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(57) ABSTRACT

An electronic device may include a lenticular display. The
lenticular display may have a lenticular lens film formed
over an array of pixels. A plurality of lenticular lenses may
extend across the length of the display. The lenticular lenses
may be configured to enable stereoscopic viewing of the
display such that a viewer perceives three-dimensional
images. The display may have a number of independently
controllable viewing zones. The viewer may be particularly
susceptible to artifacts caused by crosstalk at the edge
viewing zones within the primary field of view of the
display. Certain types of content may also be more vulner-
able to crosstalk than other types of content. Therefore, to
mitigate crosstalk artifacts, the pixel value for each pixel
may be adjusted based on the viewing zone of the respective
pixel and content information (such as texture information
or brightness information) associated with the respective
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DISPLAYS WITH SELECTIVE PIXEL
BRIGHTNESS TUNING

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 18/259,619, filed Jun. 28, 2023, which
1s a national stage application filed under 35 U.S.C. § 371 of
international patent application No. PCT/US22/11219, filed
Jan. 5, 2022, which claims priority to U.S. provisional patent

application No. 63/136,005, filed Jan. 11, 2021, which are
hereby incorporated by reference herein in their entireties.

FIELD

[0002] This relates generally to electronic devices, and,
more particularly, to electronic devices with displays.

BACKGROUND

[0003] FElectronic devices often include displays. In some
cases, displays may include lenticular lenses that enable the
display to provide three-dimensional content to the viewer.
The lenticular lenses may be formed over an array of pixels
such as organic light-emitting diode pixels or liquid crystal
display pixels.

SUMMARY

[0004] An electronic device may include a lenticular dis-
play. The lenticular display may have a lenticular lens film
formed over an array of pixels. A plurality of lenticular
lenses may extend across the length of the display. The
lenticular lenses may be configured to enable stereoscopic
viewing ol the display such that a viewer perceives three-
dimensional 1mages.

[0005] The display may have a number of independently
controllable viewing zones. Each viewing zone displays a
respective two-dimensional image. Each eye of the viewer
may receive a different one of the two-dimensional images,
resulting 1n a perceived three-dimensional 1mage.

[0006] The electronic device may include display pipeline
circuitry that generates and processes content to be dis-
played on the lenticular display. Content generating circuitry
may 1mtially generate content that includes a plurality of
two-dimensional 1mages, each two-dimensional 1mage cor-
responding to a respective viewing zone.

[0007] Pixel mapping circuitry may be used to map the
two-dimensional 1images to the array of pixels in the len-
ticular display. Each two-dimensional image may have a
respective subset of pixels on the display, such that the
two-dimensional images are blended together and displayed
simultaneously.

[0008] The pixel values for the array of pixels may be
selectively dimmed to mitigate artifacts caused by crosstalk
between viewing zones. The viewer may be particularly
susceptible to artifacts caused by crosstalk at the edge
viewing zones within the primary field of view of the
display. Certain types of content may also be more vulner-
able to crosstalk than other types of content. Therefore, the
pixel value for each pixel may be dimmed based on the
viewing zone of the respective pixel and content information
(such as texture information or brightness information)
associated with the respective pixel.

[0009] In some cases, brightness values for the array of
pixels may be selectively increased to increase contrast. The
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brightness values may be increased in portions of the display
that are susceptible to retlections from ambient light such as
the edges of the display.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 1s a schematic diagram of an illustrative
clectronic device having a display in accordance with an
embodiment.

[0011] FIG. 2 15 a top view of an illustrative display 1n an
electronic device 1n accordance with an embodiment.
[0012] FIG. 3 15 a cross-sectional side view of an 1llustra-
tive lenticular display that provides images to a viewer in
accordance with an embodiment.

[0013] FIG. 4 1s a cross-sectional side view of an 1llustra-
tive lenticular display that provides images to two or more
viewers 1n accordance with an embodiment.

[0014] FIG. 515 a top view of an illustrative lenticular lens
film showing the elongated shape of the lenticular lenses 1n
accordance with an embodiment.

[0015] FIG. 6 1s a diagram of an illustrative lenticular
display with a plurality of discrete viewing zones in accor-
dance with an embodiment.

[0016] FIGS. 7TA-7C are perspective views of illustrative
three-dimensional content that may be displayed on diflerent
zones ol the display of FIG. 6 1n accordance with an
embodiment.

[0017] FIG. 8 1s a diagram showing how crosstalk may be
present 1n a given viewing zone of a lenticular display in
accordance with an embodiment.

[0018] FIG. 9 15 a top view of an illustrative display
showing a ghosting eflect caused by crosstalk 1n accordance
with an embodiment.

[0019] FIG. 10 1s a diagram of an illustrative display with
display pipeline circuitry that generates images for a len-
ticular display 1n accordance with an embodiment.

[0020] FIG. 11 1s a diagram of an 1illustrative display
showing how display pipeline circuitry may include content
rendering circuitry and pixel mapping circuitry in accor-
dance with an embodiment.

[0021] FIG. 12 1s a diagram of i1llustrative view-dependent
luminance adjustment circuitry in accordance with an
embodiment.

DETAILED DESCRIPTION

[0022] An illustrative electronic device of the type that
may be provided with a display 1s shown i FIG. 1. Elec-
tronic device 10 may be a computing device such as a laptop
computer, a computer monitor containing an embedded
computer, a tablet computer, a cellular telephone, a media
player, or other handheld or portable electronic device, a
smaller device such as a wrist-watch device, a pendant
device, a headphone or earpiece device, an augmented
reality (AR) headset and/or virtual reality (VR) headset, a
device embedded 1n eyeglasses or other equipment worn on
a user’s head, or other wearable or minmature device, a
display, a computer display that contains an embedded
computer, a computer display that does not contain an
embedded computer, a gaming device, a navigation device,
an embedded system such as a system in which electronic
equipment with a display 1s mounted 1n a kiosk or automo-
bile, or other electronic equipment. As shown 1n FIG. 1,
clectronic device 10 may have control circuitry 16. Control
circuitry 16 may include storage and processing circuitry for
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supporting the operation of device 10. The storage and
processing circultry may include storage such as hard disk
drive storage, nonvolatile memory (e.g., flash memory or
other electrically-programmable-read-only memory config-
ured to form a solid-state drive), volatile memory (e.g., static
or dynamic random-access-memory), etc. Processing cir-
cuitry 1n control circuitry 16 may be used to control the
operation of device 10. The processing circuitry may be
based on one or more microprocessors, microcontrollers,
digital signal processors, baseband processors, power man-
agement units, audio chips, application specific integrated
circuits, etc.

[0023] To support communications between device 10 and
external equipment, control circuitry 16 may communicate
using communications circuitry 21. Circuitry 21 may
include antennas, radio-frequency transceiver circuitry, and
other wireless communications circuitry and/or wired com-
munications circuitry. Circuitry 21, which may sometimes
be referred to as control circuitry and/or control and com-
munications circuitry, may support bidirectional wireless
communications between device 10 and external equipment
over a wireless link (e.g., circuitry 21 may include radio-
frequency transceiver circuitry such as wireless local area
network transceiver circuitry configured to support commu-
nications over a wireless local area network link, near-field
communications transceiver circuitry configured to support
communications over a near-field communications link,
cellular telephone transceiver circuitry configured to support
communications over a cellular telephone link, or trans-
celver circuitry configured to support communications over
any other suitable wired or wireless communications link)
Wireless communications may, for example, be supported
over a Bluetooth® link, a WiF1® link, a 60 GHz link or other
millimeter wave link, a cellular telephone link, or other
wireless communications link Device 10 may, 11 desired,
include power circuits for transmitting and/or receiving
wired and/or wireless power and may include batteries or
other energy storage devices. For example, device 10 may
include a coil and rectifier to receive wireless power that 1s
provided to circuitry in device 10.

[0024] Input-output circuitry in device 10 such as nput-
output devices 12 may be used to allow data to be supplied
to device 10 and to allow data to be provided from device 10
to external devices. Input-output devices 12 may include
buttons, joysticks, scrolling wheels, touch pads, keypads,
keyboards, microphones, speakers, tone generators, vibra-
tors, cameras, sensors, light-emitting diodes and other status
indicators, data ports, and other electrical components. A
user can control the operation of device 10 by supplying
commands through input-output devices 12 and may receive
status mnformation and other output from device 10 using the
output resources ol mput-output devices 12.

