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Abstract

The present invention relates to a system (10) for determining the subjective refraction
properties of an eye (20) of a test subject based on the use of a natural image (30), said
system having the following: a memory (11) in which at least one natural image (30) is
stored; a display device (12) for displaying the at least one natural image (30) from the
memory (11); a lens arrangement (13) for adjusting various light-refracting elements (14,
15) in an optical path between the eye (20) of the test subject and the display device (12),
wherein the lens arrangement (13) is arranged at a predefined distance (d) from the
display device (12). The present invention further relates to a corresponding method and

the use of a natural image (30) for refraction determination.
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Method and system for determining the subjective refraction properties

of an eye

The present invention relates to a system for determining the subjective refraction
properties of an eye of a subject based on the use of a natural image. The present
invention furthermore relates to methods for determining the subjective refraction
properties of an eye of a subject based on the use of a natural image or a natural scenery,

and to the use of a natural image to determine the subjective refraction properties of an

eye of a subject.

For the subjective refraction determination, examination devices such as measuring
spectacles or phoropters are known, in which for example spherical or cylindrical testing

lenses are pivoted in front of a subject's eye to determine the refractive error of the subject

on the basis of his (or her) statements.

In the subjective refraction determination in accordance with national and international
standards, defined vision symbols, also known as optotypes, are always used. The
optotypes are shown in black on a white background with a high contrast. The stroke
width (1/5 of the type size) of the Landolt ring, which is accepted as a standardized DIN
vision symbol, is such that, in a row intended for visual acuity 1, it appears to the eye at an
angle of 1 arc minute. Further vision symbols are the tumbling E, which is frequently used
to examine children. In examinations of near visual acuity, a letter chart is frequently used,
for example what are known as Nieden reading charts. The optotypes are represented

individually or in rows of 5 or 10 optotypes.

For the refraction determination, optotypes of different sizes are successively shown to

the subject at a defined distance. For this, the subject sits at a predetermined distance

from the displayed optotypes. The defects of the eyes are determined by approaching the

threshold of the resolution capability of the subject.

Document US 6,325,513 describes as a disadvantage in the prior art the fact that the

subject, in the case of such a measurement, does not assume a relaxed posture and the
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natural visual impression is falsified. For this reason, the document proposes a type of
compact measuring spectacles, in which the symbols for refraction determination are
projected onto the retina. With the solution proposed therein, superposition of produced
measurement images with the environment is made possible with a comfortable, relaxed
sitting posture. The subjective refraction determination is effected with reference to the

optotypes.

[0006] Document DE 4091126 C2 discloses an apparatus for binocular eyesight testing having a
display apparatus, on which eyesight test symbols may be represented for the left and the
right eye in alternation. A controllable closure device is provided herefor, which is
controlled such that some of the represented eyesight test symbols are shown only to the
left eye, some of the represented eyesight test symbols are shown only to the right eye,
and some of the eyesight test symbols are shown to both eyes. This makes possible
binocular eyesight testing. The display apparatus can be a television monitor having a
sufficiently high frame rate. However, a television monitor typically does not have a
sufficiently high luminance to represent the separate vision symbols for each individual

eye at the required luminances (for example 250 cd/m?).

[0007] Against this background, it is an object of the present invention to provide a system and a
method for determining the subjective refraction properties of an eye of a subject, which
further improve the refraction determination and in particular permit a meaningful

determination of the habitual refractive errors.

[0008] In accordance with a first aspect of the invention, it is therefore proposed to provide a
system for determining the subjective refraction properties of an eye of a subject based on
the use of a natural image, wherein the system includes the following:

- a memory device, In which at least one natural image is stored;

- a display apparatus for displaying the at least one natural image from the memory
device: and

- an optics arrangement for setting different light-refracting elements into an optical
path between the subject's eye and the display apparatus, wherein the optics

arrangement is arranged at a specified distance from the display apparatus.
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[0009] It has been found that the traditional representation of vision symbols does not always
give an optimum result in the determination of the habitual refraction. Traditional
optotypes in accordance with national and international standards, which are used when
measuring the refractive errors of the eyes under monocular or binocular conditions and
during the MKH-Haase method (Measuring and Correcting Methodology after Haase), are
presented in accordance with the respective standards. However, these standardized
conditions generally do not correspond to the conditions that a subject would encounter In

everyday life.

[0010] It is proposed within the context of the present disclosure to use a natural image for the
subjective refraction determination, in particular a natural scenery, such as a photo of a
landscape. Here, a natural image is preferably distinguished by a spatial frequency
distribution resulting from the edges of the objects represented in the image and
preferably a spatial-frequency-dependent contrast, wherein the contrast decreases in
particular as the spatial frequency increases. The contrast range of a natural image used
in the context of the present invention, i.e. the range of contrasts occurring in the natural
image, in a determination of the contrast in accordance with Michelson, is preferabty from
0.2 (inclusive) to 1 (inclusive), preferably 0.3 (inclusive) to 1 (inclusive), preferably from

0.4 (inclusive) to 1 (inclusive).

[0011] The spatial frequency is a measure of how often sinusoidal components of an image
repeat. If the distance between the sinusoidal components of an image Is very large, this
corresponds to a low spatial frequency and a coarse structure. If, by contrast, the distance
between the sinusoidal components is low, this corresponds to a high spatial frequency
and a fine detall. If the distance from the display apparatus changes, the specific spatial
frequencies of the observed image also change. It is therefore understood that a spatial
frequency with reference to a length and/or pixels of a screen having a defined size
depend on the observation distance d from the display device. However, the spatial
frequency can also be converted and given as a distance-independent value in cycles per
degree, also referred to as cpd. Spatial frequency can be understood to mean the number

of edges per degree of visual angle.
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In addition to its spatial representation, for example in the form of a matrix of pixels of
different gray or color levels, an image can also be described by the spatial frequencies
contained therein. In simplified terms, a small spatial frequency corresponds to a larger
structure. A high spatial frequency corresponds to a smaller structure. The spatial

frequency is therefore a measure of the size of a depicted structure.

