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Sum Columns Original

for (int i = 0; i < n; ++i) {
int a = 0;
for (int j = 0; j < m; ++j) {
int v = A[jI[i];
a += v;
3
B[i] = a;
3
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Sum Columns Original

for (int i = 0; i < n; ++i) {
int a = 0;
for (int j = 0; j < m; ++j) {
int v = A[jI[i];
a += v;
3
B[i] = a;
3
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Outer-Loop Vectorization



Outer-Loop Hand-Vectorized

for (int i = 0; i < n; ++i) {
int a = 0;
for (int j = 0; j < m; ++j) {
int v = A[jI[i];
a += v;
3
B[i] = a;



Outer-Loop Hand-Vectorized

for (int i = 0; i <n;|i += 4) {
int a = 0;
for (int j = 0; j < m; ++j) {
int v = A[jI[i];
a+= v;
3
B[i] = a;



Outer-Loop Hand-Vectorized

for (int i =0; i <n; i +=4) {
int a = 0;
for (int j = 0; j < m; ++j) {
int v = A[jI[i];
a+= v;
3
B[i] = a;



Outer-Loop Hand-Vectorized

for (int i = 0; i <n; 1 +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;
for (int j = 0; j < m; ++j) {
int v = A[jI[i];
a += v;
3
B[i] = a;



Outer-Loop Hand-Vectorized

for (int i =0; i <n; i +=4) {
int a = i;
for (int j = 0; j < m; ++j) {
int v = A[jI[i];
a += v;
}
B[i] = a;



Outer-Loop Hand-Vectorized

for (int i = 0; i <n; 1 +=4) {
int a@ = i, al = i+1, a2 = i+2, a3 = i+3;
for (int j = 0; j < m; ++j) {
int v = A[j]I[i];
a t= v,
3
BLi] = a;
3



Outer-Loop Hand-Vectorized

for (int i = 0; i <n; 1 +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;
for (int j = 0; j < m; ++j) {
int v = A[jI[i];
a += v;
3
B[i] = a;



Outer-Loop Hand-Vectorized

for (int i = 0; i <n; 1 +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;
for (int j = 0; j <'m ++j) {
int v = A[jI[i];
a += v;
3
B[i] = a;



Outer-Loop Hand-Vectorized

for (int i = 0; i <n; 1 +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;
for (int j = 0; j <2, ++j) {
int v = A[jI[i];
a += v;
3
B[i] = a;



Outer-Loop Hand-Vectorized

for (int i =0; i <n; i +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;

int jo = 0;
int vo = A[jO1[i];
a += vo;

‘I .

int j1 X
ACj1101T;

int v1
a += vi;

B[i] = a;



Outer-Loop Hand-Vectorized

for (int i =0; i <n; i +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;

int jo = 0;
int vo = A[jO1[i];
a += vo;

‘I .

int j1 X
ACj1101T;

int v1
a += vi;

B[i] = a;



Outer-Loop Hand-Vectorized

for (int i =0; i <n; i +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;

int joo = 0, jOo1 = 0, jOo2 = 0, jO3 = 0;
int vo = A[jo]1[i];
a += vo;

int j1 = 1;
int vl = A[j11[i];

a += vi;

B[i] = a;



Outer-Loop Hand-Vectorized

for (int i =0; i <n; i +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;

int joo = 0, jOo1 = 0, jOo2 = 0, jO3 = 0;
int vo = A[jo]1[i];
a += vo;

int j1 = 1;
int vl = A[j11[i];

a += vi;

B[i] = a;



Outer-Loop Hand-Vectorized

for (int i =0; i <n; i +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;

int j00 = 0, jo1 = 0, j02 = 0, jO3 = 0;

int veo = A[joo][i]; int vO1 = A[jO1][i+11];
int ve2 = A[j021[i+2]; int v@3 = A[j03][i+31;
a += vo;

int j1 = 1;
int vl = A[j11[i];

a += vi;

B[i] = a:



Outer-Loop Hand-Vectorized

for (int i =0; i <n; i +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;

int j00 = 0, jo1 = 0, j02 = 0, jO3 = 0;

int veo = A[joo][i]; int vO1 = A[jO1][i+11];
int ve2 = A[j021[i+2]; int v@3 = A[j03][i+31;
a += vo;

int j1 = 1;
int vl = A[j11[i];

a += vi;

B[i] = a:



Outer-Loop Hand-Vectorized

for (int i =0; i <n; i +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;

int joo = 0, jOo1 = 0, jOo2 = 0, jO3 = 0;

int veo = A[joo][i]; int vO1 = A[jO1][i+11];
int v02 = A[j02][i+2]; int vO3 = A[jO3][i+3];
ad += v00; al += vO1; a2 += v02; a3 += v03;

int j1 = 1;
int v1 = A[j11[i];
a += vi;

B[i] = a:



