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�����!�� 

� =0AB>OI8E <5B>48G5A:8E C:070=8OE :@0B:> 87;>65=K >A=>2=K5 ?>;>65=8O 
384@>AB0B8:8, @0AA<>B@5=K ?@8<5@K ?>AB@>5=8O M?N@ 402;5=8O 684:>AB8 =0 
?;>A:CN AB5=:C 8 :@82>;8=59=K5 ?>25@E=>AB8 (3;02K 133). � 3;025 4 @0AA<>B@5= 

0;3>@8B< @5H5=8O 7040G8 > 42CE @575@2C0@0E, ?@8254P= ?@8<5@ ?>AB@>5=8O 
=0?>@=>9 8 ?L57><5B@8G5A:>9 ;8=89. #>4 MB>B 0;3>@8B< ?>4?0405B ?>402;ONI55 
1>;LH8=AB2> 8=65=5@=KE 7040G ?> ?5@5<5I5=8N 684:>AB8, >A>15==> 2 =0?>@=KE 
A8AB5<0E. %N40 <>6=> >B=5AB8 @0AG5BK B@C1>?@>2>4>2 8 «:>@>B:8E» B@C1, 
>B25@AB89 8 =0A04:>2, 4>@>6=KE 2>4>?@>?CA:=KE B@C1 8 B.4. !5@54:> 7040G8 2 
8=65=5@=>9 ?@0:B8:5 >?8AK20NB C?@>I5==K<8 <>45;O<8, =0?@8<5@, 8AB5G5=85 
684:>AB8 87 >B25@AB89 8 =0A04:>2.  =>385 7040G8 8<5NB A2>8 >A>15==>AB8. !> 2AP 
<=>3>>1@0785 @5H5=89 >1J548=O5B ?@8<5=5=85 >A=>2>?>;030NI8E 70:>=>2 
384@>48=0<8:8, 8A?>;L7>20=85 C@02=5=89 �5@=C;;8 8 =5@07@K2=>AB8 ?>B>:0. 
�<5==> >A2>5=8N MB8E C@02=5=89 8 ?>;CG5=8N =02K:>2 8E ?@8<5=5=8O 8 ?>A2OI5= 
MB>B @0745; <5B>48G5A:8E C:070=89. 

1. ���$"%&А&�'�%�"� �А���!�� 

"A=>2=K<8 D878G5A:8<8 A2>9AB20<8 684:>AB8 O2;ONBAO A?;>H=>ABL, 
>4=>@>4=>ABL, =5A68<05<>ABL, B5:CG5ABL, 2O7:>ABL. �A;54AB285 B5:CG5AB8 

?>:>OI0OAO 684:>ABL 2A5340 =0E>48BAO 2 A>
AB>O=88 A60B8O, B.5. =0?@O65=85 A60B8O A6 > 0. 

�84@>AB→0B8G5A:8< 402;5=85< =07K205BAO <>4C;L =0?@O65=8O A60B8O p = |A6 
|. �0:>= 384@>AB0B8G5A:>3> 402;5=8O D>@<C;8@C5BAO 
A;54CNI8< >1@07><: 402;5=85 2 40==>9 B>G:5 ?>:>OI59AO 684:>- AB8 @02=> AC<<5 
402;5=8O p0, 459AB2CNI53> =0 A2>1>4=CN ?>25@E- =>ABL, 8 402;5=8O gh AB>;10 
684:>AB8 2KA>B>9 h 8 ?;>I04LN ?>- ?5@5G=>3> A5G5=8O, @02=>9 1 (8=>340 53> 
=07K20NB 25A>2K< 402;5=85<), 8 8<55B 284 

p = p0 + gh, (1.1) 

345 p 3 402;5=85 2 @0AA<0B@8205<>9 B>G:5 684:>AB8; p0 3 402;5=85 =0 A2>1>4=>9 
?>25@E=>AB8 684:>AB8; h 3 3;C18=0 ?>3@C65=8O @0AA<0B@8205<>9 B>G:8 >B A2>1>4=>9 
?>25@E=>AB8. 

�02;5=85 ?@8=OB> @0AA<0B@820BL 2 B@5E A8AB5<0E >BAG5B0: 
1) 01A>;NB=>5 402;5=85 p01A, B.5. >BAG8BK205<>5 >B 01A>;NB=>3> 

=C;O; 
2) 871KB>G=>5 =04 0B<>AD5@=K< (<0=><5B@8G5A:>5) p871, 

p871 = p01A 3 pa; (1.2) 

3) 20:CC<<5B@8G5A:>5 p20:, B.5. =54>AB0B>: 4> 0B<>AD5@=>3> 
p20: = pa 3 p01A. (1.3) 
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�7 A>?>AB02;5=8O (1.2) 8 (1.3) A;54C5B 
p20: = 3p871. (1.4) 

1B8 A>>B=>H5=8O ?@>8;;NAB@8@>20=K =0 @8A. 1.1 :0: 402;5=8O 2 B>G:0E � 8 �. 

 

 <E. 1.1. �4AB@9FD<K9E>B9 < 64>GG@@9FD<K9E>B9 846?9A<S 
 

� 4>@>6=>< AB@>8B5;LAB25 ?>402;ONI55 :>;8G5AB2> 7040G C4>1=55 
@5H0BL, 8A?>;L7CO 871KB>G=>5 402;5=85. #>MB><C 2 40;L=59H5< ?@8 >1>7=0G5=88 
402;5=8O 8=45:A «871» C?>B@51;OBL =5 1C45<. �;O 01A>;NB=>3> 8 

20:CC<<5B@8G5A:>3> 402;5=8O A>>B25BAB2CNI85 8=45:AK «01A» 8 «20:» 1C4CB 
A>E@0=5=K. 

