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(7) ABSTRACT

Methods and systems for measuring with a Color Measure-
ment System of predetermined specification and evaluating
the color of skin, teeth, hair and material substances with a
Color Index. The principles of this invention also relate to
techniques for using such a Color Measurement System with
the Color Index in medical applications such as the detection
of chromogenic disease including bilirubin infant jaundice,
cosmetics applications and in the evaluation of the color of
hair or teeth, and other applications.

The Color Index is measured and calculated from the
reflectance spectrum of any skin (or teeth, hair or material
substance) by a two step process. The first step is the
weighting of the visible spectra with a unique set of weight-
ing factors which calculate a sample’s reflectance spec-
trum’s contribution to the appearance of four color compo-
nents independent of the illuminating condition. The second
step places the sample’s reflectance spectrum’s contribution
to the appearance of the four color components in
opponency to each other and calculates the Color Index
providing attributes representative of correlates of lightness-
darkness (L, also referred to as lightness), redness-greenness
(M) and yellowness-blueness (N).
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COLOR MEASUREMENT SYSTEM WITH COLOR
INDEX FOR SKIN, TEETH, HAIR AND MATERIAL
SUBSTANCES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This claims the benefit of copending, commonly-
assigned United States Provisional Patent Application No.
60/068,013, filed Dec. 18, 1997 and copending, commonly-
assigned United States Provisional Patent Application No.
60/068,237, filed Dec. 19, 1997.

BACKGROUND OF THE INVENTION

[0002] This invention relates to techniques for measuring
with a Color Measurement System and evaluating the color
of skin, teeth, hair and material substances with a Color
Index. The invention also relates to techniques for using
such a Color Measurement System with the Color Index in
medical applications such as the detection of chromogenic
disease including bilirubin infant jaundice, cosmetics appli-
cations and in the evaluation of the color of hair or teeth and
other applications.

[0003] Tt is well known that color measuring instruments,
such as spectrocolorimeters and spectrophotometers, can be
used to measure the color of surfaces for a variety of useful
applications. For example, Macfarlane et al. U.S. Pat. No.
5,313,267 describes a method and instrument for selecting
personal compatible colors using a color measuring device.
Also, PCT Publication No. WO 96/41140 describes methods
and apparatus for determining the condition of a test subject
based on color by using a color measuring instrument to
detect change in a color factor indicative of a condition such
as a disease, spoilage, ageing, etc. In particular, those
methods and apparatus can be used to detect a medical
condition known as hyperbilirubinemia by measuring skin
color.

[0004] However, in order to accurately categorize skin
versus each other (or teeth, hair or material substances,
respectively), it is important that the Color Index used by the
Color Measurement System for evaluating the color of skin,
teeth, hair and material substances be independent of the
illuminating condition and need not be calculated with
respect to some standard illuminating condition. The alter-
native, allowing the Color Index to be dependent upon the
conditions of illumination, would allow one sample (such as
skin) to be categorized in one illuminating condition and
another sample (such as skin) to be categorized in another
illuminating condition, preventing any useful correlation of
the colors of the two measurements.

[0005] 1t would be beneficial to develop a Color Measure-
ment System for evaluating the color of skin, teeth, hair and
material substances with a Color Index for skin, teeth, hair
and material substances that makes a unique formulation of
the opponent process of human vision. It is known that the
contribution of redness and of greenness are in opponency to
each other. Similarly, it is also known that the contribution
of yellowness and of blueness are in opponency to each
other. In other words, no color can exhibit qualities of
redness and greenness at the same time, nor can a color
exhibit qualities of yellowness and blueness at the same
time. It would thus be beneficial to develop a Color Index for

Feb. 21, 2002

skin, teeth, hair and material substances that makes a unique
formulation of the opponent process of human vision.

[0006] 1t would also be beneficial to develop a Color
Measurement System for evaluating the color of skin, teeth,
hair and material substances with a unique Color Index
which is measured and calculated from the contribution of
the reflectance spectrum of any skin (or teeth, hair, or
material substance) to the appearance of four opponent
colors, i.e., red-green and yellow-blue.

[0007] Furthermore, it would also be beneficial if the
opponent process of human vision be formulated linearly
with respect to the opponent contributions to color appear-
ance rather than as an exponential function of the contribu-
tions as is conventionally held necessary for opponent-type
systems.

[0008] In view of the foregoing, it is an object of this
invention to provide a Color Measurement System for
evaluating the color of skin, teeth, hair and material sub-
stances with a Color Index.

[0009] 1t is another object of this invention to provide a
Color Measurement System for evaluating the color of skin,
teeth, hair and material substances with a Color Index,
wherein the Color Index is calculated from the contribution
of the reflectance spectrum of any skin (or teeth, hair, or
material substance) to the appearance of four opponent
colors, i.e., red-green and yellow-blue.

[0010] Tt is yet another object of this invention to provide
a Color Measurement System for evaluating the color of
skin, teeth, hair and material substances with a Color Index
that makes a unique formulation of the opponent process of
human vision.

