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SYSTEM AND METHOD FOR MEASURING PUPILLARY DISTANCE AND USES
THEREOF

CROSS-REFERENCE TO RELATED APPLICATIONS

[1] This PCT International Application claims the benefit of and priority in and to U.S.
Serial No. 63/040,184, filed June 17, 2020, which is hereby incorporated by reference in its

entirety.
FIELD

2] The present disclosure generally relates to the technical field of optometry. More
specifically, the present disclosure is directed to systems and methods for measuring pupillary

distance and uses thereof.

BACKGROUND

[3] The following includes information that may be useful in understanding the invention.
It is not an admission that any of the information specifically or implicitly referenced herein is
prior art, or essential, to the described or claimed invention. All patents, patent applications,

publications and products mentioned herein are hereby incorporated by reference in their entirety.

[4] Pupillary distance (“PD”) is the distance between pupils of a subject, such as a human.
The accuracy of this distance is a determining factor in the comfort and fit of eyeglasses, sunglasses
or virtual reality headsets. Mismeasured PD can lead to lenses with prismatic effects that cause
headaches, blurry vision, eyestrain, nausea, vertigo, dizziness, disorientation and other issues to
the subject. Traditionally, PD measurement is absent from eyeglasses or sunglasses prescriptions,
but it is required for fulfilling custom prescription eyeglass or sunglass orders. The average PD for
an adult human is about 63 mm. However, the PD measurement can vary widely between 51 mm
and 74.5 mm for women and 53 mm and 77 mm for men. PD is critical when fitting eyeglasses
or sunglasses with progressive lenses because a precise lens-to-pupil alignment is required to

ensure comfortable vision at all distances.

[5] Currently, there are various ways to measure PD. For example, there are two primary

methods for PD measurement: single PD and dual PD. Single PD (or binocular PD) is the
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measurement from pupil to pupil between each eye. Dual PD (or monocular PD) is the

measurement from your nose bridge to each eye.

[6] Traditional ways of obtaining a PD measurement may include using a ruler. For this
type of measurement, a subject is required to stand approximately 8 inches from a mirror and a
ruler is aligned on one eye pupil across the subject’s brow to the other pupil to obtain a PD
measurement. This type of measurement is inaccurate because the contours of the face and

alignment of the ruler may vary.

7] A subject may obtain his/her PD measurement with assistance of another individual,
possibly in a commercial setting. In this example, the PD may be measured using a corneal
reflection pupillometer. Alternatively, e-commerce customers may submit a photo of their face
while holding a standard size reference (e.g., a credit card, etc.), and the photo may be processed

remotely to obtain the PD.

[8] Each of the traditional examples described above are cumbersome and/or resource-
intensive ways of obtaining a PD measurement. Also, certain traditional examples, such as using
a corneal reflection pupillometer, may require the subject to be less than 6 feet apart from the
person making the measurement, causing them to violate social distancing rules during a
pandemic, such as COVID-19. Further, corneal reflection pupillometers are not always reliable
measures of PD since they are subject to human error and can be miscalibrated. Because the PD is
required for fulfilling custom prescription eyeglass or sunglass orders, developing a seamless,
convenient and contactless way to obtain a PD measurement enhances the consumer experience.
Furthermore, developing easier and more accurate ways to obtain a PD measurement promotes e-
commerce and expands consumer options in obtaining comfortable and accurate eyewear. Finally,
retailers may use image and and/or statistical information relating to PD measurements to improve
manufacturing processes and/or provide eyewear recommendations based on user satisfaction and

purchase history correlated with PD measurements.

[9] Thus, there is a need to develop an improved system or method for measuring PD that
will increase accuracy, efficiency, reliability, convenience and use, while decreasing or eliminating

human intervention and/or human error.
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SUMMARY

[10] The invention described and claimed herein has many attributes and aspects including,
but not limited to, those set forth or described or referenced in this Summary. It is not intended to
be all-inclusive and the invention described and claimed herein are not limited to or by the features
or embodiments identified in this Summary, which is included for purposes of illustration only and

not restriction.

[11] In various embodiments of the present disclosure, systems and methods are provided
that obtain and use a succession of image processing algorithms to localize pupils in a two-
dimensional (“2D”) image. The pupils are then localized in world coordinates using three-
dimensional (“3D”) data provided by a depth sensing image. Using the world coordinates, the
physical distance between pupils may be computed. The systems and methods described herein
advantageously provide for an accurate and more convenient way of obtaining a PD measurement.
Furthermore, the PD measurement obtained may be used for eyeglasses (or spectacles), sunglasses,
virtual reality headsets, goggles, safety eyewear, smartglasses (including, but not limited to,
augmented reality eyeglasses) and other eyewear. Finally, facial measurements for a subject, to
include PD, may be associated with a user account such that product recommendations may be
provided based on a user’s facial measurements and historical customer satisfaction data and

purchase history associated with facial measurements.

[12] In various embodiments of the present disclosure, the systems and methods described
herein can obtain facial measurements for use in a virtual fitting or try-on system or application.
In some embodiments, a virtual fitting or try-on system can provide a user with an interface to try
on and/or purchase a pair of eyeglasses or sunglasses virtually using facial measurements,
including PD measurements, obtained from the disclosure described herein. The systems and
methods described herein, when incorporated into a virtual fitting or try-on system, improve the
user’s e-commerce experience since it allows the user to try-on virtually potential eyeglasses or
sunglasses, obtain a PD measurement, and select and purchase custom prescription eyeglasses or
sunglasses online, and without the need to visit a physical store. The systems and methods
described herein also improves virtual fitting or try-on systems by obtaining and storing additional

facial measurements that can lead to better product recommendations. The systems and methods
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of the present disclosure may advantageously interface with the virtual try-on system and method
described in U.S. Patent Application No. 16/550,614, filed August 26, 2019 (entitled “Virtual
Fitting Systems and Methods for Spectacles”). In various embodiments of the present disclosure,
a method of operating a pupillary distance system is described. In some embodiments, the method
comprises the steps of capturing, with at least one camera of the pupillary distance system, a first
2D image and a corresponding 3D depth map of a face of a subject; determining pupil localization
information using the first 2D image and corresponding 3D depth map; refining one or more pupil
locations based on the pupil localization information; determining one or more pupil center

coordinates; and calculating the PD of the subject between centers of each pupil.

[13] In some embodiments of the present disclosure, the pupil localization information is
determined using a plurality of face mesh landmarks to generate a plurality of face mesh vertices

near the center of an eye opening to obtain one or more initial pupil locations on the subject.

[14] In some embodiments of the present disclosure, the one or more pupil locations are
refined using a convolution with one or more kernels and one or more 2D center-surround filters.

In some embodiments, the one or more kernels use a pupil estimate size of approximately 12 mm.

[15] In some embodiments of the present disclosure, calculating the PD uses depth map

values that correspond to the refined one or more pupil locations in the 2D image.

[16] In some embodiments of the present disclosure, the PD is determined by using points

on a 3D face mesh that correspond to the centers of each pupil.

[17] In some embodiments of the present disclosure, the method further comprising the steps
of performing a correction on the PD calculated using a distance that the first 2D image is taken

from the at least one camera.

[18] In various embodiments of the present disclosure, a non-transitory computer readable
medium having computer-executable instructions embodied thereon is provided. The computer-
executable instructions when executed by a processor, the computer-executable instructions cause
the processor to: obtain, from at least one camera, a first 2D image and a corresponding 3D depth
map of a face of a subject; determine pupil localization information using the first 2D image and

corresponding 3D depth map; refine one or more pupil locations based on the pupil localization

4
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information; determine one or more pupil center coordinates; and calculate the PD of the subject

between centers of each pupil.

