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What runs on these chips?



Introduction

« Strong demand for performant
matrix/tensor kernels (including
BLIS) on novel architectures

« Both cost of implementation per
architecture and number of new
architectures increasing rapidly

Cost breakdown of developing new chips.



What makes performant kernels hard to implement?

- Tedious, difficult to debug, and requires extensive experimentation
and tuning

- Hardware-specific optimizations (and knowledge of HW architecture)
often required

- Few performance programming experts
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The story so far...

Hardware-specific implementation - still time-
consuming to optimize!
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for (i = @; i < m32; i += 32) {

for

for

(3 =0; j<nd; j+=4){

DECLARE_RESULT_512(@, @); DECLARE_RESULT_512(1,
DECLARE_RESULT_512(@, 1); DECLARE_RESULT_512(1,
DECLARE_RESULT_512(@, 2); DECLARE_RESULT_512(1,
DECLARE_RESULT_512(@, 3); DECLARE_RESULT_512(1,

); DECLARE_RESULT_512(2, @); DECLARE_RESULT_512(3,
1); DECLARE_RESULT_512(2, 1); DECLARE_RESULT_512(3,
2); DECLARE_RESULT_512(2, 2); DECLARE_RESULT_512(3,
3); DECLARE_RESULT_512(2, 3); DECLARE_RESULT_512(3,

@);
1);
2);
3);

for (k = 8; k < K; k++) {

LOAD_A_512(@, x); LOAD_A_512(1, x); LOAD_A_512(2, x); LOAD_A_512(3, x);
BROADCAST_LOAD_B_512(x, @); BROADCAST_LOAD_B_512(x, 1);
BROADCAST_LOAD_B_512(x, 2); BROADCAST_LOAD_B_512(x, 3);
MATMUL_512(8, @); MATMUL_512(1, 8); MATMUL_512(2, @); MATMUL_512(3, 0);
MATMUL_512(8, 1); MATMUL_512(1, 1); MATMUL_512(2, 1); MATMUL_512(3, 1);
MATMUL_512(8, 2); MATMUL_512(1, 2); MATMUL_512(2, 2); MATMUL_512(3, 2);
MATMUL_512(8, 3); MATMUL_512(1, 3); MATMUL_512(2, 3); MATMUL_512(3, 3);
}
STORE_512(@, @); STORE_512(1, @); STORE_512(2, ©); STORE_512(3, @);
STORE_512(@, 1); STORE_§12(1, 1); STORE_512(2, 1); STORE_512(3, 1);
STORE_512(0, 2); STORE_512(1, 2); STORE_512(2, 2); STORE_512(3, 2);
STORE_512(@, 3); STORE_512(1, 3); STORE_512(2, 3); STORE_512(3, 3);

(G 3 <n2; j+=2) 4
DECLARE_RESULT_512(@, @); DECLARE_RESULT_512(1, ©); DECLARE_RESULT_512(2, @); DECLARE_RESULT_512(3, @);
DECLARE_RESULT_512(@, 1); DECLARE_RESULT_512(1, 1); DECLARE_RESULT_512(2, 1); DECLARE_RESULT_512(3, 1);
for (k = 8; k < K; k++) {
LOAD_A_512(8, x); LOAD_A_512(1, x); LOAD_A_512(2, x); LOAD_A_512(3, x);
BROADCAST_LOAD_B_512(x, ©); BROADCAST_LOAD_B_512(x, 1);
MATMUL_512(@, @); MATMUL_512(1, ©); MATMUL_512(2, @); MATMUL_512(3, @);
MATMUL_512(@, 1); MATMUL_512(1, 1); MATMUL_512(2, 1); MATMUL_512(3, 1);
}
STORE_512(@, ©); STORE_512(1, ©); STORE_512(2, ©); STORE_512(3, @);
STORE_512(@, 1); STORE_512(1, 1); STORE_512(2, 1); STORE_512(3, 1);

(; 3 < N; g++) {
DECLARE_RESULT_512(@, ©); DECLARE_RESULT_512(1, ©); DECLARE_RESULT_512(2, @); DECLARE_RESULT_512(3, @);
for (k = 8; k < K; k++) {
LOAD_A_512(@, x); LOAD_A_512(1, x); LOAD_A_512(2, x); LOAD_A_512(3, x);
BROADCAST_LOAD_B_512(x, @);
MATMUL_512(@, @); MATMUL_512(1, @); MATMUL_512(2, @); MATMUL_512(3, 0);
}
STORE_512(@, ©); STORE_512(1, ©); STORE_512(2, ©); STORE_512(3, @);

for (; i < m8; i += 8) {
for (j = @; j < né; j += 6) {

}
for

}
for

DECLARE_RESULT_512(e,
DECLARE_RESULT_512(e,
DECLARE_RESULT_512(e,
DECLARE_RESULT_512(e,
DECLARE_RESULT_512(e,
DECLARE_RESULT_512(e,

e);
1);
2);
3);
4);
5);

for (k = @8; k < K; k++) {

LOAD_A_512(e,

x);

BROADCAST_LOAD_B_512(x, @); BROADCAST_LOAD_B_512(x, 1);
BROADCAST_LOAD_B_512(x, 2); BROADCAST_LOAD_B_512(x, 3);
BROADCAST_LOAD_B_512(x, 4); BROADCAST_LOAD_B_512(x, 5);

MATMUL_512(8,
MATMUL_512(e,
MATMUL_512(e,
MATMUL_512(8,
MATMUL_512(8,
MATMUL_512(e,
}
STORE_512(0,
STORE_512(0,
STORE_512(0,
STORE_512(8,
STORE_512(0,
STORE_512(0,

0);
1);
2);
3);
4);
5);

e);
1);
2);
3);
4);
5);

(; 3 <n2; j+=2)¢

DECLARE_RESULT_512(e, @);
DECLARE_RESULT_512(@, 1);
for (k = 8; k < K; k++) {

LOAD_A_512(@,

BROADCAST_LOAD_B_512(x, @);

MATMUL_512(8,
MATMUL_512(8,
}
STORE_512(0, @);
STORE_512(0, 1);

(3 <Np ) o

x);
BROADCAST_LOAD_B_512(x, 1);
e);
1);

DECLARE_RESULT_512(@, @);
for (k = 0; k < K; k++) {

LOAD_A_512(@,

x);

BROADCAST_LOAD_B_512(x, @);

MATMUL_512(8,
}
STORE_512(0, @);

a);

for (; i < mi6; i += 16) {
for (j =@; j <né; j += 6) {

}

DECLARE_RESULT_512(8,
DECLARE_RESULT_512(e,
DECLARE_RESULT_512(8,
DECLARE_RESULT_512(e,
DECLARE_RESULT_512(@, 4);
DECLARE_RESULT_512(e, 5);
for (k = 8; k < K; k++) {
LOAD_A_512(@, x); LOAD_A_512(1, x);
BROADCAST_LOAD_B_512(x, @); BROADCAS
BROADCAST_LOAD_B_512(x, 2); BROADCAS
BROADCAST_LOAD_B_512(x, 4); BROADCAS

e);
1);
2);
3);

DECLARE_RESULT
DECLARE_RESULT
DECLARE_RESULT
DECLARE_RESULT
DECLARE_RESULT
DECLARE_RESULT

MATMUL_512(8,
MATMUL_512(8,
MATMUL_512(8,
MATMUL_512(8,
MATMUL_512(8,
MATMUL_512(8,

e);
1);
2);
3);
4);
5);

MATMUL_512(1,
MATMUL_512(1,
MATMUL_512(1,
MATMUL_512(1,
MATMUL_512(1,
MATMUL_512(1,

0);
1);
2);
3);
4);
5);
}

STORE_512(0,
STORE_512(8,
STORE_512(0,
STORE_512(8,
STORE_512(0,
STORE_512(8,

0);
1);
2);
3);
4);
5);

STORE_512(1,
STORE_612(1,
STORE_512(1,
STORE_612(1,
STORE_612(1,
STORE_612(1,

0);
1);
2);
3);
4);
5);

for (; 3 <n2; j +=2) {

}

DECLARE_RESULT_512(@, ©); DECLARE_RESULT
DECLARE_RESULT_512(@, 1); DECLARE_RESULT
for (k = @; k < K; k++) {
LOAD_A_512(@, x); LOAD_A_512(1, x);
BROADCAST_LOAD_B_512(x, @); BROADCAS
MATMUL_512(@, @); MATMUL_512(1, @);
MATMUL_512(8, 1); MATMUL_512(1, 1);
}
STORE_512(@, ©); STORE_512(1, @);
STORE_512(@, 1); STORE_512(1, 1);

for (; j < N; j++) {

DECLARE_RESULT_512(@, @); DECLARE_RESULT
for (k = @; k < K; k++) {
LOAD_A_512(@, x); LOAD_A_512(1, x);
BROADCAST_LOAD_B_512(x, @);
MATMUL_512(@, @); MATMUL_512(1, @);
}
STORE_512(@, ©); STORE_512(1, @);



for (i = @; i < m32; i += 32) {

for

(3 =0; j<nt; j+=4){

DECLARE_RESULT_512(@, @); DECLARE_RESULT_512(1
DECLARE_RESULT_512(, 1); DECLARE_RESULT_512(1
DECLARE_RESULT_512(@, 2); DECLARE_RESULT_512(1
DECLARE_RESULT_512(@, 3); DECLARE_RESULT_512(1

for (k = 9; k < K; k++) {
LOAD_A_512(@, x); LOAD_A_512(1, x); LOAD_A

BROADCAST_LOAD_B_512(x, @); BROADCAST_LOAD
BROADCAST_LOAD_B_512(x, 2); BROADCAST_LOAD

MATMUL_512(@, ©); MATMUL_512(1, @); MATMUL
MATMUL_512(8, 1); MATMUL_512(1, 1); MATMUL
MATMUL_512(8, 2); MATMUL_512(1, 2); MATMUL
MATMUL_512(8, 3); MATMUL_512(1, 3); MATMUL
}
STORE_512(@, ©); STORE_512(1, @); STORE_512(2
STORE_512(@, 1); STORE_512(1, 1); STORE_512(2
STORE_512(@, 2); STORE_512(1, 2); STORE_512(2
STORE_512(@, 3); STORE_512(1, 3); STORE_512(2

(; 3 <n2; j+=2) ¢

DECLARE_RESULT_512(@, ©); DECLARE_RESULT_512(1, @); DECLARE_RESULT_512(2, @); DEC

DECLARE_RESULT_512(e, 1); DECLARE_RESULT_512(1
for (k = 9; k < K; k++) {
LOAD_A_512(8, x); LOAD_A_512(1, x); LOAD_A
BROADCAST_LOAD_B_512(x, @); BROADCAST_LOAD
MATMUL_512(@, @); MATMUL_512(1, @); MATMUL
MATMUL_512(@, 1); MATMUL_512(1, 1); MATMUL
}
STORE_512(@, @); STORE_512(1, @); STORE_512(2,
STORE_512(@, 1); STORE_512(1, 1); STORE_512(2,

(; 3 <N; d++) {

DECLARE_RESULT_512(e, @); DECLARE_RESULT_512(1, @); DECLARE_RESULT_512(2, @); DEC

for (k = 9; k < K; k++) {
LOAD_A_512(@, x); LOAD_A_512(1, x); LOAD_A
BROADCAST_LOAD_B_512(x, @);
MATMUL_512(@, @); MATMUL_512(1, ©); MATMUL
}
STORE_512(@, @); STORE_512(1, @); STORE_512(2,

, ©); DECLARE_RESULT_512(2, @);
, 1); DECLARE_RESULT_512(2, 1);
, 2); DECLARE_RESULT_512(2, 2);
, 3); DECLARE_RESULT_512(2, 3);

_512(2, x); LOAD_A_512(3, x);

B_512(x, 1);
B_512(x, 3);

