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PROCESS FOR DISTRIBUTED IMAGE
SIGNAL PROCESSING (ISP) / 400

SENSOR TO GENERATE RAW IMAGE DATA

CAPTURING AN IMAGE WITH AN IMAGE I/r 402

GENERATING BAYER IMAGE DATA FROM THE 404
RAW IMAGE DATA USING A FIRST IMAGE
PROCESSING ENGINE

DISTRIBUTING THE BAYER IMAGE DATA TO A
COMPUTING DEVICE TO GENERATE YUV
IMAGE DATA BASED ON THE BAYER IMAGE 406
DATA, WHEREIN THE COMPUTING DEVICE IS
CONFIGURED TO GENERATE THE YUV IMAGE
DATA USING A SECOND IMAGE PROCESSING
ENGINE

FIG. 4
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DISTRIBUTED IMAGE SIGNAL PROCESSOR
(ISP) SYSTEM FOR A HEAD-MOUNTED
DEVICE

TECHNICAL FIELD

This disclosure relates generally to image processing, and
in particular to distributed 1mage signal processing.

BACKGROUND INFORMATION

Head-mounted displays (HMDs) are prolific and enable
users to 1mmerse themselves into digital worlds and/or
mixed reality experiences. As HMDs become increasingly
popular for extended use (e.g., the entire day), battery life
and battery life management 1s a hurdle that needs to be
overcome to enable HMD extended operation.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting and non-exhaustive embodiments of the
invention are described with reference to the following
figures, wherein like reference numerals refer to like parts
throughout the various views unless otherwise specified.

FIGS. 1A, 1B, 1C, and 1D 1illustrate example diagrams of

distributed 1mage signal processor (ISP) systems, 1n accor-
dance with aspects of the disclosure.

FIGS. 2A, 2B, and 2C 1illustrate example diagrams of

1mage processing engines, in accordance with aspects of the
disclosure.

FI1G. 3 illustrates an example tflow diagram of a process of
distributed ISP operations for a head-mounted device, 1n
accordance with aspects of the disclosure.

FI1G. 4 illustrates an example tlow diagram of a process of
distributed ISP operations for a head-mounted device, 1n
accordance with aspects of the disclosure.

DETAILED DESCRIPTION

Embodiments of a distributed image signal processor
(ISP) system are described herein. In the following descrip-
tion, numerous specific details are set forth to provide a
thorough understanding of the embodiments. One skilled 1n
the relevant art will recogmize, however, that the techniques
described herein can be practiced without one or more of the
specific details, or with other methods, components, mate-
rials, etc. In other instances, well-known structures, mate-
rials, or operations are not shown or described 1n detail to
avold obscuring certain aspects.

Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure, or characteristic described 1n connection with the
embodiment 1s included 1n at least one embodiment of the
present invention. Thus, the appearances of the phrases “in
one embodiment” or “in an embodiment™ 1n various places
throughout this specification are not necessarily all referring
to the same embodiment. Furthermore, the particular fea-
tures, structures, or characteristics may be combined 1n any
suitable manner 1n one or more embodiments.

In aspects of this disclosure, visible light may be defined
as having a wavelength range of approximately 380 nm-700
nm. Non-visible light may be defined as light having wave-
lengths that are outside the wvisible light range, such as
ultraviolet light and infrared light. Infrared light having a
wavelength range of approximately 700 nm-1 mm includes
near-infrared light. In aspects of this disclosure, near-inira-
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2

red light may be defined as having a wavelength range of
approximately 700 nm-1.4 um.

Head-mounted devices, such as augmented reality (AR)
glasses can use light-weight batteries that have power levels
that may be rapidly depleted under heavy processing opera-
tions. An example of heavy processing operations include
image signal processor (ISP) operations. An ISP may be
configured to convert raw image data mto RGB or YUV
images. However, products like smartphones, tablets, lap-
tops and other computing devices have a power budget that
can be sigmificantly higher (e.g., hundreds of milliwatts).
The disclosed distributed ISP pipeline and architecture may
improve power consumption of head-mounted devices.

Embodiments of the disclosure include distributed ISP
systems and methods that are configured to extend battery
life (e.g., duration of operation) of a head-mounted device.
A distributed ISP system may include a head-mounted
device communicatively coupled to a (companion) comput-
ing device, to perform distributed ISP operations. The head-
mounted device may include a first ISP, and the computing
device may include a second ISP. ISP operations include
receiving raw 1mage data from an 1mage sensor, converting
the raw 1mage data to processed Bayer image data, convert-
ing the processed Bayer image data into YUV (luma, blue,
red projection) image data, and converting the YUV 1mage
data into final (YUV) image data. The first ISP may be
configured to perform partial ISP operations and may be
configured to transmit the processed image data to the
computing device for further ISP processing. For example,
the first ISP may be configured to convert raw 1mage data
into processed Bayer image data, may be configured to
convert the processed Bayer image data into YUV 1mage
data, and may be configured to transmit the YUV 1mage data
to the second ISP (e.g., the computing device) for conversion
into final 1image data. As another example, the first ISP may
be configured to convert raw 1mage data into processed
Bayer image data, and may be configured to transmit the
processed Bayer image data to the second ISP (e.g., the
computing device) for conversion into YUV image data and
then mnto final image data. The final image data may then be
displayed, image or video encoded, and/or sent back to the
head-mounted device for further use. As another example,
the first ISP may be configured to perform statistical pro-
cessing (e.g., partial Bayer processing) of the raw 1image data
and may be configured to transmit the raw 1mage data to the
second ISP for conversion 1nto processed Bayer image data,
YUYV 1mage data, and then into final image data. The final

image data may then be displayed, image or video encoded,
and/or sent back to the head-mounted device for further use.