[0011] Tt is another object of this invention to provide a
Color Measurement System for evaluating the color of skin,
teeth, hair and material substances with a Color Index in
which the opponent process is formulated linearly with
respect to the opponent contributions to color appearance
rather than as an exponential function of the contributions.

[0012] Tt is another object of this invention to provide a
Color Measurement System for evaluating the color of skin,
teeth, hair and material substances with a Color Index that
is independent of the illuminating condition.

SUMMARY OF THE INVENTION

[0013] These and other objects of this invention are
accomplished in accordance with the principles of the inven-
tion by providing a Color Measurement System for evalu-
ating the color of skin, teeth, hair and material substances
with a Color Index.

[0014] The Color Measurement System and Color Index
for skin, teeth, hair and material substances of this invention
is a unique Color Measurement System and Color Index
measured and calculated from the reflectance spectrum of
any skin (or teeth, hair or material substance). Uniquely, this
invention’s Color Measurement System and Color Index for
Skin, Hair, and Material Substances is independent of the
illuminating condition, as is necessary to accurately catego-
rize skins versus each other (or teeth, hair or material
substances respectively) in all illuminating conditions.

[0015] In accordance with the principles of this invention,
the Color Index is measured and calculated from the reflec-
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tance spectrum of any skin (or teeth, hair or material
substance) by a two step process. The first step is the
weighting of the visible spectra with a unique set of weight-
ing factors which calculate the contribution of the reflec-
tance spectrum of any skin (or teeth, hair or material
substance) to the appearance of four opponent colors, i.c.,
red-green and yellow-blue.

[0016] Conventionally, contributions to color appearance
such as these were calculated with respect to some standard
illuminating condition. Uniquely, the Color Measurement
System and Color Index for skin, teeth, hair and material
substances of this invention is independent of the illuminat-
ing condition.

[0017] The second step in measuring and calculating the
Color Index in accordance with the principles of this inven-
tion places the contribution of the reflectance spectrum of
any skin (or teeth, hair, or material substance) to the appear-
ance of four opponent colors, i.e., redness-greenness and
yellowness-blueness in opponency to each other. The Color
Index in accordance with the principles of this invention is
calculated from the contribution of the reflectance spectrum
of any skin (or teeth, hair or material substance) to the
appearance of four opponent color components and provides
attributes representative of correlates of lightness-darkness
(L, also referred to as lightness), redness-greenness (M) and
yellowness-blueness (N).

[0018] According to one embodiment of this invention,
evaluating color includes:

[0019] A method for evaluating color of a sample using a
Color Measurement System with a Color Index, said method
comprising:

[0020] measuring said samplers reflectance spectrum
using a color measuring instrument;

[0021] weighting of said reflectance spectrum with
weighting factors corresponding to four color components
that form two opponent pairs of color components wherein
said weighting factors are used to calculate said sample’s
reflectance spectrum’s contribution to said four color com-
ponents’ appearance; and

[0022] determining individual contributions correspond-
ing to each of said four color components and calculating
said Color Index using said individual contributions and
respective contributions to each of a respective one of said
four color components by a perfect diffuser, said determin-
ing comprising:

[0023] summing said sample’s reflectance spectrum’s
contribution to the appearance of each of a respective one of
said four color components at a plurality of wavelengths into
said individual contributions corresponding to each of said
four color components that form said two opponent pairs of
color components.

[0024] A Color Measurement System for use with the
above method is also provided. According to an illustrative
embodiment of this invention:

[0025] A Color Measurement System for evaluating color
of a sample with a Color Index comprising:

[0026] means for measuring said sample’s reflectance
spectrum;
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[0027] means for weighting of said reflectance spectra
with weighting factors corresponding to four color compo-
nents that form two opponent pairs of color components
wherein said weighting factors are used to calculate said
sample’s reflectance spectrum’s contribution to said four
color components’ appearance;

[0028] means for determining individual contributions
corresponding to each of said four color components and
calculating said Color Index using said individual contribu-
tions and respective contributions to each of a respective one
of said color components by a perfect diffuser, said deter-
mining comprising:

[0029] summing said sample’s reflectance spectrum’s
contribution to the appearance of each of a respective one of
said four color components at a plurality of wavelengths into
said individual contributions corresponding to each of said
four color components that form said two opponent pairs of
color components.

[0030] According to another illustrative embodiment of
this invention, evaluating color includes:

[0031] A method for evaluating color of a sample using a
Color Measurement System with a Color Index, said method
comprising:

[0032] adjusting a color measuring instrument’s spectral
response function to fit weighting factors corresponding to
four color components that form two opponent pairs of color
components wherein said weighting factors are used to
calculate said sample’s reflectance spectrum’s contribution
to said four color components’ appearance;

[0033] measuring said sample’s reflectance spectrum
using said color measuring instrument wherein said sam-
ple’s reflectance spectrum from said measuring is represen-
tative of a summing of said sample’s reflectance spectrum’s
contribution to the appearance of each of a respective one of
said four color components at a plurality of wavelengths into
individual contributions corresponding to each of a respec-
tive one of said four color components that form two
opponent pairs of color components; and

[0034] calculating said Color Index using said individual
contributions corresponding to each of a respective one of
said four color components and respective contributions to
each of a respective one of said four color components by a
perfect diffuser.