"1J5:BK B@0=A?>@B=>3> :><?;5:A0, :0: ?@028;>, =0E>4OBAO ?>4 
0B<>AD5@=K< 402;5=85< pa. #@8 p0 = pa A CG5B>< (1.2) 871KB>G=>5 
384@>AB0B8G5A:>5 402;5=85 

D = gh. (1.5) 

�7 MB>3> A>>B=>H5=8O A;54C5B, GB> 871KB>G=>5 402;5=85 2 ?>:>OI59AO 
684:>AB8 3 MB> ;8=59=0O DC=:F8O >4=>9 ?5@5<5==>9 3 3;C18=K h. 

�48=8F59 402;5=8O 2 %� O2;O5BAO 1 #0. !> G0I5 2 AB@>8B5;LAB25 
8A?>;L7CNBAO 1>;55 :@C?=K5 548=8FK, 2 G0AB=>AB8, 1 :#0 = 

= 1000 #0. �AB@5G0NI0OAO 4> A8E ?>@ 2 CAB0@52H59 ;8B5@0BC@5 8 ?@81>@0E 
548=8F0 402;5=8O «>4=0 0B<>AD5@0» 10B = 1 :3A/A<2

 @02=0 10B = 98,1 :#0. 
$0AA<>B@8< ?@8<5@ @0AG5B0 871KB>G=>3> 402;5=8O 2 E0@0:B5@=KE B>G:0E 

F8;8=4@8G5A:>9 ?>25@E=>AB8 ABCDEF (@8A. 1.2), >B C@>2=59 I 8 II. 

�02;5=85 >?@545;O5< ?> 7028A8<>AB8 (1.5), ?@8=8<0O ?;>B=>ABL 2>4K  1000 

:3/<3
. �;C18=C ?>3@C65=8O E0@0:B5@=KE B>G5: >BAG8BK205< ?> 25@B8:0;8 >B 

A>>B25BAB2CNI53> C@>2=O A2>1>4=>9 ?>25@E=>AB8 2>4K. 
"B C@>2=O I: 
hB1 = h1 = 1 <; 
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h!1 = 2h1 = 2 <; 

hD1 = 2h1 + r = 4 <; 

hE1 = 2h1 + 2r = 6 <. 

 

"B C@>2=O II: 
h!II = hI = 1 <; 
hFI = 2hI + r = 3 <; 

hEII = h1 + 2r = 5 <. 

 

 <E. 1.2. �D<@9D D4EK9F4 <;5OFBKAB7B 846?9A<S 
 

�71KB>G=>5 402;5=85 2 A>>B25BAB288 A D>@<C;>9 (1.5) 1C45B @02=> 
"B C@>2=O I: 

pBI = ghI 
:3·<·< 

= 1000·9,81·1 <3·A2 
= 9,81·103

 
:3 

= 
< ·A2 

= 9,81·103
 
!

 

<2 
= 9,81 :#0; 

:3·<·< 

pE

I 

= g(2hI 
+ 2r) = 1000·9,81·(2·1 + 2·2)·103

  
 
  
<3·A2 

= 58,86 :#0. 

"B C@>2=O II: 

p!II = ghI = 1000·9,81·1 
:3·<·< 

<3·A2 

 

= 9,81 :#0; 

pEII = g(hI + 2r) = 1000·9,81·(1 + 2·2) 
:3·<·< 

<3·A2 = 49,05 :#0. 
�02;5=85 2 >AB0;L=KE B>G:0E G8B0B5;N ?@54;0305BAO >?@545;8BL 
A0<>AB>OB5;L=>. 
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2. �А���!�� ����"%&� !А #�"%��� #"��$%!"%&� 

2.1. ЭCND0 806?9A8O 

1?N@C 402;5=8O 684:>AB8 =0 ?;>A:CN ?>25@E=>ABL AB@>8< ?>A;5 @0AG5B0 
384@>AB0B8G5A:>3> 871KB>G=>3> 402;5=8O (1.5) 2 A>>B25BAB288 A 42C<O ?@028;0<8: 

1) 25;8G8=0 402;5=8O 2 40==>9 B>G:5 =5 7028A8B >B =0?@02;5=8O ?@8;>65=8O 
A8;K; 

2) 402;5=85, :0: 8 =0?@O65=85 A60B8O, >B:;04K205< ?> 2=CB@5==59 =>@<0;8 : 
A<>G5==>9 ?>25@E=>AB8. 

�;O 4>@>6=KE A>>@C65=89 E0@0:B5@=0 1>;LH0O ?@>BO65==>ABL 
(=0?@8<5@, ?>4?>@=K5 AB5=:8 24>;L =015@56=KE @5: 8 :0=0;>2). 

#>MB><C 4>AB0B>G=> >?@545;8BL A8;>2>5 2>7459AB285 684:>AB8 =0 ?>3>==K9 

<5B@ A>>@C65=8O. !0 @8A. 2.1 ?@82545= ?@>D8;L ��!, A>AB>OI89 87 42CE ?;>A:8E 
?;0AB8= H8@8=>9 b, @0A?>;>65==KE =>@<0;L=> : ?;>A:>AB8 G5@B560, 8 =0E>4OI89AO 
2 2>45 (A;520 C@>25=L I 8 A?@020 C@>25=L II). 

� A>>B25BAB288 A 70:>=>< (1.5) ?>;CG05<: 
4;O C@>2=O I pAI = 0; pBI = ghI; pCI = g(hI + h2); 

4;O C@>2=O II pBII = 0; pCII = gh2. 

