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Method and system for absolute measurement of diameter of a part of an eye

Technical field

The present disclosure relates to the field of medicine, ophthalmology, neuro-
ophthalmology with a subfield of pupillometry specializing in absolute determination of a pupil
and/or iris size using dynamic assessment reflecting the subject medical condition. The subject
matter of the invention is a method for the dynamic absolute measurement of a pupil and/or
iris diameter relying on the plurality of images recorded by any camera equipped with an

adjustable focus for the purpose of pupillometric measurements.

Prior art

In the state of the art, a variety of pupil measurement systems and methods are
reported. For instance, patent document published in 2018 [W02018222897A1] proposes a
technique employing machine learning to enable smartphone-based visible light pupillometry.
A smartphone, that is a device which might be used to record a visible light video of a pupillary
light reflex (PLR) and afterwards a machine learning model might be used to retrieve a size of
a pupil along with its diameter change over time. In contrast to the proposed method, the
solution requires a specially designed box which simultaneously reduces ambient illumination
of the eye and controls the distance between the subject’s face and the camera so that pixel
sizes may be converted into absolute measurement sizes, i.e. expressed in physical units such
as inches or millimetres. In some embodiments instead of the aforementioned box the authors
propose that the subject will hold an object of known size during the measurement, such as an
ID card, drivers' license, coin, etc., next to the eye in order to translate the pupil image pixel

size into actual dimensions.
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Another patent document published in 2017 [US10034605B2] describes systems,
devices, and methods that may be used to detect and determine the extent of brain trauma,
mental impairment, physical disability, or other brain dysfunction by tracking pupillary light
response. Although the picture in the document (Fig. 2) suggests that the system is able to
measure pupil diameter expressed in absolute values (millimetres), the document does not
teach how this type of the measurement is performed. Moreover, in the patent claims only the
relative size of patient’'s pupil is mentioned, which is afterwards used for calculating
pupillometric parameters such as the rates of change of the pupil size or the deviation of
thereof.

In patent document [W0O2014163891A1] a system for analysing the anatomy of a
patient's eye with circular or rotated polarized laser beams, or with laser beams of different
wavelengths is disclosed. The analysis is based on the back-reflected laser beam from the
eye. The anatomical features including pupil diameter, cornea curvature, lens, capsular bag
etc. are retrieved for the purpose of laser eye surgery. The system operates in the contact
regime i.e., the objective component with a focusing lens directly contacts the eye surface
which limits it’s use to highly controlled clinical environment. Using the pulsed laser beam also
pose a series of eye-safety and regulatory issues and dramatically increases the cost of the
device.

Patent document [W02020168009A 1] reveals a method for examining a response from
one or more pupils of an eye. The method is based on hand-held mobile device with a display,
a built-in camera, and a light stimulus source, wherein the light stimulus source can emit light
at various intensities. The method uses mobile device that is used to locate the pupil, to
determine a distance between the device and the pupil and to apply an algorithm that
calculates a specific or optimal light intensity based on the distance between the device and
the eye and causes the light stimulus source to emit one or more flashes of light at the specific
or optimal light intensity. Moreover, the built-in camera of hand-held mobile device is used to
record the response of the pupil to the one or more flashes of light; and displaying on the

display the data representative of the response of the pupil to the one or more flashes of light.

2



WO 2024/133267 PCT/EP2023/086649

In order to provide an estimate for the pupil diameter the inventors propose to first measure
the diameter of the iris of the eye (by measuring the sclera/iris border), assuming that the iris
diameter equals the population average and finally comparing the diameter of the pupil to the
diameter of an iris.

Patent document [W02021211886A1] describes a modular platform, containing
harness, that is configured to fit a head of a patient. Patent document describes a device for a
screening platform that enables comprehensive ocular evaluations. The screening platform
includes a harness that is configured to fit a head of a patient and that includes one or more
electronic components that are operable to power an interchangeable module, a central
processing unit (CPU) with a graphical processing unit (GPU), and the interchangeable module
with communication capabilities to external computational devices, multiple display output
devices, and several types of input devices from both an operator and a patient at-hand,
wherein the interchangeable module is separable from the screening platform. Although
among interchangeable modules the module for pupillary diameter measurements is
proposed, the inventors do not specify how this type of a measurement is planned to be
realized.

Patent document [US11122972B2] describes a method for pupil size measurement
with a closed eyelid of a subject which relies on transcranial transmission of light. The device
and method allow for the determination of a pupil size in a subject having closed eyelids. It
requires a specially designed eyeglasses presented in Fig. 4 and Fig. 5A, 5B of the document
which are equipped with light detector arrays. According to some embodiment the method
relies on ultrasound transducer configured to provide ultrasound outputs of a subject's eye.
According to other embodiments the light detectors may include an IR camera, sensitive to
near-IR, configured to enable detection of the pupil contour and/or pupil shape by near-IR
imaging.