Outer-Loop Hand-Vectorized

for (int i = 0; i <n; i +=4) {
int a0 = 0, al = 0, a2 = 0, a3 = 0;

int joo = 0, jo1 = 0, jo2 = 0, jO3 = 0;

int v0Q = A[j00]1[il]; int vO1 = A[jO1][i+11];
int v02 = A[j02][i+2]; int v@3 = A[j03][i+3];
a0 += v00; al += vO1; a2 += vO2; a3 += vO3;

int j10 = 1, j11 =1, j12 =1, j13 = 1;

int v10 = A[j101[i];  int v11 = A[§1110i+17;
int v12 = A[j12][i+2]; int v13 = A[j13][i+3];
a0 += v10; al += v11; a2 += v12; a3 += v13:

B[i] = a;



Outer-Loop Hand-Vectorized

for (int i = 0; i <n; i +=4) {
int a0 = 0, al = 0, a2 = 0, a3 = 0;

int joo = 0, jo1 = 0, jo2 = 0, jO3 = 0;

int v0Q = A[j00]1[il]; int vO1 = A[jO1][i+11];
int v02 = A[j02][i+2]; int v@3 = A[j03][i+3];
a0 += v00; al += vO1; a2 += vO2; a3 += vO3;

int j10 = 1, j11 =1, j12 =1, j13 = 1;

int v10 = A[j101[i];  int v11 = A[§1110i+17;
int v12 = A[j12][i+2]; int v13 = A[j13][i+3];
a0 += v10; al += v11; a2 += v12; a3 += v13:

B[i] = a;



Outer-Loop Hand-Vectorized

=0Q; 1<n; 1+=14) {
0, al = 0, a2 = 0, a3 = 0;

(S

for (int
int a0

int jo = 0;

int v0Q = A[jO]1[il]; int vO1 = A[jO][i+11];
int v02 = A[jO][i+2]; int v@3 = A[jO][i+3];
a0 += v00; al += vO1; a2 += vO2; a3 += vO3;

int j10 = 1, j11 =1, j12 =1, j13 = 1;
int v10 = A[j101[i];  int v11 = A[§1110i+17;
int v12 = A[j12][i+2]; int v13 = A[j13][i+3];
a0 += v10; al += v11; a2 += v12; a3 += v13:

BLi] =



Outer-Loop Hand-Vectorized

for (int i = 0; i <n; i +=4) {
int a@ = 0, al = 0, a2 = 0, a3 = 0;
int jo = 0;

int v00 = A[jo][i]; int v@1 = A[jO][i+11];
int v02 = A[jO]1[i+2]; int v@3 = A[jO][i+3];
a0 += v0O: al += vO1; a2 += v02; a3 += v03;

int j1 = 1;
int v10 = A[j11[i]; int v11 = A[j1]1[i+11];
int v12 = A[j11[i+2]; int v13 = A[j1]1[i+3];

a0 += v10; al += vi1; a2 += v12; a3 += v13;

BLi] =



Sum Columns Original

for (int i = 0; i <n; i +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;
for (int j = 0; j <m; ++j) {
int vo = A[jJ[i]; int v1 = A[jI[i+1];

int v2 = A[j1[i+2]; int v3 = A[j]1[i+3];

ad += v0; al += vl1; a2 += v2; a3 += v3;
3
B[i] = a;



Sum Columns Original

for (int i = 0; i <n; i +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;
for (int j = 0; j <m; ++j) {
int vo = A[jJ[i]; int v1 = A[jI[i+1];

int v2 = A[j1[i+2]; int v3 = A[j]1[i+3];

ad += v0; al += vl1; a2 += v2; a3 += v3;
3
B[i] = a;



Sum Columns Original

for (int i =0; i <n; i +=4) {
int a® = 0, al = 0, a2 = 0, a3 = 0;
for (int j = 0; j <m; ++j) {
int vo = A[jJ[i]; int v1 = A[jI[i+1];
int v2 = A[jI[i+2]; int v3 = A[jI[i+3];

ad += v0; al += vl; a2 += v2; a3 += v3;
3
BLi] = a@; B[i+1] = al;
BLi+2] = a2; B[i+3] = a3;
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Outer-Loop Parallelization (i.e., Multi-threading)
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Sum Columns Conditionally

for (int i = 0; i < n; ++i) {

int a = 0;
for (int j = 0; j < m; ++j) {
bool p = C[j];
if (p) {
int v = A[jI[i];
a +t= v,
}
}
BLi] = a;
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Uniformity

A uniform value is characterized in relation
to a loop and is one that does not vary
because of this loop.



