Getting Started with Intel® Cilk™ Plus
Array Notations

Introduction

Array Notations is an Intel-specific language extension that is a part of Intel® Cilk™ Plus
feature supported by the Intel® C++ Compiler that provides ways to express data parallel
operation on ordinary declared C/C++ arrays. By using array notations, you can improve
the performance of your application through Vectorization. Vectorization is the key to
improving your applications’ performance through taking advantage of the processor’s
capability to operate on multiple array (or vector) elements at a time. The Intel®
Compilers provide unique capabilities to enable vectorization. The programmer may be able
to help the compiler to vectorize more loops through a simple programming style and by the
use of compiler features designed to assist vectorization. This article discusses how to use
the Array Notations feature from the Intel® Cilk™ Plus, to help the compiler to vectorize
C/C++ code and improve performance.

Document Organization
To demonstrate the usage and performance characteristics of Array Notations, you will:

e Establish a performance baseline by building and running the scalar (non-vectorized)

version of a loop.
e Improve application performance by vectorizing the loop using Array Notations

e Improve application performance by creating a short vector form of the loop using a

constant trip-count

System Requirements

To compile and run the example and exercises in this document you will need Intel® C++
Composer XE 2011 Update 9 or higher, and an Intel® Pentium 4 Processor or higher with
support for Intel® SSE2 or higher instruction extensions. The exercises in this
document were tested on a first generation Intel® Core i5 system supporting 128-
bit vector registers. The instructions in this tutorial show you how to build and run the
example with the Microsoft Visual Studio* 2008. The example provided can also be built
from the command line on Windows*, Linux*, and Mac OS* X using the following command
line options:

Windows: icl /Qvec-report2 ArrayNotation.cpp main.cpp

Linux* and Mac 0OS* X: icc -vec-report2 ArrayNotation.cpp main.cpp


http://software.intel.com/en-us/articles/intel-cilk-plus/
http://software.intel.com/en-us/articles/a-guide-to-auto-vectorization-with-intel-c-compilers/?wapkw=%28vectorization+with+intel+compilers%29

Array Notations

Array notations is an Intel-specific language extension that is a part of Intel® Cilk™ Plus
feature supported by Intel® C++ Compiler. It provides ways to express data-parallel
operations on ordinary declared C/C++ arrays.

Array notations has the following benefits:

e Provides ways to express data parallel operations on ordinary declared C/C++
arrays.

e Enables compiler parallelizing and vectorizing a program and exploiting the data
parallelism with minimal and simple changes in the code.

e Resolves any possible data dependency ambiguity that the compiler might get into
when encountering normal loops.

e Maps parallel constructs to the underlying SIMD hardware to achieve predictable
performance.

Array notations can be used when operations that involve arrays do not require a
specific order among the elements of the array(s). By default the compiler generates
Single Instruction Multiple Data (SIMD) vector instructions for SSE2 instruction set.
To target other specific vector instructions you can use the /Qx or /Qax compiler
options.

Usage of array notations for an array such as int a[10] is as follows:

a[0:10] - Full range of the array from index 0 (lower bound) to index 9 (length). Same as
al:] which is a shorthand for the entire array.

For example to multiply arrays “a” and “b"” and store the product in array “c”, we can use
the following statement:

c[:] =a[:] *b[:];

a[0:5:2] - Selects the following a[0], a[2], a[4], a[6], a[8] since we mention an extra third
parameter “2” (stride) which is the factor by which to increment the index. We stop after
index 8 because we have accrued 5 elements as specified in the second parameter in the
notation.

For more information on Array Notation Extensions please refer to Key Features > Intel®
Cilk™ Plus > Extensions for Array Notations in “Intel® C++ Compiler XE 12.1 User and
Reference Guides”



http://software.intel.com/sites/products/documentation/hpc/composerxe/en-us/2011Update/cpp/win/index.htm
http://software.intel.com/sites/products/documentation/hpc/composerxe/en-us/2011Update/cpp/win/index.htm

Locating the Samples

To begin this tutorial, open the ArrayNotation.zip archive attached:
Use the following files for this tutorial:

e ArrayNotation.sIn
e ArrayNotation.vcproj
e ArrayNotation.cpp

1. Open the Microsoft Visual Studio* 2008 solution file, ArrayNotation.sIn

Solution Explorer - ArrayMotation > 0 x

= 2R
[ Solution 'ArrayMotation’ (1 project)

= |54 ArrayNotation
..... 1 Header Files
..... 1 Resource Files
EI % Source Files
.. ¢ ArrayNotation.cpp

and follow the steps below to prepare the project for the Array Notation exercises in this
tutorial:

2. Select “Release” "Win32"” configuration
Release * Win32 -

3. Clean the solution by selecting Build > Clean Solution.

You just deleted all of the compiled and temporary files association with the solution. Cleaning a
solution ensures that the next build is a full build rather than changing existing files.



