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ESTIMATING DEPTH BASED ON IRIS SIZE

CROSS-REFERENCE TO RELATED APPLICATION
0001} This application claims priority to U.S. Provisional Application No.
62/960.514, filed January 13, 2020, which is hercby incorporated by reference in 1is
enfirety.

BACKGROUND

0002} Many modern computing devices, such as mobile phones, personal computers,
and tablets, include image capture devices (e.g., still and/or video cameras). The mmage
capture devices can capture images that can depict a variety of scenes, mchiding scenes
that mvolve people, animals, landscapes, and/or objects.

100603} An 1mage capture device typically generates a two-dimensional representation
of a three-dimensional scene (3D) when capturing an mmage. In order to obtam three-
dimensional {3D) mformation about a scene, multiple components are typically used. For
mnstance, a stereo camera set up 1s a common technique used to generate 3D miormation
for a scene. A stereo camera involves the use of two or more 1mage capture components
that simultaneously capture multiple images to create or simulate a 3D stercoscopic
mmage. Although the stereo camera can produce depth mformation regarding a scene, the
use of multiple 1mage capture components might increase the costs and complexity

associated with obtaming the depth mformation.

SUMMARY
6004 ] Example embodiments presented herem relate to depth estimation techmques
that involve the use of a single image capturing component. Particularly, a smartphone or
another type of processing device {¢.g.. a computing system) may identifv the presence of
a person s face within an image captured by an mmage capturing component and
subsequently generate a facial mesh that represents the contours and features of the
person’s face. Based on eye landmarks of the facial mesh that indicate the outhine
features of one or both cyes of the face, the device may estimate one or more eye pixel
dimensions for at least on¢ eve. For mstance, the device may estimate a pixel size of the
ir1s of the eye as represented in the timage. Using the one or more estimated eye pixel
dimensions, the mtrinsic matrix of the image capturing component that captured the
mmage, and a mean value eye dimension corresponding to the estimated eye pixel

dimensions, a depth mayv be estimated that represents the distance between the image
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capturing component and the person’s face. The depth estimate can then be used to
enhance the original 1image using various techniques, such as the generation of a new
version of the original mmage that focuses upon the person while also blurring other
portions of the image 1n a manner similar to the Bokeh effect.

[0005] Accordingly, in a first example embodiment, a method is provided. The
method mvolves obtaining, at a computing svstem and from a camera, an image depicting
a person and determuning a facial mesh for a face of the person based on one or more
teatures of the face. The facial mesh mcludes a combination of facial landmarks and eye
landmarks. The method further involves estimating an eve pixel dimension for at least
on¢ eye of the face based on the eye landmarks of the facial mesh and estimating, by the
computing system, a distance of the at least one eye relative to the camera based on the
¢ye pixel dimension and an infrinsic matrix of the camera. The method also mnvolves
moditying the image based on the distance of the at least one eye relative to the camera.
10006} In a second example embodiment, a system 1s provided. The system mcludes
a camera having an intrinsic matrix and a computing system configured to perform
operations. The operations include obtaining, from the camera, an image depicting a
person and determining a facial mesh for a face of the person based on one or more
features of the face. The facial mesh includes a combination of facial landmarks and eye
landmarks. The operations further include estimating an eve pixel dimension for at least
one eye of the face based on the eve landmarks ot the facial mesh and estimating a
distance of the at least one eve relative to the camera based on the eye pixel dimension
and the mitnnsic matnx of the camera. The operations aiso mclude modifying the image
based on the distance of the at least one eye relative to the camera.

[00607] In a third example embodiment, a non-transitory computer-readable medium
configured to store instructions is provided. The program mstructions may be stored in
the data storage, and upon execution by a computing system may cause the computing
system to perform operations in accordance with the first and second example
embodiments.

0008} In a fourth example embodiment, a system may include various means for
carrying out each of the operations of the example embodiments above.

100609} These as well as other embodiments, aspects, advantages, and alternatives will
become apparent to those of ordinary skill in the art by reading the following detailed
description, with reference where appropriate to the accompanying drawings. Further, i

should be understood that this summary and other descriptions and figures provided
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herein are mtended to illustrate embodiments by way of example only and, as such, that
numerous variations are possible. For instance, structural elements and process steps can
be rearranged, combined, distributed, eliminated, or otherwise changed, while remaining

within the scope of the embodiments as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS
10010} Figure 1 A depicts a front and a side view of a digital camera device, according
to example embodiments.
(0011} Figure 1B depicts rear views of a digital camera device, according to example
embodiments.
16012} Figure 2 depicts a block diagram of a computing system with image capture
capability, according to example embodiments.
10013] Figure 3 1s a flow chart, according to example embodiments.
100614] Figure 4 illustrates an eye portion of a facial mesh, according to example
embodiments.
0015} Figure 5 depicts a sumplitied representation of an image capture component
capturing an image of a person, according to example embodiments.
[0016] Figure 6 depicts a sumplitied representation for depth estimation between a
camera and an eye, according to example embodiments.
16017} Figure 7 depicts another smmplified representation for depth estimation
between a camera and an eve, according to example embodiments.
10018} Figure 8 depicts modifying an mmage captured using a single image capture

component, according to example embodiments.

DETAILED DESCRIPTION

16019} Example methods, devices, and systems are described heremn. It should be
understood that the words “example’™ and “exemplary’ are used herein to mean “serving
as an ¢xample, mstance, or illustration.” Any embodiment or teature described herein as
being an “example” or “exemplary” is not necessarily to be construed as preferred or
advantageous over other embodiments or features. Other emboduments can be utilized,
and other changes can be made, without departing from the scope of the subject matter
presented herein.

16020} Thus, the example embodiments described herein are not meant to be himiting.

Aspects of the present disclosure, as genecrally described herein, and itlustrated in the
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figures, can be arranged, substituted, combined, separated, and designed in a wide variety
of difterent configurations, all of which are contemplated herein.

0021} Further, unless context suggests otherwise, the features illustrated in each of
the figures may be used in combination with one another. Thus, the figures should be
generally viewed as component aspects of one or more overall embodiments, with the
understanding that not all itlustrated teatures are necessary for each embodiment.

10022} Depending on context, a “camera’ may refer to an individual mmage capture
component, or a device that contains one or more image capture components. In general,
an tmage capture component may include an aperture, lens, recording surface, and shutter,
as described below. Morcover, 1n some implementations, the nmage processing steps
described herein may be performed by a camera device, while 1n other implementations,
the 1mage processing steps may be performed by a computing device i communication
with (and perhaps controlling) one or more camera devices.

1. Example Image Capture Devices

10023] As cameras become more popular, they may be employed as standalone
hardware devices or integrated into other types of devices. For instance, still and video
cameras are now regularly included in wireless computing devices {(e.g., smartphones and
tablets). laptop computers, wearable computing devices, video game interfaces, home
auvtomation devices, and automobiles and other types of vehicles.

10024} An mmage capture component of a camera may include one or more apertures
through which light enters, one or more recordmg surfaces for capturing the images
represented by the light, and one or more lenses positioned i front of each aperture to
focus at lecast part of the tmage on the recording surface(s}. The apertures may be fixed
size or adjustable.

