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COMBINED WORLD-SPACE PIPELINE SHADER STAGES

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application
No. 62/398,211 filed September 22, 2016, U.S. Patent Application No. 15/389,481
filed December 23, 2016 and European Application No. EP17150441.8 filed

January 5, 2017, which are incorporated by reference as if fully set forth herein.

TECHNICAL FIELD
[0002] The disclosed embodiments are generally directed to graphics
processing pipelines, and in particular, to combined world-space pipeline shader

stages.

BACKGROUND
[0003] Three-dimensional graphics processing pipelines accept commands
from a host (such as a central processing unit of a computing system) and process
those commands to generate pixels for display on a display device. Graphics
processing pipelines include a number of stages that perform individual tasks,
such as transforming vertex positions and attributes, calculating pixel colors,
and the like. Graphics processing pipelines are constantly being developed and

improved.

BRIEF DESCRIPTION OF THE DRAWINGS
[0004] A more detailed understanding may be had from the following
description, given by way of example in conjunction with the accompanying
drawings wherein:
[0005] Figure 1 is a block diagram of an example device in which one or
more disclosed embodiments may be implemented;
[0006] Figure 2 is a block diagram of the device of Figure 1, illustrating
additional detail;
[0007] Figure 3 is a block diagram showing additional details of the

graphics processing pipeline illustrated in Figure 2;
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[0008] Figures 4A and 4B illustrate configurations for the graphics
processing pipeline, according to examples;

[0009] Figures 5A and 5B illustrate aspects of combined shader stages
involving the driver and the scheduler illustrated in Figure 2, according to
examples;

[0010] Figure 6 illustrates operations for enabling or disabling wavefronts

for the combined vertex and hull or geometry shader stage in order to
accommodate that change in workload at the boundary between shader stages,
according to an example; and

[0011] Figure 7 is a flow diagram of a method for executing a combined
vertex and hull or geometry shader program for a combined vertex and hull or

geometry shader stage, according to an example

DETAILED DESCRIPTION

[0012] The present disclosure is directed to improvements in the graphics
processing pipeline. More specifically, the vertex shader stage, which performs
vertex transformations, and the hull or geometry shader stages, are combined. If
tessellation 1is disabled and geometry shading is enabled, then the graphics
processing pipeline includes a combined vertex and graphics shader stage. If
tessellation is enabled, then the graphics processing pipeline includes a
combined vertex and hull shader stage. If tessellation and geometry shading are
both disabled, then the graphics processing pipeline does not use a combined
shader stage. The combined shader stages improve efficiency by reducing the
number of executing instances of shader programs and associated resources
reserved.

[0013] Figure 1 is a block diagram of an example device 100 in which one
or more aspects of the present disclosure are implemented. The device 100
includes, for example, a computer, a gaming device, a handheld device, a set-top
box, a television, a mobile phone, or a tablet computer. The device 100 includes a
processor 102, a memory 104, a storage device 106, one or more input devices

108, and one or more output devices 110. The device 100 also optionally includes
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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.

[0014] The processor 102 includes 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.
The memory 104 is located on the same die as the processor 102, or may be
located separately from the processor 102. The memory 104 includes a volatile or
non-volatile memory, for example, random access memory (RAM), dynamic RAM,
or a cache.

[0015] The storage device 106 includes 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 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 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).

[0016] 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. The output driver 114 includes an accelerated processing device
(APD) 116 which is coupled to a display device 118. The APD is configured to
accept compute commands and graphics rendering commands from processor
102, to process those compute and graphics rendering commands, and to provide
pixel output to display device 118 for display.

[0017] The APD 116 includes one or more parallel processing units
configured to perform computations in accordance with a single-instruction-

multiple-data (“SIMD”) paradigm. However, functionality described as being
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performed by the APD 116 may also be performed by processing devices that do
not process data in accordance with a SIMD paradigm.

[0018] Figure 2 is a block diagram of the device 100, illustrating additional
details related to execution of processing tasks on the APD 116. The processor
102 maintains, in system memory 104, one or more control logic modules for
execution by the processor 102. The control logic modules include an operating
system 120, a driver 122, and applications 126, and may optionally include other
modules not shown. These control logic modules control various aspects of the
operation of the processor 102 and the APD 116. For example, the operating
system 120 directly communicates with hardware and provides an interface to
the hardware for other software executing on the processor 102. The driver 122
controls operation of the APD 116 by, for example, providing an application
programming interface (“API”) to software (e.g., applications 126) executing on
the processor 102 to access various functionality of the APD 116. The driver 122
also includes a just-in-time compiler that compiles shader code into shader
programs for execution by processing components (such as the SIMD units 138
discussed in further detail below) of the APD 116.

[0019] The APD 116 executes commands and programs for selected
functions, such as graphics operations and non-graphics operations, which may
be suited for parallel processing. The APD 116 can be used for executing
graphics pipeline operations such as pixel operations, geometric computations,
and rendering an image to display device 118 based on commands received from
the processor 102. The APD 116 also executes compute processing operations
that are not directly related to graphics operations, such as operations related to
video, physics simulations, computational fluid dynamics, or other tasks, based
on commands received from the processor 102 or that are not part of the
“normal” information flow of a graphics processing pipeline.

