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For some sets of surfaces, the spatial ratios of cone-photoreceptor excitations produced by light reflected from
pairs of surfaces are almost invariant under illuminant changes. These sets include large populations of spec-
tral reflectances, some of which represent individual natural surfaces but not their relative abundances in na-
ture. The aim of this study was to determine whether spatial cone-excitation ratios are preserved under il-
luminant changes within the natural visual environment. A fast hyperspectral imaging system was used to
obtain populations of 640,000 reflectance spectra from each of 30 natural scenes. The statistics of spatial
cone-excitation ratios for randomly selected pairs of points in these scenes were determined for two extreme
daylights. Almost-invariant ratios were common, suggesting that they represent a reliable property of the
natural visual environment and a suitable foundation for visual color constancy. © 2002 Optical Society of
America
OCIS codes: 330.0330, 330.1720, 330.1690, 330.1730.

Nascimento et al.

simulations provide a true representation of the invari-

In a scene comprising several illuminated surfaces, the
spectral distribution of light as a function of position in
the image presented to the eye defines the color signal.!
When the illuminant on the scene changes, so in general
does the color signal. There is, however, a property of the
color signal that remains almost invariant under changes
in illuminant, at least for certain classes of reflecting sur-
faces and illuminants. This property is the spatial ratio
of cone-photoreceptor excitations, defined for any cone
class, produced by light reflected from any pair of surfaces
in the scene.?

Before being established empirically, this invariance of
cone-excitation ratios was often assumed in explanations
of the constancy of perceived surface color under changes
in illuminant (“visual color constancy”).>® More re-
cently, it has been argued to underlie the constancy of per-
ceived color relations under illuminant changes (“rela-
tional color constancy”)>’® and the spatially parallel
detection of violations in color constancy.”

The extent of the invariance of spatial cone-excitation
ratios has been estimated from computational
simulations.? In these simulations, reflecting surfaces
were sampled randomly and uniformly from the Munsell
Book of Color!! and from surfaces with random reflec-
tance spectra. Illuminants were sampled randomly from
different phases of daylight and from Planckian radiators.
Although the set of spectral reflectances spanned by the
spectral basis functions generally used to reproduce the
Munsell set'? includes the spectral reflectances of flowers,
flower clusters, leaves, and berries (see e.g., Ref. 13), it is
not clear how well the results of these computational
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ance or otherwise of spatial cone-excitation ratios in natu-
ral scenes. In practice, there are two factors to consider:
(1) the types of reflectance spectra encountered in natural
scenes and (2) the spatial distribution and relative abun-
dance of these spectra within natural scenes. Data relat-
ing to (1) have already been reported,*2? but there are
only limited data available relating to (2).2%%

In the present study, a fast hyperspectral imaging sys-
tem was used to obtain populations of reflectance spectra
from sets of rural and urban scenes. From these data,
the statistical properties of spatial cone-excitation ratios
under changes in daylight were determined. It was
found that the mean deviation in cone-excitation ratios
under daylight changes was approximately 4% in both
sets of scenes, a level much lower than that obtained by
sampling Munsell surfaces.

2. METHODS

A. Apparatus

A hyperspectral®® imaging system with an electronic, con-
tinuously tunable filter was used to obtain images with
high spectral resolution (see, e.g., Ref. 26 for a review of
the general technique). Hyperspectral images were ac-
quired with a progressive-scanning monochrome digital
camera (Pulnix TM-1010, Pulnix America Inc., Sunny-
vale, Calif.) with a CCD array of 1024 X 1024 pixels and
10-bit output (for fast transfer of the data to the com-
puter, only the central portion of each image, correspond-
ing to 800 X 800 pixels, was captured). The camera had
an electronic shutter with a timer controlled by an exter-
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Fig. 1. Comparison of reflectance spectra estimated by hyperspectral imaging (symbols) and by telespectroradiometry (continuous
lines). Data shown for a representative 4 of 15 colored surfaces used in a test scene.

nal signal. The lens was an f/1.8, 12.5—75 mm typically
operating at 75 mm and producing an angular resolution
of ~1 arc min per pixel. A tunable birefringent filter
(VariSpec, model VS-VIS2-10HC-35-SQ, Cambridge Re-
search and Instrumentation, Inc., Boston, Mass.) was
mounted in front of the lens. The wavelength of peak
transmission could be varied over the range 400720 nm,
with a full width at half-maximum transmission of 10 nm
at 550 nm, decreasing to 6 nm at 400 nm and increasing
to 16 nm at 720 nm. Out-of-band transmission was less
than 0.01%. The filter had a 35-mm aperture and a field
of view of +7 deg. The images were captured with a
frame grabber with a digital input board (Matrox Corona/
8/E, Matrox Electronic Systems Ltd., Quebec, Canada).
The frame grabber also provided the external signal
needed to control the electronic shutter of the camera.
Individual control and synchronization of the frame grab-
ber, tunable filter, and camera were accomplished by in-
house software running on the host computer.