The head-mounted device may be configured to distribute
ISP operations to the computing device based on one or
more events, 1 accordance with aspects of the disclosure.
For example, the head-mounted device may be configured to
monitor a voltage level or power level of a battery and may
be configured to at least partially distribute ISP operations to
the computing device to reduce the load on the battery.
Reducing the load of the battery may extend the duration
that head-mounted device may operate between battery
charges. As another example, the head-mounted device may
be configured to check for an established connected (e.g.,
over a network) to the computing device. The head-mounted
device may be configured to distribute at least some (or
nearly all) of the ISP operations to the computing device
while a connection (e.g., wired or wireless) 1s established
between the head-mounted device and the computing
device, for example. As another example, the head-mounted
device may be configured to determine whether a particular
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application or type of application 1s being operated (e.g.,
video conierencing, lowlight imaging, etc.). If a particular
application or type of application 1s running, the head-
mounted device may be configured to distribute at least
some of the ISP operations.

The systems and methods of distributing ISP operations
that are described in this disclosure may enable improve-
ments in battery life for head-mounted devices, allowing the
head-mounted devices to be more capable of extended use
(e.g., through an entire day) prior to recharge. These and

other embodiments are described in more detail 1n connec-
tion with FIGS. 1A-4.

FIGS. 1A, 1B, 1C, and 1D 1illustrate example diagrams of
distributed ISP systems, 1n accordance with aspects of the
disclosure. FIG. 1A illustrates an example hardware diagram
of distributed ISP system 100, FIG. 1B illustrates an
example operational diagram of distributed ISP system 150,
and FIGS. 1C and 1D 1illustrate example ISP pipeline con-
figurations of distributed ISP system 180, 1n accordance with
aspects of the disclosure. Distributed ISP system 100
includes a head-mounted device 101 that may be commu-
nicatively coupled to a computing device 102 through a
network 103, 1n accordance with aspects of the disclosure.
Head-mounted device 101 and computing device 102 are
configured to use network 103 to transmit and receive
various 1mage data 105 to support distributed ISP opera-
tions, according to an embodiment. By offloading at least
some ISP operations onto computing device 102, head-
mounted device 101 may extend battery life and may enable
faster image processing by relying on resources of comput-
ing device 102, for example. A head-mounted device, such
as head-mounted device 101, 1s one type of smart device. In
some contexts, head-mounted device 101 1s also a head-
mounted display (HMD) that 1s configured to provide arti-
ficial reality. Artificial reality 1s a form of reality that has
been adjusted 1 some manner before presentation to the
user, which may include, e.g., virtual reality (VR), aug-
mented reality (AR), mixed reality (MR), hybrd reality, or
some combination and/or derivative thereof.

Head-mounted device 101 includes an image sensor 106
that 1s configured as a scene facing camera, according to an
embodiment. Image sensor 106 may be coupled to a frame
108 and may be configured to capture images of the envi-
ronment 1n which head-mounted device 101 1s directed, for
example. Image sensor 106 may be a complementary metal-
oxide-semiconductor (CMOS) i1mage sensor or charge-
coupled device (CCD) image sensor. Image sensor 106 may
be configured to generate raw 1mage data. The raw 1mage
data may be converted to Bayer (formatted) image data,

RGB (red, green, blue) (formatted) image data and YUV
(formatted) image data, and final (YUV) image data. An ISP
may be configured to use a number of 1mage processing
engines to convert the raw 1mage data to final 1mage data,
which may be displayed, compressed, or video-encoded
(e.g., MP4, MPEG-4, AVI, WMY, etc.). Image sensor 106 1s
an example of one type of image sensor that may be included
with head-mounted device 101. Head-mounted device 101
may include one or more additional image sensors that are
oriented to recerve light reflections from an eyebox region 1n
order to determine an orientation ol a user’s eye(s).
Head-mounted device 101 includes a display 104 and a
projector 107 to support in-field display functions, in accor-
dance with aspects of the disclosure. Display 104 may
include a waveguide system having one or more optical
couplers and a waveguide coupled to lens assembly 112. The
waveguide system may receive display data from projector
107 and may be configured to display the display data 1n
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4

front of a user’s eye (in-field). Head-mounted device 101
may be configured to use display 104 to display images (e.g.,
post-processed final image data) captured by 1image sensor
106, according to an embodiment. Head-mounted device
101 may be configured to use display 104 to display a
number of user interface (Ul) elements (e.g., highlighting,
rectangles, text) based on an analysis of image data captured
by scene-oriented or eye-oriented 1mage sensors, for
example.

