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1.0 Introduction tooneAPIProgramming

Obtaining high compute performance on today’s modern computer architectures requires code that is opti-
mized, power-efficient, and scalable. The demand for high performance continues to increase due to needs
in AI, video analytics, data analytics, as well as in traditional high-performance computing (HPC).

Modern workload diversity has resulted in a need for architectural diversity; no single architecture is best for
everyworkload. Amix of scalar, vector,matrix, and spatial (SVMS) architectures deployed inCPU,GPU,AI, and
FPGA accelerators is required to extract the needed performance.

Today, coding for CPUs and accelerators requires different languages, libraries, and tools. That means each
hardware platform requires separate software investments and provides limited application code reusability
across different target architectures.

The oneAPI programmingmodel simplifies the programming of CPUs and accelerators usingmodernC++ fea-
tures to express parallelism using SYCL*. SYCL enables code reuse for the host (such as a CPU) and acceler-
ators (such as aGPU) using a single source language, with execution andmemory dependencies clearly com-
municated. Mapping within the SYCL code can be used to transition the application to run on the hardware, or
set of hardware, that best accelerates the workload. A host is available to simplify development and debugging
of device code, even on platforms that do not have an accelerator available.

oneAPI also supports programmingonCPUsandaccelerators using theOpenMP*offload featurewith existing
C/C++ or Fortran code.

Note: Not all programs can benefit from the single programming model offered by oneAPI. It is important to
understand how to design, implement, and use the oneAPI programmingmodel for your program.

Learn more about the oneAPI initiative and programming model at oneapi.com. The site includes the oneAPI
Specification, SYCL LanguageGuide andAPI Reference, and other resources.

1.1 Intel oneAPIProgrammingOverview

TheoneAPI programmingmodel provides a comprehensive andunifiedportfolio of developer tools that canbe
used across hardware targets, including a range of performance libraries spanning several workload domains.
The libraries include functions custom-coded for each target architecture, so the same function call delivers
optimized performance across supported architectures.

1
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Fig. 1: The oneAPI programmingmodel

As shown in the figure above, applications that take advantage of the oneAPI programming model can run on
multiple target hardware platforms ranging from CPU to FPGA. Intel offers oneAPI products as part of a set
of toolkits. The Intel® oneAPI Base Toolkit, Intel® oneAPI HPC Toolkit, Intel® oneAPI IoT Toolkit, and several
other toolkits feature complementary tools based on specific developer workload needs. For example, the In-
tel oneAPI Base Toolkit includes the Intel® oneAPI DPC++/C++ Compiler, the Intel® DPC++ Compatibility Tool,
select libraries, and analysis tools.

• Developers whowant tomigrate existingCUDA* code to SYCL* for compilationwith theDPC++ compiler
canuse the IntelDPC++CompatibilityTool tohelpmigrate their existingprojects toSYCL*usingDPC++.

• The InteloneAPIDPC++/C++Compiler supportsdirectprogrammingofcode targetingaccelerators. Di-
rect programming is coding for performance when APIs are not available for the algorithms expressed in
user code. It supports online and offline compilation for CPU andGPU targets and offline compilation for
FPGA targets.

• API-based programming is supported via sets of optimized libraries. The library functions provided in the
oneAPI product are pre-tuned for usewith any supported target architecture, eliminating the need for de-
veloper intervention. For example, the BLAS routine available from Intel® oneAPIMathKernel Library
is just as optimized for a GPU target as a CPU target.

• Finally, the compiled SYCL application can be analyzed and debugged to ensure performance, stability,
and energy efficiency goals are achieved using tools such as Intel®VTune™Profiler or Intel®Advisor.

The Intel oneAPI Base Toolkit is available as a free download from the Intel Developer Zone.

2
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Users familiar with Intel® Parallel Studio and Intel® System Studio may be interested in the Intel oneAPI HPC
Toolkit and Intel oneAPI IoTToolkit respectively.

1.2 oneAPIToolkitDistribution

oneAPI Toolkits are available viamultiple distribution channels:

• Local product installation: install the oneAPI toolkits from the Intel® Developer Zone. Refer to the Installa-
tionGuides for specific install information.

• Install fromcontainers or repositories: install theoneAPI toolkits fromoneof several supportedcontainers
or repositories. Instructions for each are available from the InstallationGuides.

• Pre-installed in the Intel® DevCloud: use a free development sandbox for access to the latest Intel hard-
ware and select oneAPI tools. Learnmore about Intel DevCloud and sign up for free access.

1.3 RelatedDocumentation

The following documents are useful starting points for developers getting startedwith oneAPI projects.

• Get started guides for select oneAPI toolkits:

– Get Startedwith Intel oneAPI Base Toolkit for Linux* |Windows* | MacOS*

– Get Startedwith Intel oneAPI HPCToolkit for Linux* |Windows* | MacOS*

– Get Startedwith Intel oneAPI IoTToolkit for Linux* |Windows*

• Release notes for select oneAPI toolkits:

– Intel oneAPI Base Toolkit

– Intel oneAPI HPCToolkit

– Intel oneAPI IoTToolkit

• Language referencematerial:

– SYCL* LanguageGuide andAPI Reference

– SYCL* Specification (PDF) 1.2.1 | 2020

– Data Parallel C++: Mastering DPC++ for Programming of Heterogeneous Systems using C++ and
SYCL (book)

– LLVM/OpenMP*Documentation

– OpenMP* Specifications (examples documents recommended)
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2.0 oneAPIProgrammingModel

In heterogenous computing, the host processor takes advantage of accelerator devices to execute codemore
efficiently.

The oneAPI programmingmodel supports two important portablemethods of heterogenous computing: Data
Parallel C++ with SYCL* andOpenMP* for C, C++, and Fortran.

SYCL is a cross-platform abstraction layer that enables code for heterogeneous processors to bewritten using
standard ISOC++with thehost and kernel code for an application contained in the samesource file. TheDPC++
opensourceproject isaddingSYCLsupport to theLLVMC++compiler. The Intel®oneAPIDPC++/C++Compiler
is available as part of the Intel oneAPI Base Toolkit.

OpenMP has been a standard programming language for over 20 years, and Intel implements version 5 of the
OpenMP standard. The Intel oneAPI DPC++/C++ Compiler with OpenMP offload support is available as part of
the InteloneAPIBaseToolkit, InteloneAPIHPCToolkit, and InteloneAPI IoTToolkit. The Intel®FortranCompiler
Classic and Intel® Fortran Compiler with OpenMP offload support is available as part of the Intel oneAPI HPC
Toolkit.

Note: OpenMP is not supported for FPGAdevices.

The next sections briefly describe each language and provide pointers tomore information.

2.1 DataParallelism inC++ usingSYCL*

Open, Multivendor, Multiarchitecture support for productive data parallel programming in C++ is accomplished
via standardC++with support for SYCL. SYCL (pronounced ‘sickle’) is a royalty-free, cross-platformabstraction
layer that enables code for heterogeneous processors to be written using standard ISO C++ with the host and
kernelcode foranapplicationcontained in thesamesourcefile. TheDPC++opensourceproject isaddingSYCL
support to the LLVMC++ compiler.

2.1.1 SimpleSampleCode

Thebestway to introduceSYCL is throughanexample. SinceSYCL isbasedonmodernC++, this exampleuses
several features thathavebeenadded toC++ in recent years, suchas lambda functionsanduniform initialization.
Even if developers are not familiar with these features, their semantics will become clear from the context of the
example. After gaining some experiencewith SYCL, these newer C++ features will become second nature.

The following application sets each element of an array to the value of its index, so that a[0] = 0, a[1] = 1, etc.

#include <CL/sycl.hpp>
#include <iostream>

constexpr int num=16;
(continues on next page)
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(continued from previous page)

using namespace sycl;

int main() {
auto r = range{num};
buffer<int> a{r};

queue{}.submit([&](handler& h) {
accessor out{a, h};
h.parallel_for(r, [=](item<1> idx) {

out[idx] = idx;
});

});

host_accessor result{a};
for (int i=0; i<num; ++i)
std::cout << result[i] << "\n";

}

Thefirst thing tonotice is that there is justonesourcefile: both thehostcodeand theoffloadedacceleratorcode
are combined in a single source file. The second thing to notice is that the syntax is standard C++: there aren’t
any new keywords or pragmas used to express the parallelism. Instead, the parallelism is expressed through
C++ classes. For example, thebufferclass on line9 represents data thatwill be offloaded to thedevice, and the
queue class on line 11 represents a connection from the host to the accelerator.

The logic of the exampleworks as follows. Lines 8 and 9 create a buffer of 16 int elements, which have no initial
value. This buffer acts like an array. Line 11 constructs a queue, which is a connection to an accelerator device.
This simple example asks the SYCL runtime to choose a default accelerator device, but a more robust applica-
tion would probably examine the topology of the system and choose a particular accelerator. Once the queue
is created, the example calls the submit()member function to submit work to the accelerator. The parameter
to this submit() function is a lambda function, which executes immediately on the host. The lambda function
does two things. First, it creates an accessor on line 12, which can write elements in the buffer. Second, it calls
the parallel_for() function on line 13 to execute code on the accelerator.

The call to parallel_for() takes two parameters. One parameter is a lambda function, and the other is the
range object “r” that represents the number of elements in the buffer. SYCL arranges for this lambda to be
called on the accelerator once for each index in that range, i.e. once for each element of the buffer. The lambda
simply assigns a value to the buffer element by using the out accessor that was created on line 12. In this simple
example, there are no dependencies between the invocations of the lambda, so the program is free to execute
them in parallel in whatever way ismost efficient for this accelerator.

After calling parallel_for(), the host part of the code continues runningwithout waiting for thework to com-
plete on the accelerator. However, the next thing the host does is to create a host_accessor on line 18, which
reads theelementsof thebuffer. TheSYCL runtimeknows thisbuffer iswrittenby theaccelerator, so thehost_-
accessor constructor (line 18) is blocked until the work submitted by the parallel_for() is complete. Once
theacceleratorworkcompletes, thehost codecontinuespast line 18, and it uses theoutaccessor to readvalues
from the buffer.
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2.1.2 Additional Resources

This introduction toSYCL is notmeant tobe acomplete tutorial. Rather, it just gives youa flavor of the language.
Therearemanymore features to learn, including features that allowyou to takeadvantageof commonaccelera-
tor hardware such as localmemory, barriers, andSIMD.There are also features that let you submit work tomany
acceleratordevicesatonce, allowingasingleapplication to runwork inparallel onmanydevices simultaneously.

The following resources are useful to learning andmastering SYCL using aDPC++ compiler:

• Explore SYCLwith Samples from Intel provides an overview and links to simple sample applications avail-
able fromGitHub*.

• TheDPC++FoundationsCodeSampleWalk-Through is adetailedexaminationof theVectorAddsample
code, the DPC++ equivalent to a basic HelloWorld application.

• Theoneapi.comsite includesaLanguageGuideandAPIReferencewithdescriptionsof classesand their
interfaces. It also provides details on the four programming models - platform model, execution model,
memorymodel, and kernel programmingmodel.

• The DPC++ Essentials training course is a guided learning path for SYCL using Jupyter* Notebooks on
Intel® DevCloud.

• Data Parallel C++ Mastering DPC++ for Programming of Heterogeneous Systems using C++ and SYCL
is a comprehensive book that introduces and explains key programming concepts and language details
about SYCL.

2.2 C/C++ or FortranwithOpenMP*OffloadProgrammingModel

The Intel® oneAPI DPC++/C++ Compiler and the Intel® Fortran Compiler (Beta) enable software developers to
useOpenMP* directives to offloadwork to Intel accelerators to improve the performance of applications.

This section describes the use of OpenMP directives to target computations to the accelerator. Developers
unfamiliar withOpenMPdirectives can find basic usage information documented in theOpenMPSupport sec-
tions of the Intel® oneAPI DPC++/C++ Compiler Developer Guide and Reference or Intel® Fortran Compiler for
oneAPI Developer Guide and Reference.

Note: OpenMP is not supported for FPGAdevices.

2.2.1 BasicOpenMPTargetConstruct

The OpenMP target construct is used to transfer control from the host to the target device. Variables are
mapped between the host and the target device. The host thread waits until the offloaded computations are
complete. Other OpenMP tasks may be used for asynchronous execution on the host; use the nowait clause
to specify that the encountering thread does not wait for the target region to complete.

C/C++

TheC++ code snippet below targets a SAXPY computation to the accelerator.
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#pragma omp target map(tofrom:fa), map(to:fb,a)
#pragma omp parallel for firstprivate(a)
for(k=0; k<FLOPS_ARRAY_SIZE; k++)

fa[k] = a * fa[k] + fb[k]

Array fa is mapped both to and from the accelerator since fa is both input to and output from the calculation.
Array fb and the variable a are required as input to the calculation and are not modified, so there is no need to
copy them out. The variable FLOPS_ARRAY_SIZE is implicitly mapped to the accelerator. The loop index k is
implicitly private according to theOpenMP specification.

Fortran

This Fortran code snippet targets amatrix multiply to the accelerator.

!$omp target map(to: a, b ) map(tofrom: c )
!$omp parallel do private(j,i,k)

do j=1,n
do i=1,n

do k=1,n
c(i,j) = c(i,j) + a(i,k) * b(k,j)

enddo
enddo

enddo
!$omp end parallel do
!$omp end target

Arrays a and b aremapped to the accelerator, while array c is both input to and output from the accelerator. The
variable n is implicitly mapped to the accelerator. The private clause is optional since loop indices are automat-
ically private according to theOpenMP specification.

2.2.2 MapVariables

To optimize data sharing between the host and the accelerator, the target data directive maps variables to the
accelerator and the variables remain in the target data region for the extent of that region. This feature is useful
whenmapping variables acrossmultiple target regions.

C/C++

#pragma omp target data [clause[[,] clause],...]
structured-block

Fortran

!$omp target data [clause[[,] clause],...]
structured-block
!$omp end target data

Clauses

The clauses can be one ormore of the following. See TARGETDATA formore information.

• DEVICE (integer-expression)
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• IF ([TARGETDATA:] scalar-logical-expression)

• MAP ([[map-type-modifier[,]] map-type: ] list)

Note: Map type can be one ormore of the following:

– alloc

– to

– from

– tofrom

– delete

– release

• SUBDEVICE ([integer-constant ,] integer-expression [ : integer-expression [ : integer-expression]])

• USE_DEVICE_ADDR (list) // available only in ifx

• USE_DEVICE_PTR (ptr-list)

DEVICE (integer-expression)
IF ([TARGET DATA:] scalar-logical-expression)
MAP ([[map-type-modifier[,]] map-type: alloc | to | from | tofrom | delete | release] list)
SUBDEVICE ([integer-constant ,] integer-expression [ : integer-expression [ : integer-
↪→expression]])
USE_DEVICE_ADDR (list) // available only in ifx
USE_DEVICE_PTR (ptr-list)

Use the target update directive to synchronize an original variable in the hostwith the corresponding variable in
the device.

2.2.3 Compile toUseOMPTARGET

The following example commands illustrate how to compile an application usingOpenMP target.

C/C++

• Linux:

icx -fiopenmp -fopenmp-targets=spir64 code.c

• Windows (you can use icx or icpx):

icx /Qiopenmp /Qopenmp-targets=spir64 code.c

Fortran

• Linux:

9
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ifx -fiopenmp -fopenmp-targets=spir64 code.f90

• Windows:

ifx /Qiopenmp /Qopenmp-targets=spir64 code.f90

2.2.4 AdditionalOpenMPOffloadResources

• Intel offers code samples that demonstrate using OpenMP directives to target accelerators at https://
github.com/oneapi-src/oneAPI-samples/tree/master/DirectProgramming. Specific samples include:

– Matrix Multiplication is a simple program that multiplies together two large matrices and verifies the
results. This program is implemented using twoways: SYCL* andOpenMP.

– The ISO3DFDsample refers toThree-Dimensional Finite-DifferenceWavePropagation in Isotropic
Media. The sample is a three-dimensional stencil used to simulate a wave propagating in a 3D
isotropic medium. The sample shows some of the more common challenges and techniques when
targetingOMP accelerator devices inmore complex applications to achieve good performance.

– openmp_reduction is a simple program that calculates pi. This program is implemented using C++
andOpenMP for CPUs and accelerators based on Intel® Architecture.

• Get Started with OpenMP* Offload Feature provides details on using Intel’s compilers with OpenMP of-
fload, including lists of supported options and example code.

• LLVM/OpenMPRuntimes describes the distinct types of runtimes available and can be helpful when de-
buggingOpenMPoffload.

• openmp.org has an examples document: https://www.openmp.org/wp-content/uploads/
openmp-examples-4.5.0.pdf. Chapter 4 of the examples document focuses on accelerator devices and
the target construct.

• UsingOpenMP - the Next Step is a good OpenMP reference book. Chapter 6 covers OpenMP support
for heterogeneous systems. For additional information on this book, see https://www.openmp.org/tech/
using-openmp-next-step.

2.3 DeviceSelection

Offloading code to a device (such as a CPU, GPU, or FPGA) is available for both DPC++ and OpenMP* appli-
cations.

2.3.1 DPC++DeviceSelection in theHostCode

Host code can explicitly select a device type. To do select a device, select a queue and initialize its device with
one of the following:

• default_selector

• cpu_selector

• gpu_selector
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• accelerator_selector

Ifdefault_selector is used, the kernel runsbasedonaheuristic that chooses fromavailable computedevices
(all, or a subset based on the value of the SYCL_DEVICE_FILTER environment variable).

If a specificdevice type (such ascpu_selectororgpu_selector) is used, then it is expected that the specified
device type isavailable in theplatformor included in thefilterspecifiedbySYCL_DEVICE_FILTER. If suchadevice
isnotavailable, then theruntimesystemthrowsanexception indicating that the requesteddevice isnotavailable.
This error can be thrown in the situationwhere an ahead-of-time (AOT) compiled binary is run in a platform that
does not contain the specified device type.

Note: While DPC++ applications can run on any supported target hardware, tuning is required to derive the
best performance advantage on a given target architecture. For example, code tuned for a CPU likely will not
run as fast on aGPU accelerator withoutmodification.

SYCL_DEVICE_FILTER is a complex environment variable that allows you to limit the runtimes, compute device
types, andcomputedevice IDs thatmaybeusedby theDPC++ runtime to a subset of all available combinations.
The computedevice IDs correspond to those returnedby theSYCLAPI, clinfo, or sycl-ls (with the number-
ing starting at 0). They have no relation to whether the device with that ID is of a certain type or supports a
specific runtime. Using aprogrammatic special selector (likegpu_selector) to request a filteredout devicewill
cause an exception to be thrown. Refer to the environment variable description inGitHub for details on use and
example values: https://github.com/intel/llvm/blob/sycl/sycl/doc/EnvironmentVariables.md.

The sycl-ls tool enumerates a list of devices available in the system. It is strongly recommended to run this
tool before running any SYCL or DPC++ programs to make sure the system is configured properly. As a part of
enumeration,sycl-lsprints theSYCL_DEVICE_FILTERstringasaprefixofeachdevice listing. The formatof the
sycl-ls output is [SYCL_DEVICE_FILTER] Platform_name, Device_name, Device_version [driver_-
version]. In the following example, the string enclosed in the bracket ([ ]) at the beginning of each line is the
SYCL_DEVICE_FILTER string used to designate the specific device onwhich the programwill run.

$ sycl-ls
[opencl:acc:0] Intel® FPGA Emulation Platform for OpenCL™, Intel® FPGA Emulation Device 1.2␣
↪→[2021.12.9.0.24_005321]
[opencl:gpu:1] Intel® OpenCL HD Graphics, Intel® UHD Graphics 630 [0x3e92] 3.0 [21.37.20939]
[opencl:cpu:2] Intel® OpenCL, Intel® Core™ i7-8700 CPU @ 3.20GHz 3.0 [2021.12.9.0.24_005321]
[level_zero:gpu:0] Intel® Level-Zero, Intel® UHD Graphics 630 [0x3e92] 1.1 [1.2.20939]
[host:host:0] SYCL host platform, SYCL host device 1.2 [1.2]

Additional information about device selection is available from theDPC++ LanguageGuide andAPIReference.

2.3.2 OpenMP*DeviceQuery andSelection in theHostCode

OpenMPprovided a set of APIs for programmers to query and set device for running code on the device. Host
codecanexplicitly select andset adevicenum. Foreachoffloading region, aprogrammercanalsouseadevice
clause to specify the target device that is to be used for executing the offloading region.

• int omp_get_num_procs (void) routine returns the number of processors available to the device

• void omp_set_default_device(int device_num) routine controls the default target device
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• int omp_get_default_device(void) routine returns the default target device

• int omp_get_num_devices(void) routine returns the number of non-host devices available for offload-
ing code or data.

• int omp_get_device_num(void) routine returns the device number of the device on which the calling
thread is executing.

• int omp_is_initial_device(int device_num) routine returns true if the current task is executing on
the host device; otherwise, it returns false.

• int omp_get_initial_device(void) routine returns a device number that represents the host device.

A programmer can use the environment variable LIBOMPTARGET_DEVICETYPE = [ CPU | GPU ] to perform
a device type selection. If a specific device type such as CPU or GPU is specified, then it is expected that
the specified device type is available in the platform. If such a device is not available, then the runtime sys-
tem throws an error that the requested device type is not available if the environment variable OMP_TARGET_-
OFFLOAD=mandatory, otherwise, the execution will have a fallback execution on its initial device. Additional in-
formationaboutdeviceselection is available from theOpenMP5.1 specification. Details aboutenvironment vari-
ables are available fromGitHub: https://github.com/intel/llvm/blob/sycl/sycl/doc/EnvironmentVariables.md.

SeeAlso

• DeviceSelectors for FPGA
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3.0 oneAPIDevelopmentEnvironmentSetup

The Intel® oneAPI tools are available in several convenient forms, as detailed in oneAPI Toolkit Distribution
earlier in this guide. Follow the instructions in the Intel oneAPI Toolkit InstallationGuide to obtain and install the
tools.

3.1 Install Directories

On a Windows* system, the Intel oneAPI development tools are typically installed in the C:\Program Files
(x86)\Intel\oneAPI\ directory.

On Linux* or macOS* system, the Intel oneAPI development tools are typically installed in the /opt/intel/
oneapi/ directory.

These are the default locations; the precise location can be changed during installation.

Within the oneAPI installationdirectory are a collection of folders that contain the compilers, libraries, analyzers,
andother tools installedon thedevelopment system. Theprecise list dependson the toolkit(s) installed and the
options selected during installation. Most of the folders within the oneAPI installation directory have obvious
names. For example, the mkl folder contains the Intel® oneAPI Math Kernel Library (Intel® oneMKL), the ipp
folder contains the Intel® Integrated Performance Primitives (Intel® IPP) library, and so on.

3.2 EnvironmentVariables

Some of the tools in the Intel oneAPI toolkits depend on environment variables to:

• Assist the compilation and link process (e.g., PATH, CPATH, INCLUDE, etc.)

• Locate debuggers, analyzers, and local help files (e.g., PATH,MANPATH)

• Identify tool-specific parameters and dynamic (shared) link libraries (e.g., LD_LIBRARY_PATH,
CONDA_*, etc.)

3.3 setvars andvars Files

Every installationof the Intel oneAPI toolkits includes a single top-level “setvars” script andmultiple tool-specific
“vars” scripts (setvars.sh and vars.sh on Linux and macOS; setvars.bat and vars.bat on Windows).
When executed (sourced), these scripts configure the local environment variables to reflect the needs of the
installed Intel oneAPI development tools.

The following sections provide detailed instructions on how to use the oneAPI setvars and vars scripts to initial-
ize the oneAPI development environment:

• Use the setvars Script withWindows*

• Use the setvars Script with Linux* orMacOS*
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3.4 Modulefiles (Linuxonly)

Users of Environment Modules and Lmod can use the modulefiles included with the oneAPI toolkit installa-
tion to initialize their development environment variables. The oneAPI modulefile scripts are only supported
on Linux and are provided as an alternative to using the setvars and vars scripts referenced above. In general,
users should notmixmodulefiles with the setvars environment scripts.

SeeUseModulefileswith Linux* for detailed instructions on how to use the oneAPImodulefiles to initialize the
oneAPI development environment.

3.4.1 Use the setvarsScriptwithWindows*

Most of the oneAPI component tool folders contain an environment script named vars.bat that configures
the environment variables needed by that component to support oneAPI development work. For example, in a
default installation, the Intel® IntegratedPerformancePrimitives (Intel® IPP)vars script onWindows is locatedat:
C:\Program Files (x86)\Intel\oneAPI\ipp\latest\env\vars.bat. This pattern is shared by all oneAPI
components that include an environment vars setup script.

Thesecomponent toolvarsscriptscanbecalleddirectlyorcollectively. Tocall themcollectively, ascriptnamed
setvars.bat is provided in the oneAPI installation folder. For example, in a default installation on a Windows
machine: C:\Program Files (x86)\Intel\oneAPI\setvars.bat.

Running the setvars.bat script without any arguments causes it to locate and run all <component>\latest\
env\vars.bat scripts in the installation. Changes made to the environment by these scripts can be seen by
running theWindows set command after running the environment setup scripts.

Visual Studio Code* developers can install a oneAPI environment extension to run the setvars.batwithin Vi-
sual Studio Code. Learnmore in UsingVisual Studio Codewith Intel oneAPI Toolkits.

Note: Changes to your environment made by running the setvars.bat script (or the individual vars.bat
scripts) are not permanent. Those changes only apply to the cmd.exe session in which the setvars.bat envi-
ronment script was executed.

CommandLineArguments

The setvars.bat script supports several command-line arguments, which are displayed using the --help op-
tion. For example:

"C:\Program Files (x86)\Intel\oneAPI\setvars.bat" --help

The --config=file argument and the ability to include arguments that will be passed to the vars.bat scripts
that are called by the setvars.bat script can be used to customize the environment setup.

The --config=file argument provides the ability to limit environment initialization to a specific set of oneAPI
components. It also provides a way to initialize the environment for specific component versions. For example,
to limit environmentsetup to just the Intel® IPP libraryand the Intel®oneAPIMathKernelLibrary (Intel®oneMKL),
pass a config file that tells the setvars.bat script to only call the vars.bat environment scripts for those two
oneAPI components. More details and examples are provided inUseaConfigfile for setvars.bat onWindows.
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Anyextraargumentspassedon thesetvars.batcommand line thatarenotdescribed in thesetvars.bathelp
messagewill bepassed toeverycalledvars.batscript. That is, if thesetvars.batscriptdoesnot recognizean
argument, it assumes the argument is meant for use by one or more component vars scripts and passes those
extra arguments to every component vars.bat script that it calls. Themost commonextra arguments are ia32
andintel64, whichareusedby the Intel compilersand the IPP,MKL,andTBB libraries tospecify theapplication
target architecture.

If more than one version of Microsoft Visual Studio* is installed on your system, you can specify which Visual
Studioenvironmentshouldbe initializedaspartof theoneAPIsetvars.batenvironment initializationbyadding
thevs2017,vs2019, orvs2022argument to thesetvars.batcommand line. Bydefault, themost recentversion
of Visual Studio is located and initialized.

Note: Support for Microsoft Visual Studio* 2017 is deprecated as of the Intel® oneAPI 2022.1 release, and will
be removed in a future release.

Inspect the individual vars.bat scripts to determinewhich, if any, command line arguments they accept.

HowtoRun

<install-dir>\setvars.bat

To run setvars.bat or a vars.bat script in a PowerShell window, use the following:

cmd.exe "/K" '"C:\Program Files (x86)\Intel\oneAPI\setvars.bat" && powershell'

HowtoVerify

After executing setvars.bat, verify success by searching for theSETVARS_COMPLETEDenvironment vari-
able. If setvars.bat was successful the SETVARS_COMPLETED environment variable will have a value of
1:

set | find "SETVARS_COMPLETED"

Return value

SETVARS_COMPLETED=1

If the return value is anything other than SETVARS_COMPLETED=1 the test failed and setvars.bat did not com-
plete properly.

MultipleRuns

Because many of the individual env\vars.bat scripts make significant changes to PATH, CPATH, and other
environment variables, the top-level setvars.bat script will not allow multiple invocations of itself in the same
session. This is done to ensure that your environment variables do not exceed themaximumprovided environ-
ment space, especially the %PATH% environment variable. Exceeding the available environment space results in
unpredictable behavior in your terminal session and should be avoided.

This behavior canbeoverriddenbypassingsetvars.bat the--force flag. In this example, theuser tries to run
setvars.bat twice. The second instance is stopped because setvars.bat has already been run.
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> <install-dir>\setvars.bat
initializing environment ...
(SNIP: lot of output)
oneAPI environment initialized

> <install-dir>\setvars.bat
.. code-block:: WARNING: setvars.bat has already been run. Skipping re-execution.

To force a re-execution of setvars.bat, use the '--force' option.
Using '--force' can result in excessive use of your environment variables.

In the third instance, the user runs <install-dir>\setvars.bat --force and the initialization is successful.

> <install-dir>\setvars.bat --force
initializing environment ...
(SNIP: lot of output)
oneAPI environment initialized

ONEAPI_ROOTEnvironmentVariable

The ONEAPI_ROOT variable is set by the top-level setvars.bat script when that script is sourced. If there is al-
ready a ONEAPI_ROOT environment variable defined, setvars.bat temporarily overwrites it in the cmd.exe ses-
sion inwhichyou ran thesetvars.bat script. This variable is primarily usedby theoneapi-cli samplebrowser
and theMicrosoftVisualStudioandVisualStudioCode* samplebrowsers tohelp them locateoneAPI tools and
components, especially for locating the setvars.bat script if the SETVARS_CONFIG feature has been enabled.
Formore information about the SETVARS_CONFIG feature, seeAutomate the setvars.bat Script withMicrosoft
Visual Studio*.

OnWindows systems, the installer adds the ONEAPI_ROOT variable to the environment.

UseaConfigfile for setvars.batonWindows

The setvars.bat script sets environment variables for use with the oneAPI toolkits by executing each of the
<install-dir>\latest\env\vars.bat scripts found in the respective oneAPI folders. Unless you configure
yourWindowssystemtorun thesetvars.batscriptautomatically, itmustbeexecutedevery timeanewterminal
window isopened forcommand linedevelopment, orprior to launchingVisualStudioCode,SublimeText, orany
other C/C++ editor you use. Formore information, see Configure Your System.

The procedure below describes how to use a configuration file tomanage environment variables.

Versions andConfigurations

Some oneAPI tools support installation of multiple versions. For those tools that do support multiple versions,
the directory is organized like this (assuming a default installation and using the compiler as an example):

\Program Files (x86)\Intel\oneAPI\compiler\
|-- 2021.1.1
|-- 2021.2.0
`-- latest -> 2021.2.0
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For example:

For all tools, there is a symbolic link named latest that points to the latest installed version of that component;
and the vars.bat script located in the latest\env\ folder is what the setvars.bat executes by default.

If required, setvars.bat can be customized to point to a specific directory by using a configuration file.

–configParameter

The top level setvars.bat script accepts a --config parameter that identifies your custom config.txt file.

<install-dir>\setvars.bat --config="path\to\your\config.txt"

The name of your configuration file can have any name you choose. You can create many config files to setup
a variety of development or test environments. For example, youmight want to test the latest version of a library
with an older version of a compiler; use a setvars config file tomanage such a setup.

ConfigFileSample

The examples below show a simple example of the config file:

LoadLatest of Everythingbut…

mkl=1.1
dldt=exclude

ExcludeEverythingbut…

default=exclude
mkl=1.0
ipp=latest
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The configuration text filemust follow these requirements:

• a newline delimited text file

• each line consists of a single "key=value" pair

• "key" names a component folder in the top-level set of oneAPI directories (the folders found in the
%ONEAPI_ROOT% directory). If a "key" appears more than once in a config file, the last "key" wins and
any prior keys with the same name are ignored.

• “value” names a version directory that is found at the top-level of the component directory. This includes
any symbolic links (such as latest) that might be present at that level in the component directory.

– OR "value" can be "exclude", whichmeans the named keywill NOThave its vars.bat script exe-
cuted by the setvars.bat script.

The "key=value" pair "default=exclude" is a special case. When included, it will exclude executing ALL
env\vars.bat scripts, except those that are listed in the config file. See the examples below.

FurtherCustomizationofConfigFiles

The config file can be used to exclude specific components, include specific component versions or only in-
clude specific component versions that are named after a "default=exclude" statement.

By default, setvars.batwill process the latest version of each env\vars.bat script.

The sample below shows two versions of Intel oneMKL installed: 2021.1.1 and 2021.2.0. The latest shortcut
points to the 2021.2.0 folder because it is the latest version installed. By default, setvars.batwill execute the
2021.2.0 vars.bat script in themkl folder because that is the folder that latest points to.

Fig. 2: Two versions of Intel oneMKL and config files
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Specify aSpecificVersion

To direct setvars.bat to execute the <install-dir>\mkl\2021.1.1\env\vars.bat script, add mkl=2021.
1.1 to your config file.

This instructs setvars.bat to execute the env\vars.bat script located in the 2021.1.1 version folder inside
the mkl directory. For other installed components, setvars.batwill execute the env\vars.bat script located
in the latest version folder.

ExcludeSpecificComponents

To exclude a component, use the following syntax:

<key>=exclude

For example, to exclude Intel IPP, but include the 2021.1.1 version of Intel oneMKL:

mkl=2021.1.1
ipp=exclude

In this example:

• setvars.batWILL execute the Intel oneMKL 2021.1.1 env\vars.bat script

• setvars.batWILLNOTexecute Intel IPP env\vars.bat script files

• setvars.batWILL execute the latest version of the remaining env\vars.bat script files

IncludeSpecificComponents

To execute a specific list of component env\vars.bat scripts, youmust first exclude all env\vars.bat scripts.
Then add back the list of components to be executed by setvars.bat. Use the following syntax to exclude all
component env\vars.bat scripts from being executed:

default=exclude

For example, to have setvars.bat execute only the Intel oneMKL and Intel IPP component env\vars.bat
scripts, use this config file:

default=exclude
mkl=2021.1.1
ipp=latest

In this example:

• setvars.batWILL execute the Intel oneMKL 2021.1.1 env\vars.bat script

• setvars.batWILL execute the latest version of the Intel IPP env\vars.bat script

• setvars.batWILLNOTexecute the env\vars.bat script for any other components
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Automate the setvars.batScriptwithMicrosoftVisual Studio*

Note: Support for Microsoft Visual Studio* 2017 is deprecated as of the Intel® oneAPI 2022.1 release, and will
be removed in a future release.

The setvars.bat script sets up the environment variables needed to use the oneAPI toolkits. This script must
be run every time a new terminal window is opened for command-line development. The setvars.bat script can
also be run automatically whenMicrosoft Visual Studio is started. You can configure this feature to instruct the
setvars.bat script to set up a specific set of oneAPI tools by using the SETVARS_CONFIG environment variable.

SETVARS_CONFIGEnvironmentVariableStates

The SETVARS_CONFIG environment variable enables automatic configuration of the oneAPI development
environment when you start your instance of Microsoft Visual Studio. The variable has three conditions or
states:

• Undefined (the SETVARS_CONFIG environment variable does not exist)

• Defined but empty (the value contains nothing or only whitespace)

• Defined and points to a setvars.bat configuration file

If SETVARS_CONFIG is undefined there will be no attempt to automatically run setvars.batwhenVisual Studio
is started. This is the default case, since the SETVARS_CONFIG variable is not defined by the oneAPI installer.

If SETVARS_CONFIG is defined and has no value (or contains only whitespace), the setvars.bat script will be
automatically runwhenVisual Studio is started. In this case, the setvars.bat script initializes the environment for
all oneAPI tools that are installed on your system. For more information about running the setvars.bat script,
see Build and Run a Sample Project Using theVisual Studio* Command Line.

WhenSETVARS_CONFIG is definedwith theabsolutepathname toasetvarsconfigurationfile, thesetvars.bat
script will be automatically run when Visual Studio is started. In this case, the setvars.bat script initializes the
environment for only thoseoneAPI tools that aredefined in thesetvarsconfiguration file. Formore information
about how to create a setvars config file, seeUsing aConfig Filewith setvars.bat.

A setvars configuration file can have any name and can be saved to any location on your hard disk, as long as
that locationand thefileareaccessibleandreadablebyVisualStudio. (Aplug-in thatwasaddedtoVisualStudio
when you installed the oneAPI tools on your Windows system performs the SETVARS_CONFIG actions; that
is whyVisual Studiomust have access to the location and contents of the setvars configuration file.)

If you leave the setvars config file empty, the setvars.bat script will initialize your environment for all oneAPI
tools that are installedonyour system. This is equivalent todefining theSETVARS_CONFIGvariablewithanempty
string. SeeUsing a Config File with setvars.bat for details regarding what to put inside of your setvars config
file.
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Define theSETVARS_CONFIGEnvironmentVariable

Since the SETVARS_CONFIG environment variable is not automatically defined during installation, youmust add
it to your environment before starting Visual Studio (per the rules above). You can define the SETVARS_CONFIG
environmentvariableusing theWindowsSETXcommandor in theWindowsGUI toolby typing“rundll32.exe
sysdm.cpl,EditEnvironmentVariables” into the “Win+R” dialog (use “Win+R” to bring up the dialog).

3.4.2 Use the setvarsScriptwith Linux* orMacOS*

Most of the component tool folders contain an environment script named vars.sh that configures the envi-
ronment variables needed by that component to support oneAPI development work. For example, in a default
installation, the Intel® Integrated Performance Primitives (Intel® IPP) vars script on Linux or macOS is located
at: /opt/intel/ipp/latest/env/vars.sh. This pattern is shared by all oneAPI components that include an
environment vars setup script.

Thesecomponent toolvarsscriptscanbecalleddirectlyorcollectively. Tocall themcollectively, ascriptnamed
setvars.sh is provided in the oneAPI installation folder. For example, in a default installation on a Linux or ma-
cOSmachine: /opt/intel/setvars.sh.

Sourcing the setvars.sh script without any arguments causes it to locate and source all <component>/
latest/env/vars.shscripts in the installation. Changesmade to theenvironmentby thesescriptscanbeseen
by running the env command after running the environment setup scripts.

Note: Changes to your environment made by sourcing the setvars.sh script (or the individual vars.sh
scripts) are not permanent. Those changes only apply to the terminal session in which the setvars.sh en-
vironment script was sourced.

CommandLineArguments

The setvars.sh script supports several command-line arguments, which are displayed using the --help op-
tion. For example:

source /opt/intel/oneapi/setvars.sh --help

The --config=file argument and the ability to include arguments that will be passed to the vars.sh scripts
that are called by the setvars.sh script can be used to customize the environment setup.

The --config=file argument provides the ability to limit environment initialization to a specific set of oneAPI
components. It also provides a way to initialize the environment for specific component versions. For example,
to limit environmentsetup to just the Intel® IPP libraryand the Intel®oneAPIMathKernelLibrary (Intel®oneMKL),
pass a config file that tells the setvars.sh script to only call the vars.sh environment scripts for those two
oneAPI components. More details and examples are provided in Use a Config file for setvars.sh on Linux or
macOS.

Any extra arguments passed on the setvars.sh command line that are not described in the setvars.sh help
message will be passed to every called vars.sh script. That is, if the setvars.sh script does not recognize an
argument, it assumes the argument is meant for use by one ormore component scripts and passes those extra
arguments to every component vars.sh script that it calls. The most common extra arguments are ia32 and
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intel64, which are used by the Intel compilers and the IPP, MKL, and TBB libraries to specify the application
target architecture.

Inspect the individual vars.sh scripts to determinewhich, if any, command line arguments they accept.

HowtoRun

source <install-dir>/setvars.sh

Note: If you are using a non-POSIX shell, such as csh, use the following command:

$ bash -c 'source <install-dir>/setvars.sh ; exec csh'

Alternatively, use themodulefilesscripts tosetupyourdevelopmentenvironment. Themodulefilesscriptswork
with all Linux shells.

If you wish to fine tune the list of components and the version of those components, use a setvars config file to
set up your development environment.

HowtoVerify

After sourcing the setvars.sh script, verify success by searching for the SETVARS_COMPLETED environment
variables. If setvars.sh was successful, then the SETVARS_COMPLETED environment variable will have a value
of 1:

env | grep SETVARS_COMPLETED

Return value

SETVARS_COMPLETED=1

If the return value is anything other than SETVARS_COMPLETED=1, then the test failed and setvars.sh did not
complete properly.

MultipleRuns

Becausemany of the individual env/vars.sh scriptsmake significant changes toPATH,CPATH, and other en-
vironment variables, the top-level setvars.sh script will not allowmultiple invocations of itself in the same ses-
sion. This is done to ensure that your environment variables do not become too long due to redundant path
references, especially the $PATH environment variable.

This behavior can be overridden by passing setvars.sh the --force flag. In this example, the user tries to run
setvars.sh twice. The second instance is stopped because setvars.sh has already been run.

> source <install-dir>/setvars.sh
.. code-block:: initializing environment ...
(SNIP: lot of output)
.. code-block:: oneAPI environment initialized ::
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> source <install-dir>/setvars.sh
.. code-block:: WARNING: setvars.sh has already been run. Skipping re-execution.

To force a re-execution of setvars.sh, use the '--force' option.
Using '--force' can result in excessive use of your environment variables

In the third instance, the user runs setvars.sh --force and the initialization is successful.

> source <install-dir>/setvars.sh --force
.. code-block:: initializing environment ...
(SNIP: lot of output)
.. code-block:: oneAPI environment initialized ::

ONEAPI_ROOTEnvironmentVariable

TheONEAPI_ROOTvariable issetby the top-levelsetvars.shscriptwhenthatscript issourced. If there isalready
a ONEAPI_ROOT environment variable defined, setvars.sh temporarily overwrites it in the terminal session in
which you sourced the setvars.sh script. This variable is primarily used by the oneapi-cli sample browser
and the Eclipse* andVisual Studio Code* sample browsers to help them locate oneAPI tools and components,
especially for in locating the setvars.sh script if the SETVARS_CONFIG feature has been enabled. For more
information about the SETVARS_CONFIG feature, seeAutomate the setvars.sh Script with Eclipse*.

On Linux andmacOS systems, the installer does not add the ONEAPI_ROOT variable to the environment. To add
it to the default environment, define the variable in your local shell initialization file(s) or in the system’s /etc/
environment file.

UseaConfigfile for setvars.shonLinuxormacOS

There are twomethods for configuring your environment in Linux*:

• Use a setvars.sh configuration file, as described on this page

• Usemodulefiles

The setvars.sh script sets environment variables for use with the oneAPI toolkits by sourcing each of the
<install-dir>/latest/env/vars.sh scripts found in the respective oneAPI folders. Unless you configure
your Linux system to source the setvars.sh script automatically, it must be sourced every time a new termi-
nal window is opened for command line development, or prior to launching Eclipse* or any other C/C++ IDE or
editor you use for C/C++ development. Formore information, see Configure Your System.

The procedure below describes how to use a configuration file tomanage environment variables.

Versions andConfigurations

Some oneAPI tools support installation of multiple versions. For those tools that do support multiple versions,
the directory is organized like this:
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intel/oneapi/compiler/
|-- 2021.1.1
|-- 2021.2.0
`-- latest -> 2021.2.0

For example:

Fig. 3:Multiple versions and environmental variables

For all tools, there is a symlink named latest that points to the latest installed version of that component; and
the vars.sh script located in the latest/env/ folder is what the setvars.sh sources by default.