_512(2, @); MATMUL_512(3, @);
512(2, 1); MATMUL_512(3, 1);
512(2, 2); MATMUL_512(3, 2);
512(2, 3); MATMUL_512(3, 3);

@); STORE_512(3, @);
1); STORE_512(3, 1);

2); STORE_512(3, 2);
3); STORE_512(3, 3);

, 1); DECLARE_RESULT_512(2, 1);
_512(2, x); LOAD_A_512(3, x);
_B_512(x, 1);

512(2, ©); MATMUL_512(3, 0);
512(2, 1); MATMUL_512(3, 1);

@); STORE_512(3, @);
1); STORE_512(3, 1);

512(2, x); LOAD_A_512(3, x);

512(2, @); MATMUL_512(3, @);

@); STORE_512(3, @);

+= 8) {

ylakex.c

kernel_16x2_haswell.S

DEC
DEC
DEC
DEC " ernel_16x

nel_4x4
kernel_4x8 S A_512(e,

ernel_4

x);

HuL_512(e, @);
HuL_512(e, 1);
luL_512(8, 2);
uL_512(8, 3);
HuL_512(8, 4);
uL_512(@, 5);
2(e, 0);
2(e, 1);
2(0, 2);
2(e, 3);
2(0, 4);
2(e, 5);

DEC gemm_ncopy > 5 2; j +=2) {

smal

n_smal rnel_nt_skylakex.c
HuL_512(@,

_small_kernel_pe UL _512(@,

ernel_tn_skyla 2(0, 0);

rmel.tt 2(0, 1);

i i) {

A_512(@

HuL_512(e,

2(e, 0);

x);

8);
1);

x);

8);

j<né; j+=6){
RESULT_512(e,
RESULT_512(e,
1_kernel_16x2 lakex.S RESULT_512(@,
RESULT_512(e,
RESULT_512(e,
RESULT_512(e,
9; k < K; k++) {

e);
1);
2);
3);
4);
5);

pOCAST_LOAD_B_512(x, @); BROADCAST_LOAD_B_512(x,
DCAST_LOAD_B_512(x, 2); BROADCAST_LOAD_B_512(x,
pDCAST_LOAD_B_512(x, 4); BROADCAST_LOAD_B_512(x,

RESULT_512(e, @);
RESULT_512(e,
Pk < Ky kt+) {

1);

hDCAST_LOAD_B_512(x, @); BROADCAST_LOAD_B_512(x, 1);

RESULT_512(@, @);
9; k < K; k++) {

hDCAST_LOAD_B_512(x, @);

for (; i < mi6; i += 16)

{

for (j =0; j <né; j +=6) {
DECLARE_RESULT_512(@, @); DECLARE_RESULT
DECLARE_RESULT_512(@, 1); DECLARE_RESULT
DECLARE_RESULT_512(@, 2); DECLARE_RESULT
DECLARE_RESULT_512(@, 3); DECLARE_RESULT
DECLARE_RESULT_512(@, 4); DECLARE_RESULT
DECLARE_RESULT_512(@, 5); DECLARE_RESULT
for (k = 8; k < K; k++) {
LOAD_A_512(@, x); LOAD_A_512(1, x);

BROADCAST_LOAD_B_512(x, @); BROADCAS
BROADCAST_LOAD_B_512(x, 2); BROADCA:
BROADCAST_LOAD_B_512(x, 4); BROADCA

MATMUL _512(8,
MATMUL_512(8@,
MATMUL _512(8@,
MATMUL_512(8@,
MATMUL _512(8@,
MATMUL _512(@,
}
STORE_512(@, 9);
STORE_512(@, 1);
STORE_512(@, 2);
STORE_512(@, 3);
STORE_512(@, 4);
STORE_512(@, 5);

8); MATMUL_512(1,
1); MATMUL_512(1,
2); MATMUL_512(1,
3); MATMUL_512(1,
4); MATMUL_512(1,
5); MATMUL_512(1,

STORE_512(1,
STORE_512(1,
STORE_512(1,
STORE_512(1,
STORE_512(1,
STORE_512(1,

for (; j <n2; j +=2) {
DECLARE_RESULT_512(@, @); DECLARE_RESULT
DECLARE_RESULT_512(@, 1); DECLARE_RESULT
for (k = 8; k < K; k++) {
LOAD_A_512(@, x); LOAD_A_512(1, x);
BROADCAST_LOAD_B_512(x, @); BROADCAS

@); MATMUL_512(1, @);
1); MATMUL_512(1, 1);

MATMUL _512(8@,
MATMUL_512(8@,
}

a);
1);
2);
3);
4);

5);

STORE_512(@, @); STORE_512(1, @);
STORE_512(@, 1); STORE_512(1, 1);

for (; J < Nj j++) {

<
<

0);
1);
2);
3);
4);

5);

DECLARE_RESULT_512(@, ©); DECLARE_RESULT
for (k = @; k < Kj k++) {
LOAD_A_512(@, x); LOAD_A_512(1, x);
BROADCAST_LOAD_B_512(x, @);
MATMUL_512(@, @); MATMUL_512(1, @);

}

STORE_512(@, @); STORE_512(1, @);



How do we make writing
microkernels easier?



Code generation

- Instead of writing hand-optimized code, have the compiler do it for you.

« Compiler optimizations (-03, -0Ofast in GCC/clang, etc.)

 How do you control them or optimize them for new hardware?

« Write your own compiler (or fork an existing one)... if you have the
compiler experts to build and maintain it.



Needs experts in black-box optimizing compiler

An Optimizing Compiler algos and compilers Problems still there - just
moved inside compiler

inscrutable IR




User Scheduling

user-schedulable compiler



User-schedulable compilers

« Halide (Ragan-Kelley et al. PLDI"13), TVM (Chen et al. 0SDI 18), Rise/Elevate
(Hagedorn et al. ICFP "20), etc.

» Not suited for BLIS/new HW application:
» difficulty of writing HW backends
- aimed at different domains (image processing, ML graphs)

« not designed for library kernels (e.g. TVM prefers numpy ndarray input)
or interoperability with existing flows



Exo: a user-schedulable compiler
for the accelerator era



def new_sgemm():

@proc

def sgemm_full(

: size,

: size,

: size,

: £32[N, M] @ DRAM,
: £32[N, K] @ DRAM,
: £32[K, M] @ DRAM,

for i in par(0, N):
for j in par(e, M):
for k in par(e, K):
‘ | | cli, 31 += ALi, K] * B[k, j]
return sgemm_full




matmul_c_i8 =
matmul_c_i8 =
matmul_c_i8 =
matmul_c_i8 =
matmul_c_i8 =
matmul_c_i8 =
matmul_c_i8 =
matmul_c_i8 =
matmul_c_i8 =

matmul_c_i8

matmul_c_i8.

matmul_c_i8

matmul_c_i8.
.lift_alloc('res :
.lift_alloc('res
.lift_alloc('res

matmul_c_i8
matmul_c_i8
matmul_c_i8
matmul_c_i8
matmul_c_i8
matmul_c_i8
matmul_c_i8

split('i #0',16,['i','i_in'], perfect=True)

.reorder('i_in #0','j")

split('j #0',16,['j','j_in'], perfect=True)

_ #0', n_lifts=1)
: _ #0', n_lifts=1, mode='col', size=16)
©_ #0', n_lifts=2)

.fission_after('res[_] = 0.0 #0', n_lifts=2)
.fission_after('for k in
.reorder('i_in #0','k')
.reorder('j_in #0','k')

c_ #0', n_lifts=2)




def new_sgemm():
@proc
def sgemm_full( e T e
matmul_c_i8 = matmul_c_i8.split('i #0',16,['i','i_in'], perfect=True)
matmul_c_i8.reorder('i_in #0'

size,
S matmul_c_i8.split('j #6',16,['j','j_in'], perfect=True)
size, = matmul_c_i8.lift_alloc('res : _ #8', n_lifts=1)
SAAAN
. lift_alloc('res : _ #0', n_lifts=1, mode='col',6 size=16)
§v]\',\z,ve\_l o _c_i8.lift_alloc('res : _ #0', n_lifts=2)
‘F32[N ission_after('res[_] = 0.0 #0', n_lifts=2)
ARAAEAT _c_i _c_i8.fission_after('for k in _:_ #@', n_lifts=2)

‘F32 [N 1 - - reorder('i_in #0','k')
- = - reorder('j_in #0','k')
£32[K,

for j in par(e, M):

for k in par(e, K):

| | cli, j1 += ALi, K] * BIk, j]
return sgemm_full




def new_sgemm():
@proc
def sgemm_full(

matmul_c_i8 = matmul_

N: size, matmul_c_i8 = matnul_c
RAAAR matmul_c_i8 il_c it(' -
: size, mencso - e c ool @instr('{C_data} = _mm512_mask_fmadd_ps
: ,5\},\2,\9\' ua’unul:ci ;:Lmu':a: e": y
: £320N, B def mm512_mask_fmadd_ps (

matmul_c_: atmul

matmul_c

: #3210, N: size,

A: f32[16] @ AVX512,

: £321K,

L Wr:itger? B: 32[16] @ AVX512,
for k in par(e, K): SENEOUE C: [f32]1[16] @ AVX512,

cli, j1 += A[i, k] = B[k, jl
return sgemm_full

assert N >= 1
assert N < 16
assert stride(A, 0) == 1
assert stride(B, 0) == 1
assert stride(C, 0) == 1

for i in par(@, 16):
if i < N:
| Cli] += Ali]




def new_sgemm():
@pI‘OC @instr('{C_data} = _mm512_mask_fmadd_ps
def sgemm -Ful'L( e def mm512_mask_fmadd_ps (

- matmul_c_i8 = matmul_c_i8.split('i #e',16,['i','i_in'], perfect=True) N: size,
sj_zel matmul_c_i8.reorder('i_in #0' A: £32[16] @ AVX512,
o matmul_c_i8.split('j #0',16,['j',"'j_in'], perfect=True) B: £32[16] @ AVX512,

size, o matmul_c_i8.Llift_alloc('res : _ #8', n_lifts=1)
lift_alloc('res : _ #0', n_lifts=1, mode='col', size=16) C: [f32][16] @ AVX512,

§v]\',\z,ve\_l o _c_i8.lift_alloc('res : _ #0', n_lifts=2)
ission_after('res[_] = 0.0 #0', n_lifts=2) assert N >= 1

assert N < 16

fv%g\[y\' _c_i _c_i8.fission_after('for k in _:_ #@', n_lifts=2)

‘F32[N - - reorder('i_in #0','k')
AR AT , o reorder('j_in #0','k') assert stride(A,

£32 [B\, assert stride(B,
assert stride(C,

for i in par(o, 16):

for j in par(e, M): if i < N:
for k in par(e, K): | clil += AL4] * BIil
| | cli, j1 += ALi, k] = Bk, j]

return sgemm_full




@proc
def sgemn_kernel_avx512_6x4(K: size, A: [f32][5, K] @ DF 512 setl_ps(hrep, AlL, kik +11)
5 T 4 0 ohn, ¢ 1133115, 541 @ oRan RI16] € AVXG12
assert K >= 1 2513 Load.ps (B reg 0:161,
assert stride(A, 1) 512 m.-mum,.-eg. B_reg, C_regli, jo, 0:16]
Lot e A_reg2: RT16] € A
assert stride(c, w12 pask LSat] oriN & 16, A_res2, ALL, kik + 11)
C_reg: RIS, 4, m @Avxslz reg2: RI16] @ AVXS12
RS mask TosdpsiN & 16, 8_reg2(0:161, ik, 36:m)

for 1 in par(d,
for jo_in pay mn512_mask_fnadd_ps(N % 16, A_reg2, B_reg2, C_reg_1li,

i3 fondu potE rests, Jo, 01161, Cli, 16 » Joi16 * Jo + 161) 6:161)

for k in par(3, K) for 4 in par(o, 6)
for 4 in par(0, 6) for jo in
Avect U1 8 Aves12
ms1z_setips(avec, Ali, kik + 11)
jo in par(s, 4 mn512_nask_storeu_ps(N % 16, Cli, 16:N], C_reg_1li, 0:161)
B_vec: RI16] € else:
55 Toadu ps (B veE 01161, Blk, 16 + Joi1s x fo + 161) 1N/ 16
mi512_fnadd_ps(A_vec, B_vec, C_reg[i, jo, 0:161) C_reg: RIS, 3, 16] @ AVXS12
for i in par(o, e s
for jo in par(0, far £'in parie, &
Bt Eotei pHiCH, 16 » 10116  Jo + 161, C_reglt, Jo, 0:16) for38 7 o,
ns12. loadqu(Lrewh. oy el
* jo + 16]