[0035] A Color Measurement System for use with the
above method is also provided. According to an illustrative
embodiment of this invention:

[0036] A Color Measurement System for evaluating color
of a sample with a Color Index comprising:

[0037] a color measuring instrument having an associated
spectral response function for measuring said sample’s
reflectance spectrum, said spectral response function
adjusted to fit weighting factors corresponding to four color
components that form two opponent pairs of color compo-
nents wherein said weighting factors are used to calculate
said sample’s reflectance spectrum’s contribution to said
four color components’ appearance, said sample’s reflec-
tance spectrum from said measuring is representative of
individual contributions corresponding to each of said four
color components that form said two opponent pairs of color
components; and
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[0038] means for calculating said Color Index using said
individual contributions corresponding to each of said four
color components that form said two opponent pairs of color
components and respective contributions to each of a respec-
tive one of said four color components by a perfect diffuser.

BRIEF DESCRIPTION OF THE DRAWINGS

[0039] FIG. 1 is a graphical representation of the weight-
ing factors for calculating the contribution to the appearance
of redness, yellowness, greenness and blueness by the
reflectance spectrum of a sample (skin, teeth, hair and
material substances) for which color is being evaluated with
a Color Index in accordance with an illustrative embodiment
of this invention.

[0040] FIG. 2 is a graphical representation of the reflec-
tance spectra of a darker series of twelve skin samples.

[0041] FIG. 3 is a graphical representation of the reflec-
tance spectra of a lighter series of twelve skin samples.

[0042] FIG. 4 is a graphical representation of the results
of calculations performed to evaluate the color of the
samples represented in FIGS. 2 and 3 with a Color Index in
accordance with an illustrative embodiment of this inven-
tion.

[0043] FIG. 5 is a simplified block diagram of an illus-
trative Color Measurement System for evaluating the color
of skin, teeth, hair and material substances with a Color
Index in accordance with the present invention.

[0044] FIG. 6 is a simplified block diagram of an illus-
trative Color Measurement System for evaluating the color
of skin, teeth, hair and material substances with a Color
Index in accordance with another illustrative embodiment of
the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0045] The Color Measurement System and Color Index
for Skin, Teeth, Hair and Material Substances in accordance
with the principles of this invention utilizes four opponent
contributions to color appearance, i.e., redness-greenness
and yellowness-blueness, unlike other formulations of color
that utilize only three attributes (redness, greenness, and
blueness).

[0046] Produced hereunder in Table 1 is a tabular repre-
sentation of weighting factors for calculating the contribu-
tion to the appearance of redness, yellowness, greenness and
blueness by the reflectance spectrum of a sample (skin,
teeth, hair and material substances) for which color is being
evaluated with a Color Index in accordance with an illus-
trative embodiment of this invention.

TABLE 1
A (nm) Rwt Ywt Gwt Bwt
400 0 0 0 7
410 0 0 0 77
420 8 -11 -12 310
430 15 -33 -12 669
440 15 -33 -24 979
450 8 -22 -24 1000
460 0 -22 0 937
470 -15 -22 59 782
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TABLE 1-continued

480 -38 -33 153 535
490 -62 =22 271 303
500 -100 -11 459 218
510 -146 22 753 141
520 -169 174 1000 70
530 -131 435 965 7
540 -38 870 600 -35
550 100 1000 376 -49
560 285 967 247 -49
570 500 815 118 -35
580 708 554 24 -14
590 908 228 0 7
600 1000 -33 -35 21
610 985 -185 -71 28
620 862 -228 -94 28
630 685 -207 -94 28
640 469 -152 -82 21
650 300 -98 -59 14
660 177 -54 -47 7
670 92 =22 -35 7
680 46 -11 -12 0
690 23 0 -12 0
700 15 -11 0 0

SUM Rn Yn Gn Bn
6502 3855 4412 6014

[0047] The weighting factors depicted above in Table 1 are
a unique set of weighting factors which are used to calculate
a sample’s reflectance spectrum’s contributions to the
appearance of redness, yellowness, greenness and blueness.

[0048] Column headings Rwt, Ywt, Gwt and Bwt refer to
weighting factors corresponding to red, yellow, green and
blue contributions to color appearance, respectively, in
accordance with the principles of this invention. The index
to the rows of the information presented in Table 1 corre-
sponds to h (wavelength) measured in nanometers(nm) at
increments of 10 nm. It will, however, be understood that if
the spectrum is measured at intervals other than 10 nm, the
needed data can be easily ascertained using cubic Lagrange
interpolation. With regard to data for the first and last
intervals, quadratic Lagrange interpolation may be utilized.
Furthermore, values of the functions outside the tabulated
range presented in Table 1 may be taken to be zero.