� A>>B25BAB288 A 2KH587;>65==K<8 ?@028;0<8 AB@>8< M?N@K: 
1) >B C@>2=O I =0 ?>25@E=>AB8 �� A> AB>@>=K 684:>AB8 ?>;CG05< 

?@O<>C3>;L=K9 B@5C3>;L=8: A >A=>20=85< pBI; 
2) >B C@>2=O I =0 ?>25@E=>AB8 BC ?>;CG05< ?@O<>C3>;L=CN B@0?5F8N A 

>A=>20=8O<8 pBI 8 pCI; 

3) >B C@>2=O II =0 B>9 65 ?>25@E=>AB8 �! ?>;CG05< ?@O<>C3>;L=K9 B@5C3>;L=8: A 
>A=>20=85< pCII. 

 

 <E. 2.1. �BEFDB9A<9 QCRD 

846?9A<S A4 C?BE><9 
CB69DIABEF< 
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�02;5=85 2 :064>9 B>G:5 ?>AB@>5==KE M?N@ >B;>65=> ?> 2=CB@5==59 
=>@<0;8 : A<>G5==>9 ?>25@E=>AB8. #>MB><C B0:85 M?N@K =07K20NB M?N@0<8 
=>@<0;L=>3> 384@>AB0B8G5A:>3> 402;5=8O. 

!0 ?>25@E=>ABL �! M?N@K >B C@>2=59 I 8 II 459AB2CNB 2> 2708<=> 
?@>B82>?>;>6=KE =0?@02;5=8OE. %:;04K205< 8E 0;351@08G5A:8, B> 5ABL 87 
1>;LH59 2KG8B05< <5=LHCN. #>;CG05< ?@O<>C3>;L=K9 ?0@0;;5;5?8?54 A> 
AB>@>=0<8 h2, pCI 3 pCII = pBI 8 b = 1 <, :>B>@K9 O2;O5BAO @57C;LB8@CNI59 

M?N@>9 ?@8 2>7459AB288 2>4K =0 ?>25@E=>ABL 
�! >B C@>2=59 I 8 II. 

�0: 8725AB=> 87 B5>@5B8G5A:>9 <5E0=8:8, M?N@K 402;5=8O =5 B>;L:> 40NB 
287C0;L=>5 ?@54AB02;5=85 > @0A?@545;5=88 =03@C7:8 >B ?>:>OI59AO 684:>AB8 =0 B5 
8;8 8=K5 M;5<5=BK 4>@>6=KE A>>@C65=89, => 8 ?>72>;ONB >?@545;8BL 
@02=>459AB2CNICN A8;C 384@>AB0B8G5A:>3> 402;5=8O   8 :>>@48=0BK B>G5: 8E 
?@8;>65=8O 3 F5=B@>2 402;5=8O D. 

2.2. %8?0 806?9A8O A0 C?BE>GN CB69DEABEFP 

%8;0, >?@545;O5<0O 871KB>G=K< 384@>AB0B8G5A:8< 402;5=85< =0 ?;>A:CN 
?>25@E=>ABL, @02=0 >1J5<C M?N@K 871KB>G=>3> 402;5=8O. !0?@8<5@, 4;O ?;>A:>9 
?;0AB8=K ��, 8<5NI59 H8@8=C b (?5@?5=48- :C;O@=> ?;>A:>AB8 G5@B560), MB> 
1C45B >1J5< M?N@K 402;5=8O (@8A. 2.2) 2 2845 ?@87<K A B@5C3>;L=K< >A=>20=85< 

��E 8 2KA>B>9 b. 

PAB 

1 
= 

2 
gh 

hI 
I 

sin 
b,

 
(2.2) 

P = pc·s, (2.20) 
345 pc 3 402;5=85 2 F5=B@5 BO65AB8 A<>G5==>9 ?>25@E=>AB8; s 3 ?;>I04L 
A<>G5==>9 ?>25@E=>AB8. 

 

 

 

 <E. 2.2. �CD989?9A<9 E<?O 846?9A<S :<8>BEF< A4 C?BE>GR CB69DIABEFP 

#@8<5=8B5;L=> : ?@8<5@C =0 @8A. 2.2 3 MB> 402;5=85 2 B>G:5 ! 3 
F5=B@5 BO65AB8 ?@O<>C3>;L=8:0 ���1�1, 
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p = g 
hI 

. 
! 2 

2.3. �BBD88A0F0 F9AFD0 806?9A8O 

*5=B@ 402;5=8O D 3 B>G:0 ?@8;>65=8O @02=>459AB2CNI59 A8?K 402;5=8O   
(@8A. 2.3) =0 ?;>A:CN ?>25@E=>ABL ��. 

 

 

 <E. 2.3. �CD989?9A<9 J9AFD4 846?9A<S 

�>>@48=0B0 F5=B@0 402;5=8O zD 

 

 

8;8 

z = 
Jy

 
D
 hCS 

sin (2.3) 

zD = zC + 
J0 

hCS 
sin, (2.3a) 

345 Jy 3 <><5=B 8=5@F88 A<>G5==>9 ?>25@E=>AB8 AB5=:8 ?;>I04LN S 

>B=>A8B5;L=> >A8 0C, ?@>E>4OI59 ?> ;8=88 ?5@5A5G5=8O A2>1>4=>9 ?>25@E=>AB8 
684:>AB8 A ?;>A:>ABLN, 2 :>B>@>9 ;568B A<>G5==0O ?>25@E=>ABL; J0 3 <><5=B 
8=5@F88 B>9 65 A<>G5==>9 ?>25@E=>AB8 >B=>A8B5;L=> >A8 0C, ?@>E>4OI89 G5@57 
F5=B@ BO65AB8 (B>G:0 !) MB>9 ?;>I048 ?0@0;;5;L=> >A8 0C; hC 8 zC 3 3;C18=0 
?>3@C65=8O 8 :>>@48=0B0 z F5=B@0 BO65AB8 A<>G5==>9 ?>25@E=>AB8 AB5=:8 
?;>I04LN s;  3 C3>; =0:;>=0 ?;0AB8=K. � ?>A>188 [2] (B01;8F0 2.1) ?@82545=K 

