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Abstract

Applications of Fourier Transform are far-reaching, spanning fields
such as physics, mathematics, medical science, and telecommunications;
hence, its applications have become an indispensable part of our daily lives.
This study compares performances of Fast Fourier Transforms on a host
CPU, GPU parallel computing and GPU memory allocation optimizations.
From the experimental results, GPU parallel computing is proven to be
effective in enhancing computation speed of the FFT, the speedup rate is 48
times. In addition, by optimizing GPU memory allocation, the computation

speed of the FFT was further enhanced with speedup rate 114.7.

Keywords: Fast Fourier Transform, GPU parallel computing, GPU

optimization, memory interleaving and parallel processing
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Chapter 2 % F 4zt 5

Y= Xow? + Xywh) + (Xjw? + X30°)

Yo= (X + X,0%) + 0? (X0 + X;w?h)

Y3 = Xo(DO + Xl(l)3 + szﬁ + X3(.09
Y3= Xow° + X,w®) + (X;03 + X30°)

Yi= Xow® + X,w°) + 0 (X, 0w’ + X30°)
d e E e g
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Y2 =Xow? + X, + w? (X0 + Xswh)= X + X5) — w°(X; + X3)

Y3 =(Xow? + X,w8) + 03 (X;0° + X30°)= Xow?® + X,02) — wl(X;w? + X3w?)

dogt = hPiE 2 R § A B E AT AT A - R R
Ao AP B R - R 2 FREF e R4 2R O(N) 4 Figure2.2 e
it %= O(logN)4- Figure2.3 o 4 e B /23 R 15 e o b pF

%

4 FE A A et B T e R PR

O(N)
réa N
X, . . . > Y,
X, > > > > Y,
oN) <
X, R R R > Y,
\. X; - - - - Y,

Figure 2.2: — i = E R HEPFRF 4 e R



Chapter 2 % F 4zt

O(logN)
\

(XO><\ / YU
X, Y

X1X * Y,
- X /\ Y,

Figure 2.3: % N=4 p¥ » FFT PF R 45 32 &

23 GPU T {Fivi@E

hdo- B4 GPUAHE I kenp end 2 B FERE e 7> Ra hit
# % ¥ 4 SIMD (Single Instruction Multiple Data)ji * & 15 GPU briorks 2 B )
1 - B Aren & @ GPGPU(General-Purpose computing on Graphics Processing Units)
[B.[4] iz~ A P HE 47 1 GPU F % @420 e p m K3 & s & GPU ¢
Mo B 4238 50 APl & %] §_ CUDA 17 %2 OpenCL > # ¥ OpenCL it %975 B B
# e GPU F i {7 % B m CUDA E it 2 NVIDIA & 2 @B 2 chGPU + i@ *  [5]
@A d AT SIMD AdpF BREFH R IR FRadg 4 0 F BTGRP
I i@ 5 # 17 [6]0 538 SIMD chZE fEi T4+ £ ¥ licB @ B eh4eig o & SIMD
fgﬁ_%ﬁfﬁ v 4B A+ Bi=Ci,i=1,2,3>SIMD ¥ ¢ #iE- II};}H Lk &
HiFE > EIDBHAFERFHRGE 4 2EE 4o Figure 24 - CPU + p] £
MIMD(Multiple Instruction Stream Multiple Data Stream) 7 # > MIMD £_$f> & &
REFFUTIE FBREFT UG R I 4 0 3-8 Ai+Bi=Cii=1,

2,3> MIMD § 4 u|$ i BRFHETES 2 > & BREFHDE 5L L2 o



Chapter 2 % F 4zt 7

4 Figure 2.5 - 822X GPU & ;% 2 | CPU } ch7nfd 5 1 4 fie > fe i £ H 7
HEE L EF R

FThoCPU mvigiFH i@l o ipfh— k> CPU if ¥ 11 & GPU & {738 § chpF

o

S ohs & GPU it 735 B chp iz ¥ 4 ¢ 13 CPU ¢h
GEART - O R TR P @ M o R - e o

A2 ¢ oirig * A GPU * % B 4258 9 APl 5 NVIDIA #78 % < CUDA >
W CPU S I £ M GPU ¥ et R EFRFFR AR PEL 44 » CPU it
BRI ST £ 0 d GPU AR+ £ B - @ [7] - CUDA 25" fit (7
$ai P i ¢ 4 2 host ¥2 device & %4 > host 384 2 C A2\ i ;¢
# ke 5 device &3R4 Bl E & d NVIDIA 1% 3F B o & Figure 26 ¥ =4 =7 4
device 734 {7 384 @ H AP Z_host i3t 4 o CUDA *f T % irze [t 7% 4