[0025] In an analog camera, the recording surface may be photographic film. In a
digital camera, the recording surtace may include an electronic image sensor (e.g., a
charge coupled device (CCD) or a complementary metal-oxide-semiconductor (CMOS)
sensor) to transter and/or store captured mmages in a data storage unit (¢.g., memory). The
image sensor may inciude an array of photosites configured to capture mcoming light
through an aperture. When exposure occurs (o capture an tmage, e¢ach photosite may
collect photons from mcoming light and store the photons as an ¢lectrical signal. Once
the exposure finishes, the camera may close each of the photosties and proceed to

measure the electrical signal of each photosite.
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10026} The signals of the array of photosites of the image sensor can then be
qguantified as digital values with a precision that mayv be determined by the bit depth. Bit
depth may be used to quantify how many unique colors are available in an 1mage's color
paletie i terms of “bits” or the number of O's and 1's, which arc used to specity each
color. This does not mean that the 1image necessartly uses all of these colors, but that the
image can istead specify colors with that level of precision. For example, for a grayscale
image, the bit depth may quantify how many unique shades are available. As such,
tmages with higher bit depths can encode more shades or colors since there are more
combinations of 0's and 1's available.

10027} To capture a scene in a color mmage, a color filter array (CFA) positioned
nearby the image sensor may permit only one color of hight from entering mto each
photosite. For example, a digital camera may mclude a CFA {c.g., Baver array) that
allows photosites of the image sensor to only capture one of three primary colors (red,
ogreen, blue (RGB)). Other potential CFAs may use other color systems, such as a cyan,
magenta, yellow, and black (CMYK) array. As a result, the photosites may measure the
colors of the scene for subsequent display in a color image.

0028} In some examples, a camera may utilize a Baver array that consists of
alternating rows of red-green and green-blue filters. Within the Bayver array, each primary
color does not receive an equal fraction of the total areca of the photosite array of the
1mage sensor because the human eve is more sensitive to green light than both red and
blue hight. Particularly, redundancy with green pixels may produce an image that appears
less noisy and more detailied. As such, the camera may approximate the other two
primary colors i order to have full color at every pixel when configuring the color image
of the scene. For example, the camera may perform Bayver demosaicing or an
mterpolation process to translate the array of primary colors into an mmage that contains
full color information at each pixel. Bayer demosaicing or interpolation may depend on
the timage format, size, and compression technique used by the camera.

10029} One or more shutters may be coupled to or nearby the lenses or the recording
surfaces. Each shutter may either be in a closed position, m which it blocks hight from
reaching the recording surface, or an open position, 1 which light 1s allowed to reach the
recording surface. The position of each shutter may be controlled by a shutter button.
For instance, a shutter may be in the closed position by default. When the shutter button
1s triggered (¢.g., pressed), the shutter may change from the closed position to the open

postfion for a period of tume, known as the shutier cycle. During the shutter cvcle, an
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immage may be captured on the recording surface. At the end of the shutter cycle, the
shutter may change back to the closed position.

10030} Alternatively, the shuttering process may be electronic. For example, betore
an electronic shutter of a CCD 1mage sensor 1s “opened,” the sensor may be reset to
remove any residual signal m its photosites. While the electronic shutter remains open,
the photosites may accumulate charge. When or after the shutter closes, these charges
may be transferred to longer-term data storage. Combmations of mechanical and
electronic shuttering may also be possible.

0031} Regardless of tvpe, a shutter may be activated and/or controlled by something
other than a shutier button. For instance, the shutter may be activated by a softkey, a
timer, or some other trigger. Heremn, the term “mmage capture” may refer to any
mechanical and/or electronmic shuttering process that can result in one or more 1mages
bemg recorded, regardless of how the shuttering process is trigeered or controlied.

10032} The exposure of a captured itmage may be determined by a combmation of the
siz¢ of the aperture, the brightness of the hight entering the aperture, and the length of the
shutter cycle (also referred to as the shutter length or the exposure length). Additionally,
a digital and/or analog gain mav be applied to the image, thereby influencing the
cxposurc. In some embodiments, the term “cxposurc length,” “exposure time,” or
“exposure time mterval” may refer to the shutter length multiphed by the gain for a
particular aperture size. Thus, these terms mav be used somewhat mterchangeably, and
should be interpreted as possibly being a shutter length, an exposure time, and/or any
other metric that controls the amount of signal response that results from light reaching
the recording surface.

[0033] A still camera may capture one or more images each time image capture is
tricgered. A video camera may continuously capture images at a particular rate (¢.g., 24
images — or frames — per second) as long as image capture remamns triggered (¢.g., while
the shutter button is held down). Some digital still cameras may open the shutter when
the camera device or application is activated, and the shutter may remain n this position
until the camera device or application 1s deactivated. While the shutter is open, the
camera device or application may capture and display a representation of a scene on a
viewimder. When image captwwe 1s triggered, one or more distinct digital images of the
current scene may be captured.

(0034} Cameras may include software to control one or more camera functions and/or

settings, such as aperture size, exposure time, gain, and so on.  Additionally, some
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cameras may include software that digitally processes images during or after when these
images are captured.

[0035] As noted above, digital cameras may be standalone devices or integrated with
other devices. As an example, Figure 1A illustrates the form factor of a digital camera
device 100 as seen from a front view 101 A and a side view 101B. In addition, Figure 1B
also tlustrates the form factor of the digital camera device 100 as seen from a rear view
101C and another rear view 101D. The digital camera device 100 may be a mobile
phone, a tablet computer, or a wearable computing device. Other embodiments are
possible.

[0036] As shown m Figures 1A and 1B, the digital camera device 100 may include
various elements, such as a body 102, a front-facing camera 104, a multi-element display
106, a shutter button 108, and additional buttons 110. The front-facing camera 104 may
be posttioned on a side of body 102 typically facing a user while in operation, or on the
same side as multi-element display 106.

[10037] As depicted mm Figure 1B, the digital camera device 100 further mcludes a
rear-facing camera 112. Particularly, the rear-facing camera 112 is shown positioned on a
side of the body 102 opposite from the front-facing camera 104. In addition, the rear
views 101C and 101D shown in Figure 1B represent two alternate arrangements of rear-
facing camera 112. Nonetheless, other arrangements are possible. Also, referring to the
cameras as front facing or rear facing 1s arbitrary, and digital camera device 100 may
include one or multiple cameras positioned on various sides of body 102.

[0038] The multi-element display 106 could represent a cathode ray tube (CRT)
display, a hight emitting diode (LED) display, a hiquid crystal (LCD) dispiay, a plasma
display, or any other type of display known in the art. In some embodiments, the multi-
clement display 106 may display a digital representation of the current image being
captured by front-facing camera 104 and/or rear-facing camera 112, or an image that
could be captured or was recently capfured by any one or more of these cameras. Thus,
the multi-element display 106 may serve as a viewimder for the cameras. The multi-
clement display 106 may also support touchscreen and/or presence-sensifive functions
that may be able to adjust the settings and/or configuration of any aspect of digital camera
device 100,

10039} The front-facing camera 104 may mclude an mmage sensor and associated
optical elements such as lenses. As such, the front-facing camera 104 may offer zoom

capabilitiecs or could have a fixed focal length. In other embodiments, mterchangeable
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lenses could be used with the front-facing camera 104. The front-facing camera 104 may
have a vanable mechanical aperture and a mechanical and/or electronic shutter. The
front-facing camera 104 also could be configured to capture still images, video 1mages. or
both. The rear-facing camera 112 may be a similar type of timage capture component and
may include an aperture, lens, recording surtace, and shutter. Particularly, the rear-facing
camera 112 may operate simuar to the front-facing camera 104,

10040} Either or both of the front facing camera 104 and the rear-facing camera 112
may mclude or be associated with an illumination component that provides a hight field to
illuminate a target object. For instance, an illumination component could provide flash or
constant tllumination of the target object. An ilununation component could also be
configured to provide a hight field that includes one or more of structured hght, polarized
light, and light with speciiic spectral content. Other types of hight fields known and used
to recover 3D models from an object are possible within the context ot the embodiments
herein.

