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Motivation

The need for parallelism

42 Years of Microprocessor Trend Data
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Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2017 by K. Rupp

Image source


https://www.karlrupp.net/2018/02/42-years-of-microprocessor-trend-data/

A bit of historical context

e 1972 : Clanguage created by Dennis Ritchie and
Ken Thompson to ease development of Unix @ @ﬁ
(previously developed in assembly)

e 1985 : C++ created by Bjarne Stroustrup

e 2003 : LLVM started at University of Illinois

e 2005 : Apple hires Chris Lattner from the LLVM Intermediate Representation (IR)

university ﬂ“\{‘

e 2007 : He then creates the LLVM-based compiler |
Clang

e 2009 : Mozilla start developing an LLVM-based
compiler for Rust

e 2009 : Develpment starts on Julia, with LLVM-
based compiler

Assembly

A sum function in C and Julia

float sum(float xvec, int length) {
float total = 0;
for (int i = 05 i < length; i++) {
total += vec[i];

return total;

c_sum(x::Vector{Cfloat}) = ccall(("sum", sum_float_lib), Cfloat, (Ptr{Cfloat},

Cint), x, length(x));

julia_sum (generic function with 1 method)

function julia_sum(v::Vector{T}) where {T}
total = zero(T)
for i in eachindex(v)
total += v[i]
end
return total
end



Let's make a small benchmark

vec_float =

»[0.180498, 0.232806, 0.0809163, 0.528065, 0.0120513, 0.543674, 0.234104, 0.958849, 0.19
vec_float = rand(Float32, 2716)

32645.695f0
@btime c_sum($vec_float)

242.513 ps (0 allocations: 0 bytes) ®

32645.695f0
@time julia_sum($vec_float)

60.633 ps (0 allocations: O bytes)

» How to speed up the C code ?

As accessing global variables is slow in Julia, it is important to add $ in front of them when
using btime. This is less critical in Pluto though as it handles global variables differently. To
see why, try removing the $, you should see 1 allocations instead of zero.

float sum(float xvec, int length) {
float total = 0;
for (int i = 0; 1 < length; i++) {
total += vec[i];

return total;



Summing with SIMD
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Faster Julia code

> How to get the same speed up from the Julia code ?

julia_sum_fast (generic function with 1 method)

function julia_sum_fast(v::Vector{T}) where {T}

total = zero(T)

for i in eachindex(v)
@fastmath total += @inbounds v[i]

end
return total
end

32645.7560
@btime julia_sum_fast($vec_float)

2.542 ps (0 allocations: 0 bytes)

reduction step



julia_sum_simd (generic function with 1 method)

function julia_sum_simd(v::Vector{T}) where {T}
total = zero(T)
@simd for i in eachindex(v)
total += v[i]
end
return total
end

32645.756f0
@btime julia_sum_simd($vec_float)

2.541 ps (0 allocations: 0 bytes)

Careful with fast math

> Why are the three elements in the center of the vector ignored in this
example ?

test_kahan = »[1.0, 2.98023f-8, 2.98023f-8, 2.98023f-8, 0.000119209]

test_kahan = Cfloat[1.0, eps(Cfloat)/4, eps(Cfloat)/4, eps(Cfloat)/4,
1000eps(Cfloat)]

1.000119298696518
sum(Float64. (test_kahan))

1.0001192f0
c_sum(test_kahan[[1, 5]])

1.0001192f0
c_sum(test_kahan)

To improve the accuracy this, we consider the Kahan summation algorithm.

1.0001193f0
c_sum_kahan (test_kahan)

Optimization level : [-00 v | Enable -ffast-math ? O


https://en.wikipedia.org/wiki/Kahan_summation_algorithm

> What happens when -ffast-math is enabled ?

For further details, see this blog post.

eps gives the difference between 1 and the number closest to 1. See also prevfloat and
nextfloat.

float sum_kahan(float% vec, int length) {
floa? total, c, t, y;

total = ¢ = 0.0f;
for (i = 05 i < length; i++) {

y = vec[i] - c;

t = total + y;

c = (t - total) - y;
total = t;

return total;

t


https://simonbyrne.github.io/notes/fastmath/

SIMD inspection

Instruction sets

The data is packed on a single SIMD unit whose width and register depends on the instruction
set family. The single instruction is then run in parallel on all elements of this small vector stored
in the SIMD unit. These give the prefix vp to the instruction names that stands from Vectorized

Packed.

