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Different ways of using vectorization

Using intrinsic functions in C/C++

Writing C/C++ programs using x86-64 SSE intrinsics
Writing C/C++ programs using x86-64 AVX intrinsics



Introduction

All modern processors support vectorization.

This means that processors have extra hardware components (wide
registers and wide processing units) to allow vector processing.

Vectorization is the process of processing vectors (multiple values
together) instead of single values.

It is also known as Single Instruction Multiple Data (SIMD), as a single
instruction is used to process multiple data.

Vectorization dramatically improves the performance of our code.

The compilers apply vectorization automatically, this process is called
auto-vectorization, but not always with success.

Vectorization has nothing to do with the language used.



Single Instruction Multiple Data (SIMD) —
Vectorization

for(i = 0; i <= MAX;i++)
c[i] = a[i] + b[i]:

a[i] ai+7] a[i+6] a[i+5] | a[i+4] a[i+3] Felite]

.+.
+

bfi] bli+7] Db[i+6] b[i+5] Db[i+4] "Db[i+3] SbjFEz]

cfi] cli+7] c[i+6] c[i+5] c[i+4] ‘c[i+3] BElFZ]




Vectorization can be applied in four main ways

Automatically by the compiler
(Linux) specify ‘-O3’ option or ‘-ftree-slp-vectorize', ‘-ftree-vectorize'.

(Linux) Compile using ‘-fopt-info-vec-optimized' option to see which parts
are vectorized.

(VS) Use the Release mode

This solution does not provide the best performance, but it is very easy to
use.

Using OpenMP C/C++ pragmas.

Better performance than above, less easy to use (this will be studied later
on).

Using C/C++ instrinsics (assembly coded functions).
Even Better performance (close to assembly), not that easy to use.
Directly writing assembly code (not used in this module).

Best performance but hard to use.



Auto-Vectorization

O3’ will auto-vectorize your code (at least gcc will try).

Example:

gcc main.cpp array_addition.cpp array_constant_addition.cop MVM.cpp -0 p
-march=native  -O3 -fopt-info-vec-optimized

‘-fopt-info-vec-optimized' option to see which parts are vectorized

If ‘-O3’ is not included, you can enable vectorization manually by using
-fopt-info-vec-optimized -ftree-vectorize
Example:

gcc main.cpp array_addition.cpp array_constant_addition.cop MVM.cpp -o

p -march=native -O2 -fopt-info-vec-optimized -ftree-vectorize



Vectorization using OpenMP 4.0

o1 There is a large number of clauses supported by OpenMP such as

reduction, simdlen etc, to allow efficient and easy vectorization even in
cases where the loop kernel is complex.

1 OpenMP will not be studied this week.

Hpragma omp simd
For (int n=0; n<N; ++n)

a[n] += b[n]; //the compiler will vectorize this if possible

#Hpragma omp simd aligned(a,b:16) safelen(4)
for (int i=4; i<N; ++i)
afi] = afi-4] * 2;



Using intrinsic functions in C/C++

Main advantages
Portability to almost all x86 architectures

Compatibility with different compilers

Main disadvantages
Not all assembly instructions have intrinsic function equivalents

Unskilled use of intrinsic functions can make the code less efficient
than simple C++ code



Using intrinsic functions in C/C++

For the rest of this lecture, you will be learning how to use intrinsic
functions in C/C++

Normally, “90% of a program’s execution time is spent in executing
10% of the code” - loops

What programmers normally do to improve performance is to
analyze the code and find the computationally intensive functions

Then optimize those instead of the whole program

This safes time and money
Rewriting loop kernels in C++ using SIMD intrinsics is an
excellent choice

Compilers vectorize the code (not always), but doing that manually, using
SIMD instrinsics, can really boost performance



Computer Systems - Hardware Evolution

Scalar Processors

Pipelined Processors

Superscalar and VLIW Processors
Out of order Processors Time
Processors support Vectorization
Hyperthreading

Multicore Processors

Manycore Processors

Heterogeneous systems v



Single Instruction Multiple Data (SIMD) —
Vectorization

for(i = 0; i <= MAX;i++)
c[i] = a[i] + b[i]:

a[i] ai+7] a[i+6] a[i+5] | a[i+4] a[i+3] Felite]

.+.
+
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Vectorization on x86-64 Processors

Intel MMX technology (old — limited usage nowadays)
8 mmx registers of 64 bit
extension of the floating point registers
can be handled as 8 8-bit, 4 16-bit, 2 32-bit and 1 64-bit, operations
Intel SSE technology
8/16 xmm registers of 128 bit (32-bit architectures support 8 registers only)
Can be handled from 16 8-bit to 2 64-bit operations
Intel AVX technology
8/16 ymm registers of 256 bit (32-bit architectures support 8 registers only)
Can be handled from 32 8-bit to 4 64-bit operations
Intel AVX-512 technology
32 ZMM 51 2-bit registers



