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NVIDIA CUDA capable GPUs have extremely high memory bandwidth
which benefits memory intensive applications such as FFT. Already there are
several implementations of FFT using CUDA but they are optimized for specific
transform sizes like powers of two which are suitable for GPU architecture. In
this paper, we present our auto-tuning method to generate high performance
CUDA kernels for FFTs of varying transform sizes. The optimized kernels
outperform not only NVIDIA CUFFT libraries but also many of existing im-
plementations.

f1 000000

Tokyo Institute of Technology
f2 00000000 DOOoOoOoOoOooOoODO

Japan Science and Technology Agency, Core Research for Evolutional Science and Technology
f30000000o

National Institute of Informatics

107

1. 0000

Graphics Processing UnitD GPUO O OO0O0O0O0O0OOOO0OODO 10000003DO
000000000000 00000000000000000 300000000000
00000000000000000000000000000000000000000
O00000000000000 CPUOOOODOOOOOOOOODOOOOOOOO
000000000000 GPUOODOOOOODOOOOODOOY00000000000
0000000 NOOO0?Y0000%0000000000000000000000
OO0CGPUOOOD 1000000000000 O0O0O0O0OOFFT® 000000000
0000000000000 000000GPUODODOODOOOOODOOODOODOOOOO
00000000000000000000000000000000

GPUOOODOOOOO DirectX O OpenGLOOODODOOO0D APIODOODOCg®OHLSL
000000000000000000000000000000000000000000
0000000 COD0O00000 BrookGPU™ O Microsoft 0 Accelerator® 00000
0000000000000000000000000O0NVIDIAOOODOO CUDA?:10
000000 GPUODOOODOODOOOOOOGPGPUODOOOOOOOOODODO
0000000000CUDADOOOOOOD COO00O00000000000000O
0000000 GPUOOOOOOOOOOOOOOOO0O00O00OFFTO GPUDOO
000 CUDADODOOW®gCUDADDODODOW ' gpoooooo0o FET
0oooooooo

GPUDOOO CPUOOOOOODOODOOOOOOOOOODOOOOOOOOOOOO
000000000000 0000000000000000000000000000
0000000000000000000000000000000000000000 1
00 ATLAS'Y 0 FFTW OOOOO'™0OSPIRALY 000000000000O000
0000000000000 0000000000000000000000000000
00000000000000000000

00 NVIDIA GPU OO0 CUDAOAMD/ATI GPU O O Brook+0 CAL290Cell?V O
O CellSDKOOOOOOOOOOODOOODOOOOOOOOOOOO0000000000
0000000000000 0000000000000000000 120000000
00 OpenCL 1.022 0000O0penCLOOODOODOOOO CPUOGPUOODOODOODO
00000000000000000000000000000000000000000

(© 2009 Information Processing Society of Japan



108 CUDA GPUOUOOOOOOO FFTOODOOO

ooooooooo

00000 NVIDIACUDADODODOODO FFTOOOOODODOOOODOODOOOO
00000 complex-to-complex 0000 FFTOOODODODODODODOODOODOODOOODO
0100 FFTOOOOOOO

2. NVIDIA CUDA

o000 GpUODOOOOODOOOOUOOOOOOOOOOOODOODOOOOOOOOO
O0000oo0o0o00oo0o0o0oo0o0ooo0oooooo0oooooCcuUbDADDOOO
shared memory 00 0000000000000 DO0OOOOOOOOOOOOODOOOO
O00o0o0oo0oOo0oo0ooooo0oooOooooo0ooooooooooooO
O00o00oo0ooooo0o0oo0oo0oooo0oo0oooooooooooo
Ooooooooooo

CUDADODOOOOODDODDOO GPUD GO ODOODOOO GeForce 8800 GTX OO O
008800 GTX O 16 OO Streaming MultiprocessorD SMO OO OOOODOOO SM O
Streaming Processord SPOO0O00O0O0O00O0COODO 80016 KByte O shared memory
8,192 000 0 0 00 constant cache memory[] texture cache memory 000000000
000000000 GeForce 8800 GTX DOD 12800 SPO 8GB/s0 000000
000000000000 0000GeForce 800 GTOOODODOOO GPUDOODOODOO
0o0oOooospO0 16000000000 12GB/sO0000O

000000000oooon CUDAOD GPUOOODOODODOOOOOODODODODOOOO
O00o0o0oo0o00oo00oOo0ooO00oooooooooo0o0oobo0oooooo
OO0OO0OPCI-Express 00 000000000000 O0DOO0OONVIDIAODODO GPUOO
O GeForce GTX 2800 Tesla S1070000SMO0OODOO0O0OO0OO 16,384 00SM O
00 3000000000000000000000atomic00000000000OO0OO
O00O0000O0AMD Phenom 9500 Quad-Core D000 0022GHz200000000
0040000000 70.4GFLOPSOO0O0O GeForce GTX 2800000 1300000
oooooo