[19] In some embodiments of the present disclosure, the pupil localization information is
determined using a plurality of face mesh landmarks to generate a plurality of face mesh vertices

near the center of an eye opening to obtain one or more initial pupil locations of the subject.

[20] In some embodiments of the present disclosure, the one or more pupil locations are
refined using a convolution with one or more kernels and one or more 2D center-surround filters.

In some embodiments, the one or more kernels use a pupil estimate size of approximately 12 mm.

[21] In some embodiments of the present disclosure, calculating the PD uses depth map

values that correspond to the refined one or more pupil locations in the 2D image.

[22] In some embodiments of the present disclosure, calculating the PD is determined by

using points on a 3D face mesh that correspond to the centers of each pupil.

[23] In some embodiments of the present disclosure, the computer-executable instructions
further cause the processor to perform a correction on the PD calculated using a distance that the

first 2D image is taken from the at least one camera.

[24] In various embodiments of the present disclosure, a pupillary distance system is
provided, comprising one or more mobile devices. In some embodiments, the one or more mobile
devices includes a mobile device comprising at least one camera, memory storing information
associated with images and information obtained from the at least one camera, and a processor.
The processor is configured to: obtain, from the at least one camera, a 2D image and a
corresponding 3D depth map of a face of a subject; determine pupil localization information using
the 2D image and corresponding 3D depth map; refine one or more pupil locations based on the
pupil localization information; determine one or more pupil center coordinates; and calculate the

PD between centers of each pupil of the subject.

[25] Insome embodiments of the present disclosure, the pupil localization is determined using
a plurality of face mesh landmarks to generate a plurality of face mesh vertices near the center of

an eye opening to obtain one or more initial pupil locations of the subject.
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[26] In some embodiments of the present disclosure, the one or more pupil locations are
refined using a convolution with one or more kernels and one or more 2D center-surround filters.

In some embodiments, the one or more kernels use a pupil estimate size of approximately 12 mm.

[27]  In some embodiments of the present disclosure, calculating the PD uses depth map values

that correspond to the refined one or more pupil locations in the 2D image.

[28] Insomeembodiments of the present disclosure, calculating the PD is determined by using

points on a 3D face mesh that correspond to the centers of each pupil.

[29] In some embodiments of the present disclosure, performing a correction on the PD

calculated using a distance that the first 2D image is taken from the at least one camera.

BRIEF DESCRIPTION OF THE FIGURES

[30] The accompanying drawings, which are incorporated herein and form a part of the
specification, illustrate the aspects of the present disclosure and, together with the description,
further serve to explain the principles of the aspects and to enable a person skilled in the pertinent
art to make and use the aspects. The drawings are for illustration purposes only, show exemplary

non-limiting embodiments, and are not necessarily drawn to scale.

[31] FIG. 1A illustrates one example of a system in accordance with some embodiments of

the present disclosure.

[32] FIG. 1B illustrates one example of an architecture of a mobile device in accordance

with some embodiments of the present disclosure.

[33] FIG. 2 is a flow diagram illustrating an example PD measurement process using a depth

map in accordance with some embodiments of the present disclosure.

[34] FIG. 3 is an example image of a user’s pupil region with a face mesh 905 (depicted by
a plurality of lines 910 connected to a plurality of vertices 920) superimposed in accordance with
some embodiments of the present disclosure, the face mesh showing key vertices 950 and the

centroid 951 of the key vertices.
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[35] FIGS. 4A-4C show an example illustrative representation of refining initial pupil
locations using convolution with a 2D image in accordance with some embodiments of the present
disclosure. FIG. 4A shows a filter kernel (or kernel) with center-surround structure; FIG. 4B shows
an image patch with a circle 990 with a cross symbol illustrating the location with the maximum

response to the kernel; and FIG. 4C shows an image response to convolution with the kernel.

[36] FIG. 5 is an example illustration of a random sample consensus (“RANSAC”) iterative
method on a pupil region image in accordance with some embodiments of the present disclosure.
In FIG. 5, the solid-lined circle 2000 indicates the initial estimate of the iris boundary; the solid
cross symbol 2001 indicates the initial estimate for the iris center; the closed dots 3010 indicate
inlier boundary points; the open dots 3020 indicate outlier boundary points; the dotted-lined circle
3000 indicates the final estimate for iris boundary; and the dotted cross symbol 3001 indicates the

final estimate for iris center.

[37] FIG. 6 is an example illustration of the process for measuring or estimating far PD in

accordance with some embodiments of the present disclosure.

[38] FIG. 7 is an example of a PD calculation interface 800 in accordance with some
embodiments of the present disclosure. “Method A” refers to the depth map method, which is
described further below. “Method B” refers to the face mesh method, which is also described

further below.

[39] FIGs. 8-11 are example interfaces 801, 802, 803 & 804, respectively, for measuring

PD in accordance with some embodiments of the present disclosure.

[40] FIG. 12 is another example of a PD calculation interface 805 in accordance with some

embodiments of the present disclosure.

DETAILED DESCRIPTION

[41] This description of the exemplary embodiments is intended to be read in connection
with the accompanying drawings, which are to be considered part of the entire written description.
The use of the singular includes the plural unless specifically stated otherwise. The use of “or”

means “and/or” unless stated otherwise. Furthermore, the use of the term “including,” as well as
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other forms such as “includes” and “included,” is not limiting. In addition, terms such as “element”
or “component” encompass both elements and components comprising one unit, and elements and
components that comprise more than one subunit, unless specifically stated otherwise.
Additionally, the section headings used herein are for organizational purposes only, and are not to

be construed as limiting the subject matter described.

[42] The following description is provided as an enabling teaching of a representative set of
examples. Many changes can be made to the embodiments described herein while still obtaining
beneficial results. Some of the desired benefits discussed below can be obtained by selecting some
of the features discussed herein without utilizing other features. Accordingly, many modifications
and adaptations, as well as subsets of the features described herein are possible and can even be
desirable in certain circumstances. Thus, the following description is provided as illustrative and

is not limiting.

29 CC

[43] As used herein, use of a singular article such as “a,” “an” and “the” is not intended to
exclude pluralities of the article’s object unless the context clearly and unambiguously dictates

otherwise.

[44] A system and method are provided in the present disclosure for determining the PD of
a subject. The subject is mammal or human, and wherein the mammal or human is male, female,
non-binary mammal or human (or other gender identity), adult or child. As discussed throughout
this specification, the system and method advantageously provide accurate and efficient real time
facial measurements for a subject. The system and method advantageously provides users with
facial measurements that may be stored in an account associated with the respective user enabling
the user to receive product recommendations based on facial measurements and/or consumer
satisfaction data and/or purchase history associated with historical facial measurements. Such
users are human, wherein human is male, female, non-binary human (or other gender identity),
adult or child. Finally, the system and method may advantageously use consumer satisfaction data
to improve facial measurement calculations using artificial intelligence, such as machine learning

and deep learning.
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[45] SYSTEM OVERVIEW

[46] In various embodiments, the PD measuring system may interact with client devices for
information exchange. FIG. 1A depicts one example of a system 100 in which a plurality of client
devices 110-1, 110-2, and 110-3 (collectively “client devices 1107) are connected via
communication network 142 to one or more computer system networks 50-1, 50-2 (“computer
networks 50”), and to management server 130. Communication network 142 may be a wide area
network (“WAN?”), a local area network (“LAN”), personal area network (“PAN”), or the like. In
one embodiment, communication network 142 is the Internet and client devices 110 are online.
“Online” may mean connecting to or accessing source data or information from a location remote

from other devices or networks coupled to communication network 142.