Instruction Set Family Width of SIMD unit Register

Streaming SIMD Extension (SSE) 128-bit %Xxmm
Advanced Vector Extensions (AVX) 256-bit %ymm
AVX-512 512-bit %zmm

» ProcessChain([Process(‘lscpu', ProcessExited(0)), Process(‘grep Flag', ProcessExited(C

run(pipeline(‘lscpu', ‘grep Flag'))

Flags: YT - Mmer NAaA meAa ~vQ
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mmxext fxsr_opt pdpelgb 1 p lm constant_tsc rep_good nopl tsc_reliable no
nstop_tsc cpuid extd_apicid aperfmperf pni pclmulqgdg ssse3 fma cx16 pcid sse
4_1 sse4_2 movbe popcnt aes xsave avx fi16c rdrand hypervisor lahf_lm cmp_leg

acy svm cr8_legacy abm sse4a misalignsse 3dnowprefetch osvw topoext vmmcal
h

fsgsbase bmil avx2 smep bmi2 erms invpcid rdseed adx smap clflushopt clwb
a_ni xsaveopt xsavec xgetbvl xsaves user_shstk clzero xsaveerptr rdpru arat
npt nrip_save tsc_scale vmcb_clean flushbyasid decodeassists pausefilter pft

hreshold v_vmsave_vmload umip vaes vpclmulgdg rdpid fsrm

To determine which instruction set is supported for your computer, look at the Flags listin
the output of 1scpu. We can check in the Intel® Intrinsics Guide that avx, avx2 and

avx_vnni are in the AVX family.


https://www.intel.com/content/www/us/en/docs/intrinsics-guide/index.html#

SIMD at LLVM level

How can you check that SIMD is enable ? Let's check at the level of LLVM IR.

f (generic function with 1 method)
function f(x1, x2, x3, x4, yi1, y2, y3, y4)

z1 = x1 +yl
z2 = X2 + y2
z3 = x3 + y3
z4 = x4 + y4

return z1, z2, z3, z4
end

@code_1lvm debuginfo=:none f(1, 2, 3, 4, 5, 6, 7, 8)

-
ajucl

ST el recurrl,

%"x3::Int64"
’

9"v2*Tntead"
n Yo olNLOG

%0 = add 6"y 2 4", %"x1::Int64"
%1 = add A 23 %"x2::1In
%2 = add A 33 %"x3::Int64"
%3 = add A ot %"x4::Int64"
store %0, %sret_return,
:Tuple.sroa.2.0.sret_return.sroa_idx" =
%sret_return,
oy %"new::Tuple.sroa.2.0.sret_return.sroa_idx",
:Tuple.sroa.3.0.sret_return.sroa_idx" =
%sret_return,
store %2 %"new::Tuple.sroa.3.0.sret_return.sroa_idx",
:Tuple.sroa.4.0.sret_return.sroa_idx" =
%sret_return,
store %3 %"new::Tuple.sroa.4.0.sret_return.sroa_idx",
ret

If we see add 164, it means that each Int64 is added independently



Packing the data to enable SIMD

f_broadcast (generic function with 1 method)

function f_broadcast(x, y)
Z =X .+Yy
return z

end

@code_1lvm debuginfo=:none f_broadcast((1, 2, 3, 4), (1, 2, 3, 4))

@julia_f_broadcast

%"y::Tuple") #0

, %"x::Tuple",
%"y::Tuple",

b
%1, %0
%sret_return,

load <4 x i64> meansthat4 Int64 are loaded into a 256-bit wide SIMD unit.



SIMD at assembly level

@code_native debuginfo=:none f_broadcast((1, 2, 3, 4), (1, 2, 3, 4))

£ +n
IVl UdUlas L

o1
1

_broadcast:x <- DW_OP_deTe{ $TSi+O
f hlund(dsi:y <- DW_OP_deTef $de+0
push Thp

vmovdqu ymmO, rdx

mov rbp, TSsp

mov rax, rdi

vpaddgq ymmO, ymmO, rsi

vmovdqu rdi|, ymmO

pop rbp

vzeroupper

ret

.size julia_f_broadcast_23986, .Lfunc_end0-julia_f_broadcast_23986
.type ".L+Core.Tuple#23988",@object

.section .rodata,"a",@proghits
.p2align s

.quad ".L+Core.Tuple#23988. jit"

The suffic v in front of the instruction stands for vectorized. It means it is using a SIMD
unit.

