Dppexmuenoe gvluucieHue OUCKpemno20 npeoopasosanusi Pypve u OUCKPEMHO20
npeobpa3zosanus Xapmiu.

Huckpernoe npeodbpazoanue Oypne

BBeneM kiacc KOMIUIEKCHBIX YHCEIN € ONEPAIMIMU CIOXKEHUS, BRIUUTAHUS, YMHOKCHHUS, ISIICHHS Ha
YUCIIO U ¢ PYyHKITHEH conj(c), KOTOpas BO3BpAIIAET KOMIICKCHOE YHCIIO0, COMPSHKEHHOE apTYMEHTY
(obo3Hauaetcs c*).

class Complex {
public:
real r, 1i;
Complex (void) { }
Complex (real a, real b) { r=a; i=b; }
inline const Complex operator+ (const Complex &c) const {
return Complex( r + c.r, 1 + c.i );
}
inline const Complex operator-(const Complex &c) const {
return Complex( r - c.r, 1 - c.i );
}
inline const Complex operator* (const Complex &c) const {
return Complex( r*c.r - i*c.i, r*c.i + i*c.r );
}
inline const Complex operator/ (const real &divisor) const {
return Complex( r/divisor, i/divisor );

}

}i
inline const Complex conj (const Complex &c) {
return Complex( c.r, -c.i );
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Juckpemnoe npeobpazosanue @ypve (JII1D) KOMIUIEKCHOTO BEKTOpA (A, 4y, ..., dy.;) OMPEILSIICTCS KaK
KOMILUIEKCHBIH BEKTOpP C KOOPAWHATAMH (Vg, Vi, ..., YN.1)-
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[Ipocreitmuit cioco6 Beruucaenus JI1P — npsmoe cymmupoBaHne, OHO MPUBOANT K N orepanusM Ha
KaxK bl K03 dumment yy. Beero kosddummentos N, Tak uto obmmast cioxuaocts O(N?). Takoit moaxox
HE MpeCTaBIsIeT MPaKTHYECKOT0 HHTEpeca, TaK Kak CYLIECTBYIOT ropaszo 6oinee 3¢ GeKTUBHbIE
CIIOCOOBI.

BricTpoe npeodpazoBanune @ypobe

I'maBHas unes OpicTporo Beruncienus 111D - ucrons3oBanue MeTona “pasnensii-u-BiacTByi”. Bekrop
JIEJINTCS Ha YacTH, Pe3yJIbTaThl 00PaOOTKH KOTOPHIX 3aTEM CIIMBAIOTCS.

Bynem paccMarpuBath TONBKO BEKTOPBI UTHHBL N = 2°, T.¢ N - cTeneHb JBOMKN. DTO MPEANoI0KEHUE
Ype3BBIYAHO BaXKHO, TaK KaK Ha HEM IOCTPOEHA BCs JIOTUKA pabOTHI aJrOpUTMa.

Paznennm oOuryro cymMMy Ha JBe: TiepBasi COJEPKUT cllaraeMble C YeTHBIMU HHJIEKCaMH, BTOPas — C
HEYETHBIMU.
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[MonyunBmieecs: paBeHCTBO JaeT crocod BEMUCIATE K- koadgduuuent 1D Bekropa mmabl N yepe3
JIBa peoOpa3oBaHust UTHHBI N/2, OTHO U3 KOTOPBIX MPUMEHSETCS K BEKTOPY @' 13 KOOPIHHAT BUAA d;,
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a Ipyroc - K BEKTOpYy a N3 KOOpAWHAT BHUAQA d)y+ .

YroOsl momHOCTHIO BeIpa3uTh N-3HauHoe 1D B Tepmunax N/2-3HauHOTr0 peoOpa3oBaHusi, pacCMOTPUM
J(Ba Clrydasl.
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IlepBas cymma siBnsiercst A11dD BekTOpa, COCTABIEHHOTO U3 3IEMEHTOB @, CTOSALIUX Ha YETHBIX MECTAaX,
BTOpast cyMMa — JIII® BekTOpa 3J1EMEHTOB C HEUETHBIMU UHIECKCAMHU.

[Momydennsie GOpMYIIBI JAIOT BO3MOKHOCTh BRIYHCIIATH IIPeo0Opa3oBaHue JUIMHEI N yTeM KOMOWHAIH
IBYX TipeoOpa3oBaHuil JTUHBI N/2, IpH 3TOM JieBasi 4acTh BEKTOpa BeIUHCIsETCs 10 opmyde (1), a
npaBas — 1o dopmye (2), j=0..N/2-1.

Takxum o0pazom, oneparus oobeauHenns nByx 1D B ogro 3anuMaer O(N) BpeMeHH.



O6mras cxema anropuTMa cocTouT B oBTopstomemcs ceeaennn JA11® Bekropa amuabl N K BEKTOpam
JunHBL N/2 1 00beJMHEHNH Pe3ynbTaToB. ba3ncoM pekypcun ciry>kaT BEKTOPBI AJIUHBI 1, 111 KOTOPBIX
JIID — cam BekTOD.

DTOT aJITOPUTM Ha3bIBaeTCs OBICTPBIM TIpeodpazoBanueM Dypre (BIID) u nmeet ciaoxuaocTh O(N log N).

AJITOPUTM BIId(a, N) {
1. Ecnu nnvHa BekTOpa paBHa 1, BEpHYTH a.
2. Pa30uTh BEeKTOp a Ha YETHYIO 4acTh
a*" = (apay, ...,ay.;) v HeyetHyto a"“" = (a;a;, ...,ay.).
3. Pexypcusno BbI3BaTh BII® Ha kaxxnoit u3 yacrei
buem — BH@(a'-leT)
bH@‘lem — BH@(aHeuem)
4. OObpenuHeHHe Pe3yabTaToB 10 hopmynam (1), (2).
a. (uanumanuzanys) [IpucBouTh My 3HAYEHHUE TNIABHOTO KOPHS U3 €IMHHLIBI
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b. (wanmmanusanus) [IpucBouts ® = 1
c. B nukie BEIYHCIUTH JEBYIO U NPABYIO YaCTh OJJHOBPEMEHHO:
for(j=0; j <N/2; j++) {

Y= b+ ob™" // popmymna 1
Visnz = b - 0 b // popmyna 2
O = OOy // mepeXoaMM K CIEILYIOIEH CTENeHH KOPHS

}

5. BEpHYTb BEKTOD .

IIpesx/e, 4eM Cen0BaTh AabIIe, CIETAEM OHY HEGOIBIIYIO ONTHMHU3ALHUIO.
Ha mare 4 3nauenne o b Beraucnsercs nsa pasa noupsn. Dpdexrtunnee GyneT 3aKoMMpoOBaTH MUK

TaK:

for(j=0; j <N/2; j++) {
temp = 0 b "
y;= b+ temp
Vienz = b - temp

o= 00N

OT0 npeobpazoBaHUe HOCUT Ha3BaHUeE “0abouku BIID”, KOTOPYIO MOXKHO M300pa3UTh CIETYIOIIUM
oOpa3zom:

wem Heuem
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HeueTtHoe 3HauCHHE YMHOXKAETCS HA (Y, 3aT€M MIPOUCXOIUT CJIOKCHUE M BBIYUTAHUE, KAK TIOKa3aHO Ha
PHUCYHKe.

Hwxe n3o0pakeHo aepeBo pekypcun. Kakaplid ypoBeHb, HaUWHAsI CHU3Y, COOTBETCTBYET IIPOXOY
ITOPUTMa 0 BCEMY BEKTOPY M O0BbEAMHEHHIO CHavyalla OAMHOYHBIX DJIEMEHTOB B Maphl, 3aTeM Map B



YeTBEPKH M TaK Janee A0 KoHma. ObpaTute BHUMaHHE Ha TO, YTO MOPSAIOK WHICKCOB HA BEPXHEM YPOBHE
HE COOTBETCTBYET HIDKHEMY. JTO €CTECTBEHHO, €CJIH YIE€CTh, YTO HEYETHBIC MHACKCHI ITOCIIEe 0a00UKH
UIYT B MPaBYIO MOJIOBUHY BEKTOPA, a YETHHIE — B JICBYIO.
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JepeBo pekypcuu 1Jis 8 371eMEeHTOB

[IpeobpaszoBanue 6a0OUKH MOKET IPOUCXOAUTH “Ha MECTE””: MOCJIE ONEPaIluy 00bETUHCHUS
YYaCTBOBABIIIKAE B HEM 3JIEMEHTHI OOJIbINE HE HYXKHBI, TAK YTO Ha UX MECTO MOXHO 3aITUCaTh
npeobpa3zoBaHHbIe AaHHbIe. OHAKO, JJIS1 TOTO, YTOOBI TaKas TEXHUKA paboTalia, Ha BXOJIE aJropruTMa
JTOJDKEH OBITH BEKTOP HIDKHETO YPOBHS (ay, Ay, Ay, g, 4, ds, d3, A7) — TOTAA OOBEAMHEHHS IPOU30HIYT B
MPaBUJILHOM TOPSAKE, KaK H300pa)KEHO BHIIIIE, U JaIyT B Pe3yJbTaTe BEKTOp (dyg, dj, ..., d7). Takum
0o0pa3oMm, mepe]] BHI30BOM MPOIEAYPhI CIIEAYeT MPOBECTH MEPECTAHOBKY 3JIEMEHTOB MAacCHBA.

IIpenBapuTenbHasi mepecTaHOBKA 3JIeMEHTOB BEKTOpPa

PaccmoTpum aBOMYHOE NpencTaBieHue nHaeKcoB ot 0 o0 &:

000,, 0015, 010,, 0115, 100,, 101,, 110,, 111,
Ecnu 3ammicate kaxaoe 9ucIiio 3a10M Harepe, 10 MOTyIHM

000,, 100,, 0105, 110,, 0015, 101,, 011,, 111,
ITonyumnace nmepecTaHOBKA, B KOTOPOM YacTh YHCEN OCTalIach HA MECTE, a 9acTh — ITIOMEHsIaCh MECTaMuU
¢ cummerpuudbiMu: 001, 4 100,, 110, 4> 011,.
[lepeiins 0OpaTHO B JECATUYHYIO 3aIUCh, MTOTyYaeM HEOOXOAUMYIO TIOCIEI0BATEIbHOCTh HHEKCOB
BxoJHOro Bekrtopa: 0426153 7.

®dopmanuzys BeIIIeCKa3aHHOE, MOXKHO TIOCTaBUTh CIEAYIONIYIO 3a]ady: pEOPraHu30BaTh BEKTOP a JUIUHBI
n(=2°) TakuM 00pa3oM, UTO KaXKIbIA DJIEMEHT @, IOMEHSIETCS MECTAMH C DJIEMEHTOM d, -, TJ€ X’ MOIy4YeH
U3 X oOpalieHueM IBOMYHOM 3aI1cH.

3aMeTuM, 94TO X’ 3aBUCUT HE TOJBKO OT X, HO U OT N.

IIpu n=64, nanmpumep, x=6 3anuceiBaercs kak 000110,, x> = 011000, = 24.

