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Goal

The goal of this work is to disambiguate pointers used as
arguments of functions
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Goal

The goal of this work is to disambiguate pointers used as
arguments of functions

void acc_sum_chal(int src[], int *s, int *acc) { Under which assumptions

inti; src, s and acc do not alias

for (i=0;i<*s;i++){
?
*acc += src[il; each other

}
}
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Goal

The goal of this work is to disambiguate pointers used as
arguments of functions

Restrictification lets us enable more compiler optimizations
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Enabling More Optimizations

}

inti;
for (i=0;i<*s;i++) {

}

*acc += srcli];

2.6x faster

than LLVM —-03 —>

void acc_sum_chal(int src[restrict], int *restrict s, int *restrict acc) {

[-O0]:
Time spent =0.306336

[-O1]:
Time spent = 0.294689

[-02]:
Time spent =0.328521

[-O3]:
Time spent =0.328576

[Restrictifiction]:
Time spent =0.122120
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Another Example

void prefix_sum_chal(int *restrict v, int *restrict w, int N) {
inti, j;
for (i = 0; i <N; ++i) { $> ./prefix_sum.exe 10000 1
v[i] = 0;
for (j=0;j < N; +4j) { [-00]:
v[i] += wlj]; Time spent = 0.360765
}
} [-O1]:
} Time spent = 0.111973
[-O2]:
Time spent =0.121257
18x faster than LLVM -00 [-03]:

Time spent = 0.118897

and 5x faster than LLVM -03
x [Restrictifiction]:

Time spent = 0.024659
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Example: Vectorization

vector.body.prol:
%index.prol = phi i64 [ %index.next.prol, %vector.body.prol ], [ O,

void acc_sum_chal(int src[restrict], int *restrict s, int *restrict acc) {

int i; "2,
for (i=0;i<*s;i++) { :
*acc += src[i]; ’
} %Xxtraiter,

}

%7 = getelementptr inbounds i32, i32* %src, i64 %index.prol
%8 = bitcast i32* %7 to|<4 x i32>*
%wide.load.prol = load <4 x i32>, <4 x i32>* %8, align 4
%9 = getelementptri32, i32* %7, 64 4
%10 = bitcast i32* %9 to <4 x i32>*
%wide.load11.prol = load|<4 x i32>, <4 x i32>% %10, align 4
%11 = add nsw|<4 x i32> %vec.phi.prol, %wide.load.prol

012 = add nsw|<4 x i32> %vec.phil0.prol, %wide.load11.prol
%index.next.prol = add i64 %index.prol, 8
%prol.iter.sub = add i64 %prol.iter, -1
%prol.iter.cmp = icmp eq i64 %prol.iter.sub, O
br il %prol.iter.cmp, label %vector.body.preheader.split.loopexit, label
... %vector.body.prol, !llvm.loop 12
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In Previous Work...8

* We showed how to * Using two techniques
disambiguate pointers at * Appending size

the entry of loops information to data
s structures

int numCoords, /* no. coordinates */

int numObyjs, /* no. objects */
int numClusters,  /* no. clusters */

L]
double threshold,  /* % objects change membership */ )
int *membership)  /* out: [numObjs] */ a C Wa r a r ray S I Ze
inti, j, k, index, loop =0, rc;
int *newClusterSize; /* [numClusters]: no. objects assigned in each

L]
inference
double **clusters; /* out: [numClusters][numCoords] */

double **newClusters; /* [numClusters][numCoords] */
double timing;

int *local_newClusterSize;

double *local_newClusters;

{

/* [numClusters] clusters of [numCoords] double coordinates each */
clusters = create_array_2d_f(numClusters, numCoords);

/* Pick first numClusters elements of objects[] as initial cluster centers */
for (i = 0; i < numClusters; i++)
for (j = 0; j < numCoords; j++)
clusters[i][j] = objects[il[j];

/* Initialize membership, no object belongs to any cluster yet */
for (i = 0; i < nuMODbjs; i++)
membership[i] =-1;

do {
delta =0.0;

or (1 = U; 1 < nUMCIUSters, ++){

newClusterSize[i] += local_newClusterSize[i];
local_newClusterSize[i] = 0.0;
for (k = 0; k < numCoords; k++) {
newClusters[i][k] += local_newClusters[i * numCoords + k];
local_newClusters[i * numCoords + k] = 0.0;

k S: Runtime Pointer Disambiguation
— OOPSLA 2016 — Alves et al.