[47] Management server 130 includes a processing unit 24 coupled to one or more data
storage units 150-1, 150-2 (collectively referred to as “database management system 150” or
“DBMS 1507). The processing unit 24, in some embodiments is configured to provide front-end
graphical user interfaces (“GUI”) (e.g., PD measurement GUI 28 and client users GUI 30), and a
back-end or administrative graphical user interface or portal 32 to one or more remote computers
54 or to one or more local computers 34. In some embodiments, a PD measurement interface,
described in further detail below, is provided that accesses management server 130 via GUI 28.
The GUISs can take the form of, for example, a webpage that is displayed using a browser program
local to remote computers 54 or to one or more local computers 34. It is understood that the system
100 may be implemented on one or more computers, servers, or other computing devices. In some
embodiments, the GUI may be displayed on client devices 110 via a software application. For
example, system 100 may include additional servers programmed or partitioned based on
permitted access to data stored in DBMS 150. As used herein, “portal” is not limited to general-
purpose Internet portals, such as YAHOO!® or GOOGLE®, but also includes GUIs that are of
interest to specific, limited audiences and that provide the party access to a plurality of different
kinds of related or unrelated information, links and tools as described below. “Webpage” and

“website” may be used interchangeably herein.

[48] Remote computers 54 may be part of a computer system network 50-1, 50-2 and gain

access to communication network 142 through an Internet service provider (“ISP”) 52-1, 52-2
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(“ISPs 527). Client devices 110 may gain access to communications network 142 through a
wireless cellular communication network, a WAN hotspot, or through a wired or wireless
connection with a computer as will be understood by one skilled in the art. Client users and
administrative personnel, as will be described below, may use remote computers 54 and/or client
devices 110 to gain access to system 100. Computer system network 50-1, 50-2, may include one

or more data storage units 56-1, 56-2.

[49] In one embodiment, client devices 110 includes any mobile device capable of
transmitting and receiving wireless signals. Examples of mobile instruments include, but are not
limited to, mobile or cellular phones, smart phones. personal digital assistants (“PDAs”), laptop

computers, tablet computers, music players, and e-readers, to name a few possible devices.

[50] FIG. 1B is a block diagram of one example of an architecture of client device 110. As
shown in FIG. 1B, client device 110 includes one or more processors, such as processor(s) 102.
Processor(s) 102 may be any central processing unit (“CPU”), microprocessor, micro-controller,
or computational device or circuit for executing instructions. Processor(s) are connected to a
communication infrastructure 104 (e.g., a communications bus, cross-over bar, or network).
Various software embodiments are described in terms of this exemplary client device 110. After
reading this description, it will be apparent to one of ordinary skill in the art how to implement the
method using client devices 110 that include other systems or architectures. One of ordinary skill
in the art will understand that computers 34, 54 may have a similar and/or identical architecture as
that of client devices 110. Put another way, computers 34, 54 can include some, all, or additional

functional components as those of the client device 110 illustrated in FIG. 1B.

[51] Client device 110 includes a display 168 that displays graphics, video, text, and other
data received from the communication infrastructure 104 (or from a frame buffer not shown) to a
user (e.g., a subscriber, commercial user, back-end user, or other user). Examples of such displays
168 include, but are not limited to, LCD screens, OLED display, capacitive touch screen, and a
plasma display, to list only a few possible displays. Client device 110 also includes a main memory
108, such as a random access (“RAM”) memory, and may also include a secondary memory 110.
Secondary memory 121 may include a more persistent memory such as, for example, a hard disk

drive (“HDD”) 112 and/or removable storage drive (“RSD”) 114, representing a magnetic tape

10
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drive, an optical disk drive, solid state drive (“SSD”), or the like. In some embodiments, removable
storage drive 114 reads from and/or writes to a removable storage unit (“RSU”) 116 in a manner
that is understood by one of ordinary skill in the art. Removable storage unit 116 represents a
magnetic tape, optical disk, or the like, which may be read by and written to by removable storage
drive 114. As will be understood by one of ordinary skill in the art, the removable storage unit 116
may include a tangible and non-transient machine readable storage medium having stored therein

computer software and/or data.

[52] In some embodiments, secondary memory 110 may include other devices for allowing
computer programs or other instructions to be loaded into client device 110. Such devices may
include, for example, a removable storage unit (“RSU”’) 118 and a corresponding interface (“RSI”)
120. Examples of such units 118 and interfaces 120 may include a removable memory chip (such
as an erasable programmable read only memory (“EPROM”)), programmable read only memory
(“PROM”)), secure digital (“SD”) card and associated socket, and other removable storage units
118 and interfaces 120, which allow software and data to be transferred from the removable storage

unit 118 to client device 110.

[53] Client device 110 may also include a speaker 122, an oscillator 123, a camera 124, a
light emitting diode (“LED”) 125, a microphone 126, an input device 128, an accelerometer (not
shown), and a global positioning system (“GPS”) module 129. Examples of camera 124 features
include, but are not limited to optical image stabilization (“OIS”), larger sensors, bright lenses, 4K
video, optical zoom plus RAW images and HDR, "Bokeh mode" with multi lenses and multi-shot
night modes. Camera 124 may comprise one or more lenses with different functions. By way of
example, camera 124 may include an ultrawide sensor, telephoto sensor, time of flight sensor,
macro sensor, megapixel (“MP”) sensor, and/or a depth sensor. Camera 124, as described herein,
is not limited to a single camera. Camera 124 may include a camera system that includes multiple
different types of cameras, sensors, etc. By way of example, Apple® released a TrueDepth®
camera system that includes a 7MP front-facing “selfie” camera, infrared emitter, infrared camera,
proximity sensor, ambient light sensor, flood illuminator, and dot projector that cooperate to obtain
depth map and associated image. In other words, camera 124 of client device 110 may have
multiple sensors, cameras, emitters, or other associated components that work as a system to obtain

image information for use by client device 110.

11
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[54] Examples of input device 128 include, but are not limited to, a keyboard, buttons, a
trackball, or any other interface or device through which a user may input data. In some
embodiment, input device 128 and display 168 are integrated into the same device. For example,
display 168 and input device 128 may be touchscreen through which a user uses a finger, pen,

and/or stylus to input data into client device 110.

[55] Client device 110 also includes one or more communication interfaces 169, which
allows software and data to be transferred between client device 110 and external devices such as,
for example, another client device 110, a computer 34, 54 and other devices that may be locally or
remotely connected to system 100. Examples of the one or more communication interfaces 169
may include, but are not limited to, a modem, a network interface (such as an Ethernet card or
wireless card), a communications port, a Personal Computer Memory Card International
Association (“PCMCIA”) slot and card, one or more Personal Component Interconnect (“PCI”)
Express slot and cards, or any combination thereof. The one or more communication interfaces
169 may also include a wireless interface configured for short range communication, such as near
field communication (“NFC”), Bluetooth, or other interface for communication via another
wireless communication protocol. As briefly noted above, one of ordinary skill in the art will
understand that computers 34, 54 and portions of system 100 may include some or all components

of client device 110.

[56] Software and data transferred via the one or more communications interfaces 169 are
in the form of signals, which may be electronic, electromagnetic, optical, or other signals capable
of being received by communications interfaces 169. These signals are provided to
communications interface 169 via a communications path or channel. The channel may be
implemented using wire or cable, fiber optics, a telephone line, a cellular link, a radio frequency

(“RF”) link, or other communication channels.

