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ÅĎĭĳıĮģĴĢĳĨĮĭ ĳĮ ĘĎĒĉ ĥĮı ĎĭĳĤīŃ ĆıĢħĨĳĤĢĳĴıĤ
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Changing hardware impacts software
More cores, more threads, wider vectors

High performance software must be both

Á Task parallel (multi -process, multi -thread)

Á Data parallel (vectorized)

IntelŃ

XeonŃ

processor
64-bit

IntelŃXeonŃ

processor 
5100 series

IntelŃXeonŃ

processor 
5500 series

IntelŃXeonŃ

processor 
5600 series

IntelŃXeonŃ

processor 
code-named 

Sandy Bridge 
EP

IntelŃXeonŃ

processor 
code-named

Ivy Bridge 
EP 

IntelŃXeonŃ

processor
code-named

Haswell
EP 

Core(s) 1 2 4 6 8 12 18

Threads 2 2 8 12 16 24 36

SIMD 
Width

128 128 128 128 256 256 256

IntelŃĝĤĮĭ ĕħĨĻ 
coprocessor

code-named

Knights Corner

IntelŃĝĤĮĭ ĕħĨĻ įıĮĢĤĲĲĮı Ú 
coprocessor

code-named

Knights Landing

61 72

244 288

512 512
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ĉĮĭœĳ ĴĲĤ Ġ ĲĨĭĦīĤ ĳħıĤĠģ Įı ĵĤĢĳĮı īĠĭĤ
Threading and Vectorization needed to fully utilize modern hardware
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Parallelization and vectorization effect can be huge
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Å Single Instruction Multiple Data (SIMD):

ÁProcessing vector with a single operation

ÁProvides data level parallelism (DLP)

ÁBecause of DLP more efficient than scalar processing

Å Vector:

ÁConsists of more than one element

ÁElements are of same scalar data types
ßĤ!Ħ! ĥīĮĠĳĲ# ĨĭĳĤĦĤıĲ# ,à

Å Vector length (VL): Elements of the vector

Vectorization

Scalar 
Processing

Vector 
Processing

A B

C

+

Ci

+

Ai Bi

Ci

Ai Bi

Ci

Ai Bi

Ci

Ai Bi

VL
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Evolution of SIMD for Intel Processors

Time

Goal:
8x peak FLOPs (FMA) over 4 generations!

2nd Generation

ĎĭĳĤīŃ ĈĮıĤĻ ĕıĮĢĤĲĲĮıĲ

IntelŃ AVX (256 bit): 

Å 2x FP Throughput

Å 2x Load Throughput

P
e

rf
o

rm
a

n
c
e

/C
o

re

3rd Generation

ĎĭĳĤīŃ ĈĮıĤĻ ĕıĮĢĤĲĲĮıĲ

Å Half-float support

Å Random Numbers

4th Generation

ĎĭĳĤīŃ ĈĮıĤĻ ĕıĮĢĤĲĲĮıĲ

ĎĭĳĤīŃ Ćěĝ< ß<?@ ġĨĳà"

Å 2x FMA peak

Å Gather Instructions

Present & Future:

ĎĭĳĤīŃ ĒĎĈ ĆıĢħĨĳĤĢĳĴıĤ#
ĎĭĳĤīŃ Ćěĝ-512:

Å 512 bit Vectors

Å 2x FP/Load/FMA

Since 1999: 

128 bit Vectors
2010 2012 2013

Now & 
Future
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Illustrations : Xi, Yi & results 32 bit integer

ĘĎĒĉ ęĸįĤĲ ĥĮı ĎĭĳĤīŃ ĆıĢħĨĳĤĢĳĴıĤ Ď

X2

Y2

X2ṛY2

X1

Y1

X1ṛY1

063

X2

Y2

X2ṛY2

X1

Y1

X1ṛY1

X4

Y4

X4ṛY4

X3

Y3

X3ṛY3

127 0

ĒĒĝĻ 
Vector size: 64 bit
Data types:
Å 8, 16 and 32 bit integer
VL: 2, 4, 8

SSE
Vector size: 128 bit
Data types:
Å 8, 16, 32, 64 bit integer
Å 32 and 64 bit float
VL: 2, 4, 8, 16
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Illustrations: Xi, Yi & results 32 bit integer

ĘĎĒĉ ęĸįĤĲ ĥĮı ĎĭĳĤīŃ ĆıĢħĨĳĤĢĳĴıĤ ĎĎ

AVX 
Vector size: 256 bit
Data types:
Å 8, 16, 32, 64 bit integer
Å 32 and 64 bit float
VL: 4, 8, 16, 32

ĎĭĳĤīŃ AVX-512 &
ĎĭĳĤīŃ ĒĎĈ ĆıĢħĨĳĤĢĳĴıĤ
Vector size: 512 bit
Data types:
Å 8, 16, 32, 64 bit integer
Å 32 and 64 bit float
VL: 8, 16, 32, 64

