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(57) Abstract: Examples are disclosed that relate to depth-aware late-stage reprojection. One example provides a computing system
configured to receive and store image data, receive a depth map for the image data, processing the depth map to obtain a blurred depth
map, and based upon motion data, determine a translation to be made to the image data. Further, for each pixel, the computing system
is configured to translate an original ray extending from an original virtual camera location to an original frame bufter location to a
reprojected ray extending from a translated camera location to a reprojected frame buffer location, determine a location at which the
reprojected ray intersects the blurred depth map, and sample a color of a pixel for display based upon a color corresponding to the
location at which the reprojected ray intersects the blurred depth map.
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DEPTH-AWARE REPROJECTION

BACKGROUND

[0001] Head-mounted display devices and other portable display devices may be
used to display immersive virtual reality and augmented reality presentations.

SUMMARY

[0002] Examples are disclosed that relate to translating, on a display device,
rendered image data stored in a frame buffer prior to display based upon motion data. One
example provides a computing system comprising a display, a sensor subsystem, a logic
subsystem, and a reprojection subsystem configured to receive image data to be displayed
via the display, receive a depth map for the image data, store the image data in a frame
buffer, process the depth map to obtain a blurred depth map, and based upon motion data
received from the sensor subsystem, determine a translation to be made to the image data
prior to display. The reprojection subsystem is further configured to, for each pixel of a
plurality of pixels in the frame buffer, translate an original ray extending from an original
virtual camera location to a corresponding original frame buffer location to a reprojected
ray extending from a translated camera location to a reprojected frame buffer location,
determine a location at which the reprojected ray intersects the blurred depth map, and
sample a color of a pixel for display based upon a color in the frame buffer corresponding
to the location at which the reprojected ray intersects the blurred depth map.

[0003] This Summary is provided to introduce a selection of concepts in a simplified
form that are further described below in the Detailed Description. This Summary is not
intended to identify key features or essential features of the claimed subject matter, nor is it
intended to be used to limit the scope of the claimed subject matter. Furthermore, the
claimed subject matter is not limited to implementations that solve any or all disadvantages
noted in any part of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 shows a use scenario for an example head-mounted display device.
[0005] FIG. 2 shows an example two-dimensional viewing frustum for a head-
mounted display device.

[0006] FIG. 3 shows example effects of applying rotational and translational
corrections to rendered image data.

[0007] FIG. 4 shows example rays cast for a pixel from a rendering camera position

and a reprojected camera position after translation.
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[0008] FIG. 5 shows a schematic illustration of example successive approximation
steps for determining a color at a reprojected frame buffer pixel.

[0009] FIGS. 6A and 6B shows an example method of translating rendered image
data prior to display based upon motion data.

[0010] FIG. 7 shows a block diagram of example depth-aware reprojection

processing system.

[0011] FIG. 8 shows a block diagram of an example head-mounted display system.
DETAILED DESCRIPTION
[0012] A virtual or augmented reality display device may render virtual images for

display based on a perspective of the display device such that a virtual object appears at an
intended location relative to other visible objects. For example, on a see-through head-
mounted display device (HMD), a virtual object may be displayed as world-locked, such
that it appears to a user of the HMD as being located at a fixed position relative to a real-
world background as the user moves within the environment. FIG. 1 shows an example use
scenario 100 in which a user 101 wearing an example HMD 102 is playing an augmented
reality game in a room and viewing displayed virtual objects 106 and 108. HMD 102 may
map the real-world environment, e.g. using image data (depth and/or two-dimensional
image data) of the real-world via an on-board image sensing system, and may render virtual
objects 106 and 108 at respective locations within a field of view 110 of HMD 102 based
on the resulting map. Then, as the user moves within the room, image data and/or other
motion data (e.g. inertial measurement unit (IMU) data) may be used to update the position
of the device with respect to the virtual objects 106 and 108, and thereby update the
displayed position of virtual objects 106 and 108 as appropriate.

[0013] However, in some instances, issues related to latency between image
rendering and display may affect the presentation of virtual imagery. For example, user 101
of HMD 102 may move his/her head between the time of rendering and display. In this
instance, virtual objects 106 and 108 may appear to jump or otherwise move with respect to
their intended locations in the real-world background due to the user’s movements during
this time.

[0014] One possible method of addressing such latency issues is to reproject
rendered image data prior to display based on rotations and translations of a user’s head.
However, such methods may result in visible artifacts when used to perform translational
corrections. For example, such techniques may treat content as if it were solely planar

content and then apply transformations to the content from a different perspective. Thus, in
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frames where the content is not planar, e.g. in three-dimensional (3D) scenes where virtual
objects are to appear at varying depths, virtual objects may appear to stretch or drift, as
described in more detail below with regard to FIGS. 3 and 4. Further, doing late-stage
reprojection and optical correction on a mobile GPU/CPU system may consume significant
amounts of power that would no longer be available for application rendering. This may
complicate the use of such techniques on mobile devices.

