FFT { 9bB. %"%k %4 %j %: %‘$N H/8+ { @P2,7=0l 1 $O $8 $a$K FFT(F ast F ourier T ransform = 9bB. %U!<%j %(JQ49 ) $O , DFT(Discrete F ourier T ransform = N%;6 %U!<%j %( JQ49 ) $r 9bB. $K <B9T $9$k<jK! $G $9 . $3$3 $G$O , %U !< %j %( JQ49 $N0UL# $d @-<A $K $D$$ $F $O 4{CN $H $7 $F , DFT $r 4JC1 $K F3F~ $7 $? $& $($G , FFT $=$N$b$N$N 9=@. $d Nr;K $K 9J$C $F 2r@b $7 $F $$$- $^$9 . 2 N%;6 %U !<%j%( JQ49 <~4| 2 � $b $D 4X?t f ( x ) $r 0J2< $N$h $& $K %U !< %j %( 5i?tE83+$9$k $3$H$r 9M $( $^$9 : f ( x ) = 1 X k = �1 a k e ik x : (1) f ( x ) $N CM $, 0l<~4| $K$o$?$C $FO"B3E* $K J, $+ $C $F$$ $l $P , E83+78 ?t a k $N CM $O 0J2< $N %U!<%j %(@QJ, $G 5a $a$k $3 $H $, $G $- $^$9 : a k = 1 2 � Z 2 � 0 f ( x ) e � ik x dx: (2) $7 $+ $7 , 4X?t f ( x ) $, 4QB, %G !<%?Ey $G$"$k>l 9g , 4X?t CM $O O"B3 E* $K $O F@ $i $l$: , N%;6 E* $J x $NCM $K BP $7 $F $7 $+ 4X?tCM $, M? $($i $l $J $$$3 $H $, IaDL $G $9 . Nc $( $P , N 8D $N Ey4V3V $N E@ x j : x j = 2 � N j; ( j = 0 ; 1 ; � � � ; N � 1) ; (3) $G$N 4X?tCM f j : f j = f ( x j ) ; ( j = 0 ; 1 ; � � � ; N � 1) ; (4) $N$_ $, F@ $i $l $F $$ $k >l9g $r 9M $( $^ $7 $g $& . $3 $N$H$- , %U !< %j %( E83+ (1) $K $* $1 $k E83+4X?t e ik x $O N 8D $N E@ x j $G $7 $+ I> 2A$5 $l $^$; $s $N$G , N <!85$N%Y %/ %H %k $H $_$J $5 $l $^$9 . N <!85$N%Y %/ %H %k$G $9$N $G , EvA30l <! FHN) $J @.J, $O N 8D $7 $+ $" $j $( $^ $; $s . FC $K :# $N >l9g $N$h $& $K E@ x j $r Ey4V3V $K$H $C $F$$ $k>l9g $K$O , e i ( k + N ) x j = e i ( k + N ) 2 � N j = e 2 � ij e ik 2 � N j = e ik 2 � N j = e ik x j (5) $H$J $j , GH?t k $r N $@$1 $:$i $7 $?%Y %/ %H %k$, GH?t k $N%Y %/ %H %k $H A4 $/F1 $8 $b$N$K $J $j $^$9 . $3 $l $O , M-8B $N E@ $G 4X?t $r I> 2A$9 $k$?$a$K , $" $k GH?t$N @. J, $, JL$N GH ?t$N @. J, $H 6hJL $, $D$+$J $/ $J $C $F F1 0l ;k$5 $l $F $7 $^ $& $3$H $K $h $j$^$9 . $3 $N 8=>] $O , $" $k GH?t $N@.J, $K !V JLL> !W $r M? $($F $7 $^ $& $H $$ $& $3$H$G , !V %( %j %" %8 %s %0 !W $H 8F $P $l $F $$ $^$9 . =>$C $F , :#$N >l 9g , %U !< %j %( 5i?t E8 3+ (1) $O L5 8B8D$N OB $r 9M $( $k Be $o $j$K , FHN)$J N 8D $N @.J, $N OB : f j = N � 1 X k =0 a k e ik x j ; ( j = 0 ; 1 ; � � � ; N � 1) ; (6) $N$_ $r 9M $( $k $Y$- $G$" $k $3 $H $, J, $+ $j $^$9 . $G $O , E83+ (6) $K $* $$ $F , M? $( $i $l$? 4X?t CM f j $+$i E83+ 78 ?t a k $r 5a $a$k $K $O $I $& $9 $l $P $h$$ $G $7 $g$& $+ ? $9 $0 ;W$$ $D $/J} K! $O , !V (6) $N :8 JU $, 4{ CN $J $N $@$+ $i , (6) $r N 85O" N) 0l <!J} Dx <0 $H $7 $F 2r $1 $P a k $, 5a$^ 1

$k !W $H$$ $& $b $N $G $9 $, , <B $O $b$C $H $& $^ $$J}K! $, $"$j$^$9 . EyHf5i ?t $NOB $N 8x<0 $K $h$j , @0?t l $, N $N G\?t $G$J $$ >l9g $K$O , N � 1 X j =0 e ilx j = N � 1 X j =0 e il 2 � N j = N � 1 X j =0 � e il 2 � N � j = � e il 2 � N � N � 1 e il 2 � N � 1 = 0 ; (7) $H$J $k $3 $H $, J, $+ $j $^$9 $7 , @0?t l $, N $N G\?t$N>l9g $K$O N � 1 X j =0 e il x j = N � 1 X j =0 e il 2 � N j = N � 1 X j =0 1 j = N ; (8) $H$J $k $3$H $, J, $+ $j $^$9 . =>$C $F , (6) $N N> JU $K e � ik x j ( k = 0 ; 1 ; � � � ; N � 1) $r 3] $1 $F j $K $D$$$F Am OB $r $H $k $H , ( :8JU ) = N � 1 X j =0 f j e � ik x j ; (9) ( 1&JU ) = N � 1 X j =0 N � 1 X k 0 =0 a k 0 e ik 0 x j ! e � ik x j = N � 1 X k 0 =0 a k 0 0 @ N � 1 X j =0 e i ( k 0 � k ) x j 1 A = N a k ; (10) $, F@ $i $l $^$9 . $3$3$G , (6) $K $* $1 $k k $r k 0 $K =q49 $( , k 0 � k $, N $N G\?t $K$J $k $N $O , k 0 = k $H$J $k $H$- $@ $1$G$" $k $3 $H$r MQ$$$^ $7 $? . 0J>e $+$i , a k $r 5a $a$k$?$a$N 8x<0 : a k = 1 N N � 1 X j =0 f j e � ik x j ; ( k = 0 ; 1 ; � � � ; N � 1) ; (11) $, F@ $i $l $?$3$H$K$J $j $^$9 . f ( x ) $, O"B3 NL $H $7 $F M? $( $i $l $F $$$? >l 9g $N%U!< %j %( @QJ, $N <0 (2) $H 8+ $/ $i $Y $k $H , $3 $N <0 $O , @QJ, $r 6hJ,5a@QK!E* $J OB $K CV$-49 $($? $b$N $K$J $C $F$$ $k $3$H $, J, $+ $j $^$9 . 