè-¯�¬ïâ¨ ¯ãâ¥¬ ¨å ®¡−®¢«¥−¨ï

Š ®£à�−¨ç¥−¨ï¬ ¯à¨¬¥−¥−¨ï íâ®£® ¬¥â®¤� á«¥¤ã¥â ®â−¥áâ¨:

{ ¬¥â®¤ ¯à¨¬¥−¨¬ ª â�ª −�§ë¢�¥¬ë¬ áâàãªâãà¨à®¢�−−ë¬ ¯à¨«®¦¥−¨ï¬, �
¨¬¥−−® ª ¯à¨«®¦¥−¨ï¬, à�¡®â�îé¨¬ á® á¢ï§�−−ë¬¨ áâàãªâãà�¬¨ ¤�−−ëå;

{ à¥�«¨§�æ¨ï ¬¥â®¤� −¥¢®§¬®¦−� ¯à¨ ª®á¢¥−−®© �¤à¥á�æ¨¨, � â�ª¦¥ ¯à¨ ¤¨−�-
¬¨ç¥áª¨ ®¯à¥¤¥«ï¥¬ëå ãª�§�â¥«ïå;

{ ¯à¨ ®¡−®¢«¥−¨¨ í«¥¬¥−â®¢ ¤�−−ëå ªíè-¯�¬ïâ¨ ¢®§−¨ª�¥â ¯®¢ëè¥−−ë© âà�-
ä¨ª −� è¨−¥ ¯�¬ïâ¨ ¨ á¢ï§�−−®¥ á íâ¨¬ ¯®¢ëè¥−−®¥ í−¥à£®¯®âà¥¡«¥−¨¥.
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МОДЕЛИРОВАНИЕ ЛЕКСИЧЕСКОЙ СЕМАНТИКИ В ЗАДАЧАХ
КОМПЬЮТЕРНОЙ ЛИНГВИСТИКИ

О. С. Кожунова1

�−−®â�æ¨ï: �à®¢¥¤¥− �−�«¨â¨ç¥áª¨© ®¡§®à «¥ªá¨ª®-á¥¬�−â¨ç¥áª¨å ¬¥â®¤®¢,
¨å ¯à¨¬¥à®¢ ¨ ¢®§¬®¦−ëå ®¡«�áâ¥© ¨å ¯à¨«®¦¥−¨ï. ‚ ®á−®¢ã à�áá¬®âà¥−−ëå
à�¡®â «¥£«¨ áâ�âì¨, ®¯ã¡«¨ª®¢�−−ë¥ ¢ âàã¤�å The World Congress in Computer
Science, Computer Engineering, and Applied Computing (Œ¥¦¤ã−�à®¤−®£®
ª®−£à¥áá� ¯® ª®¬¯ìîâ¥à−®© −�ãª¥, ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¥ ¨ ¯à¨«®¦¥−¨ï¬,
ª®â®àë© ¥¦¥£®¤−® ¯à®¢®¤¨âáï ¢ ‘˜�) §� 2009 ¨ 2011 ££.

Š«îç¥¢ë¥ á«®¢�: «¥ªá¨ª®-á¥¬�−â¨ç¥áª¨¥ ¬¥â®¤ë; ª®¬¯ìîâ¥à−�ï «¨−£¢¨áâ¨-
ª�; ®¡à�¡®âª� â¥ªáâ®¢ëå ¤�−−ëå

1 Введение

‘âà¥¬«¥−¨¥ ª £«ã¡¨−−®¬ã ¯®−¨¬�−¨î ï§ëª� ¨ ¢á¥å ï§ëª®¢ëå ¯à®æ¥áá®¢, �
â�ª¦¥ ¬−®£®ç¨á«¥−−ë¥ ¯®¯ëâª¨ á¬®¤¥«¨à®¢�âì ¨å ¢á¥ ç�é¥ −�å®¤ïâ ®âà�¦¥−¨¥
¢ à�§«¨ç−ëå áä¥à�å ç¥«®¢¥ç¥áª®© ¤¥ïâ¥«ì−®áâ¨. �®íâ®¬ã á¥£®¤−ï ¬¥â®¤ë á¥-
¬�−â¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ï§ëª®¢ëå ¯à®æ¥áá®¢ ¯à¨¬¥−ïîâáï ¯à�ªâ¨ç¥áª¨ ¢
ª�¦¤®© ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬¥.

’¥¬ −¥ ¬¥−¥¥ ¢ á¨«ã à�§«¨ç¨ï §�¤�ç ¢ á®§¤�¢�¥¬ëå ¯à¨«®¦¥−¨ïå ª®¬¯ìîâ¥à-
−®© «¨−£¢¨áâ¨ª¨ ¨ á®¯ãâáâ¢ãîé¨å á¨áâ¥¬�å á¥¬�−â¨ª� ï§ëª� à�áá¬�âà¨¢�¥âáï
¢ ®¯à¥¤¥«¥−−ëå à�ªãàá�å. ‚ ç�áâ−®áâ¨, áãé¥áâ¢ãîâ ¯®¤å®¤ë, −�¯à�¢«¥−−ë¥
−� ¬®¤¥«¨à®¢�−¨¥ áâàãªâãà−®© (á¨−â�ªá¨ç¥áª®©) á®áâ�¢«ïîé¥© ï§ëª� ¢ªã¯¥ á®
á¬ëá«®¢ë¬¨ ¥¤¨−¨æ�¬¨ [1{3], â. ¥. á¨−â�ªâ¨ª®-á¥¬�−â¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥.
�¤−®¢à¥¬¥−−® á íâ¨¬ à�§¢¨¢�îâáï «¥ªá¨ª®-á¥¬�−â¨ç¥áª¨¥ ¬¥â®¤ë, ä®ªãá ª®-
â®àëå á¬¥é¥− ¢ áâ®à®−ã ®â¤¥«ì−ëå «¥ªá¨ç¥áª¨å ¥¤¨−¨æ ¨ ¢§�¨¬®¤¥©áâ¢¨ï ¨å
á¬ëá«®¢ [4{8]. �à¨ íâ®¬ ¤¢� ¯à¨−æ¨¯¨�«ì−® à�§−ëå ¯®¤å®¤� ª ¬®¤¥«¨à®¢�−¨î
ï§ëª®¢ëå à¥�«¨© ¨ ¯à®æ¥áá®¢ à�§¢¨¢�îâáï ¯�à�««¥«ì−® ¨ ¤®¯®«−ïîâ ¤àã£ ¤àã£�.

‚ −�áâ®ïé¥© à�¡®â¥ ¯à¥¤¯®çâ¥−¨¥ ®â¤�−® «¥ªá¨ª®-á¥¬�−â¨ç¥áª¨¬ ¬¥â®¤�¬, ¨å
¯à¨¬¥à�¬ ¨ ¢®§¬®¦−ë¬ ®¡«�áâï¬ ¨å ¯à¨«®¦¥−¨ï. ‚ ®á−®¢ã à�áá¬®âà¥−−ëå à�¡®â
«¥£«¨ áâ�âì¨, ®¯ã¡«¨ª®¢�−−ë¥ ¢ âàã¤�å The World Congress in Computer Science,
Computer Engineering, and Applied Computing (Œ¥¦¤ã−�à®¤−®£® ª®−£à¥áá� ¯®
ª®¬¯ìîâ¥à−®© −�ãª¥, ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¥ ¨ ¯à¨«®¦¥−¨ï¬, ª®â®àë© ¥¦¥£®¤−®
¯à®¢®¤¨âáï ¢ ‘˜�) §� 2009 ¨ 2011 ££.

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, okozhunova@ipiran.ru
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Œ®¤¥«¨à®¢�−¨¥ «¥ªá¨ç¥áª®© á¥¬�−â¨ª¨ ¢ §�¤�ç�å ª®¬¯ìîâ¥à−®© «¨−£¢¨áâ¨ª¨

2 Лексико-семантические методы и их приложения

‘¥£®¤−ï à�§à�¡®âç¨ª¨ ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬ ¨ ¯à¨«®¦¥−¨© ¨áªãááâ¢¥−-
−®£® ¨−â¥««¥ªâ� ¢á¥ ç�é¥ ®¡à�é�îâáï ª «¥ªá¨ª®-®à¨¥−â¨à®¢�−−ë¬ ¬¥â®¤�¬
ª®¬¯ìîâ¥à−®© «¨−£¢¨áâ¨ª¨. —�áâ® £«�¢−ë¬¨ �ªæ¥−â�¬¨ á®§¤�¢�¥¬ëå «¨−£¢¨áâ¨-
ç¥áª¨å à¥áãàá®¢ áâ�−®¢ïâáï â¥à¬¨−ë ¯à¥¤¬¥â−ëå ®¡«�áâ¥©, ¯®−ïâ¨ï ¨ ª®−æ¥¯âë,
� â�ª¦¥ ¨å á¬ëá«®¢ë¥ á¢ï§¨ ¨ ®â−®è¥−¨ï. �á−®¢−ë¬¨ ¯à¨¬¥à�¬¨ ã¦¥ áãé¥-
áâ¢ãîé¨å à¥áãàá®¢ â�ª®£® â¨¯� ï¢«ïîâáï â¥§�ãàãáë, ®−â®«®£¨¨, á¥¬�−â¨ç¥áª¨¥
á«®¢�à¨ ¨ â. ¤.

2.1 Автоматический поиск терминов и понятий

‘à¥¤¨ áâ�â¥©, ®¯ã¡«¨ª®¢�−−ëå ¢ âàã¤�å ª®−£à¥áá� WorldComp'2011, ¨¬¥¥âáï
−¥áª®«ìª® à�¡®â, ¢ ª®â®àëå ¯à®á«¥¦¨¢�¥âáï â¥−¤¥−æ¨ï ª ¯à¨¬¥−¥−¨î «¥ªá¨ª®-
á¥¬�−â¨ç¥áª¨å ¯®¤å®¤®¢. ‚ ç�áâ−®áâ¨, ¢ [9] ®¯¨áë¢�¥âáï ¬¥â®¤ ¨áªãááâ¢¥−−®£®
¨−â¥««¥ªâ�, à�§à�¡®â�−−ë© �¢â®à�¬¨ ¤«ï ®áãé¥áâ¢«¥−¨ï �¢â®¬�â¨ç¥áª®£® ¯®¨áª�
â¥à¬¨−®¢ ¢ ˆ−â¥à−¥â¥ ¢ ª�ç¥áâ¢¥ ®â¢¥â®¢ −� á«®¦−ë¥ ¢®¯à®á¨â¥«ì−ë¥ ¯à¥¤«®-
¦¥−¨ï. Œ¥â®¤ ®¯¥à¨àã¥â á¯¥æ¨�«ì−® á®§¤�−−®© ¤«ï íâ®© §�¤�ç¨ ¡�§®© ¯®−ïâ¨©.
‚ −¥© á®¤¥à¦�âáï á¥¬�−â¨ç¥áª¨¥ å�à�ªâ¥à¨áâ¨ª¨ â¥à¬¨−®¢ ¨ ¨å ¢¥á� (¯® áâ¥¯¥−¨
§−�ç¨¬®áâ¨ ¢ ®¯à¥¤¥«¥−−®© ¯à¥¤¬¥â−®© ®¡«�áâ¨ ¨/¨«¨ §�¤�ç¨). ‚¥á� â¥à¬¨−®¢ ¢
®á−®¢−®¬ ¨á¯®«ì§ãîâáï ¤«ï ®â®¡à�¦¥−¨ï á¥¬�−â¨ç¥áª¨å á¢ï§¥© ¬¥¦¤ã â¥à¬¨−�¬¨
¨ ã§«®¢ë¬¨ ¯®−ïâ¨ï¬¨.

‘®§¤�−¨¥ â�ª®£® ¯®¤å®¤� •¨à®ª�æã ‚�â�¡¥ ¨ ª®««¥£�¬¨ [9] ¡ë«® ¬®â¨¢¨-
à®¢�−® á«®¦¨¢è¥©áï á¨âã�æ¨¥© á ¯®¨áª®¢ë¬¨ á¨áâ¥¬�¬¨ ¢ ˆ−â¥à−¥â¥. �®¨áª
¨−ä®à¬�æ¨¨, ª�ª ¯à�¢¨«®, ¨¬¥¥â ®£à�−¨ç¥−¨ï, ª®â®àë¥ −�ª«�¤ë¢�¥â á�¬ ¯®«ì-
§®¢�â¥«ì. �® ¢ á¨«ã ¨−â¥−á¨¢−®£® à�§¢¨â¨ï ¢¥¡-¯à®áâà�−áâ¢� ¨ ¨á¯®«ì§ã¥¬ëå
â¥å−®«®£¨© à¥§ã«ìâ�âë §�¯à®á®¢ ®ª�§ë¢�îâáï ¢ ¬�áá¨¢¥ −¥−ã¦−®©, ¯®¯ãâ−®
−�©¤¥−−®© ¨−ä®à¬�æ¨¨. ˆ¬¥−−® ¯®íâ®¬ã ¯à¥¤®áâ�¢¨âì ç¥âª¨©, áä®ªãá¨à®¢�−-
−ë© ®â¢¥â −� ¯®¨áª®¢ë© §�¯à®á á¯¥æ¨�«ì−ë¬ á¨áâ¥¬�¬ áâ�−®¢¨âáï ¢á¥ á«®¦−¥¥.
�¤−®© ¨§ ¯®á«¥¤−¨å â¥−¤¥−æ¨© à¥è¥−¨ï íâ®© ¯à®¡«¥¬ë ï¢«ï¥âáï ¢®¯à®á−®-®â-
¢¥â−�ï ä®à¬� ¯®¨áª®¢ëå §�¯à®á®¢. �¤−�ª® â�ª®© ¬¥â®¤ âà¥¡ã¥â ¯à®¢¥¤¥−¨ï
¯®á«¥¤®¢�â¥«ì−®£® �−�«¨§� −� ¢á¥å áâ�¤¨ïå, −�«¨ç¨ï ¡�§ë ¤�−−ëå ¨ ä¨ªá�æ¨¨
¢®§¬®¦−ëå á¬ëá«®¢ëå (á¥¬�−â¨ç¥áª¨å á¢ï§¥©).

‘ íâ®© æ¥«ìî �¢â®àë ¢ëè¥ã¯®¬ï−ãâ®© à�¡®âë [9] ¤®¯®«−ïîâ ¬¥â®¤ ¢®¯à®á−®-
®â¢¥â−ëå §�¯à®á®¢ á¢®¥© ¡�§®© ¯®−ïâ¨© á á¥¬�−â¨ç¥áª¨¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨
â¥à¬¨−®¢ ¨ ¢¥á�¬¨ ¤«ï ¯®áâà®¥−¨ï �áá®æ¨�æ¨© ¬¥¦¤ã −¨¬¨, � â�ª¦¥ ¬¥å�−¨§¬®¬
®¡à�¡®âª¨ ¨ ®â®¡à�¦¥−¨ï á¥¬�−â¨ª¨ ¢®¯à®á®¢ (à¨á. 1).

Šà�âª® à�áá¬®âà¨¬ ®á−®¢−ë¥ á®áâ�¢«ïîé¨¥ ¨ ¯à®æ¥¤ãàë ¯à¥¤«®¦¥−−®£®
¬¥â®¤�. ��§� ¯®−ïâ¨© (á¬. à¨á. 1) ¯à¥¤áâ�¢«ï¥â á®¡®© ¡�§ã §−�−¨©, á®áâ®ïéãî
¨§ 120 000 ª®−æ¥¯â®¢ (¯®−ïâ¨©), ª®â®àë¥ á®¡à�−ë ¨§ à�§«¨ç−ëå ¨áâ®ç−¨ª®¢
â¨¯� ï§ëª®¢ëå á«®¢�à¥© (§¤¥áì: ï¯®−áª¨å), ª−¨£ ¨ £�§¥â, ¨ �âà¨¡ãâ®¢ (30
¤«ï ª�¦¤®£® ¯®−ïâ¨ï), ª®â®àë¥ ¢ëà�¦�îâ ¨å á¥¬�−â¨ç¥áª¨¥ å�à�ªâ¥à¨áâ¨ª¨.
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�. ‘. Š®¦ã−®¢�

÷¨á. 1 ‘å¥¬� ¨−â¥««¥ªâã�«ì−®© ¢¥¡-¯®¨áª®¢®© á¨áâ¥¬ë

�®−ïâ¨ï −�¤¥«¥−ë �âà¨¡ãâ�¬¨ −�àï¤ã á ¢¥á�¬¨, ª®â®àë¥ á®®â¢¥âáâ¢ãîâ ãà®¢−î
¨å §−�ç¨¬®áâ¨ [9]:

A = {(a1, w1) , (a2, w2) , . . . , (am, wm)} ,
£¤¥ A | −¥ª®â®à®¥ ¯®−ïâ¨¥; ai | á¥¬�−â¨ç¥áª¨© �âà¨¡ãâ; wi | ¢¥á.

‹î¡®© ¯¥à¢¨ç−ë© �âà¨¡ãâ ai á®áâ®¨â ¨§ â¥à¬®¢, á®¤¥à¦�é¨åáï ¢ −�¡®à¥ ®¯¨-
á�−¨© ¯®−ïâ¨ï ¢ ¡�§¥ ¯®−ïâ¨©. ’�ª¨¬ ®¡à�§®¬, çâ®¡ë ã¡¥¤¨âìáï, çâ® ¯¥à¢¨ç−ë©
�âà¨¡ãâ á®®â¢¥âáâ¢ã¥â ®¯à¥¤¥«¥−−®¬ã ®¯¨á�−¨î ¯®−ïâ¨ï, ¥£® ¬®¦−® ¨§¢«¥çì ¨§
¡�§ë. �â® ¢â®à¨ç−ë© �âà¨¡ãâ. ‚ ¡�§¥ ¯®−ïâ¨© ¯à®¨§¢®«ì−®¥ ¯®−ïâ¨¥ ®¯à¥¤¥«¥−®
ª�ª −�¡®à �âà¨¡ãâ®¢ n-£® ¯®àï¤ª� [9].

�à®¨§¢®«ì−ë© �âà¨¡ãâ â�ª¦¥ ï¢«ï¥âáï ¯®−ïâ¨¥¬, ª�ª ®¯¨á�−® ¢ëè¥. �¢â®àë
à�¡®âë [9] ¢ëç¨á«ïîâ áâ¥¯¥−ì á¢ï§�−−®áâ¨ ¬¥¦¤ã ¯®−ïâ¨ï¬¨ ¯ãâ¥¬ ¨á¯®«ì§®¢�−¨ï
�âà¨¡ãâ®¢ ¢â®à®£® ¯®àï¤ª�. ‘â¥¯¥−ì á¢ï§�−−®áâ¨ ¢�àì¨àã¥âáï ®â 0,0 ¤® 1,0 (á¬.
à¨á. 1).

‘«¥¤ãîé¥© ç�áâìî á¨áâ¥¬ë [9] ï¢«ï¥âáï ¡«®ª ¯®−¨¬�−¨ï á¥¬�−â¨ª¨ ¢®¯à®á®¢.
�à¨ ¯®¬®é¨ äã−ªæ¨¨ ¯�àá¨−£� íâ®â ¡«®ª ¯®¬®£�¥â ¯®«ãç¨âì æ¥«¥¢ë¥ â¥à¬¨−ë
§�¯à®á� ¨§ ¯®áâ�¢«¥−−®£® ¢ −¥¬ ¢®¯à®á�. ��¯à¨¬¥à, ¥á«¨ ¢®¯à®á á®¤¥à¦¨â ¢®¯à®-
á¨â¥«ì−®¥ á«®¢® úªâ®?û ¨«¨ ú£¤¥?û, íâ� äã−ªæ¨ï ¯®§¢®«¨â ¯®«ãç¨âì úç¥«®¢¥ªû
¨«¨ ú¬¥áâ®û ¢ ª�ç¥áâ¢¥ æ¥«¥¢ëå â¥à¬¨−®¢ §�¯à®á�.
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’�¡«¨æ� 1 ’¨¯ë ¯®â¥−æ¨�«ì−® à¥«¥¢�−â−ëå ®â-
¢¥â®¢ −� ¢®¯à®á-§�¯à®á

’¨¯ ®â¢¥â� ’¨¯¨ç−ë© æ¥«¥¢®© â¥à¬¨−
—¥«®¢¥ª ˆ¬ï ç¥«®¢¥ª�
�à£�−¨§�æ¨ï Š®¬¯�−¨ï ¨«¨ ã−¨¢¥àá¨â¥â
Œ¥áâ® ��§¢�−¨¥ áâà�−ë
†¨¢®â−®¥ ��§¢�−¨¥ ¦¨¢®â−®£®
÷�áâ¥−¨¥ ��§¢�−¨¥ à�áâ¥−¨ï
. . . . . .

’�¡«¨æ� 2 ˆ§¢«¥ç¥−¨¥ ¯®¨áª®¢®£® â¥à¬� ¨§ ¢®¯à®á�-§�¯à®á�

‚®¯à®á �®¨áª®¢ë© â¥à¬
úƒ¤¥-á�¬ë©-á¥¢¥à−ë©-£®à®¤-−�-®.-•®−áî?û ú‘�¬ë©-á¥¢¥à−ë©-£®à®¤-−�-®.-•®−áîû

�� ®â¡®à ®â¢¥â®¢ á¨«ì−® ¢«¨ï¥â â®, ª�ª®£® â¨¯� ®â¢¥â −¥®¡å®¤¨¬ −� §�¤�−−ë©
¢ §�¯à®á¥ ¢®¯à®á. �®íâ®¬ã �¢â®àë à�¡®âë [9] á®áâ�¢¨«¨ â�¡«¨æã á®®â¢¥âáâ¢¨ï
¯®â¥−æ¨�«ì−® à¥«¥¢�−â−ëå ®â¢¥â®¢ −� §�¯à®á ¨ â¨¯¨ç−ëå æ¥«¥¢ëå â¥à¬¨−®¢,
¯à¥¤¢�à¨â¥«ì−® á®®â−¥áï ¨å á ¢®¯à®á¨â¥«ì−ë¬¨ á«®¢�¬¨ ¯® á¬ëá«ã (â�¡«. 1).

’�ª¨¬ ®¡à�§®¬, â¨¯¨ç−ë© §�¯à®á ¨ ®á−®¢−ë¥ ¯à®æ¥¤ãàë ¯®¨áª� ®â¢¥â� ¨¬¥îâ
¢¨¤:

�à¨¬¥à §�¯à®á�: úƒ¤¥ −�å®¤¨âáï á�¬ë© á¥¢¥à−ë© £®à®¤ −� ®. •®−áî?û
’¨¯ ®â¢¥â�: úŒ¥áâ®û.
�®¨áª®¢ë© â¥à¬ (¯®−ïâ¨¥): ú•®−áî | á�¬ë© á¥¢¥à−ë© £®à®¤û.
�®â¥−æ¨�«ì−® à¥«¥¢�−â−ë¥ ®â¢¥âë: �®¬®à¨ | �à¥ä¥ªâãà� �¬�; •®ªª�©¤® |
˜¨®ªã¡¨-Š¥©¯; ˜¨¬®ª¨â�-‚�©−. . .

÷�−¦¨à®¢�−¨¥ ®â¢¥â®¢:

1. �®¬®à¨ | �à¥ä¥ªâãà� �¬� (0,0062).

2. •®ªª�©¤® | ˜¨®ªã¡¨-Š¥©¯ (0,0005).

3. ˜¨¬®ª¨â�-‚�©− (0,0000).

�®á«¥ á®®â−¥á¥−¨ï â¨¯®¢ ¢®¯à®á®¢ ¨ ®â¢¥â®¢ (á¬. â�¡«. 1) ¯à®¨áå®¤¨â ®¯à¥¤¥-
«¥−¨¥ ¯®¨áª®¢®£® â¥à¬� (â�¡«. 2).

�� á«¥¤ãîé¥© áâ�¤¨¨ ¯®¨áª� ®â¢¥â� −� ¢®¯à®á-§�¯à®á ¯à®¨áå®¤¨â ¯®¨áª ¨
¨§¢«¥ç¥−¨¥ ¯®â¥−æ¨�«ì−® à¥«¥¢�−â−ëå ®â¢¥â®¢ ¨§ ¢¥¡-à¥áãàá®¢ ¢ á®®â¢¥âáâ¢¨¨ á®
á«¥¤ãîé¥© ¯à®æ¥¤ãà®© [9]:

1. �®¨áª®¢ë© â¥à¬ ¯®¤�¥âáï −� ¢å®¤ ¯®¨áª®¢®© ¬�è¨−ë, á ¢ëå®¤� ª®â®à®©
¢ë¢®¤¨âáï 100 à¥§ã«ìâ�â®¢ | ¢¥¡-áâà�−¨æ á á�¬ë¬ ¢ëá®ª¨¬ à�−£®¬ (à¥©-
â¨−£®¬).
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’�¡«¨æ� 3 �®¨áª ¨ ¨§¢«¥ç¥−¨¥ ¯®â¥−æ¨�«ì−® à¥«¥¢�−â−ëå
®â¢¥â®¢

�®¨áª®¢ë© â¥à¬ ú‘�¬ë©-á¥¢¥à−ë©-£®à®¤-−�-®.-•®−áîû
�®â¥−æ¨�«ì−® à¥«¥¢�−â−ë¥ ®â¢¥âë ‚¥á
�®¬®à¨ | �à¥ä¥ªâãà� �¬� 699,298
•®ªª�©¤® | ˜¨®ªã¡¨-Š¥©¯ 39,582
˜¨¬®ª¨â�-‚�©− 13,194
. . . . . .

2. ˆ§ ¯®«ãç¥−−®£® ª®à¯ãá� ¤®ªã¬¥−â®¢ ã¤�«ï¥âáï ¢áï «¨è−ïï ¨−ä®à¬�æ¨ï â¨¯�
html-â¥£®¢, ¯®á«¥ ç¥£® ®− ¯à®å®¤¨â ®¡à�¡®âªã ¬®àä®«®£¨ç¥áª¨¬ �−�«¨§�â®-
à®¬ ¤«ï ¤�«ì−¥©è¥£® ¨§¢«¥ç¥−¨ï áãé¥áâ¢¨â¥«ì−ëå.

3. ‘«®¦−ë¥ á«®¢� ¨ â¥à¬¨−ë ¨§¢«¥ª�îâáï ¢ ¢¨¤¥ á®áâ�¢−ëå ¬®àä¥¬ (¨á¯®«ì§ãï
¯à�¢¨«® ú¯®á«¥¤®¢�â¥«ì−®áâ¨ áãé¥áâ¢¨â¥«ì−ëå, −®¬¥à®¢, ¡ãª¢ �«ä�¢¨â� |
á®áâ�¢−ë¥ á«®¢�û).

4. „«ï ¨§¢«¥ç¥−−ëå ¯à®áâëå ¨ á®áâ�¢−ëå áãé¥áâ¢¨â¥«ì−ëå ¢ëç¨á«ï¥âáï ç�á-
â®â� ¢áâà¥ç�¥¬®áâ¨ ¢ ¤®ªã¬¥−â�å ¨ ¢ ˆ−â¥à−¥â¥. ‚ à¥§ã«ìâ�â¥ á«®¢�¬
¯à¨á¢�¨¢�îâáï á®®â¢¥âáâ¢ãîé¨¥ ¢¥á�.

5. �à®áâë¥ ¨ á®áâ�¢−ë¥ áãé¥áâ¢¨â¥«ì−ë¥ à�−¦¨àãîâáï ¢ á®®â¢¥âáâ¢¨¨ á ¨å
¢¥á®¬; 50 á�¬ëå ú¢¥á®¬ëåû ®â¡¨à�îâáï ª�ª ¯®â¥−æ¨�«ì−® à¥«¥¢�−â−ë¥
®â¢¥âë −� ¢®¯à®á-§�¯à®á (â�¡«. 3).

�®¨áª ¯®â¥−æ¨�«ì−® à¥«¥¢�−â−ëå ®â¢¥â®¢ §�¢¥àè�¥âáï ¯à®æ¥¤ãà®© ª®−æ¥¯-
âã�«¨§�æ¨¨ [9]. �®¤ ª®−æ¥¯âã�«¨§�æ¨¥© �¢â®àë ¯®−¨¬�îâ ¯à®æ¥áá ¯à¨¯¨áë¢�−¨ï
§�¤�−−®¬ã â¥à¬¨−ã −�¡®à� �âà¨¡ãâ®¢ ¨ ¢¥á� (¥á«¨ â¥à¬¨− −¥ §�¤�− ¢ ¡�§¥ ¯®−ïâ¨©
¨ íâ¨ å�à�ªâ¥à¨áâ¨ª¨ ã −¥£® ®âáãâáâ¢ãîâ). ’�ª�ï ¯à®æ¥¤ãà� á¯®á®¡áâ¢ã¥â ¢ë-
ç¨á«¥−¨î áâ¥¯¥−¨ á¢ï§�−−®áâ¨ â¥à¬¨−®¢ (á¬ëá«®¢®© á¢ï§�−−®áâ¨ ¨ �áá®æ¨�æ¨©).
‚¥¡-¤®ªã¬¥−âë, ª®â®àë¥ ¨á¯®«ì§ãîâáï ¤«ï ª®−æ¥¯âã�«¨§�æ¨¨ ¯®¨áª®¢®£® â¥à¬�,
�¢â®àë [9] ¯®«ãç�îâ ¢ à¥§ã«ìâ�â¥ ¢¥¡-¯®¨áª�, £¤¥ ¯®¨áª®¢ë© â¥à¬, áª®−áâàã¨-
à®¢�−−ë© ¨§ ª«îç¥¢ëå á«®¢ ¢®¯à®á�-§�¯à®á�, ¯®¤�¥âáï −� ¢å®¤. �â® ®¡«¥£ç�¥â
®¡à�¡®âªã ¤®ªã¬¥−â®¢ ¨ ¨§¢«¥ç¥−¨¥ −¥®¡å®¤¨¬ëå á¥¬�−â¨ç¥áª¨å å�à�ªâ¥à¨áâ¨ª
â¥à¬¨−®¢. �â® ®§−�ç�¥â, çâ® ª®−æ¥¯âã�«¨§®¢�−−ë© ¯®¨áª®¢ë© â¥à¬ ¬®¦¥â á«ã-
¦¨âì ¤«ï ®æ¥−ª¨ á®áâ®ïâ¥«ì−®áâ¨ ®â¢¥â� −� ¢®¯à®á-§�¯à®á (â�¡«. 4).

��ª®−¥æ, ¯®â¥−æ¨�«ì−® à¥«¥¢�−â−ë¥ ®â¢¥âë −�©¤¥−ë, â¥à¬¨−�¬ ¨ ¯®−ïâ¨ï¬
¯à¨á¢®¥−ë á¥¬�−â¨ç¥áª¨¥ å�à�ªâ¥à¨áâ¨ª¨ ¨ ¢¥á�. ‘ íâ®£® ¬®¬¥−â� �¢â®àë
¯®¤å®¤� ¯¥à¥å®¤ïâ ª ®æ¥−ª¥ ¯®«ãç¥−−ëå ®â¢¥â®¢.

‘−�ç�«� ¢ëç¨á«ï¥âáï áâ¥¯¥−ì á¢ï§�−−®áâ¨ ¯®â¥−æ¨�«ì−® à¥«¥¢�−â−®£® ®â-
¢¥â� á ¯®¨áª®¢ë¬ â¥à¬®¬. �®«ãç¥−−�ï áâ¥¯¥−ì ï¢«ï¥âáï, ¯® áãâ¨, ®æ¥−ª®©
á®áâ®ïâ¥«ì−®áâ¨ ¯®â¥−æ¨�«ì−® à¥«¥¢�−â−®£® ®â¢¥â� −� ¢®¯à®á-§�¯à®á, ¤«ï ç¥£®
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’�¡«¨æ� 4 �à¨¬¥à ª®−æ¥¯âã�«¨§�æ¨¨ (á ç�áâ¨ç−ë¬ á¯¨áª®¬ �âà¨¡ãâ®¢)

�®¨áª®¢ë© â¥à¬
ú‘�¬ë©-á¥¢¥à−ë©-£®à®¤-−�-®.-•®−áîû

�®â¥−æ¨�«ì−® à¥«¥¢�−â−ë© ®â¢¥â
ú�®¬®à¨ | �à¥ä¥ªâãà� �¬�û

�âà¨¡ãâ ‚¥á �âà¨¡ãâ ‚¥á
�¬� 1859,522 �¬� 4035,559
•®−áî 1522,526 Š�àâ� 188,496
ƒ®à®¤ 276,172 �®£®¤� 151,084

¨ ¨á¯®«ì§ã¥âáï ¢ ¤�«ì−¥©è¥¬: DoA(aci,QW), £¤¥ DoA | áâ¥¯¥−ì á¢ï§�−−®áâ¨
¯®â¥−æ¨�«ì−® à¥«¥¢�−â−®£® ®â¢¥â� acj á ¯®¨áª®¢ë¬ â¥à¬®¬ QW.

‡�â¥¬ ¯à®¨áå®¤¨â ®æ¥−ª� �¤¥ª¢�â−®áâ¨ â¨¯� ¢®¯à®á�:

NodeValue (aci,AnswerType) =

= DoA (aci,AnswerType) · log (VerbHit (aci,AnswerType)) ,

£¤¥ NodeValue(aci,AnswerType) | ®æ¥−ª� ã§«� ¯®â¥−æ¨�«ì−® à¥«¥¢�−â−®£®
®â¢¥â� aci, á®®â¢¥âáâ¢ãîé¥£® â¨¯ã ®â¢¥â� AnswerType;DoA(aci,AnswerType)|
áâ¥¯¥−ì á¢ï§�−−®áâ¨ ¯®â¥−æ¨�«ì−® à¥«¥¢�−â−®£® ®â¢¥â� á ¯®¨áª®¢ë¬ â¥à¬®¬
(á¬. ¢ëè¥); VerbHit(aci,AnswerType) | ç¨á«® ú¯®¯�¤�−¨©û, ¯®«ãç¥−−ëå ¯à¨
¯®¨áª¥ á ¨á¯®«ì§®¢�−¨¥¬ ¯®¨áª®¢®© ¬�è¨−ë ¤«ï á¢ï§ë¢�−¨ï £«�£®«ì−ëå ã§«®¢
ª«îç¥¢ëå á«®¢ á ¯®â¥−æ¨�«ì−® à¥«¥¢�−â−ë¬¨ ®â¢¥â�¬¨ [9].

�à¨¬¥à. ’¥à¬¨−ë ú”¥áâ¨¢�«ìû ¨ ú�«¨¬¯¨©áª¨¥ ¨£àëû ¬®£ãâ ®¤−®¢à¥¬¥−−®
¯à¨−�¤«¥¦�âì ª ú‘®¡ëâ¨îû, −¥¯®áà¥¤áâ¢¥−−® ¯®á«¥ −¨å ¢ ¯à¥¤«®¦¥−¨¨ ¬®¦¥â
¨¤â¨ ª®−áâàãªæ¨ï úãç�áâ¢®¢�âìû + ú¢û. …á«¨ ¨áª�âì ¢ ˆ−â¥à−¥â¥ ú¯®¯�¤�−¨ïû,
¨á¯®«ì§ãï â�ªãî ª�â¥£®à¨î á¢ï§�−−®áâ¨, ¬®¦−® ®æ¥−¨âì, á®®â¢¥âáâ¢ã¥â «¨ ®¯à¥-
¤¥«¥−−ë© ª�−¤¨¤�â ¢ ®â¢¥âë â¨¯ã ¢®¯à®á�. �¢â®àë ®¯¨á�«¨ ã§«®¢ë¥ £«�£®«ë ¤«ï
¢á¥å ¯¥à¥ç¨á«¥−−ëå ¨¬¨ â¨¯®¢ ¢®¯à®á®¢.

‚ §�¢¥àè¥−¨¥ à�¡®âë á¨áâ¥¬ë ¯à®¨áå®¤¨â ®æ¥−ª� á�¬¨å ®â¢¥â®¢ [9]:

Score(aci) = DoA (aci,QW) ·NodeValue (aci,AnswerType) .

‡¤¥áì áâ¥¯¥−ì á¢ï§�−−®áâ¨ ¯®â¥−æ¨�«ì−® à¥«¥¢�−â−®£® ®â¢¥â� ¨ ¯®¨áª®¢®£® â¥à¬�
ï¢«ï¥âáï ¨−¤¨ª�â®à®¬ â®£®, á®®â¢¥âáâ¢ã¥â «¨ ¯®â¥−æ¨�«ì−® à¥«¥¢�−â−ë© ®â¢¥â
¢®¯à®áã-§�¯à®áã, � ®æ¥−ª� ã§«� | ¨−¤¨ª�â®à®¬ á®®â¢¥âáâ¢¨ï ¯®â¥−æ¨�«ì−®
à¥«¥¢�−â−®£® ®â¢¥â� â¨¯ã ®â¢¥â�.

�® ¯à¨¡«¨§¨â¥«ì−ë¬ ®æ¥−ª�¬ â®ç−®áâì ¯à¥¤«®¦¥−−®© ¬¥â®¤¨ª¨ á®áâ�¢«ï¥â
®ª®«® 76% [9].
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2.2 Семантика онтологий и лексиконов и их верификация

‘«¥¤ãîé¥© −¥ ¬¥−¥¥ ¨−â¥à¥á−®© à�¡®â®© ¢ ¤�−−®¬ −�¯à�¢«¥−¨¨ ®ª�§�«�áì
áâ�âìï ® ¢¥à¨ä¨ª�æ¨¨ ®−â®«®£¨¨ ¨ «¥ªá¨ª®−®¢ −� ®á−®¢¥ ®−â®«®£¨ç¥áª®£® á¥¬�−-
â¨ç¥áª®£® ¯®¤å®¤� [10]. ‚ ä®ªãá¥ à�¡®âë ¬¥â®¤ë �¢â®¬�â¨ç¥áª®© ¨ íªá¯¥àâ−®©
¢¥à¨ä¨ª�æ¨¨ −®¢ëå «¥ªá¨ª®−®¢ ¨ ®−â®«®£¨©, ¯®§¢®«ïîé¨¥ ®¯¥à¨à®¢�âì á¥¬�−-
â¨ª®© ¥áâ¥áâ¢¥−−®-ï§ëª®¢ëå ¥¤¨−¨æ.

�¢â®àë ¯ã¡«¨ª�æ¨¨ [10] à�§à�¡®â�«¨ â�ª −�§ë¢�¥¬ãî �−â®«®£¨ç¥áªãî á¥-
¬�−â¨ç¥áªãî â¥å−®«®£¨î (Ontological semantic technology), ª®â®à�ï ï¢«ï¥âáï
ã«ãçè¥−−®© ¢¥àá¨¥© �−â®«®£¨ç¥áª®© á¥¬�−â¨ª¨ [11] ¨ ®å¢�âë¢�¥â â¥®à¨î, ¬¥-
â®¤®«®£¨î ¨ à¥�«¨§�æ¨î á¨áâ¥¬ë, ¯à¥¤−�§−�ç¥−−®© ¤«ï ¯®−¨¬�−¨ï â¥ªáâ� −�
¥áâ¥áâ¢¥−−®¬ ï§ëª¥. �â� â¥å−®«®£¨ï ®á−®¢�−� −� ¤®áâã¯−ëå ¤«ï ª®¬¯ìîâ¥à−®©
®¡à�¡®âª¨ ®¯¨á�−¨ïå §−�ç¥−¨© á«®¢, ¯¥à¥ç¨á«¥−−ëå ¢ á®®â¢¥âáâ¢¨¨ á ¨å á¨−-
â�ªá¨ç¥áª¨¬¨ à®«ï¬¨ ¢ ¯à¥¤«®¦¥−¨¨ ¨ á®®â¢¥âáâ¢ãîé¨¬¨ ¬®àä®«®£¨ç¥áª¨¬¨
å�à�ªâ¥à¨áâ¨ª�¬¨.

‚ ®á−®¢¥ â¥å−®«®£¨¨ «¥¦�â à¥¯®§¨â®à¨¨ «¨−£¢¨áâ¨ç¥áª¨å §−�−¨© ¨ §−�−¨© ¨§
¢á¥¢®§¬®¦−ëå ¯à¥¤¬¥â−ëå ®¡«�áâ¥©, ¯®áâà®¥−−ë¥ ¯®«ã�¢â®¬�â¨ç¥áª¨ ¢ à�¬ª�å
¯à¥¤«®¦¥−−®£® ¯®¤å®¤�. ÷¥¯®§¨â®à¨¨ ¯à¨§¢�−ë ãáâà�−ïâì −¥®¤−®§−�ç−®áâ¨
à�§«¨ç−ëå §−�ç¥−¨© á«®¢ ¨ ¯à¥¤«®¦¥−¨© ¨ ¯à¥¤®áâ�¢«ïâì ¨å à¥¯à¥§¥−â�æ¨¨.

‚ ç¨á«¥ à¥¯®§¨â®à¨¥¢ −�å®¤ïâáï [10]:

{ ®−â®«®£¨ï, á®¤¥à¦�é�ï −¥§�¢¨á¨¬ë¥ ®â ¢ë¡®à� ï§ëª� ¯®−ïâ¨ï ¨ ®â−®è¥−¨ï
¬¥¦¤ã −¨¬¨;

{ «¥ªá¨ª®− ¤«ï ª�¦¤®£® ¯®¤¤¥à¦¨¢�¥¬®£® á¨áâ¥¬®© ï§ëª�, ¢ ª®â®à®¬ åà�−ïâáï
á¬ëá«ë á«®¢, ¯à¨¢ï§�−−ë¥ ª ï§ëª®¢®© ®−â®«®£¨¨ (®−� ¨á¯®«ì§ã¥âáï ¤«ï
à¥¯à¥§¥−â�æ¨¨ ¨å §−�ç¥−¨©);

{ á«®¢�àì ¨¬¥− á®¡áâ¢¥−−ëå (the proper name dictionary) á ¨¬¥−�¬¨ «î¤¥©,
−�§¢�−¨ï¬¨ áâà�−, ®à£�−¨§�æ¨© ¨ ¤à. ¨ ¨å ®¯¨á�−¨ï¬¨, ¯à¨ç¥¬ ¢áï íâ�
¨−ä®à¬�æ¨ï ¯à¨¢ï§�−� ª ®−â®«®£¨ç¥áª¨¬ ¯®−ïâ¨ï¬, � ¥¤¨−¨æë á«®¢�àï
á¢ï§�−ë ¬¥¦¤ã á®¡®©;

{ ¡«®ª á¬ëá«®¢ëå ¯à�¢¨«.

‚á¥ ¢ëè¥¯¥à¥ç¨á«¥−−ë¥ á®áâ�¢«ïîé¨¥ à¥¯®§¨â®à¨¥¢ ¨á¯®«ì§ãîâáï á¥¬�−â¨-
ç¥áª¨¬ �−�«¨§�â®à®¬ â¥ªáâ®¢ (semantic text analyzer), ª®â®àë© ¡ë« à�§à�¡®â�−
ª®à¯®à�æ¨¥© RiverGlass Inc. �â®â �−�«¨§�â®à ¯à¨ ®¡à�¡®âª¥ ¢å®¤−®£® â¥ªáâ�
¢ë¤�¥â ¥£® â¥ªáâ®¢ë¥ á¬ëá«®¢ë¥ à¥¯à¥§¥−â�æ¨¨ (text meaning representations).
”®à¬�â à¥¯à¥§¥−â�æ¨© á®®â¢¥âáâ¢ã¥â ä®à¬�â�¬ ¨ ¨−â¥à¯à¥â�æ¨ï¬ ®−â®«®£¨¨.
�¡à�¡®â�−−ë¥ â¥ªáâ®¢ë¥ á¬ëá«®¢ë¥ à¥¯à¥§¥−â�æ¨¨ ¢−®áïâáï ¢ InfoStore, ¤¨−�-
¬¨ç¥áª¨© à¥áãàá ¤«ï åà�−¥−¨ï §−�−¨© (¢ à�¬ª�å �−â®«®£¨ç¥áª®© á¥¬�−â¨ç¥áª®©
â¥å−®«®£¨¨). ˆ−ä®à¬�æ¨ï, ¨§¢«¥ç¥−−�ï ¨§ íâ®£® åà�−¨«¨é�, ¨á¯®«ì§ã¥âáï ¤«ï
¤�«ì−¥©è¥© ®¡à�¡®âª¨ ¨ ¢ë¢®¤®¢ [10].
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‘¥¬�−â¨ç¥áª¨© �−�«¨§�â®à â¥ªáâ®¢ á®áâ®¨â ¨§ ª®««¥ªæ¨¨ ¬®¤ã«¥©, ª�¦¤ë© ¨§
ª®â®àëå ®âà�¡�âë¢�¥â á¢®¨ äã−ªæ¨¨ ¢ á®®â¢¥âáâ¢¨¨ á ¯®áâ�¢«¥−−ë¬¨ ãá«®¢¨ï¬¨.
�−�«¨§�â®à úç¨â�¥âû â¥ªáâ ¯® ¯à¥¤«®¦¥−¨ï¬, ®¡à�é�ïáì ª «¥ªá¨ª®−ã ¨ ®−â®«®£¨¨
¤«ï ¯®«ãç¥−¨ï ¢®§¬®¦−ëå ¨−â¥à¯à¥â�æ¨© ª�¦¤®© ç�áâ¨ ¯à¥¤«®¦¥−¨ï, ª®¬¡¨-
−¨àã¥â ¨å ¨ ¢ë¤�¥â à�−¦¨à®¢�−−ë© ¬�áá¨¢ ®¤−®§−�ç−ëå â¥ªáâ®¢ëå á¬ëá«®¢ëå
à¥¯à¥§¥−â�æ¨©. �®«ãç¥−−ë¥ à¥¯à¥§¥−â�æ¨¨ á−�¡¦�îâáï ¢¥á�¬¨ ¢ �¢â®¬�â¨ç¥-
áª®¬ à¥¦¨¬¥ á®£«�á−® ¨å à¥«¥¢�−â−®áâ¨ ¨−â¥à¯à¥â�æ¨ï¬ ª�¦¤®£® ¬®¤ã«ï. ’�ª¨¬
®¡à�§®¬, §¤¥áì áãé¥áâ¢ã¥â ¬−®¦¥áâ¢® ¢®§¬®¦−®áâ¥© −¥ª®àà¥ªâ−®© ®¡à�¡®âª¨
¯à¥¤«®¦¥−¨ï: −¥á®¢¥àè¥−áâ¢® á�¬®£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï ¨ ®â¤¥«ì−ëå
¬®¤ã«¥©; «¥ªá¨ª®− ®¯à¥¤¥«¥−−®£® ï§ëª�, −� ª®â®à®¬ −�¯¨á�− �−�«¨§¨àã¥¬ë©
â¥ªáâ ¨ á�¬� ®−â®«®£¨ï. �®íâ®¬ã ¢¥à¨ä¨ª�æ¨ï ®−â®«®£¨¨ ¨ «¥ªá¨ª®−� áâ�−®-
¢¨âáï �ªâã�«ì−®© §�¤�ç¥©: −¥¯à�¢¨«ì−�ï âà�ªâ®¢ª� á¬ëá«� ¨ á¥¬�−â¨ª¨ á«®¢
¨ ¯à¥¤«®¦¥−¨© áª�§ë¢�¥âáï −� à¥§ã«ìâ�â¨¢−®áâ¨ á¥¬�−â¨ç¥áª®£® �−�«¨§�â®à�
â¥ªáâ®¢ [10].

—â® â�ª®¥ ®−â®«®£¨ï á â®çª¨ §à¥−¨ï §�¤�ç¨ á¨áâ¥¬ë ¨ â¥å−®«®£¨¨, ª®â®àë¥
®¯¨á�−ë ¢ ¤�−−®© à�¡®â¥? �¥ä®à¬�«ì−® ¯®¤ ®−â®«®£¨¥©, ¯®«ãç¥−−®© ¢ à¥-
§ã«ìâ�â¥ ¯à¨¬¥−¥−¨ï �−â®«®£¨ç¥áª®© á¥¬�−â¨ç¥áª®© â¥å−®«®£¨¨, ®−¨ ¯®−¨¬�îâ
ª®««¥ªæ¨î ¯®−ïâ¨© ¨ ®â−®è¥−¨© ¬¥¦¤ã −¨¬¨, � â�ª¦¥ �âà¨¡ãâë, ®¯¨áë¢�îé¨¥
íâ¨ ¯®−ïâ¨ï, ¨ ¬¥å�−¨§¬ ¨å ª�â¥£®à¨§�æ¨¨.

�¤−¨¬ ¨§ ¬¥â®¤®¢ ®−â®«®£¨ç¥áª®© ¢¥à¨ä¨ª�æ¨¨ ï¢«ï¥âáï â�ª −�§ë¢�¥¬ë©
¬¥â®¤ ¯®¤¡®à� −�¨«ãçè¥£® ¯®−ïâ¨ï. �â® ®§−�ç�¥â, çâ® −¥ª®â®à®¥ ¯à®£à�¬¬−®¥
®¡¥á¯¥ç¥−¨¥ ®áãé¥áâ¢«ï¥â ¯®¨áª á�¬®£® ¯®¤å®¤ïé¥£® ¯®−ïâ¨ï ¤«ï §�¯®«−¥−¨ï
¯ãáâ®â ¢ ¥áâ¥áâ¢¥−−®-ï§ëª®¢ëå áâàãªâãà�å, ª�ª, −�¯à¨¬¥à, ¢ ¯à¥¤«®¦¥−¨¨ â¨¯�
úŸ ®âªàë« ¤¢¥àì ¯à¨ ¯®¬®é¨ Xû, £¤¥ X | −¥¨§¢¥áâ−®¥ ¯®−ïâ¨¥, ¯ãáâ®â� [10].

„«ï �¯à®¡�æ¨¨ íâ®£® ¬¥â®¤� ’¥©«®à, •¥¬¯¥«ì¬�− ¨ ÷�áª¨− á®§¤�«¨ á«®¢�à-
−ãî áâ�âìî ¤«ï X ¨ ¯®¬¥áâ¨«¨ ¢ −¥¥ ¯®àï¤ª� 2000 áã¡áâ�−â¨¢−ëå á¬ëá«®¢,
¯® ®¤−®¬ã −� ª�¦¤ë© ®¡ê¥ªâ ¨ á®¡ëâ¨¥ ¢ ®−â®«®£¨¨. „«ï ª�¦¤®£® á¬ëá«�
¯¥à¥å®¤−®£® £«�£®«� ¢ á¢®¥¬ �−£«¨©áª®¬ «¥ªá¨ª®−¥ (4469 á¬ëá«®¢ ¢ �−£«¨©áª®¬
«¥ªá¨ª®−¥ RiverGlass) ®−¨ à�áá¬®âà¥«¨ ¯® ¯à¨¬¥àã, ª®â®àë© ¡ë« ¢¢¥¤¥− ¢ á¨áâ¥¬ã
¤«ï ¨««îáâà�æ¨¨ á«ãç�¥¢ ¨á¯®«ì§®¢�−¨ï íâ®£® £«�£®«� ¨ ¤«ï §�¬¥−ë áãé¥áâ¢¨-
â¥«ì−ë¬ −¥¨§¢¥áâ−®£® ¯®−ïâ¨ï X. ‡�â¥¬ íâ®â ¯à¨¬¥à ®¡à�¡�âë¢�«áï à¥áãàá�¬¨
�−â®«®£¨ç¥áª®© á¥¬�−â¨ç¥áª®© â¥å−®«®£¨¨. ‚ à¥§ã«ìâ�â¥ ¢ë¡¨à�«áï −�¨¡®«¥¥
à¥«¥¢�−â−ë© á¬ëá« X ¤«ï íªá¯¥àâ−®© ®æ¥−ª¨ −®á¨â¥«¥¬ ï§ëª�, ª®â®àë© à¥è�«,
ª�ª®¢ −�©¤¥−−ë© á¬ëá«: ¢®§¬®¦−® ¯®¤å®¤ïé¨©, å®à®è® ¯®¤å®¤ïé¨©, ¯®¤å®-
¤ïé¨© −�¨«ãçè¨¬ ®¡à�§®¬ ¨«¨ −¥¯à¨¥¬«¥¬ë©. Š�ª ¯à�¢¨«®, «ãçè¥¥ à¥è¥−¨¥
¤®áâ¨£�«®áì ¢ ¯à¥¤«®¦¥−¨ïå-¯à¨¬¥à�å, £¤¥ «¨¡® á¬ëá« «¥ªá¥¬ë, «¨¡® á¬ëá« ¥¥
®−â®«®£¨ç¥áª¨å ¯®−ïâ¨© ®ª�§ë¢�«áï ¯®¤ áâà®£¨¬¨ ®£à�−¨ç¥−¨ï¬¨ [10]:

�à¨¬¥à 1. He shucked the corn (®− ¯®ç¨áâ¨« ªãªãàã§ã).

ˆ−â¥à¯à¥â�æ¨ï á¥¬�−â¨ç¥áª¨¬ �−�«¨§�â®à®¬ â¥ªáâ®¢ (á ®¡à�é¥−¨¥¬ ª ®à¨£¨-
−�«ì−®¬ã ¯à¥¤«®¦¥−¨î ¨ §�¬¥−®© X):
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(remove(theme(plant-part))

(agent(human(gender(male))))

(start-location(grain)))

(remove(theme(plant-part))

(agent(human(gender(male))))

(start-location(seednutgrain))) .

ˆ−®£¤� âàã¤−® ¢ë¡à�âì ª®àà¥ªâ−ë¥ ®¯¨á�−¨ï −¥ª®â®à®£® á®¡ëâ¨ï ª�ª ¢ ®â−®-
è¥−¨¨ á¢®©áâ¢ ¯® ã¬®«ç�−¨î, â�ª ¨ ¡�§®¢ëå ®£à�−¨ç¥−¨©. Šà®¬¥ â®£®, ¤®áâ�â®ç−®
§�âà�â−ë¬ ®ª�§ë¢�¥âáï ¨ ¢®¢«¥ç¥−¨¥ ¨−¦¥−¥à� ¯® §−�−¨ï¬ ¢ ¢¥à¨ä¨ª�æ¨î ¢á¥-
¢®§¬®¦−ëå ¨§¬¥−¥−¨©, ¯à®¨áå®¤ïé¨å á â�ª¨¬¨ ®¯¨á�−¨ï¬¨. �®«¥¥ ¯à®áâë¬
à¥è¥−¨¥¬ ¯à¥¤áâ�¢«ï¥âáï ¯à®¢¥àª� â®£®, ¨¬¥îâ «¨ ª�ª®©-â® á¬ëá« ¯à¥¤«®¦¥−¨ï
−� ¥áâ¥áâ¢¥−−®¬ ï§ëª¥, á¢ï§�−−ë¥ ª�ª¨¬¨-«¨¡® ¡�§®¢ë¬¨ ®£à�−¨ç¥−¨ï¬¨ ¨«¨
å�à�ªâ¥à¨áâ¨ª�¬¨. ’�ª¨¥ ¯à®¢¥àª¨ ¬®£ãâ ¢ë¯®«−ïâìáï ¨ −¥ á¯¥æ¨�«¨áâ�¬¨ ¯®
§�¤�−−®¬ã ä®à¬�«¨§¬ã, � ®¡ëç−ë¬¨ −®á¨â¥«ï¬¨ ï§ëª�, −� ª®â®à®¬ −�¯¨á�−ë
¯à¥¤«®¦¥−¨ï. ‚ëè¥¯à¨¢¥¤¥−−ë© ¬¥â®¤ ¯®¤¡®à� −�¨«ãçè¥£® ¯®−ïâ¨ï ¯à®¢®¤¨â
â�ªãî ¢¥à¨ä¨ª�æ¨î ¤«ï ®¯¨á�−¨ï, ®¯à¥¤¥«¥−−®£® ¯® ã¬®«ç�−¨î. �® −¥®¡å®¤¨¬®
â�ª¦¥ ¯à®¢®¤¨âì ¯à®¢¥àª¨ ¡�§®¢ëå ®£à�−¨ç¥−¨© [10].

�à¥¤¯®«®¦¨¬, çâ® áãé¥áâ¢ã¥â á®¡ëâ¨¥ E, å�à�ªâ¥à¨§ã¥¬®¥ á¢®©áâ¢®¬ P á
®¯¨á�−¨¥¬ F . �â® ®¯¨á�−¨¥ F ï¢«ï¥âáï ¨−¤¨ª�â®à®¬ â®£®, çâ® ¨ á�¬® ®¯¨á�−¨¥,
¨ ¥£® ú¯®â®¬ª¨û ¤®áâã¯−ë á¢®©áâ¢ã P ¢ á®®â¢¥âáâ¢¨¨ á ¬®¤¥«ìî ¬¨à�, ª®â®-
àãî ¯à¥¤áâ�¢«ï¥â ¤�−−�ï ®−â®«®£¨ï. ��¯à¨¬¥à, á®¡ëâ¨¥ ƒ“‹Ÿ’œ ¬®¦¥â ¨¬¥âì
��ƒ“ ¢ ª�ç¥áâ¢¥ ®¯¨á�−¨ï á¢®©áâ¢� ˆ�‘’÷“Œ…�’, −® −¥ ¬®¦¥â ¨¬¥âì ¢ ª�-
ç¥áâ¢¥ ú¯à¥¤ª�û ��ƒˆ ¯®−ïâ¨¥ Š��…—��‘’œ (¢ ¬¨à¥ ¤�−−®© ®−â®«®£¨¨ ¥áâì
®£à�−¨ç¥−¨¥ −� å®¦¤¥−¨¥ â®«ìª® −®£�¬¨, å®¦¤¥−¨¥ −� àãª�å −¥¯à¨¥¬«¥¬®) [10].

„«ï â®£® çâ®¡ë ¯à®¢¥à¨âì, ª®àà¥ªâ−® «¨ ¢ë¡à�−® ®¯¨á�−¨¥, à�áá¬�âà¨¢�îâáï
ú¯®â®¬®ªû (¥á«¨ ®− áãé¥áâ¢ã¥â) ¨ ú¯à¥¤®ªû ¨−â¥à¥áãîé¥£® ®¯¨á�−¨ï. �à®áâ®¥
¯à¥¤«®¦¥−¨¥ áâà®¨âáï ¯à¨ ¯®¬®é¨ á®¡ëâ¨ï E, á¢ï§�−−®£® á® á¢®©áâ¢®¬ P ¨ ¥£®
®¯¨á�−¨¥¬ F :

�à¨¬¥à 2. [All/most] animals walk on legs.

’�ª¨¬ ¦¥ ®¡à�§®¬ áâà®ïâáï ¨ ¯à¥¤«®¦¥−¨ï á ú¯®â®¬ª�¬¨û ¨ ú¯à¥¤ª�¬¨û:

�à¨¬¥à 3.
(a) [All/most] animals walk on hoofed legs.
(b) [All/most] animals walk on limbs.

‚á¥ ¯®¤®¡−ë¥ ¯à¥¤«®¦¥−¨ï ¯à¥¤®áâ�¢«ïîâáï −®á¨â¥«î ï§ëª�, ª®â®àë© ®æ¥-
−¨¢�¥â ¯à�¢¤®¯®¤®¡−®áâì §−�−¨©, ¢ëà�¦¥−−ëå ¢ íâ¨å ¯à¥¤«®¦¥−¨ïå. ‚ â�ª®¬
á«ãç�¥ ¯à¥¤«®¦¥−¨ï −¥ à�áá¬�âà¨¢�îâáï á â®çª¨ §à¥−¨ï £à�¬¬�â¨ç¥áª®© ª®à-
à¥ªâ−®áâ¨ [10].
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…á«¨ ¢ à�áá¬�âà¨¢�¥¬®¬ ¯à¥¤«®¦¥−¨¨ ¯®−ïâ¨¥-ú¯à¥¤®ªû (à®¤®¢®¥ ¯®−ïâ¨¥)
®ª�§ë¢�¥âáï ¢¥à−ë¬, ¯à¥¤«®¦¥−¨ï á ú¯®â®¬ª�¬¨û ®¯¨á�−¨ï F £¥−¥à¨àãîâáï
�−�«®£¨ç−ë¬ ®¡à�§®¬ ¨ ¯à®á¬�âà¨¢�îâáï −®á¨â¥«¥¬ ï§ëª�. ‚ à�áá¬�âà¨¢�¥¬®¬
á«ãç�¥ ¯à¥¤«®¦¥−¨¥ ú[All/most] animals walk on armsû ¡ë«® ¡ë á£¥−¥à¨à®¢�−®,
¥á«¨ ¡ë ú[All/most] animals walk on limbsû ®ª�§�«®áì ¢¥à−ë¬ [7].

�®á«¥ â®£® ª�ª ¯à¥¤«®¦¥−¨ï á ú¯à¥¤ª®¬û ¨ ú¯®â®¬ª�¬¨û ®¯¨á�−¨ï F ¯à®å®-
¤ïâ ¯à®¢¥àªã −®á¨â¥«¥¬ ï§ëª�, ¥£® ¢ë¢®¤ë ®âáë«�îâáï ¨−¦¥−¥àã ¯® §−�−¨ï¬, á
â¥¬ çâ®¡ë ®¯â¨¬¨§¨à®¢�âì áâ¥¯¥−ì ¤¥â�«¨§�æ¨¨ ®¯¨á�−¨ï á¢®©áâ¢� P á®¡ëâ¨ï E
¢ ®â−®è¥−¨¨ ¯à¨¬¥à®¢, ¯à®è¥¤è¨å ®æ¥−ªã −®á¨â¥«¥¬ ï§ëª�. …á«¨ −®á¨â¥«ì
ï§ëª� áç¨â�¥â, çâ® ¯à¥¤«®¦¥−¨¥ á ú¯®â®¬ª®¬û ®¯¨á�−¨ï F ¢¥à−®¥, ª�ª ¢ á«ãç�¥
á ¯à¨¬¥à®¬ 3a, ¢®§−¨ª�¥â −¥áª®«ìª® ¢®§¬®¦−®áâ¥© [10].

‚®-¯¥à¢ëå, ¨ ®¯¨á�−¨¥, ¨ ¥£® ú¯®â®¬ª¨û áç¨â�îâáï ¯à�¢¨«ì−ë¬¨. �â®
¢®§¬®¦−®, ¥á«¨ ¢á¥ ¦¨¢®â−ë¥ ¨¬¥îâ ª®¯ëâ�. ’�ª®© ¢®¯à®á −ã¦−® §�¤�¢�âì, ¥á«¨
£¥−¥à¨àãîâáï �−�«®£¨ç−ë¥ ¯à¥¤«®¦¥−¨ï ¨ ¢�à¨�−âë ¨å ®âà¨æ�−¨ï:

�à¨¬¥à 4. There are no animals whose legs are not hoofed.

…á«¨ ®â¢¥â ãâ¢¥à¤¨â¥«ì−ë©, áâ¥¯¥−ì ¤¥â�«¨§�æ¨¨ ®¯¨á�−¨ï F ¤®«¦−� ¡ëâì
¯¥à¥á¬®âà¥−�.

‚â®à�ï ¢®§¬®¦−®áâì á®áâ®¨â ¢ â®¬, çâ®, ¢®§¬®¦−®, áãé¥áâ¢ãîâ ¦¨¢®â−ë¥
¡¥§ ª®¯ëâ. ’�ª¨¥ ¯à¨¬¥àë ®¯¨á�−¨© ¬®£ãâ ¡ëâì ä®à¬�«¨§®¢�−ë ¢ ¢¨¤¥:
{CHILD-OF(F )}\HOOFED-LEG. —â®¡ë ¯à®¢¥à¨âì â�ª¨¥ ¢�à¨�−âë, −¥®¡-
å®¤¨¬® ¯à®¢¥à¨âì £àã¯¯ã ¯à¥¤«®¦¥−¨©, �−�«®£¨ç−ëå úSome animals walk on X
legsû, £¤¥ X ∈ {CHILD-OF(F )}\HOOFED-LEG. …á«¨ ¢á¥ íâ¨ ¯à¥¤«®¦¥−¨ï
®ª�§ë¢�îâáï ¢¥à−ë¬¨, áâ¥¯¥−ì ¤¥â�«¨§�æ¨¨ áç¨â�¥âáï ª®àà¥ªâ−®© [10].

