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Outline

Why new FFT library?

FFT DSL and dialect

Challeges: In FFT computation, how do we utilize MLIR/LLVM to
achieve:

— Sparsity
— Complex number handling

— Parallellization

Progress & Plans
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Motivation: Importance of FFT

« Applications
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Motivation:

« Hand-written Libraries:

— Requires significant efforts for performance tuning
— Hard to adapt to new hardwares

« Compiler-based libraries like FFTW:
— Lack of portability over heterogeneous hardware (modern hardware features)

— Cannot utilize the evolving compiler community
> MLIR/LLVMis more adaptive to search/learn based methods

— Emit C level code, lack of control on low level compilation
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FFT Algorithm in matrix-formalism

O(’I’LZ) DFTy,, . = (wx)™", where wy =exp(—2mi/N) for 0<m,n <N.

DFTyx = (DFTk ® Iy) Dyj(Ix ® DFTy) I~ with N = MK

owesn [ [ )l ]

DFTy ®1s I, ® DFT»
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FFTc DSL: Declarative representation of FFT tensor Algorithm

Fourier transform Diagonal matrix (twiddles)

DFT, = (DFTy ®1,) D3(I,  DFT,) I12

Kronecker product |dentity Permutation

. var InputReal <4, 1> (011, (2], (31, [4]1];
- var InputImg <4, 1> Lii), [2], [3], [4]1]:
- var InputComplex = createComplex (InputReal, InputlImg);
. var result = (DFT(2) ® I(2)) - twiddle(4,2)
(I(2) ® DFT(2)) - Permute(4,2) - InputComplex;

2023-10-08

14



; 9
g
’{% VETENSKAP éi?

<8 OCH KONST %c

ot

formula

FFTc DSL FFT Dialect

createComplex(A, B) fft.createCT (a,b)

A-B fft.matmul a, b :
A®B fft.kroneckerproduct a, b
twiddle (a,b) fft.twiddle (a , b)
I(size) fft.identity (a)
DFT (size) fit.dft(a)

Permute (a ,b) fft.Permute(a, b)

varresult = /’pJ,
(DFT(2)

® _—

12)) / —

twiddle(a,z)\ —

FFT Dialect: operations, attributes, and types to represent the FFT

%5 = fft.arithconstant 2.000000e+00: f64
%6 = "fft.dft"(%5) : (f64) -> tensor<*xcomplex<f64>>

(112) N\ —

®
DFT(2))

Permute(4,2)

InputComplex;

%7 = fft.arithconstant 2.000000e+00: f64

%8 = "fft.identity"(%7) : (f64) -> tensor<*xcomplex<f64>>

%9 = fft.kroneckerproduct %6, %8 : tensor<*xcomplex<f6d>>

%10 = fft.arithconstant 4,000000e+00 : f64

%11 = fft.arithconstant 2,000000e+00 : f64

%12 = "fft.twiddle"(%10, %11} : (f64, f64) -> tensor<*xcomplex<f64>>
%13 = fft.arithconstant 2,000000e+00 : f64

%14 = "fft.identity"(%13) : (f64) -> tensor<*xcomplex<f64>>

%15 = fft.arithconstant 2,000000e+00 : f64

%16 = "fft.dft"(%15) : (f64) -> tensor<*xcomplex<f6d>>

%17 = fft.kroneckerproduct %14, %16 : tensor<*xcomplex<f64>>
%18 = fft.arithconstant 4,000000e+00 : f64

%19 = fft.arithconstant 2,000000e+00 : f64

%20 = "fft.Permute" (%18, %19): (64, f64) ->tensor<*xcomplex<f64>>
%21 = fft.matmul %20, %4 : tensor<*xcomplex<f64>>

