fE5 LB & 7 — ) 25464 55 9 ]

~ Wit Fourier 2244 (2)~

o6 FEL

FEHT $hisl
http://nalab.mind.meiji.ac.jp/~mk/fourier2022/

20224 11 H30 H

FE H o #h 5E htt BFUIE L 7 — ) 2544 55 9 ~WERL Fourier 284t (2)~


http://nalab.mind.meiji.ac.jp/~mk/fourier2022/
http://nalab.mind.meiji.ac.jp/~mk/fourier2022/

EP7N

Q AHOWE - ik FIH

© KL Fourier 21 (f2 %)

o HfEBL Fourier 24
@ FFICOVTONH ATy 7 RIF0H»56
@ HiEHL Fourier 21D E
o HEEL Fourier A BT & WiZ s
o WHRIEH IS DT SE A
o (Jw )7 = () D
0 =% ) AW~ DIEIE

o /a# Fourier 284 (FFT)

© i BUBRE A €
e /\Eg\g



AKHDWE - HifEHIH

o Hi[ml, HEHKL Fourier (REZER L., Vv 7V v JEHAZ BRI,
SENE., CN 225 CV ~DEH E L TOBEL Fourier EIDER %
R Z2DHERH (bW b REAR) 2K 5, 2 ZHko
TIERETH 2, X 5 ITHER Fourier 2D 7L 3 X L TH % ik
Fourier 2 (FFT) DfAtZ2 3 %, i/ — b [1] ©§3.2, §3.312HHY
95,

o KNI EFH(F 5 DB 2 X 55285 %179 & (Mathematica %
Hwz), ¥ r—rFE2 QT PETH 5,

o I 2 DIFFIERETH 203, XFAR—RADEELDTHDD
i wehrdb Ly, fidzlELTEWwk,

o HHl6 LIXs K B3E% Zoom THEREL £7,
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3.2 BEEY Fourier 24

BT (§3.1) T JAMIBIEC £ 29> 70U v 7L<l s il N o RIS
(£} (F = f(x)) ICt LT, BEM7 — V) TARBE NS {C,} 2EF L 7

N
Ch = NZw"”ﬁ (neZ)
j=0

=L
2mi
W= exp —-.

N

B (Co} bR N ORBEIICH S 2 L bt FEIBS N ©b 3 n
5. FEFIL 7 N HZ WA EAUTE L,

ITIE, ZOEHC > (fy, A, fvo1) = (Co, Gr, -, Cy1) € CV D
EHDFEZ T 5,

a3 FEEMIRIEAE T H 2 DT, Wk7%a E2 B 2 20080370 . 2 DFIR
TIEHEDHL L, FbAL LG HKRS, WifTs 2K 2 55 iEL DS
AT 2005 AR ETHHEA,
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3.2 BfEHL Fourier 21

321 FEBIKDOVTORR AT v 7 AIF0 25

FEHEBRRZHIC, FEIC OV TONHET 5,

BIERETIE, X7 PARITAIOEITE, 1 5B FE2 D2 ((TRHN0FEFIE 125
B D) OPWELD, TITIF 0 »oHFEFEOFBLI LTS,

F7RY P NVO—RDOEI RS DI | Bor. FIO—RDORIr % KT DI (i,)) B
DEBET 2 ZENLVH, [ BBHHEMNEZR TS L L JHvlvwoT, 22T,

@ XV PO MDD % KT DITH j oy

o fTHlO— MWDK % ET DI (j, k) Wy

ZHEET 5,
Xo aoo ao1 ce ao,N—1
X1 aio ani ai,N—1
x=M)=1| . |, A=(a)=
XN—-1 an-1,0 an-1,1 aN—1,N—1
( THIBREDOHR, EWVIDERATA F 18,19 A= It 00T, MESHLTE
X, )
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3.2.2 HEEL Fourier Z2HAD EF%

TEFS 9.1 (MERL Fourier 251)
NeNIZHLT, w=e/N 8L, f=(fhf, 1) €CVIiZRLT

N—

(1) C, = Z Y (n=0,1,---,N—1)

Jj=0

TEES C=(G, G, CN_1)—r € CNV % F ORI Fourier ZH (discrete
Fourier transform) LIPS, F7, G F: CN>Ff— CeCVN DI & LEEEY
Fourier Z£4a & .55,

