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ments for synchronizing workitem s on one or more processors are disclosed.
The embodiments include executing a barrier skip instruction by a first
workitem from the group, and responsive to the executed banier skip instruc-
tion, reconfiguring a barrier to synchronize other workitems from the group
in a plurality of points in a sequence without requiring the first workitem to
§ reach the barrier in any of the plurality of points.
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METHOD AND SYSTEM FOR WORKITEM SYNCHRONIZATION

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates generally to workitem synchronization.
Background Art
[0002] Graphics processing units (GPU) generally comprise multiple processing elements

that are ideally suited for executing the same instruction on parallel data streams, as in the
case of a single instruction multiple data (SIMD) device, or in data-parallel processing.
In many computing models, a central processing unit (CPU) functions as the host or
controlling processor and hands-off specialized functions, such as graphics processing, to
other processors such as GPUs.

10803 Multi-core CPUs, where each CPU has multiple processing cores, offer processing
capabilities for specialized functions (e.g., graphics processing) similar to those available
on the GPU. One or more of the computation cores of multi-core CPUs or GPUs can be
part of the same die (e.g., AMD Fusion™) or, alternatively, in different dies (e.g., Intel
Xeon™ with NVIDIA GPU). Recently, hybrid cores having characteristics of both CPU
and GPU (e.g., CellISPE™, Intel Larrabee™) have been proposed for general purpose
GPU (GPGPU) style computing. The GPGPU style of computing advocates using the
CPU to primarily execute control code and to offload performance critical data-parallel
code to the GPU. The GPU is primarily used as an accelerator. The combination of
multi-core CPUs and GPGPU computing model encompasses both CPU cores and GPU
cores as accelerator targets. Many of the multi-core CPU cores have performance that is
comparable to GPUs in many areas.

[0004] Several frameworks have been developed for heterogeneous computing platforms
that have CPUs and GPUs. These frameworks include BrookGPU by Stanford
University, the compute unified device architecture (CUDA) by NVIDIA, and OpenCL
by an industry consortium named Khronos Group. The OpenCL framework offers a C-
like development environment which users can create applications for the GPU. OpenCL

enables the user, for example, to specify instructions for offloading some computations,
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such as data-paraliel computations, to a GPU. OpenCL also provides a compiler and a
mnfime environment in which code can be compiled and executed within a
heterogeneous, or other, computing system,

[0005] The computing model embodied by OpenCL, CUDA and many low level GPU
intermediate fangnages, is sometimes known as a single instruction multiple thread
("SIMT"). In a frequently used implementation of the SIMT model, SIMD execution
using hardware mask sets on vectors is used to simulate threading to a finer grain than
what is available in the hardware.

[0006] In order to efficiently utilize computing models where the CPU and the GPU can
both be used for the execution of code of many types, more flexible thread
synchronization models are needed.  The conventional workitem synchronization
available in OpenCL, for example, may be less efficient when used with workitems that
are not traditional graphics processing tasks. For example, whereas respective concurrent
workitems in a graphics processing task may not often diverge, in CPU associated
applications, divergence of execution may be relatively higher. The synchronization
model provided in OpenCL, by itself, is inadequate to handle such dynamic behavior of
workitems.

[0007] In OpenCL, workitems within a workgroup can be synchronized. Within a
workgroup, a barrier instruction can be issued with the semantics that all workitems in the
workgroup must reach the barrier before any can proceed past the barrier. A "barrier”
blocks all processes that reach it until the semantics noted above is satisfied. It then
releases the blocked processes to resume their respective processing. However, in
OpenCL and other similar conventional frameworks, barrier use in control flow is heavily
restricted.

[0008] FIG. 1A illustrates the use of a single workitem (referred to in FIG. 1A as a
kernel) to load a value into a group-shared memory space from which other workitems
can obtain the loaded value. The workitem that loads the value, as well as other
workitems in the workgroup, are blocked from proceeding beyond the barrier until all
workitems in the group reach the barrier.

[0009] The above operation of loading the value into group-shared memory can also be
done from within a library function which is called from the kernel code. FIG. 1B

illustrates a library function including a barrier instruction. FIG. 1C is a kernel that calls
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the library function. The code in FIG. 1C illustrates an operation to block all workitems
that call the corresponding library until the designated workitem has loaded the data to the
shared area.

[0010] FIG. 1D illustrates an example where placing a call to the barrier inside a library
may lead to incorrect operations. For example, calling a library function that includes the
barrier instruction from a kernel having a conditional, in which one of the conditionals
does not have a call to the function, may lead to deadlock. This is because while the
barrier would release only when all workitems of a group have reached it, one or more
workitems, for which a condition is not fulfilled, would not reach the barrier at all.

[0011] Moreover, in the workitem synchronization framework of OpenCL, workitems in
a workgroup executing the kernel must execute the barrier instruction before any are
allowed to continue execution. The barrier instruction must be encountered (i.e., reached
in the instruction stream) by all workitems in a workgroup executing the kernel. If the
barrier instruction is inside a conditional statement, then all workitems must enter the
conditional if any workitem enters the conditional statement and executes the barrier. If
the barrier instruction is inside a loop, all workitems must execute the barrier instruction
for each iteration of the loop before any are allowed to continue execution beyond the
barrier. These restrictions can limit the system's and the programmer's ability to
optimally utilize processing resources.

[0012] What is needed, therefore, are a method and system that enable more flexible and

efficient use of workitem synchronization.

SUMMARY OF EMBODIMENTS

[0013] Methods and systems for more efficient and flexible scheduling of workitems are
disclosed. A technique is disclosed for a workitem to indicate that it is permanently
leaving a synchronization group such that subsequent barriers that occur.in the execution
of workitems in that synchronization group do not wait for the workitem that had
announced its departure from the group. A further technique is disclosed by which a
workitem can rejoin the synchronization group in order to continue to synchronize with
other workitems of that group. The disclosed techniques may yield substantial
advantages in improved processing efficiency and flexibility in programming in various

situations.
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[0014] The disclosed method, system, and computer program product embodiments
include executing a barrier skip instruction by a first workitem from the group, and
responsive to the executed barrier skip instruction, reconfiguring a barrier to synchronize
other workitems from the group in a plurality of poiuts in a sequence without requiring
the first workitem to reach the barrier in any of the plurality of points.

