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Description
BACKGROUND

[0001] Overthe last several years, head-mounted dis-
plays have revolutionized the way people experience var-
ious kinds of digital media. For example, head-mounted
displays may allow virtual-reality users to experience re-
alistic, immersive virtual environments while playing vid-
eo games, during flight simulation training, or even when
interacting with co-workers around the globe. In addition
to such virtual-reality applications, head-mounted dis-
plays may also enable users to augment reality and/or
combine certain aspects of reality with those of the virtual
world.

[0002] Despite incredible advances in such technolo-
gy, traditional head-mounted displays may still have cer-
tain deficiencies that negatively impact the overall user
experience. For example, some head-mounted displays
may be unable to accurately compensate and/or account
for physical movements made by the user. More specif-
ically, these head-mounted displays may exhibit a certain
amount of delay that causes the display to lag behind the
user’s actual physical movements. This delay is some-
times referred to as motion-to-photon latency. Unfortu-
nately, beyond just being a nuisance to the user’s overall
experience, motion-to-photon latency may, in some cas-
es, cause the user to become ill and/or nauseated.
[0003] The instantdisclosure, therefore, identifies and
addresses a need for additional apparatuses, systems,
and methods for mitigating motion-to-photon latency in
head-mounted displays.

SUMMARY

[0004] As will be described in greater detail below, the
instant disclosure generally relates to apparatuses, sys-
tems, and methods for mitigating motion-to-photon laten-
cy in head-mounted displays. In some embodiments, a
special-purpose hardware device may achieve this goal.
For example, a special-purpose hardware device may
include an image signal processor that receives at least
one image frame captured by a camera device of a head-
mounted-display system. The special-purpose hardware
device may also include an input-formatting component
that receives computer-generated imagery intended to
be blended with the image frame. The special-purpose
hardware device may further include a blending compo-
nent that generates at least one mixed-reality frame by
overlaying the computer-generated imagery onto the im-
age frame received from the camera device of the head-
mounted-display system. In addition, the special-pur-
pose hardware device may include a frame-output inter-
face that feeds the mixed-reality frame generated by the
blending component to a display device of the head-
mounted-display system to facilitate displaying the
mixed-reality frame for presentation to a user wearing
the head-mounted-display system.
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[0005] In some examples, the special-purpose hard-
ware device may include one or more hardware-accel-
erated image-correction components that each perform
at least one image-correction procedure on the mixed-
reality frame to prepare the mixed-reality frame for the
display device. For example, the special-purpose hard-
ware device may include a hardware-accelerated com-
ponent that at least partially corrects a chromatic aber-
ration in the mixed-reality frame as the mixed-reality
frame traverses toward the display device. The special-
purpose hardware device may also include a hardware-
accelerated component that performs gamma correction
on the mixed-reality frame as the mixed-reality frame
traverses toward the display device. The special-purpose
hardware device may further include a hardware-accel-
erated component that performs non-uniformity correc-
tion on the mixed-reality frame as the mixed-reality frame
traverses toward the display device.

[0006] Additionally or alternatively, the special-pur-
pose hardware device may include a hardware-acceler-
ated component that modifies the mixed-reality frame to
account for an overdrive feature of the display device as
the mixed-reality frame traverses toward the display de-
vice. The special-purpose hardware device may also in-
clude a hardware-accelerated device that at least par-
tially corrects a Mura phenomenon in the mixed-reality
frame as the mixed-reality frame traverses toward the
display device. The special-purpose hardware device
may further include a hardware-accelerated device that
performs dithering on the mixed-reality frame as the
mixed-reality frame traverses toward the display device.
[0007] In some examples, the special-purpose hard-
ware device may include a direct communication path
between the image signal processor and the blending
component that enables the image frame to be fed di-
rectly to the blending component without being buffered
in memory. In one example, the special-purpose hard-
ware device may include one or more hardware-accel-
erated distortion components that apply asynchronous
time warping and/or asynchronous space warping to the
image frame and/or the computer-generated imagery. In
this example, one hardware-accelerated distortion com-
ponent may distort image frame to align certain pixels of
the image frame to corresponding pixels of the computer-
generated imagery and then map the certain pixels of
the image frame to a specific element of the display de-
vice, and another hardware-accelerated distortion com-
ponent may distort the computer-generated imagery to
align the corresponding pixels of the computer-generat-
ed imagery to the certain pixels of the image frame and
then map the corresponding pixels of the computer-gen-
erated imagery to the specific element of the display de-
vice.

[0008] In some examples, the image signal processor
may forward the image frame directly to a processing
component within the special-purpose hardware device
without temporarily buffering the image frame in memory.
In such examples, the image signal processor may mit-
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igate motion-to-photon latency of the head-mounted-dis-
play system by avoiding accessing memory in connection
with the image frame. In one example, the processing
component may include and/or represent the blending
component. In another example, the processing compo-
nent may include and/or represent a hardware-acceler-
ated distortion component that applies asynchronous
time warping to the image frame.

[0009] A corresponding head-mounted-display sys-
tem may include atleast one camera device that captures
one or more image frames from a perspective of a user
wearing the head-mounted-display system. The head-
mounted-display system may further include a special-
purpose hardware device communicatively coupled to
the camera device. The special-purpose hardware de-
vice may receive the image frames from the camera de-
vice and computer-generated imagery intended to be
blended with the image frames. The special-purpose
hardware device may then generate one or more mixed-
reality frames by overlaying the computer-generated im-
agery onto the image frames received from the camera
device. In addition, the head-mounted-display system
may include a display device communicatively coupled
to the special-purpose hardware device. The display de-
vice may receive the mixed-reality frames from the spe-
cial-purpose hardware device and then display the
mixed-reality frames for presentation to the user wearing
the head-mounted-display system.

[0010] In some examples, the head-mounted-display
system may include a clock generator that generates a
clock signal. In such examples, the special-purpose hard-
ware device and the display device may be synchronized
with respect to one another based at least in part on the
clock signal generated by the clock generator.

[0011] In some examples, the special-purpose hard-
ware device may perform one or more hardware-accel-
erated intraframe processing operations on the image
frames on a line-by-line basis. In one example, the head-
mounted-display system may include a motion-detection
sensor that detects movements made by the user wear-
ing the head-mounted-display system. In this example,
the special-purpose hardware device may receive, from
the motion-detection sensor, user-motion data indicating
that the user wearing the head-mounted-display system
has made at least one movement since a certain image
frame was captured by the camera device. The special-
purpose hardware device may also identify a subset of
lines from the certain image frame that have yet to be
forwarded toward the display device even though an ad-
ditional subset of lines from the certain image frame have
already been forwarded toward the display device. Upon
identifying the subset of lines, the special-purpose hard-
ware device may modify the subset of lines based atleast
in part on the user-motion data from the motion-detection
sensor to compensate for the movement made by the
user. The special-purpose hardware device may then for-
ward the subset of modified lines from the certain image
frame toward the display device to facilitate displaying,
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for presentation to the user, the subset of modified lines
together with the additional subset of lines.

[0012] In this example, the additional subset of lines
may have not been modified to compensate for the move-
ment made by the user. The display device may simul-
taneously display, during at least one point in time, the
subset of modified lines and the additional subset of lines
for presentation to the user.

[0013] A corresponding method may include (a) re-
ceiving, by a special-purpose hardware device, at least
one image frame captured by a camera device of a head-
mounted-display system, (b) receiving, by the special-
purpose hardware device, computer-generated imagery
intended to be blended with the image frame, (c) gener-
ating, by the special-purpose hardware device, at least
one mixed-reality frame by overlaying the computer-gen-
erated imagery received from the independent host de-
vice onto the image frame received from the camera de-
vice of the head-mounted-display system, and then (d)
feeding, by the special-purpose hardware device, the
mixed-reality frame generated by the blending compo-
nentto a display device of the head-mounted-display sys-
tem such that the display device displays the mixed-re-
ality frame for presentation to a user wearing the head-
mounted-display system.

