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OPTICAL FILTERS AFFECTING COLOR VISION IN A DESIRED MANNER
AND DESIGN METHOD THEREOF BY NON-LINEAR OPTIMIZATION

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit of priority to U.S. Provisional Patent
Application No. 62,133,207 titled “Optical Filters Affecting Color Vision In A
Desired Manner And Design Method Thereof By Non-Linear Optimization” filed
March 13, 2015, which is incorporated herein by reference in its entirety.

[0002] This application is also related to U.S. Patent Application No. 14/014,991
titled “Multi-Band Color Vision Filters and Method by LP-Optimization” filed
August 30, 2013 and to PCT/US2012/027790 titled “Multi-Band Color Vision Filters
and Method by LP-Optimization” filed March 5, 2012, both of which are incorporated

herein by reference in their entirety.

Field of the Invention

[0003] The invention generally relates to optical filters that provide regulation
and/or enhancement of chromatic and luminous aspects of the color appearance of
light as seen by human color vision, generally to applications of such optical filters, to
applications of such optical filters in ophthalmic lenses, to therapeutic applications of
such optical filters, to industrial and safety applications of such optical filters when
incorporated, for example, in radiation-protective eyewear, to methods of designing
such optical filters, to methods of manufacturing such optical filters, and to designs
and methods of incorporating such optical filters into optical systems including, for

example, eyewear, contact lenses, windows, coatings, and illuminants.

BACKGROUND

[0004] Optical filters are devices having wavelength-selective transmission acting
on sources or receivers of light. Such filters may be configured to transform aspects of
color appearance as seen by the human eye. Optical filters that improve or modify
aspects of color vision may provide therapeutic benefit to persons with color vision
deficiency, to persons with low-vision disorders and to persons with normal color
vision. Optical filters may provide eye-protection from high-energy radiation in the
ultra-violet, visible, and/or infrared spectra. Apparatus incorporating optical filters
affecting color vision and/or color appearance include eyewear, contact lenses, scope

assemblies, cameras, windows, coatings and lamp assemblies. Such apparatus may be
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generally referred to as optical systems. Apparatus wherein the optical filters act to
modify light received by the eye using a lens or shield disposed in front of the face or

eye are generally referred to as ophthalmic systems.

SUMMARY
[0005] Disclosed herein are methods for designing optical filters that, for example,
provide enhancement and/or regulation to the appearance of color with respect to
human color perception. The optical filter designs produced by the described methods
may be used as the basis for manufacturing specifications to fabricate the optical
filters using absorptive optical materials, such as narrow-band absorbing dyes and/or
broad-band absorbing dyes. Such filters may be manufactured as a coating applied
onto the surface of an optical substrate where the optical substrate is substantially
transparent, or may be incorporated into the bulk mass of an optical substrate, or both.
The optical substrate may, for example, be incorporated into eyewear (e.g.,
eyeglasses, sunglasses, face-shields, monocles, safety lenses, contact lenses, or any
other suitable ophthalmic lenses), or may be incorporated into scope assemblies (e.g.
binoculars), or into camera lenses (e.g. as a filter placed on a camera lens assembly),
or may be incorporated into lamp assemblies (e.g., light bulbs, flashlights), or may be
incorporated into coatings applied to a reflective surface (e.g. clear-coating applied
onto a paper or other substrate that has been pigmented by paint or by a printing
process).
[0006] An ophthalmic lens is a lens for use with an eye. An ophthalmic lens may
provide optical (focusing) correction to the eye, or it may be of zero power and
provide no such correction. Eyeglass lenses (e.g., clear or substantially transparent
lenses), tinted or colored lenses, sunglass lenses, polarized lenses, gradient lenses,
photochromic lenses, multi-focal (e.g. progressive, bifocal and trifocal) lenses and
contact lenses are examples of ophthalmic lenses.
[0007] Optical filters may be characterized by measurable properties pertaining to
their transmittance spectra. Herein, the unqualified use of the term “filter” shall be
understood to mean “optical filter”, unless otherwise specified. Transmittance is the
fraction of light that passes through the filter at a particular wavelength. The
transmittance may be stated as a ratio, e.g. 0.40, or as a percent, e.g. 40%. The visible
wavelengths of light are between about 390 nanometers and about 750 nanometers,

however it is also reasonable to consider only wavelengths between 400 nanometers
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and about 700 nanometers, or between 420 nanometers and about 670 nanometers,
because the human eye is relatively insensitive to light having a wavelength near the
ends of the visible spectrum and the properties of filters near the end of the visible
spectrum may therefore have little to no impact on color perception. The
transmittance spectrum of a filter refers to its transmission across the visible spectrum
of light, unless otherwise specified herein. The transmittance spectra of filters may be
simulated on a computer by tabulating the transmittance per wavelength, using a
wavelength step size of 1 nanometer, for example, or using any other reasonable step
size or other sampling method.

[0008] The mean transmittance of a filter is the average transmittance over a
contiguous range of wavelengths, for example, the mean transmittance between 500
nanometers and 599 nanometers may be calculated by summing the transmittance at
each wavelength within the range using a step size of 1 nanometer, and then dividing
the sum by 100.

[0009] The luminous transmittance of a filter is the weighted average transmittance
of a standard illuminant by the filter, where the weighting function is a photopic
luminous efficiency function defined by a standard observer model. In the present
disclosure the luminous transmittance of a filter is defined as the weighted average
transmittance of CIE Standard Illuminant D65 and the weighting function is the
photopic luminous efficiency function defined by the CIE 1932 2-degree Standard
Observer.

[0010] The white-point of a filter is the (x,y) chromaticity coordinates of average
daylight as seen through the filter, where average daylight is defined as CIE Standard
[Mluminant D65 and the (x,y) chromaticity coordinates are calculated according to the
CIE 1932 2-degree Standard Observer and the CIE Yxy color space, unless otherwise
specified.

[0011] The correlated color temperature of a filter is the temperature corresponding
to a point on the black-body locus nearest to the white-point of the filter.

[0012] Measurement of the transmittance spectra of filters integrated into an
ophthalmic system may be performed for example by averaging the measurement
over a region of the lens corresponding to at least a 10-degree field of view, when the
ophthalmic system is used to filter light received by the eye in a typical fashion. For
example, the spectral measurement may be performed by passing a reference light

through an area on an eyeglass lens having a diameter between about 5 millimeters
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and about 20 millimeters at the center of the lens, and then performing a spectral
analysis on the light transformed by the ophthalmic system. A similar measurement
on a contact lens would use a smaller area that is appropriately chosen and
proportional to the diameter of the lens. Measurement of the transmittance spectra of
filters integrated into a lamp assembly may comprise averaging the spectral response
of the system over a portion of the output beam, for example corresponding to about
10% of the total output light power. Any reasonable method of measuring the spectral
response of a filter integrated into a system may be used, wherein the method of
measurement is appropriately chosen for consideration of the visual effect that the
filter causes (i.e. the effect as seen by a normal unaided human eye).
[0013] If an optical filter is incorporated into an ophthalmic lens, then its properties
may be measured according to industry-standard conventions and definitions, for
example, the calculations just described are defined with respect to eyewear by
American National Standards Institute Z80.3-2010 section 4.6 (transmittance), section
4.6.1 (luminous transmittance), section 4.6.2 (mean transmittance), and section 4.6.3.1
(white-point/chromaticity coordinates of average daylight). Similar calculations for
contact lenses are defined by ANSI Z80.20-2010, for intraocular lenses by ANSI
7.80.7-2002, and for ski and snow goggles by ASTM F659-12.
[0014] In one aspect, a computer implemented method for designing an optical filter
for affecting color vision in a desired manner, where the filter comprises a
combination of two or more dye components, comprises using a computer to simulate
the state of a filter given in terms of its component dye concentrations, which are
given using a dye-formula in the form

F=0, Q1+ ... anQn
wherein, in the above formula, Q; represents the dye optical density spectrum and o
represents the corresponding dye concentration for the /™ dye. And, in this method,
the transmittance spectrum of the filter, tr, is simulated by the combination of the dye
components according to the Beer-Lambert law,

=100

and, the method comprises repeatedly (iteratively) executing a routine that selects an
optimal change to the dye formula (referred to herein as a dye increment), until the
filter reaches a desired target luminous transmittance (ty). And, at each repetition of
the routine the optimal change to the dye formula is selected from a collection of

candidate changes, wherein each change corresponds to a small discrete increment in
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dye concentration for a dye, and the optimal change is the one that maximizes the
ratio of change in colorimetric performance per the decrease in luminous
transmittance of the corresponding candidate filter, and/or the optimal change is the
one that maximizes the ratio of the decrease in distance to the target white-point per
the decrease in luminous transmittance of the candidate filter.

[0015] In some embodiments the target white-point is a single point in a
chromaticity space. In some embodiments the target white-point is a circular region in
a chromaticity space. In some embodiments the target white-point is a quadrilateral
region in a chromaticity space. In some embodiments the target white-point is on the
black-body locus at a location corresponding to a black-body radiator with a color
temperature between about 2700 Kelvin and about 10000 Kelvin.

[0016] In some embodiments the target white-point is configured so that the
resulting filter color is blue (i.e., that the apparent color of white light is transformed
to a blue color when passing through the filter). In some embodiments the target
white-point is configured so that the filter color is violet. In some embodiments the
target white-point is configured so that the filter color is pink. In some embodiments
the target white-point is configured so that the filter color is purple. In some
embodiments the target white-point is configured so that the filter color is vermillion
(vermillion is a pinkish-gray color). In some embodiments the target white-point is
configured so that the filter color is yellow. In some embodiments the target white-
point is configured so that the filter color is brown. In some embodiments the target
white-point is configured so that the filter color is red. In some embodiments the
target white-point is configured so that the filter color is gray.

[0017] In some embodiments an additional constraint is provided to ensure that the
transmittance of the filter between 580 nanometers and 600 nanometers is at least 5%,
oris at least 1/10" of the luminous transmittance, or is at least 1/5" of the luminous
transmittance of the filter.

[0018] In some embodiments, the method is modified to limit the maximum
concentration of certain dyes to comply with solubility limits necessary for
manufacturing an article containing that dye in a desired polymeric substrate.

[0019] In some embodiments, the method is modified to use recursive look-ahead,
so that the calculation of the optimal change considers the best incremental increase in
dye concentration taking into account the anticipated future changes that may be

needed to maintain the input constraint conditions.
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[0020] In some embodiments, the method is configured to operate using a set of
standard dyes, where a standard dye is defined as a dye having a full-width-half-
maximum width greater than 40 nanometers around its peak absorption wavelength.
The peak absorption wavelength is the wavelength within the visible spectrum where
the optical density of the dye reaches its maximum. Some dyes may have higher
optical density in regions outside the visible spectrum (e.g. in the ultra-violet or
infrared spectrum), however these properties are not relevant to the design of filters
for affecting color vision in a desired manner.

[0021] In some embodiments, the method is configured to operate using a set of
narrow-band dyes, where a narrow-band dye is defined as a dye having a full-width-
half-maximum width of at most 40 nanometers around its peak absorption
wavelength.

[0022] In some embodiments, the method is configured to operate using a set of
dyes including at least one narrow-band dye and at least one standard dye.

[0023] In some embodiments, the method is configured to use the red-green
separation factor as the colorimetric performance measure.

[0024] In some embodiments, the colorimetric performance measure is calculated
by measuring the chromaticity gamut area of a set of reference colors (e.g. for a set of
Munsell color swatches) as seen through the filter.

[0025] In another aspect, a colorimetric performance metric for characterizing a
filter for affecting color vision comprises calculating the mean transmittance over
three adjacent non-overlapping spectral regions: over a green region between about
500 nanometers and about 555 nanometers (tg), over a yellow region between about
555 nanometers and about 600 nanometers (ty), and over a red region between about
600 nanometers and about 650 nanometers (tg), and then calculating the luminous
transmittance of the filter (ty), and then calculating the red-green separation factor of

the filter (Wrg) using the formula:

Pre = (o < (g + ) /2) /1y) = 1) /(1 —7) + 1)

The red-green separation factor, as defined herein, is zero for neutral filters (filters
having a constant transmittance per wavelength), and is greater than zero for filters
that enhance the saturation and/or brightness of colors organized along the red-green

axis of color space.
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[0026] In another aspect, a filter for affecting color vision in a desired manner
comprises one or more narrow-band dyes, and the filter has a luminous transmittance
of at least 40% and a red-green separation factor of at least 1.0.

[0027] In some embodiments, the filter comprises two or more narrow-band dyes.
[0028] In some embodiments, the filter comprises three or more narrow-band dyes.
[0029] In some embodiments, the filter comprises four or more narrow-band dyes.
[0030] In some embodiments, the filter comprises five or more narrow-band dyes.
[0031] In some embodiments, the filter comprises one or more narrow-band dyes
and one or more standard dyes.

[0032] In some embodiments, the filter comprises two or more narrow-band dyes
and one or more standard dyes.

[0033] In some embodiments, the filter comprises three or more narrow-band dyes
and one or more standard dyes.

[0034] In some embodiments, the filter comprises four or more narrow-band dyes
and one or more standard dyes.

[0035] In some embodiments, the filter comprises five or more narrow-band dyes
and one or more standard dyes.

[0036] In some embodiments, the filter has a luminous transmittance that is greater
than 40% and has a red-green separation factor that is greater than 1.0.

[0037] In some embodiments, the filter has a luminous transmittance that is greater
than 40% and has a red-green separation factor that is greater than 1.25.

[0038] In some embodiments, the filter has a luminous transmittance that is greater
than 40% and has a red-green separation factor that is greater than 1.5.

[0039] In some embodiments, the filter has a luminous transmittance that is greater
than 40% and has a red-green separation factor that is greater than 2.0.

[0040] In some embodiments, the filter has a luminous transmittance that is greater
than 50% and has a red-green separation factor that is greater than 1.0.

[0041] In some embodiments, the filter has a luminous transmittance that is greater
than 50% and has a red-green separation factor that is greater than 1.25.

[0042] In some embodiments, the filter has a luminous transmittance that is greater
than 50% and has a red-green separation factor that is greater than 1.5.

[0043] In some embodiments, the filter has a luminous transmittance that is greater

than 50% and has a red-green separation factor that is greater than 2.0.
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[0044] In some embodiments, the filter has a luminous transmittance that is greater
than 60% and has a red-green separation factor that is greater than 1.0.

[0045] In some embodiments, the filter has a luminous transmittance that is greater
than 60% and has a red-green separation factor that is greater than 1.25.

[0046] In some embodiments, the filter has a luminous transmittance that is greater
than 60% and has a red-green separation factor that is greater than 1.5.

[0047] In some embodiments, the filter has a luminous transmittance that is greater
than 60% and has a red-green separation factor that is greater than 2.0.