[0020] The APD 116 includes shader engines 132 (which may collectively
be referred to herein as “programmable processing units 202”) that include one
or more SIMD units 138 that are configured to perform operations at the request

of the processor 102 in a parallel manner according to a SIMD paradigm. The
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SIMD paradigm is one in which multiple processing elements share a single
program control flow unit and program counter and thus execute the same
program but are able to execute that program with different data. In one
example, each SIMD unit 138 includes sixteen lanes, where each lane executes
the same instruction at the same time as the other lanes in the SIMD unit 138
but can execute that instruction with different data. Lanes can be switched off
with predication if not all lanes need to execute a given instruction. Predication
can also be used to execute programs with divergent control flow. More
specifically, for programs with conditional branches or other instructions where
control flow is based on calculations performed by individual lanes, predication of
lanes corresponding to control flow paths not currently being executed, and serial
execution of different control flow paths, allows for arbitrary control flow to be
followed.

[0021] The basic unit of execution in shader engines 132 is a work-item.
Each work-item represents a single instantiation of a shader program that is to
be executed in parallel in a particular lane. Work-items can be executed
simultaneously as a “wavefront” on a single SIMD unit 138. Multiple wavefronts
may be included in a “work group,” which includes a collection of work-items
designated to execute the same program. A work group can be executed by
executing each of the wavefronts that make up the work group. The wavefronts
may be executed sequentially on a single SIMD unit 138 or partially or fully in
parallel on different SIMD units 138. Wavefronts can be thought of as instances
of parallel execution of a shader program, where each wavefront includes
multiple work-items that execute simultaneously on a single SIMD unit 138 in
line with the SIMD paradigm (e.g., one instruction control unit executing the
same stream of instructions with multiple data).

[0022] SIMD units 138 store working data in vector registers 206, which
are configured to store different values for different work-items executing the
same instruction in the SIMD units 138 or in scalar registers 208 which are
configured to store single values for use, for example, when an instruction in a

shader program uses the same operand value for each work-item. A local data
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store memory 212 in each shader engine 132 also stores values for use by shader
programs. The local data store memory 212 may be used for data that cannot fit
into the vector registers 206 or scalar registers 208 but which is used by the
shader programs. The physical proximity of the local data store memory 212
provides improved latency as compared with other memories such as memory
210 in the APD 116 that is not included within shader engines 132 or memory
104 that is not within the APD 116.

[0023] A scheduler 136 is configured to perform operations related to
scheduling various wavefronts on different shader engines 132 and SIMD units
138. Wavefront bookkeeping 204 inside scheduler 136 stores data for pending
wavefronts, which are wavefronts that have launched and are either executing or
“asleep” (e.g., waiting to execute or not currently executing for some other
reason). In addition to identifiers identifying pending wavefronts, wavefront
bookkeeping 204 also stores indications of resources used by each wavefront,
including registers such as vector registers 206 and/or scalar registers 208,
portions of a local data store memory 212 assigned to a wavefront, portions of a
memory 210 not local to any particular shader engine 132, or other resources
assigned to the wavefront.

[0024] The parallelism afforded by the shader engines 132 is suitable for
graphics related operations such as pixel wvalue calculations, vertex
transformations, tessellation, geometry shading operations, and other graphics
operations. A graphics processing pipeline 134 which accepts graphics
processing commands from the processor 102 thus provides computation tasks to
the shader engines 132 for execution in parallel.

[0025] The shader engines 132 are also used to perform computation tasks
not related to graphics or not performed as part of the “normal” operation of a
graphics processing pipeline 134 (e.g., custom operations performed to
supplement processing performed for operation of the graphics processing
pipeline 134). An application 126 or other software executing on the processor

102 transmits programs (often referred to as “compute shader programs,” which
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may be compiled by the driver 122) that define such computation tasks to the
APD 116 for execution.

[0026] Figure 3 is a block diagram showing additional details of the
graphics processing pipeline 134 illustrated in Figure 2. The graphics processing
pipeline 134 includes stages that each performs specific functionality. The
stages represent subdivisions of functionality of the graphics processing pipeline
134. Each stage is implemented partially or fully as shader programs executing
in the programmable processing units 202, or partially or fully as fixed-function,
non-programmable hardware external to the programmable processing units
202.

[0027] The input assembler stage 302 reads primitive data from user-filled
buffers (e.g., buffers filled at the request of software executed by the processor
102, such as an application 126) and assembles the data into primitives for use
by the remainder of the pipeline. The input assembler stage 302 can generate
different types of primitives based on the primitive data included in the user-
filled buffers. The input assembler stage 302 formats the assembled primitives
for use by the rest of the pipeline.

[0028] The vertex shader stage 304 processes vertices of the primitives
assembled by the input assembler stage 302. The vertex shader stage 304
performs various per-vertex operations such as transformations, skinning,
morphing, and per-vertex lighting. Transformation operations may include
various operations to transform the coordinates of the vertices. These operations
may include one or more of modeling transformations, viewing transformations,
projection transformations, perspective division, and viewport transformations.
Herein, such transforms are considered to modify the coordinates or “position” of
the vertices on which the transforms are performed. Other operations of the
vertex shader stage 304 that modify attributes other than the coordinates are
considered to modify non-position attributes.

[0029] The vertex shader stage 304 is implemented partially or fully as
vertex shader programs to be executed on one or more shader engines 132. The

vertex shader programs are provided by the processor 102 as programs that are
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pre-written by a computer programmer. The driver 122 compiles such computer
programs to generate the vertex shader programs having a format suitable for
execution within the shader engines 132.