…á«¨ ¦¥ −®á¨â¥«ì ï§ëª� ®¡−�àã¦¨¢�¥â, çâ® ¯à¥¤«®¦¥−¨¥ −¥¢¥à−®, ª�ª, −�-
¯à¨¬¥à, ú[All/most] animals walk on hoofed legsû, ¯à¥¤¯®«�£�¥âáï, çâ® úSome
animals walk on hoofed legsû | ¢¥à−®. ˆ−�ç¥ ¬®¦−® áç¨â�âì, çâ® «¨¡® ®−â®«®£¨ï
¯®áâà®¥−� −¥ª®àà¥ªâ−® ¨ ¯à¨§−�ª HOOFED-LEG −¥ ¤®«¦¥− ¡ëâì «¥£¨â¨¬−ë¬
ú¯®â®¬ª®¬û ®¡ê¥ªâ� LEG, «¨¡® ¨¬¥−−® íâ® ®¯¨á�−¨¥ HOOFED-LEG ¤®«¦−®
¡ëâì ¨áª«îç¥−® ¨§ ¨−áâàã¬¥−â� á®¡ëâ¨ï ƒ“‹Ÿ’œ [10].

’�ª¨¬ ®¡à�§®¬, «¥ªá¨ª®− �−â®«®£¨ç¥áª®© á¥¬�−â¨ç¥áª®© â¥å−®«®£¨¨ (®â¤¥«ì-
−ë© ¤«ï ª�¦¤®£® ï§ëª�) ¯à¥¤áâ�¢«ï¥â á®¡®© à¥áãàá, á®¥¤¨−ïîé¨© á«®¢� ï§ëª�
á® §−�−¨ï¬¨ ® ¬¨à¥, ª®â®àë¥ ®¯¨á�−ë ¢ ®−â®«®£¨¨. Š�¦¤�ï «¥ªá¨ç¥áª�ï ¥¤¨-
−¨æ� ¯à¥¤áâ�¢«¥−� á ®â®¡à�¦¥−¨¥¬ ¢á¥å ¥¥ ¢®§¬®¦−ëå á¬ëá«®¢ á ä®ªãá®¬ −� ¥¥
á¥¬�−â¨ç¥áª®© ¨−ä®à¬�æ¨¨ (sem-struc) ¨ á¨−â�ªá¨ç¥áª®¬ ®ªàã¦¥−¨¨ (syn-struc).
Syn-struc ãª�§ë¢�îâ ¡�§®¢ãî á¨−â�ªá¨ç¥áªãî ¨−ä®à¬�æ¨î ®¡ ¨á¯®«ì§®¢�−¨¨
®¯à¥¤¥«¥−−®£® á¬ëá«®¢®£® §−�ç¥−¨ï ¢ ¯à¥¤«®¦¥−¨¨. Sem-struc ¢ëà�¦�¥â §−�ç¥-
−¨¥ á¬ëá«� ®−â®«®£¨ç¥áª¨å ¯®−ïâ¨©, ¨å á¢®©áâ¢ ¨ ®¯¨á�−¨© [10].

�®¬¨¬® ¢ëè¥®¯¨á�−−ëå ¬¥â®¤®¢ ¢¥à¨ä¨ª�æ¨¨ ®−â®«®£¨¨ ¨ «¥ªá¨ª®−�, �¢â®-
àë [7] â�ª¦¥ ¨á¯®«ì§ãîâ à¥áãàá, ¯®§¢®«ïîé¨© ®¯à¥¤¥«ïâì «¥ªá¨ç¥áª¨¥ ¯à®¯ãáª¨.
�− äã−ªæ¨®−¨àã¥â á«¥¤ãîé¨¬ ®¡à�§®¬:
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{ áª�−¨àã¥â ¢ë¡à�−−ë© â¥ªáâ ¯à¨ ¯®¬®é¨ á¥¬�−â¨ç¥áª®£® �−�«¨§�â®à� â¥ªáâ®¢
¨ á®®¡é�¥â ® á«®¢�å, ¤«ï ª®â®àëå −¥ −�©¤¥−® á¬ëá«� (§�¯¨áë¢�¥â ¢ ®â¤¥«ì−ë©
ä�©« ¯® �«ä�¢¨âã ¨«¨ ¯® ç¨á«ã á¨¬¢®«®¢), ¨ ® á¬ëá«¥ á«®¢, ã ª®â®àëå ®−
¥áâì;

{ ¯®§¢®«ï¥â ãáâ�−�¢«¨¢�âì ä¨«ìâàë á®£«�á−® ª«�ááã á«®¢ (−�¯à¨¬¥à, ¤«ï áã-
é¥áâ¢¨â¥«ì−ëå ¨ £«�£®«®¢, ¨£−®à¨àãï ¯à¨ íâ®¬ ¨¬¥−� á®¡áâ¢¥−−ë¥);

{ ï¢«ï¥âáï ¯®«ã�¢â®¬�â¨ç¥áª¨¬ à¥áãàá®¬ ¤«ï ¯à®¢¥àª¨ ¯®«−®âë −®¢ëå ¯à¥¤-
¬¥â−ëå ®¡«�áâ¥© ¢ ®−â®«®£¨¨.

—â® ¯®ª�§�â¥«ì−®, íâ®â à¥áãàá â�ª¦¥ ¯®§¢®«ï¥â ¨««îáâà¨à®¢�âì â®, ª�ª
®¯¥à¨àã¥â á¬ëá«®¬ á¥¬�−â¨ç¥áª¨© �−�«¨§�â®à â¥ªáâ®¢ ¨ á®®¡é�âì ®¡ íâ®¬ ¢
à�§«¨ç−ëå ä�©«�å:

1. ‚ ¯¥à¢ë© ä�©« ¯®¬¥é�îâáï á¬ëá«ë, ã ª®â®àëå −¥â ¯à¨¬¥à®¢. �®íâ®¬ã −¥¤®-
áâ�îé¨¥ ¯à¨¬¥àë ¯à¥¤«®¦¥−¨© ¤®«¦−ë ¡ëâì ¤®¡�¢«¥−ë ¢ ®−â®«®£¨î, ¯®á«¥
ç¥£® á¬ëá«ë ®ª�§ë¢�îâáï ¢ ®¤−®© ¨§ âà¥å −¨¦¥¯¥à¥ç¨á«¥−−ëå ª�â¥£®à¨©.

2. ‚® ¢â®à®¬ ä�©«¥ åà�−ïâáï á¬ëá«ë, ã ª®â®àëå −¥â â¥ªáâ®¢ëå á¬ëá«®¢ëå
à¥¯à¥§¥−â�æ¨©. �®íâ®¬ã ¨å ¯à¨¬¥àë-¯à¥¤«®¦¥−¨ï ¤®«¦−ë ¡ëâì ¯à®�−�«¨-
§¨à®¢�−ë ®â¤¥«ì−® ¢¬¥áâ¥ á ®−â®«®£¨¥©, «¥ªá¨ª®−®¬ ¨ ¬®¤ã«ï¬¨ á¥¬�−â¨ç¥-
áª®£® �−�«¨§�â®à� â¥ªáâ®¢.

3. ‚ âà¥âì¥¬ ä�©«¥ à�á¯®«®¦¥−ë á¬ëá«ë, ª®â®àë¥ ¨¬¥îâ â¥ªáâ®¢ë¥ á¬ëá«®¢ë¥
à¥¯à¥§¥−â�æ¨¨, −® â�ª¨¥, çâ® −¥ ®¯¥à¨àãîâ á¬ëá«®¬, ¤«ï ª®â®à®£® ®−¨
¯à¥¤−�§−�ç¥−ë. ˆá¯à�¢«¥−¨ï ¯à®¨áå®¤ïâ, ª�ª ¨ ¢ ¯à¥¤ë¤ãé¥¬ ª«�áá¥.

4. ‚ ç¥â¢¥àâ®¬ ä�©«¥ | á¬ëá«ë, ª®â®àë¥ −¥ ¯à¨¢®¤ïâ ª â¥ªáâ®¢ë¬ á¬ëá«®¢ë¬
à¥¯à¥§¥−â�æ¨ï¬ ¢ ª®àà¥ªâ−®¬ ¢¨¤¥.

Š�¦¤�ï ª�â¥£®à¨ï ®âª«®−¥−¨© ¢ á¥¬�−â¨ª¥ ®â¤¥«ì−ëå á«®¢ ¨ á¢ï§�−−ëå á
−¨¬¨ ¯à¥¤«®¦¥−¨© à�áá¬�âà¨¢�¥âáï á¯¥æ¨�«¨áâ�¬¨ ¤«ï ¢−¥á¥−¨ï �¤¥ª¢�â−ëå
¨§¬¥−¥−¨© ª�ª ¢ «¥ªá¨ª®−¥, â�ª ¨ ¢ ®−â®«®£¨¨ [10].

„«ï ¢¥à¨ä¨ª�æ¨¨ «¥ªá¨ª®−� â�ª¦¥ ¨á¯®«ì§ã¥âáï ¢¨§ã�«¨§�æ¨ï ¢¨àâã�«ì−®©
®−â®«®£¨¨. •®âï ®−â®«®£¨ï §�¢¨á¨â ®â ï§ëª�, «î¡ë¥ ¤¢¥ ¥¤¨−¨æë á íª¢¨-
¢�«¥−â−ë¬¨ sem-struc −� à�§−ëå ï§ëª�å ¢ëà�¦�îâ ®¤−® ¨ â® ¦¥ §−�ç¥−¨¥ ¢
�−â®«®£¨ç¥áª®© á¥¬�−â¨ç¥áª®© á¨áâ¥¬¥. �®íâ®¬ã �¢â®àë ¯®«�£�îâ, çâ® ¢ à�¬-
ª�å ®¤−®£® ï§ëª� â¥ á¬ëá«ë, çâ® ¨¬¥îâ íª¢¨¢�«¥−â−ë¥ sem-struc, ï¢«ïîâáï
á¨−®−¨¬�¬¨ á §�¤�−−®© áâ¥¯¥−ìî ¤¥â�«¨§�æ¨¨ [10]:

�à¨¬¥à 5.
(lion-n1
(sem-struc(lion))
)
(cub-n1
(sem-struc(lion(age(value(young)))))
) (cat-n1
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(sem-struc(cat))
)
(kitten-n1
(sem-struc(cat(age(value(young)))))
)
(goat-n1
(sem-struc(goat))
)
(human-n1
(sem-struc(human))
)
(kid-n1
(sem-struc(human(age(value(young)))))
)
(kid-n2
(sem-struc(goat))
)

‚ ¯à¨¬¥à¥ 5 ¤«ï ª�¦¤®© ¯�àë á¬ëá«®¢ lion-n1/cub-n1,
cat-n1/kitten-n1,human-n1/kid-n1, ¢¨§ã�«¨§�æ¨ï ¢¨àâã�«ì−®© ®−â®«®£¨¨ ¯®-
§¢®«ï¥â ã¢¨¤¥âì ã§¥« à®¤¨â¥«ì{à¥¡¥−®ª (à¨á. 2). ��à� goat-n1/kid-n2 á¢ï§�−�
á ®¤−¨¬ ¨ â¥¬ ¦¥ ¯®−ïâ¨¥¬. „�¦¥ ¡¥§ ¯à¥¤¢�à¨â¥«ì−®© ¯®¤£®â®¢ª¨ −®á¨â¥«ì
ï§ëª� §�¬¥â¨â −¥¯®á«¥¤®¢�â¥«ì−®áâì ¢ à�áá¬®âà¥−¨¨ ¢§à®á«ëå ¬«¥ª®¯¨â�îé¨å
¨ ¨å ¤¥â¥−ëè¥©. ˆ å®âï ã á«®¢� kid (à¥¡¥−®ª) ¥áâì ¤®¯®«−¨â¥«ì−ë© á¬ëá«, íâ®
−¥ ¬¥−ï¥â áãâ¨ ¤¥«�.

�â®â ¬¥â®¤ ¬®¦−® â�ª¦¥ ¨á¯®«ì§®¢�âì ¯à¨ ¯®¨áª¥ ¤àã£¨å −¥¯®á«¥¤®¢�â¥«ì-
−®áâ¥©. ��¯à¨¬¥à, ¯à¨ á®§¤�−¨¨ à�§«¨ç−ëå á¥¬�−â¨ç¥áª¨å áâàãªâãà á¬ëá«®¢,
ª®â®àë¥ ¬®£ãâ ¡ëâì á¨−®−¨¬�¬¨, á ¯à®¯ãáª�¬¨ −¥ª®â®àëå «¥ªá¨ç¥áª¨å ¥¤¨−¨æ,
� â�ª¦¥ −¥®¡®á−®¢�−−® ®£à�−¨ç¥−−ëå ¥¤¨−¨æ [10].

÷¨á. 2 �â−®á¨â¥«ì−®¥ à�á¯®«®¦¥−¨¥ −¥ª®â®àëå á¬ëá«®¢ á®£«�á−® ¢¨àâã�«ì−®© ®−â®-
«®£¨¨
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2.3 Классификация веб-страниц и алгоритм извлечения атрибутов

…é¥ ®¤−� à�¡®â�, á®¤¥à¦�é�ï í«¥¬¥−âë «¥ªá¨ª®-á¥¬�−â¨ç¥áª®£® ¯®¤å®¤�
ª �−�«¨§ã â¥ªáâ®¢ ¨ ¨§¢«¥ç¥−¨î §−�−¨© ¨§ −¨å, ¯®á¢ïé¥−� ¢«¨ï−¨î −®¢®£®
�«£®à¨â¬� ¨§¢«¥ç¥−¨ï �âà¨¡ãâ®¢ −� ª«�áá¨ä¨ª�æ¨î ¢¥¡-áâà�−¨æ [12].

�¢â®àë ¬®â¨¢¨àãîâ á¢®© ¨−â¥à¥á ª ª«�áá¨ä¨ª�æ¨¨ ¢¥¡-à¥áãàá®¢ ¯® ª®−â¥−âã
â¥¬, çâ® áâà¥¬¨â¥«ì−ë© à®áâ ç¨á«� ¢¥¡-áâà�−¨æ ¢ ˆ−â¥à−¥â¥ §�âàã¤−ï¥â ¯®¨áª ¨
®¡ê¥¤¨−¥−¨¥ ¯®å®¦¨å áâà�−¨æ. ’�ª¨¥ áâà�−¨æë −¥ ®à£�−¨§®¢�−ë ¢ á®®â¢¥âáâ¢¨¨
á ª�ª¨¬-«¨¡® «®£¨ç¥áª¨¬ ¯®àï¤ª®¬, ¯®íâ®¬ã à¥§ã«ìâ�âë ¤®áâã¯� ª ¤�−−ë¬ ¨
¨−ä®à¬�æ¨®−−ë© ¯®¨áª ç�áâ® −¥¯à¥¤áª�§ã¥¬ë. ‚ áâ�âì¥ ®¯¨á�− àï¤ ¬¥â®¤®¢ ¨
¯®¤å®¤®¢, ª®â®àë¥ ¯à¨¬¥−ï«¨áì ¤«ï à�§à¥è¥−¨ï íâ®© ¯à®¡«¥¬ë.

˜¨à®ª® ¨á¯®«ì§ã¥âáï ¢ §�¤�ç�å â¥ªáâ®¢®© ª«�áá¨ä¨ª�æ¨¨ ¬®¤¥«ì ¢¥ªâ®à−®£®
¯à®áâà�−áâ¢�, ¢ à�¬ª�å ª®â®à®© ¤®ªã¬¥−âë ¯à¥¤áâ�¢«¥−ë ¢ ¢¨¤¥ ¢¥ªâ®à®¢ á
−�¡®à®¬ ¨¤¥−â¨ä¨ª�â®à®¢ (−�¯à¨¬¥à, á«®¢� ª�ª â¥à¬¨−ë). �âã ¬®¤¥«ì ç�áâ®
−�§ë¢�îâ ú¬¥è®ç−®©û (bag-of-words model). ‘®£«�á−® ú¬¥è®ç−®©û ¬®¤¥«¨
ª�¦¤ë© ¤®ªã¬¥−â ï¢«ï¥âáï −¥ª®â®àë¬ ¢¬¥áâ¨«¨é¥¬ á«®¢, ª®â®àë¥ ¢å®¤ïâ ¢ −¥£®.
…á«¨ ¯¥à¥á¬®âà¥âì â�ª®¥ ¯à¥¤áâ�¢«¥−¨¥ ®â−®á¨â¥«ì−® ¢¥ªâ®à−®£® ¯à®áâà�−áâ¢�,
â®, ¯® áãâ¨, ª�¦¤ë© â¥à¬¨− ï¢«ï¥âáï ¨§¬¥à¥−¨¥¬ ¤«ï ¢¥ªâ®à®¢ ¤®ªã¬¥−â�.
�¤−�ª® â�ª®© á¯®á®¡ ¯à¥¤áâ�¢«¥−¨ï ¯®à®¦¤�¥â ¬−®£® ¨§¬¥à¥−¨© ¢ à�¬ª�å ®¤−®£®
¤®ªã¬¥−â�. �¢â®àë ¯à¥¤«�£�îâ ¤¢� íää¥ªâ¨¢−ëå á¯®á®¡� ¯à¥®¤®«¥−¨ï íâ®©
¯à®¡«¥¬ë: ®â¡®à �âà¨¡ãâ®¢ ¨ ¨§¢«¥ç¥−¨¥ �âà¨¡ãâ®¢ [12].

�«£®à¨â¬ë ¯® ®â¡®àã �âà¨¡ãâ®¢ á¯®á®¡áâ¢ãîâ á−¨¦¥−¨î à�§¬¥à−®áâ¨ ¯à®-
áâà�−áâ¢� á«¥¤ãîé¨¬ ®¡à�§®¬. ‚¬¥áâ® â®£® çâ®¡ë ¨á¯®«ì§®¢�âì ¢á¥ á«®¢� ¤®ªã-
¬¥−â� ª�ª �âà¨¡ãâë, íâ¨ �«£®à¨â¬ë ®æ¥−¨¢�îâ �âà¨¡ãâë −� ®á−®¢�−¨¨ ®á®¡®£®
ª«�áá¨ä¨ª�â®à�, á â¥¬ çâ®¡ë −�©â¨ ®¯â¨¬�«ì−®¥ ¯®¤¬−®¦¥áâ¢® â¥à¬¨−®¢ [12].
‚ à¥§ã«ìâ�â¥ | á−¨¦¥−¨¥ §�âà�â −� ª«�áá¨ä¨ª�æ¨î ¨ ¯®¢ëè¥−¨¥ ¥¥ â®ç−®áâ¨.
‘à¥¤¨ −�¨¡®«¥¥ ¨§¢¥áâ−ëå �«£®à¨â¬®¢ ¯® ®â¡®àã �âà¨¡ãâ®¢: �«£®à¨â¬ ç�áâ®â−®áâ¨
¤®ªã¬¥−â®¢, Chi-áâ�â¨áâ¨ª�, à�ááâ®ï−¨¥ Šã«ì¡�ª�{‹¥©¡«¥à� ¨ â. ¯. �¥¤®áâ�â®ª
�«£®à¨â¬®¢ ¯® ®â¡®àã �âà¨¡ãâ®¢ á®áâ®¨â ¢ â®¬, çâ® ¯à®æ¥¤ãà� ®â¡®à� ®æ¥−¨¢�¥âáï
¢ á®®â¢¥âáâ¢¨¨ á ®¯à¥¤¥«¥−−ë¬ ª«�áá¨ä¨ª�â®à®¬. �®íâ®¬ã ¯®«ãç¥−−®¥ ¯®¤¬−®-
¦¥áâ¢® −¥ ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�−® ¤àã£¨¬ ª«�áá¨ä¨ª�â®à®¬ ¤«ï ã«ãçè¥−¨ï ¥£®
¦¥ ª�ç¥áâ¢� [13].

�«£®à¨â¬ë ¯® ¨§¢«¥ç¥−¨î �âà¨¡ãâ®¢ −¥ −�áâ®«ìª® à¥áãàá®¥¬ª¨¥, ª®£¤� à¥çì
¨¤¥â ®¡ ®å¢�â¥ ¡®«ìè®£® ¬�áá¨¢� ¤�−−ëå. Œ−®£®¬¥à−�ï ¨ −¥®¤−®à®¤−�ï áâàãª-
âãà� ¬®¤¥«¨ ¢¥ªâ®à−®£® ¯à®áâà�−áâ¢� âà¥¡ã¥â ¡®«ìè¨å ®¡ê¥¬®¢ ¯�¬ïâ¨ ¨ ¢ëç¨á-
«¨â¥«ì−®© ¬®é−®áâ¨. –¥«ì �«£®à¨â¬®¢ ¯® ¨§¢«¥ç¥−¨î �âà¨¡ãâ®¢ §�ª«îç�¥âáï
¢ ª®¬¡¨−¨à®¢�−¨¨ â¥à¬¨−®¢ á â¥¬, çâ®¡ë áä®à¬¨à®¢�âì −®¢®¥ ®¯¨á�−¨¥ ¤�−−ëå
á §�¤�−−®© áâ¥¯¥−ìî â®ç−®áâ¨. ˆ§¢«¥ç¥−¨¥ �âà¨¡ãâ®¢ ¯®§¢®«ï¥â á¯à®¥æ¨à®¢�âì
¬−®£®¬¥à−ë¥ ¤�−−ë¥ ¢ ¯à®áâà�−áâ¢® á ¡®«¥¥ −¨§ª®© à�§¬¥à−®áâìî. ‘à¥¤¨ −�¨-
¡®«¥¥ ¨§¢¥áâ−ëå ¯®¤å®¤®¢ ¤�−−®£® −�¯à�¢«¥−¨¨ | ¬¥â®¤ £«�¢−ëå ª®¬¯®−¥−â
(principal components analysis, PCA), Isomap ¨ «�â¥−â−ë© á¥¬�−â¨ç¥áª¨© �−�-
«¨§ (latent semantic analysis, LSA). ‹�â¥−â−®¥ á¥¬�−â¨ç¥áª®¥ ¨−¤¥ªá¨à®¢�−¨¥
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®á−®¢�−® −� ‹�â¥−â−®¬ á¥¬�−â¨ç¥áª®¬ �−�«¨§¥. ‘¥£®¤−ï íâ® á�¬ë© è¨à®ª®
¨á¯®«ì§ã¥¬ë© �«£®à¨â¬, ¯à¨¬¥−ï¥¬ë© ¢ §�¤�ç�å ¯®¨áª� ¨ ¨§¢«¥ç¥−¨ï ¤�−-
−ëå [14].

’ãà¥æª¨¥ ¨áá«¥¤®¢�â¥«¨ ¯à®¢¥«¨ ®¡§®à ¨ �−�«¨§ ¤¢ãå −�¨¡®«¥¥ ç�áâ® ¨á¯®«ì-
§ã¥¬ëå ¨ å®à®è® á¥¡ï §�à¥ª®¬¥−¤®¢�¢è¨å �«£®à¨â¬®¢ ¯® ¨§¢«¥ç¥−¨î �âà¨¡ãâ®¢:
¬¥â®¤ £«�¢−ëå ª®¬¯®−¥−â (PCA) ¨ «�â¥−â−ë© á¥¬�−â¨ç¥áª¨© �−�«¨§ (LSA).

Œ¥â®¤ £«�¢−ëå ª®¬¯®−¥−â âà�−áä®à¬¨àã¥â −�¡®à ¢§�¨¬®á¢ï§�−−ëå ¯¥à¥-
¬¥−−ëå, £«�¢−ëå ª®¬¯®−¥−â, ¢ −�¡®à, £¤¥ ¨å ¬¥−ìè¥. �¢â®à®¬ ¬¥â®¤� ï¢«ï¥âáï
�¨àá®− (1901 £.) [13]. —�é¥ ¢á¥£® ®− ¨á¯®«ì§ã¥âáï ¤«ï ¨áá«¥¤®¢�â¥«ìáª®£® �−�«¨-
§� ¤�−−ëå, � ¨¬¥−−®: ¤«ï ¨§¢«¥ç¥−¨ï �âà¨¡ãâ®¢ ¯ãâ¥¬ á®åà�−¥−¨ï å�à�ªâ¥à¨áâ¨ª
−�¡®à� ¤�−−ëå, ª®â®àë¥ ®ª�§ë¢�îâ ¬�ªá¨¬�«ì−®¥ ¢«¨ï−¨¥ −� ¥£® à�§¡à®á, â. ¥.
¤«ï §�¯®¬¨−�−¨ï £«�¢−ëå ª®¬¯®−¥−â −¨§è¨å ¯®àï¤ª®¢, ª®â®àë¥, ª�ª ¯à�¢¨«®,
à�á¯®«�£�îâ á�¬ë¬¨ ¢�¦−ë¬¨ �á¯¥ªâ�¬¨ ¤�−−ëå. �â® ¢ë¯®«−ï¥âáï ¯ãâ¥¬ ¯à®-
¥ªæ¨¨ −®¢®£® £¨¯¥à¯«�−� á ¨á¯®«ì§®¢�−¨¥¬ ¢−ãâà¥−−¨å ¢¥á®¢ ¨ ¢¥ªâ®à®¢. Œ¥â®¤
£«�¢−ëå ª®¬¯®−¥−â ¯à¨¬¥−ï¥âáï ¢ §�¤�ç�å à�á¯®§−�¢�−¨ï ®¡à�§®¢.

‹�â¥−â−ë© á¥¬�−â¨ç¥áª¨© �−�«¨§ ¡ë« §�¯�â¥−â®¢�− ¢ 1988 £. [14]. �â® ¬¥â®¤,
ª®â®àë© ¯®§¢®«ï¥â �−�«¨§¨à®¢�âì ®â−®è¥−¨ï ¬¥¦¤ã −�¡®à®¬ â¥ªáâ®¢ëå ¤®ªã-
¬¥−â®¢ ¨ â¥à¬¨−�¬¨, ª«îç¥¢ë¬¨ á«®¢�¬¨, ª®â®àë¥ ®−¨ á®¤¥à¦�â, ¯®áà¥¤áâ¢®¬
£¥−¥à�æ¨¨ ¬−®¦¥áâ¢� á¢ï§�−−ëå á −¨¬¨ ¯®−ïâ¨©. Š�ª ¨ ¯à¥¤¯®«�£�¥âáï ¢ −�-
§¢�−¨¨ ¬¥â®¤�, ¯à®æ¥¤ãà� á¨−£ã«ïà−®£® à�§«®¦¥−¨ï à�áª«�¤ë¢�¥â ¬�âà¨æã −�
¬−®¦¥áâ¢® ¬¥−ìè¨å, «�â¥−â−ëå ª®¬¯®−¥−â. ‹�â¥−â−ë© á¥¬�−â¨ç¥áª¨© �−�«¨§
¨á¯®«ì§ã¥â á¨−£ã«ïà−®¥ à�§«®¦¥−¨¥ ¤«ï ¯®¨áª� ¢§�¨¬®á¢ï§¥© ¬¥¦¤ã ¤®ªã¬¥−-
â�¬¨. �â� ¯à®æ¥¤ãà� à�§¡¨¢�¥â ¬�âà¨æã â¥à¬¨−®¢-¤®ªã¬¥−â®¢ −� ¬−®¦¥áâ¢®
¬¥−ìè¨å ª®¬¯®−¥−â. �«£®à¨â¬ LSA ¬¥−ï¥â ®¤−ã ¨§ íâ¨å ª®¬¯®−¥−â (á®ªà�é�¥â
ç¨á«® ¨§¬¥à¥−¨©) ¨ §�â¥¬ ª®¬¡¨−¨àã¥â ¨§ −¨å −®¢ãî ¬�âà¨æã ¢¨¤�, �−�«®£¨ç-
−®£® ®à¨£¨−�«ì−®© ¬�âà¨æ¥. ‹�â¥−â−®¥ á¥¬�−â¨ç¥áª®¥ ¨−¤¥ªá¨à®¢�−¨¥ (latent
semantic indexing, LSI), ®á−®¢�−−®¥ −� LSA, ç�é¥ ¢á¥£® ¨á¯®«ì§ã¥âáï ¢ §�¤�ç�å
¨−ä®à¬�æ¨®−−®£® ¯®¨áª� ¢¥¡-áâà�−¨æ ¨ ª«�áâ¥à¨§�æ¨¨ â¥ªáâ®¢ëå ¤®ªã¬¥−â®¢, �
â�ª¦¥ ¤«ï ª«�áá¨ä¨ª�æ¨¨ â¥ªáâ®¢ â¨¯� ú¨−ä®à¬�æ¨®−−®© ä¨«ìâà�æ¨¨û.

�«£®à¨â¬, ¯à¥¤«®¦¥−−ë© �¢â®à�¬¨ à�¡®âë [12], â�ª¦¥ ¨§¢«¥ª�¥â �âà¨¡ãâë
¨§ ¢¥ªâ®à−®£® ¯à®áâà�−áâ¢� ¨ ¯à®¥æ¨àã¥â ¨å ¢ −®¢®¥ £¨¯¥à¯à®áâà�−áâ¢® á ç¨á«®¬
¨§¬¥à¥−¨©, à�¢−ë¬ ç¨á«ã ª«�áá®¢.

„«ï �¯à®¡�æ¨¨ á¢®¥£® �«£®à¨â¬� ¨ à�§à�¡®âª¨ �¢â®¬�â¨ç¥áª®£® ª«�áá¨ä¨ª�-
â®à� ¤«ï Dmoz Turkish directory1 �¢â®àë −�¡à�«¨ â¥áâ®¢ë© −�¡®à ¤�−−ëå. ‘ íâ®©
æ¥«ìî ®−¨ ®â®¡à�«¨ 28 567 −¥ ¯®¢â®àïîé¨åáï ¢¥¡-áâà�−¨æ −� âãà¥æª®¬ ï§ëª¥.
‘à¥¤¨ −¨å ¡ë«® ¢ë¤¥«¥−® 13 ®á−®¢−ëå ª�â¥£®à¨© (¨ 758 ¯®¤ª�â¥£®à¨©) â�ª¨å,
−�¯à¨¬¥à, ª�ª ú��ãª�û, ú�®¢®áâ¨û, úˆ£àëû ¨ â. ¯. [12].

�¤−�ª®, ¯®áª®«ìªã −�¡®à ¤�−−ëå ¯à¥¤áâ�¢«¥− ¢ −¥®¡à�¡®â�−−®¬ html-ä®à-
¬�â¥, ¥£® −¥®¡å®¤¨¬® ¡ë«® ¯à®¯ãáâ¨âì ç¥à¥§ html-¯�àá¥à (�¢â®àë ¨á¯®«ì§®¢�«¨

1Dmoz Turkish directory | à�§−®¢¨¤−®áâì ¨−ä®à¬�æ¨®−−®-¯®¨áª®¢®© ¬�è¨−ë ¨ ª«�áá¨ä¨ª�-
â®à� ¢¥¡-áâà�−¨æ (ª�ª Yahoo!, −�¯à¨¬¥à).
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÷¨á. 3 ÷�á¯à¥¤¥«¥−¨¥ â¥à¬¨−®¢ ¨ ¤®ªã¬¥−â®¢ ¢ −�¡®à¥ ¤�−−ëå

®¡é¥¤®áâã¯−ë© à¥áãàá http://htmlparser.sourceforge.net). �®«ãç¨¢ ¢ à¥§ã«ìâ�â¥
á®¤¥à¦¨¬®¥ ¢¥¡-áâà�−¨æ, ¨áá«¥¤®¢�â¥«¨ ¢ëç¨á«¨«¨ áâ�â¨áâ¨ªã â¥à¬¨−®¢ ¤«ï
®¡§®à� à¥«¥¢�−â−ëå ¢ë¤¥«¥−−ë¬ ª�â¥£®à¨ï¬ ¤®ªã¬¥−â®¢ [12].

�� à¨á. 3 ¨§®¡à�¦¥−® à�á¯à¥¤¥«¥−¨¥ â¥à¬¨−®¢ ¨ ¤®ªã¬¥−â®¢: ª®«¨ç¥áâ¢®
â¥¬�â¨ç¥áª¨å â¥à¬¨−®¢ ¢ ¤®ªã¬¥−â�å ¨ ª®«¨ç¥áâ¢® ¤®ªã¬¥−â®¢ á ®¯à¥¤¥«¥−−ë¬
ç¨á«®¬ â¥à¬¨−®¢. �®áª®«ìªã à�á¯à¥¤¥«¥−¨¥ −¥à�¢−®¬¥à−®¥, �¢â®àë ®â®¡à�-
«¨ «¨èì â¥ ¤®ªã¬¥−âë, £¤¥ ª®−æ¥−âà�æ¨ï ª«îç¥¢ëå á«®¢ ¬�ªá¨¬�«ì−�ï. ‡�-
¢¥àè�îé¨¬ íâ�¯®¬ ¯®¤£®â®¢ª¨ −�¡®à� ¤�−−ëå áâ�«� ®¡à�¡®âª� â¥à¬¨−®¢ ¤«ï
ã¤�«¥−¨ï ¨å ¨§¬¥−ï¥¬ëå ç�áâ¥© (âãà¥æª¨©, ª�ª ¨ àãááª¨© ï§ëª, ï¢«ï¥âáï
ä«¥ªâ¨¢−ë¬ ï§ëª®¬) ¨ ä¨«ìâà�æ¨ï áâ®¯-á«®¢ (−¥ ®â−®áïé¨åáï ¯® â¥¬�â¨ª¥ ª
¤®ªã¬¥−â�¬) [12].

‚ á¢®¥¬ �«£®à¨â¬¥ ¨§¢«¥ç¥−¨ï �âà¨¡ãâ®¢ âãà¥æª¨¥ á¯¥æ¨�«¨áâë −¥ ¨á¯®«ì§®-
¢�«¨ −¨ á®¡áâ¢¥−−ëå ¢¥ªâ®à®¢ ¨ §−�ç¥−¨© [15], −¨ á¨−£ã«ïà−®£® à�§«®¦¥−¨ï [16].
�−¨ ã¤¥«¨«¨ ®á®¡®¥ ¢−¨¬�−¨¥ ¢¥á�¬ â¥à¬¨−®¢ ¨ ¨å ¢¥à®ïâ−®áâ−ë¬ à�á¯à¥¤¥-
«¥−¨ï¬ ¯® ¢ë¤¥«¥−−ë¬ ª«�áá�¬. �¢â®àë ¯à®¥æ¨à®¢�«¨ ¢¥à®ïâ−®áâ¨ â¥à¬¨−®¢
−� ª«�ááë ¨ áã¬¬¨à®¢�«¨ íâ¨ ¢¥à®ïâ−®áâ¨, çâ®¡ë ¢ëç¨á«¨âì ¢«¨ï−¨¥ ª�¦¤®£®
â¥à¬¨−� −� ª�¦¤ë© ª«�áá [12].

‚ à�¡®â¥ âãà¥æª¨å ¨áá«¥¤®¢�â¥«¥© [12] ¯à¨¢¥¤¥− ªà�âª¨© ¯à¨¬¥à ¤«ï ¨««î-
áâà�æ¨¨ à�¡®âë ¨å �«£®à¨â¬�. �ãáâì ¨¬¥¥âáï 8 â¥à¬¨−®¢, 6 ¤®ªã¬¥−â®¢ ¨ 2 ª«�áá�
(à¨á. 4). ÷¥«¥¢�−â−�ï ¬�âà¨æ� â¥à¬¨−®¢-¤®ªã¬¥−â®¢ ¯à¨¢¥¤¥−� ¢ â�¡«. 5.

Ÿç¥©ª¨ â�¡«. 5 á®®â¢¥âáâ¢ãîâ ¢¥á�¬ â¥à¬¨−®¢, ¢ëç¨á«¥−−ë¬ ¯® ä®à¬ã«¥

nci,k =
∑

j

ni,j , Dj ∈ Ck ,

£¤¥ ni,j | ç¨á«® ¢áâà¥ç�¥¬®áâ¨ â¥à¬¨−� ti ¢ ¤®ªã¬¥−â¥ Dj ¨ ¢ëç¨á«ï¥âáï
áã¬¬�à−®¥ ç¨á«® ¢áâà¥ç�¥¬®áâ¨ â¥à¬¨−� ti ¢ ª«�áá¥ Ck.
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„�«¥¥ �¢â®àë ¢ëç¨á«ïîâ ¢¥á� â¥à-

÷¨á. 4 �à¨¬¥à −�¡®à� ¤�−−ëå ¤«ï ¤¥¬®−-
áâà�æ¨¨ à�¡®âë �«£®à¨â¬�

¬¨−®¢ ¯® ª«�áá�¬:

wi,k = log (nci,k + 1) log

(
N

Ni

)
,

£¤¥ ®¯à¥¤¥«ï¥âáï ¢¥á â¥à¬¨−� ti (¢
¤®ªã¬¥−â¥ Dj ), ª®â®àë© ¢«¨ï¥â −�
ª«�áá Ck.

�â® ¯®à®¦¤�¥â ¬�âà¨æã I × K
(I â¥à¬¨−®¢ −� K ª«�áá®¢), ¯à¨¢¥-
¤¥−−ãî ¢ â�¡«. 6.

�®á«¥ ¯à¨¬¥−¥−¨ï ä®à¬ã«:

Yk =
∑

i

wi,k , wi ∈ Dj , (1)

£¤¥ ¢ëç¨á«ï¥âáï áã¬¬�à−ë© íää¥ªâ
â¥à¬¨−®¢ ®¯à¥¤¥«¥−−®£® ¤®ªã¬¥−â� −�
ª«�áá Ck, ¨

newTermk =
Yk∑

k

Yk
, (2)

£¤¥ −®à¬�«¨§ãîâáï −®¢ë¥ â¥à¬¨−ë, ¡ë«� ¯®«ãç¥−� à¥¤ãæ¨à®¢�−−�ï ¬�âà¨æ� J ×
× K á ¨§¢«¥ç¥−−ë¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨ ®¡à�¡�âë¢�¥¬ëå ¤®ªã¬¥−â®¢ (J ¤®ªã-
¬¥−â®¢ −� K ª«�áá®¢).

÷¥§ã«ìâ¨àãîé�ï ¬�âà¨æ� ¯à¨¢¥¤¥−� ¢ â�¡«. 7 ¨ −� à¨á. 5.

’�¡«¨æ� 5 Œ�âà¨æ� â¥à¬¨−®¢-¤®ªã¬¥−â®¢
¤«ï â¥áâ®¢®£® −�¡®à� ¤�−−ëå

D1 D2 D3 D4 D5 D6
t1 1 0 0 0 0 0
t2 1 1 2 0 0 1
t3 1 0 0 0 0 0
t4 0 1 0 0 0 0
t5 0 0 1 1 1 1
t6 0 0 0 1 0 1
t7 0 0 0 0 1 0
t8 0 1 0 0 1 0

’�¡«¨æ� 6 ‚¥á� â¥à¬¨−®¢ ¯® ª«�á-
á�¬ ¤«ï â¥áâ®¢®£® −�¡®à� ¤�−−ëå

C1 C2
t1 0,234 0
t2 0,123 0,053
t3 0,234 0
t4 0,234 0
t5 0,053 0,106
t6 0 0,228
t7 0 0,234
t8 0,144 0,144
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ˆ§¢«¥ç¥−−ë¥ §−�ç¥−¨ï ¬®¦−® â�ª¦¥ ¢®á¯à¨-
’�¡«¨æ� 7 ‚¥á� ¤®ªã¬¥−â®¢
¯® ª«�áá�¬ ¤«ï â¥áâ®¢®£® −�¡®-
à� ¤�−−ëå

C1 C2
D1 0,918 0,082
D2 0,718 0,282
D3 0,585 0,415
D4 0,137 0,863
D5 0,289 0,711
D6 0,313 0,687

−¨¬�âì ª�ª ¢¥à®ïâ−®áâ¨ ¯à¨−�¤«¥¦−®áâ¨ ¤®ªã-
¬¥−â®¢ ª«�áá�¬ (á¬. à¨á. 5). ��¯à¨¬¥à, á®¤¥à-
¦¨¬®¥ D4 £®¢®à¨â ® â®¬, çâ® íâ®â ¤®ªã¬¥−â −�
84% ¯à¨−�¤«¥¦¨â ª«�ááã 2 ¨ −� 16% | ª«�ááã 1.
’�ª¨¬ ®¡à�§®¬, ¬¥â®¤ ¨§¢«¥ç¥−¨ï, ¨§«®¦¥−−ë©
¢ [12], ¬®¦¥â ¡ëâì â�ª¦¥ ¨á¯®«ì§®¢�− ¢ ª�ç¥áâ¢¥
á�¬®áâ®ïâ¥«ì−®£® ª«�áá¨ä¨ª�â®à�. Š®£¤� �¢â®àë
¯®«ãç�îâ −®¢ë© ¤®ªã¬¥−â, ¨å á¨áâ¥¬� ¯à¨−¨¬�¥â
à¥è¥−¨¥, ª ª�ª®¬ã ª«�ááã ¯à¨−�¤«¥¦¨â íâ®â ¤®ªã-
¬¥−â, ¯à¨¬¥−ïï ä®à¬ã«ë (1) ¨ (2) ª á®¤¥à¦¨¬®¬ã
−®¢®£® ¤®ªã¬¥−â� [12].

÷¨á. 5 ‚¨§ã�«¨§�æ¨ï â�¡«. 7

÷¥§ã«ìâ�âë ¨áá«¥¤®¢�−¨© [12] ¯®ª�§�«¨, çâ® ¯®á«¥ ¯à¨¬¥−¥−¨ï à¥¤ãªæ¨®−-
−®£® �«£®à¨â¬� âãà¥æª¨å ¨áá«¥¤®¢�â¥«¥© ¢à¥¬ï ®¡à�¡®âª¨ ª«�áá¨ä¨ª�æ¨®−−ëå
¯à®æ¥¤ãà áãé¥áâ¢¥−−® á®ªà�â¨«®áì ¯à¨ ¢¨¤¨¬®¬ ¯®¢ëè¥−¨¨ ¨å â®ç−®áâ¨ (â®ç-
−ë¥ æ¨äàë ¯à¨¢¥¤¥−ë ¢ [12]). �â® ¡ë«® ¤®áâ¨£−ãâ® ¯ãâ¥¬ á®ªà�é¥−¨ï ç¨á«�
�âà¨¡ãâ®¢, á®®â¢¥âáâ¢ãîé¨å ª«�áá¨ä¨ª�â®à�¬.

2.4 Универсальный сетевой язык и семантические отношения и атрибуты

�®£ãá«�¢áª¨© ¢ á¢®¥© à�¡®â¥ ®¡ ®á®¡¥−−®áâïå £¨¯¥àã§«®¢ (hypernodes) ¢ UNL
Interlingua ã¤¥«ï¥â ¤®áâ�â®ç−® ¬−®£® ¢−¨¬�−¨ï ¨¬¥−−® á¥¬�−â¨ç¥áª¨¬ �á¯¥ªâ�¬
¯à¥¤áâ�¢«¥−¨ï §−�−¨© ® ï§ëª¥ (¨ −� ï§ëª¥), ¯à¨ç¥¬ −¥§�¢¨á¨¬® ®â ¢ë¡®à�
ï§ëª� [17].
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“−¨¢¥àá�«ì−ë© á¥â¥¢®© ï§ëª (the Universal Networking Language, UNL),
à�§à�¡®â�−−ë© •¨à®è¨ “ç¨¤� (Hiroshi Uchida) ¢ ˆ−áâ¨âãâ¥ ¯¥à¥¤®¢ëå ¨áá«¥¤®-
¢�−¨© “−¨¢¥àá¨â¥â� ®¡ê¥¤¨−¥−−ëå −�æ¨© (Institute for Advanced Studies of the
United Nations University), ï¢«ï¥âáï ï§ëª®¬ ¯à¥¤áâ�¢«¥−¨ï ¤«ï ¬ã«ìâ¨ï§ëª®-
¢ëå ª®¬¬ã−¨ª�æ¨© ¢ í«¥ªâà®−−ëå á¥âïå, ¯à¨ ¨−ä®à¬�æ¨®−−®¬ ¯®¨áª¥ ¨ ¢ ¤àã£¨å
¯à¨«®¦¥−¨ïå.

—â® ¦¥ ¯à¥¤áâ�¢«ï¥â á®¡®© ¢ëà�¦¥−¨¥ −� ï§ëª¥ UNL? ”®à¬�«ì−® ¢ëà�¦¥−¨¥
−� ï§ëª¥ UNL ï¢«ï¥âáï ®à¨¥−â¨à®¢�−−ë¬ £¨¯¥à£à�ä®¬, ª®â®àë© á®®â¢¥âáâ¢ã¥â
¯à¥¤«®¦¥−¨î −� ¥áâ¥áâ¢¥−−®¬ ï§ëª¥ á®£«�á−® ®¡ê¥¬ã ¯¥à¥¤�¢�¥¬®© ¨¬ ¨−ä®à¬�-
æ¨¨ [17]. „ã£¨ íâ®£® £à�ä� ¨−â¥à¯à¥â¨àãîâáï ª�ª á¥¬�−â¨ç¥áª¨¥ ®â−®è¥−¨ï â¨¯�
agent (�£¥−â), object (®¡ê¥ªâ), time (¢à¥¬ï), reason (¯à¨ç¨−�) ¨ â. ¤. “§«ë íâ®£®
£à�ä� ¬®£ãâ ¡ëâì ¯à®áâë¬¨ ¨«¨ á®áâ�¢−ë¬¨. �à®áâë¥ ã§«ë ï¢«ïîâáï ®á®¡ë¬¨
á®áâ�¢«ïîé¨¬¨, â�ª −�§ë¢�¥¬ë¬¨ ã−¨¢¥àá�«ì−ë¬¨ á«®¢�¬¨ (universal words,
UW). “−¨¢¥àá�«ì−ë¥ á«®¢� ¦¥áâª® á¢ï§�−ë á á®®â¢¥âáâ¢ãîé¨¬¨ ª®−æ¥¯â�¬¨,
¯®−ïâ¨ï¬¨. �−¨ á®áâ®ïâ ¨§ §�£«�¢−®£® á«®¢�, ª®â®à®¥ ®¡ëç−® ¯à¥¤áâ�¢«ï¥â á®¡®©
�−£«¨©áª®¥ á«®¢® ¨«¨ äà�§ã, ¨ ¬−®¦¥áâ¢� ®£à�−¨ç¥−¨©, ª®â®àë¥ ¬®¤¨ä¨æ¨àãîâ
á¬ëá«®¢®¥ §−�ç¥−¨¥ §�£«�¢−®£® á«®¢� ¨«¨ ¤®¯®«−ïîâ ¥£® ª�ª®©-«¨¡® ¨−ä®à¬�-
æ¨¥©. ‘®áâ�¢−®© ã§¥«, ¯à¥¤¬¥â áâ�âì¨ [17] (£¨¯¥àã§¥« | hypernode), á®áâ®¨â ¨§
¯à®áâëå ¨«¨ á®áâ�¢−ëå ã§«®¢, á¢ï§�−−ëå á¥¬�−â¨ç¥áª¨¬¨ ®â−®è¥−¨ï¬¨.

�®¬¨¬® ®â®¡à�¦¥−¨ï ¯à®¯®§¨æ¨®−�«ì−®£® á®¤¥à¦�−¨ï (who did what to
whom | ªâ® çâ® ª®¬ã á¤¥«�«), UNL-¢ëà�¦¥−¨ï ¯à¥¤−�§−�ç¥−ë ¤«ï ¯à¥¤áâ�¢«¥-
−¨ï ¯à�£¬�â¨ç¥áª®© ¨−ä®à¬�æ¨¨ â¨¯� ä®ªãá, ®¡à�é¥−¨¥/ááë«ª�, ®â−®è¥−¨¥
£®¢®àïé¥£®, ¥£® −�¬¥à¥−¨ï, â¨¯ë à¥ç¥¢®£® �ªâ� ¨ ¤àã£¨¥ ¢¨¤ë ¨−ä®à¬�æ¨¨.
�â� ¨−ä®à¬�æ¨ï ¯¥à¥¤�¥âáï ¯à¨ ¯®¬®é¨ �âà¨¡ãâ®¢, ¯à¨á®¥¤¨−¥−−ëå ª ã§«�¬,
−�¯à¨¬¥à, @imperative, @generic, @future, @obligation [17].

‚ ª�ç¥áâ¢¥ ¯à¨¬¥à� �¢â®à à�¡®âë [17] ¯à¨¢®¤¨â ¯à¥¤«®¦¥−¨¥ −� �−£«¨©áª®¬
ï§ëª¥, ¥£® ¯à¥¤áâ�¢«¥−¨¥ −� UNL ¨ ¥£® £à�ä¨ç¥áªãî à¥¯à¥§¥−â�æ¨î (â�ª¦¥
áà¥¤áâ¢�¬¨ UNL) (¯à¨¬¥à 6, à¨á. 6).

�à¨¬¥à 6. The actress whom we wanted to see so much did not appear on the
stage in the first act.

�à¥¤«®¦¥−¨¥ ¢ ¢¨¤¥ UNL-¢ëà�¦¥−¨ï:

[S:1]
{org:el}
The actress whom we wanted to see so
much did not appear on the stage in the
first act.
{/org}
{unl}
mod(act(icl>dramatic_composition).@def,
first(icl>adj, ant>last))
agt(appear(icl>come>do,agt>thing,plc>
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thing).@not.@past.@entry, :01)
plc(appear(icl>come>do,agt>thing,plc>
thing).@not.@past.@entry,
stage(icl>platform>thing).@def)
tim(appear(icl>come>do,agt>thing,plc>
thing).@not.@past.@entry,
act(icl>dramatic_composition).@def)
obj:01(see(icl>perceive>be, aoj>thing,
obj>thing, cob>uw):50,
actress(icl>actor>thing):39.@def.@entry)
man:01(want(icl>desire>be,cob>uw,obj>uw,
aoj>thing):Q0.@past,
so_much(icl>how):OR)
aoj:01(want(icl>desire>be,cob>uw,obj>
uw,aoj>thing):Q0.@past,we(icl>person))
obj:01(want(icl>desire>be,cob>uw,obj>
uw,aoj>thing):Q0.@past,see(icl>perceive>
be, aoj>thing, obj>thing, cob>uw):50)
{/unl}
[/S]

“¯à®é¥−−�ï ä®à¬� ¢¨§ã�«¨§�æ¨¨ íâ®£® ¢ëà�¦¥−¨ï ¯à¨¢¥¤¥−� −� à¨á. 6.
‚ëà�¦¥−¨¥ UNL ª�ª®£®-«¨¡® ¯à¥¤«®¦¥−¨ï, ¯® áãâ¨, ï¢«ï¥âáï −�¡®à®¬ ®â−®-

è¥−¨©. Š�¦¤®¥ ®â−®è¥−¨¥ á¢ï§ë¢�¥â ¤¢� UW. ‚ ¢ëè¥¯à¨¢¥¤¥−−®¬ ¢ëà�¦¥−¨¨
¨á¯®«ì§ãîâáï á«¥¤ãîé¨¥ ®â−®è¥−¨ï: agt (agent | �£¥−â, ¤¥©áâ¢ãîé¥¥ «¨æ®),
obj (object | ®¡ê¥ªâ), aoj (subject of a state | á®áâ®ï−¨¥), man (verb modifier |
£«�£®«ì−ë© ¬®¤¨ä¨ª�â®à), mod (noun modifier | ¬®¤¨ä¨ª�â®à áãé¥áâ¢¨â¥«ì−®-
£®), tim (time | ¢à¥¬ï) ¨ plc (place | ¢à¥¬ï). �®«ìè¨−áâ¢ã UW á®¯ãâáâ¢ãîâ
®£à�−¨ç¥−¨ï (¢ëà�¦¥−¨ï ¢ áª®¡ª�å, á«¥¤ãîé¨¥ §� §�£«�¢−ë¬ á«®¢®¬) [17].

�â¨ ®£à�−¨ç¥−¨ï ¢ ®á−®¢−®¬ á«ã¦�â ¤«ï ãª�§�−¨ï á¥¬�−â¨ç¥áª®£® ª«�áá�UW
¨ áã¦¥−¨ï á¬ëá«®¢®£® §−�ç¥−¨ï §�£«�¢−®£® á«®¢�. ’�ª, ¢ ¯à¨¬¥à¥ 6 ®£à�−¨ç¥-
−¨¥ icl>come>do á«®¢� appear (¯®ï¢«ïâìáï) ®¯à¥¤¥«ï¥â à¥«¥¢�−â−®¥ §−�ç¥−¨¥
appear ¨ ®¤−®¢à¥¬¥−−® ¯®ª�§ë¢�¥â, çâ® íâ® á«®¢® á¢ï§�−® á ¯®−ïâ¨¥¬ ¤¥©áâ¢¨ï
ª�ª ¯à®â¨¢®¯®«®¦−®£® ¯®−ïâ¨ï¬ ¯à®æ¥áá� ¨«¨ á®áâ®ï−¨ï [17]. ‘«®¢® first (¯¥à-
¢ë©) ¨¬¥¥â ¤¢� ®£à�−¨ç¥−¨ï: (1) icl>adj, ª®â®à®¥ á®®¡é�¥â, çâ® first ï¢«ï¥âáï
¯®−ïâ¨¥¬, ®¡®§−�ç�îé¨¬ ¯à¨§−�ª ç¥£®-«¨¡® (¯à¨«�£�â¥«ì−ë¬); (2) ant>last,
ª®â®à®¥ ¯®ª�§ë¢�¥â, çâ® íâ® ¯®−ïâ¨¥ ¯à®â¨¢®¯®«®¦−® ¯®−ïâ¨î last (¯®á«¥¤−¨©).
�¥à¢®¥ ®£à�−¨ç¥−¨¥ ¯®§¢®«ï¥â ¯à®¢¥áâ¨ £à�−¨æã ¬¥¦¤ã íâ¨¬ §−�ç¥−¨¥¬ first
(¯¥à¢ë©) ¨ ¤àã£¨¬ §−�ç¥−¨¥¬ (á¬. first violin | ¯¥à¢�ï áªà¨¯ª�), ¤«ï ª®â®à®£®
�−â®−¨¬¨ç−ë¬ ¯®−ïâ¨¥¬ ¡ã¤¥â −¥ last (¯®á«¥¤−¨©), � second (¢â®à®©) [17].

�âà¨¡ãâ @entry ¬�àª¨àã¥â ú£«�¢−ë©û í«¥¬¥−â áâàãªâãàë (ã ˆ. Œ. �®£ã-
á«�¢áª®£® ®−� −�§ë¢�¥âáï entry node | ¢¢®¤−ë¬ ã§«®¬), ª®â®àë©, ª�ª ¯à�¢¨«®,
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÷¨á. 6 ƒà�ä¨ç¥áª�ï ä®à¬� ¯à¥¤áâ�¢«¥−¨ï UNL-¢ëà�¦¥−¨ï ¨§ ¯à¨¬¥à� 6

á®®â¢¥âáâ¢ã¥â ¢¥àå−¥¬ã ã§«ã ¯à¥¤«®¦¥−¨ï ¨«¨ ®¯à¥¤¥«¥−−®© ç�áâ¨ ¯à¥¤«®¦¥−¨ï.
�âà¨¡ãâ @def, ¯à¨¯¨á�−−ë© ¢ ¯à¨¬¥à¥ 6 ª á«®¢ã stage (áæ¥−�), ¯®ª�§ë¢�¥â, çâ® ã
á«®¢� ¥áâì ®¯à¥¤¥«¥−−�ï ®âáë«ª� [17].

‚ëà�¦¥−¨¥ UNL ¯à¥¤«®¦¥−¨ï ¨§ ¯à¨¬¥à� 6 á®¤¥à¦¨â £¨¯¥àã§¥«, ª®â®àë©
á®®â¢¥âáâ¢ã¥â äà�§¥ úthe actress whom we wanted to see so muchû (�ªâà¨á�, ª®â®-
àãî ¬ë å®â¥«¨ ¢¨¤¥âì â�ª á¨«ì−®), á®áâ®ïé¥© ¨§ áãé¥áâ¢¨â¥«ì−®£® ¨ á¢ï§�−−®£®
á −¨¬ ¯à¨¤�â®ç−®£® ¯à¥¤«®¦¥−¨ï. ƒ¨¯¥àã§¥« ¨¬¥¥â æ¨äà®¢®© ¨¤¥−â¨ä¨ª�â®à
(:01), ª®â®àë© ¨á¯®«ì§ã¥âáï ¤«ï ¯à¥¤áâ�¢«¥−¨ï £¨¯¥àã§«� ¢ ¢¨¤¥ ®â−®è¥−¨© (ª�ª
¢ agt(appear,:01)) ¨ ¤«ï ¬�àª¨à®¢�−¨ï ®â−®è¥−¨©, ª®â®àë¥ ®− á®¤¥à¦¨â (ª�ª ¢
aoj:01(want,we)) [17].

�®−ïâ¨¥ £¨¯¥àã§«� ¡ë«® ¢¢¥¤¥−® �¢â®à®¬ [17]. ƒ¨¯¥àã§¥« | íâ® ¬−®¦¥áâ¢® ã§-
«®¢, ª®â®à®¥ ¢ ®¯à¥¤¥«¥−−®¬ á¬ëá«¥ äã−ªæ¨®−¨àã¥â ª�ª ®¤¨−®ç−ë© ã§¥«. ’�ª¨¬
®¡à�§®¬, £¨¯¥àã§¥« ¬®¦¥â ®áãé¥áâ¢«ïâì ¢á¥ äã−ªæ¨¨, á¢®©áâ¢¥−−ë¥ ®¤¨−®ç−®¬ã
ã§«ã, â. ¥. ¬®¦¥â ãç�áâ¢®¢�âì ¢ ®â−®è¥−¨ïå (¨áå®¤ïé¨å ¨ ¢å®¤ïé¨å) ¨ ¨¬¥âì á¢®¨
á®¡áâ¢¥−−ë¥ �âà¨¡ãâë. �®£ãá«�¢áª¨© ®¯¨áë¢�¥â ¤¢� £«�¢−ëå â¨¯� £¨¯¥àã§«®¢
¢ á®®â¢¥âáâ¢¨¨ á §�¤�ç�¬¨, ª®â®àë¥ ®−¨ à¥è�îâ: á¥¬�−â¨ç¥áª¨ −�£àã¦¥−−ë¥
(semantically loaded) ¨ á¨−â�ªá¨ç¥áª¨ −�£àã¦¥−−ë¥ (syntactic loaded) [17].
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‘¥¬�−â¨ç¥áª¨ −�£àã¦¥−−ë¥ £¨¯¥àã§«ë (¤�«¥¥ | á¥¬�−â¨ç¥áª¨¥) | íâ® â�ª¨¥
£¨¯¥àã§«ë, ª®â®àë¥ ¯¥à¥¤�îâ ¨−ä®à¬�æ¨î ¯® à�§−ë¬ á¬ëá«®¢ë¬ §−�ç¥−¨ï¬.
…á«¨ â�ª®© ã§¥« −¥ ¯®áâà®¥−, â® ¨−ä®à¬�æ¨ï â¥àï¥âáï, à�§«¨ç¨© ¢ á¬ëá«�å −¥
¯à®¨áå®¤¨â. �®íâ®¬ã á¥¬�−â¨ç¥áª¨¥ £¨¯¥àã§«ë ï¢«ïîâáï ®¡ï§�â¥«ì−ë¬¨ (á¬.
¯à¨¬¥à 7).

�à¨¬¥à 7. Culture and communication in the Internet.

“ ¯à¥¤«®¦¥−¨ï ¨§ ¯à¨¬¥à� 7 ¤¢� á¬ëá«�: (1) ¨ ªã«ìâãà�, ¨ ª®¬¬ã−¨ª�æ¨¨
−�å®¤ïâáï ¢ ˆ−â¥à−¥â¥ ¨«¨ (2) â®«ìª® ª®¬¬ã−¨ª�æ¨¨ ¨¬¥îâ ¬¥áâ® ¢ ˆ−â¥à−¥â¥
(¯à¨¬¥à 7�). „«ï ¢¨§ã�«¨§�æ¨¨ ¯¥à¢®£® á¬ëá«� −¥®¡å®¤¨¬®, çâ®¡ë culture
(ªã«ìâãà�) ¨ communication (ª®¬¬ã−¨ª�æ¨¨) ¡ë«¨ ¢ª«îç¥−ë ¢ ®¤¨− £¨¯¥àã§¥«,
á®¥¤¨−¥−−ë© á ã§«®¬ Internet. …á«¨ −¥ á®§¤�−® £¨¯¥àã§«� ¤«ï á«ãç�ï (1), â¥àï¥âáï
¢�¦−�ï ¨−ä®à¬�æ¨ï [17].

�à¨¬¥à 7�.

(1) and:01(communication, culture)
plc(:01, Internet)
(2) plc(communication, Internet)
and(communication, culture)

‘¥¬�−â¨ç¥áª¨ −¥ −�£àã¦¥−−ë¥ (¨«¨ á¨−â�ªá¨ç¥áª¨¥) £¨¯¥àã§«ë | íâ® £¨¯¥à-
ã§«ë, ª®â®àë¥ ¯¥à¥¤�îâ ¨−ä®à¬�æ¨î ® á¨−â�ªá¨ç¥áª®© áâàãªâãà¥ ¯à¥¤«®¦¥−¨ï.
’�ª¨¥ £¨¯¥àã§«ë −¥ à�§«¨ç�îâ á¬ëá«®¢ëå −î�−á®¢, ¯®áª®«ìªã á«ã¦�â ¤«ï
ã¤®¡áâ¢� ¨ ¯®−¨¬�−¨ï £à�ä®¢ ï§ëª� UNL. ‘¨−â�ªá¨ç¥áª¨¥ £¨¯¥àã§«ë ¬®£ãâ
á®®â¢¥âáâ¢®¢�âì ¯à¨¤�â®ç−ë¬ ¯à¥¤«®¦¥−¨ï¬, ¡®«ìè¨¬ äà�§�¬, áâà®ª�¬ ¨ â. ¤.
(á¬. ¯à¨¬¥à 8). …á«¨ −¥ áâà®¨âì â�ª¨å ã§«®¢, áâàãªâãà� UNL-£à�ä®¢ ¡ã¤¥â
¬¥−¥¥ ¯à®§à�ç−®© ¨ ¡®«¥¥ âàã¤−®© ¤«ï ç¥«®¢¥ç¥áª®£® ¢®á¯à¨ïâ¨ï. �à¨ íâ®¬
¯®â¥à¨ ¨−ä®à¬�æ¨¨ ª�ª â�ª®¢®© −¥ ¯à®¨áå®¤¨â, â. ¥. á¨−â�ªá¨ç¥áª¨¥ £¨¯¥àã§«ë
−¥ ï¢«ïîâáï ®¡ï§�â¥«ì−ë¬¨ [17].

�à¨¬¥à 8. The state should take appropriate steps to return any cultural property
imported after the entry into force of this convention, provided, however, that the
requesting state shall pay just compensation to an innocent purchaser who has valid
title to that property.

‚ íâ®¬ ¯à¥¤«®¦¥−¨¨ ¬®¦¥â ¡ëâì, ¯® ªà�©−¥© ¬¥à¥, âà¨ á¨−â�ªá¨ç¥áª¨å
£¨¯¥àã§«�:

(1) á«®¦−�ï −®¬¨−�â¨¢−�ï äà�§�, á®áâ®ïé�ï ¨§ úany cultural property and
participial clause imported after the entry into force of this conventionû;

(2) ®¡áâ®ïâ¥«ìáâ¢¥−−®¥ ¯à¨¤�â®ç−®¥ ¯à¥¤«®¦¥−¨¥ úprovided, however, that the
requesting state shall pay just compensation to an innocent purchaser who has
valid title to that propertyû;

106 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 22 −®¬¥à 1 2012



Œ®¤¥«¨à®¢�−¨¥ «¥ªá¨ç¥áª®© á¥¬�−â¨ª¨ ¢ §�¤�ç�å ª®¬¯ìîâ¥à−®© «¨−£¢¨áâ¨ª¨

(3) á«®¦−�ï −®¬¨−�â¨¢−�ï äà�§� ¢ á®áâ�¢¥ (2), á®áâ®ïé�ï ¨§ úan innocent
purchaser and relative clause who has valid title to that propertyû.

�¢â®à ¯à¨¢®¤¨â ¯à¨¬¥àë «¨−£¢¨áâ¨ç¥áª¨å ï¢«¥−¨©, ª®â®àë¥ ¬®¦−® ®¯¨á�âì
¯à¨ ¯®¬®é¨ £¨¯¥àã§«®¢:

1. ‚ë¤¥«¥−¨¥ ¯à¨¤�â®ç−ëå ¯à¥¤«®¦¥−¨© (á¬. ¯à¨¬¥à 8).

2. ÷�á¯®«®¦¥−¨¥ ¯à¨«�£�â¥«ì−®£® ¢ ¯à¥¤«®¦¥−¨¨:

so-called (moral preoccupations).

