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DATA DRIVEN SCHEDULER ON MULTIPLE COMPUTING CORES

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Nonprovisional Patent
Application No. 14/981,257, filed December 28, 2015, which is incorporated by

reference as if fully set forth herein.

TECHNICAL FIELD
[0002] The disclosed embodiments are generally directed to processing
devices, and in particular, to memory management in processors having multiple

compute units.

BACKGROUND
[0003] Many modern microprocessors combine a number of processor cores
into a single processor to form a multicore processor. Multicore processors
mainly provide benefit by performing parallel computing. For example,
multicore processors may exploit thread-level parallelism to execute different
programs, or different threads, thread groups, or waves of a single program, on
different parallel cores within the processor.
[0004] Graphics processing units (GPUs) may benefit from implementation
as multicore processors, as various graphics processing tasks lend themselves
particularly to parallel processing. For example, three dimensional (3D)
projection may fall into a category of tasks which have been referred to as
"perfectly parallel" or "embarrassingly parallel".
[0005] In multicore architectures, each core may have a local memory,
such as an L1 cache. However for various reasons, such as reduction of die size,
several (or all) of the cores in a multicore device may share a memory, such as a
shared L2 or last level (LLC) cache, other types of cache, or other levels in a
cache or memory hierarchy. Sharing of a memory however may result in

competition for memory resources among the cores.
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SUMMARY OF EMBODIMENTS

[0006] Some embodiments provide a method for data driven scheduling of
a plurality computing cores of a processor. A plurality of threads may be
executed on the plurality of computing cores, according to a default schedule.
The plurality of threads may be analyzed, based on the execution, to determine
correlations among the plurality of threads. A data driven schedule may be
generated based on the correlations. The plurality of threads may be executed
on the plurality of computing cores according to the data driven schedule.

[0007] Some embodiments provide a processor configured for data-driven
scheduling. The processor comprises a plurality computing cores and a memory
shared by each of the computing cores. The processor comprises dispatching
circuitry configured to dispatch a plurality of threads to execute on the plurality
of computing cores, according to a default schedule. The processor comprises
correlation circuitry configured to analyze the plurality of threads, based on the
execution, to determine correlations among the plurality of threads. The
processor comprises scheduling circuitry configured to determine a data driven
schedule based on the correlations. The dispatching circuitry is further
configured to dispatch the plurality of threads to execute on the plurality of
computing cores according to the data driven schedule.

[0008] Some embodiments provide a system for memory management of a
multicore processor. The system comprises a processor. The processor comprises
a plurality computing cores and a memory shared by each of the computing
cores. The processor comprises dispatching circuitry configured to dispatch a
plurality of threads to execute on the plurality of computing cores, according to a
default schedule. The processor comprises correlation circuitry configured to
analyze the plurality of threads, based on the execution, to determine
correlations among the plurality of threads. The processor comprises scheduling
circuitry configured to determine a data driven schedule based on the
correlations. The dispatching circuitry is further configured to dispatch the
plurality of threads to execute on the plurality of computing cores according to

the data driven schedule.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0009] A more detailed understanding may be had from the following
description, given by way of example in conjunction with the accompanying
drawings wherein:
[0010] FIG. 11s a block diagram of an example device in which one or more
disclosed embodiments may be implemented;
[0011] FIG. 2 is a flow chart illustrating an example method for scheduling
a number of threads for execution on a number of cores of a multicore processor;
[0012] FIG. 3 is a flow chart illustrating another example method for

scheduling a number of threads for execution on a number of cores of a multicore

processor;
[0013] FIG. 4 1s a block diagram illustrating an example system which
implements data driven scheduling;

[0014] FIG. 5 is a table which illustrates an example state of a correlation
array;

[0015] FIG. 6 1s a block diagram illustrating another example system

which implements data driven scheduling;

[0016] FIG. 7 is a table which illustrates another example state of a
correlation array;

[0017] FIG. 8 i1s a block diagram illustrating another example system
which implements data driven scheduling;

[0018] FIG. 9 is a table which illustrates another example state of a
correlation array;

[0019] FIG. 10 1s a block diagram illustrating another example system
which implements data driven scheduling; and

[0020] FIG. 11 is a table which illustrates another example state of a

correlation array.

DETAILED DESCRIPTION
[0021] FIG. 1 is a block diagram of an example device 100 in which one or
more disclosed embodiments may be implemented. The device 100 may include,

for example, a computer, a gaming device, a handheld device, a set-top box, a
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television, a mobile phone, or a tablet computer. The device 100 includes a
processor 102, a memory 104, a storage 106, one or more input devices 108, and
one or more output devices 110. The device 100 may also optionally include an
input driver 112 and an output driver 114. It is understood that the device 100
may include additional components not shown in Figure 1.

[0022] The processor 102 may include a central processing unit (CPU), a
graphics processing unit (GPU), a CPU and GPU located on the same die, or one
or more processor cores, wherein each processor core may be a CPU or a GPU, or
a shader engine (SE), compute unit (CU), or single-instruction-multiple-data
(SIMD) unit of a CPU or GPU. The memory 104 may be located on the same die
as the processor 102, or may be located separately from the processor 102. The
memory 104 may include a volatile or non-volatile memory, for example, random
access memory (RAM), dynamic RAM, or a cache. Each processor core may have
a local memory, such as a local L1 cache memory, and/or may share a memory,
such as a shared L2 cache memory, with one or more other cores.

[0023] The storage 106 may include a fixed or removable storage, for
example, a hard disk drive, a solid state drive, an optical disk, or a flash drive.
The input devices 108 may include a keyboard, a keypad, a touch screen, a touch
pad, a detector, a microphone, an accelerometer, a gyroscope, a biometric
scanner, or a network connection (e.g., a wireless local area network card for
transmission and/or reception of wireless IEEE 802 signals). The output devices
110 may include a display, a speaker, a printer, a haptic feedback device, one or
more lights, an antenna, or a network connection (e.g., a wireless local area
network card for transmission and/or reception of wireless IEEE 802 signals).
[0024] The input driver 112 communicates with the processor 102 and the
input devices 108, and permits the processor 102 to receive input from the input
devices 108. The output driver 114 communicates with the processor 102 and the
output devices 110, and permits the processor 102 to send output to the output
devices 110. It 1s noted that the input driver 112 and the output driver 114 are
optional components, and that the device 100 will operate in the same manner if

the input driver 112 and the output driver 114 are not present.
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[0025] In a multi-core processor, inefficiencies may occur where two (or
more) cores sharing a cache execute threads (or thread groups, or waves, or other
types of instruction groupings) in parallel (e.g.,, simultaneously or
contemporaneously during overlapping time periods) which access substantial
amounts of different information from memory. The threads may access
different information due to insufficient locality of reference between the
threads, for example. Locality of reference in this context may refer to the same
information being referenced by each of the threads.

[0026] In such situations, it is possible that data loaded into the shared
cache due to execution of one of the threads may be evicted by data loaded into
the shared cache due to execution of the other thread. This may depend upon
the number of memory accesses required by each thread, and/or upon whether
each thread accesses information different from that accessed by the other
thread. Such evictions may continue back and forth throughout the execution of
the threads, and may lead to substantial and undesirable increases in memory
access latency.

