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Chapter 1

Introduction

1.1 Motivation

The use of specialized hardware such as accelerators or coprocessors offers an interesting approach to overcome
the physical limits encountered by processor architects. As a result, many machines are now equipped with one or
several accelerators (e.g. a GPU), in addition to the usual processor(s). While a lot of efforts have been devoted
to offload computation onto such accelerators, very little attention as been paid to portability concerns on the one
hand, and to the possibility of having heterogeneous accelerators and processors to interact on the other hand.

StarPU is a runtime system that offers support for heterogeneous multicore architectures, it not only offers a unified
view of the computational resources (i.e. CPUs and accelerators at the same time), but it also takes care of efficiently
mapping and executing tasks onto an heterogeneous machine while transparently handling low-level issues such
as data transfers in a portable fashion.

1.2 StarPU in a Nutshell

StarPU is a software tool aiming to allow programmers to exploit the computing power of the available CPUs and
GPUs, while relieving them from the need to specially adapt their programs to the target machine and processing
units.

At the core of StarPU is its runtime support library, which is responsible for scheduling application-provided tasks
on heterogeneous CPU/GPU machines. In addition, StarPU comes with programming language support, in the
form of extensions to languages of the C family (C Extensions), as well as an OpenCL front-end (SOCL OpenCL
Extensions).

StarPU's runtime and programming language extensions support a task-based programming model. Applications
submit computational tasks, with CPU and/or GPU implementations, and StarPU schedules these tasks and asso-
ciated data transfers on available CPUs and GPUs. The data that a task manipulates are automatically transferred
among accelerators and the main memory, so that programmers are freed from the scheduling issues and technical
details associated with these transfers.

StarPU takes particular care of scheduling tasks efficiently, using well-known algorithms from the literature (Task
Scheduling Policies). In addition, it allows scheduling experts, such as compiler or computational library developers,
to implement custom scheduling policies in a portable fashion (Defining A New Scheduling Policy).

The remainder of this section describes the main concepts used in StarPU.



4 Introduction

1.2.1 Codelet and Tasks

One of the StarPU primary data structures is the codelet. A codelet describes a computational kernel that can
possibly be implemented on multiple architectures such as a CPU, a CUDA device or an OpenCL device.

Another important data structure is the task. Executing a StarPU task consists in applying a codelet on a data set,
on one of the architectures on which the codelet is implemented. A task thus describes the codelet that it uses, but
also which data are accessed, and how they are accessed during the computation (read and/or write). StarPU tasks
are asynchronous: submitting a task to StarPU is a non-blocking operation. The task structure can also specify a
callback function that is called once StarPU has properly executed the task. It also contains optional fields that the
application may use to give hints to the scheduler (such as priority levels).

By default, task dependencies are inferred from data dependency (sequential coherency) by StarPU. The application
can however disable sequential coherency for some data, and dependencies can be specifically expressed. A task
may be identified by a unique 64-bit number chosen by the application which we refer as a tag. Task dependencies

can be enforced either by the means of callback functions, by submitting other tasks, or by expressing dependencies
between tags (which can thus correspond to tasks that have not yet been submitted).

1.2.2 StarPU Data Management Library

Because StarPU schedules tasks at runtime, data transfers have to be done automatically and “just-in-time" between
processing units, relieving application programmers from explicit data transfers. Moreover, to avoid unnecessary
transfers, StarPU keeps data where it was last needed, even if was modified there, and it allows multiple copies of
the same data to reside at the same time on several processing units as long as it is not modified.

1.3 Application Taskification

TODO

1.4 Glossary

A codelet records pointers to various implementations of the same theoretical function.
A memory node can be either the main RAM, GPU-embedded memory or a disk memory.
A bus is a link between memory nodes.

A data handle keeps track of replicates of the same data (registered by the application) over various memory
nodes. The data management library manages to keep them coherent.

The home memory node of a data handle is the memory node from which the data was registered (usually the main
memory node).

A task represents a scheduled execution of a codelet on some data handles.

A tag is a rendez-vous point. Tasks typically have their own tag, and can depend on other tags. The value is chosen
by the application.

A worker execute tasks. There is typically one per CPU computation core and one per accelerator (for which a
whole CPU core is dedicated).
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A driver drives a given kind of workers. There are currently CPU, CUDA, and OpenCL drivers. They usually start
several workers to actually drive them.

A performance model is a (dynamic or static) model of the performance of a given codelet. Codelets can have
execution time performance model as well as energy consumption performance models.

A data interface describes the layout of the data: for a vector, a pointer for the start, the number of elements and
the size of elements ; for a matrix, a pointer for the start, the number of elements per row, the offset between rows,
and the size of each element ; etc. To access their data, codelet functions are given interfaces for the local memory
node replicates of the data handles of the scheduled task.

Partitioning data means dividing the data of a given data handle (called father) into a series of children data
handles which designate various portions of the former.

A filter is the function which computes children data handles from a father data handle, and thus describes how the
partitioning should be done (horizontal, vertical, etc.)

Acquiring a data handle can be done from the main application, to safely access the data of a data handle from its
home node, without having to unregister it.

1.5 Research Papers

Research papers about StarPU can be found at http://starpu.gforge.inria.fr/publications/.

A good overview is available inthe researchreportat http: //hal.archives—-ouvertes.fr/inria-00467677.

1.6 StarPU Applications

You can first have a look at the chapters Basic Examples and Advanced Examples. A tutorial is also installed in the
directory share/doc/starpu/tutorial/.