[Ipocreiimmit T0aX01 — UCMIOTB30BATh PYHKIINIO

reverse binary( al[]l, n) {
for ( x=0; x<n; x++) {
x! = rev(x, n);
if ( x'>x ) swap( alx], alx’] ); // swap MeHAeT apTyMEHTH MeCTaMu

}
31ech yCiioBHE X’ >X TapaHTHPYET, YTO 00paTHOTO OOMeHa He CIIydHTCs, a GyHKINA rev(xX, n) BO3BpaliaeT
00paTHYIO JIBOUYHYIO 3aITUCh X, MMOCIEAOBATEIBHO T00ABISAS K HEW HYKHBIC OUTHI.
rev(x, n) {
int §j = 0;
for ( bits = log2(n); bits > 0; bits-- ) {



return j;

OreHuM BpeMsl BBITTOJTHEHHS TIPoLieAyphI reverse_binary(). @yHkims rev(x,n) npou3BoauT logn
orepaiuii u BeI3biBaeTcs n/2 pas. Takum oO6pazoM, obiiee BpeMst paboTel nMeeT nopsinok @(nlogn). Best
npoleaypa BEITOIHIETCS TOIBKO ONUH pa3, 3HaunuT acuMntotruka bI1® e n3menurcs. Tem He MeHee,
s¢dexTuBHEE OyIeT clierka YCKOPUTH IPOIIECC.

Wnes cocTouT B TOM, YTOOBI IoNy4ath rev(x) u3 rev(x-1) npubasneHreM oOpamieHHON equHUIb! rev(l).
Hampumep, s n=64 obpamennas exuauna rev(1)=100000,.
Torma u3 rev(6) = 000110, momygaem rev(7) = 000110, + rev(1) = 100110,

inline ulong rev_next (ulong r, ulong n) {
// mpeobpasoBHBaeT r=rev(x-1) B rev(x)

do {
n=mn>>1;
r = r°"n;
} while ( (r&n) == 0);

return r;

Teneps MOXHO HaKMCATh NPOIETYPY IepecTaHOBKH Ha C++ ¢ MpUMEHEHUEM TOH (DyHKITUH.

void FFTReOrder (Complex *Data, ulong Len) {
Complex temp;
if (Len <= 2) return;
ulong r=0;
for ( ulong x=1; x<Len; x+t+) {
r = rev next(r, Len);
if (r>x) { temp=Datal([x]; Data[x]=Datalr]; Datal[r]=temp; }

Ha nocrarouno 6onbmom Bekrope FFTReOrder nponsBoaut npubiaM3uTebHO 2n Onepamnui.

HamumeM pekypcHBHBII aNTOpUTM B OKOHYATEIHHOM BapuaHTe Ha C++.

[Ipu 3TOM I yIIPOIIECHHUS 3aIKUCH IIaroB OYIEM HCIOJL30BaTh 0003HAYCHHUS

PRoot — Texymas creneHb KOpHS U3 eIUHUIIBI

Makpoc TRIG VARS — unuImanm3anus IepeMeHHbBIX IS BEIYUCICHIS KOPHEH

Makpoc INIT TRIG(Len, Dir) — uaummanuzanus o, on(T.e TyHKTH 4a, 4b iceBaokoaa) Oyaer
Makpoc NEXT TRIG POW - nepexoj K CenyIomeil CTeIeHn KOPHS U3 eIUHUIIBL.

JomomauTensHbiid napametp Dir o3Havaer Hanpasierne npeodpasoanus: Dir=1 - npsamoe, Dir=-1 —
oOpaTtHoe. EnnHCTBEHHOE MECTO, TI€ OH MCIIOJIb3YETCs — IPY BEIYUCICHUN KOPHEH U3 €MHUIIBI, TAK KaK
nipu o6pataoM JITID cireayromHii KOpeHb MOMyYaeTCs U3 MPEIbIIYIIEro JOMHOKEHIEM He Ha ', a Ha
CONPSKEHHBIN eMy o'=o™".

// Tlepen 3amyCKOM BEKTOP HOJKeH OHTh oBpaBoTaH npouenypolt FFTReOrder ()
void FFT T (Complex *Data, ulong Len, int Dir) {

ulong k;
TRIG_VARS;
/(%)
Len /= 2;
INIT TRIG(Len, Dir);
if (Len > 1) {
FFT T (Data, Len,Dir); // noka njvHa BeKTopa OOJiblle eIVMHMULIEL
FFT T (Data+Len, Len,Dir); // PEKYyPCHMBHO HEeJiMM Ha IOBE 4YacCTu

}

for (k=0; k<Len; k++) {
Complex b, c; //
b=Datalk]; // npeobpaszoBaHue



¢ = Datalk+Len] *PRoot; // Babouxy “Ha MecTe”

Data(k] = b + c; //
Datal[k+Len] = b - c; //
NEXT_TRIG_POW; // nepexon K CclenynleMy KOPHI, YyUMTHBas Dir

Eciu BepHYTHCS K (hopMyiaM i cpaBHUTH JIID ¢ JIIID™, MOXKHO YBHAETS, UTO 1S OGPATHOrO
npeoOpa3oBaHNy KKAYIO KOOPAMHATY BEKTOPa HYKHO pa3ACiIuTh Ha €ro IJTUHY.

Taxoe nesneHue Ha3BIBACTCS HOpManu3ayuell BeKTopa. B psine npunoxenuii oHa He TpeOyeTcsi:
KOHCTAHTHBI MHOYKUTEIb HE UTPAET POJIU B BBIYMCICHUSX, IPOMEKYTOYHBIM MOMEHTOM KOTOPBIX
sieasetrcs J11D.

[losTOMy HMeEET cMBICT BO3BPALATh HEHOPMAIUIOEAHHbIL BEKTOP.

Pesromupys Bce Bbllliecka3zanHoe, BbI30B BIIM B mporpamme coCTOUT U3 cieayomiero parMeHTa Koja:

FFTReOrder (a, N); // npeobpa30BaTh BEKTOP B MNPABMUJIBHEIM BXOI aJIOPUTMa
FFT T (a, N, Dir); // Dir=1 - nmpsawmoe, Dir=-1 - oBparHoe
if (Dir == -1)

{ pa3pmesnuTes BCe KOOPIMHATH Ha N, €CyM 3TO HEeOOXOIMMO IJiS BHEUHEM NPpOTPaMMBl }

HNrepatuBnoe BII®

Pekypcuio MOXHO pa3BepHYTh B UTEPAIIUH, TIe BHEIIHUI UK 33]]aeT YPOBCHb JepeBa, a 3HAYUT, U
JUTMHY 00BEMHICMBIX Ha TEKYIIIEM Iare yacTei. [lepeMeHHast BHYTPEHHETO IMKJIA TICPBOTO YPOBHS
MOCTICIOBATEILHO MEPEXOIUT OT OHOMN Maphl YacTel K APYTOW, BHIMOHSS )1 HUX OTEPAIHIO
o0wvenuHeHus o popmynam (1), (2).

AJITOPUTM UTEPATUBHOE BII® (Data, Len) {
FFTReOrder (Data, Len); // mpeoOpa3zoBaTh BEKTOP B MPABMIILHBIA BXO]I alTOPUTMAa
Step=1;
while (Step < Len) {
Halfstep = Step;
Step *=2; // Step - nuHA 00BEAMHICMBIX YacTeH
o=1;
(Dstep =¢
for (j=0; j<Len; j+=Step) {
for (k=0; k<Halfstep; k++) { // 0Obeaunuts aABe yactu Datalj...j+Step/2-1]

i / halfst .
i/ hatlstep, // TIaBHBIA KOPEHD U3 €TUHHIIBI

L=j+k; // v Data[j+Step/2...j+Step-1] B onHy
R =L + Halfstep;
TRight = o*data[R]; // mpeoOpa3zoBaHue

Data[L] = Data[L] + TRight; // 6abouku
Data[R] = Data[L] - TRight; // BII®
® = OWstep,

Uem utepaTuBHas Bepcus mydine pekypcuBHo# ? [Toka Huuem. OHaKO eCcTh 00NN TPUHITUIT, KOTOPBIH
BBINOJTHSIETCS TIPH Pa3BePTHIBAHUN PEKYPCHH — ATO TOJTyueHHE OOJBIIEro KOHTPOIsS Haf mporeccoM. Yem
MBI U BOCTIOJIb3Y€EMCS TIPH HANlMCAHUHM OKOHYATEIBHOTO BapuaHTa alropuTMa.

// mo samnycka BEeKTOpP OOJIXeH OwrlTh obpaboran mnpouenypoin FFTReOrder
void IFFT T (Complex *Data, ulong Len, int Dir) {

ulong Step, HalfStep;

ulong b;

TRIG VARS;



31ech BHYTPEHHHUE IUKJIbI IOMEHSUTUCh MecTaMu. BrIYrcieHns ciaenyioT 1epeBy peKypcur YpOBEHb 3a
YpOBHEM, HauWHasl OT HIDKHETO, M 3aKaH4YMBasi BepXHUM. PacueTsl cnenyrot ¢popmynam (1) u (2), ogHako
OpTraHM30BAHbI TAK, YTOOBI TOCIIEI0BATEIHHO BHIIOIHSIICH CHAYANA BCE ONEPALIMH C ™', 3aTeM C ®' ¥ TaK
JI0 KOHIIA.

OTO NO3BOJIAET CUIBHO YMEHBIIUTH KOJINUECTBO BBIYMCICHUI KOPHEH U3 €ANHUIIBI, TaK KaK B

Step = 1;

while

(Step < Len)

HalfStep
Step *= 2;

INIT TRIG(HalfStep,Dir);

for

}

{
Step;

Complex TRight,TLeft;
R=L+HalfStep;

TLeft=Data[L];TRight=Datal[R];
TRight * PRoot;
= TLeft + TRight;
TLeft - TRight;

TRight
Data[L]
Data[R]

NEXT TRIG_POW;

(b = 0; b < HalfStep; b++) {
ulong L,R;
for (L=b; L<Len; L+=Step)

PEKYPCHBHOI BEPCUH OHH BBIYHCIISIFOTCS TIPU KaxKa0# 6abouke.
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O,E[HaKO, HECMOTps Ha 3Ty ONTUMU3ALIUTIO, HA OOJBIINX BCKTOpax HTCpaTHBHLIﬁ AJITOPUTM ropasgo
MCAJICHHCC peKprI/IBHOFO! 10 MMPpOUCXOAUT HU3-3a TOI'O, UTO, KaK BUJHO U3 PUCYHKA BBILIC, JOCTYII K
naMATH OCYIIECTBIIACTCA KpaﬁHe HCJIOKAJIBHO. OCYHICCTBJ'IHIOTCH IIPBDKKHU OT OJHOI'O 3JIEMCHTA K
APYroMy 4epe3 pacCTOAHUA Halfstep, 4TO IMPUBOJIUT K HEpAIUOHAJIBHOMY HUCIIOJIb30BAHWIO K3IIIa.

Bo3znukmas npobiiemMa TOBOJEHO THIIMYHA TS ITOAX0Aa “‘pasnensii-u-piacTByii”. IIpocTelimiee pernenme
— UCIOJIb30BAaTh PEKYPCUBHBIN alITOPUTM JIO OTIPEICIICHHOTO MOMEHTA, 3aTeM, KOTJa pa3Mep BEKTopa
CTaHeT MeHbIle pa3mepa kama (wiu ero nojosuHel CACHE HALF), nepekimtounTbest Ha UTEPaTHBHYIO
peanuzanuro.