US patent document published in 2016 [US9720259B2] describes an eyewear
pupilometer, that is an independent apparatus including an eyewear pupilometer for detecting,

measuring and processing a wearer's pupil movement and size, for detecting and processing
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retinal images and for detecting and processing a wearer's field of view. The apparatus is
designed for broadcasting alerts, for pre-diagnostic screening, for overriding vehicle operation
and for measuring, recording and transmitting circadian responses. An eyewear pupilometer
module could be embedded into eyewear frames and lenses, contact lenses or a vehicle wind
shield. The eyewear pupilometer module comprises a lens fibre optic camera module, an
image processor module, a retinal image infrared detector module and an outward view
camera module. The device uses infrared image detection for determining if the pupil is dilated
or not.

Another prior art document published in 2017 [US20170347878A1] disclosed a method
and system for monitoring and/or assessing pupillary responses. It describes a method for
monitoring and/or assessing pupillary responses to continuous illumination of light starting at
a first intensity which is gradually changed to subsequent intensity over a predefined period of
time. The method may be used to detect aberrant pupillary responses — for instance diabetes
are to cause eye dysfunction such as diabetic retinopathy. The embodiments of the system
implementing aforementioned method is presented in Fig. 11 and Fig. 12. Both embodiments
comprise infrared light source and the infrared camera suitably positioned to capture the
images of the eye. They are also equipped with an eye-piece with a protective cover which
blocks the external illumination and controls the distance between the subject’s eye and the

camera.

Problem from the state of the art

In the prior art there exists pervasive problem of the precise absolute measurement of
the human eye pupil and/or iris size without the need of controlling the distance between eye
and a mobile camera device as well as without the need of using auxiliary physical objects of
a well-known size during the measurement. The indicated problem of the precise pupil and/or
iris diameter absolute measurement has been tackled in many ways requiring auxiliary physical

objects or statistical assumptions such as:
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(i) controlling a distance between eye and a mobile imaging device camera — by the

means of a rubber cap, an eye-wear or other distance-fixing tool;

(i) usage of a coin, credit card or any other physical object of a well-known size to be
placed during the measurement in a field of view near a subject’'s eye for the dimensions

reference;

(i) assuming that the actual iris diameter equals the statistical population average and

calculating the pupil and/or iris diameter based on the aforementioned size of the iris;

(iv) a need for an infrared emitter and detector to increase the pupil/iris contrast and

reduce the detrimental effect of visible light eye reflections.

The problem is also the usage of the unknown (e.g., due to secret know-how or patent
protection) mobile camera with the adjustable focus for the purpose of precise pupillometric
measurements. Thus, there exists a need for affordable and reliable method for measurements
of the human eye pupil and/or iris diameter without the pre-existing knowledge about
parameters such as: (i) distance between the eye and a mobile camera; (ii) magnification of
the optical imaging system in the camera; (iii) pixel size of the light sensor in the camera; (iv)

the relation between focusing element position and the focusing distance.

Solution to the problem

The invention described in method relies on performing a series of calibration steps of
the unknown visible light mobile camera with adjustable focus. In the first step the focusing
distance is calibrated against the position of the focusing element inside the camera. Extreme
positions of focusing element define the maximal and minimal focusing distances. Afterwards,
the image scaling of the system is measured either for expected eye-to-camera distance range
or for the entire operating range of focusing distance. Once the calibration is done, the eye-to-

camera distance is inferred from the position of the focusing element and the pupil/iris image
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diameter measured by the light sensor in pixels is translated into the actual diameter by the
means of previously retrieved image scaling relation. This allows for a reliable absolute
measurement of a pupil and/or iris diameter without a pre-existing knowledge about optical
imaging system in the camera and without any additional tool for fixing the eye-to-camera
distance. The method allows for broad usage of mobile visible light cameras for the purpose

of pupillometry, as well as biometric identification, eye socket/orbit surgery etc.

Glossary and definitions of terms known in the state of the art and used in the

patent specification

Throughout the present specification (both above and below the glossary section), the

terms used have the following meanings described in the definitions below:

The term "dynamic measurement" means that the measurements are based on the plurality of
images and thus might be used to recover changes of measured values over time. In particular,
when a plurality of images are collected for a specific distance between the camera and the
eye xothen a plurality of pupil/iris diameters are obtained, which correspond to changes of said

diameter over time.

The term "light sensor" means a CCD image sensor, EMCCD image sensor, CMOS image
sensor, sSCMOS sensor or other optoelectronic device containing an array of light sensitive

pixels.

The term “scaling object” means any object equipped with dimension scale such as a ruler,
graph paper or tape measure as well as any object which size is known such as a specific coin,

ID card or matchbox.

The term "(mobile) camera with adjustable focus" means electronic device equipped with a
light sensor and optical imaging system with adjustable focusing distance, which can capture

an image. This includes a webcam, a video camera, a digital camera, portable video device,
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or a smartphone equipped with one or several cameras. The said optical imaging system with

adjustable focusing distance contains a plurality of lenses.

The term “absolute measurement” means that the measurement result is expressed in physical

units such as millimetres [mm] or inches [in].

The term “optical target” means any object with recognizable spatial features such as
checkerboard, Ronchi ruling, Siemens star or specially dedicated targets such as 1951 USAF
test chart. The spatial features of the object have to be diverse enough to ensure efficient

working of the focusing algorithm in the camera.

The term “focusing element” means a moveable plurality of lenses (or lens assembly) or a
single lens which is a part of camera imaging system and is responsible for setting the focusing

distance of the camera.