«
I3 Caotei pHCt, 16 + Jo116 x Jo + 161, C_reals, Jo,

@proc
def bottan_panel_kernel_scheduled(: size, K: size, 41 [1321[N, K1 @ oRAN,
2 o1 e
1552100, 641 ¢ omwai:

assert M >= 1

assert K >= 1

assert stride(A, 2 set1pslh mg, AL, ek s 1)

assert stride(B, reg: RI1E) @

assert stride(c, TS, s peBrestos 1,

assert M < 6 Blk, 16 * j0:16 % jo + 16])
n1512_fnadd_ps (A_reg, B_reg, C_regli, jo, 0:16])

A_reg2: RI16] @ AVXS12

(o e R S, (MR 0K (ot <)

RI

u
sgenn_kernel_avx512_1x4(K, A[0:1, 0:KI, BIO:K, 0:641, C[0:1, 0:641)
ifm=2
sgenn_kernel_avx512_2x4(K, Al0:2, 0:K], BI 41, clo:2, 0:641)
else: 512 nask_ fmad;s{n % 16, A_reg2, B_reg?,
if == 3 reg_1li; 0:161)
sgenn_kernel_auxs12_3x4(K, A[0:3, 0:K], BIO:K, 0:64], Cl0:3, for 4 in par(o, 6):
for jo_in par!
an512, m,eus(cn 16 « fo:6 x o 4 161,
egli, jo, 0:16]
sgenn_kernel_avx512_4x4(K, Al0:4, 0:K1, BIO:K, 0:64],
clo:a, 0:641)

30
RIG, 4, 16] @ AVX512
Soenn. Kernel_aves12_5xd(K, ALOiS, 0:K1, 8Lk, 0641,
clo:s, 6:641)

o G i ooty

16"+ 10:16 * Jo
ans12_poske_tood_peN'N 36, res il o:16), et
S et 1
ok L e

@proc
def right_panel_kernel_scheduled (N size, A: [f321(5, K] @ D
5 T30 w e onan, £ (£32) (s, N @ ona):
assert N >= 1

* jo + 161)
ans12_taadd_ps ey B rens Creplty Jor
oi181)
A_reg2: RI16] @ AVXS12
k_setl ps(N % 16, A_reg2, Ali, kik + 11)
B_reg2: R[16] @ AVXS12

< reu A6 1, 161 @ avs12
Ris, 16] & X512
fortole paro,
n512_mask>. 1nauu4p;m C_reg 1[4, 0:161, C[4, 0:N])
nas12_sask_faadd ps(N ¥ 16, Areq2, ©.reg2,
C_reg_1[i, 0:161)
for i in par(s, 6):
Tor jo in par(a, 3):
nas12_storeu_ps(ElL, 16 + J0116 x Jo + 161,
realt, fo, 0:16)
ans12_mask_storeu_psh v 16, L1k,

else:
C_reg: RIS, N/ 16 + 1, 16] @ AVXS12
CCreg_1: Rls, 16] @ AVKS12
161 @ AVX512 for i in par(0, 6):
Creg 1. e, m @ AVX512 for jo_in par(0, N / 16)
for 1 in parf masi2_{oad.ps(C.veqlss Jo, 0161,
fnr]u T barts, e 1)
5 Fonen oo le_reali, 3o, 0:161, e, ans12_masks_loadu_ps (i % 16, C_res 1lt,
* §0:16 * jo + 16]) 16+ (N7 16)
fm12.pasks._Load_ps(H & 16, C_rep_1ls, ov HTERHTRtN for K in parte, K11
i (5 i in par(o, 6):
Sor' 1710 parte, 51 " tor B0
for o in par(o, Riieh @ A
R oS et pe (A rags AL, Kik + 11)
oS et 1 peih regs AL, kik + 11) B_reg: RI16] @ AVXS12

Blk, 16 Jocis o+ 161)

2 pase laadu)x(" o Prea 0 B30, cra, sz
©):

61, Blk, 32:N])

nes12_posk_storeu o w1, L1k, M, C_renatt, 01161}

@roc
def sgenn_sys_atl(
N])

ma512_maskz_loadu_ps(N % 16, B_reg2[0:16], BIk,
48N

1 @ Avis12
ot} zmusm realo

< des1s « do v 161)
na512_faacd_ps h.reg, Boreg, Crepl,
ot

Areg2: RI1] @ AVXS12
an512_nask_set1_ps(N % 16, A_reg2, Ali,
B_reg2: RI16] @ AVXS12
n512_naskz. (usdu_ps(n 316, Boregzlostel,
= (N / 16):N]
am512_nask_ mausm ‘ e, Aresz, 0. res?,
g 104, 0:161)
for £ in par(o, 6):
jo_in par(e, N / 16):
CELa e U«

egli,
mn512_mask_storeu_{ ns(M e BLY o e,
C_reg_1li, 0:161)

et sgenn_sbove.) erneL(s: size ize, K: size, A: [f321[M, KI @ DRAM,
T i

/6

Lemn_kernet_avisis sxat, Al + tos6 10 + 6,
K1, Bk, B Vi o e

Clo +its 200 & B et 1 ey

for o 1n parto, W / )1
e e e scheduted(N & 64, K, AlG * doi6 o+ 6, 0:K],
N / 64)
L s nan
iM% 6> 0
e
botton,
BIO:K, 64 % jo:64 » jo + 64,
1

hoM/EAtEA]«AIu‘K/E
AN

R L N
33k, N6 oRan, G r320n, N ¢ o

1)
152560, 5121 ¢ omn_saTic
320512, 641 & DRANSTATIC

. 121,
B cachel0:512, D641, :lzau . xo 264+ s0 2 264,
¥ jo + 641)

N % 6d > 0
for ko in par(o, K /
_cache: Talsta, su @ DRAW_STATIC

@ b & par(o, M / 264):
nn_above_kernel
N st 512, ALZ6¢ = o264 ¢ do + 264
= ko

£3_cache: 212, 541 & DR _sTATIC
for 16 in par(s,

A6 200 00 2[16]

iK% 512 >
fo

for 10 in parto,
for

8512+ ko + 18, 64 % fo + 41]
somm_sbove orol -
264, 64, 512, A[ZN t (N / 2547 M, ’
* ko + 512], [
B3_cache 0:512, 0:641 um e 2 ] .
Joish = 1o + 641)

%6 0 L
for ko in par(s, K / 512): -

84_cache: £32(512, 5] @ DRAN_STATIC 32] ]

for 16 11 pare, PN

for 11'in par(s, W eae 0/ 6)):
+_achetio, 11 slst? ¢ ko Lab, 6 x 0/ 60 < i1
soemn SR
3760, W % 64, 512, A8+ (8 / 26000

0:512 +
Ba_cachelo:512, 0N — 55 (4 5 60, c:m W 00 i
/ 64):N]
) mparw H/ZGM el /\H' )
for Jo in par(s, N7 (B )
cher F321512, 641 @ DA sTATIC ride(B, 0)
710 1h par(a, K - 513 + €/ 512)):
for i1 in par(0, 64) ride(C )
BS_cache[i0, i1] = B[512 * (K / 512) + i®, gt ’
6 = jo + i1)
sgean_above_kernel(
o K¥S12, AL x doizes v to o 284,
¥t stz r I
e par(o, ):
\'H
4> 0: .
for to v porte, m 1 260): [i] 1 3[1]

Qe G, (] s
e n n parte, k- 312 x (K7 s12))
' 117in parlo, N 64s 0N/ 64)):
R BN
N/ 6a) + i1]
sgenn_above_kernel(
264, N A o4, Ku 512, ALZSS 20264 x 40 264,
512 = (K / 512):K]
B6_cache[0:K — 512 + (K / 512), 0:N - 64 = (N / 64)],
Clreacs Lai%6a = 1o+ 364, 64+ (7 G0):N1)

7_cache: T2l 541 ¢ onan_sTarIC
7 10 in par(a, K - 512 x (K / 512)):
for i1 an Psr(a. 64)
et S e ) e < a0
. i1]

sgenn_above_kerneL(H & 264, 64y K 4 512, ALzed » (1 / 2641
L) s,

Gt S a0 (s / ), slean,
264 + (W / 2 Joz6h * jo + 641)

B8_cacheli0, i1] = B[512 o 4 / 512) + 10,
/64 + i1

Tl
% 26

cachel9:K - 512 % (K / 512, o
Cl364 + (M / 264):M, 64 + (N / 6



def new_sgemm():
@pI‘OC @instr('{C_data} = _mm512_mask_fmadd_ps
def 512 k_fmadd
def sgemm_full( S . — — 7 mSIZ_ sk e
N matmul_c_i8 = matmul_c_i8.split('i #0',616,['i','i_in'], perfect=True) N: size,
size, _c_i8 = matmul_c_i8.reorder('i_in #9* A: 32[16] @ AVX512,
S matmul_c_i8.split('j #6',16,['j','j_in'], perfect=True) .
size, X matmul_c_i8.lift_alloc('res : _ #', n_lifts=1) B: f32[16] @ AVX512,
q lift_alloc('res : _ #0', n_lifts=1, mode='col', size=16) C: [f32][16] @ AVX512,
§v]\',\z,ve\_l " _c_i8.lift_alloc('res : _ #0', n_lifts=2) d
ission_after('res[_] = 0.0 #0', n_lifts=2) tN>=1
fv%\z'\[y\' S _c_i8.fission_after('for k in _:_ #0', n_lifts=2) asser -
-F32[N o o reorder('i_in #0','k') assert N < 16
AR AT , o reorder('j_in #0','k') assert stride(A,
£32 [B\, assert stride(B,
assert stride(C,

for i in par(o, 16):
for j in par(e, M):

for k in par(e, K):

| | cli, j1 += A[i, k] = B[k, jl
return sgemm_full

if i < N:
C[i] += A[il * B[il




Why Exo?

» Quickly implement, experiment with, and iterate on fast code targeting varied
architectures.

« Generates C(++) with HW intrinsics: fully embeddable as libraries, compatible
with C-based workflows

« Simple definition of HW backends separate from compiler (easily add new
architectures, separate proprietary architectures from compilers)

» Allows reuse of code optimizations across multiple operations



70% of peak

one , SiX _ .3 3p||s

Exo + ; ; y
undergra weeks outines.

Here's how.