X4

Y4

X4ṛY4

X3

Y3

X3ṛY3

X2

Y2

X2ṛY2

X1

Y1

X1ṛY1

0

X8

Y8

X8ṛY8

X7

Y7

X7ṛY7

X6

Y6

X6ṛY6

X5

Y5

X5ṛY5

255

X4

Y4

X4ṛY4

X3

Y3

X3ṛY3

X2

Y2

X2ṛY2

X1

Y1

X1ṛY1

0

X8

Y8

X8ṛY8

X7

Y7

X7ṛY7

X6

Y6

X6ṛY6

X5

Y5

X5ṛY5

X16

Y16

X16ṛY16

511

,

,

,
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SSE Vector Types

ĎĭĳĤīŃ ĘĘĊ

ĎĭĳĤīŃ ĘĘĊ<

4x single precision FP

2x double precision FP

16x 8 bit integer

8x 16 bit integer

4x 32 bit integer

2x 64 bit integer

plain 128 bit
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SSE Generations 
Until 2010

70 new 
instructions

4 single-
precision 
vector FP 

scalar FP 
instructions

cacheability
instructions

control & 
conversion 
instructions

media 
extensions

144 new 
instructions

2 double -
precision 
vector FP 

8/16/32/64 
vector integer

128-bit 
integer

memory & 
power 

management

13 new 
instructions

FP vector 
calculation

x87 integer 
conversion

128-bit 
integer 

unaligned load

thread sync.

32 new 
instructions

enhanced 
packed integer 

calculation

47 new 
instructions

packed integer 
calculation & 
conversion

better 
vectorization 
by compiler

load with 
streaming hint

1999

ĎĭĳĤīŃ

SSE

2000

ĎĭĳĤīŃ

SSE2

2004

ĎĭĳĤīŃ

SSE3

2006

Intel

SSSE3

2007

ĎĭĳĤīŃ

SSE4.1

2008

ĎĭĳĤīŃ

SSE4.2

7 new 
instructions

string (XML) 
processing

POP-Count

CRC32
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Å Packed SSE instructions operate on all elements per vector

Å Most of these instructions have scalar versions operating only on one 
element of vector

Å Avoid scalar versions and only use packed instructions to exploit SIMD 
capabilities!

SSE Packed vs. Scalar

Scalar single-precision FP Addition:

addss xmm2, xmm1

single-precision FP data type
scalar execution mode 

+

a3 a2 a1 a0

b3 b2 b1 b0

a3 a2 a1 a0+b0

Packed single-precision FP Addition :

addps xmm2, xmm1

single-precision FP data type
packed execution mode 

+

a3 a2 a1 a0

b3 b2 b1 b0

a3+b3 a2+b2 a1+b1 a0+b0

xmm1

xmm2

xmm2

xmm1

xmm2

xmm2
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ĎĭĳĤīŃ ĆģĵĠĭĢĤģ ěĤĢĳĮı ĊķĳĤĭĲĨĮĭĲ ßĎĭĳĤīŃ Ćěĝà 
Register Change

Extending vector instructions to 256 bits

ĎĭĳĤīŃ Ćěĝ ĤķĳĤĭģĲ Ġīī ;@ ĝĒĒ ıĤĦĨĲĳĤıĲ ĳĮ <?@ġĨĳ ĞĒĒ ıĤĦĨĲĳĤıĲ

Supported data types for arithmetic operations: Single  and double FP 

Needs operating system support to save/restore registers

ÁLinux since kernel 2.6.33

ÁWindows 7 SP1 or Windows Server 2008 SP1

256 bits ( 2011 )

YMM0

XMM 0

128 bits (1999)
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ĎĭĳĤīŃ Ćěĝ ßĆģĵĠĭĢĤģ ěĤĢĳĮı ĊķĳĤĭĲĨĮĭĲà ěĤĢĳĮı ęĸįĤĲ   
Moving to 256 Bit Registers

ĎĭĳĤīŃ Ćěĝ
(first in Sandy 
Bridge)

ĎĭĳĤīŃ Ćěĝ-2
(first in Haswell )

8x single precision FP

32x 8 bit integer

16x 16 bit integer

8x 32 bit integer

4x 64 bit integer

plain 256 bit

4x double precision FP
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Å Extended VEX encoding (EVEX) to introduce another prefix

Å Extends previous AVX and SSE registers to 512 bit:

Á 32 bit: 8 ZMM registers (same as YMM/XMM)

Á 64 bit: 32 ZMM registers (2x of YMM/XMM)

Å 8 mask registers (K0 is special)

ĔNo penalty when switching between XMM, YMM and ZMM!

ĎĭĳĤīŃ AVX-512 Registers

ZMM0-31 

512 bit

K0-7

64 bit

XMM0-15 

128 bit
YMM0-15 

256 bit3
2

 b
it

6
4

 b
it
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Å Vector Code Generation

Å Compiler & Vectorization

Å Validating Vectorization Success

Å Reasons for Vectorization Fails

Å IntelŃ ĈĨīĪĻ Plus

ÅOpenMP* 4.0

Å Summary
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Å Transform sequential code to exploit vector processing capabilities (SIMD) 
of Intel processors

Á Manually by explicit syntax

Á Automatically by tools like a compiler

Vectorization of Code

for(i = 0; i <= MAX;i ++)

c[i] = a[i] + b[i];

+

a[i]

b[i]

c[i]

+

a[i+7] a[i+6] a[i+5] a[i+4] a[i+3] a[i+2] a[i+1] a[i]

b[i+7] b[i+6] b[i+5] b[i+4] b[i+3] b[i+2] b[i+1] b[i]

c[i+7] c[i+6] c[i+5] c[i+4] c[i+3] c[i+2] c[i+1] c[i]
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