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Description

FIELD OF THE INVENTION

[0001] The present disclosure relates to rendering of
graphical images in which a graphics shader and a com-
pute shader are utilized, and more particularly, to a meth-
od of interleaving graphics shader operations and com-
pute shader operations.

BACKGROUND OF THE INVENTION

[0002] Graphical images are often generated through
several steps. For example, an image may be generated
and then may be read to generate another image through
a sequence of render targets (RTs). An RT is an inter-
mediate memory surface to which a three-dimensional
(3D) image is rendered. A sequence of steps may be
performed to generate an RT "A" and then to read the
RT A so as to generate an RT "B". For example, in a first
step, lighting parameters are written to a G-buffer so as
to render an image and, in a second step, a litimage may
be rendered by reading the G-buffer and doing light-re-
lated calculations. A sequence of operations (i.e., the se-
quence of steps) may be performed on different RTs be-
fore a final output image is generated.

[0003] However, these render target steps require a
graphics processing unit (GPU) to access an external
memory. In a case where a graphics application gener-
ates an intermediate image A and then an image A is
read so as to generate an image B, an image size (e.g.,
1920x3080 pixels) is commonly applied thereto, and
each pixel is 4 bytes (RGBA8888 format), the intermedi-
ate image A has to be written to the external memory if
a cache cannot store data of 8 megabytes (MBs).
[0004] Thus, a graphics processor renders all of a first
RT (e.g., the RT A), and then reads a result of the ren-
dering from the external memory so as to generate a
second RT (e.g., the RT B).

SUMMARY OF THE INVENTION

[0005] Provided are methods and apparatuses for per-
forming interleaving. Also provided are a non-transitory
computer-readable recording medium having recorded
thereon a program for executing the method, by using a
computer.

[0006] Additional aspects will be set forth in part in the
description which follows and, in part, will be apparent
from the description, or may be learned by practice of
the presented embodiments.

[0007] According to an aspect of an embodiment, a
method of performing interleaving may include process-
ing a combination of tiled graphics shader operations and
tiled compute shader operations of interdependent (or
interrelated) render targets; and interleaving the combi-
nation of the tiled graphics shader operations and the
tiled compute shader operations, according to a result of
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the processing.

[0008] According to another aspect of an embodiment,
a method performed in a graphics processing system
may include recompiling a compute shader so as to have
a tiled access pattern; and interleaving processing of a
graphics shader and the recompiled compute shader for
a set of interdependent images, wherein the interleaving
is performed on a tile-by-tile basis for the interdependent
images.

[0009] According to another aspect of an embodiment,
a non-transitory computer-readable recording medium
having recorded thereon a program which, when execut-
ed by using a processor, performs a method including
determining dependencies of graphics shader opera-
tions and compute shader operations of a set of interde-
pendent render target operations; and scheduling an in-
terleaved order of tile processing on interleaved graphics
shader operations and compute shader operations so as
to reduce traffic to an external memory of a graphics sys-
tem by maintaining at least one subset of intermediate
tile processing computations of the interleaved graphics
shader operations and compute shader operations in an
on-chip memory of a graphics processing unit (GPU).

BRIEF DESCRIPTION OF THE EMBODIMENTS

[0010] These and/or other aspects will become appar-
ent and more readily appreciated from the following de-
scription of the embodiments, taken in conjunction with
the accompanying drawings in which:

FIG. 1 illustrates configuration of an apparatus for
performing interleaving, according to an embodi-
ment;

FIG. 2 is a flowchart for describing a method of per-
forming interleaving, according to an embodiment;

FIG. 3illustrates configuration of a graphics process-
ing system, according to an embodiment;

FIGS. 4A through 4C illustrate examples of a direct-
ed acyclic graph (DAG);

FIG. 5 illustrates an example in which intermediate
results are maintained in an on-chip memory;

FIG. 6 illustrates a flowchart for describing a method
of interleaving graphics and compute operations, ac-
cording to an embodiment;

FIG. 7 illustrates a flowchart for describing a method
of interleaving graphics and compute operations, ac-
cording to another embodiment;

FIG. 8 shows an example of analyzing a sequence
of Application Programming Interface (API) calls
(e.g., OpenGL™ API calls) for interleaving graphics



3 EP 3 101 650 A1 4

calls followed by computing calls for a graphics shad-
er and a compute shader; and

FIG. 9 illustrates an example in which graphics and
compute calls are interleaved by an interleaved

scheduling module, according to an embodiment.

