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By Chris Lomont

Intel® Advanced Vector Extensions (AVX} a set of instructions for doing Single Instruction
Multiple Data (SIMD) operations on Inte® architecture CPUs These instructions extendorevious
SIMD offerings (inder the acronymsMMXand SSE by adding the following new features:

¢ The 128-bit SIMDregisters have been expandedo 256 bits. Intel® AVX is designed to
support 512 or 1024 bits in the future.

¢ Three-operand, nondestructive operatons have been addedPrevioustwo-operand
instructions performed operations such asA = A + B, which overwrites a sourceoperand;
the newoperandscan performoperations like A=B + C, leaving theoriginal source
operandsunchanged

¢ A few instructions takefour-register operands allowing smaller and faster code by
removing unnecessary instructions

¢ Memory alignment requirements for operands are relaxed.

¢ A new extension coding scheme (VEXpgs beendesigned to make future additions esier
as well as making coding of instructions smalleand faster to execute

Closely related to theseadvancesare the new Fuse@Multiply zAdd (FMA) instructions, which

allow faster and more accurate specialized operations such as single instructioreA* B+ C. The
FMA instructions should be available in thsecondgeneration Intel® CoréA CPU Other features
include new instructions for dealing with Advanced Encryption Standard (AES2ncryption and
decryption, apacked carryless multiplication operation (PCLMUIQDQ) useful for certain
encryption primitives, and some reserved slots for future instructionssuch as a hardware random
number generator.
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The new instructions are encoded using what Intel calls ¥EX prefixwhich is a two- or three-byte
prefix designed to clean up the complexity of current and future x86/x64 instruction encoding.
The two new VEX prefixes are formed from two obsolete 3RBit instructions? Load Pointer Using
DS(LDS 0xC4 3-byte form) and Load Pointer Using ESLES 0xC5 two-byte form)? which load
the DS and ES segment registers in 3t mode. In 64-bit mode, qocodesLDSand LES generate an
invalid-opcode exceptionbut under Intel® AVX these opcodesre repurposed for encoding new
instruction prefixes. As a lesult, the VEX instructions can only be used when running in @it
mode. The prefixes allow encoding more registershan previous x86 instructions and are requirel
for accessing thenew 256-bit SIMDregisters or using the three and four-operand syntax. As a
user, you do not need to worry about thisOT 1 A OO ting@sdnblersoQlisassemblery.
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Note The rest of this article assumes operation in 64it mode.

SIMD instructions allow processing of multiple pieces of data in a single step, speeding up
throughput for many tasks from video encodingand decoding to image processing to data
analysis to physics simulationsintel® AVX instructions work onlnstitute of Electrical and
Electronics EngineerqIEEE)-754 floating-point values in 32-bit length (called single precision
and in 64-bit length (called double precisiol. IEEE-754 is the standard definirg reproducible,
robust floating-point operation and is the standard for most mainstream numerical computatios

The older, related SSE instructions alsgsupport various signed and unsigned integer sizes,

including signed and unsigned byte (B, -®it), word (W, 16-bit), doubleword (DW, 32-bit),

guadword (QW, 64bit), and doublequadword (DQ, 128bit) lengths. Not all instructions are

available in all size conbinations; for details, see thelinks providled ET  O&1T O -1 OBSed 1 &£l C
Figure 2 later in this article for a graphical representation of thedata types

The hardware supportingIntel® AVX(and FMA)consists of thel6 256-bit YMM registers YMMO
YMM15 and a 32bit control/status register called MXCSRThe YMM registers are aliased over the
older 128-bit XMM registersused for SSEtreating the XMM registers as the lower half of the
corresponding YMM registeras shownin Figure 1.
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remain set until cleared usingLDMXCSRr FXRSTORBIits 7712 mask individual exceptions when set,
initially set by apower-up or reset. Bits @5 represent invalid operation, denormal, divide by zero,
overflow, underflow, and precision respectively For detailsseeOEA 1 ET EO 6 &1 O -1 OA