1. Extensive use of re-usable kernels



The BLIS approach

« Cast BLAS ops in terms of reusable GEMM kernel (Goto and Van de Geijn)

Microkernel: Areg [mreg ) kblk] ><Br‘eg [ Kbk - ﬂreg]

GEBP: Aotk [ Motk , Kotk J*Boik[ Kok, N ]

GEPP: Apanet [ M, Kok ] ¥Bowk [ Kok, N ]



GEPP: Apane1[M, Kotk 1¥Bowk [ Ko, N]  GEBP: Aotk [Motk, Kotk 1*Bowk [ Kok, N ]

The BLIS approach

» All level 3 BLIS operations expressible in terms of GEPP, GEBP, and microkernel

« Example: SYRK (symmetric rank-K update) on lower-triangular part of C

Modified GEPP procedure writes
to varied-length panels of C



GEPP: Apane1[M, Kotk 1¥Bowk [ Ko, N]  GEBP: Aotk [Motk, Kotk 1*Bowk [ Kok, N ]

The BLIS approach

» All level 3 BLIS operations expressible in terms of GEPP, GEBP, and microkernel

« Example: SYRK (symmetric rank-K update) on lower-triangular part of C

Modified GEPP procedure writes
to panels of C



GEPP: Apane1[M, Kotk 1¥Bowk [ Ko, N]  GEBP: Aotk [Motk, Kotk 1*Bowk [ Kok, N ]

The BLIS approach

» All level 3 BLIS operations expressible in terms of GEPP, GEBP, and microkernel

« Example: SYRK (symmetric rank-K update) on lower-triangular part of C

Modified GEPP procedure writes
to panels of C



GEPP: Apane1[M, Kotk 1¥Bowk [ Ko, N]  GEBP: Aotk [Motk, Kotk 1*Bowk [ Kok, N ]

The BLIS approach

» All level 3 BLIS operations expressible in terms of GEPP, GEBP, and microkernel

« Example: SYRK (symmetric rank-K update) on lower-triangular part of C

Modified GEPP procedure writes
to panels of C



GEPP: Apane1[M, Kotk 1¥Bowk [ Ko, N]  GEBP: Aotk [Motk, Kotk 1*Bowk [ Kok, N ]

The BLIS approach

» All level 3 BLIS operations expressible in terms of GEPP, GEBP, and microkernel

« Example: SYRK (symmetric rank-K update) on lower-triangular part of C

Modified GEPP procedure writes
to panels of C



GEPP: Apane1[M, Kotk 1¥Bowk [ Ko, N]  GEBP: Aotk [Motk, Kotk 1*Bowk [ Kok, N ]

The BLIS approach

» All level 3 BLIS operations expressible in terms of GEPP, GEBP, and microkernel

« Example: SYRK (symmetric rank-K update) on lower-triangular part of C

Updating a single row looks like

Modified GEPP procedure writes his

to panels of C



GEPP: Apane1[M, Kotk 1¥Bowk [ Ko, N]  GEBP: Aotk [Motk, Kotk 1*Bowk [ Kok, N ]

The BLIS approach

» All level 3 BLIS operations expressible in terms of GEPP, GEBP, and microkernel

« Example: SYRK (symmetric rank-K update) on lower-triangular part of C




GEPP: Apane1[M, Kotk 1¥Bowk [ Ko, N]  GEBP: Aotk [Motk, Kotk 1*Bowk [ Kok, N ]

The BLIS approach

» All level 3 BLIS operations expressible in terms of GEPP, GEBP, and microkernel

« Example: SYRK (symmetric rank-K update) on lower-triangular part of C

S

Update left panel with GEBP

(diagonal) is an edge case

Do nothing for the right panel



The GEBP kernel

Vanilla SGEMM...

@proc

def SGEMM(M: size, N: size, K: size, A: £32[M, K], B: f¥32[K, N], C: £32[M, N]):
assert M >=1
assert N >= 1
assert K >= 1

assert stride(A, 1) == 1
assert stride(B, 1) == 1
assert stride(C, 1) == 1

for 1 in par(0, M):
for j in par(0, N):
for k in par(0, K):
Cli, j] += A[i, k] = B[k, j]
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The GEBP kernel

Vanilla SGEMM...

@proc

def SGEMM(M: size, N: size, K: size, A: £32[M, K], B: f32[K, N], C: £32[M, N]):
assert M >= 1
assert N >= 1
assert K >= 1

assert stride(A, 1) == 1
assert stride(B, 1) == 1
assert stride(C, 1) == 1

for i in par(0, M):
for j in par(@, N):
for k in par(8, K):
Cli, j1 += A[i, k] * B[k, j]



The GEBP kernel

Vanilla SGEMM...

@proc

def SGEMM(M: size, N: size, K: size, A: £32[M, K], B: f32[K, N], C: £32[M, N]):

assert M >= 1
assert N >= 1
assert K >= 1
assert stride(A, 1)
assert stride(B, 1)
assert stride(C, 1)

uonon
Wonon
(SR

for i in par(0, M):
for j in par(@, N):
for k in par(8, K):
c[i, j] += A[i, k] * B[k, 3j]

#Set loop bounds to blo

.partial_eval(M=M_c)

.partial_eval(K=K_c)

#Tile the block of A and the panel of B
.split('i', M_r, ['io', 'ii'], tail='cut_and_gu
.split('j', N_r, ['jo', 'ji'], tail='cut_and_gu
#Handle edge case

.fission_after('for jo in _: _', n_lifts=2)

...with scheduling instructions

#Generates a GEBP kernel
def generate_GEBP(Kernel, M_blk, K_b

ernel

.fission_after('for io in _: _', n_lifts=2)
#reorder so loop ordering is same as microkernel
.reorder('ii', 'jo")

#insert microkernel
.replace_all(microkernel)
.call_eqv(neon_microkernel, 'microkernel(_)')

#Stage strip of B

.reorder('io’, 'jo')

.stage_mem(f'B[0:{K_c},"'
f{N_r}*jo:{N_r}xjo+{N_r}]"',
'B_strip', 'for io in _:_ #0')

.simplify())]

return GEBP
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The GEBP kernel

Vanilla SGEMM...

@proc

def SGEMM(M: size, N: size, K: size, A: 32[M, K], B: £32[K, NI, C: f32[M, N]):
assert M >= 1
assert N >= 1
assert K >= 1
assert stride(A, 1)
assert stride(B, 1)
assert stride(C, 1)

for 4 in par(8, M):
for 3 in par(e, N):
for k in par(8, K):
C[4, 31 += Ali, K] * BIK, 3]

...with scheduling
instructions

#Generates a GEBP kernel
def generate_GEBP(Kernel, H_blk, K_b
GE8P = ((Kernel
#5et Loop bounds to by
-pantial_eval(1_c)

1al_eval((=K_c)

block of A and the panel of B

4 Mr, [d0%, '4i'], tail='cut_and_gu:
31'1, tail='cut_and_gu:

o 3 ot 34t
-.fissiun,after(‘fnl‘ join _:

~fission_after('for io in
#ineonder so Loop ondering

-reorder('11",'Jo")
#insert microkernel

-replace_all(nicrokernel)
-call_eqv(neon_nicrokernel, 'microkernel(.)')

#5tage strip of B
-reorden(*10°, 'jo')
.stage_men(f'8(0:{K_c}, "

FHN_Ph0 N Mo NLrH
*B_strdp’, "for 10 dn _:_ #0")
-sinpLify O
return GEBP.

', n_lifts=2)
_Lifts=2)
as microkernel

...generates an optimized kernel...

// GEBP(
1/ N : size,
1/ : [£32][64,64] @DRAM,

A
1/ B : [f32][64,N] @DRAM,
1/ C : [f32][64,N] @DRAM
/1)
void GEBP( c_code_str_Context *ctxt, int_fast32_t N, struct exo_win_2f32 A, struct exo_win_2f32 B, struct exo_win_2f32 C ) {
EXO_ASSUME(N >= 1);
EXO_ASSUME(A.strides[1] == 1);
EXO_ASSUME(B.strides[1] == 1);
EX0_ASSUME(C.strides[1] == 1);
for (int jo = ©; jo < ((N) / (16)); jo++) {
float *B_strip = malloc(64 * 16 * sizeof(+B_strip));
for (int i@ = B; 18 < 64; i0++) {
for (int i1l = ©; i1 < 16; il++) {
B_strip[(i@) * (16) + (i1) x (1)] = B.data[(i®) x (B.strides[8]) + (il + 16 * jo) * (B.strides[1])];
+

}
for (int io = 8; io < 16; io++) {

neon_microkernel(ctxt, (struct exo_win_2f32){ (float*)&A.data[(4 * io) * (A.strides[8]) + (8) * (A.strides[1])], { A.strides[8], A.strides[1] } },(struct exo_win_2f32){ (float*)&B_strip[(8)

i

free(B_strip);
}
for (int io io < 16; io++) {

for (int ii = @; ii < 4; ii++) {

if (N % 16 > 0) {
for (int ji = 8; ji < N % 16; ji++) {
for (int k = 0; k < 64; k++) {

C.data[(4 * io + ii) * (C.strides[B]) + (i + ((N) / (16)) * 16) * (C.strides[1])] += A.data[(4 * io + ii) * (A.strides[B]) + (k) * (A.strides[1])]  B.data[(k) * (B.strides[8]) + (j
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The GEBP kernel

...generates an
optimized
kernel...

...that can be called or inlined (e.g. in SYRK)

void GEPP_syrk( c_code_str_Context *ctxt, int_fast32_t M, struct exo_win_2f32 A, struct exo_win_2f32 A_t, struct exo_win_2f32 C ) {
EXO_ASSUME(H >= 1);

EXO_ASSUME(A.strides[1] == 1);

EXO_ASSUME(A_t.strides[1] == 1);

EXO_ASSUME(C.strides[1] == 1);

®r (inti=0; i<M;is) ff

if (i ==6) 1

Somgng< 1; jo++) {
,(struct exo_win_2f32){ (float*)&A.data[(6) * (A.strides[8]) + (B) * (A.strides[1])], { A.strides[®], A.strides[1] } },(struct exo_win_2f32){ (float*)&A_t.

for (int j = 0; j < 3; j++) {
for (int K = 0; K < 4; k++) {
C.data[(6) * (C.strides[B]) + (j + 4) * (C.strides[1])] += A.data[(6) * (A.strides[B8]) + (k) * (A.strides[1])] * A_t.data[(j + 4) * (A_t.strides[8]) + (k) * (A_t.strides[1]
+
b4
} else {
if (L==7) {
5 : Somiimg< 1; jo++) {
, (struct exo_win_2f32){ (float*)&A.data[(7) * (A.strides[8]) + (8) * (A.strides[1])], { A.strides[8], A.strides[1] } },(struct exo_win_2f32){ (float*)&A_

for (int j = 0; j < 4; j++) {
for (int k = 0; k < 4; k++) {
C.data[(7) * (C.strides[B]) + (j + 4) x (C.strides[1])] += A.data[(7) * (A.strides[®]) + (k) x (A.strides[1])] % A_t.datal[(j + 4) * (A_t.strides[8]) + (k) * (A_t.strides[

T
} else {
if (1 == 8) {

i fiming< 2; jo++) {
,(struct exo_win_2f32){ (floatx)&A.data[(8) * (A.strides[®]) + (8) * (A.strides[1])], { A.strides[8], A.strides[1] } },(struct exo_win_2f32){ (float*)&

for (int j = 8; j < 1; j++) {
for (int k = 8; K < 4; k++) {
C.data[(8) * (C.strides[B]) + (j + 8) * (C.strides[1])] += A.data[(8) * (A.strides[8]) + (k) * (A.strides[1])] * A_t.data[(j + 8) * (A_t.strides[8]) + (k) * (A_t.stride
+
14
} else {
if (i ==9) {

i Similfe < 2; jo++) {
GEBP_scheduled(ctx), (struct exo_win_2f32){ (floatx)&A.data[(9) * (A.strides[8]) + (8) * (A.strides[1])], { A.strides[®], A.strides[1] } },(struct exo_win_2f32){ (float*

for (int j = 8; j < 2; j++) {
for (int k = 0; Kk < 4; k++) {
C.data[(9) * (C.strides[8]) + (j + 8) * (C.strides[1])] += A.data[(9) * (A.strides[6]) + (k) * (A.strides[1])] * A_t.datal(j + 8) * (A_t.strides[0]) + (k) * (A_t.stri
¥
¥