‡¤¥áì £¨¯¥àã§¥« −¥®¡å®¤¨¬ ¤«ï â®£®, çâ®¡ë ¯®ª�§�âì, çâ® so-called (â�ª −�§ë-
¢�¥¬ë©) ®â−®á¨âáï ª® ¢á¥© äà�§¥ moral preoccupations (¬®à�«ì−ë¥ ¯à¥¤ã¡¥¦-
¤¥−¨ï) ¨ ¯®â®¬ã −¥ ¬®¦¥â à�§¤¥«ïâì ¥¥ −� ç�áâ¨.

3. �¡é¨¥ §�¢¨á¨¬ë¥ á«®¢� (á¬. ¯à¨¬¥à 7).

4. �¯à¥¤¥«¥−¨¥, á¢ï§�−−®¥ á äà�£¬¥−â®¬ ¯à¥¤«®¦¥−¨ï:

Food is cheap in England (I believe).

ƒ¨¯¥àã§¥« ¨á¯®«ì§®¢�−, çâ®¡ë ¯®ª�§�âì, çâ® äà�§� I believe (ï ¤ã¬�î, ï
¢¥àî) ï¢«ï¥âáï ¢¢®¤−®© ª®−áâàãªæ¨¥©. �â®â £¨¯¥àã§¥« á¢ï§�− á �âà¨¡ãâ®¬
@parenth (parenthetically, â. ¥. ¤«ï ®¯¨á�−¨ï â®£®, çâ® §�ª«îç¥−® ¢ áª®¡ª¨
¨«¨ ¢ë¤¥«¥−® ¢ §�¯ïâëå).

5. �¡«�áâì ¤¥©áâ¢¨ï ®âà¨æ�−¨ï:

(They didn't sleep until midnight.)

�â® ¯à¥¤«®¦¥−¨¥ ¤®¯ãáª�¥â ¤¢¥ ¨−â¥à¯à¥â�æ¨¨:

1) they started sleeping at midnight (®−¨ −�ç�«¨ §�áë¯�âì ¢ ¯®«−®çì); −¥â
£¨¯¥àã§«�;

2) not that they slept until midnight, they woke up earlier (−¥ â® çâ®¡ë ®−¨
á¯�«¨ ¤® ¯®«ã−®ç¨, ®−¨ ¯à®á−ã«¨áì à�−ìè¥); §¤¥áì £¨¯¥àã§¥« á®¤¥à¦¨â
æ¥«®¥ ¯à¥¤«®¦¥−¨¥ ¨ ¯à¨¯¨á�− ª �âà¨¡ãâã ®âà¨æ�−¨ï;

6. �¡áâ®ïâ¥«ìáâ¢� ¢ ¯à¥¤«®¦¥−¨¨:

He answered the dean very cleverly, â. ¥. his answer was very clever (¥£® ®â¢¥â
¡ë« ®ç¥−ì ã¬−ë¬); −¥â £¨¯¥àã§«�;

Very cleverly (he answered the dean), â. ¥. it was very clever of him to answer
the dean (á ¥£® áâ®à®−ë ¡ë«® ®ç¥−ì ã¬−® ®â¢¥â¨âì ¤¥ª�−ã); §¤¥áì −ã¦¥−
£¨¯¥àã§¥«.

3 Заключение

‚ à�¡®â¥ ¡ë«® ¯®¤à®¡−® à�áá¬®âà¥−® −¥áª®«ìª® ¯ã¡«¨ª�æ¨©, ¢ â®© ¨«¨
¨−®© áâ¥¯¥−¨ ®¯¨áë¢�îé¨å �ªâã�«ì−ë¥, ¨−−®¢�æ¨®−−ë¥ «¥ªá¨ª®-á¥¬�−â¨ç¥áª¨¥
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¬¥â®¤ë, ¯à¨¬¥àë ¨å à¥�«¨§�æ¨¨ ¢ à�§«¨ç−ëå §�¤�ç�å ¨ ®¡«�áâ¨ ¯à¨«®¦¥−¨ï.
�−�«¨§ áâ�â¥© ¯®ª�§�«, çâ® ¯à¨¬¥−¥−¨¥ íâ¨å ¬¥â®¤®¢ ¯à®¨áå®¤¨â ¢ ¡®«ìè®¬
¤¨�¯�§®−¥ ¯à¥¤¬¥â−ëå ®¡«�áâ¥©.

’�ª, ¢ áâ�âì¥ [9] ®¯¨á�− �«£®à¨â¬ �¢â®¬�â¨ç¥áª®£® ¯®¨áª� â¥à¬¨−®¢ ¢ ˆ−â¥à−¥-
â¥ ¢ ª�ç¥áâ¢¥ ®â¢¥â®¢ −� á«®¦−ë¥ ¢®¯à®á¨â¥«ì−ë¥ ¯à¥¤«®¦¥−¨ï, ¤«ï à¥�«¨§�æ¨¨
ª®â®à®£® �¢â®à�¬¨ ¡ë«� áä®à¬¨à®¢�−� ¡�§� ¯®−ïâ¨© ¨ ®áãé¥áâ¢«ï¥âáï âà�ªâ®¢ª�
á¥¬�−â¨ª¨ ª�ª ¢®¯à®á®¢ ¨ ¨å â¨¯®¢, â�ª ¨ ®â¢¥â®¢ −� −¨å (á¬. à�§¤. 2.1).

‘â�âìï [10] ®¯¨áë¢�¥â «¥ªá¨ª®-á¥¬�−â¨ç¥áª¨¥ ¬¥â®¤ë ¢¥à¨ä¨ª�æ¨¨ ®−â®«®-
£¨¨ ¨ «¥ªá¨ª®−®¢ −� ®á−®¢¥ ®−â®«®£¨ç¥áª®£® á¥¬�−â¨ç¥áª®£® ¯®¤å®¤�, ¢ ç�áâ−®áâ¨
¬¥â®¤ë �¢â®¬�â¨ç¥áª®© ¨ íªá¯¥àâ−®© ¢¥à¨ä¨ª�æ¨¨ −®¢ëå «¥ªá¨ª®−®¢ ¨ ®−â®«®-
£¨©, ¯®§¢®«ïîé¨¥ ®¯¥à¨à®¢�âì á¥¬�−â¨ª®© ¥áâ¥áâ¢¥−−®-ï§ëª®¢ëå ¥¤¨−¨æ (á¬.
à�§¤. 2.2).

÷�¡®â� [12] á®¤¥à¦¨â í«¥¬¥−âë «¥ªá¨ª®-á¥¬�−â¨ç¥áª®£® ¯®¤å®¤� ª �−�«¨§ã
â¥ªáâ®¢ ¨ ¨§¢«¥ç¥−¨î §−�−¨© ¨§ −¨å. �−� ¯®á¢ïé¥−� ¢«¨ï−¨î −®¢®£® �«£®à¨â¬�
¨§¢«¥ç¥−¨ï �âà¨¡ãâ®¢ −� ª«�áá¨ä¨ª�æ¨î ¢¥¡-áâà�−¨æ (á¬. à�§¤. 2.3).

‚ §�¢¥àè¥−¨¥ ®¡§®à� à�áá¬®âà¥−� áâ�âìï [17], ¢ ª®â®à®© ¯à¨¢¥¤¥−® ®¯¨á�−¨¥
ã−¨¢¥àá�«ì−®£® á¥â¥¢®£® ï§ëª� (UNL), ¥£® £¨¯¥àã§«®¢ ¨ ®¯¨á�−−ëå ¯à¨ ¨å
¯®¬®é¨ á¥¬�−â¨ç¥áª¨å �âà¨¡ãâ®¢ ¨ ®â−®è¥−¨© (á¬. à�§¤. 2.4).

’�ª¨¬ ®¡à�§®¬, ¬®¦−® à¥§î¬¨à®¢�âì, çâ® ¢ −�áâ®ïé¥¥ ¢à¥¬ï ®á®¡ãî �ªâã�«ì-
−®áâì ¯®«ãç�îâ £«ã¡¨−−®-á¥¬�−â¨ç¥áª¨¥ ¯®¤å®¤ë. �¥ ¢ ¯®á«¥¤−îî ®ç¥à¥¤ì íâ®
¯à®¨áå®¤¨â ¯®â®¬ã, çâ® á¥£®¤−ï ª�ç¥áâ¢® ¨ áª®à®áâì ®¡à�¡®âª¨ â¥ªáâ®¢ëå §−�−¨©
¢ëè«¨ −� −®¢ë© ãà®¢¥−ì à�§¢¨â¨ï, ¯à¨ íâ®¬ áãé¥áâ¢ãîé¨å ¯®¤å®¤®¢ ¨ áà¥¤áâ¢
¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¨ ¯à¨ª«�¤−®© «¨−£¢¨áâ¨ª¨ ã¦¥ −¥¤®áâ�â®ç−®. �â®
¯®¤â¢¥à¦¤�¥âáï ¨ â¥¬, çâ® à�§¡à®á ¨−−®¢�æ¨®−−ëå «¥ªá¨ª®-á¥¬�−â¨ç¥áª¨å ¬¥â®-
¤®¢ çà¥§¢ëç�©−® ¢¥«¨ª, � ¢ ª�ç¥áâ¢¥ ®¡«�áâ¥© ¯à¨¬¥−¥−¨ï ¢ëáâã¯�îâ �ªâã�«ì−ë¥
−� á¥£®¤−ïè−¨© ¤¥−ì ¯à®¡«¥¬ë ª®¬¯ìîâ¥à−®© «¨−£¢¨áâ¨ª¨ ¨ ¤àã£¨¥ áä¥àë ç¥-
«®¢¥ç¥áª®© ¤¥ïâ¥«ì−®áâ¨ (¯à®¡«¥¬�â¨ª� ¨−â¥à−¥â-¯à¨«®¦¥−¨©, ª«�áá¨ä¨ª�æ¨ï
â¥ªáâ®¢, ¨§¢«¥ç¥−¨¥ §−�−¨©, ¢ëáâà�¨¢�−¨¥ á¢ï§¥© ¬¥¦¤ã ¯®−ïâ¨ï¬¨ ¯à¥¤¬¥â−ëå
®¡«�áâ¥© −� à�§−ëå ï§ëª�å ¨ ¬−®£®¥ ¤àã£®¥).
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PROGRAM-ORIENTED INDICATORS:
PRODUCTION AND APPLICATION IN SCIENCE∗

I. Zatsman1 and A. Durnovo2

Abstract: The results of the project, whose goal is to create a tool for developing
sets of indicators for monitoring and evaluating research and developments (R&D)
program activities are presented. Each set of developed science and technology
(S&T) indicators is oriented at the assessment of only one R&D program, i. e.,
at its objectives, resources, and results. The tool for developing indicators is
being designed as an experts knowledge base named the proactive dictionary,
which is the component of the evaluation system. This component enables experts
to fix stages of indicators development, to present the results of developing
different variants of indicators in graphic form, to compare and evaluate those
variants, which are oriented at objectives, resources, and results of R&D program
activities. The paper describes two theoretical models of the process of indicators
development. It also describes a prototype of the proactive dictionary created on
the base of these models. Finally, it describes the results of an experiment of
development of a set of indicators by a group of the experts.

Keywords: processes of experts' knowledge creation about indicators; knowledge
representation about indicators; semiotic models; program-oriented indicators;
indicator denotata

Introduction

In 2004{2010, the Russian government issued a number of documents regulating the
monitoring and the evaluation of R&D activities. According to those documents, the
scope of indicators, which monitor and evaluate results, efficiency, and effectiveness
of R&D programs, must be significantly expanded. Use of a traditional set of
indicators sometimes demonstrates its irrelevance, because they do not take into
account objectives and results of specific R&D programs. This has stimulated
the demand for the development and application of a set of program-oriented
indicators [1{4].

The need to develop relevant indicators has made urgent the creation of new con-
ceptual approaches, methods, and models for processes of indicators production [5].

∗This research is funded by RFH grant No. 12-02-00407. It is planned to use these research results
in an international project to develop a corpus-oriented typology of the translation difficulties.

1Institute of Informatics Problems of the Russian Academy of Sciences, iz ipi@a170.ipi.ac.ru
2Institute of Informatics Problems of the Russian Academy of Sciences, duralex49@mail.ru
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Program-oriented indicators: Production and application in science

The initial stages of the development of indicators are usually highly personalized.
In other words, at these stages, their semantic content is often a purely personal,
since it is determined only by a single expert, who is developing a new indicator
in the initial stages. The semantic content of the new indicator becomes collective
at later stages, at which the expert-developer begins the process of coordination of
its semantic content with other experts. It is important to note that, at the very
beginning in the development, an expert creates, as a rule, a new algorithm for
computing the values of the indicator. This algorithm is developed by an expert
according to his/her personal view of the appointment of the indicator. This view
is not usually formalized. Moreover, it is often implicit, that is, it is not expressed
explicitly by the expert until the writing of the algorithm. These features of the
development of indicators lead to the following requirements to the modeling of the
processes of their development:

(1) models have to distinguish at what stages of development the expert's knowl-
edge is implicit and at what | explicit;

(2) models have to distinguish between the stages of personal development and the
stages of coordination of the semantics of new developed indicators;

(3) models have to fix the time points of an explication in different forms (algorithm,
program, text in a natural language, diagrams, etc.); and

(4) models have to fix the time points of the coordination of a personal interpretation
of a developed indicator between experts and the formation of a collective
interpretation.

If one considers only the first two requirements, it meets the qualitative approach
to modeling, which has been suggested by Ikujiro Nonaka [6]. All four requirements
are satisfied by two models, a brief description of which is presented in this
article. Here, their description is focused on modeling the development process of
indicators, as well as their application. However, these models are applicable not
only to indicators development. It is planned to use them in an international project
to develop a corpus-oriented typology of the difficulties of translation from Russian
into French [7].

Thus, the paper describes two theoretical models of indicators development. It
also describes a prototype of the proactive dictionary created on the base of these
models and the first results of an experiment where a set of indicators is being
developed by a group of experts. The development was carried out under the First
Russian Academic (FRA) Program, which was adopted by the Government of the
Russian Federation in February 2008 as a tool of public intervention in the area of
science. The Russian Academy of Sciences (RAS) has decided to create an evaluation
system prototype for providing assessment of the FRA Program as a whole and of its
projects.
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The incompleteness of the indicators set for the FRA Program has emerged as a
result of the application of the Objectives-Resources-Results approach describing
relationships between the program objectives, resources, and results [2]. According
to the approach current, new, and future indicators were divided into 6 categories
for (i) objectives; (ii) results; (iii) resources; (iν) efficiency (relationship between
resources and results); (ν) effectiveness (relationship between objectives and results);
and (νi) consistency (relationship between objectives and resources). According to
the Special Report [8], the FRA Program results were divided into three classes:
outputs, outcomes, and impacts; hence, result indicators were subdivided into three
corresponding subcategories as well.

Besides this, a need for corresponding between 6 indicator categories and
stages of the FRA Program assessment has emerged. Developers of the evaluation
system prototype used the stages and substages definitions according to the Special
Report [8]. These stages are ex-ante, mid-term, and ex-post. The latter, in its
order, is divided into three substages: short (1{2 years after the FRA Program
termination), medium (4{7 years), and long terms (> 10 years).

At present time, for the FRA Program assessment, decision-makers are using
two indicator categories only, namely, resources and results indicators, and among
the results indicators, they are using output and outcome indicators. As for
the stages, indicators on only two stages (mid-term and short term ex-post) are
analyzed by decision-makers. All this demonstrates the existence of the problem of
incompleteness of the indicators set [2].

In order to solve the problem and to develop new program-oriented indicators,
the present authors are designing the proactive dictionary as a tool for indicator
development. The dictionary is a part of the evaluation system prototype for
providing assessment of the FRA Program. The design of the dictionary is
based on two semiotic models for the description of the indicators development
stages, including microprocesses of generation of expert knowledge about developed
indicators:

{ the model for the description of a frosen state of a generation microprocess,
named the frozen-state model [9]; and

{ the model for a description of dynamics of generation microprocesses, named the
time-dependent model [10].

Two Models of Indicator Development

The idea of the frozen-state and time-dependent models has arisen in the course of
study of generation microprocesses of knowledge and their creative space [6, 11{14].
These models are based on the Frege's triangle, which consists of concept, name, and
denotatum vertices. For each new developed indicator, these three vertices of the
triangle are the sign-meaning (the indicator concept), the sign-form (the indicator
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name), and the denotatum of the sign (both an indicator computer program and
source data).

According to the frozen-state model, the description of a state of new developed
indicator is made by experts as a descriptor of the proactive dictionary at a discrete
point in time. In the model, three vertices of the triangle are encoded by the
evaluation system prototype into three following computer codes, recorded into the
proactive dictionary at the discrete point in time:

(1) a semantic code for the indicator concept;

(2) an information code for the indicator name; and

(3) an object code for the indicator denotatum.

The main design of computer coding of each new emerging indicator concept, its
name, and denotatum is that each developed indicator is analyzed and described in
the proactive dictionary from three points of view:

(1) as the emerging indicator concept;

(2) as the variable indicator name; and

(3) as the changeable indicator denotatum.

In two models, each changeable indicator denotatum is a computer program of
indicator computation together with corresponding source data, which are informa-
tion resources of the evaluation system prototype. The indicator names are given and
changed by the experts, developing indicators.

The coding design must take in mind that, during the development process of any
indicator, its emerging concept description, name, and denotatum may be changed
by the experts in great extent. Moreover, a key stage of the development process
of any indicator is the coordination of a personal concept description between the
experts to form a collective (group) concept description of its indicator.

The time-dependent model takes into account the variability of emerging indi-
cator concepts, their names, and denotata. The model is based on the frozen-state
model. To construct the time-dependent model, a set of points named the \Frege's
space" is defined as a trace space for describing emerging indicator concepts and their
evolution. This space is built to display development stages of indicators, including
generation microprocesses of expert knowledge about developed indicators. The
purpose of the Frege's space is to represent how all developed indicators change in
time, using sequences of semantic, information, and object computer codes. The
Frege's space has three axes of reference: semantic, information, and object code
axes, respectively, as well as the fourth one | the time axis [10].

The time-dependent model describes generation microprocesses of expert knowl-
edge about each developed indicator as one generation trace in the Frege's space at
the successive moments of time ti (i = 1, 2, . . .) where ti is the ith stage of indicator
development. It is supposed that at each ti, for each developed indicator, which
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changed at ti, experts describe a frozen-state of the developed indicator and the
evaluation system prototype generates three computer codes: semantic, information,
and object ones. The Frege's space is a set of all points of generation traces of all
developed indicators. The space is built according to the following requirement: at
the discrete point in time ti, any these three computer codes must correspond to just
one frozen state and one point of the space.

Proactive Dictionary as a Part of the Evaluation System

The users of the proactive dictionary are to be only the experts, responsible for
development of new indicators. Experts use the proactive dictionary as a tool for
indicator development to describe a dynamics of generation microprocess of own
knowledge about developed indicators. Each state of any developed indicator is
described by experts as a descriptor of the proactive dictionary. At discrete points in
time ti (i = 1, 2, . . .), each expert may create or modify descriptors of the proactive
dictionary. Experts can access descriptors of the proactive dictionary through the
expert console software of the evaluation system prototype and receive information
about any frozen state of each developed indicator. In the proactive dictionary, the
following events of indicator development are fixed:

{ creation of a descriptor for each uninterpreted or interpreted frozen state of any
developed indicator, including its definition and a name (with indication of their
authors from a group of experts);

{ establishment (change) of links between descriptors; and

{ establishment (change) of descriptor references to the programs that calculate
the values of the developed indicators and references to their source data.

Thus, each descriptor of the projective dictionary contains an indicator frozen-
state definition, its name, three computer codes and links to other descriptors, as
well as references to source data, which are information resources of the evaluation
system prototype (see references to information resources at t1 and tn in Fig. 1) and
computer programs1, which evaluate values of developed indicators (see references
to program resources at t1 and tn).

The development of any indicator includes two main phases: personal (one expert
creates an indicator) and collective (an indicator is coordinated by several experts
of the group). All the experts may refuse an indicator; then it is considered to be
nonactual, but still resides in the proactive dictionary. Besides the projective dic-
tionary, which is periodically enriched by new frozen states of developed indicators,
linguistic resources include a semantic dictionary, which is accessed by all users of
the evaluation system prototype.

1These programs were developed by V. Kosarik.
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Figure 1 Semantic and proactive dictionaries of the evaluation system prototype

All descriptors of the semantic dictionary do not change in time. While the
proactive dictionary deals with time-dependent indicators, the semantic dictionary
describes the stable indicators and has stable links and references (see Fig. 1). Each
time-dependent indicator can potentially turn into a stable one and be incorporated
into the semantic dictionary if this indicator is coordinated between the experts and
confirmed by decision-makers.

The proactive dictionary suggests the possibility of a return to any frozen states of
developed indicators, because it keeps all their frozen states which have ever existed.
For the proactive dictionary, operations of modifying or deletion of descriptors
are invalid: the modification of a descriptor leads just to the generation of a new
descriptor, while maintaining the old one. So, it is more convenient to consider a
new descriptor as a successor of the original. As a new descriptor may be the heir
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to the multiple source descriptors, such inheritance can be multiple in the projective
dictionary.

Development of a Set of Indicators

Here, an experiment on the development of a set of indicators of the authors' age
distribution of the articles of participants of the R&D thematic subprogram of the
FRA Program named \Basic research for medicine" is performed. One of the goals
of this subprogram is to attract young scientists to participate in its projects. In
total, the subprogram held about 140 projects. The total number of its participants
is about 1,500. One of the approved indicators of all FRA thematic subprograms
represents a share of participants under the age of 39. But this indicator says nothing
about the productivity of young scientists. Therefore, the present authors proposed
to develop a set of indicators to calculate the authors' age distribution of the articles,
dividing the participants into 14 age groups (20{24, 25{29, and up to 85{89 years).

The results of calculation of the set of developed indicators are given in the form
of graphs (Fig. 2). Here, the first five stages of the experiment are described. Five
experts take part in the indicator development: A, B, C, D, and E.

First stage. Expert A creates the first variant of the indicator having the
following characteristics:

Figure 2 Results of calculation of the first (a) and second (b) sets of the developed
indicators: left column | first stage; middle column | third stage; and right column |
fourth stage
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{ to calculate the values of the indicator, the articles from all journals, issued in
2009 and entered into the database of the evaluation system prototype, are used;

{ if an article has been written by co-authors, corresponding age groups receive
1 point for each author; and

{ the normalization procedure using the size of age groups is not applied.

At the same time (at the first stage), experts B and C create together the second
variant of the indicator with the same first and third characteristics, but the second
one has a different value: corresponding age groups receive 1/N point for an article
having N coauthors.

Second stage. Now, the expert C changes his/her mind and agrees with the
expert A. In other words, the expert C refuses to coordinate the second variant
of the indicator, thinking it is right to add just 1 point to each of coauthors, thus
coordinating the first variant of the indicator. So, the first variant becomes a
collective one, while the second variant becomes personal. The variants themselves
are identical to those of the first stage (these variants are not shown in Fig. 2).

Third stage. Experts A, B, and C decide to take into account, when calculating
values of their indicators, the number of people in each age group. It is reflected in
changes of corresponding algorithms | the normalization is used in the calculations.

Figure 3 Coordination level function Fcoor for the first five stages of the experiment
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Fourth stage. Experts A, B, and C decide to take into account only articles
printed in the journals from the rating list of the Nation Certification Commission
of Russia.

Fifth stage. Now, the experts remain unchanged states of their variants of
developed indicators. Yet, the points of view of some of them change. The expert C
refuses the variant of the expert A; so, this concept becomes a personal concept of
the expert A. Two other experts, D and E, join the second variant of the indicator.
This changes its level of coordination (these variants are not shown in Fig. 2).

In the course of the experiment, the coordination level function Fcoor was
determined. The function for the first five stages of the experiment has been
constructed (Fig. 3).

Concluding Remarks

Aiming to create a tool for developing the sets of indicators for monitoring and
evaluating R&D activities, the proactive dictionary as a part of the evaluation
system prototype has been introduced and applied.

The new notion of \Frege's space" has been introduced for quantitative rep-
resentation of changeable indicator denotata, their emerging concepts and variable
names during development of new indicators. The obtained results, considered in
the paper, consist of:

{ two theoretical models of the processes of indicators development;

{ the proactive dictionary, created on the base of these models;

{ results of an experiment of development of a set of indicators by a group of
experts; and

{ the definition of the coordination level function Fcoor.

The proactive dictionary shows new possibilities for developing indicators for
evaluating R&D thematic subprograms of the FRA Program, specifying states of
developed indicators as descriptors. Development of indicators is not the only goal
of the proactive dictionary design. Its implementation provides the solution of other
important tasks. First, each descriptor of the proactive dictionary sets a one-to-one
correspondence between the program that calculates values of the indicator and its
name. In other words, each name of any indicator corresponds to a unique program
calculating its values. Second, each descriptor fixes a rule of selecting source data
which are used in calculating the values of the indicator. That is why the process
of confirmation of any new indicator is a simultaneous approval of the following
entities: its name, its rubric(s) in a classification system, its definition, the computer
program of calculating its values, and the rule of selecting source data used in
calculating its values.
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РАЗРАБОТКА И ПРИМЕНЕНИЕ
ПРОГРАММНО-ОРИЕНТИРОВАННЫХ ИНДИКАТОРОВ

В СФЕРЕ НАУКИ

И. М. Зацман1, А. А. Дурново2
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�−−®â�æ¨ï: ÷�áá¬®âà¥−ë à¥§ã«ìâ�âë á®§¤�−¨ï ¬®¤¥«¥© ¨ áà¥¤áâ¢ à�§à�¡®âª¨
¨−¤¨ª�â®à®¢ ¬®−¨â®à¨−£� ¨ ®æ¥−¨¢�−¨ï ¯à®£à�¬¬−®-æ¥«¥¢®© −�ãç−®© ¤¥ï-
â¥«ì−®áâ¨. Š�¦¤ë© à�§à�¡�âë¢�¥¬ë© −�¡®à ¨−¤¨ª�â®à®¢ ®à¨¥−â¨à®¢�− −�
®æ¥−¨¢�−¨¥ −¥ª®â®à®© −�ãç−®© ¯à®£à�¬¬ë, ¢ â®¬ ç¨á«¥ ¥¥ æ¥«¥©, §�¤�ç, à¥áãà-
á®¢ ¨ à¥§ã«ìâ�â®¢. ‘à¥¤áâ¢® à�§à�¡®âª¨ ¨−¤¨ª�â®à®¢ ¯à¥¤áâ�¢«ï¥â á®¡®© ¡�§ã
íªá¯¥àâ−ëå §−�−¨©, ¯®«ãç¨¢èãî −�§¢�−¨¥ ¯à®¥ªâ¨¢−®£® á«®¢�àï, ª®â®àë©
ï¢«ï¥âáï ª®¬¯®−¥−â®¬ á¨áâ¥¬ë ¬®−¨â®à¨−£�. �â®â á«®¢�àì ¯®§¢®«ï¥â íªá¯¥à-
â�¬ ä¨ªá¨à®¢�âì áâ�¤¨¨ à�§à�¡®âª¨ ¨−¤¨ª�â®à®¢, ¯à¥¤áâ�¢«ïâì à¥§ã«ìâ�âë
¯®íâ�¯−®© à�§à�¡®âª¨ ¢ £à�ä¨ç¥áª®© ä®à¬¥, áà�¢−¨¢�âì ¨ ®æ¥−¨¢�âì ¢�à¨�−âë
¨−¤¨ª�â®à®¢ æ¥«¥©, §�¤�ç, à¥áãàá®¢ ¨ à¥§ã«ìâ�â®¢ ¯à®£à�¬¬ë. �à¥¤áâ�¢«¥−®
ªà�âª®¥ ®¯¨á�−¨¥ ¤¢ãå â¥®à¥â¨ç¥áª¨å ¬®¤¥«¥© ¯à®æ¥áá� à�§à�¡®âª¨ ¨−¤¨ª�-
â®à®¢ ¨ ®¯ëâ−®£® ®¡à�§æ� ¯à®¥ªâ¨¢−®£® á«®¢�àï, á®§¤�−−®£® −� ®á−®¢¥ íâ¨å
¬®¤¥«¥©. ÷�áá¬®âà¥−ë à¥§ã«ìâ�âë íªá¯¥à¨¬¥−â� ¯® à�§à�¡®âª¥ ¨−¤¨ª�â®à®¢
£àã¯¯®© íªá¯¥àâ®¢.

Š«îç¥¢ë¥ á«®¢�: ¯à®æ¥ááë ä®à¬¨à®¢�−¨ï íªá¯¥àâ−ëå §−�−¨© ®¡ ¨−¤¨ª�â®-
à�å; ¯à¥¤áâ�¢«¥−¨¥ §−�−¨© ®¡ ¨−¤¨ª�â®à�å; á¥¬¨®â¨ç¥áª¨¥ ¬®¤¥«¨; ¯à®£à�¬-
¬−®-®à¨¥−â¨à®¢�−−ë¥ ¨−¤¨ª�â®àë; ¤¥−®â�âë ¨−¤¨ª�â®à®¢
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ПРЕДМЕТНЫЕ СЛОВАРИ:
НАЗНАЧЕНИЕ, ОСОБЕННОСТИ И ПЕРСПЕКТИВЫ

Н. В. Сомин1, И. П. Кузнецов2, М. М. Шарнин3, В. Г. Николаев4

�−−®â�æ¨ï: �¡ê¥ªâ®¬ ¨áá«¥¤®¢�−¨ï ¨ à�§à�¡®âª¨ ï¢«ï¥âáï á¥¬�−â¨ª®-®à¨¥−-
â¨à®¢�−−ë© «¨−£¢¨áâ¨ç¥áª¨© ¯à®æ¥áá®à (‹�) ¤«ï �¢â®¬�â¨ç¥áª®© ä®à¬�«¨-
§�æ¨¨ â¥ªáâ®¢ −� ¥áâ¥áâ¢¥−−®¬ ï§ëª¥ (…Ÿ) á à�áè¨à¥−−ë¬¨ äã−ªæ¨®−�«ì−ë¬¨
¢®§¬®¦−®áâï¬¨. �à®æ¥áá®à ®¡¥á¯¥ç¨¢�¥â ¨§¢«¥ç¥−¨¥ §−�−¨© ¨§ â¥ªáâ®¢ ¤«ï
ª®−ªà¥â−ëå ª�â¥£®à¨© ¯®«ì§®¢�â¥«¥©, ª®â®àë¥ ¨−â¥à¥áãîâáï ®¯à¥¤¥«¥−−ë-
¬¨ ®¡ê¥ªâ�¬¨, ¨å ¯à¨§−�ª�¬¨ ¨ á¢ï§ï¬¨. ‚ ¤�−−®© áâ�âì¥ à�áá¬�âà¨¢�¥âáï
à�§¢¨â¨¥ â�ª¨å ¯à®æ¥áá®à®¢ ¢ −�¯à�¢«¥−¨¨ ãá®¢¥àè¥−áâ¢®¢�−¨ï «¨−£¢¨áâ¨ç¥-
áª¨å §−�−¨©, ª ª®â®àë¬ ®â−®áïâáï ¯à¥¤¬¥â−ë¥ á«®¢�à¨. �−¨ ¨á¯®«ì§ãîâáï ¢
¯à®æ¥áá¥ «¥ªá¨ª®-¬®àä®«®£¨ç¥áª®£® �−�«¨§� (‹Œ�) ¤«ï ¯à¨¤�−¨ï á«®¢�¬ ¨
á«®¢®á®ç¥â�−¨ï¬ á¥¬�−â¨ç¥áª¨å ¯à¨§−�ª®¢, çâ® á−¨¬�¥â ¬−®£¨¥ −¥®¯à¥¤¥«¥−-
−®áâ¨ ¢ ¯à®æ¥áá¥ ¯®á«¥¤ãîé¥£® �−�«¨§� â¥ªáâ�.

Š«îç¥¢ë¥ á«®¢�: ¨§¢«¥ç¥−¨¥ §−�−¨©; «¨−£¢¨áâ¨ç¥áª¨© ¯à®æ¥áá®à; «¥ªá¨ª®-
¬®àä®«®£¨ç¥áª¨© �−�«¨§; ¯à¥¤¬¥â−ë¥ á«®¢�à¨

1 Введение

�� ¯à®âï¦¥−¨¨ ¯®á«¥¤−¨å 20 «¥â ¢ ˆ�ˆ ÷�� à�§¢¨¢�¥âáï −�ãç−®¥ −�-
¯à�¢«¥−¨¥, á¢ï§�−−®¥ á à�§à�¡®âª®© á¥¬�−â¨ª®-®à¨¥−â¨à®¢�−−ëå ‹�. „àã£®¥
−�§¢�−¨¥ | ®¡ê¥ªâ−®-®à¨¥−â¨à®¢�−−ë¥ ‹�. ’�ª¨¥ ‹� ®áãé¥áâ¢«ïîâ ¨§¢«¥ç¥-
−¨¥ §−�−¨© ¨§ ¯à®¨§¢®«ì−ëå â¥ªáâ®¢ −� …Ÿ ¢ ®¯à¥¤¥«¥−−®© ¯à¥¤¬¥â−®© ®¡«�áâ¨
á ¨å ®â®¡à�¦¥−¨¥¬ −� áâàãªâãàë §−�−¨© | à�áè¨à¥−−ë¥ á¥¬�−â¨ç¥áª¨¥ á¥â¨
(÷‘‘) [1{3]. “ç¨âë¢�¥âáï â®â ä�ªâ, çâ® ¡®«ìè¨−áâ¢® ¯®«ì§®¢�â¥«¥© | á¯¥æ¨�«¨-
áâ®¢ ¢ á¢®¥© ®¡«�áâ¨ | ¨−â¥à¥áã¥âáï «¨èì ª®−ªà¥â−ë¬¨ ¢¥é�¬¨ ¤«ï á¢®¨å §�¤�ç.
��¯à¨¬¥à, á«¥¤®¢�â¥«ï¬ ¢�¦−ë ä¨£ãà�−âë, ¨å ¬¥áâ®¦¨â¥«ìáâ¢�, â¥«¥ä®−ë,
¯à¨¬¥âë, ¤¥©áâ¢¨ï «¨æ (á ãª�§�−¨¥¬ ¬¥áâ�, ¢à¥¬¥−¨), á¢ï§¨ ¨ ¤à. ‘¯¥æ¨�«¨áâ®¢
¯® ª�¤à�¬ ¨−â¥à¥áãîâ ®à£�−¨§�æ¨¨, £¤¥ ¨ ª¥¬ ç¥«®¢¥ª à�¡®â�«, ª®£¤� íâ® ¡ë«®.
�®¤®¡−ãî ¨−ä®à¬�æ¨î ¡ã¤¥¬ −�§ë¢�âì ¨−ä®à¬�æ¨®−−ë¬¨ ®¡ê¥ªâ�¬¨ (¤àã£®¥
−�§¢�−¨¥ | ¨¬¥−®¢�−−ë¥ áãé−®áâ¨), ª®â®àë¥ à�§«¨ç�îâáï ¯® â¨¯�¬. ��¯à¨-
¬¥à, «¨æ� ¨ ä¨£ãà�−âë | íâ® ®¡ê¥ªâë ®¤−®£® â¨¯�, �¤à¥á� | ¤àã£®£® ¨ â. ¤.

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, somin@post.ru
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, igor-kuz@mtu-net.ru
3ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, keywen1@mail.ru
4ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, DHLine@yandex.ru
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’¨¯®«®£¨ï ®¡ê¥ªâ®¢, ¨−â¥à¥áãîé¨å ¯®«ì§®¢�â¥«ï, ®¯à¥¤¥«ï¥âáï ¥£® ¯à¥¤¬¥â−®©
®¡«�áâìî ¨ ª«�áá®¬ à¥è�¥¬ëå §�¤�ç.

‘¥¬�−â¨ª®-®à¨¥−â¨à®¢�−−ë© ‹� ®áãé¥áâ¢«ï¥â £«ã¡¨−−ë© �−�«¨§ â¥ªáâ®¢
−� …Ÿ, ¨§ ª®â®àëå ¨§¢«¥ª�îâáï ®¡ê¥ªâë ¨ ¨å á¢ï§¨. ’�ª®© ‹� á®¤¥à¦¨â ¤¢�
®á−®¢−ëå ¡«®ª� | ‹Œ� ¨ á¨−â�ªâ¨ª®-á¥¬�−â¨ç¥áª®£® �−�«¨§� (‘‘�).

�«®ª ‹Œ� ¢ë¤¥«ï¥â ¨§ ¤®ªã¬¥−â� á«®¢� ¨ ¯à¥¤«®¦¥−¨ï ¨ ¢ë¤�¥â ¢ ¢¨-
¤¥ á¥¬�−â¨ç¥áª®© á¥â¨ (�‘ ¤®ªã¬¥−â�) ¯®á«¥¤®¢�â¥«ì−®áâì ª®¬¯®−¥−â®¢ (á«®¢ ¢
−®à¬�«ì−®© ä®à¬¥, ç¨á¥«, §−�ª®¢) ¨ ¨å ®á−®¢−ë¥ ¯à¨§−�ª¨ | «¥ªá¨ç¥áª¨¥, ¬®à-
ä®«®£¨ç¥áª¨¥, á¥¬�−â¨ç¥áª¨¥. �«®ª ‹Œ� ¨¬¥¥â á¢®¨ áà¥¤áâ¢� ¯�à�¬¥âà¨ç¥áª®©
−�áâà®©ª¨ ¨ ¨á¯®«ì§ã¥â −�¡®à ¯à¥¤¬¥â−ëå á«®¢�à¥© (á«®¢�àì áâà�−, à¥£¨®−®¢
÷®áá¨¨, ¨¬¥−, ¯à®ä¥áá¨© ¨ ¤à.) ¤«ï ¯à¨¤�−¨ï á«®¢�¬ ¨ á«®¢®á®ç¥â�−¨ï¬ ¤®¯®«-
−¨â¥«ì−ëå á¥¬�−â¨ç¥áª¨å ¯à¨§−�ª®¢ [4, 5].

�«®ª ‘‘� ¯ãâ¥¬ �−�«¨§� �‘ ¤®ªã¬¥−â� (¯®á«¥¤®¢�â¥«ì−®áâ¨ á«®¢ ¨ ¨å ¯à¨-
§−�ª®¢) ¢ë¤¥«ï¥â ¨−ä®à¬�æ¨®−−ë¥ ®¡ê¥ªâë ¨ ¨å á¢ï§¨. �� íâ®© ®á−®¢¥ ¡«®ª
áâà®¨â ¤àã£ãî á¥¬�−â¨ç¥áªãî á¥âì, ¯à¥¤áâ�¢«ïîéãî á¥¬�−â¨ç¥áªãî áâàãªâãàã
¤®ªã¬¥−â� (‘‘ ¤®ªã¬¥−â�), −�§ë¢�¥¬ãî â�ª¦¥ á®¤¥à¦�â¥«ì−ë¬ ¯®àâà¥â®¬ [1{
3]. ’�ª¨¥ ¯®àâà¥âë ¯à¥¤áâ�¢«ïîâ á®¡®© áâàãªâãàë §−�−¨©, ª®â®àë¥ §�¯®¬¨−�-
îâáï ¨ ®¡à�§ãîâ ¯à¥¤¬¥â−ãî ¡�§ã §−�−¨© (�‡). �®á«¥¤−ïï ï¢«ï¥âáï ®á−®¢®© ¤«ï
à¥�«¨§�æ¨¨ à�§«¨ç−ëå ¢¨¤®¢ á¥¬�−â¨ç¥áª¨å ¯®¨áª®¢ ¨ «®£¨ª®-�−�«¨â¨ç¥áª¨å
à¥è¥−¨©.

�«®ª ‹Œ� ¨£à�¥â ¢�¦−¥©èãî à®«ì ¯à¨ à�¡®â¥ ‹�. ‹î¡ë¥ −¥®¯à¥¤¥«¥−-
−®áâ¨, ¢®§−¨ª�îé¨¥ ¯à¨ à�¡®â¥ íâ®£® ¡«®ª�, âà¥¡ãîâ ãá«®¦−¥−¨ï ¡«®ª� ‘‘�
¤«ï ¨å à�§à¥è¥−¨ï. ˆ ¢ â® ¦¥ ¢à¥¬ï ¤®¯®«−¨â¥«ì−ë¥ ¯à¨§−�ª¨, ä®à¬¨àã¥¬ë¥
¡«®ª®¬ ‹Œ� (®á®¡¥−−® á¥¬�−â¨ç¥áª¨¥), ¢® ¬−®£¨å á«ãç�ïå ¯®§¢®«ïîâ ã¯à®á-
â¨âì ¯à®æ¥¤ãàã ¢ë¤¥«¥−¨ï ®¡ê¥ªâ®¢ ¨ á¢ï§¥©, ®áãé¥áâ¢«ï¥¬ãî ¡«®ª®¬ ‘‘�,
®¡¥á¯¥ç¨âì ãáâà�−¥−¨¥ −¥®¤−®§−�ç−®áâ¥©.

�à¨ ä®à¬¨à®¢�−¨¨ á¥¬�−â¨ç¥áª¨å ¯à¨§−�ª®¢ ®á®¡ãî à®«ì ¨£à�îâ ¯à¥¤¬¥â-
−ë¥ á«®¢�à¨. ‚ ¯à®æ¥áá¥ −�áâà®©ª¨ ‹� −� à�§«¨ç−ë¥ ¯à¥¤¬¥â−ë¥ ®¡«�áâ¨ â�ª¨¥
á«®¢�à¨ ¯à¨®¡à¥«¨ ¬−®£® −®¢ëå äã−ªæ¨©, −¥®¡å®¤¨¬ëå ¤«ï ¯®¢ëè¥−¨ï ª�ç¥áâ¢�
à�¡®âë ‹� ¢ ¯à®æ¥áá¥ ¨§¢«¥ç¥−¨ï §−�−¨©. ‚ ¤�−−®© áâ�âì¥ ¡ã¤ãâ à�áá¬�âà¨¢�âìáï
íâ¨ äã−ªæ¨¨ ¨ ¬¥â®¤¨ª¨ ¨å à¥�«¨§�æ¨¨.

�â¬¥â¨¬, çâ® ¢ −�áâ®ïé¥¥ ¢à¥¬ï ®¡«�áâì ú¨§¢«¥ç¥−¨¥ §−�−¨© ¨§ â¥ªáâ®¢û �ª-
â¨¢−® à�§¢¨¢�¥âáï. ÷¥ª«�¬¨àã¥âáï ¬−®¦¥áâ¢® á¨áâ¥¬ (‹�), ª®â®àë¥ à�§«¨ç�îâáï
£«ã¡¨−®© �−�«¨§� ¨ ª�ç¥áâ¢®¬ à¥§ã«ìâ�â®¢. Œ−®£¨¥ ¨§ â�ª¨å á¨áâ¥¬ ®à¨¥−â¨-
à®¢�−ë −� ¢ë¤¥«¥−¨¥ ®£à�−¨ç¥−−®£® ç¨á«� ®¡ê¥ªâ®¢. Š�ª ¯à�¢¨«®, íâ® «¨æ�,
®à£�−¨§�æ¨¨, �¤à¥á� ¨ ¤�âë. ’�ª¨¥ á¨áâ¥¬ë áà�¢−¨â¥«ì−® «¥£ª® à¥�«¨§ãîâáï
¯à®£à�¬¬−ë¬¨ áà¥¤áâ¢�¬¨. „«ï ¢ë¤¥«¥−¨ï ¤àã£¨å ®¡ê¥ªâ®¢, ¨å á¢ï§¥© ¨ ¤¥©-
áâ¢¨© âà¥¡ã¥âáï ¡®«¥¥ £«ã¡®ª¨© �−�«¨§, £¤¥ −¥®¡å®¤¨¬® ãç¨âë¢�âì §−�ç¨â¥«ì−®
¡®«ìè¥¥ ç¨á«® ¯à¨§−�ª®¢. Šà®¬¥ â®£®, âà¥¡ã¥âáï á¯¥æ¨�«ì−�ï ®à£�−¨§�æ¨ï á¨-
áâ¥¬ ¤«ï ¨å −�áâà®©ª¨ −� ª®à¯ãá� â¥ªáâ®¢. ‚ ª�ç¥áâ¢¥ áà¥¤áâ¢ −�áâà®©ª¨ ¢¢®¤ïâáï
«¨−£¢¨áâ¨ç¥áª¨¥ §−�−¨ï [1, 2]. ‚ á¥¬�−â¨ª®-®à¨¥−â¨à®¢�−−ëå ‹� â�ª¨¥ §−�-
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−¨ï ¢ª«îç�îâ ¢ á¥¡ï ¯à¥¤¬¥â−ë¥ á«®¢�à¨, ª®â®àë¥ −¥®¡å®¤¨¬ë ¤«ï £«ã¡¨−−®£®
�−�«¨§� â¥ªáâ®¢ −� …Ÿ | àãááª®¬ ¨ �−£«¨©áª®¬.

2 Функции предметных словарей

�à¥¤¬¥â−ë¥ á«®¢�à¨ á®¤¥à¦�â ª®−ªà¥â−ãî ¨−ä®à¬�æ¨î ®¡ ¨áá«¥¤ã¥¬®©
¯à¥¤¬¥â−®© ®¡«�áâ¨. ‚ ¯à®áâ¥©è¥¬ á«ãç�¥ ¯à¥¤¬¥â−ë© á«®¢�àì ¯à¥¤áâ�¢«ï¥â
á®¡®© á¯¨á®ª á«®¢ ¨ á«®¢®á®ç¥â�−¨© (â¥à¬¨−®¢), ª®â®àë¥ ï¢«ïîâáï −�§¢�−¨ï¬¨
¨−ä®à¬�æ¨®−−ëå ®¡ê¥ªâ®¢ ¨«¨ ¦¥ ï¢«ïîâáï ª«îç¥¢ë¬¨ á«®¢�¬¨, −¥®¡å®¤¨-
¬ë¬¨ ¤«ï ¢ë¤¥«¥−¨ï ®¡ê¥ªâ®¢. ‚ ¡®«¥¥ á«®¦−ëå á«ãç�ïå ¢¬¥áâ® â¥à¬¨−®¢
¨á¯®«ì§ãîâáï ¡®«¥¥ á«®¦−ë¥ ª®−áâàãªæ¨¨, ¯®ªàë¢�îé¨¥ ¬−®¦¥áâ¢® â¥à¬¨−®¢
(á¬. à�§¤. 3).

�à¨¬¥à äà�£¬¥−â�, ¢§ïâ®£® ¨§ á«®¢�àï ®à£�−¨§�æ¨© (ORG K), ¯à¥¤áâ�¢«¥−
−� à¨á. 1. ‘«®¢� úã−¨¢¥àá¨â¥âû, úãçà¥¦¤¥−¨¥û, úãç¨«¨é¥û ¨ ¤à. ï¢«ïîâ-
áï ª«îç¥¢ë¬¨. ‘«®¢®á®ç¥â�−¨ï â¨¯� ú“−¨¢¥àá¨â¥â „àã¦¡ë ��à®¤®¢û ¥áâì
−�§¢�−¨¥ ®à£�−¨§�æ¨¨.

�®¨áª â¥à¬¨−®¢ á«®¢�àï ¢ â¥ªáâ¥ ª�ª®£®-«¨¡® ¤®ªã¬¥−â� ®áãé¥áâ¢«ï¥âáï
¡«®ª®¬ ‹Œ�. �ã¤¥¬ −�§ë¢�âì ¯®¨áª â¥à¬¨−� ¥£® ¨¤¥−â¨ä¨ª�æ¨¥©. ’¥à¬¨−
−�©¤¥− (¨«¨ ¨¤¥−â¨ä¨æ¨à®¢�−), ¥á«¨ −�©¤¥−ë á®®â¢¥âáâ¢ãîé¨¥ á«®¢� ¢ â¥ªáâ¥.

÷¨á. 1 �à¥¤¬¥â−ë© á«®¢�àì ®à£�−¨§�æ¨© (ORG K)
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’®£¤� ¢ �‘ ¤®ªã¬¥−â� íâ¨¬ á«®¢�¬ ¯à¨á¢�¨¢�¥âáï á¥¬�−â¨ç¥áª¨© ¯à¨§−�ª | ¢
§�¢¨á¨¬®áâ¨ ®â â®£®, ¢ ª�ª®¬ á«®¢�à¥ íâ®â â¥à¬¨− −�å®¤¨âáï. ��¯à¨¬¥à, á«®¢ã
úã−¨¢¥àá¨â¥âû ¡ã¤¥â ¯à¨á¢®¥− ¯à¨§−�ª ®à£�−¨§�æ¨¨ | ORG K. ‘¨áâ¥¬� (¡«®ª
‘‘�) ®¯¨à�¥âáï −� â�ª¨¥ ¯à¨§−�ª¨. ‘ −¨å −�ç¨−�¥âáï à�á¯®§−�¢�−¨¥ ®¡ê¥ªâ®¢.

�à¨ ¢ë¤¥«¥−¨¨ ®¡ê¥ªâ®¢ ®¯à¥¤¥«¥−−®£® â¨¯� ¨á¯®«ì§ãîâáï á¢®¨ á«®¢�à¨. ��-
¯à¨¬¥à, ¯à¨ ¢ë¤¥«¥−¨¨ «¨æ ¨á¯®«ì§ã¥âáï á«®¢�àì ¨¬¥− á®¡áâ¢¥−−ëå (NAME K).
‚ á¨áâ¥¬¥ ¨¬¥îâáï á«®¢�à¨, ¢ ª®â®àëå â¥à¬¨−�¬¨ ï¢«ïîâáï −�§¢�−¨ï ¨−ä®à-
¬�æ¨®−−ëå ®¡ê¥ªâ®¢. ��¯à¨¬¥à, â�ª¨¬ ï¢«ï¥âáï á«®¢�àì ”ˆ� (FIO K), á®-
¤¥à¦�é¨© á¯¨á®ª −�¨¡®«¥¥ §−�ç¨¬ëå ¨«¨ ç�áâ® ¢áâà¥ç�îé¨åáï «¨æ. �à¨ ¨å
¨¤¥−â¨ä¨ª�æ¨¨ −� ®á−®¢¥ á«®¢, −�©¤¥−−ëå ¢ â¥ªáâ¥, áà�§ã ä®à¬¨àã¥âáï ®¡ê¥ªâ,
ª®â®àë© ¯®¬¥é�¥âáï ¢ �‘ ¤®ªã¬¥−â�. �¥ âà¥¡ã¥âáï á¯¥æ¨�«ì−ëå ¯à�¢¨« ¨å
¢ë¤¥«¥−¨ï ¡«®ª®¬ ‘‘� (á¬. à�§¤. 6).

ˆâ�ª, ¨¬¥¥â ¬¥áâ® ¤¢� á«ãç�ï ¨¤¥−â¨ä¨ª�æ¨¨ â¥à¬¨−®¢. �¥à¢ë©, ª®£¤�
â¥à¬¨− á«®¢�àï | íâ® ®â¤¥«ì−®¥ á«®¢®, −¥ ï¢«ïîé¥¥áï −�§¢�−¨¥¬ ®¡ê¥ªâ�. ’®£¤�
¯à¨ ¨¤¥−â¨ä¨ª�æ¨¨ á®®â¢¥âáâ¢ãîé¥¬ã á«®¢ã â¥ªáâ� ¯à¨á¢�¨¢�¥âáï á¥¬�−â¨ç¥-
áª¨© ¯à¨§−�ª, ª®â®àë© ¯à¨ ¯®á«¥¤ãîé¥¬ �−�«¨§¥ ¨−¨æ¨¨àã¥â à�á¯®§−�¢�−¨¥
®¡ê¥ªâ�. ‚â®à®© á«ãç�©, ª®£¤� â¥à¬¨− | íâ® á«®¢®á®ç¥â�−¨¥. ’®£¤� ¯à¨ ¥£®
¨¤¥−â¨ä¨ª�æ¨¨ ¢ â¥ªáâ¥ ¨é¥âáï −�¡®à á«®¢ | â�ª®¥ ¦¥ á«®¢®á®ç¥â�−¨¥. �à¨ íâ®¬
−�©¤¥−−ë¥ á«®¢� á¢ï§ë¢�îâáï ¬¥¦¤ã á®¡®© ¨ ®¡à�§ãîâ ¥¤¨−®¥ æ¥«®¥, ª®â®à®¬ã
¯à¨á¢�¨¢�¥âáï á¥¬�−â¨ç¥áª¨© ¯à¨§−�ª, ®¯à¥¤¥«ï¥¬ë© á«®¢�à¥¬.

„® ¨¤¥−â¨ä¨ª�æ¨¨ â¥à¬¨−®¢ â¥ªáâ ¯à¥¤áâ�¢«ï¥â á®¡®© ¯®á«¥¤®¢�â¥«ì−®áâì
á«®¢ («¥ªá¥¬), ¨¬¥îé¨å «¨èì ®¡é¥ï§ëª®¢ãî á¥¬�−â¨ªã. �® ¯®á«¥ ¨¤¥−â¨ä¨ª�-
æ¨¨ íâ¨ á«®¢� á¢ï§ë¢�îâáï ¬¥¦¤ã á®¡®© ¨ ¯à¨®¡à¥â�îâ ¨−®© áâ�âãá | ®−¨ ¨«¨
áâ�−®¢ïâáï −�§¢�−¨¥¬ ¨−ä®à¬�æ¨®−−®£® ®¡ê¥ªâ�, ¨«¨ ¨−¨æ¨¨àãîâ ä®à¬¨à®¢�−¨¥
â�ª®£® ®¡ê¥ªâ�.

‚ á¨áâ¥¬¥ ¤®¯ãáª�¥âáï ¯à®¨§¢®«ì−®¥ ç¨á«® á«®¢�à¥©, ª�¦¤ë© ¨§ ª®â®àëå
¬®¦¥â ãç�áâ¢®¢�âì ¢ ®¡à�¡®âª¥ â¥ªáâ�. Š�¦¤ë© á«®¢�àì ¢ á¨áâ¥¬¥ ¯®«ãç�¥â ¨¬ï,
®¯à¥¤¥«ïîé¥¥ á¥¬�−â¨ç¥áª¨© ¯à¨§−�ª, ª®â®àë© ¤�¥âáï ¯à¨ ¨¤¥−â¨ä¨ª�æ¨¨ ¥£®
â¥à¬¨−®¢. ��¡®à á«®¢�à¥©, ãç�áâ¢ãîé¨å ¢ �−�«¨§¥, ¬®¦−® £¨¡ª® ¬¥−ïâì ®â
â¥ªáâ� ª â¥ªáâã.

Š�¦¤ë© á«®¢�àì §�¯¨áë¢�¥âáï ¢ ®â¤¥«ì−®¬ ä�©«¥. Œ−®¦¥áâ¢® á«®¢�à¥©
®¡à�§ã¥â ¢§�¨¬®á¢ï§�−−ãî á«®¢�à−ãî á¨áâ¥¬ã, ª®â®à�ï −�å®¤¨âáï ¢ ®â¤¥«ì−®©
¤¨à¥ªâ®à¨¨ Morf tab (à¨á. 2). ‘«®¢�àì City k.slv á®¤¥à¦¨â á¯¨á®ª £®à®¤®¢,
á«®¢�àì Drug k.slv | −�§¢�−¨ï −�àª®â¨ç¥áª¨å ¢¥é¥áâ¢ ¨ â. ¤.

Š −�áâ®ïé¥¬ã ¢à¥¬¥−¨ −�ª®¯«¥−� ¡�§� ¨§ 20 ¯à¥¤¬¥â−ëå á«®¢�à¥©, ¨á¯®«ì§ã-
¥¬ëå ¤«ï ä®à¬�«¨§�æ¨¨ â¥ªáâ®¢ ¢ à�§«¨ç−ëå ¯à¥¤¬¥â−ëå ®¡«�áâïå. �®«ìè¨−-
áâ¢® ¨§ −¨å ¨¬¥¥â ¤®áâ�â®ç−® ã−¨¢¥àá�«ì−ë© å�à�ªâ¥à ¨ ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�−®
¤«ï à¥è¥−¨ï ¬−®£¨å §�¤�ç. �¯ëâ íªá¯«ã�â�æ¨¨ ¯®ª�§�«, çâ® á«®¢�à¨ áãé¥áâ¢¥−−®
¯®¢ëè�îâ ª�ç¥áâ¢® ‘‘� ¨ £«ã¡¨−ã �−�«¨§� â¥ªáâ®¢.

‡�¬¥â¨¬, çâ® á¨áâ¥¬� ¯à¥¤¬¥â−ëå á«®¢�à¥© ä�ªâ¨ç¥áª¨ ï¢«ï¥âáï �‡ ® ¯à¥¤-
¬¥â−®© ®¡«�áâ¨, á¢®¥®¡à�§−®© ®−â®«®£¨¥©. �¤−�ª® á¯¥æ¨ä¨ª� íâ®© ®−â®«®£¨¨ ¢
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÷¨á. 2 ‘¨áâ¥¬� ¯à¥¤¬¥â−ëå á«®¢�à¥©

â®¬, çâ® ®−� ®à¨¥−â¨à®¢�−� −� à¥è¥−¨¥ §�¤�ç¨ ¢ëï¢«¥−¨ï ¨§ â¥ªáâ®¢ ¨−ä®à¬�-
æ¨®−−ëå ®¡ê¥ªâ®¢ ¨ á¢ï§¥© ¬¥¦¤ã −¨¬¨.

‘¨áâ¥¬� ¯à¥¤¬¥â−ëå á«®¢�à¥© ¯à¥¤áâ�¢«ï¥â á®¡®© ¤®áâ�â®ç−® á«®¦−ãî ¯à®-
£à�¬¬−ãî á¨áâ¥¬ã. ‚ −¥¥ ¢å®¤ïâ á«¥¤ãîé¨¥ ¯à®£à�¬¬−ë¥ ¡«®ª¨:

{ ¡«®ª ¢¢®¤� â¥à¬¨−®¢ ¨ ¯¥à¥¢®¤� ¨å ¢® ¢−ãâà¥−−îî á«®¢�à−ãî ä®à¬ã;

{ ¡«®ª ¨¤¥−â¨ä¨ª�æ¨¨ á«®¢�à−®£® â¥à¬¨−� ¢ â¥ªáâ¥;

{ ¡«®ª ã¯à�¢«¥−¨ï á«®¢�à−ë¬¨ ¤�−−ë¬¨ −� ä¨§¨ç¥áª®¬ ãà®¢−¥ (á«®¢�à−�ï
á¨áâ¥¬� ã¯à�¢«¥−¨ï ¡�§�¬¨ ¤�−−ëå (‘“�„)).

÷�áá¬®âà¨¬ ¢®§¬®¦−®áâ¨ ¨ �«£®à¨â¬ë à�¡®âë ª�¦¤®£® ¨§ íâ¨å ¡«®ª®¢.

3 Возможности описания терминов

ˆ−ä®à¬�æ¨ï, ª®â®à�ï ¨−â¥à¥áã¥â ¯®«ì§®¢�â¥«ï, ¬®¦¥â ¡ëâì ¢¥áì¬� à�§−®-
®¡à�§−®©. �â® ®â−®á¨âáï −¥ â®«ìª® ª â¨¯®«®£¨¨ ®¡ê¥ªâ®¢, −® ¨ ª ®¡ê¥ªâ�¬ ®¤−®£®
â¨¯�. ˆå ¬®¦¥â ¡ëâì §−�ç¨â¥«ì−®¥ ª®«¨ç¥áâ¢® á ¡®«ìè¨¬ à�§−®®¡à�§¨¥¬ ä®à¬
§�¯¨á¨. ˆ¬¥îâáï ¢ ¢¨¤ã á«ãç�¨, ª®£¤� ã ®¤−®© ®à£�−¨§�æ¨¨ ¨¬¥¥âáï ¬−®¦¥áâ¢®
−�§¢�−¨©. ’® ¦¥ á�¬®¥ ¨¬¥¥â ¬¥áâ® ¤«ï ¯à®ä¥áá¨©, ¢¨¤®¢ ®àã¦¨ï, �¢â®¬®¡¨-
«¥©, ª®¬¯ìîâ¥à®¢ ¨ ¤à. �à¨ íâ®¬ ¡®«ìè®¥ à�§−®®¡à�§¨¥ §�âàã¤−ï¥â á®§¤�−¨¥
á¯¨áª� â¥à¬¨−®¢ á«®¢�àï, −¥®¡å®¤¨¬ëå ¤«ï ¢ë¤¥«¥−¨ï ®¡ê¥ªâ®¢ ®¯à¥¤¥«¥−−®-
£® â¨¯�. �âáî¤� ¢ëâ¥ª�¥â −¥®¡å®¤¨¬®áâì á®¢¥àè¥−áâ¢®¢�−¨ï äã−ªæ¨®−�«ì−ëå
¢®§¬®¦−®áâ¥© ¯à¥¤¬¥â−ëå á«®¢�à¥©.
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‚®-¯¥à¢ëå, ¤«ï ã¬¥−ìè¥−¨ï ç¨á«� â¥à¬¨−®¢ ®ª�§�«®áì −¥®¡å®¤¨¬ë¬ ¢¢¥áâ¨
¢ á«®¢�à¨ ú®¡®¡é¥−−ë¥ á«®¢�û, ¯®ªàë¢�îé¨¥ £àã¯¯ã ®¤−®â¨¯−ëå â¥à¬¨−®¢.
‚®-¢â®àëå, ¢ ¤®ªã¬¥−â�å ç�áâ® ¢áâà¥ç�¥âáï ®¯¨á�−¨¥ «¨æ (¨ ¤àã£¨å ®¡ê¥ªâ®¢),
ª®â®àë¥ ¨¬¥−ãîâáï ¯®-à�§−®¬ã. ’�ª¨¥ ®¯¨á�−¨ï −ã¦−® ¯à¨¢®¤¨âì ª ®¤−®¬ã
¢¨¤ã. ˆ −�ª®−¥æ, ª�ª ®ª�§�«®áì, ®¤¨− ¨ â®â ¦¥ â¥à¬¨− ¬®¦¥â ¡ëâì ª«îç¥¢ë¬ ¤«ï
®¡ê¥ªâ®¢ à�§«¨ç−ëå â¨¯®¢ ¨, á®®â¢¥âáâ¢¥−−®, ¯®¬¥é�âìáï ¢ à�§−ëå á«®¢�àïå,
çâ® ¤¥«�¥â −¥®¤−®§−�ç−®© ¥£® ¨¤¥−â¨ä¨ª�æ¨î. �â¨ ä�ªâ®àë ®¯à¥¤¥«¨«¨ á¯¥ªâà
¢®§¬®¦−®áâ¥©, ª®â®àë¬¨ ¤®«¦−ë ®¡«�¤�âì ¯à¥¤¬¥â−ë¥ á«®¢�à¨.

„«ï à¥�«¨§�æ¨¨ ¯¥à¥ç¨á«¥−−ëå ¢®§¬®¦−®áâ¥© ¢ ¯à¥¤¬¥â−ë¥ á«®¢�à¨ (á®-
¤¥à¦�é¨¥ â¥à¬¨−ë) ¡ë«¨ ¢¢¥¤¥−ë á¯¥æ¨�«ì−ë¥ ª®−áâàãªæ¨¨. ‘ ¨å ¯®¬®éìî
ãç¨âë¢�îâáï á«ãç�¨, ª®£¤� ®¤¨− ¨ â®â ¦¥ ®¡ê¥ªâ ¬®¦¥â ¡ëâì ¢ëà�¦¥− à�§−ë¬¨
â¥à¬¨−�¬¨, ª®£¤� ®¤¨− ¨ â®â ¦¥ â¥à¬¨− ¯à¨−�¤«¥¦¨â à�§−ë¬ ¯à¥¤¬¥â−ë¬ á«®-
¢�àï¬ ¨ ¤à. ’¥à¬¨−ë ¢ á«®¢�à¥ ¬®£ãâ ¡ëâì ®¤−®á«®¢−ë¬¨ ¨«¨ ¬−®£®á«®¢−ë¬¨.
�−¨ ¬®£ãâ á®¤¥à¦�âì «î¡ë¥ á¨¬¢®«ë ¨§ −�¡®à�, ¨¬¥îé¥£® ¬¥áâ® ¢ á®¢à¥¬¥−−ëå
ª®¬¯ìîâ¥à�å.