Vectorization on x86-64 Processors (2)

~ _m256 or__m128 (for single precision floats)
__m256d or __m128d (for double precision floats)
__m256i or __m128i (for integers, no matter the size)

4x float

2x double

SSE and AVX-128 types I

16x byte

8x 16-bit word

4x 32-bit doubleword

2x 64-bit quadword

1x 128-bit doublequadword
AVX-256 types

8x float




Vectorization on x86-64 Processors (3)

The developer can use either SSE or AVX or both
AV X instructions improve throughput
SSE instructions are preferred for less data parallel algorithms

Most of the load /store vector instructions work only for data that they are
written in consecutive main memory addresses

Normally, aligned load/store instructions are faster than the no aligned
ones.
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https://software.intel.com/sites/landingpage/IntrinsicsGuide/

Basic SSE Instructions (1)
15|

0 _ ml128 _mm_load_ps (float * p ) — Loads four SP FP values. The address
must be 16-byte-aligned, e.g., varl = _mm load ps ( &A[3][4] ),

7 _ ml128 _mm_loadu_ps (float * p) - Loads four SP FP values. The address
need not be 16-byte-aligned

L1
A[O] A[1] A[2] A[3]
A[4] A[S]|A[6] |A[7] Aligned load Main memory
9
L1 L2 unified h o
A[O] A[11IA[2] |A[3] | unifried cache g
A[4] A[5]/A[6] |A[7] | Misaligned load 2
Cache o
L1 lines L1 data cache L irc\::r::iion :;
A[1] A[2] A[3] |A[4]

A[5] A[6] A[7] A[8] Misaligned load | RF_|

words
CPU




Basic SSE Instructions (2)
16|

0 _ ml128 _mm_load_ps(float * p ) — Loads four SP FP values. The address
must be 16-byte-aligned

0 _ ml128 _mm_loadu_ps(float * p) - Loads four SP FP values. The address
need not be 16-byte-aligned

A[0] A[1]/A[2] |A[3]

A[4] IAE Al6] |A[7] Aligned load Main Memory

--?mmm--

L1

__declspec (align(16) ) float A[N][N];

L1

A[O] A[1]/A[2] |A[3]
A[4] A[5]|A[6] |A[7] | Misaligned load

Modulo (Address , 16)=0

L1

A[O] A[1]/A[2] A[3]
A[4] Mm A[6] A[7] | Misaligned load




Do not forget to align your arrays

R
1 We can either allocate aligned memory statically using
0 float A[N] __attribute_ ((aligned (64))); //In Linux only
0 _ declspec(align(64)) float A[N] //In Visual studio only

o1 or dynamically using
0 _mm_malloc (N * sizeof(float),64); //Linux and Visual Studio



Basic SSE Instructions (3)

__m128 _mm_store_ps(float * p ) — Stores four SP FP values. The address
must be 16-byte-aligned

__m128 _mm_storeu_ps(float * p) — Stores four SP FP values. The address
need not to be 16-byte-aligned
_ m128 _mm_mul_ps(_ m128 a,_ m128 b) - Multiplies the four SP FP

values of a and b

_ m128 _mm_mul_ss(_ m128 a, _ m128 b) - Multiplies the lower SP FP
values of a and b; the upper 3 SP FP values are passed through from a.

XMM1=_mm_mul_ss(XMM1, XMMO) XMM1=_mm_mul_ps(XMM1,XMMO)

17 95 63 31 o 17 95 63 31 0

XMMO | 40 3.0 2.0 1.0 | 40 | 30 | 20 | 10 |
=+ E +* * +*

XMMA 5.0 5.0 5.0 5.0 | 50 | s0 | 50 | s0 |

XMM1 4.0 3.0 2.0 5.0 | 200 | 150 | 100 | 50 |




Basic SSE Instructions (4)

_ m128 _mm_unpackhi_ps (__ m128 a,_ m128 b) - Selects and interleaves
the upper two SP FP values from a and b.

_ m128 _mm_unpacklo_ps (__ m128 a,_ m128 b) - Selects and interleaves
the lower two SP FP values from a and b.