Establishing a Performance Baseline

To set a performance baseline for the improvements that follow in this tutorial, build the
default scalar implementation with these settings:

1. Select Project > Properties > C/C++ > General > Suppress Startup Banner >

No.
— H B
ArrayNotation Property Page: SR
Configuration: [Active(Relea.se] * | Platform: | Active(Win32) 'l ’ Configuration Manager... ]
; a Configuration Properties Additional Include Directories
General Debug Information Format Program Database (/Zi)
Debugging Suppress Startup Banner Mo
Intel Debugging Warning Level Level 3 (/W3)
a CfC+s Detect 64-hit Portability Issues Mo
|Ml Treat Warnings As Errors No
Debug Use UNICODE Response Files Yes
Optimization
Preprocessor

Code Generation
Language
Precompiled Headers
Output Files
Browse Information
Diagnostics
Advanced
Command Line
Linker
Manifest Teol

Browse Information Additional Include Directories

Build E\.rent.s Specifies one or more directories to add to the include path; use semi-celon delimited list if more
Custom Build Step than one.  (/I[path])

A

oK | [ Cancel Apply




2. Select Project > Properties > C/C++ > Optimization > General >
Optimization > Maximize Speed (/02).

Configuration: [Acti\re(Release} vl Platform: ’Actirve(Win?;Z} '] [ Configuraticn Manager... ]
4 Configuration Properties E General

General Optimization Maximize Speed (/02)

Debugging Inline Functicn Expansion Default

Intel Debugging Enable Intrinsic Functions Yes (/Oi)

4 C/Ces Favor Size or Speed Meither

General Omit Frame Pointers Mo
Debug Enable Fiber-safe Optimizations Mo
Optimization | B Intel Specific
Preprocessor Interprocedural Optimization No

Code Generation

Optimize For Windows Application MNo

Language

. Flush Dencrmal Results to Zero Mo
Precompiled Headers ) . . .
Output Files FIoatmg—Pmlnt Spe‘l:ulatlion Fast (/Qfp-speculaticn:fast)
Browse Information Enable Matrix Multiply Library Call Default

Loop Unrolling

Diagnostics
Advanced Parallelization Mo
Command Line Use Intel Optimized Headers Mo
[+ Linker
[» Manifest Tool
[» Browse Information Optimization
> Build Events Select option for code optimization; choose Customn to use specific optimization options,  (/O0d,
[ Custom Build Step f01, /02, /03, /Ox)

OK | [ Cancel Apply




3. Select Project > Properties > Diagnostics > Vectorizer Diagnostic Level >
Loops Successfully Vectorized (1) (/Qvec-report2)

-
ArrayMotation Property P. I

Configuration: ’Active(Release:l

v | Platform: |Active(Win32)

Configuration Properties

General

Debugging

Intel Debugging

C/C++
General
Debug
Optimization
Preprocessor
Code Generation
Language
Precompiled Headers
Output Files
Browse Information
Diagnostics
Advanced
Command Line

Linker

Manifest Tool

Browse Information

Build Events

Customn Build Step

'l [ Cenfiguration Manager... ]

=)
Error Limit
Disable Specific Diagnostics
Emit Diagnostics to File
Diagnostics File