Jist mpoBeieHns TaKOTo MOAX0/1a B KU3Hb HY>KHBI JIUIE MUHUMAaJIbHbIC H3MEHEHUS B IIPOLEype
FFT T, a umenno, na mecrto (*) mocne INIT TRIG cremyer BKIIOYUTH KOJ

if ( Len <= (CACHE HALF/sizeof (Complex) ) ) { // BMecTo CACHE HALF
IFFT T(Data, Len,Dir); // TOOCTaBUTbL UMCIIO
return;

Taxoke MoxkHO yOpats npoBepky if (Len > 1), Tak Kak 3TO ycJIOBUE TEePh BCETja HCTHHHO.

Touynocts BII®D

Hrak, anropuT™ YCIIEITHO CO3/IaH M 3allporpaMMHpPOBaH. 3aKOHUYCHA JIK padoTa ?

DT0 3aBHCHT OT cpephl IpUMEHEHHUS anropuTMa. Ecimu ucnons3zoBate ero st 512, 1024 Todek, To Bce
HOPMAJIBHO W HA 3TOM MO>KHO OCTaHOBUThCH. OHaKO Ha OoJiee JITMHHBIX BEKTOPaX OMIHOKH
BBIUMCIIEHU MOTYT IIPUBECTH K HEYJIOBICTBOPUTEIHHOMY pe3yibTary. [loaToMy dpe3BbIdaiiHO BaXKHO
c/enath npeodpa3oBaHue Oosee TOUHBIM.

OCHOBHOI MOMEHT, KOTOPbI HEOOXOJUMO YJIyUIINTh — TPHTOHOMETPHS], & IMEHHO, BEIYMCIICHHE KOPHEH
U3 eIMHMILBL. B paccCMOTpEeHHBIX MpUMepax MOCIe0BaTeIbHbIE CTEICHH MIOTYYar0TCsl JOMHOKCHUEM
TEKyIIero KOpHs Ha 3apaHee BHIYHCIICHHBIH TIaBHbIH KOpeHb ©'. C OJHOH CTOPOHEI, 3TO IOpa3Jo JIyHIIle,
YeM KaXKI[bIi pa3 BBI3BIBATH OYCHb Me]ICHHBIC(9KBUBAIICHTHBIE COTHIM 0a30BbIX ONepalui 1
TopMo3sIKe KoHBelp) GpyHkuuu sin(), cos() nnu exp(). C Apyro# - Ipu TakOM NOAXO0JIE OIINOKA pacTeT
sKcnoHeHIanbHO. [ToaToMy Ha mpakTHke remonb3ytores anroputMbl cemelictBa CORDIC (COordinate
Rotation DIgital Computer), koTopoe onuchkiBaeT 3 ()EKTHBHBIC HTEPAIIMOHHBIC METOJIBI TIOBOPOTA
BekTopa a+ib.

Bo-TepBBIX, PACCMOTPHM OGBIUHbI CIOCO6 XPAaHEHHS @ .
3HaveHus KOpHEH U3 eANHUIIBI PABHOMEPHO paclpeiesieHbl Ha OKPYKHOCTH pajuyca | ¢ IeHTpoM B
HyJIe.

YBCJIMYCHUEC KOJIMYCCTBA TOYCK, YUACTBYIOIIUX B npeo6pasoBaHHH (HI/I)KHI/Iﬁ HHACKC (,O)

v
v
N

IIpu 3TOM, KaK BHIHO M3 PHCYHKA, T10 MEPe BO3PACTAHHS [UIMHbI IPEOOPa30BaHHs, ' CTAHOBHTCS BCE
ommxe k Touke (1, 0). KocuHyc coOTBETCTBYIOIIETO yrila cTpeMuTes K 1, a cuayc — k 0.



KOJIUYECTBO TOUEK 8 16 32 64 128 256 512
COS X 0.7071067 {0.9238795| 0.9807852 | 0.9951847 | 0.9987954 | 0.9996988 |0.9999247
sin X 0.7071067 {0.3826834 | 0.1950903 | 0.0980171 | 0.0490676 | 0.0245412 [0.0122715

WppanmoHanbHble 3HaU€HUS CUHYCa U KOCHHYCa HE MOTYT XPaHUThCA MOJIHOCTBIO, TO3TOMY
HOTEePsl TOYHOCTH HEU30EKHA.

3ameTuM, uyTO OpMAT YKCEN C IIIABAIOIICH TOUKON IPOITyCcKaeT BeLylie HyH, T.€
0.0000012345678 d6ynet xpanutbes B Buae 0.12345678 exp-5, Bcero 8 uudp

B TO Bpems Kak uncio 0.9999912345678 Hukak cokpaiieHo He OyneT u 3aiiMet 13 mudp.
[TosTOoMy moTepst TOUHOCTH U1 KOCHHYca OyIeT ropasio Oosiblile, 4eM Ui CHHYcCA.

DTOro MOKHO H30eXkaTh, €l XpaHuTh ©' B Biae Root=(a,b), rae b = sin(x), a = cos(x)-1 = -2sin*(x/2).
B aTom ciydae aeBATKM cos(X) CTaHYT HYJIAMU I a=Cc0S(X)-1 U epecTaHyT 3aHUMATh AParolCHHBIC
paspsaabl. OnHako, Root yxe He OyJeT KOpHEM U3 €TUHHMIIBI, TO3TOMY BMECTO JOMHOXKEHHS Ha

©' IPUJIETCS MCIIONB30BATh APYTYIO (OpMyITy Mepexosa oT Tekymero PRoot k ciexyromemy:

Temp = PRoot;
PRoot = PRoot * Root;
PRoot = PRoot + Temp;

[IpocTbiM ynpaskHEHHEM ABISIETCS] TPOBEPKA, AEHCTBUTENIBHO JIX 3TO IpeoOpazoBanue aaet B PRoot
CJIEAYIOIINI KOPEHb U3 €IUHULIBL.

[Tocne orOpacbiBaHMS TUIIHUX AEBATOK TOYHOCTH BO3PACTAET IOBOJIBHO CHIIBHO, OHAKO MPH OOJIBIINX
CTEIIEHSX TIOCIIEI0BATEIbHOE YMHOKEHHE BCE PABHO MIPUBEAET K YBEIUUECHHUIO OMUOKH. YTOOBI 3TOrO
n30eXaTh, MOXKHO TIPU BBIYUCIICHUH KaXXI0TO 16-r0 KOPHS BBI3BIBATH SIN(X) (KOCHHYC yKe HE
UCTIONIB3YETCS ), TAKMM 00pa3oM “OOHOBIISIS TeKylllee 3HaYCHHE.

#define CONST_ PI 3.1415926535897932384626433832 // umcio nu
#define TRIG_VARS \
ulong TLen,TNdx;int TDir; \

Complex PRoot,Root;

// TIepeMeHHHEe IJis TPUTOHOMETPUU

Hauanbnsie 3Hauenus Root u PRoot yctanaBinuBaroTcst Makpocom

#define INIT TRIG(LENGTH, DIR)
TNdx=0; TLen= (LENGTH) ; TDir=(DIR) ;
PRoot.r=1.0;PRoot.i=0.0;
Root.r=sin (CONST PI/ ((LENGTH)*2.0));
Root.r=-2.0*Root.r*Root.r;
Root.i=sin (CONST PI/(LENGTH)) * (DIR);

s

Kaxkmast 16-s cTeneHs KOPHS BBIYUCISCTCS Yepe3 TPUTOHOMETpHIeCKUEe (DYHKITHH,
OCTaJIbHBIE — PEKYPPEHTHBIM COOTHOIICHUEM.

#define NEXT TRIG POW

if (((++TNdx) &15)==0) {
real Angle;
Angle=(K_PI *(TNdx))/TLen;
PRoot.r=sin (Angle*0.5);
PRoot.r=1.0-2.0*PRoot.r*PRoot.r;
PRoot.i=sin (Angle) * (TDir) ;

} else {
Complex Temp;
Temp=PRoot;
PRoot = PRoot*Root;
PRoot = PRoot+Temp;

// 16-s cTemeHb, BH3HBaeTca sin()

// PeKkyppeHTHOEe COOTHOWEeHUe

P A G S A e



IIpu Takoit cucreme MoTepsi TOYHOCTH HA TPUTOHOMETPHH COCTABIIAET He Ooiee 2-3 OUT ma)ke TP OYCHb
JJIMHHBIX BEKTOpax. I[OHOJIHI/ITGJH)HI)IC YXUIIPEHUA MOTYT YJIIYUIIUTh 3Ty OUCHKY, HO oIInOKa B
HECKOJILKO OUT, KaK MpaBUJIO, BIOJIHE TEPIUMA.

BII® BeKTOPOB ¢ 1eiiCTBUTEIbHBIMH KOMIIOHEHTAMH

Ecnu KOMIIOHEHTHI BEKTOpa — IEHCTBUTEIBHBIC YUCIIa, TO ISl BEIYUCICHHS AUCKPETHOTO
npeobpazoBanus Pypbe ero Hy)KHO CHaJyaIa MepeBeCTH B KOMIUIEKCHBIN BHI, 3aII0JIHUB MHUMYIO 9acTh
HyJsiMH. [Ipy 5TOM ero pakTHdeckas AJMHA BO3pacTeT B 2 pa3a, COOTBETCTBEHHO YBEIHYHBAS
TpeOOBaHMS K MAMATH U BpeMs Ha 00paboTKy.

Xopomo Okl TOyYUTh METO/, KOTOPBIH Oy/JeT yYNTHIBATh 3HAHHE O TOM, YTO MHUMBIC YaCTH PABHBI
HYJIIO, HO TIPY 9TOM HE MPOHU3BOJNTH HUKAKHX (PAKTUUECKUX ONEpaluii ¢ HUMHU.

Cnenaem HeOOIBIION TPIOK. A HIMEHHO, OyJIeM CYHTATh, YTO BXOJHOM BEKTOD (dg,d;,dy, ...Ay.;) HA CAMOM
JieJIe SIBJISIETCS] BEKTOPOM KOMIUICKCHBIX YHCeN ¢ IUHBI N/2, T1e KaKI0€e YHCIIO TPEICTABICHO Mapoi
zr=(az, az+1), k=0...N/2-1. Hannpumep, Bektop a = ( 1, -2, 3, 4, -5, 6, -7, -8 ) Ha caMOM JieJie XpaHUT
KOMIIJICKCHBIE Yncna 1 umeet BuA z = ( 1-2i, 3+44, -5+61, -7-81 ). Bynem uatepnpeTupoBars BEKTOp @
TaKUM HEOOBIYHBIM 00pa30oM M IOCMOTPHM, YTO U3 3TOTO BBIHIET.