XMMO=_mm_unpacklo_ps (XMMO, XMM1) XMMO=_mm_unpackhi_ps (XMMO, XMM1)

127 95 63 31 0 127 95 63 31 0
XMMO I a3 I az I al I a0 I XMMO I a3 a2 I al I a0 I

XMM1 | b3 l b2 | b1 | b0 ] XMM1 [ b3 ] b2 | m_l bo |

XMMo | vt | at | w0 | a0 | XMMO] b3 | a3 | b2 | a2 |




Basic SSE Instructions (5)

20
0 _ ml128 _mm_hadd_ps (__ m128 a,_ m128 b) - Adds adjacent vector

elements
XMme a3 a2 al ae
XMM1 | b3 b2 bl be
haddps %xmml, %xmmo
XMM1 | b3+b2 | bl+b0@ |a3+a2 [al+ad

o1 void _mm_store_ss (float * p, __m128 a) - Stores the lower SP FP value




Vectorization 1 example (1)

Compilers vectorise such simple loop kernels, 07 (J = @; J < M; j++) {
Vi[j] = V2[7] + 2.1234;

}

Without vectorization Vi V2
Load V2[0]
V2[0]+2.12
Store the result into V1[0]

automatically (auto-vectorization)

With vectorization
Load V2[0:3] (load 4 values together) - + 2.12
V2[0:3] + 2.12 (apply 4 additions together)

Store the result into V1[0:3] (store 4 values
together)




Vectorization 1 example (2)

-1 4 elements are processed together using for .(j = 0; .j < My g++) o
Vi[j] = V2[7] + 2.12;
}

71 Performance is improved by x4 V1 V2

vector instructions

7

i, \
o Low-level C code is easier than assembly, isn't
it

o g
N\

~ m128 numl, num2, num3;

numl = mm set ps (2.12, 2.12, 2.12, 2.12);!\

for (int 1 = 0; 1 < M; 1 +=4) {
num2 = mm _Load ps (&V2[1i]);
num3 = mm_add ps (numl, num2);
_mm_store_ps( &1[i], num3);

J

\____J____J.‘____




Vectorization 1% example (3)

\
for (int 1 =\@~;\i < M;1+=4) {
num2 = mm Load ps (&V2[1]);

num3 = _mm _add ps (numl, num2);
_mm_store_ps( &1[i], num3);
}

(
v [
X
I
\

o mmm =

Define three 128bit variables of type float, thus ~ JOr .(j =6, J <M J++) {
each 128bit variable contains 4 FP values Vi[j] = V2[j] + 2.1234;
\ J
\
Initialize the 128bit variable LCIN (!{_ .
\ \
| |
Loa‘\d 128bitb¢ data starting from the memory address : | : I
&VZ\[jl \ | b :
\‘ N \4 iterations are processe,d in every iteration ‘(.._.._,,\' ‘(_,.\
_m'12\8~ \numl,\\numz, num3; I' | : ! :
\ | !
NN ! o= | 2012
numl = _mm . set _ps (2.12, 2.1:2, 2.12, 2.12);\ 1 ! .
|
l
|
l




Vectorization 15 example (4)

- What if M==107? for (j =6; 3 <M j++) {
Vi[j] = V2[7] + 2.1234;
Or not a multiple of 4 }
Vi V2
~ ml28 numl, num2, num3; 1 —
|
|
numl = mm set ps (2.12, 2.12, 2.12, 2.12); |
|
- 'I--I-"\

for (int 1 = 0; 1 <:8;: 1+=4) {
num2 = mm _Load ps—(&V2[1i]);
num3 = mm_add ps (numl, num2);
_mm_store _ps( &1[i], num3);

\____J____J.‘____

“~
———

o mmm =




Case Study
MVM using SSE technology

__declspec (align(16)) float X[N], Y[N], A[N][N];
~ _m128 num0, numl, num2, num3, num4;

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

_______________________________________

float A[NJ[NJ; |

float X[N], Y[NJ; num3=_mm_setzero_ps ();

L intij; |

D for (j=0; j<N; =4

Efor (i=0; i<N; j++) numO =_mm_load ps ( &A[il[j] );

for (j=0; j<N, j++) numl=_mm_load ps ( &X][j]);

- Y[i] += A[i][j] * X[jl; num3 =_mm_fmadd_ps (hnumO,num1,num3);

ettt }

num4 =_mm_hadd_ps (hum3, num3);
num4 = _mm_hadd_ps (hum4, num4);
~mm_store_ss( (float *) &Y[i] , num4);

