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17 Performance descriptors of Vision®

Because of the amount of color artwork in this chapter, it has been necessary to divide it into three
parts for distribution over the INTERNET.

PART 1A: INTRO, LUMINANCE & NEW CHROMATICITY DIAGRAM

PART 1B: EXTENSIONS TO THE NEW CHROMATICITY DIAGRAM

PART 2: TEMPORAL AND SPATIAL DESCRIPTORS OF VISION

PART 1B: NEW CHROMATICITY DIAGRAM DEFINITIONS AND
COMPARISONS TO OTHER COLOR SPACES

The press of work on other parts of the manuscript may delay the final cleanup of this PART but it
is too valuable to delay its release for comment. Any comments are welcome at jtfulton@cox.net.

17.3.4 New definitions based on the New Chromaticity Diagram
17.3.4.1 The general concepts of narrow and broadband colors

[new intro

From a spectral perspective, the color of an object involves the evaluation of the centroid of two samples of its
radiance function. How this is accomplished by the visual system will be developed below. Much confusion has
surrounded the fact that the radiance of an object frequently involves the product of the reflectance function of an
object multiplied by the irradiance function of the light applied to the object.

The definition of the color of an object depends on the situation. Using a strictly psychophysical definition related to
the perceived color reported by an animal is of little use to the image reproduction specialist. The specialists in
photography, television and other image reproduction fields require definitions independent of the complex system
represented by the animal visual system. However, these specialists would always like to know the interrelationship
between the color observed by their system and the animal system. To provide a precise yet comprehensive
definition of the phenomena of color requires careful specification of the conditions involved.

The following two sections should be considered as a set. While the discussion in the first section appears
comprehensive, it actually contains a subtle and very significant oversight. This oversight, which is found within the
description of definition #5 is most easily addressed as a separate amendment to the first discussion. It is addressed
in the second section.

The subject of asymmetric illumination of the two eyes of an observer also introduces another condition requiring a
separate definition of color. The color reported by a subject under this condition clearly involves cognition in the
cortex. Cognitive color will be used to describe this situation.

17.3.4.1.1 First Order definitions

Amazing as it may seem, the visual science community has suffered from the lack of a widely accepted and precise
definition of the phenomena of color. This does not mean that there are not definitions of the phenomena of color. It
focuses on the fact that there are a proliferation of definitions that are inconsistent, both conceptually and
mathematically imprecise, and not widely accepted. The problem is partly due to the inadequacy of language (at
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2 Processes in Biological Vision

least the English language) to provide the needed differentiation between various aspects of color as found in the
signaling chain of both animal vision and man-made image recording. This problem is highlighted at the current
time by the explosion in interest concerning the poorly defined phenomena of color constancy as noted in human
vision. To simplify the following discussion, only objects that are not self-radiating will be discussed .

Although Roget’s Thesaurus provides about twenty multiple word synonyms for various aspects of color, it gives
virtually no single word synonym for the word color. The Encarta Encyclopedia hedges its bet with the description
of light as the “physical phenomenon of light or visual perception associated with the various wavelengths in the
visible portion of the electromagnetic spectrum.” [italics added]

In the context of this work, color can be defined with conceptual and mathematical precision by using modifying
adjectives (sometimes multiple adjectives). This is most easily done by defining the phenomena of color specifically
at each applicable stage in the visual process. Wyszecki & Stiles used this approach to define about ten different
types of color. Unfortunately, their definitions are all conceptual and based on semantics rather than
physics/mathematics.

This work will define color in terms of several primary situations;

1. the intrinsic color of an object independent of how it is observed,

2. the sampled color of an object as observed by an instrument that samples the light emanating from an object,

3. the sampled trichromatic color of an object as observed by an instrument that samples the light emanating from an
object using spectrally selective radiometers analogous to those of the long wavelength trichromatic animal eye,

4. the applied color of an object in terms of its spectral content at the Petzval surface of an optical system,

5. the adapted color of an object as found at the pedicels of the photoreceptor cells of the animal eye,

6. the encoded color of an object as represented by the signals within the chrominance channels of the visual system
and

7. the perceived color of an object reported by an animal.

Note that none of these definitions involve the employment of comparative or null techniques in object space.

Discussions of the color of an object frequently become entangled with the spectral aspects of an illuminating source
and the intrinsic reflectance of the object. This can be avoided if the illuminating source is defined so as to make its
impact on the color of the object negligible. If the illuminating source is chosen such that it applies spectrally,
spatially and temporally uniform irradiation to the object from a spherical source centered on the object, any
variation in the characteristics of the radiation emanating from the object in a given direction, and possibly within a
given cone angle centered on that direction, will be due to the intrinsic properties of the object. A caveat is that the
spectral uniformity is measured with respect to radiant flux intensity of the source and not radiant energy
intensity. This condition can be applied over any wavelength (frequency) interval without changing the experiment.
However, in the case of vision, the wavelength interval need only extend over the wavelength interval to which the
sensory system of the animal is responsive. For tetrachromats (including many small terrestrial mammals), this
interval is not less than 300 to 700 nm. A somewhat narrower range can be used for trichromats; 300 to 600 nm for
short wavelength trichromats and 400 to 700 nm for long wavelength trichromats (such as human and other large
terrestrial mammals). This condition also effectively eliminates any observable form of specular reflection from the
object. If the specular characteristics of the radiation from the object are required, a different illumination source
will be required.

As noted repeatedly in this work, the use of energy per unit wavelength as a parameter in visual
research leads to endless difficulties. The visual system is a photoelectric class of device that is
sensitive to the number of photons absorbed per interval. It is not properly represented as being
sensitive to the amount of energy absorbed per interval, as would be the case in a thermoelectric
class of device. Use of a spectral power density (SPD) to describe a radiation source is not
appropriate for vision research. The use of a spectral flux density (SFD) distribution would be
more useful.

1. Under the above conditions, the intrinsic color of a uniformly colored object is given by the spectral distribution
of the light emanating from the object in any direction within the specified spectral limits. This intrinsic color is
invariant with the intensity of the specified illumination source.

2. Since it is difficult to convey the intrinsic color of an object semantically when it is only represented by a
continuous spectral distribution, an additional step is common. It is common to sample the continuous spectral
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distribution, using multiple narrow spectral band radiometric flux (not energy) detectors and report the relative
intensity readings of these detectors. The individual radiometric flux detectors are calibrated to insure equal
sensitivity to a uniform radiometric flux source. When implemented in a man-made instrument, this procedure is
analogous to the_initial photodetection stage of the animal eye. The result is defined here as the sampled color of the
object. In the above procedure, it is necessary to describe both the relative readings of the individual detectors and
the spectral characteristics of each detector.

3. Assingle valued description of the sampled color is not obtained using the above method. However, if the
spectral characteristics of the individual detector channels are standardized, a simpler description of the sampled
color of the object is possible. Traditionally, such a standardization has been based on the so-called tristimulus
spectrums recommended by the CIE Unfortunately, these spectrums are artificial and do not conform to the
spectrums of the photodetectors in the animal (including human) eye. As a result, such instruments have given
confusing results. By using the actual spectrums of the chromophores of vision presented here in the instrument,
results can be obtained which are more closely correlatable to the perceived color reported by an observer under
conditions of constant illumination. If three radiometric flux detectors are used to emulate the spectral
characteristics of a long wavelength trichromat, the instrument will provide three values that concisely describe the
sampled trichromatic color of the object. These values will describe the sampled trichromatic color of the object.

4. Deviating from the logical train suggested by paragraphs 1,2 & 3, it is necessary to account for the introduction of
a spectral filter into the radiometric path between the object and the radiometric detectors of the visual system. This
filter is formed by the physical optics of the eye, and includes the various lenses and fluids between the object and
the retina as well as the neural tissue of the retina. As a result of this filter, the light falling on the Petzval surface
(colloquially described as the focal plane) of the eye in the general case, can be described as the applied intrinsic
color of the object. Conversely, the light can be described as the applied sampled trichromatic color of the object.

5. To proceed further in the definition of the “color” of an object as it appears in the visual system internal to the
animal, the signal processing capability of the animal must be quantified. This can be done using the models
provided in this work. Limiting the discussion to the photopic illumination region, the primary factor to note is that
the signal gain parameter of each radiometric detector channel (morphologically contained completely within the
photoreceptor cell) is independently variable over a wide range. It is designed to be inversely proportional to the
input radiation level in order to maintain an essentially constant average signal level at the output of the
photoreceptor cells under any illumination condition. However, this mechanism and design architecture has a
secondary effect. If the radiant intensity sensed by one of the radiometric detectors is increased, the gain of the
adaptation amplifier in that channel will decrease proportionately in order to maintain the desired average signal
level at the pedicel of that photoreceptor. The result of this process leads to the phenomena of color constancy
(which will be discussed further in Section 17.4.5). It also results in the definition of the adapted color of an object
as the color represented by the three voltages (in the case of a trichromat) at the individual pedicels of the retina
relative to the interneural matrix of the retina. It is important that the definition at this point be in terms of voltages
and not currents to avoid questions of summation of signals from multiple photoreceptors.

6. The signal manipulation stage of the visual process encodes the above three voltages, representing the adapted
color of the object, into two nominally orthogonal values by employing signal subtraction. The result is two bipolar
voltages that can be described as the encoded color values of the object. In the long wavelength trichromat, this
work describes these two orthogonal signals as P and Q signals.

7. The above P and Q signals are transmitted to the cortex via the signal projection stage of vision. This stage
involves a number of nonlinearities that must be considered under abnormal conditions. However, in the simple time
invariant and small signal case, the P and Q signals decoded within the cortex can be considered faithful
reproductions of the P and Q signals delivered to the ganglion cells of the retina.

Zeki came close to interpreting the concept of color correctly but he did not recognize the orthogonality of the P and
Q signals in signaling space®. He attempted to describe the same situation in spectral space using only words.

The psychological cognition of color is based on a simple evaluation of the relative values of
the P and Q signals perceived by the higher cognitive centers. As seen from the New
Chromaticity Diagram for Research, these two orthogonal signals can be represented by four
principle hues represented in each quadrant. In the simplest case, these can be described as
reddish, greenish, bluish and magenta-ish.

27eki, S. (1993) A Vision of the Brain London: Blackwell Scientific Publications pg 238
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Note that any malfunction in the above series of steps can result in the animal reporting an inappropriate perceived
color in response to an object of a given intrinsic color. Such a response if consistent over time is usually
considered a condition of partial or complete color blindness. If transient in nature, the discrepancy can be due to
fatique or to the nonlinearities found in the system, particularly in the signal projection stage of the system.

In summary, there are seven separate and distinct definitions of the color of an object that can be defined in relation
to the animal visual system. The intrinsic color of an object is independent of the illumination applied to the object.
However, the perceived color is highly dependent on the relative intensity of the applied illumination within the
three individual sampling channels of the radiometric system. The adaptation process associated with each of these
channels attempts to stabilize the signal amplitude at the pedicels of the photoreceptor cells and the result is the
phenomena of color constancy. The phenomena of color constancy is not related to the illumination, to the object, or
to the product of the illumination and the reflective properties of the object. The phenomena is a direct result of the
architecture and the performance of the adaptation amplifiers of the photodetection stage of the visual system. Color
constancy is a phenomena reflecting the response of the system to relative changes in the average illumination
received by the radiometric detectors of the visual system on a spectrally sampled basis.

17.3.4.1.2 Critical Second Order conditions applicable to some First Order definitions

The discussion of the adapted color of an object, item #5 above, includes a secondary effect related to the adaptation
process described as color constancy. There is also an additional secondary effect related to this mechanism that has
far reaching functional impact. This secondary effect is utilized differently in different animals.

The very high gain in the negative internal feedback path of the adaptation amplifiers is accompanied by a low pass
filter. The effect of this filter, due to the limited capability of the vascular/electrostenolytic supply system, is
extremely important. The presence of the high gain and a low pass filter in the adaptation amplifier causes the
amplifier to exhibit a different response at low and high frequencies. Because of this filter, the transfer function of
the adaptation amplifier at zero temporal frequency is essentially zero. Only at frequencies higher than about 3
Hertz (typical for humans) does the transfer function of the amplifier exhibit a significant response. The effect of
this feature of the overall circuit is to make the photoreceptor cells of the retina operate fundamentally as change
detectors. As a result, these individual cells are unable to reproduce a scaled copy of the long term average input
excitation to these cells. They are, however, able to reproduce a faithful scaled copy of a change in the input
excitation occurring at a frequency near and above 3 Hertz.

This limited low frequency response of the photoreceptors prevents the animal eye from operating as a true imaging
device without additional augmentation. Any animal eye with a fully developed adaptation capability (including
those of the higher mammals) operates fundamentally as a change detector.

This mode of operation is critical to the physiology of many animals, the frog being the most easily recognized. In
this type of animal (and many lower species), the cortex receives virtually no input from the retina in the absence of
relative motion between a scene element and the line of sight. However, the slightest motion of a scene element is
reported promptly to the perceptual elements of the brain to allow rapid calculation of the trajectory of the element.
Based on this calculation, the animal determines whether the element is likely to be food or a threat and takes
appropriate action. The failure of the visual system of the frog to respond to a slowly moving scene element makes
it easy for a small boy to walk up to a frog and stab it with a frog fork (small pitch fork).

Operation of the visual system as a change detector is not compatible with the needs of many animals, particularly
the higher chordates and higher molluscs. These animals need to analyze their environment in much greater detail if
they are to be successful hunters, grazers and gatherers. An additional mechanism is required to convert these visual
systems back to imaging devices without losing the advantage of adaptation. This is achieved by introducing tremor
into the line of sight via the musculature of the eye. This tremor essentially modulates all of the fine spatial detail in
the scene into a corresponding temporal signal with frequency components above the aforementioned 3 Hertz.
Although this might appear to introduce a significant complication into the visual signal processing system, it does
not. By using a quasi-random signal generated by the vestibular system, as both a modulating signal (at the retina)
and a demodulating signal (at the input to the brain), the effect of tremor has little impact on the operation of the
visual system. However, it greatly complicates the instrumentation required to analyze and understand the operation
of the visual system of these animals.

17.3.4.1.3 Impact of Second Order effects on center-surround experiments
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The consequences of operating a fundamental change detector as an imaging device in the mode developed above
leads to significant extraneous artifacts in the performance of the system under laboratory conditions. Many of these
artifacts and phenomena relate to perceived color; others relate to perceived spatial relationships. It is the
mechanisms associated with this process that lead to many of the ambiguities associated with center-surround
measurements, flicker phenomena and image fading.

Looking at center-surround measurements, consider the case of an entirely uniform spectral and spatial object field.
Even an eye based on a change detector but incorporating tremor will fail to report any information about the object
field (neglecting an initial transient of less than a few seconds after presentation of the field). However, if the object
field is divided into a bipartite field or is changed to a uniform field surrounded by a second uniform field, a different
situation results. This is the field investigated extensively by Yarbus and by Ditchburn. First the photoreceptors
viewing uniform areas of either field still report no information. It is only the photoreceptors viewing a boundary
that report a change in input excitation that is synchronous with the tremor. This change is not in absolute units. The
amplitude of the signal is relative to the difference in contrast measured by that photoreceptor. From a global
perspective, all of the photoreceptors that receive only a constant input excitation transmit no signal information to
the brain. All of the photoreceptors that receive a varying signal due to the sweeping of a contrast edge across their
field of view transmit a relative change signal to the brain. This information provides the brain with a description of
the contrast contour in the global field of view and a relative change in brightness and color between the two sides of
that contour. No absolute values are transmitted to the brain relative to these parameters.

With the information available, the brain perceives the shape of the contour and estimates the chromatic
characteristics of the two fields based on the differential brightness or chromatism associated with the two sides of
the contour. It further evaluates this information and assigns a shape to the contour and a color to each side of the
contour based on cognition. The interior and exterior of a given contour is assigned a color based on an averaging of
the chromatic information relative to that contour. These assignments are based primarily on association with other
information or memory. In more complex scenes, the scene appears as a series of contours. In this case, the process
is repeated in a hierarchal manner depending on the size of the individual contours. For very fine detail, the
individual contour may not sweep across a photoreceptor boundary. In this case, no information concerning that
boundary will be reported to the brain.

The result of this operating mode is that the cognitive capability of the overall visual system assigns a perceived
color within a given contrast contour without regard to the response of individual photoreceptors viewing areas
internal to the contour. Such a program is related to a paint program in common computer usage. This process does
not rely upon any spatial integration of photoreceptor cell responses over a finite area of the retina, one of the
cornerstone assumptions of center-surround experiments. Most of the interpretations presented in the literature
based on center-surround experiments are attempts to explain an intrinsic describable mechanism within the visual
system by a totally different putative conceptual process. The technique of assigning a single color to an area within
a contour also provides a significant noise suppression capability with regard to the perceived color within that
contour. By computing the assigned color from edge information, an short but significant integration time is
introduced that suppresses any tendency to change the assigned value based on noise spikes in the signal streams.

Tremor is a critical mechanism in the visual system of the higher molluscs and chordates. The cognitive assignment
of a perceived color goes one step beyond the definition of perceived color given as item #7 above. In those specific
situations and conditions, primarily involving laboratory evaluation, where the impact of the assignment of a color to
a large area based on the contour describing that large area is significant, it may be useful to define a cognitive color,
item #8, to describe that assignment. The concept of cognitive color also plays a major role in experiments in
asymmetric illumination relative to the two retina.

17.3.4.2 *“Unique colors” visible to normal humans

Although a great many attempts have been made in the past to define unique colors, it has been fruitless. Based on
the New Chromaticity Diagram for Research, it is possible to address this problem again. There are two major
categories worthy of discussion. The first category is that of the perceived or psychophysical colors. The second is
the category of spectral colors associated with the incident illumination.

The limits of color discrimination in the human eye can be ascertained from the chromatic discrimination function
defined above. These limits are shown in the New Chromaticity Diagram of Figure 17.3.3-11.The horizontal line at
395 nm represents the limit of color discrimination in the human eye. Similarly, the vertical line at 655 nm
represents a second limit of color discrimination in the human eye (although not a limit of color sensation). All
radiance at wavelengths longer than 655 nm. appears an undifferentiated “red.” Other benchmarks within the New
Chromaticity Diagram are best summarized in Figure 17.3.4-1.
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— [edit the following xxx]

One coordinate of the white point is obtained from the zero crossing point in the P channel at 494 nm. The other
coordinate is obtained similarly from the Q channel at 572 nm. Unfortunately, the crossing point in the Q channel is
not well defined mathematically and practical experience or laboratory experimentation must be relied upon. The
resulting new Chromaticity Diagram is shown in Figure 17.3.4-1 with several sample colors. The color sample
shown for the coordinates 437, 625 is meant to illustrate a specific mathematically defined magenta. This magenta is
created using two laser sources operating at these two wavelengths, definable in terms of the center wavelengths of
the two relevant chromophores of vision. Unfortunately, the variation in color printing techniques make this
illustration imprecise in this spectral region. This point appears as a deep purple using the Paint Shop Pro paint
program from JASC when using their standard palette and the coordinates R=255, G=0, B=255.

At this time; the hue, saturation, luminance palettes of
computer programs have not evolved to an industry
standard. As they are currently, these palettes are
designed to only encompass the three primaries defined
in terms of additive color. They are unable to address
the perceived fully saturated color capabilities of the
human eye at 400 nm (saturated violet) and 655 nm (a
fully saturated red).

To illustrate the “unique colors” defined by this
methodology, three filters and three white light
projectors (preferably with a color temperature of
7053°K) can be used. The filters required are
fortuitously available due to the work of Zeki and
Nature Magazine. A set of filters was incorporated
into the 3 April 1980 issue of Nature, vol. 284, that
closely match the center wavelengths of the three
chromophores of human vision. Unfortunately, they
are not equal in peak transmission so some
compensation must be factored into any summation in
object space. The ideal method of defining these
“unique colors” is to use a spectrometer and select the
wavelengths shown. At the current time, the values
494 and 572 nm are selected based on a variety of data
in the literature. However, their precise value may be
adjusted by a few nanometers based on future
experimentation.

17.3.4.2.1 Unique psychophysical colors
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Figure 17.3.4-1 (Color) Framework for the New
Chromaticity Diagram for Research.

There appear to be six “unique color” points on the new chromaticity diagram. They can be associated with the
common names, white, green, aqua or azure, yellow, red & either blue or violet.

The last option between blue and violet is important and will be addressed below.

The choice between aqua and azure is based on prior literature. Wikipedia provides some

background related to these terms®. The term azure will be used here since agua could imply
transparent based on its usage in non-English to suggest “transparent” water and aqua is used in
the commercial world to describe a range of colors. Azure can be uniquely defined in an academic
sense without entering the confusion associated with aqua as a color name.

Poetic license will be employed to usurp the designation “unique colors” from both the Optical
Society of America and Wyszecki & Stiles. The claim is made that the following unique colors

*https://en.wikipedia.org/wiki/Aqua_(color)
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are more unique and definable than theirs.

The names listed above will be defined as narrowband color names to differentiate them from the
broadband color names associated with process (or subtractive) color names; cyan, magenta and
canary (inappropriately yellow).

The definition of these six colors is based on the geometry of the new chromaticity diagram that, in turn, relates
directly to the signal manipulation within the retina. Four of the six colors are related to nulls in one of the two
chrominance channels and one of them is due to a null in both chrominance channels. The last is a unique situation
that only occurs at the lower left corner. The easiest to define mathematically are those occurring along the axes.
The following precise wavelength values are subject to refinement in the laboratory. They can be considered
accurate to within +/- 2 nm. Also given are the approximate Munsell hue coordinates, at high saturation (but not
constant numerical saturation), of these unique colors. These hue values are also subject to refinement in the
laboratory. These unique colors are:

+ Unique green (at the intersection of the vertical and horizontal axes, 532 nm, Munsell value 3G),
+ Unique azure (at 494 nm on the vertical axis and 532 nm on the horizontal axis, Munsell value 5BG), and
+ Unique yellow (at 532 nm on the vertical axis and 572 nm on the horizontal axis, Munsell value 10Y).

The next obvious unique color is white. It is represented functionally by null signals in both the P- and Q--
chrominance channels. This occurs on the diagram at:

+ Unique white (ordinate value of 494 nm and absicca value of 572 nm, Munsell value undefined).

The two values, unique blue and unique violet are more difficult to define. Several criteria can be used. The criteria
are not the same for both cases. In the case of blue, unique (spectral) blue has been defined quite precisely based on
psychophysical experiments as 468.3 nm*. In the formalism of this work, this becomes the coordinates (468.2, 532).
Accepting this value, in order to avoid conflict, this leaves the spectral region between 400 and 468.3 nm and the
terminus of the vertical Hering axis un-named. In this work, the spectral range between 494 and ~425 nm will be
called the blues and the spectral range between 400 and ~425 nm will be described as the purples. For reasons
related to the tetrachromatic capability of the human retina, and the folding used to create the quasi-continuous New
Chromaticity Diagram, the upper extreme of the vertical Hering axis will be defined as unique purple at coordinates
(437, 572). The region of wavelengths shorter than 437 nm in the New Chromaticity Diagram is not continuous with
the lower part of the diagram and the extension of the Hering axis into this region is not appropriate. As shown in
the development of the multidimensional color space (Section 17.3.3.2), this region is occupied by a third “Hering
axis” in a separate plane.

The labeling of the short wavelength terminus of the Hering axis violet instead of blue is in agreement with
Wright. Wright was quite strong when he criticized the authors of a book in their own forward for taking the
easy solution and defining this terminus as blue®. He insists that it should be defined as violet and the Hering
axes should be described as yellow-violet. This work accepts his call and defines Unique violet at ordinate
value of 437 nm and abscissa value of 572 nm. The two senior compilers of the above reference also
accepted his position but pleaded editorial difficulties in making the changes in that edition (see their page
73). Unique violet corresponds to Munsell hue of 10PB at a chroma of 30.

Defining unique values in the red portion of the spectrum is also difficult. The deepest perceived red generally does
not correspond to a spectral color. It is generally taken as the complement of azure in the Munsell color space. This
places unique red at an ordinate of 494 nm but its abscissa is less well defined. The abscissa can be taken as the
nominal center of the L-channel absorption spectrum (625 nm), at the limit of visibility (somewhere near 655 nm
under reasonable circumstances) or more likely at the wavelength of maximum signal in the Q-chrominance channel.
This latter value is not sharply defined but occurs at about 655 nm. There is one additional candidate in the case of
red. This is the wavelength at which the perceived color is no longer monotonic with wavelength; the wavelength
where the perceived color begins to return to an orange. This effect was discussed in Section 17.3.2.3. The
wavelength is well defined as 645 nm in the data of Stiles & Birch. Unfortunately, that value is based on tristimulus

‘Burns, S. Elsner, A. Pokorny, J. & Smith, V. (1984) The Abney Effect: chromaticity coordinates of unique
and other constant hues Vision Res vol 24(5), pp 479-489
SWright, W. (1979) in Pokorny, J. et. al. Congenital and acquired color vision defects. Forward on page ix
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values that are not supported by this work. Here again, the criteria are defined above but the determination of the
best definition will be left to others. Following Professor Wrights lead, the long wavelength terminus of the “red-
green axis will be taken as the intersection of 494 & 655 nm. This location is along the Munsell 5R radial and a
chroma of about 42.

Brindley’s isochromes (Wyszecki & Stiles, page 424-425) provide a null based on CIE coordinates near 700 nm.

Unique Azure (aqua) is defined as (494 x 532 nm), one terminus of the 494 axis.
Unique Red is defined as (494 x 655 nm), the other terminus of the 494 nm axis.

If inconvenient in some contexts, Unique Red could be described as Hering Red. The Hering axes are therefore
defined precisely in terms of the yellow-violet axis at 572 nm and the aqua-red axis at 494 nm.

Following the above logic to its conclusion defines a unique magenta. Unique magenta is defined as the intersection
of 400nm and 655 nm on the New Chromaticity Diagram for Research.

Subsequent empirical research by Thornton (1992) has suggested that the spectral peak of the L—channel
photoreceptor is at 608 nm rather than the 625 nm suggested by the first order chemistry of the rhodonines
(Section 5.5.10.3 with an important note in Section 5.5.8.3.1). This appears to be plausible based on the
recent documentation of the molecular structure of rhodonine(5) based on x-ray crystallography (Section
7.1.1.4).

The above definitions apply to “colors” resulting from one or more monochromatic lights. These can be obtained
using high intensity broadband sources and narrowband filters (of only a few nanometers width). When it is desired
to work with less spectrally pure illumination, the following specifications will insure similar performance as far as
the signal manipulation and perception facilities of the visual system are concerned. The state of adaptation of the
photoreceptors must still be considered.

BROADBAND COLORS BASED ON THEIR MEDIAN SPECTRAL WAVELENGTH
SINGLE MODE COLORS

+ Hyacinth- all radiant flux at wavelengths shorter than 330 nm (tetrachromats only)

+ Monet- all radiant flux at wavelengths shorter than 395 nm but longer than 330 nm (tetrachromats only)
+ Purple- all radiant flux at wavelengths shorter than 425 nm but longer than 395 nm.

+ Blue— all radiant flux at wavelengths shorter than 494 nm but longer than ~425 nm.

+ Aqua— median spectral flux centered on 494 nm. and no energy at wavelengths longer than 532 nm.

+ Green--- all radiant flux at wavelengths between 494 nm. and 572 nm.

+ Yellow--- median spectral flux centered on 572 nm. and no energy at wavelengths shorter than 532 nm.
+ Red-- all radiant flux at wavelengths longer than 572 nm.

MULTI-MODE COLORS

+ White- all radiant flux tailored to be bimodal with the center of one mode at 494 nm and the center of the other
mode at 572 nm. No radiation at wavelengths less than 437 nm.

+ Broadband Magenta-all radiant flux tailored to be bimodal with the center of one mode at less than 494 nm and the
center of the other mode at longer than 572 nm. (variant as used in printing)

+ Narrowband Magenta-radiant flux consists of two spectral lines at 437 nm and 655 nm. (variant available in the
research laboratory)

+ Hering Red- A red at 655 nm mixed with sufficient Blue to cause a color described by the coordinates 655, 494
nm.

+ Violet— A Blue at 437 nm mixed with sufficient Red to cause a color described by the coordinates 437, 572 nm.
+ Hering Pallid— A hyacinth at 300 nm mixed with sufficient Green to cause a color described by the coordinates
300, 494 nm (Tetrachromats, including aphakic humans, only).

+ Hering Sallow— A hyacinth at 300 nm mixed with sufficient spectral Green (532 nm) and spectral Blue (437 nm)
to cause a color described by the coordinates 395, 532 nm (Tetrachromats, including aphakic humans, only).

The above multimode notation leaves several colors at the corners of the color cube undefined. These are the colors
described by the coordinates 300, 655 & 300, 532 and 300, 532, 655 (Section 17.3.2.2). For purposes of discussion,
tentative names will be provided for some of these colors.
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300 nm spectral hyacinth
655 & 300 nm dun

532 nm spectral green
300, 532 & 655 nm puce

17.3.4.2.2 Unique monochromatic colors

As in the case of the CIE Chromaticity Diagram, individual monochromatic light sources appear along a locus as a
function of wavelength. In the case of the New Chromaticity Diagram for Research, this locus corresponds to the
axes of the diagram. In the case of the new diagram, it is important to note that any point on the diagram can be
specified uniquely by two monochromatic spectral values. For unique green, the coordinate values for the two
monochromatic sources are the same (532, 532). There is no requirement for a “purple line” and there are no values
of x and y that are outside the chromatic field of vision. There are no values of x and y period! The only absolute
limits to the extent of the chart are practical limits associated with the intensity of the available sources and the
absorption of the outer lens group.

17.3.4.2.3 The “uniqueness” of white

The perception of “white” can be described in greater detail using the New Chromaticity Diagram for Research. It is
the absence of the sensation of color in the presence of a finite luminance. Thus by definition, white is perceived
when the signal in the P and Q channels are both equal to zero. As discussed in Section 17.3.2, the perception of
“white” can occur when using either monochromatic or broad band light sources. The criteria is the same.

For monochromatic sources (at a brightness adequate to insure operation in the photopic regime and a white light
adapted observer), the perception of white only requires two sources, one source at 494 nm (P=0) and the other
source at 572 nm (Q=0).

Intense activity has been under way recently in research laboratories to use two narrowband (quasi-
monochromatic) light-emitting diodes (LEDs) to achieve a light source perceived as white. While excellent
results have been achieved, such a source cannot be used in general scene illumination (such as in automobile
headlights) because the source contains virtually no energy in the wavelength regions used in reflective
signage and typical natural and man-made scenes.

For broadband illumination (see figure in Section 17.3.3.8.1) , the conditions for the perception of white are the
essentially the same, the average value of the photon flux received in the P channel must result in a value of P=0 and
the average value of the photon flux received in the Q channel must result in a value of Q=0. Alternately, the
median value of the light spectrum (on a photon flux basis) applied to the P and the Q channels must result in P=0
(median wavelength of 494 nm) and Q=0 (median wavelength of 572 nm).

Because of the unique participation of the M-channel signal in the formation of both the P and Q signals, it is
difficult to treat the P and Q channels separately in the laboratory when using broadband sources. Any change in
intensity of the illumination within the spectral range of 494 to 572 nm necessarily affects both the P and Q channel
signal values. To achieve a perception of white as a result of this condition, it is usually necessary to consider all of
the photon flux associated with this spectral region in the green and then add a second source in the region of 400 to
494 nm to achieve P=0 followed by a third source in the 572-645 nm region to achieve Q=0. This sharing of the M-
channel also plays a role when discussing complementary colors (Section 17.3.4.3).

17.3.4.2.4 The “uniqueness” of unique yellow

The Munsell Hue for “unique yellow” of 10Y, corresponding to a spectral wavelength of 572 nm , does not appear
yellow to most people, it appears distinctly greenish. In this respect, Munsell 5Y appears closer to a “pure” yellow.
This value would correspond more closely to a wavelength of 579-580 nm. Section 13.5.3 develops the concept of
unique yellow in more detail and provides an empirical value for it of 575 nm £1 nm (a Munsell Hue of ~ 8Y).

Uttal and others have noted that there is something special about yellow. Particularly in a psychophysical context, it
appears to play a special role. Quantifying this role has been difficult and led to many interdisciplinary arguments.
The previous paragraphs can help explain this problem. Specific yellows play a unique role in both the luminous
and chromatic responses of the long wavelength trichromats, the class including humans. Lacking careful definition
based on a complete model makes it difficult to quantify these roles.
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Yellow at a wavelength of 579-580 nm represents a peak in the luminous efficiency function of long wavelength
trichromats under two different conditions, both involving a relative suppression of the M-channel spectral response
compared to the L-channel response. This occurs in both the Purkinje Effect and the Brezold-Brucke Effect. These
effects, particularly the Purkinje Effect, are normally observed under (slowly changing) transient conditions but they
can be quite striking. The Brezold-Brucke Effect can be observed under tropical forest conditions, i. e., high
illumination intensity in the presence of a great deal of green foliage.

17.3.4.2.5 The revised Abney Effect

Yellow (at a wavelength of 572 nm) has long been known to play a special role in the chromatic response of the long
wavelength trichromat®. Although actually represented by a null condition in one of the two chrominance channels
of the signal manipulation stage of vision, we do not known how the cortex perceives this null. 1t may give such a
signal a special prominence. Regardless of any special prominence, yellow at 572 nm does play a special role in the
previously poorly defined set of Hering axes as shown in Section 17.3.3.

It is obvious that Unique Aqua plays a similar role to Unique Yellow in that it can be desaturated by adding a “small
amount” of equal energy white without causing a hue shift. In fact, any amount of equal flux white can be added to
either color without causing a hue shift.

This leads to a revised Abney Effect. The revised and broadened Abney Effect says that_either Unique Yellow or
Unigue Agua (spectral colors) can be desaturated with any amount of equal flux white without causing a hue shift in
the resulting color.

Without specific wavelength definition, but based on the above comments, it is possible to say that yellow plays a
unique role in vision. Whether it is an important unique role is less clear. The unique role is primarily associated
with the luminous response of the eye, not the chromatic response.

The Abney Effect is largely supplanted by the work of Munsell when combined with the New Chromaticity Diagram
for Research. The unique position of Unique Yellow and Unique Aqua are obvious on this combined chart.

17.3.4.2.6 The number of uniquely identifiable colors

The literature contains a number of references to the ability of the human eye to discriminate between one and ten
million individual colors. These statements are usually made casually, frequently in introductions to more serious
material.

Recently, the casual reader may have also encountered statements about computer display cards capable of
reproducing 16 million colors using a 24 bit binary word. Unfortunately, this designation only applies to the address
space provided by the digital words used and does not say anything about the ability of a scanner or a display device
to reproduce this many discrete colors.

To obtain a more mathematically precise value for the number of discriminatable colors requires a much more
detailed definition of the parameters involved in the process. The experiments to determine this number must also be
carried out under very highly standardized conditions’. Based on the limits of the New Chromaticity Diagram (with
axes linear in spectral wavelength) and the auxiliary axes of Figure17.3.3-5 and the measured minimum discernible
wavelength difference of McCree in Figure 17.3.2-6, it is possible to make a first order estimate of this number and
discuss how other numbers are arrived at.

An initial statement must be made to control the number of metamers assigned a specific value in color space. To
restrict this number, the condition will be imposed that only one metamere of each set will be counted. This
metamere will have the smallest possible variance in the central portion(s) of its spectral distribution.

As defined earlier, the color space for humans (and other long wavelength trichromats, typically terrestrial mammals
larger than a few kilograms body weight) can be defined by a rectangle that is 132 nm along the vertical axis and

®Abney, W. (1910) On the change in hue of spectrum colours by dilution with white light. Proc. Royal.
Soc. London, A vol. 83, pp. 120-127
"Hunt, R. (1991) Measuring color, 2 Ed. NY: Ellis Horwood, sec. 7.15
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123 nm along the horizontal axis. From McCree, a generous estimate of the minimum recognizable wavelength
difference along these two axes is 1.0 nm at 150 trolands, falling to about 3 nm at 1.0 trolands. These values were
obtained for finite size samples in a bipartite experiment with the samples juxtaposed. If the color space is overlayed
by a grid of 1.0 nm squares, the result is a total of 16,236 individual squares. If the values of P and Q within each of
these squares is averaged, each square will exhibit an average “color” that is 1.0 nm different from each of its
neighbors. Under optimum conditions, each of these squares should be discernible as different from each of its
neighbors. Thus the total number of just discernable color samples for the human eye, under optimum conditions at
an illuminance of 150 trolands and based on a simple grid, is about 16,236. It is possible that a higher degree of
discrimination is possible at a higher illuminance, however this is doubtful. All three of the spectral channels of the
eye must remain within their individual photopic region as defined in this work or the number of discernable colors
will actually decrease. This decrease will occur due to either saturation in the signaling channel or to an inadequate
signal amplitude relative to a threshold condition in the cortex.

16,236 is only a base figure for comparison between adjacent colors. Clearly, if one can discriminate between each
of these colors when presented as nearest neighbor pairs, which is not necessarily true, it is even less demanding to
discriminate between next to nearest neighbor pairs. This procedure would provide another 16,000 pairs of colors
that are discriminatable. Extending the process to nearest neighbors separated by two samples results in another
16,000 pairs. There are a very large number of these sets of easier discriminations. However, they do not increase
the number of fundamentally recognizable colors. Similarly, the grid can be moved over by 0.5 nm in each direction
and the resulting sample intervals be averaged. This results in an additional 16,236 samples differing from the first
only in the bin assignments in the grid. If one wants to change the luminance under which the samples are
compared, one can obtain an even larger number of total samples. However, as shown in Section 17.4, this does not
introduce any new colors, only additional color samples exhibiting different illuminances.

It is reasonable to conclude that the human eye can discriminate between approximately 16,000 individual color
pairs arranged in a two dimensional monotonic array and under optimum conditions. This value is higher than but
compatible with the Pantone Book of Color, which includes 1024 color samples. It is also similar to the number of
samples provided for in a single color plane of the Munsell Color System, although this system usually employs a
cylindrical coordinate system which makes it difficult to precisely define individual colors of low saturation. This is
also true in the grid defined above, where as many as 500 of these samples may be included in the “white” portion of
color space and can be difficult to discern individually.

17.3.4.2.7 The data of Stefurak & Boynton

Stefurak & Boynton performed a simple set of psychophysical experiments (with some semantic baggage) that agree
quite well with the color descriptions used here®. Figure 17.3.4-2 shows their results. The experiments used
commercially available construction paper and assigned names to the color of each paper based on an unspecified set
of criteria. Several features are notable. The figure should be truncated on the short wavelength side at 400 nm and
at 655 nm on the long wavelength side. This is because the absorption of the eyes beyond these values is greatly
reduced and simple spectrometer values of a piece of paper are not relevant to the perceptions of color in these
regions. The upturn of many of the curves beyond 655 nm is largely irrelevant. Second, the original curve labeled
purple has been changed to magenta to reflect the fact that the curve is bimodal. Such a bimodal distribution is
normally defined as magenta in commercial practice. In this work, the curve marked blue should be truncated at
wavelengths shorter than 430 nm and a distinct region labeled purple would be defined between 410 and 430 nm. It
is not clear that commercial construction papers could be found that would differentiate between these two colors.
Finally, some of the secondary features of the responses are related to the paper dying process and have little to do
with the properties of human vision.

8Stefurak, D. & Boynton, R. (1986) Independence of memory for categorically-different colors and shapes
Percept. Psychophys. vol. 39, pp 164-174
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Figure 17.3.4-2 Spectral reflectance curves of ordinary construction papers used in a psychophysical experiment.
The names of the colors reported by the subjects are indicated for each curve, except for the curve originally labeled

purple. Its name has been changed to magenta in conformance with normal commercial practice. Modified from
Stefurak & Boynton, 1986.

17.3.4.3 Concepts involving complementary, conjugate and corresponding colors
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Historically, complementary colors have been defined only conceptually. During the 20" Century, they were
described in the context of the CIE Chromaticity Diagram under the assumption that this diagram was an orthogonal
representation of the human color perception space. Over short distances on this diagram, that assumption is valid.
However, it is not valid when the distances extend from the white point to any point along the spectral locus, or
equivalent distances, as illustrated in [Figure 17.3.5-8, a reinterpreted CIE Chromaticity Diagram. This failure at the
margins has always constituted a problem with the CIE Diagram. The definition of complementary colors was based
on the assumption that Grassmann’s Laws of linearity applied to the CIE figure. These laws were reviewed in detail
by Krantz in 1975 using (set theory)*™. Krantz noted the limitations on Grassmann’s Laws briefly on page 289.

The greater limitation on the CIE Diagram is its lack of orthogonality in perceptual color space.

Krantz’s larger contribution was his recognition of what he described as “partial chromatic equilibria” as found in
the opponent-color theories of color vision. He correctly interpreted the writings of Hering and of Jameson &
Hurvich as describing two separate equilibrium conditions, the first relating to the null between reddish and greenish
and the second relating to the null between yellowish and bluish (here violetish). His first set of equilibrium points,
A,, defines the 572 nm axis in the New Perception-based Chromaticity Diagram. His second, A,, defines the 494
nm axis. Using set theory, he noted that a white point, B, is described by the union of the first and second sets, A; N
A, =B.

In the algebra of this work, all of the points in Kramtz’s set A, satisfy the condition P = 0. In the nominal
Perception-based Chromaticity Diagram, these points constitute the 494 nm axis. All of the points in set A, satisfy
the condition Q = 0. In the nominal Perception-based Chromaticity Diagram, these points constitute the 572 nm
axis. White is represented by Krantz’s B and represents the null condition in both of the chrominance channels,
P=Q=0.

°Krantz, D. (1975) Color measurement and color theory: I. Representation theorem for Grassmann
structures J Math Psych vol 12, pp 283-303

OKrantz, D. (1975) Color measurement and color theory: 1. Opponent-colors theory J Math Psych vol 12,
pp 304-327
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Chapter 15 and the introductory parts of this chapter have shown the neural system treats the P, Q & R channels as
orthogonal (independent) channels. Thus the combined brightness and chrominance information associated with a
given object can be expressed by the equation, X = R + iP + jQ. In this expression, the sign of each of the
chrominance term can be changed. The result is a new conjugate expression with respect to that term. These
conditions express a new and broader definition of conjugate colors in perceptual color space. Figure 17.3.4-3
illustrates the new definitions.

The two beams of light originating within the white
circles are complementary colors. They:

1. are located along a single diameter through the white
point,

2. are equidistant from the white point (both having 420 —
equal chroma in Munsell space), and

3. have medians of their spectral distributions that are
equal distant from the null points P=0 and Q=0 when
projected onto the auxiliary axes (the medians must be
calculated based on photon fluxes as opposed to

energy).

The criteria P=0, Q=0 is determined at the input to the
stage 3 differencing ganglia at the output of stage 2.
Thus, while the adaptation state of the eyes may vary,
the ultimate criteria is the same. It occurs following
adaptation in the neural signaling system.

400 —
¥ i

Truse Purple nat
roproducible in
this medium

Rel. P coordinate

Any two beams of light delivered to the eye (whether Y |
by reflection or by a direct path from a source) meeting 532 s
the above criteria are complementary. This definition Wavelengtis In nm

holds for all beams of light within the confines of the ‘ 4

diagram and with spectral components longer than the

fold line passing through 437 nm.

|
0

Rel. Q coordinate

The diagram also illustrates two quasi-complementary
conditions. The light beam originating within the

dotted white circle is complementary to the yellow- the circles and separated by the white bar are

orange beam with respect to the P axis. These two complementary. The source within the dotted circle is the

beams: "~ )
1. have medians of their spectral distributions that are onfr?? g:r%instozfré? tgl:g tsec))(l:_rce and the P-complement

equal distant from the null points P=0 when projected
onto the ordinate auxiliary axis (the medians must be
calculated based on photon fluxes as opposed to energy).

Figure 17.3.4-3 Complementary colors illustrated with
the Perceptual Chromaticity Diagram. The sources within

As Krantz suggested, this pair of beams can be considered violet-yellow or P-complements. As shown in Section
18.1.5, such pairs of beams would also appear complementary to a deuteranope since they are equidistant from his
locus of confusion. The light beam originating within the dotted white circle is also complementary to the blueish
beam with respect to the Q axis. This pair of beams can be considered red-azure or Q-complements. As shown in
Section 18.1.5, such pairs of beams would also appear complementary to a tetartanope since they are equidistant
from his locus of confusion.

It is important to note that the straight lines associated with the complementary colors defined above are not
represented by straight lines on the CIE Object-space based Chromaticity Diagram. Truly complementary colors on
the CIE Diagram are located along curved paths passing through the white point and at unequal distances from the
white point (shown in Section 17.3.5 and Section 18.1.5). Pridmore has illustrated these curved paths by overlaying
a Munsell Color Space on the CIE Diagram™. He has listed three other investigators who have prepared similar
figures.

“Pridmore, R. (2004) Bezold-Brucke Effect exists in related and unrelated colors and resembles the Abney
Effect Color Res Appl vol 29(3), pg 244
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Until additional color matching experiments are performed under highly controlled conditions, it is not clear how
close the complementary colors theoretically defined above will agree with our convention of naming colors.

Pridmore has defined a set of corresponding colors as “two stimuli, viewed by an observer under different
illuminants (or viewing conditions), that match in color appearance. . .. Similarly, corresponding hues are a number
of stimuli, viewed under different illuminants, that match in hue.” While referencing Wyszecki & Stiles, and Judd,
no specific page references were given. The sets of corresponding colors or corresponding hues (not necessarily
coupled together) can be very large without additional constraints on the sources. Discussion of his theorems will
not be pursued here since they appear to rely upon the orthogonality of the CIE Chromaticity Diagram.

Thornton has referenced a table of complementary near-spectral lights with respect to 6500K “daylight” fluorescent
lamplight, ten degree bipartite field (page 164). Thornton notes that one can calculate reasonably good
complementary pairs until the short wavelength light approaches 500 nm. This difficulty is immediately obvious in
the New Chromaticity Diagram. In fact, Thornton notes on page 94, the errors relative to these computed values and
visual reality are large (when using the CIE 1931 Chromaticity Chart). The isoclines of human vision are not
straight lines on the CIE 1931 Chart (Section 17.3.5). In Thornton’s measurements, a different situation ensued
(page 93). He showed the human could not match a 6500K daylight source with only two narrowband complements,
even when varying the power level of each. He found that he invariably had to mix two long-wavelength lights
together with a third short wavelength lights to obtain a match. The reason for this is instantly obvious using the
New Chromaticity Diagram. If one of the complementary lights exhibits a positive P value, the matching light must
have an equal negative value. Similarly for the Q values. As a result, complementary pairs can only occur along
circles centered on the white point and not intersecting the spectral locus. As drawn, the only pair of spectral lights
that are truly and fully complementary form a right triangle between the two spectral axes with the hypotenuse
passing through the white point (nominally 452 nm and 610 nm and equivalent Munsell saturation 0f30). As found
recently in the search for a pair of LED spectral sources that gave a respectable white light for automobile
headlights, three LEDs are required. Even with three LEDs, the reproduction of the color of scene elements using
these light groups was ghastly. The color rendition index (CRI) is terrible.

When discussing narrow band spectral sources, it is necessary to realize the spectral locus on the Perceptual
Chromaticity Diagram is a construct. Such sources only introduce one wavelength into either the P or the Q
channel.

The only way a human can perceive white is if the centroid of the stimulus applied to BOTH the P and Q channels
are equal to zero. This condition requires three spectral sources except in the trivial case produced by the pair, 494
nm and 572 nm. In the general case, one source must be in quadrant 11, one source in quadrant IV and one source in
quadrant 111 that counters the other two sources according to the attached figure. The values asserted by Pridmore
and illustrated in my previous attachment, 450, 610 and a green satisfy these requirements precisely.

There is very little empirical data in the literature confirming complementary colors. Most investigators just assume
that two points on the CIE 1931 Chromaticity Diagram that are located on a straight line passing through a white
point are complementary. Nothing could be farther from the truth. The most significant data available is that of
Wright'2, Wright explored both two-color and three-color mixing. Figure 17.3.4-4 shows his two-color findings are
in complete agreement with the theory provided here. The only two-color complements are those containing either
494 nm and a longer wavelength, or 572 nm and a shorter wavelength as shown. The curved portion of Wright’s
curve is due to the experimental difficulty of experimentally confirming a match to white near the white point.

2\Wright, W. (1929) Color Mixture In Jameson, D. & Hurvich, L. eds. (1972) Handbook of Sensory
Physiology, vol VII/4 NY: Springer-Verlag pg 439



16 Processes in Biological Vision

,....:..,..'--'.-....-..----

Complementary wavelengths

400 | ' ! |
550 600 650 nm 700

Wavelength (A4)

572

Figure 17.3.4-4 Curve relating complementary pairs of wavelengths, A, and A,. When A, is mixed additively with A,
in the correct proportions, the mixture will match the equal-energy white. Asymptotes added. The asymptotes are at
precisely the wavelengths proposed in this work. The heavy line provided by Wright was the best he could record
with the equipment of his day. It requires a large cohort of subjects to achieve statistically significant results as the
intersection of the asymptotes is approached. See Text. From Wright, 1929.

17.3.4.3.1 The definition of metamers MERGE with 17.1.2.3 &/or 17.1.9.1

The technical literature is very imprecise regarding the definition of metameres. The foci of the definitions vary
between object space and perceptual space. Wyszecki & Stiles (p. 184) give two definitions next to each other that
are fundamentally quite different. The first describes a situation where two color stimuli exhibit the same tristimulus
values in object space but exhibit different spectral radiant power distributions. The second describes two color
stimuli that appear identical to a given observer but exhibit different spectral radiant power distributions. These are
only equivalent if the tristimulus values correctly equate to perceived color within the neurological system. This can
only occur if the visual system is strictly linear (which it is not).

Wyszecki & Stiles build the concept of metameres on the concepts in their chapter 3. Chapter 3 is totally dependent
on the linear assumption applied to the visual modality. It quickly gets into difficulties that requires the definition of
an “imaginary color stimulus” in their section 3.2.4.

At a minimum, the above definitions must be expanded to require photopic illumination levels and the absence of
differential chromatic adaptation. It is also important to specify the size of the test stimuli and the retinal location
used in the experiments. This work will focus on perceived metameres observed under these conditions. Only
spectral radiation at wavelengths within quadrants | through IV of the previous figure, longer than 437 nm, will be
considered here. Within this context, two color stimuli are complete metameres if they generate the same brightness
and chrominance values, P, Q & R, at the saliency map of the observer. This definition allows temporal variations
(as encountered with rotating color wheels) but usually involves steady state situations.
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A more common definition of chromatic metameres describes two or more color stimuli that are perceived as
identical when viewed using a common illumination source. These metameres may have marginally different P, Q
& R values because of changes in the reflectance coefficients of the materials.

The best description of the difficulty of performing perceptual metamere experiments is found in Judd & Wyszecki®.
This early work did not address any of the neurological considerations related to metamerism. They point out the
uncertainty (variation) between multiple perceptual matching procedures (by one subject using the same samples)
changes by a factor of 6:1 for circular fields varying between less than one degree and 19 degrees diameter. Much
of this uncertainty for small fields is due to Maxwell’s Spot (Section 17.3.1.8). The perimeter of this spot can be
described as the boundary between the foveola of the retina and the surrounding retina. The neural signal processing
is different on the two sides of this boundary as discussed in earlier chapters. As a result of this variation,
experiments using 2° and 10° field diameters centered on the line of fixation typically give different answers.

Metamere experiments in object space appear to be an interesting, but frequently misleading, pedagogical tool.
However, these experiments may lead to erroneous assumptions concerning the visual system. Metamere
experiments in perceptual space are extremely difficult to quantify to the level of professional results. Considerable
care must be exercised in describing the parameters associated with the experiments.

