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Chapter 1

Organization

This part explains the advanced concepts of StarPU. It is intended for users whose applications need more than
basic task submission.
You can learn more knowledge about some important and core concepts in StarPU:

« After reading Chapter TasksInStarPU, you can get more information about how to manage tasks in StarPU in
Chapter Advanced Tasks In StarPU.

« After reading Chapter DataManagement, you can know more about how to manage the data layout of your
applications in Chapter Advanced Data Management.

« After reading Chapter Scheduling, you can get some advanced scheduling policies in StarPU in Chapters
Advanced Scheduling, Scheduling Contexts and Scheduling Context Hypervisor.

» Chapter How To Define A New Scheduling Policy explains how to define a StarPU task scheduling policy ei-
ther in a basic monolithic way, or in a modular way.

Other chapters cover some further usages of StarPU.

» Chapters CUDA Support and OpenCL Support show how to use GPU devices with CUDA or OpenCL. Chap-
ter Maxeler FPGA Support explains how StarPU support Field Programmable Gate Array (FPGA) applications
exploiting DFE configurations.

« If you need to store more data than what the main memory (RAM) can store, Chapter Out Of Core presents
how to add a new memory node on a disk and how to use it.

» Chapter MPI Support shows how to integrate MPI processes in StarPU.

+ Chapter TCP/IP Support shows a TCP/IP master slave mechanism which can execute application across
many remote cores without thinking about data distribution.

» Chapter Transactions shows how to cancel a sequence of already submitted tasks based on a just-in-time
decision.

» Chapter Fault Tolerance explains how StarPU provide supports for failure of tasks or even failure of complete
nodes.

» Chapter FFT Support explains how StarPU provides a similar library to both £ftw and cuf ft, but by adding
a support from both CPUs and GPUs.

» Chapter SOCL OpenCL Extensions explains how OpenCL applications can transparently be run using Star«
PU, by givings unified access to every available OpenCL device.

» We propose a hierarchical tasks model in Chapter Hierarchical DAGS to enable tasks subgraphs at runtime
for a more dynamic task graph.

* You can find how to partition a machine into parallel workers in Chapter Creating Parallel Workers On A Machine.

+ Chapter Interoperability Support shows how StarPU can coexist with other parallel software elements without
resulting in computing core oversubscription or undersubscription.
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4 Organization

» Chapter SimGrid Support shows you how to simulate execution on an arbitrary platform.
« Tools to help debugging applications are presented in Chapter Debugging Tools.

And finally, chapter Helpers gives a list of StarPU utility functions.
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Chapter 2

Advanced Tasks In StarPU

2.1 Task Dependencies

2.1.1 Sequential Consistency

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.

Setting (or unsetting) sequential consistency can be done at the data level by calling starpu_data_set_sequential_consistency_flag()
for a specific data (an example is in the file examples/dependency/task_end_dep.c)or starpu_data_set default_sequentia
for all data (an example is in the file tests/main/subgraph_repeat.c).

The sequential consistency mode can also be gotten by calling starpu_data_get_sequential_consistency_flag() for a

specific data or get the default sequential consistency flag by calling starpu_data_get_default_sequential_consistency_flag().
Setting (or unsetting) sequential consistency can also be done at task level by setting the field starpu_task::sequential_consistency
to 0 (an example is in the file tests/main/deploop.c).

Sequential consistency can also be set (or unset) for each handle of a specific task, this is done by using the

field starpu_task::handles_sequential_consistency. When set, its value should be an array with the number of

elements being the number of handles for the task, each element of the array being the sequential consistency

for the i-th handle of the task. The field can easily be set when calling starpu_task_insert() with the flag
STARPU_HANDLES_SEQUENTIAL_CONSISTENCY

char #seq_consistency = malloc(cl.nbuffers * sizeof (char));
seqg_consistency[0]
seq_consistency[1]
seq_consistency[2] = 0;
ret = starpu_task_insert (&cl,
STARPU_RW, handleA, STARPU_RW, handleB, STARPU_RW, handleC,
STARPU_HANDLES_SEQUENTIAL_CONSISTENCY, seq_consistency,
0) 7
free (seq_consistency);

A full code example is available in the file examples/dependency/sequential_consistency.c.
The internal algorithm used by StarPU to set up implicit dependency is as follows:

if (sequential_consistency (task) == 1)
for (i=0 ; i<STARPU_TASK_GET_NBUFFERS (task) ; i++)
1f (sequential_consistency(i-th data, task) == 1)
1 f (sequential_consistency(i-th data) == 1)

create_implicit_dependency(...)

2.1.2 Tasks And Tags Dependencies

One can explicitly set dependencies between tasks using starpu_task_declare_deps() or starpu_task_declare_deps_array().
Dependencies between tasks can be expressed through tags associated to a tag with the field starpu_task::tag_id
and using the function starpu_tag_declare_deps() or starpu_tag_declare_deps_array(). The example
tests/main/tag_task_data_deps.c shows how to set dependencies between tasks with different
functions.

The termination of a task can be delayed through the function starpu_task_end_dep_add() which specifies the
number of calls to the function starpu_task_end_dep_release() needed to trigger the task termination. One can
also use starpu_task_declare_end_deps() or starpu_task_declare_end_deps_array() to delay the termination of a
task until the termination of other tasks. A simple example is available in the file tests/main/task_end_«
dep.c.

starpu_tag_notify_from_apps() can be used to explicitly unlock a specific tag, but if it is called several times on the
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6 Advanced Tasks In StarPU

same tag, notification will be done only on first call. However, one can call starpu_tag_restart() to clear the already
notified status of a tag which is not associated with a task, and then calling starpu_tag_notify_from_apps() again
will notify the successors. Alternatively, starpu_tag_notify_restart_from_apps() can be used to atomically call both
starpu_tag_notify_from_apps() and starpu_tag_restart() on a specific tag.

