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(57) Abstract: A microprocessor system (1) includes a host processor (2),a graphics processing unit (GPU) (3) that includes a num -
ber of processing cores (4), and an exception handler. When a thread that is executing on a processing core (4) encounters an excep -
tion in its instruction sequence, the thread is redirected to the exception handler. However, the exception event is also communicated
to a task manager (5) of the GPU 3. The task manager (5) then broadcasts a cause exception message to each processing core (4).
Each processing core then identifies the threads that it is currently executing that the cause exception message relates to, and redir -
ects those threads to the exception handler. In this way, an exception caused by a single thread is broadcast to all threads within a

task.
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Exception Handling in Microprocessor Systems

BACKGROUND

[0001]  The technology described herein relates to exception handling in
microprocessor systems and in particular to exception handling in microprocessor
systems in which many threads may be executing independently in parallel.

[0002] It is known to provide exception handling mechanisms in which a thread
that triggers an exception will set a data state in a defined memory location, for
example, that other executing threads periodically poll to determine if the exception
has been triggered or not. While this type of exception handling can suffice where
there is only a limited number of threads executing in parallel, the Applicants have
recognised that such arrangements are not so suitable where there is a large
number of threads executing independently in parallel (and which each may need to
follow an exception that is triggered). Furthermore, the Applicants have further
recognised that situations in which large numbers of threads may be executing in
parallel are becoming more common in microprocessor systems. For example, this
may arise when using a graphics processing system that includes one or more
graphics processing cores (graphics processors) for highly parallel data processing
operations (e.g. using OpenCL). In this case, each graphics processing core may
support, e.g., up to 256 independent threads.

[0003] The Applicants believe therefore that there remains scope for improved

arrangements for exception handling in microprocessor systems.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] A number of embodiments of the technology described herein will now be
described by way of example only and with reference to the accompanying
drawings, in which:

[0005] Figure 1 shows schematically a microprocessor system that may be
operated in the manner of the technology described herein; and

[0006] Figures 2 and 3 show schematically the operation of the microprocessor

system of Figure 1 in embodiments of the technology described herein.
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[0007] Like reference numerals are used for like features throughout the

drawings, where appropriate.

DETAILED DESCRIPTION

[0008] A first embodiment of the technology described herein comprises a
microprocessor system comprising:

one or more processing cores, each core operable to execute plural
execution threads in parallel,

a task manager operable to issue tasks to the processing cores for
processing; and

an exception handler operable to handle threads that encounter exceptions
during their execution;

wherein:

at least one of the processing cores is configured such that if a thread it is
executing encounters an exception or wishes to generate an exception, the
processing core can trigger an exception event to the task manager;

the task manager is configured such that if it receives an indication of an
exception event from a processing core, it broadcasts a cause exception message
to at least one of the processing cores; and

the processing cores are configured to, if they receive a broadcast cause
exception message from the task manager, identify any threads that the core is
currently executing that the cause exception message applies to, and to redirect
any such identified threads to the exception handler for handling.
[0009] A second embodiment of the technology described herein comprises a
method of operating a microprocessor system that comprises:

one or more processing cores, each core operable to execute plural
execution threads in parallel,

a task manager operable to issue tasks to the processing cores for
processing; and

an exception handler operable to handle threads that encounter exceptions
during their execution;

the method comprising:
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a processing core when a thread that it is executing encounters an
exception or wishes to generate an exception, triggering an exception event to the
task manager,

the task manager when it receives the indication of an exception event from
the processing core, broadcasting a cause exception message to at least one of the
processing cores; and

each processing core that receives the broadcast cause exception message
from the task manager, identifying any threads that the core is currently executing
that the cause exception message applies to, and redirecting any such identified
threads to the exception handler for handling.

[0010] The technology described herein relates to a microprocessor system that
includes one or more processing cores that execute execution threads to be
executed and an exception handler for handling threads that encounter exceptions.
However, unlike in conventional systems, in the technology described herein, if a
thread being executed encounters an exception or is to generate an exception, that
event can be indicated to a task manager that is controlling the distribution of tasks
to the processing core(s), and the task manager then broadcasts the exception
event to the processing cores.

[0011]  As will be discussed further below, this then allows a single exception
encountered or triggered by a (single) thread in a processing core to be efficiently
indicated to plural other threads, whether in the same or different processing cores.
This then facilitates more efficient and effective exception handling in systems that,
e.g., support and execute large numbers of independent threads in parallel. For
example, the technology described herein can be used to efficiently terminate a
parallel search or other goal driven algorithm that has been distributed across many
independent execution threads (and, e.g., across plural processing cores).

[0012] The processing core or cores of the microprocessor system of the
technology described herein can be any suitable processing cores, such as general
processing cores, graphics processing cores (e.g. shader cores), anything that can
function as an OpenCL “compute-unit’, etc.. In an embodiment, they are graphics
processing cores. Each core is in an embodiment capable of executing plural
independent threads of execution in parallel. In an embodiment the cores can
execute up to 256 independent threads in parallel (at once).

[0013] The technology described herein is particularly applicable in systems that

handle plural (and large numbers) of independent threads of execution, as in such
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circumstances the cost, e.g. for polling the independent threads when an exception
occurs could increase notably. The technology described herein will also
accordingly be advantageous in the case where there are a large number of
independent processing cores, thread groups (thread warps), etc.. However, this
said, the technology described herein can also be used in cases where all threads
are organised into a single thread group (warp) or, indeed, where there is only one
or a few threads, if desired.

[0014] The system may comprise only a single processing core, but in an
embodiment there are plural processing cores. In an embodiment there are 4 to 8
processing cores. Where there are plural processing cores, each core is in an
embodiment operable in the manner of the technology described herein. Each core
is in an embodiment of the same type (e.g. a graphics processing core).

[0015] The task manager is operable to issue tasks to be performed by the
processing cores to the processing cores. The task manager can be operable to do
this in any suitable and desired manner. The task manager may be implemented
as desired, for example as a process executing on a microcontroller (MCU).