[0015] Accordingly, examples are disclosed that relate to the use of virtual object
depth data in late-stage reprojection. The term “late-stage reprojection” refers to applying
corrections after a scene has been rendered but before the scene is translated into photons.
As described in more detail below, depth-aware late-stage reprojection applies translational
corrections to rendered image data prior to display using an iterative processes involving a
blurred depth map for the image data. Briefly, a corrected color of each pixel in a frame
buffer of stored rendered image data may be determined by a virtual ray cast from the
reprojected position of a rendering camera of the display device to a location where the ray
intersects the blurred depth map. A pixel at that location in the blurred depth map then may
be used to correct the color at the pixel at which the virtual ray intersects the frame buffer.
Depth-aware late-stage reprojection allows the stabilization of reprojected virtual images at
varying depths without the use of a full-resolution depth map, and may be operated using
relatively low power consumption and memory bandwidth, making the process suitable for
portable devices. Further, as described in more detail below, the disclosed reprojection
methods may be configured to converge in a deterministic time per pixel. This may be
advantageous in portable devices and/or special-purpose hardware, as no matter the
complexity of the original rendered image, the time and power required to reproject the
image have fixed upper bounds.

[0016] Prior to discussing depth-aware late-stage reprojection, a brief description of
a 3D image rendering process is provided. To render virtual objects for display, a GPU of
the display device maps a known 3D scene of virtual objects in a 3D world coordinate
system to a two-dimensional (2D) plane in a 2D camera coordinate system. This process is
known as projection transformation. The 2D plane represents the 2D view space (also
referred to herein as the viewing frustum) from the perspective of the camera in the 2D
camera coordinate system, which corresponds to the perspective from the display device.
Portions of virtual objects in the scene that fall outside of the view space of the camera are
then clipped, e.g. discarded as to not be rendered, and the 2D camera coordinate system is

again transformed into a 2D “clip space” in which rays cast from the camera are transformed
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to be parallel and spaced apart based upon pixels at the far end of the viewing frustum. The
GPU then converts the clip space into a pixel format, determines color values for the pixels
based on the colors of the virtual objects in the clip space and their z-ordering, and stores
the pixel color values in a frame buffer. A display then reads the color values from the frame
buffer for display.

[0017] Image rendering and depth-aware late-stage reprojection examples are
described herein in the context of 2D geometry for clarity. In 2D geometry, points in a 2D
scene are mapped to one dimension. FIG. 2 schematically illustrates partial rendering of an
example 2D scene 200 on a display device, where a portion of a frame buffer 204 is shown
as a one-dimensional line, and a portion of a viewing frustum 206 (the field-of-view of
camera 202) is represented by a fan of virtual rays. In 3D geometry, the frame buffer would
be represented by a 2D plane, while the viewing frustum would be represented by an array
of virtual rays. In FIG. 2, only a portion of the viewing frustum is shown for simplicity. 2D
object 208 and 2D object 210 are shown as circles, representing examples of 2D objects
within the 2D scene 200. The display device may render 2D objects 208 and 210 by coloring
the pixels in frame buffer 204 which correspond to 2D objects 208 and 210. These pixels
correspond to those that are touched by virtual rays cast from camera 202 and intersect each
of 2D objects 208 and 210. For example, if 2D object 208 is a green object, then the GPU
renders the pixels in frame buffer portion 212 as green, as virtual rays cast from camera 202
which intersect object 208 touch pixels within frame buffer portion 212. Likewise, if 2D
object 210 is a red object, then the display device may render pixels in frame buffer portion
214 as red.

[0018] As mentioned above, a brief amount of time may exist between rendering of
a virtual object and display of the virtual object, within which movements of the display
device may affect the resulting displayed content. FIG. 3 shows example effects of rotational
and translational changes in camera position during rendering of image data, e.g. via a GPU.
At 300, an original view space is shown as a 2D representation of the field-of-view of a
rendering camera within a 2D camera coordinate system, where the camera resides at the
origin O. The original view space 300 contains three objects PO, P1, and P2 along a ray P
cast from the camera at the origin O. Near and far clip planes, which are specified ahead of
time such that only portions of virtual objects between the near and far clip planes are
displayed, are shown at Zn and Zr respectively. The viewing frustum of the camera here is
the region contained by the dotted lines of Zn and Zr and the two rays R1 and R2 extending

from the camera which define the field-of-view of the camera.
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[0019] Rotation of the camera is shown at 302. In the final view space after rotation,
shown at 304, original ray P has been transformed to ray P’, but ray P’ still intersects all
three points PO, P1, and P2. As such, when transformed into clip space, shown at 306, all
three points maintain the same x-coordinate. The GPU may then construct a screen space
representation of the scene by mapping the clip space coordinates to pixels, and determining
a color for each pixel in the screen space. Assuming that each object along the original ray
P is intended to be opaque, the GPU will determine the point closest to the camera as the
color for that pixel. Thus, in screen space after rotation, shown at 308, P2 is determined to
be the color of the pixel at the corresponding screen space location, while PO and P1 are
occluded.

