Program Generation for Performance
Spiral
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Computer Science

Science simulations

Audio, image, Video processing

Signal processing, communication,
control

Security

Machine learning, data analytics
Optimization

Highest performance
is often crucial
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Example: Discrete Fourier Transform

DFT (single precision) on Intel Core i7 (4 cores, 2.66 GHz)
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Fastest code (1 MB)

Straightforward
“good” C code (1 KB)

16 64 256 1k 4k 16k 64k 256k TM <— input size

Vendor compiler, best flags
Roughly same operations count

DFT (single precision) on Intel Core i7 (4 cores, 2.66 GHz)
Performance [Gflop/s]
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Vector instructions: 3x
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Memory hierarchy: 5x
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16 64 256 1k 4k 16k 64k 256k 1M input size
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Compiler doesn’t do the job

Doing by hand = restructure algorithm for locality & parallelism,
handle choices, choose proper code style, use vector intrinsics, ....
= nightmare
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Model predictive control Singular-value decomposition
Eigenvalues Mean shift algorithm for segmentation
LU factorization Stencil computations

Optimal binary search organization Displacement based algorithms
Image color conversions Motion estimation

Image geometry transformations Multiresolution classifier
Enclosing ball of points Kalman filter

Metropolis algorithm, Monte Carlo Object detection

Seam carving [IR filters

SURF feature detection Arithmetic for large numbers
Submodular function optimization Optimal binary search organization
Graph cuts, Edmond-Karps Algorithm Software defined radio

Gaussian filter Shortest path problem

Black Scholes option pricing Feature set for biomedical imaging
Disparity map refinement Biometrics identification

Same for most computational problems:

Straightforward code is highly suboptimal

Optimization: Register Locality and ILP

// straightforward code // unrolling + scalar replacement
for(i =@; i < N; i += 1) for(i = 0; i < N; i += MU) {
for(j =05 j < N; j +=1) for(j = @; j < N; j += NU) {
for(k = @; k < N; k += 1) for(k = @; k < N; k += KU) {
c[i][3] += a[il[k]*b[k1[31; t1l = A[i*N + k];
; t2 = A[i*N + k + 1];
Concise and slow 3 = A[i*N + k + 2] load

t4 = A[i*N + k + 3];
t5 = A[(1i + 1)*N + k];
<more copies>

t10 = t1 * t9;
t17 = t17 + ti1e;
t21 = t1 * t8;
t18 = t18 + t21;
3 ) t12 = t5 * t9; Compute
Removes aliasing 19 = t19 + t12;
t13 = t5 * t8;
H H 120 = t20 + t13;
_Enables_ register all_ocat|on and nore ops>
instruction scheduling
C[i*N + j] = t17;
. C[i*N j 1 = t18;
Compiler does not do well: G e } store
. C[(i+1)*N + j + 1] = t2e;
« often illegal }
. }
* many choices }
Ugly and fast
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Program Generatio
Ma h/CS/HPCW rks

Optimization for Parallelism (Threads)
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Parallelism is present, but Restructured for locality and
is not in the “right shape” parallelism (shared memory, 2 cores,

2 elements per cache line)

Compiler usually does not do
* analysis may be unfeasible
* may require algorithm changes
* may require domain knowledge

* may require processor parameters

Current practice: Thousands of programmers re-implement and
re-optimize the same functionality for every new processor and
for every new processor generation
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Current Future

Computational problem

'gorithm selection

C program & manipulation

Computational problem

algorithm selection
& manipulation

implementation
L

implementation

automated

compilation

Computing platform

compilation

Computing platform

automated | human effort

C code is a singularity: Challenge: conquer the high abstraction

« Compiler has no access to level for more/complete automation
high level information

* No structural optimization DSLSI

* No evaluation of choices

Goal:

Computer generation of high performance code for
ubiquitous performance-critical components

-]-l' a o ”
'g||_'|] click
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Select convolutional code