When using optotypes, it is furthermore the subject’'s desire to always give the correct
answer. This produces a type of testing situation, in which the subject possibly puts
pressure on himself. The solution space of correct answers for vision symbols, such as for
example the tumbling E and its four possible orientations, is limited. The subject can

momentarily squint to force the identification of the correct result.

Furthermore, a subject possibly will not assume his typical head and body posture but sit
iIn an unnatural or tense position. This can aiso result in visual impressions being
perceived In a different manner and in the worst case negatively affect the ascertained
strength. Consequently, deviations between the results of a subjective refraction

determination and the habitual refractive errors of the subject may occur.

In the solution described here, it Is therefore proposed to perform the determination of the
subjective refraction properties of the subject's eye with reference to natural images
having defined teatures. Natural images can here be photographs or depictions of a

natural scenery, In particular of a typical environment in which one lives. The refraction

determination can be tailored to the daily vision conditions of the subject on the basis of
the contents shown in the natural images. A further advantage of this solution over vision

symbols is that the subject does not already know which answer he is expected to give.

On the basis of the natural images, it is possible to determine the habitual refractive errors
of the eyes by approximation to the threshold of the resolution capability. To this end, the
natural image has various features of different structure sizes or spatial frequencies.
Viewed at the specified distance from the display apparatus, the features of different sizes
correspond to different observation angles, which are used in turn to determine the

resolution capability. For example, it is possible to test whether the subject can detect, or
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with which light-refracting elements in the optical path the subject can detect, a structure,
such as a tree or a rock formation. The same is true for a natural scenery of a test

environment.

The optics arrangement serves for introducing different light-refracting elements, such as
spherical or cylindrical test lenses, into the optical path between the subject’'s eye and the
display apparatus. The optics arrangement can be, for example, a phoropter or measuring

spectacles.

In accordance with a second aspect of the present invention, a system for determining the
subjective retraction properties of an eye of a subject based on the use of an image Is
proposed, wherein the system includes the following:

- a memory device, In which at least one image having a plurality of image regions is
stored, wherein different image regions have different, in particular increasing, spatial
frequencies and wherein different image regions have a spatial-frequency-dependent
contrast that decreases as the spatial frequency increases;

- a display apparatus for displaying the at least one, in particular natural, image from
the memory device;

- an optics arrangement for setting different light-refracting elements into an optical
path between the subject's eye and the display apparatus, wherein the optics

arrangement Is arranged at a specified distance from the display apparatus.

In accordance with a third aspect of the invention, the use of a natural image for
determining the subjective refraction properties of an eye of a subject, having a plurality of
image regions, I1s proposed, wherein different image regions have different, in particular

Increasing, spatial frequencies and wherein the natural image depicts a natural scenery.

In accordance with a fourth aspect of the invention, a method for determining the
subjective refraction properties of an eye of a subject based on the use of a natural image
IS proposed, wherein the method includes the following steps:

- providing a system for determining the subjective refraction properties of an eye of

a subject based on the use of a natural image, wherein the system includes the following:
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- a memory device, in which at least one natural image Is stored;
- a display apparatus for displaying the at least one natural image from the
memory device;
- an optics arrangement for setting different light-refracting elements into an
optical path between the subject's eye and the display apparatus;
- displaying the at least one natural image, which is stored in a memory device, on
the display apparatus; and
- setting different light-refracting elements into the optical path between-the subject’s
eye and the display apparatus using the optics arrangement, wherein the optics

arrangement I1s arranged at a specified distance from the display apparatus.

In accordance with a fifth aspect of the invention, a method for determining the subjective
refraction properties of an eye of a subject based on the use of a natural image I1s
proposed, wherein the method includes the tollowing steps:
- providing a system for determining the subjective refraction properties of an eye of
a subject based on the use of a natural image, wherein the system includes the following:
- a memory device, in which at least one image having a plurality of image
regions Is stored, wherein different image regions have ditferent spatial
frequencies and wherein the natural image depicts a natural scenery;
- a display apparatus for displaying the at least one natural image from the
memory device;
- an optics arrangement for setting different light-refracting elements into an
optical path between the subject's eye and the display apparatus; and
- displaying the at ieast one natural image, which Is stored in a memory device, on
the display apparatus,;
- setting different light-refracting elements into the optical path between the subject's
eye and the display apparatus using the optics arrangement, wherein the optics

arrangement is arranged at a specified distance from the display apparatus.

In accordance with a sixth aspect of the invention, a method for determining the subjective
refraction properties of an eye of a subject based on the use of a natural scenery is

proposed, wherein the method includes the following steps:
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- providing a test environment having a natural scenery, wherein the natural
scenery, as viewed from a specified position (P), has different regions of different spatial
frequencies;

- providing an optics arrangement for setting different light-refracting elements into
an optical path between the subject’'s eye and the natural scenery; and

- setting different light-refracting elements into the optical path between the subject's
eye and the natural scenery using the optics arrangement, wherein the optics

arrangement is arranged at the specified position.

The advantages described in detail above for the first aspect of the invention apply

accordingly to the further aspects of the invention.

The refraction determination can be further improved with the proposed solutions because
it I1s possibie to perform a habitual refraction determination under conditions that are more

lIke the natural vision conditions of the subject.

The object stated at the outset is therefore achieved in full.

In one configuration of the system, the natural image, or an image region of the natural
image, can have a spatial-frequency-dependent contrast, wherein the contrast decreases

as the spatial frequency increases.