1
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In this Work:

* Larger scope: change the <+ New techniques
function with info from .
the whole program

double **kmeans(int is_perform_atomic, /* in: */
double **objects,  /* in: [numObjs][numCoords] */
int numCoords, /* no. coordinates */
int numObyjs, /* no. objects */
int numClusters,  /* no. clusters */

double threshold,  /* % objects change membership */ (] 1
int *membership)  /* out: [numObjs] */ a C Wa r a r ra y S I Ze
inti, j, k, index, loop =0, rc;

int *newClusterSize; /* [numClusters]: no. objects assigned in each °
inference

double **clusters; /* out: [numClusters][numCoords] */
double **newClusters; /* [numClusters][numCoords] */

double timing;
int *local_newClusterSize;

double *local_newClusters; o FO rwa rd a r ray S i Ze

/* [numClusters] clusters of [numCoords] double coordinates each */
clusters = create_array_2d_f(numClusters, numCoords);

L]
/* Pick first numClusters elements of objects[] as initial cluster centers */ I n fe re n C e

for (i = 0; i < numClusters; i++)
for (j = 0; j < numCoords; j++)
clusters[i][j] = objects[il[j];

* Static alias analysis
with dynamic linkage

{

membership[i] =-1;

do {
delta =0.0;

for (i = 0; i < numClusters; i++) {

newClusterSize[i] += local_newClusterSize[i];
local_newClusterSize[i] = 0.0;
for (k = 0; k < numCoords; k++) {
newClusters[i][k] += local_newClusters[i * numCoords + k];
local_newClusters[i * numCoords + k] = 0.0;

}
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The Golden Question

1 char* get new array(int size, char init) {

2 char* A = malloc(size);

3 for (imt L = 0; i< size - 1; 1) { Question: under which

4 A[i] = init;

s 0o assumptions can we show that the
size - = 0; .

7 return A; _-~ "~ =---- arguments of these functions:

8 } === . A

9 ¢’ y ,/rsumTillZero and sumTillSize, do

10 void sumTillZero(char* r, char* w) { s ! . .

1 while (*r) { _---"1 not point to overlapping memor

- 7/

12 *W 4= *(r++); P R . 3

s 3 7 ’ regions:

14} / /

15

16 void sumTillSize(char* r, char* w, int N) {

17
18
19
20 }
21

for (int i = 0; i < N; i++) {
*w o += r[i];

}

22 int main(int argc, char** argv) {

23
24
25
26
27
28
29
30
31}

char Al[argc], A2 = 0;

char* A3 = get new array(argc, 0);
char* A4 get new array(l, 0);

char* A5 get new array(l + argc, 1);
sumTillZero(Al, &A2);

sumTillZero (A3, A4);

sumTillSize (A3, A4, argc);
sumTillSize (A5, A5 + argc, argc);
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The Motivation

1 char* get new array(int size, char init) {
2 char* A = malloc(size);
3 for (imt i = 0; i <size -1 it+) { Why? whenever we prove the
4 A[i] = init;
5 )} absence of aliasing, we can
6 A[size - 1] = 0;
7 return a; invoke an optimized clone of
8 } ) v S
o the function. » ~.
10 void sumTillZero(char* r, char* w) { \ S
11 while (*r) { ) \\
12 *w o += *(r++); , \
13 } / \
14 } | \
15 \ 1
16 void sumTillSize(char* r, char* w, int N) { 1 void sumTillZeroagt(char* r,lchar* w) {
17 for (int i = 0; i < N; i++) { 2 int tmp = *w; I
18 W o= Til; 3 while (*r) { !
19 3} - . !
% ) 4 tmp += *(r++); Y
21 5} -7
. . . 6 *wW = tmp; r”
22 int main(int argc, char** argv) { ! /
23 char Al[argc], A2 = 0; 7} /!
24 char* A3 = get new array(argc, 0); 8 . ) } Y .
- - 9 void sumTillSizeOpt(char* r,char* w,int N) {

25 char* A4 = get new array(l, 0);

26 char* A5 = get new array(l + argc, 1); 10 int tmp = *w;

27  sumTillZero(Al, &A2); 11 for (int i = 0; 1 < N; i++) {
28  sumTillZero(A3, A4d); 12 tmp += r[i];

29 sumTillSize(A3, A4, argc); 13}

30 sumTillSize(A5, A5 + argc, argc); 14 *w = tmp;

31} 15 }
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The Solution

1 int main(int argc, char** argv) {
2 char Al[argc], A2 = 0;