It must be noted that all of the values for metamers given on pages 358 through 363 of Wyszecki & Stiles (1982) are
hypothetical, and based on the linear assumption and the (unrealizable) CIE Standard Observer. While they say the
calculated values are hypothetical in their text, they fail to include that qualifier in any of the table headings.

Complementary wavelengths
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Figure 17.3.4-5 Curve relating complementary pairs of wavelengths, A, and A,. When A, is mixed additively with 2,
in the correct proportions, the mixture will match the equal-energy white. Asymptotes added. The asymptotes are at
precisely the wavelengths proposed in this work. The heavy line provided by Wright was the best he could record
with the equipment of his day. It requires a large cohort of subjects to achieve statistically significant results as the
intersection of the asymptotes is approached. See Text. From Wright, 1929.

BJudd, D. & Wyszecki, G. (1963) Color in Business, Science, and Industry. NY: John Wiley & Sons pp
139-158
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17.3.4.3.2 The experiments of Purdy (1931)

Purdy implemented an extensive study of the color space associated with Munsell, but with limited focus on the
Munsell Color Space directly*. The work was also performed before the renotation activity of Nickerson in 1943.

Purdy explored what he called “the colourless interval” of human visual color space. His colourless interval can
generally be related to the scotopic region at the bottom of the visual range relative to stimulus intensity. Purdy
chose two pairs of narrow band spectral colors, 430 & 575 mu and 470 & 575 mp along with a reddish 700 mu. He
used three bipartite fields of 3°, 1.5° and 0.5° in separate experiments. The spectral colors were not complementary
as defined above. In general he provided a light of each wavelength in one side of the bipartite field and the other
member of the pair in the other side. He began with both sides at very low intensities. He then raised the intensities
until a color sensation was perceived.

When using the 700 mp source, he and his subjects all were emphatic that once the intensity was raised to the lower
limit of perception, the signal was perceived as colored. He noted, “Thus for these four observers, as well as myself,
a foveal colorless interval is present in the yellow, the green, the blue and the violet, but is absent in the long-wave
red.” This observation is compatible with graphic presented in Section 2.1.1.1 of this work.

When discussing the origin of the minimum thresholds for chromatic and achromatic vision, Purdy appears to
support a mechanism with a threshold unrelated to the sensory receptors. IN this work, that threshold occurs in the
stage 4 engines and is related to a minimum required signal-to-noise ratio for accurately perceiving the values in the
O-, P—and Q-channels (similar to a color killer circuit in the television sets developed prior to 2000—prior to the
high definition TV era). Purdy discusses a variety of explanations for this phenomenon without benefit of a working
model or global hypothesis. He also lacked the database that has evolved over the 85 years since his work. His
work could be usefully reinterpreted based on the theoretical model of this work. As he notes, the mechanisms of
adaptation, visual acuity and critical flicker frequency must all be brought into these discussions, along with the
exposure time. These are all factors that relate to the signal-to-noise ratio in various stage 4 engines that are
controlling the perception of these phenomena.

Purdy also explored the question of intensity required for maximum saturation, without the benefit of the Munsell
overlay on the perceptual chromaticity diagram of this work, recently referred to as “the Chromaticity Diagram
(2016).” He noted the lack of quantitative data in his time and then noted,

“This experimenter found the rather striking result that the spectral yellow (580 mu) reaches its greatest
saturation at a very high intensity, as compared with the other colours. For wave-lengths on either side of the
spectral yellow the intensity corresponding to the maximum sank to a relatively low level, which showed no
pronounced variation with wave-length. Of the seven wave-lengths employed, ranging from 655 mp to 463
mu , the wave-length 463 mu (blue) was found to reach its maximum saturation at the lowest intensity.”

The observational assertion related to “spectral yellow (580 mu)” is a stage 5 perception according to this work. The
assertion related to 463 mp (blue) is also reasonable, although not very significant when compared to the saturation
circles of the Munsell overlay on the Chromaticity Diagram (2016). The spectral locus at 463 mu is only marginally
more saturated than the spectral locus at 610 mu. The definition of Munsell saturation may need close review
before it is applied to the spectral locus at 655 mu. Purdy note the exceptional difficulty in determining high
saturation values, based on perception, on page 302. In his analysis, he noted a paradox.

Finally, Purdy explored the chromatic threshold with respect to white. This threshold would correspond to a
minimum perceived saturation as a function of hue with respect to a white intensity level. Awkwardly, Purdy uses a
calculated intensity given in photons, not photon density. On page 292, he indicated he was using the definition of a
photon used by Troland;

A photon is “defined as that intensity of retinal stimulation which accompanies the use of a pupillary area of
one square millimetre and an external stimulus brightness of one candle per square metre.”

YPurdy, D. (1931) On the saturations and chromatic thresholds of the spectral colors Brit J Psych: General
Sec. vol 21(3), pp 283-313
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His discussion proceeds into the area of complementary colors while lacking any precise definition of such colors, or
any precise definition of “white.” He does recognize another team® used sunlight as a white light reference instead
of his light bulb at unspecified color temperature. He did attempt to match the intensity of his light bulb (combined
with a suitable filter) to sunlight but this was clearly a metameric match. He encounters a conflict between the
predictions based on the accepted wisdom of the time and the experimental evidence. His discussion relies upon a
hypothesis based on the linear assumption of Grassman’s Laws which have been shown to lack creditability in this
work (earlier in this Section 17.3.4.3). He notes, “The hypothesis, however, is arbitrary, and does not seem
plausible on its own merits.” The material after page 309 is clearly speculative and not of value here. His
conclusions are worthy of consideration but not to be relied upon.

17.3.4.4 The second order Abney, Bezold-Brucke and Purkinje Effects

The Abney, Bezold-Brucke and Purkinje Effects are transient phenomena frequently observable over a period of
minutes. They are closely related to the adaptation process.

The Science of Color provided an overview of several second order psychophysical effects inter-relating brightness,
saturation and hue under conditions of constant luminance®. The description is brief and notes the conditions of
observation make documenting these effects difficult. The descriptions are also global in character rather than the
specific definitions of this work. Both the character of the surround and the size of the sample field affect the
observed results. The overview does not adequately define the Bezold-Brucke, Abney or Purkinje Effects to the
level of definition provided in this work. Wyszecki & Stiles also review these effects'”. However, both of these
sources were hampered by their reliance on the highly non-orthogonal CIE Chromaticity Diagram.

Pridmore has recently reviewed these changes on the same global basis'®. He reported the shift in spectrum between
two luminance levels plotted against a uniquely defined spectral abscissa as well as a CIE Chromaticity Diagram
with a set of Munsell axes superimposed on it. For some of his measurements, Pridmore used the sun as a source for
his monochrometer. The sun was viewed from his location in Sydney, Australia (33° 55' South) on an unspecified
day of the year.

It appears that Pridmore is the first to precisely define a “unique red” entirely on empirical grounds. His unique red,
which he defined at several color temperatures, for 6500 K, falls at 493c using the CIE Chromaticity Diagram. This
is extremely close (within one nanometer) to the honorific name “Hering Red” proposed here for the value of
494,655 on the New Physiology-based Chromaticity Diagram at 7053K. Pridmore’s other data provides a
calibration for the change in wavelength of the zero of the P coordinate with color temperature.

To properly interpret these phenomena and parse them properly, it is necessary to have a detailed knowledge of the
signal generation and signal processing circuitry of vision.

A more satisfactory explanation is available based on the Physiologically-based Perceptual Chromaticity Diagram of
this work. See Sections 17.2.3.4 & 17.2.3.5. [xxx consolidate with this section 17.3.4.2.4]

As noted in [Figure 17.2.3-8 xxx The proposed three peaks ], there are three potential artifacts related to the
brightness response of the human visual system. These can occur independently and depend on the relative gain,
state of adaptation) of the various spectral channels. The theoretical peak at 395 nm is seldom observed in humans
(except possibly under the UV-lights of a nightclub). The theoretical peak at 471 nm is associated with the Bezold-
Brucke Effect in this work. The peak at 571 nm is associated with the Purkinje Effect in this work. These peaks are
not associated with any change in the spectral peaks of the underlying chromophores, only the change in spectrum
resulting from changes within the logarithmic summation process associated with the brightness channel. However,
in a recording of the overall spectral response at relatively poor resolution, the major slopes between the individual
peaks in the spectrum will appear to have moved.

BPriest, 1. & Brickwedde, F. (1926) The minimum perceptible colorimetric purity as a function of dominant
wave-length with sunlight as neutral standard JOSA vol 13, pg 306

'8Jones, L. (1963) The Science of Color. Washington, DC: Committee on Colorimetry of Optical Society of
America pp 252-253

"Wyszecki, G. & Stiles, W. (1982) Op. Cit. pp 456-458

8Pridmore, R. (2004) Bezold-Brucke Effect exists in related and unrelated colors and resembles the Abney
Effect Color Res Appl vol 29(3), pp 241-246 (as modified by Errata)



20 Processes in Biological Vision

Pridmore has provided data on the overall effect of these changes related to these phenomena in Figure 1 [xxx of the
second paper | of a recent paper'®®. Interestingly, the color samples had a lower measured luminance than did the
surrounding background. The spectral shifts are small, total range of 10 nm or less, and the sampling intervals were
large, a variable but near 25 nm. There were no data points at wavelengths shorter than 440 nm or longer than 640
nm. [xxx need to look at first paper in detail ]

17.3.5 Comparison with other color spaces

It is difficult to rationalize the New Chromaticity Diagram for Research with the previous two-dimensional color
spaces due to their assumption that color is represented by some combination of terms within the linear summation,
w =X +Yy +z. Before providing a new interpretation of these other color spaces, A broader discussion of the issues
regarding these spaces is presented below followed by a more specific reinterpretation of some of these spaces. It
will become apparent that many of the terms relating to the more conceptual spaces have not been rigorously defined

There have been two classes of chromatic diagrams in the past, those developed by research oriented scientists and
those developed by application oriented scientists or artists. Many of the former are discussed in Wyszecki & Stiles.
Several of the latter are discussed in Fehrman & Fehrman®. Kuehni has presented a compendium of color spaces
developed over the years?. Nearly all of these systems have relied upon principles of additive color in their
description. This is has been the Achilles heel of these efforts. The internal operation of the animal visual system
does not employ additive color principles.

The proposed New Chromaticity Diagram differs significantly from the conventional diagrams as typified by the
CIE Chromaticity Diagrams of 1931 & 1964 & 1976, the MacLeod & Boynton® diagram of 1979, the diagram of
Derrington, et. al**. of 1984, and the Shepherd® diagram of 1999. These diagrams are all conceptual in nature , refer
to object space, and based primarily on psychophysical experiments. MacLeod & Boynton claim (in their footnote
5) that their diagram includes a compromise but avoids an error common in all previously proposed chromaticity
diagrams. Their compromise is to presuppose that the S—channel makes no contribution to perceived luminance. In
fact, in the absence of M- and L—channel stimulation, the S—channel signal dominates the perceived luminance. The
diagram proposed here avoids their compromise and the quoted error.

The new Diagram is fundamentally representative of a electrophysiological space found within the so-called S-plan
(for Svaetichin) of the retina. It can also be interpreted as a “Perceptual Color Space.” It is based on an actual
perception model derived from the actual absorption spectra and actual chromatic differencing circuits of the human
eye. When used with auxiliary axes, it can be used to describe the temporal characteristics of the discrimination
capability of the eye. The CIE Diagrams are representative of “Object Space” and assume the observing eye is a
linear, time invariant device that can be described in terms of an imaginary set of tristimulus values. The MacLeod
& Boynton and Shepherd diagrams are based on psychophysical experiments and appear to represent an “Empirical
Perception Space.”

The New Perceptual Chromaticity Diagram is also incompatible with the nonconformal equilateral color spaces of
Krauskopf and their extension into the ultraviolet by both the Neumeyer and Goldsmith groups. (See Section
16.1.3). The New Diagram suggests the Munsell Color Space is by far the more realistic empirical color space and
that they can both be used to provide a conformal foundation for the so-called M-B and DKL color spaces discussed
below.

Pridmore, R. (1999) Bezold-Brucke hue-shift as functions of lumnance level, luminance ratio,
interstimulus interval and adapting white for aperture and object colors Vision Res vol 39, pp 3873-3891
“pridmore, R. (2004) Bezold-Brucke Effect exists in related and unrelated colors and resembles the Abney
Effect Color Res Appl vol (29(3), pp 241-246

2’Fehrman, K. & Fehrman, C. (2000) Op. Cit. pp. 205-211

2K uehni, R. (2003) Color Space and its Divisions. NY: John Wiley & Sons.

MacLeod, D. & Boynton, R. (1979) Chromaticity diagram showing cone excitation by stimuli of equal
luminance. J. Opt. Soc. Am., vol. 69, no. 8, 1183-1186

#Derrington, A. Krauskopf, J. & Lennie, P. (1984) Chromatic mechanisms in lateral geniculate nucleus of
macaque. J. Physiol. vol. 357. Pp. 241-265

%Shepherd, A. (1999) Remodelling colour contrast: implications for visual processing and colour
representation vol. 39, pp. 1329-1345
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The C.1.E diagrams are actually hybrids that incorporate both luminance and color information in a complex (time
independent) relationship. This relationship is based on the assumption that the algebraic sum of the color
information in a given radiance equals unity.

The CIE Diagrams do not attempt to define the temporal characteristics of the human eye.

MacLeod & Boynton have defined a chromaticity diagram based on the tristimulus framework of the CIE
Chromaticity Diagram but making the assumption that the short wavelength photodetection channel does not
participate in the perception of luminance. The resulting diagram uses the r, b and g tristimulus values to define
chromaticity space. Their diagram results in a spectrum locus passing up through the center of a space defined in
terms of r and b where b is the amount of short wavelength light present but not contributing to luminance. r is the
ratio of the amount of long wavelength light present compared to the amount of mid-wavelength light, g, the sum of
these two equating to the luminance present. Equal energy white is found at r:g:b::0.68:0:0. In their presentation, a
spectral light of 400 nm. is perceived as containing a large amount of long wavelength light and nearly as much mid-
wavelength light. Although not labeled, a purple line is shown connecting 400 and 660 nm.

The MacLeod & Boynton diagram is not easily reconciled with a detailed luminosity function obtained by
psychophysical experiments. Such a function clearly contains a significant short wavelength component (see Judd’s
1951 paper)®, which can be clearly shown by repeating Wald’s differential adaptation experiments. The predicted
situation where a spectral blue light is perceived as containing large amounts of green and red appears to be an
artifact of using the tristimulus framework to create their diagram. It is at odds with this authors personal experience
in looking at laser generated monochromatic light. Recently, DeValois stated that their was a significant
contribution (he estimated 25%) of the short wavelength sensor component to luminance in the case of the
magnocellular cells of the lateral geniculate nuclei®’.

Derrington, et. al. have approached the MacLeod & Boynton diagram from a different perspective based on earlier
work of Krauskopf, et. al®®. Their presentation is still based on psychophysics, assumes linearity in summation and
defined a set of “Cardinal Directions.” Unfortunately, it did not define the “white point.” The axes were the
“constant B” axis and a “constant R & G” axis. The orientation of the axes were similar to those proposed here.
Red was defined as the zero angle position relative to the intersection of the two axes which was labeled white.
However, yellow was defined as +90 degrees relative to the horizontal axis. They also defined a luminance axis
perpendicular to the chromatic plane with increasing luminance being in the positive direction. The chromatic plane
through a nominal luminant value was defined as an isoluminant plane. They then chose to consider this isoluminant
plane as circular and the overall luminance/chrominance diagram as spherical. The ramifications of these choices
will be explored in Section 17.4 Briefly, they provided no justification for their approach that the root-sum-square
of the two chromatic vectors and the luminance vector should be a meaningful vector. This work suggests that their
definition of an axis given by B-(R+G) can be perfected by using the locus of S-M under the additional condition
that M=L, as the axis. W.ith this modification, their vertical axis becomes a straight line for any value of M. The
italic notation is used to indicate each value is the integral of all of the photons caught by the specific chromophoric
channel. M=L only occurs at 572 nm based on this work. This axis has historically been labeled a Hering Axis.

The most important point of comparison concerning the Derrington work is that they defined the two axes as passing
through 492+/- 3 nm. and 558 +/- 4 nm. without establishing or maintaining control of the color temperature of their
source. They used a domestic color televison receiver as a source, Sony KV 1207, but modified it to allow direct
access to the three kinescope inputs. Although this technique placed the “effective” color temperature of the screen
completely under their control, the color temperature could not be varied in a continuous manner and did not
represent a blackbody radiator. Unfortunately, they were unable to establish the other terminals of the axes in any
precise way and the scales, as well as “white,” in their color space remain uncalibrated.

%Judd, D. (1951) Report of U.S. Secretariat Committee on Colorimetry and Artificial Daylight CIE
Proceedings, vol. 1, part 7, p 11

ZDeValois, R. (in publication) S-cone and S-opponent inputs to V1 cells. J. Modern Optics Presented at
OSA-UCI splinter meeting October 13-15, 2001.

%K rauskopf, J. Williams, D. & Heeley, D. (1982) Cardinal directions of color space. Vision Res. vol. 22,
pp. 1123-1131
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Shepherd has adopted a slightly different modification of the concept of MacLeod & Boynton in his work on color
contrast in neighboring areas and various experiments on fusion of the response of two eyes excited differently.
Using the relationship, luminance is equal to L+M, he places illuminant C at the 0,0 point of a set of relative axes
displaced linearly from the 0,0 point of the original diagram. How this was accomplished was not detailed in the
1999 paper. His figure 2(b) shows a hint of the fact developed in this work. His vertical and horizontal axes are not
straight, nor perpendicular to each other, in the third quadrant. He did not control the color temperature of his color
monitor used for the stimuli and only required 2 minutes of dark adaptation from an unspecified earlier level.

All the above chromaticity diagrams suffer from the use of tristimulus values derived from imaginary absorption
spectrums for the chromophores of vision. They do not present vision properly under conditions of differential
adaptation and are not extendable to help relate other properties of the visual system to the perceived chromaticity of
a scene.

The seesaw battle between the Helmholtz and Hering schools of color theory is seen to be un-
winable based on this theory. The battle has been waged at the semantic level with heavy reliance
on the concept of tristimulus values arranged in a trilateral presentation based on linear summation
in the visual process. Neither side has ever defined with scientific precision what they mean when
they use a common name for a color. Nor have they provided a theoretical framework that
demonstrates their proposal is consistent with the visual process. This theory shows that the
underlying theoretical chromatic axes are not straight. For convenience, one can draw any set of
overlay axes on the theoretical framework that one wants. Any orthogonal set of axes passing
through the white point will satisfy Hering’s original concept. He merely chose to speak in terms
of blue-yellow and red-green, the NTSC chose to speak in terms of | & Q. Both the NTSC and the
Hering school have tended to draw a circular chromatic plane, one for engineering convenience
and the other for (primarily) artistic convenience. By circumscribing only a part of the chromatic
plane, these approaches have failed to represent the complete chromatic regime of the eye. By
selecting any three points on the theoretical axes and connecting them by straight lines, a trilateral
presentation can also be be obtained. The CIE chromaticity diagrams stem from this approach.
However, the mathematical manipulations related to the tristimulus values prevent the lines from
being straight. Unfortunately, such a trilateral presentation always includes significant area
outside of the triangle that is still visible to the subject.

The proposed New Chromaticity Diagram for Research is the only such diagram on which the
Hering axes are straight lines (regardless of the specific terminal points). Although the C.I1.E
diagram of 1976 was designed to approach this condition, it does not succeed in the absence of
additional information to define the terminal points of the Hering axes. Using the data from this
work, the location of equal flux white (7053°K source), which corresponds to white in the
perceptual plane, occurs at x = 0.24, y = 0.49 on the 1976 diagram. The Hering axes are then
straight [??7?] lines passing through the spectral locus at 400, 494, 572, & 655 nm. However, they
are not equidistant straight line in this presentation. The question of whether the distances in the
New Diagram or in the 1976 Diagram are precisely proportional to the perceived color differences
as stated by fortner & Meyer®, as well as others, for the 1976 Diagram will require further
experimentation to prove.

17.3.5.1 Comparison with the Hering opponent colors space

Before discussing the color space of the Hering opponent color theory, it is necessary to review the semantics of
English and German. Lucy has addressed this problem in the language of the psychologist and anthropologist®.
Unfortunately, the compendium in which Lucy appears uses the colloquial terms red, yellow, green and blue
throughout without defining them with respect to wavelength.

While innumerable books in English have discussed the Hering theory, using the terms yellow, blue, green and red
for the extremes of the two opponent axes, these were not the terms used by Hering who was writing in German. As
one with even limited foreign experience knows, languages are not precisely translatable. The words of one

2Fortner, B. & Meyer, T. (1997) Number by colors. Santa Clara, CA: Springer-Verlag pg 101
¥ ucy, J. (1997) The linguistics of “color” In Hardin, C. & Maffi, L. eds. Color Categories in Thought and
Language. Cambridge: Cambridge Univ Press pg 17 & Chap 15
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language cannot be overlaid on the words of another, and contexts are frequently different. Germans describe a
“black eye” as ein blaues auge, (a blue eye). Current popular German does not distinguish between violet and
purple. Since the paper by Berlin & Kay, purple has been spoken of as a “basic” color category to the exclusion of
violet. German does not distinguish between purple and violet (both are violett in German). Therefore, it is
important to understand what Hering actually said in the context of his language.

Multiple sources have criticized the Hering opponent color theory on the basis that green and red are not
complementary colors. They can be mixed to produce yellow but not white (or a near white). However, Hering was
well aware that his opponent axes did not involve Green and Red as denoted in English. Ladd-Franklin describes
conversations with Titchener and with Troland (who were all contemporaries of both Helmholtz and Hering)®!. One
major axis of Hering’s color space was described as extending from verdigris to crimson (p. 179). Verdigris can be
described as a blue-green or azure. Crimson can be described as a blueish-red. They noted that Hering was aware
that his axis did not pass through spectral red or spectral green. Hering was also aware that his crimson (called
Hering red earlier in this work) was a non-spectral color. Similarly, Hering was aware that blue mixed with yellow
gave a desaturated green. This could be brought to the achromatic point by adding a small amount of red. His
second axis did not pass through spectral blue but was best described as passing between yellow and a reddish-blue.

Abramov & Gordon developed a different set of terms for the two Hering axes®. They spoke of cherry/teal and
chartreuse/violet. The analogy to the above crimson/azure and yellow/violet is obvious. Neither Hering, or any of
the authors noted above, defined their color names in terms of precise wavelengths. This can be readily
accomplished using the Perceptual Chromaticity Diagram of this work. In any case, the Perceptual Chromaticity
Diagram explains why green and red mix to produce yellow while verdigris (azure) mixes with crimson (Hering
Red) to produce an achromatic sensation. Similarly, green and blue mix to provide azure while yellow and violet (of
this work) mix to produce an achromatic sensation.

The Hering opponent color space is legitimate and precise when the axes are properly defined (as opposed to calling
them red, green, blue and yellow). The textual definitions of unique colors by Jameson & D’Andrade (p.305) are
precise. However, their “unique color” names do not conform to the common perception of those colors. Their
definitions (P. 305) can be extended as follows using the Perceptual Chromaticity Diagram (with new material in
parentheses or curly brackets);

Definition 1: unique chromatic appearances

Unique reet crimson (494, 625) is a light that has zero output on the yellow-blte-violet (P-) channel and is
(deep) red in appearance.

Unique greer azure (494, 532) is a light that has zero output on the yellow-btte-violet (P-) channel and is
(blue-) green in appearance.

Unique yellow (532, 572) is a light that has zero output on the reg=green azure-crimson (Q-) channel and a
finite output on the yellow-blue P-) channel and is yellow in appearance.

appeatance: Repléced by Unique purple.
{Unique purple (437, 572) is a light that has zero output on the reg=green azure-crimson (Q-) channel and is
violet in appearance.}

Unique white (494, 572) is a light that has zero output on both the ree-greer azure-crimson (Q-) and the
yellow-btde-violet (P-) visual channels and is achromatic in appearance.

{Spectral blue (437, 532) is a light that is saturated blue in appearance.}
{Spectral green (532, 532) is a light that is saturated green in appearance.}
{Spectral red (532, 625) is a light that is saturated red in appearance.}

*L_add-Franklin, C. (1929) Colour and colour theories. NY: Harcourt, Brace (reprinted in 1973 by Arno
Press of New York)

2Abramov, 1. & Gordon, J. (1994) Color appearance: on seeing red— or yellow, or green, or blue Ann Rev
Psychol vol 45, pp 451-485



24 Processes in Biological Vision

Crimson may be replaced by cherry, azure may be replaced by teal, and yellow by chartreuse in the above definitions
without damage to the concept. The result is the Abramov & Gordon color space.

Wooten & Miller attempted to reflect Hering’s position (p.69) but they did not recognize fully the rectilinear two-

dimensional color space involved®,

The Hering opponent color space is described neurologically by this theory and perceptually by the Perceptual
Chromaticity Diagram of this work. Unfortunately, the termini of the major Hering axes do not correspond to the

basic color names of Berlin & Kay (except for yellow).

17.3.5.2 Comparison with the Munsell and MDS 2-D Color Spaces

The New Chromaticity Diagram for Research is compatible with and provides strong theoretical support for the
Munsell Color System®. On the other hand, it shows the conceptual framework of the Munsell Color System has
problems. The New Diagram not only provides an absolute calibration for the Munsell Color Space, it provides a

framework for comparing the Munsell Color Space and
more recent suggested modifications or improvements.
The suggested modifications include the 1993
suggestions by McCamy. The extensive work of
Indow, et. al. can also be interpreted more fully by
means of the New Diagram. As a matter of
convenience, Figure 17.3.5-1, shows the Munsell
diagram with the vertical axis corresponding to
10PB-10Y, a common but not universal orientation.
This orientation is subject to change in the discussion
to follow. The New Diagram is shown in its form with
a linear wavelength scale along the vertical axis. As
indicated earlier, an alternate and probably more
precise variant would be to have the vertical scale
linear in the parameter P. The New Diagram is
defined as a representation of perceptual color space.
Such a space can also represent object color space
under specific conditions. These conditions are that
the illumination source provides an equal photon flux
per unit wavelength illuminant (nominal color
temperature of 7053 Kelvin) and that the intensity is
within the photopic range as defined in this work.
Within this photopic range, color constancy is closely
maintained.

The most important task is to relate the Munsell Color
Space to the New Diagram so that a precise equality
can be stated between the various radials of Munsell
space and the spectral locus associated with the New
Diagram. The literature only provides a loose
correlation between these two features via the CIE
Chromaticity Diagram. Stiles & Wyszecki provide a
tabulation of the Munsell color values compared to the

New Perceptual Chromaticity Diagram
Applicable to the Photopic illumination regime

Neurological axes of Hering @ 494 & 572 nm.
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Figure 17.3.5-1 (Color) The renotated Munsell Color
Space shown as an overlay on the New Chromaticity
Diagram for Research. The Hering axes are at 494 and
572 nm. In this overlay, the vertical axis of Munsell has
been chosen arbitrarily as 10PB-10Y and the vertical
scale of the Chromaticity Diagram is linear in wavelength
(see text).

*Wooten, W. & Miller, D. (1997) The psychophysics of color In Hardin, C. & Maffi, L. eds. Color
Categories in Thought and Language. Cambridge: Cambridge Univ Press Chap 3
*Long, J. (2011) The New Munsell Student Color Set: 3rd Edition NY: Bloomsbury Academic ISBN-13:

9781609011567
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CIE (1931) Chromaticity Diagram. Hunt®® and others have presented graphical overlays of the Munsell space on the
CIE (1976) UCS Chromaticity Diagram. The conclusion can be drawn that the radial from white to the spectral
locus at 572 nm of the New Diagram is most nearly congruent with the 10Y radial of the renotated Munsell Color
Space (10Y/5/12 is within 2 parts in a thousand of the X,y values given in Stiles & wyszecki ). Similarly, the radial
from white to the spectral locus at 494 nm of the New Diagram is most nearly congruent with the 2.5BG radial of the
Munsell space( Stiles and Wyszecki do not tabulate high enough saturation values to make a comparison but Hunt
shows 0.02 and 0.46 in u’,v’ space is equal to 2.5BG/5/36 by extrapolation). [xxx confirm this interpretation ]

The overlay of the Munsell hue representation onto the New Chromaticity Diagram shows the intersection of the
5BG and 10Y radials with the spectral locus at 494 and 572 nm respectively when centered on the whilte point of
494,572. The /chroma parameter at these intersections is nominally /20. A Munsell /chroma of /20 is also
compatible with the 610 nm location of the L—channel receptor based on the 2™ order calculation (Section xxx). The
intersection of the 437 nm horizontal coordinate and the 10PB radial occurs at a nominal /chroma of /29. /29 is also
the estimated intersection of the 2.5G radial with the spectral locus at 532 nm.

The curvature of the Munsell radials when presented as an overlay of the CIE UCS (1976)
Chromaticity Diagram (with white represented by illuminant C)* are due to the fact that the UCS
diagram is not a conformal projection of the true color space.

The challenge is to determine whether the Munsell color space is conformal with the underlying
visual process.

Since many of the radials of the Munsell system are interpolated from a smaller set based on an empirical sampling
procedure, the precision of the comparison is limited. However, with these two reference points established, it is
possible to draw the rest of the Munsell radials on the New Diagram.

The nominal /chroma of /6 will be useful in Section 17.3.8.1.5 when discussing data from Young, 2004.

Another Color Similarity Space, generally associated with Minkowski, is frequently labeled the multidimensional
scaling (MDS) analysis. For a brief review and references, see Backhaus, et. al*’. The space is conceived based
entirely on abstract psychophysical experiments. In attempting to interpret the underlying structure of the results,
investigators have generally concluded the space is compatible with the Munsell Color Space.

17.3.5.2.1 Three basic questions related to hue in Munsell Color Space

If one draws the rest of the Munsell radials on the New Diagram, the problems posed by McCamy and others are
surfaced. There are at least three of these problems. In some aspects they are subtle.

The first question is whether the Munsell color space is “flat” from a purely mathematical and a cartographic
perspective. The space is almost certainly metric. It overlays the New Diagram well and the New Diagram is
clearly Euclidean. It also appears to be close to both conformal and “equal area” based on the comparison with the
New Chromaticity Diagram for Research shown above. For utmost conceptual precision, the comparison should
probably be made with the linear P variant of the New Diagram. Otherwise, the Munsell circles should be plotted as
slightly elliptical on the linear wavelength variant.

The second question is whether the equally spaced radials of the Munsell color space are properly named. This
question is difficult because of the problem of semantics in naming colors. It is also complicated by the question of
color temperature of the illumination source. Empirical work since the 1960's in this area has generally assumed the
use of Illuminant C as the light source while the samples were viewed under some sort of standard viewing
conditions. Hlluminant C does not provide an equal flux condition. It is deficient in “blue” photons relative to the
defined equal flux condition at 7053 K. Since Munsell, a painter living in Boston in the 1890's. It is clear that he
was not aware of photons and other concepts of 20" Century Physics. However, painters of that period were known
to favor studios with large windows with a northern exposure. In good weather, the light in such studios was
dominated by “sky” light which has a color temperature higher than sunlight. One cannot dismiss the fact that

*®Hunt, R. (1991) Measuring colour, 2™ ed. NY: Ellis Horwood, pg. 142

%Hunt, R. (1991) Op. Cit. pg. 143

¥Backhaus, W. Kliegl, R. & Werner, J. (1998) Color Vision: Perspectives from Different Disciplines. NY:
W. de Gruyter
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Munsell may have been developing his system based on his painters experience. This experience could have
included an environment with a higher “blue” content than that associated with Illluminant C. If that is the case, it is
not unexpected that McCamy would suggest that Munsell’s blue was misplaced on McCamy’s version of Munsell’s
a priori system.

McCamy is a recent person, but not the first or latest, to raise the question of the placement of blue. However, his
exposition is entirely conceptual and does not even raise the question of color temperature much less standard
viewing conditions. His position for a change is therefore less than compelling. Comparing the Munsell space with
the New Chromaticity Diagram, there does not seem to be a problem. The New Diagram would suggest that 5BG in
Munsell space corresponds to the horizontal radial associated with 494 nm. Whereas extrapolations of both Hunt
and Stiles and Wyszecki might suggest the radial should be labeled 2.5BG, this is at best an estimate based on a
calculated spectral locus on synthetic chromaticity diagrams. McCamy’s makes two suggestions. He suggests that
Blue-Green be redefined as cyan. However, as discussed above, cyan is normally associated with a broadband color
in the printing industry. A more specific nomenclature would be a narrow band blue-green called azure as proposed
here. Azure and Cyan are metamers, azure being narrowband and cyan being broadband. No precise spectral
reflectance for cyan in object space has been found in the literature. McCamy also claims that blue is placed
anomalously in the Munsell system. Indow points out the evidence for this anomoly is based almost, if not entirely,
on Japanese subjects®. Japanese has a much broader and different semantic for colors than English. With a change
in the name of blue-green, he proposes changing the name of blue to aqua-blue (cyan-blue) in order to change
purple-blue, PB, to simple blue, B. Looking at the overlay of the Munsell Color Space on the New Diagram, the
problem can be examined in a different light. The problem is that there has been no precise scientific definition of
“blue.” This subject will be addressed in the next section. Furthermore, there is a significant difference in the
construction of the Munsell Color Space as a function of illumination color temperature. There is also a significant
difference in the results of empirical measurement if any of the three spectral channels of a human observer departs
from the photopic condition®. This can happen under high or low saturation conditions in one or more of the
spectral channels of vision. It will be shown in Section 17.3.4.1.1 XXX that there appears to be no logical reason to
accept McCamy’s suggestion without further definition of the conditions to which he is referring.

The third question is whether Munsell’s radials are straight lines, and circles of constant saturation are circles, in the
fundamental visual process. Whether the radials are straight lines is the most subtle question. It has two major
aspects.

1. Since the underlying mechanisms of vision do not involve transcendental (trigonometric) calculations, do
proportional incremental changes along the fundamental P & Q axes always result in the same perceived hue? It
appears the Munsell Color Space is based on the selection of a set of perceptually equally spaced color samples
along a putative constant saturation circle. A panel is then asked to arrange a set of samples of lesser saturation but
constant hue in order between the most saturated and white. However, there is no assurance the samples lie along a
true radial in visual color space.

Romney & Indow have recently published on this subject. Their figure xxx suggests the Munsell radials as
conventionally defined are not straight in their Euclidian space. This would suggest they would also appear curved
in the Euclidian (orthogonal and orthonormal) space of the New Chromaticity Diagram.

2. Since the underlying mechanisms of vision show a discontinuity between the foveola and the surrounding retina,
what size of test color samples should be used in a definitive analysis of Munsell Color Space? This becomes a
difficult problem because of the wide variation in color sample size used by different investigators. Several authors
have tallied the number of individual comparisons made in drawing up the Munsell system as approaching ten
millions. Indow has spent a major portion of his career studying problems related to the Munsell Color Space. In
his 1988 paper, Indow lists the number of samples used by a variety of investigators since the 1950's. The total
number of comparisons employed by any individual investigator is minuscule compared to the experiments by
Munsell, the Munsell Company and other workers associated with the University of Rochester, in Rochester, N. Y.,
during the first half of the 20" Century. As Indow also points out, many of the more recent investigators used sparse
sample arrays to minimize their work load. From any perspective, these investigators were collecting data under less

*®Indow, T. (1988) Multidimensional studies of Munsell color solid. Psychological Review, vol. 95, no. 4,
pp. 456-470

*Burns, S. & Elsner, A. (1985) Color matching at high illuminances: the color-match-area effect and
photopigment bleaching J Opt Soc Am A vol 2(5), pp 698-704
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than precisely reported test conditions using sampling techniques to validate an a priori construct. Whether the
standard error in any of these tests is small enough to justify a change is questionable. If the error is sufficiently
small, the question then becomes whether to change the construct or to change the number on the back of some of
the samples. As Indow points out, the Munsell Color System is frequently taken as the standard of comparison
between color systems. As noted above, the tracability of the CIE (Y, X, y) notation is beyond being suspect. It is
synthetic and cannot rationally be considered a reference related to actual vision. Proposing to modify the Munsell
system based on small sample tests based on CIE nomenclature acquired on poorly documented test conditions
(relative to the precision suggested in this work) appears highly dubious.

Only repeating the above tests using new samples of known absolute spectral content and fixed size relative to the
foveola can answer this question. Whether any additional precision is worth the effort is open to question.

17.3.5.2.2 More general discussion related /chroma & value/ in the Munsell Color Space

Discussing saturation, several authors have suggested that equal Munsell paraneters represent constant percentage
saturations. However, absolute saturations (chroma) in the Munsell system reach much higher values in the magenta
than in the green. Thus a chroma of 5 in the Green will not balance a chroma of 5 in the magenta if these chromas
are considered percentage saturations.

Discussing hue, the problem can be addressed from three perspectives. First, the Indow school has used statistical
methods to attempt to show that the Munsell samples they used are not aligned along radials as defined by Munsell
(or redefined by Nickerson). This appears to be pitting one statistical analysis against another. According to
Newhall, Nickerson & Judd, forty people made three million judgements to establish the hue, value, and chroma of
their sample set and then specified them in colorimetric terms*. Unfortunately, Newhall, Nickerson & Judd were
uncomfortable with the precision of their final work. They concluded and recommended that additional work was
required.

It must be noted that merely looking at the Munsell samples provided by the company at different angles relative to
the incident radiation can more than equal the differences being determined by Indow, et. al. Whether the sample
provided over time are sufficiently uniform for Indow’s purposes could not be determined in discussion with the
Company representative. It should also be noted that arranging a set of 20 Munsell provided matte samples of a
given hue but varying value and saturation is a subjective and time consuming (multiples of tens of minutes based on
experience) process.

Second, McCamy suggests there is no theoretical relationship between the five major hues of Munsell and any
theory of color vision or the application of trichromacy to color reproduction (as of 1993). The theory of this work
exhibits considerable correlation with the Munsell concept of a color circle.

The third perspective is probably most significant. Overlaying the Munsell color space on the New Chromaticity
Diagram for Research uncovers a distinct problem. Munsell chose a set of medium saturated samples to define his
color circle. He then arranged other samples that appeared to exhibit the same hue along radials between the circle
and the white point. He made no effort to correlate these samples with any underlying theory. He merely assumed
that his color space was conformal in terms of cylindrical coordinates. The New Chromaticity Diagram suggests
otherwise. When progressing along a given radial from the white point, the spectral content of the metamers
corresponding to a specific saturation vary continuously. This continual change has only marginal effect when
progressing along a radial corresponding to the nominal (straight) Hering axes passing through the white However,
it appears to have significant impact when traversing other radials. These curvatures have recently been highlighted
experimentally by Romney & Indow in their figure 8*.

The best that can be said for the Munsell Color Space from a theoretical perspective is that it represents well the
theoretical hue space of animal vision at a poorly defined medium intensity value and saturation level. The values
chosen to represent other chroma values at the same hue and intensity value have been determined based on a
combination of psychophysical tests and training. They have little relation to any theoretical color space. The
conclusion that can be drawn is that the Munsell Color Space represents a very useful color space for artistic and

““Newhall, S. Nickerson, D. & Judd, D. (1943) Report of the O.S.A. subcommittee on the spacing of the
Munsell colors, J. Opt. Soc. Am. vol. 33, pp. 385-418 Quoted in McCamy Op. Cit.

“Romney, A. & Indow, T. (2003) pp 182-196
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commercial purposes. However, the color circle of Munsell only overlays the chromaticity space of the actual vision
process at a specific, and currently poorly defined, intensity and saturation level within the photopic visual regime.
The envelope of the three-dimensional Munsell Color Space does correctly represent the loss in chromatic vision at
both low and high irradiance levels. However, the Munsell space was designed with a perceptually linear intensity
axis that does not adequately represent the intensity range of the visual process. Efforts to add precision to the
Munsell Color Space will be addressed below.

As discussed briefly above, test data collected at illumination color temperatures less than 7053 Kelvin in object
space will favor the “red” portion of the spectrum over the “blue.” Under this condition, the maximum reportable
saturation of blue will be lower than nominal. Whether tests under this condition will suggest the redefinition of B
and PB in the Munsell Color Space will require experimentation. Rather than propose a modification to Munsell’s
construct, a more expedient solution might be to merely note the color temperature used in a particular investigation.
If the color temperature is not approximately 7053 Kelvin, the investigator should be expected to define the sampled
color or the sampled trichromatic color presented to the aperture of the subjects eye as a result of the combination of
illuminant and the object color of each sample. These sampled color values can then be plotted using a Munsell
based construct while recognizing the distortion introduced by the test conditions. All of these samples must still be
obtained while maintaining photopic conditions in all three spectral channels of the eye. Otherwise, the distortion
anticipated when operating outside of this region must be expected (and hopefully accounted for based on the
models of this work).

Although the efforts of Indow and Boker to introduce more sophisticated mathematical theory into the subject of
color spaces is applauded, it appears that the experimental data base is not of adequate precision to allow a serious
discussion of whether the Munsell Color Space is conformal with the underlying process.

It is interesting to note Indow’s comment about most of the early work in colorimetry was being
done by “physicists.” Prior to the Second World War, nearly all researchers were either called
physicists, chemists or some form of medical specialist. Psychologists were seldom considered
scientists at all. Going back further, into the 18" Century and earlier, physicists and chemists were
called philosophers.

It is difficult to find conversions between the Munsell Color Space and other spaces in the literature. Wright
provided a few pairs denoting the two spaces in 1952*2. The set of color coordinates used to define the CIE color
index has been plotted on the New Chromaticity Diagram for Research (See Section xxx). These values can be
interpreted into Munsell Space from the Munsell Overlay on the New Chromaticity Diagram.

The most serious problem faced by the Munsell Color Space is aligning it to an absolute intensity value. The
Munsell Color Space was developed as a totally “relative” description of the perceived human color space based on
available pigments. while the Munsell value/ ranged from 0 to 10, these values did not have any defined relationship
with a given absolute radiance level. As the system began being used in scientific research, it has become extremely
important to establish a Munsell Color Space tied to defined scales used in vision research. To do this it is necessary
to quantify either the highlight radiance associated with /value = 10 or some other aspect of the /value scale. This
procedure would result in a new Absolute Munsell Color Space (or Color Solid). Section 17.3.8.2 develops this
relationship in detail. It also demonstrates the need for users of either Munsell Color Space to be more aware of the
importance of the light source used to support representations of the Munsell Color Space.

17.3.5.2.3 Color naming relative to the spectral content of the Munsell Atlas

The Color Research Laboratory of Joensuu University in Finland has provided spectral scans of a series of Munsell
Atlas samples of various hue and chroma®. Figure 17.3.5-2 illustrates this data. Each set of traces includes various
value and chroma for a given hue. The chroma reaches only 8 for 5 Blue-Green but 14 for 5 Red. The other sets
have maximum values of either 10 or 12. The sets of traces have been annotated to aid in the interpretation of this
material when overlaid on the Perceptual Chromaticity Diagram. The data can be used to perfect the names of
spectral wavelengths associated with different perceived colors. However, the data shows the Munsell Atlas
samples are deficient in the short wavelength region (below 415 nm) due to the manufacturing methods and

“A\Wright, W. (1952) The characteristics of tritanopia J Opt Soc Am vol. 42, pp 509-521
“http://spectral.joensuu.fi/
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materials used. This shortcoming can be significant when trying to match the deep purples found in paintings by the
Dutch Masters using young eyes.

Figure 17.2.2-xxx shows the absorption of the lens of the young human eye. While the gradual degradation across
the spectral band at wavelengths longer than 400 nm can be compensated for nearly completely by differential
adaptation, the same can not be said for the attenuation at wavelengths shorter than 400 nm. Because of this
characteristic, the samples of the Munsell Atlas do not properly challenge the human eye in the spectral region
between 400 nm and about 420 nm. Said more simply, the samples of the Munsell Atlas are deficient in their
representation of the purples between 400 and 420 nm and do not represent the saturated blues, purples and
magentas as well as they should. While not critically important in routine colorimetry, it should be understood that
the ultraviolet sensitive photoreceptors of the eye are sensitive , and the O-channel of the signaling system is active,
in this region. Precise evaluation of the overall performance of the visual system requires more adequate color
samples in the shortest wavelength regions.
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Figure 17.3.5-2 Reflectance data from Munsell Atlas
samples. The wavelengths greater than 645 nm can be
largely ignored because of low visual sensitivity in that
region. The traces in each set showing highest average
reflectance represent the lowest chroma (saturation)
condition. The confluence of the spectral data at
wavelengths shorter than 410 nm is due to a systemic
error largely due to the pigments used in sample
preparation. As a result, the Munsell Atlas is unable to
emulate the highest saturation purples in the area of 10
Blue to 10 Purple (including 10 Purple-Blue). All of the
samples in the Atlas are deficient in their representation of
the quadrant from 5Blue to 5 Red-Purple. Data from
Joensuu University website.
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technique labeled multidimensional analysis*. It could determine the number of relevant underlying dimensions
and the character of the monotonic function relating the data points. A feature of Shepards 1962 paper was his
analysis of when the technique would fail (p. 240). A more sophisticated technique labeled single value
decomposition (SVD) was developing in parallel with Shepard’s version of multidimensional analysis. The SVD
method was described in detail, with examples, in Weller & Romney®. A broader review of these and other
techniques can be found in Shepard, Romney & Nerlove®.

Shepard asserted in 1962 that these techniques were not practical before the emergence of the high capacity digital
computer because of the intense mathematical manipulations required (he used an IBM 7090 which was new in his
time period). He could not have known that the fundamental requirements underlying these techniques would be
frequently overlooked when it only required pressing a single key to invoke these powerful statistical techniques on
a desktop computer.

Romney and his associates*’#49%® have recently performed an analysis of the raw reflectance data from 1269 chips
from the Munsell Book of Color (1976 matte edition). The goals of the papers are clearly stated at the front of each.
The first three papers do not involve any psychophysical data or methodology. They deal only with the chips used in
the Munsell Book of Color. However, the analysis generated results that can only be interpreted based on the
Theory of this work.

After establishing their gross protocol in the first paper, Romney & Indow addressed the full set of Munsell color
chip reflectance data in the second paper. The basic data was provided by the Department of Information
Technology, Lappeenranta University of Technology (LUT), Finland®. in brief, Romney & Indow manipulated the
reflectance data into an array that could be analyzed using the singular value decomposition technique (SVD). This
is a powerful technique for uncovering fundamental relationships associated with a set of apparently random
parameters, such as those collected in many sociology studies. While the technique might at first appear to be an
overkill for the reflectance data already reasonably well understood, this was not the case. Significant information
was obtained that matched the predicted chrominance and luminance channel signals predicted by this work.

The SVD is based on an important theorem of linear (matrix) algebra. It can be expressed using the notation of
Weller & Romney as;

X ® UAVT for n>m, U, = (u sub ja), Vsub axm = (v sub po), o= 1,2...M

and where UUT and V'V are identity matrices, and A, = the square root of A sub-a. is a diagonal matrix. Note the
use of the approximation sign. The equality becomes better the higher the rank (width k) of the A matrix. The
importance of the rank will become clear below. The approximation sign in this manner is similar to its use in the
Wentzel-Kramers-Brillouin or WKB method of mathematics. The SVD, WKB and Fourier analysis share a common
mathematical purpose, to separate a complex signal into its components (at least approximately in the sense that
some ineffectual components may be disregarded).

The symbol VT represents the transpose of the matrix, V.

“Shepard, R. (1962) The analysis of proximites: multidimensional scaling with an unknown distance
function Psychometrika vol27(2), pp 125-139 & vol 27(3), pp 219-246

“Weller, S. & Romney, A. (1990) Metric Scaling: Correspondence Analysis. Series #07-075 Newbury
Park, Ca: Sage Publications

“Shepard, R. Romney, A. & Nerlove, S. (1972) Multidimensional scaling; theory and applications in the
behavioral sciences. NY: Seminar Press

“’Romney, A. & Indow, T. (2002a) A model for the simultaneous analysis of reflectance spectra and basis
factors of Munsell color samples under D65. . . Proc Natl Acad Sci USA vol 99, no 17, pp 11543-11546
“Romney, A. & Indow, T. (2002b) Estimating physical reflectance spectra from human color-matching
experiments Proc Natl Acad Sci USA vol 99, no 22, pp 14607-14610

“Romney, A. & Indow, T. (2003) Munsell reflectance spectra represented in three-dimensional Euclidian
space Color Res Appl vol 28, no 3, pp 182-196

Romney, A. & D’Andrade, R. (2005) Modeling lateral geniculate nucleus cell response spectra and
Munsell reflectance spectra with cone sensitivity curves Proc Natl Acad Sci USA vol 102, no 45, pp 16512-
16517

Swww.it.lut.fi/research/color/database/database.html
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An example of this procedure drawn from Weller & Romney®? is shown in Figure 17.3.5-3.

Notation for Basic Structure
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n= 4 9 15|—|(.398 -.641 .454 0 0 4.888|]|.465 -.726 .506
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Basic Structure with Reduced Rank
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20 10 5 20 20 15 .470 -.669 -.510 293 -.572 -.294
15 18 9 15 36 27 .688 -.074 .676 .617 .013 .589
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Figure 17.3.5-3Example of the matrix algebra used in the SVD procedure. From Weller & Romney, 1990.

2Weller, S. & Romney, A. (1990) Metric Scaling: Correspondence Analysis. Series #07-075 Newbury

Park, Ca: Sage Publications
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In the lower frame of the example, each row in X can be considered as a point plotted in six-dimensional space. The
number of elements in the d matrix, however, indicates that this configuration could be plotted in three dimensions
with no loss of information. A configuration can be represented in a dimensionality equal to its rank, k (the width of
the d matrix). The dimensions of d are generally not the same as the dimensions of X.

Initially, the value of k is chosen to be a high estimate of the number of “basis factors” in the data. If x is chosen too
high, some of the resulting basis factors will be at the noise level or zero. Values as high as seven have been used in
earlier studies of the Munsell Color Book, and were used by Romney & Indow in developing their results. It was
found that =3 provided all of the relevant basis factors in this data set. However, several rotations of the data sets
were employed before the SVD procedure was actually implemented. These rotations will be discussed further
below.

Romney & Indow established a matrix Xy,,, with dimensions, M= 231 wavelengths of light in 1 nm intervals from
430 nm to 660 nm, N= 371 hue samples in their first paper (2002a). These consisted of 360 vectors along the radials
labeled 5R, V/C; 5PR, VI/C; 5P, VI/C; etc. for the following V’s; 2, 2.5, 3,4,5,6,7,8,8.5 and 9 plus ten flat (white)
reflectance vectors corresponding to 1V through 9V. The C values contained all of the values given in the LUT data
set. N=370.

As their first paper notes, trial and error was employed in the rotation of the Euclidian space defined by the SVD in
order to align the intensity levels given by the Munsell values as close to the W1 axis as possible. Further rotations
were made to place the data point corresponding to the 5GY radial of Munsell along the combined +W3 & +P3 axis.
The result of these rotations were a set of very interesting results. The remaining misalignment of the axes relative to
the data is also shown in their Figures 2 through. Figure 3 showed that the W1 axis remained a function of
wavelength for a D65 light source. As noted in Chapter 2 of this work, a light source of D70 would give an
improved result. Figure 2 showed that their plots related to the data surfaces of a constant V were not perpendicular
to the V axis. These facts result in the plots of Figures 4 and 5 differing from the expected values by a marginal
amount.

