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d

<

TotTal_salary = U.U,
employee_count = 0;

avg_salary() 5
employee_count > 0 ? total_salary / employee_count : 0.0;
3
35
std::vector<std::pair<std::string, >> topDepartmentsByAvgSalary(
std::vector<Employee>& employees,
std::vector<Department>& departments,
std::chrono::system_clock::time_point& cutoff_date,
min_employees,
limit
)

std: :unordered_map< , std::string> dept_index;
( & dept : departments) §
dept_index[dept.department_id] = dept.department_name;

std: :unordered_map< , DepartmentStats> stats;
( & emp : employees) §
(emp.hire_date > cutoff_date) §
it = dept_index.find(emp.department_id);
(it != dept_index.end()) %

& dept_stat = stats[emp.department_id];
dept_stat.department_name = it->second;
dept_stat.total_salary += emp.salary;
dept_stat.employee_count++;

3
3
3
std::vector<std::pair<std::string, >> result;
( & [dept_id, dept_stat] : stats) §
(dept_stat.employee_count >= min_employees) {
result.push_back(f{dept_stat.department_name, dept_stat
3
3

std::sort(result.begin(), result.end(),
[1( & a, & b) § a.second >

(result.size() > limit) §
result.resize(limit);

result;

.avg_salary()3?);

b.second; 3%);
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Example: blurring an image

blur( W, H, ule t *in, ul6_t *out) 3
ult t *horiz = ule t[W*H];
( y = 0; y < H; y++) ¢

( X = 1; x < W=1; Xx++) 3
horiz[x + y*¥W] = (
in[x-1 + y*W] + 1n[x + y¥W] + 1n[x+1 + y*W]

) [/ 35
53
( y = 1; y < H-1; y++) 2
( X = 1; X < W=1; x++) %
out[x + y*W] = ( horiz[x + (y-1)*W]
+ horiz[Xx + vV *W-
+ horiz[x + (y+1L)*W] ) / 3;
53
horiz;

3Xx1
box filter
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box filter



Example: blurring an image

3Xx1

. 8 | -
horiz[x + v '] = ( ‘
in[x-1 + v ] + 1n[x + vy ] + 1n[x+1l + v ] bOX fllter
) [/ 37

O

out[x + v '] = ( horiz[x + (y-1) ]
+ horiz[Xx + vV ] 1X3
+

horiz[x + (y+1) 1) / 3; box filter




Example: blurring an image

blur( W, H, ule t *in, ul6_t *out) 3
ule t *horiz = ule t[W*H];

( y = 0; vy < H; y++) ¢
( X = 1; x < W=1; Xx++) 3 ‘

3Xx1

" » " box filter
33 O
( y = 1; y < H-1; y++) ¢
( X = 1; x < W=-1; x++) 3 -
§ o3
N W box filter

horiz;



Example: blurring an image

horiz (in_[:, :-2] in [:, 1:-17 in_[:, 2:]) 3 ‘ B ‘ g(>)<X1fII-ter
O
out (horiz[:-2, :] horiz[1l:-1, :] horiz[2:, :]) 3 . E)(>)<X3f||ter




Automatically-delivered
) performance

blur( W, H, ule _t *in, ul6_t *out) %
ule_t *horiz = ule t[W*H];
( y

= 0; y < H; y++) 2
( X = 1; X < W=1; x++) ¥
horiz[x + y*W] = (
in[x=1 + y*W] + in[x + y*W] + in[x+1 + y*W]
)y / 3; horiz (in_[:, :-2] in_[:, 1:-1] in_[:, 2:]) 3

53 out (horiz[:-2, :] horiz[1l:-1, :] horiz[2:, :]) 3

2

( y = 1; y < H-1; y++) ¢
( X = 1; x < W=1; x++) 3
out[x + y¥W] = ( horiz[x + (y-=-1)%*W]
+ horiz[x + v W
+ horiz[x + (y+1D)*W] ) / 3;

55

horiz;