Many examples are also available in the StarPU sources in the directory examples/. Simple examples include:

incrementer/ Trivial incrementation test.

basic_examples/ Simple documented Hello world and vector/scalar product (as shown in Basic Examples),
matrix product examples (as shown in Performance Model Example), an example using the blocked matrix
data interface, an example using the variable data interface, and an example using different formats on CPUs
and GPUs.

matvecmult/ OpenCL example from NVidia, adapted to StarPU.

axpy/ AXPY CUBLAS operation adapted to StarPU.

native_fortran/ Example of using StarPU's native Fortran support.
fortran90/ Example of Fortran 90 bindings, using C marshalling wrappers.

fortran/ Example of Fortran 77 bindings, using C marshalling wrappers.
More advanced examples include:

filters/ Examples using filters, as shown in Partitioning Data.
1lu/ LU matrix factorization, see for instance x1u_implicit.c

cholesky/ Cholesky matrix factorization, see for instance cholesky_implicit.c.
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1.7 Further Reading

The documentation chapters include

e Part 1: StarPU Basics

Building and Installing StarPU
Basic Examples

* Part 2: StarPU Quick Programming Guide

Advanced Examples
Check List When Performance Are Not There

« Part 3: StarPU Inside

Tasks In StarPU

Data Management

Scheduling

Scheduling Contexts
Scheduling Context Hypervisor
Modularized Schedulers
Debugging Tools

Online Performance Tools
Offline Performance Tools
Frequently Asked Questions

« Part 4: StarPU Extensions

Out Of Core

MPI Support

FFT Support

MIC Xeon Phi/ SCC Support

C Extensions

The StarPU Native Fortran Support

SOCL OpenCL Extensions

SimGrid Support

The StarPU OpenMP Runtime Support (SORS)

« Part 5: StarPU Reference API

Execution Configuration Through Environment Variables
Compilation Configuration

ModuleDocumentation

FileDocumentation

Deprecated List

: Appendix

Full source code for the 'Scaling a Vector’ example
The GNU Free Documentation License

Make sure to have had a look at those too!
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Chapter 2

Building and Installing StarPU

2.1 Installing a Binary Package

One of the StarPU developers being a Debian Developer, the packages are well integrated and very uptodate. To
see which packages are available, simply type:

$ apt-cache search starpu

To install what you need, type for example:

$ sudo apt-get install libstarpu-1.2 libstarpu-dev

2.2 Installing from Source

StarPU can be built and installed by the standard means of the GNU autotools. The following chapter is intended to
briefly remind how these tools can be used to install StarPU.

2.2.1 Optional Dependencies

The hwloc (http://www.open-mpi.org/software/hwloc)topology discovery library is not mandatory
to use StarPU but strongly recommended. It allows for topology aware scheduling, which improves performance.
libhwloc is available in major free operating system distributions, and for most operating systems.

If 1libhwloc is installed in a standard location, no option is required, it will be detected automatically, otherwise
--with-hwloc=<directory> should be used to specify its location.

If Libhwloc is not available on your system, the option --without-hwloc should be explicitely given when calling
the configure script.


http://www.open-mpi.org/software/hwloc
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2.2.2 Getting Sources

StarPU's sources can be obtained from the download page of the StarPU website (http://starpu.«
gforge.inria.fr/files/).

All releases and the development tree of StarPU are freely available on Inria's gforge under the LGPL license. Some
releases are available under the BSD license.

The latest release can be downloaded from the Inria's gforge (http://gforge.inria.fr/frs/?group«
_1d=1570) or directly from the StarPU download page (http://starpu.gforge.inria.fr/files/).

The latest nightly snapshot can be downloaded from the StarPU gforge website (http://starpu.gforge.«
inria.fr/testing/).

$ wget http://starpu.gforge.inria.fr/testing/starpu-nightly-latest.tar.gz

And finally, current development version is also accessible via git. It should only be used if you need the very latest
changes (i.e. less than a day old!).

$ git clone https://scm.gforge.inria.fr/anonscm/git/starpu/starpu.git

2.2.3 Configuring StarPU

Running aut ogen. sh is not necessary when using the tarball releases of StarPU. However when using the source
code from the git repository, you first need to generate the configure scripts and the Makefiles. This requires the
availability of autoconf and automake >= 2.60.

$ ./autogen.sh

You then need to configure StarPU. Details about options that are useful to give to . /configure are given in
Compilation Configuration.

$ ./configure

If configure does not detect some software or produces errors, please make sure to post the contents of the file
config.log when reporting the issue.

By default, the files produced during the compilation are placed in the source directory. As the compilation generates
a lot of files, it is advised to put them all in a separate directory. It is then easier to cleanup, and this allows to
compile several configurations out of the same source tree. To do so, simply enter the directory where you want the
compilation to produce its files, and invoke the configure script located in the StarPU source directory.

$ mkdir build
$ cd build
$ ../configure

By default, StarPU will be installed in /usr/local/bin, /usr/local/1lib, etc. You can specify an installa-
tion prefix other than /usr/local using the option ~prefix, for instance:

$ ../configure --prefix=$HOME/starpu
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2.2.4 Building StarPU

$ make

Once everything is built, you may want to test the result. An extensive set of regression tests is provided with Star«
PU. Running the tests is done by calling make check. These tests are run every night and the result from the
main profile is publicly available (http://starpu.gforge.inria.fr/testing/).

$ make check

2.2.5 Installing StarPU

In order to install StarPU at the location which was specified during configuration:

$ make install

Libtool interface versioning information are included in libraries names (libstarpu-1.2.so, libstarpumpi-1.«
2.soand libstarpufft-1.2.s0).