[MoxcraBuB z; = ay + iay-+; B onpeneneuue I1dD, MoxkHO MOIydnTh, 4TO KoopauHATh ¢=/1I1D(z) numerot
BUN C, = Fk%m + iF k"eqem , k=0...N/2-1, rme

N/2-1 N/2-1 N/2-1 N/2-1
uem __ kj _ 2 kj neuem kj _ 2 kj
[ a, Dy = Z a, 0y F = Ay Oy = a1 Wy
Jj=0 Jj=0 Jj=0 Jj=0

TouHO Takue ke BhIpaKEHUs yKe ObUIN paHbIIle, IPHU MPEACTaBICHUH Mpeodpa3oBanus bl N yepes
JII® nonosunHOM AnuHbL. Ecau 06bequants F" u F**“" o dopmyite (0), To pe3ynbraTtom Oyaer
o6wryHOE MpeobpaszoBanne Dyphbe BEKTOpa d, Kak €CJId Obl MBI ICHCTBOBAIH 10 KJIACCHYECKOM cXeMe,
CUYUTAs ¢; KOMIUIEKCHBIM YHCIIOM C HYJIEBOH MHMMOM YacThIO.

N/2-1 N/2-1
_ 2kj k 2k _ uem k y7 neuem
Vi = Zazja) +w Zazj.Hw =F" +0"F, A3)
J=0 J=0

Fremesem \10)KHO BBIPA3HUTh 4€Pe3 IEMEHTHI BEKTOPA ¢, U, OACTABHB B (5), OIYYNTh OKOHYATEILHYO

dhopmyiy st nepecuera AI1D(¢) B AI1D(a):

1 . [ * )
Vi :5(ck +cN/2—k)_5w/]§/(ck —Cyiag) k=0..N-1 ()

st mokazatenbcTBa paBHOCHIIBHOCTH (3) 1 (3°) 10CTaTOYHO 3aMETHUTh, UTO

N/2-n)j N/2Nj —nj —nj
o\ " =(o))3) 0y, = w)", , cnenosarensro
* _ uem \ * -y Heuem \ ¥ __ (N/2-n)j\* . (N/2-n)jN\N* _ uem -y Heuem
Cynipp = (FC") +(F) = z(aZja)N/Z ) + Z(Za2j+la)N/2 ) =F; iFy
* _ uem - 7 Hewem _ yem . Hewem N
IMoncrasnsast ¢y, , = F,° —iF), nc, = F, + iF B (3”) momy4aem (3).

AJITOPUTM JEMCTBUTEJILHOE BII®0(a, N) {
1. ¢ = KOMIUICKCHAS HHTEPIPETALUSA BEKTOPA
2. Bwrauciuts “Ha Mecte” BIID(c, N/2)
[Tepecunrtats nomyuusmwiicss Bektop B AI1D(a) mo popmyne (3°)

3 VIHIeKChl BBIYUCISIOTCS 10 MoIymo N, T.e, HAPUMED, Yo=YyN, Co=CN, C-N/4=C3N/4,



Orot anroput™m BerunciseT bIID B 2 pa3a MeHblIeH JIUHBL, HE 100aBIAsA IMITHUX HysIed. Hamumo
CYILIECTBEHHOE YJIy4IlIEHUE.

OmHako, XOTEJIOCH OBl BEITIONHATE IpeoOpa3oBanue “Ha mecte”. JJIa CO3MaHus TaKOTO alTrOPUTMa
paccMoTpuM cTpyKTypy Bekropa y=/11D(a), ecnu a — AelcTBUTENBHBINH BeKTOp. B 3TOM ciiyuae

£
BBINIOJTHSIETCS] pAaBEHCTBO Vy_; = V), T.€ KOMIOHEHTHI BekTopa oT y[1] mo y[N/2-1] sBistorcst

conpsbkeHHbIME K Y[N-1] ... y[N/2+1].
W3 paBeHCTBA TakXkKe CIEIYET, UTO Vy=Vy™ U Ynn=Vn2™* , TaK 9TO Yy U Yy SBISIOTCS YACTO
JIEACTBUTEIbHBIMU, 0€3 MHUMOM YacTH.

Hampumep, pacemotpum a = (4, 3, 6, 1, 0, 0, 0, 0), 3mech N=8.

y=1I1D(a) = ( 14, 5.4+8.81, -2+2i, 2.6-3.2i, 6, 2.6+3.2i, -2-2i, 5.4-8.81).

Bunno, uto y[0], y[4] — unucTO AeicTBUTENBHBIC YKCIa, a aneMeHThl Buaa y[k] y[8-k], k=1...3 senstorcs
COTIPSDKEHHBIMHU APYT APYTY.

[Toatomy wacts BekTopa oT Y[N/2+1] mo y[N-1] MokHO OTOPOCHTH — OHA TPUBUAIBHEIM 00pa30M
BoccTaHaBiuBaeTcs u3 y[0]...y[N/2]. Kpome Toro, y[0] 1 y[N/2] — neficTBUTEIbHBIC YHCIIa, 3HAYUT
MOXHO XpaHUTbh y[N/2] kak MHUMYIO dacTb y[0].

Wrak, AI1D(a) MmoxxHO 6€3 oTepn HHGOPMAIIUN TTPEACTABUTH B BHIE KOMILIEKCHOTO BEKTOpa
y[0]...y[N/2-1] amunst N/2, pacnoiararoiierocss Ha MECTe HCXOAHOTO ICHCTBUTEILHOIO BEKTOPA IJTHHBI
N.

Z[eﬁCTBHTCJ'II;HBIe quciia

/ \
yl[0] |y[N/2] y[1] y[2] yIN/2-1]

Teneps paccMOTpUM MeXaHU3M COOCTBEHHO TpeoOpazoBanus. @opmyna (3) 6epeT 2 KOOpIUHATHI
BEKTOpPA ¢ M MOJYYaeT BCEro JIUIIb OAHY KOMIOHEHTY y. OnHako, st uHaekca N/2-k:

1 * L Ni2-k * 1 * I *
Yniek = E(CN/Z—/{ +Ck)_5a)N (Cynjg =€) = E(CN/Z—/{ +ck)+EwN (Cxniok =€)

1
2

OTKYZa Yy, 4 == (C; +cN/2—k)+5a)N(ck —Cyny) @

AJITOPUTM JIEMCTBUTEJIBLHOE BIId(a, N) {
1. IlycTb ¢ = KOMIUIEKCHAsI HHTEPIIpETALIS BEKTOPA ¢
2. Beraucnuts “Ha mecte” BIID(c, N/2)
3. Ipumenss dopmyisl (3°) u (4) oqHOBpeMeHHO 11 k=1..N/2-1, momy4nuTs 3Ha4eHUS
y[1]...y[N/2-1].
4. Beruucnuts y[0], y[N/2] u 3anmucarb y[N/2] kak MEEMYI0 yacTh Y[0] (st uaaexcos 0 u N/2
¢dopmymna (3°) mpuMeT 0COOEHHO MPOCTOH BU).

}

OTO0T AJITOPUTM HE Tpe6yeT I[OHOJIHI/ITGJILHOﬁ naMATHU U UCTIOJIB3YCT B IBA pa3a MCHBIIIC BH(D, OJTHAaKO
HCIOJIB3YIoNIasda €ro nporpamma O0JKHA YUUTBIBATE HECTAHAAPTHOCTD BBIXOHOT'O (bOpMaTa H, Ipu
HCO6XOI[I/IMOCTI/I, BOCCTaHaBJIMBATh OT6p0HIeHHI>Ie COIIPSIX)KECHHBIC DJICMCHTHI.

Ecnu tpebyetcst mpoBecTn oOpaTHOE peodpazoBanne Dypre, a BXOTHON BEKTOP HAXOIUTCS B “CKATOM
dopmare”, To cHadaIa IPOBOAMTCS Tepecuet 1o Gopmyite (3°), a 3atem BIID™ . TTpu sToM ects emme
M3MEHEHHS B TPUTOHOMETPUUECKHX (opMyJiax, CBI3aHHBIE C IEPEMEHOH 3HaKa Y KOPHS U3 €AUHUIIBI, HO
OHH Y€ YYTCHBI B MaKpocax il TPUTOHOMETPHUH.

Ilepen 3amyckom Real FFT He HykxHO npeoOpa3zoBeiBath BekTop yHKImeir FFTReOrder.



// BI® melicTBUTENBHOTO BeKTopa “Ha MmecTe”. FFTReOrder mejlaeTcsa BHYTPU OYHKLMM.
void RealFFT (real *ddata, ulong Len, int Dir) {
ulong i, j;

Complex *Data=(Complex*)ddata; // Tenepb BEKTOP CTajl “KOMIJIEKCHBM”

TRIG VARS;

Len /= 2; // ero mivHa NpM 3TOM yMEeHbIIMJIach
// 2 HOeMCTBUTEJNIBHHIX = 1 KOMILJIEKCHOE

if (Dir > 0) {
FFTReOrder (Data, Len) ;
FFT T (Data,Len,1);

INIT_TRIG(Len,Dir);

NEXTiTRIGiPOW;

// mnepecuer mno dopmymam (37), (4)

for (1 =1, j = Len - i; i < Len/2; i++, j—--) {

Complex pl,p2,t;

t = conj(Datalj]):

pl = Datal[i] + t; // sepoe ciaraeMmMoe niuda (37)

p2 = Datal[i] - t; // mnpaBoe cnaraemoe nija (3')

p2 = p2 * PRoot;

t = Complex (-Dir*p2.i,Dir*p2.r); // yMHOXeHME MNPaABOTO CJlaraeMoro Ha i
Data[i] = pl - t; // (3")

Data[j] = pl + t; /7 (4)

Data[j] = conj(Dataljl):; // CHuMaeM JIMIIHEE CONpPSXEeHME

Data[i] = Datali]/2;

Data[j] = Dataljl/2;:

NEXT TRIG_POW;
}

// OrmenbHO oOpabaTeiBaem mHAekce 0, N/2

{

real r,i;
r=Datal[0] .r;i=Data[0].1;
Data[0] = Complex(r+i,r-1i);

if (Dir < 0) {
Data[0] = Data[0]/2.0;
FFTReOrder (Data, Len) ;
FFT T(Data,Len,-1);

Hopmanuzauus He npousBoautcs. [Ipr HE0OX0MMOCTH €€ MOKHO CeNaTh 10 OKOHYAHHU pabOThI
¢$yHKUINY.

OuneHka BpeMeHHU

ITycts T(N) — Bpems Boeraucnenust bII® qmuas Bektopa N. BekTop pekypcuBHO pa3buBaercs Ha JIBe
9acTH, 00beIMHEHNE KOTOPHIX MporcxoauT 3a O(N) onepanuii. Beero maros pazouenus log,N, Tak 4to
obmiee Bpems O(NlogN).

s nonydyenus Oojiee TOUHOM OIICHKHM HEOOXOIMMO HAlTH 00IIee KOJIMIECTBO 0a30BhIX ONEPAIIH.

Ha xaxmom ypoBHe nepeBa pexkypcuu nenaercs N/2 6abouek, kaxaas COCTOUT U3 OJTHOTO KOMIUIEKCHOTO
YMHOXKCHHS B IBYX KOMIUIEKCHBIX CIIOKCHHM.

