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1 like to dedicate this work to my family, my wife, Huimin, my son,
Alan, and my daughter, Tina. They have given their unlimited
supports over the years. Also, to my colleagues and students, for
whom we have been able to continue to challenge the boundary of
color science and technology.






Color is everywhere in daily life. It makes the world vibrant and exciting.
However, we frequently make difficult color decisions and struggle to describe
them precisely. Color on its own spans physics, chemistry, computing, psy-
chology, and perception, and contributes fundamentally to art, design, and
media. With this in mind, the primary goal of this publication was to provide a
comprehensive and multidisciplinary reference to the main fields in which
color is relevant. It can be used to promote the fields of color science and
technology, to cover a wide range of disciplines, to provide good introductory
material for beginners, and to attract a new generation of color researchers and
engineers. | am very proud to say we have successfully achieved this goal.
Readers will be able to survey information on color related subjects from many
different aspects and influence the way people work with color. It has been a
great honor and pleasure to coordinate this ambitious project. As an educator in
the field of color technology, I have been fortunate to lead the project that
includes 14 sections divided into 254 chapters. In total, 153 experts were
invited to contribute to the work. This is the first reference work to refer to
color from the different points of view of color vision, color appearance,
optical phenomena, colorants, metrology, color spaces, and many other color
related topics. It also includes domain specific entries such as color and
visualization, color in graphics, image processing, and color management.

Readers can access each topic as a printed reference and also as part of
Springer online reference material. In addition, each author will continue to
update their material for years to come. Although a substantial amount of work
has been accomplished, it is planned to extend the encyclopaedia to include
new content as it becomes relevant and available.

Ming Ronnier Luo
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I would like to thank all the contributors, including the section leaders, who
each assembled a strong group of authors in their specific expert areas, and all
the authors who prepared high quality input in a timely manner. I would like to
particularly thank Prof. van Bommout who almost single handedly delivered
the section on lighting technology based on his vast knowledge of the subject.
I would also like to thank the late Prof. Janos Schanda for leading the section
on CIE standards. It is with sadness that we learnt he had passed away during a
busy period of preparation: he will be greatly missed by all color people.






Over the past 30 years, Ming Ronnier Luo has been involved in the field of
color science and color technology. His major contributions to color science
include advances in color difference evaluation, color appearance modeling,
color emotion and harmony understanding and prediction, and lighting quality
measurement. His mission has always been one of international dissemination
of color expertise. He has created color and appearance postgraduate depart-
ments at universities in China, Taiwan, and UK, and currently he is a Global
Expertise Professor at Zhejiang University (China), the Professor of Color and
Imaging Science at the University of Leeds (UK), and a Chair Professor at the
National Taiwan University of Science and Technology (R.O.C.). He and his
colleagues have copublished over 500 refereed journal and conference papers.
He has successfully supervised 45 PhD students and has taught color science
courses to over 500 master students. These are now spread across all continents
in academic institutions and industry.  He has been heavily involved with the
International Commission on Illumination (CIE), the world authority for the
standardization and specification of color and lighting, presently holding the
post of Vice President Publishing (2015-2019). He served the Director of CIE
Division One on Vision and Color (2007-2015), and a chair or an active
member of various technical and standardization committees. He was also
Chairman of the Color Measurement Committee of the Society of Dyers and
Colorists (1997-2002).

Ronnier has always worked closely with industry and strongly believes in
the transfer of technology. Many of his new technologies have become suc-
cessful industrial products, collaborating with international companies
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covering the surface color, imaging, and illumination and supply chain
industries.

In recognition of his contributions to color science and technology, he has
gained a number of awards. These include the Dyers” Company Silver Medal
(1986—-1987), The Bartleson Research Award (1994), and the Davis Medal of
the Royal Photographic Society (2003). He was awarded the title of Fellow of
the Society of Dyers and Colorists in 2000, their Centenary Medal in 2004, and
their Gold Medal in 2009. He became a Fellow of the Society of Image Science
and Technology (2002) and the Dyers’ Company Research Medallist in
(2006).
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Adaptation

Claudio Oleari
Department of Physics, University of Parma,
Parma, Italy

Definition

Consider the ILV: International Lighting Vocabu-
lary of the “Commission Internationale de
1’Eclairage” [1] (CIE ILV) to identify what areas
of vision science regard the adaptation phenom-

ena [2-5].
CIE ILV defines
Adaptation  Process by which the state of the

visual system is modified by
previous and present exposure to
stimuli that may have various
luminance values, spectral
distributions, and angular
subtenses.

NOTE Adaptation to specific spatial frequen-
cies, orientations, sizes, etc. is recognized as being
included in this definition.

M.R. Luo (ed.), Encyclopedia of Color Science and Technology,
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Overview

Adaptation is a response modification of the
visual system to light stimulation. The human
visual system (HVS) changes its sensitivity as a
function of the evolution over time of the
observed scene and therefore has an evolution
over time itself. Once the observed scene has
stopped changing, the adaptation process con-
tinues until it becomes complete and then stops.
The notation “adaptation” is used both for the
process of adjustment as well as for the end state
of complete adaptation. CIE ILV defines:

State of
Adaptation

State of the visual system after
an adaptation process has been
completed.

NOTE The terms light adaptation and dark
adaptation are also used, the former when the
luminances of the stimuli are of at least 10 cd/m?
and the latter when the luminances are of less than
some hundredths of a cd/m?.

The HVS, after being adapted to a bright light,
may need a time in the order of more than one half
hour to become completely dark adapted, while,
after being adapted to darkness, it may need only a
few minutes to become completely daylight
adapted. These two processes are not symmetrical
and are considered separately.

Dark adaptation is at the basis of the duplicity
theory that states that two transduction mecha-
nisms exist, which are related to two different
kinds of photosensitive cells: the rods and the
cones. In each retina, there are approximately
between 75 and 150 million rods and six to
seven million cone cells [6]. The rods are
extremely sensitive to light; they contain rhodop-
sin as the light-absorbing pigment responsible for
the transduction and provide achromatic vision.
The cones are of three different classes (L cones,
M cones, S cones) containing three different light-
absorbing pigments responsible for the transduc-
tion. They are less sensitive than the rods and
provide color vision. The distributions of cones
and rods on the retina are very different and very
nonuniform.

Adaptation

According to which type of photosensitive cell
is responding to light, it is possible to distinguish
between three different modes of vision. As CIE
ILV defines:

Photopic
Vision

Vision by the normal eye in which
cones are the principle active
photoreceptors.

NOTE 1 Photopic vision normally occurs
when the eye is adapted to levels of luminance
of at least 10 cd/m?,

NOTE 2 Color perception is typical of phot-
opic vision.

(Cone activity exists in the luminance range
from 0.01 to 108 cd/m?.)

Scotopic
Vision

Vision by the normal eye in which
rods are the principle active
photoreceptors.

NOTE 1 Scotopic vision normally occurs
when the eye is adapted to levels of luminance
of less than ~107> cd/m?.

NOTE 2 In comparison to photopic vision,
scotopic vision is characterized by the lack of
color perception and by a shift of the visual sen-
sitivity toward shorter wavelengths.

(Rod activity exists in the luminance range
from 107 to 10 cd/m?.)

Mesopic
Vision

Vision by the normal eye
intermediate between photopic and
scotopic vision.

NOTE In mesopic vision, both the cones and
the rods are active.

(The mesopic vision is between two luminance
levels from 0.01 to 10 cd/m?.)

The state of adaptations enters the CIE ILV
definition of:

Perceived
Color

Characteristic of visual perception
that can be described by attributes
of hue, brightness (or lightness),
and colorfulness (or saturation or
chroma).



Adaptation

NOTE 2 Perceived color depends on the
spectral distribution of the color stimulus, on the
size, shape, structure and surround of the stimulus
area, on the state of adaptation of the observer’s
visual system, and on the observer’s experience
of the prevailing and similar situations of
observation.

NOTE 4 Perceived color may appear in several
modes of color appearance. The names for various
modes of appearance are intended to distinguish
among qualitative and geometric differences of
color perceptions. Some of the more important
terms of the modes of color appearance are
given in “object color,” “surface color,” and
“aperture color.” Other modes of color appearance
include film color, volume color, illuminant color,
body color, and ganzfeld color. Each of these
modes of color appearance may be further quali-
fied by adjectives to describe combinations of
color or their spatial and temporal relationships.
Other terms that relate to qualitative differences
among colors perceived in various modes of color
appearance are given in “luminous color,”
“nonluminous color,” “related color,” and
“unrelated color.”

(Different adaptations correspond to different
color-appearance modes.)

The adaptation phenomenon depends on the
adapting light, both on the luminous level and on
the chromatic quality. CIE ILV defines the follow-
ing other phenomena:

Chromatic Visual process whereby

Adaptation approximate compensation is
made for changes in the colors
of stimuli, especially in the case
of changes in illuminants.

Adaptive Change in the perceived color of

Color Shift an object caused solely by
change of chromatic
adaptation.

[luminant Change in the perceived color of

Color Shift an object caused solely by

change of illuminant in the
absence of any change in the
observer’s state of chromatic
adaptation.

Resultant
Color Shift

Combined illuminant color shift
and adaptive color shift.

CIE ILV defines the following quantities, use-
ful to describe the adaptation phenomena:

Contrast
Sensitivity [Sc]

Reciprocal of the least
perceptible (physical) contrast,
usually expressed as L/AL,
where L is the average
luminance and AL is the
luminance difference
threshold.

Unit: 1

NOTE The value of Sc depends on a number of
factors including the luminance, the viewing con-
ditions, and the state of adaptation.

Luminance Smallest perceptible
Difference difference in luminance
Threshold [AL] of two adjacent fields.

Unit: cd/m? = Im/(m? - sr)

NOTE The value depends on the methodology,
luminance, and on the viewing conditions, includ-
ing the state of adaptation.

[Often, instead of luminance, the retinal illu-
minance / measured in troland (td) is considered,
i.e., the luminance of the observed scene (cd/m?)
times the observer pupil area (mm?).]

Lowest luminance of a stimulus
which enables it to be perceived.

Luminance
Threshold

NOTE The value depends on field size, sur-
round, state of adaptation, methodology, and
other viewing conditions.

Moreover, there exists another phenomenon
involving different photopic adaptation levels,
known as Bezold-Briicke phenomenon, and
regarding the shifts of hues produced by changing
the luminance of a color stimulus while keeping
its chromaticity constant.

The mechanisms behind the different adapta-
tion processes are still not completely understood;
therefore, here the main phenomenological



aspects of the adaptation are described. First, gen-
eral aspects of the adaptation are considered and
then the adaptation phenomena in the following
order: the time-course of adaptation, subdivided
into dark adaptation and light adaptation, and then
brightness adaptation, chromatic adaptation, and
color adaptation. Adaptation to specific spatial
frequencies, orientations, sizes, etc. are not con-
sidered although included in the definition of
adaptation given by CIE ILV.

The effect of the stimulation on the photore-
ceptors is a modification of its own effectiveness.
Whenever there is a change in retinal illuminance
and/or spectral power distribution of the stimulus,
the visual mechanism starts readapting to the
changing stimulus. Thus, in the real situation,
when the light flux crossing the retina is continu-
ously changing, the visual sensitivity at any par-
ticular time and place on the retina is the resultant
of the effects of the stimulations due to the light
flux in the time, previous and actual, and on the
considered place and contiguous places. The term
local adaptation refers to the effect of a stimulus
which has been confined to a specific region of
the retina.

The time change in sensitivity depends on the
duration and also on the degree of stimulation. If
the adapting light level changes by a relatively
small amount, the visual system compensates for
the change almost immediately, but, if the light
level changes by a large amount, it takes a long
time to reach complete adaptation. If a new stim-
ulus remains the same for long enough time, the
adaptation level reaches an equilibrium and the
adaptation is complete. The time required for a
complete adaptation depends on the starting level
and on the new light level. The sensitivity change
is very sudden in the initial phase, but its duration
is a small fraction of the time required for a com-
plete adaptation.

The term adaptation level defines the kind and
degree of steady stimulation that would produce
the same state of sensitivity as exists at any
moment and place on the retina.

The adaptation level determines the range of
responsiveness. The fully dark-adapted visual
system cannot discriminate any luminances
below an absolute threshold nor can the fully

Adaptation

light-adapted visual system discriminate any
luminances above an upper terminal threshold.
The overall range within which the optimally
adapted visual system is effective is approxi-
mately from 107> to 10° cd/m®. The retina is
bound to be adapted to some level at any time
and only a small part of the full range is available
at any time. The ratio of maximum luminance
over minimum luminance detectable for the full
range is 10 billion to 1, while the momentary
range for ordinary levels of luminance is in the
order 1,000 to 1.

The adaptation mechanisms produce changes
in threshold visibility, color appearance, visual
acuity, and sensitivity over time.

Brightness Adaptation

The adaptation process operates over a luminance
range of nearly 14 log units: the light of the
midday sun (~10® cd/m?) can be as much as ten
million times more intense than moonlight
(~107° cd/m?). The process which allows this
great extension of retina sensitivity is called
brightness adaptation.

Four mechanisms underlie the adaptation in
such a wide range of luminances:

1. Pupil size

2. Switchover from rods to cones in the passage
from scotopic to photopic vision

3. Bleaching/regeneration of the photopigments
in the photosensitive cells (rods and cones)

4. Feedback from the horizontal cells to control
the responsiveness of the photosensitive cells

These four mechanisms have the combined
effect of making the retina more sensitive at low
light levels and less sensitive at high light levels,
with important consequences for perception.

The pupil size has only a small part in the
adaptation process: the luminous flux entering
the eye is proportional to the pupil area; therefore,
since the pupil diameter ranges from 1 or 2 mm to
approximately 8 mm, the luminous flux is modu-
lated by a factor of 16-64. A change of 10 log
units of luminance induces the pupil to change in
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diameter from approximately 7-8 mm down to
approximately 1-2 mm [7]. This range of varia-
tion produces a little more than one log unit
change in retinal illuminance, so pupillary action
alone is not sufficient to completely account for
visual adaptation [8].

The neuron net of the retina has a very limited
response range: —80 mV to +50 mV of graded
potential in the non-spiking cells of the retina
(rods, cones, and horizontal cells) and 0 to approx-
imately 200 spikes per second for the ganglion
cells.

The main parts of the adaptation process are
due to the mechanisms (3) and (4) producing
changes in retina sensitivity.

The effect of light on photopigments is their
bleaching or depletion (photochemical effect)
and, after bleaching, there is a regeneration of
photopigments  (chemical effect). Pigment
bleaching makes the receptors less sensitive to
light and, at high flux of light, produces a com-
pression in their response. However, pigment
bleaching cannot completely account for adapta-
tion because the time-courses of the early phases
of dark and light adaptation are too rapid to be
explained by pigment bleaching alone [9].

Adaptive processes sited in the neural network
of the retina (horizontal cells) have a multiplica-
tive process effectively scaling the input by a
constant related to the background luminance.
This process acts very rapidly and accounts for
changes in sensitivity over the first few seconds of
adaptation. A slower acting subtractive process
reduces the base level of activity in the system
caused by a constant background. This last pro-
cess accounts for the slow improvement in sensi-
tivity measured over minutes of adaptation
[10]. Sensitivity increases in dim light and
decreases in bright light inducing a more or less
constant range of response of the visual system.

For a given set of visual conditions, the current
sensitivity level of the visual system is called the
brightness adaptation level. These combined phe-
nomena have the effect that the perceived bright-
ness is approximately constant in a wide range of
brightness adaptation levels.

The response of photosensitive cells may no
longer increase if the light flux is so intense that

the regeneration of the photopigments is not able
to counterbalance the bleaching completely. This
situation is known as saturation.

The term brightness adaptation is not defined
in the CIE ILV; it is used seldom, and the phe-
nomena here described are generally considered
in the light adaptation process.

The Time-course of Adaptation

Dark Adaptation

Visually, dark adaptation is experienced as the
temporary blindness that occurs when we go rap-
idly from photopic to scotopic levels of illumina-
tion. The ability to sense small illumination
changes develops slowly in the darkness, and the
slow time-course of dark adaptation means that
HVS is impaired for some minutes when the
observer moves quickly from a high level of illu-
mination to a low level. The increment threshold
detection of a light during dark adaptation well
represents the dark-adaptation process. Test
observers are first adapted thoroughly to a uni-
form background intensity. After the background
light is removed, the observer’s threshold is peri-
odically measured in darkness. Consider the time-
course of dark adaptation given by Haig [11]
(Fig. 1).

In this experiment, the observer is first adapted
to a high background luminance with the rod
system depleted, and then the light is switched
off abruptly. In the darkness, the detection thresh-
old is measured continuously over more than
30 min. The detection threshold is the smallest
perceptible luminance of a light spot on a black
background. Violet light of short wavelength is
used. The graph of Fig. 1 shows the detection
threshold in the darkness as a function of time.
In the first 5 min, after the adapting field is
switched off, the threshold drops rapidly, but
then it levels off at a relatively high level because
the cone system has reached its greatest sensitiv-
ity, and the rod system is still not significantly
regenerated. After about 7 min, rod system sensi-
tivity comes over that of the cone system and the
threshold begins to drop again. A change in slope
separates the two curve branches which represent
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Adaptation, Fig. 1 Increment threshold detection of a
light during dark adaptation as a function of the back-
ground adapting illumination. Observers were first adapted
thoroughly to a uniform background intensity. Once
adapted, the increment threshold is periodically measured
in darkness. Five curves show results from five different

the rod and cone systems, respectively. This sep-
aration point is known as the Purkyné break
(Purkyné shift) (» Purkyné, Jan Evangelista) [6]
and indicates the transition from detection by the
cone system to detection by the rod system.
Changes in the threshold can be measured out to
approximately 35 min, at which point the visual
system has reached its absolute levels of sensitiv-
ity, and the threshold has dropped nearly 4 log
units. The relatively slow time-course of dark
adaptation means that vision can be impaired for
several minutes when the observer moves quickly
from high illumination levels to low ones.

The course of dark adaptation is influenced by
the intensity and duration of light preadaptation,
and different but analogous curves are measured
in correspondence to different preadaptations.

The dark adaptation curves are different if
stimuli of different wavelengths are used
(Fig. 2). The scotopic (rods) and photopic
(cones) spectral sensitivity functions are almost
equal over 650 nm (Fig. 3); therefore, the Purkyné

widely spaced initial background luminances. Both rod
and cone increment thresholds decrease asymptotically
over time. The cones (dashed lines) adapt to darkness
more rapidly and their increment thresholds prevail until
rod thresholds (solid lines) appear with a slower time
descent [11]

break is not seen. On the other hand, if light of
short wavelength is used, the Purkyné break is
most prominent because, once the rods have
dark adapted, the rods are much more sensitive
than the cones to short wavelengths.

Light Adaptation

Visually, light adaptation is experienced as the
temporary blindness that occurs when the
observer goes rapidly from a scotopic to a phot-
opic level of illumination. The bright light
momentarily dazzles the observer, to whom
everything appears as a white light because the
sensitivity of the receptors is set to dim light. Rods
and cones are both stimulated, and large amounts
of the photopigment are broken down instanta-
neously, producing a sensation of glare. During
the light adaptation process, the HV'S has to adapt
quickly to the background illumination to be able
to distinguish objects on this background. The
sensitivity of the retina decreases dramatically.
Retinal neurons undergo rapid adaptation
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Adaptation, 8
Fig.2 Increment threshold
detection of a light during
dark adaptation as a
function of the background
adapting illumination using
different test stimuli of
different wavelengths.
Observers were preadapted
to 2,000 mL for 5 min. A 3°
test stimuli was presented
7° out of fovea toward the
nose. The colors were RI
(extreme red, wavelength of
680 nm), RII (red,
wavelength of 635 nm),

Y (yellow, wavelength of
573 nm), G (green,
wavelength of 520 nm),

V (violet, wavelength of
485 nm), and W (white)
(Data from Chapanis [12]) 2

logso threshold luminance (logio pmL)

10 20 30 40 50
minutes in dark

Adaptation,

Fig. 3 Scotopic (rods) and
photopic (cones) spectral
sensitivity functions from
Wald’s data [13]

logio relative sensitivity

rods

inhibiting rod function and favoring the cone sys-
tem. Within approximately one minute, the cones
are sufficiently excited by the bright light to take
over. The process for light adaptation, in which
visual accuracy and color vision continue to
improve, occurs over 5-10 min. During light

500 600
Wavelength [nm]

700

adaptation to photopic vision, rod sensitivity
is lost.

The HVS operates over a wide range of lumi-
nance levels. The sensitivity defines the state of
brightness adaptation. Under low levels, the HVS
has a very high sensitivity and can discriminate a
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luminous spot as small as 100 photons (light
quanta) against a black background. In the phot-
opic range, the HVS requires a luminous spot of
thousands or millions of photons to be seen
against a background of higher illumination.
HVS sensitivity is represented by the absolute
intensity threshold, which is measured by a psy-
chophysical experiment known as the threshold
versus illuminance (TVI) experiment. The mea-
sured quantity is the retinal illuminance /. This
experiment measures the minimum illuminance
increment A/ of a test spot, a sharp-edged circular
target in the center of the visual field, required to
produce a visual sensation on a uniformly lit
background with retinal illuminance /g, to which
the observer is adapted. This can be achieved by
placing an observer in front of a background wall
of a given luminance (adapting luminance), and,
once the adaptation is obtained, by increasing the
retinal illuminance of the test spot A/ from zero
until it is just noticeable to the observer. The test
phase has to be very quick avoiding any condi-
tioning on the adaptation.

Figure 4 shows the TVI: the threshold of detect-
able retinal illuminance increment increases as the
background adapting retinal illuminance increases
(abscissa). The TVI has two branched curves, one

-4 -3 -2 -1 0 1 2 3 4 5 6 7
logio adapting retinal illuminance [td]

related to rod vision and the other to cone vision.
Both curves have an analogous shape. Consider the
rod curve, that is, represented by four sections:

1. The TVIbelow —4 log units is almost constant
and the low background luminance does not
significantly affect the threshold.

2. The TVI between —4 and —2 log units
increases in proportion to the square root of
the background retinal illuminance [15].

3. The TVI between —2 and +2 log units is in
proportion to the background adapting retinal
illuminance and the slope AZ/I} is constant. This
section of the TVI is known as Weber s Law.

4. The TVI over +2 log units rises rapidly and the
rod system starts to become incapable of detecting
any stimulus. This is known as saturation and is
represented in Fig. 4 with a dotted line [13].

Let us consider the cone curve of a TVI
experiment as plotted in Fig. 5, where the plot
regards the threshold sensitivity Lg/AL (i.e., the
inverse Weber ratio) where Lg is the background
luminance. The threshold sensitivity for discrim-
inating small light increments on a background
increases as the background luminance increases
up to approximately 50 cd/m?. Between 50 and
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Adaptation, Fig. 5 Plot 60
of contrast sensitivity, i.e.,
the inverse Weber ratio, as a
function of background 50 |
adapting luminance L. The
contrast sensitivity
increases with the é
adaptation luminance up to :ﬁ 40 |-
approximately 50 cd/m>.
The Weber ratio is constant %‘
for a higher luminance, 3 20l
from approximately 5
100 cd/m? up to g
approximately S
10,000 cd/m? [2] 8 20t
=
10 |
0

10,000 cd/m?, the threshold sensitivity is con-
stant. In this range of luminance Weber’s law
AL/Lg =~ 0.02 holds true. This result refers to an
experiment with a medium test field size (i.e., a
size not disturbing the state of adaptation).

These results depend on the test size and
retinal eccentricity because the distribution of
the rods and cones on the retina are not uniform.

Chromatic Adaptation

Chromatic adaptation refers especially to those
transient changes in sensitivity which are
ascribable to photopic chromatic stimulation and
are reflected in changes in chromatic sensation
and perception. Visually, chromatic adaptation is
experienced when a sudden illuminant change
(e.g., in a room, the passage from daylight to a
tungsten light) causes a global change in per-
ceived color which is recognized by the observer
as a change in illuminant. In spite of this evident
change in the perceptual appearance of the scene
caused by significant changes in the wavelength
composition of the light reflected from different
objects under the new illuminant, the perceived
color of the objects remains largely unchanged.
This adaptation phenomenon is termed

0003 003 03 3 30 300 3000 30000
adaptation luminance [cd/m?]

instantaneous color constancy. In literature, chro-
matic adaptation and color constancy are often
considered as synonymous.

The chromatic, achromatic, and white sensa-
tions are a results of chromatic adaptation, and
CIE ILV defines:

Color stimulus that an observer who
is adapted to the viewing
environment would judge to be
perfectly achromatic and to have a
luminance factor of unity.

Adapted
White

NOTE The color stimulus that is considered to
be the adapted white may be different at different
locations within a scene.

Achromatic
Stimulus

Stimulus that, under the
prevailing conditions of
adaptation, gives rise to an
achromatic perceived color.

NOTE In the colorimetry of object colors, the
color stimulus produced by the perfect reflecting
or transmitting diffuser is usually considered to be
an achromatic stimulus for all illuminants, except
for those whose light sources appear to be highly
chromatic.
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Adaptation, Fig. 6 Illuminate this figure with an intense
light (~500 1x) and stare at it for approximately 15 s (better
with one eye) the black dot in the center of the /eft colored
image. Then quickly shift your attention onto the black dot
in the center of the right square. The four colored squares
of the left image immediately appear in complementary
colors to those of the /eft image. This afterimage is due to a
local color adaptation of the retina. Moreover the afterim-
age has smooth edges, revealing mutual interaction
between the contiguous colored patches. To explain the

Stimulus that, under the
prevailing conditions of
adaptation, gives rise to a
chromatic perceived color.

Chromatic
Stimulus

NOTE In the colorimetry of object colors,
stimuli having values of purity greater than 0 are
usually considered to be chromatic stimuli.

Color Adaptation

Visually, color adaptation is experienced when, in
chromatic contexts after a prolonged fixation of a
scene, a sudden change happens and the view of
the new scene appears with overlapped character-
istic colored afterimages, influenced by the
adapting colors of the preceding scene (Fig. 6).

The term color adaptation is not defined in the
CIE ILV; it is used seldom and generally the term
successive contrast is used.

Cross-References

> Afterimage
» Chromatic Contrast Sensitivity

phenomenon, consider, for example, the region of the
retina where the yellow field is first imaged. The prolonged
exposure to the yellow light, that is a mixture of red and
green light, reduces the sensitivities of the L and M cones.
When the yellow field is replaced by white paper, the
S cones with not reduced sensitivity generate a blue
image. Then a random movement of the attention induces
the HVS to recover the sensitivities of the cones and the
afterimage fades

» CIE Chromatic Adaptation; Comparison of von
Kries, CIELAB, CMCCAT97 and CAT02

» CIECAMO2

» Color Contrast

» Ganzfeld

» Purkyné, Jan Evangelista
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Synonyms

Aftereffect; Ghost image; Image burn-in

Definition

An afterimage is an image that continues to be
perceived after the physical stimulus that it origi-
nated from disappears from the observer’s visual

1

field. The afterimage can be a result of an exposi-
tion to a grayscale pattern, a colored pattern, or
even to a motion stimulus. There are different
kinds of afterimages, for example, the positive
one will be the same with the physical stimulus,
while the negative one will result in the opposite
in terms of luminance, colors, or direction of the
physical stimulus that generates it.

Introduction

In everyday experience it is not so uncommon to
experience several types of aftereffects. The
observation done by Addams [1] while watching
the Falls of Foyers, near to the Loch Ness in
Scotland, is probably the most famous description
of the motion aftereffect outside a scientific labo-
ratory. The motion aftereffect was already
observed by Aristotle and Lucretius in the ancient
times, but the description done by Addams
remains the most cited example: if an observer
watches a fall for about 60 s and, after that, she/he
moves their gaze to the wood nearby, everything
will seem to move upward. Now it is known that
motion aftereffect can be so powerful that it can
influence the direction of the illusory motion pro-
duced by static patterns [2] or even followed after
only milliseconds of adaptation [3].

Possible Explanations

However, it is not just adaptation to motion that
produces aftereffects. Although an afterimage can
be easily experienced after looking at a prolonged
grayscale image, the most popular afterimages are
probably experienced after looking at colors. Star-
ing at the fixation cross in Fig. 1 for more than 30 s
and then moving the gaze to a white surface
should produce a color negative afterimage: the
disks will appear filled with the opposite colors of
the original stimulus on the blank surface. The
common opinion in the scientific community is
that the afterimages result from neural adaptation,
but adaptation is present throughout the visual
system, which makes the neural substrate of
these phenomena not so easy to isolate. For
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Afterimage, Fig. 1 In order to experience a color nega-
tive afterimage, the reader should stare at the fixation cross
shown for no less than 30 s and after try to move the gaze to
a white surface. What should be seen on the blank surface
are four circles filled with the opposite colors (the green
should be now red, the blue yellow, the yellow blue, and
finally the red green)

long, it was supposed that the afterimages were
caused by fatigued cells in the retina responding to
light. Then, if an observer will stare at the red
color for enough time, the receptors in the retina
responding to red will fatigue and will fire less. In
color vision, it is generally believed that colors are
represented along orthogonal opponent axes: yel-
low to blue and red to green. Consequently, when
the observer will switch over to a white surface,
after that the retina receptors for the red are
adapted, the visual system will interpret that
blank surface as filled with the red complementary
color: green. This oversimplified explanation
where all the color afterimages are explained at
the retina level was successively challenged by
several phenomena that required cortical elabora-
tion [4]. In the 1960s it was shown that the rabbit
visual cortex presented neural adaptation after
prolonged exposition to a stimulus that was com-
parable to the duration of the aftereffects recorded
during the psychophysical experiments [5]. This
results, concordantly with other neuropsycholog-
ical and psychophysical studies [4], moved the
possible main physiological substrate of the after-
image in the primary visual cortex (V1). V1 is

Afterimage

able to also explain the interocular transfer of the
aftereffect, which is the possibility to adapt an eye
and to observe some effects on the non adapted
one.

However, even if low-level cortical processes
seemed perfectly appropriated in order to explain
the afterimage, the discovery that the top-down
processes are able to influence radically both the
primary visual cortex and also some subcortical
“stations” of the visual system, as the lateral
geniculate nucleus (LGN), together with some
new types of aftereffects that showed the influence
of attention [6, 7],consciousness [8], or an effect
that lasts for days, weeks, or even months, seemed
to clearly reject an explanation in terms of the
short-lived adaptation reported typically in single
cells of V1. These effects all suggested that the
final percept of the afterimages is probably a com-
plex result of the interaction and the adaptation of
several districts throughout the visual system from
the retina to the high-level cortical areas. Recently
it was shown that the color afterimage signals are
generated in the retina, but they are modified by
cortical processes [9]. In sum the retinal afterim-
ages face the similar destiny of all retinal signals
that in humans are virtually always heavily mod-
ulated by the cortex.

An interesting question that can be posed,
however, is that whether the afterimages have a
function or if they are just a side effect incurred as
a minor consequence of having evolved such a
complex and superb machinery known as the
human visual system. The answer, as it was prob-
ably expected, seems to be that the afterimages
and the neural adaptation in general are part of
complex neural strategies evolved during thou-
sands of years in order to improve our world
perception (e.g. [10, 11]).

Breathing Light Illusion

Finally the afterimage (with color or in grayscale, it
depends on which version is used) is also at the
basis of the family of illusions composed of the
breathing light illusion and the dynamic
luminance-gradient illusion [12—14]. Approaching
these patterns like the one in Fig. 2 by moving
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Afterimage, Fig. 2 A complex version of the breathing
light illusion. Approaching the patterns by moving one’s
head toward it makes the spot appear to become larger,
more diffuse, and filled with white. On receding from it, the
spot’s center remains white but the remainder appears
smaller, darker, and sharper. In addition, in this specific
pattern, an illusory rotation is perceived together with the
typical illusory effect of the breathing light illusion. This
illusory rotation is the same as experienced in the Rotating-
Tilted-Lines Illusion [15-18]

one’s head toward it makes the spot appear to
become larger, more diffuse, and filled with
white. On receding from it, the spot’s center
remains white but the remainder appears smaller,
darker, and sharper. The proposed explanation of
the phenomenon is related to the superimposition
of the afterimage on the physical stimulus during
dynamical viewing [13, 14].

In summary the afterimages are interesting
phenomena that helped to understand our brain
mechanism, they are able to produce striking illu-
sory effects, and the underlying mechanisms seem
to be relevant in producing a more efficient per-
ception of the world.

Cross-References
Adaptation

Assimilation
Simultaneous Color Contrast
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Al-Biruni
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Kirchner Publications, Leiden, The Netherlands

Abu’l-Raihan al-Biruni was a Persian polymath
born in 973 AD. His contributions to mathematics,
geography, astronomy, and physics are most well
known. During his travels in India, he not only
taught Greek science, but in exchange he became
acquainted with Indian science. This made him a
strong promoter of this science in the Islamic world.

At the court of sultan Mas’ud, al-Biruni wrote
an important work on minerals and gemstones,
called the Kitab al-jamahir fi ma’rifat al jawahir
(The book of the multitude of knowledge of pre-
cious stones) [1-3]. In this lapidary, al-Biruni gives
a detailed description of the colors of many min-
erals and gemstones. Color is used as a clear way to
identify minerals and gemstones. He discusses
extensively the slight color differences between
minerals originating from different mines or having
different degrees of purity, relating them to the
effect this may have on their financial value.

The Kitab al-jamahir does not contain a separate
chapter on color itself or on color ordering. But taken
together, the many descriptions of color variations
that appear in this book while discussing different
types of minerals and gemstones do form a large
body of scientific knowledge on color. Two centuries
after al-Biruni, another Persian scientist by the name
of al-Tusi would indeed collect many of al-Biruni’s
findings and formulate an impressive color ordering
scheme by combining them with other sources [4].

An example of this part of al-Biruni’s scientific
legacy is found in his description of different types of
rubies. According to al-Biruni, the colors of rubies
range from sky blue, via lapis lazuli and indigo-blue,
to kohl black. Almost exactly the same color series is
found in the grand color scheme of al-Tusi, with only
the color turquoise having been added. In a similar
way, not only many color words in al-Tusi’s grand
color scheme already occur in al-Biruni’s work, but
the latter also provided several partial color orderings.

Another interesting aspect of al-Biruni’s
description of color is that he is one of the first

Al-Biruni

to verbally describe one of the color dimensions.
After having described the color series from sky
blue, via lapis lazuli and indigo-blue, to kohl
black, al-Biruni characterizes this gradual color
change by the word shab’a (p. 72 in Ref. [1])
(Vol. 2, p. 42 in Ref. [5]). Originally this word is
used for describing the feeling one has after a
copious meal, and it is best translated as satura-
tion. In classical Arabic literature and in modern
Arabic, the same word became the common word
for color saturation (p. 701 in Ref. [6]). Although
the color sequence mentioned above shows that
the colors in this series do not change only with
respect to color saturation in the modern definition
of this word, al-Biruni’s text is one of the first to
relate this term to color [7].
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At the end of the thirteenth century, Kamal
al-Din Hasan ibn Ali ibn Hasan al-Farisi studied
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at the school of Tabriz (Azerbaijan, Iran). His
teacher was the famous astronomer Qutb al-Din
al-Shirazi, who in turn was a student of Nasir
al-Din al-Tusi.

Al-Farisi felt “perplexity” when he found sev-
eral inconsistencies and errors in the classical
works about optics [1]. His teacher then managed
to obtain a manuscript copy of the Kitab al-
Manazir from Ibn al-Haytham, which was
brought in “from a very distant land” (probably
Egypt). Al-Farisi was greatly impressed by this
work and decided to write a detailed commentary
on it. He discussed it in great detail and com-
pleted it by adding appendices with other optical
writings. Al-Farisi also included corrections to
these texts, aptly calling the resulting work
Tangih al-Manazir (Revision of the [Kitab] al-
Manazir) [2].

In one of al-Farisi’s comments in the Tangih,
he described how an object is seen in a certain
color under sunlight, but in a different color
under moonlight, and yet in another color in the
light of fire. From this, al-Farisi concluded that
colors are not really present in objects, but
depend on illumination [3]. The role of incident
light had therefore been changed from being a
mere catalyst for color vision as in the ancient
Greek theories to being as prominent as in mod-
ern color theory [4].

Together with his teacher Qutb al-Din
al-Shirazi, al-Farisi tried to find explanations
why the famous experiment of Ptolemy, with a
spinning top (or mill stone) having sectors painted
in different colors, led to new colors [5].

Regarding the colors of the rainbow, Ibn
al-Haytham had supported the Aristotelian idea
that these were due to a mixture of light and
darkness. Al-Farisi rejected this concept. He
argued that if it was true, then the colors of the
rainbow would be ordered from bright to dark.
Also, the secondary rainbow would then have the
same color order. Both are not supported by
observation [6].

But al-Farisi would become most famous for
his experimental study of the formation of rain-
bow colors. Inspired by Ibn Sina’s work and by
Ibn al-Haytham’s Kitab al-Manazir and the lat-
ter’s treatise on the burning glass sphere, he filled
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Fig. 1 Double refraction and single reflection in a rain-
drop. Simultaneously with Theodoric of Freiberg, al-Farisi
was the first to give the correct explanation of the rainbow
in his Tangih al-Manazir (©Library of the Masjid
Sepahsalar, Tehran)

a glass sphere with water and considered this as a
model for a droplet of rain water in the atmo-
sphere. He then studied the resulting reflection
and refraction of light in a dark room (see
Fig. 1). This led him to the first correct explana-
tion of the colors of the rainbow, which he
described in the Tangih. Interestingly in Germany,
at approximately the same time also Theodoric of
Freiburg, equally inspired by the Kitab al-
Manazir, carried out the same experiment and
formulated the same conclusions.

It was recently discovered that in his Tangih,
al-Farisi included the text of al-Tusi on color
ordering, in which five paths were proposed to
go from white to black [7]. In this way, this text
would become available to many later genera-
tions. Al-Farisi also sought for an explanation of
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the different orderings of the colors in the primary
and secondary rainbow. His dark room experi-
ments let him conclude that the various colors of
the rainbow were produced by a superposition of
different images as projected after reflections and
refraction in the sphere [8]. Thereby, the colors
became a function of the positions and luminous
intensities of the composing images [9].

The Tangih al-Manazir would become widely
spread in the Muslim world, where it was used in
academic classrooms, and would be commented
upon until the sixteenth century. Therefore, in the
Muslim world, this would be the main textbook
on optics for more than three centuries. Since it
would never be translated into any Western lan-
guage, its influence on European science would
remain marginal at best.
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Abu Ali al-Hasan Ibn al-Haytham (Latinized
name: Alhazen) made important discoveries in
astronomy, mathematics, and optics. His Kitab
al-Manazir (Book on Optics) made the works of
Aristotle, Ptolemy, and Euclid obsolete. He
merged their classical theories, combining the
mathematical, physical, and physiological aspects
into one unified optical theory. The Kitab
al-Manazir also introduced the distinction
between optics and physiology/psychology that
is a cornerstone of modern optics and colorimetry.

In his work, Ibn al-Haytham attempted to show
how illumination, hue, and saturation combine
together into color perception. Although he was
not able to establish a complete system of color
attributes, his account is largely consistent. “In
terms of scope, details and comprehensiveness
of treatment, Ibn al-Haytham’s observations on
the subject of color perception are unequalled in
any single writer before him” (Vol. 2, p. 43 in
Ref. [1]).

The Kitab al-Manazir would be the dominant
text on optics for several centuries to come, both
in the East and West. Latin translations appeared
from 1200 to 1572 (Perspectiva, De aspectibus,
Opticae Thesaurus) and in Italian around 1350
(Prospettiva). Basing themselves on what they
read in this book, Kamal al-Din al-Farisi and
Theodoric of Freiburg around 1300 discovered
the correct explanation for the colors of the rain-
bow. It also made Kepler to formulate in 1604 the
theory of the retinal image and Rudolph Snel van
Royen to discover a few years later what is now
known as Snellius’ law of refraction. In the East,
Ibn al-Haytham’s work survived through its thor-
ough treatment and further elaboration by Kamal
al-Din al-Farisi (d. 1318).
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Ibn al-Haytham was born around 965 AD in
Basra (Iraq) where he became a famous mathema-
tician. Caliph al-Hakim of Cairo, impressed by
Ibn al-Haytham’s claim that he could regulate
the flow of the Nile, persuaded him to come to
Egypt. However, Ibn al-Haytham soon found out
that he was not up to the task. He fell in disgrace
and was placed under house arrest for many years.
This proved to be beneficent for continuing his
studies in mathematics, astronomy, and optics.

According to Aristotle, light was a manifesta-
tion of a change of the state of the medium from
opaque to transparent. Ptolemy had considered
vision to be the result of visual rays, spreading
out from the eye that were reflected or refracted by
surfaces of objects. Ibn al-Haytham (as well as Ibn
Rushd) proposed an alternative view, that light
has a much more active role in color vision. It is
light which is seen, according to Ibn al-Haytham
[2]. Moreover, light is directed toward the eye
instead of spreading from it. Ibn al-Haytham was
the first to consider light as an entity by itself,
traveling from visible objects to the eye,
according to mathematical laws originally pro-
posed by Euclid [3]. Regarding the role of the
medium for color vision, Ibn al-Haytham adopted
the view from al-Kindi (d. 873) that the medium
plays a passive role in color vision in the sense
that it should not block vision.

In Ibn al-Haytham’s theory, color is a distinct
property of material bodies. He stated that color
and light are distinct but that colors behave
exactly as light does in transmission, reflectance,
and refraction. Therefore, Ibn al-Haytham’s the-
ory of light is at the same time a theory of color
[4]. But apart from formulating these theories, Ibn
al-Haytham went further and designed many
experiments by which he verified the proposal
step by step and afterward subjected the results
to thorough mathematical analysis [5] (and also
Vol. 2, p. xli in Ref. [1]). Nevertheless, Ibn
al-Haytham also explored some more philosoph-
ical treatments of color and light [5].

Ibn al-Haytham’s view of the active role of light
in color vision made him investigate many crucial
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aspects of color vision. He described how changing
the type and intensity of light affects the color
appearance of objects and how a stronger light
intensity increased perceived color differences [6,
7]. Thus Ibn al-Haytham came close to what has
been called a key notion in colorimetry that color is
the product of the eye, the light, and the object. In the
words of Ibn al-Haytham: “This behavior indicates
that the eye observes the colors of colored objects
only according to the colors that fall on them” [6, 7].

Ibn al-Haytham was one of the first to use the
word saturation as describing an aspect of color.
Ibn al-Haytham used this word in his Kitab
al-Manazir. Generally it refers to the sensation
one feels after a copious meal, indeed analogous
to the modern English word saturation. In modern
Arabic, the same word is still used for color satu-
ration [8]. About this and other words related to
color that appear in the Kitab al-Manazir, see Vol.
2, p. 43 in Ref. [1].

In other aspects, Ibn al-Haytham followed the
classical traditions. He supported the Aristotelian
view that the colors of the rainbow are the result of
mixing light and darkness and the Ptolemaic inter-
pretation that color mixing in the spinning top is a
visual illusion.
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Muhammad ibn Muhammad ibn Hasan al-Tusi,
usually known as Nasir al-Din al-Tusi, was born
in Tus (Iran) and later worked in Maragha
(Azerbaijani) and Baghdad (Iraq). His influence
reaches into many fields [1]. His work on
reforming Ptolemaic theoretical astronomy
would be crucial for later astronomers, including
Copernicus. In mathematics he published land-
mark editions of the works of Euclid and Archi-
medes and developed trigonometry as a discipline
separated from astronomy. He wrote several
works on optics [2]. For Shiite theology, al-Tusi
wrote an important work on ethics, and he also
authored the first systematic treatment of

Al-Tusi, Nasir al-Din

rationalist theology in 12 imam Shiism, a work
still central in Shiite theological education.

Al-Tusi was born in a Twelver Shi’a family.
Under patrons at Ismaili courts, he became a
famous mathematician. When in 1256 under
Mongol rule, Hulagu destroyed the Abbasid
Empire, al-Tusi had taken refuge at the last Ismaili
stronghold located on the mount of Alamut. After
the Mongols destroyed this mountain fortress,
Hulagu personally saved al-Tusi’s life since the
ruler’s interest in astrology made him respect
al-Tusi’s astronomical knowledge. Al-Tusi per-
suaded Hulagu to support building the first full-
scale astronomical observatory in the world at
Maragha. With al-Tusi as director, it would collect
a mass of observation data during about 50 years,
and it would inspire later observatories in Samar-
kand and India and possibly even Tycho Brahe’s
observatory in Denmark.