B. Hyperspectral Image Acquisition and Processing

For each scene, two hyperspectral sequences of signal im-
ages were obtained, namely, a sequence of raw “scene” im-
ages and a sequence of “light-reference” images, along
with two corresponding sequences of noise images.
Scene images were obtained by pointing the camera at
the scene under study, adjusting the focus and zoom, and
recording the sequence; light-reference images were

obtained with the same optical arrangement but with the
camera pointing at a flat, uniformly reflecting, uniformly
lit surface that was interposed between the scene and the
camera; noise images were obtained in the same way but
with the camera entrance aperture blocked. The wave-
length range of 400-720 nm was sampled at 10-nm inter-
vals; each of the four image sequences for each scene
therefore consisted of 33 images. The data for the spec-
tral extremes of this range (400 and 720 nm) were subse-
quently discarded because of low signal-to-noise ratios
there.

For each scene, exposure time at each wavelength was
determined by an automatic routine that was executed
before image acquisition, so that the maximum output at
any pixel was within 86-90% of the CCD saturation
value. Each complete sequence of 33 spectral images
took between 5 and 15 s to acquire, depending on the light
levels on the scene. Particular care was taken to avoid
recording scenes containing movement.

To correct for the effects of noise, the noise images were
subtracted at each wavelength from their corresponding
scene and light-reference images. To correct for the ef-
fects of transmission through the optical system (mainly
off-axis vignetting by the tunable filter), the noise-
corrected scene image was divided at each wavelength by
the noise-corrected light-reference image.

Spectral-reflectance functions for each pixel element
were then estimated by normalizing this corrected signal
at each pixel against that obtained with a white standard
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derived from a small gray object with a flat reflectance
spectrum placed within the scene. Initially, the illumina-
tion was assumed to be spatially uniform in all scenes,
the effect of shadows to be considered later.

Cone excitations were calculated from the
Smith—Pokorny?”?® set of fundamentals for two illumi-
nants corresponding to the phases of natural daylight
with correlated color temperatures of 25,000 and 4300 K,
which are representative of natural illumination at noon
and evening, respectively.?’? Their spectral power distri-
butions were generated from three basis functions taken
from a principal components analysis®® of 622 samples of
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skylight and sunlight-with-skylight. This device for gen-
erating the two daylight spectra has no theoretical impli-
cation here.

C. Accuracy in Estimating Reflectance Functions

In addition to the factors already identified as influencing
the accuracy of the hyperspectral imaging system, there
may be other potential sources of uncertainty. The over-
all performance of the system used here was therefore as-
sessed by acquiring and processing images from a test
scene comprising an array of 15 colored surfaces and then
comparing the derived reflectances with those obtained

Fig. 2. Samples of rural and urban scenes used in this study.
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Fig. 3. Distributions in the CIE 1931 (x, y) chromaticity diagram of chromaticities (gray symbols) of populations of surfaces from sets

of rural and urban scenes under CIE standard illuminant Dgs .
continuous lines show the daylight locus.

Open symbols show mean chromaticity coordinates for each scene, and
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Fig. 4. Cone excitations for a set of rural scenes. Each point in the graphs represents a pair of excitations for a single pixel: The value
on the x axis is for a daylight of correlated color temperature 25,000 K, and the value on the y axis is for a daylight of correlated color
temperature 4300 K. The data in each graph were based on 100 samples drawn at random from each of 15 rural scenes. Ranges were
normalized to unity for each cone class. The straight lines are unconstrained regression lines. Data for a set of urban scenes were

closely similar.

with a  telespectroradiometer (SpectraColorimeter,
PR-650, Photo Research Inc., Chatsworth, Calif.); whose
calibration was traceable to the National Physical Labo-
ratory. The test surfaces were flat uniform colored
papers mounted on a dark background illuminated by
sunlight from a clear sky at noon.

Figure 1 shows data from the two spectral-reflectance
determinations for a representative 4 of the 15 colored
surfaces; symbols show data for the hyperspectral system
and continuous lines for the telespectroradiometer. The
root mean square error in the hyperspectral estimates of
reflectance across the set of test surfaces was 0.0025. Al-
though some small systematic distortions were present in
some regions of the spectrum, the overall accuracy of the
system was sufficient for the present calculations.