}



for (i=0; i!'=N; i++){

MVM with SSE (2)
num3=_mm_setzero_ps();~ "~ [ ML MLl [ noms
for (j=0; j!=N; j+=4){ N AG] | AGIG+H] | ALIG+2] | Afig+3) T

numO=_mm_load_ps( &A[i][j] ); =

numl=_mm_load_ps( &X[j]);= = - . <. b  X[i i i i
-mm._oac_ / il | XIi+1] | X[i+2] | X[j+3]
il o LA (il | X[i+1] L X(i+2] L X(i+3]
} .
num3=_mm_hadd_ps(num3, num3); A[il[j+1] | ALil[j+2] | ALil[j+3]
num3=_mm_hadd_ps(num3, num3); * X[[+1] | * X[j+2] | * X[j+3]
_mm_store_ss((float *) &Y[i], num3); ’ +prev +prev +prev
} num3 numO
!
S |
yl
y2 a20 a21 a22 a23 .o a2N ' This part of the
v3 a30 a3l a32 a33 a3N - code adds the four
“ values in num3 and
v4 ad0 a4l a42 a43 a4N stores the result
y5 a50 a51 a52 a53 into Y[i]

|
X

yN aNO eeoe aNN N




} MVM with SSE (3)

num4=_mm_hadd_ps(num3, num3);

num4=_mm_hadd_ps(num4, num4);

_mm_store_ss((float *) &Y[i], num4);

}
= After j loop finishes its execution, num3 contains the output data of Y[O]
= [et’s say num3=[ya, yb, yc, yd], we must compute this: Y[i]=ya+yb+yc+yd
= after the 1%t hadd -> num3=[ya+yb, yc+yd, ya+yb, yc+yd]
= after the 2" hadd -> num3=[ya+yb+yc+yd, ya+yb+yc+yd, ya+yb+yc+yd,
ya+yb+yc+yd]

Y A (NxN) X
num3 | numo i numl
r;: I a00 a01 a02 a03, aON x0
1| [ a0 a1l al2  a13 alN 1
y2 a20 a21 a22 a23 cee a2N x2
y3 a30 a31 a32 a33 a3N X3
v4 a40 a4l a42 a43 a4N -;Z
y5 ab0 a51 ab52 ab3
= AR
yN aNOo coe aNN xN




Case Study
MVM using AV X technology

__ _m256 ymm2, num0O, num1, numb5;
_ _mli128 xmml, xmm?2;

for (inti=0;i<M,;i++){
. num1=_mm256_setzero_ps ();

_______________________________________

 float A[NJ[N];

 float X[N], Y[NJ; for (intj=0;j<M;j+=8){

num5=_mm?256 load ps ( &X[j] ),

_______________________________________

int 1,j; :> num0=_mm?256 load ps ( &A[i][j] );

. numl=_mm256_fmadd_ps (numO0, num5, num1);

 for (i=0; i<N; i++) | 5 J

. for (j=0; j<N, j++) . ymm2=_mm256_permute2f128_ps (num1, num1, 1);
Y[i] += Alillj] * X[jl; . numl=_mm256_add_ps (num1, ymm2);

numl=_mm256 hadd ps (numl, num1);
numl=_mm256 hadd ps (numl, num1);
xmm2 =_mm256 extractf128 ps (numl, 0);
_mm_store_ss ((float *) &Y[i] , xmm?2);

}



Case Study MVYM
SSE vs AVX

~_m128 num0O, numl, num2, num3, __m256 ymm2, num0O, num1, numb5;
num4; _ _ml128 xmml, xmmZ2;
for (i=0; i<N; i++){ for(inti=0;i<M;i++){
num3=_mm_setzero_ps (); numl=_mm256 setzero ps (),
for (j=0; j<N; j+=4){ for(intj=0;j<M;j+=8){
numO =_mm_load ps ( &A[il[j] ); num5=_mm256 load ps ( &X[j] ),
numl=_mm_load ps ( &X][j]); numO0=_mm256 load ps (&A[i][j]);

num3 =_mm_fmadd_ps (humO, num1, | numl=_mm256 fmadd ps (numO, num5, num1);

num3), I _
} I ymm2=_mm256 permute2f128 ps (numl I
num4 = _mm_hadd_ps (hum3, num3); | numl, 1), I
num4 = _mm_hadd_ps (num4, num4); | numl=_mm256 add ps(numl, ymm2); I
_mm_store_ss( (float *) &Y[i], num4); | numl=_mm256_hadd ps (numl, num1); I
} J numl=_mm256_ hadd_ps (numl, num1l); I
7 “ I xmm2=_mm256 extractf128 ps (numl, 0); l

The different part <~ | _mm_store_ss ((float *) &Y[i], xmm2); 1|

I |
\-I



Further explaining the AVX code

B
AL 1 2 3 4]5 678
e

- e
nsehisvaree”” - Y™™ RN E NN
Assume that num1 contains this value”  ,+
/
Sl ¢ | s 101206 8 1012
7/ A

