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(57) ABSTRACT

Graphics processing renders a scene with a plurality of
different rendering parameters for different locations on a
screen area. Graphics depicting one or more objects mapped
to a screen area are processed. The screen area includes a
plurality of zones, each having a different set of rendering
parameters. Primitives belonging to one of the objects that
covers at least two of the zones are received. Each primitive
is assembled to screen space by iterating each primitive over
each zone it covers using the rendering parameters of the
respective zone with each iteration.
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METHOD FOR EFFICIENT RE-RENDERING
OBJECTS TO VARY VIEWPORTS AND
UNDER VARYING RENDERING AND
RASTERIZATION PARAMETERS

CLAIM OF PRIORITY
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FIELD

[0009] The present disclosure relates to computer graphics
processing. Certain aspects of the present disclosure espe-
cially relate to graphics rendering for head mounted displays
(HMDs), foveated rendering, and other non-traditional ren-
dering environments.

BACKGROUND

[0010] Computer graphics processing is an intricate pro-
cess used to create images that depict virtual content for
presentation on a display. Modern 3D graphics are often
processed using highly capable graphics processing units
(GPU) having specialized architectures designed to be effi-
cient at manipulating computer graphics. The GPU is a
specialized electronic circuit designed to accelerate the
creation of images in a frame buffer intended for output to
a display, and GPUs often have a highly parallel processing
architecture that makes the GPU more effective than a
general-purpose CPU for algorithms where processing of
large blocks of data is done in parallel. GPUs are used in a
variety of computing systems, such as embedded systems,
mobile phones, personal computers, tablet computers, por-
table game devices, workstations, and game consoles.
[0011] Many modern computer graphics processes for
video games and other real-time applications utilize a ren-
dering pipeline that includes many different stages to per-
form operations on input data that determine the final array
of pixel values that will be presented on the display. In some
implementations of a graphics rendering pipeline, process-
ing may be coordinated between a CPU and a GPU. Input
data may be setup and drawing commands may be issued by
the central processing unit (CPU) based on the current state
of an application (e.g., a video game run by the CPU)
through a series of draw calls issued to the GPU through an
application interface (API), which may occur many times
per graphics frame, and the GPU may implement various
stages of the pipeline in response in order to render the
images accordingly.

[0012] Most stages of the pipeline have well defined
inputs and outputs as data flows through the various pro-
cessing stages, and any particular implementation may
include or omit various stages depending on the desired
visual effects. Sometimes various fixed function operations
within the graphics pipeline are implemented as hardware
modules within the GPU, while programmable shaders
typically perform the majority of shading computations that
determine color, lighting, texture coordinates, and other
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visual values associated with the objects and pixels in the
image, although it is possible to implement various stages of
the pipeline in hardware, software, or a combination thereof.
Older GPUs used a predominantly fixed function pipeline
with computations fixed into individual hardware modules
of the GPUs, but the emergence of shaders and an increas-
ingly programmable pipeline have caused more operations
to be implemented by software programs, providing devel-
opers with more flexibility and greater control over the
rendering process.

[0013] Generally speaking, carly stages in the pipeline
include computations that are performed on geometry in
virtual space (sometimes referred to herein as “world
space”), which may be a representation of a two-dimen-
sional or, far more commonly, a three-dimensional virtual
world. The objects in the virtual space are typically repre-
sented as a polygon mesh set up as input to the early stages
of the pipeline, and whose vertices correspond to the set of
primitives in the image, which are typically triangles but
may also include points, lines, and other polygonal shapes.
Often, the process is coordinated between a general purpose
CPU which runs the application content, sets up input data
in one or more buffers for the GPU, and issues draw calls to
the GPU through an application interface (API) to render the
graphics according to the application state and produce the
final frame image.

[0014] The vertices of each primitive may be defined by a
set of parameter values, including position values (e.g., X-Y
coordinate and Z-depth values), color values, lighting val-
ues, texture coordinates, and the like, and the graphics may
be processed in the early stages through manipulation of the
parameter values of the vertices on a per-vertex basis.
Operations in the early stages may include vertex shading
computations to manipulate the parameters of the vertices in
virtual space, as well as optionally tessellation to subdivide
scene geometries and geometry shading computations to
generate new scene geometries beyond those initially set up
in the application stage. Some of these operations may be
performed by programmable shaders, including vertex shad-
ers which manipulate the parameter values of the vertices of
the primitive on a per-vertex basis in order to perform
rendering computations in the underlying virtual space
geometry.

[0015] To generate images of the virtual world suitable for
a display, the objects in the scene and their corresponding
primitives are converted from virtual space to screen space
through various processing tasks associated with rasteriza-
tion. Intermediate stages include primitive assembly opera-
tions that may include various transformation operations to
determine the mapping and projection of primitives to a
rectangular viewing window (or “viewport™) at a two dimen-
sional plane defining the screen space (where stereoscopic
rendering is used, it is possible the geometry may be
transformed to two distinct viewports corresponding to left
and right eye images for a stereoscopic display). Primitive
assembly often includes clipping operations for primitives/
objects falling outside of a viewing frustum, and distant
scene elements may be clipped during this stage to preserve
rendering resources for objects within a range of distances
for which detail is more important (e.g., a far clipping
plane). Homogeneous coordinates are typically used so that
the transformation operations which project the scene geom-
etry onto the screen space plane are easier to compute using
matrix calculations. Certain primitives, e.g., back-facing
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triangles, may also be culled as an optimization to avoiding
processing fragments that would result in unnecessary per-
pixel computations for primitives that are occluded or oth-
erwise invisible in the final image.

[0016] Scan conversion is typically used to sample the
primitives assembled to the viewport at discrete pixels in
screen space, as well as generate fragments for the primi-
tives that are covered by the samples of the rasterizer. The
parameter values used as input values for each fragment are
typically determined by interpolating the parameters of the
vertices of the sampled primitive that created the fragment
to a location of the fragment’s corresponding pixel in screen
space, which is typically the center of the pixel or a different
sample location within the pixel, although other interpola-
tion locations may be used in certain situations.

[0017] The pipeline may then pass the fragments and their
interpolated input parameter values down the pipeline for
further processing. During these later pixel processing
stages, per-fragment operations may be performed by invok-
ing a pixel shader (sometimes known as a “fragment
shader”) to further manipulate the input interpolated param-
eter values, e.g., color values, depth values, lighting, texture
coordinates, and the like for each of the fragments, on a
per-pixel or per-sample basis. Each fragment’s coordinates
in screen space correspond to the pixel coordinates and/or
sample coordinates defined in the rasterization that gener-
ated them. In video games and other instances of real-time
graphics processing, reducing computational requirements
and improving computational efficiency for rendering tasks
is a critical objective for achieving improved quality and
detail in rendered graphics.

[0018] Each stage in conventional graphics rendering
pipelines is typically configured to render graphics for
traditional display devices, such as television screens and
flat panel display monitors. Recently, an interest has arisen
for less traditional display devices, such as head mounted
displays (HMDs), and less traditional rendering techniques,
such as foveated rendering. These non-traditional display
technologies present unique opportunities for optimizing
efficiency in graphics rendering pipelines.

[0019] It is within this context that aspects of the present
disclosure arise.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The teachings of the present disclosure can be
readily understood by considering the following detailed
description in conjunction with the accompanying drawings,
in which:

[0021] FIG. 1A and FIG. 1B are simplified diagrams
illustrating certain parameters of wide field of view (FOV)
displays.

[0022] FIG. 1C illustrates different solid angles for differ-
ent portions of a wide FOV display.

[0023] FIGS. 2A-2C illustrate examples of the relative
importance of pixels in different regions of different wide
FOV displays in accordance with aspects of the present
disclosure.

[0024] FIG. 2D illustrates an example of different pixel
resolution for different regions of a screen of a FOV display
in accordance with aspects of the present disclosure.
[0025] FIGS. 3A-3C are schematic diagrams depicting
conventional rendering parameters.

[0026] FIGS. 4A-4C are schematic diagrams depicting
rendering parameters for screen spaces having a plurality of
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zones, with the zones having different sets of rendering
parameters in accordance with aspects of the present dis-
closure.