[0048] In some embodiments, wherein the filter has a luminous transmittance of at
least about 40% and the filter has a red-green separation factor of at least 1.0, the filter
color is blue.

[0049] In some embodiments, wherein the filter has a luminous transmittance of at
least about 40% and the filter has a red-green separation factor of at least 1.0, the filter
color is blue-green.

[0050] In some embodiments, wherein the filter has a luminous transmittance of at
least about 40% and the filter has a red-green separation factor of at least 1.0, the
filter color is violet.

[0051] In some embodiments, wherein the filter has a luminous transmittance of at
least about 40% and the filter has a red-green separation factor of at least 1.0, the
filter color is purple.

[0052] In some embodiments, wherein the filter has a luminous transmittance of at
least about 40% and the filter has a red-green separation factor of at least 1.0, the filter
color is pink.

[0053] In some embodiments, wherein the filter has a luminous transmittance of at
least about 40% and the filter has a red-green separation factor of at least 1.0, the filter
color is vermillion (vermillion is a pinkish-gray).

[0054] In some embodiments, the white-point of the filter is configured to have a
correlated color temperature between 2700 Kelvin and 10000 Kelvin and the distance
of the filter white-point to the black-body locus is at most about 0.05 units in the CIE
(x,y) 1932 2-degree standard observer chromaticity space.

[0055] In some embodiments, the white-point of the filter is configured to have a
correlated color temperature between 2700 Kelvin and 10000 Kelvin and the distance
of the filter white-point to the black-body locus is at most about 0.025 units in the CIE

(x,y) 1932 2-degree standard observer chromaticity space.
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[0056] In some embodiments, the filter comprises a first narrow-band dye with peak
absorption wavelength of about 575 nanometers, and a second narrow-band dye with
peak absorption wavelength of about 595 nanometers.

[0057] In some embodiments, the filter comprises a first narrow-band dye with peak
absorption wavelength of about 575 nanometers, and a second narrow-band dye with
peak absorption wavelength of about 595 nanometers, and the concentration of the
dyes are configured so that the transmittance of the filter at 575 nanometers is about
10% +/- 5%.

[0058] In some embodiments, the filter comprises a first narrow-band dye with peak
absorption wavelength of about 575 nanometers, and a second narrow-band dye with
peak absorption wavelength of about 595 nanometers, and the concentration of the
dyes are configured so that the transmittance of the filter at 595 nanometers is about
5% +/- 3%.

[0059] In some embodiments, the filter comprises a first narrow-band dye with peak
absorption wavelength of about 595 nanometers, and a second narrow-band dye with
peak absorption wavelength of about 475 nanometers, and the dye concentrations are
configured so that the transmittance of the filter at 475 nanometers is at least about 4
times greater than the transmittance of the filter at 595 nanometers, and so that the
luminous transmittance of the filter is at least 40%, or is at least 50%, or is at least
60%.

[0060] In some embodiments, the filter comprises a first narrow-band dye with peak
absorption wavelength of about 575 nanometers, and a second narrow-band dye with
peak absorption wavelength of about 475 nanometers, and the dye concentrations are
configured so that the transmittance of the filter at 475 nanometers is at least about 3
times greater than the transmittance of the filter at 575 nanometers, and so that the
luminous transmittance of the filter is at least 40%, or is at least 50%, or is at least
60%.

[0061] In another aspect, a method for prescribing an ophthalmic lens to an
individual suffering from color vision deficiency comprises testing the color vision of
the individual and then prescribing (recommending or selecting) a lens containing an
optical filter wherein if the individual has deuteranomaly then a lens is selected such
that the transmittance of the filter at 575 nanometers is at least two times greater than

the transmittance at 595 nanometers, and/or if the individual has protanomaly then a
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lens is selected such that the transmittance of the filter at 595 nanometers is at least
two times greater than the transmittance at 575 nanometers.

[0062] In another aspect, a method for prescribing an ophthalmic contact lens to an
individual suffering from color vision deficiency comprises testing the color vision of
the individual and then prescribing (recommending or selecting) a lens containing an
optical filter wherein if the individual has deuteranomaly then a lens is selected such
that the transmittance of the filter at 575 nanometers is at least two times greater than
the transmittance at 595 nanometers, and/or if the individual has protanomaly then a
lens is selected such that the transmittance of the filter at 595 nanometers is at least
two times greater than the transmittance at 575 nanometers, and the luminous
transmittance of the filter is greater than about 70%.

[0063] In another aspect, a filter for affecting color vision in a desired manner
comprises one or more narrow-band dyes, and the filter has a luminous transmittance
of at least about 70%, and has a mean transmittance between 390 nanometers and 430
nanometers of at most 25%, and the filter comprises a narrow-band dye having a peak
absorption wavelength of about 595 nanometers, and the concentration of the narrow-
band dye is configured so that the transmittance of the filter at 595 nanometers is at
most about 75%.

[0064] In some embodiments, the filter has a luminous transmittance of about 85%
and has a mean transmittance between 390 nanometers and 430 nanometers of about
20%.

[0065] In some embodiments, the filter has a luminous transmittance of about 75%
and has a mean transmittance between 390 nanometers and 430 nanometers of about
5%.

[0066] In some embodiments, the filter comprises a first narrow-band absorbing dye
having a peak absorption wavelength of about 595 nanometers, and a second narrow-
band dye having a peak absorption wavelength of about 405 nanometers, and the
second narrow-band dye also has a lesser absorption peak at about 510 nanometers.
[0067] In some embodiments, the filter comprises a first narrow-band absorbing dye
having a peak absorption wavelength of about 595 nanometers, and a second narrow-
band dye having a peak absorption wavelength of about 420 nanometers, and the
second narrow-band dye also has a lesser absorption peak at about 525 nanometers.
[0068] In another aspect, a filter for affecting color vision in a desired manner

comprises one or more narrow-band dyes and one or more blue-absorbing standard
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dyes, and the filter has a luminous transmittance of at most 40%, and the filter
transmittance between 390 nanometers and 425 nanometers is at most 1%.

[0069] In some embodiments, the filter transmittance between 390 nanometers and
450 nanometers is at most 1%.

[0070] In some embodiments, the filter comprises a narrow-band dye with a peak
absorption wavelength of about 595 nanometers, and the concentration of said
narrow-band dye is configured so that the transmittance of the filter at 595
nanometers is at most about 10%.

[0071] In another aspect, a filter comprising one or more narrow-band dyes and
optionally one or more standard dyes, where the filter is configured to affect color
vision in a desired manner, is incorporated into an ophthalmic system.

[0072] In some embodiments, the ophthalmic system is a type of eyewear
comprising an ophthalmic lens and/or window, for example a spectacle lens, sunglass
lens or face shield. In some such embodiments the filter may be incorporated so that a
portion of the visual field is affected where the portion of the visual field is where
near-field viewing conditions occur. In some such embodiments the filter may be
incorporated so that a portion of the visual field is affected where the portion of the
visual field is where far-field viewing conditions occur.

[0073] In some embodiments wherein the ophthalmic system is a type of eyewear,
the filter is incorporated into a coating that is applied to the surface of a lens substrate.
[0074] In some embodiments wherein the ophthalmic system is a type of eyewear,
the filter is incorporated into the bulk material of a lens substrate.

[0075] In some embodiments wherein the ophthalmic system is a type of eyewear,
the filter is incorporated into both the bulk material of a lens substrate and into a
coating that is applied to the surface of the lens substrate.

[0076] In some embodiments wherein the ophthalmic system is a type of eyewear,
the lens assembly includes a second filter where the second filter is or comprises a
photochromic dye, or is or comprises a linear polarizer, or is or comprises a circular
polarizer.

[0077] In some embodiments the ophthalmic system comprises a contact lens.
[0078] In some embodiments the ophthalmic system comprises an intra-ocular lens.
[0079] In another aspect, a filter affecting color vision in a desired manner, where

the filter comprises one or more narrow-band dyes, is incorporated into an optical

system.
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[0080] In some embodiments, the optical system is a lamp assembly and the filter is

incorporated so that some or all of the light emitted by the lamp is filtered.

[0081] In some embodiments, the lamp assembly is a flashlight, headlight or similar
portable light source.

[0082] In some embodiments, the optical system is light bulb, light fixture or similar

permanently-installable light source.

BRIEF DESCRIPTION OF THE DRAWINGS

[0083] Figure 1: Process flow diagram depicting iterative method of designing an
optimized dye-formula for a filter affecting color vision in a desired manner.

[0084] Figure 2: Process flow diagram depicting method of measuring candidate
improvements to a dye-formula for a filter affecting color vision in a desired manner.
[0085] Figure 3: Process flow diagram depicting method of measuring
improvement for a candidate improved filter where the improvement desired is to
increase a colorimetric performance metric.

[0086] Figure 4: Process flow diagram depicting method of measuring
improvement for a candidate improved filter where the improvement desired is to
restore compliance with a target white-point constraint.

[0087] Figure S: Absorptance spectra of the S-cone, M-cone, L-cone and rod
photopigments for a typical human eye.

[0088] Figure 6: Chromaticity diagram showing regions having canonical color
names, and a triangular region comprising intermediate colors between green and red.
[0089] Figure 7: Graph of the distance between the white-point and the spectral
locus per wavelength, and a rectangular region denoting the wavelengths
corresponding to spectral colors between green and red.

[0090] Figure 8: Optical density spectra of selected standard dyes.

[0091] Figure 9: Transmittance spectra of blue-colored filters comprising standard
yellow-absorbing dyes.

[0092] Figure 10: Transmittance spectra of pink-colored filters comprising standard
yellow-absorbing dyes.

[0093] Figure 11: Transmittance spectra of blue-colored filters comprising

neodymium-oxide.
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[0094] Figure 12: Optical density spectra of a standard yellow-absorbing dye, and
of a narrow-band yellow-absorbing dye.

[0095] Figure 13: Optical density spectra of selected narrow-band dyes.

[0096] Figure 14: Transmittance spectra of blue-colored filters comprising a single
narrow-band dye.

[0097] Figure 15: Transmittance spectra of pink-colored filters comprising a single
narrow-band dye.

[0098] Figure 16: Transmittance spectra of blue-colored filters comprising a
plurality of narrow-band dyes.

[0099] Figure 17: Transmittance spectra of vermillion-colored filters comprising a
plurality of narrow-band dyes.

[0100] Figure 18: Transmittance spectra of gray-colored filters comprising a
plurality of narrow-band dyes.

[0101] Figure 19: Transmittance spectra of HEV (high energy visible) radiation-
absorbing filters comprising a plurality of narrow-band dyes and/or standard dyes.
[0102] Figure 20: Transmittance spectra of achromatopsia-assistive filters
comprising a plurality of narrow-band dyes and/or standard dyes.

[0103] Figure 21: Chromaticity plot showing white-point locations of selected
filters, and chromaticity regions for categorization of filter colors.

[0104] Figure 22: Scatter plot of luminous transmittance versus red-green
separation factor for selected filter examples, and three regions for categorization of
colorimetric filter performance.

[0105] Figure 23A: Schematic diagram showing construction of an ophthalmic lens
comprising a functional dye-based filter applied as a bonded coating on a lens
substrate.

[0106] Figure 23B: Schematic diagram of a lamp source assembly comprising a
functional dye-based filter incorporated as an optical window intersecting with the
lamp output beam.

[0107] Figure 24A: Diagram showing region on a lens where a filter can be applied
to provide a desired effect on color vision for near-field viewing conditions.

[0108] Figure 24B: Diagram showing region on a lens where a filter can be applied
to provide a desired effect on color vision for far-field viewing conditions.

[0109] Figure 25: Example process flow diagram for describing and demonstrating

the syntax and structure of process flow diagrams as they appear in other figures.
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[0110] Figure 26: Table of normalized optical density spectra of standard dyes.
[0111] Figure 27: Table of transmittance spectra for DCB series of optical filters.
[0112] Figure 28: Table of transmittance spectra for DCP series of optical filters.
[0113] Figure 29: Table of transmittance spectra for ACE series of optical filters.
[0114] Figure 30: Table of normalized optical density spectra of narrow-band dyes.
[0115] Figure 31: Table of transmittance spectra for DMB series of optical filters.
[0116] Figure 32: Table of transmittance spectra for DMP series of optical filters.
[0117] Figure 33: Table of transmittance spectra for CXB series of optical filters.
[0118] Figure 34: Table of transmittance spectra for CXV series of optical filters.
[0119] Figure 35: Table of transmittance spectra for CXN series of optical filters.
[0120] Figure 36: Table of transmittance spectra for UVH series of optical filters.
[0121] Figure 37: Table of transmittance spectra for ACR series of optical filters.
[0122] Figure 38: Table of properties of filters having Wrg > 1 and 1, > 0.40.
[0123] Figure 39: Table of properties of filters having Wrg < 1.

DETAILED DESCRIPTION

[0124] The following detailed description should be read with reference to the
drawings, in which identical reference numbers refer to like elements throughout the
different figures. The drawings, which are not necessarily to scale, depict selective
embodiments and are not intended to limit the scope of the invention. The detailed
description illustrates by way of example, not by way of limitation, the principles of
the invention. This description will clearly enable one skilled in the art to make and
use the invention, and describes several embodiments, adaptations, variations,
alternatives and uses of the invention, including what is presently believed to be the
best mode of carrying out the invention. As used in this specification and the
appended claims, the singular forms “a,” “an,” and “the” include plural referents
unless the context clearly indicates otherwise.

[0125] Optical filters may be incorporated into eyewear to provide a variety of
useful effects for assisting with color vision, in particular for providing better color
vision to persons with color vision deficiency. As described in U.S. Patent
Application No. 14/014,991, the relevant design constraints for optical filters
affecting color vision in a desired manner are readily stated in the form of a linear
program and rapidly solvable with a unique global optimum solution given a cost

function. Such constraints include, for example, the chromaticity and/or luminosity
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bounds required on the appearance of any specified light source as seen through the
filter. The constraints of a well-formed (solvable) linear program form a »-
dimensional polyhedron where # is the number of basis elements. The basis elements
are, for example, monochromatic light sources (discrete dirac-delta functions) for
each wavelength of light, or may be Gaussian basis functions, or any function of
transmittance versus wavelength. Furthermore, a general property of solutions to
linear programs is that they are necessarily located at the vertex of the n-dimensional
constraining polyhedron. This type of optimality condition is equivalent to the
statement that it is always preferable to maximize utilization of a particular basis
element (e.g. an element with the least cost), prior to any utilization of a basis element
with higher cost. In the absence of any specified constraints on the minimum and
maximum spectral transmittance, the optimal filter must have a binary transmittance
function per wavelength, meaning that at each wavelength the filter is either 100%
transmitting or 100% blocking. In other words, any filter solution that has smoothly
changing transmittance function versus wavelength corresponds to linear program
solution that is located on the interior of the constraint polyhedron, and therefore is
not optimal since it does not minimize cost (or, equivalently, maximize benefit) with
respect to the constraining conditions. In the event where constraints are specified, for
example governing the minimum necessary luminosity for certain lights, these can
lead to regions where the minimum spectral transmittance has a lower bound. For
example, the use of such lower bound constraints can result in the appearance of a
shoulder feature that extends from a pass-band into an adjacent stop-band. In
summary, optimized filters for affecting color vision in a desired manner are those
with one or more stop-band (notch) cutouts, and where the absolute magnitude of the

slope at each band transition is as high as possible. This characteristic of the band

2% LC
2

transitions of such filters may also be described as being “sharp”, “narrow-band

2
2

width”, “high-frequency”, “high attenuation factor” or similar terms.