%22 = fft.matmul %17, %21 : tensor<*xcomplex<f64>>

%23 = fft.matmul %12, %22 : tensor<*xcomplex<f64>>

%24 = fft.matmul %9, %23 : tensor<*xcomplex<fe4>>
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B8] Utilize sparsity in FFT Computation: Sparse Fusion

oo et

FFTc DSL Pattern Sparse Fusion Bufferization
Y =(An ®I,) - X FusedMKIV(A, n, X) for(z=0; ¢ <n; i+ +)
Yi:n:i+m*n—n] =
Ax(X[t:n:i+m=xn—n)
Y=Un®A,) X FusedIKMV(A, n, X) for(i=0; i<m; i++)
Y[lixn:1l:ixn+n—1] =
Ax(X[ixn:1:i*xn+n—1])
(17" @ Ir) - X FusedPKIV(m, mn, k, X) for(i =0; « <m; i+ +)
for(j =0; j <n; j++)
Ykx(i+m=j3):1:k*x(i+mxj)] =
Xkx(n*i+j):1:kx(n*xi+j)]

D}, - X Mul(TwiddleCoe, X) for(i =0; i <m; ¢+ +)
Y[i] = D7, [i] * X[i])
mart . X Permute(m, mn, X) for(i=0; ¢ <m; i+ +)

for(j =0; j <mn; j+ +)
Yii+mxj:1l:i+m=*j] =
Ax(X[n*xi+7:1:nxi+j|)
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From Stockham FFT to Vector Parallel Loops

"affine.for" %arg2 = @ to 16 {

/ w w w
\W/ \W/ N/ \W//
Q\V/ﬁ Q\V// k\\/// Q\V//

"affine.for" %arg3 = 0 to 16 {

"affine.for" %arg4d = 0 to 16 {

FUSion Bufferization %8 = "affine.load" %7[%arg2, %arg3, 0] : memref
<16x16x2xf64>

Fused %10 = "affine.load” %4[%arg3 * 16 + %arg4, 0, 0]
“A}(I\/ : memref<256x2x1xf64>
f64

%12 = "arith.mulf" %8, %10 :

133

S/ / / /

JANN JIAN AN AN
I\ I\ I\ /A
/ \ [\ / \ /A

DFT . ® 1, MLIR Affine Loop Nests

[cite] Franchetti, Franz, and Markus Puschel."FastFourier
Transform." Encyclopedia of Parallel Computing.
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Complex Data Handling: convert Complex Data to an Array of
Floating-point

* Problem: Complex data not a first-class type in LLVM, nor supported by most hardware ISA:
» Vectorizers cannot work on complex data (aggregate data type)

* Solution:
» fft-convert-complex-to-floating .
rom:
¢ fft-CompleX-mem-rep %10 = "affine.load" %5[%argd, @] : memref<4x1xf64>
® affine-scall’ep %11 = "affine.load" %6[%argd, @] : memref<4x1xf64>
%12 = "complex.create" %10, %11 : complex<f64>
To:
° BenefitS- %13 = "memref.alloc"() : memref<2xf64>
) . . %14 = "affine.load" %8[%arg@, @] : memref<4x1xf64>
* Vectorization enabled %15 = "affine.load"” %9[%argd, 0] : memref<4x1xf64>
° Supportmu|tip|e data |ay0uts "affine.store" %14, %13[0] : memref<2xf64>
o I t | d&S |t d "affine.store" %15, %13[1] : memref<2xf64>
nierieave ple %16 = builtin.unrealized_conversion_cast %13 :
memref <2xf64> to complex<f64>
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Automatic CPU Vectorization

* MLIR-SuperVectorize: all dimension

 virtual vector operations -> machine-specific vector operations
« SLP vectorizer: innermost loop vectorized
 VPLAN vectorizer: outermost loop vectorized

for (i=0;i<M;i++) 1 for (i=0;i<M;i++) v for (i=0;i<M;i+=4)

for(j=0; j<N; j++) = for(j=0;j<N;j+=4): for (j=0; j<N; j++)
clil[j]= , clil[j:j+3]= : cli:i+3]1([j]=
ali]J[jl+ : ali][j:j+3]+ : ali:i+3][j]1+
bEL)LF); ; Blillj:j+3]; f bli:i+3]1([j];

(a) Scalar Loop (b) Inner Loop Vectorized (c¢) Outer Loop Vectorized
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Fly