Al-Tusi thoroughly studied the works of Ibn
Sina. When after teaching Ibn Sina’s color theory
one of his students wanted to know more about it,
al-Tusi replied in a letter:

Regarding the production of colors from black and
white there are numerous paths, from which one
gradually walks from white to black. The path
through yellow belongs there: First by the mixing
of dense and fire, both in small amount, the straw-
yellow is produced, then the lemon-yellow, then the
saffron-yellow, then the orange-yellow, then the
grenade-yellow, then in it the tendency towards
black increases, according to the increase in the
number of dense particles and the decrease of fire,
until it becomes black.

Another path goes through red. First it becomes
rosy, then like evening-red, then blood-colored,
then purple, then violet, violet-colored. [.. .]

This all occurs according to the differences of
particles in transparency, opacity (density), light
and darkness. Now and then one sees a color
together with another, and a different color is pro-
duced, such as green from yellow and blue, verdi-
gris from green and white. There are infinitely many
of such arrangements, and some are often found in
small particles of plants and animals. Anyone who
observes them is surprised by their number. [3, 4]

Thus, while Ibn Sina had specified three paths
from white to black, al-Tusi described five of such
paths. They go via yellow, red, green, blue, and
gray, as illustrated in the Figure above. Remark-
ably Forsius in 1611 also described five different
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tint/shade scales from white to black. This may all
be compared to the German monk Theophilus
(ca. 1120), who described how to produce up to
12 grades in a tint/shade scale. The text of al-Tusi
shows that he must have considered color space to
be two dimensional. Interestingly, at approxi-
mately the same time in Latin Europe, Grosseteste
had argued on theoretical grounds that color space
is three dimensional [5, 6].

Also in his work on minerals and gem stones,
the Tansukhname-yi Ilkhani (the book on precious
stones for the Ilkhan [i.e., for Mongol ruler
Hulagu]), al-Tusi describes a color theory [3,
7]. Written primarily by Nishaburi, and largely
copied by al-Tusi and Kashani, these texts are
the first to describe a limited hue scale. It describes
that by mixing blue and yellow in different pro-
portions, colors are produced that change gradu-
ally from blue, via green, to yellow. This
description represents a great step forward from
the Aristotelian point of view that stated that green
is one of the colors painters cannot produce.
Although several scholars before Nishaburi and
al-Tusi had mentioned that green can be produced
by mixing blue and yellow, no earlier scholar had
described that depending on the mixing ratios,
different hues of green are produced [6].

The common opinion among scholars since
Aristotle had been that by mixing black and
white all colors can be produced. But following
Nishaburi, Tusi wrote that “if white color and
black color are mixed with each other, an
incense-grey color will result.” This had been
stated only twice before in history and in much
less clear wordings. Clearly this statement, which
was a starting point for Newton’s optical work,
was not made for the first time by Scaliger in
1557, as is generally thought [8].
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Synonyms

Achromatic  color; Perceived reflectance;

Perceived value

Definition

Lightness refers to the white, black, or gray shade
of a surface. The basic problem is that the light
reaching the eye from a given surface, as the
product of surface reflectance and illumination,
does not specify the reflectance of the surface.
A black in sunlight can reflect more light than a
white in shadow. No computer program exists that
can identify the reflectance of an object in a photo
or video. Any possible solution must exploit the
context surrounding the object. Anchoring theory
proposes to solve the problem by grouping
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patches of the retinal image into regions of equal
illumination, called frameworks, then computing
lightness values within each framework using
rules of anchoring combined with luminance
ratios.

Background

Lightness refers to the perceived shade of white,
gray, or black of a surface and is sometimes called
perceived reflectance. The reflectance of a surface
is the percentage of light it reflects. White surfaces
reflect about 90 % of the light that illuminates
them while black surfaces reflect only about
3 %. Given the light-sensitive receptor cells in
the eye, one might think that the perception of
lightness could be easily explained. But the
amount of light reflected by a surface, called
luminance, depends not only on its reflectance
but also on the intensity of light illuminating
it. And the intensity of illumination varies from
place to place and time to time. Thus, a black
surface in sunlight can easily reflect more light
than a white in shadow. In fact, any shade of gray
can reflect any amount of light.

The ability to perceive the correct shade of gray
of a surface despite variations (both spatial and
temporal) in illumination is called lightness con-
stancy, or more specifically, illumination-
independent lightness constancy. The ability to
perceive the correct shade of gray despite varia-
tions in the luminance of the background sur-
rounding a target surface is called background-
independent constancy. Neither type of constancy
is complete. Variations in illumination level pro-
duce failures of constancy as described in the
traditional literature while variations in back-
ground produce failures of constancy that have
been called contrast effects.

Summary of the Theory

According to anchoring theory [1], the lightness
of a target surface is codetermined by its relation-
ship to the field of illumination in which it is
embedded, called the local framework, and its
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relationship to the entire visual field, or global
framework. The values computed within these
local and global frameworks are combined in a
weighted average. Within each framework the
value is based on the ratio between the luminance
of the target surface and the highest luminance in
the framework, called the anchor. The weight of a
framework depends on its size and complexity.
Framework boundaries include corners, occlusion
contours, and penumbrae.

Frameworks

Helmholtz [2] suggested that given the luminance
of a target surface, the visual system would have
to somehow take into account the intensity of light
illuminating that surface in order to compute its
reflectance. But this idea has never been ade-
quately operationalized. Koffka [3] suggested
that fields of illumination can be regarded as
frames of reference. The same luminance value
that would be computed to be a light gray if it
appears within a shadow would be computed to be
a dark gray if it appears in sunlight. Anchoring
theory borrows Koffka’s concept of frames of
reference.

Anchoring

In 1948, Wallach [4] proposed the idea that light-
ness depends simply on the ratio between the
luminance of a surface and the luminance of the
surrounding region. There is clearly much validity
in this proposal. A homogenous disk of constant
luminance can be made to appear as any shade of
gray from white to black simply by varying the
luminance of a homogeneous ring that surrounds
it. However, relative luminance per se can only
produce relative shades of gray. For example,
consider two adjacent surfaces whose luminance
values stand in a 5:1 ratio. These could be white
and middle gray. But they might also be light gray
and dark gray, middle gray and black, or any
number of reflectance pairs. To determine the
specific shade of a surface requires, in addition
to relative luminance, an anchoring rule — that is, a



Anchoring Theory of Lightness

rule that links some value of relative luminance to
some value on the gray scale. Anchoring theory
invokes a highest luminance rule according to
which the highest luminance within a region of
illumination is perceived as white, and this value
serves as the standard to which lower luminance
values are compared.

Simple and Complex Images

Anchoring theory makes an important distinction
between simple images and complex images.
A simple image is one in which a single level of
illumination fills the entire visual field while a
complex image, typical of most images we see,
contains multiple levels of illumination. The the-
ory also describes how the rules for simple and
complex images are related to each other.

Simple Images

In a simple image, the formula used to predict
lightness value of a given target surface is Light-
ness = T/H * 0.9, where T is the luminance of
the target, H is the highest luminance in the image,
and 0.9 is the reflectance of white.

Geometric relationships, in addition to photo-
metric relationships, also play a role in anchoring.
Lightness depends, to a limited extent, on the
relative area of surfaces. In general, lightness
increases as relative area increases. But according
to anchoring theory, this effect of “the larger the
lighter” applies only to surfaces darker than the
highest luminance and then only when that darker
surface fills more than half of the area of the visual
field.

Complex Images

While it is not hard to exhaust the rules by which
lightness is computed in simple images, the more
important goal of a theory of lightness is to
explain how lightness is computed in complex
images typical of the real world. Anchoring theory
makes the claim that complex images are related
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to simple images according to two principles. The
first is that the same rules of lightness computation
found in simple images apply to frameworks
embedded in complex images. The second
involves a kind of crosstalk between frameworks
called codetermination.

Codetermination

The term codetermination was coined by Kardos
[5], a gestalt psychologist from Budapest. He
proposed a friendly amendment to Koffka’s idea
of frameworks, observing that the lightness of a
target is not computed exclusively within its
framework but is influenced by neighboring
frameworks as well. Kardos argued that the light-
ness of a surface is partly determined by its rela-
tive luminance in the field of illumination to
which it belongs, called the relevant field, and
partly by its relationship to a neighboring field of
illumination, which he called the foreign field.
Anchoring theory invokes the closely related
concepts of local and global frameworks. The
global framework is the entire visual field. Unlike
relevant and foreign frameworks, which are
exclusive, local and global frameworks are hier-
archical. The global framework includes the local.

Segmentation

In general, the visual field is segregated into
frameworks by identifying illumination bound-
aries. More specifically, these include cast illumi-
nation edges, such as the border of a shadow or
spotlight, corners, where the planarity of a surface
changes, and occlusion boundaries, where one
object partially obscures a more distant object.

Weighting

To implement the concept of codetermination, a
provisional lightness value is computed for the
target within each framework and then a weighted
average of these values is computed. The weight
of a framework in this average depends on the size
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of the framework and the degree of complexity
within it.

The factors of framework size and articulation
come from the early work of David Katz [6]. Hav-
ing invented some of the fundamental methods for
studying lightness, Katz conducted experiments
testing the factors that lead to strong and weak
constancy. He found that the degree of constancy
varies in proportion to the size of a framework,
which he called field size, and its level of articu-
lation. In his experiments with Burzlaff, level of
articulation was operationally defined simply as
the number of distinct elements within it.

The concepts of field size and articulation are
given a slightly different interpretation in anchor-
ing theory. Rather than factors consistently lead-
ing to good constancy, they are treated as factors
that determine the relative weight of a framework.
This twist resolves an empirical challenge for
Katz, namely, that under certain conditions,
increasing the articulation level of a framework
leads to weaker constancy.

The general formula for a target surface
belonging to the global framework and one local
framework is

Lightness = W(T/H"0.9) + (1—W,;)( T/Hg"0.9)

in which W is the weight of the local framework,
T is target luminance, Hj is the highest luminance
in the local framework, H, is the highest lumi-
nance in the global framework, and 0.9 is the
reflectance of white.

Staircase Gelb Effect

Anchoring theory was inspired by an empirical
finding called the staircase Gelb effect. Gelb had
shown that a piece of black paper appears white
when suspended in midair and illuminated by a
spotlight. In the staircase version, a row of five
squares arranged in an ascending series from
black to white is placed within the spotlight.
This produces a dramatic compression of the per-
ceived range of grays. Although the white square
is perceived correctly as white, the black square
appears somewhat lighter than middle gray. This
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finding seriously undermined several earlier
decomposition theories of lightness but suggested
an interaction between the bright illumination on
the five squares and the dimmer illumination of
the room.

According to anchoring theory, each of the
squares is assigned its correct value within the
local spotlight framework. But relative to the sur-
rounding room, as long as the spotlight is at least
30 times brighter than the illumination level in the
room, each square is assigned the same (global)
value of white, given that its luminance is as high
as, or higher than, a white surface in the room
light. The perceived compression of the lightness
range is explained by these equal values assigned
to the squares relative to the room illumination.

The Scaling Problem

The mapping of luminance values onto lightness
values within a given framework involves both
anchoring and scaling. If anchoring concerns
which value of relative luminance is linked to
which value of lightness, scaling concerns which
range of luminance values is linked to which
range of lightness values. Much as a normal dis-
tribution can be characterized by both a measure
of central tendency and a measure of dispersion,
so a set of luminance values within a framework
can be converted to lightness values using an
anchoring rule and a scaling metric (although the
anchor is located at the top, rather than in the
center, of the range).

Wallach’s ratio principle assumes a one-to-one
scaling metric. That is, if the luminance ratio
between two adjacent surfaces is 3:1, then the
ratio of their two perceived reflectance values
must also be 3:1. This scaling metric is implicit
in the formula given above: Lightness = T/H *
0.9. It can be considered the default scaling metric
and applies to large, well-articulated frameworks
typical of everyday scenes.

However, under specific conditions, the range
of perceived lightness values can be either
expanded or compressed, relative to the range of
luminance values. This occurs when the lumi-
nance range within a framework is either much
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less or much greater than the canonical 30:1 range
between white and black (from 90 % to 3 %).
Anchoring theory thus includes a scale normali-
zation principle, according to which the range of
perceived lightness values tends toward the
white—black range. When the luminance range
within a framework is less than 30:1 the lightness
range is expanded, and when the luminance range
exceeds 30:1 the lightness range is compressed.
The degree of expansion or compression is pro-
portional to the deviation of the range from 30:1,
but the normalization is only partial.

Veridicality Versus Error

In general, theories of lightness have sought to
account for lightness constancy, and the degree to
which perceived lightness corresponds to physical
reflectance. However, an adequate theory of light-
ness must also explain failures of constancy. The
Kardos theory of codetermination was the first
lightness theory to confront this problem. The
failure of constancy within a relevant field is due
to the unwanted influence of the foreign field.
Anchoring theory endorses this construction but
also broadens it to include a larger class of what
can be called lightness errors. This class includes
lightness illusions in addition to failures of con-
stancy. Illusions and constancy failures have tra-
ditionally been treated separately but have
nonveridicality in common.

The most basic and familiar illusion of light-
ness is called simultaneous contrast. Two identical
gray patches are placed, respectively, on adjacent
black and white backgrounds. The patch on the
black background appears lighter than the patch
on the white background. The application of
anchoring theory to this illusion is rather simple.
The illusion is obviously composed of two frame-
works, corresponding to the two backgrounds.
These two frameworks taken together can be con-
sidered the global framework. For each gray
patch, both a local and a global value are com-
puted. In the global framework, both gray patches
are computed to be middle gray. But they get
different values when computed locally. The
patch on the black background is given a value
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of white in its local framework, because it is the
highest luminance. However, the patch on the
white background is given a value close to middle
gray (but somewhat darker due to scale normali-
zation). When the local and global values for each
patch are combined in a weighted average, the
patch on the black background ends up with a
slightly higher value. According to anchoring the-
ory, this “contrast effect” is relatively weak
because the two local frameworks are weak, due
to their lack of articulation.

According to anchoring theory, the simulta-
neous contrast illusion is not caused by lateral
inhibition or any exaggeration of edge differences
but rather by the fact that one patch is perceptually
grouped with the black background while the
other patch is grouped with the white background.
Consistent with this grouping approach, several
authors have produced reverse contrast illusions.
These illusions are variations of simultaneous
contrast in which a gray patch on the black back-
ground appears darker, not lighter, than an identi-
cal gray patch on the white background. This
reversed effect is created by making the gray
patch a member of a group of patches that are
opposite in lightness from the black background.
Thus, the gray patch on the black background is
part of a matrix of white patches of the same size
and shape. The gray patch on the white back-
ground is likewise part of a group of black
patches. These reverse contrast illusions support
the concept of grouping that is fundamental to
gestalt theories in general and anchoring theory
in particular.

Grouping by lllumination

Although Helmholtz suggested that the visual
system must take into account the level of illumi-
nation on a given target surface, in fact this is
overkill. To compute lightness, the visual system
needs to know only which surfaces are under the
same level of illumination. Thus the segregation
of the retinal image into frameworks is equivalent
to grouping together those retinal patches that lie
under homogeneous illumination. This kind of
perceptual grouping must be distinguished from



24

the more traditional gestalt idea of grouping by
which objects are segregated. In fact, grouping by
common illumination is orthogonal to the tradi-
tional kind, which can be thought of as grouping
by common reflectance.

Anchoring in Other Domains

The anchoring problem arises in other perceptual
domains including perceived size and perceived
motion. Motion is a good example. There is a
good deal of evidence that perceived motion
depends on relative motion, but to achieve specific
values of motion, relative motion must be
anchored. Here, the metaphor of an anchor is even
more relevant than in lightness. In a matrix of
relative motions, which elements will be perceived
as stationary? In his brilliant writing on perceived
motion, Duncker [7] stressed the importance of
frames of reference. And he talked specifically
about anchoring rules in a way that appears highly
consistent with the anchoring theory of lightness.

Strengths and Weaknesses of the Theory

Anchoring theory has wide applicability within
lightness perception. It is consistent with an exten-
sive range of empirical data. In general, it
accounts for veridical perception to the degree
that perceived lightness is veridical. But unlike
most other theories, it also accounts for a wide
range of known lightness errors, that is, lightness
illusions and failures of constancy. This is impor-
tant because the pattern of errors shown by
humans in lightness perception must be the signa-
ture of our visual software.

But anchoring theory is a work in progress. It is
not clear whether the current rubric of local and
global or the Kardos rubric of relevant and foreign
is best. Local/global works effectively for lightness
illusions like simultaneous contrast and reverse con-
trast but creates some difficulties for failures of
constancy. Relevant/foreign works better for fail-
ures of constancy but creates difficulties for contrast
illusions. This and other problems with the theory
are discussed in Gilchrist ([1], pp. 354-357).
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Definition

Color terms or partitions of color denotata
evidenced in ancient language artifacts.
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Ancient Color Categories

Words and Hues, Languages and Time:
An Overview

The sources for understanding the earliest color
terms and categories are from the lands to the east
and south of the Mediterranean Sea. Evidence of
color categories from proto-cuneiform, Sumerian,
Egyptian, and Akkadian in Mesopotamia and
Egypt (from the end of the fourth millennium
BC onwards) is followed (during the second mil-
lennium) by Greek in the West and Chinese in the
East. Linguistic terms relating to color are present
in all these languages.

What is known about the earliest color catego-
ries is derived from artifacts and texts. The use of
color goes back at least 100,000 years, but the
origins of color vocabulary lie in the period
since roughly 8000 BC (=10,000 years ago),
and the earliest texts (from ca. 3200 BC) appear
millennia later. By comparison with the languages
discussed here, virtually all other languages are
much younger (e.g., Hebrew, Latin), or contem-
porary (e.g., Eblaitic, Hittite, Ugaritic), but lin-
guistically related to the languages discussed here.

Vocabularies in the earliest preserved lan-
guages offer representative and definitive evi-
dence concerning the origins of color
categorization and its linguistic expression, as
well as allowing evaluations of different steps in
the process of abstraction and the early linguistic
partitioning of perceptual color space. (For lin-
guistic and historical details, see Refs. [1-7].)

Color Terminology

Black and White, Bright and Dark

The earliest color lexicons from languages of the
Middle East and the eastern Mediterranean
(proto-cuneiform, Sumerian, Akkadian, Egyptian,
and early Greek) have words signifying “dark”
and “light” as well as terms denoting something
closer to “black” and “white.” Yet like most of the
more specific terms for “black” in most ancient
languages, even classical Greek melas had a
semantic range including “black” and “dark” [8]
that encompassed some regions described in
English as “brown.” In general, virtually all of
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the linguistic glosses for “black” and “white”
had category central exemplars or “foci,” but
some also included a broader “light” and “dark.”
Despite some overlap, words similar in meaning
to English “black” and “white” are different from
glosses such as “light,” “shining,” “gleaming,”
“sparkling,” and “dark” and “gloomy,” respec-
tively, as the latter glosses appear to not have
category foci.

EEINT3

Red

In all ancient languages, there is a very clear
tendency for a division of the reddish continuum
of color experiences into several different hues.
While the color typically labeled “red” in modern
English language usage was among the earliest
distinguished in art and written artifacts, the con-
cept of a category of “red” as a distinct linguistic
unit was not dominant in the second and third
millennia BC. In addition, there is clear evidence,
in both earlier Greek and earlier Egyptian, of a
tendency for a “red” and “white” opposition [3, 6,
9]. Moreover, in Akkadian and Greek, the word
for a generic “red” was frequently used as a syn-
onym for “colorful” or “colored” — and there is
evidence suggesting this may be the case for
Egyptian “red” as well.

Green, Green-Blue, and Green-Yellow
The Egyptian (wadj) and Akkadian (warqu) color
terms that denote what today is referred to as
“green” in English are derived from the same lin-
guistic root but do not invariably denote the same
color, since the Mesopotamian terms sig and warqu
probably included “yellow” as well. The Akkadian
warqu denoted both “green” and “yellow” appear-
ances and was used to describe both vegetation and
gold. The Akkadian warqu definitely did not mean
“green-blue” or “green-yellow” [2]. Although the
Egyptian wadj is related to the Akkadian warqu, the
category centroid, or focus, of the Egyptian term
was in “green” and neither “green-yellow” nor
“green-blue” — and certainly not “yellow” [4]. By
comparison, the Akkadian color term hasmanum
has been associated with “blue-green” (as well as
“light blue”) [10].

There was no generic word for our “green” in
Greek, although xloros eventually came to mean
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something like “green,” but the earliest use of
color terms in Greek was not specific; green was
divided and not dominated by a “green-blue.”

QOrng (“dark,” “green,” or “blue”) has not yet
been found in the earliest Chinese inscriptions.
Since the first millennium BC, ging was used for
“dark,” “blue,” and “black™; only slightly later,
the word /i, today’s “green,” also appeared, so
that to some extent “green’ has since been divided
into “light” and “dark” (green) [7].

Blue

Some of the color words preserved in the earliest
Semitic languages (e.g., ugnu, “lapis lazuli” or
“dark blue”) are loanwords for materials from
other unknown older languages. Other
terms —  later shared in  different
languages — were possibly words (but certainly
not the corresponding category “abstractions’)
corresponding to “red” and “green” which may
have existed in the early Neolithic of the Near
East, perhaps 10,000-12,000 years ago, prior to
the documentation of language [10].

In Akkadian (ugnu) and Egyptian (xsbdj),
terms for lapis lazuli designated “dark blue.” In
Greek, a term (kyaneos) for blue appearances is
derived from the Akkadian. In Egyptian, turquoise
(mfkat) denoted “light blue.” Akkadian used sev-
eral terms for “light blue” (including hasmanum,
possibly from the Egyptian word for amethyst,
hsmn, which was not used as a color word in
Egyptian). Chinese lan is a term for “blue” colors
but appears quite late (in comparison to, e.g.,
“red,” “white,” “black,” “yellow”). As a category,
the modern English term “blue” evolved to ulti-
mately eclipse the distinction (still preserved in
Russian) between light and dark blue. Through
the second millennium BC, color terms are mostly
rooted in materials — most of which were later
eclipsed with abstract words.

Yellow

Early evidence of terms glossing “yellow” is less
common but documented. In Egyptian, the word
for “gold” (nb.w) was occasionally used to repre-
sent yellow. The linguistic usage of “gold” (nb.w)
for “yellow” is not common in Egyptian; in Egyp-
tian painting, however, the color yellow was
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frequently used to depict what was intended to
represent gold where required and also the sun
on occasion [11]. The usage of gold in Akkadian
texts with the meaning of “yellow” is rarer than in
Egyptian, and the form was a simile. In contrast to
this earliest material, the later Greek words based
on xrusos, “gold,” were frequently used to desig-
nate a color which was most probably “yellow”;
significantly, zanthos  “yellow” is  also
documented.

Table 1 offers an impression of what can be
identified in the way of colors in these earliest
languages.

Material Color

One of the greatest obstacles to understanding the
nature of the earliest origins of ancient color ter-
minology (in the Ancient Near East) and the ori-
gins of abstraction (in Greek and Chinese) is
appreciating that in the earliest usage the ancients
did not classify the world according to modern
terminological divisions of the diversity of visible
light, but rather that they initially used their per-
ceptions of precious materials to express many of
the colors they perceived. Thus, their base was the
colors of the materials which they then applied to
other domains. This eventually created the basis
for abstract color terminology. However, the ori-
gins render the discussion complicated. (For ref-
erences for this section, see [10, 11].)

Figure 1 approximates the relationships
between color appearances and color terms.

A good example of color abstraction is “gold.”
In several languages, the word for “gold” implies
color associations mostly from “yellow” portions
of color space but can also imply “orange” (and
even “red”) areas of color space. In contemporary
terms, the color “gold” is generally considered
similar to colors in the yellow range. By compar-
ison, ancient users of color lexicons were unlikely
to associate “gold” with “yellow” because ancient
languages tended to strictly associate the color
term “gold” with the physical materials of gold
metals. This suggests variation in the underpin-
nings of modern and ancient concepts associated
with terms denoting golden color appearances.
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Ancient Color Categories, Table 1 Summary of identified color terms from the earliest known languages

Proto-
Language: | cuneiform Sumerian Egyptian | Akkadian Chinese Chinese Greek Greek
Time 4th 3rd 3rd—2nd 3rd-2nd 2nd Ist 2nd Ist
period millennium | millennium | millennia | millennia millennium | millennium | millennium | millennium
Color terms:
“White” BAR, U, babbar hdj pesum bai bai re-u-ko leukos
“Black” 2GI mi, gig, 8is | km sallamu héi héi ma-ra melas
“Bright si/uy, NEg si/uy dsr samu chi chi po-ni-ko-ro | erythros
red”
“Green” sig; sig; wadj warqu qing x10ros
“Yellow” ?7GI sigi7 nb.w huang huang ka-sa-to zanthos
“Dark Sug-za- xsbdj uqniatum ku-wa-no kyaneos
blue” gin-na
“Light il prasinos
green”
Other Jjrtjw, ha$manum, lan glaukos
“Blues” mfkat pelum,
tukiltum
Other Say, Sug, sas | rwdj, russu, hussu jiang, hong | er-ru-to-ro rhodeis
“Reds” mss,
tjms,
mro§

“White,” (babbar?) ara, bar, hdj, tjhnt pesu ming, qi ming, qi
“light,” hada, dalla,
“bright” kara, kug,

pirigrin,

Se-er, tan,

zalag
“Dark” (gege?) dara, ge, kk.w sallamu,

gig/gege, tarku

kikku, mi,

$08/50

=
| turquoi

Ancient Color Categories, Fig. 1 Examples of physical materials related to ancient color terminology displayed in
congruent regions of a Munsell Color Chart

Thus, color and material were related — and led to The earliest documented use of red (in the form
a linguistic partitioning of color in a fashion dif- ofochre) dates back 100,000 years —and thus long
fering from our own “modern” understanding before the earliest documented written sources.
(as reflected in, e.g., English). Red and yellow ochre, along with black soot, is
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easily recognizable in the Paleolithic cave paint-
ings from the Upper Paleolithic, from
ca. 35,000 years ago. Green and blue are strik-
ingly absent until tens of thousands of years later.

Stones with material properties producing
green hues obtained prominence beginning
approximately 10,000 years ago. Blue lapis lazuli
appears gradually in South and Western Asia
starting in the sixth millennium; red carnelian
and blue-green turquoise are seen slightly later,
as is jade in Europe and China. Gold and silver
appear since the fifth and fourth millennia
(respectively) in Europe and the Near East.

Many kinds of precious materials contributed
to the concept of “shining” and “gleaming.” Sig-
nificantly, the word for “white” or “bright” in
Sumerian (babbar) and in earlier Egyptian (hdj)
was the word for silver. In Greek, silver played a
role in a word for “shining” (argos) — with yet
another etymology. In his list of Indo-European
etymologies, Shields seems to suggest that the
abstract terms “bright,” “gleaming,” etc., are the
basis for many words that eventually became
abstract color words. However, it may be that the
evidence suggests the opposite. That is, precious
materials (rather than abstract “brightness”) are
more likely to be linked to the origins of abstract
color words. For example, Sumerian suba means
“agate” or “precious stone,” but also means “shin-
ing.” And Sumerian kug is the term for the metal
silver and “bright” and “white.” Another Egyptian
word for “gleaming” or “dazzling” can be related
to tjhn.t, a word later used for faience, but proba-
bly originally referring to a form of naturally
generated glass. In the ancient languages, there
are many more words for appearance properties of
“gleaming,” “shining,” “brilliant,” “bright,” etc.,
than can be fully inventoried in the present survey.
In general, in ancient languages, ideas of shining
and color originated from associations with pre-
cious materials although many did not lead to
color words.

Yet examples of terms for precious materials
that did have color meaning were nevertheless
abundant: Egyptian hdj means silver — and has
been identified as the basic color term for “white”
in early Egyptian. The Akkadian samu refers to
“carnelian” but is what is interpreted as the basic
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color term for “red.” Egyptian/Akkadian wadj/
warqu are probably derived (through metathesis)
from a widely used (Neolithic?) designation for
jade (or a “greenstone”) that later became the
basic color term “green” (in English; griin in
German, etc.; see below). Egyptian xsbdj and
Akkadian ugnu meant lapis lazuli but were used
for “dark blue” — and the latter is related to the
Greek kyaneos for “blue”; Egyptian mfkat was
turquoise but used for “light blue.” Egyptian
nb.w was “gold” but used for “yellow.” Egyptian
hsmn meant only amethyst in Egyptian, but Akka-
dian hasmanum designated not only a stone but
also a “blue-green” or “light blue” and so on.

Of these materials, several eventually led to
abstract color words, but usually only in the lan-
guages into which they were imported. This pro-
cess seems to have begun in the second
millennium BC, but only began to have system-
atic effects from the first millennium BC onwards.

Linguistic Issues in Ancient Color
Naming

Black and White, Dark and Light

Significantly, a word for “darkness” shared in
Sumerian (kuku) and Egyptian (kk.w) means that
the word must have been of great antiquity, since
it fed into two distinct language families. Yet these
glosses for “darkness” were not related to the
words used for “black” in either language; the
origin of “black” in both languages lay elsewhere.
The Chinese term for black also meant dark but
was otherwise used as an adjectival modifier. The
Chinese term for white bai did not signify “bright”
or “clear” (which were ming and gi).

Salience

It is significant that material, not color, properties
of several terms are what was apparently salient
throughout the history of the languages. In medi-
eval Coptic, the early Egyptian for “white,” hdj, is
replaced by ibas (of which the etymological
meaning is to “shine”). The salient meaning of
hdj lasting through Coptic is not “white,” but the
material “silver.” In Chinese, the term for “red” is
not salient in the sense described by Berlin and
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Kay [12], since the common Chinese word in the
first two millennia of the language is chi and not
hong (which later replaced chi). In Mycenaean
Greek, the main word for “red” is po-ni-ko-ro
(later phonikos, a loanword referring to the Phoe-
nicians who furnished the red dye) rather than e-
ru-to (which gave rise to the later basic color term
erythros).

Etymologies, Materials, and Loanwords
Egyptian and Akkadian “green” are most likely
the same word and probably at the root of English
“green” (sharing the radicals » and g/k/g/g). An
argument could be made for the diffusion of “red,”
where Akkadian russu is probably the same as Greek
erythros and Italian rosso. Thus, these are ancient
concepts that have moved between languages.

As loanwords, precious materials also play an
important role. In English, lapis lazuli has contributed
the words “azure” (derived from Persian lazuward
for lapis lazuli) and “cyan” (originally a loanword
imported into Akkadian as ugnu for lapis lazuli and
subsequently to Greek kynaeos).

Precious Materials, Loanwords, Abstraction,
and Grammar

The classical Greek term kyaneos is derived from
ko-wa-no, which was probably the Mycenaean
Greek word for glass paste. The word ko-wa-no
itself was derived (via Ugaritic or Hittite) from
uqnu, the Akkadian for lapis lazuli (itself a loan-
word in Akkadian). In the Aegean ko-wa-no, the
Asian ugnu was used to designate the artificial
material glass (as opposed to the semiprecious
stone lapis lazuli). Thus, this process of linguistic
exchange apparently gave birth to the abstract
color term kyaneos — but only in Greek of the
first millennium BC. Earlier, its primary role was
that of designating a precious material which gave
birth to the color term. In Akkadian, the nouns
lapis lazuli and cornelian appear regularly
together in the same texts, along with hursasu
and hurdsanii, “gold” and “golden.” In Myce-
naean Greek, this same word appears as ku-ru-so
“gold,” and later as Greek xrusos, where it is used
as a color word — even though Greek had a word
for “yellow” which can be traced back to the
second millennium.
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In Egyptian, the first reference to the “sky” as
having a color is in Coptic, the latest stage of the
language, in the first millennium AD. Prior to this,
the sky was described as being turquoise or lapis
lazuli (rather than having a color itself). Although
vegetation was known to be “green,” the word for
green is frequently associated with a classifier sig-
nifying a stone. Lapis lazuli was treated as a pre-
cious stone in these societies, only gold and lapis
lazuli had prices higher than silver (which served as
money). The statues of the gods in the temples
were not made of granite, but rather of gold, silver,
lapis lazuli, turquoise, ivory, etc. These materials
were the origins of color words.

Although often considered “abstract,” the
adjectives for colors in Sumerian were never
attached to the nam abstract determinative.
Given the difficulties of understanding adjectives
in Egyptian, Schenkel used verbs as his criterion,
i.e., idj “to be white,” km “to be black,” dsr “to be
red,” and wadj “to be green.” It is probably true
that these words were verbs, but in some cases,
they are also used as adjectives. The noun xsbdj
“lapis lazuli” “dark blue” was a metaphor, a sim-
ile, and an adjective, but not a verb. The same is
true for mfkat “turquoise” used for “light blue.”

In Akkadian, color words are all adjectives.
However, in the case of ugnu, the principal mean-
ing is the noun “lapis lazuli”; an identical adjec-
tive means “lapis lazuli color(ed)”; ugndtu is an
adjectival form with the same meaning. The same
is true of samtu “cornelian” and samtu “redness”
and samu “red.”

In Chinese and Greek, color words are largely
adjectives. Some of the Greek terms can be traced
back to Near Eastern materials. Of the languages
discussed here, Chinese is the only language with
a completely abstract color vocabulary, where
hues and terms match, more or less. Although
silk appears as a component in the writing of
some color words in Chinese, even as a compo-
nent, jade played an even more marginal role.
Thus Chinese color terms never bore primary
relations to precious, natural object categories;
the evolution of Chinese color vocabulary dif-
fered fundamentally from that of the West — but
the results are similar to those in Greek, implying
diffusion.
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The Mediterranean languages usually had a
word for “color” as a phenomenal experience; how-
ever, the words were not restricted to a single mean-
ing in terms of hue. In Egyptian, the word jwn is
probably derived from the designation for a “vein”
of ore (meaning the material color which was visi-
ble), but it also meant “character” of a person in the
figurative sense (what was hidden under the sur-
face). By contrast, although later Chinese has such a
word, in the earliest Chinese, no term for color as
such has been discovered; in later Chinese, the
suffix —si is frequently attached to color words.

Theory of Ancient Color Term
Emergence

Debate regarding the sequence of emergence in
early color terminology is constrained by limited
artifact sources and historical evidence of ancient
color term sequences. Moreover, color term emer-
gence theories (see also Encyclopedia of Color Sci-
ence and Technology entry on “» Berlin and Kay
Theory”) that describe color language hierarchies
found in contemporary and very recent language
data cannot easily be applied to ancient color term
emergence as they are based primarily on modern
observations of modern phenomena and therefore
do not take account of the relevant ancient data
discussed here. This makes emergence theories of
modern color lexicons problematic as models of
both ancient partitions of gradient color continua
and ancient color category acquisition sequences.
Warburton [10] argues that the earliest acqui-
sition sequence was not an issue related to indi-
vidual specific languages, but rather a shared
phenomenon based on shared terminology, con-
cepts, and materials. In this scheme, “ochre”
(as dark red) will have been the earliest color
used (in the Paleolithic, 100,000 years ago),
followed by “greenstones” (in the earliest Neo-
lithic, from 10,000 years ago), and “gold,” “sil-
ver,” lapis lazuli,” “carnelian,” and “black” (in the
following late Neolithic and earliest Bronze Age)
and then by turquoise (before 4,500 years ago).
Of extreme importance is that in ancient Egypt,
the sun is occasionally called “red” and painted as
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such. This does not imply a “red-yellow,” but
rather the use of a single term to designate differ-
ent colors, as with the Mesopotamia “green” used
for yellow and green. The reasons behind this do
not lie in perception so much as expression (based
on gold, bronze, sun, vegetation, etc.).

Loanwords and common etymologies play
important roles in emergence of ancient color terms
in that, as detailed above, many of the earliest words
are related to designations of materials. Terms for
“white” and “black” do not stand at the origins, and
the red, blue, and green ranges were partitioned
before being lumped together. Only later did the
further color words begin to crystallize (in the last
two millennia). The concept of “blue-green” is not
documented in the earliest languages; it appears only
recently in Chinese and does not universally evoke
color significance among informants [7].

Color in Art and Language

Of particular interest for the understanding of the
evolution of color terminology is the fact that for
Egyptian, Akkadian, and Sumerian (which all date
to before the middle of the second millennium
BC), it is agreed that the color terminology did
not match the colors that were used in the contem-
porary art. In contrast to this, already for Myce-
naean Greek and classical Greek (thus, from the
second half of the second millennium BC
onwards), Blakolmer is persuaded that “it is
hardly surprising that in the use of color, language
and representative art are two sides of the same
coin” [6]. Thus, in comparing Bronze Age paint-
ings with Roman-era painting, for Blakolmer, the
use of color in painting reflects the development
of a vocabulary in the Greek language. By com-
parison, in Egyptian art, there are many colors
used in painting that are not accounted for by
any kind of vocabulary [11].

Summary

Precious materials played an important role in the
development of abstract color terminology,
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usually in the form of loanwords during the period
well after the ecarliest recorded languages.
Warburton suggests that the materials dominated
and that the concept of abstract color terminology
never developed in the ancient Near East; yet the
flow of loanwords meant that abstract terminol-
ogy may have already been embryonic in the
Aegean by ca. 1400 BC [11].

There is a clear difference between the descrip-
tive uses of color in literature and economic texts.
Although the sources for various languages are
not equally balanced in terms of genre, it is sig-
nificant that there is little evidence of color from
the earliest administrative texts in proto-
cuneiform whereas color terminology appears in
the administrative texts written later in all other
languages (where it also appears in other genres
of text).

The gradual emergence of color as a means of
categorization was thus a historical development
that contributed to the emergence of abstraction in
relatively recent historical times. In the art of the
Paleolithic and Neolithic societies, few colors
appear, whereas there is an abundance of color
in the Near Eastern Bronze Age — well beyond
what appears in evidence from language artifacts.
By comparison, in the Greek world, the use of
color in art and language marched hand in hand. It
is clear that the Greeks acquired color concepts
and terminology from the Near East through the
diffusion of materials, ideas, and terminology.
These in turn influenced the color lexicons of
more recent languages.

Cross-References

Berlin and Kay Theory
World Color Survey
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Apparent Magnitude, Astronomy

Ken Tapping
D.R.A.O., National Research Council Canada,
Penticton, BC, Canada

Synonyms

Apparent magnitude — visual magnitude;

Opacity — extinction

Definitions

+ Elevation: angle between the geometrical hori-
zon (as indicated by a spirit level) and the
direction of the star or other object in question.

» Extinction: The degree to which starlight is
weakened by the medium through which the
light travels from the star to the observer. It is
similar in meaning to “opacity” but is usually
expressed in magnitudes. Zero means no
extinction; otherwise the extinction indicates
how many magnitudes fainter the object looks
due to opacity of the interstellar medium and
the atmosphere.

* Opacity: The degree to which light (or other
optical radiation) is blocked when passing
through the material in question. It varies
between zero for something that is completely
transparent and infinity for something
completely opaque.

e Orthochromatic: This term refers to a type of
photographic emulsion that was widely used in
the earlier days of photography. It was very
sensitive to blue and green light but insensitive
to red light.

* Photometry: The measurement of quantities
referred to light (visible optical radiation) as
evaluated according to a given spectral lumi-
nous efficiency function (of the human eye). In
astronomy it applies to the measurement of the
brightness of astronomical objects.

» Photosphere: The layer in a star’s atmosphere
from which almost all of the heat and light are
radiated. Because it lies at a fairly abrupt
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change in optical thickness, it looks almost
like a solid surface and is often referred to
colloquially as the “star’s surface.”

* Transmissivity: The fraction of the input
energy passing through an attenuating device
or layer. It varies from unity, for a completely
transparent medium, to zero, for something
completely opaque.

* Zenith angle: Angle between the local zenith
and the direction in question.

Background

At the most fundamental level, the apparent mag-
nitude of an object is a measure of how bright it
looks. This is a function of the properties of the
light source, its distance, the nature of the medium
through which the light travels to the observer,
and inevitably the properties of the observer or
device used to make the measurement. When
minimizing the subjective effects and trying to
make the measurement more descriptive of the
source and less related to the local circumstances
of the observer, the parameter in question inevita-
bly becomes less “apparent” but more useful. The
history of “apparent magnitude” reflects such an
evolution.

At a qualitative level, at a particular time and
location, under the atmospheric conditions
existing at that time, a specific observer can assess
that some objects in the sky look brighter than
others and possibly estimate by how much. This
information may be useful to other observers pre-
sent at the same location at the same time. How-
ever, recording such information for later
consideration is difficult, and passing it in any
usable form to another observer at another loca-
tion for comparison of observations is even
more so.

The development of the concept of “apparent
magnitude” marks the beginning of an evolution
toward producing quantities that are more intrin-
sic to the object being observed and can be com-
bined with other observations. In the process, the
term “apparent” becomes more a designator of a
particular type of data rather than something
literally true.
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The flux from a distant star arriving at the top
of the Earth’s atmosphere is given by

ey

where W* is the energy output of the star, R its
distance from us, and « is the transmissivity of the
interstellar medium along the path from the star to
Earth. Note the wavelength dependence of these
parameters. In this discussion the “00” suffix
indentifies a quantity measured at the top of the
Earth’s atmosphere.

Because the same value of Fyy would be inci-
dentally equal upon all points at the top of the
Earth’s atmosphere, it would be common to all
terrestrial observers. Therefore, in these discus-
sions, F, can be considered as the starting point.

In the development of the apparent magnitude
concept, a number of issues arise. Firstly, since
this is a comparative system, a defined calibration
datum is required. In addition, starlight is not
monochromatic; the atmosphere’s transmissivity
(or opacity) varies with wavelength and so does
the sensitivity of the detectors, sensors, or mea-
surement devices used.

Quantifying Apparent Brightness

The concept of assigning “magnitudes” to stars
was first proposed by the ancient Greeks, and has
been attributed to Hipparchos [1], who was a
Greek astronomer, geographer, and mathemati-
cian who lived about 190-120 BC. Accommo-
dating the natural nonlinear response of our eyes
to brightness, he assigned a magnitude scale
where the brightest stars were categorized as
being of the First Magnitude (m = 1), and the
faintest stars visible to the unaided eye were
defined as being of the Sixth Magnitude (m = 6),
with each intervening magnitude corresponding
to half the brightness of the next brighter class
and twice the brightness of the next fainter. In this
system, if the energy fluxes reaching from two
stars of magnitude m; and m, are respectively
F, and F,, the relationship between these
quantities is
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ﬂ — p—(m-—m) )

F,
This classification scheme for the apparent mag-
nitude of stars was used for some time. Ptolemy
used it in The Almagest, [2], his compendium of
mathematical and astronomical information.
Since the magnitudes as defined are exponents,
taking logarithms of Eq. 2 puts it into a more
convenient form

Fy
logo <172> = _IOgIO(Z)(mI —my)

—(0.30102996 . ..) (m; — my)
3)

SO

(3.321928...)10g]0<%) =—(m —mp) (4)

The logarithm of the ratio of brightnesses is
simply related to the magnitude difference. How-
ever having irrational numbers as the scaling fac-
tors is inconvenient, and in 1856 Norman Robert
Pogson [3] redefined the magnitude scale in a
more useful form. In Hipparchos’ system, a first
magnitude star is defined as being 64 times
brighter than one of the sixth magnitude. Pogson
changed the definition of the magnitude scale,
defining a sixth magnitude star to be 100 times
fainter than a first magnitude star. So the ratio of
brightness between two adjacent magnitudes
became

P = 10051 = 2.5118864315. .. 5)

This number has become known as Pogson’s
Ratio (P). Despite the apparent messiness of this
number, it has an advantage in calculations. P is
almost always used in the forms log;¢(P) and
1/1ogo(P), which equal exactly 0.4 and 2.5,
respectively. Thus, Egs. 2 and 3 become

Fy

p—(m—m) 6
. ©)
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Since the magnitude system describes relative
brightnesses, it needs to be based upon a calibra-
tion reference: a star to which a magnitude value
has been assigned. Pogson first chose Polaris (also
known as the Pole Star, or North Star) as a cali-
brator, to which he assigned a magnitude of 2.
However, when this star proved to be variable in
brightness, he selected Vega, which he defined as
having an apparent magnitude of 0. In practice,
Vega is a better choice because it is available to
observers over much of the world, and since it
varies in elevation with time at any given site,
other stars at similar elevations at that time can
easily be set up as secondary or transfer calibra-
tion standards.