[0020] In contrast, translation of the camera is shown at 310. In the final view space
312, the three points PO, P1, and P2 no longer fall on a single ray but are instead defined by
new rays P0O’, P1’, and P2’ relative to the translated camera position. Thus, each point maps
to a different position in clip space 314, and therefore to different pixels in screen space 316.
After translational reprojection, some pixels may become occluded by the translated
imagery, and some previously occluded pixels may become unoccluded. It is noted that no
information regarding the color of the newly unoccluded pixels is stored in the frame buffer.
However, the example depth-aware reprojection methods described below may allow colors
of these pixels to be inferred more easily than when depth information is not considered.
[0021] Each pixel in the frame buffer may be identified by the angle of a ray cast
from the camera extending to that pixel in the frame buffer. FIG. 4 shows an example
schematic illustrating a ray cast before and after virtually translating a position of rendering
camera 202 to reprojected camera 402 using non-depth-aware reprojection techniques. As
in FIG. 2, where 2D object 208 is a green object in the 2D scene, the pixel at 405 in frame
buffer 204 is rendered as a green pixel because ray 404 cast from rendering camera 202 to
frame buffer 204 at an angle a passes through 2D object 208. This is known to the display
device because both the 2D geometry of the scene as well as the camera position are
available to the display device.

[0022] However, determining the correct pixel color to display after reprojection
due to translation may be challenging. For example, when determining the color of a pixel
based upon reprojection, the device may only have the frame buffer and a depth map for the
image data available to help make the determination. In planar homography, the GPU
merely translates frame buffer pixel 405 by an amount corresponding to the camera

translation amount and the distance between the camera and the plane of the image, shown
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in FIG. 4 as pixel at 405'. As such, the GPU samples frame buffer 204 at pixel 405’ and
determines the reprojected color to be black, even though ray 406 cast from reprojected
camera 302 extending to frame buffer 204 at angle o actually passes through 2D object 210,
which is red and thus indicates that the pixel at 405’ should be red. As such, planar
homography may result in incorrect display of reprojected pixels due to the limited
information available.

[0023] Thus, the examples disclosed herein may help to correct the issues of planar
homography by utilizing a blurred depth map to achieve depth-aware late-stage reprojection.
The use of a blurred depth map to inform late-stage reprojection may help to reduce a
computational burden of the reprojection process, and also may help to ensure that an
iterative process to locate the intersection of the reprojected ray and blurred depth map
converges to a suitable degree within a relatively small and consistent number of
computation cycles. This may allow such an iterative process to be implemented
deterministically.

[0024] A blurred depth map may be obtained by reducing the resolution of an
original depth map for the image data by a predetermined factor, and blurring the depth map
via a convolution process. As one example of reducing resolution, a device may first reduce
the resolution of the original depth map by a factor of two on each axis to obtain a quarter-
resolution depth map, and then further reduced by a factor of four on each axis, resulting in
1/64' of the original resolution. In other examples, any other suitable resolution reduction
process may be used. Further, in some examples, the depth map received may have
previously undergone at least some reduction of resolution.

[0025] FIG. 5 shows a schematic representation of a blurred depth map 500 of 2D
scene 200, and illustrates an example method of determining a color to sample for display
using blurred depth map 500. Each pixel in frame buffer 204 maps to a corresponding entry
in blurred depth map 500. Blurred depth map 500 is depicted as a curved line, where each
point on the curved line corresponds to a distance between rendering camera 202 and the
nearest 2D object on the ray cast to a corresponding pixel. For example, the square 502
represents the depth value on blurred depth map 500 that corresponds to pixel 405. In
addition to blurring, further bounds may be applied on the size of the translation and the
distance to the nearest object.

[0026] Prior to translational correction, a rotational correction may be applied. This
may be visualized by tilting both the curved line (depth map 500) and the straight line (frame

buffer 204) relative to rendering camera 202 based on detected rotational changes in the
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camera position due to head and/or device movement. Because a rotational correction
transforms both the depth map and the frame bufter pixel locations equally, the mapping of
each pixel to its corresponding depth value is preserved.

[0027] In contrast, as described above, translational correction relies on each pixel’s
depth entry to determine a translated location from which the device should sample values
for the outbound frame buffer. Because each blurred depth map entry may correspond to 64
or more pixels, the device interpolates the sampling address based on the pixel address for
each pixel. When rendering the original frame buffer, the device relies on the geometry of
the 2D scene to determine which 2D object is closest to the rendering camera and thereby
contributes the most to the depth value for each pixel. Depth-aware late-stage reprojection
performs a similar process, but the depth map is used to infer the color that would have been
rendered based on the 2D scene geometry. The GPU or other device performing the
reprojection thus determines, for each pixel, where a reprojected ray cast from the rendering
camera extending to a reprojected pixel intercepts the depth map.

[0028] The location at which reprojected ray 506 intersects blurred depth map 500
may be determined using successive approximation. In FIG. 5, the squares represent depth
value estimates while the circles represent locations on the reprojected ray corresponding to
depth value estimates. First, an initial depth value 502 is determined which corresponds to
the original frame buffer location, illustrated as source pixel 405 along original ray 504.
Then, an initial location 508 on reprojected ray 506 is determined that corresponds to initial
depth value 502. Next, an updated depth value 510 on blurred depth map 500 is determined
which corresponds to initial location 508 on reprojected ray 506. Next, an updated location
512 on reprojected ray 506 is determined that corresponds to updated depth value 510. The
steps of determining the updated depth value on blurred depth map 500 and determining the
updated location on reprojected ray may be iteratively repeated any suitable number of
times. In some examples, these steps are repeated a fixed number of times, such that the
iterative process is deterministic.