[0030] The hull shader stage 306, tessellator stage 308, and domain shader
stage 310 work together to implement tessellation, which converts simple
primitives into more complex primitives by subdividing the primitives. The hull
shader stage 306 generates a patch for the tessellation based on an input
primitive defined by a set of vertices and other information. The tessellator
stage 308 generates a set of samples (which may include vertices specified by
barycentric coordinates) for the patch. The domain shader stage 310 calculates
vertex positions for the vertices corresponding to the samples for the patch (by,
for example, converting the barycentric coordinates to world-space coordinates).
The hull shader stage 306 and domain shader stage 310 can be implemented as
shader programs to be executed on the programmable processing units 202.
[0031] The geometry shader stage 312 performs vertex operations on a
primitive-by-primitive basis. Geometry shader programs typically accept
whole primitives (e.g., a collection of vertices) as input and perform operations on
those whole primitives as specified by the instructions of the geometry shader
programs. A variety of different types of operations can be performed by the
geometry shader stage 312, including operations such as point sprite expansion,
dynamic particle system operations, fur-fin generation, shadow volume
generation, single pass render-to-cubemap, per-primitive material swapping, and
per-primitive material setup. Operations for the geometry shader stage 312 may
be performed by a shader program that executes on the programmable
processing units 202,

[0032] The rasterizer stage 314 accepts and rasterizes simple primitives
generated upstream. Rasterization consists of determining which screen pixels
(or sub-pixel samples) are covered by a particular primitive. Rasterization is
performed by fixed function hardware or may be performed by shader programs

executing in the programmable processing units 202.
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[0033] The pixel shader stage 316 calculates output values (e.g., color
values) for screen pixels based on the primitives generated upstream and the
results of rasterization. The pixel shader stage 316 may apply textures from
texture memory. Operations for the pixel shader stage 316 are performed by a
shader program that executes on the programmable processing units 202.

[0034] The output merger stage 318 accepts output from the pixel shader
stage 316 and merges those outputs, performing operations such as z-testing and
alpha blending to determine the final color for a screen pixel, which are written
to a frame buffer for output to the display device 118.

[0035] As described above, many of the stages illustrated in Figure 3 and
described as being included within the graphics processing pipeline 134 can be
implemented as shader programs executing within the shader engines 132
illustrated in Figure 2. Various operations occur in the driver 122 and within
the APD 116 to facilitate executing shader programs in the shader engines 132.
[0036] One such operation involves facilitating shader input and output
data transfer. More specifically, the stages of the graphics processing pipeline
134 typically obtain input data, perform some processing on that input data, and
provide output data in response, usually for the next stage of the graphics
processing pipeline 134. Shader programs that execute as part of the graphics
processing pipeline 134 include instructions or “hints” to the APD 116 that
specify inputs and outputs for the shader programs. These hints inform the APD
116 regarding where (e.g., which registers) to place inputs for particular shader
programs and where (e.g., which registers) to retrieve outputs from for particular
shader programs. This input and output information is used, at least in part, to
instruct the APD 116 regarding where to place inputs for a particular shader
program and also where to fetch the outputs from for a particular shader
program, in order to forward the output data to other parts of the graphics
processing pipeline 134 such as fixed function hardware or other shader
programs. In one example, a vertex shader program specifies locations (e.g.,
registers) at which inputs are expected. The APD 116 fetches inputs and places

the inputs at those locations. The vertex shader program performs vertex
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shading operations on the input vertices, and provides modified vertices as
output. The APD 116 fetches these modified vertices and places those vertices at
the locations (e.g., registers) specified as inputs by the next stage of the graphics
processing pipeline 134.

[0037] Another operation for facilitating execution of shader programs
involves reserving resources for wavefronts that are to execute a shader program
(e.g., entries in wavefront bookkeeping 204, registers to be used by the
wavefronts, portions of local data store memory 212, memory 210, and other
memory, as well as other resources to be used by wavefronts) prior to launching
the wavefronts to execute the shader program. The quantity of resources to be
reserved for wavefronts for a particular shader program are based at least
partially on the instructions of the shader programs. More specifically, shader
programs typically include instructions, each of which can specify particular
registers to use as operands. The APD 116 determines a number of registers to
reserve for a wavefront based on the registers specified in the instructions of a
shader program that the wavefront is to execute. In one example, ten different
vector registers are specified by a particular wavefront that is to execute with 64
work items. Thus the APD 116 determines that 10 x 64 = 640 registers need to
be reserved to execute that wavefront. Similarly, instructions may specify
locations in memory as operands. The APD 116 determines a total amount of
memory to reserve for a wavefront based on the memory locations specified by
the instructions of the shader program. Other resources required for wavefronts
are also reserved based on the characteristics of the shader programs that the
wavefronts are to execute.

[0038] Another operation that occurs to prepare wavefronts to execute
includes receiving an indication that wavefronts from a prior shader stage has
completed execution. More specifically, some shader stages are dependent on
other shader stages. For example, if tessellation (which involves the hull shader
stage 306, tessellator stage 308, and domain shader stage 310) is enabled, then
the hull shader stage 306 is dependent on the results from the vertex shader

stage 304 to execute. Thus, wavefronts that are to execute hull shader programs
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on a particular set of vertices wait for the wavefronts executing a vertex shader
program on those same vertices to complete. This “handoff’ is typically
facilitated by the scheduler 136, which receives notifications that particular
wavefronts are complete and launches wavefronts for subsequent stages in
response.

