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Abstract Fast Fourier transform (FFT) is one of the most important basic algorithms, which is widely used in scientific calcula-
tion, signal processing,image processing and other fields. With the further improvement of real-time requirements in these appli-
cation fields.fast Fourier transform algorithms are facing higher and higher performance requirements. In the existing FFT algo-
rithm library, the solution speed and calculation accuracy of FFT algorithm are limited to a certain extent,and few researchers put
forward corresponding optimization strategies and conducted in-depth research on the implementation of cooley-tukey fast Fourier
transform based on even Numbers. Based on this, this paper put forward a set of for even basis of optimization strategy and method
for Colley-Turkey fast Fourier transform. Firstly,a friendly butterfly network supporting SIMD mixed is constructed. Secondly,
according to the even base rotation factor characteristics, the complexity of the butterfly calculation is reduced to a maximum de-
gree. Thirdly, through the SIMD assembly optimization, assembly instruction rearrangement and selection, register allocation
strategy and high performance matrix transpose algorithm method, the application is optimized . Finally a high performance FFT
algorithm library is achieved. Currently,the most popular and widely used FFT are FETW and Intel MKL. Experimental results
show that on X86 computing platform,the performance of FFT library based on cooley-tukey FFT is better than MKL and FF-
TW. The high performance algorithm is put forward by the new optimization method and implementation technology system,
which can be generalized to other except the even base based on the realization and optimization of a certain basis for further re-
search and development work,to break through the FFT algorithm performance bottlenecks in the hardware platform,to achieve

a high performance FFT algorithms library for a specific platform.

FUH5 H#1:2019-08-21 R HHI:2019-10-25  ASCEIMATFHCRR TR (OSID) 35 L0 — e 3R BURN 7215 B

BT - [ R E AR (2018 YFC0809306) 3 [H ¢ [ SR B2 3k 5 77 4R Bh 22 32 2 (61602443) 5 [ 5K A AR} 2 R FG I H (61432018)

This work was supported by the National Key Research and Development Program of China (2018 YFC0809306) , Young Scientists Fund of the
National Natural Science Foundation of China (61602442) and Key Program of the National Natural Science Foundation of China(61432018).
WAEVEE KT I8 (zhangguangting@ict. ac. cn)



32

Computer Science THEHLEL2:  Vol. 47,No. 1,]Jan. 2020

Keywords
SIMD assembly optimization, High performance FFT library

1 3l

il

PR B A 5 T 2 AL () B 5 B (Discrete Fourier
Transform, DFT)™ K 306 28 #e (9 P 11 55 07 . 1994 4R,
FEB K Strang R FFT AT — A& vhdnc 5 2 H0U(E 3
w7l FET g% IEEE 3 ] Computing in Science & En-
gineering FI A 20 4+ KRB L 2 17 e 5 of 48 o
JUZ R TR R TR AR AU R T L SR
B AU R R R LA RO 52 I R SR A R 2
AT FET (01 68 0 I 4 5w 9 Z25K L BT L FFT S0k 9 52
WAL RA AR EE RN E .

Cooley-Tukey FFT 53k 2N 2 89 FFT 8k, &
SCHE I 58 1% B 1 1 S AR AL SR s . i T Cooley-Tukey
FET BEAFIESOY M 25 251 S 2 (OB R R B 2 (RT3
K AR DT R 45 %45 B) A, ROt FRT B30 3k 9 e A i 52 900 1wl
I 25 7= 08 (R Pk . b, Cooley-Tukey FFT £ 1k JE (14 16 45 %F
FEERAEZ CHELNZN, BRARCHIRLZ TEXN 2 15
B T B A AT T AR AT 0 S8 I RO AL, (E R B A 2 2 X A
Bk G 6 FIE 100 B9 S AL AL BEAT T BRI BF ST . A
HCHE 0 52 BN R AT 3 AN I T B TR kA R < 1) AT g/ B
TE I 255 11 25K, W IR U7 A7 TR 48 W) T 3% 6, T 2k 2 Ak 3
PR I 245 65 92— 5 2) B B0 1) e 2 TR 7 LA T 40 14 X R
P AT HE 2R A 1 AT s D A PERR R AR AL T
PN RS TN

X A SCHE A SIMD Y G O Ak T i i 4 R HE K e
A o0 TC SR T o P R B A v AR O R AR N T
FMT —AmERE M FFT Sk R, SRR KLY 7E X86
Intel(R) Xeon(R) CPU 5 ¥ & £ AR MY FFT 5k
B FETWS. 3. 8 J& CH A f5 8 B )7 B9 FETW J%) Al In-
tel® Math Kernel Library (Intel® MKL) & , 4 5144 1 g 42 7}
T 102 ~190%F1 102 ~33% .