[0016] In one embodiment, the task manager is implemented as a fixed function
hardware block that, in an embodiment, operates to iterate over the thread index
space for a task to sub-divide it into smaller parts for execution.

[0017] The task manager (and its functions) could, if desired, be implemented in
a “distributed” manner, for example in the form of a “task distribution network”. In
these arrangements, the task manager could comprise, e.g., multiple stages or
layers, e.g. that each progressively sub-divide tasks to be performed into smaller
groupings for execution.

[0018]  Other arrangements for the task manager and the task distribution to the
processing core or cores could be used, if desired.

[0019] In an embodiment, the task manager receives tasks from a host
processor (e.g. a host CPU) that requires tasks to be performed by the processing
cores (e.g. for applications that are executing on the host processor). The task
manager will receive tasks from the host, and then issue processing associated
with those tasks to the processing core or cores in an appropriate fashion. The
host processor may, e.g., communicate tasks to the task manager by means of task

commands.
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[0020] Thus in an embodiment, the system of the technology described herein
further includes a host processor that is operable to indicate tasks to be performed
to the task manager for issue to the processing cores.

[0021] In an embodiment, the processing cores are all part of the same, overall
processing unit, such as, and in an embodiment, a graphics processing unit (GPU).
Thus, in an embodiment, the system comprises a host processor that
communicates with and sends tasks to a processing unit which processing unit
comprises the processing core or cores, and the task manager.

[0022] The task manager can distribute the processing for a task to be
performed to the processing core or cores in any suitable and desired manner.
Where there is only a single processing core, then the task manager should simply
communicate the task to be performed to the processing core in the appropriate
manner.

[0023] Where there are multiple processing cores, then the task manager in an
embodiment distributes the processing for the task in question between the plural
processing cores. In this case, the distribution of the processing for the task
between the different processing cores can be done as desired. For example,
where the processing for the task is already divided into identifiable parts or sets of
processing, e.g., and in an embodiment into identifiable and distinct thread-groups
(such as would be the case for an OpenCL kernel that has been divided into work
groups), then the task manager in an embodiment operates to distribute the
processing for the task between the different processing cores using the existing
partitioning of the task.

[0024] Thus, in an embodiment, the processing for the task is divided into
separate, distinct, thread groups (e.g. OpenCL work groups), and different thread
groups (work groups) within a task are assigned to different processing cores. In
an embodiment each individual thread group (work group) is assigned to a given
processing core in its entirety (i.e. such that an individual thread group (work group)
will not be divided between plural processing cores).

[0025] In an embodiment the task manager sub-divides the task into thread-
groups. Thus, in an embodiment, the task manager is operable to take OpenCL ND
Ranges and sub-divide them into work groups to be issued to the processing
core(s).

[0026] The task manager may communicate with the processing cores in any

desired and suitable manner, for example via an appropriate task control bus.
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[0027] The task to be performed may be any suitable and desired task that may
be performed by the processing core or cores in question. For example, each task
could be OpenCL “kernel” (and in one embodiment this is the case). The task may
equally be a corresponding construct to an OpenCL kernel, such as a kernel in
Direct Compute, etc..

[0028] As is known in the art, under the OpenCL API, a “kernel” is a (usually
small) program that is invoked a large number of times. A typical use of kernels is
to perform a large computation in parallel, where each invocation of a kernel
performs only a small part of the computation (for example for a given region of an
image to be processed, or of a texture to be compressed). Each kernel invocation
may be executed as an independent execution thread, and the kernel invocations
(and thus the threads) may be executed in parallel.

[0029] A typical use of OpenCL is to use a graphics processing unit for highly
parallel data processing operations, such as image processing (e.g. filtering),
texture or other data array compression, iteratively solving differential equations,
iterative searching processes, etc..

[0030] The task that is to be performed is in an embodiment a task that requires
execution of a large number of independent execution threads and/or thread
groups, such as, and in an embodiment, a goal driven algorithm, such as, and in an
embodiment a parallel search. In the case of a parallel search, the search can be
any desired form of search, such as simple brute force searching or heuristics-
based searches (e.g. simulated annealing). Itis in an embodiment a task where the
task endpoint (e.g. goal) is likely to be reached by a thread or threads and/or thread
groups at different times (i.e. such that the task endpoint will not happen
immediately for all independent threads and/or thread groups).

[0031] Each task that is issued to the processing cores (to the task manager)
should, as is known in the art, have associated with it the program (a sequence of
instructions) that is to be executed for normal operation of the task (e.g., and in an
embodiment, such that when the task is being executed, each execution thread
runs the program in question).

[0032] The processing cores that receive a task from the task manager for
execution should be operable to execute appropriate execution threads for
performing the task in question (or at least the part of the task that the core is to
perform). Thus, for example, in the case of executing an OpenCL “kernel”, each

processing core will execute a thread for each invocation of the kernel that the
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processing core is to process. Each thread in this case will correspond to an
OpenCL work item.

[0033] To facilitate the handling, distribution and identification of the individual
threads and which task they relate to, the threads in an embodiment carry and have
associated with them appropriate indices, such as an appropriate kernel invocation
index (ID) in the case of OpenCL.

[0034] Each processing core in an embodiment includes a thread execution
control unit that is operable to receive the task related commands from the task
manager and to issue (and control) threads for executing processing for the task on
to the processing core in question. The thread execution control unit in an
embodiment takes one or more thread groups (e.g. work groups) and issues
corresponding threads (work-items) onto its associated processing core.

[0035] The exception handler can be configured and implemented in any desired
and suitable way. It in an embodiment executes on the processing unit, e.g., GPU,
that includes the processing cores. There is in an embodiment a unique instance of
the exception handler per hardware thread which encounters an exception. Thus
there may be, and in an embodiment is, multiple instances of the exception handler
(multiple “exception handlers”) in the system. The exception handler may also be
implemented in a “distributed” form, if desired, for example with different processing
stages and/or units of the overall processing unit (e.g. GPU) and/or processing
cores together acting to provide the overall “exception handler” (exception handling
process).

