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Legacy C++
Implementation

void blur(Buffer<uintl6_t> in, Buffer<uintlé_t> out) {

__m128i one_third = _mm_setl_epil6(21846);
#pragma omp parallel for
for (int yTile = 0; yTile < out.height(); yTile += 32) {
_ m128i tmp[(128/8) * (32 + 2)];
for (int xTile = 0; xTile < out.width(); xTile += 128) {
_ m128i *tmpPtr = tmp;
for (inty = 0; y < 32+2; y++) {
const uintl6_t *inPtr = &(in(xTile, yTile+y));
for (int x = @; x < 128; x += 8) {

_ m128i a = _mm_load_sil128((const _ m128i*)(inPtr));
_ m128i b = _mm_loadu_sil28((const _ m128i*)(inPtr+l));
_ m128i ¢ = _mm_loadu_sil28((const _ m128i*)(inPtr+2));

_ m128i sum = _mm_add_epil6(_mm_add_epil6(a, b), c);
_ m128i avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_sil28(tmpPtr++, avg);

inPtr+=8;

}

}
tmpPtr = tmp;
for (inty = 0; y < 32; y++) {
_ m128i *outPtr = (__ml128i *)(&(out(xTile, yTile+y)));
for (int x = @; x < 128; x += 8) {
_ ml128i a = _mm_load_sil28(tmpPtr+(2*¥128)/8);
_ m128i b = _mm_load_sil28(tmpPtr+128/8); Opencv
_ m128i ¢ = _mm_load_sil128(tmpPtr++);
_ m128i sum = _mm_add_epil6(_mm_add_epil6(a, b), c);
_ m128i avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_sil28(outPtr++, avg);

}
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Tiles of Legacv C++
32 x 128 Implementation

ot16 t> out) {

void blur(Bu
_m128i one_thilMy

#pragma omp parallel for
for (int yTile = 0; yTile < out.height(); yTile += 32) {

" niosi tupL(126/8) * (33 4 231; Performance & Portability

for (int xTile = ©; xTile < out.width(); xTile += 128) { . o

_ m128i *tmpPtr = tmp; D O -

L TERPED = S eyt eteriorate Over-time
const uintl6_t *inPtr = &(in(xTile, yTile+y));
for (int x = @; x < 128; x += 8) { —

_ m128i a = _mm_load_sil28((const _ m128i*)(inPtr));

_ m128i b = _mm_loadu_si128((const _ m128i*)(inPtr+1));
_ m128i ¢ = _mm_loadu_sil128((const _ m128i*)(inPtr+2));
_ m128i sum = _mm_add_epil6(_mm_add_epil6(a, b), c);

_ m128i avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_sil28(tmpPtr++, avg);

inPtr+=8;

}

}
tmpPtr = tmp;
for (inty =0; vy
_ m128i *outPtr = (__ml128i *)(&(out(xTile, yTile+y)
for (int x = @; < 128; x += 8) {
_ m128i a = _mm_load_si128(tmpPtr+(2*128)/8);
_ m128i b = _mm_load_si128(tmpPtr+128/8);
_ m128i ¢ = _mm_load_sil128(tmpPtr++);
_ m128i sum = _mm_add_epil6é(_mm_add_epil6(a, b), c);
_ m128i avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_sil28(outPtr++, avg);

}

32; y++) {

X 1A
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Legacy C++
Implementation

void blur(Buffer<uintl6_t> in, Buffer<uintlé_t> out) {
__m128i one_third = _mm_setl_epil6(21846);
#pragma omp parallel for
for (int yTile = 0; yTile < out.height(); yTile += 32) {
_ m128i tmp[(128/8) * (32 + 2)];
for (int xTile = ©; xTile < out.width(); xTile += 128) { —
_ m128i *tmpPtr = tmp;
For (ant y 2 05 3 < 22425 yee) Large Code Bases
const uintl6_t *inPtr = &(in(xTile, yTile+y));
for (int x = @; x < 128; x += 8) {

_ ml128i a = _mm_load_sil28((const Bi*)(inPtr)); #

_ m128i b = _mm_loadu_si128((cgp 8i*)(inPtr+1));