4 s,

Rl 1+ | 22 142214 2214122
AL Ll s | 36 | 36363636 36136
T e oo e Tse
_______ — N QU — s - — o —
Iymm2 = _mm256 p’erm'uteZﬂ'28 p,s ("umI numli, 1);1 /,/
| num1=_mm256_ddd p;zﬁvum,l' yme) //'
L humi=_mm256_ hadd _ps, (numl/numl) o7

-
I -

Inum1 = _mm256_hadd_Ds (l)aml num1) -7
| xmm2=_mm256 extractf128 ps (numl 0);
L mm_store _ss ((float *) &Y[i], xmm2)

—_— —_— —_— —_— _\_ —_—



for (i=0; i!=N; i+=2){
num5=_mm_setzero_ps();
num6=_mm_setzero_ps();
for (j=0; j!=N; j+=4)
num3=_mm_load_ps( &Alil[j] );
num4=_mm_load_ps(X +j );
num5=_mm_fmadd_ps(num3,num4,num5);
num3=_mm_load_ps( &A[i+1][j] );
num6=_mm_fmadd_ps(num3,num4,num6);
}
num5=_mm_hadd_ps(num5, num5);
num5=_mm_hadd_ps(num5, num5);

_mm_store_ss((float *)Y+i, num5); Ynums
num6=_mm_hadd_ps(num6, nume6); "0'1
num6=_mm_hadd_ps(num6, nume6); y...
_mm_store_ss((float *)Y+i+1, num6); | humé
y2
} y3
va4
y5
31 yN

MVM with SSE + register blocking

= Register blocking is applied exactly as
in the scalar code case

nom3 A (NxN)

=| a00 a0l a02 a03! aON
num3 alN

a20 a21 a22 a23 a2N

a30 a31 a32 a33 ®**a3N

a40 a4l a42 a43 a4N

'ESO_IaSI a52 ab53 .

aNO cee aNN

numé4

x0
x1
X2
x3
B

XN




MVM with SSE + register blocking (1)

exercise from the lab this week
01 Apply register blocking as in the previous slide with register blocking
factor [1, 2, 4, 8, 12, 14]

1 Measure execution time for each code version

you will get a graph that looks like the one in the next slide



MVM with SSE + register blocking (2)

5.50E+07
Y2700000
5.00E+07
%]
o
%]
%]
o
1v)
S
B 4.50E+07
[
°
par
e
O 4.00E+07
o
o
£ 35800000
4 35000000
3.50E+07 32900000
32000
3.00E+07
4 8 12 16 18
1 4 8 12 14
Num.Registers (top) / blocking.factor (bottom)

dL1 accesses:
N+N2+N2/unroll.factor.value




MVM with SSE + register blocking (3)

7 Register blocking reduces the number of Load/Store (L/S) instructions and as a consequence

the number of L1 data cache accesses

7 Normally, performance highly depends on the L/S instructions, but there are other

parameters that affect execution time too

This is why you might get a different graph depending on the target processor and

compiler

Execution time (msec)

1.79E+03

1.59E+03

1.39E+03

1.19E+03

9.90E+02

7.90E+02

1760

930
900 850
820

| 8 | 12 | 16 | 18
| 4 | g | 12 | 14
Num.Registers (top) / blocking.factor (bottom)




for (i=0; i< n; i++) { What about if-conditions on SSE ?

if(x[i]>2 ][] x[i]<-2)
el S 2 2 2 |2
const _ m128 P2f = _mm_setl ps(2.ef);” 7 m___
F = -2.01);
ons® 20 A = st be(2 ’/_m__
D = ot s 7 ETIMEEIEEEIETE

_ m128 av = _mm_load_ps(a + i);

_mig c;v = _m_cmng:_psgwf :iga m___
T S IO

_ ml128 cv = _mm_or_ps(clv, c:z‘u];\
Xv = _mm_and_ps(xv, cv];\ mm__
av = _nn_add_ps(av, m;\m__

_mm_store_ps(a + i, av);

35

ali] ali+1] | a[i+2] | a[i+3]
- - . .
x[i] x[i+1] | O 0



Further Reading

I e
0 Virtual Workshop (Cornell University), available at
https: / /cvw.cac.cornell.edu/vector /overview simd

0 Tutorial from Virginia University, available at

https: / /www.cs.virginia.edu/~cr4bd/3330/F2018/si
mdref.html



https://cvw.cac.cornell.edu/vector/overview_simd
https://www.cs.virginia.edu/~cr4bd/3330/F2018/simdref.html




