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Vectorization

e The First Supercomputers were developed in the 70’s
» 200,000 gates, 80 MHz, $10M SEGE comroren s

COMPUTER SYSTEM

Seymour Cray
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Vectorization

e The First Supercomputers were developed in the 70’s

CRAY THE CRAY-1

e Required long vectors for performance
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Multimedia Instructions

e Multimedia ISA extensions came In the 90’s
o SIMD: Single Instruction Multiple Data
o Integrated into the processor
o Short and fast
o No startup overhead
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Vendor ISA Year Bitwidth
Intel MMX 1996 |64 bits

AMD  [3DNow! 1998 |64 bits

Intel SSE 1999 (128 bits
Intel  |SSE2 2001 (128 bits
Intel  |SSE3 2006 |128 bits
Intel  |AVX 2008 |256 bits
ARM  |Neon 2011 128 bits
Intel  |AVX2 1013 |256 bits
Intel  |AVX512 2015 (512 bits
Intel  |AVX512-VNNI  |2021 (512 bits
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WHAT 1S SIMD?
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Flynn Taxonomy (1966)
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Flynn Taxonomy (1966)

Single-Instruction Single-Data
(e.g. Single-Core Processors)
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Flynn Taxonomy (1966)

Single-Instruction Single-Data
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Flynn Taxonomy (1966)
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Single-Instruction Single-Data
(e.g. Single-Core Processors)

Multi-Instruction Single-Data
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Scalar Hardware

Modern microprocessors spend a lot of real estate in instruction processing.
The data paths and ALUs are relatively small.

Memory and caches
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and seguencing
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Vector Hardware

Modern microprocessors incorporate vector units to process data In
a single-instruction stream, multiple-data stream (SIMD) fashion

Memory and caches

and seguencing
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Vector Registers
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A k-Wide Vector Unit

Let k denote the

vector width. Memory and caches

and sequencing
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Vector Registers

The unit contains k vector lanes,
each containing scalar integer
or floating-point hardware

Each vector register
holds k scalar integer or
floating-point values
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A k-Wide Vector Unit

Let k denote the

vector width. Memory and caches

and sequencing
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Vector Registers

All vector lanes operate Iin lock-step and
use the same instruction and control signals

Lock step!
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SIMD Instructions

e SIMD Instructions typically operate in an elementwise fashion

e The 1th element of one vector register only takes part in
operations with the 1th element of other vector registers

(a) Scalar Operation (b) SIMD Operation

+ B = C
AO 0 _.0 Ao Bo C.
Al + Bl = G A, B, C,

+ =

Al + LBl = kG A, B, C,
Ay B, Cy

Al T | B = |G
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SIMD Instructions

e SIMD Instructions typically operate in an elementwise fashion
e All lanes perform exactly the same operation on each element

A, B, C, ol B
A, B, C A, - B, = C'
" _ 1
A, B, C, Al x| B | = kG
- > - Ay * B, | = C,
Example of SIMD Example of SIMD
Processable Patterns Unprocesable Patterns
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SIMD Instructions

e SIMD Instructions typically operate in an elementwise fashion
e All lanes perform exactly the same operation on each element

Vector Addition

| I I I I | a

F I I I I | b

A A

P |
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SIMD Instructions

e SIMD Instructions typically operate in an elementwise fashion
e Vector memory operands might need to be aligned

Memory { CPU Memory CPU
> dala
> data
4-byle memory access for aligned data 4-byte memory access for misaligned data
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SIMD Instructions

e SIMD Instructions typically operate in an elementwise fashion

e SOme architectures support cross-lane operations
o e.g. Inserting or extracting subsets of vector elements
o e.g. permuting (a.k.a., shuffling) the vector
o e.g. scatter, or gather

IINENER
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Vector Register Aliasing

o Different names, but same registers
MMX SSE SSEZ2  AVX AVX512

511 255 127 63 0
| ZMMO | YMMO ] XMMO| MMO I
| ZMM1 | YMM1 XMMA[  MM1 ]|
| ZMM2 | YMM2 ] xMM2 MM2 ]
| ZMM3| YMM3 ] ]
| ZMM4 | YMM4 ] Xvmal__ gl
| ZMM5] YMM5 ] XMM5[__ e ]|
| ZMM6] YMM6 ] T —r—
| ZMM7 | YMM7 J XMM7/ MM7 I

| |
| |
| |
|
]
ZMM15| YMM15] XMM15 . |
| |
| |
| |
|
]
| ZMM31 YMM31] XMM31 . I
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SIMD Data Types

e Each AVX register can have different data types

e Operation on 32 8-bit values in one instruction!
255

— mm256
~_mm256d

— mm256i
 mm256i

. mm256i

YMMO

float

float

float

float

float

float

float

float

double

double

double

double

iNt32

INt32

INt32

INt32

INt32

iNt32

iNt32

iNt32

16 | 16

16 | 16

16 | 16

16 | 16

16 | 16

16 | 16

16 | 16

16 | 16

3|8|8](3

3|8|8|3

38|83

38|83

38|83

3(8|8]|3

3(8[8](3

3(8|8|3
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8x32-bit float
4x64-bit float
8x32-bit int
16x16-bit int
32%8-bit int
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X86 SIMD INSTRUCTIONS
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Instruction Naming Convention

e Format: _mm<vec-width>_<op>_<scalar-ty>
o <vec-width>:64 /128 /256 /512

e <Sscalar-ty>
0SS — one single precision floating point (scalar)
o sd — one double precision floating point (scalar)
o ps - packed single precision floating point (vector)
o pd - packed double precision floating point (vector)
oepi8/epil6/epi32/epib4 - packed signed integers (vector)

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers

31



Instruction Naming Convention

e 256 bit 4-wide double precision float addition

Operates on Add operation double-precision
ymm reglsters packed floats

_\f'f"f"“ /
mm256 add

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers
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Instruction Naming Convention

e 128-bit 4-wide load (128 I1s omitted) for single precision float

single-precision
Operates on packed floats
Xmm registers elements

SN
mm. loadu_ps

""" el

Load from memory .
: Data in memory
to xmm register :
can be unaligned

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers
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Instruction Naming Convention

e More Examples
o 8-wide float addition: _mm256_add_ps
o 16-wide absolute value of 16-bit ints: _mm256_abs_epil6
o 4-wide float subtraction: _mm_sub_ps (128 is omitted)

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers
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Categories of Vector Instructions

Arithmetic and Logic
Compare

Load/Store

Shuffle (Swizzle)
Masks

S o kW M

Non-SIMD

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers

35



1. Arithmetic and Logic

e Types

oadd, sub, mul, div, and, or, not, xor

e Example

~ m128i mm_add epi32 (__ml128i a, ~ ml28i b) {
for j := 0 to 3 {
i 1= j*32
dst[i+31:i] := a[i+31:1i] + b[i+31:i]
}

return dst upper lower

} (1) xmm2

a

(2) xmm3/mi12E

b

(3] xmml

FETUrnS
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1. Arithmetic and Logic

e Types
omul
e Example
~ m256i mm_mul epi32 (__m256i a, _ m256i b) {
for j := 0 to 3 {
i := j*64
dst[i+63:i] := a[i+31:1i] * b[i+31:i]
}
dst[MAX:256] := ©
return dst . .
} W ymmz | I I I I I

(2) ymm3/m256 I I I I I I

(3) ymml I I I
returns

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers
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2. Compare

e Types
o "Normal” comparisons: sets lanes to ones If true
o AVX-512 comparisons: sets mask register (%k@ - %k7)

e Example
~ m128 mm_cmp ps (__ml128 a, _ ml28 b, const int imm8) {
CASE (imm8[4:0]) {
©0: OP := CMP_EQ_0OQ
1: OP := CMP_LT 0S

31: OP := _CMP_TRUE_US
}
for j 1= 0 to 3 {
i 1= j*32
dst[i+31:1] := ( a[i+31:i] OP b[i+31:i] ) ? OxFFFFFFFF : @
¥
dst[MAX:128] := @
}
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3. Load/Store

e Types
o Aligned load/store (e.g., vmovaps)
o Unaligned load/store (e.g., vmovups)
o Streaming load/store (e.g., vmovntps)
+ Streaming writes are 2x faster than normal writes

e Example
__m256 _mm256 loadu ps (float const * mem_addr) {

dst[255:0] := MEM[mem_addr+255:mem_addr]
dst[MAX:256] := ©
}

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers
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4. Shuffle: Blending

e Shuffle operation: blend

e Example
~ m128 mm_blendv_ps( m128 vl, m128 v2,  m128 mask)

upper lower

XMMO fixed
mask

CERMnE opt: specifyOor 1 inthe highest bitof each float.
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4. Shuffle: all-to-all shuffle

» Shuffle operation: shuffle

e Example
~ m128i _mm_shuffle epi8( m1l28i a, @ ml28i b)

upper lower
xmmz [15|1a]1s]12]11f10]ofsf7]|e|s]a|s]2]1]o0]
a | » !

