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ÇÇÖÑÖçàÖ

 

å‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌÓÂ ÁÓÌ‰ËÓ‚‡ÌËÂ Á‡ÌËÏ‡ÂÚ
ÓÒÓ·ÓÂ ÏÂÒÚÓ ÒÂ‰Ë ÏÂÚÓ‰Ó‚, ËÒÔÓÎ¸ÁÛ˛˘Ëı Ï‡„ÌË-
ÚÓÚÂÎÎÛË˜ÂÒÍÓÂ ÔÓÎÂ, Ú‡Í Í‡Í Ò ÔÓÌËÊÂÌËÂÏ ̃ ‡ÒÚÓ-
Ú˚ ÓÌÓ ÓÒ‚Ó·ÓÊ‰‡ÂÚÒfl ÓÚ ËÒÍ‡Ê‡˛˘Â„Ó ‚ÎËflÌËfl
ÔËÔÓ‚ÂıÌÓÒÚÌ˚ı ÌÂÓ‰ÌÓÓ‰ÌÓÒÚÂÈ Ë ‰ÓÒÚ‡‚ÎflÂÚ
Â‡Î¸ÌÛ˛ ËÌÙÓÏ‡ˆË˛ Ó „ÎÛ·ËÌÌ˚ı „ÂÓ˝ÎÂÍÚË˜Â-
ÒÍËı ÒÚÛÍÚÛ‡ı ( ‚ ÓÚÎË˜ËÂ ÓÚ Ï‡„ÌËÚÓÚÂÎÎÛË˜Â-
ÒÍÓ„Ó ÁÓÌ‰ËÓ‚‡ÌËfl Ò Â„Ó ÒÚ‡ÚË˜ÂÒÍËÏ Ò‰‚Ë„ÓÏ Í‡-
ÊÛ˘ËıÒfl ÒÓÔÓÚË‚ÎÂÌËÈ, ËÒÍ‡Ê‡˛˘ËÏ ËÌÙÓÏ‡-
ˆË˛ Ó „ÎÛ·ËÌÌ˚ı ÒÚÛÍÚÛ‡ı). Ç ÒÓ‚ÂÏÂÌÌÓÈ
„ÂÓÙËÁË˜ÂÒÍÓÈ ÎËÚÂ‡ÚÛÂ Ï˚ Ì‡ıÓ‰ËÏ ÒÓÓ·˘ÂÌËfl
Ó· ÛÒÔÂ¯Ì˚ı Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ˚ı ËÒÒÎÂ‰Ó‚‡ÌËflı,
‚˚ÔÓÎÌÂÌÌ˚ı ‚ èÓÏÂ‡ÌËË Ë îÂÌÌÓÒÍ‡Ì‰ËË [

 

Var-
entsov

 

, 2007; 

 

Varentsov

 

 

 

et

 

 

 

al

 

., 2005; 

 

Paiunpaa

 

 

 

et

 

 

 

al

 

., 2002],
‚ ÄÌ‰‡ı [

 

Soyer

 

 

 

and

 

 

 

Brasse

 

, 2001], ‚ ä‡ÒÍ‡‰ÌÓÈ ÒÛ·‰ÛÍ-
ˆËÓÌÌÓÈ ÁÓÌÂ [

 

Vanyan

 

 

 

et

 

 

 

al

 

., 2002], ‚ „Ó‡ı íflÌ¸-ò‡Ìfl
[

 

Sokolova

 

 

 

et

 

 

 

al

 

., 2007]. ùÚË ‡·ÓÚ˚ ÒÚËÏÛÎËÛ˛Ú
‰‡Î¸ÌÂÈ¯ÂÂ ‡Á‚ËÚËÂ Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌÓ„Ó ÏÂÚÓ-
‰‡. ç‡ÒÚÓfl˘‡fl ÒÚ‡Ú¸fl ÓÚ‚Â˜‡ÂÚ Ì‡ ̋ ÚÓÚ ‚˚ÁÓ‚ ‚ÂÏÂ-
ÌË. éÌ‡ ÔÓÒ‚fl˘ÂÌ‡ ÌÓ‚˚Ï ÒÔÓÒÓ·‡Ï ‡Ì‡ÎËÁ‡ Ï‡„ÌË-
ÚÓ‚‡Ë‡ˆËÓÌÌ˚ı ÙÛÌÍˆËÈ ÓÚÍÎËÍ‡. 

 

åÄÉçàíéÇÄêàÄñàéççõÖ îìçäñàà 
éíäãàäÄ

 

å‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ˚Â ÙÛÌÍˆËË ÓÚÍÎËÍ‡ ‚˚‚Ó-
‰flÚÒfl ËÁ ÏÓ‰ÂÎË „ÓËÁÓÌÚ‡Î¸ÌÓ-ÌÂÓ‰ÌÓÓ‰ÌÓÈ ÒÎÓË-
ÒÚÓÈ áÂÏÎË, ‚ÓÁ·ÛÊ‰‡ÂÏÓÈ ÔÎÓÒÍÓÈ ˝ÎÂÍÚÓÏ‡„ÌËÚ-
ÌÓÈ ‚ÓÎÌÓÈ, ‚ÂÚËÍ‡Î¸ÌÓ Ô‡‰‡˛˘ÂÈ Ì‡ ÔÎÓÒÍÛ˛ ÁÂÏ-
ÌÛ˛ ÔÓ‚ÂıÌÓÒÚ¸ [

 

Parkinson

 

, 1959; 

 

Wiese

 

, 1962;
ÅÂ‰Ë˜Â‚ÒÍËÈ, 1968; 

 

Schmucker

 

, 1970; 

 

Berdichevsky
and

 

 

 

Dmitriev

 

, 2002; 

 

Varentsov

 

, 2007; 

 

Berdichevsky

 

 

 

and

Dmitriev

 

, 2008 ]. àÒÔÓÎ¸ÁÛÂÚÒfl Ô‡‚‡fl ÑÂÍ‡ÚÓ‚‡ ÒË-
ÒÚÂÏ‡ ÍÓÓ‰ËÌ‡Ú Ò „ÓËÁÓÌÚ‡Î¸Ì˚ÏË ÓÒflÏË 

 

x

 

, 

 

y

 

 Ë
ÓÒ¸˛ 

 

z

 

, Ì‡Ô‡‚ÎÂÌÌÓÈ ‚ÌËÁ. å‡„ÌËÚÌÓÂ ÔÓÎÂ 

 

H

 

 ‡Ò-
ÒÏ‡ÚË‚‡ÂÚÒfl Í‡Í ÒÛÏÏ‡ ÌÓÏ‡Î¸ÌÓ„Ó „ÓËÁÓÌÚ‡Î¸-
ÌÓ ÔÓÎflËÁÓ‚‡ÌÌÓ„Ó ÔÓÎfl

 

 

 

H

 

N

 

, Ì‡·Î˛‰‡ÂÏÓ„Ó ‚ ÓÚ-
ÒÛÚÒÚ‚ËÂ „ÓËÁÓÌÚ‡Î¸ÌÓÈ „ÂÓ˝ÎÂÍÚË˜ÂÒÍÓÈ ÌÂÓ‰-
ÌÓÓ‰ÌÓÒÚË, Ë ‡ÌÓÏ‡Î¸ÌÓ„Ó ÔÓÎfl 

 

H

 

A

 

, ‚ÓÁÌËÍ‡˛˘Â„Ó
ÔÓ‰ ‰ÂÈÒÚ‚ËÂÏ „ÓËÁÓÌÚ‡Î¸ÌÓÈ „ÂÓ˝ÎÂÍÚË˜ÂÒÍÓÈ
ÌÂÓ‰ÌÓÓ‰ÌÓÒÚË:

 

H

 

 = 

 

H

 

N

 

 + 

 

H

 

A

 

, (1)
„‰Â 

(2)

ÄÌÓÏ‡Î¸ÌÓÂ Ï‡„ÌËÚÌÓÂ ÔÓÎÂ ÓÔÂ‰ÂÎflÂÚÒfl Í‡Í
Ò‚ÂÚÍ‡ Ï‡„ÌËÚÌÓ„Ó ÚÂÌÁÓ‡ ÉËÌ‡ Ò ËÁ·˚ÚÓ˜Ì˚Ï
ÚÓÍÓÏ, ‡ÒÔÓÒÚ‡Ìfl˛˘ËÏÒfl ‚ „ÓËÁÓÌÚ‡Î¸ÌÓ-ÌÂ-
Ó‰ÌÓÓ‰ÌÓÈ áÂÏÎÂ. 

Ç Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌÓÏ ÁÓÌ‰ËÓ‚‡ÌËË ÔËÏÂÌfl-
˛ÚÒfl ÒÎÂ‰Û˛˘ËÂ ÙÛÌÍˆËË ÓÚÍÎËÍ‡.

 

íËÔÔÂ ÇËÁÂ-è‡ÍËÌÒÓÌ‡

 

 

 

[

 

W

 

].

 

 ùÚ‡ ÙÛÌÍˆËfl ÓÚ-
ÍÎËÍ‡ ‚ÓÒıÓ‰ËÚ Í ÓÔÂ‰ÂÎÂÌËflÏ è‡ÍËÌÒÓÌ‡ [

 

Par-
kinson

 

, 1959] Ë ÇËÁÂ [

 

Wiese

 

, 1962]. å‡ÚËˆ‡ ÇËÁÂ-
è‡ÍËÌÒÓÌ‡ [

 

W

 

] ‡ÁÏÂ‡ 1

 

 × 

 

2 ÔÂÓ·‡ÁÛÂÚ „ÓËÁÓÌ-
Ú‡Î¸ÌÓÂ Ï‡„ÌËÚÌÓÂ ÔÓÎÂ 

 

H

 

τ

 

(

 

r

 

), Ì‡·Î˛‰‡ÂÏÓÂ Ì‡ ÔÓ-
ÎÂ‚ÓÈ ÒÚ‡ÌˆËË 

 

O

 

(

 

r

 

), ‚ ‚ÂÚËÍ‡Î¸ÌÛ˛ ÍÓÏÔÓÌÂÌÚÛ

 

H

 

z

 

(

 

r

 

) = (

 

r

 

) ‡ÌÓÏ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl 

 

H

 

A

 

(

 

r

 

),
Ì‡·Î˛‰‡ÂÏÓ„Ó Ì‡ ÚÓÈ ÊÂ ÒÚ‡ÌˆËË:

 

H

 

z

 

(

 

r

 

) = [

 

W

 

]

 

H

 

τ

 

(

 

r

 

), (3)
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ìÒÔÂıË Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌÓ„Ó ÁÓÌ‰ËÓ‚‡ÌËfl ÒÚËÏÛÎËÛ˛Ú ‰‡Î¸ÌÂÈ¯ÂÂ ‡Á‚ËÚËÂ ̋ ÚÓ„Ó ‡Á‰ÂÎ‡ „ÎÛ·ËÌ-
ÌÓÈ „ÂÓ˝ÎÂÍÚËÍË. ëÚ‡Ú¸fl ÒÓ‰ÂÊËÚ Ó·ÁÓ Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ˚ı ÙÛÌÍˆËÈ ÓÚÍÎËÍ‡, ‚˚fl‚Îfl˛˘ËÈ Ëı ÓÒ-
ÌÓ‚Ì˚Â Ò‚ÓÈÒÚ‚‡ Ë ÔÂ‰Î‡„‡˛˘ËÈ ÌÓ‚˚Â ÏÂÚÓ‰˚ Ëı ‡Ì‡ÎËÁ‡. àÁÎ‡„‡ÂÚÒfl ÚÂÓËfl ˝ÎÎËÔÒÓ‚ Ï‡„ÌËÚÌÓ„Ó
‚ÓÁÏÛ˘ÂÌËfl, ËÏÂ˛˘Ëı ÔÓ‚˚¯ÂÌÌÛ˛ ‡ÁÂ¯‡˛˘Û˛ ÒÔÓÒÓ·ÌÓÒÚ¸, Ë Ó·ÒÛÊ‰‡˛ÚÒfl ÒÔÓÒÓ·˚ ‡ÁÎÓÊÂÌËfl
Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ˚ı ÙÛÌÍˆËÈ, ÔÓÁ‚ÓÎfl˛˘ËÂ Ò‚ÂÒÚË ÚÂıÏÂÌÛ˛ Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌÛ˛ ËÌÚÂÔÂÚ‡-
ˆË˛ Í ‰‚ÛÏ ËÎË ÚÂÏ ÌÂÁ‡‚ËÒËÏ˚Ï ‰‚ÛÏÂÌ˚Ï ËÌ‚ÂÒËflÏ Ë ÛÒÚ‡ÌËÚ¸ ‚ÎËflÌËÂ ‰‚ÛÏÂÌ˚ı Â„ËÓÌ‡Î¸Ì˚ı
ÒÚÛÍÚÛ „ÂÓ˝ÎÂÍÚË˜ÂÒÍÓ„Ó ÙÓÌ‡.
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ÅÂ‰Ë˜Â‚ÒÍËÈ 

 

Ë ‰

 

.

 

„‰Â

 (4)

çÓÏ‡ Ï‡ÚËˆ˚ ÇËÁÂ-è‡ÍËÌÒÓÌ‡ 

(5)

ËÌ‚‡Ë‡ÌÚÌ‡ ÔÓ ÓÚÌÓ¯ÂÌË˛ Í ‚‡˘ÂÌË˛ ÒËÒÚÂÏ˚

 

xy

 

 ‚ÓÍÛ„ ÓÒË

 

 

 

z

 

. éÌ‡ ÏËÌËÏ‡Î¸Ì‡ Ì‡‰ ÒÂÂ‰ËÌÓÈ ÁÓ-
Ì˚ ÔÓÌËÊÂÌÌÓ„Ó ËÎË ÔÓ‚˚¯ÂÌÌÓ„Ó ÒÓÔÓÚË‚ÎÂÌËfl
Ë ‰ÓÒÚË„‡ÂÚ Ï‡ÍÒËÏÛÏ‡ Ì‡‰ Í‡flÏË ˝ÚÓÈ ÁÓÌ˚. 

å‡ÚËˆ‡ [

 

W

 

] Ó·˚˜ÌÓ ËÁÓ·‡Ê‡ÂÚÒfl ‚ ‚Ë‰Â ÍÓÏ-
ÔÎÂÍÒÌÓ„Ó ‚ÂÍÚÓ‡ 

 

W

 

, ‡ÁÎÓÊÂÌÌÓ„Ó ÔÓ ÓÚ‡Ï 

 

1

 

x

 

, 

 

1

 

y

 

: 

 

W

 

 = 

 

W

 

zx

 

1

 

x

 

 + 

 

W

 

zy

 

1

 

y

 

. (6)

ÇÂ˘ÂÒÚ‚ÂÌÌ‡fl 

 

Re

 

 

 

W

 

 = 

 

Re

 

W

 

zx

 

1

 

x

 

 + 

 

Re

 

W

 

zy

 

1

 

y

 

 Ë ÏÌËÏ‡fl

 

Im

 

W

 

 = 

 

Im

 

W

 

zx

 

1

 

x

 

 + 

 

Im

 

W

 

zy

 

1

 

y

 

 ˜‡ÒÚË ‚ÂÍÚÓ‡ 

 

W ÌÓÒflÚ Ì‡-
Á‚‡ÌËÂ ËÌ‰ÛÍˆËÓÌÌ˚ı ÒÚÂÎÓÍ ÇËÁÂ-è‡ÍËÌÒÓÌ‡.
ÇÂ˘ÂÒÚ‚ÂÌÌ˚Â ËÌ‰ÛÍˆËÓÌÌ˚Â ÒÚÂÎÍË ËÏÂ˛Ú ÔË-
ÏÂ˜‡ÚÂÎ¸ÌÓÂ Ò‚ÓÈÒÚ‚Ó: ‚ ÒÓ„Î‡¯ÂÌËË ÇËÁÂ ÓÌË Ì‡-
Ô‡‚ÎÂÌ˚ ÓÚ ÁÓÌ˚ ÔÓÌËÊÂÌÌ˚ı ÒÓÔÓÚË‚ÎÂÌËÈ Í
ÁÓÌÂ ÔÓ‚˚¯ÂÌÌ˚ı ÒÓÔÓÚË‚ÎÂÌËÈ. 