[0027] FIG. 5A-5B are schematic diagrams depicting ren-
dering parameters for screen spaces having a plurality of
zones, with the zones having different sets of rendering
parameters in accordance with aspects of the present dis-
closure.

[0028] FIG. 6 is a schematic diagram depicting rendering
parameters for a screen space having a plurality of zones,
with the zones having different sets of rendering parameters
in accordance with aspects of the present disclosure.
[0029] FIGS. 7A-7C are schematic diagrams depicting
viewports having a plurality of zones and associated objects
covered by different zones of the viewports in accordance
with aspects of the present disclosure.

[0030] FIG. 8 is a flow chart depicting a method of
re-rendering an object covered by multiple zones in screen
space in accordance with aspects of the present disclosure.
[0031] FIGS. 9A-9B are flow charts depicting another
method of re-rendering an object covered by multiple zones
in screen space in accordance with aspects of the present
disclosure.

[0032] FIGS.10A-10B are flow diagrams depicting graph-
ics rendering pipelines according to aspects of the present
disclosure.

[0033] FIG. 11 is a schematic diagram depicting a graph-
ics rendering system according to aspects of the present
disclosure.

DETAILED DESCRIPTION

[0034] Although the following detailed description con-
tains many specific details for the purposes of illustration,
anyone of ordinary skill in the art will appreciate that many
variations and alterations to the following details are within
the scope of the invention. Accordingly, the exemplary
embodiments of the invention described below are set forth
without any loss of generality to, and without imposing
limitations upon, the claimed invention.

[0035] Aspects of the present disclosure relate to graphics
rendering techniques designed to improve rendering effi-
ciency in a graphics pipeline by dividing screen space into
a plurality of distinct zones (e.g., two or more zones), and
performing certain processing operations differently in the
different zones. Hach different zone in screen space may
correspond to one or more pixels in the final image, and each
different zone may be rendered with different rendering
parameters in the rendering pipeline as an optimization to
improve rendering efficiency. For example, one or more of
the zones may be determined to be of lesser relative impor-
tance in terms of image quality for the viewer, and one or
more of its rendering parameters may be different from
another zone deemed to be more important as a result, in
order to preserve graphics processing resources for the zone
deemed to be more important.

[0036] According to an additional aspect of the present
disclosure, this may be useful when rendering graphics for
a head mounted display (HMD) by exploiting the fact that
the solid angle subtended by each pixel (or set of pixels) that
is proximate edges of the screen and corners of the screen
may be smaller than the solid angle subtended by pixels/sets
of pixels at the center of the screen. For example, the
rendering parameters may be selected to preserve rendering
resources for one or more zones corresponding to center
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pixels in screen space, and the parameters of zones at the
edges and/or corners of screen space may be selected for
efficiency.

[0037] According to yet another aspect of the present
disclosure, this may be useful where foveated rendering is
used, and the locations of the different zones may be based
on a determined fixation point of the viewer. In certain
implementations, it may thus be useful for the location of
one or more of the screen zones to be dynamic and change
over time, e.g., in response to detected changes of a fixation
point of an eye (or pair of eyes) as detected by an eye gaze
tracking system.

[0038] According to a further aspect of the present dis-
closure, foveated imaging may be combined with a head
mounted display, in which case a head mounted display
device may be configured to include an eye gaze tracking
system, such as one that includes one or more light sources
and one or more cameras.

[0039] According to an additional aspect of the present
disclosure, an object may be re-rendered when it overlaps a
plurality of different zones, and it may be re-rendered for
each zone that it overlaps. In certain implementations, this
may be accomplished via a command buffer that sets up a
rendering parameter context for each zone, and a zone index
associated with each context. The zone index or indices may
be set up for an object for each zone that the object overlaps.
In other implementations, when an object overlaps a plural-
ity of zones in screen space, each of the primitives of the
object may be assembled uniquely by a primitive assembler
for each zone that the object overlaps.

[0040] FIGS. 1A-1C illustrate a previously unappreciated
problem with large FOV displays. FIG. 1A illustrates a 90
degree FOV display and FIG. 1B illustrates a 114 degree
FOV display. In a conventional large FOV display, three
dimensional geometry is rendered using a planar projection
to the view plane 101. However, it turns out that rendering
geometry onto a high FOV view plane is very inefficient. As
may be seen in FIG. 1C, edge regions 112 and central
regions 114 of view plane 101 are the same area but
represent very different solid angles, as seen by a viewer
103. Consequently, pixels near the edge of the screen hold
much less meaningful information than pixels near the
center. When rendering the scene conventionally, these
regions have the same number of pixels and the time spent
rendering equal sized regions on the screen is approximately
the same.

[0041] FIGS. 2A-2C illustrate the relative importance of
different portions of a large FOV display in two dimensions
for different sized fields of view. FIG. 2A expresses the
variance in solid angle for each square of a planar check-
erboard perpendicular to the direction of view, in the case
that the checkerboard subtends an angle of 114 degrees. In
other words, it expresses the inefficiency of conventional
planar projective rendering to a 114 degree FOV display.
FIG. 2B expresses the same information for a 90 degree
FOV display. In such planar projective rendering, the pro-
jection compresses tiles 202 in the image 201 that are at the
edges and tiles 203 at the corners into smaller solid angles
compared to tiles 204 at the center. Because of this com-
pression, and the fact that each tile in the image 201 has the
same number of pixels in screen space, there is an ineffi-
ciency factor of roughly 4x for rendering the edge tiles 202
compared to the center tiles 204. By this it is meant that
conventional rendering of the edge tiles 202 involves 4 times
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as much processing per unit solid angle than for the center
tiles 204. For the corner tiles 203, the inefficiency factor is
roughly 8x. When averaged over the whole image 201, the
inefficiency factor is roughly 2.5x.

[0042] The inefficiency is dependent on the size of the
FOV. For example, for the 90 degree FOV display shown in
FIG. 2B, the inefficiency factors are roughly 2x for render-
ing the edge tiles 202, roughly 3x for rendering the corner
tiles 203, and roughly 1.7x overall for rendering the image
201.

[0043] Another way of looking at this situation is shown
in FIG. 2C, in which the screen 102 has been divided into
rectangles of approximately equal “importance” in terms of
pixels per unit solid angle subtended. Each rectangle makes
roughly the same contribution to the final image as seen
through the display. One can see how the planar projection
distorts the importance of edge rectangles 202 and corner
rectangles 203. In addition to the factors relating to solid
angle, the corner rectangles 203 might make still less of a
contribution than the center rectangles due to the display
optics, which may choose to make the visual density of
pixels (as expressed as pixels per solid angle) higher towards
the center of the display.

[0044] Based on the foregoing observations, it would be
advantageous for an image 210 for a wide FOV display to
have pixel densities that are smaller at edge regions 212,
214, 216, 218 than at center regions 215 and smaller at
corner regions 211,213, 217 and 219 than at the edge regions
212, 214, 216, 218 as shown in FIG. 2D. It would also be
advantageous to render a conventional graphical image on
the screen of a wide FOV display in a way that gets the same
effect as varying the pixel densities across the screen without
having to significantly modify the underlying graphical
image data or data format or the processing of the data.
[0045] If foveated rendering were used, the center 204 in
FIG. 2C in terms of a determined importance of pixels may
be understood to correspond to a determined fixation point
of'the viewer, and it would also be advantageous to preserve
rendering resources for the fixation point.

[0046] Turning now to FIGS. 3A-3C, an illustrative
example of a viewing frustum for computer graphics ren-
dering is depicted according to conventional principles. FIG.
3 A depicts a perspective view of the frustum, while FIG. 3B
depicts the same frustum of FIG. 3B in plan view. FIG. 3C
depicts the corresponding screen space that results.