7=0G5=8O 25;8G8= s, P, ZD 4;O =081>;55 @0A?@>AB@0=5==KE D83C@. � 1>;55 A;>6=KE 
A;CG0OE 2 @0AG5B0E :>>@48=0BK ZD F5=B@0 402;5=8O A;54C5B ?>;L7>20BLAO C@02=5=85< 

<><5=B>2. 
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(>@<C;K (2.3) 8 (2.3, 0) A?@0254;82K B>;L:> 2 B5E A;CG0OE, :>340 402;5=85 
?>4G8=O5BAO >A=>2=><C 70:>=C 384@>AB0B8:8 (1.5). �> 2A5E 4@C38E A;CG0OE >=8 =5 
?@83>4=K. !> 2> 2A5E A8BC0F8OE >AB05BAO ?>AB>O==K< ?@8=F8?: @02=>459AB2CNI0O 
A8;0 402;5=8O ?@8;>65=0 2 F5=B@5 BO65AB8 M?N@K 402;5=8O. � ?@82545==>< 2KH5 
?@8<5@5 @02=>459AB2CNI0O A8;0 402;5=8O  BC =0 ?>25@E=>ABL �! (A<. @8A. 2.1) >B 
C@>2=59 I 8 II ?@8;>65=0 2 F5=B@5 BO65AB8 ?@O<>C3>;L=>3> ?0@0;;5;5?8?540, B.5. =0 
3;C18=5 

zD = hD = hI + 
h2 

. 
2 

 

3. �А���!�� ����"%&� 
!А �$��"��!��!Ы� &���!�$�'�%��� #"��$%!"%&� 

3.1. ЭCNDO 806?9A8O 

$0AA<>B@8< ?@8<5@ F8;8=4@8G5A:>9 ?>25@E=>AB8 CDEFC (A<. @8A. 1.2). #> 
>A=>2=><C 70:>=C 384@>AB0B8:8 (1.5) >?@545;O5< 871KB>G=>5 402;5=85 2> 2A5E 
E0@0:B5@=KE B>G:0E >B C@>2=59 I 8 II: pCI = 2ghI; pCII = 2ghI 8 B.4. "B;>68< 
?>;CG5==K5 7=0G5=8O ?> 2=CB@5==59 =>@<0;8 : A<>G5==>9 ?>25@E=>AB8 CDEFC (@8A. 
3.1), B.5. A> AB> @>=K 684:>AB8, =0 ?@>4>;65=88 @048CA>2 2 A>>B25BAB2CNI8E B>G:0E. 

 

 <E. 3.1. ЭCRD4 846?9A<S A4 >D<6B?<A9=AGR CB69DIABEFP 
 

#>;CG05< M?N@C =>@<0;L=>3> 402;5=8O =0 D@03<5=B CDE A;520 >B C@>2=O I 8 
=0 CFE A?@020 >B C@>2=O II. �I5 @07 ?>4G5@:=5<: 2 :064>9 B>G:5 402;5=85 >B;>65=> 
?> 2=CB@5==59 =>@<0;8 : CDEFC, B.5. =0 ?@>4>;65=88 A>>B25BAB2CNI53> @048CA0. 
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�>A?>;L7C5<AO 8725AB=K< ?@028;>< <5E0=8:8 8 @07;>68< A8;C, >?@545;O5<CN 
384@>AB0B8G5A:8< 402;5=85< 684:>AB8 =0 :@82>;8=59=CN ?>25@E=>ABL, =0 
3>@87>=B0;L=CN 8 25@B8:0;L=CN A>AB02;ONI85. �725AB=>, GB> 3>@87>=B0;L=0O 
A>AB02;ONI0O A8;K, >?@545;ON- I59 402;5=85 =0 :@82>;8=59=CN ?>25@E=>ABL, =5 
7028A8B >B 55 :>=D83C@0F88 8 @02=0 A8;5 402;5=8O 684:>AB8 =0 25@B8:0;L=CN ?@>5: 
F8N MB>9 ?>25@E=>AB8. 

�;O ?>AB@>5=8O M?N@K 3>@87>=B0;L=>3> 402;5=8O 2K=>AOB 25@B8:0;L=CN 
?@>5:F8N A<>G5==>9 ?>25@E=>AB8 2 AB>@>=C 684:>AB8, 8 =0 =59 AB@>OB M?N@C 
871KB>G=>3> 402;5=8O. 

�;O F8;8=4@0 =0 @8A. 3.1 M?N@0 3>@87>=B0;L=>3> 402;5=8O =0 D@03<5=B CDE 
(@8A. 3.2) >B C@>2=O I ?@54AB02;O5B A>1>9 ?@87<C A >A=>20=85< 1-3-4-6 8 2KA>B>9 b. 
1?N@0 3>@87>=B0;L=>3> 402;5=8O =0 D@03<5=B CFE >B C@>2=O II ?@54AB02;O5B 
A>1>9 ?@87<C A >A=>20=85< 7-8-9-10 8 2KA>B>9 b. #>;CG5==K5 M?N@K =0?@02;5=K 
2 ?@>B82>?> ;>6=K5 AB>@>=K. 