2. Easy Kernel Generation for
Hardware



Step 1: Hardware Backend

Mapping kernel to hardware done with hardware
intrinsics specified by equivalent Python code

HW architecture specifiable in ~1kLoC, in user-written
file (suitable for new/proprietary architectures)

# Load
@instr('{dst_data} = vldlq_f32(&{src_data});')
def neon_vld_axf32(

dst: [¥32][4] @ Neon4f,

src: [f32][4] @ DRAM

assert stride(src, 0) == 1
assert stride(dst, 0) ==

for i in par(0, 4):
dst[i] = src[i]

# Store
@instr('vstlq_f32(&{dst_data}, {src_data});')
def neon_vst_axf32(

dst: [f32][4] @ DRAM,

src: [F32][4] @ Neon4f

assert stride(src, 0)
assert stride(dst, ©)

1
1

for 1 in par(0, 4):
dst[i] = src[i]

# Broadcast
@instr('{dst_data} = vldlq_dup_f32(&{src_data});"')
def neon_broadcast_&4xf32(

dst: [f32][4] @ Neon4f,

src: [F32][1] @ DRAM

)
assert stride(dst, 0) ==
for i in par(0, 4):
dst[i] = src[0]
# Fuy

@instr('{dst_data} = vmulq_f32({lhs_data}, {rhs_data});')
def neon_vmul_4xf32(

dst: [f32][4] @ Neon4f,

1hs: [f32][4] @ Neon4f,

rhs: [f32][4] @ Neon4f

assert stride(dst, 0)
assert stride(lhs, 0)

1
al
assert stride(rhs, ©) 1

"n o n
"n onn

for i in par(0, 4):
dst[i] = lhs[i] * rhs[i]



Step 1: Hardware Backend

# FMA]

@1nstr(i{dst data} = vmulq_f32({lhs_data}, {rhs_data});'i)

def neon_vmul_4xf32(

dst: [£32][4]
hs: [f32][4]
hs: [f32][4]

@ Neon4f,
@ Neon4f,
@ Neon4f

assert stride(dst,
assert stride(lhs,
assert stride(rhs,

D
~
"
"

1
1
1

(> <>
s
"n n
n n

[for i in par(0, 4):
dst[i] = lhs[i] * rhs[i]
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Step 2: Code substitution

def generate_microkernel(kernel, N_reg, M_reg, K_blk):
if N_reg%4:
raise Exception(f"Error: N_reg must be a multiple of 4, got {N_reg}")
o o return ker‘nel
Use code substitution partiaL_eval(H.reg, N_reg)
.partial_eval(K=K_blk)
.reorder('j','k')

instructions (similar to how we _reardenC'i’, k')

.split('j', 4, ['jo','ji'], perfect=True)
H 1 .par_to_seq('for k in _: _')

embedded GEBP kernel earlier) in et IS D
o Jlift_alloc('C_reg : _', n_lifts=4)
SChedU||ng to generate HW .double_fission('C_reg[_] = C[_]', 'C_reg[_] += _', n_lifts=4)

.replace(neon_vld_4xf32, 'for ji in _: _ #0')
- ° ° - .replace(neon_vst_4xf32, 'for ji in _: _ #1')
IntrInSICS In COde- .set_memory('C_reg', Neon4f)
.stage_expr('A_vec', 'A[_,_]"', memory=Neon4f)
.stage_expr('B_vec', 'B[_,_1"', memory=Neon4f)

Tra N SfO 'm atl on forma"y “replace_all(neon_vld_4xf32)

.replace_all(neon_broadcast_4axf32)

replace_all(neon_vfmadd_4xf32_4xf32)

guaranteed tO be EQUivalent tO :lift_auoc('A_vec ', n_l1ifts=2)

.fission_after('neon_broadcast_&4xf32(_)', n_lifts=2)
Original COde, .lift_alloc('B_vec : _', n_lifts=2)

.fission_after('neon_vld_4xf32(_) #1', n_lifts=2)
.simplify Q)]




def generate_microkernel(kernel, N_reg, M_reg, K_blk):
if N_regk4:

e Exception(f"Error: N_reg must be a multiple of 4, got {N_reg}")
rrrrrr

Step 2: Code substitution i

.spl. 3 .
.par_to_seq('for k in _: _')
s

S void neon_microkernel( c_code_str_Context *ctxt, struct exo_win_2f32 A,
LY struct exo_win_2f32 B, struct exo_win_2f32 C ) {

gl EXO_ASSUME(A.strides[1] == 1);
s EXO_ASSUME (. strides[1] == 1);
re EXO_ASSUME(C.strides[1] == 1);

USQ COde SUbStitUtiOﬂ E float32x4_t C_reg[4][4];

Te for (int i = 0; i < 4; i++) {
. . . ) st for (int jo = 0; jo N J‘°++) {
instructions (similar to how we 2 | [T regli] [3a) & Vst ASR(EG el * (c.steidsalel) + (4 ¥ fo)  (C-stridesa1}D);

2

embedded GEBP kernel earlier) in A

float32x4_t A_vec[4];
for (int i = 0; i < 4; i++) @

SChedunng to generate HW bA_vec[i] = vlidlg_dup_f32(&A.data[(i) * (A.strides[®]) + (k) * (A.strides[1])]);

float32x4_t B_vec[4];

intrinsics in code. for (int Jo = 8; Jo < 4; Jo++) {

B_vec[jo] = vldlg_f32(&B.data[(k) * (B.strides[B]) + (4 * jo) * (B.strides[1])]);
r

for (int i = 8; 1 < 4; i++) {

Transformation formally for Gnt 00 g0 <o L
C_reg[il[jo] = vmlag_f32(C_reg[il[jo], A_vec[i], B_vec[jol);
guaranteed to be equivalent to }

}
}
e o for (int i = 0; i < 4; i++) {
original code. for (int o < 83 o < 4; Jowr) {
vstlq_f32(&C.data[(i) * (C.strides[B]) + (4 * jo) % (C.strides[1])], C_reg[i][jol);
+

}
}

This generates a microkernel with vector intrinsics



Step 2: Code substitution

This can be repeated for any new piece of hardware to generate hardware-
specific microkernels



3. Simplified microkernel optimization



Optimizing Performance

- Explore scheduling parameter space easily by using scheduling instructions
to programmatically generate code with optimizations.

« Removes tedium of implementing optimized code (e.g. hand-coding edge
cases for tilings)

- Formally verified correctness of transforms means no need to debug
optimized code’s functionality - faster iteration



Example: tuning register sizes

generate_sgemm_microkernel (ke rnel:SGEHH@_reg:lb, M_reg=4, K_blk:lZSD

\

void neon_microkernel( c_code_str_Context *ctxt, struct exo_win_2f32 A,
struct exo_win_2f32 B, struct exo_win_2f32 C ) {

EXO_ASSUME(A.strides[1] == 1);
EXO_ASSUME(B.strides[1] == 1);
EXO_ASSUME(C.strides[1] == 1);

float32x4_t C_reg[4]f4]:
for (int i = 0; i < 4; i++) {
for (int jo = 8; jo <4_;jo++) {
C_reg[i]l[jo] = vldig_f32(&C.data[(i) * (C.strides[8]) + (4 * jo) * (C.strides[1])]);
+
}

for (int k = 0; Kk < 128; k++) {
float32x4_t A_vec[4];
for (int i = 8; i < 4; i++) @

A_vec[i] = vldlg_dup_f32(&A.data[(i) * (A.strides[8]) + (k) * (A.strides[1])]);

float32x4_t B_vec[4];
for (int jo = 8; jo < 4; jo++) {
B_vec[jo] = vldig_f32(&B.data[(k) * (B.strides[8]) + (4 * jo) * (B.strides[1])]);
r
for (int i = 0; i < 4; i++) {
for (int jo = ©; jo < 4; jo++) {
Cc_reg[i][jo] = vnlaq_?z(c_r‘eg[i][jo], A_vec[i], B_vec[jol);
}
r
}
for (int 1 = 0; i < 4; i++) {
for (int jo = B; jo <.4: jo++) {
vstlg_f32(&C.data[(i) * (C.strides[B]) + (4 * jo) % (C.strides[1])], C_reg[il[jol);
+
}
}

generate_sgemm_microkernel(kernel:SSEHl(N_r‘eg:SZ, M_reg=4, K_blk:éé))

\

void neon_micr‘oker‘nel@ c_code_str_Context xctxt, struct exo_win_2f32 A,
| |struct exo_win_2f32 B, struct exo_win_2f32 C J {

EXO_ASSUME(A.strides[1] == 1);
EXO_ASSUME(B.strides[1] == 1);
EXO0_ASSUME(C.strides[1] == 1);

float32x4_t C_reg[4][8];
for (int i = ©; i <7 i++) {
for (int jo = 8; jo < 8; jo++) {
c_reg[il[jo] = vldlq_f32(&C.data[(i) * (C.strides[0]) + (4 * jo) x (C.strides[1])]);
}
}
for (int k = ©; Kk < 64; k++) {
float32x4_t A_vec[4];
for (int i = 8; i < 4; i++) {
A_vec[i] = vldlq_dup_f32(&A.data[(i) * (A.strides[0]) + (k) * (A.strides[1])]);
r
float32x4_t B_vec[8];

for (int jo = 8; jo < Lj0++) {

B_vec[jo] = vldlg_f32(&B.data[(k) * (B.strides[B]) + (4 * jo) * (B.strides[1])]);
Ir
for (int i = 8; i < 4; i++) {

for (int jo = ©; jo < 8; jo++) {
C_reg[il[jo] = vmlaq_f32(C_reg[il[jo], A_vec[i], B_vec[jol);
}
r
}
for (int 1 = 0; i < 4; i++) {
for (int jo = 8; jo < 8; jo++) {
vst1q_f32(&c.data[(i)_* (C.strides[®]) + (4 * jo) * (C.strides[1])], C_reg[i][jol);
Ir
}
}



A more extreme example

e |generated 64 microkernels using Exo
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A more extreme example

| ge

void gebp_edge_neon_microkernel_1x32( c_code_str_Context *ctxt, struct exo_win_2f32 A, struct exo_win_2f32 B, struct exo_win_2f32

EXO_ASSUME(A.strides[1] == 1);
rEXO_ASSUME(B.StI“ides[I] == 1);
EXO0_ASSUME(C.strides[1] == 1);
float32x4_t C_reg[64]1[8];
for (int i = 0; i < 64; i++) {
for (int jo = @; jo < 8; jo++) {
C_reg[i][jo] = vldilq_f32(&C.data[(i) * (C.strides[0]) + (4 * jo) * (C.strides[1])]);
}
}
for (int k = ©; K < 64; k++) {
float32x4_t A_vec[64];
for (int i = 0; 1 < 64; i++) {
A_vec[i] = vldlg_dup_f32(&A.data[(i) * (A.strides[0]) + (k) * (A.strides[1])]);
r
float32x4_t B_vec[8];
for (int jo = @; jo < 8; jo++) {
B_vec[jo] = vldlg_f32(&B.data[(k) * (B.strides[B]) + (4 * jo) * (B.strides[1])]);
}
for (int i = 8; i < 64; i++) {
for (int jo = ©; jo < 8; jo++) {
C_reg[i]l[jo] = vmlaq_f32(C_reg[i][jo], A_vec[i], B_vec[jol);
}
}
}
for (int i = ©; 1 < 64; i++) {
for (int jo = @; jo < 8; jo++) {
vstlg_f32(&C.data[ (i) * (C.strides[0]) + (4 * jo) % (C.strides[1])], C_reg[i][jo]);
}
}
}

c){
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A more extreme example

e | generated 64 microkernels using Exo

Void gebp_edge_neon_microkernel_1x52( c_code_Str_Context sctxt, SErUCt exowin 2652 A, STPUCT exo_win 252 B, stru

exowin 2r32 ¢ ) {

;g0 < 8 Jorn) {
©_reg[1][Jo] = Vil *32(sc.datal(1) * (C.strades[o]) + (4 * Jo) ¥ (c.striges(1))]);
¥