Lens assembly 112 1s coupled or mounted to frame 108,
for example, around a periphery of lens assembly 112. Lens
assembly 112 may include a prescription optical layer
matched to a particular user of head-mounted device 101 or
may be non-prescription lens. Lens assembly 112 may
include a number of optical layers, such as an 1llumination
layer, a display layer (e.g., inclusive of display 104), a
waveguide layer (e.g., to 1 couple light from the eyebox
region), and/or a prescription layer, for example. Frame 108
may be coupled to arms 110A and 110B for securing
head-mounted device 101 to the head of a user. The 1illus-
trated head-mounted device 101 1s configured to be worn on
or about a head of a wearer of head-mounted device 101.

Head-mounted device 101 includes a number of light
sources 113 that are configured to emit light into the eyebox
region (€.g., onto an eye), in an embodiment. Light sources
113 may be positioned at one or more ol a variety of
locations on frame 108 and may be oriented to selectively
illuminate the eyebox region. Light sources 113 may include
one or more of light emitting diodes (LEDs), photonic
integrated circuit (PIC) based illuminators, micro light emat-
ting diode (micro-LED), an edge emitting LED), a superlu-
minescent diode (SLED), or vertical cavity surface emitting
lasers (VCSELSs).

Head-mounted device 101 includes a controller 114 com-
municatively coupled to image sensor 106, projector 107,
and light sources 113, according to an embodiment. Con-
troller 114 1s configured to control the 1llumination timing of
light sources 113, according to an embodiment. Controller
114 may be configured to synchronize operation of light
sources 113 with image sensor 106 to enable 1mage sensor
106 to capture reflections of light emitted by light sources
113. Controller 114 1s coupled to i1mage sensor 106 to
receive 1mage data (e.g., raw 1mage data) captured by image
sensor 106, according to an embodiment. Controller 114
may include processing logic 116 and one or more memories
118 to analyze 1image data received from one or more 1image
sensors to: capture scene 1mages, determine an orientation of
one or more of a user’s eyes, perform one or more eye
tracking operations, and/or display or provide user interface
clements 1n lens assembly 112, according to an embodiment.
Controller 114 may include a wired and/or wireless data
interface for sending and receiving data, one or more graphic
processors, and one or more memories 118 for storing data
and computer-executable instructions. Controller 114 and/or
processing logic 116 may include circuitry, logic, instruc-
tions stored 1n a machine-readable storage medium, ASIC
circuitry, FPGA circuitry, and/or one or more processors. In
one embodiment, head-mounted device 101 may be config-
ured to receive wired power. In one embodiment, head-
mounted device 101 1s configured to be powered by one or
more batteries 120 that are coupled to controller 114
through, for example, power channel 121. In one embodi-
ment, head-mounted device 101 may be configured to
receive wired data including image data 1035 or video via a
wired communication channel. In one embodiment, head-




US 12,368,967 B2

S

mounted device 101 1s configured to receive image data 105
through network 103 (e.g., a wireless communication chan-
nel).

Head-mounted device 101 includes an ISP 124 that 1s
configured to work with ISP 126 (of computing device 102)
to perform distributed ISP operations on 1image data captured
by, for example, 1mage sensor 106, 1n accordance with
aspects of the disclosure. ISP 124 may be integrated into
controller 114, processing logic 116, and/or memories 118.
ISP 124 may be configured to perform partial ISP operations
and may be configured to transmit the processed image data
(c.g., image data 105) to computing device 102 for further
ISP processing. For example, ISP 124 may be configured to
convert raw 1mage data into processed Bayer image data,
may be configured to convert the Bayer image data into
YUYV 1mage data, and may be configured to transmit the
YUV mmage data (e.g., as image data 105) to computer
device 102 for conversion into final image data 128. As
another example, ISP 124 may be configured to convert raw
image data into processed Bayer image data, and may be
configured to transmit the processed Bayer image data (e.g.,
as 1mage data 105) to computer device 102 for conversion
into YUV 1mage data and then into final image data 128. As
another example, the ISP 124 may be configured to perform
statistical processing of the raw i1mage data and may be
configured to transmit the raw i1mage data to computing
device 102 for conversion into processed Bayer image data,
YUYV 1mage data, and then into final image data 128.

Head-mounted device 101 may be configured to distribute
ISP operations to computing device 102 based on one or
more events, 1 accordance with aspects of the disclosure.
For example, controller 114 may be configured to monitor a
voltage level or power level of one or more batteries 120 and
may be configured to at least partially distribute ISP opera-
tions to computing device 102 to reduce the load on one or
more batteries 120. Reducing the load of one or more
batteries 120 may extend the duration that head-mounted
device 101 may operate between battery charges. As another
example, controller 114 may be configured to check for an
established connected (e.g., over network 103) to computing
device 102. Controller 114 may be configured to distribute
at least some of the ISP operations to computing device 102
while a connection (e.g., wired or wireless) 1s established
between head-mounted device 101 and computing device
102, for example. Controller 114 may be configured to
distribute at least some of the ISP operations to computing
device 102 based on whether a particular application or type
of application 1s being operated (e.g., video conferencing,
lowlight 1maging, etc.).