M Vectorization: Memory Access Optimization on the

Interleaved memory access optimization for complex array

weroy |10 [[200[ 7374’5 |61 7 8T

Gather

regwer R STS N7 2NN NeN e
Register

(a) Directly Load Complex Data Using
Gather Instructions

errry -------

Consecutive Load
SIMD
Register

Shuffle

SIMD

(b) Optimized Interleaved Memory Ac-
cess
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LLVM VPLAN Vectorizer LLVM SLP Vectorizer (Interleaved )

Pack data from memory into SIMD register using masked #Pack data ntinuously from memory and then perform

shuffles

gather intrinsic register
%wide.vec131 = load <16 x double>, ptr %1098, align 8,

%wide .masked.gather130 = tail call <8 x double> @llvm.

! 2041
mafked.gather.vﬂf&d, p@(fB * ptrblx1052, 132 8, <8 Xstri%id.iicl}Z = shufflev@ltor <16 x double> %wide.
¥ i1> <il true, i1 tpme, i1 true, i1 true, il true, veci3l, <16 x double> on, <8 x i32> <i32 @, i32
il true, i1 true, i1 Vtrue>, <8 x double> undef), ! 2,932 4 932 6 332 8 332 19 332 12 332 14>
d
xwi mask.gather le> ellvm. =«| Load<l1l6 x double> |}
m i32 8, <8 b i32

x i1> <il true, i1 true, i1 true, il true, il true,

3,

e

332 5, 132 7, 32 9, 43211, 432 13; 132 15>, !

o

i1l true, i1 true, i1 true>, <8 x double> undef), !
1
dbg 12047 shufflevector<16 x double>
#Arithmetic operation on vectors %1100 = fmul <8 x double> %strided.vec130, %strided.
%1857 = fmul <8 x double> %wide.masked.gather13@, Xwide vec133, !dbg !2043

.masked.gather132, !dbg !20849

%1101 = fsub <8 x double> %1099, %1100, !dbg !2044

%1102 = fmul <8 x double> %strided.vec13@, %strided.
vecl132, !'dbg !2045

%1103 = fmul <8 x double> %strided.vec129, %strided.
vec133, !dbg !2046

%1104 = fadd <8 x double> %1102, %1103, !dbg !2047
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ol Automatic GPU Kernel Generation
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Same Source code as CPU

"affine.for" %arg2 = 0 to 16 {
"affine.for" %arg3 = 0 to 16 {

"affine.for" %arg4 = 0 to 16 {

%8 = "affine.load" %7[%arg2, %arg3, 0] : memref
<16x16x2xf64>
%10 = "affine.load" %4[%arg3 * 16 + %arg4,
: memref <256x2x1xf64>
%12 = "arith.mulf" %8, %10 : f64
13}
GPU Kernel

Map affine parallel loops
to GPU parallel hierarchy

Host Code

CUDA Grid

0, o]

Convert to NVVM
dialect

NVVM Dialect

Convert to LLVM
dialect

LLVM Dialect

Convert GPU kernel
to CUDA binary

CUDA Binary

CUDA
Block
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FFTC Current Compilation Pipeline

—
[ FFTc DSL ][ MLIR Python Binding ]
Sparse Fusion I FFT I Complex
Type
Bufferization - Hardware-
Complex Mem Rep Ag nostic
Affine Scalrep T
Loop Tiling, Array_ of
Unroll Floating
Point
—
Super Vectori%nslatiol Convert Affine For to GPU B
Vector GPU -
[ ) . J - Hard\{vgre
l Veo€ LLVM l Specific
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Performance Evaluation: higher the better
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C): Compared with FFTW
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Future Work

* Fully Optimized Compilation:
— Auto-tuning for Loop tiling, vectorization, etc

— Optimize MLIR vectorization
— Data layout transformation for complex numbers

» Support various hardware backends:
— CPU, NVIDIA/AMD GPU, Tensor core, FPGA, etc

* Runtime
— Automatically generate decomposition plans(cost model)
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Thanks!

Q&A
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