[0014] Features from any of the above-mentioned em-
bodiments may be used in combination with one another
in accordance with the general principles described here-
in. These and other embodiments, features, and advan-
tages will be more fully understood upon reading the fol-
lowing detailed description in conjunction with the ac-
companying drawings and claims.

[0015] Embodiments according to the invention are in
particular disclosed in the attached claims directed to a
special-purpose hardware device, a head-mounted-dis-
play system and a method, wherein any feature men-
tioned inone claim category, e.g. method, can be claimed
in another claim category, e.g. special-purpose hardware
device, head-mounted-display system, system, storage
medium, computer program product as well. The de-
pendencies or references back in the attached claims
are chosen for formal reasons only. However any subject
matter resulting from a deliberate reference back to any
previous claims (in particular multiple dependencies) can
be claimed as well, so that any combination of claims
and the features thereof is disclosed and can be claimed
regardless of the dependencies chosen in the attached
claims. The subject-matter which can be claimed com-
prises not only the combinations of features as set out in
the attached claims but also any other combination of
features in the claims, wherein each feature mentioned
in the claims can be combined with any other feature or
combination of other features in the claims. Furthermore,
any of the embodiments and features described or de-
picted herein can be claimed in a separate claim and/or
in any combination with any embodiment or feature de-
scribed or depicted herein or with any of the features of
the attached claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0016] For a better understanding of the various de-
scribed embodiments, reference should be made to the
Detailed Description below, in conjunction with the fol-
lowing drawings in which like reference numerals refer
to corresponding parts throughout the figures and de-
scription.
FIG.1 is a block diagram of an exemplary special-
purpose hardware device for mitigating mo-
tion-to-photon latency in head-mounted dis-
plays in accordance with some embodiments.
is an illustration of an exemplary head-mount-
ed-display system that incorporates a special-
purpose hardware device for mitigating mo-
tion-to-photon latency in head-mounted dis-
plays in accordance with some embodiments.
is a block diagram of an exemplary head-
mounted display that incorporates a special-
purpose hardware device for mitigating mo-
tion-to-photon latency in head-mounted dis-
plays in accordance with some embodiments.

FIG. 2

FIG. 3

FIG. 4 is ablock diagram of an exemplary implemen-
tation for mitigating motion-to-photon latency
in head-mounted displays in accordance with
some embodiments.

is a block diagram of an exemplary implemen-
tation for mitigating motion-to-photon latency
in head-mounted displays in accordance with
some embodiments.

is ablock diagram of an exemplary implemen-
tation for mitigating motion-to-photon latency
in head-mounted displays in accordance with
some embodiments.

is ablock diagram of an exemplary implemen-
tation for mitigating motion-to-photon latency
in head-mounted displays in accordance with
some embodiments.

is a block diagram of an exemplary image
frame that undergoes in-line processing in a
display imaging pipeline while traversing to-
ward a display device in accordance with
some embodiments.

is a block diagram of an exemplary implemen-
tation for performing in-line processing on an
image frame traversing a display imaging
pipeline to-ward a display device in accord-
ance with some embodiments.

is a flow diagram of an exemplary method for
mitigating motion-to-photon latency in head-
mounted displays in accordance with some
embodiments.

FIG. 5

FIG. 6

FIG. 7

FIG. 8

FIG. 9

FIG. 10

[0017] Throughout the drawings, identical reference
characters and descriptions indicate similar, but not nec-
essarily identical, elements. While the exemplary embod-
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iments described herein are susceptible to various mod-
ifications and alternative forms, specific embodiments
have been shown by way of example in the drawings and
willbe described in detail herein. However, the exemplary
embodiments described herein are not intended to be
limited to the particular forms disclosed. Rather, the in-
stant disclosure covers all modifications, equivalents,
and alternatives falling within the scope of the appended
claims.

DETAILED DESCRIPTION OF EXEMPLARY EMBOD-
IMENTS

[0018] The present disclosure is generally directed to
apparatuses, systems, and methods for mitigating mo-
tion-to-photon latency in head-mounted displays. As will
be explained in greater detail below, the apparatuses,
systems, and methods disclosed herein may reduce the
number of Dynamic Random Access Memory (DRAM)
accesses involved in image frame processing cycles. By
doing so, these apparatuses, systems, and methods may
decrease the amount of time needed to complete such
image frame processing cycles, thus mitigating motion-
to-photon latency and potentially improving the overall
experience of users wearing head-mounted displays.
[0019] Additionally or alternatively, these apparatuses,
systems, and methods may implement a hardware-ac-
celerated display imaging pipeline capable of being syn-
chronized with the corresponding display device via a
common clock signal. This synchronization via the com-
mon clock signal may eliminate the need to perform time-
consuming synchronization operations between image-
delivery devices (in this example, the hardware-acceler-
ated display imaging pipeline) and display devices. By
doing so, these apparatuses, systems, and methods may
decrease resource consumption and/or time delays or
penalties in head-mounted displays, thus further mitigat-
ing motion-to-photon latency and potentially improving
the overall experience of users wearing head-mounted
displays.

[0020] Moreover, this synchronization via the common
clock signal may enable the hardware-accelerated dis-
play imaging pipeline to perform image processing op-
erations in-line. By doing so, the hardware-accelerated
display imaging pipeline may be able to perform image
processing operations on a line-by-line basis, as op-
posed to a frame-by-frame basis. As a result, the hard-
ware-accelerated display imaging pipeline may compen-
sate and/or account for user movements much faster
(via, e.g., intraframe modifications) than traditional im-
age-delivery devices. By doing so, the hardware-accel-
erated display imaging pipeline may reduce and/or im-
prove the response time of such head-mounted displays,
thus mitigating motion-to-photon latency and potentially
improving the overall experience of users wearing head-
mounted displays.

[0021] Reference will now be made to various exem-
plary embodiments, examples of which are illustrated in
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the accompanying drawings. In the following description,
numerous specific details are set forth in order to provide
an understanding of the various described embodiments.
However, it will be apparent to one of ordinary skill in the
art that the various described embodiments may be prac-
ticed without these specific details. In other instances,
well-known systems, methods, procedures, compo-
nents, circuits, and networks have not been described in
detail so as not to unnecessarily obscure aspects of the
embodiments.

[0022] The following will provide, with reference to
FIGS. 1-11, detailed descriptions of exemplary appara-
tuses, systems, and/or corresponding implementations
for mitigating motion-to-photon latency in head-mounted
displays. Detailed descriptions of methods for mitigating
motion-to-photon latency in head-mounted displays will
be provided in connection with FIG. 12.

[0023] FIG. 1illustrates an exemplary special-purpose
hardware device 100 for mitigating motion-to-photon la-
tency in accordance with some embodiments. In certain
examples, special-purpose hardware device 100 may be
incorporated in and/or represent part of a head-mounted
display. In such examples, special-purpose hardware de-
vice 100 may be responsible for performing certainimage
processing operations on images that are ultimately dis-
played to a user wearing the head-mounted display.
[0024] Special-purpose hardware device 100 general-
ly represents a physical circuit, system, and/or hardware
accelerator designed to perform various time-sensitive
image processing operations. In some examples, spe-
cial-purpose hardware device 100 may include and/or
represent a System on a Chip (SoC) and/or an Applica-
tion-Specific Integrated Circuit (ASIC). For example, spe-
cial-purpose hardware device 100 may implement a dis-
play imaging pipeline by way of an SoC and/or an ASIC.
In addition to the display imaging pipeline, the SoC and/or
ASIC may also include a variety of other computing com-
ponents involved in processing images for display by the
head-mounted display. Examples of such computing
components include, without limitation, Advanced Re-
duced Instruction Set Computer (RISC) Machine (ARM)
processors, Central Processing Units (CPUs), Image
Signal Processors (ISPs), Digital Signal Processors
(DSPs), Computer Vision (CV) accelerators, video en-
coders, video decoders, hardware-accelerated process-
ing components, combinations or variations of one or
more of the same, and/or any other suitable components.
[0025] As illustrated in FIG. 1, special-purpose hard-
ware device 100 may include an image signal processor
102, aninput-formatting component 104, a blending com-
ponent 106, and a frame-output interface 108. In some
examples, image signal processor 102 may receive im-
age frames from cameras onboard the head-mounted
display and/or perform certain image processing opera-
tions (such as image scaling, lens correction, noise cor-
rection, contrasting, sharpening, etc.) on those image
frames.