Head-mounted device 101 may include a display 122, and
an 1mage sensor 127 positioned on or around a lens assembly
123 that 1s on, for example, a left side of frame 108. Display
122 may include similar features as display 104, and image
sensor 127 may be configured to operate similarly to image
sensor 106, and projector 125 may include similar features
as projector 107, according to an embodiment. Lens assem-
bly 123 may include similar features and/or layers as lens
assembly 112, and controller 114 may be configured to
control light sources 113, image sensors 106 and 127, and
projectors 107 and 125.

Computing device 102 1s configured to be communica-
tively coupled to head-mounted device 101 to recerve image
data 105 and to selectively perform one or more distributed
ISP operations to generate final image data 128, in accor-
dance with aspects of the disclosure. Computing device 102
1s interchangeably referred to as a “companion device” to
head-mounted device 101, and components of computing,
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device 102 may be referred to as companion device com-
ponents (e.g., companion device ISP 126). Computing
device 102 includes processing logic 130, memory 132, and
ISP 126, according to an embodiment. Processing logic 130
may include one or more processors, FPGA chips, ASICs, or
the like. ISP 126 may include processing logic that 1s
independent of processing logic 130, or ISP 126 may be at
least partially integrated into or executed by processing logic
130. ISP 126 may be configured to perform a number of ISP
operations to assist head-mounted device 101 1n offloading
ISP operations. In one implementation, computing device
102 receives 1mage data 105 and ISP 126 1s configured to
convert processed Bayer image data (e.g., received as image
data 105) into YUV 1mage data and 1s configured to convert
the YUV 1mage data into final image data 128, using (for
example) color conversion operation 133. In one implemen-
tation, computing device 102 receives 1mage data 105 and
ISP 126 1s configured to convert YUV 1mage data (e.g.,
received as 1image data 105) into final image data 128. Final
image data 128 may then be displayed, encoded, or trans-
mitted back to head-mounted device 101 as image data 105,
according to various embodiments.

FIG. 1B illustrates a distributed ISP system 130 that 1s an
operational representation of distributed ISP system 100, 1n
accordance with aspects of the disclosure. Distributed ISP
system 150 includes a head-mounted device ISP 124 and a
companion device ISP 126 that are configured to perform
distributed ISP operations, in accordance with aspects of the
disclosure. Head-mounted device ISP 124 may be partially
or Tully operated by or executed with processing logic 116
of head-mounted device 101. Companion device ISP 126
may be partially or fully operated by or executed with
processing logic 130 of computing device 102, according to
an embodiment.

Head-mounted device ISP 124 may perform distributed
ISP operations using one or more of a variety of techniques.
Head-mounted device ISP 124 1s configured to receive raw
image data 156, and 1s configured to use Bayer processing
engine 158 to generate processed Bayer image data 160. In
one 1mplementation, head-mounted device ISP 124 1s con-
figured to provide processed Bayer image data 160 to
companion device ISP 126 for further processing and for the
generating final image data 128. In another implementation,
head-mounted device ISP 124 applies processed Bayer
image data 160 to RGB processing engine 164 to generate
YUV 1mage data 166. Head-mounted device ISP 124 may
then be configured to provide YUV 1mage data 166 to
companion device ISP 126 to enable the generation of final
image data 128.

Companion device ISP 126 1s configured to support
distributed ISP operations using one or more of a variety of
techniques. For example, companion device, ISP 126 may
receive processed Bayer image data 160 and may apply
processed Bayer image data 160 to RGB processing engine
164 to generate YUV 1mage data 166. Companion device
ISP 126 may generate YUV 1mage data 166 or may receive
YUYV image data 166. Companion device ISP 126 may apply
YUV 1mage data 166 to YUV processing engine 168 to
generate final 1image data 128. According to one implemen-
tation, the more ISP operations head-mounted device ISP
124 offloads to companion device ISP 126, the less ISP

operations will drain one or more batteries 120 of head-
mounted device 101.

In an ultra-lightweight distributed ISP operation, head-
mounted device ISP 124 i1s configured to perform light
processing of raw 1mage data 156 to generate statistics 170,
and head-mounted device ISP 124 provides raw 1mage data
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156 to companion device ISP 126 for Bayer processing,
RGB processing, and YUV processing, according to an
embodiment.

FIGS. 1C and 1D 1illustrate example diagrams of ISP
pipelines for a distributed ISP system 180, which may be
another view of distributed ISP system 150, 1n accordance
with aspects of the disclosure. Distributed ISP system 180 1s
an alternative depiction of distributed ISP system 150,
according to an embodiment. Distributed ISP system 180
includes a normal ISP pipeline 182, a light ISP pipeline 184,
a light ISP pipeline 186, and an ultralight ISP pipeline 188,
according to an embodiment.