[0025] Input-output devices 12 may include one or more
displays such as display 14. Display 14 may be a touch
screen display that includes a touch sensor for gathering
touch 1mput from a user or display 14 may be insensitive to
touch. A touch sensor for display 14 may be based on an
array of capacitive touch sensor electrodes, acoustic touch
sensor structures, resistive touch components, force-based
touch sensor structures, a light-based touch sensor, or other
suitable touch sensor arrangements.

[0026] Some electronic devices may include two displays.
In one possible arrangement, a first display may be posi-
tioned on one side of the device and a second display may
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be positioned on a second, opposing side of the device. The
first and second displays therefore may have a back-to-back
arrangement. One or both of the displays may be curved.

[0027] Sensors in mput-output devices 12 may include
force sensors (e.g., strain gauges, capacitive force sensors,
resistive force sensors, etc.), audio sensors such as micro-
phones, touch and/or proximity sensors such as capacitive
sensors (e.g., a two-dimensional capacitive touch sensor
integrated mto display 14, a two-dimensional capacitive
touch sensor overlapping display 14, and/or a touch sensor
that forms a button, trackpad, or other input device not
associated with a display), and other sensors. If desired,
sensors in input-output devices 12 may include optical
sensors such as optical sensors that emit and detect light,
ultrasonic sensors, optical touch sensors, optical proximity
sensors, and/or other touch sensors and/or proximity sen-
sors, monochromatic and color ambient light sensors, three-
dimensional sensors (e.g., three-dimensional 1image sensors
such as structured light sensors that emit beams of light and
that use two-dimensional digital 1mage sensors to gather
image data for three-dimensional images from light spots
that are produced when a target 1s 1lluminated by the beams
of light, binocular three-dimensional image sensors that
gather three-dimensional 1mages using two or more cameras
in a binocular imaging arrangement, three-dimensional lidar
(light detection and ranging) sensors, three-dimensional
radio-frequency sensors, or other sensors that gather three-
dimensional image data), cameras (e.g., inifrared and/or
visible digital image sensors), fingerprint sensors, tempera-
ture sensors, sensors for measuring three-dimensional non-
contact gestures (“air gestures”), pressure sensors, Sensors
for detecting position, orientation, and/or motion (e.g.,
accelerometers, magnetic sensors such as compass sensors,
gyroscopes, and/or nertial measurement units that contain
some or all of these sensors), health sensors, radio-frequency
sensors, depth sensors (e.g., structured light sensors and/or
depth sensors based on stereo 1imaging devices), humidity
sensors, moisture sensors, gaze tracking sensors, and/or
other sensors.

[0028] Control circuitry 16 may be used to run software on
device 10 such as operating system code and applications.
During operation of device 10, the software running on
control circuitry 16 may display images on display 14 using
an array of pixels 1n display 14.

[0029] Display 14 may be an organic light-emitting diode
display, a liqud crystal display, an electrophoretic display,
an electrowetting display, a plasma display, a microelectro-
mechanical systems display, a display having a pixel array
formed from crystalline semiconductor light-emitting diode
dies (sometimes referred to as microLEDs), and/or other
display. Configurations in which display 14 1s an organic
light-emitting diode display are sometimes described herein
as an example.

[0030] Daisplay 14 may have a rectangular shape (i.e.,
display 14 may have a rectangular footprint and a rectan-
gular peripheral edge that runs around the rectangular foot-
print) or may have other suitable shapes. Display 14 may
have one or more rounded corners. Display 14 may be planar
or may have a curved profile.

[0031] Device 10 may include cameras and other compo-
nents that form part of gaze and/or head tracking system 18.
The camera(s) or other components of system 18 may face
an expected location for a viewer and may track the viewer’s
eyes and/or head (e.g., images and other mnformation cap-
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tured by system 18 may be analyzed by control circuitry 16
to determine the location of the viewer’s eyes and/or head).
This head-location information obtained by system 18 may
be used to determine the appropriate direction with which
display content from display 14 should be directed. Eye
and/or head tracking system 18 may include any desired
number/combination of infrared and/or visible light detec-
tors. Eye and/or head tracking system 18 may optionally
include light emitters to i1lluminate the scene.

[0032] A top view of a portion of display 14 i1s shown 1n
FIG. 2. As shown 1 FIG. 2, display 14 may have an array
62 of pixels 22 formed on substrate 36. Substrate 36 may be
formed from glass, metal, plastic, ceramic, or other substrate
materials. Pixels 22 may receive data signals over signal
paths such as data lines D and may receive one or more
control signals over control signal paths such as horizontal
control lines G (sometimes referred to as gate lines, scan
lines, emission control lines, etc.). There may be any suitable
number of rows and columns of pixels 22 1n display 14 (e.g.,
tens or more, hundreds or more, or thousands or more). Each
pixel 22 may have a light-emitting diode 26 that emaits light
24 under the control of a pixel circuit formed from thin-film
transistor circuitry (such as thin-film transistors 28 and
thin-film capacitors). Thin-film transistors 28 may be poly-
silicon thin-film transistors, semiconducting-oxide thin-film
transistors such as indium gallium zinc oxide transistors, or
thin-film transistors formed from other semiconductors.
Pixels 22 may contain light-emitting diodes of different
colors (e.g., red, green, and blue diodes for red, green, and
blue pixels, respectively) to provide display 14 with the
ability to display color images.

[0033] Diasplay driver circuitry may be used to control the
operation of pixels 22. The display driver circuitry may be
formed from 1ntegrated circuits, thin-film transistor circuits,
or other suitable circuitry. Display driver circuitry 30 of FIG.
2 may contain communications circuitry for communicating
with system control circuitry such as control circuitry 16 of
FIG. 1 over path 32. Path 32 may be formed from traces on
a flexible printed circuit or other cable. During operation, the
control circuitry (e.g., control circuitry 16 of FIG. 1) may
supply circuitry 30 with information on 1mages to be dis-
played on display 14.

[0034] To display the images on display pixels 22, display
driver circuitry 30 may supply image data to data lines D
while 1ssuing clock signals and other control signals to
supporting display drniver circuitry such as gate driver cir-
cuitry 34 over path 38. If desired, circuitry 30 may also
supply clock signals and other control signals to gate driver
circuitry on an opposing edge of display 14.

[0035] Gate driver circuitry 34 (sometimes referred to as
horizontal control line control circuitry) may be imple-
mented as part of an integrated circuit and/or may be
implemented using thin-film transistor circuitry. Horizontal
control lines G 1 display 14 may carry gate line signals
(scan line signals), emission enable control signals, and
other horizontal control signals for controlling the pixels of
cach row. There may be any suitable number of horizontal
control signals per row of pixels 22 (e.g., one or more, two
or more, three or more, four or more, efc.).

[0036] Display 14 may sometimes be a stereoscopic dis-
play that 1s configured to display three-dimensional content
for a viewer. Stereoscopic displays are capable of displaying
multiple two-dimensional images that are viewed from
slightly different angles. When viewed together, the combi-
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nation of the two-dimensional 1mages creates the 1llusion of
a three-dimensional image for the viewer. For example, a
viewer’s left eye may recerve a first two-dimensional image
and a viewer’s right eye may recerve a second, different
two-dimensional 1mage. The viewer perceives these two
different two-dimensional 1mages as a single three-dimen-
sional image. Herein, a two-dimensional image refers to an
image on a flat plate (such that the image has a measurable
length and width but no measurable depth) whereas a
three-dimensional 1mage refers to an image that 1s solid
rather than flat (such that the image appears to have a
measurable depth 1n addition to a measurable length and
width). A displayed three-dimensional image appears to
have depth when viewed by a viewer. A three-dimensional
image captured by an image sensor may include depth
information across the captured scene.

[0037] There are numerous ways to implement a stereo-
scopic display. Display 14 may be a lenticular display that
uses lenticular lenses (e.g., eclongated lenses that extend
along parallel axes), may be a parallax barrier display that
uses parallax barriers (e.g., an opaque layer with precisely
spaced slits to create a sense of depth through parallax), may
be a volumetric display, or may be any other desired type of
stereoscopic display. Configurations in which display 14 1s
a lenticular display are sometimes described herein as an
example.

[0038] FIG. 3 15 a cross-sectional side view of an 1llustra-
tive lenticular display that may be incorporated into elec-
tronic device 10. Display 14 includes a display panel 20 with
pixels 22 on substrate 36. Substrate 36 may be formed from
glass, metal, plastic, ceramic, or other substrate materials
and pixels 22 may be organic light-emitting diode pixels,
liguid crystal display pixels, or any other desired type of
pixels.