......

e (LT TTTTTTTTTTITTIT

MELLIMNS

each byte of xmm2,/m123:
bit 7 == O specifies copying, bit3:0 specifies0to 15

bit 7 == 1 specifies zero clearing
© 2008-2024 by the |
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4. Shuffle: unpack

e Shuffle operation: unpackhi & unpacklo

e Example
~ m128 _mm _unpackhi ps(_ml128 a,  ml128 b)

Upper lower

et |08 | 2 | 1 | o

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers
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5. Non-SIMD: dot product instructions

e Non-SIMD operation: madd

e Example
~ m128i _mm_maddubs epil6( ml128i a, m1l28i b)

upper lower

(1) xmmg|~::|A|clnlc|n|c|ﬂ|c|n|c|p~|c|n|c|nI
(2) xmm3/m128 |D|EID|EIDIE|DIEIDIEIDIEIDIB|DIEI

(3] xmimi | I I I I I I I I

Calculate A*B+C*D and set to each WORD of (3). Signed saturation: set -32768 / 32767 on overflow.
Each BYTE of (1) is unsigned. Each BYTE of (2] issigned.

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers 43



5. Non-SIMD: addsub

| (a+bi)(c+di) = (ac - bd) + (ad + bc)i
e Non-SIMD operation: addsub

e Example
__m256d _mm256_addsub _pd( m256d a, = m256d b) {

for j =0 to 3 {

i := j*64
if ((J &1) ==9)
dst[i+63:1] := a[i+63:1i] - b[i+63:1i]
else
dst[i+63:i] := a[i+63:1i] + b[i+63:1]
}
upper lower

returns 3 2 1 0
© 2008-2024 by the MIT6.172 "= 44




And a lot more Instructions..

Intel® Intrinsics Guide

Updated Version
08/10/2022 3.6.3

Instruction Set
O MMX
[JssE
OssEz

f Osses

[l Ossse3

| Ossean

| Osseaz

fOavx

Ioavxe

JOrma

| ECA

O avx-s12

[ Dkne

O amx
OsvML
O Other

Categories

[J Application-Targeted
[J Arithmetic

[] Bit Manipulation

O Cast

[J Compare

[J Convert

[J Cryptography

[ Elementary Math Functions
[ General Support

[J Load

[JLogical

O Mask

[J Miscellaneous
[JMove

[0 OS-Targeted

[ Probability/Statistics
[JRandom

[J Set

Ol chi

Q)‘) Give Feedback @&

Q‘:}w-.l “h Intel Intrinsics

Ivoid _mm_2intersect_epi32 (_ ml28i a, _ ml28i b, _ mmask8* kl, _ mmask8* k2)
Ivoid _mm256_2intersect epi32 (_ m2561i a, _ m256i b, _ mmask8* k1,  mmask8* k2)
Ivoid _mm512_2Zintersect_epi32 (__m512i a, __mdlZ2i b, _ mmasklé* kl, _ mmasklé* k2)
Ivoid _mm_2intersect epifd (_ ml28i a, _ ml28i b, _ mmask8* k1, _ mmask8* k2)
Ivoid _mm256_2intersect_epi64 (__m256i a, __m256i b, _ mmask8* kl, _ mmask8* k2)
Ivoid _mm512 2intersect _epi6d (_ m512i a, _ mb512i b, _ mmask8* kl, _ mmask8* k2)

_ m512i mm512 4dpwssd_epi32 (_ m512i src, _ m512i a0, _ m512i al, _ m512i a2, _ mdl2i a3, _ ml28i * b)

_ m5121i mm512 mask_4dpwssd_epi32 (_ m512i src, _ mmasklé k, _ m512i a0, _ m512i al, _ m512i a2, _ m512i a3, _ ml28i * b)

_ m512i mm512 maskz 4dpwssd epi32 (_ mmaskl6é k, _ m512i src, _ mbl2i a0, _ mb5l2i al, _ m512i a2, _ m512i a3, _ ml28i * b)

_ m512i mm512_ 4dpwssds_epi32 (_ m512i src, _ m512i a0, _ m512i al, _ m512i a2, _ m512i a3, _ ml28i * D)

_ m512i mm512 mask ddpwssds_epi32 (_ m512i src,  mmaskl6 k, _ m512i a0, _ m512i al, _ m5121i a2, _ m512i a3, _ ml28i * b)

__m512i _mm512 maskz_4dpwssds_epi32 (__mmasklé k, _ mdl2i src, _ m512i a0, _ md12i al, _ mdl2i aZ, _ mdl2i a3, _ ml28i * b)

_ m512 mm512_4fmadd ps (_ m512 src, _ m512 a0, _ m512 al, _ m512 a2, _ m512 a3, _ ml28 * D)

_ m512 mm512_mask_4fmadd_ps (__mdl2 src, _ mmasklé k, _ m512 al, _ m512 al, _ m512 a2, _ mdl2 a3, _ ml28 * D)

__m512 _mm512_maskz_4fmadd_ps (__mmasle k, __m512 src, _m512 ao, __m512 al, __m512 az, __m512 a3, _m128 * b)

_ ml28 mm_4fmadd ss (_ ml28 src, _ ml28 a0, _ ml28 al, _ ml28 a2, _ ml28 a3, _ ml28 * b)

Synopsis
m128 _mm_mask_4fmadd_ss (_ml28 src, _ mmask8 k, _ ml28 a0, _ ml28 al, _ ml28 a2, _ ml28 a3, _ ml28 * b)

#include <immintrin.h>

Instruction: v4fmaddss xmm {k}, xmm, ml28
CPUID Flags: AVXS512 4FMAPS
Description
Multiply the lower single-precision (32-bit) floating-point elements specified in 4 consecutive operands a0 through a3 by corresponding element in b, accumulate with the lower element in 3, and store

the result in the lower element of dst using writemask k (the element is copied from a when mask bit 0 is not set).

Operation
dst[127:0] := src([127:0]
IF k[0]

FOR m := 0 to 3

dst.fp32([0] := dst.fp32[0] + a{m}.fp32[0] * Cast_FP32(MEM[addr+31:addr])
ENDFOR
FI
dst [MAX:128] := 0

_ ml28 mm_maskz_4fmadd_ss (__mmask8 k, _ ml28 src, _ ml28 a0, _ ml28 al, _ ml28 a2, _ ml28 a3, _ ml28 * b)

|
|
|
|
|
|
i
|
|
|
|m12l _mm_mask_4fmadd_ss (_ ml28 src, _ mmask8 k, _ ml28 a0, _ ml28 al, _ ml128 a2, _ ml28 a3, _ ml28 * b)
|
|

mE1?  mmR12 Afnmadd ne [ mB12 v wmE12 an m512 = me12 a7 m&12 a3 m128 * ki

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers
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LET IT BE VECTORIZED
(BY THE COMPILER)

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers
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Vectorizing Compiler

e TWO types of Vectorizers
o Loop Vectorizer
o Superword Level Parallelism (SLP) Vectorizer

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers
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Loop Vectorization

Fors (dmit
b T "=
tc =
t =
AT

i=0; 1<n; i++) {

b[i];

c[i];
tb + tc;
t;

* Randy Allen and Ken Kennedy. Automatic Translation of FORTRAN Programs to Vector Form. TOPLAS 1987
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Loop Vectorization

Fors (dmit
b T "=
tc
t =
AT

¥

Fory (dmt
b e =
tc =
t =

i=0; 1<n; i++) {
b[i];

c[i];

tb + tc;

t;

il =@ Aol = 2 )
b[i:i+2];

c[i:i+2];

tb + tc;

al[i:i+2] = t;

}

The entire loop body Is vectorized.
In order to do this the loop has to be ‘parallelizable’
Non-trivial analysis by the compiler

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers

* Randy Allen and Ken Kennedy. Automatic Translation of FORTRAN Programs to Vector Form. TOPLAS 1987
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SLP Vectorization

.F

¥

or T (inE iy =%6,; 1 <®nnif+), {
iGb e "=""b [ 1]
tc = ¥{c [l 3| &
t = tb + tc;
a[i] = t;
For T (LmEl iy, =0, 1 <=1 "= 2)
iEb e "=""b [ 1]
tc = ¥{c [l 3| &
t = tb + tc;
21| Dol N