[0015] Further embodiments, features, and advantages of the present invention, as well as
the structure and operation of the various embodiments of the present invention, are

described in detail below with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0016] The accompanying drawings, which are incorporated in and constitute part of the
specification, illustrate embodiments of the invention and, together with the general
description given above and the detailed description of the embodiment given below,

serve to explain the principles of the present invention. In the drawings:

[0017] FIGs. 1A-1D illustrate conventional barrier synchronization examples in
pseudocode.
[0018] FIG. 2A illustrates a barrier skip instruction (in pseudocode) according to an

embodiment of the present invention.

[0019] FIG. 2B illustrates a kernel with a barrier skip instruction using a library call (in
pseudocode), according to the embodiment.

[0020] FIG. 3 illustrates a barrier reset instruction (in pseudocode), according to the
embodiment.

[0021] FIG. 4A-4C illustrate pseudocode samples of exemplary use cases for barrier
synchronization, according to the embodiment.

[0022] FIG. 5 illustrates an exemplary flow over time of several workitems, according to

the embodiment.

[0023] FIG. 6 illustrates a method for workitem synchronization, according to the
embodiment.
{8024] FIG. 7 illustrates a block diagram of a system for workitem synchronization,

according to an embodiment.

[0025] FIG. 8 illustrates a block diagram of a workitem synchronization module,

according to an embodiment.
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DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0026)

10271

10028]

(6029]

While the present invention is deseribed herein with illustrative embodiments for
particular applications, it should be understood that the invention is not Himited thereto.
Those skilled in the art with access fo the teachings provided herein will recognize
additional modifications, applications, and embodiments within the scope thereof and
additional fields in which the invention would be of significant utility.

Fmbodiments of the present inveniion may be used in any computer system,
computing device, entertainment system, media sysiem, game Sysiems, communication
device, personal digital assistant, or any sysiern using One or more processors. The
present invention may be particularly useful where the system comprises a heterogencous
coraputing systern. A "heterogeneous computing system,” as the term is used herein, is a
computing system in which multiple kinds of processors are available.

fn a GPLL, workitems assigned to a processing element are referred to as a
"workgroup”. Two or more workitems that are issued for execution in parallel is a
swavefront”. A workgroup may comprise one Of more wavefronts.  Although
embodiments are primarily described in relation to synchronizing workiteras of a
workgroup, the teachings of this disclosure may be applied to synchronize workitems
ACFOSS ANY OUE OF MOTe Processors and/or groups of processes that have access to a shared
memory. The term "kernel”, as used hereln, vefers to a program and/or processing logic
that is executed as one or more workitems in parallel having the same code base. It
should be noted that, in some embodiments, the terms "workitem" and "thread” are
interchangeable, The interchangeability, in this disclosure, of "workitem" and "thread” is
ilustrative, for example, of the flexible simulated or true independence of workitem
execution embodied in the model in embodiments.

Embodiment of the presert invention can significantly improve the performance
of systems by enabling more cfficient and more flexible synchronization betwceen
concurrent workitems. In a GPU, multi-core CPU, or other processor that executes a very
farge number of concurrent workitems, for example, using a SIMD or SIMT framework,
the embodiments improve efficiency by enabling some workitems 1o leave and/or re-join
a group of workitems that synchronize their execution at several points in the instruction

flow. For example, when a particular workitem requires no further synchronization with
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the rest of the synchronization group, it may issue a barier skip instruction to
permanently remove itself from the synchronization group.

[0030] A barrier reset instruction may be issued subsequently if the particular workitem
has to be included again in the synchronization group. The skip instruction, in effect,
declares that the corresponding workitem will not any point before the barrier is reset
reach the barrier. The reset instruction allows the same barrier to be reused.

[0031] By enabling a workitem to permanently skip a barrier, various performance
improvements will be achieved. For example, programming flexibility is significantly
improved (as illustrated in FIG. 2A-2B), thus allowing the creation of more efficient
code. Loop behavior (particularly in systems with a large number of concurrent
workitems) is also improved.

[0032] For example, in conventional systems (including systems that include arrive and
wait operations on a barrier) all workitems are held back by a loop that includes a barrier
until the longest iterating workitem completes its iterations. By contrast, in embodiments
of the present invention, workitems that do not require further synchronization with the

group can exit the loop without causing a deadlock in the system.

[0033] improvements in processing speed are realized as well as improvements in power
efficiency.
[0034] FIG. 2 illustrates a function (in pseudocode) in which a barrier skip instruction

(e.g., b.skip()) is used in accordance with an embodiment of the present invention. A
named barrier b is declared, and a skip instruction is issued after exiting a conditional
focp. Within the loop, the workitem waits on b until a specified condition is satisfied.
18835} All workitems corresponding to a “theKernel” function (illustrated in FIG. 2A)
may not iterate the same, or a similar number of iterations while in the loop. As each
workitem exits the loop, the skip instruction is issued. The issuing of the skip instruction
‘by an exiting workitem indicates to other workitems that have not yet left the loop, that
the exiting workitem will not reach the barrier again. Thus, the barrier can be
reconfigured to avoid waiting for the exiting workitem in the current and subsequent
instantiations until, at least, another instruction, referred to as a "barrier reset." is issued.
For example, the barrier can be reconfigured such that the number of workitems required

to reach the barrier can be reduced to account for the exiting workitem.
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[0036] In conventional systems, workitems that included a barrier function (e.g., barrier()
or barrier().wait) within a loop could not be handled efficiently. For example, to prevent
deadlock, it was necessary to force all workitems in a group to iterate the same number of
times such that in each iteration, the barrier is reached (or visited) by all workitems. Such
an approach would clearly be wasteful in environments where the workitems could have
different execution paths.

[0037] Another conventional synchronization instruction is barrier arrive. The arrive
instruction, however, only releases the caller from the current barrier. For example, if in
FIG. 2A, the skip instruction is replaced with an arrive instruction, the barrier would still
require the exiting workitem to reach the barrier in the subsequent barrier instances.
Thus, the arrive instruction does not provide a mechanism by which a workitem can
permanently remove itself from a synchronization group.

[0038] FIG. 2B is an illustration of a library function "loadFunction" in pseudocode that
allows a selected workitem to copy data to a shared space with other workitems in
accordance with the present invention. The library function includes two calls to a barrier
wait instruction (e.g., b.wait()). The two barrier wait instructions will be issued by any
workitem that calls the library function.