[0041] Either or both of front facing camera 104 and/or rear-facing camera 112 may
include or be associated with an ambient light sensor that may continuously or from time
to time determine the ambient brightness of a scene that the camera can capture. In some
devices, the ambient light sensor can be used to adjust the display brightness of a screen
assoctated with the camera {¢.g., a viewtinder). When the determined ambient brightness
1s high, the brightness level of the screen may be increased to make the screen easier to
view. When the determined ambient brightness is low, the brightness level of the screen
may be decreased, also to make the screen easier (o view as well as to potentially save
power. The ambient light sensor may also be used to determine an exposure times for
image capture.

[0042] The digital camera device 100 could be configured to use the multi-element
display 106 and cither the front-facing camera 104 or the rear-facing camera 112 to
capture images of a target object. The captured images could be a plurality of still images
or a video stream. The umage capture could be triggered by activating the shutter button
108, pressing a soft-key on multi-element display 106, or by some other mechanism.
Depending upon the mmplementation, the images could be captured automatically at a
specific time interval, tor example, upon pressing the shufter button 108, upon
appropriate lichting conditions of the target object, upon moving the digital camera

device 100 a predetermined distance, or according to a predetermined capture schedule.
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10043] In some examples, one or both of the front-facing camera 104 and the rear-
facing camera 112 are calibrated monocular cameras. A monocular camera may be an
mmage capturing component configured to capture 2D immages. For instance, the
monocular camera may use a modified refracting telescope used to magnity the rimages of
distance objects by passing light through a series of lenses and prisms. As such, the
monocular cameras and/or other types of cameras may have an mtrinsic matrix that can
be used for depth estimation techniques presented herem. A camera’s mirnmsic matrix is
used to transform 3D camera coordinates to 2D homogenous image coordinates.

0044} As noted above, the functions of the digital camera device 100 — or another
type of digital camera — may be mtegrated into a computing device, such as a wireless
computing device, cell phone, tablet computer, wearabie computing device, robofic
device, laptop computer, vehicle camera, and so on. For purposes of example, Figure 2 is
a stmplified block diagram showing some of the components of an example computing
system 200 that may mclude camera components 224,

10045] By way of example and without hmitation, the computing system 200 may be
a cellular mobile telephone (e.g., a smartphone), a still camera, a video camera, a fax
machine, a computer (such as a desktop, notebook, tablet, or handheld computer), a
personal digital assistant (PDA), a home automation component, a digital video recorder
(DVR), a digital television, a remote control, a wearable computing device, a robotic
device, a vehicle, or some other type of device equipped with at least some tmage capture
and/or 1image processing capabtlities. It should be understood that the computing system
200 may represent a physical camera device such as a digital camera, a particular physical
hardware platform on which a camera application operates in software, or other
combinations of hardware and software that are configured to carry out camera functions.

[0046] As shown 1n Figure 2, the computing system 200 may include a
communication interface 202, a user interface 204, a processor 206, data storage 208, and
camera components 224, all of which may be communicatively hinked together by a
system bus, network, or other connection mechanism 210,

10047} The communication mterface 202 may allow the computing system 200 to
communicate, using analog or digital modulation, with other devices, access networks,
and/or transport networks. Thus, the communication mterface 202 may facilitate circuit-
switched and/or packet-switched communication, such as plam old telephone service
(POTS) communication and/or Internet protocol (IP) or other packetized communication.

For mnstance, the commumcation mterface 202 may include a chipset and antenna
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arranged for wireless communication with a radio access network or an access pomit.
Also, the communication mterface 202 may take the form of or mnclude a wircline
mterface, such as an Ethernet, Universal Serial Bus (USB), or High-Detinition
Multimedia Interface (HDMI) port. The communication mterface 202 may also take the
form of or include a wireless intertace, such as a Wifi, BLUETOOTH®, global
posttioning system {GPS), or wide-area wireless interface (e.g., WiMAX or 3GPP Long-
Term Evolution (LTE)). However, other forms of physical layer mterfaces and other
types of standard or proprictary communication protocols may be used over the
communication mterface 202. Furthermore, the communication mierface 202 may
comprise multiple physical communication mterfaces (e.g., a Wifi interface, a
BLUETOOTH® mnterface, and a wide-area wireless mterface).

10048} The user mterface 204 may function to allow the computing system 200 to
mfteract with a human or non-human user, such as to recetve mput from a user and to
provide output to the user. Thus, the user mtertace 204 may include input components
such as a keypad, keyboard, touch-sensitive or presence-sensitive pancl, computer mouse,
trackball, joystick, microphone, and so on. The user itertace 204 may also include one
or more output components such as one or more displav screens which, for example, may
be combined with a presence-sensitive panel. The display screen may be based on CRT,
LCD, and/or LED technologies, or other technologies now known or later developed.
The user mterface 204 may also be configured to generate audible output(s), via a
speaker, speaker jack, audio output port, audio output device, earphones, and/or other
similar devices.

0049} In some embodiments, the user intertace 204 may include a display that serves
as a viewfinder for still camera and/or video camera functions supported by the
computing system 200. Additionally, the user interface 204 may mclude one or more
buttons, switches, knobs, and/or dials that facilitate the configuration and focusing of a
camera function and the capturing of images (¢.g.., capturmg a picture). It may be
possible that some or all of these buttons, switches, knobs, and/or dials are implemented
by way of a presence-sensitive panel.

100350} The processor 206 may mchide one or more general purpose processors — ¢.g.,
mMICroprocessors — and/or ong or more special purpose processors — e.g., digital signal
processors (DSPs), graphics processing units (GPUs), floating pomt units (FPUs),
network processors, or application-specific mtegrated circuits (ANSICs).  In some

mstances, specital purpose processors may be capable of image processing, image
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alignment, and merging images, among other possibihities. Data storage 208 may include
onc¢ or more volatile and/or non-volatile storage components, such as magnetic, optical,
flash, or organic storage, and may be miegrated in whole or in part with the processor
206. Data storage 208 may include removabie and/or non-removable components.

[0051] The processor 206 may be capable of executing the program mstructions 218
(c.g., comptled or non-compiled program logic and/or machine code) stored in data
storage 208 to carry out the various functions described herein. Therefore, data storage
208 may include a non-transitory computer-readable medium, having stored thereon
program nstructions that, upon execution by the computing system 200, cause the
computing system 200 to carry out any of the methods, processes, or operations disclosed
in this specification and/or the accompanying drawings. The execution of program
mstructions 218 by the processor 206 may result m the processor 206 using data 212.
10052] By way of example, the program mstructions 218 may include an operating
system 222 (e.g., an operating system kernel, device driver(s), and/or other modules) and
one or more application programs 220 (e.g., camera functions, address book, email, web
browsing, social networking, image applications, and/or gaming applications) installed on
the computing system 200. Similarly, data 212 may include operating system data 216
and application data 214. The operating system data 216 may be accessible primarily to
the operating system 222, and the application data 214 may be accessible primarily to one
or more of the application programs 220. The application data 214 may be arranged m a
file system that is visible to or hidden from a user of the computing system 200.

[10053] The application programs 220 may communicate with the operating system
222 through one or more application programming imnterfaces {APls). These APIs may
facilitate, for instance, the application programs 220 reading and/or writing application
data 214, transmitting or receiving information via the communication interface 202,
recerving and/or displaying mformation on the user mntertace 204, and so on.

[0054] In some vernaculars, the application programs 220 may be referred to as
“apps’ for short. Additionally, the application programs 220 may be downloadable to the
computing system 200 through one or more online application stores or application
markets. However, application programs can also be mstalled on the computing system
200 m other ways, such as via a web browser or through a physical intertace {e.g., a USB
port) on the computing system 200.