In other words, at least one region of the natural image or image for determining the
subjective refraction properties of the eye can have a contrast which is greater at low
spatial frequencies than at high spatial frequencies. A low spatial frequency here
corresponds to a larger structure. A high spatial frequency here corresponds to a smaller
structure. In this context, the term natural image can refer to an image that has at least

one image region with a spatial-frequency-dependent contrast, wherein the contrast

decreases as the spatial frequency increases. By contrast, the optotypes in conventional
eyesight testing charts in accordance with national and international standards have a
constant contrast independently of the structure size or spatial frequency. In conventional
eyesight testing charts, large and small optotypes are typically represented in black on a

white background. The representation of an optotype on a conventional eyesight testing
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chart consequently has, independently of the spatial frequency, a constant contrast in
accordance with Michelson having a constant value of between 0.9 and 1. By contrast, the
contrast range of a natural image used in the context of the present invention in a
determination of the contrast in accordance with Michelson is preferably from 0.2
(Inclusive) to 1 (inclusive), preferably 0.3 (inclusive) to 1 (inclusive), preferably from 0.4

(Inclusive) to 1 (inclusive).

[0028] The contrast can preferably be inversely proportional to the spatial frequency. At least
sectionally, the relationship K(f)~1/f, or more generally K(f)~f with -1.5<a<-0.8, In
particular a=-1.2, can apply. Conventional eyesight testing charts, by contrast, having for
example black eyesight test symbols on a white background, have a constant contrast
with respect to the spatial frequency. This Is to ensure maximum discernability of the
optotypes in conventional eyesight testing charts. However, it has unexpectedly been
found that the use of natural images, for example a natural scenery or images for
determining the subjective refraction properties of an eye, which have at least in regions a
spatial-frequency-dependent contrast which decreases as the spatial frequency increases,
can provide a resuit which exceeds a conventional refraction determination. In particular,
subjects may feel that a visual aid that i1s adapted based on such a result of the refraction

determination is more comfortable in daily life.

[0029] The contrast or photometric contrast can be understood to be a difference in luminance.

The contrast can be determined between spatially more or less neighboring stimuli. In

accordance with Michelson, the contrast Ky for grating patterns is defined by

L =L agi
KM — Max Min (1 )
LM(I.JL’ +LM£11

wherein Lvax = luminance density maximum and Luin = luminance density minimum. In this
case, the contrast at a fixed, average brightness varies by increasing or lowering the
brightness by the same amount. However, if small vision objects, such as for example

Landolt rings, are used, the contrast can be defined in accordance with Weber by
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(2)

with L = luminance density inner field and Ly = luminance density outer field. For
examination of the visual acuity, the contrast is defined in accordance with Weber.
Statements in this disclosure relate to the definition of contrast in accordance with
Michelson (see also Bex. et al. "Spatial frequency, phase, and the contrast of natural

images, Journal of the Optical Society of America, Vol. 19, No. 6, 2002).

Preterably, a contrast of the natural image s elevated for higher spatial frequencies, In

particular to a contrast level of a natural scenery depicted by the natural image.

By increasing a contrast for higher spatial frequencies, a low-pass characteristic of an
imaging system during the image recording of the natural image can be compensated.
One advantage of this configuration is that, if the natural image is observed on a display
apparatus, the visual impression that is brought about is similar to the one the subject
would have were he observing a natural scenery directly rather than a depiction of the

natural scenery.

In one configuration of the system, provision may be made for the natural image, or the

natural scenery that is depicted therein, to be a depiction of a typical environment.

One advantage of this configuration is that the subject looks at contents to which he is

accustomed and, as a result, is better able to disassociate himself psychologically from

the testing situation. The subject will therefore generally assume a more relaxed posture.
Natural images can preferably correspond to depictions, in particular photographs or
photorealistic or rendered depictions, of the typical environment in which one lives. For
example, images of landscapes can be shown to a subject. in particular, a natural image
can a photograph or photorealistic depictions of a landscape scene, in particular a
contiguous representation of a scene of a landscape, in particular with landscape-typical
flora and fauna. Natural images can therefore be an environment of the subject to which
he Is accustomed. Hereby, 1t Is sometimes possible to achieve better results in the

habitual refraction determination, because a typical vision situation forms the basis of the
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refraction determination. Furthermore, natural images can be selected such that they
bring about positive associations in the subject, such as images of a beach, a forest or the

like.

In a further configuration of the system, provision may be made for the natural image to

have features for determining the subjective refraction properties.

Provision may be made in particular in one configuration of the system for the natural
image to have at least two regions having different spatial frequencies. Regions having
different spatial frequencies serve for testing visual acuity. In order to be able to resolve
small structures, that is to say structures having a high spatial frequency, great visual
acuity is necessary. It is possibie to define in a natural image what are known as “regions
of interest” (ROIs) that belong to a specific range of spatial frequencies which corresponds
to a specific visual acuity. In other words, ROIls can thus represent regions in a natural
image that contain a range of spatial frequencies which is to be checked. Defects of the
eyes are determined by approaching the natural threshold of the resolution capability. A
high spatial frequency here corresponds to a small structure size. The subject can be
asked to name features from regions having different spatial frequencies, preferably
having spatial frequencies that become ever greater, that is to say relatively small
structure sizes or objects, until he reaches the threshold of his resolution capability. The
contrast for regions having increasing spatial frequencies preferably decreases. The

contrast can in particular be inversely proportional to the spatial frequency.

In a further configuration of the system, provision may be made for the natural image to
have a distribution of spatial frequencies comprising a plurality of, preferably all, spatial
frequencies required for determining subjective retraction properties of the subject's eye In

one image.