[0126] Means for implementing filters with one or more sharp stop-bands as
described include dielectric stacks (equivalent to an optical infinite impulse response
filter), polarization retarder stacks (equivalent to an optical finite impulse response
filter), absorptive dyes, fluorescent dyes, and hybrid approaches comprising two or
more of the aforementioned means. Dielectric stacks and polarization retarder stacks
can both be considered types of general filter design technologies, in that they are

capable of being adapted to nearly arbitrary target filter specifications. Such
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technologies are appropriate for use with the design method based on linear
programming described above. However, for the design of filters based on
combinations of dyes, it may be preferable to use a different method that is preferable
for determining the appropriate dye-formula using an iterative algorithm that
accommodates the non-linear mixing properties of dyes. The properties of dyes are
inherently non-linear (being characterized according to the Beer-Lambert law), and
therefore are not suitable as inputs to a linear program solver. In addition, design of
dye-based filters poses additional problems including: 1) dyes are limited to discrete
choices due to underlying chemistry, and the optical density spectrum of dyes
available for formulation may not be readily modified. 2) the spectral absorptance of
dyes, e.g. in a polymeric carrier matrix, are not ideally selective and often have side-
bands or otherwise cause absorption in disparate areas of the spectrum, 3) dyes impart
coloration to filters which may have aesthetic consequences (in particular when
incorporated into eyewear). Given a theoretically optimal target transmittance
spectrum (e.g. as calculated by the method of linear programming), it may be difficult
to find a combination of dyes that approximates the target accurately while also
providing adequate performance with respect to the desired effect on color vision. In
addition, for filters that comprise a complex formula of two or more dye components,
the filter properties change under any scalar modification of the formula. For
example, suppose a dye formula is diluted in equal proportion over its dye
components to arrive at a new filter with a higher luminous transmittance. The diluted
filter will be less optimal than a filter that is designed (e.g. using the method described
below) to have the same target luminous transmittance as the diluted filter.

[0127] An iterative method for designing and optimizing filters that affect color
vision in a desired manner, where the filters are based on combinations of dyes
(specified using a dye-formula), is described in detail below. This method, when
implemented on a computer, enables automatic optimization of a dye-formula for
filter affecting color vision in a desired manner. The dye-formulas provided by this
method can be used as the basis for a manufacturing specification of such filters.
Examples of filters designed using this method and/or variations of the method, the
filters’ desired effects on color vision, and other detailed descriptions are provided
along with description of Figures 14-20. The method, as described herein, is capable
of producing dye-formulas for filters that are optimized with respect to a colorimetric

performance metric, while also satisfying one or more constraints, e.g. constraints on
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the chromaticity and/or luminosity of certain specified light sources. In some variants
of the method the colorimetric performance metric is defined as the red-green
separation factor, which is defined and described in detail below. In some variants the
colorimetric performance metric is the chromaticity gamut area of a set of specified
reference colors. In some variants the colorimetric performance metric is the
minimization of transmission of high-energy visible light (i.e. short-wavelength blue
light). In some variants the colorimetric constraints pertain to the luminosity and/or
chromaticity of a specified white light, for example, by requiring that the Standard
Iluminant D65 has a particular luminosity and its chromaticity (as viewed through the
filter) is bounded within a particular region in chromaticity space. In some variants
the colorimetric constraints pertain to the luminosity of a specified yellow light, for
example by requiring that yellow LEDs have a minimum luminosity necessary to
enable visibility of such lights when viewed through the filter. In some variants the
colorimetric constraints pertain to the limitation of scotopic transmittance to be a
fraction of the luminous transmittance, for example less than about one third (scotopic
light is light that is received by the rod cell photopigment comprising wavelengths
between about 430 nanometers and about 570 nanometers).

[0128] Figure 1 is a process flow diagram depicting an embodiment of the
aforementioned iterative method (algorithm) of optimizing a dye-formula for a filter
given a specification of design criteria. The design criteria shown include a vector of
the initial dye concentrations 101, the optical density spectra of dyes available for
formulation (component dyes) 102, the target white-point of the filter 103 (e.g. the
desired CIE 1932 (x,y) chromaticity coordinates of a reference illuminant), and the
power spectrum of the reference illuminant 104. Typically the reference illuminant is
CIE Standard Illuminant D65, but may also be another illuminant such as that of a
different phase of daylight, or a fluorescent lamp, or of a light-emitting diode, or any
other specified light source. The design criteria are provided as inputs to the dye
formula optimization algorithm 105, within which an iterated process takes place,
wherein an initial set of dye concentrations is iteratively updated until the process is
terminated, and the state of the dye concentrations upon termination is a set of
optimized dye concentrations 112.

[0129] The iteration process is initialized by simulating a filter using the initial dye
concentrations and the component dye optical density spectra. Typically the initial

dye concentrations are all zero, i.e. the initially simulated filter is fully transparent.
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The simulated filter is then checked with respect to the specified white-point
constraints. The white-point of the filter is calculated in terms of a two-dimensional
chromaticity coordinate in a suitable color space, for example CIE Yxy or CIE LUV
color space. The white-point constraint check comprises measuring the distance
between the target white-point 103 and the white-point provided by the currently
simulated filter with respect to the reference illuminant. If the target white-point is a
single point, then the distance is a vector length. If the target white-point is a 2-
dimensional region, then the distance is the length of the shortest line connecting the
currently provided white-point to the boundary of the region, or zero for points
located on the boundary of the region or located within the region. The filter white-
point check is considered to pass (i.e., is in compliance) if the distance value is less
than an appropriately chosen epsilon, for example about 0.001 units in the CIE (x,y)
chromaticity space. In some variations a larger epsilon value (e.g. 0.05 units in the
CIE (x,y) chromaticity space) may be chosen, where the use of a larger epsilon value
is equivalent to defining a circular, curved or rounded target white-point region. If the
filter white-point check is considered to pass, then a sub-process is performed wherein
improvements to the colorimetric performance of the filter are considered 108. If the
check is considered to not pass (i.e. is not in compliance), then a sub-process is
performed wherein improvements to the filter white-point compliance are considered
107. The two aforementioned sub-processes 107 108 analyze the current dye-formula
and then select a new dye-formula that corresponds to a new simulated filter. These
data are then provided to another sub-process where the luminous transmittance of the
filter is measured 110. If the luminous transmittance is less than or equal to the target
luminosity 109, then the dye-formula optimization process is terminated and the
current dye concentrations are output as the final optimized dye-formula 112. If the
luminous transmittance is greater than the target luminosity, then the dye
concentration vector 111 is updated and the process flow as just described is repeated
by returning to the filter white-point check step indicated at 106.

[0130] Each time the process loop shown is executed, the concentration of one of
the dyes is increased, causing a non-linear transformation to the currently simulated
filter. As the concentrations are monotonically increasing with each iteration, the
luminosity of the filter will be lesser with each iteration, eventually resulting in the
termination of the process when the filter reaches the desired target luminosity. In

each iteration, the amount of change in dye concentration amounts to a small discrete
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step, which, over time approximate a continuous line in an #n-dimensional space where
n is the number of dye optical density spectra 102 provided from the set of dyes
available for formulation. The optimality of the resulting filter is a consequence of the
optimality of the each step along this line. The method of choosing the optimal step in
each of the sub-processes 106 and 107 is described in further detail below.

[0131] The sub-processes 106 and 107 in Figure 1 both consider possible
improvements to a dye-formula, and utilize a common algorithmic structure for
simulating the possible improvements, then measuring the efticacy of the candidate
improved filters, and then selecting the best improvement available from the
candidate options. A description of this general process is depicted in Figure 2. The
sub-processes 106 and 107 correspond to two variations of this general process, where
different types of improvements are considered. The calculation of efficacy for the
different types of improvements are explained below along with descriptions of
Figure 3 and Figure 4.

[0132] Referring now to Figure 2, the method of selecting the optimal improvement
to a dye-formula given a set of candidate improvements, is depicted as a process flow
diagram. Herein the process is initialized from the current set of dye concentrations
201, the set of optical density spectra of dyes available for formulation 202, and the
current simulated filter corresponding to the mixture of the component dyes in their
corresponding concentrations according to the dye formula 204, the transmittance
spectrum of the current filter 206, and a set of dye concentration increments 203
consisting of a dye increment corresponding to each dye. The dye concentration
increments are a small amount by which the concentration of a corresponding dye will
be increased. For example, by increasing the total concentration by about 0.001 units.
The small dye increment values, when considered over time, approximate a
continuous change in concentration for each dye. The increment size must be selected
appropriately to produce a good approximation of continuity, otherwise the algorithm
could result in a non-optimal solution. For each dye concentration increment, a filter
is simulated 205 corresponding to the current dye-formula where the concentration of
the corresponding dye has been increased accordingly, resulting in a collection of
transmittance spectra of candidate filters 207. For each candidate filter corresponding
to a dye increment, the improvement efficacy with respect to the dye increment is
calculated 209, which involves a comparison between the candidate filter and the

current filter 206. The dye increment efficacy scores are then collected 210 and then
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sorted to choose the dye increment with the best performance 211 resulting in an
updated and optimally improved filter 212, and a new set of dye concentrations
corresponding to the improved filter 213, and the efficacy score corresponding to the
dye increment that was chosen as optimal 214. The new dye concentrations are then
returned to the enclosing routine which is described above along with Figure 1. In
addition, the efficacy score 214 can be monitored at each step to obtain insight into
the amount of improvement being achieved as the enclosing iterative design method
executes.

[0133] The calculation of a candidate improved filter 302 as compared to the current
filter 301, with respect to a colorimetric performance measure, is depicted in Figure 3.
The calculation is initialized by evaluating the colorimetric performance for both the
current filter 303 and for the candidate filter 304, and by calculating the luminous
transmittance of the current filter 305 and of the candidate filter 306. Then, the
amount of change in both quantities is calculated, providing the amount of change in
colorimetric performance between the current and candidate filters 307, and the
amount of decrease in luminosity between the current and candidate filters 308. Note
that the candidate filter always has a lower luminous transmittance than the current
filter, however the colorimetric performance may be either greater or lesser depending
on which dye concentration was incremented in the formulation of the candidate
filter. The two differences are then compared as a ratio 309 giving the rate of change
in colorimetric performance per change in luminous transmittance, which can be
understood as a measure of the improvement efficacy of the corresponding dye
increment 310 with respect to the colorimetric performance.

[0134] In the above calculation it may be useful to understand that, given a current
dye formula and corresponding filter, and the set of dyes available for formulation, it
is desired to increase the concentration of the dye that is most effective toward
improving the colorimetric performance, however the total amount of dye that can be
“loaded” into a formula is limited by the target luminosity of the filter. Therefore, the
dye that maximally increases the colorimetric performance may not be the optimal
dye to increase in concentration if it also has a high cost in terms of how much it
decreases the filter luminosity. If we consider available luminosity as a resource that
is spent / cost that is incurred by increasing dye concentration, then the optimal dye to

increase is the one that gives the best cost:benefit ratio between the luminosity and the
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colorimetric performance. The calculation of Figure 3 as described above can be
understood as a calculation of that cost:benefit ratio.

[0135] In another variation of the method of designing optimal filters from a dye
concentration formula, the size of the dye increments can be varied for each dye, so
that at each step the change in luminosity is held constant for all filter candidates.
[0136] The selection of appropriate colorimetric performance measures for affecting
color vision in a desired manner is described in further detail below along with
examples of filters designed accordingly.

[0137] Another calculation concerning evaluation of candidate improvements to a
dye formula is depicted in Figure 4, wherein the objective is to determine the
improvement efficacy with respect to restoring compliance of the current filter with
the target white-point constraint. In this calculation, the transmittance spectrum of the
current filter 401 is evaluated to determine its distance to the target white-point 405,
and its luminous transmittance 407. The candidate improved filter 402 is evaluated
according to the same at 406 and 408. The distance to the target white-point is defined
with respect to the target white-point 404, which may be a chromaticity coordinate, or
a region in chromaticity space as described previously, and with respect to the
reference illuminant 403, also described previously. The target white-point distance
and luminosity values are then compared in a difference operation at 409 and 410,
respectively, and then input into a ratio calculation at 411 to determine an overall
measure of improvement for the candidate filter with respect to the white-point
constraint criteria.

[0138] The basic properties of the calculation just described is similar to that of
Figure 3, wherein the goal is to determine the cost:benefit ratio of the dye increment
corresponding to the candidate filter. However in the calculation depicted by Figure 4,
the dye with greatest efficacy is the one that reduces the target white-point distance
with the least reduction in filter luminosity. In other words, it is desired to restore the
white-point to compliance without making the filter unnecessarily dark.

[0139] In another variation of the above calculation, the luminosity calculation at
407 and 408 is replaced with a colorimetric performance measure, as in Figure 3 at
303 and 304. In this variation the filter candidate with maximum efficacy is the one
that restores white-point compliance with the least reduction in colorimetric

performance.
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[0140] The iterative method depicted in Figure 1 can now be understood, together
with the details of the sub-processes defined by Figure 2, Figure 3 and Figure 4, as a
detailed description of the method by which filters intended to affect color vision in a
desired manner can be designed as formulations of dye concentrations from a set of
available dyes.

[0141] In one variation of the iterative method, the iterations proceed substantially
as described above, wherein at each step the process considers improvements to either
the target white-point constraint compliance or to the desired colorimetric
performance. For sufficiently small dye increment values this method may be
adequate, however in some cases a higher-order version of the iterative process may
be preferred. In such a variant, the repetitions of the process are recursively
calculated, in order to simulate the optimality of a filter candidate after several steps
according to different dye increment selections, and then selecting the dye increment
corresponding to the optimal choice considering this larger set of candidates. The
depth of recursive calculation possible is limited by available computing resources
(e.g. processor time and memory). In another variation the dye increments may be
considered that induce a change in more than one dye component, i.e., the “step
direction” is not limited to movements in only one axis of the n-dimensional solution
space.