The nature of the magnitude scale makes it able
to accommodate stars brighter than magnitude
0, which gives them negative magnitudes. For
example, Sirius, the brightest star in the constel-
lation of Canis Major, and the brightest star in our
sky other than the Sun, has a magnitude of —1.5
and the Sun a magnitude of about —26. Fainter
stars, with magnitudes greater than 6 can also be
accommodated. Binoculars or telescopes will
reach objects far fainter than the eye can discern,
which therefore have magnitudes greater than 6.

Wavelength Issues

Stars are not sources of monochromatic light; they
emit a broad spectrum extending across the nom-
inal 400-800 nm band of visible wavelengths and
beyond in both the longer and shorter wavelength
directions. The apparent color of a star depends
upon the wavelength at which the peak brightness
occurs, which in turn depends upon its photo-
spheric temperature. The consequent star colors
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range from red to blue (and into the infrared for
very cool stars).

The interstellar and atmospheric transmissiv-
ities are wavelength dependent, and in general so
is the sensitivity of devices typically used to mea-
sure light intensity. This variability is particularly
marked in the case of the human eye, which may
differ between individuals and also with the same
individuals, depending upon health, fatigue,
etc. A classic example of the need to take this
wavelength dependence into account is evident
in old photographs of the constellation of Orion,
made using orthochromatic photographic emul-
sions, which have extremely low sensitivity to
the red end of the visual spectrum. Betelgeux (o
Orionis), the brightest star in the constellation
(a red giant), is not visible, whereas Rigel, a
blue-white star, is very conspicuous. A more
extreme, although non-astronomical example is
in a photograph (again using an orthochromatic
emulsion) of the cab of an early steam locomotive,
looking into the open firebox, which shows no fire
at all, although the boiler pressure gauge shows a
vigorous fire must be present. To maintain the
utility of the apparent magnitude observations, it
is necessary to deal with wavelength dependen-
cies, but this needs to be done in a manner that is
both standardized and does not overly complicate
the measurement process.

Stellar Spectral Types

The concept of “stellar spectral type” is, to a large
extent, an indicator of a star’s photospheric tem-
perature, i.e., its color. This way to describe stars
is therefore intricately mixed with the magnitude/
color issue, so a short description is included here.
Stars come in a wide range of colors, brightnesses,
and masses and with different spectral line signa-
tures, so it was deemed useful to develop some
sort of classification framework toward providing
a coherent overall picture of star types and stellar
evolution. The first attempts were made at a time
stellar astrophysics was not a highly developed
subject. One early system to classify stars used
alphabetic labels. However, as knowledge
improved, the trend was to classify on the basis
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of photospheric temperature and spectral line sig-
natures. Some classes were found to be redundant,
and the sequence of remaining classes had to be
rearranged, so they were no longer in alphabetical
order. The new system is in order of decreasing
temperature and became O, B, A, F, G, K, M, L, T,
Y. This arbitrary sequence of letters is remem-
bered using the mnemonic “Oh Be A Fine Girl
and Kiss Me. Like This? Yes!” This sequence is

Apparent Magnitude, Astronomy, Table 1 Photo-
spheric temperatures/colors and spectral types

Photospheric Spectral
temperature (K) type Color
35,000 00 Blue
30,000 BO Blue white
10,000 A0 White
7,500 FO Pale yellow
6,000 GO Yellow
5,000 KO Orange
3,500 MO Red
2,000 Lo Dull red
1,200 TO Very dull red
600 YO “Brown”
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Apparent Magnitude, Astronomy, Fig. 1 Blackbody
spectra corresponding to the photospheric temperatures of
stars of spectral types O0, B0, A0, F0, GO, K0, MO0, L0, TO,

800

further subdivided using numerical interpolation
(e.g., G2, A5, MO, etc.). The classes and their
corresponding photospheric temperatures and
colors are summarized in Table 1. In the case of
the YO class at 600 K, these cool stars are usually
described as “brown,” although the color would
be more accurately described as an extremely dull
red or perhaps not visible at all at optical wave-
lengths since its spectral peak lies in the infrared
region.

The UBV(RI) Magnitude System

Stellar spectra are generally (almost) blackbody
spectra corresponding to the stars’ photospheric
temperatures, with superimposed absorption
lines. Magnitude determination applies to the
thermal emission only. Figure 1 shows blackbody
spectra for the photospheric temperatures and
spectral types listed in Table 1.

The required amplitude and wavelength-
related information is included in a star’s spec-
trum. Stellar spectra are the primary data source
for most stellar astrophysics. However, each

1000 1200 1400 1600 1800

and Y0. The nominal bandwidths of the U, B, V, R, and
I filters are shown. The spectra are all normalized
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Apparent Magnitude, Astronomy, Table 2 Nominal filter bandwidths for stellar magnitude measurements

Low end (nm)

Band designation Band name

U Ultraviolet 320
B Blue 400
v Visible 500
R Red 550
I Infrared 700

High end (nm)

Bandwidth (nm)

spectrum contains a lot of information, and when
studies involving large numbers of stars, or where
measurements that are relatively simple and
reproducible are needed, an alternative system
would be useful.

To meet these needs, Johnson and Morgan [4]
developed the three-filter, UBV system, which is
still widely used. This method uses magnitude
determinations made using three standard filters,
designated U (ultraviolet), B (blue), and V
(visible) respectively. To better describe cool,
red stars, two additional bands have been
added: R (red) and I (infrared). The objective is
to describe the thermal spectrum using a small
list of standardized parameters. The nominal
wavelength ranges (bandwidths) are listed in
Table 2.

The shapes of the filter passbands for devices
currently in use are far from rectangular, but there
has been an effort to at least standardize the filters
to improve comparability of data between
sources. The I and R bands are not so cleanly
delineated. The I band overlaps the V band, and
the R band overlaps the I band. Some institutions
have added additional filter bands to suit their
particular research needs.

Table 1 also shows the wavelength ranges
passed by the U, V, B, R, and I filters. These
rectangular passbands are not representative of
the passbands of existing filters. The bandwidths
are also shown using arrows, so the overlapping
bands are more clearly discernible.

For most purposes, the U, B, and V magnitudes
are sufficient, and it is possible to describe the
photospheric thermal spectrum of most stars
using V and the magnitude differences U-B and
B—V. Since the magnitudes are logarithmic quan-
tities, the differences actually describe brightness
ratios, i.e.,

400 80
500 100
700 200
800 250
900 200
Py
(U — B) = —2.5log Ay ©)
. 10| P,
Alg
and
Pp
A
(B —V)=—-2.5log, PVB (10)
Ay

where P is the total power passing through the
filter. Conventionally, the values are offset so that
a star of spectral type A0 is characterized by U-B
and B-V = 0. If the filter passbands are assumed
to be rectangular, the spectra in Fig. 1 produce the
U-B and B-V values shown in Fig. 2. It can be
seen that these values provide a good estimator for
the star’s photospheric temperature. The letters
above the data points on the graph are the spectral
types of stars with those particular photospheric
temperatures. Since stellar spectral types are tem-
perature dependent, the UVB photometric system
provides an estimator for spectral type.

However, in reality, filter passbands are not
rectangular, and stellar flux densities may vary
dramatically with wavelength, so simply averag-
ing over assumed rectangular passbands will not
produce useful results. Unfortunately, making fil-
ters with rectangular passbands is very difficult,
and the more effort dedicated to achieving this
also makes the filters harder to reproduce, which
is a critical issue where standardization between
instruments and observatories is important.

For this reason, a set of standardized filters are
used. These are generally those used by Johnson
and Morgan [4]. They do not have rectangular
passbands but have the great advantage of being
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Apparent Magnitude, Astronomy, Fig. 2 U-B and
B-V plotted against the logarithm of the photospheric
temperature for the blackbody spectra in Fig. 1. The

fairly easy to reproduce. The wide adoption of
these standard filters for stellar photometry
makes it possible to combine data from different
sources.

B-V and Stellar Spectral Types

Figure 3 shows a plot of spectral type against B-V
for the stars listed in the bright star section of the
Observer’s Handbook of the Royal Astronomical
Society of Canada (RASC) [5]. For convenience
in plotting, the spectral types 00, B0, A0, FO, GO,
KO0, and MO are represented by the numbers, 1, 2,
3,4, 5, 6, and 7 respectively. The subdivisions
within each spectral class are coded as a decimal;
for example, stars of spectral classes OS5, A0, F6,
G2, K5, and M3 would respectively be
represented as 1.2, 3.0, 4.6, 5.2, 6.5, and 7.3.
The point surrounded by the yellow halo is the
Sun. The empirical equation can be used to esti-
mate the spectral type from B—V.

Today, the term “apparent magnitude” is gen-
erally taken to be equivalent to “visual

spectral types of the stars modeled are shown. In each
case the types are M0, KO0, etc.

magnitude”: a magnitude measurement made
using a V filter.

Absorption and Scattering

To reach terrestrial observers, the starlight has to
travel through the interstellar medium and then
through the Earth’s atmosphere. Both of these
media contain dust, molecules, and atoms that
absorb or scatter some of the starlight, with the
extent of these processes usually being wave-
length dependent. The result is generally a weak-
ening and reddening of the light. There are three
main processes:

+ Scattering at wavelengths coinciding with
molecular or atomic resonances, where the
directional light drives electrons to higher
energy states and then is reradiated
isotropically.

» Rayleigh scattering, which is scattering by par-
ticles smaller than the wavelength of the light
(mainly atoms and molecules). This is
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Apparent Magnitude, Astronomy, Fig. 3 Numerical representation of spectral types plotted against B-V values for

the stars in the RASC list of brightest stars

strongest at shorter wavelengths and is what
causes the sky to look blue and sunsets to be
rich in reds and golds.

* Scattering off larger particles. This shows
much less of a variation with wavelength. In
the atmosphere the main scattering agents are
aerosols, composed of small droplets of water
or pollutants. This mode of scattering is less
likely in interstellar space but may occur where
there are clouds of larger particles. Fog and
mist are good examples.

If an intrinsically stellar measurement is
needed, then both the interstellar and atmospheric
effects on the starlight have to be determined and
removed. Although even the densest interstellar
clouds are more rarefied than the best achievable
laboratory vacuum, the very large distances the
light has to traverse means it has to pass through
an enormous amount of material. However, in this
article the emphasis is on making measurements
that are comparable between observers and
observing sites, so the measurements need only
be referred to the top of the Earth’s atmosphere, so
interstellar effects are common to all observers
and not further discussed here.

The attenuation imposed by the atmosphere is
by processes similar to those attenuating and scat-
tering the light in the interstellar medium. How-
ever, an important difference is that in the case of
the interstellar medium, the light path from star to
the Earth is common to all observers and changes
very slowly with time, whereas in the case of the
atmosphere, the rotation of the Earth changes the
light path through the atmosphere quickly enough
to offer a means to estimate the stellar magnitude
that would be observed in the absence of atmo-
spheric attenuation. It is assumed that the trans-
missivity of the atmosphere is related to the total
mass of atmosphere that the light passes through.
If we look in the direction of the zenith (zenith
angle = 0), we are looking through a certain total
mass of air:

Mo = J:O p(h)dh

Y

where p(h) is the atmospheric density as a func-
tion of height. The “0” suffix indicates a quantity
measured when looking at the zenith. The trans-
missivity of the atmosphere (the fraction of
light arriving at the top of the atmosphere that
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reaches the ground) from an object at the zenith is
defined as
Fo()v) = F()()()»)CXP(*T](/I)M()) (12)
where 1 is an absorption parameter and M, the
mass of air through which the light is passing. The
flux density from the star is a function of wave-
length and so is the atmospheric attenuation.
Assuming the magnitude measurements are
restricted to zenith angles smaller than about 65°
(elevation angles larger than 25°), the atmosphere
can be treated as a stratified slab. In this case, the
air mass through which the light passes is a simple
function of zenith angle:
M, = Mysec (z) (13)
It is unlikely that there will be any need to separate
M, and 7y, so they can be combined into a single
parameter 5(1), and so for a zenith angle z
F.(2) = Foo(A)exp(—p(A) sec (z)) (14)
We have two ways to define the effect of the
atmosphere on the light. The transmissivity (o) is
the fraction of the incident light reaching the
ground:

_F.0)
o _Foo(i) (15)

An alternative is define an opacity (&), where

&(4) = B(2) sec (2) (16)
So
o = exp(=¢)
or 17
¢ = —log(x)

As the atmosphere ranges from completely trans-
parent to completely opaque the transmissivity (o)
ranges from one to zero and the opacity (&) goes
from zero to infinity.

The slab atmosphere model offers a means to
estimate the magnitude of the star in the absence
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of the atmosphere, using a method attributed to
Pierre Bouguer and discussed by Dufay [6]. Using
Egs. 7 and 12,

m.(2) — moo(A) = —2.5log,, <FOOeXp(_£)(:) sec (Z)))

(18)

So
mo(2) = moo(2) + 2.5log g (e)B(2) sec () (19)

where m, is the measured stellar magnitude at a
zenith angle z and my is the magnitude of the star
before it is attenuated by the atmosphere. Equa-
tion 16 shows a simple, linear relationship
between m_ and sec(z). Therefore, if a series of
magnitude measurements for a star are made over
arange of zenith angles, a plot of m,, against sec(z)
will have a slope 2.5log;o(e)f(4) and intercept
moo(4), the magnitude of the star as it would be
measured at the top of the Earth’s atmosphere.
This process is repeated for the U, B, and V filter
bands, to obtain the U, B, and V magnitudes
corrected for atmospheric absorption.

Summary

“Apparent magnitude” is literally a measure of how
bright something looks. As such it includes the
effects of observing conditions, locale, and the
nature of the observer. In addition, stars come in a
range of colors, depending on their temperatures. To
make this measure useful to all terrestrial observers,
it has to be less apparent and more objective. This is
achieved by making stellar magnitude measure-
ments using three filters, each covering a standard
wavelength range, designated U, B, and V. The
latter, the visual magnitude, covering the bandwidth
500-700 nm, replaces apparent magnitude.
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Synonyms

Color appearance; Perceptual appearance; Total
appearance; Visual appearance

Definition

Visual appearance refers to how things look to the
visual system. Objects have physical properties,
and in this regard, optical properties are usually
most relevant together with size, texture, shape,
etc. But what finally matters for vision is the
appearance that objects have for an observer
(human observers will be mainly referred to in
this article; however, this is not restrictive to
human beings since there are many other living
species that have similar visual processing sys-
tems). The American Society for Testing and
Materials (ASTM) as well as the International
Commission on Illumination (CIE) define appear-
ance as the aspect of visual experience by which

Appearance

objects are recognized [1, 2]. The ASTM spec-
ifies, furthermore, the definition of appearance
from a psychophysical point of view: “perception
in which the spectral and geometric aspects of a
visual stimulus are integrated with its illuminating
and viewing environment.” The physical proper-
ties have, of course, influence on the way things
look, but also the neurophysiology and psychol-
ogy of vision play a very important role in deter-
mining how objects and the world appear to
humans. Thus it is important to understand visual
appearance not merely in regard to physical
aspects but as a sensation produced by the visual
system when processing stimuli channeled by
means of light — visible radiation. Visual appear-
ance, understood as a visual sensation, i.e., what
humans see, has certain attributes, which are also
visual sensations. These include color, visual tex-
ture, gloss, and transparency. In the ASTM defi-
nition the “spectral aspects” refer, of course, to
color, and the remaining aspects (including the
perceived shape, size, etc. of objects) are usually
considered as “geometric aspects.” From these
visual sensations observers get information
about the environment and build their knowledge
of the external world, which allows them to inter-
act with the environment and other individuals.

Overview

Historical Review of Studies on Visual
Appearance

Under the heading of visual appearance a number
of aspects are included such as color, texture, gloss,
transparency, and also the shape and size of per-
ceived objects or stimuli. The psychologist David
Katz was probably the first to understand the var-
ious kinds of phenomena that always accompany
the perception of color [3]. He describes different
modes of color appearance: surface color, film
color, volume color, specular colors, transparent
colors, perception of luster, etc. By the middle of
the twentieth century, Arthur Pope realized that, in
order to define a color with accuracy, i.e., giving
account for different modes in which a color may
appear, more than the three usual variables (hue,
lightness, saturation) are needed [4, p. 28].
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In 1953, the Committee on Colorimetry of the
Optical Society of America published a book in
which visual perception is classified into eleven
“attributes of modes of appearance” [5]:

. Brightness (or Lightness)
Hue

. Saturation
Size

. Shape

. Location
Flicker

. Sparkle

. Transparency
. Glossiness
Luster

— O W0 00 UL AW —

—_—

Lightness, hue, and saturation (attributes 1, 2,
3) are the usual variables by which color sensa-
tions are described. Size, shape, and location
(attributes 4, 5, 6) are spatial categories of visual
perception, which can be included in the category
of spatial form. Flicker and sparkle (attributes
7, 8) involve temporal variations in the perception
of light. Finally, transparency, glossiness, and lus-
ter (attributes 9, 10, 11) refer to the perception of
different spatial distributions of light, aspects that
will be included in the category of “cesia” to be
described in the next section.

Richard Hunter proposed a classification of
the geometric attributes of visual appearance
[6]. He defined six different types of gloss and
developed instruments for the measurement of
some of these phenomena: goniophotometers,
diffuse-reflection and specular-reflection meters,
glossmeters, diffuse and specular-transmission
meters, etc. Before Hunter, August H. Pfund had
already described an instrument for measuring
gloss [7].

The American Society for Testing and Mate-
rials has standardized the measurement of various
physical aspects related to visual appearance
[8-11] and published a glossary of standard
terminology [1].

Robert Hunt has developed a hypothesis for the
measurement of color appearance under different
conditions of illumination and observation, taking
color as the central point of his study [12]. Sven
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Hesselgren observed that visual sensations, such
as luster, reflection, and gloss, are not perceived as
belonging to the color of an object but as some-
thing separate from color [13]. Ralph Evans, like
Pope, also realized that the three variables nor-
mally used to define color are not enough to
characterize color under different modes of
appearance [14]. Evans concluded that it would
be necessary to define at least five variables. In
these conceptions, the phenomena of appearance
have always been considered as aspects that
accompany color sensations.

Other researchers have studied, either partially
or globally, the aspects of visual appearance
related to the different modes of distribution of
light in space. Fabio Metelli tackled the problem
of transparency from a phenomenological point of
view, establishing a clear difference between
physical and perceived transparency and develop-
ing a model that predicts the conditions under
which the perception of achromatic transparency
is possible [15]. Osvaldo Da Pos, following
Metelli, enlarged the model to study the percep-
tion of chromatic transparency [16].

John Hutchings studied the phenomenon of
translucency and its importance for the visual
qualities of food. In articles published in 1993
and 1995 he integrated all the aspects in a
model of total appearance [17, 18]. However,
this model is mainly oriented to the analysis of
food [19] and for this reason includes also
nonvisual aspects of appearance such as smell,
taste (flavor), and also texture as felt in the
mouth, in addition to visual texture. Paul Green-
Armytage proposed a three-dimensional model to
organize what he called “qualities of surfaces”
[20, 21]. Subsequently he introduced the term
“tincture,” borrowed from heraldry, to encompass
color, texture, and cesia [22]. Robert Séve tackled
the specific problem of gloss [23]. Michael Brill
used the model of Metelli to formulate a series of
rules for the perception of chromatic
translucency [24].

In 2006, a technical committee of the CIE
(Commission Internationale de 1’Eclairage, Inter-
national Commission on Illumination) published
areport to set a framework for the measurement of
visual appearance [2].
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colors
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=

spatial forms

textures

Appearance, Fig. 1 The same scene with different visual
features selected and categorized: (a) Different colors. (b)
Different spatial forms or shapes that appear defined by
their borders. (c¢) If attention is paid to certain regularities
or repetition of elements on the objects, the notion of

A Classification of Visual Appearance into
Four Categories

It is possible to analyze a given scene and try to
understand how most humans separate and cate-
gorize (by means of concepts and words) the main
visual aspects involved. If the features shown in
Fig. 1a are selected, people would agree on saying
that they are different colors. If other features are
selected, such as those shown in Fig. 1b, people
will call them shapes (spatial forms). If the fea-
tures selected in Fig. 1c¢ are shown, people would
call them textures. Finally, for the features
selected in Fig. 1d the name cesia has been
proposed.

Color can be defined as the aspect of visual
appearance that results from the perception of
different spectral compositions of light; it is what
people are referring to when they say that some
object or light stimulus is red, green, yellow,
blue, etc.

cesias

texture can be applied. (d) Other visual characteristics
such as the transparency of the glass, the white matte
opacity of the paper towel, the metallic luster of the sugar
pot, the glossy and semitransparent aspect of the ice cubes,
and other similar ones have been given the name cesia

Spatial forms, or shapes, are built in conscious-
ness from the perception of borders and their
integration, so that they enclose or delimitate a
portion of space. Spatial forms can be
one-dimensional (a straight line, a curved line,
an irregular line, etc., which separate one portion
of space from another), two-dimensional
(a triangle, square, circle, irregular surfaces,
etc.), or three-dimensional (a cube, a prism, a
pyramid, a tetrahedron, a sphere, irregular vol-
umes, etc.). They can have different shapes
(as usually defined by the previous names), but
they can also differ in size (length, surface, vol-
ume) and proportion (defined by the relationships
among the dimensions of the shape: length, width,
height).

Visual textures arise from the perception of sets
of small elements that appear repeated in a surface
or volume. The category of texture applies when
these elements have no individual significance
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and are interpreted as making a whole, building a
pattern that can be more or less regular or irregu-
lar. Visual textures can be distinguished and
described by different variables or dimensions.
These variables include density (the elements of
the texture can be sparse, dense, or intermediate),
predominant directionality (the elements can vary
in direction or have no predominant directional-
ity), and, of course, the shape and size of the
relatively small elements whose repetition com-
poses the texture. Visually perceived textures may
be two-dimensional (without relief) or three-
dimensional (with relief), the latter being also
perceived by touch.

Beyond color, spatial forms, and textures, there
are some other visual appearances that depend on
the way in which differences in the spatial distri-
bution of light are perceived. It is these spatial
distributions of light that cause things to be seen
as transparent or opaque, glossy or matte, or with
intermediate appearances between these. Since
there has not been a single global name or cate-
gory to refer to these aspects, the neologism cesia
has been coined for them.

Cesia

“Cesia” is a term invented around 1980 by César
Jannello, to designate the perceptions resulting
from the different spatial distributions of light.
This concept was developed mainly by Caivano
[25-28]. Cesia encompasses all the visual sensa-
tions from transparency to translucency, matte
opacity to mirror-like appearance (passing
through glossy appearance), and lightness to dark-
ness. Cesias are related to color in the sense that
both are different aspects of the perception of
light, and color deals also with lightness and
darkness. But there are aspects that cannot be
described by the three classical color dimensions
of hue, lightness, and saturation. In this sense,
cesia constitutes a category that can be added to
the categories of color, visual texture, and spatial
form in order to extend the possibilities of
describing and classifying visual appearance.
Three dimensions or variables can define cesia
with respect to the perception of how light inter-
acts with objects: permeability (from opaque to
transparent), diffusivity (from regular to diffuse),
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and darkness (from light to dark). Light can be
reflected or transmitted by objects, either
diffusely or regularly, and it is the perception of
these phenomena that is covered by the term
“cesia.” For instance, a surface that reflects
light in a diffuse way will normally be perceived
to be matte. If a surface reflects light with a
certain specular component it will be perceived
as glossy or mirror like. If it transmits light
diffusely it will be seen as translucent, and if
it transmits light in a regular way it will be
seen as transparent. Finally a surface that
absorbs most of the light will appear dark or
black (Fig. 2).

A three-dimensional model has been proposed
to organize the three variables of cesia
(permeability, diffusivity, and darkness). The
model is a kind of inverted pyramid, with four
vertices on the top for the sensations of matte
appearance, mirror-like appearance, translucency,
and transparency. The connections among these
form scales with a variation of permeability (or the
opposite, opacity) in one direction and scales with
a variation of diffusivity (or the opposite, regular-
ity) in a perpendicular direction. From any of
these points, scales going down in lightness
(or increasing darkness) connect to the point that
is the place for black (Fig. 3).

In both color and cesia the relationship
between stimulus and sensation is not fixed but
depends on three main factors — illumination,
object, and observer—, and is affected by other
factors such as visual context, adaptation,
contrast, etc.

Color and cesia are closely connected because
of their relationship with light; both are different
aspects of the perception of light that contribute to
the visual appearance of objects. The dimension
of lightness/darkness is shared by color and cesia,
being the link that connects both phenomena.
Color and cesia interact thereby expanding the
countless number of different visual appearances
that humans are able to perceive. When Ludwig
Wittgenstein, in his Remarks on Color [29], is
concerned with the different types of white, yel-
low and golden, gray and silver, “black” mirrors,
etc. and when he says, “Opaqueness is not a
property of the white color. Any more than
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transparency is a property of the green,” he is
dealing, in reality, with this aspect that can be
called cesia.

Models to Organize Different Aspects of
Visual Appearance
Roberto Daniel Lozano, one of the members of
the CIE technical committee 1-65, proposed a
new approach to appearance characterization,
with a model that classifies visual appearance
according to three main categories (color, cesia,
and spatiality), which in turn includes subcate-
gories and shows the interrelations and interme-
diate aspects among them [30].

More recently, Paul Green-Armytage proposed
a model to link different modes and different
aspects of appearance [31]. The model shows
relationships between the surface, volume, and
illuminant modes of appearance as well as trans-
parency, translucency, opacity, texture, gloss,
metallic luster, and luminosity. Caivano identifies
the five vertices of his inverted pyramid model of
cesia (Fig. 3) as “primary sensations” [26]. These
are opaque white, translucent white, transparent

clear, mirror-like, and black. Caivano’s three-
dimensional inverted pyramid can be presented
in two dimensions (Fig. 4).

This two-dimensional representation of
Caivano’s model is at the center of Green-
Armytage’s model. Green-Armytage makes a dis-
tinction between gloss and metallic luster (mirror-
like), noting that scales can be constructed from a
matte surface to surfaces that are increasingly
glossy in one direction and from a matte surface
to surfaces with increasing metallic luster in
another direction. He also notes that scales can
be constructed with increasing texture from three
different starting points: smooth matte, smooth
gloss, and smooth metallic luster. Matte, glossy,
textured, and metallic aspects of appearance are
all characteristic of the surface mode of appear-
ance. The volume mode can vary between clear
(transparent) and cloudy (translucent). In the illu-
minant mode light sources can appear in varying
degrees of brightness with a notional maximum
that can be described as glare. To Caivano’s five
primary sensations Green-Armytage adds three
more: gloss white, textured white, and white
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Appearance, Fig. 3 The
three-dimensional model of
cesias

diffuse transmission
(translucent)

Increment of luminosity
Increment of darkness

&
~

Appearance, Fig. 4 The
classification of visual
appearance proposed by
Lozano (reproduced with
permission for R. D.
Lozano)

Opaque
white

light glare. Each of the seven other primary sen-
sations can be connected with scales to black, and
these scales can, in turn, serve as the achromatic
axes of order systems for colors that are opaque,
translucent, transparent, and metallic (mirror-
like), as well as glossy, textured, and self-
luminous. Green-Armytage’s model, with color
circles to correspond with the different primary
sensations, is shown in Fig. 5.

Increasing apparent intensities of illumination
can be represented on lines which converge at
white light glare. The coherence of a light source,
which affects appearances, can also be represented

Translucent \
white 1
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diffuse reflection

Incr ity
m

regular reflection
(mirrorlike)

regular transmission
(transparent)

absorption
(dark or black)

Transparent
clear

Absorbent black

Reflective
(mirror)

P

on the diagram. “Hard” light, as from direct sun-
light and under which objects cast clearly defined
shadows, is represented on the line connecting
transparent clear to white light glare, and ‘soft’
light, as from a heavily overcast sky and under
which no shadows are cast, is represented on the
line connecting translucent white to white light
glare.

The various models described here can go
some way to increasing awareness of the different
aspects of appearance, and how they can be
related, but no model can encompass the full
experience of seeing the world in space and time.
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Appearance, Fig. 5 Two-
dimensional representation
of Caivano’s inverted
pyramid model of cesia
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Synonyms

Lighting design

Definition

Architectural lighting design is the design and
implementation of daylight and electric lighting
provision in urban and architectural environ-
ments. This process requires conceptual thinking,
design development, and illuminating engineer-
ing to produce lit environments for people’s work
and leisure.

Lighting Quality

The built environment in which people live and
work is composed of a variety of building types.
In a shopping mall retail units are expected to be
colorful and attractive. In an art gallery it is nec-
essary to be able to appreciate the color and detail
in a painting, and when walking in the city people
expect to remain safe and secure. All these
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impressions can be dramatically affected by the
lighting. Boyce has suggested that bad lighting
“does not allow you to see what you need to see,
quickly and easily and/or causes you discomfort”
[1]. If the lighting designer overcomes these prob-
lems then they can produce at best indifferent
lighting. Only when the configuration of the win-
dows and surfaces or the characteristics of the
lighting installation “lift the spirits” can the envi-
ronment be described as good lighting.

The task of the lighting designer or a lighting
engineer is to determine the character of a lit space
whether it be a street, a townscape, or a room and
then to arrange the sources of light, be they day-
light or electric light, to achieve this desired
character.

Objectives of Design

The purpose of lighting is to provide for the needs
of people who are going to use the built environ-
ment that is being created, and any person design-
ing the lighting will wish to create a quality lit
environment. However this raises the question
about what constitutes good-quality lighting. To
answer that question the needs of the people who
are going to use the building that is to be lit require
consideration. In general terms the users of a
building are going to want lighting so that they
can see things easily, they will require the lighting
to set the correct ambience, and if they are going
to remain in the building for long periods they
may well benefit from the biological impact that
the lighting may have on their endocrine systems.
These topics are covered in more detail in the
following sections.

Light for Seeing

Before considering what sort of lighting is
required it is first essential to consider what the
occupants of a building need to see and what the
consequences are of them not being able to see.
Consider two cases: a surgeon undertaking heart
surgery and an office junior doing a filing task.
Both of them need to be able to see small objects;
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in the case of the surgeon this may be small blood
vessels whereas for the office junior he has to read
the small text on the documents he is working
with. However, the office junior is normally deal-
ing with high-contrast printed text, while the sur-
geon has the problem of distinguishing objects
that are very similar in color and reflectance.
Moreover, if the surgeon makes a mistake it
could kill a patient, but an error in filing can be
easily rectified. Thus it is normal to have more
than 10 times as much light available in an oper-
ating theatre compared to an office.

Selecting an appropriate level of lighting for a
given visual task is bound to be complex as a
number of factors need to be considered. These
include the complexity of the visual task, the
visual acuity of the person performing the task,
the length of time for which the task is performed,
and the consequences of any mistakes. These
factors need to be set against the cost of providing
the lighting and the other negative consequences
of providing lighting such as energy use and asso-
ciated greenhouse gas emissions.

To help lighting designers in the selection of
appropriate lighting conditions there are a number
of Codes and Standards available which provide
recommendations for the lighting conditions con-
sidered necessary for a whole range of different
tasks. These documents have evolved over a num-
ber of years and in general provide a consensus
view of the lighting needs in a typical installation.
However, the lighting requirements for every
installation are potentially different, and so the
guidance provided by Codes and Standards
should usually be regarded as a starting point
from which the design may be developed; how-
ever, there are occasionally situations where the
national regulations insist that particular illumi-
nance values are used in given circumstances.
Good examples of such codes are the /ES Hand-
book [2], the SLL Code for Lighting [3], and ISO
8995-1:2002 [4].

As well as considering the required illumi-
nance necessary for a particular task it is also
important to consider other factors such as free-
dom from glare and the necessary color properties
of the light sources used. Most Codes and Stan-
dards also give advice on these issues.
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Setting the Ambience

Every lighting installation sends a message to the
users of the building; it is the art of good lighting
design to ensure that this message complements
the message sent by the architecture and that the
overall message is appropriate to the use of the
building. Consider the lighting in a supermarket
and compare it with the lighting in an upmarket
boutique. In many ways the lighting has a similar
job to do: it must show off the goods in the store so
that people choose to buy them. However, the
style of the lighting is radically different as
supermarket-style lighting in the boutique would
send entirely the wrong message to potential
customers.

There is no simple way of providing lighting
that perfectly provides the correct message for a
given environment. There have been many
studies into how to characterize the lit environ-
ment of places that are considered to be well lit,
and in general the results have been very
limited in validity to the environment in which
they were assessed. The section below on
design considerations gives some basic advice,
but it is always going to involve a series of
complex subjective judgments to get the lighting
right, and the reliance on simple codes will not
suffice.

Biological Impact

The nonvisual or biological effects of light have
their biggest impact on the regulation of the
human sleep/wake cycle. Exposure to high levels
of light may be used to shift the time of peoples’
body clocks and may also be used to boost the
alertness of people. These biological effects hap-
pen naturally to people in an outdoor environ-
ment; however, in many interiors there is not
sufficient light to provide the necessary stimulus
to the human endocrine system.

The most logical way to resolve the problem is
to provide interiors with good levels of daylight.
However, where that is not possible, high levels of
electric light with increased amounts of blue light
content may be used.
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A Framework for Design

The objective for anyone trying to design lighting
is to provide good-quality lighting. The construc-
tion of a new building or the refurbishment of an
existing one comprises a series of construction
stages from design through construction to the
final use of the building or area. Lighting should
be designed by someone who has the ability to
make the necessary aesthetic judgments about
how the lighting will impact on the space being
lit while at the same time engineering the lighting
equipment into a functioning system. Therefore
the lighting designer or lighting engineer can
make a particular contribution or intervention
within the design phase. Here a lighting design
concept is proposed where outline proposals for
the arrangement of structural and building ser-
vices is made. The design is then developed in
detail to decide on the relationship between the
electric lighting systems and the daylighting, and
finally a technical specification is drawn up to
coordinate the various components and architec-
tural elements.

At each of these stages the designer will be
considering a variety of factors. Veitch has
suggested that designers should consider the
well-being of the individual user, the integration
with the architecture, and the economics of the
lighting installation [5]. Loe has proposed a useful
variation in a framework for design [6] which
comprises the following elements (Fig. 1).

Lighting for Visual Function

The lighting should enable users to undertake
visual tasks without visual discomfort. Recom-
mendations are made concerning the level of
light on the task (illuminance) and the uniformity
of light on the task. It is also important to prevent
unwanted brightness in the visual field (the con-
trol of glare).

Lighting for Visual Amenity

People prefer an architectural room or urban space
to contain a degree of visual lightness (a sense of
lightness and airiness) and visual interest
(a variation in light and shade). The color appear-
ance of the space should be appropriate for the
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Fig. 1 A framework for
lighting design (after Loe).
The relative weight given to
each element of the
framework depends upon
the requirements of the
lighting design

Energy

application, e.g., warm and inviting or cool and
professional. The objects and people in the space
need to be lit pleasingly.

Energy Efficiency and Sustainability in
Lighting

The lighting installation must contribute to sus-
tainability by maximizing the use of daylighting
and ensuring that energy-efficient light sources
and light fittings are specified. Reducing energy
consumption is a matter of reducing the power
load of the lighting components and the hours of
use. This can be achieved by the effective use of
lighting control systems (switching, dimming,
and linking to daylight levels).

Lighting Installation Maintenance

The lighting designer or engineer must specify a
lighting installation that can be easily maintained
by the client or user. It should be easy to clean
and relamp the fittings to ensure that the installa-
tion continues to deliver the appropriate
lighting. Poor maintenance of an installation will

Efficiency &
Sustainability

Architectural Lighting

Architectural
Integration

Visual
Amenity

Lighting
Design

Costs
(capital &
operating)

Installation
Maintenance

lead to some of the lighting points failing, and this
sends the message that no one cares about the
space.

Lighting Costs

The cost of the installation needs to be controlled,
and a distinction is made between capital costs
(for the original lighting equipment) and running
costs (the cost of operating the lighting system as
designed).

Architectural Integration

An understanding of the intent of the architect
and the character of the space in terms of
dimensions, finishes, textures, and materials is
essential. Only then can electric lighting
systems be properly integrated into the fabric of
the building to produce the appropriate lighting
effect.

These factors are described in greater detail in
the SLL Lighting Handbook [7]. It should be noted
that there are occasionally legal requirements for
lighting in certain areas.
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Fig. 2 A plot of the sun’s
position in the sky for
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Daylighting

It is useful to think of the elements of the city and
the town and the constituent buildings as being
under the vast dome of the sky. In many climates
there will be days in which this dome is covered
by a thick layer of cloud: the fully overcast sky,
which might be termed the diffisse component. As
the conditions change, the clouds begin to roll
away and the sun comes out. This source has a
very different character: a sharp beam and the
ability to create shadows: this may be called the
direct component. These two components of day-
lighting are varying continually throughout the
day and throughout the year.

The lighting designer works at different scales
ofanalysis. For example, the designer might seek to
optimize the spacing between apartment blocks to
ensure that certain apartments are not restricted in
the amount of light that they receive. The designer
might also seek to ensure that courtyards or plazas
receive enough sunlight or are shaded in certain
climates. Stereographic sun paths are available to
show the passage of the sun in the sky (Fig. 2).

The lighting designer can also work in con-
junction with the architect to ensure that the indi-
vidual rooms and spaces within a building receive
sufficient daylighting. The traditional way to
pierce the solid wall of a building is by a vertical
window. The clerestory window and the rooflight
provide ways of allowing daylight to enter the

120 150 180 210

Azimuth [] - North = 0°
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building to provide a different character to the
space. This is because they are facing different
parts of the sky. The atrium is a useful device,
historically and in contemporary buildings, to let
natural light deep into the building. It is also
possible to “borrow” light from one space to
another using transparent partitions.

Contemporary buildings have a framed steel or
concrete structure in which the structure defines
the architecture. The introduction of daylight into
the building thus becomes a result of the structural
decisions that have been made. This is the prov-
ince of facade engineering whereby the transpar-
ent partitions that clothe the structure are then
subject to varying architectural treatment in
terms of the choice and specification of the glaz-
ing (solar control or electrochromic materials) and
whether shading is to be added (louvers and brise-
soleil). It is at this point that daylight availability is
estimated by calculation of the daylight factor or
methods of calculation of cumulative daylight
exposure.

When designing the daylight in a building it is
also important to consider the quality of the view
out that the windows may give.

Electric Lighting

There are a plethora of new technologies for light-
ing, e.g., light-emitting diodes (LEDs), and a
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variety of lamp technologies including high-
pressure discharge lamps, fluorescent lamps, and
incandescent lamps. The designer has the ability
to control both the intensity and the color of the
light that is emitted from these sources.

Consider the public square in the town or city.
An appropriate choice of lamp on an amenity
lighting column can attractively reveal the fea-
tures on the faces of fellow street users to ensure
safety and security, and the appropriate color
choice can dynamically reveal the city.

The architectural facade can take a variety of
forms: neoclassical, turn of the century, interna-
tional modern, or contemporary. It is the task of
the lighting designer to reveal the characteristics
of the architecture without distortion, to comple-
ment and enhance the architectural detail. It is
important to ensure also that each architectural
element is read as a whole: from the base to the
roof. Again the judicious choice of color and
intensity of the light source in conjunction with
an appropriate lighting fitting can ensure that the
architectural intention is maintained.

Moving indoors the choice of light source
remains critical in terms of its color, its life, and
its efficiency. Such sources are housed within light
fittings (luminaires) — used individually or more
typically in arrays to provide layers of lighting.

An individual luminaire can be used to accent
individual features, and arrays of luminaires
(linear and modular in form) can be arranged
within the various architectural spaces to provide
lighting for tasks and to reveal the architecture of
the space with its characteristic finishes and mate-
rials. Care is taken by the designer to ensure that
the user of the space is not subject to unwanted
glare from the fittings and that the overall bright-
ness of a sequence of spaces from one to the next
is kept within reasonable bounds (adaptation).

The design of an individual luminaire is a
complex process in itself. It must be designed to
house a particular light source which might be
spherical, linear, or elliptical. The flux from the
lamp must be directed into the required direction
by the use of a reflector, and then the beam from
the lamp must be further refined by optical ele-
ments such as diffusers, lenses, or louvers. The
fitting must be electrically safe, must not overheat,

and be mechanically strong: these are common
requirements even though the physical form of
the luminaire might be quite different, c¢f a
downlighter in a conference center to a street-
lighting bollard. The designer must also consider
the appearance of the fitting when it is lit and
when it is unlit and ensure that the fittings inte-
grate well with the architectural character of the
space.

Endpiece

Architectural lighting has great power. Think of
the dramatic daylighting of the Pantheon in Rome
(Fig. 3) or the harmonious integration of the light-
ing of the city of Lyon at night (Fig. 4) or the
dynamic lighting of a modern luminous media
fagade (Fig. 5). But with that power comes

Architectural Lighting, Fig. 3 The Pantheon in Rome
http://commons.wikimedia.org/wiki/File:Pantheon Rome.
jpg (CCBY 2.0)
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Fig. 4 The city of Lyon at
night (Fabian Fischer

(CC BY 2.0))
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Fig. 5 A luminous media

fagade https://www.flickr.

com/photos/ell-r-brown/

6258523229 (CC BY 2.0) =
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Synonyms

Color harmonies for fashion design; Modern art
and fashion design; Painted dress; Tactile painting
and haute couture

Definition

Art and fashion color design concerns the harmonies
of color associations of textile and other materials
used for a couturier’s aesthetic project. It is an illus-
tration of collaboration of artists and couturiers on
the harmonies of color associations in order to create
a personal style. They were more closely tied at the
turn of the twentieth century than they are today.
Artists did not see the difference between creating an
original work of art, such as a painting, and design-
ing a textile pattern that would be reproduced many
times over. Each was a valid creative act in their
eyes. There are a lot of vivid illustrations of the
centuries-long love affair between fashion and art
of color. Couturiers are past masters at capturing the
contemporary zeitgeist in their designs, while artists
have frequently used clothing as a way to give
all-round expression to their aesthetic ideas.

The Role of Art and Fashion

Beginning from the nineteenth century, major
changes emerged both in the role of fashion and
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in the place of art in society. Growing affluence
and new social structures gradually turned art,
color, and fashion into ways of expressing per-
sonal taste and identity. This section presents a
historic panorama of the color in the fashion
design during the twentieth century, highlighting
certain symbolic movements such as the Art Nou-
veau, the Russian avant-garde, the modernism,
pop art, or the kinetic art. It lists the color’s har-
monies for modern fashion design and describes
the tools, ranges, » palettes, and techniques
which allow personalizing a dress with fantasy
and subtlety.

Art has often been a major source of inspiration
for dress designers of the twentieth century. Some
creations by Liberty, Sonia Delaunay, Liza Schia-
parelli, Coco Chanel, Yves Saint Laurent,
Givenchy, and Jean-Paul Gauthier can be men-
tioned. In their practice, the art of color is con-
veyed to fashion. The designers paraphrase the
masters of painting. This connection between art
and fashion is particularly obvious starting in the
late nineteenth century.

Fashion and Identity of the Color Palette

Belle Epoque

The artistic principles of the Art Nouveau com-
bine the personal style of expression where the
sinuosity of the shape harmonized well with the
mosaic of contrasted colors. The synthesis of
practical considerations and of aesthetic natural
forms and lines is characterized by color palettes
of a great richness. The modern time influenced a
lot the development of the fashion design and
produced profusion of the » polychromy in
it. The large selection of paintings by Giovanni
Boldini, Auguste Toulmouche, James Tissot, Jean
Beraud, and Alfred Stevens — visual artists who
reflected the best on the fashion style of the Belle
Epoque — is an example of what could be called
fashion inspiration in fine arts. Artworks were
created in realistic manner and have not even a
touch of stylization typical of modernist art.
Figures depicted in these paintings are precise
and realistic. However, it would be fair to say
that style itself is the subject matter instead of a
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particular model. Fashion is the main theme and
inspiration for these paintings.

Beautiful symbolic women’s dresses by
famous Austrian artist Gustav Klimt followed, in
which he introduced his frescoes and paintings of
portrait. Klimt himself drew the blue caftan, a
long tunic of oriental style, and many other
dresses for Floge Emilie, his companion for
many years, who owned a fashion house in
Vienna.

After a visit of a workshop in Vienna, the
avant-garde fashion designer Paul Poiret brought
the idea of mixing art and fashion to Paris. He
opened a Martine school in 1911, a place that was
also attractive for artists. He then employed Pari-
sian artists such as Lepape, Ibibe, and Erte on
fashion illustrations. He employed the artist
Raoul Duffy to design fabric prints and to invent
tissues. He went to art galleries and showed his
artistic sensibilities by preferring Impressionist
paintings at a time when they were new and
unappreciated by the public. Poiret became very
interested in modern art and said, “I have always
liked painters. It seems to me that we are in the
same trade and that they are my colleagues”. The
couturier considered himself as an artist first.