In other words, the natural image preferably has a specified distribution of spatial
frequencies that is great in dependence on the detailed fidelity and decreases as the
detail fidelity decreases. As a result, all thresholds for the determination of the refractive

errors can preferably be presented simultaneously in one image. One advantage of this
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configuration Is that only a single image is necessary for the refraction determination. By
way of example, a skyscraper scene can include buildings as the largest elements,
vehicles as medium-sized elements, down to bitllboards with individual letters as small
elements. Further incremental steps are of course possible. Shown in another example is
a nature scene with mountain ranges down to leaves or fir needies. In contrast to
conventional eyesight testing charts, the natural image is preferably not set up such that
the size of the image elements becomes ever smaller in one direction, for example from
top to bottom. In particular, a series of sizes does not monotonously increase or decrease
In one direction. The distribution of spatial frequencies in the image can in particular be
pseudorandom. Consequently, the distribution does not follow a scheme that would be
immediately discernible by the subject. Optotypes or individual optotypes can optionally

be presented in augmentated fashion, in particular embedded in such a scene.

In a further configuration of the system, provision may be made for the natural image to
depict structures with different spatial frequencies (f), wherein the spatial frequency
distribution, upon observation at the specified distance, has at least a spatial frequency of
less than or equal to 0.3 and at least a spatial frequency greater than or equal to 60 cycles
per degree, preferably at least a spatial frequency of less than or equal to 0.01 and at

least a spatial frequency greater than or equal to 80 cycles per degree.

The spatial frequency distribution is preferably given in cycles per degree, i.e. as a spatial
frequency with respect to an angle, since the visual acuity of the subject can be
considered to be a measure of the angular resolution capability. The angle, in turn, can be
calculated from the specified distance, from which the subject views the display
apparatus, and the size of the structure displayed on the display apparatus. By way of
example, the natural image can have a spatial frequency distribution of 0.009 to 85 cycles
per degree. In another example, the natural image can have a spatial frequency
distribution of 0.02 to 70 cycles per degree. This consequently gives the relationship of
lower value < given range < upper value. The structures in the interval inbetween can
exhibit an arbitrary number of spatial frequencies. A structure having a spatial frequency
In the present case is understood to mean a structure having a spatiat size that

corresponds to the spatial frequency.
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In a further configuration of the system, provision may be made for the system to
furthermore have a selection device for selecting the natural image according to the

preferences of the subject.

One advantage of this configuration is that the refraction determination can be adgapted to
a typical environment of the subject, for example in terms of illumination, contrast, color
spectrum and the contents that are represented. It I1s preferably possible to take into
account in this way the neuronal transtfer function of the subject in the refraction
determination. By way of example, an environment which is natural for the subject, such
as an urban environment, a forest, a beach, can be selected. Another advantage can be
seen In that the subject i1s more relaxed in the measurement situation, and as a result

more realistic values for the subjective refraction properties of his eye can be obtained.

In a further configuration of the system, provision may be made for the natural image to

have at least one alien component.

An alien component can be, for example, a computer-graphic change. One advantage of
this configuration can be seen In that it is possible to thwart expectations for the detection
of details in natural images. Unexpected details can be depicted, such as for example a
specific shape of cloud, ocak leaves on a maple tree, or an unexpected shape of a tree
trunk. Here, too, the preterences of the subject can be advantageously taken into

consideration by playing with the expectations of the subject and employing in a targeted

fashion alien components that this subject did not expect.

In a tfurther configuration of the system, provision may be made for at least one vision

symbol to be at least partially integrated in the natural image.

Vision symbols, or their geometries, indicated in national and international standards for
determining the subjective refraction, can preferably be incorporated entirely or partially in
the natural image. For example, distances or stroke thicknesses of features of the natural

image can correspond to those of standardized vision symbols.



[0046]

[0047]

[0048]

[0049]

[0050]

CA 02999408 2018-03-21

WO 2017/050935 13 PCT/EP2016/072607

In a further configuration of the system, provision may be made for the display apparatus

to have a curved display surface.

A curved screen 1s advantageous because it corresponds to the anatomical conditions of
the eye having a curved retina. Representation on a conventional, flat screen Is
nevertheless also possible. In order to enable an approximation to the anatomical
conditions of the eye, the representation of the natural images preferably takes piace on a
curved display unit having in particular a screen diagonal of 55 inches or more so as to
provide an immersive feel and thus a more natural visual impression in the refraction
determination. However, the use of conventional monitors is not excluded. Representation
using a projector onto straight or curved surfaces in space is also feasible. The use of a
virtual reality (VR) system having a preferably large field of view and an adjustable focus
area from close distances to virtual distances in the far range and optionally integrated
phoropter or adaptive optical unit is also feasible. If the display surface is curved, the
distance from the eye of the observer can be individually determined for each point of the
display surtace. For simplification purposes, the distance from the center of curvature can

be considered. Holographic glasses can also be used.

In a further configuration of the system, provision may be made for the determination of
the subjective refraction properties to be effected in monocular fashion in two-dimensional

space or in monocular fashion under binocular conditions.

The refraction determination can therefore be effected under two-dimensional or three-
dimensional conditions. In the refraction determination and the binocular conditions in

three-dimensional space, polarization fiiters can be used, for example, to separate the

contributions for the right and the left eye.

In a further configuration of the system, provision may be made for the system to
furthermore have means for capturing the head movement and/or eye movement of the

subject.
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[0051] f, in accordance with this configuration, a means for measuring the eye movements Is
integrated in the system, it is possible by analyzing the distribution of the eye movements
on the image viewed to track preferably in real time which spatial frequencies are
frequently viewed. It is possible to derive therefrom which spatial frequencies are
frequently detected. This in turn can be used to precisely define the resolvable threshola
of the eye with and without spectacles. The subjective refraction properties of the eye can
be determined by successively introducing with the optics arrangement different light-
refracting elements (e.g. spherical lenses etc.) and in each case determining the
resolvable threshold of the eye. This can be repeated until a refractive error has been
corrected. One advantage of this configuration is that the determination of refraction
parameters of the subject can be effected without his express feedback. This is
advantageous in particular in subjects that are unable to articulate, or unable to articulate
adequately, such as for example in the case of children or subjects having impairments. If
the head movements of the subject are captured, this allows the image to be viewed to be
adapted to the head movements of the subject in real time, while his refraction s

determined.