Automatically-delivered
) performance

blur( W, H, ule _t *in, ul6_t *out) %
ule_t *horiz = ule t[W*H];
( y

= 0; vy < H; y++) ¢
( X =

1; x < W=1; x++) %
horiz[x + y*W] = (
in[x=1 + y*W] + in[x + y*W] + in[x+1 + y*W]
) / 3; ~ horiz (in_[:, :-2] in_[:, 1:-1] in_[:, 2:]) 3
33 i out = (horiz[:-2, :] + horiz[1:-1, :] + horiz[2:, :]) / 3
( y

= 1; v < H=1; y++) 3

( X = 1; x < W=1; x++) 3

out[x + v¥W] = ( horiz[x + (y-1)*W]
+ horiz[x + v W
+ horiz[x + (y+1D)*W] ) / 3;

55

horiz;

3 ms / megapixel 3 ms / megapixel



blur_fast( W, H, ule _t *in, ul6_t *out) %
__ml1l281 one_third _mm_setl _ep116(21846);
# omp parallel for

. m
O Hand-optimized T e i < a5
__m1281i horiz[(128 / 8) * (32 + 2)];

( XxTile = 0; xTile < W-8; xTile += 128) §

__ml28i *horizPtr horiz;
per Orlllance ( y = 0; v < 32 + 2; y++) ¢

size t inIdx = xTile + (yTile+y)*W;

ule _t *inPtr = in+inIdx;
( X = 0; x < 128; x += 8) ¥

~_ml281i a = mm_load si128(( __ml1l281 *)(inPtr));

_ _mle8i b = mm_loadu si128(( __ml128i *)(1nPtr + 1));
__ml281 c = mm_loadu si128(( __ml1281 *)(1nPtr + 2));
_ _ml28i sum = mm _add epil6(_mm _add epil6(a, b), c);
__mle8i avg = mm _mulhi epil6(sum, one_third);

~mm_store_si1128(horizPtr++, avg);
inPtr += 8;

3

horizPtr = horiz;
( y = 0; y < 327 y++) ¢

size_ t outldx = xTile + (yTile+y)*(W-8);
__ml128i *outPtr (__ml128i *) (out+outlIdx);
( X = 0; x < 128; x += 8) §

~_ml281 a = mm_load sil28(horizPtr + (2 * 128) / 8);
~__mle8i b = mm _load sil28(horizPtr + 128 / 8);
~_ml28i1 c¢c = mm_load sil28(horizPtr++);
__ml281 sum = mm_add _epil6(_mm_add _epil6(a, b), c);
~_ml1281i avg = mm_mulhi _epil6(sum, one_third);
~mm_store_si128(outPtr++, avg);

$5333



blur_fast( W, H, ule _t *in, ul6_t *out) %
__ml1l281 one_third _mm_setl _ep116(21846);
# omp parallel for

- m
O Ha“d-o tlmlzed ( yTile = 0; yTile < H-2; yTile += 32) §
__m1281i horiz[(128 / 8) * (32 + 2)];

( XxTile = 0; xTile < W-8; xTile += 128) §

__ml28i *horizPtr horiz;
per Orlllance ( y = 0; v < 32 + 2; y++) ¢

size t inIdx = xTile + (yTile+y)*W;

ule _t *inPtr = in+inIdx;
( X = 0; x < 128; X += 8) ¥

~_ml281i a = mm_load si128(( __ml1l281 *)(inPtr));

_ _mle8i b = mm_loadu si128(( __ml128i *)(1nPtr + 1));
__ml281 c = mm_loadu si128(( __ml1281 *)(1nPtr + 2));
_ _ml28i sum = mm _add epil6(_mm _add epil6(a, b), c);
__mle8i avg = mm _mulhi epil6(sum, one_third);

~mm_store_si1128(horizPtr++, avg);
inPtr += 8;

3

horizPtr = horiz;
( y = 0; y < 327 y++) ¢

size_ t outldx = xTile + (yTile+y)*(W-8);
__ml128i *outPtr (__ml128i *) (out+outlIdx);
( X = 0; x < 128; x += 8) §

~_ml281 a = mm_load sil28(horizPtr + (2 * 128) / 8);
~__mle8i b = mm _load sil28(horizPtr + 128 / 8);
~_ml28i1 c¢c = mm_load sil28(horizPtr++);
__ml281 sum = mm_add _epil6(_mm_add _epil6(a, b), c);
~_ml1281i avg = mm_mulhi _epil6(sum, one_third);
~mm_store_si128(outPtr++, avg);