J
tb2 = b[i+l];
a2 “E=te ki s
T2 W =, tThZ +"tck
al i =25

First Unroll the loop

50



SLP Vectorization

for S (ime 1y ="0,; "1 &n5niFr), {
a4 =" I
tc = (e [l 4| 5
t = tb + tc;
QT e =Ll
}
OIS (LM iy =0, 1 - i 5ml =, 2) o
G G F="B!r i
o ol e L]
t =tk Ek
al[i] = t;
tb2 = b[i+l];
a2 =l e I
iy = th2"+%tc2s
ali]e=:1t2;
}

Next, group iIsomorphic instructions

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers



SLP Vectorization

for S (ime 1y ="0,; "1 &n5niFr), {
iab G ="'\ ]
tc = (e [l 4| 5
t = tb + tc;
a[i] = t;
}
FOP T (Mt s, =@, " - <&Smi =, 2)
st e F =" 18]
E2. Sl s e
EEta =gl
GE S e a Gl
t = tb + tc;
52 =<2 tc 2%
afFise =.T;
ali]e=1t2;
}

Next, group iIsomorphic instructions
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SLP Vectorization

For (Lime 1y ="0,; "1 - <&n5niFr), {

iGb e "=""b [ 1]
tc = ¥{c [l 3| &
t =atth =t Gk
a[i] = t;
}
QS Gt iy, =0, 1 - <&l = 2)
N S
e S e e
tc =_sc. N s —> | tb =
Ty o g 1 —— | T C =
t o) R T =p G =
52 M= e tcz;Jrf —p a[i:i+l] =
al[i] = t; §
o 1de=t2s =
}

Finally, pack into vector instructions

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers

b[i:i+1];
c[i:i+1];
Eh 4%t
t;
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SLP Vectorization

for (int 1 =0; 1 < n; i++) {

1]o R W ol [ o

tc = ¥{c [l 3| &

t =atth =t Gk

a[i] = t;

}

tb = b[1:1i+1];
tc = c[i:i+1];
it =R RN
al[i:i+1] = t;

The loop body can be partially vectorized.

No loop analysis is needed, only the loop body.

Need to unroll to be effective

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers
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How good are the Vectorizers?

e Vectorizers are good, but, not ubiquitous
o Some complex code get vectorized

o But-- some very simple code does not! Autovzcégrized

o Need to pay attention

S. Maleki, Y. Gao, M. J. Garzam, T. Wong and D. A. Padua, "An
Evaluation of Vectorizing Compilers,” 2011 International Conference
on Parallel Architectures and Compilation Techniques, 2011
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How good are the Vectorizers: A Case Study

o A matrix-vector multiplication kernel frrom TVM

void

dot 16x1x16 uint8 int8 int32(
uint8 t datalrestrict 4],
int8 t kernel [restrict 16][4]
int32 t output[restrict 16])
for (int 1 = 0; 1 < 16; i++)

14

{

for (int k = 0; k < 4; k++)

output[i] +=
datal[k] * kernel[i] [k]

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers
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mov zx
movsx
imul
movsx
movzx
imul
movzx
movsx
imul
movsx
movzx
imul
add
add
add
add
mov
mov zx
movsx
imul
movsx
movzx
imul
movzx
movsx
imul
movsx
movzx
imul
add
add
add
add

movzx
movsx
imul
movsx
movzx
imul
movzx
movsx
imul
movsx
movzx
imul
add
add
add
add

mov zx
movsx

ICC (1x)

rlld, [rdi]
eax, [rsi]
rlld, eax
ecx, [l+rsi]
r8d, [l+rdi]
r8d, ecx
rl0d, [2+rdi]
r9d, [2+rsi]
r10d, r9d
eax, [3+rsi]
ecx, [3+rdi]
ecx, eax
rlld, [rdx]
rlld, r8&d
rlld, rl0d
rlld, ecx
[rdx], rlld
r9d, [rdi]
rild, [4+rsi]
r9d, rlld
eax, [5+rsi]
r8d, [l+rdi]
r8d, eax
eax, [2+rdi]
ecx, [6+rsi]
eax, ecx
r10d, [7+rsi]
rlld, [3+rdi]
rlld, ril0d
ro9d, [4+rdx]
r9d, r8d
r9d, eax
r9d, rlld
[4+rdx], r9d
r8d, [rdi]
r9d, [8+rsi]
r8d, rad
eax, [9+rsi]
ecx, [l+rdi]
ecx, eax
r1l0d, [2+rdi]
r9d, [10+rsi]
r1l0d, rod
rlld, [1l+rsi]
eax, [3+rdi]
eax, rlld
r8d, [8+rdx]
r8d, ecx
r8d, rlod
r8d, eax
[8+rdx], r8d
ecx, [rdi]
r8d, [12+rsi]

GCC (1.5x)

vmovdga xmm0O, .LCO[rip]
vmovdqu xmml, [rsi]
vmovdqu xmm3, [rsi+16]
vmovdqu xmm2, [rsi+32]
vmovdqu xmmé6, [rsi+48]
vpand xmml0, xmm0, xmml
vpsrlw xmml, xmml, 8
movzx r9d, [rdi]

vpand xmm4, xmm0O, xmm3
vpsrlw xmm3, xmm3, 8
movzx ecx, [rdi+2]

movzx eax, [rdi+3]
vpackuswb xmm4, xmmlO, xmm4
vpackuswb xmml, xmml, xmm3
vpand xmml0, xmm0, xmm2
movzx r8d, [rdi+l]

vpand xmm3, xmm0, Xmmé6
vpsrlw xmm2, xmm2, 8
vmovd xmm8, r9d

vpackuswb xmm3, xmml0, xmm3
vpsrlw xmm6, xmmé, 8
vpand xmml0, xmm0, xmmé
vpackuswb xmm2, xmm2, xmmé
vpsrlw xmmd4, xmmé4, 8
vpand xmm6, xmm0, xmm3
vpsrlw xmm3, xmm3, 8
vpackuswb xmml0, xmml0, xnmm6
vpbroadcastw xmm8, xmm8
vpackuswb xmmé, xmm4, xmm3
vpand xmm3, xmm0, xmml
vpand xmm0, xmm0, Xmm2
vpackuswb xmm3, xmm3, xmmO
vpsrldg xmm0, xmml0, 8
vpmovsxbw xmm4, xmml0
vmovd xmm7, r8d

vpmullw xmmé4, xmm4, xmm8
vpmovsxbw xmm0, xmm0
vpmullw xmm0O, xmm0, xmm8
vpsrlw xmm2, xmm2, 8
vpbroadcastw xmm7, xmm7
vpmovsxbw xmm8, xmm3
vpsrldg xmm3, xmm3, 8
vmovd xmm9, ecx

vpmullw xmm8, xmm8, xmm7
vpsrlw xmml, xmml, 8
vpbroadcastw xmm9, xmm9
vpmovsxbw xmm3, xmm3
vpackuswb xmml, xmml, xmm2
vmovd xmm5, eax

vpmullw xmm3, xmm3, xmm7
vpmovsxbw xmm7, xmm6
vpbroadcastw xmm5, xmm5
vpmullw xmm7, xmm7, xmm9
vpsrldg xmm2, xmm6, 8

s sl e L <o

Clang/LLVM (2.2x)