The term “image scaling” denotes a relation between the actual size of an object and its
focused image size on the light sensor. The scaling depends on the position of the object along

camera optical axis (focusing distance) and can be expressed e.g., in millimetres per pixel.

The term “focusing distance” means a distance from the camera to the object plane, which

focused image is formed on the light sensor by the means of camera imaging system.

The term “unknown camera/imaging system/lenses” refers to an optical system, in particular a
camera or at least an arrangement of optical lenses, the characteristics of which, including at
least maximal and minimal focusing distance, the relation between focusing element position

and focusing distance as well as magnification is not known in advance.

In the present document, other terms not defined above have meanings which are given and
understood by a professional in the field in light of the best knowledge available, the present

disclosure and the context of the patent specification.
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Summary of the invention

A method for absolute measurement of diameter of a part of an eye, using a visible light camera

with adjustable focus, said camera having the following camera characteristics:

- the minimal and maximal focusing camera-to-object distance Xmin and Xmax of the
camera imaging system;

- the z(x) relation, for x € [Xmin, Xmax], Wherein z(x) is the position of the focusing
element of the camera which results in a focused image on an object located at the
distance x from the camera;

- the H/h(x) relation, for x € [Xmin, Xmax], Wherein H/h(x) is the image scaling ratio of
the size H of a physical object, placed at the distance x from the camera, to the size

h of its focused image captured by the camera

according to the invention comprises the following steps:

(m1) directing the camera towards the subject's eye and recording a single focused
image or a plurality of focused images of the part of the subject’s eye, while
reading out corresponding focusing element position(s) zo and measuring
corresponding diameter(s) d of the focused image(s) of the part of the eye;

(m2) calculating corresponding camera-to-eye distance(s) xo based on the focusing

element position(s) zo using the inverse of the z(x) relation:

X0=2""(z0) (1

(m3) converting the diameter(s) d of one or more images of the part of the eye obtained
in step (M1) into actual diameter(s) D of the part of the eye for each focused
image collected in step (m1), using the H/h(x) relation and the corresponding
value(s) of xo obtained in step (m2):

D=d*H/h(xo) )
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In one option, said camera characteristics is provided by a third party, such as the camera’s
manufacturer, preferably in the form of an interpolated curve, a fitted analytical curve or a

lookup table.

In another option, said camera characteristics is established in a procedure comprising the

following steps:

(c1) establishing the minimal and maximal focusing camera-to-object distance xm» and
Xmax Of the camera imaging system;

(c2) reading out focusing element position z(x) resulting in a focused image of an optical
target located at the distance x from the camera, for at least some x € [Xmin, Xmax],
preferably for the entire operating range of the focusing distance [Xmin, Xmax], by
means of the optical target moved along the optical axis of the camera, thereby
obtaining the z(x) relation for x € [Xmin, Xmax];

(c3) measuring focused image scaling ratio H/h(x) of the physical size H of a scaling
object, placed at the distance x from the camera, to the size h of its focused image
obtained in the camera, for at least some x € [Xmin, Xmax], preferably for the entire
operating range of the focusing distance [Xmin, Xmax], by means of the scaling
object moved along the optical axis of the camera, thereby obtaining the H/h(x)
relation for X € [Xmin, Xmax].-

In such case, preferably, in steps (c1) and/or (c2) the focusing element position resulting in the

focused image is set using a built-in algorithm implemented in the camera.

Alternatively, in steps (c1) and/or (c2) the focusing element position resulting in the focused

image is set manually by a user.

Preferably, the camera is a camera with adjustable focus being a part of a mobile electronic

device, in particular is a built-in camera of a smartphone or a tablet
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In such case, the mobile electronic device may contain a single camera or a plurality of

cameras.

Preferably, the camera is a camera with adjustable focus which contains a plurality of lenses.

Preferably, the camera contains an imaging system with f-number in a range of f/0.95-f/2.8.
Preferably, the distance between camera imaging system and the subject’s eye is more than
1.5 cm and less than 75 cm, preferably more than 2 cm and less than 50 cm, more preferably
more than 3 cm and less than 40 cm, still more preferably more than 4 cm and less than 30
cm.

Preferably, the part of an eye is a pupil or an iris.

Preferably, the method is computer-implemented.

The invention includes also a method for absolute measurement of a distance between a
visible light camera and a subject’s eye, wherein the camera has adjustable focus and the

following camera characteristics:

- the minimal and maximal focusing camera-to-object distance Xmin and Xmax of the
camera imaging system;

- the z(x) relation, for x € [Xmin, Xmax], Wherein z(x) is the position of the focusing
element of the camera which results in a focused image on an object located at the
distance x from the camera;

- the H/h(x) relation, for x € [xmin, Xmax], Wherein H/h(x) is the image scaling ratio of
the size H of a physical object, placed at the distance x from the camera, to the size
h of its focused image captured by the camera

said method comprising the following steps:

(m1) directing the camera towards the subject's eye and recording a single focused
image or a plurality of focused images of the eye, while reading out corresponding

focusing element position(s) z;
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(m2) calculating corresponding camera-to-eye distance(s) xo based on the focusing

element position(s) zo using the inverse of the z(x) relation:

X0=2""(z0) (1

Preferably, said single focused image or said plurality of focused images of the part of the
subject’s eye and/or measurements of the diameter of the part of the eye based thereon are

recorded in a computer memory.