256 bits 128 bits

YMNIO

YMNIL

YMNIL5

255 128 127 0
Bit #

Figure 1. XMMregisters overlay theYMM registers
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Figure 2 illustrates the data types used in the SSE anidtel® AVX instructions. Roughly, fointel®
AVX, any multiple of 32bit or 64-bit floating-point type that adds to 128 or 256 bits is allowed as
well as multiples of any integer type thatadds to 128 bits.
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Figure 2. Intel® AVXand SSHlatatypes

Instructions often come in scalar and vector versiongsillustrated in Figure 3. Vector versions
operatcby OOAAOET ¢ AAOA ET OEA OA @&anAver€ionBrily oAl 1 Al
on one entry in each register. This distinction allows less data movemerior somealgorithms,

providing better overall throughput.

SIMD Mode Scalar Mode
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Figure 3. SIMD versusscalar operations
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Data ismemory alignedwhen the data to be operated uporasan n-byte chunk is stored on am-
byte memory boundary. For example, when loading 256it data into YMM registers, if the data
source is 256bit aligned, the data is calledaligned.

For SSE operations, memory alignment was required unless explicitly stated. For example, under
SSE, there were sgrific instructions for memory-aligned and memoryunaligned operations,such
asthe movAapPfmove-aligned packed double) andiovupigmove-unaligned packed double)
instructions. Instructions not split in two like this required aligned accesses.

Intel® AVX ha relaxed some memory alignment requirementso nowIntel® AVX by default
allows unaligned accesshowever, this accessmay comeat a performance slowdown, so the old
rule of designing your data to be memory aligned is still good practicd §-byte alignedfor 128-bit
access and 3z2byte aligned for 256-bit access).The main exceptions are th&/EXextended
versions of the SSE instructions that explicitly requireadnemory-aligned data These instructions
still require aligned data. Other specific instructions requiring aligned accessre listed in

Table 2.4 ofthe Intel® Advanced Vector Extensions Programming Referenc@ AA 0&1T O - 1 OA
)T £ OI AGETT6 A& O A 1ETEQ

Another performance concern besides unaligned datasuesis that mixing legacyXMM-only
instructions and newer Intel® AVX instrudions causes delaysso mnimize transitions between
VEXencoded instructions and legacy SSE codgaid another way,do not mix VEXprefixed
instructions and nonzVEXprefixed instructions for optimal throughput. If you must do so,
minimize transitions between the two by grouping instructions of the same VEX/notVEX class.
Alternatively, there is no transition penalty if the upper YMM bits are set to zero viazZEROUPPERI
VZEROALL which compilers should automattally insert. This insertion requires an extra
instruction, so profiling is recommended.
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As mentioned,Intel® AVX adds support for many new instructions and extends current SSE
instructions to the new 256-bit registers, with most old SSE instructions having &-prefixed
Intel® AVX version for accessing new register sizes and thregperand forms.Depending on how
instructions are counted, there are up to a few hundredew Intel® AVX instructions.

For example, the old tweoperand SSEnstruction ADDPS xmm1, xmm2/m128 can now be expressed
in three-operand syntax asvADDPS xmm1, xmm2, xmm3/m128 or the 256-bit register usingthe form
VADDPS ymm1, ynm2, ymm3/m256 . A few instructions allow four operandssuch asvBLENDVPS
ymm1, ymm2, ymm3/m256, ynm4 , which conditionally copiessingle-precision floating-point values
from ymm20r ymm3/m256 to ymmibased on masks iymm4 This is an improvement onthe previous
form, where xmmowas implicitly needed, requiring compilers to free upimma Now, with all
registers explicit, there is more freedomfor register allocation.Here, m128is a 128bit memory
location, xmm1is the 128-bit register, and so on.
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Some new instructions are VEX only (not SSE extensionsjcluding many ways to move data into
and out of the YMM registersExamples arghe useful VBROADCASTS[S/D], which loads a single
value into all elements of a XMM or YMM registerand ways to shuffle data around in a register
using VPERMILP[S/D] . (The bracket notation is explained in theAppendix A.)