[0039] The above operations illustrate that each stage of the graphics
processing pipeline 134 that is implemented at least partially via shader
programs is associated with some amount of overhead. For example, different
wavefronts are launched for different shader program types (e.g., one type of
wavefront is launched to execute a vertex shader program and another type of
wavefront is launched to execute a hull shader program). Thus, a larger number
of shader stages is generally associated with a greater number of wavefronts that
are tracked by the scheduler 136. Other overhead involves overhead related to
transferring data between shader stages, and overhead related to the amount of
resources that are reserved for each different shader program type. For this
reason, combining certain shader stages could help to reduce such overhead and
improve performance. Two shader stages that can be combined are the vertex
and hull shader stages and the vertex and geometry shader stages.

[0040] Figures 4A and 4B illustrate configurations for the graphics
processing pipeline, according to examples. These alternative configurations
include the configuration of Figure 4A, in which the vertex shader stage and
geometry shader stage 420 are combined into a single shader stage — the
combined vertex shader and geometry shader stage 420 — and the configuration
of Figure 4B, in which the vertex shader stage and hull shader stage 306 are
combined into a single shader stage — the combined vertex shader and hull
shader stage 410. Herein, the configuration of the graphics processing pipeline
134 illustrated in Figure 4A is referred to as the “vertex/geometry shader
configuration 402” and the configuration of the graphics processing pipeline 134
illustrated in Figure 4B is referred to as the “vertex/hull shader configuration

404
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[0041] Various stages of the graphics processing pipeline 134 can be
enabled or disabled. Specifically, geometry shading, which is implemented by
the geometry shader stage 312, can be enabled or disabled, and the stages
implementing tessellation (the hull shader stage 306, the tessellator stage 308,
and the domain shader stage 310) can be enabled or disabled together. If both
tesselation and geometry shading are disabled, then neither of the configurations
illustrated in Figures 4A and 4B are used. In both Figures 4A and 4B, a disabled
stage is indicated with an arrow that flows around the disabled stage to a
subsequent stage in the graphics processing pipeline 134. If geometry shading is
enabled and tessellation is disabled, then the vertex/geometry shader
configuration 402 of Figure 4A is used. If tessellation is enabled (and regardless
of whether geometry shading is enabled), then the vertex/hull shader
configuration 404 of Figure 4B is used (the geometry shader stage 312 is
illustrated with dotted lines, indicating that use of that stage is optional).

[0042] “Combining” two shader stages means that the shader programs for
the two shader stages are combined (e.g., by the driver 122) into a single shader
program and wavefronts are launched to execute the combined shader program.
More specifically, instead of launching wavefronts of a first type to execute
vertex shader programs and launching wavefronts of a second type to execute
hull or geometry shader programs, the APD 116 launches wavefronts of a single
type — a combined vertex and hull or geometry shader type — to execute a
combined shader program for the combined pipeline stage. This combining
involves several operations and/or modifications to the APD 116 and graphics
processing pipeline 134, including modifying inputs and outputs that the shader
programs declare, modifying the manner in which wavefronts execute in the
APD 116, modifying the manner in which resources are allocated for the
different shader programs, and other operations described herein.

[0043] Figures 5A and 5B illustrate aspects of combined shader stages
involving the driver 122 and the scheduler 136 illustrated in Figure 2, according
to examples. For purposes of comparative illustration, Figure 5A illustrates

uncombined shader stages and Figure 5B illustrates combined shader stages.
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[0044] In Figure 5A, the driver 122 receives vertex shader code 502 and
hull or geometry shader code 504 from hardware or software requesting such
shader code to be executed on the APD 116 as part of the vertex shader stage 304
and the hull shader stage 306 or geometry shader stage 312. The hull or
geometry shader code 504 represents either geometry shader code or hull shader
code.

[0045] In response to receiving the vertex shader code 502 and the hull or
geometry shader code 504, the driver 122 compiles the vertex shader code 502 to
generate a vertex shader program 506 and compiles the hull or geometry shader
code 504 to generate a hull or geometry shader program 508. Techniques for
compiling shader programs provided to a driver 122 (by, e.g., and application
126) generally comprise converting programs specified in a high level language
such as AMD Intermediate Language to lower level instructions that are more
tied to the hardware and that are understood by the APD 116.

[0046] In the APD 116, the scheduler 136 obtains the compiled vertex
shader program 506 and hull or geometry shader program 508 executes those
shader programs. Part of this execution involves identifying and reserving
resources needed for the shader programs. Another part of this execution
involves launching wavefronts to execute the shader programs. Yet another part
of this execution involves coordinating wavefront execution between different
stages of the pipeline (in other words, making sure that wavefronts for a later
stage waits for execution of wavefronts of an earlier stage to execute before
completing, where execution in the later stage is dependent on results of the
earlier stage).

[0047] These aspects of execution are illustrated in Figure 5A. The
scheduler 136 reserves resources and launches vertex shader wavefronts that
execute vertex shader programs. The scheduler 136 then waits for “complete”
signals for the outstanding vertex shader wavefronts 510. Upon receiving the
“complete” signals, the scheduler 136 reserves resources for and launches the

hull or geometry shader wavefronts 512 to execute the hull or geometry shader
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programs 508. As described above, resources include registers, memory, tracking
resources for tracking execution of the wavefronts, and other resources.