[57] In this application, the terms “non-transitory computer program medium” and “non-
transitory computer readable medium” refer to media such as removable storage units 116, 118, or
a hard disk installed in hard disk drive 112. These computer program products provide software to
client device 110. Computer programs (also referred to as “computer control logic”’) may be stored

in main memory 108 and/or secondary memory 110. Computer programs may also be received via

12



WO 2021/257406 PCT/US2021/037075

the one or more communications interfaces 169. Such computer programs, when executed by a
processor(s) 102, enable the client device 110 to perform the features of the methods and systems

discussed herein.

[58] In various embodiments, as shown in FIGS. 1A & 1B, client device 110 may include a
computing device such as a hashing computer, a personal computer, a laptop computer, a tablet
computer, a notebook computer, a hand-held computer, a personal digital assistant, a portable
navigation device, a mobile phone, a smart phone, a wearable computing device (e.g., a smart
watch, a wearable activity monitor, wearable smart jewelry, and glasses and other optical devices
that include optical head-mounted displays (“OHMDs”)), an embedded computing device (e.g., in
communication with a smart textile or electronic fabric), or any other suitable computing device
configured to store data and software instructions, execute software instructions to perform
operations, and/or display information on a display device. Client device 110 may be associated
with one or more users (not shown). For example, a user operates client device 110, causing it to

perform one or more operations in accordance with various embodiments.

[59] Client device 110 includes one or more tangible, non-transitory memories that store
data and/or software instructions, and one or more processors configured to execute software
instructions. Client device 110 may include one or more display devices that display information
to a user and one or more input devices (e.g., keypad, keyboard, touchscreen, voice activated
control technologies, or any other suitable type of known input device) to allow the user to input
information to the client device. Client device 110 processor(s) may be any central processing unit
(“CPU”), microprocessor, micro-controller, or computational device or circuit for executing
instructions. Processor(s) are connected to a communication infrastructure (e.g., a communications
bus, cross-over bar, or network). Various software embodiments are described in terms of this
exemplary client device 110. After reading this description, it will be apparent to one of ordinary
skill in the art how to implement the method using client device 110 that include other systems or
architectures. One of ordinary skill in the art will understand that computers may have a similar
and/or identical architecture as that of client device 110. Put another way, computers can include
some, all, or additional functional components as those of the client device 110 illustrated in FIGS.

1A & 1B.
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[60] Client device 110 also includes one or more communication interfaces 169, which
allows software and data to be transferred between client device 110 and external devices such as,
for example, another client device 110, and other devices that may be locally or remotely
connected to client device 110. Examples of the one or more communication interfaces may
include, but are not limited to, a modem, a network interface (e.g., communication interface 169,
such as an Ethernet card or wireless card), a communications port, a PCMCIA slot and card, one
or more PCI Express slot and cards, or any combination thereof. The one or more communication
interfaces 169 may also include a wireless interface configured for short range communication,
such as NFC, Bluetooth, or other interface for communication via another wireless communication

protocol.

[61] Software and data transferred via the one or more communications interfaces 169 are
in the form of signals, which may be electronic, electromagnetic, optical, or other signals capable
of being received by communications interfaces. These signals are provided to communications
interface 169 via a communications path or channel. The channel may be implemented using wire
or cable, fiber optics, a telephone line, a cellular link, a radio frequency (“RF”) link, or other

communication channels.

[62] In an embodiment where the system 100 or method is partially or entirely implemented
using software, the software may be stored in a computer program product and loaded into client
device 110 using removable storage drive, hard drive, and/or communications interface. The
software, when executed by processor(s), causes the processor(s) to perform the functions of the
method described herein. In another embodiment, the method is implemented primarily in
hardware using, for example, hardware components such as application specific integrated circuits
(“ASICs”). Implementation of the hardware state machine so as to perform the functions described
herein will be understood by persons skilled in the art. In yet another embodiment, the method is

implemented using a combination of both hardware and software.

[63] Embodiments of the subject matter described in this specification can be implemented
in a system 100 that includes a back end component, e.g., as a data server, or that includes a
middleware component, e.g., an application server, or that includes a front end component (e.g., a

client device 110) having a graphical user interface or a Web browser through which a user can
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interact with an implementation of the subject matter described is this specification, or any
combination of one or more such back end, middleware, or front end components. The components
of the system can be interconnected by any form or medium of digital data communication, (e.g.,
a communication network 142). Communications network 142 may include one or more
communication networks or media of digital data communication. Examples of communication
network 142 include a local area network (“LAN”), a wireless LAN, a RF network, a NFC
network, (e.g., a “WiF1” network), a wireless Metropolitan Area Network (“MAN”) connecting
multiple wireless LANs, NFC communication link(s), and a wide area network (“WAN”), e.g., the
Internet and combinations thereof. In accordance with various embodiments of the present
disclosure, communications network 142 may include the Internet and any publicly accessible
network or networks interconnected via one or more communication protocols, including, but not
limited to, hypertext transfer protocol (“HTTP”) and HyperText Transfer Protocol Secured
(“HTTPS”) and Secured Socket Layer/Transport Layer Security (“SSL/TLS”) and transmission
control protocol/internet protocol (“TCP/IP”). Communications protocols in accordance with
various embodiments also include protocols facilitating data transfer using radio frequency
identification (“RFID”) communications and/or NFC. Moreover, communications network 142
may also include one or more mobile device networks, such as a GSM or LTE network or a PCS
network, allowing a client device to send and receive data via applicable communications
protocols, including those described herein. For ease of illustration, communication network 142

is shown as an extension of management server 130.

[64] A client device 110 and server 130 are generally remote from each other and typically
interact through a communication network 142. The relationship of client device 110 and
management server 130 arises by virtue of computer programs running on the respective system
components and having a client-server relationship to each other. System 100 may include a
web/application server (not shown) in embodiments used to gain access to many services provided

by management server 130.

[65] In one aspect, client device 110 stores in memory one or more software applications
that run on the client device and are executed by the one or more processors. In some instances,
each client device stores software applications that, when executed by one or more processors,

perform operations that establish communications with management server 130 (e.g., across
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communication network 142 via communication interface 169) and that obtain, from management
server 130, information or data via database management system 150 in accordance with various

embodiments.

[66] In various embodiments, client device 110 may execute stored software application(s)
to interact with management server 130 via a network connection. The executed software
applications may cause client device 110 to communicate information (e.g., facial measurements
(e.g., PD), user profile information, etc.). As described below, executed software applications (s)
may be configured to allow a user associated with client device 110 to obtain a PD measurement
using camera 124. Stored software application(s) on client device 110 are configured to access
webpages on the Internet or other suitable network based communication capable of interacting
with communication network 142, as would be understood by one of ordinary skill in the art. For
example, a user may access a user account on management server 130 via an Internet webpage. In
this example, management server 130 is configured to render the Internet webpage for the user on
client device 110. Alternatively, management server 130 may provide information to stored
software application(s) on client device 110 via communication network 142. In this example,
client device 110 will display information provided by management server 130 using a stored
software application(s) graphical user interface display. In the example above, a respective user
account may be associated with a developer, client user, or supervisor/monitoring authority as

would be understood by one of ordinary skill in the art and described below.

[67] According to various embodiments, system 100 includes database management
system/storage 150 for managing and storing data, for example, facial measurement information
(e.g., PD, etc.), user account authentication information, and other data maintained by the
management server 130. The database management system and/or storage are referred to herein
simply as DBMS 150 for convenience. DBMS 150 may be communicatively coupled with various

modules and engines (not illustrated).