Select a preset code or customize parameters

O custom
@ Voyager rate 12
NASA-DSN K 7

CCSDS/NASA-GSFC

WiMax

polynomials (199

*) CDMA IS-95A & 2

LTE (3GPP - Leng Term Evolution)
UWB (802.15)
CDMA 2000
Cassini
° Mars Pathfinder & Stereo
Select implementation options

frame length unpadded frame lengt

code rate (2)
constraint length (2]

polynomials for the
code in decimal notation

DFT IP Cores

@ www.spiral.net

data ordering natural in / natural out

BRAM budget 1000

=

2048 parameter value range explanation
Vectorization level scalarC [¢]  typeofcode(n)
Problem
Generate Code
transform size 6 [v] 4-32768 Number of samples (7}
Viterbi Decoder el ] forward o iverse 0°T 21
data type fxed point._[=] fixed or floating point (2)
5 bits 4-32bits  fixed point precision (7)
unscaled[] scaling mode (7)
Parameters controlling implementation
architecture fully streaming iterative or fully streaming (2)
radix 2 5 2,4,8,16,  size of DFT basic block (7)
32,64
streaming width |2 [+] 2-64 number of complex words per cycle (2)

natural or digit-reversed data order ()

maximum # of BRAMS to utilize (-1 for no

limit) (7)

Generate Verilog

Possible Approach:

Capturing algorithm knowledge:
Domain-specific languages [DSLs)

Structural optimization:
Rewriting systems

High performance code style:

Compiler

Decision making for choices:

Machine learning
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Spiral: Program Generation for Performance (www.spiral.net)
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Linear Transforms

Yo g
Yn—1 Tp—1
Output Input

Example: T = DFT, = [e=2™/"q o
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Algorithms: Example FFT, n=4

Fast Fourier transform (FFT):

1 1 1 1 1 - 1 - | I 1 - - 1 - .
1i717i$=-1-1-1--171----1
1 -1 1 -1 1 - -1 - o1 e -1 /- 1 - -
1 —-i -1 i -1 - =1 - - Ef- - 1 =1f]- - -1
12 adds, 4 mults 4 adds 1 mult 4 adds 0 adds/mults
Data flow graph
— —— — I

Yo DFT5 0

il E——

Y2 — . To

DFT5
Y3 — —.— —— 13

Description with matrix algebra [SPL)
DFT,; = (DFT2®15)T5(Io @ DFT,) L3

Decomposition Rules (>200 for >40 Transforms)

DFT, — P‘I,Mm (DFT2,, 6 (12 1 ©; Cam 'DFT2,,(i/k))) (RDFT, 0w, k even,

RDFT, RDFTy,, rDFT5,, (i/k) RDFT},
RDFT), T RDFTY,,| rDF T2, (i/k) RDFT) )
pHT, | 7 Frzm @2 | g™ | @ | Te2-1 90 Dom | g e pHT) | fm | K even
DHT), DHTS,, rDHT,,, (i/k) DHT),
YDET,(0)| | yon (o [¥DFT2 (G +w)/B)[) ([FDE o)
rDHT2,(u) m | Tk rDHT 5, ((i 4 «)/k) rDHT o (u)| = ™)
RDFT-3 = (Q) 5., @ I2) (I ®, xDFT2,,) (i + 1/2)/k)) (RDFT-3,@1,), ks even,
DCT-2, =20 (D _pc2m o N T /2 ‘ AT
DCT-3, — g
d Rules = algorithm knowledge
DCT-4,
(WSl (=100 journal papers)

DFT, D v e acd (k.
DFT, — RI(ly ®DFT, 1)Dp(1y @ DFT, )R, p prime
DCT-3, — (L& Jin) L, (DCT-3,,,(1/4) & DCT-3,,(3/4))
b 0@ —Jdp1
.(F?@Im)lj[ %(Il _\%2[”{)]1 n=2m
DCT-4,, — S,DCT-2;diagg<p.,(1/(2cos((2k + 1)x/4n)))