[0027] Accordingly, it may be desirable to organize a multicore processor to
preferentially execute, where possible, those threads which use more of the same
information and/or exhibit greater memory re-use in parallel on separate cores.
Memory re-use in this context may refer to information retrieved from memory
by one thread which is also used by another thread. In a scenario where one of
these threads executes on one core and the other thread executes on another
core, where the two cores share a cache, the information may be stored in the
shared cache for access by both threads. Thus for threads scheduled for
execution during a given time, it may be preferable to execute those threads
which exhibit more shared locality of reference in parallel rather than executing
other threads in parallel. This may have the advantage of reducing the number
of evictions from the shared data cache and thus reducing memory access
latency. For example, in a case where a number of pixels use the same texture
data and are processed by a GPU having a number of processing units, it may be
more efficient to process those pixels sharing the texture data in parallel instead

of serially in order to take advantage of the shared locality of reference.



WO 2017/116517 PCT/US2016/052710

[0028] FIG. 2 is a flow chart illustrating an example method 200 for
scheduling a number (X) of threads for execution on a number (Y) of cores of a
multicore processor, where the Y cores share at least one memory, such as a
shared L2 cache. Method 200 may be implemented, for example, using some or
all of device 100. For example, the processor may correspond to processor 102 as
shown in FIG. 1.

[0029] In step 210, the threads are analyzed, e.g., by an analysis module of
the multicore processor, to determine the amount of memory re-use or
“correlation” between or among them. For example, where X=4 and Y=2, the X
threads may be analyzed to determine which pairs of threads have the greatest
correlation between them. In a different example where X=8 and Y=4, the X
threads may be analyzed to determine which groups of four threads have the
greatest correlation among them. The correlations of these groups of threads
may be ranked, e.g., by the analysis module. The analysis may be performed in
any suitable manner, including those examples described further herein.

[0030] In step 220, the threads are scheduled, e.g., by a scheduling module
of the multicore processor, such that the Y threads identified in step 210 as
having the greatest correlation are executed in parallel on the Y cores. If X=2Y,
the remaining threads of the X threads may be scheduled to be executed in
parallel on the Y cores. If X>2Y, the remaining threads may be scheduled to be
executed in parallel based on the greatest correlation among them.

[0031] It 1s noted that the threads may alternatively be scheduled such
that the different sets of Y threads are scheduled for parallel execution based on
a balance of correlation. For example, in a situation where executing the Y
threads identified in step 210 as having the greatest correlation in parallel would
leave the remaining threads to execute in parallel with a poorer correlation than
a different selection of threads, then each of the Y sets of threads may be chosen
such that the correlation across both sets of Y threads is maximized.

[0032] In step 230, the X threads are executed on the Y cores as scheduled
in step 220. Because the X threads are executed on the Y cores in subsets which

have the best available correlation, eviction from the shared memory (e.g.,



WO 2017/116517 PCT/US2016/052710

shared L2 cache) may be minimized, thus helping to minimize memory access
latency and improve performance.

[0033] It is noted however that the method 200 may require analysis of the
X threads for correlation prior to execution of these threads on the Y cores. This
may not be possible, for example, where the X threads have not been
programmed to take advantage of correlation-based multicore scheduling.
Accordingly, it may be advantageous to determine the correlations dynamically.
[0034] FIG. 3 is a flow chart illustrating another example method 300 for
scheduling X threads for execution on Y cores of a multicore processor, where the
Y cores share at least one memory, such as a shared L2 cache. In method 300,
the correlation is determined dynamically. Method 300 may be implemented, for
example, using some or all of device 100. For example, the processor may
correspond to processor 102 as shown in FIG. 1.

[0035] In step 310, the X threads are scheduled for execution on the Y
cores. At this step, correlations among the X threads are unknown. Accordingly,
a default scheduling pattern, such as a “round-robin” pattern is used initially.
Thus in an example where X=4 and the threads are T0, T1, T2, and T3, and
where Y=2 and the cores are CUO and CU1, the scheduling in round-robin
fashion would be TO = C0, T1 =C1, T2 = C0, T3 = C1.

[0036] In step 320, the X threads are executed on the Y cores according to
their current scheduling. Thus if the scheduling follows the round-robin pattern
of step 310, threads T0 and T1 would execute in parallel on CO and C1
respectively, followed by the execution of T2 and T3 on CO and C1 respectively.
[0037] In step 330, the X threads are analyzed for correlation based on the
execution. The analysis of step 330 may actually occur in combination with step
320 during the execution, or may be performed on data gathered during step 320
after execution. The correlations may be determined using any suitable
technique, and examples are discussed further herein.

[0038] In step 340, the X threads are scheduled for execution on the Y
cores based on the correlations determined in step 330. At this step, correlations
among the X threads are known. Accordingly, the default scheduling pattern is

not used; rather, the threads are scheduled according to the known correlations.
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In an example where X=4 and the threads are T0, T1, T2, and T3, and where
Y=2 and the cores are CUO and CU1, it may be determined in step 330 that the
highest correlation value among the various possible pairs of threads is between
TO0 and T2. The scheduling based on correlation then would be T0 = C0, T2 = C1,
T1 = C0, T3 = C1. Because this scheduling is based on correlation data produced
by the analysis of step 330, such scheduling may be referred to as data-driven
scheduling, and a device or combination of devices for implementing such
scheduling may be referred to as a data-driven scheduler.

[0039] The data-driven scheduling may alternatively be based on
correlation maximized across the execution of all threads. For example, if the
correlation between T1 and T3 is especially low, execution of these threads in
parallel in the schedule TO = C0, T2 = C1, T1 = C0, T3 = C1 may result in a
memory access latency which offsets or negates the reduction in memory access
latency provided by executing T0 and T2 in parallel. To address this, the second
highest correlation value (or third, or fourth, etc.) among the various possible
pairs of threads may be considered by the data-driven scheduler. In an example,
this second highest correlation may be between T0 and T3. Using this pair for
scheduling execution would yield TO = CO, T3 = C1, T1 = C0O, T2 = C1. In an
example where a poor correlation between T1 and T3 offsets the highest
correlation between T0 and T2, this new schedule may minimize memory access
latency across execution of all X threads. It is noted that this schedule may itself
not offer the highest average correlation across all threads, and it is noted that
all possible combinations may be analyzed to determine the best average
correlation and/or minimized memory access latency across all threads. A data-
driven scheduler configured to maximize correlation among all X threads in this
way may however require additional circuitry and/or additional delay to
implement.