DETAILED DESCRIPTION OF THE DRAWINGS

[0011] All terms including descriptive or technical
terms which are used herein should be construed as hav-
ing meanings that are obvious to one of ordinary skill in
the art. However, the terms may have different meanings
according to an intention of one of ordinary skill in the
art, precedent cases, or the appearance of new technol-
ogies. Also, some terms may be arbitrarily selected by
the applicant, and in this case, the meaning of the se-
lected terms will be described in detail in the detailed
description of the invention. Thus, the terms used herein
have to be defined based on the meaning of the terms
together with the description throughout the specifica-
tion.

[0012] Also, when a part "includes" or "comprises" an
element, unless there is a particular description contrary
thereto, the part can further include other elements, not
excluding the otherelements. In the following description,
terms such as "unit" and "module" indicate a unit for
processing at least one function or operation, wherein
the unit and the block may be embodied as hardware or
software or embodied by combining hardware and soft-
ware.

[0013] The present disclosure will now be described
more fully with reference to the accompanying drawings,
in which one or more embodiments are shown. The
present disclosure may, however, be embodied in many
different forms and should not be construed as being
limited to the embodiments set forth herein; rather, these
embodiments are provided so that this presentdisclosure
will be thorough and complete, and will fully convey the
concept of the present disclosure to those of ordinary
skill in the art.

[0014] Hereinafter, the present disclosure will be de-
scribed in detail by explaining embodiments with refer-
ence to the attached drawings.

[0015] FIG. 1 illustrates configuration of an apparatus
for performing interleaving, according to an embodiment.
[0016] Referring to FIG. 1, a memory 100 includes a
driver 111, and a graphics processing unit (GPU) 120
includes a cache 121. The driver 111 may correspond to
program instructions. Here, the program instructions pro-
vide a software interface with respect to the GPU 120,
which allows software programs to access hardware con-
figurations of the GPU 120 and to communicate data with
the GPU 120. For example, the driver 111 may include
program instructions and a GPU Application Program-
ming Interface (GPU API) stored in the memory 110.
[0017] The GPU 120 may include not only the cache
121 but may also include programmable GPU hardware
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and at least one processor. In this regard, the cache 121
may be used as a tile buffer for buffering tiled data.
[0018] FIG. 2 is a flowchart for describing a method of
performing interleaving, according to an embodiment.
[0019] In operation 210, the driver 111 processes a
combination of tiled graphics shader operations and tiled
compute shader operations of interrelated render targets
(RTs).

[0020] In operation 220, according to a result of the
processing, the driver 111 interleaves the combination
of the tiled graphics shader operations and the tiled com-
pute shader operations.

[0021] Hereinafter, with reference to FIGS. 3 through
9, examples in which the driver 111 and the GPU 320
perform interleaving are described in detail.

[0022] FIG. 3 illustrates configuration of a graphics
processing system 300, according to an embodiment.
[0023] A memory 304 and a driver 308 shown in FIG.
3 may respectively correspond to the memory 110 and
the driver 111 shown in FIG. 1. Also, a GPU 302 and an
on-chip memory 360 shown in FIG. 3 may respectively
correspond to the GPU 120 and the cache 121 shown in
FIG. 1.

[0024] Referring to FIG. 3, the graphics processing
system 300 includes a central processing unit (CPU) 301
and the memory 304. The driver 308 may be stored on
the memory 308. For example, the driver 308 may cor-
respond to program instructions. In this regard, the pro-
gram instructions provide a software interface with re-
spect to the GPU 302 that enables software programs to
access hardware configurations of the GPU 302 and to
communicate data with the GPU 302. For example, the
software programs may include an operating system pro-
gram, an application program, and/or the like software
programs. The driver 308 may support physical and/or
virtual hardware.