If required, setvars.sh can be customized to point to a specific directory by using a configuration file.

–configParameter

The top level setvars.sh script accepts a --config parameter that identifies your custom config.txt file.

> source <install-dir>/setvars.sh --config="full/path/to/your/config.txt"

The name of your configuration file can have any name you choose. You can create many config files to setup
a variety of development or test environments. For example, youmight want to test the latest version of a library
with an older version of a compiler; use a setvars config file tomanage such a setup.

ConfigFileSample

The examples below show a simple example of the config file:

LoadLatest of Everythingbut…

mkl=1.1
dldt=exclude

ExcludeEverythingbut…

default=exclude
mkl=1.0
ipp=latest

The configuration text filemust follow these requirements:
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• a newline delimited text file

• each line consists of a single "key=value" pair

• "key" names a component folder in the top-level set of oneAPI directories (the folders found in the
$ONEAPI_ROOT directory). If a "key" appears more than once in a config file, the last "key"wins and any
prior keys with the same name are ignored.

• “value” names a version directory that is found at the top-level of the component directory. This includes
any symlinks (such as latest) that might be present at that level in the component directory.

– OR "value" can be "exclude", which means the named key will NOT have its env/vars.sh script
sourced by the setvars.sh script.

The"key=value"pair"default=exclude" is a special case. When included, it will exclude sourcingALLenv/
vars.sh scripts, except those that are listed in the config file. See the examples below.

FurtherCustomizationofConfigFiles

The config file can be used to exclude specific components, include specific component versions or only in-
clude specific component versions that are named after a "default=exclude" statement.

By default, setvars.shwill process the latest version of each env/vars.sh script.

The sample below shows two versions of Intel oneMKL installed: 2021.1.1 and 2021.2.0. The latest symlink
points to the 2021.2.0 folder because it is the latest version. By default setvars.sh will source the 2021.2.0
vars.sh script in the mkl folder because that is the folder that latest points to.
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Fig. 4: Two versions of Intel oneMKL installed

Specify aSpecificVersion

To direct setvars.sh to source the <install-dir>/mkl/2021.1.1/env/vars.sh script, add mkl=2021.1.1
to your config file.

This instructs setvars.sh to source on the env/vars.sh script located in the 2021.1.1 version folder inside
the mkl directory. For other installed components, setvars.sh will source the env/vars.sh script located in
the latest version folder.

ExcludeSpecificComponents

To exclude a component, use the following syntax:

<key>=exclude

For example, to exclude Intel IPP, but include the 2021.1.1 version of Intel oneMKL:

mkl=2021.1.1
ipp=exclude

In this example:
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• setvars.shWILL source the Intel oneMKL 2021.1.1 env/vars.sh script

• setvars.shWILLNOT source any Intel IPP env/vars.sh script files

• setvars.shWILL source the latest version of the remaining env/vars.sh script files

IncludeSpecificComponents

To source a specific list of component env/vars.sh scripts, you must first exclude all env/vars.sh scripts.
Then add back the list of components to be sourced by setvars.sh. Use the following syntax to exclude all
component env/vars.sh scripts from being sourced:

default=exclude

For example, to have setvars.sh source only the Intel oneMKLand Intel IPP component env/vars.sh scripts,
use this config file:

default=exclude
mkl=2021.1.1
ipp=latest

In this example:

• setvars.shWILL source the Intel oneMKL 2021.1.1 env/vars.sh script

• setvars.shWILL source the latest version of the Intel IPP env/vars.sh script

• setvars.shWILLNOT source the env/vars.sh script for any other components

Automate the setvars.shScriptwithEclipse*

Thesetvars.shscript setsup theenvironmentvariablesneeded touse theoneAPI toolkits. This scriptmustbe
run every time a new terminal window is opened for command-line development. The setvars.sh script can
also be run automatically when Eclipse* is started. You can configure this feature to instruct the setvars.sh
script to set up a specific set of oneAPI tools by using the SETVARS_CONFIG environment variable.

SETVARS_CONFIGEnvironmentVariableStates

The SETVARS_CONFIG environment variable enables automatic configuration of the oneAPI development envi-
ronment when you start your instance of Eclipse IDE for C/C++ Developers. The variable has three conditions
or states:

• Undefined (the SETVARS_CONFIG environment variable does not exist)

• Defined but empty (the value contains nothing or only whitespace)

• Defined and points to a setvars.sh configuration file
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If SETVARS_CONFIG is undefined or if it exists but has no value (or contains only whitespace), the setvars.sh
scriptwill be automatically runwhenEclipse is started. In this case, the setvars.sh script initializes the environ-
ment for all oneAPI tools that are installed on your system. Formore information about running the setvars.sh
script, see Build and Run a Sample Project Using Eclipse.

When SETVARS_CONFIG is definedwith the absolute pathname to a setvars configuration file, the setvars.sh
scriptwill be automatically runwhenEclipse is started. In this case, the setvars.sh script initializes the environ-
ment for only those oneAPI tools that are defined in the setvars configuration file. For more information about
how to create a setvars config file, seeUse aConfig file for setvars.sh on Linux ormacOS.

Note: The default SETVARS_CONFIG behavior in Eclipse is different than the behavior described for Visual Stu-
dio on Windows. When starting Eclipse, automatic execution of the setvars.sh script is always attempted.
WhenstartingVisualStudioautomaticexecutionof thesetvars.batscript it is onlyattempted if theSETVARS_-
CONFIG environment variable has been defined.

A setvars configuration file can have any name and can be saved to any location on your hard disk, as long as
that location and the file are accessible and readable byEclipse. (A plug-in that was added to Eclipsewhen you
installed theoneAPI tools onyourLInux systemperforms theSETVARS_CONFIGactions; that iswhyEclipsemust
have access to the location and contents of the setvars configuration file.)

If you leave the setvars config file empty, the setvars.sh script will initialize your environment for all oneAPI
tools that are installedonyour system. This is equivalent todefining theSETVARS_CONFIGvariablewithanempty
string. SeeUse a Config file for setvars.sh on Linux or macOS for details regarding what to put inside of your
setvars config file.

Define theSETVARS_CONFIGEnvironmentVariable

Since the SETVARS_CONFIG environment variable is not automatically defined during installation, youmust add
it to your environment before starting Eclipse (per the rules above). There are a variety of places to define the
SETVARS_CONFIG environment variable:

• /etc/environment

• /etc/profile

• ~/.bashrc

• and so on…

The list above shows commonplaces to define environment variables on a Linux system. Ultimately, where you
choose to define the SETVARS_CONFIG environment variable depends on your system and your needs.
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3.4.3 UseModulefileswith Linux*

There are twomethods for configuring your environment in Linux*:

• Usemodulefiles, as described on this page

• Use a setvars.sh configuration file

Most of the component tool folders contain one ormoremodulefile scripts that configure the environment vari-
ables needed by that component to support development work. Modulefiles are an alternative to using the
setvars.sh script to set up the development environment. Because modulefiles do not support arguments,
multiple modulefiles are available for oneAPI tools and libraries that support multiple configurations (such as a
32-bit configuration and a 64-bit configuration).

Note: Themodulefilesprovidedwith the InteloneAPI toolkitsarecompatiblewith theTclEnvironmentModules
(Tmod) and Lua EnvironmentModules (Lmod). The followingminimum versions are supported:

• Tmod 3.2.10 (compiler modulefile requires 4.1, see below)

• Tcl version 8.4

• Lmod version 8.2.10

Test which version is installed on your system using the following command:

module --version

Eachmodulefile automatically verifies the Tcl version on your systemwhen it runs.

If your modulefile version is not supported, a workaround may be possible. See Using Environment Modules
with Intel Development Tools for more details.

As of the oneAPI 2021.4 release you can use the iccmodulefile to setup the icc and ifort compilers if you are
using version 3.2.10 of the Tcl Environment Modules. A future oneAPI release will resolve the support for the
compilermodulefile.

The oneAPI modulefile scripts are located in a modulefiles directory inside each component folder (similar to
how the individual vars scripts are located). For example, in a default installation, the ippmodulefiles script(s)
are in the /opt/intel/ipp/latest/modulefiles/ directory.

Due tohowoneAPIcomponent foldersareorganizedon thedisk, it canbedifficult touse theoneAPImodulefiles
directly where they are installed. Therefore, a special modulefiles-setup.sh script is provided in the oneAPI
installation folder tomake it easier to work with the oneAPImodulefiles. In a default installation, that setup script
is located here: /opt/intel/oneapi/modulefiles-setup.sh

The modulefiles-setup.sh script locates all modulefile scripts that are part of your oneAPI installation and
organizes them into a single directory of versionedmodulefiles scripts.

Each of these versioned modulefiles scripts is a symlink that points to the modulefiles located by the
modulefiles-setup.sh script. Each component folder includes (at minimum) a “latest” version modulefile
that will be selected, by default, when loading a modulefile without specifying a version label. If you use the
--ignore-latest option when running the modulefiles-setup.sh script, the modulefile with the higest
semver versionwill be loaded if no version is specified by the module_load command.
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Creating the modulefilesDirectory

Run the modulefiles-setup.sh script.

Note: By default, the modulefiles-setup.sh script creates a folder namedmodulefiles in the oneAPI toolkit
installation folder. If your oneAPI installation folder is not writeable, use the --output-dir=<path-to-folder>
option to create the modulefiles folder in a writeable location. Run modulefiles-setup.sh --help for more
information about this and othermodulefiles-setup.sh script options.

Running the modulefiles-setup.sh script creates the modulefiles output folder, which is organized like the
following example (the precise list of modulefiles depends on your installation). In this example there is one
modulefile for configuring the Intel® Advisor environment and twomodulefiles for configuring the compiler en-
vironment (the compiler modulefile configures the environment for all Intel compilers). If you follow the latest
symlinks, they point to the highest versionmodulefile, per semver rules.

Update your MODULEFILESPATH to include to the modulefiles output folder that was created by the
modulefiles-setup.sh script or run the moduleuse <folder_name> command.
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Installing theTclModulefilesEnvironment ontoYourSystem

The instructions below will help you quickly get started with the Environment Modules utility on Ubuntu*. For
full details regarding installation and configuration of the module utility, see http://modules.sourceforge.net/.

$ sudo apt update
$ sudo apt install tcl
$ sudo apt install environment-modules

Confirm that the local copy of tclsh is new enough (see the beginning of this page for a list of supported ver-
sions):

$ echo 'puts [info patchlevel] ; exit 0' | tclsh
8.6.8

To test the module installation, initialize the module alias.

$ source /usr/share/modules/init/sh
$ module

Note: Initialization of the Modulefiles environment in POSIX-compatible shells should work with the source
command shown above. Shell-specific init scripts are provided in the /usr/share/modules/init/ folder. See
that folder and the initialization section in man module for more details.

Source the module alias init script (.../modules/init/sh) in a global or local startup script to ensure themod-
ule command is always available. At this point, the system should be ready to use the module command as
shown in the following section.

GettingStartedwith the modulefiles-setup.shScript

The following example assumes you have:

• installed tclsh on to the Linux development system

• installed the EnvironmentModules utility (i.e., module) onto the system

• sourced the .../modules/init/sh (or equivalent) module init command

• installed the oneAPI toolkits required for your oneAPI development

$ cd <oneapi-root-folder> # cd to the oneapi_root install directory
$ ./modulefiles-setup.sh # run the modulefiles setup script
$ module use modulefiles # use the modulefiles folder created above
$ module avail # will show tbb/X.Y, etc.
$ module load tbb # loads tbb/X.Y module
$ module list # should list the tbb/X.Y module you just loaded
$ module unload tbb # removes tbb/X.Y changes from the environment
$ module list # should no longer list the tbb/X.Y env var module
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Before the unload step, use the env command to inspect the environment and look for the changes that were
made by the modulefile you loaded. For example, if you loaded the tbb modulefile, the command will show
you someof the env changesmadeby that modulefile (inspect the modulefile to see all of the changes it will
make):

$ env | grep -i "intel"

Note: A modulefile is a script, but it does not need to have the ‘x’ (executable) permission set, because it
is loaded and interpreted by the “module” interpreter that is installed and maintained by the end-user. Installa-
tion of the oneAPI toolkits do not include the modulefile interpreter. It must be installed separately. Likewise,
modulefiles do not require that the ‘w’ permission be set, but theymust be readable (ideally, the ‘r’ permission
is set for all users).

Versioning

The oneAPI toolkit installer uses version folders to allow oneAPI tools and libraries to exist in a side-by-side
layout. These versioned component folders are used by the modulefiles-setup.sh script to create the ver-
sioned modulefiles. The script organizes the symbolic links it creates in the modulefiles output folder as
<modulefile-name>/version, so that each respective modulefile can be referenced by version when using
themodule command.

$ module avail
---------------- modulefiles -----------------
ipp/1.1 ipp/1.2 compiler/1.0 compiler32/1.0

Multiplemodulefiles

A tool or library may provide multiple modulefiles within its modulefiles folder. Each becomes a loadable
module. Theywill be assigned a version per the component folder fromwhich theywere extracted.

UnderstandingHowthe modulefiles areWrittenwhenusingoneAPI

Symbolic links are usedby the modulefiles-setup.sh script to gather all the availablemodulefiles into a sin-
gle modulefiles folder. This means that the actual modulefile scripts are not moved or modified. As a con-
sequence, the ${ModulesCurrentModulefile} variable points to the symlink to each modulefile, not to the
actualmodulefile located in the respective installation folders. Todetermine the full path to the actualmodule-
files, eachmodulefile starts with a statement like this:

[ file readlink ${ModulesCurrentModulefile} ]

to get a direct reference to the original modulefile in the product install directory. This is done because the
actual install location can be customized and is, therefore, unknown at runtime andmust be deduced. For that
reason, the actual modulefile cannot be moved outside of the installed location, otherwise it will not be able to
locate the absolute path to the library or application that it must configure.

For a better understanding, review the modulefiles includedwith the installation. Most include comments ex-
plaining how they resolve symlink references to a real file, as well as parsing the version number (and version
directory). They also include checks to insure that the installed TCL is an appropriate version level.
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Useof the module loadCommandby modulefiles

Several of the modulefiles use the module load command to ensure that any required dependent modules
are also loaded. There is no attempt to specify the version of those dependent modulefiles. This means you
have the option to load a specific version of a dependent module prior to loading the module that requires that
dependentmodule. If you do not preload a dependentmodule, the latest available version is loaded.

This is by design because it gives you the flexibility to control the environment. For example, you may have
installed an updated version of a library that youwant to test against a previous version of the compiler. Perhaps
the updated library has a bug fix and you are not interested in changing the version of any other libraries in your
build. If the dependent modulefiles were hard-coded to require a specific dependent version of this library, you
could not perform such a test.

Note: If a dependent module load cannot be satisfied, the currently loadingmodule filewill be terminated and
no changeswill bemade to your environment.

Additional Resources

Formore information about modulefiles, see:

• http://www.admin-magazine.com/HPC/Articles/Environment-Modules

• https://support.pawsey.org.au/documentation/display/US/Sample+modulefile+for+Environment+
Modules

• https://www.chpc.utah.edu/documentation/software/modules-advanced.php

• https://modules.readthedocs.io/en/latest/

• https://lmod.readthedocs.io/en/latest/

3.4.4 UseCMakewith oneAPIApplications

The CMake packages provided with Intel oneAPI products allow a CMake project to make easy use of oneAPI
librariesonWindows*, Linux*, ormacOS*. Using theprovidedpackages, theexperienceshouldbesimilar tohow
other system libraries integratewith aCMakeproject. There aredependencyandother build variablesprovided
to CMake project targets as desired.

The following components support CMake:

• Intel® oneAPI DPC++Compiler - Linux,Windows

• Intel Integrated Performance Primitives (Intel IPP) and Intel Integrated Performance Primitives Cryptog-
raphy (Intel IPPCryptography) - Linux,Windows

• Intel MPI Library - Linux,Windows

• Intel oneAPI Collective Communications Library (oneCCL) - Linux,Windows

• Intel oneAPI Data Analytics Library (oneDAL) - Linux,Windows

• Intel oneAPI DeepNeural Network Library (oneDNN) - Linux,Windows
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• Intel oneAPI DPC++ Library (oneDPL) - Linux,Windows

• Intel oneAPIMath Kernel Library (oneMKL) - Linux,Windows, macOS

• Intel oneAPI Threading Building Blocks (oneTBB) - Linux,Windows, macOS

• Intel oneAPI Video Processing Library (oneVPL) - Linux,Windows

Libraries that provide a CMake configuration can be identified by looking in the following locations:

• On Linux ormacOS:

– System: /usr/local/lib/cmake`

– User: ~/lib/cmake`

• OnWindows: HKEY_LOCAL_MACHINESoftwareKitwareCMakePackages\`

To use the CMake packages, use the oneAPI libraries as you would other system libraries. For example, using
find_package(tbb) ensures that your application’s CMake package is using the oneTBBpackage.
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4.0 Compile andRunoneAPIPrograms

This chapter details the oneAPI compilation process across direct programming andAPI-based programming
covering CPU, GPUs, and FPGAs. Some details about the tools employed at each stage of compilation are
explained.

4.1 SingleSourceCompilation

The oneAPI programming model supports single source compilation. Single source compilation has several
benefits compared to separate host and device code compilation. It should be noted that the oneAPI program-
mingmodel also supports separate host anddevice code compilation as someusersmayprefer it. Advantages
of the single source compilationmodel include:

• Usability – programmers need to create fewer files and can define device code right next to the call site in
the host code.

• Extrasafety–singlesourcemeansonecompilercansee theboundarycodebetweenhostanddeviceand
the actual parameters generated by host compiler will match formal parameters of the kernel generated
by the device compiler.

• Optimization - the device compiler can perform additional optimizations by knowing the context from
which a kernel is invoked. For instance, the compilermay propagate someconstants or infer pointer alias-
ing information across the function call.

4.2 Invoke theCompiler

The Intel®oneAPIDPC++/C++Compilerprovidesmultipledrivers to invoke thecomplier from thecommand line.
Theexamplesbelowshowoptions forC++ andSYCL*. For a full list of driver options, see theDifferentCompilers
andDrivers table.

Formore information on the compiler, see Invoking theCompiler in the Intel® oneAPIDPC++/C++CompilerDe-
veloperGuide andReference.

To enableOpenMP* offloading for C++ applications, invoke the compiler with:

• icpx -fiopenmp -fopenmp-targets=<arch> (Linux)

• icx /Qiopenmp /Qopenmp-targets:<arch> (Windows).

To enableOpenMP offloading for SYCL applications, invoke the compiler with:

• icpx -fsycl -fiopenmp -fopenmp-targets=<arch> (Linux)

• icx-cl -fsycl /Qiopenmp /Qopenmp-targets:<arch> (Windows)
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Formore informationaboutoptions, youcango to theoptiondescriptions found in theCompilerOptionssection
of the Intel® oneAPIDPC++/C++Compiler DeveloperGuide andReference.

The compiler driver hasdifferent compatibilities ondifferentOShosts. OnLinux, icpx -fsyclprovidesGCC*-
style command line options. OnWindows, icx-cl provides Microsoft Visual C++* compatibility with Microsoft
Visual Studio*.

• It recognizesGCC-style command line options (startingwith “-“) and can be useful for projects that share
a build system acrossmultiple operating systems.

• It recognizes Windows command line options (starting with “/”) and can be useful for Microsoft Visual
Studio-based projects.

4.3 Standard Intel oneAPIDPC++/C++CompilerOptions

A full list of Intel oneAPIDPC++/C++Compiler options are available from the Intel oneAPIDPC++/C++Compiler
DeveloperGuide andReference.

• The Offload Compilation Options, OpenMP* Options, and Parallel Processing Options section includes
options specific to SYCL* andOpenMP* offload.

• A full list of available options andabrief descriptionof each is available in theAlphabetical List ofCompiler
Options.

4.4 ExampleCompilation

oneAPI applications can be directly programmed, API-based, which makes use of available oneAPI libraries,
or a combination of directly programmed and API-based. API-based programming takes advantage of device
offload using library functionality, which can save developers time when wriitng an application. In general it is
easiest to start with API-based programming and use SYCL* or OpenMP* offload features where API-based
programming is insufficient for your needs.

The following sections give examples of API-based code and direct programming using SYCL.

4.4.1 API-basedCode

The following code shows usage of an API call (a * x + y) employing the Intel oneAPI Math Kernel Library
function oneapi::mkl::blas::axpy to multiply a times x and add y across vectors of floating point numbers.
It takes advantage of the oneAPI programmingmodel to perform the addition on an accelerator.

#include <vector> // std::vector()
#include <cstdlib> // std::rand()
#include <CL/sycl.hpp>
#include "oneapi/mkl/blas.hpp"

int main(int argc, char* argv[]) {

double alpha = 2.0;
(continues on next page)
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(continued from previous page)

int n_elements = 1024;

int incx = 1;
std::vector<double> x;
x.resize(incx * n_elements);
for (int i=0; i<n_elements; i++)

x[i*incx] = 4.0 * double(std::rand()) / RAND_MAX - 2.0;
// rand value between -2.0 and 2.0

int incy = 3;
std::vector<double> y;
y.resize(incy * n_elements);
for (int i=0; i<n_elements; i++)

y[i*incy] = 4.0 * double(std::rand()) / RAND_MAX - 2.0;
// rand value between -2.0 and 2.0

cl::sycl::device my_dev;
try {

my_dev = cl::sycl::device(cl::sycl::gpu_selector());
} catch (...) {

std::cout << "Warning, failed at selecting gpu device. Continuing on default(host)␣
↪→device.\n";

}

// Catch asynchronous exceptions
auto exception_handler = [] (cl::sycl::exception_list

exceptions) {
for (std::exception_ptr const& e : exceptions) {

try {
std::rethrow_exception(e);

} catch(cl::sycl::exception const& e) {
std::cout << "Caught asynchronous SYCL exception:\n";
std::cout << e.what() << std::endl;

}
}

};

cl::sycl::queue my_queue(my_dev, exception_handler);

cl::sycl::buffer<double, 1> x_buffer(x.data(), x.size());
cl::sycl::buffer<double, 1> y_buffer(y.data(), y.size());

// perform y = alpha*x + y
try {

(continues on next page)

37



Intel® oneAPI

(continued from previous page)

oneapi::mkl::blas::axpy(my_queue, n_elements, alpha, x_buffer,
incx, y_buffer, incy);

}

catch(cl::sycl::exception const& e) {
std::cout << "\t\tCaught synchronous SYCL exception:\n"

<< e.what() << std::endl;
}

std::cout << "The axpy (y = alpha * x + y) computation is complete!" << std::endl;

// print y_buffer
auto y_accessor = y_buffer.template

get_access<cl::sycl::access::mode::read>();
std::cout << std::endl;
std::cout << "y" << " = [ " << y_accessor[0] << " ]\n";
std::cout << " [ " << y_accessor[1*incy] << " ]\n";
std::cout << " [ " << "... ]\n";
std::cout << std::endl;

return 0;
}

To compile and build the application (saved as axpy.cpp):

1. Ensure that the MKLROOT environment variable is set appropriately (echo ${MKLROOT}). If it is not set
appropriately, source the setvars.sh script or run the setvars.bat script or set the variable to the folder
that contains the lib and include folders.

Formore information about the setvars scripts, see oneAPIDevelopment Environment Setup.

2. Build the application using the following command:

On Linux:

icpx -fsycl -I${MKLROOT}/include -c axpy.cpp -o axpy.o

OnWindows:

icpx -fsycl -I${MKLROOT}/include /EHsc -c axpy.cpp /Foaxpy.obj

3. Link the application using the following command:

On Linux:

icpx -fsycl axpy.o -fsycl-device-code-split=per_kernel \
"${MKLROOT}/lib/intel64"/libmkl_sycl.a -Wl,-export-dynamic -Wl,--start-group \
"${MKLROOT}/lib/intel64"/libmkl_intel_ilp64.a \

(continues on next page)
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(continued from previous page)

"${MKLROOT}/lib/intel64"/libmkl_sequential.a \
"${MKLROOT}/lib/intel64"/libmkl_core.a -Wl,--end-group -lsycl -lOpenCL \
-lpthread -lm -ldl -o axpy.out

OnWindows:

icpx -fsycl axpy.obj -fsycl-device-code-split=per_kernel ^
"${MKLROOT}/lib/intel64"/libmkl_sycl.lib ^
"${MKLROOT}/lib/intel64"/libmkl_intel_ilp64.lib ^
"${MKLROOT}/lib/intel64"/libmkl_sequential.lib ^
"${MKLROOT}/lib/intel64"/libmkl_core.lib ^
sycl.lib OpenCL.lib -o axpy.exe

4. Run the application using the following command:

On Linux:

./axpy.out

OnWindows:

axpy.exe

4.4.2 DirectProgramming

The vector addition sample code is employed in this example. It takes advantage of the oneAPI programming
model to perform the addition on an accelerator.

The following command compiles and links the executable.

icpx -fsycl vector_add.cpp

The components and function of the command and options are similar to those discussed in the API-Based
Code section above.

Executionof this command results in thecreationof anexecutable file, whichperforms thevector additionwhen
run.

4.5 CompilationFlowOverview

When you create a program with offload, the compiler must generate code for both the host and the device.
oneAPI tries to hide this complexity from the developer. The developer simply compiles a SYCL* application
using theDPC++ compilerwith icpx -fsycl, and the samecompile commandgenerates both host anddevice
code.

For device code, two options are available: Just-in-Time (JIT) compilation and Ahead-of-Time (AOT) compi-
lation, with JIT being the default. This section describes how host code is compiled, and the two options for
generating device code. Additional details are available in Chapter 13 of the Data Parallel C++ book.
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4.5.1 TraditionalCompilationFlow(Host-onlyApplication)

The traditional compilation flow is a standard compilation like the one used for C, C++, or other languages, used
when there is no offload to a device.

The traditional compilation phases are shown in the following diagram:

Fig. 5: Traditional compilation phases

1. The front end translates the source into an intermediate representation and then passes that representa-
tion to the back end.

2. Thebackend translates the intermediate representation toobjectcodeandemitsanobject file (host.obj
onWindows*, host.o on Linux*).

3. One ormore object files are passed to the linker.

4. The linker creates an executable.

5. The application runs.

4.5.2 CompilationFlow forSYCLOffloadCode

The compilation flow for SYCL offload code adds steps for device code to the traditional compilation flow, with
JITandAOToptions fordevicecode. In thisflow, thedevelopercompilesaSYCLapplicationwithicpx -fsycl,
and the output is an executable containing both host and device code.

The basic compilation phases for SYCL offload code are shown in the following diagram:
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Fig. 6: Basic compilation phases for SYCL offload code

1. The host code is translated to object code by the back end.

2. The device code is translated to either a SPIR-V* or device binary.

3. The linker combines the host object code and the device code (SPIR-V or device binary) into an exe-
cutable containing the host binary with the device code embedded in it. This process is known as a fat
binary.

4. At runtime, the operating system starts the host application. If it has offload, the runtime loads the device
code (converting the SPIR-V to device binary if needed).

5. The application runs on the host and a specified device.

4.5.3 JITCompilationFlow

In the JIT compilation flow, the code for the device is translated to SPIR-V intermediate code by the back-end,
embedded in the fat binary as SPRI-V, and translated from SPIR-V to device code by the runtime. When the
application is run, the runtime determines the available devices and generates the code specific to that device.
This allows for more flexibility in where the application runs and how it performs than the AOT flow, whichmust
specify a device at compile time. However, performance may be worse because compilation occurs when the
application runs. Larger applicationswith significant amounts of device codemaynotice performance impacts.

Tip: The JIT compilation flow is useful when you do not knowwhat the target device will be.

Note: JIT compilation is not supported for FPGAdevices.

The compilation phases are shown in the following diagram:
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Fig. 7: JIT compilation phases

1. The host code is translated to object code by the back end.

2. The device code is translated to SPIR-V.

3. The linker combines the host object code and the device SPIR-V into a fat binary containing host exe-
cutable codewith SPIR-V device code embedded in it.

4. At runtime:

a. The device runtime on the host translates the SPIR-V for the device into device binary code.

b. The device code is loaded onto the device.

5. The application runs on the host and device available at runtime.

4.5.4 AOTCompilationFlow

In the AOT compilation flow, the code for the device is translated to SPIR-V and then device code in the host
back-end and the resulting device code is embedded in the generated fat binary. The AOT flow provides less
flexibility than the JIT flow because the target device must be specified at compilation time. However, exe-
cutable start-up time is faster than the JIT flow.

Tip:

• TheAOT compilation flow is goodwhen you know exactly which device you are targeting.

• TheAOT flow is recommendedwhen debugging your application as it speeds up the debugging cycle.

The compilation phases are shown in the following diagram:
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Fig. 8: AOTcompilation phases

1. The host code is translated to object code by the back end.

2. The device code is translated to SPIR-V.

3. The SPIR-V for the device is translated to a device code object using the device specified by the user on
the command line.

4. The linker combines the host object code and the device object code into a fat binary containing host
executable codewith device executable code embedded in it.

5. At runtime, the device executable code is loaded onto the device.

6. The application runs on a host and specified device.

4.5.5 FatBinary

A fat binary is generated from the JIT and AOT compilation flows. It is a host binary that includes embedded
device code. The contents of the device code vary based on the compilation flow.

Fig. 9: FATbinary

• The host code is an executable in either the ELF (Linux) or PE (Windows) format.

• The device code is a SPIR-V for the JIT flow or an executable for theAOT flow. Executables are in one of
the following formats:

– CPU: ELF (Linux), PE (Windows)
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– GPU: ELF (Windows, Linux)

– FPGA: ELF (Linux), PE (Windows)

4.6 CPUFlow

The CPU is typically called the brain of the computer. The CPU consists of complex circuitry/algorithms that
include branch predictors, memory virtualization and instruction scheduling, etc. Given this complexity, it is de-
signed to handle a wide-range of tasks.

The SYCL* andOpenMP* offload programmingmodel enables implementation of an application on heteroge-
nous CPU and GPU systems. The term “devices” in SYCL and OpenMP offload can refer to both CPUs and
GPUs.

Modern CPUs have many cores with hyper-threads and high SIMD width, which can be used for parallel com-
putation. If your workloads have regions that are compute intensive and can be run in parallel, it is a good idea
to offload those regions to a CPU than to a coprocessor, such as a GPU or FPGA. Also, because data does
not need to be offloaded through PCIe (unlike for coprocessors or GPU), latency is reduced with minimal data
transfer overhead.

Thereare twooptions for runninganapplicationonaCPU: the traditionalCPUflowthat runsdirectlyon theCPU
or aCPUoffload flow that runs on aCPUdevice. You can useCPUoffloadwith either SYCLorOpenMPoffload
applications. BothOpenMPoffloadandSYCLoffloadapplicationsuse theOpenCL™ runtimeand Intel® oneAPI
Threading Building Blocks (Intel® oneTBB) to run on aCPU as a device.

Tip: Unsure whether your workload fits best on CPU, GPU, or FPGA? Compare the benefits of CPUs, GPUs,
and FPGAs for different oneAPI compute workloads.

4.6.1 TraditionalCPUFlow

The traditionalCPUworkflowrunson theCPUwithouta runtime. Thecompilationflow isastandardcompilation
usedwhen there is no offload to a device, like the one used for C, C++, or other languages.

Traditional workloads are compiled and run on host using theTraditional Compilation Flow (Host-onlyApplica-
tion) process described inCompilation FlowOverview.

Example compilation command:

icpx -g -o matrix_mul_omp src/matrix_mul_omp.cpp

4.6.2 CPUOffloadFlow

By default, if you are offloading to a CPU device, it goes through an OpenCL™ runtime, which also uses Intel
oneAPI Threading Building Blocks for parallelism.

Whenoffloading to aCPU,workgroupsmap todifferent logical cores and theseworkgroups can execute in par-
allel. Eachwork-item in theworkgroupcanmap toaCPUSIMD lane. Work-items (sub-groups)execute together
in a SIMD fashion.
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Fig. 10: CPUworkgroups

To learn more about CPU execution, see Compare Benefits of CPUs, GPUs, and FPGAs for Different oneAPI
ComputeWorkloads.

SetUp forCPUOffload

1. Make sure youhave followedall steps in theoneAPIDevelopmentEnvironmentSetup section, including
running the setvars script.

2. Check if you have the required OpenCL runtime associated with the CPU using the sycl-ls command.
For example:

$sycl-ls
CPU : OpenCL 2.1 (Build 0)[ 2020.11.12.0.14_160000 ]
GPU : OpenCL 3.0 NEO [ 21.33.20678 ]
GPU : 1.1[ 1.2.20939 ]

3. Use one of the following code samples to verify that your code is running on the CPU. The code sample
adds scalar to large vectors of integers and verifies the results.

SYCL*

To run on a CPU, SYCL provides built-in device selectors for convenience. They use device_selector as a
base class. cpu_selector selects a CPUdevice.

Alternatively, you could also use the following environment variable when using default_selector to select a
device according to implementation-defined heuristics.

export SYCL_DEVICE_FILTER=cpu

SYCL code sample:
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#include <CL/sycl.hpp>
#include <array>
#include <iostream>

using namespace sycl;
using namespace std;
constexpr size_t array_size = 10000;
int main(){
constexpr int value = 100000;
try{

cpu_selector d_selector;
queue q(d_selector);
int *sequential = malloc_shared<int>(array_size, q);
int *parallel = malloc_shared<int>(array_size, q);
//Sequential iota
for (size_t i = 0; i < array_size; i++) sequential[i] = value + i;

//Parallel iota in SYCL
auto e = q.parallel_for(range{array_size}, [=](auto i) { parallel[i] = value + i; });
e.wait();

// Verify two results are equal.
for (size_t i = 0; i < array_size; i++) {

if (parallel[i] != sequential[i]) {
cout << "Failed on device.\n";
return -1;

}
}
free(sequential, q);
free(parallel, q);

}catch (std::exception const &e) {
cout << "An exception is caught while computing on device.\n";
terminate();

}
cout << "Successfully completed on device.\n";
return 0;

}

To compile the code sample, use:

dpcpp simple-iota-dp.cpp -o simple-iota.

Additional commands are available fromExampleCPUCommands.

Results after compilation:

./simple-iota
Running on device: Intel® Core™ i7-8700 CPU @ 3.20GHz
Successfully completed on device.

OpenMP*

OpenMP code sample:
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#include<iostream>
#include<omp.h>
#define N 1024
int main(){
float *a = (float *)malloc(sizeof(float)*N);
for(int i = 0; i < N; i++)
a[i] = i;
#pragma omp target teams distribute parallel for simd map(tofrom: a[:N])
for(int i = 0; i < 1024; i++)
a[i]++;
std::cout<<a[100]<<"\n";
return 0;
}

Use the following environment variable to compile for running on aCPU:

export LIBOMPTARGET_DEVICETYPE=cpu

To compile the code sample, use:

icpx simple-ompoffload.cpp -fiopenmp -fopenmp-targets=spir64 -o simple-ompoffload

Results after compilation:

./simple-ompoffload
Successfully completed on device

OffloadCode toCPU

When offloading your application, it is important to identify the bottlenecks and which code will benefit from
offloading. If you have a code that is compute intensive or a highly data parallel kernel, offloading your code
would be something to look into.

To find opportunities to offload your code, use the Intel Advisor for OffloadModeling.

DebugOffloadedCode

The following list has some basic debugging tips for offloaded code.

• Check host target to verify the correctness of your code.

• Use printf to debug your application. Both SYCL andOpenMPoffload support printf in kernel code.

• Use environment variables to control verbose log information.

– For SYCL, the following debug environment variables are recommended. A full list of environment
variables is available fromGitHub.

Table 1: SYCLRecommendedDebug Environment Variables
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Name Value Description
SYCL_-
DEVICE_-
FILTER

backend:
device_-
type:
device_num

GitHub description

SYCL_-
PI_-
TRACE

1|2|-1 1: print out the basic trace log of the SYCL/DPC++ runtime plugin
2: print out all API traces of SYCL/DPC++ runtime plugin
-1: all of “2” includingmore debugmessages

– For OpenMP, the following debug environment variables are recommended. A full list is available
from the LLVM/OpenMPdocumentation.

Table 2:OpenMPRecommendedDebug Environment
Variables

Name Value Description
LIBOMPTARGET_-
DEVICETYPE

cpu|gpu|host Select

LIBOMPTARGET_-
DEBUG

1 Print out verbose debug information

LIBOMPTARGET_-
INFO

Values available in
LLVM/OpenMP docu-
mentation

Allows the user to request different types of
runtime information from libomptarget

• UseAheadofTime (AOT) tomoveJust-in-Time (JIT) compilations toAOTcompilation issues. Formore
information, seeAhead-of-TimeCompilation for CPUArchitectures.

SeeDebugging the SYCL andOpenMPOffload Process for more information on debug techniques and de-
bugging tools available with oneAPI.

OptimizeCPUCode

There aremany factors that can affect the performance of CPUoffload code. The number of work-items, work-
groups, and amount of work done depends on the number of cores in your CPU.

• If the amount of work being done by the core is not compute-intensive, then this could hurt performance.
This is because of the scheduling overhead and thread context switching.

• On a CPU, there is no need for data transfer through PCIe, resulting in lower latency because the offload
region does not have to wait long for the data.

• Based on the nature of your application, thread affinity could affect the performance onCPU. For details,
seeControl Binary Execution onMultiple Cores.

• OffloadedcodeusesJIT compilation bydefault. UseAOTcompilation (offline compilation) instead. With
offline compilation, you could target your code to specific CPU architecture. Refer toOptimization Flags
for CPUArchitectures for details.

Additional recommendations are available fromOptimizeOffloadPerformance.
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ExampleCPUCommands

The commands below implement the scenario when part of the device code resides in a static library.

Note: Linkingwith a dynamic library is not supported.

Produce a fat object with device code:

icpx -fsycl -c static_lib.cpp

Create a fat static library out of it using the ar tool:

ar cr libstlib.a static_lib.o

Compile application sources:

icpx -fsycl -c a.cpp

Link the application with the static library:

icpx -fsycl -foffload-static-lib=libstlib.a a.o -o a.exe

Ahead-of-TimeCompilation forCPUArchitectures

Inahead-of-time(AOT)compilationmode, optimizationflagscanbeused toproducecodeaimed to runbetter
on a specific CPU architecture.

icpx -fsycl -fsycl-targets=spir64_x86_64 -Xs “-device <CPU optimization flags>” a.cpp b.cpp -o␣
↪→app.out

SupportedCPUoptimization flags are:

-march=<instruction_set_arch> Set target instruction set architecture:
'sse42' for Intel® Streaming SIMD Extensions 4.2
'avx2' for Intel® Advanced Vector Extensions 2
'avx512' for Intel® Advanced Vector Extensions 512

Note: The set of supported optimization flagsmay be changed in future releases.
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Control BinaryExecutiononMultipleCPUCores

EnvironmentVariables

The following environment variables control the placement of SYCL* or OpenMP* threads on multiple CPU
cores during program execution. Use these variables if you are using the OpenCL™ runtime CPU device to
offload to a CPU.

Table3: SYCL* or OpenMP* evnironmental variables
Environment Variable Description
DPCPP_CPU_CU_AFFIN-
ITY

Set thread affinity to CPU. The value andmeaning is the following:
• close - threads are pinned toCPUcores successively through avail-
able cores.

• spread - threads are sread to available cores.
• master - threads are put in the same cores as master. If DPCPP_-
CPU_CU_AFFINITY is set, master thread is pinned as well, other-
wisemaster thread is not pinned.

This environment variable is similar to the OMP_PROC_BIND variable
used byOpenMP.
Default: Not set

DPCPP_CPU_SCHEDULE Specify the algorithm for scheduling work-groups by the scheduler. Cur-
rently, the SYCL runtime uses Intel® oneAPI Threading Building Blocks
(Intel® oneTBB) for scheduling. The value selects the petitioner used by
the Intel oneTBB scheduler. The value andmeaning is the following:

• dynamic - Intel oneTBB auto_partitioner. It performs sufficient split-
ting to balance load.

• affinity - Intel oneTBB affinity_partitioner. It improves auto_parti-
tioner’s cache affinity by its choice of mapping subranges to worker
threads compared to

• static - Intel oneTBB static_partitioner. It distributes range iterations
among worker threads as uniformly as possible. Intel oneTBB parti-
tioner relies grain-size to control chunking. Grain-size is 1 by default,
indicating every work-group can be executed independently.

Default: Dynamic
DPCPP_CPU_NUM_CUS Set the numbers threads used for kernel execution.

To avoid over subscription, maximum value of DPCPP_CPU_NUM_CUS
shouldbe thenumberofhardware threads. IfDPCPP_CPU_NUM_CUS is
1, all the workgroups are executed sequentially by a single thread and this
is useful for debugging.
This environment variable is similar to OMP_NUM_THREADS variable
used byOpenMP.
Default: Not set. Determined by Intel oneTBB.

continues on next page
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Table 3 – continued from previous page
Environment Variable Description
DPCPP_CPU_PLACES Specify the places that affinities are set. The value is { sockets | numa_-

domains | cores | threads }.
This environment variable is similar to theOMP_PLACESvariable usedby
OpenMP.
If value is numa_domains, Intel oneTBB NUMA API will be used. This is
analogous to OMP_PLACES=numa_domains in the OpenMP 5.1 Specifi-
cation. InteloneTBBtaskarena isbound tonumanodeandSYCLndrange
is uniformly distributed to task arenas.
DPCPP_CPU_PLACES is suggested to be used together with DPCPP_-
CPU_CU_AFFINITY.
Default: cores

See the Intel oneAPI DPC++/C++Compiler DeveloperGuide andReference formore information about all sup-
ported environment variables.

Example 1: Hyper-threadingEnabled

Assume amachine with 2 sockets, 4 physical cores per socket, and each physical core has 2 hyper threads.