[0039] As shown in FIG. 3, lenticular lens film 42 may be
formed over the display pixels. Lenticular lens film 42
(sometimes referred to as a light redirecting film, a lens film,
etc.) includes lenses 46 and a base film portion 44 (e.g., a
planar film portion to which lenses 46 are attached). Lenses
46 may be lenticular lenses that extend along respective
longitudinal axes (e.g., axes that extend into the page
parallel to the Y-axis). Lenses 46 may be referred to as
lenticular elements 46, lenticular lenses 46, optical elements
46, efc.

[0040] The lenses 46 of the lenticular lens film cover the
pixels of display 14. An example 1s shown in FIG. 3 with
display pixels 22-1, 22-2, 22-3, 22-4, 22-5, and 22-6. In this
example, display pixels 22-1 and 22-2 are covered by a first
lenticular lens 46, display pixels 22-3 and 22-4 are covered
by a second lenticular lens 46, and display pixels 22-5 and
22-6 are covered by a third lenticular lens 46. The lenticular
lenses may redirect light from the display pixels to enable
stereoscopic viewing of the display.

[0041] Consider the example of display 14 being viewed
by a viewer with a first eye (e.g., a right eye) 48-1 and a
second eye (e.g., a left eye) 48-2. Light from pixel 22-1 1s
directed by the lenticular lens film 1n direction 40-1 towards
lett eye 48-2, light from pixel 22-2 1s directed by the
lenticular lens film in direction 40-2 towards right eye 48-1,
light from pixel 22-3 1s directed by the lenticular lens film
in direction 40-3 towards leit eye 48-2, light from pixel 22-4
1s directed by the lenticular lens film in direction 40-4
towards right eye 48-1, light from pixel 22-5 1s directed by
the lenticular lens film 1n direction 40-5 towards left eye
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48-2, light from pixel 22-6 1s directed by the lenticular lens
f1lm 1n direction 40-6 towards right eye 48-1. In this way, the
viewer’s right eye 48-1 receives 1mages ifrom pixels 22-2,
22-4, and 22-6, whereas lelt eye 48-2 receives images from
pixels 22-1, 22-3, and 22-5. Pixels 22-2, 22-4, and 22-6 may
be used to display a slightly different image than pixels 22-1,
22-3, and 22-5. Consequently, the viewer may perceive the
received 1mages as a single three-dimensional 1image.

[0042] Pixels of the same color may be covered by a
respective lenticular lens 46. In one example, pixels 22-1
and 22-2 may be red pixels that emit red light, pixels 22-3
and 22-4 may be green pixels that emit green light, and
pixels 22-5 and 22-6 may be blue pixels that emit blue light.
This example 1s merely illustrative. In general, each lenticu-
lar lens may cover any desired number of pixels each having
any desired color. The lenticular lens may cover a plurality
of pixels having the same color, may cover a plurality of
pixels each having different colors, may cover a plurality of
pixels with some pixels being the same color and some
pixels being different colors, etc.

[0043] FIG. 4 1s a cross-sectional side view of an 1llustra-
tive sterecoscopic display showing how the stereoscopic
display may be viewable by multiple viewers. The stereo-
scopic display of FIG. 3 may have one optimal viewing
position (e.g., one viewing position where the images from
the display are perceived as three-dimensional). The stereo-
scopic display of FIG. 4 may have two or more optimal
viewing positions (e.g., two or more viewing positions
where the images from the display are perceived as three-
dimensional).

[0044] Display 14 may be viewed by both a first viewer
with a right eye 48-1 and a left eye 48-2 and a second viewer
with a right eye 48-3 and a leit eye 48-4. Light from pixel
22-1 1s directed by the lenticular lens film 1n direction 40-1
towards left eye 48-4, light from pixel 22-2 1s directed by the
lenticular lens film 1n direction 40-2 towards right eye 48-3,
light from pixel 22-3 i1s directed by the lenticular lens film
in direction 40-3 towards left eye 48-2, light from pixel 22-4
1s directed by the lenticular lens film i1n direction 40-4
towards right eye 48-1, light from pixel 22-5 1s directed by
the lenticular lens film in direction 40-5 towards left eye
48-4, light from pixel 22-6 1s directed by the lenticular lens
film 1n direction 40-6 towards right eye 48-3, light from
pixel 22-7 1s directed by the lenticular lens film 1n direction
40-7 towards left eye 48-2, light from pixel 22-8 1s directed
by the lenticular lens film 1n direction 40-8 towards right eye
48-1, light from pixel 22-9 1s directed by the lenticular lens
f1lm 1n direction 40-9 towards lett eye 48-4, light from pixel
22-10 1s directed by the lenticular lens film 1n direction
40-10 towards right eye 48-3, light from pixel 22-11 1is
directed by the lenticular lens film in direction 40-11
towards left eye 48-2, and light from pixel 22-12 1s directed
by the lenticular lens film 1n direction 40-12 towards right
cye 48-1. In this way, the first viewer’s right eye 48-1
receives 1mages from pixels 22-4, 22-8, and 22-12, whereas
left eye 48-2 receives images from pixels 22-3, 22-7, and
22-11. Pixels 22-4, 22-8, and 22-12 may be used to display
a slightly different image than pixels 22-3, 22-7, and 22-11.
Consequently, the first viewer may perceive the received
images as a single three-dimensional image. Similarly, the
second viewer’s right eye 48-3 recerves 1mages from pixels
22-2,22-6, and 22-10, whereas left eye 48-4 receives images
from pixels 22-1, 22-5, and 22-9. Pixels 22-2, 22-6, and
22-10 may be used to display a slightly different image than

Apr. 4, 2024

pixels 22-1, 22-5, and 22-9. Consequently, the second
viewer may percerve the received 1mages as a single three-
dimensional 1image.

[0045] Pixels of the same color may be covered by a
respective lenticular lens 46. In one example, pixels 22-1,
22-2, 22-3, and 22-4 may be red pixels that emit red light,
pixels 22-5, 22-6, 22-7, and 22-8 may be green pixels that
emit green light, and pixels 22-9, 22-10, 22-11, and 22-12
may be blue pixels that emit blue light. This example 1s
merely illustrative. The display may be used to present the
same three-dimensional 1mage to both viewers or may
present diflerent three-dimensional images to diflerent view-
ers. In some cases, control circuitry in the electronic device
10 may use eye and/or head tracking system 18 to track the
position of one or more viewers and display images on the
display based on the detected position of the one or more
VIEWETS.

[0046] It should be understood that the lenticular lens
shapes and directional arrows of FIGS. 3 and 4 are merely
illustrative. The actual rays of light from each pixel may
tollow more complicated paths (e.g., with redirection occur-
ring due to refraction, total internal reflection, etc.). Addi-
tionally, light from each pixel may be emitted over a range
of angles. The lenticular display may also have lenticular
lenses of any desired shape or shapes. Each lenticular lens
may have a width that covers two pixels, three pixels, four
pixels, more than four pixels, more than ten pixels, more
than fifteen pixels, less than twenty-five pixels, etc. Each
lenticular lens may have a length that extends across the
entire display (e.g., parallel to columns of pixels i the
display).

[0047] FIG. 515 atop view of an illustrative lenticular lens
film that may be incorporated 1nto a lenticular display. As
shown in FIG. 5, elongated lenses 46 extend across the
display parallel to the Y-axis. For example, the cross-
sectional side view of FIGS. 3 and 4 may be taken looking,
in direction 30. The lenticular display may include any
desired number of lenticular lenses 46 (e.g., more than 10,
more than 100, more than 1,000, more than 10,000, etc.). In
FIG. 5, the lenticular lenses extend perpendicular to the
upper and lower edge of the display panel. This arrangement
1s merely illustrative, and the lenticular lenses may instead
extend at a non-zero, non-perpendicular angle (e.g., diago-
nally) relative to the display panel 1f desired.

[0048] FIG. 6 1s a schematic diagram of an illustrative
clectronic device showing control circuitry may be used to
control operation of the display. As shown 1n FIG. 6, display
14 1s capable of providing unique 1mages across a number of
distinct zones. In FIG. 6, display 14 emits light across 14
zones, each having a respective angle of view 352. The angle
52 may be between 1° and 2°, between 0° and 4°, less than
5°, less than 3°, less than 2°, less than 1.5°, greater than 0.5°,
or any other desired angle. Fach zone may have the same
associated viewing angle or different zones may have dii-
ferent associated viewing angles.