[0039] In FIG. 2B, the kernel function "theKernel" calls loadFunction when a specified
condition is satisfied. Otherwise, it issues a skip instruction. '

[0040] The skip instruction in the else portion of the conditional (in FIG. 2B) ensures that
all workitems that do not satisfy the condition call a skip instruction. Thus, all workitems
that fail to satisfy the condition would be exempted from both subsequent instances of the
barrier, and the barrier instances would not wait on these workitems. The instances of the
barrier in an instruction flow may be referred to as synchronization points. The two
synchronization points correspond to the two calls to barrier wait (b.wait()) in the library
function. Deadlock would not occur because each workitem either calls the loadFunction
and thereby reaches the barrier at the two synchronization points, or calls the skip
instruction exempting itself from having to reach any subsequent instances of the barrier.

[0041] In contrast, if a conventional arrive instruction was used in FIG. 2B instead of the
skip instruction, a deadlock would occur. For example, although each workitem that does
not satisfy the condition executes the arrive instruction, the arrive instruction only

exempts the issuing workitem from the immediate next barrier. The issuing workitem
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would be expected to reach the barrier at the second synchronization point and, therefore,
a deadlock would occur.

[0042] FIG. 3 is an illustration, in pseudocode, of use of the barrier reset instruction (e.g.,
b.reset), according to an embodiment. The kernel function "theKernel" calls
loadFunction when a specified condition is satisfied, as illustrated in FIG. 2.
Otherwise, it issues a skip instruction followed by a reset instruction.

[0043] The issuing of the skip instruction, as described above in relation to FIG. 2B,
ensures that all workitems that fail to satisfy the condition would be exempted from both
subsequent synchronization points. The barrier at the synchronization points would not
wait on these workitems. The barrier reset instruction resets the barrier to its original
configuration. For example, whereas the skip instruction, in effect, reduced the size of
the synchronizing group for the barrier, the reset instruction reverses the effect of any
preceding skip instructions issued by workitems in the group. The implementation of the
reset instruction requires that any pending barriers are synchronized before the reset is
completed. According to some embodiments, the barrier reset is implemented as a self-
synchronizing instruction that causes a synchronization point across all workitems with
involvement in the barrier instance the reset is applied to. In other embodiments, a user
may include one or more synchronization points to ensure synchronization at the reset
instruction. FIG. 4A is an illustration, in pseudocode, of use of a barrier having a defined
size independent of its group size, according to an embodiment. For example, barrier b
may be created with an original synchronization group size of 16, regardless of how many
workitems are in the work group from which the barrier is called. Creating barrier b with
a defined size of 16 enables any process calling a wait instruction on barrier b to
synchronize with any fifteen of the workitems in the group that synchronizes on barrier b.

6044} A barrier with a defined size may be created for an application in which it is
known that only a particular number of the workitems would satisfy a defined condition.
In this manner, as shown in FIG. 44, the workitems that satisfy the condition can
synchronize on barrier b, while the others take the “else” path. Because the barrier is only
waiting for the defined number of workitems which meet the condition, no deadlock

condition would occur, and workitems that do not satisfy the condition are not required to

issue a skip instruction.
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[0045] In the exemplary illustration of FIG. 4B, barriers are used to synchronize two
groups of workitems. One group satisfies a specified condition. The other group not
satisfying that condition, may be synchronized separately using barriers bl and b2. The
workitem belongs to the bl synchronization group or the b2 synchronization group and
can issue a skip instruction to the group it does not belong to.

{8046] In the exemplary illustration of FIG. 4C, hierarchical barriers in pseudocode are
used. Workitems that satisfy a first specified condition synchronize on a wait instruction
upon a barrier b1, and other workitems skip barrier bl. Those workitems that satisfy the
first specified condition encounter another barrier b2. Of the workitems that encounter
the second barrier b2, those that satisfy a second condition. wait on b2 - the others skip
b2. As shown in the pseudocode, barrier b2 is created based upon the current state of
barrier bl.

[0047] More specifically, the size of barrier b2 (i.e., number of workitems for which b2
enforces synchronization) is represented by the number of workitems that have not issued
a skip instruction upon bl. In FIG. 4C this number is the number of workitems that
satisfied the first condition.  Other embodiments may require the underlying
implementation of the barrier update b2 when bl is skipped. Moreover, in order to avoid
race conditions that may occur in some situations in the update of b2, the bl skip
operation may be protected by having a synchronization point before the bl skip
operation.

[0048] FIG. S is an illustration of an exemplary flow 500 over time of several workitems
T1, T2, T3, and T4, according to an embodiment of the present invention. As shown, T1,
T2, T3, and T4 start concurrently or substantially concurrently. A first barrier wait
instruction in each workitem, causes it to synchronize at synchronization point 501.
Synchronizing at synchronization point 501 involves the workitems T1, T2, T3, and T4
waiting for the last workitem among them to arrive at 501, and then resuming execution
concurrently or substantially concurrently.

[0049] At point 502, workitem T4 issues a barrier arrive instruction. The barrier arrive
instruction notifies the next instance of the barrier to not wait on T4, and T4 proceeds
without having to synchronize at the second instance of the barrier.

[0050] At synchronization point 503, workitems T1, T2 and T3 synchronize upon the

second instance of the barrier, based upon a second barrier wait instruction in the
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instruction stream. When all workitems T1, T2 and T3 arrive at synchronization point
503, they resume execution concurrently or substantially concurrently.

[0051] At point 504, T1 issues a barrier skip instruction. The barrier skip instruction
notifies any subsequent instances of barrier to not wait on T1, and T1 proceeds without
having to synchronize at the subsequent instances of the barrier.

[0052] At synchronization point 505, workitems T2, T3 and T4 synchronize. Note, that
although T4 had previously issued a barrier arrive instruction (at 502), this previous
issuance only exempted T4 from the next occurring barrier (i.e., at synchronization point
503). After synchronization at synchronization point 505, T2, T3, and T4 proceed to
synchronize again at synchronization point 506. When synchronized at synchronization
point 506, T2 and T3 would have each encountered four instances of barrier wait
instructions in their respective instruction streams. At this time, T4 would have only
encountered three instances. The barriers at synchronization points 505 and 506 do not
block for T1 because T1 issued barrier skip instruction at 504, preceding synchronization
points 505 and 506.