IMDCT,,, — (Jm @l & Im & Ji) (([_ﬂ @L.,) @ qj] ® Im)) 12, DCT-43,,

1

WHT, — H ([2A1+-- +hiq X‘WHTQA, X'I,ZAi+1+--+w,), k=ki+--+k
DFT> — Fgl

DCT-2; — diag(1,1/v2) F2

DCT-4; — JoRygqps
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SPL § Pseudo code for y = Sx
A B <code for: t = Bx>
nen <code for: y = At>
LA, ©F (i=0; i<m; i++) An
e n <code for: I'm ®A'I’L =
y[i*n:1:i*n+n-1] = A(x[i*n:1:i*n+n-1])> A
n
y for (i=0; i<n; i++)
Am ®In <code for:
yli:in:itm*n-n] = A(x[i:n:itm*n-n])>
for (i=0; i<m; i++)
Da il = DLal*x[il;
for (i=0; i<k; i++)
Lﬁm for (j=0; j<m; j++)
yli*xm+j]l = x[j*k+il;
I y[0] = x[0] + x[1];
2 y[1] = x[0] - x[1];
Gives reasonable, straightforward code
Transform DFTg
l Decomposition rules (algorithm knowledge)
Algorithm (DFT, ®14) TS (I ® ((DFT; ®17) parallelization
(SPL) T3 (I ® DFTy) L3)) L§ vectorization
Algorithm ¥ (8, DFTa ;) (3 (8 diag(t,) DFT, &) locality
{ -SPL) 3 (Smdiag(tm) DFT; Gy ) optimization
c Program Zgiglzu%eo::?ef;f,fg?u:i? ;;3 &s, fle, f11; code Sty'.e
fo = x[0] - x[3];
f1 = x[0] + x[31; > code level
f2 = x[1] - x[2]; . . -
£3 = x[1] + x[2]; optimization
f4 = f1 - £3;
y[@] = f1 + f3;
y[2] = ©.7071067811865476 * 4; + Search or
. mo:z ;izé2238795325112867 fo; Learning fOI‘
Choices
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SPL to Shared Memory Code: Basic Idea

“Good” SPL structures Hprocessors = p = 4
= - .. Processor 0
— ___~ A
y - (Ip ®A) L » - A Processor 2
— A Processor 3
X
= = } cache block size
[here: p=2)

v=(For)e m

X y

Rewriting: Bad structures mmmp good structures

Example: SMP Parallelization
Franchetti Voronenko & P, SC 2006

DETwy — ((DFTn@L) T (ln ® DFT,) L")
smp(p,p)

smp(p,u)

— (DFTp@L) Ty" (ln@DFT,) Lp"

m Y, m =
smp(p,p) smp(p,) smp(p,u) smp(p,u) 3
| =11

- ((me & I"/Pﬂ) ® Ip ) (Ip ®(DFTm ® In/p)> ((ng Y In/p/_L) ® Ip.)

p—1 ) ‘
( @0 ! T;{m,z) (Ip @/, ®DFT,)) (1, ® LZZ%‘?) (B @100 ©1)
=

load-balanced, no false sharing

One rewriting system for every platform paradigm:
SIMD, distributed memory parallelism, FPGA, ...

Program Generation for Performance: Spiral
Math/CS/HPC Workshop, St. Germain au Mont D'Or, May 2016
© Markus Pischel, Computer Science, ETH Zirich

10



Same Approach for Different Paradigms

Threading: Vectorization:
DFImy — [(DFTm@b)TR"(in®DFTn) L") (DFTmn) — ((DFTm@1) TR"(m @DFT1) L")
o) ECon =m T wwm
(R Bl 1) oy DF T 1)) (57 B ) 1) o S OF TS T B LT
(é, -r::""] (L,w"(l,,,”,z DFT,)) {1y Lt (L 0 L) @) [1.4 &(Zﬂé 1L ‘K‘(L?"@|«.)(;::?:hﬁ:}(L%"§lv))(D—Fﬁ@ M)
W

(L @ 1)@ L ) (Lo BLEY)
\ =
ES

GPUs: Verilog for FPGAs:

-1 (= " - 5 "
(DFT,) — (]‘[ L:"(l..mxnr'r.-J{L;i.._,:l,;wr;i::_;:L;L,))R;“ [DFT.) — [IJDL::‘{M 1 ®DFT, )Lk (T @ Th ‘JL;HAJ]P;
apu(t.c) - vec(e) stream(r) - Streamt)
gou(te)
(= ‘11‘ L (Le®DFT) (Uneealls@ ThT ) Lin )| RE
o . ~ - . 7. (Lt ®DFTr ) (L1 (s @ Tamic1) Ly R
- (nu,.- B1) (a1 8 (DFT: 1) L2 WT,-) = sresn(e) o T ey
=0 shd(t.e)
ng - nl o .
Bla)la-1p@x L ONRET 1) -
sna(z.e) T 4 (et @allus @DFTN) [
=0 grreamir} stream{r*) | stream(re)