YuuThiBasi, 4TO KOMIUIEKCHOE YMHOKEHUE BHITIONHACTCS 32 4 OOBIYHBIX YMHOXKEHUS U 2 CIIOKCHUS,
MoJTyJaeM o011ee KOIUIecTBO oneparuii: 2N yMHokeHUH 1 3N cl10KeHHU/BRIMUTAHUH 32 Ha KaXIOM
YPOBHE JIepeBa peKypCHH.



Hrak, Bcero Ha 6a0oukm yxomuT 2Nlog,N ymuoxxennii u 3Nlog,N cioskeHHiA.

Tenepr nogcunuTaeM 3aTpaThl Ha TPUTOHOMETPHIO U, 30HO, CPAaBHUM PEKYPCUBHBINA U UTEPATHBHBIN
BapuaHThl BI1D.

B pexypcuBHoM Bapuante NEXT TRIG POW Be3bIBaeTcs npu kaxmoi 6abouke, T.€ BCETO

Bcero (NlogN)/2 pas. Kpome toro, INIT TRIG BrI3biBaeTCs 10 pa3y Ha KaXIOM y3Jie JepeBa peKypCHH,
Bcero y3imoB 2N-1. Takum 00pazom, cTonMocTh BerarcieHuit cocrasisier @(NlogN).

B urepatuaoM Bapuante NEXT TRIG POW BeirwiBactcs HalfStep pa3s B mukire mo b. YautsiBasi, 9To
3naueHune HalfStep yBenmuuBaercs ¢ marom B 2 pasa, nojy4aeM oOIiee YHuCio BEI30BOB 2 +4 + 8 + ...
+N/2 = N-2. INIT_TRIG 3anyckaeTcs Ipu KaKI0M yBeIMUYEHHH IepeMeHHol Step, T.e Bcero log,N pas.
Kax BumHO, 31€Ch 3aTpathl olieHuBarOTCs Kak O(N).

Yayuymenus u aApyrue tunsl bII®

e  OnwucaHHBINM METOJ] ICUT BEKTOP HA JIBE YaCTH. DTO — JIMIIb YACTHBIN CITydall KIIaCCHYECKOTO
BII®, Tak kak MOXHO JEIUTh BEKTOp HE Ha 2, a HA 2% gacreit. Bonee oIpoOHO 00 ITOM MOXKHO
MpoYeCTh, HapuMep, B kaure [1]. Becbma addextuBen anroputm “BlID ¢ pazdenennvim
ocnosanuem "(Split-radix FFT). On TpeOyet okono 4Nlog,N 6a30BbIX onepaiuii Ha 6aboukax.
Anroputmbl BI1® n1s BEeKTOPOB ¢ ATMHAMH, HE SIBJISIOIUMUCS CTEIICHIMHE 2, PACCMaTPUBAIOTCS
B pabote beinmm[4].

e [lonyuyeHHBIH KOJ UIMEET OOJBIION 3arac ONnTUMH3AIKU. ETo MOXHO Cephe3HO YCKOPUTH, €CIH
nenathb 1o 4 6abouku 3a urepauuto. Kpome Toro, B kauecTe 0asuca peKypcHHu MOXKHO B3SITh 4-
AJIEMEHTHBIE BEKTOPHI U JIEaTh COOTBETCTBYIOIINE MTPeoOpa3oBaHus “BPYUHYO”, TaK KakK AJIs
HUX (OPMYITBI IMEIOT 0COOCHHO TTpocToit BuA. 3HadeHus cuaycoB i INIT TRIG nmeer
BBIYHMCIIMTH M COXPAaHUTD B TAOJUIIEC TPU MHUIUATM3ANN anropuTMa. Eciu, B1oOaBok K 3ToMY,
pearn3oBaTh KOMIDIEKCHYIO apru(MeTHKy Bpy4YHYIO(HE KaK QyHKINHU Ki1acca, a
HEIOCPEICTBEHHO), TO CKOPOCTH pabOTHI MOYKET CEPhE3HO BO3PACTH(KOHKPETHBIC UMDl CHITBHO
3aBHUCAT OT KOMIIIATOPA). HacTh 3TUX yCOBEPIIEHCTBOBAaHUI OyayT pa3oOpaHbl B 00CYKISHUU
JUCKPETHOTO MpeoOpa3oBaHus XapTiiu.

e MBI paccMOTpeH CTHIIb OBICTpOro mpeodpazoBanns Oypre(HazoBeM ero bIID B), kotopsrit
Ha3bIBAIOT pazbuenuem no epemeru. CyniecTByeT Ipyroi aHaJOTHYHBIN MOIX0/], Ha3bIBAEMBIi
pasouenuem no wacmome(bI1® Y). OH ocHOBBIBaeTCs Ha npencTaieHuu bI1® B Bupe:

N-L N/2-1 N/2-1 N/2-1 N/2-1
k NIk _ [N/ 2
= a0 = Za o™ + Za o' =Y aw"+ Zlaw\,/za)(x+ ) Z(am +ay a")w,
x=0 x=N/2 x=0
Juis 9eTHBIX k=2j moy4aem s HedeTHBIX k=2j
N/2-1 N/2-1

Vaj = Z (@ +al oy, @) Yajr = Z o (a]" —a oy, 2)
x=0 x=0

Takum o6paszom, yetHble nHIEKCH BIID Y(a) Beramcnstorcs o ¢popmyne (1), a HeYeTHBIC — IO

dhopmyne (2°). [Ipu 3TOM CyMMBI SIBIIsIIOTCS TTpeoOpa3zoBanusMu Oypbe MOJTOBUHHON JIUHEI OT
X Jnee npae .

u o (a” —a’™),x=0...N/2-1.

ne6

J npae
BEKTOPOB C KOMIIOHEHTamu d, + a.’

OTcrozia BEITEKAET ApYror anroput™ Beruucienus 11X “Ha mecre”.
y

BII® Y {
1. Cnenats npeobpazosanus 6adouxu bII® Y mo dopmymnam (1), (2°) ms j=0...N/2-1,
3alrchiBasgd KOOPAUHATHI C YCTHBIMU MHACKCAMU B JIEBYIO IIOJIOBUHY BEKTOpA, C
HEYETHBIMU — B IIPABYIO.



yj >D yj: Vit Yinn

yj+N/2 >0 Q% YVi+N2 = (yj_yj+N/2)a)j
Q)

2. BpezBare BII® Y Ha neBoil u nmpaBoil mOJI0BHHAX BEKTOpa
3. PeopranuzoBats BekTop npouenypoid FFTReOrder()

B otmmume ot BII® T, 31eck 6abo4uku BEIOTHSIOTCS IO PEKYPCUBHBIX BBI30BOB. Kpome Toro,
peopraHu3anys J0JKHA POUCXOIUTE B KOHIIE pabOThl anroputmMa, a He B Hadane (Ilogemy ?).
KonnuecTBo onepanuii B 6a6ouke TO jxe: 4 YMHOXKCHHUS U 6 CIIOKESHHH.

Ha npaktuke BI1® Y 00b14HO BHITIONHAETCA Yy Th MenjieHHee, Hexxenu b1 B, Ho maet
HEMHOT'0 MEHBIIYIO OIIMOKY BHIYHCICHUH. .

Huckpetnoe IIpeoGpazoBanue Xaptiau

[IpeobpazoBanue @ypbe — OU€Hb MOIIHBII HHCTPYMEHT, YaCTO HCIOIB3YIOMIMICA Tpu 00padoTkKe
CUTHAJIOB, B ONTHKE, B TOMOTpaduu... Bo3aMoHO, ake CIMIIKOM MOLIHBIH, TaK KaK B PEIbHBIX
IPUIOKEHHUSIX KOMIUIEKCHBIE YHCIIa BCTPEYAIOTCs TAJIeKo He Beerna. YacTo npeobpa3oBaHue
MIPOU3BOANTCS Hall AEWCTBUTEIBHBIMUA BEKTOPAMH, a KOMIUIEKCHbIE YUCNIAa CITy’KaT JUIIb
MIPOMEKYTOYHBIM 3BEHOM BBIYHCIICHUHN, TPUBOIALINX K AEHCTBUTEIIEHOMY OTBETY.

MOo>KHO JTH HCKITIOYUTh KOMIUIEKCHBIE urciia Booome ? Paccmorpennas namu @yHkuus RealFFT() B aTom
CMBICJIE ABISAETCS JTUILb TOTyMEPOH.

WnTepecHoii anprepHatuBoit 11O sBisercs nuckperHoe npeodpazoBanue Xaptu (JII1X).
JITX nefcTBUTENBLHOIO BEKTOPA @ — 3TO AEUCTBUTEIBHBIA BEKTOP ) C KOOPJIUHATAMU

N-1 . .
he =Y a (cos 2 v sin 2y h= qmx (@) (4)
< N N

Huxkakux xomriekcHbIx uncesn! MHorue aronu, BUIs 3Ty GopMyIly BIIepBble, HCKPEHHE HEJOYMEBAIOT:
YTO MOXKET JaTh IIpeoOpa3oBaHue 1o (PyHKIMH, SIBIASIOIIEHCS BCETO JUIIb CABUHYTHIM CHHYCOM:

. ) T
cos(x) +sin(x) = V2 sin(x + Z) ? Oxas3bIBaeTcs, BHIOOP MIMEHHO TaKOTO CHHYCa MPUBOINT K

HWHTCPCCHBIM PE3YyJIbTaTaM.

B gactHoCTH, 00paTHOE MpeobpazoBaHue XapTiId BEIYUCIACTCS 110 GOpMyIIe, OTIIMYAIOICICS JIUIITh
MHOXuTeneM 1/N:

N-1 . .
h, :LZaj(cos@+sm@
N ‘= N

Y h= X (a)

Js meticrButensHOTO BekTopa a mexny HIID(a)=(yy, vi, ... yn.r) 1 QX (a)=(hg, hi, ... hy.;) cymecTByeT
MPOCTast CBSA3b:

1 1
Re y, =E(hk +hy ) Imy, =E(hk —hyy)



CymecTtByeT u obpaTHas hopMyIia, Tak YTO MOXKHO MTOYIUTH OJHO depe3 Apyroe. Boobiie ropops,
MOXHO BbIpa3uTh naxe [JI1® kommuekcHoro BekTopa yepe3 AI1X, oqHako Bce mperumylIiecTBa
npeoOpa3oBaHusi XapTiu MPOSIBIIOTCS PU PaboTe ¢ NEHCTBUTEILHBIMU YHCITAMHU.

BricTpoe npeodpazoBanue Xapriau*
Pa30ouenue no BpeMmeHu

Ilycts mymHa BekTopa N sBisieTcs cTenenpio ABoWKH. BIIX ¢ pazouennem mo Bpemenu (bIIX B)
COCTOMT B JIEJICHUH BEKTOPA HA YETHYIO M HEUETHYIO YacTh a " "=(ay, ds, Ay, ..., An.2) u a""=(a;, as a;s,
..., ay.;) u Beruucaenus JI1X(a) gepes npeoOpazoBanus XapTiau STHX BEKTOPOB.

Takxum 00pazom, 3a1ada cBoaAUTCS K BeraucieHuto J[I1X BeKTOpoB MOJOBUHHOM JUTMHEL, U TaK JI0
BEKTOPOB JJIMHBI 2, KOTJa BEIYHACICHNS MOKHO ITPOBOJANTH HETIOCPEACTBEHHO 110 (opmyIe (4).