2.3 Setting up Your Own Code

2.3.1 Setting Flags for Compiling, Linking and Running Applications
StarPU provides a pkg—config executable to obtain relevant compiler and linker flags. As compiling and linking
an application against StarPU may require to use specific flags or libraries (for instance CUDA or 1ibspe?2).

If StarPU was not installed at some standard location, the path of StarPU's library must be specified in the envi-
ronment variable PKG_CONFIG_PATH to allow pkg-config to find it. For example if StarPU was installed in
SSTARPU_PATH:

$ PKG_CONFIG_PATH=SPKG_CONFIG_PATH:SSTARPU_PATH/lib/pkgconfig

The flags required to compile or link against StarPU are then accessible with the following commands:

$ pkg-config --cflags starpu-1.2 # options for the compiler
$ pkg-config —--libs starpu-1.2 # options for the linker

Note that it is still possible to use the API provided in the version 1.0 of StarPU by calling pkg-config with
the starpu-1.0 package. Similar packages are provided for starpumpi-1.0 and starpufft-1.0. ltis
also possible to use the API provided in the version 0.9 of StarPU by calling pkg-—config with the 1ibstarpu
package. Similar packages are provided for 1ibstarpumpi and libstarpufft.

Make sure that pkg-config -1ibs starpu-1.2 actually produces some output before going further: PK«
G_CONFIG_PATH has to point to the place where starpu-1.2.pc was installed during make install.

Also pass the option —static if the application is to be linked statically.

It is also necessary to set the environment variable LD_LIBRARY_PATH to locate dynamic libraries at runtime.

$ LD_LIBRARY_PATH=$STARPU_PATH/lib:$LD_LIBRARY_PATH

When using a Makefile, the following lines can be added to set the options for the compiler and the linker:

CFLAGS += $$ (pkg-config --cflags starpu-1.2)
LDFLAGS += $$ (pkg-config —-libs starpu-1.2)

Generated by Doxygen


http://starpu.gforge.inria.fr/testing/

12 Building and Installing StarPU

2.3.2 Running a Basic StarPU Application

Basic examples using StarPU are built in the directory examples/basic_examples/ (andinstalled in $ST«
ARPU_PATH/lib/starpu/examples/). You can for example run the example vector_scal.

$ ./examples/basic_examples/vector_scal
BEFORE: First element was 1.000000
AFTER: First element is 3.140000

When StarPU is used for the first time, the directory SSTARPU_HOME/ . starpu/ is created, performance models
will be stored in this directory (STARPU_HOME).

Please note that buses are benchmarked when StarPU is launched for the first time. This may take a few minutes,
orless if Libhwloc is installed. This step is done only once per user and per machine.

2.3.3 Running a Basic StarPU Application on Microsoft Visual C

Batch files are provided to run StarPU applications under Microsoft Visual C. They are installed in $STARPU_P+«
ATH/bin/msvc.

To execute a StarPU application, you first need to set the environment variable STARPU_PATH.

cd c:\cygwin\home\ci\starpu\

set STARPU_PATH=c:\cygwin\home\ci\starpu\
cd bin\msvc

starpu_open.bat starpu_simple.c

Q0 Q0
~ = = -
vV V V V

The batch script will run Microsoft Visual C with a basic project file to run the given application.
The batch script starpu_clean.bat can be used to delete all compilation generated files.

The batch script starpu_exec.bat can be used to compile and execute a StarPU application from the com-
mand prompt.

cd c:\cygwin\home\cil\starpu\

set STARPU_PATH=c:\cygwin\home\ci\starpu\

cd bin\msvc

starpu_exec.bat ..\..\..\..\examples\basic_examples\hello_world.c

vV V. V V

P

Q Q0

MSVC StarPU Execution
/out:hello_world.exe
Hello world (params = {1, 2.00000})

Callback function got argument 0000042
ci\... >

2.3.4 Kernel Threads Started by StarPU

StarPU automatically binds one thread per CPU core. It does not use SMT/hyperthreading because kernels are
usually already optimized for using a full core, and using hyperthreading would make kernel calibration rather ran-
dom.

Since driving GPUs is a CPU-consuming task, StarPU dedicates one core per GPU.

While StarPU tasks are executing, the application is not supposed to do computations in the threads it starts itself,
tasks should be used instead.

TODO: add a StarPU function to bind an application thread (e.g. the main thread) to a dedicated core (and thus
disable the corresponding StarPU CPU worker).
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2.3.5 Enabling OpenCL

When both CUDA and OpenCL drivers are enabled, StarPU will launch an OpenCL worker for NVIDIA GPUs only if
CUDA is not already running on them. This design choice was necessary as OpenCL and CUDA can not run at the
same time on the same NVIDIA GPU, as there is currently no interoperability between them.

To enable OpenCL, you need either to disable CUDA when configuring StarPU:
$ ./configure ——disable-cuda

or when running applications:

$ STARPU_NCUDA=0 ./application

OpenCL will automatically be started on any device not yet used by CUDA. So on a machine running 4 GPUS, it is
therefore possible to enable CUDA on 2 devices, and OpenCL on the 2 other devices by doing so:

$ STARPU_NCUDA=2 ./application

2.4 Benchmarking StarPU

Some interesting benchmarks are installed among examples in SSTARPU_PATH/1ib/starpu/examples/.
Make sure to try various schedulers, for instance STARPU__SCHED=dmda.

2.4.1 Task Size Overhead

This benchmark gives a glimpse into how long a task should be (in ps) for StarPU overhead to be low enough
to keep efficiency. Running tasks_size_overhead. sh generates a plot of the speedup of tasks of various
sizes, depending on the number of CPUs being used.