[0052] in a further configuration of the system, provision may be made tfor the natural image to be

a moving image or video.

[0053] One advantage of this configuration is that the measurement situation can be de-stressed
so that the refraction determination can be performed with a more relaxed subject. The
results consequently are more likely to correspond to the natural vision conditions. Moving
images can be a two-dimensional or three-dimensional video, which Is presented to the

subject during the habitual refraction determination.

[0054] In a further configuration of the system, provision may be made for the system to

furthermore have an eccentric photorefractor.

[0055] During the refraction determination, a continuous measurement of the refractive errors
can preferably be performed for example by way of eccentric photorefraction. An

examiner can here for example track the residual refraction of the eye on his (or her)
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screen and check the quality of his refraction during the determination. The eccentric
photorefractor is preferably arranged at the same distance as the display apparatus on
which the natural image is presented. Alternatively, the photorefractor can be provided
with or as part of the optics arrangement. The optics arrangement can therefore include

an eccentric photorefractor.

The ascertainment of the habitual refraction errors using natural images can be preferably
integrated in a known subjective method, such as for example using measuring

spectacies, a manuai or a digital phoropter.

3y way of example, it is possible to perform one step or a plurality of the following steps of
the refraction determination with image contents from natural images: determining a best
spherical lens, determining an astigmatism, axis alignment of an astigmatism, strength
adjustment of an astigmatism and monocular and/or binocular spherical fine adjustment
(red/green). During this process, the subject is looking at the display apparatus on which
the natural image is represented. In order to measure the habitual refractive error, the
subject must assess, read out or identify image contents, such as for example trees,
branches or leaves in an image of a landscape, so that a spherical and possibly also
astigmatic error of the eye can be determined and consequently also corrected. The aim
of the refraction determination can here be the correction of the habitual subjective
refraction properties with the maximally detectable spatial frequency at maximum positive

correction.

It goes without saying that the aforementioned features and those yet to be explained
below can be used not only in the combination specified in each case but also in other
combinations or on their own, without departing from the scope of the present invention. In
particular, the above-mentioned configurations and developments apply not only to natural
images but also correspondingly to the above-described further aspects of the invention

and also to a test environment, in particular with a natural scenery.

Embodiments of the invention are shown in the drawing and explained in more detail in

the tollowing description. In the figures:
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figure 1

figure 2

figure 3

figure 4

figure 5

figure 6

figure 7

figure 8

figure 9

figure 10

figure 11

shows an embodiment of a system for determining the subjective refraction

properties of an eye of a subject based on the use of a natural image,

shows an embodiment of a corresponding method,

shows an exemplary scenario for determining the subjective refraction

properties of an eye of a subject on the basis of a natural scenery,

shows an embodiment of a corresponding methoq,

shows an example of a conventional eyesight testing char,

shows a schematic of the contrast over the spatial frequency for

conventional eyesight testing charts,

shows an example of a natural image,

shows a spatial frequency diagram of the example image of figure 7,

shows the example image from figure 7 with notations of regions of

different spatial frequencies, and

shows a schematic of the contrast over the spatial frequency for an image

In accordance with the present disclosure,

shows an embodiment of a method for determining the subjective refraction

properties of an eye of a subject.

Figure 1 shows an embodiment of a system for determining the subjective refraction

properties of an eye of a subject based on the use of a natural image. The system Is

designated here In its entirety by the reference sign 10.
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The system 10 for determining the subjective refraction properties of the subject’s eye 20
here includes the following: a memory device 11, in which at least one natural image 30 is
stored; a display apparatus 12 for displaying the at least one natural image 30 from the
memory device 11; and an optics arrangement 13 for setting different light-refracting
elements 14, 15 into an optical path between the eye 20 of the subject and the display
apparatus 12, wherein the optics arrangement 13 is arranged at a specified distance d

from the display apparatus 12.

The memory device 11 in this embodiment can be integrated in the display apparatus 12
or be arranged physically separate from the display apparatus 11 and be connected
thereto In cable-less or cable-bound fashion. All that i1s necessary is that the natural image

30 stored Iin the memory device 11 can be displayed on the display apparatus 12.

The display apparatus 12 in the present example Is a flat-screen television set. The latter
preferably has a screen diagonal of no less than 55 inches. The display surface of the
display apparatus can furthermore be curved so as to permit a more immersive
representation of the natural image 30. The vision situation during the refraction

determination is theretore closer to the typical vision conditions of the subject in his typical

environment. The display apparatus can be a 3D screen. One advantage of three-
dimensional representation is that the determination of the subjective refraction properties
can be effected not only in monocular fashion in two-dimensional space, but optionally
also In monocular fashion under bidirectional conditions. The representation of moving

natural images in the form of video sequences is also possibie. For 3D representation,
known techniques such as shutter techniques or polarization filters can be used. The

display apparatus 12 is optionally a holographic display.

The optics arrangement in the present example is a phoropter, which i1s schematically
llustrated in simplified form by way of two lens elements 14 and 15. Alternatively,
measuring spectacles can be used, for example. In one exemplary scenario for the
refraction determination, the subject is seated on an examination chair opposite the
display apparatus 12 at a defined distance from the display apparatus 12 and observes

the natural image 30 that is presented on the display apparatus 12 through the optics
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arrangement 13. An exemplary sequence of the refraction determination will be explained

In more detail below with reference to figure 11.

Provision may optionally furthermore be made for the system 10 to have means 18 for
capturing the head movement and/or eye movement of the subject. In the embodiment
shown, the system 10 has a camera 18 for this purpose, which is arranged on the display
apparatus 12. Alternatively, movement sensors can be used, for example.

Electrooculographic (EOG) determination of the eye movement is also possible.