Preferably, said single focused image or said plurality of focused images of the part of the
subject’s eye may form a part of a video recording, in particular — said single focused image or
said plurality of focused images of the part of the subject’'s eye may be snapshots of a video

recording.

The invention includes also a system for absolute measurement of diameter of a part of an eye
or of a distance between a visible light camera and a subject’s eye, comprising the visible light
digital camera with adjustable focus and a computational unit, configured and programmed for

performing the inventive methods.

The key idea of the invention is to find the z(x) relation, so as to apply the inverse of

Z(x) to measure desired distance or diameter in absolute units.

Advantageous effects of the invention

The invention according to the present patent specification has numerous advantages
comparing to the known solutions in the prior art. The invented method requires specific
preliminary steps for the calibration of the unknown imaging system (that contains plurality of
unknown lenses) in visible light mobile camera with adjustable focus. The method can be
afterwards implemented without any auxiliary tools for fixing the eye-to-camera distance and

without any auxiliary objects (there is no other additional physical or software requirements to

11
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implement the inventive method) put in the field of view adjacent to subject’s eye providing a

size reference.

The method according to the invention does not assume the average statistical
diameter of human eye, pupil and/or iris. The method according to the invention provides
absolute size measurement of a pupil and/or iris of a human eye observed in visible light

expressed in physical units and thus does not require infrared emitter and detector.

The advantage of the described method is also the usage of the unknown in a sense
of physical construction (e.g., due to secret know-how or patent protection) mobile camera with
adjustable focus for the purpose of precise pupillometric measurements. Thus, any mobile
device equipped with visible light camera with adjustable focus, can be used for the
implementation of the method offering affordable and reliable measurements of the human eye
pupil and/or iris diameter without the pre-existing knowledge about parameters such as: (i)
distance between eye and a mobile camera; (ii) magnification of the optical imaging system in
the camera; (iii) pixel size of the light sensor in the camera; (iv) the relation between focusing

element position and the focusing distance.

Possible areas of application of the invention

The present invention finds a use primary in a broad field of pupillometry. A pupil and/or
iris size determination is nowadays studied within the context of other technological fields,
such as medicine, automotive, virtual reality, gaming, education, quick drug detection in law
enforcement etc. As the pupil diameter is controlled by the autonomous nervous system via
the iris sphincter muscle, the method for dynamic absolute measurement of pupil and/or iris
diameter using an unknown visible light mobile camera with adjustable focus, can also find an

application in ophthalmology and neurological studies.

Preferred embodiments of the invention
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Now, the invention will be presented in more detail, in a preferred embodiment, with

reference to the attached drawing in which:

Fig. 1 shows a general overview of method steps including: Searching for the minimal
and maximal focusing distance xmn and xmax (101); Reading out focusing
element position z for the entire operating range [Xmin, Xmax] (102); Measuring
image scaling for the entire operating range [Xmin, Xmax] (103); Directing the
camera towards the subject's eye and record a plurality of focused images
(104); Calculating camera to eye distance based on the focusing element
position (105); Translating pupil/iris image diameter in pixels into the actual

pupil/iris diameter in millimetres (106).

Fig. 2 shows an embodiment of the invention where the unknown visible light mobile
camera with adjustable focus is a digital camera (201) and the optical target
(202) is a Siemens star. The search for the minimal and maximal focusing
distance xmin and xmax is performed by observing the focused image of the optical
target on the light sensor (203), while positioning the optical target (202) as
close as possible and as far as possible from the camera imaging system (204).
Moving the target outside this range (too close or too far from the camera
imaging system) will result in a blurred image (206). Afterwards the optical target
is moved along the optical axis (drawn as a dashed line) of the camera imaging
system (204) with focused image of the optical target on the light sensor (203)
maintained and the position z of the focusing element (205) is retrieved for the

entire operating range of focusing distance x € [Xmin, Xmax].

Fig. 3 shows an embodiment of the invention where the unknown visible light mobile
camera with adjustable focus is a digital camera (201) and the scaling object
(207) is a ruler. The scaling object is moved along the optical axis (drawn as a

dashed line) of the camera imaging system (204) and the focused image scaling

13
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H/h is measured for the entire operating range of focusing distance x& [Xmin,

X max] .

Fig. 4 shows an embodiment of the invention where the unknown visible light mobile
camera with adjustable focus is a digital camera (201). The camera is directed
towards the subject's eye (209) and records a plurality of focused images
(210), while reading out focusing element position z; (211) within the camera

imaging system (204).

Fig. 5 shows an embodiment of the invention where the unknown visible light mobile
camera with adjustable focus is a part of a smartphone (301) and the optical
target (202) is a Siemens star. The search for the minimal and maximal focusing
distance xmin and xmax is performed by observing the focused image of the optical
target on the light sensor (303), while positioning the optical target (202) as
close as possible and as far as possible from the camera imaging system (304).
Moving the target outside this range (too close or too far from the camera
imaging system) will result in a blurred image (306). Afterwards the optical target
is moved along the optical axis (drawn as a dashed line) of the camera imaging
system (304) with focused image of the optical target on the light sensor
(303) maintained and the position z of the focusing element (305) is retrieved

for the entire operating range of focusing distance x € [Xmin, Xmax].