$5333

0.2 ms / megapixel / core
15x faster, scalable across cores



blur_fast( W, H, ule _t *in, ul6_t *out) %
__ml1l281 one_third _mm_setl _ep116(21846);
# omp parallel for
( yTile = 0; yTile < H-2; yTile += 32) §
__ml1281 horiz[ (128 / 8) * (32 + 2)];

L L
O Hand-optimized
( XxTile = 0; xTile < W-8; xTile += 128) §
__ml28i *horizPtr horiz;
per Orlllance ( y = 0; v < 32 + 2; y++) ¢

size t inIdx = xTile + (yTile+y)*W;

ule _t *inPtr = in+inIdx;
( X = 0; x < 128; X += 8) ¥

~_ml281i a = mm_load si128(( __ml1l281 *)(inPtr));

_ _mle8i b = mm_loadu si128(( __ml128i *)(1nPtr + 1));
__ml281 c = mm_loadu si128(( __ml1281 *)(1nPtr + 2));
_ _ml28i sum = mm _add epil6(_mm _add epil6(a, b), c);
__mle8i avg = mm _mulhi epil6(sum, one_third);

~mm_store_si1128(horizPtr++, avg);
inPtr += 8;

3

horizPtr = horiz;
( y = 0; y < 327 y++) ¢

size_ t outldx = xTile + (yTile+y)*(W-8);
__ml128i *outPtr (__ml128i *) (out+outlIdx);
( X = 0; x < 128; x += 8) §

~_ml281 a = mm_load sil28(horizPtr + (2 * 128) / 8);
~__mle8i b = mm _load sil28(horizPtr + 128 / 8);
~_ml28i1 c¢c = mm_load sil28(horizPtr++);
__ml281 sum = mm_add _epil6(_mm_add _epil6(a, b), c);
~_ml1281i avg = mm_mulhi _epil6(sum, one_third);
~mm_store_si128(outPtr++, avg);

$5333
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15x faster, scalable across cores



O Hand-optimized
) performance

Tiled computation
by 128X 32

( yTile = 0; yTile < H-2; yTile += 32) §

( XxTile = 0; xTile < W-8; xTile += 128) §

( y = 0; y < 32; y++) ¢

( X = 0; x < 128; x += 8) 3

$5333

0.2 ms / megapixel / core
15x faster, scalable across cores



__ml1281 horiz[ (128 / 8) * (32 + 2)];

O Hand-optimized
") performance o s

size t inIdx = xTile + (yTile+y)*W;
ule _t *inPtr = in+inIdx;
( X = 0; x < 128; X += 8) ¥

Tiled computation
by 128X 32

Interleaved computation }
of horiz per-tile

0.2 ms / megapixel / core
15x faster, scalable across cores



__m1281 one_third = _mm_setl_ep116(21846);

O Hand-optimized
) performance

( X = 0; x < 128; X += 8) ¥

m " ~_ml281i a = mm_load si128(( __ml1l281 *)(inPtr));
TIIEd COI | |pUtat|On _ m128i b = mm loadu sil28(( _ mi128i *)(inPtr + 1));
__ml281 c = mm_loadu si128(( __ml1281 *)(1nPtr + 2));

b 1 28X32 __m128i sum = _mm_add_epil6(_mm_add_epil6(a, b), c);
3/ __mle8i avg = mm _mulhi epil6(sum, one_third);

Interleaved computation e =
of horiz per-tile

Vectorized across x o e 05 x < 128 x 4= B

__m1281 a = _mm_load_sil28(horizPtr + (2 * 128) / 8);
__m1281 b = _mm_load_sil28(ChorizPtr + 128 / 8);
~_ml28i1 c¢c = mm_load sil28(horizPtr++);

__ml281 sum = mm_add _epil6(_mm_add _epil6(a, b), c);
~_ml1281i avg = mm_mulhi _epil6(sum, one_third);
~mm_store_si128(outPtr++, avg);