[0025] For example, the driver 308 includes program
instructions stored in memory 304. The GPU 302 in-
cludes programmable GPU hardware 350, at least one
processor 357, and an on-chip cache memory 360. Here,
the on-chip cache memory 360 may be used as a tile
buffer to buffer tiled data 362. The driver 308 includes a
GPU API 306. Referring to FIG. 3, the GPU 302 is illus-
trated as a physical GPU component, however, the GPU
302 may correspond to a virtual GPU.

[0026] The GPU 302 may access an external memory
320. However, in some embodiments, in order to reduce
memory traffic from and to the external memory 320, the
external memory 320 may be an external dynamic ran-
dom access memory (DRAM). For example, when a
graphics processor renders a first RT, writes a result of
the rendering to the external memory 320, and thenreads
the result of the rendering from the result of the rendering
so to generate a second RT, these processes generate
a lot of traffic from and to the external memory 320. In
addition, the processes may include rendering with re-
spect to unnecessary portions included in intermediate
images.
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[0027] For example, in order to maintain intermediate
results or data on the on-chip cache memory 360 and to
reduce the number of accessing the external memory
320, a support is provided to the driver 308 so as to in-
terleave graphics shader operations and compute shad-
er operations. Portions of the programmable GPU hard-
ware 350 may be optionally modified with a hardware
scheduling support 355 so as to optimize the execution
of the interleaved scheduling in the GPU 302.

[0028] Graphics rendering operations are performed
in a graphics pipeline including a fixed function logic, one
or more graphics shaders, and compute shaders. The
graphics shader is a program used to do shading. The
graphics shader is a program that runs as a part of the
graphics rendering operation. The graphics shader proc-
esses pixels, vertices, patches, or primitives. The com-
pute shader is a program used for computing arbitrary
information and provides more flexibilities. Here, the flex-
ibility indicates a characteristic of software which may be
easily changed according to different types of a machine
and various demands from a user. With the addition of a
compute shader that supports the OpenGL-ES™ 3.1 Ap-
plication Programming Interface (API), benchmarks are
moving image post-processing operations like motion
blur, depth of field, scaling and filtering from graphics
shaders to compute shaders. In the OpenGL™ stand-
ards, a compute shader is used in computing arbitrary
information. In general, the compute shaders operate in
an abstract space. However, a compute shader may
have limitations on a work group size (a smallest amount
of compute operations) and a local size. In this regard,
the local size is defined by the number of invocations of
the shader which may take place within each work group.
The Open GL™ also defines rules for shared variables
and memory barriers. The memory barriers ensure that
allmemory transactions before the barrier must complete
before processing.

[0029] Compute shaders offer more flexibilities and
features that may improve the efficiency of post-process-
ing operations. For example, the compute shader gives
more freedom in how data is accessed or written. How-
ever, the API does not guarantee memory consistency
without the use of a global memory barrier (e.g., a
g1MemoryBarrier).

[0030] Afirstanalysis module 312 analyzes APIgraph-
ics shader calls and compute shader calls. In order to
construct a directed acyclic graph (DAG) that defines de-
pendencies between images and tiles, a second analysis
module 314 uses thefirstanalysis module 312. Examples
of the DAG are as illustrated in FIGS. 4A, 4B, and 4C.
At run time, an API dependency graph (corresponding
to the DAG) is built up in the driver 308 so as to detect
cases where graphics calls and compute calls may be
interleaved. As described in connection with FIG. 6, API
calls are grouped to build a sequence of interleaved ex-
ecution of graphics shader operations and compute
shader operations,.

[0031] A scheduling module 330 determines a sched-
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ule of interleaved operations. For example, at the shader
compilation time, the data access pattern of image
load/store operations in the compute shader (or the com-
pute shaders) are analyzed so as to determine whether
the image load/store operations are candidates for inter-
leaving. Certain types of the data access patterns have
characteristics that are compatible with interleaving. For
example, if the data access pattern is a statically known
strided pattern that is static in a one-dimensional (1D) or
two-dimensional (2D) space, the compute shader is a
candidate for the interleaving. The strided pattern has a
sequence of memory accesses with respect to addresses
separated from each other by a stride length. A compute
shader with a statically known strided pattern has an or-
der of processing that has some general similarities in
shape to atile pattern, which facilitates converting a com-
pute shader to have a tiled access. However, in principle,
other types of data access patterns may be suitable can-
didates for interleaving. Operations of the scheduling
module 330 are described in greater detail with reference
to FIGS. 5, 6, and 9.