[0040] In step 350, the X threads are executed on the Y cores according to
the schedule. Thus if the scheduling follows T0 = C0, T2 = C1, T1 = C0, T3 = C1,
threads TO and T2 would execute in parallel on CO and C1 respectively, followed
by the execution of T1 and T3 on CO and C1 respectively.
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[0041] The flow may return to step 330 for further analysis of the
executing threads; e.g., between memory accesses of the executing threads. This
may allow for further dynamic control over the execution scheduling. For
example, in some implementations, the scheduling may be adjusted during
execution of the threads (e.g., where indicated by changing correlation values) by
context-saving the currently executing threads, scheduling the threads to
different cores based upon the updated schedule, and then restoring the context.
[0042] FIG. 4 is a block diagram illustrating an example system 400 which
implements data driven scheduling. In one example implementation, system 400
may be a feature of processor 102. System 400 includes processing units 410, a
cache memory 420 shared by processing units 410, a data driven scheduler 430,
and a thread group dispatcher 440. In the example of system 400, processing
units 410 include two cores, in this case, shader engines SEQ0 and SE1. Data
driven scheduler 430 includes a correlation array 450 and a decision unit 460,
and determines schedules on the thread group level. A group of threads which
are grouped for execution in parallel on a shader engine may be referred to as a
thread group in this context.

[0043] Shader engines SE0 and SE1 may include a cluster of processing
units within a graphics processor, for example. It is noted that such clusters
may be referred to by terms other than “shader engine” in various architectures.
[0044] Cache memory 420, in this example, is an L2 cache; however it is
noted that cache memory 420 may be any suitable level of cache memory, or
another shared memory, shared by shader engines SEQ and SE1. Cache memory
420 1s shared by shader engines SE0Q and SE1.

[0045] Data driven scheduler 430 schedules thread groups for execution on
the processing units 410. Correlation array 450 calculates a correlation between
or among thread groups. Decision unit 460 determines which thread group to
dispatch to a particular one of processing units 410 at a particular time.

[0046] Before correlation data is available for scheduling, data driven
scheduler 430 schedules thread groups for execution on shader engines SE0 and
SE1 using a default (e.g., non-data-driven) scheduling pattern. This default

pattern may be a round-robin pattern. In the example system 400, scheduling is
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performed at a granularity of 4 thread groups. Thus where the first four thread
groups are referred to as TGO, TG1, TG2, and TG3, scheduling for the first 4
thread groups in round-robin fashion would be TGO = SE0, TG1 = SE1, TG2 =
SE0Q, TG3 = SE1. Thread group dispatcher 440 then dispatches the thread
groups for execution on SEQ and SE1 according to the default schedule.

[0047] Upon a new memory request from SEQ and/or SE1 to cache 420,
cache 420 may forward an index and a cache tag, which correspond to the
memory request, to correlation array 450. The index may correspond to the
identity of the requesting thread group, e.g., a TG ID, and the tag may include
the requested memory address, a data mask, and/or auxiliary information. Thus
the cache 420 provides the correlation array 450 with information regarding
what memory accesses the currently executing thread group requires. If the
correlation array 450 is implemented in a physical address space, for example,
the address of the physical memory being accessed to a cacheline granularity
may be adequate correlation information. If the correlation array 450 is
implemented in a virtual address space, additional information, such as some
form of process ID, may be required.

[0048] Correlation array 450 may store the index and tag information, and
may use this information to calculate correlation values for the thread groups, as
further discussed below. Correlation array 450 may report these correlation
values to the decision unit 460. Decision unit 460 may use the reported
correlation values to determine a data-driven scheduling for execution of the
thread groups TGO, TG1, TG2, TG3, on SE0 and SE1. Thread group dispatcher
440 may then dispatch the thread groups for execution on SEQ0 and SE1
according to the data-driven schedule.

[0049] FIG. 5 is a table 500 which illustrates an example state of
correlation array 450 at a certain point during the execution of thread groups
TGO, TG1, TG2, and TG3. The example system 400 performs scheduling at a
granularity of 4 thread groups. Accordingly, table 500 includes 4 keys 510, 510,
510”7, 510", which each correspond to one of thread groups TGO, TG1, TG2, and
TG3.
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[0050] Each key 510, 510’°, 5107, 510" includes a corresponding tag list (not
shown) and set of contributing correlation values 520, 520°, 5207, 520™”. The sets
of contributing correlation values 520, 520°, 5207, 520 reflect a correlation of
each pair of thread groups TGO, TG1, TG2, and TG3. For example, key 510
stores the set of contributing correlation values 520 for TGO. The set of
contributing correlation values 520 stores a contributing correlation value CO01
corresponding to the correlation between TGO and TG1, a contributing
correlation value C02 corresponding to the correlation between TGO and TG2,
and a contributing correlation value CO03, corresponding to the correlation
between TGO and TG3. Each of the other keys 510°, 5107, 510 stores a similar
set of contributing correlation values 520°, 5107, 520" as reflected in FIG. 5.
Before correlation information is available to correlation array 450 (e.g., similar
to step 310 of method 300), the tag list may be empty and the contributing
correlation values may be zero.

[0051] On a new memory request by SE0 or SE1 during execution of a
thread group, the correlation array 450 receives the corresponding index and tag
information of the memory request from the cache. If the index and tag
information matches an entry in table 500, the corresponding contributing
correlation value may be incremented, increased, or otherwise altered to reflect
the increased correlation. For example, if correlation array 450 receives index
TG1 and a tag tag3, and if correlation array 450 reflects that the tag list of TGO
also includes tag3, then the contributing correlation value C01, which reflects
the correlation between TGO and TG1, may be increased (e.g., incremented by
one).

[0052] If the received index matches a key in table 500, but the received
tag does not match any tags in the tag list, the received tag may be inserted into
the tag list for that key. If the received index does not match a key in table 500,
but the received tag does match a tag in the tag list ...

[0053] After TGO, TG1, TG2, and TG3 have finished execution on SE0Q and
SE1, contributing correlation values C01 and C10 may be summed (or otherwise
combined) to determine a correlation value c01 reflecting the correlation between

TGO and TG1l. Other matching contributing correlation values may also be
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summed similarly to find correlation values for other TG pairs. For example, c02
may be a correlation value for TGO and TG2, calculated by summing contributing
correlation values C02 and C20, and so forth. These correlation values c01, c02,
c03, c12, ¢13, ¢23 may be reported to decision unit 460.

[0054] It is noted that rather than waiting until TGO, TG1, TG2, and TG3
have finished execution on SEQ and SE1, the contributing correlation values may
be summed and/or reported after a certain interval, e.g., 1,000 processor clock
cycles. Thus, the correlation values may be calculated prior to the completion of
execution, or after several executions of TGO, TG1, TG2, and TG3. This may
permit dynamic scheduling and/or scheduling based on higher resolution data.

[0055] Returning to FIG. 4, the decision unit 460 may determine the
issuing order (i.e., the data-driven schedule) of the next four TGs TGO, TG1, TG2,
TG3 based on the reported correlation values c01, c02, c03 ... Table 1 shows
pseudo code reflecting an example of a partial algorithm for decision unit 460 to
make this determination. Thread group dispatcher 440 receives the data-driven
schedule from the decision unit 460, and dispatches the thread groups to SE0
and SE1 according to the data-driven schedule. In some implementations,
thread group dispatcher 440 may only update its schedule on a determination
that the schedule has changed. In some implementations, on a condition that
the schedule has changed, the thread groups currently running on SE0 and SE1
may be preempted and the context may be saved, the updated schedule may be
applied to the thread groups @.e., thread groups may be reassigned to different
shader engines and/or execution times), the context may be restored, and

execution may resume under the updated schedule.
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TABLE 1
If(max{c01, c02, c03, ...} ==c01)
{
group the next TGO and TG2 to SEO;
group the next TG1 and TG3 to SE1;
}
else if(max{c01, c02, c03, ...} ==c02)
{
group the next TGO and TG1 to SEO;
group the next TG2 and TG3 to SE1;
}
else if(max{c01, c02, c03, ...} ==c03)
{
group the next TGO and TG1 to SEO;
group the next TG3 and TG2 to SE1;
}
[0056] In other example systems, scheduling may be on a basis other than

thread group. For example, scheduling based on wave level may be appropriate
depending upon the system architecture.