[0055] The camera components 224 may mclude, but are not hmited to, an aperture,

shutter, recording surface {¢.g., photographic film and/or an image sensor), lens, and/or
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shutter button. As such, the camera components 224 may be confrolled at least in part by
software executed by the processor 206. In some examples, the camera components 224
may mclude one or more image capturing components, such as a monocular camera.
Although the camera components 224 are shown as part of the computing system 200,
thev may be physically separate in other embodiments. For instance, the camera
components 224 may capturc and provide an image via a wired or wireless connection to
the computing system 200 for subsequent processing.

2. Example Operations

10056} As discussed above, an image captured by a camera can include mtensity
values with bright pixels having higher mtensity values and dark pixels having lower
mtensity values. In some instances, an image can aiso represent depth of objects within a
scene with the depths mdicating the distance of one or more objects relative to the camera
setup that captured the tmage. For mstance, depth information may be used to direct a
viewer on a particular aspect of the image, such as a person, while also blurring the
background to enhance the overall image. A conventional type of camera used to
aenerate depth information is a stereo camera, which might involve using two or more
image capture components to simultaneously capture multiple images that can be used to
oenerate depth mformation. Although the stereo camera can produce depth information
about a scene, the use of multiple image capturing components can imcrease the costs and
complexity associated with generating the depth mmformation.

10057} Example embodiments presented herein relate to depth estimation techniques
that can be performed using a singic camera. Particularly, a smartphone or another type
of processing device (€.g., a computing system) may identify the presence of a person’s
face within an image captured by a simgle camera (e.g., a monocular camera) and
subsequently generate a facial mesh that represents the contours of features of the
person s face. The facial mesh may mclude facial landmarks arranged according to
teatures of the person’s face and eve landmarks arranged according to the positions and
dimensions of one or both eyes of the person's face. For example, the eye landmarks may
mclude a set of ris landmarks positioned relative to the iris of an eye to provide
mformation regarding the wis. For instance, irts landmarks may be positioned around the
iris of an eve as well as other places relative to the iris (e.g., an iris landmark mapping a
center of the iris).  As a result, the facial mesh may convey mformation about the

person’s face as depicted within the image. In some embodiments, the facial mesh may
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also provide mformation regarding the position of the person’s face relative to other
objects within the scene captured by the camera.

0058} As such, the device may use the eye landmarks of the facial mesh to estimate
one or more eye pixel dimensions for at least on¢ eye. For instance, an estimated eye
dimension may represent the pixel size of the eve’s iris {e.g., a vertical or honzontal
diameter of the iris quantified in pixels as represented in the image). Another estimated
¢ye dimension may be a pixel eye dimension that represents a pixel size of the eye overall
as depicted in the image captured by the camera. Other examples of eye dimension
estimations are possible. For example, the eye dimension may represent a diameter of the
comeal of the eve.

[0059] In addition, the device may usc a mean value eye dimension that corresponds
to the determined eve pixel dimension for depth estimation. The mean value eve
dimension may represent an average eve size and be based on ophthalmology mformation
or other measurements from a number of eyes. The ophthalmology information may
provide dimensions of aspects of the eyes that are applicable for various people. For
example, the ophthalmology information may specify the average horizontal diameter,
average verfical diameter, or other measurements for the mis of an adult.  The
ophthalmology information may represent normalized measurements obtained from
numerous people.

0060} In one embodiment, the mean valuc eye dunension may represent an average
iris size measured in nuilimeters or another unit when the eye pixel dimension
corresponds to the iris size measured m pixels. For example, when the device estimated a
quantity of pixels representing the horizontal diameter of the wis as depicted 1n the image,
the device may further use a mean value eye dimension that represents the average
horizontal diameter of an iris in millimeters or another unit. In another example, the
device may use a mean value eye dimension that represents the average vertical diameter
of an iris when the eye pixel dimension conveys a quantity of pixels representing the
vertical diameter of the iris as depicted in the image.

0061}  The device may obtain the mean value eye dimension from another computing
system or memory. For example, the device may access eve data (e.g., mean value ¢ye
dimensions) via a wireless connection with a database. In some embodiments, the device
may have the mean eye value stored locally, which can reduce time required to estimate

depth of a person’s face within an image.
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10062} The device may then use one or more eye pixel dimensions and one or more
corresponding mean value ¢ye dimensions along with the camera’s mtrinsic maftrix that
captured the 1mage to estimate a depth of the person’s face relative to the camera. The
estimated depth of the person can be subsequently used to enhance the original mmage.
For example, the device may generate a nhew image based on the original tmage that
¢nhances the presence of the person within the image via a stmulation of the Bokeh effect
and/or using other image enhancement techniques. By estimating depth of a person
within an image based on an estumate eye pixel dimension, a mean value eye dimension,
and the camera’s mnfrinsic matrix, the overall cost and complexity associated with
cgenerating depth mformation for a scene can be reduced smce the technique elinunates
the need for multiple cameras.

10063} To further illustrate, Figure 3 shows a flow chart for depth estimation using an
image obtained via a single image capturing component. The embodiment dlustrated by
Figure 3 may be carried out by a computing system, such as the digital camera device 100
shown m Figure 1. The embodmment, however, can also be carried out by other types of
devices or device subsystems, such as by a computing system positioned remotely from a
camera. Further, the embodiment may be combined with anv aspect or feature disclosed
m this specification or the accompanying drawings.

10064} At block 302, the method 300 may involve obtaining, from a camera, an tmage
depicting a person. The computing system (or a subsystem of a computing system) may
obtain the mmage from a camera via a wired or wireless connection. For example, the
computing system may be a smartphone configured with a camera that 1s used to capture
the image. Alternatively, the computing system may be remotely positioned from the
camera and obtain the image via a wireless or wired connection.

(0065} The camera may represent any type of image capturing component. For
mstance, the camera may include one or more apertures, lenses, and recording surfaces.
As such, the camera may have an mtrinsic matrix that enables a transformation of 3D
camera coordinates to 2D homogenous image coordinates.

10066} The mmage may depict one or more people within a scene. For mstance, a
smart phone or another type of device may use a camera to capture a portrait of a person.
Upon obtaming the image from the camera, the computing system may perform an initial
review of the image to detect a person’s face prior to performing other functions of the
method 300. For mstance, the computing system may use an image processing technique,

machine learning, a trained neural network, or another process (e.g., machine leaming) to
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identify the person’s face. In addition, m some examples, the computing system may
require that the 1mage is captured when the camera is 1n a particular camera mode (e.g.,
portrait mode) prior to perforning one or more functions of the method 300.

[0067] In further embodiments, the image may depict an animal or another type of
face {¢.g., a pamnfing of a person). As such, the device may detect the face of the anunal
or artwork prior to proceeding to perform other functions of the method 300.

10068} At block 304, the method 300 may involve determuning a facial mesh for a
tace of the person based on on¢ or more features of the face. The facial mesh may
mchide a combmation of facial landmarks and eye landmarks arranged to represent
mformation regarding the face. In some embodiments, the facial mesh may be generated
based on the image and provide information about at least one person as depicted within
the image. For mstance, the facial mesh may indicate which pixels represent portions of
the person’s face.

10069} The computing system may perform a cursory review of the image using one
or more image processing techniques to identify the presence of one or more people and
subsequently generate a facial mesh for at least one person. For instance, the computing
system may be configured to gencrate the facial mesh for a person positioned
approximately at the center of the image when analyzing an mimage with multiple people.
Within examples, various image processing techniques may be used to idenfify
mformation about the rmage, such as detection of the presence of the person and/or the
person’s face. Example image processing techniques include, but are not hnuted to,
feature extraction, pattern recognition, machine leaming, and neural networks.