Figure 2.7 -

GPU %_d 2¥ % SMs (Streaming Multiprocessors) % global memory & = » &
- i# SM A2 3 #ci# SPs (Streaming Processors) ~ Shared memory 1+ % register %
H o~ ooq258 ¢ g- i3 block ¢ ¥/&F|- % SM * > block @ :rathread B ¢ 4 fie 51
7% SM I 1 SP-»— i _multiprocessor £ 5 ~ i stream processor [6]> & ** stream
processor it {7 & i B 8 ik > Flpt CUDA fdi {7 /238 e i - 802 warp
SHi-opwe CUDA- B warp 42 § 32 B 7 » F - i} * % ¢
B RE ARG T B AR Y A g B2 BRI B ALEAR
% [8]-

C meeex

Figure 2.4: SIMD 7 £




Chapter 2 % F 4zt 8

Figure 2.5: MIMD 3¢ #

El__global _ wvoid addKernel(int *c, const int *a, const int *b)

int i = threadIdx.x;
c[i] = a[i] + b[i]:

Flint main()

1

const int arraysize = 5;

censt int alarraySize] = {1, 2, 3, 4, 5 };

coenst int b[arraySize] = { 12, 28, 38, 48, 58 };

int c[arraySize] = { @ };

// Add vectors in parallel.

cudatrror_t cudaStatus = addwWithCuda(c, a, b, arraySize);

if (cudaStatus != cudaSuccess) {
fprintf(stderr, "addwithCuda failed!™);
return 1;

¥

printf("{1,2,3,4,5} + {10,28,30,48,58} = {¥d,%d,%d,%d,%d}\n",
c[el, c[1], <[2], c[3], <[4]);

=] f/ cudaDeviceReset must be called before exiting in order for profiling and

// tracing tools such as Nsight and Visual Profiler to show complete traces.
cudaStatus = cudaDeviceReset();

if (cudaStatus != cudaSuccess) {
fprintf(stderr, "cudaDeviceReset failed!");
return 1;

t

Figure 2.6: CUDA #7;% & ]
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Shared memory

- Global memory
- Constantmemory
Texture memory

Figure 2.7: CUDA 7 ¢

24 GPU & +%#4#

% NVIDIA =1 GPU * Streaming Processor(SP) & & A A e g2 8 ~ o 5 B
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Clusters(TPC) [9] © @ CUDA ¥ # % & 5 TPC ehki » f ¥ 42N iz ¥
®EGIAe SP & SM ATIRA M T o SP 4 SM = ¥ B Ob Tigh 7 &
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CUDA e Fenphiz ¢ s34 7 %02 warp 5 B =34 (7 > — B warp £ ¢ 3 32
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Streaming Multiprocessor

‘ Instruction Fetch/Dispatch ‘

Texture Processor Cluster

‘ Shared Memory ‘

b .

SFU

SFU

Figure 2.8: GPU & ¥ 7
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(3) £ 3 =448 (shared memory)
(4) # F:=iat (texture memory)
(5) # Bz %8 (constant memory)

(6) % #:zm %8 (local memory)

251 #HHE

F e Y R 18] HFHY A NP REBAR R FHE
A i B anff T ¢ @ % i enw B a8t (local memory) Bt o #773 B E A
BRAEFFH RER FE- R4 %%&g 24 1E* o L0 MEFsag i ¥
§ B R E R s R

2.5.2 iR

2R LT GBgrepAl > A&+ DRAM ¢ 74 thread % 7 7 B~ Fvc fal o

FaeBhWA RGPk By 853 aneBil[ll] -

253 i

¥ 3 I block eathread 4 ¢ @ * » 3B {8 F e dh i > * 0§ TR 3 B

Bl [14] & % F § & ] avd] o ki R0 s B o

254 HFERE

&QDA?H?ﬁﬁﬁ»%g#?#ﬁj%tﬁﬂﬂdwmeﬁ?ﬁ@ﬂ’
— Ap 'FK F @ % device & >3ieitE (global memory) k E 3T FB 0 % iE
%7 2#cefatl (global memory) 4 hBF S e laAl (texture memory)
PR R LR R REED) R AR s SR B T
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255 FEERY
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256 HRERE
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3.1 CPU ! «2FFT