[0029] After a suitable or fixed number of iterative cycles, a location 514 at which
reprojected ray 506 intersects blurred depth map 500 is determined. The device then samples
frame buffer 500 location that corresponds to location 514, at 516 for display. Convergence
to location 514 may occur fairly quickly, at least partially as a result of the blurring of the
depth map. Where a fixed number of cycles is used, the number of cycles selected may
depend upon how quickly the successive approximation is determined to converge to a

suitable accuracy. The use of a deterministic fixed number of iterations may be a
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programmed parameter, and may provide various advantages. For example, the use of a
fixed number of cycles helps to control an amount of processing power used for each
reprojected frame of image data, and to maintain a consistent data flow through the graphics
processing pipeline. In other implementations, the process may utilize a convergence
threshold rather than a fixed number of iterations per pixel.

[0030] FIG. 6A and 6B show an example method 600 of performing depth-aware
late-stage reprojection. Method 600 may be enacted on a computing system having a
display, such as a head-mounted display device, or on any other suitable type of display
device. While described in the context of a single frame buffer, in some examples more than
one frame buffer may be sampled (e.g., one frame buffer for each eye) to produce a more
accurate color sample for display, as such a multiple frame buffer method may generate
fewer disocclusions along the axis of the multiple samples.

[0031] Method 600 includes, at 602, receiving a depth map for the image data, and
at 604, receiving image data to be displayed via a display. Such image data may include
virtual objects and/or images to be displayed for a virtual or augmented reality experience.
The depth map and image data each may be retrieved from local or remote storage. In
various embodiments, the depth map may be received before the image data, or after the
image data. Receiving the depth data first may allow translational corrections to be
“streamed” out (e.g. output as the corrections are determined, rather than waiting for all
corrections of the image to be completed prior to output) as the image data is received, which
may help to reduce latency.

[0032] Method 600 further includes, at 606 storing the image data in a frame buffer.
In parallel, method 600 includes, at 608, processing the depth map. For example, the
resolution of the depth map may be reduced, as shown at 610, and the depth map may be
blurred, as shown at 612. In some examples, background values and weights below
threshold values may be omitted during the depth map blur convolution, as indicated at 613,
which may increase accuracy in augmented reality scenarios along silhouettes of objects. In
other examples, such background values and weights may be utilized instead of omitted.
[0033] Next, method 600 includes, at 614, receiving motion data from a sensor
subsystem. The motion data may comprise any suitable sensor data indicative of motion,
including but not limited to data received from or derived from one or more depth sensors,
two-dimensional image sensors, inertial measurement units, and/or eye position sensors.
Such motion data may be utilized to determine any adjustment(s) to be made to the rendered

image data via late-stage reprojection, as shown at 616, which may include determining a
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rotation at 617 and/or determining a translation at 618. If applicable, method 600 may
include, at 619, making a rotational adjustment to the rendered image data based upon the
rotation determined at 617.

[0034] Continuing with FIG. 6B, method 600 includes, at 620, for each pixel of a
plurality of pixels in the frame buffer, based upon the translation determined, translating an
original ray extending from an original virtual camera location to a corresponding original
frame buffer location to a reprojected ray extending from a translated camera location to a
reprojected frame buffer location. In some examples, this may be performed for all pixels
in the frame buffer, while in other examples, this may be performed on a basis other than
per-pixel. For example, the translation may be performed at the resolution of the blurred
depth map, and then interpolated to full resolution. FIG. 4, described above, shows an
original ray 404 translated to reprojected ray 406.

[0035] Method 600 further includes, at 624, determining a location at which the
reprojected ray intersects the blurred depth map. As described herein, this location may be
determined via successive approximation. As an example, method 600 may include, at 626,
determining an initial depth value on the blurred depth map corresponding to the original
frame buffer location, and at 628, determining an initial location on the reprojected ray
corresponding to the initial depth value. Then, method 600 includes, at 630, determining an
updated depth value on the blurred depth map corresponding to the initial location on the
reprojected ray, and at 632, determining an updated location on the reprojected ray
corresponding to the updated depth value. As indicated at 634, method 600 may comprise
iteratively repeating steps 630 and 632 until a specified condition is met. For example, steps
630 and 632 may be iteratively repeated for a fixed number of times for each pixel in a
deterministic manner. In other examples, successive approximation may be carried out in a
non-deterministic manner, for example by repeating iterations until a convergence threshold
is reached.

[0036] For each pixel in the frame buffer, method 600 further includes, at 638,
sampling a color of a pixel for the reprojected frame buffer location based upon a color in
the frame buffer corresponding to the location at which the reprojected ray intersects the
blurred depth map. Method 600 then includes, at 640, displaying the reprojected image data.
It will be understood that the depth-aware late-stage reprojection process as disclosed herein
may be implemented for each eye of the user using data from the perspective of each eye,
in the case of a stereoscopic HMD.

[0037] FIG. 7 shows a block diagram of an example depth-aware late-stage
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reprojection system 700 that may be used to implement the example depth-aware late-stage
reprojection process described above. System 700 may be implemented on any suitable
computing system, including but not limited to a HMD. System 700 includes a renderer 701
for rendering image data, e.g. via a host GPU or CPU, which outputs an image data
superframe 702 comprising a depth sub-region 704 and color sub-regions 706 for virtual
images to be displayed. The depicted superframe 702 illustrates an example of an
arrangement of depth and color sub-regions. In other examples, these subregions may be
arranged in any other suitable manner. In this example, depth sub-region 704 has been
downsampled, and thus occupies a smaller portion of superframe 702 than the color image
data. In other examples, the depth sub-region 704 may be sent to the input stage 708 as full
fidelity depth data without initial downsampling.