8
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5 256
o 512
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2
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2.4.2 Data Transfer Latency

local_pingpong performs a ping-pong between the first two CUDA nodes, and prints the measured latency.

2.4.3 Matrix-Matrix Multiplication

sgemm and dgemm perform a blocked matrix-matrix multiplication using BLAS and cuBLAS. They output the ob-
tained GFlops.

2.4.4 Cholesky Factorization

cholesky_x* perform a Cholesky factorization (single precision). They use different dependency primitives.

2.45 LU Factorization

1u_x perform an LU factorization. They use different dependency primitives.

2.4.6 Simulated benchmarks

It can also be convenient to try simulated benchmarks, if you want to give a try at CPU-GPU scheduling without
actually having a GPU at hand. This can be done by using the simgrid version of StarPU: first install the simgrid
simulator from http://simgrid.gforge.inria.fr/ (we tested with simgrid 3.11, 3.12 and 3.13, other
versions may have compatibility issues), then configure StarPU with --enable-simgrid and rebuild and install it, and
then you can simulate the performance for a few virtualized systems shipped along StarPU: attila, mirage, idgraf,
and sirocco.

For instance:

$ export STARPU_PERF_MODEL_DIR=$STARPU_PATH/share/starpu/perfmodels/sampling
$ export STARPU_HOSTNAME=attila
$ S$STARPU_PATH/lib/starpu/examples/cholesky_implicit -size $((960x20)) -nblocks 20

Will show the performance of the cholesky factorization with the attila system. It will be interesting to try with different
matrix sizes and schedulers.

Performance models are available for cholesky_x, lu_x, xgemm, with block sizes 320, 640, or 960 (plus 1440 for
sirocco), and for stencil with block size 128x128x128, 192x192x192, and 256x256x256.
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Chapter 3

Basic Examples

3.1 Hello World Using The C Extension

This section shows how to implement a simple program that submits a task to StarPU using the StarPU
C extension (C Extensions). The complete example, and additional examples, is available in the directory
gcc-plugin/examples of the StarPU distribution. A similar example showing how to directly use the StarPU's
APl is shown in Hello World Using StarPU's API.

GCC from version 4.5 permit to use the StarPU GCC plug-in (C Extensions). This makes writing a task both simpler
and less error-prone. In a nutshell, all it takes is to declare a task, declare and define its implementations (for CPU,
OpenCL, and/or CUDA), and invoke the task like a regular C function. The example below defines my_t ask which
has a single implementation for CPU:

#include <stdio.h>

/+ Task declaration. =/
static void my_task (int x) __attribute__ ((task));

/* Definition of the CPU implementation of ‘my_task’. x/
static void my_task (int x)
{
printf ("Hello, world! With x = %d\n", x);
}

int main ()
{

/% Initialize StarPU. =/
#pragma starpu initialize

/% Do an asynchronous call to ‘my_task’. =/
my_task (42);

/+ Wait for the call to complete. =/
#pragma starpu wait

/+* Terminate. =*/
#pragma starpu shutdown

return 0;

The code can then be compiled and linked with GCC and the flag ~fplugin:

$ gcc ‘pkg-config starpu-1.2 --cflags' hello-starpu.c \
-fplugin=‘pkg-config starpu-1.2 --variable=gccplugin‘ \
‘pkg-config starpu-1.2 --libs?®
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The code can also be compiled without the StarPU C extension and will behave as a normal sequential code.

$ gcc hello-starpu.c

hello-starpu.c:33:1: warning: ‘task’ attribute directive ignored [-Wattributes]
$ ./a.out

Hello, world! With x = 42

As can be seen above, the C extensions allows programmers to use StarPU tasks by essentially annotating “regular”
C code.

3.2 Hello World Using StarPU's API

This section shows how to achieve the same result as in the previous section using StarPU's standard C API.

3.21 Required Headers
The header starpu.h should be included in any code using StarPU.

#include <starpu.h>

3.2.2 Defining A Codelet

A codelet is a structure that represents a computational kernel. Such a codelet may contain an implementation
of the same kernel on different architectures (e.g. CUDA, x86, ...). For compatibility, make sure that the whole
structure is properly initialized to zero, either by using the function starpu_codelet_init(), or by letting the compiler
implicitly do it as examplified below.

The field starpu_codelet::nbuffers specifies the number of data buffers that are manipulated by the codelet: here
the codelet does not access or modify any data that is controlled by our data management library.

We create a codelet which may only be executed on CPUs. When a CPU core will execute a codelet, it will call the
function cpu__func, which must have the following prototype:

void (xcpu_func) (void sbuffers[], void *cl_arg);

In this example, we can ignore the first argument of this function which gives a description of the input and output
buffers (e.g. the size and the location of the matrices) since there is none. We also ignore the second argument
which is a pointer to optional arguments for the codelet.

void cpu_func(void xbuffers[], void xcl_arg)
{

printf ("Hello world\n");
}

struct starpu_codelet cl =

{
.cpu_funcs = { cpu_func },
.nbuffers = 0

}i
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3.2.3 Submitting A Task

Before submitting any tasks to StarPU, starpu_init() must be called. The NULL argument specifies that we use the
default configuration. Tasks can then be submitted until the termination of StarPU — done by a call to starpu_«
shutdown().

In the example below, a task structure is allocated by a call to starpu_task_create(). This function allocates and fills
the task structure with its default settings, it does not submit the task to StarPU.

The field starpu_task::cl is a pointer to the codelet which the task will execute: in other words, the codelet structure
describes which computational kernel should be offloaded on the different architectures, and the task structure is a
wrapper containing a codelet and the piece of data on which the codelet should operate.