[0053] At a point 507 in time, after the occurrence of 506, T1 issues a barrier reset
instruction. This resets the barrier to its original configuration. The original barrier was
configured to synchronize on all four workitems T1, T2, T3 and T4. The reset causes T1
to synchronize with T2, T3 and T4 at synchronization point 507. The synchronization at
point 507 may achieved by implementing of the reset as a self-synchronizing instruction
or by user-specified synchronization instructions asscciated with the reset.

[0054] Following the synchronization at point 507, T1-T4 proceed to synchronize at
synchronization point 508 based upon a wait instruction in each workitem.

[0055] FIG. 6 is an illustration of an exemplary method 600 for workitem
synchronization in accordance with an embodiment.

[0056] At operation 602, a group of workitems is started. The workitems may be a
plurality of workitems of identical code. The actual instruction sequence executed in
respective workitems of identical code may be the same, or different, depending on
conditional evaluations and the like. According to another embodiment, the workitems
are not all identical code, and may comprise of any workitems that have share one or

more synchronization points with each other.
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[0057} The plurality of workitems may be started concurrently or non-concurrently. The
workitems may be executed on a CPU, GPU, on two or more GPUs, on two or more cores
of a CPU, or any combination of one or more GPU and one or more CPU cores.
According to an embodiment, the plurality of workitems is a workgroup that executes on
one processing element of a GPU.

[0058] At operation 604, a barrier b is created. Barrier b can be created, or instantiated,
by executing an instruction on a workitem that declares barrier 5. According to an
embodiment, when the system encounters the first instance of a declaration of barrier b,
an instance of the barrier is created in a memory. Workitems that subsequently declare
barrier b receive a reference to the already created barrier 5. The underlying
implementation of barriers may be different in the respective frameworks and/or systems.
A counting semaphore is an exemplary mechanism by which a barrier with the above
semantics can be implemented.

[0059] Creation of the barrier b object in memory includes initializing one or more
memory locations and/or registers in dynamic memory and/or hardware. For example, in
relation to barrier b, several counts are required to be maintained as described below. The
barrier object as well as all counts can be maintained in dynamic memory with the
appropriate concurrency control mechanism in writing and reading to those memory
locations. According to another embodiment, whereas an object corresponding to barrier
b is instantiated in dynamic memory, the corresponding counts are maintained in specific
hardware registers.

[0060] At operation 606, various counts required to initialize barrier b are determined and
their initial values are set. The number of visiting workitems ("visit count") defines the
number of workitems that have reached barrier 5. A workitem has "reached” a barrier,
when it issues a barrier wait instruction or equivalent. The visit count may be initialized
to 0. The number of workitems that have executed a barrier skip instruction on barrier b
may be tracked in a skipped count ("skip count"). A barrier release threshold ("release
threshold") is the number of workitems the barrier is waiting on. According to an
embodiment, barrier b is initialized with a release threshold that is equal to the number of
workitems in the group that was started at operation 602. According to another

embodiment, the barrier b is created (at operation 604) with a defined size regardless of
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the size of the group started at operation 602. Therefore, the release threshold is
initialized to the defined size.

[0061] At operation 608, after executing any number of other instructions from an
instructions flow, workitem x arrives at a synchronization instruction. A synchronization
instruction may be one of, but is not limited to, a barrier wait, a barrier arrive, a barrier
skip, and a barrier reset.

[0062] At operation 610, a decision is made whether the synchronization instruction is a
barrier wait instruction, and if so, method 600 proceeds to operation 612.

[0063] At operation 612, the visit count is updated. According to an embodiment, the
visit count is incremented by one to indicate that workitem x reached the barrier.

[0064] At operation 614, the sum of the updated visit count and the skip count is
compared to the release threshold. If the sum is equal to or greater than the release
threshold, then workitem x is the last workitem to arrive at the barrier, and the barrier is
released at operation 618. Releasing the barrier, according to an embodiment, causes one
or more count values to be reset and the blocked workitems to resume execution.

[0065] The release of the barrier causes the resetting of the visit count at operation 620
and resuming of all workitems blocked on barrier at operation 622. At operation 620,
according to an embodiment, the visit count is reset to 0. Note that resetting the visit
count erases any cffects of barrier arrive instructions that occurred earlier. However,
resetting the visit count does not erase the effects of any barrier skip instructions that
occurred earlier. The resetting of only the visit count, as done in the event of a barrier
release from a block, can be considered as a "part-reset" operation on the barrier. The
term "part-reset", as used herein, conveys that the portion of the barrier that applies to
workitems that have not issued a skip instruction is reset.

{3066} At operation 622, all blocked workitems resume execution. According to an
embodiment, blocked workitems may be waiting on a semaphore, and the semaphore is
reset so that the blocked workitems can resume execution. For example, a counting
semaphore, implemented in hardware or software, can be used to block workitems. After
completing operation 622, method 600 proceeds to operation 608.

138671 If, at operation 614, it is determined that the sum of the visit count and skip count
is not equal to the release threshold, then at operation 616, workitem x is blocked. The

blocking of workitem x may, according to an embodirhent, be performed by causing the
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workitem to wait on a semaphore. Workitem x will subsequently be released when
operations 618-622 occurs for the barrier. Operation 619 represents the continuation of
execution of workitem x upon release of the barrier, for example, by operations 618-622.

[0068] If, at operation 610, it is decided that the instruction is not a barrier wait
instruction, then at operation 624, it is decided whether the instruction is a barrier arrive.
If yes, then at operation 626 the visit count is updated. According to an embodiment, the
visit count is incremented by one to indicate that workitem x has reached the barrier.
After updating the visit count, at operation 628, workitem x continues its execution of the
instruction stream. Subsequently, processing proceeds to operation 608 when the next
synchronization instruction is encountered.

[0069] If, at operation 624, it is decided that the instruction is not a barrier arrive
instruction, then at operation 630, it is decided whether the instruction is a barrier skip. If
yes, then at operation 632, the skip count is updated. According to an embodiment, the
skip count is incremented by 1. Then at operation 636, workitem x continues to execute
and proceeds to operation 608 when the next synchronization instruction is encountered.

[0070] If, at operation 630, it is decided that the instruction is not a barrier skip
instruction, then at operation 638, it is determined whether the instruction is a barrier
reset. If yes, then at operation 640, the barrier b is reset. According to an embodiment,
resetting the barrier in response to a barrier reset instruction includes setting the visit
count and skip count to 0. Thus, after a barrier reset is executed on barrier b, barrier b is
reset to its original state. In some situations, race conditions may occur if all workitems
in the group are not synchronized at the barrier. Therefore, in some embodiments, a
barrier reset instruction may be implemented as a self-synchronizing instruction and may
cause a synchronization point across all workitems. In other embodiments, a user may
include one or more synchronization points to ensure synchronization at the reset
instruction. Following operation 640, processing may continue to operation 608, when
the next synchronization instruction is encountered in the instruction stream.