[Ipu pa3zdouennn o Bpemenu sieBas monoBuHa 11X mmuabl N nomygaercs o gopmye (5),
a TIpaBasi IoJIoBHUHA — 110 opMmyite (6), u3 11X BEeKTOPOB ¢ YETHBIMHA U HEYCTHHIMA HOMEPAMHU
KOOpJMHAT.

uem Heuem 27y Hewyem b 27y‘
h; =h™ +h; COSW N2 smW 5)
uem Hevem 27? Heyem b 27y‘ .
hjw/2 :hj —hj COST— N2 smT ,j=0..N/2-1 (6)
[pu aTOM 1151 KOPPEKTHOCTH 00PabOTKH 3HaYeHus j=0 monaraem hy = hy.

dopMyITel MOXKHO OoJIee HarJIsIIHO H300pa3uTh B BUIe “6abouku” BIIX B.

h }'teltem h )

J J
uem
h/

2 . 27
Ceas ) cas = h;"" cos 7 4 N2 sin =7
N N

Jpiem
nevem J

N/2-j h J+N/2
CHayana BeIYHCIISIETCS BpeMEHHasl IEpeMeHHas cas, 3aTeM OHa CKJIaJbIBaeTCsl, TNO0 BBIYUTAETCS U3 h;‘e”’ ‘

Ecmu npurnsaeTses k 3Toi 6a004Yke, TO MOXKHO 3aMETHTH OJTHO CYIIICCTBEHHOE OTIIMYHE OT 0ab09IKH
BII®. A nMeHHO, OHA UCTIONB3YET TPU 3HAUCHUS JUTsI TEHEPAINH IBYX. DTO 03HAYAET, YTO TAKHUE
npeoOpa3oBaHMs HENb3s JIeaTh “Ha MecTe”, MOTOMY YTO 3aTHPaeMbIe 3HAYCHHUS MOTYT UCIIOJIb30BAThCS B
Ipyrux 0a0ovKax.

O0beannenue BIIX mo/1oBUHHOM JJUHBI 0€3 HCITOJIb30BaHUS JOMOJHUTEILHOH MaAMATH

ITormpoOyeM cMoemMpOBaTh CUTYAIIHIO, KOTOPAs IIPOMCXOANT MPH paboTe “Ha MecTe” M HANTH, B KAaKUX
0a00YKax MCIONB3YIOTCS OJHU M TE JKe 3HaYCHUS. 3aMETHM, UTO cXeMa pa3OueHHsT BEKTOpa Ha YacTH
abcomoTHO Takas ke, kak mpu bI1®_B. TlostoMy st Toro, 400l mpeoOpa3oBaHus IPOLLTH B
MIPABUIBHOM MOPSAKE, HY>)KHO CIEJATh MPEABapUTENBHYI0 PEOPTaHU3aALNI0 MACCHBA MPOLESYPOH
FFTReOrder().

Brimumrem Bce mpeoOpaszoBanus, mpoucxosimue npu oobenuHernu 111X momoBunHOHN muab! a[0..7] u
a[8..15] B omHo a[0...15], N=16. bnarogaps nmpensapurensHoit nepecranoBke FFTReOrder() moxHo



CUHUTATh, YTO B JICBOM MAaCCHBE XPaHATCA JIEMCHTHI C YCTHBIMU MHIACKCAMH, 4 B IIPpaBOM — C HCYCTHBIMU.

Heuem

Peanbublit nHACKC @ B MaccuBe a[ |, TakuM o0pa3oM, paBeH j+N/2, HHIEKC a;em paBeH j.

Brruucnenns umyT o hopmyinam (5),(6).

Bbabouxa 0. babouka 4.

a[0] = a[0] + a[&] a[4] = a[4]+ cas(a[l2],a[12])
a[8] = a[0]-a[8] a[12] = a[4]—cas(a[12],a[12])
babouxa 1. babouka 5.

a[l] = a[l]+cas(a[9],a[l5]) a[5] = a[5]+cas(a[l3],a[ll])
a[9] = a[l]—cas(a[9],a[l5]) a[13]= a[5]—cas(a[l3],a[ll])
babouxka 2. babouka 6.

a[2] = a[2]+ cas(a[l0], a[14]) a[6] = a[6]+ cas( a[l4], a[10])
a[10] = a[2]—cas(a[10], a[14]) a[14] = a[6] —cas(a[14], a[10])
babouxka 3. babouka 7.

a[3] = a[3]+cas(a[ll],a[13]) a[7] = a[7]+cas(a[l5],a[9])
a[l11]= a[3]—cas(a[ll], a[13]) a[15]= a[7]—cas(a[l5],a[9])

PaccmoTpum Bee 6a004KH, 32 HCKITIOUSHHEM HYJIEBOW U YETBEPTOM.

Kax BumHO, HHIEKC TTEpBOTO apryMeHTa cas() Bo3pacTaet ¢ 9 1o 15, B TO BpeMs KaK HHAEKC BTOPOTO —
yobiBaeT ¢ 15 o 9. Takum oOpazom, i-ii aneMeHT, i=9..15 ucnonp3yeTcs ABaXIbl — OAWH pa3 B 6abouke
Homep i-N/2 u npyroit — B 6a6ouke HoMep N-i. Hanpumep, anemenT a[ 10] ucnone3yercst B 6aboukax
2(=10-8) u 6(=16-10).

3HauuT, 3TH 0200YKH UMEIOT B COBOKYITHOCTH 4 BXoja M 4 Berxona! B wactHocTH, 6ab0uku HOMED 2 U 6
npuHUMaroT 3HaueHus a[2],a[10],a[14],a[6] u ux ke BeigaoT. [103TOMy MOXXHO OpPraHHU30BaTh
“crapeHHy0”, IBOHHYIO 0a00YKY, KOTOPYIO MOKHO BEITIONHSTH “Ha MecTe” 0e3 OmaceHus 3aTepeTh
Hy>KHBIE TaHHbIe. HoMepa criapeHHBIX 0a0ouek B cyMMe paBHBI N/2.

27N . 27aN
ITycts HOMep nepBoii 6abouku pasen Ny, C = cos N L, S=sin :

— 3HA4YCHMUAA, HCO6XO,I[I/IMI>IG

JUTS. BEIYUCIICHUS cas. Toraa napHas 6abouka Oyaer umeTh Homep Ny = N/2-Nj,
JUist BBIYHCIICHUS IEPBOi 0a004KH HCTIONB3YeTCst cas( dy,,dy, )=day,  TC+ay," *S,aus

PaBEHCTB
27N 27(N/2-N 27N . 27N . 27N
cos 2 =cos ( ) _ cos(mr ———L)=-C, sin 2 =sin(x — =S
N N N
CIeyeT, 4To [UIs MapHoit 6a60uku cas( d,,dy, ) =ay,  *S—ay, *C,To ecTb UCIONB3YIOTCS TE

K€ 3HaYeHUS TPUT. QyHKIHH.

OmnuieM COOTBETCTBYIONIYIO POIEAYPY B BHJIE TOTOBOTO MaKpoca.

#define FHT T2Butterfly(N1,N2,C,S) { // nsoinas Gabouka BIIX B
double Rx,Ri;
ulong 11=N1,i2=N2;
Rx=Right[il];Ri=Right[i2];
{ // Gabouka c HoMepoMm N1

double casl,Lx;

casl=Rx* (C)+Ri* (S); // WCHOJIB3yeMoOe BHadeHue cas

Lx=Left[il];
Left[il] = Lx+casl; // Left[] — meBas NoOJIOBMHA BEKTOpa
Right[il] = Lx-casl;

double cas2,Li;
cas2=Rx* (S)-Ri* (C) ;
Li=Left[i2];
Left[i2] = Li+cas2;

// Gabouka c HOMepoM N2

Pl A P A A A A A



Right[i2] = Li-cas2; \

}
3neck Right — mpaBas, “HedeTHas’” MoJIOBUHA BeKTOpa, a Left — neBas, yetHast.

babouku ¢ Homepamu 0, N/4 (B npumepe N/4=4) ocoObie. OHM MOTYT OBITH CAETaHBI “Ha MecTe”

O6I)ILIHLIM 06pa30M, TaK UMCHOT I10 ABAa OJWMHAKOBBIX BXOJa U BbIXOJA.
#define FHT T1lButterfly(N1,N2,C,S) { \ // oGeuuas Gabouxa BIX B
ulong 11=N1,i2=N2; \
double casl=Right[il]* (C)+Right[i2]*(S);\
double temp=Left[il]; \
Left[il] = temp + casl; \
Right[i2]= temp - casl; \

Urak, ciocob o0beuHeHNS “Ha MecTe” HalJeH — 3TO JIBe 0a00YKH OTHOBPEMEHHO.
TpuroHoMmerpus

[Ipexne Bcero, mMOCMOTPUM, TJ€ MOKHO MCIIOIB30BAaTh OAHU U Te ke 3HadeHus cos() u sin(). Oqny
3aKOHOMEPHOCTH MBI yke 00Hapy>Kuiu. OQHAKO, MOXKHO 3aMETHTb, YTO ()OPMYJIBI TPUBEACHUS AIOT
aHaJIOTHYHBIHN pe3ynbTaT 11t HoMepoB N/4-Nj, N/4+N,; :

+ +
cos FNIAEN) w2y o 2ENIAEN) w22,
N 27 N N 2

)=C

Takum 00pa3oM, OZMH pa3 BeIYKMCIeHHBIE 3HaUYeHUs1 C U S MOXKHO MPUMEHSITD JIs YeThIpeX 0abouek: Jist
cnapenHoi ¢ Homepamu Ny, N/2-N; u s ciapernoit ¢ Homepamu N/4-Nj, N/4+N.

for (N;=1;N; < N/8; N;++) {

{ BHUMCIMUTL ouepenHsle 3HaueHus Cos, Sin }

FHT T2Butterfly(N;,N/2-N;,Cos,Sin);

FHT T2Butterfly(N/4-N;,N/4+N;,Sin,Cos);
}
B stoMm mukiie 6yayT mposeneHb! 4% (N/8-1)=N/2-4 mpeoOpa3oBaHus ¢ MUHIMYMOM 3aTpaT Ha
tpuroHoMetpuro. L{uxi npomyctut Homepa 0, N/4, N/8, 3N/8.
Heno B Tom, uro mpu N1=0 momyuarorcs Homepa 0, N/2, N/4, N/4, a 6abouka ¢ Homepom N/2 monpocty
He cymectByeT. N;=N/8 Tarke gaer Iuoxoi Habop, MO3TOMY YeThIpe MPOMYIICeHHBIX Tpeo0pa3oBaHus
HEOOXOAMMO CIIeaTh BHE IHKIIA.