• S<num> denotes the socket number that has 8 cores specified in a list

• T<num> denotes the Intel® oneAPI Threading Building Blocks (Intel® oneTBB) thread number

• “-” means unused core

DPCPP_CPU_NUM_CUS=16
export DPCPP_CPU_PLACES=sockets
DPCPP_CPU_CU_AFFINITY=close: S0:[T0 T1 T2 T3 T4 T5 T6 T7] S1:[T8 T9 T10 T11 T12␣

↪→T13 T14 T15]
DPCPP_CPU_CU_AFFINITY=spread: S0:[T0 T2 T4 T6 T8 T10 T12 T14] S1:[T1 T3 T5 T7 T9 T11␣

↪→T13 T15]
DPCPP_CPU_CU_AFFINITY=master: S0:[T0 T1 T2 T3 T4 T5 T6 T7] S1:[T8 T9 T10 T11 T12␣

↪→T13 T14 T15]

export DPCPP_CPU_PLACES=cores
DPCPP_CPU_CU_AFFINITY=close : S0:[T0 T8 T1 T9 T2 T10 T3 T11] S1:[T4 T12 T5 T13 T6 T14␣

↪→T7 T15]
DPCPP_CPU_CU_AFFINITY=spread: S0:[T0 T8 T2 T10 T4 T12 T6 T14] S1:[T1 T9 T3 T11 T5 T13␣

↪→T7 T15]
DPCPP_CPU_CU_AFFINITY=master: S0:[T0 T1 T2 T3 T4 T5 T6 T7] S1:[T8 T9 T10 T11 T12 T13␣

↪→T14 T15]

export DPCPP_CPU_PLACES=threads
DPCPP_CPU_CU_AFFINITY=close: S0:[T0 T1 T2 T3 T4 T5 T6 T7] S1:[T8 T9 T10 T11 T12 T13␣

↪→T14 T15]
DPCPP_CPU_CU_AFFINITY=spread: S0:[T0 T2 T4 T6 T8 T10 T12 T14] S1:[T1 T3 T5 T7 T9 T11␣

↪→T13 T15]
(continues on next page)
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(continued from previous page)

DPCPP_CPU_CU_AFFINITY=master: S0:[T0 T1 T2 T3 T4 T5 T6 T7] S1:[T8 T9 T10 T11 T12 T13␣
↪→T14 T15]

export DPCPP_CPU_NUM_CUS=8
DPCPP_CPU_PLACES=sockets, cores and threads have the same bindings:
DPCPP_CPU_CU_AFFINITY=close close: S0:[T0 - T1 - T2 - T3 -] S1:[T4 - T5 - T6 - T7 -]
DPCPP_CPU_CU_AFFINITY=close spread: S0:[T0 - T2 - T4 - T6 -] S1:[T1 - T3 - T5 - T7 -]
DPCPP_CPU_CU_AFFINITY=close master: S0:[T0 T1 T2 T3 T4 T5 T6 T7] S1:[]

Example2: Hyper-threadingDisabled

Assume amachine with 2 sockets, 4 physical cores per socket, and each physical core has 2 hyper threads.

• S<num> denotes the socket number that has 8 cores specified in a list

• T<num> denotes the Intel oneTBB thread number

• “-” means unused core

export DPCPP_CPU_NUM_CUS=8
DPCPP_CPU_PLACES=sockets, cores and threads have the same bindings:
DPCPP_CPU_CU_AFFINITY=close: S0:[T0 T1 T2 T3] S1:[T4 T5 T6 T7]
DPCPP_CPU_CU_AFFINITY=spread: S0:[T0 T2 T4 T6] S1:[T1 T3 T5 T7]
DPCPP_CPU_CU_AFFINITY=master: S0:[T0 T1 T2 T3] S1:[T4 T5 T6 T7]

export DPCPP_CPU_NUM_CUS=4
DPCPP_CPU_PLACES=sockets, cores and threads have the same bindings:
DPCPP_CPU_CU_AFFINITY=close: S0:[T0 - T1 - ] S1:[T2 - T3 - ]
DPCPP_CPU_CU_AFFINITY=spread: S0:[T0 - T2 - ] S1:[T1 - T3 - ]
DPCPP_CPU_CU_AFFINITY=master: S0:[T0 T1 T2 T3] S1:[ - - - - ]

4.7 GPUFlow

GPUsare special-purposecomputedevices that canbeused tooffloadacompute intensiveportionof your ap-
plication. GPUs usually consists ofmany smaller cores and are therefore known formassive throughput. There
are some tasks better suited to a CPU and others that may be better suited to aGPU.

Tip: Unsure whether your workload fits best on CPU, GPU, or FPGA? Compare the benefits of CPUs, GPUs,
and FPGAs for different oneAPI compute workloads.
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4.7.1 GPUOffloadFlow

Offloading a program to a GPU defaults to the level zero runtime. There is also an option to switch to the
OpenCL™ runtime. In SYCL* and OpenMP* offload, each work item is mapped to a SIMD lane. A subgroup
maps to SIMD width formed from work items that execute in parallel and subgroups are mapped to GPU EU
thread. Work-groups, which include work-items that can synchronize and share local data, are assigned for ex-
ecution on compute units (that is, streamingmultiprocessors or Xe core, also known as sub-slices). Finally, the
entire global NDRange of work-itemsmaps to the entire GPU.

Fig. 11: PRG InterfaceGPUworkgroups

To learn more about GPU execution, see Compare Benefits of CPUs, GPUs, and FPGAs for Different oneAPI
ComputeWorkloads.

SetUp forGPUOffload

1. Make sure youhave followedall steps in theoneAPIDevelopmentEnvironmentSetup section, including
running the setvars script.

2. Configure yourGPUsystemby installing drivers and add theuser to the videogroup. See theGetStarted
Guide for instructions:

• Get Startedwith Intel oneAPI Base Toolkit for Linux* |Windows* | MacOS*

• Get Startedwith Intel oneAPI HPCToolkit for Linux* |Windows* | MacOS*

• Get Startedwith Intel oneAPI IoTToolkit for Linux* |Windows*

3. Check if you have a supported GPU and the necessary drivers installed using the sycl-ls command. In
the following example, if you had the OpenCL and Level Zero driver installed you would see two entries
for each runtime associatedwith theGPU:
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CPU : OpenCL 2.1 (Build 0)[ 2020.11.12.0.14_160000 ]
GPU : OpenCL 3.0 NEO [ 21.33.20678 ]
GPU : 1.1[ 1.2.20939 ]

4. Use one of the following code samples to verify that your code is running on the GPU. The code sample
adds scalar to large vectors of integers and verifies the results.

SYCL

To run on a GPU, SYCL provides built-in device selectors using device_selector as a base class. gpu_-
selector selects a GPU device. You can also create your own custom selector. For more information, see the
ChoosingDevices section inData Parallel C++: MasteringDPC++ for Programming ofHeterogeneousSystems
usingC++ and SYCL (book).

SYCL code sample:

#include <CL/sycl.hpp>
#include <array>
#include <iostream>

using namespace sycl;
using namespace std;
constexpr size_t array_size = 10000;
int main(){
constexpr int value = 100000;
try{

//
// The default device selector will select the most performant device.

default_selector d_selector;
queue q(d_selector);

//Allocating shared memory using USM.
int *sequential = malloc_shared<int>(array_size, q);
int *parallel = malloc_shared<int>(array_size, q);
//Sequential iota
for (size_t i = 0; i < array_size; i++) sequential[i] = value + i;

//Parallel iota in SYCL
auto e = q.parallel_for(range{array_size}, [=](auto i) { parallel[i] = value + i; });
e.wait();

// Verify two results are equal.
for (size_t i = 0; i < array_size; i++) {

if (parallel[i] != sequential[i]) {
cout << "Failed on device.\n";
return -1;

}
}
free(sequential, q);
free(parallel, q);

(continues on next page)
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(continued from previous page)

}catch (std::exception const &e) {
cout << "An exception is caught while computing on device.\n";
terminate();

}
cout << "Successfully completed on device.\n";
return 0;

}

To compile the code sample, use:

icpx -fsycl simple-iota-dp.cpp -o simple-iota

Results after compilation:

./simple-iota
Running on device: Intel® UHD Graphics 630 [0x3e92]
Successfully completed on device.

OpenMP*

OpenMP code sample:

#include <stdlib.h>
#include <omp.h>
#include <iostream>
constexpr size_t array_size = 10000;
#pragma omp requires unified_shared_memory
int main(){
constexpr int value = 100000;
// Returns the default target device.
int deviceId = (omp_get_num_devices() > 0) ? omp_get_default_device() : omp_get_initial_
↪→device();
int *sequential = (int *)omp_target_alloc_host(array_size, deviceId);
int *parallel = (int *)omp_target_alloc(array_size, deviceId);

for (size_t i = 0; i < array_size; i++)
sequential[i] = value + i;

#pragma omp target parallel for
for (size_t i = 0; i < array_size; i++)

parallel[i] = value + i;

for (size_t i = 0; i < array_size; i++) {
if (parallel[i] != sequential[i]) {

std::cout << "Failed on device.\n";
return -1;

}
}

(continues on next page)
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omp_target_free(sequential, deviceId);
omp_target_free(parallel, deviceId);

std::cout << "Successfully completed on device.\n";
return 0;

}

To compile the code sample, use:

icpx -fsyclsimple-iota-omp.cpp -fiopenmp -fopenmp-targets=spir64 -o simple-iota

Results after compilation:

./simple-iota
Successfully completed on device.

Note: If you have an offload region present and no accelerator, the kernel falls back to traditional host
compilation (without the OpenCL runtime) unless you are using the environment variable OMP_TARGET_-
OFFLOAD=mandatory.

OffloadCode toGPU

To decide which GPU hardware and what parts of the code to offload, refer to the GPU optimization workflow
guide.

To find opportunities to offload your code toGPU, use the Intel Advisor for OffloadModeling.

DebugGPUCode

The following list has some basic debugging tips for offloaded code.

• Check CPUor host/target or switch runtime toOpenCL to verify the correctness of code.

• You could use printf to debug your application. Both SYCL and OpenMP offload support printf in kernel
code.

• Use environment variables to control verbose log information.

For SYCL, the following debug environment variables are recommended. A full list is available fromGitHub.
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Table4: Debugging Tips, OffloadedCode
Name Value Description
SYCL_DEVICE_FILTER backend:device_type:

device_num
GitHub description

SYCL_PI_TRACE 1|2|-1 1: print out the basic trace log of
theDPC++runtimeplugin2: print
out all API traces of DPC++ run-
time plugin -1: all of “2” including
more debugmessages

ZE_DEBUG Variable defined with any value -
enabled

This environment variable en-
ables debug output from the
Level Zero backend when used
with the DPC++ runtime. It re-
ports: * Level Zero APIs called *
Level Zero event information

For OpenMP, the following debug environment variables are recommended. A full list is available from the
LLVM/OpenMPdocumentation.

Table5: RecommendedOpenMPDebug Environment
Variables

Name Value Description
LIBOMPTARGET_-
DEVICETYPE

cpu | gpu Select

LIBOMPTARGET_-
DEBUG

1 Print out verbose debug information

LIBOMPTARGET_-
INFO

Values available in LLVM/OpenMPdocu-
mentation

Allows the user to request different
types of runtime information from
libomptarget

UseAhead of Time (AOT) tomove Just-in-Time (JIT) compilations to AOT compilation issues.

CL_OUT_OF_RESOURCESError

The CL_OUT_OF_RESOURCES error can occur when a kernel uses more __private or __local memory
than the emulator supports by default.

When this occurs, youwill see

an error message similar to this:

$ ./myapp
:
Problem size: c(150,600) = a(150,300) * b(300,600)

(continues on next page)

57

https://github.com/intel/llvm/blob/sycl/sycl/doc/EnvironmentVariables.md#sycl_device_filter
https://openmp.llvm.org//design/Runtimes.html
https://openmp.llvm.org//design/Runtimes.html
https://openmp.llvm.org//design/Runtimes.html


Intel® oneAPI

(continued from previous page)

terminate called after throwing an instance of 'cl::sycl::runtime_error'
what(): Native API failed. Native API returns: -5 (CL_OUT_OF_RESOURCES) -5 (CL_OUT_OF_

↪→RESOURCES)
Aborted (core dumped)
$

Or if using onetrace:

$ onetrace -c ./myapp
:
>>>> [6254070891] zeKernelSuggestGroupSize: hKernel = 0x263b7a0 globalSizeX = 163850␣
↪→globalSizeY = 1 globalSizeZ = 1 groupSizeX = 0x7fff94e239f0 groupSizeY = 0x7fff94e239f4␣
↪→groupSizeZ = 0x7fff94e239f8
<<<< [6254082074] zeKernelSuggestGroupSize [922 ns] -> ZE_RESULT_ERROR_OUT_OF_DEVICE_
↪→MEMORY(0x1879048195)
terminate called after throwing an instance of 'cl::sycl::runtime_error'
what(): Native API failed. Native API returns: -5 (CL_OUT_OF_RESOURCES) -5 (CL_OUT_OF_

↪→RESOURCES)
Aborted (core dumped)
$

To see howmuch memory was being copied to shared local memory and the actual hardware limit, set debug
keys:

export PrintDebugMessages=1
export NEOReadDebugKeys=1

This will change the output to:

$ ./myapp
:
Size of SLM (656384) larger than available (131072)
terminate called after throwing an instance of 'cl::sycl::runtime_error'
what(): Native API failed. Native API returns: -5 (CL_OUT_OF_RESOURCES) -5 (CL_OUT_OF_

↪→RESOURCES)
Aborted (core dumped)
$

Or, if using onetrace:

$ onetrace -c ./myapp
:
>>>> [317651739] zeKernelSuggestGroupSize: hKernel = 0x2175ae0 globalSizeX = 163850 globalSizeY␣
↪→= 1 globalSizeZ = 1 groupSizeX = 0x7ffd9caf0950 groupSizeY = 0x7ffd9caf0954 groupSizeZ =␣
↪→0x7ffd9caf0958
Size of SLM (656384) larger than available (131072)
<<<< [317672417] zeKernelSuggestGroupSize [10325 ns] -> ZE_RESULT_ERROR_OUT_OF_DEVICE_
↪→MEMORY(0x1879048195)
terminate called after throwing an instance of 'cl::sycl::runtime_error'
what(): Native API failed. Native API returns: -5 (CL_OUT_OF_RESOURCES) -5 (CL_OUT_OF_

↪→RESOURCES)
(continues on next page)
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Aborted (core dumped)
$

SeeDebugging theDPC++ andOpenMPOffloadProcess formore information on debug techniques and de-
bugging tools available with oneAPI.

OptimizeGPUCode

Therearemultipleways tooptimizeoffloadedcode. The following list provides somestartingpoints. Review the
oneAPI GPUOptimizationGuide for additional information.

• Reduce overhead ofmemory transfers between host and device.

• Have enoughwork to keep the cores busy and reduce the data transfer overhead cost.

• UseGPUmemory hierarchy likeGPU caches, shared local memory for faster memory accesses.

• UseAOTcompilation (offline compilation) instead of JIT compilation. With offline compilation, you could
target your code to specificGPU architecture. Refer toOfflineCompilation forGPU for details.

• The Intel®GPUOccupancyCalculator allows you to compute the occupancy of an Intel®GPU for a given
kernel andwork group parameters.

Additional recommendations are available fromOptimizeOffloadPerformance.

4.7.2 ExampleGPUCommands

The examples below illustrate how to create and use static libraries with device code on Linux.

Note: Linkingwith a dynamic library is not supported.

Produce a fat object with device code:

icpx -fsycl -c static_lib.cpp

Create a fat static library out of it using the ar tool:

ar cr libstlib.a static_lib.o

Compile application sources:

icpx -fsycl -c a.cpp

Link the application with the static library:

icpx -fsycl -foffload-static-lib=libstlib.a a.o -o a.exe
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4.7.3 Ahead-of-TimeCompilation forGPU

The following example command produces app.out for a specificGPU target:

For DPC++:

icpx -fsycl-targets=spir64_gen -Xs "-device <device name>" a.cpp b.cpp -o app.out

ForOpenMP*offload:

icpx -fiopenmp -fopenmp-targets=spir64_gen -Xopenmp-target-backend "-device <device name>" a.
↪→cpp b.cpp -o app.out

A list of allowedvalues for thedevicenameareavailable from the Intel® oneAPIDPC++/C++CompilerDeveloper
Guide and Reference.

4.8 FPGAFlow

Field-programmable gate arrays (FPGAs) are configurable integrated circuits that you can program to imple-
ment arbitrary circuit topologies. Classified as spatial compute architectures, FPGAs differ significantly from
fixed Instruction Set Architecture (ISA) devices such as CPUs and GPUs. FPGAs offer a different set of opti-
mization trade-offs from these traditional accelerator devices.

While you can compile SYCL* code for CPU, GPU or FPGA, the compiling process for FPGA development is
somewhat different than that for CPUorGPUdevelopment.

The following table summarizes terminologies used in describing the FPGA flow:

Table6: FPGAFlow-specific Terminology

Term Definition
Device code SYCLsourcecode that executesonaSYCLdevice rather than thehost. Device code

is specified via lambda expression, functor, or kernel class. For example, kernel code.
Host code SYCL source code that is compiled by the host compiler and executes on the host

rather than the device.
Device image The result of compiling the device code to a binary (or intermediate) representation.

Thedevice image is combinedwith the host binary, within a (fat) object or executable
file. SeeCompilation FlowOverview.

FPGA emulator
image

The device image resulting from compiling for the FPGA emulator. See FPGAEmu-
lator.

FPGA early
image

The device image resulting from the early image compilation stage. See FPGAOpti-
mizationReport.

FPGA hardware
image

The device image resulting from the hardware image compilation stage. See FPGA
OptimizationReport and FPGAHardware.

Tip: Youcanalso learnaboutprogramming forFPGAdevices indetail fromtheDataParallelC++bookavailable
at https://link.springer.com/chapter/10.1007/978-1-4842-5574-2_17.
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4.8.1 Why is FPGACompilationDifferent?

FPGAs differ fromCPUs andGPUs in someways. A significant difference compared to CPU or GPU is gener-
ating a device binary for FPGA hardware, which is a computationally intensive and time-consuming process. It
is normal for anFPGAcompile to take several hours to complete. For this reason, only ahead-of-time (oroffline)
kernel compilationmode is supported for FPGA. The long compile time for FPGA hardwaremakes just-in-time
(or online) compilation impractical.

Longer compile times are detrimental to developer productivity. The Intel® oneAPI DPC++/C++ Compiler pro-
videsseveralmechanisms thatenableyou to targetFPGAand iteratequicklyonyourdesigns. Bycircumventing
the time-consuming process of full FPGA compilation wherever possible, you can benefit from the faster com-
pile times that you are familiar with for CPU andGPUdevelopment.

4.8.2 TypesofSYCL*FPGACompilation

SYCL supports accelerators in general. The Intel® oneAPI DPC++/C++ Compiler implements additional FPGA-
specific support to assist FPGA code development. This article highlights FPGA development using the com-
piler and related tools for SYCL code development targeting FPGAs.

The following table summarizes the types of FPGAcompilation:

Table 7: Types of FPGACompilation

Device Image
Type

Time to Compile Description

FPGAEmulator Seconds Compiles the FPGA device code to the CPU. Use the Intel®
FPGAEmulation Platform for OpenCL™ software to verify your
SYCL code’s functional correctness.

FPGASimulator Minutes Compiles the FPGAdevice code to theCPU.Use theQuesta*-
Intel® FPGAEdition simulator to debug your code.

Optimization Re-
port

Minutes Partially compiles the FPGA device code for hardware. The
compiler generates an optimization report that describes the
structuresgeneratedon theFPGA, identifiesperformancebot-
tlenecks, andestimates resource utilization. Whenyour compi-
lation targets an FPGAdevice family or part number, this stage
also give you RTL files for the IP component in your code. You
can then use Intel® Quartus® Prime software to integrate your
IP components into a larger design.

FPGA Hardware
Image

Hours When your compilation targets an FPGA acceleration board,
this stage generates the real FPGA bitstream to execute on
the target FPGA platform. When your compilation targets an
FPGA device family or part number, this stage also gives you
RTL files for the IP component in your code. You can then use
Intel®Quartus®Primesoftware to integrateyour IPcomponents
into a larger design.

A typical FPGA development workflow is to iterate in the emulation, simulation, and optimization report stages,
refiningyour codeusing the feedbackprovidedbyeach stage. Intel® recommends relyingonemulation and the
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FPGAoptimization report whenever possible.

For details about how these stages apply when developing IP components, refer to FPGA IPAuthoring Flow

Tip: To compile for FPGA emulation or FPGA simulation, generate the FPGA optimization report, you require
only the Intel® oneAPI DPC++/C++ Compiler that is part of the Intel® oneAPI Base Toolkit.

AnFPGAhardwarecompile requires installing the Intel®Quartus®Primesoftware separately. Targetingaboard
also requires that you install the BSP for the board.

For more information, refer to the Intel® oneAPI Toolkits Installation Guide and Intel® FPGA development flow
webpage.

Also, generatingRTLcode foran IPcomponent requiresonly the Intel®oneAPIDPC++/C++Compiler that ispart
of the Intel® oneAPI Base Toolkit. However, integrating that IP component into your hardware design requires
installing Intel® Quartus® Prime software.

FPGAEmulator

TheFPGAemulator (Intel® FPGAEmulation Platform forOpenCL™ software) is the fastestmethod to verify the
correctness of your code. It executes the SYCL device code on the CPU. The emulator is similar to the SYCL
host device, but unlike the host device, the FPGA emulator device supports FPGA extensions such as FPGA
pipes and fpga_reg. For more information, refer to Pipes Extension and Kernel Variables topics in the FPGA
OptimizationGuide for Intel® oneAPI Toolkits.

The following are some important caveats to remember when using the FPGAemulator:

• Performance is not representative.

Never draw inferences about FPGA performance from the FPGA emulator. The FPGA emulator’s timing
behavior is not correlated to that of the physical FPGAhardware. For example, an optimization that yields
a 100x performance improvement on the FPGAmay not impact the emulator performance. The emulator
might show an unrelated increase or decrease.

• Undefinedbehaviormaydiffer.

If your code produces different results when compiled for the FPGA emulator versus FPGA hardware,
your codemost likely exercises undefined behavior. By definition, undefined behavior is not specified by
the language specification andmightmanifest differently on different targets.

For detailed information about emulation for full-stack acceleration kernels, refer toEmulate Your Kernel.

For information about emulation of IP components, refer to For more details, refer to Emulate andDebugYour
IPComponent.
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FPGASimulator

The simulation flow allows you to use theQuesta*-Intel® FPGAEdition simulator software to simulate the exact
behavior of the synthesized kernel. Like emulation, you can run simulation on a system that does not have a
target FPGA board installed. The simulator models a kernel much more accurately than the emulator, but it is
much slower than the emulator.

The simulation flow is cycle-accurate andbit-accurate. It exactlymodels the behavior of a kernel’s datapath and
the results of operations on floating-point data types. However, simulation cannot accurately model variable-
latencymemoriesorotherexternal interfaces. Intel recommends thatyousimulateyourdesignwithasmall input
dataset because simulation is much slower than running on FPGAhardware or emulator.

You can use the simulation flow in conjunctionwith profiling to collect additional information about your design.
Formore informationaboutprofiling, refer to Intel®FPGADynamicProfiler forDPC++ in theFPGAOptimization
Guide for Intel® oneAPI Toolkits.

Note: You cannot debug kernel code compiled for simulation using the GNU Project Debugger (GDB)*, Mi-
crosoft* Visual Studio*, or any standard software debugger.

Formore information about the simulation flow, refer to one of the following topics:

• EvaluateYour Kernel ThroughSimulation

• EvaluateYour IPComponent ThroughSimulation

FPGAOptimizationReport

AfullFPGAcompilationoccurs in the followingstages, andoptimization reportsaregeneratedafterbothstages:
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Table8: FPGAOptimization Report

Stages Description Optimization Report Information
FPGA early im-
age (Compilation
takes minutes to
complete)

The SYCL device
code is optimized
and converted
into an FPGA
design specified
in the Verilog
Register-Transfer
Level (RTL) (a
low-level, native
entry language
for FPGAs). The
intermediate com-
pilation result is
the FPGA early
device image
that is not an
executable.
The optimization
report generated
at this stage is
sometimes re-
ferred to as the
static report.

Contains important information about how the compiler has
transformedyourSYCLdevicecode intoanFPGAdesign. The
report includes the following information:

• Visualizations of structures generated on the FPGA.
• Performance and expected performance bottleneck.
• Estimated resource utilization.

For informationabout theFPGAoptimization report, refer to the
FPGAOptimizationGuide for Intel® oneAPI Toolkits.

FPGA hardware
image (Compila-
tion takes hours to
complete)

The Verilog RTL
specifying the
design’s cir-
cuit topology is
mapped onto
the FPGA’s prim-
itive hardware
resources by the
Intel® Quartus®
Prime pro Edition
Software. The
result is an FPGA
hardware binary
(also referred to
as a bitstream).

Contains precise information about resource utilization and
fMAX numbers. For detailed information about how to analyze
reports, refer to Analyze your Design section in the FPGAOp-
timizationGuide for Intel® oneAPI Toolkits.
For information about the FPGA hardware image, refer to the
FPGAOptimizationGuide for Intel® oneAPI Toolkits.

When your compilation targets an FPGA device or part number, this stage gives you RTL files for the IP com-
ponent in your code. You can then use Intel® Quartus® Prime software to integrate your IP components into a
larger design.
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FPGAHardware

AnFPGAhardwarecompile requires the Intel®Quartus®Primesoftware (installedseparately). This is a full com-
pilation stage through to the FPGAhardware imagewhere you can target one of the following:

• Intel® FPGAdevice family

• Specific Intel® FPGAdevice part number

• Customboard

• Intel® Programmable Acceleration Card (PAC) (deprecated)

For more information about the targets, refer to the Intel® oneAPI DPC++/C++ Compiler SystemRequirements.
For more information about using Intel® PAC or custom boards, refer to the FPGA BSPs and Boards section
and and the Intel® oneAPI Toolkits InstallationGuide for Linux* OS InstallationGuide.

4.8.3 FPGACompilationFlags

FPGAcompilation flags control the FPGA image type the Intel® oneAPI DPC++/C++ Compiler targets.

The followingareexamplesof Intel®oneAPIDPC++/C++Compilercommands that target theFPGAimagetypes:

# FPGA emulator image
icpx -fsycl -fintelfpga fpga_compile.cpp -o fpga_compile.fpga_emu

# FPGA simulator image: FPGA device family
icpx -fsycl -fintelfpga fpga_design.cpp -Xssimulation -Xstarget=Agilex -Xsghdl

# FPGA simulator image: FPGA part number
icpx -fsycl -fintelfpga fpga_design.cpp -Xssimulation -Xstarget=AGFB014R24A3EV -Xsghdl

# FPGA simulator image: explicit board
icpx -fsycl -fintelfpga fpga_compile.cpp -Xssimulation -Xstarget=intel_s10sx_pac:pac_s10

# FPGA early image (with optimization report): FPGA device family
icpx -fsycl -fintelfpga -Xshardware -fsycl-link=early -Xstarget=Stratix10 fpga_design.cpp -o␣
↪→fpga_design_report.a

# FPGA early image (with optimization report): FPGA part number
icpx -fsycl -fintelfpga -Xshardware -fsycl-link=early -Xstarget=1SG280LU3FS0E3VG fpga_design.
↪→cpp -o fpga_design_report.a

# FPGA early image (with optimization report): default board
icpx -fsycl -fintelfpga -Xshardware -fsycl-link=early fpga_compile.cpp -o fpga_compile_report.a

(continues on next page)
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(continued from previous page)

# FPGA early image (with optimization report): explicit board
icpx -fsycl -fintelfpga -Xshardware -fsycl-link=early -Xstarget=intel_s10sx_pac:pac_s10 fpga_
↪→compile.cpp -o fpga_compile_report.a

# FPGA hardware image: FPGA device family
icpx -fsycl -fintelfpga -Xshardware -Xstarget=Arria10 fpga_design.cpp -o fpga_design.fpga

# FPGA hardware image: FPGA part number
icpx -fsycl -fintelfpga -Xshardware -Xstarget=10AX115S2F45I1SG fpga_design.cpp -o fpga_design.
↪→fpga

# FPGA hardware image: default board
icpx -fsycl -fintelfpga -Xshardware fpga_compile.cpp -o fpga_compile.fpga

# FPGA hardware image: explicit board
icpx -fsycl -fintelfpga -Xshardware -Xstarget=intel_s10sx_pac:pac_s10 fpga_compile.cpp -o fpga_
↪→compile.fpga

The following table explains the compiler flags used in the above example commands:

Table9: FPGACompilation Flags

Flag Explanation
-fintelfpga Performs ahead-of-time (offline) compilation for FPGA.
-Xshardware Instructs the compiler to target FPGA hardware. If you omit this flag, the

compiler targets the default FPGA target, which is the FPGAemulator.

Note: Using theprefix-Xscausesanargument tobepassed to theFPGA
backend.

-fsycl-link=early Instructs thecompiler to stopafter creating theFPGAearly image (andas-
sociated optimization report).

continues on next page
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Table 9 – continued from previous page
Flag Explanation
-Xstarget=<FPGA device
family>
-Xstarget=<FPGA part
number>
-Xstarget=<bsp:variant>

[Optional] Instructs thecompiler to targetanFPGAdevice family, anFPGA
part number, or an FPGAboard as follows:

• -Xstarget=<FPGA device family> specifies the target FPGAde-
vice family. Valid values are CycloneV, Cyclone10GX, Agilex,
Arria10, and Stratix10.

• -Xstarget=<FPGA part number> specifies the target FPGA part
number (sometimes called an OPN). You can specify any valid Cy-
clone® V, Intel® Cyclone® 10 GX, Intel® Agilex™, Intel® Arria® 10, or In-
tel® Stratix® 10 part number.

• -Xstarget=<bsp:variant> specifies the FPGA board variant and
BSP. Refer to theFPGABSPsandBoards section for additional de-
tails.

If you omit the -Xstarget flag, the compiler chooses the default FPGA
board variant pac_a10 from the intel_a10gx_pac BSP (equivalent to
-Xstarget=intel_a10gx_pac:pac_a10).

Warning: Theoutput of aicpxcompile commandoverwrites theoutput of previouscompiles that used the
same output name. Therefore, Intel® recommends using unique output names (specified with -o). This is
especially important for FPGAcompilation since a lost hardware imagemay take hours to regenerate.

Inaddition to thecompiler flagsdemonstratedby thecommandsabove, thereareflags tocontrol theverbosityof
the icpx command’s output, the number of parallel threads to use during compilation, and so on. The following
section briefly describes those flags.

OtherSYCL*FPGAFlagsSupportedby theCompiler

The Intel®oneAPIDPC++/C++Compileroffersseveraloptions thatallowyou tocustomize thekernelcompilation
process. The following table summarizes other options supported by the compiler:

Table 10:Other Supported FPGAFlags

Option name Description
-fsycl-help=fpga Prints out FPGA-specific options for the icpx command.
-fsycl-link=early
-fsycl-link=image • -fsycl-link=early is synonymous with -fsycl-link. Both in-

struct the compiler to stop after creating the FPGAearly image (and
the associated optimization report).

• -fsycl-link=image is used in thedevice link compilation flow to in-
struct the compiler to generate the FPGA hardware image. Refer to
the Fast Recompile for FPGA section for additional information.

continues on next page
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Table 10 – continued from previous page
Option name Description
-reuse-exe=<exe_file> Instructs the compiler to extract the compiledFPGAhardware image from

the existing executable andpackage it into the newexecutable, saving the
device compilation time. This option is applicable onlywhen compiling for
hardware. Refer to the Fast Recompile for FPGA section for additional in-
formation.

-Xsv FPGAbackendgeneratesaverboseoutputdescribing theprogressof the
compilation.

-Xsemulator Generates an emulator device image. This is the default behavior.
-Xssimulation Generates a simulator device image.
-Xsghdl[=<depth>] Causes the simulation flow to log signals to Siemens EDA (formerlyMen-

torGraphics)Questa* waveform files.
Use theoptional<depth> attribute to specify howmany levels of hierarchy
are logged. If you do not specify a value for the <depth> attribute, a depth
of 1 is used by default.

-Xsparallel=<num_-
threads>

Sets the degree of parallelism used in the FPGAbitstream compilation.
The <num_threads> value specifies the number of parallel threads you
want to use. The maximum recommended value is the number of avail-
ablecores. Setting this flag isoptional. Thedefault behavior is for the Intel®
Quartus® Prime software to compile in parallel on all available cores.

-Xsseed=<value> Sets theseedusedby Intel®Quartus®Primesoftwarewhengenerating the
FPGA bitstream. The value must be an unsigned integer, and by default,
the value is 1.

-Xsfast-compile Runs FPGA bitstream compilation with reduced effort. This option allows
fastercompile timebutat thecostof reducedperformanceof thecompiled
FPGAhardware image. Use this flag only for faster development time. It is
not intended for production-quality results.
The-Xsfast-compileflag isequivalent tosetting theQSFsettingFAST_-
OPENCL_COMPILE to ON. This QSF setting mainly sets the Intel Quartus
Prime software into the compilemode that is dominated by the Fast Func-
tional Test.

Warning: When compiling
your SYCL kernel using the
-Xsfast-compile flag, you
might see functional failures due
to timing violations in your de-
sign. In such cases, either avoid
using the -Xsfast-compile flag
or try compiling your kernel with
different seeds.

For more information about FPGAoptimization flags, refer to theOptimization Flags section in the FPGAOpti-
mizationGuide for Intel® oneAPI Toolkits.
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4.8.4 Emulate andDebugYourDesign

The Intel® FPGA Emulation Platform for OpenCL™ software (also referred to as the emulator or the FPGA em-
ulator) assesses the functionality of your kernel. The emulator supports 64-bit Windows and Linux operating
systems. On Linux systems, theGNUCLibrary (glibc) version 2.15 or later is required.

Note:

• You cannot use the execution time of an emulated design to estimate its execution time on an FPGA.
Furthermore, running an emulated design is not a substitute for natively running a functionally equivalent
C/C++ implementation on an x86-64 host.

• Emulation does not support cross-compilation to ARM® processor. To run emulation on a design that
targets an ARM SoC device, emulate on a non-SoC board (for example, intel_a10gx_pac or intel_-
s10sx_pac). When satisfied with the emulation results, you can target your design on an SoC board for
subsequent optimization steps.

• For information about debuggingwith Intel® Distribution for GDB*, refer to the following:

– Debuggingwith Intel® Distribution for GDB* on Linux* OSHost

– Get Startedwith Intel® Distribution for GDB* on Linux* OSHost

– Get Startedwith Intel® Distribution for GDB* onWindows*OSHost

Emulator Installation

The Intel FPGA Emulation Platform for OpenCL software is installed as part of the Intel® oneAPI Base Toolkit.
For information about how to install this base kit, refer to the Intel® oneAPI Toolkits InstallationGuides.

Refer to the following topics for additional information:

• Emulator EnvironmentVariables

• Emulate PipeDepth

• EmulateApplicationswith a PipeThat Reads orWrites to an I/OPipe

• Compile and Emulate YourDesign

• Limitations of the Emulator

• Discrepancies inHardware andEmulator Results

• Emulator Known Issues

Emulator EnvironmentVariables

The following table lists environment variables that you can use tomodify the behavior of the emulator:
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Table 11: Emulator Environment Variables
Environment Variable Description
CL_CONFIG_CPU_EMULATE_-
DEVICES

Controls the number of identical emulator devices provided by the emula-
tor platform. If not set, a single emulator device is available. Therefore, set
this variable only if youwant to emulatemultiple devices.

DPCPP_CPU_NUM_CUS Indicates a maximum number of threads that the emulator can use. The
default value is 32, and the maximum value is 255. Each thread can run
a single kernel. If the application requires several kernels to be executing
simultaneously, you must set the DPCPP_CPU_NUM_CUS environment vari-
able appropriately to the number of kernels used or a higher value.

CL_CONFIG_CPU_FORCE_-
LOCAL_MEM_SIZE

Set the amount of available local memory with units. For example: 8MB,
256KB, or 1024B.

CL_CONFIG_CPU_FORCE_-
PRIVATE_MEM_SIZE

Set the amount of available private memory with units. For example: 8MB,
256KB, or 1024B.

Note: OnWindows, the FPGA emulator can silently fail by running out of
memory. As a workaround to catch this error, write your kernel code using
the try-catch syntax.

CL_CONFIG_CHANNEL_-
DEPTH_EMULATION_MODE

When you compile your kernel for emulation, the pipe depth is different
from the pipe depth generated when your kernel is compiled for hard-
ware. You can change this behavior with the CL_CONFIG_CHANNEL_-
DEPTH_EMULATION_MODE environment variable. For details, see Emulate
PipeDepth.

EmulatePipeDepth

Whenyou compile your kernel for emulation, the default pipe depth is different from the default pipe depth gen-
eratedwhen your kernel is compiled for hardware. You can change this behavior when you compile your kernel
for emulation with the CL_CONFIG_CHANNEL_DEPTH_EMULATION_MODE environment variable.

Important: For pipes, you must set the CL_CONFIG_CHANNEL_DEPTH_EMULATION_MODE environment variable
before running the host program.

The CL_CONFIG_CHANNEL_DEPTH_EMULATION_MODE environment variable accepts the following values:
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Table 12:
CL_CONFIG_CHANNEL_DEPTH_EMULATION_MODE

values

Environment
Variable

Description

ignoredepth All pipes are given a pipe depth chosen to provide the fastest execution time for your
kernel emulation. Any explicitly set pipe depth attribute is ignored.

default Pipeswith anexplicit depthattributehave their specifieddepth. Pipeswithout a spec-
ified depth are given a default pipe depth that is chosen to provide the fastest execu-
tion time for your kernel emulation.

strict All pipedepths in theemulationaregivenadepth thatmatches thedepthgiven for the
FPGAcompilation. If the specified depth is not given, the depthwill be 1. This value is
usedbydefault if theCL_CONFIG_CHANNEL_DEPTH_EMULATION_MODEenvi-
ronment variable is not set.

EmulateApplicationswith aPipeThatReadsorWrites to an I/OPipe

The Intel® FPGA Emulation Platform for OpenCL™ software emulates kernel-to-kernel pipes. However, it does
not support interactingdirectlywith thehardware I/Opipesonyour targetboard. Nevertheless, youcanemulate
the behavior of I/O pipes using the following procedures:

For Input I/OPipes

1. Store inputdata tobe transferred to thepipe inafilewithanamematching theid specializationof thepipe.
Consider the following example:

// Specialize a pipe type
struct read_io_pipe {

static constexpr unsigned id = 0;
};
using read_iopipe = sycl::ext::intel::kernel_readable_io_pipe<read_io_pipe, unsigned, 4>;

2. Create a file named 0.

3. Store the test input data in the file 0.

ForOutput I/OPipes

Output data is automatically written to a file with a namematching the id specialization of the output pipe.
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Compile andEmulateYourDesign

To compile and emulate your FPGA kernel design, perform the following steps:

1. Modify the host part of your program to declare the ext::intel::fpga_emulator_selector device se-
lector. Use this device_selector when instantiating a device queue for enqueuing your FPGA device
kernel.

2. Compile your design by including the -fintelfpga option in your icpx command to generate an exe-
cutable.

3. Run the resulting executable:

• ForWindows:

a. Define the number of emulated devices by invoking the following command:

set CL_CONFIG_CPU_EMULATE_DEVICES=<number_of_devices>

b. Run the executable.

c. Invoke the following command to unset the variable:

set CL_CONFIG_CPU_EMULATE_DEVICES=

• For Linux, invoke the following command:

env CL_CONFIG_CPU_EMULATE_DEVICES=<number_of_devices> <executable_filename>

This command specifies the number of identical emulation devices that the emulator must provide.

Tip: If youwant to use only one emulator device, you need not set the CL_CONFIG_CPU_EMULATE_-
DEVICES environment variable.

Note:

• The Intel® FPGA Emulation Platform for OpenCL™ does not provide access to physical boards. Only the
emulated devices are available.

• The emulator is built with GCC 7.4.0 as part of the Intel® oneAPI DPC++/C++ Compiler. When running
the executable for an emulated FPGA device, the version of libstdc++.somust be at least that of GCC
7.4.0. In other words, the LD_LIBRARY_PATH environment variablemust ensure that the correct version of
libstdc++.so is found.

If the correct version of libstdc++.so is not found, the call to clGetPlatformIDs function fails to load
the FPGA emulator platform and returns CL_PLATFORM_NOT_FOUND_KHR (error code -1001). Depending
onwhich versionoflibstdc++.so is found, the call toclGetPlatformIDsmaysucceed, but a later call to
the clCreateContext functionmay fail with CL_DEVICE_NOT_AVAILABLE (error code -2).

If the LD_LIBRARY_PATHdoes not point to a compatible libstdc++.so, use the following syntax to invoke
the host program:
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env LD_LIBRARY_PATH=<path to compatible libstdc++.so>:$LD_LIBRARY_PATH <executable>␣
↪→[executable arguments]

• To enable debugging of kernel code, optimizations are disabled by default for the FPGA emulator. This
can lead to sub-optimal execution speed when emulating kernel code. You can pass the -g0 flag to the
icpx compile command to disable debugging and enable optimizations. This enables faster emulator
execution.

• When targeting the FPGA emulator device, use the -O2 compiler flag to turn on optimizations and speed
up the emulation. To turn off optimizations (for example, to facilitate debugging), pass -O0.

Limitationsof theEmulator

The Intel® FPGAEmulation Platform for OpenCL™ software has the following limitations:

• Concurrent execution

Modeling of concurrent kernel executions has limitations. During execution, the emulator is not guaran-
teed to run interacting work items in parallel. Therefore, some concurrent execution behaviors, such as
different kernels accessingglobalmemorywithout a barrier for synchronization,might generate inconsis-
tent emulation results between executions.

• Sameaddress spaceexecution

The emulator executes the host runtime and kernels in the same address space. Certain pointer or array
use in your host application might cause the kernel program to fail and vice versa. Example uses include
indexing externally allocatedmemory andwriting to random pointers. To analyze your program, youmay
usememory leakdetection tools, suchasValgrind. However, thehostmightencountera fatal errorcaused
by out-of-boundswrite operations in your kernel and vice versa.

• Conditional pipeoperations

Emulation of pipe behavior has limitations, especially for conditional pipe operations where the kernel
does not call the pipe operation in every loop iteration. In these cases, the emulator might execute pipe
operations in a different order than on the hardware.

• GCCversion

Youmust run theemulatorhostprogramsonLinuxwithaversionoflibstdc++.so fromGCC7.4.0or later.
Youcanachieve thiseitherby installingGCC7.4.0or lateronyour systemorsetting theLD_LIBRARY_PATH
environment variable such that a compatible libstdc++.so is identified.
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Discrepancies inHardware andEmulatorResults

When you emulate a kernel, your kernel might produce results different from the kernel compiled for hardware.
You can further debug your kernel before you compile for hardware by running your kernel through simulation.

Warning: These discrepancies usually occur when the Intel® FPGA Emulation Platform for OpenCL™ is
unable tomodel some aspects of the hardware computation accurately or when your program relies on un-
defined behavior.

Themost common reasons for differences in emulator and hardware results are as follows:

• Your kernel code is using the ivdep attribute. The emulator does not model your kernel when the ivdep
attribute breaks a true dependence. During a full hardware compilation, you observe this as an incorrect
result.

• Your kernel code relies on uninitialized data. Examples of uninitialized data include uninitialized variables
and uninitialized or partially initialized global buffers, local arrays, and private arrays.

• Your kernel codebehavior dependson theprecise results of floating-point operations. Theemulator uses
floating-point computation hardware of the CPU, whereas the hardware run uses floating-point cores im-
plemented as FPGAcores.

Note: TheSYCL*standardallowsoneormore least significantbitsoffloating-pointcomputations todiffer
between platformswhile still being considered correct on both such platforms.

• Your kernel code behavior depends on the order of pipe accesses in different kernels. The emulation of
channel behavior has limitations, especially for conditional channel operations where the kernel does not
call the channel operation in every loop iteration. In such cases, the emulator might execute channel op-
erations in an order different from that of the hardware.

• Your kernel or host code is accessing global memory buffers out-of-bounds.

Note:

– Uninitialized memory read and write behaviors are platform-dependent. Verify the sizes of your
global memory buffers when using all addresses within kernels.