0.2 ms / megapixel / core
15x faster, scalable across cores



# omp parallel for
( yTile = 0; yTile < H-2; yTile += 32) $

O Hand-optimized
) performance

Tiled computation
by 128X 32

Interleaved computation
of horiz per-tile

Vectorized across x
Parallelized rows of tiles

0.2 ms / megapixel / core
15x faster, scalable across cores



blur_fast( W, H, ule _t *in, ul6_t *out) %
~_ml1281 one_third = mm setl epil16(21846);
# omp parallel for
( yTile = 0; yTile < H-2; yTile += 32) §
__ml1281 horiz[ (128 / 8) * (32 + 2)];

L L
O Hand-optimized
( XxTile = 0; xTile < W-8; xTile += 128) §
__ml1281i *horizPtr = horiz;
per Orlllance ( y = 0; v < 32 + 2; y++) ¢

size t inIdx = xTile + (yTile+y)*W;
ule _t *inPtr = in+inIdx;
( X = 0; x < 128; X += 8) ¥

m " ~_ml281i a = mm_load si128(( __ml1l281 *)(inPtr));
TIIEd COI | |pUtat|On _ m128i b = mm loadu sil28(( _ mi128i *)(inPtr + 1));
__ml281 c = mm_loadu si128(( __ml1281 *)(1nPtr + 2));

_mm_add_ep116(_mm_add_epile(a, b), c);

by 1 28X32 jﬁg:i ch mm_mulhi_epil6(sum, one_third);
_mm_store_si128(horizPtr++, avg);
Interleaved computation }

inPtr += 8;
3

of horiz per-tile rordzptr = noriz;

( y = 0; y <327 y++) ¢
size_t outldx = xTile + (yTile+y)*(W-8);
_m1281 *outPtr = (__ml1l28i *) (out+outldx);

Vectorized across x S

~_ml281 a = mm_load sil”28(ChorizPtr + (2 * 128) / 8);
. . ~__mle8i b = mm _load sil28(horizPtr + 128 / 8);
ParaIIEIIZEd rOWS Of tlles _ _ml1l28i ¢ = mm_load sil28(horizPtr++);
__ml281 sum = mm_add _epil6(_mm_add _epil6(a, b), c);
~_ml1281i avg = mm_mulhi _epil6(sum, one_third);

~mm_store_si128(outPtr++, avg);

$5333

0.2 ms / megapixel / core
15x faster, scalable across cores
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conflate What with how



Performance engineering
requires low-level control

Low-level languages bod

conflate what with how /\

Writing fast code is
unsafe & unproductive
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from how to compute It



User-schedulable languages
decouple what to compute
from how to compute It

exposed for
programmer control




Halide

horiz(x, v) = (in(x=1, y) + in(x, vy) + in(x+1l, v))/3;
out(x, v) = (horiz(x, y=-1) + horiz(x, v) + horiz(x, y+1))/3;

out. (x, y, Xo, yo, X1, vyi, 128, 32)

(xi, 8). (y);
horiz. (out, xo0). (out, xo0). (X, 8);



Halide

horiz(x, v) = (in(x=1, y) + in(x, vy) + in(x+1l, v))/3;
out(x, v) = (horiz(x, y=-1) + horiz(x, v) + horiz(x, y+1))/3;



out. (x, y, Xo, yo, X1, vyi, 128, 32)

(xi, 8). (y);
horiz. (out, xo0). (out, xo0). (X, 8);



The Schedule controls lowering functions to loops

horiz(x, v) = (in(x=1, v) + 1n(x, v) + in(x+1l, v))/3;
out(x, v) = (horiz(x, y=-1) + horiz(x, y) + horiz(x, y+1))/3;



The Schedule controls lowering functions to loops

horiz(x, v) = (in(x=1, v) + 1n(x, v) + in(x+1l, v))/3;
out(x, v) = (horiz(x, y=-1) + horiz(x, y) + horiz(x, y+1))/3;



The Schedule controls lowering functions to loops

horiz(x, v) = (in(x=1, v) + 1n(x, v) + in(x+1l, v))/3;
out(x, v) = (horiz(x, y=-1) + horiz(x, y) + horiz(x, y+1))/3;

out. (x, vy, xo, yo, x1, vyi, 128, 32)



