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/,0,1&2% 3456,..78% 3% 9:;808<8.&8'% =,;,>?8;&3?&>% @<8>?;9',A.&?.9A9% :9<52% ;,338B

5..9A9%9CD8>?,'&2%.,674,E?35%0&F;,>G&9..7'&(%),&C9<88%9CH&'%:90=909' >%;8I8.&E%

0&F;,>G&9..7=%6,0,1 54<58?35%'8?90%&.?8A;,<J.7=%-;,4.8.&K%LM$N(%O%:;9A;,''8%FEKO

;8,<&694,.% 1&3<8..7K% '8?90% ;8I8.&5% &.?8A;,<J.7=% -;,4.8.&K% – '8?90% '9'8.?94%

L!P!N, :;&C<&Q8.&8%F&6&183>9K%9:?&>&%LRPN ,%?,>Q8%;50%0;-A&=%'8?9094 [1]. O%93.948%

!P!%<8Q&?%0&3>;8?&6,G&5%:948;=.93?&(%S,6'8;%@<8'8.?,%;,6C&8.&5%47C&;,8?35%?,>2%1?9B

C7%:<9?.93?J%:948;=.93?.9A9%?9>,%4%8A9%:;808<,=%C7<,%:93?95..9K%L4%:;9A;,''8%FEKO

:948;=.93?J 9CD8>?, ;,6C&4,8?35 .,%?;8-A9<J.&>&). #,>&'%9C;,69'2%&.?8A;,<J.98%-;,4.8B

.&8%3490&?35%>% 3&3?8'8%<&.8K.7=%,<A8C;,&183>&=%-;,4.8.&K% LTUV$N(%+9<JI9K%:9;509>%

TUV$% ?;8C-8?% C9<JI&=% 471&3<&?8<J.7=% 6,?;,?. W<5% -3>9;8.&5% ;,318?94% 4% :;9A;,''8%

FEKO &3:9<J6-8?35% C73?;7K% '.9A9-;94.847K% '8?90% '-<J?&:9<8K (multilevel fast 

multipole method - MLFMM). O 9?<&1&8%9?%!P!2 4%'8?908 '-<J?&:9<8K ;,33',?;&4,8?35%

46,&'908K3?4&8% '8Q0-% A;-::,'&% ?;8-A9<J.7=% @<8'8.?94(% O% 3<-1,82% >9A0,% 496'9Q.93?&%

>9':JE?8;,2%9A;,.&18.72%0<5%;8I8.&5%6,0,1%0&F;,>G&&%.,%?8<,=%C9<JI9A9%@<8>?;&183>9B

A9% ;,6'8;,% :;&'8.5E?% '8?90% F&6&183>9K% 9:?&>&% (RP). !8?90% RP% :9649<58?% ;8I,?J%
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@<8>?;90&.,'&183>&8% 6,0,1&% 4% 3Q,?78% 3;9>&2% .9% '9Q8?% :;&483?&% >% .8>9.?;9<&;-8'7'%

9I&C>,'2%:9@?9'-%:8;80%8A9%&3:9<J694,.&8'%?;8C-8?35%;8I8.&8%'908<J.7= 6,0,1(

S,33'9?;&'% 6,0,1-% 0&F;,>G&&% .,% 3F8;82% >9?9;,5% 54<58?35% @?,<9..9K2% :93>9<J>-%

&'88? ,.,<&?&183>98%;8I8.&8. O%?,C<.Y%&%.,%;&3.Y%:;&4808.7%;86-<J?,?7%;,31Z?, .,:;5B

Q8..93?&% @<8>?;&183>9A9% :9<5 0<5% 3F8;7 ;,0&-3, ( = 0,5 ' 3 @<8>?;&183>&' ;,6'8;9'

4,9!ka (
"

#$
!

2
k – 49<.9498%1&3<9), 1?9%399?48?3?4-8?% 333,0!" . O9%438=%;,33',?;&4,8B

'7=%6,0,1,= :948;=.93?J%9CD8>?,%31&?,8?35%&08,<J.9%:;94905H8K2%, :9<5;&6,G&5%:;&8',

:9<,A,8?35% 39A<,394,..9K%3%:9<5;&6,G&8K%&6<-18.&5. ),%;&3(Y%:;803?,4<8.7%0&,A;,''7%

C&3?,?&183>9A9% ;,3385.&5% 0<5 ;,6<&1.9A9 1&3<,% ?;8-A9<J.&>94 N[ L:;&% @?9'% :<9H,0J%

@<8'8.?94%S[ ?,>Q8%C-08?%;,6<&1.9KN. \9%-'9<1,.&E 0<&.,%3?9;9.7%?;8-A9<J.&>,%4 :;9B

A;,''8 FEKO :;&.&',8?35% ;,4.9K% l = J/8(% S,318?7% 47:9<.5<&3J% :;&% l = J/10, l = J/]% &%