[0047] As shown in FIGS. 3A-3B, the frustum may be
understood to be a truncated pyramid defined by a center of
projection 316. The center of projection 316 may be under-
stood to correspond to an eye or virtual camera defining the
viewpoint from which the scene is viewed. The frustum
includes a near clipping plane 310 and a far clipping plane
312 which defines a view volume for the graphics to be
rendered, i.e., the volume within the frustum defines the
view volume. Although not separately labeled in the figure,
the view frustum planes defined by the left, right, top, and
bottom faces of the frustum may be understood to be discard
planes, beyond which a rendered object would be off-screen
and could therefore be discarded. Not depicted here in this
figure are the left, right, top, and bottom clip planes, which
are typically configured with a much wider field of view in
order to implement a clipping guard band to minimize the
need to clip against side planes. FIGS. 3A-3B also depicts a
view plane 320, onto which a three-dimensional scene in
world space is projected through screen space transforma-
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tions computed during rendering. The view plane 320 cor-
responds to a two-dimensional plane defining the screen
space onto which the graphics are rendered for presentation
on a display. According to one aspect, the view direction
may be defined by the view plane normal 329, which may
be analogous to the direction from which the scene is viewed
from the center of projection 316. While the view plane 320
is illustrated as lying within the view volume 314 in FIGS.
3A-3B, it may be understood to lie anywhere in the scene
with an orientation parallel to the near 310 and far clipping
planes 312, and the principles of transforming the scene
from world space to screen space would be the same.
[0048] The window of the view plane 320 lying within the
viewing volume 314, i.e., rectangular window 322, defines
the screen space for which the graphics are rendered. This
window 322 corresponds to the “viewing window” or
“viewport” of the scene, which is made up of a plurality of
screen space pixels. One or more objects 318 which lie
within the view volume would be projected to the screen
space viewing window 322, while objects or portions of
objects, e.g., triangle primitives of the object, which are
outside the viewing volume, e.g., object 319, would be
clipped out of view, i.e., before each transformed object is
scan converted during rasterization for further per-pixel
processing.

[0049] Homogeneous coordinates are used for the view
plane 320 and screen space viewing window 322, the
concept of which is more clearly illustrated in FIG. 3B by
the projection lines 324. The projection lines 324 in FIG. 3B
also more clearly illustration why the location of the viewing
plane 320 does not matter, and can be conceptually under-
stood to be within the frustum or outside of it. The homo-
geneous coordinates of the vertices of the object 318 linearly
correspond to the screen space 322 locations of those
vertices as viewed from the viewer’s intended viewpoint
316. The transformation between world space and the homo-
geneous coordinate space for a given view consists of a
linear matrix transform to align the view direction with the
Z axis and viewport orientation with the X and Y coordinate
axes, followed by a divide of X and Y coordinates by Z,
often called the “perspective divide”.

[0050] In the conventional example depicted in FIGS.
3A-3C, the parameters of the rendering are the same
throughout the entire area of screen space 322. For example,
among other things, the frustum is the same, the clipping
planes are all the same, and the view direction and homo-
geneous coordinate space of the screen 322 are all the same.
If the conventional example depicted in FIGS. 3A-3C were
used for stereoscopic image, it would be possible to have
two distinct sets of views for the same scene depicted in
FIGS. 3A-3C, corresponding to left and right eye views with
each eye located at a different center of projection 316.
Distinct left and right eye images could be rendered in this
case, but the rendering parameters would still be identical
across the entire area of screen space output image for each
left eye and right eye image.

[0051] Turning now to FIGS. 4A-4B, two illustrative
examples of the present disclosure are depicted. In the
illustrated examples, the screen space area, which corre-
sponds to the output image(s), is divided into distinct zones
(ie., Z1, 72, 73, etc.), and each zone of the screen is
rendered using different parameters.

[0052] With reference to the principles described earlier
with respect to FIGS. 1A-1C, in certain implementations it
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would be advantageous if the screen space 422 were ren-
dered as if it weren’t flat, e.g., for the illustrated display
systems 425 (shown in the figure with a curved screen)
which may correspond to wide FOV displays, such as for
HMDs. FIG. 4B is similar to the example depicted in FIG.
4A, but its screen space 420 is divided into a greater number
of zones Z. In each of the illustrated examples, each zone Z
may be rendered using the same view position but a different
view direction 429 (e.g., a different view plane normal as
shown in the figure) and corresponding different respective
viewports, with the collection of all zone viewports chosen
to collectively minimize the variance of solid angle per pixel
and to cover the entire field of view with a minimum of
overlap between zones or projection beyond the full field of
view. Each zone may be rasterized to a separate render target
(or a separate set of multiple render targets), and the result-
ing images may be composited back together to produce a
single wide FOV display image as a post-processing step.
This approximates transforming objects within the scene to
a “screen” 422 that is not flat.

[0053] As shown in FIG. 4C, point 416 indicates the
common view point of all illustrated zone frusta. Lines 410
and 412 correspond to the near clipping planes and far
clipping planes, respectively, for zone Z6 which define a
viewing volume 414 for objects in zone Z6. Similar respec-
tive viewing volumes and near/far clipping planes can be
seen in the figure for zones 74 and Z5 for their respective
view frustra. Each zone has a different view direction 429
and so a different homogeneous coordinate space, but,
because all share a common view point 416, there is a simple
projective transformation between the view plane of each
zone frustum and the full field of view plane 422. After
rendering the scene to a separate screen space image for each
zone, it is thus possible to apply a projective transform on
each zone’s image of the scene in order to composite a single
full field of view output image as a final step before
displaying the output. With reference to FIGS. 1-2 above,
the benefit may be appreciated by considering a scan con-
version process that utilizes raster tiles with a particular size.
For off center zones, the same scene geometry may be
projected to a plane having a smaller pixel area while still
maintaining a target minimum pixel density in angular
space. Thus the total pixel area rendered is reduced, which
translates into a corresponding decrease in pixel shading and
hardware pixel processing overhead, and a corresponding
increase in rendering efficiency without meaningful loss in
output quality.

[0054] Turning now to FIGS. 5A and 5B, another illus-
trative example of the present disclosure is depicted, which
utilizes different rendering parameters in different zones.
FIGS. 5A and 5B depict an image of the screen space 522
used to project the scene geometry. In this illustrative
example, the screen space is divided into 9 zones (Z1, 72,
etc.), and the different zones of the screen space 522 may be
computed with the same homogeneous coordinates and the
same view frustum, but with different linear transformations
from homogeneous coordinates to screen space pixels. Dur-
ing scene rendering, tests against planes defined by the view
point and zone boundaries may be used to discard rendering
of objects or primitives to zones which they do not intersect.
While the splits between zones may be used to generate
planes used to determine which zones a given primitive
needs to render to, in this case, different screen space
transform parameters are used to “intercept” the primitives
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as they reach the point of being rasterized into pixel coor-
dinates, and there apply different scales in each zone to
change the pixel density in that zone. In this example, view
direction 529 of each zone is the same, e.g., as seen for the
different zones Z4, 75, and 7.6 of FIG. 5A, but screen space
transforms are computed to “intercept” the vertices in world
space geometry before they reach the view plane 522, e.g.,
to approximate rendering to a “screen” that is not flat
[0055] To better illustrate this, FIG. 5B also depicts an
illustrative example of a primitive 527 in the world geom-
etry, and, more specifically a triangle primitive. In this
example, the triangle 527 overlaps two different zones in the
screen space, i.e., zones Z5 and Z6. FIG. 5B also depicts
how the triangle 527 is transformed from homogeneous
coordinates to screen space pixel coordinates differently for
the different zones, due to the different zones having differ-
ent screen space transform parameters. Note the horizontal
“squash” in zone Z6. In this example, the rendering param-
eters may be selected for one or more edge zones, e.g., zones
72,74, 76, and 78 that “squash” primitives in a given screen
space area along one screen axis (e.g., squashed along the
horizontal x-axis of the screen for zones Z4 and Z6, or the
vertical y-axis of the screen for zones 72 and Z8). Further-
more, different zones may be selected to further squash the
geometry along both screen axes for one or more of the
corner zones, (e.g., squash along both horizontal and vertical
axes for zones 71, 73, 77, and 79). For off center zones, the
same scene geometry is rendered to a smaller pixel area
while still maintaining a target minimum pixel density in
angular space. Thus the total pixel area rendered is reduced,
which translates into a corresponding decrease in pixel
shading and hardware pixel processing overhead, and a
corresponding increase in rendering efficiency without
meaningful loss in output quality.

[0056] The difference between the rendering parameters
of FIGS. 4A-4C and FIGS. SA-5B can be understood with
reference to the overall process of converting scene geom-
etry to a screen space.