Normal ISP pipeline 182 includes performing full ISP
Bayer processing 190, full ISP RGB processing 192, and
partial ISP YUV processing 194A with head-mounted
device ISP 124, according to an embodiment. Normal ISP
pipeline 182 may distribute remainder ISP YUYV processing
194B to companion device ISP 126 to support a better image
quality or processing-heavy applications (e.g., action recog-
nition), according to an embodiment. Distributing remainder
ISP YUV processing 194 to companion device 126 1is
advantageous because processing algorithms in this part
may be optional and/or very power-consuming, according to
an embodiment. Partial ISP YUV processing 194A may
include one, two, or more of the operations of YUV image
processing engine 240 (shown 1n FIG. 2C), according to an
embodiment. Remainder ISP YUV processing 194B may
include one, two, half, or more of the operations of YUV
image processing engine 240 (shown i FIG. 2C), according
to an embodiment. Partial ISP YUV processing 194A and
remainder ISP YUYV processing 194B may collectively be
referred to as full ISP YUV processing, which may be
performed solely on head-mounted device ISP 124.

Light ISP pipeline 184 includes performing full ISP Bayer
processing 190 and full ISP RGB processing 192 with
head-mounted device ISP 124. Light ISP pipeline 184
includes distributing tull ISP YUYV processing 194 to com-
panion device ISP 126. In one embodiment, full ISP YUV
processing 1s separated into partial YUV processing 194A
and remainder YUV processing 194B. Light ISP pipeline
184 may be configured to perform partial YUV processing
194A with head-mounted device ISP 124 and may be
configured to distribute remainder YUYV processing 194B to
companion device ISP 126, according to an embodiment.
The division or separation of partial YUV processing 194A
and remainder YUV processing 1948 may be based on the
type of application, running, may be based on connectivity
between head-mounted device 101 and companion device
102, or may be based on other factors. For example, when
companion device 102 or network 103 1s not available and
final 1mage data 128 i1s requested, then full ISP YUV
processing 194 may be completed in head-mounted device
102. As another example, 1f an application 1s running that
demands heavy image processing (e.g., a video conferencing
application), remainder YUV processing 194B may be dis-
tributed to head-mounted device 101.

Light ISP pipeline 186 includes performing full ISP Bayer
processing 190 with head-mounted device ISP 124. Light
ISP pipeline 186 includes distributing full ISP RGB pro-
cessing 192 and full ISP YUYV processing 194 to companion
device ISP 126.

Ultralight ISP pipeline 188 includes performing light
Bayer statistics processing 196 with head-mounted device
ISP 124 to generate statistics for the raw i1mage data.
Ultralight ISP pipeline 188 includes distributing full ISP
Bayer processing 190, full ISP RGB processing 192, and full
ISP YUV processing 194 to companion device ISP 126.
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FIGS. 2A, 2B, and 2C illustrate example diagrams of
more specific operation of the disclosed 1image processing
engines, 1n accordance with aspects of the disclosure. FIG.
2A 1llustrates an example tlow diagram of operations of
Bayer (image) processing engine 200, in accordance with
aspects of the disclosure. Bayer processing engine 200 may
be configured to recerve raw 1mage data 156 as an input and
may provide processed Bayer image data 160 and statistics
170 based on processing raw 1mage data 156. At operation
block 202, Bayer processing engine 200 performs a black-
level correction operation, according to an embodiment. At
operation block 204, Bayer processing engine 200 performs
a linearization operation, according to an embodiment. At
operation block 206, Bayer processing engine 200 performs
a defective pixel correction operation, according to an
embodiment. At operation block 208, Bayer processing
engine 200 performs a green imbalance correction opera-
tion, according to an embodiment. At operation block 210,
Bayer processing engine 200 performs a Bayer spatial
denoising operation, according to an embodiment. At opera-
tion block 212, Bayer processing engine 200 performs a lens
shading correction operation, according to an embodiment.
At operation block 202, Bayer processing engine 200 per-
forms a white balance gain operation, which generates the
processed Bayer image data 160, according to an embodi-
ment.

FIG. 2B 1llustrates an example flow diagram of operations
of RGB (1mage) processing engine 220, 1n accordance with
aspects of the disclosure. RGB processing engine 220 may
be configured to receive processed Bayer image data 160 as
an 1nput and may provide YUV 1mage data 166 based on
performing operations on processed Bayer image data 160.
At operation block 222, RGB processing engine 220 per-
forms a demosaic operation, according to an embodiment.
At operation block 224, RGB processing engine 220 per-
forms a global/local tone mapping operation, according to
an embodiment. At operation block 226, RGB processing
engine 220 performs a color correction matrix operation,
according to an embodiment. At operation block 228, RGB
processing engine 220 performs a gamma correction opera-
tion, according to an embodiment. At operation block 230,
RGB processing engine 220 performs a color post process-
ing operation, according to an embodiment. At operation
block 232, RGB processing engine 220 performs a color
space conversion operation, which generates the processed
YUYV mmage data 166, according to an embodiment.

FIG. 2C illustrates an example flow diagram of operations
of YUV (1mage) processing engine 240, 1n accordance with
aspects of the disclosure. YUV processing engine 240 may
be configured to recerve YUV 1mage data 166 as an input
and may provide final image data 128 based on processing
YUYV 1mage data 166. At operation block 242, YUV pro-
cessing engine 240 performs a local motion estimation
operation, according to an embodiment. At operation block
244, YUYV processing engine 240 performs a YUV temporal
denoising operation on YUV 1mage data 166, local motion
estimation data, and YUV temporal denoising data, accord-
ing to an embodiment. At operation block 246, YUV pro-
cessing engine 240 performs a YUV spatial denoising opera-
tion, according to an embodiment. At operation block 248,
YUYV processing engine 240 performs an image sharpener
operation, according to an embodiment. At operation block
250, YUV processing engine 240 performs an image scaler
operation, according to an embodiment. At operation block
252, YUV processing engine 240 performs a geometric
correction operation, which generates the processed final
image data 128, according to an embodiment. Final image
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data 128 may be provided to a video (or image) encoder 254,
a display 256, or as an RGB image 257.