DRRIEHRTH S 2 L3 T a0 D
F(fF+g)=9Ff+ 7g, J(cf) =cFf (f,gecCN cecQ).
WZIZ C I FIZH2I0 W 201722 L TKRE5:
F(f)=WF (fecCM).
W F BEET B2 EN (BT) a0 5, bbAA FUF) = WIS,
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3.2.3 HfEHL Fourier 2D BT & WiZeita

EP 9.2 (HERL Fourier 21D £ BT & Z DIHLTH)

NENHLT w = /M, W= o (o) (NKEHFA) E5< LS,
Vf=(f), v€=(G)eC"
AL T
1 N—1 )
2) C,,:N fw™™ (n=0,1,---,N-1) & C=WF.
j=0
W IZIEHIT
3) W = (wfk) .
D Z AR D FERARDIR Y 32D,
1 N—1 ) N—1 .
(4) C,,:NZr}w_"f 0<n<N-1) & fi=» G (0<j<N-1).
Jj=0 n=0
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3.2.3 Bl Fourier 24D RBITHI & Wizt 175 DFR

BOED, W (W) ZEOS D STHGTE S,

WO WO WO WO
w w71 w72 PN wf(Nfl)
1, _ 1 0 -2 —4 —2(N-1)
W= — (w Jk) _ - |w w w w
N NT . .
WO (N1 (V12— (N-1)(N-1)
ER
WO WO W0 W0
O Wt w2 WwN-1
(a)jk) W w? o Ww2(N=-1)
w'o wl\;fl w(/v;1)2 .. w(Nfl-)(Nfl)

1 HoH/F DT BL—L Tk, W= (Lo (-D0-1) w1 = (0i-D0-1),
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3.2.3 Mtk Fourier Z{ D RBUTHI & Wiz Ha

LOEHEZLEFRICRDO LI ICELET S,
TEFR 9.3 (WHERL Fourier Z5H2)

NeN IHLT w ::expz—;\;I L8, C=(Go, G-, Cu)T €CV IERLT

N—1

(5) =Y Gw" (j=0,1,---,N—1)

n=

TEHEIND f=(f) % C DOFRERL Fourier ZH (inverse discrete Fourier transform)
LWER, £GHR CVs Cw f e CV HBRER Fourier ZH & T3,

0.2 OFEND ) . (2) TS 2,
7 (4) 12 (3) 2RONIWSHTH 2,

FEIE, 1750 W OIERItEE (3) 2R T 2L TH 2, Z2HUTid Wk (W) ofi%EE
BLT, BAATHNCE L C L 2mE iR, ZOFENS - & & FRAGNTSH 5 &8
b s D, MEDHFECZFEDKIEZ L THZ L E) DAL RO T, DIFEIK
MOF6N3 LI RIFHEZ W OPRT I LT 5,
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3.2.4 HEBHEE DZE S E RN

W 0.4 (BB R B M)

NeNIZHLT, w:=e?m/N
wn~0
wn-l
pn = (w")= (n=0,1,--- ,N—1)
<A)n-(N—l)
EEC L
DR L0, B (@} 13 CV OERFRTH B,
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3.2.4 HEBHEE DZE S E RN

SERA  HillO#iEZ HV: %

N-1 N—1
(), k) = Z WYk = Zw =) Wi
n=0 n=0 n=0
_ (—k=0 (mod N))
o —k;—éO (mod N)).
J,ke{0,1,--- N-1} TH % ~(N-1)<j—k<N-1. ®ZIC

(mod N) < j = k. WAIC

(> px) = Noj. [
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3.2.4 R EIEOZE S ERM:  neadset, ©wgn s Bk

=/

T>0, h:= % xj := jh, pn(x) := T LT B L,

<,0n(Xj) _ ein%’fx,- _ e21rinj/N —
DED. o, & BIB o, DEEAR xo0, -+, xno1 TOEZWARZRYZ ML TH B!
@) ®n = (pn(x0), 0n(x1), -+ s ealw-1))"  (n=10,1,--- N —1).