If the field starpu_task::synchronous is non-zero, task submission will be synchronous: the function starpu_task«
_submit() will not return until the task has been executed. Note that the function starpu_shutdown() does not
guarantee that asynchronous tasks have been executed before it returns, starpu_task_wait_for_all() can be used
to this effect, or data can be unregistered (starpu_data_unregister()), which will implicitly wait for all the tasks
scheduled to work on it, unless explicitly disabled thanks to starpu_data_set_default_sequential_consistency_flag()
or starpu_data_set_sequential_consistency_flag().

int main(int argc, char xxargv)
{
/+ initialize StarPU =/
starpu_init (NULL) ;

struct starpu_task xtask = starpu_task_create();
task->cl = &cl; /* Pointer to the codelet defined above x/

/* starpu_task_submit will be a blocking call. If unset,
starpu_task_wait () needs to be called after submitting the task. =%/
task->synchronous = 1;

/+ submit the task to StarPU =/
starpu_task_submit (task);

/+ terminate StarPU =/
starpu_shutdown () ;

3.2.4 Execution Of Hello World

S make hello_world

cc $(pkg-config —-cflags starpu-1.2) hello_world.c -o hello_world $(pkg-config --libs starpu-1.2)
S ./hello_world

Hello world

3.2.5 Passing Arguments To The Codelet

The optional field starpu_task::cl_arg field is a pointer to a buffer (of size starpu_task::cl_arg_size) with some pa-
rameters for the kernel described by the codelet. For instance, if a codelet implements a computational kernel that
multiplies its input vector by a constant, the constant could be specified by the means of this buffer, instead of regis-
tering it as a StarPU data. It must however be noted that StarPU avoids making copy whenever possible and rather
passes the pointer as such, so the buffer which is pointed at must be kept allocated until the task terminates, and if
several tasks are submitted with various parameters, each of them must be given a pointer to their own buffer.
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struct params

{

int 1i;
float f£;
Vi
void cpu_func(void xbuffers[], void xcl_arg)
{
struct params xparams = cl_arg;
printf ("Hello world (params = {%i, %f} )\n", params—->i, params->f);

As said before, the field starpu_codelet::nbuffers specifies the number of data buffers which are manipulated by the
codelet. It does not count the argument — the parameter c1_arg of the function cpu_func — since it is not
managed by our data management library, but just contains trivial parameters.

Be aware that this may be a pointer to a copy of the actual buffer, and not the pointer given by the programmer: if
the codelet modifies this buffer, there is no guarantee that the initial buffer will be modified as well: this for instance
implies that the buffer cannot be used as a synchronization medium. If synchronization is needed, data has to be
registered to StarPU, see Vector Scaling Using StarPU's API.

int main(int argc, char xxargv)
{
/% initialize StarPU */
starpu_init (NULL) ;

struct starpu_task xtask = starpu_task_create();
task->cl = &cl; /% Pointer to the codelet defined above =/

struct params params = { 1, 2.0f };
task->cl_arg = &params;
task->cl_arg_size = sizeof (params);

/* starpu_task_submit will be a blocking call */
task->synchronous = 1;

/+ submit the task to StarPU =/
starpu_task_submit (task);

/+ terminate StarPU x/
starpu_shutdown () ;

re n 0;

$ make hello_world

cc $(pkg-config —-cflags starpu-1.2) hello_world.c -o hello_world $(pkg-config --libs starpu-1.2)
$ ./hello_world

Hello world (params = {1, 2.000000} )

3.2.6 Defining A Callback

Once a task has been executed, an optional callback function starpu_task::callback_func is called when defined.
While the computational kernel could be offloaded on various architectures, the callback function is always executed
on a CPU. The pointer starpu_task::callback_arg is passed as an argument of the callback function. The prototype
of a callback function must be:

void (*callback_function) (void =) ;

void callback_func(void xcallback_arg)
{

printf ("Callback function (arg %x)\n", callback_arg);
}

int main(int argc, char *xargv)

{
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/+ initialize StarPU x/
starpu_init (NULL) ;

struct starpu_task xtask = starpu_task_create();
task->cl = &cl; /+ Pointer to the codelet defined above =%/

task->callback_func = callback_func;
task->callback_arg = 0x42;

/* starpu_task_submit will be a blocking call =/
task->synchronous = 1;

/* submit the task to StarPU =/
starpu_task_submit (task);

/% terminate StarPU =/
starpu_shutdown () ;

eturn 0;

$ make hello_world

cc $(pkg-config —-cflags starpu-1.2) hello_world.c -o hello_world $(pkg-config --libs starpu-1.2)
S ./hello_world

Hello world

Callback function (arg 42)

3.2.7 Where To Execute A Codelet

struct starpu_codelet cl =
{
.where = STARPU_CPU,
.cpu_funcs = { cpu_func },
.cpu_funcs_name = { "cpu_func" },
.nbuffers = 0

We create a codelet which may only be executed on the CPUs. The optional field starpu_codelet::where is a
bitmask which defines where the codelet may be executed. Here, the value STARPU_CPU means that only CPUs
can execute this codelet. When the optional field starpu_codelet::where is unset, its value is automatically set based
on the availability of the different fields XXX_ funcs.

TODO: explain starpu_codelet::cpu_funcs_name

3.3 Vector Scaling Using the C Extension

The previous example has shown how to submit tasks. In this section, we show how StarPU tasks can manipulate
data.