In their second paper (2002b), Romney & Indow sought to match the physical reflectance data of the Munsell Color
Book to representations of cone sensitivity presented by Stockman & Sharpe and based on a broad range of earlier
psychophysical laboratory experiments. Their Figure 1 would be more illustrative if it had included the reflectance
characteristic of the 5PB chip. This chip shows symmetrical peaks at short and long wavelengths and a null near 532
nm (the complement to the characteristic of the 5G chip). Romney & Indow achieved good estimates of the
reflectance characteristics of individual chips but did not achieve a good representation of the Munsell Color Space
as shown by the error bars in Figure 3. One of their findings was particularly important. “It should be noted that the
estimation of any single spectra from three color-matching or three cone sensitivity spectral functions may be
generalized over a wide variety of other functions or subsets of three spectral functions. Examples would include
dispersed sets of Munsell color sample spectra, selection of three phosphors in color monitors, etc.” Their
conclusion was that the Stockman & Sharpe characteristics were not a unique set describing the physiology of
human vision. Lewis & Zhaoping recently showed the proposed spectral profiles of Stockman & Sharpe were not
ideal for performing human vision in a naturally colored environment®,

The 2003 paper of Romney & Indow began to converge on the actual relationship between the Munsell Color Book
and the physiology and operation of the human visual system. By this point, they had learned the content and the
appropriate orientation of the Munsell Color Space reflectance chips. Their Figure 2(right) shows a nearly ideal
representation of the color space in their three axes of AAL,AA2 & AA3. The plot of AA2 by AA3 shows a very
recognizable color space that can be overlaid with precision on the New Chromaticity Diagram. Their Figure 9
shows the correct logarithmic increase in the Munsell Value, V, as a function of their Euclidean axis AAl. Finally,
their Figure 12 shows their second and third basis factors are numerically equal to the P & Q functions of this work.
The first basis factor corresponding to the average illumination level of the R channel of this work was not shown in
the paper. For D70, it should be a horizontal line.

The second and third basis factors of Figure 12 are the result of “double centering” during the SVD calculations.
This is a technique used to remove any DC or offset value from the functions. It is not clear that this procedure adds
value to the analysis. This subject will be addressed in a new paper in preparation.

3Lewis, A. & Zhaoping, L. (2006) Are cone sensitivities determined by natural color statistics? J Vision vol
6, pp 285-302
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Figure 17.3.5-4 presents a composite of the work of Romney and Indow with two overlays from this work. In frame
A, the data points defining the relationship between Munsell Value, V, and the coordinate AAL is shown overlaid by
the theoretical natural logarithmic response associated with luminance (or R-channel) proposed by this work. Note
the logarithmic function extends beyond the limited value range of 2 to 10 used by Romney & Indow. This
logarithmic function replaces the empirically derived piecewise function defined in the CIE UCS chromaticity
system. In that system, the cube root of the illumination is used to describe the Munsell Value until it approaches
zero where it is replaced with a linear function. Wyszecki has noted the cube root function is only applicable over a
restricted range®. He gives the range as 1.0% to 98.0% reflectance. Romney & Indow’s original description of the
Munsell Value as the cube root the intensity over the range of -3 to +6 is underneath the logarithmic curve of frame
A.

Proposed Q Parameter vs wavelength Proposed P Parameter vs wavelength
overlaying second basis factor in SVD a overlaying third basis factor in SVD
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Figure 17.3.5-4 Composite figure showing SVD basis factors and P & Q overlays and R match. A; overlay of
Romney & Indow graph of Munsell value against their Euclidian space axis AAlwith the exponential R-channel
characteristic from this theory. B; First basis factor showing effect of inadequate color temperature source on the
intended Euclidian axis W1. C; overlay of proposed Q-channel coordinate of this work on the second basis factor.
D; overlay of proposed P-channel coordinate of this work on the third basis factor. Note curvature of third basis
factor when the SVD matrix is solved without including the UV-channel photoreceptor of Human vision. Basic data
from Romney & Indow, 2002a & 2003.

Frame B shows the slight variation of the intended Euclidian axis W1 when the color temperature of the light source
is Dgs. It is equally important to note that W1 reflects the percentage variation in the energy density of Dg,. The
energy density falls precipitously at wavelengths shorter than 450 nm. It also exhibits a significant tilt in energy
density versus wavelength (on the order of +/- 15% depending on the range of the average). The equivalent light
source recommended by this work, when considering only the spectrum used in commercial color reproduction and
largely neglecting the purple response if the eye, is illuminant F or D,, (Section 2.1.1). This source has a variation
in energy density of +/— 5.7% across the spectrum from 437 to 625 nm. For investigations designed to explore the
entire spectrum of human vision, the ideal light source is illuminant G or Dg,. This illuminant provides a uniform
energy density within +/— 7.9% over the range from 342 t0625 nm.

*Wyszecki, G. (1963) Proposal for a new color-difference formula J Opt Soc Am. vol 53, pp 1318-1319
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Frame C shows the excellent result of overlaying the linearized Q-channel axis of the New Chromaticity Diagram,
derived from the Electrolytic Theory of Vision, on the second basis factor of their SVD. Frame D shows the similar
excellent result of overlaying the linearized P-channel axis of the New Chromaticity Diagram and the third basis
factor of their analysis.

The switching points used within the neurological system and related to the Hering axes, 494 & 572 nm are marked
by a tick in frames C and D. A third switching point, not shown, occurs at 437 nm.

The horizontal gray bars in frames C and D represent the difference in ordinate value between the theoretical
transition points at 494 nm and 572 nm and the zero values from the SVD procedure. The SVD zero values are
arbitrary and result from the double centering operation performed to remove any DC value from the data.

Using the above data and framework, Figure 17.3.5-5 shows the excellent agreement between the mathematical
analysis of the matte samples in the Munsell Color Book and the theoretical representation of the New Chromaticity
Diagram of this work. [xxx update this figure after Romney finds the problem with his locus.]
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Figure 17.3.5-5 Overlay of the results of Romney & Indows SVD analysis on the New Chromaticity Diagram. The
Romney & Indow data is in normalized form. Except at the extremes of their locus, the overlay is remarkably good.
Further work in the coming papers should remove the differences near the ends of their spectral locus.
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Shepard (p.236) prepared a similar locus to that of Romney & Indow in the above figure using multidimensional
scaling techniques. Only 14 spectral lights were used in the analysis of Shepard. The multiscaling technique
preceded the development of the SVD technique.

The fundamental challenges with both the Romney & Indow and the Shepard loci from a theoretical perspective are
several. First, are all of the data points part of a single set. Second, are their any limitations on the range of the basis
functions or other functions used in the analysis. Are these underlying functions used within the neural system
without truncation.

Shepard made a critical observation concerning the techniques involved (p. 240). “The worst possible condition
seems to be that in which the points can be partitioned into two subsets in such a way that the proximity measured
for all pairs of points within the same subset are larger than the proximity measures for all pairs divided between the
two subsets.” This appears to be the situation in human vision when the additional orthogonal dimension associated
with the spectral points shorter than 437 nm are taken into consideration (Section 17.3.3). The distances between
spectral lights between 532 and 625 nm and those between 400 and 437 nm are in a different plane than the distances
between the same lights between 532 and 625 nm and those between 532 and 437 nm. This condition can
complicate the convergence of the algorithms used. This situation would suggest a different result would be
obtained by separating the analyses of visual stimuli into those between 437 nm and a long wavelength limit near
625 nm and the disjointed first set described above. The Correspondence Analysis in figure 1.3 of Weller &
Romney also suggest this is the case. They note that the shape of the correspondence analysis is one method of
“unfolding” as introduced by Coombs (1964). Frame C of the above figure also suggests this condition. The second
basis factor is no longer monotonic below 476 nm in this frame.

The Romney & Indow locus was created by plotting the second and third basis functions at right angles to each other
with wavelength as an independent parameter. The
plots encompass a considerable range of values for the
two dependent variables and the two variables are not
monotonic over their entire range. This is a different P i i
strategy than used in creating the New Chromaticity The Perceptual Chromaticity Diagram
Diagram. In that diagram, only a restricted range of Hering Axes @ 494 & 572 nm.
both the second and third basis functions were used. 0 Rel. Q_coordinate
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| | |

Romney has prepared an alternate locus following 400 7

mutual discussions. It is not normalized in the sense
used in multi-dimensional analysis. The new analysis, 420 —
limiting the spectral content of the lights to 455 nm to I |
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DeValois® This data was obtained electrophysiologically. Additional background is provided in an earlier paper®.
147 cells were measured at 12 wavelengths using Maxwellian illumination of about 15 degrees. 103 were found to
be of the “opponent type” which represent difference, or chromatic, signals. The other 44 were luminance related
cells. DeValois did not provide detailed data concerning where in the LGN he obtained his signals with respect to a
given layer. The LGN consists of four layers as described physiologically in Section xxx. These layers map the O-,
P-, Q & R-channels of the visual system for purposes of initial correlation and to support the awareness channel of
vision by defining the location of a target in the external visual field. DeValois did not report any data related to the
O-channel, nor did he report the color temperature of his test illumination. Whether DeValois recorded signals from
the neurons arriving at the LGN or leaving the LGN is important because he recorded both positive-going and
negative-going signals in the chrominance and luminance channels. No purpose for complementary luminance or
chrominance signals has been discovered prior to the LGN and PGN. Such additional signals would approximately
double the cross-section of the optic nerve and thereby increase its stiffness per unit length. This would introduce
additional problems into the oculomotor system of vision. Therefore it will be assumed that DeValois measured
primarily output signals at the LGN. This assumption would be compatible with the nominal 50 ms delay he
described for his measured signals.

The initial results of Romney, D’Andrade & Indow for monkey remain incomplete. While their results did highlight
at least one of the Hering axes (figure 2), it did not develop the full representation of the color space of the monkey
based on DeValois’s electrophysiology measurements (figure 5D). Attempts to analyze their data based on the
Stockman & Sharpe color fundamentals were not successful. Their figure 3 showed that the use of such
fundamentals did not result in three independent color channels and that the L and M channels operated as if they
were nearly the same response except for polarity, generating the fanciful possibility that the entire perceptual
spectrum could be decoded using only the S and either the M or L channel, and possibly an inverting circuit.

In summary, the correlation of the reflectance spectra of the Munsell Color Book (1976 matte edition) and the
spectra of waveforms recorded at the LGN using the SVD mathematical technique with the theory of this work has
provided significant confirmation of both the SVD technique and this theory. It has also highlighted a limitation on
the equations used for the CIE UCS systems.

xxx. The equations used in the CIE UCS system (both L*a*b* and L*u*v*) involve a piecewise solution to the
problem. As noted in Section 3.3.9 of Wyszecki & Stiles, the cube root equation fails below a specific achromatic
intensity and an alternate linear equation is offered for lower intensities. The logarithmic function predicted by this
theory does not involve this limitation and provides a rational equation covering all intensity levels. (W & S
Sections 3.3.9 & 6.6.4). At levels below the nominal Munsell Value range, the L function may exhibit an offset as
the contribution of the L-channel to the overall Luminous Efficiency Function is reduced and then lost. [continue
XXX ]

The analyses did not confirm the existence of a unique set of human color spectrum fundamentals. However, the
SVD method did generate basis factors that can be overlaid with the P- and Q-chrominance channels derived from
the S-, M- and L-channel human absorption spectra defined in this work.

The results provide strong confirmation of the proposition that the LGN of all mammals are similar in structure and
function. Electrophysiological experiments on smaller mammals should confirm the presence of O-, P-, Q- and R-
channel signals in their LGN’s, due to less absorption by their lens. These results would confirm the tetrachromatic
retina of the mammal is similar to that of the fish and other species.

Further work is required to define the cause of the limits of the Munsell Color Space on the New Chromaticity
Diagram. It appears the well-known chroma limits at different value levels are due to electrical saturation in the
neural paths of the visual system. Whether these limitations occur before the LGN or after it could be determined by
additional experiments on monkeys or smaller mammals.

17.3.5.3 Overview of the CIE Chromaticity Diagrams

%De Valois, R, Abramov, I., & Jacobs, G. H. (1966) xxx J. Opt. Soc. Am. vol 56, pp 966-977

*De Valois, R. (1965) analysis and coding of color vision in the primate visual system In Symposia on
Quantitative Biology, volume 30, Sensory Receptors Cold Spring Harbor, NY: Cold Spring Harbor
Laboratory of Quantitative Biology pp 567-579
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Byrne & Hilbert isolate a particular problem related to the CIE color space®. The goal of colorimetry is to develop
tools and methods that will allow reliable predictions of the perceived color of objects. However, “most colorimetric
systems and methods only allow predictions of perceptual matches rather than perceived colors. Since two stimuli
may change substantially in their color appearance while remaining matched, this constitute a significant limitation.
This caveat applies in particular to the most commonly used colorimetric system—The C.1.E standard observer.” A
second problem relates to the linear assumption employed in virtually all previous color space formulations. This
assumption invariably leads to a fictitious set of primary stimuli. This is because achieving a match for some color
samples invariably requires a negative value of incident intensity in one of the matching channels. The CIE
overcomes this problem in the CIE Standard Observer by definition. It simply inverts the negative component.

Davson, a Don of the visual sciences in his day, noted and discussed the inadequacies of the CIE visual and
color spaces as far back as 1962. See Section 17.1.5.4 for the particulars.

A problem with the linear assumption is presented graphically by Fortner & Meyer in a text designed for the lay
reader®. Figure 17.3.5-7 reproduces their page 121 with added notation. Using the linear assumption and a linear
wavelength scale, they assert that individually, green light A appears deep green and light B appears yellowish
green. When combined, they assert they appear as a slightly washed out green. However, based on this work, the
visible spectrum includes a fold line at 532 nm and the two lights exhibit significantly different P— and Q- values.
Using the Orthogonal Zone Theory of vision, and no linear assumption, the combined colors exhibit a pair of

coordinates given by P =~-1.0 and Q = ~-3. The result is a color that is nearly white, a very washed out green.
The development of the C.I.E Chromaticity Diagram

was a long and contentious one. Its history is now 10F ] T

largely lost in the mists of time. MacAdam discussed ol _ _

its development and mathematical manipulation in | GueenSght A | Grmen Eght B

1981 with little consideration of the physiology
involved®. He avoided using the expression
“imaginary” when speaking of the CIE tristimulus
values out of personal preference. He indicated
“primaries” that can be produced physically, will be
called “producible” colors.” He essentially ignored the
others.

Arbitrary Units

Both MacAdam and Fortner & Meyer have attempted
to explain the derivation of the C.I.E Chromaticity
Diagram, as have Wyszecki & Stiles (page 138). The
Wyszecki & Stiles graphic is completely unsatisfactory
in suggesting a graphic projection of physical color
space onto an X, Y plane. Fortner & Meyer provide a
clearer derivation, totally based on the linear
assumption and an arbitrary set of imaginary primaries,

Wavelength (nm) ‘

]
sls o

sometimes known as the cone response curves in o crannel Q. channel

“C.l.E-speak.” The result demonstrates the C.1.E _ _

(1931) Chromaticity Diagram only applies to the Figure 17.3.5-7 A comparison between the Orthogonal
imaginary C.1.E (1931) Standard Observer. Zone Theory of vision and conventional wisdom.

MacAdam noted (pagel44), “Efforts to modify chromaticity diagrams so that equal distances would represent
equally noticeable chromaticity differences antedated adoption of the X, y diagram by the CIE in 1931. One such
modification, defined in terms of the CIE X, y coordinates, was recommended by the CIE in 1960 despite the then-
available evidence that such efforts were doomed to failure.”

Fairman, Brill & Hemmendinger have recently reviewed the origin of the CIE Chromaticity Diagram with the
assistance of the only surviving participant in 1997, W. David Wright®. They noted the recent work of Thornton,

SByrne, XXX

8Fortner, B. & Meyer, T. (1997) Number by Colors. NY: Springer-Telos

®MacAdam, D. (1981) Color Measurement: Theme and Variations. NY: Springer-Verlag

Fairman, H. Brill, M. & Hemmendinger, H. (1997) How the CIE 1931 color-matching functions were
derived from Wright-Guild data Color Res Appl vol 22(1), pp 11-23
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discussed in Section 17.2.8, motivated the presentation of their review. After discussing the fundamental
assumptions and decisions incorporated into the preparation of the diagram in detail , they reflected on whether any
of these principles would be used if the diagram was prepared today. “We have shown that likely none of these
formulating principles would be adopted if the system were formulated from a fresh start today (emphasis
added).” An interesting aspect of their description, is the incorporation of a variety of specialized equal signs with
unique (largely ignored) meanings. Thornton stated his theme clearly. “The central theme of this series of articles is
that something is very wrong with the CIE Standard Observers, and, therefore, with CIE colorimetry itself.”

The basic problem leading to the newer CIE L*A*B* amd L*U*V* color spaces was due to the psychophysical
community relying upon the Young-Helmholtz assumption that the visual system was linear and the sum of a set of
linear components could be added and subtracted easily. The facts show that the system is logarithmic and that the
Hering system of color rendition is more realistic. Specifically, the psychophysical community likes to rearrange the
following equation where R is the perceived spectrum, and S, M & L are the measured spectral responses based on
differential adaptation measurements in the laboratory;

R=Ln(S) + Ln(M) + Ln(L) to Ln(L)=R-Ln(M) by ignoring the contribution of Ln(S) altogether and then
omitting the logarithmic step giving them

L =R - M, a totally erroneous relationship.

Based on this relationship, they invariably describe a calculated long wavelength sensory channel with a peak
sensitivity at about 572 nm instead of the actual peak sensitivity in the 610 to 625 nm region. The reason for the
range in peak sensitivity is that the long wavelength channel actually contains an additional mechanism not
addressed in these mathematical manipulations. The photodetection process in the L-channel involves a two-photon
process. The actual equation for the Ln(L) term should be replaced by 2Ln(L). However, this change is cancelled
out under photopic conditions by the automatic adaptation process that results in “color constancy” within this
illumination range.

17.3.5.3.1 A reinterpretation of the C.1.E 1931 x,y Chromaticity Diagram

This Diagram is usually described as representing color in object space as perceived by the Human. As developed in
the next section, the diagram is based on a set of equations that do not accurately represent the human perceptual
experience in any space.

The CIE Diagram gets into trouble when a spectral locus is plotted on it. The locus turns back on itself at both
ends®%2 & While this work does not support much of the discussion in those papers, they are a clear indication of
the empirical underpinnings of the diagram. These underpinnings do not support the actual chromatic performance
of the human visual system.

Care must be taken to differentiate between the CIE 1934 X,y chromaticity diagram, the 1951 Judd variant using the
coordinates x’,y’ and the originally issued CIE 1931 x,y chromaticity diagram. The 1934 variant remains the official
variant, although the CIE recommends use of the CIE 1976 Uniform Color Space diagrams as its eventual
replacement.

17.3.5.3.2 Fundamental assumptions in the CIE Diagram

As discussed in Chapter 12 and 13, the literature traditionally defines the actual psychophysical equation for “total
color” in humans, based on a very complex vector algebra eventually resulting in a two dimensional chromaticity
diagram according to:

Wolbarsht, M. (1976) The function of intraocular color filters. Federated Proceedings vol. 35, no. 1, pp
44-50

82Stark, W. & Tan, E. (1982) Ultraviolet light: photosensitivity and other effects on the visual system.
Photochem. Photobiol. vol. 36, pp 371-380

83Stiles, W. & Burch, J. (1959) Color matching investigation: final report Optica Acta vol. 6,
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C=xR+yG+2zB Eg. 17.3.3-1
x+y+z=100 Eq. 17.3.3-2

where C is the “total perceived color,” R, G and B are three, not necessarily orthogonal, unit
vectors related in an arbitrary way to three presumed photo-chromic absorbers and x, y & z are in
percent. As noted in, the original “arbitrary way” has now been quantified. The relationship is
tenuous at best. The perceptions of red, green and blue are not closely correlated with the sensory
receptor spectrums of S—, M —and L-.

Unfortunately, these equations are based on the premise that the eye is a linear device and the perceptions involved
in vision are based on the linear addition of signals from the individual photodetection channels. The latter premise
assumes the eye responds according to the rules for “additive color” even though the chromophores are clearly
absorbers and would be expected to perform more closely to the rules of “subtractive color.”  No detailed model, or
even a detailed discussion, could be found in the literature directly linking these equations to the actual vision
process. Looking at the model and the equations developed in this work, the situation is much different.

The CIE framework did not allow for the possibility that the human eye had any sensitivity in the ultraviolet. This
caused a great deal of difficulty when Judd and others reported higher sensitivity near 400 nm than anticipated by the
CIE standards. With our current knowledge of the tetrachromatic nature of the human retina, the entire
philosophical framework of the CIE is left exposed to question.

It is possible to transfer the color space of the New Chromaticity Diagram for Research onto the CIE 1931
Chromaticity Diagram and obtain new insights into the relevance of that older conceptual diagram. Figure 17.3.5-8
provides such a diagram including a set of P-channel and Q-channel isoclines that are straight lines in the New
Diagram.

The extent of the color space normally measured in the laboratory is delimited by the two threshold lines. The short
wavelength threshold is constrained significantly by the absorption of the lens group in the eyes of large terrestrial
animals. The absorption of the lens group is less important in the eyes of rodents and other small terrestrials.

The intersection of the P-channel isocline passing through 494 nm and the Q-channel isocline passing through 572
nm represents “white” under standardized conditions (7053 Kelvin light source and no spectral adaptation).

In most experiments in differential color sensitivity, only the area enclosed by the rectangular dashed line is
explored. The investigators have generally extrapolated their data by overlaying the data points by straight lines and
defining copunctal points where extensions of these construction lines meet. Although these artificial copunctal
points may have some utility in discussion, they have no theoretical foundation. The isoclines of human color space
do not converge.

The gray area in the figure denotes the distorted quandrilateral (rectangle) representing the color space achievable
using three non-spectral light sources. In this case, one source has a peak spectral wavelength near 485 nm, the
second a peak near 540 nm and the third a peak near 580 nm. As in the New Chromaticity Diagram, these points are
connected by following the isoclines between them. The resulting shape is not triangular. It is clear from the
resulting shape why a purple line is drawn on the CIE Diagram to approximate the color space limit between the
shortest and longest source wavelengths. It is also clear why the conventional technique of connecting the peak
wavelengths does not encompass the green area of the color space adequately. Note the necessity of describing the
peak wavelengths of the sources in terms of their P- and Q- components if there precise location on this diagram is to
be specified. While such sources can be specified in terms of x and y, these values have no physiological
significance.

Transferring isoclines from the New Chromaticity Diagram to the CIE 1931 Diagram demonstrates the lack of
orthogonality of that older diagram, the necessity of specifying both the P- and Q-channel coordinates of any non-
spectral sources used as part of a display device, and the necessity of connecting these sources by lines following the
isoclines to obtain the precise color space achievable by a group of such sources. It also becomes clear that any
point in the CIE color space can be replaced by only two spectral sources of appropriate peak wavelengths (and
distributions about those peaks).
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The curvature of the isoclines shown in this figure is amply supported by the data in Wyszecki & Stiles®. At a more
precise level, Burns et al. have specifically investigated and reported on many of the isoclines shown®. See Section
2.1.1.4 for specific comments related to their work. The comment in Burns et al. that the isocline of “yellows” is
almost straight can be quantified in the figure presented here.

For a white light source of approximately 7053 Kelvin, the peak reflectances and distributions of various reflecting
surfaces can be plotted directly on the New Chromaticity Diagram exactly like sources. For other source color
temperatures, the spectral product of the light source and the reflector must be calculated to establish the correct

parameters of the light actually falling on the retina.

17.3.5.3.3 Representation of the Spectral
Locus on the CIE Diagram

---- xxx split text between this and following paragr. ]

It will also become obvious that both the so-called CIE
Daylight locus and the Planckian Locus constructed as
overlays on the CIE (1931) Chromaticity Diagram® are
illusory. These loci are calculated under the
assumption that the mechanisms underlying
performance described by the Chromaticity Diagram
are linear and static.

When the operation of the visual system is adequately
understood, it is possible to provide an explanation for
the prior difficulties with and inconsistencies between
the concepts of color constancy, the Univariance
Principle, the “Daylight locus” and the Planckian locus
as applied to the Chromaticity Diagram (that is based
on the synthetic tristimulus postulates).

17.3.5.3.4 Representation of the Planckian
Locus on the CIE Diagram

The Planckian Locus was calculated by Kelly®” on the
assumptions inherent in the underlying CIE Diagram,
that the linear equation w = x +y + z holds, and
without any regard for the adaptation process. It has
been widely reproduced as an overlay on that diagram.
A distinction must be made as to whether the Plankian
radiator is acting as an illumination source or merely a
small object within a broader field of view.

When the Planckian radiator appears as a small portion
of the visual field, and the overall background is
produced by a broadband illluminant at a fixed color
temperature, the location of the small portion within

0.9 1

0.8-

0.7 4

0.6 4

0.5

0.4

0.3+

0.2 4

0.1+

460 X\ 400,

1
0 01 % 2\‘\\:\%31 04 05 06
N ‘\t\\ vl X

Figure 17.3.5-8 A reinterpreted CIE Chromaticity
Diagram. The P-channel and Q-channel isoclines are
shown overlaying this figure. The gray area shows a
distorted quadrilateral (rectangle on the New Chromaticity
Diagram) representing the color space achievable using
three narrow band sources with peak spectral wavelengths
near 485, 540 & 580 nm. Note the absence of a straight
“purple line.” The dashed rectangular box shows the area
usually explored in chromatic sensitivity experiments.
Note also the curvature in the P-channel isoclines near
520-530 nm.

the CIE Chromaticity Diagram and the New Chromaticity Diagram both vary with the color temperature.

#*Wyszecki, G. & Stiles, W. (1982) Color Science: Concepts and Methods, Quantitative Data and Formulae

NY: Wiley & Sons pp 411-421

®Burns, S. Elsner, A. Pokorny, J. & Smith, V. (1984) The Abney Effect: chromaticity coordinates of unique
and other constant hues Vision Res vol 24(5), pp 479-489

®\Wyszecki, G. & Stiles, W. (1982) Op. Cit. pg. 146

Kelly, K. (1963) Lines of constant correlated color temperature based on MacAdam’s (u,v) uniform
chromaticity transformation of the CIE diagram, J. Opt. Soc. Am. vol. 53, pg 999
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If on the other hand, the overall background is produced by a Plankian source, and the scene is within the photopic
range, the adaptation mechanism actually eliminates any change in the apparent color due to the variation in the
color temperature of the Planckian source, to the first order. Thus, the perception of the Planckian Locus remains at
an essentially fixed position in the CIE Diagram over the photopic illumination range. Within this range, the “white
point” also remains essentially fixed without regard to color temperature (colored checkerboard table cloths are
perceived as fixed color squares regardless of the color temperature of the Planckian Source as long as the intensity
of the scene remains within the photopic range).

17.3.5.3.5 The nonconformality of the CIE (1931) Chromaticity Diagram

The nonconformality of the 1931 Diagram is well recognized among the colorimetric community. However, it is
frequently overlooked in the pedagogical community. This nonconformality is the main reason for the development
of the alternate more “uniform color space,” or UCS forms of the CIE Diagram beginning in 1960. Casual users of
the CIE 1931 Diagram are misled by the rectilinear x, y coordinates. While the x,y coordinates are orthogonal with
equally spaced scales, the color data projected onto it is not conformal. Straight lines in the underlying color
space (such as the isoclines of the above figure) are not straight lines when pro!' cted onto the x,y coordinate
system. Figures such as that by MacAdam, who should know better, are incorrect®. If two lights are located on the
CIE 1931 Chromaticity Diagram and various mixtures of these two lights are formed, the locus of these mixtures is
not a straight line running between the two original lights. MacAdam originally documented most of the distortions
in the CIE color space when he reported the MacAdam ellipses in the 1930's.

Alpern, et. al. have clearly documented the curvature in the isoclines of the 1931 diagram, although they did it using
a 4200 Kelvin source®.

The nonconformality of the CIE 1931 Diagram has frequently been overlooked by those using it. It is common for
people to draw a straight line between two points on the figure and then continue the line. It is usually extended
until it intersects the spectral locus or until it intersects some line drawn through other points. This latter intersection
is usually labeled a copunctal point. A recent reproduction of old work appears in Hsia & Graham™. These locus
intercepts and copunctal points have no meaning unless they follow the isoclines associated with the underlying
color space.

17.3.5.3.5 Ambiguity of metamers in the CIE (1931) Chromaticity Diagram

Thornton has presented a very careful analysis of the CIE theory of colorimetry™. As part of the supporting
experimental program, he documented the fact that two complete metamers that appeared identical to the observer
were represented at different positions in the CIE x,y space. Figure 17.3.5-9 shows his results in the 10° CIE
Chromaticity Diagram (1964 Standard Observer). The difference in computed values of the pairs, shown by x and o,
are considerable and illustrate the inability of the CIE Chromaticity Diagram to precisely describe real human color
perception. The pairs are found to fall along the dashed lines of the Diagram shown in the previous figure.

%MacAdam, D. (1985) The physical basis of color specification, in Color Measurement: Theme &
Variation, NY: Springer-Verlag, pp 1-25.

%Alpern, M. Kitahara, K. & Krantz, D. (1983) Perception of colour in unilateral tritanopia. J. Physiol. vol.
335, pp 683-697 Also in Byrne & Hilbert, (1997) vol. 2.

Hsia, Y, Graham, C. (1965) Color blindness in Graham, C. ed. Vision and Visual Perception NY: John
Wiley & Sons, pp 395-413

"Thornton, W. (1992) Toward a more accurate and extensible colorimetry. Part I. Introduction Color Res
Appl vol 17(2), pp 79-122, fig 24
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Figure 17.3.5-9 Ambiguities in the representation of metamers in the CIE Chromaticity Diagram. The pairs of
points, shown as x and o, were visually identical metamers to the human subject. The pairs are seen to fall along the
dashed lines of the previous figure. From Thornton, 1992.

17.3.5.3.6 The CIE Color-Rendering Index & associated reference colors
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The CIE has supported an activity over many years to develop a method of evaluating the ability of a system to
render colors’. Efforts have been made to define the performance of sources alone, sources in the context of human
vision, and color sample systems under various illuminants in the context of human vision. The results have not
been widely adopted. In recent years, they have been largely ignored by the photographic and computer
communities. Much of the reason is the limited range of the color spectrum represented by the initially defined color
samples. This range is illustrated in Figure 17.3.5-10 The individual numerics represent the locations in the New
Chromaticity Diagram and Munsell Color Space where the specified test-color samples are found. Note that the first
(original) eight samples all lie within a Munsell value of eight. When this group were found inadequate, an
additional group of six were defined (extending in only one case to Munsell value of 13). These test-color samples,
and in fact the complete Munsell Color Atlas, do not stress a modern color reproduction system. This is the major
reason the photographic and computer communities have adopted more strenuous test environments.

2\Wyszecki, G. & Stiles, W. (1982) Color Science, 2™ Edition NY: John Wiley & Sons pp 171-175
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Figure 17.3.5-10 The test-color samples defined in the CIE color-rendering index in Munsell Color Space. The
original samples are defined by the numerics 1 through 8. The extended list includes 9 through 14.

If the specified test-color samples are plotted on a continuous spectrum, their poor dispersion over the visual
spectrum is even more obvious. Figure 17.3.5-11 illustrates this situation. The saturated greens are not tested
adequately and the saturated reds, and blues and purples, are ignored.

17.3.5.4 The CIE (more) Uniform Chromaticity Space and alternatives

[xxx some repetition in this section ]
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The Optical Society of America has worked to create a
standard set of uniform chromaticity space (UCS) ) a7 s32 525
scales for many years™,’*. The work has been based
entirely on empirical procedures and data. Lacking a
strong theoretical framework, it has examined a variety
of mathematical constructs in which to present the
data. These constructs will be compared to the
theoretical constructs presented in this work. The
empirical approach restricted the investigation to the
photopic region of illumination levels. Much of their
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141 400 Trolands using a 1 | |

Spectral Discriminalion, nm.
>

work has been incorporated into the standards prepared 15| dedreebipartitefieidtest I 12
by the broader based CIE. Gouras has JJrovided a good " [ ! "
history of this work in a recent review™. Some brief 20 _

background also appears in Young et al’®. Most of this 400 500 500

history, including the recently defined CIELAB and

CIELUV color spaces, are based on the old

(unrealizable) RGB tristimulus framework that is not Figure 17.3.5-11 The CIE test-color samples plotted on a

supported by this work. continuous spectrum. The first eight samples comprise
the original set.

Wavelength, nanometers

The geometrical framework of the 1960 CIE UCS is

described in Judd & Wyszecki”. While distances on

the surface of this space are proposed to be equidistant for equal changes in perceived chromaticity differences, no
demonstration of this property is offered. The perspective view provided, compared to the CIE x,y space, explains
the unexpected shape of the spectral locus in the CIE UCS space. The spectral locus is merely projected onto the
new space from the x,y space. Judd also shows the shape of MacAdam’s ellipses when projected onto this UCS
space.

The technical situation at the time the 1976 color spaces were adopted is best described in the first issue of volume 2
of Color Applications & Research (Spring 1977)"®™. The editorial summarizes the situation. “Over twenty
equations, whose results are not interconvertible, are currently in use in a situation which is little less than chaotic.”
The pressure was to resolve this situation as practically as possible. The solution was to compromise and adopt two
parallel standards, CIELAB and CIELUV. The editorial goes on to make a series of important points.

“The first concerns the choice between the two newly recommended formulas. This will often be evident
because of the use to be made of the equation and associated color space. Users who require that the color
space have a chromaticity diagram which is a linear transformation of the 1931 CIE x,y diagrm will wish to
use the CIE 1976 L*u*v* formula and space. This group includes those working in color television, color
photography, and some areas of the graphic arts. Most others will wish to use the CIE 1976 L*a*b* formula
and space. This includes most industry groups concerned with paint, paper, plastics, textiles, and the like
who in the past may have used or been familiar with the well-known Adams-Nickerson formula, of which
CIELAB is a simplified version.”

“The second point to be emphasized is that it is not intended that the recommendations should last forever.
The spaces and formulas are recommended ‘pending the development of a space and formula giving
substantially better correlation with visual judgements.”” The embedded quotation was from the official CIE
publication on the subject.

"Judd, D. (1955) Progress report by Optical Society of America Committee on Uniform Color Scales, J.
Opt. Soc. Am. vol. 45, pp. 673-676

“MacAdam, D. (1974) Uniform color scales, J. Opt. Soc. Am. vol. 64, pp. 1691-1702

®Gouras, P. (1991) The Perception of Colour. Boca Raton, FL: CRC Press. pp. 218-261

®Young, R. Fong, A. & Tirpak, A. (2005) Reducing uncertainty in precision high-brightness LED
measurements Photonics Spectra pp 72-78

Judd, D. & Wyszwcki, G. (1963) Color in Business, Science, and Industry, 2" Ed. NY: John Wiley pg
278

"®Editorial (1977) CIE recommendations on uniform color spaces, . .. Color Res Appl vol 2(1), pp 5-6
Robertson, A. (1977) The CIE 1976 color difference formulae Color Res Appl vol 2(1), pp 7-11
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Robertson stressed a third point. “The CIE has recommended the use of two approximately uniform color
spaces and associated color-difference formulae chosen from among several of similar merit to promote
uniformity of practice (emphasis added).”

This work offers a new “visual judgement” based (perceptual) color space and formula. It is drawn in perceptual
space and can be converted into any of the CIE spaces using the appropriate spectral points and asymptotes as
guides. These transforms illustrate that the various CIE color spaces (including the 1976 spaces) are not in fact
uniform (either orthonormal or equiangular) in perceived color space. As Robertson noted (p. 10), “If either space
were perfectly uniform, the corresponding diagram would represent the ellipses as equal radius circles.” The
ellipses are circles in the proposed Perceptual Chromaticity Diagram (Section 17.3.3.6.1).

Until the development of the (more) uniform UCS spaces of 1976, the various CIE visibility and color standards had
been based on linear mathematical manipulations of trigonometric functions. They had not involved roots,
exponentials, or logarithms. The 1976 UCS adopted a new luminance scale based on a hon-continuous mathematical
description (W & S, pp 164-168). The luminance scale is defined by a linear function below a specified Y value and
by a cube root expression for higher Y values. This cube root expression propagates through the a*, b*, u* & v*
expressions as well. The non-continuous function for L and hence the other UCS expressions can be replaced by its
physiological equivalent, the continuous natural logarithm of Y.

Many recent reviewed journal articles have adopted the practice of saying the 1976 UCS Standard refers to a
perceptually uniform color space®. This is not accurate. The defined space is an object space, not a perceptual
space (such as the perceptual space of Munsell). Wyszecki & Stiles focus on the non-linearity of the UCS spaces.

“The CIE 1976 (L*u*v*) diagram is a plane diagram that may be used instead of a true uniform-
chromaticity-scale surface, derived from MacAdams data. Transformed to this diagram,
MacAdam’s ellipses approach circles of equal size in some instances, but there remain
considerable discrepancies as may be seen in Figure 3(5.4.1).” They go on to discuss the
discrepancies in the similar CIE 1976 (L*a*b*) diagram created by Adams & Nickerson. In
another paragraph (page 173) they state “Crude approximations to the perceptually uniform color
space are the CIE 1976 (L*u*v*)-space and the CIE 1976 (L*a*b)-spaces presented in Section
3.3.9.”

Stockman, et. al. has addressed the continuing shortcomings in the CIE formulations when used for research
purposes®. Gouras has included a new set of specific definitions issued by the CIE referring to the various aspects
of color information. The definitions are very precise but extremely convoluted.

Hill, Roger & Vorhagen have presented an extensive analysis of the CIELAB color space and compared it to a
variety of other color spaces resulting from the computer revolution of recent years®. They summarize the history of
the 1976 CIELAB Standard, including the revision of 1986 and the more recent recommended revision of 1994.
They noted that the CIELAB space remains non-uniform:

“In fact, the CIELAB space is not really uniform. If MacAdam or Brown-MacAdam ellipses or ellipsoids are
transformed into CIELAB coordinates, difference appear among their main axes of up to 1:6.”

Their figure 5 shows the CIELAB color space projected onto the CIE XYZ space. They note the great amount of
compression along the y-axis representing the L* coordinate, because of the cube root relationship assumed for this
parameter. They offer no explanation for this feature. Their following analysis relies upon the XYZ space as a
starting point and is very informative as to the problems with the CIE color spaces but does not resolve these
problems.

®Connolly, C. & Fliess, T. (1997) A study of efficiency and accuracy in the transformation from RGB to
CIELAB color space. IEEE Trans Image Proc. vol. 6, no. 7, pp 10461048

#Stockman, A., Sharpe, L. & Fach, C. (1999) The spectral sensitivity of the human short-wavelength cones
derived from thresholds and color matches. Vision Res., vol. 39, pp. 2901-2927

8Hill, B. Roger, Th. & Vorhagen, F. (1997) Comparative analysis of the quantization of color spaces on
the basis of the CIELAB color-difference formula ACM Trans Graphics vol 16(2), pp 109-154
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Malacara has described the development of th CIE L*a*b* and L*u*v* spaces in detail®. Unfortunately, his
drawing for the function f(s) is mis-drawn (fig. 5.14). He notes the color spaces were designed to apply to reflective
situations and only apply over a linear range of reflectances from 0% to 100%. In practice, they only apply to a
limited (but unspecified) portion of the photopic regime. Figure 17.3.5-12 shows the nonlinear axes of the CIE
L*a*b* space overlaid on the CIE x, y Chromaticity Diagram and the isoclines of perceptual space as developed in
this work.
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Figure 17.3.5-12 The a*b* axes of CIELAB overlaid on
the CIE x,y Chromaticity Diagram. The a*b* axes are not
orthogonal in x,y object space. Neither do they follow the
isoclines reflecting perceptual space. The nonlinear
formula for a* and b* stretch the above figure along these
axes when plotted using the linear coordinates of L*a*b*
color space. Axes from Malacara, 2002.

#Malacara, D. (2002) Color Vision and Colorimetry: Theory and Applications. Bellingham, Wa: SPIE
Press
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Robertson has plotted the MacAdam ellipses on the CIELAB color space as shown in Figure 17.3.5-13%. If the
CIELAB color space was orthogonal (equalinear and equiangular) in perceptual space, these ellipses would be
circles. The distortions are larger than suggested by Hill, et. al. They reach 3:1 near the edges of the space. Clearly,
the formulas used to create this space do not relate well to the underlying phenomenology. xxx, writing in Shevell,
has discussed the shortcomings of the 1976 CIELAB color space and recently proposed modifications to that space®.
He notes, “Further refinement of CIELAB-based systems can be expected and future versions may provide more
precise guidance about the choice of the ‘k’ weighting factors.”

Brainard plotted Robertson’s graph next to a similar
plot of Munsell chroma and iso-hue lines on the
CIELAB color space in his figure 5.6%. For some
reason, the two figures do not agree and tell
significantly different stories. Part of the reason for the
discrepancy may be that the plotted Munsell chroma
values are very low and their loci have been expanded
in the figure (for pedagogical purposes) and the ellipses
have been plotted oversize.

The CIE 1976 UCS L*u*v* space can be overlaid on
the New Chromaticity Diagram for Research in order to
illustrate the nonlinearities remaining in the CIE
presentation, Figure 17.3.5-14. As noted above, the
spectral locus of the CIE diagram does not follow the
theoretical locus. The arms of the CIE spectral locus
are non-orthogonal and still exhibit considerable
curvature. It is readily apparent that the axes, u’,v’
have no physiological relevance. The CIE 1976 UCS
L*a*b presentation is similar. Its axes have no
physiological significance. The CIE graphs do not
recognize the presence of the O—channel component at
wavelengths shorter than 437 nm.
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Figure 17.3.5-13 MacAdam ellipses plotted upon the
CIELAB color space. The ellipses were expanded about
their center points in the original to emphasize the
asymmetries involved. From Robertson, 1977.

#Robertson, A. (1977) The CIE 1976 color-difference formulae Color Res. Appl vol 2(1), pp. 7-11
8Xxx (2003) xxx In Shevell, S. ed. The Science of Color, 2™ Ed. NY: Elsevier pg 205
#Brainard, D. (2003) Color appearance and color difference specification In Shevell, S. ed. The Science of

Color, 2" Ed. (NY: Elsevier pg 204



17.3.5.4.1 Two dimensional (more)
uniform color space

The CIE issued an alternate chromaticity diagram to
the CIE Chromaticity Diagram of 1931 in 1960. It was
designed to alleviate some of the distortions in the
1931 Diagram and generally moved in the direction of
the space defined by Farnsworth and presented in
[Figure 17.4.1-1]. The accepted variant was that of
MacAdam. The abbreviation UCS (Uniform Color
Space) is associated with this new diagram and the
scales are labeled u,v to avoid confusion with the
earlier x,y coordinates. The 1960 UCS Chromaticity
Diagram did not meet its objectives and was revised
and reissued in 1976. The revision involved a new
labeling of the coordinates, u’,v’ and a scale change of
1.5:1 between the v’ and v coordinates (apparently in
an attempt to achieve conformality). The result
remains a chromaticity diagram based on tristimulus
values. It purports to accommodate a nearly straight
and perpendicular set of "Hering axes." However, the
end points of such axes are not defined by the diagram.
Neither of these UCS Chromaticity Diagrams have
gained any acceptance. They are shown in black and
white as figure 4(6.4) of Wyszecki & Stiles.
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Figure 17.3.5-14 An approximate overlay of the CIE
UCS (1976) Chromaticity Diagram on the New
Chromaticity Diagram for Research.

17.3.5.4.2 The familiar CIE CIELAB & CIELUV Standards

Concurrent with the development of the uniform chromaticity (u,v) variants of the chromaticity diagram, the C.1.E
recognized the need for a standard that correlated better with the perceived lightness, or brightness, of an image.
Through this action, they implicitly recognized the nonlinear relationship between the perceived intensity of an
image and its intrinsic intensity in object space, the intrinsic nonlinearity of the visual system.
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The CIE continued to pursue an empirical approach®. The first problem was to develop a relationship between the
illuminance in object space and the brightness in perceptual space where the goal was a brightness scale that was
nearly linear in perceptual space. This resulted in the so-called CIE 1976 lightness, L*, equations. Since a single
simple algebraic equation could not be found that fit the data, the relationship was defined over two separate ranges
by a linear and an exponential equation. The exponential equation is based on a fractional power of the relative
intensity in object space minus a constant where the relative intensity is the ratio of the Y tristimulus value of the
color considered to an equivalent white illuminated by the same source. The fraction was precisely one third.

The theory developed in this work would suggest that a more precise relationship is available. The first order
operation of the visual system is logarithmic. More precisely, it can best be described by natural (Naperian)
logarithms, as opposed to decimal (Briggs), logarithms. The natural logarithmic relationship can be expressed by
several different series expansions in the variable. The most common is: Inx = [(x-1) - % (x-1)? + 1/3(x-1)% - ...]
over the interval, 2>x>0%, To express the same relationship in decimal logarithms, multiply both sides of the
equation by 0.43429. Alternately, raise x to the 0.43429 power wherever it occurs. Combining these two
manipulations, and assuming the series converges rapidly, logx = x>¥# - ¢ for 0<x<2.

With the above CIE 1976 lightness equations agreed to, the committee proceeded to consider a method of defining a
uniform color space in three dimensions (formally called a sensation space in this work). However, significant
differences of opinion developed within their committees as to the preferred method of curve fitting the available
data. The result was two separate sets of equations based on the L* equations for the perceived lightness (or
brightness).

The first set, known as the CIELUV color space, combines the L* equations with normalized u*,v* values derived in
a complex relationship (that includes the L* term) from the difference between the selected color in u,v space and
reference white in that same space. The u*,v* values refer to the CIE 1976 Uniform Chromaticity Diagram.

The second set, known as the CIELAB color space, combines the L* equations with a more complex set of equations
describing the chromatic aspects of the subject color. These chromatic equations employ a pair of difference
equations where each term is raised to the 1/3 power. The a* channel represents “red” minus “green.” The b*
channel represents “yellow” minus “blue.” If the argument of any of the exponents in these terms is less than
0.008856, the term is replaced by another simpler linear term.

Because both of these color spaces employ the cube root of one or more tristimulus values, no direct relationship
with the conventional chromaticity standards are claimed. The conventional caveats are given for these two color
spaces. The objects under test should be of similar size and shape, the surround lighting should be white to neutral
gray, and the observer should be photopically adapted to a field of chromaticity not differing significantly from
average daylight. Hunt provides a discussion of the methods of adopting these color spaces to conditions of
chromatic adaptation. The methods employ ever more complex mathematical manipulations.

By recognizing the logarithmic nature of the perceived brightness response relative to the incident intensity in object
space and using the New Chromaticity Diagram for Research of this work, it is possible to construct a considerably
simpler, and more traceable three dimensional color space (or visual sensation space). This is presented in Section
17.4.

Figure 17.3.5-15 presents a good color representation of the CIE 1976 UCS L*u*v* Chromaticity Space. Itis
included in the presentation of MacEvoy at http://www.handprint.com/HP/WCL/color7.html . The figure was
drawn based on computations computed from 10° XY Z values under an equal energy illuminant; the diagram shows
all possible colors as they appear in lights, bounded by the pure spectral hues. The non-spectral hues between the
two white lines are only obtained by mixing two simultaneous spectral components. An equal photon-flux
illuminant would be preferable in this situation. A similar presentation appears at
http://www.handprint.com/HP/WCL /color2.html#huediscrim .

If at 90 degrees, the white lines would correspond to the theoretical 494 nm and 572 nm axes of the New
Chromaticity Diagram. The White point of the perceived spectra would appear slightly farther to the upper

8Hunt, R. (1987) Measuring color. Chichester, GB: Ellis Horwood Limited. pp. 64-73
8CRC Standard Mathematical Tables. Cleveland, OH: Chemical Rubber Publishing Co. pg 320
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right as indicated by the white circle. See the added thin white lines. The thin white lines represent the
theoretical axes of the New Chromaticity Diagram. The empirically derived u’,v’ axes remain rotated about

5-10 degrees from the theoretical and orthogonal axes.

Schils (2011), deceased as of that date, has provided a
highly annotated CIE UCS L,u’v’ color space®
conforming much closer to the New Chromaticity
Diagram than does the MacEvoy, 2005 variant. It
shows specific locations for IHlluminants A, B, E & C
(Dgs) but does not explicitly define the background
color temperature to which the observer’s eyes were
adapted. Schils did not provide any citation for the
color names used in his figure. The location of a
specific color differs substantially from MacEvoy.
Both figures exhibit significant differences in color
location than the CIE_1976_UCS.png shown in the
Wikipedia Common Files. These differences may be
introduced by the difference in calibration between the
various color renditions obtained with different
computer systems. The New Chromaticity Diagram
provides theoretical borders between the colors of the
spectrum that are compatible with the Munsell Color
Space names and the National Bureau of Standards
Color Space Names.

The Schils variant includes a locus of the Planckian
Radiator that appears to be directly transferable to the
New Chromaticity Diagram.

17.3.5.4.3 Recent CIELAB activity

There has been continued effort to rationalize the
CIELAB color space. Fairchild has provided a clear
discussion of where this activity stands®.

The material contains a variety of slides illustrating
various conditions related to visual phenomena,
including surround effects, limits of color constancy
and the effects of adaptation. Unfortunately, the work
continues to rely upon a totally empirical set of

1976 CIE L'u'v’
chromaticity
diagram

Figure 17.3.5-15 The CIE1976 L*u*v* Chromaticity
Diagram as colored by MacEvoy. The two heavy white
lines have been added to separate the “non-spectral color
space” on the right from the spectral color space. The
angle between the white lines would be 90 degrees in an
actual uniform color space. If at 90 degrees, the white
lines would correspond to the 494 nm and 572 nm axes of
the New Chromaticity Diagram as suggested by the
thinner light lines From MacEvoy, 2005, with added
notation.

photoreceptor absorption characteristics (LMS, that are not the accepted XYZ absorbers). Conveniently, he provides
a linear matrix transform between these two sets of receptor spectra (that are both based on the simple, and easily
refuted trichromatic generalization, Section 17.4.5). On page 41, he introduces a new set of “sharpened” “cone”
responses that are even more unusual because the mid wavelength receptor actually includes a sub-peak of negative
intensity at the same wavelength as the peak of the short wavelength receptor.

Fairchild described a variety of computational models seeking to rationalize the available data. He notes, “CIELAB
Makes a Good, Simple Baseline for Comparison.” On page 46, Fairchild resorts to a conceptual discussion of the
adequacy/independence of the definitions of the most basic terms of colorimetry that extends for several pages.

At this late date, Fairchild found it necessary to include a much earlier, 1902, quote from von Kries;

“But if the real physiological equipment is considered, on which the processes are based, it is permissible to

doubt whether things are so simple.”

#Schils, xxx (2011) Annotated CIE UCS Lu’v’ Color Space

http://www.color-theory-phenomena.nl/10.03.htm

“Fairchild, M. (2004) Color Appearance Models: CIECAMO02 and Beyond. RIT Munsell Color Science

Laboratory www.cis.rit.edu/mcsl
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Fairchild clearly feels there are remaining problems with the CIELAB model. Interestingly, not once does Fairchild
discuss the limitations on the reproduction processes he uses to discuss his graphic material.

After reviewing a selection of existing models based on the Grassman’s Laws/Young-Maxwell vision model,
Fairchild closes with a new simple model that retains their framework, the “image Color Appearance Model” that he
abbreviated iCAM in interesting analogy with the popular and current Apple iphone era.

17.3.5.5 A reinterpretation of MaclLeod-Boynton based spaces

[xxx The MacLeod-Boynton color space has not gone anywhere and this analysis can be dropped. ]
[xxx The nonlinearities are similar to those illustrated by the MacLeod-Boynton color space discussed below.