_ ml28i c = _i i*)(inPtr+2)); E.j Obfuscated COde
_ m128i sum = _ a, b), ¢);

_ m128i avg = ird); Rewrite77

+. Requires Expertise

}
}
tmpPt ~ QS)
for (i < 32; y++) { — — §>
_ m128i *outPtr = (__ml128i *)(&(out(xTile, yTile+y))); Al — ( . °
for (int x = 03 x < 128; x += 8) { dl— | _ N ';'63;—' Risk Introducing Bugs
_ m128i a = _mm_load_sil28(tmpPtr+(2*¥128)/8); — -
_ m128i b = _mm_load_si128(tmpPtr+128/8); -
_ m128i ¢ = _mm_load_sil128(tmpPtr++); = Q&
_ m128i sum = _mm_add_epil6(_mm_add_epil6(a, b), c); { 1
_ m128i avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_sil28(outPtr++, avg);
}
13}
}
e
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Legacy C++
Implementation

void blur(Buffer<uintl6_t> in, Buffer<uintl6_t> out) { °
w1281 one_third = _nn_seti_epils(21846); Program Synthesis &
#pragma omp parallel for

for (int yTile = @; yTile < out.height(); yTile += 32) { 2L °
_mi28i tmp[(128/8) * (32 + 2)1; Verlflcatlon
for (int xTile = @; xTile < out.width(); xTile += 128) {

_ m128i *tmpPtr = tmp;
for (int y = 0; y < 3242; y++) {
const uintl6_t *inPtr = &(in(xTile, yTile+y));
for (int x = 0; x < 128; x += 8) {
_ m128i a = _mm_load_sil128((const _ m128i*)(inPtr));
_ m128i b = _mm_loadu_sil28((const __m128i*)(inPtr+1));
_ m128i ¢ = _mm_loadu_sil28((const __m128i*)(inPtr+2));

_ m128i sum = _mm_add_epil6(_mm_add_epil6(a, b), c);

_ m128i avg = _mm_mulhi_epil6(sum, one_third);

_mm_store_sil28(tmpPtr++, avg); Func blur(Func in) { a Auto

inPtr+=8; Func temp, out; o Schedule
Var x, y;

) =p | Dexter

tmpPtr = tmp; temp(x,y) = (in(x-1,y)+in(x,y)+in(x+1,y))/3;

for (int y = 0; y < 32; y++) { out(x,y) = (temp(x,y-1)+temp(x,y)+temp(x,y+1))/3;
_ m128i *outPtr = (__m128i *)(&(out(xTile, yTile+y))); \
for (int x = 0; x < 128; x += 8) { T return out;

_ m128i a = _mm_load_sil28(tmpPtr+(2*128)/8);

_ m128i b = _mm_load_sil128(tmpPtr+128/8); /
_ m128i ¢ = _mm_load_sil28(tmpPtr++); !
. m128i sum = _mm_add_epil6(_mm_add_epil6(a, b), c);

_ m128i avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_sil28(outPtr++, avg);

}

N\
\,4'

Equivalent Halide
Algorithm
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{ C++ Implementation }

void blur(Buffercuinti6_t> in, Buffer<uintis_t> out) {
__m128i one_third = _mm_setl_epi16(21846);
#pragna omp parallel for
for (int yTile = 0; yTile < out.height(); yTile += 32) {
__m128i tmp[(128/8) * (32 + 2)];
for (int xTile = @; xTile < out.width(); xTile += 128) {
__mi28i *tmpPtr = tmp;
for (int y = 0; y < 3242; y++) {
const uint16_t *inPtr = &(in(xTile, yTile+y));
for (int x = 0; X < 128; X += 8)
__m128i a = _mm_load_si128((const _ m128i*)(inPtr));
__m128i b = _mm_loadu_si128((const _ m128i*)(inPtr+1));
_m128i ¢ = _mm_loadu_si128((const _ m128i*)(inPtr+2));
__m128i sum = _mm_add_epil6(_mm_add_epi16(a, b), ¢
__m128i avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_si128(tmpPtr++, avg);
inPtrs=8;
}
}
tmpPtr = tmp;
for (int y = 05 y < 32; y++) {
__m128i *outPtr = (__mi28i *)(&(out(xTile, yTile+y)));
for (int x = @; x < 128; x += 8) {
__m128i a = _mm_load_sil128(tmpPtr+(2*128)/8);
__m128i b = _mm_load_si128(tmpPtr+128/8);
__m128i c = _mm_load_sil28(tmpPtr+);
__m128i sum = _mm_add_epil6(_mm_add_epil6(a, b), ¢);
__m128i avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_si128(outPtr++, avg);