[0036] Threads can be redirected to reach the exception handler in any desired
and suitable manner. In an embodiment the arrangement is such that as a thread
completes its current instruction, it cycles through a point in the thread handling
hierarchy (in an embodiment the thread execution control unit of the processing
core that the thread is executing on), which then acts on the exception (if any) to
redirect the thread to the exception handler. This allows the threads to reach the
exception handler in an efficient but “lazy” manner.

[0037] The exception handler can handle threads that it receives in any desired
and suitable manner and can be configured in any desired and suitable way to
handle threads that are redirected to it. In an embodiment, the handling of a thread
by the exception handler is dependent upon the nature of the exception that caused

the thread to be redirected to the exception handler.
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[0038] In an embodiment, the exception handler can perform one or more of,
and in an embodiment all of the following in relation to a thread it receives (e.g., and
in an embodiment, depending upon the nature of the exception that caused the
thread to be redirected to the exception handler): terminate the thread; suspend the
execution of the thread; resume the execution of the thread; and store trace data for
the thread (and in an embodiment then cause the execution of the main program of
the thread to be resumed). The exception handler can in an embodiment also, and
does in an embodiment also, store state information relating to the thread and/or
task in question, at least in the case of a suspend operation, so as to allow the
thread and/or task to be resumed e.g. (either immediately or at a later point) if
desired.

[0039] Where the exception handler is writing out trace data, that is in an
embodiment written to an appropriate memory location (e.g. buffer), that is
indicated as being the destination for the trace data.

[0040] The exception handler in an embodiment executes one or more programs
for handling threads that it receives. In an embodiment, the exception handler
executes a program that is associated with the task that the thread relates to when
it receives a thread for handling.

[0041] To facilitate this operation, in an embodiment, as well as the program
(sequence of instructions) that is to be executed for normal operation of the task,
each task also has associated with it a second program (sequence of instructions)
for suspending and/or terminating the thread which program is to be invoked
(executed) when a thread associated with the task is redirected to the exception
handler, and a third program that is to be invoked (executed) if (and when) a thread
associated with the task is to be resumed after redirection to the exception handler.
[0042] Thus, in an embodiment, each task issued to the task manager contains
a reference to (is associated with) three programs, the program to be invoked for
normal operation of the task, a program to be invoked when threads for the task are
redirected to the exception handler for suspending/terminating, and a program to be
invoked when a thread that has been redirected to the exception handler is to be
resumed. In an embodiment, references to these programs (the identity of the
programs associated with the task) are indicated in metadata, such as a task
descriptor, associated with and for the task in question.

[0043] The exception handler can be configured to perform the appropriate

process in relation to a thread that it receives in any desired and suitable manner.
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For example, and in an embodiment, in the case of an event that is to trigger the
termination of threads for a task that are redirected to the exception handler (e.g.
because a parallel search or the reaching of some other goal by one thread has
been completed), then the initial thread that triggers the exception in an
embodiment causes the associated internal state of the task to be updated to
identify the exception (thereby to indicate that the threads in question can be
terminated). This will then cause subsequent (relevant) threads to be conditionally
redirected to the exception handler for termination when they are dispatched for
subsequent instructions.

[0044] The exception handler in an embodiment completes the behaviour
desired based on the exception that has triggered the redirection of the thread to
the exception handler.

[0045] Thus, in an embodiment, where the redirection to the exception handler is
due to a completion of a parallel search, or the reaching of a goal, by one thread,
when the first thread triggers the exception the task state is in an embodiment
updated to indicate this, and the exception handler (the exception handling
software) in an embodiment then uses this state to redirect and terminate threads.
[0046] If the redirection to the exception handler is due to a breakpoint or
suspend operation, then the state relating to the task is in an embodiment stored to
allow the task to be resumed at a later point. In this case, if the exception is caused
by a processing core instruction, a value in memory is in an embodiment also set
for the host CPU application to inspect.

[0047] Where the redirection to the exception handler is due to a trace point,
then the exception handler in an embodiment writes out trace data to an append
buffer (e.g. referenced by a constant register), and then resumes the main program.
In an embodiment, the trace is for all threads in flight (thereby giving a “snap shot”
of the status of the task across the thread “space” (e.g. NDRange in OpenCL).
[0048] The exception that triggers the redirection of a thread to the exception
handler and the (potential) broadcast of a cause exception message can be any
desired and suitable form of exception (i.e. event that indicates that the thread
needs to be subjected to alternative processing (special handling)).

[0049] The Applicants have recognised that the technology described herein is
particularly useful for exception behaviour or terminating tasks such as searches
where an inexact failure (i.e. one which does not have to happen immediately for all

independent threads or thread groups) occurs. Thus, in an embodiment, the
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exception of that triggers redirection to the exception handler is an event that can
occur for a thread individually, without necessarily happening immediately or
simultaneously for other threads or thread groups that are associated with the task
in question.

[0050] The technology described herein also facilitates arrangements in which
the programmer can identify in the program that the thread is executing an
exception that needs to be messaged to other threads or thread groups working on
the task. Thus, in an embodiment the exception that triggers the redirection of the
thread to the exception handler and the (potential) broadcast of a cause exception
message comprises an exception instruction that is included in the instruction
stream for the task (by the programmer). In this regard, it will be appreciated that
the technology described herein can be used for efficient tracing of task progress,
for example, by including appropriate trace point instructions in the instruction
stream to trigger the writing out of task progress information by plural independent
threads executing for a task.

[0051] In an embodiment the exception is one of: a thread reaching some
required, in an embodiment selected, in an embodiment predefined, condition, such
as the completion of a search process or other goal driven algorithm; the thread
reaching a breakpoint in its execution flow; the thread reaching a suspend point in
its execution flow; and the thread reaching a trace point in its execution flow.
[0052] The exception is in an embodiment triggered by an instruction that the
thread is executing, such as the completion of an instruction that indicates that the
thread has reached some required precondition, a breakpoint instruction, a trace
point instruction, etc..