[0026] Insome examples, input-formatting component
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104 may receive computer-generated imagery from an
independent host device that is external to the head-
mounted-display system and/or decompress or decode
such computer-generated imagery for overlaying onto
the image frames captured by the onboard cameras. Ad-
ditionally or alternatively, input-formatting component
104 may receive computer-generated imagery from an
internal source device onboard the head-mounted dis-
play. Input-formatting component 104 may also perform
certain image processing and/or formatting operations
(such as decompression, decoding, extraction, scaling,
edge preservation, etc.) on the computer-generated im-
agery received from the independent host device.
[0027] In some examples, blending component 106
may generate mixed-reality frames by overlying the com-
puter-generated imagery received from the independent
host device onto the image frames captured by the on-
board cameras. In other words, blending component 106
may effectively blend certain elements of the real world
captured in the image frames with other elements of the
virtual world represented in the computer-generated im-
agery. The term "mixed-reality frame" may, in some ex-
amples, refer to any type or form of image frame that
includes and/or combines one or more elements of pho-
tographic content and/or imagery with one or more ele-
ments of computer-generated imagery.

[0028] In some examples, frame-output interface 108
may send, transmit, and/or feed the mixed-reality frames
to a display device integrated and/or incorporated into
the head-mounted display. By doing so, frame-output in-
terface 108 may enable the display device to display the
mixed-reality frames for presentation to the user wearing
the head-mounted display. In one example, frame-output
interface 108 may include and/or represent a Mobile In-
dustry Processor Interface (MIPI) Display Serial Interface
(DS).

[0029] FIG. 2illustrates an exemplary head-mounted-
display system 200 worn by a user 204 in accordance
with some embodiments. As illustrated in FIG. 2, head-
mounted-display system 200 may include strap 206 cou-
pled to a head-mounted display 202. In this example,
head-mounted display 202 may include at least cameras
210(1) and 210(2) that capture images and/or video of
the surroundings of user 204. Thus, cameras 210(1) and
210(2) may facilitate see-through functionality and/or im-
age or enable head-mounted display 202 to serve as a
mixed-reality portal in which the real-world surroundings
of user 204 are blended with virtual-world content. Ex-
amples of cameras 210(1) and 210(2) include, without
limitation, digital photographic cameras, RGB cameras,
Complementary Metal Oxide Semiconductor (CMOS)
image sensors, Charge Coupled Device (CCD) image
sensors, imaging sensor arrays, variations or combina-
tions of one or more of the same, combinations of one
or more of the same, and/or any other suitable cameras.
[0030] The term "head-mounted display" may, in some
examples, refer to any type or form of display device or
system that is worn on or about a user’s face and displays
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visual content to the user. Head-mounted displays may
display contentin any suitable way, including viaa screen
(e.g., an LCD or LED screen), a projector, a cathode ray
tube, an optical mixer, etc. Head-mounted displays may
display content in one or more media formats. For exam-
ple, head-mounted display 202 may display video, pho-
tos, computer-generated imagery (CGl), and/or combi-
nations of the same.

[0031] Head-mounted displays may provide diverse
and distinctive user experiences. Some head-mounted
displays may provide virtual-reality experiences (i.e.,
they may display computer-generated or pre-recorded
content), while other head-mounted displays may pro-
vide real-world experiences (i.e., they may display live
imagery from the physical world). Head-mounted dis-
plays may also provide any mixture of live and virtual
content. For example, virtual content may be projected
onto the physical world (e.g., via optical or video see-
through), which may result in augmented-reality or
mixed-reality experiences.

[0032] Head-mounted displays may be configured to
be mounted to a user’s head in a number of ways. Some
head-mounted displays may be incorporated into glass-
es orvisors. Other head-mounted displays may be incor-
porated into helmets, hats, or other headwear.

[0033] As illustrated in FIG. 2, user 204 may place
head-mounted-display system 200 on the user’s head
such that head-mounted display 202 is positioned and/or
rests on the user’s face. By placing head-mounted-dis-
play system 200 on his or her face in this way, user 204
may situate head-mounted display 202 over his or her
eyes to experience and/or view virtual content presented
on head-mounted display 202. User 204 may also secure
head-mounted display 202 in the correct position by
wrapping strap 206 around the back of the user’s head.
[0034] FIG. 3 illustrates exemplary components that
may be incorporated into head-mounted display 202 for
mitigating motion-to-photon latency in accordance with
some embodiments. Asillustratedin FIG. 3, head-mount-
ed display 202 may include special-purpose hardware
device 100, cameras 320(1)-(N), and a display device
318. In some examples, display device 318 may include
a screen that renders image frames (such as virtual-re-
ality, augmented-reality, and/or mixed-reality frames) for
presentation to the user wearing head-mounted display
202. Examples of display device 318 include, without lim-
itation, Liquid Crystal Displays (LCDs), Light Emitting Di-
ode (LED) displays, retinal projection displays, variations
or combinations of one or more of the same, and/or any
other suitable display device.

[0035] As illustrated in FIG. 3, special-purpose hard-
ware device 100 may include various components and/or
hardware-accelerated devices. For example, special-
purpose hardware device 100 may include image signal
processor 102, acamera interface 302, acomputer vision
hardware accelerator 304, a video encoder 306, a video
decoder 308, a central processing unit 312, a digital sig-
nal processor 314, a display imaging pipeline 310, and
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frame-output interface 316. As will be described in great-
er detail below, display imaging pipeline 310 may include
various hardware-accelerated image-correction compo-
nents responsible for performing time-sensitive image
processing operations.

[0036] Insomeexamples, image signal processor 102
may be integrated and/or incorporated internal or exter-
nal to display imaging pipeline 310 within special-pur-
pose hardware device 100. For example, as illustrated
in FIG. 3, image signal processor 102 may be located
external to display imaging pipeline 310 within special-
purpose hardware device 100. In this example, special-
purpose hardware device 100 may include a direct com-
munication path 322 that facilitates communication from
image signal processor 102 to display imaging pipeline
310. Direct communication path 322 may enable special-
purpose hardware device 100 to minimize the number of
memory accesses that are needed throughout the image
frame processing cycle to prepare the image frames for
presentation by display device 318.

[0037] For example, direct communication path 322
may enable image signal processor 102 to forward image
frames directly to the subsequent component (e.g., the
blending component, a hardware-accelerated distortion
component, or a multiplexer) in display imaging pipeline
310 without first being buffered in DRAM. Thus, direct
communication path 322 may effectively eliminate the
need to buffer the image frames in DRAM between image
signal processor 102 and the subsequent component.
By doing so, direct communication path 322 may reduce
the number of DRAM accesses involved in the image
frame processing cycle.