[0049] The values at the bottom of the columns corre-
sponding to red, yellow, green and blue contributions to
color appearance (indexed as SUM) correlates to contribu-
tions to each color attribute on the part of a perfect diffuser,
i.e., a theoretical object having 100% reflectance. The SUM
values corresponding to red, yellow, green and blue contri-
butions to color appearance are identified as Rn, Yn, Gn and
Bn, respectively, and correspond to numerical sums of
values in corresponding columns.

[0050] FIG. 1 is a graphical representation of the tabu-
lated information presented in Table 1 in accordance with
this invention. The y-axis in FIG. 1 represents the weighting
factors while the x-axis represents wavelength (measured in
nanometers). Curve 110 is a graphical representation of the
weighting factors corresponding to the color blue within the
visible spectra (400 nm—700 nm). These factors are pre-
sented in tabular form in Table 1 under column heading Bwt
which, as mentioned earlier, corresponds to the contribution
by the color blue to the appearance of any reflectance
spectrum in accordance with the principles of this invention.
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[0051] Similarly, curves 120, 130 and 140 are graphical
representations of weighting factors corresponding to the
colors green, yellow and red, respectively, within the visible
spectra (400 nm-700 nm), also presented in tabular form in
Table 1 under corresponding column headings Gwt, Ywt and
Rwt. These weighted values correspond to the contributions
to color appearance by respective colors green, yellow and
red to the appearance of any reflectance spectra in accor-
dance with the principles of this invention.

[0052] From the standpoint of color, the effect of an object
on light can be described by its spectral transmittance or
reflectance curve (for transparent or opaque materials,
respectively; both are needed for translucent objects). These
curves show the fraction of the light reflected at each
wavelength from the material (compared to that reflected
from a suitable white reflecting standard) or transmitted
through it (compared to that transmitted by a suitable
standard, often air).

[0053] In order to illustrate the features of this invention,
the reflectance spectra of twenty-four skin samples are used.
The twenty-four skin samples are chosen so that the speci-
mens visually represent evenly-stepped scales of color
through the central portion of the Caucasian skin range. As
can be seen from the reflectance spectra of the skin samples
represented in FIGS. 2 and 3, the series of colors are quite
close to each other and most specimens represent differences
from their nearest neighbor of only about 2-3 times the least
perceptible color difference.

[0054] FIG. 2 is a graphical representation of the reflec-
tance spectra of a darker series of twelve skin samples
(1-12). As shown in FIG. 2, the percent reflectance is
represented along the y-axis while the wavelength (mea-
sured in nanometers) is represented along the x-axis. The
reflectance spectra of a darker series of skin samples shown
in FIG. 2 may be determined using a color measuring
instrument such as a spectrocolorimeter or a spectrophotom-
eter or other color measuring instrument suitable for mea-
suring the color of a sample surface such as skin, teeth, hair
or material substances. The Color Measurement System for
evaluating the color of skin, teeth, hair and material sub-
stances in accordance with an illustrative embodiment of
this invention comprises such a color measuring instrument.

[0055] FIG. 3 is a graphical representation, similar to the
one illustrated in FIG. 2, of the reflectance spectra of a
lighter series of twelve skin samples (13-24). Similar to the
graphical representation of FIG. 2, in FIG. 3 the percent
reflectance is represented along the y-axis while the wave-
length is represented along the x-axis. The reflectance spec-
tra shown in FIG. 3 may also be determined using a color
measuring instrument such as a spectrocolorimeter or a
spectrophotometer or other color measuring instrument suit-
able for measuring the color of a sample surface such as
skin, teeth, hair or material substances. The color measure-
ment system for evaluating the color of skin, teeth, hair and
material substances in accordance with an illustrative
embodiment of this invention comprises such a color mea-
suring instrument.

[0056] The Color Measurement System and Color Index
for skin, teeth, hair and material substances in accordance
with the principles of this invention is a unique Color
Measurement System and Color Index measured and calcu-
lated from the reflectance spectrum of any skin (or teeth, hair
or material substance) by a two step process.
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[0057] The first step is the weighting of the visible spectra
(400 nm-700 nm) with a unique set of weighting factors
which calculate the sample’s reflectance spectrum’s contri-
bution to the appearance of redness, yellowness, greenness
and blueness. These unique set of weighting factors, as
mentioned earlier, are presented in tabulated form in Table
1. Also, a graphical representation of the tabulated values of
the weighting factors presented in Table 1 is presented in
FIG. 1.

[0058] The second step in measuring and calculating the
Color Index in accordance with the principles of this inven-
tion places the contribution of the reflectance spectrum of
any skin (or teeth, hair, or material substance) to the appear-
ance of four opponent colors, i.e., redness-greenness and
yellowness-blueness, in opponency to each other. The Color
Index in accordance with the principles of this invention is
calculated from the contribution of the reflectance spectrum
of any skin (or teeth, hair, or material substance) to the
appearance of four opponent color components and provides
attributes representative of correlates of lightness-darkness
(L, also referred to as lightness), redness-greenness (M) and
yellowness-blueness (N).

[0059] It is known that the contribution of redness and of
greenness are in opponency to each other and that the
contribution of yellowness and blueness are also in
opponency to each other. That is, no color can exhibit
qualities of redness and greenness at the same time, nor can
a color exhibit qualities of yellowness and blueness at the
same time.