The Schedule controls lowering functions to loops

horiz(x, v) = (in(x=1, v) + 1n(x, v) + in(x+1l, v))/3;
out(x, v) = (horiz(x, y=-1) + horiz(x, y) + horiz(x, y+1))/3;

out. (x, vy, xo, yo, x1, vyi, 128, 32)

for out.yo:
for out.xo:



The Schedule controls lowering functions to loops

horiz(x, v) = (in(x=1, v) + 1n(x, v) + in(x+1l, v))/3;
out(x, v) = (horiz(x, y=-1) + horiz(x, y) + horiz(x, y+1))/3;

out. (x, vy, xo, yo, x1, vyi, 128, 32)

for out.yo:
for out.xo:

for out.yi in [0, 32):
for out.xi in [0, 128):
compute out



The Schedule controls lowering functions to loops

horiz(x, v) = (in(x=1, y) + in(x, v) + in(x+1l, v))/3;
out(x, v) = (horiz(x, y=1) + horiz(x, y) + horiz(x, y+1))/3;

out. (x, vy, xo, yo, x1, vyi, 128, 32)

for out.yo:
for out.xo:

for out.yi in [0, 32):
for out.xi in [0, 128):
compute out



The Schedule controls lowering functions to loops

horiz(x, v) = (in(x=1, y) + in(x, v) + in(x+1l, v))/3;
out(x, v) = (horiz(x, y=1) + horiz(x, y) + horiz(x, y+1))/3;

out. (x, vy, xo, yo, x1, vyi, 128, 32)
horiz. (out, xo0)

for out.yo:
for out.xo:

for out.yi in [0, 32):
for out.xi in [0, 128):
compute out



The Schedule controls lowering functions to loops

horiz(x, v) = (in(x=1, y) + in(x, v) + in(x+1l, v))/3;
out(x, v) = (horiz(x, y=1) + horiz(x, y) + horiz(x, y+1))/3;

out. (x, vy, xo, yo, x1, vyi, 128, 32)
horiz. (out, xo0)

for out.vyo:
for out.xo:

for out.yi in [0, 32):
for out.xi in [0, 128):
compute out



The Schedule controls lowering functions to loops

horiz(x, v) = (in(x=1, v) + 1n(x, v) + in(x+1l, v))/3;
out(x, v) = (horiz(x, y=-1) + horiz(x, y) + horiz(x, y+1))/3;

out. (x, vy, xo, yo, x1, vyi, 128, 32)
horiz. (out, xo0)

for out.vo:
for out.xo:

for out.yi in [0, 32):
for out.xi in [0, 128):
compute out



The Schedule controls lowering functions to loops

horiz(x, v) = (in(x=1, v) + 1n(x, v) + in(x+1l, v))/3;
out(x, v) = (horiz(x, y=-1) + horiz(x, y) + horiz(x, y+1))/3;

out. (x, vy, xo, yo, x1, vyi, 128, 32)
horiz. (out, xo0)

for out.vyo:
for out.xo:

for horiz.y:
for horiz.x:
compute horiz

for out.yi in [0, 32):
for out.xi in [0, 128):
compute out



The Schedule controls lowering functions to loops

horiz(x, v) = (in(x=1, v) + 1n(x, v) + in(x+1l, v))/3;
out(x, v) = (horiz(x, y=-1) + horiz(x, y) + horiz(x, y+1))/3;

out. (x, v, xo, yo, x1i, vyi, 128, 32). (V)
horiz. (out, xo0). (x, 8)

parallel for out.yo:
for out.xo:

for horiz.y:
vec for horiz.x:
compute horiz<8>

for out.yi in [0, 32):
for out.xi in [0, 128):
compute out



Halide C++

200 ps/megapixel/core 200 ps/megapixel/core

hopiz(x, y) = (in(x—i, y) + in(x, y) + in(x+1, v))/3; vold (int W, int H, const ul6_t *in, ul6_t *out) $
out(x, y) = (horiz(x, y-1) + horiz(x, y) + horiz(x, y+1))/3; SRIIEeSIRp IR NLRHRSRRIINESE BLRE PO )i
#pragma omp parallel for
out. tile(x, ¥, X0, yo, xi, yi, 128, 32) for Gt yTale = 6 yrile <G yTile o= 9 ¢
° (X1, 8). (Y); for (int xTile = 0; xTile < W-8; xTile += ) §
horiz. (out, xo). (out, xo). (x, 8); __m128i *horizPtr = horiz;