l = J/3. S,6'8;9'%@<8'8.?,%C-08?%9:;808<5?J35%;,6'8;%TUV$(%

S&3. 1. ";,F&>&%.,:;5QZ..93?&%@<8>?;&183>9A9%:9<5%0<5%3F8;7

:;& 4,9!ka , l = J/10, l = J/]%&%l = J/3

W<5% ;,33',?;&4,8'9K% 6,0,1&% ',>3&',<J.,5% :9A;8I.93?J% L9?.93&?8<J.9% ;8I8.&52%

:9<-18..9A9%:;&%l = J/10) 393?,4&<, 0,3 0+ (l = J/5) &%1 0+ (l = J/3), 0<5%l = J/3 ;86-<J?,?%:9B

<-18. 4%YY2]%;,6%C73?;88, 18'%0<5%l = J/10 L3'( ;&3(YN. \;&'8.8.&8%'8?90,%^_`^^%:9649B

<58?%:9<-1&?J%;8I8.&8%4%a%;,6,%C73?;88 L3'( ?,C<(YN. S,318?7%47:9<.5<&3J%., \b 3%:;9B

G8339;9' Intel Core 2 Quad CPU L?,>?94,5%1,3?9?,%2,40 ""G), 9CD8'%9:8;,?&4.9K%:,'5?& –

4 "+.

:(K1.I(2L

/,?;,?7 4;8'8.&%&%:,'5?&%:;&%;,31Z?8 4%:;9A;,''8%FEKO 0<5%3F8;7%3% 4,9!ka

W<&.,%

3?9;9.7%[

l, '
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S[2%'
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cda MOM 0,098 762 10 0,052 -11,4

cd] MOM 0,060 2020 71 0,224 -11,6

cdYe MOM 0,029 8748 1289 4,27 -11,6

cdYe MLFMM 0,029 8748 225 1,73 -11,6

\;&%0,<J.8KI8'%-48<&18.&&%@<8>?;&183>9A9%;,6'8;,%3F8;7%0<5%-3>9;8.&5%471&3B

<8.&K%496'9Q.9 :;&'8.8.&8%'8?90,%RP( S86-<J?,?7 ;,318?94 .,:;5Q8..93?&%:9<5%3%&3B

:9<J694,.&8'%MOM, MLFMM & RP :;&4808.7 0<5% ka = 28,f% & ka = 159 .,% ;&3(2 &% 4%

?,C<.2.

,) C)

S&3. 2. ";,F&>&%.,:;5QZ..93?&%@<8>?;&183>9A9%:9<5%0<5%3F8;7 3%ka = 28,4;

,N – MOM L3:<9I.,5%<&.&5N2MLFMM L?91>&Ng CN – F&6&183>,5%9:?&>,

:(K1.I( 2

/,?;,?7%4;8'8.&%&%:,'5?&%:;&%;,31Z?8%4%:;9A;,''8%FEKO 0<5%3F8;7

3 ka = 28,f%& ka = 159

c2%' ka W<&.,%

3?9;9.7%

[

!8?90%

;,318?,

S[2%'
2

N[ #;8C-8',5%

:,'5?J2%

!C

O;8'5

;,31Z?,,

'&.

E9C;(;(2%

0+

0,111 28,3 cdYe MOM 0,0098 76448 404 1089,5

(18,2 1N

-12,1

0,111 28,3 cdYe MLFMM 0,0098 76448 1252 54,76 -12,1
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0,111 28,3 cdYe RP 0,0098 77130 129 1,04 -12,1

0,111 28,3 1,5hc RP large 0,1541 308 0, 773 0,1144 -10,1

0,02 157,9 cdYe RP 0,0036 569140 953 15,88 -12,1

0,02 157,9 1,5hc RP large 0.0265 10482 21 0,283 -12,2

b,>% 4&0.9%&6%:;803?,4<8..7=% 4% ?,C<(i% ;86-<J?,?942% ;,318?7%'8?909' F&6&183>9K%

9:?&>& 47:9<.5E?35 :;&'8;.9 4% ]e ;,6% C73?;882% 18'% :;& &3:9<J694,.&& MLFMM. M6%

;&3(i%4&0.92%1?9%0&,A;,'',%C&3?,?&183>9A9%;,3385.&52%:9<-18..,5%'8?909'%RP2%9?<&1,B

8?35%9?%;8I8.&K%MOM & MLFMM2%90.,>92%4%9C<,3?5= :;5'9A9%&%9C;,?.9A9%;,3385.&K .,B

C<E0,8?35%918.J%=9;9I88%399?48?3?4&8%;86-<J?,?94(

\;&%0,<J.8KI8'%-48<&18.&&%@<8>?;&183>9A9%;,6'8;,%9CD8>?, 1&3<9%@<8'8.?94%N[

3-H83?48..9%496;,3?,8?(%W<5%;8I8.&5%?,>&=%6,0,1%4%:;9A;,''8%FEKO :;80-3'9?;8.,%496B

'9Q.93?J%-48<&1&?J%3?9;9.-%?;8-A9<J.&>,%:;&'8;.9%.,%:9;509>j l = 1,5hJ &%&3:9<J694,?J%