Provision may furthermore be optionally made for the system 10 to have an eccentric

photorefractor 19. The eccentric photorefractor 19 can be arranged on the display

apparatus 12. Preferably, a camera 18 Is provided, which is not only part of the eccentric
photorefractor 19, but also serves as a means for capturing the head movement and/or

eye movement of the subject. It is thus possible to obtain a synergy effect.

Figure 2 illustrates an embodiment of a method for determining the subjective refraction
properties of an eye of a subject based on the use of a natural image. The method is

denoted generally by 100.

The method 100 here has the following steps: In step 110, a system 10, as described by
way of example above with reference to figure 1, is provided. In step 120, at least one
natural image 30, which is stored in a memory device 11, is displayed on a display
apparatus 12. It 1s also possible here for an image having a plurality of image regions to
be stored in the memory device, wherein different image regions have different spatial
frequencies and wherein the natural image depicts a natural scenery and said image is
displayed on the display apparatus 12. In step 130, different light-refracting elements 14,
15 are set into an optical path between the subject's eye 20 and the display apparatus 12
using an optics arrangement 13, wherein the optics arrangement 13 is arranged at a
specified distance d from the display apparatus 12. For an exemplary sequence of the

refraction determination, reference is once again made to figure 11.
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[0069] Figure 3 shows an exemplary scenario for determining the subjective refraction properties

of an eye 20 of a subject 21 on the basis of a natural scenery 40.

[0070] Figure 4 shows a corresponding method 400 for determining the subjective refraction
properties of an eye 20 of a subject 21 based on the use of a natural scenery 40, wherein
the method includes the following steps: In step 410, a test environment having the
natural scenery 40 Is provided, wherein the natural scenery, as viewed from a specified
position P, has ditferent regions of different spatial frequencies. In step 420, an optics
arrangement 13 for setting different light-refracting elements 14, 15 into an optical path
between the subject's eye 20 and the natural scenery is provided. in step 430, different
light-refracting elements 14, 15 are set into the optical path between the subject's eye 20
and the natural scenery using the optics arrangement 13, wherein the optics arrangement
13 I1s arranged at the specified position P. For an exemplary sequence of the refraction

determination, reference is once again made to figure 11.

[0071] The natural scenery 40 has, just like a natural image 30, features of different structure
size, which correspond to different visual angles ai, a, of the subject 21. In the example
llustrated in figure 3, the natural scenery 40 has a group of trees of different sizes. The
height h1 of the tree 41 for example, viewed from the observation distance d1,

corresponds to a visual angle a1. If the subject cannot detect the tree 41, his eye is not
able to resolve the angle a4, at least not without the help of a light-refracting optical

element 14, 15. For test purposes, different light-refracting elements 14, 15 can be

iIntroduced into the optical path between the subject's eye 20 and the tree 41. In this way,

a refractive error of the subject’'s eye can be corrected and determined, and the subject

may detect the desired structure, in the present case the tree 41. Further details are

described with reference to figure 11.

[0072] The procedure can be repeated for further structures or elements of the natural scenery.

Structures that become successively smaller are preferably used. This results in an
approximation to the resolution threshoid of the subject. In the case of the church 42, the
subject can, for example, be asked, one after the other, what type of building is depicted.,
how many windows the tower has and what object is located at the top of the spire. For

example, If the subject can see the weathercock on the church spire, then this
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corresponds, with the height of the weathercock h, from the observation distance d;, to a
resolution capability of at least the visual angle a,. In other words, the determination of the
subjective refraction properties can be effected not only using a display apparatus on
which a natural image is displayed, but directly by viewing a natural scenery through the

optics arrangement. The following statements relating to natural images correspondingly

apply.

Figure 5 shows an example of a conventional eyesight testing chart. The eyesight test

symbols used here are numbers. However, other eyesight test symbols, such as what are

known as Landolt rings or the tumbling E, are also customary. The eyesight testing chart

has ten lines LO to L9 with numbers of different sizes. in practice, the complete individual
optotypes are always used for the determination of the visual acuity. In the present
example, the subject is therefore asked about individual numbers one after the other and

iIndependently of one another.

Independently of the size, the eyesight test symbols are shown In black on a white
background. Figure 6 illustrates a corresponding schematic of the contrast over the spatial
frequency for conventional eyesight testing charts. In accordance with national and
international standards, the contrast needs to be very high, ideally equal to 1 In
accordance with Michelson, specifically for all tested sizes of the vision symbols and thus
for all spatial frequencies used. As shown in figure 6, the contrast is constant with respect

to the spatial frequency and independently of the size the same for all eyesight test

symbols.

It an eyesight testing chart, or eye chart, as is shown by way of example in figure 5, is
used, the individual lines are used to define refractive errors of the eye and therefore an
optimum spectacie strength which compensates for any refractive error present. In
particular, if an eyesight testing chart is used, the visual acuity of the subject is tested
using different light-refracting elements of the optics arrangement in the individual rows,
and the light-refracting elements are changed such that it is possible for the subject to be
able to discern a smallest possible row. If the eyesight testing chart from figure 5 is used
for an image size of 998 pixels in height and 2120 pixels in width at a distance of 1 m on a

screen having a pixel resolution of 0.0275 centimeters per pixel [cm/px], the following
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visual acuity values are obtained for the rows L1-L9 in accordance with table 1. In addition
to statements relating to the pixel dimension, the required minimum resolution capability

[logMAR] for being able to discern a detail is given.

TABLE 1
Line Pixel height of the Minimally required Minimally required
symbol resolution capability | visual acuity
[visual acuity] [logMAR]

g DR e BT T S— ]

L2 102 0.05 - 11.29

L3 86 0.06 1.21

.4 70 0.08 1.12

r B — = o e

16 52 0.10 0.99
L7 48 0.11 10.96

L8 43 0.12 0.91
JCEE 33 0.16 _FO8O S

[0076] In contrast to a conventional eyesight testing chart, figure 7 shows an example of a

natural image 30. in the present example, the natural image 30 preterably corresponds to
a photograph of a typical rural environments in which the subject lives. Depicted are a

cabin or a boathouse at the edge of a lake against the background of mountains.