[0060] By utilizing four opponent contributions to color
appearance, the Color Measurement System and Color
Index for Skin, Teeth, Hair and Material Substances of this
invention makes a unique formulation of the opponent
process of human vision. Furthermore, the Color Measure-
ment System and Color Index for Skin, Teeth, Hair and
Material Substances of this invention is further unique in
that its opponent process is formulated linearly with respect
to the opponent contributions to color appearance rather than
as an exponential function of the contributions as is con-
ventionally held necessary.

[0061] Inorder to evaluate the color of skin, teeth, hair and
material substances in accordance with the principles of this
invention, the reflectance spectrum of any skin (or teeth, hair
or material substance) is measured. To illustrate the prin-
ciples of this invention the reflectance spectrum of twenty-
four skin samples are utilized (as graphically illustrated in
FIGS. 2 and 3).

[0062] As described earlier, the reflectance spectrum of a
sample may be determined using a color measuring instru-
ment such as a spectrocolorimeter or a spectrophotometer or
other color measuring instrument suitable for measuring the
color of a sample surface such as skin, teeth, hair or material
substances. In an illustrative embodiment of this invention,
the Color Measurement System and Color Index for Skin,
Teeth, Hair and Material Substances of this invention com-
prises such a color measuring instrument.

[0063] In accordance with an illustrative embodiment of
this invention, after the reflectance spectra of a sample for
which color is being evaluated is measured, the sample’s
reflectance spectrum’s contribution to the appearance of four
color components is calculated by weighting the reflectance
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spectrum of any color (using the weighting factors of Table
1 and FIG. 1) and summing the contributions to color
appearance at all wavelengths into individual components
corresponding to each of the four opponent colors in accor-
dance with the equations produced hereunder, collectively
referred to as equation la:

R=SR(A) * Rwi(A)AA
Y=SR(A) * YWt(A)AA
G=3R(M) * Gwt(A)AA
B=SR(A) * Bwi(A)AA (1a)

[0064] In the above equations, R is representative of the
reflectance factor of the sample for which color is being
evaluated and is expressed as a decimal fraction, Rwt(}),
Ywt(2), Gwt(}.) and Bwt(}) are weighting factors (shown in
Table 1 and FIG. 1) used in calculating the contribution of
the sample’s reflectance spectrum to the appearance of each
of the four opponent color contributions in accordance with
the principles of this invention. The data for these weighting
factors is provided in tabulated form in Table 1 at wave-
length intervals of 10 nm and is graphically depicted in FIG.
1. Also, for the equations collectively referred to as equation
1a, the value of A varies from 1 to k measurement intervals,
where k is the number of points at which the reflectance
spectrum is measured.

[0065] As mentioned earlier, even though the weighting
factors provided in Table 1 are at intervals of 10 nm, the
weighting factors may be assumed to be continuous.
Accordingly, if the spectrum is measured at intervals other
than 10 nm intervals, cubic Lagrange interpolation of miss-
ing but needed data in other than the first and last missing
interval is applicable. Similarly, quadratic Lagrange inter-
polation in the first and last missing interval may be used to
determine needed data. Also, the values of the functions
outside the tabulated range may be taken to be zero.

[0066] The equations collectively referred to as equation
la may also be represented in matrix notation as:

T=AR (1b)

[0067] where T is representative of a 4x1 vector of oppo-
nent components, A is representative of a 4xk matrix of
weighting factors (Table 1 transposed), R is representative of
a kx1 vector of reflectance factors for the sample for which
color is being evaluated and k is the number of points at
which the reflectance spectrum is measured in the visible
wavelengths.

[0068] The Color Index for skin (or teeth, hair or material
substance) in accordance with the principles of this inven-
tion is calculated from the skin’s (or teeth, hair or material
substance) spectrum’s contribution to the appearance of four
color components by the following equations, collectively
referred to as equation 2:

L =2.55(33.333(R/Rn) + 17.333(Y / Yn) + 2)
16.0(G/Gn) +33.333(B/ Bn) + 0.39}1* — 1.863

M ={88(R/Rn) —46(Y /Yn) —-42(G /Gn)} /L

N ={75(R/Rn) +40(Y [ Yn) + 35(G [ Gn) — 150(B/ Bn)} / L
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[0069] In the above equations, L is representative of a
correlate of lightness-darkness (also referred to as lightness),
M is representative of a correlate of redness-greenness and
N is representative of a correlate of yellowness-blueness. R,
Y, G and B refer to the summed contribution from equation
1 of the spectrum being analyzed for each color component.

[0070] The values corresponding to Rn, Yn, Gn and Bn are
presented at the bottom of the columns corresponding to red,
yellow, green and blue contributions to color appearance
(indexed as SUM) in Table 1 and correspond to contribu-
tions to each color attribute on the part of a perfect diffuser,
i.e., a theoretical object having 100% reflectance. As
described earlier, the values of L, M and N are continuous
and may be calculated Lo any precision warranted by the
precision of the spectral data.