To get the task associated to a specific tag, one can call starpu_tag_get_task(). Once the corresponding task has
been executed and when there is no other tag that depend on this tag anymore, one can call starpu_tag_remove()
to release the resources associated to the specific tag. One can use starpu_tag_clear() to clear all the tags (but it
requires that no starpu_tag_wait_array() call is currently pending).

2.2 Waiting For Tasks

StarPU provides several advanced functions to wait for termination of tasks. One can wait for some explicit tasks,

or for some tag attached to some tasks, or for some data results.

starpu_task_wait_array() is a function that waits for an array of tasks to complete their execution. starpu_task_wait_for_all_in_ctx()
is a function that waits for all tasks in a specific context to complete their execution. starpu_task_wait_for_n_submitted_in_ctx()
is a function that waits for a specified number of tasks to be submitted to a specific context. starpu_task_wait_for_no_ready()
is a function that waits for all tasks to become unready, which means that they are either completed or blocked on a

data dependency. In order to successfully call these functions to wait for termination of tasks, starpu_task::detach

should be set to 0 before task submission.

The function starpu_task_nready() returns the number of tasks that are ready to execute, which means that all their

data dependencies are satisfied and they are waiting to be scheduled, while the function starpu_task_nsubmitted()
returns the number of tasks that have been submitted and not completed yet.

The function starpu_task_finished() can be used to determine whether a specific task has completed its execution.
starpu_tag_wait() and starpu_tag_wait_array() are two blocking functions that can be used to wait for tasks with
specific tags to complete their execution. The former one waits for a specified task to complete while the latter one

waits for a group of tasks to complete.

When using e.g. starup_task_insert(), it may be more convenient to wait for the result of a task rather than waiting

for a given task explicitly. That can be done thanks to starpu_data_acquire() or starpu_data_acquire_cb() that

wait for the result to be available in the home node of the data. That will thus wait for all the tasks that lead to

that result. One can also use starpu_data_acquire_on_node() and give it STARPU_ACQUIRE_NO_NODE to tell

to just wait for tasks to complete, but not wait for the data to be available in the home node. One can also use
starpu_data_acquire_try() or starpu_data_acquire_on_node_try() to just test for the termination.

If a task is created by using starpu_task_create() or starpu_task_insert(), the field starpu_task::destroy is set to 1

by default, which means that the task structure will be automatically freed after termination. On the other hand, if

the task is initialized by using starpu_task_init(), the field starpu_task::destroy is set to 0 by default, which means

that the task structure will not be freed until starpu_task_destroy() is called explicitly. Otherwise, we can manually

set starpu_task::destroy to 1 before submission or call starpu_task_set_destroy() after submission to activate the
automatic freeing of the task structure.

2.3 Using Multiple Implementations Of A Codelet

One may want to write multiple implementations of a codelet for a single type of device and let StarPU choose which
one to run. As an example, we will show how to use SSE to scale a vector. The codelet can be written as follows:

#include <xmmintrin.h>
void scal_sse_func(void xbuffers[], void xcl_arg)
{
float *vector = (float %) STARPU_VECTOR_GET_PTR (buffers[0]);
unsigned int n = STARPU_VECTOR_GET_NX (buffers([0]);
unsigned int n_iterations = n/4;
(n & 4 !=0)
n_iterations++;
__ml28 xVECTOR = (__ml28x) vector;
_ ml28 factor __attribute__ ((aligned(16)));
factor = _mm_setl_ps(*x(float *) cl_arg);
unsigned int 1i;
(1 = 0; 1 < n_iterations; i++)
VECTOR[i] = _mm_mul_ps (factor, VECTOR[i]);
}
struct starpu_codelet cl =

{

.cpu_funcs = { scal_cpu_func, scal_sse_func },
.cpu_funcs_name = { "scal_cpu_func", "scal_sse_func" },
.nbuffers = 1,

.modes = { STARPU_RW }
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2.4 Enabling Implementation According To Capabilities 7

Vi

The full code of this example is available in the file examples/basic_examples/vector_scal.c.
Schedulers which are multi-implementation aware (only dmda and phe ft for now) will use the performance models
of all the provided implementations, and pick the one which seems to be the fastest.

2.4 Enabling Implementation According To Capabilities

Some implementations may not run on some devices. For instance, some CUDA devices do not support double
floating point precision, and thus the kernel execution would just fail; or the device may not have enough shared
memory for the implementation being used. The field starpu_codelet::can_execute permits to express this. For
instance:

static int can_execute (unsigned workerid, struct starpu_task =*task, unsigned nimpl)
{
const struct cudaDeviceProp *props;
(starpu_worker_get_type (workerid) == STARPU_CPU_WORKER)
urn 1;
/* Cuda device x/
props = starpu_cuda_get_device_properties (workerid);
if (props->major >= 2 || props->minor >= 3)
/* At least compute capability 1.3, supports doubles x/
urn 1;
/* 0ld card, does not support doubles =x/
return 0;
}
struct starpu_codelet cl =
{
.can_execute = can_execute,
.cpu_funcs = { cpu_func },
.cpu_funcs_name = { "cpu_func" },
.cuda_funcs = { gpu_func }
.nbuffers = 1,
.modes = { STARPU_RW }
}i
A full example is available in the file examples/reductions/dot_product.c.
This can be essential e.g. when running on a machine which mixes various models of CUDA devices, to take benefit
from the new models without crashing on old models.
Note: the function starpu_codelet::can_execute is called by the scheduler each time it tries to match a task with a
worker, and should thus be very fast. The function starpu_cuda_get_device_properties() provides quick access to
CUDA properties of CUDA devices to achieve such efficiency.
Another example is to compile CUDA code for various compute capabilities, resulting with two CUDA functions, e.g.
scal_gpu_13 for compute capability 1.3, and scal_gpu_20 for compute capability 2.0. Both functions can
be provided to StarPU by using starpu_codelet::cuda_funcs, and starpu_codelet::can_execute can then be used to

rule out the scal_gpu_20 variant on a CUDA device which will not be able to execute it:
static int can_execute (unsigned workerid, struct starpu_task =*task, unsigned nimpl)
{
const struct cudaDeviceProp *props;
if (starpu_worker_get_type (workerid) == STARPU_CPU_WORKER)
urn 1;
/+ Cuda device =/