[0142] Additional variations of the process, which are configured to result in filters
that are preferable for certain applications, are described in detail along with
additional figures below.

[0143] Filters that affect color vision in useful ways, when integrated into an optical
system, provide a spectral transmittance that modifies the power spectrum of light
passing through the system. Such filters, given a suitable means of manufacturing,
may be incorporated into eyewear or into contact lenses, for example, to transform the
image received by the eye. Such filters may also be incorporated into lamp assemblies
to transform the light used to illuminate a working area.

[0144] The nature of human color vision is based on the spectral sensitivity of
photoreceptors in the eye, each of which respond broadly to a particular sub-band of
light within the visible spectrum. The normalized absorptance of the photoreceptor
pigments are shown in the graph of Figure 5, wherein the S-cone absorptance 501 has
a peak absorptance at about 440 nanometers, the M-cone absorptance 503 has a peak

absorptance at about 540 nanometers, the L-cone absorptance 504 has a peak

22



WO 2016/148984 PCT/US2016/021399

absorptance at about 565 nanometers, and the rod cell absorptance has a peak
absorptance 502 at about 510 nanometers. The perception of color in humans is
formed by comparing the relative stimulation of neighboring photoreceptors of the
three different types which are packed together in a mosaic of 6-7 million
photoreceptor cells on the surface of the retina.

[0145] The space of all possible visible power spectra is an infinite dimensional
vector space, which is projected onto a 3 dimensional space of perceived color and
lightness. The projection is described as the mathematical concept of a Hilbert space.
Humans with normal color vision are able to distinguish approximately 1 million
unique shades of color. Different spectral stimuli that induce the same color sensation
are called metamers. Vision based on three distinct cone classes is called trichromatic
color vision. The 3 dimensional space of apparent color can be decomposed into three
channels which are essentially orthogonal percepts: that of lightness or brightness
(spanning from white to black), and two channels of chromaticity comprising the
blue-yellow channel (organizing color percepts by their blue-ness to yellow-ness) and
the red-green channel (organizing color percepts by their red-ness to green-ness). The
blue-yellow channel corresponds to the comparison of the S-cone stimulation versus
the combined M-cone and L-cone stimulation. The red-green channel corresponds to
the comparison of the M-cone stimulation to that of the L-cone stimulation. Vision
from stimulation of the cone cells is referred to as photopic vision, and vision from
stimulation of the rod cells is scotopic vision. Rod-cell photoreceptors are
overwhelmed (bleached) by bright light, and thus scotopic vision, which is a
monochromatic visual mechanism, is only active at night time and/or in very low-
light conditions. Activities such as driving a car at night are actually performed using
photopic vision, due to the brightness of car headlights and traffic signal lights.
[0146] It is observable from the graphs of photoreceptor absorptance in Figure 5
that there is substantial overlap between the absorptance curves, in particular of the
M-cone and L-cone. Furthermore, in the human population there are genetic
variations causing the spectral position of the M-cone and L-cone to vary between
individuals. Persons with increased overlap between the M-cone and L-cone
absorptance are called red-green color blind, although it is more technically correct to
refer to this condition as color vision deficiency (CVD). CVD is classified according
to type (either an anomaly of the M-cone (deuteranomaly) or of the L-cone

(protanomaly)) and according to the extent (corresponding to the amount of increased
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overlap, which can be mild, moderate, severe or total). For cases of CVD where the
overlap is less than total, trichromatic vision is still functional, although may be
significantly impaired. For a mild impairment the number of perceivable colors may
drop to 100 thousand (10% of normal), while for a strong individual it may be as low
as 10 thousand (1% of normal). Filters disclosed herein are generally found to be
useful for enhancement of trichromatic vision, including that of normal trichromatic
vision, as well as for most cases of anomalous trichromatic vision. The fundamental
mechanism of how these filters modify color vision is that they selectively block light
with wavelengths corresponding to locations where significant amount of overlap
between the photopigment absorptance curves is found. In addition to red-green color
blindness, other types of anomalous trichromatic vision include tritanomaly (a
condition where S-cone function is deficient), general loss of chromatic sensitivity (a
condition often experienced with low-vision complications such as retinitis
pigmentosa and glaucoma), and incomplete achromatopsia (a condition related to
severe dysfunction or nearly total lack of cone cells, but having functional rod cells,
sometimes also called “day-blindness™).

[0147] For the purpose of designing filters that assist with red-green color blindness,
and in particular for filters that also have a high luminous transmittance, a
colorimetric performance metric is provided herein that is easy to calculate. The
metric is referred to herein as the red-green separation factor, which is also denoted
Wrg 1n this disclosure. Given the transmittance spectrum of a filter, T(A), the

calculation of red-green separation factor is given according to the formula:

Pre = (o < (((t6+ )/ 2) /1y) = 1) /(1 —1) + 1)

Wherein, in the above formula, 1y is the luminous transmittance of the filter, 1g is the
average spectral transmittance of the filter between 500 nanometers and 550
nanometers, Ty 18 the average spectral transmittance of the filter between 555
nanometers and 600 nanometers, 1g 18 the average spectral transmittance of the filter
between 600 nanometers and 650 nanometers. The use of the red-green separation
factor as a colorimetric performance measure has been found by the inventors to be
preferable for use with the disclosed iterative filter design method when the target
luminosity of the filter is greater than about 40%. For target luminosity of less than

40%, other colorimetric performance measures, such as the chromaticity gamut area
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of a set of reference colors (as described in U.S. Patent Application No. 14/014,991),
may be preferable.

[0148] The chromaticity diagram shown in Figure 6 includes a plurality of regions
which are labeled using an alpha-numeric code according to their canonical color
name. Filters that have a high red-green separation factor are characterized by a stop-
band or general inhibition of transmittance over wavelengths of light corresponding to
spectral colors considered to be between red (R) and green (G). Spectral colors are the
apparent perceived color of a monochromatic light, which correspond to chromaticity
coordinates located on the spectral locus in a chromaticity diagram. A monochromatic
light having a wavelength of about 580 nanometers is considered yellow (Y), and at
wavelengths between 555 to 580 nanometers are considered (gY) greenish-yellow,
(yQG) yellowish-green, or (YG) yellow-green, and at wavelengths between 590 to 610
nanometers is considered to be yellowish-orange (yO), orange (O) reddish-orange
(rO). These regions taken together approximately span the intermediate colors
between red and green, and a filter inhibiting the transmission of these wavelengths
will tend to amplify the apparent saturation of red and green colors as typically
observed in the man-made and natural environment. The location on the chromaticity
locus of the color of monochromatic light with wavelength 555 nanometers is
indicated at 601, and the location on the chromaticity locus of the color of
monochromatic light with wavelength 600 nanometers is indicated at 602. The point
on the chromaticity diagram corresponding to Standard Illuminant D65 is indicated at
603. The straight lines connecting 603 to 601 and 603 to 602 define the distance from
these monochromatic color coordinates to the specified white-point.

[0149] The plot of Figure 7 gives a graph 701 of the distance from the chromaticity
locus to the specified white-point, per wavelength. On this graph two minima may be
noted at 703 and 704, corresponding to monochromatic light which are considered
cyan and yellow, respectively. Of all the monochromatic lights, cyan and yellow are
considered the “most similar” to white, and therefore can be expected to have the
smallest distance to white in any color space where distance is proportional or
approximately proportional to perceived difference in color. On this plot, the region at
702 denotes the sub-band of light between about 555 nanometers and about 600
nanometers, as previously described.

[0150] The optical density spectra of a set of standard dyes are plotted in Figure 8.

The term “standard dyes” herein refers to dye compounds that are commonly used in
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absorptive ophthalmic lenses (e.g. sunglass lenses and other colored lenses), and is
technically defined for the purposes of the present disclosure as any dye having a full-
width-half-maximum (FWHM) width of greater than about 40 nanometers, as
exemplified by the dye optical density spectra in Figure 8 which all satisfy this
property. In the present disclosure the optical density spectra data are normalized to a
maximum value of 1.0 at the wavelength of peak absorptance. Conversion from
normalized optical density to units of physical concentration (e.g. parts per million per
millimeter) can be readily performed by multiplication of the data by a linear scaling
factor. Such conversion depends on the dye strength, which may be obtained by
simple experimentation or in many cases directly from the manufacturer’s dye data
sheet.

[0151] The standard dyes described herein are based on chemical pigments
(including but not limited to anthraquinone, perinone, diazo, monoazo, rhodamine and
others). The dyes can be obtained commercially from Keystone Aniline Corporation
of Chicago IL under the Keyplast™ brand, and can be incorporated into optical filters
and/or ophthalmic lenses by a variety of methods including casting (e.g. cast acrylic),
injection molding (e.g. using polycarbonate), or coating (e.g. polyurethane or acrylic
coatings applied by a spin-on or dip process). Another process by which dye pigments
can be incorporated into an ophthalmic lens involves immersion of the lens in a
heated bath of fluid and pigment, wherein by diffusion the dye pigment molecules
become embedded into the porous surface of a tintable hard-coat. The process is
sometimes used in ophthalmic processing labs to produce low-manufacturing volume
custom-tinted lens products. The resulting tints provide transmittance spectra
substantially similar to the standard dyes described herein, and are commercially
available from Phantom Research Laboratories of San Diego, CA under the Opti-
Safe™ brand, in addition to other vendors. Commercial providers of standard dyes
also provide pre-mixed combinations (blends) of standard dyes to form common
colors. For example the color black requires a blend of several standard dyes to create
a good approximation to the ideal neutral density filter.

[0152] In the present disclosure standard dyes are also comprehended to include
photochromic dyes, which are also available in a wide range of colors and have
similar broadband spectral transmittance properties (e.g. the Reversacol™ brand of
photochromic dyes which is manufactured by Vivimed Labs Ltd. and distributed by

Keystone Aniline Corporation). The behavior of photochromic dyes is time-varying
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depending on the amount of ambient UV radiation, however such changes can be
reasonably approximated by analyzing the filter properties in two states: a first state
where the photochromic dye is not activated (i.e. the faded state), and a second state
where it is activated according to average daylight (i.e. the exposed state), wherein a
method of measuring the exposed state and faded state of a lens comprising
photochromic dyes is given by ANSI Z80.3-2010 section 5.7.

[0153] Referring again to Figure 8, the optical density spectrum indicated at 801
corresponds to a blue-absorbing dye, referred to as SD415Y in the present disclosure.
The optical density spectrum indicated at 802 corresponds to a blue-absorbing dye
referred to as SD435Y in the present disclosure, and is commercially available under
the brand name Keyplast™ Yellow YC. The optical density spectrum indicated at
803 corresponds to a blue-green absorbing dye referred to as SD510R in the present
disclosure, and is commercially available under the brand name Keyplast™ Orange
LFP. The optical density spectrum indicated at 804 corresponds to a yellow-green
absorbing dye referred to as SDS65P in the present disclosure. The optical density
spectrum indicated at 805 corresponds to that of a yellow-absorbing dye referred to as
SD600V in the present disclosure. The optical density spectrum indicated at 806
corresponds to that of a red-absorbing dye referred to as SD675B in the present
disclosure. Dyes absorbing a particular color (e.g. yellow), when added to an optical
system cause the white-point to shift toward an opposing chromatic color (e.g. toward
blue). The normalized optical density of the aforementioned dyes are tabulated in
Figure 26 using 5 nanometer intervals between 400 nanometers and 700 nanometers.
The wavelengths appear in the row under the heading “nm”, and the dye optical
density spectra under the headings enumerated above (e.g. SD415Y, etc.).

[0154] Examples of filters based on combinations of standard dyes that increase the
red-green separation factor (Wrg) are described below along with Figure 9 and Figure
10. These examples were also selected to demonstrate the attainable limits on Wrg in
combination with target luminosity (1) of greater than about 40%.

[0155] The transmittance spectra for a series of filters (referred to collectively as the
DCB series) are plotted in Figure 9. The graph at 901 corresponds to a filter with a
luminous transmittance of about 40% and is referred to as DCB40 in the present
disclosure. Referring to the set of standard dyes previously described, and their optical
densities provided in the table of Figure 26, a dye formula for DCB40 can be

expressed as the formula:
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DCB40 = 0.252xSD565P + 0.599xSD600V
Wherein, in the above formula, the numbers 0.252 and 0.599 correspond to
concentrations of the dyes, and SD565P and SD600V correspond to the normalized
optical density spectra included in this formula (tabulated in Figure 26), and the code
DCBA40 corresponds to the mixture comprising the component dyes in the given
proportions, wherein the units of the vector DCB40 are optical density and the
transmittance of an optical system comprising a filter composed of the given dye
mixture is given by the formula:
TDOCBI0 = 10(-1.0XDCB40)
[0156] Returning to Figure 9, the graph at 902 corresponds to a filter with about
55% luminous transmittance and is referred to as DCBS5S5 in the present disclosure,
and has the dye formula:
DCBS55 = 0.168xSD565P + 0.399xSD600V
The graph at 903 corresponds to a filter with about 70% luminous transmittance and is
referred to as DCB70 in the present disclosure, and has the dye formula:
DCB70 = 0.0839xSD565P + 0.2xSD600V
[0157] The DCB series of filters have a blue color (i.e. impart a blue-tint to white
light passing through the filter), and provide a red-green separation factor between 0.7
and 0.8. Filters such as these generally may be used to color ophthalmic lenses for
aesthetic purposes, but the colorimetric performance with respect to enhancement of
red and green colors is not significant. Transmittance spectra of the DCB series of
filters are provided in S-nanometer (nm) steps in the table of Figure 27.
[0158] The transmittance spectra for another series of filters, referred to collectively
as the DCP series, are plotted in Figure 10. These filters have a pink-ish white point
(i.e. impart a pink, reddish or purple-ish color to white light passing through the
filter). These filters provide red-green separation factors between 0.6 and 0.7. Filters
with transmittance curves similar to those depicted here may be marketed as optical
aids for color vision deficiency. The pink-ish color of such filters tends to disrupt the
pseudo-isochromatic requirements in the design of vanishing-plate style color
blindness screening tests (e.g. the Ishihara plate test, HRR plate test, etc.), however in
practical use applications they are often found to be either too dark, and/or not

effective enough.
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[0159] Referring again to Figure 10, the graph at 1001 corresponds to the
transmittance spectrum of a filter with about 40% luminous transmittance and is

referred to as DCP40 in the present disclosure, and has the dye formula:

DCP40 =1.07xSD565P

The graph at 1002 corresponds to the transmittance spectrum of a filter with about
55% luminous transmittance and is referred to as DCP5S5 in the present disclosure,

and has the dye formula:

DCP55 =0.713xSD565P

The graph at 1003 corresponds to the transmittance spectrum of a filter with about
55% luminous transmittance and is referred to as DCP70 in the present disclosure,

and has the dye formula:

DCP70 = 0.357xSD565P

[0160] Transmittance spectra of the DCP series of filters are tabulated in 5-
nanometer (nm) steps in the table of Figure 28.