[0032] Forexample, the scheduling module 330 deter-
mines sets of interleaved tiled graphics shader opera-
tions and compute shader operations on interdependent
RTs so as to reduce external memory traffic. The oper-
ation by the scheduling module 330 may be performed
by maintaining at least some intermediate results of the
interleaved operations in the on-chip memory 360. An
example of the operation of scheduling the interleaved
tiled graphics shader operations and the compute shader
operation so as to reduce the external memory traffic is
described in more detail with reference to FIG. 5.
[0033] Forexample, a supportis provided in the driver
308 and a compiler (not shown) so as to automatically
convert a compute shader (or compute shaders) to op-
erate with a tiled access pattern by a conversion module
340. The compute shaders are converted to operate on
tiles so as to generate a tiled equivalent version. Such
conversion includes recompiling, by using the compiler,
the compute shader to adapt the compute shader to per-
form a tiled memory access in a tile format compatible
with that of the tiled memory access of a graphics shader.
For example, such conversion includes redefining the
workgroup dimension of the compute shader to be an
integer divisor of a tile’s width and height. Additionally,
image load instructions may be replaced with tile buffer
load instructions. If feasible, for the interleaved graphics
shader computations and the compute shader opera-
tions, a removal module 342 may remove the memory
barrier.

[0034] For example, the graphics processing system
300 automatically (e.g., without human intervention) in-
terleaves the processing of graphics shader and compute
shaders in order to reduce or eliminate writing the inter-
mediate data to an external (off-chip) memory 320. The
driver 308 re-orders the API calls and performs any nec-
essary recompiling on the compute shaders so as to proc-
ess, by using the driver 308 (and the support of a compiler
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software stack), existing applications written to graphics
APIs having the compute shaders.

[0035] FIGS. 4A through 4C illustrate examples of a
DAG.
[0036] Referringto FIG. 4A, one embodiment of a data

flow graph (or a data structure equivalent thereto) that is
generated by the second analysis module 314 is shown.
The data flow graph of FIG. 4A shows the immediate
dependency between a set of two or more images, such
as images A and B, and may also include other subse-
quentimages (e.g., C, D). FIG. 4A corresponds to a DAG
defining dependencies between different RTs. The inter-
dependence of different RT images may be simple (e.g.,
the image B directly flows from the image A) or it may
have more complex interdependent relationships (e.g.,
an image may depend on more than one image). More
generally, as the image A and the image B are used to
generate the image C as illustrated in FIG. 4B, one or
more images mightdepend on several others atthe same
time. Thus, while there may be a simple sequence of one
RT feeding (e.g., used as input) into another RT, the in-
terdependence therebetween may be generally more
complex. For example, two graphics shader RTs may be
required so as to generate a compute shader RT. In ad-
dition, dependency on a tile level may also be complex.
For example, referring to FIG. 4C, a tile in a given image
B may depend on more than one tile in a previous image
(e.g., an image A). In addition, there may be individual
tiles in a given RT which are not used by any tiles in a
subsequent RT.

[0037] For example, the first analysis module 312 and
the second analysis module 314 of the driver 308 exam-
ine a stream of commands and then determine if the im-
age of the RT B directly or indirectly (e.g., downstream)
depends on an RT A. When it is determined that the RT
B depends on the RT A, the driver 308 determines how
many levels are required to follow the dependency graph
so as to reduce external memory accesses. Following
every level of the dependency graph may not be required
in all cases to achieve areduction in the external memory
accesses. Moreover, following every level of a complex
dependency graph consumes processing resources.
Thus, the second analysis module 314 limits the number
of levels that follow the dependency graph is followed. If
the dependency graph is complex, a rule by which the
number of levels which follow the dependency graph may
be applied thereto. Afterward, the scheduling module 330
generates interleaving schedule so as to attempt to keep
intermediate results in an on-chip cache memory (e.g.,
a tile buffer).