ÉÓËÁÓÌÚ‡Î¸Ì˚È Ï‡„ÌËÚÌ˚È ÚÂÌÁÓ [M]. ùÚ‡
Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ‡fl ÙÛÌÍˆËfl ÓÚÍÎËÍ‡ ·˚Î‡ ÔÂ‰-
ÎÓÊÂÌ‡ ÅÂ‰Ë˜Â‚ÒÍËÏ ‚ Í‡˜ÂÒÚ‚Â Ï‡„ÌËÚÌÓ„Ó ‡Ì‡-
ÎÓ„‡ ÚÂÌÁÓ‡ ÑÓÎÎfl, ËÒÔÓÎ¸ÁÛÂÏÓ„Ó ‚ ÏÂÚÓ‰Â ÚÂÎÎÛ-
Ë˜ÂÒÍËı ÚÓÍÓ‚ [ÅÂ‰Ë˜Â‚ÒÍËÈ, 1968]. íÂÌÁÓ [M] Ò
Ï‡ÚËˆÂÈ ‡ÁÏÂ‡ 2 × 2 ÔÂÓ·‡ÁÛÂÚ ÌÓÏ‡Î¸ÌÓÂ

Ï‡„ÌËÚÌÓÂ ÔÓÎÂ  Ì‡·Î˛‰‡ÂÏÓÂ Ì‡ Û‰‡ÎÂÌÌÓÈ ·‡-
ÁËÒÌÓÈ (ÓÔÓÌÓÈ) ÒÚ‡ÌˆËË B(rB), ‚ „ÓËÁÓÌÚ‡Î¸ÌÓÂ
Ï‡„ÌËÚÌÓÂ ÔÓÎÂ Hτ, Ì‡·Î˛‰‡ÂÏÓÂ Ì‡ ÔÓÎÂ‚ÓÈ ÒÚ‡Ì-
ˆËË O(r):

(7)

„‰Â

(8)

çÓÏ‡ Ï‡ÚËˆ˚ [M] ÓÔÂ‰ÂÎflÂÚÒfl Í‡Í 

(9)

W[ ] W r( )[ ] Wzx r( )Wzy r( )[ ],= =

Hτ r( ) Hx r( )
Hy r( )

.=

W Wzx
2 Wzy

2+=

Hτ
N ,

Hτ r( ) M[ ]Hτ
N rB( ),=

Hτ r( ) Hx r( )
Hy r( )

,=

M[ ] M r rB( )[ ] Mxx r rB( ) Mxy r rB( )
Myx r rB( ) Myy r rB( )

,= =

Hτ
N rB( ) Hx

N rB( )

Hy
N rB( )

.=

M Mxx
2 Mxy

2 Myx
2 Myy

2+ + + .=

çÓÏ‡ ||M|| ËÌ‚‡Ë‡ÌÚÌ‡ ÔÓ ÓÚÌÓ¯ÂÌË˛ Í ‚‡˘ÂÌË˛
ÒËÒÚÂÏ˚ xy ‚ÓÍÛ„ ÓÒË z. Ç ÒÎÛ˜‡Â „ÓËÁÓÌÚ‡Î¸ÌÓ-Ó‰-

ÌÓÓ‰ÌÓÈ áÂÏÎË ËÏÂÂÏ ||M|| = . áÓÌ˚ Ò ||M|| > 
ÓÚ‚Â˜‡˛Ú ÒÚÛÍÚÛ‡Ï ÔÓÌËÊÂÌÌÓ„Ó ÒÓÔÓÚË‚ÎÂÌËfl,

ÁÓÌ˚ Ò ||M|| <  ÓÚ‚Â˜‡˛Ú ÒÚÛÍÚÛ‡Ï ÔÓ‚˚¯ÂÌÌÓ-
„Ó ÒÓÔÓÚË‚ÎÂÌËfl. 

íÂÌÁÓ Ï‡„ÌËÚÌÓ„Ó ‚ÓÁÏÛ˘ÂÌËfl [S]. ùÚÓÚ ÚÂÌ-
ÁÓ ·˚Î ‚‚Â‰ÂÌ òÏÛÍÂÓÏ ‚ ÏÓÌÓ„‡ÙËË, ÔÓÒ‚fl-
˘ÂÌÌÓÈ ‡Ì‡ÎËÁÛ „ÂÓÏ‡„ÌËÚÌ˚ı ‚‡Ë‡ˆËÈ [Schmuck-
er, 1970]. Ö„Ó ˜‡ÒÚÓ Ì‡Á˚‚‡˛Ú ÚÂÌÁÓÓÏ òÏÛÍÂ‡.
íÂÌÁÓ òÏÛÍÂ‡ Ò Ï‡ÚËˆÂÈ ‡ÁÏÂ‡ 3 × 2 ÔÂÓ·‡-

ÁÛÂÚ ÌÓÏ‡Î¸ÌÓÂ Ï‡„ÌËÚÌÓÂ ÔÓÎÂ  Ì‡·Î˛‰‡ÂÏÓÂ
Ì‡ Û‰‡ÎÂÌÌÓÈ ·‡ÁËÒÌÓÈ (ÓÔÓÌÓÈ) ÒÚ‡ÌˆËË B(rB), ‚
‡ÌÓÏ‡Î¸ÌÓÂ Ï‡„ÌËÚÌÓÂ ÔÓÎÂ HA, Ì‡·Î˛‰‡ÂÏÓÂ Ì‡
ÔÓÎÂ‚ÓÈ ÒÚ‡ÌˆËË O(r):

(10)

„‰Â

(11)

å‡ÚËˆÛ ÚÂÌÁÓ‡ òÏÛÍÂ‡ ÏÓÊÌÓ ‡Á‰ÂÎËÚ¸ Ì‡
‰‚Â Ï‡ÚËˆ˚: Ï‡ÚËˆÛ ‡ÁÏÂ‡ 2 × 2, ÍÓÚÓ‡fl Ó·‡-
ÁÛÂÚ „ÓËÁÓÌÚ‡Î¸Ì˚È ÚÂÌÁÓ òÏÛÍÂ‡ [Sτ], Ë Ï‡Ú-
ËˆÛ ‡ÁÏÂ‡ 1 × 2, ÍÓÚÓ‡fl Ó·‡ÁÛÂÚ ÚËÔÔÂ òÏÛ-
ÍÂ‡ [Sz].

ÉÓËÁÓÌÚ‡Î¸Ì˚È ÚÂÌÁÓ òÏÛÍÂ‡ [Sτ] ÔÂÓ·‡-

ÁÛÂÚ ÌÓÏ‡Î¸ÌÓÂ Ï‡„ÌËÚÌÓÂ ÔÓÎÂ  Ì‡·Î˛‰‡ÂÏÓÂ
Ì‡ ·‡ÁËÒÌÓÈ (ÓÔÓÌÓÈ) ÒÚ‡ÌˆËË B(rB), ‚ ‡ÌÓÏ‡Î¸ÌÓÂ

Ï‡„ÌËÚÌÓÂ ÔÓÎÂ  Ì‡·Î˛‰‡ÂÏÓÂ Ì‡ ÔÓÎÂ‚ÓÈ ÒÚ‡Ì-
ˆËË O(r):

(12)

„‰Â

2 2

2

Hτ
N ,

HA r( ) S[ ]Hτ
N rB( ),=

HA r( )
Hx

A r( )

Hy
A r( )

Hz
A r( )

,=

S[ ] S r rB( )[ ]
Sxx r rB( ) Sxy r rB( )
Syx r rB( ) Syy r rB( )
Szx r rB( ) Szy r rB( )

,= =

Hτ
N rB( ) Hx

N rB( )

Hy
N rB( )

.=

Hτ
N ,

Hτ
A,

Hτ
A r( ) Sτ[ ]Hτ

N rB( ),=

Hτ
A r( ) Hx

A r( )

Hy
A r( )

,=
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(13)

òÏÛÍÂ ÓÔÂ‰ÂÎflÂÚ ÚÂÌÁÓ [Sτ] ‰‚ÛÏfl „ÓËÁÓÌ-
Ú‡Î¸Ì˚ÏË ‚ÂÍÚÓ‡ÏË Ï‡„ÌËÚÌÓ„Ó ‚ÓÁÏÛ˘ÂÌËfl 

p = Sxx1x + Syx1y, q = Sxy1x + Syy1y, (14)

ÍÓÚÓ˚Â fl‚Îfl˛ÚÒfl Ó·‡Á‡ÏË Â‰ËÌË˜Ì˚ı ÌÓÏ‡Î¸-
Ì˚ı ÔÓÎÂÈ HN(x) = 1x Ë HN(y) = 1y, ÎËÌÂÈÌÓ ÔÓÎflËÁÓ-
‚‡ÌÌ˚ı ÔÓ ÓÒflÏ x Ë y ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ. ÇÂ˘ÂÒÚ‚ÂÌ-
Ì˚Â Ë ÏÌËÏ˚Â ‚ÂÍÚÓ˚ 

(15)

Ó·‡ÁÛ˛Ú ÒÚÂÎÍË Ï‡„ÌËÚÌÓ„Ó ‚ÓÁÏÛ˘ÂÌËfl. ÅÛ-
‰Û˜Ë ÔÓ‚ÂÌÛÚ˚ Ì‡ π/2, ̋ ÚË ÒÚÂÎÍË ‰‡˛Ú Ì‡„Îfl‰ÌÛ˛
Í‡˜ÂÒÚ‚ÂÌÌÛ˛ Í‡ÚËÌÛ ‡ÒÚÂÍ‡ÌËfl ‡ÍÚË‚Ì˚ı Ë Â-
‡ÍÚË‚Ì˚ı ‡ÌÓÏ‡Î¸Ì˚ı (ËÁ·˚ÚÓ˜Ì˚ı) ÚÓÍÓ‚. 

àÌ‚‡Ë‡ÌÚÌ‡fl ÌÓÏ‡ „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó ÚÂÌÁÓ‡
òÏÛÍÂ‡ Ì‡ıÓ‰ËÚÒfl Í‡Í

(16)

íËÔÔÂ òÏÛÍÂ‡ [Sz] ÔÂÓ·‡ÁÛÂÚ ÌÓÏ‡Î¸ÌÓÂ

Ï‡„ÌËÚÌÓÂ ÔÓÎÂ  Ì‡·Î˛‰‡ÂÏÓÂ Ì‡ Û‰‡ÎÂÌÌÓÈ ·‡-
ÁËÒÌÓÈ (ÓÔÓÌÓÈ) ÒÚ‡ÌˆËË B(rB), ‚ ‚ÂÚËÍ‡Î¸ÌÛ˛

ÍÓÏÔÓÌÂÌÚÛ Hz(r) = (r) ‡ÌÓÏ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó
ÔÓÎfl HA, Ì‡·Î˛‰‡ÂÏÓ„Ó Ì‡ ÔÓÎÂ‚ÓÈ ÒÚ‡ÌˆËË O(r):

(17)

„‰Â

(18)

àÌ‚‡Ë‡ÚÌ‡fl ÌÓÏ‡ ÚËÔÔÂ‡ òÏÛÍÂ‡ ÓÔÂ‰ÂÎfl-
ÂÚÒfl Í‡Í

(19)

èÓ ‡Ì‡ÎÓ„ËË Ò (6) Ï‡ÚËˆ‡ [Sz] ËÁÓ·‡Ê‡ÂÚÒfl ‚
‚Ë‰Â ÍÓÏÔÎÂÍÒÌÓ„Ó ‚ÂÍÚÓ‡

Sz = Szx1x + Szy1y. (20)

Sτ[ ] Sτ r rB( )[ ] Sxx r rB( ) Sxy r rB( )
Syx r rB( ) Syy r rB( )

,= =

Hτ
N rB( ) Hx

N rB( )

Hy
N rB( )

.=

Re p Re Sxx1x Re Syx1y+=

Re q Re Sxy1x Re Syy1y+=

Im p Im Sxx1x Im Syx1y+=

Im q Im Sxy1x Im Syy1y+=

Sτ Sxx
2 Sxy

2 Syx
2 Syy

2+ + + .=

Hτ
N ,

Hz
A

Hz r( ) Sz[ ]Hτ
N rB( ),=

Sz[ ] Sz r rB( )[ ] Szx r rB( ) Szy r rB( ) ,= =

Hτ
N rB( ) Hx

N rB( )

Hy
N rB( )

.=

Sz Szx
2 Szy

2+ .=

ÇÂ˘ÂÒÚ‚ÂÌÌ‡fl ReSz = ReSzx1x + ReSzy1y Ë ÏÌËÏ‡fl
ImSz = ImSzx1x + ImSzy1y, ˜‡ÒÚË ‚ÂÍÚÓ‡ Sz Ó·‡ÁÛ˛Ú
ËÌ‰ÛÍˆËÓÌÌ˚Â ÒÚÂÎÍË òÏÛÍÂ‡. Ç ÒÓ„Î‡¯ÂÌËË
ÇËÁÂ ‚Â˘ÂÒÚ‚ÂÌÌ˚Â ËÌ‰ÛÍˆËÓÌÌ˚Â ÒÚÂÎÍË òÏÛ-
ÍÂ‡ Ì‡Ô‡‚ÎÂÌ˚ ÓÚ ÁÓÌ˚ ÔÓÌËÊÂÌÌ˚ı ÒÓÔÓÚË‚-
ÎÂÌËÈ Í ÁÓÌÂ ÔÓ‚˚¯ÂÌÌ˚ı ÒÓÔÓÚË‚ÎÂÌËÈ. 

åÂÊ‰Û ÚÂÌÁÓ‡ÏË [Sτ], [M] Ë ÏÂÊ‰Û ÚËÔÔÂ‡ÏË
[Sz], [W] ÒÛ˘ÂÒÚ‚Û˛Ú ÒÎÂ‰Û˛˘ËÂ ÔÓÒÚ˚Â ÒÓÓÚÌÓ-
¯ÂÌËfl:

(21)

„‰Â

Ç ‰‚ÛÏÂÌÓÈ ÏÓ‰ÂÎË Ò ÔÓÒÚË‡ÌËÂÏ ÔÓ ÓÒË x
ËÏÂÂÏ:

 (22)

á‰ÂÒ¸ ‚Â˘ÂÒÚ‚ÂÌÌ˚Â Ë ÏÌËÏ˚Â ËÌ‰ÛÍˆËÓÌÌ˚Â
ÒÚÂÎÍË Ì‡Ô‡‚ÎÂÌ˚ ÔÂÔÂÌ‰ËÍÛÎflÌÓ Í ÔÓÒÚË‡-
ÌË˛ ÏÓ‰ÂÎË. 

ùããàèëõ åÄÉçàíçéÉé ÇéáåìôÖçàü

éÔÂ‰ÂÎflÂÏ˚Â ÒÓ„Î‡ÒÌÓ (14) Ë (15) ‚ÂÍÚÓ˚
(ÒÚÂÎÍË) Ï‡„ÌËÚÌÓ„Ó ‚ÓÁÏÛ˘ÂÌËfl Rep, Imp Ë Req,
Imq ı‡‡ÍÚÂËÁÛ˛Ú ‡ÌÓÏ‡ÎËË „ÓËÁÓÌÚ‡Î¸Ì˚ı ÍÓÏ-
ÔÓÌÂÌÚ ‡ÌÓÏ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl, ÓÚ‚Â˜‡˛˘Â-
„Ó Â‰ËÌË˜ÌÓÏÛ ÌÓÏ‡Î¸ÌÓÏÛ ÔÓÎ˛, ÎËÌÂÈÌÓ ÔÓÎfl-
ËÁÓ‚‡ÌÌÓÏÛ ÔÓ ÓÒË x Ë y. é˜Â‚Ë‰ÌÓ, ˜ÚÓ ‚ÂÎË˜ËÌ‡ Ë
ÓËÂÌÚ‡ˆËfl ‚ÂÍÚÓÓ‚ ‚ÓÁÏÛ˘ÂÌËfl Á‡‚ËÒflÚ ÓÚ ÔÓËÁ-
‚ÓÎ¸ÌÓ„Ó ‚˚·Ó‡ ÒËÒÚÂÏ˚ ÓÚÒ˜ÂÚ‡. ùÚÛ ÌÂÓÔÂ‰Â-
ÎÂÌÌÓÒÚ¸ ÏÓÊÌÓ ÎÂ„ÍÓ ÛÒÚ‡ÌËÚ¸ ÔÛÚÂÏ ÂÍÓÌ-
ÒÚÛÍˆËË ‚ÂÍÚÓÓ‚ Ï‡„ÌËÚÌÓ„Ó ‚ÓÁÏÛ˘ÂÌËfl Ë Ëı
‚ÍÎ˛˜ÂÌËfl ‚ ˝ÎÎËÔÒ˚ Ï‡„ÌËÚÌÓ„Ó ‚ÓÁÏÛ˘ÂÌËfl, fl‚-
Îfl˛˘ËÂÒfl ‡Ì‡ÎÓ„ÓÏ ÚÂÎÎÛË˜ÂÒÍËı ˝ÎÎËÔÒÓ‚ ÑÓÎ-
Îfl [ÅÂ‰Ë˜Â‚ÒÍËÈ, 1968; Fujiwara, Toh, 1996]. ùÎÎËÔ-
Ò˚ Ï‡„ÌËÚÌÓ„Ó ‚ÓÁÏÛ˘ÂÌËfl ËÌ‚‡Ë‡ÌÚÌ˚ ÓÚÌÓÒË-
ÚÂÎ¸ÌÓ ‚‡˘ÂÌËfl ÒËÒÚÂÏ˚ x, y.

èÓÍ‡ÊÂÏ, Í‡Í ÒÚÓflÚÒfl ̋ ÎÎËÔÒ˚ Ï‡„ÌËÚÌÓ„Ó ‚ÓÁ-
ÏÛ˘ÂÌËfl. Ç‚Â‰ÂÏ ÒÎÂ‰Û˛˘ËÂ Ó·ÓÁÌ‡˜ÂÌËfl:

(23)

M[ ] Sτ[ ] I[ ]    +=

W[ ] Sz[ ] M[ ] 1– ,=

I[ ] 1 0

0 1
.=

W[ ] 0 Wzy
, M[ ] 1 0

0 Myy

,= =

Sz[ ] 0 Szy
, Sτ[ ] 0 0

0 Syy

.= =

Hx
N X , Hy

N Y , Hx
A U , Hy

A V ,= = = =

a ReSxx, b ReSxy,= =

c ReSyx, d ReSyy,= =
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ÅÂ‰Ë˜Â‚ÒÍËÈ Ë ‰.