Divergence

Divergent = !Uniform



Uniformity in Innermost Loops

for (int i = 0; i < N; ++i) {
int v =1 + 2;
ali] = v;

}



Uniformity in Innermost Loops

for (int i = 0; i < N; ++i) {
int v =1 + 2;
ali] = v;

}

v is uniform and also loop-invariant



Hoist Out

int v =1 + 2;
for (int i = 0; i < N; ++i) {
ali] = v;

}



Conditional Code

for (int i = 0; i < n; ++i) {

int a = 0;
for (int j = 0; j <m; ++j) {
bool p = C[j];
if (p) {
int v = A[j1[i];
a = v;
}
}
BLi] = a;



Conditional Code

for (int i = 0; i < n; ++i) {

int a = 0;
for (int j = 0; j <m; ++j) {
bool p = C[j];
if (p) {
What is p int v = A[j1[i];
in the ar=v
: }
i-loop? )
BLi] = a;



Conditional Code

for (int i = 0; i < n; ++i) {

int a = 0;
for (int j = 0; j < m; ++j) {
bool p = C[j1;
if (p) { Uniform?
What is D int v = A[j1[i];
in the ar=v
. }
i-loop? )
BLi] = a;



Conditional Code

for (int i = 0; i < n; ++i) {

int a = 0;
for (int j = 0; j < m; ++j) {
bool p = C[j];
if () { Uniform?
What is p int v = A[jI[i];
in the ) art=v;
i-loop? ) Loop-Invariant?
BLi] = a;



Uniformity Enables Outer-Loop Vectorization

for (int 1 = 0; i <end; i += 4) { // vectorized
__m1281 a = [0,0,0,0];
for (int j = 0; j < m; ++j) {
bool p = C[jJ;
if (p) {
~.m128i v = loadud4(&ALjI[i];);
a = add4(a, v);
}
}
storeud4(&[i], a);
}

.. residual
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Region Vectorizer (RV)

Ruiamad LVM DEVELOPERS MEETING

rv::Region

¥
RV provides a unified interface to ¥
vectorize code regions, such as inner ENA
and outer loops, up to whole T
functions.
RV: A Unified
Region Vectorizer
for LLVM

Wf LLVM.org


https://github.com/cdl-saarland/rv
http://www.youtube.com/watch?v=cyldhrzqxPA

Recursive Tree Traversal Vectorization
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Milind Kulkarni’s Group at Purdue



http://www.youtube.com/watch?v=PM5XNiHXL_0

Dynamic Vectorization
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Serial Reduction

int reduce_serial(int x) {
assert(x > 0 && !'(x % 2));
int finish_time = 0;
while (true) {
if (Ix) {
break;
3
X =X - 2;
++finish_time;
3

return finish_time;



Clobber to Disable the Optimizer Locally

int reduce_serial(int x) {
assert(x > 0 && !'(x % 2));
int finish_time = 0;
while (true) {
clobber();
if (Ix) {
break;
3
X =X - 2;
++finish_time;
3

return finish_time;



Clobber

void clobber() {
asm volatile(“” : : : “memory”);

3



Serial Reduction

int run_serial(int *in, int *out, int len) {
for (int i = 0; i < len; ++i) {
out[i] = reduce_serial(in[i]);
}
}



Statically Vectorized Reduction

finish_time

X
62490 o fofee

Time




Statically Vectorized Reduction

finish_time
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Statically Vectorized Reduction

Time

finish_time

X
62490 o fofee
4028
B [ 2Rz




Statically Vectorized Reduction

Time

X
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finish_time




Statically Vectorized Reduction

Time

X
62490

4028

finish_time

B -



Statically Vectorized Reduction

int4 reduce_vec(int4 x) {
int4 finish_time(0);
while (true) {
int4 mask = x > int4(0);
if (mask.are_all_zeroes())

break;
X =X - 2;
finish_time = finish_time - mask;

3

return finish_time;



Statically Vectorized Reduction

Time
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finish_time

B -



Dynamically Vectorized Reduction

L6, 2, 4, 90, 16, 20, 18, 141; [, , , , , , , 1;

Time




Dynamically Vectorized Reduction

L6, 2, 4, 90, 16, 20, 18, 141; [, , , , , , , 1;

NN,

Time




Dynamically Vectorized Reduction

L6, 2, 4, 9, 16, 20, 18, 141; [, , , , , , , 1;

EIKIEIC) K ERERED

Time




Dynamically Vectorized Reduction

L6, 2, 4, 9, 16, 20, 18, 141; [, , , , , , , 1;

0 EO

Time




Dynamically Vectorized Reduction

L6, 2, 4, 9o, 16, 20, 18, 141; [, 1, , , , ,, 1;

EIKIEIC) K EAERED

Time




Dynamically Vectorized Reduction

L6, 2, 4, 9o, 16, 20, 18, 141; [, 1, , , , ,, 1;

4 |20 2 0 K ERERED

Time




Dynamically Vectorized Reduction

L6, 2, 4, 9o, 16, 20, 18, 141; [, 1, , , , ,, 1;

4 |20 2 0 K ERERED

Time
418 088




Dynamically Vectorized Reduction

L6, 2, 4, 9o, 16, 20, 18, 141; [, 1, , , , ,, 1;

4 |20 2 0 K ERERED

Time

4 |18




Dynamically Vectorized Reduction

L6, 2, 4, 9o, 16, 20, 18, 141; [, 1,2, , , ,, 1;

4 |20 2 0 EERE

ElE e

Time
418 088




Dynamically Vectorized Reduction

6, 2, 4, 90, 16, 20, 18, 141, [, 1, 2, , , , , 1;

6] 2] 4%

4 20| 2 |88 K ERERED

Time
418 18] 88







1.25x faster than
statically vectorized



Thank You!
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