Vectorizer Diagnostic Level
=}

Guided Auto Parallelism Analysis

Emit Guided Auto Parallelism Diagnost

Guided Auto Parallelism Diagnostics Fi

Guided Auto Parallelism Code Selection
=

Optimization Diagnostic Level

Emit Optimization Diagnostics to File

Optimization Diagnostics File

Optimization Diagnostic Phase

Optimization Diagnostic Routine

=i

Vectorizer Diagnostic Level
Specifies the vectonizer's diagnostic level,

13

MNeo
S{ntDir)/5(TargetName).diag
Loops Successfully Vectorized (1) UQvec—reporE

m

Dizable
MNo
S{ntDir)/5(TargetName).gap

Dizable

MNo
S{ntDir)/5(TargetName).rep
All optimizer phases

(/Qvec-report{0[1]2|3}4|51

[ ok || cancel Apply

4. Rebuild the project, then run the executable (Debug > Start Without Debugging).
Running the program results in starting a window that displays the program’s
execution time in seconds. Record the execution time reported in the output. This is
the baseline against which subsequent improvements will be measured. Below is the
vectorization report for the scalar implementation:

1> main.cpp(62): (col. 3) remark: LOOP WAS VECTORIZED.
1> main.cpp(65): (col. 15) remark: LOOP WAS VECTORIZED.
1> main.cpp(68): (col. 2) remark: loop was not vectorized: nonstandard loop is not a

vectorization candidate.

1> ArrayNotation.cpp(38): (col. 2) remark: loop was not vectorized: existence of vector

dependence.

The hotspot in this example is the loop at line number 38 that does not vectorize due to
assumed vector dependency. Without Inter-Procedural analysis, the compiler does not
know if there are memory overlaps among the arrays passed in as arguments to the scalar
function. We can improve the application performance by vectorizing the above loop using

Array Notations.




The vectorizer can generate faster code when operating on aligned data. The program uses
the following syntax where ALIGNMENT=16 to request the compiler to align all arrays on a
16-byte boundary:

__declspec(align (ALIGNMENT)) T A[S], B[S], C[S];

When data is aligned, the vectorizer can use aligned load instructions for all arrays rather
than the slower unaligned load instructions and can avoid runtime tests of alignment. To
derive the maximum benefit from this alignment, we also need to tell the vectorizer it can
safely assume that the arrays are aligned by using the following syntax:

__assume_aligned (A, ALIGNMENT) ;
__assume_aligned (B, ALIGNMENT) ;
__assume_aligned(C, ALIGNMENT) ;

NOTE. While it is a good practice to align data for improved performance, it is not a
requirement for vectorization or the use of array notations. Many unaligned loops vectorize
just fine, and in many cases, alignment is not feasible — when you pass a section of an
array, for example. If you use __assume_aligned, you must be sure that all the arrays or
subarrays in the loop have the specified alignment (e.g. 16-byte aligned in this example).
Otherwise, you may get a runtime error. If your compilation targets the Intel® AVX
instruction set, you should try to align data on a 32-byte boundary. For the Intel® MIC
architecture, you should try to align on 64-byte boundary. This may result in improved
performance.



Improving Performance by Using Array Notations

Here we re-write the loop at line 71 using the array notations with the default vector length.
On a CPU with 128-bit vector registers size the default vector length is 4 (e.g. loading four
32-bit float data elements into vector registers).

1. Select Project > Properties > C/C++ > Preprocessor > Preprocessor
Definitions, and add a new macro "ARR_NOTATION".

Configuration: [Active(Rel ease)
|

Configuration Properties
General
Debugging
Intel Debugging
C/C++
General

L B
ArrayMNotation Property P &lg
~ | Platform: | Active(Win32) ~| [ configuration Manager... |
Preprocessor Definitions WIN32:NDEBUG;_CONSOLEARR_NOTATION E
Ignore Standard Include Path N
Generate Preprocessed File N
Keep Comments No

Debug
Optimization
Preprocessor
Code Generation
Language
Precompiled Headers
Output Files
Browse Information
Diagnostics
Advanced
Command Line

Linker

Manifest Tool

Browse Information

Build Events

Custom Build Step

Preprocessor Definitions
Specifies one or more preprocessor defines.  (/D[macro])

[ ok || concel |

Apply

2. Rebuild the project, then run the executable (Debug > Start Without Debugging)
and record the execution time reported in the output. The execution time for this
implementation should be less than the time taken for the baseline (Scalar) version.
This is because array notations version will make use of the SIMD registers and
SIMD instruction set to handle operations on vector operands rather than normal
scalar operations done in the baseline case. The vectorization report shows that the
array notation version of the loop at line 56 got vectorized resulting in improved

performance:



1> main.cpp(62): (col. 3) remark: LOOP WAS VECTORIZED.

1> main.cpp(65): (col. 15) remark: LOOP WAS VECTORIZED.