[0071] If it is determined at step 638, that the instruction is not a barrier reset instruction
then, at operation 639, workitem x may continue execution. Following operation 639,
processing may continue to operation 608, when the next synchronization instruction is

encountered in the instruction stream.
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{80721 According to another embodiment, instead of maintaining a separate skip count
and release threshold for a barrier, only the release threshold may be maintained. For
example, the release threshold may be decremented to reflect that a workitem has
executed a barrier skip instruction. Then, when a barrier reset instruction is issued, the
resetting of counts would include resetting the release threshold to its original dimension.
In effect, according to this approach, the number of workitems that execute a barrier skip
may be considered as leaving the synchronization group.

{0073} FIG. 7 is a block diagram illustration of a system for workitem synchronization in
accordance with an embodiment. In FIG, 7, an example heterogeneous computing system
700 can include one or more CPUs, such as CPU 701, and one or more GPUs, such as
GPU 702. Heterogeneous computing system 700 can also include system memory 703,
persistent storage device 704, system bus 705, an input/output device 706, and a barrier
synchronizer 709.

[0074] CPU 701 can include a commercially available control processor or a custom
control processor. CPU 701, for example, executes the control logic that controls the
operation of heterogeneous computing system 700. CPU 701 can be a multi-core CPU,
such as a multi-core CPU with two CPU cores 741 and 742. CPU 701, in addition to any
control circuitry, includes CPU cache memories 743 and 744 of CPU cores 741 and 742,
respectively. CPU cache memories 743 and 744 can be used to temporarily store
instructions and/or parameter values during the execution of an application on CPU cores
741 and 742, respectively.

{80751 For example, CPU cache memory 743 can be used to temporarily store one or
more control logic instructions, values of variables, or values of constant parameters,
from the system memory 703 during the execution of control logic instructions on CPU
core 741. CPU 701 can also include specialized vector instruction processing units. For
example, CPU core 742 can include a Streaming SIMD Extensions (SSE) unit that can
efficiently process vectored instructions. A person skilled in the art will understand that
CPU 701 can include more or less than the CPU cores in the example chosen, and can
also have either no cache memories, or more complex cache memory hierarchies.

{8076] GPU 702 can include a commercially available graphics processor or custom

designed graphics processor. GPU 702, for example, can execute specialized code for
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selected functions. In general, GPU 702 can be used to execute graphics functions such
as graphics pipeline computations and rendering of image on a display.

[0077] GPU 702 includes a GPU global cache memory 710 and one or more compute
units 712 and 713. A graphics memory 707 can be included in, or coupled to, GPU 702.
Each compute unit 712 and 713 are associated with a GPU local memory 714 and 715,
respectively. Each compute unit includes one or more GPU processing elements (PE).
For example, compute unit 712 includes GPU processing elements 721 and 722, and
compute unit 713 includes GPU PEs 723 and 724.

[0078] Each GPU processing element 721, 722, 723, and 724, is associated with at least
one private memory (PM) 731, 732, 733, and 734, respectively. Each GPU PE can
include one or more of a scalar and vector floating-point units. The GPU PEs can also
include special purpose units such as inverse-square root units and sine/cosine units.
GPU global cache memory 710 can be coupled to a system memory such as system
memory 703, and/or graphics memory such as graphics memory 707.

[0079] System memory 703 can include at least one non-persistent memory such as
dynamic random access memory (DRAM). System memory 703 can store processing
logic instructions, constant values and variable values during execution of portions of
applications or other processing logic. For example, the control logic and/or other
processing logic of barrier synchronizer 709 can reside within system memory 703 during
execution of barrier synchronizer 709 by CPU 701. The term "processing logic," as used
herein, refers to control flow instructions, instructions for performing computations, and
instructions for associated access to resources.

[0080] Persistent memory 704 includes one or more storage devices capable of storing
digital data such as magnetic disk, optical disk, or flash memory. Persistent memory 704
can, for example, store at least parts of instruction logic of barrier synchronizer 709. At
the startup of heterogeneous computing system 700, the operating system and other
application software can be loaded in to system memory 703 from persistent storage 704.

[0081] System bus 705 can include a Peripheral Component Interconnect (PCl) bus,
Industry Standard Architecture (ISA) bus, or such a device. System bus 705 can also
include a network such as a local area network (LAN), along with the functionality to

couple components, including components of heterogeneous computing system 700.
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[0082] Input/output interface 706 includes one or more interfaces connecting user
input/output devices such as keyboard, mouse, display and/or touch screen. For example,
user input can be provided through a keyboard and mouse connected user interface 706 to
heterogeneous computing system 700. The output of heterogeneous computing system
700, can be output to a display through user interface 706.

18083} Graphics memory 707 is coupled to system bus 705 and to GPU 702. Graphics
memory 707 is, in general, used to store data transferred from system memory 703 for
fast access by the GPU. For example, the interface between GPU 702 and graphics
memory 707 can be several times faster than the system bus interface 705.

[0084] Barrier synchronizer 709 includes logic to synchronize functions and processing
logic on either or both GPU 702 and CPU 701. Barrier synchronizer 709 may be
configured to synchronize workitems globally across groups of processors in a computer,
in each individual processor, and/or within each processing element of a processor.
Barrier synchronizer 709 is further described in relation to FIG. 8 below. A person of
skill in the art will understand that barrier synchronizer can be implemented using
software, firmware, hardware, or any combination thereof. When implemented in
software, for example, barrier synchronizer 709 can be a computer program written in C
or OpenCL, that when compiled and executing resides in system memory 703. In source
code form and/or compiled executable form, barrier synchronizer 709 can be stored in
persistent memory 704. In one embodiment, some or all of the functionality of barrier
synchronizer 709 is specified in a hardware description language such as Verilog, RTL,
netlists, to enable ultimately configuring a manufacturing process through the generation
of maskworks/photomasks to generate a hardware device embodying aspects of the
invention described herein.

D085} A person of skill in the art will understand that heterogeneous computing system
700 can include more or less components that shown in FIG. 7. For example,
heterogeneous computing system 700 can include one or more network interfaces, and or
software applications such as the OpenCL framework.