 

 

 

 <E. 3.2. ЭCRDO 7BD<;BAF4?PAB7B 846?9A<S 
 

$57C;LB8@CNICN M?N@C 3>@87>=B0;L=>3> 402;5=8O =0 25AL :>=- BC@ CDEFC 
?>;CG05< 0;351@08G5A:8< A;>65=85<. �5@:0;L=>5 >B@065=85 ?@02>9 M?N@K 

=0:;04K205< =0 ;52CN M?N@C. �B>3>20O M?N@0 ?@54AB02;O5B A>1>9 ?@87<C A 
>A=>20=85< 1-2-5-6 8 2KA>B>9 b. 

1?N@C 25@B8:0;L=>3> 402;5=8O ?>AB@>8< =0 A<>G5==>9 F8;8=4@8G5A:>9 
?>25@E=>AB8 CDEFC (@8A. 3.3). 

�5@B8:0;L=0O A>AB02;ONI0O A8;K 402;5=8O =0 :@82>;8=59=CN ?>25@E=>ABL 
@02=0 25AC 684:>AB8 2 >1J5<5 B5;0 402;5=8O 8 7028A8B >B D>@<K A<>G5==>9 
?>25@E=>AB8. 

�;O ?>AB@>5=8O B5;0 402;5=8O =5>1E>48<> A>548=8BL A<>G5==CN 
?>25@E=>ABL A> A2>1>4=>9 ?>25@E=>ABLN 684:>AB8 8;8 5P ?@>4>;65=85<. !0 @8A. 
3.3 ?>:070=> ?>AB@>5=85 B5;0 402;5=8O 4;O ?>- 
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25@E=>AB8 CKLD (A<. @8A. 3.3). %>548=OO B>G:8 !, K, L, D A> A2>1>4=>9 
?>25@E=>ABLN 684:>AB8, ?>;CG05< M?N@C 402;5=8O =0 MBC ?>25@E=>ABL 2 2845 
?@87<K A :@82>;8=59=>9 B@0?5F859 CKLDD1C1C 2 >A=>20=88 8 2KA>B>9 b. 
�=0;>38G=> AB@>8< M?N@C 402;5=8O =0 ?>25@E=>ABL DMNE (@8A. 3.4). 

 

 

 <E. 3.3. �BEFDB9A<9 F9?4 846?9A<S A4 Q?9@9AF9 >D<6B?<A9=AB= 

CB69DIABEF< 

 

 <E. 3.4. �BEFDB9A<9 F9?4 846?9A<S 8?S J<?<A8D<K9E>B= CB69DIABEF< 

&0:8< >1@07><, B5;> 402;5=8O >3@0=8G5=>: 
1) A25@EC 3 A2>1>4=>9 ?>25@E=>ABLN 684:>AB8 8;8 55 ?@>4>;65=85<; 
2) A=87C 3 A<>G5==>9 F8;8=4@8G5A:>9 ?>25@E=>ABLN; 
3) ?> 1>:0< 3 25@B8:0;L=K<8 ?>25@E=>ABO<8, A>548=ONI8<8 A<>G5==CN 

?>25@E=>ABL A> A2>1>4=>9 ?>25@E=>ABLN 684:>AB8. 
�A;8 B5;> 402;5=8O 70?>;=5=> 684:>ABLN, B> >=> =07K205BAO 

459AB28B5;L=K<. �A;8 B5;> 402;5=8O =5 70?>;=5=> 684:>ABLN, B> >=> =07K205BAO 
D8:B82=K<. 

!0?@02;5=85 459AB28O 25@B8:0;L=>9 A>AB02;ONI59 A8;K 402- 
;5=8O <>6=> >?@545;8BL, @07;>682 =0?@O65=85 A60B8O  =0 M?N@5 =>@<0;L=>3> 
402;5=8O =0 25@B8:0;L=CN 8 3>@87>=B0;L=CN A>AB02;ONI85 (B>G:8 L, M) =0 @8A. 
3.4. � B>G:5 L 459AB28B5;L=>5 B5;> 402- 
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v 

v 
2 

;5=8O =0 ?>25@E=>ABL CKLD A>7405B A8;C, =0?@02;5==CN 2=87. � B>G:5 M 
D8:B82=>5 B5;> 402;5=8O =0 ?>25@E=>ABL DMNE A>740NB A8;C, =0?@02;5==CN 
225@E. � ?@545;0E :064>9 >B<5G5==>9 ?>25@E=>AB8 ;N10O ?@>872>;L=0O B>G:0 405B 
0=0;>38G=K9 @57C;LB0B. #>MB><C 8 @02=>459AB2CNI85 25@B8:0;L=>3> 402;5=8O 
>1O70=K 8<5BL A>>B25B AB2CNI55 =0?@02;5=85: =0 ?>25@E=>AB8 CKLD A25@EC 2=87, 0 
=0 ?>- 25@E=>AB8 DMNE 3 A=87C 225@E. 

