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High-performance programming
requires low-level control




This talk

Halide: user scheduling for safe,
productive high performance

User-schedulable languages 2.0



Performance
What is It?

Where does it come from?
Why do we care?
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Visual computing and

spatiotemporal data
are everywhere




Visual computing
demands orders of
magnitude more
computation




Rendering:
Insatiable demand for computation

Modern game Tintin, Avatar
2 Mpixels 8 Mpixels
10 Mpolys 5 Gpolys
15 ms/frame 5 hrs/frame
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The biggest data is visual

YouTube: 400 hrs uploaded / min
Brewer 2010]

1.5 Terapixels/sec

You'lTube

250 M survelillance cameras
2.5 B cell phone cameras, ...

SQUARE

PHOTO

VIDEO




Visual data analysis IS expensive

One object detection neural net:
250 Watt GPU — 0.25 megapixels at video rate

volo-v3 on Tesla V100



Programmer productivity has exploded

@
React
‘ Firebase

amazZon

webservices™

2010s



Building high-performance systems
IS harder than ever

1SO 400 20 mm /1.7 1/20 sec
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My group’s research:

Compilers, systems, architectures, and algorithms
for high-performance graphics & visual computing.

= —

NEEY o |

P applications
Reorganize computations & data  data structures

Capture & control dependencies languages

- . . . compilers
Define & exploit domain-specific g
structure hardware




How can we increase
performance and efficiency?

Parallelism
“Moore’s law” scaling requires
exponentially more parallelism.

Locality
Data should move as little as possible.



Communication dominates computation
In both energy and time

Operation Energy/Op Cost
(32-bit operands) (28 nm) (vs. ALU)
ALU op 1pJ -

Load from SRAM 5 pJ 5x
Move 10mm on-chip 32 pd 32X
Send off-chip 500 pJ 500x
Send to DRAM 1nJ 1,000x
Send over LTE > 50 pd | 50,000,000x

data from John Brunhaver, Bill Dally, Mark Horowitz



Message #1: Performance requires
complex tradeoffs

amount of .
communication

7~ N
work
(locality)

serial
dependence

(parallelism)



Where does performance come from?

Program

Hardware



Message #2: organization of computation
IS a first-class issue

Program:

Algorithm

Brggramation of
computation

Hardware



Reference:
300 lines C++

& ~ A

1SO 400 20 mm /1.7 1/20 sec

PHARS N

Adobe: 1500 lines e
3 months of work S
10x faster (vs. reference) o
Same algorithm, i
Different organization [
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Global reorganization breaks modularity

COPY COPY

i

LTy

level size SUB DDA ADD
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. The algonthm uses 8 pyramid levels s




| SIGGRAPH 2012,

Halide PLDI 2013,

: SIGG ,
a language and compiler ACM 2017,

: ' . SIGGRAPH 2018,
with decoupled organization SIGGRAPH 2019

OOPSLA 2021... ]
Algorithm VRN

locality

work
Organization of tradeoff I
computation anguages

Hardware .
parallelism



Algorithm vs. Organization: 3x3 blur

(int x = 7; x < input.width(); Xx++)
(int y = 7; y < input.height(); y++)
blurH(x, y) = (input(x-', y) + input(x, y) + input(x+', y))/ ;

(int x = 7; X < input.width(); x++)
(int y = 7; y < input.height(); y++)
blurV(x, y) = (blurH(x, y-') + blurH(x, y) + blurH(x, y+'))/ ;



Algorithm vs. Organization: 3x3 blur

(int y = 7; y < input.height(); y++)
(int x = 7; x < input.width(); Xx++)
blurH(x, y) = (input(x-', y) + input(x, y) + input(x+', y))/ ;

(int y = 7; y < input.height(); y++)

(int x = 7; X < input.width(); x++)
blurV(x, y) = (blurH(x, y-') + blurH(x, y) + blurH(x, y+'))/ ;

Same algorithm, different organization
One of them is 15x faster



Algorithm vs. Organization: 3x3 blur

< input.height(); y++)
X < input.width(); x++)
(input(x-7, y) + input(x, y) + input(x+', y))/ ;

(int y = 3
(int x =
blurH(x, y)

e <

< input.height(); y++)
X < input.width(); x++)
(blurH(x, y-7) + blurH(x, y) + blurH(x, y+'))/ ;

(int y = 3
(int x =
blurV(x, y)

e <



Hand-optimized C++

8 — 0.25 ms/megapixel

void box_filter_3x3(const Image &in, Image &blury) {
~ m128i one_third = mm _setl epil6( );

(int yTile = 7; yTile < in.height(); yTile += ) {
~_ml28i a, b, c, sum, avg;
~ m1281i blurx[( “c/)*(2+7)]; // allocate tile blurx array

(int xTile = 7; xTile < in.width(); xTile += ) {
__m1281i *blurxPtr = blurx;
(int y = -75 y < 2475 y++) {
const uintl6 t *inPtr = &(in[yTile+y][xTile]);
(int x = 7; x < ; X 4= ) {
a = mm loadu sil128((_ml128i*)(inPtr-1));
b = mm loadu sil128((_m128i*)(inPtr+'));

c = _mm_load sil28((__m128i*)(inPtr));
sum = mm_add epil6( _mm _add epilé(a, b), c);
avg = mm _mulhi epil6é(sum, one_third);

_mm_store sil28(blurxPtr++, avg);

inPtr += -
3}
blurxPtr = blurx;

(int y = 75 y < 275 y++) {
~ m128i *outPtr = (_ m128i *)(&(blury[yTile+y][xTile]));
(int x = 7; x < ; X += ) {

a = _mm_load_sil28(blurxPtr+( * °0)/);
b = _mm_load_sil28(blurxPtr+ -c/);
c = mm_load sil28(blurxPtr++);

sum = ~mm_add _epil6( mm add epilé(a, b), c);
avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_sil28(outPtr++, avg);

Prii}

30x faster
(dual core x86)
Tiled, fused
\Vectorizea
Multithreaded

Redundant
computation

Near roof-line
optimum



Traditional languages conflate algorithm & organization

void box filter 3x3(const Image &in, Image &blurV) { void box_ filter 3x3(const Image &in, Image &blurV) {
_ _m128i one_third = mm_setl epil6( ) Image blurH(in.width(), in.height());
(int yTile = 7; yTile < in.height(); yTile += ) { (int y = 7; y < in.height(); y++)
__ml28i a, b, c, sum, avg; (int x = 7; x < in.width(); x++)
~_m128i blurH[( /8)*¥(32+2)]; // allocate tile blurH array blurH(x, y) = (in(x-7, y) + in(x, y) + in(x+', y))/ ;
(int xTile = 7; xTile < in.width(); xTile += ) {
__m128i *blurHPtr = blurH; (int y = 7; y < in.height(); y++)
(inty = -7; y < +1; y++) { (int x = 7; x < in.width(); x++)
const uintlée_t *inPtr = &(in[yTile+y][xTile]); blurV(x, y) = (blurH(x, y-7) + blurH(x, y) + blurH(x, y+1))/ ;
(int x = 7; x < ; X += ) { }
a = _mm _loadu sil28((_ml128i*)(inPtr-1));
b = mm loadu sil28((_m128i*)(inPtr+1));
c = _mm_load si128((__m128i*)(inPtr));

sum = mm_add epil6( _mm_add epilé(a, b), c);
avg = _mm_mulhi_epil6(sum, one_third);

_mm_store_sil28(blurHPtr++, avg); u n read ab ‘ e
inPtr += -

}}
blurHPtr = blurH;

_rfli;;ly*:utlgt)r( z (_,m?l./;;i i)(&(blur'V[yTile+y][xTile])); arCh iteCtu re_SpeCifiC

(int x = 7; x < 3 x += ) A
a = _mm_load_si128(blurHPtr+( * -0)/);
b = _mm_load_sil28(blurHPtr+ -©/%);
C

SRR e hard to change organization

avg = _mm _mulhi epil6(sum, one_third);

) _mm_store_sil28(outPtr++, avg); 0/’ a‘gorithm



Optimized 3x3 blur in C++

void box filter 3x3(const Image &in, Image &blurV) {
~_ml128i one_third = mm_setl epilé6(

parallelism
(int.yTile = 0; yTile < in.height ] ]
:mggi Eiut)'lil[(’ SL/”n) ?Vg:r )]; // allocate tile blurH array dIStrIbUte acrOSS threads

(int xTile = 7; xTile < in.width(); xTile += ) {

_wizes tonureer bk SIMD parallel vectors

const uintl6 _t *inPtr = &(in[yTile+y][xTile]);
(int x = 7; x < ; X += ) {
= mm_loadu sil28((_ml128i*)(inPtr-1));
= mm_loadu sil28((_m128i*)(inPtr+1));
= mm_load sil28((__ml128i*)(inPtr));
sum = _mm_add epil6( _mm_add epilé(a, b), c);
avg = mm_mulhi epil6é(sum, one third);
_mm_store _sil28(blurHPtr++, avg);
inPtr += ;
1}
blurHPtr = blurH;
(inty = 75 y < 75 y++) |
__m128i *outPtr = (__m128i *)(&(blurV[yTile+y]
(int x = 7; x < ; X += ) {
a = _mm _load sil28(blurHPtr+( * )/);
b = mm load sil28(blurHPtr+ °7/7);
c = _mm_load sil28(blurHPtr++);

Nn C L

sum = mm_add epil6( _mm_add epilé(a, b), c);
avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_sil28(outPtr++, avg);

Prrr)



Optimized 3x3 blur in C++

void box filter 3x3(const Image &in, Image &blurV) {
~_m128i one_third = mm_setl epilé6( );

(int yTile = ; yTile < in.height(); yTile += ) {
__m128i a, b, ¢, sum, avg;
__m128i blurH[( / )*( + )]; // allocate tile blurH array

(int xTile = ; xTile < in.width(); xTile += ) {
__m128i *blurHPtr = blurH;
(inty = -y < +; y++t) {
const uintl6 t *inPtr = &(in[yTile+y][xTile]);
(int x = ; x < ; X += ) {
a = _mm _loadu sil28((_ml128i*)(inPtr-1)); u
b = mm loadu sil28((_m128i*)(inPtr+1)); Iocallt
c = _mm_load si128((__m128i*)(inPtr));

sum = mm_add epil6( _mm_add epilé(a, b), c);

PRt i reorganize computation:

inPtr += 5

t};iur‘HPtr‘ = blurH; fuse tWO blurs,

(inty = ; y < 5 y++) { . .
~ m128i *outPtr = (__m128i *)(&(blurV[yTile+y][xTile])); 't 't |
(int x = ; x < y X 4= ) { COmpueIn IeS

a = _mm_load sil128(blurHPtr+( * "7)/%);

b = mm _load sil28(blurHPtr+ °0/7);

c = _mm_load_sil128(blurHPtr++);

sum = mm_add epil6( _mm_add epilé(a, b), c);

avg = _mm_mulhi epil6(sum, one_third);

_mm_store _sil28(outPtr++, avg);

Prrr)



(Re)organizing computation is hard

Optimizing parallelism, locality requires
transforming program & data structure.

What transformations are /egal?

What transformations are beneficial?

libraries don’t solve this:

cuDNN, BLAS, MKL, OpenCV...
optimized kernels compose into inefficient pipelines (no fusion)



Halide’s answer:
decouple algorithm from schedule

Algorithm: what s computed
Schedule: where and when it's computed



The algorithm defines pipelines as pure functions

Pipeline stages are functions from coordinates to values

Execution order and storage are unspecified
no explicit loops or arrays

3x3 blur as a Halide algorithm:
blurH(Xx, Vy) (input(x-1, y) + input(x, y) + input(x+1, y))/3;
blurV(x, V) (blurH(x, y-1) + blurH(x, y) + blurH(x, y+1))/3;




Domain scope
of the programming model

All computation is over regular grids (“tensors”)

Only feed-forward pipelines

1[1] . . .
lterative computations are a (partial) escape hatch

Turing

complete Iteration must have bounded depth

Dependence must be inferable
User-defined clamping can impose tight bounds, when needed

Long, heterogeneous pipelines
Complex graphs, deeper than traditional stencil computations



HOW can we organize
this computation?