[0038] In addition, the DAG maps dependencies at a
tile level between tiles rendered by graphics shader op-
erations and tiles operating on by compute shaders. The
generation of the DAG may include back-projecting each
output tile to the input tile (or input tiles) required to gen-
erate them. For example, as illustrated in FIG. 4C, the
image A may be used in generating the image B, which
in turn may be used in generating the image C. There is
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a dependency of images and a dependency of tiles from
the images. For example, as illustrated in FIG. 4C, a sin-
gle tile in a given image may depend on more than one
tile from another image.

[0039] FIG. 5 illustrates an example in which interme-
diate results are maintained in the on-chip memory 360.
[0040] FIG. 5 illustrates the example in which the in-
termediate computations of a sequence of operations are
maintained in the on-chip cache memory 360 used as a
tile buffer. In this example, the second analysis module
314 determines dependencies between an RT A, an RT
B, an RT C, and an RT D. The scheduling module 330
determines a schedule to write tiles of the RT A to the
on-chip cache memory 360 and then read them to the
RT B. The scheduling of the processing of writing and
reading the tiles may be selected to generate an inter-
leaved schedule such as after a tile of an image A is
produced and in stored in the on-chip cache memory
360. The tile is "immediately read back" so as to produce
a tile of the RT B, thus, a memory bandwidth may be
saved. It will be appreciated that "immediately read back"
(also referred to as "directly consumed" or "consumed
immediately") may include processing intervening oper-
ations between the storing of the tile of the image A in
the on-chip memory 360 and the reading of the stored
tile from the on-chip memory 360 so as to produce a tile
of the RT B. For example, "immediately read back" may
correspond to reading the tile of the image A from the
on-chip memory 360 rather than reading the tile from an
external memory 320 so as to produce the tile of the RT B.
[0041] The interleaved schedule may proceed in an
order matching with the dependency analysis performed
by the second analysis module 314. The dependency
analysis may be selected to optimize use of the on-chip
cache memory 360, so that the need to use the external
memory 320 for the intermediate computations may be
minimized. In addition, the dependency analysis per-
formed by the second analysis module 314 may be used
in the scheduling scheme for eliminating that processing
is performed on tiles that do not contribute to a tile of a
final image. By doing so, an unnecessary work may be
eliminated. After a sequence of the intermediate opera-
tions is performed, the final image may be rendered and
then may be sent to the external memory 320 or may be
output for display. While it is desirable to completely
maintain all intermediate results in the on-chip cache
memory 360, in general, even maintaining a subset of
intermediate data results in the on-chip cache memory
360 may be beneficial in reducing the number of external
memory accesses that are required to perform graphics
processing. Further, it is possible to reduce tile sizes so
as to minimize the amount of intermediate data that must
be maintained, which in effect, allows for an even finer
grain of interleaving.

[0042] For example, interleaving may be performed at
the tile level for graphics rendering and compute shader
operations on a set of producer/consumer render targets
(e.g., from images 1, 2, 3). Therefore, tile data of a RT1
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may be rendered just before it is required so as to gen-
erate a corresponding tile of a RT2 with the tiled compute
shader, which is rendered just before that portion of the
RT2 is required so as to generate a RT3 and so on. Al-
ternatively, a compute shader may generate input data
required to render a graphics tile. For example, a com-
pute shader may generate a position of particles, and
only a particle affecting a specific XY region may be of
interest for the graphics shader.

[0043] FIG. 6 illustrates a flowchart for describing a
method of interleaving graphics and compute operations,
according to an embodiment.

[0044] In operation 610, the first analysis module 312
processes API calls, and finds interleaving candidates.
API call processing is deferred and queued to build a
DAG by the second analysis module 314 that defines
dependencies. In atile based deferred rendering (TBDR)
processing for a graphics only workload, the driver 308
uses certain events, such as a render target change or
a memory barrier, in order to determine when to start
processing deferred API calls. In a case where graphics
and compute calls are mixed, the removal module 342
determines whether one or more memory barriers can
be safely removed by interleaving the graphics with com-
pute calls in a tiled manner (e.g., the memory barrier can
be safely removed if the graphics processing for the tile
ends before the compute processing occurs). For exam-
ple, a determination of when interleaving is allowed is
based on an analysis of memory access patterns of im-
age load/store operations in the compute shader during
a compilation time. If the memory access pattern is a
statically-known strided patternina 1D or 2D space, then
the compute shader becomes a candidate for interleav-
ing.