[0049] The example herein of the display having 14 inde-
pendently controllable zones 1s merely 1llustrative. In gen-
eral, the display may have any desired number of indepen-
dently controllable zones (e.g., more than 2, more than 6,
more than 10, more than 12, more than 16, more than 20,
more than 30, more than 40, less than 40, between 10 and 30,
between 12 and 25, etc.).

[0050] FEach zone 1s capable of displaying a unique image
to the viewer. The sub-pixels on display 14 may be divided
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into groups, with each group of sub-pixels capable of
displaying an image for a particular zone. For example, a
first subset of sub-pixels i display 14 1s used to display an
image (e.g., a two-dimensional 1mage) for zone 1, a second
subset of sub-pixels 1n display 14 1s used to display an 1mage
for zone 2, a third subset of sub-pixels in display 14 1s used
to display an image for zone 3, etc. In other words, the
sub-pixels 1n display 14 may be divided into 14 groups, with
cach group associated with a corresponding zone (some-
times referred to as viewing zone) and capable of displaying,
a unique 1mage for that zone. The sub-pixel groups may also
themselves be referred to as zones.

[0051] Control circuitry 16 may control display 14 to
display desired images 1n each viewing zone. There 1s much
flexibility in how the display provides images to the different
viewing zones. Display 14 may display entirely diflerent
content 1n different zones of the display. For example, an
image of a first object (e.g., a cube) 1s displayed for zone 1,
an 1mage of a second, different object (e.g., a pyramid) 1s
displayed for zone 2, an image of a third, different object
(e.g., a cylinder) 1s displayed for zone 3, etc. This type of
scheme may be used to allow different viewers to view
entirely different scenes from the same display. However, 1n
practice there may be crosstalk between the viewing zones.
As an example, content intended for zone 3 may not be
contained entirely within viewing zone 3 and may leak into
viewing zones 2 and 4.

[0052] Therefore, in another possible use-case, display 14
may display a similar image for each viewing zone, with
slight adjustments for perspective between each zone. This
may be referred to as displaying the same content at different
perspectives (or different views), with one i1mage corre-
sponding to a unique perspective of the same content. For
example, consider an example where the display 1s used to
display a three-dimensional cube. The same content (e.g.,
the cube) may be displayed on all of the different zones in
the display. However, the 1image of the cube provided to each
viewing zone may account for the viewing angle associated
with that particular zone. In zone 1, for example, the viewing,
cone may be at a -10° angle relative to the surface normal of
the display. Therefore, the image of the cube displayed for
zone 1 may be from the perspective of a —10° angle relative
to the surface normal of the cube (as 1n FIG. 7A). Zone 7,
in contrast, 1s at approximately the surface normal of the
display. Therefore, the 1mage of the cube displayed for zone
7 may be from the perspective of a 0° angle relative to the
surface normal of the cube (as 1n FIG. 7B). Zone 14 1s at a
10° angle relative to the surface normal of the display.
Theretore, the image of the cube displayed for zone 14 may
be from the perspective of a 10° angle relative to the surface
normal of the cube (as 1n FIG. 7C). As a viewer progresses
from zone 1 to zone 14 1n order, the appearance of the cube
gradually changes to simulate looking at a real-world object.

[0053] There are many possible vanations for how display
14 displays content for the viewing zones. In general, each
viewing zone may be provided with any desired image based
on the application of the electronic device. Diflerent zones
may provide different images of the same content at diflerent
perspectives, diflerent zones may provide different 1mages
ol different content, etc.

[0054] Ideally, each viewing zone would receive only one
image Ifrom the display. For example, a first image 1is
displayed in viewing zone 1, a second 1mage 1s displayed 1n
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viewing zone 2, a third image 1s displayed in viewing zone
3, etc. In practice, there may be crosstalk between some of
the adjacent viewing zones.

[0055] FIG. 8 1s a diagram showing an example of cross-
talk 1n a particular viewing zone. As shown, a viewer 72 may
be positioned 1n a particular viewing zone (e.g., viewing
zone 1 1n FIG. 6). The display may display a first image
(1mage 1) that 1s intended to be viewed at viewing zone 1.
The display may also display an image (1mage 14) that is
intended to be viewed at viewing zone 14 (see FIG. 6).
However, due to the lenticular display design, image 14 may
be viewable 1n viewing zone 1 i1n addition to intended
viewing zone 14.

[0056] Consequently, viewer 72 may see both 1mage 1 and
image 14 at the same time. This type of crosstalk may cause
visible artifacts such as ghosting for the viewer. An example
of ghosting 1s shown 1n FIG. 9. FIG. 9 15 a top view of the
lenticular display 14 as seen by the viewer in FIG. 8. The
lenticular display may attempt to display an object 74. Image
1 includes the object at a first position 74-1, as shown 1n FIG.
9. Image 14 includes the object at the second position 74-14,
as shown 1 FIG. 9. The viewer therefore sees the same
object 1in different positions on the display at the same time
(even though the object 1s only mntended to be displayed
once). This phenomenon may be referred to as ghosting.

[0057] Ghosting may particularly be an 1ssue between
zones at the edges of the primary field of view of the display.
For example, again consider the display shown 1n FI1G. 6 and
the example where the display displays a similar image for
cach viewing zone, with slight adjustments for perspective
between each zone (e.g., the cube of FIGS. 7TA-7C). The
same content (e.g., the cube) may be displayed on all of the
different zones 1n the display. However, the image of the
cube provided to each viewing zone may account for the
viewing angle associated with that particular zone.

[0058] Any two adjacent viewing zones within the pri-
mary field of view of the display (e.g., zones 1-14) may
display very similar images. For example, consider zone 1
and zone 2. The image of the cube displayed for zone 1 may
be from the perspective of a —-10° angle relative to the
surface normal of the cube. The image of the cube displayed
for zone 2 may be from the perspective of a -9° angle
relative to the surface normal of the cube. This slight
difference 1n perspective may not be detectable to the viewer
(or significantly detract from the viewing experience), even
when there 1s crosstalk between zones 1 and 2.

[0059] Examining another two adjacent viewing zones
such as zones 10 and 11, the result 1s similar. For example,
the image of the cube displayed for zone 10 may be from the
perspective of a +5° angle relative to the surface normal of
the cube. The 1image of the cube displayed for zone 11 may
be from the perspective of a +6° angle relative to the surface
normal of the cube. This slight difference 1n perspective may
not be detectable to the viewer (or significantly detract from
the viewing experience), even when there 1s crosstalk
between zones 10 and 11.

[0060] However, consider zones 1 and 14. The image of
the cube displayed for zone 1 may be from the perspective
of a —10° angle relative to the surface normal of the cube (as
in FIG. 7A). The image of the cube displayed for zone 14
may be from the perspective of a +10° angle relative to the
surface normal of the cube (as 1n FIG. 7C). This difference
in the 1image may be detectable to the viewer when there 1s
crosstalk between zones 1 and 14 (e.g., ghosting will occur).
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[0061] The display may take steps to mitigate ghosting by
selectively dimming portions of the image that are suscep-
tible to ghosting. As previously discussed, the edge zones
may be particularly susceptible to ghosting. Theretfore, the
selective dimming may be performed primarily in the edge
zones (e.g., zones 1 and 14 1 FIG. 6). In one possible
embodiment, the selective dimming may be performed only
in the edge zones (with no dimming in the non-edge zones).

[0062] To avoid excessively dimming the display, selec-
tive dimming may be performed only on content that 1s
susceptible to ghosting. Ghosting may be particularly
noticeable 1n areas of high contrast within the image (e.g., at
borders), at arecas of high luminance (e.g., bright objects)
within the 1 image, and/or at content- speaﬁc points of interest
within the 1mage (e.g., portions of the image that display
important parts of the image). Portions of the image with
low contrast and/or low luminance (e.g., portions of the
image that are approximately the same across all of the
viewing zones) may not be dimmed as these areas will not
cause ghosting (or will not cause ghosting that detracts from
the viewer experience).