FI1G. 3 illustrates an example tflow diagram of a process of
distributing ISP operations for a head-mounted device, 1n
accordance with aspects of the disclosure. The order in
which some or all of the process blocks appear 1n process
300 should not be deemed limiting. Rather, one of ordinary
skill 1n the art having the benefit of the present disclosure
will understand that some of the process blocks may be
executed 1n a variety of orders not illustrated, or even 1n
parallel.

In operation block 302, process 300 generates raw 1mage
data, according to an embodiment. Operation block 302
proceeds to operation block 304, according to an embodi-
ment.

In operation block 304, process 300 converts raw 1mage
data to processed Bayer image data, according to an embodi-
ment. Operation block 304 proceeds to operation block 306,
according to an embodiment.

In operation block 306, process 300 checks the battery
(e.g., power or voltage level) and/or operating applications,
according to an embodiment. Operation block 306 proceeds
to operation block 308, according to an embodiment.

In operation block 308, process 300 determines i the
battery 1s under a battery threshold (e.g., below a predeter-
mined voltage level) and/or 1f a particular application or type
ol application 1s running, according to an embodiment. For
example, for video-conferencing use case, process 300 may
adopt an ultralight pipeline (e.g., ultralight ISP pipeline
188). For normal photo capture, process 300 may adopt
normal pipeline (e.g., normal ISP pipeline 182) since normal
photo capture typically does not consume much power
compared with a long video capture. For lowlight photo
capturing that uses complex and heavy additional compu-
tation, process 300 may adopt a light pipeline (e.g., light ISP
pipeline 184 or 186). If the battery (e.g., voltage level) 1s
above a threshold and/or 1f a particular application (e.g.,
video conference) 1s not running, operation block 308 pro-
ceeds to operation block 310, according to an embodiment.
If the battery 1s below a threshold and/or i1t a particular
application or type of application 1s running, operation block
308 proceeds to operation block 314, according to an
embodiment.

In operation block 310, process 300 generates YUV
image data with head-mounted device ISP 124, according to
an embodiment. Operation block 310 proceeds to operation
block 312, according to an embodiment.

In operation block 312, process 300 generates final image
data with head-mounted device ISP 124, according to an
embodiment.

In operation block 314, process 300 checks for a com-
munication channel established (e.g., between head-
mounted device 101 and computing device 102, according,
to an embodiment. If no, operation block 314 proceeds to
operation block 310, according to an embodiment. If vyes,
operation block 314 proceeds to operation block 316,
according to an embodiment.

In operation block 316, process 300 generates YUV
image data with companion device ISP 126, according to an
embodiment. Operation block 316 proceeds to operation
block 318, according to an embodiment.

In operation block 318, process 300 generates final image
data with companion device ISP 126, according to an
embodiment. Operation block 318 may also 1include provid-
ing final 1mage data to display 256 or to video encoder 254,
according to an embodiment.
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Although process 300 illustrates a battery check, battery
threshold determination, and communications channel deter-
mination after Bayer image data has been generated, these
operations may be performed after RGB 1mage data has
been generated, before Bayer image data has been gener-
ated, or at additional locations between other operations, 1n
accordance with aspects of the disclosure.

FIG. 4 1llustrates an example tlow diagram of a process of
distributing ISP operations for a head-mounted device, 1n
accordance with aspects of the disclosure. The order in
which some or all of the process blocks appear 1n process
400 should not be deemed limiting. Rather, one of ordinary
skill 1n the art having the benefit of the present disclosure
will understand that some of the process blocks may be
executed 1 a variety of orders not illustrated, or even 1n
parallel.

In operation block 402, process 400 includes capturing an
image with an 1mage sensor to generate raw 1mage data,
according to an embodiment. Operation block 402 proceeds
to operation block 404, according to an embodiment.

In operation block 404, process 400 includes generating,
Bayer image data from the raw image data using a first
image processing engine, according to an embodiment.
Operation block 404 proceeds to operation block 406,
according to an embodiment.

In operation block 406, process 400 1includes distributing
the Bayer image data to a computing device to generate
YUYV image data based on the Bayer image data, wherein the
computing device 1s configured to generate the YUV 1mage
data using a second 1mage processing engine, according to
an embodiment.