(0070} The facial mesh generated by the computing system for a face may mclude a
set of facial landmarks and a set of eye landmarks. A landmark may be a circular point
(or a point having another shape) arranged 1n a specific way to map information about the
person’s face. In particular, the computing device may map the facial landmarks to
represent contours of the face and map eye landmarks to represent contours of one or both
cyves of the face. For mstance, the facial landmarks may be points arranged to represent
tacial features of the person’s face, such as the cheeks, hips, eyebrows, ears, etc. As a
result, the facial landmarks may convey the layout and contours of the person’s face.
10071} The eye landmarks are sumilar to the facial landmarks, but are specific to one
or both eyes of the person’s face. In particular, the eye landmarks may specify a location
and outline dimensions for one or both eyes. In some embodiments, the eye landmarks

may mchide a set of s landmarks clearly detming the location, position, and size of the
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irts. Together, the combination of facial landmarks and eye landmarks can provide a
representation of the arrangement and features of a person’s face as captured within the
Image.

[0072] The total number of facial landmarks and eye landmarks used to generate a
factal mesh may vary within examples. For example, a facital mesh may include
approximately 500 facial landmarks and 30 eye landmarks per eve with 5 iris landmarks
defining a center and outline of the ir1s. These quantities can vary for other facial meshes
and may depend on the quantity of pixels used to represent the person’s face within the
immage. In addition, the size, color, and styie of the points used for tacial landmarks and
cye landmarks (and iris landmarks) can differ within examples. In some mstances, the
facial landmarks and evye/inis landmarks may be circular points uniform in size.
Alternatively, different shape and sized points may be used. Further, a facial mesh may
be generated using different color facial landmarks and eye landmarks. For instance, the
¢yve landmarks may be a first color {e.g., green) and the iris landmarks may be a second
color (e.g., red). In other embodiments, the facial mesh may include lines or other
structures used to convey information about the person’s face.

[0073] In some examples, a neural network is trained to determine the facial mesh for
the person’s face. For example, the neural network may be trained using pairs of 1mages
depicting faces with and without facial meshes. As a result, the computing system may
use the neural network to determine the facial mesh and further measure facial features
based on the facial mesh. Alternatively, one or more 1image processing techniques may be
used to develop a facial mesh for a face captured within one or more mimages. For
exampie, the compufing system may use a combination of a neural network and edge
detection to generate one or more facial meshes for faces represented within an image.
[0074] At block 306, the method 300 may involve estimating an eye pixel dimension
for at least one eye of the face based on the eye landmarks of the facial mesh. After
gencrating the facial mesh for a face depicted within the 1mage, the computing system
may use the eye landmarks of the facial mesh to estimate one or more eye dumensions for
one or both of the person’s eyes.

[0075] In some embodiments, estimating the eye dimension for an eye may imvolve
estimating a pixel size of the wris of the eye based on 1ris landmarks positioned around the
iris of the eye. For mstance, the pixel size of the iris may correspond to a quantity of
pixels that represents a horizontal diameter of the iris as depicted in the mmage.

Alternatively, the pixel size of the iris may correspond to a quantity of pixels that
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represents a vertical diameter of the 1ris as depicted in the tmage. As such, the computing
system may us¢ e¢ye landmarks and/or imns landmarks when estimating an eye pixel
dimension {e.g., an iris pixel dimension). In some examples, the computing system may
perform multiple eve pixel dimension estimations and use an average of the estimations
as the output eye dimension used at block 308.

10076} The computing system may further pertorm a comparison between the pixel
size of the iris of the eye and an average pixel ir1s size. The average pixel iris size may be
based on multiple pixel measurements of the wis and/or another value (e.g., a threshold
range). Based on the comparison, the computing system may deternune whether the pixel
size of the iris satisties a threshold difference prior to estimating the distance of the eve
relative fo the camera.  When the estimated eye dimension fails to satisfy the threshold
difference (1.e., differs substantially from a target eye dimension), the computing system
may repeat one or more processes to derive a new eye dimension ¢stimation.

10077] In addition, the computing systent may also use a mean value eye dimension
corresponding to the eye pixel dimension. In particular, the mean value eye dimension
may indicate a size of the person’s eye based on eye data. When an 1ris pixel dimension
is used, the mean value eve dimension may correspond to a mean value iris dimension
that matches. For instance, both the mis pixel dimension and the mean value iris
dimension may represent the same parameter of the inis, such as a horizontal diameter ot
the ir1s.

10078} At block 308, the method 300 may mvolve estimating a distance of the at least
onc ecye relative to the camera based on the eye pixel dimension of the eye and an
mtrinsic mairix of the camera. The computing device may use the camera’s infrinsic
matrix and one or more estimated eye pixel dimensions {(e.g., the pixel iris size) to
calculate an estimated depth of the eye relative to the camera. For example, the camera
may be¢ a calibrated monocular camera with an mitrinsic matrix that the computing system
may uftlize in combination with one or more eve dimensions during depth estimation. In
addition, the device may also use a mean value eye dimension to represent the person’s
eye m nuilimeters or another unit when estimating the distance between the camera and
the person’s face.  For mstance, the device may use a combination of a pixel ins
estimation. the intrinsic matrix, and a mean value iris dimension to estimate the distance
from the camera to the person’s face.

[0079] The mirinsic matrix i1s used to transform 3D camera coordinates to 2D 1mage

coordinates. An example imtrinsic matrix can be parameterized as foliows:
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fx S X
K=10 f, Y |1}
0 0 1
16080} Fach mitrinsic parameter shown above describes a geometric property of the

camera. The focal length, also referred to as pixel focal length, 1s represented by fy, £,
and corresponds to the distance between the aperture of the camera and the image plane.
The focal length is conventionally measured in pixels and f, and f, have the same value
when the camera simulates a true pinhole camera producing square pixels. In practice, £,
and £, can differ for various reasons, such as flaws in the digital camera sensor, the image
has been non-untformiy scaled in post-processing, the camera’s lens causes unmtentional
distortion, or errors in camera calibration. When f; and £, differ, the resulting image may
be made up of non-square pixels.

10081} In addition, the principal point offset is represented by x, and y,. A camera’s
principal axis is the hne perpendicular to the image plane that passes through the
camera s aperture. The mtersection of the principal axis with the image plan is reterred to
the principal point. As such, the principal point offset is the location of the principal point
relative to the image plane’s origin. In addition, axis skew is represented by s m the
matrix above and causes shear distortion m the projected image. As such, the computing
system may use a camera’s mtrinsic matrix and an estimated eyve dimension derived from
the facial mesh to estimate a depth of the person relative fo the camera. In some
examples, the facial mesh may be further used during depth estimation.

0082} At block 310, the method 300 may mnvolve modifying the image based on the
distance of the at least one eve relative to the camera. Modifving the 1mage may involve
adjusting aspects of the original 1image provided by the camera and/or producing a new,
enhanced 1mage that corresponds to the original image.

16083} The computing system may us¢ the depth estimation to segment the image 1nto
background and tforeground portions. This way, the compufing system can blur one or
more pixels of background portions in the onginal image when producing the enhanced,
final 1mage. Particularly, focal features of the scene (e.g., the person in the center of the
image) present in the foreground may retamn sharp pixels while other features that are part
of the background of the scene can be blurred to enhance the final image. In some
mstances, pixels of features in the background of the image may be blurred m proportion

based on how far each background feature i1s from the in-focus plane (¢.g., from the
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camera). The estimated depth map can be used to estimate the distances between
background features and the i-focus plane.

