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We propose a chromatic diversity index based on the Munsell set capable of predicting illuminant induced
changes in chromatic diversity of complex scenes. The color differences between complex scenes derived from
hyperspectral data under a test and under a reference CIE D65 illuminant were computed and compared with the
corresponding differences for the Munsell set. It was found that the average color difference between the complex
scenes correlates well with the color differences of the Munsell samples with an average correlation of about 0.94,
a result indicating that the Munsell set can be used to predict chromatic changes in complex scenes. © 2012

Optical Society of America
OCIS codes:

1. INTRODUCTION

The spectral properties of the illumination determine the chro-
matic sensations experienced by observers in colorimetric
tasks and everyday activities [1-3], as in illumination prefer-
ences for specific tasks [4] and chromatic discrimination [5],
for example.

Some rendering properties of light sources are evaluated
using only eight or fifteen standard colored samples as in
the case of the color rendering index (CRI) [1] or the gamut
area index (GAIl) [6] and depend greatly on the resemblance of
the light analyzed with daylight or black body radiator.
Figure 1 represents the colored samples used in the computa-
tions of the CRI and of the GAI (the red dots in both cases).
The use of a small number of chromatic samples may limit the
use of such methods to describe color aspects of complex
data. Other methods attempted to include chromatic discrimi-
nation as an additional parameter [6-12] but how well such
methods describe color characteristics of more complex
scenarios is still an open question. The use of the number
of discernible colors [13-15] or the color volume enclosed
by the optimal colors [16,17] have also been considered as
a way of describing the chromatic diversity produced by dif-
ferent illuminants, but their computations are in general
complex and very demanding in computational power. The
use of the Munsell colored samples to describe the chromatic
effects induced by different illuminants in complex scenarios
of natural scenes can also be used to complement the CRI
information [18].

The use of the LED and fluorescent light sources has been
adopted increasingly due to energy efficiency. As these
sources have spectra with marked spectral structure they pre-
sent a new set of challenges to the evaluation of the light qual-
ity using the CRI. But can the full set of the Munsell samples
(Fig. 1, gray open symbols) be a better chromatic database to
estimate chromatic effects of complex illuminants and to pre-
dict its effects in complex scenes?

We addressed this question by comparing the colored ef-
fects produced by different illuminants on the CIELAB color
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volume of complex scenes derived from hyperspectral images
and on the Munsell colored set. The goal was to investigate the
use of a chromatic diversity index based on Munsell surfaces
but capable of predicting the chromatic effects of more com-
plex scenarios like natural scenes. Such an index is of high
importance in applications were the chromatic diversity is
chosen over color reproduction. The colors of 1269 Munsell
surfaces and 85 hyperspectral images of natural, indoor,
and artistic paintings scenes were simulated under 60 illumi-
nants or light sources. Their CIELAB color volumes and the
number of discernible colors were then computed and used as
estimations of chromatic diversity. To understand better the
chromatic effect on the CIELAB color volume, the color dif-
ferences were also estimated.

2. METHODS

A. Scene Database

Figure 2 represents thumbnails of some of the images of the
database used. 85 scenes were used in the analysis: 50 images
of natural scenes, 20 images of artistic paintings, 15 images of
indoor scenes and spectral data of 1269 Munsell colored sam-
ples. The natural scenes, artistic paintings, and 12 indoor
scenes represented in (&), (b) and (c) in Fig. 2, respectively,
were imaged from 400 nm to 720 nm in 10 nm intervals using a
fast-tunable liquid-crystal filter (Varispec, model VS-VIS2-10-
HC-35-SQ, Cambridge Research & Instrumentation, Inc., Mas-
sachusetts) and a low-noise Peltier-cooled digital camera
(Hamamatsu, model C4742-95-12ER, Hamamatsu Photonics
K. K., Japan), capable of a spatial resolution of 1344x 1024
pixels and 12 bit output (for more details on the hyperspectral
system see Foster et al. [19]). The remaining three indoor
scenes (represented as (d) in Fig. 2) are from Brainard’s hy-
perspectral image database publicly available at (http://color
.psych.upenn.edu/hyperspectral/index.html—last  accessed
18-08-2011) acquired from 400 to 700 nm in 10 nm steps using
narrowband interference filters and a monochromatic CCD
camera with a spatial resolution of 2000x 2000 pixels and
12 bit output [20].

© 2012 Optical Society of America


http://color.psych.upenn.edu/hyperspectral/index.html
http://color.psych.upenn.edu/hyperspectral/index.html
http://color.psych.upenn.edu/hyperspectral/index.html
http://color.psych.upenn.edu/hyperspectral/index.html

J. Linhares and S. Nascimento

100 -100

Fig. 1. (Color online) Representation on the CIELAB color space of
the Munsell colored samples (open gray symbols) and the 15 CIE co-
lored samples used in the estimation of the color rendering index
(CRI) rendered under the CIE D65 illuminant (red symbols represent
the eight colored samples used in the estimation of the general CRI
and the blue symbols in combination with the eight red ones are used
to estimate the special CRI).