'8?90%;8I8.&5%RP large. O%>,183?48%:;&'8;,%.,%;&3(a%:;803?,4<8.7%;86-<J?,?7%;,318?94%

'8?909'%RP%0<5%3F8;7%3%@<8>?;&183>&'%;,6'8;9'%ka = Y]k%:;&%l = J/10 (;&3(a2,N%&%l = 1,5hJ

(;&3(a2CN(% O% .,:;,4<8.&&% 9C;,?.9A9% ;,3385.&5% 9?<&1&8% '8Q0-% ;,318?,'&% .8 :;847I,8?

0,05 0+ L;&3.3). S8I8.&8%'8?909'%RP%lmnop%?8'%?91.882%18'%C9<JI8 @<8>?;&183>&K%;,6'8;%

?8<,%L3'. ?,C<.2).

,) +)

S&3( 3. ";,F&>&%.,:;5QZ..93?&%@<8>?;&183>9A9%:9<5%0<5%3F8;7 3%ka = 159;

,N '8?90 RP2%CN%RP%3%C9<JI&'&%@<8'8.?,'&%;,6C&8.&5%LRP%large)

b,>%:9>,6,<& ;86-<J?,?7%471&3<&?8<J.7=%@>3:8;&'8.?942%:;5'98%:;&'8.8.&8%'8B

?90,%MOM 496'9Q.9%09%6.,18.&K%ka < 50. S8,<&694,..7K%4%FEKO C73?;7K%'8?90%'-<JB
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?&:9<8K% :9649<58?% 3-H83?48..9% -3>9;&?J% :;9G833% 471&3<8.&K% C86% :9?8;&% ?91.93?&. T%

0;-A9K% 3?9;9.72% :9<-18..78% ;86-<J?,?7% 34&08?8<J3?4-E?% 9% ?9'2% 1?9% ;8,<&694,..78% 4%

:;9A;,''8%FEKO '8?907 RP &%RP%lmnop%:;&A90.7%0<5%;8I8.&5%6,0,1 9C;,?.9A9%;,3385B

.&5 .,% ?8<,=% C9<JI9A9% @<8>?;&183>9A9% ;,6'8;,% Lka > 150). *?9% :9649<58?% 471&3<5?J% @FB

F8>?&4.-E% :<9H,0J ;,3385.&5 ;,6<&1.7=% 9CD8>?94% L.,:;&'8;2 A;,Q0,.3>&= &% 498..7=

3,'9<8?94).

O%1998 A(%.,I&'&%>9<<8A,'& C7<&%:9<-18.7 0&,A;,''7%9C;,?.9A9%;,3385.&5 0<5%

'908<&%3,'9<8?,%B2 Spirit [2]. O%.,3?95H88%4;8'5%3-H83?4-8?%496'9Q.93?J%&3:9<J694,.&5%

C9<88%3948;I8..7= TV\S2%:9649<5EH&=%:9<-1&?J C9<88%?91.-E '908<J 9CD8>?,. !908<J%

3,'9<8?,%B2 Spirqr%L;&3.4,C), 6,&'3?494,..,5 3%3,K?,%s3], &'88?%4960-=96,C9;.&>&%&%>,C&.-

:&<9?94%L>9?9;,5%:9<,A,8?35%.893?8><8..9KN%&%9?<&1,8?35%9?%9;&A&.,<, L;&3(f2,N2 ?8'%1?9%

&'88?%9>;-A<78%918;?,.&5%=493?949K%1,3?&(

,) CN

S&3. 4.!908<J%3,'9<8?,%+i%tuqnqr;

,N%;8,<J.,52%CN%4%:;9A;,''8%`vwx

W<5%;,318?,%'9Q.9%&3:9<J694,?J%3'8I,..98%.,.838.&8%38?>&: .,%>;9'>,=%&%.8;94B

.7=% -1,3?>,=% :;&'8.&?J% ;,6C&8.&82% 39&6'8;&'98% 3% J/8, -'8.JI,5% 8A9% 09% J/3 .,% A<,0>&=%

:948;=.93?5=( O%0,..9'%3<-1,8%&3:9<J694,<,3J%90.9;90.,5 38?>,, ;,3385..98%:9<8%471&3B

<5<93J%3%&3:9<J694,.&8'%'8?9094 RP &%RP%lmnop 3%-18?9'%0&F;,>G&&%.,%>;9'>,=. T1&?,B