[0048] Figure 5B illustrates the combined shader stages. For these
combined shader stages, the driver 122 receives the vertex shader code 502 and
hull or geometry shader code 504 (from, e.g., an application 126) and compiles
these different portions of code into a single combined vertex and hull or
geometry shader program 530. The hull or geometry shader code 504 represents
either geometry shader code for a configuration of the graphics processing
pipeline 134 in which tessellation is disabled but geometry shading is enabled
(Figure 4A) or hull shader code for a configuration of the graphics processing
pipeline 134 in which tessellation is disabled (Figure 4B).

[0049] To combine shader stages, the driver 122 compiles the vertex
shader code 502 and hull or geometry shader code 504 to generate compiled
shader programs and “stitches” the compiled shader programs together.
Stitching the two shader programs together means that the two shader programs
are concatenated and then the combination is modified as appropriate.

[0050] One way in which the concatenated shader programs are modified
relates to the inputs and outputs defined for the shader programs. More
specifically, each shader program defines inputs and outputs to the shader
programs. These defined inputs and outputs act as hints to the APD 116. When
a wavefront is to begin execution of a shader program, the APD 116 ensures that
the values indicated as inputs are placed in locations (e.g., registers) specified by
the shader program. When a wavefront completes execution, the APD 116
retrieves the data from the locations (e.g., registers) indicated as storing the
outputs. The APD 116 may copy that data to other locations (e.g., registers) for
shader programs in subsequent shader stages that use the output data. For
example, for the graphics processing pipeline 134 illustrated in Figure 3, the
APD 116 copies shaded vertices from locations specified as outputs in vertex
shader programs executed in the vertex shader stage 304 to locations specified as

inputs for hull shader programs to execute in the hull shader stage 306.
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[0051] The vertex shader code 502 defines outputs and the hull or
geometry shader code 504 defines inputs. However, because the combined vertex
and hull or geometry shader program 530 is a single shader program, instead of
two separate shader programs, the defined outputs of the vertex shader code 502
and the defined inputs of the hull or geometry shader code 504 do not need to be
explicitly “handled” by the APD 116. More specifically, because these defined
inputs and outputs are hints to the APD 116 regarding the manner in which to
transfer data between shader programs executing at different stages of the
graphics processing pipeline 134, these defined inputs and outputs are not
needed in the combined vertex and hull or geometry shader program 530. Thus,
the driver 122 removes the defined outputs of the vertex shader code 502 and the
defined inputs of the hull or geometry shader code 504 in creating the combined
vertex and hull or geometry shader program 530. The driver 122 also modifies
the instructions of the hull or geometry shader code 504 that read from inputs to
instead read from locations in which outputs of the vertex shader code 502 are
placed. For example, if certain registers would be indicated as storing outputs
for the vertex shader code and certain registers would be indicated as storing
inputs for the hull or geometry shader code, then the driver 122 modifies the
instructions of the hull or geometry shader code to read from the registers
indicated as storing outputs for the vertex shader code, instead of reading from
registers indicated as storing inputs for the hull or geometry shader code.

[0052] In order to launch wavefronts to execute shader programs, the
scheduler 136 reserves resources for those wavefronts. The resources include
portions of various memory units, registers (such as vector registers 206 and
scalar registers 208), entries in the wavefront bookkeeping 204 to keep track of
the wavefronts, and other resources. The resources reserved for the combined
vertex and hull or geometry shader program 530 differ from resources that would
be reserved for independent vertex shader programs and hull or geometry shader
programs in several ways. The number of wavefronts actually launched is
different. The number of wavefronts to be launched for an independent vertex

shader is dependent on the number of vertices 610 to be shaded. The number of
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wavefronts to be launched for an independent hull or geometry shader is
dependent on the number of patches (hull) or primitives (geometry) to be shaded.
However, the number of wavefronts launched for the combined vertex and hull or
geometry shader program 530 is less than the total number of wavefronts to
launch for independent vertex shader programs and hull or geometry shader
programs. This is because the combined shader program has instructions for
both shader programs. Thus at least some of the combined shader programs that
execute instructions for the vertex shader stage will also execute instructions for
the hull or geometry shader stage.

[0053] In one example, the number of combined shader stage wavefronts to
launch is based on the number of vertices to be processed in the vertex shader
stage. More specifically, a number of work-items to launch is equal (or
approximately equal) to the number of vertices 610 to process at the vertex
shader stage. The number of wavefronts is based on the number of work-items
to launch since each wavefront executes instructions for a fixed number of work-
items. Additionally, because hull or geometry shader programs perform work on
a collection of vertices 614, the number of work-items for processing vertices 610
in the vertex shader stage is greater than the number of work-items for
performing hull or geometry shader operations. Further, the combined shader
programs include instructions for both the vertex shader stage and the hull or
geometry shader stage. Thus, at least some of the launched combined shader
programs will execute instructions for both the vertex shader stage and the hull
or geometry shader stage. For this reason, the number of combined shader
wavefronts to launch is based on the number of vertices 610 to process in the
vertex shader stage and is not based on the number of patches or primitives to
process in the hull or geometry shader stage.

[0054] In addition, some of the registers or memory locations used for the
vertex shader instructions are reused for the hull or geometry shader
instructions. Thus, whereas independently executing wavefronts for vertex
shader programs and hull or geometry shader programs would have to reserve

registers and memory for the respective shader programs, a combined shader
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program can reserve less memory and registers. In some examples, the amount
of resources to reserve for the combined vertex and hull or geometry shader
program 530 is, for each particular resource, the maximum of either the number
of resources required by the vertex shader code 502 or the hull or geometry
shader code 504. For example, if the vertex shader code needs 4 registers and
the hull or geometry shader code 504 needs 8 registers, then the scheduler 136
reserves 8 registers. If the vertex shader code needs 100 bytes in the local data
store memory 212 and the hull or geometry shader code needs 200 bytes in the
local data store memory 212, then the scheduler 136 reserves 200 bytes. In
addition, using the combined shader stages allows for a smaller amount of
latency because stage-to-stage data is kept local to an execution unit. Thus, the
latency associated with transmitting the data for a stage to an external memory
unit for a first stage and then reading the data back in for a second stage is
reduced.