¥
for (int k = 0; k < 647 ki) {
Tloatszxe_t Aveclsal;
For (int 1= 05 1 < 645 100) {
Avecld] = vidiq dup £32(eA.datal(4) x (h.strddeslol) + (€ * (A.stridesIDD);
¥
Floatszxe_t B_vecls];
for (int Jo = 8; Jo < 8 Jore) {
B_vecljo] = vidiq_32(63.data((k) * (5.strides(0]) + (4 * jo) * (5.strides[1D)]);

For (int 4= 05 4 < 64 1+0) {
for (int Jo = 6; o < 8; Joss) {
c_regl4](jo] = vala_f32(C_reg[41(Jol, A_veclil, B.vectjo]);
¥

¥
¥
for (int 1= 0; 1< 64; 1) {
for (int Jo = 8 Jo < 8 Jore) {
Vst1q 752060 datal(1) * (C.strides(]) + (4 x J0) * (C.strides(11)], C_regl1](3o]);
13
¥



A more extreme example

void gebp_edge_neon_microkernel_1x16( c_code_str_Context xctxt, struct exo_win_2f32 A, struct exo_win_2f32 B, struct exo_win_2f32 C ) {
EXO_ASSUME(A.strides[1] == 1);
EXO_ASSUME(B.strides[1] == 1);

o | genel EX0_ASSUME(C.strides[1] == 1);

float32x4_t C_reg[64][4];

for (int 1 = 0; i < 64; i++) {

520 oo

for (int jo = 8; jo < 4; jo++) {
C_reg[i][jo] = vldlg_f32(&C.data[(i) * (C.strides[®]) + (4 * jo) * (C.strides[1])]);
+
}
for (int k = ©; k < 64; k++) {
float32x4_t A_vec[64];
for (int i = 0; i < 64; i++) {
A_vec[i] = vlidlg_dup_f32(&A.data[(i) * (A.strides[0]) + (k) * (A.strides[1])]);

}
Tl Float32x4_t B_vecl4];
f for (int jo = 8; jo < 4; jo++) {
B_vec[jo] = vldlg_f32(&B.data[(k) * (B.strides[B]) + (4 * jo) * (B.strides[1])]);
}

for (int i = 0; i < 64; i++) {
for (int jo = ©; jo < 4; jo++) {
C_reg[il[jo] = vmlag_f32(C_reg[i][jo], A_vec[il, B_vec[jol);
}
}
}
for (int i = ©; i < 64; i++) {
for (int jo = 8; jo < 4; jo++) {
vstlg_f32(&C.data[(i) * (C.strides[0]) + (4 * jo) % (C.strides[1])], C_reg[il[jol);
}
}
}



A more extreme example

| generated 64 microkernels using Exo

Vo1 gebp_edge_neon_microkennel_1x52( c_code_str_Context #ctxt,

floatszxa_t C_regle] (8]
for (int 1= 6; 1 < 64 4+4) {
for (int 0 = 8; Jo < 8; Jors) {
©_reg[1][Jo] = Vil *32(sc.datal(1) * (C.strades[o]) + (4 * Jo) ¥ (c.striges(1))]);
¥

¥
for (int k = 0; K < 647 ki) {
A

o
TR o et e ) (0 e (09 0 ey

¥
Floatszut B
for (int Jo = 8; Jo

S wctia] + Vitha F52En Al + (. stristE]) + (6 ¥ J0) 5 B.strdenlaDY:

lsl;

=g ey 6
for (int Jo = 0; jo < 8; Jos
e Sest 3o g FSRCpe A1, Aecl, st
¥

¥
¥
for (int 1= 0; 1< 64; 1) {
for (int 3o = 8; Jo < 8; Jors) {
52060 datal (1) * (C.strides[0]) + (4 * Jo) * (C.strides[1D)], C_regli](jol);

, STRUCt exowin 2F52 A, SERUCt exo_win 2fS2 B, Struct exowin 2652 € ) {

Vot gebp.adge.neon.crokernel_TXI6( ¢_code.SER_CONteXt ACTAT, SUTUSE eX0_HNZASZ A, StrUct ex0.win. 2652
1]

EX0_ASSUME(A. stra
EXO_ASSUMES.strides(1]
EXO_ASSUMECC.strides(1]
Flostszxe_t C_real64l(4];

for (int

eaT111 & Vi SRt vea[ 0w (c.srsaenfo) o (41 300 (orertsmeti D3
¥

for (int k = 8 K < 643 kee) {
Flostsans_t Avecles
nt

[(3) * Ch.strides(e]) + (0 * (h.strides(1))]);

g o o TR D & (R ETITID & (00 ) G ilTRs
¥

for Cint 1
for Gant Jo = 6;
c_regli1(3o]
¥

1< 6 i) €

PG o) |
Vaaq_f32(c_regli](jo], Aveclil, B_vecliol);

4o
< 45 Jor) {
et 2GR GHaLCE G atrale]) + 6 % 40w C.strdarsTaD], CrestellioN:

struct exo_win 2152 ¢ ) {

61



A more extreme example

Igenel

T AT D BT
EXO_ASSUNE (. strides(
EXO_ASSUNE (3. strides(
EXO_ASSUNE(C. strides(:
floatszxd_t C_realed]|
1=0 i<6
for (int Jo = & Jo
L i

¥

¥
for (int k = 0; K < 647 ki) {
Tloatszxe_t Aveclsal;

) {
#5206 datal (1) ¥

¥
floatszset et
for (int Jo = 8; Jo

S wetia] + Vtha fs2En aralt0 + &

for (int 4
for (int J0 = 0; Jo < & Jows) {
c_reg(1][Jo] = valaq_f52(C_reg[4][J¢
¥
¥
¥
for (int 4= 0; i < 647 iv) {
for (int jo = 0;
vstig_fs2(sc.
13

< 8 jors) {
[(3) * (c.strides(o])

void gebp_edge_neon_microkernel_1x8( c_code_str_Context *ctxt, struct exo_win_2f32 A, struct exo_win_2f32 B, struct exo_win_2f32 C ) {
EXO_ASSUME(A.strides[1] == 1);
EX0_ASSUME(B.strides[1] == 1);
EXO0_ASSUME(C.strides[1] == 1);
float32x4_t C_reg[64][2];
for (int i = ©; i < 64; i++) {

for (int jo = 8; jo < 2; jo++) {

C_reg[i][jo] = vldlq_f32(&C.data[(i) * (C.strides[0]) + (4 * jo) * (C.strides[1])]);
}

}
for (int k = 0; k < 64; k++) {
float32x4_t A_vec[64];
for (int i = 8; 1 < 64; i++) {
A_vec[i] = vldlg_dup_f32(&A.data[(i) * (A.strides[0]) + (k) * (A.strides[1])]);
+
float32x4_t B_vec[2];
for (int jo = 8; jo < 2; jo++) {
B_vec[jo] = vldlg_f32(&B.data[(k) * (B.strides[8]) + (4 * jo) * (B.strides[1]1)]);
Ir
for (int i = 8; 1 < 64; i++) {
for (int jo = ©; jo < 2; jo++) {
c_reg[i][jo] = vmlag_f32(C_reg[il[jo], A_vec[i], B_vec[jol);
}
}
}
for (int i = 0; i < 64; i++) {
for (int jo = 8; jo < 2; jo++) {
vstlq_f32(&C.data[(i) * (C.strides[8]) + (4 * jo) * (C.strides[1])], C_reg[il[jol);
r
}
}

(6724



A more extreme example

e | generated 64 microkernels using Exo

Void gebp_edge_neon_microkernel_1x52( c_code_Str_Context ACtxt, SErUct exowin 2652 A, STPUCT exowin 252 B, STRUCt exo_win 2f52 € ) {
EXO_ASSUNE (4. strides(1]
EX0_ASSUNE(S. strides(1]
EXO_ASSUNE(C. strides(1]
floatszxa_t C_regle] (8]
for (int 1= 6; 1 < 64 4+4) {
for (int 0 = 8; Jo < 8; Jors) {
©_reg[1][Jo] = Vil *32(sc.datal(1) * (C.strades[o]) + (4 * Jo) ¥ (c.striges(1))]);
¥

¥
for Gint k = 0; k< 647 kee) {
foatida-t hvcleal;
Gnt & e
TR o et e ) (0 e (09 0 ey

¥

Floatszut B

for (int Jo = 8; Jo
S wctia] + Vitha F52En Al + (. stristE]) + (6 ¥ J0) 5 B.strdenlaDY:

lsl;

=g ey 6
for (int Jo = 0; jo < 8; Jos
e Sest 3o g FSRCpe A1, Aecl, st
¥

¥
¥
for Gint 1= 0; i < 64; ,.q 1
for (int o )4
Vst 320, a0+ (o srdansto) + C6 60 » C.septsests)], reali1ION;
13

struct exo_win 2152 ¢ ) {

Vot gebp.adge.neon.crokernel_TXI6( ¢_code.SER_CONteXt ACTAT, SUTUSE eX0_HNZASZ A, StrUct ex0.win. 2652
EXO_ASSUNE (3. strides(1]

EXO_ASSUNES. strides (1]
EXO_ASSUMEC. strides(1]
Flostszxe_t C_real64l(4];

1< 6 o) {

So < 45 Jor0) { <8 o < 23 Jore) {
a10_$352(60.atal (1) * (C.strives[s]) + (4 ¥ J0) # (C.strides(1])]); c_reg(1][j0] = visl_f32(5C.datal(1) * (C.strides[o]) + (4 * o) * (.strides(11)]);
¥
¥
For (int k = B k < 64 kee) { for G K< 6 ken) {

floatazxd_t A_vec(s4]

Flostsans_t Avecles
ot 1 for (int = 8 i < 64; is4

)« o)) + (0 » (.striges(1)D; L] i o F52GA AL o ststaste) + 00 » (trldestED:
flstsnet st At gt
for (it Jo = 8 Jo < 4; Jo+0) { for Cint 3o = 8; Jo < 2; Jore) {

s3]+ visie s antal0) * (5. strises(Bl) + (6 % 30 + (5.stres(zD s 5.0atal() % (o.strddes(o]) + (4 x J0)  (6.strides(1)]);
¥

for Cint 1
for Gant Jo = 6;
c_regli1(3o]

¥

1< 64 i00) {

PG o) |
Vaaq_f32(c_regli](jo], Aveclil, B_vecliol);  resli3e] - e 52 resC3e], Aot 8wl

i< 6h i { i @ a0 daC L)
for (int 30 = 8; o < 2; Joss) {
Lot 52 Gl + (- 4triaes o) + 6+ 10) = C.striaes(aD), C_regli1LIoD;
¥

o = 8; o < 4; Joes) {
vst1a_f32(s0.datal (1) * (0.strides[6]) + (4 * Jo) * (C.strides1D)], C_regli](30]);

Vo1 gebp_edge_neon_sicrokernel 1XB( o_code_str_Context #CAt, Struct sxo_win 2132 A, Struct exo_in 2132 B, struct exo.win 2132 € ) {
It = 1)
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A more extreme example

void gebp_edge_neon_microkernel_1x68( c_code_str_Context *ctxt, struct exo_win_2f32 A, struct exo_win_2f32 B, struct exo_win_2f32 C ) {
EX0_ASSUME(A.strides[1] == 1);
() | gener EX0_ASSUME(B.strides[1] == 1);
EX0_ASSUME(C.strides[1] == 1);
vois genn esge meon sicraverner vz oo T1L0@T32X4_t C_reg[64][15]; Ho_vin 2632 B, struct axo_ein 2132 ¢ ) €
y o for (int i = ©; i < 64; i++) {
for (int jo = B; jo < 15; jo++) {

o (int Jo = B;

e Taliflan ¢ _peg[i][jo] = vidlq_f32(&C.data[(i) * (C.strides[8]) + (4 * jo) * (C.strides[11)1);