[0063] Additionally, the ghosting could be eliminated by
turning oil un-occupied viewing zones. For example, 1n the
example of FIG. 8, where the viewer 1s 1n viewing zone 1 but
receives crosstalk from viewing zone 14, the image for
viewing zone 14 may be turned oil. However, this would
result 1n viewing zone 14 being totally dark, which may be
an undesirable artifact for the display (e.g., 1f another viewer
1s 1n zone 14, 11 viewer 72 moves to zone 14, etc.). By only
selectively dimming portions of viewing zone 14, a viewer
in viewing zone 14 may also have a satisfactory viewing
experience.

[0064] The displayed content may be based on both a
two-dimensional (2D) image and a three-dimensional (3D)
image. In some cases, control circuitry may actively analyze
the content to determine which portions of the displayed
image will be vulnerable to ghosting. The portions identified
as vulnerable may then undergo dimming to mitigate ghost-
ing. The control circuitry may 1dentify vulnerable portions
based on the two-dimensional 1image and/or the three-di-
mensional 1mage.

[0065] FIG. 10 1s a schematic diagram of an electronic
device including display pipeline circuitry. The display
pipeline circuitry 64 provides pixel data to display driver
circuitry 30 for display on pixel array 62. Pipeline circuitry
64 may use various inputs to render an 1mage and generate
pixel brightness values for each pixel in the pixel array based
on the image. In the example of FIG. 10, the display may be
used to provide images of the same content at different
perspectives 1n each viewing zone. In other words, each
subset of the pixel array associated with a given viewing
zone displays a diflerent view of the same content. As a
viewer changes viewing zones, the appearance of the content
gradually changes to simulate looking at a real-world object.

[0066] There are numerous steps that may be ivolved 1n
display pipeline circuitry 64 generating pixel data for the
pixel array. First, the display pipeline circuitry may render
content that 1s itended to be displayed by the lenticular
display. The display pipeline circuitry may render a plurality
of two-dimensional 1mages of target content, with each
two-dimensional image corresponding to a different view of
the target content. In one example, the target content may be
based on a two-dimensional (2D) image and a three-dimen-
sional (3D) image. The two-dimensional image and the
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three-dimensional 1mage may optionally be captured by a
respective two-dimensional 1mage sensor and three-dimen-
sional 1mage sensor in electronic device 10. This example 1s
merely illustrative. The content may be rendered based on
two-dimensional/three-dimensional 1mages 1from other
sources (e.g., from sensors on another device, computer-
generated 1images, etc.).

[0067] The two-dimensional 1mages associated with dii-
ferent views may be compensated based on various factors
(e.g., a brightness setting for the device, ambient light levels,
etc.). After the two-dimensional 1mages of different views
are compensated, the plurality of two-dimensional 1mages
may be combined and provided to the single pixel array 62.
A pixel map may be used to determine which pixels 1n the
pixel array correspond to each view (e.g., each of the
plurality of two-dimensional 1mages). Additional compen-
sation steps may be performed after determining the pixel
data for the entire pixel array. Once the additional compen-
sation 1s complete, the pixel data may be provided to the
display driver circuitry 30. The pixel data provided to
display driver circuitry 30 includes a brightness level (e.g.,
voltage) for each pixel in pixel array 62. These brightness
levels are used to simultaneously display a plurality of
two-dimensional images on the pixel array, each two-dimen-
sional 1mage corresponding to a unique view of the target
content that 1s displayed 1n a respective unique viewing
zone.

[0068] FIG. 11 1s a schematic diagram of an electronic
device showing details of the display pipeline circuitry. As
shown, display pipeline circuitry 64 may include both con-
tent rendering circuitry 102 and pixel mapping circuitry 104.
Display pipeline circuitry 64 may be considered part of
control circuitry 16 in FIG. 1.

[0069] Content rendering circuitry 102 may render a two-
dimensional image for each respective viewing zone 1n the
display. In the example of FIG. 6, the display has 14 viewing
zones. In this example, content rendering circuitry 102
would render 14 two-dimensional images, with one two-
dimensional 1mage for each VlE’:WlIlg zone. As prewously
discussed, there 1s flexibility in the type of content that 1s
displayed 1n each of the viewing zones. However, herein an
illustrative example will be described where the viewing
zones are used to display images of the same content at
different perspectives (views). In other words, each subset of
the pixel array associated with a given viewing zone dis-
plays a diflerent view of the same content. As a viewer
changes viewing zones, the appearance of the content gradu-
ally changes to simulate looking at a real-world object. Each
one of the plurality of views (e.g., two-dimensional images)
rendered by circuitry 102 may include a respective target
brightness value for each pixel 1n a target two-dimensional
image.

[0070] Content rendering circuitry 102 may render content
for the plurality of views based on a received two-dimen-
sional 1mage and a three-dimensional image. The two-
dimensional image and three-dimensional 1image may be
images ol the same content. In other words, the two-
dimensional 1image may provide color/brightness informa-
tion for given content while the three-dimensional 1mage
provides a depth map associated with the given content. The
two-dimensional 1mage only has color/brightness informa-
tion for one view of the given content. However, content
rendering circuitry 102 may render two-dimensional images
for additional views (at different perspectives) based on the
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depth map and the two-dimensional image from the original
view. Content rendering circuitry 102 may render as many
two-dimensional 1mages (views) as there are viewing zones
in the display (e.g., more than 1, more than 2, more than 6,
more than 10, more than 12, more than 16, more than 20,
more than 30, more than 40, less than 40, between 10 and 30,
between 12 and 25, etc.).

[0071] Content rendering circuitry 102 may optionally
include a machine learning model. The machine learning
model may use additional imformation (e.g., additional
images of the content) to render two-dimensional 1mages
(views) for each viewing zone in the display.

[0072] Content rendering circuitry 102 may include stor-
age such as hard disk drive storage, nonvolatile memory
(c.g., flash memory or other electrically-programmable-
read-only memory configured to form a solid-state drive),
volatile memory (e.g., static or dynamic random-access-
memory), etc. Content rendering circuitry 102 may also
include one or more microprocessors, microcontrollers,
digital signal processors, baseband processors, power man-
agement units, application specific integrated circuits,
graphics processing units (GPUs), etc.

[0073] Additional per-view processing circuitry (some-
times referred to as per-2D-image compensation circuitry)
may be included i1n the device it desired. The per-view
processing circuitry may individually process each two-
dimensional 1mage rendered by circuitry 102 before the
images are mapped by pixel mapping circuitry 104. The
per-view processing circuitry 1s used to make content adjust-
ments that are based on the perceived image that ultimately
reaches the viewer (e.g., the pixels that are adjacent on the
user’s retina when viewing the display). As examples, the
per-view processing circuitry may include one or more of
tone mapping circuitry, ambient light adaptation circuitry,
white point calibration circuitry, and dithering circuitry,
and/or any other desired processing circuitry.

[0074] Pixel mapping circuitry 104 may include storage
such as hard disk drive storage, nonvolatile memory (e.g.,
flash memory or other electrically-programmable-read-only
memory configured to form a solid-state drive), volatile
memory (e.g., static or dynamic random-access-memory),
etc. Pixel mapping circuitry 104 may also include one or
more microprocessors, microcontrollers, digital signal pro-
cessors, baseband processors, power management units,

application specific integrated circuits, graphics processing
units (GPUs), etc.

[0075] Adter optional per-view processing 1s complete, the
multiple 2D images from content rendering circuitry 102
may be provided to pixel mapping circuitry 104. Pixel
mapping circuitry 104 may receive all of the two-dimen-
sional 1mages that are produced by content rendering cir-
cuitry 102. Pixel mapping circuitry 104 may also receive (or
include) a pixel map (sometimes referred to as a display
calibration map) that indicates how each view corresponds
to the pixel array. The pixel map may also include texture
information that identifies the texture (u, v) associated with
cach pixel.

[0076] For example, the pixel mapping circuitry may
receive a first two-dimensional image that corresponds to a
first view 1ntended for viewing zone 1 of the display. The
display calibration map may 1dentity a first subset of pixels
in the pixel array that i1s visible at viewing zone 1. Accord-
ingly, the first two-dimensional image 1s mapped to the first
subset of pixels. Once displayed, the first two-dimensional
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image 1s viewable at viewing zone 1. The pixel mapping
circuitry may also receive a second two-dimensional image
that corresponds to a second view intended for viewing zone
2 of the display. The display calibration map may 1dentify a
second subset of pixels 1 the pixel array that 1s visible at
viewing zone 2. Accordingly, the second two-dimensional
image 1s mapped to the second subset of pixels. Once
displayed, the second two-dimensional image 1s viewable at
viewing zone 2. This type of pixel mapping 1s repeated for
every view included in the display. Once complete, pixel
mapping circuitry 104 outputs pixel data for each pixel in the
pixel array. The pixel data includes a blend of all the
independent, two-dimensional 1mages from content render-
ing circuitry 102.