[68] It should be understood that various forms of data storage or repositories can be used
in system 100 that may be accessed by a computing system, such as hard drives, tape drives, flash
memory, random-access memory, read-only memory, EEPROM storage, in-memory databases

like SAP HANA, and so on, as well as any combination thereof. Stored data may be formatted
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within data stores in one or more formats, such as flat text file storage, relational databases, non-
relational databases, XML, comma-separated values, Microsoft Excel files, or any other format
known to those of ordinary skill in the art, as well as any combination thereof as is appropriate for
the particular use. Data stores may provide various forms of access to the stored data, such as by
file system access, network access, a SQL protocol (e.g., ODBC), HTTP, FTP, NES, CIFS, and so

on, as well as any combination thereof.

[69] According to various embodiments, client device 110 is configured to access DBMS
150 via management server 130. In various embodiments, DBMS 150 is configured to maintain a
database schema. For example, a database schema may be arranged to maintain identifiers in
columns within DBMS 150 associated with facial measurement or user account information. In
this aspect, identifiers refer to specific information pertaining to the categories described above. A
database schema within DBMS 150 may be arranged or organized in any suitable manner within
the system. Although the above-described examples identify categorical identifiers, any number
of suitable identifiers may be used to maintain records associated with the system described herein.
In addition, a database schema may contain additional categories and identifiers not described
above for maintaining record data in system 100. The database can also provide statistics and

marketing information associated with users of system 100.

[70] The database schema described above advantageously organizes identifiers in a way
that permits the system to operate more efficiently. In some embodiments, categories of identifiers
in the database schema increase efficiency by grouping identifiers with an associated management

model of management server 130.

[71] In various embodiments, management server 130 includes computing components
configured to store, maintain, and generate data and software instructions. For example,
management server 130 may include or have access to one or more processors 24, one or more
servers (not shown) and tangible, non-transitory memory devices (e.g., local data store (in addition
to DBMS 150)) for storing software or code for execution and/or additional data stores. Servers
may include one or more computing devices configured to execute software instructions stored on
to perform one or more processes in accordance with various embodiments. In some embodiments,

DBMS 150 includes a server that executes software instructions to perform operations that provide
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information to at least one other component of computing environment 100, for example providing
data to another data store or to third party recipients (e.g., banking systems, third party vendors,

information gathering institutions, etc.) through a network, such as a communication network 142.

[72] Management server 130 may be configured to provide one or more websites, digital
portals, or any other suitable service that is configured to perform various functions of management
server 130 components. In some embodiments, management server 130 maintains application
programming interfaces (“APIs”) through which the functionality and services provided by server
130 may be accessed through one or more application programs executed by a client device 110.
In various embodiments, management server 130 may provide information to software

application(s) on client device 110 for display on a graphical user interface 168.

[73] In some embodiments, management server 130 provides information to client device
110 (e.g., through the API associated with the executed application program). Client device 110
presents portions of the information to corresponding users through a corresponding respective

graphical user interface 168 or webpage.

[74] In various embodiments, management server 130 is configured to provide or receive
information associated with services provided by management server 130 to client device 110. For
example, client device 110 may receive information via communication network 142, and store
portions of the information in a locally accessible store device and/or network-accessible storage
devices and data stores (e.g., cloud-based storage). For example, client device 110 executes stored
instructions (e.g., an application program, a web browser, and/or a mobile application) to process
portions of stored data and render portions of the stored data for presentation to the respective user
or users Management server 130 may include additional servers (not shown) which may be
incorporated as a corresponding node in a distributed network or as a corresponding networked
server in a cloud-computing environment. Furthermore, servers may communicate via
communication network 142 with one or more additional servers (not shown), that may facilitate

the distribution of processes for parallel execution by the additional servers.

[75] PD PROCESS MANAGEMENT

[76] In various embodiments of the present disclosure, a process for measuring or estimating
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the PD of a user on client device 110 is provided. Referring now to FIG. 2, a flow diagram
illustrating an example PD measurement process 200 using a depth map in accordance with some
embodiments of the present disclosure. Initially, at step 202, an image is captured by a user on
client device 110 via at least one camera (such as camera 124). In some embodiments, instructions
to use the PD system (as shown, for example, instructions 900 in FIG. 9) are provided to the user
prior to using the PD system. In some embodiments, feedback is provided to the user regarding
whether his/her head is appropriately positioned for an accurate measurement (i.e., whether the
head is in a position for an accurate image capture). Such feedback, which is conveyed through,
for example, text, verbal and/or symbol format, directs the user to move his/her head and/or client
device 110 in various directions, such as farther away, closer, up, down, right, left, diagonally,
rotate clockwise or rotate counterclockwise, and/or to look at a spot or area on the screen of client
device 110 or offscreen. The feedback can include one or more indicators on the screen of client
device 110 that the user can follow with his/her head and/or eyes. As the user follows the feedback,
the user eventually positions his/her head for an accurate measure. By way of example, FIGS. 10
and 11 show exemplary indicator 1000 with text directions instructing the user to “Focus on this
dot. When it moves, follow it.” As the indicator moves from a starting position to an end position
on the screen of client device 110, the user will move his/her head and/or eyes in accord with the
indicator. Additional feedback, such as, for example, “Move farther away” as shown in FIG. 10,
can be conveyed to the user to further move his/her head and/or eyes and/or client device 110 with
at least one camera (such as camera 124) prior to image capture. Once the user’s head is
appropriately positioned for an accurate measure, an image is captured by the user on client device
110 via at least one camera (such as camera 124). The feedback described above may occur in
connection with step 202. According to various embodiments, the image that is captured is a 2D
image and corresponding depth map. In some embodiments, this depth map is obtained using a
TrueDepth® camera. By way of example, a TrueDepth® camera emits an array of infrared dots
(e.g., 30,000 dots) in a known pattern on the subject and an infrared sensor records how the dots
interact with the scene, and a 3D structure is generated from that information. The TrueDepth®
camera includes a proximity sensor for activation and an ambient light sensor for setting the output
light levels. The 3D information may be used to determine the physical size of a photographed
object. Although the TrueDepth® camera is disclosed in connection with this embodiment, a

person of ordinary skill in the art would understand that various other depth sensing cameras may
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be used to perform the processes in the system and method described herein (e.g., The Point Cloud
Depth Camera™, Intel RealSense®, Kinect® depth camera, Depth+Multi-Spectral Camera™,
etc.).

[77] In various embodiments, the 2D image and corresponding 3D depth map may be
obtained from a storage unit on client device 110. In some embodiments, the 2D image and
corresponding 3D depth map information may be received by a client device 110 to conduct the
processes described herein. It should be appreciated, that a 2D image and corresponding 3D depth
map may be obtained by a different device and/or be generated in a non-contemporaneous manner

from the steps described herein.

[78] In various embodiments, at step 203, coarse pupil localization is obtained using a
plurality of face mesh landmarks. According to various embodiments, the 3D information
identified at Step 202 is used to generate coordinates of the face mesh vertices near (e.g., 0-5 mm
from the pupil) the center of the eye opening to obtain approximate locations of the pupils. By way
of example, vertices 1095, 1094, 1107, and 1108 are near the right pupil, and vertices 1076, 1075,
1062, and 1063 are near the left pupil. A person of ordinary skill in the art would understand that
the vertices identified in the above example may be different from the actual vertices determined
and would vary based on the coordinates generated for an individual. FIG. 3 is an example image
of a user’s pupil region with a face mesh 905 (depicted by a plurality of lines 910 connected to a
plurality of vertices 920) superimposed in accordance with some embodiments of the present
disclosure, the face mesh showing key vertices 950 and the centroid 951 of the key vertices. In
some embodiments, for each pupil, a 3D centroid of the vertices corresponding to each pupil are
computed to determine the corresponding 2D images coordinates of the centroid. In various
embodiments, this computation is performed by SceneKit’s® projectPoint( :) method or other
methods that projects one or more points from a 3D world coordinate system of a scene to a 2D
pixel coordinate system of a renderer. A person of ordinary skill in the art would appreciate that
the computation to determine corresponding 2D image coordinates of the 3D centroid may be

performed by any suitable application or system.