We will first show how to use the C language extensions provided by the GCC plug-in (C Extensions). The complete
example, and additional examples, is available in the directory gcc—plugin/examples of the StarPU distribu-
tion. These extensions map directly to StarPU's main concepts: tasks, task implementations for CPU, OpenCL, or
CUDA, and registered data buffers. The standard C version that uses StarPU's standard C programming interface
is given in Vector Scaling Using StarPU's API.

First of all, the vector-scaling task and its simple CPU implementation has to be defined:
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/+ Declare the ‘vector_scal’ task. */
static void vector_scal (unsigned size, float vector([size],
float factor)
__attribute___ ((task));

/* Define the standard CPU implementation. x/
static void
vector_scal (unsigned size, float vector[size], float factor)
{
unsigned 1i;
for (1 = 0; 1 < size; 1i++)
vector[i] %= factor;

Next, the body of the program, which uses the task defined above, can be implemented:

int main (void)
{

#pragma starpu initialize

#define NX 0x100000
#define FACTOR 3.14

{
float vector[NX]
__attribute__ ((heap_allocated, registered));
size_t 1i;
r (1 = 0; 1 < NX; i++)
vector[i] = (float) 1i;

vector_scal (NX, vector, FACTOR);

#pragma starpu wait
} /+ VECTOR is automatically freed here. =/

#pragma starpu shutdown

eturn valid ? EXIT_SUCCESS : EXIT_FAILURE;

The function main above does several things:

« |t initializes StarPU.

« It allocates vector in the heap; it will automatically be freed when its scope is left. Alternatively, good old
malloc and free could have been used, but they are more error-prone and require more typing.

* It registers the memory pointed to by vect or. Eventually, when OpenCL or CUDA task implementations are
added, this will allow StarPU to transfer the memory region between GPUs and the main memory. Removing
this pragma is an error.

« It invokes the task vector_scal. The invocation looks the same as a standard C function call. How-
ever, it is an asynchronous invocation, meaning that the actual call is performed in parallel with the caller's
continuation.

« It waits for the termination of the asynchronous call vector_scal.

« Finally, StarPU is shut down.

The program can be compiled and linked with GCC and the flag ~fplugin:

$ gcc ‘pkg-config starpu-1.2 —--cflags' vector_scal.c \
-fplugin=‘pkg-config starpu-1.2 --variable=gccplugin' \
‘pkg-config starpu-1.2 --libs?®

And voila!
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3.3.1 Adding an OpenCL Task Implementation

Now, this is all fine and great, but you certainly want to take advantage of these newfangled GPUs that your lab just
bought, don't you?

So, let's add an OpenCL implementation of the task vector_scal. We assume that the OpenCL kernel is
available in a file, vector_scal_opencl_kernel.cl, not shown here. The OpenCL task implementation is
similar to the one used with the standard C API (Definition of the OpenCL Kernel). It is declared and defined in our
C file like this:

/+ The OpenCL programs, loaded from ‘main’ (see below). */
static struct starpu_opencl_program cl_programs;

static void vector_scal_opencl (unsigned size, float vector([size],
float factor)
__attribute__ ((task_implementation ("opencl", vector_scal)));

static void
vector_scal_opencl (unsigned size, float vector([size], float factor)
{

int id, devid, err;

cl_kernel kernel;

cl_command_gueue queue;

cl_event event;

/* VECTOR is GPU memory pointer, not a main memory pointer. =/
cl_mem val = (cl_mem) vector;

id = starpu_worker_get_id ();
devid = starpu_worker_get_devid (id);

/* Prepare to invoke the kernel. 1In the future, this will be largely automated. =/
err = starpu_opencl_load_kernel (&kernel, &queue, &cl_programs,
"vector_mult_opencl", devid);
(err != CL_SUCCESS)
STARPU_OPENCL_REPORT_ERROR (err);

err = clSetKernelArg (kernel, 0, sizeof (size), &size);
err |= clSetKernelArg (kernel, 1, sizeof (val), &val);
err |= clSetKernelArg (kernel, 2, sizeof (factor), &factor);
(err)
STARPU_OPENCL_REPORT_ERROR (err) ;

size_t global = 1, local = 1;
err = clEnqueueNDRangeKernel (queue, kernel, 1, NULL, &global,
&local, 0, NULL, &event);
if (err != CL_SUCCESS)
STARPU_OPENCL_REPORT_ERROR (err);

clFinish (queue);
starpu_opencl_collect_stats (event);
clReleaseEvent (event);

/* Done with KERNEL. =%/
starpu_opencl_release_kernel (kernel);

The OpenCL kernel itself must be loaded from main, sometime after the pragma initialize:

starpu_opencl_load_opencl_from_file ("vector_scal_opencl_kernel.cl",
&cl_programs, "");

And that's it. The task vector_scal now has an additional implementation, for OpenCL, which StarPU's sched-
uler may choose to use at runtime. Unfortunately, the vector_scal_opencl above still has to go through the
common OpenCL boilerplate; in the future, additional extensions will automate most of it.
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3.3.2 Adding a CUDA Task Implementation

Adding a CUDA implementation of the task is very similar, except that the implementation itself is typically written
in CUDA, and compiled with nvcc. Thus, the C file only needs to contain an external declaration for the task
implementation:

extern void vector_scal_cuda (unsigned size, float vector[size],
float factor)
__attribute__ ((task_implementation ("cuda", vector_scal)));

The actual implementation of the CUDA task goes into a separate compilation unit, in a . cu file. It is very close to
the implementation when using StarPU's standard C API (Definition of the CUDA Kernel).