Fig. 6 shows an embodiment of the invention where the unknown visible light mobile
camera with adjustable focus is a part of a smartphone (301) and the scaling
object (207) is a ruler. The scaling object is moved along the optical axis (drawn
as a dotted line) of the camera imaging system (304) and the focus image
scaling H/h is measured for the entire operating range of focusing distance xe

[Xmin, Xmax] .
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Fig. 7 shows an embodiment of the invention where the unknown visible light mobile
camera with adjustable focus is a part of a smartphone (201). The camera is
directed towards the subject's eye (209) and records a plurality of focused
images (310), while reading out focusing element position z; (311) within the

camera imaging system (304).

Fig. 8 shows experimentally measured z(x) relation calibration curve (312). In
embodiment 2 of the invention using a smartphone camera the z(x) (312)
relation is saved e.g., in a form of an interpolated curve, a fitted analytical curve

or a lookup table.

Fig. 9 shows experimentally measured image scaling factor H/h(x) (313). In
embodiment 2 of the invention using a smartphone the image scaling factor
H/h(x) (313) is saved e.g., in a form of an interpolated curve, a fitted analytical

curve or a lookup table.

Fig. 10 shows experimental measurement of pupil diameter in accordance to the
disclosed method. The eye image has been captured with the calculated
camera to eye distance xo= 132 mm. The measured pupil image diameter d =
79 pixels (401) has been converted into actual pupil diameter using the scaling

factor (313) and resulted in D = 3.13 mm (402).

The figure uses notation that is consistent with the glossary definitions.

Embodiments of the invention

The following examples are included only to illustrate the invention and to explain

particular aspects thereof, and not to limit it, and should not be interpreted as the entire range

thereof which is defined in the appended patent claims. In the following embodiments, unless

indicated otherwise, standard materials and methods used in the technical field were used or

manufacturers' recommendations for specific devices, materials and methods were followed.

It must be noted that, as used in the described embodiments and the appended claims, the
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singular forms "a," "an," and "the" include plural referents unless the context clearly dictates

otherwise.

EMBODIMENT 1

Absolute measurement of pupil/iris diameter using a generic digital camera

An absolute measurement of pupil and/or iris diameter using an unknown digital
camera (201) with adjustable focus can be realized according to the proposed method

consisting of steps presented in fig. 1.

In the first step (101) a search for the minimal and maximal focusing distance xmin and
Xmax Of the camera has to be performed. An exemplary realization of this step has been
presented in fig. 2 point (a). The minimal and maximal focusing distance can be determined
by observing the focused image of the optical target on the light sensor (203), while positioning
the optical target (202) as close as possible and as far as possible from the camera imaging
system (204). Moving the target outside this range (too close or too far from the camera
imaging system) will result in a blurred image (206). An alternative realisation for this step is to
set the focusing element (205) consecutively in the first and the second extreme position and
afterwards for each setting, to find the position of the optical target resulting in sharp image on
the light sensor. As the result, the minimal and maximal focusing distance Xmin and Xmax Of the
camera are established. Values of xmin and xmax can be expressed in any convenient units of

distance e.g., in millimetres, mm.

The second step of the method (102) has been illustrated in fig. 2 point (b). In this step
the optical target is placed at a varying distance x from the camera and moved along the optical
axis (presented as a dashed line) of the camera imaging system (204) while the focusing
element position z (205) is either set by the built-in camera algorithm (autofocus) or adjusted
manually to ensure that the image of the optical target on the light sensor (203) is always
focused. It is critical to maintain a focused image during the scan and avoid focusing element

misalignment which result in a blurred image (206). The position z of the focusing element
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(205) is retrieved for the entire operating range of focusing distance x € [Xmin, Xmax] and the z(x)
relation is saved e.g., in a form of an interpolated curve, a fitted analytical curve or a lookup

table.

In the third step of the method (103) illustrated in fig. 3, the scaling object of a size H is
placed at a varying distance x from the camera and moved along the optical axis (presented
as a dotted line) of the camera imaging system (204) and the image of the scaling object of a
size h is monitored on the light sensor (208). The values of H and h can be expressed in any
convenient units. Typically, H is expressed in millimetres, mm, while h is expressed in pixels
(px), as the value in px can be obtained directly from a digital image (e.g., from a RAW file).
However, expressing h in other units, in particular — in physical units of distance, such as
millimetres, mm, is also possible. The focused image scaling H/h(x) is measured for the entire
operating range of focusing distance x& [xmin, Xmax]. FOr image scaling calibration any object
equipped with dimension scale such as a ruler, graph paper or tape measure as well as any
object which size is known such as a specific coin, ID card or matchbox can be used. The
scaling factor H/h(x) is saved e.g., in a form of an interpolated curve, a fitted analytical curve

or a lookup table.