[0038] Insomeexamples,displayimaging pipeline 310
may be designed specifically for performing time-sensi-
tive image processing operations (such as chromatic ab-
erration correction, gamma correction and/or adjust-
ment, multi-image blending and/or overlaying, display
overdrive compensation, Mura correction, dithering, im-
age decompression, image scaling, lens correction,
noise correction, image distortion, asynchronous time
warping, asynchronous space warping, etc.). Some of
these operations may have traditionally been performed
by Graphics Processing Units (GPUs), as opposed to
SoCs and/or ASICs. However, GPUs are not specifically
designed to perform such operations in virtual-reality,
augmented-reality, and/or mixed-reality contexts, which
may result in GPUs performing essentially like general-
purpose devices in such contexts. For example, GPUs
may incorporate and/or implement certain features
and/or functionalities that slow down such operations,
thereby potentially causing and/or contributing to motion-
to-photon latency when the GPUs are deployed in virtual-
reality, augmented-reality, and/or mixed-reality contexts.
[0039] As a specific example of this deficiency, a tra-
ditional head-mounted display may include a GPU that
is programmed to perform various time-sensitive image
processing operations, including chromatic aberration
correction, gamma correction and/or adjustment, multi-
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image blending and/or overlaying, display overdrive
compensation, Mura correction, dithering, image scaling,
lens correction, noise correction, contrasting, and/or
sharpening, among other things. This GPU may be de-
signed such that, after completing one of these opera-
tions on an image frame, the GPU temporarily stores
and/or buffers the image frame in DRAM until the next
operation. At the appropriate time, the GPU may then
fetch the image frame from DRAM to perform the next
operation on the image frame. This cycle of writing the
image frame to DRAM and later reading the image frame
from DRAM may continue until each image processing
operation has completed.

[0040] By thetime theimage frameisready fordisplay,
the image frame may have undergone numerous DRAM
read and/or write operations. Unfortunately, each DRAM
access (whether a read or write) may result in and/or
amount to a delay or time penalty for the image frame.
Thus, in this GPU-driven embodiment, the amount of time
needed to complete all the image processing operations
on the image frame may be prolonged and/or drawn out
due at least in part to the general-purpose architecture
ofthe GPU and/or its heavy reliance on the DRAM buffer.
[0041] In some applications (such as GPU-driven tel-
evisions or computer monitors), such delays may have
little, if any, effect on the overall user experience. In fact,
such delays may be entirely unnoticeable. However, in
virtual-reality, augmented-reality, and/or mixed-reality
contexts, such delays may be noticeable or even obvious
to some users, potentially leading to a disjointed user
experience that could leave them feeling ill.

[0042] To address this deficiency, head-mounted dis-
play 202 may include and/or incorporate special-purpose
hardware device 100 (e.g., an SoC and/or ASIC), which
performs many of the image processing operations that
were traditionally the responsibility of GPUs. As will be
explained in greater detail below, SoC- and/or ASIC-driv-
en display pipelines may outperform and/or improve up-
on traditional GPU-driven display pipelines for various
reasons.

[0043] FIG. 4 illustrates an exemplary implementation
400 of display imaging pipeline 310 for mitigating motion-
to-photon latency in head-mounted displays in accord-
ance with some embodiments. As illustrated in FIG. 4,
implementation 400 may include and/or involve display
imaging pipeline 310, display device 318, and/or a mem-
ory device 418. Memory device 418 generally represents
any type or form of volatile or non-volatile storage device
or medium capable of storing data and/or computer-read-
able instructions. In one example, memory device 418
may include and/or represent a DRAM device and/or
buffer. Additional examples of memory device 418 in-
clude, without limitation, Random Access Memory
(RAM), Read Only Memory (ROM), flash memory, Solid-
State Drives (SSDs), optical drives, caches, variations
or combinations of one or more of the same, and/or any
other suitable storage memory.

[0044] Asillustrated in FIG. 4, display imaging pipeline
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310 may include image signal processor 102, input-for-
matting component 104, distortion components 408(1)
and 408(2), blending component 106, and/or hardware-
accelerated image-correction components 412(1)-(N). In
some examples, distortion components 408(1) and
408(2) may each represent an integrated device and/or
circuit that performs certain distortion-correction opera-
tions (such as image distortion correction, asynchronous
time warping, asynchronous space warping, etc.) on im-
age frames and/or computer-generated imagery.
[0045] In some examples, hardware-accelerated im-
age-correction components 412(1)-(N) may each repre-
sent an integrated device or circuit that performs one or
more image processing operations. Examples of such
image processing operations include, without limitation,
chromatic aberration correction, gamma correction
and/or adjustment, display overdrive compensation, Mu-
ra correction, dithering, image scaling, lens correction,
noise correction, variations or combinations of one or
more of the same, and/or any other suitable operations.
[0046] In some examples, implementation 400 may
correspond to and/or represent a mixed-reality context.
In one example, image frames 402 may arrive at image
signal processor 102 within display imaging pipeline 310
on the way to display device 318. In this example, image
frames 402 may have been captured by cameras
320(1)-(N) on head-mounted display 202.

[0047] Asimage frames 402 arrive, image signal proc-
essor 102 may perform certain image processing oper-
ations (such as lens correction, image scaling, noise cor-
rection, contrast adjustment, sharpness adjustment,
color adjustment, etc.) on image frames 402 prior to for-
warding the same to distortion component408(1). Those
image processing operations performed by image signal
processor 102 may be applied to and/or intended exclu-
sively for image frames 402. Accordingly, those image
processing operations may not be applied to and/or in-
tended for computer-generated imagery 404 with which
image frames 402 are subsequently blended.

[0048] Upon receiving image frames 402, distortion
component 408(1) may apply asynchronous time warp-
ing and/or asynchronous space warping to image frames
402. Distortion component 408(1) may then forward im-
age frames 402 to blending component 106 for blending
with computer-generated imagery 404.

[0049] The term "asynchronous time warping" may, in
some examples, refer to an image processing operation
in which animage frame is generated to represent and/or
reflect a change in the user’s head position based at least
in part on previous frames and user-motion data. For
example, asynchronous time warping may involve repur-
posing the last image frame by modifying that image
frame to compensate and/or account for the user’s head
motion. This modification may effectively shift the image
within the frame left, right, up, and/or down or even rotate
the image within the frame clockwise and/or counter-
clockwise based on the user’s head motion. Such asyn-
chronous time warping may ensure that head-mounted
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display 202 always has an image frame to display even
in the event that head-mounted display 202 was unable
to prepare and/or render a completely new image frame
within the required time period (due, e.g., to latency in
the display imaging pipeline).

[0050] The term "asynchronous space warping" may,
in some examples, refer to an image processing opera-
tion in which scenery and/or objects within an image
frame are modified to compensate and/or account for a
change in the user’s head position based at least in part
on differences identified in previous frames and user-
motion data. For example, asynchronous space warping
may involve modifying a previously rendered image
frame by adjusting scenery and/or objects within the im-
age frame in response to the user’s movements. In one
example, certain scenery and/or objects may be exposed
and/or become visible within the image frame via asyn-
chronous space warping after the user peers around a
corner (whether real or virtual). Similarly, certain scenery
and/or objects may be occluded within the image frame
via asynchronous space warping after the user peers
around the corner.

[0051] In this example, computer-generated imagery
404 may arrive at input-formatting component 104 within
display imaging pipeline 310 on the way to display device
318. In this example, computer-generated imagery 404
may have been generated and/or provided by an inde-
pendent host device that is external to and/or separate
from head-mounted-display system 200.

[0052] As computer-generated imagery 404 arrives,
input-formatting component 104 may perform certain im-
age processing operations (such as decompression, de-
coding, scaling, edge preservation, etc.) on computer-
generated imagery 404 prior to forwarding the same to-
ward distortion component 408(2). Those image
processing operations performed by input-formatting
component 104 may be applied to and/or intended ex-
clusively for computer-generated imagery 404. Accord-
ingly, those image processing operations may not be ap-
plied to and/or intended for image frames 402 with which
computer-generated imagery 404 is subsequently blend-
ed.

[0053] Upon receiving computer-generated imagery
404, distortion component 408(2) may apply asynchro-
nous time warping and/or asynchronous space warping
to computer-generated imagery 404. Distortion compo-
nent 408(2) may then forward computer-generated im-
agery 404 to blending component 106 for blending with
image frames 402.