Russian Constructivism and Suprematism
The artists of Russian avant-garde in 1915-1935
initiated probably the most intensive and creative
art and architectural movement of the twentieth
century and became a significant source of any art
movement since that. The constructivists defined
the chromatic surfaces as fundamental colored
elements where the straight lines, the rectangular
forms, and the principal colors (yellow, red, blue,
black, and white) are used to make a unified
composition. The color interdependence simulta-
neously with the community of ideas formed by
the uniformity of geometric contours and the
absence of force of gravity, the balance of the
unit, and the dynamism of the parts, all form a
kind of representation of an ideal cosmos.
Varvara Stepanova, Alexandre Rodchenko,
Liubov Popova, and others show their creativity
thorough re-energizing new forms and meaning in
art and dress design. The key fragments of Rus-
sian revolutionary creativity still glow like
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radium, living on futuristic art and design into
the imaginations of some most influential coutu-
riers of the twentieth and twenty-first centuries.
Christian Dior haute couture in 2002 was inspired
by the color » palette of Malevich painting.

Simultaneous Contrast and Sonia Delaunay
In the 1920s, abstract painting inspired a variety
of fabric designs, mainly based on the simulta-
neous contrast effect, by the successful designer
and artist Sonia Delaunay [1]. Married to Robert
Delaunay and friend of artists like Mondrian, Arp,
Vantongerloo, and Kandinsky, she was a member
of the contemporary artistic avant-garde in her
own right. It was her own abstract paintings that
she translated into rhythmic designs composed of
squares, lines, circles, diagonals, and color planes.
In all, Delaunay created over 2,000 of these fabric
designs, around 200 of them produced especially
for the fashion house Metz & Co in Amsterdam.

Surrealism and Elsa Schiaparelli

Fashion designer Elsa Schiaparelli, Coco
Chanel’s main rival in the 1920s and 1930s, pro-
duced clothing and hats heavily influenced by
Surrealism [2]. Her sweaters incorporating knitted
ties or sailor collars were a sensation, and she
worked in close cooperation with artists like Sal-
vador Dali and Jean Cocteau. An example of her
work with Dali is her famous lobster dress.

Coco Chanel and Japanese art

The designer’s passionate interests inspired Coco
Chanel’s fashions [3]. Her apartment and her
clothing followed her favorite color » palette,
shades of beige, black, and white. Elements from
her art collection and theatrical interests likewise
provided themes for her collections. The orna-
ment of the dress, in both pattern and color palette,
resembles the Asian lacquered screens which the
designer loved and collected. In convergence with
the Art Deco line, the modernist impulse was
married with pure form and Japanese potential.

Neoplasticism and the Bauhaus

Piet Mondrian changed the face of modern art. His
influence extends to painting, sculpture, graphic
design, and fashion. In search of plastic harmony,
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he introduced a universal language of shapes and
primary colors that goes beyond the painting;
Mondrian was the central and most famous figure
of the De Stijl movement. This style was baptized
as neoplasticism and intended to achieve real
objectivity by releasing the work of art from its
dependence on the momentary individual percep-
tion and temperament of the artist. Yves Saint
Laurent has created his famous dress with
Mondrian’s color composition. The color in fash-
ion design was developed by the school of Bau-
haus and was also very enriching and interesting
[4]. The relationship between form and color
within the framework of visual perception was
defined starting from the color theories of Kan-
dinsky, Klee, Itten, and Albers in this school.

Op Art, Minimalism, and Pop-Art in Fashion

Since the Second World War, there has also been
frequent interaction between art and fashion. In the
1950s, Karel Appel produced signed fabric designs,
in the 1960s the Bijenkorf department store sold
dresses inspired by op art, and since then the emer-
gence of minimalist art has given rise to a wide-
spread taste for sober, often asymmetrical designs.
For instance, Jean-Charles de Castelbajac was
inspired by Andy Warhol and his pop art Campbell’s
Soup painting. Victor Vasarely, Yvaral, and other
representatives of optical art, as well as
Friedensreich Hundertwasser’s art, continue to influ-
ence modern fashion design and modern life [5].

In 2007, Christian Dior designed a unique
piece, hand painted and enhanced with spectacu-
lar embroidery, Manteau Suzurka-San. Dior haute
couture was inspired by The Great Wave of
Kanagawa, emblematic work of the Japanese art-
ist Hokusai. Focusing on the relationship between
art and creations of the house Dior, it is possible to
say that the original works have been in one way
or another influenced by different artists. Certain
highlighted artworks influenced not only the col-
lections haute couture and pret-a-porter but also
the unique world of fine jewelry, perfumes, and
accessories. Because they reflect light and veloc-
ities, colors and shapes of the paintings of Sonia
Delaunay emphasized the dancing model dressed
in her parade by Ungaro Fall-Winter 2003-2004.
Yves Saint Laurent revolutionized fashion and

Art and Fashion Color Design

gave woman the freedom of movement that has
inspired artists, poets, and painters. “The profession
needs an artist to exist,” he said. He loved painting
and painters such as Matisse, Mondrian, Braque,
Picasso, and Van Gogh. Saint Laurent began in
1988 with Georges Braque, whose famous birds
seem to fly stuck to the bride’s dress. Then, he
designed a jacket inspired by Iris of Van Gogh. It
took 800 h to sew the whole Van Gogh. Flakes,
tubes, seed beads, and ribbons were all embroi-
dered by hand to make the effects and lighting of
the canvas. Yves Saint Laurent influenced in some
way other couturiers. For instance, stylist Erin Fee
has been inspired by flowered textile design and
some kind of “camouflage” for his fashion collec-
tion. Jean-Charles de Castelbajac, on the other
hand, brings a joyful color palette from BD art
graphics. Nowadays, fashion designs have increas-
ingly been regarded as autonomous works of art.
Some creations by designers like Viktor & Rolf
now go so far in that direction as to be scarcely
wearable at all. Viktor & Rolf spread their cut-up
couture in the magazine Dazed and Confused.

Tactile Color and Haute Couture

Nowadays, the collaboration between artists and
fashion designers continues. The personal artist’s
inspiration comes from tactile painting. Jean
Marie Pujol, couturier who worked with Dior
and Yves Saint Laurent, designed several dresses
to be painted by Larissa Noury as a means to
perpetuate the art-and-fashion marriage [6]. With
this personal style, a series of hand-painted
dresses were created and presented during the
exhibition at Faubourg’s gallery in Paris, amid
boutiques of Christian Dior, Jean Paul Gauthier,
Chanel, and other creators of fashion.

Cross-References

Color Contrast
Color Harmony
Palette
Polychromy
Primary Colors


http://dx.doi.org/10.1007/978-1-4419-8071-7_233
http://dx.doi.org/10.1007/978-1-4419-8071-7_227
http://dx.doi.org/10.1007/978-1-4419-8071-7_239
http://dx.doi.org/10.1007/978-1-4419-8071-7_244
http://dx.doi.org/10.1007/978-1-4419-8071-7_248
http://dx.doi.org/10.1007/978-1-4419-8071-7_233

Assimilation

References

1. de Leeuw-de Monti, M., Timmer, P.: Colour Moves: Art
and Fashion by Sonia Delaunay. Thames & Hudson,
London (2011)

2. Martin, R.: Fashion & Surrealism, (reprint edn.).
Rizzoli International Publications, New York (1996)

3. Degunst, S.: Coco Chanel: Citations. Editions du
Huitieme Jour, Paris (2008)

4. Fiedler, J., Feierabend, P.: Bauhaus.
Konemann Verlag, Cologne (2000)

5. Popper, F.: From Technological to Virtual Art.
Leonardo Books. MIT Press, Cambridge (2007)

6. Pujol, I.-M.: Haute Couture. Editions du Palais, Paris
(2011)

Editions

Artistic Rendering

Non-Photorealistic Rendering

Assimilation

Simone Gori

Department of Human and Social Sciences,
University of Bergamo, Bergamo, Italy
Developmental Neuropsychology Unit, Scientific
Institute “E. Medea”, Bosisio Parini, Lecco, Italy

Synonyms

Bezold-Briicke effect; von Bezold spreading
effect

Definition

Color assimilation is somewhat considered the
opposite of the color contrast: the color is per-
ceived in the direction of the hue of the surround-
ing color, whereas in color contrast the perceived
color tends to be the complementary color. Assim-
ilation can be experienced also in grayscale stim-
uli and it is called lightness assimilation or
brightness assimilation. In this case a gray is per-
ceived lighter if it is close to a light object and
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darker if it is close to a darker object which is,
again, the opposite of the simultaneous contrast.

Introduction

According to a naive physicalism, the physical
stimulus should present a direct relationship with
its mental correlate. Visual illusions (e.g. [1-3])
indicate, however, that physical manipulations of
a stimulus do not directly determine the percep-
tual experience [4]. The existence of visual illu-
sions has been already reported by ancient
philosophers and they were commonly considered
counterintuitive singularities [5], which demon-
strate the active work of the sensorial system
involved in the stimulus processing [6, 7]. It was
proved that also non-human animals can experi-
ence visual illusions [8, 9]. An important family of
this illusion is the brightness illusion and this also
shows a similar counterpart in colored stimuli. It is
often assumed that perceiving a surface as a
source of light depends just on its physical radiant
emission. However, the Persian natural philoso-
pher Ibn Al-Haytham (circa 965-1040 AD),
known as Alhazen, stressed the subjective nature
of color sensation and argued that color appear-
ance was partly due to a mental process in his
description of the simultaneous contrast [10].
Simultaneous contrast can be described as fol-
lows: a gray target surrounded by a bright inducer
that appears darker than its physical value. If the
same gray target will be surrounded by a dark
inducer, the results will be the opposite: the target
will be perceived lighter than its physical value.
The simultaneous contrast can be enhanced by
blurring the boundaries of the inducer
[11-14]. The simultancous contrast is observed
also in color stimuli where the color of the target
tends to the hue of the opposite color of the inducer.

Assimilation Description

The brightness assimilation can be considered the
opposite of the simultaneous contrast because
under specific conditions a gray target will appear
lighter when bordered by a brighter inducer and
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Assimilation, Fig. 1 The
color assimilation display:
the yellow background on
the left is perceived reddish
while the yellow
background on the right is
perceived bluish. The two
yellows are physically the
exact the same hue

Assimilation, Fig. 2 The
brightness assimilation
display: the gray
background on the left is
perceived lighter while the
gray background on the
right is commonly
perceived darker The two
gray values present the
exact same luminance

vice versa. The color assimilation is a similar
phenomenon in which a colored target tends to
be perceived as similar in hue to the inducer color.
Figure 1 shows a typical color assimilation dis-
play: the yellow background on the left is per-
ceived reddish, while the yellow background on
the right is perceived bluish; however, the two
yellows are exactly the same hue. Figure 2
shows brightness assimilation: the gray back-
ground on the left is perceived lighter, while the
gray background on the right is commonly per-
ceived darker; however, the two gray values have
the exact same luminance. von Bezold [15] prob-
ably described first this effect in 1874. Based on
the seminal observations by von Bezold, it seems
that reducing the inducers’ size and increasing
their number (which implies increasing their spa-
tial frequency and density together) will lead to a
shift from simultaneous contrast to assimilation.
Consequently, it seems clear that the physical
variables responsible for this shift are the spatial

frequency and the density of the inducers. It is
known, for example, that those two variables also
affected the size perception [16]. Recently, it was
demonstrated that even the perception of beauty is
influenced by the spatial frequency [17]. How-
ever, the questions that remain open are: at
which level of the brain processing are those vari-
ables interpreted in this specific way? And how
does the visual system transform those variables
in the final percept?

Possible Explanations for Assimilation

One approach to explain the assimilation is that
bottom-up, peripheral mechanisms are sufficient
to produce this percept. Assimilation could be
indeed produced by the fact that the retinal input
can be imagined as a blurry image; consequently,
if the visual system will consider the retinal input
of a display like the one in Figs. 1 or 2, the final
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percept will be in the direction of assimilation.
However, considering how important is the corti-
cal process in the final percept, it is hard to believe
that at least in typically developed individuals the
cortex will simply “accept” the retinal signal with-
out any post processing in order to provide the
final percept. Other proposals that consider the
assimilation exclusively a bottom-up process are
based on local averaging of luminance within
large neurons’ receptive fields. The receptive
fields are small in the fovea and larger in the
periphery and they also increase their size going
up in the cortical hierarchy [18]. Specifically, two
possible mechanisms have been proposed: a neu-
ronal spatial integration [19] or neural weighted
averages [20], suggesting that the primary ana-
tomical site for assimilation could be spatially
close but still outside V1. Both mechanisms may
result in assimilation when the physical stimulus
is a similar pattern to the one showed in Figs. 1
and 2. However, some predictions based on this
explanation fell short in front of the lab tests. For
example, DeValois and DeValois [21] suggested
that stronger assimilation should be found for
color in comparison with grayscale stimuli,
because of the lack of lateral inhibition in chro-
matic receptive fields. However, the results by de
Weert and Spillmann [22] showed that it was not
the case.

Another approach that is not necessarily oppo-
site to the bottom-up interpretation suggests that
assimilation is primarily generated by more cen-
tral mechanisms of visual processing, such as
figure—ground segmentation [23, 24] and observer
expertise [25]. It is also important to note that
assimilation received interest based on the White
illusion [26]. It has been suggested that assimila-
tion depends on the existence of T-junctions that
produce a perception of figure—ground segrega-
tion [27, 28]. T-junctions seem, for example, to
affect also illusory motion [29]. However, this
explanation was not supported by the lab test,
which demonstrated that assimilation effects can
also be seen in versions of White’s display where
T-junctions have been completely removed
[30]. More recently, Soranzo et al. [31] supported
the central mechanism explanation for assimila-
tion by testing that in stroboscopic conditions. In
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2010 Rude [32] proposed an intriguing computa-
tional neural model that includes the effect of the
top-down attentional control in explaining the
assimilation effect.

In summary the assimilation is an interesting
phenomenon that is still searching for a convinc-
ing explanation that can keep all the experimental
results under the same theoretical umbrella. How-
ever, several important steps were done in order to
explain how the brain interprets these patterns.
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Automotive Lighting
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Synonyms

Car lighting; Headlamps; Perception by night

Definition

Light is needed for road safety at night, supporting
the driver’s orientation and early recognition of
obstacles. This light is produced by the headlamp.
However, the same light useful for the driver will
also glare oncoming traffic. Thus, the light of
headlamps increases and reduces road safety at
the same time. The main task of headlamp
designers is to solve the optimization problem
between a good view for the driver and as little
glare as possible for oncoming traffic. But not
only the own headlights are necessary for a good
orientation of the driver by night. Signal lamps of
other cars give information about the change of
direction, reducing of speed, drive back, and the
contour of cars. So automotive lighting deals with
the construction of headlamps and signal lamps
based on perception conditions by night.
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Automotive Lighting, Fig. 1 Compare the luminances of night and day of the same street [1]

Overview

The following article will give a short overview
about automotive lighting. It is focused on car
lighting and does not lit the interaction between
car and street lighting. It starts with the perception
conditions by night. The knowledge of this field
helps to understand the special construction of
current and future headlamps.

Perception at Night Time

Figure 1 shows the same street during the day and
at nighttime. The gray values represent lumi-
nances. The day-to-night luminance ratio is
1:1,000. Additionally, the quantity of information
is much higher during the day than it is at night.
The daylight viewing distance of 200 m and more
opposes to no more than 65 m in darkness — very
often even lower. However, the driving speed is
nearly the same. The density of traffic is lower in
the middle of the night — still in winter between
17 and 20 h, traffic density is nearly the same as in
summer. It is clear that perception conditions at
nighttime are completely different from daylight
conditions.

What does that mean for the perception? The
visual power functions that followed give an
answer. Figure 2 left shows the contrast sensitivity

and Fig. 2 right the visual acuity as a function of
adaptation luminance.

Because the luminance of the road is not con-
stant, the right adaptation level has to be defined.
Figure 3 gives an impression in which area the
driver is looking for objects. According to this
data, the accumulation point of view is in 30—60 m
ahead of the car where luminance levels are mea-
sured to 0.01-0.1 cd/m? depending on the road
surface and the luminance intensity of the head-
lamp. Consequently, the contrast sensitivity and
the visual acuity (Fig. 2) are much lower compared
to daytime or road lighting running conditions.

Another very important point is glare for
oncoming traffic caused by car headlamps.
Figure 4 shows increasing of the vertical illumi-
nance of an oncoming car. Figure 5 presents the
threshold contrast depending on the vertical
illuminance at the eye. The threshold contrast is
doubled if the legally required illuminance value
of 0.5 Ix is reached. Because light above the
horizontal line is needed for recognition of traffic
signs, bridges, tunnels, and so on, a typical opti-
mization task has to be solved.

Construction of Headlamps

The aim of a good headlamp is to bring as much
light as possible to the road surface beyond a
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distance of 30 m. The headlamp should not glare
oncoming traffic additionally. So a limitation of
light above the horizontal line is necessary. That
leads to the typical light distribution of a low beam
headlamp shown in Fig. 6 (up). The illuminance
distribution is demonstrated in false color on a
measuring screen in 25 m distance. Because of
the dynamic swiveling of a car and production
tolerances in the headlamp, the cutoff line has to
be tilted down by a minimum of 1°. Only if there
is no oncoming traffic can the driver use high
beam headlamp; see Fig. 6 (down). High beam is
used in Europe approximately between 5 % and
15 % at night. This very rough estimate shows the
limitation of good driving conditions.

I 1 1
1 10 100 1000 10000

Adaptation Luminance / cd/m?

What is needed to get such a light distribution?
The headlamp has to produce:

1. A hot spot with more than 10 Ix in 25 m

2. More than 1 Ix in an area between £30° (left/
right) and —10° to 0° (up/down)

3. A cutoff line with a gradient of 20:1 on the
vertical lines by +5°

4. Less stray light above the cut-off-line (<0.4 Ix
for halogen lamps and <0.5 Ix for discharge
lamps)

Light sources with high Iuminances are
needed to create a bright hot spot. So halogen
lamps, gas discharge lamps, or LED is used. For
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Automotive Lighting, Fig. 3 Accumulation point of view on a straight road (/eff) and a bending road (right) [2]
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Automotive Lighting, Fig. 6 Illuminance distribution of a low beam (up) and a high beam (down) on a 10-m-wall

measured in 25 m presented in false color [Hella]

the shape of the cutoff line, the light source
should have an aspect ratio of 5:1. Figure 7
shows the luminance pictures of a halogen
lamp and a LED module fulfilling this
requirement.

Generally, in addition to the lamp, a reflector
and/or a lens is necessary to distribute the light in
the desired direction. The following standard
reflectors are used:

1. Parabolic (lenses in cover glass) — Fig. 8a
2. Freeform reflector (transparency of cover
glass) — Fig. 8b

3. Ellipsoid (projection system with projection
lens and shutter) — Fig. 8c.

Figure 8c presents the simulation of the light
distribution in a projection system (down) and
demonstrates the beam of a real system (up). The
comparison of a reflection and a projection system
is illustrated in Table 1.

Every headlamp has to fulfill the demands and
regulations of ECE (for Europe, Asia, Australia,
South America) or SAE (for North America).
These standards describe the photometric and
geometric requirements of headlamps and are
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Automotive Lighting,
Fig. 7 Luminance picture
of a halogen bulb (up) and
an LED module (down)

adapted to the state of the technological

development.

Construction of Signal Lights

A headlamp supports the driver’s vision and pro-
vides information about oncoming traffic and
obstacles. Further lighting equipment on a car is
necessary to signalize position, speed, and change
of direction. All lighting equipment not
supporting vision but to be seen is called signal
lights or signal lamps. Stop lamps, rear lamps, day
time running lamps, marking lamps, and position
lamps belong to this group. Figure 9 shows some
lamps.

What are the requirements for signal lamps?
The luminance of the light source should not be as
high as for a headlamp. The light distribution has
to be very wide. Figure 10 shows the relative
luminous intensity.
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The usage of white light for signal functions is
prohibited. Signals have to be well defined. Dif-
ferent colors, different luminance, and blinking
are used to indicate different information
(Fig. 11). For example, a higher luminance is
used for a stop lamp than for a rear lamp. Blinking
yellow light (for ECE) or red light (for SAE)
shows that the driver will change his/her direction.

Vision for Automotive Lighting

Headlamps will change significantly in the next
decade. The headlamps presented above cannot
completely solve the task to produce enough light
for the driver with no glare for oncoming
traffic. Considering the maximum viewing dis-
tance of 65 m, the maximum speed should not
be more than 65 km/h without high beam. At a
higher speed, these headlamps do not provide
enough light on the left side to see objects in
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Automotive Lighting,
Fig. 8 Different reflector
systems (a): parabolic
[Hella]; (b): freeform
[Hella]; (¢): ellipsoid [5]
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Automotive Lighting, Table 1 Comparison of reflection and projection system

Reflection system Projection system

Cover glass With lenses/transparent Transparent

Luminous surface Large Small

Optical system Large reflector + cover glass with | Small reflector + shutter + projection lens + transparent
lenses cover glass

Efficacy High Low

Reflector type Parabolic/freeform Ellipsoid/freeform

Depth Small Large

Height/width Large Small

Automotive Lighting, Fig. 9 Different signal lamps (incandescent lamps, LED, Neon tubes) [Hella]

time to react. Development of headlamps should
look into providing high beam all the time without
causing glare for the oncoming driver. Some pro-
totypes of such headlamps have been available
lately.

A glare-free headlamp needs a sensor
system and actuating element. The aim of such a

system is to detect oncoming traffic and to
blank out the light in the direction of the oncom-
ing cars immediately (Fig. 12). Radar, lidar, infra-
red scanners, or cameras are used as sensors.
A LED array (Fig. 13) or a dynamic AFS system
(actor) is responsible for the adaptive light con-
trol. This way, it is possible to bring enough light
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Automotive Lighting,
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Automotive Lighting, Fig. 11 Luminous intensity and light color of different signal function [Hella]

Automotive Lighting, Fig. 12 The function of a glare-free headlamp [Hella]
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Automotive Lighting,
Fig. 13 LED array — up
low beam; down high
beam [5]

right and left of an oncoming car without glaring
the driver.

With this “glare-free” technology in a large
number of cars, severe accidents with pedestrians
and bicycles at night could be reduced dramati-
cally. To achieve this, further technological
improvements are necessary as well as cost reduc-
tion and the employment of these systems in a
large number of cars. “Intelligent light for safety!”
should be a political, economic, and human objec-
tive for automotive lighting in the future.

Cross-References
Headlamps

Road Lighting
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Iran’s Abu ‘Ali al-Husayn ibn ‘Abd Allah ibn Sina
(Latinized name: Avicenna) was a Persian poly-
math and probably the most influential natural
philosopher in all of Islamic history [1]. He He
was born around 980 AD near Bukhara (present-
day Uzbekistan) and died in Hamadan (Iran).
Already at the age of 16, famous physicians
worked under his direction, and at the age of
18, Ibn Sina mastered the contemporary knowl-
edge of the various sciences [2]. His massive
Qanun fi-‘I-tibb (Canon of Medicine) would be
the main medical text in the East and West until
the seventeenth century.

The Kitab al-Shifa (The cure [of ignorance]) is
an equally immense four-part encyclopedia on
mathematics, physics, and metaphysics [3,
4]. For several centuries this would be the main
text on Aristotelian natural philosophy. Here, Ibn

Avicenna, Abt ‘Al al-Husayn ibn ‘Abd Allah ibn Sina

Sina displayed his Aristotelian sympathies mainly
by refuting alternative theories. For theories on
light and color, this meant that Ibn Sina rejected
the so-called extramission theories advocated by
Ptolemy and Euclid. Ibn Sina gave good argu-
ments why it is absurd to assume that vision
occurs by visual rays emerging from the eye.
Instead, Ibn Sina explained vision in terms of
forms transmitted from the visible object to the
eye (i.e., by intromission). In this respect, he
followed Aristotle just like Ibn Rushd [5]. It
would be Ibn al-Haytham, a contemporary of Ibn
Sina, who would formulate a successful fusion of
the optical theories of Ptolemy, Euclid, Galen, and
Aristotle. It would be an intromission theory.

The Kitab al-Shifa contains a full chapter on
color [6, 7]. In chapter 4 section 3, Ibn Sina was
the first to break with the Aristotelian notion that
all colors can be ordered along a one-dimensional
line, writing:

... the fact that white gradually passes to black by
three paths. The first is via pale [...], at first it
progresses to pale, from there to grey, and continu-
ing in this manner until black is obtained [...].
There is also another path proceeding [from white-
ness] toward red, and from there to red brown,
thereafter to black. The third path is the one going
to green, from there to indigo, thereafter to black-
ness. [4, 7]

Thus, Ibn Sina introduced what in modern
terms would be called a two-dimensional color
order (cf. the illustration above) [8]. It would
become known in Christian Europe as well, for
example, through its inclusion in the Speculum
maius from Vincent de Beauvais (1244) [7]. Ibn
Sina’s texts on color were also widely discussed in
the Islamic world. When more than two centuries
after Ibn Sina’s death a student of the astronomer
al-Tusi formulated questions about Ibn Sina’s
color ordering, al-Tusi further elaborated on this
theory [9].

In his commentary, Ibn Sina also criticized the
Aristotelian ideas on color mixing. For example,
he disagreed with the Aristotelian tradition that
claimed that green is composed of red and purple.
According to Ibn Sina, a composition of red and
purple does not produce green because from
mixing red with purple, a color is produced that
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is brighter than purple but more purple than bright
red. Instead, according to Ibn Sina green is formed
by a mixture of yellow, black, and indigo blue
[10]. Further, Ibn Sina made a clear distinction
between the brightness of a light source (/ux, in
the Latin translation of Ibn Sina’s work) and the
“splendor” shining from an object (lumen) [11].
Finally, Ibn Sina was highly critical about what
was known about the cause of the rainbow. He
wrote that he was “not satisfied with what our
friends the Peripatetics [i.e., Aristotle and his fol-
lowers] have to say about the rainbow.” He con-
tinued by reporting some of his observations that
cannot be explained by that theory, only to con-
clude that he himself also had nothing to add,
except by a suggestion that the cause of these
colors might be inside the eye of the observer [5].
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C. James Bartleson was an American color scien-
tist who made very important contributions to
colorimetry and visual science.

Bartleson graduated as an Associate of Photo-
graphic Science at the School of Photography at
Rochester Institute of Technology (RIT), Roches-
ter NY, USA, in 1951. He received a Ph.D. at the
City University, London, England, in 1977.

After high school, he enlisted in the marines
and served as a frogman using photography. After
his discharge in 1948, he spent a year doing free-
lance aerial photography and then enrolled in the
School of Photography at RIT to obtain his degree
of Associate of Photographic Science in 1951.
There followed a 3-year period working on the
new Ansco Plenachrome system at the Pavelle
Color Corporation in New York City.

In 1952, he moved to Rochester, NY, to start a
career with the Eastman Kodak Company.
His first assignment was in the Color Control
Department under Ralph Evans but his flair for
research was noticed and in 1957 he moved to the
Physics Division where he started his research on
color and tone reproduction which led to the pub-
lication of a series of very significant papers, one
of the most outstanding, in 1967, coauthored with
Ed Breneman, being on the effect of light and dark
surrounds on apparent contrast. His papers
attracted various awards, and he was one of the
first recipients of the C.E.K. Mees Award. He was
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also author, coauthor, or editor of several books,
including the five volume series on “Optical Radi-
ation Measurements.” He was also much sought
after as a lecturer, and his award of the British
Color Group’s Newton Medal was accompanied
by a masterly presentation.

In 1967, his outstanding reputation led him to
be chosen to establish a research facility for the
MacBeth Company, later the MacBeth Color and
Photometry Division of the Kollmorgen Corpora-
tion, in Newburgh, NY.

When his time at Kollmorgen came to an end in
1974, the following year, at the then age of 45,
he enrolled in the School of Ophthalmic Optics
and Visual Science at The City University, Lon-
don, England, and obtained his Ph.D. in 1977.
With typical enthusiasm, he constructed an inge-
nious apparatus for studying the effects of adap-
tation on perception, and the resulting thesis was
of outstanding quality.

He then returned to Rochester, NY, to resume
his career at Kodak, where he soon established a
reputation as a most valuable consultant for other
members of the staff.

He was the President of the AIC (Association
Internationale de la Couleur) from 1978 to 1981,
reviving it from a moribund state, and he took part
in several committees of the CIE (Commission
Internationale de I’Eclairage).

His main interests included optics, vision, pho-
tometry, colorimetry, color perception, color
applications, and color photography. His
leisure interests also included photography and
travel.
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Bayesian Approaches to Color
Category Learning
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Synonyms

Ideal observer models of color category learning;
Rational models of color category learning

Definition

Bayesian approaches to color category learning
formalize learning as a problem of Bayesian infer-
ence, requiring the learner to form generalizations
that go beyond observed examples of members of
a category. This formal framework can be used to
make predictions about both individual judgments
and how populations form color categories.

Color Category Learning

One of the challenges that children face as they
acquire a language is discovering how words are
used to refer to different colors. While human
languages demonstrate variation in how they
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partition the space of colors, there are also clear
regularities in the kinds of systems of color cate-
gories that are used [1]. This raises two important
questions: How might color categories be
learned? And how might regularities in systems
of color categories across languages be
explained?

Learning color categories is an inductive prob-
lem, requiring learners to make an inference from
labeled examples of colors to a full system of
color categories. As in other domains of percep-
tion [2], an “ideal observer” model can be used to
explore the optimal solution to this problem. Let
h denote a hypothesis about a possible system of
color categories and d the observed data — a set of
labeled examples (such as “This color is blue, and
this color is yellow”). If learners represent the
degree of belief in the truth of each hypothesis
with a probability, P(%), then the ideal solution to
the problem of updating these beliefs in light of
the data d is provided by Bayes’ rule:

P(d|)P(h)

PO S e

where P(h|d) (known as the posterior probability,
in contrast to the prior probability P(%)) indicates
the degree of belief assigned to / after observing
d and P(d|h) (known as the likelihood) indicates
the probability of seeing d if & were true.

The sum in the denominator of Bayes’ rule
ranges over all possible hypotheses and ensures
that P(h|d) is a valid probability distribution, sum-
ming to 1. The key idea behind Bayes’ rule can be
obtained by ignoring this constant and simply
inspecting the numerator: The new beliefs of the
learner result from combining the previous
beliefs, captured in the prior distribution P(h),
with the probability of the observed data
under each hypothesis, expressed by the likeli-
hood P(d|h). The prior distribution captures the
expectations of the learner, but also indicates
which hypotheses are easy or hard to learn.
A hypothesis that has low prior probability
requires stronger evidence (in the form of a higher
likelihood) to end up with a high posterior prob-
ability and so will be harder to learn. The prior
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distribution thus provides a way of encoding the
perceptual or learning biases of the learner, favor-
ing some hypotheses over others.

The Bayesian approach to modeling learning has
proven successful in accounting for human behavior
in a wide range of tasks [3]. In particular, Bayesian
models have been used to account for how people
learn new concepts and new words. Tenenbaum and
Griffiths [4] presented an account of how people
form generalizations from examples, such as infer-
ring what other numbers might belong to a set when
told that the set contains 2, 8, and 64. Under this
account, hypotheses correspond to possible sets of
numbers, and the likelihood is obtained by calculat-
ing how likely it is that the examples would be
observed if they were sampled at random from this
set. Xu and Tenenbaum [5] showed that a closely
related model captured how children learned nouns
corresponding to sets of objects, such as determin-
ing the appropriate referent of words corresponding
to “Dalmatian” or “dog.” These results suggest that
a Bayesian approach might also be fruitful for
explaining the acquisition of terms for color
categories.

Dowman [6] presented a model that took
exactly this approach, providing a Bayesian
account of color category learning. In this
model, the space of colors is reduced to a
one-dimensional ring of hues. Each color category
then corresponds to an interval on this ring, pick-
ing out a set of adjacent colors. Labeled examples
of color categories are assumed to be sampled
from the categories at random, with a small prob-
ability of an error taking place. This makes it
possible to calculate the probability of any
observed set of labeled examples for each candi-
date interval from which they might be drawn,
providing the likelihood P(d|%). Bayes’ rule can
then be used to compute a posterior distribution
over possible intervals for each color category.
The probability that a color that has not previously
been labeled belongs to that category is then
obtained by summing the probability of all inter-
vals that contain that color under the posterior
distribution. Dowman demonstrated that this
model made reasonable inferences for simplified
versions of the systems of color categories from
real languages, such as Urdu.
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The predictions that Dowman’s model makes
about learning of color categories have not been
directly tested with human learners, but results in
other domains and with other species provide
support for this approach. As noted above, Xu
and Tenenbaum [5] found that a very similar
model accounted well for the generalizations that
children made in learning novel words describing
sets of objects. In addition, Jones, Osorio, and
Baddelely [7] found that poultry chicks form gen-
eralizations about colors in a conditioning task
that are consistent with a model based on that of
Tenenbaum and Griffiths [4].

The results summarized so far indicate how
Bayesian models might be used to explain learn-
ing of color categories. The same models also
have the potential to provide insight into why
regularities exist in the systems of color categories
that appear across human languages. Dowman [6]
explicitly had this goal in mind in defining his
Bayesian learning model, which was used as a
component in a simulation of the cultural trans-
mission of systems of color categories. Dowman’s
aim was to investigate the consequences of cul-
tural transmission of systems of color categories
among a set of agents that used a realistic approx-
imation to human learning. He found that cultural
transmission by Bayesian agents produced sys-
tems of color categories with properties similar
to those seen across human languages, providing a
potential explanation for the source of those
regularities.

Dowman’s simulation of cultural transmission
was an instance of a more general approach to
exploring the origins of different kinds of struc-
ture in human languages, known as iterated learn-
ing [8]. In an iterated learning model, a set of
agents each learn from some observed data and
generate data that is observed by other agents. The
simplest case is where the agents form a chain,
with each agent learning from data generated by
the previous agent and generating data that is
provided to the next agent. Griffiths and Kalish
[9] showed that when this form of iterated learn-
ing is carried out by Bayesian agents who all have
the same prior, the hypotheses considered by
those agents eventually converge to a distribution
that matches the prior distribution. More

Bayesian Approaches to Color Category Learning

precisely, the probability that an agent selects a
hypothesis / converges to the prior probability of
that hypothesis P(%) as the chain gets longer.

The results of Dowman [6] and Griffiths and
Kalish [9] raise an interesting question: Can the
regularities seen in systems of color categories
across human languages be accounted for by cul-
tural transmission producing convergence on a
shared prior distribution? To explore this ques-
tion, Xu, Dowman, and Griffiths [10] conducted
an experiment in which human participants simu-
lated cultural transmission by iterated learning.
Each participant was given some examples of
colors from novel categories and then asked to
generalize to a larger set of colors. The generali-
zation responses were then used to generate the
examples that were seen by the next participant.
Over time, the systems of color categories pro-
duced by the participants converged to forms that
were consistent with the regularities seen across
human languages. These results support the idea
that cultural transmission and perceptual or learn-
ing biases of the kind that might be captured by a
prior distribution in a Bayesian model may be
sufficient to explain the origins of cross-linguistic
regularities in systems of color categories.

Bayesian approaches to color category learn-
ing can be used to explore questions about how
children might learn how their language partitions
the space of colors and why regularities are seen in
systems of color categories across languages.
However, this research is still in its early stages,
with many important questions remaining open.
One fundamental question is how well Bayesian
models can capture the generalizations that real
human children make when learning color cate-
gories. Another is whether it is possible to char-
acterize the human prior distribution over systems
of color categories precisely and whether the
structure of that distribution can capture cross-
linguistic variation.
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Definition

The Berlin-Kay theory of basic color terms main-
tains that the world’s languages share all or part of
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a common stock of color concepts and that terms
for these concepts evolve in a constrained order.

Basic Color Terms

In 1969 Brent Berlin and Paul Kay advanced a
theory of cross-cultural color concepts centered
on the notion of a basic color term [1]. A basic
color term (BCT) is a color word that is applicable
to a wide class of objects (unlike blonde), is
monolexemic (unlike light blue), and is reliably
used by most native speakers (unlike chartreuse).
The languages of modern industrial societies have
thousands of color words, but only a very slender
stock of basic color terms. English has 11: red,
vellow, green, blue, black, white, gray, orange,
brown, pink, and purple. Slavic languages have
12, with separate basic terms for light blue and
dark blue.

In unwritten and tribal languages the number
of BCTs can be substantially smaller, perhaps as
few as two or three, with denotations that span
much larger regions of color space than the BCT
denotations of major modern languages. Further-
more, reconstructions of the earlier vocabularies
of modern languages show that they gain BCTs
over time. These typically begin as terms referring
to a narrow range of objects and properties, many
of them noncolor properties, such as succulence,
and gradually take on a more general and abstract
meaning, with a pure color sense.

The development of English BCTs is typical
[2]. The terms red, black, white, gray, red, green,
yellow, and brown have roots that go back to Old
English and before. All of them except for red had
a variety of non-hue senses, taking on predomi-
nately hue sense during the Middle English
period. Purple and orange were borrowed from
Latin and Arabic with a hue sense from the begin-
ning, and pink emerged sometime in the sixteenth
century.

The Original Berlin-Kay Theory

These considerations invite two questions. Are
there similarities in the ways that different
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languages with the same number of BCTs carve
up color space? Is the order in which languages
acquire BCTs constrained? In their influential
1969 Basic Color Terms [1], Berlin and Kay
answered both questions in the affirmative and
proposed a sequence in which the number of
BCTs in a language predicts what those terms
would be. According to the scheme, a Stage 1
language will contain terms for black and white.
In Stage II, these are joined by a word for red. In
Stages I1I and IV, either a word for green appears,
followed by a word for yellow, or else a word for
yellow appears first, followed by a word for yel-
low. A word for blue arises in Stage V, followed by
a word for brown in Stage VI. Thereafter, in
Stage VII, words for pink, purple, orange, and
gray appear in no particular order.

The World Color Survey and the Revised
Berlin-Kay Theory

The 1969 sequence has been enshrined in many
textbooks, but it has since been significantly mod-
ified and conceptually refined. The authors and
their collaborators improved their methodology
and greatly extended the scope of their samples
with the 1976 World Color Survey (WCS) [3]
published with analysis and interpretation in
2009, along with work by others, notably
MacLaury’s 1997 Color and Cognition in Meso-
america [4]. For the WCS, Protestant missionar-
ies from the Summer Institute of Linguistics
collected data from 25 monolingual speakers of
each of 110 unwritten minor and tribal languages
from 45 different language families. Respondents
were asked to name 320 Munsell color chips of
maximum chroma and 8 value levels in addition
to 10 achromatic chips, presented in random
order. After two such naming sessions, they were
presented with a miniature version of all 330 sam-
ples arrayed in standard order and asked to pick
out focal (best) examples of each of the named
colors. The resulting dataset [5] permitted much
more sophisticated statistical analysis, which
broadly — but not completely — confirmed Berlin
and Kay’s original conclusions. However, in the
years between the appearance of Basic Color
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Terms and the publication of the World Color
Survey, the original sequence was replaced by a
substantially more complex developmental
scheme, as well as a reconceptualization of what
that development consisted in.

The original sequence was understood as a
succession of encodings of basic colors in which
a language would acquire a term for red, and a bit
later yellow or green, then blue and so on. It soon
became clear that this wouldn’t do, since in lan-
guages with fewer BCTs, the reference for each
color term would encompass a correspondingly
larger region of color space — a megacategory — so
the addition of each new BCT should be under-
stood as breaking up a megacategory into smaller
categories. For instance, in a Stage I language
with just two color categories, referring to one
category as “white” and to the other as “black” is
misleading, since the native category names
extend across a broad range of hue samples. The
more accurate gloss would be “warm/light” for
the “white” category and “dark/cool” for the
“black” category. In WCS notation, Stage I is
represented as [W/R/Y, Bk/G/Bu]. In Stage II,
the first megacategory breaks up, yielding
[W, R/Y, Bk/G/Bu], and so on, culminating in
Stage V, consisting of [W, R, Y, G, Bu, Bk].
The remaining BCTs appear in no fixed order.

A well-established basic megacategory in
many North American and Mesoamerican Indian
as well as some African languages is a “grue” term
that covers the region that English speakers would
separate into a blue and a green category. English,
in turn, has its own megacategory. Modern Rus-
sian speakers break up our blue category with two
BCTs: goluboi, light blue, and sinji, dark blue.

Constraints on Color-Category
Formation

A fundamental question now arises. If the devel-
opment of basic color categories is constrained in
various ways, what are the bases of these con-
straints? One striking feature of the sequence is
that as megacategories break up, categories whose
foci lie close to the six elementary Hering colors
get named before categories focused near the
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binary colors such as orange. Furthermore, the
focal choices for each of these categories tend to
cluster around average unique hue choices. Stud-
ies have found the variability of focal choices
among the speakers of a given language to be
substantially greater than the variability of aver-
age focal choices across languages with a compa-
rable number of BCTs. This suggests that the
elementary colors are perceptually salient for all
language users, making them more likely to be
named [6].

Alternative Explanations

An alternative view, first advanced by Jameson
and D’Andrade [7], starts with the observation
that the outer surface of the Munsell solid that
was used in the collection of the WCS data is
lumpy. Regions of high chroma are “mountains”
of greater perceptual prominence than “valleys”
of lower chroma in which the samples are less
readily discriminable from their neighbors. This
salience makes them more readily nameable.
Kay and Regier [8] constructed a CIELAB
representation of the WCS Munsell samples and
used them to define a dispersion metric. This
enabled them to determine individual and group
centroids for every category of each WCS lan-
guage. They found a strong tendency of category
centroids to cluster across languages. Subse-
quently, they used the same CIELAB representa-
tion to formalize and test the ideas of Jameson and
D’Andrade [9]. Defining similarity and dissimi-
larity measures, they derived a measure of the
“well formedness” of a language. By this they
mean the extent to which the language maximizes
the perceptual similarity of colors within a cate-
gory and minimizes it across categories. Rotating
the data for each of the WCS languages around the
lightness axis showed that in most cases the well
formedness of the language was maximized at or
very near 0° of rotation. They concluded that the
irregularities in perceptual color space along with
general principles of category formation could
account for the organization of the WCS lan-
guages. Well formedness is not overly sensitive
to the placement of category boundaries,
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according to this account, and permits adjustment
by linguistic convention.

Other explanations for the Berlin-Kay struc-
ture take different approaches. Vantage Theory,
offered by Robert MacLaury, is psychological,
giving a role to individual perceptual-cognitive
differences. By contrast, a theory advanced by
Sergej Yendrikhovskij [10] maintains that the
structure of color-category systems originates in
the statistics of the natural environment. He devel-
oped a clustering model that predicted the loca-
tion, number and order of color categories and
tested the model with a database of 630 natural
images. The clustering was consistent with the
11 basic color categories of Berlin and Kay.
These theories of universal constraints are not
necessarily incompatible, since they focus on dif-
ferent aspects of color categorization.

Further Questions

Many questions concerning the evolution and
structure of color categories remain to be answered.
Why do red terms seem to be the first hue words to
appear in color lexicons? Why do grue categories
persist for so long in color-category evolution?
How are we to understand the appearance of cate-
gories in languages from lands as far apart as New
Guinea and North America that lump yellow with
green instead of with red?

It is very likely that social factors such as trade
and conquest drive the evolution of color vocab-
ularies. It seems clear that culture plays a signifi-
cant role in both the origins and the boundaries of
color categories. Exactly what is that role? Can
culture override perceptually based constraints? It
appears that a proper understanding of even the
denotations — let alone the connotations — of a
language’s color terms requires a proper grasp of
the relative contributions of biological, cultural,
and environmental factors [11].

Cross-References

Ancient Color Categories
Color Categorical Perception
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Fred Wallace Billmeyer, Jr., was an American
chemist who contributed through industrial
research and academia to the developing fields
of polymer chemistry and color science during
the second half of the twentieth century.

Billmeyer was born on August 24, 1919, in
Chattanooga, Tennessee. In 1941, he received a
B.S. in chemistry from the California Institute of
Technology. Then, he received a Ph. D. in physi-
cal chemistry from Cornell University in 1945
after studying the measurement of molecular
weights by light scattering under Nobel Laureate
Peter Debye.