� @57C;LB0B5 0;351@08G5A:>3> A;>65=8O ?>;CG5==KE B5; 402;5 =8O >?@545;O5< 
@57C;LB8@CNI55 B5;> 402;5=8O =0 ?>25@E=>ABL CDE. +8A;5==0O 25;8G8=0 
25@B8:0;L=>9 A>AB02;ONI59  � @02=>459AB2CNI59 A8; 402;5=8O =0 
:@82>;8=59=CN ?>25@E=>ABL >?@545;O5BAO ?> D>@<C;5 

PB = gV, (3.2) 

345 V 3 >1J5< @57C;LB8@CNI53> B5;0 402;5=8O. 
$02=>459AB2CNICN A8;C   >?@545;ONB 87 A>>B=>H5=8O 

  =√P
2
 + P

2
. (3.3) 

3 2 
 

4. �А�"!Ы %"%$А!�!�/  А%%Ы � Э!�$��� 

4.1. "EAB6AO9 CBAOF8O 

�A;8 ?>B>: 684:>AB8 =5 8<55B @07@K2>2, B> ?@8 CAB0=>282H5<AO 42865=88 
@0AE>4 Q 4;O 2A5E 682KE A5G5=89 ?>B>:0 >48=0:>2. � >1- 
I5< 2845 MB> C@02=5=85 8<55B 
284 

O2;O5BAO C@02=5=85< A>E@0=5=8O <0AAK 8 

G = 1v1s1 = 2v
2
s2 = const. (4.1) 

#@8 ?>AB>O==>9 ?;>B=>AB8 ?>B>:0 MB> A>>B=>H5=85 8<55B 284: 
Q = v1s1 = v2s2 = const (4.10) 

8 =07K205BAO C@02=5=85< =5@07@K2=>AB8 ?>B>:0. 1B> >4=> 87 >A=>2=KE C@02=5=89 
384@02;8:8, ?>72>;ONI55 4>AB0B>G=> ?@>AB> 2KG8A ;OBL A@54=NN A:>@>ABL ?>B>:0 2 
@07;8G=KE 53> A5G5=8OE :0: 25;8G8=C, >1@0B=> ?@>?>@F8>=0;L=CN ?;>I048 
@0AA<0B@8205<>3> A5G5=8O. 

'@02=5=85 �5@=C;;8 O2;O5BAO G0AB=>9 D>@<>9 70:>=0 A>E@0=5 =8O M=5@388 

z1 + 
 p1 +
 
1 
g 2g 

= z2 + 
 
p2 

g 

2 
+
 
2 

2g 

+ hf. (4.2) 

"=> A?@0254;82> B>;L:> 4;O A5G5=89 A ?;02=> 87<5=ONI8<AO 42865=85<, 
:>340 C3;K <564C 25:B>@0<8 <5AB=KE A:>@>AB59 <0;K 8 <0;0 :@8287=0 ;8=89 B>:0. � 
MB8E CA;>28OE 4;O B>G5: 682>3> A5G5=8O >AB05BAO 2 A8;5 70:>= 384@>AB0B8G5A:>3> 
402;5=8O (1.1). 1B> CB25@645=85 >15A?5G8205B >G5=L 206=>5 >1AB>OB5;LAB2>: 
C45;L=CN ?>B5=F80;L=CN M=5@38N ?>B>:0 2 A5G5=88 A ?;02=> 87<5=ONI8<AO 42865- 
=85< <>6=> >?@545;8BL ?> ;N1>9 B>G:5 A5G5=8O. 
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� B01;. 4.1 ?@82>48BAO M=5@35B8G5A:89 8 35><5B@8G5A:89 A<KA; A;0305<KE 
C@02=5=8O �. �5@=C;;8 4;O ?>B>:0 2O7:>9 684:>AB8. 

&01;8F0 4.1 

 

1;5<5=B 
C@02=5=8O 1=5@35B8G5A:89 A<KA; �5><5B@8G5A:89 A<KA; 

 

 

 

z 

 

 

'45;L=0O (4;O 548=8FK 25- 
A0) ?>B5=F80;L=0O M=5@38O 
?>;>65=8O. 

�5><5B@8G5A:0O 2KA>B0 3 @0A- 
AB>O=85 ?> 25@B8:0;8 >B ;8=88 

>BAG5B0 0-0 (@8A. 4.3) 4> 
@0AA<0B@8205<>9 B>G:8 A5G5=8O. 
#@8 >B;>65=88 z >B 0-0 225@E 
35><5B@8G5A:0O 2KA>B0 AG8B05BAO 
?>;>68B5;L=>9, 0 2=87 3 
>B@8F0B5;L=>9. 

 

 

p 
 

g 

 

 

'45;L=0O ?>B5=F80;L=0O 
M=5@38O 402;5=8O. 

 

#L57><5B@8G5A:0O 2KA>B0 3 @0A- 
AB>O=85 >B B>G:8 A :>>@48=0B>9 z 
4> ?L57><5B@8G5A:>9 ;8=88. 

 
p 

H = z + 
g
 

 

 

#>;=0O C45;L=0O ?>B5=F8- 
0;L=0O M=5@38O. 

 

#L57><5B@8G5A:89 =0?>@, @0A- 
AB>O=85 >B ?;>A:>AB8 >BAG5B0 0-0 

4> ?L57><5B@8G5A:>9 ;8=88. 

v
2
 
 

2g 

'45;L=0O :8=5B8G5A:0O 
M=5@38O. 

%:>@>AB=>9 =0?>@, >@48=0B0 <5- 
64C ?L57><5B@8G5A:>9 8 =0?>@- 
=>9 ;8=8O<8. 

 

Hd = 
p v

2
 

= z +
g 

+ 
2g

 

 

 

#>;=0O C45;L=0O <5E0=8G5- 
A:0O M=5@38O. 

 

 

�84@>48=0<8G5A:89 =0?>@, @0A- 
AB>O=85 >B ?;>A:>AB8 >BAG5B0 0-0 

4> =0?>@=>9 ;8=88. 

 

 

 

hf 

'45;L=0O ?>B5@O M=5@388. 
$01>B0 :0A0B5;L=KE 
=0?@O65=89, 2>7=8:0NI8E 
87-70 B@5=8O 2 4286CI5<AO 
?>B> :5 684:>AB8, 2A5340 
?@82>48B : ?5@5E>4C G0AB8 
<5E0 =8G5A:>9 M=5@388 
4286CI53>AO ?>B>:0 2 
B5?;>2CN. 