Intel® AVX addsarithmetic instructions for variants of add, subtract, multiply, divide, square root,
compare, min, maxand round on single- and double-precision packed and scalar floatingpoint
data. Many new conditional predicatesare also wseful for 128-bit SSE giving 32 comparison types.
Intel® AVXalsoincludesinstructions promoted from previous SIMDcovering logical, blend,
convert, test,pack,unpack, shuffle, loadand store.

The toolsetadds new instructions, as wellincluding non-strided fetching (broadcast of single or
multiple data into a 256-bit destination, maskedmove primitive s for conditional load and store),
insert and extract multiple -SIMD data toand from 256-bit SIMD registers, permute primitives to
manipulate data within a register, branch handling, andpackedtesting instructions.

Future Additions

The Intel® AVX manual also lists some proposed future instructions, covered here for
completenessThis is not a guarantee that thesenstructions will materialize as written.

Two instructions (VCVTPH2Psand VCVTPS2PH are reserved for supporting 16-bit floating-point
conversions to andfrom singlez and doublezfloating-point types. The 16-bit format is called half-
precisionand has a D-bit mantissa (with an implied leading 1 for non-denormalized numbers,
resulting in 11-bit precision), 5-bit exponent (biased by 15), and kbit sign.

The proposed RDRANDNStruction uses a cryptographically secure hardwaraligital random bit
generator to generaterandom numbers for 16- 32- , and64-bit registers. On success, the carry flag
is setto 1 CF=1). If not enough entropy is available, the carry flag is cleared=0).

Finally, there are bur instructions (RDFDBASERDGSBASENRFSBASEND WRGSBASHO read and
write FS and GS registers at all privilege leveis 64-bit mode.

Another future addition is the FMAinstructions, which perform operations similar to

A=+A*B+C, where either of theplus signs @) on the right can be changedtoa ET 00 OECT j
andthe three operands on the right can be in any order. There are also forms for interleaved

addition and subtraction. Packed FMA instructions can perform eight singigrecision FMA

operations or four double-precision FMA @erations with 256-bit vectors.

FMA operations such as A A* B + C are better thanperforming one step at a timebecause

intermediate results are treated as infinite precisionwith rounding done on store,and thus are

more accurate for computation. This single rounding is what give@ EA OZOOAA6 DOA EFE D
faster than performing the computation in steps.

Each instruction comes in three forms for the ordering of the operands A, B, and C, with the
ordering corresponding to athree-digit extension: form 132 does A= AC+ B, fam 213 does
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A=BA+C, and form231 does A=BC+ A. The ordering number is just the order of the operands
on the right side of the expression.
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Detecting availability of thelntel® AVX features in hardware requires using thepPuID instruction
to query support in the CPU and in the operating systerasdetailed later. Secondgeneration
Intel®# 1T OAA DOT AAOOITSary Bridgd, AefeasédMiQA, R011, are the first from
Intel® supporting Intel® AVXtechnology. These processorwill not have the new FMA
instructions. For development and testing without hardware support, the free Inted Software
Development Emulatoj OAA O0&T O -1 OA ) 1 idElude$ shppdttiforadl the®d O A
features, including Intel® AVX, FMAPCLMUIQDQ and AESnstructions.

To use thelntel® AVX extensions reliably in most settings, the operating system must support
savingand loading the new registers (withxSAVH XRSTOR on thread context switches to prevent
data corruption. To help avoid such erros, operating systems supportingntel® AVXzaware
context switches explicitly set a CPU bit enabling the new instructions; otherwisan undefined
opcode UD) exception is generated wherintel® AVX instructions are used.

Windows* 7 with Service Packl (SPJ) and Windows Server 2008 R2with SP% both 32- and 64
bit versions? and later versions Windows supportintel® AVX saveandrestore in thread and
process switches. LinuX kernels from 2.6.30(June2009) and later supportintel® AVX as well

DetectingAvailability and Support

Detection of support for the fourareas Intel® AVX, FMA, AES, arRCLMULQD® are similar
and require similar steps consisting of checking for hardware and operating system support for
the desired feature(see Tablel). These steps @ (counting bits starting at bit 0):

1. Verify that the operating systemsupports XGETBWSING CPUID.1:ECX.OSXSAVE bit 27 =1.

2. At the same timeverify that CPUID.1:ECX bit 28=1 (Intel® AVX supported) and/or bit 25=1
(AES supported) and/orbit 1 2=1 (FMA supported) and/or bit1 =1 (PCLMUIQDQ) are
supported.