Organizing a data-parallel pipeline

input

[ lﬂgﬂi ]

[ blurV ]




Simple loops execute breadth-first across stages

input

[ lﬂgﬂi ]

[ blurV ]




Simple loops execute breadth-first across stages

input

[ tﬂgﬂi ]

[ blurV J




Breadth-first execution sacrifices locality

input
v
( buH | [ EEEN..] writeto memory
v
[ blurV ] ... HEEMN ... read from memory

locality




Breadth-first execution sacrifices locality

input
4
" bluH | ...EHEE3. localityis a
v . function of
[ blurV J oL ... reuse distance

locality

parallelism



Interleaved execution (fusion) improves locality

input e ... reduce reuse
v distance from
fusion globally [ blurH J . [FF] 3] ~» producer
T CHEEVES v to

computation [ blurV J consumer

locality

parallelism



Understanding dependencies

[ blurH ]
[ blzrv J W)




Stencils have overlapping dependencies

[ blurh ] |
[ blzrv J }ﬂﬁ-[w




Sliding window execution sacrifices parallelism

input

~ blurH | f flxed order,
v constrains
~ bluv parallelism

short reuse dlstance
locality

parallelism



Breaking dependencies with tiling

s e Y} () 1

[ blurV ]

locality

parallelism



Decoupled tiles optimize parallelism & locality

[ qurH ] R‘ 7
qurV / /E IXZ
short reuse distance mdependence

locality

parallelism



Breaking dependencies introduces redundant work

— gV (RN

[ blurV ]

locality

parallelism



Breaking dependencies introduces redundant work

~ blurH | |
[ blzrv ] K;j}"l) Kda}
redundant ‘/\ ocality

parallelism



Message #1: performance requires tradeoffs

trade off with
granularity of fusion

locality

qurH ]

v~ N
redundant
K@G j work

g

qurV

parallelism

trade off by
constraining order



Message #2: algorithm vs. organization

—>: | |: “D{I <> algorithm

order and interleaving
radically alter performance
of the same algorithm



Dependencies [imit choices of organization

blurH

blurV

e

<«— dependencies




A language of schedules



The schedule defines intra-stage order, inter-stage interleaving

For each stage:

Input
1) In what order should we
compute its values?
2) When should we blurH
compute its inputs? | lI'r J
This 1s a language for

scheduling choices. _ blurvy




The schedule defines intra-stage order, inter-stage interleaving

Input

/\ |
work locality
|
[ blurH ]
parallelism |

[ blurV ]




Tradeoff space modeled by granularity of interleaving

coarse Interleaving
low locality

compute
granularity

fine interleaving
high locality

redundant ~ storage no redundant
computation granularity computation




Tradeoff space modeled by granularity of interleaving

breadth-first

coarse Interleaving “_ execution

low locality

VARVARVARVALY

compute
granularity

blurH.compute at(root)
.store_at(root)

fine Interleaving
high locality

redundant  storage No redundant
computation granularity computation



Tradeoff space modeled by granularity of interleaving

redundant
work

coarse Interleaving
low locality

’V

compute | iotal
granularity| fusion

blurH.compute at(blurVv, x)
.store_at(blurv, x)

fine Interleaving
gllelg \ooa\ity‘

redundant  storage No redundant
computation granularity computation



Tradeoff space modeled by granularity of interleaving

coarse Interleaving

low locality parallelism
.
compute )
granularity

blurH.compute at(blurVv, x)
.store_at(root)

sliding window

fine Interleaving ‘ - fusion

high locality

redundant  storage No redundant
computation granularity computation



Tradeoff space modeled by granularity of interleaving

redundant

work
N
\ &

5 [

coarse Interleaving

low locality mgi-cl)envel

compute
granularity

‘ blurv.tile(xo, yo,

Xi, yi,
W, H)
blurH.compute at(blurV, xo)
.store_at(blurV, xo)

fine Interleaving

high locality

redundant  storage No redundant
computation granularity computation




Tradeoff space modeled by granularity of interleaving

coarse Interleaving
low locality

parallel

sliding windows enlarged
coarse-grained sliding window
compute | parallelism fine-grained

dCross WiNnGews ‘

O

data-parallelism

granularity within window

parallel enlarged

fine Interleaving sliding windows

high locality (M
redundant  storage No redundant
computation granularity computation




Schedule primitives compose to create many organizations

Ip blurH blurV N blurH blurV Ig blurH blurV
redundant locality redundant locality redundant locality
work work work
parallelism parallelism parallelism
blurH.compute_at(blurVv, y)
Ig blurH blurV N blurH blurV Ip blurH blurV
redundant locality redundant locality redundant locality
work work work

parallelism

parallelism

parallelism



Schedule primitives compose to create many organizations

void box filter 3x3(const Image &in, Image &blurV) {
~ _ml128i one _third = mm_setl epilé6( );

(int yTile = 7; yTile < in.height(); yTile += ) {

~_ml28i a, b, c, sum, avg;
~_m128i blurH][( /)*¥(2+7)]; // allocate tile blurH array

(int xTile = 7; xTile < in.width(); xTile += ) {

__m1281i *blurHPtr = blurH;
(int y = -5y < 2+ y++) |
const uintl6e _t *inPtr = &(in[yTile+y][xTile]);
(int x = 7; x < ; X += ) {

= mm_loadu sil128((__m128i*)(inPtr-1));
= mm_loadu sil128((__m128i*)(inPtr+1));
= mm_load sil28((__ml128i*)(inPtr));

N C L

sum = mm_add epil6(_mm _add epilé(a, b), c);

avg = mm _mulhi epil6(sum, one_third);
_mm_store_sil28(blurHPtr++, avg);

blurH.compute_at(blurV, Xx) inPtr += °;

.vectorize(x, 4) 3

blurHPtr = blurH;
blurV.tile(x xi, yi, 8, 8 (IIE 37 = 08 77 € 208 P o
(11 Y > ¥, 8, 8) ~ _m128i *outPtr = (__m128i *)(&(blurV[yTile+y][xTile]));
.parallel(y) (int x = 7; x < ; X += ) A

.vectorize(xi, 4) = mm_load sil1l28(blurHPtr+( * )/ ) ;

a
b = _mm_load_sil128(blurHPtr+ -c/%);
c = mm_load sil28(blurHPtr++);

sum = mm_add epil6( mm_add epil6(a, b), c);
avg = _mm_mulhi_epil6é(sum, one_third);
_mm_store_sil28(outPtr++, avg);

redundant

locality
work

parallelism



The Schedule defines a loop nest to compute the pipeline

blurH(x, y)
blurV(x, vy)

(in(x-1, y) + in(x, y) + in(x+1, y))/3;
(blurH(x, y-1) + blurH(x, y) + blurH(x, y+1))/3;

blurV.tile(x, y, xo, yo, xi, yi, 32, 32);

// for each tile
for blurV.yo:
for blurV.xo:

// for pixel in tile
for blurV.yi:
for blurV.xi:
compute blurV



The Schedule defines a loop nest to compute the pipeline

blurH(x, y) = (in(x-1, y) + in(x, y) + in(x+1, y))/3;
blurV(x, y) = (blurH(x, y-7) + blurH(x, y) + blurH(x, y+7))/;

blurV.tile(x, y, xo, yo, xi, yi, 256, 32);
blurH.compute at(blurV, xo);

// for each tile compute here
for blurV.yo:
for blurV.xo:

// for pixel in tile
for blurV.yi:
for blurV.xi:
compute blurV



The Schedule defines a loop nest to compute the pipeline

blurH(x, y) = (in(x-1, y) + in(x, y) + in(x+1, y))/3;
blurV(x, y) = (blurH(x, y-1) + blurH(x, y) + blurH(x, y+1))/3;

blurV.tile(x, y, xo, yo, xi, yi, 256, 32);
blurH.compute at(blurV, xo);

// for each tile
for blurV.yo:

for blur\(.xo: | | compute here
// for pixel in required fCiic
for blurH.y:

for blurH.x:

compute blurH
// for pixel 1n tile
for blurV.yi:
for blurV.xi:
compute blurV



The Schedule defines a loop nest to compute the pipeline

blurH(x, y) = (in(x-1, y) + in(x, y) + in(x+1, y))/3;
blurV(x, y) = (blurH(x, y-1) + blurH(x, y) + blurH(x, y+1))/3;

blurV.tile(x, y, xo, yo, xi, yi, 256, 32).parallel(yo);
blurH.compute at(blurV, xo).vectorize(x, 8);

// for each tile
parallel for blurV.yo:
for blurV.xo:
// for pixel 1n required tile
for blurH.y:
vec for blurH.x:
compute blurH<8>
// for pixel in tile
for blurV.yi:
for blurV.xi:
compute blurV



Halide

0.25 ms/megapixel

Func box filter 3x3(Func in) {
Func blurH, blurV;
Var x, vy, Xi, vyi;

// The algorithm - no storage, order
blurH(x, y) = (in(x-1, y) + in(x, y) + in(x+1, y))/3;
blurV(x, y) = (blurH(x, y-1) + blurH(x, y) + blurH(x, y+1))/3;

// The schedule - defines order, locality; implies storage
blurV.tile(x, y, xi, yi, 256, 32)

.vectorize(xi, 8).parallel(y);
blurH.compute at(blurV, x).store at(blurV, x).vectorize(x, &);

return blurV;



Halide C++

0.25 ms/megapixel 0.25 ms/megapixel

Func box filter 3x3(Func in) { void box filter 3x3(const Image &in, Image &blurV) {
Func blurH, blurV; ~_ml128i one_third = mm_setl epilé6( );
Var X, y, Xi, yi;
(int yTile = 7; yTile < in.height(); yTile += ) {
~_m128i a, b, ¢, sum, avg;

blurH(x, y) = (in(x-1, y) + in(x, y) + in(x+1, y))/3; ~ m1281i blurH[ (- “c/)*( 2+7)]; // allocate tile blurH array
blurV(x, y) = (blurH(x, y-1) + blurH(x, y) + blurH(x, y+1))/3; (int xTile = 7; xTile < in.width(); xTile += ) {
__m128i1i *blurHPtr = blurH;
(int y = -7 y < 2+ y++) |
blurV.tile(x, y, xi, yi, , ) const uintl6 _t *inPtr = &(in[yTile+y][xTile]);
.vectorize(xi, 8).parallel(y); (int x = 7; X < ; X += ) A

blurH.compute at(blurV, x).store at(blurV, x).vectorize(x, &8); a = _mm loadu sil128((__m128i*)(inPtr-1));

b = mm loadu si128((__m128i*)(inPtr+1));
return blurV; c = mm_load si128((_ml128i*)(inPtr));

} sum = mm_add epil6( _mm _add epil6(a, b), c);
avg = mm _mulhi epil6é(sum, one_third);

_mm_store_sil28(blurHPtr++, avg);

inPtr += °;
)
blurHPtr = blurH;

(int y = 75 y < 775 y++) {
_ m128i *outPtr = (_ m128i *)(&(blurV[yTile+y][xTile]));
(int x = 7; X < ; X += ) A

= _mm_load_si128(blurHPtr+( * "0)/);
_mm_load_sil128(blurHPtr+ -c/%);
= _mm_load_si128(blurHPtr++);
sum = _mm_add_epil6(_mm_add_epil6(a, b), c);
avg = _mm_mulhi_epil6é(sum, one_third);
mm_store sil28(outPtr++, avg);

N C QL
|



Organization requires global tradeoffs

LUT: look-up table UP: upsample
O(x,y,k) <= lut(I(x,y) - ko) T (2x,2y) < I(x,y)
I<T ® [1331]
OeTz®y[133 1]

LUT

level size
w X h

ADD: addition
O(x,y) <= L(x,y) + L(x,y)

DOWN: downsample
T, < 1® [1331]

DOW
W h
2

)
SUP ADD
‘ H - E

bOWN} )UP DOWN UP\
[ » The abg]orl m usesl8 pyramld Ievels- D}'?“: g;:f(}d(ep?;'ﬂ?nt access
< 1xay

\ a<({(xy/o)-k
O(xy) <= (I-a) I(x.y,k) + o I(x.,y,k+1)

SUB: subtraction I,<T ®/[1331]
O(xy) <= I (x)y) - L(x,y) O(x,y) <= T,(2x,2y)

acian filters
xofalteret al. 2011

local Lapl

PadX3 DD




Adobe: 1500 lines Local Laplacian Filters

expert-tuned C++ in Adobe Photoshop
multi-threaded, SSE —

3 months of work
10x faster than original C++

Halide: 60 lines
1 day

Halide vs. Adobe:
2X faster on same GCPU
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multi-threaded, SSE
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Adobe: 1500 lines

expert-tuned C++
multi-threaded, SSE

3 months of work

10x faster than original C++

Halide: 60 lines

1 day DOW? s | _]D_OW’N. ~
W SUB DDA - ADD
Halide vs. Adobe: - AT p o 'UP,\I
2X faSter On Same CPU :The algol;ithm use%prram:id IeveIsE
| / 4 \
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Real-world adoption

open source at http://halide-lang.org

Goodal
> Zoooczigzlines Yo u Tu he

10s of KLOC In pl‘OdUCthn Tensor @ Comprehensions
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http://halide-lang.org

User-schedulable languages
are spreading

HALIDE S8tvm




Programming New HW
& Verifying Optimizations

[PLDI 2022 + POPL 2022]



Intel MKL @& Neural Engine
CoreML GraphCore IPU
BLAS 9 NVIDIA GPU
cuDNN Google TPU

o
-

Performance
Engineers




The ML Stack

Applications / Models

Framework / Compiler

HPC Library
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95%+ of computation
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Applications / Models

Framework » Compiler

HPC Library

Usual Hardware

Accelerator




The ML-Staele

Consequence 1: Portability Interface

Applications / Models

GEMM,

Framework / Compiler Conv2d.,
etc.

HPC Library

Accelerators Usual Hardware
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Consequence 1: Portability Interface
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The ML-Staele

Consequence 2: HPC Libs are on “Critical Path”

Applications / Models

GEMM,

Framework / Compiler Conv2d.,
etc.

HPC Library ISA

Accelerators Usual Hardware




The ML-Staele

Applications / Models
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HPC Library




What’s Special About Writing HPC Libraries?
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What’s Special About Writing HPC Libraries?