[0038] The superframe 702 is received at input stage 708. Input stage 708 includes
a depth map blurring module 710 that further downsamples and also blurs the depth data,
and subsequently outputs blurred depth data and color pixel data to a frame buffer shown as
dynamic random access memory (DRAM) 712. Blurred depth data is further provided to
depth random access memory (RAM) 714, from which depth correction module 716 may
retrieve the blurred depth data for performing depth-aware late-stage reprojection (DLSR).
The DLSR process is shown as utilizing parameters input to the depth correction module
716. Examples of such parameters may include unprojected sampling coordinates
(unprojected u, v coordinates), dimensions of the depth map, rotation and translation values
as determined from motion tracking, scale factors between the frame buffer and the blurred
depth data, and scale factors between the blurred depth data and output display dimensions.
As an example, pixel 405 of FIG. 5 corresponds to the unprojected sampling coordinates in
the color plane, which are used as input to depth correction module 716. Depth correction
module 716 further may apply suitable corrections to the blurred depth data, such as a
bilateral filter and/or a Gaussian filter.

[0039] Depth correction module 716 outputs the corrected, reprojected sampling
coordinates (shown as u, v indices) to pixel sampler 718, which informs the pixel sampler
718 of what colors to use for the pixels. As an example, pixel 516 of FIG. 5 corresponds to
the reprojected sampling coordinates in the color plane, which are output to pixel sampler
718. The colored pixels are then output to display 722.

[0040] In some embodiments, the methods and processes described herein may be
tied to a computing system of one or more computing devices. In particular, such methods

and processes may be implemented as a computer-application program or service, an

10



10

15

20

25

30

WO 2017/222838 PCT/US2017/036927
application-programming interface (API), a library, and/or other computer-program
product.

[0041] FIG. 8 shows a block diagram of an example head-mounted display system
800. The head-mounted display device 102 represents an example implementation of head-
mounted display system 800 in which the depth-aware reprojection examples described
herein may be implemented. Display system 800 includes a sensor subsystem 806, which
may include one or more outward-facing image sensors 808 configured to acquire images
of a real-world environment, such as to help determine the position of the display system
800 relative to the real-world environment, and one or more microphones 810 configured to
detect sounds, such as user speech inputs. Outward-facing image sensors 808 may include
one or more depth sensor(s) and/or one or more two-dimensional image sensor(s) (e.g. RGB
image sensors). Head-mounted display system 800 may display completely virtual images,
may display video-based augmented reality images via a viewfinder mode using data from
an outward-facing image sensor, or may display augmented reality images (e.g. mixed
reality images) via a see-through display subsystem.

[0042] Sensor subsystem 806 may further include a gaze detection subsystem
812 configured to detect a gaze direction of a user, e.g. as user input for computing device
actions. Gaze detection subsystem 812 may be configured to determine gaze directions of
each of auser’s eyes in any suitable manner. For example, in the depicted embodiment, gaze
detection subsystem 812 comprises one or more glint sources 814, such as infrared light
sources configured to cause a glint of light to reflect from each eyeball of a user, and one or
more image sensor(s) 816, such as inward-facing sensors, configured to capture an image
of each eyeball of the user. Changes in the glints from the user’s eyeballs and/or a location
of a user’s pupil as determined from image data gathered via the image sensor(s) 816 may
be used to determine a direction of gaze. In other examples, gaze detection subsystem 812
may be omitted.

[0043] Display system 800 also may include additional sensors, as mentioned
above. For example, display system 800 may include non-imaging sensor(s) 818, examples
of which may include but are not limited to a global positioning system (GPS) sensor, and
one or more motion sensor(s) 819, such as an accelerometer, a gyroscopic sensor, and/or an
inertial measurement unit (IMU). Such sensor(s) may be used in determining image display
adjustments to make via late-stage reprojection.

[0044] Motion sensors 819, as well as microphone(s) 810 and gaze detection

subsystem 812, also may be employed as user input devices, such that a user may interact
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with the display system 800 via gestures of the eye, neck and/or head, as well as via verbal
commands. It will be understood that sensors illustrated in FIG. 8 are shown for the purpose
of example and are not intended to be limiting in any manner, as any other suitable sensors
and/or combination of sensors may be utilized.

[0045] Display system 800 further includes one or more speaker(s) 820, for
example, to provide audio outputs to a user for user interactions. Display system 800 further
includes a controller 822 having a logic subsystem 824 and a storage subsystem 826 in
communication with the sensors, a communication subsystem 828, and/or other
components.

[0046] Logic subsystem 824 includes one or more physical devices configured to
execute instructions. For example, logic subsystem 824 may be configured to execute
instructions that are part of one or more applications, services, programs, routines, libraries,
objects, components, data structures, or other logical constructs. Such instructions may be
implemented to perform a task, implement a data type, transform the state of one or more
components, achieve a technical effect, or otherwise arrive at a desired result.

