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The Problem: Example DFT

DFT on Intel Core i7 (4 Cores, 2.66 GHz)
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DFT: Analysis

DFT (single precision) on Intel Core i7 (4 cores, 2.66 GHz)
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m  Compiler doesn’t do it locali T
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= Doing by hand: Very tough oty opHmization
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Goal of Spiral:

Computer writes high performance library code

| Generate Code |

A “click”

Select convolutional code
Select a preset code or customize parameters

custom

@ Voyager rate 12 code rate (?)
NASA-DSN K 7 constraint length (?)
CCSDS/NASA-GSFC polynomials [19g polynomials for the
WiMax code in decimal notation

CDMA I5-95A 79 @

LTE (3GPP - Long Term Evolution)
UWB (802.15)

CDMA 2000

Cassini

Mars Pathfinder & Stereo DFT IP Cores

Select implementation options

frame length 2048 unpadded frame 1engk oo ameter value range explanation
Vectorization level scalar G [¢]  type of code (7)
Problem
Generate Code
transform size 6 [+ 4-32768 Number of samples (7}
Viterbi Decoder drection ] forward or inverse OFT (21
data type fixed point <] fixed or floating point ()
15 bits 4-32 bits fixed point precision (2}
unscaled[=] scaling mode (2)

Parameters controlling implementation

architecture fully streaming [+] iterative or fully streaming (2)
radix 2 E 2,4,8,16,  size of DFT basic block ()
32,64
streaming width |3 [<] 2-64 number of complex words per cycle (2)
data ordering natural in / natural out [~ natural or digit-reversed data order (?)
BRAM budget 1000 maximum # of BRAMS to utilize (-1 for no
limit) (2)

Generate Verilog

@ www.spiral.net
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Possible Approach:

Capturing algorithm knowledge:
Domain-specific languages (DSLs)

Structural optimization:
Rewriting systems

High performance code style:
Compiler

Decision making for choices:
Machine learning

Organization

Spiral: Basic system
Vectorization
General input size
Results

Final remarks
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Algorithms: Example FFT,n=4

Fast Fourier transform (FFT)

1 1 1 1 el e os - ML e M e -
i 4 -1 —é| (-1 « 1f|-1 . g3 -1 - - |f- -1 .
1 -1 1 1|1 . 21 A T B PR T PR T
1 —i -1 i i e =i e oo oo dllle o B o=nlls oo oA

Representation using matrix algebra
DFT,; = (DFT5®15)T4(lo ® DFT,) L3

SPL (Signal processing language): Mathematical, declarative, point-free

Divide-and-conquer algorithms = breakdown rules in SPL

9
Decomposition Rules (>200 for >40 Transforms)
DFTy — Py o, (DFT20, & (Tij2-1 ©i Com IDF T2, (i/k)}) (RDFT; £ 1,0),  k even.

RDIT, RDET,, TDF T, (i/k) / RL)FT?E

‘g}fﬁ" = (Pl ®12) (rg;FTTQ & (fm,l ®; Do :‘BIFIEZT,((Z’I;)) )) [?‘31-1);‘1:'7:* ® Im) . keven,

DHT), DHTS,, rDHTS,,(i/k) DHTi

DFT5,(u)| _, ,on DF T, ((i +u)/k) \ {|tDFTo(u)]
DT (0| L (’*‘ N :DHT;x(iJru)/k)) ( FDHT %, (0) “”’)’
RDFT -3y — (Q] 2, ® 12) (Ty @ tDFT2,) (i 4+ 1/2)/k)) (RDFT-3, ®Tw) . k even,

DCT-20 = o 5, (DOT-20,, K3 @ (Iijoy @ Now RDFT-83,,.)) Ba(L}/2 © 1) (Im © RDFTL) Q.4
Decomposition rules = Algorithm knowledge in Spiral
(from =100 publications)

(Fo®In) 211 aoby|r "= 2m
DCT-4, $uDCT-2,, diagges«n(1/(2cos((2k + 1)m/4n)))
(1 -1] \
IMDCTom = (m @I ®La®Im) [{| 7| 1) © [| ]| ® 1)) Jom DCT-42p,
L ([Aew)e (ew)
WHT, = [ (i SWHT 0L i), B =ka b bl
DFT, — Fgl
DCT-2; — diag(1,1/v2)Fy
DCT-4 = JoRyas
Combining these rules yields many algorithms for every given transform
10
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SPL to Code