„‰Â ÍÓÏÔÓÌÂÌÚ˚ X, Y ÌÓÏ‡Î¸ÌÓ„Ó ÔÓÎfl ‚ ·‡ÁËÒÌÓÈ
ÚÓ˜ÍÂ Ë ÍÓÏÔÓÌÂÌÚ˚ U, V ‡ÌÓÏ‡Î¸ÌÓ„Ó ÔÓÎfl ‚ ÚÓ˜ÍÂ
Ì‡·Î˛‰ÂÌËfl fl‚Îfl˛ÚÒfl ‚Â˘ÂÒÚ‚ÂÌÌ˚ÏË ‚ÂÎË˜ËÌ‡ÏË.
Ç ˝ÚËı Ó·ÓÁÌ‡˜ÂÌËflı ‚Â˘ÂÒÚ‚ÂÌÌ‡fl ˜‡ÒÚ¸ „ÓËÁÓÌ-
Ú‡Î¸ÌÓ„Ó ÚÂÌÁÓ‡ òÏÛÍÂ‡ ÔÂÓ·‡ÁÛÂÚ ÔÎÓÒÍÓÒÚ¸
XY ‚ ÔÎÓÒÍÓÒÚ¸ UV:

 (24)
U aX bY ,+=

V cX dY .+=

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, Â‰ËÌË˜Ì‡fl ÓÍÛÊÌÓÒÚ¸ X2 + Y2 = 1,
ÎÂÊ‡˘‡fl Ì‡ ÔÎÓÒÍÓÒÚË XY, ÔÂÓ·‡ÁÛÂÚÒfl ‚ ‚Â˘Â-
ÒÚ‚ÂÌÌ˚È ˝ÎÎËÔÒ Ï‡„ÌËÚÌÓ„Ó ‚ÓÁÏÛ˘ÂÌËfl 

(25)

ÎÂÊ‡˘ËÈ Ì‡ ÔÎÓÒÍÓÒÚË UV. èËÏÂ Ú‡ÍÓ„Ó ÔÂÓ·‡-
ÁÓ‚‡ÌËfl ÔÓÍ‡Á‡Ì Ì‡ ËÒ. 1. á‰ÂÒ¸ ‚ÂÍÚÓ˚ ‚Â˘ÂÒÚ‚ÂÌ-
ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ‚ÓÁÏÛ˘ÂÌËfl Rep Ë Req fl‚Îfl˛ÚÒfl
ÒÓÔflÊÂÌÌ˚ÏË ‡‰ËÛÒ‡ÏË ˝ÎÎËÔÒ‡, ·Û‰Û˜Ë Ú‡ÌÒ-
ÙÓÏ‡ÌÚ‡ÏË ÒÓÔflÊÂÌÌ˚ı ‡‰ËÛÒÓ‚ 1x Ë 1y Â‰ËÌË˜-
ÌÓÈ ÓÍÛÊÌÓÒÚË. å˚ ‚Ë‰ËÏ, ̃ ÚÓ ̋ ÎÎËÔÒ ‚ÓÁÏÛ˘ÂÌËfl,
ÓÔÂ‰ÂÎfl˛˘ËÈ Á‡‚ËÒËÏÓÒÚ¸ „ÓËÁÓÌÚ‡Î¸Ì˚ı ‡ÌÓÏ‡-
ÎËÈ Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl ÓÚ Ì‡Ô‡‚ÎÂÌËfl, ÁÌ‡˜ËÚÂÎ¸ÌÓ
ÎÛ˜¯Â ÓÚ‡Ê‡ÂÚ “Ï‡„ÌËÚÌÛ˛ ‡ÌËÁÓÚÓÔË˛”, ˜ÂÏ
‚ÂÍÚÓ˚ ‚ÓÁÏÛ˘ÂÌËfl. ÅÓÎ¸¯‡fl Ë Ï‡Î‡fl ÓÒË ˝ÎÎËÔÒ‡
‰‡˛Ú ÔÂ‰ÒÚ‡‚ÎÂÌËÂ Ó Ï‡ÍÒËÏ‡Î¸ÌÓÈ Ë ÏËÌËÏ‡Î¸ÌÓÈ
ËÌÚÂÌÒË‚ÌÓÒÚË „ÓËÁÓÌÚ‡Î¸Ì˚ı ‡ÌÓÏ‡ÎËÈ Ï‡„ÌËÚÌÓ-
„Ó ÔÓÎfl. ÅÓÎÂÂ ÚÓ„Ó, ·ÓÎ¸¯‡fl ÓÒ¸ ̋ ÎÎËÔÒ‡, ·Û‰Û˜Ë ÔÓ-
‚ÂÌÛÚ‡ Ì‡ 90°, ı‡‡ÍÚÂËÁÛÂÚ Ì‡Ô‡‚ÎÂÌËÂ Ë ËÌÚÂÌ-
ÒË‚ÌÓÒÚ¸ Ï‡ÍÒËÏ‡Î¸ÌÓ„Ó ‡ÌÓÏ‡Î¸ÌÓ„Ó ÚÓÍ‡. 

ä‡ÌÓÌË˜ÂÒÍÓÂ Û‡‚ÌÂÌËÂ ‚Â˘ÂÒÚ‚ÂÌÌÓ„Ó ˝ÎÎËÔ-
Ò‡ Ï‡„ÌËÚÌÓ„Ó ‚ÓÁÏÛ˘ÂÌËfl ËÏÂÂÚ ‚Ë‰:

 (26)

„‰Â

c2 d2+( )U2 2 bd ac+( )UV +–

+ a2 b2+( )V2 ad bc–( )2,=

U '( )2

A2
------------ V '( )2

B2
------------+ 1,=

(27)
A

a2 b2 c2 d2+ + +
2

--------------------------------------- a2 b2 c2 d2+ + +( )2

4
---------------------------------------------- ad bc–( )2–+ ,=

B
a2 b2 c2 d2+ + +

2
--------------------------------------- a2 b2 c2 d2+ + +( )2

4
---------------------------------------------- ad bc–( )2–– ,=

ÒÛÚ¸ ·ÓÎ¸¯‡fl Ë Ï‡Î‡fl ÔÓÎÛÓÒË ˝ÎÎËÔÒ‡. ç‡ÍÎÓÌ ·ÓÎ¸¯ÓÈ ÓÒË ˝ÎÎËÔÒ‡ ÓÔÂ‰ÂÎflÂÚÒfl Í‡Í

(28)αtg
c2 d2 a2– b2– 2 ac bd+( )– a2 b2 c2 d2+ + +( )2

4 ad bc–( )2–+ +

c2 d2 a2– b2– 2 ac bd+( ) a2 b2 c2 d2+ + +( )2
4 ad bc–( )2––+ +

------------------------------------------------------------------------------------------------------------------------------------------------------------------.=

Ç ‰‚ÛÏÂÌÓÈ ÏÓ‰ÂÎË Ò ÔÓÒÚË‡ÌËÂÏ ÔÓ ÓÒË x
ËÏÂÂÏ a = b = c = 0, ÓÚÍÛ‰‡ A = d = ReSyy, B = 0 Ë α =
= π/2. á‰ÂÒ¸ ‚Â˘ÂÒÚ‚ÂÌÌ˚È ˝ÎÎËÔÒ Ï‡„ÌËÚÌÓ„Ó ‚ÓÁ-
ÏÛ˘ÂÌËfl ‚˚ÓÊ‰‡ÂÚÒfl ‚ ÓÚÂÁÓÍ ÔflÏÓÈ ÎËÌËË, ÓË-
ÂÌÚËÓ‚‡ÌÌ˚È ÔÓ ÓÒË y, Ú.Â. ÌÓÏ‡Î¸ÌÓ Í ÔÓÒÚË‡-
ÌË˛ ÏÓ‰ÂÎË. 

ÄÌ‡ÎÓ„Ë˜ÌÓ ÒÚÓËÚÒfl ÏÌËÏ˚È ˝ÎÎËÔÒ Ï‡„ÌËÚÌÓ-
„Ó ‚ÓÁÏÛ˘ÂÌËfl, Ò‚flÁ‡ÌÌ˚È Ò ‚ÂÍÚÓ‡ÏË Imp Ë Imq.
ÑÎfl ˝ÚÓ„Ó ‚ (27) Ë (28) ‰ÓÒÚ‡ÚÓ˜ÌÓ ÔÓ‰ÒÚ‡‚ËÚ¸

a = ImSxx, b = ImSxy, c = ImSyx, d = ImSyy, (29)

Ç Í‡˜ÂÒÚ‚Â ÔËÏÂ‡ ‡ÒÒÏÓÚËÏ ̋ ÎÎËÔÒ˚ Ï‡„ÌËÚÌÓ-
„Ó ‚ÓÁÏÛ˘ÂÌËfl, ÔÓÎÛ˜ÂÌÌ˚Â ‚ ÏÓ‰ÂÎË ÚÂıÏÂÌÓ„Ó
„‡·ÂÌ‡, ‰ÎËÌ‡ ÍÓÚÓÓ„Ó ‚ 3 ‡Á‡ ·ÓÎ¸¯Â Â„Ó ¯ËË-

Ì˚. ùÚ‡ ÏÓ‰ÂÎ¸ ÔÓÍ‡Á‡Ì‡ Ì‡ ËÒ. 2. á‰ÂÒ¸ ËÌÚÂ„‡Î¸-
Ì‡fl ÔÓ‚Ó‰ËÏÓÒÚ¸ ÓÒ‡‰ÍÓ‚ ÏÂÌflÂÚÒfl ÓÚ 5 ëÏ ‚ÌÂ „‡-
·ÂÌ‡ ‰Ó 100 ëÏ ‚ „‡·ÂÌÂ. ç‡ ËÒ. 3 ÔË‚Â‰ÂÌ˚ Í‡-
Ú˚ ·ÓÎ¸¯Ëı Ë Ï‡Î˚ı ÓÒÂÈ ‚Â˘ÂÒÚ‚ÂÌÌ˚ı Ë ÏÌËÏ˚ı
˝ÎÎËÔÒÓ‚ Ì‡‰ IV Í‚‡‰‡ÌÚÓÏ „‡·ÂÌ‡ Ë ‚ Â„Ó ÓÍÂÒÚ-
ÌÓÒÚË. éÚÏÂÚËÏ ‰‚Â ÔËÏÂ˜‡ÚÂÎ¸Ì˚Â ÓÒÓ·ÂÌÌÓÒÚË
˝ÚËı Í‡Ú: 1) ·ÓÎ¸¯ËÂ ÓÒË ˝ÎÎËÔÒÓ‚ ‚ÓÁÏÛ˘ÂÌËfl
“Ó·ÚÂÍ‡˛Ú” ·ÓÍÓ‚˚Â ÚÓˆ˚ „‡·ÂÌ‡, 2) ‚ ˆÂÌÚ‡Î¸-
ÌÓÈ ˜‡ÒÚË „‡·ÂÌ‡ ÓÌË Ì‡Ô‡‚ÎÂÌ˚ ÔÂÔÂÌ‰ËÍÛÎfl-
ÌÓ Í ÔÓÒÚË‡ÌË˛ „‡·ÂÌ‡. îËÁË˜ÂÒÍËÈ ÒÏ˚ÒÎ ˝ÚËı
ÓÒÓ·ÂÌÌÓÒÚÂÈ ÔÓflÒÌfl˛Ú Í‡Ú˚, Ì‡ ÍÓÚÓ˚ı ·ÓÎ¸-
¯ËÂ ÓÒË ̋ ÎÎËÔÒÓ‚ ‚ÓÁÏÛ˘ÂÌËfl ÔÓ‚ÂÌÛÚ˚ Ì‡ 90°, ı‡-
‡ÍÚÂËÁÛfl Ì‡Ô‡‚ÎÂÌËÂ Ë ËÌÚÂÌÒË‚ÌÓÒÚ¸ Ï‡ÍÒË-
Ï‡Î¸ÌÓ„Ó ‡ÌÓÏ‡Î¸ÌÓ„Ó ÚÓÍ‡ (ËÒ. 4). á‰ÂÒ¸ ÓÚ˜ÂÚÎË-
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êËÒ. 1. ÇÂÍÚÓ˚ Ï‡„ÌËÚÌÓ„Ó ‚ÓÁÏÛ˘ÂÌËfl Rep Ë Imp
fl‚Îfl˛ÚÒfl ÒÓÔflÊÂÌÌ˚ÏË ‡‰ËÛÒ‡ÏË ˝ÎÎËÔÒ‡ Ï‡„ÌËÚ-
ÌÓ„Ó ‚ÓÁÏÛ˘ÂÌËfl.
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‚Ó ‚Ë‰ÂÌ ˝ÙÙÂÍÚ Í‡Ì‡ÎËÓ‚‡ÌËfl ÚÓÍÓ‚: ‡ÍÚË‚Ì˚Â Ë
Â‡ÍÚË‚Ì˚Â ‡ÌÓÏ‡Î¸Ì˚Â ÚÓÍË ‚ÚÂÍ‡˛Ú ‚ „‡·ÂÌ Ë
ÍÓÌˆÂÌÚËÛ˛ÚÒfl ‚‰ÓÎ¸ Â„Ó ÔÓÒÚË‡ÌËfl. 

ëÇéâëíÇÄ ÑÇìåÖêçõï 
åÄÉçàíéÇÄêàÄñàéççõï îìçäñàâ 

éíäãàäÄ

ç‡ ËÒ. 5 ÔÂ‰ÒÚ‡‚ÎÂÌ˚ ÒÎÓËÒÚ˚Â „ÂÓ˝ÎÂÍÚË˜Â-
ÒÍËÂ ÏÓ‰ÂÎË ÚÂÍÚÓÌÓÒÙÂ˚, Óı‚‡Ú˚‚‡˛˘ËÂ ÚÂı-
ÒÎÓÈÌ˚È ÓÒ‡‰Ó˜Ì˚È ÔÓÍÓ‚ (

‰‚ÛÒÎÓÈÌÛ˛ ÁÂÏÌÛ˛ ÍÓÛ ( ) Ë ‰‚ÛÒÎÓÈ-

ÌÛ˛ Ï‡ÌÚË˛ ( ). ùÚË ÏÓ‰ÂÎË ÒÓ‰ÂÊ‡Ú
·ÂÒÍÓÌÂ˜ÌÓ ÔÓÚflÊÂÌÌ˚Â ‰‚ÛÏÂÌ˚Â ÒÚÛÍÚÛ˚ ‚
‚Ë‰Â ÔËÁÏ P1, P2 Ë P3 ‡ÁÎË˜ÌÓ„Ó ÔÓÒÚË‡ÌËfl. ì„Î˚
ÔÓÒÚË‡ÌËfl α' , α'' Ë α''' ÓÚÒ˜ËÚ˚‚‡˛ÚÒfl ÔÓ ˜‡ÒÓ‚ÓÈ
ÒÚÂÎÍÂ ÓÚ ÓÒË x. èËÁÏ‡ P1 ¯ËËÌ˚ w' Ë ÒÓÔÓÚË‚-
ÎÂÌËfl ρ' ‚ÍÎ˛˜ÂÌ‡ ‚ ‚˚ÒÓÍÓÓÏÌÛ˛ Ï‡ÌÚË˛ (ÒÎÓÈ

). éÌ‡ ËÏËÚËÛÂÚ ÌËÁÍÓÓÏÌ˚È ‡ÒÚÂÌÓÎËÚ. èËÁ-
Ï‡ P2 ¯ËËÌ˚ w'' Ë ÒÓÔÓÚË‚ÎÂÌËfl ρ'' ‚ÍÎ˛˜ÂÌ‡ ‚
‚˚ÒÓÍÓÓÏÌÛ˛ ÍÓÌÒÓÎË‰ËÓ‚‡ÌÌÛ˛ ÁÂÏÌÛ˛ ÍÓÛ
(ÒÎÓÈ ). éÌ‡ ËÏËÚËÛÂÚ ÌËÁÍÓÓÏÌÛ˛ ÁÓÌÛ „‡ÙË-
ÚËÁ‡ˆËË. èËÁÏ‡ P3 ¯ËËÌ˚ w''' Ë ÒÓÔÓÚË‚ÎÂÌËfl ρ'''
‚ÍÎ˛˜ÂÌ‡ ‚ ÌËÁÍÓÓÏÌ˚È ÓÒ‡‰Ó˜Ì˚È ÔÓÍÓ‚ (ÒÎÓÈ

). éÌ‡ ËÏËÚËÛÂÚ ‚˚ÒÓÍÓÓÏÌ˚È „ÓÒÚ. í‡ÍËÏ Ó·-

ρ1' , h1' ; ρ1'', h1''; ρ1''', h1''' ),

ρ2' , h2' ; ρ2'', h2''

ρ3' , h3' ; ρ3'', h3''

ρ3'

ρ2'

ρ1'

‡ÁÓÏ, ËÏÂÂÏ ‰‚ÛÏÂÌ˚Â ÏÓ‰ÂÎË {P1}, {P2}, {P3} Ë Ëı
ÚÂıÏÂÌ˚Â ÒÛÔÂÔÓÁËˆËË {P1P2}, {P1P2P3}. 