[0071] 1t may be desirable in some color evaluating appli-
cations, for example, to calculate a six digit, single number
index CSClIy, (Color Measurement System and Color Index;
six-digit) using the Color Measurement System and Color
Index of this invention, even though such an index would be
discrete rather than continuous. Where such a single number
index is desired, it may be calculated using the following
equation:

CSClg = 10000 = INT(10 = (L +0.05)) + ©)

100+ INT(10 =(M +0.05)) +

INT(10 +(N +0.05))

[0072] In the above equation, the symbol INT stands for
the integer value of the corresponding expression within
parentheses. In the resulting six digit single number index
(CSCIy), the first two digits are a correlate of lightness-
darkness (L, also referred to as lightness), the second two
digits are a correlate of redness-greenness (M) and the last
two digits are a correlate of yellowness-blueness (N).

[0073] As described earlier, in order to illustrate the fea-
tures of this invention, the reflectance spectra of twenty-four
skin samples are chosen so that the specimens visually
represent evenly-stepped scales of color through the central
portion of the Caucasian skin range. Also, as can be seen
from the reflectance spectra of the skin samples represented
in FIGS. 2 and 3, the series of colors are quite close to each
other and most specimens represent differences from their
nearest neighbor of only about 2-3 times the least percep-
tible color difference. Using the Color Index calculated in
accordance with the principles of this invention, the
attributes corresponding to redness (M) and yellowness (N)
can be presented in even numerical intervals similar to the
visual evaluation of the specimen which is located in colo-
rimetrically evenly-stepped intervals.

[0074] Table 2 produced hereunder shows in tabular form
the results of calculations performed in accordance with the
above described feature of this invention using eq. 3 to
evaluate the color of the specimens having a reflectance
spectrum graphically illustrated in FIGS. 2 and 3.
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TABLE 2
Skin Skin Skin Skin Skin Skin
#1 #2 #3 #4 #5 #6

L 4.40 4.38 4.36 4.35 4.33 4.30

M 2.02 2.08 2.15 2.21 2.26 2.33

N 0.97 1.21 1.45 1.67 1.91 2.15
CSCI; 442010 442112 442115 442217 432319 432322

Skin Skin Skin Skin Skin Skin

#7 #8 #9 #10 #11 #12

L 4.43 4.43 4.41 4.37 4.36 4.34

M 2.44 2.47 2.51 2.55 2.58 2.62

N 1.05 1.29 1.53 1.76 2.03 2.27
CSCI, 442411 442513 442515 442518 442620 432623

Skin Skin Skin Skin Skin Skin

#13 #14 #15 #16 #17 #18

L 5.83 5.81 5.79 5.78 5.76 5.75

M 2.53 2.59 2.63 2.67 2.76 2.82

N 0.46 0.65 0.89 1.1 1.35 1.61
CSCI, 582505 582606 582609 582711 582813 572816

Skin Skin Skin Skin Skin Skin

#19 #20 #21 #22 #23 #24

L 5.85 5.84 5.82 5.80 5.77 5.76

M 2.97 3.00 3.08 3.15 3.17 3.24

N 0.52 0.72 0.99 1.22 1.41 1.67
CSCI, 583005 583007 583110 583112 583214 583217

[0075] Shown in tabular form in Table 2 are the lightness
(L), redness (R) and yellowness (N) values corresponding to
each of a respective of twenty-four skin samples with
varying degrees of lightness as illustrated in FIGS. 2 and 3.
These values are determined using equations 1 and 2 and the
data presented in Table 1, and FIGS. 1, 2 and 3.

[0076] Also shown in Table 2 are the CSCI, values cor-
responding to each of the twenty-four skin samples of FIGS.
2 and 3 determined using equation 3. As mentioned earlier,
in the six-digit single number index (CSCI6) the first two
digits are a correlate of lightness (L), the second two digits
a correlate of redness (M) and the last two digits a correlate
of yellowness (N). It can be seen from the information
presented in Table 2 that the lightness attributes L of these
spectra according to the developed index are similar to each
other within each series of dark and light skin specimen.

[0077] FIG. 4 shows in graphical form the information
presented in Table 2. Shown in FIG. 4 are attributes of
redness (M) plotted along the x-axis and attributes of
yellowness (N) plotted along the y-axis determined in accor-
dance with the principles of this invention using equations 1
and 2. FIG. 4 illustrates that the Color Index in accordance
with an illustrative embodiment of the principles of this
invention renders attributes corresponding to redness (M)
and yellowness (N) in even numerical intervals similar to the
visual evaluation of the specimen which is located in calo-
rimetrically evenly-stepped intervals.

[0078] In some applications it may be desirable to utilize
a three-digit, single number index CSCI; (Color Measure-
ment System and Color Index; three-digit) using the Color
Measurement System and Color Index in accordance with
the principles of this invention. If such a three digit number
is desired, it may be calculated using the following equation:
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CSCly = 100+ INT(L +0.5) + @)

10%INT(M +0.5) + INT(N +0.5)

[0079] Inthe resulting three-digit single number index, the
first digit is the correlate of lightness (L), the second digit the
correlate of redness (M) and the last digit the correlate of
yellowness (N). As in equation 3, the symbol INT in
equation 4 stands for the integer value of the expression
within parentheses.