SPL § Pseudo code for y = Sx

<code for: t = Bx>

An

ApnB,
nen <code for: y = At>
for (i=0; i<m; i++)
I A
m @ An <code for: I'm ®A'I’L —
y[i*n:1:i*n+n-1] = A(x[i*n:1:i*n+n-1])>
for (i=0; i<n; i++)
A I ’ !
m @ In <code for:
yli:in:itm*n-n] = A(x[i:n:i+tm*n-n])>
for (i=0; i<n; i++
Dy ( )

y[i) = Dlil*x[i];

for (i=0; i<k; i++)
Lﬁm for (j=0; j<m; j++)
yli*m+j] = x[j*k+il;

y[0] = x[0] + x[1];

Fy
y[11 = x[0] - x[1];

Correct code: easy  fast code: very difficult

11

Program Generation in Spiral

Transform DFTg

l Decomposition rules

Algorithm (DFT2 ®14) TS (12 @ ((DFT2 ®12)
(SPL) 73 (I ® DFTy) L3)) L§

1

Algorithm 3 (8 DT G5) 3 (3 (85 diag (ty 1) DET, )
(>-SPL) 3 (Smdiag(tm) DFT2 Gy1n))

1

void sub(double *y, double *x) {
C Program double fe, f1, f2, 3, 4, f7, 8, fle, ii;
fo = x[@] - x[3];
f1 = x[@] + x[3];
f2 = x[1] - x[2];
3 = x[1] + x[2];
f4 = 1 - £3;
y[e] = f1 + f3;
y[2] = 0.7071067811865476 * f4;
7 = 0.9238795325112867 * f0O;
< more lines>

parallelization
vectorization

locality
optimization

basic block

optimizations

+ search or learning
for further tuning
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Organization

Spiral: Basic system
Vectorization
General input size
Results

Final remarks
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Example: Vectorization in Spiral

Goal: Translate SPL expressions directly into SIMD code

Relationship SPL expressions €= vectorization?

y=DFTsuz

y ~e—— X

=

one addition one (4-way) vector addition
one subtraction one (4-way) vector subtraction

14
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Step 1: Identify “Good” Vector Constructs

Vector length: v

Good (= easily vectorizable) SPL constructs:
A ® Iy

LZ , L%V, L2”  pase cases

SPL expressions recursively built from those

Idea: Convert a given SPL expression into a “good” SPL expression through
rewriting (structural manipulation)

15

Step 2: Find Manipulation Rules
L;!w - (lﬂ/u®L52)( n/V®IV)
LY — (L’,}@I,,)(In/u@L" )
g = (L L) (1,007 ) (L, oL, eL)

I® Lﬁ"m‘ @I, — L® Lﬁ" SImr Iy ® I—:{m @I

Lolmrel - (Lelf™el (Lol el

Lol 9l o (Iyel2t 9L ) (DLl @l

Manipulation rules = SIMD knowledge in Spiral

L (Im @Anxn)
( I @(I-m @Anx-n) Lmn ) Lﬁnm
Lﬁ;gﬂ. (Ik @ Lmn (Im ®A:"E.Xn)>

N
—
—
AB —
—
—
—
—

L’:W/V ® Iy m/u (Anxn @1, ) Lﬁ”)
Lkm @ In I & Ik @Anxn) Lhn ( Lmng IR’)

Lmn ®Ik Im @ Lkﬂ IR ®Anxn) ( Lf’:;n ®In)

A, lm®|_?" )AL ) (Tn e L3")
W I, @AnXn

? (ln/u®|‘ ) (”/"@L%y)

P Pl
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Example

DFTmn — (DFTh,@L,) T (1, @ DFET,) LR
vec(v) vec(r)

==/mn

- (1_ ©12) (DFTn el oL) T

mn

2 — mn
(o (2ren) (b oLy’ (helden) (DFT.eL)) (L oL3)

vectorized arithmetic
vectorized data accesses

17

Sketch for complexv =2

Vector FFTs In-Register Shuffles Vector FFTs Vector Shuffle

N/

\W/
W/
Vv
Wil

/N /\

JAAN
[\
/A

/N

(((I)I-"I'-g ®I2)T5 (I @DFT2)L3) R ) ® 1-_»)'/;“'(/_, R (Li®12)(Ia® L3) ((DFT2 @12)T3 (I @ DFT2)L3) & l-z)(/,:j,‘ Q1)