8'2%1?9%:<93>,5%49<.,%9C<-1,8? 3,'9<8?%:90%-A<9' ]y%3.&6- 9?%93849K%<&.&&%:<,.8;, (3'(%

;&3.5). W<&.,%49<.7%47C;,.,%;,4.9K%1 '%&%a 3'2%:9<5;&6,G&5%&6<-18.&5%– A9;&69.?,<J.,5(
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S&3. 5. "89'8?;&5%6,0,1&%4%:;9A;,''8%`vwx

),% ;&3(z% :9>,6,.,% :<9?.93?J% ;,3:;808<8.&5% :948;=.93?.9A9% ?9>,2% .,% ;&3(7 – .,B

:;5Q8..93?J @<8>?;&183>9A9%:9<5%4%C<&Q.8K%69.8. M6%;&3(z%4&0.92%1?9%.,C9<JI88%6.,18B

.&8%:<9?.93?&%?9>,%093?&A,8?35%4%;,K9.8%4960-=96,C9;.&>94%&%>,C&.7%:&<9?942%,%&6%;&3(X%

– 1?9%;,3385.&8%4:8;80%:;,>?&183>&%9?3-?3?4-8?(%W&,A;,''7 C&3?,?&183>9K @FF8>?&4.9K%

:<9H,0&%;,3385.&5%0<5%0<&.%49<.%Y '%&%a 3'%:9>,6,.7%.,%;&3-.>,=%82,%&%82C(%\9<-18..78%

;86-<J?,?7% 08'9.3?;&;-E?%',<98% ;,3385.&8 4% 9C;,?.9'%.,:;,4<8.&&2% 4% .,:;,4<8.&5=% {%

70° .,C<E0,E?35%9?;,Q8.&5%9?%>;7<J84(

 S&3( 6. S,3:;808<8.&8%:<9?.93?&%:948;=.93?.9A9%?9>,%:;&%c = 1 '

 

 

S&3. 7. S,3:;808<8.&8 :9<5%4%C<&Q.8K%69.8 :;& c = 1 '
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,N CN
S&3. 8. W&,A;,''7%C&3?,?&183>9K%*\S: ,N%c = 1 '%2%CN%c = 3 3'

M6 0&,A;,''%C&3?,?&183>9K%*\S 0<5%0<&.%49<.%Y '%&%3 3'2%4&0.92%1?9%4%I&;9>9'%

38>?9;8%-A<94 3;80.&8 6.,18.&5%*\S%:;&'8;.9 ;,4.7 -10 0+%&% -20 0+, 1?9%399?48?3?4-8?%

0,1 '
2
& 0,01 '

2
(%*\S%:;&%9C;,?.9'%;,3385.&&%;,4.,%e2Yz '

2
(J = 1 'N &%0,057 '

2
(J = 3 3'N.

\9% 0,..7'% 349C90.9K% &.?8;.8?-@.G&><9:80&&% LO&>&:80&&N2% *\S% 3,'9<8?,%Bi %<8Q&?% 4%

:;808<,=% e2eeYf '
2
09 e2Y%'

2
2% :9<-18..7K%:;&% J = 3 3' ;86-<J?,?%.,=90&?35 4% ->,6,..9'%

0&,:,69.8(% #,>98% 6.,18.&8% *\S% 918.J% ',<9% 0<5% 3,'9<Z?,% 3% ;,6',=9'% >;7<J84% 52,40 '2%

0<&.9K%ie290 '2%4739?9K%]245 '%&%:<9H,0JE%.83-H8K%:948;=.93?&%fzf2] '
2

[4].

J?1=:6-(1*%.+*'.,

1. +,.>94% T(|(2% b-;-I&.% V(V(% *<8>?;90&.,'&>,% &% ?8=.&>,% TO}% 0<5% :9<J694,?8<8K%

TV\S(!(2%iee~(%iXz 3(

2. V(+(+9;6942% S(\(+73?;942% V(O(T9>9<94 V.,<&6% ;,0&9<9>,G&9..7=% =,;,>?8;&3?&>% 9CDB

8>?94%3<9Q.9K%:;93?;,.3?48..9K%>9.F&A-;,G&&.

3.!908<J% 3,'9<Z?,% +i% tuqnqr.

http://jre.cplire.ru/mac/dec98/4/text.html

L0,?,%9C;,H8.&5j%Ya(ei(ieYaN(

http://grabcad.com/library/northrop-b2 (0,?,% 9C;,H8.&5j

13.02.2013).

4. V4&,G&9..,5% @.G&><9:80&5% �$A9<9>% .8C,�(% \,;,'8?;7% C9'C,;0&;94H&>,% B-2 Spirit.

http://www.airwar.ru/enc/bomber/b2.html (0,?,%9C;,H8.&5j 12.02.2013).