[0045] In operation 620, the conversion module 340
recompiles the compute shader for tiled access patterns.
For example, a workgroup dimension of the compute
shader is redefined to be an integer divisor of a tile’s width
and height. Alternately or in addition, the tile’s width and
height may be modified. These modifications ensure that
the range of access fits with the defined tile dimensions,
so all data may be stored in the on-chip memory 360.
For example, image load instructions may be replaced
with tile buffer load instructions. This may include replac-
ing instructions used to compute the target address to
index in a tile buffer.

[0046] In operation 630, the scheduling module 330
groups API calls so as to build a sequence of interleaved
execution of graphics and compute operations. For ex-
ample, the scheduling module 330 determines whether
interleaving is feasible. The scheduling module 330 re-
moves the memory barrier, based on a result of deter-
mining whether interleaving is feasible.

[0047] In operation 640, the scheduling module 330
schedules the interleaved execution of each tile. The out-
put of a graphics shader for a given tile is stored in the
on-chip memory 360 (or, another on-chip memory such
as a data register or a buffer). For example, data is im-
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mediately read back by a subsequent compute shader,
so that the unnecessary external memory accesses are
eliminated.

[0048] FIG. 7 illustrates a flowchart for describing a
method of interleaving graphics and compute operations,
according to another embodiment.

[0049] In operation 710, the second analysis module
314 determines dependencies between images and tiles
in order to build a DAG. Candidates are identified in op-
eration 720 for interleaving of graphics calls and compute
calls on atiled basis. For example, the scheduling module
330 identifies the candidates for interleaving. In operation
730, an associated candidate compute shader (or com-
pute shaders) is adapted to be a tiled equivalent having
a tiled access pattern, by the conversion module 340.
For example, the conversion module 340 recompiles the
compute shader for tiled access patterns. In operation
740, interleaving of the combined graphics shader and
compute shader is scheduled by the scheduling module
330 in a tiled manner so as to reduce traffic to an external
memory by maintaining at least some of the intermediate
dataresult in the on-chip memory 360 (e.g., a tile buffer).
[0050] FIG. 8 shows an example of analyzing a se-
quence of API calls (e.g., OpenGL™ API calls) for inter-
leaving graphics calls followed by computing calls for a
graphics shader 830 and a compute shader 850.
[0051] The first analysis module 312 analyzes API
graphics calls 810 and API compute calls 820 in order to
determine whether or not graphics and compute calls
can be interleaved. When the compute call 820 is en-
countered, the second analysis module 314 determines
the graphics calls on which the compute call is depend-
ent. A render target 840 is an intermediate memory sur-
face to which a 3D image is rendered.

[0052] FIG. 9illustrates an example in which graphics
and compute calls are interleaved by an interleaved
scheduling module, according to an embodiment.
[0053] A stride pattern that a compute shader 950 will
need may be determined by monitoring memory access
patterns of the load/store operations of the compute
shader 950. A graphics shader 930 may generate tiles
in an order by which the compute shader 950 consumes
thetiles. Forexample, once atile 910 has been produced,
then the compute shader 950 processes the tile 910.
While the compute shader 950 processes the tile 910, a
graphics shader 930 produces a tile 920. Then, while the
compute shader 950 processes the tile 920, the graphics
shader 930 produces another tile. As a result, the
processing of the tiles is interleaved between the graph-
ics shader 930 and a compute shader 950.