3
for (int k = 0; k < 64; ke+) {
; Ir

fon Gint 1= 0; 1< 665 144) {
st - visa oo sz getal « }

b, for (int K = 8 K < 647 ke) {
e float32x4_t A_vec[64];
Ll e | FOP (ANt i = 8 1 < 64; d#+) {
A_vec[i] = vidiq_dup_f32(§A.data[(i) * (A.strides[8]) + (k) % (A.strides[1])1);

for (int i = 0; i< 64; is+) {
B R }
Gt st

b float32x4_t B_vec[15];
’ for (int jo = B; jo < 15; jo++) {
B_vec[jo] = vldlg_f32(&B.data[(k) * (B.strides[B]) + (4 * jo) % (B.strides[1])]);
}
for (int i = @; 1 < 64; i++) {
for (int jo = ©; jo < 15; jo++) {
C_reg[i][jo] = vmlag_f32(C_reg[il[jo], A_vec[i], B_vec[jol);
}
}
}
for (int i = 0; 1 < 64; i++) {
for (int jo = B; jo < 15; jo++) {
vstlg_f32(&C.data[(i) * (C.strides[0]) + (4 * jo) * (C.strides[1])], C_reg[il[jol);
}
}
}



A more extreme example

e | generated 64 microkernels using Exo

Vo1 gebp_edge_neon_microkennel_152( c_code_str_Context 4ctxt, SEruct exowin 2632 A, STTUCT exoWin2f32 B, Struct exowin 2f32 € ) { 4016 99p_sage_neon_microKenneL_TXI6( o_code.SEr_ConText actxt, SETUCt exowin. 2652 A, STTUGE ex0_WIn2F32 5, Strvct exo.win.2652 € ) { void gebp_edge_neon_aicrakernel_1x8( ¢_code.str_Context xctxt, struct exo_win 252 A, struct exo.win 232 B, struct exo_win 2132 ¢ ) {
1] It = 1)

floatszxa_t C_regle] (8]
for (int 1= 6; 1 < 64 4+4) {
for (int 0 = 8; Jo < 8; Jors) {
©_reg[1][Jo] = Vil *32(sc.datal(1) * (C.strades[o]) + (4 * Jo) ¥ (c.striges(1))]);

¥

for (int J0 = 8; Jo < 4;
o

C_reglilldo] = [(1) * (C.strides(o]) + (4 * Jo) * (C.strides[1D)]);
¥

¥ ¥
for Gint K = 0; K < 64; ki) { for Gint K = 6; K < 84; ko) {
fantssa ¢ Avelbel; flaatszad_t A_vecled]
Gint 1 o 7o Lo 1 € for Gint 1= 9; 4 < 64; i+0)
Rovsot] = il o tEA taEa ) (o, scrLams) = 43 & G strtgeelLIT: el = vats . 324 el 0 + CherisslS]) + 0 ¥ ChstristiDNG A vee] - ek 52 el () + C.stdarta) + 00 o (hstrdestADD:
y
Floatszua_t B_vee(s]; Tloat3axd_t 8_vecl4l; szt etz
for (ant 50 = 0; Jo < 8; Jowe) { for (it 3o = 8; Jo < 4; Joee for (int Jo = 85 Jo < 2 Jore) {
Bvectio] = vidla f32(a5.datal(k) = (5.strides(o]) + (4 * o) * ) 2 AR € (eI o 62400 o B vee Lo = Vil S2(Gh daal(4 + (. serLoslal) + (v J0) » (.seriealiDD;
¥
o i 1= 4t 00 € for Cint 1= 8; 1< 647 5 € e acan g
or Gt g0 - 8 Jo < for Gint 3o = 6; Jo < 4; Jor) { for
A1 2 g st s 413e], Avets], EwalSol C_res(11(30] = vitag_f32(c_reg(41(3o], A.veclil, B.vecl3oD);  resli3e] - e 52 resC3e], Aot 8wl
¥ ¥
» ¥ 3
¥ ¥
a0 aoey t, i< ot i 4 o Gt 1< oz 100 ¢
fon Gint )4 t 30 = 8 Jo < 4 Joon) { fon Gint Jo = 8 Jo < 2; Jown) {
P 0 o T (T (1 69 € (oY, oy U5t 32(60.9atal(4) * (C.strides(o]) + (4 * Jo) * (C.strides(1D)], C_regl11(3oD); et anaamaLC + (- stHaes ol + (6 % $0) % (. tniges (1D, Creg{A10IoD);
+ ¥
¥ » 3
B ¥ B

xt, Struct exo_win 232 A, struct exo_win 2f32 8, struct exo_win 232 € ) {

_neon_microkernel_1x63( ¢_code_str_Context
EXO_ASSUME(A. strides(1]

; Jo o {
aaie e aetE et o 2 (e asatel Vo Gl o0 G et
¥

¥
for (int k = 8; k < 64; ki) {
s

(RG] - e AP R 09 5
CLEROG QD)

for (int Jo = & Jo <

S TR P PTG & (0 S0 TR

¥
DG By
for (int Jo
e resti3e) g A2t a1, els] & emeeD;
¥

¥
for Gint 4= 8 i< i ,..) o

for (int Jo = B
R e o e 30) % (c.striges(1])], C_regl](3o]);

vstla,



A more extreme example

| gen

V014 gebp_edge_neon_microkernel_1
- 1)

o (int Jo = B; o
Cresli1t] « isia fs2.
¥

¥
for (int k = 0; K < 647 ki) {
1

=0 )€
Aoveali] = Viota . 57644

¥

Floatszu_t B_vecls];

for (int Jo = 8; Jo < 8;
S mel3o] it F24eh it

for (int 4 = 8 4 < 645 ie0) {
for (int Jo = 0; :
c_reg(1][Jo] = valaq_f32(c..
¥

¥

¥

m(mn:u i< 6 i )(
for (it )
st ro20. el + (ot

13

¥
¥

Void gebp_edge_neon_nic
EXO_ASSUME(A. strides(1]
EXO_ASSUME(S. strides(1]
EXO_ASSUMECC. strides(1]
Floatszxa.t C_regledl
For (int 1= 6; 1 < 64 144) {
for (int Jo = B Jo < 15; Jore)
C_regli][jo] = visig_f32(sc.a
¥

b
for (int k = 8; k < 64; ki) {
e
for (int 120 i<
ASHet] ot R

¥
SR,

€ 30 = 8; Jo < 15 Jore)

B_veclJo] = vidiq_r32(s8.data

¥

(o EmaoEAden &g
for (int Jo = 0; jo < 15;

Cresli1t) + wiaafi2Ce.

¥
+

g ooy 4 ){
for (int Jo

)
e

¥
¥

void gebp_edge_neon_microkernel_1x52( c_code_str_Context *ctxt, struct exo_win_2f32 A, struct exo_win_2f32 B, struct exo_win_2f32 C ) {

EXO_ASSUME(A.strides[1] == 1);
EXO_ASSUME(B.strides[1] == 1);
EX0_ASSUME(C.strides[1] == 1);
float32x4_t C_reg[64][13];
for (int i = 0; i < 64; i++) {
for (int jo = 8; jo < 13; jo++) {
c_reg[i][jo] = vldiq_f32(&C.data[(i) * (C.strides[8]) + (4 * jo) * (C.strides[1])]);
r
}

we fOr (Ant k = 0; k < 64; k++) {

float32x4_t A_vec[64];
for (int i = 8; i < 64; i++) {
A_vec[i] = vldlg_dup_f32(&A.data[(i) * (A.strides[0]) + (k) * (A.strides[1])]);
}
float32x4_t B_vec[13];
for (int jo = B; jo < 13; jo++) {
B_vec[jo] = vldlg_f32(&B.data[(k) * (B.strides[B]) + (4 * jo) * (B.strides[1])]);
}
for (int 1 = 0; 1 < 64; i++) {
for (int jo = ©; jo < 13; jo++) {
C_reg[i][jo] = vmlag_f32(C_reg[i][jo], A_vec[i], B_vec[jol);
}
}
}
for (int i = 0; i < 64; i++) {
for (int jo = B; jo < 13; jo++) {
vstlq_f32(&C.data[(i) * (C.strides[8]) + (4 * jo) * (C.strides[1])], C_reg[il[jol);
I3
}
}

in_2f32 8, struct exowin 2132 ¢ ) {

66



A more extreme example

e | generated 64 microkernels using Exo

Void gebp_edge_neon_microkernel_1x52( c_code_Str_Context ACtxt, SErUct exowin 2652 A, STPUCT exowin 252 B, STRUCt exo_win 2f52 € ) { 4016 99p_sage_neon_microKenneL_TXI6( o_code.SEr_ConText actxt, SETUCt exowin. 2652 A, STTUGE ex0_WIn2F32 5, Strvct exo.win.2652 € ) {

EXO_ASSUNE (3. strides(1]

EXO_ASSUNES. strides (1]

EXO_ASSUMEC. strides(1]

Flostszxe_t C_real64l(4];
1

void gebp_edge_neon_aicrakernel_1x8( ¢_code.str_Context xctxt, struct exo_win 252 A, struct exo.win 232 B, struct exo_win 2132 ¢ ) {
= 1)

floatszxa_t C_regle] (8]
for (int 1= 6; 1 < 64 4+4) {
for (int 0 = 8; Jo < 8; Jors) {
©_reg[1][Jo] = Vil *32(sc.datal(1) * (C.strades[o]) + (4 * Jo) ¥ (c.striges(1))]);
¥

for (int J0 = 8; Jo < 4;
A A aAEaL )+ (. ertana ) 9. 30 3 CCweaaan LD

c_reg(1][j0] = visl_f32(5C.datal(1) * (C.strides[o]) + (4 * o) * (.strides(11)]);
¥

¥
v G K< 6 ko) € for (int k = 8 k < 645 kee) {
ﬂua(}lx( + Aveclsal; floatszxd_t Avecled),

for (it for (int i = 8 1 < 6

AGTHE o eI (IO 09 2 6 sy

e 1 €
el = itk s 52 aeta{ 0 (hsrdanstO) + 00 % hetramn A

o4;
TR o et e ) (0 e (09 0 ey

Floatszu_t B_vecls];
for (int Jo = 6; Jo < 8; Jors) {
B_vecljo] = vidiq datal(K) * (B.strides(8]) + (4 * o) *

floatsaxs.t B_vecld]; stz une);
for Cint Jo = 8;

For (int Jo = 8; 0 < 2; Jore) {
g o o TR D & (R ETITID & (00 ) G ilTRs o eni3n] < Lot ental00  o.strtaes(o]) + ¥ 30) ¢ (. seriaus{IDD;
¥

=g ey 6
for (int Jo : Jor
e Sest 3o g FSRCpe A1, Aecl, st
¥

for (int i
for Gant Jo = 6;
c_regli1(3o]
¥

1< 64 i00) { for (int
for
 resli3e] - e 52 resC3e], Aot 8wl

2eanang

S5 B €
Vaaq_f32(c_regli](jo], Aveclil, B_vecliol);

+ ¥ 13
} }
for (int i = 0; i< 64; 100] ( i< de) { for (int 1=8; 4 < na in) 1

for (int )4 o = 8; Jo < 4; Joer) for (it 3o ; 3000 {

vstla, ‘x7(sr ﬂun[(l) t [ stridzs[ﬁ]) + (4 % Jo) » (C.strides(11)], C_reglilljol); vstla f32(&C.datal (1) * (C.strides[6]) + (4 * jo) » (C.strides(11)], C_reglil(jol); VSt1q_F32(6C. ua!al(l) + (C.strides[0]) + (4 * Jo) = (C.strides[1])], C_reg[1](jo]);