 

#>B5@O =0?>@0, @07=>ABL ?>;=>9 
C45;L=>9 <5E0=8G5A:>9 M=5@388 =0 
@0AG5B=>< CG0AB:5. $0AG5B ?>B5@L 
=0?>@0 A2O70= A 2KO2;5=85< 
E0@0:B5@=KE 384@02;8G5A:8E 

A>?@>B82;5=89. 

#@8 42865=88 ?>B>:0 ?>B5@8 M=5@388 45;OBAO =0 ?CB52K5 hl (?> 4;8=5) 8 

<5AB=K5 h< 
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hf = Σ hl + Σ hM . (4.3) 

� ?CB52K< ?>B5@O< >B=>AOBAO ?>B5@8 ?@8 @02=><5@=>< 42865=88. !0 
CG0AB:0E 42865=8O 684:>AB8, 345 8<5NBAO ?>2>@>BK, AC65=8O, @0AH8@5=8O 8 B.4., 
:0A0B5;L=K5 =0?@O65=8O B@5=8O 24>;L ?>B>:0 8 2 53> A5G5=8OE >1KG=> 8<5NB 
A;>6=K5 @0A?@545;5=8O, ?@8 MB>< A:>@>ABL ?>B>:0 87<5=O5BAO ?> 25;8G8=5 8;8 ?> 
=0?@02;5=8N. #>B5@8 =0?>@0, A2O70==K5 A B0:8<8 <5AB=K<8 87<5=5=8O<8, 
=07K20NBAO <5AB=K<8. 

!0 @8A. 4.1 ?CB52K5 ?>B5@8 @02=K ?>B5@O< M=5@388 =0 CG0AB:0E 
l1 8 l2 

Σ hl = hl1 + hl2. (4.4) 

 5AB=K5 ?>B5@8 M=5@388 ?@54AB02;5=K =0 A60B85 2 ?@545;0E 
:>=CA0 h:>=  

Σ hM = h:>=. (4.5) 

 

 

 
 

 <E. 4.1. �??REFD4J<S > GD46A9A<R 
�9DAG??<. 1 – A4CBDA4S ?<A<S; 2 – 

CP9;B@9FD<K9E>4S ?<A<S 
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          V                

V                              

#>B5@8 M=5@388 4286CI59AO 684:>AB8 7028AOB >B <=>38E D0:B>@>2, => 
=587<5==> C25;8G820NBAO A @>AB>< A:>@>AB8. �>7=8:0NI85 ?@8 42865=88 
684:>AB8 A8;K 8=5@F88, =0?@8<5@, =0 CG0AB:0E A60B8O ?>B>:0 (@8A. 4.2) 8;8 ?@8 53> 
@0AH8@5=88 (A<. @8A. 4.2) :><?5=A8@CNBAO B@5=85<. #>MB><C G5< 2KH5 :@8287=0 
>B45;L=KE AB@C5:, G5< 1>;LH5 8 8=B5=A82=55 28E@52K5 >1;0AB8, B5< 2KH5 ?>B5@8 
<5E0=8G5A:>9 M=5@388. 

"?KBK ?>4B25@640NB, GB> ?>B5@8 M=5@388 =0 CG0AB:0E A @0AH8@5=85< ?>B>:0 
684:>AB8 (A<. @8A. 4.2) 2A5340 2KH5 ?> A@02=5=8N A ?>B5@O<8 M=5@388 =0 CG0AB:0E A 
A60B85< ?>B>:0 (A<. @8A. 4.2). 

 

 

 <E. 4.2. �D<@9DO @9EFAOI EBCDBF<6?9A<= – 

6A9;4CAB9 D4EL<D9A<9 
< 6A9;4CAB9 EG:9A<9 CBFB>4 

 

4.2. !0CBDA0O 8 CP97B@9FD8G9E>0O ?8A88 

#@8 42865=88 2O7:>9 684:>AB8 ?@>8AE>48B C<5=LH5=85 AC<<0@=>9 M=5@388 

?>B>:0 70 AG5B ?5@5E>40 =5:>B>@>9 G0AB8 <5E0=8G5A:>9 M=5@388 2 B5?;>2CN, 
:>B>@0O @0AE>4C5BAO =0 =03@520=85 A0<>9 4286CI59AO 684:>AB8 8 G0AB8G=> 
@0AA58205BAO 2 >:@C60NI59 A@545. 

!0?>@=0O ;8=8O 3 MB> 3@0D8: 87<5=5=8O ?>;=>9 C45;L=>9 <5E0=8G5A:>9 
M=5@388 �d 24>;L B5G5=8O. 

#L57><5B@8G5A:0O ;8=8O 3 MB> 3@0D8: 87<5=5=8O ?>B5=F80;L=>9 M=5@388 

H = z + 
p 

g 
.
 

�0G5AB25==CN :0@B8=C ?>AB@>5=8O =0?>@=>9 8 ?L57><5B@8G5A:>9 ;8=89 
@0AA<>B@8< =0 ?@8<5@5 7040G8 > 42CE @575@2C0@0E (@8A. 4.3), ?> AE5<5 :>B>@>9 
@5H05BAO <=>65AB2> 8=65=5@=KE 2>?@>A>2. 