[0054] In one example, distortion component 408(1)
may distort image frames 402 to align certain pixels of
image frames 402 to corresponding pixels of computer-
generated imagery 404. Distortion component 408(1)
may also map each of those pixels of image frames 402
to a specific display element of display device 318. Sim-
ilarly, distortion component 408(2) may distort computer-
generated imagery 404 to align the corresponding pixels
of computer-generated imagery 404 to those pixels of
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the image frames 402. Distortion component 408(2) may
also map each of the corresponding pixels of computer-
generated imagery 404 to the specific element of display
device 318.

[0055] In some examples, blending component 106
may receive image frames 402 and/or computer-gener-
ated imagery 404. In such examples, blending compo-
nent 106 may generate mixed-reality frames by overlying
computer-generated imagery 404 onto image frames
402. These mixed-reality frames may include a combi-
nation of real and virtual elements from image frames
402 and computer-generated imagery 404. Blending
component 106 may then forward the mixed-reality
frames to hardware-accelerated image-correction com-
ponents 412(1)-(N) for the final stage of the frame
processing cycle before presentation to the user at dis-
play device 318.

[0056] At hardware-accelerated image-correction
components 412(1)-(N), the mixed-reality frames may
undergo certain image processing operations that are
intended for both image frames 402 and computer-gen-
erated imagery 404 after the blending stage. Upon com-
pletion of those image processing operations, hardware-
accelerated image-correction components 412(1)-(N)
may forward the mixed-reality frames to display device
318 for rendering and/or presentation to the user.
[0057] The description provided above in connection
with FIG. 4 may represent an exemplary image frame
processing cycle in which image frames 402 and com-
puter-generated imagery 404 undergo pre-blending
processing operations, are blended into mixed-reality
frames, and then undergo further post-blending process-
ing operations. Implementation 400 in FIG. 4 may enable
display imaging pipeline 310 to optimize and/or minimize
the number of memory accesses (e.g., read or write op-
erations) made to memory device 418. For example, and
as illustrated in FIG. 4, display imaging pipeline 310 may
provide a direct path between image signal processor
102 and the subsequent component (in this example,
distortion component 408(1)) in display imaging pipeline
310. This direct path may enable image signal processor
102 to forward image frames 402 directly to the subse-
quent component in display imaging pipeline 310 without
first being buffered in memory device 418. Thus, this di-
rect path may effectively eliminate the need to buffer im-
age frames 402 in memory device 418 between image
signal processor 102 and the subsequent component.
By doing so, this direct path may reduce the number of
DRAM accesses involved in the image frame processing
cycle when compared to traditional GPU-driven embod-
iments.

[0058] FIG. 5illustrates an exemplary implementation
500 of special-purpose hardware device 100 for mitigat-
ing motion-to-photon latency in head-mounted displays
in accordance with some embodiments. As illustrated in
FIG. 5, implementation 500 may include and/or involve
special-purpose hardware device 100, display device
318, DRAM 518, and a clock generator 520. Examples
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of clock generator 520 include, without limitation, reso-
nators, oscillators, wave-generating circuits, Phase
Locked Loops (PLLs), variations or combinations of one
or more of the same, and/or any other suitable clock gen-
erator.

[0059] In one example, clock generator 520 may gen-
erate a clock signal 522 and/or feed the same to both
special-purpose hardware device 100 and display device
318. In this example, clock signal 522 may serve to syn-
chronize special-purpose hardware device 100 and dis-
play device 318 with respect to one another. In other
words, special-purpose hardware device 100 and display
device 318 may be synchronized to one another based
at least in part on clock signal 522.

[0060] In some examples, special-purpose hardware
device 100 in FIG. 5 may be designed specifically for
performing time-sensitive image processing operations
in virtual-reality, augmented-reality, and/or mixed-reality
contexts. This design, as represented in implementation
500in FIG. 5, may enable special-purpose hardware de-
vice 100 to optimize and/or minimize the number of
DRAM accesses 516(1)-(N) made to DRAM 518. For ex-
ample, special-purpose hardware device 100 may in-
clude one or more direct paths between internal compo-
nents. These direct paths may carry image frames and/or
computer-generated imagery directly from one image
processing component to the next without first being buff-
ered in DRAM 518. Thus, these direct paths may effec-
tively eliminate the need to buffer image frames and/or
computer-generated imagery in DRAM 518 between that
image processing component and the next one as they
traverse toward display device 318. By doing so, these
direct paths may reduce the number of DRAM accesses
involved in the image frame processing cycle when com-
pared to the traditional GPU-driven embodiments.
[0061] As will be described in greater detail below, dis-
play imaging pipeline 310 implemented on special-pur-
pose hardware device 100 may perform some or all of
the image processing operations in-line to reduce the
latency of the frame processing cycle. The term "in-line"
may, in some examples and as used herein with respect
to processing operations, generally refer to a progression
or transition in which an image frame traverses from one
hardware-accelerated component directly to another
hardware-accelerated component without being intermit-
tently buffered in memory. Such in-line processing may
be unachievable and/or impractical in traditional GPU-
driven embodiments due at least in part to the general-
purpose architecture of the GPU and/or its heavy reliance
on the DRAM buffer.

[0062] By performing these image processing opera-
tions in-line, display imaging pipeline 310 implemented
on special-purpose hardware device 100 may be able to
achieve further efficiency gains and/or processing preci-
sion unavailable to traditional GPU-driven embodiments.
For example, a traditional GPU-driven display pipeline
may be designed and/or programmed to perform image
processing operations frame-by-frame. In this example,
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each image processing operation may be applied to an
entire image frame, as opposed to individual lines of the
image frame. Accordingly, the traditional GPU may be
unable to apply certain image manipulation and/or cor-
rection measures to less than an entire image frame.
[0063] One reason for this deficiency in traditional
GPU-driven embodiments is synchronization between
the GPU and the display device. For example, the tradi-
tional GPU may need tofeed and/or deliverimage frames
to the display device on a regular schedule to maintain
visual continuity from the user’s perspective. However,
the traditional GPU and the display device may rely
and/or operate on different clock signals relative to one
another. To achieve the steady delivery of image frames
from the GPU to the display device, the GPU and the
display device may need to perform synchronization op-
erations with respect to one another on a regular basis.
[0064] Unfortunately, like DRAM accesses, each syn-
chronization operation may result in and/or amount to a
delay or time penalty for the affected image frames (not
to mention additional resource consumption). Thus, the
amount of time needed to complete all the image
processing operations on certain image frames may be
prolonged and/or drawn out due at least in part to the
ongoing synchronization requirements of the traditional
GPU and the display device.

[0065] To provide visual continuity to the user even
though the traditional GPU and the display device rely
and/or operate on different clock signals, the traditional
GPU may be somewhat limited to performing low gran-
ularity, inefficient image processing operations (such as
frame-based operations) to ensure that the display de-
vice is fed a steady stream of image frames. In other
words, this practice of low granularity image processing
may help traditional GPU-driven embodiments avoid
more serious display problems (such as underflow and/or
overflow), which could potentially cause the display to
drop certain frames.

[0066] However, display imaging pipeline 310 imple-
mented on special-purpose hardware device 100 may
obviate and/or mitigate the above-described synchroni-
zation problem. For example, special-purpose hardware
device 100 may be designed to rely and/or operate on
the same clock signal as display device 318. In this ex-
ample, and as described above, head-mounted display
202 may include clock generator 520 that generates
and/or produces clock signal 522. Clock generator 520
may pipe and/or feed clock signal 522 to both special-
purpose hardware device 100 and display device 318.
[0067] By pipingand/orfeeding clock signal 522 to spe-
cial-purpose hardware device 100 in this way, clock gen-
erator 520 may effectively enable the display imaging
pipeline 310 and display device 318 to avoid becoming
out-of-sync with respect to the image stream. This com-
mon clock generator may also enable the display imaging
pipeline 310 implemented on special-purpose hardware
device 100 and display device 318 to avoid time-con-
suming synchronization operations. As a result, display
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imaging pipeline 310 implemented on special-purpose
hardware device 100 may be able to perform higher gran-
ularity, more efficient or dynamic image processing op-
erations on the image stream without running the risk of
underflow and/or overflow. For example, without the risk
of underflow and/or overflow, display imaging pipeline
310 implemented on special-purpose hardware device
100 may be able to perform intraframe processing on the
image stream. In other words, display imaging pipeline
310 implemented on special-purpose hardware device
100 may dynamically process image frames line-by-line,
as opposed to merely frame-by-frame, without causing
frame drops at display device 318.