Usual Programs HPC Libraries
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The Trouble With Automation

HPC Libraries

APl Specification LU
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The Trouble With Automation
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Exocompilation

a compiler/language design that externalizes parts of the
compiler In order to give programmers more control



Exocompilation

a compiler/language design that externalizes parts of the
compiler in order to give programmers more control

HW Targets as
Libraries

User Scheduling




EXOo code

def gemm(N : size, M : size, K : size,
A : f32[N,K], B : f32[K,M], C : £f32[N,M]
) ¢
for 1 i1n seq(0,N):
for 3 in seq(0,M):
for k 1n seq(0,K):
C[i,3] += A[i,k] * B[k,]]

“basically C”

—y—=



Performance Gains from Scheduling

0.94% of peak

def gemm(N
A

size, M
f32[N,K]

for 1 in seq(0,N)
for jJ in seq(0,M):

size, K :
B : f32[K,M],

-

for k in seq(0,K):

size,

C : £32[N,M]

C[i,J] += A[1,k] * B[k,]]

Naive Matrix Multiply

O

throughput

88.1%
f peak

Matrix Multiply

ptimized for AVX-512

throughput

x512_6x4(K: size, A: [f32][6, K] @ DRAM,
B: [f32][K, 64] @ DRAM, C: [f32][6, 64] @ DRAM):

assert

assert

assert ride(C,

C_reg: R[6, 4, 16] @ AVX512

for jo in par(
mm512_loadu_|
for k in par

C_regli, jo, 0:16], C[i, 16 * jo:16 * jo + 16])

N
@ AVX512
os(A_vec, Ali, k:k + 1])
par(0, 4):
: R[16] @ AVX512
12_loadu_ps(B_vec[0:16], B[k, 16 * jo:16 * jo + 16]
fi _ps(A_vec, B_vec, C_regli, jo, 0:16])
for i in par
for jo in par
mm512_storeu_ps(C[i, 16 * jo:16 * jo + 16], C_regl[i, jo, 0:16])

@proc
def bottom_panel cheduled(M: size, K: size, A: [f32][M, K] @ DRAM,
B: [f32][K, 64] @ DRAM,
C: [f32][M, 64] @ DRAM):
assert
assert
assert
assert
assert stride(C, 1)
assert M < 6
i 1

_kernel_avx512_1x4(K, Al0:1, 0:K], B[0:K, 4], Clo:1, 0:64])

, 0:K1, Bl[o:K, 0:64], C[0:2, 0:64])

sgemm_kernel 0:3, 0:K], B[o:K, 0:64], C[0:3,
0:64])

else:

0:K], B[0:K, 0:64],
64])

sgemm_kernel_avx512_5x4(K, A[0:5 K], B[0:K, 0:64]
cle )
[ ET-H
for k in par(0, K):
for i in par(
for j in
cli, jl

N
Ali, k] * B[k, jl

@proc
def right_panel_kernel_sc {(N: size, K: size, A: [f32][6, K] @ DRAM,
B: [f32][K, N] @ DRAM, C: [f32][6, N] @ DRAM):
assert
assert
assert
assert
assert
assert

16] @ AVX512
16] @ AVX512

du_ps(N, C_reg_1[i, 0:16], C[i, @:N])

for i in par(0, 6):
A_reg2: R[16] @ AVX512
n512_mask_setl_ps(N, A_reg2, A[i, k:k + 1])
B_reg2: R[16] @ AVX512
ju_ps(N, B_reg2[0:16], B[k, :N])
(N, A_reg2, B_reg2, C_reg_1[i,
ar(e, 6
ask_storeu_ps(N, C[i, 0:N], C_reg_1[i, 0:16])

6, 2, 16] @ AVX512
_ 16] @ AVX512
for i in par(@, 6):
for jo in par(e, 1):
mm512_loadu_ps(C_reg[i, jo, 0:16], C[i
16 * jo:16 * jo + 16])
_loadu_ps(N % 16, C_reg_1[i, 0:16], C[i, 16:N])

for i in par
for jo in 0, H
A_reg: R[16] @ AVX512
12_setl_ps(A_reg, Ali, k:k + 1])

mm512_setl_ps(A_reg, Ali, k:k + 1])
B_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg[0:16], B[k, 16 * jo:16 * jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_reg[i, jo, 0:16])
A_reg2: R[16] @ AVX512
mm512 ot1_ps(N % 16, A_reg2, A[i, k:k + 1])

for i in par(0, 6):
for jo in par(e, 1):
mm512_storeu_ps(C[i, 16 * jo:16 * jo + 16], C_regli, jo,
16
mm512 toreu_ps(N % 16, C[i, 16:N], C_reg_1[i, 0:16])
else:
if N/ 1
C_re [6, 6] @ AVX512
C_reg_1: R[6, 16] @ AVX512
6):
for jo in par(e, 2):
mm512_loadu_ps(C_reg[i, jo, 0:16],
Cli, 16 * jo:1€ jo + 16])
mm512 du_ps(N % 16, C_reg_1[i, 0:16], C[i, 3
for k in par
for i in par(@, 6)
for jo in par(e, 2
A_reg: R[16] @ AVX512
512_setl_ps(A_reg, Ali, k:k + 1])
_reg: R[16] @ AVX512
12_loadu_ps(B_reg[0:16],
Blk, 16 * jo:16 * jo + 16])
ps(A_reg, B_reg, C_regli, jo, 0:16])
AVX512
sk_setl_ps(N % 16, A_reg2, Al[i, k:k + 1])
R[16] @ AVX512
_ps(N % 16, B_reg2[0:16], B[k, 32:N])
% 16, A_reg2, B_reg2,
C_reg_1[i, 0:16])
for i in par(o,
for jo in par
mm512_storeu_| * j * jo + 16],
C_regli, jo, 6])
n512_mask_storeu_ps(N % 16, C[i, 32:N], C_reg_1[i, 0:16])
else:
if N /
C_reg: R[6, 4, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(@, 6
for jo in par(@, :
m512_loadu_ps(C_reg[i, jo, 0:16
[i, 16 * jo:16 * jo + 16])
oadu_ps(N % 16, C_reg_1[i, 0:16], C[i
48:N])

mm512_mask.

for k in par(0, K):
for i in par( 6):
for jo in par(e, 3):
A_reg: R[16] @ AVX512
512_setl_ps(A_reg, Ali, k:k + 1])
B_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg[0:16],
B[k, 16 * jo:16 * jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_regli, jo,
0:16])
A_reg2: R[16] @ AVX512
mm512 k_setl_ps(N % 16, A_reg2, A[i, k:k + 1])
B_reg2: R[16] @ AVX512
12_maskz_loadu_ps(N % 16, B_reg2[0:16], B[k,
mm512_mask_fma s(N % 16, A_reg2, B_reg2,
C_reg_1[i, 0:16])
for i in par(@, 6):
for jo in par(@ E
mm512_sto (C[i, 16 * jo:16 * jo + 16],
C_regli, jo,
mm512 sk_storeu_ps(N % 16, C[i, 48:N], C_reg_1[i
:161)
else:
C_reg: R[6, N / 16 + 1, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(@, 6
for jo in (0, N / 16):
_loadu_ps(C_regli, jo,
Cli, 16 * jo:16 * jo + 16])
mm512_maskz_loadu_ps (N 16, C_reg_1[i, 0:16]
C[i, 16 x (N / 16):N])
for k in par(0, K):
for i in (0, 6):
for jo in par(e, N / 16):
A_reg: R[16] @ AVX512
mm512_setl_ps(A_reg, Ali, k:k + 1])
B_reg: R[16] @ AVX512

B_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg 16],
B[k, * jo:16 * jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_regli, jo,
0:16])
A_reg2: R[16] @ AVX512

loadu_ps(N % 16, B_reg2[0
Blk, 16 x (N / 1
d_ps(N % 16, A_reg2, B_reg2,
C_reg_1[i, 0:16
for i in n
for jo in par(e
mm. , 16 % jo:16 * jo + 16],
C_regli, jo, 0:16])
12_mask_storeu_ps(N % 16, C[i, 16 x (N / 16):N],
C_reg_1[i, 0:16])

n_above_kernel(M: size, N: size, K: size, A: [f32][M, K] @ DRAM,
B: [f32][K, N] @ DRAM, C: [f32][M, N] @ DRAM):
assert M >= 1
assert 1
assert 1
assert de(A, 1)
assert stride(B, 1)
assert stride(C, 1)
for io in par(@, M / 6
for jo in par(@, N / 64):
sgemm_kernel_avx5
164 * jo + 64],
:6 % io + 6, 64 * jo:64 x jo + 64])
if N % 64 > 0:
for io in par(0, M /
right_panel_kernel_scheduled(N % 64, K, A[6 * io:6 * io + 6, 0:Kl,
B[0:K, 64 x (N / 64):N],
C[6 * io:6 x io + 6, 64 x (N / 64):N])
if M % 6 > 0:
for jo in par(e, N / 64):
bottom_panel_kernel_scheduled(
M , K, Al6 x (M / 6
Cl6 x (M /
if N % 64 > 0:
for k in (0,
for ii in par(@
for ji in par(e
Clii + M / 6 x 6,
ji + N/ 64 x 64] += A[ii + M / 6 x 6,
k] * B[k, ji + N / 64 x 64]

K], B[0:K, 64 % j
* jo + 64])

size, N: size, K: size, A: f32[M, K] @ DRAM,
f32[K, N] @ DRAM, C: f32[M, N] @ DRAM):

assert
assert
assert s
assert stride(B,
assert stride(C,
Al_cache: f32[
B1l_cache: f32[512
for ko in par(
for io in
for i@ in par( :
for i1 in par(@, 512):
Al_cache[i®, il] = A[264 * io + i@, 512 % ko + il]
for jo in par(e, N /
for i@ in (0, 512):
for i1 in par(e, 64):
B1_cache[i@, il] = B[
sgemm_above_kernel(
264, 64, 512, Al_cache[0:
B1_cache[

if N % 64 > 0:
for ko in par(@, K / 512):
B2_cache: f32[512, 64] @ DRAM_STATIC
for i@ in par(e, 512):
for i1 in (0, N-64 x (N / 64)):
B2_cache[i®, il1] = B[512 * ko + i@, 64 * (N / 64) + il1]
r io in par(0, M / 4) :
_kern
264, N % 64, 512 1264 x io + 264,
12 * ko:512 x ko + 512],
0:N - 64 x (N / 64)1,
* io + 264, 64 x (N / 64):N])

r(e, K / 512
for jo in par(e, N / )
B3_cache: f32[512, 64] @ DRAM_STATIC
for i@ in par(@, 512):

for i@ in par(e, 512):
for i1 in par(0, 64):
B3_cache[i®, i1] = B[512 * ko + i@, 64 * jo + il]
sgemm_abo
M % 26 512, A[264 * (M
512 * ko:
B3_cache[0:512, 0:64], CI

, K/ 512):
32[512, 64] @ DRAM_STATIC
2):

* (N / 64)):
B[512 * ko + i@, 64 x (N / 64) + il

for i1 in par(0, N -
B4_cache[i@, il]
_above_kernel (
M % , N %

B4_cache[0:51

if K % 512 >
for io in (0, M / 264):
for jo in par(e, N / 64):
B5_cache: f32[512, ] @ DRAM_STATIC
for i@ in par K - 512 % (K / 512)):
for i1 in par(e, 64):
B5_cache[i@, i1] = B[512 * (K / 512) + i@,
64 x jo + i1]
sgemm_above_kernel(
264, 64, K % 512, A[264 * io0:264 x io + 264,
512 * (K / 51
- 512 *x (K / 512),

B5_cache[ 5
* io + 264, 64 * jo:64 x jo + 64])

M / 264):
12, 64] @ DRAM_STATIC

for i1 in par(0, N -
B6_cache[i@, il] 512 * (K / 512) + ie,
64 * (N / 64) + i1]
bove_kernel (
% 64, K % 512, A[264 x i * io + 264,
512 * (K / 512):K],
B6_cache[ 5 * (K / 512), N - 64 x (N / 64)],
C[264 * if * io + 264, 64 x (N / 64):N])
if K % 512 > 0:
if M % > 0:
for jo in par(@, N / 64):
B7_cache: f32[51 64] @ DRAM_STATIC
for i@ in par(@, K - 512 x (K / 512)):
for i1 in par(@, 64):
B7_cache[i@, i1] = B[512 * (K / 512) + i@,
4 % jo + i1]
_above_kernel(M % 264, 64, K % 512, A[264 x (M / 2
512 *
12), @

B7_cache
* 164 x

for il in 2 r(o, N -
B8_cache[i@, il]

2 x (K / 512),
4):M, 64 x (N /
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Instructions are Procedures

def main(..):

7”1 — instr A(..)

® |nstructions
® Memories

e Configuration State
@instr (“ABCD")

def instr A(..):



Instructions are Procedures

def main(..):

instr A(..)

Generate

vold main(..) {

® |nstructions

® Memories

e Configuration State ABCD

@instr (“ABCD")
def instr A(..):



Instructions are Procedures

def main(..):

instr A(..)

® |nstructions
® Memories

® Configuration State
. (@1nstr “AB D" ¢\! AnnOtatIOn

fdef instr A(..):}

' Procedure
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User Scheduling

def gemm(N : size, M : size, K : size,
A : f32[N,K], B : £f32[K,M], C : £f32[N,M]
)
for 1 in seq(0,N):
for j in seq(0,M):
for k in seq(0,K):
C[i,J] += A[1i,k] * B[k,]]



User Scheduling

def gemm(N

: size, M : size, K
A : f32[N,K], B :

for 1 in seq(0,N)
for jJ in seq(0,M):
for k in seq(0,K):

C[i,J] += A[1,k] * B[k,]]

size,

£32[K,M], C

£32[N,M]

gemm_kernel x512_6x4(K: size, A: [f32][6, K] @ DRAM,
B: [f32][K, 64] @ DRAM, C: [f32][6, 64] @ DRAM):

assert K >= 1
assert stride(A, 1)
assert stride(B, 1)
assert stride(C, 1) 1
C_reg: R[6, 4, 16] @ AVX512
for i in par(0, 6):

for jo in par(e, 4):

mm512_loadu_ps(C_reg[i, jo, 0:16], C[i, 16 * jo:16 * jo + 16])

for k in par(@, K)

for i in par(e, 6):

R[16] @ AVX512
s(A_vec, Ali, k:k + 1])
par(0, 4):
: R[16] @ AVX512
mm512_loadu_ps(B_vec[0:16], B[k, 16 * jo:16 * jo + 16]
mm512_fmadd_ps(A_vec, B_vec, C_regli, jo, 0:16])

for i in par(@, 6):

for jo in par(e, 4)

mm512_storeu_ps(C[i, 16 * jo:16 x jo + 16], C_regli, jo, 0:16])

@proc
def bottom_panel_kernel_scheduled(M: size, K: size, A: [f32][M, K] @ DRAM,
B: [f32][K, 64] @ DRAM,
C: [f32][M, 64] @ DRAM):
assert 1
assert 1
assert stride(A, 1)
assert stride(B, 1)
assert stride(C, 1)
assert M < 6
if M :
=K} 4], Clo:1, 0:64])
else
if M
sgemm_kernel_avx512_2x4(K, A[0:2, 0:K], B[0:K, 0:64], C[0 0:64])
else:
if M == 3:
sgemm_kernel_avx512_3x4(K, A[0:3, 0:K], B[0:K, 0:64],

== 4:
sgemm_kernel_avx512_4x4(K, A[0:4
clo:4,

0:K], B[0:K, 0:64],
41)

k in par(e, K):
for i in par(0,
for j in 64):
Cli, jl += Ali, k] * B[k, jl

@proc
def right_panel scheduled(N: size, K: size, A: [f32]1[6, K] @ DRAM,
B: [f32][K, N] @ DRAM, C: [f32][6, N] @ DRAM):
assert
assert
assert
assert stride(B,
assert stride(C,
assert N / 16 < 4