0J>e $K $h$j , 4X?t $NI>2AE@ $, N%;6E* $K M? $( $i $l $? >l9g $NE83+78 ?t a k $H 4X?t CM f j $H$N 4V $N4X78<0 (6),(11) $, F3 $+$l $^ $7 $?$, , $3$l $i $N <0 $O N% ;6%U !< %j%( JQ 49 (Discrete F ourier T ransform = DFT) $H 8F $P $l $F $$ $^$9 . 3 9bB. %U !<%j%( JQ49 DFT $N 2 $D$N <0 (11) $H (6) $H$O , 8_ $$ $K JQ49 $H 5UJQ49 $H$N 4X78 $K $"$j $^$9 $, , KX $I F1 $8 7A $r $7 $F $$ $k $3 $H$K 5$ $, $D$- $^$9 . <B:] , (11) $N N>JU $r N G\ $7 $F J#AG6&Lr $r$H $k $H , ( N a k ) � = N � 1 X j =0 f � j e ik x j = N � 1 X j =0 f � j e ik 2 � N j = N � 1 X j =0 f � j e ij 2 � N k = N � 1 X j =0 f � j e ij x k ; (12) $H$J$j , (6) $H A4$/F1 $8 7A $K 5"Ce $5 $l $^$9 . =>$C $F , DFT $N 7W;; $K $D$$ $F 9M $( $k>l9g , (6) <0 $N 7A $N$_ $r 9M $( $k $@$1 $G == J, $G$" $k $3$H $, J, $+ $j $^$9 . $H $$ $& $o $1$G , 0J 2< (6) <0$N 7W ;; $K $D$$$F 9M $($F $$ $/ $o$1$G $9 $, , JX59>e , x j = 2 � j = N $G $" $k $3 $H$r ;H$C $F , 0J2< $N$h $& $J 7A $K =q49 $($F $*$-$^$9 : F ( j ) = N � 1 X k =0 W j k N A ( k ) ; ( j = 0 ; 1 ; � � � ; N � 1) : (13) $3$3 $K , F ( j ) = f j , A ( k ) = a k $H =q $- D> $7 , W N = e 2 � i N $H Dj $a$F$$ $^$9 . $5$F , (13) <0$N 7W ;; $K $D$$$F 9M $( $F $$ $- $^ $7 $g $& . $3 $N 7W ;; $O , N � N 9T Ns ( W j k N ) $K N <! 85%Y %/ %H %k a k $r 3] $1 $k$3$H$K B> $J $j $^$; $s $+$i , I,MW$J 7W;; NL $O , @Q $, N 2 2s $H OB $, N ( N � 1) 2s $G , $H $b $K O ( N 2 ) 2

2s $H$$ $& $3$H$K$J $j$^$9 . =>$C $F , Nc $( $P N = 10000 $N >l9g $r 9M $( $k $H , DFT $N 7W;; $N$?$a $K N 2 = 1 2/ 2s %*!< %@ !<$N 1i;; $, I,MW $K$J $j $^$9 . :# $G$O , %Q%=%3 %s $N @-G= $, 8~>e $7 $F , :GB.$N$b$N $K$J $k $H 1GFlops(1 IC4V $K 10 2/2s $N IbF0 >.?tE@1i ;; $r <B9T $G $- $k ) $K Gw$C $F $$ $^$9 $+$i , $3 $N Dx EY $N 7W;; $J $i %Q%=%3 %s $G $d $l $J$$$3$H $b$" $j $^ $; $s . $7 $+ $7 , EE;R7W ;;5!$N ApAO 4| $G$O $= $s $J M> M5 $J$3$H$r 8@$C $F$$ $i$l $^$; $s$G $7 $? . 1960 G/Be $K$J $C $F$d $C $H %9 !<%Q!< %3 %s %T %e !<%? !< $H 8F $P $l $k9bB.7W;;5! $, 8= $l $F $- $^ $7 $? $, , $= $l$G $b$? $+$@$+ 1MFlops(1 IC4V $K 100 K|2s $N IbF0 >.?tE@1i;; $r <B9T $G $- $k ) DxEY$N G=NO $7 $+ $"$j $^$; $s$G $7 $? . $H $$ $& $o $1$G , Ev;~ $O :GB. $N7W;;5! $r ;H$C $F$b , >e5- $N DFT $N 7W;; $, 100 IC0J>e $+$+ $C $F $7 $^ $& $H$$ $& >u67 $G$" $j , N $, Bg $-$$ >l9g $N DFT $O 5$7Z $K$O <B9T $G$- $^$; $s$G $7 $? . $=$3 $G , !V DFT $r 7W;;$9$k $? $a$N 2? $+ $& $^ $$<jK! $O$J$$ $+ ? !W $H$$ $& $N $, ;~Be $NMW@A $G$" $j , !V I,MW $O H/ L@$N Jl !W $N 8A $I $*$j $K 9bB.%U!< %j %( JQ49 (F ast F ourier T ransform = FFT) $, @8$^ $l $k $3$H$K$J $j $^ $7 $? . $3$3$G$O , $d$d >iD9 $K$O $J $j $^$9 $, , FFT $N !V H/8+<T !W $G$" $k Co oley and T uk ey (1965) $N O@J8 $K 1h$C $F $=$N 35MW $r 8+ $F$$$- $^ $7 $g $& . $^ $: , JQ49 $ND9 $5 N $, N = N 1 P $H 2 $D$N@0?t N 1 ; P $N @Q $K$J $C $F$$$k>l9g $r 9M $( $^$9 . $3$N $H$- , (13) $N E:;z j; k $= $l $>$l $r 2 $D$N E:;z$NAH ( j p ; j 1 ), ( k 1 ; k p ) $K $h $C $F , j = N 1 j p + j 1 ; ( j 1 = 0 ; 1 ; � � � ; N 1 � 1; j p = 0 ; 1 ; � � � ; P � 1) ; (14) k = P k 1 + k p ; ( k 1 = 0 ; 1 ; � � � ; N 1 � 1; k p = 0 ; 1 ; � � � ; P � 1) ; (15) $N$h $& $K I=<( $9$k $3 $H $K $7 $^$9 . $3 $l$O , C $J $I $N %W %m %0 %i %_ %s %0 8@8l $K $*$$ $F , N 1 � P $*$h $S P � N 1 $N 2 <!85G[Ns $r ;H$C $F$$$k $H 9M $( $k $H J, $+ $j$d$9$$ $+ $b $7 $l $^ $; $s . $3$N I=<( $r ;H $& $H , (13) $O 0J2< $N$h $& $K =q49 $($i $l $^$9 : F ( j p ; j 1 ) = N 1 � 1 X k 1 =0 P � 1 X k p =0 W ( N 1 j p + j 1 )( P k 1 + k p ) N A ( k 1 ; k p ) : (16) $3$3 $G , W ( N 1 j p + j 1 )( P k 1 + k p ) N = W N 1 P j p k 1 + P j 1 k 1 +( N 1 j p + j 1 ) k p N = W N j p k 1 N W P j 1 k 1 N W ( N 1 j p + j 1 ) k p N = ( W N N ) j p k 1 W P j 1 k 1 N W ( N 1 j p + j 1 ) k p N = W P j 1 k 1 N W ( N 1 j p + j 1 ) k p N $G$" $k $3 $H$K Cm0U$9$k $H , (16) $O , F ( j p ; j 1 ) = P � 1 X k p =0 W ( N 1 j p + j 1 ) k p N N 1 � 1 X k 1 =0 W P j 1 k 1 N A ( k 1 ; k p ) ; (17) $9 $J $o $A , F ( j p ; j 1 ) = P � 1 X k p =0 W ( N 1 j p + j 1 ) k p N A 1 ( j 1 ; k p ) ; ( j 1 = 0 ; 1 ; � � � ; N 1 � 1; j p = 0 ; 1 ; � � � ; P � 1) ; (18) A 1 ( j 1 ; k p ) = N 1 � 1 X k 1 =0 W P j 1 k 1 N A ( k 1 ; k p ) ; ( j 1 = 0 ; 1 ; � � � ; N 1 � 1; k p = 0 ; 1 ; � � � ; P � 1) ; (19) $H 2 CJ3, $K J, 2r$5 $l $^$9 . $5$F , $3 $N $h $& $K J,2r$9$k $H , 1i;; 2s?t $, $I $& JQ2=$9$k $+ ?t $($F $_ $^ $7 $g $& . $^ $: , (19) $K $O @Q $, N 2 1 !_ P 2s , OB $, N 1 ( N 1 � 1) !_ P 2s I, MW $G , (19) $K $D $$ $F$O , @Q $, P 2 !_ N 1 2s , OB $, P ( P � 1) !_ N 1 2s $H$J$j $^ $9 $+ $i , 9g7W $G , @Q $, N 1 P ( N 1 + P ) = N ( N 1 + P ) 2s , OB $, N 1 P ( N 1 + P � 2) = 3

N ( N 1 + P � 2) 2sI,MW $H$$ $& $3 $H $K$J $j $^$9 . =>$C $F , O ( N 2 ) $N 7W;;NL $, O ( N ( N 1 + P )) $K$J $C $? $3$H $K $J$j$^$9 . :G=i $K N = 10000 $N >l9g $N7W;;NL $r Nc $K$H $j$^ $7 $? $, , $3 $N >l9g , N 1 = P = 100 $H$H $C $F$" $2 $k $H , N 2 = 1 2/2s $N 7W;;NL $, N ( N 1 + P ) = 200 K|2s $H , 1 = 50 $K 8: $8 $i $l $k $3 $H$K$J $j $^$9 . $3 $l$G $b ==J, $K $9 $P $i $7 $$ 2~NI $J$N $G $9 $, , $5 $i$K , P = N 2 Q $H P $, 2 $D$N @0?t $N @Q $K J,2r $G$- $k>l9g $K$O , j p ; k p $= $l $>$l $r 2 $D$N E:;z$NAH ( j q ; j 2 ), ( k 2 ; k q ) $K $h $C $F , j p = N 2 j q + j 2 ; ( j 2 = 0 ; 1 ; � � � ; N 2 � 1; j q = 0 ; 1 ; � � � ; Q � 1) ; (20) k p = Qk 2 + k q ; ( k 2 = 0 ; 1 ; � � � ; N 2 � 1; k q = 0 ; 1 ; � � � ; Q � 1) ; (21) $H I= $9 $3 $H $K$h$j , (18) $N 7W ;; $O 0J2< $N $h $& $K JQ7A $G$-$^ $9 ( 0J2< , E:;z $NHO 0O $K$D $$ $F $O >JN, $7 $F$$$^ $9 ): F ( j q ; j 2 ; j 1 ) = Q � 1 X k q =0 N 2 � 1 X k 2 =0 W ( N 1 ( N 2 j q + j 2 )+ j 1 )( Qk 2 + k q ) N A 1 ( j 1 ; k 2 ; k q ) (22) = Q � 1 X k q =0 W ( N 1 ( N 2 j q + j 2 )+ j 1 ) k q N N 2 � 1 X k 2 =0 W Q ( N 1 ( N 2 j q + j 2 )+ j 1 ) k 2 N A 1 ( j 1 ; k 2 ; k q ) (23) = Q � 1 X k q =0 W ( N 1 ( N 2 j q + j 2 )+ j 1 ) k q N A 2 ( j 1 ; j 2 ; k q ) : (24) $3$3 $K , W QN 1 N 2 N = W N N = 1 $G $" $k $3$H $K Cm0U $7 $F , A 2 ( j 1 ; j 2 ; k q ) = N 2 � 1 X k 2 =0 W Q ( N 1 j 2 + j 1 ) k 2 N A 1 ( j 1 ; k 2 ; k q ) (25) $H Dj $a$^ $7 $? . $3 $N$h $& $K J,2r$9$k $H , 7W;;NL $O O ( N ( N 1 + N 2 + Q )) $K 2< $2 $i$l $k $3 $H$K$J $j$^$9 . $5 $i $K Q = N 3 R $H I=$5 $l $k $H$- $K (24) $r J,2r$9$k $H � � � $H , $3$N J,2r $r 7+$jJV $7 $F $$ $/ $3$H$r 9M $( $k $H , 7k6I , N = N 1 N 2 � � � N m $N$H$- , F ( j ) $O 0J2< $N$h $& $J A22=<0E*<j=g $G 7W;; $G $- $k $3$H $K$J $j $^$9 . 1. $^ $: , 0J2< $N$h $& $K =i4|CM A 1 $r A $+$i Dj $a$^$9 : Q 1 = N 1 ; P 1 = N =Q 1 ; A 1 ( j 1 ; k p ) = N 1 � 1 X k 1 =0 W P 1 j 1 k 1 N A ( k 1 ; k p ) ; ( j 1 = 0 ; 1 ; � � � ; N 1 � 1; k p = 0 ; 1 ; � � � ; P 1 � 1) : (26) 2. $"$H$O l = 2 ; 3 ; � � � ; m $K $D$$$F , A22=<0E* $K =g $K A l $r 5a $a$F$$$-$^$9 : Q l = N 1 N 2 � � � N l ; P l = N =Q l ; A l ( j 1 ; j 2 ; � � � ; j l � 1 ; j l ; k p ) = N l � 1 X k l =0 W P l ( Q l � 1 j l + Q l � 2 j l � 1 + � + Q 1 j 2 + j 1 ) k l N A l � 1 ( j 1 ; j 2 ; � � � ; j l � 1 ; k l ; k p ) ( j r = 0 ; 1 ; � � � ; N r � 1 ( r = 1 ; 2 ; � � � ; l ); k p = 0 ; 1 ; � � � ; P l � 1) : (27) 3. 0J>e $r 7+$jJV $7 $F $$ $/ $H :G=*E* $K A m $, 5a$^$k $N $G , $= $l$+$i F $r E:;z $N JB $Y BX $( $K $h $C $F 0J2< $N$h $& $K 5a $a$^$9 : F ( j m ; j m � 1 ; � � � ; j 2 ; j 1 ) = A m ( j 1 ; j 2 ; � � � ; j m � 1 ; j m ) ; ( j r = 0 ; 1 ; � � � ; N r � 1 ( r = 1 ; 2 ; � � � ; m )) : (28) 4