[0054] For example, the rendering of a graphics frame
may include a mixture of graphics and compute com-
mands. A graphics rendering engine may mix graphics
operations and compute operations for many stages of
post-processing and graphics calculations. In particular,
without interleaving some stages of processing, interme-
diate results that may be written to a memory (e.g., an
external memory) may be generated and may be read
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back later so as to generate a final resulting image or a
next intermediate image. As an example scenario, the
compute shader operations may include lighting calcu-
lations based on parameter data from a G-buffer (gen-
erated due to graphics rendering operations), a motion
blur, a depth of field (DOF), compositing, and anti-alias-
ing. By tiling the compute shader operations, data pro-
duction and consumption between graphics and com-
pute operations may be interleaved at a tile level. By do-
ing so, data may retain in the on-chip memory 360, and
some graphics applications may eliminate some or even
most traffic to an external memory. Therefore, power ef-
ficiency and performance may be significantly improved.
In addition, an automatic (e.g., without human interven-
tion) removal of explicit global memory barriers also im-
proves performance.

[0055] Inanumberofgraphics applications, a graphics
shader is followed be a sequence of compute shader
operations. However, in one embodiment, the compute
shader may be followed by the graphics shader. In the
embodiment, a similar analysis may be applied to a case
where the compute shader writes an outputto an external
memory and the graphics shader loads the data from the
external memory. The compute shader and graphics
shader may be interleaved by recompiling the compute
shader so as to output the data to the on-chip buffer. The
graphics shader consumes the data from the on-chip
buffer, and executes the data in a tiled manner.

[0056] In another embodiment, caches are used in-
stead of a tile buffer for intermediate data. In certain ar-
chitectures, a direct access to a low-level on-chip cache
being used as the tile-buffer may not be possible due to
alack of appropriate data paths. In such a case, the near-
est cache level may be used instead. However, the en-
ergy and performance benefits may be reduced depend-
ing on proximity of the cache to compute logic within the
GPU. If a next-level cache is used, then several changes
can be made. For example, image load instructions can-
not be changed to tile buffer load instructions. However,
hints or directives may be issued to the cache so as to
ensure that the data remains resident in the cache and
is not swapped out to an external DRAM memory until
the dependent calculations are completed. The range of
access is selected to fit within the cache capacity, so that
all working data may stay in the cache. In addition, an
output of a graphics shader for a given tile is stored in a
nearest cache. The data is consumed immediately by a
subsequent compute shader, and any unnecessary ac-
cess to a DRAM or a lower cache level is eliminated.
[0057] As used herein, a module can correspond to a
hardware component, a software component, or a com-
bination thereof. For example, a module may include one
or more processors (e.g., computer processors) and a
data storage device including program instructions. The
one or more processors may be configured by the in-
structions to function as a special purpose processor to
perform one or more methods described herein. Soft-
ware, hardware, and other modules may reside on serv-
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ers, workstations, mobile devices, smart phones, wear-
able computers, personal computers, tablet computers,
image data encoders, image data decoders, personal
digital assistants (PDAs), video projectors, audio-visual
receivers, displays (such as televisions (TVs)), digital cin-
ema projectors, media reproducers, and other devices
suitable for the purposes described herein. It is obvious
to one of ordinary skillin the art that aspects of the system
may be practiced as a standalone device or by a system
of devices, such as, e.g., a client-server system.

[0058] A software (or program) component may in-
clude any non-transitory medium which carries a set of
computer-readable instructions which, when executed
by a processor, cause a processor to execute one or
more methods described herein. The software compo-
nent may be in any of a wide variety of forms. For exam-
ple, the program component may include non-transitory
media such as magnetic data storage media including
floppy diskettes, hard disk drives, optical data storage
media including CD ROMs, DVDs, electronic data stor-
age media including ROMs, flash RAM, EPROMs, hard-
wired or preprogrammed chips (e.g., EEPROM semicon-
ductor chips), nanotechnology memory, or the like. The
computer-readable instructions on the program compo-
nents may optionally be compressed or encrypted.
[0059] Example embodiments of software compo-
nents may include (but are not limited to) firmware, mid-
dleware, operating system software, resident software,
application software, microcode, and the like. Both hard-
ware and software components may be centralized or
distributed (or a combination thereof), in whole or in part,
as known to those skilled in the art. For example, software
components and other modules may be accessible via
local memory, via a network, via a browser or other ap-
plication in a distributed computing context or via other
means suitable for the purposes described above.
[0060] While the present disclosure has been de-
scribed in conjunction with specific embodiments, it will
be understood that it is not intended to limit the present
disclosure to the described embodiments. On the con-
trary, it is intended to cover alternatives, modifications,
and equivalents as may be included within the scope of
the present disclosure as defined by the appended
claims. The present disclosure may be practiced without
some or all of these specific details. In addition, well
known features may not have been described in detail
to avoid unnecessarily obscuring the present disclosure.
In accordance with the present disclosure, the compo-
nents, process steps, and/or data structures may be im-
plemented using various types of operating systems, pro-
gramming languages, computing platforms, computer
programs, and/or computing devices. In addition, one of
ordinary skill in the art will recognize that devices such
as hardwired devices, field programmable gate arrays
(FPGASs), application specific integrated circuits (ASICs),
or the like, may also be used without departing from the
scope of the present disclosure described herein. The
present disclosure may also be tangibly embodied as a
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set of computer instructions stored on a computer-read-
able medium such as a memory device.