= Rigorous, correct by construction
m  Overcomes compiler limitations

Computer generated Functions for Intel IPP

3984 C functions

1M lines of code
Transforms: DFT (fwd+inv), RDFT (fwd+inv), DCT2, DCT3, DCT4, DHT, WHT
Sizes: 2-64 [DFT, RDFT, DHT]; 2-powers (DCTs, WHT)
Precision: single, double
Data type: scalar, SSE, AVX [DFT, DCT), LRB (DFT]

Computer generated

Results: SpiralGen Inc.
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Challenge: General Size Libraries

So far: Challenge:
Code specialized to fixed input size Library for general input size
DFT_384(x, y) { DFT(n, X, y) {
:;or‘(i =.) { ;;or(i =.){
t[2i] = x[2i] + x[2i+1] DFT_strided(m, x+mi, y+i, 1, k)
t[2i+1] = x[2i] - x[2i+1] }
} .
}
}

o Algartim e * Algorithm cannot be fixed

. * Recursive code
* Nonrecursive code

» Creates many challenges

Challenge: Recursive Steps Needed

Cooley-Tukey FFT

y = (DFT), @) TE™(I;, ® DFT) LEMa

m

“H'HHHH'I"’

Implementation that increases locality (e.g., FFTW 2.x)

void DFT(int n, cpx *y, cpx *x) {
int k = choose_dft_radix(n);

for (int i=0; i < k; ++i)
DFTrec(m, y + m*i, x + i, k, 1);

for (int j=0; j < m; ++j)
DFTscaled(k, y + j, t[j], m);
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>—SPL : Basic ldea

Four additional matrix constructs: >, G, S, Perm
X(sum] matrix sum (explicit loop)
G [gather]  load data with index mapping f
S; [scatter]  store data with index mapping f
Perm; permute data with the index mapping f

>-SPL formulas = matrix factorizations
3

Example: y = (I4 @ o)z — y= Y Sy, F2Gyx
= "

Find Recursion Step Closure

Voronenko, thesis 2008
{DFT,}

1

{DFTy .} ® )T (L ® {DFTEH L7

1

l nfk—1

k-1
=0

nfk—1

o
|
-

j=

Il
o

Repeat until closure

k—1 nfk—1
(_goshi,k{DFTﬂ/k}Gha_,c)diag(f)( > sfz_ik,l{DFTk}Gfl,k,l]

perm(fjt/k)

v
Z Shl‘k{DFTll/k} dlag(th"tk) G}!-Lk Z Shjk_l {DFTK} Gh/j‘”_‘fk
3=0

{ Sk, DFT, diag(foh; 1) Gy, , } ZO { Shjps DETx G, 0 }

Program Generation for Performance: Spiral
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Recursion Step Closure: Examples

DFT: scalar code

dft_scaled ——~ dft_scaled_bc

dft_strided

dft
- Ep—n

@

strided dft

/ basecase
OpenMP loop
scaled dfts
G t- D f “ I I I W ”
Code size

Transform non-parallelized parallelized
DFT 13.1 KLOC / 059 MB 103 KLOC / 0.45 MB
o (DF T2k (Bsz 1 9 Ot DF Ty (/1)) (RDFT, 21, )k even. :«):Inll .:::::: ::.n.\llx i::: 039 MB

g RDFT,,,| P, (/2) [\ { RD) \ pora : “IM‘N_ S e
; G o | ROFTS, - D RD] -2
= il | P 3 D g | Dhr, & even. BoTs iyt
DHT TDHT {3/, J\ DHT; DCT-4 68 KLOC /0.3 0.35 MB
fDETou(a) _yon () o TDFTou (i + u) k) (rDFTQ;m 2h ‘] WHT 5.6 KLOC / 0.2
TDHT,(x) V5 IDHTo,0(G -+ 2)/8) | | PDHT 200 ® )
(@200 9 15) (U1 & EDFTon )+ 1/2)k)) (RDFT-8, 6L} & even & ey skitosion - i i
T h i FT A ) 8 KLOC / 0.73 MB 0.74
DOT 2o 15" (2 4 2)In O RDFTR0, 240 RDFT o KLOC / 0.76 MB 051 MB
scaled RDFT 6.0 KLOC