18
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Automatically Generate Base Case Library

Goal: Given instruction set, generate base cases
v=4: {L3 Lol 3oL, L5 L8}

. i i 1000000 0]
Idea: Instructions as matrices + search loocoo1000|[7
Y=lo1o000000||z
y = _mm_unpacklo_ps(x0, x1); Loocoo0oo0100]
[10000O0O0O0]_
- . . |01 000O0O0CO0 Ip
y = _mm_shuffle_ps(x0, x1, _MM_SHUFFLE(1,2,1,2)); Y=100001000 |:TF1}
loooo0DoO0O10 0]
y = _mm_shuffle_ps(x@, x1, _MM_SHUFFLE(3,4,3,4)); ‘0010000 01
_|/ooo0o10000 T
Y=loooooo 10|z
loooo0DoO0OO0O 1]
10000000
00001000
8 (1) 8 8 8 El) g 8 yo = _mm_unpacklo_ps(x[@], x[1]);
0 0 1 0 0 0 0 0 yl = _mm_shuffle_ps(x0, x1,
00010000 _MM_SHUFFLE(3,4,3,4)); No base case
00 0DDOO0 10
000 D0O0O0O0 1

19
.o o
Automatically Generate Base Case Library
Goal: Given instruction set, generate base cases
v=4: {3 L3 3ah, 5 L8}
Idea: Instructions as matrices + search (66000350007
Y=lo1o000000||x
y = _mm_unpacklo_ps(x@, x1); LOOOOO10 0]
rt oo o000 0 0] -
y = _mm_shuffle_ps(x@, x1, MM_SHUFFLE(1,2,1,2)); v=106o00S0o0 [j_”}
looooo1aolt™
y = _mm_shuffle_ps(x0, x1, _MM_SHUFFLE(3,4,3,4)); ro o 1000a 01
_|ooo1o0000 Tp
Y=loooooo1o0]||sm
L0 0O OODOOO 1]
1 00 0 00 O0O0
8 (]i 8 8 (1) 8 8 8 y0 = _mm_shuffle_ps(x0, x1,
00 000 100 _MM_SHUFFLE(1,2,1,2)); Lol
8 8 é ? 8 g 8 [D] yl = _mm_shuffle_ps(x0, x1, 22
00 0O0O0OGOTI1oO0 _MM_SHUFFLE(3,4,3,4)); Base case
0 0 0 0 0 0 01
20
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Threading:

DFTms, — ((DFTm@In) TH"(bn @ DFTs) L")
Smples) smp{pi)
+ (DFTw@l) T¢" (ln®DFT,) L&"

S hodecd Y .
G SR s SR

. (a

1) @ L ) (1 @) (DF T 21,

. )
('ea T2 ) (81 DT, ) (L @ ) 1)
& \

GPUs:

k-1
(DFT.) — L][ LE (L1 @DFT: ) (Lo ia (L @ T ) L
—— =0 N
apu(t.c)

gpu(t.e)

k=1 n - I -
= (]‘[ (L2 B} (L1 ®x (DFT, §1) L27) T;)
i shd(te)
"2z p 2 el
2811 yp@x LT RET EL)
sha(te)

m Rigorous, correct by construction
m  Overcomes compiler limitations

Same Approach for Different Paradigms

Vectorization:

(DFTmn) — ((DFTm®1)TH"(lm ®DFTA) Lip")
ety = e e R e )
o) ()

— (BET,eL) (T (n @ OF T LY
wec(r) wec(i) vec(v)
= (e @ LENOF T @ L, B LT
ED Bz
(Lo BB LI,y LD EL) T L HLE G L) OFTu8L))
B

(L @128 W Ty BLE

=

Verilog for FPGAs:

L= s Je—i I &
(DFT.) — [T L (Lea®@DPT, (L (i@ ThS kjL:‘t_\]f%_’,
streami(r) —
stream(r)
kT | o N =t o -
11 L (L1 ®DFT) (Ll @ Tho) L )| RE
=0 stream(e) " stream(re) e stream(r<)
k-1 )
M ¢ (eetaeprr)) T | RE
=0 streami(r+) stream(r*) | stream(re)

21

Organization

Spiral: Basic system
Vectorization
General input size
Results

Final remarks
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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] }
}
}
}