D. Scenes

Images of 30 scenes were obtained: 15 rural scenes in
the Minho region of Portugal, each containing, rocks,
trees, leaves, grass, and earth; and 15 urban scenes, from
the cities of Porto and Braga, Portugal. All images were
acquired during the summers of 1999 and 2000 under
daylight at between mid-morning and mid-afternoon.
Scenes were illuminated by direct sunlight in clear or
almost-clear sky; if clouds were present, special care was
taken to avoid variations in illumination during image ac-
quisition. Figure 2 shows a representative sample from
the sets of images used.

Figure 3 shows in the CIE 1931 (x, y) chromaticity dia-
gram the distributions of chromaticities of surfaces from
the complete sets of rural and urban scenes (overlapping
gray symbols) under CIE standard illuminant Dgs. The
distributions for rural scenes are similar to those reported
in other studies of natural scenes!'®?*®! and natural
surfaces.?! The distributions for urban scenes are, how-
ever, different, almost certainly a consequence of the pres-
ence of manufactured materials and objects. The mean
chromaticity coordinates of each of the scenes (overlap-
ping open symbols) fall on or near the daylight locus (con-
tinuous lines). Rather than being attributable to the il-
luminant, this bias seems to be an intrinsic property of

the scenes. These distributions are, as expected, more
constrained than the distribution of Munsell chromatici-
ties, which are spread extensively over the chromaticity
diagram.

3. RESULTS

A. Cone Excitations
Excitations for short-, medium-, and long-wavelength-
sensitive cones were calculated for all scenes under each
of the two daylight illuminants used. Figure 4 shows
data based on random samples of 100 pixels from each of
the 15 rural scenes (i.e., 1500 samples in all). Each point
in the graphs represents a pair of excitations for a single
pixel: the value on the x axis is for a daylight with
correlated color temperature 25,000 K and the value on
the y axis for a daylight with correlated color temperature
4300 K. Ranges were normalized to unity for each cone
class. Data for the 15 urban scenes were closely similar.
The distributions of projected data values along the x
and y axes reveal for each cone class a relatively wide
range of excitations. As expected,?*3® the two values
produced by the two illuminants varied proportionally
across the range of surfaces, as shown by the close distri-
butions of points about their regression lines.

B. Spatial Ratios of Cone Excitations

The degree of invariance of the spatial ratios of cone ex-
citations was quantified in the following way. Let r; be
the (nonzero) ratio of cone excitations in a particular cone
class due to light with correlated color temperature
25,000 K being reflected from two points in the scene rep-
resented by a particular pair of pixels. Let ry be the cor-
responding ratio for light with correlated color tempera-
ture 4300 K. The relative deviation is defined by the
quotient |y — ro|/min{r; ro}.3*

Relative deviations for the sets of rural and urban
scenes were calculated separately. In the analysis, 1000
pairs of pixels were sampled randomly from each popula-
tion of 640,000 pixels from each of the 15 scenes in each
set (i.e., 15,000 pairs of pixels from rural scenes and
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15,000 pairs of pixels from urban scenes) and the relative
deviation calculated for each pair. The histograms in
Fig. 5 show the frequencies of occurrence of relative de-
viations in spatial ratios of excitations for short-,
medium-, and long-wavelength-sensitive cones for the two
sets of scenes. Table 1 shows the mean relative devia-
tions in spatial ratios of excitations within each cone class
for these scenes and for the Munsell set for comparison.
Data for images indicated as having been cropped to
eliminate shadows are considered later in the text.

The mean relative deviations over all rural scenes and
over all urban scenes are small, less than 5% for each
cone class, but the distributions of relative deviations are
different for the two types of scenes: For long-
wavelength-sensitive cones, relative deviations are larger
with urban scenes than with rural scenes; for short-
wavelength-sensitive cones, it is the opposite. These dif-
ferences are probably due to the different color biases of
the two types of scenes, indicated by the distributions of
the mean chromaticities in Fig. 3 (Relative deviations
obtained with the Munsell set as the reflecting surfaces
are, however, rather larger, and this is discussed below.)
Relative deviations are also small in relation to the natu-
ral variations of the ratios themselves: Each mean rela-
tive deviation is less than 3% of the coefficient of variation
of the corresponding distribution of ratios, under either il-
luminant.

In view of the almost invariance of cone-excitation ra-
tios, can they be used to label uniquely pairs of regions
within scenes? This question was addressed in the fol-

short-wavelength cones

medium-wavelength cones
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lowing way.®® For a given scene, suppose that a pair i of
pixels is chosen randomly from the 1000 available. Sup-
pose that, for this pair, the triple of ratios of cone excita-
tions for the three cone classes under the 4300-K illumi-
nant is r;. If among all 1000 pairs of pixels, a pair j is
then chosen such that the corresponding triple r; of ratios
under the 25,000-K illuminant is nearest to r;, then the
probability of the pair j coinciding with the pair i is ap-
proximately 0.91. If the number of pixel pairs falls to
100, then this probability increases to 0.98.