C_reg: R[6, 1, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(e, 6):
mm512_maskz_loadu_ps(N, C_reg_1[i, 0:16], C[i, @:N])
r(e, K):
for i in par( 6):
A_reg2: R[16] @ AVX512
mm512_mask_setl_ps(N, A_reg2, Al[i, k:k + 1])
B_reg2: R[16] @ AVX512
mm512 loadu_ps(N, B_reg2[0:16], B[k, ©:N])
madd_ps(N, A_reg2, B_reg2, C_reg_1[i,
ar(e, 6
ask_storeu_ps(N, C[i, 0:N], C_reg_1[i, 0:16]

= 1:
_ R[6, 2, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(@, 6):
for jo in par(e, 1):
mm512_loadu_ps(C_reg[i, jo, 0:16], C[i
16 * jo:16 * jo + 16])
m512_maskz_loadu_ps(N % 16, C_reg_1[i, © , C[i, 16:N])
(0, K):
for i in par(o,
for jo in par(e, 1):
A_reg: R[16] @ AVX512
mm512_setl_ps(A_reg, Ali, k:k + 1])

mm512_setl_ps(A_reg, Ali, k:k + 1])
B_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg[0:16], B[k, 16 * jo:16 * jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_reg[i, jo, 0:16])
A_reg2: R[16] @ AVX512
mm512 k_setl_ps(N % 16, A_reg2, A[i, k:k + 1])
B_reg2: R[1 @ AVX512
n512_maskz_loadu_ps(N % 16, B_reg2[0:16], B[k, 16:N])
mm512_mask_ A_reg2, B_reg2, C_reg_1[i
0:16])
for i in par(0, 6):
for jo in par(e, 1):
mm512_storeu_ps(C[i, 16 * jo:16 * jo + 16], C_regli, jo,
16
mm512_mask_storeu_ps(N % 16, C[i, 16:N], C_reg_1[i, 0:16])
else:
if N/ 1 2]
C_reg: R[6, 3, 16] @ AVX512
C_reg_1: R[6 @ AVX512
(0 5
for jo in par(0, 2):
mm512_loadu_ps(C_reg[i
Cl[i, 16 * jo: jo + 16])
u_ps(N % 16, C_reg_1[i, 0:16], C[i
for k in par
for i in par(e, 6):
for jo in par(e, 2
A_reg: R[16] @ AVX512
12_setl_ps(A_reg, Ali, k:k + 1])
_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg[0:16],
Blk, 16 * jo:16 * jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_regl[i, jo, 0:16])
A_reg2: R[16] @ AVX512
mm512_mask_setl_ps(N % 16, A_reg2, Ali, k:k + 1])
B_reg2: R[16] @ AVX512
mm512_m. du_ps(N % 16, B_reg2[0:16], B[k, 32:N])
mm512 _fm (N % 16, A_reg2, B_reg2,
C_reg_1[i, 0:16])
for i in par(0, 6):
for jo in par(e, 2):
mm512_storeu_ps(C[i, 16 * jo:16 * jo + 16],
C_regli, jo, 6])
nm512_mask_storeu_ps(N % 16, C[i, 32:N], C_reg_1[i, 0:16])

C_reg: R[6, 4, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(0, 6):
for jo in par(e, 3):
mm512_loadu_ps(C_reg[i, jo,
Cli, 16 * jo:16 * jo + 16])
mm512_maskz_loadu_ps(N % 16, C_reg_1[i, 0:16], Cl[i,

48:N])

for k in par(0, K):
for i in par(e, 6):
for jo in par(e, 3):
A_reg: R[16] @ AVX512
mm512_setl_ps(A_reg, Ali, k:k + 1])
B_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg[0:16],
16 * jo:16 * jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_regli, jo,
0:161)
A_reg2: R[16] @ AVX512
mm512_mask_setl_ps(N % 16, A_reg2, A[i, k:k + 1])
B_reg2: R[16] @ AVX512
12_maskz_loadu_ps(N % 16, B_reg2[0:16], B[k,

8:N])

mm512_mask_fmadd_ps(N % 16, A_reg2, B_reg2,
C_reg_1[i, 0:16])
for i in par(@, 6):
for jo in par(e, 3):
mm512_storeu_ps(C[i, 16 * jo:16 * jo + 16],
C_regli, jo, ©
mm512_mask_storeu_ps(N % 16, C[i, 48:N], C_reg_1[i,

0:16])

else:
C_reg: R[6, N / 16 + 1, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(@, 6):
for jo in par(@, N / 16):
mm512_loadu_ps(C_reg[i, jo, 6
Cli, 16 * jo:16 * jo + 16])
mm512_maskz_loadu_ps(N % 16, C_reg_1[i, 0:16],
Cli, 16 * (N / 16):N])
for k in par(e
for i in g 6):
for jo in par(e, N / 16):
A_reg: R[16] @ AVX512
mm512_setl_ps(A_reg, Ali, k:k + 1])
B_reg: R[16] @ AVX512

B_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg[0:16],
Blk, 16 * jo:16 x jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_regli, jo,
0:16])
A_reg2: R[16] @ AVX512
mm512_mask_setl_ps(N % 16, A_reg2, Al[i, k:k + 1])
B_reg2: R[16] @ AVX512
mm512_ z_loadu_ps(N % 16, B_reg2[0:16],
B[k, 16 * (N / 16):N1)
mm512_mask_fmadd_ps(N % 16, A_reg2, B_reg2,
C_reg_1[i, 0:16])

for jo in par(@, N / 16):
mm512_storeu_ps(C[i, 16 * jo:16 * jo + 16],
C_regli, jo, 16])
n512_mask_storeu_ps(N % 16, C[i, 16 x (N / 16):N],
C_reg_1[i, 0:16])

yove_kernel(M: size, N: size, K: size, A: [f32][M, K] @ DRAM,
B: [f32][K, N] @ DRAM, C: [f32][M, N] @ DRAM):
assert
assert
assert
assert strid 1)
assert stride(B, 1)
assert stride(C, 1)
for io in par(e,
for jo in par(@, N / 64):
sgemm_kernel_avx512_6x4(K, A[6 * io:6 *x io + 6,
0:K], B[0:K, 64 * jo:64 * jo + 64],
C[6 * i0:6 x io + 6, 64 * jo:64 * jo + 64])
if N % 64 > 0:
for io in par(e, M / 6):
right_panel_kernel_scheduled(N % 64, K, A[6 * io:6 * io + 6, 0:Kl,
B[0:K, 64 x (N / 64):N]
C[6 * io:6 x io + 6, 64 x (N / 64):N])
if M % 6 > 0:
for jo in par(@, N / 64):
bottom_panel_kernel_scheduled(
M % 6, K, A[6 x (M / 6):M, 0:K], B[0:K, 64 * jo:64 x jo + 64],
Cl6 x (M / 6):M, 64 * jo * jo + 64])
N % 64 > 0:
for k in (0, K):
for ii in par(0, M % 6):
for ji in par(e, N % 6
Clii + M / 6 * 6,
ji + N / 64 % 64] += A[ii + M / 6 % 6,
k] * B[k, ji + N / 64 x 64]

@proc

size, N: size, K: size, A: f32[M, K] @ DRAM,
£32[K, N] @ DRAM, C: f32[M, N] @ DRAM):
assert
assert
assert
assert
assert stride(B,
assert stride(C,
Al_cache: f32[264, 512] @ DRAM_STATIC
B1_cache: f32[512, 64] @ DRAM_STATIC
for ko in par(@, K / 512)
for io in par(o, M /
for i@ in par(0, 264):
for i1 in par(e, 512):
Al_cache[i®, il] = A[264 * io + i@, 512 % ko + il]
for jo in par(0, N / 6
for i@ in par(e, 512):
for i1 in par(e, 64):
Bl_cache[i®@, il] = B[512 * ko + i@, 64 * jo + il
sgemm_above_kernel(
264, 64, 512, Al_cachel0:264, 0:512],
B1_cachel[ , 0:64], C[264 * i0:264 * io + 264,
64 * jo:64 * jo + 64])
if N % 64 > 0:
for ko in par(e, K / 512):
B2_cache: f32[512, 64] @ DRAM_STATIC
for i@ in par(e, 51
for i1 in par(@, N - 64 x (N / 64)):
B2_cache[i®, il1] = B[512 * ko + i@, 64 * (N / 64) + il1]
for io in par(0, M / 4) :
sgemm_above_kernel (
264, N % 64, 512, A[264 * i0:264 * io + 264,
512 x ko:512 * ko + 512],
B2_cache[ 0:N - 64 x (N / 64)],
C[264 * io: * io + 264, 64 x (N / 64):N])
if M % 264 > 0:
for ko in par(e, K / 512
for jo in par(e, N / I
B3_cache: f32[512, 64] @ DRAM_STATIC
for i@ in par(@, 512):

for i@ in par(@, 512):
for i1 in par(@, 64)

B3_cache[i®, i1] = B[512 * ko + i@, 64 * jo + il]

sgemm_above_kernel(

% 264, 64, 512, A[264 * (M
512 * ko:
B3_cache[0:512, 0:64], C[

if M % 264 >
if N % 64 > 0:
for ko in par(

64 x jo:64 *x jo + 64])

B4_cache: ] @ DRAM_STATIC

for i@ in par

B4_cache[i®,
sgemm_above_kernel(
M % 264, N % 64,

if K % 512 > 0:
for io in par(@, M / 264):
for jo in par(e, N / 64):

* (N / 64)):
B[512 * ko + i@, 64 x (N / 64) + il

Cl[264 * (M / 264):M,
64 x (N / 64):N])

B5_cache: f32[512, 64] @ DRAM_STATIC
for i@ in par(@, K - 512 x (K / 512)):

for i1 in par(e, 64)

B5_cache[i@, i1] = B[512 * (K / 512) + i@,

sgemm_above_kernel(

64 * jo + i1]

264, 64, K % 512, A[264 * i0:264 * io + 264,
512 * (K / 51 1,

B5_cache[ - 512 *x (K / 512), 4],

Cl[264 * io: * io + 264, 64 * jo:64 * jo + 64])

512 :
N % 64 > 0:
for io in par(0, M / 264):

if K %
if

for i1 in par(0, N -
B6_cache[i@, il]

bove_kernel (

DRAM_STATIC

*

(K / 512))

* (N / 64)):

B[512 x (K / 512) + ie,
64 x (N / 64) + i1]

264, N % 64, K % 512, A[264 * il * io + 264,

B6_cache[ - 512 x (K / 512), O:N

512 * (K / 512):K],
54 x (N / 64)],

Cl[264 * i * io + 264, 64 x (N / 64):N])

for jo in par(@, N / 64):
B7_cache: f32[512, 64] @
for i@ in par(0, K - 512
for i1 in par(e, 64)
B7_cache[i0, i1]

DRAM_STATIC

*

(K / 512)):

B[512 *x (K / 512) + i@,
64 * jo + i1l

sgemm_above_kernel(M % 264, 64, K % 512, A[264 x (M

B7_cache[0:K
C[264 x (M /

if K % 512 > 0:
if M % 264 > 0:
if N % 64 > 0:

B8_cache: f32[512, 64] @ DRAM_STATIC

for i@ in par(0, K - 512
for il in par(0, N -
B8_cache[i@, il]

sgemm_above_kernel(
M % 264, N % 64,

B8_cache[0:
C[264 x (M / 2

(K / 512))

* (N / 64)):

B[512 x (K / 512) + ie,
64 x (N / 64) + i1]




User Scheduling

def gemm(N
A

size, M
f32[N,K]

for 1 in seq(0,N)
for jJ in seq(0,M):

-

size,

B

K : size,
f32[K,M], C :

for k in seq(0,K):

C[i,J] += A[1,k] * B[k,]]

sgemm_sys_atl =
SGEMM
.rename('sgemm_sys_atl')

.split('k', K_L1_BLK, ['ko',
, M_L1_BLK, ['io',
.split('j', N_L1_BLK, ['jo',

.fission_after('for io _', n_lifts=2)
.fission_after('for jo i _', n_lift )

.reorder('k ‘io')
.reorder('ii', 'jo')
.reorder('ki', 'jo')
.replace(SGEMM_WINDOW, 'for ki in _: _ #0')

LLift_if('if N % _ > @: _ #@', n_lifts=4)

.replace(SGEMM_WINDOW, 'for ki in _: _ #0')

LLift_if('if M % _ > @: _ #0', n_lifts=2)
.reorder('ki', 'jo')
.replace(SGEMM_WINDOW, 'for ki in _: _ #0')

Llift_if('if M % _ > @: _ #1', n_lifts=2)
LLift_if('if N % _ > @: _ #1', n_lifts=3)
.replace(SGEMM_WINDOW, 'for ki in _: _ #0')

.replace(SGEMM_WINDOW, ‘'for ki in _: _ #0')

LLift_if('if N % _ > 0: #2', n_lifts=3)

.replace(SGEMM_WINDOW, 'for ki in _: _ #0')

LLift if('if M % _ > @: _ #2')
.reorder('ki', 'jo')
.replace(SGEMM_WINDOW, 'for ki in _: _ #0')

LLift_if('if M % _ > 0: _ #3')
Llift_if('if N % _ > @: _ #3', n_lifts=2)
.replace(SGEMM_WINDOW, 'for ki in _: _ #0')

£32[N,M]

.stage_window('Al_cache', 'A[_] #0', DRAM_STATIC)
.stage_window('Bl_cache', 'B[_] #@', DRAM_STATIC)

.par_to_seq('for ko in _#0')
.par_to_seq('for io in _: _ #0')
.par_to_seq('for jo in _#0')
.lift_alloc('Al_cache: _', n_lifts=3)
.lift_alloc('Bl_cache n_lifts=3)
.fission_after('for i@ in _: _ #0')

.stage_window('B2_cache', 'B[_] #1', DRAM_STATIC)

.bound_alloc('B2_cache: , [None, '64'])
.lift_alloc('B2_cache:
.fission_after('for i

.stage_window('B3_cache', 'B[_] #2', DRAM_STATIC)

.stage_window( 'B4_cache 'B[_] #3', DRAM_STATIC)