ç‡ ËÒ. 6 ËÁÓ·‡ÊÂÌ˚ ÔÒÂ‚‰ÓÂÎ¸ÂÙ˚ ÌÓÏ ÚËÔ-
ÔÂÓ‚ Ë „ÓËÁÓÌÚ‡Î¸Ì˚ı Ï‡„ÌËÚÌ˚ı ÚÂÌÁÓÓ‚ ||W||,
||Sz|| Ë ||M||, ||Sτ||, ‚˚˜ËÒÎÂÌÌ˚ı ‚ ÏÓ‰ÂÎË {P1P2P3} ÔÓ
ÙÓÏÛÎ‡Ï (5), (19) Ë (9), (16). ùÚ‡ ÚÂıÏÂÌ‡fl ÏÌÓ„Ó-
flÛÒÌ‡fl ÏÓ‰ÂÎ¸ ‰ÂÏÓÌÒÚËÛÂÚ fl‰ ‚‡ÊÌ˚ı Ò‚ÓÈÒÚ‚
Ï‡„ËÚÓ‚‡Ë‡ˆËÓÌÌ˚ı ÙÛÌÍˆËÈ ÓÚÍÎËÍ‡.

ê‡ÒÒÏ‡ÚË‚‡fl ÔÒÂ‚‰ÓÂÎ¸ÂÙ˚ ÌÓÏ ||W||, ||Sz|| Ë
||M||, ||Sτ||, Ï˚ ‚˚‰ÂÎflÂÏ ÔÂËÓ‰˚ í = 0.1 Ò, 20 Ò, 100 Ò
Ë 10000 Ò, Ì‡ ÍÓÚÓ˚ı ‰ÓÏËÌËÛ˛Ú ÓÚ‰ÂÎ¸Ì˚Â
ÒÚÛÍÚÛ˚. í‡Í, ÔË í = 0.1 Ò ÔÒÂ‚‰ÓÂÎ¸ÂÙ˚ ||W||,
||Sz|| Ë ||M||, ||Sτ|| ÓÚ‡Ê‡˛Ú “˜ËÒÚ˚È” ‰‚ÛÏÂÌ˚È ˝Ù-
ÙÂÍÚ „ÓÒÚ‡ P3. ë ÔÓÌËÊÂÌËÂÏ ˜‡ÒÚÓÚ˚ ˝ÚÓÚ ÔËÔÓ-
‚ÂıÌÓÒÚÌ˚È ˝ÙÙÂÍÚ Á‡ÚÛı‡ÂÚ, ÛÒÚÛÔ‡fl ÏÂÒÚÓ „ÎÛ-
·ËÌÌ˚Ï ˝ÙÙÂÍÚ‡Ï. Ç ËÌÚÂ‚‡ÎÂ ÔÂËÓ‰Ó‚ í = 20–
100 Ò ÓÚ˜ÂÚÎË‚Ó ÔÓfl‚ÎflÂÚÒfl ‰‚ÛÏÂÌ˚È ̋ ÙÙÂÍÚ ÁÓ-
Ì˚ „‡ÙËÚËÁ‡ˆËË P2 ÔË ËÒ˜ÂÁ‡˛˘ÂÏ ̋ ÙÙÂÍÚÂ „Ó-
ÒÚ‡ P3 Ë ·ÓÎÂÂ ËÎË ÏÂÌÂÂ ÒÎ‡·ÓÏ ̋ ÙÙÂÍÚÂ ‡ÒÚÂÌÓÎË-
Ú‡ P1. à, Ì‡ÍÓÌÂˆ, Ì‡ ÔÂËÓ‰Â í = 10000 Ò Ï˚ ËÏÂÂÏ
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IIIIV

20 ÍÏ

60
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êËÒ. 2. åÓ‰ÂÎ¸ ÚÂıÏÂÌÓ„Ó „‡·ÂÌ‡.
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êËÒ. 3. ä‡Ú˚ ·ÓÎ¸¯Ëı Ë Ï‡Î˚ı ÓÒÂÈ ˝ÎÎËÔÒÓ‚ Ï‡„-
ÌËÚÌÓ„Ó ‚ÓÁÏÛ˘ÂÌËfl Ì‡‰ IV Í‚‡‰‡ÌÚÓÏ „‡·ÂÌ‡ Ë Â„Ó
ÓÍÂÒÚÌÓÒÚ¸˛, í = 10 Ò; (a) – ‚Â˘ÂÒÚ‚ÂÌÌ˚È ˝ÎÎËÔÒ;
(·) – ÏÌËÏ˚È ˝ÎÎËÔÒ.

(a)

(·)
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ÅÂ‰Ë˜Â‚ÒÍËÈ Ë ‰.

ÏÓ˘Ì˚È ‰‚ÛÏÂÌ˚È ˝ÙÙÂÍÚ ‡ÒÚÂÌÓÎËÚ‡ P1 ÔË ËÒ-
˜ÂÁ‡˛˘ÂÏ ̋ ÙÙÂÍÚÂ ÁÓÌ˚ „‡ÙËÚËÁ‡ˆËË P2. ä‡Ê‰‡fl
ËÁ ÒÚÛÍÚÛ Á‡ÌËÏ‡ÂÚ Ò‚ÓÂ ÏÂÒÚÓ Ì‡ ¯Í‡ÎÂ ÔÂËÓ-
‰Ó‚. ëÓÁ‰‡ÂÚÒfl ‚ÔÂ˜‡ÚÎÂÌËÂ, ˜ÚÓ Á‰ÂÒ¸ ‰ÂÈÒÚ‚ÛÂÚ
“ÔËÌˆËÔ ÌÂÁ‡‚ËÒËÏÓÈ ÒÛÔÂÔÓÁËˆËË ÒÚÛÍÚÛ”:
·Î‡„Ó‰‡fl ÒÎ‡·˚Ï „‡Î¸‚‡ÌË˜ÂÒÍËÏ Ë ËÌ‰ÛÍˆËÓÌ-
Ì˚Ï Ò‚flÁflÏ ÏÂÊ‰Û ÒÚÛÍÚÛ‡ÏË ÒÛÏÏ‡Ì˚È ̋ ÙÙÂÍÚ
ÒÚÛÍÚÛ ÔË·ÎËÁËÚÂÎ¸ÌÓ ‡‚ÂÌ ÒÛÏÏÂ ˝ÙÙÂÍÚÓ‚,
ÔÓÓÊ‰‡ÂÏ˚ı Í‡Ê‰ÓÈ ËÁ ÒÚÛÍÚÛ ÔÓÓÁÌ¸. 

ç‡ Í‡Ú‡ı ÔÒÂ‚‰ÓÂÎ¸ÂÙÓ‚ ‚Ë‰Ì˚ ÒÎÂ‰Û˛˘ËÂ
Ò‚ÓÈÒÚ‚‡ Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ˚ı ÙÛÌÍˆËÈ ÓÚÍÎËÍ‡.

1. Ç ËÌÚÂ‚‡ÎÂ ÔÂËÓ‰Ó‚, Ì‡ ÍÓÚÓ˚ı ‰ÓÏËÌË-
ÛÂÚ Ú‡ ËÎË ËÌ‡fl ‰‚ÛÏÂÌ‡fl ÒÚÛÍÚÛ‡, ÔÓÒÚË‡-
ÌËÂ ÔÒÂ‚‰ÓÂÎ¸ÂÙÓ‚ ||W||, ||Sz|| Ë ||M||, ||Sτ|| Ô‡ÍÚË˜Â-
ÒÍË ÒÓ‚Ô‡‰‡ÂÚ Ò ÔÓÒÚË‡ÌËÂÏ ‡ÌÓÏ‡ÎËÂÓ·‡ÁÛ˛-
˘Ëı ÒÚÛÍÚÛ. 

2. ÇÂÌÂÏÒfl Í ËÌÚÂ‚‡ÎÛ ÔÂËÓ‰Ó‚ í = 20–100 Ò.
èË T = 20 Ò ÔÒÂ‚‰ÓÂÎ¸ÂÙ˚ ||M||, ||Sτ|| „ÓËÁÓÌÚ‡Î¸-
Ì˚ı Ï‡„ÌËÚÌ˚ı ÚÂÌÁÓÓ‚ ÓÚ˜ÂÚÎË‚Ó ÓÚ‡Ê‡˛Ú ÍÓ-
Ó‚Û˛ ÁÓÌÛ „‡ÙËÚËÁ‡ˆËË P2. Ç ÚÓ ÊÂ ‚ÂÏfl Ì‡ ÔÒÂ‚-
‰ÓÂÎ¸ÂÙ‡ı ||W||, ||Sz|| ÚËÔÔÂÓ‚ Ì‡fl‰Û Ò ‰ÓÏËÌËÛ-
˛˘ÂÈ ÁÓÌÓÈ „‡ÙËÚËÁ‡ˆËË P2 ‚Ë‰Ì˚ ÔËÁÌ‡ÍË
‡ÒÚÂÌÓÎËÚ‡ P1. èË í = 100 Ò Ì‡ ÔÒÂ‚‰ÓÂÎ¸ÂÙ‡ı
||M||, ||Sτ|| ‚ÓÁÌËÍ‡˛Ú ‡ÁÎË˜ËÏ˚Â ÔËÁÌ‡ÍË ‡ÒÚÂÌÓ-
ÎËÚ‡ P1, ‡ Ì‡ ÔÒÂ‚‰ÓÂÎ¸ÂÙ‡ı ||W||, ||Sz|| ˝ÚË ÔËÁÌ‡ÍË
ÒÚ‡ÌÓ‚flÚÒfl ‚ÔÓÎÌÂ ‚˚‡ÁËÚÂÎ¸Ì˚ÏË. é˜Â‚Ë‰ÌÓ, ̃ ÚÓ
ÚËÔÔÂ˚ ËÏÂ˛Ú ÔÓ‚˚¯ÂÌÌÛ˛ ˜Û‚ÒÚ‚ËÚÂÎ¸ÌÓÒÚ¸ Í
„ÎÛ·ËÌÌ˚Ï ÒÚÛÍÚÛ‡Ï.

3. ç‡ ÌËÁÍËı ˜‡ÒÚÓÚ‡ı (í = 100–10000 Ò) ÔÒÂ‚‰Ó-
ÂÎ¸ÂÙ˚ ||M||, ||Sτ|| „ÓËÁÓÌÚ‡Î¸Ì˚ı Ï‡„ÌËÚÌ˚ı ÚÂÌ-
ÁÓÓ‚ ËÏÂ˛Ú Ò„Î‡ÊÂÌÌÛ˛ ÙÓÏÛ, ı‡‡ÍÚÂÌÛ˛ ‰Îfl
‰ËÙÙÛÁËÓÌÌ˚ı ÔÓÎÂÈ – ÓÌË ÒÓÒÚÓflÚ ËÁ Ó‰ËÌÓ˜ÌÓ„Ó
ıÂ·Ú‡, ÍÓÚÓ˚È ‚ÓÁ‚˚¯‡ÂÚÒfl Ì‡‰ ÒÂÂ‰ËÌÓÈ ÒÚÛÍ-
ÚÛ˚, ‡ Â„Ó ÒÍÎÓÌ˚ ‡ÒÔÓÒÚ‡Ìfl˛ÚÒfl ‰‡ÎÂÍÓ Á‡
ÔÂ‰ÂÎ˚ ÒÚÛÍÚÛ˚. Ç ÚÓ ÊÂ ‚ÂÏfl ÔÒÂ‚‰ÓÂÎ¸ÂÙ˚
||W||, ||Sz|| ÚËÔÔÂÓ‚ ÒÓÒÚÓflÚ ËÁ ‰‚Ûı Ô‡‡ÎÎÂÎ¸Ì˚ı
ıÂ·ÚÓ‚, ‚ÓÁ‚˚¯‡˛˘ËıÒfl Ì‡‰ Í‡flÏË ÒÚÛÍÚÛ˚.
ùÚË ıÂ·Ú˚ ‡Á‰ÂÎÂÌ˚ „ÎÛ·ÓÍÓÈ ‰ÓÎËÌÓÈ, ÎÂÊ‡˘ÂÈ
Ì‡‰ ÒÂÂ‰ËÌÓÈ ÒÚÛÍÚÛ˚. å˚ ÏÓÊÂÏ ÒÍ‡Á‡Ú¸, ˜ÚÓ
ÚËÔÔÂ˚ ‰‡˛Ú “‚ÂÚËÍ‡Î¸ÌÛ˛ ÔÓÂÍˆË˛” Í‡Â‚
ÒÚÛÍÚÛ˚ Ì‡ ÁÂÏÌÛ˛ ÔÓ‚ÂıÌÓÒÚ¸. á‰ÂÒ¸ ¯ËËÌ‡
ÒÚÛÍÚÛ˚ ÓÔÂ‰ÂÎflÂÚÒfl Ò ‰ÓÒÚ‡ÚÓ˜ÌÓÈ ÚÓ˜ÌÓÒÚ¸˛.
é˜Â‚Ë‰ÌÓ, ˜ÚÓ ÚËÔÔÂ˚, ÓÚ‡Ê‡˛˘ËÂ ‡ÒËÏÏÂÚË˛
ËÁ·˚ÚÓ˜Ì˚ı ÚÓÍÓ‚, ÁÌ‡˜ËÚÂÎ¸ÌÓ ÎÛ˜¯Â ‡ÁÂ¯‡˛Ú
„ÓËÁÓÌÚ‡Î¸Ì˚Â ËÁÏÂÌÂÌËfl „ÎÛ·ËÌÌÓÈ ˝ÎÂÍÚÓÔÓ-
‚Ó‰ÌÓÒÚË, ̃ ÂÏ „ÓËÁÓÌÚ‡Î¸Ì˚Â Ï‡„ÌËÚÌ˚Â ÚÂÌÁÓ˚.

4. èÒÂ‚‰ÓÂÎ¸ÂÙ˚ ||W||, ||Sz|| ÚËÔÔÂÓ‚ ÇËÁÂ-è‡-
ÍËÌÒÓÌ‡ Ë òÏÛÍÂ‡ ·ÎËÁÍË ‰Û„ Í ‰Û„Û. ùÚÓ Ó·˙flÒ-
ÌflÂÚÒfl ÚÂÏ, ˜ÚÓ ‚ ‡ÒÒÏ‡ÚË‚‡ÂÏÓÈ ÏÓ‰ÂÎË „ÓËÁÓÌ-
Ú‡Î¸Ì˚Â ÍÓÏÔÓÌÂÌÚ˚ ‡ÌÓÏ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl
ÁÌ‡˜ËÚÂÎ¸ÌÓ ÏÂÌ¸¯Â ÌÓÏ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl.

êÄáãéÜÖçàÖ åÄÉçàíéÇÄêàÄñàéççõï 
îìçäñàâ éíäãàäÄ

Ç ÔÂ‰˚‰Û˘ÂÏ ‡Á‰ÂÎÂ Ï˚ ÔÂ‰ÔÓÎÓÊËÎË, ˜ÚÓ ‚
ÏÌÓ„ÓflÛÒÌÓÈ ÏÓ‰ÂÎË, ÒÓ‰ÂÊ‡˘ÂÈ ÚË ‰‚ÛÏÂÌ˚Â
ÒÚÛÍÚÛ˚ (Ï‡ÌÚËÈÌ˚È ‡ÒÚÂÌÓÎËÚ P1, ÍÓÓ‚Û˛ ÁÓÌÛ
„‡ÙËÚËÁ‡ˆËË P2, „ÓÒÚ P3), ‰ÂÈÒÚ‚ÛÂÚ “ÔËÌˆËÔ ÒÛ-
ÔÂÔÓÁËˆËË ÒÚÛÍÚÛ”, Ú.Â. ̃ ÚÓ ÒÛÏÏ‡Ì˚È Ï‡„ÌËÚÓ-
‚‡Ë‡ˆËÓÌÌ˚È ˝ÙÙÂÍÚ ‚ÒÂı ÚÂı ÒÚÛÍÚÛ ÔË·ÎË-
ÊÂÌÌÓ ‡‚ÂÌ ÒÛÏÏÂ ˜‡ÒÚÌ˚ı ˝ÙÙÂÍÚÓ‚ Í‡Ê‰ÓÈ
ÒÚÛÍÚÛ˚. íÂÔÂ¸ Ï˚ ÓˆÂÌËÏ ÚÓ˜ÌÓÒÚ¸ Ú‡ÍÓ„Ó ÔË-
·ÎËÊÂÌËfl, ËÏÂ˛˘Â„Ó ÏÂÒÚÓ ÔË ÒÎ‡·ÓÈ ÍÓÌ‰ÛÍÚË‚-
ÌÓÈ Ë ËÌ‰ÛÍÚË‚ÌÓÈ Ò‚flÁË ÏÂÊ‰Û ÒÚÛÍÚÛ‡ÏË. ç‡
˝ÚÓÏ ÔÛÚË Ï˚ ‡ÒÒÏÓÚËÏ ÚË Á‡‰‡˜Ë Ó ‡ÁÎÓÊÂÌËË
Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ˚ı ÙÛÌÍˆËÈ ÓÚÍÎËÍ‡ ÔË ÛÒÎÓ-
‚ËË ‰ÓÒÚ‡ÚÓ˜ÌÓ ÒÎ‡·Ó„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÒÚÛÍÚÛ Ë
‰ÓÒÚ‡ÚÓ˜ÌÓ ·ÓÎ¸¯Ó„Ó ‡ÁÎË˜Ëfl ‚ Ëı ÔÓÒÚË‡ÌËË. 