[0053] In an embodiment, as well as an exception being provoked by an
appropriate instruction in the instruction sequence for a thread (by a thread
reaching an appropriate instruction in its instruction sequence), an exception can
also be provoked by a command issued to the task manager for the processing
cores by a host processor. In this case, the host processor will issue an exception
triggering command to the task manager, and the task manager will then broadcast
a cause exception event message to the processing core or cores as appropriate in
response to receiving the exception command from the host processor.

[0054] Thus in an embodiment, an exception can be provoked in two ways: by

an instruction in the processing core instruction stream (in the stream of instructions



WO 2015/136283 PCT/GB2015/050712

10

15

20

25

30

35

-11 -

that a thread is executing); and by a command issued to the task manager by a
host processor.

[0055] The exception event when a thread that is executing on a processing
core encounters an exception can be indicated (communicated) to the task
manager in any suitable and desired manner. In an embodiment the event is first
communicated to the thread execution control unit (if any) of the processing core,
and then by that thread execution control unit to the task manager (e.g. across the
task control bus).

[0056] The task manager when it receives the exception event indication then
broadcasts a cause exception message to at least one of the processing cores.
Where there a plural processing cores, the cause exception message could be sent
to only one, or to a selected number (but not all) of the plural processing cores, but
in an embodiment it is broadcast to all the processing cores (to each processing
core).

[0057] The cause exception message can be broadcast to the processing core
or cores in any suitable and desired manner, e.g. via a bus connection between the
task manager and the processing core(s).

[0058] A processing core, when it receives a broadcast cause exception
message from the task manager, can operate to identify the threads that it currently
has undergoing execution that the cause exception message is applicable to in any
suitable and desired manner, e.g. based upon task identification information
associated with the cause exception message. In an embodiment, the thread
execution control unit (if any) of the processing core identifies the threads that the
cause exception message applies to.

[0059] The processing core can similarly operate to redirect all the threads
currently being executed that the cause exception message has been identified as
applying to to the exception handler in any desired and suitable manner.

[0060] In an embodiment, the processing core that is executing the thread that
triggers the exception event in an embodiment, when it receives the exception
event indication from the thread, immediately identifies the threads that it is
executing that the exception event applies to and forces those threads into the
exception handler, without waiting to receive any broadcast cause exception
message from the task manager.

[0061]  While it would be possible to perform the operation of the technology

described herein whenever any thread encounters an exception, in an embodiment
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the operation in the manner of the technology described herein (i.e. the indication of
an exception event to the task manager and the subsequent broadcast of a cause
exception message) is only performed for certain, in an embodiment selected,
exception events (forms of exception). This will then allow the system to avoid
broadcasting exception event messages, e.g., in the case where the exception that
has been encountered is applicable to the thread in question only.

[0062]  This operation may be achieved as desired. In one embodiment, the
instruction that triggers the exception in the instruction sequence that the thread is
executing is configured to indicate whether the exception (if triggered) should also
trigger the broadcast of an exception event message. For example, and in an
embodiment, the “exception” instruction could include a modifier or flag that if set
triggers the broadcast of an exception event message.

[0063] Correspondingly, in an embodiment, it is possible for a broadcast
exception event message to be applicable to some but not all of the threads relating
to the task in question, and/or to different groupings of threads within the task in
question. In an embodiment, the system supports one or more of, and in an
embodiment all of. per-thread exceptions, thread group (e.g. work group)
exceptions, task exceptions, and task chain exceptions (i.e. where plural tasks are
associated or “chained” together in a sequence). Allowing exceptions to be
broadcast (and thus applied to) different resolutions of threads within a given task
and/or chain of tasks, will be advantageous, for example, for tracing, as it will allow
traces for different resolutions of threads within a task (or tasks) to be generated.
[0064] Again, this operation can be achieved as desired, but in an embodiment
the instruction that triggers the exception in the instruction sequence that the thread
is executing and/or the broadcast exception event message (and in an embodiment
both) is configured to indicate the thread “resolution” that it applies to, e.g., and in
an embodiment, whether it applies to a thread group (work group), task, or chain of
tasks (or applies to a single thread only). For example, the broadcast message
may be modified to reach a work group, task, or chain (or have no modification if
the exception is only intended to apply to a single thread).

[0065] Thus, in an embodiment, exception instructions can be included in the
instruction sequence to be executed by threads for a task, which exception
instructions can indicate whether the exception applies to the thread in question
only, or should also be broadcast to other threads. In an embodiment, the

exception instruction can also indicate that if it is to be broadcast other threads,
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what level of thread grouping the exception should be broadcast to (i.e. the range or
“scope” that the exception applies to).

[0066] In the situation where an exception is to apply only to the thread group
(work group) that the thread that triggered the exception belongs to, then in an
embodiment the exception is broadcast to the thread group within the processing
core in question, but is not communicated back to the task manager (outside of the
processing core).

[0067] In an embodiment, the system is additionally or alternatively arranged
such that any broadcast exception event message and exception is initially applied
to the next larger grouping of threads for the task (e.g. to the work group to which
the thread that triggered the exception belongs), and such that if all the threads in
that thread group (e.g. all the work group threads) then exit with the same exception
status, the exception broadcast is then propagated to the next higher level of thread
grouping (e.g., and in an embodiment, to the task in question), and so on.

[0068] It would also be possible to control the broadcast of the exception event
message based on whether the thread that triggered the exception returns from the
exception handler (i.e. resumes it processing) or not (and in an embodiment this is
done). In this case, if the thread that triggered the exception returns from the
exception handler then the exception is in an embodiment not broadcast to other
threads, but if the thread is terminated in the exception handler the exception is in
an embodiment then broadcast to other (and in an embodiment to all other)
threads.

[0069] In the case of an exception that is to apply to a single thread only (e.g. a
trace point), the single thread will cause the exception, the thread will then jump to
the exception handler, and, e.g., return from the exception handler or be
terminated.

[0070] Once all the relevant threads have been directed into the exception
handler, then if all the threads are terminated, then once all the exception handlers
exit, the relevant work group, thread group, task, and/or task chain, will terminate,
or it or they may resume if a return from exception instruction is issued (and the
exception handler can in an embodiment execute a return from exception
instruction that will resume the normal processing of threads that have been
redirected to the exception handler).