« Algorithm fixed * Algorithm cannot be fixed

. * Recursive code
* Nonrecursive code

* Creates many challenges

23

Challenge: Recursion Steps

Cooley-Tukey FFT

y = (DFTy, @Im)Tp" (I ® DFTy) Ly

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; ++1i)
DFTrec(m, y + m*i, x + i, k, 1);

for (int j=0; j < m; ++j)
DFTscaled(k, y + j, t[jl, m);

24
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>—SPL : Basic Idea

Four additional matrix constructs: 2, G, S, Perm

= X(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
Z-SPL formulas = matrix factorizations

3
Example: ¥y = ([4@ Fo)z — y= ) SpI2Gy @
j=0

25
Find Recursion Step Closure
Voronenko, 2008
{DFT,}
({DFT,, ).} & LT3 (L g ® {DFT LY
k—1 n/k—1
(Z Sp, ADFT, 1.} Gh,—_k) diag(f) [ > Sp,,, {DFT} Gy, , | PErm(éy )
=0 =0
k-1 4 l' n/k—1
Sh, ,{DFT, i} diag(fohiy) Gp,, > Sny {DFT} Gy,
i=0 =0
k-1 n/k—1
{Sh,, DFT, . diag(fohis) G, } > {Sn,,, DFT Ghj)n/k}
i=0 j=0
Repeat until closure
26
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Recursion Step Closure: Examples

DFT: scalar code (like FFTW 2.x)

dft_scaled ——m- dift_scaled_bc

dft_strided

dft_strided_bc

DFT: full-fledged (vectorized and parallel code)

Casel, @ — q@

readed]
"’ @ N <Fars strided dft
v basecase
OpenMP loop of Buffer
scaled dfts N

27

Summary: Complete Automation for Transforms

* Memory hierarchy optimization
Rewriting and search for algorithm selection
Rewriting for loop optimizations

* Vectorization
Rewriting

* Parallelization
Rewriting

* Derivation of library structure
Rewriting

Other methods
general input size library

28
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Organization

Spiral: Basic system
Vectorization
General input size
Results

Final remarks
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DFT on Intel Multicore

Complex DFT (Intel Core i7, 2.66 GHz, 4 cores)
Performance [Gflop/s] vs. input size
18

16
14
12
10

Spiral generated

Intel IPP 6.0

o N B O ®

Spiral generated
(1 thread)

- 16 64 256 1k 4k 16k

64k 256k 1M

DFT, — (DFT.& m)L} N
DT, — £T s Con DT, 6/1)]) (RDFT, 1) 5MB vectorized, threaded,
RDFT, — (15, 2@ (121 @t Do PDF T, (5/K)) | (RDE T @11) . general-size, adaptive library
rDF T, (u) — L3 (4, @ tDF T2, ((i + u)/k)) ({DF Tap () & L) Sp/ra/
30
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Generating 100s of FFTWs

PhD thesis Voronenko, 2009

DOT-3, — DCT-2],

o®

DFTz — F»
DCT-25 — diag(1,1/v2)Fa
DCT-4; — J2Ry3. 5

DCT-4y — Q)5 2y (L2 @ N2 RDFT-3],,) B, (L

L
WHT,, — _111(12»“ Proy O WHT, @1
i=

n/2
k2

DFT, — (DFT.&L,) ThL(L@DFTW)LY, n=km

DFT, — Pu(DFT, @ DFT,.)Q.

DFT, — RI(l; &DFT,_1)Dy(l; & DFT,_1) Ry,
DCT-3, — (L& Jw) L)L, (DCT-3,,(1/4) & DCT-3,,(3/4))

Im Jm—1
(Fz@ln) { Lmesty)s " 2m

DOT-4, — S,DCT-2, diadgep.,(1/(2 cos((2k + 1)7/4n)))

- 1 A -
IMDCToy, — (i ':FlmeLui—.‘Jm)[([ J o.tlw) 2] ([ 1] ® Im)) 42, DCT-43,,

21t

"2

DCT-2,: = P 3, (DOT-200 K37 & (I} 11 @ Noyy RDFT-33,,)] Bu(Lj)3 @

n=km, ged(k,m) =1
p prime

piede k=k1d ke

DFTy — PJC’2.2;;¢ (DFTy,, & (Fry21 @ Uzml‘DFTZm(h’k))) (RDFTi~ @),k even,
o, o DrT ) (0T
n T o N 2m i/ ¥ o .
puT, |~ Pzm @2 | 'ppra, | # | Te2-1 @i D2 ipprs, (k) pur, | @ Im | keven,
DHT, DHTS,, rDHTa,, (i/k) DHT),
TDFT2,(u)| , pon (f o [FDFTan((i +u)/k) || (|DFTo(u)| o
yDHTo, ()| 200 | % &1 DHTS,, (G + w)/8) ) | [rDE Ty, () © 1)