[79] At step 204, according to various embodiments, the initial pupil locations obtained at

step 203 are refined using a convolution with a 2D center-surround filter. In this context,
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convolution can be thought of as a method for finding the regions in an image that best match the
appearance of a test pattern known as a kernel. In some embodiments, a kernel with a dark circle
surrounded by a white annulus is used to find regions in the image that resemble the kernel. In
various embodiments, the convolution method may be run multiple times with kernels of varying
sizes if the pattern to be localized has an unknown size. In some embodiments, a pupil size estimate
(e.g., approximately 12 mm in diameter; approximately = +/- 2 mm) may be used to determine the
approximate distance of the eye from the camera using the associated face mesh. Using the pupil
size estimate and the following formula, a prediction can be made for how large the iris will appear

in the image:

The iris’s pixel diameter D is given by:

wherein f1s the focal length of 2D camera, z is the distance between the camera and the

pupil and d is the iris diameter, which is assumed to be approximately 12 mm.

[80] According to various embodiments, the kernel is structured as follows: It has a center

circular region of diameter D with a magnitude of —(;) and a surround circular region of diameter

1.5D with a magnitude of (g). In this example, the magnitudes are chosen so that the kernel will

produce a response of zero on a uniform image. The convolution is applied in a 3D X 3D region
around the initial estimate, and the location within the region that gives the strongest response is

taken to be the refined estimate.

[81] FIGS. 4(a)-4(c) are an example illustrative representation of refining initial pupil
locations using convolution with a 2D image of step 204 in accordance with some embodiments
of the present disclosure, wherein FIG. 4A shows a filter kernel (or kernel) with center-surround
structure; FIG. 4B shows an image patch with a circle 990 with a cross symbol illustrating the
location with the maximum response to the kernel; and FIG. 4C shows an image response to

convolution with the kernel.

[82] At step 205, in a final pupil location refinement step, precise boundaries of the iris are
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estimated and robust fit of the boundaries is performed with a circle. According to various
embodiments, a 1.5D pixels-wide region centered around the result from the previous localization
step at 204 is considered. For each region, a horizontal gradient kernel is applied to the left and
right halves of the row. To the left half of the row, a [+ 1, 0,— 1] kernel is applied, which elicits a
strong response to a light-to-dark transition. To the right half of the row, a [— 1, 0,+ 1] kernel is
applied, which elicits a strong response to a dark-to-light transition. For each half row, the column
with the strongest response is considered to be a candidate boundary point. To account for the fact
that the entire iris is not visible and that often the top of iris is occluded more than the bottom, only
rows that correspond to less than 30° up from the center of the region and 45° down from the center

of the region are considered.

[83] FIG. 5 is an example illustration of a RANSAC iterative method on a pupil region
image in accordance with some embodiments of the present disclosure. In FIG. 5, the solid-lined
circle 2000 indicates the initial estimate of the iris boundary; the solid cross symbol 2001 indicates
the initial estimate for the iris center; the closed dots 3010 indicate inlier boundary points; the open
dots 3020 indicate outlier boundary points; the dotted-lined circle 3000 indicates the final estimate
for iris boundary; and the dotted cross symbol 3001 indicates the final estimate for iris center.
According to various embodiments and continuing with step 205, once candidate boundary points
are identified, a circle that best fits the points needs to be determined. Because there are frequently
spurious boundary points due to corneal reflections or other irregularities, it is necessary to find a
way to use only the true edge points while rejecting false positives. In various embodiments, this
is accomplished using a RANSAC technique. According to some embodiments, RANSAC works
by fitting models to randomly selected subsets of points and choosing the one that gives the lowest
error. The points that are not fit well by the final circle model are considered to be outliers and the

remainder of the points are considered to be “inliers.”

[84] At step 206 (collectively 206a and 206b), the coordinates of the pupil centers are
associated with a 3D coordinate system to compute the physical distance between pupil centers.
In various embodiments, the physical distance between pupil centers may be computed according
to the depth map method at step 206a. In this embodiment, camera calibration is used for the image
frame provided by the software to obtain the z coordinates. In various embodiments, the software

may be the Apple i1OS™ or similar operating software for client device 110. In this embodiment,
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the values may be determined in the depth map that correspond to the refined location of the pupils

in the 2D image.

[85] Alternatively, according to various embodiments at step 206b, a procedure may be used
to determine points on the 3D face mesh that correspond to the pupil centers. In this embodiment,
a ray is fired corresponding to an image coordinate and returns the 3D world coordinates of the

point at which the ray intersects with the face mesh.

[86] Referring to step 206 (collectively 206a and 206b), according to various embodiments,
using transformations provided by Apple iOS™, these 3D pupil points can be expressed in a face-
centered coordinate system in which x = 0 corresponds to the face midline and the x -axis
corresponds to the head’s transverse axis. Then the binocular PD is the x distance between the

pupil locations and the monocular PDs are the x distance between the pupil locations and zero.

[87] FIG. 6 is an example illustration of the process for measuring or estimating far PD in
accordance with some embodiments of the present disclosure. At step 207, a correction to the PD
is performed based on the distance that the image is taken from camera 124. For example, a client
device 110 (such as a mobile device) with camera 124 is held at arm's length, which corresponds
to about 400 mm. If the individual is fixating on the screen/display 168 of client device 110, their
PD will be lower than their PD when they are fixating in the far distance, which is the value that
is most pertinent to an accurate PD determination. Often, near PD is converted to far PD by adding
a fixed value. However, in this example the fixation point distance from the subject is known, and
a more principled correction can be performed. In some embodiments, it can be assumed that the
eyeball transverse radius is, for example, 12 mm. Then the eyeball center coordinates can be
computed by extending the ray defined by the camera coordinates and the pupil center coordinates
another 12 mm. In some embodiments, the eyeball transverse radius is a range of 10 mm to 14
mm, or any intermediate value within the range. In some embodiments, the eyeball transverse
radius is 10 mm; 11 mm; 12 mm; 13 mm; or 14 mm. In some embodiments, the eyeball transverse
radius is approximately 12 mm (wherein “approximately” is +/- 2 mm). This process is illustrated

in FIG. 6.

[88] In various embodiments, it may be desirable to aggregate multiple measurements in

order to discard potential outliers. Taking the median binocular PD measurement is a
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straightforward way to do this. For monocular measurements, taking the median of the Oculus
sinister (left eye) (“OS”) and Oculus dexter (right eye) (“OD”) values will likely prevent them
from adding up to the median binocular value. It is more appropriate to determine the proportion
of the binocular PD allocated to the OS and OD PD values, computing the median proportion, and
then multiplying it by the median binocular PD value. According to various embodiments, the PD
measurement is within 0.5 mm of a pupillometer measurement. In some embodiments, the PD

measurement is within 1.0 mm of a pupillometer measurement.