4 + 13
¥ » 3
B ¥ B

_neon_microkernel_1x69( ¢ code_str_Context *ctxt, Struct exo_win 2632 A, struct exo_win 232 5, struct exo_win 252 € ) { void gebp_o

£40_ASSUMECH.strides(1]

ige_neon_microkernel_1x52( c_code_str_Context *ctxt, struct exo_win 2f32 A, Struct exo_win 2132 8, struct exo_win 2632 € ) {
]
EXO_ASSUME(S. strides(1]
EXO_ASSUME(C. strides(1]
Floatszxa_t C_reglea](15];
for (int 1
for (int Jo = ; Jo ) {
aaie e aetE et o 2 (e asatel Vo Gl o0 G et
¥

Floatszxd_t C_regl64)[131;
for (int 1= 0 1< 64; 300) {

for Gint 3 ) 4
c.reglil[0) = vidiq_f32(sc.datal (i) * (.strides(6]) + (4 * jo) * (C.strides[1)]);
¥
¥
for (int k = 8; k < 64; ki) {

¥
for Cint K = 0 K < 64 ket) {
s

Floatszxe_t Avec(sdl;
for Gint 1
sl = Victason Fosasotal [0 = (hcrLoa(o) + (6 (hstekama s

B P A £ (B ()% G
¥
CLEROG QD)
for (int Jo = & Jo <
S TR P PTG & (0 S0 TR

¥
o
fon Cin€ Joi=18; o< 337 Jows)
B_vec(fo] = vidia_ * (8.strides(]) + (4 % J0) * Ades(11)]);

¥
DEmachdcyang
for (int Jo
e resti3e) g A2t a1, els] & emeeD;
¥

¥
for Gnt i = 8; 4 < 645 ve) {

30 = 8 Jo < 13; joss) {

c_regl4](jo] = vataq_f32(c_reg[41(jo], A_veclil, B.vecljoD);
3
¥ ¥
¥
GG )
for (int o = 8; jo < 13;

A T (6 ) Ao, realilliol);
¥

for Gint 4= 8 i< i ,..) o
for (int Jo = 8
e D . e & o 30) % (c.striges(1])], C_regl](3o]);




A more extreme example

void gebp_edge_neon_microkernel_1x48( c_code_str_Context xctxt, struct exo_win_2f32 A, struct exo_win_2f32 B, struct exo_win_2f32 C ) {

EXO_ASSUME(A.strides[1] == 1);

| ene EX0_ASSUME(B.strides[1] == 1);

g EX0_ASSUME(C.strides[1] == 1);

float32x4_t C_reg[64][12];
“ for (int i = 0; i < 64; i++) {
for (int jo = 8; jo < 12; jo++) {

C_reg[i][jo] = vldig_f32(&C.data[(i) * (C.strides[8]) + (4 * jo) * (C.strides[1])]);
}
.}
for (int k = 0; k < 64; k++) {

float32x4_t A_vec[64];

for (int i = 8; 1 < 64; i++) {

‘ A_vec[i] = vldlg_dup_f32(&A.data[(i) * (A.strides[0]) + (k) * (A.strides[1])]);
v |}
y float32x4_t B_vec[12];
for (int jo = 8; jo < 12; jo++) {

B_vec[jo] = vldlg_f32(&B.data[(k) * (B.strides[8]) + (4 * jo) * (B.strides[1])]);
}
for (int i = 8; 1 < 64; i++) {

for (int jo = ©; jo < 12; jo++) {

Cc_reg[i]l[jo] = vmlag_f32(C_reg[i][jo], A_vec[i], B_vec[jol);

}

}

¥
floatszxd_t B_vecl15]; }
for 0 Jo

<15; Jore) {
Vidia_52(68. datal (0 *

) for (int i = 0; 1 < 64; i++) {
e | for (int jo = 8; jo < 12; jo++) {
X ) vstlq_f32(&C.data[(i) * (C.strides[®]) + (4 * jo) * (C.strides[1])], C_reg[i][jol);

6 Jo < 15; Jorn) { }
c.datal (0 + (0-stridesit

+

; ¥

_win 2632 € ) {

68



A more extreme example

e | generated 64 microkernels using Exo

Vo1 gebp_edge_neon_microkennel_152( c_code_str_Context 4ctxt, SEruct exowin 2632 A, STTUCT exoWin2f32 B, Struct exowin 2f32 € ) {

Vo1 genp.adge.neon.MCrokemel_TXI6( ¢.code.SER_CONLEXt 4CTAT, SUNUSE eXO_WIRZASZ A, SIPUCE ex0.WN205Z 5, Struct exo.win 2652 € ) €

EXO_ASSUNE (3. strides(1]

EXO_ASSUNES. strides (1]

EXO_ASSUMEC. strides(1]

Flostszxe_t C_real64l(4];
1

void gebp_edge_neon_aicrakernel_1x8( ¢_code.str_Context xctxt, struct exo_win 252 A, struct exo.win 232 B, struct exo_win 2132 ¢ ) {
= 1)

floatszxa_t C_regle] (8]
for (int 1= 6; 1 < 64 4+4) {
for (int 0 = 8; Jo < 8; Jors) {
©_reg[1][Jo] = Vil *32(sc.datal(1) * (C.strades[o]) + (4 * Jo) ¥ (c.striges(1))]);
¥

for (int J0 = 8; Jo < 4;
A A aAEaL )+ (. ertana ) 9. 30 3 CCweaaan LD

c_reg(1][j0] = visl_f32(5C.datal(1) * (C.strides[o]) + (4 * o) * (.strides(11)]);
¥

¥

v G K< 6 ko) € for (int k = 8 k < 645 kee) {

ﬂua(}lx( + Aveclsal; floatszxd_t Avecled),
for (it for (int i = 8 1 < 6

AGTHE o eI (IO 09 2 6 sy

e 1 €
el = itk s 52 aeta{ 0 (hsrdanstO) + 00 % hetramn A

o4;
TR o et e ) (0 e (09 0 ey

Floatszu_t B_vecls];
for (int Jo = 6; Jo < 8; Jors) {
B_vecljo] = vidiq datal(K) * (B.strides(8]) + (4 * o) *

floatsaxs.t B_vecld]; stz une);
for Cint Jo = 8; ; for (int 30 = 8; 0 < 2; Jowe) {

g o o TR D & (R ETITID & (00 ) G ilTRs o eni3n] < Lot ental00  o.strtaes(o]) + ¥ 30) ¢ (. seriaus{IDD;
¥

=g ey 6
for (int Jo : Jor
e Sest 3o g FSRCpe A1, Aecl, st
¥

for (int i
for Gant Jo = 6;
c_regli1(3o]
¥

1< 64 i00) { for (int
for
 resli3e] - e 52 resC3e], Aot 8wl

A9CBTDG

S5 B €
Vaaq_f32(c_regli](jo], Aveclil, B_vecliol);

+ ¥ 13
} }
for (int i = 0; i< 64; 100] ( i< de) { for (int 1=8; 4 < na in) 1

for (int )4 o = 8; Jo < 4; Joer) for (it 3o ; 3000 {

vstiq. q”sr "n((‘) ‘ [ Str‘idzs[ﬁ]) + (4 % o)  (C.strides(1])], C_reg[1](o]); vstla f32(&C.datal (1) * (C.strides[6]) + (4 * jo) » (C.strides(11)], C_reglil(jol); VSt1q_F32(6C. ua!al(l) * (C.strides[0]) + (4 x Jo) = (C.strides[1])], C_reg[1](jo]);

4 13
¥ » 3
B ¥ B

_neon_microkernel_1x69( ¢ code_str_Context *ctxt, Struct exo_win 2632 A, struct exo_win 232 5, struct exo_win 252 € ) { void gebp_o

£40_ASSUMECH.strides(1]

ige_neon_microkernel_1x52( c_code_str_Context *ctxt, struct exo_win 2f32 A, Struct exo_win 2132 8, struct exo_win 2632 € ) { vo1d gebp_edge_neon_microkernel_1xé8( c_code_str._Context
]

t, struct exowin 232 A, Struct exo_min 2632 8, struct exo_win 2632 ¢ ) {
EXO_ASSUME(S. strides(1]
EXO_ASSUME(C. strides(1]
Floatszxa_t C_reglea](15];
for (int 1
for (int Jo = ; Jo ) {
aaie e aetE et o 2 (e asatel Vo Gl o0 G et
¥

Floatszxd_t C_regl64)[131;
for (int 1= 0 1< 64; 300) {

for Gint 3 )4 o < 12; Jor) {
c.reglil[0) = vidiq_f32(sc.datal (i) * (.strides(6]) + (4 * jo) * (C.strides[1)]); C_reglA1L1o] » Ve 92tic daealCE) # (C.striamsSD) + (6 x 360 ¥ CCostrlsms(aDID;
¥ ¥
3
for (it K = 8; K < 643 kee) €
Floatszxe_t A_veclsel;
8 1< 64; 1) {
V1d1q_dup_f32(64.

¥
for (int k = 8; k < 64; ki) {

¥
for Cint K = 0 K < 64 ket) {
s

Floatszxe_t Avec(sdl;
for Gint 1
sl = Victason Fosasotal [0 = (hcrLoa(o) + (6 (hstekama s

B P A £ (B ()% G

Avecli)

tal@) + (A.strides(e]) + (0 = (A.strides(1)));
¥
CLEROG QD)

for (int Jo = & Jo <
S TR P PTG & (0 S0 TR

flostszee.t Bvecl1s];
fon Cin€ Joi=18; o< 337 Jows)
B_vec(fo] = vidia * (8.strides(]) + (4 % J0) * Ades(11)]);

Floatszxe_t B_vec[12];
for (int Jo = 8; 5 Jors) 4
B_vecljo] = vi¢la f32(65.datal (k) * (3.strides[6]) + (4 = o) * (3.strides[1))]);

¥
DEmachdcyang
for (int Jo
e resti3e) g A2t a1, els] & emeeD;
¥

for Gnt i = 8; 4 < 645 ve) {

s aocy e
for (int jo
 res e w5206 a1, Al . vec LD
3

30 2 8; 30 < 13; Joss) {
c_regl4](jo] = vataq_f32(c_reg[41(jo], A_veclil, B.vecljoD);
3
3 ¥
¥
GG )
for (int o = 8; jo < 13;
A T (6 ) Ao, realilliol);
¥

for Gint 4= 8 i< i ,..) o
for (int Jo = 8
e D . e & o 30) % (c.striges(1])], C_regl](3o]);

)
Vstiq 352060, 0atal () * (C.strides(e]) + G4 % 0) ¥ (C.strides(1D)], C.ragls](jo]);
b



Implications

- Generate procedures reusable across the level 3 BLIS: only need to optimize
GEMM

- Define hardware interfaces by writing equivalent code: easier generation of
HW-specific microkernels

- Easily re-generate microkernels with different parameters: simplifies
tuning for hardware-dependent optimal performance



Implications

e The workflow now becomes...

Write Hardware Backend Generate microkernel Benchmark

Repeat if poor performance

e Make BLIS even more portable with Exo!



70% of peak on SGEMM on
AWS Graviton (with ARM Neon)
in 300 lines of code



Future Work

» Add support for various precision BLAS operations and data layouts
(dgemm, cgemm)

« Implement remaining BLAS3 operations (TRMM, TRSM, SYR2K, etc.) and
extend to BLAS?2

« Autotuner integration

« Code generation for non-performance reasons (e.g. improved
exception handling)



Thanks for listening!
Questions?

Julian Bellavita: jbellavita@berkeley.edu
Grace Dinh: gnd@berkeley.edu

Thanks to: Gilbert Bernstein, James Demmel, Yuka Ikarashi, Alex Reinking, and many others

74


mailto:jbellavita@berkeley.edu
mailto:gnd@berkeley.edu

