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/01023&4.5% &61-7,89,:% .&62530';0<,3-<.,:% ;1,6',% .,=5>&3% ;<&'0.0.&0% 4%

<,61&7.?=% 53<,@1:=% .,-2&% &% 30=.&2&A% 42187,:% <,6<:>.?0% &@357.&2&% &61-70.&:A%

;1,6'5>&.,'&70@2&0 -@3,.542&A%-@3<5B@34,%24,.3545B%C1023<5.&2&%&%><(%DEF(%G<&%<,6<,H5320%

3,2&=% @&@30'% 5@3<5% @35&3% ;<5H10',% ,22-<,3.5I5% <,@703,% <,>&,J&5..5I5% ;0<0.5@,(%

K56.&2,89&0% 6>0@L% @15M.5@3&% @4:6,.?% @% ;<&.J&;&,1L.5B% 3<0='0<.5@3L8% I05'03<&B%

<,@@',3<&4,0'?=% 5HN02354% &% <0625B% 7,@353.5B% 6,4&@&'5@3L8% 5;3&70@2&=% @45B@34% @<0>?(%

O,>,7,% <,@703,% ;0<0.5@,% &61-70.&:% @% J01L8% 5;<0>010.&:% >&40<I0.J&&% &.30I<,1L.5I5% ;5%

@;023<-% ;5352,% &61-70.&:%'.5I52<,3.5% <0P,03@:% 4% &30<,J&5..?=% ;<5J0>-<,=% 4% 6,'2.-3?=%

',30',3&70@2&=%'5>01:=A%4%2535<?=%.,@3<,&4,83@:%;51:%30';0<,3-<A%;153.5@30BA%>,410.&BA%

@25<5@30B(% G<&% <0,1&6,J&&% 3,2&=% '5>010B% ,23-,1L.?'&% @3,.54:3@:% 45;<5@?% <,6<,H532&%

H?@3<?=% '035>54% &% ,1I5<&3'54% <,@703,% <,>&,J&5..5I5% ;0<0.5@,% 2,2% 4% 357.5B% 3<0='0<.5B%

;5@3,.5420A% 3,2% &% @% &@;51L654,.&0'% <,61&7.?=% ;<&H1&M0.&B% @% >03,1L.5B% ;<5<,H5325B%

@;023<54% ;5% 7,@3530(% K% .,@35:90B% <,H530% <,@@',3<&4,83@:% @;5@5H?% -@25<0.&:% <,@703.?=%
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;<5J0>-<% 6,% @703% ;<&'0.0.&:% <:>,% &640@3.?=% >&SS0<0.J&,1L.?=% ;<&H1&M0.&B% &%

;,<,1101L.?=%4?7&@10.&B(

F10G/0H.40.$I=89.13-I2315J0/K-3[2]

1! ""! (!#$%) = 2(&'$ ( )$#$%) + *$(+)

,- ..- (!#$/) = 2((&'$ + #$/) + *$(+), I>0

*$(+) =  
4! 0 1$23(!,4)5673
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(4)"4

1$23(!,4) =
1

sin (4)
0 '$(+)9/ ,:;< (=)

> ?@(AB).ABCD "+
23
8'$ = 1$E)$

O>0@L )$ – @-'',<.?B%25CSS&J&0.3%;5I1590.&:%;1,6'?%.,%7,@3530%F, G$E – 5HN0'.,:%

;153.5@3L%C.0<I&&%<,4.540@.5I5%&61-70.&:%>1:%>,..5B%7,@353?, G$ – 5HN0'.,:%;153.5@3L%

C.0<I&&%&61-70.&:(

"05'03<&:%6,>,7&%;52,6,.,%.,%<&@(%1 

 

T&@(%1. "05'03<&:%6,>,7&%>1:%<0P0.&:%'035>5'%U-@30<,-U4,<JP&1L>,
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$<,4.0.&:%<0P,1&@L%'035>5'%;<0>&235<-25<<0235<%@5%V-'%;5<:>25'%357.5@3&( O,>,7,%