[0047] Logic subsystem 824 may include one or more processors configured to
execute software instructions. Additionally or alternatively, logic subsystem 824 may
include one or more hardware or firmware logic subsystems configured to execute hardware
or firmware instructions. Processors of logic subsystem 824 may be single-core or multi-
core, and the instructions executed thereon may be configured for sequential, parallel, and/or
distributed processing. Individual components of logic subsystem 824 optionally may be
distributed among two or more separate devices, which may be remotely located and/or
configured for coordinated processing. Aspects of logic subsystem 824 may be virtualized
and executed by remotely accessible, networked computing devices configured in a cloud-
computing configuration.

[0048] Storage subsystem 826 includes one or more physical devices configured to
hold instructions executable by the logic subsystem to implement the methods and processes
described herein, e.g. to perform various tasks related to depth-aware late-stage reprojection.
When such methods and processes are implemented, the state of storage subsystem 826 may
be transformed—e.g., to hold different data.

[0049] Storage subsystem 826 may include removable and/or built-in devices.
Storage subsystem 826 may include optical memory (e.g., CD, DVD, HD-DVD, Blu-Ray
Disc, etc.), semiconductor memory (e.g., RAM, EPROM, EEPROM, etc.), and/or magnetic
memory (e.g., hard-disk drive, floppy-disk drive, tape drive, MRAM, etc.), among others.
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Storage subsystem 826 may include volatile, nonvolatile, dynamic, static, read/write, read-
only, random-access, sequential-access, location-addressable, file-addressable, and/or
content-addressable devices.

[0050] It will be appreciated that storage subsystem 826 includes one or more
physical devices. However, aspects of the instructions described herein alternatively may
be propagated by a communication medium (e.g., an electromagnetic signal, an optical
signal, etc.) that is not held by a physical device for a finite duration.

[0051] Aspects of logic subsystem 824 and storage subsystem 826 may be integrated
together into one or more hardware-logic components. Such hardware-logic components
may include field-programmable gate arrays (FPGAs), program- and application-specific
integrated circuits (PASIC / ASICs), program- and application-specific standard products
(PSSP / ASSPs), system-on-a-chip (SOC), and complex programmable logic devices
(CPLDs), for example.

[0052] Communication subsystem 828 may be configured to communicatively
couple the display system 800 with one or more other computing devices. Communication
subsystem 828 may include wired and/or wireless communication devices compatible with
one or more different communication protocols. As non-limiting examples, communication
subsystem 828 may be configured for communication via a wireless telephone network, or
a wired or wireless local- or wide-area network. In some embodiments, communication
subsystem 828 may allow display system 800 to send and/or receive messages to and/or
from other devices via a network such as the Internet.

[0053] Display system 800 further includes reprojection subsystem 830 to
implement depth-aware late-stage reprojection as described in the examples above. For
example, reprojection subsystem 830 may receive image data and a depth map for the image
data, process the depth map to obtain a blurred depth map, and output the blurred depth map
and color pixel data to a frame buffer. Further, reprojection subsystem 830 may determine
a translation to make to the image data based upon motion data, and for each pixel of a
plurality of pixels in the frame buffer, translate an original ray cast from the original
rendering camera’s position to an original frame buffer location, e.g. at unprojected
sampling coordinates, to a reprojected ray cast from the translated camera location to a
reprojected frame buffer location, e.g. at reprojected sampling coordinates. Reprojection
subsystem 830 may then sample the color of the pixel at the reprojected sampling
coordinates (which corresponds to the location at which the reprojected ray intersects the

blurred depth map) for display by display subsystem 834. The reprojection subsystem may
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be implemented in any suitable manner, such as by GPU or CPU. While shown in FIG. 8 as
being separate from controller 822, in some implementations the reprojection subsystem
may be a part of a controller.

[0054] Display subsystem 834 may include one or more lenses 832, such that images
may be displayed via lenses 832 (e.g. via projection onto lenses 832, waveguide system(s)
incorporated into lenses 832, and/or in any other suitable manner). Display subsystem 834
may include a backlight and a microdisplay, such as liquid-crystal display (LCD) or liquid
crystal on silicon (LCOS) display, in combination with one or more light-emitting diodes
(LEDs), laser diodes, and/or other light sources. In other examples, the display subsystem
834 may utilize quantum-dot display technologies, active-matrix organic LED (OLED)
technology, and/or any other suitable display technologies.

[0055] Head-mounted display system 800 is described for the purpose of example,
and thus is not meant to be limiting. It is to be understood that head-mounted display system
800 may include additional and/or alternative sensors, cameras, microphones, input devices,
output devices, etc. than those shown without departing from the scope of this disclosure.
Head-mounted display system 800 may be implemented as a virtual reality system, or a
video or optical augmented reality system. Additionally, the physical configuration of a
display device and its various sensors and subcomponents may take a variety of different
forms without departing from the scope of this disclosure. Further, it will be understood that
the methods and processes described herein may be implemented as a computer-application
program or service, an application-programming interface (API), a library, and/or other
computer program product. Such computer program products may be executable locally on
head-mounted display system 800 or other suitable display system, or may be executable
remotely on a computing system in communication with head-mounted display system 800.
It will further be understood that the depth-aware late-stage reprojection method as disclosed
herein may be implemented on any other suitable display devices, as latency issues may
arise in other display devices configured to display virtual content.