[0161] The low performance of the DCB and DCP series filters provided above
(which is quantifiable by noting their red-green separation factors less than 1.0) is a
consequence of their component dyes, which are standard dyes having relatively
broad spectral absorptance curves. Filters that are preferable for increasing red-green
color separation, and thereby potentially assisting an individual with some form of
red-green color blindness, should have a red-green separation factor that is greater
than 1.0, or more preferably greater than 1.25, or more preferably greater than 1.5.
The broad-band absorptance of standard dyes result in filters with poor spectral
selectivity. To provide filers with preferable red-green separation factors requires the
use of non-standard optical materials.

[0162] One example of a non-standard absorptive optical material are certain rare-
earth oxides, in particular neodymium oxide, which has a characteristic absorption
band between about 570 nanometers and about 590 nanometers. A commercially

available glass containing neodymium oxide is referred to as ACE Blau and sold by
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Barberini SpA. Herein we analyze the performance of the ACE Blau material in a
range of optical path lengths, to better understand its properties with respect to the
red-green separation factor performance metric. Referring now to Figure 11, the graph
at 1101 corresponds to the ACE Blau glass at a thickness of 1.8 millimeters. The
corresponding filter is referred to herein as ACE40. ACEA40 provides a red-green
separation coefficient of about 0.64 and a luminous transmittance of about 40%. The
graph at 1102 corresponds to the ACE Blau glass at a thickness of 1.2 millimeters.
The corresponding filter is referred to herein as ACESS, and has a luminous
transmittance of about 55% and provides a red-green separation factor of 0.75. The
graph at 1103 corresponds to the ACE Blau glass at a thickness of 0.6 millimeters.
The corresponding filter is referred to herein as ACE70, and has a luminous
transmittance of about 70% and provides a red-green separation factor of 0.84. The
ACE series of filters have a blue-gray color, i.e. the white-point tends toward blue but
is less strongly tinted than the DCB series of filters described above. While the
coloration of these filters is preferable to that of the DCB and DCP series described
previously (because of its lower saturation), the ACE series is not considered to have
a strong enough effect on color vision to be marketed as an optical aid for color vision
deficiency. An underlying issue with filters based on neodymium-oxide is the
presence of an absorptive band at around 520 nanometers, which degrades the quality
of green colors in particular.

[0163] Transmittance spectra of the ACE series of filters are provided in 5-
nanometer (nm) steps in the table of Figure 29.

[0164] Another example of a non-standard optical material are narrow-band dyes.
We define narrow-band dyes herein to be dyes having an optical density spectra with
a FWHM of less than or equal to 40 nanometers around the wavelength of maximum
absorption. Narrow-band dyes are based on proprietary organic chemical
formulations. Narrow-band dyes are commercially available from vendors including
Exciton Inc of Dayton OH and Crysta-Lyn Chemical Company of Binghampton NY.
[0165] The plot shown in Figure 12 shows the normalized optical density spectra of
two dyes that both absorb yellow-light, one of which is a standard dye and the other a
narrow-band dye. This plot illustrates the significant difference between standard dyes
and narrow-band dyes. The graph at 1201 corresponds to the optical density of the
dye SD600V, which is described previously. The dye SD600V has a FWHM of about

85 nanometers. The graph at 1202 corresponds to the optical density of a narrow-band
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dye, referred to as NBD595 in the present disclosure. The dye NBD595 has a FWHM
of about 20 nanometers, which is significantly smaller than that of the standard dye.
[0166] The normalized optical density spectra for a collection of narrow-band dyes
are plotted in Figure 13. These selected dyes represent only a small fraction of
commercial available dyes, however these were selected from those found to be most
useful toward the formulation of filters for affecting color vision in a desired manner.
Other candidate dyes (for example a dye with a peak absorption at about 565
nanometers) were tested by the authors, using the iterative methods described herein,
and were not found to be useful, i.e. the optimal formulas always concluded with a
zero concentration in the undesirable dye. The graph at 1301 corresponds to the
optical density spectrum of a narrow band dye referred to herein as NBD405, and is
commercially available under the brand name Exciton ABS510. The graph at 1302
corresponds to the optical density spectrum of a narrow band dye referred to herein as
NBD425, and is commercially available under the name Exciton ABS527. The graph
at 1303 corresponds to the optical density spectrum of a narrow band dye referred to
herein as NBD475, and is commercially available under the name Exciton ABS473.
The graph at 1304 corresponds to the optical density spectrum of a narrow band dye
referred to herein as NBD490, and is commercially available under the name Exciton
P491. The graph at 1305 corresponds to the optical density spectrum of a narrow band
dye referred to herein as NBD575, and is commercially available under the name
Exciton ABS575. The graph at 1306 corresponds to the optical density spectrum of a
narrow band dye referred to herein as NBD595, and is commercially available under
the name Exciton ABS595. The graph at 1307 corresponds to the optical density
spectrum of a narrow band dye referred to herein as NBD670, and is commercially
available under the name Exciton ABS668. Substitute dyes for the above commercial
dyes can be found in the Crysta-Lyn product catalog, and such substitutions are
comprehended by the present disclosure.

[0167] Normalized optical density spectra of the narrow-band dyes described above
are provided in S-nanometer (nm) steps in the table of Figure 30.

[0168] Embodiments of filters that provide high red-green separation factors (i.e.
greater than 1.0) in combination with high luminosity (i.e., luminous transmittance
greater than 40%) are described hereafter along with Figure 14 and Figure 15. These

examples are filters comprising only a single narrow-band dye component, which are
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readily designed by a trivial design process of simply modifying the single dye
concentration until the desired luminous transmittance is achieved.

[0169] Figure 14 depicts the transmittance spectra for a series of filters comprising
only the dye component NBD595. The filters together are referred to herein as the
DMB series. The graph at 1401 corresponds to a filter referred to as DMB40 having a
luminous transmittance of 40% and a red-green separation factor of 2.5. The formula

for DMB40 is:

DMB40 = 4.31xNBD595

The graph at 1402 corresponds to a filter referred to as DMBS5S5 having a luminous
transmittance of about 55% and a red-green separation factor of 1.97. The formula for

DMB55 is:

DMB55 = 2. 15xNBD595

The graph at 1403 corresponds to a filter referred to as DMB70 having a luminous
transmittance of about 70% and a red-green separation factor of 1.82. The formula for

DMB70 is:

DMB55 = 1.08xNBD595

[0170] Transmittance spectra of the DMB series of filters are provided in 5-
nanometer (nm) steps in the table of Figure 31.

[0171] The DMB series filters produce high amounts of red-green separation
ranging between 1.8 to 2.5. The darker embodiments (DMB40 and DMBS55) may be
too dark for general indoor use as ophthalmic lenses. The low spectral transmittance
of such filters may also pose a hazard for general use in eyewear: when the
transmittance drops below the lesser of about 5%, or 1/10™ of the luminous
transmittance (ty), at any point in the spectrum, the resulting filter may cause the
appearance of certain artificial light sources to become too dark to ensure general
safety. For example, yellow LED lights are often used as warning indicator lights (for
example in traffic signals). Failure to see such a light due to filtering action in an

ophthalmic lens is a safety concern. The lightest embodiment of this series (DMB70),
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causes only a small reduction in overall luminosity (70% luminous transmittance) and
has a preferable transmittance spectrum that complies with the minimum spectral
transmittance needs as described. This particular embodiment was tested in eyewear
by the authors and found to be adequate for a broad range of typical indoor, low-light
and night time applications, while also providing a significant improvement to red-
green color perception. An additional preferable property of the DMB series is that
they have minimal to no effect on scotopic transmittance, in other words, night vision
(as mediated by the rod cells) would be unaffected by wearing a lens comprising such
a filter. A less preferable property of the DMB series is their color, which is
considered blue when viewed directly through the filter, however changes to a blue-
violet hue when the path length is doubled due to a reflective object placed behind the
lens. In particular, when incorporated into eyewear and worn on the face, the apparent
color of the skin takes on a violet or lavender color that looks disturbing and
unnatural. Preferable filters for use in eyewear should have a color appearance, that
when worn on the face, are blue, pink, red, yellow, brown or gray. Therefore, a filter
embodiment such as DMB70 could be a preferable choice when considering a filter
for incorporated into an ophthalmic system where the coloration is not visible to the
outside observer: such as a contact lens or a spotting scope assembly.

[0172] The transmittance spectra for another series of filters, where the filters
consist of only a single narrow-band dye component, are shown in Figure 15. The
graph at 1501 corresponds to a filter referred to as DMP40 having a luminous
transmittance of 40% and a red-green separation factor of 2.28. The formula for

DMP40 is:

DMP40 = 3.58xNBD575
The graph at 1502 corresponds to a filter referred to as DMPSS5 having a luminous
transmittance of about 55% and a red-green separation factor of 2.15. The formula for

DMP5S5 is:

DMP55 = 1.83xNBD575
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The graph at 1503 corresponds to a filter referred to as DMB70 having a luminous
transmittance of about 70% and a red-green separation factor of 1.98. The formula for

DMP70 is:

DMP70 = 0.875xNBD575

[0173] Transmittance spectra of the DMP series of filters are provided in 5-
nanometer (nm) steps in the table of Figure 32.

[0174] The DMP series have a color appearance usually described as pink: when
worn on the face in eyewear, in particular for the darker DMP40 and DMPS55, the
color appearance is unusually strong and is found to be not aesthetically pleasing.
[0175] The DMP70 filter and DMBT7O0 filter are preferable for use in contact lenses,
whereas use of a contact lens requires a high luminous transmittance (e.g. at least
70%), and the aesthetic issues with coloration as described are irrelevant. In addition,
with respect to the application of a contact lens for assistance with protanomalous or
deuteranomalous color vision deficiency, the transmittance spectra of the DMB70
filter is preferable for use with deuteranomalous color vision deficiency and the
transmittance spectra of the DMP70 filter is preferable for use with protanomalous
color vision deficiency. This preference follows from the observation that 1)
protanomalous individuals experience a reduced sensitivity to long-wavelength visible
light (i.e. red light) and 2) protanomalous individuals experience a lower wavelength
of unique yellow whereas deuteranomalous individuals experience a longer
wavelength of unique yellow and a higher sensitivity to longer wavelengths of light.
A method for prescribing a contact lens to an individual with color vision deficiency
may comprise first conducting a color blindness test to determine their type and extent
of deficiency, and then recommending an appropriate lens selected from the two
contact lens alternatives having transmittance spectra substantially as described
above. In another variation on the method just described, a spectacle lens can be
recommended by a similar procedure, and whereas spectacle lenses may have a lower
luminous transmittance (e.g. between 40% and 60%), filters incorporated into such
lenses may contain a mixture of both NBD575 and NBD595 (or equivalent) narrow-
band dyes. In these variations the method comprises recommending to the
deuteranomalous individual a lens containing an optical filter substantially similar to

one of the CXB series filters (described below), and/or to the protanomalous
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individual a lens containing an optical filter substantially similar to one of the CXV
series filters (also described below). A property shared by the CXB series filters is
that the transmittance of the filter at 575 nanometers is at least about 2 times greater
than the transmittance of the filter at 595 nanometers. A property shared by the CXV
series filters is that the transmittance of the filter at 595 nanometers is at least about 2
times greater than the transmittance of the filter at 575 nanometers.

[0176] Embodiments of filters comprising combinations of 2 or more dyes including
at least one narrow-band absorbing dye are described in detail below along with
Figure 16, Figure 17, Figure 18, Figure 19 and Figure 20. The design complexity of
such filters increases with each additional dye under consideration (i.e., the number of
possible metameric filters satisfying the input chromaticity constraints is non-trivial),
and so the dye formulas of such filters are preferably optimized using the iterative
methods described above along with Figures 1-4. The preferred configuration and
variations of the design method are described along with these corresponding filter
examples.

[0177] The transmittance spectra of a series of filters is shown in Figure 16. These
filters are referred to herein as the CXB series. The filters comprise a combination of
between 2 and 4 narrow-band dye components. The filters have a blue-green color
(i.e. the white-point tends toward blue and also toward green). However, the provided
colors are not strong, appearing to also be substantially similar to gray. The series of
filters includes embodiments having luminous transmittance between about 40% and
about 65%. The graph at 1603 corresponds to a filter referred to herein as CXB40
having a luminous transmittance of 40% and a red-green separation factor of 1.72.

The formula for CXB40 is:

CXB40 =0.511xNBD670 + 0.557xNBD475 + 0.795xNBDS575 + 1.29xNBD595
The graph at 1602 corresponds to a filter referred to herein as CXBS55 having a
luminous transmittance of 55% and a red-green separation factor of 1.57. The formula

for CXB55 is:

CXB55 = 0.251xNBD475 + 0.199xNBDS575 + 1.29xNBD595
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The graph at 1601 corresponds to a filter referred to herein as CXB65 having a
luminous transmittance of 65% and a red-green separation factor of 1.55. The formula

for CXB6S5 is:

CXB65 =0.167xNBD475 1.21xNBD595

[0178] Transmittance spectra of the CXB series of filters are provided in 5-
nanometer (nm) steps in the table of Figure 33.

[0179] Optimized formulas for the CXB series (e.g. as disclosed above), where the
corresponding optimized filters provide preferable red-green separation factors
(greater than 1.0) and high luminous transmittance (greater than about 40%) may be
produced by evaluating the described iterative design method using the red-green
separation factor as the colorimetric performance measure and a blue-green
chromaticity coordinate as the target white-point. Preferably the blue-green
chromaticity coordinate corresponds to hue between 10B and 5B and chroma of
between 4 and 6 according to the Munsell color system.

[0180] The transmittance spectra of another series of filters is shown in Figure 17.
These filters are referred to herein as the CXV series. The filters comprise a
combination of between 2 and 4 narrow-band dye components. The filters provide a
white-point color considered a vermillion, which is a gray color with a mild pink or
purple tint. The series of filters includes embodiments having luminous transmittance
between about 40% and about 65%. The graph at 1703 corresponds to a filter referred
to herein as CXV40 having a luminous transmittance of 40% and a red-green

separation factor of 1.3. The formula for CXV40 is:

CXV40 =0.39xNBD475 + 0.557xNBD575 + 1.29xNBD595 + 1.39xNBD490
The graph at 1702 corresponds to a filter referred to herein as CXV55 having a
luminous transmittance of 55% and a red-green separation factor of 1.46. The formula

for CXV55is:

CXV55 =0.195xXNBD475 + 0.755xNBDS575 + 0.724xNBD595 + 1.14xNBD490
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The graph at 1701 corresponds to a filter referred to herein as CXV65 having a
luminous transmittance of 65% and a red-green separation factor of 1.48. The formula

for CXV6S5 is:

CXV65 = 0.279xNBD475 + 0.795xNBDS575

[0181] Transmittance spectra of the CXYV series of filters are provided in 5-
nanometer (nm) steps in the table of Figure 34.