’¥à¬¨−ë ¢ á«®¢�àïå §�¤�îâáï ¢ ª�−®−¨ç¥áª®¬ ¢¨¤¥ (¥¤¨−áâ¢¥−−®¥ ç¨á«®,
¨¬¥−¨â¥«ì−ë© ¯�¤¥¦). ‚¯à®ç¥¬, ¥á«¨ �¢â®à á«®¢�àï §�¤�áâ â¥à¬¨− ª�ª-â® ¨−�ç¥,
â® ¡«®ª ¢¢®¤� ¨á¯à�¢¨â â¥à¬¨− ¨ ¯®áâ�¢¨â ¥£® ¢ ª�−®−¨ç¥áª®¬ ¢¨¤¥ | ¢ ¡«®ª
¢áâà®¥−� ¬®àä®«®£¨ç¥áª�ï ¯®¤á¨áâ¥¬� [4, 6].

‚ á«®¢�àïå ®¡¥á¯¥ç¨¢�¥âáï ¢®§¬®¦−®áâì §�¤�−¨ï £àã¯¯ë (¢¥¥à�) â¥à¬¨−®¢.
�â® ¤¥«�¥âáï á ¯®¬®éìî ä®à¬�«ì−ëå ª®−áâàãªæ¨©, ¢áâà®¥−−ëå ¢ â¥à¬¨− ¨ á®¤¥à-
¦�é¨å ¢¬¥áâ® á«®¢ ¨å ¯à¨§−�ª¨ | «¥ªá¨ç¥áª¨¥, ¬®àä®«®£¨ç¥áª¨¥ (ç�áâ¨ à¥ç¨ ¨
¯�¤¥¦¨) ¨ á¥¬�−â¨ç¥áª¨¥. Š�¦¤�ï â�ª�ï ª®−áâàãªæ¨ï ¨£à�¥â à®«ì ú®¡®¡é¥−−®£®
á«®¢�û, ¯®ªàë¢�îé¥£® ¬−®¦¥áâ¢® á«®¢ á ãª�§�−−ë¬ ¯à¨§−�ª®¬. �®¬¥−ª«�âãà�
¯à¨§−�ª®¢ ã¯à�¢«ï¥âáï á¯¥æ¨�«ì−ë¬ −�áâà®¥ç−ë¬ ä�©«®¬ ¨ «¥£ª® ¬®¦¥â ¯®¯®«-
−ïâìáï. “ª�§�−¨¥ ú®¡®¡é¥−−®£® á«®¢�û ¢®§¬®¦−® ¤«ï ¢â®à®£® ¨ ¯®á«¥¤ãîé¨å
á«®¢ â¥à¬¨−� (â®«ìª® −¥ ¤«ï ¯¥à¢®£®).

÷�áá¬®âà¨¬ ¢�à¨�−âë ä®à¬�«ì−ëå ª®−áâàãªæ¨©.

1. ‚ â¥à¬¨− ¢¬¥áâ® á«®¢� ¢¢®¤¨âáï ¥£® «¥ªá¨ç¥áª¨© â¨¯.

��¯à¨¬¥à, �íà®¤à®¬ {NAMEO}, £¤¥ NAMEO | ¯à¨§−�ª á«®¢� á ¡®«ìè®©
¡ãª¢ë.

‘ ¯®¬®éìî â�ª®© ª®−áâàãªæ¨¨ §�¤�îâáï á«ãç�¨, ª®£¤� §� á«®¢®¬ ú�íà®¤à®¬û
áâ®¨â á«®¢® á ¯à®¯¨á−®© ¡ãª¢ë: �íà®¤à®¬ ‚−ãª®¢®, �íà®¤à®¬ „®¬®¤¥¤®¢®
¨ â. ¤.

2. ‚ â¥à¬¨−¥ ¢¬¥áâ® á«®¢� ãª�§ë¢�¥âáï ¥£® ¬®àä®«®£¨ç¥áª¨© ¯à¨§−�ª.

��¯à¨¬¥à, ¯�¬ïâ−¨ª-¡îáâ {Š�Œ“}.
‡�¤�îâáï á«ãç�¨, ª®£¤� §� á«®¢®á®ç¥â�−¨¥¬ ú¯�¬ïâ−¨ª-¡îáâû áâ®¨â á«®¢®
¢ ¤�â¥«ì−®¬ ¯�¤¥¦¥: ¯�¬ïâ−¨ª-¡îáâ Šãâã§®¢ã ¨ â. ¤.

3. ‚¬¥áâ® á«®¢� ãª�§ë¢�¥âáï −¥áª®«ìª® «¥ªá¨ç¥áª¨å ¨«¨ ¬®àä®«®£¨ç¥áª¨å
¯à¨§−�ª®¢.
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��¯à¨¬¥à, §�¢¥¤ãîé¨© {NOUN,—…Œ}, £¤¥ NOUN | ¯à¨§−�ª áãé¥áâ¢¨-
â¥«ì−®£®.

‡�¤�îâáï á«ãç�¨: §�¢¥¤ãîé¨© áª«�¤®¬, §�¢¥¤ãîé¨© ®â¤¥«®¬ ¨ â. ¤.

4. “ª�§ë¢�¥âáï −¥áª®«ìª® ú®¡®¡é¥−−ëå á«®¢û.

��¯à¨¬¥à, ¨−¦¥−¥à ¯® {NOUN,—…Œ“} {NOUN,—…Œ“}.
ˆ¬¥¥âáï ¢ ¢¨¤ã: ¨−¦¥−¥à ¯® â¥å−¨ª¥ ¡¥§®¯�á−®áâ¨ ¨ â. ¤.

5. ‚ â¥à¬¨− ¢¬¥áâ® á«®¢� ¢¢®¤¨âáï ¯à¨§−�ª ¯à¨−�¤«¥¦−®áâ¨ ª ®¯à¥¤¥«¥−−®¬ã
¯à¥¤¬¥â−®¬ã á«®¢�àî. ��¯à¨¬¥à, ®â¤¥« {ORG K}, £¤¥ ORG K | ¨¬ï
¤àã£®£® á«®¢�àï (á«®¢�àï ®à£�−¨§�æ¨©). ’�ª¨¬ á¯®á®¡®¬ §�¤�îâáï á«®¢®á®-
ç¥â�−¨ï ®â¤¥« ˆ�ˆ ÷��, ®â¤¥« ��� ú�«¬�§û (¥á«¨ ®à£�−¨§�æ¨¨ ˆ�ˆ
÷�� ¨ ��� ú�«¬�§û ¢¢¥¤¥−ë ¢ á«®¢�àì ORG K).

6. ‘¨−®−¨¬¨ï â¥à¬¨−®¢ §�¤�¥âáï á ¯®¬®éìî §−�ª� à�¢¥−áâ¢� (=).

�à¨¬¥à ¤«ï ¤¢ãå â¥à¬¨−®¢-á¨−®−¨¬®¢:

«¨â¥©−ëå ¤¥« ¬�áâ¥à

= ¬�áâ¥à «¨â¥©−ëå ¤¥«.

„®¯ãáª�¥âáï ¢�à¨�−â ¬−®¦¥áâ¢� â¥à¬¨−®¢-á¨−®−¨¬®¢:

÷¥ª� Œ®©ª�

= Œ®©ª�

= à. Œ®©ª�.

„àã£®© ¯à¨¬¥à:

‡î£�−®¢ ƒ¥−−�¤¨©

= ‡î£�−®¢ ƒ. �.

= ƒ¥−−�¤¨© ‡î£�−®¢

= ƒ. ‡î£�−®¢

= ‡î£�−®¢.

�®á«¥¤−¨© ¯à¨¬¥à ¢§ïâ ¨§ á«®¢�àï FIO K. �à¨ −�«¨ç¨¨ ¢ â¥ªáâ¥ ®â¤¥«ì−ëå
ä�¬¨«¨© â¨¯� ‡î£�−®¢ á¨áâ¥¬� (¡«®ª ‘‘�) ¤¥«�¥â ¤®¯®«−¨â¥«ì−ë¥ ¯à®¢¥àª¨,
çâ®¡ ¢ ¤®ªã¬¥−â¥ −¥ ¡ë«® ä�¬¨«¨© ‡î£�−®¢ á ¤àã£¨¬¨ ¨−¨æ¨�«�¬¨. ’®£¤�
ä®à¬¨àã¥âáï ®¡ê¥ªâ, á®®â¢¥âáâ¢ãîé¨© «¨æã | ‡î£�−®¢ ƒ¥−−�¤¨©.

7. „®¯®«−¨â¥«ì−®¥ §�¤�−¨¥ ª«�áá®¢ ¤«ï á«®¢, á ª®â®àë¬¨ ¨¤¥−â¨ä¨æ¨à®¢�−ë
â¥à¬¨−ë á«®¢�àï. „«ï íâ®£® ¨á¯®«ì§ã¥âáï §−�ª ¢ ¢¨¤¥ ¤¢ãå à¥è¥â®ª (##):

Œ¨å�«ª®¢ �¨ª¨â� ## �ªâ¥à, à¥¦¨áá¥à

= �¨ª¨â� Œ¨å�«ª®¢

= �. Œ¨å�«ª®¢.

’�ª�ï §�¯¨áì (¯®¬¨¬® á¨−®−¨¬¨¨) §�¤�¥â ¤®¯®«−¨â¥«ì−ãî ¨−ä®à¬�æ¨î:
«¨æ® (Œ¨å�«ª®¢ �¨ª¨â�) ®â−®á¨âáï ª ª«�ááã �ªâ¥à®¢ ¨ à¥¦¨áá¥à®¢, çâ®
¯à¥¤áâ�¢«ï¥âáï ¢ �‘ ¤®ªã¬¥−â�. �®«¥¥ â®£®, ª«�ááë âà�ªâãîâáï (¡«®ª®¬
‘‘�) ª�ª á¥¬�−â¨ç¥áª¨¥ ¯à¨§−�ª¨ á«®¢.
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4 Методы повышения эффективности работы словарной системы

Š ¡«®ªã ¨¤¥−â¨ä¨ª�æ¨¨ â¥à¬¨−®¢, à�¡®â�îé¥¬ã ¢® ¢à¥¬ï ®¡à�¡®âª¨ â¥ªáâ�,
¯à¥¤êï¢«ïîâáï ¤¢� ¢�¦−ëå âà¥¡®¢�−¨ï:

(1) ®áãé¥áâ¢«ïâì ¨¤¥−â¨ä¨ª�æ¨î â¥à¬¨−®¢, §�¯¨á�−−ëå ¢ á«®¢�à¥ ¢ «î¡®¬
¯�¤¥¦¥ ¨ ç¨á«¥;

(2) ®¡¥á¯¥ç¨¢�âì ¢ëá®ªãî íää¥ªâ¨¢−®áâì ¯®¨áª� â¥à¬¨−®¢ ¢ â¥ªáâ¥ | â�ª,
çâ®¡ë ¢à¥¬ï ¯®¨áª� ¯®¤å®¤ïé¥£® â¥à¬¨−� −¥ ¯à¥¢ëè�«® 1/3 à�¡®âë ¢á¥£®
«¥ªá¨ª®-¬®àä®«®£¨ç¥áª®£® ¡«®ª� (‹Œ�).

�¥à¢®¥ âà¥¡®¢�−¨¥ ¡ë«® à¥�«¨§®¢�−® á ¯®¬®éìî ¯®¤á¨áâ¥¬ë ¬®àä®«®£¨ç¥-
áª®£® �−�«¨§�. ‚® ¢à¥¬ï âà�−á«ïæ¨¨ á«®¢�à¥© ª�¦¤®¥ á«®¢® â¥à¬¨−� ¯à¥®¡à�§ã-
¥âáï ¢ −®à¬�«ì−ãî ä®à¬ã. ˆ¤¥−â¨ä¨ª�æ¨ï ®áãé¥áâ¢«ï¥âáï ¯®á«¥ −®à¬�«¨§�æ¨¨
á«®¢ â¥ªáâ�. ˆ¤¥−â¨ä¨ª�æ¨ï â¥à¬¨−®¢ á® á«®¢�¬¨ â¥ªáâ� á¢®¤¨âáï ª á®¢¯�¤¥−¨î
¨å −®à¬�«ì−ëå ä®à¬, −¥§�¢¨á¨¬® ®â ç¨á«� ¨ ¯�¤¥¦�.

‚â®à®¥ âà¥¡®¢�−¨¥ ¢ë¯®«−ï¥âáï ¡«�£®¤�àï ®á®¡®© «®£¨ç¥áª®© ®à£�−¨§�æ¨¨
á«®¢�à¥©. ‚á¥ á«®¢�à¨ (§� ¨áª«îç¥−¨¥¬ street.slv | á«®¢�àï ¬®áª®¢áª¨å ã«¨æ) −�
ä¨§¨ç¥áª®¬ ãà®¢−¥ §�¯¨áë¢�îâáï ¢ ®¤−®¬ ä�©«¥. �â® ¯®§¢®«ï¥â ®áãé¥áâ¢«ïâì
¯®¨áª áà�§ã ¯® ¢á¥¬ á«®¢�àï¬.

„«ï ¯à¥¤áâ�¢«¥−¨ï â¥à¬¨−� −� ä¨§¨ç¥áª®¬ ãà®¢−¥ ¢ë¡à�−� ¤¢ãåç�áâ−�ï
áå¥¬� ¢¨¤�: ú¯¥à¢®¥ á«®¢® { ®áâ�«ì−ë¥ á«®¢�û. ˆ−�ç¥ £®¢®àï, ª�¦¤ë© â¥à¬¨−
¯à¥¤áâ�¢«ï¥âáï ¤¢ã¬ï ä¨§¨ç¥áª¨¬¨ §�¯¨áï¬¨ á«®¢�àï: ¯¥à¢�ï á®¤¥à¦¨â ¯¥à¢®¥
á«®¢® â¥à¬¨−�, � ¢â®à�ï | ®áâ�«ì−ë¥ á«®¢� ¨ ¤®¯®«−¨â¥«ì−ãî ¨−ä®à¬�æ¨î.
�â¬¥â¨¬, çâ® ¯¥à¢®¥ á«®¢® −¥ ¬®¦¥â ¡ëâì ú®¡®¡é¥−−ë¬û. �â® ®£à�−¨ç¥−¨¥
¯®§¢®«ï¥â á¤¥«�âì ¯à®æ¥¤ãàã ¨¤¥−â¨ä¨ª�æ¨¨ ¡ëáâà®© ¨ íää¥ªâ¨¢−®©.

Š�¦¤�ï ä¨§¨ç¥áª�ï §�¯¨áì á®áâ®¨â ¨§ â¥ªáâ®¢®£® ¯®¨áª®¢®£® ª«îç� ¨ á¯¨áª�
ááë«®ª −� ¤àã£¨¥ §�¯¨á¨. ‚ â¥ªáâ®¢®¬ ª«îç¥ ¯¥à¢®© §�¯¨á¨ â¥à¬¨−� åà�−¨âáï
−®à¬�«ì−�ï ä®à¬� ¯¥à¢®£® á«®¢� â¥à¬¨−�. ‘¯¨á®ª ááë«®ª ¯¥à¢®© §�¯¨á¨ á®-
áâ�¢«ïîâ ááë«ª¨ −� ¢á¥ ¢®§¬®¦−ë¥ ¯à®¤®«¦¥−¨ï (á ãª�§�−¨¥¬ −®¬¥à� á«®¢�àï).
„¥«® ¢ â®¬, çâ® à�§−ë¥ â¥à¬¨−ë, −¥ ¢�¦−®, ¨§ ®¤−®£® ¨ â®£® ¦¥ á«®¢�àï ¨«¨ ¨§
à�§−ëå, ¬®£ãâ ¨¬¥âì ®¤−® ¨ â® ¦¥ (á â®ç−®áâìî ¤® ç¨á«� ¨ ¯�¤¥¦�) ¯¥à¢®¥ á«®¢®.
��¯à¨¬¥à:

®¡é¥áâ¢¥−−�ï ®à£�−¨§�æ¨ï,

®¡é¥áâ¢¥−−®¥ ®¡ê¥¤¨−¥−¨¥,

®¡é¥áâ¢¥−−®¥ ¤¢¨¦¥−¨¥ ú�ç¥«ª¨û.

�à¨¬¥à ááë«®ª ¤«ï â�ª¨å â¥à¬¨−®¢ ¨§®¡à�¦¥− −� à¨á. 3.

‚ ¤�−−®¬ ¯à¨¬¥à¥ ¨§ ¯¥à¢®© ä¨§¨ç¥áª®© §�¯¨á¨ (®¡é¥áâ¢¥−−ë©) ª ª�¦¤®©
¢â®à®© ¡ã¤ãâ ¢¥áâ¨ ááë«ª¨, ®¡à�§ãîé¨¥ á¯¨á®ª ááë«®ª, ª�ª ¯®ª�§�−® −� à¨á. 3.
‚â®à�ï ä¨§¨ç¥áª�ï §�¯¨áì á®¤¥à¦¨â −®à¬�«ì−ë¥ ä®à¬ë ¢á¥å ®áâ�«ì−ëå á«®¢,
ª�−®−¨ç¥áª¨© ¢¨¤ â¥à¬¨−� ¨ ¯à¨§−�ª¨, ª®¤¨àãîé¨¥ ®¡®¡é¥−−ë¥ á«®¢�.
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�¡à�¡®âª� ª�¦¤®£® á«®¢� â¥ª-

÷¨á. 3 �à¨¬¥à «®£¨ç¥áª®© áâàãªâãàë ¯à¥¤-
¬¥â−®£® á«®¢�àï

áâ� −� ¯à¥¤¬¥â ¢å®¦¤¥−¨ï ¢ á«®¢�àì
®áãé¥áâ¢«ï¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬.
�®à¬�«ì−�ï ä®à¬� ¯¥à¢®£® á«®¢�
¨é¥âáï ¢ ä�©«¥ ¯à¥¤¬¥â−®£® á«®-
¢�àï. �â� ®¯¥à�æ¨ï ®áãé¥áâ¢«ï¥â-
áï íää¥ªâ¨¢−® ¡«�£®¤�àï ¨¥à�àå¨ç¥-
áª®© áâàãªâãà¥ ¨−¤¥ªá®¢ á«®¢�àï (á¬.
−¨¦¥). „�«¥¥ ¯® ¯àï¬ë¬ ááë«ª�¬
−� ¢â®àë¥ §�¯¨á¨ ¯à®á¬�âà¨¢�îâáï
¢á¥ â¥à¬¨−ë á ¤�−−ë¬ ¯¥à¢ë¬ á«®-
¢®¬. �®áª®«ìªã ç¨á«® â�ª¨å §�¯¨-
á¥© ¢ áà¥¤−¥¬ çãâì ¡®«ìè¥ ¤¢ãå, â®
íâ� ®¯¥à�æ¨ï â�ª¦¥ ®ª�§ë¢�¥âáï íä-
ä¥ªâ¨¢−®©. ��ª®−¥æ, á�¬® áà�¢−¥-
−¨¥ á«®¢ ¯à®¨§¢®¤¨âáï ª�ª áà�¢−¥−¨¥
á¨¬¢®«ì−ëå áâà®ª, â. ¥. â�ª¦¥ íää¥ª-
â¨¢−®. ‚ à¥§ã«ìâ�â¥ �¢â®à�¬ ã¤�«®áì ¯à¨¡«¨§¨âìáï ª §�¤�−−ë¬ 1/3 ¢à¥¬¥−¨
®¡à�¡®âª¨, −¥á¬®âàï −� â® çâ® â�ª®© ¯à®æ¥¤ãà¥ ¯®¤¢¥à£�¥âáï ª�¦¤®¥ á«®¢® â¥ªáâ�.

5 Физическая структура хранения словарей

�¥à¢®© ¯à®¡«¥¬®©, ®â à¥è¥−¨ï ª®â®à®© §�¢¨á¥«¨ ¢® ¬−®£®¬ ¯�à�¬¥âàë
á«®¢�à−®© á¨áâ¥¬ë, ¡ë« ¢ë¡®à ‘“�„. �ë«® à¥è¥−® ®áâ�−®¢¨âìáï −� à�§à�¡®-
â�−−®© à�−¥¥ ¨ ¬®¤¨ä¨æ¨à®¢�−−®© ¤«ï ¤�−−®£® á«ãç�ï á®¡áâ¢¥−−®© à�§à�¡®âª¥,
−�§¢�−−®© úá«®¢�à−®© ‘“�„û (‘-‘“�„). �� â�ª®¥ à¥è¥−¨¥, £«�¢−ë¬ ®¡à�§®¬,
¯®¢«¨ï«® âà¥¡®¢�−¨¥ íää¥ªâ¨¢−®áâ¨, � â�ª¦¥ ¢®§¬®¦−®áâ¨ «¥£ª®© ¯®¤áâà®©ª¨
¯®¤ −ã¦¤ë ‹�.

‘«®¢�à−�ï ‘“�„ ¯à¥¤−�§−�ç¥−� ¤«ï à�¡®âë á â¥ªáâ®¢ë¬¨ á«®¢�àï¬¨. Š�¦-
¤ë© â¥à¬¨− á«®¢�àï ¯®«ãç�¥â ¢ ‘-‘“�„ ã−¨ª�«ì−ë© ¨¤¥−â¨ä¨ª�â®à (−®¬¥à),
¯® ª®â®à®¬ã ¢ëáâà®¥− á¯¥æ¨�«ì−ë© ¨−¤¥ªá, ¡«�£®¤�àï ç¥¬ã ¤®áâã¯ ª â¥à¬¨−ã ¯®
−®¬¥àã ¯à®¨áå®¤¨â íää¥ªâ¨¢−®. �â®â −®¬¥à ¨ ¨á¯®«ì§ã¥âáï ¢ ª�ç¥áâ¢¥ ááë«ª¨
−� ¢â®àë¥ ä¨§¨ç¥áª¨¥ §�¯¨á¨. ‘«®¢�à−�ï ‘-‘“�„ ¯®¤¤¥à¦¨¢�¥â ®¯¥à�æ¨¨,
¢ë§ë¢�¥¬ë¥ ª®¬�−¤�¬¨:

(1) �ªâã�«¨§¨à®¢�âì (®âªàëâì) á«®¢�à¨;

(2) ¢áâ�¢¨âì â¥à¬¨− ¢ á«®¢�àì;

(3) ¯® â¥à¬¨−ã ¯®«ãç¨âì −®¬¥à (¨«¨ ¢ëïá−¨âì, çâ® â�ª®£® â¥à¬¨−� −¥â);

(4) ¯® −®¬¥àã ¯®«ãç¨âì â¥à¬¨−;

(5) §�ªàëâì á«®¢�à¨.
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�. ‚. ‘®¬¨−, ˆ. �. Šã§−¥æ®¢, Œ. Œ. ˜�à−¨−, ‚. ƒ. �¨ª®«�¥¢

„«ï íää¥ªâ¨¢−®© à¥�«¨§�æ¨¨ ®¯¥à�æ¨© 2 ¨ 3 ¢¥áì ¬�áá¨¢ â¥à¬¨−®¢ ®¡à�§ã¥â
¨¥à�àå¨ç¥áªãî ¡«®ç−ãî áâàãªâãàã, ¢ ª®â®à®© â¥à¬¨−ë ã¯®àï¤®ç¥−ë «¥ªá¨ª®£à�-
ä¨ç¥áª¨. �«�£®¤�àï íâ®¬ã â¥à¬¨− (¯¥à¢�ï ä¨§¨ç¥áª�ï §�¯¨áì) ¨é¥âáï ¤¢®¨ç−ë¬
¯®¨áª®¬. �à¨ íâ®¬ −�¨¡®«¥¥ ¨−â¥−á¨¢−® ¨á¯®«ì§ãîâáï ¡«®ª¨ ¢¥àå−¨å ãà®¢−¥©
¨¥à�àå¨¨. ‚ ‘-‘“�„ à¥�«¨§®¢�−� ¢¨àâã�«ì−�ï ¯�¬ïâì á §�¤¥à¦ª®© −�¨¡®«¥¥
ç�áâ® ¨á¯®«ì§ãîé¨åáï ¡«®ª®¢ ¢ ®¯¥à�â¨¢−®© ¯�¬ïâ¨. ‚ à¥§ã«ìâ�â¥ â�ª®© ¯®-
¨áª (¨ ¢áâ�¢ª�) â�ª¦¥ à¥�«¨§ã¥âáï íää¥ªâ¨¢−® ¤�¦¥ ¯à¨ §−�ç¨â¥«ì−ëå ®¡ê¥¬�å
á«®¢�à−®© ¨−ä®à¬�æ¨¨.

6 Настройка предметных словарей на особенности текста

‚ ¯à®æ¥áá¥ á®§¤�−¨ï ‹� ¥£® ª®¬¯®−¥−âë (§� áç¥â «¨−£¢¨áâ¨ç¥áª¨å §−�−¨©)
¯®áâ®ï−−® ¯®¤áâà�¨¢�îâáï á ãç¥â®¬ ®á®¡¥−−®áâ¥© ¯à¥¤¬¥â−®© ®¡«�áâ¨. �â®
®â−®á¨âáï ¨ ª á¨áâ¥¬¥ ¯à¥¤¬¥â−ëå á«®¢�à¥©. ‚ §�¢¨á¨¬®áâ¨ ®â ¨−ä®à¬�æ¨®−−ëå
®¡ê¥ªâ®¢, ª®â®àë¥ −¥®¡å®¤¨¬® ¨§¢«¥ª�âì ¨§ â¥ªáâ®¢, ¯à®¨§¢®¤¨âáï ®â¡®à á«®¢�à¥©
¨§ ã¦¥ ¨¬¥îé¨åáï, � ¥á«¨ ¨å −¥¤®áâ�â®ç−®, â® á®§¤�−¨¥ −®¢ëå á«®¢�à¥©. �¤−�ª®
¨¬¥¥âáï ¢®§¬®¦−®áâì ¡®«¥¥ â®−ª®© −�áâà®©ª¨ á«®¢�à¥©. „«ï íâ®£® à�§à�¡®â�−ë
¤¢� ®¯¥à�â®à�, ª®â®àë¥ ¢ë§ë¢�îâáï ã¯à�¢«ïîé¨¬¨ äà�£¬¥−â�¬¨:

ˆ¬ï
®¯¥à�â®à�

��§−�ç¥−¨¥
�à�£¬�â¨ª�

¨á¯®«ì§®¢�−¨ï
�à¨¬¥à

ã¯à�¢«ïîé¥£® äà�£¬¥−â�
BAD DIC ‡�¤�îâáï

á«®¢�, ¨£−®-
à¨àã¥¬ë¥
¯à¨ ¨¤¥−-
â¨ä¨ª�æ¨¨
â¥à¬¨−®¢

’�ª¨¥ á«®¢�
á¢ï§ë¢�îâáï
á ª®−ªà¥â−ë¬¨
¯à¥¤¬¥â−ë¬¨
á«®¢�àï¬¨

BAD DIC(`TERROR K',`-')

MAKE FR ‡�¤�¥âáï
®á®¡�ï ä®à-
¬� £¥−¥à�æ¨¨
¢ëå®¤−ëå
äà�£¬¥−â®¢
¤«ï ãª�§�−-
−ëå á«®¢�à¥©

„«ï ã¤®¡áâ¢� ®¡-
à�¡®âª¨, ®áãé¥-
áâ¢«ï¥¬®© ¡«®ª®¬
‘‘�

MAKE FR(TERROR K,
WORK K, ORG K)

�¯¥à�â®à BAD DIC §�¤�¥â á«®¢�, ª®â®àë¥ −ã¦−® ¨£−®à¨à®¢�âì ¢ â¥ªáâ¥ ¯à¨
¨¤¥−â¨ä¨ª�æ¨¨ â¥à¬¨−®¢ ãª�§�−−®£® á«®¢�àï. ‚ à�áá¬�âà¨¢�¥¬®¬ ¯à¨¬¥à¥ ¯à¨
¨¤¥−â¨ä¨ª�æ¨¨ ¢á¥å â¥à¬¨−®¢, ®â−®áïé¨åáï ª á«®¢�àî TERROR K, ¢ â¥ªáâ¥
¨£−®à¨àãîâáï ¤¥ä¨áë `-'.

�¯¥à�â®à MAKE FR ¨−¨æ¨¨àã¥â ¢ �‘ ¤®ªã¬¥−â� ä®à¬¨à®¢�−¨¥ ®¡ê¥ªâ� |
−� ®á−®¢¥ á«®¢ â¥ªáâ�, á ª®â®àë¬¨ ¨¤¥−â¨ä¨æ¨à®¢�− â¥à¬¨− á«®¢�àï. ��¯à¨-
¬¥à, ã¯à�¢«ïîé¨© äà�£¬¥−â MAKE FR(TERROR K, . . .) ¯à¨ ¨¤¥−â¨ä¨ª�æ¨¨
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�à¥¤¬¥â−ë¥ á«®¢�à¨: −�§−�ç¥−¨¥, ®á®¡¥−−®áâ¨ ¨ ¯¥àá¯¥ªâ¨¢ë

«î¡®£® â¥à¬¨−� á«®¢�àï TERROR K á® á«®¢�¬¨ â¥ªáâ� (¤®ªã¬¥−â�) ¨á¯®«ì§ã¥â
íâ¨ á«®¢� ¤«ï ä®à¬¨à®¢�−¨ï ®¡ê¥ªâ�, ª®â®àë© ¢áâà�¨¢�¥âáï ¢ �‘ ¤®ªã¬¥−â�.
�®¤à®¡−® ¢á¥ áà¥¤áâ¢� −�áâà®©ª¨ ‹� ¨§«®¦¥−ë ¢ [7].

7 Перспективы развития словарной подсистемы

÷�§¢¨â¨¥ á¨áâ¥¬ë ¯à¥¤¬¥â−ëå á«®¢�à¥© ¯à¥¤¯®«�£�¥âáï ®áãé¥áâ¢«ïâì ¢ ¤¢ãå
−�¯à�¢«¥−¨ïå.

1. �à¥¤¯®«�£�¥âáï á®¢¥àè¥−áâ¢®¢�−¨¥ ¬¥å�−¨§¬� ú®¡®¡é¥−−ëå á«®¢û. �£à�-
−¨ç¥−¨¥, çâ® ¯¥à¢®¥ á«®¢® â¥à¬¨−� −¥ ¬®¦¥â ¡ëâì ú®¡®¡é¥−−ë¬û, ¢ ¯à¨−æ¨¯¥
¬®¦−® ¨§¬¥−¨âì −� ¬¥−¥¥ ¦¥áâª®¥: å®âï ¡ë ®¤−® á«®¢® ¢ ®¯¨á�−¨¨ â¥à¬¨−�
¤®«¦−® ¡ëâì −¥®¡®¡é¥−−ë¬. �¤−�ª® íâ® âà¥¡ã¥â ª�à¤¨−�«ì−®© ¯¥à¥áâà®©ª¨
¢á¥£® �«£®à¨â¬� ¨¤¥−â¨ä¨ª�æ¨¨ â¥à¬¨−�.

2. —â®¡ë á«®¢�à¨ áâ�«¨ ¯®«−®æ¥−−®© ®−â®«®£¨¥©, ¯à¥¤¯®«�£�¥âáï ¢¢¥áâ¨ ®â−®-
è¥−¨ï ¬¥¦¤ã â¥à¬¨−�¬¨, ¯à¥¦¤¥ ¢á¥£® ®â−®è¥−¨ï à®¤{¢¨¤ ¨ ç�áâì{æ¥«®¥.
’®£¤� ¯®á«¥ ¨¤¥−â¨ä¨ª�æ¨¨ â¥à¬¨−� ¡«®ª ¡ã¤¥â ¢ë¤�¢�âì ¥é¥ −¥áª®«ìª® ¯®-
−ïâ¨©, �áá®æ¨¨à®¢�−−ëå á −�©¤¥−−ë¬. �â® ®á®¡¥−−® ¢�¦−® ¯à¨ ¯®áâ�−®¢ª¥
§�¤�ç¨ ¨§¢«¥ç¥−¨ï ¨¬¯«¨æ¨â−®© ¨−ä®à¬�æ¨¨ [8].
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ОЦЕНКИ СКОРОСТИ СХОДИМОСТИ РАСПРЕДЕЛЕНИЙ
СЛУЧАЙНЫХ СУММ К НЕСИММЕТРИЧНОМУ

РАСПРЕДЕЛЕНИЮ СТЬЮДЕНТА∗

В. Е. Бенинг1, Л. М. Закс2, В. Ю. Королев3

�−−®â�æ¨ï: �®áâ®à®¥−ë ®æ¥−ª¨ â®ç−®áâ¨ ¯à¨¡«¨¦¥−¨ï à�á¯à¥¤¥«¥−¨© á¯¥æ¨-
�«ì−ëå á¬¥è�−−ëå ¯ã�áá®−®¢áª¨å á«ãç�©−ëå áã¬¬ −¥§�¢¨á¨¬ëå á«ãç�©−ëå
¢¥«¨ç¨− á −¥−ã«¥¢ë¬¨ áà¥¤−¨¬¨ −¥á¨¬¬¥âà¨ç−ë¬ à�á¯à¥¤¥«¥−¨¥¬ ‘âìî¤¥−â�.

Š«îç¥¢ë¥ á«®¢�: á«ãç�©−�ï áã¬¬�; ®æ¥−ª� áª®à®áâ¨ áå®¤¨¬®áâ¨; á¬¥è�−−®¥
¯ã�áá®−®¢áª®¥ à�á¯à¥¤¥«¥−¨¥; −¥á¨¬¬¥âà¨ç−®¥ à�á¯à¥¤¥«¥−¨¥ ‘âìî¤¥−â�

1 Введение

‘â�â¨áâ¨ç¥áª¨¥ §�ª®−®¬¥à−®áâ¨ ¯®¢¥¤¥−¨ï ¨−ä®à¬�æ¨®−−ëå ¯®â®ª®¢ ¢ á®¢à¥-
¬¥−−ëå ¨−ä®à¬�æ¨®−−ëå ¨ â¥«¥ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬�å å�à�ªâ¥à¨§ãîâáï
−�«¨ç¨¥¬ â�ª −�§ë¢�¥¬ëå âï¦¥«ëå å¢®áâ®¢. ‚ à�§¢¨â¨¥ ¨¤¥© â¥®à¥â¨ç¥áª®£®
¬®¤¥«¨à®¢�−¨ï â�ª¨å íää¥ªâ®¢ á ¯®¬®éìî ¯à¥¤¥«ì−ëå â¥®à¥¬ ¤«ï ®¡®¡é¥−-
−ëå ¤¢�¦¤ë áâ®å�áâ¨ç¥áª¨å ¯ã�áá®−®¢áª¨å ¯à®æ¥áá®¢ | ¢ ®¯à¥¤¥«¥−−®¬ á¬ëá«¥
−�¨«ãçè¨å ¬®¤¥«¥© å�®â¨ç¥áª¨å ¯à®æ¥áá®¢ á® á«ãç�©−®© ¨−â¥−á¨¢−®áâìî, ¨§-
«®¦¥−−ëå ¢ à�¡®â�å [1{3], ¢ ¤�−−®© áâ�âì¥ ¯à¨¢®¤ïâáï ®æ¥−ª¨ áª®à®áâ¨ áå®¤¨-
¬®áâ¨ à�á¯à¥¤¥«¥−¨© á¯¥æ¨�«ì−ëå á¬¥è�−−ëå ¯ã�áá®−®¢áª¨å á«ãç�©−ëå áã¬¬
−¥§�¢¨á¨¬ëå á«ãç�©−ëå ¢¥«¨ç¨− á −¥−ã«¥¢ë¬¨ áà¥¤−¨¬¨ ª −¥á¨¬¬¥âà¨ç−®¬ã
(áª®è¥−−®¬ã) à�á¯à¥¤¥«¥−¨î ‘âìî¤¥−â�. Š�ª ¯®ª�§�−® ¢ à�¡®â¥ [3], â�ª®¥
à�á¯à¥¤¥«¥−¨¥ ¢®§−¨ª�¥â ª�ª �á¨¬¯â®â¨ç¥áª�ï �¯¯à®ªá¨¬�æ¨ï ¤«ï �¤¤¨â¨¢−ëå
å�à�ªâ¥à¨áâ¨ª ¨−ä®à¬�æ¨®−−ëå ¯®â®ª®¢ ¢ â®¬ á«ãç�¥, ª®£¤� á«ãç�©−�ï ¨−-
â¥−á¨¢−®áâì á®®â¢¥âáâ¢ãîé¥£® ¯®â®ª� ¨−ä®à¬�â¨¢−ëå á®¡ëâ¨© ¨¬¥¥â ®¡à�â−®¥
£�¬¬�-à�á¯à¥¤¥«¥−¨¥. ’�ª¨¬ ®¡à�§®¬, ¯à¨¢®¤¨¬ë¥ ¢ ¤�−−®© áâ�âì¥ ®æ¥−ª¨ ¬®£ãâ
¡ëâì ¯®«¥§−ë ¯à¨ ®¯à¥¤¥«¥−¨¨ �¤¥ª¢�â−®áâ¨ á¬¥è�−−ëå ¢¥à®ïâ−®áâ−ëå ¬®¤¥«¥©

∗÷�¡®â� ¯®¤¤¥à¦�−� ÷””ˆ, £à�−âë 12-07-00109�, 12-07-00115�.
1”�ªã«ìâ¥â ¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨-
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�æ¥−ª¨ áª®à®áâ¨ áå®¤¨¬®áâ¨ à�á¯à¥¤¥«¥−¨© á«ãç�©−ëå áã¬¬

áâ�â¨áâ¨ç¥áª¨å §�ª®−®¬¥à−®áâ¥©, ¢ ª®â®àëå á¬¥è¨¢�îé¨¬ ï¢«ï¥âáï ®¡à�â−®¥
£�¬¬�-à�á¯à¥¤¥«¥−¨¥.

ˆ§¢¥áâ−® −¥áª®«ìª® ¯®¯ëâ®ª ®¯¨á�âì −¥á¨¬¬¥âà¨ç−ë¥ ®¡®¡é¥−¨ï à�á¯à¥¤¥-
«¥−¨ï ‘âìî¤¥−â�. �®¦�«ã©, −�¨¡®«¥¥ ãá¯¥è−�ï ¨§ −¨å | íâ® −¥á¨¬¬¥âà¨ç−®¥
(áª®è¥−−®¥, skew) à�á¯à¥¤¥«¥−¨¥ ‘âìî¤¥−â�, ®¯¨á�−−®¥ ¢ à�¡®â¥ [4] ª�ª ç�áâ−ë©
á«ãç�© ®¡®¡é¥−−®£® £¨¯¥à¡®«¨ç¥áª®£® à�á¯à¥¤¥«¥−¨ï. ‚ áâ�âì¥ [5] à�á¯à¥-
¤¥«¥−¨î, ¯à¥¤«®¦¥−−®¬ã ¢ [4], ¤�−® ¤àã£®¥, ¡®«¥¥ ã¤®¡−® ¨−â¥à¯à¥â¨àã¥¬®¥
®¯à¥¤¥«¥−¨¥ ª�ª á¯¥æ¨�«ì−®© á¤¢¨£-¬�áèâ�¡−®© á¬¥á¨ −®à¬�«ì−ëå §�ª®−®¢. ‘®-
£«�á−® [5], áª®è¥−−ë¬ à�á¯à¥¤¥«¥−¨¥¬ ‘âìî¤¥−â� −�§ë¢�¥âáï à�á¯à¥¤¥«¥−¨¥ á
¯«®â−®áâìî

pSS(x; a, σ, µ, λ) =
1√
2πσ

∞∫

0

exp

{
−1
2

(
x− au
σ
√
u

)2} h(u;µ, λ)√
u

du . (1)

‡¤¥áì a ∈ R; σ > 0; µ > 0; λ > 0; h(x;µ, λ)| ¯«®â−®áâì ®¡à�â−®£® £�¬¬�-à�á-

¯à¥¤¥«¥−¨ï, â. ¥. à�á¯à¥¤¥«¥−¨ï á«ãç�©−®© ¢¥«¨ç¨−ë V −1
µ,λ :

h(x;µ, λ) =
λµ

•(µ)
x−µ−1 exp

{
−λ
x

}
, (2)

£¤¥ Vµ,λ | á«ãç�©−�ï ¢¥«¨ç¨−� á £�¬¬�-à�á¯à¥¤¥«¥−¨¥¬ á ¯�à�¬¥âà®¬ ä®à¬ë µ
¨ ¯�à�¬¥âà®¬ ¬�áèâ�¡� λ. ��¯®¬−¨¬, çâ® ¯«®â−®áâì à�á¯à¥¤¥«¥−¨ï á�¬‚®©
á«ãç�©−®© ¢¥«¨ç¨−ë Vµ,λ ¨¬¥¥â ¢¨¤:

g(x;µ, λ) =
λµ

•(µ)
xµ−1e−λx , x > 0 .

‡¤¥áì ¨ ¤�«¥¥ •( · )| í©«¥à®¢� £�¬¬�-äã−ªæ¨ï:

•(z) =

∞∫

0

e−yyz−1 dy, z > 0 .

�ãáâì {Xn,j}j>1, n = 1, 2, . . ., | ¯®á«¥¤®¢�â¥«ì−®áâì á¥à¨© −¥§�¢¨á¨¬ëå ¨
®¤¨−�ª®¢® ¢ ª�¦¤®© á¥à¨¨ à�á¯à¥¤¥«¥−−ëå á«ãç�©−ëå ¢¥«¨ç¨−, � Nn, n =
= 1, 2, . . ., | −¥®âà¨æ�â¥«ì−ë¥ æ¥«®ç¨á«¥−−ë¥ á«ãç�©−ë¥ ¢¥«¨ç¨−ë â�ª¨¥,
çâ® ¯à¨ ª�¦¤®¬ n á«ãç�©−�ï ¢¥«¨ç¨−� Nn −¥§�¢¨á¨¬� ®â ¯®á«¥¤®¢�â¥«ì−®áâ¨
{Xn,j}j>1. „«ï −�âãà�«ì−ëå k ®¡®§−�ç¨¬

Sn,k = Xn,1 + · · ·+Xn,k .
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„«ï ®¯à¥¤¥«¥−−®áâ¨ ¡ã¤¥¬ áç¨â�âì, çâ®
0∑
j=1
= 0. ‘¨¬¢®« =⇒ ¡ã¤¥â ®¡®§−�ç�âì

áå®¤¨¬®áâì ¯® à�á¯à¥¤¥«¥−¨î. ‘â�−¤�àâ−ãî −®à¬�«ì−ãî äã−ªæ¨î à�á¯à¥¤¥«¥-
−¨ï ¡ã¤¥¬ ®¡®§−�ç�âì �(x):

�(x) =
1√
2π

x∫

−∞

e−z
2/2 dz .

‘ª®è¥−−®¥ à�á¯à¥¤¥«¥−¨¥ ‘âìî¤¥−â� ï¢«ï¥âáï ç�áâ−ë¬ á«ãç�¥¬ ®¡®¡é¥−−ëå
£¨¯¥à¡®«¨ç¥áª¨å à�á¯à¥¤¥«¥−¨©, −�å®¤ïé¨å è¨à®ª®¥ ¯à¨¬¥−¥−¨¥, áª�¦¥¬, ¢
ä¨−�−á®¢®© ¬�â¥¬�â¨ª¥ (á¬., −�¯à¨¬¥à, à�¡®âë [6{11], ¢ ª®â®àëå ãáâ�−®¢«¥−®
å®à®è¥¥ á®£«�á¨¥ ®¡®¡é¥−−®£® £¨¯¥à¡®«¨ç¥áª®£® à�á¯à¥¤¥«¥−¨ï á ¤�−−ë¬¨ ®
æ¥−�å −� ¤�âáª¨å ¨ −¥¬¥æª¨å ¡¨à¦�å, ä¨−�−á®¢ë¬¨ ¨−¤¥ªá�¬¨ NYSE (New York
Stock Exchange) ¨ DAX (Deutscher Aktienindex), ®¡¬¥−−ë¬¨ ªãàá�¬¨ ¢�«îâ
¨ â. ¤.).

‚¬¥áâ¥ á â¥¬ ¢ ¯à¨ª«�¤−®© â¥®à¨¨ ¢¥à®ïâ−®áâ¥© ¯à¨−ïâ®, çâ® âã ¨«¨ ¨−ãî
¬®¤¥«ì ¬®¦−® áç¨â�âì ¢ ¤®áâ�â®ç−®© ¬¥à¥ ®¡®á−®¢�−−®© (�¤¥ª¢�â−®©) â®«ìª®
â®£¤�, ª®£¤� ®−� ï¢«ï¥âáï �á¨¬¯â®â¨ç¥áª®© �¯¯à®ªá¨¬�æ¨¥©, â. ¥. ª®£¤� áãé¥-
áâ¢ã¥â ¤®¢®«ì−® ¯à®áâ�ï ¯à¥¤¥«ì−�ï áå¥¬� (−�¯à¨¬¥à, áå¥¬� áã¬¬¨à®¢�−¨ï) ¨
á®®â¢¥âáâ¢ãîé�ï ¯à¥¤¥«ì−�ï â¥®à¥¬�, ¢ ª®â®à®© à�áá¬�âà¨¢�¥¬�ï ¬®¤¥«ì ¢ëáâã-
¯�¥â ¢ ª�ç¥áâ¢¥ ¯à¥¤¥«ì−®£® à�á¯à¥¤¥«¥−¨ï [12]. ú�á¨¬¯â®â¨ç¥áª®¥û ®¡®á−®¢�−¨¥
¬®¤¥«¥© â¨¯� áª®è¥−−®£® à�á¯à¥¤¥«¥−¨ï ‘âìî¤¥−â� ¡ë«® ¤�−® «¨èì −¥¤�¢−® ¢ à�-
¡®â¥ [3], £¤¥ ¯®ª�§�−®, çâ® áª®è¥−−ë¥ à�á¯à¥¤¥«¥−¨ï ‘âìî¤¥−â� ¬®£ãâ ¢ëáâã¯�âì
¢ ª�ç¥áâ¢¥ ¯à¥¤¥«ì−ëå ¢ ¤®¢®«ì−® ¯à®áâëå ¯à¥¤¥«ì−ëå â¥®à¥¬�å ¤«ï à¥£ã«ïà−ëå
áâ�â¨áâ¨ª, ¯®áâà®¥−−ëå ¯® ¢ë¡®àª�¬ á«ãç�©−®£® ®¡ê¥¬�, ¢ ç�áâ−®áâ¨ ¢ áå¥¬¥
á«ãç�©−®£® áã¬¬¨à®¢�−¨ï á«ãç�©−ëå ¢¥«¨ç¨−, ¨, á«¥¤®¢�â¥«ì−®, ¬®£ãâ áç¨â�âìáï
¥áâ¥áâ¢¥−−ë¬¨ �á¨¬¯â®â¨ç¥áª¨¬¨ �¯¯à®ªá¨¬�æ¨ï¬¨ ¤«ï à�á¯à¥¤¥«¥−¨© ¬−®£¨å
¯à®æ¥áá®¢, −�¯à¨¬¥à, áå®¤−ëå á −¥®¤−®à®¤−ë¬¨ á«ãç�©−ë¬¨ ¡«ã¦¤�−¨ï¬¨.

‚ ç�áâ−®áâ¨, ¢ áâ�âì¥ [3] ¤®ª�§�−� á«¥¤ãîé�ï â¥®à¥¬�.

’¥®à¥¬� A. �à¥¤¯®«®¦¨¬, çâ® áãé¥áâ¢ãîâ ç¨á«� a ∈ R, σ2 ∈ (0,∞), µ ∈
∈ (0,∞), λ ∈ (0,∞) ¨ ¯®á«¥¤®¢�â¥«ì−®áâì −�âãà�«ì−ëå ç¨á¥« {mn}n>1
â�ª¨¥, çâ® ¯à¨ n→∞

P (Sn,mn < x) −→ �
(
x− a
σ

)
; (3)

P(Nn < mnx) =⇒ H(x;µ, λ) , (4)

£¤¥ H(x;µ, λ) | äã−ªæ¨ï ®¡à�â−®£® £�¬¬�-à�á¯à¥¤¥«¥−¨ï á ¯�à�¬¥âà�¬¨ µ
¨ λ, á®®â¢¥âáâ¢ãîé�ï ¯«®â−®áâ¨ (2). ’®£¤�

P (Sn,Nn < x) −→ PSS(x; a, σ, µ, λ) ,
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�æ¥−ª¨ áª®à®áâ¨ áå®¤¨¬®áâ¨ à�á¯à¥¤¥«¥−¨© á«ãç�©−ëå áã¬¬

£¤¥ PSS(x; a, σ, µ, λ) | äã−ªæ¨ï áª®è¥−−®£® à�á¯à¥¤¥«¥−¨ï ‘âìî¤¥−â�, á®®â-
¢¥âáâ¢ãîé�ï ¯«®â−®áâ¨ (1).

‚ ¤�−−®© áâ�âì¥ ¡ã¤¥â à�áá¬®âà¥−� áª®à®áâì áå®¤¨¬®áâ¨ ¢ â¥®à¥¬¥ � ¤«ï ¤®-
¢®«ì−® ¨««îáâà�â¨¢−®£® ç�áâ−®£® á«ãç�ï, ¤¥¬®−áâà¨àãîé¥£® ®¤¨− ¨§ ¢®§¬®¦−ëå
¬¥å�−¨§¬®¢ ä®à¬¨à®¢�−¨ï −¥á¨¬¬¥âà¨ç−ëå ¯à¥¤¥«ì−ëå §�ª®−®¢ ¤«ï á«ãç�©−ëå
¡«ã¦¤�−¨©.

2 Основной результат

�ãáâì ξ1, ξ2, . . . | −¥§�¢¨á¨¬ë¥ ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ë¥ á«ãç�©−ë¥ ¢¥«¨-
ç¨−ë á Eξ1 = 0, 0 < Dξ1 = σ2 <∞, β3 = E|ξ1|3 <∞, a ∈ R, n | −�âãà�«ì−®¥
ç¨á«®.

�®«®¦¨¬

Xn,j =
ξj√
n
+
a

n
.

‚ â¥à¬¨−�å á«ãç�©−ëå ¡«ã¦¤�−¨© à�áá¬�âà¨¢�¥¬�ï ª®−áâàãªæ¨ï á«�£�¥¬ëå
¯à¥¤¯®«�£�¥â ®¤¨−�ª®¢ë© ¯®àï¤®ª ¬�«®áâ¨ í«¥¬¥−â�à−ëå âà¥−¤®¢ ¨ ¤¨á¯¥àá¨©,
çâ® å�à�ªâ¥à−®, −�¯à¨¬¥à, ¤«ï ¯à¨à�é¥−¨© ¢¨−¥à®¢áª®£® ¯à®æ¥áá� á® á−®á®¬.
�¡®§−�ç¨¬

Sn =
n∑

j=1

Xn,j


= 1√

n

n∑

j=1

ξj + a


 .

‚ á¨«ã ª«�áá¨ç¥áª®© æ¥−âà�«ì−®© ¯à¥¤¥«ì−®© â¥®à¥¬ë ¨¬¥¥¬:

lim
n→∞

sup
x∈R

∣∣∣∣P(Sn < x)− �
(
x− a
σ

)∣∣∣∣ = 0 ,

â. ¥. â�ª¨¬ ®¡à�§®¬ ®¯à¥¤¥«¥−−ë¥ á«ãç�©−ë¥ ¢¥«¨ç¨−ëXn,j ã¤®¢«¥â¢®àïîâ ãá«®-
¢¨î (3) á mn = n.

�ãáâì Uµ,λ | á«ãç�©−�ï ¢¥«¨ç¨−� á ®¡à�â−ë¬ £�¬¬�-à�á¯à¥¤¥«¥−¨¥¬ (2),
−¥§�¢¨á¨¬�ï ®â áâ�−¤�àâ−®£® ¯ã�áá®−®¢áª®£® ¯à®æ¥áá� M(t), t > 0. „«ï −�âã-
à�«ì−®£® n ¯®«®¦¨¬ Nn = M (nUµ,λ). �¥á«®¦−® ¢¨¤¥âì, çâ® à�á¯à¥¤¥«¥−¨¥
á«ãç�©−®© ¢¥«¨ç¨−ë Nn ï¢«ï¥âáï á¬¥è�−−ë¬ ¯ã�áá®−®¢áª¨¬ ¨ ¨¬¥¥â ¢¨¤:

P(Nn = k) =
1

k!

∞∫

0

e−nz(nz)kh(z;µ, λ) dz , k = 0, 1, 2, . . .

’�ª¨¬ ®¡à�§®¬ ®¯à¥¤¥«¥−−�ï á«ãç�©−�ï ¢¥«¨ç¨−� Nn ¬®¦¥â ¡ëâì ¨−â¥à¯à¥â¨-
à®¢�−� ª�ª ç¨á«® á®¡ëâ¨©, §�à¥£¨áâà¨à®¢�−−ëå ª ¬®¬¥−âã ¢à¥¬¥−¨ n ¢ ¯ã�á-
á®−®¢áª®¬ ¯à®æ¥áá¥ á® á«ãç�©−®© ¨−â¥−á¨¢−®áâìî, ¨¬¥îé¥© ®¡à�â−®¥ £�¬¬�-
à�á¯à¥¤¥«¥−¨¥. ‚ à�¡®â¥ [13] ¯®ª�§�−®, çâ® ¯®¤®¡−ë¥ ¬®¤¥«¨ ¤¥¬®−áâà¨àãîâ
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¡®«¥¥ ¢ëá®ªãî �¤¥ª¢�â−®áâì ¯à¨ ®¯¨á�−¨¨ ¯®â®ª®¢ áâà�å®¢ëå âà¥¡®¢�−¨© ¢
�¢â®áâà�å®¢�−¨¨, −¥¦¥«¨ ª«�áá¨ç¥áª¨¥ ¬®¤¥«¨ á £�¬¬�-à�á¯à¥¤¥«¥−−®© ¨−â¥−-
á¨¢−®áâìî. –¥«¥á®®¡à�§−®áâì ¨á¯®«ì§®¢�−¨ï ®¡à�â−®£® £�¬¬�-à�á¯à¥¤¥«¥−¨ï
¢ ª�ç¥áâ¢¥ �¯à¨®à−®£® ¢ ¡®«¥¥ ®¡é¨å ¡�©¥á®¢áª¨å ¬®¤¥«ïå ®â¬¥ç¥−� ¢ à�¡®-
â�å [14, 15].

�à¥¤¯®«®¦¨¬, çâ® á«ãç�©−�ï ¢¥«¨ç¨−� Uµ,λ ¨ ¯ã�áá®−®¢áª¨© ¯à®æ¥áá M(t)
−¥§�¢¨á¨¬ë ®â ¯®á«¥¤®¢�â¥«ì−®áâ¨ ξ1, ξ2, . . . ’®£¤�, ®ç¥¢¨¤−®, ¯à¨ ª�¦¤®¬ n
á«ãç�©−�ï ¢¥«¨ç¨−� Nn â�ª¦¥ ¡ã¤¥â −¥§�¢¨á¨¬� ®â íâ®© ¯®á«¥¤®¢�â¥«ì−®áâ¨.

�¡®§−�ç¨¬ An(z) = P(Nn < nz). �¥á«®¦−® ¢¨¤¥âì, çâ®

An(z) =⇒ H(x;µ, λ) (n→∞) .

„¥©áâ¢¨â¥«ì−®, ª�ª ¨§¢¥áâ−®, ¥á«¨ š(x; ℓ) | äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï �ã�áá®-
−� á ¯�à�¬¥âà®¬ ℓ > 0 ¨ E(x; c) | äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï á ¥¤¨−áâ¢¥−−ë¬
¥¤¨−¨ç−ë¬ áª�çª®¬ ¢ â®çª¥ c ∈ R, â®

š(ℓx; ℓ) =⇒ E(x; 1) (ℓ→∞) .

’�ª ª�ª ¤«ï x ∈ R

An(x) =

∞∫

0

š(nx;nz) dzH(z;µ, λ) ,

â® ¯® â¥®à¥¬¥ ‹¥¡¥£� ® ¬�¦®à¨àã¥¬®© áå®¤¨¬®áâ¨ ¯à¨ n→∞

An(x) =⇒
∞∫

0

E(x/z; 1) dzH(z;µ, λ) =

x∫

0

dzH(z;µ, λ) = H(x;µ, λ) ,

â. ¥. â�ª ®¯à¥¤¥«¥−−ë¥ á«ãç�©−ë¥ ¢¥«¨ç¨−ë Nn ã¤®¢«¥â¢®àïîâ ãá«®¢¨î (4).
’�ª¨¬ ®¡à�§®¬, ¢ á¨«ã −¥¯à¥àë¢−®áâ¨ äã−ªæ¨¨ à�á¯à¥¤¥«¥−¨ï

PSS(x; a, σ, µ, λ) ¨§ â¥®à¥¬ë A á«¥¤ã¥â, çâ®

Dn ≡ sup
x∈R

∣∣∣∣P




Nn∑

j=1

Xn,j < x


− PSS(x; a, σ, µ, λ)

∣∣∣∣ −→ 0 (n→∞) .

‘ª®à®áâì áâà¥¬«¥−¨ï Dn ª −ã«î ®¯¨áë¢�¥âáï á«¥¤ãîé¨¬ ãâ¢¥à¦¤¥−¨¥¬.

’¥®à¥¬� 1. „«ï «î¡®£® n > 1 á¯à�¢¥¤«¨¢� ®æ¥−ª�

Dn 6
0,4532√

n

β3

σ3
•(µ+ 1/2)√

λ•(µ)
+ 0,1210

a2

nσ2
.
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�æ¥−ª¨ áª®à®áâ¨ áå®¤¨¬®áâ¨ à�á¯à¥¤¥«¥−¨© á«ãç�©−ëå áã¬¬

„ ® ª � § � â ¥ « ì á â ¢ ® . Š�ª ã¦¥ ¡ë«® ¯®ª�§�−®, à�á¯à¥¤¥«¥−¨¥ á«ãç�©−®© ¢¥-
«¨ç¨−ë Nn ï¢«ï¥âáï á¬¥è�−−ë¬ ¯ã�áá®−®¢áª¨¬. ‘«¥¤®¢�â¥«ì−®, ¯® â¥®à¥¬¥
”ã¡¨−¨

P




Nn∑

j=1

Xn,j < x


 = P



M(nUµ,λ)∑

j=1

Xn,j < x


 =

=

∞∫

0

P



M(nz)∑

j=1

Xn,j < x


h(z;µ, λ) dz .

�à¨ íâ®¬

EXn,j =
a

n
; DXn,j =

σ2

n
; E|Xn,j − EXn,j|3 =

β3

n3/2
.

’�ª¨¬ ®¡à�§®¬, ¯à¨ ª�¦¤®¬ z ∈ (0,∞)

E

M(nz)∑

j=1

Xn,j = az ,

D

M(nz)∑

j=1

Xn,j = nz

(
a2

n2
+
σ2

n

)
= zσ2

(
1 +

a2

nσ2

)
.

�¥á«®¦−® ¢¨¤¥âì, çâ® äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï PSS(x; a, σ, µ, λ) ¨¬¥¥â ¢¨¤:

PSS(x; a, σ, µ, λ) =

∞∫

0

�

(
x− az
σ
√
z

)
h(z;µ, λ) dz .

�®íâ®¬ã

Dn = sup
x

∣∣∣∣∣

∞∫

0

h(z;µ, λ)


P



M(nz)∑

j=1

Xn,j < x


− �

(
x− az

σ
√
z(1 + a2/(nσ2))

)
+

+�

(
x− az

σ
√
z(1 + a2/(nσ2))

)
−�

(
x− az
σ
√
z

)]
dz

∣∣∣∣∣ 6 I1 + I2 , (5)

£¤¥
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I1 =

∞∫

0

h(z;µ, λ) sup
x

∣∣∣∣∣P



M(nz)∑

j=1

Xn,j < x


− �

(
x− az

σ
√
z(1 + a2/(nσ2))

)∣∣∣∣∣ dz ;

I2 =

∞∫

0

h(z;µ, λ) sup
x

∣∣∣∣∣�
(

x− az
σ
√
z(1 + a2/(nσ2))

)
− �

(
x− az
σ
√
z

) ∣∣∣∣∣ dz .

‚ ¤�«ì−¥©è¥¬ à�áá¬®âà¥−¨¨ ¯®−�¤®¡¨âáï á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥.

‹¥¬¬� 1. �ãáâì á«ãç�©−ë¥ ¢¥«¨ç¨−ë X1,X2, . . . ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−ë.
�ãáâì Nλ | ¯ã�áá®−®¢áª�ï á«ãç�©−�ï ¢¥«¨ç¨−� á ¯�à�¬¥âà®¬ λ > 0. �à¥¤-
¯®«®¦¨¬, çâ® á«ãç�©−ë¥ ¢¥«¨ç¨−ë Nλ,X1,X2, · · · −¥§�¢¨á¨¬ë ¢ á®¢®ªã¯−®áâ¨.
�¡®§−�ç¨¬

Sλ = X1 + · · ·+XNλ
.

’®£¤�

sup
x

∣∣∣∣P(Sλ < x)− �
(
x− ESλ√
DSλ

)∣∣∣∣ 6
0,4532√

λ

E|X1 − EX1|3

(DX1)
3/2

.

„ ® ª � § � â ¥ « ì á â ¢ ® «¥¬¬ë 1 ¯à¨¢¥¤¥−® ¢ à�¡®â¥ [16] (á¬. â�ª¦¥ [17, á. 144]).

�à®¤®«¦¨¬ ¤®ª�§�â¥«ìáâ¢® â¥®à¥¬ë 1. ÷�áá¬®âà¨¬ I1. �à¨¬¥−ïï «¥¬¬ã 1 á
ãç¥â®¬ (4), ¯®«ãç�¥¬:

I1 6
0,4532√

n

β3

σ3

∞∫

0

1√
z
h(z;µ, λ) dz =

0,4532√
n

β3

σ3
E

√
1

Uµ,λ
=

=
0,4532√

n

β3

σ3
E
√
Vµ,λ =

0,4532√
n

β3

σ3
λµ

•(µ)

∞∫

0

e−λzzµ−1/2 dz =

=
0,4532√

n

β3

σ3
λµ•(µ+ 1/2)

λµ+1/2•(µ)
=
0,4532√

n

β3

σ3
•(µ+ 1/2)√

λ•(µ)
. (6)

÷�áá¬®âà¨¬ I2. ‚ ¤�«ì−¥©è¥¬ ¯®−�¤®¡¨âáï ¥é¥ ®¤−® ¢á¯®¬®£�â¥«ì−®¥ ãâ¢¥à-
¦¤¥−¨¥.

‹¥¬¬� 2. �ãáâì b ∈ R, 0 < c <∞, 0 < d <∞. ’®£¤�

sup
y
|�(y)− �(cy)| 6 1√

2πe

∣∣∣∣max
{
c,
1

c

}
− 1
∣∣∣∣ ; (7)

√
1 + d− 1 6

d

2
. (8)
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�æ¥−ª¨ áª®à®áâ¨ áå®¤¨¬®áâ¨ à�á¯à¥¤¥«¥−¨© á«ãç�©−ëå áã¬¬

�«¥¬¥−â�à−®¥ ¤ ® ª � § � â ¥ « ì á â ¢ ® íâ®£® ãâ¢¥à¦¤¥−¨ï ®á−®¢�−® −� ¯à¨¬¥−¥−¨¨
ä®à¬ã«ë ‹�£à�−¦�.

�à®¤®«¦¨¬ ¤®ª�§�â¥«ìáâ¢® â¥®à¥¬ë 1. ‚ «¥¬¬¥ 2 ¯®«®¦¨¬

y =
x− az

σ
√
z(1 + a2/(nσ2))

; c =

√

1 +
a2

nσ2
.

’®£¤� c > 1 ¨ ¢ á¨«ã ãâ¢¥à¦¤¥−¨ï (7) «¥¬¬ë 2 ¨¬¥¥¬:

I2 6
1√
2πe

(√

1 +
a2

nσ2
− 1
)
.

�à¨ íâ®¬ ¢ á¨«ã ãâ¢¥à¦¤¥−¨ï (8) «¥¬¬ë 2

√

1 +
a2

nσ2
− 1 6

a2

2nσ2
.

�ª®−ç�â¥«ì−® ¯®«ãç�¥¬

I2 6
a2

2
√
2πenσ2

. (9)

�®¤áâ�¢«ïï (6) ¨ (9) ¢ (5), ¯®«ãç�¥¬ ãâ¢¥à¦¤¥−¨¥ â¥®à¥¬ë. ’¥®à¥¬� ¤®ª�§�−�.