The initial description of the MacLeod-Boynton color space was highly conceptual and assumed a linear summation
L+M+S represented a color perception correctly. It was also based on the assumptions of linearity and constancy
within the visual system. It is usually presented as a small signal model. The concept was based on the premise that
the S-channel (using the label B-cone) did not contribute to luminance which was described by L+M=1 (R+G=1).
The model developed does involve three distinct signaling channels, one luminance and two chrominance.

However, these channels are empirically rather than electrophysiologically based. The goal appears to be to emulate
a Hering type color space (two orthogonal axes). One of the chrominance channels, labeled the “r-g opponent
channel”, is in agreement with this work. The other chrominance channel is labeled the “y-b opponent channel,”
given by B-(R + G) or more frequently S-(L+M). This is necessary because there is no intrinsic y-channel defined in
the model and y is assumed to be a broad band signal represented by the sum of the L- and M-channel signals. Their
interpretation differs from this work where yellow is a narrow band signal represented by equal perceived values in
the L- and M-channels.

The graphical representation of the MacLeod-Boynton Diagram is based on a white space centrally located in a
cartographic space™. One axis of this space is defined as a constant luminance axis based on the sum of the L- and
M-channels (with no participation by the S-channel). Lines orthogonal to this axis are considered lines of constant
S-channel input. White is therefore defined as the intersection of two lines of constant value, presumably constant
illuminance and constant S-channel intensity. This intersection is defined arbitrarily as 0,0. Many authors rescale
the horizontal (constant luminance axis) to indicate the percentage of L in the luminance using L/(L + M). This axis
is then frequently labeled the r axis. Similarly, the vertical axis is frequently rescaled to equal S/(L + M) and labeled
the b axis.

The development of the MacLeod-Boynton color space has consisted of a search for some relationship between this
empirical space and the actual color space as perceived by humans. This has led, so far unsuccessfully, to efforts to
define veridical “cardinal directions” in this diagram. The following material validates the fact that the “Hering
axes” of the New Chromaticity Diagram for Research are the Cardinal axes sought by the psychophysical
community. One explanation is based on psychophysical data and the second on electrophysical measurements.

17.3.5.5.1 The M-B color space as a variant of the New Chromaticity Diagram

With the white point occurring at a point displaced from the lower left corner of the graph, it is tempting to define an
auxiliary set of axes parallel to the primary axes but passing through the white point. These are the cardinal axes
defined earlier. They correspond to the precise definition of the Hering axes and the so-called cardinal axes long
sought by the psychophysical community. However, their definition differs from the long anticipated axes of the
conventional wisdom. The theoretical cardinal axes are orthogonal to each other and pass through the spectral locus
at 494 nm and 572 nm as shown. Neither axes passes through the spectral colors previously associated with the
Hering axes. The horizontal cardinal axis passes through the colors defined as Aqua and cherry (or Hering Red).
The vertical cardinal axis passes through the colors defined as spectral yellow and unique violet as shown (See
Section 17.3.4.1).

The scales associated with these two axes can be described by P = Ln(S/M) and Q = Ln (L/M) in the perception
space of the S-plane. In this plane, the white point is given by P = Q = 0. By reflecting these two formulas back
through the exponential transform of the photoreceptor cells into object space, the scales become IT = e” = K,(S/M)

*MacLeod, A. & Boynton, R. (1979) Chromaticity diagram showing cone excitation by equiluminous
stimuli. ARVO Suppl. to Invest. Ophth. Vis. Res. pg 209
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and ® = e? = K,(L/M) where the K terms reflect the relative gain of the adaptation amplifiers. Both of these ratios
must equal 1.000 at the white point. This is a second formulation of the color constancy phenomenon discussed in
Section 17.3.6 [xxx or 17.4.5]

The scales of the New Chromaticity Diagram for Research reflected into object space are the theoretical axes and
scales associated with the MacLeod-Boynton (M-K) and the Derrington-Krauskopf-Lennie (DKL) color spaces.

This is shown in Figure 17.3.5-16. The left frame shows the New Chromaticity Diagram transferred to object space
with the P & Q scales shown (based on the assumption that P & Q are directly proportional to wavelength, See
Section xxx). The right frame shows the New Chromaticity Diagram transferred to object space but plotted relative
to IT & ©. This frame has the spectral locus calculated by MacLeod & Boynton overlaid on this space.

The K values associated with the scales explain how
color constancy tends to make laboratory
measurements related to these spaces independent of
the state of adaptation of the subjects. This constancy
is maintained as long as the subjects are operating
within their photopic region.

The expressions for IT and © in object space provide
valuable information about the M-B and DKL color
spaces.

First, when dark adapted, equal values of the integrals
representing S and M, and M and L are needed to give
a perception of white. If not dark adapted, the K-terms
must be evaluated and appropriate adjustments made.

Second, the expression S/M cannot be interpreted as a
percentage of S relative to L. It is a true ratio. In the
formulation of the P-signal, the value of S can be
considerably larger than the value of L.

Third, the conceptual term M&L (or L&M) found in
the literature is properly represented by the integral

associated with M. Figure 17.3.5-16 Comparison of M-B color space and the

New Chromaticity Diagram for Research in Object Space.
Fourth, the expressions for IT and @ in object space The scales of the left frame are logarithmic in P & Q
would suggest that white is represented by the presence (linear in IT & ©). The scales of the right frame are linear
of equal amounts of each of the spectral primaries in inP & Q. The calculated spectral locus of MacLeod &
accordance with the theory of additive color. This is Boynton are overlaid on this frame. Curvature of this line
true in object space. In object space, IT = S/M = 1.00 is due to the non-conformality of the MacLeod-Boynton
and ® = L/M = 1.00. Thus S =M=L to perceive white  transformation. Scales are distorted and angles are not
under dark adapted conditions. However, in preserved.

perception space, the more descriptive form of the
equations is P =LnS - LnM and Q = LnL - LnM. In this space, white is represented by P = Ln(S/M)=0and Q =
Ln(L/M) = 0. Within the visual system, white is represented by an absence of color information.

[Intro skewed DKL and differential DKL xxx]

The above formulation shows that the vertical axis of the M-K color space is not the value of S normalized with
respectto M or M + L. Itis S divided by M and takes on values both larger and smaller than 1.000. Expressed on a
logarithmic scale, the vertical axis becomes symmetrical about the white point value of zero. The scale can be
equally well expressed in terms of wavelength measured from 494 nm.

The above formulation shows that the horizontal axis of the M-K color space is given by the ratio of L to M. The
ratio takes on values both larger and smaller than 1.000. Expressed on a logarithmic scale, the horizontal axis
becomes symmetrical about the white point value of zero. The scale can be equally well expressed in terms of
wavelength measured from 572 nm.
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The same situation applies to the DKL color space.

0.9 The resulting color spaces are conformal. By
520 additional manipulation, these scales can be used to
0.8- represent color contrasts as well as absolute color
values.
0.7
17.3.5.5.2 The M-B color space compared
061 to the CIE Chromaticy Diagram
0.5 |
y Shepherd® obtained psychophysical data on the
0.4 human. He then plotted the same data points in both
the r,b variant of the MacLeod-Boynton space and the
03] CIE Diagram. In both cases, the data points exhibit
“laod curvature relative to the axes. In the case of the CIE

Diagram, the points do not exhibit any clear

relationship to the conventionally defined features of

the diagram, although they are nearly tangent to the

isoclines proposed here based on the New

Chromaticity Diagram. These relationships are shown
L in Figure 17.3.5-17. The chromaticity coordinates of

0 o1 '2\‘\\:\%31 04 05 06 07 08 the monitor used by Shepherd are as he gave them.

Ay N b'e

0.2 4

0.1+

N\ These coordinates suggest an inadequacy in the

Ay

“green” capability of the monitor (listed only as Apple
monitors using Sony Trinitron) or the calibration
equipment. They are not compatible with a good
tricolor monitor. Shepherd indicated his calibration
varied with the position of the Minolta Chroma meter
relative to the optical system. The relationship of the
data points to the isoclines suggest Shepherd’s points
fall on the vertical and horizontal axes of the New Chromaticity Diagram within the certainty of his calibration. If
the location of G was moved to the more frequently reported location, G’, the data points would be “stretched”
toward the upper left. This would cause a rotation of the image of the data points and a greater degree of tangency
with the isoclines. With this rotation, Shepherd’s data points would correspond to the Hering Axes of the New
Chromaticity Diagram for Research. Otherwise, the data points suggest axes rotated approximately seven degrees
clockwise from the Hering axes on that New Diagram. Within this angular uncertainty range, the empirical
“cardinal colour directions” of Shepherd (and MacLeod-Boynton) agree with the theoretical Hering axes of the
New Chromaticity Diagram.

Figure 17.3.5-17 A reinterpretation of MacLeod-Boynton
data points in the CIE and New Chromaticity Diagram
spaces. B, R & G are the coordinates of the monitor given
by Shepherd. See text.

Earlier, Derrington, Krauskopf & Lennie®® provided data based on earlier work of Krauskopf. This data was derived
from the LGN of Macaque. However, there appears to be an error in the drafting of the figure. It uses 0.25, 0.25 as
the white point of the CIE Chromaticity Diagram. By translating their radials to the conventional white point, their
values overlay the isoclines of the CIE Diagram derived from the New Chromaticity Diagram very well. Figure
17.3.5-18 shows that with this modification, their radial originally intersecting the “spectral locus” at 558 +/- 4 nm
now intersects at 563 +/- 3nm but is tangent to the 572 nm isocline within a few degrees. Simultaneously, the radial
originally intersecting the “spectral locus” at 492 +/- 3 nm now intersects at 497 +/- 5 nm but is within a few degrees
of the P=0 isocline derived from the New Chromaticity Diagram for Research. Since the P=0 and the Q=0 isoclines
are well within the standard deviations of the Derrington, et. al. radials, and the deviations from the means are in
opposite directions, it is proposed that the “Hering Axes of the New Chromaticity Diagram are in fact the Cardinal
directions of the Derrington, Krauskopf, Lennie (DKL) two dimensional color space (sometimes labeled the
MacLeod-Boynton-Derrington-Krauskopf-Lennie color space).

%2Shepherd, A. (1999) Op. Cit.
®Derrington, A. Krauskopf, J. & Lennie, P. (1984) Op. Cit. Fig. 15



Derrington, et. al. conclude that LGN “cells fall
naturally into distinct and rather homogeneous groups:
two chromatically opponent classes in the
parvocellular layers and a separate magnocellular
group.”

Derrington, et. al. explored the parvocellular signals
further and introduced an informative plot shown in
Figure 17.3.5-19.

[ xxx explain the plot ]

17.3.5.5.3 A differential M-B or DKL color
space

Investigators have frequently performed experiments
using a modulation around an average background and
plotted their findings on a set of axes that have not
been precisely defined.

17.3.5.6 Remarks on other graphical
presentations

17.3.5.6.1 Remarks on a second graphical
presentation of Derrington

Derrington, et. al. defined a three dimensional color
space but concentrated on the chromatic plane within
that color space. However, they presented a very
interesting two dimensional chromatic space in that
article.

Figures 6 and 14 of their paper provides an intriguing
way of displaying chromatic data in this unscaled data
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Figure 17.3.5-18 A second reinterpretation of MacLeod-
Boynton data points in the CIE and New Chromaticity
Diagram spaces. The radials of Derrington, et. al. assume
(incorrectly) that the CIE space is conformal. Still, their
range of “tangent values” overlay the isoclines provided
by the New Chromaticity Diagram well within one
standard deviation. The nominal values of 496 and 563 of
Derrington become 494 and 572 when the isoclines are
followed instead of the “tangents.”

space by normalizing their data based on a familiar concept. They weighted their data points to fit a linear equation
of the form A =wM, + w,M, + w,M, where w, + w, + w, = 1. They then presented their data in a two dimensional
graph with the axes marked G-cone weight and R-cone weight and asymptotes drawn for w, -w, = 1.0 and w, - w, =
1.0. They also speak of a third asymptotes with w,, +w, = -0.5. While the value of w, varies between 0.0 and 2.0°
along the first two asymptotes, it has a constant value of 1.5 for the last one. Although not discussed, a fourth
asymptote can be introduced, that is symmetrical with the third, at w, +w, = +0.5 and w, = 0.5. Their data clusters
along these asymptotes. These figures actually represent a chromatic zone within the chromatlc plane of the New
Chromaticity Diagram for Research as shown in Figure 17.3.5-19. The only manipulation required is to rotate the
graph around the white point by 45 degrees and place the data so the white points coincide.
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Figure 17.3.5-19 A reinterpretation of the color space of Derrington, et. al. Top; Their original figure 6 with
additional notation. Bottom; the same normalized data rotated 45 degrees, inverted to satisfy the sign convention
and plotted in the P,Q space of the New Chromaticity Diagram for Research.
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17.3.5.6.2 Remarks on the presentation of Shepherd

Shepherd has recently presented data on the threshold performance of the human using a MacLeod-Boynton color
space based on Judd’s 1951 recommended modifications of the CIE Chromaticity Diagram®. Although this
modification makes a relatively small change in the blue or S-channel portion of the resulting color space, Shepherd
presented an asymmetrical threshold characteristic in his color contrast experiments. It is important to note the test
configuration used by Shepherd. He employed a 0.5 second time constraint in his forced choice experiment. As
noted in Boynton & Olson®, a free choice in identifying a color frequently requires longer than this. Their
experiments showed a mean response of 1.27 seconds under above threshold conditions.

This work has adopted the premise that the threshold level of the two chrominance channels is the same at the output
of the stellate decoders. Therefore the absolute sensitivity of the two chrominance channels should be similar.
However, it is recognized that the signal projection process of Stage 3 introduces an asymmetry into these channels.

As discussed in Section 17.6.4.2 and Chapter 14, the signal encoding technique used in vision introduces an
asymmetrical time delay that favors the M-channel signal at the expense of both the S- and L-channel signal. As a
result, chromatic changes between the first and third quadrants of the New Chromaticity Diagram are sensed more
quickly than similar changes between the second and fourth quadrant. This effect has been recognized for a long
time. Compensation for this effect was designed into the NTSC Color Television Standard of the mid 1950's where
their 1-Q axes are rotated 33 degrees from the P-Q axes of this work..

By plotting the data of Shepherd’s figure 4 onto the New Chromaticity Diagram in Figure 17.3.5-20 with scales of
equal interval, it appears that optimum threshold detection was achieved for single frame stimulus during a 0.5
second forced interval.along axes that were only rotated 7-10 degrees from the P-Q axes.

17.3.5.6.3 Remarks on the presentation of
Pridmore

Spectral wavelength, nm
P-channel potential {rel.)

FIR Y T B S——— T

e

-l 0.0

p-value

-0.004

-0.0005 0.0 0.0005 0.001
Q-channel potential (rel.)
532 or r-value
or spectral wavelength
relative to 572 nm

Figure 17.3.5-20 A reinterpretation of Shepherd’s
threshold measurements and comparison with the NTSC
color axes chosen to address this effect. When plotted on
scales of equal magnitude, the Shepherd data shows a
rotation of the axes of about -7 to -10 degrees for 0.5
second single frame exposures. The NTSC found they
could optimize commercial color television using -33
degrees.

%Shepherd, A. (1999) Remodelling colour contrast: implications for visual processing and colour
representation. Vision Res. vol. 39, pp 1329-1345

®Boynton, R. & Olson, C. (1987) Locating basic colors in the OSA Space. Color res. appl. Vol. 12, no. 2,
pp 94-105
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Pridmore attempted to modify a one-dimensional

spectral locus in 1993 to display an entire hue circle®. He truncated the real electromagnetic spectrum at 442 nm
and 613 nm and introduced extensions beyond those wavelengths to form what he defined as an extended
wavelength scale using equivalent wavelengths, denoted by a numeric followed by the letter e. The unit of e was
equivalent to one nanometer. The resulting scale ranged from 407e to 647e. He described this new extended scale
“as a backup scale for research and graphical data presentation.” The entire analysis was empirical drawing from the
CIE 1931 Chromaticity Diagram for background. It shows no correlation with the physiology of vision.

In a circular format, 40 nm of his overall space occupies 60 degrees of arc. The resulting system was hexagonal
(non-Euclidian) in form rather than octagonal (and rectilinear with four principal directions and four diagonals) as in
the Munsell color space and the New Physiological Chromaticity Diagram of this work.

The system has not been cited in the literature except by the author himself. It has not been successful.

17.3.5.6.4 Remarks on the presentation of Sun, Smithson et al.

Sun et al. have provided experimental data obtained from the retina of the macaque monkey®”. They imply they
obtained signals from ganglion cells communicating over both the parvocellular (PC) and magnocellular (MC)
pathways. No information was provided concerning the size of their probes or the electronic test set used. They
assert: “Cell identification was achieved through standard tests (Lee et al. 1989).” This expression should probably
be changed to: was achieved based on tests previously used by Lee et al. Neither paper provided a circuit model
illustrating where the accessed cells were located. An equal energy stimulus, and a set of narrowband filters were
used by both authors. Use of this stimulus in a quantum sensitive system automatically suppresses the S-channel
response relative to the M- and L-channel responses. The source of the nonlinearity they both encountered is easily
explained by the logarithmic equations for the P-, Q- and R-channels of this work. Sun et al. also noted a diminution
of the frequency doubling they encountered at lower stimulus levels. This work predicts this effect due to the
square-law operation of the L-channel photoreceptors.

In the theory of this work, all ganglion cells produce phasic outputs at their pedicles. A tonic signal cannot by
definition be associated with the pedicle of a ganglion cell. The phasic signals of a PC pathway ganglion cell are
difficult to interpret since the action potential pulse series is always present in a PC pathway neuron. Changes in the
intensity of the stimulus only changes the information coded into the action potential stream. To avoid this problem,
tonic signals were most likely obtained from the axons of horizontal or amercine cell leading to a ganglion cell.

The results of Sun et al. are consistent with the model of this work in that the MC pathway is found to convey
luminance R-channel) information. This work asserts the PC pathway contains two groups of neurons. Those
associated with the P-channel (S-M signals) and the Q-channel (L-M signals). However, Sun et al. did not identify
any P-channel (S-M) signals in their experiments relating to the PC pathway. They did identify Q-channel (L-M)
signals related to the PC pathway (but only in tonic form). In their results, they assert their PC pathway signals
(obtained only from Q-channel neurons) contained negligible S-channel signal component. This is to be expected
based on the model of this work. To isolate an S-channel component in the neurons of the PC pathway, a P-channel
neuron must be accessed.

17.3.5.7 Development of the “Elemental Sensation Hypothesis”

Helmholtz proposed a very early concept that could be realistically called a conjecture at the time, 1896). It has
been labeled the elemental sensation hypothesis by later investigators®. “the eye is provided with three distinct sets
of nervous fibers. Stimulation of the first excites the sensation of red, stimulation of the second the sensation of
green, and stimulation of the third the sensation of violet.” Hofer et al. offer several challenges to this simplistic
hypothesis. This work offers several more challenges as discussed below.

*Pridmore, R. (1993) Extension of dominant wavelength scale to the full hue cycle and evidence of
fundamental color symmetry Color Res Appl vol 18(1), pp 47-57

’Sun, H. Smithson, H. Zaidi, Q. & Lee, B. (2006) Specificity of cone inputs to macaque retinal ganglion
cells J Neurosci vol 95, pp 1433-1442

%Hofer, H. Singer, B. & Williams, D. (2005) Different sensations from cones with the same photopigment J
Vision vol 8(5):15, pp 1-23
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A primary problem with the hypothesis as stated is it makes no assertion as to the wavelengths that are associated
with the named colors or the wavelengths of the three distinct sets of nervous fibers.

An additional problem is the lack of definition as to what these color names apply to. Is the red, the red of a cherry
or the red of the American Flag. Does his term violet relate to the very shortest region of the visual spectrum (and
frequently described as purple) or does it relate to the purple region described during the later development of the
CIE Standard Observor (generally relating to a mixture of red and blue and more commonly known as magenta in
the graphic arts. One might also assume Helmholtz faced the same dilemma as Young in 1800 who vacillated
between purple and blue as the color of the short wavelength primary.

A primary problem with the literature is the lack of a sufficiently precise name for the colors of the visual spectrum.
While extensive lists of names have been developed to describe the colors keyed to the specific areas of the Munsell
Color Space, only rudimentary lists have appeared describing the u,v and u’,v’ versions of the CIE Standard
Observor. Figure 17.3.5-21 shows the description of the u’,v’ color space used by Brainard et al. The coarse colors
shown can be compared with the more definitive colors of Figure 17.3.5-13. Figure 17.3.5-13 corresponds to the
color names given in Section 17.3.4.2.1 and associated with the Munsell Color Space (which is consistent with the
Zone Theory of Color Vision and this work). It should be noted that the both the u,v and the u’,v’ versions of the
CIE Chromaticity Diagrams exhibit significant spatial distortions. It should also be noted that the peak of the L-
channel photoreceptor according to the psycho-physical community as discussed below (~573 nm) occurs in the
middle of the yellow spectral area (near the label, Y, in this figure).

One additional problem needs to be surfaced. In recent 0.8¢
times, the psycho-physical portions of the human color
science community have relied upon the “fundamental
spectral sensitivities of the Konig type.” These have
most recently been documented experimentally and
conceptually by Smith & Pokorny, and by DeMarco,
Pokorny & Smith using what has been described as an
inadequate protocol in this work (Section 17.2.2.5).
These sensitivities exhibit peaks in their spectrums to
precision of 10 nm at 450 nm, 540 nm and either 560
nm (Konig) or 580 nm (Fick). Smith & Pokorny in
1972 defined the peaks to a precision of 10 nm as 440
nm, 540 nm and 570 nm.
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The above values differ significantly from those of the
industrial color science community beginning with
Wright & Pitt in 1934. The values of 437, 532 and 0.0
longer than 610 nm are supported by the work of 0 0.2 0.4 0.6 0.8
Boynton & Gordon in 1965, Guth, Massof & CIE u' chromaticity

Benzschawel in 1980. Thornton® and Ikeda &
Shimozono'® have been active in this group recently.

Figure 17.3.5-21 A coarse mapping of spot chromaticities
to color names. The only names used were red, orange,
yellow, yellow-green, green, blue-green, blue and purple.
The label purple was used in its historical context to

Sperling & Harwerth, provides a good example of an
actual photopic operating visibility function for the

young Rhesus monkey obtained psychophysically'® in
Section 17.1.5.4. As noted by Sperling & Harwerth,
“Clearly, the narrow peak at 610 nm cannot be
accounted for by any additive combination of the
sensitivities inferred from these pigment functions
(referring to the widely accepted sensitivity functions
with peaks near 435, 555 & 575).” On the other hand,

describe the area between the blue and the red sectors.
(e.g., the Purple line). This area is more appropriately
described as magenta, a blending of red and blue primary
colors. The term purple is more appropriately reserved
for the region between 400 and 420 nm. Annotated
version of Brainard, et al., 2008.

®Thornton, W. (1999) Spectral sensitivities of the normal human visual system . . . Color Res Appl vol

24(2), pp 139-156
19]keda, M & Shimozono, H. (1981) Op. Cit.

0i5perling, H. & Harwerth, R. (1971) Red-green cone interactions in the increment-threshold spectral

sensitivities of primates Science vol 172, pp 180-184
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the peaks at 435, 555 and 575 are easily obtained from the peaks of the actual photoreceptors near 435, 535 & 610
nm. Sperling & Harwerth demonstrated this in their differential adaptation experiments.

The broader vertebrate color science community have provided peak values for the three color receptors centered at
437,532 & 625 nm (Section 17.2 & Chapter 5).

Finally, as noted in this work, there are four (not three) spectral types of photoreceptors in the human retina (as in
all vertebrate retinas). The presence of the four spectral types of photoreceptors is well documented among aphakic
humans (Section 17.2.2) and is the source of the difficulties in rationalizing Judd’s 1951 proposals to the CIE versus
the standard adopted earlier.

If 573 nm is the correct value of the spectral peak for the L channel, and the “red” portion of the CIE color space is
as indicated by Brainard et al., Helmholtz’s Elemental Sensation Hypothesis is clearly falsified. Hofer et al. noted
their data conflicted with the Helmholtz Hypothesis. On the other hand, if the term purple as used by Helmholtz is
replaced by blue, and the L, M & S spectral peaks defined by the industrial community and this work, Helmholtz’s
Hypothesis is well supported. This is demonstrated by the fact that all common color film, all color television
monitors, all color computer monitors and the color separation filters used in the graphic arts recognize the presence
of spectral peaks in the regions of 437 nm, 532 nm and longer than 610 nm.

Based on the more detailed description of the visual system of this work, the color areas of the above figure should
be move so that true purple is found in the area of 400-420 nm, the true blue region extends from 420 to 480, the
blue-green area extends from 480 to 510 nm, the green area extends from 510 to 545 nm, the yellow-green area
extends from 545 to 565 nm, the yellow area extends from 565 to 580 nm, the orange area extends from 580 to the
end of the visual spectrum (from 700 to 900 nm depending on the brightness). The region of magenta is poorly
defined in this projection of the visual space. As shown in Section 17.x.x.x, it generally extends from 437 nm to 625
nm in the non-spectral region of the overall color space.

Brainard, Williams & Hofer'® provided a Bayesian model of the visual system based on their interpretation of the
Hofer et al. paper. The model is ad hoc and does not reflect the organization of the luminance and chrominance
channels of the visual system. It does not differentiate between the noise-limited threshold of the luminance channel
(R) and the noise-limited threshold of the two effective chrominance channels (P & Q) which are typically higher..
The potential of a short wavelength O-channel was not addressed and no stimuli were used at wavelengths shorter
than 500 nm.. They state their “Experiments were run near threshold intensities, so we included a model of detection
in the simulations.” They did not discuss whether their detection threshold was based on the luminance channel, the
normal situation. At the luminance detection threshold, it would be more appropriate to announce detection as
uncolored rather than white. This might result in an alternate discussion of the statistics of the colors perceived in
these experiments.

17.3.5.8 A reinterpretation of the OSA UCS 2-D Chromaticity Diagrams

Boynton has provided a description and analysis of the proposed OSA 2-D color space'®. As he notes, the use of
color names was intentionally avoided in setting up the system. When left to their own devices, his subjects
described the area usually called magenta as pink in his figure 8.13. Boynton does note the “slightly curvilinear
relation between the CIE and OSA spaces.”

17.3.5.8.1 Comparison of the New Chromaticity Diagram & the OSA 2-D color space

Figure 17.3.5-22 attempts to compare the New Chromaticity Diagram under photopic conditions with the first order
chrominance plane of the OSA Uniform Color System. The New Chromaticity Diagram is formed in perceptual
space. The two Hering axes are perpendicular to each other and pass through the white point, which is independent
of the color temperature of the scene in object space. The underlying axes are not orthogonal to each other resulting
in the fact that green is less precisely defined than the colors on the axes. The colors at the ends of the axes

Y92Brainard, D. Williams, D. & Hofer, H. (2008) Thrichromatic reconstruction from the interleaved cone
mosaic: Bayesian model and the color appearance of small spots J Vision vol 8(5):15, pp 1-23
http://journalofvision.org/8/5/15/

1%3Boynton, R. (1990) Human color perception, chapter 8 in Leibovic, K. ed. Science of Vision NY:
Springer-Verlag pp 242-245
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(determined by the chromatic sensitivity of the long wave trichromatic animal {in this case human} eye) can be
defined precisely. Given in P and Q (but also in spectral wavelength units for convenience) at photopic illumination
levels, and where the null designations are defined in the comments, they are:

Common name P@A Q@A Comments

white 0@494 nm. 0@570 nm. excitation by two equal integrated flux sources.
Saturated Blue max.@400 nm.  570(null) no excitation at 1>494 nm.

Saturated Yellow min.@530 nm.  570(null) no excitation at 1<494 nm.

Saturated Red 494(null) max.@650 nm.  no excitation at <570 nm.

Saturated Aqua 494(null) min.@530 nm.  no excitation at I>570 nm.

Saturated Green 494<total integrated flux<570nm.

The chrominance plane under photopic conditions extends to the edges of the figure as shown. White is not in the
center of the diagram because of the non orthogonality of the underlying axes. The space within the wavelength
coordinates and the limit-lines is Euclidean to the first order. Therefore, the derivative of this chromatic space is
Euclidean to the first order as well.

The first order chrominance plane of the OSA Uniform Color System is presented based on the assumption that the
differential space of the OSA Uniform Color System is truly Euclidean. The square chrominance plane of the OSA
color space is drawn as large as possible within the
chrominance range of the eye. Note the extent of

chrominance space not included in the OSA

chrominance plane as currently defined by a plane 360 -

through a cubo-octahedron. Assuming the Hering axes

are as defined here, significant portions of the saturated 380 1+

green, orange, cyan and magenta regions are outside Limit of S- rminms Mo discrimination

the OSA defined chromatic range. 400 +

To obtain the differential representation of the OSA 120 o Meed o bfmteﬂmgﬁ
Uniform Color System, j is given by the space —lg—. . . -
derivative of minus P and g is given by the space £ ol
derivative of minus Q. It should be noted that the sign £ 460 :g g
of P and Q are arbitrary and inconsequential except = 3 i
when considering the chromatic flicker phenomena of 5480 1 5 3
the eye. In that case, it is important to recognize that 5 500 E B
maximum P corresponds to minimum ganglion output [ o g
frequency in the P channel and maximum Q S 520 - L
corresponds to minimum ganglion output frequency in = A 3 3’,

]
the Q channel. | N B N B I I R B R
XXX ﬁ 550 570 590 610 650 670 690
may include areas of the above color regions at very Wavelength, nm.

low saturation values near white. In these cases

Figure 17.3.5-22 (Color) Comparison of the j,g
17.35.8.2 Proposed Alternate OSA2-D e o Creanationy Dm0 Coter Space and

Color Space

Figure 17.3.5-23 shows the proposed New OSA 2-D Color Space aligned to the nominal 494 and 572 nm axes of
the P,Q color space of the New Chromaticity Diagram for Research. The figure shows the color space divided into a
series of 6 nm by 6 nm squares arranged so the center of one square overlays the ‘white’ point. The value of six is
chosen since it is a submultiple of the difference between 494 and 572. However, if the null points are determined
more precisely, it may be desirable to modify the proposed grid.

The current j,g axes of the OSA Color Space appear as diagonals in the above figure.
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Figure 17.3.5-23 (Color) Proposed alternate OSA 2-D Color Space with Cardinal Axes aligned to the secondary
axes of the electromagnetic spectrum. The grid is aligned to place the ‘white” point, nominally at 494, 572 nm, in
the center of one of the squares. Each square is then identified by the coordinates of its center in nm. Alternately,
the p and g axis can be converted to integer values. Each square can then be described in terms of its distance from
the white point (0,0) along the vertical, p, and horizontal, g, axes. As an example, the peak of the L-channel
chromophore would be described in p,q space as (-6,9).
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[ XXX the rest of this section should be salvaged]

The general plan has been to use a coordinate system as illustrated in Figure 17.3.5-24. It generally follows a
conceptual plan found in many vision papers based on the assumption that the brightness of an image is independent
of the hue and saturation of that image. Note the use of the term brightness— a perceptual term, and not
illuminance—an absolute physical term. In this coordinate system, the amplitude of the radius vector, and the angle
of the radius vector from an arbitrary reference are taken as independent variables. The equivalent x-y parameters
are then dependent variables. An alternate system would be to define two independent (and orthogonal) axes
representing the P- and Q-channels defined in this work. Using this definition, the New Chromaticity Diagram for
Research becomes a rectangular plane of constant brightness in the above figure. The remaining problem is to relate
the brightness axis to the external world of object space.

Wyszecki & Stiles® present a review of various color-order systems which portray the entire color and intensity
gamut from different perspectives. They describe three major groups:

+ Those based primarily on the principles of additive mixtures of color stimuli
+ Those based on a systematic variation in the mixture of a limited number of pigments
+ Those based on principles of color perception, color appearance systems

The first two groups are independent of the observer and clearly derived from the additive mixing of either pigments
or color stimuli. The third is clearly a psychophysical system. The parent member of the later group is the Munsell
Color System. Derivatives of this system include the DIN Color Standard system of German origin, the Swedish
Natural Color System (NCS), and the OSA Color System.

A problem in the development of three dimensional visual response space has been the inadequate understanding of
the changes in the perceived luminance (brightness) and chrominance responses as a function of illumination level.
The tendency has been to concentrate on the photopic level when collecting data without knowing precisely where
the transition to the mesotopic and/or hypertopic level occurred. In the previous paragraphs of Section 17.2, these
transitions were discussed. Based on these discussions, a linear vertical axis can be applied to the above figure
extending over a range of 4 in brightness space or 10* in luminance space under conditions of equal flux per unit
wavelength illumination. For values outside of the range of zero to four in brightness space, or significantly
different color temperature illumination sources, a more complex relationship between luminance and brightness
must be introduced.

17.3.5.9 The Retinex Theory of Color Vision by Land

In 1958, Dr Edwin H. Land, founder and principle stockholder in the Polaroid Corporation, gave a series of
demonstrations of unusual visual effects that he asserted could not be explained with the Theory of Color Vision
accepted at that time. While a highly respected business man and scientist, he was also a superb showman on stage.
However, he was an experimentalist of the Thomas A. Edison school. At the time he offered no theoretical
explanation of his findings but merely undermined the generally excepted theory.

In his prepared remarks and the first paragraph of his first published paper'®, Land asserted that "We have come to
the conclusion that the classical laws of color mixing conceal great basic laws of color vision. There is a
discrepancy between the conclusions that one would reach on the basis of the standard theory of color mixing and
the results we obtain in studying total images.” His reference is to the conventional wisdom that vision was/is based
on additive color mixing. "This departure from what we expect on the basis of colorimetry is not a small effect but
is complete, and we conclude that the factors in color vision hitherto regarded as determinative are significant only
in a certain special case. What has misled us all is the accidental universality of this special case."”

In his second paper'®, Land summarized the observed phenomena in a single figure that has been modified here by
the addition of more finely divided wavelength scales. He concluded that the perception of color "depends on a ratio
of ratios; namely, as humerator, the amount of a long-wave stimulus at a point as compared with the amount that
might be there; and, as a denominator, the amount of a shorter wave stimulus at that point as compared with the

Whnyszecki, G. & Stiles, W. (1982) Color Science, 2™ ed. NY: John Wiley & Sons pp. 486-513
1% and, E. (1959) Color Vision and the Natural Image. Part | Proc Nat Acad Sci vol 45, pp 115-129
108 and, E. (1959) Color Vision and the Natural Image. Part 11 Proc Nat Acad Sci vol 45, pp 636-644
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amount that might be there." Although, Land was approaching the actual case, he remained far from a precise
definition of the situation (and the terms he used lacked precision in the context of today).

Because of the lack of rigorous scientific controls in the course of his public audience-based demonstrations and his
obvious skills as a showman, his results were not received well by the scientific community to which he was a
prominent member. "Although generally regarded as fascinating research by the physicists, and the research
community, these observations irritated, if not inflamed, the color vision community'®." Many considered the
experiments as containing subtle events that introduced changes in adaptation and other phenomena not unlike those
achieved in the typical magic act in order to control the perception of the audience.

The third paper in the series, promised in the closing of the second, never appeared. However, a paper by Land &
Daw appeared in 1962 addressing one of the most nagging conceptual criticisms'®. They collected data concerning
the perceived color of objects when viewed on the time scale of a flashlamp with a 25 microsecond flash length
measured from 1/3 max during the rise to a decay to 1/3 max. They provided data showing only limited variations in
the perceived color between the pulse and continuous illumination.

A paper defining an initial version of the Retinex Theory of Color Vision, coauthored with his long-time colleague,
did appear in 1971, twelve years later'®. The theory was largely conceptual but did assert it applied to a system of
three spectrally narrowband photoreceptors. The concept of a broadband rod was not included in the paper. The
discussion was based on a three projector configuration using three fixed filters with spectral widths of 50-100 nm.
It did not refer to or offer a rigorous explanation of the experiments in the second paper.

Land & McCann defined the term retinex (retina and cortex) to describe each of the spectral subsystems of the
complete retinal system applicable to vision. They describe a system of three spectrally separate subsystems
extending from the retina to the cortex. They assert the spectral images are not mixed but are compared. Beyond
that assertion, they did not discuss the architecture or the specific circuitry of the neurological system. Looking
back, the context of their work makes it clear they were thinking in terms of the linear operation of the visual system
as appropriate to the lower photopic and mesotopic regime in all three papers.

The Retinex Theory as originally conceived is incompatible with the current zone models of vision where significant
spectral signal differencing occurs in the retina. The zone model defined in this work is presented in Section xxx
The validity of the proposed zone model includes its ability to describe the results of the Land experiments in detail.

Land readdressed the Retinex Theory in 1986 but he continued to follow the Thomas A. Edison approach. He
offered no physical or neurological model to explain his theories and included little experimental data. The major
contribution of the paper was the introduction of a highly conceptual algorithm that he interpreted as defining the
color of a point with respect to its surround. The notation was not explained in detail. If the quantized algorithm is
interpreted in an analog context, it suggests the purpose of the complexity of the dendritic capture areas of the
horizontal cells, and possibly some of the amercine cells.

The title Retinex Theory has been transformed in the subsequent technical literature so that the title is also used to
describe methods, largely computer algorithms, to improve the contrast performance of imagery containing large
dynamic ranges (basically improving the visibility of detail obscured in shadowed areas of scenes). Attempts have
also been made to show the Retinex Theory underlies the phenomenon of color constancy. However, the conceptual
level of the theory has not led to a definitive explanation of color constancy™.

The Tetrachromatic Theory of Biological Vision presented in this work provides a rigorous explanation of Dr.
Land's experiments and provides additional insights into those experiments that can be experimentally verified. This
will be demonstrated below. This paper does not concern itself with color constancy or contrast enhancement of
scene details. A different concept and architecture of color constancy is offered in Section xxx.

7McCann, J. Benton, J. & McKee, S. (2004) Red-white projections and rod/long-wave cone color: an
annotated bibliography J Electr Imaging vol 31(1), pp 8-14

1%8)_and, E. & Daw, N. (1962) Colors seen in a flash of light Proc Nat Acad Sci vol 48, pp 1000-1008
%L and, E. & McCann, J. (1971) Lightness and Retinex Theory JOSA vol 61(1), pp 1-11

119 and, E. (1986) Recent advances in retinex theory Vision Res vol 26(1), pp 7-21

WBrainard, D. & Wandell, B. (1986) Analysis of the retinex theory of color vision J Opt Soc Am A vol
3(10), pp 1651-1661



Performance Descriptors 17- 67

Subsequent to the arrival of the INTERNET, something of a cottage industry has arisen attempting to develop
algorithms to perform contrast enhancement based on Land's findings. While consisting of interesting mathematical
manipulations in computer controlled spaces, most have not proven robust. Their applicability to biological vision
has been distinctly limited.

17.3.5.9.1 Overview of Land's Experiments

Dr. Land worked in a time period where photographic film was the medium of choice in the preparation of visual
experiments. Preparing technical slides for projection purposes was an involved process. The time period was prior
to the development of the laser as a light source and film was relatively insensitive to light (compared to current
imaging devices). His basic apparatus is shown in Figure 17.3.5-24.

Because of the limited sensitivity of his acquisition (.

instrumentation, built around an early Instant
RED FILTER
'\'\ i
L}

optical paths. These Wratten filters were and still are a
product of Eastman Kodak Company. The filters he
chose and described in detail were carefully selected as
a result of his empirical approach to science. Many of
his results are critically dependent on the filters used.

Photography camera and type 46L transparency film,
he used relatively broad spectrum gelatin filters in his
I% i

Land's protocol was to acquire a pair of images that \J
could be turned into slides using two filters in the GREEN FILTER
optical path of the camera. The two slides would be RED FILTER

used to project two images in superimposition at the

screen location using different filters in the optical M
paths.

« The first image was recorded using a Wratten #24 M
filter, passing wave-lengths longer than about 585 nm

(red light) and hereafter called the long record. Figure 17.3.5-24 Configuration used by Land in his

* The second image was recorded using a Wratten #58  demonstration of color vision anomalies. Land, 1959.
filter, passing wave-lengths shorter than about 585 nm

(blue and green light) and hereafter called the short
record.

In the initial demonstration,

« The long record was projected through a Wratten #24 filter and a neutral density polarizer that could be used to
adjust the average brightness of the image.
« The short record was projected through a neutral density filter of about 0.3 density

Subsequent demonstrations varied the filters used in each projected light path systematically using a group of about
ten filters.

A more compact version of this equipment was developed using dual path monochrometers. This provided a more
convenient laboratory test configuration.

17.3.5.9.2 Experimental operating conditions

Dr. Land developed and demonstrated his findings indoors and as a result, the lighting conditions were estimated by
this author to be in the lower photopic or mesotopic regimes, regimes where the human visual system is operating at
near full adaptation amplifier gain but the output of the sensory neurons remains in a quasi-linear region. This is not
the regime controlled by the color constancy phenomenon. The color temperature of his light sources was not a
matter of major interest at the time.

Land described a majority of his audiences and experimental subjects as untrained in the purpose of the experiments
(except for those few in the audience who were trained vision scientists attracted to the presentation). Little effort
was made to evaluate the visual performance of individual participants.
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Land suggested that the number of participants was not sufficient to achieve high statistical accuracy in determining

the borders between the regions of unusual observed performance.

17.3.5.9.3 Observed results

Figure 17.3.5-25 reproduces a summary figure in Land’s second paper that described the results of his experiments.
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Figure 17.3.5-25 Summary figure showing the range of colors perceived using different pairs of wavelengths.

Modified from Land, 1959.

In this figure, narrow bands of radiation (based on gelatin filters) centered on a specific wavelength are projected
onto a screen or image plane in registration by one of the two paths. The area above the 45 degree diagonal includes
by definition, all combinations of wavelengths where the (center wavelength of the) stimulus for the long record is
longer than the (center wavelength of the) stimulus for the short record. In the area below the diagonal, the situation
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is reversed. Land makes other global assertions that are too broad to defend in their entirety. Along the diagonal,
Land has defined an "achromatic wash." By this he means an area where the scene exhibits a characteristic color
defined by the wavelength of the two lights but it does not exhibit a broader color gamut. A color gamut is only
obtained when the difference between the two wavelengths exceeds a minimum value.

Two examples of how the figure is used can be given based on page 639 of Land. First, examine the area labeled the
"achromatic wash." Pick a wavelength for the short record on the horizontal axis, say 610 nm. Project up to the
heavy line above the diagonal and then horizontally to the ordinate. The value of the ordinate is 640 nm. The area
of the "wash" is 30 nm wide as shown by the dotted vertical line. For wavelengths of less than 30 nm at 610 nm, no
color spectrum will be observed. A difference of more than 30 nm must be used if the images are to display a full
color spectrum in accordance with the notation "everything.” At less than a 30 nm difference, only a reddish image
will be obtained. Second, consider 475 nm as the short record stimulus. The long record must have a wavelength
centered on 495 nm or higher in order to perceive an image containing yellow, green, blue, brown, black, white, and
gray will appear. "If the long wavelength is centered on 560 nm, the green will disappear and orange will be added:;
and at 570 nm, the gamut is complete: "everything™ (except purple) is in the image." Land also notes that only reds
are perceived in the upper right corner and a spectral reversal occurs in the lower left corner. To achieve the
maximum range of color gamuts in a given region of the figure, it was necessary to vary the intensity of one or both
of the projector sources.

17.3.5.9.4 Land's Hypothesis

Land gives several more examples in his text before stating his hypothesis. However, he gives no theory as to why
these situations occur. His hypothesis is: Color in images cannot be described in terms of wave-length and, in so far
as the color is changed by alteration of wave-length, the change does not follow the rules of color-mixing theory."
This hypothesis is unusual in that it is written entirely in the negative. Although not stated explicitly in the
papers, Land acknowledged frequently that the colors perceived in his images were generally very unsaturated.

17.3.5.9.5 Discussion leading to a comprehensive explanation of Land'’s observations

The complicated structure of the figure provided above suggests an underlying structure to the perceptual system
causing it. The figure is reproduced in Figure 17.3.5-26 with an overlay drawn from the Tetrachromatic Theory of
Vision. This Theory will be discussed in greater detail below. The overlay consists of the three peak spectral
wavelengths of the visual photoreceptors at 437, 532 and 625 nm. Also shown are the null lines (P = 0) at 572 nm
associated with yellow and at 494 nm (Q = 0) associated with azure. The null lines are only drawn horizontally
where they relate to the upper left portion of the image.

The overlay lines follow closely several of the borders determined by Land. Note the dashed vertical lines
paralleling the vertical 437 nm line. Note the region bounded by the dashed lines and including the horizontal 572
nm line. Note the vertical line paralleling the vertical 625 nm at upper right. Other measured lines also parallel the
measured borders less closely.
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Figure 17.3.5-26 Land figure with an overlay of peak wavelengths of photoreceptors and P- & Q-channel values.

The Tetrachromatic Theory of Vision is a comprehensive theory addressing all aspects of vision and the neurological
circuits that support vision. It describes the signals traversing the optic nerve in terms of three principle groups. The
R-channel, of many individual neurons, describing the brightness information obtained from small areas of the scene
through summation processing in the retina. It describes two chrominance channels, the P-channel representing
neurons describing the difference between the S-channel (blue) component and the M-channel (green)component of
small areas of the scene. It also describes the Q-channel representing neurons describing the difference between the
L-channel (red) component and the M-channel (green)component of small areas of the scene. The bipolar response
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generated by these difference signals are shown in the auxiliary scales along the two sides of the figure. The
representations are identical in this format except for the rotation of one by 90 degrees.

The character of the P- and Q-channel signals is developed in detail earlier in Section 17.3. These theoretical
functions are equivalent to the empirically measured functions of Hurvich & Jameson'*?. The theoretical functions
show that the nominal zero amplitude values of Hurvich & Jameson were displaced from ideal.

During the normal operation of vision, the P-channel signal operates between wavelengths of 437 nm and 532 nm as
shown by the solid line marked P. This signal is a bipolar signal with an amplitude and polarity as indicated by the
ordinate on the left of each scale. A similar Q-channel signal operates normally between wavelengths of 532 nm and
625 nm as shown by the solid line marked Q along each scale. These two signals exhibit characteristic slopes with
respect to wavelength within their active region. These are labeled the normal slopes at the bottom of the figure.
The P-signals are positive in the region of the blues and purples and negative in the region of the greens. The
Q-signals are positive in the region of the reds and oranges and negative in the region of the greens. Since these
signals are differences between absorption spectra, they return to zero in regions outside of the normal operation of
these absorbers. This is illustrated by the regions shown dotted and labeled reverse slope regions.

A null value in the Q-channel is represented by the violet-yellow axis of Hering color space. A null value in the
P-channel is represented by the azure-red axis of Hering color space. See [Section 17.3] for the definition of the
Hering Color Space in greater detail.

When the visual system senses a zero (or null) in the Q-channel, it reports a lack of color to the higher cortical
centers of the brain. In the presence of a negative P-channel signal, the brain perceives this condition as representing
yellow in the scene. This occurs in the region of 572 nm. When the visual system senses a zero (or null) in the
P-channel, it reports a lack of color to the higher cortical centers of the brain. In the presence of a negative
Q-channel signal, the brain perceives this condition as representing azure in the scene. This occurs in the region of
494 nm. When null values are reported in both the P- and Q-channels, the condition is perceived as a colorless or
white area of the scene.

The three paragraphs above define the visual system as operating based on color differences and not color
summations. This color differencing is the key to the operation of the visual system. It contrasts with the
conventional assumption, rejected by Land, that the visual system was based on the summation spectral energy at
specific wavelengths.

Based on the auxiliary scales, it is quickly seen that the area of the figure labeled "EVERYTHING" conforms to the
normal region of P & Q signal operation for the “short record.” The same situation would be found for the long
record in the area marked "REVERSAL REGION." The oddities observed by Land are concentrated in the regions
of the P & Q signals involving the reverse slopes. These regions are particularly interesting in that they exhibit the
opposite variation in perceived color with respect to wavelength as found in the normal slope regions (the color
gamuts are reversed).

To interpret the measured data more fully requires evaluation of the potentials created in the P and Q channels
defined by the Tetrachromatic Theory of the Visual Process. These are the same P & Q channel values within the
mechanism used to create the first order Perceived Chromaticity Diagram of this work. In this case, Dr. Land's
findings are in agreement with a second order version of the same mechanism. Unfortunately, Land did not define
individual colors precisely and some of his notations are incomplete. Certain inferences can be made by studying
the measured data carefully. Based on the labels in the center-left of the figure, purple appears to be defined as a
wavelength between 420-437 nm. Blue on the other hand appears to be defined as a wavelength between 437-450
nm. Interestingly, Land did not speak of magenta, an important color in color photography.

The following discussion does not include the effect of other tertiary mechanisms like absorption by the macular
lutea. The Perceptual Chromaticity Diagram developed in Section 17.3.xxx can be used to track the following
discussion.

To achieve a perception of yellow in sector Al requires the value of P must be negative and Q must be zero. As
shown at the bottom left, only positive P values occur in the region of 400 to 437 nm. Therefore, the color gamut in
sector Al cannot include yellow (as asserted by Land). Reading the P and Q values from the auxiliary scales, it can

2Hurvich, L. & Jameson, D. (1955) Some quantitative aspects of an opponent-colors theory. 11. J Opt Soc
Am vol 45, pp 602+
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be specified that the upper left corner of sector Al appears nearly white. The lower right of sector A1 will appear
magenta with high values of P and Q.

Interpreting the auxiliary P & Q scales, sector A2 is perceived as a range of magentas in the upper right corner (high
P & Q values) blending to white at the lower left ( P & Q near zero). No part of this sector can be perceived as green
because Q > 0 in this sector. The lower edge of this sector appears white on the left and approaches blue on the
right.

Interpreting the auxiliary P & Q scales, sector A3 is perceived as various shades of green. No perception of reds,
oranges or blues can be perceived in this area. The lower edge of this sector appears green.

Interpreting the auxiliary P & Q scales, sector A4 is perceived as white on the left of the lower edge blending to blue
or purple on the right of the lower edge. It will blend to green along the top edge. No perception of reds, yellows or
oranges can be perceived in this area as noted by Land.

Interpreting the auxiliary P & Q scales, sector A5 is perceived as a range of desaturated blues because the Q value is
zero. The lower edge will appear quite blue. It is difficult to evaluate precisely the short-wave reversal described in
brief by Land. The reversal appears to be more complex than Land described because the short record is operating
in the reverse P slope region while the long record is operating in the normal slope region.

Interpreting the auxiliary P & Q scales, sector D1 is perceived as a range of desaturated reds because the P value is
zero. No greens, blues, or yellows will be perceived because of the positive value of Q. More data is required to
interpret sector D1 in detail. Both the short record and the long record are operating in the reversed Q slope area.
For the region of wavelength greater than 680 nm in the long record, only the redness of the short record in the
region of 625 nm to 660 nm will be perceived. In the shorter wavelength region of the long record (625 nm to less
than 680 nm), it is likely a long-wave reversal will be observed similar to that in sector A5.

Sector B1 is normally outside of the conventional visual spectrum (beyond 625 nm). It is characterized by a reversal
of the gamut due to the reversed Q slope in this region. The comment “except purple” in the figure is a generic one.
A region of purple should be perceived in the upper left of this sector due to the high P value. The color probably
blends to a magenta at the lower left.

Sector B2 exhibits a conventional color gamut because the P- and Q-channels are operating in the normal slope
regions. The lower edge of this sector will appear yellow at each extreme (that is not red, green or blue [purple])
because of the null in the Q-channel. It will appear white (that is not red, green or blue [purple]) in the middle
because of the null in both the P- and Q-channels.