1> main.cpp(80): (col. 2) remark: loop was not vectorized: nonstandard loop is not a
vectorization candidate.

1> ArrayNotation.cpp(56): (col. 5) remark: LOOP WAS VECTORIZED.

Improving Performance by Creating a Short Vector Form
of the Loop Using a Constant Trip-count
You can improve the performance further by making the implicit inner loop in the previous

step in this example a short constant trip-count loop and get the desired unrolling. In this
exercise we will recompile the code with a TCOUNT=16 to see the performance effects.

1. Select Project > Properties > C/C++ > Preprocessor > Preprocessor
Definitions. Remove the macro named ARR_NOTATION and add a new macro
“"ARR_NOTATION_SV".

- - e E E
ArrayMotation Property P.

Configuration: ’Active(ReIease) v] Platform: ’Active[‘.l‘-’in_:!Z) *] [ Configuration Manager... ]
| Configuration Properties [T e WIN32;NDEBUG; CONSOLEARR_NOTATION SV [=] |
General Ignore Standard Include Path No
Debugging Generate Preprocessed File Ne
Intel Debugging Keep Comments Nao
C/C++
General
Debug
Optimization
Preprocessor

Code Generation
Language
Precompiled Headers
Cutput Files
Browse Infermation
Diagnostics
Advanced
Command Line

Linker

Manifest Tool

Browse Information

Build Events

Custom Build Step

Preprocessor Definitions
Specifies one or more preprocessor defines,  (/D[macro])

[ OK ][ Cancel l Apply
e —— e —

2. Rebuild the project, then run the executable (Debug > Start Without Debugging)
and record the execution time reported in the output.

1> main.cpp(62): (col. 3) remark: LOOP WAS VECTORIZED.

1> main.cpp(65): (col. 15) remark: LOOP WAS VECTORIZED.

1> main.cpp(92): (col. 2) remark: loop was not vectorized: nonstandard loop is not a
vectorization candidate.

1> ArrayNotation.cpp(74): (col. 5) remark: LOOP WAS VECTORIZED.



1> ArrayNotation.cpp(73): (col. 3) remark: loop was not vectorized: not inner loop.

The execution time for this implementation should be less than the previous version. The
reason is that in the previous case the compiler unrolled the loop by a factor of 2 while
in this case the loop is unrolled by a factor of 4 due to TCOUNT=16. For a target CPU
with 128-bit vector registers, for the loop in this example, the compiler first vectorizes
the loop by loading four 32-bit elements of float data type into the 128-bit vector
registers, and then unrolls the vectorized loop by 4 if TCOUNT=16. To see the loop
unrolling factor chosen by the compiler:

1. Select Project > Properties > Diagnostics > Optimization Diagnostic Level >
Maximum (/Qopt-report:3) and Project > Properties > Diagnostics >
optimization Diagnostic Phase > The High Performance Optimizer phase
(/Qopt-report-phase:hpo).

Configuration: ’Active(ReIease] V] Platform: [Active(‘ul\'inﬂj '] ’ Configuration Manager... ]
Cenfiguration Properties =] o
General Error Limit
Debugging Disable Specific Diagnostics
Intel Debugging Emit Diagnostics to File No
C/C++ Diagnestics File S(IntDir)/S(TargetName).diag
General Wectorizer Diagnostic Level Loops Successfully and Unsuccessfully Vectorized (
Debug =) =
Optimization Guided Auto Parallelism Analysis Disable
E:::Gc:::artion Emit Guided Aute Parallelism Diagnost Ne
Language Guided Auto Parallelism Diagnostics Fi S(IntDir)/$(TargetName).gap
. Guided Auto Parallelism Code Selection
Precempiled Headers
Output Files E
Browse Information Optimization Diagnostic Level Maximum (/Qopt-report:3) B

Emit Optimization Diagnostics te File  Ne

Diagnostics

Advanced Optimization Diagnostics File S({IntDir)/S(TargetMName).rep

Command Line ince Optimizer phase /Qopt-report-phase:hpo) ~
Linker Optimization Diagnostic Routine
Manifest Tool = i
Browse Information Optimization Diagnostic Phase
Build Events Specifies which optimizer phase te use when eptimization reports are generated.
Custom Build Step {/Qopt-report-phase: < phase>)

[ QK ] [ Cancel Apply

Below is the optimization report we get about the loop unroll factor:

1>ArrayNotation.cpp(74:5-74:5):VEC:?shortvector@ @YAXQAMOOMQAH@Z: vectorization
support: unroll factor set to 4
1>ArrayNotation.cpp(74): (col. 5) remark: LOOP WAS VECTORIZED.