[0084] In an embodiment, the computing system may produce a final image that
mcludes one or more enhancements compared to the origmally captured image. For
mstance, the final 1mage may ufilize a blurring effect to help draw the attention of a
viewer towards the mamn focus i the tmage (e.g., the person or the person’s face) i a
manner similar to an image captured with a shallow depth of field. Particularly, an mmage
with a shallow depth of ficld can help direct the attention of the viewer towards the focal
point of the image and can also help suppress a cluttered background enbancing the
overall presentation of the image.

[0085] In another embodiment, blurring pixels of background features can involve
replacing the pixels with a translucent disk of the same color but varying size. By
compositing all these disks i a depth order in a manner similar to averaging the disks, the
results in the enhanced, final image are simular to a real optical blur that derives from
using a singie-lens reflex (SLR) camera with a big lens. The synthetic defocus apphied
using the above techniques can produce a disk-shaped Bokeh effect in the final image
without requiring extensive equipment that other cameras often use to achieve the effect.
Further, unlike SLR cameras, the Bokeh effect can be modified to have other shapes
within final images using the above techniques since the Bokeh eftect 1s applied 1n a
synthetic manner.

3. Example Facial Mesh Determination

10086} As discussed above, a computing system {(€.g., a smartphone} may generate a
facial mesh for one or more faces depicted within an image prior to performing a depth
estimation technique. To illustrate, Figure 4 shows an eye portion of a facial mesh
generated for the face of a person captured within an image.

[0087] The eye portion 400 may be part of a facial mesh that mcludes facial
landmarks {(not shown), eye landmarks 402, and iris landmarks 404, 405. The eye
landmarks 402 and iris landmarks 404, 405 may be combined such that they generally
appear as eye landmarks in some embodiments. Alternatively, a facial mesh may include
only eye landmarks 402 and/or iis landmarks 404, 405 in some examples. The facial
landmarks may be arranged to map features of the person’s face, such as the positions ot
cheeks, lips, eyebrows, ears, and general outline of the face.

[0088] The eye landmarks shown i the eye portion 400 of the facial map are

arranged to map aspects of the eye 406 (shown m the dotted box). In the embodiment

1Y



WO 2021/145913 PCT/US2020/033928

shown mn Figure 4, the eye landmarks mclude outline eye landmarks 402 shown as solid
points and iris landmarks 404, 405 shown as dotted points positioned around the wris 408,
The outline eye landmarks 402 are arranged to outline the entire eye 406. As shown m
Figure 4, the outhine eye landmarks 402 may be a set of pomts (e.g., 17 pomnts} arranged
to enable the computing system to idenfity an outline of the eye 406.

0089} In addition to the outline eve landmarks, 402, the iris landmarks 404, 405 are
arranged to map the position of the s 408 within the eye 406. In particular, four iris
landmarks 404 are positioned around the wris 408 and one iris landmark 405 is posttioned
at an approximate center of the iris 408. As shown, the iris landmarks 404, 405 may
divide the s 408 into quadrants and may cnable a computing system to estumate a
horizontal diameter 410 of the ris 408 and/or a vertical diameter 412 of the wis 408. One
or both of the estimated eye dimensions may be used to estimate a depth of the eye 406
relative to the camera that captured the timage of the person.

4. Example Depth Estimations

16090} Figure 5 1s a simphified representation of an image capture component
capturing an tmage of an object. The image capture componen{ may be a camera
configured with a recording surface 502 and a lens 504 as well as other components not
shown. During image capture, hight representing the person 506 and other elements of a
scene (not shown) may pass through the lens 304 e¢nabling the camera to subsequently
create an 1mmage of the person 506 on the recording surface 502. As a result, the camera
may display a digital image of the person 506 on a viewfinder. In the embodiment shown
m Figure 5, the image of the person 506 appears upside down on the recording surface
502 due to the optics of the lens 504, but an image process technique may mvert the
image for display.

(0091} For some camera configurations, the lens 504 may be adjustable. For
mstance, the lens 504 may move left or right adjusting the lens position and focal distance
of the camera for image capture. The adjustments mav be made by applying a voltage to
a motor (not shown in Figure 5) controliing the position of the lens 504, As such, the
motor may move the lens 504 closer to or further from the recording surface 502 enabling
the camera to focus on objects (e.g., the person 506} at a range of distances. The distance
between the lens 504 and the recording surface 502 at any point m time can be referred to
as the lens position and may be measured in miilimeters or other units. By extension, the
distance between the lens 504 and its area of focus can be referred to as the focal distance,

which may be similarly measured in mullimeters or other units.
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10092} As ndicated above, depth ecstimation techniques may mvolve using
mformation derived from a person’s eye or ¢yes captured within an image. In particular,
a smartphone, server, or another type of computing system may obtain an mimage and
ogencrate a facial mesh for one or more faces depicted within the image. For instance, the
device may perform a cursory review using at least one image processing technique to
detect and idenfity the presence of a person’s face and subsequently generate a facial
mesh that has facial landmarks and eye landmarks mapping the face.

10093} The facial landmarks may map the contours of the face, such as the curvature
and position of cheeks, lips, eyebrows, and outline of the face. Similar to the facial
landmarks, the eye landmarks may map the contours of at least one eye on the face. For
example, the cye landmarks may include a first set of eye landmarks outlining the eye of
the face and a second set of eye landmarks mapping the dimensions of the s of the eve
as shown i Figure 3.

10094} Using the facial mesh, the device may determine mformation that can be used
for depth estimation. For instance, the facial mesh may be used to determine a position of
a person’s eye within an image captured by a camera. The position of the person’s eye
may be determined relative to other objects in the scene and may involve using the
camera’s intrinsic matrix. The facial mesh may also be used to estimate pixel sizes of the
¢ye as depicted i the image. For example, the facial mesh may be used to determine a
quantity of pixels {e.g.. 5 pixels, dozens) that depict a horizontal (or vertical) diameter of
an iris as represented within the image. In particular, a depth estimation technique may
mvolve creating a distance formula based on a combination of ¢ye measurements and the
mtrinsic matrix of the camera. To further illustrate, the intrinsic matrix of a camera may

be represented as follows:

fr O 0Oy
K=|[0 f O, 2]
g 0 1
[0095] Simular to the matrix shown above n equation 1, this matrix uses f, and f, to

represent the focal length m pixels with therr values equal when the mmage has square
pixels, and O, and O, are used to represent the position of the principal pomt on the
mmage sensor of the camera. In addition, the matrix 2 has the axis skew value set to zero
for ilustration purposes.

10096} To further show how the matrix above, an eve pixel estimation, and a

corresponding mean value eye dimension may be used to estimate a depth estimate of a
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person within a scene, Figures 6 and 7 dlustrate simplified representations for depth
esfimation between a camera and an ¢ye. In particular, ¢ach representation 600, 700
provides a diagram that shows example distances and estimations that may be used along
with the infrninsic matrix of the camera to estimate a depth of the eye. Although
representations 600, 700 are sumplified for illustration purposes showing limited camera
components and only eves, the depth estimation techniques described herein can be used
with images depicting more complex scenes.

10697} In the simplified representation 600, a camera may use a lens 602 with
pinhole O 612 to capture and gencrate an image of an eye 604 on a recording surface 606.
Using the mmage, a device may perform one or more estimations of the eye 604 to use in
concert with the mtrinsic matrix of the camera for depth estimation. The device may
determine a first eye dimension based on the size of the eye 604. For example, the device
may determune a mean value size of the wis represented in Figure 6 as iris size AB 608,
which may be conveyed m nullimeters or another unit. The device may determine the
mean value s size using stored data and/or by obtaming the mean value from another
computing system.