The labeling of sectors B3 and B4 by Land can be refined. In sector B3, the perceived colors will be primarily
greens and blue greens. In sector B4, the perceived colors will be primarily blue at the lower left, moving toward
green at the upper left. The lower right will blend toward white. The upper right will blend toward green.

Sector C2 will exhibit a normal color gamut when the two source colors are varied because this sector is represented
by the normal slope regions for both the P- and Q-channels.

Sector C1 (like sector B1) will exhibit an unusual color gamut. Near the upper edge, the sector will exhibit a normal
color gamut as determined by the light from the short record. However, as the wavelength of the long record is
reduced, the reverse slope of the Q-channel will become significant in the composite. At the lower right, the
perceived color will be reddish. At the lower left, the color will be critically dependent on the intensity of the two
stimuli.

17.3.5.9.6 Conclusions from this analysis

The major finding of this analysis is that Land was absolutely correct. The physiological mechanisms of color
vision do not employ the rules of color mixing theory based on summation. Grassman's Laws of color
additivity are not used within the neurological system of vision. In accordance with the Tetrachromatic Theory, a
two channel neural chrominance system is used where each channel involves color differencing (not summation).
The two channels are evaluated individually by the higher cortex [Section 17.3.xxx].

The Tetrachromatic Theory of Vision developed in this work provides a totally deterministic and detailed
explanation of the data collected during Land's experiments. Alternately, The Tetrachromatic Theory of Vision
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proposed in this work is supported by the experiments of Land during the 1950's. The theory can predict the color
observed by Land in each of the sectors of his graph.

Land's original hypothesis can be stated in the positive based on his measurements and the Tetrachromatic Theory of
Vision. The first part of his hypothesis (page 637) can be restated as follows. "Color in images can be described in
terms of wave-length and, in so far as the color is changed by alteration of wave-length, the change does follow the
rules of color mixing described in the Tetrachromatic Theory of vision. The change does not follow the rules of
color-mixing theory based on Grassman's Laws." The second part of his hypothesis (page 640) can also be restated.
"The perceived colors in an image are dependent on the relative energies of the two stimuli according to a more
complex relationship than implied by the color-mixing theory based on Grassman's Laws.

While it could be implied from the logic of Land, it is not appropriate to speak of the ratio between the P & Q
channels. They are treated as if they were orthogonal. When Land speaks of ratios of ratios, he is referring to the
relative intensity of the lights illuminating a small area of the scene and the relative wavelengths of those lights
relative to the points giving maximum P or Q values.

Grassman's Laws remain valid for the preparation of colors using multiple lights in object space. However, they do
not apply to the signal processing within the neurological system leading to the storage in the saliency space and
perception of those lights by the brain.

17.3.5.10 Remarks on the SRGB and other cross-platform color standards
Recently an industrial consortium**® and an international standards committee''* have been formed to standardize the
interchange of color graphic material within an electronic environment. These groups have adopted the CIE (1931)
Chromaticity Diagram as a reference and assumed it to be conformal. They have also specified the location of the
three primaries, the color temperature and the display gamma for their purposes. They are given as Red
(0.640,0330), Green (0.300,0.600), Blue (0.150,0.060), 6500 Kelvin and gamma = 2.2. Their purpose is engineering
conformity and not research. Based on that ground rule, their assumption causes little harm. However, their
assumption that color rendition follows a straight line between two points on the CIE Diagram, when two colors are
mixed in different proportions, will be discovered to be unfounded.

As noted in Section 17.3.3.4.2, the sSRGB space is an orthogonal three dimensional space (it excludes any
contribution associated with the UV spectrum) whereas the visual modality employs a two dimensional color
difference space (under the same limitation) after initial stage 2 encoding. These differences are critically important.
“White” under sRGB is found at R=G=B=256. Within the visual modality, white occurs at a null value, P=Q=0.00 .

Westland & Cheung™® have recently provided an overview of additional cross-platform standards developed to
satisfy an ever widening variety of color image acquisition and display technologies related to human and machine
vision. Itis introductory in character. They offer a conceptual color cube that differs significantly from the Munsell
Color Space. It places the cyan-yellow-magenta color triangle out of plane relative to the red-green-blue color
triangle.

17.3.5.11 Kruithof’s observations regarding color temperature

Kruithof prepared a series of observations concerning the intensity, color temperature and “pleasantness” of light'®,
By its title, the paper was associated with the introduction of modern fluorescent lighting. He made a variety of
comments concerning how artists plan the colors in their paintings based on the color temperature expected to be
used to display their work. Figure 17.3.5-27 summarizes his observations.

Bywww.color.org

Whwww.w3.org/Graphics/Color/sRGB.html

BWwestland, S. & Cheung, V. (2014) RGB Systems In Chen, J. Cranton, W. & Fihn, M. eds. Handbook
of Visual Display Technology, 2" Ed., pp.1-6 NY: Springer DOI: 10.1007/978-3-642-35947-7_12-2

1K ruithof, A. (1941) Tubular Luminescence Lamps for General Illumination Philips Technical Review
vol.6, 65-96
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perception of the scene under conditions of color ' '

constancy (in their introduction)*?°. However, they do

not develop the mechanisms that provide that color constancy. Their statement, “It follows that all color constant
algorithms must use information obtained from light reflected from several different objects in the scene.” is
insightful. However, it does not recognize the significance of the continuous saccadic motion of the eyes and the
time constants of the adaptation amplifiers in assuring this use.

Pokorny, Shevell & Smith provide a broad conceptual discussion of color constancy but do not provide a detailed
explanation for the phenomenon®®. Barbur et al. have provided a recent study of “instantaneous color constancy*?,
The work was largely psychophysical with little discussion of the detailed circuitry contributing to the phenomenon.
While interesting only tentative conclusions could be obtained.

The phenomena of color constancy is the result of one of the most complex series of mechanisms in vision. Without
understanding these mechanisms, the phenomena cannot be explained. The phenomena is circumscribed to the
photopic region of illumination, and depends on differential adaptation between spectrally different photoreceptor

WZeki, S (1993) Op. Cit. pg. 229

8Worthey, J. (1985) Limitations of color constancy J Opt Soc Am A vol 2(7), pp 1014-1025

19Worthey, J. & Brill, M. (1986) Heuristic analysis of von Kries color constancy J Opt Soc Am A vol 3(10),
pp 1708-1712

20Brainard, D. & Wandell, B. (1986) Analysis of the retinex theory of color vision. J. Opt Soc. Am [A],
vol. 3, no. 10, pp 1651-1661

2pgkorny, J. Shevell, S. & Smith, V. (1991) Colour appearance and colour constancy In Gouras, P. ed.
The Perception of Colour, vol 6, Vision and Visual Dysfunction. Boca Raton, Fl: CRC Press Chapter 4
22Barbur, J. Cunha, D. & Williams, C. (2004) Study of instantaneous color constancy mechanisms in
human vision J. Electr Imaging vol 13(1), pp 15-28
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channels. Because of the zero in the temporal frequency response of the signaling channels, the response of the
visual system to slow ly varying changes in illumination or reflectance are not reported to the pedicles of the
photoreceptors. Because of this same zero in the transfer function, color constancy is absolutely dependent on
tremor to modulate the signal received from the scene in object space. This modulation requires the presence of
changes in contrast within the scene. Upon the receipt of these modulated signals at the cortex, the brain relies upon
a “paint program” to support the perceptual process. When taken as a group, these mechanisms provide a perceived
image that is inherently independent of the general illumination present over the photopic region of illumination and
that is dependent on the spatial structure of the overall image in object space.

17.3.6.1 Background

The perception of color constancy is intimately involved with the logarithmic signal processing within the visual
signaling channels. The phenomena is not found in television systems, particularly color televison systems, that are
designed to provide a faithful reproduction of a scene at a remote point. There is no intent within the visual system
to reproduce a faithful image of a scene. The intent is to perceive and interpret a scene to maximum advantage to the
animal.

So-called color constancy as a concept has been recognized for a long time. However, the fundamental mechanisms
involved have not been understood. The concept relates to the generally constant apparent color of an object
regardless of the spectral content of the illumination used to observe the object (within remarkably wide spectral
limits) under slowly changing and steady state conditions. This last caveat is usually not stated and relates to the
time constant of the adaptation amplifiers of the visual system.

The subject has been studied intensely over a long period because of its practical significance and its ubiquity in
every day life. Unfortunately, the assumptions employed in these studies have insured unsatisfactory results. This
result has been compounded by the reticence of the community to define color in a rigorous manner.

Krauskopf *edited a special volume in 1986 devoted to this subject. The problem was highlighted
(unintentionally) in the introductory paragraph of virtually every article. Every article assumed linearity in signal
amplitude as a function of spectral wavelength between illumination intensity and perception. The articles
proceeded from that basic assumption to employ various linear mathematical models and matrix algebra to analyze
parts of the available data. The typical mathematical assumption is shown in Wandell*?. The problem is in the
assumption that the response of the photoreceptor cells is constant and independent of stimuli intensity. Only one
paper explicitly discussed the possible variation in amplification between the spectral photosensing channels of
vision. When required in these and many other papers, the commonly published spectra of the individual color
channels of vision (based on color difference spectrums) were used. Color difference spectra have traditionally been
obtained employing a limited degree of color adaptation of the visual system, and again making the assumption of
linearity in the differencing of the collected data. The resulting spectra do not provide good characterizations of the
L-channel of the visual system (See Section 15. 4.3.2.2). Using these spectra seriously compromise the overall
calculations regarding color constancy.

Arend & Reeves provide a well organized paper on “simultaneous color constancy'®.” It discusses many of the
difficulties related to color constancy measurements. It presents a well defined Mondrian based on Munsell Color
samples. However, the subjects actually viewed a trichromatic monitor, not the Mondrian. The phosphors of the
monitor agreed very well with the peak spectral absorption of the human eyes. The drive to the spectral phosphors
of the monitor, required to simulate the Mondrian, were entirely calculated. Their results did demonstrate the lack of
conformality of the CIE Chromaticity diagram. Bauml performed a similar study in 1999'%. It appears to have
several uncontrolled variables that limit the range of applications of its results.

128K rauskopf, J. ed. (1986) Computational approaches to color vision. J. Opt. Soc. Am. [A] vol. 3, no. 10,
1673-1751

2%wandell, B. (1989) Color constancy and the natural image. Physica Scripta, vol. 39, pp 187-192
ZArend, L. & Reeves, A. (1986) Simultaneous color constancy J. Opt. Soc. Am. A vol. 3, no. 10, pp 1743-
1751

26Bauml, K-H. (1999) Simultaneous color constancy: how surface color perception varies with the
illuminant Vision Res. vol. 39, pp 1531-1550
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Jameson & Hurvich presented a major paper in 1989 that highlighted another problem common to the psychology
based vision community*?’. They defended several aspects of their position by relying on “common sense.”
Common sense nearly caused Einstein his reputation when he introduced an entirely extraneous term in his famous
equation to satisfy his and his associates common sense. Magic relies on the difference between common sense and
fact. Without an accurate model of the processes being discussed, common sense is ethereal. To illustrate the
problem more completely, the first of two volumes of a book edited by Alex Byrne and David Hilbert is
instructive'?. In this volume, a group of philosophers present papers, all dated after 1975, discussing the nature of
color. Unfortunately, the precise situation(s) being discussed is never defined. Neither the basic term, the operating
aspects of the eye or a model of that operation is defined in detail. The views presented, according to the editors,
represent the eliminativism, realism, primitivism and physicalism schools. A major part of the discussion involves
the ontology, the branch of metaphysics that deals with the nature of being, of color. The difference between
theology and science is highlighted by these papers.

Lucassen & Walraven provided an article in 1993 that included a good review of the available literature in its
introduction’®. Their methodology illustrates a shortcoming of their approach. Rather than employ an equal flux
source of “white light,” they chose to use a color cathode ray tube. The cathode ray tube can be described as
equivalent to a spatially uniform equal flux white light passed through a group of spectrally selective filters (with a
variable neutral density filter associated with each channel to control relative amplitude). These spectrally selective
channels are not identical to those of the chromophores in the visual system. As a result, their Figure 1 should
clarify that the light absorbed by each spectral channel of the retina is composed of the product of two spectrally
selective groups of filters and the appropriate spectral characteristic of the object viewed. They define a series of
terms; agbg, agbg, and aghg, where the a’s refer to a coefficient related to the monitor and the b’s refer to a coefficient
associated with the reflectance of a surface. A more complete expression would include an additional element in
each of the above terms. The third elements, ¢’s would refer to the absorption spectra of the individual
chromophoric channels. Neither of the individual elements in the above terms are simple scalars as suggested by
their text. Each element is a function of wavelength and each complete term is the integral of the product of the
individual elements. This difference in interpretation significantly changes the results of using their methodology.
Their experimental work and subsequent analysis did not converge to a set of simple conclusions.

Spitzer & Rosenbluth recently provided a computational model of color constancy that was entirely synthetic**. No
physiological model was provided and no psychophysical testing was undertaken.

Recently, Hunt defined color constancy as an effect of visual adaptation Whereb%/ the appearance of colors remains
approximately constant when the level and colour of the illuminant are changed™*. This global definition
encompasses the following specific description.

As shown in this work, color constancy is a rigorous concept when applied to the signals at the output of the pedicels
of the photoreceptors. This is because the signal processing subsequent to the pedicels involves fixed amplifier
gains regardless of time and position, except for the impact of the asymmetry in the projection stage of the
chrominance channels. The asymmetry in the chrominance channels introduce variations that appear obvious in
flicker experiments. Ignoring this temporal variability, any two objects under different illumination conditions that
generate the same signal parameters at the pedicles of the photoreceptor cells will be perceived as chromatically
identical. Such samples have been called trans-metamers in this work.

The circuits found within the photoreceptors of the retina are completely compatible with the proposed explanation
of color constancy by von Kries in 19052, However, the method of gain adjustment is not linear and the spectral

127Jameson, D. & Hurvich, L. (1989) Essay concerning color constancy. Ann. Rev. Psychol. vol. 40, pp. 1-
22

1%8Byrne, A. & Hilbert, D. ed. (1997) Readings on color: volume 1 London: The MIT Press

129 ycassen, M. & Walraven, J. (1993) Quantifying color constancy: evidence for nonlinear processing of
cone-specific contrast. Vision Res. vol. 33, no. 5/6, pp. 739-757

1305pitzer, H. & Rosenbluth, A. (2002) Color constancy: the role of low-level mechanisms Spatial Vision
vol 15(3), pp 277-302

BHunt, R. (1997) Measuring colour. NY: John Wiley & Sons, (their Ellis Horwood Limited imprint) pg.
203

B2\Wyszecki, G. & Stiles, W. (1982) Color Science, 2™ Ed. NY: John Wiley & Sons pp 431-433
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overlap of the channels is significant. As a result, the diagonal matrix explanation of the von Kries hypothesis is
only a first order representation.

Using slightly different semantics than von Kries, color constancy is a phenomena resulting from the independent
decrease in the gain of the adaptation amplifiers of the individual spectral channels in the face of an increase in
incident illumination applicable to those channels (or vice versa) under temporal band limited conditions.

A significant degree of color constancy is perceived in object space because of the independent and variable gain
associated with each spectral photosensing channel. However, the key to understanding the phenomena is to
recognize the logarithmic relationship involved in translating the sensed photon flux in each spectral channel into a
signal voltage at the pedicels. This summation in logarithmic space that defines the human luminous efficiency
function also causes the extra spectral peaks (total of five) in that function that caused Mahoney**® to suggest that
more than three (five to seven) chromatic parameters were needed to account for color constancy (based on his linear
analysis).

[As an aside, Mahoney’s clear exposition of his goals and methods could be a model for any researcher or analyst.
Unfortunately, his basic assumptions were faulty. Fortunately, his results strongly suggest the difficulties with his
assumptions. In his discussion, he disclaimed his original premises in favor of the postulates dictated by his data.]

By careful selection of the spectral content of each of three light sources to avoid spectral illumination that is
significantly involved in the definition of the mathematical peaks in the human luminous efficiency function, it is
possible to vary the relative amplitude of the three lights (slowly to avoid time constant problems) over a
considerable range while maintaining color constancy in object space.

The combination of the independent and variable gain coupled with the dependence on the time constant of the
adaptation amplifiers, along with the recognition of the computed peaks in the human luminous efficiency function,
provide a significant and comprehensive explanation for the so-called Retinex theory of Land.***

Contrary to the intimation or claim in some papers, color constancy does not involve cognition or any de-
convolution in the spatial or spectral domains. It does involve temporal frequency filtering.

17.3.6.2 Color Constancy and adaptation versus the Univariance Principle

The adaptation mechanism inherent in the design of the photoreceptor cells results in a variety of important
phenomena associated with vision. All of these phenomena involve non-linear mechanisms. The Univariance
Principle, discussed in Section 17.2.1.2.1, is based on a model of vision that is linear. As a result of this basic
assumption, the Univariance Principle cannot be applied to the actual vision process.

In their primary roles, the adaptation mechanisms of each photoreceptor cell work in parallel to remove any vestige
of the absolute illuminance level from the signaling channels (discounting the illuminat in the words of Zeki). They
do this by incorporating a large amount of negative internal feedback into each signaling channel. As a result, the
average signal level at each photoreceptor pedicel is essentially constant regardless of the level of illumination
applied to that photoreceptor.

The adaptation mechanism is the foundation of several phenomena. It contributes significantly to the ability of the
visual system to operate at nominal performance over a total photopic range of 10° in illumination amplitude. This
nominal performance includes maintaining a high degree of color fidelity (known colloquially as color constancy) in
the perceived image of the scene in the presence of significant changes in the composition of the ambient light
illuminating the scene. The mechanism also includes three distinct time constants, one that is measured in seconds
and is asymmetrical with illumination and two others that are measured in minutes. Although all of the time
constants play a significant role in the transient operation of the visual system, only the longer time constants are
important in relation to color constancy as usually observed. Finally, the understanding of the mechanism and the
description of the resulting phenomena requires an understanding of the hydraulic characteristics of the vascular
system supporting the photoreceptors. These characteristics are a function of the topography of the retina.

¥¥Mahoney, L. (1986) Evaluation of linear models of surface spectral reflectance with small numbers of
parameters. J. Opt. Soc. Am. vol. 3, no. 10. pp. 1673-1683

¥4 and, E. & McCann, J. (1971) Lightness and the retinex theory. J. Opt. Soc. Am. vol. 61, pp. 1-11
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Because of this complexity, it is difficult to provide a simple one sentence description of any of these phenomena,
even when limited to the photopic region.

Although generally compatible with the experimental results of Edwin Land, this explanation of color constancy is
not compatible with the explanation of the underlying mechanisms involved given by his team. His use of
logarithmic units to describe the illumination levels of his scenes, stemming from his photographic background, was
fortuitous. Following the discussion in the next two sections, one can see how this theory supports the data
resulting from the simpler experiments of Yarbus and Ditchburn and also explains Land’s results.

Land did not define explicitly the location of the mechanism exhibiting the phenomena of color constancy (his term
retinex being a contraction of retina and cortex). He left the option of source location open. In the following
explanation, color constancy is seen to involve two fundamental mechanisms. One of these, adaptation, is located
entirely within the photoreceptors of the retina. The second mechanism, the recognition of contrast edges and the
utilization of a paint program, is more sophisticated. It depends on the high temporal frequency components created
by tremor and processed in the cortex.

17.3.6.3 Simplified explanation of the color constancy phenomena

A complete description of the color constancy phenomena involves a great many variables that have been introduced
in prior sections of this work. However, by limiting the illumination range and by treating a variety of these
variables as temporary constants, a first order explanation of the phenomena can be given that is reasonable and
testable.

First, recognize three separate channels in the long wavelength trichromatic (human) spectrum centered on 437, 532
& 625 nm. Second, let the discussion be limited to the photopic illumination region. This region is defined by the
condition that the adaptation mechanism is active in all three spectral channels simultaneously. Color constancy
failure is defined by the converse of the above situation. The adaptation mechanisms in at least one of the spectral
channels has reached the end of its dynamic range.

Second, omit any consideration of the photoreceptors in the foveola. The signaling paths associated with these cells
is quite different from the rest of the cells in the retina and their inclusion only complicates the design of the
experiment and the interpretation.

Recognize a primary goal of the visual system, when operating in the photopic region, is to maintain a fixed average
signal amplitude at the pedicels of the photoreceptors regardless of the intensity of the illumination in each channel.

Recognize that each photoreceptor cell can adjust the gain of its transfer function over a range of about 30,000 to
one. To the first order, this is accomplished independently of all other photoreceptor cells. The additional dynamic
range provided by the operation of the iris is not significant in color constancy.

Two conditions need to be examined.
17.3.6.3.1 Color constancy in the absence of scene contrast.

In the first simple explanation, assume the visual system does not employ any tremor mechanism to sense borders in
object space, any paint program to assign a specific color to the area inside a border and encounters a low contrast
scene that does not impact the nominal operation of the vascular system of the retina. These assumptions will
introduce a problem to be discussed below.

Visualize a “white” surface illuminated by three individual light projectors and viewed by a simplified eye
containing only one of each of three chromatically selective photoreceptors. Let an equal amount of photon flux be
absorbed from each of these projectors by each of the spectrally selective photoreceptors. Under this condition and
after a few seconds, the subject will perceive a “white” surface.

Now, reduce the illumination from one of the projectors by 50%. After a period of about 10 seconds (three time
constants), the subject will again report perceiving a “white” surface. This is because of the high degree of negative
internal feedback in the selected spectral channel. As the intensity of the projector is reduced, the gain of the
adaptation mechanism in that spectral channel increases proportionately.
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Now, return the three projectors to their initial intensity and replace the “white” surface by a surface with a
reflectance 50% lower in the same spectral band as in the above case where the intensity of the projector was
reduced. After about 10 seconds, the subject will again report that he perceives a “white surface.” Here again, the
gain of the adaptation amplifier in the affected photoreceptor has been increased proportionately to compensate for
the change in the incident luminous flux at the retina. The subject will report perception of a “white” surface.

As long as the adaptation amplifiers remain within their nominal dynamic range under the above conditions, the
subject will report perceiving a “white” surface. White appears in parenthesis in the above statements because of the
fact that the visual system only responds to changes in illumination. Whenever, it is exposed to uniform illumination
for more than a few seconds, it fails to perceive anything in object space and the subject reports perception of a null
field, i. e., no sense of whiteness or darkness.

Assuming the visual system actually perceives a “white” surface in the above experiments will aid in understanding
the following condition.

17.3.6.3.2 Color constancy in the presence of spatially distinct scene contrast

In a second situation, assume the visual system does employ a tremor mechanism to sense contrast borders in object
space, a paint program to assign a specific color to the area inside a border and still encounters a low contrast scene
that does not impact the nominal operation of the vascular system of the retina.

For purpose of this experiment, a larger group of photoreceptors must be employed to view object space. Let these
photoreceptors be grouped in triads containing one each of the three spectrally selective photoreceptors.

If the above two situations are repeated, i. e., the viewed surface is entirely uniform in terms of spatial detail and
either the intensity of illumination or the reflectance of the surface is changed in one of the three spectral channels,
the subject will continue to report perceiving a “white” surface after a few seconds of observation. This is because
all of the photoreceptor triads still sense a constant illumination regardless of their location. This constant
illumination is perceived as some level of “white.”

Now let the scene in object space be changed to include two concentric fields (as a simple example) with a
reasonably distinct luminance contrast demarcation between them. In general, a luminance channel contrast is
assumed to simplify the experiment. The chrominance channels are quite insensitive to contrast edges.

There are two separate and distinct mechanisms operating in this case. In the case of photoreceptor triads in which
none of the cells image a contrast edge, all of the cells will produce nominal signal levels at the pedicels. The
subject will perceive both the inner and outer fields as “white” surfaces. However, wherever a photoreceptor cell
senses a contrast edge, it will produce a change in signal at its pedicel that is synchronous with the tremor of the
eyeball. This signal will represent a change in response by the individual photoreceptor. Such a response will be
perceived as a change in color of the scene at that contrast location. If multiple photoreceptors of the triad report a
similar change, the color of the perceived change can be more accurate than that sensed by a single photoreceptor
cell.

The cortex has now received information describing a chromatic change along a closed contrast edge in the scene.
However, it has not received any absolute chromatic information relative to either the inner or outer fields. The
cortex is left to make assumptions concerning the absolute color of the scene. Yarbus performed a series of
experiments (see his Chapter 2), as did Ditchburn, to resolve what choices the cortex made. Unfortunately neither
used a simple scene of only two concentric fields. They generally used a bipartite field with an additional and
separate surround. Krauskopf came much closer to the configuration discussed here'*. His configuration allowed
the outer field to assume a perceived color relative to the surround beyond the field. All of these experiments appear
compatible with the effects proposed here. The perceived color of the internal field depended entirely on the
presence of a contrast edge. In the absence of such an edge, the inner field was perceived as the same color as the
outer field. In the presence of such an edge, the color of the inner field was perceived as the color defined by the
outer field and the difference perceived across the edge.

B5Krauskopf, J. (1963) Effect of retinal image stabilization on the appearance of heterochromatic targets. J.
Opt. Soc. Am. voll. 53, no. 6, pp. 741-744
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For more complex scenes, the above procedure can be repeated for each smaller closed contour. The result is an
overall perceived scene dependent on the color differences sensed across the closed contrast edges separating the
fields.

17.3.6.4 Broader explanation of the color constancy phenomena

The subject of color constancy has become more important recently due to the interests in robotic vision and
electronic cameras. The need has been to understand color constancy in human vision so similar techniques can be
introduced into these devices. A variety of discussions of this subject have appeared on the WEB in recent times.
Most of these have lacked any theoretical foundation related to the actual mechanisms of human vision resulting in
color constancy. Most of them have also failed to define the illumination range over which the proposed mechanism
applies. The underlying mechanisms are discussed in Chapter 12 and Section 17.1.1.

Color constancy is closely related to the phenomena known as reciprocity failure in photographic film technology.
In a sense, it is the complement to reciprocity but much more effective. In human vision, color constancy is directly
related to the ability of the system to work over an extended radiant intensity range. Both phenomena and the
transient known as dark adaptation are all controlled by the adaptation amplifiers found within each photoreceptor
cell of the retina. This amplifier has been described in detail in the above text.

17.3.6.4.1 The Individual Adaptation Amplifier
The adaptation circuit is unique in three respects:

1. The Activa at the heart of the circuit configuration has an extremely thin collector region that leads to a
phenomenon known as avalanche breakdown. This phenomenon introduces a very large change in the current gain
of the Activa as a function of the collector to base voltage applied to the device. It is discussed in Section 4.7.3.4.

2. The load impedance in the collector lead has a time constant that is finite, on the order of 3.0 seconds in
descending illumination and 0.1 seconds in increasing illumination. The power supply supporting that load
impedance is very poorly regulated. It exhibits time constants of 2 minutes and 10 minutes.

3. The output signal from the adaptation amplifier is taken from the emitter terminal.

Because of characteristics 1 and 2, the adaptation amplifier exhibits a very large variation in current gain as a
function of the current injected into the base region of the Activa.

Because of characteristic 3, the circuit exhibits a large amount of negative internal feedback.

17.3.6.4.2 The Individual Distribution Amplifier

The distribution amplifier, also located within the Neural Segment of the photoreceptor cell, is configured as a
“grounded base” amplifier. In this configuration, it offers a unity current gain between the current at its emitter and
the current at its collector.

17.3.6.4.3 The combined amplifiers of the Photoreceptor Cell

The complete circuit diagram of the photoreceptor cell is available in Section 10.10.7. By placing the adaptation
amplifier in a differential pair configuration with the distribution amplifier, an additional feature is introduced. This
configuration is designed to maintain a constant current through the common emitter(s) to ground load. As a result
of this feature and the time constants discussed earlier, a very high degree of negative internal feedback is introduced
into the overall photoreceptor cell circuit at low frequencies. The average current in the load attached to the
distribution amplifier collector remains essentially constant. At higher frequencies, the circuit exhibits considerable
gain. The effect is to normalize the output signal DC gain while providing a variable AC gain that can be very large
at low input signal levels. The variation in AC gain is from 1:1 to about 3,500:1 in a typical photoreceptor.

The above variation in gain as a function of input illumination forms the basic mechanism of both adaptation
to changes in input intensity level and to the phenomenon of color constancy.
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To understand the dynamics of the visual system, it is necessary to review the way in which the photoreceptors in a
given location of the retina are interconnected. A variety of simple symbolic representations of each adaptation
amplifier are possible. The symbolic representation shown in Figure 17.3.6-1 is for illustrative purposes only. For
purposes of this discussion, the signal from the transducers will be considered a voltage instead of a current because
most people find it easier to think in terms of voltages. It shows an external feedback loop that does not exist in the
actual amplifier. In this figure, signals are acquired from the same region of the scene imaged on the retina by the
three transducers of the Outer Segments. The signals from the individual transducers are applied to the individual
adaptation amplifiers as shown. The voltage at the output of each amplifier is developed across the RC network
connected to the common RC network at the top right. These networks represent the vascular environment
controlling the electrostenolytic process on the surface of the individual photoreceptor cells.

The capacitor C, and the impedance R, form a low
pass filter in the feedback path from the output of each
amplifier to the negative, or inverting input on the left
of each amplifier. This circuit has the effect of holding
the DC voltage at the output of each amplifier at a
constant voltage regardless of the voltage applied to
the input from the transducer. However, the AC gain
between the transducer signal and the signal going to
the distribution amplifier may be quite high under this
condition. In the case of vision, the instantaneous gain
of the amplifier is a function of the voltage applied to
the collector (c) of the amplifier. For purposes of this
illustration, this voltage is the same as the load voltage
at the output of the amplifier. For large increases in
the input signal, the gain of the circuit will decrease.
Because of these two distinct processes, the output
signal to the distribution amplifier has a constant
average value and a AC signal that deviates from the
average by a constant amount for a given input
contrast. Each spectral channel of the visual system,
and all subsequent perceptual channels operate in this
fixed amplitude condition as long as the adaptation
amplifiers are within their operating range. This range
extends from a nominal minimum gain of 1:1 upto a
maximum of 3500:1 and defines the photopic region of
vision.

17.3.6.4.5 Initial condition of the
adaptation amplifiers

This paragraph is only conceptual. There is not
enough data at the current time to confirm it in detail.
However, it is approximately correct. The initial
operating gain of each adaptation amplifier appears to
be set as if it expects the input illumination to have an
equal flux per unit wavelength distribution across the
visible spectrum. This condition is produced by a
nominal blue sky absent direct light from the sun, i. e,
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Figure 17.3.6-1 The three adaptation amplifiers of
trichromatic vision for purposes of discussion. These
illustrations are not precise. An external feedback loop
has been drawn in preference to internal feedback for
clarity. See text.

highly scattered sunlight. This illumination can be represented by a color temperature of 7053 Kelvin although it has
frequently been described as equal to a color temperature of 6500 Kelvin. These values are not significantly
different absent a specific criteria. It appears that when the eye is completely dark adapted, it is optimized for the

7053 Kelvin scene spectrum.

17.3.6.4.6 Operation of the adaptation amplifiers in unison
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When the eye is exposed to a 7053 Kelvin color temperature scene and the intensity of the scene is varied, the
[luminous intensity function] of the eye is obtained. This function exhibits a broad area of constant perceived
brightness for a variation in input intensity of about five orders of magnitude. This wide range is accounted for
through the operation of the iris and the adaptation amplifiers. The Iris provides a factor of 16:1 out of this total
range and the adaptation amplifiers operating in unison account for the other factor of 3500:1. The hypertopic
region is defined as that region of illumination higher than these two mechanisms can accommodate. Two regions
are defined below the photopic region. The mesotopic region is an area where all of the adaptation amplifiers are
operating at maximum gain and the iris is fully open. This is an area of reciprocity failure due to secondary
processes in the L-channel, and a decreasing ability to perceive both color saturation and hue due to signal to
threshold level considerations. It is also an area where the conventional Principle of Univariance fails in the L-
channel. Below this level is the scotopic level. It is defined by the complete absence of visual perception in the L-
channel of vision relative to the S- and M-channels.

17.3.6.4.7 Differential operation of the adaptation amplifiers

Color constancy is present throughout the photopic region but it generally goes unnoticed until the average
luminosity of the scene, over a specific spatial angle, can no longer be represented by a color temperature of 7053
Kelvin. When this occurs, each adaptation amplifier attempts to automatically compensate for the difference in
average luminosity level sensed by its transducer. The result is different gains in the amplifiers of each spectral
region of vision. Under these conditions, the perceived signal levels within the visual system from the pedicels of
the photoreceptors to the higher centers of the cortex remain constant and the chrominance channels of the visual
system continue to report the same colors relative to the fine detail in the scene (with minor changes to be discussed
below). This effect can be visualized if the conditions in the scene, the gain parameters of the adaptation amplifier
and the perceived signal levels in the visual system are examined. Figure 17.3.6-2 illustrates these parameters. If
the average small area radiance of the scene is represented by a 7053 Kelvin source, the nominal gain of each of the
adaptation amplifiers is the same as indicated by the solid lines in the upper two frames. Under this condition, the
perceived response as a function of wavelength remains a relative constant as shown in the lower frame. If the color
temperature of the radiance is lowered as suggested by the doted line, the level of irradiance detected by each
transducer is the integral of the absorbed flux. The value of this flux causes each adaptation amplifier to change its
gain to compensate for this change in irradiance as shown in the middle frame by the dots at the centroidal
wavelength of the chromophores. The dotted line is drawn through these three values merely for illustration.
Following this compensation, the relative perceived signal levels in the visual system remains at a constant level at
the centroidal wavelengths of the chromophores as shown in the lower frame. The dotted line is only conceptual, the
absolute perceptual level as a function of wavelength is
actually given by the luminous efficiency function.
The dash-dot lines of the three frames show the
example of a higher color temperature irradiance.
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Figure 17.3.6-2 A comparison of several parameters
illustrating color constancy as a phenomenon. See text.
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17.3.6.5 Computational approach to color constancy

There have been many computational approaches to color constancy (See Wyszecki & Stiles, 1982). A recent, well
organized and very comprehensive discussion is by Dannemiller’®®. He develops a requirement for a two stage
mechanism based on his use of three factors. He uses the spectra of Vos & Walraven as extended by Smith &
Pokorny. Unfortunately, the foundation for these spectra was based on an inadequate protocol. This results in the
Purkinje spectrum, with peak at 579-580 nm being substituted for the L-channel peak at 625 nm. He briefly
references a tritanopic confusion line as apparently drawn on the CIE Chromaticity Diagram. This should not be
depended upon (see Section 18.1.5). Finally, he uses power spectral densities instead of equivalent photon flux
densities. With these modifications, his work would agree completely with this work and would not require a
second stage. It would also remove his concern about the high correlation factor between the M-channel spectrum
and the Purkinje spectrum he used to represent the L-channel spectrum. His conclusion that a Von Kries form of
adaptation is required is confirmed here, along with the way it is implemented. His comments on ontogenetic
considerations take on a firmer foundation when interpreted in terms of this model.

It is in complete agreement with this work as far as the stage | The abstract analysis
17.3.6.6 Color constancy versus eccentricity of the visual system

The human retina consists of a mosaic of four interdigitated arrays of spectrally selective photoreceptors. The
detailed parameters of each of these arrays are not well documented. However, the effect is to provide a mosaic that
samples each of the the important features of the scene in each of four separate spectral regions. Each of these
samples is converted into an electrical signal by a separate set of spectrally selective photoreceptor cells.

All spatial signals are converted to temporal signals for transmission from the retina to the brain. In this process, all
fine image detail is converted to a temporal frequency range that insures that the resulting signal will pass through
the adaptation process successfully without degradation.

Both the spatial and spectral performance is impacted by the optimizations employed to minimize excessive
signaling requirements. Outside the foveola, the PC’s related to a specific color are grouped as part of the stage 2
signal processing prior to stage 3 signal projection. In addition, the performance of the stage 0 optical system falls
off rapidly with eccentricity relative to its optical axis. There are also other optimizations (such as the
Stiles—Crawford Effects of Section 17.3.7) that impact the performance of the system at the margins.

Connors et al. have provided excellent data on the variation in red-green sensitivity as a function of retinal position
using two spectral lights**”. Figure 17.3.6-3 reproduces their figure 3. They chose to use two spectral lights at
496.9 (half amplitude width 12 nm) and 677 (half amplitude width 13 nm). Their maximum stated luminance in ft-L
was 0.163 for the 496.9 wavelength and 0.190 for the 677 nm wavelength. The 677 nm luminance is not well
characterized by the CIE 1924 visibility function, V(L). Neither of these lights occur at or near the peak sensitivities
of the M- or L—channel photoreceptors. Thus the measurements are more suggestive than representative of any
precise measurements related to the visual modality. Their wide-field colorimeter was designed by Eastman Kodak.
They used only one half of the bipartite field of the instrument.

They assert that their 496.9 and 677 nm wavelengths are complementary, resulting in a grey null condition.
However, their discussion asserts their greys were frequently perceived as yellowish (2™ paragraph on right , page
84). This would be the expected outcome of any mixture of these two wavelengths according to Section 17.3.9.
They were apparently unaware of the functional difference between the M- and L—channels of biological vision (the
2-exciton mechanism in the L—channel, frequently described as the 2-photon effect in photography, Section 5.1.4.4).
The resultant non-linearity was not considered in the work of Connors et al.

Connors et al. described their three subjects as having normal color vision without any further discussion of their
criteria. They employed a one degree diameter field with a matte white surround illuminated to 0.1 ft-L (the lower
end of the photopic, and color constant, range). They also noted the maximum test stimuli were operated at less than

B8Dannemiller, J. (1989) Computational approaches to color constancy: adaptive and ontogenetic
considerations, Psych. Rev. vol. 96, no. 2, pp 255-266

B3’Connors, M. & Kinney, Jo Ann. (1962) Relative Red-Green Sensitivity as a Function of Retinal Position
JOSA vol 52(1), pp 81-84
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twice this value (still near the lower end of the photopic, and color constant, range). They initially set their green
illuminant to 0.056 ft-L, which is lower than the minimal luminance of the surround.

They varied their locations of measurement as
centered on the fovea (presumably the point of
fixation) and at two degree steps along the lower
vertical meridian of vision. Each stimulus was
provided to the right eye for 0.2 seconds via a rotary

shutter.

The figure clearly shows that color constancy (a ratio
of 1:1) was not maintained outside of the foveola for
any of the subjects. Beyond 12°, individual variations

became quite significant in these experiments.

Beyond 14° from fixation, none of the subjects were
able to perceive the stimulus as green (even with the
red component totally removed and the maximum

green stimulus). They provided standard deviations

for all of their plotted data points.

They attribute much of the variation in sensitivity and
matching to variations in the macula without any
discussion of the character of the macula but suggest it

is no longer a significant factor beyond 4-6°
eccentricity.

To the extent the Connors et al. experiments apply to
the luminance region of color constancy, several

conclusions can be inferred;

1. Color constancy is a feature of the 1.2° diameter

foveola.

2. Color constancy is a mechanism mediated by the
PGN/pulvinar couple and not the LGN/occipital

couple.

3. The perception of color outside of the foveola is
limited if not non-existent, with the visual modality
depending on short term memory to maintain the

perception of color within the stage 5 cognitive

engines as it relates to the periphery of the short term

field of view.

17.3.7 The Stiles-Crawford Effects

XXX Section 17.3.7 and its subsidiary sections
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Figure 17.3.6-3 Sensitivity curves for red and green for

three observers. “The spacing of the units on the ordinate
are not linear, numerically, but have been adjusted to keep
equal proportions of red and green; i.e., 3 to 1 of red/green

is equal spatially to 1 to 3 of green/red.” See text. From
Connors et al., 1962.

are a first draft. Although they lead to a logical conclusion concerning the source of the Stiles-
Crawford Effects, it may not be the only or the correct conclusion. The proposed source does lead to
rational estimates of the SCE of both the first and second kind and potentially a third kind. XXX

Stiles and Crawford reported measurements beginning in 1933 that showed the performance of the human visual
system varied with the trajectory of the light passing through the pupil and impinging on the photoreceptors of the
retina. In the cases they discussed, the light always arrived at the pupil parallel to the optical axis but at different
intercept points relative to the center of the pupil. This variation differed from the earlier assumptions that modeled
the eye after a camera (with a sensing medium that was isotropic). It was the first hint that the photoreceptors of the
eye exhibited a non-isotropic acceptance pattern like that associated with a waveguide. Stiles recognized that

potential as early as 1937.
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Later measurements explored two major areas; gross variations from the ideal Stiles-Crawford Effect and a variety
of finer variations. The gross variations have come to be related to the Stiles-Crawford Effect of the first kind. They
have suggested slightly different sizes for the acceptance pattern of the photoreceptor waveguides (based on the
diameter of the photoreceptors) and for localized variation in average alignment of the photoreceptor axes to the
incoming light. The fine variations have come to be labeled the Stiles Crawford Effect of the second kind. They
have provided additional information concerning the characteristics of individual groups of photoreceptors,
specifically related to their ellipticity, potential impact of the microtubules encroaching on the geometry of the
waveguides, and possible variations in the index of refraction of the material adjacent to the outer segments of the
photoreceptors (known as the inter photoreceptor matrix, IPM).

The Stiles-Crawford effects of the first kind (SCEI) are generally associated with the physical optics of the eye and
do not affect the perceived color performance of the visual system. Thus the effects of the first kind are frequently
discussed in the context of brightness only. Effects of the first kind have frequently been explored using wide
spectral band sources. However, the performance of the combined physical optical system and the retina of the eye
does vary with wavelength. Stiles first documented this difference at 500, 600 and 720 nanometers in 1937*%, Stiles
did not remove the absorption of the lens from his calculations describing his measured data.

Noting in their discussion of the Stiles-Crawford Effect, “there is no complete explanation for the phenomenon and
the mechanism producing it,” Snyder & Pask developed a simple theoretical model that they assert is based on a
complete electromagnetic theory analysis of a foveal cone photoreceptor®®. Their complete analysis did not consider
the interface of the photoreceptor with the optical environment from the perspective of a radiator (an antenna). It is
noteworthy, they did not remove the absorption of the lens from their calculations either. They did note the
measurements on lens absorption of Weale°,

Weale provided a set of corrected SCEI curves (his figure 7) based on the raw data of Stiles** and a simple plano-
convex model of the lens system. Unfortunately, the dashed lines in his figure 7 (not noted but for a location five
degrees into the parafovea) were based on a curve-fitting activity by Stiles and do not represent the actual data well.
The data in Stiles figure 5 of 1939 can be fit equally well by a straight line (p = 0.0 @ 430 nm & 5 degrees
parafoveal).

This could be expected from the Weale data and the absorption data of [Figure 2.4.2-3] and figure 1(2.4.6) in
Wyszecki & Stiles (1982).

The Stiles-Crawford effects of the second kind (SCEII) are generally associated with the waveguide characteristics
of individual photoreceptors. Where these characteristics are wavelength sensitive, they may impact a specific
spectrally selective group of photoreceptors more than similar groups. Thus the effects of the second kind are
frequently discussed in the context of color effects. Effects of the second kind are intrinsically associated with
narrow spectral band mechanisms and are generally evaluated using narrow spectral band sources swept across the
visual spectrum.

SCEII effects are frequently based on mechanisms that involve only limited regions of the visual spectrum.
However, when integrated over the visual spectrum and the full aperture of the eye, SCEII effects can impact
measurements intended to reflect only SCEI effects.

These effects can be further subdivided with regard to the stimulus light level. Both the photopic and scotopic
regimes were explored long ago. In general, the SCEI effects are only measured at photopic levels because of the
limitations of the instrumentation, although they are present at all illumination levels. Similarly, SCEII effects
(being narrow band effects) are very difficult to measure at low light levels, although their presence can still be
assumed.

38Stiles, W. (1937) The luminous efficiency of monochromatic rays entering the eye pupil at different
points and a new colour effect Proc Roy Soc (London) vol B123, pp 90-118

%Snyder, A. & Pask, C. (1972) A theory for changes in spectral sensitivity induced by off axis light J
Comp Physiol vol 79, pp 423-427

Lweale, R. (1961) Notes on the photometric significance of the human crystalline lens Vision Res vol 1,
pp 183-191

1stiles, W. (1939) The directional sensitivity of the retina and the spectral sensitivities of the rods and
cones Proc Roy Soc (London) vol B127, pp 64-105
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Stiles introduced the empirical estimate that the effect he described was parabolic in form. This assumption has been
carried forward without modification by Snyder & Pask and many others. After a review of the fundamentals, this
work will show that the parabolic assumption of Stiles must be abandoned in favor of the function J1(x)/x based
on first principles. This function is parabolic-like near the origin but exhibits a decreasing slope that overlays the

measured data precisely.

It has been extremely difficult to reproduce the Stiles-Crawford Effect as suggested by the collected data in Figure
17.3.7-1 Berendschot et al'*2. appear to be overly generous when they assert the figure “shows a clear common
trend.” Only the bottom curve attributed to J.M.B in Enoch & Stiles (1961) appears to justify this assertion and it is
probably overly broad due to the limited quality of the filters used during that time period. All of the filters were
probably in the 25-30 nm half-amplitude bandwidth realm. Figure 3 in their paper does not inspire confidence that
their model provides an adequate solution for understanding the SC effect.

The best available data before 2008 appears to remain
that of Enoch & Stiles (1961). They note the
differences between different individual are
considerable, although there is a qualitative similarity
in all of the curves.

Recently, Babucke has provided additional data that
will be discussed below. Making very precise
measurements, he has uncovered a subject-specific
Stiles-Crawford Effect centered near 0.55 microns
using a 2 degree target under full pupil condition and
on-axis conditions. The effect exhibits a loss in
perceived absorption coefficient on the order of a factor
of three over a wavelength interval of less than £0.01
microns (10 nm).

As this section develops, it will be clear that there are
multiple discrete Stiles-Crawford Effects.
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Figure 17.3.7-1 Wavelength dependence of the
peakedness for the retinal psychophysical SC effect.
From various researchers described in the following
reference. From Berendschot et al., 2001.

Small variation in chrominance channel sensitivities, leading to perceptual wavelength shifts for

energy received at an angle to the line of sight of the retina due to the acceptance pattern of the

Large changes in luminance sensitivity of the retina due to major changes in the modes supported

by the waveguide properties of the outer segments of the photoreceptors. These changes result in
major changes in the acceptance pattern of the OS and may result in accompanying large changes

SCEI The variation in the luminance
sensitivity of the retina to energy
received at an angle to the line of
sight of the retina due to the
acceptance pattern of the face of the outer segments.
SCEII
face of the outer segments.
SCEI
in the perceived color of the illumination.
Optical SCE

The phenomenon that light reflected from the fundus is more intense near the center of the pupil

than at the pupil’s edges. This effect may not be directly associated with the Stiles-Crawford

Effect.

“2Berendschot, T. van de Kraats, J. & van Norren, D. (2001) Wavelength dependence of the Stiles-
Crawford effect explained by perception of backscattered light from the choroid J Opt Soc Am A vol 18(7),

pp 1445-1451




Performance Descriptors 17- 87

The first two are effects due to normal conditions in the visual system and are associated with the acceptance pattern
of the face of the outer segments of the photoreceptors. The third is due to an abnormal condition observed
frequently at high wavelength resolution and associated with the waveguide characteristics of the outer segments of
the photoreceptors. The last appears to be a normal result of nearly specular reflection from the vitreous
humor/neural layer interface of the retina.

17.3.7.1 Historical background

The literature of the Stiles-Crawford Effects has grown to massive proportions in spite of the lack of an adequate
functional or anatomical model of the mechanisms involved. Most of the literature has been presented by specialists
in psychophysics and only limited backgrounds in physiology and the physical sciences. Most of the literature
between the 1940's and the 1970's can be discarded, (or reinterpreted with great care) because of inadequate models.
In 1971, Enoch & Laties struggled mightily to extend their knowledge of paraxial ray optics to the broader concepts
of full field physical optics. This was in spite of the ready availability of computer programs in the physical sciences
to perform these analyses. Even as late as 1985, Enoch & Birch chose to withdraw some of their earlier papers*#,

As an aside, it should be pointed out that the apparent aperture (observed by a clinician) of a wide angle optical
system like the human eye is not the same diameter as the actual physical aperture. Virtually all clinical
measurements have used the apparent aperture of the eye rather than the actual (or effective) aperture. As noted in
Section 2.4.1, the effective aperture of the eye varies significantly in size and position with field angle.

Most of the discussions of the waveguide character of the photoreceptors have not bothered to determine the precise
location of the optical interface between the physical optics forward of the Petzval surface (focal plane when curved)
and the physical optics of the photoreceptors (See Section 2.4.6 for details).

It has been common to use extremely simple conceptual models of the visual system and the photoreceptors and to
rely upon the CIE Standards describing the spectra of the individual chromatic channels and the CIE (1931)
Chromaticity Diagram developed for entirely different purposes. As a result, many generalized and conflicting
statements appear in the literature. Weale has provided a review of the Stiles-Crawford Effects in 1961,

Alpern provided a fifteen page review in 1986 but failed to converge on an explanation of SCEII"*. Alpern noted
the surprising character of the hue shift associated with the Stiles-Crawford Effect of the 2" kind. He reproduces
figure 7 from “the monumental paper” of Enoch and Stiles** but asserts their “ad hoc hypothesis is wrong.” Alpern
uses the term super-saturation in the sense found in the “hue, brightness, saturation” sense of the Munsell Color
Space. However, it is inappropriate to apply this term to graphics based on the highly spatially distorted space of the
CIE 1931 Chromaticity Diagram. Alpern ends by stating “It is remarkable how little understanding of the Stiles-
Crawford color effect has been achieved since Enoch & Stiles’s (1961) monumental paper almost a quarter of a
century ago.” When discussing a lecture given by Stiles, he noted that “Stiles goes out of his way to warn readers
that the fit of theory to the Enoch and Stiles data is only ‘mediocre.”” On the same page, he calls for “a fresh theory
which might deal quantitatively with the failure of Grassmann’s laws of scalar multiplication when matching an
obliquely incident test with three normally incident primaries, . . .”

It is important to point out the widely reproduced (including page 428 in Wyszecki & Stiles, 1982) figure 7 from the
Enoch and Stiles 1961 paper (and particularly the insert) is not measured data. The data points are calculated. Their
test set is described in some detail in this paper.

“Enoch, J. & Birch, D. (1985) Comment on inferred positive phototropic activity in human photoreceptors
Phil Trans R Soc Lond vol B 309, pp 611-613

Y“Enoch, J. Birch, D. & Birch, E. (1985) Photoreceptor alignment Science, vol 229, pg 708

“S\Weale, R. (1961) Notes on the photometric significance of the human crystalline lens. Vision Res. vol. 1,
pp. 183-191

Y Alpern, M. (1986) The Stiles-Crawford effect of the second kind (SCII); a review Perception vol 15, pp
785-799

“Enoch, J. & Stiles, W. (1961) The colour change of monochromatic light with retinal angle of incidence
Optica Acta vol 8, pp 329-358
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Enoch provided a useful followup paper in 19632, This paper included both photographed and theoretical
waveguide modes for the in-vitro photoreceptors of various mammalian species. However, it does not include the
acceptance field patterns compatible with these modes. He also described and discussed five potential wavelength-
separation mechanisms embodied in his discussion of the waveguide modes of photoreceptors.