[0057] FIG. 6 1s a block diagram illustrating an example system 600 which
implements data driven scheduling. In one example implementation, system 600
may be a feature of processor 102. System 600 includes processing units 610, a
cache memory 620 shared by processing units 610, a data driven scheduler 630,
and a wave dispatcher 640. In the example of system 600, processing units 610
include two cores, in this case, compute unmits CUO0 and CUl. Data driven
scheduler 630 includes a correlation array 650 and a decision unit 660, and
determines schedules on the wave level.

[0058] Compute units CUO and CU1 each may include a single-instruction
multiple data (SIMD) core. A group of threads which execute in parallel on a

SIMD core may be referred to as a wave in this context.
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[0059] Cache memory 620, in this example, is an L2 cache, however it is
noted that cache memory 620 may be any suitable level of cache memory, or
another shared memory, shared by compute units CUO and CU1. Cache memory
620 1s shared by compute units CUO and CU1.

[0060] Data driven scheduler 630 schedules waves for execution on the
processing units 610. Correlation array 650 calculates a correlation between or
among waves. Decision unit 660 determines which wave to dispatch to a
particular one of processing units 610 at a particular time.

[0061] Before correlation data is available for scheduling, data driven
scheduler 630 schedules thread groups for execution on compute units CU0O and
CU1 using a default (e.g., non-data-driven) scheduling pattern. This default
pattern may be a round-robin pattern. In the example system 600, scheduling is
performed at a granularity of 4 waves. Thus where the first four waves are
referred to as wave0, wavel, wave2, and wave3, scheduling for the first 4 waves
in round-robin fashion would be wave0 = CUQ, wavel = CU1, wave2 = CUOQ,
wave3d = CU1. Wave dispatcher 640 then dispatches the waves for execution on
CUO and CU1 according to the default schedule.

[0062] Upon a new memory request from CUO and/or CU1 to cache 620,
cache 620 may forward an index and a cache tag, which correspond to the
memory request, to correlation array 650. The index may correspond to the
identity of the requesting wave, e.g., a wave ID, and the tag may include the
requested memory address, a data mask, and/or auxiliary information. Thus the
cache 620 provides the correlation array 650 with information regarding what
memory accesses the currently executing wave requires. A tag may be a physical
address, or a virtual address in combination with a virtual memory identifier.
The tag may be similar to the tag used in the data cache.

[0063] Correlation array 650 may store the index and tag information, and
may use this information to calculate correlation values for the waves, as further
discussed below. Correlation array 650 may report these correlation values to
the decision unit 660. Decision unit 660 may use the reported correlation values

to determine a data-driven scheduling for execution of the waves wave0, wavel,
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wave2, wave3, on CUO and CU1. Wave dispatcher 640 may then dispatch the
waves for execution on CUQ and CU1 according to the data-driven schedule.
[0064] FIG. 7 is a table 700 which illustrates an example state of
correlation array 650 at a certain point during the execution of waves wave0,
wavel, wave2, and wave3. The example system 600 performs scheduling at a
granularity of 4 waves. Accordingly, table 700 includes 4 keys 710, 710°, 710”7,
710, which each correspond to one of waves wave0, wavel, wave2, and wave3.
[0065] Each key 710, 710°, 7107, 710" includes a corresponding tag list (not
shown) and set of contributing correlation values 720, 720°, 7207, 720™”. The sets
of contributing correlation values 720, 720°, 720”, 720" reflect a correlation of
each pair of waves wave0, wavel, wave2, and wave3. For example, key 710
stores the set of contributing correlation values 720 for wave0. The set of
contributing correlation values 720 stores a contributing correlation value C01
corresponding to the correlation between wave0 and wavel, a contributing
correlation value CO02 corresponding to the correlation between wave0 and
wave2, and a contributing correlation value C03, corresponding to the correlation
between wave0) and wave3. Each of the other keys 710°, 710”, 710" stores a
similar set of contributing correlation values 720°, 7107, 720 as reflected in FIG.
7. Before correlation information is available to correlation array 650 (e.g.,
similar to step 310 of method 300), the tag list may be empty and the
contributing correlation values may be zero.

[0066] On a new memory request by CUO or CU1 during execution of a
wave, the correlation array 650 receives the corresponding index and tag
information of the memory request from the cache. If the index and tag
information matches an entry in table 700, the corresponding contributing
correlation value may be incremented, increased, or otherwise altered to reflect
the increased correlation. For example, if correlation array 650 receives index
wavel and a tag tag3, and if correlation array 650 reflects that the tag list of
wave( also includes tag3, then the contributing correlation value CO01, which
reflects the correlation between wave0 and wavel, may be increased (e.g.,

incremented by one).
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[0067] If the received index matches a key in table 700, but the received
tag does not match any tags in the tag list, the received tag may be inserted into
the tag list for that key. If the received index does not match a key in table 700,
but the received tag does match a tag in the tag list a new key may be added for
that index and the correlations for the other keys would be adjusted if the tag
matches.

[0068] After wave0, wavel, wave2, and wave3 have finished execution on
CUO0 and CU1, contributing correlation values C01 and C10 may be summed (or
otherwise combined) to determine a correlation value c01 reflecting the
correlation between wave0O and wavel. Other matching contributing correlation
values may also be summed similarly to find correlation values for other wave
pairs. For example, c02 may be a correlation value for wave0 and wave2,
calculated by summing contributing correlation values C02 and C20, and so
forth. These correlation values c01, c02, c03, c12, c13, ¢23 may be reported to
decision unit 660.

[0069] It is noted that rather than waiting until wave0, wavel, wave2, and
wave3 have finished execution on CU0Q and CU1, the contributing correlation
values may be summed and/or reported after a certain interval, e.g., 1,000
processor clock cycles. Thus, the correlation values may be calculated prior to
the completion of execution, or after several executions of wave0, wavel, wave2,
and wave3. This may permit dynamic scheduling and/or scheduling based on
higher resolution data.

[0070] Returning to FIG. 6, the decision unit 660 may determine the
issuing order (i.e., the data-driven schedule) of the next four waves wave0,
wavel, wave2, wave3 based on the reported correlation values c01, c02, c03 ...
Table 2 shows pseudo code reflecting an example of a partial algorithm for
decision unit 660 to make this determination. Wave dispatcher 640 receives the
data-driven schedule from the decision unit 660, and dispatches the waves to
CUO0 and CU1 according to the data-driven schedule. In some implementations,
wave dispatcher 640 may only update its schedule on a determination that the
schedule has changed. In some implementations, on a condition that the

schedule has changed, the waves currently running on CUO and CU1 may be
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preempted and the context may be saved, the updated schedule may be applied
to the waves (i.e.,, waves may be reassigned to different compute units and/or
execution times), the context may be restored, and execution may resume under

the updated schedule.