.bound_alloc('B4_cache: _', [None, '64'])

.stage_window('B5_cache', 'B[_] #4', DRAM_STATIC)

.bound_alloc('B5_cache: _', ['512', Nonel)

.stage_window( 'B6_cache 'B[_] #5', DRAM_STATIC)

.bound_alloc('B6_cache: _', ['512', '64'])

.stage_window('B7_cache', 'B[_] #6', DRAM_STATIC)

.bound_alloc('B7_cache: _', ['512', None])

.stage_window('B8_cache', 'B[_] #7', DRAM_STATIC)

.bound_alloc('B8_cache: _', ['512', '64'])

.repeat(Procedure.call_eqv, sgemm_above_kernel,

.simplify()

' SGEMM_WINDOW(_) ')

@proc

gemm_kernel x512_6x4(K: size, A: [f32][6, K] @ DRAM,
B: [f32][K, 64] @ DRAM, C: [f32][6, 64] @ DRAM):
assert K >= 1
assert stride(A, 1)
assert stride(B, 1)
assert stride(C, 1) 1
C_reg: R[6, 4, 16] @ AVX512
for i in par(@, 6):
for jo in par( )
mm512_loadu_ps(C_reg[i, jo, ©:16], C[i, 16 * jo:16 * jo + 16])
for k in par
for i in par(e, 6):
R[16] @ AVX512
ps(A_vec, Ali, k:k + 1])
par(0, 4):
: R[16] @ AVX512
mm512_loadu_ps(B_vec[0:16], B[k, 16 * jo:16 * jo + 16]
mm512_fmadd_ps(A_vec, B_vec, C_regli, jo, 0:16])
for i in par g
for jo in par
mm512_storeu_ps(C[i, 16 * jo:16 * jo + 16], C_regl[i, jo, 0:16])

@proc
def bottom_panel_kerne cheduled(M: size, K: size, A: [f32][M, K] @ DRAM,

B: [f32][K, 64] @ DRAM,
C: [f32][M, 64] @ DRAM):

assert 1

assert 1

assert stride(A,

assert stride(B,

assert stride(C,

assert

=K} 4], Clo:1, 0:64])
, 0:K1, Bl[o:K, 0:64], C[0:2, 0:64])
4(K, Al0:3, 0:

4:
nm_kernel_avx512_4x4(K, A[0:4, 0:K], B[0:K, 0:64],
Clo:4, 64])

sgemm_kernel_avx512_5x4(K, A[0:5 K], B[0:K, 0:64]
Clo:5, 1)
[ ET-H
k in par(e, K):
for i in par(
for j in Na
cli, jl Ali, k]l * Blk, jl

@proc
def right_panel_kernel duled(N: size, K: size, A: [f32][6, K] @ DRAM,

B: [f32][K, N] @ DRAM, C: [f32][6, N] @ DRAM):
assert N >=
assert
assert
assert
assert stride(C,
assert N / 16 < 4
if N / 16
C_reg: R[6, 1, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(e, 6):
mm512_maskz_loadu_ps(N, C_reg_1[i, 0:16], C[i, @:N])
r(o, K):
for i in par(0, 6):
A_reg2: R[16] @ AVX512
n512_mask_setl_ps(N, A_reg2, Al[i, k:k + 1])
B_reg2: R[16] @ AVX512
loadu_ps(N, B_reg2[0:16], B[k, ©:N])
dd_ps(N, A_reg2, B_reg2, C_reg_1[i, 0:16])
ar(e, 6
ask_storeu_ps(N, C[i, 0:N], C_reg_1[i, 0:16])

= 1:
_ R[6, 2, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par( 6):
for jo in par(e, 1):
mm512_loadu_ps(C_reg[i, jo, 0:16], C[i,
16 * jo:16 * jo + 16])
m512, skz_loadu_ps(N % 16, C_reg_1[i, © , C[i, 16:N])
for k in
for i in par(e,
for jo in par(e, 1):
A_reg: R[16] @ AVX512
mm512_setl_ps(A_reg, Ali, k:k + 1])

mm512_setl_ps(A_reg, A[i, k:k + 1])
B_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg[0:16], B[k, 16 * jo:16 * jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_reg[i, jo, 0:16])
A_reg2: R[16] @ AVX512
mm512 etl_ps(N % 16, A_reg2, Ali, k:k + 1])
B_reg2: R[1 @ AVX512
n512_maskz_loadu_ps(N % 16, B_reg2[0:16], B[k, 16:N])
n512_mask_fmadd_ps(N % 16, A_reg2, B_reg2, C_reg_1[i
0:16])
for i in par(0, 6):
for jo in par(e, 1):
mm512_storeu_ps(C[i, 16 * jo:16 * jo + 16], C_regli, jo,
61)

mm512_mask_storeu_ps(N % 16, C[i, 16:N], C_reg_1[i, 0:16])
else:
if N/ 1 2]

C_re 1 @ AVX512

» 6
C_reg_1: R[6 @ AVX512

for jo in par(0, 2):
mm512_loadu_ps(C_reg[i
Cli, 16 * jo:
kz_loadu_ps(N % 16, C_reg_1[i, 0:16], C[i
for k in par
for i in par(e, 6):
for jo in par(e, 2
A_reg: R[16] @ AVX512
12_setl_ps(A_reg, Ali, k:k + 1])
_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg[0:16],
Blk, 16 * jo:16 * jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_reg[i, jo, 0:16])
A_reg2: R[16] @ AVX512
mm512_mask_setl_ps(N % 16, A_reg2, Ali, k:k + 1])
R[16] @ AVX512
- _ps(N % 16, B_reg2[0:16], B[k, 32:N])
mm512 _fmadd (N % 16, A_reg2, B_reg2,
C_reg_1[i, 0:16])
for i in par(@, 6):
for jo in par(e, :
mm512_storeu_ps(C[i, 16 * jo:1
C_regli, jo, 6]
n512_mask_storeu_ps(N % 16, C[i, 32:N

5 % jo + 16],
)
1, C_reg_1[i, 0:16])

C_reg: R[6, 4, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(0, 6
for jo in par(@, :
mm512_loadu_ps(C_reg[i, jo,
[i, 16 * jo:16 * jo + 16])
mm512_m. loadu_ps(N % 16, C_reg_1[i, 0:16], C[i
48:N])
for k in par(0, K):
for i in par 6):
for jo in par(e, 3):
A_reg: R[16] @ AVX512
mm512_setl_ps(A_reg, Ali, k:k + 1])
B_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg[0:16],
16 * jo:16 * jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_regli, jo,
0:161)
A_reg2: R[16] @ AVX512
sk_setl_ps(N % 16, A_reg2, A[i, k:k + 1])
B_reg2: R[16] @ AVX512
mm512_maskz_loadu_ps(N % 16, B_reg2[0:16], B[k,

mm512_mask_fmadd_ps(N % 16, A_reg2, B_reg2,
C_reg_1[i, 0:16])
for i in par(@, 6):
for jo in par(e, 3):
mm512_storeu_ps(C[i, 16 * jo:16 * jo + 16],
C_regli, jo, ©
mm512 sk_storeu_ps(N % 16, C[i, 48:N], C_reg_1[i

else:
C_reg: R[6, N / 16 + 1, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(e, 6
for jo in par(@, N / 16):
m512_loadu_ps(C_regli, jo, 6
Cli, 16 * jo:16 * jo + 16])
mm512_maskz_loadu_ps(N % 16, C_reg_1[i, 0:16],
C[i, 16 x (N / 16):N])
for k in par(0, K):
for i in (0, 6):
for jo in par(e, N / 16):
A_reg: R[16] @ AVX512
mm512_setl_ps(A_reg, Ali, k:k + 1])
B_reg: R[16] @ AVX512

B_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg 16],
B[k, * jo:16 * jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_regli, jo,
0:16])
A_reg2: R[16] @ AVX512
mm512_mask_setl_ps(N % 16, A_reg2, Al[i, k:k + 1])
B_reg2: R[16] @ AVX512
mm512_ loadu_ps(N % 16, B_reg2[0
Blk, 16 x (N / 1
d_ps(N % 16, A_reg2, B_reg2,
C_reg_1[i, 0:16])

for jo in par(@, N / 16):
mm512_storeu_ps(C[i, 16 * jo:16 * jo + 16],
C_regli, jo, 16])
n512_mask_storeu_ps(N % 16, C[i, 16 x (N / 16):N],
C_reg_1[i, 0:16])

n_above_kernel(M: size, N: size, K: size, A: [f32][M, K] @ DRAM,
B: [f32][K, N] @ DRAM, C: [f32][M, N] @ DRAM):
assert M >= 1
assert N 1
assert K
assert stride(A, 1)
assert stride(B, 1)
assert stride(C, 1)
for io in par(0, M / 6
for jo in par(e, N / 64):
sgemm_kernel_avx512_6x4(K, A[6 * io:6 io + 6,
0:K], B[0:K, 64 * jo:64 * jo + 64],
C[6 x io:6 * io + 6, 64 * jo:64 x jo + 64])
if N % 64 > 0:
for io in par(e, M / 6):
right_panel_kernel_scheduled(N % 64, K, A[6 * io:6 * io + 6, 0:Kl,
B[0:K, 64 x (N / 64):N],
C[6 * io:6 x io + 6, 64 x (N / 64):N])
if M % 6 > 0:
for jo in par(@, N / 64):
bottom_panel_kernel_scheduled(
M % 6, K, A[6 x (M / 6):M, 0:K], B[0:K, 64 % jo:64 * jo + 64],
CI6 x (M / 6):M, 64 % jo:64 x jo + 64])
N % 64 > 0:
for k in (0, K):
for ii in par(@, M &
for ji in par(e
C[ii + M / 6 * 6,
ji + N / 64 % 64] += A[ii + M / 6 % 6,
k] * B[k, ji + N / 64 x 64]

@proc
def n_ w size, N: size, K: size, A: f32[M, K] @ DRAM,
£32[K, N] @ DRAM, C: f32[M, N] @ DRAM):
assert
assert
assert
assert
assert stride(B,
assert stride(C,
Al_cache: f32[
B1_cache: f32[512, 64] @ DRAM_STATIC
for ko in par(@, K / 512)
for io in par(o, M /
for i@ in par(e, 264):
for i1 in par(e, 512):
Al_cache[i®, il] = A[264 * io + i@, 512 % ko + il]
for jo in par(@, N / 64
for i@ in par(e, 512):
for i1 in par(e, 64):
Bl_cache[i®@, il] = B[512 * ko + i@, 64 * jo + il
sgemm_above_kernel(
264, 64, 512, Al_cache[0:264, 0:512]
B1_cachel[ , 0:64], C[264 *x i0:264 * io + 264,
64 x j 4 x jo + 64])
if N % 64 > 0:
for ko in par(e, K / 512
B2_cache: f32[512, 64] @ DRAM_STATIC
for i@ in par(@, 51
for i1 in par(@, N - 64 x (N / 64)):
B2_cache[i®, il1] = B[512 * ko + i@, 64 * (N / 64) + il1]
r io in par(0, M / 4) :
gemm_above_kernel (
264, N % 64, 512, A[264 * i0:264 * io + 264,
512 x ko:512 * ko + 512],
0:N - 64 x (N / 64)],
* io + 264, 64 x (N / 64):N])

for jo in par(e, N / I
B3_cache: f32[512, 64] @ DRAM_STATIC
for i@ in par(@, 512):

for i@ in par(@, 512):
for i1 in par(0, 64):
B3_cache[i®, i1] = B[512 * ko + i@, 64 * jo + il]
sgemm_above_kernel(
M % 264, 64, 512, A[264 * (M
512 * ko:
B3_cache[0:512, 0:64], CI * (M / 264):M,
64 * jo:64 * jo + 64])
if M % 264 >
if N % 64 > 0:
for ko in par(e, K / 512):
B4_cache: ] @ DRAM_STATIC
for i@ in par H
for i1 in par(e@, * (N / 64)):
B4_cache[i®, B[512 * ko + i@, 64 x (N / 64) + il]
_above_kernel (
M % 4, N % 64, , A[264 x (M / 264):M,
12 * ko:512 x ko + 512],
Cl264 *x (M / 264):M,
64 x (N / 64):N])
if K % 512 >
for io in (0, M / 264):
for jo in par(e, N / 64):
B5_cache: f32[512, 64] @ DRAM_STATIC
for i@ in par(@, K - 512 x (K / 512)):
for i1 in par(e, 64):
B5_cache[i@, i1] = B[512 * (K / 512) + i@,
64 * jo + i1]
sgemm_above_kernel (
264, 64, K % 512, A[264 % i0:264 * io + 264,
512 * (K / 51
B5_cache[ - 512 *x (K / 512), -
* io + 264, 64 * jo:64 x jo + 64])
if K % 512 :
if N % 64 > 0:
for io in par(0, M / 264):
2, 64] @ DRAM_STATIC
K - 512 (K / 512))
for i1 in par(0, N - * (N / 64)):
B6_cache[i@, il] B[512 * (K / 512) + i@,
64 x (N / 64) + i1]
bove_kernel (
64, K % 512, A[264 * il * io + 264,
512 * (K / 512):K],
B6_cache[ 512 * (K / 512), @:N 54 x (N / 64)],
C[264 * if * io + 264, 64 x (N / 64):N])

B7_cache: 32[512, 64] @ DRAM_STATIC
for i@ in par(e, K - 512 * (K / 512))
for i1 in par(@, 64)
B7_cache[i@, i1] = B[512 * (K / 512) + i@,
64 * jo + i1l

sgemm_above_kernel(M % 264, 64, K % 512, A[264 *x (M / 264):M,

512 * (K / 512):K],
* (K / 512), 0
» 64 x

B7_cache[0:K 0 1,
164 x jo + 64]

-5
Cl[264 x (M / 264):

5
i

DRAM_STATIC
0 (K / 512))
for il in par(0, N - * (N / 64)):
B8_cache[i@, il] B[512 * (K / 512) + i@,
64 x (N / 64) + i1]
sgemm

M % 4, N % 6 % 512, A[264
512
B8_cache[0: 2 x (K / 512),
Cl264 x (M / H 64 * (N /