(¢n 1& on DEEBALD 2 VIIEALEERDNB LT DL, )
BIEL 0, DINEE%R

T/2
(p.) = / () DXV dx

T/2
TEDZEE, {paV ] 1Z
(piyo6) =To (i, k €Z)

B TR (W) RChH 3 2 LIZFATH D, % OHILIR D HRM (7721~
JPALELT) 20T 2D TH 2,

(6) FHERMEAZME L THF A RN E, FlEIHBEAERE LTSS Ly, (3H5E
72 & | discrete orthogonality £ \>9, )
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3.2.4 HEBHEIBOZESERME  wosi~s r Lomst

% 9.5 (W DFIR7 b LDESR M)
NeN w:=e/N W:=(3w) &35, WDEKkII%Zw LT5LE

(w,,wk):%@-k O<j<N-10<k<N—1)
DI LD,
;]
w0k
1| Wt 1
W=+ - Lo (s b
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3.2.5 (Lw %) = (W) DFEH

El_li

1
(B2 b VDERLRTH 5115 Diif 1751 % K & 2 58 BEFIH)
W & W @ Hermite 3:1% W* ORE%E{ES> TH S ExXfAITIIIC R %, FEEE

wo
wy 1 1
(8) W'w= , (wo wy - wy_1) = (wj*wk) =0k | =1
: N N
Wy _1

WA (NWHW = THB5,

Wt =NW* =N ( %w—kf ) = (w9) = (W*). O
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3.2.5 (Lw %) = (W) DFFH 2

FED CeCN BEANT L &

Bz FeCV kDL,
C 1k {w,} OREEEETH S, FE
fo
fl N—1

C=Wf=(ww ---wn_1)| . —Wofo-i-W1f1+---+WN—1fN—1:Zﬁ'ﬂ/j~
: j=0

WA (ERRIC K 2 BEOREE Ko 2 AR %A L <)
N—-1
Ck w—kf

_(Cw) _ =0 :Nilekck
- (wyw) 1N '

=~

Tt W= (W) THB I LEIRLTYS
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3.2.6 =% ) ZBHa~DEIE

ViR 9.6 (%D LIEIET 5 & 124 ) B4 3)

DEYICEZD &, WIGT B1T51X

1. 1 .
U=(— —Jk> , Ut= (—a)fk>
(m“’ VN
%, Ur=U1BHDED, 2% UBa=% V{75l THh 3,
ZHUZ U DINIRT P ADIERER R EVWH Z L TH B, O
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3.3 =i Fourier 2242 (FFT)

Bl Fourier 22811213, FERICIFRDE LTIV T Y XADFEIET 5, Z 1% E& Fourier

ZSHA (the fast Fourier transform) &MECN, FFT &GRS 2%,

FFT 23RS AIS LD X ) I o7 E o021 1E, 1965 40D Cooley-Tukey [2] & ¥ 5

B, 2N S L B NEPK DT> Twi il L Th D,

B H

2 TIEREAERNE T L) XL DOFIIIEMT 5 (FEK H UL 3], [4] 2 R &)

WL OPERMERRTE L,

@ FFTIXEMRITIZA <, B Fourier REZ DD DZFIHT 2, b WIHHIZZ W,
(BfEH Fourier f2%1d. Fourier fREDIELLITH 503, Zh L IZHIDEE, )

o TN B 7o A DRIFOBICHETE 2 L EicEdfbansg, RN
& N=2" (meN) DFET, 2O L EFHERIZ O(NlogN) TH 2, EHEAN S
FAMCEHET 2 & O(N?) LB DT, ZDHEIIKE,

o BFETIX, V7 bY = 7 CHE Fourier 2¥a% 32 & X, FFT »Mibn 3 LHfFT
20, N OEOEFUCITTETRETH % (B LEATE T HV),

o (F%L) HERL Fourier 81, BEHL Fourier fRE(Z RO T N5 D3, HERL Fourier (%

Bt & oy R EDOBIEEZ K> 5 DId, WilERL Fourier Z#1TH D, ZNBFL 7
NI XL TEELI NG,
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SIHREA E (1)

K=R %3 C &£75%,

AR KBTS mx n fTHlefkz K™ LESZLIRT S (M(m,mK) DX %
FEFEEIALE), n KIGHER 7 FLIE nx 1ITAlERET (D% ) K™ = K"),