{80861 FIG. 8 is an illustration of barrier synchronizer 800, according to an embodiment.
Barrier synchronizer 800 includes a workitem blocking module 802, a barrier release
module 804, a barrier workitem group module 806, a barrier skip module 808, and a

harrier reset module 810. Moreover, barrier synchronizer 800 can include barrier
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registers 812. According to an embodiment, barrier synchronizer 800 is included in
barrier synchronizer 709.

[0087] Workitem blocking module 802 operates to block one or more workitems on a
barrier. A barrier can be implemented using a semaphore (e.g., counting semaphore) and
registers. Workitem blocking may be implemented by causing blocked workitems to wait
upon the semaphore. The semaphore may be implemented in hardware or software.
Workitems may be blocked when a barrier wait instruction is encountered. Workitem
blocking module can, for example, include processing logic to implement operations,
including operation 616 of method 600.

[0088] Barrier release module 804 operates to release a barrier when a sufficient number
of workitems have reached it. As described above, a barrier can be implemented using a
semaphore, and releasing the barrier may include releasing the semaphore. Workitems
can be released when a barrier wait instruction is encountered and it turns out to be the
last workitem to complete the requirements for number of workitems to reach the barrier.
Barrier release module can, for example, include processing logic to implement
operations, including operations 618-622 of method 600.

[0089] Barrier workitem group module 806 operates to keep track of the synchronization
groups among the various executing workitems. Barrier workitem group module 806
may also operate to create and initialize the barriers according to group makeup.
According to an embodiment, Barrier release module 806 can, for example, include
processing logic to implement operations, including operations 602-606 of method 600.

[0090] Barrier skip module 808 operates to implement the barrier skip instructions. For
example, barrier skip instruction would cause the skip count for the corresponding barrier
to be updated. According to an embodiment, barrier skip module 808 can include
processing logic to implement operations, including operations 630-636 of method 600.

[0091] Barrier reset module 810 operates to implement the barrier reset instructions. For
example, barrier reset instruction would cause the visit count and skip counts related to
the barrier to be reset, and/or the release threshold adjusted. Barrier reset module 810
can, for example, include processing logic to implement operations, including operations
638-640 of method 600.

[0092] Barrier registers 812, includes hardware and/or software tegisters that relate to the

barriers. Barrier registers 812 can include barrier records 814 comprising a plurality of
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registers and/or memory locations. An exemplary barrier record 814 includes a barrier
identifier 822, a lock 824, a blocked workitem count 826, an arrived workitem count 828,
a skipped workitem count 830, and threshold 832. Barrier identifier 822 can be a pointer,
index, or other identifier to uniquely identify the memory location or register of the
barrier.

{6093] Lock 824 may be a pointer or reference to a semaphore or other entity upon which
the processes are blocked. Blocked workiten count 826 is the number of workitems that
are blocked upon the barrier. Arrived workitem count 828 is the number of workitems
that have issued a barrier arrive instruction. Skipped workitem count 830 is the number of
workitems that have issued a barrier skip instruction. Threshold 832 is the release

threshold, or group size of the synchronization group.

CONCLUSION

[0094] The Summary and Abstract sections may set forth one or more but not all
exemplary embodiments of the present invention as contemplated by the inventor(s), and
thus, are not intended to limit the present invention and the appended claims in any way.

[0095] The present invention has been described above with the aid of functional building
blocks illustrating the implementation of specified functions and relationships thereof.
The boundaries of these functional building blocks have been arbitrarily defined herein
for the convenience of the description. Alternate boundaries can be defined so long as the
specified functions and relationships thereof are appropriately performed.

18096} The foregoing description of the specific embodiments will so fully reveal the
general nature of the invention that others can, by applying knowledge within the skill of
the art, readily modify and/or adapt for various applications such specific embodiments,
without undue experimentation, without departing from the general concept of the present
invention. Therefore, such adaptations and modifications are intended to be within the
meaning and range of equivalents of the disclosed embodiments, based on the teaching
and guidance presented herein. It is to be understood that the phraseology or terminology
herein is for the purpose of description and not of limitation, such that the terminology or
phraseology of the present specification is to be interpreted by the skilled artisan in light

of the teachings and guidance.
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{3097} The breadth and scope of the present invention should not be limited by any of the
ghove-described exemplary embodiments, but should be defined only in accordance with

the following claims and their equivalents.
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WHAT IS CLAIMED IS

A method of synchronizing a group of workitems on one or more processors, comprising:
executing a barrier skip instruction by a first workitem from the group; and

responsive to the executed barrier skip instruction, reconfiguring a barrier to
synchronize other workitems from the group in a plurality of points in a sequence
without requiring the first workitem to reach the barrier in any of the plurality of

points.
The method of claim 1, further comprising:

configuring the barrier to synchronize the group at a sequence of synchronization

points, wherein the sequence includes the plurality of points.

The method of claim 1, wherein reconfiguring the barrier to synchronize other workitems

includes:

incrementing a skip count associated with the barrier, wherein the skip count is
used in determining whether all workitems from the group have reached the

barrier.
The method of claim 1, further comprising:

synchronizing the other workitems at first and second points of the plurality of
points, wherein the first workitem did not reach the barrier at the first and second

points.
The method of claim 4, wherein synchronizing the other workitems comprises:

for each of the other workitems that reach the barrier, determining if it is a last one

of the other workitems; and

when the last of the other workitems reaches the barrier, unblock all the other

workitems to resume processing.
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6. The method of claim 5, wherein the determining if it is the last one of the other workitems

comprises:

comparing a sum of a skip count and a visit count to a release threshold, wherein
the skip count is incremented when the skip instruction is executed, wherein the
visit count is incremented when a workitem reaches the barrier, and wherein the

release threshold corresponds to a number of workitems in the group.

-~

The method of claim 4, wherein synchronizing the other workitems comprises:
synchronizing the other workitems at the first point;
part-resetting the barrier to synchronize only the other workitems; and

synchronizing the other workitems at the second point following the part-resetting

of the barrier to synchronize only the other workitems.

8. The method of claim 7, wherein part-resetting the barrier to synchronize only the other

workitems comprises:

setting a visit count associated with the barrier to an initial value indicating no
workitems have reached the barrier, wherein the visit count represents a number

of workitems that reach the barrier; and

persisting a value of a skip count, wherein the skip count is incremented when a

workitem issues a barrier skip instruction.
9. The method of claim 1, further comprising:
executing a barrier reset instruction by any workitem from the group; and

responsive to the barrier reset instruction, further reconfiguring the barrier to
require all workitems from the group to reach the barrier in order to synchronize

the group.