CUDAO SMO0O SPOOOOOOOOOO SIMDO Single Instruction Multiple Datal
000000 SMOOOOOOOOOOO SPMDO Single Program Multiple Datall O O
000000000 CUDAODODOOOOOOOOOOO SMOOO 1,02400G8000
76800 0000000000000 DOOU0OO00OOO0OOOUODOOODOOOOO

000000000 0OoDOoooOoooooog Vol 2 No.o3 107-115 (Sep. 2009)

goboooooobooooobooobooooooooobbooOoDbOoDObOO0 32000000
O WerpOODODODODODODOOOOODODOO 32WarpD G800 O 24WarpD OO O OO OO
000000100 WarpOOOO 320000000 8000000000800 SPO
gobodoooooo
gooobooooooooooobcoooobooboobooooOoooooobooOoboOoOoooDon
00000100 SMOOOOOOshared memory 0000000000000 O000O0OO
oooOO0O000o0OOo0OO0ooO0000b0O0OO0O000O0O00000DOO0Oshared memory
o00o0oooosMOOO0OO0OO0O0OoOO0OO0U0OoOOO0O0OOoOOoOooooOoOooooo

3. CUDACO FFTOOODOODOOODOODOOO

FFTOOODOOOODOOOOO0O0DOOOO0O0OOOOO0O00O0OOOODOCPUDDO
goboboooooooooooobooobooboooooobooOooOoooooOooooDoobooOoOoo
00000000 O000o0oooco GpUOOOOOODODOODODOODOOOOODOO shared
memory 0000000000000 O0O0O0OCOO0O0O0ODOO

CPUOO FFTOOOOOOOOOCUDA GPUOO FFTOOOOOOOO O shared
memory 000000000000 O00 GPUOOOOOOOCOOOOOOOOOOODODO

00 shared memory 0000 FFTOOOOOODOO 600 FFTOO 1000000
gooobobooo 100 FFTO 1000O0O0O0O00ODOOOODOODOOOOODDOO
OO0 global memory 000 O00C0O020000000000 300 FFTOOOODOOO
O0OOshared memory OO0 0000000000 OCOOODOOOOO15,00000 40
OFFTO000001200000 500 FFTOODOOOOOOOOOOOO global
memory U0 OOO0O0000O0O0O0OO0OOO0O0OOOOOOO0OO0OOOOOOOOOOO
0000000000 00000 cubAOOOOOOOOOOOOOOOOOOn CUDA
gobodoooboooooooobooooobooooooobooooooo

3.1 0O0O0Od

CPUDOOUOOOOO FFTOOOOOOODOOOOOODOOOOOODOODOOOOOO
000000 4800 FFTOOOO3040508 0000000000 41=2400000
goooooooooooooooooooobooooboboooooobooboOoooDbonoo
gooooboooooooooooboooooooboObooOooOobooOobocOoOoboboOoooooboo
OO0OD0O0O0Oshared memory 00 O0O0O0O0OSIMDOOOOOOOOOOO0O0O0O0O0O0OO
goboooooooo

(© 2009 Information Processing Society of Japan



109 CUDA GPUOUOOOOODOO FFTOODOOO

| Input Data on Global Memory |

T LTI

Radix 3 FFT Kernel

|, Radx3FFTKemel
WL

| Data Exchange via Shared Memory|

T TITITL T

Radix 4 FFT Kernel
L JL ]

L. !
WAL

| Data Exchange via Shared Memory|

T

Radix 5 FFT Kernel

|, RadxSEFTKs
AR ARy

| Output Data on Global Memory

|20 threads

15 threads

12 threads

0 1 Shared Memory 0000 600 FFT OOO
Fig.1 60-point FFT using shared memory.
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Table 1 Specifications of CUDA-capable GPUs.