/+ CUDA implementation of the ‘vector_scal’ task, to be compiled with ‘nvcc’. */

#include <starpu.h>
#include <stdlib.h>

static __global__ void
vector_mult_cuda (unsigned n, float =xval, float factor)
{

unsigned i = blockIdx.x % blockDim.x + threadIdx.x;

if (1 < n)
val[i] %= factor;

}

/+ Definition of the task implementation declared in the C file. x/
extern "C" void
vector_scal_cuda (size_t size, float vector[], float factor)
{
unsigned threads_per_block = 64;
unsigned nblocks = (size + threads_per_block - 1) / threads_per_block;

vector_mult_cuda <<< nblocks, threads_per_block, 0,
starpu_cuda_get_local_stream () >>> (size, vector, factor);

cudaStreamSynchronize (starpu_cuda_get_local_stream ());

}

The complete source code, in the directory gcc—plugin/examples/vector_scal of the StarPU distribu-
tion, also shows how an SSE-specialized CPU task implementation can be added.

For more details on the C extensions provided by StarPU's GCC plug-in, see C Extensions.

3.4 Vector Scaling Using StarPU's API

This section shows how to achieve the same result as explained in the previous section using StarPU's standard C
API.

The full source code for this example is given in Full source code for the *Scaling a Vector’ example.
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3.41 Source Code of Vector Scaling

Programmers can describe the data layout of their application so that StarPU is responsible for enforcing data
coherency and availability across the machine. Instead of handling complex (and non-portable) mechanisms to
perform data movements, programmers only declare which piece of data is accessed and/or modified by a task,
and StarPU makes sure that when a computational kernel starts somewhere (e.g. on a GPU), its data are available
locally.

Before submitting those tasks, the programmer first needs to declare the different pieces of data to StarPU using
the functions starpu_x_data_register. To ease the development of applications for StarPU, it is possible
to describe multiple types of data layout. A type of data layout is called an interface. There are different predefined
interfaces available in StarPU: here we will consider the vector interface.

The following lines show how to declare an array of NX elements of type £1oat using the vector interface:

float vector[NX];

starpu_data_handle_t vector_handle;
starpu_vector_data_register (&vector_handle, STARPU_MAIN_RAM, (
uintptr_t)vector, NX,
sizeof (vector[0]));

The first argument, called the data handle, is an opaque pointer which designates the array within StarPU. This is
also the structure which is used to describe which data is used by a task. The second argument is the node number
where the data originally resides. Here it is STARPU_MAIN_RAM since the array vector is in the main memory.
Then comes the pointer vector where the data can be found in main memory, the number of elements in the
vector and the size of each element. The following shows how to construct a StarPU task that will manipulate the
vector and a constant factor.

float factor = 3.14;

struct starpu_task xtask = starpu_task_create();

task->cl = &cl; /+ Pointer to the codelet defined below =/
task->handles[0] = vector_handle; /* First parameter of the codelet */
task->cl_arg = &factor;

task->cl_arg_size = sizeof (factor);

task->synchronous = 1;

starpu_task_submit (task);

Since the factor is a mere constant float value parameter, it does not need a preliminary registration, and can just
be passed through the pointer starpu_task::cl_arg like in the previous example. The vector parameter is described
by its handle. starpu_task::handles should be set with the handles of the data, the access modes for the data are
defined in the field starpu_codelet::modes (STARPU_R for read-only, STARPU_W for write-only and STARPU_RW
for read and write access).

The definition of the codelet can be written as follows:

void scal_cpu_func(void xbuffers[], void xcl_arg)
{

unsigned 1i;

float xfactor = cl_arg;

/* length of the vector =/

unsigned n = STARPU_VECTOR_GET_NX (buffers[0]);

/* CPU copy of the vector pointer «*/

float *val = (float %)STARPU_VECTOR_GET_PTR (buffers[0]);

r (1 =0; 1 < n; i++)
val[i] %= =xfactor;

}

struct starpu_codelet cl =

{
.cpu_funcs = { scal_cpu_func },
.cpu_funcs_name = { "scal_cpu_func" },
.nbuffers = 1,
.modes = { STARPU_RW }

Vi
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The first argument is an array that gives a description of all the buffers passed in the array starpu_task::handles.
The size of this array is given by the field starpu_codelet::nbuffers. For the sake of genericity, this array contains
pointers to the different interfaces describing each buffer. In the case of the vector interface, the location of the
vector (resp. its length) is accessible in the starpu_vector_interface::ptr (resp. starpu_vector_interface::nx) of this
interface. Since the vector is accessed in a read-write fashion, any modification will automatically affect future
accesses to this vector made by other tasks.

The second argument of the function scal_cpu_func contains a pointer to the parameters of the codelet (given
in starpu_task::cl_arg), so that we read the constant factor from this pointer.

3.42 Execution of Vector Scaling

$ make vector_scal

cc $(pkg-config --cflags starpu-1.2) vector_scal.c -o vector_scal $(pkg-config --1libs starpu-1.2)
$ ./vector_scal

0.000000 3.000000 6.000000 9.000000 12.000000

3.5 Vector Scaling on an Hybrid CPU/GPU Machine

Contrary to the previous examples, the task submitted in this example may not only be executed by the CPUs, but
also by a CUDA device.

3.5.1 Definition of the CUDA Kernel

The CUDA implementation can be written as follows. It needs to be compiled with a CUDA compiler such as nvce,
the NVIDIA CUDA compiler driver. It must be noted that the vector pointer returned by STARPU_VECTOR_GET+«
_PTR is here a pointer in GPU memory, so that it can be passed as such to the kernel call vector_mult_cuda.