movzx eax, [rdi + 3]
vpbroadcastd zmm8, eax
movzx eax, [rdi + 2]
vpbroadcastd zmm9, eax
movzx eax, [rdi + 1]
vpbroadcastd zmml0, eax
movzx eax, [rdi]
vpbroadcastd zmmll, eax
vmovdqu xmm0, [rsi]
vmovdqu xmml, [ 6]
vmovdqu xmmé, [rsi + 32]
vmovdqu xmm7, [rsi + 48]
vmovdga xmm2, [rip + .ICPIO 0]
vpshufb xmm3, xmm7, xmm2
vpshufb xmm2, xmm6, xmm2
vpunpckldg xmm2, xmm2, xmm3
vmovdga xmm3, [rip + .ICPIO 1]
vpshufb xmm4, xmml, xmm3
vpshufb xmm3, xmm0, xmm3
vpunpckldg xmm3, xmm3, xmm4
vpblendd xmml2, xmm3, xmm2, 12
vmovdga xmm3, [rip + .ICPIO_ 2]
vpshufb xmm4, xmm7, xmm3
vpshufb xmm3, xmm6, xmm3
vpunpckldg xmm3, xmm3, xmmé
vmovdga xmm4, [rip + .ICPIO_ 3]
vpshufb xmm5, xmml, xmm4
vpshufb xmm4, xmm0, xmm4
vpunpckldg xmm4, xmm4, xmm5
vpblendd xmm3, xmm4, xmm3, 12
vmovdga xmm4, [rip + .ICPIO 4]
vpshufb xmm5, xmm7, xmmé
vpshufb xmm4, xmm6, xmmé
vpunpckldg xmm4, xmm4, xmm5
vmovdga xmm5, [rip + .ILCPIO_5]
vpshufb xmm2, xmml, xmm5
vpshufb xmm5, xmm0, xmm5
vpunpckldg xmm2, xmm5, xmm2
vpblendd xmm2, xmm2, xmm4, 12
vmovdga xmm4, [rip + .ICPI0_6]
vpshufb xmm5, xmm7, xmm4
vpshufb xmm4, xmmé6, xmmé
vpunpckldg xmm4, xmmé4, xmm5
vmovdga xmm5, [rip + .ICPIO 7]
vpshufb xmml, xmml, xmm5
vpshufb xmm0, xmm0, xmm5
vpunpckldg xmm0, xmm0, xmml
vpblendd xmm0O, xmmO, xmm4, 12
vpmovsxbd zmml, xmml2
vpmulld zmml, zmmll, zmml
vpaddd zmml, zmml, [rdx]
vpmovsxbd zmm3, xmm3

vpmulld zmm3, zmml0, zmm3
vpmovsxbd zmm2, xmm2

=
1]
2.

W

VeGen (11x)

vmovdaqu 64 zmm0, [rdx]
vpbroadcastd zmml, [rdi]
vpdpbusd zmm0, zmmO, [rsi]
vmovdaqu 64 [rdx], zmmO
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What makes it hard for the compiler to vectorize

1 Loop with unknown trip count
2 Cannot prove independence
3 Loop carried dependences

4 Reductions

5 Control-flow
6 Non-contiguous data

7 Cost model failures
8 Vectorization of function calls

9 Different hardware versions

See https://llvm.org/docs/Vectorizers.html for more info.
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https://llvm.org/docs/Vectorizers.html
https://www.godbolt.org/z/MacxsGWsv
https://www.godbolt.org/z/8fYcPz3Wv
https://www.godbolt.org/z/z146WG3de
https://www.godbolt.org/z/4n8zEbbsT
https://www.godbolt.org/z/jojKnEnv4
https://www.godbolt.org/z/PzYc9jqaf
https://www.godbolt.org/z/ME15GTesM
https://godbolt.org/z/r5szGsaK4
https://www.godbolt.org/z/5Mcq9Pors
https://www.godbolt.org/z/Pvn1KM3rx

What makes it hard for the compiler to vectorize

Go to godbolt.org and try

-03 -mavxb12vnni -ffast-math -fno-unroll-loops

1 Loop with unknown trip count
2 Cannot prove independence
3 Loop carried dependences

1 Reductions

5 Control-flow

6 Non-contiguous data

7 Cost model failures

8 Vectorization of function calls
9 Different hardware versions

https://www.godbolt.org/z/MacxsGWsv

https://www.godbolt.org/z/8fYcPz3Wv

https://www.godbolt.ora/z/z146WG3de

https://www.godbolt.ora/z/4n8zEbbsT

https://www.godbolt.org/z/jojKnEnv4

https://www.qodbolt.ora/z/PzYc9|gaf
https://www.godbolt.ora/z/ME15GTesM

https://godbolt.org/z/r5szGsakK4

https://www.godbolt.org/z/5Mcg9Pors

https://www.godbolt.org/z/Pvn1KM3rx

See https://llvm.org/docs/Vectorizers.html for more info.
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https://www.godbolt.org/z/MacxsGWsv
https://www.godbolt.org/z/8fYcPz3Wv
https://www.godbolt.org/z/z146WG3de
https://www.godbolt.org/z/4n8zEbbsT
https://www.godbolt.org/z/jojKnEnv4
https://www.godbolt.org/z/PzYc9jqaf
https://www.godbolt.org/z/ME15GTesM
https://godbolt.org/z/r5szGsaK4
https://www.godbolt.org/z/5Mcq9Pors
https://www.godbolt.org/z/Pvn1KM3rx
https://llvm.org/docs/Vectorizers.html

1. Loop with unknown trip count

void bar(float * A, float K, int start, int end) {
for (int i = start; i < end; ++i)
A[i] = K;
}

void bar(float * A, float K, int n) {
ho R CITHTE Y BV=10 " < )
A[i] = K;
}

void bar(float * A, float K) {
for (int 1 = 0; i < 1024; ++i)
A[i] = K;
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1. Loop with unknown trip count

1 bar: # @bar 1 bar: # @bar 1 bar: # @bar
2 cmpl %edx, %esi 2 testl %esi, %esi 2 vbroadcastss %xmme, %zmmo
3 jge .LBBO 8 3 jle .LBB@ 13 3 xorl %eax, %eax
4 movslg %esi, %rsi 4 movl %esi, %eax 4 .LBBO_1: # =>This Inner Loop Header: Depth=1
5 movslg %edx, %rax 5 cmpl $8, %esi 5 vmovups %zmm@, (%rdi,%rax,4)
6 movq %rax, %rcx 6 Jjae .LBB® 3 6 addq $16, %rax
7 subq %rsi, %rcx 7 xorl %ecx, %ecx 7 cmpq $1024, %rax # imm = @x400
8 cmpq $8, %rcx 8 jmp .LBB@ 12 8 jne .LBBO 1

9 jae .LBBO 3 9  .LBBE_3: 9 vzeroupper

10 movq %rsi, %r8 18 cmpl $16, %esi 10 retq

11 jmp .LBBO_ 14 11 jae -LBBB 5

12 .LBB@_3: 12 xorl %ecx, %ecx

13 cmpq $16, %rcx 13 jmp .LBB@ 9

14 jae .LBBO 9 14  .LBB@ 5:

15 xorl %edx, %edx 15 movl %eax, %ecx

16 jmp .LBB@ 5 16 andl $-16, %ecx

17 .LBB@_9: 17 vbroadcastss %xmm@, %zmml

18 movq %rex, %rdx 18 leaq (,%rax,4), %rdx

19 andq $-16, %rdx 19 andq $-64, %rdx

20 vbroadcastss %xmme, %zmml 20 xorl %esi, %esi

21 leaq (%rdi,%rsi,4), %r8 21 .LBB@_6: # =>This Inner Loop Header: Depth=1

22 xorl %rod, %rod 22 vmovups %zmml, (%rdi,%rsi)

23 .LBBO_l0: # =>This Inner Loop Header: | 23 addq $64, %rsi

24 r9,4) 24 cmpq %rsi, %rdx

25 addq $16, %r9 25 jne .LBB® 6

26 i 26 cmpq Xrax, Xrcx

27 jne .LBBO 1@ 27 je .LBB@ 13

28 cmpq %rdx, %rcx 28 testb  $8, %al

29 3 cnmeimi 29 je .LBB@ 12

30 tpstb $8, %cl 30 .LBB@_9:

31 jje .LBB@ 5 31 movq %rcx, %rdx

32 addq APSL, ZlUX 32 movl %eax, %ecx

33 movq %rdx, %r8 33 andl $-8, %ecx

34 Jjmp .LBBO 14 34 vbroadcastss %xmm@, S%ymml

35 .LBBO_5: 35 .LBB@_18: # =>This Inner Loop Header: Depth=1

36 movg %rcx, %ro 36 vmovups %ymml, (%rdi,%rdx,4)

37 andq $-8, %r9 37 addq $8, %rdx

38 leaq (%r9,%rsi), %r8 38 cmpq %rdx, %rcx

39 vbroadcastss %xmm@, Zymml 39 jne .LBB@ 10

49 leaq (%rdi,%rsi,4), %rsi 49 cmpq %rax, %rcx

41 .LBB@_6: # =>This Inner Loop Header: ' 41 je .LBB@ 13

42 X, 4) 42 .LBB@_12: # =>This Inner Loop Header: Depth=1

43 I addq $8, %rdx i 43 vmovss %xmm@, (%rdi,%rcx,4)

44 = = 44 incq %rex

45 jne .LBBO 6 45 cmpq #rex, %rax

46 cmpq %r9, %rcx 46 Jjne .LBBO 12

47 je .LBBO 8 a7 .LBB@_13:

48 .LBB@_14: # =>This Inner Loop Header: ' 48 vzeroupper

49 vmovss %xmm@, (%rdi,%r8,4) a9 r‘etd

50 incq %r8

51 cmpq %rg, %rax

52 jne .LBBO 14

53 .LBBO_8:

54 vzeroupper
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2. Cannot Prove Independence

void bar(float * A, float * B) {
for (int 1 =0; 1 < 4; ++1)
A[i] += B[1i];

10

20

30

40

50

60

70

80
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2. Cannot Prove Independence

void bar(float *
fiorg C1HtE- Y=
A[i] += B[}

Mfloat™* B)#
4 1 < 4; ++1)

J

Serial execution: In scalar
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2. Cannot Prove Independence

void bar(float *
fiorg C1HtE- Y=
A[i] += B[}

Mfloat™* B)#
4 1 < 4; ++1)

J

70

80

Parallel execution: in vector of width 2
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2. Cannot Prove Independence

void bar(float * A, float * B) {
for (int 1 = @ i ]
A[i] += B[i

10

20

30 | 40 | 50 | 60 | 70 | 80
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2. Cannot Prove Independence

void bar(float * A, float * B) {
ho R (1ThE-YIV=N0/, " <y i)
A[1] += B[Y];

Parallel execution: in vector of width 2

e VVector Results # Scalar Results
e Memory overlap — Dependence violated
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2. Cannot Prove Independence

void bar(float * A, float * B) {
for (int 1 = 0; i < 1024; ++i)
A[i] += B[1i];
}

e LLVM can still vectorize!
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2. Cannot Prove Independence

sequential

parallel

1 bar: # @bar

2 leaq 4096(%rsi), %rax

3 cmpq %rdi, %rax

4 jbe .LBB® 2

5 leaq 4096(%rdi), %rax

6 cmpq %rsi, %rax

7 jbe .LBB@ 2

8 xorl %eax, %eax

9 +LBBA 6. # =>Thic Toner lgop Header: Denih=1

10 vmovss (%rdi,%rax,4), %xmm@ # xmm@ = mem[@],zero,zero,zero
11 vaddss (%rsi,%rax,4), %xmm@, %xmmo

12 vmovss %xmm@, (%rdi,%rax,4)

13 incq %rax ‘/‘:’/////’1\
14 cmpq $1024, %rax # imm = 6x400

15 jne .LBB@ 6

16 jmp .LBBO 4

17  .LBB@ 2:

18 xorl %eax, %eax

19 .LBB@ 3: # =>This Inner Loop Header: Depth=1

20 vmovups (%rdi,%rax,4), %zmm@

21 vaddps (%rsi,%rax,4), %zmm@, %zmmo
22 vmovups %zmm@, (%rdi,%rax,4)
23 addq $16, %rax
24 cmpq $1024, %rax # imm = ©x400 “‘:‘/////’1\
25 jne .LBB® 3
26 .LBBO 4:
27 vzeroupper
28 retq
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2. Cannot Prove Independence

void bar(float * A, float * B) {
for (int 1 = 0; i < 1024; ++i)
A[i] += B[1i];

e By checking If the address ranges overlap
o Check the ranges first
o |If overlapping, use scalar implementation
o If not overlapping, use the vectorized implementation

e However, Can save all these hassles by:

void bar(float * restrict A, float * restrict B) {
for (int 1 = 0; i < 1024; ++i)
A[i] += B[i];
}
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2. Cannot Prove Independence

# @bar

# =>This Inner Loop Header: Depth=1

# xmm@ = mem[@],zero,zero,zero

# imm = @x4ee

# =>This Inner Loop Header: Depth=1

# imm = @x400

1 bar:

2 leaq 4096(%rsi), %rax

3 cmpq %rdi, %rax

4 jbe .LBB® 2

5 leaq 4096(%rdi), %rax

6 cmpq %rsi, %rax

7 jbe .LBB@ 2

8 xorl %eax, %eax

9  .LBBO 6:

10 vmovss (%rdi,%rax,4), %xmm@
11 vaddss (%rsi,%rax,4), %xmm@, %xmmo
12 vmovss %xmm@, (%rdi,%rax,4)
13 incq %rax

14 cmpq $1024, %rax

15 jne .LBB@ 6

16 jmp .LBBO 4

17  .LBB@ 2:

18 xorl %eax, %eax

19  .LBBO 3:

20 vmovups (%rdi,%rax,4), %zmm@
21 vaddps (%rsi,%rax,4), %zmm@, %zmmo
22 vmovups %zmm@, (%rdi,%rax,4)
23 addq $16, %rax
24 cmpq $1024, %rax
25 jne .LBB® 3
26  .LBBO@ 4:
27 vzeroupper
28 retq
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Using restrict

bar:

.LBB@_1:

# @bar
xorl %eax, %eax
# =>This Inner Loop Header

vmovups (%rdi,%rax,4), %zmme

vaddps (%rsi,%rax,4), %zmme, %zmmeo

vmovups %zmmo, (%rdi,%rax,4ﬂ

addq $16, %rax

cmpq $1024, %rax # imm = @x400
jne .LBBO 1

vzeroupper

retq
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3. Loop Carried Dependence

void bar(float * restrict A, int n) {
for (int 1 = 1; i < 1024; ++i)
A[i] += AE~TT;
} Ap=T;

A[i-1287;

void bar(float * restrict A, int n) {
horg (1N Y 1V=00 " < Ny ekt 15)
A[i] += A[i+1];
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3. Loop Carried Dependence

|
bar: # @bar
vmovss -4(%rdi), %xmm@ # xmm@ = mem[@],zero,zero,zero
xorl %eax, %eax
.LBBO_1: # =>This Inner Loop Header: Depth=1
vaddss (%rdi,%rax,4), %xmm@, %xmm@
vmovss %xmm@, (%rdi,%rax,4) 2 — 3 .
incq %rax A[l] += A[l_l].’
cmpq $1024, %rax # imm = @x400
jne .LBB@ 1
retd
bar: # @bar
vmovsd -8(%rdi), %xmme # xmm@ = mem[@], zero
xorl %eax, %eax
.LBB@_1: # =>This Inner Loop Header: Depth=1

I.\m.\m_&nﬁ_%:au.l_%mm_l # xmml = mem[@],zero . .

vaddps %xmm@, %xmml, %xmm@ A[ 1 ] += A[ 1 - 2 ] ;
(%rdi %rav 43

Iaddq $2, %rax I

cmpq $1024, %rax # imm = ex4ee
jne .LBB@ 1
retql
Dar: # @oar
xorl %eax, %eax
.LBB@_1: # =>This Inner Loop Header: Depth=1

vmovups (%rdi,%rax,4), %xmme
vaddps -40e(%rdi,%rax,4), %xmphe, %xmme

vmovups %xmm@, (%rdi,%rax,4) A[ i ] += A[ i B 1@@ ] .;

I addq $4, %rax I
cmpq $1024, %rax # imm = 0x400
jne .LBB@ 1
retq
bar: # @bar
xorl %eax, %eax
.LBB@_1: # =>This Inner Loop Header: Depth=1

vmovups (%rdi,%rax,4), %zmm@
vaddps -512(%rdi,%rax,4), %zmge, %zmm@

VMovups %zmma, ('}-ér'di,%r‘ax,-'l) A[ i ] += A[ i - 128 ] ;
I addq

$16, %rax I
cmpq $1024, %rax # imm = ©x4e080
jne .LBB@ 1
vzeroupper
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4. Reductions

int foo(int *A) {
unsigned sum = 0;
for (int i = 0; i < 1024; ++i)
sum += A[i] + 5;
return sum;

}
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4. Reductions

.LCPIO O:
.long 5 # 0x5
foo: # @foo
vpxor  %xmm@, %xmm@, %xmme broadcaSt
xorl %eax, %eax
vpbroadcastd .LCPIQ @(%rip), %zmmli  # zmml = [5,5,5,5,5,5,5,5,5,5,5,5,5,5,5,5]
.LBBO _1: H=> TS —Inmer—toopHMeader - peptirt
vpaddd (%rdi,%rax,4), %zmm@, %zmme@
_ 16 elements at
addq $16, %rax