(nimpl == 0)
/+ Trying to execute the 1.3 capability variant, we assume it is ok in all cases. */
return 1;
/% Trying to execute the 2.0 capability variant, check that the card can do it. x/
props = starpu_cuda_get_device_properties (workerid) ;
(props—>major >= 2 || props—>minor >= 0)

/+ At least compute capability 2.0, can run it =/
return 1;
/+ 01d card, does not support 2.0, will not be able to execute the 2.0 variant. */
rn 0;
}
struct starpu_codelet cl =
{
.can_execute = can_execute,
.cpu_funcs = { cpu_func },
.cpu_funcs_name = { "cpu_func" },
.cuda_funcs = { scal_gpu_13, scal_gpu_20 },
.nbuffers = 1,
.modes = { STARPU_RW }
Vi
Another example is having specialized implementations for some given common sizes, for instance here we have a

specialized implementation for 1024x1024 matrices:
static int can_execute (unsigned workerid, struct starpu_task =*task, unsigned nimpl)
{

const struct cudaDeviceProp *props;

if (starpu_worker_get_type (workerid) == STARPU_CPU_WORKER)
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8 Advanced Tasks In StarPU

eturn 1;
/* Cuda device x/

itch (nimpl)
{
0:
/* Trying to execute the generic capability variant. x/
return 1;
1:
{
/+ Trying to execute the size == 1024 specific variant. */
struct starpu_matrix_interface xinterface = starpu_data_get_interface_on_node (task->handles[0]);
return STARPU_MATRIX_GET_NX (interface) == 1024 && STARPU_MATRIX_GET_NY (interface == 1024);

}
}
}
struct starpu_codelet cl =
{
.can_execute = can_execute,
.cpu_funcs = { cpu_func },
.cpu_funcs_name = { "cpu_func" },
.cuda_funcs = { potrf_gpu_generic, potrf_gpu_1024 },
.nbuffers = 1,
.modes = { STARPU_RW }
Vi
Note that the most generic variant should be provided first, as some schedulers are not able to try the different

variants.

2.5 Getting Task Children

It may be interesting to get the list of tasks which depend on a given task, notably when using implicit dependencies,
since this list is computed by StarPU. starpu_task_get_task_succs() or starpu_task_get_task_scheduled_succs()
provides it. For instance:

struct starpu_task xtasks[4];
ret = starpu_task_get_task_succs (task, sizeof (tasks)/sizeof (xtasks), tasks);

And the full example of getting task children is available in the file tests/main/get_children_tasks.c

2.6 Parallel Tasks

StarPU can leverage existing parallel computation libraries by the means of parallel tasks. A parallel task is a
task which is run by a set of CPUs (called a parallel or combined worker) at the same time, by using an existing
parallel CPU implementation of the computation to be achieved. This can also be useful to improve the load balance
between slow CPUs and fast GPUs: since CPUs work collectively on a single task, the completion time of tasks on
CPUs become comparable to the completion time on GPUs, thus relieving from granularity discrepancy concerns.
hwloc support needs to be enabled to get good performance, otherwise StarPU will not know how to better group
cores.

Two modes of execution exist to accommodate with existing usages.

2.6.1 Fork-mode Parallel Tasks

In the Fork mode, StarPU will call the codelet function on one of the CPUs of the combined worker. The codelet
function can use starpu_combined_worker_get_size() to get the number of threads it is allowed to start to achieve
the computation. The CPU binding mask for the whole set of CPUs is already enforced, so that threads created by
the function will inherit the mask, and thus execute where StarPU expected, the OS being in charge of choosing
how to schedule threads on the corresponding CPUs. The application can also choose to bind threads by hand,
using e.g. sched_getaffinity to know the CPU binding mask that StarPU chose.

For instance, using OpenMP (full source is available in examples/openmp/vector_scal.c):
void scal_cpu_func(void xbuffers[], void x_args)
{

unsigned 1i;

float xfactor = _args;

struct starpu_vector_interface xvector = buffers[0];

unsigned n = STARPU_VECTOR_GET_NX (vector) ;

float xval = (float »)STARPU_VECTOR_GET_PTR (vector);
#pragma omp parallel for num_threads (starpu_combined _worker_get_size())
for (1 = 0; 1 < n; i++)

val[i] *= xfactor;
static struct starpu_codelet cl =

.modes = { STARPU_RW },
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.where = STARPU_CPU,
.type = STARPU_FORKJOIN,
.max_parallelism = INT_MAX,
.cpu_funcs = {scal_cpu_func},
.cpu_funcs_name = {"scal_cpu_func"},
.nbuffers = 1,
Vi
Other examples include for instance calling a BLAS parallel CPU implementation (see examples/mult/xgemm. «

c).

2.6.2 SPMD-mode Parallel Tasks

In the SPMD mode, StarPU will call the codelet function on each CPU of the combined worker. The codelet function
can use starpu_combined_worker_get_size() to get the total number of CPUs involved in the combined worker, and
thus the number of calls that are made in parallel to the function, and starpu_combined_worker_get_rank() to get
the rank of the current CPU within the combined worker. For instance:

static void func(void xbuffers[], void xargs)
{
unsigned 1i;
float xfactor = _args;
struct starpu_vector_interface xvector = buffers[0];
unsigned n = STARPU_VECTOR_GET_NX (vector);
float *val = (float «)STARPU_VECTOR_GET_PTR(vector);
/* Compute slice to compute */
unsigned m = starpu_combined_worker_get_size();
unsigned j = starpu_combined_worker_get_rank();
unsigned slice = (n+m-1)/m;
(1 = 3J % slice; 1 < (J+1) * slice && 1 < n; i++)
val[i] *= xfactor;
}
static struct starpu_codelet cl =
{
.modes = { STARPU_RW },
.type = STARPU_SPMD,
.max_parallelism = INT_MAX,
.cpu_funcs = { func },
.cpu_funcs_name = { "func" },
.nbuffers = 1,

}

A full example is available in examples/spmd/vector_scal_spmd.c

Of course, this trivial example will not really benefit from parallel task execution, and was only meant to be simple
to understand. The benefit comes when the computation to be done is so that threads have to e.g. exchange
intermediate results, or write to the data in a complex but safe way in the same buffer.