TABLE 2
If(max{c01, c02, c03, ...} ==c01)
{
group the next wave0 and wave2 to CUO;
group the next wavel and wave3 to CU1;
}
else if(max{c01, c02, c03, ...} ==c02)
{
group the next wave0 and wavel to CUOQ;
group the next wave2 and wave3 to CU1;
}
else if(max{c01, c02, c03, ...} ==c03)
{
group the next wave0 and wavel to CUO;
group the next wave3 and wave2 to CU1;
}
[0071] In other example systems, scheduling may be on a basis other than

thread group or wave. For example, scheduling based on the thread level may be
appropriate depending upon the system architecture. It is noted that the
techniques described herein may be applied at other levels of abstraction besides
thread, thread group, or wave, without departing from the invention.

[0072] FIG. 8 is a block diagram illustrating an example system 800 which
implements data driven scheduling. In one example implementation, system 800
may be a feature of processor 102. System 800 includes processing units 810,

two cache memories 820 and 825, both shared by processing units 810, a data
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driven scheduler 830, and a thread dispatcher 840. In the example of system
800, processing units 810 include two cores, in this case, SIMD units SIMDO0 and
SIMD1. Data driven scheduler 830 includes a correlation array 850 and a
decision unit 860, and determines schedules on the thread level.

[0073] Cache memories 820 and 825, in this example, are an L1 and L2
cache respectively. It is noted however that cache memories 820 and 825 may be
any suitable levels of cache memory, or other shared memories, shared by SIMD
units SIMDO and SIMD1. Cache memories 820 and 825 are shared by SIMD
units SIMDO and SIMD1.

[0074] Data driven scheduler 830 schedules threads for execution on the
processing units 810. Correlation array 850 calculates a correlation between or
among threads. Decision unit 860 determines which thread to dispatch to a
particular one of processing units 810 at a particular time.

[0075] Before correlation data is available for scheduling, data driven
scheduler 830 schedules thread groups for execution on SIMD units SIMDO and
SIMD1 using a default (e.g., non-data-driven) scheduling pattern. This default
pattern may be a round-robin pattern. In the example system 800, scheduling is
performed at a granularity of 4 threads. Thus where the first four threads are
referred to as thread0, threadl, thread2, and thread3, scheduling for the first 4
threads in round-robin fashion would be thread0 = SIMDO, threadl = SIMDI1,
thread2 = SIMDO, thread3 = SIMD1. Thread dispatcher 840 then dispatches the
threads for execution on SIMDO and SIMD1 according to the default schedule.
[0076] Upon a new memory request from SIMDO and/or SIMD1 to cache
820 or cache 825, the cache receiving the request may forward an index and a
cache tag, which correspond to the memory request, to correlation array 850.
The index may correspond to the identity of the requesting thread, e.g., a thread
ID, and the tag may include the requested memory address, a data mask, and/or
auxiliary information. Thus the cache 820 or 825 provides the correlation array
850 with information regarding what memory accesses the currently executing
thread requires. The tag may be similar to the tag used in the data cache. A tag
may be a physical address, or a virtual address in combination with a virtual

memory identifier, for example.
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[0077] Correlation array 850 may store the index and tag information, and
may use this information to calculate correlation values for the threads, as
further discussed below. Correlation array 850 may report these correlation
values to the decision unit 860. Decision unit 860 may use the reported
correlation values to determine a data-driven scheduling for execution of the
threads thread0O, threadl, thread2, thread3, on SIMDO and SIMDI1. Thread
dispatcher 840 may then dispatch the threads for execution on SIMDO and
SIMD1 according to the data-driven schedule.

[0078] FIG. 9 is a table 900 which illustrates an example state of
correlation array 650 at a certain point during the execution of threads threadO,
threadl, thread2, and thread3. The example system 800 performs scheduling at
a granularity of 4 threads. Accordingly, table 900 includes 4 keys 910, 910°, 9107,
910”7, which each correspond to one of threads thread0, threadl, thread2, and
thread3.

[0079] Each key 910, 910’, 9107, 910" includes a corresponding tag list (not
shown) and set of contributing correlation values 920, 920°, 9207, 920™”. The sets
of contributing correlation values 920, 920°, 9207, 920 reflect a correlation of
each pair of threads thread0, threadl, thread2, and thread3. For example, key
910 stores the set of contributing correlation values 920 for thread0. The set of
contributing correlation values 920 stores a contributing correlation value CO01
corresponding to the correlation between thread0 and threadl, a contributing
correlation value CO02 corresponding to the correlation between thread0 and
thread2, and a contributing correlation value C03, corresponding to the
correlation between thread0 and thread3. Each of the other keys 910°, 9107,
910 stores a similar set of contributing correlation values 920°, 910”7, 920 as
reflected in FIG. 9. Before correlation information is available to correlation
array 850 (e.g., similar to step 310 of method 300), the tag list may be empty and
the contributing correlation values may be zero.

[0080] On a new memory request by SIMDO or SIMD1 during execution of
a thread, the correlation array 850 receives the corresponding index and tag
information of the memory request from the cache. If the index and tag

information matches an entry in table 900, the corresponding contributing
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correlation value may be incremented, increased, or otherwise altered to reflect
the increased correlation. For example, if correlation array 850 receives index
threadl and a tag tag3, and if correlation array 850 reflects that the tag list of
thread0 also includes tag3, then the contributing correlation value C01, which
reflects the correlation between thread0 and threadl, may be increased (e.g.,
incremented by one).

[0081] If the received index matches a key in table 900, but the received
tag does not match any tags in the tag list, the received tag may be inserted into
the tag list for that key. If the received index does not match a key in table 900,
but the received tag does match a tag in the tag list a new key may be added for
that index and the correlations for the other keys may be adjusted if the tag
matches.

[0082] After thread0, threadl, thread2, and thread3 have finished
execution on SIMDO and SIMDI1, contributing correlation values C01 and C10
may be summed (or otherwise combined) to determine a correlation value c01
reflecting the correlation between thread0 and threadl. Other matching
contributing correlation values may also be summed similarly to find correlation
values for other thread pairs. For example, c02 may be a correlation value for
thread0 and thread2, calculated by summing contributing correlation values C02
and C20, and so forth. These correlation values c01, c02, c03, c12, c13, ¢23 may
be reported to decision unit 660.

[0083] It is noted that rather than waiting until thread0, threadl, thread2,
and thread3 have finished execution on SIMDO and SIMDI1, the contributing
correlation values may be summed and/or reported after a certain interval, e.g.,
1,000 processor clock cycles. Thus, the correlation values may be calculated prior
to the completion of execution, or after several executions of threads threado0,
threadl, thread2, and thread3. This may permit dynamic scheduling and/or
scheduling based on higher resolution data.