His professional career can be divided into two
major parts, focusing first on industry and then on
education. Upon graduation from Cornell, he
joined the Plastics Department of E. 1. du Pont
de Nemours and Company, Wilmington, Dela-
ware, where he remained for 20 years. There he
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worked on various aspects of polymers. Instinc-
tively an educator, he published Textbook of Poly-
mer Chemistry (1957) and Textbook of Polymer
Science (1962), which went through three editions
and was also published in Japanese. These books
helped to create the academic discipline of poly-
mer science. He served as a visiting professor in
chemical engineering at Massachusetts Institute
of Technology for the 1960—1961 academic year.
Billmeyer increasingly became involved with the
growing field of color science. At the University
of Delaware, he supervised his first graduate color
science student, Joseph Atkins, whose 1964 Ph.-
D. thesis was on the Absorption and Scattering of
Light in Turbid Media.

In 1964, he retired from DuPont to join acade-
mia full time as a professor of analytical chemistry
at Rensselaer Polytechnic Institute (RPI), Troy,
New York. At RPI, he taught and directed
research in both polymer and color science and
directed the Rensselaer Color Measurement Lab-
oratory until he became professor emeritus in
1984. During his time at RPI, he not only taught
and mentored undergraduate and graduate stu-
dents but also, with Max Saltzman, initiated sum-
mer courses about color science for people from
industry. His influence on the field of color sci-
ence was extended throughout the United States
by over 1000 people from diverse fields attending
these summer programs.

Deepening his commitment to education, he
undertook two other major projects while at
RPL In 1966, Professor Billmeyer continued his
collaboration with Max Saltzman, publishing
Principles of Color Technology. Their two edi-
tions of this textbook became widely acclaimed
throughout the industrial world as the primary
introduction to color science. A third edition enti-
tled Billmeyer and Saltzman's Principles of Color
Technology (published in 2000) by Roy Berns is
still widely used. Also with Richard Kelly in
1975, he published Entering Industry: A Guide
for Young Professionals.

The second project was the creation of an aca-
demic journal for color science. After supporting
two unsuccessful attempts at journals of color engi-
neering and science, in 1976, he initiated the jour-
nal Color Research and Application. Billmeyer
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was the founding editor and served in that position
until 1986. His approach of involving national
color organizations, beginning with the Canadian
Society for Color, the US Inter-Society Color
Council, and the Colour Group (Great Britain)
and later others throughout the world, has contrib-
uted to the success of this English-language journal
published by John Wiley & Sons now in its 40th
year of continuous publication.

Many of Billmeyer’s scientific contributions
throughout the years fall into the category of light
scattering and the application of turbid medium
theory to the formulation and shading of colored
materials. Beginning with the basic theory of Beer’s
law, he programmed a digital computer to calculate
the concentrations required to produce a given trans-
parent color by mixing soluble dyes [1]. Next with
Beasley and Atkins, he expanded two-flux
Kubelka-Munk theory to a four-flux turbid medium
theory [2], which became known as the BAB theory
for colorant formulation. From there, he continued
the development of the BAB to apply particularly to
paint systems [3] and expanded that further to coat-
ings with goniometric characteristics [4, 5]. He fur-
ther developed practices for determining the optical
properties needed for use in the turbid medium
theory and multi-flux theory [6-9].

Billmeyer was a versatile and prolific commu-
nicator; his contributions were not limited to turbid
medium theory. Two other areas that should be
mentioned here are the characterization of fluores-
cent materials [10, 11] and use of color difference
equations in manufacturing [12]. His involvement
within the many professional organizations and
collaboration with other scientists throughout the
world influenced most areas of color science. In
particular, his more than 350 published articles
discussed polymer characterization and diverse
aspects of color. His 13 books presented in clear,
concise language the scientific principles necessary
for the industrial use of polymers and color to
enhance our lives.

Major Books

Billmeyer, F. W.: Textbook of Polymer Chemistry.
Interscience, New York (1957) (in Russian 1958).
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Billmeyer, F. W.: Textbook of Polymer Sci-
ence, 3 edn. Wiley, New York (1962, 1971,
1884) (in Japanese 1969 & 1989; in
Malaysian 1989).

Billmeyer, F. W., Saltzman, M.: Principles of
Color Technology, 2 edn. Wiley, New York (1966,
1981) (in German Grundlagen der
Farbtechnologie. Goettingen: Zeurich: Muster-
Schmidt Verlag, 1993).

Billmeyer, F. W.: Synthetic Polymers. Double
Day, Garden City (1972).

Collins, E. A., Bares, J., Billmeyer, F. W.:
Experiments in Polymer Science. Wiley-
Interscience, New York (1973).

Billmeyer, F. W., Kelley, R. N.: Entering
Industry: A Guide for Young Professionals.
Wiley, New York (1975).
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Binocular Color Matching

David R. Simmons
School of Psychology, University of Glasgow,
Glasgow, Scotland, UK

Synonyms

Binocular color perception; Binocular color
vision

Definition

In the context of this article, “binocular color
matching” refers to color vision with two eyes,
focusing on the differences between when two
eyes are used to view colors (i.e., binocular or
dichoptic color) and when only one is used (i.e.,
monocular color), as well as phenomena (largely)
unique to binocular vision such as fusion, rivalry,
and stereopsis.

Introduction

Most of us have two functioning eyes, and yet we
still somehow see the visual world as a single
entity, most of the time unaware that our brains
are receiving and processing two separate and
largely independent sets of visual signals from
the outside world. In the context of color vision,
this raises some interesting questions:
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1. Binocular color fusion: How similar do the
chromatic properties of visual signals in each
eye have to be in order to be perceived as one?

2. Binocular color rivalry: How different do the
chromatic properties of visual signals in each
eye have to be in order to evoke binocular
rivalry, which is an alternation in visibility of
the visual information going to each eye?

3. Color and stereopsis: Stereopsis is the percep-
tion of depth that is obtained by analyzing the
differences between the images going to each
eye. To what extent is this perception of depth
affected by the chromatic properties of visual
information?

4. Binocular color summation: The processing of
visual signals is affected by whether or not a
scene is viewed with one or two eyes: to what
extent do the chromatic properties of visual
signals influence this?

5. Binocular color appearance: Do colors look
different when viewed with one eye or two?

Note that the field of binocular vision and stere-
opsis has been thoroughly reviewed by Prof.
Brian Rogers of the University of Oxford, UK,
and Prof. Ian Howard, late of York University,
Canada [11], and for all but the most recent stud-
ies, the interested reader should refer to them for
further information.

Binocular Color Fusion

The problem of binocular fusion, how the world is
seen as one despite having two eyes, has fasci-
nated philosophers and scientists for centuries
(see [11] for a historical overview). It makes
sense that color might have a role to play in this
phenomenon. One might expect a feature in the
visual world when viewed with one eye to have
the same spectral reflectance properties and there-
fore presumably appear to be the same color,
when viewed with the other eye. Consequently,
interocular color similarity would presumably
make a good visual cue for fusion. Curiously,
however, most of the research effort has gone
into investigating what happens when the colors
presented to the two eyes are different. In
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Binocular Color Matching, Fig. 1 Schematic diagram
illustrating alternative percepts generated by dichoptic
color mixing or binocular rivalry

particular, there is the controversial issue of
dichoptic color mixture: when two lights with
different chromatic contents are presented sepa-
rately to each eye, do the lights combine in a
similar way to when they are presented
superimposed to the same eye or does binocular
rivalry (an alternation in perception between the
stimuli presented to each eye) result (see Fig. 1)?
The first investigation of this phenomenon
appears to have been in the early eighteenth cen-
tury using differently colored silks viewed
through an aperture [7]. Later, in the nineteenth
century, the existence or not of dichoptic color
mixture was a further source of controversy
between Helmholtz and Hering, given the differ-
ent predictions of the Young-Helmholtz and
Hering theories of color vision. Arguably the
most controversial aspect is whether or not “bin-
ocular yellow” can be obtained when red light is
presented to one eye and green to the other. Recent
studies have clarified that true dichoptic color
mixture does appear to take place, so long as
certain conditions are met. These are that the
mixture is more stable with small and textured
patches of light rather than large and homoge-
neous, with flickering rather than steady stimuli,
and with patches of low luminance and saturation
which are close in luminance and chromaticity
rather than high luminance and saturation with
different luminances and chromaticity ([11]; see
also [10]). Some of these rules are nicely illus-
trated in a study by de Weert and Wade [5] (see
Fig. 2). In a more recent study, the bold claim is
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Binocular Color Matching, Fig. 2 Dichoptic color
mixing: fusion of the upper two disks gives unstable bin-
ocular rivalry; fusion of the lower two textured disks pro-
duces stable dichoptic color mixing. This illustrates the
role of texture in promoting dichoptic color mixing
(Taken from de Weert and Wade [5], Reprinted from Vision
Research, 28, Charles M.M. de Weert, Nicholas J. Wade,

Compound binocular rivalry, 1031-1040, Copyright
(1988), with permission from Elsevier)

made that “two eyes are worse than one,” based on
data suggesting that monocularly visible features
of different colors effectively disappear when
dichoptically combined [1]. In an earlier study
by Simmons [32], however, although detection
thresholds for briefly presented isoluminant
red-green gratings in antiphase between the eyes
were higher than those for monocular presenta-
tion, they were not so high that the signals from
each eye were effectively canceling each other
out, as suggested by Anstis and Rogers [1]. Poten-
tially, technical issues to do with the accurate
registration of stimuli in each eye and the presence
of barely detectable luminance artifacts compli-
cate the interpretation of these experiments.

A different approach was taken by Malkoc and
Kingdom [21], who, following on from an earlier
study by Yoonessi and Kingdom [42], measured
dichoptic color difference thresholds (DCDI5),
which are the thresholds for detecting a color
difference between the two eyes, coinciding with
the detection of a peculiar phenomenon called
binocular luster. They found that these thresholds

were higher than those for detecting color differ-
ences between two stimuli when they were
presented side by side, although lower than those
required to provoke binocular rivalry (see below).
Malkoc and Kingdom [21] also found that these
thresholds were best predicted by the perceived
color difference between the two stimuli, rather
than any considerations based on cardinal or
unique hue mechanisms. Kingdom and Libenson
[14] specifically investigated the processing of
interocular differences in saturation (or color con-
trast). They found that the appearance of the mix-
ture obtained crucially depended on the relative
amounts of luminance and chromatic contrast.
With purely chromatic differences between the
two eyes (i.e., lights with the same hue but differ-
ent saturations), the more saturated/higher con-
trast stimulus dominated the percept, but the
presence of a luminance pedestal forced the colors
to blend and therefore reduced the saturation of
the resultant. Kingdom and Libenson [14] argue
from these results that the appearance of a
dichoptic color mixture depends on whether or
not the brain interprets the information from the
two eyes as coming from the same object or not, a
phenomenon which they term the “object com-
monality hypothesis.”

Binocular Color Rivalry

As rivalry is, to a certain extent, the obverse of
fusion, most of the issues pertinent to this theme
have already been discussed above. It is certainly
true that the presentation of saturated red stimuli
to one eye and saturated green to the other is
often almost paradigmatic in studies where the
aim is to evoke binocular rivalry (see, e.g., [2];
also, again, [5]). O’Shea and Williams [23] dem-
onstrated that S-cone-isolating stimuli could
induce binocular rivalry, suggesting that rivalry
was not solely confined to luminance or red-green
chromatic pathways. A detailed study of the
wavelength sensitivity of binocular rivalry was
performed by Sagawa [28]. Note that rivalry does
not occur for briefly presented stimuli. In these
situations the dichoptic stimuli tend to superim-
pose, although are still distinguishable from
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monocularly superimposed stimuli [11]. There is
some evidence that the chromatic system is more
affected by binocular rivalry suppression than the
achromatic system [11, 24]. Mullen et al. [22]
found that the visibility of chromatic grating stim-
uli presented to one eye was affected by the pres-
ence of luminance stimuli in the other, suggesting
that, when stimuli differ between the two eyes, the
suppression of one eye by the other is independent
of whether the stimulus contains color or lumi-
nance contrast (which is not the case for monocular
vision, or when the stimulus is the same in both
eyes, when the suppression of one stimulus by
another, masking, stimulus is more selective).

Color and Stereopsis

There are two issues which have dominated
research on color and stereopsis. The first is
whether or not there is actually a functioning
chromatic stereopsis mechanism. The second is
whether or not chromatic information helps to
solve the stereo correspondence problem. In both
cases the arguments have been similar to those in
color motion perception. Historically, a good way
of' testing whether or not a purely chromatic mech-
anism exists has been to test performance at
isoluminance, when the visual patterns in ques-
tion are theoretically defined solely by chromatic
contrast, without any luminance contrast being
present. The earliest study of stereopsis at
isoluminance suggested that stereoscopic depth
perception was very weak and possibly nonexis-
tent at red-green isoluminance [20]. Subsequent
studies provided conflicting results, depending on
the precise stimulus characteristics [11]. Around
the early 1990s, the extreme views on this issue
were represented by two studies: Livingstone and
Hubel [19] and Scharff and Geisler [29]. Living-
stone and Hubel [19] claimed that all previous
demonstrations of intact stereoscopic depth per-
ception were artifactual, and down to the technical
difficulties associated with removing all lumi-
nance information from the stimulus. Their view
that stereopsis was essentially “color blind” was
consistent with their theories on the parallel
processing  of  visual information by
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magnocellular- and parvocellular-mediated visual
pathways, with stereopsis mediated by the “color-
blind” magnocellular stream. Scharff and Geisler
[29], on the other hand, claimed that their careful
calibration of the stimulus, accounting for all
potential luminance artifacts, not only demon-
strated that stereopsis was possible at
isoluminance but that it was as good as it could
be, given the limits on obtainable color contrast
due to the overlap in spectral sensitivities of long-
and medium-wavelength-sensitive cones. In a
series of studies published between 1994 and
2002, Simmons and Kingdom updated this view
of the status of stereopsis at isoluminance to dem-
onstrate that there exists a rudimentary chromatic
stereopsis mechanism which is less contrast sen-
sitive and has a more limited disparity range,
poorer stereoacuity, and poorer ability to encode
a stereoscopically defined shape than its lumi-
nance counterpart ([15, 17, 33-35]; reviewed in
[16]). While this view was challenged in a study
by Krauskopfand Forte [43], who argued, similarly
to Livingstone and Hubel [19], for a complete dis-
appearance of stereopsis at isoluminance, their data
could be partially explained by the presence of high
spatial frequency luminance artifacts in their stim-
uli. Having said that, it is very difficult to control for
these artifacts, especially given the high contrast
sensitivity of luminance-based stereopsis [31,
37]. While most of the above studies were carried
out at red-green isoluminance, Grinberg and Wil-
liams [9] demonstrated that stereopsis is also possi-
ble at “blue-yellow” isoluminance.

Can chromatic information help to solve the
stereo correspondence problem? The correspon-
dence problem in stereopsis refers to the ability of
the human brain to work out which feature in one
eye’s view matches with which feature in the other
eye’s view (see Fig. 3). As stated above, it makes
sense that chromatic information could help in
solving this problem, and, sure enough, a number
of studies have demonstrated that this is indeed
the case (e.g., [6, 12, 18]). Simmons and Kingdom
[36] argued that these results might be explicable
in terms of the interactions between different inde-
pendent stereopsis mechanisms, some of which
are sensitive to chromatic contrast (see also
[38]). Wardle and Gillam [41] have argued that
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Binocular Color Matching, Fig. 3 Schematic illustra-
tion of the potential role of color in the stereo correspon-
dence problem. If the images illustrated are presented to the
left and right eyes, respectively, if color promotes stereo
correspondence, then a green bar will appear in front and a

color information is also important in the so-called
da Vinci stereopsis, which is the perception of
depth obtained, under certain viewing conditions,
from visual regions only visible to one eye.
There are some complicated dependences of
stereoscopic sensitivity on stimulus dynamics at
isoluminance which were investigated by Tyler
and Cavanagh [39]. Note that the phenomenon
of chromostereopsis, most often experienced as a
saturated red target appearing in front of a satu-
rated blue one (when viewed with two eyes)
despite the stimuli being physically in the same
depth plane, is thought to be largely due to chro-
matic aberrations in the eye inducing a relative
difference (i.e., disparity) in the retinal locations
of the red and blue objects in each eye [11, 25].
Figure 4, especially if presented on a data projec-
tor and viewed in a dark room, normally induces a
strong sensation of this illusory depth percept.

Binocular Color Summation

To what extent does viewing a chromatic stimulus
with two eyes affect its visibility or the perfor-
mance obtained with it? The scientific literature
presents a somewhat confusing picture, with
Anstis and Rogers [1] claiming that “two eyes

Binocular Color Matching

Depth
increasing

Depth

red bar behind the fixation plane (upper right). If color has
no role, then four bars will be seen in the frontoparallel
plane (lower right). The bars colored yellow might also
appear rivalrous, depending on the precise stimulus
conditions

Binocular Color Matching, Fig. 4 Stimulus for
chromostereopsis. If viewed on the full screen (especially
if presented on a data projector), most people will see the
red “CHROMO” look slightly in front of the blue
“STEREOPSIS”

are worse than one,” Tyler and Cavanagh [39]
claiming that “two eyes” are “as sensitive as
one,” and Simmons [32] finding evidence for
binocular contrast summation close to “full sum-
mation,” when contrast is effectively linearly
added between the eyes, and so a binocular stim-
ulus is twice as detectable as when presented to
both eyes rather than one (this would be “two eyes
are twice as good as one™!). The conditions under
which dichoptic color mixing is obtained have
already been outlined above. It therefore suffices
to say that the extent of binocular summation for a
given chromatic stimulus will depend on the task
and the precise chromatic and spatiotemporal
parameters of the stimulus.
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Left Binocular Right
Monocular AND Monocular
Binocular Color Matching, Fig. 5 Model from

Shimono et al. [30] which illustrates the inhibitory action
of their proposed “purely chromatic” binocular mechanism
on monocular mechanisms (Taken from Shimono
et al. [30], Reprinted from Vision Research, 49, Shimono,
K., Shioiri, S., Yaguchi, H., Psychophysical evidence for a
purely binocular color system, 202-210, Copyright (2009),
with permission from Elsevier)

Binocular Color Appearance

Those of us who have typical binocular vision will
have aregion of binocular overlap in the middle of
the visual field flanked on either side by regions
that are only visible in one or the other eye. How-
ever, we are usually not aware that colors change
in the center versus the periphery of our visual
field, although changes are detectable under con-
trolled laboratory conditions [3, 26]. A whole
range of dichoptic mechanisms have been pro-
posed to account for these apparent compensa-
tions between the two eyes. Shimono et al. [30]
suggested a model which takes into account pre-
vious results on interocular transfer of chromatic
adaptation and chromatic induction effects (e.g.,
[4, 8, 40]) by proposing a “purely binocular”
chromatic mechanism, which responds only to
simultaneous binocular presentation of similar
colors to each eye but which also inhibits the
responses of “purely monocular” color mecha-
nisms (see Fig. 5). This model would also seem
to be reasonable in the light of physiological data
collected from monkey visual cortex

Binocular Color Matching, Fig. 6 Binocular color
induction in monocular patches. Sets of multicolored ste-
reograms are shown for three different color combinations.
(a) The white, monocular patches gradually fill with dis-
tinct pastel colors during binocular viewing of the stereo-
grams. The buildup of the effect typically takes a few
seconds. Dependent on the viewer, the full development
of the colors may even take minutes. The color effects are
most compelling when the stereograms are viewed printed
out and in bright light (see original publication). When one
eye is closed, the illusion gradually becomes weaker and
disappears. This buildup and decay of the illusion after
opening or closing one eye indicates that the color appear-
ances are induced by a binocular mechanism. (b) During
binocular viewing, the white, binocular patches do not
change color. During monocular viewing after a period of
binocular viewing, however, induced colors are apparent in
the patches (Taken from Erkelens and Van Ee [8],
Reprinted from Vision Research, 42, Erkelens, C.J., Van
Ee, R., Multi-coloured stereograms unveil two binocular
colour mechanisms in human vision, 11031112, Copy-
right (2002), with permission from Elsevier)

[27]. However, more recent results, such as those
of Kingdom and Libenson [14] and Mullen
et al. [22] (discussed above), complicate this sim-
ple picture.
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Another aspect of binocular color appearance
that has recently received attention is how
presenting different colors to the two eyes can be
an easy way to simulate surface glossiness in
stereoscopic visual displays, without the need to
create a detailed reflectance model [13].

Conclusion

The field of binocular color vision has proven
surprisingly controversial over the years, with
the existence of true dichoptic color mixing, the
contribution of color to stereopsis, and the pres-
ence or not of a purely binocular color mechanism
being key battlegrounds. The current consensus of
the field appears to be that dichoptic color mixing
can happen, that chromatic mechanisms contrib-
ute to stereopsis, and that there is a purely binoc-
ular color mechanism, but demonstrating these
things requires careful stimulus control and exper-
imental technique. Added to this there are some
curious phenomena such as being able to make
stimuli which are easily detectable when viewed
monocularly disappear when viewed binocularly
[1] and the interocular transfer of chromatic
induction [8] (Fig. 6). It seems that we still have
some more work to do before we can say that we
fully understand the complex interactions
between binocular color mechanisms.
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Blackbody (specific terms) — Black body, Full
radiator, Planckian radiator, Natural object
Blackbody (alt. terms) — Ideal black surface,
Ideal emitter, Ideal thermal radiator
Blackbody radiation — Black-body radiation,
Cavity radiation
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Blackbody locus — Planckian locus

Definition

A blackbody is an ideal thermal radiator that
absorbs completely all incident radiation whatever
the wavelength, the direction of incidence, or the
polarization [1]. This radiator has, for any wave-
length and any direction, the maximum spectral
concentration of radiance for a thermal radiator in
thermal equilibrium at a given temperature.

Blackbody radiation is radiant energy emitted
by an ideal black surface (blackbody) whose spec-
tral power distribution is only governed by its own
temperature.

Blackbody color is the temperature of a true
blackbody emitter which to the human eye is a
close match to the color of an incandescent object,
which is not a blackbody.

Blackbody locus is the locus of points in a
chromaticity diagram that represents chromatic-
ities of the radiation of Planckian radiators at
different temperatures.

Description

All bodies at nonzero temperature absorb and emit
radiation. If a body is at thermal equilibrium, it is
because the amount of radiation that is emitted per
second is equal to the amount absorbed.
A blackbody (or ideal Planckian or black radiator)
is a body that can completely absorb radiation at
any wavelength and completely emit radiation at
any wavelength so that it emits more radiant
power at each wavelength than any other object
at the same temperature. A blackbody is not only
an ideal emitter but also a diffuse emitter, which
means that the emitted radiation is isotropic or
independent of direction [2]. It gets its name
because of the fact that, at room temperature, it
appears visibly black.

In the late nineteenth century, Kirchhoff [3]
and other experimental physicists found that an
ideal blackbody, in thermodynamic equilibrium,
emitted radiant energy whose spectrum was con-
tinuous and a function only of its wavelength and

Blackbody and Blackbody Radiation

temperature, independent of the nature of the
blackbody. However, this behavior could not be
explained using thermodynamics or classical sta-
tistical mechanics. It was not until Einstein intro-
duced the idea that light could be quantized that
Planck formulated his blackbody radiation law
based upon this principle [4]. This is generally
known as Plancks law and gives the amount of
power emitted by a blackbody in equilibrium at a
temperature T according to:

\ C1 1
Me(/L, T) = F <—e(2//‘.T _ 1)

where My (Z,T) is the spectral radiant exitance
(power per unit area per unit wavelength interval),
A is the wavelength in meters, and 7'is the absolute
temperature in kelvins. The constants ¢; and ¢, are
known as Planck’s radiation constants and have the
values: ¢; = 2nhc® = 3.7415 x 1071 W m?;
¢ = holk = 14388 x 107> m K, where A is
Planck’s constant, ¢ is the speed of light in vacuum,
and k is Boltzmann’s constant.

The spectral power distributions of some
blackbody radiators at different temperatures are
shown in Fig. 1. It can be seen that the peak of the
blackbody radiation curve shifts to shorter wave-
length and higher energy with increasing temper-
ature. At room temperature (300 K), the peak of
the curve is at about 10 mm, and the emission is
largely thermal in the infrared region. As
discussed above, this room-temperature black-
body that has essentially no emission in the visible
region appears black. However, as the tempera-
ture of the blackbody source rises through the
range shown, it increasingly emits in the visible
region, and its color changes continuously from
black to red through orange and yellow to white
and finally a bluish white.

The color coordinates of these blackbody
sources at different temperatures can be plotted
on a chromaticity diagram. This is shown in
Fig. 2, which shows that as the temperature of
the blackbody radiator increases, its CIE chroma-
ticity coordinates (xy) move along a curved line in
the CIE 1931 chromaticity diagram. This curve is
known as the blackbody or Planckian locus. For
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Blackbody and Blackbody Radiation, Fig. 1 Blackbody spectral exitance curves for several temperatures

Blackbody

and Blackbody
Radiation, Fig. 2 CIE
1931 chromaticity diagram
showing the locus of
blackbody radiators
calculated for Planckian
temperatures from 1500 K
to infinity; the Planckian
temperature that provides
the smallest chromaticity
difference between an
artificial source and this
blackbody locus is its
correlated color
temperature, T,
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white light sources for general lighting applica-
tions, they are designed so that their CIE chroma-
ticities (u'v") are located near this Planckian locus,
when plotted on a Uniform Color Scale (UCS)
diagram (u'v’).

For colorimetric applications, the International
Commission on [llumination (CIE) has defined a
standard illuminant A, which is representative of
illumination under incandescent lighting [5] and
whose values of relative spectral power distribu-
tion are that of a Planckian radiator at a tempera-
ture of approximately 2856 K. It is important to
note that while the original CIE standard illumi-
nant A was defined in 1931 in terms of a relative
spectral power distribution of a Planckian radiator
at a temperature of 2848 K, the Planckian radia-
tion constants, c¢; and c,, have changed several
times since then (in 1948, 1968, and 1990) with
changes in the International Temperature Scale
(ITS), causing a corresponding change in the
associated temperature. For this reason, the CIE
Standard which currently defines CIE standard
illuminant A is no longer a function of tempera-
ture [5]. However, for an artificial source that is
representative of CIE standard illuminant A, the
concept of correlated color temperature is
used, which is the temperature of the Planckian
radiator having a chromaticity along the
Planckian locus nearest the chromaticity
calculated for the spectral distribution of the test
source. There are also many artificial white light
sources whose spectral power distribution is
very different from a blackbody source, such as
fluorescent lamps and sources based on light-
emitting diodes. However, the concept of corre-
lated color temperature is still used to describe the
colorimetric properties of these types of white
light sources.

For astronomical applications, the electromag-
netic radiation from stars and planets is sometimes
characterized in terms of an effective temperature,
the temperature of a blackbody that would emit
the same total flux of electromagnetic energy.
However, stars are observed at a depth inside the
atmosphere (the photosphere), so it is more typical
to describe a star’s visual surface by its photo-
spheric temperature (see entry on » Apparent
Magnitude, Astronomy).

Blackbody and Blackbody Radiation

There are several other important properties of
blackbody sources that are given by the following
three laws [6]:

Stefan-Boltzmann Law: This law states that
the total radiant exitance, M of a blackbody, deter-
mined by integrating the spectral radiant
exitance curve, M.()), for all wavelengths, /, is
proportional to the fourth power of its absolute
temperature:

M = oT*

where ¢ is Stefan’s constant (=0.56686 x
10-7 Wm?*K~*). No surface at thermal equilib-
rium can emit more than this amount of energy.

Kirchhoff’s Law of Thermal Radiation: This
law states that, at each wavelength, the emissivity
of the blackbody, &(4), at thermal equilibrium is
equal to its absorptivity, o(4):

Wien s Displacement Law: This law states that the
curves of the spectral power distribution of the
blackbody radiation are peaked at a wavelength,
Jipeaks given by:

2898
;”peak = 7

T
This can be simply shown by differentiating the
Planckian spectral power distribution with respect
to wavelength and solving the derivative when it
equals zero.

Examples

Since the last century, blackbody radiation has
been of great interest for use as a primary
(calculable) source because the properties are uni-
versal and independent of the particular material
substance. A good laboratory implementation of a
blackbody is a small hole in the wall of an other-
wise opaque cavity [7]. The light that enters the
cavity through the hole will undergo so many
reflections before it can escape from the hole that
the light will be effectively absorbed and the hole
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will appear black. Until 1979, a blackbody like
this, heated to the temperature of melting plati-
num, was the basis of the definition and realiza-
tion of the SI base unit for photometry, the
candela [8].

The earliest types of artificial light were based
on heating an object until it was red hot or hotter
and was able to emit visible light. These types
of artificial light sources are referred to as incan-
descent. Examples of incandescent objects are
fire, candles, carbon arcs, and tungsten-filament
lamps. They emit radiation with approximately
the same spectral power distribution as a black-
body but with an intensity reduced by a factor
called the emissivity, ¢. If the emissivity does not
vary with wavelength, the source is called a
gray body or nonselective radiator. An incandes-
cent tungsten-filament lamp is close to being a
gray body with an emissivity of approximately
0.40 [7]. The temperature of a blackbody that is
closest in color to this gray body source is often
used as an index of its color. This is referred to as
temperature, T.. An
alternative index is the distribution temperature,
which is the temperature of a blackbody
whose relative spectral power distribution is
closest to that of the source in question. However,
all three terms should be used with caution as
they do not give a full picture of the actual
spectral  distribution [9]. Typical tungsten-
filament lamps have correlated color temperatures
and distribution temperatures in the range
2500-3000 K.

However, these incandescent lamps emit not
only visible light but a significant amount of
infrared radiation which makes them inefficient
as light sources compared with more modern
lighting technologies, such as solid-state lighting
which can be designed to emit optical radiation
only in the visible range.

There are many examples of everyday mate-
rials that behave like blackbodies but emit signif-
icant thermal radiation. The human body is one
example of a blackbody radiator which emits at
roughly 300 K. Another obvious example is the
Sun, whose surface is roughly 6000 K. The Earth
is also considered to be a blackbody radiator, but it
is less than ideal.

the correlated color
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Blind Spot

Jonathan Aboshiha
The UCL Institute of Ophthalmology and
Moorfields Eye Hospital, London, UK

Synonyms

Physiologic scotoma; Punctum cecum

Definition

The blind spot is the name given to the
scotomatous area of each eye’s visual field that
lacks visual input, due to the photoreceptor-free
region of the retina where the optic nerve exits
the eye.

Overview

The phenomenon of the blind spot was first
described in 1668 by the French Roman Catholic
priest and scientist Edme Mariotte, who used
small circles of white paper to locate the region
of visual space in which they disappeared
[1]. Prior to this discovery, the role of the optic
disc was not clear, and scientists such as Leonardo
da Vinci (1452-1519) had thought that the visual
image actually fell only on the head of the optic
nerve itself [2]. The vertically oval area of the
blind spot subtends about 5 x 7° of visual angle
and corresponds to the projection in visual space
of'the optic nerve head, which has average vertical
and horizontal disc diameters of 1.88 and
1.77 mm, respectively [3]. The physiological
blind spot is centered about 15° temporally from
the point of fixation, due to the nasal anatomical
location of the optic nerve head in relation to the
fovea. One is normally not aware of the area of the
visual field which corresponds to the blind spot in
binocular vision, due to the fellow eye’s retinal and
cortical representation of the corresponding area of
the visual field. Even in monocular vision, this
region is perceptually filled in at a cortical level

Blind Spot

using the brightness, color, and texture detected in
the visual field adjacent to the blind spot [4]. This
filling in of the scotomatous area of visual field
caused by the optic nerve head has also been
shown to be an active process involving spatial
integration, wherein the pattern and color of not
just the area immediately adjacent to the scotoma
but also from the more remote surround are used to
perceptually fill in the scotomatous region [5].
The size of the blind spot strongly correlates
with the area of the optic disc, as well as other
features such as the region around the nerve head
where the retina has wasted away (i.e.
parapapillary chorioretinal atrophy) [6] and the
surface topography of the disc, with the more
prominent nasal part of the disc appearing less
“blind” than the shallow temporal part, probably
due to a higher degree of light scattering by the
more prominent nasal disc region [7]. In certain
pathological conditions, most of which affect the
optic nerve head, such as inflammation (i.e. optic
neuritis) or optic disc swelling due to raised intra-
cranial pressure, the area of the blind spot can
become enlarged, and this can be detected clini-
cally using automated visual field tests or, in more
gross abnormalities, confrontational estimation of
the blind spot size using a small target such as red
hat pin in direct comparison with a normal
observer’s blind spot. Such pathological condi-
tions of the optic nerve are often associated with
defects in color vision, most classically that of red
desaturation. These defects may be further evident
on testing using pseudoisochromatic plates, typi-
cally demonstrating more severe red-green defi-
cits with milder blue-yellow losses [8]. Only the
vertebrate eye has a physiological blind spot, on
account of light having to pass through the ante-
rior retinal nerve fiber layer (which forms the optic
nerve head as it exits the eye) in order to reach the
photoreceptor layer beneath; cephalopods, such as
the squid and octopus, have retinaec wherein the
nerve fiber layer lies behind the photoreceptor
layer, and so have no physiological blind spot [9].
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Carbon Arc Lamp
Wout van Bommel
Nuenen, The Netherlands
Synonyms

Arc lamps

Definition

Lamps consisting of two rods of carbon in open
air or in a glass enclosure. The ends of the rods
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touch each other and are connected to a current
source. By subsequently separating the rods, a
discharge arc is produced that brings the ends of
the rods to bright incandescence.

Carbon Arc Electric Lamps

In contrast to what many people think, it is not the
incandescent lamp, but the carbon arc lamp that
was the first electric light source used. Already in
1810 Humphry Davy demonstrated in the Royal
Institution in London a bright arc between two
pieces of charcoal connected to 2,000 voltaic
cells [1-3]. Electric carbon arc lighting really
took off after the introduction of steam-driven
generators around 1850, some 30 years before
the introduction of the incandescent lamp. The
earliest practical application of electric light was
an arc lamp used to simulate the sun in the opera
of Paris in 1849 [1]. Arc lamps with their concen-
trated light of high intensity were, in their infancy,
especially used for beacon and search lights. From
1870 onwards arc lamps became popular for the
lighting of streets, factory halls, railway stations,
and big department stores. Huge structures, some-
times called moonlight towers, were used in cities
to illuminate large areas instead of using many
small masts with gas lanterns. The arc lamp had
such a high intensity that it was seldom used in
domestic lighting.

From the beginning of the twentieth
century, incandescent electric lighting quickly
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replaced carbon arc lighting installations. Up to
the 1950s, extremely high-intensity arc lamps
were still used in search lights, in film studios,
and in cinema projectors, until the short-arc gas
discharge xenon lamp took over. Today, electrical
arcs are used not for lighting but for industrial
purposes, as, for example, in plasma torches and
welding apparatus where an arc is created
between the one welding rod and the metal mate-
rial to be welded.

Working Principle

When two pointed carbon rods connected to an
electric current source touch each other, the
resistance at the pointed ends is so high that the
rods are heated and begin to glow. When
subsequently the rods are separated, they are
warm enough for the negatively charged one to
easily emit electrons: a discharge is created
between the two rods. Usually the carbon rods
are referred to as electrodes, the negative
charged one, the cathode, and the positively
charged one, the anode. The electrons of the dis-
charge move from the negative to the positive
carbon electrode and bombard the anode, heating
it. The largest part of the bright light does not
come from the arc discharge itself but from the
end of the electrodes which are brought to incan-
descence. The heated air around the discharge
rises and makes the bright area rise in the form
of an arch giving the lamp its name of arc lamp
(Fig. 1).

The gap between the rods is just a few milli-
meters, and the light-emitting area therefore is so
small that concentrated light of high intensity is
created. The carbon rods burn away with time; in a
DC supply, the positive rod burns more quickly
than the negative rod because it becomes hotter.
The distance between the rods has to be adapted
regularly as the arc will extinguish if the distance
becomes too large. Many different mechanisms
have been invented to perform this automatically.
After some time the rods become so short that they
have to be replaced.

An arc lamp has a negative-resistance charac-
teristic (like all gas discharge lamps) and needs
therefore a resistor, usually an inductive coil, in its
electric circuit to limit the current.

Carbon Arc Lamp, Fig. 1 Because of the rise of heated
air, the arc rises in the form of an arch (Photograph:
Achgro: Creative Commons 3.0 unported)

Materials and Construction
Electrodes

Common Carbon Rods Charcoal was origi-
nally used for the electrodes, but charcoal burns
away rapidly. It was soon discovered that rods
made out of carbon have a much longer life.
Hard molded carbon rods were therefore used
which later got a core of soft carbon.
DC-operated lamps used for the anode a thicker
carbon rod than for the cathode to make them
burning away with the same rate. In
AC-operated lamps the burning rate of some
20 mm per hour of anode and cathode is, of
course, the same [1, 3]. The rods have a diameter
of 10 to slightly more than 15 mm and were made
as long as possible, up to some 500 mm, giving a
lifetime of up to 24 h.

Jablochkoff’s Parallel Electrodes Around
1880 the Russ Paul Jablochkoff introduced a
whole new concept of electrodes that did away
with the need for continuous regulation of the
distance between the rods. The “Jablochkoff elec-
tric candle,” as it is usually called, consists of two
parallel rods of carbon separated by plaster
(Fig. 2). For ignition a bridge piece of carbon is
positioned at the top. The plaster functions as
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Carbon Arc Lamp, Fig. 2 Jablochkoff parallel carbon
electrodes, separate and as used in an enclosed lantern
(Drawing 1876)

electric isolator between the rods and restricts the
arc to the top of the electrodes. The plaster crum-
bles off as the carbon burns down. The position of
the light-emitting area moves down with the burn-
ing of the candle, making these devices unsuitable
for projection type of applications. Since the can-
dle was burned up in 1-2 h, automatic replace-
ment mechanisms for the candles were
introduced.

Carbon Rods with Additives (Flame Arc
Lamps) Just before 1900, fluorides of certain
metals (including rare earth metals) were added
to the carbon rods. When the electrodes become
hot, the metallic salts evaporate and take part in
the arc discharge, enveloping the arc as a flame,
hence the name of flame arc. Both the lumen
output and the luminous efficacy increase consid-
erably with a factor between 2 and 4. These types
are therefore also referred to as “high-intensity arc

Carbon Arc Lamp, Fig. 3 Principle of a self-regulating
mechanism making use of the force of a spring (blue) and
that of an electromagnet (red)

lamps.” Rare earth additives emit a line spectrum
resulting in bright white light. Other types of
additives emit different colors of light as, for
example, calcium, emitting an explicitly yellow
light, and strontium, red light. In this way light
sources emitting specific spectra suitable for
chemical and photographic processes were
produced [3].

Electrodes Regulator
As has been mentioned, the distance between the
rods has to be adapted regularly as the arc will
extinguish if the distance becomes too large in the
process of burning off material from the rods.
Simple hand-regulated devices were designed
where, by turning one screw, both electrodes
were adjusted so that the light-emitting area
remained at the same location. These systems
have long been used in arc lamps for cinema
projection.

Early self-regulating mechanisms made use of
a clockwork winding device. Later mechanisms
use the force of electromagnets. The force of an
electromagnet, put in the same circuit as the rods,
pushes the rods apart (Fig. 3). At the same
moment the rods are pulled together by gravity
force or, as in Fig. 3, by spring force. When the
gap between the rods increases, the resistance in
the circuit increases and the current therefore
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Carbon Arc Lamp, Fig. 4 A self-regulating arc lamp,
after Foucault, balancing the force of gravity with the
force of an electromagnet [1]

decreases. Because of the decreased current, the
pushing force of the electromagnet decreases as
well, so that the gap size and gap position remain
unchanged. The same mechanism takes care of
automatic ignition when the power is turned
on. When the power is switched off, the rods
move to each other until they touch because of
the spring force. When the power is switched on
again, the large current through the system and
thus through the electromagnet moves the rods
from each other against the spring force, so ignit-
ing the lamp automatically. For accurate control,
sometimes complicated clockwork types of gears
were applied (Fig. 4).

Carbon Arc Lamp

Lantern

Enclosed Arc Around 1900 the enclosed arc was
introduced with which the lifetime of the carbon
rods was increased with a factor of more than five.
In a glass globe surrounding the arc, the oxygen is
rapidly consumed by the burning electrodes and
thereafter the carbon is burned away much slower.
Burning times of up to 150 h are possible without
rod replacement [1, 3]. Both the light output and
the efficacy of the enclosed arc lamp are slightly
lower than that of the open arc lamp. Figure 5
shows a page of a catalog with some enclosed
carbon arc street-lighting lanterns from the early
last century.

Optics For low-mast street-lighting applications
and for industrial indoor applications, lanterns usu-
ally employed opal or prismatic glass covers. The
compact high-intensity light of arc lamps makes
them preeminently suitable for floodlighting, for
signal lights (in light houses, for example), and
for searchlights. For this purpose advanced mirror
optical systems were designed (Fig. 6).

Properties

Open carbon arc lamps have a light output of up to
some 4,000 Im (500 W versions) at a luminous
efficacy of some 4-8 Im/W. Enclosed lamps have
a 10-15 % lower output and efficacy. Flame arc
lamps, using carbon rods with additives, have a
light output up to 15,000 Im (500 W versions) at
efficacies between 15 and 30 Im/W [3]. Some arc
lamps designed for use in search lights have watt-
ages of more than 20 kW. Beam intensities of up
to 5,000 million candela have been reported with
mirror diameters of more than 2 m.

Arc lamps are often not rated by power but by
the current they draw. Lamps with currents from
5 to 1,000 amp have been produced.

The correlated color temperature of some
3800 K of arc lamps [5] is much higher than
what one was accustomed to with oil, candle,
and gas lighting. The high-intensity flame arc
lamps have relatively high color temperatures,
depending on the material, up to 5,000 K. The
spectrum of flame arc lamps extends well into the
ultraviolet part (UV-A, B, and C), so that care is
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Carbon Arc Lamp,

Fio. 5 Carb " Aussenansicht der . Aussenansicht der
19. 5 Carbon arc street- Type G.u. W. 60 Innenansicht der Type G.u. W, 60
lighting lantern with self- mit runder Glocke Lampentype (G.u.W.60 mit ovaler Glocke

regulating gap distance
between the arcs [4]

Mit Erscheinen dieser Preisliste werden sadmtliche friiheren
Preislisten und Offerten ungiiltig.

Carbon Arc Lamp,

Fig. 6 Carbon arc search
light with a parabolic mirror
of 2 m diameter, with chief
mechanics Heinrich Beck
and Erich Koch beside it
(1930s) (Photograph:
Heinrich Beck Institut,
Germany)
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required with open arc lamps. Special arc lamp
devices for tanning purposes have in fact been
produced.

Arc lamps produce a buzzing sound which in
interiors was experienced as annoying.

Cross-References

Xenon Lamp
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Definition

Michel-Eugéne Chevreul (1786—1889) is one of
the most important chemists of nineteenth-century

CAT

France. A pioneer of organic chemistry, he was
twice President of the French Academy of Sci-
ences. His work changed dramatically after his
appointment as director of the dyeing department
of the Gobelins Manufacture in Paris, where he
worked for almost 60 years. At the Gobelins, he
developed a considerable amount of work on
color, including color classification, color applied
to industry, as well as his most famous book on
simultaneous contrast of colors, which had a great
impact on several generations of artists as well as
on color teaching. His exceptional longevity
helped him to publish many books and hundreds
of scientific papers, most of them on color topics.
His 100th birthday was celebrated as a national
event; he finally died at 103. His book The Prin-
ciples of Harmony and Contrast of Colors and
their Applications to the Arts [1] was once con-
sidered one of the 12 most important books on
color [2].

Chevreul’s Life and Work

Born in Angers in 1786, Michel-Eugéne Chevreul
(Fig. 1) came to Paris when he was 17 years old
and was appointed at the National Museum of
Natural History as an assistant in charge of the
chemical analysis of samples, thanks to a letter of
recommendation from Vauquelin. Interestingly,
his career as a chemist was determined by a sam-
ple of soap Vauquelin asked him to analyze.
Indeed, the nature of animal fat was still unknown
at the time. After several years of research, he
published a book that gave him his fame as a
chemist [3]. His discovery of the different acids
contained in animal fat eventually led to important
improvements in the field of industry, in particular
in candles, as it made it possible to make candles
shedding more light and less smoke. As he was
also very interested in epistemological issues, he
dedicated another book, one year later, to explain
which method enabled him to make his
discoveries [4].