# imm = Ox400 \

a time

3

jne .LBBO 1
vextracti6d4x4  $1, %zmme, %ymml

vpaddd %zmml, %zmm@, %zmmeo
vextractil2s $1, %ymm@, %xmml
vpaddd Z%xmml, %xmm@, %xmm@

vpshufd $238, %xmm@, %xmml xmme[2,3

Reduction tree
on 16 elements

vpaddd %xmml, %xmm@, %xmme
vpshufd $85, %xmm@, %xmml # xmml
vpaddd %xmml, %xmme, %xmme@

xmmé[1,1,1,1]

vmovd  %xmm@, %eax

vzeroupper
retq
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5. Control Flow

int foo(int *A) {
unsigned sum = 0;
for (int i = 0; i < 1024; ++i)
if (A[i] > 9)
sum += A[1i] + 5;
return sum;

J
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5. Control Flow

.LCPIO O:
.long 5 | # 0x5
foo: # @foo
vpxor  %xmm@, %xmm@, %xmme

xorl %eax, %eax

vpxor  %xmml, %xmml, %xmml

Compute mask

.LBBO 1: # =>This Inner Loop Header: Depth=1 .
vmovdquée4d (%rdi,%rax,4), %zmm2 A[I] > 0 ?
vpcmpgtd %zmm@, %zmm2, %kl

vpaddd %zmml, %zmm2, %zmm2

vpaddd .LCPI@ @(%rip){1tol6}, %zmm2, %zmml {%k1}

dd w/ addg  $16, %rax Update value
d W (9) ;:Zq %iszg,l%rax # imm = 0x400 0n|y |f maSk set
condltlon vextracti6d4x4  $1, %zmml, %ymm@

vpaddd %zmm@, %zmml, %zmm@
vextractil2g $1, %ymm@, %xmml
vpaddd %xmml, %xmm@, %xmm@

vpshufd $238, %xmm@®, %xmml # xmml = xmme[2,3,2,3]
vpaddd %xmml, %xmm@, %xmm@
vpshufd $85, %xmm@, %xmml # xmml = xmme[1,1,1,1]

vpaddd %xmml, %xmm@, %xmm@
vmovd  %xmm@, %eax
vzeroupper

retq

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers



6. Non-contiguous data

void bar(float
fiorg C1HtE- Y=
B[Skt
B[2*i+1] =

}

¥

* restrict A, float * restrict B, float K) {
0; 1 < 1024; ++i) {

Al[i] + K;

A[i] * K;
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6. Non-contiguous data

.LCPI@_@:
Jdong @ # ox0
.dlong 16 # ox18
Jdong 1 # exl
.long 17 # exl1
dlong 2 # Bx2
.long 18 # ox12
Jdong 3 # ox3
.long 19 # ox13
Jdong 4 # ox4
dlong 20 # Ox14
dlong 5 # Ox5
Jdlong 21 # @x15
.long 6 # @x6
.long 22 # ox16
dong 7 # ex7
.Jdong 23 # ex17

.LCPID_1:

.long 8 # Ox8
.long 24 # ex18
Jdong 9 # ox9
.long 25 # ox19
Jdong 10 # @xa
.long 26 # Oxla
Jlong 11 # @xb
.dlong 27 # ox1b
Jdong 12 # oxc
.long 28 # oxlc
Jlong 13 # oxd
.long 29 # 8xld
dong 14 # exe
Jlong 30 # oxle
.long 15 # oxf
.long 31 # ex1f
bar: # @bar
vbroadcastss %xmm@, X%zmmd
xorl %eax, %eax
vmovaps .LCPI@ @(%rip), %zmml # zmml = [e,16,1,17,2,18,3,19,4,20,5,21,6,22,7,23]
vmovaps .LCPIG 1(%rip), %zmm2 # zmm2 = [8,24,9,25,10,26,11,27,12,28,13,29,14,3@,15,31

.LBB@_1: # =>This Inner Loop Header: Depth=1
vmovups (%rdi,%rax,4), %zmm3
vaddps %zmm®, %zmm3, %zmmd
vmulps %zmm@, %zmm3, %zmm3
vmovaps ¥zmmd, %zmmS
vpermt2ps %zmm3, %zmml, %zmm5
vpermt2ps %zmm3, ¥%zmm2, %zmm4
vmovups %zmm4, 64(%rsi,¥rax,8)
vmovups %zmm5, (%rsi,%rax,8)
addq $16, %rax
cmpq $1824, ¥rax # imm = @x400
jne .LBBO 1
vzeroupper
retq
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.LBB@_1:

vbroadcastss %Xmme, %zmmo
xorl %eax, %eax

vmovaps .LCPI® @(%rip), %zmml
vmovaps .LCPI@ 1(%rip), %zmm

,21,6,22,7,23]
,10,26,11,27,12,28,13,29,14,30,15,31]

T Afi] * K

op Header:
vmovups (%rdi,%rax,4), %zmm3
vaddps %zmm@, %zmm3, %zmm4

vmulps %zmm@, %zmm3, %zmm3

vmovaps %zmm4, %zmm5

vpermt2ps %zmm3, %zmml, %zmmS
vpermt2ps %zmm3, %zmm2, %zmm4
vmovups %zmm4, 64(%rsi,%rax,8)
vmovups %zmm5, (%rsi,%rax,8)

addq $16, %rax .
cmpq $1024, %rax # imm = €X USI ng maSkS to
jne  .lBB@ 1

. update values

I



6. Non-contiguous data

void bar(float * restrict A, float * restrict B, int * restrict X) {
for (int 1 = 0; i < 1024; ++i)
B[1] *= A[X[1]];

Indirect Access: Use gather instruction
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6. Non-contiguous data

Base address: |[LEIEN) Indexing vector; | [0 Rl

’Indexed gather

GATHER data:

Base address: | ZEIE1[0)]

Indexing vector: 5 8 0 15 ‘

Indexed gather

SCATTER|  data:

bar: # @bar
xorl %eax, %eax

.LBB@ 1: # =>This Inner Loop Header: Depth=1

vmovups (%rdx,%rax,4), %zmm@

kxnorw %ke, %ke, %kl

vxorps %xmml, %xmml, %xmml

vgatherdps (%rdi,%zmme,4), %zmml {%k1}

vmovups %zmmil, (%rsi,%rax,a) gather from

addq $16, %rax

cmpq $1024, %rax # imm = 0x40 memory
jne .LBBO 1

vzeroupper

retq
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/. Cost Model Failures

e Clang v13 vs Clang v14
ov13 s capable of vectorizing but thinks not profitable.
ov14's updated cost model now thinks it's to vectorize.
o You can get about 30% speedup

void matmul(float a[restrict N]J[N], float b[restrict N][N],
float c[restrict N][N], int N) {
for (int 1 = 0; i < N; i++)
for (int j = 0; j < N; j++)
for (int k = 0; k < N; k++)
c[i][3] += a[i]l[k] * b[k][3l;
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10
11
12
13
14
15
16
17
18
19

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

matmul:

.LBBO_2:

.LBB@_3:

.LBBO_4:

.LBBO_7:

push
push
push
test
jle

lea
xor

mov

imul

xor

lea
vmovss
mov
xor

VMOVSS
vmulss
vaddss
add
add
cmp
jne
VMoVSSs
add
add
cmp
jne
add
add
cmp
jne

pop
pop
pop
ret

7. Cost Model Failures

# @matmul

ris
ri4
rbx
edi, edi
.LBB@® 7
eax, edi

r15, [4*rax]
r8d, r8d
# =>This Loop Header: Depth=1
r9, r8
r9, rax
rl1e, rdx
riid, rild
# Parent Loop BB@_2 Depth=1
ri4, [r9 + riil]
xmm@, dword ptr [rcx + 4*r14] # xmm@ = mem[@],zero,zero,zero
rbx, rie
edi, edi
# Parent Loop BB@_2 Depth=1
xmml, dword ptr [rbx] # xmml = mem[@],zero,zero,zero
xmml, xmml, dword ptr [rsi + 4*rdi]
Xmme@, xmm@, xmml
rdi, 1
rbx, ri5
rax, rdi
.LBB® 4
dword ptr [rcx + 4*r14], xmme
ril, 1
rie, 4
rll, rax
.LBB® 3
rg, 1
rsi, ri5
r8, rax
.LBB® 2

rbx
ri4
ris

© 2008-2024 by the MIT 6.172 and 6.106 Lecturers

3

184

push  rbp

push  rls

push s

push 13

push 12

push by

mov  quord pte [rsp - 28], rex # 8-byte spill
mov  quord pte [rsp - 32], rdx ¥ B-byte Spill
test  odi, odi

ile 880 12

my  red, edi

mov  rd, rsd

and  red, -8

lea 13, [4r9]

mv  re, 9

sl rig, 5

vxorps xnng, xmad, xomd

vmulps yan2, yan2, ysmword ptr [rsi + 4rax]
vaddps yanl, yanl, yse2

add  rax, 8
add  rbx, r20
p re, rax
Ine LBEQ_6

vextractf12s  xm2, ymml, 1
vaddps 1, w1, w2

vperailpd o, o1, 1 # w2 = wm[1,
voddps xan1, wel, xom?
vmovshdup o, ol # xm = (1,
vaddss xnnl, nl, w2
my  rax, 8
wp rE,
mov  rix, quord pr [rsp - 8] # 8-byte Reload
e