The loop unrolling by the right factor can take advantage of the Instruction Level Parallelism
(ILP). That’s how we gain more performance than the previous case.

You can also have the compiler to generate processor-specific instructions depending on the
target architecture type as follows:
1. Select Project > Properties > C/C++ > Code Generation > Intel Processor-

Specific Optimization. Select the appropriate target instruction set. By default it is

set to SSE2.

r = =
ArrayMotation Property Pag &Iﬂ
I ____= __ = _ __ _ _____________— e,

Configuration: [Acti\re(ReleaseJ vl Platform: IAdive(WinBZ] V] ’ Configuration Manager... ]
Configuration Properties Basic Runtime Checks Default o
General Runtime Library Multi-threaded DLL (/MD)
Debugging Struct Member Alignment Default
Intel Debugging Buffer Security Check Yes (/GS)
CfC++ Enable Function-Level Linking Yes (/Gy)
General Enable Enhanced Instruction Set Mot Set
Debug Floating Point Model Fast (/fp:fast)
Optimization Reliable Floating Point Exceptions Mod Default
Preprocessor

Code G ti
e Ene0n Unmask Floating Point Exceptions Mo

Language ’ : . :
. Floating Point Expression Evaluation  Default =

Precompiled Headers ) ) =

Output Files Disable Function Splitting Mo

Add Processor-Optimized Code Path Nene

Browse Information
R S e s 1 Inted(R) Core(TM) processor family with SSE4 EE

Diagnostics

Advanced Check Pointers None

Command Line Turn off Checking for Undimensioned Mo
Linker Check Dangling Pointers None i
Manifest Tool Al
Browse Information Intel Processor-Specific Optimization
Build E\.rent.s Generates optimized code for specific Intel processors and enables additional optimizations.
Custom Build Step Code should enly be run on the targeted processer or a compatible Intel processor.  (/QxSSEZ, ...

[ oK ] l Cancel Apply
References

For more information on Array Notation, vectorization, Intel Compiler automatic
vectorization, Elemental Functions and examples of using other Intel® Cilk™ Plus constructs
refer to:

“SIMD Parallelism using Array Notation”

“Intel® Cilk™ Plus Language Extension Specification”

“A Guide to Autovectorization Using the Intel® C++ Compilers”

“Requirements for Vectorizing Loops”

“Requirements for Vectorizing Loops with #pragma SIMD”

“Getting Started with Intel® Cilk™ Plus SIMD Vectorization and Elemental Functions”
“Elemental functions: Writing data parallel code in C/C++ using Intel® Cilk™ Plus”
“Using Intel® Cilk™ Plus to Achieve Data and Thread Parallelism”
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http://software.intel.com/en-us/articles/a-guide-to-auto-vectorization-with-intel-c-compilers/?wapkw=%28vectorization+with+intel+compilers%29
http://software.intel.com/en-us/articles/requirements-for-vectorizable-loops/
http://software.intel.com/en-us/articles/requirements-for-vectorizing-loops-with-pragma-simd/
http://software.intel.com/en-us/articles/getting-started-with-intel-cilk-plus-simd-vectorization-and-elemental-functions/
http://software.intel.com/en-us/articles/elemental-functions-writing-data-parallel-code-in-cc-using-intel-cilk-plus/?wapkw=%28elemental+functions%29
http://software.intel.com/en-us/articles/data-and-thread-parallelism/

Optimization Notice

Intel's compilers may or may not optimize to the same degree for non-Intel microprocessors for
optimizations that are not unique to Intel microprocessors. These optimizations include S5E2, SSE3,
and S55E3 instruction sets and other optimizations. Intel does not guarantee the availability,
functionality, or effectiveness of any optimization on microprocessors not manufactured by Intel.
Microprocessor-dependent optimizations in this product are intended for use with Intel
microprocessors. Certain optimizations not specific to Intel microarchitecture are reserved for Intel
microprocessors. Please refer to the applicable product User and Reference Guides for more
information regarding the specific instruction sets covered by this notice.
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