User Scheduling

A new approach

Schedul
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on

cheduling of
Sub-procedures

assert
assert
assert
assert
C_reg:

def gemm(N
A

for 1 in seq(0,N)

size, M

f32[N,K], B

-

size,

K : size,
: £32[K,M], C :

for jJ in seq(0,M):
for k in seq(0,K):

x512_6x4(K: size, A: [f32][6, K] @ DRAM,
B: [f32][K, 64] @ DRAM, C: [f32][6, 64] @ DRAM):
K>=1
stride(A, 1) 1
stride(B, 1) 1
stride(C, 1) 1
R[6, 4, 16] @ AVX512

for i in par(@, 6):
for jo in par(

mm512_loadu_ps(C_reg[i, jo, 0:16], C[i, 16 * jo:16 * jo + 16])

for i in par(e, 6):

for i in par

R[16] @ AVX512
ps(A_vec, Ali, k:k + 1])
ar(0, 4):
: R[16] @ AVX512
mm512_loadu_ps(B_vec[0:16], B[k, 16 * jo:16 * jo + 16]
mm512_fmadd_ps(A_vec, B_vec, C_regli, jo, 0:16])

for jo in p

@proc

def bottom_

assert
assert
assert
assert
assert
assert

@proc
def right

assert
assert
assert
assert
assert
assert

mm512_storeu_ps(C[i, 16 * jo:16 * jo + 16], C_regl[i, jo, 0:16])

panel_kerne cheduled(M: size, K: size, A: [f32][M, K] @ DRAM,
B: [f32][K, 64] @ DRAM,
C: [f32][M, 64] @ DRAM):
il
1
stride(A, 1)
stride(B, 1)
stride(C, 1)

M<6

=K} 4], Clo:1, 0:64])

Bl[o:K, 0:64], C[0:2, 0:64])

sgemn g _5x 5 0:64],

[ ET-H
for k in par(0, K):
for i in par(
for j in Na
cli, jl Ali, k]l * Blk, jl

panel_kernel duled(N: size, K: size, A: [f32][6, K] @ DRAM,

B: [f32][K, N] @ DRAM, C: [f32][6, N] @ DRAM):

stride(C,
N/ 16 < 4

16] @ AVX512
16] @ AVX512
6):
du_ps(N, C_reg_1[i, 0:16], C[i, 0:N])
r(e, K
for i in par(0, 6):
A_reg2: R[16] @ AVX512
n512_mask_setl_ps(N, A_reg2, Al[i, k:k + 1])
B_reg2: R[16] @ AVX512
ju_ps(N, B_reg2[0:16], B[k, :N])
dd_ps(N, A_reg2, B_reg2, C_reg_1[i, 0:16])
ar(e, 6
ask_storeu_ps(N, C[i, 0:N], C_reg_1[i, 0:16])

= 1:
_ R[6, 2, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par( 6):

for jo in par(e, 1):
mm512_loadu_ps(C_reg[i, jo, 0:16], C[i,
16 * jo:16 * jo + 16])
_loadu_ps(N % 16, C_reg_1[i, 0:16], C[i, 16:N])

for i in par(e,
for jo in par(e,
A_reg: R[16] @ AVX512
mm512_setl_ps(A_reg, Ali, k:k + 1])

Cli,]] +=

mm512_setl_ps(A_reg, Ali, k:k + 1])
B_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg[0:16], B[k, 16 * jo:16 * jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_reg[i, jo, 0:16])
A_reg2: R[16] @ AVX512
mm512 etl_ps(N % 16, A_reg2, Ali, k:k + 1])
B_reg2: R[1 @ AVX512
n512_maskz_loadu_ps(N % 16, B_reg2[0:16], B[k, 16:N])
n512_mask_ dd_ps(N % 16, A_reg2, B_reg2, C_reg_1[i
1]

for i in par(0, 6):
for jo in par(e, 1):
mm512_storeu_ps(C[i, 16 * jo:16 * jo + 16], C_regli, jo,
16
mm512_mask_storeu_ps(N % 16, C[i, 16:N], C_reg_1[i, 0:16])
else:
if N/ 1

C_re 1 @ AVX512

[6, 6
C_reg_1: R[6 @ AVX512

for jo in par(0, 2):
mm512_loadu_ps(C_reg[i
€

for k in par
for i in par(@, 6)
for jo in par(e, 2
A_reg: R[16] @ AVX512
12_setl_ps(A_reg, Ali, k:k + 1])
_reg: R[16] @ AVX512
12_loadu_ps(B_reg[0:16],
Blk, 16 * jo:16 * jo + 16])
N ps(A_reg, B_reg, C_regli, jo, 0:16])
A_reg2: R[16] @ AVX512
mm512 sk_setl_ps(N % 16, A_reg2, A[i, k:k + 1])
R[16] @ AVX512
skz_loadu_ps(N % 16, B_reg2[0:16], B[k, 32:N])
_fmadd. (N % 16, A_reg2, B_reg2,
C_reg_1[i, 0:16])
for i in par(@, 6):
for jo in par(e, :
mm512_storeu_ps(C[i, 16 * jo:16 x jo + 16],
C_regli, jo, )
1

6]
n512_mask_storeu_ps(N % Cli, 32:N

, C_reg_1[i, 0:16])
else:
if N /
C_reg: R[6, 4, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(0, 6
for jo in par(@, :
m512_loadu_ps(C_reg[i, jo,
[i, 16 * jo:16 * jo + 16])
mm512_m. loadu_ps(N % 16, C_reg_1[i, 0:16], C[i
48:N])
for k in par(0, K):
for i in par 6):
for jo in par(e, 3):
A_reg: R[16] @ AVX512
512_setl_ps(A_reg, Ali, k:k + 1])
B_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg[0:16],
B[k, 16 * jo:16 * jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_regli, jo,
0:16])
A_reg2: R[16] @ AVX512
mm512 k_setl_ps(N % 16, A_reg2, A[i, k:k + 1])
B_reg2: R[16] @ AVX512
12_maskz_loadu_ps(N % 16, B_reg2[0:16], B[k,

mm512_mask_fmadd_ps(N % 16, A_reg2, B_reg2,
C_reg_1[i, 0:16])
for i in par(@, 6):
for jo in par(@ H
mm512_sto s(C[i, 16 * jo:16 * jo + 16],
C_regli, jo, ©
mm512 sk_storeu_ps(N % 16, C[i, 48:N], C_reg_1[i

else:
C_reg: R[6, N / 16 + 1, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(0, 6
for jo in par(@, N / 16):
m512_loadu_ps(C_reg[i, jo, 3
Cli, 16 * jo:16 * jo + 16])
mm512_maskz_loadu_ps(N % 16, C_reg_1[i, 0:16]
C[i, 16 x (N / 16):N])
for k in par(0, K):
for i in (0, 6):
for jo in par(e, N / 16):
A_reg: R[16] @ AVX512
mm512_setl_ps(A_reg, Ali, k:k + 1])
B_reg: R[16] @ AVX512

A[i,k] * B[k,]]

B_reg: R[16] @ AVX512
mm512_loadu_ps(B_reg 16],
B[k, * jo:16 * jo + 16])
mm512_fmadd_ps(A_reg, B_reg, C_regli, jo,
0:16])
A_reg2: R[16] @ AVX512
mm512_mask_setl_ps(N % 16, A_reg2, Al[i, k:k + 1])
1 @ AvX512
kz_loadu_ps(N % 16, B_reg2[0
Blk, 16 x (N / 1
d_ps(N % 16, A_reg2, B_reg2,
C_reg_1[i, 0:16])

for jo in par(@, N / 16):
mm512_storeu_ps(C[i, 16 * jo:16 * jo + 16],
C_regli, jo, 16])
n512_mask_storeu_ps(N % 16, C[i, 16 * (N / 16):N],
C_reg_1[i, 0:16])

n_above_kernel(M: size, N: size, K: size, A: [f32][M, K] @ DRAM,
B: [f32][K, N] @ DRAM, C: [f32][M, N] @ DRAM):

assert M >= 1
assert 1
assert 1
assert stride(A, 1)
assert stride(B, 1)
assert stride(C, 1)
for io in par(0, M / 6

for jo in par(e, N / 64):

sgemm_kernel_avx512_6x4(K, A[6
164 * jo + 64],

:6 x io + 6, 64 x jo:64 x jo + 64])

right_panel_kernel_scheduled(N % 64, K, A[6 * io:6 * io + 6, 0:Kl,
B[0:K, 64 x (N / 64):N],
C[6 * io:6 x io + 6, 64 x (N / 64):N])
if M % 6 > 0:
for jo in par(@, N / 64):
bottom_panel_kernel_scheduled(
M , K, Al6 x (M / 6):M, 0:K], B[0:K, 64 x jo:64 *x jo + 64],
Cl6 *x (M / 6):M, 64 % j * jo + 64])
if N % 64 > 0:
for k in (0, K):
for ii in par(@, M &
for ji in par(e
Clii +M / 6 * 6,
ji + N / 64 % 64] += A[ii + M / 6 % 6,
k] * B[k, ji + N / 64 x 64]

size, N: size, K: size, A: f32[M, K] @ DRAM,
f32[K, N] @ DRAM, C: f32[M, N] @ DRAM):

assert
assert
assert
assert stride(B,
assert stride(C,
Al_cache: f32[
B1_cache: f32[512, 64] @ DRAM_STATIC
for ko in par(
for io in r(o, M/
for i@ in par(e, 264):
for i1 in par(@, 512):
Al_cache[i®, il] = A[264 * io + i@, 512 % ko + il]
for jo in par(0, N / 6
for i@ in (0, 512)
for i1 in par(e, 64):
B1l_cache[i@, i1] = B[512 * ko + i@, 64 * jo + il
sgemm_above_kernel(
264, 64, 5
B1_cache[

if N % 64 > 0:
for ko in :
4] @ DRAM_STATIC
(0, N - 64 x (N / 64)):
B2_cache[i®, il1] = B[512 * ko + i@, 64 * (N / 64) + il1]
r io in par(0, M / 4) :
gemm_above_kernel (
264, N % 64, 512, A[264 * i0:264 x io + 264,
512 x ko:512 * ko + 512],
0:N - 64 x (N / 64)],
* io + 264, 64 x (N / 64):N])

for jo in par(@, N / I
B3_cache: f32[512, 64] @ DRAM_STATIC
for i@ in par(0, ZhE

£32[N,M]

for i@ in par(e, 51
for i1 in par(0, 64):
B3_cache[i0, i1]
sgemm_above_kernel(
M % 264, 64, 512, A[264 * (M
512 * ko:
B3_cache[0:512, 0:64], CI * (M / 264):M,
64 * jo:64 * jo + 64])

* ko + i@, 64 * jo + il]

if M % 264 >
if N % 64 > 0:
for ko in par(@, K / 512):
B4_cache: f32[512, 64] @ DRAM_STATIC
for i@ in par 512):
for il in par(0, N - * (N / 64)):
B4_cache[i@, il] B[512 * ko + i@, 64 x (N / 64) + il]
_above_kernel (
M % , N % 512, A[264 x (M / 264):M,

B4_cache[0:5

if K % 512 >
for io in (0, M / 264):
for jo in par(e, N / 64):
B5_cache: f32[512, ] @ DRAM_STATIC
for i@ in par(@, K - 512 x (K / 512)):
for i1 in par(e, 64):
B5_cache[i@, i1] = B[512 * (K / 512) + i@,
64 x jo + i1]
sgemm_above_kernel (
264, 64, K % 512, A[264 * io0:264 x io + 264,
512 * (K / 51
B5_cache[ - 512 *x (K / 512), -
* io + 264, 64 * jo:64 x jo + 64])
if K % 512 >
if N
M / 264):
12, 64] @ DRAM_STATIC
= Ll (K / 512))
for i1 in par(0, N -
B6_cache[i@, il] 512 * (K / 512) + ie,
64 * (N / 64) + i1]
bove_kernel (
% 64, K% 2 2 i * io + 264,

B6_cache[
© 4 * i
if K % 512 > 0:
if M % 264 > 0:
for jo in par(@, N / 64):

B7_cache: f32[512, 64] @ DRAM_STATIC

for i@ in par(@, K - 512 x (K / 512)):
for i1 in par(@, 64):

B7_cache[i@, i1] = B[512 * (K / 512) + i@,
64 * jo + i1l
_above_kernel(M % 264, 64, K % 512, Al264 * (M / 2
, 0:64],
Cl264 x (M / ! jo:64 x jo + 64])

DRAM_STATIC

for il in 2 r(o, N -
B8_cache[i@, il]
i1]

% 512, Al264 x (M /
512 * (K /
(K / 512),
64 * (N /
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inline
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replace O

\./
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Scheduling Sub-procedures

replace O

\/

+

dinstr (“ABCD")
def instr A(..):




Scheduling Operations in Exo

swap

1nline
replace

reorder
split
unroll

set memory
set precision
bind expr
stage mem
bind config
reorder dim
expand dim
aAadAd ag1i1avrAd

1l1ft alloc
fission after
reorder stmts
config write
fuse loop
11ft 1f
partition
remove loop



Scheduling Operations in Exo

swap reorder 1l1ft alloc

Safety checked using SMT verification

stage mem partition
bind config remove loop
reorder dim

expand dim

aAadAd ag1i1avrAd
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Exo Performance Results



AVX-512 MatMul

Matches best possible performance

130

+ MKL
104 Exo

OpenBLAS
/8

52

GFLOPS

26

0 512 1024 1536 2043
Problem Size N(A, B,C € RY*Y),
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GEMMINI MatMul