[0055] Figure 6 illustrates operations for enabling or disabling wavefronts
for the combined vertex and hull or geometry shader stage in order to
accommodate that change in workload at the boundary between shader stages,
according to an example. More specifically, Figure 6 illustrates a number of
combined vertex and hull or geometry shader wavefronts 532 executing either a
combined vertex and geometry shader program for the configuration of Figure 4A
or a combined vertex and hull shader program for the configuration of Figure 4B
(where this combined shader program 1is illustrated as V+H/G 530). The
combined shader programs 530 include vertex shader portions 606 and hull or
geometry shader portions 608. The vertex shader portions 606 accept vertices
510 as inputs and output shaded vertices 612 to the hull/geometry shader
portions 608. The hull/geometry shader portions 608 accept the shaded vertices
as mput control points 614, and outputs output control points 616 in response.
Note that because the shaded output vertices 612 are gathered together for
processing to generate output patches, the number of wavefronts for the
hull/geometry shader portion 608 is less than the number of vertices 614 for

shading vertices by the vertex shader portion 606.
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[0056] To accommodate this variation, a number of combined vertex and
hull or geometry shader wavefronts 532 are launched in order to process the
vertices identified for shading by the vertex shader stage. The combined shader
wavefronts 532 are configured to have a changing execution footprint while
executing. A “changing execution footprint” means that a different number of
wavefronts 532 will execute for the vertex shader portoin 506 as compared with
the hull or geometry shader portion 608. More specifically, vertex shader
programs perform vertex shading operations for individual vertices. Although
multiple instances of vertex shader programs corresponding to different work-
items are executed in parallel on the programmable processing units 202, each
individual work-item operates independently on only a single vertex of data,
performing whatever transformations and other operations are specified for that
vertex of data.

[0057] However, hull shader programs or geometry shader programs
operate on multiple vertices of data (e.g., a collection of input control points for a
hull shader or a collection of vertices for a geometry shader). More specifically,
each work-item accepts multiple vertices as input control points and outputs a
patch as multiple output control points. Because hull shader programs and
geometry shader programs operate on multiple vertices, the overall number of
work-items for performing hull shader and geometry shader operations is
generally lower than the number of work-items for performing vertex shader
operations.

[0058] Because of the difference in ratio between vertex shader work-items
and hull shader or geometry shader work-items, many of the wavefronts 532
launched to execute the combined shader program are not in fact needed for the
hull shader or geometry shader portion. Unneeded wavefronts are therefore put
to sleep or terminated after executing the vertex shader portion 606. Putting the
wavefronts 532 to sleep means continuing to track the wavefronts 532, storing
state for the wavefronts 532 in memory, and the like, but not scheduling the
sleeping wavefronts 532 for execution on any of the SIMD units 138.

Terminating the wavefronts 532 means ending execution of the wavefronts 532
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and discarding tracking data for the terminated wavefronts 532 that may be
stored, for example, in wavefront bookkeeping 204.

[0059] In Figure 6, the left side of the figure illustrates the combined
wavefronts 532 executing the vertex shader portion 606 and the right side of the
figure illustrates the combined wavefronts 532 executing the hull or geometry
shader portion 608 (inactive portions are illustrated with dotted lines). The right
side of the figure illustrates the combined wavefronts 532 executing the hull or
geometry shader program 508, with inactive wavefronts 532 and portions of
shader programs indicated with dotted lines. Once the vertex shader portion 506
has been executed by the wavefronts 532, the APD 116 disables many of the
wavefronts 532, which do not execute the hull or geometry shader portion 608.
In the example of Figure 6, wavefront 532(1) executes the hull or geometry
shader portion 608 and wavefronts 532(2) — 532(N) are disabled. In other
examples, however, different numbers of wavefronts may be enabled and
disabled for execution of the hull or geometry shader portion 608.

[0060] Each wavefront 532 that is not disabled gathers shaded vertices (as
input control points 614) produced by multiple wavefronts 532 executing the
vertex shader portion 606. This “gathering” can be accomplished by specific
instructions inserted by the driver 122 into the combined shader program 530.
More specifically, the driver 122 can insert an instruction that reads from the
locations of the modified vertices as specified for multiple wavefronts 532 in the
vertex shader portion 606.

[0061] To ensure that the hull or geometry shader portion 608 of the
combined shader program has all of the input control points 614 from the vertex
shader portions 606, the driver 122 inserts a barrier instruction between the
vertex shader portion 606 and the hull or geometry shader portion 608 when
generating the combined vertex and hull or geometry shader program 530. The
barrier instruction causes processing in the hull or geometry shader portion 608
to wait to execute until the wavefronts producing the data for the hull or
geometry shader portion 608 have finished executing the vertex shader portion

606.

-19-



WO 2018/057294 PCT/US2017/050345

[0062] Figure 6 shows transition from vertex to hull or geometry portions
of the combined shader program 530 and the corresponding disabling of
wavefronts. It should be understood, however, that the combined vertex and hull
or geometry shader programs 530 may include many transitions that cause
various wavefronts to sleep and wake up.