$3 $l $G , F~ NO A $+ $i=P NO F $rF@ $k $3 $H $, $G $- $^ $7 $? . MW $5 $l$k 7W ;; NL $O , ?t $( $F $_ $l $P $9 $0 J, $+ $j $^ $9 $h$& $K , O ( N ( N 1 + N 2 + � � � + N m )) $K$^ $G8: $i$5 $l $k $3 $H $K $J $j $^ $9 . FC $K , N $, $"$k @0 ?t r $Nf2 $K$h $C $F , N = r m $H =q $1 $k >l9g $K$O , N 1 = N 2 = � � � = N m = r $H $H $k $H , O ( N r m ) = O ( N r log r N ) $H I=$; $^$9 . :G =i$N N = 10000 $N >l9g $K $D$$$F , r = 10 $H$H $k $H , 7W ;;NL $O , O ( N r log r N ) = O (10 4 � 10 � 4) = O (400000), $H$J $j , 7k 6I DFT $r D>@\ 7W;;$9$k$N $K I,MW $J 1 2/2s $N 7W ;;NL $, , 40 K|2s $H$J $j , 1 = 250 $K $^ $G 8: $8 $i$l $k $3 $H$K$J $j $^$9 1 . 0J>e $N %" %k %4 %j %:%‘ $K $h$C $F , O ( N 2 ) $N 7W;; NL $, I,MW $@ $C $? DFT $, O ( N log N ) $N 7W;;NL $G $G$-$k $3 $H $, J, $+$j $^ $9 . $3$N %" %k %4 %j %:%‘ $O Co oley and T uk ey (1965) $K$h $C $FH/ I= $5 $l 2 , F ast F ourier T ransform = FFT $H 8F $P $l $F $$ $^$9 . $3 $N%"%k %4 %j %: %‘ $r ;H $& $3$H $K $h $k7W;;NL $N 8:>/ $O 7‘E* $G $9 $, , %"%k %4 %j %: %‘ <+ BN $O Hs >o $K 4JL@$J$N$G 1965 G/$^ $G H/ 8+$5 $l $J$+ $C$?$H $$ $& $3$H $r IT ;W 5D $K ;W $o $l $k J}$b$$$i $C $7 $c $k $+$b $7 $l $^ $; $s . $3 $N 5?Ld $O$b$C $H$b $G , :G=i $K >R2p $7 $? ItJ, $G !V H/8+<T !W $H $+ $. 3g8L $r IU $1$?$N$b $=$N $? $a$G $9 . <B :] , Co oley and T uk ey (1965) 0J A0 $K $b F1 MM $N%"%k %4 %j %: %‘ $r FH N) $K H/ 8+ $7 , <B :] , %W %m %0 %i %_ %s %0 $^ $G 9T$C $F$$$? ?M$b$$ $?$N $G $9 $, , FFT $r <B:] $K @$ $K 9- $a$?$N $O$3 $N 5 %Z!< %8 $N 4J7i $J O@J8 $G $7 $?$N $G , :# $G$O FFT $N H/8+ <T $N 1I M@ $O Co oley and T uk ey (1965) $K M? $($i $l $F $$ $^$9 . $3 $N$"$? $j$N FFT $N Nr ;K $K $D$$$F$O , Brigham \The F ast F ourier T ransform" (1974) ( K. Lu : 5\ @n !& :#0f Lu !V 9b B.%U !< %j %( JQ 49 !W (1978)) $N Bh 1 >O $N KvHx $K >\ $7 $/$^ $H$a $i $l $F $$ $^$9 . 4 9TNsI=<( $K$h $k FFT $N M}2r A0@a $G =R$Y$? FbMF $G FFT $N 4pK\E* $J 9= @.K! $O ?T$5 $l $F $$$F , $3 $l$@ $G $b FFT $r 7W;;$9$k %W %m %0 %i %‘ $, :n $l $k $O$:$G $9 $, , FFT $N <jK! $K 47 $l $J $$ $& $A $O !V 3N $+$K ?t $($F$_ $k $H 7W;;NL $, 7‘E* $K 8:$k$N $O J, $+ $k $1 $I , E:;z $, F~ $jMp $l$F $$ $F <jIJ $_ $?$$ . !W $H$$ $& 0u >] $r ;} $DJ} $bB? $$ $H ;W $$$^$9 . $=$N$h $& $J >l9g $O , A4BN $N 7W;; $N N. $l$r 9TNs7W;; $N 7A $K I=<( $7 $F $*$/ $H M}2r $, MF0W $K$J $j $^$9 . N $, 2 $N f2$N>l9g $K $D$$$F $O $$ $m$$ $m $J 652J=q $K :\$C $F$$$^$9 $N $G , $3$3$G $O N = 6 = 3 � 2 $N >l9g $K$D$$ $F A0@a $N FFT %"%k %4 %j %: %‘ $r 9TNs $N 7A $G =q$-2< $7 $F$_ $^ $7 $g $& . $^ $: , DFT $N Dj5A<0 (13) $r N = 6 $N >l9g $K $D$$ $F =q $$ $F $*$-$^$9 : 2 6 6 6 6 6 6 6 6 6 4 F (0) F (1) F (2) F (3) F (4) F (5) 3 7 7 7 7 7 7 7 7 7 5 = 2 6 6 6 6 6 6 6 6 6 4 ! 0 ! 0 ! 0 ! 0 ! 0 ! 0 ! 0 ! 1 ! 2 ! 3 ! 4 ! 5 ! 0 ! 2 ! 4 ! 6 ! 8 ! 10 ! 0 ! 3 ! 6 ! 9 ! 12 ! 15 ! 0 ! 4 ! 8 ! 12 ! 16 ! 20 ! 0 ! 5 ! 10 ! 15 ! 20 ! 25 3 7 7 7 7 7 7 7 7 7 5 2 6 6 6 6 6 6 6 6 6 4 A (0) A (1) A (2) A (3) A (4) A (5) 3 7 7 7 7 7 7 7 7 7 5 : (29) $3$3 $K , ! = W 6 $H $7 $F $$ $^$9 . $5$F , A0 @a $G =R $Y$? FFT %"%k %4 %j %: %‘ $r N 1 = 3 ; N 2 = 2 $H $7 $F =q $- 2< $7 1 $b$C $H$b , $3$N>l9g 10000 = (2 � 5) 4 = 2 4 � 5 4 $H$h$j:Y $+ $/ J, 2r $7 $? J} $, , 7W;; NL $, O (10 4 � (2 � 4 + 5 � 4)) = O (280000) $H , $5 $i$K >/ $J $/ $J$j$^$9 . 2 Co oley and T uk ey (1965) $G$O , 6qBNE* $J I=<0 $H $7 $F$O N = 2 m $N >l9g$N$_ $, <($5 $l $^$9$N$G , N $, >e5-$N$h $& $K 0l HL $N N r $G J,2r$5 $l $k>l9g $K $D$$$F$N I=<0 $O , $=$N <c43 $N 3HD% $G$" $k Bergland (1967) $K $h$C$F$$$^$9 . 5