3. IssuexGETBVand verify that the feature-enabled mask at bits 1 and 2 are 11b (XMM state and
YMM state enabled byhe operating systen).

Table 1. Feature-detection Masks

Feature Bits to check Constant

AVX 28, 27 018000000H
VAES 28,27, and 25 | 01A000000H
VPCLMURDQ 28,27, and 1 018000002H
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FMA 28, 27,and 12 | 018001000H

Example code implementing thiprocessis provided in Listing 1, where theCONSTANTS the value
from Table 1. AMicrosoft* Visual Studid* C++ intrinsic version is given later.

Listing 1. Feature Detection

INT Supports_Feature()

; result returned in eax

mov eax, 1

cpuid

and ecx, CONSTANT

cmp ecx, CONSTANT; check desired feature flags

jne not_supported

; processor supports features

mov ecx, 0; specify 0 for XFEATURE_ENABLED_MASK register
XGETBYV; result in EDX:EAX

and eax, 06H

cmp eax, 06H; check OS has enabled both XMM and YMM state support
jne not_supported

mov ea X, 1; mark as supported

jmp done

NOT_SUPPORTED:

mov eax, 0 ; // mark as not supported

done:

}

' 51 38

At the lowest programming level, nost common x86 assemblers now suppoiintel® AVX, FMA,
AES, and th&/PCLMUKDQinstructions, including MASM(VS2010 version), NASM, FASM, and
YASM. See their respective documentation for details.

For language compilersintel® C++ version 11.1 andater and Intel® Fortran compilers support
Intel® AVX through compiler switches and both compilers support automat vectorization of
floating-point loops. The Intel® C++ compiler supportsintel® AVX intrinsics (use#include
<immintrin.h>  to access intrinsics) and inline assembland even supportsintel® AVX intrinsics
emulation using#include "avxintrin_emu.h"

Visual Studid® C++ 2010with SP1 andater has support forintel® AVXj OAA O0&T O -1 OA
) T &£l Ol A& dompdlidly 64-bit code (use therarch:Avx  compiler switch). It supports

intrinsics using the <immintrin.h>  header but not inline assemblyintel® AVX sugort is also in
MASM, the disassembly view of code, and the debugger views of registaiwiag full YMM

support).

In the GNU Compiler ConnectionGCG, version4.4 supportsintel® AVXintrinsics through the
same headergimmintrin.n> . Other GNU toolchairsupport is found in Binutils 2.20.51.0.1 and
later, gdb 6.8.50.20090915 and latemecent GNU Assembler (GAS)kersions,and objdump . If your
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compiler does not supportintel® AVX you canemit the required bytes under many
circumstances, buffirst-class sugport makes your life easier.

Eachof the three C++ compiles mentioned supports the same intrinsic operations to simplify
using Intel® AVX from Cor C++ codelntri nsicsare functionsthat the compiler replaces with the
proper assembly instructions.Most Intel® AVX intrinsic names follow the following format:

_mm256_op_suffix(data_type paraml, data_type param2, data_type param3)

where _mm256is the prefix for working on the new 256bit registers; _op is the operation, likeadd
for addition or sub for subtraction; and_suffix ~ denotes the type of data to operate on, with the
first letters denoting packed (), extended packed €p), or scalar §). The remaining letters are the

types in Table 2.

Table 2. Intel® AVX Suffix Markings

Marking Meaning

[s/d] Single or double-precision floatingoint

[i/uJnnn Signedor unsignedinteger of bit sizexnn,wherennnis 128,64,32,16, or 8
[ps/pd/sd] Packed singlgpackeddouble, or scalar double

epi32 Extended packed 3Rit signed integer

si256 Scalar 25®it integer

Data types are in Table. The first two parameters are source registersand the third parameter
(when present) is an integer maskselector, or offset value.