[0077] It should be understood that the subset of pixels
used to display each view may be non-continuous. For
example, the subset of pixels for each view may include a
plurality of discrete vertical pixel strips. These discrete
sections of pixels may be separated by pixels that are used
to display other views to the viewer.

[0078] Adter pixel mapping 1s complete, panel-level pro-
cessing circuitry may optionally be used to perform addi-
tional processing on the pixel data. Panel-level processing
circuitry may include one or more of color compensation
circuitry, border masking circuitry, burn-in compensation
circuitry, and panel response correction circuitry. In contrast
to the aforementioned per-view processing circuitry, panel-
level processing circuitry may be used to make adjustments
that are based on the pixels on the display panel (as opposed
to perceived pixels at the user’s eve).

[0079] Adter the panel-level processing 1s complete, the
pixel data for the entire pixel array may be provided to
display driver circuitry 30, where it 1s subsequently dis-
played on pixel array 62.

[0080] It should be noted that per-view processing cir-
cuitry (e.g., processing in the view space) 1s used to process
the pixel data before pixel mapping whereas panel-level
processing circuitry (e.g., processing 1n the display panel
space) 1s used to process the pixel data after pixel mapping.
This allows processing that relies on the final view of the
image (e.g., per-view processing) to be completed before the
data 1s split to a subset of pixels on the panel and interleaved
with other views during pixel mapping. Once pixel mapping
1s complete, the processing that relies on the full panel
luminance values (e.g., panel-level processing) may be
completed.

[0081] While mapping the 2D images from content ren-
dering circuitry 102 to the pixel array of display 14, pixel
mapping circuitry 104 may selectively adjust the brightness
of the pixel values. For example, pixel mapping circuitry
104 may selectively dim some of the pixel values to mitigate
ghosting. As another example, pixel mapping circuitry 104
may selectively increase the brightness (1.e., boost) some of
the pixel values to increase contrast. Pixel mapping circuitry
104 may use luminance adjustment circuitry 106 (sometimes
referred to as view-dependent luminance adjustment cir-
cuitry 106, view-dependent spatial luminance adjustment
circuitry 106, etc.) to selectively adjust the pixel values.

[0082] FIG. 12 1s a flowchart of illustrative method steps
that view-dependent luminance adjustment circuitry 106
may use to selectively adjust the pixel brightness values.
First, the pixel coordinates of the pixels 1in the lenticular
display may be used to identify a texture and view number
associated with each pixel.
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[0083] The texture information (u, v) 1s identified at step
112 based on each pixel coordinate and the pixel map. For
example, a first pixel 1n the lenticular display may have a
corresponding pixel coordinate. The pixel map may be used
to 1dentily a texture that corresponds to that particular pixel
coordinate. The pixel map may have texture information for
cach pixel based on the 3D 1image that 1s used to generate the
2D mmages. The texture information may sometimes be
referred to as depth mformation.

[0084] The view number associated with a given pixel
coordinate 1s 1dentified at step 114 based on the pixel
coordinate and the pixel map. For example, a first pixel 1n
the lenticular display may have a corresponding pixel coor-
dinate. The pixel map may be used to identily a viewing
zone to which that particular pixel coordinate belongs.

[0085] The pixel map may have a viewing zone associated
with each pixel based on calibration information (e.g., the
display may be tested to determine the viewing zone to
which each pixel in the display belongs). The viewing zone
ol each pixel does not change over time during operation of
the display. However, the texture information (e.g., the UV
map portion of the pixel map) may intermittently be updated
at some frequency during operation of the display.

[0086] Next, at step 116, the view-dependent luminance
adjustment circuitry 106 may generate brightness adjust-
ment factors (sometimes referred to as adjustment factors,
dimming factors, or boosting factors) for each pixel based on
the view number and texture of each pixel. First, the
example of dimming the pixels to mitigate ghosting will be
described. The dimming factors may be between (and
including) 0 and 1 and may be multiplied by the original
brightness value. For example, a dimming factor of O would
mean that the mput brightness value 1s dimmed to 0 (e.g.,
that pixel has a brightness of O and 1s effectively turned ofl).
A dimming factor of 1 would mean that the input brightness
value 1s unchanged (e.g., that pixel 1s not dimmed). A
dimming factor of 0.9 would mean that an output brightness
value has a brightness that 1s 90% of 1ts corresponding input
brightness value. These examples of possible values for the
dimming factors are merely 1llustrative. Any possible values
may be used for the dimming factors. As another possible
example, the dimming factors may be subtracted from the
input pixel brightness values to dim the pixel brightness
values. For example, the mput pixel brightness values may
be between (and including) O and 255. Consider, as an
example, an mput pixel brightness value of 200. A dimming
tactor of 0 would mean that the pixel 1s not dimmed (because
no brightness reduction occurs, and the brightness remains
200). The dimming factor may be 60, resulting in the
brightness value being reduced to 140 (e.g., 200-60 =140).
In general, any scheme may be used for the magnitudes and
application of  the dimming factors (e.g.,
Brightness ,; -»; —Brightness ,,», —Dimming Factor,
Brightness ,; +»; ~—Brightness .», ~~Dimming Factor, etc.).

[0087] As previously mentioned, the dimming factors may
be applied primarily to the edge viewing zones in the
display. In other words, the lenticular display has a ” order
(primary) field of view with a plurality of viewing zones.
The viewing zones on the edge of this field of view may
receive dimming factors whereas the viewing zones at the
center of this field of view may not. In one possible
embodiment, only the edge-most viewing zones have any
applied dimming In another possible embodiment, viewing
zones 1n addition to the edge-most viewing zones may have
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applied dimming However, 1n general, the amount of dim-
ming may diminish with increasing distance from the edge

of the field of view.

[0088] As an example, a first pixel may have a first
associated texture value (u, v) and be part of viewing zone
1 (e.g., at the edge of the primary field of view). A second
pixel may have a second associated texture value (u, v) and
be part of viewing zone 7 (e.g., closer to the center of the
primary field of view than zone 1). The second texture value
may be the same (or similar) as the first texture value (e.g.,
both texture values indicate an area that 1s vulnerable to
ghosting). However, the first pixel may be assigned a
dimming factor that results imn greater dimming than the
second pixel. The brightness of the second pixel may not be
dimmed whereas the brightness of the first pixel may be
dimmed by more than 1%, more than 5%, more than 10%,
more than 20%, more than 40%, more than 50%, more than

75%., eftc.

[0089] In the example of FIG. 12, the texture of a given
pixel may be used to determine whether or not the pixel 1s
vulnerable to ghosting. For example, the display may typi-
cally show the same content. The content may consistently
have the same luminance and texture patterns. Specific areas
of the content may be vulnerable to ghosting artifacts.
Because the content consistently has the same luminance
and texture patterns, the texture identified 1n step 112 may be
suilicient to know if the pixel 1s 1n an area that 1s vulnerable
to ghosting or not vulnerable to ghosting.

[0090] As an example, a first pixel may have a first
associated texture value (u, v) and be part of viewing zone
1 (e.g., at the edge of the primary field of view). A second
pixel may have a second associated texture value (u, v) and
also be part of viewing zone 1. Both pixels are at the edge
of the field of view and are vulnerable to ghosting from this
respect. However, the first texture value may be associated
with content that 1s vulnerable to ghosting artifacts whereas
the second texture value may be associated with content that
1s not vulnerable (or less vulnerable) to ghosting artifacts.
Therefore, the first pixel may be assigned a dimming factor
that results 1n greater dimming than the second pixel. The
brightness of the second pixel may not be dimmed whereas
the brightness of the first pixel may be dimmed by more than
1%, more than 5%, more than 10%, more than 20%, more
than 40%, more than 50%, more than 75%, etc.

[0091] The example of generating dimming factors based
on texture and view number 1s merely illustrative. This type
of dimming factor generation scheme may be suitable to
applications where the display 1s typically displaying the
same content (and therefore portions of the content that are
vulnerable to ghosting may be 1dentified from texture alone).
However, 1n other applications, it may be desirable to
(instead or in addition) determine which portions of the
content are vulnerable to ghosting using luminance values.
The luminance values may be used to 1dentify high contrast
regions (€.g., edges) 1n the content that may be vulnerable to
ghosting. Pixels displaying the vulnerable content may then
receive greater dimming factors than pixels displaying the
non-vulnerable content.