10. The method of claim 9, wherein further reconfiguring the barrier to require all workitems

comprises:



11.

12.

13.

14.

15.

16.
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setting a visit count associated with the barrier to an initial value indicating no

workitems have reached the barrier; and

setting a skip count associated with the barrier to an initial value indicating no

workitems have issued a barrier skip instruction associated with the barrier.

The method of claim 1, wherein the group of workitems is a workgroup, and wherein the

workgroup is executing in a processing element of a graphics processing unit;

The method of claim 1, wherein the group includes workitems from two or more

workgroups of a wavefront executing in a graphics processing unit.
The method of claim 1, wherein the group includes workitems executing on a CPU.

The method of claim 1, wherein configuring the barrier to synchronize the group at a
sequence of synchronization points is performed in response to an instruction included in

a library function.
A system, comprising:
one Or More processors;
a group of workitems executing on the one or more processors; and

a barrier synchronization module is configured to, when executed by the one or

more processors, cause the one or more processors to:
execute a barrier skip instruction by a first workitem from the group; and

responsive to the executed barrier skip instruction, reconfigure a barrier to
synchronize other workitems from the group in a plurality of points in a
sequence without requiring the first workitem to reach the barrier in any of

the plurality of points.

The system of claim 15, wherein the barrier synchronization module is further configured

to, when executed by the one or more processors, cause the one or more processors to:
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configure a barrier to synchronize the group at a sequence of synchronization

points, wherein the sequence includes the plurality of points.

17.  The system of claim 15, wherein the one or more processors are part of a heterogeneous

computing system.

18 The system of claim 15, wherein the barrier synchronization module is further configured

to, when executed by the one or more processors, cause the one or more processors to:
execute a barrier reset instruction by any workitem from the group; and

responsive to the barrier reset instruction, further reconfigure the barrier to require

all workitems from the group to reach the barrier in order to synchronize the

group.

19. A computer readable medium storing commands, wherein the commands, if executed,

cause a method comprising:
executing a barrier skip instruction by a first workitem from the group; and

responsive to the executed barrier skip instruction, reconfiguring a barrier to
synchronize other workitems from the group in a plurality of points in a sequence
without requiring the first workitem to reach the barrier in any of the plurality of

points.

20. A computer readable medium of claim 19, wherein the commands, if executed, cause a

method further comprising:

configuring a barrier to synchronize the group at a sequence of synchronization

points, wherein the sequence includes the plurality of points.
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Kernel loadKernel(global float *data, local float *sharedData)

{

/1 get workitem 0 in the group load the group's constant from data
// and place it in the shared array
if( get_localid(0) == 0) {

sharedData[0] = data[get_group_id(0)];

// Ensure all workitems wait for the operation to complete
barrier(CLK_GLOBAL_MEM_FENCE),
... I/ do something using the shared value

}

FIG. 1A

frlwbat IoadFuncﬁon (global float *da'ta, local float *sharedData)
{
Il get workitem 0 in the group load the group's constant from data
/ and place it in the shared array
if( get_locaLid(0) == 0) {
sharedData[0] = data[get_group_id(0)];
}

// Ensure all workitems wait for the operation to complete
barrier(CLK_GLOBAL_MEM_FENCE);
return sharedData[0];

}

FiG. 18
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kernel theKerneI(gIobalrmﬂoat *data, local fioat *sharedbéta)

float val= loadFunction(data, sharedData);
// do something using val

)

FiG. 10

kernel theKernel(global float *data, local float *sharedData)
{
If ( someCondition ) {
float val= loadFunction(data, sharedData);
// do something using val
}else {
// we know we don't need to do that load here
)
)

FIG. 10
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{

barrier b;

while( someCondition ) {
b. wait();
// do something

}
b.skip();

}

FIG. 2A
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kernel theKernel(global float *data, local float *sharedData)
{
barrier b;
if( someCondition ) {
/l pass the barrier object down to the called function
float val= loadFunction(data, sharedData, b);
// do something using val
} else {
// Instead of arrive, skip here. That way loadFunction can use the barrier
// more than once while maintaining correct behavior. If arrive were used
// waiting a second time in loadFunction would
// cause a wait on this workitem too, which is undesired behavior.
b.skip();
// we know we don't need to do that load here

}
}

fioat loadFunction {global float *data, local float *sharedData, barrier b)
{

i get workitem 0 in the group load the group's constant from data

# and place itin the shared array

i get_localid{Q) == 0} {

sharedDatal0] = datalget_group_id{0)};

}

{f Wait specifically on the barrier we passed:

b.wait();

/ Communicate in some way

/i Wait a second time

b.waltl);

return sharedData{0];

S

FIG. 2B
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kernel theKernel(global float *data, local float *sharedData)

{

barrier b;
if( someCondition ) {
/I pass the barrier object down to the called function
fioat val= loadFunction(data, sharedData, b);
/I do something using val
} else {
/I Instead of arrive, skip here. That way loadFunction can use the barrier more than once while
/I maintaining correct behavior. If arrive were used waiting a second time in load Function would
// cause a wait on this workitem too, which is undesired behavior.
b.skip();
// we know we don't need to do that load here
}
b.reset();
//Do more
b.wait();
// Do more post synchronization of *all* workitems
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{

/I A barrier for 18 workitems
barrier b(16);

If ( someCondition that applies only to 16 workitems in the set) {
/l pass the barrier object down to the called function
float val= loadFunction(data, sharedData, b);
// do something using val

} else {

/l We know that the first condition dealt with only 16 workitems. The rest will
follow this path

// and hence do not need to notify the barrier of their wish to skip.