$_ $^$9 : 2 6 6 6 6 6 6 6 6 6 4 F (0) F (1) F (2) F (3) F (4) F (5) 3 7 7 7 7 7 7 7 7 7 5 = 2 6 6 6 6 6 6 6 6 6 4 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 3 7 7 7 7 7 7 7 7 7 5 2 6 6 6 6 6 6 6 6 6 4 ! 0 ! 0 0 0 0 0 ! 0 ! 3 0 0 0 0 0 0 ! 0 ! 1 0 0 0 0 ! 0 ! 4 0 0 0 0 0 0 ! 0 ! 2 0 0 0 0 ! 0 ! 5 3 7 7 7 7 7 7 7 7 7 5 2 6 6 6 6 6 6 6 6 6 4 ! 0 0 ! 0 0 ! 0 0 0 ! 0 0 ! 0 0 ! 0 ! 0 0 ! 2 0 ! 4 0 0 ! 0 0 ! 2 0 ! 4 ! 0 0 ! 4 0 ! 8 0 0 ! 0 0 ! 4 0 ! 8 3 7 7 7 7 7 7 7 7 7 5 2 6 6 6 6 6 6 6 6 6 4 A (0) A (1) A (2) A (3) A (4) A (5) 3 7 7 7 7 7 7 7 7 7 5 : (30) N><T $, $A $c $s$H F1 $8 1i;; $K$J $C $F$$$k $3 $H $O , (30) $N 1&JU $N 3 $D$N @5J}9T Ns $N@Q $r 7W;; $7 , ! 6 = ! 0 = 1 $G $"$k $3 $H $K Cm0U $9 $l $P 4JC1 $K 3NG’ $G$-$^$9 . FFT $N %" %k %4 %j %:%‘ $K $h$C $F 7W;; NL $, 8:>/ $9$k $N $b (30) $r 8+ $l $P 0lL\ NFA3 $G , (29) $N 1& JU $N 9T Ns $, (30) $G$O HsNm@. J, $N >/ $J$$ AB9TNs$N @Q $K J,2r$5 $l $F $$ $k$?$a , 1i;; $r 1& $+$i 9T $& $H 7W;;2s?t $, >/ $J $/ $F :Q $‘ $H $$ $& $3 $H$K B> $J $i$J $$$3 $H $, J, $+ $j $^$9 . $^ $? , $3$N$h $& $J 9TNs I=<( $r ;H $& $H , FFT %" %k %4 %j %: %‘ $NJL $N7A<0 $K $D$$ $F$N8+DL $7 $b NI$/ $J$j$^$9 . Nc $( $P , (29) $N 1&JU$N 9TNs $O BP>N9TNs $G$" $k $?$a , E>CV $r$H $C $F$b F1 $8 7A $K $J $j $^$9 . $=$3 $G , (30) $N 1& JU $K 8= $l $F $$ $k 3 $D$N @5J}9TNs $N @QA4BN $N E>CV $r$H $C $F$b NI$$ $3$H $K$J $j , $= $& $9$k $H A $N%Y %/ %H %k$K 1i;;$5 $l $k 9T Ns$N =g HV $, JQ $($i$l $k$3$H $K $J $j $^$9 . $3 $& $7 $F Co oley and T uk ey $N%" %k %4 %j %: %‘$N \ E> CV " $K AjEv$9$k %" %k %4 %j %: %‘ $, F3 $+ $l $^$9 $7 , $^$? , (30) $G$O :G8e $K JB $Y BX $($N 9TNs $, 3] $1$i $l $F $$ $^$9 $, , $3 $N JB $YBX $($NA‘:n $r ESCf $N9TNs $K Kd $a 9~ $s $@ \self-sorting" 7? $N %" %k %4 %j %: %‘ $bDs0F $5 $l $F$$ $^$9 . $3 $l$i $N FFT $N $$$m$$$m$J 7ABV $K $D$$$F $O , T emp erton (1983) $K >\:Y $K @0M}$5 $l $F $$ $^$9 . 5 F aster F ourier T ransform? FFT $N 4pK\E* %" %k %4 %j %: %‘ $, Co oley and T uk ey (1965) $K $h $C $F H/I= $5 $l $F 0JMh , $5 $i$K 7W;; $r 8zN(2= $9$k $? $a$N8&5f $, ?tB? $/ 9T $o $l $^ $7 $? . FFT $, 7W;;NL O ( N 2 ) $r O ( N log N ) $K 8:>/ $5 $; $?$h $& $K $O 7‘E* $G $O$" $j $^ $; $s $, , >l 9g $K $h $C $F $O 2 G\DxEY $N 8zN(2= $K $D $J $, $j$^$9$N $G , 0J2< , $=$N 8zN(2=$N 35N, $r 8+ $F$$ $-$^ $7 $g $& . 5.1 N $, AG?t$N>l9g$N DFT FFT $O JQ49 $N 9‘?t N $, N = N 1 N 2 � � � N m $H J,2r $G $- $k>l9g$N DFT $N 9bB.2= $r ?^$k$b $N $G$" $j , N $, AG?t $N >l9g $K$O$3$N <j $O ;H $( $^ $; $s . Nc $( $P , N = 5 $N >l9g $N DFT: 2 6 6 6 6 6 6 4 F (0) F (1) F (2) F (3) F (4) 3 7 7 7 7 7 7 5 = 2 6 6 6 6 6 6 4 ! 0 ! 0 ! 0 ! 0 ! 0 ! 0 ! 1 ! 2 ! 3 ! 4 ! 0 ! 2 ! 4 ! 6 ! 8 ! 0 ! 3 ! 6 ! 9 ! 12 ! 0 ! 4 ! 8 ! 12 ! 16 3 7 7 7 7 7 7 5 2 6 6 6 6 6 6 4 A (0) A (1) A (2) A (3) A (4) 3 7 7 7 7 7 7 5 ; (31) $r 9M $($F $_ $^ $7 $g $& . $3$3$G , ! = W 5 $H N,5- $7 $F $$ $^$9 . $3 $N >l9g , ! 0 = 1 $J $N$G , $3 $N @. J, $H$N >h;; $, I,MW $J$$$3 $H$r 9MN8 $7 $F$b , $3$N 7W;; $K$O >h;; 16 2s , 2C;; 20 2s $O $I $& $7 $F$b I,MW $J$h $& $K 8+ $( $^$9 . $7 $+ $7 , 0J2< $N$h $& $K 7W;;2aDx $r 9)IW$9$k $H , >/ $J$$ 1i;;2s?t $G$3$N 7W;; $, 2DG= $K$J $j$^$9 . $^ $: , � = 2 � = 5 $H $7 $F 5 $D$N Dj?t : c 1 = cos � + cos 2 � 2 � 1 ; c 2 = cos � � cos 2 � 2 ; c 3 = i (sin � + sin 2 � ) ; c 4 = i sin 2 � ; c 5 = i (sin � � sin 2 � ) ; (32) 6

$r A0$b$C $F 7W;; $7 $F $* $/ $H , F (0) ; � � � ; F (4) $O , s 1 = A (1) + A (4) ; s 2 = A (1) � A (4) ; s 3 = A (3) + A (2) ; s 4 = A (3) � A (2) ; t 1 = s 1 + s 3 ; t 2 = s 1 � s 3 ; t 3 = s 2 + s 4 ; F (0) = t 1 + A (0) ; u 1 = c 1 t 1 ; u 2 = c 2 t 2 ; u 3 = c 3 s 2 ; u 4 = c 4 t 3 ; u 5 = c 5 s 4 ; v 1 = F (0) + u 1 ; v 2 = v 1 + u 2 ; v 3 = v 1 � u 2 ; v 4 = u 3 � u 4 ; v 5 = u 4 + u 5 ; F (1) = v 2 + v 4 ; F (2) = v 3 + v 5 ; F (3) = v 3 � v 5 ; F (4) = v 2 � v 4 (33) $N <j =g $G 7W ;; $G $- $^$9 . $3 $N <j =g $K MW$9 $k1i ;;2s?t $O , >h;; 5 2s , 2C8: ;; 17 2s $H , DFT $N Dj5A<0 $I $*$j$N 7W ;;$h $j $b$+ $J $j >/$J $/$J $C $F $$ $^ $9 . $7 $+ $b , (33) $K 8= $l $k >h ;; $O $9$Y $F , ( <B ?t $^$?$O =c 5u ?t ) � J# AG ?t $N 7A $K$J $C $F$$ $k $?$a , 7W;;5!