Embodiments of the invention may include or be imple-
mented 1 conjunction with an artificial reality system.
Artificial reality 1s 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 hybnd reality, or some
combination and/or derivatives thereof. Artificial reality
content may include completely generated content or gen-
erated content combined with captured (e.g., real-world)
content. The artificial reality content may include video,
audio, haptic feedback, or some combination thereof, and
any of which may be presented 1n a single 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, accessories, services, or some
combination thereof, that are used to, e.g., create content 1n
an artificial reality and/or are otherwise used 1n (e.g., per-
form activities 1n) an artificial reality. The artificial reality
system that provides the artificial reality content may be
implemented on various platforms, including a head-
mounted display (IMD) connected to a host computer sys-
tem, a standalone AMD, a mobile device or computing
system, or any other hardware platiorm capable of providing
artificial reality content to one or more viewers.

The term “processing logic™ (e.g., 116) 1n this disclosure
may 1include one or more processors, miCroprocessors,
multi-core processors, Application-specific integrated cir-
cuits (ASIC), and/or Field Programmable Gate Arrays (FP-
GAs) to execute operations disclosed herein. In some
embodiments, memories (not illustrated) are integrated into
the processing logic to store instructions to execute opera-
tions and/or store data. Processing logic may also include
analog or digital circuitry to perform the operations in
accordance with embodiments of the disclosure.
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A “memory” or “memories” (e.g., 118) described in this
disclosure may include one or more volatile or non-volatile
memory architectures. The “memory” or “memories” may
be removable and non-removable media implemented 1n any
method or technology for storage of information such as
computer-readable instructions, data structures, program
modules, or other data. Example memory technologies may
include RAM, ROM, EEPROM, flash memory, CD-ROM,
digital versatile disks (DVD), high-definition multimedia/
data storage disks, or other optical storage, magnetic cas-
settes, magnetic tape, magnetic disk storage or other mag-
netic storage devices, or any other non-transmission medium
that can be used to store information for access by a
computing device.

Network 103 may 1include any network or network system
such as, but not limited to, the following: a peer-to-peer
network; a Local Area Network (LAN); a Wide Area Net-
work (WAN); a public network, such as the Internet; a
private network; a cellular network; a wireless network; a
wired network; a wireless and wired combination network;
and a satellite network.

Communication channels may include or be routed
through one or more wired or wireless communication
utilizing IEEE 802.11 protocols, short-range wireless pro-
tocols, SPI (Serial Peripheral Interface), I°C (Inter-Inte-
grated Circuit), USB (Universal Serial Port), CAN (Con-
troller Area Network), cellular data protocols (e.g. 3G, 4G,
LTE, 5G), optical communication networks, Internet Service
Providers (ISPs), a peer-to-peer network, a Local Area
Network (LAN), a Wide Area Network (WAN), a public
network (e.g. “the Internet™), a private network, a satellite
network, or otherwise.

A computing device may include a desktop computer, a
laptop computer, a tablet, a phablet, a smartphone, a feature
phone, a server computer, or otherwise. A server computer
may be located remotely 1n a data center or be stored locally.

The processes explained above are described 1n terms of
computer soltware and hardware. The techniques described
may constitute machine-executable instructions embodied
within a tangible or non-transitory machine (e.g., computer)
readable storage medium, that when executed by a machine
will cause the machine to perform the operations described.
Additionally, the processes may be embodied within hard-
ware, such as an application specific integrated circuit
(“ASIC”) or otherwise.

A tangible non-transitory machine-readable storage
medium 1ncludes any mechanism that provides (1.e., stores)
information 1 a form accessible by a machine (e.g., a
computer, network device, personal digital assistant, manu-
facturing tool, any device with a set o one or more proces-
sors, etc.). For example, a machine-readable storage medium
includes recordable/non-recordable media (e.g., read only
memory (ROM), random access memory (RAM), magnetic
disk storage media, optical storage media, tlash memory
devices, etc.).

The above description of illustrated embodiments of the
invention, including what 1s described 1n the Abstract, 1s not
intended to be exhaustive or to limit the imvention to the
precise forms disclosed. While specific embodiments of, and
examples for, the mvention are described herein for 1llus-
trative purposes, various modifications are possible within
the scope of the invention, as those skilled in the relevant art
will recognize.

These modifications can be made to the invention in light
of the above detailed description. The terms used 1n the
following claims should not be construed to limit the inven-
tion to the specific embodiments disclosed 1n the specifica-
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tion. Rather, the scope of the mvention 1s to be determined
entirely by the following claims, which are to be construed
in accordance with established doctrines of claim interpre-
tation.

What 1s claimed 1s:

1. A distributed 1mage signal processing (ISP) system for

a head-mounted device comprising:
a Bayer image processing engine configured to: (1) receive
raw 1mage data and (11) generate Bayer image data from
the raw 1mage data, wherein the Bayer image process-
ing engine 1s operated by {first processing logic of the
head-mounted device; and
a controller integrated with or coupled to the first pro-
cessing logic, wherein the controller 1s configured to:
based at least 1n part on a power level of a battery or a
status of an operating application of the head-
mounted device, determine whether YUV 1mage
processing 1s to be performed by the first processing
logic of the head-mounted device or 1s to be per-
formed by a second processing logic of a computing
device communicatively coupled to the head-
mounted device; and

if the YUV 1mage processing is to be performed by the
second processing logic, check 1 a commumnication
channel to the computing device 1s established and 11
so, send the Bayer image data to the computing
device for the YUV 1mage processing.