[0057] Inthe example of FIGS. 4A-4C, vertex positions of
the scene may be computed using different homogeneous
coordinate spaces, which correspond to different view direc-
tions. In certain implementations, these vertex positions in
the different homogeneous coordinate spaces may be output
from a vertex shader. Then, screen space transform param-
eters may be used for each zone to project the vertices from
homogenous coordinate space to screen space (which may,
e.g., project the scene geometry onto the view plane). This
is analogous to projecting the primitive vertices to different
viewports corresponding to different view directions.
[0058] In the example of FIGS. 5A-5B, the vertex posi-
tions of primitives may be computed using the same homo-
geneous coordinate spaces in each zone, corresponding to
the same view direction, and it becomes possible to output
the positions of the primitive vertices in a single shared
homogeneous coordinate space from a vertex shader. Then,
during primitive assembly, the primitives may be trans-
formed from homogeneous coordinate space to screen space
pixels for rasterization, but this may utilize different screen
space transform parameters for each zone.

[0059] Although it is possible to output the positions of the
primitive vertices in a single shared homogeneous coordi-
nate space from a vertex shader it is not required to do so and
it may or may not be desirable based on other consider-
ations. For example, if hardware exists to enable the reuse of
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a single vertex shading between all output zones, sharing the
same homogeneous coordinate space would be required for
a single vertex shading to be applicable to all zones. But if
no such hardware exists, existing triangle culling hardware
would cull zone boundaries only if each zone has a different
homogenous space, so sharing the same space would intro-
duce the need for culling at internal zone boundaries to be
handled by some other means.

[0060] In some implementations, zone indices per-primi-
tive might be embedded in the vertex index data defining the
primitive connectivity of the object mesh or might be
supplied as a separate buffer.

[0061] Insome implementations, the vertex index data and
zone indices supplied to the GPU might additionally be
culled by the writer to only include zone indices per primi-
tive which that primitive might cover.

[0062] Insome implementations, the vertex index data and
zone indices supplied to the GPU might further be culled to
remove primitives for which it can be determined that the
primitive assembly unit would cull that primitive in hard-
ware.

[0063] In some implementations, per primitive zone indi-
ces and possibly culled vertex index data might be supplied
to the GPU by the CPU or by a compute shader running on
the GPU.

[0064] Turning now to FIG. 6, another illustrative
example of the present disclosure is depicted that utilizes
different rendering parameters for different zones in screen
space 622. In this example, two different zones are depicted:
zone 71, which may, e.g., correspond to a center of screen
space, or a fixation point in screen space for foveated
rendering, or both, and zone 72, which may correspond to
an edge and border region of screen space, or outside of a
fixation point for foveated rendering, or both. In this
example, the same homogeneous coordinate space and view
direction is used across zones, as well as the same frustums
and screen space transform parameters. However, in this
example the different zones (different areas of the screen)
may have, for example, different pixel densities, sample
densities different pixel formats, some combination thereof,
or potentially other different rendering parameters that may
result in different fidelities for the different zones. For
example, in this example, zone 72 may be determined to be
less important than zone 71 in terms of how graphics
rendering resources should be allocated. Accordingly, zone
72 may be rendered using a lower pixel density or otherwise
lower fidelity rendering parameters. During scene rendering,
tests against planes defined by the view point and zone
boundaries may be used to discard rendering of objects or
primitives to zones which they do not intersect.

[0065] It is noted that, in accordance with aspects of the
present disclosure, different zones may differ in more than
one rendering parameter, i.c., different zones differ in two or
more rendering parameters, and it is possible for different
zones to differ in any combination of rendering parameters
described herein. For example, different zones may differ in
any combination of the rendering parameters described
above. Moreover, in certain implementations, it is possible
for different zones to differ in other rendering parameters
beyond or instead of those parameters described above with
reference to FIGS. 4-6. For example, according to certain
aspects, different zones may utilize different pixel formats
from each other. According to additional aspects, different
multiple render target (MRT) parameters may be used in the
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different zones. By way of example, and not by way of
limitation, one zone may support fewer multiple render
targets per render target location, as compared to another
zone in order to preserve rendering resources for the other
zones.

[0066] It is noted that, in certain instances, an object in a
scene may overlap or “cover” a plurality of zones in a single
frame when its geometry is rendered as an output image for
a screen. As a consequence, in certain implementations it
may be necessary to re-render the same object at one or more
stages in the pipeline using the different rendering param-
eters of the different zones that it overlaps. FIGS. 7A-7C
illustrate screen space viewing windows 722 that each
include a plurality of different zones with different rendering
parameters. In each of the examples, at least one of the
objects 718 in the images overlaps a plurality of zones (71,
72, etc.), and the number over each object in the illustration
of FIGS. 7A-7C corresponds to the number of distinct zones
that the object covers in the illustrated examples.

[0067] In the illustrated implementation of FIG. 7A, zone
71 may correspond to a fixation point for a user’s gaze,
while the zone 7Z2 may correspond to a peripheral zone
outside the fixation point that may be rendered with one or
more different rendering parameters to preserve the render-
ing resources for the fixation point Z1 where the viewer’s
visual acuity it the greatest. In certain implementations, the
fixation point for zone Z1 may be determined dynamically
in real-time from an eye gaze tracking system, meaning that
it is possible for the location of the zones 71 and Z2 on the
screen to change dynamically over time, e.g., change over
different frames, as a viewer changes his gaze direction, and
the graphics may be rendered in real-time in response to the
detected changes. In the example depicted in FIG. 7A, zone
71 may be a high resolution area that may have a unique
MRIT, frustum, screen space transform, and pixel format,
while the homogeneous coordinates of the screen may be the
same for the different zones. Note that the object overlap-
ping zone Z1 may need to be replayed twice before pixel
processing, corresponding to the number of different zones
that the object overlaps.

[0068] FIG. 7B depicts another illustrative implementa-
tion of the present disclosure. In the example depicted in
FIG. 7B, the zones may have unique MRT, screen space
transforms, and pixel formats. In this example, the zones
may have the same homogeneous coordinates and may share
frustums. It should be noted that, if the zones are laid out in
a similar manner to the example depicted in FIG. 7B, it is
possible for the left and right edge zones, e.g., Z4 and 76,
and possibly the top and bottom edge zones, e.g., Z2 and Z8,
to have the same rendering parameters as each other, which
may be different from the other zones. Likewise, it is
possible for the corner zones, e.g., Z1, Z3, 77, and 79 to
have the same rendering parameters as each other, which
may be different from the other zones. Stated another way,
each zone may be considered to be a distinct section of the
screen image having a unique set of rendering parameters,
and in certain implementations, the screen image may be
divided so that corner regions of the viewport corresponding
to the locations of Z1, 73, 77, and 79 belong to the same
zone, and similarly, edge regions corresponding to Z4 and
76 or 72 and 78 belong to the same zone. This may be true
if, for example, the only different rendering parameter of the
different zones is pixel format or sample density. If, how-
ever, different view directions are used, they are different
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zones. In certain implementations, the parameters of the
zones may be chosen in accordance with the principles
described above, e.g., with respect to FIGS. 1-2, based on a
determined relative importance of the pixels.

[0069] FIG. 7C depicts another illustrative implementa-
tion of the present disclosure. In this example, the different
zones may have the vertex positions defined to unique
homogeneous coordinate spaces for the different zones, and
may also use different frustums and screen space transforms,
while they may share MRT and pixel formats. It is noted that
the illustrated implementations of FIGS. 7A-7C are by way
of'example, and it is possible to modify or combine the zone
layouts and the rendering parameter differences of the zones
in a number of different ways in accordance with aspects of
the present disclosure.

[0070] In certain implementations, an efficient graphics
rendering process may need to render the entire object
uniquely at one or more stages of the rendering pipeline,
meaning that the number over the objects 718 in the illus-
trated examples of FIGS. 7A-7C corresponds to the number
of times that the object needs to be rendered. More specifi-
cally, in certain implementations, such as those where the
parameters of the screen space transformations are different
and/or the homogeneous coordinate spaces are different for
the different zones in a manner similar to that described
above, the object may need to be processed uniquely for
each zone that it overlaps before it can be scan converted at
the screen space pixels and fragments are generated for
further per pixel processing. Accordingly, aspects of the
present disclosure include systems and methods for efficient
re-rendering of an object before a pixel processing stage in
the graphics pipeline is reached.