á‡‰‡˜‡ 1 – ‡ÁÎÓÊÂÌËÂ Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ˚ı
ÙÛÌÍˆËÈ ÓÚÍÎËÍ‡ ‚ ÏÓ‰ÂÎË {P1P2P3}, ÒÓ‰ÂÊ‡˘ÂÈ 3
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5

0
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ÍÏ

0.4
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0
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0.4

IV

IV

êËÒ. 4. ç‡ ̋ ÚËı Í‡Ú‡ı ·ÓÎ¸¯ËÂ ÓÒË ̋ ÎÎËÔÒÓ‚ Ï‡„ÌËÚÌÓ„Ó
‚ÓÁÏÛ˘ÂÌËfl ÔÓ‚ÂÌÛÚ˚ Ì‡ 90°, ı‡‡ÍÚÂËÁÛfl Ì‡Ô‡‚ÎÂ-
ÌËÂ Ë ËÌÚÂÌÒË‚ÌÓÒÚ¸ Ï‡ÍÒËÏ‡Î¸ÌÓ„Ó ‡ÌÓÏ‡Î¸ÌÓ„Ó ÚÓÍ‡ ‚
„‡·ÂÌÂ Ë Â„Ó ÓÍÂÒÚÌÓÒÚË, í = 10 Ò: (a) – ‚Â˘ÂÒÚ‚ÂÌÌ˚È
˝ÎÎËÔÒ, (·) – ÏÌËÏ˚È ˝ÎÎËÔÒ.

(a)

(·)
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‰‚ÛÏÂÌ˚Â ÒÚÛÍÚÛ˚ P1, P2 Ë P3. ùÚË ÒÚÛÍÚÛ˚,
ÔÓÍ‡Á‡ÌÌ˚Â Ì‡ ËÒ. 5, ÓÚÓÊ‰ÂÒÚ‚Îfl˛ÚÒfl Ò ‡ÒÚÂÌÓÎË-
ÚÓÏ, ÁÓÌÓÈ „‡ÙËÚËÁ‡ˆËË Ë „ÓÒÚÓÏ. á‡‰‡˜‡ 1 ÙÓ-
ÏÛÎËÛÂÚÒfl ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ. Ç ÂÁÛÎ¸Ú‡ÚÂ ÒËÌ-
ıÓÌÌ˚ı Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ˚ı Ì‡·Î˛‰ÂÌËÈ Ì‡È‰Â-
Ì‡ Ï‡ÚËˆ‡ [Sτ] „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó ÚÂÌÁÓ‡ òÏÛÍÂ‡,
ÓÔÂ‰ÂÎfl˛˘‡fl ÒÛÏÏ‡Ì˚È ˝ÙÙÂÍÚ ‰‚ÛÏÂÌ˚ı
ÒÚÛÍÚÛ P1, P2 Ë P3. å‡ÚËˆ‡ [Sτ] ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl

Í‡Í ËÒıÓ‰Ì‡fl. ç‡‰Ó Ì‡ÈÚË a) ˜‡ÒÚÌÛ˛ Ï‡ÚËˆÛ 
ÓÔÂ‰ÂÎfl˛˘Û˛ ˝ÙÙÂÍÚ ÒÚÛÍÚÛ˚ P1 ‚ ÓÚÒÛÚÒÚ‚ËÂ

ÒÚÛÍÚÛ P2 Ë P3, ·) ˜‡ÒÚÌÛ˛ Ï‡ÚËˆÛ  ÓÔÂ‰Â-
Îfl˛˘Û˛ ˝ÙÙÂÍÚ ÒÚÛÍÚÛ˚ P2 ‚ ÓÚÒÛÚÒÚ‚ËÂ ÒÚÛÍ-

ÚÛ P1 Ë P3, ‚) ˜‡ÒÚÌÛ˛ Ï‡ÚËˆÛ  ÓÔÂ‰ÂÎfl˛-
˘Û˛ ˝ÙÙÂÍÚ ÒÚÛÍÚÛ˚ P3 ‚ ÓÚÒÛÚÒÚ‚ËÂ ÒÚÛÍÚÛ P1

Ë P2. á‡‰‡˜‡ Â¯‡ÂÚÒfl ‚ ÌÂÒÍÓÎ¸ÍÓ ˝Ú‡ÔÓ‚.

Sτ'[ ],

Sτ''[ ],

Sτ'''[ ],

x

y

x

y

x

y

x

y

x

y

{P1P2P3} {P1P2}

{P1} {P2} {P3}

P3

P2

P1

P2

P1

P3

P2

P1

0
0.1

1

3

6

50

100
ÍÏ

0
0.1

1

3

6

50

100
ÍÏ

0
0.1

1

3

6

50

100
ÍÏ

0
0.1

1

3

6

50

100
ÍÏ

0
0.1

1

3

6

50

100
ÍÏ

ρ'1, h'1
ρ''1, h''1

ρ'''1, h'''1

ρ''2, h''2

ρ'2, h'2

ρ'3, h'3

ρ''3, h''3

êËÒ. 5. ÉÂÓ˝ÎÂÍÚË˜ÂÒÍËÂ ÏÓ‰ÂÎË {P1}, {P2}, {P3}, {P1P2}, {P1P2P3} ÚÂÍÚÓÌÓÒÙÂ˚, ÒÓ‰ÂÊ‡˘ËÂ Ó‰ËÌÓ˜Ì˚Â ‰‚ÛÏÂÌ˚Â
ÒÚÛÍÚÛ˚ P1, P2, P3 ‡ÁÎË˜ÌÓ„Ó ÔÓÒÚË‡ÌËfl Ë Ëı ÚÂıÏÂÌ˚Â ÒÛÔÂÔÓÁËˆËË P1 + P2, P1 + P2 + P3. è‡‡ÏÂÚ˚ ÌÓÏ‡Î¸ÌÓ„Ó

‡ÁÂÁ‡: ÓÒ‡‰Ó˜Ì˚È ÔÓÍÓ‚ –  = 10 éÏ Ï,  = 0.1 ÍÏ,  = 1000 éÏ Ï,  = = 0.9 ÍÏ,  = 100 éÏ Ï,  = 2 ÍÏ; ÁÂÏÌ‡fl

ÍÓ‡ –  =  1000 éÏ Ï,  = 3 ÍÏ,  = 1000 éÏ Ï,  = 44 ÍÏ; Ï‡ÌÚËfl –  = 1000 éÏ Ï,  = 50 ÍÏ;  = 20 éÏ Ï,  = ∞.

è‡‡ÏÂÚ˚ ÒÚÛÍÚÛ: P1 – α' = 0, w' = 300 ÍÏ, ρ' = 5 éÏ Ï. P2 – α'' = 135°, w'' = 100 ÍÏ, ρ'' = 6 éÏ Ï; P3 – α''' = 90°, w''' =  32 ÍÏ,
ρ'' = 1000 éÏ Ï.

ρ1' h1' ρ1'' h1'' ρ1''' h1'''

ρ2' h2' ρ2'' h2'' ρ3' h3' ρ3'' h3''
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êËÒ. 6. èÒÂ‚‰ÓÂÎ¸ÂÙ˚ ÌÓÏ ||W||, ||Sz|| Ë ||M||, ||Sτ|| Ï‡ÚËˆ ÚËÔÔÂÓ‚ Ë „ÓËÁÓÌÚ‡Î¸Ì˚ı Ï‡„ÌËÚÌ˚ı ÚÂÌÁÓÓ‚ ‚ ÏÓ-
‰ÂÎË {P1P2P3}, ËÁÓ·‡ÊÂÌÌÓÈ Ì‡ ËÒ. 5. òÍ‡Î˚ „ÓËÁÓÌÚ‡Î¸Ì˚ı ‡ÒÒÚÓflÌËÈ ‰‡Ì˚ ‚ ÍÏ.
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ç‡ ÔÂ‚ÓÏ ̋ Ú‡ÔÂ ÒÚÓflÚÒfl ÔÒÂ‚‰ÓÂÎ¸ÂÙ˚  ||Sτ||
Ë ‚ ·Î‡„ÓÔËflÚÌ˚ı ˜‡ÒÚÓÚÌ˚ı ËÌÚÂ‚‡Î‡ı Ì‡ıÓ‰flÚ-
Òfl Û„Î˚ ÔÓÒÚË‡ÌËfl α', α'' Ë α''' ÒÚÛÍÚÛ P1, P2 Ë P3,
ÓÚÒ˜ËÚ˚‚‡ÂÏ˚Â ÓÚ ÓÒË x ËÁÏÂËÚÂÎ¸ÌÓÈ ÒËÒÚÂÏ˚
ÍÓÓ‰ËÌ‡Ú xy. á‡ÚÂÏ ‚‚Ó‰flÚÒfl ˜‡ÒÚÌ˚Â ÒËÒÚÂÏ˚ ÍÓ-
Ó‰ËÌ‡Ú x'y', x''y'' Ë x'''y''', ‚ ÍÓÚÓ˚ı ÓÒË x', x'' Ë x''' Ì‡-
Ô‡‚ÎÂÌ˚ ÔÓ ÔÓÒÚË‡ÌË˛ ÒÚÛÍÚÛ. ëÓ„Î‡ÒÌÓ (22)
‚ ˝ÚËı ÍÓÓ‰ËÌ‡Ú‡ı ËÏÂÂÏ 

 (30)

ç‡ ‚ÚÓÓÏ ˝Ú‡ÔÂ ËÁÏÂËÚÂÎ¸Ì‡fl ÒËÒÚÂÏ‡ ÍÓÓ‰Ë-
Ì‡Ú xy ÔÓ‚Ó‡˜Ë‚‡ÂÚÒfl Ì‡ Û„ÓÎ α' Ë ÒÓ‚ÏÂ˘‡ÂÚÒfl Ò
˜‡ÒÚÌÓÈ ÒËÒÚÂÏÓÈ ÍÓÓ‰ËÌ‡Ú x'y'. Ç ÔÓ‚ÂÌÛÚÓÈ ÒË-
ÒÚÂÏÂ ÍÓÓ‰ËÌ‡Ú xy Û„Î˚ ÔÓÒÚË‡ÌËfl ÒÚÛÍÚÛ P1,
P2 Ë P3 ÓÔÂ‰ÂÎfl˛ÚÒfl Í‡Í 

(31)

‡ Ï‡ÚËˆ˚ [Sτ] Ë  ÔËÌËÏ‡˛Ú ‚Ë‰

(32)

ç‡ Á‡ÍÎ˛˜ËÚÂÎ¸ÌÓÏ ˝Ú‡ÔÂ Ï˚ ÔÂÌÂ·Â„‡ÂÏ ‚Á‡-
ËÏÓ‰ÂÈÒÚ‚ËÂÏ ÒÚÛÍÚÛ Ë ÔÓÎ‡„‡ÂÏ, ˜ÚÓ ÒÛÏÏ‡Ì‡fl

Ï‡„ÌËÚÌ‡fl ‡ÌÓÏ‡ÎËfl  ‡‚Ì‡ ÒÛÏÏÂ ˜‡ÒÚÌ˚ı Ï‡„-

ÌËÚÌ˚ı ‡ÌÓÏ‡ÎËÈ  Ç ˝ÚÓÏ ÔË-
·ÎËÊÂÌËË 

(33)

„‰Â Ò Û˜ÂÚÓÏ (32)

(34)

èË‡‚Ìfl‚ ÒËÏÏÂÚË˜ÌÛ˛ Ï‡ÚËˆÛ  Í ËÒıÓ‰-
ÌÓÈ Ï‡ÚËˆÂ [Sτ], ÔÓÎÛ˜ËÏ ÔÂÂÓÔÂ‰ÂÎÂÌÌÛ˛ ÒË-
ÒÚÂÏÛ ËÁ ˜ÂÚ˚Âı ÌÂÒÓ‚ÏÂÒÚÌ˚ı ÎËÌÂÈÌ˚ı Û‡‚ÌÂ-
ÌËÈ ‰Îfl ÚÂı ÌÂËÁ‚ÂÒÚÌ˚ı 

(35)

èËÏÂÌË‚ ÔËÌˆËÔ Ì‡ËÏÂÌ¸¯Ëı Í‚‡‰‡ÚÓ‚, Ò‚Â-
‰ÂÏ ˝ÚÛ ÒËÒÚÂÏÛ ÛÒÎÓ‚Ì˚ı Û‡‚ÌÂÌËÈ Í ÒËÒÚÂÏÂ ËÁ
ÚÂı ÌÓÏ‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ. Ç Ï‡ÚË˜ÌÓÏ ‚Ë‰Â
ËÏÂÂÏ

(36)

„‰Â

 

Sτ'[ ] 0 0

0 Sτ'
, Sτ''[ ] 0 0

0 Sτ''
,= =

Sτ'''[ ]
0 0

0 Sτ
'''

= ,

β ' α ' α '– 0, β '' α '' α ',–== =

β ''' α ''' α ',–=

Sτ'[ ], Sτ''[ ], Sτ'''[ ]

Sτ[ ] Sxx Sxy

Syx Syy

, Sτ' β '( )[ ] 0 0
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,= =

Sτ'' β ''( )[ ] Sτ''
β ''2sin β '' β ''cossin–

β '' β ''cossin– β ''2cos
,=

Sτ''' β '''( )[ ] Sτ'''
β '''2sin β ''' β '''cossin–

β ''' β '''cossin– β '''2cos
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Hτ
A

Hτ
A( ) ', Hτ

A( ) '', Hτ
A( ) '''.

Hτ
A Hτ

A( ) ' Hτ
A( ) '' Hτ

A( ) '''+ +=  =

=  Sτ' β '( )[ ]HN Sτ'' β ''( )[ ]HN Sτ''' β '''( )[ ]HN  =+ +

=  Sτ' β '( )[ ] Sτ'' β ''( )[ ] Sτ''' β '''( )[ ]+ +{ }HN S̃τ[ ]HN ,=

S̃τ[ ] Sτ' β '( )[ ] Sτ'' β ''( )[ ] Sτ''' β '''( )[ ]  =+ +=

=  
β ''2 Sτ''sin β '''2 Sτ'''sin+ β '' β ''Sτ''cossin– β '''sin β '''Sτ'''cos–

β '' β ''Sτ''cossin– β '''sin β '''Sτ'''cos– S ' β ''2 Sτ''cos β '''2 Sτ'''cos+ +
.

S̃τ[ ]

Sτ' , Sτ'', Sτ''':

Sτ'' β ''2sin Sτ''' β '''2sin+ Sxx,=

Sτ'' β '' β ''cossin Sτ''' β '''sin β '''cos+ Sxy,–=

Sτ'' β '' β ''cossin Sτ''' β '''sin β '''cos+ Syx,–=

S ' Sτ'' β ''2cos Sτ''' β '''2cos+ + Syy.=

1 k l

k 1 m

l m 1
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Sτ''
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,=

k β ''2 Acos Syy= =

l β '''2cos=
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m β ''' β ''–( )2cos=

C Sxx β '''2sin Sxy Syx+( ) ×–=

× β ''' β '''cossin Syy β '''2 .cos+
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ê‡ÁÂ¯‡fl ÌÓÏ‡Î¸Ì˚Â Û‡‚ÌÂÌËfl, Ì‡ıÓ‰ËÏ

(37)

èÓ‰ÒÚ‡‚Îflfl (37) ‚ (32), ÓÔÂ‰ÂÎflÂÏ ˜‡ÒÚÌ˚Â Ï‡Ú-

Ëˆ˚  Ë  ÒÛÏÏ‡  ÍÓÚÓ˚ı ÔË-
·ÎËÊ‡ÂÚÒfl Í ËÒıÓ‰ÌÓÈ Ï‡ÚËˆÂ [Sτ]. 