2.6.3 Parallel Tasks Performance

To benefit from parallel tasks, a parallel-task-aware StarPU scheduler has to be used. When exposed to codelets
with a flag STARPU_FORKJOIN or STARPU_SPMD, the schedulers phe ft (parallel-heft) and peager (parallel
eager) will indeed also try to execute tasks with several CPUs. It will automatically try the various available com-
bined worker sizes (making several measurements for each worker size) and thus be able to avoid choosing a
large combined worker if the codelet does not actually scale so much. Examples using parallel-task-aware StarPU
scheduler are available in tests/parallel_tasks/parallel_kernels.candtests/parallel_«
tasks/parallel_kernels_spmd.c.

This is however for now only proof of concept, and has not really been optimized yet.

2.6.4 Combined Workers

By default, StarPU creates combined workers according to the architecture structure as detected by hwloc. It
means that for each object of the hwloc topology (NUMA node, socket, cache, ...) a combined worker will be
created. If some nodes of the hierarchy have a big arity (e.g. many cores in a socket without a hierarchy of shared
caches), StarPU will create combined workers of intermediate sizes. The variable STARPU_SYNTHESIZE_«
ARITY_COMBINED_WORKER permits to tune the maximum arity between levels of combined workers.

The combined workers actually produced can be seen in the output of the tool starpu_machine_display
(the environment variable STARPU_SCHED has to be set to a combined worker-aware scheduler such as pheft
or peager).
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10 Advanced Tasks In StarPU

2.6.5 Concurrent Parallel Tasks

Unfortunately, many environments and libraries do not support concurrent calls.

For instance, most OpenMP implementations (including the main ones) do not support concurrent pragma omp
parallel statements without nesting them in another pragma omp parallel statement, but StarPU does
not yet support creating its CPU workers by using such pragma.

Other parallel libraries are also not safe when being invoked concurrently from different threads, due to the use of
global variables in their sequential sections, for instance.

The solution is then to use only one combined worker at a time. This can be done by setting the field
starpu_conf::single_combined_worker to 1, or setting the environment variable STARPU_SINGLE_COMBINED_«
WORKER to 1. StarPU will then run only one parallel task at a time (but other CPU and GPU tasks are not affected
and can be run concurrently). The parallel task scheduler will however still try varying combined worker sizes to
look for the most efficient ones. A full example is available in examples/spmd/vector_scal_spmd.c.

2.7 Synchronization Tasks

For the application convenience, it may be useful to define tasks which do not actually make any computation, but
wear for instance dependencies between other tasks or tags, or to be submitted in callbacks, etc.

The obvious way is of course to make kernel functions empty, but such task will thus have to wait for a worker to
become ready, transfer data, etc.

A much lighter way to define a synchronization task is to set its field starpu_task::cl to NULL. The task will thus be
a mere synchronization point, without any data access or execution content: as soon as its dependencies become
available, it will terminate, call the callbacks, and release dependencies.

An intermediate solution is to define a codelet with its field starpu_codelet::where set to STARPU_NOWHERE, for

instance:
struct starpu_codelet cl =
{
.where = STARPU_NOWHERE,
.nbuffers = 1,
.modes = { STARPU_R },
}
task = starpu_task_create();
task->cl = &cl;
task->handles[0] = handle;
starpu_task_submit (task) ;

will create a task which simply waits for the value of handle to be available for read. This task can then be
depended on, etc. A full example is available in examples/filters/fmultiple_manual.c.

StarPU provides starpu_task_create_sync() to create a new synchronization task, the same as the previous ex-
ample but without submitting the task. The function starpu_create_sync_task() is also used to create a new syn-
chronization task and submit it, which is a task that waits for specific tags and calls the specified callback function
when the task is finished. The function starpu_create_callback_task() can create and submit a synchronization
task, which is a task that completes immediately and calls the specified callback function right after.
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Chapter 3

Advanced Data Management

3.1 Data Interface with Variable Size

Besides the data interfaces already available in StarPU, mentioned in Datalnterface, tasks are actually allowed to
change the size of data interfaces.

The simplest case is just changing the amount of data actually used within the allocated buffer. This is for instance
implemented for the matrix interface: one can set the new NX/NY values with STARPU_MATRIX_SET_NX(),
STARPU_MATRIX_SET_NY(), and STARPU_MATRIX_SET_LD() at the end of the task implementation. Data
transfers achieved by StarPU will then use these values instead of the whole allocated size. The val-
ues of course need to be set within the original allocation. To reserve room for increasing the NX/«

NY values, one can use starpu_matrix_data_register_allocsize() instead of starpu_matrix_data_register(),

to specify the allocation size to be used instead of the default NX«NY+ELEMSIZE. It is also available

for a vector by using starpu_vector_data_register_allocsize() to specify the allocation size to be used in-
stead of the default NX+ELEMSIZE. To support this, the data interface has to implement the functions
starpu_data_interface_ops::alloc_footprint, starpu_data_interface_ops::alloc_compare, and starpu_data_interface_ops::reuse_data_
for proper StarPU allocation management. It might be useful to implement starpu_data_interface_ops::cache_data_on_node,
otherwise StarPU will just call memcpy ().