# of SP # of SM  SP clock GFLOPS Mem. B/W Mem. Capacity
GeForce GTX 280 240 30 1.30 GHz 936 141 GByte/s 1.0 GByte
Tesla S1070 240 30 1.44 GHz 1037 110 GByte/s 4.0 GByte
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Fig.2 Performance in computing 32,768 sets of 512-point FFTs with varing number of active
thread blocks.
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Fig.3 8-point FFT using Stockham algorithm.
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obrny O FFTOOOODOODOODOODOODOO
tid%p; + tid/pi * pi * Tip1 + k * p;
(k={0,1, - ,rig1 — 1},tid = {0,1,--- ,N/rip1 — 1})
000+«tdOoDooooodp, 000D0O0ODOO0

R

pi = H Tk

k=i+2

shared memory 0 32bit 00000 1600000000000 00160000000O
gboooboooooboooodboooodooooooooooooooooboOoooona
gbooobooooboooobooboooobooboooobooooooboobooooon
0000000000000 000000000 shared memory JO0000O0O CUDA
GPUOOODOOOOCPUD on-chipO OO0 OODOOOOOOOOO

000000000000 oUoUoooooo00 16 00000tid= {16n,16n +
1,---,16n+ 15} 0000000000000 0O0O0OO0OO0OOOOOODOOOOOOO
OooOOO0OO0OD0ODDOO shared memory 000000000 0000O00O0O0O0O0O0O0OO
0000000000000 00UDU0O0L0OU p; 000000000 pi(riva—1)0
gobooooboooooooobooooboooooOoobOo0oooOooOobooOoobboOoono

pi=2" x 1, ! : odd number

(© 2009 Information Processing Society of Japan



111 CUDA GPUOOOOOOOO FFTOODOOO

0 16
LT P rrrrrrrrrrr]
16 32
LTI TP IT]d
32 48
LTI T T T T T IT]

48 64
LI TP Il T]

05 000 3)00000000000000000000O0O0D0DD0O00000000000000D00000
oooooo 4+ 0000000000000 0O0D00O0000DOO00DOO0O0O0O0

Fig.5 When equation (3) is satisfied, no bank conflict occurs since those threads access consecutive
banks.

goboooooooboooooobooooobobocoooo

m>4 (1)
gogoo

Il =1Arit1 is odd number. (2)
gooo

pi(rig1 —1) =0 mod 16 (3)

000o00o0oo00oo00oo0o0O0o0OD 3)0os0000O0ODOOOODODO
00o0o0oo0ooooOo0oooDO0O0 (1)oo0Oo 3)ooooooooooooooooo
000oo0dooooooooooooooooog

3.3.1 0O00O0OO0ODOOOO (1)
sharedmemoryl][ll][II][II][II]EII]I:IEIDDDDDDDDDDDDDDpi(mH—l)
gooooboooooooooobooooOoooooooOo0oobooDoooOoOoooooDooo
oobooOooooobooOosOOoODO

b=2""Al=1Ar;41 is even number. (4)
oooo
pi(rig1 —1)+b=0 mod 16 (5)

000000ooooooooo s0oOooO

0000C00O0OD0ODO0O00000U00d shared memory 00O OO0OOOOOOODOO
0000000000000 shared memory OOOOOO0OODO p; x7i41 =0 mod 16
0000000000000 ooooooooooooooon shared memory

000000000 0OoDOoooOoooooog Vol 2 No.o3 107-115 (Sep. 2009)

0 16
HEEEEEEEEEEENEEE
16 32
ZEEEENEEENEEEEEEE
32 48
LIAT T T T T TP T ]
48 64
(TIAT T T T T T IT T 117

|:|Accesses by 16 threads |Z| Padding
06 p;,=10r;4,=400001600000 100000000000000000000000

Fig.6 In case of p; =1 and r; 1 = 4, bank conflicts can be avoided by inserting one element
padding in every sixteen elements.
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Fig.7 Flow chart of the auto-tuning of FFT kernels on CUDA GPUs. The highest performance
CUDA kernel will be generated for given input data size.
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Table 2 Systems used in the performance evaluations.

CPU AMD Phenom 9500 Quad-Core Processor
(2.2 GHz, L2=512 KBytex 4, L3=2 MByte.)

Memory DDR2-1066 SDRAM 2GBx 4

Chipset AMD T790FX

Interface PCI-Express Gen 2.0 mode, 16 lanes.
oS OpenSUSE 11.0 (X86-64), linux 2.6.25
Driver NVIDIA ForceWare 180.22.

Compiler  gcc 4.3.1 (host code)
NVIDIA CUDA Toolkit 2.1 (device code)
GPU NVIDIA GeForce GTX 280
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Fig.8 Performance improvement using paddings to avoid bank conflicts. 32,768 sets of 1-D FFTs
are computed on GeForce GTX 280.
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Fig.9 Performance improvement by inserting padding. 32,768 sets of 192-point FFTs are
computed on GeForce GTX 280.
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Fig.10 The performance comparison between auto-tuning, hand-tuning, CUFFT library, and
FFTW library. 32,768 sets of 1-D FFTs are computed on GeForce GTX 280.
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Fig.11 Performance on GTX 280 and S1070. 32,768 sets of 1-D FFTs are computed.
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