êËÒ. 7 ‰ÂÏÓÌÒÚËÛÂÚ ‡ÁÎÓÊÂÌËÂ Ï‡„ÌËÚÓ‚‡Ë‡-
ˆËÓÌÌ˚ı ÙÛÌÍˆËÈ ‚ ÏÓ‰ÂÎË {P1P2P3}, ËÁÓ·‡ÊÂÌ-
ÌÓÈ Ì‡ ËÒ. 5. á‰ÂÒ¸ ËÒıÓ‰Ì‡fl Ï‡ÚËˆ‡ [Sτ] ‡ÁÎ‡„‡ÂÚ-

Òfl Ì‡ ÚË ̃ ‡ÒÚÌ˚Â Ï‡ÚËˆ˚  å˚ ‚Ë-
‰ËÏ, ̃ ÚÓ ‚ ̄ ËÓÍÓÏ ËÌÚÂ‚‡ÎÂ ÔÂËÓ‰Ó‚ ÓÚ í = 0.1 Ò
‰Ó í = 1000 Ò ÔÒÂ‚‰ÓÂÎ¸ÂÙ˚  Ë  ̃ ‡ÒÚ-

Ì˚ı Ï‡ÚËˆ  Ë  ÔÓÎÛ˜ÂÌÌ˚ı ÔÛÚÂÏ
‡ÁÎÓÊÂÌËfl ËÒıÓ‰ÌÓÈ Ï‡ÚËˆ˚ [Sτ], ·ÎËÁÍË Í ÔÒÂ‚-

‰ÓÂÎ¸ÂÙ‡Ï  Ë  ˜‡ÒÚÌ˚ı Ï‡ÚËˆ

 Ë  ÔÓÎÛ˜ÂÌÌ˚ı ‚ ÏÓ‰ÂÎflı {P1}, {P2},
{P3} ÔÛÚÂÏ ÌÂÔÓÒÂ‰ÒÚ‚ÂÌÌÓ„Ó ‡Ò˜ÂÚ‡. ùÚÓ Ò‚Ë‰Â-
ÚÂÎ¸ÒÚ‚ÛÂÚ Ó ‰ÓÒÚ‡ÚÓ˜ÌÓÈ ÚÓ˜ÌÓÒÚË ‡ÁÎÓÊÂÌËfl.
å˚ Á‡ÍÎ˛˜‡ÂÏ, ˜ÚÓ ÔÒÂ‚‰ÓÂÎ¸ÂÙ ÌÓÏ˚ Í‡Ê‰ÓÈ
ËÁ ˜‡ÒÚÌ˚ı Ï‡ÚËˆ  Ë  ÓÚ‡Ê‡ÂÚ ‰Ó-
ÏËÌËÛ˛˘ÂÂ ‚ÎËflÌËÂ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÈ ‡ÌÓÏ‡ÎËÂ-
Ó·‡ÁÛ˛˘ÂÈ ÒÚÛÍÚÛ˚. í‡ÍËÏ Ó·‡ÁÓÏ, ËÌ‚ÂÒËfl
ÚÂıÏÂÌÓÈ Ï‡ÚËˆ˚ [Sτ] ÏÓÊÂÚ ·˚Ú¸ Ò‚Â‰ÂÌ‡ Í
ÚÂÏ ÌÂÁ‡‚ËÒËÏ˚Ï ËÌ‚ÂÒËflÏ ‰‚ÛÏÂÌ˚ı Ï‡ÚËˆ

 Ë 

á‡‰‡˜‡ 2 – ‡ÁÎÓÊÂÌËÂ Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ˚ı
ÙÛÌÍˆËÈ ÓÚÍÎËÍ‡ ‚ ÏÓ‰ÂÎË {P1P2}, ÒÓ‰ÂÊ‡˘ÂÈ 2
‰‚ÛÏÂÌ˚Â ÒÚÛÍÚÛ˚ P1 Ë P2, ËÏËÚËÛ˛˘ËÂ
‡ÒÚÂÌÓÎËÚ Ë ÍÓÓ‚Û˛ ÁÓÌÛ „‡ÙËÚËÁ‡ˆËË. á‡‰‡-
˜‡ 2 ÙÓÏÛÎËÛÂÚÒfl ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ. Ç Â-
ÁÛÎ¸Ú‡ÚÂ ÒËÌıÓÌÌ˚ı Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ˚ı Ì‡-
·Î˛‰ÂÌËÈ Ì‡È‰ÂÌ˚ Ï‡ÚËˆ˚ [Sτ] Ë [Sz] „ÓËÁÓÌ-
Ú‡Î¸ÌÓ„Ó ÚÂÌÁÓ‡ òÏÛÍÂ‡ Ë ÚËÔÔÂ‡ òÏÛÍÂ‡ ,
ÓÔÂ‰ÂÎfl˛˘ËÂ ÒÛÏÏ‡Ì˚Â ˝ÙÙÂÍÚ˚ ‰‚ÛÏÂÌ˚ı
ÒÚÛÍÚÛ P1 Ë P2. å‡ÚËˆ˚ [Sτ] Ë [Sz] ‡ÒÒÏ‡ÚË‚‡-
˛ÚÒfl Í‡Í ËÒıÓ‰Ì˚Â. ç‡‰Ó Ì‡ÈÚË a) ̃ ‡ÒÚÌ˚Â Ï‡ÚË-
ˆ˚  Ë  ÓÔÂ‰ÂÎfl˛˘ËÂ ˝ÙÙÂÍÚ ÒÚÛÍÚÛ-
˚ P1 ‚ ÓÚÒÛÚÒÚ‚ËÂ ÒÚÛÍÚÛ˚ P2, ·) ˜‡ÒÚÌ˚Â Ï‡Ú-

Ëˆ˚  Ë  ÓÔÂ‰ÂÎfl˛˘ËÂ ˝ÙÙÂÍÚ
ÒÚÛÍÚÛ˚ P2 ‚ ÓÚÒÛÚÒÚ‚ËÂ ÒÚÛÍÚÛ˚ P1. á‡‰‡˜‡ 2
Â¯‡ÂÚÒfl ÔÓ ÚÓÈ ÊÂ ÒıÂÏÂ, ˜ÚÓ Ë Á‡‰‡˜‡ 1.

Sτ'
A m2 1–( ) B k lm–( ) C l km–( )+ +

k2 l2 m2 2klm– 1–+ +
-------------------------------------------------------------------------------------,=

Sτ''
A k lm–( ) B l2 1–( ) C m kl–( )+ +

k2 l2 m2 2klm– 1–+ +
----------------------------------------------------------------------------------,=

Sτ'''
A l km–( ) B m kl–( ) C k2 1–( )+ +

k2 l2 m2 2klm– 1–+ +
-----------------------------------------------------------------------------------.=

Sτ'[ ], Sτ''[ ] Sτ'''[ ], S̃τ[ ]

Sτ'[ ], Sτ''[ ], Sτ'''[ ].

Sτ' , Sτ'' Sτ'''

Sτ'[ ], Sτ''[ ] Sτ'''[ ],

Sτ' , Sτ'' Sτ'''

Sτ'[ ], Sτ''[ ] Sτ'''[ ],

Sτ'[ ], Sτ''[ ] Sτ'''[ ]

Sτ'[ ], Sτ''[ ] Sτ'''[ ].

Sτ'[ ] Sz'[ ],

Sτ''[ ] Sz''[ ],

ç‡ ÔÂ‚ÓÏ ˝Ú‡ÔÂ ÒÚÓflÚÒfl ÔÒÂ‚‰ÓÂÎ¸ÂÙ˚ ||Sτ|| Ë
||Sz|| Ë ‚ ·Î‡„ÓÔËflÚÌ˚ı ˜‡ÒÚÓÚÌ˚ı ËÌÚÂ‚‡Î‡ı Ì‡ıÓ-
‰flÚÒfl Û„Î˚ ÔÓÒÚË‡ÌËfl α' Ë α'' ÒÚÛÍÚÛ P1 Ë P2, ÓÚ-
Ò˜ËÚ˚‚‡ÂÏ˚Â ÓÚ ÓÒË x ËÁÏÂËÚÂÎ¸ÌÓÈ ÒËÒÚÂÏ˚ ÍÓÓ-
‰ËÌ‡Ú xy. á‡ÚÂÏ ‚‚Ó‰flÚÒfl ˜‡ÒÚÌ˚Â ÒËÒÚÂÏ˚ ÍÓÓ‰Ë-
Ì‡Ú x'y' Ë x''y'', ‚ ÍÓÚÓ˚ı ÓÒË x' Ë x'' Ì‡Ô‡‚ÎÂÌ˚ ÔÓ
ÔÓÒÚË‡ÌË˛ ÒÚÛÍÚÛ. ëÓ„Î‡ÒÌÓ (22) ‚ ̋ ÚËı ÍÓÓ‰Ë-
Ì‡Ú‡ı ËÏÂÂÏ 

(38)

ç‡ ‚ÚÓÓÏ ˝Ú‡ÔÂ ËÁÏÂËÚÂÎ¸Ì‡fl ÒËÒÚÂÏ‡ ÍÓÓ‰Ë-
Ì‡Ú xy ÔÓ‚Ó‡˜Ë‚‡ÂÚÒfl Ì‡ Û„ÓÎ α' Ë ÒÓ‚ÏÂ˘‡ÂÚÒfl Ò
˜‡ÒÚÌÓÈ ÒËÒÚÂÏÓÈ ÍÓÓ‰ËÌ‡Ú x'y'. Ç ÔÓ‚ÂÌÛÚÓÈ ÒË-
ÒÚÂÏÂ ÍÓÓ‰ËÌ‡Ú xy Û„Î˚ ÔÓÒÚË‡ÌËfl ÒÚÛÍÚÛ P1 Ë
P2 ÓÔÂ‰ÂÎfl˛ÚÒfl Í‡Í 

β' = α' – α' = 0 β'' = α'' – α', (39)

‡ Ï‡ÚËˆ˚ [Sτ],  Ë [Sz],  ÔËÌË-
Ï‡˛Ú ‚Ë‰

(40)

ç‡ Á‡ÍÎ˛˜ËÚÂÎ¸ÌÓÏ ˝Ú‡ÔÂ Ï˚ ÔÂÌÂ·Â„‡ÂÏ ‚Á‡-
ËÏÓ‰ÂÈÒÚ‚ËÂÏ ÒÚÛÍÚÛ Ë ÔÓÎ‡„‡ÂÏ, ˜ÚÓ ÒÛÏÏ‡Ì˚Â

Ï‡„ÌËÚÌ˚Â ‡ÌÓÏ‡ÎËË  Ë Hz =  ‡‚Ì˚ ÒÛÏÏ‡Ï

˜‡ÒÚÌ˚ı Ï‡„ÌËÚÌ˚ı ‡ÌÓÏ‡ÎËÈ  Ë 
Ç ˝ÚÓÏ ÔË·ÎËÊÂÌËË 

(41)

Ë

 (42)

Sτ'[ ] 0 0

0 Sτ'
, Sτ''[ ] 0 0

0 Sτ''
,==

Sz'[ ] 0 Sz'[ ], Sz''[ ] 0 Sz''[ ],==

Sτ'[ ], Sτ''[ ] Sz'[ ], Sz''[ ]

Sτ[ ] Sxx Sxy

Syx Syy

,=

Sτ'[ ] 0 0

0 Sτ'
,=

Sτ''[ ] Sτ''
β ''2sin β '' β ''cossin–

β '' β ''cossin– β ''2cos
,=

Sz[ ] Szx Szy
, Sz'[ ] 0 Sz' ,= =

Sz''[ ] Sz'' β ''sin– β ''cos .=

Hτ
A Hz

A

Hτ
A( ) ', Hτ

A( ) '' Hz' ,Hz''.

Hτ
A Hτ

A( ) ' Hτ
A( ) ''+ Sτ'[ ]HN Sτ''[ ]HN  =+= =

=  Sτ'[ ] Sτ''[ ]+{ }HN S̃τ[ ]HN=

Hz Hz' Hz''+ Sz'[ ]HN Sz''[ ]HN  =+= =

=  Sz'[ ] Sz''[ ]+{ }HN S̃z[ ]HN ,=
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êËÒ. 7. ê‡ÁÎÓÊÂÌËÂ ËÒıÓ‰ÌÓÈ Ï‡ÚËˆ˚ [Sτ] „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÚÂÌÁÓ‡ òÏÛÍÂ‡ Ì‡ ÚË ˜‡ÒÚÌ˚Â Ï‡ÚËˆ˚

 Ë  ‚ ÏÓ‰ÂÎË {P1P2P3}, ËÁÓ·‡ÊÂÌÌÓÈ Ì‡ ËÒ. 5. òÍ‡Î˚ „ÓËÁÓÌÚ‡Î¸Ì˚ı ‡ÒÒÚÓflÌËÈ ‰‡Ì˚ ‚ ÍÏ.Sτ'[ ], Sτ''[ ] Sτ'''[ ]

à
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Ó‰
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fl 
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ÅÂ‰Ë˜Â‚ÒÍËÈ Ë ‰.

„‰Â Ò Û˜ÂÚÓÏ (39)

(43)

Ë

(44)

èË‡‚ÌË‚‡fl Ï‡ÚËˆ˚  Ë  Í ËÒıÓ‰Ì˚Ï
Ï‡ÚËˆ‡Ï [Sτ] Ë [Sz], ÔÓÎÛ˜‡ÂÏ Û‡‚ÌÂÌËfl, Ó·ÂÒÔÂ˜Ë-
‚‡˛˘ËÂ ‡ÁÎÓÊÂÌËÂ „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó ÚÂÌÁÓ‡ òÏÛ-
ÍÂ‡ Ë ÚËÔÔÂ‡ òÏÛÍÂ‡.

ç‡˜ÌÂÏ Ò ‡ÁÎÓÊÂÌËfl „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó ÚÂÌÁÓ-
‡ òÏÛÍÂ‡ [Sτ]. Ç ˝ÚÓÈ Á‡‰‡˜Â

(45)

ÓÚÍÛ‰‡ ÔÓÎÛ˜‡ÂÏ ÔÂÂÓÔÂ‰ÂÎÂÌÌÛ˛ ÒËÒÚÂÏÛ ËÁ ˜Â-
Ú˚Âı ÌÂÒÓ‚ÏÂÒÚÌ˚ı ÎËÌÂÈÌ˚ı Û‡‚ÌÂÌËÈ ‰Îfl ‰‚Ûı
ÌÂËÁ‚ÂÒÚÌ˚ı 

(46)

ë ÔÓÏÓ˘¸˛ Ì‡ËÏÂÌ¸¯Ëı Í‚‡‰‡ÚÓ‚ Ò‚Â‰ÂÏ ˝ÚÛ
ÒËÒÚÂÏÛ ÛÒÎÓ‚Ì˚ı Û‡‚ÌÂÌËÈ Í ÒËÒÚÂÏÂ ËÁ ‰‚Ûı ÌÓ-
Ï‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ. Ç Ï‡ÚË˜ÌÓÏ ‚Ë‰Â ËÏÂÂÏ 

(47)

„‰Â

 

ê‡ÁÂ¯‡fl ÌÓÏ‡Î¸Ì˚Â Û‡‚ÌÂÌËfl, Ì‡ıÓ‰ËÏ

 (48)

S̃τ[ ] Sτ'[ ] Sτ''[ ]  =+=

=  
Sτ'' β ''2sin Sτ'' β '' β ''cossin–

Sτ'' β '' β ''cossin– Sτ'' Sτ'' β ''2cos+

S̃z] Sz'[ ] Sz''[ ]+ Sz'' β ''Sz'sin– + Sz'' β ''cos= =

S̃τ[ ] S̃z[ ]

Sxx Sxy

Syx Syy

Sτ'' β ''2sin Sτ'' β '' β ''cossin–

Sτ'' β '' β ''cossin– Sτ' Sτ'' β ''2cos+
,=

Sτ' ,Sτ'':

Sτ'' β ''2sin Sxx,=

Sτ'' β '' β ''cossin Sxy,–=

Sτ'' β '' β ''cossin Syx,–=

Sτ' Sτ'' β ''2cos+ Syy.=

1 k

k 1

Sτ'

Sτ''

A

B
,=

k β ''2 Acos Syy= =

B Sxx β ''2 Sxy Syx+( ) β '' β ''cossin Syy β ''2 .cos+–sin=

Sτ'
A– Bk+

k2 1–
---------------------= , Sτ''

Ak B–

k2 1–
----------------.=

èÓ‰ÒÚ‡ÌÓ‚Í‡ (48) ‚ (40) ‰‡ÂÚ ˜‡ÒÚÌ˚Â Ï‡ÚËˆ˚

 Ë  ÒÛÏÏ‡  ÍÓÚÓ˚ı ÔË·ÎËÊ‡ÂÚÒfl Í
ËÒıÓ‰ÌÓÈ Ï‡ÚËˆÂ [Sτ]:

(49)

èÂÂÈ‰ÂÏ Í ‡ÁÎÓÊÂÌË˛ ÚËÔÔÂ‡ òÏÛÍÂ‡ [Sz].
Ç ˝ÚÓÈ Á‡‰‡˜Â

(50)

ÓÚÍÛ‰‡ ÔÓÎÛ˜‡ÂÏ ÒËÒÚÂÏÛ ËÁ ‰‚Ûı ÎËÌÂÈÌ˚ı Û‡‚-
ÌÂÌËÈ ‰Îfl ‰‚Ûı ÌÂËÁ‚ÂÒÚÌ˚ı 

(51)

êÂ¯Ë‚ ˝ÚË Û‡‚ÌÂÌËfl, ËÏÂÂÏ

(52)

èÓ‰ÒÚ‡ÌÓ‚Í‡ (52) ‚ (40) ‰‡ÂÚ ˜‡ÒÚÌ˚Â Ï‡ÚËˆ˚

(53)

ÒÛÏÏ‡  ÍÓÚÓ˚ı ‡‚Ì‡ ËÒıÓ‰ÌÓÈ Ï‡ÚËˆÂ [Sz].
ÇÂÌÂÏÒfl Í ÏÓ‰ÂÎË {P1P2}, ËÁÓ·‡ÊÂÌÌÓÈ Ì‡

ËÒ. 5. èÛÒÚ¸ ‚ ̋ ÚÓÈ ÏÓ‰ÂÎË Á‡‰‡Ì˚ ËÒıÓ‰Ì˚Â Ï‡ÚË-
ˆ˚ [Sτ] Ë [Sz]. ê‡ÁÎÓÊÂÌËÂ Ï‡ÚËˆ [Sτ], [Sz] Ì‡ ˜‡ÒÚ-

Ì˚Â Ï‡ÚËˆ˚  Ë  ÔÓÍ‡Á‡ÌÓ Ì‡
ËÒ. 8 Ë ËÒ. 9. á‰ÂÒ¸ ‚ ËÌÚÂ‚‡ÎÂ ÔÂËÓ‰Ó‚ ÓÚ ÓÚ
í = 100 Ò ‰Ó í = 10000 Ò ÔÒÂ‚‰ÓÂÎ¸ÂÙ˚ Ï‡ÚËˆ

 Ë  ÔÓÎÛ˜ÂÌÌ˚ı ‚ ÏÓ‰ÂÎË {P1P2}
Ò ÔÓÏÓ˘¸˛ (49) Ë (53), ·ÎËÁÍË Í ÔÒÂ‚‰ÓÂÎ¸ÂÙ‡Ï

Ï‡ÚËˆ  Ë  ÔÓÎÛ˜ÂÌÌ˚ı ‚ ÏÓ‰Â-
Îflı{P1}, {P2} ÔÛÚÂÏ ÌÂÔÓÒÂ‰ÒÚ‚ÂÌÌÓ„Ó ‡Ò˜ÂÚ‡.
ùÚÓ Ò‚Ë‰ÂÚÂÎ¸ÒÚ‚ÛÂÚ Ó ‰ÓÒÚ‡ÚÓ˜ÌÓÈ ÚÓ˜ÌÓÒÚË ‡ÁÎÓ-
ÊÂÌËfl. å˚ Á‡ÍÎ˛˜‡ÂÏ, ˜ÚÓ ÔÒÂ‚‰ÓÂÎ¸ÂÙ ÌÓÏ˚