[0056] Another example provides a computing system comprising a display, a
sensor subsystem, and a reprojection subsystem configured to receive image data to be
displayed via the display, receive a depth map for the image data, store the image data in a
frame buffer, processing the depth map to obtain a blurred depth map, based upon motion
data received from the sensor subsystem, determine a translation to be made to the image
data for display, and for each pixel of a plurality of pixels in the frame buffer, based upon

the translation determined, translate an original ray extending from an original virtual
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camera location to a corresponding original frame buffer location to a reprojected ray
extending from a translated camera location to a reprojected frame buffer location,
determine a location at which the reprojected ray intersects the blurred depth map, and
sample a color of a pixel for display based upon a color in the frame buffer corresponding
to the location at which the reprojected ray intersects the blurred depth map. The computing
system may additionally or alternatively include a head-mounted display device. The
reprojection subsystem may additionally or alternatively be configured to display via the
display the image data after translating the original ray to the reprojected ray. The
reprojection subsystem may additionally or alternatively be configured to make a rotation
to the image data based upon motion data received from the sensor subsystem. The
reprojection subsystem may additionally or alternatively be configured to process the depth
map to obtain the blurred depth map by omitting background values and weights beyond
threshold values during a depth map blur convolution. The reprojection subsystem may
additionally or alternatively be configured to determine the location at which the reprojected
ray intersects the blurred depth map by determining an initial depth value on the blurred
depth map corresponding to the original frame buffer location, then determining an initial
location on the reprojected ray corresponding to the initial depth value, then determining an
updated depth value on the blurred depth map corresponding to the initial location on the
reprojected ray, and then determining an updated location on the reprojected ray
corresponding to the updated depth value. The reprojection subsystem may additionally or
alternatively be configured to determine the location at which the reprojected ray intersects
the blurred depth map by iteratively repeating the determining of the updated depth value
and the determining of the updated location on the reprojected ray. The reprojection
subsystem may additionally or alternatively be configured to iteratively repeat the
determining of the updated depth value and the determining of the updated location on the
reprojected ray a fixed number of times for each pixel in the frame buffer. The reprojection
subsystem may additionally or alternatively be configured to reduce a resolution of the depth
map. Any of the above-described examples may be combined in any suitable manner in
various implementations.

[0057] Another examples provides, on a computing system comprising a display and
a sensor subsystem, a method comprising receiving image data to be displayed via the
display, receiving a depth map for the image data, storing the image data in a frame buffer,
processing the depth map to obtain a blurred depth map, based upon motion data received

from the sensor subsystem, determining a translation to be made to the image data prior to
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display, and for each pixel of a plurality of pixels in the frame buffer, based upon the
translation determined, translating an original ray extending from an original virtual camera
location to a corresponding original frame buffer location to a reprojected ray extending
from a translated camera location to a reprojected frame buffer location, determining a
location at which the reprojected ray intersects the blurred depth map, and sampling a color
of a pixel in the frame buffer for display at the reprojected frame buffer location based upon
a color in the frame buffer corresponding to the location at which the reprojected ray
intersects the blurred depth map. The method may additionally or alternatively include
displaying via the display the image data after translating the original ray to the reprojected
ray for each pixel in the frame buffer. The plurality of pixels may additionally or
alternatively include each pixel in the frame buffer. The method may additionally or
alternatively include determining the location at which the reprojected ray intersects the
blurred depth map by determining an initial depth value on the blurred depth map
corresponding to the original frame buffer location, then determining an initial location on
the reprojected ray corresponding to the initial depth value, then determining an updated
depth value on the blurred depth map corresponding to the initial location on the reprojected
ray, and then determining an updated location on the reprojected ray corresponding to the
updated depth value. The method may additionally or alternatively include determining the
location at which the reprojected ray intersects the blurred depth map by iteratively
repeating the determining of the updated depth value and the determining of the updated
location on the reprojected ray. The method may additionally or alternatively include
iteratively repeating the determining of the updated depth value and the determining of the
updated location on the reprojected ray a same number of times for each pixel in the frame
buffer. The method may additionally or alternatively include reducing a resolution of the
depth map. Any of the above-described examples may be combined in any suitable manner
in various implementations.

[0058] Another example provides a head-mounted display device comprising a
display , a sensor subsystem, and a reprojection subsystem configured to receive image data
to be displayed via the display, receive depth data for the image data, store the image data
in a frame buffer, process the depth map to obtain a blurred depth map, based upon motion
data received from the sensor subsystem, determine a translation to be made to the image
data prior to display, and for each pixel of a plurality of pixels in the frame buffer, based
upon the translation determined, translate an original ray extending from an original virtual

camera location to a corresponding original frame buffer location to a reprojected ray
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extending from a translated camera location to a reprojected frame buffer location,
determine a location at which the reprojected ray intersects the blurred depth map using
successive approximation, and sample a color of a pixel in the frame buffer for display at
the reprojected frame buffer location based upon a color in the frame buffer corresponding
to the location at which the reprojected ray intersects the blurred depth map. The
reprojection subsystem may additionally or alternatively be configured to determine the
location at which the reprojected ray intersects the blurred depth map using successive
approximation by determining an initial depth value on the blurred depth map corresponding
to the original frame buffer location, then determining an initial location on the reprojected
ray corresponding to the initial depth value, then determining an updated depth value on the
blurred depth map corresponding to the initial location on the reprojected ray, and then
determining an updated location on the reprojected ray corresponding to the updated depth
value. The reprojection subsystem may additionally or alternatively be configured to
iteratively repeat the determining of the updated depth value and the determining of the
updated location on the reprojected ray a fixed number of times for each pixel in the frame
buffer. The reprojection subsystem may additionally or alternatively be configured to
determine the translation to be made to the image data based on one or more additional
frame buffers and corresponding blurred depth maps. Any of the above-described examples
may be combined in any suitable manner in various implementations.