[0063] In another example, variation in workload within the combined
vertex and hull or geometry shader program 530 is accommodated by enabling or
disabling work-items within the wavefronts. More specifically, each wavefront
performs work on a set of vertices, and then the same wavefront performs work
on a set of primitives. Because each work-item works on a single vertex for
vertex operations and on a single primitive for primitive operations, generally
speaking, the number of work-items for primitive processing is less than the
number of work-items for vertex processing. To accommodate this difference, the
wavefront disables unneeded work-items, with the remaining work-items
performing the primitive operations.

[0064] Figure 7 is a flow diagram of a method 700 for executing a combined
vertex and hull or geometry shader program for a combined vertex and hull or
geometry shader stage, according to an example. Although described with
respect to the system shown and described with respect to Figures 1-6, it should
be understood that any system configured to perform the method, in any
technically feasible order, falls within the scope of the present disclosure.

[0065] As shown, the method 700 begins at step 702, where the APD 116
obtains a combined shader program for a combined vertex and hull or geometry
shader stage. The combined shader program may be generated by a driver 122
based on vertex shader code and hull shader code or geometry shader code
received from, e.g., an application 126. More specifically, the driver 122 compiles
the vertex shader code and hull shader code or geometry shader code to generate
vertex and hull or geometry shader compiled instructions and combines the
vertex and hull or geometry shader instructions into a single combined shader

program. The driver 122 may modify aspects of the individual shader programs,
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such as the specified outputs for the vertex shader code and the specified inputs
for the hull shader code or geometry shader code.

[0066] At step 704, the APD 116 reserves resources for execution of the
combined shader program. Reserved resources include memory, such as
registers and memory in a local data store memory 212, entries in wavefront
bookkeeping 204 for tracking executing wavefronts, and other resources. The
number of resources reserved for the combined shader program may be less than
the number of resources reserved for individual vertex and hull or geometry
shader programs because some such resources (e.g., registers, memory) can be
reused from the vertex shader portion of the combined shader program to the
hull or geometry shader portion of the combined shader program.

[0067] At step 706, the APD 116 spawns and launches wavefronts to
execute the combined shader program. Each wavefront executes the combined
shader program, which includes instructions that are based on both the vertex
shader code and the hull or geometry shader code. The number of wavefronts
launched is based on the greater of the number of wavefronts to execute the
vertex shader code and the number of wavefronts to execute the hull or geometry
shader code. Typically, more wavefronts are used to execute vertex shader code,
so the number of wavefronts spawned is dependent on the number of vertices to
process in the vertex shader portion of the combined shader program.

[0068] A method of executing a shader program for a combined shader
stage of a graphics processing pipeline is provided. The method includes
retrieving a combined shader program for the combined shader stage, reserving
resources for a plurality of wavefronts to execute the combined shader program,
and spawning the plurality of wavefronts to execute the combined shader
program. The combined shader stage includes one of a combined vertex shader
stage and hull shader stage and a combined vertex shader stage and geometry
shader stage.

[0069] An accelerated processing device (APD) for executing a shader
program for a combined shader stage of a graphics processing pipeline is

provided. The APD includes a plurality of shader engines including registers
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and local data store memory and a scheduler. The scheduler is configured to
retrieve a combined shader program for the combined shader stage, reserve
resources for a plurality of wavefronts to execute the combined shader program
in the plurality of shader engines, and spawning the plurality of wavefronts to
execute the combined shader program in the plurality of shader engines. The
combined shader stage includes one of a combined vertex shader stage and hull
shader stage and a combined vertex shader stage and geometry shader stage.
[0070] A computer system for executing a shader program for a combined
shader stage of a graphics processing pipeline is provided. The computer system
includes a processor executing a device driver for controlling an accelerated
processing device (APD) and the APD. The APD includes a plurality of shader
engines including registers and local data store memory and a scheduler. The
scheduler is configured to receive a combined shader program for the combined
shader stage from the device driver, reserve resources for a plurality of
wavefronts to execute the combined shader program in the plurality of shader
engines, and spawn the plurality of wavefronts to execute the combined shader
program in the plurality of shader engines. The combined shader stage includes
one of a combined vertex shader stage and hull shader stage and a combined
vertex shader stage and geometry shader stage.

[0071] 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.

[0072] 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
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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.

[0073] The methods or flow charts provided herein may be implemented in
a computer program, software, or firmware incorporated in a non-transitory
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 is claimed is:

1. A method of executing a shader program for a combined shader
stage of a graphics processing pipeline, the method comprising:

retrieving a combined shader program for the combined shader stage;

reserving resources for a plurality of wavefronts to execute the combined
shader program; and

spawning the plurality of wavefronts to execute the combined shader
program,

wherein the combined shader stage includes one of a combined vertex
shader stage and hull shader stage and a combined vertex shader stage and

geometry shader stage.

2. The method of claim 1, wherein:

the combined shader stage is part of a graphics processing pipeline in
which tessellation 1s disabled; and

the combined shader stage comprises the combined vertex shader stage

and geometry shader stage.