[0098] In addition, the device may also estimate a size of the iris as depicted within
the 1image on recording surface 606, which is represented as iris pixel size A'B’ 610 in
Fioure 6. As such, the 1ris pixel size A’B’ 610 may be determined based on a guantity of
pixels {or subpixels) within the umage and thus represented as a total quantity of pixels.
The mis pixel size may differ depending on which measurement the device 1s estimating
(¢.g., vertical diameter or horizontal diameter).

[0099] The simplified representation 600 also shows the focal length OO 616 (also
referred to as pixel focal length) extending between the center of lens (pinhole O 612) and
the principal point O’ 614 on the recording surface 606. The focal length OO’ 616 may
be determined based on the camera’s mirinsic matrix and may be¢ represented m
millimeters or other units.

100100} As further shown m the simplitied representation 600, distances from the
center of the lens (pinhole O 612) to point A and pomnt B of the eye 604 can be
determined. In particular, a first triangle OAB may be determined based on the distance
from the pinhole O 612 to the pomts A, B using the mean vahie eye dimension (e.g., iris
size¢ AB 608). In addition, a second triangle OA’B’ can be determined based on the
distance from the pinhole O 612 to the points A” and B’ of the image usmg the estimated

iris pixel size A'B7 610,
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106101} To construct a depth estimation equation that can be used to estumate a depth
of the eve 604 relative to the lens 602, the triangles OAB and OA'B’ shown in the

stmplified representation 600 may then be used to construct the following:

AB OA

= 3
A'BT 04’ 3]
AB OB )
A'B' OB’ 4]

[00102] Equation 3 and 4, derived based on the triangles OAB and OA'B’, can be used
to calculate the distances to the camera as follows:
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[60103] As shown above, equation 7 may be determined based on equations 5 and 6
and can be used to estimate the distance of the eve 604 (and generally the person’s face)
relative to the camera. The distance may be estimated m nilimeters or other units within
examples. Thus, a device may use equation 7 to estimate the depth of a person’s face
relative to the camera that captured an 1mage using ris size estimations and the camera’s
intrinsic matrix. In equation 7, the pupil to focal center represents a distance in pixels
within the image space from the center of the eye (pupil) and focal origin from the
intrinsic matrix.

100104}  Similar to the simplified representation 600 shown m Figure 6, the simplified
representation 700 represents another view for depth estimation between a camera and an
eye. Particularly, the representation 700 shows a camera using lens 702 to capture an
mmage 706 depicting the eye 704. A device may obtam the image 706 and subsequently
determine a mean value 1ris size AB 708 i millimeters or other units based on stored eye
data. In addition, the device may estimate 1ris pixel size A'B’ 710, which represents a
siz¢ of the iris of the eye 704 in 3 quantity of pixels as depicted within the image 706.
Using one or both of the mean value wr1s size AB 708, the estimated iris pixel size A’B’
710 along with mformation from the camera’s mtrinsic matrix, the device may estimate a

distance of the eye 704 relative to the camera. In particular, the distance between the
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principal point O’ and the center O of the lens 702 may correspond (o the focal length
00’ 712 of the camera in pixels and

5. Example Image Modification

[00105] Figure 8 illustrates a simplified image modification, according to one or more
example embodiments. The simphified tmage modification shows an input tmage 300 and
an output image 804. Both images depict a person 802 in a simplified portrait position
for illustration purposes. Other examples may involve more complex scenes, such as an
tmage depicting multiple people with various backgrounds.

100106} The nput image 800 1s an mmage of a person 802 captured a camera, such as
front-facmg camera 104 of the digital camera device 100 shown m Figure 1A, In an
embodiment, the mput mimage 800 may represent an image captured by a monocular
camera with an mfrmsic matrix. As such, a computing system may receive the mput
image 800 from the camera and may also have access to the intrnsic matrix of the
canera.

100107} Responsive to receiving the mput mmage 800, the computing system may
perform a depth estimation technmique to determine a depth of the person 802 relative o
the camera that captured the input tmage 800. As such, the depth estimation may be used
to modify the input image 800.

[00108] In some examples, modifying the input image 800 may involve enhancing the
input image {00 directly or generating an enhanced image (e.g., the output image 804)
based on the mput image 800. For example, the device may generate a new verston of the
mitial 1image that includes a focus upon the person 802 while also blurring other portions
of the scene, such as the background of the scenc {represented by black i the output
image 804). The camera device may identify a portion of the image to focus upon
depending on a general lavout of the scene captured within the image or based on
additional information (e.g., a user input that specified a focal point during image
capture).

100109} In a further example, a camera may partition an tmage mto multiple segments
using an image segmentation process. Each segment may include a set of pixels of the
mimage. The camera may identify segments that share respective characteristics (e.g..
represent the person 802) and turther 1dentify boundaries of features in the scene based on
the segments that share respective characteristics. A new version of the image with the
focus upon a person m the scene and with the one or more other portions of the scene

blurred may be generated using one of the depth estimation techniques described above.
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106110} In another umplementation, a camera may receive an mput that specifies a
particular person 1n the scene for the camera to focus upon when capturing the mmage.
For example, the camera may receive the mput via a touchscreen that displays a view of
the scene from a viewpomnt of the camera. As such, the camera may estimate the depth of
the person 1n response to recerving the mput.

6. Conclusion

00111} The present disclosure i1s not to be hmited m terms of the particular
embodiments described in this apphication, which are mtended as illustrations of various
aspects. Many modifications and variations can be made without departing from 1s
scope, as will be apparent to those skilled in the art. Functionally equivalent methods and
apparatuses within the scope of the disclosure, in addition to those enumerated herein,
wiil be apparent to those skilled in the art trom the foregoing descriptions. Such
modifications and variations are itended to fall within the scope of the appended claims.
100112} The above detailed description describes various features and functions of the
disciosed systems, devices, and methods with reference to the accompanymg figures. The
example embodiments described herein and in the figures are not meant to be limiting.
Other embodiments can be utilized, and other changes can be made, without departing
from the scope of the subject matter presented herein. It will be readily understood that
the aspects of the present disclosure, as generally described herein, and tllustrated in the
figures, can be arranged. substituted, combined, separated, and designed in a wide variety
of different configurations, all of which are explicitly contemplated herein.

100113} With respect to any or all of the message flow diagrams, scenarios, and flow
charts in the figures and as discussed herein, cach step, block, and/or comnmnication can
represent a processing of information and/or a transmission of information 1 accordance
with example embodiments. Alternative embodiments are included within the scope of
these example embodiments. In these alternative embodiments, for example, functions
described as steps, blocks, transmissions, communications, requests, responses, and/or
messages can be executed out of order from that shown or discussed, including
substantially concurrent or in reverse order, depending on the functionality mvolved.
Further, more or fewer blocks and/or functions can be used with any of the ladder
diagrams, scenarios, and flow charts discussed herein, and these ladder diagrams,
scenarios, and flow charts can be combined with one another, m part or in whole.

[00114] A step or block that represents a processing of imnformation can correspond to

circuitry that can be configured to perform the specific logical functions of a herein-
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described method or technique. Alternatively or additionally, a step or block that
represents a processing of information can correspond to a module., a segment, or a
portion of program code (including related data). The program code can mchide one or
more instructions executable by a processor for implementing specific logical functions
or actions m the method or techmique. The program code and/or related data can be
stored on any type of computer readable medium such as a storage device including a
disk, hard drive, or other storage medmunm.