123]

Program Synthesis

Dexter’ Search Process

Equivalence Checker

Vinp € inputs.

funceyy(inp) == funcpqiige (inp)

q

[

Search Algorithm

N

Search Space

<

E -D+D
D - F xF
F — var | const

{ Halide Algorithm }

Func blur(Func in) {
Func temp, out;
var x, y;

temp(x,y) = (An(X-1,y)+in(x,y)+in(x+1,y))/3;
out(x,y) = (temp(x,y-1)+temp(x,y)+tenp(x,y+1))/3;

return out;



Program Synthesis

Large set of

Search Space candidate
algorithms
E -D+D
D - F xF

F — var | const




Program Synthesis

Large set of
Search Algorithm Search Space candidate
algorithms

E -D+D

MO
F — var | const

Traverses the
search space to

find candidates




Program Synthesis

equality between
original and candidate

{ C++ Implementation }

|
void blur(Buffer<uint16_t> in, Buffer<uint16_t> out) {
__m128i one_third = _mm_setl_epil6(21846);
#pragma omp parallel for

e M ——— —] Vinp € inputs.
__m128i tmp[(128/8) * (32 + 2)1;
for (int xTile = @; xTile < out.width(); xTile += 128) { . .
__m128i *tmpPtr = tmp; — —
EUTEELR ot - f UNCcpp (inp) == funcpgiige (inp)
for (int x X < 1285 x += 8) {

_m128i mm_load_si128((const _ m128i*)(inPtr));

Equivalence Checker

_m128i mm_loadu_si128((const __ m1281%)(inPtr+1));
_m128i ¢ = _mm_loadu_si128((const _ m1281%)(inPtr+2));
__m128i sum = _mm_add_epil6(_mm_add_epi16(a, b), c);
__m128i avg = _mm_mulhi_epil6(sum, one_third);
_mm_store_si128(tmpPtr++, avg);
inPtr+=8;

}
}

Large set of

tmpPtr = tmp;

O Tas sauthte < omsth *)(A(out(xTile, yTilew))) i candidate
_ m128i *outPtr = (_m128i out(xTile, yTile+y))); S h Al h S h S d d
s o (P O earc gorithm earc pace

_ m28i a = _mm_load_sil28(tmpPtr+(2%128)/8);
_m128i mm_load_si128(tmpPtr+128/8);

" mi28i ¢ = _mm_load_sil28(tmpPtr+);

“mi28i sum = _mm_add_epil6(_mm_add_epil6(a, b), c);
_ m128i avg = _mm_mulhi_epil6(sum, one. third);

algorithms
. _mm_store_si128(outPtr++, avg); E s D + D
, m & q I D - F * F

F — var | const
Traverses the

search space to
find candidates




Program Synthesis

equality between
original and candidate

{ C++ Implementation }

|
void blur(Buffer<uint16_t> in, Buffer<uint16_t> out) {
__m128i one_third = _mm_setl_epil6(21846);
#pragma omp parallel for

R o e, ) s SR 70 4 50 § —> Vlnp € Inputs.
__m128i tmp[(128/8) * (32 + 2)1;
for (int xTile = @; xTile < out.width(); xTile += 128) {
__m128i *tmpPtr = tmp;

for (inty = 0; y < 32425 y++) {

ey L S 0 LT, iy funccpp (inp) == funchallde (inp)

_m128i mm_load_si128((const _ m128i*)(inPtr));
_m128i

Equivalence Checker

mm_loadu_si128((const __m128i*)(inPtr+1));
__m128i

¢ = _mm_loadu_si128((const __m128i*)(inPtr+2));
__m28i sum = _mm_add_epi16(_mm_add_epil6(a, b), c);
__m28i avg = _mm_mulhi_epil6(sum, one_third);
_mn_store_si128(tmpPtr++, avg);
inPtr+=8;