Once the calibration steps are done, the actual measurement of the subject’s eye can
be performed (104) as illustrated in fig. 4. Before the measurement the camera is directed
towards the subject's eye (209) such that the focused image of the pupil/iris (210) occupies the
central position of the light sensor. During the measurement a single focused image or a
plurality of focused images is recorded and the focusing element position z, (211) is read out
and pupil/iris image diameter d is measured, for example in pixels, px. The focusing element
position is then used to calculate camera to eye distance x, with the help of previously

recovered z(x) relation (105):

Z(Xo)=2o =

X0=2""(z0) (1
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After the determination of camera to eye distance the pupil/iris image diameter d is

converted into actual diameter of a pupil/iris D [mm] with a use of the scaling factor H/h(x):

D/d=H/h(xo) >

D=d*H/h(xo) )

It must be noted that the relations (1) and (2) presented above are essential relations
used by the present inventive method. Therefore, they hold true not only for the embodiment

discussed here, but for any embodiment of the present invention.

Moreover, it must be noted, not only for the purpose of the embodiment discussed here,
but for any embodiment of the present invention, that as an alternative to the first, second and
third steps above (and generally speaking, as an alternative to calibration steps leading to
establishing Xmin, Xmax, Z(x) and H/h(x) at least for x in the range [xmin, Xmax]) — the characteristics
of the camera comprising Xmin, Xmax, Z(X) and H/h(x) in any usable form can be provided prior
to the measurements of the subject’s eye. For example, relevant data can be provided by a
third party, such as the camera’s manufacturer, for example in the form of an interpolated
curve, a fitted analytical curve or a lookup table. Such characteristics, once provided, is used

in the calculation steps of the present inventive method.

In the presented method it is beneficial to use a camera with low f-number imaging
system such as /1 or f/1.4. Low f-number results in shallow depth-of-field which helps to
increase the precision of optical target positioning along the optical axis in the method steps
(102) and (103). Similarly, during the actual measurement (104) of subject’s eye, shallow
depth-of-field reduces the uncertainty of focusing element position zo and in consequence
increases the calculation precision of camera to eye distance xo. By the same token in the
presented method, it is beneficial to perform the actual measurement (104) with camera to eye
distance close to the smallest value of focusing distance operating range [Xmin, Xmax] in order to

additionally reduce the depth-of-field.
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It must be noted that in the described method, the optical target (202) and the scaling object

(207) might be the same object.

EMBODIMENT 2

Absolute measurement of pupil/iris diameter using a smartphone

An absolute measurement of pupil and/or iris diameter using an unknown digital
camera, where the unknown visible light mobile camera with adjustable focus is a part of a
smartphone (301) with adjustable focus can be realized according to the proposed method
consisting of steps presented in fig. 1. In this particular embodiment Apple iPhone 13 Pro

smartphone was used.

In the first step (101) a search for the minimal and maximal focusing distance xmin and
Xmax Of the camera has to be performed. An exemplary realization of this step has been
presented in fig. 5 point (a). The minimal and maximal focusing distance can be determined
by observing the focused image of the optical target on the light sensor (303), while positioning
the optical target (202) as close as possible and as far as possible from the camera imaging
system (304). Moving the target outside this range (too close or too far from the camera
imaging system) will result in a blurred image (306). An alternative realisation for this step is to
set the focusing element (305) consecutively in the first and the second extreme position and
afterwards for each setting, to find the position of the optical target resulting in sharp image on
the light sensor. The step results in a pair of retrieved parameters Xmin = 112 mm, and Xmax =

260 mm.

The second step of the method (102) has been illustrated in fig. 5 point (b). In this step
the optical target is moved along the optical axis x (presented as a dashed line) of the camera
imaging system (304) while the focusing element position z (305) is either set by the built-in

camera algorithm (autofocus) or adjusted manually to ensure that the image of the optical
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target on the light sensor (303) is always focused. It is critical to maintain a focused image
during the scan and avoid focusing element misalignment which result in a blurred image (306).
The position z of the focusing element (305) is retrieved for the entire operating range of
focusing distance x € [Xmin, Xmax] @nd the z(x) relation (312) is saved e.g., in a form of an

interpolated curve, a fitted analytical curve or a lookup table.

In the next step of the method (103) illustrated in fig. 6, the scaling object of a size H
[mm] is moved along the optical axis (presented as a dashed line) of the camera imaging
system (304) and the image of the scaling object of a size h is monitored on the light sensor
(308). The focused image scaling H/h(x) (313) is measured for the entire operating range of
focusing distance x€& [xmin, Xmax]. FOr image scaling calibration any object equipped with
dimension scale such as a ruler, graph paper or tape measure as well as any object which size
is known such as a specific coin, ID card or matchbox can be used. The scaling factor H/h(x)

(813) is saved e.g., in aform of an interpolated curve, a fitted analytical curve or a lookup table.