…á«¨ a = 0, µ = λ = γ/2 ¯à¨ −¥ª®â®à®¬ γ > 0, â® à�á¯à¥¤¥«¥−¨¥
PSS(x; a, σ, µ, λ) = PSS(x; 0, σ, γ/2, γ/2) c â®ç−®áâìî ¤® ¯�à�¬¥âà� ¬�áèâ�-
¡� σ áâ�−®¢¨âáï ª«�áá¨ç¥áª¨¬ à�á¯à¥¤¥«¥−¨¥¬ ‘âìî¤¥−â� á ¯�à�¬¥âà®¬ (úç¨á«®¬
áâ¥¯¥−¥© á¢®¡®¤ëû) γ (á¬., −�¯à¨¬¥à, [18]). �à¨ íâ®¬ �−�«®£®¬ «¥¬¬ë 1 ¬®¦¥â
á«ã¦¨âì á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥.

‹¥¬¬� 3. �ãáâì á«ãç�©−ë¥ ¢¥«¨ç¨−ë X1,X2, . . . ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−ë.
�ãáâì Nℓ | ¯ã�áá®−®¢áª�ï á«ãç�©−�ï ¢¥«¨ç¨−� á ¯�à�¬¥âà®¬ ℓ > 0. �à¥¤-
¯®«®¦¨¬, çâ® á«ãç�©−ë¥ ¢¥«¨ç¨−ë Nℓ,X1,X2, . . . −¥§�¢¨á¨¬ë ¢ á®¢®ªã¯−®áâ¨.
�¡®§−�ç¨¬

Sℓ = X1 + · · ·+XNℓ
.

’®£¤�

sup
x

∣∣∣∣∣P(Sℓ < x)− �
(

x√
DSℓ

)∣∣∣∣∣ 6
0,3041√

ℓ

E|X1|3

(EX21 )
3/2

.

„ ® ª � § � â ¥ « ì á â ¢ ® íâ®£® ãâ¢¥à¦¤¥−¨ï ¯à¨¢¥¤¥−® ¢ [19] (á¬. â�ª¦¥ [17], â¥®à¥-
¬� 2.4.3).
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‚. …. �¥−¨−£, ‹. Œ. ‡�ªá, ‚. ā. Š®à®«¥¢

…á«¨ ¢ á«ãç�¥ a = 0 ¢ ¤®ª�§�â¥«ìáâ¢¥ â¥®à¥¬ë 1 ¢¬¥áâ® «¥¬¬ë 1 ¢®á¯®«ì§®-
¢�âìáï «¥¬¬®© 3, â® ¢ à¥§ã«ìâ�â¥ ¯®«ãç¨âáï á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥, á®¤¥à¦�é¥¥
®æ¥−ªã áª®à®áâ¨ áå®¤¨¬®áâ¨ à�á¯à¥¤¥«¥−¨© á¯¥æ¨�«ì−ëå á«ãç�©−ëå áã¬¬, ®¯¨-
á�−−ëå ¢ëè¥, ª ª«�áá¨ç¥áª®¬ã à�á¯à¥¤¥«¥−¨î ‘âìî¤¥−â� á γ áâ¥¯¥−ï¬¨ á¢®¡®¤ë.

‘«¥¤áâ¢¨¥ 1. �ãáâì ¢ ¤®¯®«−¥−¨¥ ª ãá«®¢¨ï¬ â¥®à¥¬ë 1 a = 0, µ = λ = γ/2
¯à¨ −¥ª®â®à®¬ γ > 0. ’®£¤� ¤«ï «î¡®£® n > 1 á¯à�¢¥¤«¨¢� ®æ¥−ª�:

sup
x∈R

∣∣∣∣∣∣
P




Nn∑

j=1

Xn,j < x


− PSS

(
x; 0, σ,

γ

2
,
γ

2

)∣∣∣∣∣∣
6
0,3041√

n

β3

σ3

√
2•((γ + 1)/2)√
γ•(γ/2)

.
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О ТОЧНОСТИ ПРИБЛИЖЕНИЯ РАСПРЕДЕЛЕНИЯ ОЦЕНКИ
РИСКА ПОРОГОВОЙ ОБРАБОТКИ

ВЕЙВЛЕТ-КОЭФФИЦИЕНТОВ СИГНАЛА НОРМАЛЬНЫМ
ЗАКОНОМ ПРИ НЕИЗВЕСТНОМ УРОВНЕ ШУМА∗

О. В. Шестаков1

�−−®â�æ¨ï: ˆáá«¥¤ãîâáï �á¨¬¯â®â¨ç¥áª¨¥ á¢®©áâ¢� ®æ¥−ª¨ à¨áª� ¯à¨ ¯®à®-
£®¢®© ®¡à�¡®âª¥ ª®íää¨æ¨¥−â®¢ ¢¥©¢«¥â-à�§«®¦¥−¨ï äã−ªæ¨¨ á¨£−�«�. �®-
«ãç¥−ë −¥ª®â®àë¥ ®æ¥−ª¨ áª®à®áâ¨ áå®¤¨¬®áâ¨ à�á¯à¥¤¥«¥−¨ï ®æ¥−ª¨ à¨áª�
ª −®à¬�«ì−®¬ã §�ª®−ã.

Š«îç¥¢ë¥ á«®¢�: ¢¥©¢«¥âë; ¯®à®£®¢�ï ®¡à�¡®âª�; ®æ¥−ª� à¨áª�; −®à¬�«ì−®¥
à�á¯à¥¤¥«¥−¨¥; ®æ¥−ª� áª®à®áâ¨ áå®¤¨¬®áâ¨

1 Введение

Œ¥â®¤ë ®¡à�¡®âª¨ á¨£−�«®¢ ¨ ¨§®¡à�¦¥−¨© á ¯®¬®éìî ¢¥©¢«¥â-à�§«®¦¥−¨ï
¯à¨¬¥−ïîâáï ¢ á�¬ëå à�§−®®¡à�§−ëå ®¡«�áâïå, ¢ª«îç�ï £¥®ä¨§¨ªã, ä¨§¨ªã
¯«�§¬ë, ¢ëç¨á«¨â¥«ì−ãî â®¬®£à�ä¨î, ª®¬¯ìîâ¥à−ãî £à�ä¨ªã ¨ ¤à. �á−®¢−ë¥
§�¤�ç¨, ¤«ï à¥è¥−¨ï ª®â®àëå ¨á¯®«ì§ã¥âáï ¢¥©¢«¥â-à�§«®¦¥−¨¥, | íâ® á¦�â¨¥
á¨£−�«®¢/¨§®¡à�¦¥−¨© ¨ ã¤�«¥−¨¥ èã¬�. �à¨ íâ®¬ áâà®¨âáï ®æ¥−ª� á¨£−�«�
¨«¨ ¨§®¡à�¦¥−¨ï, ®á−®¢�−−�ï −� ¯®à®£®¢®© ®¡à�¡®âª¥ ¢¥©¢«¥â-ª®íää¨æ¨¥−â®¢,
ª®â®à�ï ®¡−ã«ï¥â ª®íää¨æ¨¥−âë, −¥ ¯à¥¢ëè�îé¨¥ §�¤�−−®£® ¯®à®£�. ��«¨ç¨¥
èã¬� −¥¨§¡¥¦−® ¯à¨¢®¤¨â ª ¯®£à¥è−®áâï¬ ¢ ®æ¥−¨¢�¥¬®¬ á¨£−�«¥/¨§®¡à�¦¥−¨¨.
‘¢®©áâ¢� ®æ¥−ª¨ â�ª¨å ¯®£à¥è−®áâ¥© (à¨áª�) ¨áá«¥¤®¢�«¨áì ¢ à�¡®â�å [1{9]. �à¨
®¯à¥¤¥«¥−−ëå ãá«®¢¨ïå ®æ¥−ª� à¨áª� ï¢«ï¥âáï á®áâ®ïâ¥«ì−®© ¨ �á¨¬¯â®â¨ç¥áª¨
−®à¬�«ì−®© [6]. ‚ à�¡®â�å [8, 9] ¯®«ãç¥−ë −¥ª®â®àë¥ ®æ¥−ª¨ áª®à®áâ¨ áå®¤¨¬®áâ¨
®æ¥−ª¨ à¨áª� ª −®à¬�«ì−®¬ã §�ª®−ã ¢ ®¤−®¬¥à−®¬ á«ãç�¥ (â. ¥. ¯à¨ ®¡à�¡®âª¥
®¤−®¬¥à−ëå á¨£−�«®¢). ‚ ¤�−−®© à�¡®â¥ íâ¨ ®æ¥−ª¨ ¡ã¤ãâ ã«ãçè¥−ë.

‚¢¥¤¥¬ −¥®¡å®¤¨¬ë¥ ¯®−ïâ¨ï ¨ ®¡®§−�ç¥−¨ï. �à¨ ¨á¯®«ì§®¢�−¨¨ ¢¥©¢«¥â-
à�§«®¦¥−¨ï äã−ªæ¨ï f ∈ L2(R), ®¯¨áë¢�îé�ï á¨£−�«, ¯à¥¤áâ�¢«ï¥âáï ¢ ¢¨¤¥
àï¤� ¨§ á¤¢¨£®¢ ¨ à�áâï¦¥−¨© −¥ª®â®à®© ¢¥©¢«¥â-äã−ªæ¨¨ ψ:

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâë 11-01-00515� ¨ 11-01-
12-26-®ä¨-¬), � â�ª¦¥ Œ¨−¨áâ¥àáâ¢� ®¡à�§®¢�−¨ï ¨ −�ãª¨ ÷” (£®áã¤�àáâ¢¥−−ë© ª®−âà�ªâ
ü 14.740.11.0996).

1Œ®áª®¢áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â ¨¬. Œ. ‚. ‹®¬®−®á®¢�, ä�ªã«ìâ¥â ‚ŒŠ; ˆ−áâ¨âãâ
¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, oshestakov@cs.msu.su
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� â®ç−®áâ¨ ¯à¨¡«¨¦¥−¨ï à�á¯à¥¤¥«¥−¨ï ®æ¥−ª¨ à¨áª� ¯®à®£®¢®© ®¡à�¡®âª¨

f =
∑

j,k∈Z

〈f, ψj,k〉ψj,k , (1)

£¤¥ ψj,k(x) = 2
j/2ψ(2jx − k) (á¥¬¥©áâ¢® {ψj,k}j,k∈Z ®¡à�§ã¥â ®àâ®−®à¬¨à®¢�−-

−ë© ¡�§¨á ¢ L2(R)). ˆ−¤¥ªá j ¢ (1) −�§ë¢�¥âáï ¬�áèâ�¡®¬ (¨«¨ ãà®¢−¥¬), �
¨−¤¥ªá k | á¤¢¨£®¬. ”ã−ªæ¨ï ψ ¤®«¦−� ã¤®¢«¥â¢®àïâì ®¯à¥¤¥«¥−−ë¬ âà¥-
¡®¢�−¨ï¬ [10], ®¤−�ª® ¥¥ ¬®¦−® ¢ë¡à�âì â�ª¨¬ ®¡à�§®¬, çâ®¡ë ®−� ®¡«�¤�«�
−¥ª®â®àë¬¨ ¯®«¥§−ë¬¨ á¢®©áâ¢�¬¨, −�¯à¨¬¥à ¡ë«� ¤¨ää¥à¥−æ¨àã¥¬®© −ã¦−®¥
ç¨á«® à�§ ¨ ¨¬¥«� §�¤�−−®¥ ç¨á«® M −ã«¥¢ëå ¬®¬¥−â®¢ [10], â. ¥.

∞∫

−∞

xkψ(x)dx = 0 , k = 0, . . . ,M − 1 .

‚ ¤�«ì−¥©è¥¬ ¡ã¤ãâ à�áá¬�âà¨¢�âìáï äã−ªæ¨¨ f ∈ L2(R) á −®á¨â¥«¥¬ −�
®âà¥§ª¥ [0, 1], à�¢−®¬¥à−® à¥£ã«ïà−ë¥ ¯® ‹¨¯è¨æã á −¥ª®â®àë¬ ¯®ª�§�â¥«¥¬
γ > 0, â. ¥. â�ª¨¥ äã−ªæ¨¨, ¤«ï ª®â®àëå áãé¥áâ¢ã¥â ª®−áâ�−â� L > 0 ¨ ¯®«¨−®¬
Py áâ¥¯¥−¨ n = ⌊γ⌋ â�ª®©, çâ® ¤«ï «î¡®£® y ∈ [0, 1] ¨ «î¡®£® x ∈ R

|f(x)− Py(x)| 6 L |x− y|γ .

„«ï â�ª¨å äã−ªæ¨© f ¨§¢¥áâ−® [11], çâ® ¥á«¨ ¢¥©¢«¥â-äã−ªæ¨ï M à�§
−¥¯à¥àë¢−® ¤¨ää¥à¥−æ¨àã¥¬� (M > γ), ¨¬¥¥â M −ã«¥¢ëå ¬®¬¥−â®¢ ¨ ¡ëáâ-
à® ã¡ë¢�¥â −� ¡¥áª®−¥ç−®áâ¨ ¢¬¥áâ¥ á® á¢®¨¬¨ ¯à®¨§¢®¤−ë¬¨, â. ¥. ¤«ï ¢á¥å
0 6 k 6 M ¨ «î¡®£® m ∈ N −�©¤¥âáï ª®−áâ�−â� Cm, çâ® ¯à¨ ¢á¥å x ∈ R

∣∣∣ψ(k)(x)
∣∣∣ 6

Cm
1 + |x|m ,

â® −�©¤¥âáï â�ª�ï ª®−áâ�−â� A > 0, çâ®

〈f, ψj,k〉 6
A

2j(γ+1/2)
. (2)

�� ¯à�ªâ¨ª¥ äã−ªæ¨¨ á¨£−�«� ¢á¥£¤� §�¤�−ë ¢ ¤¨áªà¥â−ëå ®âáç¥â�å. �¥
®£à�−¨ç¨¢�ï ®¡é−®áâ¨, ¡ã¤¥¬ áç¨â�âì, çâ® äã−ªæ¨ï f §�¤�−� ¢ â®çª�å i/N
(i = 1, . . . N , £¤¥ N = 2J ¤«ï −¥ª®â®à®£® J ): fi = f (i/N). „¨áªà¥â−®¥ ¢¥©¢-
«¥â-¯à¥®¡à�§®¢�−¨¥ ¯à¥¤áâ�¢«ï¥â á®¡®© ã¬−®¦¥−¨¥ ¢¥ªâ®à� §−�ç¥−¨© äã−ªæ¨¨ f
(®¡®§−�ç¨¬ ¥£® ç¥à¥§ f ) −� ®àâ®£®−�«ì−ãî ¬�âà¨æã W , ®¯à¥¤¥«ï¥¬ãî ¢¥©¢«¥â-

äã−ªæ¨¥©ψ: f
W
=Wf [11]. �à¨ íâ®¬ ¥á«¨ ¯¥à¥©â¨ ª ¤¢®©−®¬ã ¨−¤¥ªáã (j, k), â®

¤¨áªà¥â−ë¥ ¢¥©¢«¥â-ª®íää¨æ¨¥−âë ¡ã¤ãâ á¢ï§�−ë á −¥¯à¥àë¢−ë¬¨ á«¥¤ãîé¨¬

®¡à�§®¬: fWj,k ≈
√
N〈f, ψj,k〉 (á¬., −�¯à¨¬¥à, [2] ¨«¨ [12]). ‚ ¤�«ì−¥©è¥¬
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¤«ï ã¤®¡áâ¢� ¡ã¤¥¬ −ã¬¥à®¢�âì ¤¨áªà¥â−ë¥ ¢¥©¢«¥â-ª®íää¨æ¨¥−âë â�ª ¦¥, ª�ª
®âáç¥âë äã−ªæ¨¨ f , ®¤−¨¬ ¨−¤¥ªá®¬ i ¢¬¥áâ® ¤¢®©−®£® ¨−¤¥ªá� (j, k).

‚ à¥�«ì−ëå −�¡«î¤¥−¨ïå ¢á¥£¤� ¯à¨áãâáâ¢ã¥â èã¬. ‚ ¤�−−®© à�¡®â¥ à�á-
á¬�âà¨¢�¥âáï �¤¤¨â¨¢−�ï ¬®¤¥«ì èã¬�

Yi = fi + zi , i = 1, . . . , N ,

£¤¥ zi | −¥§�¢¨á¨¬ë¥ á«ãç�©−ë¥ ¢¥«¨ç¨−ë, ¨¬¥îé¨¥ −®à¬�«ì−®¥ à�á¯à¥¤¥«¥−¨¥
á −ã«¥¢ë¬ áà¥¤−¨¬ ¨ ¤¨á¯¥àá¨¥© σ2. ’®£¤� ¢ á¨«ã ®àâ®£®−�«ì−®áâ¨ ¬�âà¨æë W
¤«ï ¤¨áªà¥â−ëå ¢¥©¢«¥â-ª®íää¨æ¨¥−â®¢ ¯à¨−¨¬�¥âáï á«¥¤ãîé�ï ¬®¤¥«ì:

Y W
i = fWi + z

W
i , i = 1, . . . , N ,

£¤¥ zWi â�ª¦¥ −¥§�¢¨á¨¬ë ¨ −®à¬�«ì−® à�á¯à¥¤¥«¥−ë á −ã«¥¢ë¬ áà¥¤−¨¬ ¨ ¤¨á¯¥-

àá¨¥© σ2, � fWi à�¢−ë á®®â¢¥âáâ¢ãîé¨¬ −¥¯à¥àë¢−ë¬ ¢¥©¢«¥â-ª®íää¨æ¨¥−â�¬,

ã¬−®¦¥−−ë¬ −�
√
N .

2 Пороговая обработка и оценка риска

‘¬ëá« ¯®à®£®¢®© ®¡à�¡®âª¨ ¢¥©¢«¥â-ª®íää¨æ¨¥−â®¢ §�ª«îç�¥âáï ¢ ã¤�«¥-
−¨¨ ¤®áâ�â®ç−® ¬�«¥−ìª¨å ª®íää¨æ¨¥−â®¢, ª®â®àë¥ áç¨â�îâáï èã¬®¬. �ã¤¥¬
¨á¯®«ì§®¢�âì â�ª −�§ë¢�¥¬ãî ¬ï£ªãî ¯®à®£®¢ãî ®¡à�¡®âªã á ¯®à®£®¬ T . Š ª�¦-
¤®¬ã ¢¥©¢«¥â-ª®íää¨æ¨¥−âã ¯à¨¬¥−ï¥âáï äã−ªæ¨ï ρT (x) = sgn (x) (|x| − T )+,
â. ¥. ¯à¨ â�ª®© ¯®à®£®¢®© ®¡à�¡®âª¥ ª®íää¨æ¨¥−âë, ª®â®àë¥ ¯® ¬®¤ã«î ¬¥−ì-
è¥ ¯®à®£� T , ®¡−ã«ïîâáï, � �¡á®«îâ−ë¥ ¢¥«¨ç¨−ë ®áâ�«ì−ëå ª®íää¨æ¨¥−â®¢
ã¬¥−ìè�îâáï −� ¢¥«¨ç¨−ã ¯®à®£�. �®£à¥è−®áâì (¨«¨ à¨áª) ¬ï£ª®© ¯®à®£®¢®©
®¡à�¡®âª¨ ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬:

RN (f) =
N∑

i=1

E
(
fWi − ρT (Y W

i )
)2
. (3)

‚ ¢ëà�¦¥−¨¨ (3) ¯à¨áãâáâ¢ãîâ −¥¨§¢¥áâ−ë¥ ¢¥«¨ç¨−ë fWi , ¯®íâ®¬ã ¢ëç¨á«¨âì
§−�ç¥−¨¥ RN (f) −¥«ì§ï. �¤−�ª® ¥£® ¬®¦−® ®æ¥−¨âì. ‚ ª�¦¤®¬ á«�£�¥¬®¬,
¥á«¨

∣∣Y W
i

∣∣ > T , â® ¢ª«�¤ íâ®£® á«�£�¥¬®£® ¢ à¨áª á®áâ�¢«ï¥â σ2 + T 2, � ¥á«¨∣∣Y W
i

∣∣ 6 T , â® ¢ª«�¤ á®áâ�¢«ï¥â (fWi )
2. �®áª®«ìªã E(Y W

i )
2 = σ2 + (fWi )

2,

¢¥«¨ç¨−ã (fWi )
2 ¬®¦−® ®æ¥−¨âì à�§−®áâìî (Y W

i )
2 − σ2.

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

R̂N (f, σ) =

N∑

i=1

F [(Y W
i )

2, σ] ,
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� â®ç−®áâ¨ ¯à¨¡«¨¦¥−¨ï à�á¯à¥¤¥«¥−¨ï ®æ¥−ª¨ à¨áª� ¯®à®£®¢®© ®¡à�¡®âª¨

£¤¥
F [x, σ] = (x− σ2)11(|x| 6 T 2) + (σ2 + T 2)11(|x| > T 2) . (4)

„«ï â�ª¨¬ ®¡à�§®¬ ®¯à¥¤¥«¥−−®© ®æ¥−ª¨ à¨áª� á¯à�¢¥¤«¨¢® á«¥¤ãîé¥¥ ãâ¢¥à-
¦¤¥−¨¥ [11].

’¥®à¥¬� 1. ER̂N (f, σ) = RN (f), â. ¥. R̂N (f, σ) ï¢«ï¥âáï −¥á¬¥é¥−−®© ®æ¥−ª®©
¤«ï RN (f).

‚ à�¡®â�å [1, 3] ¡ë«® ¯à¥¤«®¦¥−® ¨á¯®«ì§®¢�âì ¯®à®£ T (σ) = σ
√
2 lnN .

�ë«® ¯®ª�§�−®, çâ® ¯à¨ â�ª®¬ ¯®à®£¥ à¨áª ¡«¨§®ª ª ¬¨−¨¬�«ì−®¬ã [1]. �â®â
¯®à®£ ¯®«ãç¨« −�§¢�−¨¥ úã−¨¢¥àá�«ì−ë©û. ‚ ¤�«ì−¥©è¥¬ ¡ã¤¥â ¨á¯®«ì§®¢�âìáï
¨¬¥−−® â�ª®© ¢¨¤ ¯®à®£�.

‡�ç�áâãî ¤¨á¯¥àá¨ï σ2 −¥¨§¢¥áâ−�, ¨ ¥¥ â�ª¦¥ −¥®¡å®¤¨¬® ®æ¥−¨¢�âì, ¯à¨
íâ®¬ ¢ëà�¦¥−¨¥ (4) ¯à¨−¨¬�¥â ¢¨¤:

R̂N (f, σ̂) =
N∑

i=1

F
[
(Y W
i )

2, σ̂
]

(¢¬¥áâ® T (σ) ¨á¯®«ì§ã¥âáï T (�σ)).

3 Оценка скорости сходимости распределения оценки риска
к нормальному закону

�¡ëç−® ¤¨á¯¥àá¨ï σ2 (¨«¨ áà¥¤−¥ª¢�¤à�â¨ç−®¥ ®âª«®−¥−¨¥ σ) ®æ¥−¨¢�¥âáï
¯® ¯®«®¢¨−¥ ¢á¥å ¢¥©¢«¥â-ª®íää¨æ¨¥−â®¢ à�§«®¦¥−¨ï á¨£−�«� ¤«ï j = J − 1
(−�¯®¬−¨¬, çâ® N = 2J ), ¯®áª®«ìªã ¥á«¨ äã−ªæ¨ï f ã¤®¢«¥â¢®àï¥â âà¥¡ã¥¬ë¬
ãá«®¢¨ï¬ à¥£ã«ïà−®áâ¨, â® ¢ á¨«ã (2) íâ¨ ª®íää¨æ¨¥−âë ä�ªâ¨ç¥áª¨ á®¤¥à¦�â
â®«ìª® èã¬.

‚ à�¡®â�å [6{9] ¨áá«¥¤ã¥âáï �á¨¬¯â®â¨ç¥áª®¥ ¯®¢¥¤¥−¨¥ ®æ¥−ª¨ à¨áª� R̂N (f)
¯à¨ ¨á¯®«ì§®¢�−¨¨ à�§«¨ç−ëå ®æ¥−®ª �σ. �®ª�§�−®, çâ® ¯à¨ ®¯à¥¤¥«¥−−ëå ãá«®-
¢¨ïå ®æ¥−ª� à¨áª� ï¢«ï¥âáï �á¨¬¯â®â¨ç¥áª¨ −®à¬�«ì−®©, ¨ ¯®«ãç¥−ë −¥ª®â®àë¥
®æ¥−ª¨ áª®à®áâ¨ áå®¤¨¬®áâ¨ ª −®à¬�«ì−®¬ã §�ª®−ã. ‚ íâ®¬ ¯�à�£à�ä¥ íâ¨ ®æ¥−ª¨
¡ã¤ãâ ã«ãçè¥−ë.

„�«¥¥ ¤«ï ã¤®¡áâ¢� ¡ã¤¥¬ ®¡®§−�ç�âìY W
i ç¥à¥§Xi, � fWi | ç¥à¥§ ai. ‘−�ç�«�

à�áá¬®âà¨¬ á¨âã�æ¨î, ª®£¤� ¢ ª�ç¥áâ¢¥ ®æ¥−ª¨ σ2 ¨á¯®«ì§ã¥âáï ¢ë¡®à®ç−�ï
¤¨á¯¥àá¨ï:

σ̂2 =
1

N/2− 1

N∑

i=N/2+1

(X2i −X)2 ,

£¤¥

X =
2

N

N∑

i=N/2+1

Xi . (5)
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’¥®à¥¬� 2. �ãáâì f §�¤�−� −� ®âà¥§ª¥ [0, 1] ¨ ï¢«ï¥âáï à�¢−®¬¥à−® à¥£ã«ïà−®©
¯® ‹¨¯è¨æã á ¯®ª�§�â¥«¥¬ γ > 1/4 ¨ ¯ãáâì ®æ¥−ª� σ2 §�¤�−� á®®â−®è¥−¨¥¬ (5),

â®£¤� áãé¥áâ¢ãîâ â�ª¨¥ ª®−áâ�−âë “C0 ¨ “C1 (§�¢¨áïé¨¥ ®â γ, A ¨ σ), çâ®

sup
x∈R

∣∣∣∣∣P
(
R̂N (f, σ̂)−RN (f)

σ2
√
2N

< x

)
− �(x)

∣∣∣∣∣ 6

6
“C0(lnN)

3/2+1/(4γ+2)

N1/2−1/(4γ+2)
+

“C1

N2γ−1/2
, (6)

£¤¥ �(x) | äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï áâ�−¤�àâ−®£® −®à¬�«ì−®£® §�ª®−�.

„ ® ª � § � â ¥ « ì á â ¢ ® . ˆ¬¥¥¬

sup
x∈R

∣∣∣∣∣P
(
R̂N (f, σ̂)−RN (f)

σ2
√
2N

< x

)
− �(x)

∣∣∣∣∣ =

= sup
x∈R

∣∣∣∣∣P
(
R̂N (f, σ)−RN (f) + R̂N (f, σ̂)− R̂N (f, σ)

σ2
√
2N

< x

)
− �(x)

∣∣∣∣∣ .

‡�¯¨è¥¬
R̂N (f, σ̂)− R̂N (f, σ) = UN (σ̂) + VN ,

£¤¥

VN = N(σ
2 − σ̂2) , UN (σ̂) =

N∑

i=1

{ui(σ̂)− ui(σ)} ,

� ui(s) = min{X2i , T 2(s)}+ 2s211 (|Xi| > T (s)). ’®£¤�

sup
x∈R

∣∣∣∣∣P
(
R̂N (f, σ)−RN (f) + R̂N (f, σ̂)− R̂N (f, σ)

σ2
√
2N

< x

)
− �(x)

∣∣∣∣∣ 6

6 sup
x∈R

∣∣∣∣∣P
(
R̂N (f, σ)−RN (f) + VN

σ2
√
2N

< x

)
− �(x)

∣∣∣∣∣+
εN√
2π
+

+ P

(∣∣∣∣∣
UN (σ̂)

σ2
√
2N

∣∣∣∣∣ > εN

)
. (7)

‡�¯¨è¥¬ à�§−®áâì R̂N (f, σ)−RN (f) ¢ ¢¨¤¥

R̂N (f, σ)−RN (f) = R1(f, σ) +R2(f, σ) ,
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£¤¥

Rj(f, σ) =
∑

Ij

{
F [(Y W

i )
2, σ]− EF [(Y W

i )
2, σ]

}
, j = 1, 2 . (8)

‡¤¥áì I2 | ¬−®¦¥áâ¢® â¥å ¨−¤¥ªá®¢ i, ¤«ï ª®â®àëå ¢ á¨«ã (2) ¢ë¯®«−¥−®

|ai| 6 A/(lnN)1/2, � I1 | ¬−®¦¥áâ¢® ®áâ�«ì−ëå ¨−¤¥ªá®¢ i.
�®áª®«ìªã f à¥£ã«ïà−� ¯® ‹¨¯è¨æã á γ > 1/4, ç¨á«® á«�£�¥¬ëå ¢ R1(f, σ)

−¥ ¯à¥¢®áå®¤¨â B1(N lnN)
1/(2γ+1), £¤¥ B1 | −¥ª®â®à�ï ª®−áâ�−â�, §�¢¨áïé�ï

®â γ. ‘«�£�¥¬ë¥ ¢ R1(f, σ) ¯® ¬®¤ã«î −¥ ¯à¥¢®áå®¤ïâ B2 lnN á −¥ª®â®à®© ª®−-
áâ�−â®© B2. ‘«¥¤®¢�â¥«ì−®, ¯à¨¬¥−ïï −¥à�¢¥−áâ¢® •¥ää¤¨−£� ¨«¨ −¥à�¢¥−áâ¢®
�¥à−èâ¥©−� [13], ¬®¦−® ¯®ª�§�âì, çâ® ¤«ï −¥ª®â®àëå ª®−áâ�−â B3 ¨ B4

P

(∣∣∣∣∣
R1(f, σ)

σ2
√
2N

∣∣∣∣∣ > B3
(lnN)3/2+1/(4γ+2)

N1/2−1/(4γ+2)

)
6

B4

N1/2
.

’�ª¨¬ ®¡à�§®¬, −�©¤¥âáï ª®−áâ�−â� B5 > 0 â�ª�ï, çâ®

sup
x∈R

∣∣∣∣∣P
(
R̂N (f, σ)−RN (f) + VN

σ2
√
2N

< x

)
− �(x)

∣∣∣∣∣ 6

6 sup
x∈R

∣∣∣∣∣P
(
R2(f, σ) + VN

σ2
√
2N

< x

)
− �(x)

∣∣∣∣∣+
B5(lnN)

3/2+1/(4γ+2)

N1/2−1/(4γ+2)
. (9)

„�«¥¥, ¯®áâã¯�ï ª�ª ¢ à�¡®â¥ [8], ¯®«ãç�¥¬, çâ® ¤«ï −¥ª®â®àëå ª®−áâ�−â B6,
B7 ¨ B8 á¯à�¢¥¤«¨¢®

sup
x∈R

∣∣∣∣∣P
(
R2(f, σ) + VN

σ2
√
2N

< x

)
− �(x)

∣∣∣∣∣ 6

6
B6

N1/2
+
B7(lnN)

1/(2γ+1)

N1−1/(2γ+1)
+

B8

N2γ−1/2
. (10)

�æ¥−¨¬ â¥¯¥àì âà¥âì¥ á«�£�¥¬®¥ ¢ (7).

P

(∣∣∣∣∣
UN (σ̂)

σ2
√
2N

∣∣∣∣∣ > εN

)
6

6 P

(
sup

|s2−σ2|6δN

∣∣∣∣∣
UN (s)

σ2
√
2N

∣∣∣∣∣ > εN

)
+ P(

∣∣σ̂2 − σ2
∣∣ > δN ) . (11)
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Œ®¦−® ¯®ª�§�âì, çâ® ¯à¨ ¢ë¯®«−¥−¨¨ ãá«®¢¨© â¥®à¥¬ë −�©¤¥âáï â�ª�ï ª®−áâ�−-

â� Cδ, çâ® ¯à¨ ¢ë¡®à¥ δN = CδN
−1/2(lnN)1/2 ¤«ï −¥ª®â®à®© ª®−áâ�−âë C̃δ

¢ë¯®«−¥−®

P(
∣∣σ̂2 − σ2

∣∣ > δN ) 6
C̃δ√
N
. (12)

„�«¥¥

sup
|s2−σ2|6δN

|UN (s)| = sup
|s2−σ2|6δN

N∑

i=1

[
min{X2i , T 2(s)}+ 2s211 (|Xi| > T (s))−

−min{X2i , T 2(σ)}+ 2σ211 (|Xi| > T (σ))
]

6

6

N∑

i=1

[(
T 2(
√
σ2 + δN )− T 2(σ)

)
11 (|Xi| > T (σ)) +

+ 2σ211
(
T (
√
σ2 − δN ) < |Xi| 6 T (σ)

)
+

+ 2δN11
(
|Xi| > T (

√
σ2 − δN )

)]
6

N∑

i=1

[2δN lnN11 (|Xi| > T (σ)) +

+ 2σ211
(
T (
√
σ2 − δN ) < |Xi| 6 T (σ)

)
+ 2δN11

(
|Xi| > T (

√
σ2 − δN )

)]
≡

≡
N∑

i=1

h(Xi, δN ) = U
′
N (δN ) + U

′′
N (δN ) ,

£¤¥ áã¬¬¨à®¢�−¨¥ ¢ U ′
N (δN ) ¢¥¤¥âáï ¯® i ∈ I1, � ¢ U ′′

N (δN ) | ¯® i ∈ I2. ˆ¬¥¥¬
|h(Xi, δN )| 6 2δN lnN+2σ2+2δN ¯. ¢. ¨ ¥á«¨ i ∈ I2, â® ¤«ï −¥ª®â®àëå ª®−áâ�−â
CE > 0 ¨ CD > 0

Eh(Xi, δN ) 6
CE

N
√
lnN

¨ Dh(Xi, δN ) 6 Eh
2(Xi, δN ) 6

CD

N
√
lnN

.

‘«¥¤®¢�â¥«ì−®, ¯à¨¬¥−ïï −¥à�¢¥−áâ¢® �¥à−èâ¥©−� [13], ¬®¦−® ¯®ª�§�âì, çâ® ¤«ï

−¥ª®â®àëå ª®−áâ�−â C ′′
U ¨ “C ′′

U á¯à�¢¥¤«¨¢®

P

(
U ′′
N (δN )

σ2
√
2N

> C ′′
UN

−1/2 lnN

)
6
“C ′′
U√
N
.

…á«¨ ¦¥ i ∈ I1, â®, ¯®áâã¯�ï â�ª ¦¥, ª�ª ¯à¨ ®æ¥−ª¥ R1, ¬®¦−® ¢ë¡à�âì â�ªãî
ª®−áâ�−âã C ′

ε > 0 ¨

ε′N = C
′
ε

(lnN)1/2+1/(4γ+2)

N1/2−1/(4γ+2)
,
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çâ®

P

(
U ′
N (δN )

σ2
√
2N

> ε′N

)
6
“C ′
U√
N

¤«ï −¥ª®â®à®© ª®−áâ�−âë “C ′
U . ’�ª¨¬ ®¡à�§®¬, áãé¥áâ¢ã¥â â�ª�ï ª®−áâ�−â� CU ,

çâ®

P

(
sup

|s2−σ2|6δN

∣∣∣∣∣
UN (s)

σ2
√
2N

∣∣∣∣∣ > εN

)
6

CU√
N
, (13)

£¤¥

εN = Cε
(lnN)1/2+1/(4γ+2)

N1/2−c1/(4γ+2)

¨ Cε > C ′
ε.

�¡ê¥¤¨−ïï (7) ¨ (9){(13), ¯®«ãç�¥¬ (6). ’¥®à¥¬� ¤®ª�§�−�.

’¥¯¥àì ¯®«ãç¨¬ ®æ¥−ªã áª®à®áâ¨ áå®¤¨¬®áâ¨ à�á¯à¥¤¥«¥−¨ï R̂N (f, σ̂) ª −®à-
¬�«ì−®¬ã §�ª®−ã ¯à¨ ¨á¯®«ì§®¢�−¨¨ ¢ ª�ç¥áâ¢¥ ®æ¥−ª¨ σ á®®â¢¥âáâ¢ãîé¨¬
®¡à�§®¬ −®à¬¨à®¢�−−®£® ¨−â¥àª¢�àâ¨«ì−®£® à�§¬�å� �σR ¨ �¡á®«îâ−®£® ¬¥¤¨�−-
−®£® ®âª«®−¥−¨ï ®â ¬¥¤¨�−ë �σM . �à¥¨¬ãé¥áâ¢® ¨á¯®«ì§®¢�−¨ï â�ª¨å ®æ¥−®ª
§�ª«îç�¥âáï ¢ ¨å à®¡�áâ−®áâ¨, â. ¥. −¥çã¢áâ¢¨â¥«ì−®áâ¨ ª ¢ë¡à®á�¬ (á¬. [14, 15]),
¨ ¢ ¯®«−®© ¬¥à¥ ¯à®ï¢«ï¥âáï, ª®£¤� ¤¨á¯¥àá¨ï ®æ¥−¨¢�¥âáï ¯® ¢ë¡®àª¥ á¨£−�«�.
�æ¥−ª¨ �σR ¨ �σM ®¯à¥¤¥«ïîâáï á«¥¤ãîé¨¬ ®¡à�§®¬:

�σR =
XN/2,3/4 −XN/2,1/4

2ξ3/4
; (14)

�σM =

med
N/2+16i6N

|Xi − med
N/2+16j6N

Xj |

ξ3/4
, (15)

£¤¥ XN/2,1/4 ¨ XN/2,3/4 | ¢ë¡®à®ç−ë¥ ª¢�−â¨«¨ ¯®àï¤ª� 1/4 ¨ 3/4, ¯®áâà®-
¥−−ë¥ ¯® ¢ë¡®àª¥ ¨§ ¯®«®¢¨−ë ¢á¥å ¢¥©¢«¥â ª®íää¨æ¨¥−â®¢ −� ãà®¢−¥ J − 1
(N = 2J ), ξ3/4 { â¥®à¥â¨ç¥áª�ï ª¢�−â¨«ì ¯®àï¤ª� 3/4 áâ�−¤�àâ−®£® −®à¬�«ì−®£®
à�á¯à¥¤¥«¥−¨ï, � med ®¡®§−�ç�¥â ¢ë¡®à®ç−ãî ¬¥¤¨�−ã.

’¥®à¥¬� 3. �ãáâì f §�¤�−� −� ®âà¥§ª¥ [0, 1] ¨ ï¢«ï¥âáï à�¢−®¬¥à−® à¥£ã«ïà−®©
¯® ‹¨¯è¨æã á ¯®ª�§�â¥«¥¬ γ > 1/2 ¨ ¯ãáâì ®æ¥−ª� σ2 §�¤�−� á®®â−®è¥−¨-

¥¬ (14) ¨«¨ á®®â−®è¥−¨¥¬ (15), â®£¤� áãé¥áâ¢ãîâ â�ª¨¥ ª®−áâ�−âë “C0 ¨ “C1
(§�¢¨áïé¨¥ ®â γ, A ¨ σ), çâ®

sup
x∈R

∣∣∣∣∣P
(
R̂N (f, σ̂)−RN (f)

σ2
√
2N

< x

)
− �œ(x)

∣∣∣∣∣ 6
“C0

Nγ−1/2
+
“C1(lnN)

3/4

N1/4
, (16)
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£¤¥ �œ(x) | äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï −®à¬�«ì−®£® §�ª®−� á −ã«¥¢ë¬ áà¥¤−¨¬ ¨
¤¨á¯¥àá¨¥©œ = [2ξ3/4φ(ξ3/4)]

−2 − 1.

„ ® ª � § � â ¥ « ì á â ¢ ® . �®áâã¯�ï, ª�ª ¢ ¯à¥¤ë¤ãé¥© â¥®à¥¬¥, ¨¬¥¥¬

sup
x∈R

∣∣∣∣∣P
(
R̂N (f, σ̂)−RN (f)

σ2
√
2N

< x

)
− �œ(x)

∣∣∣∣∣ =

= sup
x∈R

∣∣∣∣∣P
(
R̂N (f, σ)−RN (f) + R̂N (f, σ̂)− R̂N (f, σ)

σ2
√
2N

< x

)
− �œ(x)

∣∣∣∣∣ 6

6 sup
x∈R

∣∣∣∣∣P
(
R̂N (f, σ)−RN (f) + VN

σ2
√
2N

< x

)
−�œ(x)

∣∣∣∣∣+
εN√
2π
+

+ P

(∣∣∣∣∣
UN (σ̂)

σ2
√
2N

∣∣∣∣∣ > εN

)
. (17)

‡¤¥áì

R̂N (f, σ̂)− R̂N (f, σ) = UN (σ̂) + VN ;

VN = N(σ
2 − σ̂2) ; UN (σ̂) =

N∑

i=1

{ui(σ̂)− ui(σ)} ,

� ui(s) = min{X2i , T 2(s)}+ 2s211 (|Xi| > T (s)).

’�ª ¦¥, ª�ª ¢ ¯à¥¤ë¤ãé¥© â¥®à¥¬¥, §�¯¨è¥¬ à�§−®áâì R̂N (f, σ) − RN (f) ¢
¢¨¤¥:

R̂N (f, σ)−RN (f) = R1(f, σ) +R2(f, σ) ,

£¤¥ Rj(f, σ) ®¯à¥¤¥«ïîâáï á®®â−®è¥−¨¥¬ (8), ¨ ¤«ï ¯¥à¢®£® á«�£�¥¬®£® ¢ (17)
¯®«ãç¨¬

sup
x∈R

∣∣∣∣∣P
(
R̂N (f, σ)−RN (f) + VN

σ2
√
2N

< x

)
− �œ(x)

∣∣∣∣∣ 6

6 sup
x∈R

∣∣∣∣∣P
(
R2(f, σ) + VN

σ2
√
2N

< x

)
−�œ(x)

∣∣∣∣∣+
“B(lnN)3/2+1/(4γ+2)

N1/2−1/(4γ+2)
(18)

á −¥ª®â®à®© ª®−áâ�−â®© “B > 0.

150 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 22 −®¬¥à 1 2012



� â®ç−®áâ¨ ¯à¨¡«¨¦¥−¨ï à�á¯à¥¤¥«¥−¨ï ®æ¥−ª¨ à¨áª� ¯®à®£®¢®© ®¡à�¡®âª¨

„�«¥¥, ¨á¯®«ì§ãï à�§«®¦¥−¨¥ ��å�¤ãà� ¤«ï ¢ë¡®à®ç−ëå ª¢�−â¨«¥© [16] ¨
à¥§ã«ìâ�âë à�¡®â [6, 9, 14, 17{19], � â�ª¦¥ ãç¨âë¢�ï (2), ¬®¦−® ¯®ª�§�âì, çâ®

¤«ï −¥ª®â®àëå ª®−áâ�−â “B1, “B2 ¨ “B3 á¯à�¢¥¤«¨¢®

sup
x∈R

∣∣∣∣∣P
(
R2(f, σ) + VN

σ2
√
2N

< x

)
− �œ(x)

∣∣∣∣∣ 6
“B1(lnN)

3/4

N1/4
+

+
“B2(lnN)

1/(2γ+1)

N1−1/(2γ+1)
+

“B3

Nγ−1/2
. (19)

„«ï âà¥âì¥£® á«�£�¥¬®£® ¢ (17) ¨¬¥¥¬

P

(∣∣∣∣∣
UN (σ̂)

σ2
√
2N

∣∣∣∣∣ > εN

)
6 P

(
sup

|s−σ|6δN

∣∣∣∣∣
UN (s)

σ2
√
2N

∣∣∣∣∣ > εN

)
+ P(|σ̂ − σ| > δN ). (20)

ˆá¯®«ì§ãï íªá¯®−¥−æ¨�«ì−ë¥ −¥à�¢¥−áâ¢� ¤«ï ¢ë¡®à®ç−ëå ª¢�−â¨«¥© ¨«¨ �¡-
á®«îâ−®£® ¬¥¤¨�−−®£® ®âª«®−¥−¨ï (á¬. [14] ¨ [18]), ¬®¦−® ¯®ª�§�âì, çâ® ¯à¨
¢ë¯®«−¥−¨¨ ãá«®¢¨© â¥®à¥¬ë −�©¤¥âáï â�ª�ï ª®−áâ�−â� Dδ > 0, çâ® ¯à¨ ¢ë¡®à¥

δN = DδN
−1/2(lnN)1/2 ¤«ï −¥ª®â®à®© ª®−áâ�−âë D̃δ > 0 ¢ë¯®«−¥−®

P(|σ̂ − σ| > δN ) 6
D̃δ√
N
. (21)

„�«¥¥

P

(
sup

|s−σ|6δN

∣∣∣∣∣
UN (s)

σ2
√
2N

∣∣∣∣∣ > εN

)
6 P

(
sup

|s2−σ2|6δ′
N

∣∣∣∣∣
UN (s)

σ2
√
2N

∣∣∣∣∣ > εN

)
, (22)

£¤¥ δ′N = δ2N + 2σδN 6 D′
δN

−1/2(lnN)1/2 á −¥ª®â®à®© ª®−áâ�−â®© D′
δ > 0.

�à�¢�ï ç�áâì ¢ (22) ®æ¥−¨¢�¥âáï â�ª ¦¥, ª�ª ¢ ¯à¥¤ë¤ãé¥© â¥®à¥¬¥.
�¡ê¥¤¨−ïï (17){(22) á ãç¥â®¬ â®£®, çâ® γ − 1/2 < 1/2 − 1/(4γ + 2) ¯à¨

γ < 3/4, ¯®«ãç�¥¬ (16). ’¥®à¥¬� ¤®ª�§�−�.
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ИСПОЛЬЗОВАНИЕ ВЕЙВЛЕТ-АНАЛИЗА
В КЛИМАТИЧЕСКИХ ИССЛЕДОВАНИЯХ∗

М. Ш. Хазиахметов1, Т. В. Захарова2

�−−®â�æ¨ï: �¯¨á�−® ¯à¨¬¥−¥−¨¥ ¢¥©¢«¥â-�−�«¨§� æ¨äà®¢ëå á¨£−�«®¢ ª
®¤−®© ¨§ §�¤�ç ª«¨¬�â¨ç¥áª¨å ¨áá«¥¤®¢�−¨© | ¯®¨áªã ç¨á«®¢ëå §�ª®−®¬¥à-
−®áâ¥© ¢ ¯®«¥ ¢®¤ï−®£® ¯�à� ‡¥¬«¨.

Š«îç¥¢ë¥ á«®¢�: ¢¥©¢«¥â-�−�«¨§; ¢¥©¢«¥â-à�§«®¦¥−¨¥; ¢¥©¢«¥â-¯à¥®¡à�§®-
¢�−¨¥

1 Введение

‚ −�áâ®ïé¥¥ ¢à¥¬ï áãé¥áâ¢ã¥â ¬−®¦¥áâ¢® ¬¥â®¤®¢ ¤«ï �−�«¨§� æ¨äà®¢ëå
á¨£−�«®¢. Š«�áá¨ç¥áª¨¬ ¯à¨¬¥à®¬ â�ª®£® ¬¥â®¤� ï¢«ï¥âáï �−�«¨§ ”ãàì¥, ®− ¦¥
ï¢«ï¥âáï ®¤−¨¬ ¨§ −�¨¡®«¥¥ ¯à¨¬¥−¨¬ëå. �à¥®¡à�§®¢�−¨¥ ”ãàì¥ à�áª«�¤ë¢�¥â
á¨£−�« ¢ áã¬¬ã £�à¬®−¨ç¥áª¨å ª®¬¯®−¥−â á à�§−ë¬¨ ç�áâ®â�¬¨. �¤−�ª® â�ª®©
¬¥â®¤ å®à®è® à�¡®â�¥â «¨èì á® áâ�æ¨®−�à−ë¬¨ á¨£−�«�¬¨, ª®£¤� ã¤�¥âáï −�©â¨
¯¥à¨®¤¨ç¥áª¨¥ á®áâ�¢«ïîé¨¥. Šà®¬¥ â®£®, ¯à¥®¡à�§®¢�−¨¥ ”ãàì¥ ¤�¥â ä®à¬ã
á¨£−�«� ¢ ç�áâ®â−®© ®¡«�áâ¨, −® ®−® −¥ −¥á¥â ¨−ä®à¬�æ¨¨ ® â®¬, ¢ ª�ª®© ¬®¬¥−â
¢à¥¬¥−¨ ¢ á¨£−�«¥ ¯à¨áãâáâ¢®¢�«¨ ª®«¥¡�−¨ï á ¤�−−®© ç�áâ®â®©. ’¥¬ á�¬ë¬
â¥àï¥âáï ¨−ä®à¬�æ¨ï ® «®ª�«¨§�æ¨¨ ï¢«¥−¨© ¢® ¢à¥¬¥−−‚®© ®¡«�áâ¨.

�¥§ãá«®¢−®, ¥áâì ¨ ¤àã£¨¥ ¬¥â®¤ë �−�«¨§� ¨ ®¡à�¡®âª¨ æ¨äà®¢ëå á¨£−�«®¢.
‡−�ç¨â¥«ì−ë© ¢ª«�¤ ¢ à�§¢¨â¨¥ æ¨äà®¢®© ®¡à�¡®âª¨ á¨£−�«®¢ ¢−¥á ¨§¢¥áâ−ë©
äà�−æã§áª¨© ãç¥−ë© ‘â¥ä�− Œ�««�. ‚ ª®−æ¥ 1980-å ££. ®− ¯à¥¤«®¦¨« áå¥¬ã à�§-
«®¦¥−¨ï á¨£−�«�, −� ª®â®à®© ¯®áâà®¥− á®¢à¥¬¥−−ë© ¢¥©¢«¥â-�−�«¨§. �á−®¢−�ï
¨¤¥ï §�ª«îç�¥âáï ¢ à�§«®¦¥−¨¨ á¨£−�«� −� ¤¢¥ ç�áâ¨: �¯¯à®ªá¨¬�æ¨î ¨ ¤¥â�-
«¨. „�−−�ï ¯à®æ¥¤ãà� ¬®¦¥â ¡ëâì ¯®á«¥¤®¢�â¥«ì−® ¯à¨¬¥−¥−� ª ¯®«ãç�¥¬ë¬
�¯¯à®ªá¨¬�æ¨ï¬ á¨£−�«� −¥áª®«ìª® à�§, â¥¬ á�¬ë¬ ®áãé¥áâ¢«ï¥âáï ¬−®£®ãà®¢-
−¥¢®¥ ¢¥©¢«¥â-à�§«®¦¥−¨¥ ¨áå®¤−®£® á¨£−�«�. „�«ì−¥©è�ï à�¡®â� ¯® ®¡à�¡®âª¥
á¨£−�«� ®¡ëç−® ¯à®¢®¤¨âáï ®¤−¨¬ ¨§ ¤¢ãå á¯®á®¡®¢: «¨¡® �−�«¨§¨àã¥âáï á�¬

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâë 11-01-12026-®ä¨-¬, 11-01-00515), �
â�ª¦¥ Œ¨−¨áâ¥àáâ¢� ®¡à�§®¢�−¨ï ¨ −�ãª¨ ÷” ¢ à�¬ª�å ”–� ú��ãç−ë¥ ¨ −�ãç−®-¯¥¤�£®£¨ç¥áª¨¥
ª�¤àë ¨−−®¢�æ¨®−−®© ÷®áá¨¨ −� 2009{2013 £®¤ëû.

1Œ®áª®¢áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â ¨¬. Œ. ‚. ‹®¬®−®á®¢�, ä�ªã«ìâ¥â ¢ëç¨á«¨â¥«ì−®©
¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨, khaziakhmetov@yandex.ru

2Œ®áª®¢áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â ¨¬. Œ. ‚. ‹®¬®−®á®¢�, ä�ªã«ìâ¥â ¢ëç¨á«¨â¥«ì−®©
¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨, lsa@cs.msu.ru
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Œ. ˜. •�§¨�å¬¥â®¢, ’. ‚. ‡�å�à®¢�

à¥§ã«ìâ�â ¤¥ª®¬¯®§¨æ¨¨ ¨ ¯à®¨§¢®¤¨âáï ¥£® ¨−â¥à¯à¥â�æ¨ï ¢ à�¬ª�å à¥è�¥¬®©
§�¤�ç¨, «¨¡® ¢ë¯®«−ï¥âáï −¥®¡å®¤¨¬�ï ®¡à�¡®âª� ¢¥©¢«¥â-ª®íää¨æ¨¥−â®¢ ¨
¢®ááâ�−®¢«¥−¨¥ á¨£−�«� á ¯à¨¬¥−¥−¨¥¬ ª ¬®¤¨ä¨æ¨à®¢�−−ë¬ ª®íää¨æ¨¥−â�¬
®¡à�â−®£® ¢¥©¢«¥â-¯à¥®¡à�§®¢�−¨ï.

„�−−�ï áâ�âìï ®¯¨áë¢�¥â ¯à¨¬¥−¥−¨¥ ¢¥©¢«¥â-�−�«¨§� æ¨äà®¢ëå á¨£−�«®¢
ª ®¤−®© ¨§ §�¤�ç ª«¨¬�â¨ç¥áª¨å ¨áá«¥¤®¢�−¨©. ÷�¡®â� �¢â®à®¢ §�ª«îç�«�áì ¢
¯®¨áª¥ ç¨á«®¢ëå §�ª®−®¬¥à−®áâ¥© ¢ ¯®«¥ ¢®¤ï−®£® ¯�à� ‡¥¬«¨.

2 Базовые сведения о вейвлет-преобразовании

‚ ¤�−−ë© à�§¤¥« ¯®¬¥é¥−� ¨−ä®à¬�æ¨ï ® ¢¥©¢«¥â-¯à¥®¡à�§®¢�−¨¨, −¥®¡å®-
¤¨¬�ï ¤«ï ¯®−¨¬�−¨ï á®¤¥à¦¨¬®£® áâ�âì¨. �®«¥¥ ¯®¤à®¡−ë© ¬�â¥à¨�« á®¤¥à-
¦¨âáï ¢ [1{4].

2.1 Одномерное вейвлет-преобразование

2.1.1 Одномерное дискретное вейвлет-преобразование

�¯à¥¤¥«¥−¨¥ 1. ”ã−ªæ¨ï ϕ(x) ∈ L2(R) −�§ë¢�¥âáï ¬�áèâ�¡¨àãîé¥©, ¥á«¨ ®−�
¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥−� ¢ ¢¨¤¥

ϕ(x) =
√
2
∑

n∈Z

hnϕ(2x − n) , (1)

£¤¥ ç¨á«� hn, n ∈ Z, ã¤®¢«¥â¢®àïîâ ãá«®¢¨î:

∑

n∈Z

|hn|2 <∞ .

÷�¢¥−áâ¢® (1) −�§ë¢�îâ ¬�áèâ�¡¨àãîé¨¬ ãà�¢−¥−¨¥¬, � á®®â¢¥âáâ¢ãîé¨© −�¡®à
ª®íää¨æ¨¥−â®¢ {hn}n∈Z | ¬�áèâ�¡¨àãîé¨¬ ä¨«ìâà®¬.

”ã−ªæ¨ï •��à� ï¢«ï¥âáï ¬�áèâ�¡¨àãîé¥© ¨ ¨¬¥¥â á«¥¤ãîé¨© ¢¨¤:

F (x) =

{
1, x ∈ [0, 1) ;
0 ¨−�ç¥ .

‡�¬¥â¨¬, çâ® ¢ â® ¦¥ ¢à¥¬ï æ¥−âà¨à®¢�−−�ï äã−ªæ¨ï •��à�

F (x) =




1, x ∈

[
−1
2
,
1

2

)
;

0 ¨−�ç¥

¬�áèâ�¡¨àãîé¥© −¥ ï¢«ï¥âáï.
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ˆá¯®«ì§®¢�−¨¥ ¢¥©¢«¥â-�−�«¨§� ¢ ª«¨¬�â¨ç¥áª¨å ¨áá«¥¤®¢�−¨ïå

�¯à¥¤¥«¥−¨¥ 2. �àâ®£®−�«ì−ë¬ ªà�â−®¬�áèâ�¡−ë¬ à�§«®¦¥−¨¥¬ ¯à®áâà�−-
áâ¢� L2(R) −�§ë¢�¥âáï ¯®á«¥¤®¢�â¥«ì−®áâì §�¬ª−ãâëå ¢«®¦¥−−ëå ¤àã£ ¢ ¤àã£�
¯®¤¯à®áâà�−áâ¢ · · · ⊂ V−1 ⊂ V0 ⊂ V1 ⊂ · · · , ®¡«�¤�îé�ï á¢®©áâ¢�¬¨:

(1)
⋃
j∈Z

Vj = L
2(R);

(2)
⋂
j∈Z

Vj = {0};
(3) f(x) ∈ Vj ⇐⇒ f(2x) ∈ Vj+1;
(4) ∃ϕ(x) ∈ V0 : {ϕ0,n(x) = ϕ(x− n)}n∈Z ®¡à�§ãîâ ®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á

¯à®áâà�−áâ¢� V0.

ˆ§ á¢®©áâ¢ 3 ¨ 4 ®¯à¥¤¥«¥−¨ï 2 −¥¯®áà¥¤áâ¢¥−−® ¢ëâ¥ª�¥â, çâ® ¯®á«¥¤®¢�-
â¥«ì−®áâì äã−ªæ¨©

{ϕj,n(x) =
√
2jϕ(2jx− n)}n∈Z

®¡à�§ã¥â ®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á ¢ ¯à®áâà�−áâ¢¥ Vj.
„«ï ª�¦¤®£® ¨−¤¥ªá� j ¨¬¥¥¬ Vj ⊂ Vj+1, ®¡®§−�ç¨¬ ç¥à¥§ Wj ®àâ®£®−�«ì−®¥

¤®¯®«−¥−¨¥ Vj ¤® Vj+1, â. ¥. Vj+1 = Vj ⊕Wj. ’�ª ª�ª Vj = Vj−1 ⊕Wj−1, â®
Vj+1 = Vj−1⊕Wj−1⊕Wj, ¨, ¯à®¤®«¦�ï íâã ¯à®æ¥¤ãàã, ¯®«ãç¨¬ ®àâ®£®−�«ì−®¥
à�§«®¦¥−¨¥ Vj+1 ¢ ¢¨¤¥:

Vj+1 =

j⊕

k=−∞

Wk .

’®£¤� ¢ á¨«ã á¢®©áâ¢� 1 ®¯à¥¤¥«¥−¨ï 2 ¯®«ãç�¥¬ ®àâ®£®−�«ì−®¥ à�§«®¦¥−¨¥
¯à®áâà�−áâ¢� L2(R):

L2(R) =

+∞⊕

k=−∞

Wk .

�¯à¥¤¥«¥−¨¥ 3. …á«¨ ¯®á«¥¤®¢�â¥«ì−®áâì ¯®¤¯à®áâà�−áâ¢ · · · ⊂ V−1 ⊂ V0 ⊂
⊂ V1 ⊂ · · · ®¡à�§ã¥â ªà�â−®¬�áèâ�¡−ë© �−�«¨§, â® ¤«ï ª�¦¤®£® j ∈ Z ®àâ®-
£®−�«ì−®¥ ¤®¯®«−¥−¨¥ Wj ª ¯à®áâà�−áâ¢ã Vj ¤® Vj+1 −�§ë¢�¥âáï ¯à®áâà�−áâ¢®¬
¢¥©¢«¥â®¢, � ¥£® í«¥¬¥−âë | ¢¥©¢«¥â�¬¨.

‚¥©¢«¥âë ®¡«�¤�îâ á«¥¤ãîé¨¬¨ á¢®©áâ¢�¬¨:

{ ®−¨ ®¡à�§ãîâ ®àâ®£®−�«ì−®¥ à�§«®¦¥−¨¥ ¯à®áâà�−áâ¢� L2(R);

{ áãé¥áâ¢ã¥â äã−ªæ¨ï ψ(x) ∈ W0, −�§ë¢�¥¬�ï ¬�â¥à¨−áª¨¬ ¢¥©¢«¥â®¬, â�ª�ï
çâ®

(1) {ψ(x − n)}n∈Z | ®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á ¯à®áâà�−áâ¢� W0;

(2) {ψj,n(x) =
√
2jψ(2jx − n)}n∈Z | ®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á ¯à®áâà�−-

áâ¢� Wj ¤«ï «î¡®£® j.
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�¡®§−�ç¨¬ áª�«ïà−®¥ ¯à®¨§¢¥¤¥−¨¥ äã−ªæ¨© f(x) ¨ g(x) ª�ª 〈f(x), g(x)〉.
‚ L2(R) ¨¬¥¥¬:

〈f(x), g(x)〉 =
+∞∫

−∞

f(x)g(x) dx . (2)

�ãáâì f(x) ∈ Vj+1. ’®£¤� ¨¬¥¥â ¬¥áâ® â�ª −�§ë¢�¥¬®¥ ¢¥©¢«¥â-à�§«®¦¥−¨¥:

f(x) =

j∑

k=−∞

∑

n∈Z

〈f(x), ψk,n(x)〉ψk,n(x) .

�� ¯à�ªâ¨ª¥ ¯à¨å®¤¨âáï ®£à�−¨ç¨¢�âì ç¨á«® ãà®¢−¥© ¤¥â�«¨§�æ¨¨, ¯®â®¬ã
¨¬¥¥â ¬¥áâ® á«¥¤ãîé¥¥ ¯à¥¤áâ�¢«¥−¨¥:

f(x) =

j∑

k=0

∑

n∈Z

〈f(x), ψk,n(x)〉ψk,n(x) +
∑

n∈Z

〈f(x), ϕ(x − n)〉ϕ(x− n) ,

â. ¥. á¨£−�« ¨§ ¯à®áâà�−áâ¢� Vj+1 ¯à¥¤áâ�¢«ï¥âáï ¢ ¢¨¤¥ í«¥¬¥−â®¢ ¯à®áâà�−áâ¢
{V0,W0, . . . ,Wj}.

‚ ¤¨áªà¥â−®¬ á«ãç�¥ ¨−â¥£à�« ¢ ä®à¬ã«¥ (2) ¯à¥¢à�é�¥âáï ¢ áã¬¬ã. �ãáâì
x = {xn}n∈Z | ®æ¨äà®¢ª� á¨£−�«� x(t), t ∈ R. ’®£¤� −�¨¡®«¥¥ ã¤®¡−®¥
¯à¥¤áâ�¢«¥−¨¥ ¤«ï ¢¥©¢«¥â-ª®íää¨æ¨¥−â� aj,n ¯®«ãç�¥âáï ¢ â¥à¬¨−�å ¤¨áªà¥â−®©
á¢¥àâª¨ á æ¨äà®¢ë¬ ä¨«ìâà®¬ h = {hn}n∈Z, á®®â¢¥âáâ¢ãîé¨¬ ¢¥©¢«¥âã ψj,n:

aj,n =

∞∑

k=−∞

hkxn−k .