[0071] Generally, before a draw call is issued for any
given object, certain input data needs to be set up, e.g., via
a command buffer, which typically may include registers set
up for rendering parameters, such as the frustum’s param-
eters, MRT, and the like. For objects which are covered by
more than one zone, this means that the object needs data to
be set up with the parameters from each of the zones that it
overlaps. As rendering is performed for a portion of the
object falling within one zone or the other, a new context
may need to be used for the different respective rendering
parameters. Since vertex shading computations are generally
performed over each vertex on what is essentially an object-
by-object basis, meaning the particular zone and corre-
sponding rendering parameter may change from vertex to
vertex for an object based on the different zones, this may
become inefficient for objects with vertices in multiple
zones, e.g., vertices falling in different zones of the screen
area.

[0072] Accordingly, FIG. 8 depicts an illustrative imple-
mentation of rendering to different zones in screen space
efficiently via the command buffer. As shown in FIG. 8, prior
to a draw call for an object, each different set of rendering
parameters may be set up in memory and associated with its
respective zone via a zone index, as indicated at 830. This
may optionally include setting up the set of rendering
parameters in registers for each distinct zone, and indexing
each of these registers with a zone index. The rendering
parameter context set up at 830 may include all frustum,
MRT, and other rendering parameters.

[0073] As indicated at 832, prior to a draw call for each
object, each zone that the object overlaps may be determined
and set up for the object, e.g., by the application. This may
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include, for each object, setting up the zone indices for the
object for each zone that the object covers in the screen area.
The zone index may be associated with the appropriate
rendering parameter context for the zone of the screen area
that was set up at 830.

[0074] This avoids large overhead associated with context
switching for vertex shading operations at different vertices
of the object that may correspond to different ones of the
zones, since frequent changes between the different contexts
of the different zone rendering parameters would make the
rendering inefficient. Instead, only the zone index context
may be switched, as different vertices of the same object in
different zones of the screen are shaded during vertex
processing. This may significantly improve efficiency when
rendering different portions of a screen with different ren-
dering parameters, since the zone index may be essentially
only a single number and correspond to a much smaller set
of data then the entire context of the rendering parameters.
[0075] As shown in FIG. 8, a draw call may be issued for
each of the objects 834, e.g., each object in a frame. Setting
up the zone indices/contexts and issuing the draw call may
be implemented via a graphics API, and the method 800 may
include vertex shading computations 836 for the vertices of
the objects, in accordance with the draw call 834. In this
illustrated implementation, each vertex of the object may be
shaded with the parameters of each zone indicated in its zone
indices set up at 832. Stated another way, the object may be
re-rendered at this stage for each zone that the object
overlaps, e.g., in accordance with the numbers depicted in
the examples of FIG. 7. Thus, for an object covering two
zones of the screen with two different respective sets of
rendering parameters, a number of vertex shader invocations
may be doubled as the vertex shader processes each vertex
of the object with the unique set of rendering parameters for
each zone. In the implementation depicted in FIG. 8, since
an object may be re-rendered for different zones of screen
space in the vertex shader, according to the associated zone
indices, it is possible to utilize different homogeneous coor-
dinate spaces for different zones of the screen. The vertex
shader may then output the positions of the vertices of the
object with unique homogeneous coordinates for each zone.
[0076] After all vertices have been shaded for a given
object, e.g., via manipulation of various parameter values
such as texture coordinates, lighting values, colors, and the
like, the objects’ vertices and parameters may pass to
primitive assembly 838, where vertices of the objects defin-
ing the primitives, e.g., triangles, may be mapped to a screen
space viewing window (sometimes known as a “viewport™)
through various operations that compute projections and
coordinate space transformations, as well as clip primitives
to a view frustum in accordance with the rendering param-
eters of the different zones. The output of the primitive
assembly unit may be passed to a rasterizer for scan con-
version into discrete pixels in the screen space, as indicated
at 840. In the illustrated implementation, it is possible for
different zones in screen space to have different parameters
for the primitive assembly operations 838, such as different
clip planes, viewing frustums, screen space transformation
parameters, and the like, depending on the rendering param-
eters of the different zones set up at 830.

[0077] After each primitive has been rasterized, associated
fragments and pixel values may be further processed in later
pixel processing stages of a rendering pipeline before the
final frame is generated for display.
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[0078] Turning now to FIG. 9A, another method 900 is
depicted in accordance with additional aspects of the present
disclosure. Generally speaking, in the illustrative method
900 depicted in FIG. 9A, for an object that overlaps a
plurality of zones, primitives of the object are received. For
each received primitive, a new primitive may be assembled
for each zone in screen space that the object overlaps,
according to the rendering parameters of each zone. Stated
another way, for an object overlapping a plurality of zones,
each of its primitives may be re-assembled for each of the
different zones, which may include different parameters
during primitive assembly, such as different viewing frus-
tums, different clip planes, different screen space transfor-
mations, and the like.

[0079] As indicated at 933, a batch of primitives may
belong to an object. As shown at 935, a vertex shader may
be invoked and vertex shading computations may be per-
formed for each vertex in the batch. In this example, the
vertex shader does not need to be invoked uniquely for each
zone that the object overlaps, and, as such, the vertex shader
overhead is not increased relative to conventional methods.
Rather, in this implementation, it is possible to first apply the
different rendering parameters later, during primitive assem-
bly.

[0080] As indicated at 938, a primitive assembler may
assemble primitives to screen space for rasterization from
the batches of primitives received. In this example, the
primitive assembly may run iteratively over each zone of the
screen that the object covers, as shown at 939. Accordingly,
it may re-assemble each primitive in a batch of primitives of
an object according to the number of zones, with unique
primitive assembly rendering parameters for each zone the
object of the primitive overlaps. As indicated at 940, each of
the resulting primitives may then be scan converted to its
target zone’s screen space for further pixel processing.
[0081] There are a number of ways to supply the zone
indices per object for the case in which iteration over zones
is provided by the primitive assembly unit. By way of
example, and not by way of limitation, the zone indices may
be supplied as an array in graphics memory. The array, e.g.,
may be embedded in the command buffer or accessed via a
pointer in the command buffer. The zone indices per object
might be supplied to the GPU through such a buffer by a
CPU or by a compute shader running on the GPU.

[0082] FIG. 9B is a schematic diagram depicting addi-
tional aspects of a method in accordance with the method of
FIG. 9A. The example process depicted in FIG. 9B may
utilize a FIFO buffer (first input, first output) 941 to hold
iterations of primitives as a primitive assembly (PA) unit 938
re-assembles primitives iteratively over each zone that its
corresponding object overlaps

[0083] The example depicted in FIG. 9B includes a vertex
shader invocation module 943 which may be configured to
invoke a vertex shader to process the parameters of vertices
of objects in a scene. Concurrently, connectivity data asso-
ciated with those vertices may be sent to the primitive buffer
941, which contains information as to how primitives are
comprised from groups of vertices, and also contains infor-
mation regarding the zones to which each primitive should
be rendered.

[0084] A vertex shader may perform vertex shader com-
putations to manipulate various parameters of the vertices,
and the positions of the vertices may be defined in homo-
geneous coordinates by the vertex shader and output from
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the vertex shader to a position cache 944. The primitive
assembler 938 may receive the batches of primitives from
the primitive buffer and run iteratively for each indicated
zone, i.e., each zone that the object containing the primitive
overlaps. The resulting pixels may then be sent to a scan
converter (not shown) for further pixel processing.

[0085] A benefit to the implementation of FIGS. 9A-9B, as
compared to the implementation depicted in FIG. 8, is that
the vertex shader overhead may not be increased for objects
overlapping different zones, since the different vertex posi-
tions in different homogeneous coordinate spaces may not
be needed for the different primitive assembly operations for
each zone. However, it may be difficult to utilize zones with
different view directions using only the technique depicted
in FIGS. 9A-9B, since the vertex shader typically is con-
figured to compute the homogeneous coordinates of the
vertices.

[0086] In certain implementations, however, it is possible
to use a combination of the techniques depicted in FIG. 8
and FIGS. 9A-9B.