– You can use software memory leak detection tools, such as Valgrind, on the emulated version of
your kernel to analyze memory-related problems. The absence of warnings from such tools does
not mean the absence of issues. It only means that the tool could not detect any problem. In such a
scenario, Intel recommendsmanual verification of your kernel or host code.

• Your kernel code is accessing local variables out-of-bounds. For example, accessing a local array out-of-
bounds or accessing a variable after it has gone out of scope.

Note: In software terms, these issues are stack corruption issues because accessing variables out of
bounds usually affects unrelated variables located close to the variable being accessed on a software
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stack. Emulated kernels are implemented as regular CPU functions and have an actual stack that can be
corrupted. When targeting hardware, no stack exists. Hence, the stack corruption issues are guaranteed
tomanifest differently. Whenyoususpect a stackcorruption, usememory leak analyzer tools, suchasVal-
grind. However, stack-related issues are usually difficult to identify. Intel recommendsmanual verification
of your kernel code to debug a stack-related issue.

• Your kernel code uses shifts that are larger than the type being shifted. For example, shifting a 64-bit inte-
ger by 65 bits. According to the SYCL specification version 1.0, the behavior of such shifts is undefined.

• Whenyoucompile your kernel for emulation, thedefault pipedepth isdifferent from thedefault pipedepth
generated when your kernel is compiled for hardware. This difference in pipe depths might lead to sce-
narios where execution on the hardware hangs while kernel emulation works without any issue. Refer to
Emulate PipeDepth for information about fixing the channel depth difference.

• In termsof ordering theprinted lines, the output of the cout stream functionmight be ordereddifferently
on the emulator and hardware. This is because, in the hardware, cout stream data is stored in a global
memory buffer and flushed from the buffer onlywhen the kernel execution is complete orwhen the buffer
is full. In the emulator, the cout stream function uses the x86 stdout.

• The hardware and emulator might produce different results if you perform an unaligned load/store
through upcasting of types. A load/store of this type is undefined in the C99 specification. For example,
the following operationmight produce unexpected results:

int tmp = *((int *) (my_ptr + 5));

EmulatorKnown Issues

Afewknown issuesmight affect your useof theemulator. Review these issues to avoidpossibleproblemswhen
using the emulator.

CompilerDiagnostics

Some compiler diagnostics are not yet implemented for the emulator.

CL_OUT_OF_RESOURCESErrorReturnedWhenLaunching aKernel

This can occurwhen a kernel usesmore __privateor __localmemory than the emulator supports by default.

Once you have determined the amount of memory needed, try setting larger values for the CL_CONFIG_-
CPU_FORCE_PRIVATE_MEM_SIZEor the CL_CONFIG_CPU_FORCE_LOCAL_MEM_SIZE environment variable, as de-
scribed inEmulator EnvironmentVariables.

Note: OnWindows, the FPGA emulator can silently fail by running out of memory. As a workaround to catch
this error, write your kernel code using the try-catch syntax.
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FPGARuntimeCompatibilityWithEmulationBinaries

The oneAPI FPGA runtime does not support emulation binaries built using an earlier version of oneAPI. You
must recompile emulation binaries with the current oneAPI release.

DebuggingDisagreementBetweenEmulator andSimulator/HardwareBehaviors

When debugging unknown behaviors that differ between emulation and simulation/hardware, Intel recom-
mends using the -Weverything diagnostic command option for emulation. The -Weverything option turns
on all warnings allowing you to utilize available diagnostics and expose risky coding patterns, which you might
be inadvertently using in your design.

4.8.5 EvaluateYourKernel ThroughSimulation

TheQuesta*-Intel® FPGAEdition simulator software assesses the functionality of your kernel.

The simulator flow generates a simulation binary file that runs on the host. The hardware portion of your code
is evaluated in an RTL simulator, and the host portion is executed natively on the processor. This feature allows
you to simulate the functionality of your kernel and iterateonyourdesignwithout needing tocompile your kernel
to hardware and running on the FPGAeach time.

Note: Theperformanceof thesimulator is veryslowwhencompared to thatofhardware. So, Intel recommends
using a smaller data set for testing.

Use the simulator when youwant an insight into the dynamic performance of your kernel andmore information
about the functional correctness of your kernel than emulation or the reporting tools provide.

The simulator is cycle accurate and bit-accurate. It has a netlist identical to the generated hardware and can
provide full waveforms for debugging. View the waveforms with Siemens* EDA (formerly Mentor Graphics)
Questa* software.

SimulationPrerequisites

To use the FPGA simulation flow, youmust download the following prerequisite software:

• IntelQuartusPrimeProEdition software: Download this package from the FPGASoftware Download
Center download page.

• Compatible simulation software (Questa*-Intel® FPGA Edition and Questa*-Intel® FPGA Starter
Edition): Obtain them from the FPGASoftware DownloadCenter.

Note:

– The Questa*-Intel® FPGA Edition requires a license. However, Questa*-Intel® FPGA Starter Edition
is free but requires a zero-cost license. For additional details, refer to the Licensing chapter of the
Intel FPGASoftware Installation and Licensing.
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– You can also use your licensed version of Siemens* EDA ModelSim* SE or Siemens* EDA Questa
Advanced Simulator software. For information about all ModelSim* and Questa* software versions
that your Intel®Quartus® PrimeProEdition software supports, refer to the EDA Interface Information
sectionof the Intel®Quartus®PrimeProEdition: <version_number>SoftwareandDeviceSupport
ReleaseNotes.

– On Linux systems, you must install Red Hat* development tools to work with Questa*-Intel® FPGA
Edition andQuesta*-Intel® FPGAStarter Edition software.

Installing theQuesta*-Intel FPGAEditionSoftware

Perform these steps to install theQuesta*-Intel FPGAEdition software:

1. Visit the FPGASoftware DownloadCenter.

2. Using the left-hand filter pane, perform the following steps to refine the search results:

a. Select the Intel®Quartus®PrimeDesignSoftware option. This displays three Intel Quartus Prime
software editions (Pro, Standard, or Lite).

b. Select the desired Intel Quartus Prime software edition. This displays a list of supported software
versions.

c. Select the desired Intel Quartus Prime software release version.

d. Select the operating system (Linux orMicrosoftWindows*).

3. In the refined list of pages, click on the desired page to download the software. The product download
page appears.

4. Under theDownloads section, click Individual Files tab.

5. Download the Questa*-Intel® FPGA Edition software on your system by clicking the Download <file_-
name> button under each software.

Note: You must download both Questa - Intel FPGA Edition (includes Starter Edition) and Questa -
Intel FPGAEdition (includes Starter Edition) Part 2 packages.

6. Accept the Software License Agreement by clicking theAccept button. File download starts automati-
cally.

7. Obtain and set up the license for the simulation software.

For comprehensive information about installing the Intel Quartus Prime software, including system re-
quirements, prerequisites, and licensing requirements, refer to Intel FPGA Software Installation and Li-
censing.

8. Run the Questa*-Intel FPGA Edition installer. The installer prompts you to select between the Questa*-
Intel® FPGAStarter Edition (free) and theQuesta*-Intel FPGAEdition software.

9. Select the simulation software forwhich youhaveobtaineda license. The installer prompts you to choose
where to install theQuesta* simulation software.
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10. Select thedirectory to install theQuesta* simulation software. Althoughnot amandate, Intel recommends
installing theQuesta* software in the same location as that of the Intel Quartus PrimePro Edition software
directory.

Note: Fromwithin the oneAPI environment, you can determine the Intel® Quartus® Prime software installation
location by inspecting the QUARTUS_ROOTDIR_OVERRIDE environment variable.

SetUp theSimulationEnvironment

Youmust adddirectories containing the Intel®Quartus®Prime andQuesta* simulation software binaries to your
PATH environment variable.

Note: Commands listed in this topic assume that you have installed theQuesta* simulation software alongside
the Intel® Quartus® Prime Pro Edition software, as mentioned in the Simulation Prerequisites. If you installed
theQuesta* simulation software elsewhere, youmustmodify the PATH environment variable appropriately.

For Intel®Quartus®PrimeSoftware (Simulationflowonly)

For the FPGA simulation flow only, you must explicitly add the Intel® Quartus® Prime software binary directory
to your PATH environment variable using the following command:

• Linux

$ export PATH=$PATH:<quartus_installdir>/quartus/bin

• Windows

set "PATH=%PATH%;<quartus_installdir>\quartus\bin64"

Additionally, you must also set the OCL_ICD_FILENAMES variable to specify the Installable Client Driver
(ICD) to load.

set "OCL_ICD_FILENAMES=%OCL_ICD_FILENAMES%;alteracl_icd.dll"

ForQuesta*-Intel® FPGAStarter EditionSoftware

For the freeQuesta*-Intel® FPGAStarter Edition software, run the following command:

• Linux

$ export PATH=$PATH:<quartus_installdir>/questa_fse/bin

• Windows
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set "PATH=%PATH%;<quartus_installdir>\questa_fse\win64"

ForQuesta*-Intel® FPGAEditionSoftware

For the licensedQuesta*-Intel® FPGAEdition software, run the following command:

• Linux

$ export PATH=$PATH:<quartus_installdir>/questa_fe/bin

• Windows

set "PATH=%PATH%;<quartus_installdir>\questa_fe\win64"

You should now be able to successfully compile for simulation.

Compile aKernel forSimulation

Before performing simulation, youmust ensure that you have installed the Intel®QuartusPrimeProEdition soft-
wareonyour system. Formore information, refer to the Intel®oneAPIToolkits InstallationGuideand Intel®FPGA
development flowwebpage.

To compile a kernel for simulation, include the -Xssimulation option in your icpx command as shown in the
following:

icpx -fsycl -fintelfpga -Xssimulation fpga_compile.cpp

To enable collecting the waveform during the simulation, include the -Xsghdl[=<depth>] option in your icpx
command,where theoptional<depth>attribute specifieshowmany levels of hierarchyare logged. If youdonot
specify a value for the <depth> attribute, a depth of 1 is used by default.

When simulating onWindows systems, you need the Microsoft linker and additional compilation time libraries.
Verify the following settings:

• The PATH environment variable settingmust include the path to the LINK.EXE file inMicrosoft Visual Stu-
dio.

• LIB environment variable setting includes the path to the Microsoft compile-time libraries. The compile-
time libraries are available withMicrosoft Visual Studio.

SimulateYourKernel

If youwant touse the simulation flowandview thewaveformsgeneratedduring simulation, youmust haveeither
the Siemens EDA*Questa Simulator orModelSimSE installed and available.

To run your SYCL library through the simulator:

1. Set the CL_CONTEXT_MPSIM_DEVICE_INTELFPGA environment variable to enable the simulation device:

• Linux
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export CL_CONTEXT_MPSIM_DEVICE_INTELFPGA=1

• Windows

set CL_CONTEXT_MPSIM_DEVICE_INTELFPGA=1

Note: When the environment variable CL_CONTEXT_MPSIM_DEVICE_INTELFPGA is set, only the simula-
tion devices are available. That is, access to physical boards is disabled.

To unset the environment variable, run the following command:

• Linux

unset CL_CONTEXT_MPSIM_DEVICE_INTELFPGA

• Windows

set CL_CONTEXT_MPSIM_DEVICE_INTELFPGA=

You might need to set CL_CONTEXT_COMPILER_MODE_INTELFPGA=3 if the host program cannot find the
simulator device.

2. Run your host program. On Linux systems, you can useGDB or Eclipse to debug your host. If necessary,
you can inspect the simulationwaveforms for your kernel code to verify the functionality of the generated
hardware. | If you compiled with the -Xsghdl flag, running your compiled program produces a waveform
file (vsim.wlf) that you can view in theQuesta*-Intel FPGAEdition software as your host code executes.
The vsim.wlf file is written to the same directory fromwhere you ran your host program.

ViewingSimulationWaveforms

Bydefault, the Intel oneAPIDPC++/C++Compiler instructs the simulator not to log any signals because logging
signals slows the simulation, and the waveform files are enormous. However, you can configure the compiler to
save thesewaveforms for debugging purposes.

To enable signal logging in the simulator, invoke the icpx commandwith the -Xsghdl option, as follows:

icpx -fsycl -fintelfpga -Xssimulation -Xsghdl[=<depth>] <input files> -o <project_name>

Specify the <depth> attribute to indicate the number of hierarchy levels logged. A depth value of 1 logs only the
top-level signals. A depth of 1 is used as the default if you do not specify the <depth> attribute.

After running the simulation, you can view the generated waveform files by invoking the appropriate script as
follows:

• Linux

bash <project_directory>/view_waveforms.sh

• Windows
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<project_directory>\view_waveforms.cmd

Note: The <project_directory> is commonly <project_name>.prj, where <project_name> is the name
specifiedwith the -o argument to the icpx command.

TroubleshootSimulator Issues

Review this section to troubleshoot simulator problems youmight havewhen attempting to run a simulation.

WindowsCompilationorRunFails

OnWindows, simulationmight fail at compilation time or run time if you are running from a directory with a very
long path. Use the -o compiler option to output your compilation results to a shorter path.

A socket=-11Error Is Logged to transcript.log

If you receive the following error message, you might be mixing resources from multiple simulators, such as
Questa*-Intel FPGAEdition andModelSim* SE:

Message: "src/hls_cosim_ipc_socket.cpp:202: void IPCSocketMaster::connect():
Assertion `sockfd != -1 && "IPCSocketMaster::connect() call to accept() failed"' failed."

An example of mixing simulator resources is compiling a device with ModelSim* SE and running the host pro-
gram inQuesta*-Intel FPGAStarter Edition.

CompatibilitywithQuesta*-Intel FPGAStarter EditionSoftware

Questa*-Intel FPGA Starter Edition software has limitations on design size that prevent it from simulating large
designs. When trying to launch a simulation using Questa*-Intel FPGA Starter Edition software, you may en-
counter the following error message:

Error: The simulator's process ended unexpectedly.

Instead, simulate the designs withQuesta*-Intel FPGAEdition orModelSim* SE software.

4.8.6 DeviceSelectors for FPGA

Depending on whether you are targeting the FPGA emulator or FPGA hardware, you must use the correct
SYCL* device selector in the host code. You can use the FPGA hardware device selector for simulation also.
The following host code snippet demonstrates how you can use a selector to specify the target device at com-
pile time:
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// FPGA device selectors are defined in this utility header, along with
// all FPGA extensions such as pipes and fpga_reg
#include <sycl/ext/intel/fpga_extensions.hpp>

int main() {
// Select either:
// - the FPGA emulator device (CPU emulation of the FPGA)
// - the FPGA device (a real FPGA, can be used for simulation too)
#if defined(FPGA_EMULATOR)
ext::intel::fpga_emulator_selector device_selector;

#elif defined(FPGA_SIMULATOR)
ext::intel::fpga_simulator_selector device_selector;

#else
ext::intel::fpga_selector device_selector;

#endif
queue q(device_selector);
...

}

Note:

• TheFPGAemulator and the FPGAare different target devices. Intel® recommends using a preprocessor
define to choose between the emulator and FPGA selectors. This makes it easy to switch between tar-
gets using only command-line flags. For example, you can compile the above code snippet for the FPGA
emulator by passing the flag -DFPGA_EMULATOR to the icpx command.

• Since FPGAs support only the ahead-of-time compilation method, dynamic selectors (such as the
default_selector) are less useful that explicit selectors when targeting FPGAs.

Caution: When targeting theFPGAemulator or FPGAhardware, youmust pass correct compiler flags and
use the correct device selector in the host code. Otherwise, youmight experience runtime failures. Refer to
the fpga_compile tutorial in the Intel® oneAPI SamplesBrowser to get startedwith compilingSYCLcode for
FPGA.

4.8.7 FPGA IPAuthoringFlow

In the FPGA IP Authoring flow, you target your SYCL* code to generate IP components that you can integrate
into a custom Intel® Quartus® Prime project. You target your compilation to a supported Intel® FPGA device
family or part number instead of a specific acceleration platform.

Use this flow to help speed your IP development by letting you compile your SYCL* code to standalone IPs on
different targets that you can take and deploy into your systems.

For details about getting started with the IP component development flow, refer to Getting Started with Intel®
oneAPI Toolkits and Intel® Quartus® Prime Software.

The typical design flowwhen you author IP components consists of the following stages:
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1. Creatingyour IP component and testbench.

Write a complete SYCL application that contains both your kernel code and your testbench code. The
SYCL device code (kernel code) corresponds to your IP component, and the SYCL host code serves as
the testbench for the emulation and simulation flows.

For information about writing SYCL code, refer toData Parallelism inC++ usingSYCL*.

Also, refer toCode IPComponents in SYCL* for additional information specific to writing IP components
in SYCL*.

2. Verify the functionality of your IP component algorithmand testbench throughemulation.

Verify the functionality of your IP component and refine the algorithms in your IP by compiling your de-
sign to an x86-64 executable and running the executable. For details, see Emulate and Debug Your IP
Component.

3. Optimize and refine theFPGAperformanceof your component.

Optimize the FPGA performance of your component by compiling your design for an FPGA device
family or part number target with the -Xstarget=<FPGA device family> or -Xstarget=<FPGA part
number>compileroptionalongwith-Xssimulationor-Xshardwareoptionand reviewing theFPGAOp-
timizationReport to seewhere you can optimize your component. This step generatesRTLcode for your
component.

For details, refer to Analyze Your Design in the FPGAOptimizationGuide for Intel® oneAPI Toolkits.

After completing some initial optimization based on the contents of the FPGA Optimization Report, you
can seewhere to further refine your component by simulating it.

For details, seeEvaluateYour IPComponent ThroughSimulation.

4. Synthesize your componentwith anFPGAhardware imagecompilation.

When you use the -Xstarget=<FPGA device family> or -Xstarget=<FPGA part number> compiler
option, the Intel® oneAPI DPC++/C++ Compiler ties the inputs and outputs of your component to virtual
pins and compiles the design to provide a more accurate representation of your component’s area and
fMAX. The generated output is not deployable to a board because the compilation occurred without a
board support package.

For details, refer toSynthesizingYourComponent IPwith Intel®Quartus® PrimeSoftware.

Synthesizing your component generates accuratequality-of-results (QoR)metrics likeFPGAareautiliza-
tion and fMAX.

5. Integrate your IP into a systemwith Intel®Quartus®PrimeorPlatformDesigner.

For details, refer to IntegratingYour IP Into a System.

When you are satisfiedwith the predicted performance of your component, use Intel®Quartus® Prime software
to synthesize your component. Synthesis also generates accurate area and performance (fMAX) estimates for
your design. However, your design is not expected to cleanly close timing in the Intel® Quartus® Prime reports.

Youcanexpect timingclosurewarnings in the Intel®Quartus®Prime logsbecause thegeneratedproject targets
a clock speedof 1000MHz to achieve thebest possible placement for your design. The fMAX valuepresented in
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the FPGAoptimization report estimates themaximum clock rate that your component can cleanly close timing
for.

After the Intel®Quartus®Primecompilation is completed, the summary section of theFPGAoptimization report
shows the area and performance data for your components.

These estimates are more accurate than estimates generated when you compile your IP component for simu-
lation only.

Typically, Intel® Quartus® Prime compilation times can take minutes to hours depending on the size and com-
plexity of your IP components.

To synthesize your component IP and generate quality of results (QoR) data, instruct the compiler to run
the Intel® Quartus® Prime compilation flow automatically after synthesizing the components. Include the
-Xstarget=<FPGA device family> or -Xstarget=<FPGA part number> options in your icpx command:

• icpx -fsycl -fintelfpga -Xshardware -Xstarget=<FPGA device family>...

• icpx -fsycl -fintelfpga -Xshardware -Xstarget=<FPGA part number>...

The following flowchart shows a coarse-grained progression through the stages of a typical IP component au-
thoring design flow.
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Fig. 12:Overview of Procedure for Synthesizing IP for Intel®
FPGAProducts

Code IPComponents inSYCL*

When youwrite IP components in SYCL, consider these additional requirements and techniques.

CustomizeRTL Interfaces

The compiler generates a component interface for integrating your RTL component into a larger system. A IP
component has two basic interface types: the component invocation interface and the data interface.

IPs are generated by default using a control-and-status register (CSR) agent interface for consuming inputs.
TheStreaming IPComponent Kernels section demonstrates how to use a streaming interface instead.

You can pass data into a kernel using the default arguments, host pipes, or through memory (using accessors
or USM). You can pass items by value in the capture list of the lambda expression (often called a lambda) or
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by using an accessor or a Unified Shared Memory (USM) pointer to create an Avalon memory mapped host
interface on your IP.

Your IP can produce output only through an accessor, USMpointer, or pipe. TheCSR interface cannot capture
output from an IP component generated from the Intel oneAPI DCP++/C++ compiler.

SuggestedCodingStyles

For creating your IP, use one of the following recommended general coding styles:

• LambdaCodingStyle Example: The lambda coding style is typically used inmost full-systemSYCLpro-
grams.

• FunctorCodingStyle Example: You canwrite your IP component (kernel) code out-of-line from the host
codewith the functor coding style.

LambdaCodingStyleExample

#include <sycl/sycl.hpp>
#include <iostream>
#include <sycl/ext/intel/fpga_extensions.hpp>
#include <vector>

using namespace sycl;

// Forward declare the kernel name in the global scope.
// This is an FPGA best practice that reduces name mangling in the
// optimization reports.
class SimpleVAdd;

#define VECT_SIZE 4

int main() {

#ifdef FPGA_EMULATOR
sycl::ext::intel::fpga_emulator_selector my_selector;

#else
sycl::ext::intel::fpga_selector my_selector;

#endif
queue q(my_selector);

int count = VECT_SIZE; // pass array size by value

// declare arrays and fill them
std::vector<int> VA;
std::vector<int> VB;
std::vector<int> VC(count);
for (int i = 0; i < count; i++) {

VA.push_back(i);
(continues on next page)
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(continued from previous page)

VB.push_back(count - i);
}

std::cout << "add two vectors of size " << count << std::endl;

// Copy the input arrays into the USM so the kernel can see them
int *A = malloc_shared<int>(count, q);
int *B = malloc_shared<int>(count, q);
int *C = malloc_shared<int>(count, q);

std::copy_n(VA.begin(), count, A);
std::copy_n(VB.begin(), count, B);

// The code inside the lambda expression describes your IP. Inputs
// and outputs are inferred from the lambda capture list.
q.single_task<SimpleVAdd>([=]() [[intel::kernel_args_restrict]] {

[[intel::speculated_iterations(0)]]
[[intel::initiation_interval(1)]]
for (int i = 0; i < count; i++) {

C[i] = A[i] + B[i];
}

})
.wait();

// Copy the result back to host memory
std::copy_n(C, count, VC.begin());
free(A, q);
free(B, q);
free(C, q);

// verify that VC is correct
bool passed = true;
for (int i = 0; i < count; i++) {

int expected = VA[i] + VB[i];
std::cout << "idx=" << i << ": result " << VC[i] << ", expected (" << expected << ") VA=

↪→" << VA[i] << " + VB=" << VB[i] << std::endl;
if (VC[i] != expected) {

passed = false;
}

}

std::cout << (passed ? "PASSED" : "FAILED") << std::endl;

return passed ? EXIT_SUCCESS : EXIT_FAILURE;
}
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FunctorCodingStyleExample

With this style, you can specify all the interfaces in one location andmake a call to your IP component from your
SYCL* host program.

#include <sycl/sycl.hpp>
#include <iostream>
#include <sycl/ext/intel/fpga_extensions.hpp>
#include <vector>

using namespace sycl;

// Forward declare the kernel name in the global scope.
// This is an FPGA best practice that reduces name mangling in the
// optimization reports.
class SimpleVAdd;

// The members of the functor serve as inputs and outputs to your IP.
// The code inside the operator()() function describes your IP.
class SimpleVAddKernel {

int *A, *B, *C;
int count;

public:
SimpleVAddKernel(int *A_in, int *B_in, int *C_out, int count_in)
: A(A_in),

B(B_in),
C(C_out),
count(count_in) {}

void operator()() const {
[[intel::speculated_iterations(0)]]
[[intel::initiation_interval(1)]]
for (int i = 0; i < count; i++) {

C[i] = A[i] + B[i];
}

}
};

#define VECT_SIZE 4

int main() {

#ifdef FPGA_EMULATOR
sycl::ext::intel::fpga_emulator_selector my_selector;

#else
sycl::ext::intel::fpga_selector my_selector;

#endif
queue q(my_selector);

int count = VECT_SIZE; // pass array size by value

(continues on next page)
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(continued from previous page)

// declare arrays and fill them
std::vector<int> VA;
std::vector<int> VB;
std::vector<int> VC(count);
for (int i = 0; i < count; i++) {

VA.push_back(i);
VB.push_back(count - i);

}

std::cout << "add two vectors of size " << count << std::endl;

// Copy the input arrays into the USM so the kernel can see them
int *A = malloc_shared<int>(count, q);
int *B = malloc_shared<int>(count, q);
int *C = malloc_shared<int>(count, q);

std::copy_n(VA.begin(), count, A);
std::copy_n(VB.begin(), count, B);

q.single_task<SimpleVAdd>(SimpleVAddKernel{A, B, C, count}).wait();

// Copy the result back to host memory
std::copy_n(C, count, VC.begin());
free(A, q);
free(B, q);
free(C, q);

// verify that VC is correct
bool passed = true;
for (int i = 0; i < count; i++) {

int expected = VA[i] + VB[i];
std::cout << "idx=" << i << ": result " << VC[i] << ", expected (" << expected << ") VA=

↪→" << VA[i] << " + VB=" << VB[i] << std::endl;
if (VC[i] != expected) {

passed = false;
}

}

std::cout << (passed ? "PASSED" : "FAILED") << std::endl;

return passed ? EXIT_SUCCESS : EXIT_FAILURE;
}
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Memory-Mapped interfaces

You can instantiateMemory-mapped (MM) interfaces in one of the followingways:

• Memory-Mapped InterfaceUsingAccessors: Using accesors allows the compiler to manage the copy-
ing of thememory between the host and device.

• Memory-Mapped Interface Using Unified Shared Memory: Using unified shared memory (USM) lets
you take full control andmanage copying data from the host to the device and vice versa. However, USM
pointers allow you to customize thememory-mapped host interface further.

Memory-Mapped InterfaceUsingAccessors

Thefollowingexampleshowshowtocreatemultiplememory-mapped(mm_host) interfacesusing thebuffer_-
location property in SYCL*:

#include <sycl/sycl.hpp>
#include <iostream>
#include <sycl/ext/intel/fpga_extensions.hpp>
#include <vector>

using namespace sycl;

// Forward declare the kernel name in the global scope.
// This is an FPGA best practice that reduces name mangling in the
// optimization reports.
class SimpleVAdd;

// The members of the functor serve as inputs and outputs to your IP.
// The code inside the operator()() function describes your IP.
template <class AccA, class AccB, class AccC>
class SimpleVAddKernel {

AccA A;
AccB B;
AccC C;
int count;

public:
SimpleVAddKernel(AccA A_in, AccB B_in, AccC C_out, int count_in)
: A(A_in),

B(B_in),
C(C_out),
count(count_in) {}

void operator()() const {
// clang-format on
for (int i = 0; i < count; i++) {

C[i] = A[i] + B[i];
}

(continues on next page)
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(continued from previous page)

}
};

constexpr int VECT_SIZE = 4;

int main() {

#ifdef FPGA_EMULATOR
sycl::ext::intel::fpga_emulator_selector my_selector;

#elif FPGA_SIMULATOR
sycl::ext::intel::fpga_simulator_selector my_selector;

#else
sycl::ext::intel::fpga_selector my_selector;

#endif
queue q(my_selector);

int count = VECT_SIZE; // pass array size by value

// declare arrays and fill them
std::vector<int> VA;
std::vector<int> VB;
std::vector<int> VC(count);
for (int i = 0; i < count; i++) {

VA.push_back(i);
VB.push_back(count - i);

}

std::cout << "add two vectors of size " << count << std::endl;

buffer bufferA{VA};
buffer bufferB{VB};
buffer bufferC{VC};

q.submit([&](handler &h) {
accessor accessorA{bufferA, h, read_only};
accessor accessorB{bufferB, h, read_only};
accessor accessorC{bufferC, h, read_write, no_init};

h.single_task<SimpleVAdd>(SimpleVAddKernel<decltype(accessorA), decltype(accessorB),␣
↪→decltype(accessorC)>{accessorA, accessorB, accessorC, count});

});

// verify that VC is correct
bool passed = true;
for (int i = 0; i < count; i++) {

int expected = VA[i] + VB[i];
std::cout << "idx=" << i << ": result " << VC[i] << ", expected (" << expected << ") VA=

↪→" << VA[i] << " + VB=" << VB[i] << std::endl;
if (VC[i] != expected) {

passed = false;
}

(continues on next page)
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(continued from previous page)

}

std::cout << (passed ? "PASSED" : "FAILED") << std::endl;
return passed ? EXIT_SUCCESS : EXIT_FAILURE;

}

Memory-Mapped InterfaceUsingUnifiedSharedMemory

You can use unified sharedmemory (USM) to fully customize amemory-mapped interface when compiling for
an IP-only flow.

To customize the interface, use a functor to specify the component and use one of the two compiler-defined
macros.

The followingmacro creates amemory-mappedhost interfacewith the specifiedparameters. Thebasepointer
is passed in through the register map.

register_map_mmhost(
BL1, // buffer_location or aspace
28, // address width
64, // data width
16, // ! latency, must be atleast 16
0, // read_write_mode, 0: ReadWrite, 1: Read, 2: Write
1, // maxburst
0, // align, 0 defaults to alignment of the type
1 // waitrequest, 0: false, 1: true

) int *x;

You can also use the followingmacro instead to have the base pointer passed in through a conduit interface.

conduit_mmhost(
BL1, // buffer_location or aspace
28, // address width
64, // data width
16, // ! latency, must be atleast 16
0, // read_write_mode, 0: ReadWrite, 1: Read, 2: Write
1, // maxburst
0, // align, 0 defaults to alignment of the type
1 // waitrequest, 0: false, 1: true

) int *x;

When you specify themacro properties, the order of the propertiesmust be preserved. The compiler exits with
an error out when you provide an unsupported combination. You can customize the following properties:
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Table 13:MMHostMacro Properties

Property Description
Buffer Location Specify the interface ID, which allows you to createmultiple different interfaces.

Buffer locationsmust be sequential integers, starting with 0.
AddressWidth Width of the address bus
DataWidth Width of the data bus
Latency Latency of thememory. Use 0 to specify a variable latencymemory.
Readwritemode 0: ReadWrite

1: Read
2: Write

Max burst Set themaximumburst size.
Align Memory alignment. 0 defaults to the type alignment.
Wait Request Enable wait request:

0: false
1: true

To include this macro in your program, create a kernel as a functor, allocate the memory on the host, and copy
the data from the host to the kernel and back.

The following example creates two memory-mapped interfaces. The host programmust allocate the memory
using malloc_shared. Also, this allocation requires the buffer location as a property.

It initializes twovalues to0. Thekernel code thensets themto5and6, respectively. It copies thedesiredmemory
locations to the host program, frees the allocatedmemory, and then verifies the output is as expected.

#include <sycl/sycl.hpp>
#include <sycl/ext/intel/fpga_extensions.hpp>
#include <sycl/ext/intel/prototype/interfaces.hpp>

using namespace sycl;
using ext::intel::prototype::property::usm::buffer_location;

constexpr int BL1 = 0;
constexpr int BL2 = 1;

struct MyIP {
register_map_mmhost(
BL1, // buffer_location or aspace
28, // address width
64, // data width
16, // ! latency, must be at least 16
0, // read_write_mode, 0: ReadWrite, 1: Read, 2: Write
1, // maxburst
0, // align, 0 defaults to alignment of the type
1 // waitrequest, 0: false, 1: true

) int *x;
register_map_mmhost(
BL2, // buffer_location or aspace
28, // address width
64, // data width

(continues on next page)

93



Intel® oneAPI

(continued from previous page)

16, // ! latency, must be at least 16
0, // read_write_mode, 0: ReadWrite, 1: Read, 2: Write
1, // maxburst
0, // align, 0 defaults to alignment of the type
1 // waitrequest, 0: false, 1: true

) int *y;
MyIP(int *x_, int *y_)
: x(x_), y(y_) {}

register_map_interface
void operator()() const {
*x = 5;
*y = 6;

}
};

void Test(int *first, int *second) {
#ifdef FPGA_EMULATOR
sycl::ext::intel::fpga_emulator_selector my_selector;

#elif FPGA_SIMULATOR
sycl::ext::intel::fpga_simulator_selector my_selector;

#else
sycl::ext::intel::fpga_selector my_selector;

#endif
queue q(my_selector);
int *HostA = malloc_shared<int>(sizeof(int), q, property_list{buffer_location(BL1)});
*HostA = 0;
int *HostB = malloc_shared<int>(sizeof(int), q, property_list{buffer_location(BL2)});
*HostB = 0;

q.single_task(MyIP{HostA, HostB}).wait();

*first = *HostB;
*second = *HostA;

sycl::free(HostA, q);
sycl::free(HostB, q);

}

int main() {
int first = 0;
int second = 0;
Test(&first, &second);

if (first == 6 && second == 5) std::cout << "PASSED\n";
else std::cout << "FAILED\n";

return 0;
}
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HostPipes

Thehost pipe implementation is a prototype implementation that relies onprototype features that are not incor-
porated into the standard interkernel pipes.

To separate this host pipe implementation from the existing interkernel pipe implementation, host pipes are de-
clared in a different namespace than interkernel pipes.

This namespace is as follows:

sycl::ext::intel::prototype

Host pipe support is enabled by including the following file:

$INTELFPGAOCLSDKROOT/include/sycl/ext/intel/prototype/host_pipes.hpp

Additionally, this prototype implementation of host pipes relies onUSM for simulation. When simulating your IP
for verification in a SYCL* program, you can use only boards and devices that support USMwith host pipes.

Declare aHostPipe

Each individual host pipe is a function scope class declaration of the templated pipe class.

Table 14: Host Pipe Template Parameters
Template Pa-
rameter

Definition Valid Values Default Values

id A unique type that identifies the host
pipe.

type None
(must be speci-
fied)

type The data type to be carried by the pipe. type None
(must be speci-
fied)

min_capacity Theminimumnumberofwords inunitsof
T size that the pipemust be able to store
without any being read out.
A minimum capacity is required in some
algorithms to avoid deadlock or for per-
formance tuning.
The hardware implementation can in-
cludemore capacity than this parameter,
but not less.

Integer greater
than or equal to 0

None
(must be speci-
fied)

ready_latency Thenumberof cyclesbetweenwhen the
readysignal isde-assertedandwhen the
pipe can no longer accept new inputs
when using the AVALON_STREAMING or
AVALON_STREAMING_USES_READY proto-
col.

Integer greater
than or equal to 0

0

continues on next page
95



Intel® oneAPI

Table 14 – continued from previous page
Template Pa-
rameter

Definition Valid Values Default Values

bits_per_-
symbol

Describes how the data is broken into
symbols on the data bus. This value
is used only in conjunction with Avalon
Packet support.
Data is broken down according to how
the first_symbol_in_high_order_bits pa-
rameter is set.

Integer greater
than or equal to 0

1

uses_valid Controlswhether avalid signal is present
on the pipe interface. If false, the up-
streamsourcemustprovidevaliddataon
every cycle that ready is asserted.
If set to false, the min_capacity, and
ready_latency template parameters
must be set to 0.

Boolean true

first_symbol_-
in_high_-
order_bits

Specifies whether the data symbols in
the pipe are in big-endian byte order.

Boolean false

protocol Specifies the protocol for the pipe inter-
face.
Valid values:

• AVALON_STREAMING
• AVALON_STREAMING_USES_READY
• AVALON_MM
• AVALON_MM_USES_READY

(from sycl::ext::intel::
prototype::internal namespace)

SeeDefinition AVALON_-
STREAMING_-
USES_READY

ExampleHostPipeDeclaration

The following code is an example declaration of a host pipe:

// unique user-defined types
class MyPipeT;
class AnotherPipeT;

// a host pipe with alias
using MyPipeInstance = sycl::ext::intel::prototype::pipe<

MyPipeT, // An identifier for the pipe
int, // The type of data in the pipe
8 // The capacity of the pipe

>;

// a second host pipe with alias
using AnotherPipeInstance = sycl::ext::intel::prototype::pipe<

(continues on next page)
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AnotherPipeT, // An identifier for the pipe
float, // The type of data in the pipe
4 // The capacity of the pipe

>;

Both pipe declarations use an alias for the full templated pipe class name for convenience. The first carries int
type and has a min_capacity of 8. The second carries float type data and has a min_capacity of 4. By not
specifying parameters after the min_capacity parameter, the default values from the earlier table are used for
both pipes.

HostPipeAPI

Host pipes expose read andwrite interfaces that allowa single element to be readorwritten in FIFOorder to the
pipe. These read and write interfaces are static class methods on the templated classes described later in this
section and inDeclare aHost Pipe.

BlockingWrite

The host pipe write interface writes a single element of the given data type (int in the examples that follow)
to the host pipe. On the host side, this class method accepts a reference to a SYCL* device queue as its first
argument and the element beingwritten as its second argument.

queue q(...);
...
int data_element = ...;

// blocking write from host to pipe
MyPipeInstance::write(q, data_element);
...

In the FPGA kernel, writes to a host pipe accept a single argument, which is the element beingwritten.

float data_element = ...;

// blocking write from device to pipe
AnotherPipeInstance::write(data_element);

Non-blockingWrite

Non-blockingwrites add a bool argument in both host and deviceAPIs that is passed by reference and returns
true in this argument if the write was successful, and false if it was unsuccessful.

On thehost:
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queue q(...);
...
int data_element = ...;

// variable to hold write success or failure
bool success = false;

// attempt non-blocking write from host to pipe until successful
while (!success) MyPipeInstance::write(q, data_element, success);

On thedevice:

float data_element = ...;

// variable to hold write success or failure
bool success = false;

// attempt non-blocking write from device to pipe until successful
while (!success) AnotherPipeInstance::write(data_element, success);

BlockingRead

The host pipe read interface reads a single element of a given data type from the host pipe. Like the write in-
terface, the read interface on the host takes a SYCL* device queue as a parameter. The device read interface
consists of the classmethod read call with no arguments.

On thehost:

// blocking read in host code
float read_element = AnotherPipeInstance::read(q);

On thedevice:

// blocking read in device code
int read_element = FirstPipeInstance::read();

Non-blockingRead

Like non-blocking writes, non-blocking reads add a bool argument in both host and device APIs that is passed
by reference and returns true in this argument if the readwas successful and false if it was unsuccessful.

On thehost:

// variable to hold read success or failure
bool success = false;

// attempt non-blocking read until successful in host code
float read_element;
while (!success) read_element = SecondPipeInstance::read(q, success);
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On thedevice:

// variable to hold read success or failure
bool success = false;

// attempt non-blocking read until successful in device code
int read_element;
while (!success) read_element = FirstPipeInstance::read(success);

HostPipeConnections

Host pipeconnections for aparticular host pipe are inferredby thecompiler from thepresenceof readandwrite
calls to that host pipe in your code.

A host pipe can be connected from the host only to a single kernel. That is, host pipe calls for a particular host
pipemust be restricted to the same kernel.

Host pipes can also operate in only one direction. That is, host-to-kernel or kernel-to-host.

Host code for a particular host pipe can contain either only all writes or only all reads to that pipe, and the corre-
sponding kernel code for the same host pipe can consist only of the opposite transaction.

HostPipes IPAuthoringFlow

The prototype implementation of host pipes is intended to use a two-part compilation flow to generate your IP.
To simulate your IP using a SYCL* program testbench, compile your full SYCL* program as follows:

icpx -fsycl -fintelfpga -Xssimulation -Xstarget=<FPGA device family or part number> <source.cpp>

The simulation flow uses additional “helper” kernels to connect the host pipes from each kernel to the host part
of the program. In the reports generated by the compiler, you can identify your IP by the name you have given it
in your SYCL* program.

When you have verified the functionality of your IP authoring kernel, you can generate RTL for your IP with the
following compile command:

icpx -fsycl -fintelfpga -Xshardware -fsycl-device-code-split=per_kernel -Xstarget=<FPGA device␣
↪→family or part number> <source.cpp>

This commandgenerates a separateproject directory in your currentworkingdirectory for eachof your IPs, and
directories for the “helper” kernels that you can ignore.

Note: You cannot simulate your full program when using the -fsycl-device-code-split=per_kernel op-
tion. It is primarily used to generate RTL for each of your kernels

You can identify these directories by the extension .prj, with each subsequent kernel appending _<#> to the
project directory, where <#> is an incrementing integer. For example, when compiling a source programnamed
main, project directories are named main.prj, main_1.prj, main_2.prj, and so on.
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HostPipesRTL Interfaces

This section provides a summary of interfacingwith host pipes in your IP based on the choice of protocol.

Host pipes support Avalon streaming and memory-mapped interfaces. Refer to the Intel® Avalon Interface
Specifications for details about these protocols.

For AVALON_MM protocols, register addresses in the CRA are specified in the generated kernel header file in the
project directory. Refer toExample RegisterMapFile for further details onCRA agent registers.

AVALON_STREAMING_USES_READYProtocol

This protocol allows the sink to backpressure by deasserting the ready signal asserted. The sink signifies that it
is ready toconsumedatabyasserting theready signal. On thecyclewhere thesinkasserts theready signal, the
sourcemust wait for the ready_latency signal to cycle before respondingwith valid and data signals, where
the template parameter specifies the ready_latency in the host pipe dec

Host-to-DevicePipe

When the uses_valid template parameter is set to false and the ready signal is asserted by the kernel and
sampledby thehost, thehostmustwaitready_latencycyclesbefore thevalueon thedata interface is sampled
by the kernel and consumed.

When the uses_valid template parameter is set to true and the ready signal is asserted by the kernel and
sampled by the host, the hostmust wait ready_latency cycles before valid, and the data interface is sampled
by the kernel and consumed.

Device-to-HostPipe

When theuses_valid templateparameter is set totrueand thehost asserts theready signal, thekernel replies
with valid=1 and qualified data (if available) ready_latency cycles after the corresponding readywas first as-
serted.

When the uses_valid template parameter is set to false and the host asserts the ready signal, the kernel
replies with qualified data ready_latency cycles after the corresponding readywas first asserted.

AVALON_STREAMING_ALWAYS_READYProtocol

With this choice of protocol, no ready signal is exposed by the host pipe, and the sink cannot backpressure.

Thevalid signal qualifiesdata transfer fromsource to sinkper cyclewhen theuses_valid templateparameter
is set to true. When the uses_valid template parameter is set to false, the source implicitly provides a valid
output on every cycle, and the sink assumes a valid input on every cycle.
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Host-to-DevicePipe

When the uses_valid template parameter is set to false, the kernel samples and processes the value on the
host pipe data interfaces on each cycle.

When the uses_valid template parameter is set to true, the kernel samples and processes the value on the
host pipe data interface on each cycle that the valid signal is asserted.

Device-to-HostPipe

When theuses_valid templateparameter is set tofalse, thehostmust sampleandprocessvalueson thehost
pipe data interface every clock cycle. Failure to do so causes the data to be dropped.