�¡ëç−® ¨áá«¥¤®¢�−¨¥ á¨£−�«� −�ç¨−�¥âáï á ¯à¥¤áâ�¢«¥−¨ï ¥£® ¢ â¥à¬¨−�å
¡�§¨á� ¯à®áâà�−áâ¢� Vj+1. „�«¥¥ ¯à®¨§¢®¤¨¬ à�§«®¦¥−¨¥ ¯® ¡�§¨á�¬ Vj ¨ Wj,
¯®«ãç�ï â¥¬ á�¬ë¬ �¯¯à®ªá¨¬¨àãîéãî ¨ ¤¥â�«¨§¨àãîéãî á®áâ�¢«ïîé¨¥. ‡�â¥¬
¢−®¢ì à�§¤¥«ï¥¬ ¯®«ãç¥−−ãî �¯¯à®ªá¨¬�æ¨î −� á®áâ�¢«ïîé¨¥ ¨ â. ¤. ‘å¥¬�â¨-
ç¥áª¨ íâ®â ¯à®æ¥áá ¬®¦−® ¯à¥¤áâ�¢¨âì â�ª:

Vj+1 −−−−→ Vj −−−−→ · · · −−−−→ V1 −−−−→ V0.y
y

y

Wj Wj−1 W0

‡¤¥áì í«¥¬¥−âë à�§«®¦¥−¨ï ¯® ¯à®áâà�−áâ¢ã V0 | £àã¡�ï �¯¯à®ªá¨¬�æ¨ï ¨áå®¤-
−®£® á¨£−�«�, � ª®íää¨æ¨¥−âë, á®®â¢¥âáâ¢ãîé¨¥ ¡�§¨á−ë¬ äã−ªæ¨ï¬ W0, |
á�¬ë¥ £«®¡�«ì−ë¥ ¤¥â�«¨, ¯®«ãç¥−−ë¥ ¢ å®¤¥ ¤¥ª®¬¯®§¨æ¨¨ á¨£−�«�.
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Š�ª ¡ë«® ®â¬¥ç¥−® ¢® ¢¢¥¤¥−¨¨ ª áâ�âì¥, ¬®¦−® ¨á¯®«ì§®¢�âì ª®íää¨æ¨¥−âë
¤¥ª®¬¯®§¨æ¨¨, ¨−â¥à¯à¥â¨àãï ¨å á®®â¢¥âáâ¢ãîé¨¬ ®¡à�§®¬, ¨ ¤¥«�âì ¢ë¢®¤ë,
¡�§¨àãïáì −� −¨å, «¨¡® ¢ë¯®«−¨âì −�¤ −¨¬¨ −¥ª®â®àë¥ ®¯¥à�æ¨¨ ¨ ®áãé¥áâ¢¨âì
à¥ª®−áâàãªæ¨î á¨£−�«�.

�à®æ¥áá à¥ª®−áâàãªæ¨¨ ¢ë¯®«−ï¥âáï ®¡à�â−ë¬ å®¤®¬:

Vj+1 ←−−−− Vj ←−−−− · · · ←−−−− V1 ←−−−− V0.x
x

x

Wj Wj−1 W0

2.1.2 Одномерное непрерывное вейвлет-преобразование

„«ï ®¤−®¬¥à−®£® ¤¨áªà¥â−®£® ¢¥©¢«¥â-¯à¥®¡à�§®¢�−¨ï á¯à�¢¥¤«¨¢� ä®à-
¬ã«�:

ψj,n(x) =
√
2jψ(2jx− n) , j, n ∈ Z .

�¥¯à¥àë¢−®¥ ¯à¥®¡à�§®¢�−¨¥ áâà®¨âáï ¯ãâ¥¬ à�§à¥è¥−¨ï ¯à®¨§¢®«ì−ëå ¢¥-
é¥áâ¢¥−−ëå §−�ç¥−¨© ¯�à�¬¥âà®¢ ¬�áèâ�¡¨à®¢�−¨ï ¨ á¤¢¨£� (¢ ¤¨áªà¥â−®¬
á«ãç�¥ ª®íää¨æ¨¥−â ¬�áèâ�¡¨à®¢�−¨ï ¬®¦¥â ¡ëâì â®«ìª® áâ¥¯¥−ìî ¤¢®©ª¨,
� á¤¢¨£ | æ¥«®ç¨á«¥−−ë¬). „�−−®¥ ®¡®¡é¥−¨¥ ¤¨áªà¥â−®£® ¯à¥®¡à�§®¢�−¨ï
¯®§¢®«ï¥â ¢ë¤¥«ïâì ¤¥â�«¨ á¨£−�«� á ¯à®¨§¢®«ì−®© ¢¥«¨ç¨−®© −®á¨â¥«ï.

�ãáâì ψ(x) | −¥ª®â®àë© ¢¥©¢«¥â ¨ ψ(x) ∈ L2(R). �à¥¤¯®«®¦¨¬ ¤®¯®«−¨-
â¥«ì−®, çâ® á¯à�¢¥¤«¨¢®

Cψ = 2π

+∞∫

−∞

|ω|−1| �ψ(ω)|2dω <∞ . (3)

‘®®â−®è¥−¨¥ (3) −¥®¡å®¤¨¬® ¤«ï áãé¥áâ¢®¢�−¨ï ®¡à�é¥−¨ï −¥¯à¥àë¢−®£® ¯à¥-
®¡à�§®¢�−¨ï.

�¯à¥¤¥«¨¬ ¤¢ãå¯�à�¬¥âà¨ç¥áª®¥ á¥¬¥©áâ¢® ¢¥©¢«¥â®¢ á ¯�à�¬¥âà®¬ ¬�áèâ�-
¡� a ¨ ¯�à�¬¥âà®¬ á¤¢¨£� b ª�ª

ψab(x) = |a|−1/2ψ
(
x− b
a

)
, a, b ∈ R .

�¤−®¬¥à−®¥ −¥¯à¥àë¢−®¥ ¢¥©¢«¥â-¯à¥®¡à�§®¢�−¨¥ §�¤�¥âáï ä®à¬ã«®©:

Wψ [f ] (a, b) = (f, ψa,b) = |a|−1/2
+∞∫

−∞

f(x)ψ

(
x− b
a

)
dx . (4)
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�ç¥¢¨¤−®, çâ® ª®íää¨æ¨¥−âë ¤¨áªà¥â−®£® à�§«®¦¥−¨ï á¢ï§�−ë á −¥¯à¥àë¢-
−ë¬ ¯à¥®¡à�§®¢�−¨¥¬ á«¥¤ãîé¨¬ á®®â−®è¥−¨¥¬:

cjk =Wψ[f ]

(
1

2j
,
k

2j

)
. (5)

‘«¥¤ãîé�ï â¥®à¥¬� ¢®ááâ�−®¢«¥−¨ï ¨áå®¤−®© äã−ªæ¨¨ ¤®ª�§�−� ¢ [2].

’¥®à¥¬� 1. …á«¨ f(x) ∈ L2(R) ¨ ¢ë¯®«−¥−® ãá«®¢¨¥ (3), â® á¯à�¢¥¤«¨¢�
ä®à¬ã«� ®¡à�é¥−¨ï

f(x) = C−1
ψ

∫∫
Wψ[f ](a, b)ψab(x)

dadb

a2
.

2.2 Двумерное дискретное вейвлет-преобразование

‚ ¤�−−®© ç�áâ¨ áâ�âì¨ à�áá¬®âà¨¬ á«ãç�© äã−ªæ¨© ¨§ ¯à®áâà�−áâ¢� L2(R2).
��¨¡®«¥¥ ¯à®áâ®© ¯ãâì ¯®áâà®¥−¨ï ¬−®£®¬¥à−®£® ®¡®¡é¥−¨ï ¤«ï ¢¥©¢«¥â-

¯à¥®¡à�§®¢�−¨ï ®á−®¢�− −� â¥−§®à−®¬ ¯à®¨§¢¥¤¥−¨¨. „«ï L2(R2) ¨¬¥¥¬ á«¥¤ã-
îé¥¥ ¯à¥¤áâ�¢«¥−¨¥:

L2(R2) = L2(R)⊗ L2(R) .
’�ª¨¬ ®¡à�§®¬, «¨−¥©−ë¥ ª®¬¡¨−�æ¨¨ äã−ªæ¨¨ f(x)g(y) ®¡à�§ãîâ ¯«®â−®¥
¬−®¦¥áâ¢® ¢ ¯à®áâà�−áâ¢¥ L2(R2).

�¯à¥¤¥«¨¬ V 20 ª�ª â¥−§®à−®¥ ¯à®¨§¢¥¤¥−¨¥ ¯à®áâà�−áâ¢ V0 äã−ªæ¨© ®¤−®©
¯¥à¥¬¥−−®©:

V 20 = V0 ⊗ V0 .
’®£¤� −�¡®à äã−ªæ¨© ¢¨¤�

{ϕ0,k,n(x, y) = ϕ(x− k)ϕ(y − n)}k,n∈Z

®¡à�§ã¥â ®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á ¢ V 20 .
�à®áâà�−áâ¢� V 2j = Vj ⊗ Vj | ¬�áèâ�¡¨à®¢�−−ë¥ ¢¥àá¨¨ ¯à®áâà�−áâ¢� V 20 ,

¨ ¤«ï −¨å ¨¬¥¥â ¬¥áâ® á®®â−®è¥−¨¥:

f(x, y) ∈ V 20 ⇐⇒ f(2jx, 2jy) ∈ V 2j .
�®íâ®¬ã, ª�ª ¨ ¢ ®¤−®¬¥à−®¬ á«ãç�¥, ¯®«ãç�¥¬ ¯®á«¥¤®¢�â¥«ì−®áâì ¢«®¦¥−−ëå
¤àã£ ¢ ¤àã£� ¯®¤¯à®áâà�−áâ¢: · · · ⊂ V 2−1 ⊂ V 20 ⊂ V 21 ⊂ · · · „�«¥¥, ¯®áª®«ìªã
V1 = V0 ⊕W0, ¯®«ãç�¥¬ ¤«ï ¤¢ã¬¥à−®£® á«ãç�ï:

V 21 = V1 ⊗ V1 = (V0 ⊕W0)⊗ (V0 ⊕W0) =
= (V0 ⊗ V0)⊕ (V0 ⊗W0)⊕ (W0 ⊗ V0)⊕ (W0 ⊗W0) =

= V 20 ⊕ (V0 ⊗W0)⊕ (W0 ⊗ V0)⊕ (W0 ⊗W0) .
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�à®áâà�−áâ¢� V0 ⊗W0, W0 ⊗ V0, W0 ⊗W0 ¢ áã¬¬¥ ®¡à�§ãîâ ¯à®áâà�−áâ¢®
¤¢ã¬¥à−ëå ¢¥©¢«¥â®¢ W 2

0 , ¯à¨ç¥¬

{ ¯à®áâà�−áâ¢® V0 ⊗W0 ¯®à®¦¤¥−® á¤¢¨£�¬¨ äã−ªæ¨¨ ψH(x, y) = ϕ(x)ψ(y),
¡ã¤¥¬ ®¡®§−�ç�âì ¥£® WH

0 | íâ® â�ª −�§ë¢�¥¬ë¥ £®à¨§®−â�«ì−ë¥ ¤¥â�«¨
(ä¨ªá¨àãîâáï £®à¨§®−â�«ì−ë¥ í«¥¬¥−âë á¨£−�«�, â. ¥. ®¡«�áâ¨, ®¤−®à®¤−ë¥
¢¤®«ì ®á¨ OX);

{ ¯à®áâà�−áâ¢® W0 ⊗ V0 ¯®à®¦¤¥−® á¤¢¨£�¬¨ äã−ªæ¨¨ ψV (x, y) = ψ(x)ϕ(y),
¡ã¤¥¬ ®¡®§−�ç�âì ¥£® W V

0 | íâ® â�ª −�§ë¢�¥¬ë¥ ¢¥àâ¨ª�«ì−ë¥ ¤¥â�«¨ (ä¨ª-
á¨àãîâáï ¢¥àâ¨ª�«ì−ë¥ í«¥¬¥−âë á¨£−�«�, â. ¥. ®¡«�áâ¨, ®¤−®à®¤−ë¥ ¢¤®«ì
®á¨ OY );

{ ¯à®áâà�−áâ¢® W0 ⊗W0 ¯®à®¦¤¥−® á¤¢¨£�¬¨ äã−ªæ¨¨ ψD(x, y) = ψ(x)ψ(y),
¡ã¤¥¬ ®¡®§−�ç�âì ¥£® WD

0 | íâ® â�ª −�§ë¢�¥¬ë¥ ¤¨�£®−�«ì−ë¥ ¤¥â�«¨ (ä¨ª-
á¨àãîâáï ¤¨�£®−�«ì−ë¥ −¥®¤−®à®¤−®áâ¨ á¨£−�«�).

’�ª¨¬ ®¡à�§®¬, á¯à�¢¥¤«¨¢® à�§«®¦¥−¨¥:

V 2j+1 = V
2
j ⊕WH

j ⊕W V
j ⊕WD

j , ∀j .

�¥âàã¤−® ¯à®¢¥à¨âì, çâ® á«¥¤ãîé¨¥ á¨áâ¥¬ë äã−ªæ¨© ®¡à�§ãîâ ®àâ®−®à¬¨-
à®¢�−−ë¥ ¡�§¨áë ¢ ãª�§�−−ëå ¢ëè¥ ¯à®áâà�−áâ¢�å:

{ϕj,k,n(x, y) = 2jϕ(2jx− k)ϕ(2jy − n)}k,n∈Z ;

{ψHj,k,n(x, y) = 2jϕ(2jx− k)ψ(2jy − n)}k,n∈Z ;

{ψVj,k,n(x, y) = 2jψ(2jx− k)ϕ(2jy − n)}k,n∈Z ;

{ψDj,k,n(x, y) = 2jψ(2jx− k)ψ(2jy − n)}k,n∈Z .

‘®®â¢¥âáâ¢¥−−®, ¤«ï á¨£−�«� ¡ã¤¥¬ ¨¬¥âì 4 â¨¯� ª®íää¨æ¨¥−â®¢:

〈f(x, y), ϕj,k,n(x, y)〉 = 2j
∫

R2

f(x, y)ϕ(2jx− k)ϕ(2jy − n) dxdy ;

〈f(x, y), ψHj,k,n(x, y)〉 = 2j
∫

R2

f(x, y)ϕ(2jx− k)ψ(2jy − n) dxdy ;

〈f(x, y), ψVj,k,n(x, y)〉 = 2j
∫

R2

f(x, y)ψ(2jx− k)ϕ(2jy − n) dxdy ;

〈f(x, y), ψDj,k,n(x, y)〉 = 2j
∫

R2

f(x, y)ψ(2jx− k)ψ(2jy − n) dxdy .
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‘å¥¬ë ¯à®æ¥áá®¢ ¤¥ª®¬¯®§¨æ¨¨ ¨ à¥ª®−áâàãªæ¨¨ á¨£−�«� á®®â¢¥âáâ¢¥−−®
¯à¨®¡à¥â�îâ ¢¨¤:

V 2j+1 −−−−−→ V 2j −−−−−→ · · · −−−−−→ V 21 −−−−−→ V 20 ,
y

y
y

W H
j , W V

j , W D
j W H

j−1, W
V
j−1, W

D
j−1 W H

0 , W V
0 , W D

0

V 2j+1 ←−−−−− V 2j ←−−−−− · · · ←−−−−− V 21 ←−−−−− V 20 .
x

x
x

W H
j , W V

j , W D
j W H

j−1, W
V
j−1, W

D
j−1 W H

0 , W V
0 , W D

0

3 Задача анализа поля водяного пара Земли

3.1 Введение

‡¥¬−�ï �â¬®áä¥à� ®ç¥−ì á«®¦−� ¤«ï �−�«¨§�, ¯à®æ¥ááë ¢ −¥© ªà�©−¥ âï¦¥«®
¯à®£−®§¨à®¢�âì. �−¥à£¨ï, §�ª«îç¥−−�ï ¢ −¥©, ®ç¥−ì ¢¥«¨ª� ¨ −�å®¤¨âáï, £«�¢−ë¬
®¡à�§®¬, ¢ ¢®¤ï−®¬ ¯�à¥, çâ® á¢ï§�−® á ¥£® ¡®«ìè®© â¥¯«®¥¬ª®áâìî. ˆ§ãç¥−¨¥
¯à®æ¥áá®¢, ¯à®¨áå®¤ïé¨å ¢ ¯®«¥ ¢®¤ï−®£® ¯�à�, á¯®á®¡−® ¯®¬®çì ®¡êïá−¨âì
¨ ¯à¥¤áª�§�âì ¬−®£¨¥ �â¬®áä¥à−ë¥ ï¢«¥−¨ï, −�¯à¨¬¥à âà®¯¨ç¥áª¨¥ æ¨ª«®−ë,
®¡«�¤�îé¨¥ ¡®«ìè®© à�§àãè¨â¥«ì−®© á¨«®©. ˆ§ãç¥−¨¥ æ¨ª«®−®¢ ¨ ãà�£�−®¢
®á®¡¥−−® ¢�¦−® ¢á«¥¤áâ¢¨¥ ¨å §−�ç¨â¥«ì−®£® ¢®§¤¥©áâ¢¨ï −� ®ªàã¦�îéãî áà¥¤ã.

Œ−®£¨¥ �â¬®áä¥à−ë¥ ï¢«¥−¨ï ¨¬¥îâ ¯¥à¨®¤¨ç¥áªãî ¯à¨à®¤ã, −�¯à¨¬¥à ¯®«¥
¢®¤ï−®£® ¯�à� ¨¬¥¥â £®¤®¢®© æ¨ª«. �¤−�ª® −�¨¡®«¥¥ ¨−â¥à¥á−ë¥ ¤«ï ¨§ãç¥−¨ï
ï¢«¥−¨ï â�ª¨¬ á¢®©áâ¢®¬ −¥ ®¡«�¤�îâ. �−¨ ¤®«¦−ë ¡ëâì «®ª�«¨§®¢�−ë ¢
¯à®áâà�−áâ¢¥ ¨ ¢à¥¬¥−¨, � ¤«ï íâ®£® −ã¦−ë �¤¥ª¢�â−ë¥ ¬¥â®¤ë.

‚ ¯à®¢¥¤¥−−ëå ¨áá«¥¤®¢�−¨ïå ¡ë« ¨á¯®«ì§®¢�− ¢¥©¢«¥â-�−�«¨§.

3.2 Постановка задачи

„«ï ª�¦¤®£® ¤−ï á 01.01.1999 ¤® 31.12.2009 ¢ª«îç¨â¥«ì−® ¨¬¥îâáï æ¨äà®-
¢ë¥ ª�àâë ¯«®â−®áâ¨ ¢®¤ï−®£® ¯�à� −� ¯®¢¥àå−®áâ¨ ‡¥¬«¨ à�§¬¥à®¬ 360 × 720
â®ç¥ª (è�£ £à�¤ãá−®© á¥âª¨ §¥¬−®£® è�à� á®áâ�¢«ï« 0,5◦). ‡−�ç¥−¨¥ ª�¦¤®£®
¯¨ªá¥«� | ¯«®â−®áâì (¢ ª£/¬2) ¢®¤ï−®£® ¯�à� ¢ áä¥à¨ç¥áª®¬ á¥£¬¥−â¥ ‡¥¬«¨ á
á®®â¢¥âáâ¢ãîé¨¬¨ £¥®£à�ä¨ç¥áª¨¬¨ ª®®à¤¨−�â�¬¨ ¢ §�¤�−−ë© ¤¥−ì (¥á«¨ ¡ëâì
¡®«¥¥ â®ç−ë¬¨, â® −� ¬®¬¥−â á®§¤�−¨ï ª®á¬¨ç¥áª®£® á−¨¬ª�), ®ªàã£«¥−−�ï ¤®
¡«¨¦�©è¥£® æ¥«®£®. ’�ª¨¬ ®¡à�§®¬, ¤«ï �−�«¨§� ¨¬¥«áï âà¥å¬¥à−ë© ¬�áá¨¢
æ¥«ëå ç¨á¥«.
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÷¨á. 1 �®«¥ ¢®¤ï−®£® ¯�à� ‡¥¬«¨ 01.01.1999

‘«¥¤ã¥â áà�§ã ®£®¢®à¨âì −¥áª®«ìª® ®á®¡¥−−®áâ¥© ¤�−−®£® ¬�áá¨¢�. „¥«®
¢ â®¬, çâ® �«£®à¨â¬ ¯®áâà®¥−¨ï §−�ç¥−¨© ¯«®â−®áâ¨ ¢®¤ï−®£® ¯�à� ¯® ¤�−−ë¬
áê¥¬ª¨ ¨§ ª®á¬®á� ¬®¦¥â ¡ëâì ¯à¨¬¥−¥− â®«ìª® ª �â¬®áä¥à¥ −�¤ ¯®¢¥àå−®áâìî
Œ¨à®¢®£® �ª¥�−�, ¯®íâ®¬ã ¢á¥ â®çª¨, à�§¬¥é¥−−ë¥ −�¤ ¯®¢¥àå−®áâìî áãè¨, ¡ë-
«¨ §�¯®«−¥−ë −ã«ï¬¨. Šà®¬¥ â®£®, á¨áâ¥¬� á¯ãâ−¨ª®¢ −¥ £�à�−â¨à®¢�«� ¯®ªàëâ¨¥
¢á¥© ¯®¢¥àå−®áâ¨ ‡¥¬«¨ á−¨¬ª�¬¨ ¢ â¥ç¥−¨¥ áãâ®ª, á®®â¢¥âáâ¢¥−−® ¤«ï −¥ª®â®àëå
í«¥¬¥−â®¢ ¬�áá¨¢� ¤�−−ë¥ ¯à®áâ® ®âáãâáâ¢®¢�«¨; ®à£�−¨§�æ¨¥©, ¯à¥¤®áâ�¢¨¢è¥©
¤�−−ë¥, ®−¨ ¡ë«¨ §�¯®«−¥−ë §−�ç¥−¨¥¬ −20 (¢á«¥¤áâ¢¨¥ ¢ëá®ª®© ¬¥¦áãâ®ç−®©
¨§¬¥−ç¨¢®áâ¨ ¯à¥¤«®¦¨âì �¤¥ª¢�â−ë© ¬¥â®¤ ¨−â¥à¯®«ïæ¨¨ −¥ ¯à¥¤áâ�¢«ï¥âáï
¢®§¬®¦−ë¬).

�ç¥¢¨¤−®, −�¨¡®«¥¥ ã¤®¡−ë¬ á¯®á®¡®¬ ¤«ï ®â®¡à�¦¥−¨ï ¨−ä®à¬�æ¨¨ ®
¯«®â−®áâ¨ ¢®¤ï−®£® ¯�à� ¢ §�¤�−−ë© ¤¥−ì ï¢«ï¥âáï ª�àâ�, ª�¦¤�ï â®çª� ª®â®à®©
®ªà�è¥−� ¢ æ¢¥â, á®®â¢¥âáâ¢ãîé¨© ¯«®â−®áâ¨ ¢®¤ï−®£® ¯�à� ¢ −¥©. ÷¨áã−®ª 1
¤¥¬®−áâà¨àã¥â ¯à¨¬¥à â�ª®£® ¨§®¡à�¦¥−¨ï. �� −¥¬ ¬®¦−® §�¬¥â¨âì ¢á¥ ¯¥à¥-
ç¨á«¥−−ë¥ ®á®¡¥−−®áâ¨ ¬�áá¨¢� ¤�−−ëå, ª�á�îé¨¥áï −¥¯®«−®âë ¨−ä®à¬�æ¨¨ ®
¯®«¥ ¢®¤ï−®£® ¯�à�.
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’�ª¨¬ ®¡à�§®¬, §�¤�ç� �−�«¨§� ¯®«ï ¢®¤ï−®£® ¯�à� á¢®¤¨âáï ª �−�«¨§ã
¤�−−®£® ¬�áá¨¢� −� −�«¨ç¨¥ §�ª®−®¬¥à−®áâ¥©.

�à¥¤¢�à¨â¥«ì−ë© �−�«¨§ ¤�−−ëå ãª�§�« −� ¤®¢®«ì−® ¢�¦−ë© ä�ªâ, ª®â®àë©
á¥àì¥§−® ã¬¥−ìè¨« ®¡ê¥¬ ¨áå®¤−ëå ¤�−−ëå. „¨á¯¥àá¨¨ §−�ç¥−¨© ¯«®â−®áâ¨ §�
¯¥à¢ë¥ 7 «¥â ¨ ¯®á«¥¤−¨¥ 4 £®¤� ®â«¨ç�«¨áì ¯à¨¬¥à−® ¢ 2 à�§� (ª�ª ®ª�§�«®áì,
®à£�−¨§�æ¨ï, ¯à¥¤®áâ�¢¨¢è�ï ¤�−−ë¥, á 2006 £. ¨§¬¥−¨«� �«£®à¨â¬ ¢ëç¨á«¥−¨ï
¯«®â−®áâ¨), ¢á«¥¤áâ¢¨¥ íâ®£® ¡ë«® à¥è¥−® ¨á¯®«ì§®¢�âì «¨èì ¯¥à¢ãî ç�áâì
¤�−−ëå.

3.3 Методы исследования

„�−−ë¥ �−�«¨§¨à®¢�«¨áì ¢ ¤¢ãå �á¯¥ªâ�å:

(1) ¨áá«¥¤®¢�«¨áì ¢à¥¬¥−−‚ë¥ àï¤ë ¯«®â−®áâ¨ ¢®¤ï−®£® ¯�à� ¯à¨ ä¨ªá¨à®¢�−-
−ëå £¥®£à�ä¨ç¥áª¨å ª®®à¤¨−�â�å;

(2) ¨áá«¥¤®¢�«¨áì ¨§¬¥−¥−¨ï ¯«®â−®áâ¨ ¯® ¢à¥¬¥−¨ ¢¤®«ì ä¨ªá¨à®¢�−−®£® ¬¥-
à¨¤¨�−�.

‚á¥ �«£®à¨â¬ë �−�«¨§� ¬�áá¨¢� ¤�−−ëå ¡ë«¨ à¥�«¨§®¢�−ë ¢ Matlab á ¯à¨-
¬¥−¥−¨¥¬ Wavelet Toolbox.

3.3.1 Исследование временн‚ых рядов

ˆâ�ª, á«®¨ ¨¬¥îé¥£®áï âà¥å¬¥à−®£® ¬�áá¨¢� ¯à¥¤áâ�¢«ïîâ á®¡®© ª�àâë
¯«®â−®áâ¨ ¢®¤ï−®£® ¯�à�. ‡�ä¨ªá¨àã¥¬ §−�ç¥−¨¥ £¥®£à�ä¨ç¥áª¨å ª®®à¤¨−�â ¨
¨§¢«¥ç¥¬ §−�ç¥−¨ï ¨§ ª�¦¤®© ª�àâë ¢ íâ®© ¯®§¨æ¨¨. ÷�á¯®«®¦¨¢ ¨å ¢ ¯®àï¤ª¥
¤�â, ¯®«ãç¨¬ ¢à¥¬¥−−®© àï¤. �à¨¬¥à â�ª®£® àï¤� ¯à¨¢¥¤¥− −� à¨á. 2.

÷¨á. 2 �à¨¬¥à ¢à¥¬¥−−‚®£® àï¤�
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Wavelet Toolbox ¯®§¢®«ï¥â �−�«¨§¨à®¢�âì ®¤−®¬¥à−ë¥ ¬�áá¨¢ë á ¯à¨¬¥−¥-
−¨¥¬ ¨ ¤¨áªà¥â−®£®, ¨ −¥¯à¥àë¢−®£® ¢¥©¢«¥â-¯à¥®¡à�§®¢�−¨ï. �ç¥¢¨¤−®, ¢â®à®©
¢�à¨�−â ¯à¥¤¯®çâ¨â¥«ì−¥¥, â�ª ª�ª ¯®§¢®«ï¥â ¨áá«¥¤®¢�âì ¤¥â�«¨ ¯à®¨§¢®«ì−®©
¤«¨−ë, � −¥ â®«ìª® áâ¥¯¥−¨ ¤¢®©ª¨ (á®¡áâ¢¥−−®, ¤�−−ë¥ ¤¨áªà¥â−®£® ¯à¥®¡à�-
§®¢�−¨ï ¢á¥£¤� á®¤¥à¦�âáï ¢ −¥¯à¥àë¢−®¬ ¯à¥®¡à�§®¢�−¨¨ ¢ á¨«ã (5)). ‚ å®¤¥
íªá¯¥à¨¬¥−â®¢ á ¤�−−ë¬¨ ¡ë«¨ ¨áá«¥¤®¢�−ë ¬−®£¨¥ á¥¬¥©áâ¢� ¢¥©¢«¥â®¢, ¤«ï
−¥ª®â®àëå ¨§ −¨å ¡ë«¨ ¯®«ãç¥−ë ¨−â¥à¥á−ë¥ à¥§ã«ìâ�âë.

��¨¡®«¥¥ §−�ç¨¬ë¥ à¥§ã«ìâ�âë ¡ë«¨ ¯®«ãç¥−ë ¯à¨ ¨á¯®«ì§®¢�−¨¨ ¢¥©¢«¥â�
Œ®à«¥ (¢ ®¡®§−�ç¥−¨ïå Matlab | cmor1-1.5). „�−−ë© ¢¥©¢«¥â | ª®¬¯«¥ªá−�ï
äã−ªæ¨ï á«¥¤ãîé¥£® ¢¨¤�:

ψ(t) = e2πit−t
2/2 .

„¥ª®¬¯®§¨æ¨ï ª�¦¤®£® ¢à¥¬¥−−‚®£® àï¤� ¯à®¢®¤¨«�áì ¢ á®®â¢¥âáâ¢¨¨ á ä®à-
¬ã«®© (4).

Š®íää¨æ¨¥−âë ¤¥ª®¬¯®§¨æ¨¨ ®¡à�§ãîâ ¤¢ã¬¥à−ë© ¬�áá¨¢, £¤¥ ¯® áâ®«¡æ�¬
−�å®¤ïâáï ª®íää¨æ¨¥−âë, ¢ëç¨á«¥−−ë¥ á ®¤−¨¬ ¨ â¥¬ ¦¥ á¤¢¨£®¬ ¢¥©¢«¥â-ä¨«ìâ-
à� ®â−®á¨â¥«ì−® −�ç�«� á¨£−�«�, � ¯® áâà®ª�¬ | ª®íää¨æ¨¥−âë á ®¤¨−�ª®¢®©
¤«¨−®© ä¨«ìâà�. „«ï ª�¦¤®£® §−�ç¥−¨ï £¥®£à�ä¨ç¥áª¨å ª®®à¤¨−�â ¡ë« ¯®«ãç¥−
â�ª®© ¬�áá¨¢ ª®íää¨æ¨¥−â®¢. „«ï ª�¦¤®© ¯�àë (£¥®£à�ä¨ç¥áª¨¥ ª®®à¤¨−�âë,
ª®íää¨æ¨¥−â ¬�áèâ�¡� ¤¥ª®¬¯®§¨æ¨¨) á ¨á¯®«ì§®¢�−¨¥¬ ¯à¥®¡à�§®¢�−¨ï ”ãàì¥
¡ë«� ®¯à¥¤¥«¥−� £«�¢−�ï ç�áâ®â�. �à®¤¥«�¢ ¤�−−ãî ¯à®æ¥¤ãàã ¤«ï ª�¦¤®£®

÷¨á. 3 �à¨¬¥à úª�àâë ç�áâ®âû (30-¤−¥¢−�ï �ªâ¨¢−®áâì)
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§−�ç¥−¨ï ª®íää¨æ¨¥−â� ¬�áèâ�¡� ¯®«ãç�¥¬ â�ª −�§ë¢�¥¬ë¥ úª�àâë ç�áâ®âû.
‚¯¥à¢ë¥ íâ®â â¥à¬¨− ¡ë« ¢¢¥¤¥− ¢ à�¡®â¥ [5]. �à¨¬¥à â�ª®© ª�àâë ¯à¨¢¥¤¥−
−� à¨á. 3. ‡¤¥áì ¯à¥¤áâ�¢«¥−� «¨èì ®¡«�áâì 45◦ á. è. { 45◦ î. è. (®−� −�¨¡®«¥¥
¨−â¥à¥á−� á â®çª¨ §à¥−¨ï �−�«¨§� ¨ ¯à®£−®§¨à®¢�−¨ï �â¬®áä¥à−ëå ï¢«¥−¨©).

Š®íää¨æ¨¥−âë ¤¥â�«¨§�æ¨¨ ¢¥©¢«¥â-à�§«®¦¥−¨ï ¯®ª�§ë¢�îâ ¨§¬¥−¥−¨ï á¨£-
−�«�. ‘®®â¢¥âáâ¢¥−−®, £«�¢−�ï ç�áâ®â� ¤«ï ª�¦¤®© ¤«¨−ë ä¨«ìâà� ¢ ä¨ªá¨à®-
¢�−−®© â®çª¥ ª�àâë ¯®ª�§ë¢�¥â ®â−®á¨â¥«ì−ãî ¨§¬¥−ç¨¢®áâì (�ªâ¨¢−®áâì ¢ ¯®«¥
¢®¤ï−®£® ¯�à�) ¢ ¤�−−®© ®¡«�áâ¨ −� ¯à®¬¥¦ãâª�å ãª�§�−−®© ¤«¨−ë. ÷¨áã−®ª 3
¤¥¬®−áâà¨àã¥â à�á¯à¥¤¥«¥−¨¥ 30-¤−¥¢−®© �ªâ¨¢−®áâ¨.

�«£®à¨â¬ ¢ëç¨á«¥−¨ï ®â−®á¨â¥«ì−®© �ªâ¨¢−®áâ¨ ¢ ¯®«¥ ¢®¤ï−®£® ¯�à�, à�§-
à�¡®â�−−ë© ¨ ¨á¯®«ì§ã¥¬ë© ˆ−áâ¨âãâ®¬ ª®á¬¨ç¥áª¨å ¨áá«¥¤®¢�−¨© ÷��, ¡ë«
§−�ç¨â¥«ì−® ¤®¯®«−¥−. ˆá¯®«ì§ãï ¯®«ãç¥−−ë¥ ª�àâë ç�áâ®â, ã¤�«®áì ¢ëï¢¨âì
−®¢ë¥, ¡®«¥¥ â®−ª¨¥ §�ª®−®¬¥à−®áâ¨ ¢ ¯®«¥ ¢®¤ï−®£® ¯�à� ‡¥¬«¨. �ë«¨ ®¯à¥-
¤¥«¥−ë ¯®¤§®−ë á à�§«¨ç−®© ¢�à¨�¡¥«ì−®áâìî ¯®«ï ¢®¤ï−®£® ¯�à�, � ¯®«®¦¥−¨¥
¨§¢¥áâ−ëå §®− ¡ë«® ãâ®ç−¥−®. ’�ª¦¥ ¡ë«¨ ¯®¤â¢¥à¦¤¥−ë ¢á¥ á¥§®−−ë¥ §�ª®-
−®¬¥à−®áâ¨ ¨ ¢ëá®ª�ï ¥¦¥¤−¥¢−�ï ¨§¬¥−ç¨¢®áâì §−�ç¥−¨© ¯«®â−®áâ¨ ¢®¤ï−®£®
¯�à�.

3.3.2 Меридиональный анализ

�� ¯à�ªâ¨ª¥ ¡®«ìè®© ¨−â¥à¥á ¯à¥¤áâ�¢«ï¥â �−�«¨§ ¨§¬¥−¥−¨ï ¯® ¢à¥¬¥−¨
§−�ç¥−¨© ¯«®â−®áâ¨ ¢®¤ï−®£® ¯�à� −� ä¨ªá¨à®¢�−−®¬ ¬¥à¨¤¨�−¥. ˆ§ ¨áå®¤-
−®£® ¬�áá¨¢� ¤�−−ëå ¯«®â−®áâ¨ ¡ë«¨ ¨§¢«¥ç¥−ë ¢¥ªâ®àë §−�ç¥−¨© ¯«®â−®áâ¨,
á®®â¢¥âáâ¢ãîé¨¥ à�áá¬�âà¨¢�¥¬®¬ã ¬¥à¨¤¨�−ã, ¨ ¨§ −¨å ¡ë« á®áâ�¢«¥− ¤¢ã-
¬¥à−ë© ¬�áá¨¢. ��¨¡®«¥¥ ã¤®¡−® à�¡®â�âì á â�ª¨¬¨ ¬�áá¨¢�¬¨ ¢ â¥à¬¨−�å
¨−¤¥ªá¨à®¢�−−®£® ¨§®¡à�¦¥−¨ï. …£® ¯à¨¬¥à ¯à¨¢¥¤¥− −� à¨á. 4.

„«ï �−�«¨§� ¨§®¡à�¦¥−¨ï ¡ë«¨ ¨á¯®«ì§®¢�−ë ¡¨®àâ®£®−�«ì−ë¥ ¢¥©¢«¥âë á
¯�à�¬¥âà¨§�æ¨¥© 1.1 á®£«�á−® â¥à¬¨−®«®£¨¨ Matlab (bior1.1).

”¨§¨ç¥áª¨© á¬ëá« ¤¥ª®¬¯®§¨æ¨¨ ¤«ï ¨áá«¥¤ã¥¬®£® ¬�áá¨¢� ¤®áâ�â®ç−®
¯à®áâ. „¢ã¬¥à−®¥ ¢¥©¢«¥â-¯à¥®¡à�§®¢�−¨¥ −� ª�¦¤®¬ ãà®¢−¥ à�§«®¦¥−¨ï ã¤¢�-
¨¢�¥â à�§¬¥à ®å¢�âë¢�¥¬ëå ¤¥â�«¥©. ‚ ¤�−−®¬ á«ãç�¥ ¤¥â�«¨ à�áá¬�âà¨¢�îâáï
¢ ¯à®áâà�−áâ¢¥ (¢¤®«ì ¬¥à¨¤¨�−�) ¨/¨«¨ ¢® ¢à¥¬¥−¨. ‚ á®®â¢¥âáâ¢¨¨ á® áª�-
§�−−ë¬ ¢ëè¥ ¬®¦−® ãâ¢¥à¦¤�âì, çâ® ¯¥à¢ë© ãà®¢¥−ì ¤¥ª®¬¯®§¨æ¨¨ á®áâ®¨â ¨§
¤¥â�«¥©, ®å¢�âë¢�îé¨å ¬¥¦¤−¥¢−ë¥ ¨§¬¥−¥−¨ï ¯«®â−®áâ¨ ¨/¨«¨ ¨§¬¥−ç¨¢®áâì
¢¤®«ì ¬¥à¨¤¨�−� ¬¥¦¤ã á®á¥¤−¨¬¨ ®¡«�áâï¬¨ à�§¬¥à®¬ 0,5◦ × 0,5◦, ¯ïâë© ãà®-
¢¥−ì ¬®¦−® áç¨â�âì á®®â¢¥âáâ¢ãîé¨¬ ¨§¬¥−¥−¨ï¬ −� ¯à®âï¦¥−¨¨ ®¤−®£® ¬¥áïæ�.
�ã¦−® ¨¬¥âì ¢ ¢¨¤ã, çâ® ¤¥â�«¨ ¤¢ã¬¥à−®£® à�§«®¦¥−¨ï ¡ë¢�îâ âà¥å â¨¯®¢:
£®à¨§®−â�«ì−ë¥, ¢¥àâ¨ª�«ì−ë¥ ¨ ¤¨�£®−�«ì−ë¥. ƒ®à¨§®−â�«ì−ë¥ ¤¥â�«¨ ®âà�-
¦�îâ ¯®áâ®ï−áâ¢® ¢® ¢à¥¬¥−¨ ¨ ¨§¬¥−ç¨¢®áâì ¢¤®«ì ¬¥à¨¤¨�−�, ¢¥àâ¨ª�«ì−ë¥ |
−�®¡®à®â, ®âà�¦�îâ ¨§¬¥−ç¨¢®áâì ¢® ¢à¥¬¥−¨ ¨ ¯®áâ®ï−áâ¢® ¢¤®«ì ¬¥à¨¤¨�−�,
¤¨�£®−�«ì−ë¥ ¤¥â�«¨ ä¨ªá¨àãîâ ¯à®áâà�−áâ¢¥−−®-¢à¥¬¥−−‚ãî �ªâ¨¢−®áâì.

164 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 22 −®¬¥à 1 2012



ˆá¯®«ì§®¢�−¨¥ ¢¥©¢«¥â-�−�«¨§� ¢ ª«¨¬�â¨ç¥áª¨å ¨áá«¥¤®¢�−¨ïå

÷¨á. 4 �à¨¬¥à à�á¯à¥¤¥«¥−¨ï ¯«®â−®áâ¨ ¢ ¯®«¥ ¢®¤ï−®£® ¯�à� §� 1999{2005 ££. −�
¬¥à¨¤¨�−¥ 21,5◦ §�¯�¤−®© ¤®«£®âë

�ë«® §�ä¨ªá¨à®¢�−® ¬−®¦¥áâ¢® ¨−â¥à¥á−ëå §�ª®−®¬¥à−®áâ¥© ¢ ¯®«¥ ¢®¤ï−®£®
¯�à�, −�©¤¥−−ëå áà�¢−¨â¥«ì−ë¬ �−�«¨§®¬ ¯®«ãç¥−−ëå ¤¥ª®¬¯®§¨æ¨©. �à¨¢¥¤¥¬
−�¨¡®«¥¥ §−�ç¨¬ë¥ ¨§ −¨å:

{ −� ®á−®¢¥ �−�«¨§� ¯¥à¢®£® ãà®¢−ï ª®íää¨æ¨¥−â®¢ ¤¥ª®¬¯®§¨æ¨¨ á¤¥«�− ¢ë¢®¤
® ¯à¥¢�«¨à®¢�−¨¨ ¢à¥¬¥−−‚®© ¨§¬¥−ç¨¢®áâ¨ −�¤ ¬¥¦è¨à®â−®©, ¯à¨ íâ®¬ −�¨-
¡®«ìè�ï �ªâ¨¢−®áâì −�¡«î¤�¥âáï ¢ íª¢�â®à¨�«ì−®© §®−¥ ¨ áà¥¤−¨å è¨à®â�å,
¢ áã¡âà®¯¨ª�å ¨ ¯®«ïà−ëå ®¡«�áâïå ®−� §−�ç¨â¥«ì−® á«�¡¥¥;

{ ¯à¨ �−�«¨§¥ £®à¨§®−â�«ì−ëå ¤¥â�«¥© ãà®¢−ï 5 §�ä¨ªá¨à®¢�−® á¥àì¥§−®¥ ®â«¨-
ç¨¥ ¢ ¬¥áïç−®© �ªâ¨¢−®áâ¨ á®®â¢¥âáâ¢¥−−® ¢ íª¢�â®à¨�«ì−®©, áã¡âà®¯¨ç¥áª¨å,
¯à¨¯®«ïà−ëå §®−�å ¨ ¢ áà¥¤−¨å è¨à®â�å.

3.4 Основные результаты и идеи дальнейшей работы

“ �¢â®à®¢ ¥áâì ¬−®¦¥áâ¢® ¨¤¥© ¯® à�§¢¨â¨î ¤�−−®© à�¡®âë ¢ ç�áâ−®áâ¨ ¨ ¢
æ¥«®¬ ¯® ¯à¨¬¥−¥−¨î �¯¯�à�â� ¢¥©¢«¥â-¯à¥®¡à�§®¢�−¨ï ª �−�«¨§ã ¨ ®¡à�¡®âª¥
¤�−−ëå. ÷�§à�¡�âë¢�¥âáï £¨¯®â¥§� ® â®¬, çâ® �ªâ¨¢−®áâì ¢ ¯®«¥ ¢®¤ï−®£® ¯�à�
¯à¥¤®¯à¥¤¥«ï¥â ¢®§−¨ª−®¢¥−¨¥ �â¬®áä¥à−ëå ï¢«¥−¨©. Œ−®£®¥ £®¢®à¨â ® â®¬, çâ®
úª�àâë ç�áâ®âû ¬®£ãâ ¯®¬®çì á®§¤�âì −¥®¡å®¤¨¬ë© ¬�â¥¬�â¨ç¥áª¨© �¯¯�à�â ¤«ï
¯à®£−®§¨à®¢�−¨ï â�ª¨å �â¬®áä¥à−ëå ï¢«¥−¨©, ª�ª âà®¯¨ç¥áª¨¥ æ¨ª«®−ë. ‚ ¤�−-
−ë© ¬®¬¥−â íâ¨ ¯à¥¤¯®«®¦¥−¨ï ®á−®¢�−ë −� ¢¨§ã�«ì−®¬ áà�¢−¥−¨¨ ª�àâ ç�áâ®â ¨
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âà�¥ªâ®à¨© æ¨ª«®−®¢, ª®â®à®¥ ¢ëï¢¨«® ®¯à¥¤¥«¥−−ãî §�¢¨á¨¬®áâì ¬¥¦¤ã ª®−ä¨-
£ãà�æ¨¥© ¢ëá®ª®ç�áâ®â−ëå ®¡«�áâ¥© (§®− á¨«ì−®© ¨§¬¥−ç¨¢®áâ¨) ¨ −�¯à�¢«¥−¨¥¬
¤¢¨¦¥−¨ï æ¨ª«®−®¢. ‚ ¯¥àá¯¥ªâ¨¢¥ ¯à¥¤¯®«�£�¥âáï ¡®«¥¥ âé�â¥«ì−®¥ ¨§ãç¥−¨¥
íâ®© £¨¯®â¥§ë ¨ ¥¥ ¯à®¢¥àª� á ¯à¨¢«¥ç¥−¨¥¬ á®®â¢¥âáâ¢ãîé¨å áâ�â¨áâ¨ç¥áª¨å
¬¥â®¤®¢.

�®¤¢®¤ï ¨â®£ ¢ëè¥áª�§�−−®¬ã, ¬®¦−® ¢ë¤¥«¨âì á«¥¤ãîé¨¥ ®á−®¢−ë¥ à¥-
§ã«ìâ�âë à�¡®âë:

{ ¯à¥¤«®¦¥− −®¢ë© ¬¥â®¤ ¤«ï �−�«¨§� ¤�−−ëå (¢ ç�áâ−®áâ¨, ª«¨¬�â¨ç¥áª¨å);

{ ¢¢¥¤¥− −®¢ë© ¨−áâàã¬¥−â ¤«ï �−�«¨§� | ª�àâ� ç�áâ®â;

{ ¢ëï¢«¥−ë −®¢ë¥ §�ª®−®¬¥à−®áâ¨ ¢ ¯®«¥ ¢®¤ï−®£® ¯�à�;

{ ¢ëáª�§�−® ¯à¥¤¯®«®¦¥−¨¥ ® â®¬, çâ® −� ®á−®¢¥ ª�àâ ç�áâ®â ¬®¦−® ¯à¥¤«®¦¨âì
¬¥â®¤¨ª¨ ¤«ï ¯à®£−®§¨à®¢�−¨ï �â¬®áä¥à−ëå ï¢«¥−¨©.
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УСТОЙЧИВОСТЬ МАСШТАБНЫХ СМЕСЕЙ
НОРМАЛЬНЫХ ЗАКОНОВ ОТНОСИТЕЛЬНО ИЗМЕНЕНИЙ

СМЕШИВАЮЩЕГО РАСПРЕДЕЛЕНИЯ∗

А. К. Горшенин1

�−−®â�æ¨ï: ÷�áá¬®âà¥− ¢®¯à®á ¨§¬¥−¥−¨ï ª®−¥ç−ëå ¬�áèâ�¡−ëå á¬¥á¥©
−®à¬�«ì−ëå §�ª®−®¢ ¯à¨ ¬�«ëå ¨§¬¥−¥−¨ïå ¯�à�¬¥âà®¢ á¬¥è¨¢�îé¥£® à�á-
¯à¥¤¥«¥−¨ï ¢ ¤¢ãå ¯à�ªâ¨ç¥áª¨ ¢�¦−ëå ¬®¤¥«ïå ª®−¥ç−ëå ¬�áèâ�¡−ëå á¬¥á¥©
−®à¬�«ì−ëå §�ª®−®¢. “áâ®©ç¨¢®áâì ª â�ª¨¬ ¨§¬¥−¥−¨ï¬ ãáâ�−�¢«¨¢�¥âáï ¢
â¥à¬¨−�å ¤¢ãáâ®à®−−¨å á®®â−®è¥−¨© ¤«ï à�ááâ®ï−¨© ‹¥¢¨ ¬¥¦¤ã á¬¥è¨¢�-
îé¨¬¨ à�á¯à¥¤¥«¥−¨ï¬¨ ¨ á¬¥áï¬¨.

Š«îç¥¢ë¥ á«®¢�: ¬�áèâ�¡−ë¥ á¬¥á¨ −®à¬�«ì−ëå §�ª®−®¢; ¬¥âà¨ª� ‹¥¢¨

1 Введение

Œ�â¥¬�â¨ç¥áª¨¥ ¬®¤¥«¨, ®á−®¢�−−ë¥ −� ª®−¥ç−ëå ¬�áèâ�¡−ëå á¬¥áïå −®à-
¬�«ì−ëå §�ª®−®¢, è¨à®ª® ¯à¨¬¥−ïîâáï ¤«ï ¨áá«¥¤®¢�−¨ï áâ®å�áâ¨ç¥áª®© áâàãª-
âãàë ¯à®æ¥áá®¢ ¯à¨ �−�«¨§¥ ¨−ä®à¬�æ¨®−−ëå ¯®â®ª®¢ ¢ ¢ëç¨á«¨â¥«ì−ëå ¨«¨
â¥«¥ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬�å, ¯à¨ ¨áá«¥¤®¢�−¨¨ ¯®¢¥¤¥−¨ï ¡¨à¦¥¢ëå æ¥− ¨
å�à�ªâ¥à¨áâ¨ª âãà¡ã«¥−â−®© ¯«�§¬ë. ‘â®«ì à�§−ë¥ ¯® á¢®¥© ¯à¨à®¤¥ ¯à®æ¥ááë
®¡ê¥¤¨−ïîâ −¥ª®â®àë¥ ®¡é¨¥ ç¥àâë, ª®â®àë¥ ¨ á«ã¦�â ®¡®á−®¢�−¨¥¬ ¢®§¬®¦-
−®áâ¨ ¯à¨¬¥−¥−¨ï áå®¦¨å ¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥© ¤«ï �−�«¨§�. ’�ª, ¤«ï ª�¦¤®©
¨§ ®¡«�áâ¥© å�à�ªâ¥à−ë −¥¯à¥¤áª�§ã¥¬®áâì, −¥®¤−®à®¤−®áâì ¯® ¢à¥¬¥−¨ (−�¯à¨-
¬¥à, ¨−â¥−á¨¢−®áâì ¢§�¨¬®¤¥©áâ¢¨ï ¢ à�¬ª�å ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë ¬®¦¥â
¨§¬¥−ïâìáï ¢ â¥ç¥−¨¥ ¢à¥¬¥−¨ äã−ªæ¨®−¨à®¢�−¨ï ¤�−−®© á¨áâ¥¬ë ¢ §�¢¨á¨¬®áâ¨
®â à�§«¨ç−ëå ä�ªâ®à®¢; �ªâ¨¢−®áâì â®à£®¢ ¬®¦¥â ¨§¬¥−ïâìáï ¢ â¥ç¥−¨¥ â®à£®¢®£®
¤−ï; ¢ ¯«�§¬¥ −�¡«î¤�¥âáï áâàãªâãà−�ï âãà¡ã«¥−â−®áâì), −�«¨ç¨¥ ¡®«¥¥-¬¥−¥¥
ãáâ®©ç¨¢ëå ¢−ãâà¥−−¨å áâàãªâãà, ®ª�§ë¢�îé¨å áãé¥áâ¢¥−−®¥ ¢«¨ï−¨¥ −� äã−ª-
æ¨®−¨à®¢�−¨¥ ¢á¥© á¨áâ¥¬ë (−�¯à¨¬¥à, áâ�æ¨®−�à−ë¥ ®¡ê¥ªâë ¨−ä®à¬�æ¨®−−®©
á¨áâ¥¬ë, á®«¨â®−ë ¢ ¯«�§¬¥, £àã¯¯¨à®¢ª¨ ãç�áâ−¨ª®¢ ä¨−�−á®¢ëå àë−ª®¢). �à¨
¯à®¢¥¤¥−¨¨ �−�«¨§� ¢ ¤�−−ëå ®¡«�áâïå ¢−ãâà¥−−ïï áâàãªâãà� ¯à®æ¥áá� ç�é¥
¢á¥£® ¨áá«¥¤®¢�â¥«î −¥¨§¢¥áâ−�.

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ¯®¤¤¥à¦ª¥ ÷®áá¨©áª®£® ä®−¤� äã−¤�¬¥−â�«ì−ëå ¨áá«¥¤®¢�−¨©, ¯à®-
¥ªâë 11-01-12026-®ä¨-¬, 10-07-00021.

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, agorshenin@ipiran.ru
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‚ −�áâ®ïé¥© à�¡®â¥ ¯à¥¤«�£�îâáï ¤¢¥ ¬®¤¥«¨ ª®−¥ç−ëå ¬�áèâ�¡−ëå á¬¥á¥©
−®à¬�«ì−ëå à�á¯à¥¤¥«¥−¨©: ¤®¡�¢«¥−¨ï ¨ à�áé¥¯«¥−¨ï ª®¬¯®−¥−âë. „�−−ë¥
¬®¤¥«¨ ç�áâ® ¢áâà¥ç�îâáï −� ¯à�ªâ¨ª¥ ¯à¨ ¯à®¢¥¤¥−¨¨ áâ�â¨áâ¨ç¥áª®£® �−�«¨§�
á ¯®¬®éìî à�§«¨ç−ëå �«£®à¨â¬®¢ à�§¤¥«¥−¨ï á¬¥á¥© ¢¥à®ïâ−®áâ−ëå à�á¯à¥¤¥-
«¥−¨© (−�¯à¨¬¥à, á ¨á¯®«ì§®¢�−¨¥¬ à�§«¨ç−ëå ¬®¤¨ä¨ª�æ¨© EM (expectation{
maximization) �«£®à¨â¬�, á¥â®ç−ëå ¬¥â®¤®¢).

Œ®¤¥«ì ¤®¡�¢«¥−¨ï ª®¬¯®−¥−âë á®®â¢¥âáâ¢ã¥â á¨âã�æ¨¨, ¯à¨ ª®â®à®© ¢ à¥-
§ã«ìâ�â¥ ¢ëç¨á«¥−¨© ¯�à�¬¥âà®¢ á¬¥á¨ ®¤−¨¬ ¨§ ¬¥â®¤®¢ ¤¥ª®¬¯®§¨æ¨¨ á¬¥á¥©
¢®§−¨ª�îâ ª®¬¯®−¥−âë á ¬�«ë¬ ¢¥á®¬. ‚ â�ª®© á¨âã�æ¨¨ −¥®¡å®¤¨¬® ã¡¥¤¨âìáï
¢ §−�ç¨¬®áâ¨ ª®¬¯®−¥−âë á ¬�«ë¬ ¢¥á®¬. Œ®¤¥«ì à�áé¥¯«¥−¨ï ª®¬¯®−¥−âë
¬®¦¥â ¯à¨¬¥−ïâìáï ¢ á¨âã�æ¨¨, ¢ ª®â®à®© −¥®¡å®¤¨¬® ¯à®¢¥à¨âì, −¥ ï¢«ïîâáï
«¨ ¯®«ãç¥−−ë¥ ª®¬¯®−¥−âë ®è¨¡®ç−® úáª«¥¥−−ë¬¨û (â�ª ª�ª ¢ àï¤¥ á¨âã�æ¨©
¯®¤®¡−ë¥ �«£®à¨â¬ë ®¡ê¥¤¨−ïîâ ¡«¨§ª¨¥ ¯® ¯�à�¬¥âà�¬ ª®¬¯®−¥−âë, çâ® −¥
á®®â¢¥âáâ¢ã¥â ¨áâ¨−−®¬ã à�á¯à¥¤¥«¥−¨î ¨áå®¤−ëå ¤�−−ëå). ‡¤¥áì â�ª¦¥ ¢®§-
−¨ª�¥â −¥®¡å®¤¨¬®áâì ã¡¥¤¨âìáï ¢ §−�ç¨¬®áâ¨ ª®¬¯®−¥−âë á ¬�«ë¬ ¢¥á®¬ (â�ª
ª�ª ¢¥á ª�ª®©-«¨¡® ¨§ ª®¬¯®−¥−â ¤®«¦¥− ¡ëâì à�§¤¥«¥− ¬¥¦¤ã −¥© ¨ −¥ª®â®à®©
¤®¯®«−¨â¥«ì−®© ª®¬¯®−¥−â®©). ”�ªâ −�«¨ç¨ï ãáâ®©ç¨¢®áâ¨ ¢ ¤�−−ëå ¬®¤¥«ïå
¨£à�¥â à¥è�îéãî à®«ì ¯à¨ ¯à�ªâ¨ç¥áª®¬ ¯à¨¬¥−¥−¨¨ ¢ ¯à¨ª«�¤−ëå §�¤�ç�å,
â�ª ª�ª ®− ¯®§¢®«ï¥â áç¨â�âì à¥§ã«ìâ�âë, ¯®«ãç�¥¬ë¥ ¢ à�¬ª�å ¬�â¥¬�â¨ç¥áª®©
¬®¤¥«¨, �¤¥ª¢�â−ë¬¨.

2 Постановка задачи

�à¥¤¯®«®¦¨¬, çâ® ª�¦¤®¥ ¨§ −¥§�¢¨á¨¬ëå −�¡«î¤¥−¨© Xn = (X1, . . . ,Xn)
¨¬¥¥â à�á¯à¥¤¥«¥−¨¥, ¯à¥¤áâ�¢¨¬®¥ ¢ ¢¨¤¥ ª®−¥ç−®© ¬�áèâ�¡−®© á¬¥á¨ −®à¬�«ì-
−ëå §�ª®−®¢, â. ¥.

G(x) =

k∑

i=1

pi�(xσi) , (1)

£¤¥
k∑

i=1

pi = 1 , pi > 0 , σi > 0 , i = 1, . . . , k ,

ç¥à¥§ �(·) ®¡®§−�ç¥−� äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï áâ�−¤�àâ−®£® −®à¬�«ì−®£® §�-
ª®−�:

�(x) =
1√
2π

x∫

−∞

exp

{
− t
2

2

}
dt .
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“áâ®©ç¨¢®áâì ¬�áèâ�¡−ëå á¬¥á¥© −®à¬�«ì−ëå §�ª®−®¢

’�ª¦¥ ¢ ¤�«ì−¥©è¥¬ ¯®−�¤®¡¨âáï ¢¨¤ äã−ªæ¨¨ ¯«®â−®áâ¨ áâ�−¤�àâ−®£® −®à-
¬�«ì−®£® §�ª®−�

ϕ(x) =
1√
2π
exp

{
−x

2

2

}
.

�ç¥¢¨¤−®, çâ® äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï G(x) ¨§ á®®â−®è¥−¨ï (1) ¬®¦¥â ¡ëâì
¯à¥¤áâ�¢«¥−� ¢ ¢¨¤¥:

G(x) = E�(Ux) ,

£¤¥ U | ¤¨áªà¥â−�ï á«ãç�©−�ï ¢¥«¨ç¨−�, ¯à¨−¨¬�îé�ï §−�ç¥−¨ï σi á ¢¥à®ïâ−®-
áâï¬¨ pi, â. ¥.

U :
σ1 σ2 . . . σk

p1 p2 . . . pk
. (2)

�¡®§−�ç¨¬ ç¥à¥§ ρ(F,G) à�¢−®¬¥à−®¥ à�ááâ®ï−¨¥ ¬¥¦¤ã äã−ªæ¨ï¬¨ à�á¯à¥-
¤¥«¥−¨ï F (x) ¨ G(x):

ρ(F,G) = sup
x∈R

|F (x) −G(x)| . (3)

ˆ§¢¥áâ−®, çâ® ¤«ï à¥è¥−¨ï §�¤�ç¨ ãáâ®©ç¨¢®áâ¨ ¤«ï ª®−¥ç−ëå ¬�áèâ�¡−ëå
á¬¥á¥© −®à¬�«ì−ëå §�ª®−®¢ à�¢−®¬¥à−�ï ¬¥âà¨ª� (3) −¥ ¯®¤å®¤¨â, ¯®íâ®¬ã −¥-
®¡å®¤¨¬® à�áá¬�âà¨¢�âì ¬¥âà¨ª¨, ¬¥âà¨§ãîé¨¥ á«�¡ãî áå®¤¨¬®áâì, −�¯à¨¬¥à
¬¥âà¨ªã ‹¥¢¨ L(F,G) ¬¥¦¤ã äã−ªæ¨ï¬¨ à�á¯à¥¤¥«¥−¨ï F (x) ¨G(x), ®¯à¥¤¥«ï-
¥¬ãî á®®â−®è¥−¨¥¬

L(F,G) = inf{h : G(x− h)− h 6 F (x) 6 G(x+ h) + h , ∀x ∈ R} .
Œ®¤¥«¨ ¤®¡�¢«¥−¨ï ¨ à�áé¥¯«¥−¨ï ª®¬¯®−¥−âë ¬®£ãâ ¡ëâì ¯à¥¤áâ�¢«¥−ë ¢

¢¨¤¥:
Gp(x) = E�(Up x) ,

£¤¥ ¤¨áªà¥â−�ï á«ãç�©−�ï ¢¥«¨ç¨−� Up ®¯à¥¤¥«ï¥âáï ¤«ï ª�¦¤®© ª®−ªà¥â−®©
¬®¤¥«¨. �¥®¡å®¤¨¬® ¯®«ãç¨âì á®®â−®è¥−¨ï, á¢ï§ë¢�îé¨¥ à�ááâ®ï−¨ï ‹¥¢¨
¬¥¦¤ã á¬¥è¨¢�îé¨¬¨ à�á¯à¥¤¥«¥−¨ï¬¨ ¨ á¬¥áï¬¨. �¥à¥©¤¥¬ ª à�áá¬®âà¥−¨î
ª�¦¤®© ¨§ ¬®¤¥«¥©.

3 Модель добавления компоненты

Œ®¤¥«ì ¤®¡�¢«¥−¨ï ª®¬¯®−¥−âë ä®à¬�«¨§ã¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬. �à¥¤-
¯®«�£�¥âáï, çâ® ª�¦¤®¥ ¨§ −¥§�¢¨á¨¬ëå −�¡«î¤¥−¨© Xn = (X1, . . . ,Xn) ¨¬¥¥â
à�á¯à¥¤¥«¥−¨¥, ¯à¥¤áâ�¢¨¬®¥ ¢ ¢¨¤¥:

Gp(x) = (1− p)
k∑

i=1

pi�(xσi) + p�(xσ) , (4)
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£¤¥ ¢á¥ ¢¥«¨ç¨−ë σi, pi, i = 1, . . . , k, áç¨â�îâáï ¨§¢¥áâ−ë¬¨, � σ ¨ p ï¢«ïîâáï
¯�à�¬¥âà�¬¨ ¬®¤¥«¨, ¯à¨ íâ®¬ σ > 0, 0 6 p 6 1. �¥§ ®£à�−¨ç¥−¨ï ®¡é−®áâ¨ ¤«ï
®¯à¥¤¥«¥−−®áâ¨ ¡ã¤¥¬ áç¨â�âì, çâ® ¢ë¯®«−¥−ë á®®â−®è¥−¨ï:

0 < σ 6 σ1 6 σ2 6 . . . 6 σk . (5)

�â¬¥â¨¬, çâ® ãá«®¢¨¥ ®â¤¥«¥−−®áâ¨ ¯�à�¬¥âà®¢ ®â −ã«ï ¢ ä®à¬ã«¥ (5) â�ª¦¥
ï¢«ï¥âáï ¤®áâ�â®ç−® ®¡é¨¬ ¨ ®§−�ç�¥â, çâ® à�áá¬�âà¨¢�îâáï −¥¢ëà®¦¤¥−−ë¥
−®à¬�«ì−ë¥ §�ª®−ë á ª®−¥ç−ë¬¨ ¤¨á¯¥àá¨ï¬¨.

„«ï ¤�−−®© ¬®¤¥«¨ ¤¨áªà¥â−�ï á«ãç�©−�ï ¢¥«¨ç¨−� Up ¨¬¥¥â á«¥¤ãîé¨© ¢¨¤:

Up :
σ σ1 σ2 . . . σk

p p1(1− p) p2(1− p) . . . pk(1− p)
. (6)

�â¬¥â¨¬, çâ® L(U,Up) −¥ ¯à¥¢®áå®¤¨â ¢¥«¨ç¨−ë p, â�ª ª�ª à�ááâ®ï−¨¥
¬¥¦¤ã áâã¯¥−ìª�¬¨ äã−ªæ¨© à�á¯à¥¤¥«¥−¨ï á®áâ�¢«ï¥â ¢ â®ç−®áâ¨ p −� á¥£¬¥−â¥
[σ, σ1] ¨ ppi −� á¥£¬¥−â�å [σi, σi+1], i = 1, . . . , k − 1. ˆ§¬¥−ïâìáï ¬®£ãâ «¨èì
¯�à�¬¥âàë σ ¨ p, ¢¥«¨ç¨−ë σi, pi, i = 1, . . . , k, áç¨â�¥¬ ¯®áâ®ï−−ë¬¨. �¤−�ª®
¯à¨ ä¨ªá¨à®¢�−−®¬ ¯�à�¬¥âà¥ p ¨ ¯à¨ σ → σ1 ®ç¥¢¨¤−®, çâ® L(U,Up) ª −ã«î −¥
áâà¥¬¨âáï. ’�ª¨¬ ®¡à�§®¬, ¡¥§ ®£à�−¨ç¥−¨ï ®¡é−®áâ¨ áç¨â�¥¬, çâ® 0 6 p 6 σ1−
− σ. �®íâ®¬ã

L(U,Up) = p . (7)

’®£¤� á¯à�¢¥¤«¨¢� á«¥¤ãîé�ï â¥®à¥¬�.