[0071] The technology described herein can be implemented in any suitably

configured microprocessor based system.
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[0072] The various functions of the technology described herein can be carried
out in any desired and suitable manner. For example, the functions of the
technology described herein can be implemented in hardware or software, as
desired. Thus, for example, unless otherwise indicated, the various functional
elements and "means" of the technology described herein may comprise a suitable
processor or processors, controller or controllers, functional units, circuitry,
processing logic, microprocessor arrangements, etc., that are operable to perform
the various functions, etc., such as appropriately dedicated hardware elements
and/or programmable hardware elements that can be programmed to operate in the
desired manner.

[0073] It should also be noted here that, as will be appreciated by those skilled
in the art, the various functions, etc., of the technology described herein may be
duplicated and/or carried out in parallel on a given processor. Equally, the various
processing stages may share processing circuitry, etc., if desired.

[0074]  Subject to any hardware necessary to carry out the specific functions
discussed above, the microprocessor system can otherwise include any one or
more or all of the usual functional units, etc., that microprocessor systems include.
[0075] In an embodiment, the microprocessor system includes and/or is in
communication with one or more memories or memory devices that store the data
described herein and/or that store software for performing the processes described
herein.

[0076] It will also be appreciated by those skilled in the art that all of the
described embodiments of the technology described herein can, and in an
embodiment do, include, as appropriate, any one or more or all of the features
described herein.

[0077] The methods in accordance with the technology described herein may be
implemented at least partially using software e.g. computer programs. It will thus
be seen that when viewed from further embodiments the technology described
herein provides computer software specifically adapted to carry out the methods
herein described when installed on a data processor, a computer program
comprising computer software code for performing the methods herein described
when the program is run on a data processor, and a computer program comprising
code adapted to perform all the steps of a method or of the methods herein

described when the program is run on a data processing system. The data
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processor may be a microprocessor system, a programmable FPGA (field
programmable gate array), etc..

[0078] The technology described herein also extends to a computer software
carrier comprising such software which when used to operate a processor, or
microprocessor system comprising a data processor causes in conjunction with
said data processor said processor, or system to carry out the steps of the methods
of the technology described herein. Such a computer software carrier could be a
physical storage medium such as a ROM chip, CD ROM, RAM, flash memory, or
disk, or could be a signal such as an electronic signal over wires, an optical signal
or a radio signal such as to a satellite or the like.

[0079] It will further be appreciated that not all steps of the methods of the
technology described herein need be carried out by computer software and thus
from a further broad embodiment the technology described herein provides
computer software and such software installed on a computer software carrier for
carrying out at least one of the steps of the methods set out herein.

[0080] The technology described herein may accordingly suitably be embodied
as a computer program product for use with a computer system. Such an
implementation may comprise a series of computer readable instructions either
fixed on a tangible, non-transitory medium, such as a computer readable medium,
for example, diskette, CD-ROM, ROM, RAM, flash memory, or hard disk. It could
also comprise a series of computer readable instructions transmittable to a
computer system, via a modem or other interface device, over either a tangible
medium, including but not limited to optical or analogue communications lines, or
intangibly using wireless techniques, including but not limited to microwave, infrared
or other transmission techniques. The series of computer readable instructions
embodies all or part of the functionality previously described herein.

[0081] Those skilled in the art will appreciate that such computer readable
instructions can be written in a number of programming languages for use with
many computer architectures or operating systems. Further, such instructions may
be stored using any memory technology, present or future, including but not limited
to, semiconductor, magnetic, or optical, or transmitted using any communications
technology, present or future, including but not limited to optical, infrared, or
microwave. Itis contemplated that such a computer program product may be
distributed as a removable medium with accompanying printed or electronic

documentation, for example, shrink-wrapped software, pre-loaded with a computer
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system, for example, on a system ROM or fixed disk, or distributed from a server or
electronic bulletin board over a network, for example, the Internet or World Wide
Web.

[0082] A number of embodiments of the technology described herein will now be
described. The present embodiments will be described primarily with reference to
OpenCL concepts and terminology, but it will be appreciated by those skilled in the
art that the present embodiments (and the technology described herein) are equally
applicable to other forms of processing that can be performed in the corresponding
manner.

[0083] Figure 1 shows an exemplary microprocessor system 1 that may be
operated in the manner of the technology described herein.

[0084] As shown in Figure 1, the microprocessor system 1 includes a host
processor 2 and a graphics processing unit (GPU) 3 that may perform processing
operations in response to commands from the host processor 2 (e.g. for
applications that are executing on the host processor 2).

[0085] The GPU 3 includes a number of processing cores 4 (in the present case
in the form of shader cores). The GPU 3 may include more or less shader cores 4
than are shown in Figure 1, and in some embodiments may only include a single
shader core 4. (In OpenCL terms, each shader core 4 will correspond to an
OpenCL “compute-unit”’, and the GPU 3 will correspond to the OpenCL “device”.)
[0086] The graphics processing unit 3 also includes a job (task) manager 5 that
acts as a task management unit to distribute and issue processing tasks received
from the host processor 2 to the shader cores 4. The task manager 5 distributes
processing for tasks to respective thread execution control units (compute
endpoints) 6 of the shader cores 4 over a task (job) control bus 7. The task
manager 5 may, e.g., be implemented as an appropriately programmed
microcontroller (MCU).

[0087] In the present embodiments, the tasks for the host processor 2 are
performed by executing execution threads on the shader cores 4 of the GPU 3.
The GPU 3 is able to execute plural independent hardware threads per core (e.g.
up to 256 independent threads per shader core 4). The shader cores 4 will each
have a pipeline of tasks ready to execute, each of which tasks spawns work into the
independent threads as they become available (i.e. finish their previous work). The
threads when executing on a shader core will execute a sequence of shader

instructions (i.e. kernel instructions in OpenCL).
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[0088] When atask is to be performed by the GPU 3 (which may, e.g., be
communicated to the GPU 3 via commands from the host processor 2), the task
manager 5 will divide the task into thread groups to be issued to the respective
shader cores 4. (Thus, in the case of an OpenCL compute task, the task manager
5 will take the OpenCL NDRange for the task and sub-divide it into work-groups to
be issued to the respective shader cores 4.)