When the uses_valid template parameter is set to true, the hostmust sample and process values on the host
pipe data interface every clock cycle that the valid signal is asserted. Failure to do so causes the data to be
dropped.

AVALON_MMProtocol

With this protocol, an implicit ready signal is held high, and the sink cannot backpressure.

Intel does not recommend using this protocol with device-to-host pipes. The uses_valid template parameter
must alsobe set totrue. Both thevalid anddata signals for thepipe are stored in registers implemented in the
CRA agent.

Host-to-DevicePipe

The host writes a 1 to the valid register to indicate that the value in the data register is qualified. When the
kernel has consumed this data, the kernel automatically clears the value in the valid register. A cleared valid
register signifies that the host is free to write a new value into the data register.

AVALON_MM_USES_READYProtocol

With this protocol, an additional register in theCRA is created to hold the ready signal. Youmust set the uses_-
valid template parameter to true.

Host-to-DevicePipe

The kernel writes a 1 to the ready register when it is available to receive data. The host writes a 1 to the valid
register to indicate that the value in the data register is qualified.

101



Intel® oneAPI

Device-to-HostPipe

The kernel writes a 1 to the valid register to indicate that the value in the data register is qualified. This value is
held in thedata register until thehostwrites a1 to theready register, whichsignifies that thehost hasconsumed
valid data from the data register. The kernel clears the ready register when the kernel has written subsequent
qualified data and the valid register.

AvalonPacketSidebandSignals

Avalon packet sideband signal support is enabled by including the host_pipes.hpp header and defining host
pipes using the AvalonPacket struct defined in the following header file:

$INTELFPGAOCLSDKROOT/include/sycl/ext/intel/prototype/pipes_ext.hpp

Using theAvalonPacket structwith theuses_packets templateparameter set totrueadds twoadditional 1-bit
signals to theAvalon interface, start_of_packet (sop), and end_of_packet (eop).

Assert the sop signal when you send the first packet along with a valid signal assertion. Assert the eop signal
when you send the last packet, along with a valid signal assertion. You can assert sop and eop signals in the
samecycle for asinglepacket transfer transaction. Thesopsignal canalsobeassertedon thecycle immediately
after the eop signal was asserted for the previous packet.

The third template parameter for the AvalonPacket struct signifies uses_empty. When uses_empty is set
to true, it adds an extra empty signal that is ceil(log2( data_width

bits_per_symbol ) bits long. The empty signal indicates the
number of symbols that are empty during the eop cycle.

Empty symbols are always the last symbols in the data. That is, the symbols carried by low-order bits when
first_symbol_In_high_order_bits is true, or the high-order bits if first_symbol_In_high_order_bits
is set to false.

Setting uses_empty is required for all packet interfaces carryingmore than one symbol of data that have a vari-
able length packet format.

AvalonPacketSidebandSignals Example

The following example uses the AvalonPacket struct with the uses_packets and users_empty template pa-
rameters both set to true. The size of the PipeData type should be amultiple of the number of bits per symbol.

using PipeData = ac_int<kBitsPerSymbol * kSymbolsPerBeat, false>;
using Packet = sycl::ext::intel::experimental::AvalonPacket<PipeData, true, true>;

When you define the host pipe, set the data type to the AvalonPacket struct:

using H2DPipe = sycl::ext::intel::prototype::pipe<H2DPipeID, Packet, kPipeMinCapacity,␣
↪→kReadyLatency, kBitsPerSymbol, true, true, protocol_name::AVALON_STREAMING_USES_READY>;

The following code example instantiates a packet struct andwrites to the pipe (from the host):
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bool sop = true;
bool eop = false;
int empty = 0;
PipeData data = ...
Packet in_packet(data, sop, eop, empty);
H2DPipe::write(q, in_packet);

The following code example reads from the pipe and extracts the packet signals (from device):

Packet in_packet = H2DPipe::read();
PipeData in_data = in_packet.data;
bool sop = in_packet.sop;
bool eop = in_packet.eop;
int empty = in_packet.empty;

Agent IPComponentKernels

SYCL* kernels generate an interface that can control the kernel andpass in thedefault arguments to the IP com-
ponent.

Bydefault, the Intel®oneAPIDPC++/C++CompilergeneratesanAvalonagent interface tocontrol thekernel and
pass in the default arguments. The compiler also generates a header file that provides the addresses of various
registers in theagentmemorymap. A top-level headernamedregister_map_offsets.hpp is created for each
device image that you can include if you are interfacingwith the SYCL* device image.

An additional header is generated for each of your kernels within the .prj directory. The register_map_-
offsets.hpp header file includes these files, but contain the addresses and offsets for each of the kernels.

ExampleRegisterMapFile

/************************************************************************/
/* Memory Map Summary */
/************************************************************************/
/*
Address | Access | Register | Argument

------------|---------|-----------------------|-----------------------------
0x0 | R/W | register0[31:0] | Status[31:0]

------------|---------|-----------------------|-----------------------------
0x28 | R/W | register5[31:0] | FinishCounter[31:0]

| | register5[63:32] | FinishCounter[31:0]
------------|---------|-----------------------|-----------------------------

0x78 | R/W | register15[63:0] | arg_AccRes[63:0]
------------|---------|-----------------------|-----------------------------

0x80 | R/W | register16[63:0] | arg_AccRes1[63:0]
------------|---------|-----------------------|-----------------------------

0x88 | R/W | register17[63:0] | arg_AccRes2[63:0]
------------|---------|-----------------------|-----------------------------

(continues on next page)
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0x90 | R/W | register18[63:0] | arg_AccRes3[63:0]
------------|---------|-----------------------|-----------------------------

0x98 | R/W | register19[31:0] | arg_IntegerVar[31:0]
| | register19[63:32] | arg_LongIntegerVar[31:0]

------------|---------|-----------------------|-----------------------------
0xa0 | R/W | register20[63:0] | arg_LongIntegerVar[95:32]

------------|---------|-----------------------|-----------------------------
0xa8 | R/W | register21[31:0] | arg_LongIntegerVar[127:96]

| | register21[39:32] | arg_BooleanVar[7:0]
*/
/***************************************************************************/
/* Register Address Macros */
/***************************************************************************/
/* Status Register Bit Offsets (Bits) */
/* Note: Bits In Status Registers Are Marked As Read-Only or Read-Write

Please Do Not Write To Read-Only Bits */
#define KERNEL_REGISTER_MAP_GO_OFFSET (0) // Read-write
#define KERNEL_REGISTER_MAP_DONE_OFFSET (1) // Read-only
#define KERNEL_REGISTER_MAP_STALLED_OFFSET (3) // Read-only
#define KERNEL_REGISTER_MAP_UNSTALL_OFFSET (4) // Read-write
#define KERNEL_REGISTER_MAP_BUSY_OFFSET (14) // Read-only
#define KERNEL_REGISTER_MAP_RUNNING_OFFSET (15) // Read-only

/* Status Register Bit Masks (Bits) */
#define KERNEL_REGISTER_MAP_GO_MASK (0x1)
#define KERNEL_REGISTER_MAP_DONE_MASK (0x2)
#define KERNEL_REGISTER_MAP_STALLED_MASK (0x8)
#define KERNEL_REGISTER_MAP_UNSTALL_MASK (0x10)
#define KERNEL_REGISTER_MAP_BUSY_MASK (0x4000)
#define KERNEL_REGISTER_MAP_RUNNING_MASK (0x8000)

While the default option for kernels are agent kernels, there is a register_map_interface macro to mark a
function as an agent kernel. This is shown in the following example:

#include <sycl/ext/intel/prototype/interfaces.hpp>
using namespace sycl;

struct MyIP {
int *input_a, *input_b, *input_c;
int n;
MyIP(int *a, int *b, int *c, int N_)

: input_a(a), input_b(b), input_c(c), n(N_) {}
register_map_interface void operator()() const {
for (int i = 0; i < n; i++) {

input_c[i] = input_a[i] + input_b[i];
}

}
};

104



Intel® oneAPI

Streaming IPComponentKernels

You can also choose to have the Intel® oneAPI DPC++/C++ Compiler implement the IP component kernel inter-
face as a streaming interface.

To have the compiler implement the IP kernel interface as a streaming interface:

1. Implement the IP kernel as a functor.

2. Include the following header file:

sycl/ext/intel/prototype/interfaces.hpp

3. Add one of the following options to the compiler command (icpx -fsycl):

• Linux: I/$INTELFPGAOCLSDKROOT/include

• Windows: /I %INTELFPGAOCLSDKROOT%\include

4. Add the streaming_interfacemacro to the functor operator().

The following code shows an example of implementing a streaming interface:

#include <sycl/ext/intel/prototype/interfaces.hpp>
using namespace sycl;

struct MyIP {
int *input_a, *input_b, *input_c;
int n;
MyIP(int *a, int *b, int *c, int N_)

: input_a(a), input_b(b), input_c(c), n(N_) {}
streaming_interface void operator()() const {
for (int i = 0; i < n; i++) {

input_c[i] = input_a[i] + input_b[i];
}

}
};

The resulting IP component kernel is invoked as a streaming kernel. Compiling the example codegenerates the
start signal, the done signal, the ready_in signal, and ready_out signals as conduits. The compilation of the
example code also generates conduits for the base addresses of the three pointers as well the value of N.

The streaming handshaking follows the Avalon Streaming (ST) protocol. The IP kernel consumes the argu-
ments on the clock cycle that the start and ready_out signals are asserted. The IP component kernel invoca-
tion is finished on the clock cycle that the done and ready_in signals are asserted.

Note: In the SYCL* device image generated for a streaming-controlled kernel, the top-level RTL still contains
Avalon Agent interface ports. You can safely ignore these ports if the user kernel does not contain any agent
interfaces.
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LimitationsofStreaming IPComponentKernels

The following actions are not supportedwhen using a streaming IP component kernel:

• Using streaming kernels as SYCLNDRange kernels.

• Profiling of streaming kernels.

• Using agent kernel arguments in streaming kernels.

StreamingArguments

Whenyougenerate a streaming kernel, youmightwant to haveoneormore argumentswith an opposite type of
interface. For example, a streaming argument with an agent kernel.

By default, the arguments follow the same type of interface as the kernel.

Tooverride a specific interface to use conduitswith an agent kernel, use the conduitmacro, like in the following
example:

#include <sycl/ext/intel/prototype/interfaces.hpp>
using namespace sycl;

struct MyIP {
conduit int *input_a, *input_b, *input_c;
conduit int n;
MyIP(int *a, int *b, int *c, int N_)

: input_a(a), input_b(b), input_c(c), n(N_) {}
register_map_interface void operator()() const {
for (int i = 0; i < n; i++) {

input_c[i] = input_a[i] + input_b[i];
}

}
};

PipelinedKernels

By default, SYCL* task kernels are not pipelined. They must execute in a back-to-back manner. You must wait
for the previous invocation to finish before invoking the kernel again.

However, streaming kernels can be optionally pipelined by using the streaming_pipelined_interface
macro, as shown in the following example:

struct MyIP {
conduit int *input;
MyIP(int *inp_a_) : input(inp_a_) {}
streaming_pipelined_interface void operator()() const {
int temp = *input;
*input = something_complicated(temp);

(continues on next page)
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}
};
/* To exercise the pipelined nature of the kernel in simulation,

you must queue up multiple instances of the functions before you
call the wait() function. The following code example shows how to
exercise a pipelined kernel: */

for (int i = 0; i < kN; i++) {
q.single_task(MyIP{&input_array[i]});

}
q.wait();

StableArguments

By default, the Intel® oneAPI DPC++/C++Compiler assumes that the values of kernel arguments change during
kernel executions.

For pipelined kernels, if a kernel argument does not changewhile the kernel is executing, you canmark the cor-
responding kernel argument as stable.

Declare a streaming (conduit) kernel argument to be stable with the stable_conduit attribute.

Changing the value of a stable kernel argument results in undefined behavior.

Youmight save someFPGAarea in your kernel designwhenyoudeclare a streaming (conduit) kernel argument
as stable.

If all the kernel arguments do not change while the kernel is executing, you can include the
-Xsno-hardware-kernel-invocation-queue option in your icpx command.

Changing the value of a kernel argument on a kernel compiled with the
-Xsno-hardware-kernel-invocation-queue option results in undefined behavior.

The printfCommand

The sycl::oneapi::experimental::printf() function is currently not supported in IP components.

Emulate andDebugYour IPComponent

Verify the functionality of your design by compiling your component and testbench to an x86-64 FPGAemula-
tion executable that you can debug with a oneAPI debugger. This process is sometimes referred to as debug-
ging through emulation.

Compiling your design to an x86-64 executable is faster than generating and simulating RTL. Shorter compi-
lation time allows you to debug and refine your component quickly before verifying how your component is im-
plemented in hardware.

No additional software is required to emulate your IP component, and no modifications to your host code are
required.
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You can compile your component and testbench to an x86-64 executable for functional verification using the
icpx -fscyl -fintelfpga <source>.cpp command.

To verify the design functionality from the x86-64 emulation of your testbench and component, use one of the
following debugging techniques:

• Running the program to see if it generates the expected output.

• Using print statements in your code (such as printf or std::cout) to output variable values at specific
points.

• Stepping through your codewith a debugger.

If you want to step through your code with a debugger, ensure that you set the compiler command to include
debug information and togenerate unoptimizedbinary files. Debugversionsof your executables aregenerated
by default, so a command option such as -ggdb is unnecessary.

To disable debug information, add the -g0 option to your icpx compiler command.

OnLinux systems, youcanuse theGDBprovidedwith the Intel® oneAPIBaseToolkit todebugyour component
and testbench.

You can automate the process by using aMakefile or batch script. Use theMakefiles and scripts provided in the
Intel® oneAPI Base Toolkit example designs and tutorials as guides for creating yourMakefiles or batch scripts.

EvaluateYour IPComponentThroughSimulation

Whenyoucompileyourcomponent toan Intel®FPGAdevice familyorpartnumberwith the-Xstargetcompiler
option, the Intel oneAPIDPC++/C++Compiler links your designC++ testbenchwith anRTL-compiled version of
your component that runs in an RTL simulator.

Use Siemens® EDA Questa® software to perform the simulation. You must have Questa® simulation software
installed when authoring IP components with the Intel oneAPI Base Toolkit. For a list of supported versions of
the Questa® software, refer to the EDA Interface Information section in the Intel® Quartus® Prime Software and
Device Support ReleaseNotes.

Verifying the functionality of your design in this way is sometimes called debugging through simulation.

To verify the design functionality from your design simulation, use the following debugging techniques:

• Run the executable that the compiler generates by targeting theFPGAdevice. By default, the executable
name is a.out (Linux). For example, youmight invoke a command like one of the following commands for
a simple single-file design:

– Linux:

icpx -fsycl -fintelfpga -Xssimulation -Xstarget="Arria10" […] design.cpp

env CL_CONTEXT_MPSIM_DEVICE_INTELFPGA=1 ./a.out

• Write variable values to output pipes or mm_host interfaces at certain points in your code.

• Review thewaveforms generatedwhen running your design.

The compiler does not log signals by default when you compile your design. To enable signal logging in
simulation, refer toDebugDuringVerification.
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DebugDuringVerification

By default, the compiler instructs the simulator not to log any signals because logging signals slows the simula-
tion, and waveform files can be extremely large. However, you can configure the compiler to save these wave-
forms for debugging purposes.

Toenable signal logging in the simulator, invoke theicpx -fsyclcommandwith the-Xsghdloptioncommand
as follows:

icpx -fsycl -fintelfpga -Xssimulation -Xstarget=<family_or_part_number> -Xsghdl <input files>

Note: After you compile your component and testbenchwith the -Xsghdl option, run the resulting executable
to run the simulation and generate the waveform. By default, the name of the executable is a.out (Linux). You
can change the name of the output by using the -o <output_name> option.

When the simulation finishes, open the vsim.wlf file inside the current directory to view thewaveform.

To view thewaveform after the simulation finishes:

1. In theQuesta® simulator, open the vsim.wlf file inside the <project name>.prj directory.

2. Right-click the <IP_component_name>_inst block and select AddWave.

Youcannowview the top-level component signals: start, done, ready_in, ready_out, parameters, andout-
puts. Use thewaveform to see how the component interacts with its interfaces.

Tip: When you view the simulation waveform in the Questa® simulator, the simulation clock period is set
to adefault valueof 1000picoseconds (ps). Tosynchronize theTimeaxis to showonecycleper tickmark,
change the time resolution from picoseconds (ps) to nanoseconds (ns):

1. Right-click the timeline and selectGrid, Timeline&CursorControl.

2. UnderTimelineConfiguration, set theTime units to ns.

FPGA IPComponentPerformanceOptimization

The Intel® oneAPI DPC++/C++ Compiler provides tools that you can use to find areas for improvement and a
variety of flags, attributes, and extensions to control design and compiler behavior.

Formore information about optimizingyour design, refer to the FPGA Optimization Guide for Intel®
oneAPI Toolkits.
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SynthesizingYourComponent IPwith Intel®Quartus®PrimeSoftware

When you are satisfiedwith the predicted performance of your component, use Intel®Quartus® Prime software
to synthesize your component. Synthesis also generates accurate area and performance (fMAX) estimates for
your design. However, your design is not expected to cleanly close timing in the Intel® Quartus® Prime reports.

You can expect to see timing closurewarnings in the Intel®Quartus® Prime logs because the generated project
targets a clock speed of 1000 MHz to achieve the best possible placement for your design. The fMAX value
presented in theFPGAoptimization reportestimates themaximumclock rateyourcomponentcancleanlyclose
timing for.

After the Intel®Quartus®Primecompilation is completed, the summary section of theFPGAoptimization report
shows the area andperformancedata for your components. Theseestimates aremore accurate thanestimates
generatedwhen you compile your IP component for simulation only.

Typically, Intel® Quartus® Prime compilation times can take minutes to hours, depending on the size and com-
plexity of your IP components.

To synthesize your component IP and generate quality of results (QoR) data, instruct the compiler to run
the Intel® Quartus® Prime compilation flow automatically after synthesizing the components. Include the –
Xshardware option in your icpx -fsycl command:

icpx -fsycl -fintelfpga -Xshardware -Xstarget="<FPGA device family or part number>"...

IntegratingYour IP Into aSystem

To integrate your IP component into a systemwith the Intel®Quartus® Prime software, youmust be familiar with
Intel® Quartus® Prime software, including PlatformDesigner.

The Intel® oneAPI DPC++/C++ Compiler generates a project directory (<result>.prj/) and a set of IP
files per device image (a set of kernels that are part of the same system). You can control this with the
-fsycl-device-code-split=<off|per_source|per_kernel> option.

The <result>.prj/ directory generated by the compiler contains all the files that you need to include your IP
component in an Intel® Quartus® Prime project, including the following files:

• <project_name>_di.ip

An ip format file that you can add to your Intel Quartus Prime projects.

• <project_name>_di_hw.tcl

An ip format file that PlatformDesigner can read.

• <project_name>_di_inst.v

An example of how to instantiate the IP into other Verilogmodules.
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Adding IP into an Intel®Quartus®PrimeProject

To use the IP component generated by the Intel® oneAPI DPC++/C++ compiler in an Intel® Quartus® Prime
project, youmust first add the .ip file to the project.

The .ip file contains information to add to all the necessary HDL files for the component. It also applies to any
component-specific Intel® Quartus® Prime Settings File (.qsf) settings that are necessary for IP synthesis.

Follow these steps:

1. Create an Intel Quartus Prime Pro Edition project.

2. Open the PlatformDesigner and select your IP from the oneAPI folder.

For your IP to be in the oneAPI folder, either create the project in the same directory that contains the
generated IP project or add the file path.

3. Create the rest of your Intel Quartus Prime software project.

For an example of how to instantiate the IP component top-level module, examine the <result>.prj/
<project_name>_di_inst.v file.

Adding IP into aPlatformDesignerSystem

To use the IP component generated by the Intel® oneAPI DPC++/C++ compiler in a Platform Designer system,
youmust first add the directory to the IP search path or the IP Catalog.

In Platform Designer, if your IP generated by the compiler IP does not appear in the IP Catalog, perform the
following tasks:

1. In the Intel® Quartus® Prime software, clickTools >Options.

2. In theOptionsdialogbox, underCategory, expand IPSettings andclick IPCatalogSearchLocations.

3. In the IP Catalog Search Locations dialog box, add the path to the directory that contains the _hw.tcl
file to IP Search Paths as <result>.prj/<project_name>.

4. In the IP Catalog, add your IP to the Platform Designer system by selecting it from the oneAPI project
directory.

Formore information aboutPlatformDesigner, refer toCreatingaSystemwithPlatformDesigner in Intel®Quar-
tus® PrimePro EditionUserGuide: PlatformDesigner.

Encrypt IPComponents forDistribution

If you are a member of the Intel® FPGADesign Solutions Network, you have access to tools to encrypt your IP
design files and generate a license for it. Your IP users can use the encrypted IP only in ways specified by the
generated license.

This license is compatible with the FlexLM licensing technology used by Intel® Quartus® Prime software.

If you have the Intel-provided IP encryption and licensing infrastructure installed, you can also generate en-
crypted IPwith the Intel® oneAPI DCP++/C++ Compiler.
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Yourencrypted IPcan thenbeusedbyyourcustomers in Intel®Quartus®Primesoftware, licensedby thefile that
yourusersadded to their Intel®Quartus®Prime licensesearchpath. Formoredetails, refer to thedocumentation
that Intel provided youwhen you joined the Intel® FPGADesign Solutions Network.

If youwant to support simulationwith your encrypted IP, youmust create a separately-encryptedversionof your
IP for simulation. For simulation, an IEEE 1735 compliant encryption scheme is used.

To generate encrypted IP for use in Intel® Quartus® Prime software, use the following command:

icpx -fsycl -fintelfpga -Xshardware -Xstarget=<FPGA device or part number> -Xsencryption-key=
↪→<key> -Xsencryption-id=<product_id> -Xsencryption-release-date=<yyyy.mm>

Important: Before you run this command, you must create a license file for the IP and add the license file to
your $LM_LICENSE_FILE environment variable.

To generate encrypted IP for use in simulation, use the following command:

icpx -fsycl -fintelfpga -Xssimulation -Xstarget=<FPGA device or part number> -DFPGA_SIMULATOR -
↪→I/$INTELFPGAOCLSDKROOT/include -Xsencryption-key=<key> -Xsencryption-id=<product_id> -
↪→Xsencryption-release-date=<yyyy.mm>

Table 15: FPGACompilation Flags for IP Encryption

Option name Description
-Xsencryptionkey Specifies the encryption key used to encrypt the source file.

The keymust be a 48-digit hexadecimal value.
-Xsencryption-id Specifies the product ID for the IP.

This IDmust be a 4-digit hexadecimal value.
-Xsencryption-release-date Sets the release date in the format yyyy.mm.
-Xsno-encryption If youhavecreatedanalias toyouricpx -fsyclcommand that

encrypts your IP, use this optiononyour alias command to tem-
porarily disable encryption.

4.8.8 FastRecompile for FPGA

The Intel® oneAPI DPC++/C++ Compiler supports only the ahead-of-time (AoT) compilation for FPGA hard-
ware, which means that an FPGA device image is generated at compile time. The FPGA device image gen-
eration process can take hours to complete. If you make a change exclusive to the host code, then recompile
only your host code by reusing the existing FPGAdevice image and circumventing the time-consuming device
compilation process.

The Intel® oneAPI DPC++/C++ Compiler provides the followingmechanisms to separate device code and host
code compilation:

• Passing the -reuse-exe=<exe_name> flag to instruct the compiler to attempt to reuse the existing FPGA
device image.

• Separating the host and device code into separate files. When a code change applies only to host-only
files, the FPGAdevice image is not regenerated.
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• Separating the device code using the compiler option -fsycl-device-code-split.

The following sections explain these twomechanisms in detail.

Using the -reuse-exeFlag

If the device code and options affecting the device have not changed since the previous compilation, passing
the -reuse-exe=<exe_name> flag instructs the compiler to extract the compiled FPGA hardware image from
the existing executable and package it into the new executable, saving the device compilation time.

Sample use:

# Initial compilation
icpx -fsycl -fintelfpga -Xshardware <files.cpp> -o out.fpga

The initial compilation generates an FPGA device image, which takes several hours. Suppose you now make
some changes to the host code.

# Subsequent recompilation
icpx -fsycl <files.cpp> -o out.fpga -reuse-exe=out.fpga -Xshardware -fintelfpga

One of the following actions are taken by the command:

• If the out.fpga file does not exist, the -reuse-exe flag is ignored, and the FPGA device image is regen-
erated. This is always the case the first time you compile a project.

• If the out.fpga file is found, the compiler verifies no change that affects the FPGA device code is made
since the last compilation. If no change is detected in the device code, the compiler then reuses the ex-
isting FPGA device image and recompiles only the host code. The recompilation process takes a few
minutes to complete.

• If the out.fpga file is found, but the compiler cannot prove that the FPGA device code will yield a result
identical to the last compilation, awarning is printed, and theFPGAdevice code is fully recompiled. Since
thecompiler checksmustbeconservative, spurious recompilationscan sometimesoccurwhenusing the
-reuse-exe flag.

Using theDevice LinkMethod

Suppose the program is separated into two files, main.cpp and kernel.cpp, where only the kernel.cpp file
contains the device code.

In the normal compilation process, FPGAdevice image generation happens at link time.

# normal compile command
icpx -fsycl -fintelfpga -Xshardware main.cpp kernel.cpp -o link.fpga

As a result, any change to either the main.cpp or kernel.cpp triggers the regeneration of an FPGA hardware
image.

The following graph depicts this compilation process:
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Fig. 13: Compilation Process

If you want to iterate on the host code and avoid a long compile time for your FPGA device, consider using a
device link to separate the device and host compilation:

# device link command
icpx -fsycl -fintelfpga -fsycl-link=image <input files> [options]

The compilation is a three-step process as listed in the following:

1. Compile the device code.

icpx -fsycl -fintelfpga -Xshardware -fsycl-link=image kernel.cpp -o dev_image.a

Input files must include all files that contain the device code. This step might take several hours to com-
plete.

2. Compile the host code.

icpx -fsycl -fintelfpga main.cpp -c -o host.o

Input files should include all source files that contain only the host code. These filesmust not contain any
sourcecode that executeson thedevicebutmaycontain setupand tear-downcode, for example, parsing
command-line options and reporting results. This step takes seconds to complete.

3. Create the device link.

icpx -fsycl -fintelfpga host.o dev_image.a -o fast_recompile.fpga

This step takes seconds to complete. The input should include one or more host object files (.o) and
exactly one device image file (.a). When linking a static library (.a file), always include the static library
after its use. Otherwise, the library’s functionsarediscarded. For additional informationabout static library
linking, refer to Library order in static linking.
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Note: You only need to perform steps 2 and 3whenmodifying host-only files.

The following diagram illustrates the device link process:

Fig. 14: FPGADevice Link Process

Refer to the fast_recompile tutorial in the Intel® oneAPI Samples Browser for an example using the device link
method.

Using the -fsycl-device-code-split[=value]Option

When you use the -fsycl-device-code-split[=value] option, the compiler compiles each split partition as
if targeting its own device. This option supports the followingmodes:

• auto: This is thedefaultmodeandthesameas the-fsycl-device-code-splitoptionwithoutanyvalue.
The compiler uses a heuristic to select the best way of splitting device code.

• off: Creates a singlemodule for all kernels.

• per_kernel: Creates a separatedevicecodemodule for each kernel. Eachdevicecodemodule contains
a kernel and dependencies, such as called functions and user variables.

• per_source: Createsaseparatedevicecodemodule foreachsource(translationunit). Eachdevicecode
module contains a bunchof kernels groupedon aper-source basis and all their dependencies, such as all
used variables and called functions, including the SYCL_EXTERNAL macro-marked functions from other
translation units.

115

https://github.com/oneapi-src/oneAPI-samples/tree/master/DirectProgramming/DPC%2B%2BFPGA/Tutorials/GettingStarted/fast_recompile
https://www.intel.com/content/www/us/en/develop/documentation/get-started-with-intel-oneapi-base-linux/top/run-a-sample-project-using-the-command-line.html#run-a-sample-project-using-the-command-line_SAMPLES-BROWSER-PART1


Intel® oneAPI

Attention: For FPGA, each split must not share device resources, such asmemory, across it. Furthermore,
kernel pipesmust have their source and sink within the same split.

For additional information about this option, refer to the fsycl-device-code-split topic in Intel® oneAPI
DPC++/C++Compiler DeveloperGuide andReference.

WhichMechanism toUse?

Of themechanismsdescribedabove, the-reuse-exeflagmechanism iseasier touse than thedevice linkmech-
anism. Theflagalsoallowsyou to keepyour host anddevicecodeasa single source,which is preferred for small
programs. For larger andmore complex projects, the device link method gives youmore control over the com-
piler’s behavior.

However, there are some drawbacks of the -reuse-exe flag when compared to compiling separate files. Con-
sider the followingwhen using the -reuse-exe flag:

• The compiler must spend time partially recompiling and then analyzing the device code to ensure that it
is unchanged. This takes several minutes for larger designs. Compiling separate files does not incur this
extra time.

• Youmight occasionally encounter a false positive where the compiler incorrectly believes it must recom-
pile your device code. In a single source file, the device and host code are coupled, so certain changes to
the host code can change the compiler’s view of the device code. The compiler always behaves conser-
vatively and triggers a full recompilation if it cannot prove that reusing the previous FPGA binary is safe.
Compiling separate files eliminates this possibility.

4.8.9 GenerateMultiple FPGA Images (Linuxonly)

Use this feature of the Intel® oneAPI DPC++/C++ Compiler when you want to split your FPGA compilation into
different FPGA images. This feature is particularly useful when your design does not fit on a single FPGA. You
can use it to split your very large design intomultiple smaller images, which you can use to partially reconfigure
your FPGAdevice.

You can split your design using one of the following approaches, each giving you different benefits:

• Dynamic Linking Flow

• Dynamic Loading Flow

Between the two flows, dynamic linking is easier to implement than dynamic loading. However, dynamic linking
can requiremorememory on the host device as all of the device imagesmust be loaded intomemory. Dynamic
loadingaddresses these limitationsbut introduces theneed for someextra source-level changes. The following
comparison table highlights the differences between the flows:

Table 16: Dynamic Linking vs. Dynamic Loading Flow
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Dynamic Linking Dynamic Loading
Can dynamically change
FPGA Imageat runtime?

Yes Yes

Defining the type and number
of FPGA images

At compile time At runtime

Host-program memory foot-
print

All FPGA images are stored in
memory at runtime.

Onlyexplicitly loadedFPGAimages
are stored inmemory.

Calling host code Call function in the dynamic li-
brary directly.

Explicitly load the dynamic library
and functions to call.

Dynamic LinkingFlow

This flow allows you to split your design into different source files and map them into a separate FPGA image.
Intel® recommends this flow for designs with a small number of FPGA images.

To use this flow, perform the following steps:

1. Split your source code such that for each FPGA image youwant, you create a separate .cpp file that sub-
mits various kernels. Separate the host code into one ormore .cpp files that can then interfacewith func-
tions in the kernel files.

Consider that you now have the following three files:

• main.cpp containing your host code. For example:

// main.cpp
int main() {

queue queueA;
add(queueA);
mul(queueA);

}

• vector_add.cpp containing a function that submits the vector_add kernel. For example:

// vector_add.cpp
extern "C"{

void add(queue queueA) {
queue.submit(

// Kernel Code
);

}
}

• vector_mul.cpp containing a function that submits the vector_mul kernel. For example:

// vector_mul.cpp
extern "C"{

void mul(queue queueA) {
queue.submit(

// Kernel Code
(continues on next page)
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(continued from previous page)

);
}

}

2. Compile the source files using the following commands:

icpx -fsycl -fPIC -fintelfpga -c vector_add.cpp -o vector_add.o
icpx -fsycl -fPIC -fintelfpga -c vector_mul.cpp -o vector_mul.o

// FPGA image compiles take a long time to complete
icpx -fsycl -fPIC -shared -fintelfpga vector_add.o -o vector_add.so -Xshardware -
↪→Xstarget=pac_a10
icpx -fsycl -fPIC -shared -fintelfpga vector_mul.o -o vector_mul.so -Xshardware -
↪→Xstarget=pac_a10

// Final link step
icpx -fsycl -o main.exe main.cpp vector_add.so vector_mul.so

With this flow, the long FPGA compile steps are split into separate commands that you can potentially run on
different systems or only when you change the files.

Dynamic LoadingFlow

Use this flow to avoid loading all of the different FPGA images into memory at once. Similar to dynamic linking
flow, this flow also requires you to split your code. However, for this flow, youmust load the .so (shared object)
files in the host program. The advantage of this flow is that you can load large FPGA image files dynamically as
necessary instead of linking all image files at compile time.

To use this flow, perform the following steps:

1. Split your source code in the samemanner as done in step 1 of the dynamic linking flow.

2. Modify the main.cpp file to appear as follows:

// main.cpp
#include <dlfcn.h>

int main() {
queue queueA;
bool runAdd, runMul;
// Assuming runAdd and runMul are set dynamically at runtime
if (runAdd) {

auto add_lib = dlopen("./vector_add.so", RTLD_NOW);
auto add = (void (*)(queue))dlsym(add_lib, "add");
add(queueA);

}
if (runMul) {

auto mul_lib = dlopen("./vector_mul.so", RTLD_NOW);
auto mul = (void (*)(queue))dlsym(mul_lib, "mul");
mul(queueA);

}
}
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3. Compile the source files using the following commands:

Note: You do not have to link the .so files at compile time since they are loaded dynamically at runtime.

icpx -fsycl -fPIC -fintelfpga -c vector_add.cpp -o vector_add.o
icpx -fsycl -fPIC -fintelfpga -c vector_mul.cpp -o vector_mul.o

// FPGA Image compiles take a long time to complete
icpx -fsycl -fPIC -shared -fintelfpga vector_add.o -o vector_add.so -Xshardware -
↪→Xstarget=pac_a10
icpx -fsycl -fPIC -shared -fintelfpga vector_mul.o -o vector_mul.so -Xshardware -
↪→Xstarget=pac_a10

icpx -fsycl -o main.exe main.cpp
// Before running the design, add the path containing the .so files to LD_LIBRARY_PATH
// e.g., export LD_LIBRARY_PATH=./:$LD_LIBRARY_PATH

With this approach, youcan arbitrarily loadmany.so files at runtime. This is usefulwhenyouhave a large library
of FPGA images, and youwant to select a subset of files from it.

4.8.10 FPGABSPsandBoards

Asmentionedearlier inTypesofFPGACompilation, generatinganFPGAhardware image requires Intel®Quar-
tus® Prime software, to map your design from RTL to the FPGA’s primitive hardware resources. For BSPs nec-
essary to compile to FPGAhardware, refer to the Intel® FPGAdevelopment flowwebpage.

What is aBoard?

Like a GPU, an FPGA is an integrated circuit that must be mounted onto a card or a board to interface with a
server or a desktop computer. In addition to the FPGA, the board provides memory, power, and thermal man-
agement, and physical interfaces to allow the FPGA to communicate with other devices.

What is aBSP?

A BSP consists of software layers and an FPGA hardware scaffold design that makes it possible to target the
FPGA through the Intel® oneAPIDPC++/C++Compiler. TheFPGAdesigngeneratedby thecompiler is stitched
into the framework provided by the BSP.

What isBoardVariant?

ABSPcanprovidemultipleboardvariants that support different functionality. For example, theintel_s10sx_-
pac BSP contains two variants that differ in their support for Unified Shared Memory (USM). For additional in-
formation about USM, refer to the Unified Shared Memory and USM Interfaces topics in the SYCL Reference
Documentation.

Note: Aboardcanbe supportedbymore thanoneBSPandaBSPmight supportmore thanoneboard variant.
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The Intel® FPGA Add-On for oneAPI Base Toolkit provides BSPs for two boards and board variants provided
by these BSPs can be selected using the following flags in your icpx -fsycl command:

Table 17: Flags in dpcpp command
Board BSP Flag USM Support
Intel® Programmable Acceleration Card (PAC) with
Intel® Arria® 10GXFPGA

intel_-
a10gx_-
pac

-Xstarget=intel_-
a10gx_pac:
pac_a10

Explicit USM

Intel® FPGA Programmable Acceleration Card
(PAC)D5005 (previously known as Intel® PACwith
Intel® Stratix® 10 SXFPGA)

intel_-
s10sx_-
pac

-Xstarget=intel_-
s10sx_pac:
pac_s10

Explicit USM

Intel® FPGA Programmable Acceleration Card
(PAC)D5005 (previously known as Intel® PACwith
Intel® Stratix® 10 SXFPGA)

intel_-
s10sx_-
pac

-Xstarget=intel_-
s10sx_pac:
pac_s10_usm

Explicit USM
RestrictedUSM

Note:

• The (part of the Intel® oneAPIBaseToolkit) providespartial BSPssufficient forgenerating theFPGAearly
image and optimization report. In contrast, the Intel® FPGAAdd-On for oneAPI Base Toolkit provides full
BSPs, which are necessary for generating the FPGAhardware image.

• WhenrunninganexecutableonanFPGAboard, youmustensure thatyouhave initialized theFPGAboard
for the board variant that the executable is targeting. For information about initializing an FPGA board,
refer to FPGABoard Initialization.

• For information about FPGA optimizations possible with Restricted USM, refer to Prepinning and Zero-
CopyMemory Access topics in the FPGAOptimizationGuide for Intel® oneAPI Toolkits.

FPGABoard Initialization

Before you run an executable containing an FPGA hardware image, you must initialize the FPGA board using
the following command:

aocl initialize <board id> <board variant>

where:

Table 18: FPGABoard initialization parameters

Parameter Description
<board_id> Board ID obtained from the aocl diagnose command. For example, acl0, acl1, and

so on.
<board
variant>

Name of the board variant as specified by the -Xstarget flag the executable was
compiled with. For example, pac_s10_usm.
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For example, consider that youhavea single Intel®ProgrammableAccelerationCard (PAC)D5005 (previously
known as Intel® Programmable Acceleration Card (PAC) with Intel® Stratix® 10 SX) on your system, and you
compile the executable using the following compiler command:

icpx -fsycl -fintelfpga -Xshardware -Xstarget=intel_s10sx_pac:pac_s10_usm kernel.cpp

In this case, youmust initialize the board using the following command:

aocl initialize acl0 pac_s10_usm

Once this is complete, you can run the executable without initializing the board again, unless you are doing one
of the following:

• Running a SYCL*-compiledworkload for the first time after power cycling the host.

• Running a SYCL-compiledworkload after running a non-SYCLworkload on the FPGA.

• Running a SYCL compiled workload compiled with a different board variant in -Xstarget flag.

Obtain FPGAHardware Image Information

The aocl binedit utility allows you to extract the following useful information about the compiled binary:

• Compilation environment details, such as: * Compiler version * Compile command used * Intel® Quartus®
Prime software version

• board_spec.xml from the BSP used for compiling

• Kernel fMAX (Quartus-compiled fMAX)

• BSP and board used for compiling

Syntax

Use the aocl binedit utility with the following command:

aocl binedit <oneapi_binary> <list/get/print/exists> [<section_name> [output_file]]

The following are the list of available actions:

• list : Lists all available <section_name> in the given binary.

• print : Writes contents of the existing named section to the standard output stream for eachpackage file
in the binary.

• get : Writes contents of the existing named section to the output file.

• exists : Verifies if the section exists in the package files in the binary. The non-zero exit code indicates
the section does not exist.

For example, if you have a binary compiled in the simulator flow, then the following command outputs Simula-
torDevice:
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aocl binedit <oneapi_binary> print .acl.board

You can also identify the BSP versions using the following command:

aocl binedit <oneapi_binary> print .acl.board_package

4.8.11 TargetingMultipleHomogeneousFPGADevices

The Intel®oneAPIDPC++/C++Compiler supports targetingmultiplehomogeneousFPGAdevices fromasingle
host CPU. This allows to improve your design’s throughput by parallelizing the execution of your program on
multiple FPGAs.

Intel® recommendscreatinga single contextwithmultipledevicequeuesbecause,withmulti-context, buffers at
OpenCL layermust be copiedbetweencontexts, which introduces overhead and impacts overall performance.
However, you can usemulti-context if your design is simple and the overhead does not affect the overall perfor-
mance.

Follow one of the followingmethods to targetmultiple FPGAdevices:

Create aSingleContextwithMultipleDeviceQueues

Perform the following steps to targetmultiple FPGAdevices with a single context:

1. Create a single SYCL* context to encapsulate a collection of FPGAdevices of the same platform.

context ctxt(deviceList, &m_exception_handler);

2. Create a SYCL queue for each FPGAdevice.

std::vector<queue> queueList;
for (unsigned int i = 0; i < ctxt.get_devices().size(); i++) {

queue newQueue(ctxt, ctxt.get_devices()[i], &m_exception_handler);
queueList.push_back(newQueue);

}

3. Submit either the same or different device codes to all available FPGA devices. If you want to target a
subset of all available devices, then youmust first performdevice selection to filter out unwanted devices.

for (unsigned int i = 0; i < queueList.size(); i++) {
queueList[i].submit([&](handler& cgh) {...});

}

Create aContext For EachDeviceQueue (Multi-Context)

Perform the following steps to targetmultiple FPGAdevices withmultiple contexts:

1. Obtain a list of all available FPGAdevices. Optionally, you can select a device based on the devicemem-
ber or device property. For device properties such as device name, use the member function get_-
info()constwith the desired device property.
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std::vector<device> deviceList = device::get_devices();

2. Create a SYCL queue for each FPGAdevice.

std::vector<queue> queueList;
for (unsigned int i = 0; i < deviceList.size(); i++) {

queue newQueue(deviceList[i], &m_exception_handler);
queueList.push_back(newQueue);

}

3. Submit either the same or different device codes to all available FPGA devices. If you want to target a
subset of all available devices, then youmust first performdevice selection to filter out unwanted devices.

for (unsigned int i = 0; i < queueList.size(); i++) {
queueList[i].submit([&](handler& cgh) {...});

}

Limitations

Consider the following limitations when targetingmultiple FPGAdevices:

• All FPGAdevices use the same FPGAbitstream.

• All FPGAdevices usedmust be of the same FPGAcard (same -Xstarget target)

4.8.12 TargetingMultiplePlatforms

To compile a design that targetsmultiple target device types (using different device selectors), you can run the
following commands:

EmulationCompile

For compiling your SYCL* code for the FPGAemulator target, execute the following commands:

# For Linux:
icpx -fsycl jit_kernel.cpp -c -o jit_kernel.o

icpx -fsycl -fintelfpga -fsycl-link=image fpga_kernel.cpp -o fpga_kernel.a

icpx -fsycl -fintelfpga main.cpp jit_kernel.o fpga_kernel.a

# For Windows:
icx-cl -fsycl jit_kernel.cpp -c -o jit_kernel.o

icx-cl -fsycl -fintelfpga -fsycl-link=image fpga_kernel.cpp -o fpga_kernel.lib

icx-cl -fsycl -fintelfpga main.cpp jit_kernel.o fpga_kernel.lib
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The design uses libraries and includes an FPGA kernel (AOT flow) and aCPU kernel (JIT flow).