[89] FIG. 7 is an example of a PD calculation interface 800 in accordance with some
embodiments of the present disclosure. “Method A” refers to the depth map method, which is

described herein. “Method B” refers to the face mesh method, which is also described in herein.

[90] FIGS. 8-11 are example interfaces 801, 802, 803 & 804, respectively, for measuring
PD in accordance with some embodiments of the present disclosure, and FIG. 12 shows another
example of a PD calculation interface 805 in accordance with some embodiments of the present
disclosure. Such interfaces can be seen on the screen/display 168 of client device 110, and can
also include one or more hyperlinks, weblinks, image links and/or service buttons (e.g., “Add to
your order” button 1010 or other purchase-related button) to direct the user to review, select and/or

purchase a product, such as eyeglasses, that requires PD info.

[91] In various embodiments of the present disclosure system 100 may be configured to
store facial measurement data (e.g., PD, etc.) for a particular user of client device 110. In various
embodiments, the facial measurement data for a respective user may be associated with a user
account. In some embodiments, the client device 110 may transmit facial measurement data to
management server 130 for storage in DBMS 150 associated with a user account. In various
embodiments, facial measurement data may be aggregated with consumer satisfaction scores or
ratings to improve facial measurements processes. In some embodiments, product
recommendations are provided to users of client device 110 based on facial measurement data
associated with customer satisfaction scores, purchase history or other identifying characteristic

such as size, thickness, and/or dimensions of a particular product.

[92] The present disclosure can be embodied in the form of methods and apparatus for

practicing those methods. The present disclosure can also be embodied in the form of program
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code embodied in tangible media, such as secure digital (“SD”) cards, USB flash drives, diskettes,
CD-ROMs, DVD-ROMs, Blu-ray disks, hard drives, or any other non-transitory machine-readable
storage medium, wherein, when the program code is loaded into and executed by a machine, such
as a computer, the machine becomes an apparatus for practicing the disclosure. The present
disclosure can also be embodied in the form of program code, for example, whether stored in a
storage medium, loaded into and/or executed by a machine, or transmitted over some transmission
medium, such as over electrical wiring or cabling, through fiber optics, or via electromagnetic
radiation, wherein, when the program code is loaded into and executed by a machine, such as a
computer, the machine becomes an apparatus for practicing the disclosure. When implemented on
a general-purpose processor, the program code segments combine with the processor to provide a

unique device that operates analogously to specific logic circuits.

[93] It may be emphasized that the above-described embodiments are merely possible
examples of implementations, and merely set forth a clear understanding of the principles of the
disclosure. Many variations and modifications may be made to the above-described embodiments
of the disclosure without departing substantially from the spirit and principles of the disclosure.
All such modifications and variations are intended to be included herein within the scope of this

disclosure and the present disclosure and protected by the following claims.

[94] While this specification contains many specifics, these should not be construed as
limitations on the scope of any disclosure or of what may be claimed, but rather as descriptions of
features that may be specific to particular embodiments of particular disclosures. Certain features
that are described in this specification in the context of separate embodiments may also be
implemented in combination in a single embodiment. Conversely, various features that are
described in the context of a single embodiment may also be implemented in multiple
embodiments separately or in any suitable subcombination. Moreover, although features may be
described above as acting in certain combinations and even initially claimed as such, one or more
features from a claimed combination may in some cases be excised from the combination, and the

claimed combination may be directed to a subcombination or variation of a subcombination.

[95] While various embodiments have been described, it is to be understood that the

embodiments described are illustrative only and that the scope of the subject matter is to be
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accorded a full range of equivalents, many variations and modifications naturally occurring to

those of skill in the art from a perusal hereof.
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CLAIMS

What is claimed is:

1. A method of operating a pupillary distance (“PD”) system, the method comprising the
steps of’

capturing, with at least one camera of the pupillary distance system, a first 2D image and
a corresponding 3D depth map of a face of a subject;

determining pupil localization information using the first 2D image and corresponding 3D
depth map;

refining one or more pupil locations based on the pupil localization information;

determining one or more pupil center coordinates; and

calculating the PD of the subject between centers of each pupil.
2. The method of claim 1, wherein the pupil localization information is determined using a
plurality of face mesh landmarks to generate a plurality of face mesh vertices near the center of an

eye opening to obtain one or more initial pupil locations on the subject.

3. The method of claim 1, wherein the one or more pupil locations are refined using a

convolution with one or more kernels and one or more 2D center-surround filters.

4. The method of claim 3, wherein the one or more kernels use a pupil estimate size of

approximately 12 mm.

5. The method of claim 1, wherein calculating the PD uses depth map values that correspond

to the refined one or more pupil locations in the 2D image.

6. The method of claim 1, wherein calculating the PD is determined by using points on a 3D

face mesh that correspond to the centers of each pupil.

7. The method of claim 1, further comprising the steps of:
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performing a correction on the PD calculated using a distance that the first 2D image is

taken from the at least one camera.

8. A non-transitory computer readable medium having computer-executable instructions
embodied thereon, wherein, when executed by a processor, the computer-executable instructions
cause the processor to:

obtain, from at least one camera, a first 2D image and a corresponding 3D depth map of a
face of a subject;

determine pupil localization information using the first 2D image and corresponding 3D
depth map;

refine one or more pupil locations based on the pupil localization information;

determine one or more pupil center coordinates; and

calculate the PD of the subject between centers of each pupil.

0. The non-transitory computer readable medium of claim 8, wherein the pupil localization
information is determined using a plurality of face mesh landmarks to generate a plurality of face
mesh vertices near the center of an eye opening to obtain one or more initial pupil locations of the

subject.

10.  The non-transitory computer readable medium of claim 8, wherein the one or more pupil
locations are refined using a convolution with one or more kernels and one or more 2D center-

surround filters.

11.  The non-transitory computer readable medium of claim 9, wherein the one or more kernels

use a pupil estimate size of approximately 12 mm.

12.  The non-transitory computer readable medium of claim 8, wherein calculating the PD uses

depth map values that correspond to the refined one or more pupil locations in the 2D image.

13.  The non-transitory computer readable medium of claim 8, wherein calculating the PD is

determined by using points on a 3D face mesh that correspond to the centers of each pupil.
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14.  The non-transitory computer readable medium of claim 8, wherein the computer-
executable instructions further cause the processor to perform a correction on the PD calculated

using a distance that the first 2D image is taken from the at least one camera.

15. A pupillary distance (“PD”) system, comprising:
a mobile device, comprising:
at least one camera,
memory storing information associated with images and information obtained from the at
least one camera; and
a processor configured to:
obtain, from the at least one camera, a 2D image and a corresponding 3D depth map
of a face of a subject;
determine pupil localization information using the 2D image and corresponding 3D
depth map;
refine one or more pupil locations based on the pupil localization information;
determine one or more pupil center coordinates; and

calculate the PD between centers of each pupil of the subject.

16. The PD system of claim 15, wherein the pupil localization is determined using a plurality
of face mesh landmarks to generate a plurality of face mesh vertices near the center of an eye

opening to obtain one or more initial pupil locations of the subject.

17. The PD system of claim 15, wherein the one or more pupil locations are refined using a

convolution with one or more kernels and one or more 2D center-surround filters.

18. The PD system of claim 17, wherein the one or more kernels use a pupil estimate size of

approximately 12 mm.

19. The PD system of claim 15, wherein calculating the PD uses depth map values that

correspond to the refined one or more pupil locations in the 2D image.
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20. The PD system of claim 15, wherein calculating the PD is determined by using points on

a 3D face mesh that correspond to the centers of each pupil.