ARSCH EZETTER AR DR T — 2 xR
Cooley-Tukey FFT %5 i 5 M B 52 LA g 17 255 ) Bt 1
— BB FET B8R 09+ A RO AL B =X, de R BR B B AR T
BB R 28 ) S T — Atk ae Y FET Bk e,

ARTCHE 2 AR T TAR 5 3 W N U A
4T DET J5 R 5 PR 7 09 AH DG e 12 5 26 4 19 43 301
PN SIATESVRIAN " § 37 X R AN 3 I By R N
Cooley-Tukey FET W04 T7 20555 5 19 1 1 A SCH I L 36
BRI TSI B M RE A 0T 5 B SR R4S 4 SO N R ok AR AN
R AEATULR .

2 MXTIIME

FURGFET BB T AR 5 DU R R e X B, W
) FFT 5% E £ A FFTW', MKL™", CUFFT # AL-
GLIB,

Fast Fourier transform algorithm, Even basis, Butterfly calculation optimization, Butterfly network optimization,

2.1 FFTW

FFTW (Fastest Fourier Transform in the West) 2.3 J&
RS BT 2% B i Frigo 1 Johnson JF &V, HIF & i) & HE
A FFT S50k e, vl @ 0 54T B BB AT 2 4 B 1) s Al
AR, AT, FFTW X4k C2C, C2R,R2C, R2R #E N Y
JRA S M E AR, FETW E F B T 4 %% Cooley-
Tukey 540 36 A1 & — #& H b 55 1% . W0 % N F (Prime Fac-
tor) 2 D2 43 23 (Split Radix) & 1Y | 4 5 (Vector
Radix) 8317 45,

FFTW R F PR g F 8 B O A6 5w, (8 75 55 7 e 4% 0 4 b
T A AT B R PR bR bR . FETW B3k 1
T R AR P B8 T B M 5 BD AT B Al BT AT B C 4R i
IR
2.2 MKL

MKL(Math Kernel Library) & —4~ i T Bl 22 T2 f1 4
YRR =B NI A = = B N e S D
BLAS [ LAPACK!  ScaL APACKN®) i i 5K i % . e 9 {8
AR e G 1 B4 AR L K SCHF Intel ABERER, T LA
T Windows & 4% . Linux 2% A & macOS #/E R 48 . Intel 2
AlFE 2003 455 H 9 HJgsh T MKL, I 4 H Ay 4 4 blas.
lib™" . Intel C+ + 4% 2 BLH MKL H1H AW FR T — 28 i
R Z AL E AR RIR Bt e . 43P 2 <86 TEA &Y R
I LT B AT R Ll CPUID 34 il & 24 1 CPU iR
ARBFE A, A, HEB E T a8 KM B 4E S 4R R CPU, K&
CPU m B R 48 & 2 A 4, B B IR S e 5 — B ) ik 1 A
AR W6, XA Z RS A 2000 FLRHBA T
“cripple AMD” #y #i 521 # 1k ] 2019 4, MKL # [H &
Windows R4t [ iF £ i 4 1% 1) Mathematical [ 2 ¥ 19 i
PR 7R B 538 A 4 AMD CPU b, HPE BB 4K K
KiER",

MKL-FFT S #— 48] 2 48 B 53] 5 $(C20) 32 5 3
HE(R2C) VBB S8 (C2R) [ 41 75 K B 1Y 4% b e s i B
MARS, SE S MKL B HE O BEAT BE B AT DU A Mk
IR FFTW 45 19 i FH#2 )5 % 4 8 MKL, i ] Intel MKL
B9 FET R fif A2 e i, 75 238 0 7 6 45 47 95 Jn-1m 2 B0kt 12 44
2.3 CUFFT

NVIDIA CUDA™ {ft 5 i B 0 45 3% & (CUFFT) 42 fit
GPU Jin 3£ i FFT 523, CUFFT &3 F 2 & 1Y Cooley-
Tukey FI Bluestein 5 ¥k F 3L , FH T 8 57 85 24 Bk 59 75 k. Fn
2R R WS B 4 T8 12 R TR M R R R 2
&, BRI B R AR BB BT T T
VRS W B GG . H R SR A - ORI S B
PR 1D.2D. 3D 28 s &2 GPU R2C 1 C2R 32 4% ; 55
16 4~ GPU By R 7 FFT f& R, 5045 &4 512 GB; HK B AN
UK B 25 e 5 ST 251 % e A Ak 4k B 5 52 955 A0 B AR B 1 80 B



FRI G, S — PP A3 Cooley-Tukey FFT 5 H: BE 528 )7 v

33

iR, U F FFTW MmN, Bl Rrs Ao Em
B A BE 22 18] AT B 4D L ok RN Ml S I B A R A .
2.4 ALGLIB

ALGLIB# S — A5 5 1% B4 7 7 A 8000 Ak 2R, A
HB/EH FFT L8R C++ /1 CH IE, YA MK E N
52 A B, B Cooley-Tukey J 305 ) U 25 3 77 1) 5% 46 o Xt
NF N R FARETE . 50550 A s Rk =5

3 Cooley-Tukey FFT & %

TEA 4 Cooley-Tukey FFT 8 ¥k Z B . Jo X} DFT 247 A
A, DET 2 nl i iy et As 4, HoE L.