�84:>ABL, :0: 8 ;N1>5 4@C3>5 B5;>, 2A5340 42865BAO 87 >1;0AB8 1>;LH59 

<5E0=8G5A:>9 M=5@388 2 >1;0ABL <5=LH59 M=5@388. 
d1 = d2 » d4 > d3 = d5; h1 

= 4 <; h2 = 8 <; 
z3 = 2 <; 

p1= 77,48 :#0; 
p2 = 319,62 :#0. 



 

 

 

 

 
 

 <E. 4.3. �484K4 B 86GI D9;9D6G4D4I. 
�BEFDB9A<9 A4CBDAB= < CP9;B@9FD<K9E>B= 

?<A<=: 1 – A4CBDA4S ?<A<S, 2 – 

CP9;B@9FD<K9E>4S ?<A<S 

1
6
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v v 

1 

 

4.3. А?7BD8F@ D9H9A8O 7080G8 B 86GE D979D6G0D0E 

1) �K18@05< ?;>A:>ABL (;8=8N) >BAG5B0 0-0. &@51>20=85 : =59 B>;L:> >4=>: 
>=0 4>;6=0 1KBL 3>@87>=B0;L=0. #>;>65=85 ?;>A:>AB8 0-0 ?> 2KA>B5 >1KG=> 15@CB 
B0:8< >1@07><, GB>1K 2 ?@54?>;0305<KE 4;O 8A?>;L7>20=8O 682KE A5G5=8OE 
35><5B@8G5A:85 2KA>BK 1K;8 ?>;>68B5;L=K z ≥ 0. #@8<5@>< <>3CB A;C68BL z3 = 

z4 > 0 8 z8 = z9 = 

= z10 = z11 = 0 (A<. @8A. 4.3). 

2) %>AB02;O5< C@02=5=85 �5@=C;;8 (4.2) 4;O ?>B>:0 2O7:>9 684:>AB8; C@02=5=85 
=5@07@K2=>AB8 (4.10) 8 C@02=5=85 ?>B5@L M=5@388 (4.3). 

3) "?@545;O5< =0?@02;5=85 B5G5=8O 684:>AB8, B0: :0: ?>B5@8 M=5@388 =0 
CG0AB:0E A60B8O 8 @0AH8@5=8O =5 @02=>7=0G=K. 

�;O @5H5=8O ?>AB02;5==>9 7040G8 >?@545;8< A ?><>ILN C@02=5=8O 
�5@=C;;8 M=5@38N 2 :@09=8E A5G5=8OE 1-1 8 2-2 7040==>9 A8B5<K (A<. @8A. 4.3). � 
MB8E A5G5=8OE A:>@>AB=K<8 =0?>@0<8 

2 2 
  1 8 2 

2g 2g 
<>6=> ?@5=51@5GL 2284C <0;>AB8 A:>@>AB59 87<5=5=8O C@>2=59 684- :>AB8 2 
@575@2C0@0E, ?>A:>;L:C 480<5B@K @575@2C0@>2 >1KG=> <=>3> 1>;LH5 480<5B@>2 
B@C1>?@>2>4>2 d1 = d2 » d4 > d3 = d5. #>MB><C 87 C@02=5=8O �5@=C;;8 ?>B5@8 
M=5@388 ?>B>:0 hf <>6=> 2K@078BL A;5- 4CNI8< >1@07><: 

oH = z1 – z2 + 
p1 

g 

– p2 

g 
= hf. (4.6) 

#>A:>;L:C A;0305<K5 2 ;52>9 G0AB8 (4.6) 8725AB=K 4;O @0AA<0B- 
@8205<>3> ?@8<5@0, B> <K ?>;CG05< :>=:@5B=>5 7=0G5=85 ?>B5@L hf = 

= oH = hf0. 
'45;L=0O ?>B5=F80;L=0O M=5@38O 

H1 = z1 + 
p1 

g 
8 H2 = z2 

+ 
p2 . 

g 
#>;=0O C45;L=0O <5E0=8G5A:0O M=5@38O A5G5=89 1-1 8 2-2: 

Hd1 ≈ H2 = z3 + h1 + 
p 

g 
= 2 + 4 + 8 = 14 <; 

Hd2 ≈ H2 = h2 + 
p2 

g 
= 8 3 2 = 6 <. 

#>A:>;L:C Hd1 1>;LH5 Hd2, B> 684:>ABL 1C45B B5GL 87 @575@2C0@0 1 2 
@575@2C0@ 2. 

4) %B@>8< =0?>@=CN ;8=8N. 
"B ?;>A:>AB8 >BAG5B0 0-0 >B:;04K205< 225@E 35><5B@8G5A:CN 2KA>BC z1 = z3 

+ h1 3 ?>?0405< =0 C@>25=L A2>1>4=>9 ?>25@E=>AB8 684:>AB8 2 A5G5=88 1-1 2 ;52>< 

@575@2C0@5; >B MB>3> C@>2=O >B:;04K 205< 225@E ?L57><5B@8G5A:CN 2KA>BC 



18 
 

 

 
#>;CG5==0O AC<<0 

p1 .
 

g 

H1 = z1 + 
p1 

g 
A>AB02;O5B ?@0:B8G5A:8 ?>;=CN C45;L=CN <5E0=8G5A:CN M=5@38N 2 A5G5=88 1-1: Hd1 
≈ H1. 

�>@87>=B0;L=0O ;8=8O =0 >B<5B:5 Hd1 >B ?;>A:>AB8 0-0 O2;O5BAO =0?>@=>9 8 
>4=>2@5<5==> ?L57><5B@8G5A:>9 ;8=859 A5G5=8O 1-1, ?>A:>;L:C <K ?@5=51@53;8 
A:>@>ABLN 87<5=5=8O C@>2=O 684:>AB8 2 @575@2C0@5 1. 
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