688 _a: £ 1n Loop: Header-poe_
mou  rex, 19
tnal rex, rax
lea  rbx, [F15 + 4%ncx]

.80 8 ®  Parent Loop B38_2 De
movss ka2, duard pte [rbx] # w2 = men[0],

vmulss nn2, xam2, dword ptr [rsi e 4°rax)
vaddss anl, sanl, xam2

add  rax, 1
add  rbx, r13
p s, rax
Ine ALBER 9
.LBBR_18
.Lose_12:
pop  rbx
pop 12
pop 13
pop 14
pop 5
pop  rbp

gmp  .iBEe 2
g8 11 ® in Loop: Header-8B8_2 Depth=1
mov  rax, guord ptr [rsp - 16] # 8-byte Aeload
agd  rax, 1
add  rsi, r13
wp  rex, 8
e .Lbge 12
.88 2: # =3This Loop Header: Depth-1
mv  gword pte [rsp - 161, rax ¥ 8-byte spill
il rax, r9
Wy rex, quord p # 8-byte Aeload
1ea [rex +
wov aword pte [rsp - 32] # 8-byte Aeload
wor 124, r12d
mv  aword ptr [rsp - B, rdx # B-byte Spill
Jne .LBER 3
LB38_10: & in Loop: Header=886_3 Depth=2
vmovss duord ptr [rdx + 4r12), sanl
agd  r12, 1
agd 15, 4
wp 12, 18
e -LsBe 11
TR & Parent Loop B3A_2 Depthsl
vmovss xand, dward ptr [rdx + 4%712]  # i = men[0], zera, zero,zero
wp e, 8
jae
xor  eax, eax
ELLNT T )
Lese_s & in Loop: Header-686_3 Depth=2
vblendas xoml, xme, xmdl, 1 # xmml = xan1[e],xme[1,2,3]
mv  rbx, F5
xor  eax, eax
L8885 ®  Parent Loop B39_2 Depth=l
lea  rbp, [rbx + r13]
mov  r11, rbp
sgd r11, r13
lea  rex, [r11 e r13)
lea  rex, [rox + ri3)
lea  ri4, [rdx e ri3)
vmovss an2, @word ptr [F13 + rcx]  # w2 = men[8], zero, zero,zero
vinsertps xnm2, snm2, duord ptr [F13 + rdx], 16 ¥ xnm2 = xnw2[9],mem[@], xm2[2,3]
vinsertps xnm2, wnm2, duord ptr [F13 + r1a], 32 ¥ xnmz = xaw2[9,1]men[a],xmm2(3]
ad s, r13
vinsertps xnm2, wnm2, duord ptr [F13 + r1a), 48 § w2 = xw2[9,1,2],men[0]
movss a3, dward ptr [rbx] # xm3 = mea[8], zera, zero, zera
vinsertps xnmd, xom3, duord pte [rhx + r13], 16 § w3 = xaw3[8],mem[8], xm3(2,3]
vinsertps xod, o3, deord pte (r13 + rbpl, 32 ¢ wned = xaw3[8,1],men(a), km3(3]
vinsertps xnmd, snmd, deard pte [r13 + r11), 48 ¢ xed = xnw3[9,1,2),men[ @)
vinsertf128  ymm2, ymmd, xom2, 1

8]

13,3]

3 Deptn=2

pthel
zera, zero,zero
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8. Vectorization of Function Calls

e Works for a few bullt-in functions
e Note, need to add the exact library to the command line

#include <math.h>

void bar(float * restrict A, float * restrict B) {
for (int 1 = 0; i < 1024; ++i) {
B[i] = sinf(A[i]);
}
}
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8. Vectorization of Function Calls

bar:
pushg %ri5
pushq %ri4
pushq  %rbx
movq %rsi, %rbx
movq %rdi, %rld
xorl %ri5d, %risd
.LBBO 1:
vmovups (%r14,%r15,4)L %y mme
callqg _ZGVdAN8v_sinf@PLT
vmovups %ymm@, (%rbx,%ris,4)
addq $8, %ris
cmpq $1024, %ris
jne .LBBO 1
popq %rbx
popq %rl4
popq %ri5
vzeroupper
retq
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# @bar

# =>This Inner Loop Header: Depth=1

# imm = 9x400
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9. Different Hardware Versions

e Different Intel chips have ditferent vector hardware
o MMX, SSE, SSE2, SSE3, AVX, AVX2, AVX512, AVX512VNNI etc.

void bar(float * restrict A, float * restrict B) {
for (int 1 =0; 1 < 4; ++1)
A[i] += B[1i];
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9. Different Hardware Versions

x86-64 clang 16.0.0 (Editor #1) # X o x x86-64 clang 16.0.0 (Editor #1) # X
x86-64 clang 16.0.0 v [ @ -03-fno-vectorize -ffast-math -fno-unroll-loops B x86-64 clang 16.0.0 v [ @ -03-msse2 -ffast-math -fno-unroll-loops
A~ @ Output..~ YFilter..~ @& Libraries / Overrides + Addnew..~ 4” Addtool...™ A~ ®output..~ YFiter..~ BLibraries J Overrides + Addnew...~ ¢” Addtool...~
1 bar: # @bar e 1 bar: # @bar
2 xorl %eax, %eax 2 xorl %eax, %eax
3 .LBB@_1: # =>This Inner Loop Header: Depth=1 3 .LBB@_1: # =>This Inner Loop Header: Depth=1
4 movss (%rdi,%rax,4), %xmme # xmm@ = mem[@],zero,zero,zero 4 movups (%rsi,%rax,4), %xmme
5 addss  (%rsi,%rax,4), %xmm@ 5 movups (%rdi,%rax,4), %xmml
6 i 3 idi, %rax,4) 6 addps  %xmm@, %xmml
7 7 ) M, irax,4)
] # imm = 6xaoe ’
9 jne .LBBO 1 9 # imm = ©x400
10 retq 10 jne .LBBO 1
11 retq
C' HOutput (0/0) x86-84 clang16.0.0 i - 631ms (118868) ~233 lines filtered |Z  Compiler License C' HOutput (0/0) x86-64 clang 16.0.0 i - 252ms (117678) ~228 lines filtered |=  Compiler License
x86-64 clang 16.0.0 (Editor #1) # X O X x86-64 clang 16.0.0 (Editor #1) # X
x86-64 clang 16.0.0 v 2 @ -03-mavx2 -ffast-math -fno-unroll-loops B x86-64 clang 16.0.0 v [ @ -03-mavx512vnni -ffast-math -fno-unroll-loops
A~ ®output...~ YFilter..~ B Libraries / Overrides =+ Addnew..~ 4 Add tool...~ A~ ®Output..~ YFilter..~ @ Libraries / Overrides + Add new...~ «” Add tool...~
1 bar: # @bar B il 1 bar: # @bar
2 xorl %eax, %eax 2 xorl %eax, %eax
3 .LBB@_1: # =>This Inner Loop Header: Depth=1 3 .LBB@_1: # =>This Inner Loop Header: Depth=1
4 vmovups (%rdi,%rax,4), %ymme 4 vmovups (%rdi,%rax,4), %zmme
5 vaddps (%rsi,%rax,4), %ymm@, %ymm@ 5 vaddps (%rsi,%rax,4), %zmm@, %zmm@
6 6 i, %rax,4)
7 7
8 . 5 — # imm = ©x408 8 ’ 5 - # imm = ©x400
9 jne .LBB® 1 9 jne .LBB® 1
10 vzeroupper 10 vzeroupper
11 retq 11 retq
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Aside: Do | Have SIMD Capabilities?