Sτ'[ ] Sτ''[ ], S̃τ[ ]

Sτ'[ ] A– Bk+

k2 1–
--------------------- 0 0

0 1
,=

Sτ''[ ] Ak B–

k2 1–
---------------- β ''2sin β '' β ''cossin–

β '' β ''cossin– β ''2cos
.=

Szx Szy Sz''– β ''sin Sz' Sz'' β ''cos+ ,=

Sz' ,Sz'':

Sz'' β ''sin Szx,–=

Sz' Sz'' β ''cos+ Szy.=

Sz' Szx β ''ctg Szy, Sz''+ Szx/ β ''.sin–= =

Sz'[ ] 0 Szx β ''ctg Szy+ ,=

Sz''[ ] Szx Szx β ''ctg– .=

S̃z[ ]

Sτ'[ ], Sτ''[ ] Sz'[ ], Sz''[ ]

Sτ'[ ], Sτ''[ ] Sz'[ ], Sz''[ ],

Sτ'[ ], Sτ''[ ] Sz'[ ], Sz''[ ]
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Í‡Ê‰ÓÈ ËÁ ˜‡ÒÚÌ˚ı Ï‡ÚËˆ  Ë 
ÓÚ‡Ê‡ÂÚ ‰ÓÏËÌËÛ˛˘ÂÂ ‚ÎËflÌËÂ ÒÓÓÚ‚ÂÚÒÚ‚Û˛-
˘ÂÈ ‡ÌÓÏ‡ÎËÂÓ·‡ÁÛ˛˘ÂÈ ÒÚÛÍÚÛ˚. í‡ÍËÏ Ó·‡-
ÁÓÏ, ËÌ‚ÂÒËfl ÚÂıÏÂÌ˚ı Ï‡ÚËˆ [Sτ] Ë [Sz] ÏÓÊÂÚ
·˚Ú¸ Ò‚Â‰ÂÌ‡ Í ÌÂÁ‡‚ËÒËÏ˚Ï ËÌ‚ÂÒËflÏ ‰‚ÛÏÂÌ˚ı
Ï‡ÚËˆ  Ë  

ÄÌ‡ÎÓ„Ë˜Ì˚È ÂÁÛÎ¸Ú‡Ú ÏÓÊÂÚ ·˚Ú¸ ÔÓÎÛ˜ÂÌ
ÌÂÔÓÒÂ‰ÒÚ‚ÂÌÌÓ Ò ÔÓÏÓ˘¸˛ ËÌ‰ÛÍˆËÓÌÌ˚ı ÒÚÂ-
ÎÓÍ òÏÛÍÂ‡ ReSz Ë ImSz, ÍÓÚÓ˚Â ‚ ·Î‡„ÓÔËflÚÌ˚ı
˜‡ÒÚÓÚÌ˚ı ËÌÚÂ‚‡Î‡ı ÔÓÁ‚ÓÎfl˛Ú ÓÔÂ‰ÂÎËÚ¸ ÔÓ-
ÒÚË‡ÌËÂ ‡ÌÓÏ‡ÎËÂÓ·‡ÁÛ˛˘Ëı ÒÚÛÍÚÛ P1 Ë P2.
èË ËÁ‚ÂÒÚÌÓÏ β'' = α'' – α' ËÒıÓ‰Ì˚Â ‚Â˘ÂÒÚ‚ÂÌÌ˚Â
Ë ÏÌËÏ˚Â ËÌ‰ÛÍˆËÓÌÌ˚Â ÒÚÂÎÍË ReSz, ImSz ‡ÁÎ‡-
„‡˛ÚÒfl Ì‡ ÒÛÏÏÛ ˜‡ÒÚÌ˚ı ËÌ‰ÛÍˆËÓÌÌ˚ı ÒÚÂÎÓÍ
Re Im  Ë Re Im  Ì‡Ô‡‚ÎÂÌÌ˚ı ÔÓ ÓÒflÏ y Ë
y'', Ú.Â. ÔÂÔÂÌ‰ËÍÛÎflÌÓ Í ÔÓÒÚË‡ÌË˛ ÒÚÛÍÚÛ P1

Ë P2. ëÓ„Î‡ÒÌÓ (51), (52)

(54)

„‰Â

 

ùÚ‡ ÚÂıÌËÍ‡ ÏÓÊÂÚ ÓÍ‡Á‡Ú¸Òfl ˝ÙÙÂÍÚË‚ÌÓÈ ÔË
ÌÂ‡‚ÌÓÏÂÌÓÈ ÒÂÚË Ì‡·Î˛‰ÂÌËÈ, Á‡ÚÛ‰Ìfl˛˘ÂÈ
ÔÓÒÚÓÂÌËÂ Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ˚ı ÔÒÂ‚‰ÓÂÎ¸ÂÙÓ‚. 

àÌÚÂÂÒÌÓ ÓÚÏÂÚËÚ¸, ˜ÚÓ ‚ Á‡‰‡˜Â 2 ‡ÁÎÓÊÂÌËÂ
„ÓËÁÓÌÚ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÚÂÌÁÓ‡ òÏÛÍÂ‡ Ò‚Ó-
‰ËÚÒfl Í Â¯ÂÌË˛ ÔÂÂÓÔÂ‰ÂÎÂÌÌÓÈ ÒËÒÚÂÏ˚ Û‡‚-
ÌÂÌËÈ, ÍÓÚÓ‡fl ÔÓÁ‚ÓÎflÂÚ ‚ÍÎ˛˜ËÚ¸ ‚ ˜ËÒÎÓ ÌÂËÁ-
‚ÂÒÚÌ˚ı Û„Î˚ ÔÓÒÚË‡ÌËfl ÒÚÛÍÚÛ P1 Ë P2. ùÚÓ
ÛÒÎÓÊÌflÂÚ Â¯ÂÌËÂ Á‡‰‡˜Ë (Û‡‚ÌÂÌËfl ÒÚ‡ÌÓ‚flÚÒfl
ÌÂÎËÌÂÈÌ˚ÏË), Ó‰Ì‡ÍÓ ÏÓÊÂÚ ÔÓ‚˚ÒËÚ¸ ÂÂ ˝ÙÙÂÍ-
ÚË‚ÌÓÒÚ¸.

á‡‰‡˜‡ 3 – ‡Á‰ÂÎÂÌËÂ ÎÓÍ‡Î¸Ì˚ı Ë Â„ËÓÌ‡Î¸Ì˚ı
Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ˚ı ˝ÙÙÂÍÚÓ‚. ê‡ÒÒÏÓÚÂÌÌ˚Â
‚ Á‡‰‡˜Â 2 ÒÔÓÒÓ·˚ ‡ÁÎÓÊÂÌËfl Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌ-
Ì˚ı ÙÛÌÍˆËÈ ÓÚÍÎËÍ‡ [Sτ], [Sz] ÎÂ„ÍÓ ‡‰‡ÔÚËÛ˛ÚÒfl Í
Á‡‰‡˜Â 3, ˆÂÎ¸˛ ÍÓÚÓÓÈ fl‚ÎflflÂÚÒfl ‡Á‰ÂÎÂÌËÂ ˝Ù-

Sτ'[ ], Sτ''[ ] Sz'[ ], Sz''[ ]

Sτ'[ ], Sτ''[ ] Sz'[ ], Sz''[ ].

Sz' , Sz' Sz'', Sz'',

ReSz ReSz' ReSz'',+=

ImSz ImSz' ImSz'',+=

ReSz ReSzx1x ReSzy1y,+=

ImSz ImSzx1x ImSzy1y,+=

ReSz' ReSzx β ''ctg ReSzy+( )1y ReSz'1y,= =

ImSz' ImSzx β ''ctg ImSzy+( )1y ImSz'1y,= =

ReSz'' ReSzx1x ReSzx β ''1yctg– ReSz''1y'',= =

ImSz'' ImSzx1x ImSzx β ''1yctg– ImSz''1y''.= =

ÙÂÍÚÓ‚, ‚˚Á‚‡ÌÌ˚ı ÎÓÍ‡Î¸Ì˚ÏË Ë Â„ËÓÌ‡Î¸Ì˚ÏË
ÒÚÛÍÚÛ‡ÏË. Ç ÓÒÌÓ‚Â Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌÓÈ
Á‡‰‡˜Ë 3 ÎÂÊ‡Ú Ë‰ÂË, ‡Á‚ËÚ˚Â ‚ [Zhang et al., 1993] Ë
[Ritter and Banks, 1998]. 

ÑÎfl ‰ÂÏÓÌÒÚ‡ˆËË Á‡‰‡˜Ë 3 ‡ÒÒÏÓÚËÏ ÏÓ‰ÂÎ¸,
ÔÂ‰ÎÓÊÂÌÌÛ˛ ãÂ‰Ó [Ledo, 2006]. åÓ‰ÂÎ¸ ãÂ‰Ó ÒÓ-
‰ÂÊËÚ Â„ËÓÌ‡Î¸ÌÛ˛ ‰‚ÛÏÂÌÛ˛ ‚˚ÒÓÍÓÓÏÌÛ˛
ÒÚÛÍÚÛÛ PR, ËÏËÚËÛ˛˘Û˛ ‚˚ÒÚÛÔ ÍËÒÚ‡ÎÎË˜Â-
ÒÍÓ„Ó ÙÛÌ‰‡ÏÂÌÚ‡, Ë ÎÓÍ‡Î¸ÌÛ˛ ÚÂıÏÂÌÛ˛ ÌËÁÍÓ-
ÓÏÌÛ˛ ÒÚÛÍÚÛÛ PL, ËÏËÚËÛ˛˘Û˛ ÁÓÌÛ „‡ÙËÚË-
Á‡ˆËË (ËÒ. 10). ãÓÍ‡Î¸Ì‡fl ÒÚÛÍÚÛ‡ PL „ÓËÁÓÌ-
Ú‡Î¸ÌÓ ‚˚ÚflÌÛÚ‡ – ÓÌ‡ ËÏÂÂÚ ÍÓÌÂ˜ÌÛ˛ ‰ÎËÌÛ Ë,
‰ÓÔÛÒÍ‡ÂÚ Í‚‡ÁË‰‚ÛÏÂÌÛ˛ ‡ÔÔÓÍÒËÏ‡ˆË˛. ì„Î˚
ÔÓÒÚË‡ÌËfl ÒÚÛÍÚÛ PR Ë PL ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ‡‚-
Ì˚ βR = 0 Ë βL = 135° Ç ÏÓ‰ÂÎË ãÂ‰Ó-I ÎÓÍ‡Î¸Ì‡fl
ÒÚÛÍÚÛ‡ PL ÔÓÌËÁ˚‚‡ÂÚ ‚˚ÒÚÛÔ ÙÛÌ‰‡ÏÂÌÚ‡ PR Ë
‚˚ıÓ‰ËÚ ‚ ÓÒ‡‰Ó˜ÌÛ˛ ÚÓÎ˘Û, ‡ ‚ ÏÓ‰ÂÎË ãÂ‰Ó-II ÓÌ‡
‡ÒÔÓÎÓÊÂÌ‡ ‚ ÓÒ‡‰Ó˜ÌÓÈ ÚÓÎ˘Â Ì‡ ÁÌ‡˜ËÚÂÎ¸ÌÓÏ
‡ÒÒÚÓflÌËË ÓÚ ‚˚ÒÚÛÔ‡ ÙÛÌ‰‡ÏÂÌÚ‡ PR.

á‡‰‡˜‡ 3 ‰Îfl ÏÓ‰ÂÎË ãÂ‰Ó Â¯‡ÂÚÒfl ÔÓ ÚÓÈ ÊÂ
ÒıÂÏÂ Ë ‚ ÚÓÈ ÊÂ ÔÓÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓÒÚË, ˜ÚÓ Ë Á‡‰‡˜‡ 2.
ì„Î˚ ÔÓÒÚË‡ÌËfl βR, βL Ì‡ıÓ‰flÚÒfl Ò ÔÓÏÓ˘¸˛
ÔÒÂ‚‰ÓÂÎ¸ÂÙÓ‚ ÌÓÏ „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó
ÚÂÌÁÓ‡ òÏÛÍÂ‡ Ë ÚËÔÔÂ‡ òÏÛÍÂ‡ ËÎË Ò ÔÓÏÓ-
˘¸˛ ËÌ‰ÛÍˆËÓÌÌ˚ı ÒÚÂÎÓÍ òÏÛÍÂ‡. ê‡ÁÎÓÊÂÌËÂ
Ï‡„ÌËÚÌÓ„Ó ÚÂÌÁÓ‡ Ë ÚËÔÔÂ‡ ‚˚ÔÓÎÌflÂÚÒfl ÔÓ ÙÓ-
ÏÛÎ‡Ï (45)–(49) Ë (50)–(53). èË ‡ÁÎÓÊÂÌËË ËÌ‰ÛÍ-
ˆËÓÌÌ˚ı ÒÚÂÎÓÍ ËÒÔÓÎ¸ÁÛÂÚÒfl ÙÓÏÛÎ‡ (54). ÇÓ
‚ÒÂı ˝ÚËı ÙÓÏÛÎ‡ı ÔÓËÁ‚Ó‰ËÚÒfl Á‡ÏÂÌ‡ ËÌ‰ÂÍÒÓ‚:

β''  βL

ç‡ ËÒ. 11 Ë ËÒ. 12 ÔÓÍ‡Á‡ÌÓ ‡Á‰ÂÎÂÌËÂ ÎÓÍ‡Î¸-
ÌÓ„Ó Ë Â„ËÓÌ‡Î¸ÌÓ„Ó ˝ÙÙÂÍÚÓ‚ ‚ ÏÓ‰ÂÎË ãÂ‰Ó-I.
á‰ÂÒ¸ ÎÓÍ‡Î¸Ì‡fl ÒÚÛÍÚÛ‡ PL Ì‡ıÓ‰ËÚÒfl ‚ ÍÓÌÚ‡ÍÚÂ
Ò Â„ËÓÌ‡Î¸ÌÓÈ ÒÚÛÍÚÛÓÈ PR. ä‡ÊÂÚÒfl Ó˜Â‚Ë‰Ì˚Ï,
˜ÚÓ ‚ ˝ÚÓÏ ÒÎÛ˜‡Â ÒÚÛÍÚÛ˚ PL Ë PR ‰ÓÎÊÌ˚ ·ÓÎÂÂ
ËÎË ÏÂÌÂÂ ÒËÎ¸ÌÓ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ó‚‡Ú¸ ‰Û„ Ò ‰Û„ÓÏ ,
Ì‡Û¯‡fl ÔËÌˆËÔ ÌÂÁ‡‚ËÒËÏÓÈ ÒÛÔÂÔÓÁËˆËË. íÓ˜-
ÌÓÒÚ¸ ‡ÁÎÓÊÂÌËfl Ï‡„ÌËÚ‚‡Ë‡ˆËÓÌÌ˚ı ÙÛÌÍˆËÈ
ÓÚÍÎËÍ‡ ‰ÓÎÊÌ‡ Ô‡‰‡Ú¸. 