» 112 © Mo RDFT-3,,) B{(L]2 & 1) W RDFT-3,)Q,, 0.1 DHT 9 KLOC 0.57 MB
) ThG#DETa)LY, 5= tm DCT-2 20.7 KLOC 1.09 MB
SDF TG 1 — kv, ek m) — 1 DCT-3 27.0 KLOC / 156 MB 282 KLOC / 1.50 MB
T, Dol DET, DR, p orime DCT-4 78 KLOC / 047 MB 8.1 KLOC / 0.50 MB
ILE(DCT-30(1/4) 5 DT 2(3/2) WHT 69KLOC /032 MB 55 KLOC / 0.26 MB
0oyl FIR Filter 1 775 MB 120 KLOC / 5.12 MB
L1 22T, Downsampled FIR Filter 100 KLOC / 42MB 68 KLOC / 276 MB

DCT-4, - 5,DCT-2, diofio,shucn(1/(2€0S((2K + 1)7 /) i v

IMDCT5 — :J‘,,»ﬂ:»,,_:x.,,w,v.)(([ :]u:w\»ﬂ \ ’:] u..,)‘\ Do DCT-3,,, DFT 9 KLOC / 1.09 MB 152 KLOC / 1.11 MB
. b 4 RDFT KLOC 165 KLOC / 0.91 MB

WHE ([ @ WHI 50 ) k= kbt scaled RDF'T 5 KLOC
[ DHT 17.9 KLOC 183 KLOC / 1.04 MB
o s e D DCT-2 233 KLOC 236 KLOC / 153 MB
beras _ 55 2 DCT-3 32.0 KLC 32.3 KLOC / 2.20 MB
i DCT-4 83 KLOC 8.6 KLOC / 0.66 MB
WHT 85 KLOC 69KLOC / 0.4 MB
2D DFT 206 KLOC 208 KLOC / 1.33 MB
2D DCT-2 0 KLOC 7.2 KLOC 211 MB

100 KLOC / 5.60 MB 74 KLOC / 3.44 MB

Downsampled FIR Filter 151 KLOC MB 92 KLOC / 461 MB
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It Really Works

DFT on Sandybridge (3.3 GHz, 4 Cores, AVX)
Performance [Gflop/s]
50

Spiral-generated

40

30

IPP 7.0.2

4 16 64 256 1k 4k 16k 64k 256k 1M

am

DFT, — (DFT, 1) T, @
DFT, — Flp g, (DF T2, &

% O ¥DF T, (i/k)) )| (RDF T, &)
Tej2—1 @ Dam rDFTp,,,(a;‘»"-]J] (RDFT, @l)

rDF T, (u) — L3 (e @ rDFTo (i + u)/k)) (rDFTau(u)  fn)

vectorized, threaded,
platform-tuned, adaptive library
(5 MB source code)

Generating Dozens of “FFTWs”

Program Generation for Performance: Spiral
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Very Large Scale: BG/P

HPC Challenge Global FFT on BlueGene/P

[Gflop/s]
10000
6.4 Tflop/s
theoretical peak
1000 32 racks
Spiral-generated = 32K node cards
= 128K cores
100
UPC coalesced transpose
10

INC 4NC 16NC 2R 4R B8R [6R 32R

BlueGene/P node cards and racks

Is everything automated?