[0084] Returning to FIG. 8, the decision unit 860 may determine the
issuing order (i.e., the data-driven schedule) of the next four threads threado0,
threadl, thread2, and thread3 based on the reported correlation values c01, c02,

c03 ... Table 3 shows pseudo code reflecting an example of a partial algorithm
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for decision unit 860 to make this determination. Thread dispatcher 840 receives
the data-driven schedule from the decision unit 860, and dispatches the threads
to CUO and CU1l according to the data-driven schedule. In some
implementations, thread dispatcher 840 may only update its schedule on a
determination that the schedule has changed. In some implementations, on a
condition that the schedule has changed, the threads currently running on
SIMDO and SIMD1 may be preempted and the context may be saved, the
updated schedule may be applied to the threads (i.e., threads may be reassigned
to different SIMDs and/or execution times), the context may be restored, and

execution may resume under the updated schedule.

TABLE 3
If(max{c01, c02, c03, ...} ==c01)
{
group the next thread0 and thread2 to SIMDO;
group the next threadl and thread3 to SIMD1;
}
else if(max{c01, c02, c03, ...} ==c02)
{
group the next thread0 and threadl to SIMDO;
group the next thread2 and thread3 to SIMD1;
}
else if(max{c01, c02, c03, ...} ==c03)
{
group the next thread0 and threadl to SIMDO;
group the next thread3 and thread2 to CU1;
}
[0085] FIG. 10 is a block diagram illustrating an example system 1000

which implements data driven scheduling. In one example implementation,

system 1000 may be a feature of processor 102. System 1000 includes processing
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units 1010, cache memory 1020, which is shared by processing units 1010, a data
driven scheduler 1030, and a thread dispatcher 1040. In the example of system
1000, processing units 1010 include four cores, in this case, compute units CUO,
CU1, CU2, and CU3. Data driven scheduler 1030 includes a correlation array
1050 and a decision unit 1060, and determines schedules on the thread
dispatcher level.

[0086] Cache memory 1020, in this example, is an L2 cache. It is noted
however that cache memory 820 may be any suitable level of cache memory, or
other shared memory, shared by compute units CUO, CU1, CU2, and CU3. Cache
memory 1020 is shared by compute units CUO, CU1, CU2, and CU3.

[0087] Data driven scheduler 1030 schedules waves for execution on the
processing units 1010. Correlation array 1050 calculates a correlation between
or among waves. Decision unit 1060 determines which wave to dispatch to a
particular one of processing units 1010 at a particular time.

[0088] Before correlation data is available for scheduling, data driven
scheduler 1030 schedules waves for execution on compute units CUQ, CU1, CU2,
and CU3 using a default (e.g., non-data-driven) scheduling pattern. This default
pattern may be a round-robin pattern. In the example system 1000, scheduling
is performed at a granularity of 8 waves. Thus where the first eight threads are
referred to as wave(, wavel, wave2, wave3, wave4, waveb, wave6, and wave7
scheduling for the first 8 waves in round-robin fashion would be wave0= CUO,
wavel= CU1, wave2= CU2, wave3d= CU3 wave4d= CUO, wave5= CU1, wave6=
CU2, wave7=CU3. Thread dispatcher 1040 then dispatches the waves for
execution on CUQ, CU1, CU2, and CU3 according to the default schedule.

[0089] Upon a new memory request from CUOQ, CU1, CU2, and/or CU3 to
cache 1020, cache 1020 may forward an index and a cache tag, which correspond
to the memory request, to correlation array 1050. The index may correspond to
the identity of the requesting wave, e.g., a wave ID, and the tag may include the
requested memory address, a data mask, and/or auxiliary information. Thus the
cache 1020 provides the correlation array 1050 with information regarding what
memory accesses the currently executing wave requires. A tag may be a physical

address, or a virtual address in combination with a virtual memory identifier.
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[0090] Correlation array 1050 may store the index and tag information,
and may use this information to calculate correlation values for the waves.
Correlation array 1050 may report these correlation values to the decision unit
1060. Decision unit 1060 may use the reported correlation values to determine a
data-driven scheduling for execution of the waves wave0, wavel, wave2, wave3,
waved, wave5, wave6, and wave7, on CUO, CU1, CU2, and CU3. Wave
dispatcher 1040 may then dispatch the waves for execution on CUQ, CU1, CU2,
and CU3 according to the data-driven schedule.

[0091] FIG. 11 is a table 1100 which illustrates an example state of
correlation array 650 at a certain point during the execution of waves wave0,
wavel, wave2, wave3, waved, waved, wave6, and wave7. The example system
1000 performs scheduling at a granularity of 8 waves. Accordingly, table 1100
includes 8 keys 1110a, 1110b, 1110c, 1110d, 1110e, 1110f, 1110g, 1110h, which
each correspond to one of waves wave0, wavel, wave2, wave3, wave4, waveh,
wave6, and wave7 respectively.

[0092] Each key 1110a, 1110b, 1110c, 1110d, 1110e, 1110f, 1110g, 1110h
includes a corresponding tag list (not shown) and set of contributing correlation
values 1120a, 1120b, 1120c, 1120d, 1120e, 1120f, 1120g, 1120h. The sets of
contributing correlation values 1120a, 1120b, 1120c, 1120d, 1120e, 1120f, 1120g,
1120h reflect a correlation of each pair of waves wave0, wavel, wave2, wave3,
wave4, waveb, wave6, and wave7. For example, key 1110a stores the set of
contributing correlation values 1120a for wave0. The set of contributing
correlation values 1120a stores a contributing correlation value CO01
corresponding to the correlation between wave0 and wavel, a contributing
correlation value CO02 corresponding to the correlation between wave0 and
wave2, and a contributing correlation value C03, corresponding to the correlation
between wave0 and wave3, and so on. Each of the other keys 1110b, 1110c,
1110d, 1110e, 1110f, 1110g, 1110h stores a similar set of contributing correlation
values 1120b, 1120c, 1120d, 1120e, 1120f, 1120g, 1120has reflected in FIG. 11.
Before correlation information is available to correlation array 1050 (e.g., similar
to step 310 of method 300), the tag list may be empty and the contributing

correlation values may be zero.
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[0093] On a new memory request by CUO, CU1, CU2, or CU3 during
execution of a wave, the correlation array 1050 receives the corresponding index
and tag information of the memory request from the cache. If the index and tag
information matches an entry in table 1100, the corresponding contributing
correlation value may be incremented, increased, or otherwise altered to reflect
the increased correlation. For example, if correlation array 1050 receives index
wavel and a tag tag3, and if correlation array 1050 reflects that the tag list of
wave( also includes tag3, then the contributing correlation value C01, which
reflects the correlation between wave0 and wavel, may be increased (e.g.,
incremented by one).

[0094] If the received index matches a key in table 1100, but the received
tag does not match any tags in the tag list, the received tag may be inserted into
the tag list for that key. If the received index does not match a key in table 1100,
but the received tag does match a tag in the tag list a new key may be added for
that index and the correlations for the other keys may be adjusted if the tag
matches.