N/4 Ecnu paccMOTpeTh HCTIONB3yeMbIe IPH BRIYKCICHUU Cas
4 (sin, cos) N/8 3HAUEHHMS KOCHHYCA M CHHYCa KaK KOOPAUHATH BEKTOPA
A Ha IJTIOCKOCTH, TO MEPBOY criapeHHON 6a00YKe CTaBsITCS
B COOTBETCTBHUE MEPIECHANKYIISIPHBIE BEKTOPHI (COS, sin)
(cos, sin) u (sin,-cos), a BTOPOM — BEKTOPHI (8in,cos), (cos,-sin).
W - Kaxplii crienyronumii mar npuBOAUT K U3MEHEHUIO
2 - 3HAYCHUI COS U Sin, KOTOPOE ABJISETCS TOBOPOTOM THX
A (cos, -sin) 0abodek BOKPYT Havaja KOOpAUHAT Ha YTOJI,
3amaBaeMbiil BeKTopoM (sin(27/N), cos(2n/N) ). [lpuyem
BTOpas 6aboyKka MOBOpaYMBaeTCs M0 YaCOBOil CTperke, a
. IJ\ ~O-N/8 riepBast — NPOTHUB.
(sin, -cos)

OO0patuM BHEMaHHE, 9TO TpeOyeMbIe i1 6abodex
3Ha4YeHUs TPUT. PyHKIUH - Te ke, uTo U B BI1D, rre,
KakK OBIJIO 3aMEUYEHO B MPUMEYAHUSX, TAK)KEe MOXKHO JIeNaTh 1o 4 mpeoOpa3oBaHus OHOBPEMEHHO.
Oco0sIe cirydan IPOUCXOIAT, KOTAa BEKTOPHI COBIAIAI0T, TIO3TOMY COOTBETCTBYIOIINE HOMEPA
00pabaThIBAIOTCSI OTIEIBHO.

I'eomeTpuyeckasi HHTepHpeTAUS



I'enepanus Mpou3BOANTCS Yepe3 Ty Ke peKyppeHTHYI0 Gopmyiry, uto u B BIID, pa3zse uTo 3HaUYCHUSA
XpaHATCS B pa3HbIX nepeMeHHbIX Sin 1 Cos, B HE B OJJHOM KOpHE: ®=cos + 1 sin.

Bo BpeMst HHHLHATH3AIIH CO3AaauM Tabmuiy cuaycoB SineTable[i] = sin(/2™).
void CreateSineTable (ulong Len) {
int x=0; ulong P=1;
while (P<=Len*4) {
SineTable[x]=sin (CONST PI/P);
P*=2;
X++;

Ecnu tekymias mmaa N=2%, To cuyc s nepBoit 6abouku Sin0 = sin(27/2) = SineTable[x].

Bwmecto kocunyca, s OymeM xpauuts 3Hadenne Cos0 = cos(2m/2" )-1 = -2sin’(x/2), rae
sin(x/2)=SineTable[x+1].

int Log2 (ulong Num) {
int x=-1;
if (Num==0) return 0;
while (Num) {x++;Num/=2;}
return x;

}

#define INIT TRIG (LENGTH)
ulong x=Log2 (LENGTH) ;
real SinO=SineTable[x];
real CosO=SineTable[x+1];
Cos0=-2.0*Cos0*Cos0;
real Sin=Sin0,Cos=1.0+Cos0;

~

OTH 3HAYEHUS BBIYUCIAIOTCS OJIUH pa3 MEePexo/] K CIEAYIONIeMY YTy IPOUCXOTUT 10 PopMyIaMm:
#define NEXT TRIG_POW f{ \
real temp=Cos; \
Cos = Cos*CosO - Sin*Sin0 + Cos; \ // (Cos,Sin) - Tekyummin BEKTOP
Sin = Sin*Cos0 + temp*Sin0 + Sin;\
}
HepI/IOI[HLIeCKOFO OOHOBJICHUSI 3HAYECHUN Sin, Cos 31€Ch HE Tpe6yeTC${ — TOYHOCTH BITIOJIHE JOCTATOYHA.

OxonuyatenbHas peanuzanusa BIIX ¢ paz0Ouennem no BpemMeHu

HNrak, Bce roTOBO AJIs IOJIHOTO peKypcuBHOro anropurma bITX B.
C nenbio yBenn4eHUs OBICTPOACHCTBHS 0a3uc peKypcuu OyIyT MPeNCTaBIATh BEKTOPHI IITHHBI N=8.

1. Mannuanuzanus:
a. peopranmzoBaTh BekTop npouenypoir FFTReOrder(Data, Len)*
b. co3nare Tabmuiy cunycoB gynkuueit CreateSineTable(Len)
BIIX B (Data, Len) {
Ecnu nnuna pasHa 8, To Berunciauth BIIX B HenmocpeacTBEHHO U BBHIATH.
2. PexypcuBHO BBI3BaTh
a. BIIX B (Data, Len/2)
b. BIIX B ( DatatLen/2, Len/2 )
3. Cnpenath no aBe crapeHHbIX 6a6ouku s Nj=1...N/8-1
4. Cpnenars 6a6ouku ¢ Homepamu 0, N/4, N/8, 3N/8

}

// BIIX c pasbueHyeMm O BpeMeHM BekTopa Data njmHel Len>8.
// llar 1 moskeH OHTL CHEJIaH K MOMEHTY BBE30Ba QyHKUMM. VCHOJb3YyOTCH KOHCTAHTH:
#define CONST PI 3.1415926535897932384626433832

‘B koze u3 obcyxnenus BIID crexayer momeHsaTs Bce 00bsBieHNss Complex Ha real



#define CONST SQRT 2 0.7071067811865475244008443621
#define CONST SQRT2 1.4142135623730950488016887242

void FHT T (real *Data,ulong Len) {
ulong Len2,Len4;

real *Left,*Right;

// llar 2. Bce mpeoBpas30BaHMsa COOTBETCTByT dopmynam (5), (6), npuuem

// npenmnojlaraeTcs, YTO wara 1 B JIEBOM MNOJIOBMHE Ha CAaMOM HeJle€ BJIEMEHTEH

// C UEeTHBIMM MHIEKCaMM, a B [PaBOM — C HEUETHEIMMU.

// Oisa MuMHMMMBaUMKU TPeOOBAHUS K PErMCTPaM MCIOJNL3YIRTCS OJIOUHBE NepeMeHHEE
// 3HaueHUs TPUTD. OYHKUMM BEUMCIIEHE 3apaHee ¥ [PEeLCTAaBJIEHH B BUIE KOHCTAHT
if (Len==8) {

real d45,d67,sd0123,dd0123;
{
real ss0123,ds0123,ss4567,ds4567;

{
real s01,s23,d01,d23;

d01l = Data[0] - Datal[l];

s01 = Data[0] + Datall];

d23 = Data[2] - Datal[3];
[

s23 = Data[2] + Datal[3];
ds0123 = (s01 - s23);

ss0123 = (s01 + s23);
dd0123 = (d01 - d23);
sd0123 = (d01 + d23);

real s45,s67;

s45 = Datal[4] + Datal[b]

s67 Data[6] + Datal[7];
[5]
[7]

d45 Data[4] - Data
d67 = Data[6] - Data
ds4567 = (s45 - s67);
ss4567 = (s45 + so67);

}

Data[4] = ss0123 - ss4567;

]
Data[0] = ss0123 + ss4567;
Data[6] = ds0123 - ds4567;
Data[2] = ds0123 + ds4567;

}

d45 *= CONST SQRT2;

d67 *= CONST SQRT2;
Datal[5] = sd0123 - d45;

Data[l] = sd0123 + d45;

Data[7] = dd0123 - d67;

Data[3] = dd0123 + do67;

return;
}
Len/=2; // N —mnuHa BekTOpa, TO Len = N/2
// Har 3.

Right=¢&Data[Len];Left=&Data([0];
FHT T (&Left[0], Len);
FHT T (&Right[0],Len);

// llar 4. Ecau
// Len=N/2, Len2=N/4, Len4=N/8
INIT TRIG(Len);

Len2=Len/2; // Len2 = N/4

Lend4=Len/4; // Lend4 = N/8

for (x=1;x<Lend;x++) { // x=1..N/8-1 — no 4 6aboukM B LUKJE
FHT T2Butterfly (x,Len-x,Cos,Sin); // cnapeHHasa Babouka 1

FHT T2Butterfly(Len2-x,Len2+x,Sin,Cos); // cnapeHHas Gabouka 2
NEXT_TRIG_POW;
}

// lWar 5.
// Babouxku 0, N/4 memamoTca Ha MecTe
FHT T1Butterfly(0,0,1.0,0.0);



FHT T1Butterfly(Len2,Len2,0.0,1.0);

// Babouxku N/8, 3N/8 mejnamwTcsa B CIapeHHOM BapuaHTe

// xocuHyC M cuHycC nia N/8 BHUMCIIeHH 3apaHee M paBHE SQRT (2) /2
FHT T2Butterfly(Len4,Len-Len4,CONST SQRT 2,CONST SQRT 2);

BIIX ¢ pa3onenneM mo yacrore

BIIX Y mpexacrapnser coO0H adbTepHATUBHEIN CTHIIB BerauciieHrs bIIX. V3 neBoii u mpaBoii MOJIOBHH
BekTopa JIIX momHOM mymnabl N BRMUCIIETCS 10 GopMyTiam:

N/2-1
_ ze6 npae Xxj
Vo = Z (a;” +a; Dy
x=0

N 27mix . 27;ix
h,. = h' + h™ )(cos + sin 5
2 ;( . B N2 N/2) 5’
N 2 7x . 27mx 2mx . 2mx
hy. ., = D cos——+ D, , . sin oS + sin 6’
2j+1 XZ::,)( N N/2 N)( N /2 N/Z) (6’)

3neck D, = h' — ™™™ j=0...N/2-1.

Bripaxkenus B npaBoii 9acTu npeAcTaBisaioT codoit 11X mosoBUHHOM JIMHEI OT BEKTOPOB C

2mx . 2mx
koopausaramu 7. +h" n (h)* —h™*) COST +(hy,, —hy5 . )sin N x=0...N/2-1.

Takxum o0pa3zom, Bo3HHKaeT 6abouka bBIIX Y, B KoTOpo#i A BEIYUCIICHUS IBYX 3HAYSHH TpeOyeTcs
geThIpe. Beimmumrem cxemy npeoOpazoBanuii 4yt N=16. J{nsg ymobcTBa OymeM 3anuchBaTh KOOPIUHATEHI C
YETHBIMU MHJIEKCAMH B JIEBYIO YaCTh BEKTOPA, 4 C HEYETHBIMH — B NIPaBY0. DIIEMEHTHI BUJIA dy; OyIyT
XPaHUTHCS Kak afj], a a+;— Kak a[N/24j].