In 1824, thanks to his fame as a chemist,
Chevreul was appointed at the Gobelins Manu-
factures, as Director of the Dyeing Department.
The Gobelins usually appointed chemists, as one
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Chevreul,
Chevreul (1786—1889) at the approximate age of 50 (litho-
graph by Nicolas-Eustache Maurin, 1836, engraving by
Conrad Cook)

Michel-Eugéne, Fig. 1 Michel-Eugéne

of the main tasks of the Department of Dyes was
to take care of the » dyes of wools and silks used
by the three manufactures, the most important
being that of tapestries (Gobelins). The Director
of the Department had indeed among other tasks
that of looking after the quality of the wool (that
had to be cleaned from grease and bleached) and
the quality of the » dyes according to their stabil-
ity, their brilliance, and the kind of cloth to which
they had to be applied (basically wool, silk, and
cotton). Another important issue was that of color
classification.

Before focusing this essay on the law of simul-
taneous contrast of color, it is worth noting the
wide range of interests Chevreul had for colors.
He himself suggested a classification of his work
on color. The two main categories are (a) means of
naming and defining colors and (b) » dyes ([5],
p- 121).

Means of Naming and Defining Colors

After being appointed at the Gobelins, Chevreul
quickly realized that when the weavers needed a
nuance of color, they used to show a sample of

Chevreul, Michel-Eugéne, Fig. 2 Chevreul’s chromatic
hemispheric construction, from M.-E. Chevreul, De la loi
du contraste simultané des couleurs. . ., 1839

thread for matching, which was very empirical.
For this reason, Chevreul felt it necessary to create
a general classification of colors he first called
“hemispheric construction” (Fig. 2), which, inter-
estingly, is a black-and-white model (published in
[1]). The circle is divided into 72 hues. Each of the
72 radii is divided into 20 segments, numbered
from 1 to 20, corresponding to the scale of light-
ness, from the center (white) to the diameter
(black). The third dimension is given by a quad-
rant perpendicular to the circle (unfolded in
Fig. 2), corresponding to a saturation scale, and
divided in 10 sections. This abstract system of
color classification is the most complex realized
at the time (1839) and permitted differentiating a
great number of nuances: the 72 main hues of the
circle with their 20 grades of lightness already
give 1440 different nuances, to which must
be added the 10 grades of saturation on the axe
of the quadrant, i.e. 1440 x 9 = 12960. So the
general amount of nuances is 14400 + 20 grey
along the 10th radius, that is 14440. For a more
precise account of Chevreul’s color classification
and a reply to the critiques made to it — in partic-
ular the fact that he would have confused lightness
and saturation — see [6, 7], pp. 163—-172.

Aware of the importance of color classification
beyond the case of the Gobelins, Chevreul went
on working on the topic and published several
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Chevreul, Michel-Eugéne, Fig. 3 First chromatic circle
containing pure hues, from M.-E. Chevreul, Cercles
chromatiques de M.-E. Chevreul, 1861

important books containing, unlike the 1839
black-and-white hemispheric construction, beau-
tiful color plates [8—10]. At the /851 World Expo-
sition in London, Chevreul’s chromatic circle
(Fig. 3) was awarded a Great Medal.

Dyes

In his classification of his own work on color,
Chevreul divided the dye section into three parts:
all that is relative to the simultaneous contrast of
colors, all that concerns what he called the princi-
ple of color mixing (which corresponds to what is
known today as chromatic assimilation), and
finally chemical researches.

Indeed, long before being appointed by the
Gobelins, Chevreul had worked on natural tints;
on indigo, for instance, he devoted a dozen papers,
the first being published in 1807, when he was
20 years old [11]. His interest for animal fat also
helped him to work on the process of degreasing
and of bleaching » dyes, to which he devoted
numerous papers.

Although Chevreul’s work on color covers
many aspects, his most important contribution to
color is his law of simultaneous contrast of colors,
as expounded in his book translated into English

Chevreul, Michel-Eugéne

under the title The Principles of Harmony and
Contrast of Colours and their Application to the
Arts (1st edition in French, 1839; 1st English
translation, 1854). Its starting point was a com-
plaint from the weavers of the Gobelins against
the dyers of the Department of Dyeing that he
directed. The complaint was in particular about
the black samples of wool used for the shades of
blue and violet draperies. As a chemist, Chevreul
first tested the wools dyed in black in his work-
shop and compared them with those dyed in the
best places from London and Vienna. After a
careful comparison, he realized that the quality
of the dyed material was not in question. This
led him to raise a brilliant hypothesis: the lack of
strength of the blacks was not due to the dyes or
their uptake but was a visual phenomenon related
to the colors juxtaposed to the blacks. This new
discovery was all the more surprising as Chevreul,
being a chemist, was not prepared to admit that the
cause of the phenomenon he observed “is cer-
tainly at the same time physiological and psychi-
cal” ([12], p. 101).

Indeed, Chevreul realized that it is not the same
to look at a sample of color when isolated and
when juxtaposed to another contiguous one. In the
latter case, the two samples appear different from
when seen in isolation. This is the most general
effect of the law of simultaneous contrast of colors
that reads, “In the case where the eye sees at the
same time two contiguous colours, they will
appear as dissimilar as possible, both in their
optical composition and in the strength of their
colour” ([1], § 16). Chevreul made it very clear in
one of the plates (Fig. 4): O and O’, as well as
P and P’, have exactly the same degree of light-
ness; however, the perception of the samples dif-
fers when they are seen in isolation and
juxtaposed to another sample of a different degree
of lightness. The bottom of the same plate shows
an effect known as “Chevreul’s illusion”: each
stripe (except the two extremes) being lighter
than the following (when seen from left to right),
adouble effect is produced, because the left half of
each stripe will appear darker and the right half
lighter, due to the influence at the edges of the
preceding and following stripes. (For Chevreul’s
illusion, see [13].)
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Chevreul, Michel-
Eugeéne,

Fig. 4 Illustration of the
contrast of lightness;
redrawn detail from original
figure in M.-E. Chevreul,
De la loi du contraste
simultané des

couleurs. . ., 1839

Chevreul’s demonstration is valid for hues as
well as for lightness. For what concerns hues, the
main definition of the law of contrast reads,

If we look simultaneously upon two stripes of dif-
ferent tones of the same colour, or upon two stripes
of the same tone of different colours placed side by
side, if the stripes are not too wide, the eye perceives
certain modifications which in the first place influ-
ence the intensity of colour, and in second, the
optical composition of the two juxtaposed colours
respectively. Now as these modifications make the
stripes appear different from what they really are,
1 give to them the name of simultaneous contrast of
colours; and 1 call contrast of tone the modification
in intensity of colour, and contrast of colour that
which affects the optical composition of each jux-
taposed colour. ([1], § 8)

The principle is exactly the same as for light-
ness: the modification consists in an exaggeration
of difference. Yet, in the case of hues, what means
exaggeration of difference? Chevreul’s starting
point is the concept of complementary colors,
i.e., colors considered as the most opposed.
According to the knowledge of the time, Chevreul
considered as complementary the following pairs
of colors:

Red is complementary to Green, and vice versa;

Orange is complementary to Blue, and vice
versa,

Greenish-Yellow is complementary to Violet,
and vice versa

Indigo is complementary to Orange-Yellow, and
vice versa. ([1], § 6)

So the modification perceived when seeing
juxtaposed colors consists in perceiving each
color as slightly tinted with the complementary
color of the juxtaposed one. This is the clever way
Chevreul had to understand and solve the problem
raised by the weavers when complaining of the
bad quality of the blacks dyed in the Dyeing
Department of the Gobelins. When seen in isola-
tion, the blacks are perfectly black, but when seen
juxtaposed to violet, they are slightly tinted with
the complementary color of violet, that is, yellow,
and will look accordingly yellowish. In order to
solve the problem, Chevreul suggested the
weavers to mix a few threads of violet with the
blacks, so that they neutralize the effect of yellow
and make accordingly the blacks look blacker!

A particular case must be mentioned: what
happens when the two juxtaposed hues are com-
plementary, for example, red and green?
According to the law of simultaneous contrast,
the red will be slightly tinted by the complemen-
tary color of green, that is, red, and will be per-
ceived as redder. Conversely, the green will be
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slightly tinted by the complementary color of red,
that is, green, and will be perceived accordingly as
greener. In this case, the two hues are not modified
in the sense of a transformation of the hue itself
but enhanced.

Regarding the importance of Chevreul’s law of

color contrast, some authors hold that it was not
original since other scientists before him, like
Prieur, had already discovered the law of » color
contrast ([14], p. 306; [15], p. 140). It is true that
Prieur and others had already discovered
similar phenomena. However, it might be recalled
that Chevreul fairly acknowledged what he
borrowed from other authors (including Prieur)
since he devoted a chapter to the issue of the
relationship between his experiments and those
made by others before him ([1], § 120-131).
For him, indeed, his main contribution is not the
“discovery” of the » color contrast but the
fact of classifying and structuring these phenom-
ena well described by his predecessors but con-
sidered as belonging to one single class, when
Chevreul proposed to carefully distinguish differ-
ent kinds of contrast, so that the simultaneous
contrast is just one of them. It is defined as
follows:

In the simultaneous contrast of colours is included
all the phenomena of modification which differently
coloured objects appear to undergo in their physical
composition and in the height of tone of their
respective colours, when seen simultaneously.

(11, § 78)

Besides simultaneous contrast, Chevreul dis-
tinguishes successive contrast, which includes all
the phenomena that are observed when the eyes,
having looked at one or more colored objects for a
certain length of time, perceive, upon turning
them away, images of these objects offering the
complementary color of that which is proper to
each of them ([1], § 79). This distinction is very
useful and helped to differentiate phenomena until
then confused; it is still in use, even though simul-
taneous contrast is often related today to chro-
matic induction, while successive contrast is
generally associated with chromatic adaptation;
for this reason, the concept of afterimages is
often used today instead of that of successive
contrast.

Chevreul, Michel-Eugéne

Chevreul also distinguished a mixed contrast
([1], § 81), which combines simultaneous and
successive contrast; it occurs, for instance, when,
after having looked at one color for a certain
length of time, another color is looked at. In this
case, the resulting sensation is a combination of
the second color and of the complementary of the
first one. Finally, Chevreul also added later a
fourth contrast, the rotary contrast obtained with
colored spinning disks [16].

It is out of the scope of this essay to discuss the
main critiques addressed to Chevreul in particular
the fact that he would have confused mixture of
lights and mixture of pigments or simultaneous
contrast and assimilation (for a full account of
these issues, see ([7], pp. 93—-102)).

Chevreul’s Influence on Artists and
Artisans

Another striking fact is the huge influence
Chevreul had on generations of artists and arti-
sans, even before the publication of his book on
simultaneous contrast in 1839, thanks to the pub-
lic lectures he gave and that were attended by
painters, but also wallpaper fabricants and many
other color practitioners. The range of his influ-
ence is indeed impressive, from tapestry to
stained-glass restoration, shop signs to gardening.
Many reasons explain the success of his book,
soon printed out (the second French edition,
published in 1889, as well as the third one,
published in 1969, have also been quickly printed
out). One is that by dedicating a copious volume
to this matter, he gave wide public access to phe-
nomena until then discussed only in specialized
scientific journals. Another is that by meticulously
studying the applications of his law to almost all
the fields of art and crafts, he moved from pure
science to applied science and addressed himself
to almost all those who use color. One more rea-
son is that by addressing the issue of how to match
and harmonize juxtaposed colors, he provided
artists and artisans with practical rules and har-
mony advices quite useful in the situation painters
and tapestry-makers are constantly confronted
with, that is, using juxtaposed colors. Finally, as
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he had a great prestige as a scientist, the » color
harmonies he proposed were avidly read and
followed by artists anxious of matching their colors
and enhancing them. Interestingly, unlike what is
generally assumed ([17], p. 196), Chevreul was not
a partisan of the harmony of color contrast and
never recommended painters to juxtapose comple-
mentary colors on their canvases. The reason is that
for him the effect of simultaneous contrast always
occurs naturally so that if a painter tries to imitate
what he sees, he will exaggerate the effect instead
of rendering it accurately.

Even though Chevreul’s teachings gave rise to
misunderstandings, he nevertheless had an enormous
influence on painters, from the 1830s up to the
beginning of abstract painting. If his influence
on Delacroix remains controversial, it is important
for impressionism and crucial for

neoimpressionism and van Gogh. From the
1880s onward, his work was challenged by more
up-to-date theories (Helmholtz, Rood); however, he
still had an influence, in particular on Delaunay but
also on color music, due to the usefulness of the rules
of successive contrast he established. Even the most
important books still used in color teaching (Itten and
Albers) owe a lot to Chevreul. For a comprehensive
account of Chevreul’s influence on artists, see [7].
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Definition

Chromatic contrast refers to the occurrence of
differences in chromaticity (saturated, hue-full
color) in a visual percept (scene, image, stimulus).
It may consist in differences across space (spatial
chromatic contrast) or in changes of chromaticity
across time (temporal chromatic contrast). The
term chromatic contrast is used in opposition to
achromatic contrast, where differences only
occur in [uminance (gray level). For example,
whereas a black-and-white photo only contains
achromatic contrasts, a color photo also contains
chromatic contrast. While chromatic and color
contrast refer to the same visual phenomenon,
the term ‘“chromatic contrast” emphasizes
research on chromatic contrast sensitivity.

Conceptual Clarifications

Almost every phenomenon in color vision
involves contrasts between colors. This is partic-
ularly true since colors are not perceived abso-
lutely, but relative to other colors. In fact,
contrasts between colors affect the appearance of
the single colors. Still, the term chromatic con-
trast has been associated with certain aspects in

Chromatic Adaptation

the perception of color differences rather than
others (for review, see [1]). In order to understand
the particular connotations of chromatic contrast,
it is useful to clarify the relationship of this term to
achromatic and isochromatic contrast; the distinc-
tion between spatial and temporal chromatic con-
trast; differences in connotation to color contrast
and color edges; the difference between color
detection, color discrimination, and chromatic
contrast sensitivity; and the relationship between
chromatic contrast sensitivity, spatial resolution,
and chromatic acuity.

Achromatic Contrast and Isochromatic
Images

Since human color vision involves an achromatic
luminance dimension and two chromatic dimen-
sions, visual contrasts may occur in terms of lumi-
nance or chromaticity. Hence, the term chromatic
contrast must be understood as the complement of
achromatic contrast [1]. Achromatic contrast
refers to differences in luminance, which are per-
ceived as lightness differences. Spatial achromatic
contrasts may be illustrated by gray-scale images,
such as black-and-white photos. Unlike achro-
matic contrast, chromatic contrast involves differ-
ences in chromaticity, which are differences along
one or both of the chromatic dimensions as
opposed to the achromatic dimension.

Purely achromatic contrasts may occur in a
chromatic image, for example, because the paper
of a black-and-white photo yellowed over time or
because the gray-scale image was printed on color
paper. However, since such images only contain
lightness differences, they are void of chromatic
contrast [7]. Such an image (or stimulus) is called
isochromatic because it is equal (“is0”) in
chromaticity [14].

Spatial and Temporal Contrast

Like any visual contrast, chromatic contrast may
occur through variations across space or across
time [1]. On the one hand, spatial chromatic contrast
consists in the simultaneous occurrence of
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differences in chromaticity at different locations in
space. On the other hand, temporal chromatic con-
trast refers to changes in chromaticity over time.
In both cases, the strength of the contrast is defined
as the size of the difference in chromaticity.

However, the perception of contrast strongly
depends on the transition between the two chro-
maticities. Transitions can be rather gradual or
abrupt. For example the boundary between a red
shirt and a blue trouser provides an abrupt transi-
tion between red and blue, while the transitions
between the colors of a rainbow are more gradual.
The temporal transition between the colors of a
traffic light is abrupt, while the change of the
chromaticity of sunlight during the day is very
slow and gradual. Such transitions may be
assessed by the spatial and temporal frequency
of the color transition, respectively. The ability
to perceive chromatic contrast depends on these
spatial [7] and temporal frequencies [5].

Color Contrast and Color Edges

Like chromatic contrast, the term color contrast
refers to the occurrence of differences in chroma-
ticity, and both terms are often used interchange-
ably. However, these terms highlight different
aspects due to their usage in different research
domains. On the one hand, the term chromatic
contrast mostly (but not exclusively) refers to
research on contrast sensitivity and its relationship
to spatial and temporal frequency [1]. For this
reason, the term chromatic contrast focuses on
the distribution of color differences across space
and time and the ability of the observer to detect
these differences (contrast sensitivity). On the
other hand, the term color contrast is predomi-
nantly used in the context of research on how the
identity of a color is affected by its chromatic
surround. For this reason, this term is associated
with chromatic induction that is the effect of color
contrasts on color appearance (the subjective
impression of color). In this context, lightness
contrast is the gray-scale complement of color
contrast.

Chromatic edges (or chromatic edge contrast)
are a particular kind of spatial chromatic contrast.
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Edge contrasts are related to the visual environ-
ment (scenes) because they are delimiting objects
or other fundamental features of a scene such as
shadows or highlights. As a result, while the term
chromatic contrast focuses on the sensitivity to
color contrasts in general, the notion of chromatic
edges highlights the relationship between the
beholder and their visual environment and is
rather used in the context of scene statistics (e.g.,

(3D

Detection, Discrimination, and Contrast
Sensitivity

Color detection, color discrimination, and contrast
sensitivity all refer in some way to the ability to
see differences in chromaticity and hence in chro-
matic contrast. At the same time, they involve
different experimental paradigms.

Color detection consists in the discrimination
of one color (tes?) from the neutral (i.e., adapting)
background. Chromatic sensitivity, the ability to
see colors, is measured as the minimum difference
in chromaticity between test color and back-
ground that can be detected.

Color discrimination consists in the discrim-
ination between two different colors (fest and
comparison) shown on the adapting background.
The ability to discriminate colors (sensitivity to
color differences) is determined through the min-
imum difference between the colors that can be
discriminated on a given background. Color
detection may be conceived as a special case of
color discrimination, in which the test color is
identical with the background. In general, the
terms color detection, color discrimination, and
color sensitivity typically refer to differences in
chromaticity independent of spatial or temporal
frequency.

Chromatic contrast sensitivity refers to the
general ability to detect a contrast between
colors.This ability depends on the temporal
or spatial frequency with which color
differences occur. As a result, contrast sensitivity
concerns the detection of contrasts given a
certain temporal or spatial distribution of these
contrasts.
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While color detection and discrimination are
measured with single presentations of test and
comparison colors, contrast sensitivity is mea-
sured with periodical changes in chromaticity,
mostly involving two opponent chromaticities
(see section “Method”). Nevertheless, color
detection and discrimination may be understood
as special cases of chromatic contrast sensitivity.
Chromatic contrast sensitivity converges to a
maximum at low spatial and temporal frequencies
and is zero above an upper boundary (chromatic
acuity) of spatial frequencies (see section “Chro-
matic Contrast Sensitivity Functions”). By using
sufficiently large color patches (>1° visual angle)
and presenting them for a sufficiently long time
(>200 ms), contrast sensitivity will be at maxi-
mum, independent of additional high spatial fre-
quency (edges of stimuli) and high temporal
frequency components (abrupt stimulus onset).
In this way, color detection and discrimination
may be measured (to a large extent) independent
of spatial and temporal frequencies and reflect max-
imal chromatic contrast sensitivity in terms of spa-
tial and temporal frequency.

Spatial Resolution and Chromatic Acuity

Spatial resolution refers to the maximal spatial
frequency that can still be seen, such as the min-
imum size of letters that can still be identified.
Because of the tight relationship between spatial
frequency and contrast sensitivity, contrast is also
the complement of spatial resolution and acuity.
For example, the smallest letters that can still be
read when printed in black on a white paper may
not be identified when printed in light gray instead
of black, because they have lower contrast than
the black letters. Hence, the spatial resolution
depends on the contrast. This is also true for the
spatial resolution of color vision. It can only be
determined relative to a given contrast: the thin-
nest color line that may be detected with a high
chromatic contrast will be invisible with a lower
contrast.

Visual acuity is a particular case of spatial
resolution, which corresponds to the highest spa-
tial frequency that can be detected at maximum
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contrast [1]. It can only be determined relative to a
given contrast, such as the black letters on a white
background. Analogically, chromatic acuity cor-
responds to the highest spatial frequency that is
still visible when presented with maximum chro-
matic contrast (e.g., [7]).

Method

In order to separate luminance from chromatic
contrast, stimuli to measure chromatic contrast
are isoluminant (equal in luminance) and vary
only in chromaticity. To quantify chromatic con-
trast, differences between chromaticities (“inten-
sities of color’”) need to be calculated.

Contrast Indices

Contrast indices calculate differences in chroma-
ticities relative to a reference intensity, which is
supposed to correspond to the adaptation of the
observer. Mainly three indices of contrast have
been used.

The Weber contrast is calculated by the dif-
ference in intensity between two colors divided by
the intensity of the background. This index is
sensible if the background corresponds to the
observer’s adaptation color, and the perception
of the difference depends on the intensity of this
background.

Alternatively, the Michelson contrast divides
the difference between intensities by the sum of
their intensities. This approach is sensible when it
may be assumed that observers are adapted to the
intensities of the two colors, rather than to the
background. Both indices are equivalent when
the two colors vary symmetrically around the
background. These two indices are useful for
specifying contrast in sine-wave gratings, for
example, when measuring contrast sensitivity
(e.g., [4, 7]).

Finally, the root mean square or RMS
contrast consists in the standard deviation of the
chromatic differences across a scene. In order to
relativize these differences to the overall mean,
the values are standardized before the calculation
of the RMS index. This index may not only be
used for contrast sensitivity measurements but
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also for contrast distributions in scenes. Apart
from these three main indices, still other indices
to assess contrast are possible [1].

Color Differences

As with color in general, the quantification of
chromatic contrast is relative to perception.
Color does not directly map to a physical measure.
Consequently, metrics of chromatic contrast are
relative to the dimensions used to quantify chro-
maticity (“intensity of color”). For the
measurement of contrast sensitivity, two ways to
quantify chromatic contrast have been used.

First, contrast may be determined by the
physical or instrument contrast [2]. The instru-
ment contrast is the relative intensity of two
chromatic lights (component colors), such as two
monitor primaries or two monochromatic lights
(e.g., [7]). The contrast between the two unmixed
component colors corresponds to 100 %, and they
are mixed to produce intermediate levels of contrast
(cf. Michelson contrast). The physical intensity is
typically measured as luminance. However, the
component colors, the dimension along which the
difference is measured, and the scaling of the dif-
ferences are arbitrary and depend on the devise
used to produce the colors.

Second, cone contrast is used as a perceptual
measure of contrast [1, 8]. Cone contrasts are
calculated by the difference in absorption
(or excitation) of each of the three photoreceptors
(L-, M-, and S-cones) relative to the state of adap-
tation of that photoreceptor. Weber or Michelson
contrast may be used for this purpose. Alterna-
tively, colors may be directly represented in cone
contrast space, in which each of the three dimen-
sions (ALMS) reflects the cone contrast for one
type of cone. The RMS contrast may be used in
order to combine the contrasts of the three cones.

Note, that perceptual quantifications depend on
the perceptual processes that are modeled by the
difference metric and on the knowledge about
these processes. Cone contrasts relate chromatic
contrast sensitivity to the low-level, cone-
opponent processes of color vision. Hence, com-
parisons in contrast across different chromaticities
are relative to these mechanisms. Higher-level,
cortical mechanisms might involve different
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kinds or reweighed contrasts, and hence quantifi-
cations of contrast might be different for high-
level mechanisms. Moreover, studies may differ
in how they define maximum cone contrast, which
affects the relative scaling of the
opponent axes.

cone-

Spatial Frequency

In order to control spatial frequencies, gratings
that alternate periodically between the contrasting
colors are used. Sharp edges may occur between
the single bars of the grating and between the
grating and the background. Such sharp edges
imply high spatial frequency components, which
need to be separated from the spatial frequency
component determined by the bars of the gratings.

To avoid such edges between the bars, gratings
are sinusoidally modulated. To further avoid sharp
edges between grating and background, contrasts
are gradually reduced toward the edges through
the application of a filter. As a result, the grating
smoothly melts into the background, and the
strongest stimulation (i.e., contrast) is at the center
of the grating. The molding of the overall grating
through a filter is called an envelope, and in most
cases this filter consists in a Gaussian function
(Gaussian envelope). A sinusoidally modulated
grating with an envelope is called a Gabor patch
(e.g., [10]).

While contrast may be controlled as the ampli-
tude of the sinusoids, spatial frequency corre-
sponds to the frequency of cycles. Since the
perceived spatial frequency depends on the retinal
image, it also depends on the distance of the eye to
the grating. For this reason, spatial frequencies are
quantified as cycles per degree (cpd) of visual
angle because the visual angle is independent of
the distance. Stimuli should be large enough to
show a sufficient number of cycles for all frequen-
cies (e.g., 2.5 cycles, cf. [1]).

For gratings above 3—4 cpd, chromatic aberra-
tion produces luminance artifacts that influence
detection thresholds. This is mainly the case for
blue-yellow gratings, since the wavelength com-
positions for red and green chromaticities do not
differ strongly, resulting in a similar refraction
[7, 14].
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In order to measure chromatic contrast
sensitivity, gratings may be presented, for exam-
ple, at different locations of the display or with
different orientations, and the observer has to
indicate the location and the orientation of the
grating, respectively, through a forced-choice
response.

Temporal Frequency

High temporal frequencies correspond to fast
flicker between contrasting chromaticities, low
frequencies to slow, and gradual transitions. Tem-
poral frequency is quantified as cycles per second,
that is, Hertz (Hz).

Temporal contrast sensitivity is measured
through heterochromatic flicker. In this setup,
chromaticities  periodically  change, and
temporal transitions are sinusoidally modulated
to control single temporal frequencies. At high
frequencies, chromaticities are seen as an
unchanging mixture of the contrasting chromatic-
ities (flicker fusion). At extremely low frequen-
cies, the change in chromaticity is not visible. For
example, the slow change in chromaticity of day-
light remains usually unnoticed in everyday life.
Note that achromatic artifacts occur in L-M flicker
due to latency differences between L- and
M-cones [1].

Spatiotemporal contrast sensitivity, i.e., con-
trasts sensitivity as a function of spatial and tem-
poral frequency, may be measured by oscillating
between gratings that are phase-shifted by 90° and
hence show spatially inverse (green-red-green
vs. red-green-red) contrasts [4].

Chromatic Contrast Sensitivity
Functions

The relationship between contrast sensitivity and
spatial and temporal frequency is captured
through chromatic contrast sensitivity functions
(cCSF). In CSFs, contrast sensitivity is
represented along the y-axis as a function of spa-
tial frequency (spatial contrast sensitivity function
(sCSF)) or temporal frequency (temporal contrast
sensitivity function (tCSF)). All axes are usually
scaled logarithmically.

Chromatic Contrast Sensitivity

Spatial Contrast Sensitivity Functions
Chromatic spatial contrast sensitivity functions
are low-pass [7]. This means that contrast
sensitivity declines with high spatial frequencies
(“narrower lines”) but barely declines when spa-
tial frequency approaches zero. The chromatic
sensitivity function reaches its maximum close
to zero cpd, where the change between contrasting
colors is completely gradual.

This pattern contrasts the one found for achro-
matic SCSFs. Achromatic sCSFs are band-pass
with a peak at about 3-5 cpd and decreasing
sensitivity toward both higher and lower spatial
frequencies. In fact, at low spatial frequency
(<0.5 cpd), chromatic contrast sensitivity is
higher than achromatic contrast sensitivity when
measured as cone contrasts. This is the case when
the transition between contrasted colors covers the
whole fovea (~2°, i.e., a thumb at arm’s length).
At the same time, acuity is much higher for ach-
romatic (cutoff at 40—60 cpd) than for L-M (about
12 ¢pd) and S-(L+M) contrasts (10 cpd). In fact,
due to chromatic aberration, the effective resolu-
tion is only 3—4 cpd for the S-(L+M) contrast.

Moreover, increasing eccentricity from the
fovea toward the periphery has a stronger
attenuating effect on L-M contrast sensitivity
than on achromatic contrast sensitivity, while
S-(L+M) contrast sensitivity declines with eccen-
tricity in a similar way as achromatic contrast
sensitivity [1, 8].

In sum, “very thin” stripes are still visible when
shown in black and white but “disappear” when
shown as isoluminant colors [7]. This has been
used, for example, in image compression (e.g.,
TV broadcast) where high spatial frequency infor-
mation is saved in achromatic contrast only and
chromatic high spatial frequency information is
discarded [13].

Temporal Contrast Sensitivity Functions

Temporal frequency modulates chromatic con-
trast sensitivity in a similar way as spatial fre-
quency [1, 5]. It is mainly low-pass, with only a
slight attenuation in sensitivity below about 1 cpd.
It is highest when colors change one to three times
per second (1-3 Hz), and temporal resolution is at
about 30-40 Hz. In contrast, achromatic contrast
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sensitivity peaks between 5 and 20 Hz and has a
higher cutoff value for temporal resolution
(~50 Hz). Since both, spatial and temporal
cCSFs are low-pass, the spatiotemporal cCSF is
also low-pass [4].

Due to the lower temporal resolution for
differences in chromaticity, heterochromatic flicker
can be used to exactly determine isoluminance
for an individual observer (heterochromatic flicker
photometry). At a temporal frequency of 15-20 Hz,
chromaticities of contrasting colors fuse, and the
only flicker left is achromatic. The brightness of
one of the contrasting colors is adjusted until there
is no flicker, which implies that the luminance of the
two colors is equal.

Development

As with adults, the spatial (L-M) CSF is low-pass
in infancy (8-30 weeks) and develops through
a steady increase in overall sensitivity and in
spatial resolution [12]. In contrast, temporal
(L-M) CSFs are band-pass in 3-month-old
infants and develop an adultlike low-pass profile
only at the age of 4 months [2]. Across the life-
span, chromatic contrast sensitivity increases
steadily until adolescence and decreases
thereafter [6].

Eye Movements

While sensitivity for luminance contrast decreases
during smooth pursuit, sensitivity for isoluminant
L-M and S-(L+M) contrast increases (10—16 %),
starting about 50 ms before eye movement
[10]. An increase in contrast sensitivity has also
been found during optokinetic nystagmus, but not
vestibulo-ocular reflex [11].

Theories on Chromatic Contrast
Sensitivity

Physiological Basis

The optics of the eye blur the retinal image and
explain a major part of sensitivity loss for high
spatial frequencies for both chromatic and achro-
matic contrasts. Blurring through chromatic aber-
ration further reduces S-(L+M) contrasts of high
spatial frequency in the retinal image. Moreover,
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the distribution of cones across the retina
(cone mosaic) also modulates contrast sensitivity.
In particular, the scarcity of S-cones in the
retina further attenuates the spatial resolution of
S-(L+M) contrast sensitivity [14].

Chromatic contrasts are processed by two inde-
pendent pathways that go from the retinal gan-
glion cells via the lateral geniculate nucleus
(LGN) to the visual cortex. The parvocellular
pathway processes L-M, the koniocellular
pathway S-(L+M) contrasts. The decrease in
contrast sensitivity with eccentricity agrees
with the distribution of parvocellular and
koniocellular receptive fields across the retina [1,
8]. Moreover, the increase of chromatic contrast
sensitivity during pursuit and optokinetic nystag-
mus indicates a boost of the parvo- and
koniocellular system.

Functional Role in Ecology

Chromatic contrasts are statistically independent
from luminance contrast in natural scenes and
hence provide an additional source of information
for object identification apart from uminance
contrast [3]. Furthermore, spatial L-M contrast sen-
sitivity is optimal for the detection of red and yel-
low fruits at reaching distance [9].
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Synonyms

Color stereoscopic effect; Color stereoscopy;
Depth in color

Definition

Chromostereopsis refers to a phenomenon of bin-
ocular stereopsis that depends on binocular dis-
parity due to the difference in color [1-4]. For
example, red and blue on the same surface can
appear to lie in different depth planes.

Overview

When the background is black (Fig. 1), the major-
ity of observers see red objects closer to them than
blue ones (red-in-front-of-blue observers), while a
minority of observers see the reversal (blue-in-
front-of-red observers) and the rest do not experi-
ence the phenomenon. On the other hand, when
the background is white (Fig. 2), the perceived
depth order is reversed, and the effect is weaker
than when the background is black.

Goethe [5] may deserve to be the first person
who proposed the notion of advancing color (red)
versus receding color (blue), but he did not notice
the binocular aspect of chromostereopsis.
According to Thompson et al.’s review [6], the
history of chromostereopsis goes back at least to
the work of Donders in 1864 [7], while Vos’
review [4] suggested that Donders first reported
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Chromostereopsis

Chromostereopsis, Fig. 1 Chromostereopsis. For the
majority of observers, the inset made up of red random
dots appears to be in front of the surround consisting of
blue ones. For a minority, the inset appears to be behind the
surround. The rest do not experience the phenomenon.
Chromostereopsis is strong when observers see the image
at a distance

Chromostereopsis, Fig. 2 When the background is
white, the effect is reversed and it is weaker than when
the background is black. Those who see red in front of blue
in Fig. 1 see blue in front in this image, while those who see
blue in front of red in Fig. 1 see red in front in this image
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this effect in 1868, followed by Bruecke [8] in the
same year. According to Dengler and Nitschke’s
review [9], however, Brewster [10] reported in
1851 that owing to the chromatic aberration of
the lens, short-wavelength colors are seen stereo-
scopically as more distant.

Both Donders and Bruecke attributed
chromostereopsis to accommodative feeling,
which was translated to the perception of distance
[4]. Blue or short-wavelength light has a larger
refractive index than the red or long-wavelength
one. This makes the color rays run in a different
way as shown in Fig. 3. This is called “longitudi-
nal chromatic aberration” [3]. This idea suggests
that red should be closer than blue even if both
colors are placed in the same depth plane because
a closer object comes into focus at the posterior
part. Moreover, this idea suggests that
chromostereopsis should be seen monocularly.
Yet, these two suggestions are not the cases, and
this idea is not regarded as a plausible explanation
of chromostereopsis [3, 11].

It was Bruecke [8] in 1868 who found the
binocular nature of the phenomenon [4]. The opti-
cal axis of an eyeball is slightly (about 5° = angle
gamma or angle alpha) shifted in the outward
direction from the visual axis. Red light is thus
projected to a more temporal part of the retina than
does blue light (Fig. 4) because of the difference
in refractive index of both colors. This physiolog-
ical optics is called “transverse chromatic aberra-
tion” [3]. This idea suggests that red should be
perceived in front of blue through binocular ste-
reopsis based upon the binocular disparities of
both colors. More specifically, a closer object pro-
jects to a more temporal part in the retina and so
does red light. This suggestion, however, made
Bruecke immediately reject his hypothesis
because some of his observers reported red reced-
ing with respect to blue.

According to Vos [4], Einthoven discovered in
1885 that chromostereopsis is enhanced or
reversed by using a simple method as shown in
Fig. 5[11, 12]. Covering the temporal parts of both
pupils forces observers to see blue in front of red
(upper image of Fig. 5). On the other hand, cover-
ing the nasal parts of both pupils makes observers
see red in front of blue (lower image of Fig. 5). This
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Chromostereopsis,

Fig. 3 The longitudinal
chromatic aberration. Blue
has the focus nearer to the
lens than red because of the
difference in the refractive
index depending on color

Chromostereopsis

Chromostereopsis, Fig. 4 The transverse chromatic
aberration. Red light is projected to a more temporal part
of the retina than does blue light because of the difference
in the refractive index depending on color. Note that the
optical axes are slightly (about 5°) diverged from the
visual axes

method was also demonstrated by Kishto [13]. He
cited Kohler’s article [14] in 1962, which did not
mention any other literature, though.
Subsequently, Einthoven’s covering method
was simplified to the method using artificial
pupils. Nasally placed artificial pupils gave blue
in front of red (upper image of Fig. 6), while
temporally placed ones rendered red in front of
blue (lower image of Fig. 6) [15-23]. Vos [4, 16,
18] attributed chromostereopsis to interactions
between each individual pupil decentralization
(angle gamma) and the Stiles-Crawford effect.
The Stiles-Crawford effect is a phenomenon that

)
[
A\

Appearance: blue in front

Appearance: red in front

Chromostereopsis, Fig. 5 Einthoven’s covering
method. Blue in front of red is generated or enhanced by
covering the temporal parts of both pupils (upper image),
while red in front of blue is produced or enhanced by
covering the nasal parts of both pupils (lower image)

the rays entering the eye through the peripheral
regions of the pupil are less efficient than those
through the central region [24]. This two-factor
model, which Vos [4] called the “generalized
Bruecke-Einthoven explanation,” has been
widely accepted, while a few authors did not
approve it [25].

Many studies suggested that pupil size affects
chromostereopsis [19, 21-23], which supports the
generalized Bruecke-Einthoven explanation.
Simonet and Campbell [26], however, did not
find any consistent relationship between pupil
size and chromostereopsis.
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artificial pupil

Appearance: blue in front
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Appearance: red infront

Chromostereopsis, Fig. 6 When artificial pupils are placed nasally, observers see blue in front of red. On the other
hand, when artificial pupils are placed temporally, observers see red in front of blue

/4 XN

Appearance: blue in front

/'t AR

Appearance: red in front

Chromostereopsis, Fig. 7 The center-of-gravity model. This model takes longitudinal chromatic aberration into
account, in which the perceived position of a color is judged to be at the center of gravity of its diffused light

Einthoven’s original finding was explained by
the center-of-gravity model (Fig. 7) [27]. It is
hypothesized that the position of color is deter-
mined at the center of gravity in the range of each
projected light onto the retina. For example, when
the temporal half is occluded, the center of gravity
of red light shifts in the relatively nasal direction,
while that of blue light deviates in the temporal
direction (upper image of Fig. 7). These shifts
give binocular disparities to produce the blue-in-
front-of-red stereopsis. When the nasal half is
occluded, the center of gravity of red light shifts
in the relatively temporal direction, while that of

blue light deviates in the nasal direction (lower
image of Fig. 7). These shifts give binocular dis-
parities to produce the red-in-front-of-blue
stereopsis.

In 1965, Kishto reported a tendency that red
appears to be in front of blue at high levels of
illumination, while blue appears to be in front of
red at low levels of illumination, i.e., 17 of
25 observers (68 %) reported so [13]. This finding
was influential and drew much attention [3],
though it was questioned by some studies [9,
26]. For example, Simonet and Campbell [26]
reported a reversal in the direction of the
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Chromostereopsis, Fig. 8 Images suggested by
Hartridge [32]. Red-in-front-of-blue observers see the
black inset in front of the white surround in the /left

chromostereopsis for 16 of 30 observers (53 %)
when the ambient illumination was increased, but
six of them (38 %) reported a change toward the
blue-in-front-of-red chromostereopsis. Moreover,
at low illuminance, there was lack of correlation
between the direction of chromostereopsis and
transverse chromatic aberration, which may indi-
cate that there may be a supplementary binocular
factor in chromostereopsis [26].

In 1928, Verhoeff reported that the perceived
depth order between red and blue is reversed by
changing the background from black to white
(Fig. 2) [9, 28-30]. One account is that red
surrounded by white lacks blue, while blue
surrounded by white lacks red, suggesting that
there are virtually blue and red edges, respectively
[28]. According to Faubert [31], Hartridge
described in his 1950s textbook [32] that “when
both black and white pattern lie on a uniformly
coloured background a stercoscopic effect is fre-
quently noticed” (Fig. 8).

With respect to this luminance-dependent
reversal, Faubert [31, 33] proposed a new demon-
stration of chromostereopsis in which colors are
bordered with each other (Fig. 9) and pointed out
the critical role of luminance profiles caused by
transverse chromatic aberration in subsequent
binocular stereopsis. The luminance-profile-
dependent binocular stereopsis is thought to

image, and they see the inset behind the surround in the
right image. Blue-in-front-of-red observers see the rever-
sal. Observe these images at a distance

Chromostereopsis, Fig. 9 Chromostereopsis when the
background is not achromatic. Luminance of red is highest,
followed by green in this image. Those who see red in front
of blue in Fig. 1 see the inset in front of the surround; those
who see blue in front of red in Fig. 1 see the inset behind
the surround. Observe this image at a distance. Einthoven’s
covering method (Fig. 5) also works

correspond to the one which Gregory and Heard
showed in 1983 as shown in Fig. 10 [34, 35],
though Faubert did not mention it. If the lumi-
nance order is reversed between the two colors,
the apparent depth is reversed as shown in Fig. 11.
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Chromostereopsis, Fig. 10 Faubert’s luminance-
profile-based idea [31]. Color fringes or luminance profiles
of a red object in front of green such as that in Fig. 9
produced by transverse chromatic aberration are depicted.
It is supposed that mirror images are rendered to each eye.
This binocular disparity generates a special type of binoc-
ular stereopsis which depends on luminance contrast polar-
ity of the object’s edges [34, 35]. This stereogram

Chromostereopsis,

Fig. 11 If the luminance
order of the two colors in
Fig. 10 is exchanged, the
apparent depth is reversed.
This stereogram
demonstrates red-behind-
green appearance when
cross-fusers use the /eft and
middle panels or uncross-
fusers see the middle and
right ones

L
D

demonstrates red-in-front-of-green appearance when
cross-fusers use the left and middle panels or uncross-
fusers see the middle and right ones. The perceived depth
is determined by the luminance profiles shown in the lower
row. Note that red or light-gray rectangles do not give
binocular disparity with respect to the frames; both fringes
of each rectangle promote to make binocular stereopsis

wo

W
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Chromostereopsis, Fig. 12 Isoluminant colors make observers perceive rivaldepth with luster. Note that precise
isoluminance is realized depending on displays and individuals

When two colors are isoluminant, two depth
planes are simultaneously observed (rivaldepth)
with luster where two colors meet (Fig. 12)
[31]. In addition, actually a century ago, Eintho-
ven [11] had pointed out the role of luminance
profiles caused by transverse chromatic aberra-
tion, but he had assumed the perception of convex
or concave objects depending on where illumi-
nated light comes from and made a monocular
explanation like the crater illusion (Fig. 13).
Faubert’s luminance-profile-based  model
[31, 33] can be extended to explain the
luminance-dependent reversal (Fig. 14). Suppose
that white consists of red, green, and blue. Given
transverse chromatic aberration when the

background is black, and suppose that red appears
to shift in one direction, blue appears to shift in the
opposite direction (upper panel of Fig. 14), and
green does not change the apparent position.
Then, when the background is white, red appears
to slightly shift in the opposite direction, with
yellow leading to and magenta (color mixture of
red and blue) following red. On the other hand,
blue appears to slightly shift in the same direction
as that of red when the background is black, with
cyan (color mixture of blue and green) leading to
and magenta following blue (lower panel of
Fig. 14). Figure 15 shows the pictorial explanation
of how transverse chromatic aberration induces
the positional shifts of colors.
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Chromostereopsis,

Fig. 13 Idea of the crater
illusion. The central square
appears to be in front of the
background in the upper left
panel, while that appears to
be behind the background in
the upper right panel. This
depth effect depends on the
positions of highlighted or
shadowed edges [36]. The
basic idea of Einthoven [11]
is demonstrated in the lower
panels

H

W

Chromostereopsis, Fig. 14 Faubert’s model can be
extended to explain the color reversal. If red and blue
objects are vertically aligned with the black background
but appear to be shifted in position by transverse chromatic
aberration as shown in the upper panel, the expected shifts
with the white background are reversed as shown in the

#

lower panel. This idea accounts for the luminance-
dependent reversal (Fig. 2). Note that this stereogram dem-
onstrates red-in-front-of-blue appearance when cross-
fusers use the lefi and middle panels or uncross-fusers see
the middle and right ones
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Fig. 15 If transverse
chromatic aberration moves
red to the left and blue to the
right (uppermost row) and
does not change the position
of green, red surrounded by
white appears to shift
rightward (middle row),
while blue surrounded by
white appears to shift

Chromostereopsis

Stimuli Perception

leftward (lowermost row).
Thus, apparent position
shifts of the two colors are
reversed depending on
whether the background is
black or white. Note that the
left column shows the
physical position of the two
colors, and the right column
demonstrates apparent

Color
profiles

positions of the two colors
with color fringes produced
by color mixture of shifted
component colors

Color
profiles

Chromostereopsis, Fig. 16 The inset appears to be in
front of the surround. High-luminance and/or high-contrast
objects appear to be closer than low-luminance and/or
low-contrast ones

It was reported that the effect of
chromostereopsis is large when observers see the
image at a distance [13, 27, 31], whether
observers are of the red-in-front-of-blue type or
the blue-in-front-of-red type [27]. This issue
remains open. In addition, there is no literature
to suggest any involvement of myopia or hyper-
opia in chromostereopsis.