2.3x - 3.7x faster than original HPC Library
N x M x K B Old Lib . ExoLib

512 x 512 x 512
12544 x 256 x 64
12544 x 64 x 256
3136 x 512 x 128
3136 x 128 x 512
784 x 1024 x 256

m m O O T >

0% 25% 50% 715% 100%
% of peak throughput



GEMMINI Conv

Similar Story for Convolution Layers
B OdLib [ Exolib

W Xx HXxIC xOC

56 X 56 x 64 x 64 A

28 x28x 128 x 128 B

14 x 14 x 256 x 256 G

0% 25% 50% 715% 100%
% of peak throughput



Exo vs. Existing - Lines of Code

. Exo B MKL or GEMMINI (old)
> 1650

1500 400 500
1125 300 375
750  9.8x 200 250 06.4X
375 100 125
0 0 0

AVX-512 MatMul GEMMINI MatMul GEMMINI Conv



HW / SW Co-Design

Benefits to Software Maintenance

IS Change

of Exo code changed

“—> 46 lines of old handwritten GEMMINI
library changed




GEMMINI MatMul + Conv

HW / SW Co-Design
B OldLib " ExolLib

m m O O W >

0% 25% 50% 75% 100%
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GEMMINI MatMul + Conv

HW / SW Co-Design

B OdLib " ExolLib | HW FSM
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Exocompilation for Productive Programming of
Hardware Accelerators

https://exo-lang.dev
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Observations From Exo

for 1 in seqg(0,N):
for j in seqg(0,M):
for k 1n seq(0,K):

C[i,3] += A[1,k] * B[k,]]

size, A: [f32][6, K] @ DRAM, 5 t1_ps(A_reg, Ali, kik + 11)
[f32][K, 64] @ DRAM, C: [f32][6, 64] @ DRAM): 16] @ AVX512
m _1 ps(B_reg[0:16], Blk, 16 * jo:
assert 7
assert r

(A_reg, B_reg, C_regli, jo,

* jo + 16])
s(A_l 61)
1 @ AVX512

a

6, A_reg2, Ali, k:k + 1])

1)
1161, Cli, 16 * jo:16 * jo + 161) 161)
@ AVX512 u i * jo:16 * jo + 16], C_regli, jo,
(A_vec, Ali, k:k + 1]) 161)
(0, 4): L k reu,
6] @ AVX512
i_ps(B_vec[0:16], Blk, 16 * j
(A_vec, B_vec, C_regli, jo, _ R[6, @ AVX512
for i in par(e, 6): i : 6 @ AVX512
for jo in par(
cli, 6 % jo + 16], C_regli,

B_reg: R[16] @ AVX512

* jo +

for i1 in par(e,
1)

4)
6 * jo:16 B3_cache[i@, i1] = B[512
B_reg, C_regli, jo, mm_at kerne

0:16
AVX512

1)

N % 16, A_reg2, Ali, k:k + 1])

16, B_reg2[0:16],
16 * (N / 16)
% 16, A_r
C_reg_1[i,
N / 16):
_ps(Cli, 16 * jo:1
C_regli, jo, 0:16])
N % 16, C[i, 16
C_reg_1[i, )

@proc

C_regli, jo, 0:16],
Cli, 16 * jo:16 * jo + 16])

panel scheduled(M: size, K: size, A: [f32][M, K] @ DRAM, i (N % 16, C_reg_1[i, 0:16], Cli,
B: [f32][K, 6 AM in p
C: [f32][M, @ A

assert M >= 1 r(e, 2

assert K >= 1 _ R[16] @ AVX512

assert 1_ps(A_reg, Ali

assert R[16] @ AVX512

assert str.

16 * jo:16 * jo + 16])
(A_reg, B_reg, C_regli, jo,

1 ps(N % 16, A_reg2, Ali, k:k + 1])

] @ AVX512

N % 16, B_reg2[0:16], Blk,
reg

"~ C_regli, jo,
1, BlO:K, @ reu_ps(N % 16, Cli,

: RI6, 4, 16] @ AVX512
K1, B[O:K, ¢ R[6, 16] @ AVX512
) r

else:
for k in par(e, K):
for i in par(e, M)
for j in par(, 64):
GI5%) Ali, k]l * Blk, jl

(C_regli, jo, 0:16
Cli, 16 % jo:16 * jo + 16]) @proc
16, C_reg_1[i, 0:16], C[i, def
1)

c for i in par(0, 6):

right_panel_kernel_scheduled(N: size, K: size, A: [f32][6, K] @ DRAM, for jo in par(o,

[f32][K, N] @ DRAM, C: [f32][6, N] @ DRAM): A_reg: R[1

assert N >= 1 mm512

assert K >= 1

assert stride(A, 2 _ps(B_l

assert s jo:16 * jo + 16])

assert mn512_fmadd_ps(A_reg, B_reg, C_regli, jo,

assert 0:16
[6, 1, 16] @ AVX512
: RI6, 16] @ AVX512

r(e, 6

A_reg2: R[16] @ AVX512
2_mask_setl_ps(N % 16, A_reg2, Ali, k:k + 1])
2: R[16] @ AVX512
2 (N = B_reg2[0:16], Bk,
_reg_: 1, Cli, 0:N]) a
(0, 6):
A_reg2: R[16] @ AVX512
sk_setl_ps(N, A_reg2, Ali, k:k + 11) for jo in
1 @ AVX512 2_sto cli, 16
| 161, Bk, 0:NI)
(N, A_reg2, B_reg2, C_reg_1[i,

C_reg_1[i, 0:16])

j0:16 * jo + 161,
C_regli, jo 6

N, C[i, 0:N], C_reg_1[i, 0:16])

C_reg: R[6, 2, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(0, 6)
for jo in par(0, 1)
mm51

C_regli, jo,
* jo + 16])
1

for i in p
for jo in
1): A_reg:
@ AVX512 1_ps(A_r
A_reg, Ali, k:k + 1]) R[16] @ AVX512

def sgem

: size, N: size, K: size, A: [32][M, K] @ DRAM,
[£32][K, NI @ DRAM, C: [f32][M, N] @ DRAM):

assert

assert

assert

assert

assert

6 * i0:6
0:K1, BIo

4 * (N / 64):N

* io + 6, 64 * (N / 6

M %6, K, Al6
Cl6 * (M

for ji in par(o, N

Clii + M / 6 %
ji+ N/ += Alii + M / 6 % 6,

k] * Blk, ji +N /6

gemm_sys_ size, N: size, K: size, A: f32[M, K] @ DRAM,
B: £32[K, N] @ DRAM, C: f32[M, N] @ DRAM):

assert M

assert N

assert K

assert stride(A,

1
» 5 @ DRAM_STATIC
2, 64] @ DRAM_STATIC
K / 512):
o, M/

Al_cache[i0, i1] = A[264  io + i0, * ko + i1]
for jo in par(0, N / 64
for i1 in pa
B1_cache[i®, i1] = B[512 * ko + i@, 64 * jo + il]
, 21,
0:64], C[264 * i0:264 * io + 264,
64 % jo:64 * jo + 641)

N/ 64)):

* (N / 64) + i1]

B3_cache
for i0 in

* (M / 264):M,
jo:64 x jo + 64])

for ko in par(0, K / 512):
B4_cache: f32(512, @ DRAM_STATIC
for i@ in par(e, 51
for i1 in par(0, N - 64 x (N / 64)):
B4_cache[i0, il1] = B[512 x ko + i@, 64 * (N / 64) + i1]

sgemm_abo

M % 264, N % 64, 512, A
B4_cache[0:512, 0:N - 64 % (

if K % 512 > @

for i@ in par(e
for il in par(0, 64)
B5_cache[i0, i1] = B[512 * (K / 512) + i®,

mm_above_kernel (
264, 64, K % 51
* (K / 512
B5_cache [0 * (K / 512),
i 4 % io + 264,

if N % 64 > 0:
for io in par(0, M / 264)
] @ DRAM_STATIC
for i@ in par(0, K - * (K / 512))
for i1 in par(0, N - 64 * (N / 64)):
B6_cache[i®, il1] = B[512 * (K / 512) + i@,
4 % (N / 64) + i1]
sgemm_above_h
264, N % 6 4 % i0:264 * io +
512 * (K / 512):KI,
B6_cache [0 * (K / 512), 0:N - 64 * (N / 64)],
c[2 i N1)

4 x 10:264 % io + 264, 64 * (N / 6

_t 1 @ DRAM_STATIC
for i@ in par(0, K - 512 % (K / 512)):
for il in par(0, 64)

B7_cache[i®, i1] = B[512 x (K / 512) + i®,

4 % jo + i1]

kernel(M % 264, 64, K % 512, A[264 % (M / 264):M,

512 * (K / 512):K],

B7_cache[0:K - 512 * (K / 512),
¢ P

(M / 264):M, 64 * j

41,
164 % jo + 641)

1 @ DRAM_STATIC
for i@ in par(0, :

for il in p
B8_cache[i0, i1]

rnel(
64, K % 512, A[264 % (M /
512 * (K / 512):K],
- 512 % (K / 512), 0:N - 64 * (N / 64)],
)




Observations From Exo

for 1 in seqg(0,N):
for j in seqg(0,M):
for k 1n seq(0,K):
C[ilj] += A[1,k] * @

A(K: size, A: [f321[6, K] @ DRAM, 5 t1_ps(A_reg, Ali, kik + 11)
B: [f32][K, 64] @ DRAM, C: [f32][6, 64] @ DRAM): 16] @ AVX512
assert mm512_1 s(B_reg[0:16], Blk, 16 * jo:16 * jo + 16])
assert 7 mm51 s(A_reg, B_reg, C_regli, jo, 0:16])
assert str. 1 @ AVX512
assert ) a s 16, A_reg2, Ali, k:k + 1])

n
161)

6 1
@ AVX512 u i * jo:16 * jo + 161, C_regli, jo,
2_ (A_vec, Ali, k: 16])
for jo in par(e, 4):
B ver: RI1A1 @ AVX512
j
fmadd_ps (A_vec, regli, jo, i} _ R[6, @ AVX512
for i in par(e, 6): i : 6 @ AVX512
for jo in par( i (0, 6 @proc
cli, jo:16 * jo + 16,,  -egli, jo, 0:16]) def sgem
1 C_regli, jo, 0:16],
Cli, 16 * jo:16 * jo + 16]) assert
om_panel scheduled(M: size, K: size, A: [f32][N, "I @ DRAM, fu_ps(N % 16, C_reg_1[i, 0:16], C[i, 3 assert
B: [f32][K, 64] AM in p assert
C: [f32]1[M, 64] @ : i assert
assert M >= 1 r(e, 2 assert
assert K >= 1 _ R[16] @ AVX512 assert
assert stride(A, 1) 1_ps(A_reg, Ali for io
assert stride(B, 1) R[16] @ AVX512

wssert M < 6 16 * jo:16 * jo + 16])
(A_reg, B_reg, C_regli, jo,

1 ps(N % 16, A_reg2, Ali, k:k + 1])
] @ AVX512

, 0:641, C[ 4 m z N % 16, B_reg2[0:16], Blk,

reg

64],

C_regli, jo,
reu_ps(N % 16, Cli,

[6, 4, 16] @ AVX512
R[6, 16] @ AVX512
r(o,

else: :
for k in par K): mm5 oadl (C_regli, jo, 0:16

for i in par(e Cli, 16 * jo:16 * jo + 16]) @proc

for i 16, C_reg_1[i, 0:16], Cli, def
1)

, 64):
.11 += Al4, k& BIk, j]
: assert
c for i in par(e, 6): assert
right_panel_ «eduled(N: size, K: size,  [f32]1[6, K] @ DRAM, for jo in par(e, 3): assert
321K, Nl @' M, C: [f32][6, NI @ DRAM): RI16] @ assert
assert ~ 4 mm 1_ps(A fy [ assert
g a>=1
rt stride(A,
116 * jo + 16])
(, mm512_fmadd_ps(A_reg, B_reg, C_regli, jo,
assert N / 16 < 0:16
A_reg2: R[16] @ AVX512
16, 1, 1€ 3 AVX512 2_mask_setl_ps(N % 16, A_reg2, Ali, k:k + 11)
: R[6, 16]  AVX512 2: R[16] @ AVX512
2 (N = B_reg2[0:16], Blk,
eg_1li, 1, Cl4, 0:N]) 4

é , 6):
A_reg2 .[167  AVX512
sk ._ps(N, A_reg2, Ali, kik + 11) for jo in
2
(N, B_reg2[0:16], B[k, 0:N])
(N, A_reg2, B_reg2, C_reg_1[i,

N, C[i, 0:N], C_reg_1[i, 0:16])

C_reg: R[G, 2, 16] @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(e, 6)
for jo in par(0, 1)
mm512_loadu_ps(C_regli, jo,
* jo + 16])
1
for i in p
for jo
A

1):
@ AVX512 !
A_reg, Ali, k:k + 1]) B_reg: R[16]

ps(A_r

@ AVX512

B_reg: R[16] @ AVX512
oadu_ps (B_reg|[ for i1 in par(0, 64)
B[k, 16 * jo:16 * jo + 16]) B3_cache[i@, i1] = B[512
(A_reg, B_reg, C_regli, jo, mm_al kerne
0:16])
AVX512
ps(N % 16, A_reg2, Ali, k:k + 11) 2 264 x (M / 264):M,
jo:64 x jo + 64])
16, B_reg2[0:16],
16 * (N / 16):N]
s 16, A_r for ko in par(0, K / 512):
C_reg_1[i, 0:16 B4_cache: f32(512, @ DRAM_STATIC
for i@ in par(0, 51
for jo in p. 0, N/ 16): for il in par(@, N - 64 x (N / 64)):
mm51 _ps(Cli, 16 * jo:l ] 6 B4_cache[i®, i1] = B[512 * ko + i@, 64 * (N / 64) + il]
C_regli, jo, 0:16]) sgemm_abo l
m5 ps(N % 16, Cli, 16 M % 264, N % 64, 512, A
C_reg_1[i, )

B4_cache[0:512, 0:N - 64 x (

: size, N: size, K: size, A: [32][M, K] @ DRAM, if K % 512 > @
[£32][K, NI @ DRAM, C: [f32][M, N] @ DRAM):

for i@ in par(e
for il in par(0, 64)
B5_cache[i0, i1] = B[512 * (K / 512) + i®,

mm_above_kernel (
264, 64, K % 51
6 * 10:6 * i 6 512 x (K / 512
0:K], Blo:K, 6 jo:6 j 641, B5_cache [0 * (K / 512),
6 6 i 4 % io + 264,

if N % 64 > 0:
6 for io in par(0, M / 264)
A % (N / 64):N], DRAM_STATIC
* io + 6, 64 % (N / 6 for i@ in par(o, K - * (K / 512))
for i1 in par(e, 64 x (N / 64)):
B6_cache[i®, il1] = B[512 * (K / 512) + i@,
4 % (N / 64) + i1]