[0089] The task manager 5 issues the respective thread groups (work groups) to
the respective compute endpoints (thread execution control units) 6 of the
respective shader cores 4 via the task control bus 7. Each thread execution control
unit (compute endpoint) 6 of a shader core 4 then takes its received thread group or
groups (work groups) and issues corresponding threads (work items) on to its
corresponding shader core for execution.

[0090] The microprocessor system 1 also includes an exception handler that
threads that encounter exceptions in their processing are redirected to for special
handling (as is known in the art). The exception handler executes software routines
to handle appropriately any threads that are redirected to it.

[0091] In the present embodiment, the exception handler and the exception
handling process is implemented in and using a number of the components of the
microprocessor system 1. Exception handling “components” 8, 9 and 10 have been
shown schematically in Figure 1 to illustrate this.

[0092] In particular, the task manager 5 and the thread execution control units 6
act to broadcast exception messages, with exception handling hardware in the
processing cores 4 then acting to redirect threads to the exception handling
software routine based on the broadcast exception messages and any state
associated therewith or with the threads. The software routines for exception
handling run on the respective processing cores 4, and once the exception handling
routines are complete, there is fixed function hardware in the thread execution
control unit 6 that completes the processing core-level exception handling (e.g.
suspend operation). Once the core-level exception handling is completed on each
thread execution control unit 6, the task manager 5 correspondingly completes the
task level execution handling (e.g. suspends or terminates the task).

[0093]  Other arrangements for the exception handler and the exception handling
process would, of course, be possible.

[0094] The exception handler in the present embodiments handles the threads

that are redirected to it in accordance with the type of exception that has been
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encountered. For example, if the exception is due to completion of a parallel
search or the reaching of a goal by one thread, then a value in memory is set
indicating this, and the exception handler (exception handling software) checks that
value and terminates threads that the value applies to immediately.

[0095] If the exception is due to a breakpoint or suspend operation, then the
exception handler stores the state relating to the task to allow it to be resumed at a
later point. In the case where this is triggered by a thread executing an instruction,
a value is also set in memory for the host CPU application to inspect.

[0096] If the exception is due to a trace point, then the exception handler writes
out trace data to a buffer, and then resumes the main program execution. The
trace may be for all threads in flight (and the operation of the technology described
herein facilitates this form of operation).

[0097] Figure 2 shows schematically the operation of the various components of
the microprocessor system 1 in the described embodiments. Although Figure 2
only illustrates a single shader core 4 and compute endpoint (thread execution
control unit) 6, it will be appreciated that each of the shader cores 4 and compute
endpoints 6 of the GPU 3 operate in a corresponding manner.

[0098] In operation of the microprocessor system 1 shown in Figure 1 in the
manner of the present embodiments, the host processor 2 will issue commands to
the task manager 5 of the GPU 2 to perform tasks. The task manager 5 will then
sub-divide the task to be performed into appropriate thread groups, and issue those
thread groups to the thread execution control units 6 of the respective shader cores.
Each thread execution control unit 6 will then take its thread group(s) and issue
threads from the thread group(s) appropriately on to its shader core 4 for execution.
[0099] In the present embodiments, each task that is issued to the GPU 3
contains reference to three programs (sequences of instructions to be executed).
The first program is the program invoked for normal operation of the task (i.e. when
the task is being executed, each thread executing the task runs that program). The
second program is a program that is invoked in the exception handler when the
threads are redirected to the exception handler for suspending or terminating. The
third program is a program that is invoked when the threads are to resume their
normal processing after being redirected to the exception handler. These program
references are indicated in metadata (a “task header”) associated with the task in

question.
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[00100] Figure 2 shows the process where the task manager 5 has issued a task
20 to the respective shader cores 4 such that the thread execution control units
(compute endpoints) 6 of the respective shader cores 4 are issuing threads 21 to
their respective shader cores 4 for execution 22. In an embodiment the threads
that are executing on the shader cores 4 are truly independent hardware threads.
The present embodiments can also be particularly usefully used, inter alia, in
arrangements that have plural independent groups or sets of threads being
processed, for example in so-called “warps” or “wavefronts”.

[00101] As shown in Figure 2, as a shader core 4 is executing its active threads
22, it is assumed that at some point a thread that is executing encounters 23 an
exception in its instruction sequence. This exception may be triggered, e.g., by a
trap, breakpoint, suspend or trace point instruction, or due to the completion of a
parallel search or the reaching of a goal by the thread.

[00102] Inresponse to the exception 23, the thread that encountered the
exception will, as shown in Figure 2, accordingly be redirected to the exception
(suspend) [?] handler 24 (i.e. the program that the thread is executing will branch to
the exception handler). However, in accordance with the technology described
herein, the exception will also be communicated 25 to the thread execution control
unit (compute endpoint) 6 for the shader core 4 in question.

[00103] Inresponse to this, as shown in Figure 2, the thread execution control
unit (compute endpoint) 6 will correspondingly communicate 26 the exception event
to the task (job) manager 5. Then, in response to receiving this exception event
message, the task manager 5 will broadcast 27 a “cause exception message” to the
thread execution control unit (compute endpoint) 6 of each shader core 4.

[00104] Each respective shader core thread execution control unit (compute
endpoint) 6 then identifies the threads that its shader core is currently executing
that the cause exception message relates to (by reference to an appropriate task
identifier), and then broadcasts 28 a cause exception message 28 to all of those
threads to redirect those threads to the exception handler. In this way, an
exception caused by a single thread can be and is broadcast to all threads within
the task.

[00105] As shown in Figure 2, this operation will continue 29 until all the relevant
threads for the task have been redirected to the exception handler for a given
shader core, and correspondingly until all the shader cores handling threads for the

task have been suspended and drained 30. Thus all the shader cores 4 will force
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all their threads into the exception handler, and once all the threads exit the
exception handler, the task may be terminated.