1. Modal pattern variation with wavelength

2. Interactions between modal patterns

. Differences in transmissivity as a function of wavelength

. Differential leak as a function of wavelength at different levels in the receptor outer segment.
. Ratio of energy transmitted within the cell to total energy propagated.

b~ w

Enoch provided more discussion of waveguide effects in an earlier paper**. The above list is not comprehensive and
Enoch’s discussion can be considered superficial. When speaking of the distribution of energy within an outer
segment of a photoreceptor as an example, he considered transmission and scatter components but not the absorption
component. A sixth operating mode would be the acceptance field pattern of the outer segment associated with
different modes within the waveguide formed by the outer segment.

In general, any in-vivo laboratory evaluation of the Stiles-Crawford Effect will involve the psychophysical
evaluation of illuminated spots on the retina that are large with respect to the diameter of the outer segments.

Enoch also provided a very simplified optical schematic of the eye based on Gullstrand. However, it does clearly
describe the pencil beams used to evaluate the system. Based on his interpretation of Gullstrand, a 1.0 mm
displacement of the incident beam across the surface of the pupil corresponds to 2.5 degrees of angle at the entrance
aperture of the photoreceptors of the retina. This value used when the fluids of the eye are replaced by air is 3.4
degrees for the fluid filled eye.

Blaker has provided the more precise optical parameters of the human eye in optical form to predict the Stiles-
Crawford Effects'®. He notes the gradient index character of the lens and the unaccommodated back focal distance
from the second nodal point of 16.47 mm.

Burns & Elsner’® provided data in their third experiment relative to the Stiles-Crawford Effect of the second kind.
Unfortunately, their data was relatively crude compared to the original Stiles data, they limited their wavelengths to
greater than 540 nm and restricted the option in their model of the optics/photoreceptor interface. Their definition of
"effective optical density of the cones” can be expanded to the product of the radiation intensity function (see below)
of the outer segment and the actual absorption coefficient of the outer segments of the photoreceptors. They restrict
their view of the visual system to the trichromatic model instead of the zone theory model necessary to interpret the
Stiles-Crawford Effect of the second kind. Their measurements made along a vertical axis did show less change in
color with pupil displacement under hypertopic illumination conditions (5.4 log Trolands).

In 1994, Lauinger proposed a mathematical explanation of the Stiles-Crawford Effect’ It was based entirely on
Fresnel optical diffraction of a well ordered array of photoreceptors and incorporated a set of photoreceptor
absorption characteristics without reference that differ from the CIE XYZ values. Lacking a physiological
counterpart, his model cannot be taken too seriously. The arrays of human photoreceptors are now photographed
regularly (Section 3.2.3). They do not exhibit the highly ordered pattern Lauinger postulated.

Marcos & Burns proposed a statistical explanation for the Stiles-Crawford Effect based on reflectometry where the
value of rho was a function of retinal eccentricity as well as wavelength'®®. Their conclusions are worth review but
their model does not appear useful. Their values were two-times those obtained by psychophysical measurements.

“8Enoch, J. (1963) Optical properties of the retinal receptors JOSA vol 53(1), pp 71-85

“Enoch, J. (1961) Visualization of wave-guide modes in retinal receptors Am J Ophthalmol pp 1107-1118
50Blaker, J. (1980) Toward an adaptive model of the eye. J. Opt. Soc. Am. vol. 70, n0. 2, pp 220-223
B1Burns, S. & Elsner, A. (1993) Color matching at high illuminances: photopigment optical density and
pupil entry J Opt Soc Am A vol 10(2), pp 221-230

152 |_auinger, xxx (1994)

53Marcos, S. & Burns, S. (1999) Cone spacing and waveguide properties from cone directionality
measurements J Opt Soc Am A vol 16(5), pp 995-1003
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In 2002, Atchison, Scott et al. offered an analysis of the Stiles-Crawford Effect from a clinical perspective’®. They
did not recognize the variation of the effect as a function of wavelength.

Roorda & Williams offered excellent data on the SCEI for images on the retina at one degree nasal based on their
adaptive optics ophthalmoscope®®®. Unfortunately their modeling of the effect was cursory. While they say, “it was
the acceptance angle of the cone that was actually measured in this experiment.” they chose to describe this
measurement as the “angular tuning” function. They fit their data to a Gaussian function and defined rho arbitrarily
as a constant times the reciprocal of the standard deviation without regard to wavelength. They did note their values
were about two-times the values obtained psychophysically, as were those of Marcos & Burns. Their measurements
were made using only 550 nm illumination (70 nm wide filter). They did establish that variations in the effective
axis of the acceptance function of individual photoreceptors varied very little (negligibly) among small ensembles of
photoreceptors.

In 2005, Pozo, Perez-Ocon & Jimenez presented a paper and asserted the following. “Precedents are scarce for the
study of light propagation in individual retinal photoreceptors from an electromagnetic standpoint, and in fact there
is no complete study of this type available®®. They proceeded to study mode patterns within the photoreceptor
treated as a waveguide using the parabolic approximation for n developed initially by Stiles, assume an active role
for the inner segment and a crude description of the photoreceptor cell involving three coaxial cylinders.

Vohnsen has recently presented a series of definitive papers on the Stiles-Crawford Effect of the first kind™"%8 %,
While he uses the conventional but unrealistic model of a photoreceptor with the light initially entering the inner
segment, the waveguide diameters he used are quite compatible with the more realistic case of light coming to a
focus at the entrance to the outer segment (compare figure 1 in his 2007 paper with Figures 2.4.2-1 & 2.4.6-1 in
Section 2.4). His waveguide diameters decreased to the area of 1.5 microns as the papers evolved. He only
addressed the on-axis condition. He did transition from an initial Gaussian illumination to a Maxwellian
illumination in his section 5.

Enoch and Stiles showed that optimum visual performance was not always associated with rays passing through the
center of the human pupil. They also showed significantly different color change performance with retinal angle of
incidence for their two subjects, JIME and JMB. Babucke has also, and recently, encountered significant differences
between his subjects.

17.3.7.2 Defining the Stiles-Crawford Effects

The comment of Snyder & Pask (1973) remains appropriate today, “Although this subject has received considerable
attention throughout the last 35 (now 60) years, there is no complete explanation for the phenomenon and the
mechanism producing it.” “ To be taken seriously, a theory must explain the wavelength variation of p(%), i.e. the
whole complex structure of the experimental curves given by Stiles (1937).” Snyder, who is a mathematician, has
spent many years studying the effect with limited success in reaching the above goal. His work was limited by the
limited knowledge of the histology and the index of refractions of the photoreceptor elements of his day (see
Figure 2.2.2.6). Unfortunately, Snyder frequently published papers that relied upon his earlier (or later) papers but
without providing appropriate citations.

While the literature contains multiple conceptual descriptions of the Stiles-Crawford Effects, no deterministic
definition could be found. In the case of SCEI, the claim that it is independent of wavelength and therefore only a
“brightness” effect is in error. As this Section will develop, the SCEI is a wavelength controlled phenomenon that is

BS4atchison, D. Scott, D. et al. (2002) Influence of Stiles-Crawford apodization on visual acuity J Opt Soc
Am A. vol 19(6), pp 1073-1083

SRoorda, A. & Williams, D. (2002) Optical fiber properties of individual human cones J Vision vol 2, pp
404-412

1%Pozo, A. Peres-Ocon, F. & Jimenez, J. (2005) FDTD analysis of the light propagation in the cones of the
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not observable by psychophysical means because the individual spectral signals at the output of the photoreceptor
cells track each other, resulting in no chromophoric channel signals (See Chapter 13).

The recent papers of Vohnsen develop and describe the Stiles-Crawford Effect of the first kind in detail.

The following quote from Enoch & Stiles provides the most definitive description of the Stiles-Crawford Effect of
the second kind, SCEII, based on their subject J.M.E. “It is clear that for this subject the SC Il colour shift consist of
a hue change towards the red and probably a slight desaturation for longer wavelengths (A>530 my). There occurs a
reversal of the direction of the hue shift and a change from desaturation to supersaturation in the region 530 to 505
mm approximately, and a second reversal of the hue shift, which again is towards long wavelengths, accompanied by
supersaturation, as the short wavelength end of the spectrum is approached.” Their wording was established based
on their plotting of their observed effect on a Chromaticity Diagram that was not the CIE (1931) standard. They
described the equi-energy white point (based on wavelength as red (horiz. Axis) = 0.26, green (vert. axis) = 0.4.
They did not describe the nominal absorption characteristics used in their work, A, B & C although it can be
assumed they were close to the imaginary primary stimuli, X, Y & Z (as noted on page 138 of Wyszecki & Stiles,
1982). They used an otherwise undefined V(sub-\) as the mid wavelength absorption characteristic. The saturation
level is defined in terms of the distance from the equi-energy white point to the data point compared to the distance
from the equi-energy white point to the spectral locus. The extensive calculations (based on linear algebra)
employed by Enoch & Stiles (and earlier by Stiles) makes comparisons with a modern theory difficult. Changes by a
factor of three in their brightness calculations are not compatible with their linear assumption.

Walraven & Bouman have commented on the papers in which Stiles participated'®®. They note the narrowness of the
conceptual models he explored.. They were generally limited to changes in the relative peak sensitivities of the
individual spectral channels without serious consideration of any change in the shape of the individual spectra or of
any mechanism independent of the chromophores themselves. Walraven & Bouman explored the possibility of
leakage through the wall of the individual photoreceptor as a function of incident angle of excitation using a simple
waveguide with inner and outer segments. This allowed some changes in the widths of individual spectral
characteristics. However, no mechanisms leading to narrowband changes in absorption were considered. While
they assume Pitt’s spectral curves, which are similar to those proposed in this work, their discussions based on the
optical density of dilute solutions of the chromophores appear irrelevant to the modern realization of their liquid
crystalline nature. Their theoretical hue shift was based entirely on their conceptual development of equation 3.

The idea of the Stiles-Crawford effect originating from a mechanism separate from the chromophores or leakage
through the walls of a waveguide appeared in the 1970's. Snyder & Pask (1972)%! asserted, “The spectral sensitivity
o(A) of the photopigment contained within a photoreceptor is not directly related to the receptor cell spectral
sensitivity S(A) measurements. Instead, both S(A) and the diffraction properties of the photoreceptor (defined as
T(A)) must be known to find a.(X).” Figure 1 in that paper appears to rely upon a 1973 paper submitted originally
with a different title'®.

Snyder, writing in Snyder & Menzel has discussed some of these first order considerations from a graphical and
mathematical perspective’®®. The analyses was extended by papers of Snyder & Pask®, and Stacey & Pask®>¢®,
However, their analysis also treats the inner segment as a waveguide and discounts any lens action on the part of the

%walraven, P. & Bouman, M. (1960) Relation between directional sensitivity and spectral response curves
in human cone vision J Opt Soc Am vol 50(8), pp 780-784

815nyder, A. & Pask, C. (1972) A theory for changes in spectral sensitivity induced by off axis light J
Comp Physiol vol 79, pp 423-427

82Snyder, A. & Pask, C. & Mitchell, D. (1973) Light-acceptance property of an optical fiber J Opt Soc Am
vol 63(1), pp 59-64

835nyder, A. (1975) Photoreceptor optics: Theoretical principles. In Photoreceptor Optics, Snyder, A. &
Menzel, R. ed. NY: Springer-Verlag, Section A.2

84Snyder, A. & Pask, C. (1973)The Stiles-Crawford Effect—explanation and consequences. Vision Res. vol.
13, pp 1115-1137

%5Stacey, A. & Pask, C. (1994) Spatial frequency response of a photoreceptor and its wavelength
dependence. 1. Coherent sources. J. Opt. Soc. Am. A. vol. 11, no 4, pp 1193-1198

1%8Stacey, A. & Pask, C. (1994) Spatial frequency response of a photoreceptor and its wavelength
dependence. 11 Partially coherent sources. J. Opt. Soc. Am. A. vol. 14, no 11, pp 2893-2900
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ellipsoid. They were well aware of the steps they took to idealize the configuration of the photoreceptor cell for
purposes of their analyses. They also use the term coherent to refer to the spatial coherence (collimation), not the
spectral coherence, of the light.

[Figure 2.4.6-1], reproduced here as Figure 17.3.7-2, illustrates three distinctly different potential configurations of
the Petzval, focal plane interface. (a) shows the configuration used by Snyder, etc. The recent micrographs of
Section 4.2 & 4.3 provide evidence suggesting that the inner segment does not act as a waveguide feeding the outer
segment in most (if not all) of the retina. However, their analyses are applicable to the outer segment acting alone as
a waveguide. The recent optical tomography of Gao, Cense et al. also fails to show any significant role for the inner
segment in the optical Stiles-Crawford effect (Section 17.3.7.7). (b) shows a configuration with the ellipsoid, with
its significantly different index of refraction from the rest of the inner segment, acting as a field lens for its
associated outer segment. (c) shows the inner segment not participating at all in the optical schematic. In this case,
the extrusion zone where the disks are formed may act as the end surface of the outer segment waveguide, or as a
lens in contact with the first surface of the waveguide.

It is interesting, regarding point 4, that the F/# is quite ‘fast’ in the eye and this makes it very difficult for a
waveguide to capture all of the photons efficiently. It is also a fact that there are two structures associated with the
photoreceptor cell that could aid in photon absorption by the OS. In many animal eyes there is a small ellipsoid near
the junction of the inner and outer segments of the photoreceptors. This ellipsoid is in the exact optimum position to
act as a collimating lens at the entrance to the photoreceptor waveguide. This would change the radiation bundle to a
very ‘slow’ F/# and aid photon capture immensely. It could be considered a second individual field lens placed
directly in front of its own photoreceptor. These small spherical lenses would form a two dimensional lenticular lens
array as shown in Figure 17.3.7-2. The optical bundle shown at the upper left in this figure corresponds to an F/2
optical system. The crossing dashed lines represent the Petzval surface of the optical system in the absence of
diffraction. In the real case, the optical bundle would never reduce to a zero diameter at the Petzval surface. In the
absence of an ellipsoid, the extrusion cup of the Inner Segment could also act as a condensing lens if the material in
the cup had a higher index of refraction than the material of the IS itself. This change would only require the Petzval
surface of the optical system be moved slightly to the right to preserve optimum focus. This situation is shown for
the lower optical bundle.

Points 3. and 2. are easily met if the outer segments are cylindrical after extrusion by the mechanisms of the inner
segments. These points are not easily satisfied by a conical shaped structure, particularly if the diameter of the cone
decreases below a few wavelengths of the light at any point.

It must be recognized that the longer wavelength of red light may lead to poorer performance of the waveguides of a
given diameter. This is apparently not true as will be shown later where the human eye is seen to perform according
to theory out to wavelengths beyond 1.0 microns without any requirement to account for a “waveguide cutoff”
effect. It must also be recognized that the outer segments will appear to be “resistively loaded” waveguides, i. e.
from an antenna theory point of view, the photon absorptive material inside the waveguide is equally spaced and
separated by a material of a lower index of refraction. The combination will act similarly to a resistive filter. On the
other hand, abrupt changes in diameter or of the average index of refraction over multiple wavelength intervals will
appear as “reactive loads” and generally hurt overall performance.
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Figure 17.3.7-2 Alternate optical configurations applicable to the retina. The chromophoric material extends five
times farther to the right than shown. Optical bundle (a) is positioned for the case of the inner segment acting as a
waveguide transitioning in the vicinity of the ellipsoid to the outer segment, also acting as a waveguide. For this
case, the inner segment also extends five times farther to the left than shown. Optical bundle (b) is positioned for the
ellipsoidal case. Lenticular array of small lenses in front of each photoreceptor Outer Segment. Each lens may be a
single element, the ellipsoid or the parabolic element formed by the extrusion cup, or a two element system
consisting of the ellipsoid and associated paraboloic surface. (c) is positioned for the parabolic case. In the absence
of either field lens, much of the light incident on the Outer Segments would follow the dashed lines. The contrast of
the resulting image would be significantly reduced.

Van de Kraats et al. have provided a strictly block diagram form of frame (a) the above figure®®”. However, as noted
above, the inner segment (the cone shaped part of their photoreceptor) need not be in the optical path of the incident
light. They show this element as operating as a funnel to concentrate the light from a 3.5 micron entrance aperture.
Such an aperture is not compatible with the measured aperture of the photoreceptors photographed by the Roorda
and Williams team (Section 4.2 & 4.3).

The literature contains a wide range of superficial definitions of the Stiles-Crawford Effects. The author’s of these
definitions frequently extrapolate their ideas without supplying an underlying model to defend them. The

$7Van de Kraats, J. Berendschot, T. & van Norren, D. (1996) The pathways of light measured in fundus
reflectometry Vision Res vol 36(15), pp 2229-2247
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fundamental effect (SCEI) is a perceived variation in the brightness of small scene when imaged by light passing
through different regions of the pupil onto the same area of the retina. This effect is a function of the wavelength of
the light used but it is independent of any variation introduced by the lens system or the chromophores of the
photoreceptors.

As a consequence of the above sensitivity and the subsequent neural signal processing in vision, there is also a
second effect (SCEII), the perceived shift in the hue of the scene as a function of the light passing through different
regions of the pupil. The effect is now recognized as a result of a variation in the “acceptance” of the light
impinging on the ends of the outer segments of the photoreceptors of the retina as a function of angle relative to the
axis of the outer segments. This variation is related primarily to the chromophore-filled outer segment acting as an
optical waveguide.

The Stiles-Crawford Effects are also observed following integration of the light passing through all regions of the
pupil. However, the perceived effect is less prominent unless the light is monochromatic. If measured
monochromatically using the full aperture of the pupil, the Stiles-Crawford Effects can be quite prominent.

17.3.7.2.1 A definition of the Stiles-Crawford Effect of the first kind

The Stiles-Crawford Effect of the first kind (SCEI) is defined as the relative variation in illumination efficiency of
the normal eye as a function of the distance of the aperture used to define the uniform plane wave of light from a
collimated source exciting the system relative to the center of the pupil under paraxial conditions and the wavelength
of exciting light. The function is dependent on the state of accommodation and the back focal distance of the eye.
The SCEI is a projection of the underlying acceptance function of the outer segments of the photoreceptors acting as
optical waveguides to the first principle plane of the optical system. As waveguides, their acceptance function is a
function of both the spectral wavelength of the exciting light and the effective diameter of the waveguides.

For purposes of this work, the empirically measured SCEI represents the combination of the intrinsic SCEI
multiplied by the intrinsic absorption coefficient of the optical system as a function of wavelength.

As noted earlier, the signals at the output of individual (as well as adjacent groups of ) spectrally selective
photoreceptors vary with aperture position and wavelength. However, the variation among the different spectrally
selective photoreceptors track each other as a function of wavelength. As a result of the, the chromophoric channels
of the neural system do not exhibit measurable net differences and no chromatic effect is perceived by the observer
psychophysically.

17.3.7.2.2 A definition of the Stiles-Crawford Effect of the second kind
The Stiles-Crawford Effect of the second kind is XXX

17.3.7.3 Foundation of the Stiles-Crawford Effects

When discussing the source of the Stiles-Crawford Effects, the most famous dilemma of optical physics is
encountered. The absorption of light by the chromophores is most easily discussed using the particle theory
of light. However, the acceptance of light by the outer segments acting as waveguides are most easily
discussed using the wave theory of light.

As a general rule, geometrical optics can not be used to describe the action of light beyond the Petzval
Surface, the point of entry of light into the individual photoreceptors.

Enoch provided a schematic of the visual system when he discussed the Stiles-Crawford Effects. However, Figure
17.3.7-3 provides a more appropriate version. It stresses the light rays approaching the eye are essentially parallel.
It also stresses the fact the artificial pupil in front of the eye is distinct from the real pupil (and the actual aperture
stop formed by the iris located between the cornea and the lens). The artificial pupil can be moved to change its
displacement (D) and its diameter (d) arbitrarily within the real pupil. Changes in the diameter of the artificial pupil
also varies the maximum angle of the ray bundle (®). Not shown explicitly is the fact the pupil observed by a
clinician is larger than the actual aperture stop formed by the iris in a wide field optical system. The lens exhibits
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significant absorption as a function of wavelength and as a function of the thickness of the zone traversed by the
exciting light. No accepted equation for this absorption was found in the literature.

The acceptance field patterns of the photoreceptors are shown in the figure. They will be discussed further in
Section XXxx.

As shown, the acceptance field pattern labeled “HE,,; mode” is the field pattern of the majority of the photoreceptors
in the normal eye. It is the pattern that accounts for the curvature of the measured SCEI effect. If the centerline of
this pattern is not pointed directly at the center of the exit pupil of the physical optics, the centerline of the measured
SCEI function will exhibit a displacement from the nominal center of the entrance pupil. Such displacements are
normally less than one millimeter, suggesting a misdirection of less than 2.5 degrees.

Rays from
Scene Ng

-n

Distance from corneal pole in mm

Figure 17.3.7-3 A full theoretical eye schematic for discussing the Stiles-Crawford Effects. An artificial pupil is
inserted near the cornea. The diameter (d) and the displacement (D) of this pupil can be varied as part of the
experiment. The light from the scene approaches the eye as essentially parallel rays, contributing to the partial
coherence of the light rays traveling within the eye. The index of refraction of the vitreos fluid (n,) is considerably
different than that of air (n,) resulting in an immersed optical system. Two distinct photoreceptor acceptance
patterns are shown to aid discussion in the text.

The acceptance pattern labeled “TEO,1 or TMO0.1 mode” is illustrative of a variety of acceptance patterns that exhibit
a null along the axis of the pattern, including that related to the HE,, mode. These patterns are frequently
wavelength specific and cause rapid changes in the spectral performance of the eye as a function of wavelength. Itis
these patterns that account for the SCEII and may contribute to the measured values for the SCEI.

Changes in the displacement (D) change the angle of intercept (the eccentricity) of the ray bundle (¢) relative to the
axis of the eye. [Figure 2.4.1-4] shows the configuration of the retina near the point of intersection of the ray bundle
and the photoreceptors.

Measurements of the Stiles-Crawford Effects have traditionally been made on a differential basis, comparing the
effect at a specific displacement with the effect at a reference displacement.
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Section 2.2.2 discusses the fact that the optical axis and the visual axis do not correspond in the human eye. Enoch
and Stiles (pg 336, 1961) also noted that the point of entry for perceived visual response did not always correspond
to the center of the natural pupil.

It is not known precisely how the optical rays from the pupil are intercepted by the photoreceptors. Neglecting for
the moment the fact that the neural tissue in the optical path can act as a field lens, the rays can be intercepted by
several elements of the individual photoreceptors described in Section 2.2.2. A key factor is whether the optical rays
are diverted by the ellipsoid within the inner segment of the cell, possibly by the shape of the extrusion chamber
creating the disks of the outer segment, or by the surface of the first disk. In an appendix, Enoch (1963) has
considered the case where the potential for re-collimation is ignored and internal reflection within the outer segment
is the controlling factor. In his case, he calculated the acceptance angle of a photoreceptor as between £10° and +19°.
He also notes, using a simplified Gullstrand model, that the subtense of an 8 mm entrance pupil is £10° at the retina
(for the non-immersion model, f = 22.2888 mm). For the immersion model, the image focal length is f = 16.6832
and the angle for an 8 mm entrance pupil becomes nearly 14 degrees.

The variation of the psychophysical sensitivity of the eye as a function of the entry point of the light relative to the
center of the entrance pupil is described as the Stiles-Crawford Effect of the first kind.

Section 2.4.6 discusses several potential arrangements of the retina from the optical perspective. [Figure 2.4.6-1]
shows several possible re-collimations of the incident optical rays from the pupil at the photoreceptors. The recent
in-vivo photo-micrographs of the human retina show the ends of the photoreceptors as spherical (Section 3.2.3).
However, these images do not resolve where the spherical surface is located with precision. Based on these images,
it can be assumed that the outer segments of the individual photoreceptors are cylindrical structures terminated at
their receiving end by a spherical end cap. Based on the observations of Enoch in 1963, it can be further assumed
these cylindrical structures act as optical waveguides and the end caps act as an impedance matching section, or
antenna in the terms of an electrical engineer.

17.3.7.3.1 Waveguide nomenclature
xxx move most of this to Section 4.3.4.2.1 Outer Segment as a waveguide but raise section to three digit level xxx

Care must be employed when addressing the outer segments as waveguides. As in journal articles, the available
textbooks frequently over-generalize the actual situation in their introductory remarks to individual chapters. Most
textbook material on waveguides has been prepared for communications purposes. Ghatak & Thyagarajan have
provided the most comprehensive discussion of waveguide theory in the context of fiber optics'®®. Their second
book provides a condensed discussion that employs less mathematical rigor®.

In those applications, the modulation of one or a few carriers is narrowband and the attenuation over distance and the
group phase delay of the fiber are of primary importance. In the application of waveguide theory to the
photoreceptors of vision, an entirely different set of conditions are of interest. The acceptance of very broadband
signals and the acceptance angle associated with those frequencies at the end of the waveguide are of major
importance. Because, the total length of the guide is measured in microns, the attenuation and group delay are of
negligible concern. Comments that single mode waveguides only support one wavelength at a time usually are
discussing a series of harmonically related wavelengths.

Figure 17.3.7-4 defines the acceptance angle of a cylindrical dielectric waveguide. Of particular importance is the
angle 6, and the index n,. The angle is measured in the medium exterior to the waveguide, and the medium is not
necessarily the medium of the either part of the waveguide. Briley has provided a simple analysis leading the the
definition of the critical angle, 6, in terms of the various indices shown when n, = 1.0"°. This is not the case in the
eye and his equation 2.9 should be used instead of equation 2.10. Equation 2.9 defines the numerical aperture (NA)
of the waveguide.

%8Ghatak, A. & Thyagarajan, K. (1998) Introduction to Fiber Optics. Cambridge: Cambridge Univ Press
%Thyagarajan, K. & Ghatak, A. (2007) Fiber Optics Essentials. NY: Wiley
1°Briley, B. (1988) An Introduction to Fiber Optics System Design. NY: North-Holland
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n 12
NA = sing, = n_l '(1— [(n2 /n;)sin 6?2]2) Eq. 17.3.7-1
0

where 0, = =/2 at the condition for total internal reflection. Only light entering the waveguide within the numerical
aperture can propagate along the waveguide. Of course, light rays entering a waveguide are not constarined to be in
a plane including the axis (meridional rays). A significant proportion of the launched power will in fact follow paths
described as skewed.

The outer segments consist of a periodic structure of disks of largely unknown index of refraction. Only a nominal
average index of refraction is available for the outer segment. However, the area surrounding the outer segment has
a more consistent index of refraction.

Enoch provides a series of outer segment waveguide
patterns photographed in-vitro. They suggest an outer
segment diameter of about 3.5 microns. This is much
larger than the one micron diameter outer segment size

used by Snyder & Pask'™. A value of two micron n, :CLADDING
nominal diameter has been used as the nominal iy
diameter of the outer segment in this work. FQ)

An important question becomes how effective is the
impedance matching section, or antenna, in accepting
the incident light and directing it into the outer segment
of each photoreceptor? If the end cap is effective in
converting the incident light to a plane wave traveling
along the axis of the outer segment, the question then
becomes what mode of propagation is found within the
outer segment operating as a waveguide? Enoch
defined and described these modes. His mode
terminology may be suspect and more recent texts
should be consulted. The literature has referenced
Snitzer with regard to the relevant mode
nomenclature'’?. However, they have seldom, if ever,
referenced Snitzer and Osterberg where the key to

understanding the operation of the photoreceptors is to

be found™™. These two papers plus a comment in Figure 17.3.7-4 The acceptance angle condition for total
Kruger et a|174 deﬂne the Character Of the mechan|sms int_ernal reﬂection at the COI‘e/Cladding interface. From
underlying the Stiles-Crawford Effects. Briley, 1988.

Snitzer defined the modal situation within a cylindrical dielectric waveguide for the first time in 1961 and provided a
logical extension of the nomenclature used in metallic waveguides to the dielectric waveguide case. Dielectric
waveguides can only support TE,,, and TM,,, modes individually. However, they can support a wide variety of
hybrid modes described as EH , or HE ., , modes where the first capitol letter indicates the largest of the transverse
components. The first subscrlpt’yndlcates “fie order of the Bessel function and the azimuthal mode number. T

he second subscript indicates the root of that Bessel function. A mode of particular importance is the HE, ; mode as
it exhibits no cutoff frequency as the square of the frequency approaches zero. Snitzer & Osterberg focused on the
HE, ;, TE,, and TM,,, modes, as did Enoch in 1963. The critical point discussed by Snitzer & Osterberg, and not by
Enoch, was that the mode patterns within the waveguide were analogous with the radiation pattern at the terminus of

Snyder, A. & Pask, C. (1973) The Stiles-Crawford Effect—explanation and consequences. Vision Res vol
13, pp 1115-1137

723nitzer, E. (1961) Cylindrical dielectric waveguide modes J Opt Soc Am vol 51, pp 491-498

13gnitzer, E. & Osterberg, J. (1961) Observed dielectric waveguide modes in the visible spectrum J Opt
Soc Am vol 51, pp 499-505

74Kruger, P. Lopez-Gil, N. & Stark, L. (2001) Accommodation and the Stiles-Crawford effect: theory and a
case study Ophthal Physiol Opt vol 21(5), pp 339-351
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the waveguide (in the absence of any waveguide cap). This radiation pattern described the acceptance pattern of the
photoreceptor (based on the reciprocity rule of antenna theory).

The HE, ,, mode is the only mode in a small dielectric waveguide with a forward lobe in the radiation pattern. The
HE, , mode is the only mode in a dielectric waveguide with a forward lobe and no cutoff frequency. Snitzer &
Osterberg note; “To excite the pure HE modes requires the incoming energy be centered well on the axis of the
photoreceptor. » However, they provided no value for this requirement. It appears they mean the axis of the
incoming radiation must be parallel with that of the fiber. Snitzer & Osterberg also studied the polarization
properties of these modes.

Figure 17.3.7-5 shows the field patterns within the HE, ; mode dielectric waveguide according to Briley. The field
lines completely fill the cross section at equal intensity as shown in the energy density photograph obtained by
Snitzer & Osterberg.

A cylindrical dielectric waveguide is a conduit and not
asource. Itis capable of propagating a polarized wave
with its E-field at any angle perpendicular to the axis
of the guide. As a result, it is able to propagate
multiple polarized waves at arbitrary angles. As a
conduit, it is capable of propagating an elliptical or
circularly polarized wave equally well.

In 1971, Gloge presented an analysis of propagation in
“weakly guiding fibers” that were dielectric
waveguides. He made use of multiple sophisticated
approximations and built on the earlier work of
Marcatili, He introduced an alternate to the HE, ,
notation'. He defined the modes of a waveguide as
linearly polarized modes (LP). He noted that each
LP,,, with I>1.0 comprises four distinct modes based
on the earlier EH, TE & TM notations. He also
provided a graph equating these two sets of
nomenclature that has been reproduced widely. Figure
17.3.7-6 reproduces the graph in an expanded form that
includes a nomograph for calculating the normalized
frequency, v. For a value of v such that 0< v < 2.4048,
only the HE,; mode will propagate in a circular
dielectric waveguide.

Figure 17.3.7-5 Field distributions for the HE, ; mode in a

The nomograph allows one to quickly visualize the dielectric waveguide. From Briley, 1988.

value of v for typical sizes of outer segments. The

value of 0.195 is the root of the difference in indices of refraction defined in the next paragraph. The most
demanding case is based on the need for the small mammalian eye to operate at wavelengths down to 0.3 microns in
the ultraviolet. The calculated v for even a four micron diameter outer segment is only 0.82 This is a factor of three
below the cutoff value for the HE, ; mode of v = 2.4048. For longer wavelengths, additional margin is available.
The line with 0.7 microns in the diameter is the worst case asymptote for normal vision on the long wavelength side.
The nominal two micron diameter outer segment of this work is safely within the HE, ; mode region.

Gloge, D. (1971) Weakly guiding fibers Appl Optics vol 10, pp 2252
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Figure 17.3.7-6 Bessel function solutions indicating various modes of propagation. Both LP, HE, TM and TE mode
nomenclature is shown. The horizontal axis represents the value of v, the normalized frequency. Also shown is the
nomograph for calculating v as a function of outer segment diameter using 0.195 for the value of the root of the
difference in indices of refraction for the worst case wavelength of 0.3 microns.

The LP,, mode is shown to be identical to the EH,; mode. This mode is known to exhibit zero cutoff frequency no
matter what underlying parameters it exhibits. One of these parameters is the normalized frequency, v.

v=ak,(n?-n2)"? o v=(ad, /A)(n? - ni)"? Eq. 17.3.7-2

where a represents the radius of the waveguide core, d, represents the diameter, n, is the index of refraction of the
outer segment (or core) and n, is the index of refraction of the surrounding inter-photoreceptor matrix, the IPM (or
cladding if appropriate). k, is the free space wavenumber, w/c.

An early set of indices for a mammalian photoreceptor cell appears in Figure 2.2.2-6 of Section 2.2.2.3. Snyder &
Pask (1973, Vision Res) reviewed the literature and noted that reliable indices of refraction for the human
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photoreceptors and their environment were not available. They noted three decimal place accuracy is required for
serious optical calculation. After reviewing the other mammalian data available, they chose a nominal set of values.
Values for the indices of refraction of interest are shown in Table 17.3.7-1.

Table 17.3.7-1
Indices of refraction for biological waveguides
Vitreous humor Inner Segment  Outer Segment IPM Source
nO ninner nouter n2
1.336 1.353 1.430 1.340 Snyder & Pask, 1973, Vohnsen
used in 2005

A very careful analysis of the optical path at the entrance to the outer segments should include an index of refraction
for the neural tissue between the vitreous humor and the outer segments.

As discussed earlier, this work does not support a significant role for the inner segment in visual photodetection.
And as Snyder & Pask noted the value of 1.430 was quite speculative. The index of the outer segments is likely to
change with the state of adaptation of the chromophores. This work will use the value of 1.430 for the probable
value of the index under scotopic illumination in the laboratory. A lower value for the index of the outer
segment, approaching 1.353, will be used under photopic illumination. The lower value assumes less than 10%,
and generally less than 1%, of the chromophore remains active at any given instant.

The in-homogeneity of the outer segment is illustrated in [Figure 4.3.4-2]. It is proposed that the index of refraction
in the photopic regime is dominated by the protein material of the disks (a region of low chromophore absorption
coefficient). Similarly, it is proposed the index of refraction is dominated by the index of refraction of the
absorption material in the scotopic regime. Hence, the state of adaptation of the system is an important parameter in
measurements of the stiles-Crawford Effects.

Beginning in the late 1970's, the Ghatak school*® adopted and widely publicized the alternate notation of Gloge. To
be perfectly clear, it should be recognized that a cylindrical dielectric waveguide is a conduit that is not restricted to
the propagation of linear polarized waves. It is quite capable of propagating elliptical and circular polarized waves.
The EH notation of Snitzer is preferred when discussing the waveguides of the photoreceptors of vision.

While the index of refraction of the outer segments of photoreceptors varies periodically based on the internal disk
structure and probably varies radially near the edges of the disks, only homogeneous outer segments of constant
index of refraction will be addressed in this section.

Kruger et al. assert that Enoch noted in 1961 the abrupt changes in mode as the angle of excitation of the waveguide
changed. This is very significant because it suggests rapid mode changes are possible during a spectrographic
examination of individual photoreceptors. These mode changes are independent of the absorption characteristic of
the chromophores present and are determined primarily by the diameter and ellipticity of the outer segment. These
changes may also be induced by other geometric features (locations of neural microtubules—dendrites) or
abnormalities of the disk stack of the outer segment. Changes in these parameters of the photoreceptors may be local
and subject specific.

In all experiments evaluating the Stiles-Crawford Effects, it is important to note that the spot imaged on the
retina is much larger, typically, 0.35 mm, than the diameter of individual photoreceptors, typically two
microns (or small groups of receptors). Thus the perceived response is always in response to signals from the
sum of a large number of photoreceptors! As a result, the perceived effects are typically the result of
averaging the signals from an ensemble of photoreceptors. This ensemble averaging tends to obscure the
depths of potential nulls in the data.

Snyder & Pask provided what they called “a complete electromagnetic theory analysis of a foveal cone
photoreceptor, including the effects of the tapered inner segment (or ellipsoid) and the absorbing photopigment in
the outer segment.” However, their paper does not contain the analysis of their configuration. It only cites a number
of individual papers. Their figure 6 claims to show the magnitude parameter (or the peakedness parameter), as a

8Sodha, M. & Ghatak, A. (1977) Inhomogeneous Optical Waveguides. NY: Plenum Press
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function of wavelength, based on an unspecified summation of multiple wavelength modes. Their theoretical curve
appears much wider than the Stiles data.

Snyder & Pask predict a shift in center wavelength of the local minimum equal to 3% of the center wavelength (15-
20 nm) for a change of 3% in the diameter of the outer segment (range 540 to 570 nm). This highlights the
variability in the local minimum reported by Enoch and Stiles and also seen between their data and the more recent
data of Babucke using filters in the 10 nm half-amplitude bandwidth range. A similar shift is seen for a change of
0.5% in the average index of refraction of the outer segment. Changes in the inner segment diameter did not affect
their calculated local minimum in the magnitude parameter.

Both Snyder & Pask and van de Kraats et al. base their analyses on a photoreceptor configuration in which the outer
and inner segments share a common axis. As seen in [Figure 2.4.2-1] this is not the general condition in the human
and other mammalian retinas. The inner segments are typically aligned perpendicular to the sclera. However, the
outer segments are aligned to point toward the center of the pupil. Only within the foveola are these two axes
parallel. As suggested by the physical arrangement of the eye, the inner segments play no significant role in the
optical performance of the visual system.

17.3.7.3.2 Recorded mode patterns in real photoreceptors

Enoch first presented photographic records of mode patterns at the terminal end of outer segments in a series of
papers'’717817918 - The first two papers are preparatory while the last two are substantive.

17.3.7.3.3 Potential interference within the optical path

It was noted earlier that the incident radiation at the photoreceptors might be partially coherent. Interference
between the outer rays of a ray bundle could cause an interference pattern across the illuminated field. Such a
pattern would exhibit a periodicity that is not observed in Stiles-Crawford Effect measurements.

For very high order optical modes (very short wavelengths within a 2 micron diameter outer segment) within
individual photoreceptors, a multi-null acceptance pattern could be encountered showing nulls at multiples of a
fundamental angle. This effect has not been observed in Stiles-Crawford experiments.

17.3.7.3.4 Potential interference within the acceptance pattern

A waveguide operating in the TE,, or TM,, mode can exhibit an acceptance pattern with a null along its axis. Such
an outer segment could reject a majority of the light impinging on it parallel to its optical axis. While a single outer
segment operating as such a waveguide would not be important by itself, it could affect the total energy accepted by
an ensemble of outer segments (the situation present in Stiles-Crawford experiments). This effect could become
important in the case where a large number of outer segments showed a preference for and changed to the TM,, or
TE,, mode at specific wavelengths defined by the diameter of the outer segments. This may be the situation in the
case of KM discussed below.

The electrolytic theory of this work provides a new foundation for explaining the Stiles-Crawford Effect at a new
level of precision.

"Enoch, J. (1960) Waveguide modes: are they present and what is their possible role in the visual
mechanism? J Opt Soc Am vol 50(10), pp 1025-1026

8Enoch, J. (1961a) Visualization of wave-guide modes in retinal receptors Am J Ophthalmol pp 1107-1118
Enoch, J. (1961b) Waveguide modes in retinal receptors Science vol 133, pp 1353-1354

18Enoch, J. (1961c) Nature of the transmission of energy in the retinal receptors J Opt Soc Am vol 51(10),
pp 1122-1127
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The electrolytic theory employs the sum of the logarithms of the photoreceptor signals concept to describe the
luminance performance of the visual system. Grassmann’s Law is the small signal approximation to the sum of the
logarithms concept. The electrolytic theory also employs the actual absorption spectra of the photoreceptor
chromphores. These spectra differ significantly from the CIE XYZ spectra and differ significantly from the spectral
fundamentals championed by the Stockman school. The accuracy of the proposed chromophoric spectra have now
been confirmed to an accuracy of +0.002 microns in the work of Babucke.

The electrolytic theory also defines the neural signal processing accomplished within the human visual system. This
signal processing describes a luminance signal path (the R— channel) and a separate pair of chrominance signal paths
(the P— and Q—channels). The description of the R—channel highlights how the Stiles-Crawford Effect of the 1% kind
occurs. Similarly, Stiles-Crawford Effect of the 2™ kind in the 532 to 625 nm range can be explained by the spectral
performance of the Q—channel. The less well studied Stiles-Crawford Effect of the 2" kind in the 437 to 532 nm
range can be explained by the spectral performance of the P—channel.

17.3.7.4 Stiles-Crawford Effect of the 1° kind-a variation in brightness sensitivity

Stiles fitted the simplest second order function (a parabolic function) to the nominally symmetrical data he collected
concerning the sensitivity of the visual system to collimated light of uniform intensity and parallel to the axis of the
eye entering the eye as a function of distance from the center of the pupil. He recognized as early as 1937 that the
data points deviated from the parabolic form with distance from the center of the pupil. No reason for this deviation
was proposed. In the earliest work, Stiles used a normalized linear function to describe the illumination efficiency
function, n. In his 1937 paper, he defined nj as follows. “The relative luminous efficiency n of a ray entering
through a particular point of the pupil to be inversely proportional to the physical intensity required to produce a
given subjective brightness.” He then introduced the exponential form to support measurements related to absolute
illumination sensitivity.

R
n=10"" Eq. 17.3.7-3
where p is a function of wavelength and r is the distance from the center of the pupil.

Stiles was well aware that the value of p varied with the wavelength of the light employed and provided a table of
values for p(1)™®'. He also reported an asymmetry in the system that caused the peak sensitivity of the visual system
to be offset from the center of the pupil. Stiles described the offset as 0.5 mm temporally and 0.5 mm upward from
the center of his left pupil. The literature usually describes the horizontal offset as 0.5 mm temporally from the
center of the pupil although the average of his measurements was 0.6 mm.

No more functionally based formula for the Stiles-Crawford Effect of the first kind has appeared since 1933.

A theoretical description of the SCEI can be obtained from a more precise interpretation of the operation of the
visual system. [Figure 2.4.6-1] illustrated three potential configurations of the outer segment/optical system
interface in frames (b), (c) and (d). The following analysis will employ the simplest of these situations, light from
the lens system being brought to a focus on the face of the outer segment without auxiliary optical operations related
to the inner segment, the ellipsoid, or the extrusion cavity of the photoreceptor. While not specifically limited to the
paraxial case, the following discussion can use any of the simplified eyes discussed in Section 2.4.8. A simplified
eye involving only one equivalent lens will be used for simplicity. The equivalent lens will be shown as plano-
convex for descriptive purposes.

The following analysis is based on Maxwell’s electromagnetic wave theory as practiced in the field of
antennas. It is totally compatible with conventional lens theory but provides many additional insights. A
suitable text on antenna theory (such as any volume by J. D. Kraus) should be consulted if necessary. The

181Stiles, W. (1939) The directional sensitivity of the retina and the spectral sensitivities of the rods and
cones Proc Roy Soc (London) vol B127, pp 64+
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discussion will rely upon the Rayleigh-Helmholtz Reciprocity Theorem of Antennas. This theorem says the
radiation pattern associated with reception by an antenna is the same as its pattern when radiating.

It is worth noting neither of the electromagnetic analyses of Snyder & Pask (1979) and Pozo et al. (2005) included
mechanisms associated with the entrance aperture of the photoreceptor cell operating as an antenna.

Figure 17.3.7-7 shows the relevant physiology and geometry. The figure must be schematic because of the gross
difference in size between the elements involved. Only one outer segment of a photoreceptor is used to represent an
ensemble of outer segments. These outer segments represent all spectrally specific photoreceptors of the retina
illuminated by a ray bundle defined by the diameter of an artificial pupil as shown. This representation can be
interpreted by considering the outer segments as cylindrical dielectric waveguides supporting the HE, ; mode of
propagation at any wavelength over the region of 0.3 to 0.7 microns (and extending as far as 1.0 microns if needed in
a given analysis). The diameter of the outer segment and the indices of refraction shown determine the ability of the
outer segment to accept light from an external source and propagate the light over typical distances, L, of 50 microns
(nominally 100 wavelengths). The energy density of the light at the face of the outer segment will be taken as
uniform. The diameter of the outer segment along with the wavelength of the light determines the radiation pattern
associated with light radiating from or being received by the outer segment. This radiation pattern is transformed by
the lens system into a variable energy density wavefront in the far-field of the eye. This configuration is a common
one in man-made antennas®®>. The SCEI provides a precise means of determining the diameter of the outer segments
of the retina, even surfacing variations in diameter between individuals and within the retina of individuals relative
to the nominal 2 microns used in this work.

Good design would call for the numerical aperture of the outer segment acting as a waveguide to be wider than the
angle to the first nulls of the radiation pattern of the waveguide. Snyder appears to have addressed this question
using very sophisticated mathematics and a very early model applicable to an outer segment*®®. He appears to
conclude that matching the angle associated with the numerical aperture to the first nulls in the acceptance pattern of
the aperture of the waveguide is optimum.

Evaluation of the equations associated with this graphic show that the state of accommodation of the eye of the
subject has a significant impact on the measured performance. Accommodation affects the object focal length of the
eye in both the full and simplified model of LeGrand’s Theoretical Eye.

82K raus, J. (1950) Antennas. McGraw-Hill pg 388
8Snyder, A. (1969) Excitation and scattering of modes on a dielectric or otical fiber IEEE Trans
Microwave Theory Tech vol MIT-17, no 12, pp 1138-1144
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Figure 17.3.7-7 The physiology of the eye defining the Stiles-Crawford Effect of the first kind, SCEI.
Mathematically, the aperture of the outer segment is treated independently from the rest acting as a waveguide. The
angle ¢ is equal to 2.5° in air but 3.4° in-vivo where n, = 1.33.

17.3.7.4.1 The illumination of the retina by a sub-aperture

The illumination of the retina in Stiles-Crawford type experiments is controlled by the size of the size of the sub-
aperture. This parameter controls the “speed,” or F/# of the optical system. the F/# is the primary parameter
determining the diffraction of the optical system and results in an Airy disk of finite diameter at the retina. The
speed of the fully dilated eye is given nominally by its external (object) focal length divided by the pupil diameter,
22.2888 mm/8 mm =~ F/2.8. With a one mm diameter artificial pupil, the F/# becomes F/22. The resulting Airy disk
has a first null at about 0.5 microns (which is smaller than a single photoreceptor). This diameter will be increased
by any off-axis aberrations in the optical system and by the finite size of the illumination source before collimation.

Although providing a complete optical schematic, Stiles did not describe the effective size of his light source or the
effective size of the apparent source at the output of his monochromators in his 1937 paper. A dimension of 0.48 by
0.5 mm was given for both the aperture stop at the output of the monochromator and at the pupil of the eye in the
1939 paper. Such a finite source size determines the image size achievable on the retina. His use of a 24 cm lens to
collimate the light from the monochromator view his lamp and a 22.2888 mm object focal length for the eye suggests
the spot size on the retina was not significantly smaller than 2.2 cm/24 cm or ~9% of the source size (~45 microns on
the retina). Such a field would uniformly illuminate the two micron apertures of the photoreceptors formed by the
outer segments.

17.3.7.4.2 The radiation acceptance pattern of a cylindrical outer segment

As noted earlier, the empirically measured Stiles-Crawford Effect of the first kind is the combination of an optical
acceptance function combined with an intrinsic absorption function of the lens group, both as a function of
wavelength. The absorption function is small except for wavelengths shorter than 450 nm. Weale has presented the
optical acceptance function separated from the absorption function.
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The acceptance pattern is a normalized radiation intensity function typically described by U( ¢, A). This form
function describes a redirection of energy relative to an isotropic pattern'®. It does not involve absorption, reflection
or scattering of the incident energy.

Ghatak & Thyagarajan discuss the field pattern generated by a Gaussian energy distribution within the waveguide
and note the resulting radiation pattern exhibits no sidelobes (page 159). However, in the case of the photoreceptors,
their diameter is much smaller than the illuminated spot and the waveguide is uniformly illuminated across its
diameter. Sidelobes are to be expected based on antenna theory and the more detailed analyses available in Ghatak
& Thyagarajan.

The radiation intensity acceptance pattern for a uniformly illuminated circular aperture is given in closed form by;

2-4 J[(x-DIA)sing
7D sin ¢

E(g) =

Eq. 17.3.7-4

where D = diameter of aperture, A = free space wavelength, ¢ =angle with respect to the normal to the aperture and
J, = first-order Bessel function and n, = 1.000 in air. It is useful to note the Bessel function is of the first-order and
not the zeroth-order.

When investigating an immersed optical system, the LeGrand Theoretical Eye incorporates the effect of the higher
index of refraction of the vitreous humor and other biological tissue into the parameters associated with the first and
second nodal points of [Figure 17.3.7-3] which replace the first and second principle points used in non-immersed
systems. This change causes the argument in the above equation to change from the nominal 2.5 degree angle in

object space associated with a 1.0 mm displacement at the pupil to become 3.43 degrees (2.567 x 1.336) in image
space.

The angle ¢,, to the first nulls of the radiation pattern are given by;

7-D .
L sing, = 383 Eq.17.3.7-5

where 3.83 is the first root of the first-order Bessel function.

Inverting this equation;

3831
27 R

where 2n-R replaces nD.

$=xsin™ Eq. 17.3.7-6

xxx EDIT this sentence and the next paragraph in the light of the sentence above. xxx

These equations, and the transformation between linear displacement distance on the pupil and angular field angle
relative to the axis of the outer segment (1.0 mm = 3.4 degrees), provides all of the information required to calculate
the SCEI out to the limiting radius of the pupil for any wavelength.

Figure 17.3.7-8 illustrates the calculated SCEI at 500 nm and a 2.1 micron diameter outer segment and an
unaccommodated eye overlaying the same measured data for Stiles left eye. No arbitrary variables or values are
used in this calculation (no function like p(X)). A value of 3.43 degrees at the paraxial retina is proportional to 1.0
mm displacement at the pupil was used. This is more appropriate than the value of 2.5 frequently found in the
literature (but which only applies to an optical system in air and not the immersed system of the human eye). This is

84K raus, J. (1950) Antennas. NY: McGraw-Hill pp 13-26
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the first known calculation where the diameter of the outer segment is needed to two digit accuracy to match the
empirical data. The displacement of 0.68 for both the empirical and theoretical curves is evident. No correction for
the absorption of the lens was made to the theoretical curve.

Notice the calculated function follows the reducing
slope of the empirical data at the nasal extremity 025
although a parabolic function does not due to its A=500 myt
continuously increasing slope (dotted line on left in the
figure). While the Bessel function is an even function,
its slope decreases with increasing value at high

argument levels. This is a key difference justifying the 5
Bessel function-based model over the old empirical Stiles i
parabolic function-based model. orignal -

data

The first nulls in the acceptance pattern at the retina
due to a uniformly excited OS aperture occur at +16.88
degrees at 500 nm. The first nulls in acceptance

pattern due to the waveguide character of the OS Loy jCact i
appears to occur at an angle greater than this angle, i at500 nm
even for wavelengths extending into the infrared. The ol /| unaccommadated

nearly uniform acceptance of the waveguide as a
function of the acceptance angle up to the angle
determined by Snell’s Law suggests this limit does not
affect the overall radiation pattern determined by the

uniformly excited aperture. 07— 7™ A parabola fit \
to the same data

Both the excited aperture affect and the Snell’s Law peonante
limits play a significant role in limiting the effect of
scattered light within the eye. ; ! i

--If -3 ~£ ~fl [ ] e 4‘

Nasar d Termporat

17'3'.7'4'3 The signal processing in Stage 2 Figure 17.3.7-8 The calculated SCEI for A =500 nm, a
leading to SCEI 2.1 micron outer segment and an unaccommodated eye

overlaying Stiles data for his own left eye. See text.