$N FbIt $N$h $& $K J#AG?t $r 2 $D$N <B?t$NAH $H $7 $F I= $7 $? >l9g $N >h;;2s?t $O , 5 � 2 = 10 2s $K$J $j $^$9 $, , (31) $N J} $O $9$Y$F J#AG?t � J#AG?t$N 7A $G $9 $+$i , J# AG?t $r 2 $D$N <B ?t $N AH $H $7 $F I= $7 $? >l9g $N>h;;2s ?t $O 16 � 4 = 64 2s $G$"$j , 2~A1 $, Bg $-$$ $3 $H $, J, $+ $j$^$9 . $3$N$h $& $J8zN(2= $O , :G=i Rader (1968) $K $h$C $FDs0F $5 $l $^ $7 $? $, , Winograd (1978) $K $h$C $FMM!9 $J N $K BP $7 $F 7OE} E* $K F3$/ J}K! $, @0M}$5 $l $^ $7 $? . $^$? , $3 $N <j K! $O FFT $= $N$b$N $N 9bB.2= $K $b 1~ MQ $G $- $^$9 . FFT $N%"%k %4 %j %: %‘$N Cf$N A22= <0 (27) $O 0J2< $N$h $& $K 2 CJ3, $K J,N% $G$- $^$9 : A 0 l � 1 ( j 1 ; j 2 ; � � � ; j l � 1 ; k l ; k p ) = W P l ( Q l � 2 j l � 1 + � + Q 1 j 2 + j 1 ) k l N A l � 1 ( j 1 ; j 2 ; � � � ; j l � 1 ; k l ; k p ) ; (34) A l ( j 1 ; j 2 ; � � � ; j l � 1 ; j l ; k p ) = N l � 1 X k l =0 W j l k l N l A 0 l � 1 ( j 1 ; j 2 ; � � � ; j l � 1 ; k l ; k p ) : (35) $3$3$G , W P l Q l � 1 N = W N= N l N = W N l $G $" $k$3$H$r MQ$$ $^ $7 $? . $3 $N $h $& $K $9 $k $H , (35) $N J} $O D9$5 N l $N DFT $G $9 $+$i , $3 $N DFT $N 7W;; $r 5.1 $N $h $& $K :G E, 2= $7 $F $* $1 $P A4 BN$N FFT $N 9b B. 2= $K $D$J $, $j $^$9 . $3 $l $O (27) $N 7W;; $K$O N � N l 2s$N >h;; $, I, MW $J$N$K BP $7 $F , (34) $O N 2s , (35) $O ( N = N l ) � N 2 l 2s $N >h ;; $, I,MW $G , Dj5A<0 $I $*$j $G$O 2 CJ3, $K J, $1 $k $H (34) $N J, $@$1 >h;;2s?t $, A} $($F $7 $^$$$^$9 $, , 5.1 $N :GE,2= $r 9T$C $F $* $/ $H , 8e<T $N 1i;; $K $* $1 $k>h;;2s?t $,$+ $J $j 8: $i $; $k $?$a 8zN(2= $K $D $J $, $k $o $1$G $9 . $^ $? , $3 $N$h $& $K JQ7A $7 $? :] $N (34) $N 1&JU $N 78?t $O 2sE>0x;R (= t widdle factor) $H 8F $P $l $F $$ $^$9 . 5.2 PF A = Prime F actor Algorithm DL>o $N FFT $N%" %k %4 %j %: %‘ $G $O 2sE>0x ;R $NB8:_ $O IT2DHr $J$N $G $9 $, , 2sE>0x ;R $r H< $o$J$$ %" %k %4 %j %: %‘ $bB8:_ $7 $^$9 . JQ49$N D9$5 N $, N = N 1 N 2 $H 2 $D$N @0 ?t $N @Q $H$J $C $F$$ $k >l9g $r 9M $( $^$9 . $?$@ $7 , FFT $N >l9g $H 0[ $J$j , N 1 $H N 2 $H$O 8_$$ $K AG $G$" $k $H$$ $& >r7o $r IU $1$F $*$-$^$9 . $^ $: , N 1 $H N 2 $H$O 8_$$ $K AG $G$" $k $H $$ $& >r7o $h$j , p 1 N 2 = p 2 N 1 + 1 ; q 2 N 1 = q 1 N 2 + 1 ; (0 < p 1 ; q 1 < N 1 ; 0 < p 2 ; q 2 < N 2 ) (36) $r K~$9 @0 ?t p 1 ; p 2 ; q 1 ; q 2 $, A*$Y $^ $9 3 . $3 $N $H $- , DFT $N <0 (13) $N E: ;z j; k $=$l$> $l $r 2 $D $N E: ;z$N AH ( j 1 ; j 2 ), ( k 1 ; k 2 ) $K $h $C $F 0J2< $N$h $& $K I=$9 $3$H $K $7 $^$9 : j = ( p 1 N 2 j 1 + q 2 N 1 j 2 )mo d N ; ( j 1 = 0 ; 1 ; � � � ; N 1 � 1; j 2 = 0 ; 1 ; � � � ; N 2 � 1) ; (37) k = ( N 2 k 1 + N 1 k 2 )mo d N ; ( k 1 = 0 ; 1 ; � � � ; N 1 � 1; k 2 = 0 ; 1 ; � � � ; N 2 � 1) : (38) 3 %f !< %/ %j%C %I $N 8_ =| K! $r ;H$C $F $$ $1$P , p 1 ; p 2 ; q 1 ; q 2 $, 6q BN E* $K Dj $a $i $l $^ $9 . Nc$($P , N 1 = 25 ; N 2 = 16 $N >l 9g$K $O , p 1 = 11 ; p 2 = 7 ; q 1 = 14 ; q 2 = 9 $H$J $j$^$9 . 7

$3 $3 $G j; k $N$9 $Y $F$NHO 0O $r $3 $l$G %+ %P!< $G$-$k $N $+ 5$ $K$J$k $H$3$m $G$9 $, , $3 $l$O , (36) <0 $r Mx MQ $9 $k $H , $= $l $>$l $N 5U<LA| $, , j 1 = ( j )mo d N 1 ; j 2 = ( j )mo d N 2 ; (39) k 1 = ( p 1 k )mo d N 1 ; k 2 = ( q 2 k )mo d N 2 ; (40) $H :n $l $k $3 $H$G J]>Z$5 $l $^$9 . $5$F , W N N = 1 $G $" $k $3 $H$K Cm0U$9$k $H , W j k N = W ( p 1 N 2 j 1 + q 2 N 1 j 2 )( N 2 k 1 + N 1 k 2 ) N = W p 1 N 2 N 2 j 1 k 1 + q 2 N 1 N 1 j 2 k 2 + N 1 N 2 ( p 1 j 1 k 2 + q 2 j 2 k 1 ) N = W p 1 N 2 N 2 j 1 k 1 + q 2 N 1 N 1 j 2 k 2 N = W ( p 2 N 1 +1) N 2 j 1 k 1 +( q 1 N 2 +1) N 1 j 2 k 2 N = W N 2 j 1 k 1 + N 1 j 2 k 2 N = W j 1 k 1 N 1 W j 2 k 2 N 2 ; $H$J $k $3 $H $, J, $+ $j $^$9 $+$i , 85 $N DFT $N <0 (13) $O , F ( j 1 ; j 2 ) = N 2 � 1 X k 2 =0 W j 2 k 2 N 2 N 1 � 1 X k 1 =0 W j 1 k 1 N 1 A ( k 1 ; k 2 ) ; (41) $H JQ 7A $G $- $k$3$H$K $J $j $^ $9 . FFT $N >l 9g$H$O 0[$J $j , $3 $N J, 2r$N >l 9g $O D9$5 N 1 $N DFT $H D9$5 N 2 $N DFT $, 7+ $jJV $5 $l $k $@$1$G , M>J, $J2sE>0x;R $N@Q $J $I $, $J $/ , >h;; $, FFT $K 3S $Y $F >/ $J $/ $F:Q $‘ $3 $H $K$J $j$^ $9 . $^ $? , $3$N J,2r $O FFT $H F1MM $K , N 2 $, $5 $i $K 2 $D $N 8_ $$ $K AG $J @0?t $N@Q $G I=$5 $l $k>l9g � � � , $N$h $& $K B3 $1$F $$ $/ $3 $H $,$G $- $^$9 . $3$N$h $& $K $7 $F , N $r 8_ $$ $K AG $J @0?tF1;N $N@Q $K J,2r $7 $F , $=$N J,2r $r$b $H$K DFT $r >e 5-$N$h $& $K J,2r $7 $F $$ $/ %"%k %4 %j %: %‘ $O , PF A(= Prime F actor Algorithm) $H 8F $P $l $F $$ $^$9 . PF A $N H/8+ $O FFT $h$j8E$/ , Go o d (1958) $K $5 $+$N $\ $k $N $G$9 $, , N $r 8_ $$ $K AG $J @0?t $K J,2r $7 $J$1 $l $P $J $i $J$$ $H$$$& @) Ls $, $"$k $3 $H $H , (37), (38) $K $h$k JB $YBX $( $, J#;( $J $3 $H $+ $i , Ev=i $O$"$^ $j <B MQ E* $H9M $( $i $l$F$$ $J $+$C $? $h$& $G$9 . $7 $+ $7 , 7W ;; NL $, FFT $h$j >/ $J$/ $F:Q$‘ $J $I $NL% NO E* $J@- <A $r;} $C $F $$ $k $? $a , $= $N8e2~ NI $b2C $( $i $l , FFT $H JB $V DFT $N M-NO $J 7W;; K! $H 8+ $J$5 $l$F$$$^$9 . $^ $? , Winograd (1978) $O PF A $N <jK! $H 5.1 $N <jK! $r AH $_9g $o$;$k $3 $H $K $h$C $F , $5 $i$K >h;;2s ?t $r 8: $i $7 $? 7W;;K! (Winograd $N %" %k %4 %j %: %‘ ) $r Ds0F $7 $F $$$^$9 . $3$N JU $N>\:Y $O T emp erton (1988) $K %l %S %e!<$5 $l $F$$ $^$9 $7 , FFT $H PF A $r AH9g $;$? 9bEY $J <BAu $K $D$$ $F $O , T emp erton (1992) $K $h $C $F O@ $8 $i$l $F $$ $^$9 . 5.3 7W;;5! $K 9g $o$;$? :GE,2= $3$3 $^ $G$N 8zN(2= $N5DO@ $O , 7W;; $K MW5a $5 $l $k>h;; $d2C;; $N2s?t $r ?t $( $k $H$$$$$C $? , $$$o $P !V 4y>e !W $N 5DO@ $G$"$j , <B:] $K FFT $r 7W;; 5! MQ $N %W %m %0 %i%‘ $H $7 $F 8z2L E* $K <BAu $9 $k $? $a $K $O , $=$N7W;; 5! $N CPU $d %a %b %j $N 9=B$ $r 9MN8 $K F~ $l $J$1 $l $P $J $j$^$; $s . Nc $( $P , $?$H$( 1i;;2s?t $, >/ $J $/ $F$b , %a %b %j;2>H $, B? $$ $? $a $K <B:] $K$O CY$/ $J$C $F $7 $^ $& $h $& $J%" %k %4 %j %: %‘ $O $6 $i$K$"$j$^$9 . $^ $? , %9 !< %Q!< %3 %s %T %e!<%?!< $J $I $G$O >h;;4o $H 2C;;4o $, %;%C %H $K $J $C $F$$$k $? $a , >h;; $N 2s?t $N$_ $r 8: $i $9 $@$1$G $O 0UL# $,$J $$ $J $I , 7W;; 5!Kh $K Cm0U $7 $J$1 $l $P $J$i$J $$ E@ $O 0[ $J$j $^$9 . $3 $N$? $a , :G 6a $G$O , %"%k %4 %j %: %‘$N A*Br$d , 5.1 $G =R$Y$? $h $& $J :G E,2=$5 $l $? %W %m %0 %i %‘$N :n @. $r 7W ;; 5! $K 9g $o $;$F <+F0 E* $K 9T $& $h $& $J 5; =Q $, 3+ H/$5 $l $F $-$F $$ $^$9 . $= $N Cf $G $b , MIT $N F rigo and Johnson $K$h $k FFTW(= The F astest F ourier T ransform in the W est) $O :G?7 $N8&5f@.2L $b $H$j$3$^ $l $? M% $l $?%U %j !< %=%U %H %&%’%"$G$" $j , %$ %s %?!<%M%C %H $G F~ <j2DG= $G $9 ( http://theory.lcs.mit.edu/~fftw/ ). $3 $N 8

FFTW $O , 0lHLE* $K $h $/;H $o $l $F $$ $k%Q %=%3 %s $d %o!< %/%9 %F!< %7 %g %s $N CPU $K 9g$;$? :GE,2= $, ==J, $K$J $5 $l $F $*$j , B> $N %U %j!< $J FFT %=%U %H %&%’%"$N G\B.$^ $? $O $= $l 0J>e $N%Q%U%)!<%^ %s %9 $r <( $7 $F $$ $^$9 . $b $7 $* <j85 $N 7W;;5! $G FFT $r 9T $& I,MW $, $" $k>l9g $K$O$< $R F~<j $7 $F ;H$C $F$_ $i $l $k $3 $H$r $* A& $a $7 $^$9 . 6 FFT $N 1~MQ FFT %"%k %4 %j %: %‘$N H/8+ $K $h $C $F , N $N D9 $$ DFT $, 5$ 7Z $K 7W;; $G $- $k$h $& $K$J $C$? 287C $O Hs>o $K Bg$- $/ $F , FFT $O <B $K B?MM $JJ,Ln $G 1~MQ $5 $l$F $$$^$9 . :G $bD>@\ E* $J 1~MQ $O , MM !9 $J?.9f $N;~7ONs %G !<%? $N %9 %Z %/ %H %k 2r@O $G , M? $( $i $l $? %G !<%? $K $I $N <~GH ?t $N@.J, $, B?$/ 4^ $^ $l $k $+$H$$$C $? 7W;; $K $O , N $r D9$/ $H $l $k $H $$ $& FFT $N @-<A $, FC $K 0R NO $r H/4x $7 $^$9 . %G !<%?$N %9 %Z %/ %H %k 2r@O $H , $= $l$K BP$9 $k FFT $N 1~MQ $K $D $$ $F $O , F|Ln (1977) $r ;2>H $5 $l $k $H NI $$ $G $7 $g $& . FFT $N 9bB. @- $, 2D G= $K $7 $?$b$N $N 0l$D $K , %9 %Z %/ %H %k K! $H 8F $P $l $k JPHy J,J}Dx <0 $N 2r K! $, $" $j $^$9 . Nc $( $P , @ u @ t + u @ u @ x = 0 ; 6-3&>r7o : u ( x + 2 � ; t ) = u ( x; t ) ; (42) $N $h $& $J JP Hy J, J} Dx <0$r ?t CM E* $K 2r $/ >l 9g$r 9M$( $^ $7 $g $& . 8E E5 E*$J :9 J, K!