Poig & 2 H gk i o AE 2R 5 ON-logN) # /% 5 ;2 4= Figure3.1-

FFT(X)
/Mnput vector X={X;,,X,....Xxn.1}
= length(X)
ifN=1
return X
oy = e2N
o=1
Xeven= (X X, ... X2t
Xodd= (X, Xa.... Xn1)
// Output vector Y ={Yo,Y1,-.., Yn1 f
Yeven = FFT(Xe=ve)
Yodd = F]_:‘To(odd)
fork=0~n/2-1
Y Yeven + Qyodd

even _ odd
Yk"'ﬂ\ ":) Y Yk
=" Oy
return Y

Figure 3.1: #-i& & = F R vhw 7 5 2
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BB o Bt K#a B A A - B- e 5% A bottom-up - ¥ - &
B G FFT» £ kw B— 2 FFT > 08 ~ B — A2 FFT

X Xy o XXy (XptX )X tXe) —Y,
0
Xo x| X, X4 Xo-X4 (Xo-Xp)tw?(X,-Xe) Y,
X, XOX? X Xy, XX (Xp+Xy)-(X,+Xe) v
ij o X; Xs | | Xo-Xs (XoXy)-0?(Xp-Xs) —Y2
3 — L 3
X, X Xy XX K HX)HXHX) v
4
Xs XX Xi Xs | | XX X-Xo) o’ (X5-X5) v
Xs X1X3 Xd X; — X3tXy (X +X)-(X51X5) 3
587 -
X X3 X5 X5-X; (X;-Xs)-w*(X5-X5) Ye
7 L _ Y.

Y= (Xt X ) HX X ) H(X X)) HX5 X))
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3.2 GPU *} enXT Fi

Poif B2 ERHAEL L 4 S FREB B RISk RIT o H AT Y
* — BlpUBl R & 7 4o Figure 3.3 ¢ T 7 it i&{m B Level &7 - =T {71
Fy o Hpfks logN = - NG Rl o i E R+ 5 isE
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M[2] = X
M[3] =X
M[4] = X
M[5] =X
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M[2] =M][2 0
M[3]=M][2
M[4] = M[4] + M[5
M[5] = M[4] - M[5]e°
M[6] = M[6] + M[7]°
M[7] = M[6] = M[7]x"

+M[3]®
~M[3]°
0

()

] ]
] ]
] ]
] ]
] ]
] ]
]
]

o=1le=0
o=1le=0
o=0e=1
o=0e=1
o=1le=0
o=1le=0
o=0e=1

o=0e=1

M[0] = M[0] + M[2] "
M[1]=M[1] + M[3]w>
M[2] = M[0] — M[2]w"
M[3] = M[1] — M[3]w?
M[4] = M[4] + M[6]a°
M[5] = M[5] + M[7]w?
M[6] = M[4] - M[6]c"
M[7] = M[5] — M[7]w?

Level =3

o=le=0
o=1e=0
o=1le=0
o=1le=0
o=0e=1
o=0e=1
o=0e=1

0=0e=1

M[0] = M[0] + M[4]a°
M[1]=M[1] + M[5]w"
M[2] = M[2] + M[6]w?
M[3]=M[3] + M[7]o’
M[4] = M[0] - M[4]w°
M[5] = M[1] - M[5]o!
M[6] = M[2] — M[6]w?
M[7] = M[3] - M[ 7]’
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if (threadld == odd)
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else
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M[id — 2 x e] + (2 x 0 — 1) x M[id + 2 x o] x w[id(mod 2"/2) x N/2"] (3.2)
CUDA *® thze g s ¢ 5 %{rré EoL3oRM - 2R e o
(M ERi 2 § e ihil) 2 ?%ﬁﬁﬁﬁﬁé%ﬁﬁ’ﬂﬁ%%iﬁ

e E)
PURES S EUC SRR SN U RECH LS e S Y

a

Al o~ B R E P REFEE R B o

+

BhiPd B ERWGEOTAHREY 250 0 Z BT e
PHERMOGTEFEREYEZEGT B0 100 & 2+ 0 F)M
AT E BB EFTLFas o APPSR block ® @ * g 7 UH] A
ERTA §FL R QB FNIRED T D2 e ol &0
T BB P % P 3B Peid ol F o CUDA Ay 7 enpfiz 4 17
Hermwarp iz & - B warp j 32 BRFE - ff};{— B warp € #is
7032 BT HEFAPR ap £ 9700 e i block ¢ i F R TR e ¢ R E
5 32 kit in4e Figure3.6 #77 ok Fd T R LW E-E E 2 ERE I E T
Hrar L3 el o d N EZ RS aF - BHPNEFFIER A AU
RZ BRPFE DT AETY L RFE eGP R R0 R FEL RE P IR
Arride U AR T rER R Y MU AR T P BEFHE B o B

ez e 4o Figure 3.7 »