3. The method of claim 1, wherein:

the combined shader stage is part of a graphics processing pipeline in
which tessellation is enabled; and

the combined shader stage comprises the combined vertex shader stage

and hull shader stage.
4, The method of claim 1, wherein the combined shader program

comprises a single shader program that includes instructions from both a vertex

shader program and either a hull shader program or a geometry shader program.
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5. The method of claim 4, wherein:

the vertex shader program specifies vertex shader outputs that indicate to
graphics processing hardware locations of vertex shader output values to
transfer to a subsequent stage in the graphics processing pipeline; and

the combined shader program does not include the vertex shader outputs.

6. The method of claim 4, wherein reserving the resources comprises:

selecting the greater number of registers of a first number of registers for
executing the vertex shader program and a second number of registers for
executing either the hull shader program or the geometry shader program; and

reserving the greater number of registers.

7. The method of claim 4, further comprising:

receiving an indication of a number of vertices to be processed by a vertex
shader portion of the combined shader stage and either a number of patches to
be processed by the hull shader stage or a number of primitives to be processed
by the geometry shader stage; and

determining a number of wavefronts for processing the number of vertices
by the vertex shader portion of the combined shader stage,

wherein spawning the plurality of wavefronts to execute the combined
shader program comprises spawning the determined number of wavefronts to

execute the combined shader program.

8. The method of claim 7, further comprising:

disabling one or more of the wavefronts based on a ratio of a first number
of work-items to execute the vertex shader program and a second number of
work-items to execute either the hull shader program or the geometry shader
program,

wherein disabling comprises one of causing the one or more of the

wavefronts to sleep or terminating the one or more wavefronts.
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9. The method of claim 1, wherein:

the combined shader program includes a barrier instruction between a
vertex shader portion and either a hull shader portion or a geometry shader
portion, and

the barrier instruction causes processing in the vertex shader portion to
wait to begin until processing in the hull shader portion or geometry shader

portion is complete.

10. An accelerated processing device (APD) for executing a shader
program for a combined shader stage of a graphics processing pipeline, the APD
comprising:

a plurality of shader engines including registers and local data store
memory; and

a scheduler configured to:

retrieve a combined shader program for the combined shader stage;

reserve resources for a plurality of wavefronts to execute the
combined shader program in the plurality of shader engines; and

spawning the plurality of wavefronts to execute the combined
shader program in the plurality of shader engines,

wherein the combined shader stage includes one of a combined
vertex shader stage and hull shader stage and a combined vertex shader

stage and geometry shader stage.

11. The APD of claim 10, wherein:

the combined shader stage is part of a graphics processing pipeline in
which tessellation 1s disabled; and

the combined shader stage comprises the combined vertex shader stage

and geometry shader stage.
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12. The APD of claim 10, wherein:

the combined shader stage is part of a graphics processing pipeline in
which tessellation is enabled; and

the combined shader stage comprises the combined vertex shader stage

and hull shader stage.

13. The APD of claim 10, wherein the combined shader program
comprises a single shader program that includes instructions from both a vertex

shader program and either a hull shader program or a geometry shader program.

14. The APD of claim 13, wherein:

the vertex shader program specifies vertex shader outputs that indicate to
graphics processing hardware locations of vertex shader output values to
transfer to a subsequent stage in the graphics processing pipeline; and

the combined shader program does not include the vertex shader outputs.

15. The APD of claim 13, wherein the scheduler is configured to reserve
the resources by:

selecting the greater number of registers of a first number of registers for
executing the vertex shader program and a second number of registers for
executing either the hull shader program or the geometry shader program; and

reserving the greater number of registers.

16. The APD of claim 13, wherein the scheduler is further configured to:

receive an indication of a number of vertices to be processed by a vertex
shader portion of the combined shader stage and either a number of patches to
be processed by the hull shader stage or a number of primitives to be processed
by the geometry shader stage; and

determine a number of wavefronts for processing the number of vertices

by the vertex shader portion of the combined shader stage,
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wherein spawning the plurality of wavefronts to execute the combined
shader program comprises spawning the determined number of wavefronts to

execute the combined shader program.

17.  The APD of claim 16, wherein the scheduler is further configured to:
disable one or more of the wavefronts based on a ratio of a first number of
work-items to execute the vertex shader program and a second number of work-
items to execute either the hull shader program or the geometry shader program,
wherein disabling comprises one of causing the one or more of the

wavefronts to sleep or terminating the one or more wavefronts.

18. The APD of claim 10, wherein:

the combined shader program includes a barrier instruction between a
vertex shader portion and either a hull shader portion or a geometry shader
portion, and

the barrier instruction causes processing in the vertex shader portion to
wait to begin until processing in the hull shader portion or geometry shader

portion is complete.

19. A computer system for executing a shader program for a combined
shader stage of a graphics processing pipeline, the computer system comprising:
a processor executing a device driver for controlling an accelerated
processing device (APD); and
the APD, comprising:
a plurality of shader engines including registers and local data store
memory; and
a scheduler configured to:
receive a combined shader program for the combined shader
stage from the device driver;
reserve resources for a plurality of wavefronts to execute the

combined shader program in the plurality of shader engines; and
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spawn the plurality of wavefronts to execute the combined
shader program in the plurality of shader engines,

wherein the combined shader stage includes one of a
combined vertex shader stage and hull shader stage and a combined

vertex shader stage and geometry shader stage.

20.  The computing device of claim 19, wherein:

the combined shader stage is part of a graphics processing pipeline in
which tessellation 1s disabled; and

the combined shader stage comprises the combined vertex shader stage

and geometry shader stage.
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Reserve resources for exucution
of the combined shader program
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Spawn wavefronts to execute
combined shader program
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