A more involved case is changing the amount of allocated data. The task implementation can just reallocate the
buffer during its execution, and set the proper new values in the interface structure, e.g. nx, ny, Id, etc. so that the
StarPU core knows the new data layout. The structure starpu_data_interface_ops however then needs to have the
field starpu_data_interface_ops::dontcache set to 1, to prevent StarPU from trying to perform any cached allocation,
since the allocated size will vary. An example is available in tests/datawizard/variable_size.c. The
example uses its own data interface to contain some simulation information for data growth, but the principle can be
applied for any data interface.

The principle is to use starpu_malloc_on_node_flags() to make the new allocation, and use starpu_free_on_node_flags()
to release any previous allocation. The flags have to be precisely like in the example:

unsigned workerid = starpu_worker_get_id_check();

unsigned dst_node = starpu_worker_get_memory_node (workerid) ;

interface->ptr = starpu_malloc_on_node_flags (dst_node, size + increase, STARPU_MALLOC_PINNED |
STARPU_MALLOC_COUNT | STARPU_MEMORY_OVERFLOW) ;

starpu_free_on_node_flags (dst_node, old, size, STARPU_MALLOC_PINNED | STARPU_MALLOC_COUNT |
STARPU_MEMORY_OVERFLOW) ;

interface->size += increase;

so that the allocated area has the expected properties and the allocation is properly accounted for.

Depending on the interface (vector, CSR, etc.) you may have to fix several fields of the data interface: e.g. both nx
and allocsize for vectors, and store the pointer both in pt r and dev_handle.

Some interfaces make a distinction between the actual number of elements stored in the data and the actually
allocated buffer. For instance, the vector interface uses the nx field for the former, and the allocsize for the
latter. This allows for lazy reallocation to avoid reallocating the buffer every time to exactly match the actual number
of elements. Computations and data transfers will use the field nx, while allocation functions will use the field
allocsize. One just has to make sure that allocsize is always bigger or equal to nx.

Important note: one can not change the size of a partitioned data.
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12 Advanced Data Management

3.2 Data Management Allocation

When the application allocates data, whenever possible it should use the function starpu_malloc(), which will ask
CUDA or OpenCL to make the allocation itself and pin the corresponding allocated memory (a basic example is
inexamples/basic_examples/block.c), orto use the function starpu_memory_pin() to pin memory allo-
cated by other ways, such as local arrays (a basic example is in examples/basic_examples/vector«
_scal.c). This is needed to permit asynchronous data transfer, i.e. permit data transfer to overlap with
computations. Otherwise, the trace will show that the state DriverCopyAsync takes a lot of time, this is
because CUDA or OpenCL then reverts to synchronous transfers. Before shutting down StarPU, the applica-
tion should deallocate any memory that has previously been allocated with starpu_malloc(), by calling either
starpu_free() or starpu_free_noflag() which is more recommended. If the application has pinned memory using
starpu_memory_pin(), it should unpin the memory using starpu_memory_unpin() before freeing the memory.

If an application requires a specific alignment constraint for memory allocations made with starpu_malloc(), it can
use the starpu_malloc_set_align() function to set the alignment requirement.

The application can provide its own allocation function by calling starpu_malloc_set_hooks(). StarPU will then
use them for all data handle allocations in the main memory. An example is in examples/basic_«
examples/hooks.c.

StarPU provides several functions to monitor the memory usage and availability on the system. The applica-
tion can use the starpu_memory_get_used() function to monitor its own memory usage on a node, and the
starpu_memory_get_total_all_nodes() function to monitor the amount of total memory on all memory nodes, and
the starpu_memory_get_available_all_nodes() function to monitor the amount of available memory on all memory
nodes. Additionally, the starpu_memory_get_used_all_nodes() function can be used to monitor the amount of used
memory on all memory nodes.

By default, StarPU leaves replicates of data wherever they were used, in case they will be re-used by other tasks,
thus saving the data transfer time. When some task modifies some data, all the other replicates are invalidated,
and only the processing unit which ran this task will have a valid replicate of the data. If the application knows that
this data will not be re-used by further tasks, it should advise StarPU to immediately replicate it to a desired list of
memory nodes (given through a bitmask). This can be understood like the write-through mode of CPU caches.

starpu_data_set_wt_mask (img_handle, 1«0);
will for instance request to always automatically transfer a replicate into the main memory (node 0), as bit 0 of the

write-through bitmask is being set. An example is available in examples/pi/pi.c.
starpu_data_set_wt_mask (img_handle, ~0U);

will request to always automatically broadcast the updated data to all memory nodes. An example is available in
tests/datawizard/wt_broadcast.c.

Setting the write-through mask to ~0U can also be useful to make sure all memory nodes always have a copy of
the data, so that it is never evicted when memory gets scarce.

Implicit data dependency computation can become expensive if a lot of tasks access the same piece of data. If no
dependency is required on some piece of data (e.g. because it is only accessed in read-only mode, or because write
accesses are actually commutative), use the function starpu_data_set_sequential_consistency_flag() to disable
implicit dependencies on this data.

In the same vein, accumulation of results in the same data can become a bottleneck. The use of the mode
STARPU_REDUX permits to optimize such accumulation (see DataReduction). To a lesser extent, the use of
the flag STARPU_COMMUTE keeps the bottleneck (see DataCommute), but at least permits the accumulation to
happen in any order.

Applications often need a data just for temporary results. In such a case, registration can be made without an initial
value, for instance this produces a vector data:

starpu_vector_data_register (&¢handle, -1, 0, n, sizeof (float));

StarPU will then allocate the actual buffer only when it is actually needed, e.g. directly on the GPU without allocating
in main memory.

In the same vein, once the temporary results are not useful anymore, the data should be thrown away. If the handle
is not to be reused, it can be unregistered:

starpu_data_unregister_submit (handle);
actual unregistration will be done after all tasks working on the handle terminate.
One can also unregister the data handle by calling:

starpu_data_unregister_no_coherency (handle);

Different from starpu_data_unregister(), a valid copy of the data is not put back into the home node in the buffer that
was initially registered.