[0087] FIG. 10A depicts an illustrative graphics rendering
pipeline 1000a configured to implement aspects of the
present disclosure. The illustrative rendering pipeline
depicted in FIG. 10A may incorporate the method 800 of
FIG. 8 in order to render objects to a screen having a
plurality of different zones with different rendering param-
eters.

[0088] The rendering pipeline 10004 may be configured to
render graphics as images that depict a scene which may
have a preferably three-dimensional geometry in virtual
space (sometimes referred to herein as “world space™), but
potentially a two-dimensional geometry. Throughout the
rendering pipeline, data may be read from and written to one
or more memory units, which are generally denoted in the
figure as graphics memory 1020. The graphics memory may
contain video memory and/or hardware state memory,
including various buffers and/or graphics resources utilized
in the rendering pipeline. One or more individual memory
units of the graphics memory 1020 may be embodied as one
or more video random access memory unit(s), one or more
caches, one or more processor registers, etc., depending on
the nature of data at the particular stage in rendering.
Accordingly, it is understood that graphics memory 1020
refers to any processor accessible memory utilized in the
graphics rendering pipeline. A processing unit, such as a
specialized GPU, may be configured to perform various
operations in the pipeline and read/write to the graphics
memory 1020 accordingly.

[0089] The early stages of the pipeline may include opera-
tions performed in world space before the scene is rasterized
and converted to screen space as a set of discrete picture
elements suitable for output on the pixel display device.
Throughout the pipeline, various resources contained in the
graphics memory 1020 may be utilized at the pipeline stages
and inputs and outputs to the stages may be temporarily
stored in buffers contained in the graphics memory before
the final values of the images are determined.

[0090] The initial stages of the pipeline may include an
application processing stage 1061, which may set up certain
input data 1022 for the various rendering stages in the
pipeline. The application processing stage 1061 may include
setting up rendering parameter contexts 1063 for each zone
of'a screen area, as indicated at 1062, along with a respective
zone index assigned to each unique zone context, e.g., a zone
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index associated with each unique draw context containing
the rendering parameter data. The application processing
stage 1061 may also set up each object for rendering, e.g.,
as a polygon mesh defined by a set of vertices in virtual
space, and set up the zone index 1064 for each unique zone
of screen space that the object covers. As indicated at 1065,
a draw call may then be issued for each object so that it may
be rendered according to the rendering parameters of one or
more zones that it covers. In certain implementations, the
process 1000a may be coordinated between a distinct CPU
and GPU.

[0091] The input data 1022 may be accessed and utilized
to implement various rendering operations to render the
object according to one or more rendering parameters,
depending on its zone indices 1064 and the corresponding
rendering context 1063 associated with those indices. The
rendering pipeline may operate on input data 1022, which
may include one or more virtual objects defined by a set of
vertices that are set up in world space and have geometry
that is defined with respect to coordinates in the scene. The
input data 1022 utilized in the rendering pipeline 1000a may
include a polygon mesh model of the scene geometry whose
vertices correspond to the primitives processed in the ren-
dering pipeline in accordance with aspects of the present
disclosure, and the initial vertex geometry may be set up in
the graphics memory during an application stage imple-
mented by a CPU. The early stages of the pipeline may
include what is broadly categorized as a vertex processing
stage 1024 in the figure and this may include various
computations to process the vertices of the objects in world
space geometry. This may include vertex shading computa-
tions 1026, which may manipulate various parameter values
of the vertices in the scene, such as position values (e.g.,
X-Y coordinate and Z-depth values), color values, lighting
values, texture coordinates, and the like. Preferably, the
vertex shading computations 1026 are performed by one or
more programmable vertex shaders. The vertex shading
computations may be performed uniquely for each zone that
an object overlaps, and the object zone index 1064 may be
utilized during vertex shading 1026 to determine which
rendering context and the associated parameters that the
object uses, and, accordingly, how the vertex values should
be manipulated for later rasterization.

[0092] The vertex processing stage may also optionally
include additional vertex processing computations, such as
tessellation and geometry shader computations 1028, which
may be used to subdivide primitives and generate new
vertices and new geometries in world space. Once the stage
referred to as vertex processing 1024 is complete, at this
stage in the pipeline the scene is defined by a set of vertices
which each have a set of vertex parameter values 1046,
which may be stored in the graphics memory. In certain
implementations, the vertex parameter values 1046 output
from the vertex shader may include positions defined with
different homogeneous coordinates for different zones,
according to the object’s zone index 1064.

[0093] The pipeline 1000a may then proceed to rasteriza-
tion processing stages 1030 associated with converting the
scene geometry into screen space and a set of discrete
picture elements, i.e., pixels used during the rendering
pipeline, although it is noted that the term pixel does not
necessarily mean that the pixel corresponds to a display
pixel value in the final display buffer image. The virtual
space geometry may be transformed to screen space geom-

Feb. 15, 2018

etry through operations that may essentially compute the
projection of the objects and vertices from world space to the
viewing window (or “viewport”) of the scene that is made up
of a plurality of discrete screen space pixels sampled by the
rasterizer. In accordance with aspects of the present disclo-
sure, the screen area may include a plurality of distinct zones
with different rendering parameters, which may include
different rasterization parameters for the different zones. The
rasterization processing stage 1030 depicted in the figure
may include primitive assembly operations 1032, which
may set up the primitives defined by each set of vertices in
the scene. Each vertex may be defined by a vertex index, and
each primitive may be defined with respect to these vertex
indices, which may be stored in index buffers in the graphics
memory 1020. The primitives should include at least tri-
angles that are defined by three vertices each, but may also
include point primitives, line primitives, and other polygo-
nal shapes. During the primitive assembly stage 1032,
certain primitives may optionally be culled. For example,
those primitives whose vertex indices and homogeneous
coordinate space positions indicate a certain winding order
may be considered to be back-facing and may be culled from
the scene. Primitive assembly 1032 may also include screen
space transformations for the primitive vertices, which may
optionally include different screen space transform param-
eters for different zones of the screen area.

[0094] After primitives are assembled, the rasterization
processing stages may include scan conversion operations
1034, which may sample the primitives at each discrete pixel
and generate fragments from the primitives for further
processing when the samples are covered by the primitive.
In some implementations of the present disclosure, scan
conversion 1034 may determine sample coverage for a
plurality of samples within each screen space pixel.

[0095] The fragments (or “pixels”) generated from the
primitives during scan conversion 1034 may have parameter
values that may be interpolated to the locations of the pixels
from the vertex parameter values 1046 of the vertices of the
primitive that created them. The rasterization stage 1030
may include parameter interpolation operations 1036 to
compute these interpolated fragment parameter values 1048,
which may be used as inputs for further processing at the
later stages of the pipeline, and parameter interpolation may
also include interpolation of depth values from the vertex
depth values of the primitives covering the depth samples,
which may or may not be used as input fragment values to
the pixel shader, depending on the configuration.

[0096] The method 1000a may include further pixel pro-
cessing operations, indicated generally at 1040 in the figure,
to further manipulate the interpolated parameter values
1048, as well as perform further operations determining how
the fragments and/or interpolated values contribute to the
final pixel values for display. Some of these pixel processing
tasks may include pixel shading computations 1042 that may
be used to further manipulate the interpolated parameter
values 1048 of the fragments. The pixel shading computa-
tions may be performed by a programmable pixel shader,
and pixel shader invocations 1038 may be initiated based on
the sampling of the primitives during the rasterization pro-
cessing stages 1030.

[0097] The pixel shading computations 1042 may output
values to one or more buffers in graphics memory 1020,
sometimes referred to as render targets 1049. In some
implementations, multiple render targets (MRTs) may be



US 2018/0047129 Al

used, in which case the pixel shader may be able to output
multiple independent values for each per-pixel or per-
sample output. In certain implementations of the present
disclosure, it is possible to use different MRT parameters for
different zones of the screen. The pixel processing 1040 may
include render output operations 1044, which may include
what are sometimes known as raster operations (ROP).
Render output operations 1044 may include depth tests,
stencil tests, and/or other operations in order to determine
whether fragment values processed by the pixel shader, and
possibly interpolated depth values not processed by the pixel
shader, should be written to a color buffer and/or depth
buffer, and some of the render output operations may be
performed after the pixel shading computations 1042 or
before the pixel shading computations 1042 as an optimi-
zation. The final color values and depth values per sample in
the render targets 1049 may be determined in accordance
with the render output operations 1044, which may be stored
as one or more back buffers to the display buffer (sometimes
known as a “frame buffer”) before the final display pixel
values which make up the finished frame are determined.
[0098] The finished frame may be from the results of a
plurality of different draw calls in accordance with the
pipeline operations described above. Moreover, implemen-
tations of the present disclosure may also composite differ-
ent screen space images computed with different rendering
parameters into an output display image having a plurality of
different zones. Optionally, additional post-processing may
be used to hide seams between zones of the output display
image, which may optionally occur, for example, after the
pixel processing from a plurality of different draw calls.
[0099] It is also noted that any stages of the pipeline may
be implemented in hardware modules, software modules
(e.g., one or more individual or unified shader programs), or
some combination thereof.