I Z D §3 DRERIL— L

x € K" O (FRicHico 2 wIRD) x5 (j=0,1,--- ,n—1) £ ¥ 5,

A K™ DR (ﬁc:) ajk (=0,1,---,m—1;k=0,1,--- ,n—1) L35,

191 A = (ap) € K™ IZX LT, (a) € K™™ % A OEREITHIEWN AT TFT,
£7: (ag) e K"™™ % A @ Hermite %4751 & IEOX A" TET,

Bl Z0E
A— Aw Ao A
A Aun A

E7ay 73 EINTwa L E,

A Ao
A* = Agl ATI .
A Al

(:h’?_’ W:(Wo,wh--- ,WN_1) oW THWE, A4 F 14 ’{—yo )

BE HI %6 2 htt
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FRIBARE X £ (2)

A= (ax) e K™ & B=(by) € K™" O AB € K" %

m—1 m—1
AB = (> apby | (AB D5 (j, k) KA > ajpbpi)
p=0 p=0
TEHT 5, iz Ac KV L x e KN ofEiZ
N—1 N—1
(9) Ax = <Z ajkxk> (Ax D jIRSI1F Z ajxk)
k=0 =0
1 N—1 )
((9) 2 C = WF IowTo#sTcHwE, C, = Zr}of”J ZLotRTHS
j:O

i)
B K- K™ B o 2 Ac K™ BEEL T f(x) = Ax (x € K").
K 2B 2 NIRRT ERINS:
n—1
(y)=> %% (K=R Dk ZFHIc ZXJyJ
j=0

RORDIRY o (FIE IR SIE wiwe = (we, wy) = L6y Tl 7, ),
(x,y)=y"x (FGlZ1xnfTdly" & nx 14741 x DFRE AZKT).
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=%

7

SNDHEEHRONEIZ, L DORDL VL TIERLASNTZ LT EA LT,
% DARIZHEH > T\ 5,

EH VI NEIERIULFEDI 0 D 2T 72 B0, HEHEEY 0> T\ %, B4t
IZIEL 2 b s, R ZH->Tw 3

WS (SEAR) 122w T, BT i/)\@ot IILEZATw D,

filiam 2 AU, HiEHE T
1,
TR
DR TE T, ZNINWATIICTH 2 2 L DHIIE 22 508, ZHUE0d ) FFAs
D729, 130 BRI > THICE S THOFHAL E L\,
tx RBWADTIHETH 2, 2 DDFEMZ AN L7225, DTN REZ) &
HoTwn3,
Fourier #C8IZ BN 5 HEBIBR 0n(x) = e"FX (n € Z) IZNREZER 120, T)
0)@&%‘6\ %0)4&%2&{[{1 $n = (Qpn(XO)an(Xl)f" ,(JDH(XNfl))T = (Q)J”) (0 S
n<N—1)1Z CN DELRTH S ((Pm: @n) = Nomp - EHERME),

(RDA T4 FIehid)

4
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A= (g0, 01, son-1) EBL, A= (W) THB, Al = W 2RI,

b=AC
=8
N—-1
b=) G
j=0
EVIHIRICHEEZERE 5, C 2EZR {p,} TEEL VT, G 13ZDEMDORF

ﬁf%é\kva&&®f\gi%®®ﬁ?*i&

Cvj J b= 7]!7
_(Cyj) _ _ Z

T (i) —
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ZE DU

[1]

[2]

8]

[4]

e MBS L 7 —Y) 254, 3§38/ — b, https:
//m-katsurada.sakura.ne. jp/fourier/fourier-lecture-notes.pdf,
DTS THRABEE 7 — ) 22841, L) ¥4 DA RS TDZERL 7,
(2014~).

Cooley, J. W. and Tukey, J. W.: An Algorithm for the Machine Calculation of
Complex Fourier Series, Mathematics of Computation, Vol. 19, No. 90, pp.
297-301 (1965), http://www.ams.org/journals/mcom/1965-19-090/
S0025-5718-1965-0178586-1/50025-5718-1965-0178586-1.pdf T
INTw3,

KIS ¢ = Fourier 288 % X €|
http://www.kurims.kyoto-u.ac.jp/~ooura/fftman/fft_note_s.pdf
(2005).

KRR @ FFT (B 7 — Y I - a4 A > - A L 840) o & ek,
http://www.kurims.kyoto-u.ac.jp/~ooura/fftman/ - 7 ¥ A b « TV
a—7 4 Y7 HBHAGE EUC I85> T2 (1997~).
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