Bbabouxka 0. babouka 4.

a[0] < a[0], a[8] a[4] € a[4], a[12]

a[8] < a[0],a[8] a[12] € a[4], a[12], a[4], a[12]
Babouxka 1. Bba6ouxa 5.

a[l] < a[l], a[9] a[5] < a[5], a[13]

a[9] € a[l],a[9], a[7], a[15] a[13] € a[5], a[13], a[3], a[11]
Babouxka 2. baGouxa 6.

a[2] € a[2],a[l0] a[6] € a[6],a[14]

a[10] € a[2], a[10], a[6], a[14] a[14] € a[6], a[14], a[2], a[10]
Babouka 3. Bbabouxa 7.

a[3] € a[3],a[l1] a[7] € a[7], a[l15]

a[11] € a[3], a[11], a[5], a[13] a[15] € a[7], a[15], a[1], a[9]

Kak u npu pa3OueHuu no BpeMeHu, IpeoOpa3oBaHusl MOKHO JI€1aTh Ha MECTE, €ClId 00pa3oBaTh
criapeHHble 6a004KH, CyMMa HOMEPOB KOTOpbIX paBHa N/2. Hampumep, 2 u 6 6abouka BMecTe MOIy4aroT

4 KOOpAWHATLI U BBIAAOT HpeO6pa3OBaHHLIMI/I HX XK€C.
#define FHT F2Butterfly(N1,N2,C,S)
{

// cnapeHHasa BaBouka
// BIX 4

real D1,D2;

ulong 11=N1, i2=N2;
Dl=Left[il];D2=Left[i2];

P e

real temp;



}

Left[il] =D1+ (temp=Right[il]);Dl=Dl-temp;
Left[i2] =D2+ (temp=Right[i2]) ;D2=D2-temp;
}
Right[11]=D1* (C)+D2* (3) ;
Right[12]=D1* (S)-D2* (C) ;

s

U3 Tex xe cooOparkeHHi, 4TO U IPHU 00CYXKIEHUN pa30MeHUs 110 BpEMEHH, CIEAYeT, YTO Mapy 3Ha4eHUH
Tpur. QYHKUIUI MOKHO IPUMEHSATH cpa3y AJsl ABYX ClIapeHHBIX 0a00YeK B IUKIIE.

IIpu 3TOM YeThIpe MPeodpa3oBaHMs OCTAIOTCS HE CAETaHHBIMHU M UX HEOOXOIMMO ITPOM3BECTH BHE IHKIIA
o popmynam (5), (6).

// BIIX c pasbueHyeMm IO UYacToTe BekTopa Data nmmHer Len24.
void FHT F(real *Data,ulong Len) {

// Basuc pekypCcum — BEeKTOopa MmJMHHE 4. BrumMcieHus cienyoT dopmysam (57), (67)
// 4YeTHLHE BSJIeMEeHTH BalMCHBAKTCHA B JIEBYI IOJIOBMHY MAacCCKMBA, HEUETHHE — B NPaBYIO
if (Len==4) {

real dO=Data[0]; real dl=Datall];

real d2=Datal[2]; real d3=Datal[3]:;

{
real d02=d0+d2; real d13=d1+d3;
Data[0]=d02+d13; Data[l1]=d02-d13;

real d02=d0-d2; real d13=dl1-d3;
Data[2]=d02+d13; Data[3]=d02-d13;
}
return;

}

Len/=2;
ulong Len2,Len4;
real *Left = &Data[0], *Right = &Data[Len];
// TpeobpaszoBaHus c HoMepamu 0, N/4 mmenT 2 BxOma ¥ 2 BHXOHA
// cmemnarb ux “Ha mecTe”.
{
real tl1,t2;
tl=Left[0];t2=Right[0];
Left[0]=tl+t2;Right[0]=t1l-t2;

tl=Left[Len/2];t2=Right[Len/2];
Left[Len/2]=tl1+t2;Right[Len/2]=t1-t2;

INIT TRIG (Len);

Len2=Len/2;
Len4=Len/4;
// AHAJIOTMYHO BIIX B BRIIOJIHAEM IO IOBE CHApPeHHHX OabOoukM Ha KaXAyo
// TeHepauuio BHAUEHMUNM TPUID. OYHKLMNA.
for (x=1;x<Lend;x++) {
FHT F2Butterfly(x,Len-x,Cos,Sin);
FHT F2Butterfly(Len2-x,Len2+x,Sin,Cos);
NEXT TRIG POW;
}

// Babouku c uHomepamm N/8, 3N/8
FHT F2Butterfly(Len4,Len-Len4,CONST SQRT 2,CONST SQRT 2);

// PexypCuBHO BEI3BaTb BIX U mia mpeoOpa30BaHHEIX IOJIOBMH BEKTOPA
FHT F(Left, Len);
FHT F(Right,Len);

B niponiecce paboThl (yHKIHNS IEPETACOBBIBAET BEKTOP, 3AMMCHIBASI YETHBIC HHIIEKCHI B JIEBYIO MOJOBUHY
BEKTOpa, a HeUYeTHBIE B MpaByt0. [103TOMY AJIs1 OKOHYATENFHOTO pe3yibTaTa He00X0AUMO Ha
nonryuuBIeMcs: Bektope Bei3BaTh FFTReOrder(Data, Len).



Kak u B BII®, paccMoTpeHHBIE pealin3aliii He IPOU3BOAAT HOPMAIA3ALUIO BEKTOPA, OCTABIISAS ATOT
(akT Ha yCMOTpeHHe BHEITHEH IPOTrpaMMBl.

OuneHka BpeMeHHU

bynem onenuBath BIIX ¢ pa3ouenuem no Bpemenu. BricoTa nepesa pekypcuu cocraniser log,N. Ha
Ka)XJIOM ypOBHe niepeBa, kak u B BI1®, nenaercs oguHakoBoe KonudecTBO 6abodek. 3a UCKIIIOYCHUEM
HIDKHUX ypoBHeH - N/8, u3 KoTopblit 4 — “yueTBepeHHBIC”, OJJHA — CIIapeHHas U 1Be 00brgHbIe. C
HE3HAYUTEIbHBIMU IOTEPSIMU MH(POPMAIIMH MOXKHO CUMTATh, YTO BCEro fenaercs N/4 ciapeHHBIX
0abouek.

N3 makpoca FHT T2Butterfly BumHo, uTo BBIYHMCIIeHHE criapeHHOoN 6abouku BIIX B cocrout u3 6
CIIO)KEHH ¥ 4 YMHOXKEHHH, TaK 4TO Ha OJHOM YPOBHE NMPOUCXOIUT Nopsiaka 3N/2 crnoxxernid 1 N
YMHOKEHUH.

Pa3Ounenue 1o yacToTe OIEHUBAETCS aHAIOTUYHO, C TEMH XK€ pe3yJIbTaTaMH.

Yro ayymne s geiicrBuTebHbIX yncea: BII® niau BIIX ?

JI1® BekTopa umeeT (GU3HUESCKUIT CMBICIT, @ UMEHHO, €CITH BEKTOP MPEACTaBIseT co00i
TMCKPETU3UPOBaHHEINA curHAI, TO JII1® packmanbBaet ero mo yactoraMm. IIpeodpazoBanue Xaptiu He
HMMEET TaKOM SBHOW MHTEPIpETAIUH.

OpHako, Kak TOBOPHJIOCH paHee, mpeoOpa3oBaHue XapTId MOKHO PEBPaTUTh B ipeoOpa3zoBanue Oypne
3a N clIoXKeHUH ¥ YMHOXEHHI, 9To ObIcTpee, 4eM nociaeoopadboTka Real FFT().

ITosTOMYy, ecii UCXOHBIEC NaHHBIC NEeHCTBUTENRHEI, TO BIIX MoxeT OBITh OoJiee 2P (HEeKTHBHBIM, HEXEITH
BI1®. [Tpu aTom u3 psaga GopMy: pu NOACTAHOBKE NpencTaBIeHni KodppunneHToB Dypre,
BBIpaKEHHBIX uepes3 aneMenTs! JAI1X, nomydaercst BecbMa ynoOHOE [T BEIYUCICHUN BBIPaKEHUE.
[Toatomy nepecuera JAI1X B JAI1D mHOTHA MOXHO H30€KATh, M IIPUMEP TAKOTO TOIX0a
paccMaTpuBaeTcs IpU YMHOKEHUH JJTMHHBIX YHCETI.

Kaxk BuaHO 13 o1ieHOK, konuyecTBo onepanuit Juist bII® u nnsg BITX coBnanaer. B qanHoMm ciiyuae
peanu3zanus bIIX nomy4unock 601ee ONTUMHU3UPOBAHHOM, OTHAKO BCE YIIYUIIEHHS U BapHalluU
ITOPUTMOB, KOTOpBIE pabOTaIOT Il OJHOTO U3 ATHX NMPeoOpa30BaHMid, TOAXOASIT U IS APYTOro.
[Napamrenusm Ha ypoBHE HHCTPYKIUI Mpolieccopa TakKe MPUOIU3UTENBHO OAMHAKOBEIH, TO3TOMY
peanpHas 3 PEeKTHBHOCT MPAKTUYECKH O/THA U Ta 'ke. OTHAKO0, €CTh HECKOJIBKO MOMEHTOB, KOTOpHIE
OTIIUYAIOTCA.

1. Kox mrs BIIX mpore. @opmyra oOpaTHOTO Tpeodpa3oBaHus coBHaaaeT ¢ GOpMyIIOn st
NPSIMOTO, 32 UCKITF0UeHHeM MHOeTens 1/N, B To BpeMsl Kak IpH BeIYHCICHUU oopaTtHoro bI1dD
MPUXOAUTCS BBOAUTH JOMOJHUTENBHBIN MapaMeTp Dir uiu nenats HOBYIO (YHKIHIO.

2. Tounocts BIIX, kak mpaBmio, HEeMHOTO BbIIIE, yeM y bI1D.

3. Ilpu Beriuucnenun BII® peiicTBUTENEHOIO BEKTOPA CHAauYaja BeIYUCsIeTCs “KomiuiekcHoe” BIID
MTOJIOBUHHOM JTHHBI, & TOTOMY IPOU3BOIUTCS Tociieo0paboTka, KoTopast OTCyTcTByeT B BITX.
Oto gaer BIIX momomHuTeIRHOE YIPOIIEHUE KO1a, TIo cpaBHeHuto ¢ BIID u Bnuser Ha
3¢ (eKTUBHOCTD MTPH MAJBIX JUIMHAX BEKTOpOB. OTHAKO, YeM JUIMHHEE BEKTOP — TEM 3TO BIHSHHC
ciabee.

Opnnako, 1o0aBuM B 004Ky Meza U BocxBaieHnd BITX HeOobIoiH NOJ0OBHUK JETTS. . .

BII® akTUBHO HCHOIB3YyeETCA YK€ MHOTO JIET, IPOrPaMMUCTBI COPEBHOBAINCH, KTO €0 JTydIle
HaIUILIET U, KaK CIEICTBUE, CYIECTBYET MHOTO OY€Hb XOPOIIO ONTHMUA3HPOBAHHBIX UCXOIHBIX
KOJIOB pa3lIMYHbIX BapHallMi alnropuTma.

O6partnas cutyanus ¢ BIIX. Orot anroputm Obu1 3anarenToBa bpaiicyamnom B 1984 rony u
KaXIbli, KTO XOTEJI €r0 UCI0Nb30BaTh, JOJKEH ObUI IIATUTH OOJIbIINE ACHBIU. JIumb



CPaBHHUTENBHO HEJJABHO MATEHT UCTEK M aTOPUTM CTal JOCTYTIeH MHUPOKOH myonuke. [loaTomy
HaWTH aHAJIOTHYHYIO 110 Ka4eCTBY PEATM3AIUIO B 00IIEM JOCTYIIC TOBOJIBHO CIOXKHO.

(c) Kantop Unes, 2002
OT3BIBBI ¥ IIpeIIOKeHHs 10 azapecy algolist@manual.ru