[0059] It will be understood that the configurations and/or approaches described
herein are exemplary in nature, and that these specific embodiments or examples are not to
be considered in a limiting sense, because numerous variations are possible. The specific
routines or methods described herein may represent one or more of any number of
processing strategies. As such, various acts illustrated and/or described may be performed
in the sequence illustrated and/or described, in other sequences, in parallel, or omitted.
Likewise, the order of the above-described processes may be changed.

[0060] The subject matter of the present disclosure includes all novel and
nonobvious combinations and subcombinations of the various processes, systems and
configurations, and other features, functions, acts, and/or properties disclosed herein, as well

as any and all equivalents thereof.
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CLAIMS
1. A computing system comprising a display, a sensor subsystem, and a reprojection
subsystem configured to:
receive image data to be displayed via the display;
receive a depth map for the image data;
store the image data in a frame buffer;
process the depth map to obtain a blurred depth map;
based upon motion data received from the sensor subsystem, determine a translation
to be made to the image data for display; and
for each pixel of a plurality of pixels in the frame buffer, based upon the translation
determined,
translate an original ray extending from an original virtual camera location
to a corresponding original frame buffer location to a reprojected ray extending from a
translated camera location to a reprojected frame buffer location,
determine a location at which the reprojected ray intersects the blurred depth
map, and
sample a color of a pixel for display based upon a color in the frame buffer
corresponding to the location at which the reprojected ray intersects the blurred depth map.
2. The computing system of claim 1, wherein the computing system comprises a head-
mounted display device.
3. The computing system of claim 1, wherein the reprojection subsystem is further
configured to display via the display the image data after translating the original ray to the
reprojected ray.
4. The computing system of claim 1, wherein the reprojection subsystem is further
configured to make a rotation to the image data based upon motion data received from the
sensor subsystem.
5. The computing system of clam 1, wherein the reprojection subsystem is configured
to process the depth map to obtain the blurred depth map by omitting background values
and weights beyond threshold values during a depth map blur convolution.
6. The computing system of claim 1, wherein the reprojection subsystem is further
configured to determine the location at which the reprojected ray intersects the blurred depth
map by
determining an initial depth value on the blurred depth map corresponding to the

original frame buffer location,
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then determining an initial location on the reprojected ray corresponding to the initial
depth value,
then determining an updated depth value on the blurred depth map corresponding to
the initial location on the reprojected ray, and
then determining an updated location on the reprojected ray corresponding to the
updated depth value.
7. The computing system of claim 6, wherein the reprojection subsystem is further
configured to determine the location at which the reprojected ray intersects the blurred depth
map by iteratively repeating the determining of the updated depth value and the determining
of the updated location on the reprojected ray.
8. The computing system of claim 6, wherein the reprojection subsystem is further
configured to iteratively repeat the determining of the updated depth value and the
determining of the updated location on the reprojected ray a fixed number of times for each
pixel in the frame buffer.
0. The computing system of claim 1, wherein the reprojection subsystem is further
configured to reduce a resolution of the depth map.
10. On a computing system comprising a display and a sensor subsystem, a method
comprising:
receiving image data to be displayed via the display;
receiving a depth map for the image data;
storing the image data in a frame buffer;
processing the depth map to obtain a blurred depth map;
based upon motion data received from the sensor subsystem, determining a
translation to be made to the image data prior to display; and
for each pixel of a plurality of pixels in the frame buffer, based upon the translation
determined,
translating an original ray extending from an original virtual camera location
to a corresponding original frame buffer location to a reprojected ray extending from a
translated camera location to a reprojected frame buffer location,
determining a location at which the reprojected ray intersects the blurred
depth map, and
sampling a color of a pixel in the frame buffer for display at the reprojected
frame buffer location based upon a color in the frame buffer corresponding to the location

at which the reprojected ray intersects the blurred depth map.
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11. The method of claim 10, further comprising displaying via the display the image
data after translating the original ray to the reprojected ray for each pixel in the frame buffer.
12. The method of claim 10, wherein the plurality of pixels comprises each pixel in the
frame buffer.
13. The method of claim 10, wherein determining the location at which the reprojected
ray intersects the blurred depth map comprises

determining an initial depth value on the blurred depth map corresponding to the
original frame buffer location,

then determining an initial location on the reprojected ray corresponding to the initial
depth value,

then determining an updated depth value on the blurred depth map corresponding to
the initial location on the reprojected ray, and

then determining an updated location on the reprojected ray corresponding to the
updated depth value.
14. The method of claim 13, wherein determining the location at which the reprojected
ray intersects the blurred depth map comprises iteratively repeating the determining of the
updated depth value and the determining of the updated location on the reprojected ray.
15. The method of claim 14, further comprising iteratively repeating the determining of
the updated depth value and the determining of the updated location on the reprojected ray

a same number of times for each pixel in the frame buffer.
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