In Brainard’s hyperspectral images the spectral reflectance
of each pixel was obtained by dividing the raw data by the
illuminant spectrum of the scene obtained at a given reference
location with a telespectroradimeter (SpectraColorimeter,
PR-650, PhotoResearch Inc., Chatsworth, California).

For the natural scenes, artistic paintings, and indoor scenes
obtained in our laboratory and represented as (a), (b), and (c),
respectively, in Fig. 2, illuminant and optical spatial nonunifor-
mities were minimized dividing the data obtained from the
scene by the data obtained from a gray uniform reference im-
aged in the same place as the scene and under the same illu-
minant conditions [3,4]. The spectral reflectance of each pixel
of the scene was estimated from a gray reference surface pre-
sent in the imaged scene at the time of digitalization after cor-
rections for dark noise, spatial nonuniformities, stray light,
and chromatic aberrations.

The reflectance data from the Munsell surfaces was used
as available at the spectral database, from the University of
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Joensuu Color Group, http://spectral.joensuu.fi/. Data was
measured from 1269 colored samples from the Munsell Book
of Color—Matte Finish Collection (Munsell Color, Baltimore,
Maryland., 1976), from 380 nm to 800 nm in 1 nm steps, using a
Perkin—-Elmer lambda 9 UV/VIS/NIR spectrophotometer, as
described in the details of the README file attached to
the data.

The reflectance data was interpolated to 5 nm steps using a
linear interpolation algorithm to adequate its spectral profile
to the peak nature of some of the illuminants. The radiance
data was estimated from the reflectance data by multiplying
it by each illuminant spectrum from a set of 60 illuminants or
light sources.

B. llluminant Database

Illuminants were considered from 400 nm to 720 nm for our
and Munsell data and from 400 nm to 700 nm for Brainard’s
indoor data. The illuminants database was composed by tabu-
lated CIE illuminants [21] and white LEDs light sources.
Figure 3 represents the relative spectral power distribution
of some of the CIE illuminants used that were: CIE illuminant
A, C, 21 D illuminants including D55 and D65 (CCT in the
range 25,000 K to 3,600 K in steps of 1190.3 K), 27 fluorescent
illuminants (FL1, FL2, FL3, FL4, FL5, FL6, FL7, FL8, FL9,
FL10, FL11, FL12, FL3.1, FL3.2, FL3.3, FL3.4, FL3.5, FL3.6,
FL3.7, FL3.8, FL3.9, FL3.10, FL3.11, FL3.12, FL3.13, FL3.14,
and FL3.15), and five high-pressure illuminants (HP1, HP2,
HP3, HP4, and HP5).

Figure 4 represents the relative spectral power distribution
of the white LEDs used: LXHL-BWO02, LXHL-BW03, LXML-
PWC1-0100, LXML-PWN1-0100, and LXML-PWW1-0060 from
Luxeon, Philips Lumileds Lighting Company, USA. These
LEDs were chosen because they are widely used and are com-
mercialized by one of the main illumination companies.

The radiance data was then converted into tristimulus
values for each illuminant assuming the CIE 1931 standard
colorimetric observer [21] and then converted into color co-
ordinates in the CIELAB color space. Figure 5 represents the
effect of different illuminants on the CIELAB color volume of
the colors of the image depicted. It was assumed that the im-
age was rendered under the CIE D65 illuminant (image on the
left) and under the CIE HP1 illuminant (image on the right).

(c)

Ul

Fig. 2. (Color online) Thumbnails of some of the natural (a), art paintings (b), and indoor (c and d) images used in this work. The images re-
presented in (d) are from David Brainard’s hyperspectral image database, publicly available at (http://color.psych.upenn.edu/hyperspectral/index

.html—Iast accessed 18-08-2011).
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Fig.5. (Color online) Influence of the spectral profile of an illuminant on the colors of an image of an art painting represented in the CIELAB color
volume. Each point is a representation of a color from the art painting depicted rendered under the CIE D65 illuminant (on the left) and under the
CIE HP1 illuminant (on the right). Gray areas represent projections of the color volume in the individual L*, a*, and b* surfaces.

difference was estimated in each subvolume and the data
from the complex scenes was plotted as a function of the data
from the Munsell scenes.

D. Estimation of the Color Volumes and the Number of
Discernible Colors

To use the chromatic effects produced by different illuminants
on Munsell colored samples to describe the effects on more
complex scenes, the volume occupied by the colors of the
Munsell samples, and by the colors of the complex scenes
was estimated in the CIELAB color space assuming the reflec-
tance data rendered under the test and under the reference
illuminant. To better characterize the chromatic effects of
different illuminants on complex scenes, the number of dis-
cernible colors was also estimated for the hyperspectral
images database, as no empty volumes are estimated with this
technique when compared to the convex hull technique.

