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What is Operator?
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BFenTRESHEE

IEEEFHEN , BIERFRH4  TUBEEEARNRLSERIEHIENER,
REEEFRPITREFMERSSY , RIERFEPIMERITEFRITEEN.

E—FFEEFRNERLT (BAERNEESIN) | ERRESE—MHELS (BFRENX ) .
TSI ( Function / Expression ) FIiTEEBRAHERITT EREE ( Schedule ) 270E.
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0id box_filter_3x3(const Mat &in, Mat &blury)
Mat blurx(in.size(), in.type());

for(int x = 1; x < in.cols-1; X ++)
for(int y = @ ; y < in.rows; y ++)
blurx.at<uint8_t >(y, x) = static_cast<uint8_t>(
in.at<uint8_t >(y, x-1) + in.at<uint8_t >(y, x) + in.at<uint8_t

for(int x = @; x < in.cols; x ++)
for(int y = 1 ; y < in.rows-1; y ++)
blury.at<uint8_t >(y, x) = static_cast<uint8_t>(
blurx.at<uint8_t >(y-1, x) + blurx.at<uint8_t >(y, x) + blurx.at<uint8_t >(y+1, x)) / 3);
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SFRIEE

BN THITRE , B LEAMEARREFAIFYRIFSEZE—T :

Mat blurx(in.size(), in.type()){

for(int y =0 ; y < in.rows; y ++)
for(int x = 1; x < in.cols-1; X ++)
blurx.at<uint8_t >(y, x) = static_cast<uint8_t
in.at<uint8_t >(y, x-1) + in.at<u 3_t >(y, x) + in.at<uint8_t >(y, x+1)) / 3);

for(int y =1 ; y < in.rows-1; y ++)
for(int x = @0; x < in.cols; X ++)
blury.at<uint8_t >(y, x) = static_cast<uint8_t>(
blurx.at<uint8_t >(y-1, x) + blurx.at<uint8_t >(y, x) + blurx.at<uint8_t >(y+1, x)) / 3);
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Why Difference?

EAFRMEEFITIRIAIIRER—HHY , BREEATASEES. RERRE , XERFNEE
AEHTARER MBI EEEXKRER | HIaNFTIEEERE.

R EEE EIRBULER | tb2BINE AR T 102 , HF AR TSIMD(BiESSEUER). LA
K358 (Tiling ) . EBFF (Unrolling ) FORIE4L ( Vectorization ) FEERRA., ZoOFBTE
HaIMERE , MMIAN T E I EZARBRITRIRIR FRAUWRHRERHITHIEE,
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bufferly + radius] = p;
sum += dif + fRadiusxp;

gt ) « LA (Tiling ) o BT (Unrolling )

HAEL ( Vectorization ) FEMRA, Rt e

p = (float)(radius - y);
if (p > @)
~ L .
FARIFITEMHOMRE | NTIAKEEEAS ERp

W += p;

EHHIRTIE PR R R TAOEE, o

p = px(p-1)/2 + fRadiusxp;
s += buffer[image_h - 1]xp;
W += p;

}

new_image[x + ykximage_w] = (unsigned char)((sum - s)/(weight - w));

else if (y + radius >= y_start

dif -= 2xbufferlyl;
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EAESREE Schedule Primitives

Halide :
Reorder(3z##). Split(iF4%). Fuse(®tE). Tile(FsH). Vector(AZE4t). BF(Unrolling). FHfT(Paralle
lizing)

TVM :

Reorder(32##). Split(fF73). Fuse(®@a). Tile(FsH). Vector(mE(). EFH(Unrolling). 4fzE(bindin
9)
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1 for (int n = 0; n < o_n; ++n) {
2 for (int ¢ = @; ¢ < o_c; ++c) {
3 for (int j = 0; j < o_h; ++j) {
v 4 for (int 1 = 0; 1 < o_w; ++i) {

conv_0 - > int d_start = n *x i c *x i h *xiw+ Jjxiw+ 1i;

rolu_0 6 int temp = 0;
7 for (int kk = 0; kk < k_c; ++kk) {

maxpool_0 8 for (int kj = 0; kj < k_h; ++kj) {

9 for (int ki = 0; ki < k_w; ++ki) {

conv_0 10 int k_idx = kk * k_h % k.w + kj * kw + ki;

relu 0 1 int d_idx = d_start + kk * i_h *x 1i_w + kj * i_w + ki;

- 12 temp += inputs->datald_idx] x kernel->datalk_idx];

maxpool_0

-— e

~ oW

-
-

FC_0

LT

15 }
FC 16 res[n *x o_c * o_h *x ow+ j *x ow + 1] = temp;
17 }
18 }
19 }

I
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for (int n = 9; n < o_n; ++n) {
for (int ¢ = 0; ¢ < o_c; ++c) {
for (int j = 9; j < o_h; ++j) {
for (int 1 = 0; 1 < o_w; ++1i) {
int d_start = n *x i_c *x i_h x i_w + j *x i_w + 1i;
int temp = 0;
for (int kk = 0; kk < k_c; ++kk) {
for (int kj = 0; kj < k_h; ++kj) {
9 for (int ki = 0; ki < k_w; ++ki) {
conv_0 10 int k_idx = kk % k_h * k_w + kj * k_w + ki;

v

conv_0

A 4

relu_0

0 N O -

maxpool_0

relu 0 1 int d_idx = d_start + kk * i_h * i_w + kj * i_w + ki;
- 12 temp += inputs->datald_idx] * kernel->datalk_idx];
maxpool_0 13 }