}
}
tmpPtr = tmp;

Large set of
for (int y = 0; y < 32; y++) { . d'd
s et < el e iie, yTien)) Search Algorithm Search Space candidate

__m128i a = _mm_load_si128(tmpPtr+(2*128)/8);
_m128i mm_load_si128(tmpPtr+128/8);

_ m128i ¢ = _mm_load_sil28(tmpPtr++);

_ m128i sum = _mm_add_epil6(_mm_add_epil6(a, b), c);
_ m128i avg = _mm_mulhi_epil6(sum, one_third);

algorithms
. _mm_store_si128(outPtr++, avg); E s D + D
, m & q I D - F * F

F — var | const
Traverses the

search space to
find candidates




Program Synthesis

equality between
original and candidate

{ C++ Implementation }

|
void blur(Buffer<uint16_t> in, Buffer<uint16_t> out) {
__m128i one_third = _mm_setl_epil6(21846);

{ Halide Algorithm }

Func blur(Func in) {
. . Func temp, out;
var x, y;
D ) & TR (0 50 § —> Vlnp € inputs. —}
__m128i tmp[(128/8) * (32 + 2)];
for (int xTile = @; xTile < out.width(); xTile += 128) {

temp(x,y) = (An(X-1,y)+in(x,y)+in(x+1,y))/3;
__m128i *tmpPtr = tmp;
for (int y = 0; y < 3242; y++) {

Equivalence Checker

__mi28i
_m128i

return out;

. B out(x,y) = (temp(x,y-1)+temp(><,y)+temp(x,)y+1))/3;
const uintl6_t *inPtr = &(in(xTile, yTile+y)); funccpp (lnp) - funchalide (lnp)
for (int x x < 1285 x += 8) {

mm_load_si128((const __m128i*)(inPtr));
mm_loadu_si128((const __ m1281%)(inPtr+1));
__m128i

¢ = _mm_loadu_si128((const __m128i*)(inPtr+2));
__m28i sum = _mm_add_epi16(_mm_add_epil6(a, b), c);
__m28i avg = _mm_mulhi_epil6(sum, one_third);
_mn_store_si128(tmpPtr++, avg);
inPtr+=8;

}
}
tmpPtr = tmp;

Large set of
For (int y = 05 y < 32; y#+) { _ A ) . H
L e e ST s Search Algorithm Search Space candidate
__m128i a = _mm_load_si128(tmpPtr+(2*128)/8);
_m128i mm_load_si128(tmpPtr+128/8);

_ m128i ¢ = _mm_load_sil28(tmpPtr++);
__m28i sum = _mm_add_epi16(_mm_add_epil6(a, b), c);
__m128i avg = _mm_mulhi_epil6(sum, one_third);

algorithms
. _mm_store_si128(outPtr++, avg); E s D + D
, m & q I D - F * F

F — var | const
Traverses the

search space to
find candidates
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Search Space

Expr := terms | iden | Expr BOp Expr | UOp Expr .
| (Expr ? Expr : Expr) | f(Expr,...)
| cast<Type>(Expr) i Grammar of
Type := float | uints_t | int8_t | uintie t | ... | Halide Expressions
BOps == + | —|=]|/]|<<]| & |!'=]...
UOps = ~ | —|!
1020030 | |0 oms, || Boundary || e
Operations Gather Ops Sl o Conditionals
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Equivalence Verification

{ C++ Implementation } ‘ E { Halide Candidate }

t

Hoare Logic (Hoare 1969)

An Axiomatic Basis for
Computer Programming

C. A. R. HoARE
The Queen’s University of Belfast,* Northern Ireland

15



Equivalence Verification

{ C++ Implementation } { Halide Candidate }

May time out

Hoare Logic (
Bounded Model .
Checker <= Logical F{rmulae >

True / Counter-example

True / Counter-example Complex!

16



Search Algorithm: Enumeration

Search space
is too big!