@3,4&1,@L%2,2%6,>,7,%W5P&(

"0LL=<0,44,.$710G/0H.40.[2]
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O>0@L%@ – @25<5@3L%@403,A%)$ – @-'',<.?B%25CSS&J&0.3%;5I1590.&:%;1,6'?%.,%7,@3530%F, G$E
– 5HN0'.,:%;153.5@3L%C.0<I&&%<,4.540@.5I5%&61-70.&:%>1:%>,..5B%7,@353?, G$ – 5HN0'.,:%

;153.5@3L%C.0<I&&%&61-70.&:, A- 25.@3,.3,A%5;3&'&6,J&:%2535<5B%;56451:03%;54?@&3L%

357.5@3L%>&SS-6&5..5I5%;<&H1&M0.&:(

O,>,7,% @S5<'-1&<54,.,% 2,2% 2<,04,:A% <,6.5@3.,: @=0',% @5@3,410.,% &.30I<5-

&.30<;51:J&5..?'%@;5@5H5'%@5%V-'%;5<:>25'%357.5@3&.

+.9,-$71MA,6,$049.6101,2340M[3]

K% C35'%'035>0% <,@703% >&40<I0.J&&% @;023<,1L.5I5% 1-7&@35I5% ;5352,% 4?;51.:03@:% ;5%

S5<'-1,' "6F(#$) = I)$(G$E ( G$),

I>0 @ – @25<5@3L%@403,A%)$ – @-'',<.?B%25CSS&J&0.3%;5I1590.&: ;1,6'?%.,%7,@3530%F, G$E –

5HN0'.,:%;153.5@3L%C.0<I&&%<,4.540@.5I5%&61-70.&:%>1:%>,..5B%7,@353?, G$ – 5HN0'.,:%

;153.5@3L%C.0<I&&%&61-70.&:(

G$ =
1I 0 "K0 1567(K)"432

8
2
8
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1 = 0 )$(+)1$E9/> ?@(ABB).ABL(M,N)C "+O(P,=)

8
"05'03<&:%6,>,7&%;52,6,.,%.,%<&@(%2

YX

Z

dr

T&@(%2. "05'03<&:%6,>,7&

N5.4;3$9,>4,890$A.9,-,2$2D>08/.40M$-02.16.4500$/=>089,6,$7,9,;3

/<,4.0.&0% 357.5@3&% '035>54% ;<545>&3@:% ;-30' 4?7&@10.&:% ;5352,% .,% I<,.&J0%

J&1&.><,%;5%S5<'-10X

# =
1Q0 !"6F(#$)"!R
8

#57.5@3L%4?7&@1:03@:%2,2%S =
|AB/A|A , I>0%+T – ;<&H1&M0..50%<0P0.&0, +– C3,15..50%6.,70.&0.

*3,15..50%6.,70.&0 4?7&@1:03@:%;5%S5<'-10:

#$ = 0 "40"K1IU5K567K
23
8

32
8

O,>,7,% <0P,1,@L% >1:% 2@0.5.,% ;<&% >,410.&&A% <,4.5'% EY% ,3'(% &% 30';0<,3-<.5'% ;<5S&10A%

;52,6,..5'%4%3,H1&J0%E(
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@*2=6:*(K

#0';0<,3-<.?B%;<5S&1L

T,>&-@ #0';0<,3-<.?B%;<5S&1L

0.000E+0000 9.650E+0003

1.188E-0001 9.649E+0003

2.318E-0001 9.645E+0003

3.343E-0001 9.639E+0003

4.244E-0001 9.631E+0003

5.020E-0001 9.622E+0003

5.680E-0001 9.613E+0003

6.241E-0001 9.603E+0003

6.717E-0001 9.593E+0003

7.124E-0001 9.583E+0003

7.473E-0001 9.572E+0003

7.775E-0001 9.560E+0003

8.037E-0001 9.547E+0003

8.267E-0001 9.531E+0003

8.470E-0001 9.510E+0003

8.649E-0001 9.484E+0003

8.809E-0001 9.448E+0003

8.953E-0001 9.399E+0003

9.082E-0001 9.333E+0003

9.199E-0001 9.243E+0003

9.306E-0001 9.123E+0003

9.403E-0001 8.964E+0003

9.492E-0001 8.756E+0003

9.573E-0001 8.486E+0003

9.649E-0001 8.135E+0003

9.718E-0001 7.669E+0003

9.783E-0001 7.015E+0003

9.843E-0001 6.129E+0003

9.899E-0001 5.050E+0003

9.951E-0001 3.736E+0003

1.000E+0000 2.000E+0003

),%<&@(%3 &65H<,M0.%I<,S&2%6,4&@&'5@3&%357.5@3& 4?7&@10.&: 53%7,@353?%&61-70.&:

>1:%2,M>5I5%'035>,%;<&%6,>,..5'%30';0<,3-<.5'%;<5S&10(
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T&@(%3. #57.5@3&%'035>54

N5.4;3$<32080A,890$9,>4,890$A.9,-3$71MA,6,$049.6101,2340M$,9$7313A.91,2

O,4&@&'5@3L%357.5@3&%4?7&@10.&B%53%251&70@34,%<,6H&0.&B%;5%-I1-%4 ;<&%)$ '0.LP0%
10V ;<0>@3,410.,%4%3,H1&J0%2. W,2 4&>.5%&6%.00, >1:%4?H<,..?=%;,<,'03<54%;1,6'?%357.5@3L%

.0%6,4&@&3%53%251&70@34,%<,6H&0.&B%;5%4.

@*2=6:*(2

O,4&@&'5@3L%357.5@3&%53%251&70@34,%<,6H&0.&B%;5%4 ;<&%)$ '0.LP0%10V
W51&70@345%<,6H&0.&B%;5%4 #57.5@3L

10 0.0124

30 0.0122

50 0.0123

100 0.0121

O,4&@&'5@3L%357.5@3&%4?7&@10.&B%53%251&70@34,%<,6H&0.&B%;5%-I1-%K ;<&%)$ '0.LP0%
10V ;<0>@3,410.,%4%3,H1&J0%3. W,2%4&>.5%&6%.00, >1:%-2,6,..?=%30';0<,3-<.5I5%;<5S&1:%&%

>,410.&:%357.5@3L%.0%6,4&@&3%53%251&70@34,%<,6H&0.&B%;5%K.
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@*2=6:*(3

O,4&@&'5@3L%357.5@3&%53%251&70@34,%<,6H&0.&B%;5%K ;<&%)$ '0.LP0%10V
W51&70@345%<,6H&0.&B%;5%K #57.5@3L

10 0.0124

30 0.0125

50 0.0117

100 0.0122

O,4&@&'5@3L% 357.5@3&% 4?7&@10.&B% 53% P,I,% ;5% <,>&-@-% ;<&% )$ '0.LP0% 10V
;<0>@3,410.,%4%3,H1&J0%4. W,2%4&>.5%&6%.00A%357.5@3L%.0%6,4&@&3%53%P,I,%;5%<,>&-@-(

@*2=6:*(4

O,4&@&'5@3L%357.5@3&%53%401&7&.?%P,I,%;5%! ;<&%)$ '0.LP0%10V
K01&7&.,%P,I,%;5 ! #57.5@3L

0.01 0.0124

0.001 0.0128

0.0001 0.0119

),% -7,@32,=A% I>0% )$ ;<&.&',03% 6.,70.&:% '0.LP&0A% 70'% 10V 357.5@3L% 4?7&@10.&:%
@5@3,41:0'%4%@<0>.0'%1.2%.

K% 3,H1&J,=% 5, 6,7 ;52,6,.?% 6,4&@&'5@3&% 357.5@3&% <06-1L3,354% 4?7&@10.&:% 53%

251&70@34,%<,6H&0.&B%;5%K, 4, <,>&-@-%.,%-7,@32,=A%I>0%%)$ ;<&.&',03%6.,70.&:%H51LP0%10V .

Z6%3,H1&J%4&>.5A%735%.,%C3&=%-7,@32,=%;5:41:03@:%6,4&@&'5@3L%53%7&@1,%<,6H&0.&B%;5%K.