[0182] Optimized formulas for the CXV series (e.g. as disclosed above), where the
corresponding optimized filters provide preferable red-green separation factors
(greater than 1.0) and high luminous transmittance (greater than about 40%) may be
produced by evaluating the described iterative design method using the red-green
separation factor as the colorimetric performance measure and a purple or pink
chromaticity coordinate as the target white-point. Preferably the target white-point
corresponds to hue of about SP and chroma between 2 and 4 according to the Munsell
color system.

[0183] The transmittance spectra of another series of filters is shown in Figure 18.
These filters are referred to herein as the CXN series. The filters comprise a
combination of 5 narrow-band dye components. The filters provide a white-point
color considered to be neutral, or substantially gray with little to no apparent
coloration. The series of filters includes embodiments having luminous transmittance
between about 14% and about 40%. The graph at 1801 corresponds to a filter referred
to herein as CXN40 having a luminous transmittance of 40% and a red-green

separation factor of 0.69. The formula for CXN40 is:

CXN40 = 0.431xNBD595 + 0.557<xNBD475 + 0.755xNBDS575 + 0.868xNBD670 +
1.64xNBD490

The graph at 1802 corresponds to a filter referred to herein as CXN25 having a
luminous transmittance of 25% and a red-green separation factor of 0.594. The

formula for CXN25 is:

CXN25 = 0.862xNBD595 + 1.06xNBD475 + 1.11xNBDS575 + 1.38xNBD670 +
2.53xNBD490
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The graph at 1801 corresponds to a filter referred to herein as CXN15 having a
luminous transmittance of 15% and a red-green separation factor of 0.497. The

formula for CXN15 is:

CXN15 = 1.03xNBD595 + 1.59xXNBD475 + 1.67xNBD575 + 2.07xNBD670 +
3.79xNBD490

[0184] Transmittance spectra of the CXN series of filters are provided in 5-
nanometer (nm) steps in the table of Figure 35.

[0185] Optimized formulas for the CXN series (e.g. as disclosed above), where the
corresponding optimized filters provide strong color-enhancement effects and a low
luminous transmittance appropriate for incorporation into sunglasses (less than 40%)
may be produced by evaluating the described iterative design method using a gamut-
area based performance metric. For example, the performance metric may be defined
as the area enclosed by a set of chromaticity coordinates corresponding to a set of
reference colors as seen through the filter, and the reference colors correspond to the
Munsell color swatches used in the Farnsworth D-15 cap arrangement test. The gamut
area performance measure is described in U.S. Patent Application No. 14/014,991.
Preferably the target white-point corresponds to a chroma of less than 2 according to
the Munsell color system.

[0186] The transmittance spectra of another series of filters is shown in Figure 19.
These filters are referred to herein as the UVH series. The filters comprise a
combination of 3 narrow-band dye components and optionally 1 standard dye
component. The series of filters includes embodiments having luminous transmittance
between about 35% and about 85%. The UVH series of filters are designed to inhibit
the transmission of high-energy visible light (also called HEV light), which is a sub-
band of visible light where photons have the greatest energy, corresponding to
wavelengths between about 390 nanometers and about 450 nanometers. The graph at
1901 corresponds to a commercially available HEV-blocking filter known by the
trade name BluTech. This filter is characterized by a nearly monotonic change in
transmittance across the spectrum. The UVH series of filters disclosed herein have

complex spectral profiles that are non-monotonic in transmittance per wavelength.
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The graph at 1902 corresponds to a filter referred to herein as UVH415 having a

luminous transmittance of 85%. The formula for UVH415 is:

UVHA415 = 0.227xNBD595 + 0.397xNBD425 + 1.57<xNBD405

The graph at 1903 corresponds to a filter referred to herein as UVH430 having a

luminous transmittance of 75%. The formula for UVH430 is:

UVH430 = 0.322xNBD595 + 1.32xNBD425 + 2.09xNBD405

The graph at 1904 corresponds to a filter referred to herein as UVH450 having a

luminous transmittance of 35%. The formula for UVH450 is:

UVH450 = 1.4xNBD595 + 7.15xNBD425 + 9.95xNBD405 + 2.08xSD435Y

[0187] Transmittance spectra of the UVH series of filters are provided in 5-
nanometer (nm) steps in the table of Figure 36.

[0188] The filter examples UVH415 and UVH430 provide filters with high
luminous transmittance and are adequate for general purpose eyewear intended for
indoor use and night-time use. These filters have colors that are substantially neutral,
which are preferable for aesthetic reasons. In addition, the configuration of notches in
the spectral transmittance (e.g. at 510 nanometers and at 590 nanometers) provide a
small but noticeable increase to the quality of color vision.

[0189] The filter example UVH450 has a color that is considered yellow or brown,
and has a correlated color temperature of about 2700 Kelvin. The filter is preferable
for incorporation into a sunglass lens, where it may also be combined with a
polarizing filter, and/or a photochromic dye. The spectral transmittance of the
UVH450 example is less than 1% for all wavelengths from 400 nanometers to 450
nanometers, enabling the use of the claim “UV450” for commercial advertising,
which is related to the term “UV400” which is defined by the industry to indicate a
lens that blocks at least 99% of light with wavelength of 400 nanometer or less. In
another variation, the concentration of standard dye component SD435Y may be
reduced in the formula provided above, to yield a filter with a lower protection rating,

e.g. “UV425” with the tradeoft that the resulting filter color may be preferable

39



WO 2016/148984 PCT/US2016/021399

insofar as its saturation (chroma) is reduced. Preferably the filter color has a chroma
of between 2 and 4 according to the Munsell color system.

[0190] Optimized formulas for the UVH series (e.g. as disclosed above), where the
corresponding optimized filters provide HEV light protection in combination with
preferable filter color may be produced by evaluating the described iterative design
method using the HEV attenuation factor, a colorimetric performance measure

calculated by the formula

Prey = (o > (/) - 1))/ (A -w) + 1)

Wherein, in the above formula, 1y is the mean transmittance of the filter between
about 390 nanometers and about 450 nanometers, 1. is the mean transmittance of the
filter between about 450 nanometers and about 650 nanometers, and Ty is the
luminous transmittance of the filter. For such filters having a high luminous
transmittance (e.g. greater than 75%) the white-point preferably corresponds to a
chroma of less than 2 according to the Munsell color system. For such filters having a
low luminous transmittance (e.g. less than 40%) the white-point is preferably within
about 0.025 units of the black-body locus in the CIE xy chromaticity space. The HEV
attenuation factor of filter example UVH415 is about 6.1 and the red-green separation
factor is about 0.47. The HEV attenuation factor of filter example UVH430 is about
6.2 and the red-green separation factor is about 0.35. The HEV attenuation factor of
filter example UVH450 is about 44.2 and the red-green separation factor is about
0.25. The filter examples UVH415 and UVH430 provide a white-point with low
saturation, wherein the distance to the standard appearance of D65 at the (x, y)
coordinates (.31, .33) is at most about 0.025 units. The filter example UVH450
provides a white-point that is substantially considered yellow and essentially
transforms Standard Illuminant D65 (having a correlated color temperature of 6500
Kelvin) to the color of Standard Illuminant A (having a correlated color temperature
of 2700 Kelvin).

[0191] The transmittance spectra of another series of filters is shown in Figure 20.
These filters are referred to herein as the ACR series. The filters comprise a
combination of 2 narrow-band dye components and 1 standard dye component and
optionally a neutral density absorber (such as a gray dye mixture, a gray

photochromic dye, or a gray polarizer). The ACR series of filters are designed to
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inhibit the transmission of scotopic light (light received by the rod cell photopigment),
which are photons having a wavelength between about 450 nanometers and about 550
nanometers. Filters that significantly limit the transmission of scotopic light are often
prescribed for individuals who suffer from achromatopsia, a low-vision condition
characterized by partial or complete lack of functioning cone cells. The limited
scotopic transmission enables the wearer to use scotopic vision (i.e. night vision) to
see during typical indoor lighting and outdoor daylight conditions. One approach to
meeting such needs would be to provide a neutral gray filter of the appropriate
darkness, however this is less preferable compared to an orange or red filter that
enables partial color vision. Cases of achromatopsia can be classified as either
complete achromatopsia (i.e. total loss of cone function) or incomplete achromatopsia
(i.e. partial loss of cone function). For the latter case, a lens providing selective
transmission is preferred. The graph at 2001 corresponds to a conventional filter
which may be prescribed by an ophthalmologist for use indoors with achromatopsia.
This filter has an orange color and a luminous transmittance of about 30%. The graph
at 2003 corresponds to a conventional filter which may be prescribed by an
ophthalmologist for use outdoors with achromatopsia. This filter has a red color and a
luminous transmittance of about 8%. Such filters can be purchased commercially, for
example the orange-colored Filter #570 from NoIR Medical Technologies Inc of
South Lyon, MI, and the red-colored Filter #95 and Filter #99 also from NolIR
Medical Technologies Inc of South Lyon, MI. The ACR series of filters shown here
improve upon these conventional designs by incorporating color-enhancing dyes (e.g.
NBDS595) which may provide better color vision to individuals with incomplete
achromatopsia. The graph at 2002 corresponds to a filter referred to herein as ACR25

having a luminous transmittance of 25%. The formula for ACR2S is:

ACR25 =0.167xNBD475 + 1.29xNBD595 + 1.81xSD510R

The graph at 2004 corresponds to a filter referred to herein as ACR10 having a
luminous transmittance of 10%. ACR10 employs the same underlying formula as
ACR2S5 with the addition of a neutral-density absorber transmitting 40% of the light.
For example, the absorber may be a neutral-density dye (e.g. typically a mixture of

standard dyes to form gray and having a transmittance that is approximately constant
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per wavelength), preferably is a linear polarizer element, or is preferably a
photochromic dye, or is more preferably a polarizing photochromic dye.

[0192] Transmittance spectra of the ACR series of filters are provided in 5-
nanometer (nm) steps in the table of Figure 37.

[0193] The design of filters such as those in the ACR series are enabled by a
variation on the iterative design method wherein the target white-point constraint is
replaced by a scotopic transmittance constraint (i.e. apparent brightness according to
the receptivity of the rod cell photopigment). The substitution is appropriate since the
extreme needs of the desired effect on color vision override any preference on the
filter color. The target scotopic transmittance is preferably less than about 10%, or is
preferably less than about 1/3™ of the luminous transmittance of the filter. In
combination with the modified constraint, a measure of general color enhancement
may be applied as the colorimetric performance measure, for example a gamut-area
based metric as described previously whereas gamut-area metrics are preferable in the
design of dark (low luminous transmittance) filters, or the red-green separation factor
may be used as a colorimetric performance measure to drive the optimal solution
toward a filter that improves color vision.

[0194] Figure 21 depicts a chromaticity diagram according to the CIE Yxy color
space with respect to the CIE 1932 2-degree standard observer. The dotted line at
2105 corresponds to the Planckian locus (or black-body locus) which is the curve in
chromaticity space of an ideal black-body radiator having a temperature between
10000 Kelvin and 0 Kelvin. Filters that are preferable for integration into ophthalmic
systems are those having 1) not strongly colored tints, and 2) preferably colors which
are near the black-body locus. A region that satisfies these preferable properties is
indicated at 2111. The region spans the black-body locus temperatures from about
8000K to about 2700K. White-point colors falling into this region are substantially
considered to be neutral in appearance, or mostly neutral but taking on a slight
coloration. The white-points of filter series CXN are indicated by the solid circle
markers at 2107 which correspond to essentially gray or neutral colors with a
correlated color temperature of 6500K. The white-points of filter series UVH are
indicated by the open circle markers at 2106 and 2104, with 2106 corresponding to
example UVH430 and the marker at 2104 corresponding to example UVH450. The
filter UVHA430 has a substantially neutral appearance with a slight tint toward yellow.
The filter UVH450 takes on a stronger yellow (or brown) appearance and has a
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correlated color temperature of about 2700K. A less preferable region of color is
indicated at 2103 spanning correlated color temperatures of 2700K to about 2000K,
where filters in this region may be appear orange. Another region that is less
preferable for the color of filters is indicated approximately at 2115 corresponding to
pink, purple and red colors with strong coloration. The filter series ACR (ACR2S5 and
ACRI10) have a white-point corresponding to the open square marker at 2109, which
is a red color. The less preferable color is a necessary consequence of the scoptopic
transmittance constraints. In another example, the filter series DMP has corresponding
white-points indicated by the upright triangles at 2113, with the most saturated marker
corresponding to the filter DMP40. These filters have a strong pink or purple color
that is considered undesirable for aesthetic reasons. The CXV series of filters also
have a white-point that tends toward pink, but are fully contained within the
preferable region at 2111, wherein the diamond markers at 2110 correspond to the
white-points of these filters. Pink-ish or purple-ish filters that are nearly gray are also
called “vermillion”, especially in the eyewear industry. Another region in
chromaticity space that is also less preferable (in particular for eyewear) is indicated
at 2116: this region corresponds to substantially blue-violet filters, which have an
unusual appearance that is not preferred by most consumers. The filter series DMB
has corresponding white-points in this region indicated by the inverted triangles at
2114. Whereas blue-ish filters are preferred for achieving high red-green separation
factors simultaneously with high luminous transmittance, the chromaticity region
indicated at 2112 demarcates an area corresponding to blue-green colors, within
which the white-points of the filter series CXB are contained and indicated by the
solid square markers at 2108. The region 2101 corresponds to strong green colors and
the region 2102 to yellow-green colors which are again less preferable than
embodiments contained within the regions 2111 or 2112.