Table 3. Intel® AVX Intrinsics Data Types

Type Meaning

__m256 256-bit aseightsingleprecision floatingpoint values representing a YMM register
or memory location

__m256d 256-bit as fourdouble-precision floatingpoint values representing a YMM register
or memory location

__m256i 256-bit as integers, (bytes, wordstc.)

__mi28 128hit singleprecision floatingpoint (32 bits each)

__mi28&d 128-bit double precision floatingoint (64 bits each)

Some intrinsics are in other headers, such as the AES and PCLRIDQ being inckwmmintrin.h>
Consult your compiler documentation or the veb to track down where various intrinsics live.
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Visual Studié 2010

For conciseness, the rest of this article usd&/isual Studio® 2010 with SP1; similar code should
work on the Intel® compiler or GCCVisual Studio 2010 with SP1 can automatically generate
Intel® AVX code if yoiclick Project Properties > Configuration > Code Generation , selectNot
Setunder Enable Enhanced Instruction Set , and then manually addarch:AvX to the command
line under the Command Line entry. As an example of using intrinsicd,isting 2 offers an
intrinsic -basedIntel® AVXfeature-detection routine.

Listing 2 . Intrinsic -based Feature Detection

/I get AVX intrinsics
#include <immintrin.h>
/I get CPUID capability
#include <intrin.h>

/I written for clarity, not conciseness

#define  OSXSAVEFlag (1UL<<27)

#define  AVXFlag ((LUL<<28)|OSXSAVEFIlag)
#define  VAESFlag ((1UL<<25)|AVXFlag|OSXSAVEFIlag)
#define  FMAFlag ((1UL<<12)|AVXFlag|OSXSAVEFIlag)

#define  CLMULFlag ((LUL<< 1)|AVXFlag|OSXSAVEFlag)
bool DetectFeature( unsigned int feature)

{
int  CPUlnfo[4], InfoType=1, ECX = 1;

__cpuidex(CPUlnfo, 1, 1) /I read the desired CPUID format
unsigned int ECX = CPUInfo[2]; /I the output of CPUID in the ECX register.
if ((ECX & feature) 1= feature) /[ Missing feature
return false ;
__inté4 val = _xgetbv(0); /I read XFEATURE_ENABLED_MAStegister
if ((val&6) 1= 6) /I check OS has enabled both XMMand YMMsupport.

return false ;
return  true ;

}
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To demonstrate using the new instructims, compute Mandelbrotset images using straight C/C++
code(checking to ensurethat the compiler did not convert the code tdntel® AVX instructions!)
and the newIntel® AVX instructionsas intrinsics, compaing their performance. A Mandelbrot set
is a computationally intensive operation on complex humbers, defineish pseudocodeasshown in
Listing 3.

Listing 3 . Mandelbrot Pseudocode

z, p are complex numbers
f or each point p on the complex plane
z =0
f or count = 0 to max_iterations
ifabs(z )>2.0
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break
Z =2Z*Z+p
set color at p based on count reached

The usual image is over the portion of the complex plane in threctangle(- 2, - 1) to (1,1 ).

Coloring can be done in many waygnot covered here). Raise the maximum iteration countto
zoom into portions and determine whether A OAT OA OAOAAPAOGO6 | OAO OEI A8

To really stress the CPU, zoom in and draw the box49768 ,0.48364 ) to (0.29778 ,0.48354 ),
computing the grid of counts atmultiple sizesand using a max iteration 0f4096 . The resultinggrid
of counts, when colored appropriatelyjs shown inFigure 4.

Figure 4. Mandelbrot set (0.29768 ,0.48364 ) t0 (0.29778 ,0.48354 ), with max iterations of 4096

A basicC++implementation to compute theiteration counts is provided in Listing 4. The absolute
value of the complex number compared to 2 is replaced with the norm compared to 4amnost
doubling the speed by removing a square roofor all versions usesingle-precision floats to pack
as manyelementsinto the YMM registers as possiblewhich is faster but loses precision compared
to doubles when zooming in furthet

Listing 4. Simple Mandelbrot C++ Code
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