[0100] Turning now to FIG. 10B, another illustrative
example is depicted. In the implementation depicted in FIG.
10B, the rendering method 10005 may be configured to
implement aspects of the re-rendering method depicted in
FIG. 9. In this example, the method 10006 may include
many features in common with the example depicted in FIG.
10A. However, in this example, the primitive assembler at
1032 may be configured to iteratively map each primitive to
a viewport for each zone covered by its corresponding
object, in accordance with the example depicted in FIG. 9,
which may result in batches of assembled primitives 1066
uniquely assembled to each different screen space zone for
an object covering different zones.

[0101] Turning now to FIG. 11, an illustrative example of
a computing system 1100 that is configured to render
graphics in accordance with aspects of the present disclosure
is depicted. The system 1100 may be configured to render
graphics for an application 1165 in accordance with aspects
described above. According to aspects of the present dis-
closure, the system 1100 may be an embedded system,
mobile phone, personal computer, tablet computer, portable
game device, workstation, game console, and the like.
[0102] The system may generally include a processor and
a memory configured to implement aspects of the present
disclosure, e.g., by performing a method having features in
common with the methods of FIGS. 8 and/or 9. In the
illustrated example, the processor includes a central pro-
cessing unit (CPU) 1170, a graphics processing unit (GPU)
1171, and a memory 1172. The memory 1172 may optionally

Feb. 15, 2018

include a main memory unit that is accessible to both the
CPU and GPU, and portions of the main memory may
optionally include portions of the graphics memory 1150.
The CPU 1170 and GPU 1171 may each include one or more
processor cores, e.g., a single core, two cores, four cores,
eight cores, or more. The CPU 1170 and GPU 1171 may be
configured to access one or more memory units using a data
bus 1176, and, in some implementations, it may be useful for
the system 1100 to include two or more different buses.

[0103] The memory 1172 may include one or more
memory units in the form of integrated circuits that provides
addressable memory, e.g., RAM, DRAM, and the like. The
graphics memory 1150 may temporarily store graphics
resources, graphics buffers, and other graphics data for a
graphics rendering pipeline. The graphics buffers may
include command buffers 1159 configured to hold rendering
context data and zone indices in accordance with aspects of
the present disclosure. The graphics buffers may also
include, e.g., one or more vertex buffers for storing vertex
parameter values and one or more index buffers for storing
vertex indices. The graphics buffers may also include one or
more render targets, which may include both color buffers
and depth buffers holding pixel/sample values computed
according to aspects of the present disclosure. The values in
the buffers may correspond to pixels rendered using different
rendering parameters corresponding to different zones of a
screen in accordance with aspects of the present disclosure.
In certain implementations, the GPU 1171 may be config-
ured to scanout graphics frames from a display buffer 1193
for presentation on a display 1186, which may include an
output display image having a plurality of different zones in
accordance with aspects of the present disclosure.

[0104] The CPU may be configured to execute CPU code,
which may include an application 1165 utilizing rendered
graphics (such as a video game) and a corresponding graph-
ics API 1167 for issuing draw commands or draw calls to
programs implemented by the GPU 1171 based on the state
of the application 1165. The CPU code may also implement
physics simulations and other functions.

[0105] The GPU may be configured to operate as dis-
cussed above with respect to illustrative implementations of
the present disclosure. To support the rendering of graphics,
the GPU may execute shaders 1173, which may include
vertex shaders and pixel shaders. The GPU may also execute
other shader programs, such as, e.g., geometry shaders,
tessellation shaders, compute shaders, and the like. The GPU
may also include specialized hardware modules 1198, which
may include one or more texture mapping units and/or other
hardware modules configured to implement operations at
one or more stages of a graphics pipeline similar to the
pipeline depicted in FIGS. 10A-10B, which may be fixed
function operations. The shaders 1173 and hardware mod-
ules 1198 may interface with data in the memory 1150 and
the buffers at various stages in the pipeline before the final
pixel values are output to a display. The shaders 1173 and/or
other programs configured to be executed by the processor
of the system 1100 to implement aspects of the graphics
processing techniques described herein may be stored as
instructions in a non-transitory computer readable medium.
The GPU may include a primitive assembly module 1138,
which may be optionally embodied in a hardware module
1198 of the GPU, a shader 1173, or a combination thereof.
The primitive assembly module 1138 may be configured to
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iterate received primitives over a plurality of different zones
in screen space, in accordance with aspects of the present
disclosure.

[0106] The system 1100 may also include well-known
support functions 1177, which may communicate with other
components of the system, e.g., via the bus 1176. Such
support functions may include, but are not limited to,
input/output (I/O) elements 1179, power supplies (P/S)
1180, a clock (CLK) 1181, and a cache 1182. The apparatus
1100 may optionally include a mass storage device 1184
such as a disk drive, CD-ROM drive, flash memory, tape
drive, Blu-ray drive, or the like to store programs and/or
data. The device 1100 may also include a display unit 1186
to present rendered graphics 1187 to a user and user interface
unit 1188 to facilitate interaction between the apparatus 1100
and a user. The display unit 1186 may be in the form of a flat
panel display, cathode ray tube (CRT) screen, touch screen,
or other device that can display text, numerals, graphical
symbols, or images. The display 1186 may display rendered
graphics 1187 processed in accordance with various tech-
niques described herein. In certain implementations, the
display device 1186 may be a head-mounted display (HMD)
or other large FOV display, and the system 1100 may be
configured to optimize rendering efficiency for the large
FOV display. The user interface 1188 may be one or more
peripherals, such as a keyboard, mouse, joystick, light pen,
game controller, touch screen, and/or other device that may
be used in conjunction with a graphical user interface (GUI).
In certain implementations, the state of the application 1165
and the underlying content of the graphics may be deter-
mined at least in part by user input through the user interface
1188, e.g., in video gaming implementations where the
application 1165 includes a video game. The system 1100
may also include an eye gaze tracker 1199 which may be
configured to detect a viewer’s fixation point on a display,
e.g., to implement foveated rendering, and the system 1100
may be configured to adjust the location of one or more
zones on a viewport in response. The eye gaze tracking unit
1199 may include one or more light sources, such as infrared
LEDs or other infrared light sources, and one or more
cameras, such as infrared cameras, in order to detect a
fixation point on a screen based on a user’s eye gaze
direction detected from the cameras.

[0107] The system 1100 may also include a network
interface 1190 to enable the device to communicate with
other devices over a network. The network may be, e.g., a
local area network (LLAN), a wide area network such as the
internet, a personal area network, such as a Bluetooth
network or other type of network. Various ones of the
components shown and described may be implemented in
hardware, software, or firmware, or some combination of
two or more of these.

Additional Aspects

[0108] Additional aspects of the present disclosure include
a method of processing graphics depicting one or more
objects as mapped to a screen area, the screen area including
a plurality of zones, each said zone having a different set of
rendering parameters, the method comprising: setting up a
rendering parameter context for each said zone in memory;
assigning each said zone a zone index; setting up an object
in the memory, wherein the object covers at least two of the
zones of the screen area, wherein the at least two zones are
assigned to at least two of the zone indices, respectively, and
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wherein said setting up the object includes setting up the at
least two zone indices for the object; and issuing a draw call
for the object.

[0109] Another additional aspect is a computer-readable
medium having computer executable instructions embodied
therein that, when executed, implement the foregoing
method.

[0110] A further aspect is an electromagnetic or other
signal carrying computer-readable instructions for perform-
ing the foregoing method.