[0092] In addition to or instead of using the aforemen-
tioned dimming factors, luminance adjustment circuitry 106
may also generate boosting factors (that selectively increase
the brightness of the pixels) at step 116. The form factor of
display 14 and/or expected position of the viewer of the
display may result 1n some portions of display 14 being more




US 2024/0112628 Al

susceptible to reflections (of ambient light) than others. For
example, the edges of display 14 may have high reflections
of ambient light that are visible to the viewer (in bright
ambient light conditions). I care 1s not taken, these retlec-
tions may reduce contrast in the edges of the display,
negatively impacting the appearance of the display.

[0093] To mitigate this 1ssue, boosting factors that selec-
tively increase the brightness of the pixels may be generated
at step 116. The boosting factors may be selected based on
the pixel coordinate of the given pixel. For example, a first
pixel with a coordinate that 1s present 1n the known reflec-
tion-susceptible region of the display (e.g., the edge) may
receive a boosting factor to increase that pixel’s luminance.
A second pixel with a coordinate that 1s not present 1n the
known reflection-susceptible region of the display (e.g.,
located 1n the center of the display) may not receive a
boosting factor (so that pixel’s luminance i1s not increased).

[0094] The boosting factors may be greater than 1 and
may be multiplied by the original brightness value. For
example, a dimming factor of 1.1 would mean that the input
brightness value 1s boosted to 1.1 times the original bright-
ness. A boosting factor of 1 would mean that the input
brightness value 1s unchanged (e.g., that pixel 1s not
boosted). These examples of possible values for the boosting
factors are merely 1llustrative. Any possible values may be
used for the boosting factors. As another possible example,
the boosting factors may be added to the mput pixel bright-
ness values to boost the pixel brightness wvalues. For
example, the mput pixel brightness values may be between
(and 1including) 0 and 233. Consider, as an example, an input
pixel brightness value of 200. A boosting factor of 0 would
mean that the pixel 1s not boosted (because no brightness
increase occurs, and the brightness remains 200). The boost-
ing factor may be 20, resulting in the brightness value being
increased to 220 (e.g., 200+20=220). In general, any scheme
may be used for the magnitudes and application of the
boosting factors (e.g., Brightness ;57 —Brightness .- -+
Boosting Factor, Brightnes ,,,,-», »—Brightness .., »<Boost-
ing Factor, etc.).

[0095] For simplicity, the same scheme may be used for
the brightness adjustment factors whether or not the bright-
ness adjustment factor increases (boosts) or decreases (dims
tactor) the pixel brightness. This allows a single brightness
adjustment factor to be provided for each pixel, with some
of the brightness adjustment factors causing luminance
increase, some of the brightness adjustment factors causing
luminance decrease, and some of the brightness adjustment
factors causing no luminance change. A multiplication
scheme may be used, with brightness adjustment factors
greater than 1 causing an increase in brightness and bright-
ness adjustment factors less than 1 causing a decrease in
brightness. Alternatively, an addition/subtraction scheme
may be used, with positive brightness adjustment factors
causing an increase in brightness and negative brightness
adjustment factors causing a decrease 1n brightness. In
general, any desired scheme may be used that allows the
brightness adjustment factors to selectively increase and/or
decrease the pixel luminance

[0096] At step 118, the brightness adjustment factors may
be applied to the input pixel brightness values. The input
pixel brightness values may already have been mapped to

the display panel space by pixel mapping circuitry 104. For
cach pixel coordinate, the mmput brightness value for that
coordinate 1s adjusted by the corresponding brightness
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adjustment factor determined for that coordinate 1n step 116.
Depending on the type of brightness adjustment factor used,
the brightness adjustment factor may be multiplied by the
input brightness value, subtracted from the mput brightness
value, etc.

[0097] Finally, at step 120, local spatial averaging may be
performed to smooth the image and prevent mura. The local
spatial averaging may be performed at the panel-level (e.g.,
panel-level processing). This means that the averaging 1s
performed after the 2D 1mages for each view are mapped to
the display pixels on the lenticular display. For each pixel in
the display, that pixel may be averaged with the 8 surround-
ing pixels. In other words, each pixel 1s made the center of
a 3x3 grid of pixels. The average of the brightness values of
the 3x3 grid of pixels 1s subsequently used as the brightness
value for the center pixel of the 3x3 gnid. The average may
be a true average where all 9 pixel brightness values of the
orid are weighted equally or may be a weighted average
(e.g., the center pixel of the 3x3 grid may have a higher
weilght 1n the averaging than the surrounding pixels).

[0098] The example of using a 3x3 grid for the averaging
1s also 1llustrative. In general, any desired averaging scheme
involving any number of adjacent pixels (e.g., a 5x5 gnd
with 25 total pixels, a ‘+° arrangement with 5 total pixels,
ctc.) may be used.

[0099] Adfter the local spatial averaging 1s performed, the
brightness values may be output to display driver circuitry
30 for display on the lenticular display.

[0100] In accordance with an embodiment, an electronic
device 1s provided that includes a display that includes an
array of pixels and a lenticular lens film formed over the
array ol pixels, the display has a plurality of independently
controllable viewing zones across a primary field of view
and the plurality of independently controllable viewing
zones include first and second edge viewing zones at respec-
tive first and second edges of the primary field of view; and
control circuitry configured to render content for the display,
the rendered content includes two-dimensional 1images that
are each associated with a respective viewing zone; and dim
at least some of the pixels 1n at least one of the first and
second edge viewing zones.

[0101] In accordance with another embodiment, the con-
trol circuitry 1s further configured to map each two-dimen-
sional 1mage to respective pixels on the array of pixels to
obtain pixel data for the array of pixels.

[0102] In accordance with another embodiment, the dim-
ming at least some of the pixels 1n at least one of the first and
second edge viewing zones mclude dimming at least some
of the pixels based on content information for the pixels.

[0103] In accordance with another embodiment, the con-
tent information includes texture information.

[0104] In accordance with another embodiment, the con-
tent information includes luminance information.

[0105] In accordance with another embodiment, the two-
dimensional 1images that are each associated with a respec-
tive viewing zone are two-dimensional images of the same
content at different perspectives.

[0106] In accordance with another embodiment, the plu-
rality of independently controllable viewing zones includes
a central viewing zone, the control circuitry 1s configured to
dim pixels in the first edge viewing zone associated with a
given portion of the content by a first amount, and the
control circuitry 1s configured to dim pixels in the central
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viewing zone associated with the given portion of the
content by a second amount that 1s less than the first amount.
[0107] In accordance with another embodiment, dimming
at least some of the pixels 1 at least one of the first and
second edge viewing zones include, for each pixel: deter-
mine a texture associated with the pixel; determine a view-
ing zone associated with the pixel; and generating a dim-
ming factor based on the texture and the viewing zone.
[0108] In accordance with another embodiment, dimming
at least some of the pixels 1 at least one of the first and
second edge viewing zones includes, for each pixel: apply-
ing the dimming factor for that pixel to an input brightness
value for that pixel to determine a modified brightness value.
[0109] In accordance with another embodiment, the con-
trol circuitry 1s further configured to perform local spatial
averaging on the modified brightness values for the array of
pixels.

[0110] In accordance with another embodiment, performs-
ing local spatial averaging includes, for each pixel in the
array of pixels, adjusting the modified brightness value for
that pixel based on the modified brightness value of at least
one adjacent pixel to determine an output brightness value.
[0111] In accordance with an embodiment, an electronic
device 1s provided that includes a display that includes an
array of pixels and a lenticular lens film formed over the
array ol pixels, the display has a plurality of independently
controllable viewing zones; and control circuitry configured
to: render content for the display, the rendered content
includes two-dimensional images that are each associated
with a respective viewing zone; map each two-dimensional
image to respective pixels on the array of pixels to obtain
brightness values for the array of pixels; and for each pixel
in the array of pixels, selectively adjust the brightness value
for that pixel based on the viewing zone to which that pixel
belongs.

[0112] In accordance with another embodiment, the
brightness values of pixels 1n a first viewing zone at an edge
of a field of view of the display are adjusted by a greater
amount than the brightness values of pixels 1n a second
viewing zone at a center of the field of the view of the
display.