[0195] A scatter plot demonstrating the red-green separation factor (Yrg) versus
luminous transmittance (ty) for the filter examples described above is shown in Figure
22, corresponding data tabulated in Figure 38 and Figure 39. Neutral filters (equal
transmittance at all wavelengths) provide a red-green separation factor of zero (for
example shown by the inverted triangles at 2204 corresponding to neutral filters of
40% (ND40), 55% (NDS55) and 70% (ND70) luminous transmittance. Analysis of this
plot is useful to better understand how red-green separation factor as a colorimetric

performance measure defines preferable properties of filters intended for use as
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optical aids for red-green color blindness, in particular for such filters rated as
Category 1 lenses (which are nominally lenses having a luminous transmittance
between about 40% and about 80%). Category 1 lenses are not considered suitable as
sunglass lenses. Category 1 lenses have a high enough luminosity that they may be
usable under typical indoor lighting conditions, as well as low-light situations such as
evening and night-time use. Filters such as the CXN25 and CXN15 are found to have
strong color enhancement effects, however are too dark for indoor use. The filter
CXN40 has a luminous transmittance corresponding to the lower limit for a Category
1 lens, however in subjective user testing was found to have only a mild effect on
color perception, where CXV40 and CXB40 were found to have a strong effect. We
conclude that the red-green separation factor as colorimetric performance measure is a
reasonable choice for use with our iterative design method when the target luminosity
is greater than about 40%. The region indicated at 2201 shows the preferable range of
red-green separation factor versus luminous transmittance for Category 1 lenses,
wherein the luminous transmittance is between about 40% and about 80% and the
red-green separation factor is greater than 1.0. Preferably such filters provide a red-
green separation factor greater than about 1.25, or greater than about 1.5, or greater
than about 2.0. Preferably such filters provide luminous transmittance greater than
about 50%, or greater than about 60%. The region indicated at 2202 encloses filter
designs having a luminous transmittance in the Category 1 range, but also having red-
green separation factor of less than 1.0, as described previously (e.g. the ACE series,
DCB, and DCP series). The region indicated at 2203 encloses filter designs having a
luminous transmittance in the Category 2 range (comprising luminous transmittance
from about 18% to about 40%) or having a luminous transmittance in the Category 3
range (comprising luminous transmittance from about 8% to about 18%). Category 2
lenses are considered medium sunglass lenses, and Category 3 lenses are considered
dark sunglass lenses.

[0196] The integration of dye-based filters into ophthalmic systems is accomplished
in a variety of methods that are known in the ophthalmic lens industry. An example of
a possible ophthalmic system containing a dye-based filter is shown in Figure 23A,
wherein the layers of an ophthalmic system are depicted in a stacked arrangement. In
this example the top layer (side of the lens furthest from the eye) is a hydrophobic
coating 23A01, the next layer is an anti-reflection coating 23 A02 (which itself

comprises several layers), the next layer is the functional coating layer where the dye-
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based filter is contained, for example by dispersing of the dyes throughout an
acrylate-based coating. The functional coating is bonded to a lens substrate 23 A04
using any suitable method of attachment (spin-on, mold transfer, etc.). The backside
of the lens substrate is then additionally coated with a back-side anti-reflection
coating 23 A05 and back-side hydrophobic coating 23 A06. The system described
above is preferable for the formation of a prescription lens (a lens containing focusing
power). Prescription lenses use variation in thickness across the surface of the lens to
create optical power, however to maintain uniform spectral filtering, the functional
coating should maintain an approximately constant thickness. Thus, integration of the
dye components into the lens substrate is less preferable if the lens also function to
create optical power. In another variation, the lens may have zero power, or have a
reasonably low power (e.g. between +/- 2 diopters), and in such a variation the filter
dyes may be dispersed directly into the lens substrate 23A04, and the functional
coating layer omitted 23 A03. In additional variations, the functional coating may be
applied on the back surface of the lens substrate, or the component dyes may be
distributed between both the lens substrate and a functional coating. In additional
variations, the anti-reflection coatings and/or hydrophobic coatings may be omitted.
In further variations, the dyes may be dispersed into a hard-coat (anti-scratch coating)
that 1s applied to both the front and back surfaces of the lens substrate. Another type
of ophthalmic lens is a contact lens, wherein the dye solution may be integrated into
the lens substrate, or into a region within the substrate, such that the dye components
are chemically bonded to the polymer forming the contact lens.

[0197] The integration of a dye-based filter into a lamp assembly is depicted in
Figure 23B. Herein the lamp assembly comprises an illuminant 23B0S5 (e.g. an LED,
incandescent filament or gas-discharge tube), a beam-forming lens 23B04, which may
cast a narrow beam, wide beam or other spatial distribution of light, and a window
that the beam of light passes through 23B02. Herein the filter component dyes are
dispersed within the substrate forming the window. For improved efficiency the
window may include anti-reflection coatings on the front 23B01 and back 23B03
surfaces. In another variation, the component dyes may be applied using a functional
coating (as described previously) directly on the surface of the beam forming lens,
instead of using a window. In another variation, the component dyes may be dispersed
directly into the beam forming lens. In another variation the beam-forming lens may

comprise a mirror (e.g. a parabolic or ellipsoidal mirror), and the component dyes
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applied as a functional coating on the surface of the mirror, and the concentration of
the dyes are reduced by about 50% to account for the doubling of the effective path
length. In some variations, only a portion of the light beam is filtered.

[0198] With respect to the integration of Category 1 filters (having luminous
transmittance between about 40% and about 80%) into eyewear, the reduced
luminosity of the filter may present issues with visual obstruction to the wearer in
certain lighting conditions, especially in low-light or night-time conditions. The issues
can be alleviated by restriction of the application of the optical filter to a region within
a lens. Figure 24A shows an example pair of eyewear where the lens 24A01 contains
a near-field region at 24A02. In such an example the filter may be applied as to only
affect vision in the near-field region 24A02. Such an arrangement may be useful for
eyewear intended for use where enhanced color vision is required for close-up task
work, without obstructing vision generally. In another example, Figure 24B shows an
example pair of eyewear where the lens is split into a near-field region at 24B02 and a
far-field region at 24A01. In such an example the filter may be applied as to only
affect vision in the far-field region 24B02. Such an arrangement may be preferred
when the eyewear is intended for use assistance with interpretation of colored signal
lights (for example in marine, automobile or aviation navigation) and where the signal
lights are primarily seen above the horizon line. In another variation the split between
near-field and far-field regions is a continuous gradient, rather than a having a distinct
line.

[0199] Figures included in this disclosure may be process flow diagrams that
visually depict the flow of generalized objects and operations that process and
generate those objects. Figure 25 depicts an example of a process flow diagram to aid
in understanding the visual language. In this diagram, rounded boxes (e.g. at 2501
and 2503) depict objects, which may be understood as physical entities, virtual
entities such as numerical data, or composite objects containing a heterogeneous
aggregation of component objects. A composite object containing a homogeneous
aggregation of objects is depicted by a rounded box with a double-lined boundary,
e.g. as shown at 2508 and 2511. A component object extracted from a composite
object is depicted with a dotted arrow, e.g. as shown connecting entities 2501 and
2503. The flow of objects in the process is shown by a solid arrow, e.g. as shown
connecting entities 2501 and 2502. A squared box (e.g., at 2502 and 2505) represents

an operation. Operations may generate objects, transform objects or analyze objects.
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The outputs of an operation are shown by arrows pointing away from its box. The
output of an operation is dependent on its inputs, which may be traced by following
all arrows leading into its box. Operations may be formed as a composite operation
by encapsulating another process diagram, e.g. as shown at 2506. This construction
enables process flow diagrams to be extended over multiple pages whereby a
composite operation defined in one diagram may be invoked by reference in another
diagram. Operations may be connected together in series or in parallel, the details of
the order in which specific operations are performed is not necessarily defined by the
process flow diagram syntax and must be inferred by accompanying description. A
double-lined arrow, e.g. as shown connecting 2508 and 2509, represents iteration of
the flow of a plurality of homogeneous objects, and the process flow may be
identified in accompanying description using the phrase “for each...”. Operations
that are iterated are shown with a doubled-lined squared boundary, e.g. at 2509. An
iterated operation varies its input with respect to each iterated object, but may hold
constant inputs with respect to non-iterated objects, e.g. as shown along the flow
arrow connecting 2507 and 2509. The process flow diagrams used in this disclosure
are provided to aid understanding when interpreted along with the accompanying
detailed description. The process flow diagrams used in this disclosure do not
constitute a formal specification for an algorithm but rather are illustrative devices
provided to aid in understanding the accompanying descriptions.

[0200] The methods disclosed herein may be implemented, for example, on a
computer having a 2.3 GHz Intel Core 17 processor and 8 GB of RAM using the
commercially available computational software program Mathematica® (including its
linear program solvers) available from Wolfram Research, Inc. It should be
understood by those of ordinary skill in the art, however, that the methods disclosed
herein are not limited to the above implementation and are independent of the
computer/system architecture. Accordingly, the methods may equally be
implemented on other computing platforms, use other computational software
(whether commercially available or coded specifically for the filter design methods),
and also may be hard-wired into a circuit or other computational component.

[0201] This disclosure is illustrative and not limiting. Further modifications will be
apparent to one skilled in the art in light of this disclosure. For example, where
methods and steps described above indicate certain events occurring in certain order,

those of ordinary skill in the art will recognize that the ordering of certain steps may
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be modified and that such modifications are in accordance with the inventions
disclosed herein. Additionally, certain of the steps may be performed concurrently in
a parallel process when possible, as well as performed sequentially as described
above. Acts referred to herein as operations in a method or process may also be
understood as “steps” in the method or process. Therefore, to the extent there are
variations of the inventions disclosed herein, which are within the spirit of this
disclosure or equivalent to the inventions disclosed herein, it is the intent that this
disclosure and the claims it supports will cover those variations as well. All
publications and patent applications cited in this disclosure are incorporated herein by
reference in their entirety as if each individual publication or patent application were

specifically and individually put forth herein.
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WHAT IS CLAIMED IS:

1. An optical filter comprising one or more narrow-band dyes, wherein the
luminous transmittance of the filter is between 40% and 80%, the red-green
separation factor of the filter is greater than 1.0, and the luminous transmittance of the
optical filter is defined as the weighted photopic transmittance of CIE Standard
[Mluminant D65 according to the CIE 1932 2-degree Standard Observer.

2. The optical filter of claim 1, wherein the red-green separation factor of the

filter is greater than 1.25.

3. The optical filter of claim 1, wherein the red-green separation factor of the

filter is greater than 1.5.

4. The optical filter of claim 1, wherein the luminous transmittance of the filter is

greater than 50%.

5. The optical filter of claim 1, wherein the luminous transmittance of the filter is

greater than 50% and the red-green separation factor of the filter is greater than 1.25.

6. The optical filter of claim 1, wherein the luminous transmittance of the filter is

greater than 50% and the red-green separation factor of the filter is greater than 1.5.

7. The optical filter of claim 1, wherein the luminous transmittance of the filter is

greater than 60%.

8. The optical filter of claim 1, wherein the luminous transmittance of the filter is

greater than 60% and the red-green separation factor of the filter is greater than 1.25.

0. The optical filter of claim 1, wherein the luminous transmittance of the filter is

greater than 60% and the red-green separation factor of the filter is greater than 1.5.

10.  The optical filter of any of claims 1-9, wherein the filter color is blue.
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11.

12.

13.

14.

15.

The optical filter of any of claims 1-9, wherein the filter color is blue-green.

The optical filter of any of claims 1-9, wherein the filter color is pink.

The optical filter of any of claims 1-9, wherein the filter color is purple.

The optical filter of any of claims 1-9, wherein the filter color is vermillion.

An ophthalmic spectacle lens comprising the optical filter of any of claims 1-

14, wherein the optical filter comprises two or more narrow-band dyes and filters at

least a 10 degree field of view.

16.

An ophthalmic contact lens comprising the optical filter of any of claims 1-14,

wherein the optical filter comprises only one narrow-band dye.

17.

An ophthalmic contact lens comprising the optical filter of any of claims 1-14,

wherein the optical filter comprises only one narrow-band dye having a peak

absorption wavelength at about 595 nanometers.

18.

An ophthalmic contact lens comprising the optical filter of any of claims 1-14,

wherein the optical filter comprises only one narrow-band dye having a peak

absorption wavelength at about 575 nanometers.

19.

A method of prescribing a lens to accommodate the color vision deficiency of

an individual, the method comprising

testing if the individual has deuteranomaly,

testing if the individual has protanomaly,

if the individual has deuteranomaly then prescribing an ophthalmic
lens comprising the optical filter of any of claims 1-14, wherein the
transmittance of the filter at 575 nanometers is at least two times greater than
the transmittance at 595 nanometers, and/or

if the individual has protanomaly then prescribing an ophthalmic lens

comprising the optical filter of any of claims 1-14, wherein the transmittance
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of the filter at 595 nanometers is at least two times greater than the

transmittance at 575 nanometers.

20. A lamp assembly comprising the optical filter of any of claims 1-14, wherein

the optical filter comprises only one narrow-band dye.

21. A lamp assembly comprising the optical filter of any of claims 1-14, wherein

the optical filter comprises two or more narrow-band dyes.

22. An optical filter comprising one or more narrow-band dyes, wherein the
luminous transmittance of the filter defined as the weighted photopic transmittance of
CIE Standard Illuminant D65 according to the CIE 1932 2-degree Standard Observer
is greater than 70%, the red-green separation factor of the filter is greater than 0.25,

and the HEV-attenuation factor is greater than about 5.0.

23.  The optical filter of claim 22, wherein the luminous transmittance of the filter

is greater than 80%.

24, The optical filter of any of claims 22-23, wherein the (x,y) coordinates of the
filter white-point are within 0.05 units of (.31,.33) with respect to Standard Illuminant
D65, the CIE 1932 2-deg Standard Observer, and the CIE Yxy chromaticity

coordinate system.

25. The optical filter of any of claims 22-23, wherein the (x,y) coordinates of the
filter white-point are within 0.025 units of (.31,.33) with respect to Standard
[Mluminant D65, the CIE 1932 2-deg Standard Observer, and the CIE Yxy

chromaticity coordinate system.

26.  An optical filter comprising one or more narrow-band dyes and at least one
blue-absorbing standard dye, wherein the luminous transmittance of the filter defined
as the weighted photopic transmittance of CIE Standard Illuminant D65 according to
the CIE 1932 2-degree Standard Observer is less than 40%, the red-green separation

51



WO 2016/148984 PCT/US2016/021399

factor of the filter is greater than 0.25, and the HE V-attenuation factor is at least about
40.

27. An ophthalmic spectacle lens comprising an optical filter of any of claims 22-
26.

28. The ophthalmic spectacle lens of claim 27 comprising a linear polarizer.

29. The ophthalmic spectacle lens of claim 27 comprising a photochromic dye.
30. An ophthalmic contact lens comprising an optical filter of any of claims 22-
25.

31 An ophthalmic intraocular lens comprising an optical filter of any of claims
22-25.

32.  An optical filter comprising one or more narrow-band dyes and one or more

standard dyes, wherein at least one of the standard dyes has an absorptance peak at

about 510 nanometers, and wherein the luminous transmittance of the filter defined as
the weighted photopic transmittance of CIE Standard Illuminant D65 according to the
CIE 1932 2-degree Standard Observer is less than 50% and the scotopic transmittance

of the filter is less than one third of the luminous transmittance.