[00106] As shown in Figure 2, once the exception handling process has been
completed 31 for the threads within a shader core, this is indicated back to the
thread execution control unit 6 of the shader core. Correspondingly, once all the
thread groups for a shader core have completed 33 their exception handling, this is
indicated back to the task manager 5 and, correspondingly, once the exception
handling for all the tasks in question (where the exception relates to plural tasks)
has been completed 35, that is then indicated back to the host 36.

[00107] Once all the relevant threads have been directed into the exception
handler, then if all the threads are terminated, then once all the exception handlers
exit, the relevant work group, thread group, task, and/or task chain, will terminate.
Alternatively, it or they may resume if a return from exception instruction is issued
(and the exception handler can in an embodiment execute a return from exception
instruction that will resume the normal processing of threads that have been
redirected to the exception handler).

[00108] Figure 3 is a flowchart showing the operation of the microprocessor
system 1 shown in Figure 1 in an embodiment of the technology described herein.
[00109] As shown in Figure 3, when a thread for a task encounters an exception
(step 50), the thread is then redirected to the exception handler 24 and the
exception event is indicated to the thread execution control unit (compute endpoint)
6 for the shader core in question (step 51). The thread execution control unit
(compute endpoint) 6 then identifies the threads that are currently being executed
by a shader core that the exception applies to, and redirects those threads to the
exception handler 24 (step 52). It also indicates the exception event to the task
manager 5 (step 52).

[00110] Inresponse to the exception event indication from the thread execution
control unit, the task manager 5 broadcasts a cause exception message to all the
shader cores (step 53).

[00111] Inresponse to the broadcast cause exception message, the thread
execution control units (compute endpoints) of all the shader cores identify the
threads under their control that the cause exception message applies to, and
redirect those threads to the exception handler accordingly (step 54).

[00112] The exception handler handles any threads that are redirected to it

appropriately, until all the redirected threads have been completed (step 55).
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[00113] In the present embodiments, the instruction that triggers the exception in
the instruction sequence that the thread is executing is configured to indicate
whether the exception (if triggered) should also trigger the broadcast of an
exception event message or not. To facilitate this each “exception’-causing
instruction includes a modifier or flag that if set triggers the broadcast of an
exception event message. This then allows the system to avoid broadcasting
exception event messages, e.g., in the case where the exception that has been
encountered is applicable to the thread in question only.

[00114] The instructions that trigger exceptions in the instruction sequence that a
thread is executing are also configured to indicate the thread “resolution” that the
exception applies to (the scope or range of the exception), e.g., and in an
embodiment, whether it applies to a thread group (work group), task, or chain of
tasks (or applies to a single thread only).

[00115] The broadcast exception event messages are also configured to indicate
the thread “resolution” that the broadcast applies to. For example, the broadcast
message may be modified to reach a work group, task, or chain (or have no
modification if the exception is only intended to apply to a single thread).

[00116] This facilitates broadcasting exception event messages that are
applicable to some but not all of the threads relating to the task or tasks in question,
and/or to different groupings of threads within the task or tasks in question. In the
present embodiments, the system supports: per-thread exceptions, thread group
(e.g. work group) exceptions, task exceptions, and task chain exceptions (i.e. where
plural tasks are associated or “chained” together in a sequence).

[00117] In the case of an exception that is to apply to a single thread only (e.g. a
trace point), the single thread will cause the exception, that thread will then jump to
the exception handler, and, e.g., return from the exception handler or be
terminated.

[00118] The present embodiments also support the triggering of exceptions and
the broadcast of exception event messages by means of commands issued to the
GPU 3 (to the task manager 5 on the GPU 3) by the host processor 2.

[00119] Figure 2 illustrates this operation, and shows an exemplary cause
exception command 40 that may be sent, e.g., from a debugger/scheduler that is
executing on the host 2. In response to this cause exception command from the
host 2, the task manager 5 will again broadcast 27 an appropriate cause exception

message to all the shader cores over the task control bus 7, with the shader cores



WO 2015/136283 PCT/GB2015/050712

10

15

20

25

30

-22-

then acting to redirect the relevant threads to the exception handler in the manner
discussed above.

[00120] Various alternatives and modifications to the operation of the above
embodiments would be possible, if desired.

[00121] For example, where an exception is to apply only to the thread group
(work group) that the thread that triggered the exception belongs to, then the
exception could be broadcast to the thread group within the processing core in
guestion, without being communicated back to the task manager (outside of the
processing core).

[00122] A broadcast exception event message and exception could be initially
applied to the next larger grouping of threads for the task (e.g. to the work group to
which the thread that triggered the exception belongs), with the exception broadcast
then being propagated to the next higher level of thread grouping (e.g., and in an
embodiment, to the task in question) only if all the threads in the thread group (e.g.
all the work group threads) then exit with the same exception status (and so on).
[00123] It would also be possible to control the broadcast of the exception event
message based on whether the thread that triggered the exception returns from the
exception handler (i.e. resumes it processing) or not. In this case, if the thread that
triggered the exception returns from the exception handler then the exception is in
an embodiment not broadcast to other threads, but if the thread is terminated in the
exception handler the exception is in an embodiment then broadcast to other
threads.

[00124] As can be seen from the above, the technology described herein, in its
embodiments at least provides a mechanism for efficiently handling exceptions in
many threaded processors that are executing plural independent threads in parallel.
This can then facilitate, for example, efficiently terminating parallel searches or
other goal-driven algorithms, statefully suspending a program comprising many
threads, and handling breakpoints in and profiling of programs comprised of many
threads. In a many threaded parallel processing operation, each thread can reach
the exception handler in an efficient way at its earliest opportunity (where, for
example, the exceptions can then be recovered from appropriately).