[0113] In accordance with another embodiment, selec-
tively adjusting the brightness value for each pixel includes
selectively adjusting the brightness value for each respective
pixel based on the viewing zone to which that pixel belongs
and content information associated with that pixel.

[0114] In accordance with another embodiment, the con-
tent information includes texture information.

[0115] In accordance with another embodiment, the con-
trol circuitry 1s configured to generate the texture informa-
tion based at least on a three-dimensional image of the
content on the display.

[0116] In accordance with another embodiment, the con-
tent information icludes brightness information.

[0117] In accordance with another embodiment, the con-
trol circuitry 1s configured to, for each pixel in the array of
pixels, selectively adjust the brightness value for that pixel
based on the viewing zone to which that pixel belongs and
based on the position of that pixel within the array of pixels.
[0118] In accordance with an embodiment, an electronic
device 1s provided that includes a display that includes an
array of pixels and a lenticular lens film formed over the
array ol pixels, the display has a plurality of independently
controllable viewing zones; content rendering circuitry con-
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figured to render content for the display, the rendered
content includes two-dimensional images that are each asso-
ciated with a respective viewing zone; and pixel mapping
circuitry configured to map each two-dimensional image to
respective pixels on the array of pixels to obtain pixel data
for the array of pixels, the pixel mapping circuitry includes
view-dependent luminance adjustment circuitry configured
to adjust a brightness of at least some of the pixels in the
array ol pixels based at least partially on the viewing zone
ol each pixel.

[0119] In accordance with another embodiment, rendering
the content for the display includes rendering the content
based on a two-dimensional image of the content and a
three-dimensional 1mage of the content.

[0120] In accordance with another embodiment, the view-
dependent luminance adjustment circuitry 1s configured to
adjust the brightness of at least some of the pixels 1n the
array ol pixels based at least partially on the viewing zone
of each pixel and a texture value of each pixel.

[0121] In accordance with an embodiment, an electronic
device 1s provided that includes a display that includes an
array of pixels and a lenticular lens film formed over the
array ol pixels, the display has a plurality of independently
controllable viewing zones; and control circuitry configured
to: render content for the display, the rendered content
includes two-dimensional images that are each associated
with a respective viewing zone; map each two-dimensional
image to respective pixels on the array of pixels to obtain
brightness values for the array of pixels; and for each pixel
in the array of pixels, selectively increase the brightness
value for that pixel based on the position of that pixel within
the array of pixels.

[0122] The foregoing 1s merely 1illustrative and various
modifications can be made to the described embodiments.
The foregoing embodiments may be implemented individu-
ally or 1n any combination.

What 1s claimed 1s:
1. An electronic device comprising:

a display that includes an array of pixels and a lenticular
lens film formed over the array of pixels, wherein the
display has a plurality of independently controllable
viewing zones across a primary field of view and
wherein the plurality of independently controllable
viewing zones comprises first and second edge viewing
zones at respective first and second edges of the pri-
mary field of view; and

control circuitry configured to:

render content for the display, wherein the rendered
content includes two-dimensional 1mages that are
cach associated with a respective viewing zone; and

dim at least some of the pixels 1n at least one of the first
and second edge viewing zones.

2. The electronic device defined 1n claim 1, wherein the
control circuitry 1s further configured to map each two-
dimensional 1mage to respective pixels on the array of pixels
to obtain pixel data for the array of pixels.

3. The electronic device defined 1n claim 1, wherein the
dimming at least some of the pixels in at least one of the first
and second edge viewing zones comprises dimming at least
some of the pixels based on content information for the
pixels.

4. The electronic device defined 1in claim 3, wherein the
content information comprises texture information.
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5. The electronic device defined in claim 3, wherein the
content information comprises luminance iformation.

6. The electronic device defined in claim 1, wherein the
two-dimensional 1mages that are each associated with a
respective viewing zone are two-dimensional images of the
same content at different perspectives.

7. The electronic device defined 1n claim 6, wherein the
plurality of independently controllable viewing zones com-
prises a central viewing zone, wherein the control circuitry
1s configured to dim pixels in the first edge viewing zone
associated with a given portion of the content by a {first
amount, and wherein the control circuitry 1s configured to
dim pixels 1n the central viewing zone associated with the
grven portion of the content by a second amount that 1s less
than the first amount.

8. The electronic device defined 1n claim 1, wherein
dimming at least some of the pixels in at least one of the first
and second edge viewing zones comprises, for each pixel:

determine a texture associated with the pixel;
determine a viewing zone associated with the pixel; and
generating a dimming factor based on the texture and the
viewing zone.
9. The electronic device defined 1n claim 8, wherein
dimming at least some of the pixels in at least one of the first
and second edge viewing zones further comprises, for each
pixel:
applying the dimming factor for that pixel to an input
brightness value for that pixel to determine a modified
brightness value.
10. The electronic device defined 1n claim 9, wherein the
control circuitry 1s further configured to perform local
spatial averaging on the modified brightness values for the
array of pixels.
11. The electronic device defined in claim 10, wherein
performing local spatial averaging comprises, for each pixel
in the array of pixels, adjusting the modified brightness
value for that pixel based on the modified brightness value
ol at least one adjacent pixel to determine an output bright-
ness value.
12. An electronic device comprising;
a display that includes an array of pixels and a lenticular
lens film formed over the array of pixels, wherein the
display has a plurality of independently controllable
viewing zones; and
control circuitry configured to:
render content for the display, wherein the rendered
content includes two-dimensional images that are
cach associated with a respective viewing zone;

map each two-dimensional 1mage to respective pixels
on the array of pixels to obtain brightness values for
the array of pixels; and

for each pixel 1n the array of pixels, selectively adjust
the brightness value for that pixel based on the
viewing zone to which that pixel belongs.

13. The electronic device defined 1in claim 12, wherein the
brightness values of pixels 1n a first viewing zone at an edge

of a field of view of the display are adjusted by a greater
amount than the brightness values of pixels in a second
viewing zone at a center of the field of the view of the
display.

14. The electronic device defined 1n claim 12, wherein
selectively adjusting the brightness value for each pixel
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comprises selectively adjusting the brightness value for each
respective pixel based on the viewing zone to which that
pixel belongs and content information associated with that
pixel.

15. The electronic device defined 1n claim 14, wherein the
content information comprises texture iformation.

16. The electronic device defined 1n claim 15, wherein the
control circuitry 1s configured to generate the texture infor-
mation based at least on a three-dimensional 1image of the
content on the display.

17. The electronic device defined 1n claim 14, wherein the
content information comprises brightness information.

18. The electronic device defined 1n claim 12, wherein the
control circuitry 1s configured to, for each pixel in the array
of pixels, selectively adjust the brightness value for that
pixel based on the viewing zone to which that pixel belongs
and based on the position of that pixel within the array of
pixels.

19. An electronic device comprising:

a display that includes an array of pixels and a lenticular
lens film formed over the array of pixels, wherein the
display has a plurality of independently controllable
viewing Zones;

content rendering circuitry configured to render content
for the display, wherein the rendered content includes
two-dimensional images that are each associated with a
respective viewing zone; and

pixel mapping circuitry configured to map each two-
dimensional 1image to respective pixels on the array of
pixels to obtain pixel data for the array of pixels,
wherein the pixel mapping circuitry includes view-
dependent luminance adjustment circuitry configured
to adjust a brightness of at least some of the pixels n
the array ol pixels based at least partially on the
viewing zone ol each pixel.

20. The electronic device defined in claim 19, wherein
rendering the content for the display comprises rendering the
content based on a two-dimensional image of the content
and a three-dimensional 1image of the content.

21. The electronic device defined 1n claim 19, wherein the
view-dependent luminance adjustment circuitry 1s config-
ured to adjust the brightness of at least some of the pixels in
the array of pixels based at least partially on the viewing
zone of each pixel and a texture value of each pixel.

22. An electronic device comprising:

a display that includes an array of pixels and a lenticular
lens film formed over the array of pixels, wherein the
display has a plurality of independently controllable

viewing zones; and
control circuitry configured to:

render content for the display, wherein the rendered
content includes two-dimensional 1mages that are
cach associated with a respective viewing zone;

map each two-dimensional 1mage to respective pixels
on the array of pixels to obtain brightness values for
the array of pixels; and

for each pixel 1n the array of pixels, selectively increase

the brightness value for that pixel based on the
position of that pixel within the array of pixels.
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