M %6, K, A6 M, 0: K, 6 jo: j 6 sgemm_above_
6 1)

Cl6 * (M / 6): jo + 6 264, N % 6 % 512, A[264 * i0:264 * io + 264,
512 * (K / 512):KI,
B6_cache [0 * (K / 512), 0:N - 64 * (N / 64)],
C[264 * i0:264 * io + 264, 64 * (N / 64):N])
for ji in par(o, N
Clii + M / 6 %
ji+ N/ += Al +M / 6 % 6, (o,
Kkl * Blk, ji + N / 64 % 6 _ g ] @ DRAM_STATIC
for 10 in par(0, K - 512 * (K / 512)):
for i1 in par(0, 64)
size, N: size, K: size, A: 32[M, K] @ DRAM, B7_cache[i®, i1] = B[512 x (K / 512) + i®,
B: f32[K, N] @ DRAM, C: f32[M, N] @ DRAM): 4 % jo + i1]
kernel(M % 264, 64, K % 512, A[264 * (M / 264):M,
512 x (K / 512):K],
B7_cache[0:K - 512 % (K / 512), 0:64],
2 (M / 264):M, 64 % jo:64 % jo + 64])
if K % 512
1 if M % 26
, 512] @ DRAM_STATIC if N % 64 >
2, 64] @ DRAM_STATIC B8_cache: f32[512, 64] @ DRAM_STATIC
K / 512): for i@ in par(0, K - 512 :
0, M/ for i1 in par(0, N - 6
B8_cache[i0, i1]

Al_cache[io, A[264 * io + i@, * ko + i1] sgem kernel(

for jo in par(e, N / 64, K %

. 512):K],
for i1 in pa - 5 64 x (N / 64)],
B1_cache[i@, i1] = B[512 % ko + i@, 64 * jo + i1] 4 64 % (N / 64):N])

, 21,
0:64], C[264 * i0:264 * io + 264,
64 x jo:64 x jo + 64])

N/ 64)):
[512 i * (N / 64) + i1]

B3_cache
for i0 in



for 1 1in seqg(0,N):
for j 1n seq(0,M):
for kK 1in seg(0,K):
(1,31 += A[i,k] * B[k,]]

size, A: [f32][6, KI @ DRAM,
B: [f32][K, 64] @ DRAM, C: [f32][6, 64] @ DRAM):

C_regli, jo, 0:16], CIi, 16 * jo:16 * jo + 16])

for k in par(
for i in :

@ AVX512

(A_vec, Ali, +11)

( ]
R[16] @ AVX512

51, Blk, 16 * jo:16 * jo + 16])
(A_vec, B_vec, C_regli, jo, 0:16])

16 * jo:16 * jo + 16], C_regli, jo, 0:16])

cheduled(M: size, K: size, A: [f32][M, K] @ DRAM,
[32] [K, 64] @ DRAM,
[£32] [M, 64] @ DRAM):

2_1x4(K, Al0:1, 0:K], BIO:K,

for 1 in par(
for j in par :
Cli, i) Kl * Blk,

size, K: size, A: [f32][6, K] DRAM,

[f32][K, N] @ DRAM, C: [f32][6, N] @ DRAM):

assert N /

if N / 16
AVX512
AVX512

(N, C_reg_1[i, ¢

for i in par(0,
A_reg2: R[16] @ AVX512
mask_setl_ps(N, A_reg2, Ali, k:k + 1])
B_reg2: R[16] @ AVX512
2 adu_ps(N, B_reg2[0:16], B[k, 0:NI)
i_ps(N, A_reg2, B_reg2, C_reg_1[i, 0:16])

(N, C[i, 0:N], C_reg_1[i, 0:16])

for i in par(o,
for jo in

g
for i in par(0, 6
for jo in par(e,

[16]

ps(A_reg, Ali, k:k + 1])
AVX512

s(B_reg[0:16], Blk, 16 * jo:16 * jo + 16])
A_reg, B_reg, C_regli, jo, )
2

16, A_reg2, Ali, k:k + 1])

16, B_reg2[0:16], Blk, 16:N])
16, A_reg2, B_reg2, C_reg_1[i

5 % jo + 16], C_regli, jo for

N], C_reg_1li,

AVX512

s(C_regli, jo, 0:161,
CTi, 16 * jo:16 * jo + 16])
6, C_reg_1[i, 0:16], C[i,

(0, 2
RI[16] @ AVX512
1_ps(A_reg, Ali, k:k + 11) r o in par
AVX512 for jo in
(B_regl0:16],
B[k, 16 * jo:16 * jo + 16])
os(A_reg, B_reg, C_regli, jo, 0:1
AVX512
(N A_reg2, Ali, k:k + 11)
@ AVX512
i_ps(N % 16, B_reg2[0:16], B[k, 32:N])
s(N % 16, A_reg2, B_reg2,
C_reg_1[i, 0:16]) £ >

for jo in par(0

(Cli, 16 * jo * jo + 16],
C_regli, jo, 0:16])
% 16, C :N], C_reg_1[i, 0:16])

16] @ AVX512
5] @ AVX512

(C_regli, jo, ,
Cli, 16 % jo:16 * jo + 16]) @proc

C_reg_1[i, 0:16], Cli, def sgemm_sys_atl(M: size, N: size, K: si.
48:N]) B: f32[K, N] @ DRAM, C: f32[M, N]

%] * jo + 161)
A_reg, B_reg, C_regli, j
A_reg2, Ali, k:k + 11)
, B_reg2[0:16], Blk
4

(N % 16, A_reg2, B_reg2, for
C_reg_1[i, 0:16])

for i in par(e
for jo in

6 % jo +
1)

x jo + 16])
(A_reg, B_reg, C_regli, jo,
p:161)

, A_reg2, Ali, k:k +
1 L
Blk, 16 * (N / 16):N])
16, A_reg2, B_reg2,
61)

i in par(o,
for jo in

s x j
C_regli, jo,
ps(N % 16, Cli,
C_reg_1[i,

size, N: size, K: size, A: [f32][M, K] @ DRAM,
[£32] [K, NI @ DRAM, C: [£32][M, N] @ DRAM):

, 0:K1, Blo:K,
M, 64 % jo:64 x jo + 64])

Clii + M / 6 * 6,
ji+ N/ 64 % 64] += Alii + M / 6
k] * Blk, ji + N / 64 % 64]

ze, A: f32[M, K] @ DRAM
DRAM) :

@ DRAM_STATIC
DRAM_STATIC

for jo in par(e, N / 64):
for i@ in (o, )

i1 in par(0, 64)
B1_cache[i0, i1] i0, 64 % jo + i1l
(

, Al_cache[0:264,
4], C[264 x io
64 % jo:64 x jo + 64])

64] @ DRAM_STATIC

/

(D

/

(D

/

(D

12],
1, Cl[264 x (M / 264):M,
64 * jo:64 % jo + 64])

K / 512
£32[512, 64] @ DRAM_STATIC
for i@ in par(0, 512):
for il in p , N - 64 % (N / 64)
B4_cache[i0, i1] B[512 * ko + i@, * (N /
ke (
, Al264 x (M / 264):M,
5 512 * ko +
@:N - 64 x (N / 64)],

DRAM_STATIC
(K / 512)):

i1 in par(e, 64)
B5_cache[i®, i1] = BI512 * (K / 512) + i,
64 * jo + i1]

, 64 % jo:64 *x jo + 64])

for io in par(e, :
B6_cache: 512, 64] @ DRAM_STATIC
for i@ in par(0, K - 512 * (K /
for i1 in par(0, N - 64
B6_cache[i0, i1] (K / 512) + i@,
/7 64) + i1]

N

(K /
r il in par(0, 64)
B7_cache[i®, i1] = B[512 * (K / 512) + i@,
64 * jo + il]
5 Al

for i0 in par(e, K - 512
for i1 in par(o, N -
B8_cache[i0, i1]

64 % (N / 64)

2, Al264 x (M /

* (K /
64 x (N /

64) + i1]




Functional Scheduling

for 1 1in seqg(0,N):
for j 1n seq(0,M):
for kK 1in seg(0,K):
C[i,j] += A[i,k] * B[k,]]

size, A: [f32][6, KI @ DRAM,
[f32][K, 64] @ DRAM, C: [f32][6, 64] @ DRAM):

1, Cli, 16 * jo:

, Ali, kik + 11)
r(e, 4):
R[16] @ AVX512
ps(B_vec[0:16], Blk, 16 * jo:16 * jo + 16])
n s(A_vec, B_vec, C_regli, jo, 0:16])
for i in par(e,
for jo in p
(Cl4, 16 * jo:16  jo + 161, C_regli, jo,
panel_ke cheduled (M ize, A: [f32][M, KI @

AM,

[f32][M, 64] @ DRAM):

x4(K, Ale:1, o:K], Bl[o:K, 0:64], C[o:1,
2x4(K, AL 1, Blo:K, 0:64], C[o:

2_3x4(K, Al0:

641,

Cli, j] += k1l * Blk, jl

cheduled(N: size, K: size, A: [f32][6, K] @ DRAM,
B: [f32][K, N] @ DRAM, C: [f32][6, N] @ DRAM):

@ AVX512
AVX512

os(N, C_reg_1[i, 0:16], C[i, 0:NI)
for i in par(e,
A_reg2: R[1 AVX512
(N, A_reg2, Ali, k:k + 11)
X512
ps(N, B_reg2[0:16], Blk, 0:N])
N, A_reg2, B_reg2, C_reg_1l[i,

(N, CIi, 1, C_reg_1[i, 0:16])

for i in par(e,

1_ps(A_reg, Ali, k:k + 1])
1 @ AvX512

s(B_reg[0:16], B[k, 16 * jo:16 * jo + 16])
A_reg, B_reg, C_regli, jo, 0:16])
2

etl_ps(N % 16, A_reg2, Ali, k:k + 1)

1 @ AVX512

loa (N % 16, B_reg2[0:16], B[k, 16:N])
% A_reg2, B_reg2, C_reg_1[i,

_reg: , 161 @ AVX512
C_reg_1: R[6, 16] @ AVX512
for i in par(e,

fo

0:16 % jo +
6, C_reg_1[i, 0

5 x jo + 16])
(A_reg, B_reg, C_regli, jo, 0:16])
VX512

, 16, A_reg2, Ali, k:k + 1)
B_reg2: R[16]
nm512_m 1 5, B_reg2[0:16], Blk, 32:N])
16, A_reg2, B_reg2,
C_reg_1[i, 0:16])

Cli, 16 * jo * jo + 16],
C_regli, jo, 0:16])
16, Cli, 32:N], C_reg_1[i, 0:16])

[6, 4, 16] @ AVX512
R[6, 16] @ AVX512
for i in par(e, 6
for jo in par(e,

for k in par(0, K
for i in par(0,
for jo in ):
@ AVX512
; 1_ps(A_reg, Ali, kik + 11)
B_reg: R[16] @ AVX512
Torr B_regl0
Blk, 16 * jo:16 * jo + 16])
(A_reg, B_reg, C_regli, jo,
)

s 16, A_reg2, Ali, k:k + 1])

16, B_reg2[0:16], BIk,
48:

(N 6, A_reg2, B_reg2,
C_reg_1[i, 0:161)

16] @ AVX512

% jo + 16])
A_reg, B_reg, C_regli, jo,

:16])
: R[16] @ AVX512

mask_setl_ps(N % 16, A_reg2, Ali, k:k +
R[16] @ AVX51:
Loadu_ps (N %

(N % 16, A_reg2, B_reg2,
C_reg_1[i, 0:16])

jo, 0:161)
6, Cli, 16 * (N / 16):N],
C_reg_1[i, 0:16])

: size, N: size, K: size, A: [f32][M, K] @ DRAM,
[£32] [K, NI @ DRAM, C: [f32][M, N] @ DRAM)

K, 64 % (N / 64):NI,
* 1016 * do +
if M % 6 > 0:

for jo in

(
, 0:K], BlO:K, 64 % j
:M, 64 % jo:64 % jo + 64])

+M /6 %6,
ji+ N/ 64 % 64] += Alii + M / 6 % 6,
k] * Blk, ji + N / 64 % 64]

(M: size, N: size, K: size, A: f32[M, K] @ DRAM,
B: f32[K, N] @ DRAM, C: f32[M, N] @ DRAM):

DRAM_STATIC
@ DRAM_STATIC

for i@ in p
for il in par(0,
B1_cache[i0, i1] * jo + i1]
i

B1_cache 4 % io + 264,
if N % 64 >
for ko in par(e, K
B2_cache: 32 6 DRAM_STATIC
for i0 in par(e

for i@ in par(o,
for il in par(

B3_cache[i0, i1] = B[512 * ko + i@,

ko in par(e, K / 512)

B4_cache: f32[512
for i@ in par(0,
for il in

for i1 in par(e,
B5_cachel[io,

for i@ in par(0, K -
for il in par(e,
B6_cachel[i0,

B7_cache[i0, i1] = B[512 * (K /

for i@ in par(e
for il in , N
B8_cache[i0, i

12):
, 64):

* (M / 264):M,
) * ko:512 * ko +
264 % (M /
64 * jo:6

64] @ DRAM_STATIC
4 % (N /

4)
B[512 * ko + 10, 64 % (N /

5 12
@:N - 64 x (N / 64)],

)
i1] = B[512 x (K / 512) + ie,
64 * jo + il]

i1] 2 % (K / 512) + ie,
6 64) + i1]

N

DRAM_STATIC

* (K / 512)):

0

512) + 10,

* jo + i1]

K A[264 + (M /
* (K /
2), o:

1]

, AL264 x (M /
12 % (K /
* (K / 512), 0:N
4 x (N / 64)

4 % jo + i1]

64) + i1]
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My group’s research:

Capture & control dependencies

Define & exploit
structure

Reorganize computations & data

applications

Image Processing ~@lgorithms
3D Graphics = data structures

Machine Learning languages
compilers
hardware