RDFT-8, (@] 15, @ 12) ), ©; 'DFT2,,) (i + 1/2)/k)) (RDFT-8; 01} . k even,
12)(Lin @ RDFTQ,, 12 5.0

@ 12) (I @ RDFT-31)Q,, /0 4

31
Generating 100s of FFTWs
PhD thesis Voronenko, 2009
Code size
Transform non-parallelized parallelized
no vectorization
DFT 13.1 KLOC / 0.59 MB  10.3 KLOC / 0.45 MB
RDFT 85 KLOC /0.36 MB 8.8 KLOC / 0.39 MB
DHT 9.1 KLOC / 0.40 MB 9.4 KLOC / 0.39 MB
DCT-2 12.0 KLOC / 0.55 MB 124 KLOC / 0.57 MB
DCT-3 12.0 KLOC / 0.56 MB 123 KLOC / 0.59 MB
DCT-4 6.8 KLOC /033 MB 7.1 KLOC / 0.35 MB
WHT 5.6 KLOC / 0.21 MB
2-way vectorization
DFT 14.8 KLOC / 0.73 MB  15.0 KLOC / 0.74 MB
RDFT 15.6 KLOC / 0.76 MB  16.0 KLOC / 0.81 MB
scaled RDFT 16.0 KLOC / 0.78 MB
DHT 16.9 KLOC / 0.83 MB 172 KLOC / 0.87 MB
DCT-2 20.7 KLOC / 1.10 MB  21.0 KLOC / 1.09 MB
DCT-3 27.9 KLOC / 1.56 MB  28.2 KLOC / 1.59 MB
DCT-4 78 KLOC / 0.47 MB 8.1 KLOC / 0.50 MB
WHT 6.9 KLOC /032 MB 5.8 KLOC / 0.26 MB
FIR Filter 167 KLOC / 7.75 MB 120 KLOC / 5.12 MB
Downsampled FIR Filter 100 KLOC / 4.2 MB 68 KLOC /2.76 MB
j-way vectorization
DFT 17.9 KLOC / 1.09 MB 182 KLOC / 1.11 MB
RDFT 16.2 KLOC / 0.86 MB  16.5 KLOC / 0.91 MB
scaled RDFT 16.5 KLOC / 0.88 MB
DHT 17.9 KLOC / 1.02 MB 183 KLOC / 1.04 MB
DCT-2 23.3 KLOC / 1.50 MB  23.6 KLOC / 1.53 MB
DCT-3 32.0 KLOC /2,17 MB  32.3 KLOC / 2.20 MB
DCT-4 83 KLOC /0.63 MB 8.6 KLOC / 0.66 MB
WHT 85 KLOC /0.53 MB 6.9 KLOC / 0.4 MB
2D DFT 20.6 KLOC / 1.32 MB  20.8 KLOC / 1.33 MB
2D DCT-2 27.0 KLOC / 2.1 MB 27.2 KLOC / 2.11 MB
FIR Filter 109 KLOC / 5.69 MB 74 KLOC / 3.44 MB
Downsampled FIR Filter 151 KLOC / 7.7 MB 92 KLOC / 4.61 MB
32
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Generating 100s of FFTWs

PhD thesis Voronenko, 2009

33

Computer generated Functions for Intel IPP 6.0

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.

34
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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
I L

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

BlueGene/P node cards and racks

2010 HPC Challenge Class | Award, Almasi et al.

35

Organization

Spiral: Basic system
Vectorization
General input size
Results

Final remarks
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Spiral: Summary

Spiral:

Successful approach to automating
the development of computing software

Commercial proof-of-concept

_,L;. P |

Key ideas:
Algorithm knowledge:
Domain specific symbolic representation

Platform knowledge:
Tagged rewrite rules, SIMD specification

DFTg,

!

void dft6d (float *¥, float *X)
_ms12 U912, U913, USLA, U9, ...
2155;