FC_0 " ¥
15 }

FC_1 16 res[n % o_c *x o_h *x o_w + j *x o_w + 1] = temp;
17 }

m 18 )

19 }

%t
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Schedule trees

B RAEREREEH=FCREEIIHERY

void box_filter_3x3(const Mat &in, Mat &blury)

Mat blurx(in.size(), in.type()); Wﬁﬁj\@a

for(int x = 1; X < in.cols-1; x ++) /
N . _ IR
for(int y =0 ; y < in.rows; y ++)

blurx.at<uint8_t >(y, x) = static_cast<uinté

in.at<uint8_t >(y, x-1) + in.at<uiuéu t >(y, x) + in.at<uint8_t >(y, x+1)) / 3);

for(int x = @; x < in.cols; X ++) N
for(int y =1 ; y < in.rows-1; y ++)
blury.at<uint8_t (y, x) = static_cast<uint8_t>(

blurx.at<uint8_t >(y-1, x) + blurx.at<uint8_t >(y, x) + blurx.at<uint8_t >(y+1, x)) / 3);
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Schedule trees

Root nodes represent the top of the schedule tree.

Loop nodes represent the traversal of how the function is computed along a given dimension. Loop

nodes are associated with a function and a variable (dimension). Since functions are assumed two-dim
ensional, by default functions have two variables: x and y. Loop nodes also contain information such as
whether the loop is run sequentially, run in parallel, or vectorized.

Storage nodes represent storage for intermediate results to be used later.

Compute nodes are the leaves of the schedule tree, and they represent computation being perform
ed. Compute nodes can have other compute nodes as children to represent functions that are inlined

instead of loaded from intermediate storage.
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Schedule trees

For any function we can define the default schedule, which traverses the output function in row-major

order and inlines all called functions, like so:

of0
X

default

g0 Oel) schedule

1

S OataCaE

ORORO

<D

algorithm schedule tree
(function call graph)

dependencies

h()
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Schedule trees

Root nodes
Loop nodes
Storage nodes

Compute nodes
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bx
\) allocate bx

by.y > for by.y

_——— > for bx.y

/ for bx.x

—> compute by(by.x, by.y)
free bx
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Question®
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Schedule Transformers

Reorder - switch loop nodes

for the same function./9%g[E
HIThEEY IR BT R
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Schedule Transformers

Hoist / lower compute - change the granula

rity in which intermediate results are compute

d. BEROTEFEIERIRE

25  Huawei Confidential. Ascend & MindSpore

f f

.54 04

@ FS @ ®
compute (f)
(1) <& HORO

a


http://www.hiascend.com/
http://www.mindspore.cn/

Schedule Transformers

Inline / deinline - inline function l
s into callers. JFERAZIIELZE!VE
B ( FEBCINERFE
EREFES ) SNERET —
S f inline f @ @
BGHEREL. BW.LE , REXEREL
LAY NI (SER EIREUTR
T, TR fx) (&x) (hx @ o
RFERERERDIITRLT

’ <o & H <D
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Schedule Evaluation

Search Algorithm for Schedules: Once loop sizes have been inferred, we have enough informatio
n to determine important execution features of the schedule, such as how much memory it will alloca

te and how many operations it will perform. The cost of the schedule is then a weighted sum of these

data points.
. g(x,y) = sqrt(cos(x) + sin(y));
Group Weight f(x,y) = g(x + 1,y) + g(x,y) + g(x+ 1,y + 1) + g(x,y + 1);
mem 0.1 Function Runtime (ms) Peak heap usage (bytes)
loads 0.5 f (DEF) 87.72 0
stores 0.5 f (OPT) 13.48 0
arith ops 1.0 g (DEF)  N/A 0
math ops 10.0 g (OPT) 172.70 32874
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Schedule Evaluation

TRAINING
train

learned benchmark
cost model performance

importance — AUTOSCHEDULING
“ random Halide tree search sample plausible
algorithms on schedules schedules T— fine-tune with autotuning

cost model benchmark fast
performance gl schedule

importance
sample

plausible
schedules

i)ut Hallde tree search
orith on schedules direct
search optimum fast

schedule
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Inference

Adams, Andrew, et al. "Learning to optimize halide with tree search and random programs.” ACM Transactions on Graphics (TOG) 38.4 (2019): I-12.

2. https://www.cs.cornell.edu/courses/csé120/20 | 9fa/blog/halide-autoscheduler/

3. https://halide-lang.org/papers/autoscheduler2019.html
+ HalidefSRBLALBABRIAR hteps://www.modb.pro/db/326253
s B&. HEMBIAFIES: T f#Halide https://oldpan.me/archives/learn-a-little-halide
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