3 char* A3 = get new array(argc, 0);

4 char* A4 = get new array(1l, 0);

5 char* A5 = get new array(l + argc, 1);
B Section 3.1 ---,
70 i
8 | sumTillZeroOpt(Al, &A2); |
S Section 3.2.1 -
10 |
1 | if (A3 + argc < A4 || A4 + argc = A3)!
12 | sumTillZeroOpt (A3, A4d); :
13 i else

14 | sumTillzero(A3, Ad); |
15 ittt Section 3.2.2 g
16 ! !
17 | sumTillSizeBri(A3, A4, argc);

18 | |
19

20 ! sumTillSizeBri(A5, A5 + argc, argc);

How? We have invented three
different techniques to
disambiguate pointers:

Purely static approach (PSA)

Forward range inference (FRI)

Backward range inference
(BRI)
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17
18
19

void sumTillZeroOpt(char* r, char* w) {

}

void sumTillZero(char* r, char* w) {

}

int main(int argc, char** argv) {

}

The Need for Versioning

int tmp = *w;
while (*r) {

tmp += *(r++);
}

*w = tmp;

while (*r) {
*W 4= *(r++);

}

char Al[argc], A2 = 0;
sumTillZeroOpt (Al, &A2);
sumTillZero(Al, Al);

There are calling sites that
indeed contain aliasing

The original function can
still be called from outside



DEPARTMENT OF COMPUTER SCIENCE
oripl Ie IS UNIVERSIDADE FEDERAL DE MINAS GERAIS
abo rato ry FEDERAL UNIVERSITY OF MINAS GERAIS, BRAZIL

THE THREE TECHNIQUES
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Purely Static Approach

1 int main(int argc, char** argv) {

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

20
21

char Al[argc], A2 = 0;

char* A3 get new array(argc, 0);
char* A4 get new array(l, 0);
char* A5

————————————————————————————————————————— - Section 3.1 ---

. if (A3 + argc = A4 || A4 + argc = A3)
| sumTillZeroOpt (A3, A4);
i else

i sumTillZero (A3, A4);

sumTillSizeBri (A3, A4, argc);

sumTillSizeBri (A5, A5 + argc, argc);

get new array(l + argc, 1);

PSA: sometimes simple pointer
analysis is able to disambiguate
memory locations statically

* Purely static approach (PSA)

1 void sumTillZeroOpt (char* r,
2 int tmp = *w;

3 while (*r) {

4 tmp += *(r++);

5 }

6 *w = tmp;

7

}

char* w) {
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Purely Static Approach: Dynamic Linkage

1 int main(int argc, char** argv) { P _ahi 1 1
Rt main{ine arge, char Non-aliasing is proved
3 char* A3 = get new array(argc, 0); 9
4 char* A4 = get new array(l, 0); Statlca”y
5 char* A5 = get new array(l + argc, 1); .
6 secionsl - ® What if we do not have
7 |
8 | sunTillzeroopt(Al, sA2); ~ the body of sumTillZero at
9 _______________ ]
b bbbt Section 3.2.1 - . . .
10 | . compilation time?
11 | if (A3 + argc < A4 || A4 + argc = A3)]
12 | sumTillZeroOpt (A3, A4d); i
13 i else i
14 | sumTillzero(A3, Ad); |
15 Section 3.2.2 -
16 | |
17 | sumTillSizeBri(A3, A4, argc); i
18 |
19 i
20 | sumTillSizeBri(A5, A5 + argc, argc); |
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Purely Static Approach: Dynamic Linkage

1 int main(int argc, char** argv) { ° Non_aIIaSIng |S proved

2 char Al[argc], A2 = 0;

3 char* A3 = get new array(argc, 0); ,

4 char* A4 get new array(l, 0); Statlca”y
5 char* A5 = get new array(l + argc, 1);

What if we do not have

I e - Section 3.1 ---,

7 : .

8 | sunTillzeroOpt(al, &A2); .~ the body of sumTillZero at
O I cetion 3.2, - o :

0 seetenizln o compilation time?

1m0 if (A3.+ argc < A4 || A4 + argc = A3)i

W - * This approach lets us go a
14 i sumTillZero (A3, A4); i

5 bit further than inlining.