2153 = ((_ms12 %) X); s1107 = *(a2153)
51108 = *({a2153 + 4));  £1323 = mnm512_add_ps (s1107,51108) ;
1324 = _nm512_sub_ps (s1107,51108)
<many more lines>
0926 = _mmS12_swizupconv_r32(.)
51121 = _mn51Z_madd231_ps (_mm512 mul_ps (_mmS12_mask_or

_mnS12 1  » _or_pi (
_nmS12_set_1tols_ps (0.70710678118654757) ,0xARA, a2154 ,0926) , £1341) ,

512 mask_sub_ps (_mmS12_set_ltol6_ps (0.70710678118654757) ,.) ,
mnnS12_swizupconv_r32 (£1341, WM_SWIZ_REG_CDAB) ) ;

U927 = _mm512_swizupcony_r32
<many more Tines>

DFT,; — (DFT® 1) T4(l,  DFT,) LS

L ®An — Tp @) (L, ®An)
smp(p,u)
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Glimpse of other topics ...
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LGen: Generator for Basic Linear Algebra
Spampinato & P, CGO 2014

y=z'(A+B)y+3

1 !

Algorithm: Tiling decision and propagation

BLAC

vectorization

(t) [v=2"(A+ B)y + 9]
2.3
Mgorithm s~ 5.5, (G4GiAG;Gy) (GyGya) ... locality
(2-LL) i optimization
SlltEEn e Tl code style
t0_57 0 = A[0];
t0_56_0 = A[1]; code level
1059 0 = t0.57 0 + t0_33.0; optimization

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>

39

LGen: Sample Results

C = aAB + pC

6Perl‘ormance [f/c]
generated

R
R R od)

MKLQ\ d \oopﬂb,od o
®

Lk

%poa x M e
tk ot #

/ v BTO

0
2 8 14 20 26 32 38 44 50 56 62 68 74 80 86
n [Float]

Ac RnX4
B e R

C = a(Ao+ A1) B+ BC

6 Performance [f/c] generated

LGen

Handwritten fixed size
Handwritten gen size
MKL 11.0

Eigen 3.1.3

BTO 1.3
IPP 7.1

2 120 238 356 474 592 710 828 946
n [Float]

AO c R4X4
B e R
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PL Support: Example Code Style

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

}

SPL y = (I, ® DFT3)z
Data flow graph
Yo T DFET. 0
Y1 — —
Y2 — —
DFT
Y3 f— 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)
¥

41

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

def f(x: Array[Rep[Double]], scalarized
y: Array[Rep[Double]]) = { - . t0 = s@ + si;
for (i <- @ until 2) { ,\\(/' = e t1 = 50 - s1;
y(2*i) = x(i%2) + x(i*2+1) [ [ 12 - 52 + s3;
y(2*itl) = x(i*2) - x(i*2+1) w0 = Pliaten,as) 4= atan, 1) G- P e 5 - Az, 181 2 = 52 - 35
}
}

unrolled, scalar repl.

t0 = x[0];

t1 = x[1];
def f(x: Rep[Array[Double]], tie; ‘i_:@t;'tl;
y: Rep[Array[Double]]) = { {3 - ‘;0 —)tl
for (i <- @ until 2) { [15 - 3 2

y(2*i) = x(i*2) + x(i*2+1) {4 4 ;[0]{

X o i . = 8

y(2*i+1) = x(i*2) x(1*2+1) 5 = x[1];
} t6 = t4 + x5;

y[e] = t6;
t7 = t4 - x5;

y[3] = t7;

looped, scalar repl.
Leop(d, 8, 2) i

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

y: Rep[Array[Double]]) = { / to = 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(te,t1) 5 = Minus(te,t1) y[i] = t2;
t3 = to - ti;
} update(y, i,t2) y[i+1] = t3;

updatel(y,i+1,t3)
‘\\ }

¥
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Staging enables program generation

Abstracting over code style =
abstracting over staging decisions

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

43
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Straightforward implementations often underperform
by an order of magnitude, even if single-threaded

Algorithms
Software
Compilers

Microarchitecture

performance

Performance is different than other software quality features

© Markus Piischel ETH
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Research Questions

How to port performance?

How to automate the production of fastest numerical code?
Domain-specific languages
Rewriting

Compilers

Machine Learning

What program language features help with program generation for
performance?

What environment should be used to build such generators?
How to formalize the mapping to fast code?
How to handle various forms of parallelism?

How to integrate into standard work flows?

© Markus Piischel ETH Advanced Systems Lab
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