@*2=6:*(5

O,4&@&'5@3L%401&7&.?%;5352,%&61-70.&:%53%251&70@34,%<,6H&0.&B%;5%4 ;<&%)$ H51LP0 10V
W51&70@345%<,6H&0.&B%;5%4 O.,70.&0%;5352,

10 0.19

100 0.001

500 7e/W
1000 1e/W
2000 3e/X
3000 8e/Y



!515>0M.?B%.,-7.5-30=.&70@2&B%40@3.&2%Q/RR-51038

@*2=6:*(6

O,4&@&'5@3L%401&7&.?%;5352,%&61-70.&:%53%251&70@34,%<,6H&0.&B%;5%K ;<&%)$ H51LP0 10V
W51&70@345%<,6H&0.&B%;5%K O.,70.&0%;5352,

10 0.19

100 0.19

500 0.19

1000 0.19

@*2=6:*(7

O,4&@&'5@3L%401&7&.?%;5352,%&61-70.&:%53%401&7&.?%P,I,%;5%! ;<&%)$ H51LP0 10V
K01&7&.,%P,I,%;5 ! O.,70.&0%;5352,

0.01 0.19

0.001 0.189

0.0001 0.189

[1:%4?7&@10.&:%6.,70.&B%.,%3,2&=%-7,@3254%3<0H-03@:%@032,%@%',1?'%6.,70.&0'%P,I,%

;5%;,<,'03<-%K.

Z@=5>:% &6% ;51-70..?=% <06-1L3,354A% J010@55H<,6.5% <,@;,<,1101&3L% 4?7&@10.&:%

6.,70.&BA%6,4&@&'?=%53%K.

P387313//./02340.$A.9,-3$71MA,6,$049.6101,2340M 43$;/389.1.$QRS

\]^% <,@P&S<54?4,03@:% 2,2% \_``ab_% ]a``cdb% ^de_fgah_% - &.30<S0B@% @% ;0<0>,70B%

@55H90.&B(%K%0I5%@5@3,4%4=5>:3A%2,2%;<,4&15A%>4,%5H:6,301L.?=%25';5.0.3,X

$ H&H1&5302,%;<5I<,''&<54,.&:%>1:%:6?254%iA%ijj%&%klfefadm

$ 6,I<-67&2%&@;51.:0'?=%S,B154(

[1:% \]^% ;<&.:35% ;&@,3L% ;<5I<,''-A% @5>0<M,9-8% 25>% 4@0=% 40340B% @<,6-(% \]^-

6,I<-67&25'% 6,;-@2,03@:% -2,6?4,0'50% 251&70@345% C260';1:<54% ;<5I<,''?(% W,M>?B%

C260';1:<%5;<0>01:03%@45B%;5<:>254?B%.5'0<%4%6,;-90..5'%2511023&40A%&%4%6,4&@&'5@3&%53%

C35I5%.5'0<,%&%<,6'0<,%2511023&4,%4?;51.:03% 3-%&1&%&.-8%4032-%,1I5<&3',(%#,2,:%'5>01L%

;,<,1101&6',%.,6?4,03@:%ncdbo_%pflbfaqr\soecpo_%taea%u%n]\v%wA%&%:41:03@:%7,@3.?'%@1-7,0'%

'5>01&%\soecpo_%cd`efshecldr\soecpo_%taea%u%\^\v%w(%W,M>,:%4034L%&'003%;<5@3<,.@345%>,..?=A%

;51.5@3L8% &651&<54,..50% 53% ><-I&=% 40340B(% xH'0.&4,83@:% >,..?'&% 4034&% 351L25% 4% 4&>0%

@55H90.&B%\]^(
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G<&%<,@;<,<,1101&4,.&&A%2,M>?B%-601%<0P,03%.0@251L25%6,>,7%4&>,X

0 1567(K)"432
8

W,M>,:%6,>,7,%<0P,03@:%4%y%;5352,(

P387313//./02340.$ A.9,-3$ 71MA,6,$ 049.6101,2340M 8$ 087,/K<,2340.A$

9.T4,/,600$UVWX

x@5H0..5@3L8%,<=&3023-<?%izv{%:41:03@:%H157.5-@0357.,:%5<I,.&6,J&:A%.05H?7.,:%

>1:% '.5I5;5357.?=% ;<&15M0.&B(% G<&% C35'% ><,B40<% izv{% @,'5@35:301L.5% <,@;<0>01:03%

<0@-<@?%-@3<5B@34,%'0M>-%;5352,'&(

),% <&@(% 4 :><5% 5H56.,70.5% 2,2% |_fd_o(% K@0% ;5352&A% 4?;51.:89&0% C35% :><5A%

5HN0>&.:83@:%4%H152&%u}olh~wA%,%H152&A%4%@458%570<0>LA%5HN0>&.:83@:%4%@03L (Grid).