[0077] The characteristic parameters of natural images follow specific rules. The spatial contents

of a natural image can be mathematically calculated, for example, by a Fourier transform.

For example, in Matlab software, the command FFT2 can be used here. In dependence
on the pixel density on a computer monitor and the viewing distance from the monitor, it is

ascertained what spatial frequencies are present in an image.

[0078] Figure 8 shows a spatial frequency diagram of the exampie image of figure 7. The

horizontal axis gives the spatial frequency t In cycles per degree, and the vertical axis




[0079]

[0080]

[0081]

CA 02999408 2018-03-21

WO 2017/0560935 22 PCT/EP2016/072607

gives the number of the corresponding spatial frequencies A. The illustration in figure 8
corresponds to a spatial frequency analysis or Fourier transform of the image from figure
7, 1t it i1s viewed in a size of 1920 pixels in width and 1200 pixels in height at a distance of
T m with a pixel resolution of 0.0275 centimeters per pixel [cm/px]. Figure 6 gives the
number of different spatial frequencies for the y-direction, that is to say the vertical
direction, of the depiction in figure 5. A natural image can occasionally be characterized
by the tact that the number of spatial frequencies, or an amplitude of the spatial frequency
diagram, decreases as the spatial frequency increases. This tendency is illustrated in
figure 8 by way of the dashed line. In particular, the amplitude of the spatial frequency

diagram in a natural image I1s inversely proportional to the spatial frequency (see also

Tolhurst et al. "Amplitude spectra of natural images,” Ophthal. Physiol. Opt., Vol. 12,

1992, and also Field et al. “"Relations between the statistics of natural images and the
response properties of cortical cells,” Vol. 4, No. 12, Journal of the Optical Society of
America, 1987).

VWhen using a conventional eyesight testing chart, as in figure 5, the individual lines with
individual eyesight test symbols are used for determining the subjective refraction
properties or the spectacle strength. In contrast, when using a natural image, as in figure
/7, different image regions or different image contents can be used. Using a spatial
frequency analysis, it is preferably possible to deduce the image content. From the spatial
frequency of features or image contents in the natural image, a transformation to the

visual acuity can be effected.

For a better illustration, figure 9 once again shows the example image 30 from figure 7

with notations of regions of different spatial frequencies. Here, different details of the
image are defined by positions P1 to P7 in the image. The corresponding pixel
dimensions are here also given by way of their pixel number for the different details which
were selected as examples. The selected details can be what are known as regions of
interest (ROIs), which are used for asking the subject questions during the habitual

refraction determination.

The following exemplary table indicates how great the visual acuity of the eye must be to

be able to discern the details at an image size of 1920 pixels in width and 1200 pixels in
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height for a distance of one meter and a pixel resolution of the display apparatus 12 of

0.0275 centimeters per pixel [cm/px].

TABLE 2
' Position Pixel number | Minimally required Minimally required

resolution capability  visual acuity
: [visual acuity] [logMAR]

P1 314 - 0.0158 1.8

P2 150 0.315 1.5

P4 34 016 10.80

P5 22 0.25 06

PG 18 0.3 05 "

[0082] Figure 10 shows a schematic of the contrast K over the spatial frequency f for an image in

accordance with the present disclosure. In contrast to a conventional eyesight testing
chart, which has a constant contrast with respect to the spatial frequency, it is proposed in
the present disclosure in particular to use images for the refraction determination, in which
the contrast decreases as the spatial frequency increases. To determine the contrast, the
grey level of a pixel can be compared to the grey level of its neighboring pixel. The

contrast can in particular be inversely proportional to the spatial frequency.

[0083] In other words, a further rule for the proposed natural images lies in the decrease in
contrast as the spatial frequency increases. When evaluating different natural images, for
example Tollhurst et al. (Tothurst, D. J., Tadmor, Y., & Chao, T. (1992). Amplitude spectra
of natural images. Ophthaimic and Physiological Optics, 12(2), 229-232.) showed that the
slope of the decrease as the spatial frequency increases is on average -1.2. This
correlation is also described by Burton et. al. (Burton et. al., “Color and spatial structure in

natural scenes,” Applied Optics, Vol. 26, No. 1, 1987).



CA 02999408 2018-03-21

WO 2017/050935 24 PCT/EP2016/072607

[C084] Figure 11 shows an exemplary embodiment of a method for determining the subjective
refraction properties of an eye 20 of a subject. Using the natural image from figure 7 or
figure 9, or In a scenario with a natural scenery as in figure 3, the refraction determination

can be performed as follows:

[0085] In step 210, inttially a required sphere of the subject can be determined. The subject is not
wearing his own correction and views the natural image 30 shown on the display
apparatus 12 through the optical unit 13, in the present case through a phoropter. For
example, the subject is initially required to discern details in accordance with position 1
(house). If he is unable to do so, initially a plus lens (in accordance with grading table) is
placed in front of him and he is asked if this is worse. If not, correction can continue with
plus lenses until a satisfactory result is attained. If yes, minus lenses are used to correct
further. Subsequently, lenses in accordance with the grading table and increasingly
smaller detalls from the image can be used. If the customer, for example, can discern

position /7 (door fitting) in the image, the desired or best spherical lens has been found.

[0086] The following table shows a grading table for spherical lenses. The grading table gives a
grading of the lenses to be held up or to be added during the determination of spherical

corrections In dependence on the visual acuity.