[0111] Yet another aspect is a computer program down-
loadable from a communication network and/or stored on a
computer-readable  and/or  microprocessor-executable
medium, characterized in that it comprises program code
instructions for implementing the foregoing method.
[0112] Additional aspects of the present disclosure include
a method of processing graphics depicting one or more
objects as mapped to a screen area, the screen area including
a plurality of zones, each said zone having a different set of
rendering parameters, the method comprising: receiving a
batch of primitives belonging to an object covering at least
two of the zones of the screen area; assembling each of the
primitives to screen space with a primitive assembler,
wherein said assembling each of the primitives includes
iterating each primitive with the primitive assembler at least
two times (once for each of the at least two zones), using the
different set of rendering parameters of the respective zone
with each iteration.

[0113] Another additional aspect is a computer-readable
medium having computer executable instructions embodied
therein that, when executed, implement the foregoing
method.

[0114] A further aspect is an electromagnetic or other
signal carrying computer-readable instructions for perform-
ing the foregoing method.

[0115] Yet another aspect is a computer program down-
loadable from a communication network and/or stored on a
computer-readable  and/or  microprocessor-executable
medium, characterized in that it comprises program code
instructions for implementing the foregoing method.
[0116] While the above is a complete description of the
preferred embodiment of the present invention, it is possible
to use various alternatives, modifications and equivalents.
Therefore, the scope of the present invention should be
determined not with reference to the above description but
should, instead, be determined with reference to the
appended claims, along with their full scope of equivalents.
Any feature described herein, whether preferred or not, may
be combined with any other feature described herein,
whether preferred or not. In the claims that follow, the
indefinite article “a”, or “an” refers to a quantity of one or
more of the item following the article, except where
expressly stated otherwise. The appended claims are not to
be interpreted as including means-plus-function limitations,
unless such a limitation is explicitly recited in a given claim
using the phrase “means for.”

What is claimed is:

1. A method of processing graphics depicting one or more
objects as mapped to a screen area, the screen area including
a plurality of zones, each said zone having a different set of
rendering parameters, the method comprising:

receiving a batch of primitives belonging to an object

covering at least two of the zones of the screen area;
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assembling each of the primitives to screen space with a
primitive assembler, wherein said assembling each of
the primitives includes iterating each primitive with the
primitive assembler at least two times (once for each of
the at least two zones) using the different set of ren-
dering parameters of the respective zone with each
iteration.

2. The method of claim 1, wherein each said different set
of rendering parameters includes a different view direction,
such that each said zone has a different view direction
defined by a different homogeneous coordinate space.

3. The method of claim 1, wherein each said different set
of rendering parameters includes a different set of screen
space transform parameters, such that each said zone has a
different set of screen space transform parameters.

4. The method of claim 1, wherein each said different set
of rendering parameters includes a different pixel format,
such that each said zone has a different pixel format.

5. The method of claim 1, wherein each said different set
of rendering parameters includes a different pixel density,
such that each said zone has a different pixel density.

6. The method of claim 1, wherein each said different set
of rendering parameters includes a different sample density,
such that each said zone has a different sample density.

7. The method of claim 1, wherein the plurality of zones
include a center zone and at least one edge zone, wherein the
rendering parameters of the edge zone are selected to
preserve graphics rendering resources for the center zone.

8. The method of claim 1, wherein the plurality of zones
include a fixation point zone determined from an eye gaze
tracker and at least one peripheral zone, wherein the ren-
dering parameters of the peripheral zone are selected to
preserve graphics rendering resources for the fixation point
zone.

9. The method of claim 1, wherein zone indices per-
primitive are embedded in vertex index data defining primi-
tive connectivity of an object mesh or are supplied as a
separate buffer.

10. The method of claim 1, wherein vertex index data and
zone indices for each particular primitive of the batch of
primitives supplied to a GPU are culled to only include zone
indices per primitive which the particular primitive might
cover.

11. The method of claim 1, wherein per primitive zone
indices or culled vertex index data for the batch of primitives
are supplied to a GPU by a CPU or by a compute shader
running on the GPU.

12. A system comprising:

a processor, and

a memory coupled to the processor,

wherein the processor is configured to perform a method
of processing graphics depicting one or more objects as
mapped to a screen area, the screen area including a
plurality of zones, each said zone having a different set
of rendering parameters, the method comprising:

receiving a batch of primitives belonging to an object
covering at least two of the zones of the screen area;

assembling each of the primitives to screen space with a
primitive assembler, wherein said assembling each of
the primitives includes iterating each primitive with the
primitive assembler at least two times (once for each of
the at least two zones), using the different set of
rendering parameters of the respective zone with each
iteration.

12
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13. The system of claim 12, further comprising a large
FOV display device.

14. The system of claim 12, wherein the plurality of zones
include a center zone and at least one edge zone, wherein the
rendering parameters of the edge zone are selected to
preserve graphics rendering resources for the center zone.

15. The system of claim 12, further comprising an eye
gaze tracker.

16. The system of claim 15, wherein the plurality of zones
include a fixation point zone determined from the eye gaze
tracker, and wherein the plurality of zones include at least
one peripheral zone, wherein the rendering parameters of the
peripheral zone are selected to preserve graphics rendering
resources for the fixation point zone.

17. The system of claim 12, wherein each said different
set of rendering parameters includes a different view direc-
tion, such that each said zone has a different view direction
defined by a different homogeneous coordinate space.

18. The system of claim 12, wherein each said different
set of rendering parameters includes a different set of screen
space transform parameters, such that each said zone has a
different set of screen space transform parameters.

19. The system of claim 12, wherein each said different
set of rendering parameters includes a different pixel format,
such that each said zone has a different pixel format.

20. The system of claim 12, wherein each said different
set of rendering parameters includes a different pixel density,
such that each said zone has a different pixel density.

21. The system of claim 12, wherein each said different
set of rendering parameters includes a different sample
density, such that each said zone has a different sample
density.

22. The system of claim 12, wherein the plurality of zones
include a center zone and at least one edge zone, wherein the
rendering parameters of the edge zone are selected to
preserve graphics rendering resources for the center zone.

23. The system of claim 12, wherein the plurality of zones
include a fixation point zone determined from an eye gaze
tracker and at least one peripheral zone, wherein the ren-
dering parameters of the peripheral zone are selected to
preserve graphics rendering resources for the fixation point
zone.

24. A non-transitory computer readable medium having
processor-executable instructions embodied therein,
wherein execution of the instructions by a processor causes
the processor to implement a method of processing graphics
depicting one or more objects as mapped to a screen area, the
screen area including a plurality of zones, each said zone
having a different set of rendering parameters, the method
comprising:

receiving a batch of primitives belonging to an object

covering at least two of the zones of the screen area;

assembling each of the primitives to screen space with a

primitive assembler, wherein said assembling each of
the primitives includes iterating each primitive at least
two times (once for each of the at least two zones),
using the different set of rendering parameters of the
respective zone with each iteration.

25. The non-transitory computer readable medium of
claim 24, wherein each said different set of rendering
parameters includes a different view direction, such that
each said zone has a different view direction defined by a
different homogeneous coordinate space.
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26. The non-transitory computer readable medium of
claim 24, wherein each said different set of rendering
parameters includes a different set of screen space transform
parameters, such that each said zone has a different set of
screen space transform parameters.

27. The non-transitory computer readable medium of
claim 24, wherein each said different set of rendering
parameters includes a different pixel format, such that each
said zone has a different pixel format.

28. The non-transitory computer readable medium of
claim 24, wherein each said different set of rendering
parameters includes a different pixel density, such that each
said zone has a different pixel density.

29. The non-transitory computer readable medium of
claim 24, wherein each said different set of rendering
parameters includes a different sample density, such that
each said zone has a different sample density.

30. The non-transitory computer readable medium of
claim 24, wherein the plurality of zones include a center
zone and at least one edge zone, wherein the rendering
parameters of the edge zone are selected to preserve graph-
ics rendering resources for the center zone.

31. The non-transitory computer readable medium of
claim 24, wherein the plurality of zones include a fixation
point zone determined from an eye gaze tracker and at least
one peripheral zone, wherein the rendering parameters of the
peripheral zone are selected to preserve graphics rendering
resources for the fixation point zone.
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