With knowledge of the radiation intensity function of the outer segments, it is possible to describe the
Stiles-Crawford Effect of the first and second kinds in detail using the Electrolytic Theory (a zone theory) of this
work. The analysis depends on the description of the stage 2 signal processing within the retina described
architecturally in Section 11.6.4. Figure 17.3.7-9 reproduces [Figure 11.6.4-2] expanded to include the role of the
acceptance pattern in each photoreceptor. Each photoreceptor includes a directionally selective radiation pattern
created by the illuminated face of the outer segment of the cell acting as an antenna.

XXX combine next three paragraphs xxx

The fact that the luminance data first presented by Stiles and associated with the SCEI (1937, fig 3) and the
wavelength shift data associated with the SCEII (1937, fig 9) are similar in shape suggests they share a common
functional element. The common signal paths are shown as stage 1 on the left in the following figure. The SCEI can
be explained in detail by following the illuminance ( R-) signal path to the right of stage 1. The SCEII can be
explained in detail by following the chrominance channels (P—and Q-) to the right of stage 1.

When discussing the Stiles-Crawford Effects, the equations first appearing in Chapter 11 for the luminance (R-)
channel and the two chrominance channels (P- & Q-) of vision can be modified to include the radiation pattern. For
aphakic human eyes (and those of other small mammals), the same modifications can be made to the equations for
the UV spectral channel and the type O— chrominance channel.

Figure xxx shows the common origin and the signal matrixing associated with these two effects. The signals at the
pedicles of the photoreceptors represent the logarithm of the complete intensity signal associated with each spectral
channel. When these signals are summed, the resultant luminance signal represents the perceived SCEI in detail.
When pairs of these signals are differenced, the resultant signals can be combined to represent the perceived SCEII
in detail.
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Figure 17.3.7-9 Overall schematic of the human (tetrachromatic) visual system including the acceptance element of
the outer segments of each photoreceptor.

The fundamental equation of the luminance channel of vision was developed in Section 11.6.4. The equation can be
expanded to address a variety of conditions. Here, it describes the perceived brightness of the luminance channel
given for the normal (or phakic eye) where the lens inhibits any response in the ultraviolet spectrum.

R(A) = Kgg -log [#sd A + Ky -log [#, d A +K g -log [#_d A Eq. 17.3.7-7

(a sum of logarithms representing the response of each spectral channel)

Where #, = excitation()) x absorption( A, D) x acceptance( A, D) x absorption().) for the spectral band,

the excitation is in photons per unit area of the artificial pupil, the absorption is that of the lens system, the
acceptance is a normalized value relative to the axis of the natural pupil, and the absorption is in
electrons/photon, and D is the displacement of the artificial pupil from the center of the natural pupil.

Alternately, D can be replaced by the angle, ¢, of the radiation arriving at the photoreceptor cell from a
displacement D. dA represents the more complicated expression dA-dD in this equation.

The gain constants, Kz, Ky r & K are determined by the state of adaptation of the eye and the contribution of the
individual spectral selective photoreceptors to the luminance (R-) channel signal. For purposes of this discussion,
the absorption by the lens can be ignored for wavelengths longer than 450 nm (the Rayleigh region).

Evaluation of this equation as a function of D gives the functions in Figure 17.3.7-10 where D has been replaced by
D- D,, in order to account for the asymmetry in the original data measured in the left eye of Stiles. The values of Ky
have been corrected for the use of a constant energy source instead of a constant photon flux source by Stiles. The
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calculated curves (color) fit the data points considerably better than the parabolic curves represented by the solid
black lines, especially in the extreme nasal regions.

Figure 17.3.7-10 Theoretical and measured values for the Stiles-Crawford Effect of the 1* kind. Data from Stiles,
1939
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The variation with displacement is dominated by the change in illumination at the chromophores due to the
acceptance pattern of the face of the outer segment. However, there is some correlation between the fine detail in
the data of Stiles at a given wavelength that might suggest the variation in the absorption spectra of the overall
luminance channel might be relevant.

The data of Stiles and of Stiles & Crawford are based on illumination sources exhibiting equal-energy per unit
bandwidth. The photoreceptors of the human eye are in fact photon flux detectors and not energy detectors. The use
of an equal-energy source distorts the amplitude responses of the individual spectral channels of the visual system
and results in lower signal-to-noise performance in the blue portion of the visual spectrum.

Enoch & Hope, using equations developed in Enoch & Laties have presented a paper describing the off-axis Stiles-
Crawford performance of the human eye'®. They employed a new test set and restricted their experiments to the
long wavelength region by incorporating a Wratten 23A (orange-red) filter in their optical path. This is a very sharp
cutoff filter, it down by 1000:1 at 560 nm relative to its value at 580 nm. As a result, their effective wavelength of
their excitation was near the peak of 625 nm of the absorption spectra of the L-channel. The data is quite useful.
The analysis struggles with basic optics and suffers from some unusual assumptions. First, the analysis is
fundamentally graphical and uses the circular reasoning that if a ray is identified as paraxial, the results justify the
small signal approximation, i. e., sin X =x, and then uses this approximation at large angles. Their equation (1) that
they rely upon and present to four decimal accuracy is in fact only good to about five percent, or one and one half
digits. They use the principle points of the non-immersed optics of Gulstrand rather than the nodal points
appropriate for the immersed system of Gulstrand. While they measure out to 25 degrees from the pupillary axis,
they assume the optics of the eye are of fixed focal length and exhibit a flat field, and therefore the image is out of
focus at these angles on the retina (Enoch & Laties, page 962). The gradient index lens of the eye exhibits a very
significant change in image nodal distance as a function of the eccentricity of the incoming light and does maintain
focus along the entire Petzval surface (the curved image plane centered on the pooint of bvest focus.) At least out to
the equator of the eye.

Enoch & Hope were aware of the sensitivity of their experiment to the linearity of the visual system and made
confirming measurements of the relationship between the threshold brightness change and the background
brightness. They used a 44 arc minute diameter flashing ( 138 ms every 500 ms) test spot on a larger 4° 24' diameter
continuous background area. However, they confused the concepts of linearity and a straight line on a log-log plot.
The plot exhibited a slope of ¥, and not a slope of 1.0 associated with a constant Weber fraction. They did not
consider this subject further. The unique character of the L-spectral channel was not recognized (Section 16.xxx &
17.xxX).

Enoch & Hope did establish the necessity of the outer segments of the normal eye being aligned to point to the exit
pupil of the eye regardless of their position in the retina. They described this as their anterior-pointing hypothesis of
retinal receptor alignment.

Looking at the theoretical equation for the Stiles-Crawford Effect of the first kind, it depends on the diameter of the
of the aperture of the outer segment. No accepted equation for the diameter of the outer segments as a function of
distance from the point of fixation has been found. It also depends on the conversion of the displacement of the
source at the pupil to the angle of incidence of the light at the retina. At the maximum of 25 degrees eccentricity in
the far field (18.4 degrees for the principle ray at the retina), the image nodal distance remains at about 95% of the
standard Gulstrand value. This value suggests the focal length of the optical system has not changed sufficiently to
change the value of 3.4 degrees per mm of displacement significantly.

Figure 17.3.7-11 shows the theoretical fit of this work to the data of Enoch & Hope at a series of off-axis positions.
Individual data sets alternate between filled circles and open circles. The 25° data points and curve have been moved
up by 0.25 log units for visibility. The 0° data points and curve have been moved down 0.6 log units for visibility.
The fit of the individual theoretical curves to the individual sets of data points is better than that in the original
Enoch & Hope paper using Stiles parabolic equation. The theoretical curves represent the acceptance function of the
outer segments projected through the optical system, and based on a two micron diameter OS aperture at a

8Enoch, J. & Hope, G. (1972) An analysis of retinal receptor orientation 111. Results of initial
psychophysical tests Invest Ophthal Vis Sci vol 11(9), pp 765-782
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wavelength of 625 nm. Each curve has been adjusted by a multiplier, such as 1.3x, which represents a multiplier to
the term D-sin ¢(r) used as the argument of the Bessel Function and in the divisor below the Bessel Function.

As in the curve fitting by Enoch & Hope, the values of this multiplier is not monotonic with eccentricity because of
the number of compensating factors noted above and not considered in sufficient detail. The theoretical curves using
the same multiplier are the same color in this figure. The curves show the same variability of peak value versus

displacement as noted by Enoch & Hope.

The theory of the outer segments of the photoreceptors
acting as finite diameter waveguides and projecting a
field pattern coupled to the thick representation of the
optical lens predicts performance in the Stiles
Crawford Effect of the first kind matching measured
data precisely at all visual angles and wavelengths.
Both the Gaussian and parabolic models of the outer
segment radiation pattern used by Stiles and/or Enoch
& Hope exhibit a poorer fit to the data.

Pallikaris, Williams & Hofer explored the Stiles-
Crawford Effect of the first kind using the second
generation Rochester adaptive optics
ophthalmoscope’®. The imagery shows areas of about
658 photoreceptors (all of the same diameter) excited
by light passing through a 1.5 mm diameter artificial
pupil at 0, 1 and 2 mm displacement in all four
directions. They describe the high stability of the
reflectance from each photoreceptor as a function of
excitation condition. They also noted the following.
“One might have expected a relatively uniform
reflectance from rods superimposed on the more
directional cone reflectance. We could not resolve
rods in our images and saw little evidence for
reflectance from them, . ..” Their images of the retina
at one degree temporal eccentricity show no sign of
any photoreceptors smaller than 1/4 of the diameter of
the majority of cells that could be associated with
“rods.” Cells smaller than 1/4 of the diameter of the
cells shown would have difficulty accepting light at
visual wavelengths (Section 17.3.7.3). Cells smaller
than 1/4 of the diameter of the cells shown would also
exhibit poor absolute sensitivity compared to those
cells.

Pallikaris et al. used a definition of “fully bleached”
that is not compatible with the actual situation. They
said, “Based on the bleaching equation of Alpern et
al® ., we expected this light to bleach 97% of the
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Figure 17.3.7-11 Enoch & Hope off-axis Stiles-Crawford
Effect data overlaid with theoretical curves. The data
points match the theoretical curve very well, much better
than the parabolic approximation at high values of A,..
The angle 6, is measured nasally from the pupillary axis
(6, = = 5°is near the blind spot). See text. Data points
from Enoch & Hope, 1972.

medium and long wavelength-sensitive cone photopigment.” A value of 97% is only a sensitivity reduction of about
2.7 log units. If starting from a dark adapted eye, this amount of bleaching only brings the eye into the lower

photopic sensitivity regime.

The range of photoreceptor size in the work of Pallikaris et al. was quite small. They describe the spacing between
photoreceptors at one degree temporal eccentricity as 0.72, 0.83, 0.93 0.91& 0.88 minutes of arc for five different
individuals (a range of only £0.11 minutes of arc or +13%). These numbers calculate to a spacing of 5.3 microns

18pallikaris, A. Williams, D. & Hofer, H. (2003) The reflectance of single cones in the living human eye

IOVS vol 44(10), pp 4580-4592

87Alpern, M. Maaseidvaag, F. & Ohba, N. (1971) The kinetics of cone visual pigments in man Vision Res

vol 11, pp 1503-1513
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+13% using a focal length of 22.28 mm. The diameter of the photoreceptors are obviously smaller than this number
and appear to have an effective diameter of about two-thirds of this value (still large diameters relative to the
nominal value of 2.0 microns).

Pallikaris et al. used a simple model of the photoreceptor ala Snyder & Pask in 1972. However, they found
negligible reflectance associated with the extreme end of the inner segment, significant reflectance at the IS/OS
interface and significant reflectance at the OS/RPE interface.

The stability of the reflectance of the photoreceptors in the images of the retina over periods of days and under a
variety of conditions appears remarkable.

17.3.7.5 Stiles-Crawford Effect (SCEII) of the 2" kind—-chrominance variation

Stiles described in detail a variation in perceived color with the displacement of the artificial pupil in his 1937
experiments. The variations were relatively smooth, symmetrical about the point of maximum brightness sensitivity,
but varied in character with wavelength. The variations were generally less than 10 nm under conditions where his
smallest perceptible hue difference was on the order of 1.5 nm. 10 nm is about 2% of the nominal wavelength of
light A shift of 10 nm also equals two hue steps or 15 degrees of the Munsell Color Circle in the region of either
494 nm or 572 nm. Kelly & Judd define this as Level 4 color discrimination (Section 2.1.1). 1.5 nm corresponds to
two degrees or 1/4 hue step on the Munsell Color Circle (Kelly & Judd’s Level 5, the limit of human color
discrimination). Stiles also noted that to achieve a match between his test beam and the reference beam required
changes in both hue and saturation (chromatic brightness).

Figure 17.3.7-12 reproduces their figure 9 and shows the variation (data points) in the perceived hue shift among a
group of subjects as a function of wavelength. Enoch & Stiles noted, “The difference between different individuals
are considerable although there is a qualitative similarity in all the curves.” There is little pattern to the data. Some
curves rise before a dip. Some rise after a dip. Some do not rise at all. The problem is related to the small sample
sizes acquired for each subject at each wavelength. “The spread in the values at any one wave-number is large, but
the mean curves show a satisfactory regularity.” Employing an equal energy stimulus, rather than an equal phooton
flux also distorts the data. The heavy solid line is a first-order theoretical curve based on this work (dark adapted
and channel peaks at 437, 532 & 625 nm. It is quite similar to some of the other smoothed curves within the Enoch
& Stiles paper. The smooth curve is not significantly different than the curves in their figure 6.

It is difficult to interpret the extensive paper by Enoch & Stiles. Most of the data was collected using the left eye of
a subject requiring a —4.0 spherical correction lens. They used a variety of data smoothing techniques, obsolete
terminologies and simplifications (including the self-screening hypothesis). “The agreement between the curves
computed on the self-screening hypothesis and the experimental data is not very good but is perhaps not so
unsatisfactory as to exclude the hypothesis as a first approximation” and “The application of the self-screening
hypothesis to the SC Il data of J.M.E. has not proved very successful.” A linearity assumption plays a major role in
their data reduction. “Thus the observation of supersaturation in the blue-green is useful qualitative evidence that
the simplifying assumption just mentioned is untenable.”
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Figure 17.3.7-12 Shift of apparent hue A as a function of wavenumber and wavelength for six subjects. Left and
upper scales in millimicrons. Data points acquired on an equal energy basis. Heavy line, theoretical Stiles-Crawford
wavelength shift based on this work. See text. From Enoch & Stiles, 1961.

The fundamental equation of the chrominance channels of vision were developed in Section 11.6.4. The equations
can be expanded to address a variety of conditions. Here, they describe the perceived saturation in the chrominance
channels given for the normal (or phakic eye) where the lens inhibits any response in the ultraviolet spectrum.

P(A) =Kgprlog [#s d A - Ky prlog [#,d A =log [K'sp [#5d A /K’M,P-Iog [#udA] —Alog of a RATIO
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Q(A) =Ksglog [#yd A - Kgolog [# dA=log [K'yo [#yd A /K’ olog [# dA] —Alog of a RATIO

Where #, = excitation()) x absorption( A, D) x acceptance( A, D) x absorption().) for the spectral band,

the excitation is in photons per unit area of the artificial pupil, the absorption is that of the lens system, the
acceptance is a normalized value relative to the axis of the natural pupil, and the absorption is in
electrons/photon, and D is the displacement of the artificial pupil from the center of the natural pupil.
Alternately, D can be replaced by the angle, ¢, of the radiation arriving at the photoreceptor cell from a
displacement D. dA represents the more complicated expression dA-dD in this equation.

The gain constants, Ky, Ky x & K_x are determined by the state of adaptation of the eye and the contribution of the
individual spectral channel to either the P— or Q— chrominance channels. For purposes of this discussion, the
absorption by the lens can be ignored for wavelengths longer than 450 nm (the Rayleigh region).

Under color constancy conditions (generally the photopic regime), the ratio of K’s in the above equations remains
constant and there is no effect on first-order chrominance channel performance as a function of displacement of the
artificial pupil in SCEII experiments. However, the use of a constant energy source rather than a constant photon-
flux source as a function of wavelength may introduce a second-order effect. xxx confirm this.

Xxx may want to use figure 17.3.7-12 and omit the next one.

Figure 17.3.7-13 compares the data of Enoch & Stiles (1961, pg 341) with the theoretical derivative of the P- and
Q- chrominance functions with respect to wavelength. The transition between these functions occurs near 532 nm
as discussed in Section 11.6.4. The dots on the Enoch & Stiles curve were the result of very complex graphical and
mathematical computations based on an early (before the CIE 1931 Standard, note the displaced white point)
chromaticity diagram developed by Stiles. The data of Berendshot (2001), shown in [Figure 17.3.7-1], suggests the
difficulty of measuring this function. Alpern (1986) dismisses the data of Stiles completely on both practical and
theoretical grounds. The non-uniformity of the chromatic sensitivity over the central retina may also play a factor as
noted in the Maxwell’s Spot (Section 17.3.1.8). Considering the amount of computation involved and the size of the
artificial pupil, the match is relatively good. The theoretical curve suggests an envelope for the Enoch & Stiles
curve. The rise of the computed data at greater than 600 nm should probably be discounted. Stiles did not defend it.
It does not occur for the same eye at a location of 3.5 mm nasal (Stiles, 1937, pg 111).
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Figure 17.3.7-13 Theoretical and measured values for the Stiles-Crawford Effect of the 2™ kind. See text. Data
from Enoch & Stiles, 1961.

The data of Stiles, and others, provide conclusive proof of the sign of the terms in the difference equations associated
with the P-- & Q-- channels. The equations should be expressed with signs compatible with P = log( S-M) and Q =
log(L-M). This is the convention used in creating the New Chromaticity Diagram earlier in this major Section.

17.3.7.6 An on-axis example of the Stiles-Crawford Effect-SCEIII

A difficulty surfacing in virtually all of the SCEI data presented over the years is the disparity between the measured
spectral performance of individuals when measured with spectral bandwidths of 10 nm or less. The phenomenon
typically appears as a major loss in sensitivity over a very narrow spectral band, typically less than 20 nm wide. The
phenomenon is most frequently documented in the region of the M—spectral channel.

This narrowband effect involving large changes in the perceived response of the individual may be considered a
Stiles-Crawford Effect of the third kind (SCEIII).

This effect may be due to mode switching within the outer segment. Kruger et al. assert that Enoch noted in 1961
the abrupt changes in mode as the angle of excitation of the waveguide changed. This is very significant because it
suggests rapid mode changes are possible during a spectrographic examination of individual photoreceptors. These
mode changes are best explained as independent of the absorption characteristic of the chromophores present and
determined primarily by abrupt changes (discontinuities) in the diameter and/or ellipticity of the outer segment.
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Babucke has reported the data for KM who exhibits a sharp drop in luminance sensitivity (a factor of 3) within a
wavelength range of £5 to £10 nm at zero eccentricity using a dark adapted natural pupil. Figure 17.3.7-14 shows
the data.
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Figure 17.3.7-14 Sensitivity, 1/Le, from measured recognition thresholds for 2° Landolt targets on 0.001 cd/m?
background for observer KM. The statistically relevant notch at 0.55 microns is shown. The range bars at 0.46, 0.54
and 0.64 show the experiment is recording responses with a precision on the order of +5% at long wavelengths and
better than + 15% at short wavelengths. The red curve represents the best fit of the expected absorption spectrum
based on the Electrolytic Theory of this work. From Babucke, 2008, personal communications.

It has been surmised that this phenomenon is due to geometric abnormalities in groups of photoreceptor cells causing
the waveguides formed by the outer segments of those cells to reject HE, ; mode energy. In rejecting energy
attempting to excite the HE, ; mode, a null along the axis of the radiation pattern would be introduced that would
cause a major loss in on axis sensitivity to light among these photoreceptor cells. Such mode switching is widely
recognized in the Radar and Communications fields. It can be caused by relatively innocuous dents and/or bends in
metal waveguides. When sweeping the frequency (wavelength) band of the waveguide, these mode switches are
found to occur very rapidly and very abruptly.

17.3.7.6.1 Potential mechanisms for large attenuation differences over short wavelength
intervals

The deep notch in the threshold absorption spectrum of KM could be due to selective absorption by a structure in the
optical path to the retina, an unrecognized notch in the absorption spectra of the M- channel photoreceptors, or a
shift in the waveguide mode of the photoreceptors.



Performance Descriptors 17- 115

Recall this perceived notch has a depth of at least a factor of three within 10 nm when averaged over the response of
all of the photoreceptors illuminated by the test light. If it was an effect affecting only a few or individual
photoreceptors in the ensemble, its un-averaged depth would necessarily be much greater. Such potential changes in
the absorption function over such a short wavelength interval are not compatible with the Boltzmann-Helmhotz
statistics controlling chromophore absorption. However, notches of this depth are possible due to mode switching
within the waveguide forming the outer segments of individual or local groups of the illuminated photoreceptors.
Mode switching within a waveguide is a common problem in high power radar waveguides and special care is taken
to suppress this mechanism using tuning posts or stubs. These are probes introduced into the waveguide to suppress
mode changes near corners and other discontinuities. Mode changes are known to occur in microseconds or faster
and result in significant differences in energy transport profiles within the waveguide. These mode changes can
drastically affect the radiation (acceptance) pattern from such a waveguide. Figure 17.3.7-15 shows the radiation
patterns for the HE, , and the HE,; modes. Both modes are symmetrical about the central axis of the waveguide but
the HE,, mode exhibits a null along that axis. This mode is commonly used in tracking radars. It accepts less than
one percent of the energy arriving axially compared to the HE, ;.

It is proposed the deep notch in the absorption
spectrum of KM is caused by mode switching in a
group of outer segments within the ensemble of outer
segments combined to form the perceived response to
illumination. Outside the narrow spectral range of 530
to 570 nm (with a data point missing at 560 nm), the
outer segments all support the HE, , circular waveguide
mode. Within this limited range, the HE, ; mode is not
supported. As a result, the acceptance pattern is
associated with any of a variety of modes, the HE, ;
being the simplest and most closely related mode but
not necessarily the most likely. The HE,; mode, like
the HE, ; mode, does not exhibit any polarlzatlon
preference. Most of the other modes lead to bilateral
symmetry with a more pronounced null along one axis
of the far-field pattern. Many of the other potential
modes do exhibit polarization preferences.

Enoch has provide two papers focusing on the details

of the potential modes specifically in the outer : - -
segments (Enoch, 1961b & 1961c above). Enoch Figure 17.3.7-15 Acceptance patterns of waveguides

recorded modal patterns at the termination (RPE end) supporting different modes. Both patterns are volumes of

of the outer segments in vitro following excitation at revolution about the center axis.

the entrance to the OS. He noted mode changes due to

intensity as well as obliquity of excitation. He also noted mode changes as a function of wavelength. Enoch used
intentionally bleached retinas and very high numerical aperture optics to record his patterns. This high numerical
aperture will obscure the character of the radiation pattern associated with the modal patterns he recorded. Enoch
made general references to the susceptibility of the waveguide faces to misalignment. Waveguides in general show
a similar susceptibility to unexpected bends over their length in the regions where the wavelength of excitation is
near the diameter of the guide.

Additional experiments using variable aperture pupils and polarized light can lead to the specific modes used when
the HE, ; mode is rejected.

17.3.7.7 The optical Stiles-Crawford Effect

The optical Stiles-Crawford Effect is the phenomenon that light reflected from the fundus is more intense near the
center of the pupil than at the pupil’s edges'®'®. DeLint et al. have asserted it is most pronounced in the central six

8Toraldo, G. & Ronchi, L. (1952) Directional scattering of light by the human retina J Opt Soc

Am vol 42, pp 782-783

89DeL.int, P. Berendschot, T. van de Kraats, J. & van Norren, D. (1996) Local photoreceptor alignment
measured with a scanning laser ophthalmoscope Vision Res vol 37, pp 243-248
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degrees of the retina'®. They also assumed the effect was associated with waveguiding. It is not clear that this
effect has anything to do with the original Stiles-Crawford Effect. Gao, Cense et al. have provided the defining data
concerning the optical Stiles-Crawford Effect based on spectral domain optical coherence tomography at an axial
resolution of about five microns at a wavelength of 842 nanometers®™. It is interesting that their experiments do not
show a significant reflection from the surface of the inner segment first encountered by light. Their choice of
wavelength essentially eliminates any role for the chromophores in their data.

17.3.8 The absolute spectral parameters of a given named color

This section has the goal of preparing more fully annotated versions of Figure 17.3.8-1, the framework for the
Munsell Color Space. Each level of the vertical axis is accompanied by a color plane defined by Munsell. This
figure shows the New Chromaticity Diagram as rectilinear in perceptual space. The left and bottom numerical scales
represent the spectral locus of the visual modality with a corner of 90 degrees at 532 nm based on the orthogonality
of the P— & Q- signaling channels (not shown). The overlaid Munsell Color Space is usually described as a polar
coordinate system with the vertical axis representing the lightness (the Munsell value) of the scene stimulating the
eye. The circles of the Munsell Color Space represent locations of constant saturation (the Munsell chroma) while
the radials represent locations of constant hue (the Munsell hue). These parameters are usually assembled into a
group written as Munsell value/chroma/hue or lightness/saturation/hue, example, 5/18/10Y.

%DeLint, P. Berendschot, T. van de Kraats, J. & van Norren, D. (2000) Slow optical changes in human
photoreceptors induced by light Invest Ophthal Vis Sci vol 41(1), pp282-289

%1Gao, W. Cense, B. Zhang, Y. et al. (2008) Measuring retinal contributions to the optical Stiles-Crawford
effect with optical coherence tomography Optics Express vol 16(9), pp 6486-6501
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Figure 17.3.8-1 Framework for the Munsell Color Space overlaying of the New Chromaticity Diagram. The left and
bottom numeric scales form the Spectral Locus of Light perceived by the visual modality. With visual white defined
as the intersection of the 494 nm and 572 nm axes of the Hering Color Space, it is possible to overlay this point with
the visual white of the Munsell Color Space. The 10Y radial of the Munsell space can be overlaid upon the 572 nm
axis as shown with the 5BG axis overlaid upon the 494 nm axis. Traditionally, the vertical scale has been given in
millilamberts based on a photometer calibrated against the CIE 1931 Standard Observer “that is not realizable.” It
should be scaled in radiometric units with the color temperature of the irradiances clearly documented. See text.

The Munsell Color Space is suggestive of a visual modality where the visual system perceives a constant chroma
value (forming a cylinder about the value axis) regardless of lightness value. However, the performance of the
visual modality varies significantly in chroma capability as a function of both lightness value and in hue value.
Figure 17.3.8-2 illustrates the empirical fact, without quantifying it with precision, that the maximum chroma value
is known to vary with the Munsell lightness value, NN/. Not shown but widely recognized is the fact that the
maximum chroma, /NN.N/ value also varies as a function of the Hue, /NNAA. Wyszecki & Stiles'® attempted to
illustrate this relationship, at a gross level in their figure 3(6.6.1).

As noted repeatedly in this work, Wyszecki & Stiles provided a monumental archive in 1982. However, it
was not adequately curated for consistency and much of the material is now archaic.

92Wyszecki, G. & Stiles, W. (1982) Color Science: Concepts and Methods, Quantitative Data and
Formulae NY: Wiley & Sons pp 507-511
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The remaining question is at what chroma value the
10Y hue radial and the 5BG hue radial intersect with
the spectral locus? Looking at the Wyszecki & Stiles
illustration, it suggests the maximum 10Y hue occurs at
a chroma of 11 at value of 8.5. Similarly, the 5BG hue
reaches a maximum chroma of 7 at a value of between
4/ and 5/. Their figure also indicates the highest
chroma of 14.25 occurs at a hue of 5R and a value of 4/
in the region of non-spectral red. Table 1(6.6.1) and
Figure 1(6.6.1) in the Appendix of Wyszecki & Stiles
provides both tabular and graphic descriptions of
lightness’s and chroma’s for each hue compared tp x,y
parameters in the Y X,y system of the CIE 1931
Chrominance Diagram.

There are gross differences (factors of 2:1 to 3:1)
between the calculated value/chroma/hue parameters
given on page 510 of Wyszecki & Stiles (1982) and the
parameters in their Appendix dated 1964. A major
contribution to these differences is undoubtedly due to
the use of the totally empirical CIE 1931 Chrominance
Diagram and the renotations occurring during the
middle of the 20" Century relating to the Munsell
Color Space.
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Figure 17.3.8-2 Organization of the colors of constant

Munsell hue in the Munsell Book of Color. See text.

From Wyszecki & Stiles, 1982.
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In this case, a comparison of the figure on page 510 and the data in the cited appendices show little
correlation. The notation used is Hue, value/chroma (page 507).

Highest chroma parameter (last parameter) in each set for three planes

Page 510 Appendices

10Y 8.5/11 10Y 5/12
10Y 4/9.5
10Y 8/19
10Y 9/18

5BG 5/7 5BG 5/18.5
5BG 6/21.5
5BG 7/20.5
5BG 9/10.5

5R 4/14.25 5R 4/18
5R 5/20.5
5R 6/19
5R 7/16

No citation was given for the page 510 illustration and th citation for the Appendices were given as a
personal communications with Dorothy Nickerson.

The above figure of this work shows the Munsell chroma circle of 20 approaching the spectral locus near 5BG and
10Y. This representation appears approximately correct until more experimentation can be carried out using LED
light sources corresponding to the spectral locus in the areas of 5BG and 10Y. The parameters calculated for the
renotated Munsell Color Space in 1964 would suggest the 5R hue reaches the “boundary of the colorant mixture
gamut” at a value of about 20, suggesting that the edge of the right non-spectral region of the New Chromaticity
Diagram occurs at about 610 nm on the bottom spectral locus. This value is consistent with the peak response of the
L—channel receptor reported by Thornton (Section 5.5.10.3) and reflected in the 2™ Order theoretical calculations of
this work based on x-ray crystallography of the L—channel rhodonine. A maximum chroma of about 24 along the
10PB radial would also be consistent with avoiding the discontinuity at 437 nm associated with, and inherent to, the
2-dimensional representation of the New Chromaticity Diagram.

Based on the extensive discussion and theoretical development of the earlier sections and the background in Section
2.1.1.3, it is now possible to define absolute spectral parameters based on either the most recent renotated Munsell
Color Space!®* %1% gr the National Bureau of Standards Color Space™®. The NBS labeling is so granular that it was
never accepted by the industrial or academic community. The Munsell Color Space has received much more
acceptance. It employs a cylindrical coordinate system where the vertical axis relates to the illumination or
irradiance level applied to the human eye. Each color plane is defined in terms of a series of radials emanating from
the vertical axis, describing a specific chromatic hues, and the distance from the vertical axis, the saturation
(chromatic brightness), by a set of concentric circles. It is suggested that the Munsell color names as used in recent
(1994) materials from Fairchild Publications®®” be used as a foundation. As noted in the Fairchild documentation by
Joy Turner Luke (page 74-76), several organizations are currently maintaining standardized color names. The

%Newhall, S. (1940) Preliminary report of the O.S.A subcommittee on the spacing of the Munsell Colors J
Opt Soc Am vol 30, pp 617-645

%Newhall, S. Nickerson, D. & Judd, D. (1943) Final report of the O.S.A. subcommittee on the spacing of
the Munsell Colors J Opt Soc Am vol 33(7), pp 385-418

%Nickerson, D. & Newhall, S. (1943) A psychological color solid J Opt Soc Am vol 33(7), pp 419-421
1%Kelly, K. & Judd, D. (1955) The ISCC-NBS method of designating colors and a dictionary of color
names; National Bureau of Standards Circular 553. Washington, DC:US Government Printing Office.
YEairchild Publications (1994) The New Munsell Student Color Set. New York, NY.
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American Society for Testing and Materials and the British, Society of Dyers and Colourists are two of these.
Colorants like Cadmium Orange and Indo Orange Red can be given specific spectral descriptors based on only the
two narrowband wavelengths of the New Chromaticity Diagram. These dominant wavelengths have an accuracy
currently estimated to be +/- 2 nm for each coordinate. Achieving higher accuracy will require a large cohort of test
subjects to develop a higher statistically precise correlation between the New Chromaticity Diagram and the Munsell
Color Space wheel. To achieve such precision will require careful development of the test protocol to be used. The
dark adaptation state of the subjects should be standardized along with the location in the visual field the tests refer
to, the exposure time allowed for matching, the age of the subjects if correction for lens transmission variations are
included, etc. All measurements must be made in radiological units. The use of any device using the term
photometer, etc., implies the inclusion of a CIE Visibility Function in its construction. The use of such a device
should be scrupulously avoided.

Defining the definitive location of the peaks in the visual spectrum at 437, 532 and 625(610) nm must await
completion of this correlation task between the Munsell Color Space and the New Chromaticity Diagram.
Based on the above preliminary figure of this work, the 437 nm intersection occurs near /30/10B, the 532 nm
intersection occurs near / 30/7.5G and the 625 nm intersection occurs near/32/5YR ( 610 intersection occurs
near /28/7.5YR).

Note the circles of Munsell Color Space are not related in anyway to the spectral locus of the visual system.
They form an open-ended scaling of the “saturation value” unrelated to any physiological parameter.

Leventhal provided a now obscure mathematical analysis of the Munsell Color Space in 1991'%,

17.3.8.1 Protocol for comparing the Munsell Color Space to the New Chromaticity
Diagram

The goal of this section is to establish a research grade rendition of Figure 17.3.5-1 of Section 17.3.5.2 allowing
further annotation of specific color names as desired. This figure provides a correlation between the New
Chromaticity Diagram and the Munsell Color Space adequate for pedagogical purposes but does not allow the
tracing of a given color name to its precise two-value address in spectral space; example, Munsell white at 494,572
or Munsell 8 10Y/20 as null, 572 or spectral (saturated) yellow.

For maximum repeatability and traceability, it is recommended that any wide area background illumination be
supplied from a 6500 Kelvin (illuminant Dg;) broadband source. If the spectrum of interest extends into the 400-
437 nm region, it is recommended the background source have a color temperature of 7000 (or 7053) Kelvin
(Section 1.3.4.3) These values will insure minimal experimental variation due to the quiescent background affecting
the state of adaptation of the individual subject. These illuminants provide the maximally uniform photon flux
density across the visible spectrum.

Houser has provided a typical color comparison viewing booth'®, Figure 17.3.8-3. All lighting is as diffuse as
possible. A chin rest was mounted just outside of the booth. The samples were placed on the floor of the booth
where the illumination was established at 300 + 5 lux, measured at the center of the floor in each booth using a T-10
illuminance meter (Konica Minolta Sensing Americas Inc., Ramsey, NJ, USA). The participant looked downward
and viewed the samples at angles of 30° to 45° from normal. These viewing conditions are different from those
suggested in the Newhall documents. They recommend the samples be illuminated from a source at 45 degrees and
samples be compared visually along a line perpendicular to the surface of the samples.

1%)_eventhal, A. (1991). The neural basis of visual function in Vision and Visual Dysfunction, vol. 4. Boca
Raton, Fla.: CRC Press

%Houser, K. Wei, M. David, A. & Krames, M. (2014) Whiteness perception under LED illumination
Leukos vol 10(3), pp 165-180 http://dx.doi.org/10.1080/15502724.2014.902750
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Various groups have provided Munsell Color Space
chip samples over the years, apparently using process
color techniques in their preparation, and have
provided the statistical precision associated with each
chip or chip set. It is suggested the limited number of
chips provided in the Munsell Student Color Set of
1994 be used in any initial laboratory investigations.
Later, the broader chip set of about 1500 chips can be
evaluated.

Many parameters must be controlled in any significant
investigation of the absolute location of a given
Munsell Color Space chip on the New Chromaticity
Diagram. As a partial list, the size of the presented
chip and the comparison spectral mixture should be
specified in angular coordinates, the eccentricity of the

comparison location in the field of view should be Figure 17.3.8-3 A typical color comparison viewing
specified, and if the eccentricity is not zero, the polar booth with optional chin rest for precision investigations.
angle of the comparison location relative to the Nominal dimension of 53 cm (width) x 53 cm (depth) x

horizontal plane of object space should be documented. 79 cm (height) . The interiors were painted with Munsell
The state of adaptation of the eye and the duration of N8 spectrally neutral paint (RP IMAGING, Tucson, AZ,
the comparison test intervals should be provided. USA) with p ~ 55%. See text. From Houser, 2014.

Luke has discussed the significant difference in the

reflectivity of glossy versus matte surfaces (page 36). She and the Munsell Organization recommend viewing
samples at 45 degrees from the normal while the samples are irradiated from a direction normal to the sample
surface.

17.3.8.1.1 Rationalizing A.T. Young paper with the New Chromaticity Diagram

A.T. Young has performed a wide ranging study of the CIE and Munsell Color Spaces in the context of astronomy
over a long period of time. His paper, “What Color is it?” is a fruit of this work and provides an excellent tie
between recent planetary and stellar color research and this work®®. His earlier paper, introduced this subject matter
and his presence in the field of astronomy?*. It is primarily descriptive of the imagery acquired by various NASA
probes into the Solar System and various anecdotal comments about the unusual features of colored objects under
varying conditions of illumination.

Young begins his well referenced paper in Section 2;

“Color vision powerfully molds our ideas about planetary surface materials. Although the color of a
substance

provides only partial information about its spectrum, its spectrum cannot match a planet's if their colors
differ.

Hence, to be able to think of appropriate candidate materials, you must first see the correct planetary colors.
If the stuff you have in mind doesn't have the right color, you don't have the right stuff.

This problem has been vividly illustrated recently by the false colors on published VVoyager pictures that
misled people into looking for red and orange candidate materials for the surface of lo, which is actually
greenish yellow. lo was described as red or orange not only by the popular press, but by prominent scientists
and respected science writers. For example, Henbest and Marten (1983) call 1o ‘orange’, and refer to a
false-color picture as ‘true color.” The book produced “in association with the Royal Astronomical Society’
by Hunt and Moore (1981) says of lo, ‘The color was red and orange.” (As one of these authors was a
member of the Voyager TV team, this statement refutes the claim that team members, at least, did not believe
those colors.) Morrison et al. (1982) refer to “10's ... orange surface’ in their famous book, ‘Powers of Ten.’

20y oung, A. (2004) What Color is it? http://aty.sdsu.edu/~aty/explain/optics/color/color.html Last edited
in 2009.

2Lyoung, A. (1985) What Color Is The Solar System Sky & Telescope pp 399-403
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In this paper, | hope to provide planetary scientists with enough guidance to the literature of color science to
prevent such mistakes in the future.”

He continues in Section 3;

“Part of the difficulty is due to a common experience in the educations of physical scientists: looking into a
spectrometer, and seeing that monochromatic lights of different wavelengths have different colors. Many
people incorrectly suppose that there is a one-to-one relation between wavelength and color, or that such a
relation exists between spectral energy distribution and color. But even the existence of a unique color
(under

fixed viewing conditions) for each monochromatic wavelength or each spectral distribution does not imply
that a converse relation exists. In fact, it cannot, because color spaces have lower dimensionality than the
vector spaces needed to represent spectra; infinitely many spectra necessarily map into the same color. For
example, the fact that only the longest visible wavelengths in the spectrum appear reddish may lead to a
false assumption that “red” implies ‘only long wavelengths’; actually, all spectral reds are slightly orange,
and the “unique’ or ‘invariable’ red that looks neither bluish nor yellowish is a non-spectral color,
complementary to the cyan elicited by wavelengths near 494 nm (Kelly, 1943; Le Grand, 1957, pp. 211-212;
Committee on Colorimetry, 1963, p.106; Wyszecki and Stiles, 1982, pp. 424, 456). ‘Pure red’ contains some
short-wavelength light.”

With minor differences in terminology, the above material is in excellent agreement with this work! The short-
wavelength light in the last line refers to the spectral component required to achieve a nominal P-channel value of
0.00. Thus, “pure red occurs at 494c or 494, yyy nm where yyy is the peak sensitivity of the L—channel
photoreceptor (nominally 610 nm based on the 2™ order analyses of the photoreceptors peak sensitivities).

Young draws an important conclusion that is shared by this work; “The study of this sensation of color now belongs
to the broader science of vision, an interdisciplinary area involving psychophysics, physiology, biochemistry,
neuroanatomy, and other fields of medical and biological science, in addition to our more familiar areas of physical
optics, radiometry, photochemistry, and optical instrumentation. These disparate disciplines are so intimately mixed
in color science that one cannot easily predict where to find a particular book; for example, Le Grand's (1957) text is
filed in our library with books on physiology and biochemistry, although the author's preface states that ‘the point of
view is essentially that of the physicist’!”

Beginning in Section 4, Young makes another important observation/assertion; “To begin with, we must distinguish
color from other aspects of appearance, such as gloss, texture, and luster. Failure to do this led Malin and Murdin
(1984; pp. 35, 137) to call “‘gold’ a color; the metal has a yellow color, but (unlike most ordinary surfaces) a metallic
luster. The Committee on Colorimetry (1963, p.58) calls such use of the names of materials for color names
“confusing”, pointing out that ‘metallic luster is a characteristic of objects distinguishable from color,” and
recommends that ‘names suggesting such characteristics should not be used as color names.’”

In Section 4.4 “Color Constancy,” Young makes a number of statements in semantic form that do not relate color
constancy to any theoretical physiological regions or values. He also does not differentiate between the summing
and differencing of narrow band spectral lights (usually associated with modern additive color experiments) and the
summing and differencing of broad band spectral sources (usually associated with modern subtractive color
experiments). His discussion of broadband spectral sources would be helped by following the protocols of this paper
to calculate the signal distribution generated in the individual S—, M — and L—channels and taking the differences to
form net signal amplitudes in the P— and Q—channels (Section 17.3.3 & Figure 17.3.3-6). Broadband spectral
sources generating simultaneously the same amplitude P— and Q—-channel signal amplitudes are known as
metameres.

In Section 4.5 “Color Spaces,” Young describes only three types of “cone-shaped receptors, each with its own type
of spectral response, that contribute to color vision. . .the detected signals are immediately processed in the eye and
brain to yield a brightness channel (roughly, the sum of the green and red cone signals); a red-green channel (their
ratio); and a blue-yellow (blue vs. red + green) channel. These “opponent mechanisms” modify the signals before we
perceive them, so perhaps the most natural dimensions of color space are black/white, red/green, and yellow/blue.
Such natural basis vectors appear in both psychophysical (Krauskopf et al., 1982) and physiological (Derrington et
al., 1984) experiments.” These comments are compatible with this work if the ratios indicated are taken in the
logarithmic domain and the sum representing the brightness channel is expanded to consist of the logarithmic signal
amplitudes in the red + green + blue channels. Young does not assert the presence of any “rod-shaped receptors”
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that exhibit a spectrum usually associated with a brightness channel. Young does not describe what portion of his
“cone-shaped receptors” is actually cone shaped!

Section 4.6 of Young relating to “brown” requires some further discussion, particularly with regard to the statement
that a “non-spectral” color. . . is reserved for the purple hues that cannot be matched by any mixture of
monochromatic and white light. He does not further define the “purple hues,” he may be speaking of the magentas
of process color. These colors are recognized as requiring the mixture of two “colors” that exhibit no connection to
“white” except indirectly— they must have positive P— and Q- values. This work prefers to reserve the term non-
spectral color for any perceived color that is not directly and uniquely associated with a single wavelength along the
visual spectral locus. The vast majority of perceived colors fall into this category.

Eliminating the colors associated with wavelengths shorter than 437 nm for simplicity, The New
Chromaticity Diagram and its empirical derivatives, the CIE UCS chromaticity diagrams of 1976,
demonstrate that specific colors require two parameters to identify them uniquely. The one parameter is the
P-channel value (or the equivalent short wavelength spectral locus value) and the second is the Q—channel
value (or the equivalent long wavelength spectral locus value). White is no different in terms of this
requirement.

It also recognizes that “white” is a specific perceived color, although not an easily defined color. It is highly
subject to spectral adaptation as well as other variations in the parameters of human vision. The fundamental
definition of white as perceived under photopic and scotopic conditions is quite different. Under photopic
conditions, and in the absence of any spectral adaptation, white is defined in the New Chromaticity Diagram
by the coordinates 494,572 nm. Under scotopic conditions, the difference channels P- and Q- do not provide
useful (adequate signal-to-noise ratio) signals and the human does not perceive color. He/She only perceives
a brightness sensation associated with the R—channel. This sensation is compared to a neutral gray
background (a lack of signal) perceived by the stage 5 cognitive engines.

The so-called purple line as adopted by the CIE is totally empirical and based on a non-orthogonal
representation of the color space. As shown in Section 17.3.5.3.2, the traditional purple line is defined as
straight in CIE x,y coordinates but not when defined by the spectral locus as perceived by the human eye.
This figure shows that the various isoclines of the New Chromaticity Diagram are curved lines in CIE X,y
space. These isoclines are nearly straight lines in CIE UCS 1976 color space, and would be straight if the
CIE UCS 1976 color space was in fact a uniform color space as defined in the perception—-based New
Chromaticity Diagram. Note the color triangle defined by Wyszecki & Stiles (page 128, 2™ Ed., 1982) as
connecting the centroid values of either “independent primary stimuli in color-matching experiments or the
R- G- and B- spectral receptors, in the CIE Chromaticity Diagram and discussed by Young,” is not actually
triangular, each side is an isocline in the New Chromaticity Diagram and represented by an arc in the CIE
Chromaticity Diagram.

Brown is uniquely described in both the ISCC--NBS “Color Names Dictionary,” Munsell Color Space and in the
New Chromaticity Diagram. In the Color Names Dictionary, brown is described using Munsell notation as strong or
deep brown for hues between 7YR and 8YR, for chroma values exceeding /5 and Munsell values of between 0.0/
and 4.5/. This region can be easily identified on the New Chromaticity Diagram using the above hue and chroma
values, and [Figure 17.3.9-1 xxx ].

Section 4.7 of Young touches on an area not often addressed among astronomers. He notes;

“The Munsell system arranges all colors cylindrically about a vertical axis whose direction represents the
sensation of lightness. A pure white magnesium oxide block is assigned Munsell value 10/; value 5/
represents a medium gray; and value 0/ is perfectly black. The physical quantity that is related to Munsell
value is visual reflectance. However, the nonlinearity of the human visual system makes the Munsell value
scale lie between the square and cube roots of reflectance, so that value 5/ corresponds to about 20%
reflectance. The precision of visual judgments is one or two tenths of a Munsell value step (Nickerson, 1947,
p.167; Kelly and Judd, 1976, p.A-13). This corresponds to about 4% precision in visual reflectance, for
typical surfaces.”

The above paragraph needs further clarification. While artistically adequate, it is totally scientifically inadequate.

It is now recognized that the human eye can detect a single photon under specific conditions. Of greater importance
is the fact the human eye operates in a dynamic sensitivity mode over a logarithmic range of at least seven orders of
magnitude. What is perceived as black in the presence of a brighter target appears almost white when compared to a
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darker object. This adaptive capability explains a frequently described paradox of vision. The paradox is difficult to
illustrate on a single sheet of paper since the incident light level cannot be varied easily. Looking at the full moon is
an example of this phenomenon. While the reflectivity of the moon is on average about 4%, it appears quite bright
(white) relative to its natural surround.

Munsell initially referred to the whitest white and the blackest black materials he could reliably obtain as an artist.
The white was an oxide of either tin, magnesium or (less reliably) zinc. The black was most often carbon black.
Thus, the whitest white (value = 10) had a reflectivity of less than 100% (typically 98%) and the blackest black
(value = 0) had a reflectivity of greater than 0.0%, typically 4%. The range between these two values is
approximately 49:1 A portion of the psychophysical community has frequently su%gested a square root or cube root
relationship for this stimulus/response relationship (Section 17.2.4.2 and/or Byers®®). However, a majority of the
biophysical community has recognized the relationship is actually an exponential. See next subsections 17.3.8.1.2
& 17.3.8.1.3.

The use of an exponential relationship avoids the limitations of the square or cube root relationship;
imaginary numbers for negative values and the significant divergence of the measured reflectivities from
these functions at high reflectivities.

As suggested in section 17.3.8.1.2, the relationship between reflectivity and value number in the relative Munsell
Color Space can be given by reflectivity = 2 x 1.4758"¥, Based on this relationship, the reflectivity of a surface
with value = 5 is 14% rather than the 20% suggested less formally by Young. The Section suggests a more nominal
value than 1.4758 when used to describe an absolute Munsell Color Space, 1.5849 based on a black reflectivity of
1% and a white reflectivity of 100% for a ratio of 100:1.

In Section 5.4, “Tristimulus values,” Young adopts, and illustrates the Tristimulus Values derived from the linear
assumption of Grassman’s Laws in his Figure 1. While the peaks in these tristimulus plots labeled R, G & B by
Young (instead of the more detailed nomenclature of the CIE) are at the appropriate locations for the actual sensory
neuron receptor peaks, (actually S-) near 437 nm., (actually M -) near 532 nm, and (actually L-) near 600 nm, the
tristimulus values require negative amounts of the R stimulant to represent a color at a wavelength centered near 525
nm. This is an irrational result of assuming linear summations are performed within the stage 1 sensory and stage 2
neural signaling channels. Young tried to rationalize the problem by quoting Boynton, 1979 and MacAdam, 1981.
This awkward situation caused the CIE to introduce its XYZ notation to replace the RGB notation. The XYZ
notation has no corresponding (real) physiological mechanisms. As a result, the chromaticity coordinates, x,y, lack
physiological meaning and data plotted on such a graph lacks rationality. If the stimulants of the RGB system are
assumed to be represented logarithmically (to the base €) at the output of the stage 1 sensory receptors and summed
and differenced in that form within stage 2 signal processing, no such requirement for negative values is encountered
as illustrated in Section xxx. By taking the differences between the S—, M — & L—channels in pairs, the key
parameters P— and Q- (and O- if the UV-channel sensory receptors are included in the analysis) are obtained.
These are the fundamental parameters of the perception-based New Chromaticity Diagram.

17.3.8.1.2 Defining a logarithm - - -

The use of a logarithmic scale is critically important when exploring the junction between astronomy, artistic
rendition, neural signaling and mathematics. Each of the first three fields has adopted an auxiliary definition of a
logarithmic scale for its own needs. A logarithmic scale can be considered a geometrical expression as opposed to a
linear expression of the form,

X (linear numeric) = b®” such that exp = log, x. The expression, exp, can be any linear numeric value used to present
the value of x in a more compact form when x is either a very large or very small value relative to the numeric 1.000.

Logarithms have been in use under various labels since at least the time of Newton and Napier in the 15" Century.
Common (or Briggsian) logarithms where b = ten have been in common use since the 19th Century.

In the time of the Pharaohs, astronomers and astrologists adopted a logarithmic scale to define the apearent
brightness of various stars. Their scale went from the brightest fixed heavenly body to one labeled 5™ Magnitude
that is now known to be about 1% as bright. Thus, they had adopted a logarithmic scale based on a base of 2.51,

22Byers, J. (2006) Pheromone component patterns of moth evolution revealed by computer analysis of the
Pherolist J Anim Ecol vol 75(2), pages 399-407
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2.51° = 100, and incorporating a minus sign to give dimmer stars a higher apparent magnitude. Today, this scale
continues in use and our Sun is described as having a stellar magnitude of --26.7, Moon = -12.6, Venus = —-4.4,
Sirius =-1.4, Vega = 0.00, faintest naked eye star = +6.5, brightest quasar = +12.8, faintest object = +30 to +31 as
reported on Wikipedia as of Nov 2, 2010.

In more recent times, the artistic community has relied upon a logarithmic scale developed by Munsell based on
pigments applied to a white poster-board.

Typical office copy machine paper has a nominal whiteness (reflectance) near 96%. It is more difficult to
describe the blackest of black pigments without getting into a discussion of surface quality. The gloss and
roughness of the surface coating can make a significant difference.