If the handle is to be reused, instead of unregistering it, it can simply be deinitialized:

starpu_data_deinitialize (handle);

So that the value will be ignored and not written back to main memory.
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Or instead it can even be invalidated (the buffers containing the current value will then be freed, and reallocated
only when another task writes some value to the handle):

starpu_data_invalidate (handle);

if the data transfer is asynchronous, one can use the submit versions:

starpu_data_deinitialize_submit (handle);

or

starpu_data_invalidate_submit (handle);
A basic example is available inthe files tests/datawizard/data_deinitialize.candtests/datawizard/data«
_invalidation.c.

3.3 Data Access

To access registered data outside tasks we can call the function starpu_data_acquire(). The access mode can
be read-only mode STARPU_R, write-only mode STARPU_W, and read-write mode STARPU_RW. We will get
an up-to-date copy of handle in memory located where the data was originally registered. The application can
also call starpu_data_acquire_try() instead of starpu_data_acquire() to acquire the data, but if previously-submitted
tasks have not completed when we ask to acquire the data, the program will crash. starpu_data_release() must be
called once the application no longer needs to access the piece of data. Or call starpu_data_release_to() to partly
release the piece of data acquired. We can also access registered data from a given memory node by calling the
function starpu_data_acquire_on_node(), or calling starpu_data_acquire_on_node_try() if all previously-submitted
tasks have completed. Correspondingly, starpu_data_release_on_node() must be called once the application no
longer needs to access the piece of data and the node parameter must be exactly the same as the corresponding
starpu_data_acquire_on_node() call. Or call starpu_data_release_to_on_node() to partly release the piece of data
acquired.

The application may access the requested data asynchronous during the execution of callback by calling
starpu_data_acquire_cb(), and by calling starpu_data_acquire_cb_sequential_consistency() with the possibil-
ity of enabling or disabling data dependencies. The callback function must call starpu_data_release() once
the application no longer needs to access the piece of data. Or call starpu_data_release_to() to partly
release the piece of data acquired. The application can also access registered data from a given mem-
ory node instead of main memory by calling the function starpu_data_acquire_on_node_cb(), and by calling
starpu_data_acquire_on_node_cb_sequential_consistency() with the possibility of enabling or disabling data de-
pendencies. starpu_data_release_on_node() must be called once the application no longer needs to access the
piece of data. Or call starpu_data_release_to_on_node() to partly release the piece of data acquired.

3.4 Data Prefetch

The scheduling policies heft, dmda and pheft perform data prefetch (see STARPU_PREFETCH): as soon as
a scheduling decision is taken for a task, requests are issued to transfer its required data to the target processing
unit, if needed, so that when the processing unit actually starts the task, its data will hopefully be already available,
and it will not have to wait for the transfer to finish.

The application may want to perform some manual prefetching, for several reasons such as excluding initial data
transfers from performance measurements, or setting up an initial statically-computed data distribution on the ma-
chine before submitting tasks, which will thus guide StarPU toward an initial task distribution (since StarPU will try
to avoid further transfers).

This can be achieved by giving the function starpu_data_prefetch_on_node() the handle and the desired tar-
get memory node. An example is available in the file tests/microbenchs/prefetch_data_on_«
node.c. The variant starpu_data_idle_prefetch_on_node() can be used to issue the transfer only when the
bus is idle. One can also call starpu_data_request_allocation() for the allocation of a piece of data on the
specified memory node. We can know whether the allocation is done on the specified memory node by using
starpu_data_test_if allocated_on_node(). We can also know whether the map is done on the specified memory
node by using starpu_data_test_if _mapped_on_node().

If we want higher priority to request data to be replicated to a given node as soon as possible, so that it is available
there for tasks, we can call starpu_data_fetch_on_node(). We can call starpu_data_prefetch_on_node_prio() to
have a priority than starpu_data_prefetch_on_node(). And call starpu_data_idle_prefetch_on_node_prio() to have
a bit higher priority than starpu_data_idle_prefetch_on_node().

Conversely, one can advise StarPU that some data will not be useful in the close future by calling
starpu_data_wont_use(). StarPU will then write its value back to its home node, and evict it from GPUs when
room is needed. An example is available in the file tests/datawizard/partition_wontuse.c. Onecan
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also advise StarPU to evict data from the memory node directly by calling starpu_data_evict_from_node(), but it may
fail if e.g. some tasks are still working on the memory node. To avoid failure one can call starpu_data_can_evict()
to check whether data can be evicted from the memory node. Anyway it is more recommended to use
starpu_data_wont_use().

One can query the status of handle on the specified memory node by calling starpu_data_query_status2() or
starpu_data_query_status(). One can call starpu_memchunk_tidy() to tidy the available memory on the specified
memory node periodically.

3.5 Manual Partitioning

Except the partitioning functions described in PartitioningData and AsynchronousPartitioning, one can
also handle partitioning by hand, by registering several views on the same piece of data. The idea is
then to manage the coherency of the various views through the common buffer in the main memory.
examples/filters/fmultiple_manual.c is a complete example using this technique.

In short, we first register the same matrix several times:
starpu_matrix_data_register (&¢handle, STARPU_MAIN_RAM, (uintptr_t)matrix, NX, NX, NY, sizeof(matrix[0]));
(i = 0; 1 < PARTS; i++)
starpu_matrix_data_register (&vert_handle[i], STARPU_MAIN_RAM, (uintptr_t)é&matrix[0][i* (NX/PARTS)], NX,
NX/PARTS, NY, sizeof (matrix[0][0]));

Since StarPU is not aware that the two handles are actually pointing to the same data, we have a danger of
inadvertently submitting tasks to both views, which will bring a mess since StarPU will not guarantee any coherency

between the two views. To make sure we don't do this, we invalidate the view that we will not use:
(i = 0; 1 < PARTS; i++)
starpu_data_invalidate (vert_handle[i]);