’¥®à¥¬� 1. ‚ à�¬ª�å ¬®¤¥«¨ ¤®¡�¢«¥−¨ï ª®¬¯®−¥−âë (4) ¯à¨ ¢ë¯®«−¥−¨¨
ãá«®¢¨© (5) ¨ (7) à�ááâ®ï−¨¥ ‹¥¢¨ L(U,Up) ¬¥¦¤ã á¬¥è¨¢�îé¨¬¨ à�á¯à¥¤¥-
«¥−¨ï¬¨ U ¨§ á®®â−®è¥−¨ï (2) ¨ Up ¨§ á®®â−®è¥−¨ï (6) ¨ à�ááâ®ï−¨¥ ‹¥¢¨
L(G,Gp) ¬¥¦¤ã ¨áâ¨−−ë¬ à�á¯à¥¤¥«¥−¨¥¬ G(x) ¨§ á®®â−®è¥−¨ï (1) ¨ ¯à¨¡«¨-
¦�îé¥© á¬¥áìî Gp(x) ¨§ á®®â−®è¥−¨ï (4) á¢ï§ë¢�îâ −¥à�¢¥−áâ¢�

L(G,Gp) 6 L(U,Up) 6 C
[1]
1 (σk)L

1/2(G,Gp) ,

£¤¥ ª®íää¨æ¨¥−â C
[1]
1 (σk) §�¢¨á¨â â®«ìª® ®â ¨§¢¥áâ−®© ¢¥«¨ç¨−ë σk ¨ ¨¬¥¥â

¢¨¤:

C
[1]
1 (σk) =

1√
ϕ(σk)

(
1 +

σk√
2π

)1/2
. (8)

„ ® ª � § � â ¥ « ì á â ¢ ® . ‡�¯¨è¥¬ ®æ¥−ª¨ á−¨§ã ¤«ï à�¢−®¬¥à−®£® à�ááâ®ï−¨ï ¬¥¦-
¤ã äã−ªæ¨ï¬¨ à�á¯à¥¤¥«¥−¨ï G(x) ¨ Gp(x), ¢®á¯®«ì§®¢�¢è¨áì ä®à¬ã«®© ‹�-
£à�−¦�, á¢®©áâ¢®¬ ¬®−®â®−−®£® ã¡ë¢�−¨ï ¯«®â−®áâ¨ áâ�−¤�àâ−®£® −®à¬�«ì−®£®
à�á¯à¥¤¥«¥−¨ï ϕ(x) ®â ¯®«®¦¨â¥«ì−®£® �à£ã¬¥−â� ¨ á®®â−®è¥−¨ï¬¨ (5) ¨ (7):
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ρ(G,Gp) = sup
x
|G(x) −Gp(x)| = sup

x
|G(x) −G(x) + p(G(x)− �(xσ))| =

= p sup
x
|G(x)− �(xσ)| > p|G(1) − �(σ)| = p

∣∣∣∣∣

k∑

i=1

pi(�(σi)− �(σ))
∣∣∣∣∣ =

= p

∣∣∣∣∣

k∑

i=1

pi(σi − σ)ϕ(θiσi + (1− θi)σ)
∣∣∣∣∣ > p

k∑

i=1

pi(σi − σ)ϕ(σk) >

> p(σ1 − σ)ϕ(σk) > L2(U,Up)ϕ(σk) .

‚®á¯®«ì§ã¥¬áï ¨§¢¥áâ−ë¬ −¥à�¢¥−áâ¢®¬ ¤«ï ¬¥âà¨ª¨ ‹¥¢¨ (á¬., −�¯à¨¬¥à,
ª−¨£ã [1]):

L(G,Gp) 6 ρ(G,Gp) 6 (1 + max
x

G′(x))L(G,Gp) . (9)

‚®á¯®«ì§ã¥¬áï ¯à�¢ë¬ −¥à�¢¥−áâ¢®¬ ¨§ á®®â−®è¥−¨ï (9)

L2(U,Up)ϕ(σk) 6 ρ(G,Gp) 6 (1 + max
x

G′(x))L(G,Gp) .

�ç¥¢¨¤−®, çâ®

max
x

G′(x) = G′(0) =

k∑

i=1

piσiϕ(0) =
1√
2π

k∑

i=1

piσi .

‚ë¯¨è¥¬ ®æ¥−ªã á¢¥àåã ¤«ï L(U,Up). ˆ¬¥¥¬

L2(U,Up)ϕ(σk) 6

(
1 +

1√
2π

k∑

i=1

piσi

)
L(G,Gp) ;

L(U,Up) 6 ϕ−1/2(σk)

(
1 +

1√
2π

k∑

i=1

piσi

)1/2
L1/2(G,Gp) 6

6 ϕ−1/2(σk)

(
1 +

σk√
2π

)1/2
L1/2(G,Gp) = C

[1]
1 (σk)L

1/2(G,Gp) .

�æ¥−ª� á−¨§ã ¤«ï L(U,Up) ¬®¦¥â ¡ëâì −�©¤¥−� ¨§ á®®â−®è¥−¨©:

L(G,Gp) 6 ρ(G,Gp) = sup
x
|G(x) −Gp(x)| =
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= p sup
x

∣∣∣∣∣

k∑

i=1

pi(�(xσi)− �(xσ))
∣∣∣∣∣ 6 p sup

x

k∑

i=1

pi|�(xσi)− �(xσ)| 6

6 p

k∑

i=1

pi sup
x
|�(xσi)− �(xσ)| 6 p

k∑

i=1

pi = L(U,Up) . 2

÷�áá¬®âà¨¬ á«¥¤ãîé¥¥ ®¡®¡é¥−¨¥ ¬®¤¥«¨ (4). �ãáâì ¨¬¥¥âáï ¥é¥ ®¤−� á¬¥áì
¤�−−®£® â¨¯�, ®â«¨ç�îé�ïáï ®â (4) â®«ìª® ¢¥á®¬, â. ¥.

Gq(x) = (1− q)
k∑

i=1

pi�(xσi) + q�(xσ) (10)

(¯à¨ íâ®¬ 0 6 q 6 1).
„«ï Gq(x) ¤¨áªà¥â−�ï á«ãç�©−�ï ¢¥«¨ç¨−� Uq ¨¬¥¥â á«¥¤ãîé¨© ¢¨¤:

Uq :
σ σ1 σ2 . . . σk

q p1(1− q) p2(1− q) . . . pk(1− q)
. (11)

�à¥¤¯®«®¦¨¬, à�ááã¦¤�ï, ª�ª ®¯¨á�−® ¢ëè¥, çâ® |p − q| 6 σ1 − σ. ‚ íâ®¬
á«ãç�¥ à�ááâ®ï−¨¥ ‹¥¢¨ L(Up, Uq) ¯à¨¬¥â ¢¨¤:

L(Up, Uq) = |p− q| . (12)

’®£¤� á¯à�¢¥¤«¨¢� á«¥¤ãîé�ï â¥®à¥¬�.

’¥®à¥¬� 2. ‚ à�¬ª�å ¬®¤¥«¨ ¤®¡�¢«¥−¨ï ª®¬¯®−¥−âë (4) ¯à¨ ¢ë¯®«−¥−¨¨
ãá«®¢¨© (5) ¨ (12) à�ááâ®ï−¨¥ ‹¥¢¨ L(Up, Uq) ¬¥¦¤ã á¬¥è¨¢�îé¨¬¨ à�á¯à¥-
¤¥«¥−¨ï¬¨ Up ¨§ á®®â−®è¥−¨ï (6) ¨ Uq ¨§ á®®â−®è¥−¨ï (11) ¨ à�ááâ®ï−¨¥
‹¥¢¨ L(Gp, Gq) ¬¥¦¤ã à�á¯à¥¤¥«¥−¨ï¬¨ Gp(x) ¨§ á®®â−®è¥−¨ï (4) ¨ Gq(x) ¨§
á®®â−®è¥−¨ï (10) á¢ï§ë¢�îâ −¥à�¢¥−áâ¢�:

L(Gp, Gq) 6 L(Up, Uq) 6 C
[1]
1 (σk)L

1/2(Gp, Gq) ,

£¤¥ ª®íää¨æ¨¥−â C
[1]
1 (σk) §�¢¨á¨â â®«ìª® ®â ¨§¢¥áâ−®© ¢¥«¨ç¨−ë σk ¨ ®¯à¥-

¤¥«ï¥âáï ä®à¬ã«®© (8).

„ ® ª � § � â ¥ « ì á â ¢ ® . ‡�¯¨è¥¬ ®æ¥−ª¨ á−¨§ã ¤«ï à�¢−®¬¥à−®£® à�ááâ®ï−¨ï ¬¥¦-
¤ã äã−ªæ¨ï¬¨ à�á¯à¥¤¥«¥−¨ï Gp(x) ¨ Gq(x), ¢®á¯®«ì§®¢�¢è¨áì ä®à¬ã«®© ‹�-
£à�−¦�, á¢®©áâ¢®¬ ¬®−®â®−−®£® ã¡ë¢�−¨ï ¯«®â−®áâ¨ áâ�−¤�àâ−®£® −®à¬�«ì−®£®
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à�á¯à¥¤¥«¥−¨ï ϕ(x) ®â ¯®«®¦¨â¥«ì−®£® �à£ã¬¥−â�, á®®â−®è¥−¨ï¬¨ (5) ¨ (12), �
â�ª¦¥ ¢ëà�¦¥−¨ï¬¨, ¯®«ãç¥−−ë¬¨ ¢ ¤®ª�§�â¥«ìáâ¢¥ â¥®à¥¬ë 1. ˆ¬¥¥¬

ρ(Gp, Gq) = sup
x
|(q − p)

k∑

i=1

pi�(xσi) + (p− q)�(xσ)| =

= |p− q| sup
x

∣∣∣∣∣

k∑

i=1

pi�(xσi)− �(xσ)
∣∣∣∣∣ > |p− q|

∣∣∣∣∣

k∑

i=1

pi(�(σi)− �(σ))
∣∣∣∣∣ >

> L2(Up, Uq)ϕ(σk) .

�æ¥−¨¬ ¬�ªá¨¬ã¬ ¯à®¨§¢®¤−®© ¤«ï äã−ªæ¨© Gp ¨Gq. ‡�¯¨è¥¬ ¢ëà�¦¥−¨ï,
−�¯à¨¬¥à, ¤«ï äã−ªæ¨¨ Gp (¤«ï äã−ªæ¨¨ Gq ®æ¥−ª� ¯®«ãç�¥âáï �−�«®£¨ç−®).
ˆ¬¥¥¬

max
x

G′
p(x) = G

′
p(0) = (1− p)

k∑

i=1

piσiϕ(0) + pσϕ(0) =

=
1− p√
2π

k∑

i=1

piσi +
p√
2π

σ 6
σk√
2π

.

�®«ì§ãïáì ¯à�¢ë¬ −¥à�¢¥−áâ¢®¬ ¢ ä®à¬ã«¥ (9), ¯à¨å®¤¨¬ ª á«¥¤ãîé¥¬ã
à¥§ã«ìâ�âã:

L(Up, Uq) 6 ϕ−1/2(σk)

(
1 +

σk√
2π

)1/2
L1/2(Gp, Gq) = C

[1]
1 (σk)L

1/2(Gp, Gq) .

�æ¥−ª� á−¨§ã ¤«ï L(Up, Uq) ¬®¦¥â ¡ëâì −�©¤¥−� ¨§ á«¥¤ãîé¨å á®®â−®è¥−¨©:

L(Gp, Gq) 6 ρ(Gp, Gq) = |p− q| sup
x

∣∣∣∣∣

k∑

i=1

pi�(xσi)− �(xσ)
∣∣∣∣∣ 6

6 |p− q| sup
x

k∑

i=1

pi|�(xσi)− �(xσ)| 6

6 |p− q|
k∑

i=1

pi sup
x
|�(xσi)− �(xσ)| 6 |p− q|

k∑

i=1

pi = L(Up, Uq) . 2
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4 Модель расщепления компоненты

Œ®¤¥«ì à�áé¥¯«¥−¨ï ª®¬¯®−¥−âë ä®à¬�«¨§ã¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬. �à¥¤-
¯®«�£�¥âáï, çâ® ª�¦¤®¥ ¨§ −¥§�¢¨á¨¬ëå −�¡«î¤¥−¨© Xn = (X1, . . . ,Xn) ¨¬¥¥â
à�á¯à¥¤¥«¥−¨¥, ¯à¥¤áâ�¢¨¬®¥ ¢ ¢¨¤¥:

Gp(x) =

k−1∑

i=1

pi�(xσi) + (pk − p)�(xσk) + p�(xσ) , (13)

£¤¥ ¢á¥ ¢¥«¨ç¨−ë σi, pi, i = 1, . . . , k, áç¨â�îâáï ¨§¢¥áâ−ë¬¨, � σ ¨ p ï¢«ïîâáï
¯�à�¬¥âà�¬¨ ¬®¤¥«¨, ¯à¨ íâ®¬ σ > 0, 0 6 p 6 pk. �¥§ ®£à�−¨ç¥−¨ï ®¡é−®áâ¨
¤«ï ®¯à¥¤¥«¥−−®áâ¨ ¡ã¤¥¬ áç¨â�âì, çâ® ¢ë¯®«−¥−ë á®®â−®è¥−¨ï

0 < σ1 6 σ2 6 . . . 6 σk−1 6 σ 6 σk . (14)

�â¬¥â¨¬, çâ® ãá«®¢¨¥ ®â¤¥«¥−−®áâ¨ ¯�à�¬¥âà®¢ ®â −ã«ï ¢ ä®à¬ã«¥ (14) â�ª¦¥
ï¢«ï¥âáï ¤®áâ�â®ç−® ®¡é¨¬ ¨ ®§−�ç�¥â, çâ® à�áá¬�âà¨¢�îâáï −¥¢ëà®¦¤¥−−ë¥
−®à¬�«ì−ë¥ §�ª®−ë á ª®−¥ç−ë¬¨ ¤¨á¯¥àá¨ï¬¨.

„«ï ¤�−−®© ¬®¤¥«¨ ¤¨áªà¥â−�ï á«ãç�©−�ï ¢¥«¨ç¨−� Up ¨¬¥¥â ¢¨¤:

Up :
σ1 σ2 . . . σ σk

p1 p2 . . . p pk − p
. (15)

‚®á¯®«ì§®¢�¢è¨áì £¥®¬¥âà¨ç¥áª®© ¨−â¥à¯à¥â�æ¨¥© à�ááâ®ï−¨ï ‹¥¢¨, ¬®¦−®
¯®«ãç¨âì, çâ®

L(U,Up) = min{σk − σ, p} . (16)

‚ íâ®© á¨âã�æ¨¨ ®¡� ãá«®¢¨ï σ → σk ¯à¨ ä¨ªá¨à®¢�−−®¬ ¯�à�¬¥âà¥ p ¨ p→ 0
¯à¨ ä¨ªá¨à®¢�−−®¬ σ ¢«¥ªãâ á¯à�¢¥¤«¨¢®áâì á®®â−®è¥−¨ï L(U,Up)→ 0. ’®£¤�
á¯à�¢¥¤«¨¢� á«¥¤ãîé�ï â¥®à¥¬�.

’¥®à¥¬� 3. ‚ à�¬ª�å ¬®¤¥«¨ à�áé¥¯«¥−¨ï ª®¬¯®−¥−âë (13) ¯à¨ ¢ë¯®«−¥−¨¨
ãá«®¢¨© (14) à�ááâ®ï−¨¥ ‹¥¢¨ L(U,Up) ¨§ á®®â−®è¥−¨ï (16) ¬¥¦¤ã á¬¥è¨¢�-
îé¨¬¨ à�á¯à¥¤¥«¥−¨ï¬¨ U ¨§ á®®â−®è¥−¨ï (2) ¨ Up ¨§ á®®â−®è¥−¨ï (15) ¨
à�ááâ®ï−¨¥ ‹¥¢¨ L(G,Gp) ¬¥¦¤ã ¨áâ¨−−ë¬ à�á¯à¥¤¥«¥−¨¥¬ G(x) ¨§ á®®â-
−®è¥−¨ï (1) ¨ ¯à¨¡«¨¦�îé¥© á¬¥áìî Gp(x) ¨§ á®®â−®è¥−¨ï (13) á¢ï§ë¢�îâ
−¥à�¢¥−áâ¢�:

C
[2]
2 (σ1, σk)L(G,Gp) 6 L(U,Up) 6 C

[2]
1 (σk)L

1/2(G,Gp) ,

£¤¥ ª®íää¨æ¨¥−âë C
[2]
j , j = 1, 2, −¥ §�¢¨áïâ ®â ¢¥«¨ç¨− p ¨ σ ¨ ¨¬¥îâ ¢¨¤:
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C
[2]
1 (σk) = ϕ

−1/2(σk)

(
1 +

σk√
2π

)1/2
; (17)

C
[2]
2 (σ1, σk) =

σ1
√
2πe

max{1, σk}
. (18)

„ ® ª � § � â ¥ « ì á â ¢ ® . ‡�¯¨è¥¬ ®æ¥−ª¨ á−¨§ã ¤«ï à�¢−®¬¥à−®£® à�ááâ®ï−¨ï ¬¥¦-
¤ã äã−ªæ¨ï¬¨ à�á¯à¥¤¥«¥−¨ï G(x) ¨ Gp(x), ¢®á¯®«ì§®¢�¢è¨áì ä®à¬ã«®© ‹�-
£à�−¦�, á¢®©áâ¢®¬ ¬®−®â®−−®£® ã¡ë¢�−¨ï ¯«®â−®áâ¨ áâ�−¤�àâ−®£® −®à¬�«ì−®£®
à�á¯à¥¤¥«¥−¨ï ϕ(x) ®â ¯®«®¦¨â¥«ì−®£® �à£ã¬¥−â� ¨ á®®â−®è¥−¨ï¬¨ (14) ¨ (16):

ρ(G,Gp) = sup
x
|G(x) −Gp(x)| =

= sup
x

∣∣∣∣∣

k∑

i=1

pi�(xσi)−
k∑

i=1

pi�(xσi) + p�(xσk)− p�(xσ)
∣∣∣∣∣ =

= p sup
x
|�(xσk)− �(xσ)| > p|�(σk)− �(σ)| =

= p|(σk − σ)ϕ(θσk + (1− θ)σ)| > p|σk − σ|ϕ(σk) > L2(U,Up)ϕ(σk) .

„«ï ®âëáª�−¨ï ®æ¥−ª¨ á¢¥àåã ¤«ï L(U,Up) ¢®á¯®«ì§ã¥¬áï ¯à�¢ë¬ −¥à�¢¥−-
áâ¢®¬ ¨§ á®®â−®è¥−¨ï (9) ¨ −�©¤¥−−ë¬ à�−¥¥ ¬�ªá¨¬ã¬®¬ ¤«ï ¯à®¨§¢®¤−®©, �
â�ª¦¥ −¥à�¢¥−áâ¢�¬¨ (14). ˆ¬¥¥¬

L2(U,Up)ϕ(σk) 6

(
1 +

1√
2π

k∑

i=1

piσi

)
L(G,Gp) ,

®âªã¤�

L(U,Up) 6 ϕ−1/2(σk)

(
1 +

1√
2π

k∑

i=1

piσi

)1/2
L1/2(G,Gp) 6

6 ϕ−1/2(σk)

(
1 +

σk√
2π

)1/2
L1/2(G,Gp) = C

[2]
1 (σk)L

1/2(G,Gp) .

‚ë¯¨è¥¬ ®æ¥−ªã á−¨§ã ¤«ï L(U,Up). ‘ íâ®© æ¥«ìî §�¬¥â¨¬, çâ®

L(G,Gp) 6 ρ(G,Gp) = p sup
x
|�(xσk)− �(xσ)| .
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‡�¯¨è¥¬ ¯à®¨§¢®¤−ãî äã−ªæ¨¨ �(xσk)− �(xσ). ˆ¬¥¥¬

σkϕ(xσk)− σϕ(xσ) = 0 .

�ªáâà¥¬ã¬ë äã−ªæ¨®−�«� �(xσk)− �(xσ) ¡ã¤ãâ ¢ â®çª�å

|x| =
√
2 log(σk/σ)

σ2k − σ2
.

�¡®§−�ç¨¬ ç¥à¥§ x∗ íªáâà¥¬ã¬, ¤®áâ�¢«ïîé¨© ¬�ªá¨¬ã¬ äã−ªæ¨®−�«ã
|�(xσk)− �(xσ)|. ’®£¤�

p sup
x
|�(xσk)− �(xσ)| = p|�(x∗σk)−�(x∗σ)| =

= p|(σk − σ)x∗ϕ(x∗(θσk + (1− θ)σ))| .

Œ�ªá¨¬ã¬ äã−ªæ¨®−�«ã |tϕ(at)| ¤®áâ�¢«ïîâ §−�ç¥−¨ï ±|a|−1, ¯®íâ®¬ã (á
ãç¥â®¬ −¥à�¢¥−áâ¢ (14))

p|(σk − σ)x∗ϕ(x∗(θσk + (1− θ)σ))| 6
6 p(σk − σ) (2πe)−1/2 (θσk + (1− θ)σ)−1 6 p(σk − σ) (2πe)−1/2 σ−11 =

= L(U,Up)max{p, σk − σ} (2πe)−1/2 σ−11 6

6 L(U,Up)max{1, σk} (2πe)−1/2 σ−11 .

ˆâ�ª,

L(U,Up) >
σ1
√
2πe

max{1, σk}
L(G,Gp) = C

[2]
2 (σ1, σk)L(G,Gp) . 2

÷�áá¬®âà¨¬ á«¥¤ãîé¥¥ ®¡®¡é¥−¨¥ ¬®¤¥«¨ (13). �ãáâì ¨¬¥¥âáï ¥é¥ ®¤−� á¬¥áì
¤�−−®£® â¨¯�, ®â«¨ç�îé�ïáï ®â (13) â®«ìª® ¢¥á®¬, â. ¥.

Gq(x) =

k−1∑

i=1

pi�(xσi) + (pk − q)�(xσk) + q�(xσ) (19)

(¯à¨ íâ®¬ 0 6 q 6 pk).
„«ï Gq(x) ¤¨áªà¥â−�ï á«ãç�©−�ï ¢¥«¨ç¨−� Uq ¨¬¥¥â ¢¨¤:

Uq :
σ1 σ2 . . . σ σk

p1 p2 . . . q pk − q
. (20)
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‚®á¯®«ì§®¢�¢è¨áì £¥®¬¥âà¨ç¥áª®© ¨−â¥à¯à¥â�æ¨¥© à�ááâ®ï−¨ï ‹¥¢¨, ¬®¦−®
¯®«ãç¨âì, çâ®

L(Up, Uq) = min{σk − σ, |p − q|} . (21)

’®£¤� á¯à�¢¥¤«¨¢� á«¥¤ãîé�ï â¥®à¥¬�.

’¥®à¥¬� 4. ‚ à�¬ª�å ¬®¤¥«¨ à�áé¥¯«¥−¨ï ª®¬¯®−¥−âë (13) ¯à¨ ¢ë¯®«−¥−¨¨
ãá«®¢¨© (14) à�ááâ®ï−¨¥ ‹¥¢¨ L(Up, Uq) ¨§ á®®â−®è¥−¨ï (21) ¬¥¦¤ã á¬¥è¨¢�-
îé¨¬¨ à�á¯à¥¤¥«¥−¨ï¬¨ Up ¨§ á®®â−®è¥−¨ï (15) ¨ Uq ¨§ á®®â−®è¥−¨ï (20) ¨
à�ááâ®ï−¨¥ ‹¥¢¨ L(Gp, Gq) ¬¥¦¤ã à�á¯à¥¤¥«¥−¨ï¬¨ Gp(x) ¨§ á®®â−®è¥−¨ï (13)
¨ Gq(x) ¨§ á®®â−®è¥−¨ï (19) á¢ï§ë¢�îâ −¥à�¢¥−áâ¢�

C
[2]
2 (σ1, σk)L(Gp, Gq) 6 L(Up, Uq) 6 C

[2]
1 (σk)L

1/2(Gp, Gq) ,

£¤¥ ª®íää¨æ¨¥−âë C
[2]
j , j = 1, 2, −¥ §�¢¨áïâ ®â ¢¥«¨ç¨− p ¨ σ ¨ ®¯à¥¤¥«ïîâáï

ä®à¬ã«�¬¨ (17) ¨ (18).

„ ® ª � § � â ¥ « ì á â ¢ ® . ‡�¯¨è¥¬ ®æ¥−ª¨ á−¨§ã ¤«ï à�¢−®¬¥à−®£® à�ááâ®ï−¨ï ¬¥¦-
¤ã äã−ªæ¨ï¬¨ à�á¯à¥¤¥«¥−¨ï Gp(x) ¨ Gq(x), ¢®á¯®«ì§®¢�¢è¨áì ä®à¬ã«®© ‹�-
£à�−¦�, á¢®©áâ¢®¬ ¬®−®â®−−®£® ã¡ë¢�−¨ï ¯«®â−®áâ¨ áâ�−¤�àâ−®£® −®à¬�«ì−®£®
à�á¯à¥¤¥«¥−¨ï ϕ(x) ®â ¯®«®¦¨â¥«ì−®£® �à£ã¬¥−â�, á®®â−®è¥−¨ï¬¨ (14) ¨ (21), �
â�ª¦¥ ¢ëà�¦¥−¨ï¬¨, ¯®«ãç¥−−ë¬¨ ¢ ¤®ª�§�â¥«ìáâ¢¥ â¥®à¥¬ë 3. ˆ¬¥¥¬

ρ(Gp, Gq) = sup
x
|Gp(x)−Gq(x)| =

= |p− q| sup
x
|�(xσk)− �(xσ)| > |p− q||�(σk)− �(σ)| =

= |p− q||(σk − σ)ϕ(θσk + (1− θ)σ)| > p|σk − σ|ϕ(σk) > L2(Up, Uq)ϕ(σk) .

�æ¥−¨¬ ¬�ªá¨¬ã¬ ¯à®¨§¢®¤−®© ¤«ï äã−ªæ¨© Gp ¨ Gq. ˆ¬¥¥¬

max
x

G′
p(x) = G

′
p(0) =

k∑

i=1

piσiϕ(0) + p(σϕ(0) − σkϕ(0)) =

=
1√
2π

k∑

i=1

piσi +
p√
2π
(σ − σk) 6

1√
2π

k∑

i=1

piσi +
p√
2π
(σk − σk) =

=
1√
2π

k∑

i=1

piσi 6
σk√
2π

.
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�. Š. ƒ®àè¥−¨−

�®«ì§ãïáì ¯à�¢ë¬ −¥à�¢¥−áâ¢®¬ ¢ ä®à¬ã«¥ (9), ¯à¨å®¤¨¬ ª á«¥¤ãîé¥¬ã
à¥§ã«ìâ�âã:

L(Up, Uq) 6 ϕ−1/2(σk)

(
1 +

σk√
2π

)1/2
L1/2(Gp, Gq) = C

[2]
1 (σk)L

1/2(Gp, Gq).

�æ¥−ª� á−¨§ã ¤«ï L(Up, Uq) ¬®¦¥â ¡ëâì −�©¤¥−� ¨§ á«¥¤ãîé¨å á®®â−®è¥−¨©:

L(Gp, Gq) 6 ρ(Gp, Gq) = |p− q| sup
x
|�(xσk)− �(xσ)| .

�®¢â®àïï à�ááã¦¤¥−¨ï ¨§ ¤®ª�§�â¥«ìáâ¢� â¥®à¥¬ë 3, ¯®«ãç�¥¬, çâ®

L(Up, Uq) >
σ1
√
2πe

max{1, σk}
L(Gp, Gq) = C

[2]
2 (σ1, σk)L(Gp, Gq) . 2

5 Выводы

’¥®à¥¬ë 1 ¨ 3 ®§−�ç�îâ, çâ® ¡«¨§®áâì á¬¥è¨¢�îé¨å à�á¯à¥¤¥«¥−¨© ¢«¥ç¥â
¡«¨§®áâì á¬¥á¥© ¨, −�®¡®à®â, ¡«¨§®áâì á¬¥á¥© ¢«¥ç¥â ¡«¨§®áâì á¬¥è¨¢�îé¨å
à�á¯à¥¤¥«¥−¨©. ’¥®à¥¬ë 2 ¨ 4 ®§−�ç�îâ, çâ® ¥á«¨ à�áá¬�âà¨¢�¥¬ë¥ á¬¥á¨ ¡«¨§ª¨
¯® ¯�à�¬¥âà�¬ p ¨ q, â® ¡«¨§ª¨ ¨ ¨å á¬¥è¨¢�îé¨¥ à�á¯à¥¤¥«¥−¨ï, ¨ −�®¡®à®â:
¥á«¨ á¬¥è¨¢�îé¨¥ à�á¯à¥¤¥«¥−¨ï ¡«¨§ª¨ ¯® ¯�à�¬¥âà�¬ p ¨ q, â® ¡«¨§ª¨ ¨
á®®â¢¥âáâ¢ãîé¨¥ á¬¥á¨.

„�−−ë© ä�ªâ ¯®§¢®«ï¥â ¨á¯®«ì§®¢�âì ¬®¤¥«¨ ¤®¡�¢«¥−¨ï ¨ à�áé¥¯«¥−¨ï
ª®¬¯®−¥−âë ¤«ï áâ�â¨áâ¨ç¥áª®© ¯à®¢¥àª¨ £¨¯®â¥§ ® ç¨á«¥ ª®¬¯®−¥−â ¢ á¬¥á¨ −�
¯à�ªâ¨ª¥, â�ª ª�ª ®¡ëç−® á ¯®¬®éìî ¬¥â®¤®¢ áâ�â¨áâ¨ç¥áª®© ¤¥ª®¬¯®§¨æ¨¨ á¬¥-
á¥© ¢®§¬®¦−® ¯®«ãç¨âì ¯à¨¡«¨¦�îé¥¥ à�á¯à¥¤¥«¥−¨¥, −® ¯à¨ íâ®¬ ú¨áâ¨−−®¥û
à�á¯à¥¤¥«¥−¨¥ ç�é¥ ¢á¥£® −¥¨§¢¥áâ−®. „®ª�§�−−ë¥ â¥®à¥¬ë ¯®§¢®«ïîâ ãâ¢¥à-
¦¤�âì, çâ® ¯à¨ ¢ë¯®«−¥−¨¨ ãá«®¢¨© ¤�−−ëå â¥®à¥¬ ¯à¨¡«¨¦�îé¥¥ ¨ ú¨áâ¨−−®¥û
à�á¯à¥¤¥«¥−¨ï ¡«¨§ª¨, � §−�ç¨â, ¬�â¥¬�â¨ç¥áª�ï ¬®¤¥«ì ®¯¨áë¢�¥â ¤�−−ë¥ ª®à-
à¥ªâ−®.

ˆâ�ª, ¡«¨§®áâì á¬¥è¨¢�îé¨å à�á¯à¥¤¥«¥−¨© (â. ¥. áâà¥¬«¥−¨¥ ª 0 ¢¥á� p
¤®¯®«−¨â¥«ì−®© ª®¬¯®−¥−âë ¢ ®¡¥¨å ¬®¤¥«ïå) ¢«¥ç¥â ¡«¨§®áâì ¨â®£®¢ëå á¬¥á¥©
(â. ¥. ç¨á«® ª®¬¯®−¥−â á¬¥á¨ à�¢−® k, � −¥ k + 1) ¢ â¥à¬¨−�å à�ááâ®ï−¨ï ‹¥¢¨.
�à¨ç¥¬ á¯à�¢¥¤«¨¢® ¨ ®¡à�â−®¥ ãâ¢¥à¦¤¥−¨¥. ’�ª¨¬ ®¡à�§®¬, ãáâ�−�¢«¨¢�¥âáï
¢§�¨¬−® ®¤−®§−�ç−®¥ á®®â¢¥âáâ¢¨¥ ¬¥¦¤ã §−�ç¥−¨¥¬ ¯�à�¬¥âà� ¢¥á� ¨ ç¨á«®¬ ª®¬-
¯®−¥−â ¢ á¬¥á¨. �®íâ®¬ã áâ�−®¢¨âáï ¢®§¬®¦−ë¬ á¢¥áâ¨ §�¤�çã ¯à®¢¥àª¨ £¨¯®â¥§ ®
§−�ç¥−¨¨ ¤¨áªà¥â−®£® ¯�à�¬¥âà�, ®¡®§−�ç�îé¥£® ç¨á«® ª®¬¯®−¥−â á¬¥á¨, ª §�¤�-
ç¥ ¯à®¢¥àª¨ £¨¯®â¥§ ® §−�ç¥−¨¨ −¥¯à¥àë¢−®£® ¯�à�¬¥âà�, á®®â¢¥âáâ¢ãîé¥£® ¢¥áã
ª®¬¯®−¥−âë. „�−−ë© à¥§ã«ìâ�â ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�− ¯à¨ ¯®áâà®¥−¨¨ �á¨¬-
¯â®â¨ç¥áª¨ −�¨¡®«¥¥ ¬®é−ëå ªà¨â¥à¨¥¢ ¤«ï ¬®¤¥«¥© ¤®¡�¢«¥−¨ï ¨ à�áé¥¯«¥−¨ï
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“áâ®©ç¨¢®áâì ¬�áèâ�¡−ëå á¬¥á¥© −®à¬�«ì−ëå §�ª®−®¢

ª®¬¯®−¥−âë ¤«ï á«ãç�ï ¯à®¨§¢®«ì−ëå ª®−¥ç−ëå á¤¢¨£-¬�áèâ�¡−ëå á¬¥á¥©, â�ª
ª�ª ¯®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¨£à�îâ §−�ç¨â¥«ì−ãî à®«ì ¢ ®¡®á−®¢�−¨¨ ¢¨¤� £¨-
¯®â¥§ ¢ §�¤�ç¥ áâ�â¨áâ¨ç¥áª®© ¯à®¢¥àª¨ ç¨á«� ª®¬¯®−¥−â á¬¥á¨ ¨ ª®«¨ç¥áâ¢¥−−®©
®æ¥−ª¨ â®£®, −�áª®«ìª® ¬®¦¥â ¨§¬¥−¨âìáï ¬®¤¥«ì ¯à¨ ¤®¡�¢«¥−¨¨ ¨«¨ ¨§êïâ¨¨
ª®¬¯®−¥−âë (¯®¤à®¡−¥¥ ®¡ íâ®¬ ¢ à�¡®â�å [2{4].

�®«ãç¥−−ë¥ ¢ áâ�âì¥ à¥§ã«ìâ�âë ¬®£ãâ ¡ëâì −¥¯®áà¥¤áâ¢¥−−® ¨á¯®«ì§®¢�−ë
¤«ï áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬, ª®â®àë¥ ®¯¨áë¢�îâáï ¬®¤¥«ï¬¨ −� ®á−®¢¥ ª®−¥ç−ëå
¬�áèâ�¡−ëå á¬¥á¥© −®à¬�«ì−ëå à�á¯à¥¤¥«¥−¨© −� ¯àï¬®©. �®¤å®¤ë ª �−�«¨§ã
ªàã£®¢ëå áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬ à�áá¬�âà¨¢�îâáï, −�¯à¨¬¥à, ¢ áâ�âì¥ [5].
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О НЕРАВНОМЕРНЫХ ОЦЕНКАХ СКОРОСТИ СХОДИМОСТИ
В ЦЕНТРАЛЬНОЙ ПРЕДЕЛЬНОЙ ТЕОРЕМЕ∗

М. Е. Григорьева1, С. В. Попов2

�−−®â�æ¨ï: �®ª�§�−®, çâ® ¢ −¥à�¢−®¬¥à−®¬ �−�«®£¥ −¥à�¢¥−áâ¢� �¥àà¨{�á-
á¥¥−� (1 + |x|3)|Fn(xBn) − �(x)| 6 (C/B3n)

∑n
k=1 βk, n > 1, x ∈ R, £¤¥

Fn(x) | äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï áã¬¬ë n −¥§�¢¨á¨¬ëå á«ãç�©−ëå ¢¥«¨ç¨−
X1, . . . , Xn á EXk = 0, EX

2
k = σ2k; βk = E|Xk|3 < ∞, k = 1, . . . , n; B2n =

= σ21 + · · · + σ2n; �(x) | áâ�−¤�àâ−�ï −®à¬�«ì−�ï äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï,
�¡á®«îâ−�ï ¯®áâ®ï−−�ï C ã¤®¢«¥â¢®àï¥â −¥à�¢¥−áâ¢ã C 6 22,2417.

Š«îç¥¢ë¥ á«®¢�: æ¥−âà�«ì−�ï ¯à¥¤¥«ì−�ï â¥®à¥¬�; −¥à�¢−®¬¥à−�ï ®æ¥−ª�
áª®à®áâ¨ áå®¤¨¬®áâ¨; −¥à�¢¥−áâ¢® �¥àà¨{�áá¥¥−�; �¡á®«îâ−�ï ¯®áâ®ï−−�ï

1 Введение и формулировка основного результата

�à¨ �−�«¨§¥ áâ�â¨áâ¨ç¥áª¨å §�ª®−®¬¥à−®áâ¥© ¯®¢¥¤¥−¨ï â¥å ¨«¨ ¨−ëå å�-
à�ªâ¥à¨áâ¨ª á«®¦−ëå ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬ ª«îç¥¢ãî à®«ì ¨£à�îâ ¢¥à®ïâ-
−®áâ−ë¥ ¬®¤¥«¨, ®á−®¢�−−ë¥ −� −®à¬�«ì−®© �¯¯à®ªá¨¬�æ¨¨, æ¥«¥á®®¡à�§−®áâì
ª®â®à®© ®¡®á−®¢ë¢�¥âáï æ¥−âà�«ì−®© ¯à¥¤¥«ì−®© â¥®à¥¬®© â¥®à¨¨ ¢¥à®ïâ−®áâ¥©.
’®ç−®áâì ãª�§�−−ëå �á¨¬¯â®â¨ç¥áª¨å ¬®¤¥«¥© ®¯à¥¤¥«ï¥âáï ®æ¥−ª�¬¨ áª®à®áâ¨
áå®¤¨¬®áâ¨ ¢ æ¥−âà�«ì−®© ¯à¥¤¥«ì−®© â¥®à¥¬¥, ãâ®ç−¥−¨î ª®â®àëå ¨ ¯®á¢ïé¥−�
¤�−−�ï áâ�âìï.

�ãáâì X1, . . . ,Xn | −¥§�¢¨á¨¬ë¥ á«ãç�©−ë¥ ¢¥«¨ç¨−ë, §�¤�−−ë¥ −� −¥ª®-
â®à®¬ ¢¥à®ïâ−®áâ−®¬ ¯à®áâà�−áâ¢¥ (Ÿ,A,P) ¨ ã¤®¢«¥â¢®àïîé¨¥ ãá«®¢¨ï¬:

EXk = 0 ; EX
2
k = σ

2
k ; E|Xk|3 = βk <∞, k = 1, . . . , n .

�¡®§−�ç¨¬

B2n = σ
2
1 + σ

2
2 + · · ·+ σ2n > 0 ; Ln =

1

B3n

n∑

k=1

βk .

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâë 11-01-12026-®ä¨-¬, 11-07-00112 ¨
11-01-00515), � â�ª¦¥ Œ¨−¨áâ¥àáâ¢� ®¡à�§®¢�−¨ï ¨ −�ãª¨ ÷” ¢ à�¬ª�å ”–� ú��ãç−ë¥ ¨
−�ãç−®-¯¥¤�£®£¨ç¥áª¨¥ ª�¤àë ¨−−®¢�æ¨®−−®© ÷®áá¨¨ −� 2009{2013 £®¤ëû.

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

2”�ªã«ìâ¥â ¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨-
¢¥àá¨â¥â� ¨¬. Œ. ‚. ‹®¬®−®á®¢�, popovserg@yandex.ru
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� −¥à�¢−®¬¥à−ëå ®æ¥−ª�å áª®à®áâ¨ áå®¤¨¬®áâ¨ ¢ æ¥−âà�«ì−®© ¯à¥¤¥«ì−®© â¥®à¥¬¥

�ãáâì Fn(x) = P(X1 + · · ·+Xn < x); ϕ(x) ¨ �(x)| á®®â¢¥âáâ¢¥−−® ¯«®â−®áâì
¨ äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï áâ�−¤�àâ−®£® −®à¬�«ì−®£® §�ª®−�. �®«®¦¨¬

–n(x) = |Fn(xBn)− �(x)| , x ∈ R , n > 1 .

ˆ§¢¥áâ−®, çâ® ¯à¨ ãª�§�−−ëå ãá«®¢¨ïå áãé¥áâ¢ã¥â (á¬., −�¯à¨¬¥à, [1])
�¡á®«îâ−�ï ¯®«®¦¨â¥«ì−�ï ª®−¥ç−�ï ª®−áâ�−â� C0 â�ª�ï, çâ®

sup
x
–n(x) 6 C0Ln . (1)

��¨«ãçè�ï ¨§¢¥áâ−�ï �¢â®à�¬ ®æ¥−ª� ª®−áâ�−âë C0 6 0,5600 ¯à¨¢¥¤¥−� ¢ [2].
‚ à�¡®âe [3] ¡ë«� ¯®«ãç¥−� ®æ¥−ª�, ï¢«ïîé�ïáï áâàãªâãà−ë¬ ãâ®ç−¥−¨¥¬ −¥à�-
¢¥−áâ¢� (1):

sup
x
–n(x) 6 0,3197

n∑

k=1

βk + σ
3
k

B3n
. (2)

�æ¥−ª� áª®à®áâ¨ áå®¤¨¬®áâ¨ Fn(xBn) ª�(x), ãáâ�−�¢«¨¢�¥¬�ï −¥à�¢¥−áâ¢�-
¬¨ (1) ¨ (2), à�¢−®¬¥à−� ¯® x. �® ¯®áª®«ìªã ¨ Fn(x), ¨ �(x) | äã−ªæ¨¨
à�á¯à¥¤¥«¥−¨ï, ¤®«¦−® ¢ë¯®«−ïâìáï á®®â−®è¥−¨¥ –n(x) → 0 ¯à¨ |x| → ∞.
�â® ®¡áâ®ïâ¥«ìáâ¢® −¥ ãç¨âë¢�¥âáï ¢ à�¢−®¬¥à−ëå ®æ¥−ª�å. ‚¬¥áâ¥ á â¥¬ â®ç-
−®áâì −®à¬�«ì−®© �¯¯à®ªá¨¬�æ¨¨ ¤«ï äã−ªæ¨¨ à�á¯à¥¤¥«¥−¨ï áã¬¬ á«ãç�©−ëå
¢¥«¨ç¨− ¨¬¥−−® ¯à¨ ¡®«ìè¨å §−�ç¥−¨ïå �à£ã¬¥−â� ¯à¥¤áâ�¢«ï¥â ®á®¡ë© ¨−â¥à¥á,
−�¯à¨¬¥à ¯à¨ ¢ëç¨á«¥−¨¨ à¨áª®¢ ªà¨â¨ç¥áª¨ ¡®«ìè¨å ¯®â¥àì. ‚ ¤�−−®© áâ�âì¥
¡ã¤ãâ à�áá¬®âà¥−ë −¥à�¢−®¬¥à−ë¥ ®æ¥−ª¨ áª®à®áâ¨ áå®¤¨¬®áâ¨ ¢ æ¥−âà�«ì−®©
¯à¥¤¥«ì−®© â¥®à¥¬¥.

‚ à�¡®â�å ‘. ‚. ��£�¥¢� [4] (¤«ï á«ãç�ï ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ëå á«�£�-
¥¬ëå) ¨ �. �¨ªï«¨á� [5] (¤«ï á«ãç�ï −¥®¡ï§�â¥«ì−® ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ëå
á«�£�¥¬ëå) ¡ë«® ¯®ª�§�−®, çâ® áãé¥áâ¢ã¥â â�ª®¥ ¯®«®¦¨â¥«ì−®¥ ª®−¥ç−®¥ ç¨á-
«® C, çâ®

sup
x

(
1 + |x|3

)
–n(x) 6 CLn . (3)

‚¯¥à¢ë¥ ¢¥àå−¨¥ ®æ¥−ª¨ ¤«ï C ¡ë«¨ ¯®«ãç¥−ë ¢ à�¡®â�å ‹. ��¤¨âæ� ¤«ï
−¥®¡ï§�â¥«ì−® ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ëå á«�£�¥¬ëå. ‚ 1986 £. ��¤¨âæ [6]
¯®ª�§�«, çâ® C 6 31,935. ‚ ¤�−−®© à�¡®â¥ íâ� ®æ¥−ª� ¡ã¤¥â ãâ®ç−¥−�, � ¨¬¥−−®
¡ã¤¥â ¯®ª�§�−®, çâ® C 6 22,2417.

ˆ¤¥ï, «¥¦�é�ï ¢ ®á−®¢¥ ®¯¨á�−−®£® ��¤¨âæ¥¬ [7] (¨ ãâ®ç−¥−−®£® ā. ‘. �¥-
ä¥¤®¢®© ¨ ˆ. ƒ. ˜¥¢æ®¢®© [8] ¤«ï ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ëå á«�£�¥¬ëå) ª®−-
áâàãªâ¨¢−®£® ¬¥â®¤� ¯®áâà®¥−¨ï −¥à�¢−®¬¥à−ëå ®æ¥−®ª â®ç−®áâ¨ −®à¬�«ì−®©
�¯¯à®ªá¨¬�æ¨¨ ¤«ï à�á¯à¥¤¥«¥−¨© áã¬¬ −¥§�¢¨á¨¬ëå á«ãç�©−ëå ¢¥«¨ç¨−, ¯®-
§¢®«ïîé¥£® ¯®«ãç¨âì ï¢−ë¥ ®æ¥−ª¨ �¡á®«îâ−ëå ª®−áâ�−â, §�ª«îç�¥âáï ¢ ¯®¤-
å®¤ïé¥¬ à�§¡¨¥−¨¨ ¢¥é¥áâ¢¥−−®© ¯àï¬®© −� §®−ë ú¬�«ëåû, úã¬¥à¥−−ëåû ¨
ú¡®«ìè¨åû §−�ç¥−¨© x. ’à�¤¨æ¨®−−® ¨á¯®«ì§ãîâáï à�§¡¨¥−¨ï ¢¨¤�
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(i) (ú¬�«ë¥û §−�ç¥−¨ï x): 0 6 x2 6 K2;

(ii) (úã¬¥à¥−−ë¥û §−�ç¥−¨ï x): K2 6 x2 6 cn(x; a, b, c);

(iii) (ú¡®«ìè¨¥û §−�ç¥−¨ï x): cn(x; a, b, c) 6 x2 <∞,

£¤¥ K > 0, a > 0, b > c > 1 | ¢á¯®¬®£�â¥«ì−ë¥ á¢®¡®¤−ë¥ ¯�à�¬¥âàë;
cn(x; a, b, c)| −¥ª®â®à�ï äã−ªæ¨ï, ¬®−®â®−−® ¢®§à�áâ�îé�ï ¯® x. �®«®¦¨¬

cn(x; a, b, c) =
b2

2(b− c)
[
ln |x|3 − ln (aLn)

]
≡ b2

2(b− c) ln
|x|3
aLn

,

2 Вспомогательные утверждения

Œ¥â®¤ ¤®ª�§�â¥«ìáâ¢� ®á−®¢�− −� ãá¥ç¥−¨¨ á«ãç�©−ëå ¢¥«¨ç¨− Xk, k =
= 1, . . . , n:

Xk =

{
Xk, ¥á«¨ |Xk| 6 y ;

0 ¢ ¯à®â¨¢−®¬ á«ãç�¥,

£¤¥ y > 0| ¯�à�¬¥âà ãá¥ç¥−¨ï. �¡®§−�ç¨¬

F yn (x) = P

(
n∑

k=1

Xk < x

)
.

’�ª¦¥ ¤«ï ¯�à�¬¥âà� h > 0 ¢¢¥¤¥¬ á«¥¤ãîé¥¥ ®¡®§−�ç¥−¨¥:

fk(h) = Ee
hXk = E exp {hXk11(|Xk| 6 y)} , x ∈ R .

‘ä®à¬ã«¨àã¥¬ ¨ ¤®ª�¦¥¬ −¥áª®«ìª® ¢á¯®¬®£�â¥«ì−ëå ãâ¢¥à¦¤¥−¨©.

‹¥¬¬� 1. „«ï ¯à®¨§¢®«ì−ëå ¯�à�¬¥âà®¢ h > 0 ¨ y > 0 á¯à�¢¥¤«¨¢ë −¥à�¢¥−-
áâ¢�:

hσ2k −
βk

y2

(
1 + hy +

(hy)2

2

)
6 m1,k ≡ EXke

hXk 6 hσ2k +
βk

y2
ehy ; (4)

σ2k −
βk
y
(1 + hy) 6 m2,k ≡ EX

2
ke
hXk 6 σ2k +

βk
y
ehy ; (5)

m3,k ≡ E|Xk|3ehXk 6 βke
hy ;

fk(h) ≡ EehXk 6 1 +
h2σ2k
2
+
βke

hy

y3
6 exp

{
h2σ2k
2
+
βk

y3
ehy
}
; (6)

fk(h) > 1− hβk

y2
. (7)
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„ ® ª � § � â ¥ « ì á â ¢ ® ®á−®¢�−® −� ¯à¨¬¥−¥−¨¨ ä®à¬ã«ë Œ�ª«®à¥−�:

ehXk = 1 + hXk +
(hXk)

2

2
+

∞∑

m=3

(hXk)
m

m!
.

��©¤¥¬ ¤¢ãáâ®à®−−¨¥ ®æ¥−ª¨ ¬®¬¥−â®¢ á«ãç�©−®© ¢¥«¨ç¨−ë Xk. ˆ¬¥¥¬:

∣∣EXk

∣∣ = |EXk − EXk11(|Xk| > y)| 6 E |Xk| 11(|Xk| > y) 6

6 y−2E |Xk|3 11(|Xk| > y) 6
βk

y2
;

EX
2
k − σ2k =

= E(X
2
k −X2k) = −EX2k11(|Xk| > y)





6 0 ;

> −y−1E|Xk|311(|Xk| > y) > −βk
y
;

∣∣E(Xk)
m
∣∣ 6 E

∣∣Xk

∣∣m = E |Xk|m 11(|Xk| 6 y) 6 βky
m−3 , m > 3 .

�âáî¤� á ¨á¯®«ì§®¢�−¨¥¬ ¢¥àå−¨å ®æ¥−®ª ¯®«ãç�¥¬:

m1,k ≡ EXke
hXk = E

(
Xk

(
1 + hXk +

∞∑

m=2

(hXk)
m

m!

))
=

= EXk + hEX
2
k +

∞∑

m=2

hmEX
m+1
k

m!
6
βk

y2
+ hσ2k +

βk

y2

∞∑

m=2

(hy)m

m!
=

=
βk

y2
+ hσ2k +

βk

y2

(
ehy − 1− hy

)
= hσ2k +

βk

y2

(
ehy − hy

)
;

m2,k ≡ EX
2
ke
hXk = E

(
X
2
k

(
1 +

∞∑

m=1

(hXk)
m

m!

))
=

= EX
2
k +

∞∑

m=1

hmEX
m+2
k

m!
6 σ2k +

βk
y

∞∑

m=1

(hy)m

m!
= σ2k +

βk
y

(
ehy − 1

)
;

m3,k ≡ E|Xk|3ehXk 6

∞∑

m=0

hmE |Xk|m+3
m!

6 βk

∞∑

m=0

(hy)m

m!
= βke

hy ;
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fk(h) ≡ EehXk 6 1 + hEXk +
(hEXk)

2

2
+

∞∑

m=3

hmE|Xk|m
m!

6

6 1 +
hβk

y2
+
h2σ2k
2
+
βk

y3

∞∑

m=3

(hy)m

m!
= 1 +

h2σ2k
2
+
β3

y3

(
ehy − 1− h2y2

2

)
.

„«ï ¤®ª�§�â¥«ìáâ¢� (4) ¤®¯®«−¨â¥«ì−® §�¬¥â¨¬, çâ® xehx > x(1+hx+(hx)2/2),
x ∈ R, ¨ â®£¤� ¯®«ãç¨¬ ®æ¥−ªã:

m1,k ≡ EXke
hXk > E

(
Xk(1 + hXk + 0,5(hXk)

2)
)

>

> −βk
y2
+ h

(
σ2k −

βk
y

)
− h2βk
2
= hσ2k −

βk

y2

(
1 + hy +

(hy)2

2

)
.

‡�¬¥ç�ï, çâ® ehx > 1 + hx, x ∈ R, ¯®«ãç�¥¬ −¨¦−¨¥ ®æ¥−ª¨ ¤«ï m2,k ¨ fk(h):

m2,k ≡ EX
2
ke
hXk > E

(
X
2
k(1 + hXk)

)
> σ2k −

βk
y
− βkh = σ2k −

βk
y
(1 + hy) ;

fk(h) ≡ EehXk > E
(
1 + hXk

)
> 1− hβk

y2
.

‹¥¬¬� 1 ¤®ª�§�−�.

‹¥¬¬� 2. �ãáâì α > 0, β > 0 ¨ α/3 + β > 1. ’®£¤�

n∑

k=1

(
σk
Bn

)α( βk
B3n

)β
6 (Ln)

α/3+β .

„ ® ª � § � â ¥ « ì á â ¢ ® . �® −¥à�¢¥−áâ¢ã ‹ï¯ã−®¢�

σ2k = E |Xk − EXk|2 6

(
E |Xk − EXk|3

)2/3
= (βk)

2/3 .

’�ª¨¬ ®¡à�§®¬,

n∑

k=1

(
σk
Bn

)α( βk
B3n

)β
6

n∑

k=1

(
βk

B3n

)α/3+β
6

(
n∑

k=1

βk

B3n

)α/3+β
= (Ln)

α/3+β .

‹¥¬¬� 2 ¤®ª�§�−�.
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‹¥¬¬� 3 (á¬. [8]). „«ï ¯�à�¬¥âà� ãá¥ç¥−¨ï y > 0 á¯à�¢¥¤«¨¢® −¥à�¢¥−áâ¢®

sup
x∈R

|F yn (x)− Fn (x)| 6
n∑

k=1

P (|Xk| > y) .

‹¥¬¬� 4 (á¬. [8]). 1◦. �ãáâì q > 0 ¨ A > 0. ’®£¤�

sup
v>A
|�(v)− �(qv)| 6 1

2
max

{
q2 − 1, 1− q

2

q2

}
(vϕ(v))

∣∣∣∣
v=max{1,Amin{1,q}}

.

2◦. �ãáâì a ∈ R ¨ A > 0. ’®£¤�

sup
v>A
|�(v + a)− �(v)| 6 |a|ϕ (min {A+ a, A}) .

‹¥¬¬� 5 (á¬. [9]). „«ï «î¡®© äã−ªæ¨¨ à�á¯à¥¤¥«¥−¨ï F á −ã«¥¢ë¬ áà¥¤−¨¬ ¨
¥¤¨−¨ç−®© ¤¨á¯¥àá¨¥©

sup
x∈R

|F (x)− �(x)| 6 sup
x>0

(
�(x)− x2

1 + x2

)
= 0,54093654 . . . ≡ κ .

‹¥¬¬� 6 (á¬. [8]). „«ï «î¡®© á«ãç�©−®© ¢¥«¨ç¨−ë X á E|X|3 < ∞ ¨ EX = a
¯à¨ «î¡®¬ a á¯à�¢¥¤«¨¢® −¥à�¢¥−áâ¢®:

E|X − a|3 6 min{LE|X|3, E|X|3 + 3|a|EX2 + a2E|X| − |a|3} ;

L =
17 + 7

√
7

27
< 1,3156 ,

¯à¨ç¥¬ à�¢¥−áâ¢® E|X − a|3 = LE|X|3 ¤®áâ¨£�¥âáï −� ¤¢ãåâ®ç¥ç−®¬ à�á¯à¥-
¤¥«¥−¨¨ ¢¨¤�:

P


X = 6a

4−
√
7±

√
1 + 2

√
7


 =

3±
√
1 + 2

√
7

6
.

3 Случаи (i) и (iii) — «малые» и «большие» значения x

‚ á«ãç�¥ (i), â. ¥. ¤«ï 0 6 |x| 6 K, ¢ á®®â¢¥âáâ¢¨¨ á −¥à�¢¥−áâ¢®¬ (1) ¨¬¥¥¬:

|x|3–n(x) 6 C0K
3Ln .
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‚ á«ãç�¥ ¦¥ (iii), â. ¥. ¤«ï

x2 >
b2

2(b− c) ln
|x|3
aLn

,

á¯à�¢¥¤«¨¢ á«¥¤ãîé¨© à¥§ã«ìâ�â.

’¥®à¥¬� 1. �à¥¤¯®«®¦¨¬, çâ®

cn(x; a, b, c) > 0 , x
2

> max{(2π)−1, cn(x; a, b, c)} , b > c > 1 , a > 0 .

’®£¤� ¤«ï «î¡®£® n > 1

|x|3–n(x) 6 P (a, b, c, x)Ln , (8)

£¤¥

P (a, b, c, x) = b3 + a exp

{
b3

a
− 2(b− c)(c − 1)

b2
x2
}
.

‡�¬¥ç�−¨¥ 1. �ç¥¢¨¤−®, äã−ªæ¨ï P (a, b, c, x) ¬®−®â®−−® −¥ ¢®§à�áâ�¥â ¯® |x|.
’�ª¦¥ −¥á«®¦−® ã¡¥¤¨âìáï, çâ® äã−ªæ¨ï P (a, b, c, x) �à£ã¬¥−â� a > 0 ¯à¨
ä¨ªá¨à®¢�−−ëå b, c ¨ x ¤®áâ¨£�¥â á¢®¥£® ¬¨−¨¬�«ì−®£® §−�ç¥−¨ï ¢ â®çª¥ a = b3:

inf
a>0

P (a, b, c, x) = b3
(
1 + exp

{
1− 2(b− c)(c − 1)

b2
x2
})

,

¯à¨ íâ®¬ P (a, b, c, x) > 1 ¤«ï ¢á¥å à�áá¬�âà¨¢�¥¬ëå §−�ç¥−¨© a, b, c, x. Šà®¬¥
â®£®,

inf
a>0, b>c>1

lim
|x|→∞

P (a, b, c, x) = lim
b→1+

b3 = 1 .

„ ® ª � § � â ¥ « ì á â ¢ ® â¥®à¥¬ë 1. �¥§ ®£à�−¨ç¥−¨ï ®¡é−®áâ¨ ¯ãáâì x > 0. �®-
áª®«ìªã

–n(x) = max {(1− Fn(xBn)) + (�(x)− 1), (Fn(xBn)− 1) + (1− �(x))}

¨ ¢¥«¨ç¨−ëFn(xBn)−1 ¨�(x)−1 −¥¯®«®¦¨â¥«ì−ë ¤«ï «î¡®£® x ∈ R, ¯®«ãç�¥¬:

–n(x) 6 max {1− Fn(xBn), 1− �(x)} .

„«ï ¢á¥å x > max{(2π)−1/2,
√
cn(x; a, b, c)} á¯à�¢¥¤«¨¢® −¥à�¢¥−áâ¢®:

1− �(x) 6 ϕ(x)

x
=
e−x

2/2

x
√
2π

6 e−x
2/2

6

[
aLn

x3

]b2/(4(b−c))
.
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‡�¬¥ç�ï, çâ® b2/(4(b − c)) > c ¯à¨ b > c ¨ ¤«ï à�áá¬�âà¨¢�¥¬®£® ¤¨�¯�§®−�
§−�ç¥−¨© x

aLn

x3
6 exp

{
−2(b− c)x

2

b2

}
< 1 , (9)

®ª®−ç�â¥«ì−® §�ª«îç�¥¬:

1−�(x) 6

[
aLn

x3

]c
.

‘ ¤àã£®© áâ®à®−ë, ¤«ï 1− Fn(xBn) ¨¬¥¥¬:

1− Fn(xBn) 6 1− F yn (xBn) + |F yn (xBn)− Fn(xBn)|

c ¯�à�¬¥âà®¬ ãá¥ç¥−¨ï y = xBn/b, b > 1. ’®£¤� ¯® «¥¬¬¥ 3 ¨ ¯® −¥à�¢¥−áâ¢ã
Œ�àª®¢� ¯®«ãç¨¬:

|F yn (xBn)− Fn(xBn)| 6
n∑

k=1

P(|Xk| > y) 6

n∑

k=1

b3βk

x3B3n
=
b3Ln

x3
. (10)

�¡®§−�ç¨¬

h =
1

y
ln

x3

aLn
≡ 2(b− c)

bxBn
cn(x; a, b, c) .

ˆá¯®«ì§ãï −¥à�¢¥−áâ¢® Œ�àª®¢� ¨ ãç¨âë¢�ï ¢¥àå−îî ®æ¥−ªã (6) ¤«ï fk(h) =

= EehXk ¨§ «¥¬¬ë 1 ¤«ï ãª�§�−−®£® h, ¯®«ãç�¥¬:

1−F yn (xBn) = P(hX1+ · · ·+hXn > hxBn) 6

(
n∏

k=1

fk(h)

)
exp{−hxBn} 6

6 exp

{
−hxBn +

1

2
h2B2n +

1

y3
ehy

n∑

k=1

βk

}
=

= exp

{
−2(b− c)

b
cn(x; a, b, c) +

2(b− c)2
b2x2

c2n(x; a, b, c) +
b3

a

}
.

„«ï x2 > cn(x; a, b, c) ¨¬¥¥¬:

1− F yn (xBn) 6 exp
{
−2c(b− c)

b2
cn(x; a, b, c) +

b3

a

}
=

(
aLn

x3

)c
exp

{
b3

a

}
,
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®âªã¤� ¢¨¤−®, çâ® ¬�¦®à�−â� ¤«ï 1 − Fn(xBn) −¥ ¬¥−ìè¥, ç¥¬ ¬�¦®à�−â� ¤«ï
1− �(x). „�«¥¥, ãç¨âë¢�ï (9), ¯®«ãç�¥¬:

1− F yn (xBn) 6 a exp

{
b3

a
− 2(b− c)(c − 1)

b2
x2
}
Ln

x3
. (11)

‘ã¬¬¨àãï ®æ¥−ª¨ (10) ¨ (11), ¯à¨å®¤¨¬ ª (8). ’¥®à¥¬� 1 ¤®ª�§�−�.

4 Случай (ii) — «умеренные» значения x

�¥à¥®¯à¥¤¥«¨¬ ¢¥«¨ç¨−ë

y = γxBn ; h =
(1− γ)x
Bn

, γ ∈ (0, 1) .

�¡®§−�ç¨¬ S∗
n = X∗

1 + · · · + X∗
n áã¬¬ã −¥§�¢¨á¨¬ëå á«ãç�©−ëå ¢¥«¨ç¨− á

äã−ªæ¨ï¬¨ à�á¯à¥¤¥«¥−¨ï

P(X∗
k < u) =

1

fk(h)

u∫

−∞

eht dP
(
Xk < t

)
.

‹¥£ª® ¯à®¢¥à¨âì á¯à�¢¥¤«¨¢®áâì á«¥¤ãîé¨å à�¢¥−áâ¢:

1− �(x) = exp
{
h2B2n
2

} +∞∫

x

e−hBntd�(t− hBn) ; (12)

1− F yn (xBn) =
(

n∏

k=1

fk(h)

) +∞∫

x

e−hBntdP(S∗
n < tBn) . (13)

�ãáâì ¡¥§ ®£à�−¨ç¥−¨ï ®¡é−®áâ¨ x > 0. ’®£¤�

–n(x) = |1− �(x) + (Fn(xBn)− F yn (xBn)) + F yn (xBn)− 1| 6
6 |Fn(xBn)− F yn (xBn)|+ |1− �(x) + F yn (xBn)− 1| .