X F 2 G J5F 5 o He B 0 L AR e SR

xf‘<k>::20'x(n>wg’! D
Hr,k=0,1,+,N—1H N DFT &%(;n=0,1,,N—1;
Wy=exp(—j2rn/NDJE 1 N KA ; X "=k B E A DFT %
Bok=0,1,,N—1;j=+/—1, R(DOP. WY & DFT [ &
B BR N R B (twiddles) .

W = expl ( 7}{,271)}‘%]
KD LRFIE R F R B DET, ] LI 1) & 46 B A1
IE Rk .
XF0) 7 o o2(0) 7
XF (D) (1)
: B Wi :
XF (k) 7[(13,7110,1,"',1\7*1)] ()
| X" (N—1) | Lo (N—1)
iy 7y ) DFT 4 [ AT
2
Horp ,DFT B B Q= (3) B
Wy Wy Wi Wy
Wy Wy w5 wi
wLoowh o Wl WA
: 3
weoowhowd Wiy

F TS HO0R L o e A B oK (Dl BRI W =
expl (—j2r/NDkn], F25 G BRPLA L e =cosd= jsind, 7] L)
15 T e Rl B M

(D AW Wy HAa R N WY =Wy,

X FRAE WL Y =— WL,

(3)# m &= N WAE W W =Wy, .

5 MR A G TR T R A — SRR R R L B W =1 N
WYr=—1,

A A L A e g s S T A R A AR
Mz H SR O IR., AT @4k DFT, FEAR S ik fY 0) ] &
ZR P F) 5% PR 7 0% S S0 X R AT 2 b L ) 2 2

PEREAR B On log n) FAHR (8 BL A 4 Ny 3z i A4 . 8k H v,
FFTE & KRR T 2 MMM H %, d Cooley-Tukey FFT
Bk oG N BT, W, A X Cooley-Tukey
FFT Bk dEFT 5T .

Cooley-Tukey FFT $k iy 4% 0 AR SE 4046 2 . BKE N
B N=2", H m N EH0 57 5 4 B4 6 A8 40 figt SR 5 A4
ST (=D N BEGE T 55— REA B R 2 )5 il
HEX A N/2 5551 FFT 185 53k N &% %) FFT,
SIRBILT—HW BT LIS KRB ARZHE, HRRE
—RAr R 2 PR IR,

FE S () e s B 4l B i A e

XF(/e)=:§O]«1‘(n)Wf‘{5=(}F(/z)+W*VHF(/e) (4)
Hf p=0,1-,N/2—1;G" GO Fl H" (&) 23 3R 2By N
A DFT P41 X" o) W BT 51 Fn 45 507 51 .

P i s DS 0 R 4 WY = WO AT, X (R B R 4
HNLXF ) =X b+ NG () HY ()WY SR HR 9 N/2;s
PGS BEE N T RRMEER WY = —1 M Wy =
=W, IR 3) (D ik — B L 15

XF(k+N/2)=G" (k) —WSH (k) (5)
)] LU P Bk R W 1 s,
G" (k) > > X" (k)
H' (k) —> > X (k+N/2)
W )

1 Cooley-Tukey FFT HEIE &
Fig. 1 Cooley-Tukey FFT butterfly diagram

FH MG Z B N & DFT JF5 #7820, &
T A 2 ST HI R SR TR FF B R X 2 RF B
A 187 2 a5 A0 I, JHCBOHE A U R R (I 1) B R 8 AR
L SN

i b AR E S DET M58 Sl k. B B T A i 4 2
JRE v 1 J P L R e DR P R T R AR AL VE A Y
FFT B H; K W3R T Cooley-Tukey FFT Bk 431G Z 1
%0 AR B 5 B Cooley-Tukey FFT 8 3 0% .0 B A, &
A A S 5 B T B 2R m T S P R 0 7 A i AR

4 Cooley-Tukey FFT £t

4.1 REMEMRK

TE | B 8 19 25 1T, ST TR A 21 T AR G R I 4%
i stage-section-butterfly AL & .

VLI 2 ] 2 35T I 245 J& — > = 2R (stage) ST M 45 ;
LLEAHE K BHE R ERE 5 ) R R BB 46 1958 — 90 58 4
=G B—RTHANLOHE, BDHLOMERR - sec-
tion, 4™ section F1 A 1 4 butterfly, B4 4 4~ section;
T i i A AE AR section, AL 2 A sections H & sec-
tion #A3 Bi4~ butterfly; 55 = 2% b il B2 & A (R 2 B 3L 3 — 4

section, &~ section A 4 4~ butterfly,



34

Computer Science THEHLEL2:  Vol. 47,No. 1,]Jan. 2020

K2 fEGBIE R4 (N=8) (L F R A E)
Fig. 2 Traditional butterfly network (N=28)
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Fig. 6 Comparison of sequential execution and instruction
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Fig. 8 Comparison of 1D C2C FFT performance
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