Then we can safely work on handle.
When we want to switch to the vertical slice view, all we need to do is bring coherency between them by running an
empty task on the home node of the data:

struct starpu_codelet cl_switch =
{
.where = STARPU_NOWHERE,
.nbuffers = 3,
.specific_nodes = 1,
.nodes = { STARPU_MAIN_RAM, STARPU_MAIN_RAM, STARPU_MAIN_RAM },
}i
ret = starpu_task_insert (&cl_switch, STARPU_RW, handle,
STARPU_W, vert_handle[O0],
STARPU_W, vert_handle[1l],
0);

The execution of the task switch will get back the matrix data into the main memory, and thus the vertical slices
will get the updated value there.
Again, we prefer to make sure that we don't accidentally access the matrix through the whole-matrix handle:

starpu_data_invalidate_submit (handle);

Note: when enabling a set of handles in this way, the set must not have any overlapping, i.e. the handles of the set
must not have any part of data in common, otherwise StarPU will not properly handle concurrent accesses between
them.

And now we can start using vertical slices, etc.

3.6 Data handles helpers

Functions starpu_data_set_user_data() and starpu_data_get_user_data() are used to associate user-defined data
with a specific data handle. One can set or retrieve the field user_data of the data handle by calling these two
functions respectively. Similarly, functions starpu_data_set_sched_data() and starpu_data_get_sched_data() are
used to associate scheduling-related data with a specific data handle. One can set or retrieve the field sched«
_data of the data handle by calling these two functions respectively. One can set a name for a data handle by
calling starpu_data_set_name().

One can call starpu_data_register_same() to register a new piece of data into a data handle with the same interface
as the specified data handle. If necessary, one can register a void interface by using starpu_void_data_register().
There is no data really associated to this interface, but it may be used as a synchronization mechanism.

One can call starpu_data_cpy() or starpu_data_cpy_priority() to copy data from one memory location to another
memory location, but the latter one allows the application to specify a priority value for the copy operation. The
higher the priority value, the sonner the copy operation will be scheduled and executed. One can also call
starpu_data_dup_ro() function for duplicating, but this function only creates a new read-only data block that is
an exact copy of the original data block. The new data block can be used independently of the original data block
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for read-only access.

starpu_data_pack_node() and starpu_data_pack() are functions that are used to pack a data item into a binary buffer
on a node or on local memory node. starpu_data_peek_node() and starpu_data_peek() are functions that allow you
to read in handle's node or local node replicate the data located at the given pointer. starpu_data_unpack_node()
and starpu_data_unpack() are functions that are used to unpack a data item from a binary buffer on a node or on
local memory node.

StarPU provides several functions for querying the size and memory allocation of variable size data items, such as:
starpu_data_get_size() is a function that returns the size of a data associated with handle in bytes. This is the size
of the actual data stored in memory. starpu_data_get_alloc_size() is a function that returns the amount of memory
that has been allocated for a data associated with handle in anticipation. This may be larger than the actual size
of the data item, due to alignment requirements or other implementation details. starpu_data_get_max_size() is a
function that returns the maximum size of a handle data that can be allocated by StarPU.

One can call starpu_data_get_home_node() to retrieve the identifier of the node on which the data handle is origi-
nally stored. One can call starpu_data_print() to print basic information about the data handle and the node to the
specified file.

3.7 Handles data buffer pointers

A simple understanding of StarPU handles is that it's a collection of buffers on each memory node of the machine,
which contain the same data. The picture is however made more complex with the OpenCL support and with
partitioning.

When partitioning a handle, the data buffers of the subhandles will indeed be inside the data buffers of the main
handle (to save transferring data back and forth between the main handle and the subhandles). But in OpenCL,
a cl_mem is not a pointer, but an opaque value on which pointer arithmetic can not be used. That is why data
interfaces contain three fields: dev_handle, offset, and ptr.

« The field dev_handle is what the allocation function returned, and one can not do arithmetic on it.

» The field offset is the offset inside the allocated area, most often it will be 0 because data start at the
beginning of the allocated area, but when the handle is partitioned, the subhandles will have varying of fset
values, for each subpiece.

» The field pt r, in the non-OpenCL case, i.e. when pointer arithmetic can be used on dev_handle, is just
the sum of dev_handle and of fset, provided for convenience.

This means that:
« computation kernels can use pt r in non-OpenCL implementations.
« computation kernels have to use dev_handle and offset in the OpenCL implementation.

« allocation methods of data interfaces have to store the value returned by starpu_malloc_on_node() in dev+«
_handle and ptr, and set offset to 0.

* partitioning filters have to copy over dev_handle without modifying it, set in the child different values of
offset, and set pt r accordingly as the sum of dev_handle and offset.

We can call starpu_data_handle_to_pointer() to get pt r associated with the data handle, or call starpu_data_get_local_ptr()
to get the local pointer associated with the data handle.

Examples in the directory examples/interface/complex_dev_handle/ show how to generate and im-
plement an interface supporting OpenCL.

To better notice the difference between simple ptr and dev_handle + offset, one can com-

pare examples/interface/complex_interface.c vs examples/interface/complex_«
dev_handle/complex_dev_handle_interface.c and examples/interface/complex«
_filters.c ' examples/interface/complex_dev_handle/complex_dev_handle_«
filters.c.

3.8 Defining A New Data Filter

StarPU provides a series of predefined filters in Data Partition, but additional filters can be defined by the application.
The principle is that the filter function just fills the memory location of the 1—th subpart of a data. Examples are
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provided in src/datawizard/interfaces/x_filters.c, check starpu_data_filter::filter_func for further
details. The helper function starpu_filter_nparts_compute_chunk_size_and_offset() can be used to compute the
division of pieces of data.