„�«¥¥ ¢®á¯®«ì§ã¥¬áï −¥à�¢¥−áâ¢®¬ «¥¬¬ë 3 ¨ ¢ëà�¦¥−¨ï¬¨ (12) ¨ (13):

–n(x) 6

n∑

k=1

P(|Xk| > y) +
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+

∣∣∣∣∣∣

(
exp

{
h2B2n
2

}
−

n∏

k=1

fk(h)

) +∞∫

x

e−hBnt dP(S∗
n < tBn)

∣∣∣∣∣∣
+

+

∣∣∣∣∣∣
exp

{
h2B2n
2

} +∞∫

x

e−hBnt d (�(t− hBn)− P(S∗
n < tBn))

∣∣∣∣∣∣
.

�à¨¬¥−ïï −¥à�¢¥−áâ¢® Œ�àª®¢� ª ¯¥à¢®¬ã á«�£�¥¬®¬ã ¨ ¨−â¥£à¨àãï ¯® ç�áâï¬
¯®á«¥¤−¥¥, ¯®«ãç�¥¬:

–n(x) 6
Ln

γ3x3
+

∣∣∣∣∣

n∏

k=1

fk(h)− eh
2B2n/2

∣∣∣∣∣ exp {−hxBn}P (S
∗
n > xBn) +

+ 2 exp

{
h2B2n
2
− hxBn

}
sup
u>x
|P(S∗

n < uBn)− �(u− hBn)| ≡

≡ Ln

γ3x3
+ I1I2 + 2exp

{
h2B2n
2
− hxBn

}
I3 .

‘ä®à¬ã«¨àã¥¬ ¤¢� ãâ¢¥à¦¤¥−¨ï, ª®â®àë¥ ¡ã¤ãâ −¥®¤−®ªà�â−® ¨á¯®«ì§®¢�âì-
áï ¢ ¤�«ì−¥©è¥¬. ‚®-¯¥à¢ëå, ¥á«¨ x2 6 cn(x; a, b, c), â® (á¬. (ii))

Ln 6
x3

a
exp

{
−2(b− c)

b2
x2
}
. (14)

‚®-¢â®àëå, ¥á«¨ x2 > K2, â® ¯à¨ x >
√
r/(2s), r > 0, ¨«¨ ¯à¨ r 6 0

xr exp{−sx2} 6 Kr exp
{
−sK2

}
, s > 0 . (15)

‚áî¤ã ¤�«¥¥ ¡ã¤¥¬ ¯à¥¤¯®«�£�âì, çâ® ¯�à�¬¥âàë b > c > 1, γ ∈ (0, 1),K > 0
ã¤®¢«¥â¢®àïîâ á«¥¤ãîé¨¬ ãá«®¢¨ï¬:

4(b− c)
3b2

> γ(1− γ) ; (16)

K2 >
9b2

4(b− c) ; (17)

K2 >

[
10(b− c)
3b2

− γ(1− γ)
]−1
; (18)
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K2 >
3

2

[
2(b− c)
b2

− γ(1− γ)
]−1
; (19)

K2 >
3

(1− γ)2
; (20)

K2 >
4

1− γ2
. (21)

4.1 Оценка I1

�æ¥−¨¬ ¢ëà�¦¥−¨¥

I1 =

∣∣∣∣∣

n∏

k=1

fk(h)− exp
{
h2B2n/2

}
∣∣∣∣∣ exp {−hxBn} .

�à¨¬¥−ïï ®æ¥−ªã (6) ¨§ «¥¬¬ë 1 ¨ −¥à�¢¥−áâ¢® |ex − 1| 6 |x|e|x|, ¯®«ãç¨¬:
∣∣∣∣∣

n∏

k=1

fk(h) − exp
{
h2B2n
2

}∣∣∣∣∣ 6 exp
{
h2B2n
2

} ∣∣∣∣∣exp
{
ehy

y3

n∑

k=1

βk

}
− 1
∣∣∣∣∣ 6

6
1

y3

(
n∑

k=1

βk

)
exp

{
ehy

y3

n∑

k=1

βk + hy +
h2B2n
2

}
=

=
Ln

(γx)3
exp

{
eγ(1−γ)x

2

Ln

(γx)3
+
(1− γ2)x2

2

}
.

‚®á¯®«ì§ã¥¬áï ®æ¥−ª®© (14):
∣∣∣∣∣

n∏

k=1

fk(h)− exp
{
h2B2n
2

}∣∣∣∣∣ 6
Ln

(γx)3
exp

{
(1− γ2)x2

2

}
A1(x) ,

£¤¥

logA1(x) ≡
1

aγ3
exp

{
−
(
2(b− c)
b2

− γ(1− γ)
)
x2
}

6 logA1(K)

¯à¨ x > K, ¥á«¨ ¢ë¯®«−¥−® ãá«®¢¨¥ (16). ‡¤¥áì ¨ ¤�«¥¥ á¨¬¢®«�¬¨ A(x),
A1(x), A2(x), . . . ¡ã¤ãâ ®¡®§−�ç�âìáï ¯®«®¦¨â¥«ì−ë¥ äã−ªæ¨¨ �à£ã¬¥−â� x,
â�ª¦¥ §�¢¨áïé¨¥ ®â ¯�à�¬¥âà®¢ a, b, c ¨ γ. ’�ª¨¬ ®¡à�§®¬,

I1 6
1

γ3
exp

{
−(1− γ)x2 + (1− γ

2)x2

2

}
A1(x)

Ln

x3
6 A1(K)A2(K)

Ln

x3
,

£¤¥ A2(x) = γ
−3 exp

{
−(1− γ)2x2/2

}
6 A2(K) ¯à¨ x > K.
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4.2 Оценка I2

�æ¥−¨¬ ¢ëà�¦¥−¨¥ I2 ≡ P (S∗
n > xBn) . ‘ ãç¥â®¬ (2) ¨¬¥¥¬:

I2 6

∣∣∣∣∣P(S
∗
n < xBn)− �

(
xBn − ES∗

n√
DS∗

n

)∣∣∣∣∣+�
(
−xBn − ES

∗
n√

DS∗
n

)
6

6 0,3197

n∑

k=1

E |X∗
k − EX∗

k |3 + (DX∗
k)
3/2

(DS∗
n)
3/2

+�

(
−xBn − ES

∗
n√

DS∗
n

)
.

„«ï ã¤®¡áâ¢� ¤�«ì−¥©è¨å ááë«®ª §�¬¥â¨¬, çâ® ¢ á¨«ã ®æ¥−®ª (7) ¨ (14)

fk(h) > 1− hβk

y2
= 1− (1− γ)βk

γ2xB3n
> 1− (1− γ)Ln

γ2x
>

> 1− (1− γ)x
2

aγ2
exp

{
−2(b− c)

b2
x2
}
≡ A3(x) > A3(K) , (22)

¥á«¨, ¢ á®®â¢¥âáâ¢¨¨ á (15), ¢ë¯®«−¥−® ¡®«¥¥ á¨«ì−®¥ ãá«®¢¨¥ (17).

’¥¯¥àì ®æ¥−¨¬ (EX∗
k)
2 = (m1,k/fk(h))

2. ‘ ãç¥â®¬ (4), (14) ¨ «¥¬¬ë 2 ¨¬¥¥¬:

n∑

k=1

(EX∗
k)
2

6
1

A23(K)

n∑

k=1

(
hσ2k +

βke
hy

y2

)2
=

=
B2n

A23(K)

n∑

k=1

(
(1− γ)x σ

2
k

B2n
+
eγ(1−γ)x

2

(γx)2
· βk
B3n

)2
=

=
B2n

A23(K)

[
(1− γ)2x2

n∑

k=1

σ4k
B4n
+
2(1− γ)xeγ(1−γ)x2

(γx)2
·
n∑

k=1

(
σ2k
B2n
· βk
B3n

)
+

+
e2γ(1−γ)x

2

(γx)4
·
n∑

k=1

(
βk

B3n

)2]
6

B2n
A23(K)

[
(1− γ)2x2L4/3n +

+
2(1− γ)xeγ(1−γ)x2

(γx)2
L2/3+1n +

e2γ(1−γ)x
2

(γx)4
L2n

]
=

=
B2n

A23(K)

(
(1− γ)xL2/3n +

eγ(1−γ)x
2

(γx)2
Ln

)2
6 B2nA4(x) ,
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£¤¥

A4(x) =
1

A23(K)

[
(1− γ)x3

a2/3
exp

{
−4(b− c)
3b2

x2
}
+

+
x

aγ2
exp

{
−
(
2(b− c)
b2

− γ(1− γ)
)
x2
}]2

.

‚ á®®â¢¥âáâ¢¨¨ á (15) §�ª«îç�¥¬, çâ® A4(x) 6 A4(K), ¥á«¨ ¢ë¯®«−¥−ë
ãá«®¢¨ï:

K2 >
9b2

8(b− c) ; K2 >
1

2

[
2(b− c)
b2

− γ(1− γ)
]−1

,

¢ëâ¥ª�îé¨¥ ¨§ (17) ¨ (19). „�«¥¥ á ãç¥â®¬ (6) ¨¬¥¥¬:

(fk(h))
−1

> 2− fk(h) > 1− h2σ2k
2
− βke

hy

y3
.

’�ª¨¬ ®¡à�§®¬, ¯à¨−¨¬�ï ¢® ¢−¨¬�−¨¥ â�ª¦¥ «¥¬¬ã 2,

n∑

k=1

σ2k
fk(h)

>

n∑

k=1

σ2k

(
1− h2σ2k

2
− βke

hy

y3

)
>

> B2n

n∑

k=1

(
σ2k
B2n
− (1− γ)

2x2

2

σ4k
B4n
− eγ(1−γ)x

2

(γx)3
σ2k
B2n

βk

B3n

)
>

> B2n

(
1− (1− γ)

2x2

2
L4/3n − eγ(1−γ)x

2

(γx)3
L2/3+1n

)
> B2n(1−A5(x)) ,

£¤¥

A5(x) =
(1− γ)2x6

2a4/3
exp

{
−8(b− c)
3b2

x2
}
+

+
x2

a5/3γ3
exp

{
−
(
10(b − c)
3b2

− γ(1− γ)
)
x2
}
.

�à¨ íâ®¬ A5(x) 6 A5(K), ¥á«¨ á¯à�¢¥¤«¨¢ë ãá«®¢¨ï (17) ¨ (18).
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’�ª¨¬ ®¡à�§®¬, ¨á¯®«ì§ãï −¨¦−îî ®æ¥−ªã (5) ¤«ï m2,k = fk(h)E (X
∗
k)
2 ¨

−¥à�¢¥−áâ¢� (22) ¨ (14), ¯®«ãç�¥¬:

DS∗
n =

n∑

k=1

E (X∗
k)
2 −

n∑

k=1

(EX∗
k)
2

>

>

n∑

k=1

σ2k
fk(h)

−
n∑

k=1

βk
fk(h)y

(1 + hy)−
n∑

k=1

(EX∗
k)
2

>

>

(
1−A5(K)−

1

A3(K)

Ln
γx
(1 + γ(1− γ)x2)−A4(K)

)
B2n > (1−A6(x))B2n,

£¤¥

A6(x) = A4(K) +A5(K) +
1

A3(K)

x2

aγ
(1 + γ(1− γ)x2) exp

{
−2(b− c)

b2
x2
}
.

�à¨ íâ®¬ A6(x) 6 A6(K) ¢ á¨«ã (17). ’�ª¨¬ ®¡à�§®¬,

DS∗
n =

n∑

k=1

DX∗
k > (1−A6(K))B2n ≡ A7(K)B2n . (23)

ˆ§ «¥¬¬ë 6 ¯®«ãç�¥¬:

n∑

k=1

E |X∗
k − EX∗

k |3 6 L
n∑

k=1

E |X∗
k |3 .

�æ¥−¨¬ ¢å®¤ïé¨¥ ¢ ¯à�¢ãî ç�áâì ¬®¬¥−âë ¯® «¥¬¬¥ 1. ˆ¬¥¥¬:

n∑

k=1

E |X∗
k |3 =

n∑

k=1

m3,k
fk(h)

6

n∑

k=1

ehyβk
A3(K)

=
1

A3(K)
exp{γ(1− γ)x2}B3nLn 6

6
B3n

A3(K)

x3

a
exp

{
−
(
2(b− c)
b2

− γ(1− γ)
)
x2
}
.

’�ª¨¬ ®¡à�§®¬,
n∑

k=1

E |X∗
1 − EX∗

1 |3 6 A8(x)B
3
n , (24)

£¤¥

A8(x) =
L

A3(K)

x3

a
exp

{
−
(
2(b− c)
b2

− γ(1 − γ)
)
x2
}
.
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‚ á®®â¢¥âáâ¢¨¨ á (15) §�ª«îç�¥¬, çâ® A8(x) 6 A8(K), ¥á«¨ á¯à�¢¥¤«¨¢®
ãá«®¢¨¥ (19). „�«¥¥, ¯à¨¬¥−ïï ®æ¥−ªã (5) ¨ −¥à�¢¥−áâ¢® Œ¨−ª®¢áª®£®, ¯®«ãç�¥¬:

n∑

k=1

(DX∗
k)
3/2

6

n∑

k=1

(
E(X∗

k)
2
)3/2
=

n∑

k=1

(
m2,k
fk(h)

)3/2
6

6
1

A
3/2
3 (K)

n∑

k=1

(
σ2k +

ehyβk
y

)3/2
6

B3n

A
3/2
3 (K)

n∑

k=1

(
σ2k
B2n
+
eγ(1−γ)x

2

γx

βk

B3n

)3/2
6

6
B3n

A
3/2
3 (K)



(

n∑

k=1

σ3k
B3n

)2/3
+
eγ(1−γ)x

2

γx

(
n∑

k=1

(
βk

B3n

)3/2)2/3


3/2

6

6
B3n

A
3/2
3 (K)

[
L2/3n +

eγ(1−γ)x
2

γx
Ln

]3/2
6 A9(x)B

3
n , (25)

£¤¥

A9(x) =
1

A
3/2
3 (K)

[
x2

a2/3
exp

{
−4(b− c)
3b2

x2
}
+

+
x2

aγ
exp

{
−
(
2(b− c)
b2

− γ(1− γ)
)
x2
}]3/2

.

‚ á®®â¢¥âáâ¢¨¨ á (15) §�ª«îç�¥¬, çâ® A9(x) 6 A9(K), ¥á«¨ á¯à�¢¥¤«¨¢ë ãá«®-
¢¨ï (17) ¨ (19). �¡®§−�ç¨¬

A10(x) = A8(x) +A9(x) .

‘«¥¤®¢�â¥«ì−®, ¯® −¥à�¢¥−áâ¢ã (2) á ãç¥â®¬ (23){(25) ¯®«ãç�¥¬:

∣∣∣∣∣P
(
S∗
n − ES∗

n√
DS∗

n

< u

)
− �(u)

∣∣∣∣∣ 6 0,3197
A10(K)

A
3/2
7 (K)

. (26)

’¥¯¥àì ®æ¥−¨¬ ¢¥«¨ç¨−ã

u ≡ xBn − ES∗
n√

DS∗
n

.
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ˆá¯®«ì§ãï ¢¥àå−îî ®æ¥−ªã (4) ¤«ï m1,k ≡ EXke
hXk = fk(h)EX

∗
k ¨ −¨¦−¨¥

®æ¥−ª¨ (7) ¨ (22) ¤«ï fk(h), � â�ª¦¥ «¥¬¬ã 2, ¯®«ãç�¥¬:

ES∗
n − hB2n =

n∑

k=1

m1,k
fk(h)

− hB2n 6

6

n∑

k=1

[
1

fk(h)

(
hσ2k +

βke
hy

y2

)
− hσ2k

]
=

n∑

k=1

[
hσ2k(1− fk(h))

fk(h)
+

βke
hy

fk(h)y
2

]
6

6

n∑

k=1

[
h2σ2kβk

A3(K)y
2 +

ehyβk

A3(K)y
2

]
6

6
Bn

A3(K)

(
(1− γ)2x2L2/3+1n

(γx)2
+
eγ(1−γ)x

2

Ln

(γx)2

)
6

6
Bn

A3(K)

(
(1− γ)2x5

a5/3γ2
exp

{
−10(b− c)

3b2
x2
}
+

+
x

aγ2
exp

{
−
(
2(b− c)
b2

− γ(1 − γ)
)
x2
})
≡ A11(x)Bn . (27)

‚ á®®â¢¥âáâ¢¨¨ á (15) §�ª«îç�¥¬, çâ® A11(x) 6 A11(K) ¯à¨ x > K ¢ á¨«ã (17)
¨ (19).

„�«¥¥ ¯®−�¤®¡¨âáï á«¥¤ãîé�ï ¢¥àå−ïï ®æ¥−ª� ¤«ï DS∗
n, ª®â®àãî ¯®«ãç¨¬ á

ãç¥â®¬ ¢¥àå−¨å ®æ¥−®ª (5) ¤«ï m2,k:

DS∗
n =

n∑

k=1

DX∗
k 6

n∑

k=1

E (X∗
k)
2 =

n∑

k=1

m2,k
fk(h)

6

6
1

A3(K)

n∑

k=1

(
σ2k +

ehyβk
y

)
6

B2n
A3(K)

(
1 +

eγ(1−γ)x
2

γx
Ln

)
6

6
B2n

A3(K)

(
1 +

x2

aγ
exp

{
−
(
2(b− c)
b2

− γ(1− γ)
)
x2
})
≡

≡ A13(x)B2n 6 A13(K)B
2
n ,

¥á«¨, ¢ á®®â¢¥âáâ¢¨¨ á (15), ¢ë¯®«−¥−® ãá«®¢¨¥ (19), ª®â®à®¥ ï¢«ï¥âáï ¤�¦¥ ¡®«¥¥
á¨«ì−ë¬, ç¥¬ −¥®¡å®¤¨¬®.

��©¤¥¬ ¢¥àå−îî ®æ¥−ªã ¤«ï ES∗
n − xBn. “ç¨âë¢�ï (27), ¯®«ãç�¥¬:

ES∗
n − xBn = (ES∗

n − hB2n) + (hB2n − xBn) 6 (A11(K)− γK)Bn ,
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â. ¥. ¯à¨ x > K

xBn − ES∗
n√

DS∗
n

>
γK −A11(K)√

A13(K)
≡ A14(K) . (28)

�âáî¤�, ãç¨âë¢�ï â�ª¦¥ ®æ¥−ªã (26), ®ª®−ç�â¥«ì−® ¯®«ãç�¥¬:

I2 6 0,3197
A10(K)

A
3/2
7 (K)

+
1√

2πA14(K)
exp

{
−A

2
14(K)

2

}
≡ A15(K) . (29)

�æ¥−ª� (29) á¯à�¢¥¤«¨¢� ¯à¨ A14(K) > 0.

4.3 Оценка I3

�à¨áâã¯¨¬ ª ®æ¥−¨¢�−¨î ¢¥«¨ç¨−ë I3 ≡ sup
u>x
|P (S∗

n < uBn)− � (u− hBn)| .
ˆ¬¥¥¬:

I3 = sup
u>x

∣∣∣∣∣P
(
S∗
n − ES∗

n√
DS∗

n

<
uBn − ES∗

n√
DS∗

n

)
− �

(
uBn − ES∗

n√
DS∗

n

)
+

+�

(
uBn − ES∗

n√
DS∗

n

)
− �

(
uBn − ES∗

n

Bn

)
+�

(
uBn − ES∗

n

Bn

)
− � (u− hBn)

∣∣∣∣∣ 6

6 sup
v∈R

∣∣∣∣∣P
(
S∗
n − ES∗

n√
DS∗

n

< v

)
− �(v)

∣∣∣∣∣+

+ sup
v>(xBn−ES∗

n)/
√
DS∗

n

∣∣∣∣∣�(v)− �
(
v
√
DS∗

n

Bn

)∣∣∣∣∣+

+ sup
u>x

∣∣∣∣�
(
u− ES

∗
n

Bn

)
− � (u− hBn)

∣∣∣∣ = I31 + I32 + I33 .

„«ï ®æ¥−ª¨ I31 ¢®á¯®«ì§ã¥¬áï −¥à�¢¥−áâ¢®¬ (2), ¨§ ª®â®à®£® ¯®«ãç¨¬:

I31 6 0,3197
n∑

k=1

E |X∗
k − EX∗

k |3 + (DX∗
k)
3/2

(DS∗
n)
3/2

.

‚¥«¨ç¨−ë E|X∗
k−EX∗

k |3 ®æ¥−¨¬ �−�«®£¨ç−® (24), â®«ìª® ¢ë¤¥«¨¢ ¬−®¦¨â¥«ì Ln.
ˆ¬¥¥¬:

n∑

k=1

E |X∗
k − EX∗

k |3 6 L
n∑

k=1

E |X∗
k |3 6

L

A3(K)
exp{γ(1 − γ)x2}B3nLn =

= Â8(x)B
3
nLn ,
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£¤¥

Â8(x) =
Leγ(1−γ)x

2

A3(K)
.

„�«¥¥, á®£«�á−® (25):

n∑

k=1

(DX∗
k)
3/2

6
B3n

A
3/2
3 (K)

[
L2/3n +

eγ(1−γ)x
2

γx
Ln

]3/2
6 Â9(x)B

3
nLn ,

£¤¥

Â9(x) =
1

A
3/2
3 (K)

[
1 +

1

a1/3γ
exp

{
−
(
2(b− c)
3b2

− γ(1 − γ)
)
x2
}]3/2

.

�¡®§−�ç¨¬
Â10(x) = Â8(x) + Â9(x) .

‚®á¯®«ì§ã¥¬áï −¥à�¢¥−áâ¢®¬ (23), çâ®¡ë ®æ¥−¨âì ¢¥«¨ç¨−ã DS∗
n. ’®£¤� ¤«ï

I31 ®ª®−ç�â¥«ì−® ¯®«ãç¨¬:

I31 6 0,3197
Â10(x)

A
3/2
7 (K)

.

„«ï I32 ¢ á¨«ã (28) ¨¬¥¥¬:

I32 ≡ sup
v>(xBn−ES∗

n)/
√
DS∗

n

∣∣∣∣∣�(v)− �
(
v
√
DS∗

n

Bn

)∣∣∣∣∣ 6

6 sup
v>A14(K)

∣∣∣∣∣�(v)− �
(
v
√
DS∗

n

Bn

)∣∣∣∣∣ .

ˆá¯®«ì§ãï ãâ¢¥à¦¤¥−¨¥ 1◦ «¥¬¬ë 4 ¢ ¯à¥¤¯®«®¦¥−¨¨, çâ® A14(K) > 0, � â�ª¦¥

®æ¥−ªãmin{1, B−1
n

√
DS∗

n} > min{1,
√
A7(K)} =

√
A7(K) (á¬. (23)) ¨ §�¬¥ç�ï,

çâ® äã−ªæ¨ï vϕ(v) ¬®−®â®−−® ã¡ë¢�¥â ¯à¨ v > 1, ¯®«ãç�¥¬:

I32 6
1

2
max

{
DS∗

n

B2n
− 1, B

2
n − DS∗

n

DS∗
n

}
(vϕ(v))

∣∣∣∣
v=max{1,A14(K)

√
A7(K)}

.

�æ¥−¨¬ DS∗
n (�−�«®£¨ç−® á«ãç�î I2, â®«ìª® ¡ã¤¥¬ ¢ë¤¥«ïâì «ï¯ã−®¢áªãî

¤à®¡ì Ln).
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‘®£«�á−® ¤®ª�§�−−®¬ã à�−¥¥,

n∑

k=1

(EX∗
k)
2

6
B2n

A23(K)

(
(1− γ)xL2/3n +

eγ(1−γ)x
2

(γx)2
Ln

)2
6 Â4(x)B

2
nLn ,

£¤¥

Â4(x) =
1

A23(K)

[
(1− γ)x3/2

a1/6
exp

{
−(b− c)
3b2

x2
}
+

+
1

a1/2γ2x1/2
exp

{
−
(
(b− c)
b2

− γ(1− γ)
)
x2
}]2

.

�� ®á−®¢¥ ¯à¥¤ë¤ãé¨å ¢ëç¨á«¥−¨© ¬®¦−® â�ª¦¥ ¯®«ãç¨âì:

n∑

k=1

σ2k
fk(h)

> B2n

(
1− (1− γ)

2x2

2
L4/3n − eγ(1−γ)x

2

(γx)3
L2/3+1n

)
= B2n(1− Â5(x)Ln) ,

£¤¥

Â5(x) =
(1− γ)2x3

2a1/3
exp

{
−2(b− c)
3b2

x2
}
+

+
1

a2/3γ3x
exp

{
−
(
4(b− c)
3b2

− γ(1− γ)
)
x2
}
.

’�ª¨¬ ®¡à�§®¬,

DS∗
n =

n∑

k=1

E (X∗
1 )
2 −

n∑

k=1

(EX∗
1 )
2

>

>

n∑

k=1

σ2k
fk(h)

−
n∑

k=1

βk
fk(h)y

(1 + hy)−
n∑

k=1

(EX∗
k )
2

> B2n(1− Â6(x)Ln) ,

£¤¥

Â6(x) = Â4(x) + Â5(x) +
1 + γ(1− γ)x2
A3(K)γx

.

‡�¬¥ç�ï, çâ® Â6(x) > 0, ¨ ãç¨âë¢�ï ®æ¥−ªã DS∗
n > A7(K)B

2
n (á¬. (23)),

¯®«ãç�¥¬:

B2n − DS∗
n

DS∗
n

6
Â6(x)

A7(K)
Ln .
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C ¤àã£®© áâ®à®−ë, ¢ á¨«ã «¥¬¬ë 1

DS∗
n

B2n
− 1 6

n∑

k=1

m2,k

B2nfk(h)
− 1 = 1

B2n

n∑

k=1

(
m2,k
fk(h)

− σ2k
)

6

6
1

B2n

n∑

k=1

m2,k − σ2kfk(h)
fk(h)

6
1

B2n

n∑

k=1

ehyβk
fk(h)y

+
1

B2n

n∑

k=1

σ2k(1− fk(h))
fk(h)

6

6
1

A3(K)γx

(
eγ(1−γ)x

2

n∑

k=1

βk

B3n
+
1− γ
γ

n∑

k=1

σ2k
B2n

βk

B3n

)
6

6
Ln

A3(K)γx

(
eγ(1−γ)x

2

+
1− γ
γ

L2/3n

)
6 A12(x)Ln ,

£¤¥

A12(x) =
1

A3(K)γx

(
eγ(1−γ)x

2

+
(1− γ)x2

a2/3γ
exp

{
−4(b− c)
3b2

x2
})

.

’�ª¨¬ ®¡à�§®¬, ¤«ï I32 ®ª®−ç�â¥«ì−® ¯®«ãç�¥¬:

I32 6
1

2
max

{
A12(x),

Â6(x)

A7(K)

}
Ln (vϕ(v))

∣∣∣∣v=max{1,A14(K)
√
A7(K)}

.

��ª®−¥æ, à�áá¬®âà¨¬ ¢¥«¨ç¨−ã I33:

I33 = sup
u>x

∣∣∣∣�
(
u− ES

∗
n

Bn

)
− � (u− hBn)

∣∣∣∣ =

= sup
v>x−hBn

∣∣∣∣�
(
v +

1

Bn
(hB2n − ES∗

n)

)
− � (v)

∣∣∣∣ .

“ç¨âë¢�ï, çâ® x− hBn = xγ > γK > 0, ¨ ¯®«ì§ãïáì ãâ¢¥à¦¤¥−¨¥¬ 2◦ «¥¬¬ë 4,
¯®«ãç¨¬:

I33 6
1

Bn

∣∣ES∗
n − hB2n

∣∣ϕ
(
min

{
γK +

1

Bn
(hB2n − ES∗

n), γK

})
.

‚®á¯®«ì§ã¥¬áï −¨¦−¥© ®æ¥−ª®© (4) ¤«ï m1,k ≡ EXke
hXk = fk(h)EX

∗
k :

hB2n − ES∗
n =

n∑

k=1

(
hσ2k −

m1,k
fk(h)

)
=

n∑

k=1

hσ2kfk(h) −m1,k
fk(h)

6

6

n∑

k=1

hσ2k(fk(h)− 1)
A3(K)

+

n∑

k=1

βk

A3(K)y
2

(
1 + hy +

(hy)2

2

)
.
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�æ¥−¨¬ ¢ëà�¦¥−¨¥ hσ2k(fk(h) − 1) á ¯®¬®éìî −¥à�¢¥−áâ¢� (6):

n∑

k=1

hσ2k(fk(h)− 1) 6

n∑

k=1

(
h2σ2k
2
+
βke

hy

y3

)
hσ2k =

=
(hy)3B3n

y2

n∑

k=1

(
1

2γx

σ4k
B4n
+

eγ(1−γ)x
2

(γx)4(1− γ)2x2
σ2k
B2n

βk

B3n

)
6

6
(hy)3B3nLn

y2

(
1

2γx
(Ln)

1/3 +
eγ(1−γ)x

2

(γx)4(1− γ)2x2
(Ln)

2/3

)
6

6

n∑

k=1

(hy)3βk

y2
A(x) ;

A(x) ≡ 1

2γa1/3
exp

{
−2(b− c)
3b2

x2
}
+

+
1

γ4(1− γ)2a2/3x4
exp

{
−
(
4(b− c)
3b2

− γ(1− γ)
)
x2
}
.

�à¨ íâ®¬ A(x) 6 A(K) ¤«ï x2 > K2, ¥á«¨ ¢ë¯®«−¥−® ãá«®¢¨¥ (16). „�«¥¥, ¢
¯à¥¤¯®«®¦¥−¨¨, çâ® A(K) 6 1/6, ¨¬¥¥¬:

hB2n − ES∗
n 6

1

A3(K)

n∑

k=1

(
(hy)3

6

βk

y2
+
βk

y2

(
1 + hy +

(hy)2

2

))
=

=
1

A3(K)

(
1 + hy +

(hy)2

2
+
(hy)3

6

) n∑

k=1

βk

y2
6

1

A3(K)

n∑

k=1

βke
hy

y2
.

‘ ¤àã£®© áâ®à®−ë, ¯à¨ ®æ¥−ª¥ ¢¥«¨ç¨−ë I2 ¡ë«® ¯®ª�§�−®, çâ®

ES∗
n − hB2n 6

1

A3(K)

n∑

k=1

(
h2σ2kβk

y2
+
ehyβk

y2

)
.

‘à�¢−¨¢�ï íâã ®æ¥−ªã á ®æ¥−ª®© ¤«ï hB2n − ES∗
n, ¯®«ãç�¥¬ ¢ á¨«ã (17):

∣∣ES∗
n − hB2n

∣∣ 6 1

A3(K)

n∑

k=1

(
h2σ2kβk

y2
+
ehyβk

y2

)
6

6
BnLn
A3(K)

(
(1− γ)2x2
(γx)2

L2/3n +
eγ(1−γ)x

2

(γx)2

)
6 Â11(x)BnLn ,
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£¤¥

Â11(x) =
1

A3(K)

(
(1− γ)2x2

a2/3γ2
exp

{
−4(b− c)
3b2

x2
}
+
eγ(1−γ)x

2

(γx)2

)
.

‘ ¯®¬®éìî ¯®«ãç¥−−®© ¯à¨ à�áá¬®âà¥−¨¨ I2 ®æ¥−ª¨ (hB2n − ES∗
n) >

> −A11(K)Bn, £¤¥ A11(K) > 0, ¢¥«¨ç¨−� I33 ®æ¥−¨¢�¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬:

I33 6
Â11(x)√
2π
exp

{
−1
2
[γK −A11(K)]2

}
Ln .

’�ª¨¬ ®¡à�§®¬, ¯®«ãç�¥¬ ®æ¥−ªã I3 6 A16(x)Ln, £¤¥

A16(x) = 0,3197
Â10(x)

A
3/2
7 (K)

+

+
max{1, A14(K)

√
A7(K)}√

8π
max

{
A12(x),

Â6(x)

A7(K)

}
×

× exp
{
−1
2

[
max

{
1, A14(K)

√
A7(K)

}]2}
+

+
Â11(x)√
2π
exp

{
−1
2
[γK −A11(K)]2

}
.

‚ ¨â®£¥ ¤«ï ª�¦¤®£® x ¨§ à�áá¬�âà¨¢�¥¬®£® ¤¨�¯�§®−� (ii) á¯à�¢¥¤«¨¢®
−¥à�¢¥−áâ¢®:

–n(x) 6
Ln

γ3|x|3
+ I1I2 + 2I3e

−(1−γ2)x2/2
6 A17(x)

Ln

|x|3
,

£¤¥

A17(x) = A17(x, a, b, c, γ) =

=
1

γ3
+A1(K)A2(K)A15(K) + 2A16(|x|)|x|3e−(1−γ

2)x2/2 .

�®ª�¦¥¬, çâ® ¤«ï x > K ¯à¨ ¢á¥å à�áá¬�âà¨¢�¥¬ëå §−�ç¥−¨ïå a, b, c
¨ γ ¢ë¯®«−ï¥âáï −¥à�¢¥−áâ¢® A17(x, a, b, c, γ) 6 A17(K,a, b, c, γ). „«ï íâ®£®,
¯®«ì§ãïáì á®®â−®è¥−¨¥¬ (15), ¯®ª�¦¥¬, çâ® ¤«ï ¢á¥å x > K

A16(x)x
3 exp

{
−(1− γ

2)x2

2

}
6 A16(K)K

3 exp

{
−(1− γ

2)K2

2

}
.
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‡�¬¥â¨¬ ¯à¥¦¤¥ ¢á¥£®, çâ® ¢ á¨«ã (21) äã−ªæ¨ï x3 exp
{
−(1− γ2)x2/2

}
¬®−®-

â®−−® ã¡ë¢�¥â ¯à¨ x > K.

„�«¥¥ à�áá¬®âà¨¬ ¢ëà�¦¥−¨¥ Â10(x)x
3 exp

{
−(1− γ2)x2/2

}
. ‚ −¥£® ¢å®¤¨â

®¤−® á«�£�¥¬®¥ ¢¨¤� xr exp{−sx2}: x3 exp
{
−(1− γ)2x2/2

}
. �−® ã¡ë¢�¥â ¢

á¨«ã (20).

‚ ¢ëà�¦¥−¨ïå A12(x)x
3 exp

{
− (1 − γ2)x2/2

}
¨ Â11(x)x

3 exp
{
− (1 −

− γ2)x2/2
}

¯à¥¤áâ�¢«ïîé¨¥ ¨−â¥à¥á á«�£�¥¬ë¥ ¨¬¥îâ ¢¨¤: x2 exp {−(1−
− γ)2x2/2

}
; x exp

{
−4(b− c)x2/(3b2)

}
x3 exp

{
−(1− γ2)x2/2

}
; x2 exp {−4×

×(b− c)x2/(3b2)
}
x3 exp

{
−(1− γ2)x2/2

}
; x exp

{
−(1− γ)2x2/2

}
, | ¨ ®−¨

ã¡ë¢�îâ ¢ á¨«ã (17) ¨ (20).
÷�áá¬®âà¨¬ ú−�¨åã¤è¨¥û á«�£�¥¬ë¥ ¢¨¤� xr exp{−sx2}, ¢å®¤ïé¨¥ ¢

Â6(x)x
3 exp{−(1 − γ2)x2/2}: (x + Â4(x) + Â5(x))x

3 exp
{
−(1− γ2)x2/2

}
.

�¥à¢®¥ á«�£�¥¬®¥ ã¡ë¢�¥â ¢ á¨«ã (21). ‘«�£�¥¬ë¥ ¢¨¤� xr exp{−sx2},
¯à¨áãâáâ¢ãîé¨¥ ¢ ¢ëà�¦¥−¨¨ Â4(x)x

3 exp
{
−(1− γ2)x2/2

}
, ¨¬¥îâ ¢¨¤:

x exp
{
−(b− c)x2/(3b2)

}
x2 exp

{
−(1− γ2)x2/4

}
; exp

{
−0,5

(
2(b− c)/b2−

−γ(1− γ)) x2
}
x exp

{
−(1− γ)2x2/4

}
, | ¨ ®−¨ ã¡ë¢�îâ, ¥á«¨ ¢ë¯®«−¥−ë

ãªá«®¢¨ï (16), (17), (20) ¨ (21). �−�«®£¨ç−ë¥ à�ááã¦¤¥−¨ï ¯à¨¬¥−¨¬ë ª ®¡®¨¬

á«�£�¥¬ë¬ ¢¨¤� xr exp{−sx2} ¢ ¢ëà�¦¥−¨¨ Â5(x)x
3 exp

{
−(1− γ2)x2/2

}
.

÷¥§î¬¨àãï áª�§�−−®¥, ¯®«ãç�¥¬ á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥.

’¥®à¥¬� 2. �à¥¤¯®«®¦¨¬, çâ® K > 0, K2 6 x2 6 cn(x; a, b, c), 0 < γ < 1, a >
> 0, b > c > 1 â�ª®¢ë, çâ® A(K) 6 1/6, A3(K) > 0, A7(K) > 0, A14(K) > 0
¨ ¢ë¯®«−¥−ë ãá«®¢¨ï (16){(21). ’®£¤� ¤«ï ¢á¥å n > 1

|x|3–n(x) 6 A17(K,a, b, c, γ)Ln .

‡�¬¥ç�−¨¥ 2. �¥á«®¦−® ã¡¥¤¨âìáï, çâ® ¯à¨ K → ∞ ¢¥«¨ç¨−ë A(K)→ 0,
A3(K)→ 1, A7(K)→ 1, A14(K)→∞, â�ª çâ® ¢á¥ ãá«®¢¨ï â¥®à¥¬ë 2, ªà®-
¬¥ (16), ¢ë¯®«−ïîâáï �¢â®¬�â¨ç¥áª¨ ¤«ï «î¡ëå ä¨ªá¨à®¢�−−ëå a, b, c ¨ γ.
Šà®¬¥ â®£®,

inf
a, b, c, γ

lim
K→∞

A17(K,a, b, c, γ) = inf
a, b, c, γ

γ−3 = lim
γ→1−

γ−3 = 1 .

�à¨ γ → 1 á¯à�¢¥¤«¨¢®áâì ãá«®¢¨ï (16) â�ª¦¥ áâ�−®¢¨âáï ®ç¥¢¨¤−®© ¤«ï «î¡ëå
ä¨ªá¨à®¢�−−ëå b > c > 1.

5 Основные результаты

’¥®à¥¬� 3. „«ï ª®−áâ�−âë U ¢ −¥à�¢¥−áâ¢¥

sup
x∈R

|x|3–n(x) 6 ULn , n > 1 ,
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á¯à�¢¥¤«¨¢� ®æ¥−ª�

U = inf
K,a, b, c, γ

max
{
C0K

3, A17(K,a, b, c, γ), P (a, b, c,K)
}
, (30)

£¤¥ ¨−ä¨¬ã¬ ¡¥à¥âáï ¯® ¬−®¦¥áâ¢ã ¢á¥å §−�ç¥−¨© ¢á¯®¬®£�â¥«ì−ëå ¯�à�¬¥âà®¢
a, b, c, γ ¨ K, ã¤®¢«¥â¢®àïîé¨å ãá«®¢¨ï¬ â¥®à¥¬ë 2, � â�ª¦¥ ãá«®¢¨ï¬

K > 1/
√
2π ¨ a 6 P (a, b, c,K)/κ (¢¥«¨ç¨−� κ = 0,54 . . . ®¯à¥¤¥«¥−� ¢ «¥¬¬¥ 5).

‘«¥¤áâ¢¨¥ 1. �¥à�¢¥−áâ¢® (3) ¯à¨ ¢á¥å n > 1 á¯à�¢¥¤«¨¢® á C = U + C0.

÷¥§ã«ìâ�âë ¢ëç¨á«¥−¨© ¢¥«¨ç¨− U ¨ C:

K0 a0 b0 c0 γ0 U C
3,3830 12,9655 1,6737 1,0170 0,4880 21,6817 22,2417

�«£®à¨â¬ ®¯â¨¬¨§�æ¨¨ ¢ (30) à¥�«¨§®¢�− á ¨á¯®«ì§®¢�−¨¥¬ ¯�ª¥â� Matlab
7.10.0, ¯à¨ íâ®¬ ¯à¨¬¥−ï«�áì ¯à®æ¥¤ãà� fminsearch(. . . ) ®â �à£ã¬¥−â®¢ K, a, b,
c ¨ γ.
„ ® ª � § � â ¥ « ì á â ¢ ® â¥®à¥¬ë 3. �®ª�¦¥¬, çâ® ¤«ï «î¡ëå §−�ç¥-
−¨© ¯�à�¬¥âà®¢ K, a, b, c ¨ γ, ã¤®¢«¥â¢®àïîé¨å ãá«®¢¨ï¬ â¥®à¥-
¬ë, ¯à¨ ¢á¥å x ∈ R ¨ n > 1 ¢ë¯®«−ï¥âáï −¥à�¢¥−áâ¢® |x|3–n(x) 6

6 max{C0K3, A17(K,a, b, c, γ), P (a, b, c,K)}Ln. ‡�ä¨ªá¨àã¥¬ K ¨ x. ‚®§-
¬®¦−ë ¤¢� ¢�à¨�−â�:

(1) |x| 6 K, â®£¤� |x|3–n(x) 6 C0K
3Ln;

(2) |x| > K, â®£¤� ¤«ï §�¤�−−ëå a, b, c ¨ n > 1 ¨¬¥¥âáï âà¨ ¢®§¬®¦−®áâ¨:

(2.1) cn(x; a, b, c) 6 0, −® íâ® ãá«®¢¨¥ ®§−�ç�¥â, çâ® aLn > |x|3, ®â-
ªã¤� ¯® «¥¬¬¥ 5 ¯®«ãç�¥¬, çâ® –n(x) 6 κ 6 P (a, b, c,K)/a 6

6 P (a, b, c,K)Ln/|x|3;
(2.2) 0 < cn(x; a, b, c) < x2, â. ¥. x2 > max{(2π)−1, cn(x; a, b, c)},

çâ® ®â¢¥ç�¥â ãá«®¢¨ï¬ â¥®à¥¬ë 1, á®£«�á−® ª®â®à®© |x|3–n(x) 6

6 P (a, b, c, x)Ln 6 P (a, b, c,K)Ln, â�ª ª�ª |x| > K, � äã−ªæ¨ï
P (a, b, c, x) ¬®−®â®−−® −¥ ¢®§à�áâ�¥â ¯® x;

(2.3) x2 6 cn(x; a, b, c). “ç¨âë¢�ï â�ª¦¥ ãá«®¢¨¥ x2 > K2, ¯® â¥®à¥¬¥ 2
¯®«ãç�¥¬ |x|3–n(x) 6 A17(K,a, b, c, γ)Ln.

’¥®à¥¬� 3 ¤®ª�§�−�.
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A B S T R A C T S

DEVELOPMENT OF SOFTWARE TOOLS FOR ANALYSIS
OF NONLINEAR MULTICHANNEL STOCHASTIC SYSTEMS

I. N. Sinitsyn1, A. R. Korepanov2, V. V. Belousov3, and T. D. Konashenkova4

1IPI RAN, sinitsin@dol.ru
2IPI RAN, ekorepanov@ipiran.ru
3IPI RAN, vbelousov@ipiran.ru
4IPI RAN, tkonashenkova@ipiran.ru

The methodological aspects of the advanced software tools \CStS-ANALYSIS" for
the analysis of nonlinear multichannel circular stochastic systems are discussed. The
testing examples are given.

Keywords: analytical modeling; circular random variable; circular stochas-
tic process; coefficients of circular orthogonal expansions; \CStS-ANALYSIS";
MATLAB, nonlinear multichannel stochastic system; one- and multidimensional
densities; circular orthogonal expansion; standard density; wrapped normal density

PERSONIFIED TRANSFORMATION OF COLOR IMAGES
PRESENTATIONS ON A PC MONITOR

O. P. Arkhipov and Z. P. Zykova

Oryol Branch of IPI RAN, ofran@orel.ru

The method used to increase the accuracy of hue reproduced in polygraphy is
based on application of equicontrast graded transformation of hue scales in color
space of \standard" observer. A similar problem is considered for the color space
of arbitrary personal computer user in case of color representation to computer
monitor. The proposed method is based on application of personified graded
equicontrast transformation of hue scales. The examples to illustrate the efficiency
of the method are provided.

Keywords: hue reproducing; contrast; gradation; hue scales; equicontrast graded
transformation
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TOOLS FOR SELF-TIMED CELLS CHARACTERIZATION

Yu. Diachenko1, N. Morozov2, D. Stepchenkov3, and Yu. Stepchenkov4

1IPI RAN, diaura@mail.ru
2IPI RAN, NMorozov@ipiran.ru
3IPI RAN, Stepchenkov@mail.ru
4IPI RAN, YStepchenkov@ipiran.ru

A procedure for characterization of the standard cells (extraction of time and
electrical parameters for creating functional model) intended for self-timed circuit
design is presented. It is shown that specific behavior of self-timed circuits
additionally constrains characterization process as well as leads to changing the
values of some parameters of a cell model. A software tool for standard cell
characterization and the results of its beta testing are described.

Keywords: self-timed cells; characterization; functional model; software tools

EXCEPTIONS FIXATION IN RECURRENT DATAFLOW PROCESSOR

R. Zelenov1, A. Prokofyev2, Yu. Stepchenkov3, and V. Volchek4

1IPI RAN, graf.developer@gmail.co
2IPI RAN, a.a.prokofyev@mail.ru
3IPI RAN, YStepchenkov@ipiran.ru
4IPI RAN, v volchek@inbox.ru

The problems related to fixation and handling of exceptions in the multicore
dataflow computing system are identified. Possible variants of exceptions detection
and debugging information generation for its transfer on processing are analyzed.
The principles of fixation logic creation and exceptions handling, applicable for all
kinds of computing systems, are formulated.

Keywords: exceptions; interrupt requests; dataflow architecture; recurrence

HIERARCHICAL METHOD OF THE ANALYSIS
OF SPEED-INDEPENDENT ELECTRONIC CIRCUITS

L. Plekhanov

IPI RAN, LPlekhanov@ipiran.ru

Development and implementation of speed-independent circuits possessing unique
properties are largely discouraged by design difficulties, in particular, the analysis
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for speed-independence of \large" circuits. A method of the analysis of circuits of
unlimited size based on the functional approach is suggested. In the literature, such
approach and method are not observed, and the method is proposed here for the first
time.

Keywords: speed-independent circuits; self-timed circuits; analysis for speed-
independence

THE FAULT TOLERANCE INCREASING OF CACHE-MEMORY DATA
BY THEIR REFRESHING

B. Shmeilin

IPI RAN, shmeilin@mail.ru

For reducing vulnerability to transient failures of cache-memory data, a refresh
method is suggested. The data refreshing planning is based on the applications code
analysis at compilation stage. The method is applicable to linked data structures that
is shown on arrays and nested structures. The data refresh planning is demonstrated
by an example of the matrix multiplication program.

Keywords: microprocessor systems; cache-memory data; vulnerability to transient
failures; linked data structures

LEXICAL SEMANTICS MODELING IN THE TASKS
OF COMPUTATIONAL LINGUISTICS

O. S. Kozhunova

IPI RAN, okozhunova@ipiran.ru

An analytical review of lexical and semantic methods, their examples, and spheres
of application is presented. Among the considered articles, those published in the
2009 and 2011 Proceedings of The World Congress in Computer Science, Computer
Engineering, and Applied Computing were chosen.

Keywords: lexical and semantic methods; computational linguistics; text data
processing
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PROGRAM-ORIENTED INDICATORS:
PRODUCTION AND APPLICATION IN SCIENCE

I. Zatsman1 and A. Durnovo2

1IPI RAN, iz ipi@a170.ipi.ac.ru
2IPI RAN, duralex49@mail.ru

The results of the project whose goal is to create a tool for developing sets of
indicators for monitoring and evaluating research and developments (R&D) program
activities are presented. Each set of developed science and technology indicators
is oriented at the assessment of only one R&D program, i. e., at its objectives,
resources, and results. The tool for developing indicators is being designed as an
experts knowledge base named the proactive dictionary, which is the component of
the evaluation system. This component enables experts to fix stages of indicators
development, to present the results of developing different variants of indicators in
graphic form, to compare and evaluate variants oriented at objectives, resources, and
results of R&D program activities. The paper describes two theoretical models of
the process of indicators development. It also describes a prototype of the proactive
dictionary created on the base of these models. Finally, it describes the results of an
experiment of development of a set of indicators by a group of the experts.

Keywords: processes of experts' knowledge creation about indicators; knowledge
representation about indicators; semiotic models; program-oriented indicators;
indicator denotata

SUBJECT VOCABULARIES:
PECULIARITIES, APPLICATIONS, AND PROSPECTS

N. V. Somin1, I. P. Kuznetsov2, M. M. Sharnin3, and V. G. Nikolaev4

1IPI RAN, somin@post.ru
2IPI RAN, igor-kuz@mtu-net.ru
3IPI RAN, keywen1@mail.ru
4IPI RAN, DHLine@yandex.ru

The semantic-oriented linguistic processor which extracts the knowledge from
natural language texts and forms the structures in the Knowledge Base is considered.
Significant part of this processor is the block of lexical morphological analysis
including the subject vocabularies. The paper discusses the direction of development
the vocabularies which are used to analyze the context of words and assigns new
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semantic signs for them. It gives the possibilities to eliminate various ambiguities in
the process of syntactical semantic analysis.

Keywords: knowledge extraction; linguistic processor; lexical morphological
analysis; subject vocabulary

ESTIMATES OF THE RATE OF CONVERGENCE
OF THE DISTRIBUTIONS OF RANDOM SUMS

TO THE SKEW STUDENT DISTRIBUTION

V. E. Bening1, L. M. Zaks2, and V. Yu. Korolev3

1Department of Mathematical Statistics, Faculty of Computational Mathematics
and Cybernetics, M. V. Lomonosov Moscow State University; IPI RAN,
bening@cs.msu.su
2Department of Modeling and Mathematical Statistics, Alpha-Bank,
lily.zaks@gmail.com
3Department of Mathematical Statistics, Faculty of Computational Mathematics
and Cybernetics, M. V. Lomonosov Moscow State University; IPI RAN,
vkorolev@cs.msu.su

The estimates are constructed for the accuracy of the approximation of the distribu-
tions of special random sums of independent random variables with nonzero means
by the skew Student distribution.

Keywords: random sum; convergence rate estimate; mixed Poisson distribution;
skew Student distribution

ON THE ACCURACY OF NORMAL APPROXIMATION FOR RISK
ESTIMATE DISTRIBUTION WHEN THRESHOLDING SIGNAL WAVELET

COEFFICIENTS IN CASE OF UNKNOWN NOISE LEVEL

O. V. Shestakov

M. V. Lomonosov Moscow State University; IPI RAN, oshestakov@cs.msu.su

Asymptotic properties of risk estimate when thresholding signal wavelet coefficients
are studied. Some rates of convergence of risk estimate distribution to the normal
law are obtained.

Keywords: wavelets; thresholding; risk estimate; normal distribution; rate of
convergence
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APPLICATION OF WAVELET-ANALYSIS TO CLIMATIC RESEARCH

M. Sh. Khaziakhmetov1 and T. V. Zakharova2

1M. V. Lomonosov Moscow State University, khaziakhmetov@yandex.ru
2M. V. Lomonosov Moscow State University, lsa@cs.msu.ru

The application of wavelet analysis of digital signals to a problem of climatic
research | the search of numerical regularities in the field of the Earth water vapor
is described.

Keywords: wavelet-analysis; wavelet-expansion; wavelet-transform

STABILITY OF NORMAL SCALE MIXTURES
WITH RESPECT TO VARIATIONS IN MIXING DISTRIBUTION

A. K. Gorshenin

IPI RAN, agorshenin@ipiran.ru

The problem of stability of finite-scale mixtures of normal distributions with respect
to small parameter variations for two practically important cases is examined. The
stability is set in terms of two-sided inequalities for the L‚evy metrics between mixing
distributions and mixtures.

Keywords: scale mixtures of normal distributions; L‚evy metric

ON NONUNIFORM ESTIMATES OF THE RATE OF CONVERGENCE
IN THE CENTRAL LIMIT THEOREM

M. E. Grigorieva1 and S. V. Popov2

1M. V. Lomonosov Moscow State University, maria-grigoryeva@yandex.ru
2M. V. Lomonosov Moscow State University, popovserg@yandex.ru

It is shown that in the nonuniform analog of the Berry{Esseen inequality (1

+|x|3)|Fn(xBn) − �(x)| ≤
(
C/B3n

) n∑
k=1

βk, n ≥ 1, x ∈ R, where Fn(x) is the

distribution function of the sum of n independent random variablesX1, . . . ,Xn with
EXk = 0, EX

2
k = σ

2
k; βk = E|Xk|3 <∞, k = 1, . . . , n; B2n = σ

2
1 + · · ·+ σ2n; �(x)

is the standard normal distribution function, the absolute constant C satisfies the
inequality C ≤ 22.2417.
Keywords: central limit theorem; nonuniform estimate of convergence rate; Berry{
Esseen inequality; absolute constant
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†ãà−�« ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û ¯ã¡«¨ªã¥â â¥®à¥â¨ç¥áª¨¥, ®¡-
§®à−ë¥ ¨ ¤¨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¥. ’¥¬�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 à¥§ã«ìâ�âë, à�−¥¥ −¥ ®¯ã¡«¨ª®¢�−−ë¥ ¨ −¥ ¯à¥¤−�-
§−�ç¥−−ë¥ ª ®¤−®¢à¥¬¥−−®© ¯ã¡«¨ª�æ¨¨ ¢ ¤àã£¨å ¨§¤�−¨ïå. �ã¡«¨ª�æ¨ï −¥
¤®«¦−� −�àãè�âì §�ª®− ®¡ �¢â®àáª¨å ¯à�¢�å. ��¯à�¢«ïï á¢®î àãª®¯¨áì ¢
à¥¤�ªæ¨î, �¢â®àë �¢â®¬�â¨ç¥áª¨ ¯¥à¥¤�îâ ãçà¥¤¨â¥«ï¬ ¨ à¥¤ª®««¥£¨¨ −¥-
¨áª«îç¨â¥«ì−ë¥ ¯à�¢� −� ¨§¤�−¨¥ ¤�−−®© áâ�âì¨ −� àãááª®¬ ï§ëª¥ ¨ −� ¥¥
à�á¯à®áâà�−¥−¨¥ ¢ ÷®áá¨¨ ¨ §� àã¡¥¦®¬. �à¨ íâ®¬ §� �¢â®à�¬¨ á®åà�−ïîâáï
¢á¥ ¯à�¢� ª�ª á®¡áâ¢¥−−¨ª®¢ ¤�−−®© àãª®¯¨á¨. ‚ á¢ï§¨ á íâ¨¬ �¢â®à�¬¨
¤®«¦−® ¡ëâì ¯à¥¤áâ�¢«¥−® ¢ à¥¤�ªæ¨î ¯¨áì¬® ¢ á«¥¤ãîé¥© ä®à¬¥:
‘®£«�è¥−¨¥ ® ¯¥à¥¤�ç¥ ¯à�¢� −� ¯ã¡«¨ª�æ¨î:
úŒë, −¨¦¥¯®¤¯¨á�¢è¨¥áï, �¢â®àë àãª®¯¨á¨ \. . . ", ¯¥à¥¤�¥¬ ãçà¥¤¨â¥«ï¬
¨ à¥¤ª®««¥£¨¨ ¦ãà−�«� ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û −¥¨áª«îç¨-
â¥«ì−®¥ ¯à�¢® ®¯ã¡«¨ª®¢�âì ¤�−−ãî àãª®¯¨áì áâ�âì¨ −� àãááª®¬ ï§ëª¥
ª�ª ¢ ¯¥ç�â−®©, â�ª ¨ ¢ í«¥ªâà®−−®© ¢¥àá¨ïå ¦ãà−�«�. Œë ¯®¤â¢¥à¦¤�-
¥¬, çâ® ¤�−−�ï ¯ã¡«¨ª�æ¨ï −¥ −�àãè�¥â �¢â®àáª¨å ¯à�¢ ¤àã£¨å «¨æ ¨«¨
®à£�−¨§�æ¨©. �®¤¯¨á¨ �¢â®à®¢: (ä. ¨. ®., ¤�â�, �¤à¥á)û.

“ª�§�−−®¥ á®£«�è¥−¨¥ ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥−® ª�ª ¢ ¡ã¬�¦−®¬ ¢¨¤¥, â�ª ¨
¢ ¢¨¤¥ ®âáª�−¨à®¢�−−®© ª®¯¨¨ (á ¯®¤¯¨áï¬¨ �¢â®à®¢).

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

2. ‘â�âìï ¯®¤¯¨áë¢�¥âáï ¢á¥¬¨ �¢â®à�¬¨. �� ®â¤¥«ì−®¬ «¨áâ¥ ¯à¥¤áâ�¢«ïîâáï
¤�−−ë¥ �¢â®à� (¨«¨ ¢á¥å �¢â®à®¢): ä�¬¨«¨ï, ¯®«−ë¥ ¨¬ï ¨ ®âç¥áâ¢®, â¥«¥-
ä®−, ä�ªá, e-mail, ¯®çâ®¢ë© �¤à¥á. …á«¨ à�¡®â� ¢ë¯®«−¥−� −¥áª®«ìª¨¬¨
�¢â®à�¬¨, ãª�§ë¢�¥âáï ä�¬¨«¨ï ®¤−®£® ¨§ −¨å, ®â¢¥âáâ¢¥−−®£® §� ¯¥à¥¯¨áªã
á à¥¤�ªæ¨¥©.

3. ÷¥¤�ªæ¨ï ¦ãà−�«� ®áãé¥áâ¢«ï¥â á�¬®áâ®ïâ¥«ì−ãî íªá¯¥àâ¨§ã ¯à¨á«�−−ëå
áâ�â¥©. ‚®§¢à�é¥−¨¥ àãª®¯¨á¨ −� ¤®à�¡®âªã −¥ ®§−�ç�¥â, çâ® áâ�âìï ã¦¥
¯à¨−ïâ� 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¥¤�ªæ¨®−−®© ª®««¥£¨¨ ® ¯à¨−ïâ¨¨ áâ�âì¨ ª ¯¥ç�â¨ ¨«¨ ¥¥ ®âª«®−¥-
−¨¨ á®®¡é�¥âáï �¢â®à�¬.

÷¥¤ª®««¥£¨ï −¥ ®¡ï§ã¥âáï −�¯à�¢«ïâì à¥æ¥−§¨î �¢â®à�¬ ®âª«®−¥−−®© áâ�âì¨.



5. Š®àà¥ªâãà� áâ�â¥© ¢ëáë«�¥âáï �¢â®à�¬ ¤«ï ¯à®á¬®âà�. ÷¥¤�ªæ¨ï ¯à®á¨â
�¢â®à®¢ ¯à¨áë«�âì á¢®¨ §�¬¥ç�−¨ï ¢ ªà�âç�©è¨¥ áà®ª¨.

6. �à¨ ¯®¤£®â®¢ª¥ àãª®¯¨á¨ ¢ MS Word à¥ª®¬¥−¤ã¥âáï ¨á¯®«ì§®¢�âì á«¥¤ã-
îé¨¥ −�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 | 2, 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¥ 25 áâà�−¨æ ãª�§�−−®£® ä®à¬�â�. �§−�ª®¬¨âìáï á è�¡«®−�-
¬¨, á®¤¥à¦�é¨¬¨ ¯à¨¬¥àë ®ä®à¬«¥−¨ï, ¬®¦−® ¯® �¤à¥áã ¢ ˆ−â¥à−¥â¥:
http://www.ipiran.ru/journal/template.doc.

7. Š àãª®¯¨á¨, ¯à¥¤®áâ�¢«ï¥¬®© ¢ 2-å íª§¥¬¯«ïà�å, ®¡ï§�â¥«ì−® ¯à¨«�£�¥âáï
í«¥ªâà®−−�ï ¢¥àá¨ï áâ�âì¨, ª�ª ¯à�¢¨«®, ¢ ä®à¬�â�å MS WORD (.doc) ¨«¨
LaTex (.tex), � â�ª¦¥ | ¤®¯®«−¨â¥«ì−® | ¢ ä®à¬�â¥ .pdf −� ¤¨áª¥â¥, «�§¥à-
−®¬ ¤¨áª¥ ¨«¨ ¯® í«¥ªâà®−−®© ¯®çâ¥. ‘®ªà�é¥−¨ï á«®¢, ªà®¬¥ áâ�−¤�àâ−ëå,
−¥ ¯à¨¬¥−ïîâáï. ‚á¥ áâà�−¨æë àãª®¯¨á¨ ¤®«¦−ë ¡ëâì ¯à®−ã¬¥à®¢�−ë.

8. ‘â�âìï ¤®«¦−� á®¤¥à¦�âì á«¥¤ãîéãî ¨−ä®à¬�æ¨î −� àãááª®¬ ¨ �−-
£«¨©áª®¬ ï§ëª�å: −�§¢�−¨¥, ”.ˆ.�. �¢â®à®¢, ¬¥áâ� à�¡®âë �¢â®à®¢ ¨
¨å í«¥ªâà®−−ë¥ �¤à¥á�, ¯®¤à®¡−ë¥ á¢¥¤¥−¨ï ®¡ �¢â®à�å, ®ä®à¬«¥−−ë¥ ¢
á®®â¢¥âáâ¢¨¨ á ä®à¬�â®¬, ®¯à¥¤¥«ï¥¬ë¬ ä�©«�¬¨ http://www.ipiran.ru/
journal/issues/2011 05 01/authors.asp ¨ http://www.ipiran.ru/journal/
issues/2011 01 eng/authors.asp, �−−®â�æ¨ï (−¥ ¡®«¥¥ 100 á«®¢), ª«îç¥¢ë¥
á«®¢�, «¨â¥à�âãà�. ‘áë«ª¨ −� «¨â¥à�âãàã ¢ â¥ªáâ¥ áâ�âì¨ −ã¬¥àãîâáï (¢
ª¢�¤à�â−ëå áª®¡ª�å) ¨ à�á¯®«�£�îâáï ¢ ¯®àï¤ª¥ ¨å ¯¥à¢®£® ã¯®¬¨−�−¨ï.
‚ á¯¨áª¥ «¨â¥à�âãàë −¥ ¤®«¦−® ¡ëâì ¯®§¨æ¨©, −� ª®â®àë¥ −¥â ááë«ª¨ ¢
â¥ªáâ¥ áâ�âì¨. ‚á¥ ä�¬¨«¨¨ �¢â®à®¢, §�£«�¢¨ï áâ�â¥©, −�§¢�−¨ï ª−¨£, ª®−-
ä¥à¥−æ¨© ¨ â. ¯. ¤�îâáï −� ï§ëª¥ ®à¨£¨−�«�, ¥á«¨ íâ®â ï§ëª ¨á¯®«ì§ã¥â
ª¨à¨««¨ç¥áª¨© ¨«¨ «�â¨−áª¨© �«ä�¢¨â.

9. �à¨á«�−−ë¥ ¢ à¥¤�ªæ¨î ¬�â¥à¨�«ë �¢â®à�¬ −¥ ¢®§¢à�é�îâáï.

10. �à¨ ®â¯à�¢ª¥ ä�©«®¢ ¯® í«¥ªâà®−−®© ¯®çâ¥ ¯à®á¨¬ ¯à¨¤¥à¦¨¢�âìáï á«¥¤ãî-
é¨å ¯à�¢¨«:

{ ãª�§ë¢�âì ¢ ¯®«¥ subject (â¥¬�) −�§¢�−¨¥ ¦ãà−�«� ¨ ä�¬¨«¨î �¢â®à�;

{ ¨á¯®«ì§®¢�âì attach (¯à¨á®¥¤¨−¥−¨¥);

{ ¢ á«ãç�¥ ¡®«ìè¨å ®¡ê¥¬®¢ ¨−ä®à¬�æ¨¨ ¢®§¬®¦−® ¨á¯®«ì§®¢�−¨¥ ®¡é¥¨§-
¢¥áâ−ëå �àå¨¢�â®à®¢ (ZIP, RAR);

{ ¢ á®áâ�¢ í«¥ªâà®−−®© ¢¥àá¨¨ áâ�âì¨ ¤®«¦−ë ¢å®¤¨âì: ä�©«, á®¤¥à¦�é¨©
â¥ªáâ áâ�âì¨, ¨ ä�©«(ë), á®¤¥à¦�é¨©(¥) ¨««îáâà�æ¨¨.

11. †ãà−�« ï¢«ï¥âáï −¥ª®¬¬¥àç¥áª¨¬ ¨§¤�−¨¥¬. �«�â� §� ¯ã¡«¨ª�æ¨î á �¢â®à®¢
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