[0080] Even though the data presented in FIG. 4 is rep-
resented only as a six digit index (CSCly), it will, however,
be understood that the same data can be presented as a three
digit index in accordance with equation 4 where the first
digit would be a correlate of lightness (L), the second digit
the correlate of redness (M) and the third digit the correlate
of yellowness (N). It should, however, be noted that if the
colors of the samples being evaluated are too close to each
other, then the CSCI; index may not be a useful unit of
measure for that series of color.

[0081] When formulating indices for categorizing skin,
teeth, hair and material substances, it may also be beneficial
to utilize still broader categories than those provided by the
indices noted above. For example, in some instances it may
be very useful to formulate indices from attributes of light-
ness (L) taken together with the yellowness-blueness (N)
attribute, while in other instances it may be useful to
formulate indices using the attributes of lightness (L) and
redness-greenness (M).

[0082] In order to make a broader category formulation
from attributes of lightness (L) taken together with the
yellowness-blueness (N) attribute, an index may be formu-
lated using the Color Measurement System and Color Index
for Skin, Teeth, Hair and Material Substances in accordance
with the principles of this invention.

[0083] One example of formulating a color index for a
specific purpose utilizing the attributes of lightness (L) and
yellowness-blueness (N) of the Color Index of this invention
is the correlation of skin color with the presence of an
abnormal medical condition. Several abnormal medical con-
ditions can cause jaundice. The most notable abnormal
medical condition that might be detected by such a color
index directly is the serological bilirubin count of a hyper-
bilirubinemic newborn baby. In such an instance, statisti-
cally significant data relating skin color to serological biliru-
bin count may be fitted to the index. Thereafter, a color
measurement of the affected skin evaluated using the Color
Measurement System and Color Index for Skin, Teeth, Hair
and Material Substances in accordance with the principles of
this invention may directly read the serological bilirubin
count in a non-invasive procedure.

[0084] Suitable color standards for skin color measure-
ments for detecting conditions affecting hyperbilirubinemia
may be chosen using skin color categories. Skin color
categories are disclosed in Macfarlane et al. U.S. Pat. No.
5,671,735, Macfarlane et al. U.S. patent application Ser. No.
08/939,462, filed on Sep. 29, 1997, Macfarlane et al. U.S.
patent application Ser. No. 08/939,588, filed on Sep. 29,
1997, Macfarlane et al. U.S. patent application Ser. No.
08/939,784, filed on Sep. 29, 1997, Macfarlane et al. U.S.
patent application Ser. No. 08/939,232, filed Sep. 29, 1997,
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and PCT Publication No. WO 96/41140 (which are hereby
incorporated by reference in their entirety herein).

[0085] Similarly, to make a broader category formulation
from attributes of lightness (L) taken together with the
redness-greenness (M) attribute, an index may be formu-
lated using the Color Measurement System and Color Index
for Skin, Teeth, Hair and Material Substances in accordance
with the principles of this invention to yield the attributes L
and M.

[0086] If desired, the red (R), yellow (Y), green (G) and
blue (B) components or suitable combinations of all or some
of these components may be converted into an indicator of
the serological bilirubin count of a patient (i.e., the type of
serological bilirubin count typically measured by a labora-
tory spectrophotometer). Infant jaundice may be diagnosed
by measuring the red (R), yellow (Y), green (G) and blue (B)
components with a suitable color measuring instrument and
converting the measured components to the indicator of
serological bilirubin count.

[0087] FIG. 5 is a simplified block diagram of an illus-
trative Color Measurement System for evaluating the color
of skin, teeth, hair and material substances with a Color
Index in accordance with the present invention. Color Mea-
surement System 500 for evaluating the color of skin, teeth,
hair and material substances with a Color Index in accor-
dance with the principles of this invention measures the
reflectance spectra of sample 510 using color measuring
instrument 530. Color measuring instrument 530 could be,
for example, a spectrocolorimeter or spectrophotometer
suitable for measuring the color of a sample surface such as
skin, teeth, hair or material substances.

[0088] Memory device 520 provides data pertaining to the
weighting factors corresponding to four color components,
i.e., red, green, yellow and blue. As described earlier, these
weighting factors place the appearance of the four color
components in opponency to each other. Memory device
520 also provides data relating to individual contributions to
color appearance to each of the four color components on the
part of a perfect diffuser, i.e., a theoretical object having
100% reflectance. The data provided by memory device 520
is presented in tabular form in Table 1 as well as graphically
illustrated in FIG. 2.

[0089] Microprocessor 540 uses the data provided by
color measuring instrument 530 as well as data from
memory device 520 and performs the necessary calculations
(in accordance with equations 1 and 2) to determine the
individual contributions to color appearance corresponding
to each of the four color components, i.e., red, green, yellow
and blue and uses the derived data to calculate the Color
Index for sample 510.