$ less /proc/cpuinfo

tlags : tpu vme de pse tsc msr pae moe cxB apic sep mitrr pze mca cmov pat p
sedb clflush dits acei mmx fxsrlsse ssef sz bt tm rbc svscal | nix Pdpe1gb dtsce Im con
stant_tsc art archoperfmon pebs bts rep_ JIML|,iuPJLmJ ronstor_tsc cpuid apertme
erf tsc krown frea pri rulmu|1d1 J+c_t4 mnn|+ur d=_cel wmx est tm? ”’“E =cbg| Tma |cx]

B oxter pdom poid|ssed 1 ssed 7 «Yapic movbe popc ont T 4 4||n~ timer aes xsave|awvx [T
16c rdrand lakhf_Im abm nJHH”FrH+c+Lh cpUia_ +1u|+ eph invecid single pti sshd ibrs The
b stibe ter_shadow wrmi flexpriority ept wpid fszshase tsc_adiust bmil lave? smep bmi?

erms irvecid mex rdseed adx smap clf lushoet intel_pt xsaveopt xsavec xe

ethy] wsaves
dtherm ida arat pln pts hwe hwe_not ity bwe_act_window bwe_epp flush_|1d
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BLOOD SWEAT AND TEARS:
HAND VECTORIZATION USING INTRINSICS
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Example: SAXPY

void saxpy(int n, float a, float *restrict x, float *restrict y) {
for (int 1 =0; 1 < n; i++) {
y[i] = a * x[1] + y[i];
}

void saxpy(int n, float a, float *x, float *y) {
int vec _len = 8;
for (int 1 =0; 1 < n % vec_len; i++)
y[i] +=a * x[i];

__m256 va = _mm256_setl ps(a);
for (int 1 = n % vec_len; i < n; i += vec_len) {

_ m256 vx = _mm256_loadu ps(x + i);
__m256 vy = _mm256_loadu_ps(y + 1i);
__m256 ax = mm256_mul ps(va, vx);

~_m256 axpy = _mm256_add ps(ax, vy);
_mm256_storeu ps(y + i, axpy);
}
}
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Example: SAXPY

void saxpy(int n, float a, float *restrict x, float *restrict y) {
FOR " (Tt P == 0he /T " <& Nk ikt i
y[i] = a * x[i] + y[i];
}
}

e Compiler can do this automatically too.

e Running time (n=1024)
o Vectorized (256-Dbit vector) = 494 cycles
o Scalar = 3309 cycles
o about 6.7x faster.
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Vectorizing Reductions

float sum(int n, float *x) {
for (int i = 0; 1 < n; i++)
e =i
return s;

float sum(int n, float *x) {
int vec_len = 8;
iff0 StS =201 O
for (int 1 = 0; 1 < n % vec_len; i++)
s += x[i];

__m256 v = mm256 set ps(0., 0., 0., 0., 0., 0., 0., S);
for (int 1 = n % vec _len; i < n; i += vec_len) {

~ _m256 vx = mm256 loadu ps(x + 1);

v = mm256_add ps(v, vx);
)i

return reduce_vector(v);

}
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Vectorizing Reductions (cont.)

float reduce _vector( m256 v) {
Vo RO AR V28 4l vo}
- ml28 v.© 4 = mm256 extractil28 si256(v, 0);
o/t e~ A8 =i il% V6, V5, va}
- ml128 v.4 8 = mm256 extractil28 si256(v, 1);
// t = {v3+v7, v2+v6, v1l+v5, vo+va}
- ml128 t = mm_add ps(v_0 4, v 4 8);
// tl = {v2+v6, Vv3+v7, vO+Vv4 v1l+v5}
~ m128 t1 = mm_shuffle ps(t, t, _MM SHUFFLE(2, 3, 0, 1));
[ = V2+V6+Vv3+Vv7, , vO+v4+v1+v5}
. m128 t2 = mm_add_ps(t, tl1);
At 3 o _, V2+4V6+Vv3+Vv7}
_ m128 t3 = _mm_shuffle ps(t2, t2, MM _SHUFFLE(®, ©, 0, 2));
Al i = 1 :.; _, VO+V4+v1+Vv5+Vv2+Vv6+V3+V7}
~ ml128 t4 = mm_add ps(t2, t3);
// Extract the first lane
return _mm_cvtss f32(t4);
}
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Vectorizing Control Flow

void foo(float *restrict x, float *restrict y) {
for (int 1 =0; i < 8; i++) {
if (x[1] < y[i])
x[i] += y[i];

else
x[1] -= y[i];
}
}
__m256 x_vec = mm256_ loadu ps(x);
~_m256 y vec = mm256 loadu ps(y);
_ m256 x 1ty = mm256 cmp ps(x vec, y vec, CMP LT 0S);
~_m256 if true = _mm256 add ps(x_vec, y vec);
~_m256 if false = mm256 sub ps(x_vec,y vec);
~ _m256 result = mm256 blendv_ps(if_true, if false, x 1t y);

_mm256_storeu ps(x, result);
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Vectorizing the Dot Product

void dot_16x1x16(uint8 t *data, int8 t kernel[][4], int32 t *acc) {
for (int 1 = 9; i < 16; i++)
for (int j = 0; j < 4; j++)
acc[i] += data[j] *kernel[i][j];
}

o Compller vectorizes the inner loop ernel
o Similar to a reduction E
*

data

adCC

2.2x faster than scalar
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Vectorizing the Dot Product

void dot_16x1x16(uint8 t *data, int8 t kernel[][4], int32 t *acc) {
for (int 1 = 9; i < 16; i++)
for (int j = 0; j < 4; j++)
acc[i] += data[j] *kernel[i][j];
}

o Compiler vectorizes the inner loop kernel

o Similar to a reduction -
@[] %
©
ACC
dot: # @dot
vpmovzxbd (%rdi), %xmme@ # xmm@ = mem[@],zero,zero,zero,mem[1],zero,zero,zero,mem[2],zero,zero,zero,mem[3],zero, zero, zero I I I I “ I I I | I I I | I |
xorl %eax, %eax
.LBB@_1: # =>This Inner Loop Header: Depth=1
vmovd (%rdx,%rax,4), %xmml # xmml = mem[@],zero,zero,zero [ fa Ster t ha n Sca I a r
vpmovsxbd (%rsi,%rax,4), %xmm2 |
vpmaddwd %xmme, %xmm2, %xmm2
vpaddd %xmml, %xmm2, Z%xmml
vpshufd $238, %xmml, %xmm2 # xmm2 = xmml[2,3,2,3]
vpaddd %xmm2, %xmml, %xmml

vpshufd $85, %xmml, %xmm2 # xmm2 = xmml[1,1,1,1]
vpaddd %xmm2, %xmml, %xmml
vmovd  %xmml, (%rdx,%rax,4)

incq %rax

cmpq $16, %rax
jne .LBBG 1
retﬂ
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Vectorizing the Dot Product

void dot_16x1x16(uint8 t *data, int8 t kernel[][4], int32 t *acc) {
for (int 1 = 9; i < 16; i++)
for (int j = 0; j < 4; j++)
acc[i] += data[j] *kernel[i][j];

}
o Compller vectorizes the inner loop ernel
o Similar to a reduction B
© *
e Can we do better? ©
aCC

2.2x faster than scalar

~ m512i acc_vec = _mm512 loadu _epi32(acc);

// {data@, datal, data2, data3, .., data®, datal, data2, data3}
~ m512i data_vec = mm512 setl epi32(*(int32_t)data);

~ . m512i kernel vec = mm512 loadu_epi32(&kernel);

~mm512 dpbusd_epi32(acc_vec, data _vec, kernel vec);
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Vectorizing the Dot Product

void dot_16x1x16(uint8 t *data, int8 t kernel[][4], int32 t *acc) {
for (int 1 = 9; i < 16; i++)
for (int j = 0; j < 4; j++)
acc[i] += data[j] *kernel[i][j];

}
VPDPBUSD _
o e ‘ kernel
SRC 1 [Ac[As|Az|A; SRR Ae3
8
©
- *
SRC 2 |B,B,|B;B; LR Be3
32-bit acec
SRC3| G Cis = It frrrrr Pt brrg
DEST |+Ab. A8 Cee ROERIE
2.2x faster than scalar
~ m512i acc_vec = _mm512 loadu _epi32(acc); |

778 datao4 Ydatal Rdatadyhdataze” S dataes: G 11x faster than scalar
~_m512i1i data vec = mm512 setl epi32(*(int3z_t)auata);
~ . m512i kernel vec = mm512 loadu_epi32(&kernel);
~mm512 dpbusd_epi32(acc_vec, data _vec, kernel vec);
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Summary

e Vector hardware Is great for performance
o SIMD: Single Instruction Multiple Data
o Architecture 1s changing / improving quickly (latest SIMD generation)

e Compilers can vectorize your code
o However, compilers are finicky
o May have to coax the compiler

e Can also use Intrinsics to hand vectorize
o ‘Assembly programming’
o Hard to keep-up with hardware updates
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