TABLE 3
Visual acuity Lens grading
! In diopters (dpt)
under 0.05 .l 2 dpt |
505005 T ot
0.2t0 0.5 0.5 dpt
over 0.5 ) 0.25 dpt
[0087] In step 220, an astigmatic correction can be determined. Once the best spherical lens has

been found, the test for astigmatism takes place. For example, the subject can be asked

to view position 5. A cross cylinder (grading in accordance with grading table) is
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introduced, and he is asked If this 1s better or worse. It Is thus possible to once again ask

questions while placing lenses in front of the subject. Depending on the answer, an
astigmatism is determined and a corresponding correction Is used (yes) or not (no). The
questions relating to lenses can continue until the questions yield no improvement or
worsening. Care should be taken here to ensure that the spherical error is followed (in

accordance with grading table).

In step 230, an axial position of the astigmatic correction can be determined. Here, the
exact axial position of the correcting cylindrical lens can be found by way of a lens flipping
examination. For example, the subject will be asked here to look at position 3 (plant). The
lens flipping examination is continued until the customer sees no difference between the

two axial positions during the lens flipping examination.

In step 240, a monocular spherical fine adjustment can be performed, in particular after
the performance of steps 210 to 230. To this end, the subject can be asked to view
position 6. Plus lenses or minus lenses can be held up until the highest visual acuity, 1.e.

the greatest visual acuity, with maximum plus Is achieved.

In step 250, a refraction determination of the second eye can be performed analogously to

the previously described steps 210 to 240.

in step 260, a binocular spherical fine adjustment can be performed. To this end, step 240
can be performed under binocular conditions. To this end, the client can view, for

example, the clouds in the sky.

Optionally, a determination of measurement values from a measurement and correction
methodology In accordance with Haase with conventionally known tests can be performed

subsequently to the ascertainment of lower order refraction errors, such as sphere,

astigmatism and cylinder.
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1. A system (10) for determining the subjective refraction properties of an eye (20) of
a subject based on the use of a natural image (30), wherein the system includes
the foliowing:

- a memory device (11), in which at least one natural image (30) is stored,;

- a display apparatus (12) for displaying the at least one natural image (30)
from the memory device (11); and |

- an optics arrangement (13) for setting different light-refracting elements
(14, 15) info an optical path between the subject's eye (20) and the display
apparatus (12), wherein the optics arrangement (13) is arranged at a spect-
fied distance (d) from the display apparatus (12), wherein the natural image
(30) has at least two regions having different spatial frequencies (f).

2. The system as claimed in claim 1, characterized in that the natural image has a
spatial-frequency-dependent contrast (K), wherein the contrast decreases as the
spatial frequency (f) increases.

3. The system as claimed in claim 2, characterized in that the contrast (K) is inversely
proportional to the spatial frequency (f).

4, The system as claimed in any one of claims 1 to 3, characterized in that the con-

trast (K) of the natural image is elevated for higher spatial frequencies, in particular
to a contrast level of a natural scenery depicted by the natural image.

5. The system as claimed in any one of claims 1 to 4, characterized in that the natural
image (30) has a distribution of spatial frequencies (f) comprising a plurality of,
preferably all, spatial frequencies required for determining subjective refraction
properties of the subject's eye (20) in one image.

6. The system as claimed in any one of claims 1 to 5, characterized in that the natural
image (30) depicts structures with different spatial frequencies (f), wherein the spa-
tial frequency distribution, upon observation at the specified distance (d), has at

CA 2999408 2018-06-20
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least a spatial frequency of less than or equal to 0.3 cycles per degree and at least
a spatial frequency greater than or equal to 60 cycles per degree.

The system as claimed in claim 6, wherein the spatial frequency distribution, upon

observation at the specified distance (d), has at least a spatial frequency of less
than or equal to 0.01 cycles per degree and at least a spatial frequency greater

than or equal to 80 cycles per degree.

The system as claimed in any one of claims 1 to 7, characterized by a selection
device for selecting the natural image (30) in accordance with preferences of the

subject.

The system as claimed in any one of claims 1 to 8, characterized in that the natural

image (30) has at least one alien component.

The system as claimed in any one of claims 1 to 9, characterized in that at least a

portion of at least one vision symbol is integrated in the natural image (30).

The system as claimed in any one of claims 1 to 10, characterized in that the dis-
play apparatus (12) has a curved display surface.

The system as claimed in any one of claims 1 to 11, characterized by means (18)

for capturing one or more of the head movement and eye movement of the sub-

ject.

The system as claimed in any one of claims 1 to 12, characterized in that the natu-
ral image (30) is a video.

The system as claimed in any one of claims 1 to 13, characterized in that the sys-
tem (10) furthermore has an eccentric photorefractor (19).

CA 2999408 2018-06-20
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15.  The use of a natural image (30) for determining the subjective refraction properties
of an eye (20) of a subject, having a plurality of image regions, wherein different
image regions have different spatial frequencies and wherein the natural image de-
picts a natural scenery. |

16. A method (100) for determining the subjective refraction properties of an eye (20)
of a subject based on the use of a natural image (30), wherein the method includes
the steps of: |
- providing a syste'm (10) for determining the subjective refraction propertiés

of an eye (20) of a subject based on the use of a natural image (30),
wherein the system includes the foliowing:
- a memory device (11), in which at least one natural image (30) is
stored;
- a display apparatus (12) for displaying the at least one natural im-
age (30) from the memory device (11);
- an optics arrangement (13) for setting different light-refracting ele-
ments (14, 15) into an optical path between the subject’s eye (20)
and the display apparatus (12);
. displaying the at least one natufal image (30), which is stored in a memory
device (11), on the display apparatus (12); and
- setting different light-refracting elements (14, 15) into the optical path be-
tween the subject's eye (20) and the display apparatus (12) using the optics
arrangement (13), wherein the optics arrangement (13) is arranged at a-
specified distance (d) from the display apparatus (12};
wherein the natural image (30) has at least two regions having different spatial fre-

quencies (f).

CA 2999408 2018-06-20
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