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A beginning

(kf
ij‘g“uw el

We've seen that for high floating point performance we need vectorisation

What does this mean for code?

Vectorisation is typically a transformation performed on loops

1. Which loops can be vectorised?
2. How do we convince the compiler to vectorise them?

3. What might we expect? = roofline and other models
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Simple guidelines

Necessary

. Inner loop

. Countable (number of iterations is known at loop entry) ‘& 8'| " - 4

1

2

3. Single entry/exit

4. No conditionals (but..) € €= (“:'—M( ,"‘“‘\’“1“ b‘
W(k-. - _§ M - N

5. No function calls (but...) £&=~ cls v.l‘_cl

Best performance when

1. Simple inner loops (ideally stride-1access) _ , |
Citg) v~

2. Minimize indirect addressing o,

3. Align data structures to SIMD width ECM .‘) f‘J} X

COMP52315—Session 6: Vectorisation and data layout M E“w 3
A- L]




Inner loop

A

for (i = 0; 1 < N; i++
= 0; j < P; j++) // Vectorisgtion candidate

for (j

<

VL(/V M < Dosas |

for (i = 0; 1 < N; i++)
for (j = 0; j < P; j++) // Not vectorisable
if (a[j] < 2.0) // data-dependent exit
break;
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bedon = [ 4 -L (2,—4)

Conaitionals

for (i = 0; 1 < N; i++) // Vectorisable with masking

if (datal[i] > 0) '\ E IT (F € mmsu
sum += data[il; - |

Fum T= *1-

Function calls

for (i = 0; i < N; i++) // Not vectorisable
sum += some_function(datal[i]);

Can get this to vectorige if some_function can be inlined.

wmp“ C“\‘k e (":K{A‘( .
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SIMD units, a reminder

double =*a, *b, =*c;
Scalar addition, 1 output element per

0; 1 < N; 1i++) instruction.

al[i] + b[1];

for (i

cl[i]

a

Register widths:

] 1 operand (scalar) b

[ [ ] 2 operands (SSE) \
[ T 1 1] 4operands (AVX)

T T T T T T 11T 8operands (AVX512) - +

e

Challenge c

Best code requires SIMD
loads, stores, and arithmetic.
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SIMD units, a reminder

AVX addition, 4 output elements per
double #a, *b, *c: ' P P

instruction. 2| Y
— \\
for (i = 0; 1 < N; i++) a\/) 113 1(‘}
cli] = al[i] + bl[i]; ~— i
- ([ 11 [ [N
Register widths: — \/L>‘17~<4W~=/L‘
[ ] 1 operand (scalar)
[ | ] 2 operands (SSE) ,,U ‘ Al VL
[ [T 1] 4operands (AVX) 2 l_;
LT T T T T T 1] 8operands (AVX512) 1 - + ﬂ l ol
VI |3 L
Challenge 4 &
Best code requires SIMD N
load ,sto/ue's‘, and arithw ¢ J |«
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Data types in SIMD registers

Will focus on AVX (Advanced Vector eXtensions). 32-byte (256 bit) registers.

16 float16 (half precision)

8 float32 (single precision)

4 float64 (double precision)

Machine learning is really excited about half precision because “look how
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What does the compiler do?

Unrolling
Before After
for (1 O; 1 < n; i++) // Vectorisable loop

c[i] = ali] + b[i]; for (i = 0; i < n; 1 += 4) {
Ceher o2 EEi]l] 2[23111?[i]é[i+1];
3 ww“‘ JERm IS

/) Renainder Loop
w for (i = (n/4)*4; 1 < n; i++)

a[i] + b[i];

M ‘_}; C[l]
Don't do this by hand.

COMP52315—Session 6: Vectorisation and data layout 8




Roadblocks

Carried dependencies

c[l],«< c[0] + c[1]

c[2] « c[1] cl[2]
N re rrales

for (i = 1; i < n; i++) c[3] « cl2] + c[3]
c[i] = c[i] + cl[i-1];

This has a loop carried

dependency. )(
= (s chn~ W g

?%Sttbc'» :
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loop iterations

\n3 + c[n-2]
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Roadblocks

Pointer aliasing (C/C++ only)
void foo(double *a, double *b, double *c, int n) {

for (int i = 0; i < n; i++)
IR1 — BPAY ¢ el l/ﬂd“

-
B (vl
} n— e Ao fby‘iuh"i%:ji

This is allowed

void bar(double *data, int n) {
double *a = data + 2;
double =*b data + 1;
double *c = data;
// carried dependence in loop
foo(a, b, ¢, n - 3);
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Roadblocks

This is allowed

void bar(double *data, int n) {

double *a = data + 2; U F E cg VU/"

3
j

double *b data + 1;

double *c = data; WJJ-

foo(a, b, ¢, n - 3);

Il
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Pointer aliasing solution

> Mok Moak” Jhusd —;
Pointer aliasing (C/C++ only)

void foo(double *a, double *b, double *c, int n) {

for (int 1 = 0; 1 < n; 1++) A
a[il = b[il + c[i]; Fro el

} q(MCsM_W«L. $79 _ates
/

- Smart compiler will “multiversion” this code. Check for aliasing and

——

dispatch to appropriate version (expensive in hot loops).