êËÒ. 11 ËÎÎ˛ÒÚËÛÂÚ ‡ÁÎÓÊÂÌËÂ „ÓËÁÓÌÚ‡Î¸-
ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÚÂÌÁÓ‡ òÏÛÍÂ‡ [Sτ] ‚˚ÔÓÎÌÂÌ-
ÌÓÂ ÔÓ ÙÓÏÛÎ‡Ï (46)–(49) ‚ ËÌÚÂ‚‡ÎÂ ÔÂËÓ‰Ó‚ í =
= 1, 10, 100 Ò. ë‡‚ÌËÏ ÔÒÂ‚‰ÓÂÎ¸ÂÙ˚ ÌÓÏ ̃ ‡ÒÚÌ˚ı

Ï‡ÚËˆ  Ë  ÔÓÎÛ˜ÂÌÌ˚ı ‚ ÂÁÛÎ¸Ú‡ÚÂ ‡Á-
ÎÓÊÂÌËfl ËÒıÓ‰ÌÓÈ Ï‡ÚËˆ˚ [Sτ], Ò ÔÒÂ‚‰ÓÂÎ¸ÂÙ‡ÏË

ÌÓÏ ˜‡ÒÚÌ˚ı Ï‡ÚËˆ  Ë  ÔÓÎÛ˜ÂÌÌ˚ı ÔÛ-
ÚÂÏ ÌÂÔÓÒÂ‰ÒÚ‚ÂÌÌÓ„Ó ‡Ò˜ÂÚ‡ ‚ ÏÓ‰ÂÎflı PR, PL. ÇÓ
‚ÒÂÏ ËÌÚÂ‚‡ÎÂ ÔÂËÓ‰Ó‚ Ì‡ ÔÒÂ‚‰ÓÂÎ¸ÂÙÂ Â„ËÓ-

Ì‡Î¸ÌÓÈ Ï‡ÚËˆ˚  ÓÚ˜ÂÚÎË‚Ó ‚˚‰ÂÎfl˛ÚÒfl ÒÎÂ-
‰˚ ÎÓÍ‡Î¸ÌÓÈ ÒÚÛÍÚÛ˚, ÓÚÒÛÚÒÚ‚Û˛˘ËÂ Ì‡ ÔÒÂ‚‰Ó-

Sτ' Sτ
R, Sτ'' Sτ

L, Sz' Sz
R, Sz'' Sz

L,

Sτ
R[ ] Sτ

L[ ],

Sτ
R[ ] Sτ

L[ ],

Sτ
R[ ]
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àÒıÓ‰Ì‡fl Ï‡ÚËˆ‡ [Sτ] ê‡ÁÎÓÊÂÌËÂ Ì‡ ˜‡ÒÚÌ˚Â Ï‡ÚËˆ˚ [Sτ], [Sτ]' ''

||Sτ||' ||Sτ ||''||Sτ||
T = 100 c

0.2

0
200

0
–200

–200
0

200

T = 1000 c
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||Sτ ||''
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||Sτ||'
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–

||Sτ||'

||Sτ||'
–

||Sτ||

0.1
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–200
0

200

0.2
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–200
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0
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0
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êËÒ. 8. ê‡ÁÎÓÊÂÌËÂ ËÒıÓ‰ÌÓÈ Ï‡ÚËˆ˚ [Sτ] „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÚÂÌÁÓ‡ òÏÛÍÂ‡ Ì‡ ‰‚Â ˜‡ÒÚÌ˚Â Ï‡ÚËˆ˚

 ‚ ÏÓ‰ÂÎË {P1P2}, ËÁÓ·‡ÊÂÌÌÓÈ Ì‡ ËÒ. 5. òÍ‡Î˚ „ÓËÁÓÌÚ‡Î¸Ì˚ı ‡ÒÒÚÓflÌËÈ ‰‡Ì˚ ‚ ÍÏ.Sτ'[ ], Sτ''[ ]
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êËÒ. 9. ê‡ÁÎÓÊÂÌËÂ ËÒıÓ‰ÌÓÈ Ï‡ÚËˆ˚ [Sz] ÚËÔÔÂ‡ òÏÛÍÂ‡ Ì‡ ‰‚Â ˜‡ÒÚÌ˚Â Ï‡ÚËˆ˚  Ë  ‚ ÏÓ‰ÂÎË {P1P2},

ËÁÓ·‡ÊÂÌÌÓÈ Ì‡ ËÒ. 5. òÍ‡Î˚ „ÓËÁÓÌÚ‡Î¸Ì˚ı ‡ÒÒÚÓflÌËÈ ‰‡Ì˚ ‚ ÍÏ.

Sz'[ ] Sz''[ ]

2

àÒıÓ‰Ì‡fl Ï‡ÚËˆ‡ [Sz] ê‡ÁÎÓÊÂÌËÂ Ì‡ ˜‡ÒÚÌ˚Â Ï‡ÚËˆ˚ [Sz], [Sz]' ''

||Sz ||' ||Sz ||''
||Sz||
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ÂÎ¸ÂÙÂ Ï‡ÚËˆ˚  Ç ÚÓ ÊÂ ‚ÂÏfl ÔÒÂ‚‰ÓÂÎ¸ÂÙ

ÎÓÍ‡Î¸ÌÓÈ Ï‡ÚËˆ˚  Ô‡ÍÚË˜ÂÒÍË ÍÓÔËÛÂÚ

ÔÒÂ‚‰ÓÂÎ¸ÂÙ Ï‡ÚËˆ˚  á‡ÏÂÚËÏ, ˜ÚÓ ‰ÂÙÂÍÚ˚

Ï‡ÚËˆ˚  ÎÂ„ÍÓ ÛÒÚ‡Ìfl˛ÚÒfl ÔË Ò„Î‡ÊË‚‡ÌËË

ÍÓÏÔÓÌÂÌÚ ÚÂÌÁÓ‡  ÔÓ ÔÓÙËÎflÏ, Ì‡Ô‡‚ÎÂÌ-
Ì˚Ï ‚‰ÓÎ¸ Â„ËÓÌ‡Î¸ÌÓ„Ó ÔÓÒÚË‡ÌËfl. 

èÂÂÈ‰ÂÏ Í ËÒ. 12, ËÎÎ˛ÒÚËÛ˛˘ÂÏÛ ‡ÁÎÓÊÂ-
ÌËÂ ÚËÔÔÂ‡ òÏÛÍÂ‡ [Sz] ‚˚ÔÓÎÌÂÌÌÓÂ ÔÓ ÙÓÏÛ-
Î‡Ï (50)–(53) ‚ ËÌÚÂ‚‡ÎÂ ÔÂËÓ‰Ó‚ í = 1, 10, 100 Ò.
ë‡‚ÌËÏ ÔÒÂ‚‰ÓÂÎ¸ÂÙ˚ ÌÓÏ ˜‡ÒÚÌ˚ı Ï‡ÚËˆ

 Ë  ÔÓÎÛ˜ÂÌÌ˚ı ‚ ÂÁÛÎ¸Ú‡ÚÂ ‡ÁÎÓÊÂÌËfl
ËÒıÓ‰ÌÓÈ Ï‡ÚËˆ˚ [Sz], Ò ÔÒÂ‚‰ÓÂÎ¸ÂÙ‡ÏË ÌÓÏ

Ï‡ÚËˆ  Ë  ÔÓÎÛ˜ÂÌÌ˚ı ÔÛÚÂÏ ÌÂÔÓÒÂ‰-
ÒÚ‚ÂÌÌÓ„Ó ‡Ò˜ÂÚ‡ ‚ ÏÓ‰ÂÎflı PR, PL. å˚ ‚Ë‰ËÏ, ˜ÚÓ
ÚÓ˜ÌÓÒÚ¸ ‡ÁÎÓÊÂÌËfl Á‰ÂÒ¸ Á‡ÏÂÚÌÓ ÛıÛ‰¯‡ÂÚÒfl.
ëÎÂ‰˚ ÎÓÍ‡Î¸ÌÓÈ ÒÚÛÍÚÛ˚, ËÒÍ‡Ê‡˛˘ËÂ ÔÒÂ‚‰Ó-

ÂÎ¸ÂÙ Â„ËÓÌ‡Î¸ÌÓÈ Ï‡ÚËˆ˚  ÒÚ‡ÌÓ‚flÚÒfl

ÂÁ˜Â, ‡ ‚ ÔÒÂ‚‰ÓÂÎ¸ÂÙÂ ÎÓÍ‡Î¸ÌÓÈ Ï‡ÚËˆ˚ 
ÔË í = 1 Ò ÓÚÒÛÚÒÚ‚ÛÂÚ ·ÓÍÓ‚ÓÂ Á‡Ï˚Í‡ÌËÂ, ÓÚ˜ÂÚÎË-

‚Ó ÔÓfl‚Îfl˛˘ÂÂÒfl ‚ ÔÒÂ‚‰ÓÂÎ¸ÂÙÂ Ï‡ÚËˆ˚ 

Sτ
R[ ].

Sτ
L[ ]

Sτ
L[ ].

Sτ
R[ ]

Sτ
R[ ]

Sz
R[ ] Sz

L[ ],

Sz
R[ ] Sz

L[ ],

Sz
R[ ],

Sz
L[ ]

Sz
L[ ].

ç‡ ËÒ. 13 Ë ËÒ. 14 ÔÓÍ‡Á‡ÌÓ ‡Á‰ÂÎÂÌËÂ ÎÓÍ‡Î¸-
ÌÓ„Ó Ë Â„ËÓÌ‡Î¸ÌÓ„Ó ˝ÙÙÂÍÚÓ‚ ‚ ÏÓ‰ÂÎË ãÂ‰Ó-II.
á‰ÂÒ¸ ÎÓÍ‡Î¸Ì‡fl ÒÚÛÍÚÛ‡ PL Ì‡ıÓ‰ËÚÒfl ‚‰‡ÎË ÓÚ
Â„ËÓÌ‡Î¸ÌÓÈ ÒÚÛÍÚÛ˚ PR. Ç ˝ÚÓÏ ÒÎÛ˜‡Â ‚Á‡ËÏÓ-
‰ÂÈÒÚ‚ËÂ Â„ËÓÌ‡Î¸ÌÓÈ Ë ÎÓÍ‡Î¸ÌÓÈ ÒÚÛÍÚÛ ÓÒÎ‡-
·Â‚‡ÂÚ Ë ÔËÌˆËÔ ÌÂÁ‡‚ËÒËÏÓÈ ÒÛÔÂÔÓÁËˆËË Ó·ÂÒ-
ÔÂ˜Ë‚‡ÂÚ ‰ÓÒÚ‡ÚÓ˜ÌÓ ‚˚ÒÓÍÛ˛ ÚÓ˜ÌÓÒÚ¸ ‡ÁÎÓÊÂ-
ÌËfl „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÚÂÌÁÓ‡ [Sτ] Ë
ÚËÔÔÂ‡ [Sz].

é·Ó·˘‡fl ÂÁÛÎ¸Ú‡Ú˚ ‡Ì‡ÎËÁ‡ ÏÓ‰ÂÎÂÈ ãÂ‰Ó-I Ë
ãÂ‰Ó-II, Á‡ÏÂÚËÏ, ˜ÚÓ ÎÓÍ‡Î¸Ì˚Â Ë Â„ËÓÌ‡Î¸Ì˚Â
Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌ˚Â ˝ÙÙÂÍÚ˚ ÎÛ˜¯Â ‚ÒÂ„Ó ‡Á-
‰ÂÎfl˛ÚÒfl Ò ÔÓÏÓ˘¸˛ „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó
ÚÂÌÁÓ‡ òÏÛÍÂ‡. ÖÒÎË ˆÂÎ¸˛ Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌ-
ÌÓ„Ó ÁÓÌ‰ËÓ‚‡ÌËfl fl‚ÎflÂÚÒfl „ÓËÁÓÌÚ‡Î¸ÌÓ ‚˚ÚflÌÛ-
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‚ÎËflÌËÂ ‰‚ÛÏÂÌ˚ı ÒÚÛÍÚÛ Â„ËÓÌ‡Î¸ÌÓ„Ó ÙÓÌ‡.

á‡ÏÂÚËÏ Ú‡ÍÊÂ, ˜ÚÓ ‚ Á‡‰‡˜‡ı 1, 2, 3 Ï˚ ÏÓÊÂÏ
‚ÓÒÔÓÎ¸ÁÓ‚‡Ú¸Òfl ÒÓÓÚÌÓ¯ÂÌËflÏË (21) Ë Í ‡ÁÎÓÊÂ-
ÌËflÏ „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÚÂÌÁÓ‡ [Sτ] Ë
ÚËÔÔÂ‡ [Sz] ÔËÒÓÂ‰ËÌËÚ¸ ‡ÁÎÓÊÂÌËfl „ÓËÁÓÌ-
Ú‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÚÂÌÁÓ‡ [M] Ë ÚËÔÔÂ‡ [W]. 
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êËÒ. 11. ê‡ÁÎÓÊÂÌËÂ ËÒıÓ‰ÌÓÈ Ï‡ÚËˆ˚ [Sτ] „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÚÂÌÁÓ‡ òÏÛÍÂ‡ Ì‡ ‰‚Â ˜‡ÒÚÌ˚Â Ï‡ÚËˆ˚

 Ë  ‚ ÏÓ‰ÂÎË {PR PL} ãÂ‰Ó-I, ËÁÓ·‡ÊÂÌÌÓÈ Ì‡ ËÒ. 10. òÍ‡Î˚ „ÓËÁÓÌÚ‡Î¸Ì˚ı ‡ÒÒÚÓflÌËÈ ‰‡Ì˚ ‚ ÍÏ.Sτ
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êËÒ. 12. ê‡ÁÎÓÊÂÌËÂ ËÒıÓ‰ÌÓÈ Ï‡ÚËˆ˚ [Sz] ÚËÔÔÂ‡ òÏÛÍÂ‡ Ì‡ ‰‚Â ˜‡ÒÚÌ˚Â Ï‡ÚËˆ˚  Ë ‚ ÏÓ‰ÂÎË {PRPL}

ãÂ‰Ó-I, ËÁÓ·‡ÊÂÌÌÓÈ Ì‡ ËÒ. 10. òÍ‡Î˚ „ÓËÁÓÌÚ‡Î¸Ì˚ı ‡ÒÒÚÓflÌËÈ ‰‡Ì˚ ‚ ÍÏ.
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êËÒ. 13. ê‡ÁÎÓÊÂÌËÂ ËÒıÓ‰ÌÓÈ Ï‡ÚËˆ˚ [Sτ] „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÚÂÌÁÓ‡ òÏÛÍÂ‡ Ì‡ ‰‚Â ˜‡ÒÚÌ˚Â Ï‡ÚËˆ˚

 Ë ‚ ÏÓ‰ÂÎË {PRPL} ãÂ‰Ó-II, ËÁÓ·‡ÊÂÌÌÓÈ Ì‡ ËÒ. 10. òÍ‡Î˚ „ÓËÁÓÌÚ‡Î¸Ì˚ı ‡ÒÒÚÓflÌËÈ ‰‡Ì˚ ‚ ÍÏ.Sτ
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êËÒ. 14. ê‡ÁÎÓÊÂÌËÂ ËÒıÓ‰ÌÓÈ Ï‡ÚËˆ˚ [Sz] ÚËÔÔÂ‡ òÏÛÍÂ‡ Ì‡ ‰‚Â ˜‡ÒÚÌ˚Â Ï‡ÚËˆ˚  Ë ‚ ÏÓ‰ÂÎË {PRPL}

ãÂ‰Ó-II, ËÁÓ·‡ÊÂÌÌÓÈ Ì‡ ËÒ. 10. òÍ‡Î˚ „ÓËÁÓÌÚ‡Î¸Ì˚ı ‡ÒÒÚÓflÌËÈ ‰‡Ì˚ ‚ ÍÏ.
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áÄäãûóÖçàÖ
àÁ ÂÁÛÎ¸Ú‡ÚÓ‚, ÔÓÎÛ˜ÂÌÌ˚ı ‚ ÒÚ‡Ú¸Â, Ï˚ Á‡ÍÎ˛-

˜‡ÂÏ, ˜ÚÓ Ï‡„ÌËÚÓ‚‡Ë‡ˆËÓÌÌÓÂ ÁÓÌ‰ËÓ‚‡ÌËÂ ÓÚ-
Í˚‚‡ÂÚ ÌÓ‚˚Â ÔÓ‰ıÓ‰˚ Í ËÌÚÂÔÂÚ‡ˆËË „ÂÓ˝ÎÂÍ-
ÚË˜ÂÒÍËı ‰‡ÌÌ˚ı. ç‡ ˝ÚÓÏ ÔÛÚË ÔÓ‚˚¯‡ÂÚÒfl ‡Á-
Â¯‡˛˘‡fl ÒÔÓÒÓ·ÌÓÒÚ¸ ÁÓÌ‰ËÓ‚‡ÌËfl Ë ‚ÓÁÌËÍ‡ÂÚ
‚ÓÁÏÓÊÌÓÒÚ¸ ËÌ‚ÂÒËÈ, ÙÓÍÛÒËÛÂÏ˚ı Ì‡ ÓÔÂ‰Â-
ÎÂÌÌ˚ı ÒÚÛÍÚÛ‡ı. à‰Âfl ̋ ÚÓÈ ÒÚ‡Ú¸Ë ‚ÓÁÌËÍÎ‡ ‚ ıÓ-
‰Â ‰ÛÊÂÒÍÓÈ ·ÂÒÂ‰˚ Ò ì. òÏÛÍÂÓÏ, ÍÓÚÓÓÏÛ ‡‚-
ÚÓ˚ ‚˚‡Ê‡˛Ú ÒÂ‰Â˜ÌÛ˛ ÔËÁÌ‡ÚÂÎ¸ÌÓÒÚ¸. ç‡Ï
ÔËflÚÌÓ ÔÓ·Î‡„Ó‰‡ËÚ¸ Ñ. üÍÓ‚ÎÂ‚‡ Á‡ ÔÓÏÓ˘¸ ‚
ÔÓ‰„ÓÚÓ‚ÍÂ „‡ÙË˜ÂÒÍËı ËÎÎ˛ÒÚ‡ˆËÈ. ê‡·ÓÚ‡ Ì‡‰
ÒÚ‡Ú¸ÂÈ ·˚Î‡ ÔÓ‰‰ÂÊ‡Ì‡ êÓÒÒËÈÒÍËÏ îÓÌ‰ÓÏ îÛÌ-
‰‡ÏÂÌÚ‡Î¸Ì˚ı àÒÒÎÂ‰Ó‚‡ÌËÈ, ÔÓÂÍÚ˚ 07-05-00523
Ë 08-05-00345.
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