17



Search Algorithm: Stochastic

Requires
Intelligent
Sampling

Needlein a
Haystack

18



Search Algorithm: CEGIS

. Empirically, tends
Counter-Example Guide to require few trips
around the loop

Candidate | {
. (fhalide) . counter-example-1,
_ Original -~ Equivalence Candidate counter-example-2,
(fpp) Checker Generator counter‘-.example-B,
Counter-example
1= }
fcpp(c) o fhalide(c)
l l Leverages
Halide Translation Search Space Exhausted szl
Success! Uses failures to Failure solvers

guide search
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Image Processing Algorithms

20




Image Processing Operations

21



Image Processing Operations

Output Image

1. The Region of Interest

(ROI) of the operation.
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Image Processing Operations

Output Image

1. The Region of Interest

(ROI) of the operation.
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Image Processing Operations

Output Image

1. The Region of Interest

(ROI) of the operation.
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Image Processing Operations

Output Image

1. The Region of Interest

(ROI) of the operation.
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Image Processing Operations

1. The Region of Interest
(ROI) of the operation.
2. The terminals used to
compute the value of each
pixel.

Output Image

Input Image

s
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Image Processing Operations

Output Image Input Image

1. The Region of Interest

e e

(ROI) of the operation.

2. The terminals used to

compute the value of each

pixel.

3. The computation
expression over the
set of terminals.

H--N+H-H



Dexter’s 3-Stage Search

Synthesize
ROI

}

CEGIS l

ROI
Sub-Grammar

-

Synthesize
Terminals

}

CEGIS l

Terminals
Sub-Grammar

-)

Synthesize
Expression

}

CEGIS l

Expression
Sub-Grammar

28



for (int i = @; i < pixels; ++i) {

}

Verifying Region of Interest

Synthesize
ROI ‘
Original Code

out,,[1] = inp[i] * ©.5f;

Synthesize ‘ Synthesize
Terminals Expression

Reduced Version

for (int i = @; i < pixels; ++i) {
out.,[1] = 1;
}

RHS of the assignment

is abstracted away
29



Verifying Terminals

Synthesize ‘ Synthesize - Synthesize
ROI Terminals Expression

Original Code Reduced Version
for (int 1 = 0; i < pixels; ++i) { for (int i = 0; i < pixels; ++i) {
out.,,[i] = inp[i] * 0.5f; — out.,,[i] = L(inp[i], ©.5f);
} }

Computation Expression
is abstracted away



Does it work?
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Evaluation: Adobe Photoshop

: Lots of legacy code! (Ver 1.0 released in 1990)

353 performance-critical functions
« Compositing layers, rotations, blurs etc.
e QOver 30,000 lines of code!

E.: Complex and highly optimized code

Functions up to 150 lines of C++, containing:
* Vectorization,

» Bit-twiddling,

* Loop-unrolling etc.

;ﬁ% Many operations a part of file format

32



Evaluation: Feasibility Results

Translated 264 (74.7%)
successfully!

57% Failures: Lack of
supported C++ features

43% Failures: Search
timed out

Total Compile time:
200 hours on 60 cores

Max time / function:

6 hours

33



= AR
ZNN

Evaluation: Impact

NN
/ —

SV

The first of Dexter translated
algorithms just shipped with the latest
Photoshop release (Nov 11th, 2019)
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Evaluation: Runtime Performance

X86 Performance

102

101! E

‘ ‘
10‘1-E
10_2-5

Translated Function

Speedup

Median speedup 86% benchmarks 70% benchmarks
7.03x over 1x faster over 2x faster

35



Speedup

10

1003

10_13

Evaluation: Portability

Al2X Performance

/

Missing bars: Photoshop did not have any
portable implementation

! \

Trangated Funcnon

Median speedup

4.52x
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Future Work

Scale synthesis to support more classes of algorithms

Demonstrate feasibility for other source / target
languages (e.g. CUDA - Halide)

Port schedule from the legacy code

37



Conclusion

Dexter can rejuvenate legacy image processing code by
re-writing it to Halide.

Our 3-stage synthesis algorithm accelerates synthesis of
image processing algorithms.

Our technique is robust and scalable enough to be
applied to complex real-world code.

dexter.uwplse.org
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Conclusion

Dexter can rejuvenate legacy image processing code by
re-writing it to Halide.

Our 3-stage synthesis algorithm accelerates synthesis of
image processing algorithms.

Our technique is robust and scalable enough to be
applied to complex real-world code.

dexter.uwplse.org
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