Specifically, there should be amain function residing in the main.cpp file and two kernels for both CPU (jit_-
kernel.cpp) and FPGA (fpga_kernel.cpp).

Sample jit_kernel.cpp file:

sycl::cpu_selector device_selector;
queue deviceQueue(device_selector);
deviceQueue.submit([&](handler &cgh) {
// CPU Kernel function

});

Sample fpga_kernel.cpp file:

#if defined(FPGA_EMULATOR)
ext::intel::fpga_emulator_selector device_selector;

#elif defined(FPGA_SIMULATOR)
ext::intel::fpga_simulator_selector device_selector;

#else
ext::intel::fpga_selector device_selector;

#endif
queue deviceQueue(device_selector);
deviceQueue.submit([&](handler &cgh) {
// FPGA Kernel Function

});

FPGAHardwareCompile

Tocompile for theFPGAhardware target, add the -Xshardware flag and remove the -DFPGA_EMULATOR flag, as
follows:

# For Linux:
icpx -fsycl jit_kernel.cpp -c -o jit_kernel.o

//Hardware compilation command. Takes a long time to complete.
icpx -fsycl -fintelfpga -fsycl-link=image -Xshardware fpga_kernel.cpp -o fpga_kernel.a

icpx -fsycl -fintelfpga main.cpp jit_kernel.o fpga_kernel.a

# For Windows:
icx-cl -fsycl jit_kernel.cpp -c -o jit_kernel.o

//Hardware compilation command. Takes a long time to complete.
icx-cl -fsycl -fintelfpga -fsycl-link=image -Xshardware fpga_kernel.cpp -o fpga_kernel.lib

icx-cl -fsycl -fintelfpga main.cpp jit_kernel.o fpga_kernel.lib
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4.8.13 FPGA-CPU Interaction

Oneof themain influenceson theoverall performanceofanFPGAdesign ishowkernelsexecutingon theFPGA
interact with the host on theCPU.

Host andKernel Interaction

FPGAdevices typically communicate with the host (CPU) via PCIe.

Fig. 15: FPGADevice Communication with theHost

This is an important factor influencing the performance of SYCL* programs targeting FPGAs. Furthermore, the
first time you run a particular SYCLprogram, youmust configure the FPGAwith its hardware bitstream, and this
may require several seconds.

DataTransfer

Typically, the FPGAboard has its own private Double Data Rate (DDR)memory onwhich it primarily operates.
The CPU must bulk transfer or dynamic memory access (DMA) all data that the kernel needs to access into
the FPGA’s local DDRmemory. After the kernel completes its operations, resultsmust be transferred overDMA
back to the CPU. The transfer speed is bound by the PCIe link itself and the efficiency of the DMA solution. For
example, the Intel®PACwith Intel®Arria® 10GXFPGAhasaPCIeGen3x8 link, and transfersare typically limited
to 6-7GB/s.

The following are the techniques tomanage these data transfer times:

• SYCLallowsbuffers tobetaggedasread-onlyorwrite-only,whicheliminatessomeunnecessary transfers.

• Improve the overall system efficiency by maximizing the number of concurrent operations. Since PCIe
supports simultaneous transfers in opposite directions and PCIe transfers do not interfere with kernel ex-
ecution, you can apply techniques such as double buffering. Refer to the Double BufferingHost Utilizing
Kernel Invocation Queue topic in the FPGA Optimization Guide for Intel® oneAPI Toolkits and the dou-
ble_buffering tutorial for additional information about these techniques.

• Improvedata transfer throughputbyprepinningsystemmemoryonboardvariants that supportRestricted
USM. Refer to the Prepinning topic in the FPGA Optimization Guide for Intel® oneAPI Toolkits for addi-
tional information.
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ConfigurationTime

Youmust program thehardware bitstreamon theFPGAdevice in a process called configuration. Configuration
is a lengthy operation requiring several seconds of communication with the FPGA device. The SYCL runtime
manages configuration for you automatically. The runtime decides when the configuration occurs. For exam-
ple, the configuration might be triggered when a kernel is first launched, but subsequent launches of the same
kernelmaynot triggerconfigurationsince thebitstreamhasnotchanged. Therefore, duringdevelopment, Intel®
recommends to time the execution of the kernel after the FPGA has been configured, for example, by perform-
ing awarm-up execution of the kernel before timing kernel execution. Youmust remove this warm-up execution
in the production code.

MultipleKernel Invocations

If a SYCL program submits the same kernel to a SYCL queue multiple times (for example, by calling single_-
taskwithin a loop), only one kernel invocation is active at a time. Each subsequent invocationof the kernelwaits
for the previous run of the kernel to complete.

4.8.14 FPGAPerformanceOptimization

The preceding FPGA flow covered the basics of compiling for FPGA, but there is still much to learn about im-
proving the performance of your designs. The Intel® oneAPI DPC++/C++ Compiler provides tools that you can
use to find areas for improvement and a variety of flags, attributes, and extensions to control design and com-
piler behavior. You can find this information in the FPGA Optimization Guide for Intel® oneAPI Toolkits, which
should be yourmain reference if youwant to understand how to optimize your design.

4.8.15 UseofRTLLibraries for FPGA

A static library is a single file that contains multiple functions. You can create a static library file using register
transfer level (RTL). You can then include this library file and use the functions inside your SYCL* kernels.

To generate libraries that you can usewith SYCL, you need to create the following files:
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Table 19:Generating Libraries for Usewith SYCL
File or Component Description
RTLmodules
RTL source files Verilog, SystemVerilog, or VHDL files that define the RTL component.

Additional files such as Intel®Quartus®Prime IPFile (.qip), SynopsysDe-
signConstraints File (.sdc), and Tcl Script File (.tcl) are not allowed.

eXtensible Markup Lan-
guage File (.xml)

Describes the properties of the RTL component. The Intel® oneAPI
DPC++/C++ Compiler uses these properties to integrate the RTL compo-
nent into the SYCL pipeline.

Header file (.hpp) A header file containing valid SYCL kernel language and declares the sig-
natures of functions implemented by the RTL component.

Emulation model file (SYCL-
based)

Provides a C++ model for the RTL component that is used only for emula-
tion. Full hardware compilations use the RTL source files.

SYCLFunctions
SYCL source files (.cpp) Contains definitions of theSYCL functions. These functions are useddur-

ing emulation and full hardware compilations.
Header file (.hpp) A header file describing the functions to be called fromSYCL in the SYCL

syntax.

The format of the library files is determined by which operating system you compile your source code on, with
additional sections that carry additional library information.

• On Linux* platforms, a library is a .a archive file that contains .o object files.

• OnWindows* platforms, a library is a .lib archive file that contains .obj object files.

You can call the functions in the library from your kernel without the need to know the hardware design or the
implementation details of the underlying functions in the library. Add the library to the icpx command linewhen
you compile your kernel.

Creating a library is a two-step process:

1. Each object file is created from an input source file using the fpga_crossgen command.

• An object file is effectively an intermediate representation of your source codewith both aCPU rep-
resentation and an FPGA representation of your code.

• An object can be targeted for use with only one Intel® high-level design product. If you want to tar-
get more than one high-level design product, you must generate a separate object for each target
product.

2. Object files are combined into a library file using the fpga_libtool command. Objects created from dif-
ferent types of source code canbe combined into a library, provided all objects target the samehigh-level
design product.

A library is automatically assigned a toolchain version number and can be used only with the targeted
high-level design product with the same version number.
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Fig. 16: Library Toolchain Creation Process

Create LibraryObjects FromSourceCode

You can create a library from object files from your source code. A SYCL-based object file includes code for
CPU and hardware execution of CPU capturing for use in host and emulation of the kernel.

Create anObject File FromSourceCode

Use thefpga_crossgencommand tocreate libraryobjects fromyour sourcecode. Anobject created fromyour
source code contains information required both for emulating the functions in the object and synthesizing the
hardware for the object functions.

The fpga_crossgen command creates one object file from one input source file. The object created can be
used only in libraries that target the same high-level design tool. Also, objects are versioned. Each object is as-
signed a compiler version number and be used only with high-level design tools with the same version number.

Create a library object using the following command:

fpga_crossgen <rtl_spec>.xml --emulation_model <emulation_model>.cpp --target sycl -o <object_
↪→file>

The following table describes the parameters:

Table 20: FPGAcrossgen parameters

Parameter Description
<source_file> AnXML file name that specifies the details about your RTL library.
--target Targets an Intel® high-level design tool (sycl) for the library. The objects are com-

bined as object files into a SYCL library archive file using the fpga_libtool.
-o Optional flag. This option helps you specify an object file name. If you do not specify

this option, the object file name defaults to be the same name as the source code file
name but with an object file suffix (.o or .obj).

Example command:

fpga_crossgen lib_rtl_spec.xml --emulation_model lib_rtl_model.cpp --source sycl --target sycl -
↪→o lib_rtl.o
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PackagingObject Files into a LibraryFile

Gather the object files into a library file so that others can incorporate the library into their projects and call the
functions that are contained in the objects in the library. To package object files into a library, use the fpga_-
libtool command.

Before you package object files into a library, ensure that you have the path information for all of the object files
that youwant to include in the library.

All objectsyouwant topackage intoa librarymusthave thesameversionnumber. Thefpga_libtoolcommand
creates libraries encapsulated in operating-system-specific archive files (.a on Linux* and .lib onWindows*).
You cannot use libraries created on one operating systemwith an Intel® high-level design product running on a
different operating system.

Create a library file using the following command:

fpga_libtool file1 file2 ... fileN --target (sycl) --create <library_name>

The command parameters are defined as follows:

Table 21: Library File Command Parameters
Parameter Description
file1 file2
... fileN

You can specify one ormore object files to include in the library.

--target
(sycl)

Target this library for kernels developed. When you mention the sycl option,
--target prepares the library for usewith the Intel® oneAPI DPC++/C++ Compiler.

--create
<library_name>

Allows you to specify the name of the library archive file. Specify the file extension of
the library file as .a for Linux-platform libraries.

Example command:

fpga_libtool lib_rtl.o --target sycl --create lib.a

where, the command packages objects created fromRTL source code into a SYCL library called lib.a.

Note: For additional information, refer to the FPGA tutorial sample “Use Library” listed in the Intel® oneAPI
Samples Browser on Linux* orWindows*, or access the code sample onGithub.

UsingStatic Libraries

Youcan include static libraries in your compiler commandalongwith your source files, as shown in the following
command:

icpx -fsycl -fintelfpga main.cpp lib.a

Note: For the functions you implemented in RTL to be usable, you must declare them in your source code so
that the compiler can dynamically link the functions. For example:
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SYCL_EXTERNAL extern "C" void foo()

Restrictions andLimitations inRTLSupport

When creating your RTLmodule for use inside SYCL kernels, ensure that the RTLmodule operates within the
following restrictions:

• AnRTLmodulemust use a single inputAvalon® streaming interface. A single pair of ready and valid logic
mustcontrol all the inputs. Youhave theoption toprovide thenecessaryAvalon®streaming interfaceports
but declare the RTLmodule as stall-free. In this case, you do not have to implement proper stall behavior
because the Intel® oneAPIDPC++/C++Compiler creates awrapper for yourmodule. Refer toObjectMan-
ifest File Syntax of an RTLModule for additional information.

Note: Youmust handle ivalid signals properly if your RTLmodule has an internal state. Refer to Stall-
Free RTL formore information.

• The RTLmodulemust work correctly regardless of the kernel clock frequency.

• RTLmodules cannot connect to external I/O signals. All input andoutput signalsmust come fromaSYCL
kernel.

• AnRTLmodulemust have a clockport, a resetnport, andAvalon® streaming interface input and output
ports (that is, ivalid, ovalid, iready, oready). Name the ports as specified here.

• RTLmodules thatcommunicatewithexternalmemorymusthaveAvalon®memory-mapped interfaceport
parameters that match the corresponding Custom Platform parameters. The Intel® oneAPI DPC++/C++
Compiler does not perform anywidth or burst adaptation.

• RTLmodules that communicate with external memorymust behave as follows:

– They cannot burst across the burst boundary.

– They cannotmake requests every clock cycle and stall the hardware bymonopolizing the arbitration
logic. An RTLmodule must pause its requests regularly to allow other load or store units to execute
their operations.

• RTLmodules cannot act as stand-aloneSYCLkernels. RTLmodules canonly behelper functions andbe
integrated into a SYCL kernel during kernel compilation.

• Every function call corresponding to RTL module instantiation is independent of other instantiations.
There is no hardware sharing.

• Donot incorporatekernelcode intoaSYCL libraryfile. Incorporatingkernelcode into the libraryfilecauses
the offline compiler to issue an error message. Youmay incorporate helper functions into the library file.

• An RTL component must receive all its inputs at the same time. A single ivalid input signifies that all
inputs contain valid data.
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• You can only set RTL module parameters in the <RTL module description file name>.xml specifi-
cation file and not in the SYCL kernel source file. To use the same RTLmodule with multiple parameters,
create a separate FUNCTION tag for each parameter combination.

• You can only pass data inputs to an RTL module by value via the SYCL kernel code. Do not pass data
inputs to anRTLmodule via pass-by-reference, structs, or channels. In the case of channel data, pass the
extracted scalar data.

Note: Passing data inputs to an RTLmodule via pass-by-reference or structs causes a fatal error in the
offline compiler.

• The debugger (for example, GDB for Linux) cannot step into a library function during emulation if the li-
brary is built without the debug information. However, irrespective of whether the library is built with or
without the debug data, optimization and area reports are not mapped to the individual code line num-
bers inside a library.

• Names of RTLmodule source files cannot conflict with the file names of Intel® oneAPI DPC++/C++ Com-
piler IP.Both theRTLmodulesourcefilesand thecompiler IPfilesarestored in the<kernel file name>/
system/synthesis/submodulesdirectory. Naming conflicts cause existing compiler IP files in the direc-
tory to be overwritten by the RTLmodule source files.

• The compiler does not support .qip files. Youmust manually parse nested .qip files to create a flat list of
RTL files.

Tip: It is challenging to debug an RTL module that works correctly on its own but works incorrectly as
part of aSYCLkernel. Double-checkall parameters under theATTRIBUTESelement in the<RTL object
manifest file name>.xml file.

• All compiler area estimation tools assume that theRTLmodule area is 0. The compiler does not currently
support specifying an areamodel for RTLmodules.

4.8.16 UseSYCLSharedLibraryWithThird-PartyApplications

Use the Intel® oneAPI DPC++/C++Compiler to compile your SYCL code to aC-standard shared library (.so file
on Linux and .dll file onWindows). You can then call this library from other third-party code to access a broad
base of accelerated functions from your preferred programming language.
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Fig. 17: SYCLFunctions Packaged into a Shared Library File
For Use in Third-party Applications

To use a shared library with a third-party application, perform these steps:

1. Define theShared Library Interface

2. Generate the Library File in Linux orWindows

3. Use theShared Library

Define theSharedLibrary Interface

Intel® recommendsdefiningan interfacebetween theC-standardshared libraryandyourSYCLcode. The inter-
facemust include functions you want to export and how those functions interface with your SYCL code. Prefix
the functions that youwant to include in the shared library with extern "C".

Note: If youdonotprefixwithextern "C", then the functionsappearwithmanglednames in the shared library.

Consider the following example code of the vector_add function:

extern "C" int vector_add(int *a, int *b, int **c, size_t vector_len) {
// Create device selector for the device of your interest.
#if FPGA_EMULATOR
// SYCL extension: FPGA emulator selector on systems without an FPGA card.
ext::intel::fpga_emulator_selector d_selector;

#elif FPGA_SIMULATOR
// SYCL extension: FPGA simulator selector
ext::intel::fpga_simulator_selector d_selector;

#elif FPGA
// SYCL extension: FPGA selector on systems with an FPGA card.
ext::intel::fpga_selector d_selector;

#else
// The default device selector selects the most performant device.
default_selector d_selector;

#endif

(continues on next page)
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(continued from previous page)

try {
queue q(d_selector, exception_handler);
// SYCL code interface:
// Vector addition in SYCL
VectorAddKernel(q, a, b, c, vector_len);

} catch (exception const &e) {
std::cout << "An exception is caught for vector add.\n";
return -1;

}
return 0;

}

Generate theSharedLibraryFile in Linux

If you are using a Linux system, then perform these steps to generate the shared library file:

1. Compile the device code separately.

icpx -fsycl -fPIC –fintelfpga –fsycl-link=image [kernel src files] –o <hw image name> -
↪→Xshardware

Where:

• fPIC: Determines whether the compiler generates position-independent code for the host portion
of the device image. Option -fPIC specifies full symbol preemption. Global symbol definitions and
global symbol references get default (preemptable) visibility unless explicitly specified otherwise.
Youmust use this option when building shared objects. You can also specify this option as -fpic.

Note: PIC is required so that pointers in the shared library reference global addresses and not local
addresses.

• fintelfpga: Targets FPGAdevices.

• fsycl-link=image: Informs the Intel® oneAPI DPC++/C++ Compiler to partially link device binaries
for usewith FPGA.

• Xshardware: Compiles for hardware instead of the emulator.

2. Compile the host code separately.

icpx -fsycl –fPIC –fintelfpga <host src files> -o <host image name> -c -DFPGA=1

Where:

• DFPGA=1: Sets a compilermacro, FPGA, equal to 1. It is used in the device selector to changebetween
target devices (requires corresponding host code to support this). This is optional as you can also
set your device selector to FPGA.

3. Link the host and device images and create the binary.

133



Intel® oneAPI

icpx -fsycl –fPIC –fintelfpga –shared <host image name> <hw image name> -o lib<library␣
↪→name>.so

Where:

• shared: Outputs a shared library (.so file).

• Output file name: Prefix with lib for the GCC type of compilers. For additional information, see
Shared libraries with GCCon Linux. For example:

gcc -Wall -fPIC -L. -o out.a -l<library name>.so

Note: Instead of the abovemulti-step process, you can also perform a single-step compilation to generate the
shared library. However, youmust performa full compile if youwant to build the executable for testing purposes
(for example, a.out) or if youmake changes in the SYCL code or C interface.

Generate theSharedLibraryFile inWindows

If you are using aWindows system, then perform these steps to generate the library file:

Note:

• Intel® recommends creating a new configuration in the same project properties. If you want to build the
application, you can avoid changing the configuration type for your project.

• Creating aWindows library with the default Intel® oneAPI Base Toolkit and Intel® ProgrammableAcceler-
ation Card (PAC) with Intel® Arria® 10 GX FPGA or Intel® FPGA PACD5005 (previously known as Intel®
PACwith Intel® Stratix® 10SXFPGA) are supported only for FPGAemulation. For customplatforms, con-
tact your board vendor forWindows support for FPGAhardware compiles.

1. InMicrosoftVisual Studio*, navigate toProject >Properties. ThePropertyPagesdialog is displayed for
your project.

2. Under theConfigurationProperties >General >ProjectDefaults >ConfigurationType option, select
Dynamic Library (“.dll“) from the drop-down list.
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Fig. 18: Project Properties Dialog

3. ClickOK to close the dialog.

The project automatically builds to create a dynamic library (.dll)

Use theSharedLibrary

These stepsmay vary depending on the language or compiler you decide to use. Consult the specifications for
your desired language formore details. See Shared libraries with GCCon Linux for an example.

Generally, follow these steps to use the shared library:

1. Use the shared library function call in your third-party host code.

2. Link your host codewith the shared library during the compilation.

3. Ensure that the library file is discoverable. For example:

export LD_LIBRARY_PATH=<lib file location>:$LD_LIBRARY_PATH

The following is an example illustration of using the shared library:
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Fig. 19: ExampleUse of the Shared Library

4.8.17 FPGAWorkflows in IDEs

The oneAPI tools integrate with third-party integrated development environments (IDEs) on Linux (Eclipse*)
and Windows (Visual Studio*) to provide a seamless GUI experience for software development. See FPGA
Workflows on Third-Party IDEs for Intel® oneAPI Toolkits for more details.

ForFPGAdevelopmentwithVisualStudioCodeonLinux*, refer toFPGADevelopment for Intel® oneAPIToolk-
its with Visual Studio Code on Linux.
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5.0 API-basedProgramming

Several libraries are availablewith oneAPI toolkits that can simplify the programming process by providing spe-
cializedAPIs for use in optimized applications. This chapter provides basic details about the libraries, including
code samples, to help guide the decision onwhich library is most useful in certain use cases. Detailed informa-
tion about each library, including more about the available APIs, is available in the main documentation for that
library.

Table 22: oneAPI Toolkit Libraries
Library Usage
Intel oneAPIDPC++ Library Use this library for high performance parallel applications.
Intel oneAPI Math Kernel Li-
brary

Use this library to include highly optimized and extensively parallelized
math routines in an application.

Intel oneAPI Threading
BuildingBlocks

Use this library to combineTBB-basedparallelismonmulticoreCPUsand
SYCL* device-accelerated parallelism in an application.

Intel oneAPI Data Analytics
Library

Use this library to speed up big data analysis applications and distributed
computation.

Intel oneAPI Collective
Communications Library

Use this library for applications that focus onDeep Learning andMachine
Learningworkloads.

Intel oneAPI Deep Neural
Network Library

Use this library for deep learning applications that use neural networks op-
timized for Intel Architecture Processors and Intel Processor Graphics.

Intel oneAPI Video Process-
ing Library

Use this library to accelerate video processing in an application.

5.1 Intel oneAPIDPC++ Library (oneDPL)

The Intel®oneAPIDPC++Library (oneDPL)aims toworkwith the Intel®oneAPIDPC++/C++Compiler toprovide
high-productivity APIs to developers, which can minimize SYCL* programming efforts across devices for high
performance parallel applications.

oneDPL consists of the following components:

• Parallel STL:

– Parallel STLUsage Instructions

– Macros

• An additional set of library classes and functions (referred to throughout this document as Extension
API):

– Parallel Algorithms

– Iterators

– FunctionObject Classes
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– Range-BasedAPI

• Tested StandardC++ APIs

• RandomNumber Generator

5.1.1 oneDPLLibraryUsage

Install the Intel® oneAPI Base Toolkit to use oneDPL.

To use Parallel STL or the Extension API, include the corresponding header files in your source code. All
oneDPL header files are in the oneapi/dpl directory. Use #include <oneapi/dpl/...> to include them.
oneDPL uses the namespace oneapi::dpl for themost of its classes and functions.

To use testedC++ standardAPIs, you need to include the correspondingC++ standard header files and use the
std namespace.

5.1.2 oneDPLCodeSample

oneDPL sample code is available from the oneAPI GitHub repository https://github.com/oneapi-src/
oneAPI-samples/tree/master/Libraries/oneDPL. Each sample includes a readmewith build instructions.

5.2 Intel oneAPIMathKernel Library (oneMKL)

The Intel® oneAPI Math Kernel Library (oneMKL) is a computing math library of highly optimized and exten-
sively parallelized routines for applications that require maximum performance. oneMKL contains the high-
performance optimizations from the full Intel® Math Kernel Library for CPU architectures (with C/Fortran pro-
gramming language interfaces) and adds to them a set of SYCL* interfaces for achieving performance on vari-
ous CPU architectures and Intel Graphics Technology for certain key functionalities.

YoucanuseOpenMP*offload to run standardoneMKLcomputationson IntelGPUs. Refer toOpenMP*offload
for C interfaces andOpenMP* offload for Fortran interfaces for more information.

ThenewSYCL interfaceswith optimizations forCPUandGPUarchitectures havebeenadded for key function-
ality in the followingmajor areas of computation:

• BLAS and LAPACKdense linear algebra routines

• Sparse BLAS sparse linear algebra routines

• Randomnumber generators (RNG)

• VectorMathematics (VM) routines for optimizedmathematical operations on vectors

• Fast Fourier Transforms (FFTs)

For the complete list of features, documentation, code samples, and downloads, visit the official Intel oneAPI
MathKernel Librarywebsite. If youplan to use oneMKLaspart of the oneAPIBaseToolkit, consider that priority
support is available as a paid option. For Intel community-support, visit the oneMKL forum. For the community-
supported open-source version, visit the oneMKLGitHub* page.
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5.2.1 oneMKLUsage

When using the SYCL* interfaces, there are a few changes to consider:

• oneMKL has a dependency on the Intel oneAPI DPC++/C++ Compiler and Intel oneAPI DPC++ Library.
Applicationsmust be built with the Intel oneAPI DPC++/C++Compiler, the SYCL headersmade available,
and the application linkedwith oneMKL using theDPC++ linker.

• SYCL interfaces inoneMKLusedevice-accessibleUnifiedSharedMemory (USM)pointers for input data
(vectors, matrices, etc.).

• Many SYCL interfaces in oneMKL also support the use of sycl::buffer objects in place of the device-
accessible USMpointers for input data.

• SYCL interfaces in oneMKLare overloadedbased on the floating point types. For example, there are sev-
eral general matrix multiply APIs, accepting single precision real arguments (float), double precision real
arguments (double), half precision real arguments (half), and complex arguments of different precision
using the standard library types std::complex<float>, std::complex<double>.

• A two-level namespace structure for oneMKL is added for SYCL interfaces:

Table 23: oneMKLTwo-level Namespaces

Namespace Description
oneapi::mkl Contains common elements between various domains in oneMKL
oneapi::mkl::
blas

Contains dense vector-vector, matrix-vector, andmatrix-matrix low level operations

oneapi::mkl::
lapack

Contains higher-level dense matrix operations like matrix factorizations and eigen-
solvers

oneapi::mkl::
rng

Contains randomnumber generators for various probability density functions

oneapi::mkl::
stats

Contains basic statistical estimates for single and double precision multi-
dimensional datasets

oneapi::mkl::vm Contains vectormath routines
oneapi::mkl::
dft

Contains fast fourier transform operations

oneapi::mkl::
sparse

Contains sparse matrix operations like sparse matrix-vector multiplication and
sparse triangular solver

5.2.2 oneMKLCodeSample

To demonstrate a typical workflow for the oneMKL with SYCL* interfaces, the following example source code
snippets perform a double precisionmatrix-matrix multiplication on aGPUdevice.

Note: The following code example requires additional code to compile and run, as indicated by the inline com-
ments.
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// Standard SYCL header
#include <CL/sycl.hpp>
// STL classes
#include <exception>
#include <iostream>
// Declarations for Intel oneAPI Math Kernel Library SYCL/DPC++ APIs
#include "oneapi/mkl.hpp"
int main(int argc, char *argv[]) {

//
// User obtains data here for A, B, C matrices, along with setting m, n, k, ldA, ldB, ldC.
//
// For this example, A, B and C should be initially stored in a std::vector,
// or a similar container having data() and size() member functions.
//

// Create GPU device
sycl::device my_device;
try {

my_device = sycl::device(sycl::gpu_selector());
}
catch (...) {

std::cout << "Warning: GPU device not found! Using default device instead." << std::
↪→endl;

}
// Create asynchronous exceptions handler to be attached to queue.
// Not required; can provide helpful information in case the system isn’t correctly␣

↪→configured.
auto my_exception_handler = [](sycl::exception_list exceptions) {

for (std::exception_ptr const& e : exceptions) {
try {

std::rethrow_exception(e);
}
catch (sycl::exception const& e) {

std::cout << "Caught asynchronous SYCL exception:\n"
<< e.what() << std::endl;

}
catch (std::exception const& e) {

std::cout << "Caught asynchronous STL exception:\n"
<< e.what() << std::endl;

}
}

};
// create execution queue on my gpu device with exception handler attached
sycl::queue my_queue(my_device, my_exception_handler);
// create sycl buffers of matrix data for offloading between device and host
sycl::buffer<double, 1> A_buffer(A.data(), A.size());
sycl::buffer<double, 1> B_buffer(B.data(), B.size());
sycl::buffer<double, 1> C_buffer(C.data(), C.size());
// add oneapi::mkl::blas::gemm to execution queue and catch any synchronous exceptions
try {

using oneapi::mkl::blas::gemm;

(continues on next page)
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(continued from previous page)

using oneapi::mkl::transpose;
gemm(my_queue, transpose::nontrans, transpose::nontrans, m, n, k, alpha, A_buffer, ldA,␣

↪→B_buffer,
ldB, beta, C_buffer, ldC);

}
catch (sycl::exception const& e) {

std::cout << "\t\tCaught synchronous SYCL exception during GEMM:\n"
<< e.what() << std::endl;

}
catch (std::exception const& e) {

std::cout << "\t\tCaught synchronous STL exception during GEMM:\n"
<< e.what() << std::endl;

}
// ensure any asynchronous exceptions caught are handled before proceeding
my_queue.wait_and_throw();
//
// post process results
//
// Access data from C buffer and print out part of C matrix
auto C_accessor = C_buffer.template get_access<sycl::access::mode::read>();
std::cout << "\t" << C << " = [ " << C_accessor[0] << ", "

<< C_accessor[1] << ", ... ]\n";
std::cout << "\t [ " << C_accessor[1 * ldC + 0] << ", "

<< C_accessor[1 * ldC + 1] << ", ... ]\n";
std::cout << "\t [ " << "... ]\n";
std::cout << std::endl;

return 0;
}

Consider that (double precision valued)matricesA(of sizem-by-k), B( of size k-by-n) andC(of sizem-by-n) are
stored in somearrayson thehostmachinewith leadingdimensions ldA, ldB, and ldC, respectively. Givenscalars
(double precision) alpha and beta, compute thematrix-matrix multiplication (mkl::blas::gemm):

C = alpha * A * B + beta * C

Include the standard SYCL headers and the oneMKL SYCL/DPC++ specific header that declares the desired
mkl::blas::gemmAPI:

// Standard SYCL header
#include <CL/sycl.hpp>
// STL classes
#include <exception>
#include <iostream>
// Declarations for Intel oneAPI Math Kernel Library SYCL/DPC++ APIs
#include "oneapi/mkl.hpp"

Next, load or instantiate the matrix data on the host machine as usual and then create the GPU device, create
an asynchronous exception handler, and finally create the queue on the devicewith that exception handler. Ex-
ceptions that occur on the host can be caught using standard C++ exception handling mechanisms; however,
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exceptions that occur on a device are considered asynchronous errors and stored in an exception list to bepro-
cessed later by this user-provided exception handler.

// Create GPU device
sycl::device my_device;
try {

my_device = sycl::device(sycl::gpu_selector());
}
catch (...) {

std::cout << "Warning: GPU device not found! Using default device instead." << std::endl;
}
// Create asynchronous exceptions handler to be attached to queue.
// Not required; can provide helpful information in case the system isn’t correctly configured.
auto my_exception_handler = [](sycl::exception_list exceptions) {

for (std::exception_ptr const& e : exceptions) {
try {

std::rethrow_exception(e);
}
catch (sycl::exception const& e) {

std::cout << "Caught asynchronous SYCL exception:\n"
<< e.what() << std::endl;

}
catch (std::exception const& e) {

std::cout << "Caught asynchronous STL exception:\n"
<< e.what() << std::endl;

}
}

};

Thematrix data is now loaded into theSYCLbuffers,whichenablesoffloading todesireddevicesand thenback
to host when complete. Finally, the mkl::blas::gemm API is called with all the buffers, sizes, and transpose
operations, which will enqueue thematrix multiply kernel and data onto the desired queue.

// create execution queue on my gpu device with exception handler attached
sycl::queue my_queue(my_device, my_exception_handler);
// create sycl buffers of matrix data for offloading between device and host
sycl::buffer<double, 1> A_buffer(A.data(), A.size());
sycl::buffer<double, 1> B_buffer(B.data(), B.size());
sycl::buffer<double, 1> C_buffer(C.data(), C.size());
// add oneapi::mkl::blas::gemm to execution queue and catch any synchronous exceptions
try {

using oneapi::mkl::blas::gemm;
using oneapi::mkl::transpose;
gemm(my_queue, transpose::nontrans, transpose::nontrans, m, n, k, alpha, A_buffer, ldA, B_

↪→buffer,
ldB, beta, C_buffer, ldC);

}
catch (sycl::exception const& e) {

std::cout << "\t\tCaught synchronous SYCL exception during GEMM:\n"
<< e.what() << std::endl;

}
catch (std::exception const& e) {

std::cout << "\t\tCaught synchronous STL exception during GEMM:\n"
(continues on next page)
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<< e.what() << std::endl;
}

At some time after the gemm kernel has been enqueued, it will be executed. The queue is asked to wait for all
kernels to execute and then pass any caught asynchronous exceptions to the exception handler to be thrown.
The runtime will handle transfer of the buffer’s data between host and GPU device and back. By the time an
accessor is created for theC_buffer, thebufferdatawill havebeensilently transferredback to thehostmachine
if necessary. In this case, the accessor is used to print out a 2x2 submatrix of C_buffer.

// Access data from C buffer and print out part of C matrix
auto C_accessor = C_buffer.template get_access<sycl::access::mode::read>();
std::cout << "\t" << C << " = [ " << C_accessor[0] << ", "

<< C_accessor[1] << ", ... ]\n";
std::cout << "\t [ " << C_accessor[1 * ldC + 0] << ", "

<< C_accessor[1 * ldC + 1] << ", ... ]\n";
std::cout << "\t [ " << "... ]\n";
std::cout << std::endl;

return 0;

Note that the resulting data is still in the C_buffer object and, unless it is explicitly copied elsewhere (like back
to the original C container), it will only remain available through accessors until the C_buffer is out of scope.

5.3 Intel oneAPIThreadingBuildingBlocks (oneTBB)

Intel® oneAPI Threading Building Blocks (oneTBB) is a widely used C++ library for task-based, sharedmemory
parallelprogrammingon thehost. The libraryprovides features forparallelprogrammingonCPUsbeyond those
currently available in SYCL* and ISOC++, including:

• Generic parallel algorithms

• Concurrent containers

• A scalablememory allocator

• Work-stealing task scheduler

• Low-level synchronization primitives

oneTBB is compiler-independent and is available on a variety of processors and operating systems. It is used
by other oneAPI libraries (Intel oneAPI Math Kernel Library, Intel oneAPI Deep Neural Network Library, etc.) to
expressmultithreading parallelism for CPUs.

For the complete list of features, documentation, code samples, and downloads, visit the official Intel oneAPI
Threading Building Blocks Library website. If you plan to use oneTBB as part of the oneAPI Base Toolkit, con-
sider that priority support is available as apaid option. For Intel community-support, visit the oneTBB forum. For
the community-supported open-source version, visit the oneTBBGitHub* page.
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5.3.1 oneTBBUsage

oneTBBcanbeusedwith the Intel oneAPIDPC++/C++Compiler in thesamewayaswithanyotherC++compiler.
Formore details, see the oneTBBdocumentation.

Currently, oneTBB does not directly use any accelerators. However, it can be combined with SYCL*, OpenMP*
offload, and other oneAPI libraries to build a program that efficiently uses all available hardware resources.

5.3.2 oneTBBCodeSample

Two basic oneTBB code samples are available within the oneAPI GitHub repository https://github.com/
oneapi-src/oneAPI-samples/tree/master/Libraries/oneTBB. Both samples are prepared for CPU andGPU.

• tbb-async-sycl: illustrates how computational kernel can be split for execution betweenCPUandGPU
usingoneTBBFlowGraphasynchronousnodeand functionalnode. TheFlowGraphasynchronousnode
uses SYCL* to implement calculations onGPUwhile the functional node doesCPUpart of calculations.

• tbb-task-sycl: illustrates how two oneTBB tasks can execute similar computational kernels with one
task executing SYCL code and another one the oneTBB code.

• tbb-resumable-tasks-sycl: illustrates how a computational kernel can be split for execution between
aCPUandGPUusing oneTBB resumable task and parallel_for. The resumable task uses SYCL to imple-
ment calculations onGPUwhile parallel_for does theCPUportion of calculations.

5.4 Intel oneAPIDataAnalytics Library (oneDAL)

Intel® oneAPI Data Analytics Library (oneDAL) is a library that helps speed up big data analysis by providing
highlyoptimizedalgorithmicbuildingblocks for all stagesofdataanalytics (preprocessing, transformation, anal-
ysis, modeling, validation, and decision making) in batch, online, and distributed processing modes of compu-
tation.

The library optimizes data ingestion alongwith algorithmic computation to increase throughput and scalability.
It includes C++ and Java* APIs and connectors to popular data sources such as Spark* and Hadoop*. Python*
wrappers for oneDAL are part of Intel Distribution for Python.

Inaddition toclassic features, oneDALprovidesDPC++SYCLAPIextensions to the traditionalC++ interfaceand
enablesGPUusage for some algorithms.

The library isparticularlyuseful fordistributedcomputation. It providesa full setofbuildingblocks fordistributed
algorithms that are independent fromany communication layer. This allows users to construct fast and scalable
distributed applications using user-preferable communicationmeans.

For the complete list of features, documentation, code samples, and downloads, visit the official Intel oneAPI
Data Analytics Library website. If you plan to use oneDAL as part of the oneAPI Base Toolkit, consider that
priority support is available as a paid option. For Intel community-support, visit the oneDAL forum. For the
community-supported open-source version, visit the oneDALGitHub* page.
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5.4.1 oneDALUsage

Information about dependencies needed to build and link your application with oneDAL are available from the
oneDALSystemRequirements.

A oneDAL-based application can seamlessly execute algorithms onCPUorGPUby picking the proper device
selector. New capabilities also allow:

• extracting SYCL* buffers from numeric tables and pass them to a custom kernel

• creating numeric tables fromSYCL buffers

Algorithms are optimized to reuseSYCLbuffers to keepGPUdata and remove overload from repeatedly copy-
ing data betweenGPU andCPU.

5.4.2 oneDALCodeSample

oneDAL code samples are available from the oneDAL GitHub. The following code sample is a recommended
starting point: https://github.com/oneapi-src/oneDAL/tree/master/examples/oneapi/dpc/source/svm

5.5 Intel oneAPICollectiveCommunications Library (oneCCL)

Intel® oneAPI Collective Communications Library (oneCCL) is a scalable and high-performance communica-
tion library forDeepLearning (DL) andMachine Learning (ML)workloads. It develops the ideas that originated
in Intel®MachineLearningScalingLibraryandexpands thedesignandAPI toencompassnew featuresanduse
cases.

oneCCL features include:

• Built on top of lower-level communicationmiddleware –MPI and libfabrics

• Optimized to drive scalability of communication patterns by enabling the productive trade-off of compute
for communication performance

• Enables a set of DL-specific optimizations, such as prioritization, persistent operations, out of order exe-
cution, etc.

• DPC++-aware API to run across various hardware targets, such as CPUs andGPUs

• Works across various interconnects: Intel® Omni-Path Architecture (Intel® OPA), InfiniBand*, and Ether-
net

For the complete list of features, documentation, code samples, and downloads, visit the official Intel oneAPI
CollectiveCommunications Librarywebsite. If you plan to use oneCCL as part of the oneAPI BaseToolkit, con-
sider that premium support is available as a paid option. For the community-supported open-source version,
visit the oneCCLGitHub* page.
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5.5.1 oneCCLUsage

Refer to the Intel oneAPICollectiveCommunicationsLibrarySystemRequirements for a full list of hardwareand
software dependencies, such asMPI and Intel oneAPI DPC++/C++ Compiler.

SYCL*-awareAPI is an optional feature of oneCCL. There is a choice betweenCPUandSYCLback endswhen
creating the oneCCL stream object.

• For CPUbackend: Specify ccl_stream_host as the first argument.

• For SYCL backend: Specify ccl_stream_cpu or ccl_stream_gpu depending on the device type.

• For collective operations that operate on the SYCL stream:

– For CAPI, oneCCL expects communication buffers to be sycl::buffer objects casted to void*.

– For C++ API, oneCCL expects communication buffers to be passed by reference.

Additional usage details are available from https://oneapi-src.github.io/oneCCL/.

5.5.2 oneCCLCodeSample

oneCCL code samples are available from the oneAPI GitHub repository https://github.com/oneapi-src/
oneAPI-samples/tree/master/Libraries/oneCCL.

A Getting Started sample with instructions to build and run the code is available from within the same GitHub
repository.

5.6 Intel oneAPIDeepNeuralNetworkLibrary (oneDNN)

Intel® oneAPI Deep Neural Network Library (oneDNN) is an open-source performance library for deep learn-
ing applications. The library includes basic building blocks for neural networks optimized for Intel Architecture
Processors and Intel Processor Graphics. oneDNN is intended for deep learning applications and framework
developers interested in improving application performance on Intel Architecture Processors and Intel Proces-
sor Graphics. Deep learning practitioners should use one of the applications enabledwith oneDNN.

oneDNN is distributed as part of Intel® oneAPI DL Framework Developer Toolkit, the Intel oneAPI Base Toolkit,
and is available via apt and yum channels.

oneDNN continues to support features currently available with DNNL, including C and C++ interfaces,
OpenMP*, Intel oneAPI Threading Building Blocks, and OpenCL™ runtimes. oneDNN introduces
SYCL*/DPC++API and runtime support for the oneAPI programmingmodel.

For the complete list of features, documentation, code samples, and downloads, visit the official Intel oneAPI
Deep Neural Network Library website. If you plan to use oneDNN as part of the oneAPI Base Toolkit, consider
that premiumsupport is available as a paid option. For the community-supported open-source version, visit the
oneDNNGitHub* page.
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5.6.1 oneDNNUsage

oneDNNsupportssystemsbasedon Intel64architectureorcompatibleprocessors. A full listof supportedCPU
and graphics hardware is available from the Intel oneAPI DeepNeural Network Library SystemRequirements.

oneDNN detects the instruction set architecture (ISA) in the runtime and uses online generation to deploy the
code optimized for the latest supported ISA.

Several packages are available for each operating system to ensure interoperability with CPU or GPU runtime
libraries used by the application.

Table 24: PackageAvailability byOperating System
Configuration Dependency
cpu_dpcpp_gpu_dpcpp DPC++ runtime
cpu_iomp Intel OpenMP* runtime
cpu_gomp GNU*OpenMP runtime
cpu_vcomp Microsoft* Visual C++OpenMP runtime
cpu_tbb Intel oneAPI Threading Building Blocks

Thepackagesdonot include librarydependenciesand theseneed tobe resolved in theapplicationatbuild time
with oneAPI toolkits or third-party tools.

Whenused in theSYCL* environment, oneDNN relies on theDPC++SYCL runtime to interactwithCPUorGPU
hardware. oneDNNmaybe usedwith other code that usesSYCL. Todo this, oneDNNprovidesAPI extensions
to interoperate with underlying SYCL objects.

One of the possible scenarios is executing a SYCL kernel for a custom operation not provided by oneDNN. In
thiscase, oneDNNprovidesall necessaryAPIs toseamlessly submit akernel, sharing theexecutioncontextwith
oneDNN: using the same device and queue.

The interoperability API is provided for two scenarios:

• Construction of oneDNNobjects based on existing SYCL objects

• Accessing SYCL objects for existing oneDNNobjects

Themapping between oneDNN andSYCL objects is summarized in the tables below.