Claims

1. A method of performing interleaving, the method
comprising:

processing a combination oftiled graphics shad-
er operations and tiled compute shader opera-
tions of interdependent render targets; and

interleaving the combination of the tiled graphics
shader operations and the tiled compute shader
operations, according to a result of the process-

ing.

2. Themethod of claim 1, wherein the interleaving com-
prises determining a schedule of a sequence of in-
terleaved and tiled operations, and
wherein the interleaved and tiled operations are se-
lected such that atleast one intermediate data result
of a first operation of the sequence is directly read
from an on-chip memory by a second operation of
the sequence.

3. The method of claim 1 or 2, wherein the interleaving
comprises determining a schedule of a sequence of
interleaved and tiled operations, and
wherein the interleaved and tiled operations are se-
lected such that traffic to an external memory asso-
ciated with intermediate data results is reduced.

4. The method of any preceding claim, wherein a data
access pattern of the tiled graphics shader opera-
tions and the tiled compute shader operations is an-
alyzed so as to determine whether a global memory
barrier is safely removed as a condition for the inter-
leaving and for removing memory barriers.

5. The method of any preceding claim, wherein the in-
terleaving is performed on a tile-by-tile basis and a
compute shader operates with respect to a tiled ac-
cess pattern.

6. The method of claim 5, wherein a workgroup dimen-
sion of the compute shader is redefined so as to be
an integer divisor of a width and a height of a tile.

7. The method of claim 6, wherein the processing com-
prises replacing, for the compute shader, image load
instructions with tile buffer load instructions.

8. The method of any preceding claim, wherein the
processing of the combination comprises analyzing
application programming interface (API) calls and
grouping the API calls so as to build a sequence of
interleaved execution of the tiled graphics shader
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10.

1.

12.

13.

14.

15.

operations and the tiled compute shader operations.

The method of any preceding claim, wherein the
processing comprises generating a directed acyclic
graph (DAG) of the interdependent render targets
and interdependent tiles, and using the DAG so as
to schedule interleaving of the tiled graphics shader
operations and the tiled compute shader operations.

The method of any preceding claim, wherein the in-
terleaving comprises grouping API calls so as toform
a sequence of interleaved execution of the tiled
graphics shader operations and the tiled compute
shader operations.

The method of any preceding claim, wherein the
processing comprises analyzing a data access pat-
tern of load and store operations so as to determine
candidates for the interleaving.

The method of claim 11, wherein the processing
comprises identifying a data access pattern of a stat-
ically predetermined strided pattern, as a candidate
for the interleaving.

A computer program comprising computer program
codes means adapted to perform all of the steps of
any preceding claim when said program is run on a
computer.

Apparatus for performing interleaving, the apparatus
comprising:

a processor adapted to process a combination
of tiled graphics shader operations and tiled
compute shader operations of interdependent
render targets; and

an interleaving unit adapted to interleave the
combination of the tiled graphics shader opera-
tions and the tiled compute shader operations,
according to a result of the processing.

The apparatus of claim 14, wherein the interleaving
unit is adapted to perform the interleaving on a tile-
by-tile basis and wherein acompute shader operates
with respect to a tiled access pattern.
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