The volume occupied by the colors composing the CIELAB
color volume for each complex scene, Munsell colored sam-
ples, and each illuminant was estimated using a convex hull
algorithm (included in the software MATLAB 7.12.0.635
(R2011a), The MathWorks, Inc., Apple Hill Drive Natick, Mas-
sachusetts, USA) that computes the smallest convex polyhe-
dron containing all of the points and estimates its volume.

The number of discernible colors was estimated by seg-
menting the CIELAB color volume into unitary cubes [13,14]
and by counting the nonempty cubes. A unitary cube was as-
sumed as a cube with one unit side and with a correspondent
volume of 1 in the CIELAB color space. It was assumed that all
the colors that were inside the same cube could not be dis-
cernible meaning that a filled cube represents a discernible
color when compared to another filled cube.

The average of the color volume occupied by the colors of
the complex scenes and corresponding number of discernible

Fig. 6. (Color online) Left panel (a): area in CIE (a*; b*) color space occupied by the chromaticity coordinates of the Munsell samples (gray area)
in comparison with the area occupied by the chromaticity coordinates of the data of the Brainard images (red dashed line), indoor images (blue dots
line), natural images (green line), and art paintings (black line), assuming the projection of all L* levels (L* < 100) in one level. All data was
assumed rendered under the reference illuminant. Right panel: examples of reflectance data from Munsell colored samples (b) and the images

of the scenes analyzed (c).
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Fig. 7. (Color online) Division of the CIELAB color volume into 16 smaller subvolumes (figure on the left). Data was first divided from L* > O to
L* < 50 (represented in orange) and from L* > 50to L* < 100(represented in blue). Each L* level was then divided into four quadrants: a* > 0 and
b*>0,a*>0and b* <0, a* <0and b* <0, and a* < 0 and b* > 0. In each quadrant two separated volumes were assumed: one from 0 to 40
CIELAB units (represented in a continuous line) and the other the remaining of the volume (represented in a dashed line). The right drawing

represents such a division assuming for simplicity only an Lx level.

colors rendered under the test illuminant were estimated and
then normalized to the color volume and number of discern-
ible colors obtained with the reference illuminant, respec-
tively. The color volume occupied by the Munsell colored
samples rendered under the test illuminant was also estimated
and normalized to the color volume obtained with the refer-
ence illuminant. The normalized color volumes and number of
discernible colors of complex scenes were then plotted as a
function of the volume occupied by the Munsell colored sam-
ples for illuminants tested.

3. RESULTS

Figure 8 represents the average across scenes of the average
CIELAB color difference between the images rendered under
the reference illuminant and the test illuminant or light source
plotted as a function of the average CIELAB color difference
of the Munsell colored samples rendered under the reference
illuminant and the test illuminant. The data analysis was
considered independently in each one of the subvolumes de-
scribed in Fig. 7. The upper left image represents the L* > 50
to L* <100 and the inner subvolumes in the four quadrants,
the upper right image represents the L* > 50 to L* <100
and the outer subvolumes in the four quadrants, the lower left
image represents the L* > 0 to Lx < 50 and the inner subvo-
lumes in the four quadrants, the lower right image represents
the L* > 0 to L* <50 and the outer subvolumes in the four
quadrants. Straight lines represent unweighted linear regres-
sions and the proportion of variance accounted for R? in the
regression is also represented. No data is represented for
the subvolume L* > 0 to L* <50 with the outer subvolume
of the quadrant corresponding to a* < -40 and b* < -40 be-
cause no Munsell data exist in that volume to compare. All the
proportions of variance accounted for R? in the estimated
regression were higher than 0.87, whenever data exist to per-
form the comparison.

Figure 9 represents in the top panel the average color vol-
ume of the complex scenes assumed rendered under the test
illuminant, compared with the color volume obtained with the
reference illuminant, plotted as a function of the color volume
of the colors of the Munsell colored samples rendered under