100115} The computer readable medmum can also include non-transitory computer
readable media such as computer-readable media that store data for short periods of time
hike register memory, processor cache, and random access memory (RAM). The
computer readable media can also include non-transitory computer readable media that
store program code and/or data for longer periods of time. Thus, the computer readable
media may mclude secondary or persistent long term storage, like read only memory
(ROM), optical or magnetic disks, compact-disc read only memory (CD-ROM), for
exampie. The computer readable media can also be any other volatile or non-volatile
storage systems. A computer readable medium can be considered a computer readable
storage medium, for example, or a tangible storage device.

[00116] Morecover, a step or block that represents one or more information
transmissions can correspond to information transmussions between software and/or
hardware modules 1 the same physical device.  However, other miformation
transnussions can be between software modules and/or hardware modules in difterent
physical devices.

00117} The particular arrangements shown in the figures should not be viewed as
limiting. It should be understood that other embodiments can include more or less of
cach element shown in a given figure. Further, some of the illustrated elements can be
combined or omutted. Yet further, an example embodiment can include elements that are
not ttustrated n the figures.

100118} Additionally, any enumerattion of elements, blocks, or steps in this
specification or the claims 1s for purpose of clarity. Thus, such enumeration should not be
mterpreted to require or imply that these elements, blocks, or steps adhere to a particular
arrangement or are carried out 1n a particular order.

[00119] While various aspects and embodiments have been disclosed herein, other

aspects and embodiments will be apparent to those skilled in the art. The vartous aspects
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and embodiments disclosed heremn are for purpose of tllustration and are not intended o

be limiting, with the true scope being indicated by the following claims.
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CLAIMS

What is claimed is:

I. A method comprising:

obtamning, at a computing system and from a camera, an image depicting a person;

determiming a facial mesh for a face of the person based on one or more features of
the face, wherem the facial mesh imcludes a combination of facial landmarks and eye
landmarks;

based on the eye landmarks of the facial mesh, estimating an eye pixel dimension for
at least one eve of the face;

estimating, by the computing system, a distance of the at least one eve relative to the
camera based on the eye pixel dimension and an intrinsic matrix of the camera; and

modifymg the timage based on the distance of the at least one eye relative o the

Canicrs.

2. The method of claim |, wherein the camera is a monocular camera.

3. The method of claim 1, wherein estimating the distance of the at least one eye

relative to the camera 1s further based on a mean value eye dimenstion.

4 The method of claim 1, further comprising:
responsive to obtaming the image depicting the person, identifying the face of the

person in the image using at least one umage processing technique.
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5. The method of claim 4, wherein the at least one image processing technique

involves detecting the one or more features of the face using a tramed neural network.

6. The method of claim 1, wherein determiming the facial mesh for the face
COMPIises:

mapping the facial landmarks to represent contours of the face based on the 1mage;
and

mapping the eye landmarks to represent contours of the at least one eye of the face

based on the image.

N

7. The method of claim 6, wherein mapping the eye landmarks to represent
contours of at least one eye of the face comprises:

positioning the ¢ve landmarks around an iris of the at least one eye.

&. The method of claim 7, wherein estimating the eye pixel dimension for at least
one cye of the face comprises:
cstimating a pixel size of the iris of the at least one ¢ve based on the eve landmarks

positioned around the iris of the at least one eve.

9. The method of claim & wherein estimating the pixel size of the iris of the at
least one eye comprises:
estimating a quantity of pixels mdicative of a horizontal diameter of the 1ris of the at

least one eye as represented in the 1image.
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10.  The method of clatm 1, wheremn modifying the tmage based on the distance of
the at least one eye relative to the camera conmprises:
applving a partial blur to on¢ or more background portions of the timage based on the

distance of the at least one eye relative to the camera.

Il. A system comprising:
a camera having an mtrinsic maftrix; and
a computing system configured to:

obtain, from the camera, an 1image depicting a person;

determine a facial mesh for a face of the person based on one or more features
of the face. wherein the facial mesh mcludes a combination of facial landmarks and
cye landmarks;

based on the eye landmarks of the facial mesh, estimate an eye pixel
dimension for at least one ¢ye of the face;

estimate a distance of the at lcast one eye of the face relative to the camera
based on the eye pixel dimension and the mtrinsic matrix of the camera; and

modity the image based on the distance of the at least one eye relative to the

Caincra.

12.  The system of claim 11, wherein the eye pixel dimension represents a pixel

size of an iris of the at least one eve based on the image.

13.  The system of claim 12, wherem the mirmmsic matrix mndicates a pixel focal

length of the camera and a principal pomnt on an image sensor of the camera; and



WO 2021/145913 PCT/US2020/033928

wherein the computing system is turther configured to estimate the distance of the at
least one eye relative to the camera based a combination of the pixel focal length, the
principal point on the image sensor, the pixel eye dimension, and a mean value ¢ve

dimension.

14, The system of claim 11, wherem the facial landmarks of the facial mesh
represent contours of the face and the eye landmarks of the facial mesh represent contours of

the at least one eye of the face based on the image.

15.  The system of claum 14, wherein the eye landmarks are positioned around an

ir1s of the at least one eve.

16.  The svstem of claim 15, wherein the computing svstem is configured to
estimate a pixel size of the 1ris of the at least one eve based on the eye landmarks positioned
around the iris of the at least one eye, wheremn the pixel size of the iris corresponds to the eye

pixel dimension.

17.  The system of claim 16, wherein the computing system 1s further configured
to:

perform a comparison between the pixel size of the inis of the at least one eye and an
average pixel s size; and

based on the comparison, determine whether the pixel size of the s satisfies a

threshold difference; and
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wherein the computing system 1s configured to estimate the distance of the at least
one eye relative to the camera in response to determuning that the pixel size of the iris

satisfies the threshold difference.

18.  The system of claim 11, whercin the computing system is configured to:
modify the image by applying a partial blur to one or more background portions of the

image based on the distance of the at least one eye relative to the camera.

19. A non-transitory computer-readable medium configured to store instructions,
that when executed by a computing system cOmprising on¢ or more processors, causes the
compufing system to perform operations comprising:

obtaming, from a camera, an 1image depicting a person:

determuning a facial mesh tor a face of the person based on one or more features of
the face, wherem the facial mesh imcludes a combination of facial landmarks and eye
landmarks;

based on the eye landmarks of the tacial mesh, estimating an eye pixel dimension for
at least one eve of the face;

¢stimating a distance of the at least one eye relative to the camera based on the eye
pixel dimension and an intrinsic matrix of the camera; and

modifying the mmage based on the distance of the at least one eye relative to the

Canicrs.

20.  The non-transitory computer-readable medmum of claim 19, wheremn

estimating the eye pixel dimension for at least one eve of the face comprises:

LI
2
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estimating a quantity of pixels indicative of a horizonfal diameter of an ms of the at

least one eye as represented in the 1image.
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OBTAIN, FROM A CAMERA, AN IMAGE DEPICTING A PERSON N
302

DETERMINE A FACIAL MESH FOR A FACE OF THE PERSON BASED ON
ONE OR MORE FEATURES OF THE FACE
304
ESTIMATE AN EYE PIXEL DIMENSION OF AT LEAST ONE EYE OF THE
FACE BASED ON THE EYE LANDMARKS OF THE FACIAL MESH
306
ESTIMATE A DISTANCE OF THE AT LEAST ONE EYE RELATIVE TO THE
CAMERA BASED ON THE EYE PIXEL DIMENSION AND AN INTRINSIC |~
MATRIX OF THE CAMERA B

MODIFY THE IMAGE BASED ON THE DISTANCE OF THE AT LEAST ONE
EYE RELATIVE TO THE CAMERA
33U
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