for (Int vy = 0; vy < + 25 y++) $
const size t inIdx XxTile + (yTile+y)*W;
const ul6 t *inPtr 1n+inldx;
for (int x = 0; X < » X += 8) §
_ _ml128i a = mm_load _sil1l28((const _ _ml1l28i *)(inPtr));

~_ml1281 b = mm_loadu_sil28((const _ _ml1281i *)(inPtr + 1));
__ml1281 ¢ = _mm_loadu_sil28((const __ml1281 *)(1nPtr + 2));
_ _ml128i1i sum = mm_add _epil6(_mm_add _epil6(a, b), c);

_ _ml1281i avg = mm_mulhi_epil6(sum, one_third);
_mm_store_sil28(horizPtr++, avg);

inPtr += 8;

55

horizPtr = horiz;
for (int y = 0; yv < 32; y++) §
const size t outIdx = xTile + (yTile+y)*(W-8);
__ml1281 *outPtr = (__ml1l281 *) (out+outlIdx);
for (int x = 0; x < ; X += 8) §
__m1281 a = _mm_load_sil28(horizPtr + (2 * ) / 8);
__ml1l281 b = _mm_load_si128(horizPtr + / 8);
~__ml128i1 ¢ = mm_load_sil28(horizPtr++);
__ml1281 sum = _mm_add_epil6(_mm_add_epil6(a, b), c);
__m1281 avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_sil128(outPtr++, avg);




Halide C++

200 ps/megapixel/core 200 ps/megapixel/core

horiz(x, y) = (in(x—l, v) + 1in(x, v) + 1n(x+1l, v))/3; vold (int W, int H, const ul6_t *in, ul6_t *out) $
out(x, y) = (horiz(x, y-1) + horiz(x, y) + horiz(x, y+1))/3; __m1281 one_third = _mm_setl epilb(21846);
#pragma omp parallel for
for (int yTile = 0; yTile < H-2; yTile += 32) $
) _ _ml1l281 horiz[ (128 / 8) * (32 + 2)];
(x1, 8). (Y); for (int xTile = 0; xTile < W-8; xTile += 128) §
(out, xo). (out, xo). __m128i *horizPtr = horiz;
for (int vy = 0; v < 32 + 2; y++) §
const size t inlIdx = xTile + (yTile+y)*W;
const ul6 t *inPtr = in+inIdx;
for (int x = 0; x < 128; x += 8) §
~_ml1281 a = _mm_load_sil28((const __ml1l281i *)(inPtr));
~_ml1281 b = mm_loadu_sil28((const _ _ml1281i *)(inPtr + 1));
Lan a e aranteel __ml128i ¢ = mm_loadu_sil28((const _ _m128i *)(inPtr + 2));
gu g gu H _ _ml1281 sum = _mm_add _epil6(_mm_add_epil6(a, b), c);
_ _ml1281i avg = mm_mulhi_epil6(sum, one_third);

changing the schedule
can never change the result
Or cause memory bugs.

(x, v, xo, yo, x1i, vyi, 128, 32)

for (Int vy = 0; v < 32; y++) $

const size_ t outldx = xTile + (yTile+y)*(W-8);

__mle8i *outPtr = (__ml28i *)(out+outldx);

for (int x = 0; x < 128; x += 8) $
__ml128i1i a = _mm_load_sil28(horizPtr + (2 * 128) / 8);
_ _ml281 b = mm_load_sil28(horizPtr + 128 / 8);
~__ml128i1 ¢ = mm_load_sil28(horizPtr++);
__m1281 sum = _mm_add_epil6(_mm_add_epil6(a, b), c);
_ _ml1l281 avg = mm_mulhi_epil6(sum, one_third);
_mm_store_sil1l28(outPtr++, avg);
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