Table 25: oneDNN andSYCLObjectMapping 1

oneDNN Objects SYCL Objects
Engine cl::sycl::device and cl::sycl::context
Stream cl::sycl::queue
Memory cl::sycl::buffer<uint8_t, 1> or Unified SharedMemory (USM) pointer

Note: Internally, librarymemory objects use 1D uint8_t SYCLbuffers, however SYCLbuffers of a different type
can be used to initialize and access memory. In this case, buffers will be reinterpreted to the underlying type
cl::sycl::buffer<uint8_t, 1>.
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Table 26: oneDNNandSYCLObjectMapping 2

oneDNN Object Constructing from SYCL Object
Engine dnnl::sycl_interop::make_engine(sycl_dev, sycl_ctx)
Stream dnnl::sycl_interop::make_stream(engine, sycl_queue)
Memory USMbased: dnnl::memory(memory_desc, engine, usm_ptr)

Buffer based: dnnl::sycl_interop::make_memory(memory_desc, engine,
sycl_buf)

Table 27: oneDNNandSYCLObjectMapping 3

oneDNN Object Extracting SYCL Object
Engine dnnl::sycl_interop::get_device(engine)

dnnl::sycl_interop::get_context(engine)
Stream dnnl::sycl_interop::get_queue(stream)
Memory USMpointer: dnnl::memory::get_data_handle()

Buffer: dnnl::sycl_interop::get_buffer(memory)

Note:

• Building applications with oneDNN requires a compiler. The Intel oneAPI DPC++/C++ Compiler is avail-
able as part of the Intel oneAPI Base Toolkit.

• Youmust include dnnl_sycl.hpp to enable the SYCL-interopAPI.

• Because OpenMP does not rely on the passing of runtime objects, it does not require an interoperability
API to work with oneDNN.

5.6.2 oneDNNCodeSample

oneDNN sample code is available from the Intel oneAPI Base Toolkit GitHub repository https://github.com/
oneapi-src/oneAPI-samples/tree/master/Libraries/oneDNN. The Getting Started sample is targeted to new
users and includes a readme file with example build and run commands.

5.7 Intel oneAPIVideoProcessingLibrary (oneVPL)

Intel® oneAPI Video Processing Library (oneVPL) is a programming interface for video decoding, encoding,
and processing to build portable media pipelines on CPUs, GPUs, and other accelerators. The oneVPL API
is used to develop quality, performant video applications that can leverage Intel® hardware accelerators. It pro-
videsdevicediscoveryandselection inmediacentricandvideoanalyticsworkloads, andAPIprimitives for zero-
copybuffer sharing. oneVPL is backward compatiblewith Intel®MediaSDKand cross-architecture compatible
to ensure optimal execution on current and next generation hardware without source code changes.

oneVPL is an open specificationAPI.

For the complete list of features, documentation, code samples, and downloads, visit the official Intel oneAPI
Video Processing Library website. If you plan to use oneVPL as part of the oneAPI Base Toolkit, consider that
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priority support is available as a paid option. For Intel community-support, visit the oneVPL forum. For the
community-supported open-source version, visit the oneVPLGitHub* page.

5.7.1 oneVPLUsage

Applications can use oneVPL to program video decoding, encoding, and image processing components.
oneVPL provides a default CPU implementation that can be used as a reference design before using other ac-
celerators.

oneVPL applications follow a basic sequence in the programmingmodel:

1. The oneVPL dispatcher automatically finds all available accelerators during runtime.

2. Dispatcher uses the selected accelerator context to initialize a session.

3. oneVPL configures the video component at the start of the session.

4. oneVPL processing loop is launched. The processing loop handles work asynchronously.

5. If theapplicationchooses to letoneVPLmanageworkingmemory, thenmemoryallocationwill be implicitly
managed by the video calls in the processing loop.

6. After work is done, oneVPL uses a clear call to clean up all resources.

The oneVPLAPI is defined using a classic C style interface and is compatible with C++ and SYCL*.

5.7.2 oneVPLCodeSample

oneVPLprovides rich code samples to showhow touse theoneVPLAPI. The code samples are included in the
release package and are also available from the oneAPI-samples repository onGitHub*.

For example, the hello-decode sample shows a simple decode operation of HEVC input streams and demon-
strates the basic steps in the oneVPL programmingmodel.

The sample can be broken down into the following key steps in the code:

Note: The snippets below may not reflect the latest version of the sample. Refer to the release package or
sample repository for the latest version of this example.

1. Initialize oneVPL session with dispatcher:

mfxLoader loader = NULL;
mfxConfig cfg = NULL;

loader = MFXLoad();

cfg = MFXCreateConfig(loader);
ImplValue.Type = MFX_VARIANT_TYPE_U32;
ImplValue.Data.U32 = MFX_CODEC_HEVC;

(continues on next page)
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(continued from previous page)

sts = MFXSetConfigFilterProperty(cfg, (mfxU8*)"mfxImplDescription.mfxDecoderDescription.
↪→decoder.CodecID", ImplValue);

sts = MFXCreateSession(loader, 0, &session);

Here, MFXCreateConfig() creates the dispatcher internal configuration. Once the dispatcher is config-
ured, the application uses MFXSetConfigFilterProperty() to set its requirements including codec ID
and accelerator preference. After the application sets the desired requirements, the session is created.

2. Start the decoding loop:

while(is_stillgoing) {
sts = MFXVideoDECODE_DecodeFrameAsync(session,

(isdraining) ? NULL : &bitstream,
NULL,
&pmfxOutSurface,
&syncp);

......
}

After preparing the input stream, the stream has the required context and the decoding loop is started
immediately.

MFXVideoDECODE_DecodeFrameAsync() takes the bit stream as the second parameter. When the bit
streambecomesNULL, oneVPLdrains the remaining frames from the input andcompletes theoperation.
The third parameter is theworkingmemory; theNULL input shown in the examplemeans the application
wants oneVPL tomanageworkingmemory.

3. Evaluate results of a decoding call:

while(is_stillgoing) {
sts = MFXVideoDECODE_DecodeFrameAsync(...);

switch(sts) {
case MFX_ERR_MORE_DATA:

......
ReadEncodedStream(bitstream, codec_id, source);
......

}
break;

case MFX_ERR_NONE:
do {

sts = pmfxOutSurface->FrameInterface->Synchronize(pmfxOutSurface, WAIT_100_
↪→MILLSECONDS);

if( MFX_ERR_NONE == sts ) {
sts = pmfxOutSurface->FrameInterface->Map(pmfxOutSurface, MFX_MAP_

↪→READ);
(continues on next page)
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(continued from previous page)

WriteRawFrame(pmfxOutSurface, sink);

sts = pmfxOutSurface->FrameInterface->Unmap(pmfxOutSurface);

sts = pmfxOutSurface->FrameInterface->Release(pmfxOutSurface);

framenum++;
}

} while( sts == MFX_WRN_IN_EXECUTION );
break;

default:
break;

}

For each MFXVideoDECODE_DecodeFrameAsync() call, the application continues to read the input bit
stream until oneVPL completes a new frame with MFX_ERR_NONE, indicating the function successfully
completed its operation. For each new frame, the application waits until the output memory (surface)
is ready and then outputs and releases the output frame.

The Map() call is used to map the memory from the discrete graphic memory space to the host memory
space.

4. Exit and do cleanup:

MFXUnload(loader);
free(bitstream.Data);

fclose(sink);
fclose(source);

Finally, MFXUnload() is called to reclaim the resources fromoneVPL. This is the only call that the applica-
tionmust execute to reclaim the oneVPL library resources.

Note: This example explains the key steps in the oneVPL programmingmodel. It does not explain utility func-
tions for input and output.
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5.8 Other Libraries

Other libraries are included in various oneAPI toolkits. For more information about each of the libraries listed,
consult the official documentation for that library.

• Intel® Integrated Performance Primitives (IPP)

• Intel®MPI Library

• Intel® OpenVolumeKernel Library
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6.0 SoftwareDevelopmentProcess

The software development process using the oneAPI programming model is based upon standard develop-
ment processes. Since the programmingmodel pertains to employing an accelerator to improve performance,
this chapter details steps specific to that activity. These include:

• The performance tuning cycle

• Debugging of code

• Migrating code that targets other accelerators

• Composability of code

6.1 MigratingCode toSYCL* andDPC++

Code written in other programming languages, such as C++ or OpenCL™, can be migrated to SYCL code for
compilation with the DPC++ compiler for use on multiple devices. The steps used to complete the migration
vary based on the original language.

6.1.1 Migrating fromC++ toSYCL*

SYCL is a single-source style programming model based on C++. It builds on features of C++17 and C++20 to
offer an open, multivendor, multiarchitecture solution for heterogeneous programming.

The DPC++ compiler project is bringing SYCL* to an LLVM C++ compiler, with high performance implementa-
tions for multiple vendors and architectures.

When accelerating an existing C++ application, SYCL provides seamless integration as most of the C++ code
remains intact. Refer to sectionswithinoneAPIProgrammingModel forSYCLconstructs toenabledevice side
compilation.

6.1.2 Migrating fromCUDA* toSYCL* for theDPC++Compiler

The Intel®DPC++CompatibilityTool ispartof the Intel®oneAPIBaseToolkit. Thegoalof this tool is toassist in the
migration of an existing program that is written in NVIDIA* CUDA* to a programwritten in SYCL* and compiled
with theDPC++ compiler. This tool generates SYCL code asmuch as it can. However, it will notmigrate all code
and manual changes may be required. The tool provides help with IDE plug-ins, a user guide, and embedded
comments in the code to complete the migration to be compiled with DPC++. After completing any manual
changes, use aDPC++ compiler to create executables.
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• Additional details, including examples of migrated code and download instructions for the tool, are avail-
able from the Intel® DPC++ Compatibility Tool website.

• Full usage information is available from the Intel® DPC++ Compatibility Tool User Guide

6.1.3 Migrating fromOpenCLCode toSYCL*

TheSYCLruntime for theDPC++projectusesOpenCLandothermeans toenact theparallelism. SYCLtypically
requires fewer lines of code to implement kernels and also fewer calls to essential API functions andmethods. It
enables creation ofOpenCLprogramsby embedding the device source code in linewith the host source code.

OpenCL application developers are keenly aware of the somewhat verbose setup code that goes with offload-
ing kernels on devices. Using SYCL, it is possible to develop a clean, modern C++ based application without
most of the setup associated with OpenCL C code. This reduces the learning effort and allows for focus on
parallelization techniques.

However, OpenCL application features can continue to be used via the SYCL API. The updated code can use
asmuch or as little of the SYCL interface as desired.

6.1.4 MigratingBetweenCPU,GPU, andFPGA

ProgrammingwithSYCL* andusing theDPC++ compiler, a platformconsists of a host device connected to zero
ormore devices, such as CPU, GPU, FPGA, or other kinds of accelerators and processors.

Whenaplatformhasmultiple devices, design the application to offload someormost of thework to thedevices.
There are different ways to distribute work across devices in the oneAPI programmingmodel:

1. Initialize device selector – SYCL provides a set of classes called selectors that allow manual selection of
devices in the platform or let oneAPI runtime heuristics choose a default device based on the compute
power available on the devices.

2. Splitting datasets – With a highly parallel application with no data dependency, explicitly divide the
datasets to employ different devices. The following code sample is an example of dispatching workloads
acrossmultiple devices. Use icpx -fsycl snippet.cpp to compile the code.
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int main() {
int data[1024];
for (int i = 0; i < 1024; i++)

data[i] = i;
try {

cpu_selector cpuSelector;
queue cpuQueue(cpuSelector);
gpu_selector gpuSelector;
queue gpuQueue(gpuSelector);
buffer<int, 1> buf(data, range<1>(1024));
cpuQueue.submit([&](handler& cgh) {

auto ptr =
buf.get_access<access::mode::read_write>(cgh);
cgh.parallel_for<class divide>(range<1>(512),

[=](id<1> index) {
ptr[index] -= 1;

});
});
gpuQueue.submit([&](handler& cgh1) {

auto ptr =
buf.get_access<access::mode::read_write>(cgh1);
cgh1.parallel_for<class offset1>(range<1>(1024),

id<1>(512), [=](id<1> index) {
ptr[index] += 1;

});
});
cpuQueue.wait();
gpuQueue.wait();

}
catch (exception const& e) {

std::cout <<
"SYCL exception caught: " << e.what() << '\n';
return 2;

}
return 0;

}

3. Target multiple kernels across devices – If the application has scope for parallelization on multiple inde-
pendent kernels, employ different queues to target devices. The list of SYCL supported platforms can
be obtained with the list of devices for each platform by calling get_platforms() and platform.get_-
devices() respectively. Once all the devices are identified, construct a queue per device and dispatch
different kernels to different queues. The following code sample represents dispatching a kernel onmul-
tiple SYCL devices.

#include <stdio.h>
#include <vector>
#include <CL/sycl.hpp>
using namespace cl::sycl;
using namespace std;
int main()
{

size_t N = 1024;
(continues on next page)
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vector<float> a(N, 10.0);
vector<float> b(N, 10.0);
vector<float> c_add(N, 0.0);
vector<float> c_mul(N, 0.0);

{
buffer<float, 1> abuffer(a.data(), range<1>(N),

{ property::buffer::use_host_ptr() });
buffer<float, 1> bbuffer(b.data(), range<1>(N),

{ property::buffer::use_host_ptr() });
buffer<float, 1> c_addbuffer(c_add.data(), range<1>(N),
{ property::buffer::use_host_ptr() });

buffer<float, 1> c_mulbuffer(c_mul.data(), range<1>(N),
{ property::buffer::use_host_ptr() });

try {
gpu_selector gpuSelector;
auto queue = cl::sycl::queue(gpuSelector);
queue.submit([&](cl::sycl::handler& cgh) {

auto a_acc = abuffer.template
get_access<access::mode::read>(cgh);

auto b_acc = bbuffer.template
get_access<access::mode::read>(cgh);

auto c_acc_add = c_addbuffer.template
get_access<access::mode::write>(cgh);

cgh.parallel_for<class VectorAdd>
(range<1>(N), [=](id<1> it) {

//int i = it.get_global();
c_acc_add[it] = a_acc[it] + b_acc[it];

});
});

cpu_selector cpuSelector;
auto queue1 = cl::sycl::queue(cpuSelector);
queue1.submit([&](cl::sycl::handler& cgh) {

auto a_acc = abuffer.template
get_access<access::mode::read>(cgh);

auto b_acc = bbuffer.template
get_access<access::mode::read>(cgh);

auto c_acc_mul = c_mulbuffer.template
get_access<access::mode::write>(cgh);

cgh.parallel_for<class VectorMul>
(range<1>(N), [=](id<1> it) {

c_acc_mul[it] = a_acc[it] * b_acc[it];
});

});
}
catch (cl::sycl::exception e) {

/* In the case of an exception being throw, print the
error message and

* return 1. */
std::cout << e.what();
return 1;

}

(continues on next page)
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}
for (int i = 0; i < 8; i++) {

std::cout << c_add[i] << std::endl;
std::cout << c_mul[i] << std::endl;

}
return 0;

}

6.2 Composability

The oneAPI programming model enables an ecosystem with support for the entire development toolchain. It
includescompilers and libraries, debuggers, andanalysis tools to supportmultiple accelerators likeCPU,GPUs,
FPGA, andmore.

6.2.1 C/C++OpenMP* andSYCL*Composability

TheoneAPI programmingmodel provides a unified compiler basedonLLVM/Clangwith support forOpenMP*
offload. This allowsseamless integration that allows theuseofOpenMPconstructs toeitherparallelizehost side
applications or offload to a target device. Both the Intel® oneAPI DPC++/C++ Compiler, available with the Intel®
oneAPI Base Toolkit, and Intel® C++ Compiler Classic, available with the Intel® oneAPI HPCToolkit or the Intel®
oneAPI IoTToolkit, supportOpenMPandSYCLcomposabilitywith a set of restrictions. Asingle applicationcan
offloadexecution to available devices usingOpenMP target regions or SYCLconstructs in different parts of the
code, such as different functions or code segments.

OpenMPandSYCLoffloading constructsmay be used in separate files, in the same file, or in the same function
with some restrictions. OpenMPandSYCLoffloadingcodecanbebundled together inexecutable files, in static
libraries, in dynamic libraries, or in various combinations.

Note: TheSYCLruntime forDPC++uses theTBBruntimewhenexecutingdevicecodeon theCPU;hence, us-
ing bothOpenMPandSYCL aCPUcan lead to oversubscribing of threads. Performance analysis of workloads
executing on the system could help determine if this is occurring.

Restrictions

There are some restrictions to be consideredwhenmixingOpenMP andSYCL constructs in the same applica-
tion.

• OpenMPdirectives cannot be used inside SYCL kernels that run in the device. Similarly, SYCL code can-
not be used inside the OpenMP target regions. However, it is possible to use SYCL constructs within the
OpenMP code that runs on the host CPU.

• OpenMP and SYCL device parts of the program cannot have cross dependencies. For example, a func-
tion defined in theSYCLpart of the device code cannot be called from theOpenMPcode that runs on the
device and vice versa. OpenMP andSYCLdevice parts are linked independently and they form separate
binaries that become a part of the resulting fat binary that is generated by the compiler.
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• The direct interaction between OpenMP and SYCL runtime libraries are not supported at this time. For
example, a devicememory object createdbyOpenMPAPI is not accessible bySYCLcode. That is, using
the devicememory object created byOpenMP in SYCL code results unspecified execution behavior.

Example

The following code snippet uses SYCL andOpenMPoffloading constructs in the same application.

#include <CL/sycl.hpp>
#include <array>
#include <iostream>

float computePi(unsigned N) {
float Pi;

#pragma omp target map(from : Pi)
#pragma omp parallel for reduction(+ : Pi)
for (unsigned I = 0; I < N; ++I) {
float T = (I + 0.5f) / N;
Pi += 4.0f / (1.0 + T * T);

}
return Pi / N;

}

void iota(float *A, unsigned N) {
cl::sycl::range<1> R(N);
cl::sycl::buffer<float, 1> AB(A, R);
cl::sycl::queue().submit([&](cl::sycl::handler &cgh) {
auto AA = AB.template get_access<cl::sycl::access::mode::write>(cgh);
cgh.parallel_for<class Iota>(R, [=](cl::sycl::id<1> I) {

AA[I] = I;
});

});
}

int main() {
std::array<float, 1024u> Vec;
float Pi;

#pragma omp parallel sections
{

#pragma omp section
iota(Vec.data(), Vec.size());

#pragma omp section
Pi = computePi(8192u);

}

std::cout << "Vec[512] = " << Vec[512] << std::endl;
std::cout << "Pi = " << Pi << std::endl;

(continues on next page)
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return 0;
}

The following command is used to compile the example code: icpx -fsycl -fiopenmp
-fopenmp-targets=spir64 offloadOmp_dpcpp.cpp

where

• -fsycl option enables SYCL

• -fiopenmp -fopenmp-targets=spir64 option enablesOpenMP* offload

The following shows the program output from the example code.

./a.out
Vec[512] = 512
Pi = 3.14159

Note: If the code does not contain OpenMP offload, but only normal OpenMP code, use the following com-
mand, which omits -fopenmp-targets: icpx -fsycl -fiopenmp omp_dpcpp.cpp

6.2.2 OpenCL™Code Interoperability

The oneAPI programmingmodel enables developers to continue using all OpenCL code features via different
parts of the SYCL* API. The OpenCL code interoperability mode provided by SYCL helps reuse the existing
OpenCLcodewhile keeping theadvantagesofhigherprogrammingmodel interfacesprovidedbySYCL.There
are 2main parts in the interoperability mode:

1. TocreateSYCLobjects fromOpenCLcodeobjects. For example, aSYCLbuffer canbeconstructed from
anOpenCL cl_mem or SYCL queue from a cl_command_queue.

2. To getOpenCL code objects fromSYCLobjects. For example, launching anOpenCL kernel that uses an
implicit cl_mem associated to a SYCL accessor.

6.3 Debugging theDPC++ andOpenMP*OffloadProcess

Whenwriting, debugging, andoptimizingcode for ahostplatform, theprocessof improvingyour code is simple:
dealwith languageerrorswhenyoubuild, catch and root-causecrashes/incorrect results duringexecutionwith
a debugger, then identify and fix performance issues using a profiling tool.

Improving code can become considerably more complicated in applications where part of the execution is of-
floaded to another device using either DPC++ or OpenMP* offload.

• Incorrect use of the DPC++ or OpenMP* offload languages may not be exposed until after just-in-time
compilation occurs. These issues can be exposed earlier with ahead-of-time (AOT) compilation.

• Crashes due to logic errorsmay arise as unexpected behavior on the host, on the offload device, or in the
software stack that ties the various computing devices together. To root cause these issues, you need to:
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– Debug what is happening in your code on the host using a standard debugger, such as Intel Distri-
bution for GDB*.

– Debug problems on the offload device using a device-specific debugger. Note, however, that the
device may have a different architecture, conventions for representing compute threads, or assem-
bly than the host.

– To debug problems that show up in the intermediate software stack only when kernels and data are
beingexchangedwith thedevice, youneed tomonitor the communicationbetweendevice andhost
and any errors that are reported during the process.

• Besides the usual performance issues that can occur on the host and offload devices, the patterns by
which thehost andoffloaddevicework together canhaveaprofound impact on applicationperformance.
This is anothercasewhereyouneed tomonitor thecommunicationsbetween thehost andoffloaddevice.

This section discusses the various debugging and performance analysis tools and techniques available to you
for the entire lifecycle of the offload program.

6.3.1 oneAPIDebugTools

The following tools are available to help with debugging the SYCL* andOpenMP* offload process.

Table 28: Tools to debug SYCL* andOpenMP* offload
process
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Tool When to Use
Environment variables Environment variables allow you to gather diagnostic information from the

OpenMP and SYCL runtimes at program execution with no modifications
to your program.

The onetrace tool fromProfil-
ing Tools Interfaces for GPU
(PTI for GPU)

Whenusing theoneAPILevelZeroandOpenCL™backends forSYCLand
OpenMP Offload, this tool can be used to debug backend errors and for
performance profiling on both the host and device.
Learnmore:

• Onetrace tool GitHub
• PTI for GPUGitHub

Intercept Layer for OpenCL™
Applications

When using the OpenCL™ backend for SYCL and OpenMP Offload, this
library canbeused todebugbackenderrors and for performanceprofiling
on both the host and device (has wider functionality comparing with one-
trace).

Intel® Distribution for GDB* Used for source-level debugging of the application, typically to inspect
logical bugs, on thehost andanydevices youareusing (CPU,GPU,FPGA
emulation).

Intel® Inspector This tool helps to locate and debug memory and threading problems, in-
cluding those that can cause offloading to fail.

Note: Intel Inspector is included in the Intel oneAPI HPC Toolkit or the
Intel oneAPI IoTToolkit.

In-application debugging In addition to these tools and runtime based approaches, the developer
can locate problems using other approaches. For example:

• Comparing kernel output to expected output
• Sending intermediate results back by variables they cre-
ate for debugging purposes

• Printing results fromwithin kernels

Note: Both SYCL and OpenMP allow printing to stdout from
within an offload region - be sure to note which SIMD lane or
thread is providing the output.

Intel® Advisor Use toensureFortran,C,C++,OpenCL™, andSYCLapplications realize full
performance potential onmodern processors.

Intel® VTune TM Profiler Use togather performancedata either on thenative systemorona remote
system.
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DebugEnvironmentVariables

Both the OpenMP* and SYCL offload runtimes, as well as Level Zero, OpenCL, and the Shader Compiler, pro-
vide environment variables that help you understand the communication between the host and offload device.
The variables also allow you to discover or control the runtime chosen for offload computations.

OpenMP*OffloadEnvironmentVariables

There are several environment variables that you can use to understand howOpenMPOffloadworks and con-
trol which backend it uses.

Note: OpenMP is not supported for FPGAdevices.

Table 29:OpenMP*Offload Environment Variables
Environment Variable Description
LIBOMPTARGET_DEBUG This environment variable enables debug output from the OpenMP Of-

fload runtime. It reports:
• The available runtimes detected and used (1,2)
• When the chosen runtime is started and stopped (1,2)
• Details on the offload device used (1,2)
• Support libraries loaded (1,2)
• Size and address of all memory allocations and deallocations (1,2)
• Information on every data copy to and from the device, or device
mapping in the case of unified sharedmemory (1,2)

• Wheneachkernel is launchedanddetails on the launch (arguments,
SIMDwidth, group information, etc.) (1,2)

• Which Level Zero/OpenCL API functions are invoked (function
name, arguments/parameters) (2)

Values: (0, 1, 2)
Default: 0

LIBOMPTARGET_INFO This variable controls whether basic offloading information will be dis-
played from the offload runtime.

• Prints all data arguments upon entering an OpenMP device kernel
(1)

• Indicates when amapped address already exists in the devicemap-
ping table (2)

• Dumps the contents of the device pointer map if target offloading
fails (4)

• Indicates when an entry is changed in the devicemapping table (8)
• Indicates when data is copied to and from the device (32)

Values: (0, 1, 2, 4, 8, 32)
Default: 0

continues on next page
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Table 29 – continued from previous page
Environment Variable Description
LIBOMPTARGET_PLU-
GIN_PROFILE

This variable enables the display of performance data for offloaded
OpenMP code. It displays:

• Total data transfer times (read andwrite)
• Data allocation times
• Module build times (just-in-time compile)
• The execution time of each kernel.

Values:
• F - disabled
• T - enabledwith timings inmilliseconds
• T,usec - enabledwith timings inmicroseconds

Default: F
Example: export LIBOMPTARGET_PLUGIN_PROFILE=T,usec

LIBOMPTARGET_PLUGIN This environment variable allows you to choose the backend used for
OpenMPoffload execution.

Note: The Level Zero backend is only supported for GPUdevices.

Values:
• LEVEL0 or LEVEL_ZERO - uses the Level Zero backend
• OPENCL - uses theOpenCL™ backend

Default:
• For GPUoffload devices: LEVEL0
• For CPUor FPGAoffload devices: OPENCL

SYCL* andDPC++EnvironmentVariables

TheDPC++compiler supports all standardSYCLenvironment variables. The full list is available fromGitHub. Of
interest fordebuggingare the followingSYCLenvironmentvariables, plusanadditional LevelZeroenvironment
variable.
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Table30: SYCL* andDPC++ Environment Variables
Environment
Variable

Description

SYCL_DEVICE_-
FILTER

This complex environment variable allows you to limit the runtimes, compute device
types, and compute device IDs used by the runtime to a subset of all available combi-
nations.
The compute device IDs correspond to those returned by the SYCL API, clinfo, or
sycl-ls (with the numbering starting at 0) and have no relation to whether the de-
vice with that ID is of a certain type or supports a specific runtime. Using a program-
matic special selector (like gpu_selector) to request a device filtered out by SYCL_-
DEVICE_FILTERwill cause an exception to be thrown.
Refer to theEnvironmentVariablesdescriptions inGitHub foradditionaldetails: https:
//github.com/intel/llvm/blob/sycl/sycl/doc/EnvironmentVariables.md
Example values include:

• opencl:cpu - use only the |opencl_tm| runtime on all available CPUdevices
• opencl:gpu - use only theOpenCL runtime on all available GPUdevices
• opencl:gpu:2 - use only the OpenCL runtime on only the third device, which
also has to be aGPU

• level_zero:gpu:1 - use only the Level Zero runtime on only the second de-
vice, which also has to be aGPU

• opencl:cpu,level_zero - use only the OpenCL runtime on the CPU device,
or the Level Zero runtime on any supported compute device

Default: use all available runtimes and devices
SYCL_PI_TRACE This environment variable enables debug output from the runtime.

Values:
• 1 - report SYCL plugins and devices discovered and used
• 2 - report SYCLAPI calls made, including arguments and result values
• 1 - provides all available tracing

Default:disabled
ZE_DEBUG This environment variable enables debug output from the Level Zero backendwhen

usedwith the runtime. It reports:
• Level ZeroAPIs called
• Level Zero event information

Value: variable definedwith any value - enabled
Default: disabled

EnvironmentVariables thatProduceDiagnostic Information forSupport

The Level Zero backend provides a few environment variables that can be used to control behavior and aid in
diagnosis.

• Level Zero Specification, core programming guide: https://spec.oneapi.com/level-zero/latest/core/
PROG.html#environment-variables

• Level Zero Specification, tool programming guide: https://spec.oneapi.com/level-zero/latest/tools/
PROG.html#environment-variables
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An additional source of debug information comes from the Intel® Graphics Compiler, which is called by the
Level Zero or OpenCL backends (used by both the OpenMPOffload and SYCL/DPC++ Runtimes) at runtime
or duringAhead-of-Time (AOT) compilation. IntelGraphicsCompiler creates the appropriate executable code
for the target offload device. The full list of these environment variables can be found at https://github.com/
intel/intel-graphics-compiler/blob/master/documentation/configuration_flags.md. The two that are most of-
ten needed to debug performance issues are:

• IGC_ShaderDumpEnable=1 (default=0) causes all LLVM, assembly, and ISA code generated by the
Intel® Graphics Compiler to bewritten to /tmp/IntelIGC/<application_name>

• IGC_DumpToCurrentDir=1 (default=0)writes all the files created by IGC_ShaderDumpEnable to your
current directory instead of /tmp/IntelIGC/<application_name>. Since this is potentially a lot of files,
it is recommended to create a temporary directory just for the purpose of holding these files.

If you have a performance issuewith yourOpenMPoffload or SYCL offload application that arises between dif-
ferent versions of Intel® oneAPI, when using different compiler options, when using the debugger, and so on,
then youmay be asked to enable IGC_ShaderDumpEnable and provide the resulting files. Formore information
on compatibility, see oneAPI LibraryCompatibility.

Offload InterceptTools

In addition to debuggers and diagnostics built into the offload software itself, it can be quite useful to monitor
offload API calls and the data sent through the offload pipeline. For Level Zero, if your application is run as an
argument to the onetrace and ze_tracer tools, they will intercept and report on various aspects of Level Zero
madebyyourapplication. ForOpenCL™, youcanadda library toLD_LIBRARY_PATH thatwill interceptand report
on all OpenCL calls, and then use environment variables to control what diagnostic information to report to a
file. You can also use onetrace or cl_tracer to report on various aspects of OpenCL API calls made by your
application. Once again, your application is run as an argument to the onetrace or cl_tracer tool.

Intercept Layer forOpenCL™Applications

This library collects debugging and performance data when OpenCL is used as the backend to your SYCL
or OpenMP offload program. When OpenCL is used as the backend to your SYCL or OpenMP offload pro-
gram, this tool canhelpyoudetectbufferoverwrites,memory leaks,mismatchedpointers, andcanprovidemore
detailed information about runtime error messages (allowing you to diagnose these issues when either CPU,
FPGA, or GPU devices are used for computation). Note that you will get nothing useful if you use ze_tracer on
a program that uses theOpenCLbackend, or the Intercept Layer forOpenCLApplications library and cl_tracer
on a program that uses the Level Zero backend.

Additional resources:

• Extensive informationonbuildingandusing the Intercept Layer forOpenCLApplications is available from
https://github.com/intel/opencl-intercept-layer.

Note: For best results, run cmake with the following flags: -DENABLE_CLIPROF=TRUE -DENABLE_-
CLILOADER=TRUE

165

https://github.com/intel/intel-graphics-compiler/blob/master/documentation/configuration_flags.md
https://github.com/intel/intel-graphics-compiler/blob/master/documentation/configuration_flags.md
https://github.com/intel/opencl-intercept-layer


Intel® oneAPI

• Information about a similar tool (CLIntercept) is available from https://github.com/gmeeker/clintercept
and https://sourceforge.net/p/clintercept/wiki/Home/.

• Informationon thecontrols for the InterceptLayer forOpenCLApplicationscanbe foundathttps://github.
com/intel/opencl-intercept-layer/blob/master/docs/controls.md.

• Information about optimizing for GPUs is available from the Intel oneAPI GPUOptimizationGuide.

ProfilingTools Interfaces forGPU(onetrace, cl_tracer, and ze_trace)

Like the Intercept Layer for OpenCL™ Applications, these tools collect debugging and performance data from
applications that use theOpenCLandLevel Zero offloadbackends for offloadviaOpenMP* orSYCL.Note that
Level Zero can only be used as the backend for computations that happen on theGPU (there is no Level Zero
backend for the CPU or FPGA at this time). The onetrace tool is part of the Profiling Tools Interfaces for GPU
(PTI for GPU) project, found at https://github.com/intel/pti-gpu. This project also contains the ze_tracer and
cl_tracer tools, which trace just activity from the Level Zero orOpenCLoffloadbackends respectively. The ze_-
tracer and cl_tracer tools will produce no output if they are used with the application using the other backend,
while onetracewill provide output nomatter which offload backend you use.

Theonetrace tool is distributed as source. Instructions for how tobuild the tool are available fromhttps://github.
com/intel/pti-gpu/tree/master/tools/onetrace. The tool provides the following features:

• Call logging: This mode allows you to trace all standard Level Zero (L0) and OpenCL™ API calls along
with their arguments and return valuesannotatedwith timestamps. Amongother things, this cangiveyou
supplemental information on any failures that occurwhen a host program tries tomake use of an attached
compute device.

• Host and device timing: These provide the duration of all API calls, the duration of each kernel, and appli-
cation runtime for the entire application.

• Device Timeline mode: Gives time stamps for each device activity. All the time stamps are in the same
(CPU) time scale.

• Chrome Call Logging mode: Dumps API calls to JSON format that can be opened in chrome://tracing
browser tool.

These data can help debug offload failures or performance issues.

Additional resources:

• Profiling Tools Interfaces for GPU (PTI for GPU)GitHub project

• Onetrace tool GitHub

Intel®Distribution forGDB*

The Intel Distribution for GDB* is an application debugger that allows you to inspect and modify the program
state. With thedebugger, both thehost part of your application and kernels that are offloaded to adevice canbe
debuggedseamlessly in thesamedebugsession. Thedebuggersupports theCPU,GPU,andFPGA-emulation
devices. Major features of the tool include:

• Automatically attaching to theGPUdevice to listen to debug events
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• Automatically detecting JIT-compiled, or dynamically loaded, kernel code for debugging

• Defining breakpoints (both inside and outside of a kernel) to halt the execution of the program

• Listing the threads; switching the current thread context

• Listing active SIMD lanes; switching the current SIMD lane context per thread

• Evaluating and printing the values of expressions inmultiple thread and SIMD lane contexts

• Inspecting and changing register values

• Disassembling themachine instructions

• Displaying and navigating the function call-stack

• Source- and instruction-level stepping

• Non-stop and all-stop debugmode

• Recording the execution using Intel Processor Trace (CPUonly)

For more information and links to full documentation for Intel Distribution for GDB, see Get Started with Intel
Distribution forGDBon Linux* Host |Windows* Host.

Intel® Inspector forOffload

Intel® Inspector is a dynamic memory and threading error checking tool for users developing serial and multi-
threaded applications. It can beused to verify correctness of the native part of the application aswell as dynam-
ically generated offload code.

Unlike the tools and techniquesabove, Intel Inspectorcannotbeused tocatcherrors inoffloadcode that is com-
municating with a GPU or an FPGA. Instead, Intel Inspector requires that the SYCL or OpenMP runtime needs
to be configured to execute kernels onCPU target. In general, it requires definition of the following environment
variables prior to an analysis run.

• To configure a SYCL application to run kernels on aCPUdevice

export SYCL_DEVICE_FILTER=opencl:cpu

• To configure anOpenMP application to run kernels on aCPUdevice

export OMP_TARGET_OFFLOAD=MANDATORY
export LIBOMPTARGET_DEVICETYPE=cpu

• To enable code analysis and tracing in JIT compilers or runtimes

export CL_CONFIG_USE_VTUNE=True
export CL_CONFIG_USE_VECTORIZER=false

Use one of the following commands to start analysis from the command line. You can also start from the Intel
Inspector graphical user interface.

• Memory: inspxe-cl -c mi3 -- <app> [app_args]
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• Threading: inspxe-cl -c ti3 -- <app> [app_args]

View the analysis result using the following command: inspxe-cl -report=problems -report-all

If your SYCL or OpenMPOffload program passes bad pointers to theOpenCL™ backend, or passes the wrong
pointer to the backend from thewrong thread, Intel Inspector should flag the issue. Thismaymake the problem
easier to find than trying to locate it using the intercept layers or the debugger.

Additional details are available from the Intel InspectorUserGuide for Linux* OS |Windows*OS.

6.3.2 Trace theOffloadProcess

Whenaprogram that offloadscomputation to aGPU is started, there are lot ofmovingparts involved inprogram
execution. Machine-independent code needs to be compiled to machine-dependent code, data and binaries
need to be copied to the device, results returned, etc. This sectionwill discuss how to trace all this activity using
the tools described in the oneAPIDebugTools section.

Kernel SetupTime

Before offload code can run on the device, the machine-independent version of the kernel needs to be com-
piled for the target device, and the resulting code needs to be copied to the device. This can complicate/skew
benchmarking if this kernel setup time is not considered. Just-in-time compilation can also introduce a notice-
able delay when debugging an offload application.

If youhaveanOpenMP*offloadprogram, settingLIBOMPTARGET_PLUGIN_PROFILE=T[,usec]explicitly reports
the amount of time required to build the offload code “ModuleBuild”, which you can compare to the overall exe-
cution time of your program.

Kernel setup time ismore difficult to determine if you have a SYCL* offload program.

• If Level Zero or OpenCL™ is your backend, you can derive kernel setup time from the Device Timing and
Device Timeline returned by onetrace or ze_tracer.

• If OpenCL™ is your backend, you may also be able to derive the information by set-
ting the BuildLogging, KernelInfoLogging, CallLogging, CallLoggingElapsedTime,
KernelInfoLogging, HostPerformanceTiming, HostPerformanceTimeLogging, ChromeCallLogging,
or CallLoggingElapsedTime flags when using the Intercept Layer for OpenCL Applications to get
similar information. You can also derive kernel setup time from the Device Timing and Device Time- line
returned by onetrace or cl_tracer.

You can also use these tools to supplement the information returned by LIBOMPTARGET_PLUGIN_PROFILE=T.

MonitoringBufferCreation, Sizes, andCopies

Understanding when buffers are created, how many buffers are created, and whether they are reused or con-
stantly created and destroyed can be key to optimizing the performance of your offload application. This may
not always be obvious when using a high-level programming language likeOpenMPor SYCL, which can hide a
lot of the buffermanagement from the user.

At a high level, you can trackbuffer-related activities using the LIBOMPTARGET_DEBUG and SYCL_PI_TRACEenvi-
ronment variableswhen running your program. LIBOMPTARGET_DEBUGgives youmore information than SYCL_-
PI_TRACE - it reports the addresses and sizes of the buffers created. By contrast, SYCL_PI_TRACE just reports
theAPI calls, with no information you can easily tie to the location or size of individual buffers.
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At a lower level, if you are using Level Zero or OpenCL™ as your backend, the Call Logging mode of onetrace
or ze_tracer will give you information on all API calls, including their arguments. This can be useful because,
for example, a call for buffer creation (such as zeMemAllocDevice) will give you the size of the resulting buffer
being passed to and from the device. onetrace and ze_tracer also allows you to dumpall the Level Zero device-
side activities (includingmemory transfers) in Device Timelinemode. For each activity one can get append (to
command list), submit (to queue), start and end times.

If you are using OpenCL as your backend, setting the CallLogging, CallLoggingElapsedTime, and
ChromeCallLogging flags when using the Intercept Layer for OpenCLApplications should give you similar in-
formation. TheCall Loggingmode of onetrace or cl_tracer will give you information on all OpenCLAPI calls, in-
cluding their arguments. Aswas the case above, onetrace and cl_tracer also allow you to dump all theOpenCL
device-side activities (includingmemory transfers) in Device Timelinemode.

Total TransferTime

Comparing total data transfer time to kernel execution time can be important for determining whether it is prof-
itable to offload a computation to a connected device.

If you have anOpenMPoffload program, setting LIBOMPTARGET_PLUGIN_PROFILE=T[,usec] explicitly reports
theamountof time required tobuild (“DataAlloc”), read(“DataRead”), andwritedata (“DataWrite”) to theoffload
device (although only in aggregate).

Data transfer times can bemore difficult to determine if you have aC++ program using SYCL.

• If Level Zero or OpenCL™ is your backend, you can derive total data transfer time from theDevice Timing
andDevice Timeline returned by onetrace or ze_tracer.

• If OpenCL is your backend, you can use onetrace or cl_tracer, or alternatively you may
also be able to derive the information by setting the BuildLogging, KernelInfoLogging,
CallLogging, CallLoggingElapsedTime, KernelInfoLogging, HostPerformanceTiming,
HostPerformanceTimeLogging, ChromeCallLogging, or CallLoggingElapsedTime flags when
using the Intercept Layer for OpenCLApplications.

Kernel ExecutionTime

If you have anOpenMPoffload program, setting LIBOMPTARGET_PLUGIN_PROFILE=T[,usec] explicitly reports
the total execution time of every offloaded kernel (“Kernel#…”).

For programs using SYCL to offload kernels:

• If Level Zero or OpenCL™ is your backend, theDevice Timingmode of onetrace or ze_tracer will give you
the device-side execution time for every kernel.

• If OpenCL is your backend , you can use onetrace or cl_tracer, or alternatively
you may be able to derive the information by setting the CallLoggingElapsedTime,
DevicePerformanceTiming, DevicePerformanceTimeKernelInfoTracking,
DevicePerformanceTimeLWSTracking, DevicePerformanceTimeGWSTracking,
ChromePerformanceTiming, ChromePerformanceTimingInStages flags when using the Intercept
Layer for OpenCLApplications.
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WhenDeviceKernels areCalled andThreads areCreated

On occasion, offload kernels are created and transferred to the device a long time before they actually start ex-
ecuting (usually only after all data required by the kernel has also been transferred, alongwith control).

You can set a breakpoint in a device kernel using the Intel® Distribution for GDB* and a compatible GPU. From
there, youcanquerykernelarguments,monitor threadcreationanddestruction, list thecurrent threadsand their
current positions in the code (using “info thread”), and so on.

6.3.3 Debug theOffloadProcess

RunwithDifferentRuntimesorComputeDevices

When an offload program fails to run correctly or produces incorrect results, a relatively quick sanity check is to
run the application on a different runtime (OpenCL™ vs. Level Zero) or compute device (CPU vs. GPU) using
LIBOMPTARGET_PLUGIN and OMP_TARGET_OFFLOAD for OpenMP* applications, and SYCL_DEVICE_FILTER for
SYCL* applications. Errors that reproduce across runtimes mostly eliminate the runtime as being a problem.
Errors that reproduce on all available devicesmostly eliminates bad hardware as the problem.

DebugCPUExecution

Offloadcodehas twooptions forCPUexecution: eithera “host” implementation, or theCPUversionofOpenCL.
A “host” implementation is a truly native implementationof theoffloadedcode,meaning it canbedebugged like
any of the non-offloaded code. The CPU version of OpenCL, while it goes through the OpenCL runtime and
code generation process, eventually ends up as normal parallel code running under a TBB runtime. Again, this
provides a familiar debugging environment with familiar assembly and parallelism mechanisms. Pointers have
meaning through the entire stack, and data can be directly inspected. There are also nomemory limits beyond
the usual limits for any operating system process.

Findingandfixingerrors inCPUoffloadexecutionmaysolveerrorsseen inGPUoffloadexecutionwith lesspain,
andwithout requiring use of a systemwith an attachedGPUor other accelerator.

ForOpenMP applications, to get a “host” implementation, remove the “target” or “device” constructs, replacing
them with normal host OpenMP code. If LIBOMPTARGET_PLUGIN=OPENCL and offload to the GPU is disabled,
then the offloaded code runs under theOpenMP runtimewith TBB providing parallelism.