[0095] After wave0, wavel, wave2, wave3, wave4, waved, wave6, and
wave7 have finished execution on CUO, CU1, CU2, and CU3, contributing
correlation values CO01 and C10 may be summed (or otherwise combined) to
determine a correlation value c01 reflecting the correlation between wave0 and
wavel. Other matching contributing correlation values may also be summed
similarly to find correlation values for other thread pairs. For example, c02 may
be a correlation value for wave0 and wave2, calculated by summing contributing
correlation values C02 and C20, and so forth. These correlation values c01, c02,
c03, c04, c05, c06, c07, c12, c13, cl4, cl15, cl6, c17, c23, c24, c25, c26, c27, ¢34,
¢35, ¢36, ¢37, c45, ¢46, c47, ¢56, ¢57, c67 may be reported to decision unit 660.
[0096] It is noted that rather than waiting until waves wave0, wavel,
wave2, wave3, waved, waveb, wave6, and wave7 have finished execution on CUOQ,
CU1, CU2, and CUS3, the contributing correlation values may be summed and/or
reported after a certain interval, e.g., 1,000 processor clock cycles. Thus, the

correlation values may be calculated prior to the completion of execution, or after



WO 2017/116517 PCT/US2016/052710
25

several executions of CU0, CU1, CU2, and CU3. This may permit dynamic
scheduling and/or scheduling based on higher resolution data.

[0097] Returning to FIG. 1000, the decision unit 1060 may determine the
issuing order (i.e., the data-driven schedule) of the next eight waves wave0,
wavel, wave2, wave3, wave4, waved, wave6, and wave7 based on the reported
correlation values c01, c02, c03, c04, c05, c06, c07, c12, c13, cl14, c15, cl16, cl17,
c23, c24, c25, ¢26, c27, c34, ¢35, ¢36, ¢37, c4b, c46, c47, c56, cb7, c67 Table 4
shows an example of a partial algorithm for decision unit 1060 to make this
determination. Wave dispatcher 1040 receives the data-driven schedule from the
decision unit 1060, and dispatches the threads to CUO, CU1, CU2, and CU3
according to the data-driven schedule. In some implementations, wave
dispatcher 1040 may only update its schedule on a determination that the
schedule has changed. In some implementations, on a condition that the
schedule has changed, the thread groups currently running on CUO, CU1, CU2,
and CU3 may be preempted and the context may be saved, the updated schedule
may be applied to the waves (.e., waves may be reassigned to different compute
units and/or execution times), the context may be restored, and execution may

resume under the updated schedule.

TABLE 4

For 8 waves and 4 CUs:

1: For wave X (X=0-7)

2: calculate correlation of wave X with each other thread to obtain the thread Y
with the highest correlation to wave X.

3: calculate a three-variable correlation among wave X, wave Y, and each other
wave to determine the wave Z having the highest correlation to X and Y.

4: calculate a four-variable correlation among wave X, wave Y, wave Z, and each
other wave to determine the wave A having the highest correlation to X, Y, and
Z.

5: schedule waves X, Y, Z, A onto CUs 0, 1, 2, 3 respectively to run in parallel.
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5a: optionally, determine the value of X resulting in the highest 4-variable
correlation and schedule waves X, Y, Z, A onto CUs 0, 1, 2, 3 respectively to run

in parallel based on that value of X.

[0098] It is noted that for any of these or other implementations, the data
driven scheduler may be clock gated, power gated, or subject to a different
suitable power saving mechanism, e.g., when it is idle. A data driven scheduler
may remain idle until a new shader is executed, for example.

[0099] It is further noted that for any of these or other implementations,
the tag list may be sorted in ascending or descending order, e.g., to facilitate
search, and may be compressed or uncompressed.

[0100] It should be understood that many variations are possible based on
the disclosure herein. Although features and elements are described above in
particular combinations, each feature or element may be used alone without the
other features and elements or in various combinations with or without other
features and elements.

[0101] The methods provided may be implemented in a general purpose
computer, a processor, or a processor core. Suitable processors include, by way of
example, a general purpose processor, a special purpose processor, a
conventional processor, a digital signal processor (DSP), a plurality of
MICroprocessors, one or more microprocessors in association with a DSP core, a
controller, a microcontroller, Application Specific Integrated Circuits (ASICs),
Field Programmable Gate Arrays (FPGASs) circuits, any other type of integrated
circuit (IC), and/or a state machine. Such processors may be manufactured by
configuring a manufacturing process using the results of processed hardware
description language (HDL) instructions and other intermediary data including
netlists (such instructions capable of being stored on a computer readable
media). The results of such processing may be maskworks that are then used in a
semiconductor manufacturing process to manufacture a processor which
implements aspects of the embodiments.

[0102] The methods or flow charts provided herein may be implemented in

a computer program, software, or firmware incorporated in a non-transitory
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computer-readable storage medium for execution by a general purpose computer
or a processor. Examples of non-transitory computer-readable storage mediums
include a read only memory (ROM), a random access memory (RAM), a register,
cache memory, semiconductor memory devices, magnetic media such as internal
hard disks and removable disks, magneto-optical media, and optical media such

as CD-ROM disks, and digital versatile disks (DVDs).
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CLAIMS
What 1s claimed 1s:
1. A method for data driven scheduling of a plurality computing cores

of a processor, the method comprising:

executing a plurality of threads on the plurality of computing cores,
according to a default schedule;

analyzing the plurality of threads, based on the execution, to determine
correlations among the plurality of threads;

generating a data driven schedule based on the correlations; and

executing the plurality of threads on the plurality of computing cores

according to the data driven schedule.

2. The method of claim 1, wherein the correlations comprise memory

re-use among subsets of the plurality of threads.

3. The method of claim 1, wherein the correlations comprise locality of

reference among subsets of the plurality of threads.

4. The method of claim 1, wherein the default schedule comprises a

round-robin schedule.

5. The method of claim 1, wherein analyzing the plurality of threads to
determine the correlations comprises:

receiving, by data-driven scheduling circuitry, information regarding
memory accesses by the computing cores due to execution of at least a portion of
the plurality of threads on the computing cores; and

deriving the correlations based on the information.

6. The method of claim 5, wherein the memory is shared among the

plurality of computing cores.
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7. The method of claim 5, wherein the memory comprises a cache

memory.

8. The method of claim 1, wherein the plurality of threads comprises a

plurality of waves, and the plurality of threads are scheduled on a wave basis.

9. The method of claim 1, wherein the plurality of threads comprises a

plurality of warps, and the plurality of threads are scheduled on a warp basis.

10. The method of claim 1, wherein the plurality of threads comprises a
plurality of thread groups, and the plurality of threads are scheduled on a thread

group basis.

11. The method of claim 1, wherein the data driven schedule is
generated after each of the plurality of threads has completed execution on the

computing cores.

12.  The method of claim 1, wherein the data driven schedule is
generated after execution of the plurality of threads on the computing cores has

proceeded for a period of time.

13. The method of claim 1, wherein the data driven schedule is
generated before all of the plurality of threads have completed execution on the

computing cores.

14. The method of claim 1, further comprising:

analyzing the plurality of threads, based on the execution according to the
data driven schedule, to determine updated correlations among the plurality of
threads;

generating an updated data driven schedule based on the updated
correlations; and

executing the plurality of threads on the plurality of computing cores
according to the updated data driven schedule.
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15.  The method of claim 1, further comprising:

determining whether the data driven schedule is different from the default
schedule; and

if the data driven schedule is different from the default schedule:

preempting execution of the computing cores;

saving the current context; and

dispatching the plurality of threads according to the data driven schedule.