These and the preceding calculations of spatial ratios of
cone excitations under changes in illuminant depend on
each of the illuminants being uniform across correspond-

Table 1. Mean Relative Deviations in Spatial
Ratios of Cone Excitations under Changes in
Illuminant for the Three Classes of Cones
(Standard Errors <0.0006)“

Scenes Short- Medium- Long-
Wavelength Wavelength Wavelength
Rural 0.041 0.040 0.041
Rural® 0.041 0.040 0.042
Urban 0.031 0.040 0.048
Urban® 0.028 0.038 0.046
Munsell set 0.060 0.099 0.111

“Based on 15,000 pairs of surfaces drawn randomly from each set of 15
natural scenes and from the Munsell set.
b Cropped to eliminate shadows.

long-wavelength cones

0.6 -

0.4 -

frequency

rural

0.6 -

0.4 -

frequency

urban

0 T T T T
0 0.2 0.4 0 0.2

T T T T
0.4 0 0.2 0.4

relative deviations in spatial ratios of excitations

Fig. 5.

Frequencies of occurrence of relative deviations in spatial ratios of cone excitations under changes in illuminant for short-,

medium-, and long-wavelength-sensitive cones, based on 15,000 pairs of surfaces drawn randomly from a set of 15 rural scenes and a set

of 15 urban scenes (see Table 1 for mean values).
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ing pairs of points in the scene. But, if one of the points
were directly illuminated and the other were in shadow,
then, although the incident lights might have been re-
lated (e.g., coming mainly from the sun at one point and
from the sky at the other point), their spectral distribu-
tions would have been different. Treating a shadowed re-
gion as if it were under the same illuminant as an adja-
cent unshadowed region could introduce a confound that
influences the values of the calculated relative deviations.

To ensure that this potential confound was eliminated,
all images were heavily cropped to leave unshadowed re-
gions only, and the relative-deviation calculations were
repeated. The proportion of cropping varied from ap-
proximately 25% to 40%. Results are shown in Table 1.
Mean relative deviations were almost identical to those
for uncropped images.

4. DISCUSSION

Hyperspectral imaging has an advantage over alternative
methods for combining spatial and spectral data in that it
allows spectrally selective samples of reflected light to be
recorded simultaneously over the scene, a critical factor
for the present application where cone excitations were to
be compared over pairs of points in the image. The par-
ticular imaging system used here differs from some em-
ployed in previous studies in that image acquisition was
relatively fast, which is desirable in sampling naturally il-
luminated scenes if temporal variations in the illuminant
or the positions of surfaces within the scene are not to dis-
tort estimates of the reflected spectra. This system also
has the advantage of high spatial resolution, comparable
to that of the eye under similar conditions.

The rural and the urban scenes sampled in the present
study represent two types of scenes with different distri-
butions of reflectance spectra. Nevertheless, ratios of
cone excitations obtained from randomly sampled pairs of
points in images of these scenes were, on average, almost
identical in their invariance under the selected changes in
daylight: Mean relative deviations were 4.1% for rural
scenes and 4.0% for urban scenes. But, when calculated
individually for each of the three cone classes, mean rela-
tive deviations differed systematically across the two
types of scenes.

Despite the size of the mean relative deviations being
unexpectedly low, they should have been detectable by the
visual system.”3® For comparison, the mean relative de-
viation obtained by uniform random sampling of the
Munsell set under these two illuminants was 9.0%. (Pre-
viously published values®>® for the Munsell set were
smaller, e.g., 2% in Ref. 8, Table 1, Unmodified Image, but
they were derived under random sampling of the two il-
luminants rather than with two fixed extreme illumi-
nants, as was done here.) Although the Munsell set has
basis functions that span reflection spectra that include
those of grass and other natural components of real
scenes,'® in the sampling of this set, all spectra would
have received equal a priori weighting. In contrast, in
the sampling of the populations of spectra taken here
from the sets of rural and urban scenes, the reflection
spectra were weighted by their natural relative abun-
dances.
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The almost invariance of spatial ratios of cone excita-
tions even under extreme daylight changes seems to be a
general property of the visual environment rather than
an artifact of a specific set of spectral-reflectance samples
or of a particular sampling strategy. These findings
strengthen the argument for the basic role played by
cone-excitation ratios in a range of color-constancy phe-
nomena.
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