}

} <

FIG. 44

kernel theKérneI(gIdbaI floét *data, local ﬂoat *shafédDafa)

// create two barriers to seperately synchronize two groups of workitems
barrier b1, b2;
If ( someCondition that applies only to b1 workitems) {
{/ do something
b2.skip();
b1.wait();
/l do something
} else { // else applies only to b2 workitems
// do something
b1.skip();
b2.wait();
/l do something

FIG. 4B
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kernel theKernel(global float *data, local float *sharedData)
{
/I create outer barrier b1
barrier b1,
If ( someCondition ) {
// do something
b1.wait();
/l do something
/I create inner barrier b2

barrier b2(b1);
if ( someCondition2 ) {
b2.wait();
}
b2.skip();
// do something
}
. // do something
b1.skip();
// do something
I

FIG. 4C



WO 2013/066988 PCT/US2012/062768

8114
T, T, Ts T, =00
3 3 3 3
: § § §
A
barrier.wait() «" e 501

AP

barrier arrive() ~ >— 502

RV T P T AT TV T At a T AV et s VAV )
AN I NSNS SN

F
7

Raa S

arrier.wait( ) -

/
!
|
i
o)
=)
w

EaTAV ValaTatety

504 — \ barrier.skip( )

AP AL ANNOLINNES T SAADOANANANASANANN

R A e

|
]
j

A ‘{; AN NN NN NN SN

) s 50D

barrier.wait

R Y o R A VT e Ve Tat y e Ty Valaty Vol ta N A A 40
AT
SN

barrierwait()— ————— 506
| | |
T
507 — \barrier.reset()
: : 3 3
: s F
barrier.wait( ) =" e 508
T
: : : :



WO 2013/066988

PCT/US2012/062768
9/11
e 600
Start >
¥
Start group of workitems ”’.‘M\GOZ
Create barrier w-"“‘\60 4
Determine/set barrier release .
threshold, visit count, skip count '" 606
Workifem X afrives at sync o
instruction ~ 608
610
AN
s RN
yes 7 Wait \,>
~.instruction?
- . o
Update barrier | \\{..‘-*”
visit count ' 612 N0 g24
T PN
j o N
N 614 o _ . yes
PN < Arrive? - ths
no .~ count+skip ™~ Y€S AN e , :
~S.count==releasg.” | S Update visit
“greshold2” | Tf 626 -P count
S tno e
BIOCK \‘513 Release i\f“'ﬁ?)o o
wworkitem x at<; 3 ; PN 628 ., Continue
barrier 616 bamer 7 x-f""f \\ 2 workitem X
o ] e Iy w—
Continue | . 620, Resetvisit | AN 7 y =
workitem x " gq7 | count hNe S
. , 632 ..; Update skip
& t'E =i - count
ontinue a ,
622~ " blocked
workitems
| _yes,
' o Conﬁnue :
640 -, Reset barrier ;
~"1 (reset visit Work|temx

count anctl)skip Con:tinue ‘
| | count) i1 workitemx 7 639




PCT/US2012/062768

WO 2013/066988

10/11

o
I~

L "9i4

mwm [4%]
Tl (XA ccl LcL
Ad 3d ad 3d
602 VEL | 1Y
JOZIICIIUAS LBy T W M\S_n_ oo _>_m_ | Nd r™ 0y
: ,.J A.w ;i
mwm e¢) Ay 4% 9¢.
Al N
01/ Mowaw mcomo |
JUEISUO0D pue ayoes [eqolb NdO | 107
20/ Aloiisul
de
Ndo SHUOEID
{
mmm
vos 171 i )
Alouwsul \.\sﬂw
jusisisied Tz
810D % 4)1
Alouisiu
a0l Emwm.m\mmw
BoBLISII s | EVL o)
wndingandug
“““ a100 | | ndo




PCT/US2012/062768

WO 2013/066988

1111

19z1uoiyouhs
lauleg

008 -

Ze8
pousaly ]
A 8¢9 -
: RINOD WISIDUOM wmmuﬁ
paALLNY . €8s
{ }
4 ¢ 9z8
{18 JUNOD WSO
JUN0Y WapoM  PaYd0|g
paddiys
e
Nvm
sia)sibay
Jaueg Y vw(\}
808, ..
g

SPOU
1958] Joleg

s|npow
diys ta1reg

908 _.: *®lnpouw dnoib
e WeIOM JaLeg
yog .  einpow
b oseojal Jalreg
Now,.,.e\\z BEIPOU

- BUpDolg WaIHoAs |




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2012/062768

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO6F9/52
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO6F

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Generalized Dynamic Barrier
Synchronization",

143 - 154, XP019159068,
ISBN: 978-3-642-17678-4
Section 1.1;

page 144 - page 145
Sections 2 and 3.1;
page 145 - page 147

X SHIVALI AGARWAL ET AL: "Distributed

2 January 2011 (2011-01-02), DISTRIBUTED
COMPUTING AND NETWORKING, SPRINGER BERLIN
HEIDELBERG, BERLIN, HEIDELBERG, PAGE(S)

1-20

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

10 December 2012

Date of mailing of the international search report

18/12/2012

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Glaser, Norbert

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2012/062768

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A SHUCAT XIAO ET AL: "Inter-block GPU
communication via fast barrier
synchronization",

PARALLEL&DISTRIBUTED PROCESSING (IPDPS),
2010 TEEE INTERNATIONAL SYMPOSIUM ON,
IEEE, PISCATAWAY, NJ, USA,

19 April 2010 (2010-04-19), pages 1-12,
XP031950238,

DOI: 10.1109/IPDPS.2010.5470477

ISBN: 978-1-4244-6442-5

page 1, right-hand column - page 2,
left-hand column, paragraph 2

Section V Proposed GPU Synchronization;
page 4 - page 5

A "ATI Stream Computing OpenCL Programming
Guide"

In: "ATI Stream Computing OpenCL
Programming Guide",

1 June 2010 (2010-06-01), Advanced Micro
Devices, XP055025523,

Pages 1-1 to 1-19

A Jayanth Gummaraju ET AL: "Efficient
Implementation of GPGPU Synchronization
Primitives on CPUs",

CF'10, May 17-19, 2010, Bertinoro, Italy.,
17 May 2010 (2010-05-17), pages 85-86,
XP055047061,

Retrieved from the Internet:
URL:http://delivery.acm.org/10.1145/179000
0/1787295/p85-gummaraju.pdf

[retrieved on 2012-12-07]

the whole document

A US 20097037707 Al (BLOCKSOME MICHAEL A
[US]) 5 February 2009 (2009-02-05)
paragraph [0035] - paragraph [0036]
paragraph [0063] - paragraph [0083]

1-20

1-20

1-20

3,6,8,11

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No
Information on patent family members

PCT/US2012/062768
Patent document Publication Patent family Publication
cited in search report date member(s) date

US 2009037707 Al 05-02-2009  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - wo-search-report
	Page 38 - wo-search-report
	Page 39 - wo-search-report