33. An ophthalmic lens comprising the optical filter of claim 32.

34. The ophthalmic lens of claim 33 comprising a linear polarizer.

35. The ophthalmic lens of claim 33 comprising a photochromic dye.

36. The ophthalmic lens of claim 33 comprising a neutral density dye.

37. An ophthalmic contact lens comprising the optical filter of claim 32,

38. The ophthalmic contact lens of claim 37 comprising a photochromic dye.
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39. A method of prescribing a contact lens to accommodate the color vision
deficiency of an individual, the method comprising
testing if the individual has deuteranomaly,
testing if the individual has protanomaly,
if the individual has deuteranomaly then prescribing a contact lens
comprising an optical filter, wherein the optical filter is comprised of a
narrow-band dye having a peak absorption wavelength of about 595
nanometers, and the optical filter has a luminous transmittance defined as the
weighted photopic transmittance of CIE Standard Illuminant D65 according to
the CIE 1932 2-degree Standard Observer of at least about 70%, and/or
if the individual has protanomaly then prescribing a contact lens
comprising an optical filter, wherein the optical filter is comprised of a
narrow-band dye having a peak absorption wavelength of about 575
nanometers, and the optical filter has a luminous transmittance defined as the
weighted photopic transmittance of CIE Standard Illuminant D65 according to
the CIE 1932 2-degree Standard Observer of at least about 70%.

40. A computer implemented method for designing an optical filter that affects
color vision in a desired manner, the method comprising iteratively evaluating a
process until the luminous transmittance of the resulting optical filter defined as the
weighted photopic transmittance of CIE Standard Illuminant D65 according to the
CIE 1932 2-degree Standard Observer is about equal to a target luminous
transmittance, the iterated process comprising:
simulating a current filter based on a current dye formula,
testing the filter against a chromaticity constraint criterion,
if said test is found in violation of said constraint criterion then
improving the dye formula with respect to a constraint violation measure,
if said test is found not in violation of said constraint criterion then
improving the dye formula according to a colorimetric performance measure,
simulating a set of candidate filters based on a set of candidate
incremental changes to the current dye formula,
said improvements calculated using a ratio of the change of said

measures with respect to the change in luminous transmittance wherein the
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changes are calculated with respect to the differences between the properties
of the current filter and with respect to each candidate filter,
updating the current filter to the candidate filter that maximizes said
ratio,
and, in the iterated process, the current dye formula is initialized using an initial dye
formula, and the resulting optical filter is the current filter after the iterations are
completed, and wherein: the optical filter’s transmission of light as a function of
wavelength, 1, 1 given by the expression
=100
F=01 Q1+ ... anQnN
and in the above expression F is the optical density spectrum of the optical filter, a;
... a.y are dye concentrations and Q) ... Qy are optical density spectra of a set of

dyes, and N is greater than 1.

41. The method of claim 40, wherein the dyes comprise one or more narrow-band
dyes.

42. The method of claim 41, wherein the dyes comprise one or more standard
dyes.

43.  The method of any of claims 40-42, wherein the colorimetric performance

measure is Wrg and is calculated using the formula

Pre = (v < (((t6+ )/ 2) /1y) = 1) /(1 =) + 1)

wherein, in the above formula tg is the mean transmittance of the optical filter
between 500 nanometers and 555 nanometers, Ty is the mean transmittance of the
optical filter between 555 nanometers and 600 nanometers, tr is the mean
transmittance of the optical filter between 600 nanometers and 650 nanometers, and 1,

is the luminous transmittance of the optical filter.

44, The method of claim 43, wherein the target luminous transmittance is at least

40%.

54



WO 2016/148984 PCT/US2016/021399

45. The method of claim 43, wherein the target luminous transmittance is at least
50%.

46. The method of claim 43, wherein the target luminous transmittance is at least
60%.

47. The method of any of claims 40-46, wherein the constraint criterion is

configured so that the appearance of average daylight as seen through the optical filter

is blue.

48. The method of any of claims 40-46, wherein the constraint criterion is
configured so that the appearance of average daylight as seen through the optical filter

is blue-green.

49. The method of any of claims 40-46, wherein the constraint criterion is
configured so that the appearance of average daylight as seen through the optical filter

is pink.

50. The method of any of claims 40-46, wherein the constraint criterion is
configured so that the appearance of average daylight as seen through the optical filter

is vermillion.

51. The method of any of claims 40-46, wherein the constraint criterion is
configured so that the (x,y) coordinates of the filter white-point are within 0.05 units
of (.31,.33) with respect to Standard Illuminant D65, the CIE 1932 2-deg Standard

Observer, and the CIE Yxy chromaticity coordinate system.

52. The method of claim 51, wherein the constraint criterion is configured so that

that the (x,y) coordinates of the filter white-point are within 0.025 units of (.31,.33).

53.  The method of any of claims 40-42, wherein the colorimetric performance

measure is Wygy and is calculated using the formula

Prey = (o > (/) - 1))/ (A -w) + 1)
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wherein, in the above formula 1y is the mean transmittance of the optical filter
between 390 nanometers and 450 nanometers, 1. is the mean transmittance of the
optical filter between 450 nanometers and 650 nanometers, and T, is the luminous

transmittance of the optical filter.

54. The method of claim 53, wherein the constraint criterion is configured so that
the (x,y) coordinates of the filter white-point are within 0.05 units of (.31,.33) with
respect to Standard Illuminant D65, the CIE 1932 2-deg Standard Observer, and the

CIE Yxy chromaticity coordinate system.

55. The method of claim 54, wherein the constraint criterion is configured so that

that the (x,y) coordinates of the filter white-point are within 0.025 units of (.31,.33).

56. The method of any of claims 53-55, wherein the target luminosity of the
optical filter is greater than 70%.

57. The method of any of claims 53-55, wherein the target luminosity of the
optical filter is greater than 80%.

58. The method of any of claims 53-57, wherein the dyes comprise one or more
standard dyes, one of the standard dyes is a blue-absorbing dye, and the target

luminosity of the optical filter is less than 50%.

59. The method of claim 58, wherein the target luminosity of the optical filter is
less than 40%.

60. The method of any of claims 58-59, wherein the constraint criterion is
configured so that the appearance of average daylight as seen through the optical filter

is yellow.

61. The method of any of claims 58-59, wherein the constraint criterion is
configured so that the (x,y) coordinates of the filter white-point are within 0.025 units

of the black-body locus, the correlated color temperature of the filter is between 4200
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Kelvin and 2600 Kelvin, and the white-point chromaticity coordinates are calculated
with respect to Standard Illuminant D65, the CIE 1932 2-deg Standard Observer, and
the CIE Yxy chromaticity coordinate system.

62. The method of any of claims 40-42, wherein the constraint criterion is
configured so that the scotopic transmittance of the filter is less than about one third

of the luminous transmittance of the filter.

63. An ophthalmic spectacle lens comprising a first narrow-band dye having a
peak absorption wavelength in first spectral band between 570 nanometers and 600
nanometers, a second narrow-band dye having a peak absorption wavelength in a
second spectral band between 470 nanometers and 530 nanometers, wherein the peak
optical density of the lens in the first spectral band is at least 3 times greater than the
peak optical density in the second spectral band and

the luminous transmittance of the lens defined according to the American

National Standards Institute Z80.3-2010 is greater than 40%.

64.  The ophthalmic spectacle lens of claim 63 wherein the luminous transmittance
of the lens defined according to the American National Standards Institute Z80.3-
2010 is greater than 55%.

65.  The ophthalmic spectacle lens of claim 63 wherein the luminous transmittance
of the lens defined according to the American National Standards Institute Z80.3-
2010 is greater than 65%.

60. An ophthalmic contact lens comprising a narrow-band dye having a peak
absorption wavelength in first spectral band between 570 nanometers and 600
nanometers and the luminous transmittance of the lens defined according to the

American National Standards Institute Z80.20-2010 is greater than 40%.
67.  The ophthalmic contact lens of claim 66 wherein the luminous transmittance

of the lens defined according to the American National Standards Institute Z80.20-
2010 is greater than 55%.
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68.  The ophthalmic contact lens of claim 66 wherein the luminous transmittance
of the lens defined according to the American National Standards Institute Z80.20-
2010 is greater than 70%.

69.  An ophthalmic lens comprising a first narrow-band dye having a peak
absorption wavelength in first spectral band between 570 nanometers and 600
nanometers, a second narrow-band dye having a peak absorption wavelength in a
second spectral band between 400 nanometers and 430 nanometers, wherein the
minimum spectral transmittance lens in the first spectral band is less than 75% and the
spectral transmittance of the lens at 420 nanometers is less than 50% and the luminous
transmittance of the lens is less than 90% and the luminous transmittance is defined
according to the American National Standards Institute Z80.3-2010 if the lens is a
spectacle lens, or is defined according to the American National Standards Institute

780.20-2010 if the lens is a contact lens.

70.  The ophthalmic lens of claim 69 wherein the luminous transmittance of the

lens is less than 80%.

71.  The ophthalmic lens of claim 69 wherein the spectral transmittance of the lens

at 420 nanometers is less than 10%.

72. The ophthalmic lens of any of claims 69-71 wherein the luminous

transmittance of the lens is greater than 70%.

73. An ophthalmic spectacle lens comprising a narrow-band dye having a peak
absorption wavelength in first spectral band between 570 nanometers and 600
nanometers and a blue-light absorbing standard dye wherein the minimum spectral
transmittance lens in the first spectral band is less than one fourth of the luminous
transmittance of the lens and the mean transmittance of the lens in the second spectral
band is less than one eighth of the luminous transmittance of the lens and

the luminous transmittance of the lens defined according to the American

National Standards Institute Z80.3-2010 is less than 40%.
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74. An ophthalmic spectacle lens comprising one or more narrow-band dyes and
one or more standard dyes, wherein at least one of the standard dyes has an
absorptance peak at about 510 nanometers, and wherein the luminous transmittance of
the lens defined according to the American National Standards Institute Z80.3-2010 is
less than 40% and the mean transmittance of the lens between 450 nanometers and

530 nanometers is less than one tenth of the luminous transmittance of the lens.
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INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2016/021399

A.  CLASSIFICATION OF SUBJECT MATTER
IPC(8) - G02B 5/20; GO2C 7/10 (2016.01)
CPC - G02B 5/201; GO2C 7/104 (2016.01)

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

B.  FIELDS SEARCHED

IPC - GO2B 1/10; GO2B 1/111; G02B 5/20; G02B 5/28; G02C 7/10
CPC - G02B 1/10; G02B 5/201; G02C 7/104

Minimum documentation searched (classification system followed by classification symbols)

USPC 359/589; 359/590 (keyword delimited)

Documentation searched other than minimum documentation to the extent that such documents are inctuded in the fields searched

Patbase, Google Patents , Proquest, Google, Google Scholar
Search terms used: luminous transmittance, narrow-band dye

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

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2014/0233105 A1 (ENCHROMA, INC.) 21 August 2014 (21.08.2014) entire document 1-14, 22-26, 32-38, 63-74
;\- 55-3-46, H3-55, 62
Y US 2011/0255051 A1 (MCCABE et al) 20 October 2011 (20.10.2011) entire document 1-14, 22-26, 32-38, 63-74
;- ;E-)-46. 53-55, 62
A US 5,218,386 A (LEVIEN) 08 June 1993 (08.06.1993) entire document 38-46, 53-55, 62
A US 4,826,286 A (THORNTON, JR.) 02 May 1989 (02.05.1989) entire document 39-46, 53-55, 62
A US 8,210,678 B1 (FARWIG) 03 July 2012 (03.07.2012) entire document 39-46, 53-55, 62

I:l Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T”  later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y™ document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

26 June 2016

Date of mailing of the international search report

26 UL 2016

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774
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Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful intcrnational scarch can be carried out, specitically:

3. m Claims Nos.: 15-21, 27-31, 47-52, 56-61
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See supplemental page

1. ﬁ As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D A3 oiily sume ulihe reyulred adaitional search tees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

% No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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Continued from Box No. Ill Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-14,22-26, drawn to an optical filter comprising one or more narrow-band dyes.

Group |1, claims 32-38, drawn to an optical filter comprising one or more narrow-band dyes and one or more standard dyes.

Group I, claim 39, drawn to a method of prescribing a contact lens to accommodate the color vision deficiency of an individual.
Group IV, claims 40-46,53-55,62, drawn to a computer implemented method for designing an optical filter that affects color vision in a
desired manner.

Group V, claims 63-74, drawn to an ophthalmic lens.

The inventions listed as Groups I, 11, Hl, IV, or V do not relate to a single general inventive concept under PCT Rule 13.1 because, under
PCT Rule 13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of
the Group | invention: the red-green separation factor of the filter is greater than 0.25 as claimed therein is not present in the invention
of Groups Il lll, IV, or V. The special technical feature of the Group Il invention: the scotopic transmittance of the filter is less than one
third of the luminous transmittance as claimed therein is not present in the invention of Groups |, Ill, IV, or V. The special technical
feature of the Group il invention: testing if the individual has deuteranomaly, testing if the individual has protanomaly, if the individual
has deuteranomaly then prescribing a contact lens as claimed therein is not present in the invention of Groups I, II, IV, or V. The
special technical feature of the Group IV invention: testing the filter against a chromaticity constraint criterion, if said test is found in
violation of said constraint criterion then improving the dye formula with respect to a constraint violation measure, if said test is found not
in violation of said constraint criterion then improving the dye formula according to a colorimetric performance measure as claimed
therein is not present in the invention of Groups |, Il, Ill, or V. The special technical feature of the Group V invention: the luminous
transmittance of the lens defined according to the American National Standards Institute Z80.3-2010 is about 40% as claimed therein is
not present in the invention of Groups |, I, ilt, or IV.

Groups I, I, 111, 1V, and V lack unity of invention because even though the inventions of these groups require the technical feature of an
optical filter comprising one or more narrow-band dyes; weighted photopic transmittance of CIE Standard llluminant D65 according to
the CIE 1932 2-degree Standard Observer is around 50%; wherein at least one of the standard dyes has an absorptance peak of about
510 nanometers, this technical feature is not a special technical feature as it does not make a contribution over the prior art.

Specifically, US 2014/0233105 A1 (ENCHROMA, INC) 21 August 2014 (21.08.2014) teaches an optical filter comprising one or more
narrow-band dyes (Para. 463); weighted photopic transmittance of CIE Standard llluminant D65 according to the CIE 1932 2-degree
Standard Observer is around 50% (Para. 377); wherein at least one of the standard dyes has an absorptance peak of about 510
nanometers (Paras. 354 and 392).

Since none of the special technical features of the Group |, I1, lil, IV or V inventions are found in more than one of the inventions, unity of
invention is lacking.

Form PCT/ISA/210 (extra sheet) (January 2015)
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