[0068] FIG. 6 illustrates an exemplary implementation
600 of special-purpose hardware device 100 for mitigat-
ing motion-to-photon latency in mixed-reality head-
mounted displays in accordance with some embodi-
ments. As illustrated in FIG. 6, implementation 600 may
include and/or involve head-mounted display 202 and an
independent host device 606 in communication with one
another via a communication link 604. In one example,
independent host device 606 may represent a Personal
Computer (PC) and/or gaming console. In this example,
independent host device 606 may include a physical
processor 630, a communication interface 632, and
memory 640.

[0069] As illustrated in FIG. 6, head-mounted display
202 may include special-purpose hardware device 100,
cameras 320(1)-(N), acommunication interface 634, and
memory device 418. In one example, independent host
device 606 and head-mounted display 202 may establish
and/or form communication link 604 with one another by
way of communication interfaces 632 and 634, respec-
tively. In this example, cameras 320(1)-(N) on head-
mounted display 202 may capture image frames 402
from the perspective of the user.

[0070] In one example, independent host device 606
may feed computer-generated imagery 404 to head-
mounted display 202 via communication link 604 so that
head-mounted display 202 is able to blend computer-
generated imagery 404 with image frames 402 captured
by the onboard cameras. The resulting experience may
appear to the user as a mixture of reality and virtual re-
ality. Accordingly, head-mounted display 202 may effec-
tively serve as a see-through camera that enables the
user to view his or her surroundings as modified by virtual
objects fed from the independent host device 606.
[0071] As a specific use-case example, a user may
wear and/or operate head-mounted display 202 in his or
her living room. In this example, head-mounted display
202 may capture video of his or her surroundings (includ-
ing, e.g., living room furniture) and then blend that video
with virtual objects fed from a nearby PC. After comple-
tion of the corresponding processing and/or blending, the
video displayed to the user within head-mounted display
202 may show and/or render a virtual cover (or so-called
skin) over his or her couch in the living room, thereby
manipulating the appearance of the couch from the user’s
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perspective. In this example, special-purpose hardware
device 100 may represent an ASIC that implements dis-
play imaging pipeline 310. Since, in this ASIC-implement-
ed display pipeline, many of the time-sensitive image
processing operations are performed by an ASIC rather
than a GPU, the amount of time needed to complete all
those operations may be reduced by designing the
ASIC’s hardware and/or architecture to minimize and/or
optimize the number of DRAM accesses.

[0072] FIG. 7 illustrates exemplary components incor-
porated into head-mounted display 202 for mitigating mo-
tion-to-photon latency in accordance with some embod-
iments. As illustrated in FIG. 7, head-mounted display
202 may include and/or involve special-purpose hard-
ware device 100, cameras 320(1)-(N), display device
318, and one or more motion-detection sensors 704. In
some examples, motion-detection sensors 704 may de-
tect and/or measure certain motions and/or movements
made by the user wearing head-mounted display 202.
Examples of motion-detection sensors 704 include, with-
out limitation, gyroscopes, accelerometers, magnetom-
eters, electronic compasses, combinations or variations
of one or more of the same, and/or any other suitable
motion-detection sensors.

[0073] In one example, motion-detection sensors 704
may generate user-motion data 706 in FIG. 7 while the
user operates head-mounted display 202 and then send
user-motion data 706 to special-purpose hardware de-
vice 100 to compensate and/or account for user-motion
data 706 during the image frame processing cycle. In this
example, user-motion data 706 may arrive at special-
purpose hardware device 100 as some of the frame data
from a single image frame is still being processed. User-
motion data 706 may indicate and/or be used to deter-
mine that the user made one or more movements after
that single image frame was captured by the onboard
camera.

[0074] More specifically, user-motion data 706 may ar-
rive at display imaging pipeline 310 after some individual
lines of the frame have already been forwarded to display
device 318 for presentation to the user. For example, a
single frame may include and/or consist of image frame
lines 708 (e.g., the top lines of the frame) and image
frame lines 710 (e.g., the middle and/or bottom lines of
the frame). In this example, user-motion data 706 may
arrive at display imaging pipeline 310 after image frame
lines 708 have been processed but before image frame
lines 710 have been processed. In other words, image
frame lines 708 may have already been processed by
display imaging pipeline 310 and/or forwarded to or ren-
dered by display device 318. As aresult, display imaging
pipeline 310 may be unable to compensate and/or ac-
count for the user’s recent movements represented in
user-motion data 706 inimage frame lines 708. However,
display imaging pipeline 310 may still be able to com-
pensate and/or account for the user’s recent movements
in image frame lines 710, which are still being processed
and/or have yet to be forwarded to display device 318.
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[0075] Accordingly, because display imaging pipeline
310is implemented on special-purpose hardware device
100 (as opposed to a general-purpose device), display
imaging pipeline 310 may perform in-line, intraframe im-
age processing on a single frame. This in-line, intraframe
processing may enable display imaging pipeline 310 to
dynamically update and/or manipulate individual lines of
a single frame as that frame traverses from cameras
320(1)-(N) to display device 318 on head-mounted dis-
play 202. By doing so, display imaging pipeline 310 may
compensate and/or account for the user's movements
on certain lines of the frame even though such compen-
sation is unavailable to other lines of the frame that have
already been processed and/or forwarded to the display
device for rendering.

[0076] FIGS. 8 and 9 collectively illustrate an exem-
plary implementation 900 for mitigating motion-to-photon
latency in head-mounted displays via hardware-acceler-
ated intraframe processing in accordance with some em-
bodiments. As illustrated in FIG. 8, a single image frame
802 may consist of various graphical lines, including lines
804, 806, 808, 810, 812, and 814 (collectively referred
to herein as "lines 804-814"). In one example, lines
804-814 may each include graphical and/or image data
or pixels. In this example, lines 804-814 may each include
photographic data or pixels captured by cameras
320(1)-(N) and/or provided by a photographic file source
stored locally on head-mounted display 202 and/or trans-
mitted to head-mounted display 202 from a remote de-
vice (such as independent host device 606). Additionally
or alternatively, lines 804-814 may each include virtual
image data representative of virtual objects and/or ele-
ments (such as CGl) stored in a local image file source
and/or provided by a remote device.

[0077] In one example, lines 804-814 may each cor-
respond to and/or represent a discrete image frame line
to be rendered by display device 318 of head-mounted
display 202. For example, line 804 may correspond to
and/or represent the top line of image frame 802 to be
rendered by the topmost and/or highest display ele-
ment(s) of display device 318 from the user’s perspec-
tive. In this example, line 814 may correspond to and/or
represent the bottom line of image frame 802 to be ren-
dered by the bottommost and/or lowest display ele-
ment(s) of display device 318 from the user’s perspec-
tive.

[0078] Asillustratedin FIG. 9, implementation 900 may
include and/or involve display imaging pipeline 310, dis-
play device 318, camera 320(1), and/or motion-detection
sensors 704. In implementation 900, image frame 802
may traverse display imaging pipeline 310 as a stream
and/or sequence of individual lines. For example, camera
320(1) may capture image frame 802 at specific point in
time and then feed image frame 802 into display imaging
pipeline 310 in a line-by-line fashion. In this example, line
804 may be the first one to enter and exit display imaging
pipeline 310, followed by line 806 and so on. Finally, line
814 may be the last one to enter and exit display imaging
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pipeline 310 on the way to display device 318. Accord-
ingly, this particular sequence of individual lines may cor-
respond to and/or represent a First In, First Out (FIFO)
data delivery scheme.