------------------------------------------ Section 3.2.2 5

16 i i i i 1 int main(int argc, char** argv) {
17 i sumTillSizeBri (A3, A4, argc); > char Al[argc], A2 = 0;
18 i 3 char* A3 = get new array(argc, 0);
19 4 char* A4 = get new array(l, 0);
20 sumTillSizeBri (A5, A5 + argc, argc|s char* A5 = get new array(l + argc, 1);
21y 6 sumTillZero(Al, &A2);
7 void* opt = dlsym(RTLD_NEXT, "sumTillZeroOpt O03FD");
8 if (opt) {
9 void (*sumTillZeroOpt) (int*, int*) = opt;
10 sumTillZeroOpt (Al, &A2);
11 } else {
12 sumTillZeroOpt(Al, &A2);
13}

14 }
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Forward Range Inference

1 int main(int argc, char** argv) {
2 char Al[argc], A2 = 0;

3 char* A3 = get new array(argc, 0);

4 char* A4 = get new array(1l, 0);

5 char* A5 = get new array(l + argc, 1);
B Section 3.1 ---,
70 i
8 | sumTillZeroOpt(Al, &A2); |
S |

------------------------------------------ Section 3.2.1 -
10

1
1

if (A3 + argc = A4 || A4 + argc = A3)
sumTillZeroOpt (A3, A4);

13 else

14\l ___sumTillZero(A3, Ad);
15 ittt Section 3.2.2 -
16 !

17 | sumTillSizeBri(A3, A4, argc);

18

19

20 | sumTillSizeBri(A5, A5 + argc, argc);

FRI: find and propagate the
ranges of pointers throughout
the program's flow graph.

* Forward range inference (FRI)
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Forward Range Inference

char* get new array(int s1ze,

\

char* A .( malloc

R

char init) {

\

for (1nt\1 =707 i < size - 1M i++) |
A[1i] @nlt, \
\ .
I ) v FRIl: we propagate array size
Alsize -,11 = 0; information forwardly through

return A;

I
int ma\in J.nt char** argv) 4

char\Al[argc], B2 =_03"~

—-_— s s

the program by means of an

' inter-procedural flow analysis.

/

1);

charx'A3 = get new array, 0);
char*\ = get new array(l, 0);
char* [A5 = get new array(l + argc,
sumTillZero(Al, &A2);
sumTillZero (A3, A4);
sumTillSize (A3, A4, argc);

sumTillSize (A5, A5 + argc,

argc);
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Forward Range Inference

22 int main(int argc, char** argv) {

23 char Al[argc], A2 = 0;
24 char* A3 = get new array(argc, 0);

1 1+argc 25 char* A4 = get new array(l, 0);
26 char* A5 = get new array(l + argc, 1);
27 sumTillZero(Al, &A2);
28 sumTillZero (A3, A4);

¢<——argc 29 sumTillSize (A3, A4, argc);
30 sumTillSize (A5, A5 + argc, argc);
31 }

Y line 28

Slze e
if ( AB+argc+1<A4||A4 +argc+1<A3)
_#  sumTillZeroOpt(A3, Ad);
viine 2 .7, else
malloc L7 sumTillZero(A3, A4);
7
3- .7 line 29
V/YA ) :::;if(A3+argc+1SA4||A4+argc+1sA3)
A<>A4’ - sumTillSizeOpt(A3, A4, argc);
else
A5\\ sumTillSize(A3, A4, argc); This check is triviaIIy
N [line30 false, and we do not try

=
(

L] | \I_\U ’ Uuuu '

|
|
cumTillIQizaNnt(AR A
AT o III\JIl—\J\./rlL\I \\.I, 7\
else
sumTillSize(A5, A5 + argc, argc);

to call the optimized
function in this case.
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Backward Range Inference

1 int main(int argc, char** argv) {

2 char Al[argc], A2 = 0; BRI: analyze the code of a

3 char* A3 = get new array(argc, 0); d :
+  chart A4 - got new arrey(1. 0); function to find out the bounds
5 ~char* A5 = get nmew array(l + arge, 1);  of arrays that avoid aliasing.
B Section 3.1 ---,
8 .
8 | sumTillZeroOpt (Al, &A2); i
S Section 3.2.1 - °
10 |
1 | if (A3 + argc < A4 || A4 + argc = A3)! .
12 i sumTillZeroOpt (A3, A4); i ° BaCkward range |nference
13 | else i
14 | sumTillzero(A3, Ad); | (BRI)
1S Section 3.2.2 -
16 !
17 sumTillSizeBri(A3, A4, argc); 1 void sumTillSizeBri(char* r,char* w,int N) {
1 12 if (r+N=sw || w+1l=sr){
19 i 3
20 \| sumTillSizeBri(A5, A5 + argc, argc); |4 sumTillSizeOpt(r, w, N);
21 } 5 } else {
6
7 sumTillSize(r, w, N);
8 }
9}
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Backward Range Inference

void countCh(int** A, char* B, char* C
int M, int N, int X, int Y) {
int bA = max(N*M*4, (X*N+Y)*4);
int bB = M;

1
2

3

4 : . .
5 int bC = N; * What is the minimum size of
6

7

8

9

if ((A + bA = DbB || B + bB = bA) each array, so that their

&& (A + bA = bC || C + bC = ba) indices will never overlap?