The majority of observers see red in front of
blue with the black background in a light environ-
ment. How many people see blue in front of red?
In Luckiesh [15], 11 % (1 of 9 observers) did
so. The proportion was 4 % (1 of 25 observers)
in Kishto [13], 30 % (9 of 30 observers) in
Simonet and Campbell [26], 7 % or 14 % (1 or
2 of 14 observers) in Dengler and Nitschke [9],
20 % (4 of 20 observers) in Kitaoka et al. [27], and
21 % (16 of 75 observers) in Kitaoka [37].

Color  anomaly  people also see
chromostereopsis. Kishto [13] examined three
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Chromostereopsis, Fig. 17 Images showing a tendency that the inset appears to be behind the surround

color anomaly observers, one being a strong
protanope, one being a mild deuteranope, and
the third having too poor color discrimination to
read any of Ishihara plates. They all saw red in
front of blue with the black background in a light
environment.

It is thought that some part of the effect is due
to luminance differences or contrast differences
(Fig. 16), with bright objects appearing
closer than dim ones [6] or high-contrast
objects appearing closer than low-contrast ones
[38]. Saturation also affects chromostereopsis
[11, 13]. Desaturation decreased the depth
effect, though desaturation is inevitably accompa-
nied by changes in luminance, contrast, or
spectrum.

Moreover, if an image consists of the inset and
surround, there seems to be a tendency that the
inset appears to be behind the surround (Fig. 17).
This phenomenon seems to be observed with ach-
romatic images, too (Fig. 18).

Neural correlates of chromostereopsis were
investigated using visually evoked potentials [39].
Results demonstrate that the depth illusion
obtained from contrast of color implicates similar
cortical areas as classic binocular depth perception.

Summary

It is summarized that chromostereopsis is a phe-
nomenon of binocular stereopsis based upon
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Chromostereopsis, Fig. 18 Achromatic images also show the tendency that the inset appears to be behind the surround

binocular disparity produced by some interaction
between optic properties of color rays and further
neural processing. Chromostereopsis is a ubiqui-
tous phenomenon and has a considerable pile of
observations gained in its long research history.
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CIE 1931 and 1964 Standard
Colorimetric Observers: History,
Data, and Recent Assessments

Janos Schanda
Veszprém, Hungary

Synonyms

CIE Color-Matching Functions

Definition

CIE color-matching
functions

CIE 1931 standard
colorimetric observer

CIE 1964 standard
colorimetric observer

Overview

Functions
x(2),¥(A),Z(4) in the
CIE 1931 standard
colorimetric system or
X10(4), ¥10(4), Z10(4) in
the CIE 1964 standard
colorimetric system
ideal observer whose
color-matching properties
correspond to the CIE
color-matching functions
x(2),¥(A),Z(1) adopted
by the CIE in 1931
ideal observer whose
color-matching
properties correspond to
the CIE color-matching
functions
X10(4),¥10(4), Z10(4)
adopted by the CIE in
1964

Colors with different spectral compositions can
look alike (i.e., be metameric). An important
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function of colorimetry is to determine which
spectral compositions appear metameric. The use
of wvisual colorimeters for this purpose is
handicapped by variations in the color matches
made among observers classified as having nor-
mal color vision, so that different observers make
different matches. Visual colorimetry also tends to
be time-consuming. For these reasons, it has long
been the practice in colorimetry to make use of
sets of mean or standard color-matching functions
to calculate tristimulus values for colors: Equality
of tristimulus values for a pair of colors indicates
that the color appearances of the two colors should
match, when viewed under the same conditions by
an observer for whom the color-matching func-
tions apply. The use of standard sets of color-
matching functions makes the comparison of tri-
stimulus values obtained at different times and
locations possible [1]. The standard colorimetric
observers are defined by their color-matching
functions.

According to Grassman’s laws, a fest color
stimulus can be matched by the additive mixture
of three properly selected matching primary stim-
uli (properly selected includes independence; i.e.,
none of the primary stimuli can be matched by the
additive mixture of the other two). The test stim-
ulus is projected on one side of a bipartite field;
the additive mixture of the three matching primary
stimuli (it is practical to use monochromatic red,
green, and blue primary lights, see later) is
projected onto the other side of the field. By
using adjustable light attenuators, the light flux
of the three matching stimuli is adjusted to obtain
a color appearance match between the two fields.
When this situation is reached, the test stimulus
can be characterized by the three luminance
values of the matching stimuli reaching the eye
of the observer. This is described by the following

equation: [C] = RIR] + G[G] + B[B| (1)

where [C] is the test stimulus; [R], [G], and [B] are
the unit values of the three matching stimuli;
and R, G, and B are the amount taken from [R],
[G], and [B] to match the stimulus
[C]. The = sign means “matches” (for more
details, see [2]). Invariably, one of the primary
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stimuli has to be added to the test stimulus to
complete the match.

If one uses monochromatic test stimuli of equal
power, wavelength to wavelength along the visi-
ble spectrum (theoretically between 360 nm and
830 nm, practically between 380 nm and 780 nm),
and matches these monochromatic radiations with
the three selected matching stimuli (in different
wavelength regions, one of the matching stimuli
has to be added to the test stimulus to get a color
match, and in that case the matching stimulus is
shown in Eq. 1 as it would be subtracted from the
other two matching stimuli), one can build up the
color-matching functions.

Using 1 cd'm™? monochromatic red light of
700 nm as [R], 4.5907 cd'm~2 monochromatic
green light of 546.1 nm as [G] and
0.0601 cd'm~2 monochromatic blue light of
435.8 nm as [B] for the units of the matching
stimuli, one gets for unit power of monochromatic
lights of the spectrum curves as shown in Fig. 1
called color-matching functions (CMFs) and usu-
ally written in the following form:7(4), g(4), b(A).

Visual experiments have shown that color
stimuli are additive, i.e., if the test stimulus is
composed of two sub-stimuli [C(4;)] and [C(4,)]
of different wavelengths, the amounts of the [R],
[G], and [B] matching stimuli, also called pri-
maries, that are used to match [C(4;)] and
[C(4,)] have to be added to match the additive
mixture of the two test stimuli [C}»]. This can be
expanded to a spectrum that has different spectral
radiance values at different wavelength: the color
of the compound spectrum S(1) can be described
by three tristimulus values:

780nm 780nm
R= F(A)S(A)di, G = g(M)S(A)d4,
380nm 380nm
780nm
B= | B(1)S(1)d)
380nm

(@)

In many applications, it is inconvenient to use

negative lobes of the 7(1),g(4),b(4) functions;
therefore, the CIE decided in 1931 to transform
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the 7(1), g(4), b(4)
functions using a matrix transformation to imag-
inary CMFs (non-real in the sense that they cannot
be physically realized). The transformed CMFs
are the ¥(4), ¥(1), and Z(1) functions, and the
tristimulus values determined using these func-
tions are the X, ¥, and Z tristimulus values. Their
calculation is similar at those of the R, G, and
B values shown in Eq. 2.

The transformation matrix has the following
form:

X| [2768892 1.751748 1.130160| |R
Y| =|1.000000 4.590700 0.060 100 ||G
z 0 0.056 508 5.594292| |B

&)

The original color-matching experiments were
conducted with small, approximately 2° diameter
homogeneous color patches, seen foveally. The
central part of the fovea is covered by a yellow
pigmentation, the yellow spot or macula lutea. If
larger-colored fields are viewed or slightly
off-axis objects are viewed, the above CMFs do
not hold anymore, as the yellow pigmentation
absorbs light in a part of the visible spectrum.

In 1964 CIE standardized CMFs for a 10°
visual field, the so-called large field CMFs.
Based on similar direct visual investigations
performed mainly by Stiles and Burch [3] with
contributions by Speranskaya [4], these functions
are now used in many applications. To distinguish
between values determined using the 2° or the 10°
functions, the latter are distinguished by the

subscript “10,” and thus the 10° observer’s
CMFs are termed X19(4), ¥,0(4), Zio(4) (Fig. 2).

Regarding the use of the tristimulus values and
further colorimetric calculations, see chapters on
“CIE chromaticity co-ordinates,” “CIE chroma-
ticity diagram,” “CIE illuminants,” and
“CIELAB” and other chapters on advanced
colorimetry.

Short History of the CIE Colorimetric
Observer

CIE colorimetry is based on the tristimulus theory
developed by the greatest scientists of the nine-
teenth century, including Thomas Young, Helm-
holtz, and Maxwell (see [5]). Maxwell’s
demonstrations and ideas, in particular, lead to
the specification of the trichromatic theory; he
showed, e.g., the three color mixture curves of
the spectrum and plotted the spectrum locus in
the color triangle.

Photometry and colorimetry were further
developed in the USA that lead to the so-called
OSA excitation curves.

During the second decade of the twentieth
century, two groups in the UK performed detailed
investigations of color matching: John Guild at
the NPL and David Wright at the Imperial Col-
lege, London. The two researchers used different
primaries, and it was a great surprise that after
their transformation into a common system, they
matched reasonably well.
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During those years the CIE formulated the
wish to develop a colorimetric description of col-
ored glasses used for traffic control. At the 1931
meetings of the CIE, the USA and UK groups
discussed in detail the pros and cons of different
systems and finally agreed that a mean of the
Guild and Wright data should be adopted, but
transformed to a system with nonnegative
CMFs. These were the X(1), y(1), and z(4)
CMFs that we still use today.

One major problem with the CIE 1931 XYZ
system is that the values of the primaries were
determined photometrically, so that the X(4),
¥(1), and zZ(1) functions had to be reconstructed
using V() function, the visibility function (now
called spectral luminous efficiency for photopic
vision). As it turned out later, the V() dataset is in

wavelength, nm

error in the blue part of the spectrum, and this
error has been transferred to the color-matching
functions.

Experiments carried out in the 1950s at NPL by
Stiles and Burch led to a new set of 10-deg CMFs;
this time the primaries and test lights were radio-
metrically calibrated, so they were not contami-
nated by photometric errors. As mentioned in the
Overview, the NPL data were harmonized with
data measured by Speranskaya, and these were
standardized as the CIE 10° observer in 1964.

Recently, the fundamental experimental data
have been reanalyzed, together with new cone
spectral sensitivity measurements made in
red-green dichromats and blue-cone monochro-
mats of known genotype to produce new cone
spectral sensitivity curves of the three cone
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receptors (the cones are mainly responsible for
daylight vision and color perception) as well as
transformations to X(1), y(1), and Z(1)-like curves
[6, 7]; see Chapter on CIE Physiologically-Based
Colour-Matching Functions and Chromaticity
Diagrams. The cone fundamentals are known as
the fundamental CMFs or (4), m(/), and 5(/).
Both the 2° and the 10° CMFs have been
published by the Colour & Vision Research Lab-
oratory at http://www.cvrl.org (see Fig. 3) — at
the time of submitting this manuscript, CIE TC
1-36 has not endorsed the transformation from the
LMS cone fundamentals to the CMFs shown here.

Cross-References

CIE Chromaticity Coordinates (xyY)

CIE Chromaticity Diagrams, CIE purity, CIE
dominant wavelength

CIE Physiologically Based Color Matching
Functions and Chromaticity Diagrams
CIELAB

Daylight I[lluminants
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Synonyms

CAT

Definition

According to the CIE International Lighting
Vocabulary [1], chromatic adaptation is a visual
process whereby approximate compensation is
made for changes in the colors of stimuli, espe-
cially in the case of changes in illuminants. The
effect can be predicted by a chromatic adaptation
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transform (CAT) which is used to predict the
corresponding colors, a pair of color stimuli that
have same color appearance when one is seen
under one illuminant and the other is seen under
the other illuminant.

Overview

CAT is used for many industrial applications.
For example, it is highly desired to produce
color constant merchandise, i.e., products do not
change color appearance across different illumi-
nants. A color inconstancy index named
CMCCONO2 was proposed by the Colour Mea-
surement Committee (CMC) of the Society of
Dyers and Colourists (SDC) [2]. CAT is a key
element in the color inconstancy index. It was
later become the ISO standard for textile applica-
tions [3]. Furthermore, chromatic adaptation is the
most important function included in a color
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appearance model, which is capable of predicting
color appearance under different viewing condi-
tions such as illuminants, levels of luminance,
background colors, and media (e.g., reflection,
transmissive and self-luminous display). The
CIE [4] recommended CIECAMO02 for the
application of the color management systems.
For illumination engineering, a CAT is also
required for predicting the color rendering
properties between a test and a reference
illuminant [5].

Various chromatic adaptation transforms have
been derived to fit a particular experimental
dataset (see later). The workflow for a typical
CAT is given in Fig. | including three steps:

Step 1 Cone response transform
To model the physiological mechanisms of
chromatic adaptation, one must express stimuli
in terms of cone responses, denoted by R, G,
and B or L, M, and S, suggestive of long-wave

CIE Chromatic
Adaptation; Comparison

of von Kries, CIELAB,
CMCCAT97 and CATO02,
Fig. 1 The three steps
included in a chromatic
adaptation transform
(Copyright of the Society of
Dyers and Colourists)

XwYwZw XrwYrwlrw XYZ
Step 1: Cone response transform
RyGwByw RiwGrwWrw RGB

N

Step 2: Chromatic adaptation

!

RcGeBe

!

Step 3: Reverse cone transform

!

XcYcCe
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(red), middle-wave (green), and short-wave
(blue) sensitivities, respectively. This is
achieved by using a linear transform via a
3 by 3 matrix. Various transform functions
have been proposed having different funda-
mental primaries.

Step 2 Chromatic adaptation mechanism
This step transforms cone responses of the test
sample (R, G, B), under the test illuminant,
defined by (R,, G,, B,), into the adapted
cone responses (R., G, B.) under the reference
illuminant, defined by R,.,, G,,, and B,,,. The
transforms are different between
different CATs.

Step 3 Reverse cone transformation
Using the reverse cone transform (an inverse
matrix of Step 1) to calculate the corresponding
cone responses (R., G, B.. in Step 2), back to
tristimulus  values under the reference
illuminant.

CIE TCI1-52 technical report entitled “A
review of chromatic adaptation transformations”
[6] gave a comprehensive survey of the trans-
forms and reported the testing results of the
state-of-the-art CATs using large accumulation
of experimental datasets.

Four of them, the most well known, are intro-
duced below. The notation used in each CAT is
different from those used in its original version,
but agree with those given in Fig. 1.

von Kries Chromatic Adaptation Transform
The earlier CAT was that developed by von
Kries in 1902. He studied chromatic adaptation
following the Young-Helmholtz theory, which
assumes that, although the responses of the three
cone types (R, G, B) are affected differently by
chromatic adaptation, the relative spectral sensi-
tivities of each of the three cone mechanisms
remain unchanged. Hence, chromatic adaptation
can be considered as a change of sensitivity by a
constant factor for each of the three cone
mechanisms. The magnitude of each factor
depends upon the color of the stimulus to
which the observer is adapted. The relationship,
given in Eq. 1, is known as the von Kries coeffi-
cient law:

=
Il
R

R
G (1)
B

Q

C
C
C

oo

~

A

where R, G, and B, and R, G, and B are the cone
responses of the same observer, but viewed under
the test and reference illuminants, respectively.
The «, 5, and y are the von Kries coefficients
corresponding to the change in sensitivity of the
three cone mechanisms due to chromatic adapta-
tion. These are calculated using Eq. 2:

RrW . _ GrW .
= (&) 1=(&)
By
y = (E) ()

R R G G. B B
G’ By

and R, G, and B, and R,, G, and B,, are
the cone responses for the reference white
under the reference and test illuminants,
respectively.

In 1974, the CIE technical committee on color
rendering [5], [6] adopted a version of the von
Kries model derived by Helson et al. [7]. It is still
in use for making small adjustments to account for
differences in illuminants to be compared for
color rendering properties. This procedure is
given below:

Step 1 Calculate the R, G, B, R, G, and By, and
R, G, and B, using Judd’s cone transforma-
tion in Eq. 3:

R 0,000 1,000 0,000 X
G| =1]-0,460 1,360 0,100 Y
B 0,000 0,000 1,000 Z
3

Step 2 Calculate the o, f8, and y von Kries coeffi-
cients and the R., G., and B, values using
Egs. 1 and 2.

Step 3 Calculate the X, Y., and Z_ using Eq. 4:
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X 2,954 -2,174 0,220 R.

Y. | =1(1,000 0,000 0,000 G,

Z. 0,000 0,000 1,000 B,
“

CIELAB

Although the CIELAB color space [8] was
recommended by CIE in 1976 solely for quanti-
fying color differences under daylight illumi-
nants, it can also be used with other illuminants
because it includes a von Kries type of transfor-
mation, i.e., by dividing the tristimulus values (X,
Y, Z) of the sample by those (X,, Y, Z,) of
illuminant, respectively. The assumption made is
that L*, a*, and b* values will be the same for a
pair of color constants under a test and a reference
illuminant.

CMCCAT97 Chromatic Adaptation
Transformation

Lam and Rigg [9] investigated the color constancy
for object colors with change of illuminants. They
conducted a memory-matching experiment using
58 textile samples under illuminants D65 and
A. A transformation was derived to fit the exper-
imental data. The transform was named BFD
transform, which is similar to the structure of
Bartleson’s. At a later stage, this transform was
enhanced by Luo and Hunt [10] to become
CMCCAT97. It was also included in the first
version of CIE color appearance model,
CIECAM97 [11]. CMCCAT97 transform is
given below.

A parameter, L, (adapting luminance), is
required for calculating a parameter, D, which
allows for the degree of chromatic adaptation
taking place. L, is calculated as L., Y;,/100 where
L, is the luminance in cd/m’ of the reference
white under test illuminant and Y, is the lumi-
nance factor of the background. The whites are
normally the perfect reflecting diffuser, in which
case ¥y, = Y. = 100. Other whites may be used,
but to avoid ambiguity, their details should be
recorded:

Step 1 Calculation of R, G, B, R,,, G,.,, and B,,,
and R,, G,,, and B,, using Eq. 5:
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R X/Y
G|=M|y)Y
B Z/Y
where (5)
0.8951 0.2664 —0.1614
M= -0.7502 1.7135 0.0367
0.0389 —0.0685 1.0296

Step 2 Calculation of degree of adaptation
(D) using Eq. 6:

F
D=F— 6
1+2LY% +L2/300 ©

where F' = 1 for surface samples seen under typ-
ical viewing conditions.

D is set to one by assuming that the color of
the illuminant is usually discounted during
visual color inconstancy assessments for object
colors. This is proposed by CMCCON97 [12].

Step 3 Calculation of the corresponding RGB
cone responses using Eq. 7:

Rc = [D(RWI'/RW) +1 _D]R
Gc = [D(Gwr/Gw) +1- D]G
Bc = [D(Bwg/B%) + 1 —D]|Bf’

(N
(when B is negative, B, must be made

negative)

p= (Bw/Bw/')O'0834

where

Step 4 Calculation of the corresponding tristimu-
lus values using Eq. 6:

X. RY
Y. | =M"|G.Y 8)
Z. B.Y

CATO02 Transform

Various tries were carried out to test the perfor-
mance of different transformations by CIE
TC1-52 Chromatic Adaptation Transformation.
At the same period, CIE TC 8-01 Color Appear-
ance Models for Color Management Applications
was aimed to improve the CIECAM97 model and
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in some degree to simplify the model. This
resulted in CIECAMO02 [4] which includes
CATO02. At a later stage, CMC also modified its
original CMCCON97 color constancy index [12]
to CMCCONO2 [2] by replacing CMCCAT97 by
CATO02. The CATO02 is given below:

Step 1 Calculation of R, G, B, Ry, Gy, and By,
and R, G, and By, using Eq. 7:

R X
G| =Mcato2 | Y 9
B Z
where
0,7328 0,4296 -0,1624
Mcate = | —0,7036 1,6975 0,0061
0,0030 0,0136 0,9834

Step 2 Calculation of degree of adaptation (D)
using Eq. 8:

D= F[l - (3’16> e(L3242):|

where F'is set to 1,0, 0,9, or 0,8 for “average,”
“dim,” or “dark” surround condition, respectively,
and L, is the luminance of the adapting field. In
theory D should range from 0 for no adaptation to
the adopted white point to 1 for complete adapta-
tion to the adopted white point. In practice the
minimum D value will not be less than 0,65 for a
“dark” surround and will exponentially converge
to 1 for “average” surrounds. If D from Eq. 8§ is
larger than one, D should be set to one. For
predicting color inconstancy of a sample using
CMCCONO02, D value should be set to one assum-
ing a complete adaptation.

Step 3 Calculation of R, G, and B, from R, G, and

B (similarly Ry, Gy, Bwe from Ry, Gy, By):

10)

R. = [D(Rrw/Rw) +1 _D]R
G. = [D(Gw/Gw) + 1 —D]G
B. = [D(BrW/BW) +1 —D]B

(1)

Step 4 Calculation of the corresponding tristimu-
lus values using Eq. 10:
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Experimental Datasets Investigated by
CIE TC1-52

CIE TCI1-52 members also collected large
number of datasets. These were accumulated
using mainly three different psychophysical
methods [13]: haploscopic matching, memory
matching, and magnitude estimation. The former
is to ask observers to perform color matching
between two viewing fields: say one eye views a
stimulus under illuminant A and the other eye
views another stimulus under illuminant D65.
Memory matching is to ask observers to
describe color stimuli using a particular color
order system such as Munsell under one illumi-
nant with full adaptation. Prior to the experiment,
the observers need to be trained to learn the
perceptual attributes such as Munsell value,
chroma, and hue. Magnitude estimation is to ask
observers to estimate color stimuli in terms of
lightness, colorfulness, and hue. Table 1 shows
the datasets chosen to be extensively studied by
CIE TC1-52.

CIE Chromatic Adaptation; Comparison of von Kries,
CIELAB, CMCCAT97 and CAT02, Table 1 List of clas-
sical experiments for each technique (Copyright of the
Society of Dyers and Colourists)

Viewing

field Experiment Year | References

Haploscopic matching

Simple CSAJ 1991 | [14]

Complex Breneman 1987 | [15]

Memory matching

Simple Helson et al. 1952 | [7]

Complex Lam and Rigg 1985 | [9]
Braun and 1996 | [16]
Fairchild

Magnitude estimation

Simple Kuo and Luo 1995 | [17]

Complex Luo et al. 1991 |[18, 19]
Luo et al. 1993 | [20, 21]
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CIE Chromatic Adaptation; Comparison of von Kries, CIELAB, CMCCAT97 and CATO02

CIE Chromatic Adaptation; Comparison of von Kries, CIELAB, CMCCAT97 and CAT02, Table 2 The performance
of chromatic adaptation transforms (Copyright of the Society of Dyers and Colourists)

Refer.

Datasets/transform illum. Test illum.
Group 1: reflective
CSAJ-C D65 A
Helson et al. C A
Lam and Rigg D65 A
Luo et al. (A) D65 A
Luo et al. (D50) D65 D50
Luo et al. (WF) D65 WF
Kuo et al. (A) D65 A
Kuo et al. (TL84) D65 F11
Group 1 weighted mean
Group 2:
non-reflective
Braun and Fairchild D65 3000 K

9300 K
Breneman D65 Various

Group 2 weighted mean
Overall weighted mean

No. of von CMC

pairs CIELAB | Kries CAT97 | CATO02

87 |5.0 4.1 3.4 3.4

59 6.2 5.1 3.8 3.8

58 5.0 5.0 3.4 3.6

43 5.6 5.5 3.9 3.8

44 1438 4.1 4.2 4.2

41 | 4.5 6.1 4.7 4.7

40 |5.6 5.8 3.6 3.5

41 33 39 2.8 2.6

5.1 4.9 3.7 3.7

66 |55 5.2 3.7 3.6

107 |8.2 8.0 5.6 5.5

7.2 6.9 4.9 4.8

5.7 5.7 4.0 3.9

Note: The bold and underlined italic values indicate the best transform for each dataset

Evaluation of CATs

The four CATs introduced earlier were tested
using the datasets given in Table 1 from eight
sources. In total, 568 corresponding color pairs
were gathered. The results are summarized in
Table 2 in terms of mean CMC (1:1) AE
units [22].

It was found [17] that the typical observer
variation for studying chromatic adaptation was
about 4 CMC (1:1) units. Hence, if a CAT has an
error of prediction equal to or less than 4 units, it
may be considered to be satisfactory. As shown in
Table 2, the most accurate transform for each
dataset (the underlined and bold value) is usually
less than 4 units except for Luo et al. (WF) dataset.
The ten datasets are divided into two groups:
reflection and non-reflection samples. The Braun
and Fairchild and Breneman datasets are included
in the latter group. (Braun and Fairchild data were
obtained by comparing between CRT and reflec-
tion printed colors, and Breneman data were
based on projected transmissive colors.) The
weighted mean for each CAT was calculated to
represent the performance for each group or over-
all. The weighted mean was used to take into

account the number of corresponding pairs in
each dataset.

The results showed that for both data groups,
CMCCAT97 and CATO02 outperformed von Kries
and CIELAB with a big margin, and the former
and the latter two gave similar degree of error of
prediction. This implies that the former two and
the latter two CATs gave very similar results. This
implies that von Kries law alone is insufficient to
develop a reliable CAT. The matrix in Step 1 of
Fig. 1 is essential for a reliable CAT.

Also, CMCCATO07 was derived by fitting only
one dataset, the Lam and Rigg. It also predicts
well to the other datasets. This implies that all
corresponding datasets agree reasonably well
with each other. CAT02 can be considered as an
improvement of CMCCAT97 because it is simpler
and was developed by fitting all the datasets in
Table 2.

Another method to evaluate the performance of
CATs is to visualize the color shifts in a color
space. The predicted shifts for the four CATs in
Table 2 and the corresponding experimental shifts
from all data were plotted in CIELAB a*b* dia-
gram. The Helson et al. dataset [7] was used to
illustrate the transformations to CIE C from
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CIE Chromatic Adaptation; Comparison of von Kries,
CIELAB, CMCCAT97 and CATO02, Fig. 2 Graphical pre-
sentation of corresponding a*b* values showing direction
and magnitude of the experimental visual results under CIE
standard illuminants A and C, plotted between the point

A illuminant as shown in Fig. 2. This dataset was
chosen because it has been the most widely used
and the earlier produced dataset. In Fig. 2, the
point where the two vectors cross and the
unmarked end represent experimental results
viewed under illuminants A and C, respectively.
The “ + ” symbol represents the predicted chro-
maticity from one particular transformation. The
distance between each corresponding “ + ” and

where the two vectors cross and the unmarked end and
between the former point and the predicted shifts plotted
using a “ + ” symbol, whereas (a) von Kries, (b) CIELAB,
() CMCCAT97, and (d) CATO02 (Copyright of the Society
of Dyers and Colourists)

unmarked end indicates the error of prediction
except for CIELAB. For a good agreement
between experimental results and a particular
transformation, the two vectors should overlap.
For perfect agreement between CIELAB and the
experimental results, each vector in Fig. 2a should
have a zero length (or a single point). As can be
seen in Fig. 2a, such perfect agreement was not
found. However, there is a clear pattern of color
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shift in each figure. That is, the color shift
increases for more colorful colors as Cy,*
increases.

Note that experimental errors would be
expected to be random. When a diagram shows a
consistent pattern in the errors of prediction of a
particular color region, this is most likely to be
due to a fault in the transform. See the example of
the von Kries diagram at very colorful regions.

Figure 2a—d shows that there are large differ-
ences between the four different CATs in terms of
predictive color shifts. For the von Kries trans-
form (Fig. 2b), the predictive shifts only move
along the a* direction, i.e., red-green shift. Both
von Kries and CIELAB gave reasonable predic-
tions for the low chroma colors, but large predic-
tive errors for high chroma colors. CMCCAT97
(Fig. 2c) gave a quite precise prediction for almost
all colors with some exceptions in the colorful
yellow and blue regions. The prediction of those
regions was improved for CATO02 transform
(Fig. 2d). It can also be seen that in general, the
magnitudes and shifts for CAT02 are very similar
to those of CMCCAT97 (see Fig. 2c¢). This indi-
cates that although CMCCAT97 was derived to fit
only the Lam and Rigg dataset, it gave almost the
same performance as that CATO02 (see Table 2).
This implies that there is great similarity between
different datasets.

Future Directions

The CATs, especially CAT02, have been applied
successfully in various applications. However,
some shortcomings have been identified for some
very saturated colors (close to the spectrum
locus of the chromaticity diagram). Although
these colors are rare in most applications,
efforts from the CIE have been made to correct
them [23].
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Leeds, Leeds, UK

Definition

Chromaticity coordinates x, y, and z are calculated
from CIE tristimulus values X, Y, and Z thus:

x=X/X+Y+2Z), (1)
y=Y/X+Y+2),
2 =Z/X+Y+2).

If the chromaticity coordinates and one of the
tristimulus values (e.g., Y) are known, then it is
possible to compute tristimulus values thus:

X = xY/y, 2)
Z=z¥ly =(1-x=y)Y/y

Chromaticity Coordinates

The use of chromaticity coordinates is an alterna-

tive, and often more useful, representation to the
use of tristimulus values. The tristimulus values X,
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Y, and Z of a stimulus are the amounts of three
primary lights that on average an observer would
use to match the stimulus and as such form a
specification of the stimulus. If the Y tristimulus
value is calculated on an absolute basis, then it
represents the luminance of the color stimulus, in
candelas per square meter, for example [1]. When
relative tristimulus values are calculated so that
Y = 100 for a similarly illuminated and viewed
perfect lambertian reflector, then the Y of a stimu-
lus is equal to its reflectance factor or, in some
cases, transmittance factor. It is customary to
regard Y as the luminance factor of the stimulus,
and this is an approximate correlate of the percep-
tual attribute of lightness [1].

The CIE system of colorimetry was designed
so that the Y tristimulus value correlates, at least
approximately, with lightness. To achieve this and
other objectives, the primaries upon which the
CIE system is based are usually referred to as
being imaginary and certainly cannot be physi-
cally realized. This means that the X and
Z tristimulus values do not correlate, even approx-
imately, with any perceptual attributes, and this is
a motivation for calculating other attributes that
can provide such correlates. The chromaticity
coordinates (see Eq. 1) are a type of relative tri-
stimulus values. So, for example, if X = 20,
Y = 40, and Z = 20 for a stimulus, then x = 20/
80 = 0.25 and y = 40/80 = 0.5. This indicates
that the stimulus is 25 % of X, 50 % of ¥, and 25 %
of Z, of course.

Inherent in the way that the chromaticity coor-
dinates are calculated (Eq. 1) is the constraint that
x + y + z = 1, and this means that there are only
really two degrees of freedom sincez =1 — x —
y. Since there are only two free variables, it is
possible to construct a 2D diagram referred to as
a chromaticity diagram. By convention, in the
chromaticity diagram (which forms a sort of map
of colors), x and y are plotted on the abscissa and
ordinate, respectively (Fig. 1).

Properties of the Chromaticity Diagram

Figure 1 shows an illustration of a chromaticity
diagram though note that the colors are purely
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representative and are not meant to accurately
denote the color at any point in the diagram. The
original color-matching experiments carried out
by Wright and Guild that formed the basis of the
CIE system of color specification in 1931 used
real, but different, red (R), green (G), and blue (B)
lights as the primaries but were transformed into a
common set of monochromatic primaries; the
R was at 700 nm, the G at 546.1 nm, and the
B at 435.8 nm. The color-matching functions are
the amounts of each of these primaries used on
average by a group of observers to match each
wavelength of light in the visible spectrum
(380780 nm). The vertices of the triangle in
Fig. 1 are at the chromaticities of the CIE RGB
primaries.

If two lights are represented in the chromaticity
diagram by two points, then chromaticities of the
additive mixtures of the two lights will be
represented by the straight line that joins the two
points. Thus, in Fig. 1, all mixtures of the R and
G primaries would lie on the straight line joining
the chromaticities of the R and G primaries. The
range of colors that can be matched by a set of
primaries is sometimes referred to as the gamut;
the gamut of a dichromatic system (based on just
two primaries) is very small and impractical for

most purposes. When there are three primaries
(a trichromatic system), then the gamut becomes
a triangle in the CIE chromaticity diagram such as
the RGB triangle illustrated in Fig. 1.

The curved horseshoe-shaped locus of the
chromaticity diagram is defined by the chromatic-
ities of the monochromatic wavelengths of light.
Since all real color stimuli are combinations of the
monochromatic wavelengths, and given the ear-
lier observation about how color mixtures are
defined in the chromaticity diagram, it is clear
that the gamut of all physically realizable colors
is the convex hull constrained by the curved spec-
tral locus. Similarly, it is also clear that no matter
how carefully three primaries are selected (and no
matter whether they are monochromatic or not),
the gamut (represented by a triangle in the chro-
maticity diagram) will always be a subset of the
gamut of all physically realizable colors. Thus, if
the gamut of the CIE RGB primaries is considered
(see Fig. 1), it is evident that much of the spectral
locus cannot be matched by additive mixture of
the primaries. The 1931 CIE system was defined
by transforming the color-matching functions
from the RGB primaries into a system of imagi-
nary primaries XYZ where the whole spectrum
(from 380 to 780 nm) could be matched by
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all-positive amounts of the three primaries. The
XYZ primaries are referred to as imaginary
because they cannot be realized physically; in
Fig. 1, the outer triangle — defined by the x,y
chromaticities (0,0), (1,0), and (0,1) — is the
gamut of the XYZ primaries, and it is evident
that the gamut of physically realizable colors lies
within this.

The largest gamut that can be achieved by any
RGB system would be obtained by using pri-
maries whose chromaticities were close to, or
on, the spectral locus at the approximate wave-
lengths 400, 520, and 700 nm, but this would still
leave parts of the gamut of physically realizable
colors outside of the RGB triangle (see Fig. 2).
A further consideration is that a practical RGB
system consists of chromaticity and luminance.
Consequently, an RGB display device based on
monochromatic primaries would likely not be
very bright. For many purposes, it is important
to be aware that gamuts are three dimensional [2].

Primaries that consist of light at more than one
wavelength are less saturated than monochro-
matic lights of a similar hue; however, they also
tend to be much brighter. The design of modern

02 03 04 05 06

07 08 09 1

display devices involves many such consider-
ations, but many use primaries that correspond
closely to the SRGB trichromatic standard whose
gamut is represented in Fig. 2 [3]. It is evident that
the sSRGB gamut (in 2D chromaticity space at
least) covers less than half of the gamut of phys-
ically realizable colors. However, the fact that
reflectance spectra for objects in the world tend
to vary smoothly with wavelength [4] has the
consequence: the practical gamut of real-world
colors is much smaller than the horseshoe-shaped
locus would suggest. Monochromatic stimuli, for
example, are incredibly rare in the natural or
man-made world.

The chromaticity diagram is perceptually
nonuniform [1]. This was visually demonstrated
by the MacAdam ellipses which showed the chro-
maticities of stimuli that were just noticeably dif-
ferent from a standard color. Around each
standard color, the locus of the just discriminable
colors was the ellipses whose size and orientation
varied greatly throughout the chromaticity dia-
gram. In a perceptually uniform space, these loci
would be circles of identical size. Even lines of
constant hue are curved in chromaticity space
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rather than being straight. The Abney effect, first
observed in 1909, is a phenomenon such that there
is a hue shift when white light is added to a
monochromatic light [5]. The locus of the mixture
of a white light (see the equal-energy stimulus in
Fig. 1) and a monochromatic light would be a
straight line in the chromaticity diagram. Prob-
lems with the lack of perceptual uniformity of
the chromaticity diagram were part of the reason
why nonlinear transforms of the XYZ system
were explored ultimately resulting in the CIE
(1976) L*a*b* color space or CIELAB.

Further Considerations and Future
Directions

Currently, there are two CIE xy chromaticity
spaces corresponding to the 1931 (2° of visual
angle) and 1964 (10° of wvisual angle)
standard observers, respectively. Work is under-
way to explore the possibility of a CIE standard
observer that would include a visual angle param-
eter to allow a family of related chromaticity
diagrams.
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CIE Chromaticity Diagrams, CIE
Purity, CIE Dominant Wavelength

Janos Schanda
Veszprém, Hungary

Definitions

Chromaticity Diagram

Plane diagram in which points specified by chro-
maticity coordinates represent the chromaticities
of color stimuli [1]

Note: In the CIE standard colorimetric
systems, y is normally plotted as ordinate and
x as abscissa, to obtain an x, y chromaticity
diagram.

Purity (of a Color Stimulus)

Measure of the proportions of the amounts of the
monochromatic stimulus and of the specified ach-
romatic stimulus that, when additively mixed,
match the color stimulus considered.

Note 1: In the case of purple stimuli, the mono-
chromatic stimulus is replaced by a stimulus
whose chromaticity is represented by a point on
the purple boundary.

Note 2: The proportions can be measured in
various ways (see “Excitation Purity” and “Col-
orimetric Purity”).

Excitation Purity [p,]

Quantity defined by the ratio NC/ND of two col-
linear distances on the chromaticity diagram of the
CIE 1931 or 1964 standard colorimetric systems,
the first distance being that between the point
C representing the color stimulus considered and
the point N representing the specified achromatic
stimulus and the second distance being that
between the point N and the point D on the spec-
trum locus at the dominant wavelength of the
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color stimulus considered, leading to the follow-
ing expressions:

_ Y = In
Pe =
Yd = Wn
or
X — Xy
Pe =
Xd — Xn

where (x, ¥), (Xn, Vo), (xq, y4,) are the x,
y chromaticity coordinates of the points C, N,
and D, respectively.

Unit: 1

Note 1: In the case of purple stimuli, see Note
1 to “purity.”

Note 2: The formulae in x and y are equivalent,
but greater precision is given by the formula
which has the greater value in the numerator.

Note 3: Excitation purity, p., is related to col-
orimetric purity, p., by the equation:

pey
Yd

e

Colorimetric Purity [p,]
Quantity defined by the relation

B Ln + Ld

De

where Ly and L,, are the respective luminances of
the monochromatic stimulus and of the specified
achromatic stimulus that match the color stimulus
considered in an additive mixture.

Note 1: In the case of purple stimuli, see Note
1 to “purity.”

Note 2: In the CIE 1931 standard colorimetric
system, colorimetric purity, p., is related to exci-
tation purity, p., by the equation p. = p.y./y
where y4 and y are the y chromaticity coordinates,
respectively, of the monochromatic stimulus and
the color stimulus considered.

Note 3: In the CIE 1964 standard colorimetric
system, a measure, p.,o, is defined by the relation
given in Note 2, but using pe,10, Vd>10, and yio
instead of p., y4, and y, respectively.
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Dominant Wavelength (of a Color Stimulus)
[Ad]
Wavelength of the monochromatic stimulus that,
when additively mixed in suitable proportions
with the specified achromatic stimulus, matches
the color stimulus considered in the CIE 1931 x,
y chromaticity diagram.

Unit: nm

Note: In the case of purple stimuli, the domi-
nant wavelength is replaced by the complemen-
tary wavelength.

Overview

x, y Chromaticity Diagram

Both in the CIE 1931 standard colorimetric sys-
tem and the CIE 1964 standard colorimetric sys-
tem, chromaticity coordinates are expressed as the
ratio of the given tristimulus value and the sum of
all three tristimulus values [2]:

B X B Y
““Xtv+z YT x+v+z

ey

As the color-matching functions are the tristimu-
lus values of the monochromatic stimuli, the chro-
maticity coordinates of the monochromatic
stimuli can be calculated according to Eq. 1 In
the plane rectangular x-y diagram the line of the
chromaticity of the monochromatic stimuli
bounds, together with the straight line connecting
the red and blue endpoints of the spectrum, the
area of visible stimuli [3]; see Fig. 1. The diagram
produced by plotting x as abscissa and y as ordi-
nate is called the CIE 1931 chromaticity diagram
or the CIE (x, y) diagram. A similar chromaticity
diagram can be constructed using the x;9, ¥i0
chromaticity coordinates of the CIE 1964 stan-
dard colorimetric system.

The chromaticity diagram is often depicted in
color; see Fig. 3 (in the section for dominant
wavelength and purity). One has to emphasize,
however, that in this figure, the colors are only
for orientation. As shown in Fig. 1, if, e.g., on the
computer the colors are mixed from the R, G,
B primaries (the gamut of real RGB primaries of
monitors is even smaller), the mixed colors have
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& Y With these coordinates, the chromaticity

the monochromatic stimuli, the emission spec-
trum reaching our eyes should contain only one
single wavelength [4].

As seen in Fig. 3, the mid-part of the chroma-
ticity diagram looks whitish. This is even more
pronounced if a light source of that chromaticity
illuminates a scene; a white paper will — under
these conditions — look white, and this is caused
by chromatic adaptation.

Chromaticity diagrams can be built also for the
CIE 1976 u/, v/ coordinates [5]. The 1976 v/, v/
uniform chromaticity scale diagram (UCS dia-
gram) is a projective transformation of the CIE
1931 x, y chromaticity diagram yielding percep-
tually more uniform color spacing, i.e., the per-
ceived chromaticity differences are represented by
more uniform coordinate differences. The trans-
formation between the two systems is

, 4x
yW=—"
—2x+ 12y +3
v’:—gy
—2x+ 12y +3

@

diagram has the form as shown in Fig. 2. Com-
paring this diagram with the x, y diagram, it
becomes obvious how nonuniform the x,
y diagram is (see details in entry “» CIE v/, v/
Uniform Chromaticity Scale Diagram and
CIELUYV Color Space”).

An equivalent transformation starting from the
tristimulus values is

Y 4X
X+ 15Y +37 3)
. )% :
X+ 15Y +3Z
To be exact Euclidean distances in his

diagram can be used to represent approximately
the relative perceived magnitude of color
differences between color stimuli of negligibly
different luminances, of approximately the
same size, and viewed in identical surroundings,
by an observer photopically adapted to a field with
the chromaticity of CIE standard illuminant
D65 [6].
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Dominant Wavelength and Purity

A color can be characterized by its tristimulus
values or its chromaticity and the luminance (if it
is a self-luminous object) or luminance factor (if it
is areflecting or transmitting object illuminated by
a (standard) light source). It is difficult to visualize
the chromaticity from the x, y values; an easier
identification is by two other quantities: dominant
wavelength and excitation purity.

Dominant and Complementary Wavelength
In Fig. 3, we see two colored samples (represented in
the chromaticity diagram by A and B); they are
illuminated by a source of neutral chromaticity (N).
If a line is drawn from point N through point A or B,
one reaches at the boundaries of the chromaticity
diagram, at the spectrum locus points D and C,
respectively. Points D and A are located on the
same side of point N; thus, chromaticity of A is
less saturated as that of D but has similar hue;
therefore, the wavelength of the monochromatic
radiation at point D is called the dominant wave-
length (in our example 495 nm). By mixing radiation
of the monochromatic radiation D and the neutral
radiation N, one can create the chromaticity A.

For point B, as it is located on the far side of
points N and C, one can produce the chromaticity
N by mixing chromaticity B with C. Therefore,

’

u

the wavelength of the spectral line at C is called
the complementary wavelength for
chromaticity B.

Excitation Purity

The relative distance of A (resp. B) from N, com-
pared to the distances DN (resp. B'N), is called
excitation purity and describes how strongly the
monochromatic stimulus is diluted by the radia-
tion of N. For purple colors (in the triangle of
points N-V-R), the monochromatic stimulus is
replaced, as seen, by the stimulus on the purple
boundary. In practice it is not necessary to calcu-
late with the vector length, it is enough to take
either the x or the y coordinates. One should take
always those coordinates that are larger; thus, e.g.,
for the two chromaticity points A and B, the
excitation purities are calculated as

Excitation purity of chromaticity point A :

_ AT @)
pe,A XD — XN

Excitation purity of chromaticity point B :

YB —IN (%)
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Colorimetric Purity

As mentioned under Definitions, another purity
quantity, colorimetric purity, is defined by the
luminance of the respective stimuli: Given the
stimulus A, to mix this color from stimuli
D and N, one needs luminance Ly and Ly. With
these quantities, the colorimetric purity is

Lp

- 6
Ly +Lp ©)

De

Summary

With some practice, one gets a reasonable feeling
of the chromaticity of monochromatic stimuli if
their wavelength is given; thus, if the dominant/
complementary wavelength of a stimulus is
stated, one can form a mental picture of the stim-
ulus. Similarly the excitation purity is also a rela-
tively easily visualized quantity — how whitish the
given colored stimulus is — thus, these two quan-
tities are often used instead of the chromaticity

coordinates for a quick description of the chroma-

ticity of a stimulus. One has to
emphasize — however — that the chromaticity of
the neutral stimulus is important. In many colori-
metric calculations, the CIE standard illuminant
D65 is used as a reference neutral stimulus, but in
some applications, the equienergetic stimulus is
found.