16. The method of claim 14, further comprising:

determining whether the updated data driven schedule is different from
the data driven schedule; and

if the updated data driven schedule is different from the data driven
schedule:

preempting execution of the computing cores;

saving the current context; and

dispatching the plurality of threads according to the updated data driven

schedule.

17. The method of claim 1, wherein the computing cores each comprise
a compute unit; a single-instruction-multiple-data (SIMD) unit; or a shader

engine.

18. A processor configured for data-driven scheduling, comprising:

a plurality computing cores;

a memory shared by each of the computing cores;

dispatching circuitry configured to dispatch a plurality of threads to
execute on the plurality of computing cores, according to a default schedule;

correlation circuitry configured to analyze the plurality of threads, based
on the execution, to determine correlations among the plurality of threads; and

scheduling circuitry configured to determine a data driven schedule based

on the correlations;
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wherein the dispatching circuitry is further configured to dispatch the
plurality of threads to execute on the plurality of computing cores according to

the data driven schedule.

19. The processor of claim 18, wherein the correlation circuitry is
configured to determine the correlations based on memory re-use among subsets

of the plurality of threads.

20. The processor of claim 18, wherein the correlation circuitry is
configured to determine the correlations based on locality of reference among

subsets of the plurality of threads.

21.  The processor of claim 18, wherein the default schedule comprises a

round-robin schedule.

22. The processor of claim 18, where in the correlation circuitry is
further configured to:

receive information regarding memory accesses by the computing cores
due to execution of at least a portion of the plurality of threads on the computing
cores; and

derive the correlations based on the information.

23.  The processor of claim 22, wherein the memory is shared among the

plurality of computing cores.

24.  The processor of claim 22, wherein the memory comprises a cache

memory.

25. The processor of claim 18, wherein the plurality of threads
comprises a plurality of waves, and the plurality of threads are scheduled on a

wave basis.
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26. The processor of claim 18, wherein the plurality of threads
comprises a plurality of warps, and the plurality of threads are scheduled on a

warp basis.

27. The processor of claim 18, wherein the plurality of threads
comprises a plurality of thread groups, and the plurality of threads are scheduled

on a thread group basis.

28. The processor of claim 18, wherein the scheduling circuitry is
further configured to generate the data driven schedule after each of the

plurality of threads has completed execution on the computing cores.

29. The processor of claim 18, wherein the scheduling circuitry is
further configured to generate the data driven schedule after execution of the

plurality of threads on the computing cores has proceeded for a period of time.

30. The processor of claim 18, wherein the scheduling circuitry is
further configured to generate the data driven schedule before all of the plurality

of threads have completed execution on the computing cores.

31. The processor of claim 18, wherein the correlation circuitry is
further configured to:

analyze the plurality of threads, based on the execution according to the
data driven schedule, to determine updated correlations among the plurality of
threads;

generate an updated data driven schedule based on the updated
correlations; and

wherein the dispatching circuitry is further configured to dispatch the
plurality of threads to execute on the plurality of computing cores according to

the updated data driven schedule.

32.  The processor of claim 18, wherein the processor comprises circuitry

further configured to:
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determine whether the data driven schedule is different from the default
schedule; and

if the data driven schedule is different from the default schedule:

preempt execution of the computing cores;

save the current context; and

dispatch the plurality of threads according to the data driven schedule.

33.  The processor of claim 31, wherein the processor comprises circuitry
further configured to:

determine whether the updated data driven schedule is different from the
data driven schedule; and

if the updated data driven schedule is different from the data driven
schedule:

preempt execution of the computing cores;

save the current context; and

dispatch the plurality of threads according to the updated data driven

schedule.

34. The processor of claim 18, wherein the computing cores each
comprise a compute unit; a single-instruction-multiple-data (SIMD) unit; or a

shader engine.

35. A system for memory management of a multicore processor, the
system comprising:

a processor comprising:

a plurality computing cores;

a memory shared by each of the computing cores;

dispatching circuitry configured to dispatch a plurality of threads to
execute on the plurality of computing cores, according to a default schedule;

correlation circuitry configured to analyze the plurality of threads, based

on the execution, to determine correlations among the plurality of threads; and
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scheduling circuitry configured to determine a data driven schedule based
on the correlations;

wherein the dispatching circuitry is further configured to dispatch the
plurality of threads to execute on the plurality of computing cores according to

the data driven schedule.

36. The system of claim 35, wherein the correlation circuitry is
configured to determine the correlations based on memory re-use among subsets

of the plurality of threads.

37. The system of claim 35, wherein the correlation circuitry is
configured to determine the correlations based on locality of reference among

subsets of the plurality of threads.

38.  The system of claim 35, wherein the default schedule comprises a

round-robin schedule.

39. The system of claim 35, where in the correlation circuitry is further
configured to:

receive information regarding memory accesses by the computing cores
due to execution of at least a portion of the plurality of threads on the computing
cores; and

derive the correlations based on the information.

40. The system of claim 39, wherein the memory is shared among the

plurality of computing cores.

41. The system of claim 39, wherein the memory comprises a cache

memory.

42.  The system of claim 35, wherein the plurality of threads comprises

a plurality of waves, and the plurality of threads are scheduled on a wave basis.
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43. The system of claim 35, wherein the plurality of threads comprises

a plurality of warps, and the plurality of threads are scheduled on a warp basis.

44.  The system of claim 35, wherein the plurality of threads comprises
a plurality of thread groups, and the plurality of threads are scheduled on a
thread group basis.

45.  The system of claim 35, wherein the scheduling circuitry is further
configured to generate the data driven schedule after each of the plurality of

threads has completed execution on the computing cores.

46. The system of claim 35, wherein the scheduling circuitry is further
configured to generate the data driven schedule after execution of the plurality of

threads on the computing cores has proceeded for a period of time.

47.  The system of claim 35, wherein the scheduling circuitry is further
configured to generate the data driven schedule before all of the plurality of

threads have completed execution on the computing cores.

48. The system of claim 35, wherein the correlation circuitry is further
configured to:

analyze the plurality of threads, based on the execution according to the
data driven schedule, to determine updated correlations among the plurality of
threads;

generate an updated data driven schedule based on the updated
correlations; and

wherein the dispatching circuitry is further configured to dispatch the
plurality of threads to execute on the plurality of computing cores according to

the updated data driven schedule.

49. The system of claim 35, wherein the processor comprises circuitry

further configured to:
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determine whether the data driven schedule is different from the default
schedule; and
if the data driven schedule is different from the default schedule:
preempt execution of the computing cores;
save the current context; and

dispatch the plurality of threads according to the data driven schedule.

50. The system of claim 48, wherein the processor comprises circuitry
further configured to:

determine whether the updated data driven schedule is different from the
data driven schedule; and

if the updated data driven schedule is different from the data driven
schedule:

preempt execution of the computing cores;

save the current context; and

dispatch the plurality of threads according to the updated data driven

schedule.

51. The system of claim 35, wherein the computing cores each comprise
a a compute unit; a single-instruction-multiple-data (SIMD) unit; or a shader

engine.
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