Tuples implementing the array interface

_® 2



let

T = Float64

A = rand(SMatrix{N,N,T})

x = rand(SVector{N,T})
@code_1llvm debuginfo=:none A % x

end

(el oW, . B daks 11}
U Julld_*_Z40UZ
}h\l'_'l fecLurrl
'/A::L\' *SATT )\I”
A RS AN s WY A
% B:iSATTAY
:SArray.data_ptr[3]_ptr" =
n
SArray”, 5
1 (] /MDD e e CAvrAau !
Load X /o De.OATTAY
load X %”A::SArray",
shufflevector %0, X

)
::SArray.data_ptr
%0, X

%4, %5
%3, %6
%»sret_return,

Small arrays that are allocated on the stack like tuples and implemented in
StaticArrays.jl. Operating on them leverages SIMD.



Auto-Vectorization

LLVM Loop Vectorizer for a C array

= "/tmp/jl_8aTRSt/main.c"
= "e-m:e-p270:32:32-p271:32:32-p272:64:64-164:64-T80:128-n
132:64-5128"
= "x86_64-unknown-1linux-gnu

n

@sum %0,

n n
~+ + &+
O O O O

= =

D M

s
s
b

=

%8 = load ,
%9 = load :
%10 = icmp slt
br %10,

%12 load
%13 load
%14 sext

int sum(int xvec, int length) {
int total = 0;
for (int i = 05 i < length; i++) {
total += vec[i];

return total;

}
'No pragma v
'No pragma v
'No pragma v

Elementtype: int v



Optimization level : -00 v|
(J-msse3
(J-mavx2
(J-mavxs12f
() -ffast-math

LLVM Loop Vectorizer for a C++ vector

= "/tmp/jl_yQt7Gu/main.c"
= "e-m:e-p270:32:32-p271:32:32-p272:64:64-164:64-f80:128-n
:32:64-5128"
= "x86_64-unknown-linux-gnu'

1

@sum %0,

5

load .
= icmp slt
%10,

LIGET
load

32645.695f0
@btime cpp_sum($vec_float)

cpp_sum(x::Vector{Cfloat}) = ccall(("c_sum", cpp_sum_float_lib), Cfloat,
(Ptr{Cfloat}, Cint), x, length(x));



#include <vector>

int my_sum(std::vector<int> vec) {
int total = 0
for (int i = 05 1 < vec.size(); i++) {
total += vec[i];

return total;

}

extern "C" {

int c_sum(int xarray, int length) {
std::vector<int> v;
v.assign(array, array + length);
return my_sum(v);

t}
'No pragma v
[Nopmgma V]
'No pragma v

Element type :
Optimization level :

(J-msse3
(J-mavx2
(J-mavxsi12f
(] -ffast-math

Easily call C++ code from Julia or Python by adding a C interface like the c_sum in this

example.




LLVM Superword-Level Parallelism (SLP)
Vectorizer

f (generic function with 2 methods)
f(a, b) = (a[1] + b[1], a[2] + b[2], a[3] + b[3], a[4] + b[4])

@code_1llvm debuginfo=:none f((1, 2, 3, 4), (5, 6, 7, 8))
wsret_return,

%"a::Tuple",

%"b::Tuple"

: %"a::Tuple",

- %"b::Tuple",

%1, %0
%sret_return,




Inspection with godbolt Compiler Explorer

Source Editor: C source #1

void foo(int a1, int a2, int b1, int b2, int *A) {

A[0] = a1 * (al + bl);
A[l] = a2 * (a2 + b2);
A[2] = a1 * (al + bl);
A[3] = a2 * (a2 + b2);

}
Compiler Output: x86-64 clang 19.1.0 (Editor #1)

Flags: -03 -mavx2

foo:
add edx, edi
imul edx, edi
mov dword ptr [r8], edx
add ecx, esi
. . Edit «
imul ecx, esi -

Example source

Further readings

Slides inspired from:

e SIMD inJulia
o Demystifying Auto-vectorization in Julia
e Auto-Vectorization in LLVM


https://llvm.org/docs/Vectorizers.html
https://www.youtube.com/watch?v=W1hXttRmuks&t=337s
https://www.juliabloggers.com/demystifying-auto-vectorization-in-julia/
https://llvm.org/docs/Vectorizers.html
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