30



WO 2021/257406 PCT/US2021/037075

" 110-1
020 -

k . __‘-*“-—"r'l \J,r’ f "F /.f“_“‘\\{f”—‘\\{’,—‘.\\}(—ﬁun%\ 130 L e wm--m{ i s A e i s s -
. ' LTl ' T ze ) X
' ,?:'"“jw— ~ Communication \\ A 50 |
v e Netwerk I —
N JH62 A N ‘ ~ |: . 3

) Py / | 33 24 R

m"r U = e

g . E oS \'7. ™ & oo} \; N “;:{
\ ) 2 | 1502 |
Ny S A §._ —— 502
AN } - ‘__/}

S S

50-2 N
y 1y \\
. Ny
T T T T DR T
| | -5 —
1 e, ] .
j| —t fw—u—' !
! Intarnat Service Provider R I fterost Service Provider el 582 |
§ REd I B2 b
} e 14 AU G
i 14 I
11 b
Pl 54 54 !
Vg ) (1 1 2 |
I A e [ - |
P i h |
] ] H L E X N 2 [ |
| == =N s I
b e t
1y 1
1 Computer System Network I
- anmnr o s 2 B it e o A R R e R A i R A . i ke Sk C vy PPy T T P T T T Y Y Yy ol

1/13
SUBSTITUTE SHEET (RULE 26)



WO 2021/257406 PCT/US2021/037075

140 ﬂ RMubie Devies
| Display . 168
L
128~ Spesker Processons) {102
13 Osciator
Main Memory {108
124~ Camera @: e 21
a SETONNE
é Memory
o n i 112
135 b LED g HOD o 4
E 3 R,
125\_; —~ Miﬁf{?phﬁﬁe § RED "“‘“’“ RS AN
2 . - e
&5 RS e EEtH WL
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, £
o -
138 e~ Input Devics 1320

Communication 184
g N
interface

128~ GPS Module

FIG. 1B

2/13
SUBSTITUTE SHEET (RULE 26)



WO 2021/257406 PCT/US2021/037075
201
\ 4
202
Capture a 2D Image and corresponding Depth Map ~
\ 4
203
Coarse Pupil Localization Using Face Mesh Landmarks ~
\ 4
204
Initial Pupil Locations are Refined ~
A J
205
Precise Boundaries of the Iris are Estimated and Coordinates of Pupil Centers are Determined ~
|
4 4
2063 206b
Determine the Physical Distance Between Pupil Determine the Physical Distance Between Pupil ~
Centers Using the Depth Map Method Centers Using the Face Mesh Method
[ |
A 4
207
-

Performing a Carrection to the PD Based on Distance from the Camera

v

End

FIG. 2

3/13

SUBSTITUTE SHEET (RULE 26)



WO 2021/257406

PCT/US2021/037075
/ 905
/4
>920
950
95
951
95 950 7 910
FIG. 3

4/13
SUBSTITUTE SHEET (RULE 26)



WO 2021/257406 PCT/US2021/037075

v
)
(7))
Q
- O
S e
5 O
2 O
> LL
C
(@]
O
©
-
(&)
©
o (aA)]
O ~
< ‘ ©
& LL
B \ ]
N S
»
»
o
-
<
e S
- .
Q9 ©
iI LL
©

5/13



WO 2021/257406

PCT/US2021/037075

3020

o000~

3010

FIG. 5

6/13



WO 2021/257406

A

PCT/US2021/037075

Far PD

Eyeball centers

Pupils
\
A
\
A
\
)
PR
- Near PD
\
A}
\
\
A
\
A}
\
\
v
\
A
)
\
\
\
A
A}
\
\)
\
Ay
\
\
\)
\
A
\
\
A} /
\ ’
A} ’
\ !
\ 1
A !
\ /
A} ’
\ ’
\ 1
\ 1
\ /
A !
\ ’
A 1
\ !
\ 1
A} /
A} !
\ /
\) /
v
A\
A
194" Camera
FIG. 6

7/13

A 4




WO 2021/257406

PCT/US2021/037075

s

Your PD
Measured June 6, 2019

e A
PD METHOD A
62.5 31.5 31.0
BINOCULAR | RIGHT(OD) | LEFT(0S)

\_ J
e A
PD METHOD B
61.5 31.5 30.0
BINOCULAR | RIGHT(OD) | LEFT(0S)

\_ J

N

N

FIG. 7

8/13



WO 2021/257406

PCT/US2021/037075

-~

o)

N

/

FIG. 8

9/13

— 801
al = //

Account Sign out

@ PD Measurement >
== Developer >

D Orders >

[&] Prescriptions >

©  Find nearby store >

== Profile Settings >

A FAQ >

> Notifications >
P A v
Shop Home Try-on Favorites Account Cart



WO 2021/257406

900/

M—

7:36 ull =

How to measure your PD

1. Hold the phone an arm's length away
2. Face the camera straight on

> L
1" 3. Follow the indicator on screen

4. Remove your glasses before you start

e D D

PCT/US2021/037075

— 802

N

N\

FIG. 9

10/13



WO 2021/257406

PCT/US2021/037075

o)

K

X

ull =

Focus on the dot.
When it moves, follow it.

| 803

—1000

N

/

FIG. 10

11/13



WO 2021/257406

PCT/US2021/037075

-~

o)

X
Move

f%awa\

ull =

N

— 1000

__— 804

N\

FIG. 11

12/13



WO 2021/257406

PCT/US2021/037075

o)

K

X

ull =

Your PD is 62.5

( Add to your order >

N

—805

FIG. 12

13/13



INTERNATIONAL SEARCH REPORT International application No.

PCT/US 21/37075

A. CLASSIFICATION OF SUBJECT MATTER
IPC - A61B 3/11; A61B 3/14 (2021.01)

CPC - A61B 3/111: A61B 3/14; G02C 13/005

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
See Search History document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2018/0140186 A1 (6 OVER 6 VISION LTD) 24 May 2018 (24.05.2018): abstract, [0070], 1-20
[0072)
US 2020/0107720 A1 (EYEQUE INC) 09 April 2020 (09.04.2020): abstract, [0003), [0148) 1-20
A US 2014/0218680 A1 (WILSON ET AL.) 07 August 2014 (07.08.2014): abstract, [0009], [0049]- | 1-20
[0050)
A US 2016/0261300 A1 (USENS INC) 08 September 2016 (08.09.2016): abstract, [0095], (0100] {1-20
A US 2016/0166145 A1 (FITTINGBOX) 16 June 2016 (16.06.2016): abstract, [0010], {0125] 1-20
D Further documents are listed in the continuation of Box C. D See patent family annex.
* Special categories of cited documents: “T” later document published after the international filing date or priority
“A” document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
“D” document cited by the applicant in the international application “X™ document of particular relevance; the claimed invention cannot be
“E” earlier application or patent but published on or after the international considered novel or cannot be considered to involve an inventive step
filing date when the document is taken alone
“L” document which may throw doubts on priority claim(s) or which “Y” document of particular relevance; the claimed invention cannot
is cited to establish the publication date of another citation or other be considered to involve an inventive step when the document is
special reason (as specif?ed) combined with one or more other such documents, such combination

“0” documentreferring toan oral disclosure, use, exhibition or other means being obvious to a person skilled in the art

“P”  document published prior to the international filing date but later than  “&” document member of the same patent family
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
03 September 2021 S E P 9242021

Name and mailing address of the ISA/US Authorized officer

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Kari Rodriquez

P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300 Telephone No. PCT Helpdesk: 571-272-4300

Form PCT/ISA/210 (second sheet) (July 2019)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - wo-search-report