[00125] This is achieved, in the embodiments of the technology described herein
at least, by broadcasting an exception caused by a single thread within a task to

other (and in an embodiment to all other) threads within the task.
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[00126] The foregoing detailed description of the technology described herein has
been presented for the purposes of illustration and description. It is not intended to
be exhaustive or to limit the technology described herein to the precise form
disclosed. Many modifications and variations are possible in the light of the above
teaching. The described embodiments were chosen in order to best explain the
principles of the technology described herein and its practical application, to thereby
enable others skilled in the art to best utilise the technology described herein in
various embodiments and with various modifications as are suited to the particular
use contemplated. Itis intended that the scope of the technology described herein

be defined by the claims appended hereto.
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CLAIMS

What is claimed is:

1. A microprocessor system comprising:

one or more processing cores, each core operable to execute plural
execution threads in parallel,

a task manager operable to issue tasks to the processing cores for
processing; and

an exception handler operable to handle threads that encounter exceptions
during their execution;

wherein:

at least one of the processing cores is capable of, when a thread it is
executing encounters an exception or wishes to generate an exception, triggering
an exception event to the task manager;

the task manager is capable of, when it receives an indication of an
exception event from a processing core, broadcasting a cause exception message
to at least one of the processing cores; and

the processing cores are capable of, when they receive a broadcast cause
exception message from the task manager, identifying any threads that the core is
currently executing that the cause exception message applies to, and redirecting

any such identified threads to the exception handler for handling.

2. The system of claim 1, wherein the processing cores are graphics

processing cores.

3. The system of claim 1 or 2, further comprising a host processor that is
operable to indicate tasks to be performed to the task manager for issue to the

processing cores.

4. The system of any one of the preceding claims, wherein the task that is to

be performed is a parallel search or other goal driven algorithm.

5. The system of any one of the preceding claims, wherein the exception

handler performs one of the following in relation to a thread it receives: terminate
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the thread; suspend the execution of the thread; resume the execution of the
thread; store trace data for the thread; and store state information relating to the

thread and/or task in question.

6. The system of any one of the preceding claims, wherein each task that is
issued to the processing cores has associated with it: a first program that is to be
executed for normal operation of the task; a second program for suspending and/or
terminating a thread when a thread associated with the task is redirected to the
exception handler for suspending and/or terminating; and a third program for

resuming a thread after redirection to the exception handler.

7. The system of any one of the preceding claims, wherein the exception that
triggers the redirection of a thread to the exception handler is one of: the thread
reaching the completion of a search process or other goal driven algorithm; the
thread reaching a breakpoint in its execution flow; the thread reaching a suspend
point in its execution flow; and the thread reaching a trace point in its execution

flow.

8. The system of any one of the preceding claims, wherein an exception can
be provoked by: an instruction in the stream of instructions that a thread is

executing; and by a command issued to the task manager by a host processor.

9. The system of any one of the preceding claims, wherein the processing core
only indicates an exception event to the task manager for selected forms of

exception.

10. The system of any one of the preceding claims, wherein a broadcast
exception event message can be applicable to some but not all of the threads
relating to the task in question, and/or to different groupings of threads within the

task in question.

11. The system of any one of the preceding claims, wherein instructions
included in the instruction sequence to be executed by threads for a task that can
trigger an exception can indicate whether the exception applies to the thread in

guestion only, or should also be broadcast to other threads.
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12. The system of any one of the preceding claims, wherein an exception
instruction that is to be broadcast to other threads also indicates the level of thread

grouping the exception should be broadcast to.

13. A method of operating a microprocessor system that comprises:

one or more processing cores, each core operable to execute plural
execution threads in parallel,

a task manager operable to issue tasks to the processing cores for
processing; and

an exception handler operable to handle threads that encounter exceptions
during their execution;

the method comprising:

a processing core when a thread that it is executing encounters an
exception or wishes to generate an exception, redirecting the thread to the
exception handler and triggering an exception event to the task manager,

the task manager when it receives the indication of an exception event from
the processing core, broadcasting a cause exception message to at least one of the
processing cores; and

each processing core that receives the broadcast cause exception message
from the task manager, identifying any threads that the core is currently executing
that the cause exception message applies to, and redirecting any such identified

threads to the exception handler for handling.

14. The method of claim 13, wherein the processing cores are graphics

processing cores.

15. The method of claim 13 or 14, further comprising a host processor indicating

a task to be performed to the task manager for issue to the processing cores.

16. The method of any one of claims 13 to 15, wherein the task that is being

performed by the processing core is a parallel search or other goal driven algorithm.

17. The method of any one of claims 13 to 16, wherein the exception handler

performs one or more of the following in relation to a thread it receives: terminating
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the thread; suspending the execution of the thread; resuming the execution of the
thread; storing trace data for the thread; and storing state information relating to the

thread and/or task in question.

18. The method of any one of claims 13 to 17, comprising associating with a
task that is issued to the processing cores: a first program that is to be executed for
normal operation of the task; a second program for suspending and/or terminating a
thread when a thread associated with the task is redirected to the exception handler
for suspending and/or terminating; and a third program for resuming a thread after

redirection to the exception handler.

19. The method of any one of claims 13 to 18, wherein the exception that
triggers the redirection of the thread to the exception handler is one of: the thread
reaching the completion of a search process or other goal driven algorithm; the
thread reaching a breakpoint in its execution flow; the thread reaching a suspend
point in its execution flow; and the thread reaching a trace point in its execution

flow.

20. The method of any one of claims 13 to 19, wherein an exception can be
provoked by: an instruction in the stream of instructions that a thread is executing;

and by a command issued to the task manager by a host processor.

21. The method of any one of claims 13 to 20, comprising the processing core
only indicating an exception event to the task manager for selected forms of

exception.

22. The method of any one of claims 13 to 21, wherein the broadcast exception
event message is applicable to some but not all of the threads relating to the task in

question.

23. The method of any one of claims 13 to 22, comprising using an indication in
the instruction that triggers the exception to determine whether the exception

applies to the thread in question only, or should also be broadcast to other threads.
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24. The method of any one of claims 13 to 23, comprising using an indication in
the instruction that triggers the exception to determine the level of thread grouping

the exception should be broadcast to.

25. A computer readable medium having software code stored thereon which,

when executed, causes the method any one of claims 13 to 24 to be performed.

26. A microprocessor system substantially as herein described with reference to

any one of the accompanying drawings.

27. A method of operating a microprocessor system substantially as herein

described with reference to any one of the accompanying drawings.
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