Yes, except efficient tuning

Program Generation for Performance: Spiral
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© Markus Pischel, Computer Science, ETH Zirich



Simple Generated Library (~FFTW 2.x)

dft_scaled —— dft_scaled_bc

dft_strided

void dft(int n, cpx *y, cpx *x) {

if (use_dft_base_case(n) .
dFt_be(n, y, x); Choices used for
else { tuning/adaptation
int k = choose_dft_radix(n) ¥

for (int i=0; i < k; ++1)
dft_strided@m, k, t + m*i, x + m*i);
for (int i=0; i QAm; ++1)
dft_scaled precomp_d[i], y + i, t + i);

Recursion

void dft_strided(int n, int istr, cpx *y, cpx *x) { ... }
void dft_scaled(int n, int str, cpx *d, cpx *y, cpx *x) { ... }

FFT Search Space (Simple Library)

dft scaled ——m- dift_scaled_be

dift_strided

Recursive choice: Example selections for n = 16:
base case?
— 72k
n=2 radix? n=16
no base case
/\ radix 4
4 4
base case no base case

/\ radix 2
2 2

base case base case

Program Generation for Performance: Spiral
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FFT Search Space (The Real Thing])
t Todhl2
" S s <=5,
@ @ _A @ strided dft
OpenMP loop of W basecase
scaled dfts
Recursive choice: Example selections for n = 1024:
base case? n=1024
radix? no base case
threading’) s
! threading!

n =2k #threads? 4 threadg
twiddles? o loap exchange.
loop exchange? 16 b4

base case no base case
radix 8
8 8
base case base case

When to Tune?

machine learning

offline tuning online tuning

Time of installation Time of use
(platform known) (input known)

Generated
FFT library

d = dft(n)
d(x,y)

compute twiddle factors
search for best recursion

user waits ...

Program Generation for Performance: Spiral
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When to Tune?

offline tuning

Time of installation Time of use
(platform known) (input known])
Generated Generated
FFT library FET library
d = dft(nl) d = dft(n)
d = dft(n2) d(x,y)

compute twiddle factors

search for best recursion
no search

for a fewn

learn decision trees

Online Tuning = Offline Tuning

At installation time, run search for a few n
Learn decision trees

Insert into library

void dft(int n, cpx *y, cpx *x) {

if (use_dft_base_case(n) .
dft_be(n, v, x); Choices used for
else { tuning/adaptation
int k = choose_dft_radix(n) ¥

for (int i=0; i < k; ++1i)
dft_strided(m, k, t + m*i, x + m*i);
for (int i=0; i < m; ++1i)
dft_scaled(k, m, precomp_d[i], y + i, t + i);
}

void dft_strided(int n, int istr, cpx *y, cpx *x) { ... }
void dft_scaled(int n, int str, cpx *d, cpx *y, cpx *x) { ... }
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Learn decision trees

Insert into library

void dft(int n, cpx *y, cpx *x) {
if (use_dft_base_case(n))
dft_bc(n, y, Xx);
else {
int k = choose_dft_radix(n);
for (int i=0; i < k; ++1i)

for (int i=0; i < m; ++1)

}

At installation time, run search for a few n

dft_strided(m, k, t + m*i, x + m*i);

Online Tuning = Offline Tuning

Example decision tree

if (n <=

) [return 5;}

else {return 32;}

;lse {

dft_scaled(k, m, precomp_d[i], y + i, t + 1i);

void dft_strided(int n, int istr, cpx *y, cpx *x) { ... }
void dft_scaled(int n, int str, cpx *d, cpx *y, cpx *x) { ... }

Features (events)
A

P(playlwindy=false] = 6/8
Pldon't playlwindy=false) = 2/8
Plplaylwindy=true) = 1/2
Pldon't playlwindy=false) = 1/2

Outlook  Temperature  Humidity ~ Windy | Decision
sunny 85 85 false don’t play
sunny 80 90 true don’t play
avercast 83 78 false play

rain 70 96 false play

rain 68 80 false play

rain 65 70 true don’t play
avercast 64 65 true play
sunny 72 95 false don’t play
sunny 69 70 false play

rain 75 80 false play
sunny 75 70 true play
overcast 72 90 true play
overcast 81 75 false play

rain 71 80 true don’t play

Decision Tree Generation: C4.5

outlook?

sunny

humidity?

/< 7?\7\'

play don't play

Entropy of Features
H(windy) = 0.89

H(outlook) = 0.69
H(humidity) = ...

overcast N\ rainy

play windy?