Once the calibration steps are done, the actual measurement of the subject’s eye can
be performed (104) as illustrated in fig. 7. Before the measurement the camera is directed
towards the subject's eye (209) such that the focused image of the pupil/iris (310) occupies the
central position of the light sensor. During the measurement a plurality of focused images is
recorded and the focusing element position z, (311) is read out and pupil and/or iris image
diameter d [mm] is measured. The focusing element position is then used to calculate camera
to eye distance xo with the help of previously recovered z(x) (312) in relation to (105). After the
determination of camera to eye distance the pupil/iris image diameter d [px] is converted into
actual diameter of a pupil and/or iris D [mm] with a use of the scaling factor H/h(x) (313). The
final result of the method has been presented in fig. 10, where eye image has been collected
with the calculated camera to eye distance xpo= 132 mm. The measured pupil image diameter
d =79 pixels (401) has been converted into actual pupil diameter using the scaling factor (313)

and resulted in D = 3.13 mm (402).
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In the presented method it is beneficial to use a camera with low f-number imaging
system such as /1 or f/1.4. Low f-number results in shallow depth-of-field which helps to
increase the precision of optical target positioning along the optical axis in the method steps
(102) and (103). Similarly, during the actual measurement (104) of subject’s eye, shallow
depth-of-field reduces the uncertainty of focusing element position zo and in consequence
increases the calculation precision of camera to eye distance xo. By the same token in the
presented method, it is beneficial to perform the actual measurement (104) with camera to eye
distance close to the smallest value of focusing distance operating range [Xmin, Xmax] in order to
additionally reduce the depth-of-field. In this particular embodiment the experimentally
measured uncertainty of x determination equals 1.2 mm, for x close t0 Xmin, and 3.6 mm for x
close to xmax. The uncertainty of x determination is defined as a distance range where focusing
element position does not change despite of the optical target movement along the optical

axis.

It must be noted that in the described method, the optical target (202) and the scaling object

(207) might be the same object.

EMBODIMENT 3
Absolute measurement of pupil/iris diameter using a smartphone equipped with

LIDAR

An absolute measurement of pupil and/or iris diameter using an unknown digital
camera, where the unknown visible light mobile camera with adjustable focus is a part of a
smartphone (301) with adjustable focus, wherein a smartphone comprising a LIDAR device. In
this particular embodiment Apple iPhone 13 Pro smartphone was used. LIDAR is a device for
determining ranges (variable distance) by targeting an eye or a surface with a laser (visible

light or IR) and measuring the time for the reflected light to return to the receiver.
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In this particular embodiment, the position z of the focusing element (305) is retrieved
for the entire operating range of focusing distance x € [Xmin, Xmax] @nd the z(x) is determined

using LIDAR device of a smartphone.

The actual measurement of the subject’s eye can be performed (104) as illustrated in
fig. 7. Before the measurement the camera is directed towards the subject's eye (209) such
that the focused image of the pupil/iris (310) occupies the central position of the light sensor.
During the measurement a plurality of focused images is recorded and the focusing element
position zo (311) is read out and pupil and/or iris image diameter d [mm] is measured. The
focusing element position is then used to calculate camera to eye distance xo with the help of
previously recovered z(x) in relation to (105). After the determination of camera to eye distance
the pupil/iris image diameter d [px] is converted into actual diameter of a pupil and/or iris D

[mm] with a use of the scaling factor H/h(x).

It must be noted that in the described method, the optical target (202) and the scaling

object (207) is the same object.

SUMMARY OF EMBODIMENTS

In summary, numerous modifications and variations of the present disclosure are
possible in light of the above-described measurement method. It is therefore to be understood
that within the scope of the appended claims, the embodiment may be practiced otherwise
than as specifically described herein. For example, advantageous results may be achieved if
the steps of the disclosed techniques were performed in a different sequence, if components
in the disclosed systems were combined in a different manner, or if the components were
replaced or supplemented by other components. The functions, processes, and algorithms
described herein may be performed in hardware or software (computer-implemented
invention) executed by hardware (smartphone or other device containing a camera with an
adjustable focus), including computer processors and/or programmable processing circuits

configured to execute program code and/or computer instructions to execute the functions,
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processes, and algorithms described herein. A processing circuit includes a programmed
processor, as a processor includes circuitry. A processing circuit also includes devices such
as an application specific integrated circuit (ASIC) and conventional circuit components
arranged to perform the recited functions. The claimed features and associated function
(technical effects) described herein may also be executed by various distributed components

of a system. For example, one or more processors may execute described method.

It must be noted that the relations (1) and (2) presented above are essential relations

used by the present inventive method.

Moreover, it must be noted, that as an alternative to calibration steps leading to
establishing Xmin, Xmax, Z(X) and H/h(x) at least for x in the range [Xmin, Xmax] — the characteristics
of the camera comprising Xmin, Xmax, Z(X) and H/h(x) in any usable form can be provided prior
to the measurements of the subject’s eye. For example, relevant data can be provided by a
third party, such as the camera’s manufacturer, for example in the form of an interpolated
curve, a fitted analytical curve or a lookup table. Such characteristics, once provided, is used

in the calculation steps of the present inventive method.

The focused image scaling H/h(x) can also be measured over any smaller range of xe
[x1ow, Xnigh], @s long as it covers the expected distances of the ultimate eye measurements. This

means in practice that Xmin = Xiow < Xhigh < Xmax. Most preferably Xmin = Xiow While Xnigh = Xmax.