$G$O x <4 >e $K Ey 4V 3V$N J, E@ x j = (2 � = N ) j; ( j = 0 ; 1 ; � � � ; N � 1) $r $H $C $F , JP Hy J, @ u=@ x $r J, E@ 4V$N :9 J, $G 6a ;w$9 $k$N$G $9 $, , %9 %Z %/ %H %k K! $O , FFT $K $h $C $F u ( x; t ) $N F ourier 5i ?tE8 3+ $r 5a$a , JP Hy J, $r $=$N F ourier 5i ?t E83+ <0 $K E, MQ $9 $k$3$H $K $h $C $F :9 J, 8m :9$r$J $/ $7 $F , $h $j @: L)$J 2r$r 5a$a $h $& $H $9 $k 2r K!$G $9 . $3 $N 2r K! $O , Mp N.$N%7 %_ %e %l !< %7 %g %s $d , A45eE* $J E75$M=Js $N7W;; $K MQ $$ $i $l $F $$ $^$9 . $3$N 2r@b $G $7$P$7$P L>A0 $r =P $7 $? Cliv e T emp erton $O , $=$b$= $b ECMWF(= Europ ean Cen tre for Medium-Range W eather F orecasts: %h !<%m %C %QCf4| E7 5$M= Js %; %s %?!< ) $N %9 %? %C %U $G$"$j , E75$M=Js $N7W;; $K ;H $& $? $a $K , FFT $N <BAu $K $D$$ $F$N8&5f $r 9T$C $F$$$?$o $1$G $9 . %9 %Z %/ %H %k K! $K $D$$$F $O , Can uto, et al. (1988) $, Hs>o $K >\ $7 $$ 652J=q $G $9$N $G , 6= L# $N$" $kJ} $O$= $A $i$r ;2>H $7 $F$_$F 2<$5$$ . $^ $? , :G6a $G $O , JPEG $d MPEG $N$h $& $K , @E;_2h $dF02h $N %G !<%? $N05=L $K$b FFT $, ;H $o $l$F $$$^$9 4 . 2hA|05=L $K FFT $, $I $N $h $& $K ;H $o $l $F $$ $k $+$K $D$$$F $O , ED86 (1997) $K >R2p $5 $l $F $$ $^$9 . 7 $*$o $j $K $3$3 $^ $G , $6 $C $H FFT $N 4pK\ $K $D$$ $F 2r@b $7 $F $-$^ $7 $? $, , FFT $N$h $& $J %" %k %4 %j %: %‘ $N ?? $N M}2r $N $? $a $K$O , ;f$N >e $G$N 7W;; $@$1$G$O $J $/ , <+J,<+?H $G 7W;;5! %W %m %0 %i %‘ $r =q$$ $F$_ $k $3$H $, AaF; $G $9$N $G , %W %m %0 %i %_ %s%0 $G $- $k 4D 6- $r ;}$C $F $$ $k J} $O$<$R !V <+J,$J $j$N <j :n$j FFT %W %m %0 %i %‘ !W $r :n$C $F $_$i $l $k $H$h$$ $H ;W $$$^$9 . EvA3 FFTW $N$h $& $J !V%W %m !W $N=q $$ $? 4{@= $N %= %U %H %&%’ %" $K $O$J $+$J $+ B@EaBG $A $G$- $^ $; $s$+$i , !V 4{ $K $" $k$b$N $r :FH/L@ $7 $h $& $H $9$k$N $O %‘ %@ !W $H ;W $o $l $k $+ $b $7 $l $^$; $s . $7 $+ $7 , %"%7 %b %U$N !V 6d2ODk9q 6=K4 ;K !W $G$O$"$j $^ $; $s $, , FFT $N $h $& $J !V 5;=Q !W $r !V Kb=Q !W $K $7 $F $7 $^ $o$J$$ $?$a $K $b , $< $R , @h?M $NCN7C $r DIBN83 $7 $? $& $( $G , !V $h$C $7 $c , <+J, $, $b $C $H $($(%=%U %H $r =q$$ $?$k . !W $H$$ $&$/ $i$$$N 5$35 $r ;}$DJ} $, B?$/8= $l $F$[ $7 $$ $H ;W$C $F$$ $^$9 . 8 ;29MJ88% Bergland, G. D., 1967: The F ast F ourier T ransform Recursiv e Equations for Arbitrary Length Records, Math. Comp. , 21 , 236{238. 4 87L) $K$O , DCT(= Discrete Cosine T ransform: N%;6 %3%5 %$ %s JQ49 ) $G $9 $, , DFT $N <B?tItJ, $@$1$r$H$j $@ $7 $?$h $& $J$b$N $G , FFT $H A4$/F1 $8 $h $& $J%" %k %4 %j %: %‘ $G 9bB.2=$5 $l $^$9 . 9

Brigham, E. Oran, 1974: The F ast F ourier T r ansform , Pren tice-Hall. ( K. Lu : 5\ @n MN !& :# 0f =( <y Lu , 1978, !V 9bB. %U!< %j %( JQ49 !W 2J3X5;=Q=PHG<R , 262pp.) Go o d, I. J., 1958: The In teraction of Algorithm and Practical F ourier Series, J. R oy. Statist. So c. Ser. B , 20 , 361{372. Can uto, C., M. Y. Hussaini, A. Quarteroni, and T. A. Zang, 1988: Sp e ctr al Metho ds in Fluid Dynamics. Springer, 567pp. Co oley , J. W. and J. W. T uk ey , 1965: An Algorithm for the Mac hine Calculation of Complex F ourier Series, Math. Comp. , 19 , 297{301. F|Ln44M: , 1977: %9 %Z %/ %H %k 2r@O , D+AR=qE9 , 300pp. Rader, C. M., 1968: Discrete F ourier T ransforms When the Num b er of Data Samples is Prime, Pr o c. IEEE , 5 , 1107{1108. ED86>!8J , 1997: MPEG { %$ %s %?!<%M%C %H ;~Be$N 1GA|05=L , bit JL:} !V %$ %s %?!<%M%C %H ;~Be$N ?t3X !W , 6&N) =PHG . T emp erton, C., 1983: Self-Sorting Mixed-Radix F ast F ourier T ransforms, J. Comp. Phys. , 52 , 1{23. T emp erton, C., 1988: Nesting Strategies for Prime F actor FFT Algorithms, J. Comp. Phys. , 82 , 247{268. T emp erton, C., 1992: A Generalized Prime F actor FFT Algorithm for An y N=2 p 3 q 5 r , SIAM J. Sci. Stat. Comput. , 13 , 676{686. Winograd, S., 1978: On Computing the Discrete F ourier T ransform, Math. Comp. , 32 , 175{199. 10