[0079] In implementation 900, motion-detection sen-
sors 704 may measure the user's motions and/or move-
ments on a continual basis. As a result, motion-detection
sensors 704 may be continually generating user-motion
data representative of such motions and/or movements
and/or sending the same to display imaging pipeline 310
to enable display imaging pipeline 310 to compensate
and/or account for the user’s motions and/or movements
in the image frames captured by camera 320(1). For ex-
ample, after the camera captures image frame 802, the
user may make a sudden motion and/or movement with
his or her head. In this example, motion-detection sen-
sors 704 may detect and/or measure this motion and/or
movement made by the user. Motion-detection sensors
704 may then generate user-motion data based at least
in part on this motion and/or movement.

[0080] In one example, motion-detection sensors 704
may generate user-motion data 706 that reflects the us-
er’s motion and/or current position or orientation at a cer-
tain point in time. In this example, motion-detection sen-
sors 704 may subsequently generate user-motion data
706 that reflects the user’s motion and/or current position
or orientation at a subsequent point in time.

[0081] In some examples, motion-detection sensors
704 may feed the user-motion data to display imaging
pipeline 310 so that display imaging pipeline 310 is able
to modify at least a portion of image frame 802 to reflect
the user’s ongoing motions and/or movements. For ex-
ample, user-motion data 706 may become available to
display imaging pipeline 310 only after (1) lines 804 and
806 have already been processed by display imaging
pipeline 310 and rendered on a display screen 918 of
display device 318 and (2) lines 808 and 810 have al-
ready been processed by display imaging pipeline 310
and are on their way to display device 318. As a result,
each of lines 804, 806, 808, and 810 may no longer be
eligible for any sort of modification based on user-motion
data 706. However, even though lines 804, 806, 808, and
810 are no longer eligible for such modification, lines 812
and 814 may still be eligible for modification based at
least in part on user-motion data 706.

[0082] In one example, as user-motion data 706 ar-
rives from motion-detection sensors 704, display imaging
pipeline 310 may perform at least one image processing
operation 910 that applies user-motion data 706 to line
812. In this example, image processing operation 910
may compensate and/or account for the user’s recent
motion and/or current position or orientation based at
leastin parton user-motion data 706. For example, image
processing operation 910 may include and/or involve
asynchronous time warping and/or asynchronous space
warping. After completion of image processing operation
910, display imaging pipeline 310 may feed the modified
version of line 812 to display device 318 for rendering on
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display screen 918.

[0083] Similarly, user-motion data 706 may become
available to display imaging pipeline 310 only after each
of lines 804, 806, 808, 810, and 812 have already been
processed by display imaging pipeline 310 and/or ren-
dered on a display screen 918 of display device 318. As
aresult, each of lines 804, 806, 808, 810, and 812 may
no longer be eligible for any sort of modification based
on user-motion data 706. However, even though lines
804, 806, 808, 810, and 812 are no longer eligible for
such modification, line 814 may still be eligible for mod-
ification based at least in part on user-motion data 706.
[0084] Inthis example, as user-motion data 706 arrives
from motion-detection sensors 704, display imaging
pipeline 310 may perform at least one image processing
operation that applies user-motion data 706 to line 814.
This image processing operation may compensate
and/or account for the user’s recent motion and/or current
position or orientation based at least in part on user-mo-
tion data 706. After completion of this image processing
operation, display imaging pipeline 310 may feed the
modified version of line 814 to display device 318 for
rendering on display screen 918.

[0085] As aresult of this line-by-line processing by dis-
play imaging pipeline 310, each line of the frame ren-
dered by display device 318 may effectively correspond
to and/or represent a different, discrete point in time rel-
ative to the user's movement and/or head position or ori-
entation. Thus, display imaging pipeline 310 may enable
head-mounted display 202 to achieve high frame rate
rendering of the image stream with minimal motion-to-
photon latency. Display imaging pipeline 310 implement-
ed on special-purpose hardware device 100 may even
push and/or advance such head-mounted display tech-
nology toward zero motion-to-photon latency.

[0086] FIG. 10is aflow diagram of an exemplary meth-
od 1000 for mitigating motion-to-photon latency in head-
mounted displays according to any of the embodiments
disclosed herein. The steps shown in FIG. 10 may be
performed by a special-purpose hardware device (such
as an ASIC or SoC) incorporated into a head-mounted
display. Moreover, the steps shown in FIG. 10 may also
incorporate and/or involve various sub-steps and/or var-
iations consistent with the descriptions described above
in connection with FIGS. 1-9.

[0087] Asillustratedin FIG. 10, atstep 1010, a special-
purpose hardware device may receive at least one image
frame captured by a camera device of a head-mounted-
display system. For example, cameras 320(1)-(N) may
capture image frames 402 and then forward the same to
special-purpose hardware device 100. As image frames
402 arrive, special-purpose hardware device 100 may
receive image frames 402 for processing in preparation
for display to user 204.

[0088] At step 1020 in FIG. 10, the special-purpose
hardware device may receive computer-generated im-
agery intended to be blended with the image frame. For
example, independent host device 606 may transmit
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computer-generated imagery 404 to head-mounted dis-
play 202 via communication link 604. Additionally or al-
ternatively, a source device internal to head-mounted dis-
play 202 may forward computer-generated imagery 404
to special-purpose hardware device 100. As computer-
generated imagery 404 arrives, special-purpose hard-
ware device 100 may receive computer-generated im-
agery 404 for processing in preparation for display to
user 204.

[0089] At step 1030 in FIG. 10, the special-purpose
hardware device may generate at least one mixed-reality
frame by overlaying the computer-generated imagery on-
to the image frame. For example, special-purpose hard-
ware device 100 may blend computer-generated image-
ry 404 with image frames 402. In this example, special-
purpose hardware device 100 may generate mixed-re-
ality frames by overlaying at least some of computer-
generated imagery 404 onto image frames 402.

[0090] At step 1040 in FIG. 10, the special-purpose
hardware device may feed the mixed-reality frame to a
display device of the head-mounted-display system such
that the display device displays the mixed-reality frame
for presentation to a user wearing the head-mounted-
display system. For example, special-purpose hardware
device 100 may pass and/or forward the mixed-reality
frame to display device 318 of head-mounted display
202. Upon receiving the mixed-reality frame, display de-
vice 318 may display the mixed-reality frame for presen-
tation to user 204.

[0091] The preceding description has been provided
to enable others skilled in the art to best utilize various
aspects of the exemplary embodiments disclosed herein.
This exemplary description is not intended to be exhaus-
tive or to be limited to any precise form disclosed. Many
modifications and variations are possible without depart-
ing from the spirit and scope of the instant disclosure.
The embodiments disclosed herein should be consid-
ered in all respects illustrative and not restrictive. Refer-
ence should be made to the appended claims and their
equivalents in determining the scope of the instant dis-
closure.

[0092] Embodiments of the instant disclosure may in-
clude or be implemented in conjunction with an artificial
reality system. Artificial reality is a form of reality that has
been adjusted in some manner before presentation to a
user, which may include, e.g., a virtual reality (VR), an
augmented reality (AR), a mixed reality (MR), a hybrid
reality, or some combination and/or derivatives thereof.
Artificial reality content may include completely generat-
ed content or generated content combined with captured
(e.g., real-world) content. The artificial reality content
may include video, audio, haptic feedback, or some com-
bination thereof, any of which may be presented in a sin-
gle channel or in multiple channels (such as stereo video
that produces a three-dimensional effect to the viewer).
Additionally, in some embodiments, artificial reality may
also be associated with applications, products, accesso-
ries, services, or some combination thereof, that are used
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to, e.g., create content in an artificial reality and/or are
otherwise used in (e.g., perform activities in) an artificial
reality. The artificial reality system that provides the arti-
ficial reality content may be implemented on various plat-
forms, including a head-mounted display (HMD) con-
nected to a host computer system, a standalone HMD,
a mobile device or computing system, or any other hard-
ware platform capable of providing artificial reality con-
tent to one or more viewers.