KM e B BT BT AN oI

(1) Asbad € ERBTHERGTS 2 hEX2 10 hd- BlaFRE
kpEg LA CPU P ¥ FHELT S 25K - ok 2 L4032 2
IR o

(2) #A4t = 0 12 enT o B E 7] GPU ehi 3 s it o
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o
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(4) 2 © % 3% v 2o RRl o

(5) i& {7 it & = F R4 FUEAFE o

(6) #GPU ¥ 3+ & % & thig i v CPU «

wif &k

®[0] =(1, 0)

ox = (cos(2 * m/N), sin(2 * m/N))
fori=1to N/2

o[1] = o[1-1] * oy

Figure 3.5: & & 75 2
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Thread 0
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Thread N-1
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hohd#A ] A CPU & GPU i 7 iid & = F 4420302 > W D P2
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P

41 FHRZEH

A9 % CPU T B ki & # Intel® Core™ i5-4460 @ 3.20 GHz » 3= 148
(RAM)2 8GB -

BFTiitiss aGPUE B kB R £ * NVIDIA GeForce GTX 750 Ti »
H ¥ & 7 51 Multiprocessors » = & Multiprocessor # 7z 128 i# CUDA Cores
640 i CUDA Cores > » CUDA Cores = TIJL’EL SP (Streaming Processors) » & i
block 7 1024 44 i7 &% 1 2 #775 & £ 65536 I FFif 7 48KB ihx % e fa
i warp § 32 B 74 o GPU ¥ % %k 5 4- Table 4.1 -

Table 4.1: GPU ¥ %% % &

GPU Nvidia GTX 750Ti
Threads/Block 1024
Registers/Block 65536 &

Warp Size 32 threads

Shared Memory/Block 48 KB
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512 chpFizAziE T H i & > & ¥ SEF R oA hAxF o

Table 4.2: H $22 T (7 (v H (7 pF ¥

host

gpu parallel

Data size( i) Host(ms) GPU parallel(ms)

128 0.16 0.191552

256 0.54 0.218624

512 1.14 0.259520

1024 253, 0.324352

2048 5.71 0.499840

4096 12.61 0.557312

8192 27.54 0.617184

16384 58.05 1.256512

32768 125.37 2.610016

Running Time
140
120
100
80
geo
g w
" 2
0
%2, 5 7, /0‘)7 eoycp 7095 & 2 /%&q 3 9)500
Data Size

Figure 4.1: H #5358 T (7 (* 4 (7 pF 7
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BT T E R 2 g 0 e 28 5 CPU AR (Tow) &

GPU # (7 & (Tgpu) = &4 Equation 4.1 [9] »
J€_Table 4.3 &2 Figure 4.2 ¥ # {#4c7 7| A gt

(1) #eid " BHF g R 2 chF 2 B> F 5 GPU gl 8 ~iE Y
CPU %keni » 11 2 & fdep il eniy Boaf & F R4 id vboand ST E[9] -

(2) wFHEE LT 16384 cnpFiziei vt X - H i LB E > T OLIER G

;l
Bp BEARRAR S pF o R EOT IR G T FER v ko2 [9] -

§ = lopu 4. 1)

Tgpu

Table 4.3: — #x T {5 b 4eig 1

Data size(#) GPU parallel speedup

128 0.835

256 2.469

512 4.392

1024 7.923

2048 11.423

4096 22.626

8192 44.622
16384 46.199

32768 48.034




Chapter 4 7% .5 % 25

Speedup
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ool xR B block P chd (7 M c® LB E 5 TR ¥ kH #
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Gyt BB RV S R R H R T R o
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Table4.4: H {22 zc i L enT (7 VR 7R

Data size( ) Host(ms) GPU optimization(ms)
128 0.16 0.091264
256 0.54 0.103840
512 1.14 0.116064
1024 2.57 0.130784
2048 5.71 0.173056
4096 12.61 0.204160
8192 27.54 0.309056
16384 58.05 0.570976

32768 125.37 1.092800
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Table 4.5: BRI fe ¥ o (52 T {7 (b beig 1t

Data size GPU parallel speedup GPU optimization speedup
128 0.835 1.753
256 2.469 5.200
512 4.392 9.822
1024 7.923 19650
2048 11.423 32.995
4096 22.626 61.765
8192 44.622 89.110
16384 46.199 101.668
32768 48.034 114.723
Speedup
120
100
2 80
4
S 60
3
S 0
20
0
2 < 77, ‘0, <o, o 5, ‘s, R
4 & [ 2 F Gp
Data Size
GPU GPU opt.

Figure 4.3: s/t pe & o {8 2 T {7 b eag 1t
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