The CIE 1931 x, y chromaticity diagram is the
most often used diagram. It is, however, non-
equidistant, i.e., in different parts of the chromaticity
diagram, perceived equal chromaticity differences
are observed as different coordinate differences.
The CIE 1976 «/, v diagram is more equidistant
and is generally used in lighting engineering.

There is one exception, the determination of
correlated color temperature, which is determined
in the CIE 1960 diagram, the coordinates of which
are the following:

)

For further details, see Eq. 2.
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Definition

Color rendering (of a
light source)

Color rendering
index

CIE 1974 special
color rendering index
[Ri]

effect of an illuminant
on the color appearance
of objects by conscious
or subconscious
comparison with their
color appearance under
a reference illuminant
[1,2]
measure of the degree
to which the
psychophysical color of
an object illuminated by
the test illuminant
conforms to that of the
same object illuminated
by the reference
illuminant, suitable
allowance having been
made for the state of
chromatic adaptation
Abbreviation: CRI
measure of the degree
to which the
psychophysical color of
a CIE test color sample
illuminated by the test
illuminant conforms to
that of the same sample
illuminated by the
reference illuminant,
suitable allowance
having been made for
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the state of chromatic
adaptation

CIE 1974 general mean of the CIE 1974

color rendering index special color rendering

[R.] indices for a specified
set of eight test color
samples

Overview

The word rendering is used in different meanings
in computer graphics, illuminating engineering,
color science, etc. In illuminating engineering
and colorimetry, it describes how a scene will
look under a specified illumination, compared to
some sort of reference. The term color rendering is
used in a very restricted form; in the CIE defini-
tion, it describes what we nowadays call color
fidelity of a light source. Light source color ren-
dering encompasses also color preference and
color discrimination.

CIE Color Rendering Index

The first CIE color rendering index was based on
the dissimilarity of the spectrum of the test and a
reference light source [3], performing the compar-
ison in a number of spectral bands. It was soon
realized that it is more important to describe the
color rendering by the description the test source
has on different colored samples, and CIE decided
to base the new index on the color difference of
the color of test samples illuminated with the test
source and a reference illuminant of equal corre-
lated color temperature [4]. CIE published an
updated, revised edition of this publication in
1974 [5] and republished it later with minor edi-
torial changes [2].

As presented under definitions, the CIE term
color rendering is defined as a color appearance
term [1], where the perceived color is compared to
areference illuminant. In practice, the current CIE
recommendation uses the CIE 1964 uniform color
space as a correlate of color appearance, eight
non-saturated plus six saturated Munsell samples

CIE Color-Rendering Index

as test samples, Planckian radiators and phases of
daylight as reference illuminant, and von Kries
chromatic adaptation to transform small color dif-
ferences between test source and reference illumi-
nant chromaticity [6]. The flowchart of the
different calculation steps is shown in Fig. 1.

Transformation from color differences (AE;) to
special CRI-s (R)) is by

R; = 100 — 4.6AE; @)
The average of the eight non-saturated samples
provides the general color rendering index:

@

The 4.6 multiplier was selected to get the tradi-
tional warm white halophosphate fluorescent
lamp’s R, = 50.

Colorimetry used in the calculation of above
CRI was the best correlate for color appearance at
the time of its elaboration. Since the 1960s, the
description of color appearance progressed con-
siderably; new color appearance models have
been developed [7]. During the past 30 years, a
large number of papers were published that partly
criticized the CIE Test Sample Method and
showed some evidence where the method breaks
down and how a new method could be developed,
but they were not conclusive enough to be able to
come up with a better method (see e.g., [§—15]).

CIE dealt with the question of updating the
color rendering index in several technical com-
mittees and submitted several internal recommen-
dations [16, 17] but was unable to come up with a
recommendation that would have suited all par-
ticipants. The latest CIE technical committee
(TC 1-69) faces similar fate.

Color Fidelity, Preference, and
Discrimination

Parallel to the work to update the color rendering
test method, several attempts were made to add
further color quality descriptors of light sources,
such as flattery/color preference index and color
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discrimination index. Judd coined the term flattery
index already in 1967 [18]. The flattery index was
intended to describe whether a light source ren-
ders colors in a more pleasant (flattery) way than a
reference illuminant. Jerome discussed the differ-
ences between flattery and rendition in detail
[19]. Later, the word preference was used instead
of flattery [20]. Thornton’s calculation showed
that color rendering and color preference indices
do not have their optimum value at the same
spectral distribution and discussed the question
of color discrimination as well [21], see also [22].

Recently, much interest was raised by increas-
ing the brightness appearance of the illuminated
scene, also called apparent or spatial brightness,
and investigating how this might correlate with
some further descriptors of light source color
quality [23-27].

Recent investigations show that instead of the
classical CRI, one would need in the future sev-
eral indices.

The color fidelity index could be a replacement
of the current CIE test method [2]. This new

metric [28] tries to update every aspect of the
CIE metric: The CIE-UCS is used only to find
the corresponding reference illuminant with
equal correlated color temperature; in the other
colorimetric calculations, the CIE 10° observer
is used, as in color rendering one usually sees
larger surfaces and the 10° observer is not
flawed by the erroneous V(1) function. It uses
two sets of test samples: one artificial set is
constructed to prohibit a visually not supported
optimization of the test light source spectrum, and
a further large set uses both color constant and
color inconstant samples [29] to find out which
colors will be less reliably rendered. Colorimetric
calculations are performed in CIECAMO2 space
with CAMO02-UCS extension that provides an
advanced chromatic adaptation transform and
good uniformity. Square root averaging gives
higher weight to larger color differences in
calculating the general color fidelity index, and a
sigmoid function between AE and R avoids neg-
ative indices and adjusts the scale to human
perception.
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A color preference index might be based on the
proposal by Davis and Ohno [15], who
recommended in their CIELAB-based formula
not to punish sources if they render test samples
providing higher chroma and favored hue shift,
also allowing for lower numbers if the light source
color is extremely reddish or bluish (very low or
very high CCT); see also [30].

Further Color Quality Proposals

There are number of further proposals in the liter-
ature that emphasize one aspect of color prefer-
ence or another. A few titles that might lead the
reader to further readings are the following:

Rea and Freyssinier argued that a proper
description of light source color quality can be
achieved by the help of the CRI and gamut area
descriptors [31, 32]. Hashimoto and coworkers
described preference based on the feeling of con-
trast [33]. Smet and coworkers based their metric
on memory colors [34]. Szabo and coworkers
discussed in their paper the question how light
source color quality can be described by evaluat-
ing the color harmony in the investigated
scene [35].
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Definition

The CIE Guidelines for the Evaluation of Gamut
Mapping Algorithms (referred to as Guidelines in
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the remainder of this entry) set out experimental
conditions under which color gamut mapping
algorithms are to be evaluated so that results can
be compared and combined from separate exper-
iments. The Guidelines were published [1] in
2004 by Division 8 of the CIE and cover a number
of aspects of experimental evaluation, both man-
datory and optional. They also include case stud-
ies for applying them to wvarious color
reproduction scenarios and a checklist that can
be used to determine an experiment’s compliance
with the Guidelines.

Overview

A color gamut mapping algorithm is that part
of a color reproduction process, which ensures
that colors from some original (source) are
adapted to fit inside the color gamut available
under reproduction (destination) conditions.
A typical example is a color image viewed on an
electronic display that is to be reproduced in
print. Here, there are colors that a display can
generate (e.g., bright greens), which cannot
be matched in print, and a substitution of
the out-of-gamut color by an in-gamut color
needs to be made. Note that the
converse — representing printed colors on a
display — also requires gamut mapping, since
some printable colors (e.g., cyans) are beyond
the capabilities of displays, and that this is the
case for the great majority of original-re-
production combinations.

Since gamut mapping can have different aims
(e.g., resulting in most similar reproduction to the
original or resulting in a most pleasing reproduc-
tion), since its performance cannot be measured,
and since optimal performance cannot be known
in absolute terms, determining how well a gamut
mapping algorithm works or whether one algo-
rithm outperforms another is a challenge.
Reviewing the literature on this subject [2] prior
to the Guidelines’ publication reveals a great vari-
ety of experimental methods and conditions used
for comparing alternative gamut mapping algo-
rithms that yielded incomparable but seemingly
contradictory conclusions.
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The Guidelines therefore set out recommenda-
tions about the following aspects of a gamut map-
ping algorithm’s evaluation: test images (and their
exchange), original and reproduction media, view-
ing conditions, color measurement, gamut bound-
ary description, a pair of reference gamut mapping
algorithms, the color spaces in which they are to be
applied, and the psychovisual experimental
method to be used. In each of these sections, there
are both obligatory aspects and recommended
ones, and attention is also paid to how experimental
details are to be reported. Finally, the Guidelines
also show how they are to be applied for specific,
typical workflows (Reference Output Medium
Metric (ROMM) RGB to print, Cathode-Ray
Tube (CRT) to print, and transparency to print),
an appendix elaborates on some of the Guidelines’
sections, and a checklist is provided to determine
an experiment’s compliance with the Guidelines.

CIE Guidelines for
Evaluation of Gamut
Mapping Algorithms:
Summary and Related
Work (Pub. 156),

Fig. 1 The obligatory
“Ski” test image

Before proceeding to the specifics of experi-
mental evaluation, the Guidelines specify the
obligatory use of the “subjective accuracy” color
reproduction intent, which is defined as aiming at
“reproducing a given colour image in a way where
the reproduction is as close to the original as
possible, this similarity is determined psycho-
physically and the process has no image enhanc-
ing aims.” Evaluation of other reproduction
intents is not discouraged, but subjective accuracy
is mandatory.

Test images are specified first, with the one
mandatory image, “Ski” (Fig. 1), made available
as a physical transparency, in ROMM RGB
and sRGB (i.e., two colorimetrically defined
RGB color spaces) rendered color

encodings, and as CIELAB version of these
three cases. The Guidelines further specify the
need to share with the CIE any other test images
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used in compliant experiments and detail how
such sharing is to be done.

Reproductions of the obligatory and other test
images then need to be made on a combination of
color reproduction media from among the follow-
ing four types: reflective print, transparency, mon-
itor, and virtual (i.e., wide gamut color spaces
such as scRGB [3] or ROMM RGB [4]). Con-
straints are imposed on acceptable uniformity,
repeatability, and viewing geometry-dependent
characteristics of these media, and the Guidelines
also specify which of the media’s aspects to report
(including measured characterization data).

Given a set of chosen test images, rendered on
one medium as originals and to be gamut mapped
to another medium, the viewing conditions under
which the media are to be viewed are specified
next. Here, it is mandatory to report “chromaticity
and luminance level of the white point, level and
correlated colour temperature of the ambient illu-
mination, light source colour rendering index and
nature of field of view (proximal field, back-
ground, surround).” A recommendation is made
about the original and reproduction images being
the same size, the illumination having a color
rendering index of at least 90, and the uniformity
of illumination dropping off to no less than 75 %
of central peak illumination. Control over the
viewing environment needs to be exercised to
exclude extraneous light sources as well as
light reflected from objects in it, and specific
border and surround characteristics are mandated.
Specific luminance levels for different types of
media, following ISO 3664 [5], also need to be
ensured, and particular care is taken to
define aspects of monitor to print matching,
where three alternatives are offered for how the
two media’s white points are to relate: an absolute
colorimetric match at D65 chromaticity, an adher-
ence to the per media specifications (i.e., D65 for
monitor and D50 for print), or a D65 chromaticity
match but at luminance levels as mandated per
media.

In terms of color measurement, the require-
ment is to carry it out as closely to experimental
viewing conditions as possible and to report spe-
cific aspects of measurement procedures
according to details provided in Appendix B of
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the Guidelines. Gamut boundary computation and
description is left up to the individual experi-
menter, with the only obligation being to report
gamut boundaries in CIELAB.

A key aspect of the Guidelines, beyond pro-
viding a tractable basis for defining and reporting
psychovisual experiments, is to make the inclu-
sion of two gamut mapping algorithms mandatory
in compliant experiments. The role of these algo-
rithms is “to make it possible to reconcile the
different interval scales used in different experi-
ments.” In other words, they act as anchors based
on which of the results of multiple experiments
can be compared and combined.

The first algorithm is hue-angle preserving
minimum AE”", clipping (HPMINDE) in CIELA-
B. Here, colors from the intersection of the orig-
inal and reproduction gamuts are kept unchanged,
and original colors outside the reproduction
gamut are mapped onto that point on the repro-
duction gamut which has the same h”,, as the
original color and which, in that 4", plane, has
shortest Euclidean distance from the original
color [6].

The second algorithm is chroma-dependent
sigmoidal lightness mapping followed by knee
scaling toward the cusp (SGCK), performed in
CIELAB. Note that the use of CIELAB here is
purely for experimental cross-referencing pur-
poses and that other, more suitable color spaces
for gamut mapping are recommended for use with
algorithms whose performance is evaluated based
on the Guidelines. The SGCK gamut compression
algorithm combines the GCUSP [7] approach
with sigmoidal lightness mapping and cusp knee
scaling [8]. It keeps /4", constant and uses an
image-independent sigmoidal lightness scaling
that is applied in a chroma-dependent way and a
90 % knee function chroma scaling toward
the cusp.

Specifically, SGCK involves the following
transformation for each original color:

1. Keep h",, unchanged.
2. Map lightness as follows:

Ly = (1 = pc)Lg + pcls ()
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where o refers to the original, r refers to the
reproduction, and pc is a chroma-dependent
weight computed from the original color’s C*:

pe=1-((C?/(Cc?+5x10%)" @
and where L"g is the result of the original’s L™,
being mapped using the following sigmoidal
function (Fig. 2), having x, and ) parameters
empirically derived for different levels of
reproduction medium minimum L* (e.g., for a
minimum reproduction L* of 15, xo = 58.2 and

> =35):

n=i

=2

100 2
m”*‘o)

= 3)

JEZ

S; values generate using Function 3 forie
[0, m] and then form a look-up table that is
further scaled using the L* ranges of the orig-
inal and reproduction:

(Si — min (5)) (L
max(S) — min(S)) T

‘minr ‘minr

“

SLur =
(

Finally, the L*g value needed for Eq. 1 can
be obtained by interpolating in the Sy yr look-
up table with an L*, modified as follows:

dy =

do; do < 0,9dg,
0,9d, + (do -0, 9dgr)0'1dgf/<dg°
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Fig. 2 Sigmoidal function used for L* mapping (for
Xo =582 and )~ = 35)

L:mno)/( :naxo

3. The original’s C* and L*; obtained from Eq. 1
are next mapped in a plane of constant A",
toward the L” of the cusp (the color with max-
imum C” in the reproduction gamut at this /")
as follows:

Lxy =100 (L} — Liino) 5

—0,9dy); do>0.9 X dy ©®)

where g refers to gamut boundary, o and r to
original and reproduction, and d to distance
from the cusp’s L* on the L™ axis (Fig. 3).

Gamut mapping algorithms that are compared
among themselves and versus HPMINDE and
SGCK need to be described with sufficient detail
for repeatability.

In terms of color spaces in which gamut
mapping is to be performed, the Guidelines
again only require the reporting of whichever
space was used. A recommendation is made for

isotropic color spaces that have greater hue uni-

formity than CIELAB (e.g.,, IPT [9],
CIECAMO2).
Finally, the pair comparison, category

judgment, and ranking methods are proposed as
alternatives for how reproductions made using
different gamut mapping algorithms are to be
compared visually. Apart from the obligation
to use at least 15 observers, there is an extensive
list of experimental aspects that need to be
reported, and Appendix C provides background
on them.
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Fig. 3 L" and C" mapping
toward the L* of the cusp

lightness

original
reproduction

To aid the application of the Guidelines, three
common scenarios are described in more detail,
and recommendations are made for what choices
to make in terms of the Guidelines’ parts. The
scenarios are ROMM to print, CRT to print, and
transparency to print, and Appendix D includes a
checklist that can be completed to test compliance
with the Guidelines.

Future Directions

The Guidelines have been used extensively
since their publication in 2004 to inform the
design and execution of the experimental evalua-
tion of gamut mapping algorithms. A notable
aspect of these experiments is the use of greater
numbers of test images, such as 15 [10], 20 [11],
and even 250 [12], as compared to the previous
trend of using around five, which has contributed
to a general unreliability of results. The Guide-
lines have also been used by a large-scale evalu-
ation of nine printer manufacturers’ products
reported by Fukasawa et al. [13]. Since they
were formulated close to 10 years ago, there are
aspects of the Guidelines, e.g., their reference to
CRTs and film transparencies and lack of refer-
ence to wide gamut displays, which would benefit
from future revision. The Guidelines also pre-
pared the ground for interrelating the results of
multiple, compliant experiments, which too is yet
to be implemented.

100
chroma
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Synonyms

Mixed adaptation condition, Mixed chromatic
adaptation

Definition

Mixed mode illumination refers to an image com-
parison between softcopy and hardcopy with suc-
cessive binocular viewing. When comparing the
softcopy images on self-luminous displays with
the hardcopy images under ambient lighting, an
observer’s eyes move back and forth between the
images. Under such circumstance, the state of
adaptation is unfixed and the human visual system
partially adapts to the white point of the softcopy
display and partially adapts to the ambient illumi-
nation. The term mixed chromatic adaptation is
defined as a state in which observers adapt to light
from sources of different chromaticities [3].

Background
In 1998, the Technical Committee 8-04, Adapta-

tion under Mixed Illumination Conditions, was
formed in Commission Internationale de

CIE Guidelines for Mixed Mode lllumination: Summary and Related Work

I’Eclairage (CIE)/Division 8 (Image Technology),
with the aim to investigate the state of adaptation
of the visual system when comparing softcopy
images on self-luminous displays and hardcopy
images viewed under various ambient lighting
conditions. A number of experiments were
conducted with the goal to achieve color appear-
ance matches between softcopy and hardcopy
images under mixed illumination conditions.
Katoh [5—7] developed the mixed adaptation
model, namely, S-LMS, for such application. In
his study, softcopy images on a CRT were com-
pared with hardcopy images under F6 illumina-
tion. Under equal luminance levels of softcopy
and hardcopy, it was found that the human visual
system was 60 % adapted to the monitor’s white
point and 40 % to the ambient light. The same
adaptation ratio was also found for unequal lumi-
nance levels. It is concluded that the adaptation
ratio was independent of image content, lumi-
nance, and chromaticity of the monitor’s white
point and the ambient illumination.

The study by Berns and Choh [1], in which
softcopy images were compared with hardcopy
images under F2 illuminant with equal luminance
levels, showed that an image with a chromatic
adaptation shift of 50 % was most preferred as
the closest color match and the best stand-alone
image. The color model tested in this study was
the RLAB color space. Shiraiwa et al. [9] pro-
posed a new method in which the mixed chro-
matic adaptation was applied in CIE xy
chromaticity coordinates. The best adaptation
ratio was between 50 % and 60 %, which is similar
to the previous studies. In the visual experiments,
where the illuminants of softcopy and hardcopy
images were different, their proposed method and
the S-LMS model, both incorporating the mixed
adaption, generated better color appearance
matches than the conventional color management
systems.

Henley and Fairchild [4] tested the perfor-
mance of various color models with the inclusion
and exclusion of mixed adaptation. Observers
made appearance matches of color patches on a
CRT to hardcopy originals under six different
matching methods. The results were reported in
terms of color differences between the actual
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match and the predicted match by color models.
The models incorporating the mixed adaptation
improved the results in all conditions over their
corresponding conventional models.

The studies by Katoh and Nakabayashi [8] and
Sueeprasan and Luo [10] closely followed the
experimental guidelines put forth by TC8-04. In
the experiments, softcopy and hardcopy images
were compared using the simultaneous binocular
matching technique. Various color models were
tested. In Katoh and Nakabayashi’s study, the
linear transformation matrix in the S-LMS model
was replaced by different chromatic adaptation
transform matrices. The results showed that the
S-LMS model with the Bradford (BFD) matrix
performed best. They also investigated whether
incomplete adaptation was needed in the mixed
chromatic adaptation model. RLAB method and
D factor resulted in much better score than com-
plete adaptation, indicating that the incomplete
adaptation was essential.

In Sueeprasan and Luo’s study, the perfor-
mance of the promising chromatic adaptation
transforms (CMCCAT97, CMCCAT2000, and
CIECAT94) and the S-LMS mixed chromatic
adaptation transform was compared. The state of
chromatic adaptation was also investigated. The
results showed that the incomplete adaptation
ratio was crucial in producing color matches.
The human visual system was between 40 % and
60 % adapted to the white point of the monitor
regardless of the changes in illumination condi-
tions. CMCCAT2000 outperformed the other
models.

The results from the previous studies are in
good agreement for the chromatic adaptation
ratio, which is in the range of 40-60 % adapted to
the white point of the monitor. The adaptation ratio
is consistent over various viewing conditions and
regardless of the chromatic adaptation transform
and incomplete adaptation formula used. Both
incomplete and mixed chromatic adaptations are
required in the mixed adaptation model for
predicting color matches under mixed illumination
conditions. Based on these findings, TC8-04 rec-
ommends the mixed adaptation model for use in
cross-media color reproduction when mixed illu-
mination conditions are employed.
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Recommended Model

CIE TC8-04 recommends the S-LMS mixed
adaptation model for achieving appearance
matches under mixed chromatic adaptation. The
S-LMS model is fundamentally a modified form
of the von Kries transformation with incorpora-
tion of partial adaptation. The compensation for
chromatic adaptation includes incomplete adapta-
tion and mixed adaptation.

The first step of the S-LMS model is to trans-
form XYZ tristimulus values to the cone signals for
the human visual system (Egs. 1, 2, and 3). X,,Y,.Z,,
values are tristimulus values of the reference
white. Mcatoz is the chromatic adaptation trans-
formation matrix used in CIECAMO2 [2].

L X
M| =Mcatoz | Y (D
N | Z
Ly(crr) | [ X y(crT)
My crry | = Mcatoz | Yacrr) )
Sa(crT) | | Zn(crT)
0.7328 0.4296 —0.1624
Mcator = | —0.7036 1.6974  0.0061
0.0030 0.0136 0.9834
3)

Then, compensation is made for the change in
chromatic adaptation according to the surround-
ings. The human visual system changes the cone
sensitivity of each channel to compensate for the
change in illumination. In the calculation, the
signals of each channel are divided by those of
the adapted white. There are two steps of calcula-
tion to obtain the adapted white of a monitor.
The first step is the compensation for the
incomplete adaptation of the visual system to the
self-luminous displays (Eq. 4). Even if the moni-
tor is placed in a totally dark room, the chromatic
adaptation of the human visual system to the white
point of the monitor will not be complete. That is,
the reference white of the monitor does not appear
perfectly white. Chromatic adaptation becomes
less complete as the chromaticity of the adapting
stimulus deviates from the illuminant E and as the
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luminance of the adapting stimulus decreases. The
D factor from CIECAMO?2 is used (Eq. 5). F'is 1.0,
and L is the absolute luminance of the adapting
field.

Lj?(CRT) = Ln(CRT)/{D + Ln(CRT)(l — D)}
M;(CRT) = Mn(CRT)/{D + Mn(CRT)(l — D)}
S;(CRT) = Sn(CRT)/{D + Sn(CRT)(l — D)}

)
D= F{] - <§)e(”32“)}

The next step is the compensation for mixed
adaptation. In cases where the white points of
the monitor and the ambient light are different, it
was hypothesized that the human visual system is
partially adapted to the white point of the monitor
and partly to the white point of the ambient light.
Therefore, the adapting stimulus for softcopy
images can be expressed as the intermediate
point of the two (Egs. 6 and 7). It should be
noted that incompletely adapted white is used for
the white point of the monitor. Y, crr) is the
absolute luminance of the white point of the mon-
itor, and Y, pien: 1S the absolute luminance of the
ambient light.

®

)
(
)
)
(

1/3
Yambiem
Vv . Sambiem
Y adp

(6)

3
Yagp = {Radp ‘ Yn(CRT)l/3 + (1 = Ragp) - Yambieml/3}
(N
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When the luminance of the monitor, Y,crm),
equals the ambient luminance, Yypien, the
adapting white can be calculated by Eq. 8.

LZ(CRT) = Raap ‘L:;(CRT) + (1 - Radp) * Lambient
M:z,(CRT) = Radp 'M;1(CRT) + (1 - Radp) * Mambient
Sicrt) = Radp  Sy(crr) + (1 = Ragp)  Sambient

®)

Ri4p 1s the adaptation ratio to the white point of the
monitor. When the ratio R,q, equals 1.0, the
human visual system is assumed to be fully
adapted to the white point of the monitor and
none to the ambient light. Conversely, when the
ratio is 0.0, the human visual system is assumed to
be completely adapted to the ambient light and
none to the white of the monitor. These two
extreme cases assume that the human visual sys-
tem is at single-state chromatic adaptation. For
mixed chromatic adaptation, 0.6 is chosen for
Ryq4p in the S-LMS model.

With the newly defined white points for the
softcopy images, the von Kries chromatic adapta-
tion model is applied. The cone signals after adap-
tation are calculated as Eq. 9.

Ls = Licrr)/ LZ(CRT)
M; = M(CRT)/M:;(CRT)
Ss = Sicrm)/ SZ(CRT)

®

For hardcopy images, the simple von Kries chro-
matic adaptation without incomplete chromatic
adaptation and mixed chromatic adaptation is
used (Eq. 10). The paperwhite is chosen as the
reference white, because the eye tends to adapt
according to the perceived whitest point of the
scene.

Ly = L(Prim) /Ln(Print)
M, = M(Print) /Mn(Prim)
Sy = S(Print) /Sn(Prim)

(10)

Implementation

The S-LMS mixed adaptation model is designed
to integrate into the CIECAMO02 model, which is
developed for color management applications.
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Hence, the S-LMS model should be applied to
extend the CIECAMO2 model for use in cross-
media color reproduction when mixed mode
illumination is employed. The input parameters
required are XYZ tristimulus values of the
white point of the monitor, the adopted white for
the ambient light, and the paper white of
hardcopy.

Cross-References

Adaptation
CIECAMO02
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RJ, Brazil

Definition

Daylight simulator is a “device that provides spec-
tral irradiance approximating that of a CIE stan-
dard daylight illuminant or CIE daylight
illuminant, for visual appraisal or measurement
of colours™ [1].

Development of the CIE Methods of
Assessing Daylight Simulators

Although for decades after the acceptance of the
CIE system (1931), Illuminant C was accepted
and widely used in colorimetry, the practical
implementation of Source C was limited to special
laboratory use. In 1963, the Colorimetry Commit-
tee of the CIE decided to supplement the then
existing CIE illuminants A, B, and C by new
illuminants more adequately representing phases
of natural daylight. These new illuminants (D55,
D65, and D75) were defined by a new approach
suggested by Judd et al. [2] based on Simonds’ [3]
method of reducing experimental data to charac-
teristic vectors (eigenvectors) and calculating the
relative spectral power distribution of daylight of
any desired correlated color temperature.

As a consequence of this new approach, the
new daylight illuminants have been defined theo-
retically (albeit based on experimental data), and
it means that there are still no physically realizable
light sources corresponding to the illuminants. It
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was clear to the CIE already in 1967 that daylight
simulators were required that would serve as stan-
dard sources representing the daylight illumi-
nants. As a first step, Wyszecki [4] published
spectral irradiance distribution data on a number
of daylight simulators and also suggested methods
for evaluating how well these sources simulated
the corresponding illuminants.

When asking the question “how close” a given
source is to the illuminant of the same correlated
color temperature, we must first decide how to
measure this closeness.

The “fingerprints” of illuminants and light
sources are their spectral power distributions,
and for most of the colorimetric calculations,
only the relative values are interesting, calculated
from the spectral radiance or irradiance values and
normalized to have the value of 100 at 560 nm or
to have Y = 100.

The colorimetric properties of illuminants and
light sources are generally described in terms of
the x,y or v',v' chromaticity coordinates, the cor-
related color temperature, and very often the color
rendering index. Although these properties may
often give us sufficient information, for the more
specific purpose of evaluating whether a given
light source may or may not be considered an
adequate realization (simulation) of the
corresponding illuminant, more complex mea-
sures are needed. By and large, they can be
divided into two groups: those comparing the
spectral curves with or without applying weights
to take the visual significance into consideration
and those measuring the effect of the illumination
on a selected group of object colors and then
comparing either the change from one illuminant
to the other (color rendering index or CRI type) or
by calculating the color difference under the test
source illuminant for pairs of samples which are
perfect matches under the reference illuminant
(metamerism index or MI type). In the early
1970s, a subcommittee of TC-1.3 on Standard
Sources studied a number of proposals for differ-
ent methods: based on MlI-type indices for the
visible range [5-7] and based on the effective
excitation of three fluorescent samples for the
UV range [8]. At the Troy (1977) meeting of
TC-1.3, a modification of the Ganz [9] proposal
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was adopted for the UV range evaluation: the
method used three virtual metameric (isomeric)
pairs for each illuminant, each consisting of a
fluorescent and a nonfluorescent sample.

The recommendations of TC-1.3 were first
published in 1981 as Publication CIE 51 [10],
amended in 1999 (Publication 51.2) [11], and
published as CIE Standard S 012 in 2004 [1].

Chromaticity Limits of Daylight
Simulators

As a preliminary requirement for a light source to
be considered a simulator of a CIE daylight illu-
minant, its chromaticity coordinates must be
within a specified range from the chromaticity
coordinates of the illuminant. The allowable
range in the CIE 1976 Uniform Chromaticity
Scale diagram Ui V1o is a circle of radius 0.015
centered on the point representing the illuminant
concerned. Figure 1 shows the allowable gamuts
of chromaticity for CIE Standard Illuminant D65
and CIE illuminants D55 and D75.

As evaluated by the chromaticity limits both
illuminants D55 and D75 are acceptable as simu-
lators for Standard Illuminant D65, and D65 is
acceptable as a simulator of both D55 and D75
(see also the category limits).

Visible Range Evaluation of Daylight
Simulators

The method is based on the evaluation of the
Special Metamerism Index: change in illuminants
of five metameric pairs representative of practical
samples in related industries. CIELAB coordi-
nates of these sample pairs are calculated for the
reference illuminant and the simulator source. The
color difference between each standard and the
respective comparison specimen is very near to
zero for the reference illuminant; the average
color difference for the five pairs under the simu-
lator gives the quality grade for the daylight
simulator.

Figure 2 illustrates the spectral radiance factors
of the five standard specimens for visible range
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assessment based on the tables published in the
CIE Standard [1].

The standard specimens are the same for every
illuminant, while there are different comparison
specimens for each illuminant. Figure 3 shows the
spectral radiance factors of the first standard spec-
imen and those of the metameric comparison
specimens for D50, D65 resp. D75.

Wavelength (nm)

For the calculation of the visible range metam-
erism index M,, the relative spectral irradiance of
the simulator has to be determined in the
380-780 nm wavelength range at 5 nm intervals
and over 5 nm bands and normalized so that the
assessment is independent of the absolute value of
irradiance. (As data are generally needed also for
the determination of the UV range index, the



CIE Method of Assessing Daylight Simulators

160
CIE Method of Assessing 0.9
Daylight Simulators,
Fig. 3 Spectral radiance 0.8
factors of the first standard
specimen and those of the 07 T Standard1
metameric comparison D Comparison D50
specimens for D50, D65 S 0.6 c . D6
resp. D75. for visible range & - T~ ompanson S
assessment ‘© — — Comparison D75

2 05

S

g

= 04

g

k3]

3 03

(%)

0.2
0.1
0 : .
350 400 450

measurements are performed, whenever viable, in
the 300—780 nm range.) Tristimulus values and
CIELAB coordinates are then calculated in the
usual way for the five metameric pairs, and the
average of the five color differences gives the
visible range metamerism index M,. The visible
range quality grade is calculated according to
Table 1.

The visible range quality classification of day-
light simulators is thus calculated through the
following steps:

* Determine the relative spectral irradiance of
the light source in the 380-780 nm range

* Calculate the tristimulus values and the
CIELAB coordinates for each of the five stan-
dards and the five comparison specimens under
the reference illuminant and under the test light
source

* Calculate the CIELAB color differences
between each standard and the respective com-
parison specimen under reference illuminant
(should be near zero) and under the test light
source

+ Calculate the average of the five color differ-
ence values

» Determine the quality grade using Table 1

550 600 650 700 750 800

Wavelength (nm)

500

CIE Method of Assessing Daylight Simulators,
Table 1 Quality classification of daylight simulators [1]

Metamerism index

Quality grade M, or M,

A <0.25

B >0.25-0.50
C >0.50-1.00
D >1.00-2.00
E >2.00

Ultraviolet Range Evaluation of Daylight
Simulators

Following the recommendation by Ganz [9], three
“metameric” pairs are defined: three fluorescent
standard specimens by their spectral external radi-
ant efficiency Q(1') (Fig. 4), the relative spectral
distribution of radiance due to fluorescence F(1)
(Fig. 5), and spectral reflected radiance factor
Pr(A) (Fig. 6); and three nonfluorescent compari-
son specimens by their spectral (reflected) radi-
ance factors (Fig. 7) (In fact, these pairs are not
truly metameric rather isomeric as they are spec-
trally identical under the respective daylight
illuminants).

The CIE document states, “Q(/) is the ratio of
the total radiant power emitted by the fluorescent



CIE Method of Assessing Daylight Simulators

161

CIE Method of Assessing 0.30
Daylight Simulators,
Fig. 4 Spectral external
radiant efficiency Q(A") for 8>‘ 0.25
the three UV standards 2
(based on data from [1]) %
g 0.20 — UV standard 1
g
Y Vo e UV standard 2
E \
?, 0.15 ' \ ---UVstandard 3
“>'<' [ \
() ) \
= ! 1
£ 0.10 1 %
@ ' \
& I
— 1
= ]
3 0.05 '
!
!
o ! .
0.00 +stmdt L - ‘ ‘ ‘ ‘
300 350 400 450 500 550 600 650 700
Wavelength (nm)
CIE Method of Assessing 0.10
Daylight Simulators,
Fig. 5 Relative spectral g 0.09 A
distribution of radiance due ~ § / \
to fluorescence F(A) for the g 0.08
three UV standards %
c o 0.07 / \ —— UV standard 1
g8
>
2 § 0.06 / \ ~~~~~~~~~ UV standard 2
29
S5 0% / \ - - -UV standard 3
32 o004
&3
27 003
©
& 0.02
S o) \
0.00 " :
400 450 500 550 600 650 700

process for an excitation wavelength A’ to the total
radiant excitation power irradiating the fluores-
cent material” [1]. The total excitation N of the
fluorescent standard specimens is computed by
Eq. 1:

460

S QU AY ()

=Y

Wavelength (nm)

where S,(1) is the normalized spectral irradiance
of the simulator in the spectral region from
300 nm to 460 nm, Q(1) is the spectral external
radiant efficiency of the fluorescent specimen over
the same spectral range, as shown in Fig. 4, and
A is the wavelength interval of 5 nm.

F(2) is the ratio of the spectral distribution of
radiance due to fluorescence to the sum of the
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tabulated values of this distribution, ie., X; F
(2) = 1.0. F(A) is identical for the three fluorescent
standard specimens and is independent of the SPD
of the illumination.

The spectral fluorescent radiance factor fr(4)
is computed by Eq. 2:

Be(2) = ——~ @

Wavelength (nm)

where N is the total excitation computed by Eq. 1,
F(4) is the relative spectral distribution of radiance
due to fluorescence as shown in Fig. 5, and S,(4)
is the normalized spectral irradiance distribution
of the simulator.

Pr(A) is the ratio of the radiance due to the
reflection of the medium in the given direction to
the radiance of a perfect reflected diffuser identi-
cally irradiated [1].
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The sum of fr(4) and Pr(4) gives the total
radiance factor f1(4):

Br(4) = Br(4) + Br(4) 3

as illustrated in Fig. 7.

As can be seen from the definition equations,
the fr(4) and thus the (1) values depend on the
SPD of the illumination, so we would have curves
for the other CIE illuminants different from those
in Fig. 7.

The comparison specimens are not fluorescent;
the spectral reflected radiance factors are tabulated
for each CIE illuminant, as illustrated in Fig. 8. for
the third specimen.

The UV standard and the UV comparison spec-
imens are isomeric, i.e., they are practically iden-
tical when illuminated by the reference
illuminants. Thus, the UV standard 3 curve for
D65 from Fig. 7 is the same as the comparison
specimen 3 curve for D65 from Fig. 8. In Fig. 9,
we see both curves (dotted and dashed lines)
together with the standard 3 curve under a day-
light simulator (solid line).

When calculating the UV range metamerism
index M, the total radiance factor for the standard
is calculated for the test source, and the spectral
(reflected) radiance factor for the comparison
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The UV range quality classification of daylight
simulators is thus calculated through the follow-
ing steps:

* Determine the relative spectral irradiance of
the light source S(4) in the 300-700 nm range

» Take Q() for each of the three standards from
the data illustrated in Fig. 4

* Calculate N for each of the three standards
from Eq. 1

+ Take the F(A) values for each of the three
standards from the data illustrated in Fig. 5

+ Calculate fix(1) for each of the three standards
from Eq. 2

» Take fir(4) for each of the three standards from
the data illustrated in Fig. 6

* Calculate (1) for each of the three standards
from Eq. 3 as illustrated in Fig. 7

» Take the spectral (reflected) radiance factors
for the three comparison specimens (like
those illustrated in Fig. 8 for specimen 3)

+ Calculate the tristimulus values and the
CIELAB coordinates for each of the three stan-
dards and the three comparison specimens
under the reference illuminant and under the
test light source

* Calculate the CIELAB color differences
between each standard and the respective com-
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illuminant (should be near zero) and under the
test light source

+ Calculate the average of the three color differ-
ence values under the test light source

* Determine the quality grade using Table 1

In the example illustrated in Fig. 9, M,, = 0 for
D65 (standard and comparison specimens are
identical); M,, = 0.79 (quality grade C).

Practical Application of the CIE Method

In the case of color measuring spectrophotometers
measuring nonfluorescent samples, the SPD of the
light source has no relevance only for their visual
evaluation. For fluorescent samples, both the vis-
ible and the UV range evaluation is of importance.
When classifying daylight simulators, generally
both quality grades are given: first the visible
range metamerism index M, then the UV range
index M,. According to the CIE standard [1],
“daylight simulators having [BC] grades have
been found useful for many applications.” It is
also interesting to note here that both illuminants
D55 and D75 classify as grade CC simulators,
while illuminant D50 is a grade DD simulator of
the D65 standard illuminant.

550 600 650 700

Wavelength (nm)

Some national and international standards e.g.,
[12] also consider quality grade BC as acceptable
for critical match in visual evaluations. For the
classification of instruments, the ASTM
Standard Practice 991-11 [13] states that the
“requirement that the instrument simulation of
CIE D65 shall have a rating not worse than
BB (CIELAB) as determined by the method of
CIE Publication 51 has often been referenced.”
This standard comes with the caveat that
“the method of CIE 51 is only suitable for ultra-
violet excited specimens evaluated for the CIE
1964 (10°) observer. The methods described in
CIE 51 were developed for UV activated
fluorescent whites and have not been proven to
be applicable to visible-activated fluorescent
specimens.”

There are different technologies available for
realizing daylight simulators for visual assess-
ment: filtered tungsten lamps, dichroic lamps, fil-
tered short-arc xenon lamps, fluorescent lamps,
and LED-based lamps. In color measuring spec-
trophotometers, filtered pulsed xenon lamps are
used nearly exclusively as daylight simulator
sources. A detailed description and evaluation of
the different implementations was described in
CIE Publication no. 192 [14] and some additional
details in [15].
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Many of the commercially available booths for
visual assessment under D65 are quality grade BC
to BE, i.e., they are acceptable daylight simulators
in the visible range, but only one with fluorescent
lamps and one with filtered tungsten and addi-
tional UV lamps were found to be acceptable in
the UV range. For D50 and D75, the results were
even worse; none complied with quality grade BC
criterion. Well-calibrated color measuring spec-
trophotometers can have excellent (quality grade
AB or BA) D65 simulators, but there are no
reports of instruments equipped with D50 or
D75 simulators [14, 15].
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CIE Physiologically Based Color
Matching Functions and
Chromaticity Diagrams

Andrew Stockman
Department of Visual Neuroscience, UCL
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Synonyms

CIE cone fundamentals; CIE fundamental color
matching  functions; Cone fundamentals,
Stockman-Sharpe

Definition

Because each of the long-, middle-, and short-
wavelength-sensitive (L, M, and S) cone types
responds univariantly to light, human color vision
and human color matches are
trichromatic. Trichromatic color matches depend
on the spectral sensitivities of the three cones,
which are also known as the fundamental color
matching functions (or CMFs): [ (4), m(/), and
5(A) . The spectral sensitivity of each cone
reflects how its sensitivity changes with wave-
length. Measured at the cornea, the L-, M-, and
S-cone quantal spectral sensitivities peak at approx-
imately 566, 541, and 441 nm, respectively. These
fundamental CMFs are the physiological bases of
other measured CMFs, all of which should be linear
transformations of the fundamental CMFs.

The CIE [1] has now explicitly defined a stan-
dard set of physiologically based fundamental
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CMFs (or cone fundamentals) by adopting the
estimates of Stockman and Sharpe [2] for 2- and
10-deg vision. These estimates were based on
psychophysical measurements made in normal
trichromats, red-green dichromats, blue-cone
monochromats, and tritanopes all of known geno-
type; and from a direct analysis of the color
matching data of Stiles and Burch [3].

The 10-deg cone fundamentals are defined as
linear combinations of the 10-deg CMFs of Stiles
and Burch [3] with some adjustments to 5(4) at
longer wavelengths. The 2-deg cone fundamen-
tals are similarly defined, but have also been
adjusted to be appropriate for 2-deg vision.

The CIE cone fundamentals are physiologi-
cally based in the sense that they reflect the spec-
tral sensitivities of the cone photoreceptors, the
initial physiological transducers of light. In prin-
ciple, any set of CMFs can be linearly transformed
back to the fundamental CMFs. The popular CIE
1931 CMFs, however, are substantially flawed
especially at shorter wavelengths, so they cannot
be used to accurately model the cone photorecep-
tors or indeed human color vision. One of the
many advantages of using physiologically rele-
vant functions is that they can be easily extended
to represent the postreceptoral transformation of
the cone signals to chromatic (L-M and S-[L +
M]) and achromatic (L + M) signals.

In addition to (1), m(4), and 5(1), the CIE
standard also defines the photopic luminous effi-
ciency function [V(1) or y(A)] for 2-deg and
10-deg vision as linear combinations of /(1) and
m(A). This facilitates the further transformation of
I(2), m(%), and 5(1) to physiologically relevant
versions of the more familiar CMFs: X(1), y(4),
and Z(A), for which y(/) is the luminous efficiency
function and z(4) is a scaled version of 5(4).

Overview

A consequence of trichromacy is that the color of
any light can be specified as the intensities of the
three primary lights that match it. The bottom left-
hand panel of Fig. 1 shows 7(4), g(4), and b(/)
CMFs for RGB (red-green-blue) primaries of
645, 526, and 444 nm. Each CMF defines the
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amount of that primary required to match mono-
chromatic test lights of equal energy. CMFs, such
as these, can be determined directly. CMFs can be
linearly transformed to any other set of real pri-
mary lights and to imaginary primary lights, such
as the LMS cone fundamental primaries
(or “Grundempfindungen” — fundamental sensa-
tions) shown in the bottom right-hand panel of
Fig. 1, which are the physiologically relevant cone
spectral sensitivities, or to the still popular XYZ
CMFs shown in the top panel. The three funda-
mental primaries correspond to the three imagi-
nary primary lights that would uniquely stimulate
each of the three cones and yield the /(4), m(4),
and 5(4) fundamental CMFs. All other CMF sets
depend on the fundamental CMFs and should be a
linear transformation of them.

A definition of the fundamental CMFs requires
two things: first, an accurate set of representative
7(4), g(4), and b(4) CMFs that can be linearly
transformed to give the /(1), m(2), and 5(1) CMFs
and, second, a knowledge of the coefficients of the
transformation from one to the other. Stockman
and Sharpe [2] obtained the coefficients of the
transformation primarily by fitting linear combi-
nations of 7(1), g(4), and b(1) to spectral
sensitivity measurements made in red-green
dichromats, blue-cone monochromats, and nor-
mals and in the case of the S-cones also by ana-
lyzing the CMFs themselves (see below).

Choice of “Physiologically Relevant”
RGB CMFs

Of critical importance in the definition of the cone
fundamentals is the choice of CMFs from which
they are transformed. The ones that are available
vary considerably in quality. The most widely
used, the CIE 1931 