- You can guarantee that pointers won't alias (C99 or better, not C++)
with restrict keyword (__restrict__ in many C++ compilers)

void foo(double * restrict a, double * restrict b,
double * restrict c, int n)

“(mefc e Lerafs a(uv“'w(ucsl.
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Options for generating SIMD code

In decreasing order of preference
Compiler does it for you (but...) g Che n‘-\&

You tell the compiler what to do (directives

You choose a different (better) programming model. OpenCL, ispc WL

You use intrinsics (C/C++ only) ,\\J .
You write assembly code l'(q'ﬁ%e w A

S Den '@ e fluse lewgemye.

#include <x86intrin.h>

void foo(...) { Or Wi

for (j = 0; J < N; j +=8) {
' MQJM

t0 = _mm_loadu_ps(data + j);

CLE

tl = _mm_loadu_ps(data + j + 4); dLb,r Zfﬂ“\
sO@ = _mm_loadu_ps(s0, t0); ‘l‘, ;“
sl = _mm_loadu_ps(s1, t1);

}
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Compiler options: Intel

- At -02 or above, intel compiler will start vectorising ‘/

+ Specific vector instruction sets can be selected with -xFOO
1. -XSSE2 Everything post 2000ish -2 LA b o
7,56\9'»‘2. -XAVX SandyBridge/IvyBridge (quite old) ~* 15195

MX & 3. -XCORE-AVX2 Haswell/Broadwell (somewhat old) %“"‘bzw ;l
\CM* 4. -xCORE-AVX512 Skylake/lcelake (pretty recent) > €l Z,L:k

- Also prefer to set -march=RELEVANTCPU, e.g. -march=broadwell

- If you want AVX512 to really work, also need -qopt-zmm-usage=high

- Tell the compiler there are no pointer aliasing issues with
-fno-alias. Don't lie here!

\ .
v A i{‘
+ See 1cc -help for more W"ré.f \—<’ =
abt shaans
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Compiler options: GCC

- At -02 GCC vectorises if you also say -ftree-vectorise (orjust use
-03). w vedmze?
- Specific instruction sets with F ﬂ ‘ (ﬂ

- -msse?

- -mavx & w&mD(yc ))) e “/L ‘ l/‘*(

- -mavx2 + -mfma (to enable FMAs

- -mavx512f £ d”M

- See gcc --help-target for more
- Also prefer to set -march=RELEVANTCPU, e.g. -march=broadwell

- Provide a preferred vector width (in bits) with
-mprefer-vector-width={128,256,512}

- Tell the compiler there are no pointer aliasing issues with
-fargument-noalias. Don't lie here!
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How to know what is happening

- Compilers can provide feedback on what they are doin
o A &, Cley
- Intel compiler is by far the best here “"d / q /
- Enable output with -qopt-report=n(n € {1,2,3,4,5}) with larger
values producing more detall ’

Begin optimization report for: foo(double *, int)
Report from: Vector optimizations [vec]
LOOP BEGIN at <source>(6,3)
remark #15344: loop was not vectorized:
vector dependence prevents vectorization

for (int i=1; i<n;i++)
ali] = al[il+ali-1];
remark #15346: vector dependence: assumed
FLOW dependence between al[i] (7:5)

and ali-1] (7:5)
LOOP END

— Epass=ruiced ch~y
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What if things aren’t vectorised

- Suppose you know that a particular loop is vectorisaple, and §hould
be, but the compiler just won'tdo it. —> Wwe we Vi sze_s

= use OpenMP SIMD pragmas (4 ¥X7 X WQ%M LSk .

- Turn on with -qopenmp-simd (Intel); -fopenmp-simd (GC(/[JG«—»&)
- Basic usage #pragma omp simd

- Tells the comMplease vectorise” = don't lie!

Prerequisites for (j = 0; j < n; j++)
- Countable loop/ ?\‘U""’ #pragma omp simd

. |nner|_oop\/ W‘bo >'FOI' (1 = O; 1 < n;.i++)
b[j] += alj*n + 1i];
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Overriding the compiler cost model

- Compilers decide to do things based on some cost model
-3
= If the cost model igvvrong, th?y may take “bad” decisions

- For vectorisation purposes we usually need to say “please vectorise
this loop” or “please unroll this loop”.

Vectorisation Unrolling

#pragma omp simd // Intel

E;cw" V;_l,g ((4)/ #pragma unroll wum gl

#pragma unroll(n) A hes®

UW('W // GCC

#pragma GCC unroll(n)

f/q“‘j/% #P%m okuj (OU'P

COMP52315—Session 6: Vectorisation and data layout u.u\fu.,cowl'lnﬁ 18



Exercise

- What do you need to do to convince Intel compiler to vectorise the
GEMM micro kernel?

= Exercise 9.

https:
//teaching.wence.uk/comp52315/exercises/exercise09/
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