the test illuminant, compared with the color volume obtained
with the reference illuminant. Data is presented for all the il-
luminants in the illuminants database. The lower panel in Fig. 9
represents the number of discernible colors perceived on the
complex scenes. The data was assumed rendered under the
test illuminant and compared with the number of discernible
colors obtained with the reference illuminant, then plotted as
a function of the color volume of the colors of the Munsell
colored samples rendered under the test illuminant and
compared with the color volume obtained with the reference
illuminant. The same procedure was performed to all the
illuminants in the illuminants database. Straight lines repre-
sent unweighted linear regressions and the proportion of
variance accounted for R? in the regression and the corre-
spondent adjusted linear equation are also represented. The
proportion of variance accounted for R? in the linear regres-
sion when comparing the average of the volume occupied by
the colors of the complex scenes and the volume of the colors
of the Munsell colored samples is 0.85 with the linear equation
of y = 0.92x + 0.11, while the one resulting from the com-
parison of the average of the number of discernible colors
in complex scenes with the volume of the colors of the Mun-
sell colored samples is 0.80 with the linear equation of y =
0.73x + 0.3. In Fig. 9 the point corresponding to the smaller
color volume of the Munsell colored samples is relative to the
CIE HP1 illuminant. The narrow profile of the spectral power
distribution of CIE HP1 illuminant (as can be seen in Fig. 3)
generates small amount of discernible colors or color volume.
Since the data presented in Fig. 9 represents a ratio between
the results obtained for each illuminant and the results ob-
tained with the reference illuminant (CIE D65 illuminant),
all data with a value higher than one represents an illuminant
that performs better than D65. Examples of such illuminants
are the CIE FL3.8 and FL 3.14 and several phases of daylight
like the ones with correlated color temperature of 5208 K
and 4490 K.

4. CHROMATIC DIVERSITY INDEX

The results presented here suggest that the Munsell colored
samples can be used to estimate the chromatic diversity
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Fig. 9. Average of the color volume of the colors of the complex
scenes (top panel) and its correspondent number of discernible colors
(bottom panel) assumed rendered under the test illuminant and com-
pared with the color volume and the number of discernible colors ob-
tained with the reference illuminant, plotted as a function of the color
volume of the colors of the Munsell colored samples rendered under
the test illuminant and compared with the color volume obtained with
the reference illuminant to all the illuminants in the illuminants data-
base. Straight lines represent unweighted linear regressions and the
proportion of variance accounted for R? in the regression and the
correspondent adjusted linear equation are also represented.

and artistic paintings scenes were rendered with 60 CIE illu-
minants and LEDs light sources and the CIELAB color volume
and the correspondent color differences accessed and com-
pared with the same effect on the Munsell colored samples.
CIE D65 illuminant was used as reference in all cases. It
was found that the Munsell colored samples could reproduce
the chromatic effects evaluated in 16 CIELAB subvolumes and
on the number of discernible colors of much more complex
scenes. These results support the introduction of a new
index—the CDIl—capable of predicting the effects of different
illuminants on the chromatic diversity of complex scenes
using the Munsell colored samples.

The existing correlation between the volume occupied
by the Munsell colored samples and the average volume

Table 1. General CRI and the
Correspondent CDI Estimated for Several
CIE llluminants using Eq. (1), Assuming as
Reference the CIE D65 llluminant

Illuminant CRI CDlpsgs (%)
A 100 98
c 80 98
D50 100 102
D75 100 98
FL2* 64 84
FL7* 9 97
FL11* 83 104
FL3.14 95 104
HP1 8 41
HP4 74 95
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occupied by the complex scenes and the average number
of discernible colors in such volumes is good, but not perfect.
The illuminants that contribute greater to lower the degree of
correlation are some fluorescent illuminants, probably due to
the low signal in some areas of the visible spectrum and the
very irregular spectral profile.

Several indices were proposed [6,12] to account the effect
of the chromatic diversity produced by illuminants in complex
scenes using reduced amount of chromatic information.
Figure 10 represents the correlation between some of these
indices with the color volume generated by a set of CIE illu-
minants on hyperspectral images of natural scenes. Rpjg9 iS
the CRI estimated using 1269 different Munsell colored sam-
ples, R, is the special CRI, R, is the general CRI, GAI-8-UV is
the GAI estimated using the eight colored samples used in the
computation of the general CRI in the 1994 uniform color
space [1], GAI-15-UV is the GAI estimated using the 15 colored
samples used in the computation of the special CRI in the 1994
uniform color space, GAI-1269-UV is the GAIl estimated using
the 1269 Munsell colored samples in the 1994 uniform color
space, Munsell is the volume occupied by 1269 the Munsell
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Fig. 10. Comparison of several methods of characterization of illu-
minants and light sources plotted as a function of the average volume
occupied by the colors of complex scenes. Ry;,69iS the CRI estimated
using 1269 different Munsell colored samples, R, is the special CRI, R,
is the general CRI, GAI-8-UV is the GAI estimated using the eight co-
lored samples used in the computation of the general CRI in the 1994
uniform color space [1], GAI-15-UV is the GAl estimated using the 15
colored samples used in the computation of the special CRI in the
1994 uniform color space, GAI-1269-UV is the GAI estimated using
the 1269 Munsell colored samples in the 1994 uniform color space,
Munsell is the volume occupied by 1269 the Munsell colored samples
in the CIELAB color space, NODC is the average number of discern-
ible colors in complex scenes. Straight lines represent unweighted
linear regressions and the proportion of variance accounted for R?
in the regression is also represented.