[0093] The process parameters and sequence of the
steps described and/or illustrated herein are given by way
of example only and can be varied as desired. For ex-
ample, while the stepsillustrated and/or described herein
may be shown or discussed in a particular order, these
steps do not necessarily need to be performed in the
order illustrated or discussed. The various exemplary
methods described and/or illustrated herein may also
omit one or more of the steps described or illustrated
herein or include additional steps in addition to those dis-
closed.

[0094] Unless otherwise noted, the terms "connected
to" and "coupled to" (and their derivatives), as used in
the specification and claims, are to be construed as per-
mitting both direct and indirect (i.e., via other elements
or components) connection. In addition, the terms "a" or
"an," as used in the specification and claims, are to be
construed as meaning "at least one of." Finally, for ease
of use, the terms "including" and "having" (and their de-
rivatives), as used in the specification and claims, are
interchangeable with and have the same meaning as the
word "comprising."

Claims
1. A special-purpose hardware device comprising:

an image signal processor that receives at least
one image frame captured by a camera device
of a head-mounted-display system;

an input-formatting component that receives
computer-generated imagery intended to be
blended with the image frame;

a blending component communicatively cou-
pled to the image signal processor and the input-
formatting component, wherein the blending
component generates at least one mixed-reality
frame by overlaying the computer-generated im-
agery onto the image frame received from the
camera device of the head-mounted-display
system; and

a frame-output interface communicatively cou-
pled to the blending component, wherein the
frame-output interface feeds the mixed-reality
frame generated by the blending component to
a display device of the head-mounted-display
system to facilitate displaying the mixed-reality
frame for presentation to a user wearing the
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head-mounted-display system.

The special-purpose hardware device of claim 1, fur-
ther comprising one or more hardware-accelerated
image-correction components that each perform at
least one image-correction procedure on the mixed-
reality frame to prepare the mixed-reality frame for
the display device.

The special-purpose hardware device of claim 2,
wherein the hardware-accelerated image-correction
components comprise a hardware-accelerated de-
vice that at least partially corrects a chromatic aber-
ration in the mixed-reality frame as the mixed-reality
frame traverses toward the display device; and/or
wherein the hardware-accelerated image-correction
components comprise a hardware-accelerated de-
vice that performs gamma correction on the mixed-
reality frame as the mixed-reality frame traverses to-
ward the display device; and/or

wherein the hardware-accelerated image-correction
components comprise a hardware-accelerated de-
vice that performs non-uniformity correction on the
mixed-reality frame as the mixed-reality frame
traverses toward the display device; and/or
wherein the hardware-accelerated image-correction
components comprise a hardware-accelerated de-
vice that modifies the mixed-reality frame to account
for an overdrive feature of the display device as the
mixed-reality frame traverses toward the display de-
vice; and/or

wherein the hardware-accelerated image-correction
components comprise a hardware-accelerated de-
vice that at least partially corrects a Mura phenom-
enon in the mixed-reality frame as the mixed-reality
frame traverses toward the display device; and/or
wherein the hardware-accelerated image-correction
components comprise a hardware-accelerated de-
vice that performs dithering on the mixed-reality
frame as the mixed-reality frame traverses toward
the display device.

The special-purpose hardware device of any of
claims 1 to 3, further comprising a direct communi-
cation path between the image signal processor and
the blending component that enables the image
frame to be fed directly to the blending component
without being buffered in memory.

The special-purpose hardware device of any of
claims 1 to 4, further comprising a hardware-accel-
erated distortion component that applies asynchro-
nous time warping to the image frame before the
computer-generated imagery is overlaid onto the im-
age frame.

The special-purpose hardware device of claim 5, fur-
ther comprising an additional hardware-accelerated
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distortion component that applies asynchronous
time warping or asynchronous space warping to the
computer-generated imagery before the computer-
generated imagery is overlaid onto the image frame;
optionally, wherein:

the hardware-accelerated distortion component
distorts the image frame to:

align certain pixels of the image frame to
corresponding pixels of the computer-gen-
erated imagery; and

map the certain pixels of the image frame
to a specific element of the display device;
and

the additional hardware-accelerated distortion
component distorts the computer-generated im-
agery to:

align the corresponding pixels of the com-
puter-generated imagery to the certain pix-
els of the image frame; and
map the corresponding pixels of the com-
puter-generated imagery to the specific el-
ement of the display device.

The special-purpose hardware device of any of
claims 1 to 6, wherein the image signal processor:

forwards the image frame directly to a process-
ing component within the special-purpose hard-
ware device without temporarily buffering the
image frame in memory; and

mitigates motion-to-photon latency of the head-
mounted-display system by avoiding accessing
memory in connection with the image frame.
optionally, wherein the processing component
within the special-purpose hardware device
comprises at least one of:

the blending component; and

a hardware-accelerated distortion compo-
nent that applies asynchronous time warp-
ing to the image frame before the computer-
generated imagery is overlaid onto the im-
age frame.

8. A head-mounted-display system comprising:

at least one camera device that captures one or
more image frames from a perspective of a user
wearing the head-mounted-display system;

a special-purpose hardware device communi-
catively coupled to the camera device, wherein
the special-purpose hardware device:

receives the image frames from the camera
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1.

26

device;

receives computer-generated imagery in-
tended to be blended with the image frames;
and

generates one or more mixed-reality frames
by overlaying the computer-generated im-
agery onto the image frames received from
the camera device; and

adisplay device communicatively coupledto the
special-purpose hardware device, wherein the
display device:

receives the mixed-reality frames from the
special-purpose hardware device; and
displays the mixed-reality frames for pres-
entation to the user wearing the head-
mounted-display system.

The head-mounted-display system of claim 8, further
comprising a clock generator that generates a clock
signal; and

wherein the special-purpose hardware device and
the display device are synchronized with respect to
one another based at leastin part on the clock signal
generated by the clock generator.

The head-mounted-display system of claim 8 or 9,
wherein the special-purpose hardware device per-
forms one or more hardware-accelerated intraframe
processing operations on the image frames on aline-
by-line basis.

The head-mounted-display system of any of claims
81010, further comprising a motion-detection sensor
that detects movements made by the user wearing
the head-mounted-display system;

wherein the special-purpose hardware device:

receives, from the motion-detection sensor, us-
er-motion data indicating that the user wearing
the head-mounted-display system has made at
leastone movement since a certain image frame
was captured by the camera device;

identifies a subset of lines from the certainimage
frame that have yet to be forwarded toward the
display device even though an additional subset
of lines from the certain image frame have al-
ready been forwarded toward the display de-
vice;

modifies the subset of lines from the certain im-
age frame based at least in part on the user-
motion data from the motion-detection sensor
to compensate for the movement made by the
user; and

forwards the subset of modified lines from the
certain image frame toward the display device
to facilitate displaying, for presentation to the us-
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er, the subset of modified lines together with the
additional subset of lines.

12. The special-purpose hardware device of claim 11,
wherein: 5

the additional subset of lines from the certain
image frame have not been modified to com-
pensate for the movement made by the user;
and 10
the display device simultaneously displays, dur-
ing at least one point in time,
the subset of modified lines and the additional
subset of lines for presentation to the user.

15

13. A method comprising:

receiving, by a special-purpose hardware de-
vice, in particular according to any of claims 1

to 7, at least one image frame captured by a 20
camera device of a head-mounted-display sys-
tem, in particular according to any of claims 8 to

12;

receiving, by the special-purpose hardware de-
vice, computer-generated imagery intended to 25
be blended with the image frame;

generating, by the special-purpose hardware
device, at least one mixed-reality frame by over-
laying the computer-generated imagery onto the
image frame received from the camera device 30
of the head-mounted-display system; and

feeding, by the special-purpose hardware de-
vice, the mixed-reality frame to a display device

of the head-mounted-display system such that

the display device displays the mixed-reality 35
frame for presentation to a user wearing the
head-mounted-display system.
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