[1:%2,M>5I5%;5352,%H->-3%&640@3.?X%&.>02@%;5352,%4.-3<&%H152,% e�f_at^t�%&%&.>02@%

H152,% 4.-3<&% @032&% �olh~^t�(% G<&% 6,;-@20% 4@0% ;5352&% H->-3% 531&7,3L@:% 351L25% C3&'&%

&.>02@,'&(%

 

T&@( 4. �<=&3023-<,%NVidia GPU[4]
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G<&% <,@;<,<,1101&4,.&&A% 2,M>,:% .&3L% <0P,03% 6,>,7-% 4?7&@10.&:% &.30I<,1,% ;<&%

6,>,..5'%K:

0 1567(K)"432
8

�@1&%'0M>-%.&3:'&%.03%46,&'5>0B@34&:A.&3&%<,6H&3?%'0M>-%.0@251L2&'&%H152,'&A%&%

0@3L%>5@3,357.50%251&70@345%@45H5>.?=%;<5J0@@5<54A%35%@-'',<.50%4<0':%4?;51.0.&:%H->03%

<,4.5%',2@&',1L.5'-%4<0'0.&%4?;51.0.&:%.,%5>.5'%H1520(

P.<=/K939D 1387313//./02340M

T,@;,<,1101&4,.&0%;<545>&1,3L%.,%4&>052,<30%GeForce GTX 680 &%.,%21,@30<0%MPI.

�,<,230<&@3&2& 4&>052,<3?%GeForce GTX 680:

$ ',2@&',1L.50%251&70@345%;535254%4%H1520X%E�Vy

$ <,6'0<%warp: 32

$ 251&70@345%:>0<X%EY��

�,<,230<&@3&2&%21,@30<,%MPI:

$ 251&70@345%-6154X%V�

$ 251&703@45%;<5J0@@5<54%.,%-610X%y

T06-1L3,3?%;<0>@3,410.,%4%3,H1&J0%R(

@*2=6:*(L

T06-1L3,3?%5;3&'&6,J&&

T,6H&0.&0%;5%

<,>&-@-, K, 4 K<0':%4?;51.0.&:%

;5@10>54,301L.5 4%3.

K<0'?%4?;51.0.&:%

.,%21,@30<0%MPI 4%@(

K<0':%4?;510.&:%.,%

I<,S&70@2&=%

;<5J0@@5<,= 4%3.

200 512 10 216 17 21

200 800 10 338 20 24

200 1024 10 430 26 30

200 2048 10 875 56 30

200 4096 10 1719 104 30

ED2,-D

G<5&640>0.5% &@@10>54,.&0% 357.5@3&% >&SS0<0.J&,1L.?= ;<&H1&M0.&B%

u>&SS-6&5..5I5%&%;<&H1&M0.&:%U-@30<,-U4,<JP&1L>,w%&%'035>,%;<:'5I5%&.30I<&<54,.&:%
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;5% ;<5@3<,.@34-(% G52,6,.5A% 735% 357.5@3L% >1:% '035>,% ;<:'5I5% &.30I<&<54,.&:% 10M&3 4%

;<0>01,=%2%,U-@30<,-U4,<JP&1L>, – 4%;<0>01,=%4%, >&SS-6&5..5I5%;<&H1&M0.&:%– 15%. 

G<5&640>0.5 <,@;,<,1101&4,.&0 ,1I5<&3',% &% <0,1&6,J&:% 0I5% .,% 21,@30<0%MPI &% .,%

I<,S&70@2&=% ;<5J0@@5<,=% NVidia. /25<5@3L% 4?7&@10.&:% 456<5@1,% ;<&% 4?7&@10.&&% .,%
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