While certain embodiments have been described, these embodiments have been
presented by way of example only, and are not intended to limit the scope of the inventions.
Indeed, the novel methods and computer implemented method and device to perform the
described herein can be embodied in a variety of other forms; furthermore, various omissions,
substitutions and changes in the form of the methods, devices and computer implemented
method described herein can be made without departing from the scope of the inventions. The
accompanying claims are intended to cover such forms or modifications as would fall within

the scope of the inventions.
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Claims
1. A computer-implemented method for absolute measurement of diameter of a part of
an eye, using a visible light digital camera (201, 301) with adjustable focus, said camera having

the following camera characteristics:

- the minimal and maximal focusing camera-to-object distance Xmin and Xmax of the
camera imaging system;

- the z(x) relation, for x € [Xmin, Xmax], Wherein z(x) is the position of the focusing
element (205, 305) of the camera (201, 301) which results in a focused image on
an object located at the distance x from the camera;

- the H/h(x) relation, for x € [Xmin, Xmax], Wherein H/h(x) is the image scaling ratio of
the size H of a physical object, placed at the distance x from the camera (201, 301),
to the size h of its focused image (208, 308) captured by the camera (201, 301);

said method comprising the following steps:

(m1) directing the camera (201, 301) towards the subject's eye (209) and recording a
single focused image or a plurality of focused images (210, 310) of the part of the
subject’s eye, while reading out corresponding focusing element position(s) zo
(211, 311) and measuring corresponding diameter(s) d of the focused image(s)
of the part of the eye;

(m2) calculating corresponding camera-to-eye distance(s) xo based on the focusing

element position(s) zo using the inverse of the z(x) relation:

X0=2""(z0) (1

(m3) converting the diameter(s) d of one or more images of the part of the eye obtained
in step (M1) into actual diameter(s) D of the part of the eye for each focused
image collected in step (m1), using the H/h(x) relation and the corresponding
value(s) of xo obtained in step (m2):

D=d*H/h(xo) 2
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wherein said camera characteristics is established in a procedure comprising the

following steps:

(c1) establishing the minimal and maximal focusing camera-to-object distance Xmin and Xmax Of
the camera imaging system;

(c2) reading out focusing element position (205, 305) z(x) resulting in a focused image (203,
303) of an optical target (202) located at the distance x from the camera, for at least
some X € [Xmin, Xmax], preferably for the entire operating range of the focusing distance
[xmin, Xmax], by means of the optical target (202) moved along the optical axis of the
camera, thereby obtaining the z(x) relation for x € [Xmin, Xmax];

(c3) measuring focused image scaling ratio H/h(x) of the physical size H of a scaling object
(207), placed at the distance x from the camera (201, 301), to the size h of its focused
image (208, 308) obtained in the camera (201, 301), for at least some x € [Xmin, Xmax],
preferably for the entire operating range of the focusing distance [Xmin, Xmax], by means of
the scaling object (207) moved along the optical axis of the camera, thereby obtaining
the H/h(x) relation for x € [Xmin, Xmax].

2. The method according to claim 1, wherein in steps (c1) and/or (c2) the focusing
element position (205, 305) resulting in the focused image is set using a built-in algorithm

implemented in the camera (201, 301).

3. The method according to claim 1 or 2, wherein in steps (c1) and/or (c2) the focusing

element position (205, 305) resulting in the focused image is set manually by a user.

4. The method according to claim 1 or 2 or 3, wherein said camera characteristics is
additionally provided by a third party, such as the camera’s (201, 301) manufacturer, preferably

in the form of an interpolated curve, a fitted analytical curve or a lookup table.

5. The method according to any one of the preceding claims, wherein the camera (201,
301) is a camera with adjustable focus being a part of a mobile electronic device, in particular
is a built-in camera of a smartphone or a tablet.
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6. The method according to claim 5, wherein the mobile electronic device contains a

single camera or a plurality of cameras.

7. The method according to any one of the preceding claims, wherein the camera (201,

301) is a camera with adjustable focus which contains a plurality of lenses.

8. The method according to any one of the preceding claims, wherein the camera (201,
301) contains an imaging system with f-number in a range of f/0.95-f/2.8.

9. The method according to any one of the preceding claims, wherein the distance
between camera imaging system (204, 304) and the subject’s eye (209) is more than 1.5 cm
and less than 75 cm, preferably more than 2 cm and less than 50 cm, more preferably more
than 3 cm and less than 40 cm, still more preferably more than 4 cm and less than 30 cm.

10. The method according to any one of the preceding claims, wherein the part of an

eye is a pupil or an iris.

11. The method according to any one of the preceding claims, characterized in that
said single focused image or said plurality of focused images of the part of the subject’s eye
and/or measurements of the diameter of the part of the eye based thereon are recorded in a

computer memory.

12. The method according to any one of the preceding claims, characterized in that
said single focused image or said plurality of focused images of the part of the subject’s eye
form a part of a video recording, in particular — said single focused image or said plurality of

focused images of the part of the subject’s eye are snapshots of a video recording.

13. A system for absolute measurement of diameter of a part of an eye, comprising a
visible light digital camera (201, 301) with adjustable focus and a computational unit,
configured and programmed for performing the method according to any one of the preceding

claims.
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