/tmr \‘(lf\'{

play don't play
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Application to Libraries

Features = arguments of functions (except variable pointers])

dft(int n, cpx *y, cpx *x)
dft_strided(int n, int istr, cpx *y, cpx *x)
dft_scaled(int n, int str, cpx *d, cpx *y, cpx *x)

etc.

Experimental Setup

3GHz Intel Xeon 5160 (2 Core 2 Duos = 4 cores)
icc 10.1

Spiral-generated “FFTW" [Voronenko et al., CGO, 2009]:
Recursive choice:

base case?
radix?
threading?
— 2k
n=2 #threads?
twiddles?
loop exchange?
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Complex DFT, double precision, up to 4 threads
Performance [GFlop/s]

Complex DFT, double precision, up to 4 threads

Performance [GFlop/s]
15 15
© training set
12 12
online search online search
9 9
6 N\ 7 6
training set

learned heuristics
learned heuristics

input size
0

input size
0

4 16 64 256 1k 4k l6k 64k 256k IM 4 16 64 256 |k 4k l6k 64k 256k IM

Complex DFT, double precision, up to 4 threads

Performance [GFlop/s]
15

O traving et Learning works as expected

online search

learned heuristics

input size
0

4 le 64 256 Ik 4k lek 64k 256k IM

“All” Sizes

Complex DFT, double precision, mixed sizes
Performance [GFlop/s]

9
. : LR ‘o.. . 6% learned heuristics
3
16 64 256 Ik 4 16k 64k
input size

All sizes n < 2'8, with prime factors < 19
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DFTy — (DFT @10)T5, (1, @ DFTy) L]

DFTy — Pl 5 (DF T2, [l @ Cary FDFT 2, (i/k)) | (RDFT @)
ad ’ = A " AP
RDFT, — 2 @ 12) (RDFT 20, & (I 12y @ Do rDF T2, (i/%) | ) (RDFT, @11)
All S Izes rDFTa,(u) — L2 (1 @ rDFTou((i + u)/k)) (rDFTae(u) & Im)
- . . Spiral
Complex DFT, double precision, mixed sizes
Performance [GFlop/s]
9

vectorized, threaded,
platform-tuned, adaptive library
(5 MB source code)

= Learning

— 6% learned heuristics
IPP ) — : " vectorized, threaded,
el ‘””1 platform-tuned, adapted library

(5 MB source code)

FFTW heuristics

16 64 256 Ik 4k 16k 64l
input size

All sizes n < 2'8, with prime factors < 19

Higher order fit of all sizes

FFT & Co. are solved, what now?

1. Generators for more domains

2. Support for building such generators
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Spampinato & P, CGO 2014

BLAC

8

[ -LL) iyt "

.

t0_57_0 = A[e];
t0_56_0 = A[1];

y=2T(A+B)y+3

Algorithm: Tiling decision and propagation
(LL] y=2"(A+By+9],,

Algorithm s~ 5.5, (6,6,46,6;) (6;G2). .

void kernel(float *x, float *A, float *B, ..) {
c Program float t0_64 0, t0_64_1, t0_64_2, t0_64 3 ..;

t0_59_0 = t0_57_0 + t0_33_0;
t0_63_0 = t0_59_0 * t0_9_0;
t0_59_1 = t0_56_0 + t0_32_0;
t0_60_0 = t0_59_1 * t0_8_0;
< many more lines>

LGen: Generator for Basic Linear Algebra

> vectorization
locality
optimization

code style
> code level
optimization

C = aAB + pC

6Perl‘ormance [f/c]

generated

6 Performance [f/c]

LGen: Sample Results

C = a(Ao+ A1) B+ BC

generated

°or 4t |

o 3
2 8 14 20 26 32 38 44 50 56 62 68 74 80 86 02
n [Float]

Ae R
B e RY™

120 238 356 474 592 710 828 946
n t.