3.9 Defining A New Data Interface

This section proposes an example how to define your own interface, when the StarPU-provided interface do
not fit your needs. Here we take a simple example of an array of complex numbers represented by two ar-
rays of double values. The full source code is in examples/interface/complex_interface.c and
examples/interface/complex_interface.h

Let's thus define a new data interface to manage arrays of complex numbers:

/+ interface for complex numbers x/
struct starpu_complex_interface

{
double xreal;
double ximaginary;
int nx;
}i
That structure stores enough to describe one buffer of such kind of data. It is used for the buffer stored in the main
memory, another instance is used for the buffer stored in a GPU, etc. A data handle is thus a collection of such
structures, to describe each buffer on each memory node.
Note: one should not make pointers that point into such structures, because StarPU needs to be able to copy over
the content of it to various places, for instance to efficiently migrate a data buffer from one data handle to another

data handle, so the actual address of the structure may vary.

3.9.1 Data registration

Registering such a data to StarPU is easily done using the function starpu_data_register(). The last parameter of

the function, interface_complex_ops, will be described below.
void starpu_complex_data_register (starpu_data_handle_t xhandleptr,

unsigned home_node, double xreal, double ximaginary, int nx)
{

struct starpu_complex_interface complex =

.real = real,
.imaginary = imaginary,
.nx = nx
i
starpu_data_register (handleptr, home_node, &complex, &interface_complex_ops);

}
The struct starpu_complex_interface complex is here used just to store the parameters provided

by usersto starpu_complex_data_register. starpu_data_register() will first allocate the handle, and then
pass the structure starpu_complex_interface tothe method starpu_data_interface_ops::register_data_handle,
which records them within the data handle (it is called once per node by starpu_data_register()):

static void complex_register_data_handle (starpu_data_handle_t handle, int home_node, void xdata_interface)
{
struct starpu_complex_interface xcomplex_interface = (struct starpu_complex_interface *) data_interface;
unsigned node;
“or (node = 0; node < STARPU_MAXNODES; node++)
{
struct starpu_complex_interface xlocal_interface = (struct starpu_complex_interface x)
starpu_data_get_interface_on_node (handle, node);
local_interface->nx = complex_interface->nx;
i f (node == home_node)
{
local_interface->real = complex_interface->real;
local_interface->imaginary = complex_interface->imaginary;

local_interface->real = NULL;
local_interface->imaginary = NULL;

}
}

If the application provided a home node, the corresponding pointers will be recorded for that node. Oth-
ers have no buffer allocated yet. Possibly the interface needs some dynamic allocation (e.g. to store
an array of dimensions that can have variable size). The corresponding deallocation will then be done in
starpu_data_interface_ops::unregister_data_handle.

Different operations need to be defined for a data interface through the type starpu_data_interface_ops. We only
define here the basic operations needed to run simple applications. The source code for the different functions can
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be found in the file examples/interface/complex_interface. c, the details of the hooks to be provided
are documented in starpu_data_interface_ops .

static struct starpu_data_interface_ops interface_complex_ops =

{

.register_data_handle = complex_register_data_handle,
.allocate_data_on_node = complex_allocate_data_on_node,
.copy_methods = &complex_copy_methods,

.get_size = complex_get_size,

.footprint = complex_footprint,

.interfaceid = STARPU_UNKNOWN_INTERFACE_ID,

.interface_size = sizeof (struct starpu_complex_interface),
}i
The field starpu_data_interface_ops::interfaceid should be defined to STARPU_UNKNOWN_INTERFACE_ID when
defining the interface, its value will be updated the first time a data is registered through the new data interface.
Convenience functions can be defined to access the different fields of the complex interface from a StarPU data

handle after a call to starpu_data_acquire():
double *starpu_complex_get_real (starpu_data_handle_t handle)
{
struct starpu_complex_interface xcomplex_interface =
(struct starpu_complex_interface %) starpu_data_get_interface_on_node (handle, STARPU_MAIN_RAM) ;
return complex_interface->real;
}
double xstarpu_complex_get_imaginary (starpu_data_handle_t handle);
int starpu_complex_get_nx(starpu_data_handle_t handle);

Similar functions need to be defined to access the different fields of the complex interface from a void * pointer
to be used within codelet implementations.

#define STARPU_COMPLEX_GET_REAL (interface) (((struct starpu_complex_interface x) (interface))->real)
#define STARPU_COMPLEX_GET_IMAGINARY (interface) (((struct starpu_complex_interface

*) (interface))->imaginary)
#define STARPU_COMPLEX_GET_NX (interface) (((struct starpu_complex_interface ) (interface))->nx)

Complex data interfaces can then be registered to StarPU.

double real = 45.0;

double imaginary = 12.0;

starpu_complex_data_register (&handlel, STARPU_MAIN_RAM, &real, &imaginary, 1);
starpu_task_insert (&cl_display, STARPU_R, handlel, 0);

and used by codelets.
void display_complex_codelet (void *descr[], void x_args
{
int nx = STARPU_COMPLEX_GET_NX (descr[O0]);
double xreal = STARPU_COMPLEX_GET_REAL (descr[0]);
double *imaginary = STARPU_COMPLEX_ GET_IMAGINARY (descr[0]);
int 1i;
for(1i=0 ; i<nx ; 1i++)
{
fprintf (stderr, "Complex[%d] = %3.2f + %3.2f i\n", i, real[i], imaginaryl[il]);
}
}

The whole code for this complex data interface is available in the directory examples/interface/.

3.9.2 Data footprint

We need to pass a custom footprint function to the method starpu_data_interface_ops::footprint which
computes data size footprint.  StarPU provides several functions to compute different type of value«

starpu_hash_crc32c_be n() is used to compute the CRC of a byte buffer, starpu_hash_crc32c_be_ptr() is
used to compute the CRC of a pointer value, starpu_hash_crc32c_be() is used to compute the CRC of a 32bit
number, starpu_hash_crc32c_string() is used to compute the CRC of a string.

3.9.3 Data allocation

To be able to run tasks on GPUs etc. StarPU needs to know how to allocate a buffer for the interface. In our
example, two allocations are needed in the allocation method complex_allocate_data_on_node (): one
for the real part and one for the imaginary part.

static st