2. The distributed ISP system of claim 1 further compris-

ng:

an RGB i1mage processing engine configured to: (1)
receive the Bayer image data and (11) generate RGB
image data from the Bayer image data, wherein:
the 1mage data 1s the RGB image data, and
the RGB 1mage processing engine 1s operated by the

first processing logic or by the second processing
logic.

3. The distributed ISP system of claim 1, wherein:

the head-mounted device includes a-the battery, and

a distribution of 1mage processing engines of the distrib-
uted ISP system 1s configured to reduce a load on the
battery.

4. The distributed ISP system of claim 1, wherein:

the Bayer image processing engine 1s configured to pro-
vide statistics for the Bayer image data, and the statis-
tics 1nclude at least one of auto-white-balance data,
auto-exposure data, or auto-focus data.

5. The distributed ISP system of claim 1, wherein:

the Bayer image processing engine 1s configured to per-
form 1mage processing operations, and

the 1mage processing operations include one or more of:
black-level correction, linearization, defective pixel
correction, green imbalance correction, Bayer spatial
denoising, lens shading correction, or white-balance
gain.

6. The distributed ISP system of claim 1, wherein:

the head-mounted device includes a YUV 1mage process-
ing engine configured to perform image processing
operations, and

the 1mage processing operations include one or more of:
local motion estimation, YUV temporal denoising,
YUYV spatial denoising, image sharpening, image scal-
Ing, or geometric correction.

7. The distributed ISP system of claim 1 further compris-

ng:

an RGB 1mage processing engine, wherein:
the RGB image processing engine 1s configured to

perform 1mage processing operations, and
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the 1mage processing operations include one or more
of: demosaic, global and local tone mapping, color
correction matrix, gamma correction, color post-
processing, or color space conversion.

8. The distributed ISP system of claim 1, wherein the
computing device 1s configured to wirelessly receive the
image data from the head-mounted device.

9. The distributed ISP system of claim 1, wherein the
computing device 1s configured to video encode or display
the YUV 1mage data.

10. A distributed 1mage signal processing (ISP) system
comprising;

a head-mounted device having an 1mage sensor and first

processing logic,

wherein:

the 1mage sensor 1s configured to generate raw 1mage
data, and
the first processing logic includes a Bayer image pro-
cessing engine configured to recerve the raw 1mage
data and conﬁgured to generate first 1mage data
_lElVIIlg Bayer image data format, wherein based at
least 1n part on a power level of a battery of the
head-mounted device or a status of an operating
application of the head-mounted device, the head-
mounted device 1s to determine whether YUV 1mage
processing 1s to be performed on the head-mounted
device or by a second processing logic located
separately from the head-mounted device; and
a computing device communicatively coupled to the
head-mounted device to recerve image data 11 the YUV
image processing 1s to be performed by the second
processing logic and if a communication channel 1s
established between the computing device and the
head-mounted device, wherein the computing device
includes the second processing logic, and wherein:
the second processing logic includes a YUV 1mage
processing engine configured to generate YUV
image data based on the image data, and
the second 1mage data has a YUV format.

11. The distributed ISP system of claim 10,

further comprising an RGB 1mage processing engine to

generate 1mage data having an RGB 1mage data format.

12. A method of distributed 1image signal processing (ISP)
for a head-mounted device comprising;

capturing an 1image with an image sensor to generate raw

image data;

generating Bayer image data from the raw image data

using a first 1mage processing engine;
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based at least 1in part on a power level of a battery or a
status ol an operating application of the head-mounted
device, checking whether a communication channel 1s
established with a computing device, and 11 so, distrib-
uting the Bayer image data to a computing device to
generate YUV 1mage data based on the Bayer image
data, wherein the computing device 1s configured to
generate the YUV 1mage data using a second image
processing engine.

13. The method of claim 12, whereimn the computing

device 1s configured to:
(1) generate RGB 1mage data from the Bayer image data and
(11) generate the YUV 1mage data from the RGB 1mage data.

14. The method of claim 13, wherein the computing
device 1s configured to generate the RGB data using a third
Image processing engine.

15. The method of claim 14, wherein the first 1mage
processing engine 1s a Bayer image processing engine, the
second 1mage processing engine 1s a Y UV 1mage processing
engine, and the third image processing engine 1s an RGB
Image processing engine.

16. The method of claim 12 further comprising:

determining a power level of a battery of the head-
mounted device; and

selectively distributing the Bayer image data to the com-
puting device based on the power level, wherein the
head-mounted device 1s configured to generate the
YUYV data while the Bayer image data 1s not distributed
to the computing device.

17. The method of claim 16 further comprising;:

reducing a power load on the battery by selectively
distributing the Bayer image data.

18. The method of claim 12, wherein:

the first image processing engine 1s configured to provide
statistics for the Bayer image data, and

the statistics include at least one of auto-white-balance
data, auto-exposure data, or auto-focus data.

19. The method of claim 12, wherein:

the first image processing engine 1s a Bayer image pro-
cessing engine that 1s configured to perform image
processing operations, and

the 1mage processing operations include one or more of:
black-level correction, linearization, defective pixel
correction, green imbalance correction, Bayer spatial
denoising, lens shading correction, or white-balance
gain.
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