[0090] Though for illustrative purposes memory device
520 and microprocessor 540 are shown as separate compo-
nents of Color Measurement System 500, it will be under-
stood that both memory device 520 and microprocessor 540
can be integrated with color measuring instrument 530.

[0091] The above construction of the indices describes the
procedure for evaluating the indices starting with the reflec-
tance spectrum of the specimen being assessed. However,
that is not the only method by which the index may be
evaluated.

[0092] In accordance with another illustrative embodi-
ment of this invention, the indices may be equally well
evaluated by causing the spectral response function of a
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color measuring instrument such as a spectrocolorimeter or
a spectrophotometer or other color measuring instrument
suitable for measuring the color of a sample surface such as
skin, teeth, hair or material substances to fit the weighting
functions of Table 1 (FIG. 5). With a minimum of further
calculations, the spectrocolorimeter may then read the index,
or its resultant category, directly.

[0093] In accordance with the above-described embodi-
ment of this invention, the spectral response function of a
color measuring instrument such as a spectrocolorimeter or
a spectrophotometer or other color measuring instrument
suitable for measuring the color of a sample surface such as
skin, teeth, hair or material substances is conformed to fit the
weighting factors shown in Table 1 and FIG. 1. The spectral
response function of a color measuring instrument may be
conformed to fit the weighting factors in accordance with
this invention by, for example, using four or more filters
cumulatively having the transmission spectrum of FIG. 1.

[0094] In accordance with the above-described embodi-
ment of the invention, the spectral response function of the
color measuring instrument is conformed to respond to light
of various wavelengths in accordance with the weighting
factor tabulated in Table 1 and graphically illustrated in
FIG. 1. After conforming the spectral response function of
a color measuring instrument to fit the weighting factors
disclosed in this invention, the color measuring instrument
may then read the Color Index, or its resultant category,
directly with a minimum of further calculations.

[0095] FIG. 6 is a simplified block diagram of an illus-
trative Color Measurement System for evaluating the color
of skin, teeth, hair and material substances with a Color
Index in accordance with the above-described embodiment
of the present invention. Color Measurement System 600 for
evaluating the color of skin, teeth, hair and material sub-
stances with a Color Index in accordance with the principles
of this invention measures the reflectance spectra of sample
610 using color measuring instrument 620. Color measuring
instrument 620 could be, for example, a spectrocolorimeter
or spectrophotometer suitable for measuring the color of a
sample surface such as skin, teeth, hair or material sub-
stances.

[0096] Memory device 630 provides data pertaining to
individual contributions to each of the four color compo-
nents on the part of a perfect diffuser, i.e., a theoretical object
having 100% reflectance. The data provided by memory
device 630 is indexed as SUM in Table 1.

[0097] Microprocessor 640 uses the data provided by
color measuring instrument 620 as well as data from
memory device 630 and performs the necessary calculations
(in accordance with equation 2) to calculate the Color Index
for sample 610.

[0098] Though for illustrative purposes memory device
630 and microprocessor 640 are shown as separate compo-
nents of Color Measurement System 600, it will be under-
stood that both the memory device 630 and microprocessor
540 can be integrated with color measuring instrument 530.

[0099] While the Color Measurement System and Color
Index for Skin, Teeth, Hair and Material Substances in
accordance with the principles of this invention has been
described for the categorization of human skin, teeth, hair
and material substances, it will be understood that the
principles of this invention are extensible to the entire range
of producible surface colors by allowing the attributes
redness-greenness (M) and yellowness-blueness (N) to
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acquire negative values. Grass greens, for example, will
have negative M values and positive N values. Blue greens,
such as cyan, will have negative M and N values. Purples
will have positive M values and negative N values. It should,
however, be noted that single number indices e.g., CSCI
and CSCI;, are inapplicable when the index is extended to
the entire color range because some parameters may acquire
negative values.

[0100] Thus, it is apparent that there has been provided, in
accordance with the invention, methods and systems for
measuring with a Color Measurement System of predeter-
mined specification and evaluating the color of skin, teeth,
hair, and material substances with a Color Index that fully
satisfy the objects, aims and advantages set forth above.
While the invention has been described in conjunction with
specific embodiments thereof, it is evident that many alter-
natives, modifications and variations will be apparent to
those skilled in the art and in light of the foregoing descrip-
tion. Accordingly, it is intended to embrace all such alter-
natives, modifications and variations as fall within the spirit
of the appended claims.
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The invention claimed is:

1. Amethod for evaluating color of a sample using a Color
Measurement System with a Color Index, said method
comprising:

measuring said sample’s reflectance spectrum;

weighting of said reflectance spectrum with weighting
factors corresponding to four color components that
form two opponent pairs of color components; and

determining individual contributions corresponding to
each of said four color components and calculating said
Color Index using said individual contributions and
respective contributions to each of a respective one of
said four color components by a perfect diffuser, said
determining comprising:
summing said sample’s reflectance spectrum’s contri-
bution to the appearance of each of a respective one
of said four color components at a plurality of
wavelengths into said individual contributions cor-
responding to each of said four color components.

#* #* #* #* #*