AO c R4X4
B € R4Xn

LGen

Handwritten fixed size
Handwritten gen size
MKL 11.0

Eigen 3.1.3

BTO 1.3
IPP 7.1
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PL Support: Example Code Style

Ofenbeck, Rompf, Stojanov, Odersky & P, GPCE 2012

SPL y = (I ® DFTo)x
Data flow graph
Yo T DFT. 0
Y1 — — 41
Y2 — — &2
DFT;
Y3 — =3
Scala function def f(x: Array[Double], y: Array[Double]) = {

for (i <- @ until 2) {
y(2*i) x(i*2) + x(i*2+1)
y(2*i+1) = x(i*2) - x(i*2+1)
}
}

def f(x: Array[Rep[Double]], scalarized

y: Array[Rep[Double]]) = { 0 = s@ + si;
for (i <- @ until 2) { 2L = = = t1 = s@ - si;
y(2*1) = x(i*2) + x(i*2+1) t2 = s2 + s3;
y(2*i+1) = x(i*2) - x(i*2+1) = = t2 = s2 - s3;

}

}
unrolled, scalar repl.
to = x[0];
t1 = x[1];
def f(x: Rep[Array[Double]], tie? Eet;,tl;
y: Rep[Array[Double]]) = { {3 - ‘;0 -,tl'
for (i <- @ until 2) { [1] = t3; ’
y(2*i) = x(i*2) + x(i*2+1) {4 - X0l
y(2*i+1) = x(i*2) - x(i*2+1) o _ x[l]{

) } t6 = t4 + X5;
y[e] = t6;
t7 = t4 - x5;
y[3] = t7;

Leop(d, 8, 2) i
def f(x: Rep[Array[Double]], l
y: Rep[Array[Double]]) = {

looped, scalar repl.

for (int i=0; i < 2; i++)

t0 = x[i];
for (i <- @ until 2: Rep[Range]) { 8 = apply(x,1) t1 = x[i+1];
y(2*1i) = x(i*2) + x(i*2+1) t2 = to + t1;
y(2*i+1) = x(i*2) - x(i*2+1) 2 = Plus(ze,t1) y[i] = t2;
t3 = to - ti;
} update(y, i,t2) y[i+1] = t3;

update(y, i+1,t3) \
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Staging enables program generation

Abstracting over code style =
abstracting over staging decisions

def f[L[_1,A[_],T](looptype: L, x: A[Array[T]1], y: A[Array[T]]) = {
for (i <- © until 2: L[Range]) {
y(2*¥i) = x(i*2) + x(i*2+1)
y(2*i+1)= x(i*2) - x(i*2+1)
¥

Related Work

Program generators for performance
FFTW codelet generator [Frigo)
Flame [van de GeijnQuinta, na-Orti, Bientinesi, ...]
cvxgen [Mattingley, Boyd)
PetaBricks [Ansel, Amarasinghe, ...}
Spiral

Autotuning
ATLAS/PhiPAC (Whaley, Bilmes, Demmel, Dongarra, ...]
FFTW adaptive library [Frigo, Johnson]
OSKI Vuduc et al.)
Adaptive sorting (Li et al.]

Environments for DSLs and program generation
Scala and lightweight modular staging (LMS]

More examples
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http://dl.acm.org/citation.cfm?id=301661
http://z.cs.utexas.edu/wiki/flame.wiki/FrontPage
http://cvxgen.com/index.html
http://www.scala-lang.org/
https://scala-lms.github.io/
https://scala-lms.github.io/
https://www.semanticscholar.org/paper/Go-Meta-A-Case-for-Generative-Programming-and-DSLs-Rompf-Brown/c132975aae02372b0549415027e3f8d029268024

Automatically from Math to Fast Code
Principles

Capturing algorithm knowledge:
Mathematical DSLs

Structural optimization: L

. P(DFT;, @ DFT,
Rewriting Ty §DCT-2, digs

(o

Decision making:
Search and learning el L

smp(p.p) smp(p,p)

Key Challenges
New domains (linear algebra, filters, ...)
Programming language support (DSLs, staging)

More information: www.spiral.net
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http://www.spiral.net/
http://spiral.ece.cmu.edu:8080/pub-spiral/abstract.jsp?id=146
http://spiral.ece.cmu.edu:8080/pub-spiral/abstract.jsp?id=170
http://spiral.ece.cmu.edu:8080/pub-spiral/abstract.jsp?id=1
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http://spiral.ece.cmu.edu:8080/pub-spiral/abstract.jsp?id=248
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