#include <starpu.h>

static __global___ void vector_mult_cuda (unsigned n, float =val,
float factor)
{
unsigned i = DblockIdx.xxblockDim.x + threadIdx.x;
if (1 < n)
val[i] == factor;

}

extern "C" void scal_cuda_func (void *buffers[], void *_args)
{

float xfactor = (float x)_args;

/+ length of the vector =*/

unsigned n = STARPU_VECTOR_GET_NX (buffers[0]);

/* local copy of the vector pointer =/

float *val = (float «)STARPU_VECTOR_GET_PTR (buffers[0]);

unsigned threads_per_block = 64;

unsigned nblocks = (n + threads_per_block-1) / threads_per_block;

vector_mult_cuda<<<nblocks, threads_per_block, 0, starpu_cuda_get_local_stream()>>>
(n, val, =*factor);

cudaStreamSynchronize (starpu_cuda_get_local_stream());
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3.5.2 Definition of the OpenCL Kernel

The OpenCL implementation can be written as follows. StarPU provides tools to compile a OpenCL kernel stored
in a file.

__kernel void vector_mult_opencl (int nx, __global float* val, float factor)
{
const int i
1f (1 < nx)

= get_global_id(0);
{
val[i] == factor;

}

Contrary to CUDA and CPU, STARPU_VECTOR_GET_DEV_HANDLE has to be used, which returns a c1_mem
(which is not a device pointer, but an OpenCL handle), which can be passed as such to the OpenCL kernel. The
difference is important when using partitioning, see Partitioning Data.

#include <starpu.h>
extern struct starpu_opencl_program programs;

void scal_opencl_func(void *buffers[], void *_args)

{

float xfactor = _args;

int id, devid, err; /+ OpenCL specific code x/
cl_kernel kernel; /* OpenCL specific code x/
cl_command_queue queue; /* OpenCL specific code =/
cl_event event; /* OpenCL specific code =/

/* length of the vector =/

unsigned n = STARPU_VECTOR_GET_NX (buffers[0]);

/+ OpenCL copy of the vector pointer =/

cl_mem val = (cl_mem) STARPU_VECTOR_GET_DEV_HANDLE (buffers[0]);

{ /x OpenCL specific code */
id = starpu_worker_get_id();
devid = starpu_worker_get_devid(id);

err = starpu_opencl_load_kernel (&kernel, &queue,
&programs,
"vector_mult_opencl", /x Name of the codelet =/
devid) ;

if (err != CL_SUCCESS) STARPU_OPENCL_REPORT_ERROR (err);

err = clSetKernelArg(kernel, 0, sizeof(n), &n);

err |= clSetKernelArg(kernel, 1, sizeof(val), &val);

err |= clSetKernelArg(kernel, 2, sizeof (xfactor), factor);
if (err) STARPU_OPENCL_REPORT_ERROR (err) ;

{ /+ OpenCL specific code */
size_t global=n;
size_t local;
size_t s;
cl_device_id device;

starpu_opencl_get_device (devid, &device);

err = clGetKernelWorkGroupInfo (kernel, device, CL_KERNEL_WORK_GROUP_SIZE,
sizeof (local), &local, &s);

if (err != CL_SUCCESS) STARPU_OPENCL_REPORT_ERROR (err) ;

if (local > global) local=global;

err = clEnqueueNDRangeKernel (queue, kernel, 1, NULL, &global, &local, O,
NULL, &event);
if (err != CL_SUCCESS) STARPU_OPENCL_REPORT_ERROR (err) ;
}

{ /x OpenCL specific code */
clFinish (queue) ;
starpu_opencl_collect_stats (event);
clReleaseEvent (event) ;

starpu_opencl_release_kernel (kernel);
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3.5.3 Definition of the Main Code

The CPU implementation is the same as in the previous section.

Here is the source of the main application. You can notice that the fields starpu_codelet::cuda_funcs and starpu«
_codelet::opencl_funcs are set to define the pointers to the CUDA and OpenCL implementations of the task.

* ok ok ok %

This example demonstrates how to use StarPU to scale an array by a factor.
It shows how to manipulate data with StarPU’s data management library.

1- how to declare a piece of data to StarPU (starpu_vector_data_register
2- how to describe which data are accessed by a task (task->handles[0])

« 3- how a kernel can manipulate the data (buffers[0].vector.ptr)

*/
#include <starpu.h>
#define NX 2048
extern void scal_cpu_func(void xbuffers[], void *_args);
extern void scal_sse_func(void xbuffers[], void x_args);
extern void scal_cuda_func(void xbuffers[], void x_args);
extern void scal_opencl_func(void xbuffers[], void *_args);
static struct starpu_codelet cl = {
.where = STARPU_CPU | STARPU_CUDA | STARPU_OPENCL,
/+* CPU implementation of the codelet x/
.cpu_funcs = { scal_cpu_func, scal_sse_func },
.cpu_funcs_name = { "scal_cpu_func", "scal_sse_func" },

#ifdef STARPU_USE_CUDA
/+ CUDA implementation of the codelet =/
.cuda_funcs = { scal_cuda_func },

#endif

#ifdef STARPU_USE_OPENCL
/+ OpenCL implementation of the codelet =/
.opencl_funcs = { scal_opencl_func },

#endif

.nbuffers = 1,

.modes

bi

= { STARPU_RW }

#ifdef STARPU_USE_OPENCL
struct starpu_opencl_program programs;

#endif

int main(int argc, char xxargv)

{

/* We consider a vector of float that is initialized just as any of C
+ data */

float vector[NX];

unsigned i;

(1 = 0; 1 < NX; i++)

vector[i] = 1.0f;

for

fprintf (stderr, "BEFORE: First element was %f\n", vector[0]);

/