&& (B + bB = bC || C + bC = bB)) { .

// call optimized version of countCh ° Run SymbOIIC range

10} else { analysis on the memory
11 // original code: IndICES
12 for (int 1 = 0; i < M; i++) {
13 for (int j = 0; j < N; j++) { e Size of array is convex hull
14 A[i*N+j] += B[i] > C[]j] ? 1 : 0; of every variable used to
15 ) index it.
16 }
17 return A[X*N+Y];
18 }

19 }
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Comparison
Technique | WPI Call Site Fun. Body Dynamic
PSA Yes Yes No No
FRI Yes Yes No Yes
BRI No No Yes Yes

* PSA: Purely Static Approach; FRI: Forward Range Inference; BRI:
Backward Range Inference.

* WPI: Whole Program Information affects precision.

 (Call Site: inserts computation at call sites.

* Fun. Body: inserts computation at the target's function body.

* Dynamic: may call either original or optimized function, based on
runtime values.




'ando@dcc.ufmg.br

Evaluation

* We have implemented restrictification in LLVM 3.7
* Small Benchmarks:

— BitBench

— MiBench

— Shootout-C++

— Stanford
* Large Benchmarks: the OpenCV library.

* Environment: Intel Xeon 2.0GHz, with 16GB of RAM
running Linux Ubuntu.
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Reach
Benchmark PSA FRI BRI
BitBench 37% 6% 17%
MiBench 15% 1% 72%
Shootout-C++ 26% 4% 44%
Stanford 60% 10% 63%

Reach of the three different disambiguation methods.
PSA: Number of call sites optimized by the Purely Static Approach.
FRI: Number of call sites instrumented by Forward Range Inference.
BRI: Number of functions guarded by Backward Range Inference.




.1ando@dcc.ufmg.br

Speedup on Small Benchmarks

1.05 -

B PSA OFRI OBRI

0.95 -

0.9 -

085 I | T
BitBench MiBench Shootout-C++ Stanford

* PSA: Purely Static Approach; FRI: Forward Range Inference; BRI:
Backward Range Inference.

* Bars represent normalized runtime. The lower the bar, the better.
e Baseline: LLVM 3.7 -03
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Each dot is a benchmark. Each suite contains around 2000 benchmarks.
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PSA: In the core suite, 11% of the benchmarks had improvements in runtime,
with individual speedups of as much as 1.2x. In the imgproc, 10% of the
benchmarks showed speedups, with individual numbers as high as 10%.
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BRI: we notice improvements over PSA: in the core suite, the BRI produced
speedups as high as 42%; in the second, 19% of the benchmarks experienced
speedups, with the highest decrease in runtime of 20%.
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Each dot is a benchmark. Each suite contains around 2000 benchmarks.
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Combined approach: PSA goes over programs in a first moment, and BRI is
then used to catch cases that PSA misses. On the core suite, 16% of the
benchmarks had gains, of which the best gain gave us 61% of speedup.
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Increase in Parallelism

* Total of loops: 28,607
* Parallel loops:
* Without restrictification: 1,454
* With restrictification: +332
* Increase of 23%

OpenCV

We have coded a simple parallel loop analysis,
and we have applied it on the loops available
in the OpenCV test cases.
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Code Size Expansion

* Code may increase due to cloning.

* Backward range inference brings the largest increase.
— Around 25% increase in OpenCV
— Greatest expansion: 74% in MiBench
— Least expansion: 1% in BitBench
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Conclusions

e Paper: Restrictification of Function Arguments

void acc_sum_chal(int src[restrict], int *restrict s, int *restrict acc) { [-03]:
inti; : _
for (i = 0: i < *s; i4+) { Time spent = 0.328576
*acc += srcfi]; e
} [Restrictifiction]:
} Time spent =0.122120

We disambiguate pointers used as arguments of functions

This disambiguation gives the compiler more freedom to optimize code
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Video tutorial: hCps://voutu.be/1blYSsDV50c