For SYCL applications, with SYCL_DEVICE_FILTER=host the “host” device is actually single-threaded, which
may help you determine if threading issues, such as data races and deadlocks, are the source of execution er-
rors. Setting SYCL_DEVICE_FILTER=opencl:cpu uses theCPUOpenCL runtime, which also usesTBB for par-
allelism.

DebugGPUExecutionUsing Intel®Distribution forGDB*oncompatibleGPUs

Intel®Distribution forGDB* is extensively documented inGetStartedwith IntelDistribution forGDBonLinux*
Host |Windows* Host. Useful commands are briefly described in the Intel Distribution for GDB Reference
Sheet. However, since debugging applications with GDB* on a GPU differs slightly from the process on a host
(some commands are used differently and you might see some unfamiliar output), some of those differences
are summarized here.

TheDebuggingwith IntelDistribution forGDBonLinuxOSHostTutorial showsa sampledebug sessionwhere
we start a debug session of a SYCLprogram, define a breakpoint inside the kernel, run the program to offload to
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theGPU, print the value of a local variable, switch to theSIMD lane 5 of the current thread, and print the variable
again.

As in normal GDB*, for a command <CMD>, use the help <CMD> command of GDB to read the information text
for <CMD>. For example:

(gdb) help info threads
Display currently known threads.
Usage: info threads [OPTION]... [ID]...
If ID is given, it is a space-separated list of IDs of threads to display.
Otherwise, all threads are displayed.

Options:
-gid
Show global thread IDs.

Inferiors, Threads, andSIMDLanesReferencing inGDB*

The threadsof the applicationcanbe listedusing thedebugger. Theprinted information includes the thread ids
and the locations that the threads are currently stopped at. For the GPU threads, the debugger also prints the
active SIMD lanes.

In the example referenced above, youmay see some unfamiliar formatting usedwhen threads are displayed via
theGDB “info threads” command:

Id Target Id Frame
1.1 Thread <id omitted> <frame omitted>
1.2 Thread <id omitted> <frame omitted>

* 2.1:1 Thread 1073741824 <frame> at array-transform.cpp:61
2.1:[3 5 7] Thread 1073741824 <frame> at array-transform.cpp:61
2.2:[1 3 5 7] Thread 1073741888 <frame> at array-transform.cpp:61
2.3:[1 3 5 7] Thread 1073742080 <frame> at array-transform.cpp:61

Here, GDB is displaying the threadswith the following format: <inferior_number>.<thread_number>:<SIMD
Lane/s>

So, for example, the thread id “2.3:[1 3 5 7]” refers to SIMD lanes 1, 3, 5, and 7 of thread 3 running on inferior
2.

An “inferior” in the GDB terminology is the process that is being debugged. In the debug session of a program
that offloads to the GPU, there will typically be two inferiors; one “native” inferior representing a host part of the
program (inferior 1 above), and another “remote” inferior representing the GPU device (inferior 2 above). Intel
Distribution for GDB automatically creates theGPU inferior - no extra steps are required.

When you print the value of an expression, the expression is evaluated in the context of the current thread’s
current SIMD lane. You can switch the thread aswell as the SIMD lane to change the context using the “thread”
commandsuchas “thread 3:4 “, “thread :6 “, or “thread 7 “. Thefirst commandmakesaswitch to the thread
3 and SIMD lane 4. The second command switches to SIMD lane 6 within the current thread. The third com-
mand switches to thread 7. The default lane selected will either be the previously selected lane, if it is active, or
the first active lanewithin the thread.
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The “thread apply command” may be similarly broad or focused (which can make it easier to limit the output
from, forexample, acommandto inspectavariable). Formoredetails andexamplesaboutdebuggingwithSIMD
lanes, see theDebuggingwith Intel Distribution for GDB on LinuxOSHost Tutorial.

More information about threads and inferiors in GDB can be found from https://sourceware.org/
gdb/current/onlinedocs/gdb/Threads.html and https://sourceware.org/gdb/current/onlinedocs/gdb/
Inferiors-Connections-and-Programs.html#Inferiors-Connections-and-Programs.

Controlling theScheduler

Bydefault, when a thread hits a breakpoint, the debugger stops all the threads before displaying the breakpoint
hit event to the user. This is the all-stop mode of GDB. In the non-stop mode, the stop event of a thread is dis-
playedwhile the other threads run freely.

In all-stop mode, when a thread is resumed (for example, to resume normally with the continue command, or
for stepping with the next command), all the other threads are also resumed. If you have some breakpoints set
in threaded applications, this can quickly get confusing, as the next thread that hits the breakpoint may not be
the thread you are following.

Youcancontrol this behavior using the set scheduler-locking command toprevent resumingother threads
when the current thread is resumed. This is useful to avoid intervention of other threads while only the current
thread executes instructions. Type help set scheduler-locking for the available options, and see https://
sourceware.org/gdb/current/onlinedocs/gdb/Thread-Stops.html for more information. Note that SIMD lanes
cannot be resumed individually; they are resumed together with their underlying thread.

In non-stopmode, by default, only the current thread is resumed. To resume all threads, pass the “-a” flag to the
continue command.

Dumping InformationonOneorMoreThreads/Lanes (ThreadApply)

Commands for inspecting theprogramstate are typically executed in the context of the current thread’s current
SIMD lane. Sometimes it is desired to inspect a value in multiple contexts. For such needs, the thread apply
command can be used. For instance, the following executes the print element command for the SIMD lanes
3-5 of Thread 2.5:

(gdb) thread apply 2.5:3-5 print element

Similarly, the following runs the same command in the context of SIMD lane 3, 5, and 6 of the current thread:

(gdb) thread apply :3 :5 :6 print element
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SteppingGPUCodeAfter aBreakpoint

To stop inside the kernel that is offloaded to the GPU, simply define a breakpoint at a source line inside the ker-
nel. When a GPU thread hits that source line, the debugger stops the execution and shows the breakpoint hit.
To single-step a thread over a source-line, use the step or next commands. The step commands steps into
functions while next steps over calls. Before stepping, we recommend to set scheduler-locking step to
prevent intervention of other threads.

Building aSYCLExecutable forUsewith Intel®Distribution forGDB*

Much like when you want to debug a host application, you need to set some additional flags to create a binary
that can be debugged on theGPU. SeeGet Startedwith Intel Distribution for GDB on Linux* Host for details.

For a smooth debug experience when using the just-in-time (JIT) compilation flow, enable debug information
emission from the compiler via the -g flag, and disable optimizations via the -O0 flag for both a host and JIT-
compiled kernel of the application. The flags for the kernel are taken during link time. For example:

• Compile your program using: icpx -fsycl -g -O0 -c myprogram.cpp

• Link your program using: icpx -fsycl -g -O0 myprogram.o

If you are using CMake to configure the build of your program, use the Debug type for the CMAKE_BUILD_-
TYPE, and append-O0 to theCMAKE_CXX_FLAGS_DEBUG variable. For example: set (CMAKE_CXX_FLAGS_DEBUG
"${CMAKE_CXX_FLAGS_DEBUG} -O0")

Applications thatarebuilt fordebuggingmaytakea little longer tostartup thanwhenbuiltwith theusual “release”
level of optimization. Thus, your programmay appear to run a little more slowly when started in the debugger.
If this causes problems, developers of larger applicationsmay want to use ahead-of-time (AOT) compilation to
JIT the offload codewhen their program is built, rather than when it is run (warning, this may also take longer to
build when using -g -O0). Formore information, seeCompilation FlowOverview.

Whendoingahead-of-timecompilation forGPU, youmust useadevice type that fits your targetdevice. Run the
followingcommand tosee theavailableGPUdeviceoptionsonyourcurrentmachine: ocloc compile --help

Additionally, thedebugmodefor thekernelmustbeenabled. The followingexampleAoTcompilationcommand
targets the KBL device:

dpcpp -g -O0 -fsycl-targets=spir64_gen-unknown-unknown-sycldevice \
-Xs "-device kbl -internal_options -cl-kernel-debug-enable -options -cl-opt-disable" myprogram.
↪→cpp

Building anOpenMP*Executable for usewith Intel®Distribution forGDB*

Compile and link your program using the -g -O0 flags. For example:

icpx -fiopenmp -O0 -fopenmp-targets=spir64 -c -g myprogram.cpp
icpx -fiopenmp -O0 -fopenmp-targets=spir64 -g myprogram.o
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Set the following environment variables to disable optimizations and enable debug info for the kernel:

export LIBOMPTARGET_OPENCL_COMPILATION_OPTIONS="-g -cl-opt-disable"
export LIBOMPTARGET_LEVEL0_COMPILATION_OPTIONS="-g -cl-opt-disable"

DebuggingGPUExecution

Acommon issuewithoffloadprograms is that theymay to fail to runatall, insteadgivingagenericOpenCL™error
with little additional information. The Intercept Layer for OpenCL Applications along with onetrace, ze_tracer,
and cl_tracer can be used to get more information about these errors, often helping the developer identify the
source of the problem.

Intercept Layer forOpenCLApplications

Using this library, in particular the Buildlogging, ErrorLogging, and USMChecking=1 options, you can often
find the source of the error.

1. Create a clintercept.conf file in the home directory with the following content:

SimpleDumpProgramSource=1
CallLogging=1
LogToFile=1
//KernelNameHashTracking=1
BuildLogging=1
ErrorLogging=1
USMChecking=1
//ContextCallbackLogging=1
// Profiling knobs
KernelInfoLogging=1
DevicePerformanceTiming=1
DevicePerformanceTimeLWSTracking=1
DevicePerformanceTimeGWSTracking=1

2. Run the application with cliloader as follows:

<OCL_Intercept_Install_Dir>/bin/cliloader/cliloader -d ./<app_name> <app_args>

3. Review the following results in the ~CLIntercept_Dump/<app_name> directory:

• clintercept_report.txt: Profiling results

• clintercept_log.txt: Log of OpenCL™ calls used to debugOpenCL issues

The following snippet is from an example log file generated by a program that returned the runtime error: CL_-
INVALID_ARG_VALUE (-50)

...
<<<< clSetKernelArgMemPointerINTEL -> CL_SUCCESS
>>>> clGetKernelInfo( _ZTSZZ10outer_coreiP5mesh_i16dpct_type_1c0e3516dpct_type_60257cS2_S2_S2_
↪→S2_S2_S2_S2_S2_fS2_S2_S2_S2_iENKUlRN2cl4sycl7handlerEE197->45clES6_EUlNS4_7nd_itemILi3EEEE225-
↪→>13 ): param_name = CL_KERNEL_CONTEXT (1193)

(continues on next page)
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<<<< clGetKernelInfo -> CL_SUCCESS
>>>> clSetKernelArgMemPointerINTEL( _ZTSZZ10outer_coreiP5mesh_i16dpct_type_1c0e3516dpct_type_
↪→60257cS2_S2_S2_S2_S2_S2_S2_S2_fS2_S2_S2_S2_iENKUlRN2cl4sycl7handlerEE197->45clES6_EUlNS4_7nd_
↪→itemILi3EEEE225->13 ): kernel = 0xa2d51a0, index = 3, value = 0x41995e0
mem pointer 0x41995e0 is an UNKNOWN pointer and no device support shared system pointers!
ERROR! clSetKernelArgMemPointerINTEL returned CL_INVALID_ARG_VALUE (-50)
<<<< clSetKernelArgMemPointerINTEL -> CL_INVALID_ARG_VALUE

In this example, the following values help with debugging the error:

• ZTSZZ10outer_coreiP5mesh

• index = 3, value = 0x41995e0

Using this data, you can identify which kernel had the problems, what argument was problematic, andwhy.

onetrace, ze_tracer, andcl_tracer

Similar to Intercept Layer forOpenCLApplications, the onetrace, ze_tracer and cl_tracer tools can help find the
source of errors detected by the Level Zero andOpenCL™ runtimes.

To use the onetrace or ze_tracer tools to root-cause Level Zero issues (cl_tracer would be used the same way
to root-causeOpenCL issues):

1. Use Call Loggingmode to run the application. Redirecting the tool output to a file is optional, but recom-
mended.

./onetrace -c ./<app_name> <app_args> [2> log.txt]

The command for ze_tracer is the same - just substitute “ze_tracer” for “onetrace”.

1. Review the call trace to figure out the error (log.txt). For example:

>>>> [102032049] zeKernelCreate: hModule = 0x55a68c762690 desc = 0x7fff865b5570 {29 0 0␣
↪→GEMM} phKernel = 0x7fff865b5438 (hKernel = 0)
<<<< [102060428] zeKernelCreate [28379 ns] hKernel = 0x55a68c790280 -> ZE_RESULT_SUCCESS␣
↪→(0)
...
>>>> [102249951] zeKernelSetGroupSize: hKernel = 0x55a68c790280 groupSizeX = 256␣
↪→groupSizeY = 1 groupSizeZ = 1
<<<< [102264632] zeKernelSetGroupSize [14681 ns] -> ZE_RESULT_SUCCESS (0)
>>>> [102278558] zeKernelSetArgumentValue: hKernel = 0x55a68c790280 argIndex = 0 argSize =␣
↪→8 pArgValue = 0x7fff865b5440
<<<< [102294960] zeKernelSetArgumentValue [16402 ns] -> ZE_RESULT_SUCCESS (0)
>>>> [102308273] zeKernelSetArgumentValue: hKernel = 0x55a68c790280 argIndex = 1 argSize =␣
↪→8 pArgValue = 0x7fff865b5458
<<<< [102321981] zeKernelSetArgumentValue [13708 ns] -> ZE_RESULT_ERROR_INVALID_ARGUMENT␣
↪→(2013265924)
>>>> [104428764] zeKernelSetArgumentValue: hKernel = 0x55af5f3ca600 argIndex = 2 argSize =␣
↪→8 pArgValue = 0x7ffe289c7e60

(continues on next page)
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<<<< [104442529] zeKernelSetArgumentValue [13765 ns] -> ZE_RESULT_SUCCESS (0)
>>>> [104455176] zeKernelSetArgumentValue: hKernel = 0x55af5f3ca600 argIndex = 3 argSize =␣
↪→4 pArgValue = 0x7ffe289c7e2c
<<<< [104468472] zeKernelSetArgumentValue [13296 ns] -> ZE_RESULT_SUCCESS (0)
...

The example log data shows:

• A level zero API call that causes the problem (zeKernelSetArgumentValue)

• The problem reason (ZE_RESULT_ERROR_INVALID_ARGUMENT)

• The argument index (argIndex = 1)

• An invalid value location (pArgValue = 0x7fff865b5458)

• Akernel handle (hKernel = 0x55a68c790280),whichprovides thenameof thekernel forwhich this
issue is observed (GEMM)

More information could be obtained by omitting the “redirection to file” option and dumping all the output (ap-
plication output + tool output) into one stream. Dumping to one stream may help determine the source of the
error in respect to application output (for example, you can find that the error happens between application ini-
tialization and the first phase of computations):

Level Zero Matrix Multiplication (matrix size: 1024 x 1024, repeats 4 times)
Target device: Intel® Graphics [0x3ea5]
...
>>>> [104131109] zeKernelCreate: hModule = 0x55af5f39ca10 desc = 0x7ffe289c7f80 {29 0 0 GEMM}␣
↪→phKernel = 0x7ffe289c7e48 (hKernel = 0)
<<<< [104158819] zeKernelCreate [27710 ns] hKernel = 0x55af5f3ca600 -> ZE_RESULT_SUCCESS (0)
...
>>>> [104345820] zeKernelSetGroupSize: hKernel = 0x55af5f3ca600 groupSizeX = 256 groupSizeY = 1␣
↪→groupSizeZ = 1
<<<< [104360082] zeKernelSetGroupSize [14262 ns] -> ZE_RESULT_SUCCESS (0)
>>>> [104373679] zeKernelSetArgumentValue: hKernel = 0x55af5f3ca600 argIndex = 0 argSize = 8␣
↪→pArgValue = 0x7ffe289c7e50
<<<< [104389443] zeKernelSetArgumentValue [15764 ns] -> ZE_RESULT_SUCCESS (0)
>>>> [104402448] zeKernelSetArgumentValue: hKernel = 0x55af5f3ca600 argIndex = 1 argSize = 8␣
↪→pArgValue = 0x7ffe289c7e68
<<<< [104415871] zeKernelSetArgumentValue [13423 ns] -> ZE_RESULT_ERROR_INVALID_ARGUMENT␣
↪→(2013265924)
>>>> [104428764] zeKernelSetArgumentValue: hKernel = 0x55af5f3ca600 argIndex = 2 argSize = 8␣
↪→pArgValue = 0x7ffe289c7e60
<<<< [104442529] zeKernelSetArgumentValue [13765 ns] -> ZE_RESULT_SUCCESS (0)
>>>> [104455176] zeKernelSetArgumentValue: hKernel = 0x55af5f3ca600 argIndex = 3 argSize = 4␣
↪→pArgValue = 0x7ffe289c7e2c
<<<< [104468472] zeKernelSetArgumentValue [13296 ns] -> ZE_RESULT_SUCCESS (0)
...
Matrix multiplication time: 0.0427564 sec
Results are INCORRECT with accuracy: 1
...
Matrix multiplication time: 0.0430995 sec

(continues on next page)
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Results are INCORRECT with accuracy: 1
...
Total execution time: 0.381558 sec

Correctness

Offload code is often used for kernels that can efficiently process large amounts of information on the attached
compute device, or to generate large amounts of information from some input parameters. If these kernels are
runningwithoutcrashing, thiscanoftenmean thatyou learn that theyarenotproducing thecorrect resultsmuch
later in program execution.

In thesecases, it canbedifficult to identifywhich kernel is producing incorrect results. One technique for finding
the kernel producing incorrect data is to run theprogram twice, onceusingapurelyhost-based implementation,
and once using an offload implementation, capturing the inputs and outputs fromevery kernel (often to individ-
ual files). Now compare the results and see which kernel call is producing unexpected results (within a certain
epsilon - the offload hardwaremay have a different order of operation or native precision that causes the results
to differ from the host code in the last digit or two).

Once you know which kernel is producing incorrect results, and you are working with a compatible GPU, use
Intel Distribution for GDB to determine the reason. See the Debugging with Intel Distribution for GDB on Linux
OSHost Tutorial for basic information and links tomore detailed documentation.

Both SYCL andOpenMP* also allow for the use of standard language print mechanisms (printf for SYCL and
C++ OpenMP offload, print *, ... for Fortran OpenMP offload) within offloaded kernels, which you can use
to verify correct operation while they run. Print the thread and SIMD lane the output is coming from and con-
sider adding synchronization mechanisms to ensure printed information is in a consistent state when printed.
Examples for how to do this in SYCL using the stream class can be found in the Intel oneAPI GPUOptimization
Guide. You could use a similar approach to the one described for SYCL for OpenMP offload.

Tip: Using printf can be verbose in SYCL kernels. To simplify, add the followingmacro:

#ifdef __SYCL_DEVICE_ONLY__
#define CL_CONSTANT __attribute__((opencl_constant))

#else
#define CL_CONSTANT

#endif
#define PRINTF(format, ...) { \

static const CL_CONSTANT char _format[] = format; \
sycl::ONEAPI::experimental::printf(_format, ## __VA_ARGS__); }

Usage example: PRINTF("My integer variable:%d\n", (int) x);
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Failures

Just-in-time (JIT) compilation failures that occur at runtime due to incorrect use of the SYCL or OpenMP* of-
fload languageswill cause your program to exit with an error.

In the case of SYCL, if you cannot find these using ahead-of-time compilation of your SYCL code, selecting the
OpenCL backend, setting SimpleDumpProgramSource and BuildLogging, and using the Intercept Layer for
OpenCLApplicationsmay help identify the kernel with the syntax error.

Logic errors can also result in crashes or error messages during execution. Such issues can include:

• Passing a buffer that belongs to thewrong context to a kernel

• Passing the “this” pointer to a kernel rather than a class element

• Passing a host buffer rather than a device buffer

• Passing an uninitialized pointer, even if it is not used in the kernel

Using the Intel® Distribution for GDB* (or even the native GDB), if you watch carefully, you can record the ad-
dresses of all contexts created and verify that the address being passed to an offload kernel belongs to the cor-
rect context. Likewise, you can verify that the address of a variable passed matches that of the variable itself,
and not its containing class.

Itmaybeeasier to trackbuffersandaddressesusing the InterceptLayer forOpenCL™allocationoronetrace/cl_-
tracer and choosing the appropriate backend. When using the OpenCL backend, setting CallLogging,
BuildLogging, ErrorLogging, and USMChecking and running your program should produce output that ex-
plains what error in your code caused the generic OpenCL error to be produced.

Using onetrace or ze_tracer’s Call Logging or Device Timeline should give additional enhanced error informa-
tion to help you better understand the source of generic errors from the Level Zero backend. This can help
locatemany of the logic errorsmentioned above.

If the code is giving an error when offloading to a device using the Level Zero backend, try using the OpenCL
backend. If the program works, report an error against the Level Zero backend. If the error reproduces in the
OpenCL backend to the device, try using theOpenCLCPUbackend. InOpenMPoffload, this can be specified
by settingOMP_TARGET_OFFLOAD toCPU. ForSYCL, this canbedoneby settingSYCL_DEVICE_FILTER=opencl:
cpu. Debugging with everything on the CPU can be easier, and removes complications caused by data copies
and translation of the program to a non-CPUdevice.

Asanexampleof a logic issue that canget you in trouble, considerwhat is capturedby the lambda functionused
to implement the parallel_for in this SYCL code snippet.

class MyClass {
private:

int *data;
int factor;
:

void run() {
:
auto data2 = data;
auto factor2 = factor;
{

(continues on next page)
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dpct::get_default_queue_wait().submit([&](cl::sycl::handler &cgh)
{

auto dpct_global_range = grid * block;
auto dpct_local_range = block;
cgh.parallel_for<dpct_kernel_name<class kernel_855a44>>(

cl::sycl::nd_range<1>(
cl::sycl::range<1> dpct_global_range.get(0)),
cl::sycl::range<1>( dpct_local_range.get(0))),
[=](cl::sycl::nd_item<3> item_ct1)

{
kernel(data, b, factor, LEN, item_ct1); // This blows up

});
});

}
} // run
} // MyClass

In the above code snippet, the program crashes because [=] will copy by value all variables used inside the
lambda. In the example it may not be obvious that “factor” is really “this->factor” and “data” is really
“this->data,” so “this” is the variable that is captured for the use of “data” and “factor” above. OpenCL
or Level Zero will crash with an illegal arguments error in the “kernel(data, b, factor, LEN, item_ct1)”
call.

The fix is the use of local variables auto data2 and auto factor2. “auto factor2 = factor” becomes “int
factor2 = this->factor” so using factor2 inside the lambda with [=] would capture an “int”. We would
rewrite the inner section as “kernel(data2, b, factor2, LEN, item_ct1);” .

Note: This issue is commonly seenwhenmigratingCUDA* kernels. You can also resolve the issue by keeping
the sameCUDA kernel launch signature and placing the command group and lambda inside the kernel itself.

Using the Intercept Layer for OpenCL™ allocation or onetrace or ze_tracer, you would see that the kernel was
calledwith two identical addresses, and theextendederror informationwould tell you that youare trying to copy
a non-trivial data structure to the offload device.

Note that if you areusingunified sharedmemory (USM), and “MyClass” is allocated inUSM, the abovecodewill
work. However, if only “data” is allocated in USM, then the programwill crash for the above reason.

In this example, note that you can also re-declare the variables in local scope with the same name so that you
don’t need to change everything in the kernel call.

Intel® Inspector can also help diagnose these sorts of failures. If you set the followingenvironment variables and
then runMemoryErrorAnalysisonoffloadcodeusing theCPUdevice, Intel Inspectorwill flagmanyof theabove
issues:

• OpenMP*

– export OMP_TARGET_OFFLOAD=CPU

– export OMP_TARGET_OFFLOAD=MANDATORY

– export LIBOMPTARGET_PLUGIN=OPENCL
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• SYCL

– export SYCL_DEVICE_FILTER=opencl:cpu

– Or initialize your queue with a CPU selector to force use of the OpenCL CPU device: cl::sycl::
queue Queue(cl::sycl::cpu_selector{});

• Both

– export CL_CONFIG_USE_VTUNE=True

– export CL_CONFIG_USE_VECTORIZER=false

Note: A crash can occur when optimizations are turned on during the compilation process. If turning off opti-
mizations causes your crash to disappear, use -g -[optimization level] for debugging. Formore informa-
tion, see the Intel oneAPI DPC++/C++ Compiler Developer Guide and Reference.

6.3.4 OptimizeOffloadPerformance

Offload performance optimization basically boils down to three tasks:

1. Minimize the number and size of data transfers to and from the devicewhilemaximizing execution time of
the kernel on the device.

2. When possible, overlap data transfers to/from the device with computation on the device.

3. Maximize the performance of the kernel on the device.

While it is possible to take explicit control of data transfers in both OpenMP* offload and SYCL*, you also can
allow this to happen automatically. In addition, because the host and offload device operate mostly asyn-
chronously, even if you try to take control over data transfers, the transfers may not happen in the expected
order, and may take longer than anticipated. When data used by both the device and the host is stored in uni-
fied shared memory (USM), there is another transparent layer of data transfers happening that also can affect
performance.

Resources:

• Intel oneAPI GPUOptimizationGuide

• Intel oneAPI FPGAOptimizationGuide

BufferTransferTimevsExecutionTime

Transferring any data to or from an offload device is relatively expensive, requiring memory allocations in user
space, system calls, and interfacing with hardware controllers. Unified shared memory (USM) adds to these
costs by requiring that some background process keeps memory being modified on either the host or offload
device in sync. Furthermore, kernels on the offload device must wait to run until all the input or output buffers
they need to run are set up and ready to use.

All this overhead is roughly the samenomatter howmuch information youneed to transfer to or from theoffload
device in a single data transfer. Thus, it is much more efficient to transfer 10 numbers in bulk rather than one at
a time. Still, every data transfer is expensive, so minimizing the total number of transfers is also very important.
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If, for example, you have some constants that are needed by multiple kernels, or during multiple invocations of
the same kernel, transfer them to the offload device once and reuse them, rather than sending themwith every
kernel invocation. Finally, asmight be expected, single largedata transfers takemore time than single small data
transfers.

The number and size of buffers sent is only part of the equation. Once the data is at the offloaddevice, consider
how long the resultingkernelexecutes. If it runs for less time than it takes to transfer thedata to theoffloaddevice,
itmaynot beworthwhile to offload thedata in the first placeunless the time todo the sameoperationon thehost
is longer than the combined kernel execution and data transfer time.

Finally, consider how long the offload device is idle between the execution of one kernel and the next. A long
wait could be due data transfer or just the nature of the algorithm on the host. If the former, it may beworthwhile
to overlap data transfer and kernel execution, if possible.

In short, execution of code on the host, execution of code on the offload device, and data transfer is quite com-
plex. The order and time of such operations isn’t something you can gain through intuition, even in the simplest
code. You need tomake use of tools like those listed below to get a visual representation of these activities and
use that information to optimize your offload code.

Intel®VTune™Profiler

In addition to giving you detailed performance information on the host, VTune can also provide detailed infor-
mation about performance on a connected GPU. Setup information for GPUs is available from the Intel VTune
Profiler User Guide.

IntelVTuneProfiler’sGPUOffloadviewgivesyouanoverviewof thehotspotson theGPU, including theamount
of time spent for data transfer to and from each kernel. The GPUCompute/Media Hotspots view allows you to
divemoredeeply intowhat is happening to your kernels on theGPU, suchasbyusing theDynamic Instruction
Count to view a micro analysis of the GPU kernel performance. With these profiling modes, you can observe
howdata transfer and compute occur over time, determine if there is enoughwork for a kernel to run effectively,
learn how your kernels use theGPUmemory hierarchy, and so on.

Additional details about these analysis types is available from the Intel VTune Profiler User Guide. A detailed
look at optimizing for GPU using VTune Profiler is available from the Optimize Applications for Intel GPUs with
Intel VTune Profiler page.

You can also use Intel VTune Profiler to capture kernel execution time. The following commands provide light-
weight profiling results:

• Collect

– Level zero backend: vtune -collect-with runss -knob enable-gpu-level-zero=true
-finalization-mode=none -app-working-dir <app_working_dir> – <app>

– OpenCL™ backend: vtune -collect-with runss -knob collect-programming-api=true
-finalization-mode=none -app-working-dir <app_working_dir> – <app>

• Report: vtune --report hotspots --group-by=source-computing-task --sort-desc="Total
Time" -r vtune-test
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Intel®Advisor

Intel® Advisor provides two features that can help you get the improved performance when offloading compu-
tation toGPU:

• OffloadModeling can watch your host OpenMP* program and recommend parts of it that would be prof-
itably offloaded to the GPU. It also allows you to model a variety of different target GPUs, so that you can
learn if offload will be profitable on some but not others. Offload Advisor gives detailed information on
what factorsmay bound offload performance.

• GPURooflineanalysis canwatchyour applicationwhen it runson theGPU, andgraphically showhowwell
eachkernel ismakinguseof thememorysubsystemandcomputeunitson theGPU.This can let youknow
howwell your kernel is optimized for theGPU.

To run these modes on an application that already does some offload, you need to set up your environment to
use theOpenCL™ device on theCPU for analysis. Instructions are available from the Intel Advisor User Guide.

Offload modeling does not require that you have already modified your application to use a GPU - it can work
entirely on host code.

Resources:

• Intel Advisor Cookbook: GPUOffload

• Get StartedwithOffloadModeling

• Get Startedwith GPURoofline

OffloadAPI call Timelines

If you do not want to use Intel® VTune™Profiler to understandwhen data is being copied to theGPU, andwhen
kernels run, onetrace, ze_tracer, cl_tracer, and the Intercept Layer for OpenCL™Applications give you a way to
observe this information /(although, if you want a graphical timeline, you’ll need to write a script to visualize the
output/). For more information, see oneAPI DebugTools,Trace theOffloadProcess, andDebug theOffload
Process.

6.4 PerformanceTuningCycle

Thegoal of theperformance tuning cycle is to improve the time to solutionwhether that be interactive response
time or elapsed time of a batch job. In the case of a heterogeneous platform, there are compute cycles avail-
able on the devices that execute independently from the host. Taking advantage of these resources offers a
performance boost.

The performance tuning cycle includes the following steps detailed in the next sections:

1. Establish a baseline

2. Identify kernels to offload

3. Offload the kernels

4. Optimize

5. Repeat until objectives aremet
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6.4.1 EstablishBaseline

Establish a baseline that includes a metric such as elapsed time, time in a compute kernel, or floating-point op-
erations per second that can be used to measure the performance improvement and that provides a means to
verify the correctness of the results.

A simplemethod is toemploy thechrono library routines inC++, placing timer calls before andafter theworkload
executes.

6.4.2 IdentifyKernels toOffload

Tobestutilize thecomputecyclesavailableon thedevicesofaheterogeneousplatform, it is important to identify
the tasks that are compute intensive and that can benefit from parallel execution. Consider an application that
executes solely on a CPU, but there may be some tasks suitable to execute on a GPU. This can be determined
using theOffloadModeling perspective of the Intel® Advisor.

Intel Advisor estimates performance characterizations of the workload as it may execute on an accelerator. It
consumes the information from profiling the workload and provides performance estimates, speedup, bottle-
neck characterization, and offload data transfer estimates and recommendations.

Typically, kernels with high compute, a large dataset, and limitedmemory transfers are best suited for offload to
a device.

See Get Started: Identify High-impact Opportunities to Offload to GPU for quick steps to ramp up with the Of-
floadModeling perspective. Formore resources aboutmodeling performanceof your application onGPUplat-
forms, seeOffloadModeling Resources for Intel® Advisor Users.

6.4.3 OffloadKernels

After identifying kernels that are suitable for offload, employ SYCL* or OpenMP* to offload the kernel onto the
device. Consult the previous chapters as an information resource.

6.4.4 Optimize

oneAPI enables functional code that can execute on multiple accelerators; however, the code may not be the
mostoptimal across theaccelerators. A three-stepoptimizationstrategy is recommended tomeetperformance
needs:

1. Pursue general optimizations that apply across accelerators.

2. Optimize aggressively for the prioritized accelerators.

3. Optimize the host code in conjunction with step 1 and 2.

Optimization is aprocessof eliminatingbottlenecks, i.e. the sectionsof code that are takingmoreexecution time
relative to other sections of the code. These sections could be executing on the devices or the host. During
optimization, employ a profiling tool such as Intel® VTune™ Profiler to find these bottlenecks in the code.

This section discusses the first step of the strategy - Pursue general optimizations that apply across accelera-
tors. Device specific optimizations and best practices for specific devices (step 2) and optimizations between
the host and devices (step 3) are detailed in device-specific optimization guides, such as the FPGAOptimiza-
tionGuide for Intel® oneAPIToolkits. This sectionassumes that the kernel tooffload to theaccelerator is already
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determined. It also assumes that work will be accomplished on one accelerator. This guide does not speak to
division of work between host and accelerator or between host and potentially multiple and/or different accel-
erators.

General optimizations that apply across accelerators can be classified into four categories:

1. High-level optimizations

2. Loop-related optimizations

3. Memory-related optimizations

4. SYCL-specific optimizations

The following sections summarize these optimizations only; specific details on how to codemost of these opti-
mizations can be found online or in commonly available code optimization literature. More detail is provided for
the SYCL-specific optimizations.

High-levelOptimizationTips

• Increase the amount of parallel work. More work than the number of processing elements is desired to
help keep the processing elementsmore fully utilized.

• Minimize the code size of kernels. This helps keep the kernels in the instruction cache of the accelerator,
if the accelerator contains one.

• Load balance kernels. Avoid significantly different execution times between kernels as the long-running
kernelsmay become bottlenecks and affect the throughput of the other kernels.

• Avoid expensive functions. Avoid calling functions that have high execution times as they may become
bottlenecks.

Loop-relatedOptimizations

• Prefer well-structured, well-formed, and simple exit condition loops – these are loops that have a single
exit and a single condition when comparing against an integer bound.

• Prefer loops with linear indexes and constant bounds – these are loops that employ an integer index into
an array, for example, and have bounds that are known at compile-time.

• Declare variables in deepest scope possible. Doing so can help reducememory or stack usage.

• Minimize or relax loop-carried data dependencies. Loop-carried dependencies can limit parallelization.
Remove dependencies if possible. If not, pursue techniques to maximize the distance between the de-
pendency and/or keep the dependency in local memory.

• Unroll loops with pragma unroll.
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Memory-relatedOptimizations

• Whenpossible, favor greater computationover greatermemory use. The latency andbandwidth ofmem-
ory compared to computation can become a bottleneck.

• When possible, favor greater local and privatememory use over global memory use.

• Avoid pointer aliasing.

• Coalesce memory accesses. Grouping memory accesses helps limit the number of individual memory
requests and increases utilization of individual cache lines.

• When possible, store variables and arrays in privatememory for high-execution areas of code.

• Beware of loop unrolling effects on concurrent memory accesses.

• Avoid a write to a global that another kernel reads. Use a pipe instead.

• Consider employing the [[intel::kernel_args_restrict]] attribute to a kernel. The attribute allows
the compiler to ignore dependencies between accessor arguments in the kernel. In turn, ignoring acces-
sorargumentdependenciesallows thecompiler toperformmoreaggressiveoptimizationsandpotentially
improve the performance of the kernel.

SYCL-specificOptimizations

• When possible, specify a work-group size. The attribute, [[cl::reqd_work_group_size(X, Y, Z)]],
whereX,Y, andZare integerdimension in theND-range, canbeemployed toset thework-groupsize. The
compiler can take advantage of this information to optimizemore aggressively.

• Consider use of the -Xsfp-relaxed option when possible. This option relaxes the order of arithmetic
floating-point operations.

• Consideruseof the-Xsfpcoptionwhenpossible. Thisoption removes intermediaryfloating-point round-
ing operations and conversions whenever possible and carries additional bits tomaintain precision.

• Consider use of the -Xsno-accessor-aliasing option. This option ignores dependencies between ac-
cessor arguments in a SYCL* kernel.

6.4.5 Recompile, Run, Profile, andRepeat

Once the code is optimized, it is important tomeasure the performance. Thequestions to be answered include:

• Did themetric improve?

• Is the performance goal met?

• Are there anymore compute cycles left that can be used?

Confirm the results are correct. If you are comparing numerical results, the numbers may vary depending on
how the compiler optimized the code or the modifications made to the code. Are any differences acceptable?
If not, go back to optimization step.
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6.5 oneAPI LibraryCompatibility

oneAPI applicationsmay include dynamic libraries at runtime that require compatibility across release versions
of Intel tools. Intel oneAPI Toolkits and component products use semantic versioning to support compatibility.

The following policies apply to APIs andABIs deliveredwith Intel oneAPI Toolkits.

Note: oneAPI applications are supported on 64-bit target devices.

• New InteloneAPIdevicedrivers, oneAPIdynamic libraries, andoneAPIcompilerswill notbreakpreviously
deployedapplicationsbuiltwithoneAPI tools. CurrentAPIswill notbe removedormodifiedwithoutnotice
and an iteration of themajor version.

• Developersof oneAPI applications shouldensure that theheader files and libraries have the same release
version. For example, an application should not use 2021.2 Intel® oneAPIMath Kernel Library header files
with 2021.1 Intel oneAPIMath Kernel Library.

• New dynamic libraries provided with the Intel compilers will work with applications built by older versions
of the compilers (this is commonly referred to as backward compatibility). However, the converse is not
true: newer versions of the oneAPI dynamic libraries may contain routines that are not available in earlier
versions of the library.

• Older dynamic libraries provided with the oneAPI Intel compilers will not work with newer versions of the
oneAPI compilers.

Developers of oneAPI applications should ensure that thorough application testing is conducted to ensure that
a oneAPI application is deployedwith a compatible oneAPI library.

186

https://www.intel.com/content/www/us/en/developer/articles/license/oneapi-toolkit-and-component-versioning-schema.html


Intel® oneAPI

7.0 Glossary

7.1 Accelerator

Specialized component containing compute resources that can quickly execute a subset of operations. Exam-
ples includeCPU, FPGA, GPU.

See also: Device

7.2 Accessor

Communicates the desired location (host, device) andmode (read, write) of access.

7.3 ApplicationScope

Code that executes on the host.

7.4 Buffers

Memoryobject that communicates the typeandnumber of itemsof that type tobecommunicated to thedevice
for computation.

7.5 CommandGroupScope

Code that acts as the interface between the host and device.

7.6 CommandQueue

Issues command groups concurrently.

7.7 ComputeUnit

Agrouping of processing elements into a ‘core’ that contains shared elements for use between the processing
elements andwith faster access thanmemory residing on other compute units on the device.

7.8 Device

An accelerator or specialized component containing compute resources that can quickly execute a subset of
operations. ACPUcanbeemployedasadevice, butwhen it is, it is beingemployedasanaccelerator. Examples
includeCPU, FPGA, GPU.

See also: Accelerator
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7.9 DeviceCode

Code that executes on the device rather than the host. Device code is specified via lambda expression, functor,
or kernel class.

7.10 DPC++

An open source project is adding SYCL* support to the LLVMC++ compiler.

7.11 FatBinary

Application binary that contains device code for multiple devices. The binary includes both the generic code
(SPIR-V representation) and target specific executable code.

7.12 Fat Library

Archive or library of object code that contains object code formultiple devices. The fat library includes both the
generic object (SPIR-V representation) and target specific object code.

7.13 FatObject

File that contains object code for multiple devices. The fat object includes both the generic object (SPIR-V
representation) and target specific object code.

7.14 Host

A CPU-based system (computer) that executes the primary portion of a program, specifically the application
scope and command group scope.

7.15 HostCode

Code that is compiled by the host compiler and executes on the host rather than the device.

7.16 Images

Formattedopaquememoryobject that isaccessedviabuilt-in function. Typicallypertains topicturescomprised
of pixels stored in format like RGB.

7.17 Kernel Scope

Code that executes on the device.
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7.18 ND-range

Short for N-Dimensional Range, a group of kernel instances, or work item, across one, two, or three dimensions.

7.19 ProcessingElement

Individual engine for computation that makes up a compute unit.

7.20 SingleSource

Code in the same file that can execute on a host and accelerator(s).

7.21 SPIR-V

Binary intermediate language for representing graphical-shader stages and compute kernels.

7.22 SYCL

Astandard for a cross-platform abstraction layer that enables code for heterogeneous processors to bewritten
using standard ISOC++with the host and kernel code for an application contained in the same source file.

7.23 Work-groups

Collection of work-items that execute on a compute unit.

7.24 Work-item

Basic unit of computation in the oneAPI programming model. It is associated with a kernel which executes on
the processing element.
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8.0 Notices andDisclaimers

Intel technologiesmay require enabled hardware, software or service activation.

No product or component can be absolutely secure.

Your costs and results may vary.

© Intel Corporation. Intel, the Intel logo, and other Intel marks are trademarks of Intel Corporation or its sub-
sidiaries. Other names and brandsmay be claimed as the property of others.

Table31: Product and Performance Information
Performance varies by use, configuration and other factors. Learn more at
www.Intel.com/PerformanceIndex.
Notice revision #20201201

Unless stated otherwise, the code examples in this document are provided to you under an MIT license, the
terms of which are as follows:

Copyright 2022 Intel Corporation

Permission is hereby granted, free of charge, to any person obtaining a copy of this software and associated
documentation files (the “Software”), to deal in the Software without restriction, including without limitation the
rights to use, copy, modify, merge, publish, distribute, sublicense, and/or sell copies of the Software, and to per-
mit persons to whom the Software is furnished to do so, subject to the following conditions:

The above copyright notice and this permission notice shall be included in all copies or substantial portions of
the Software.

THE SOFTWARE IS PROVIDED “AS IS”, WITHOUT WARRANTY OF ANY KIND, EXPRESS OR IMPLIED,
INCLUDING BUT NOT LIMITED TO THE WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PAR-
TICULAR PURPOSEANDNONINFRINGEMENT. IN NO EVENT SHALL THEAUTHORSORCOPYRIGHT
HOLDERSBE LIABLE FORANYCLAIM, DAMAGESOROTHER LIABILITY,WHETHER INANACTIONOF
CONTRACT, TORT OR OTHERWISE, ARISING FROM, OUT OF OR IN CONNECTION WITH THE SOFT-
WAREORTHEUSEOROTHERDEALINGS INTHESOFTWARE.

Use this guide to learn about:

• Introduction to oneAPI Programming: A basic overview of oneAPI, Intel oneAPI Toolkits, and related re-
sources

• oneAPI Programming Model: An introduction to the oneAPI programming model for SYCL* and
OpenMP* offload for C, C++, and Fortran

• oneAPI Development Environment Setup: Instructions on how to set up the oneAPI application devel-
opment environment

• Compile and Run oneAPI Programs: Details about how to compile code for various accelerators (CPU,
FPGA, etc.)
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• API-basedProgramming: A brief introduction to commonAPIs and related libraries

• Software Development Process: An overview of the software development process using various
oneAPI tools, such as debuggers and performance analyzers, and optimizing code for a specific accel-
erator (CPU, FPGA, etc.)
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