For purposes of this work, Munsell described a logarithmic scale of 10 steps extending from about 98% reflectance
to about 2% reflectance. The ratio of 49:1 leads to a logarithmic scale of 49 = b'® where b = 1.4758. If the ratio
between maximum reflectance of 100% and a minimum reflectance of 1%, 100:1, the value of b would become
1.5849.

The scientific community has gravitated to what has become known as Natural logarithms since a logarithmic scale
based on the base e = 2.7128 has been found to have unique properties.

Table 17.3.8.1 summarizes these relationships.

Name base linear range

Common (Briggsian) 10 unlimited

Natural (Ln) 2.7128 unlimited

Magnitude (astronomical 2.51+ unlimited

Common Munsell (Value) 1.4758 nominally 49:1

Absolute Munsell (Value) 1.5849 unlimited (ten steps would be equivalent to 100:1 reflectance change)

The ratio between the Common and Natural logarithms is of interest. Log,,X = 0.4343-LnX. The reciprocal of
0.4343 is 2.302.

The common Munsell Value only applies to the luminance range known as the photopic region of human vision as it
is defined by the change in reflectance of a pigment relative to a background (taken here as a poster-board). As
noted above, great care is taken in the printing and publishing communities to compare pigment samples in a special
“viewing booth” providing highly standardized (both American Standards and ISO standards) illuminance levels and
color temperature of the source of the illumination.

In order to achieve a more absolute and extended range of the Munsell Value system, it is necessary to define an
Absolute Munsell Value that is traceable to fundamental properties of both the irradiance of a pigment and its
reflectance. The product of these two quantities is the radiance of the pigment as a function of the source irradiance.
In planetary astronomy, the source is typically the Sun at a color temperature of 6500 Kelvin and a specified
(known) distance from the pigment sample. If the planet or one of its moons has an atmosphere, provision must be
made for its spectral absorption.

17.3.8.1.3 The extended value scale of Absolute Munsell Color Space

When attempting to quantify a paint chip within the Munsell Color Space, it is typically identified by the comparison
with a reference chip. However, the graphic, such as that of Newhall et al. discussed below, generally fails to note
the many hidden variables inherent in this method. The most important of these is to maintain an irradiance level
within the color constancy region for all comparisons. Other parameters are related to the geometry of the viewing
booth and the physiology of the eye (particularly its state of adaptation, including pupil diameter and limited
instantaneous dynamic range) should also be documented.

It is striking that Newhall et al. did not consider the consequences of their simple experiments where they did not
provide a protocol specifying test conditions. The illuminance of their source was noted as an ICE color temperature
of 6700 Kelvin (an early designation of illuminant C), but did not specify the luminance angle relative to the samples
or the angle of viewing. The luminance intensity at one point was specified as 300 Lux + 5 Lux (corresponding to
300 + 5 Lumens/m? or 27.9 * 0.46 foot-candles). All units incorporate the CIE visibility function, (V(A)). The
problems with the scientific legitimacy of (V( A) are discussed in Sections 17.1.5 & 17.2.5.
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The fact is that the luminance or radiance of the source must be incorporated into the equation of value/ versus
intensity of the reflected light to avoid a series of paradoxes when the surround intensity is varied relative to the test
sample (irradiated at fixed intensity). It is also critically important to notice that zero perceived lightness, on a linear
scale, only occurs at a product of reflectance time irradiance equal to minus infinity (—o°) on a logarithmic scale. The
recognition of the role of the reflectance x irradiance product is fundamental to the absolute Munsell Color Space
described below.

Newhall (1940) and Newhall, Nickerson & Judd (1943) noted the difficulty of settling on a protocol acceptable to a
majority of a long list of scholarly investigators in the program, especially from the psychology community. The 41
investigators apparently prepared their own viewing conditions after being provided with a set of 81 composite
charts (with each chart requiring about 100 judgements). A typical investigator took a year or more to return the
survey results to the subcommittee who reduced the statistical data. Newhall (1940) lists a variety of other
complications relating to the project. With regard to one of their recommended methodologies, they noted,
“Evidently, it would be a mistake to conclude that the ratio method has been applied to the spacing problem in
anything like pure form. The actual procedure was so complex that if the ratio method were not pointed out it might
pass unrecognized.” Newhall also noted the small number of participants who returned data suitable for use in
determining the value scale (nine). The goal was to establish a value/ scale that was perceived as equally spaced.
Such a scale would typically be logarithmic in object space under ideal conditions. The data in Table 1(6.6.1) of
Wyszecki & Stiles shows that the ratio between the Y values as they relate to the value/. They are neither linear or
logarithmic. Figure 14 of Newhall et al. (1943) is meant to summarize the available data and various proposals.
This figure was hurriedly inserted into the paper without significant study. The “anti-log” function was added
without adequate analysis, without any values for the parameters given, and improperly drawn in the area of zero
reflectance. No error bars were associated with the data points. As a result, a significant effort was expended on
developing a quintic parabola that fitted their “adjusted” data point by trial and error. There is no theoretical
foundation for such a complex equation to represent a straight forward physiological condition (Section 17.2.4).

The same assertion applies to any square root or cube root representation of the relative or absolute Munsell value as
a function of reflectance, or the product of reflectance and irradiance respectively. For negative values, both of these
functions are imaginary. For small values of the product of reflectance and irradiance, the proposed logarithmic
function (see paragraphs below) gives entirely rational values as shown at the lower left corner of the figure.

The “adjustments” associated with the data in the Newhall et al. paper suggests the strong empirical character of the
investigator’s backgrounds and apparent lack of strong statistical training. A footnote to the paper indicates several
of the committee members were unable to participate in the preparation of the final paper.

A major philosophical change in the Newhall et al. paper relative to earlier Munsell Color Space notation (page 386)
involved changing the value/ scale of 10/ from referring to a reflectivity of freshly cleaved Magnesium oxide
(nominally 97.25%). The value/ of 10/ then refers to a theoretical reflectivity of 102.57 percent. The dubious
advantage of this change is obvious. In their summary, they noted their adjustments sought to achieve a “double
ideal of practicability and perceptual uniformity. The necessity of considerable reliance on color judgment, the
scattered data, and extrapolation make it clear that this system is to be regarded only as an approximation to the
ideal.” [italics added] The renotated Munsell Color Space generally associated with Nickerson (1943) is based on
this revision of the value of reflectance associated with 10/ and on the assumption of an absolute black with a value/
of 0.00/. Neither of these changes is supportable based on a rational theoretical model. See Section 17.3.8.1.4.

Figure 17.3.8-4 shows the same data as Newhall et al. but includes a theoretical logarithmic overlay to the empirical
data and modifies the horizontal scale to incorporate the effect of changing the intensity of the irradiance. The
overlay follows both the NBS measurements and the empirically derived quintic equation quite closely. However
the logarithmic equation extends to negative Absolute Munsell Values. The logarithmic equation shows the value of
R =1.00% (times the irradiance and a collection of other parameters) should result at VV = zero. The value of V can
be lower than zero (negative) if special conditions are invoked. However, care must be taken to interpret the results
if a photopic level of irradiance is not maintained at the retina. The reflectivity x irradiance of the sample does not
equal zero at V = 0.00 as assumed in the Newhall et al. representation.
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Figure 17.3.8-4 Munsell value (Book of Color Samples) as a function of reflectance with logarithmic overlay. This
figure shows the curve of the recommended value scale (heavy line) in comparison with the Munsell-Sloan-Godlove
value function (fine line); also with the subcommittee’s observation on white (small open circles), on gray (not
shown), and on black (small closed circles) backgrounds. It also shows repeat measurements by the NBS (large
open circles) in support to the report. The logarithmic overlay (dash-dot line) follows the NBS values and the
committee’s recommendation closely See text. Except for dash-dot overlay, from Newhall et al., 1943.

Newhall et al. performed their experiments at three background irradiance levels but they did not document these
levels in the paper. Their recommended curve appears to overlay most of the points measured with grey
backgrounds.

The logarithmic character of the Newhall et al. data is in excellent agreement with both the theoretical and empirical
discussions in Section 17.2.4. See specifically Figure 17.2.4-2, which includes material related to adaptation and
Figure 17.2.4-3 providing additional information relative to figure 14 of Newhall et al., including the limitation
imposed by the color constancy requirement.



128 Processes in Biological Vision

The logarithmic equation tracing the value/ as a function of the reflectance x irradiance product for an Absolute
Munsell Color Space is;

Reflectance x Irradiance/300 Lux. = 10 ' = 1.5849M) for —o <V < —o0
Within this context @ 300 Lux;

reflectance = 100% for V = 10.0  reflectance of fresh cleaved Magnesium Oxide = 97.25%
reflectance = 1% for V =0.00 reflectance of new carbon black = 4.0%

But the irradiance of the retina must be maintained within the color constancy regime if a correct judgement of color
is to be achieved.

The most obvious special condition is when the surround related to the test chip(s) is not maintained near the
brightness of the test chip. By lowering the irradiance level applied to the chip, the effective reflectance of
the chip can be perceived as lower than it actually is. By raising the irradiance level applied to the chip, the
effective reflectance of the chip can be perceived as higher than it actually is.

This situation can be related to that where astronauts and astronomers compare a charcoal black surface to the
blackness of outer space. At a nominal irradiance of 300 Lux for the chip, the charcoal black surface appears
to be highly reflective.

The Munsell Color Space was originally defined for the purposes of the artistic community working on white poster-
board-like material and relying upon primarily natural room lighting. The value scale was initially a relative
logarithmic scale with a value of 10/ representing the whitest available poster-board. A value of 0/ represented the
blackest of the flat black pigments available covering a substantial area of the poster-board (roughly 2% as bright in
the case of lamp black). In the modern industrial age, it is appropriate to extend the value scale to represent a white
poster-board (now a freshly cleaved magnesium oxide block) when irradiated (illuminated) by more intense sources.
It is also appropriate to describe “blacker than black” levels below those available from pigments (Reflectivity of
carbon black in oil ~0.3% across the visible spectrum®®). Such situations are routinely encountered in modern
industry and planetary astronomy.

What Young failed to note in Section 5.4 are two major points; 1) the absolute radiance level of the energy
emanating from the surface of the block. The radiance from the block is the product of the irradiance level and the
reflectance of the object. It is this radiance that is a measurable Munsell Value (Table 1(1.1) in Wyszecki & Stiles,
2" Ed., 1982). Historically, the Munsell Color Space has been treated as based on a relative scale involving a piece
of high reflectivity white paper to define the highest Munsell value of 10. 2) the configuration between the light
source, the samples and the observer.

Young also failed to note 3) the relationship between the Munsell value and the physiologically related radiance
regions, the hypertopic, photopic, mesotopic and scotopic. The only region where color constancy is maintained is
the photopic region. This is not a region highly utilized by astronomers. Unless looking at the moon through a large
aperture telescope, they are usually encountering the mesopic or scotopic regions. xxx expand

To achieve an Absolute Munsell Color Space (or Solid), it is useful to employ a suitable high reflectance standard.
The study of such potential standards was intense during the 1950's into the 1970's. The activity focused on either
magnesium oxide of barium sulphate, with magnesium oxide, the simplest chemical choice. Tellex & Waldron
provided detailed measurements in 19552, Budde, detailed potential methods available for establishing absolute

23Handbook of Chemistry & Physics, 56" Ed. (1975) Reflection Coefficients Cleveland, Ohio: CRC Press
page E-229
24Tellex, P. & Waldron, J. (1955) Reflectance of magnesium oxide JOSA vol 45(1), pp 19+
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reflectance values in 1976°%° with a focus on barium sulphate. The Tellex & Waldron data showed a reflectance for
freshly deposited magnesium oxide of 98% across the visible spectrum.

Selecting the potential dynamic range of an Absolute Munsell Color Solid is important. One approach is to define
an ideal reflectance range of from 100% down to 1%. While neither of these extremes can be realized by common
materials, they can be achieved using known methodologies. Selecting a range of 100:1 allows easy meshing with
currently employed radiance and irradiance levels. An irradiance of 3 x 107 candles per sg. meter (107 millilamberts)
and a reflectance of 100% would make the relative Munsell Value of 10/ correspond to the nominal top of the
photopic region of vision (Section 2.1.1.1). A reflectance of 1% combined with the same irradiance would
correspond to a relative Munsell Value of 0/ equivalent to a level two orders of magnitude lower, (or equivalent to an
irradiant source of 3 x 10° cd/m?, i.e., 10° millilamberts). Lowering the source irradiance by factors of 100:1 would
generate proportionally lower Absolute Munsell Values. In general, the radiance of a surface would be equal to the
irradiance of the source times the reflectance of the surface. This radiance would be specified as an Absolute
Munsell Value = V,/ = log,(radiance/r,) where b = 1.5849 and r, = 3 x 10° cd/m® The absolute value can also be
given by V,/ =5 x log,,(radiance/r,).

Figure 17.3.8-5 repeats Figure 2.1.1.1 in modified form. It incorporates both the proposed Absolute Munsell Color
Space Values and the relative Munsell Color Space Values when viewed under different highlight radiance
conditions. The relative Munsell Values in example A correspond to the proposed Absolute Munsell Value scale
and will represent the best available rendition of the colors present to the human eye. The relative Munsell Values in
example B also represent “true” renditions of the colors present. The use of irradiance in the viewing area
equivalent to example C will result in some colors at lower Value numbers being perceived incorrectly by the human
eye relative to the intended rendition due to the loss of color constancy in the visual system. Viewing color imagery
at Absolute Munsell Value levels represented by example D will have no scientific value. Virtually all of the colors
will be represented incorrectly. Some colors in representations with a maximum highlight at Absolute Munsell
Values below -25/, particularly those of low /chroma, may not be perceived in color at all.

Presenting imagery at higher highlight levels than Absolute Munsell Value 10/ will generally result in the washout of
colors at the higher relative Munsell Values, particularly those with low /chroma. This is due to mechanisms within
the visual system and unrelated to the viewing booth or imagery involved.

25Budde, W. )1976) Calibration of Reflectance Standards Jour Res: NBS—-A. Physics and Chemistry
voI80A(4), pp 585-595
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Example Level Proposed Range Relative
cd/m? milli- Absolute Munsell
lamberts Munsell Value
am Value Ranges
10w 25/ A
Sun’s surface at noon 10° 20/ Damaging to retina
3x10‘f 10g 15/ A
3x107 :10 10/  Hyperopic (Bezold-Brucke)
Tungsten filament 10° 5/ E B
10° 0/ Daylight E
T
White paper in bright light 3x107™* 10 -5/ ;
3x107 10° -10/  Photopic (color constancy abm‘%here)
Comfortable reading 10° -15/ Sunset * gD
(5" from 100 w. bulb) 10! -20/ E "
318 1 -25/ E
3x10%  10° -30/ Mesotopic -
White paper in moonlight 107 -35/ Full Moon  §
s
a (]
Chromatic threshold 3x10° 107 -40/ pupil fully open .
White paper in starlight 10° -45/  Scotopic (colorless vision) Clear. No Moon
10° -50/ !
Achromatic threshold 3x10°  10¢ -55/ !

Figure 17.3.8-5 Modified Figure 2.1.1.1 with relative and proposed Absolute Munsell Values. A, B, C & D
represent relative Munsell Value scales where the representations are viewed under different highlight conditions for
Value 10/. Only scales A & B result in totally satisfactory representations of the colors in the imagery. See text.

As noted in the caption to the figure, color constancy is maintained for conditions A and B but is marginal for
condition C. Therefore, the related maximum radiance is acceptable for a relative Munsell Value of 10/. The typical
office illumination level on a desk is nominally 100 cd/m?. This level is considerably below that needed to assure
color constancy throughout the dynamic range (example D) of a typical graphic placed on such a desk for viewing.

While Young asserted that the Munsell Color Space arranges all colors cylindrically about a vertical axis whose
direction represents the sensation of lightness, it is the mathematical framework that consists of a set of cylindrical
tubes about a vertical axis. The actual realizable colors are not constrained to lie on any of these cylindrical tubes.
The actual shape of the realizable Munsell 3D Color Space is a much more free form shape as shown in Figure
17.3.8-7.

The representation of the Munsell Color Space in Section 17.3.8 provides a more realistic vertical axis. The Value
along the vertical axis represents the highlight radiance associated with an object. It assumes a common logarithmic
scale (logarithms to the base 10) given in milli-lamberts for historical reasons.  This scale is continuous, there is no
absolute black and there is no absolute white. Increasing the irradiance (or illuminance) level by a factor of 10,
raises the Munsell value by +5.0 units. In the figure, the top of the photopic region is described as Munsell value
10.0/ (nominally 10" milli-lamberts). The bottom of the photopic region is described as absolute Munsell value, V,/
= —10/ (nominally 10° milli-lamberts). See Section 2.1.1.1. This approach would suggest color constancy extends
over a range of 10*1, from highest radiance to lowest within a scene. However, this may still be too wide a range
depending on how the terms are defined. The literature would suggest an instantaneous dynamic range of 220:1 for
human vision in the photopic region. Laboratory investigation is needed in this area, preferably using a 6500 Kelvin
light source and test equipment employing radiometric units.

Below an absolute Munsell value, V,/ = =10, the Munsell Color Space would begin tapering toward a null value for
luminances (radiances) below about absolute Munsell value, V,/ = —45. Figure 5 of Young’s 2004 paper would
suggest color constancy between Munsell values of 9.0 and 5.0 with sensory saturation occurring at Munsell values
above 9.0 and loss of color constancy leading to total color blindness at Munsell values below 0.00. These values
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are compatible with the above definitions within a value of £1.0 unit when the instantaneous dynamic range of the
human eye is taken into consideration.

A total loss of color rendition at absolute/relative Munsell Values above about 14/ is to be expected (/Chroma =
0.00). The visual system becomes totally washed out and the perception is of a neutral gray scene in object space.
A similar condition has been widely encountered by those suffering from Achromatopsia (Section 18.xxx) at lower
absolute Munsell Values, in the V,/ = 0/ to -5/ range.

Within the color constancy regime, Figure 17.3.8-6, reproducing a modified figure 5 of Young, suggests the
Munsell Chroma would achieve a maximum of about 22.0 (largely regardless of Munsell Hue). This value is
consistent with the maximum Chroma value shown in Section 17.3.8 for the spectral loci at 494 nm and 572 nm with
a marginally higher maximum value (on the order of Chroma = 26) at 532 nm.

Based on Section 2.1.1.1, total color blindness should
occur at 10 milli-lamberts highlight brightness S0 500 00 shio oo o0 3900 .00
(absolute Munsell value of V,/ = —45/) with an -
achromatic visual threshold of 10°° milli-lamberts o .
highlight brightness (absolute Munsell value of V,/ = <) gyp.mp"
-55/). Tt s N egion
525

Young also provided a figure 4 showing the variation 2
in hue and /chroma associated with a specific value/. It Photobic
is compatible with his figure 5 reproduced here. e . _;5 Regio,':
However, it shows how the /chroma value varies Se ’.
significantly with hue in the mesopic region. The B
stimulus samples used were all from the spectral locus. 2 I
It shows the long wavelength stimulus samples (longer N 2
that 625 nm) all becoming asymptotic with the 5YR Mesopic E
radial at low /chroma while the short wavelength 8 Region 2
stimulus samples (shorter than 485 nm) all becoming 1 Line of o)
asymptotic with the 5YG radial at low /chroma. This Color Constancy 3
locus is clearly related to the loss of color constancy in 8, 5 s of o
the mesopic, and possible lower values/ in the photopic ° Color Constancy 3
region. The Munsell Color Solid is not cylindrical in - _ L
this range. Figure 17.3.8-6 Locus of color constancy in Munsell

Color Space. The vertical line indicates the nominal
As in the above figure, between 525 and 605 nm maximum achievable chroma for Munsell values within
(between 4Y and 8R), the /chroma remained largely the photopic region. For Munsell values below 4.0,
constant (between /20 to /22) regardless of the hue. perceived colors will vary with value. Numerics along the
This constant /chroma over this range is the expected ~ dotted line are in nanometers related to a Young
characteristic of a broadband canary filter used in interpretation in an accompanying figure. Modified from

process color printing. Outside of the hue range, the Young, 2004.
opacity of the filter would be quite high.

17.3.8.1.4 An extended Munsell Color Solid with Absolute Scales

Figure 17.3.8-7 is taken from the Common Graphic Files of Wikipedia without attribution. It is the best among
many representation of the relative Munsell Color Solid located in the literature to date. Unfortunately, it does not
bear any annotation as to the light levels involved or the specific radials and concentric circles present. It also has a
perspective that is difficult to identify. As is common practice, a color chip, such as 10Y value/chroma is made
larger than the size of the intersection associated with that notation but shown centered on that intersection. The
resulting representation is therefore larger than appropriate. The notation shown in this figure has been deduced
under the assumption that the most saturated green lies between the 10YG and 5G radials and is associated with the
7/ value. Based on the presumed /chroma scale shown, the most saturated green shown can be labeled 2.5G 7/19.
The /chroma values shown are compatible with the saturation of the colors shown and reflect the normal tendency in
the community to only illustrate colors out to /chroma of /12 to /17, with rare exceptions.

The conclusion can be reached that the most difficult quadrant to portray has been cut away and that the rendition of
the blues and purples is not realistic as shown. A more rational set of colors is reproduced in Section 17.3.9.
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Figure 17.3.8-7 A Munsell Color Solid based on the 1943 renotations without attribution. The irregularity of the

shape was not noted in Munsell’s original Color Solid (sphere). Based on the lack of saturated colors (high

/chroma), there is no indication that this solid is meant to describe the outer shape of the Munsell Color Solid.

The

blue and purple regions of this portrayal appear inappropriate. Numeric notation has been added based on the New

Chromaticity Diagram of this work. See text.
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17.3.8.1.5 Test conditions for using the Munsell Color Space effectively

Kelly & Judd are among the few investi%ators who have described the correct conditions for evaluating color
samples using the Munsell Color Space®®. Their extensive report under the auspices of both the National Bureau of
Standards and several scientific organizations is quite complete but difficult for some to interpret. It has an informal
name of “Color Name Dictionary” (CND) that differs from its title name. Sections 6.1.2 & 6.2.2 of their circular
notes the critical requirement to establish daylight source conditions. The implication was a color temperature of at
least 6500 Kelvin light acquired by a North facing window on a clear day. They also describe a Macbeth daylight
unit mounted to give even daylight equivalent illumination over a large desk top area (They specifically cite CIE
source C) . They also describe a variety of sample preparation methods.

Kelly & Judd expanded their Color Space to include up to six levels of precision (from the original three levels).
They do note that the human observer can match carefully prepared samples to the first four levels of precision but
instrumentation is generally needed to achieve higher degrees of sample comparison. The fourth level corresponds
to the Munsell Color Space of 1500 samples. They assert that;

“an experienced colorist working under the lighting conditions noted above can interpolate reliably to a tenth
of a value step, to a quarter of a chroma step, and to anywhere from one hue step at chroma/2 to as little as
one-quarter of a hue step at chroma/10 and above. They estimated that the maintenance of these accuracies is
equivalent to the division of the whole color solid into about 100,000 small blocks.” After a few words, they
conclude with; “In this level, the color of our light yellowish brown carpet can now be very accurately
specified as 9.5YR 6.4/4.25.”

Their discussion of methods of achieving reliable level 6 measurements involve two separate methods. The second
method relies upon the Y ,x,y coordinates of the CIE chromaticity diagram. They assert there is a one-to-one
correspondence between the Munsell notation of 1943 and CIE specifications. The 1943 paper appears to be the
source of the Munsell renotated Color Space (Section 17.3.4.2). While there may be a one-to-one relationship, it is
not represented by a linear relationship when plotted within any known graphic space sanctioned by the CIE.

Kelly & Judd provide detailed listing of color names using numerous plots of two of the Munsell variables while
holding the third variable fixed. It appears that additional information can be extracted from these plots relating to
the saturation of the L—channel signals at high irradiance levels (high Munsell values) due to the 2-exciton
mechanism (Section 12.5.2.4) involved.

17.3.8.1.6 Number of recognizable colors in absolute Munsell Color Space

As noted above, Kelly & Judd estimated the number of identifiable small blocks within the Munsell Color Solid
(Space) as approximately 100,000. While the use of discrete small color blocks might suggest a discrete number of
perceived colors, the neural system is fundamentally analog in character. As a result, the number of delineatable
colors at the stage 1 sensory level, at the stage 2 signal processing level, the stage 4 information extraction level and
within stage 5 cognition is necessarily described using statistical methods. The stage 3 signal projection level may
affect the results marginally because of the potential difference between the initially applied analog signal and the
reconstructed analog signal delivered to the stage 4 engines.

Determining the number of recognizable colors within the absolute Munsell Color Space precisely is a very difficult
and time consuming activity at this time. The design of the test protocol is of maximum importance because of the
number of variables that must be controlled. Not only that the absolute radiance must be controlled but the state of
adaptation of the subject must be controlled. Allowing the subject to observe a red pilot light or the reflection from a
more intense radiant source than the test background can significantly alter the subjects spectral performance for up
to 20 minutes.

It is important that the difference in radiance between Munsell Values used in the protocol be stated explicitly. It is
also preferred if the hue/ and /chroma of the protocol be tied to the spectral locus of the New Chromaticity Diagram
if possible (Section 17.3.8.1).

28K elly, K. & Judd, D. (1955) The ISCC-NBS method of designating colors and a dictionary of color
names; National Bureau of Standards Circular 553. Washington, DC:US Government Printing Office.
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Because of the asymmetrical character of the envelope of the Munsell Color Space, there can be very few, if any,
shortcuts taken within the protocol associated with symmetry.

The size and the location of the stimulation on the retina is crucially important. The use of thin lens optical models
is not acceptable if the location of the stimulus varies by more than 1 degree from the optical axis of the lens (not the
line between the pupil and the point of regard). The point of regard of the foveola is typically >5 degrees from the
optical axis. As a result, a thick lens model of the human eye is required for any serious evaluation. The apparent
physical diameter of the pupil observed by the investigator should also be recorded. This value can be used to
determine the typically smaller effective diameter of the pupil at the angle of interest from the optical axis.

Preparing physical color samples that are adjacent in the Munsell Color Space is difficult and it is very difficult to
confirm their individual performance. If an electronic source is used to create the color samples on a monitor, the
gamma of the display device must be compensated for under all spectral and intensity conditions.

17.3.8.1.7 Rationalizing Young’s paragraphs 7-9 and the proposed Absolute Munsell
Values

Many people maintain an archaic vision of an astronomer as working at night on a mountain top, sleeping by day
and avoiding bright daylight. Today, however, whether using a telescope on a mountain top or on a spacecraft, the
astronomer tends to work in his office during the day and operate the telescope by remote control wherever it might
be located. The sophisticated signal processing available for the data sent from the telescope is now amazing.
However, the astronomers may not appreciate the limitations of their eyes in interpreting the final imagery. The use
of a relative Munsell Color Scale can lead to confusion and non-repeatability of results among individual interpreters
and among associates. An Absolute Munsell Color Scale, as presented above, and a well standardized viewing area
is required to avoid such situations. These conditions avoid undue adaptation affecting individual spectral channels
of human vision and insure the ability of the observers visual modality to perceive the entire chromatic scale
presented in the imagery.

The above section describes several limitation of the physiological (human) eye. When the irradiance (illuminance)
level falls below the lower limit of the photopic region, color constancy is lost and actual color sensing begins to
degrade. The first degradation is in the sensory receptors of the L—channel at low Munsell values due to the 2-
exciton mechanism described in Section 12.5.2.4 and crudely illustrated in Figure 2.1.1-2. This causes color
performance in the lower reaches of the 3-dimensional Munsell Color Space to be lost along the radials 5YR and
10YR. At still lower irradiances, the signal-to noise ratio in the S— and M —channels becomes so poor that the neural
system compensates by employing a circuit similar to the “color-killer” circuit of analog color television receivers
(now largely out of service). As a result, color information is not passed to the saliency map of stage 4 and the
cognition engines of stage 5. This limitation of the blue-green area is also indicated in Figure 2.1.1-2.

On approaching the low irradiance levels defined by the Absolute Munsell Values in Section 17.3.8-3, the perceived
colors of objects in object space become very undependable. Young describes many of these changes in perceived
color textually beginning in his paragraph 7, “Colors and Spectra.”

In his paragraph 8, “Nonlinearity and Color Naming,” Young describes a variety of color changes semantically as a
result of perceived relative Munsell Value changes with radiance level. “A moderate yellow like Munsell 5Y 7/7
appears moderate olive if its reflectance is reduced 5 or 10 times, to 5Y 3/7.” He attributes similar perceived
changes as lower chroma values are encountered. This paragraph could be written with a higher degree of
specificity if absolute Munsell values were employed, as developed above, and the detailed plots (2-axis plots
holding the third parameter as a constant) of Kelly & Judd were utilized. These plots describe the relative spectral
sensitivity changes of the neural receptors of the human eye with irradiance level. These changes influence the
perceived color of the overall human visual modality. Figure 17.3.8-7 hints at these changes as the radiance is
reduced at the eye. The overlay plot of Figure 17.3.8-8, which only applies to the color constancy regime, can
contribute considerably to any revised description of these effects. Section 17.3.3.7.3 explains in greater detail why
as the stimulus level is reduced below the photopic level, the L—channel signal produced by the stage 1 sensory
neurons falls faster than the signal produced by the stage 1 sensory neurons in the M—channel, resulting in the
Q-channel value becoming more negative. The result is the perception that a moderate yellow appears a moderate
olive as the stimulus level is reduced, just as noted by Young.

In his paragraph 9, “lo,” Young presents several Munsell Color Space cross sections without specifying the Value
level or scaling the concentric circles describing Chroma. The figures can easily be rotated to make the central point
overlay the white point of the New Chromaticity Diagram and their major axes, 5BG and 10Y, pass through the 494
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nm and 572 nm spectral loci. It appears the circles in his figure 7 represent Chroma of /2, /4, 6/, /8 & /10 based on
the above discussions. As a result, images of the planets appear with very low color saturation.
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Figure 17.3.8-8 shows a first approximation of Young’s figure 7 overlaid on the New Chromaticity Diagram of
Figure 17.3.5-1. The nominal colors of the Chromaticity Diagram have been omitted to more clearly illustrate the
data points. The overlay has been reoriented to conform to the other examples of the New Chromaticity Diagram in
this work. The scales of the figure are limited in order to associate the data with the spectral locus of the New
Chromaticity Diagram. Even the scale of the original Young figure makes it difficult to evaluate the data points with
clarity. However, the groupings tell a story; Uranus has a hue totally different from the other identified planets.
With the exception of Mars which appears distinctly “redder,” the other identified planets all exhibit a straw-colored

hue of very low /chroma.
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Figure 17.3.8-8 Overlay of figure 7 of Young, 2004 on the New Chromaticity Diagram with /2 interval chroma.
The Uranus cluster is clearly along the 10BG radial. The rest of the planetary data clusters along thel0YR to 2Y
radials except for that of Mars which is better aligned to the 5YR to 7YR radials. The data generally exhibits very
low chroma, less than /2 to /6. See text. Data from Young, 2004.

Young has noted (personal communications) that especially treated material frequently exhibit a relative
Munsell Value greater than 10/. Typically, these materials have been coated with a starch that fluoresces
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under ultra-violet irradiation. This overall radiance from an irradiated sample falls outside the definition of a
Munsell Value or an absolute Munsell Value because it does not correspond to the defining equation for
these values. Fluorescence is another property, like luster and surface roughness which Young addressed,
that must be discussed in an alternate context. See Houser et al., 2014, for a complete investigation of the
effects of fluorescent whitening agents (FWA).

17.3.9 The crucial difference between RBG and SML notation in research

By merging the perception-based New Chromaticity Diagram and the perception-based Munsell Color Solid, as
expanded upon by Kelly & Judd, a much clearer understanding of the roles of the SML notation and the now archaic
RBG notation of biological vision. Section 17.3.8 has provided this foundation. This section will largely omit the
UV-channel of biological vision in the interest of simplicity. The discussion is easily extended to include this
additional channel.

The RBG notation has always relied upon a nominally one-dimensional relationship between the spectral
locus and perceived color. This relationship has always been in doubt due to the fact that a saturated pure red
does not appear in the spectral locus (as demonstrated by examining any spectrogram from an appropriate
color temperature blackbody). A description of the perceived color brown has also eluded investigators
relying upon the spectral locus. On the other hand, the SML notation is unconstrained by any association
with a specific perceived color. The letters refer to the actual spectral responses of the photoreceptors of the
visual modality. The physiology of the visual modality clearly indicate that these stage 1 spectral channels
are processed in stage 2 to produce a set of color differences, P- & Q- and one summary signal representing
brightness, R—. The orthogonal character of these signals lead to a 2-dimensional perceived color space that
does include an appropriate region for a perceived saturated pure red. However, it is a non-spectral color like
the vast majority of the colors perceived by the visual modality. These perceived non-spectral, as well as
spectral, colors find a natural home in the 3-dimensional Munsell Color Solid, and its extension by Kelly &
Judd.

The identification of a perceived “white” has also been a problem for the RBG notation. No theoretical
description of white has been developed except empirically. Attempts to define white by way of an integral
of intensity of irradiance (or radiance) over the extent of the spectral locus has not been productive. In the
SML notation, a null in the two color difference channels, P- & Q- clearly identifies the perceived color,
white. While white is a non-spectral color, it is defined by the wavelength of two low saturation spectral
colors at 494 nm and 572 nm.

Since at least Young in the early 1800's, there has been an argument over whether the coarsest list of perceived
colors of vision were best described as red, blue and green or red, blue and yellow (Section 1.3.2). This, and other
works have clearly shown there is no “yellow” sensory receptor and that yellow is perceived as a high value in the
brightness (R—channel) of the visual modality while the Q—channel exhibits a null value. This is a perceived
condition within the neural system. In the discussions of Section 17.3.8, it has been shown that red is also a
perceived color within the visual modality. It is perceived when the R—channel exhibits a high brightness value, the
Q-channel exhibits a high positive value, and the P-channel exhibits a null value. Red is also a perceived color.
Finally, Young’s problem during his time was due to the fact that the M —channel sensory peak is not in the “pure”
green or “pure” yellow portion of the spectrum. It is described using the Munsell renotation as interpreted by Kelly
& Judd as a “vivid yellowish green” at about 2.5G 6/14 on page 25 and just yellowish green at 5.75/7 and higher
chroma on page 33. Kelly & Judd did not address chroma values higher than /14 in their plots.

Figure 17.3.9-1 provides a summary of the following discussion. It illustrates the newly established fact that hone
of the peak spectral responses associated with the S—, M — or L—channel sensory receptors (in sensing space)
coincide with the “Primary colors” of perceptual space. These primary colors are described as unique colors in this
figure. They generally coincide with the vivid color description of Kelly & Judd for saturated colors along the
spectral locus (or the equivalent in the case of red, a non-spectral color). Saturated, or vivid, red appears to occur at
494, 610 in the New Chromaticity Diagram space, or the equivalent 5R N/20 where N is less than 4.75/ of Munsell
Color Space as discussed in Section 17.3.9.4.

Kelly & Judd use a very unusual set of polar plots to describe their findings as a function of hue while holding the
value/ fixed. The hue frequently changes with changes in /chroma in the range of /1 to /11. As a general rule, they
do not elaborate on /chroma above /13. The L—channel sensory receptor has peak sensitivity in the orangish-yellow
region of the Munsell Color Space. The M —channel sensory receptor has peak sensitivity in the yellowish-green
region of the Munsell Color Space. The S—channel sensory receptor has peak sensitivity in a poorly differentiated
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region of the Munsell Color Space. The region from 9B to 7PB is described as vivid blue at high chroma values.
This may be partly due to the use of inadequate color temperature source illumination.

New Perceptual Chromaticity Diagram
with Munsell Color Space Overlay
Applicable to the Photopic illumination regime
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Figure 17.3.9-1 Insights from merging the New Chromaticity Diagram and Munsell’s extended Color Solid using
the labels of Kelly & Judd. The peak sensitivities of the stage 1 sensory receptors (labeled at 437, 532 & 610 nm) do
not correspond to any of the most vivid perceptual colors (boxed) of human vision. Details related to this figure are
provided in the following paragraphs of this section. The “vivid” designations may vary several hue numbers in
either direction based on the Kelly & Judd plots. See text.
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Among the sensory receptors their peak sensitivities are recognized as 437 nm for the S—channel, 532 nm for the M
—channel and 610 nm for the L—channel. These wavelengths are easily seen to not correspond to the perceived
saturated blue, green and red. Section 2.1.1 identifies many of the earlier attempts to identify the saturated
primaries. Prior to Kaiser in 2009, investigators typically considered the saturated perceived red as occurring at a
spectral locus of “greater than 630 nm” or “beyond 680 nm.” Kaiser recognized that saturated red was a “non-
spectral” color in his markup of a CIE 1931 Chromaticity Diagram®’. However, his presentation was introductory in
character and not scientifically precise.

The 437 nm peak is maximally sensitive to color typically described in Munsell Color Space as 5PB <7/36, a
purplish-blue. At higher values than 7, the color is usually labeled “blue” due to perception or protocol problems in
human vision. See section 17.3.9.4 below.

17.3.9.1 The perception of “green” in Munsell and in Kelly & Judd

In CIE-based material, the “green” portion of the spectrum is usually shown prominently due to the use
during the middle of the 20" Century of an inappropriately narrow “window” to smooth the overall
luminosity function of humans. No such preferred position appears in the material based on Munsell or Kelly
& Judd, or in the spectral sensitivity functions collected from later investigations in this work (Section 17.2).

When the Munsell Color Space is overlaid on the New Chromaticity Diagram of this work, the location and
importance of the perceived color green is clearly identified. “Vivid Green” occurs at 5G V/C, where 2.25<V<9 and
/11> C >/, or at 522 nm on the spectral locus. At lower chroma numbers, less saturated names are used following
Kelly & Judd’s formalization.

17.3.9.2 The perception of “red”in Munsell and in Kelly & Judd

Kelly & Judd describe “red” in relation to the 5R radial which corresponds to 494c in the New Chromaticity
Diagram. This is a non-spectral color located nominally at 494, 610 or 494, 625 based on the adopted location of the
peak sensitivity of the L—channel sensory receptor. Here 494, 610 is used in line with the latest data from x-ray
crystallography (Sections 5.5.8 & 7.1.1.4). The problem related to the perception of red is that the L—channel stage
1 sensory receptor begins to saturate at (relative) Munsell values above 4.75/. At Munsell values above 5.75/, their
page 33 shows this radial being described as pink or even yellowish-pink. At Munsell values above 7.25, the 5R
radial is generally labeled pink out to about Munsell chroma of about /7 and yellowish pink for higher chroma
values. At Munsell value of 1/, the 5R radial is labeled red from chroma of /1 to at least /11 (page 31).

17.3.9.3 The perception of “Yellow” in Munsell and in Kelly & Judd

When the Munsell Color Space is overlaid on the New Chromaticity Diagram of this work, the location and
importance of the perceived color yellow is clearly identified. “Yellow” occurs at 5Y V/C, where 5<V<9and /2<C
< /21, “Vivid Yellow” occurs at 5Y for V > 5.5/ and C > /11. It intersects the spectral locus at 583 nm.

17.3.9.4 The perception of “purple” in Munsell and in Kelly & Judd

When the Munsell Color Space is overlaid on the New Chromaticity Diagram of this work, the location and
importance of the perceived color purple is clearly identified. In 3-dimensional space, Munsell and Kelly & Judd
define purple as a non-spectral color at 5P V/C, where 5<VV<9 and /2 < C < /21, “Vivid Purple” occurs at 5P for 1 >
V >7.5/and C >/13. Vivid Purple can be defined most specifically at 5P /20, for 1 >V > 7.5/ to be consistent
with the chroma circle most important among these definitions. The label purple has been used quite differently in
past 1-dimensional space where it is defined inconsistently along the spectral locus in the region of 420-440 nm.

17.3.9.5 The perception of “blue” in Munsell and in Kelly & Judd

7K aiser, P. (2009) http://www.yorku.ca/eye/ciediagl.htm
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Blue, and particularly a saturated blue has been most difficult to define because of the statistically poor descriptions
of this color in human laboratory experiments. Humans appear to have difficulty defining the centroid of their
perception of blue.

When the Munsell Color Space is overlaid on the New Chromaticity Diagram of this work, the location and
importance of the perceived color blue can be identified. In 3-dimensional space, Munsell and Kelly & Judd define
blue as ranging in hue from 9B to 7PB. “Vivid Blue” is defined over this range of hue for chroma generally above
/13 and intensity values of 3/ to 8/ or wider. Here Vivid Blue will be taken as 10B V/C for 3/ <V < 8/ and C =/20.
These numbers define a Vivid Blue at the intersection with the spectral locus at 452 nm. This spectral value is
somewhat lower than the 470-480 nm frequently shown for Blue in 1-dimensional space (Section 2.1.1). However
the wide divergence in wavelength for blue identified by other investigators is noted. Rubin (1961) provided data on
262 subjects that resulted in an average (mean) “Blue” at 468.3 nm. The median or mode values were not given.

17.4 Multi-dimensional luminance/chrominance color spaces

The theoretical development of a meaningful combined Luminance/Chrominance Diagram requires a very detailed
understanding of the operation of the visual system. This understanding must include the architecture, the static
characteristics and the dynamic characteristics of the system. Since the dynamic characteristics vary between the
various illumination regions, these regions must be addressed separately in a complete discussion. Lacking the
necessary level of detail, previous attempts to define a combined diagram have generally been conceptual and
restricted to a narrow portion of the overall dynamic range of the system (usually the photopic region whether stated
or not).

As discussed above, the saliency map of Chapter 15 contains a considerable number of parameters related to a
given spatial coordinate associated with the visual process. Man is generally limited to only three dimensions when
describing functional relationships graphically. If the relationships between these functions are to be properly
shown, it must be shown that the graphical presentation is also conformal to the data set. These conditions describe
the challenge of this Section.

In the general case of the tetrachromatic visual system, (applicable to most chordates and presumably to most
animals) it is desirable to illustrate the scalar signals associated with the four signaling channels, O, P, Q & R. This
is clearly not possible within a three-dimensional graphic space. Choices have to be made with regard to what
functional relationships are illustrated.

An obvious simplifying choice is to plot three of the above functions in a graphical space with the fourth function
treated as a parameter. This was the situation developed in Section 17.3 where the luminance signal was ignored.
However, this choice is less satisfactory when attempting to illustrate luminance along with two of the three
chrominance channels. The three chrominance channels are not independent at wavelengths near the wavelengths of
437, 532 nm due to the common terms in equations xxx through xxx. above.

Based on the current literature, there are two special cases of particular interest. The first relates to the human and
other large animals with an ultraviolet response significantly blocked by the absorption of the lens. An attempt can
be made to properly illustrate the luminance/chrominance color space of these animals with one chrominance
channel treated as a parameter as mentioned above. The resulting graph could be considered to apply to blocked
tetrachromats. A simpler graph, more easily compared to historical graphs would ignore both the ultraviolet
sensitivity and the O-channel of the visual system. The resulting graph could be considered to apply to a long
wavelength trichromats.

If the contribution of the O-channel to perception is ignored, it is possible to illustrate the performance of the P, Q &
R channels in a three dimensional color space without compromise at wavelengths longer than 437 nm. This color
space will be associated with what can be called the long wavelength trichromat. However, the area of the
illustration representing wavelengths between 400 and 437 nm will not be faithfully reproduced.

Historically, solutions to the illustration problem have been developed for the human system out of ignorance of the
ultraviolet signaling channel. While pedagogically useful, these systems have exhibited unquantifiable
inconsistencies in the region of 400-437 nm. These appear directly attributable to the role of the type O signaling
channel in human vision. (Determination of the role of the O-channel in human vision can accomplished by
studying aphakic eyes.)
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The second case relates primarily to members of Arthropoda. Similar circumstances apply. The literature generally
supports the position that these animals lack the L-spectral channel and the Q-signaling channel. If true, a
luminance/chrominance color space for these animals can be presented without compromise. The space would
display the O, P & R channels. They would be described as short wavelength trichromats. The chrominance space
would extend from about 300 nm to 572 nm. However, if the animals are in fact tetrachromats, the parametric
approach is required to illustrate just the O, P & R channels. The faithfulness of the graph in the area of 532 nm and
longer wavelengths would suffer in this case.

17.4.1 Background

Combining the material in Sections 17.2 & 17.3 while taking into account the spectral ranges described in Section
17.1.5 requires some discussion.

To describe the gross luminance of a scene, a logarithmic scale is clearly necessary because of the overall range
involved. However, the luminance is not well described by a meter employing either the CIE photopic or scotopic
visibility functions. The actual sensitivity of the eye (based on perceived luminance or brightness) is flatter and
broader than those functions suggest, particularly when the sensitivity is plotted with respect to the photon flux
rather than the energy per unit wavelength.. On the other hand, the actual visibility function (based on photon flux
and reflected in the brightness function of the individual) varies by a factor of about 3:1 across the visual spectrum
and before the significant Fermi-Dirac roll-offs at the edges. The variation of 3:1 appears to vary among individuals
and with the precise level of the luminance (at least within the photopic regime). The pattern of the variation may
also change with the adaptation state of the individual.

Thornton has proposed a more realistic luminance meter based on the broader spectral performance of the human eye
than represented by the CIE visibility function, V(sub lambda)?®. He also proposed an unusual linear conceptual
formulation of the brightness of a scene in a subsequent paper’®. The concept highlights the reason a chromatic
metamere near either 494 or 572 nm does not appear as bright (on an equal flux basis) as their matches made up of
lights closer to the peak sensitivities of the adjacent chromophores. To achieve a complete metameric match
requires the light levels illuminating the pair be different.

The Perceptual Chromaticity Diagram (prior to any modifications) is based on constant amplitudes of the photon
flux reaching the chromophores of the eye as a function of wavelength.

Combining the actual perceived luminance received by the subject with the Perceptual Chromaticity Diagram is
awkward unless an average value of the luminance applicable to all individuals regardless of wavelength is assumed.

With the assumption of an average luminance for all humans, it is appropriate to note from Section 17.2.2 that the
individual has an instantaneous dynamic range, expressed in external luminance range, limited to about 200:1. The
equivalent perceived luminance or brightness range is the logarithm of this number, about 2.3:1.

The human eye adapts very rapidly in order to maintain optimum performance about the centroid of the luminance
range of the presented scene. For luminances outside the centroid value plus or minus 1.1 logarithmic units, gray-
scale performance drops rapidly.

Romney, and others, have shown that equal steps in brightness (within the instantaneous 200:1 range) are
represented quite precisely by luminance steps that vary logarithmically. Their range was actually between
reflectances of about 4% and 98%, a smaller linear range of about 25:1 or 1.4 logarithmic units.

Maintaining compatibility between the new color space and the Munsell Color Space is also quite desirable.
However, the Munsell Color Space has been defined in terms of energy units rather than photon flux units. The
reflectance of individual color chips in the Munsell Color Atlas have been prepared to exhibit uniform reflectance
over the majority of each of the spectral intervals of 400-500 nm, 500-572 nm and 572-650 nm. This is appropriate
if the photoreceptors are energy sensors (like thermistors) and the samples are illuminated with an equal energy per
unit wavelength source. However, the photoreceptors are quantum-mechanical sensors sensitive to the photon flux
level. As a result, the Munsell Value levels are skewed relative to the chroma-hue plane. The Munsell coordinate

28Thornton, W. (1992) Toward a more accurate and extensible colorimetry. Part I1. Discussion Color Res
Appl vol 17(3), pp 162-186,fig 74

2Thornton, W. (1992) Toward a more accurate and extensible colorimetry. Part I11. Discussion Color Res
Appl vol 17(3), pp 240-260
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system is not quite orthogonal. Both of these features are documented in Romney & Indow?® and Romney &

D’Andrade?*. Laamanen, et. al. also encountered the skewness of the Munsell Color Atlas and proposed a de-

skewing operation??,

17.4.1.1 The choice between irradiance and brightness as a luminance characteristic

As in the case of the chrominance color spaces, it is highly desirable for the combined luminance/chrominance color
spaces to be conformal. However, the relationship between perceived luminance (brightness) and intensity within
the visual system is a tenuous one due to the architecture of the system.

Brightness— The psychophysical perception of the intensity of an image in object space. This characteristic is a
function of the intensity of the irradiance reaching the cornea of the eye and the state of the visual system. The
brightness can be described in terms of a source of irradiance or as the result of reflectance of a source by an object
in object space. The brightness is a function of the irradiance, the reflectance of the object, the transmission of the
lens group and the state of adaptation of the eye, all as a function of wavelength.

Irradiance, (E)- The absolute intensity of the radiation incident on the cornea of the eye and within the capture
angle of the pupil of the optical system and the spectral passband of the visual system. The units are watts.

Irradiant spectral intensity, E(A)— The absolute intensity of the radiation incident on the cornea of the eye and
within the capture angle of the pupil of the optical system as a function of wavelength. The units are watts per unit
wavelength.

Irradiant flux intensity F( A)— The absolute intensity of the photon flux incident on the cornea of the eye and
within the capture angle of the pupil of the optical system as a function of wavelength. The units are photons per
unit wavelength.

Lightness— The perceived relative brightness of an element in a scene relative to a reference element. Generally
described using a range from light to dark.

An important characteristic of the visual system is that it operates beyond the pedicles of the photoreceptor cells in
an essentially constant signal amplitude mode over a wide region of illumination, generally described as the
photopic region. Although this region extends over a range of about 10, the instantaneous dynamic range of the
visual system is much narrower. It is usually found to encompass an instantaneous range of about two hundred to
one. Thus, to understand the visual system, one must understand how the eye adapts continuously in order to extract
a small range of signal information from an illumination range that actually extends over a total dynamic range of at
least 10*°. To do this, the discussion will make use of the concepts of the total and the instantaneous dynamic ranges
of the visual system. It will develop how the extremely wide total dynamic range of object space is manipulated by
the system that only has a very narrow instantaneous dynamic range in signaling space.

Figure 17.4.1-1 diagrams the relationships introduced above. The lower frame transforms the potential illuminance
resulting from the reflection of a source from a linear reflectance tablet after a DC component is removed by the
adaptation process. The adaptation process attempts to maintain a constant average voltage at the pedicel of the
sensory neuron by subtracting a voltage component equal to the average illuminance of the scene (which equals the
average luminance when using a linear reflectance tablet).

As a result of the adaptation process, a current is delivered to the pedicel that is linearly related to the light from the
reflectance tablet. However, the pedicel converts this current into a logarithmic voltage as discussed earlier in this
work. This conversion is shown by the solid line extending beyond Munsell Values of 2 and 10. This line overlays
the experimental values of Romney & Indow and is typically represented by a dynamic range of 200:1 in object

Z%Romney, A. & Indow, T. (2003) Munsell reflectance spectra represented in three-dimensional Euclidian
space Color Res Appl vol 28(3), pp 182-196

ZRomney, A. & D’Andrade, R. (2005) Modeling lateral geniculate nucleus cell repsonse spectra and
Munsell reflectance specta with cone sensitivity curves Proc Nat Acad Sci USA vol 102(45), pp 16512-
16517

212 gamanen, J. Jaaskelainen, T. & Parkkinen, J. (2006) Conversion between the reflectance spectra and the
Munsell notations Color Res Appl vol 31(1), pp 57-66
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space. This range is larger than can be realized on a real reflectance tablet. The data of Romney & Indow

overlayed by a exponential curve, provide a method of determining the relationship between the external illuminance
and the internal perceived illuminance or brightness. Using the nomenclature of Wyszecki & Stiles (page 492), the
relationship is given more precisely by;

w(x)=b-Ln(1-R-Y,)= Ln(I-R-Y,)" where [ is the applied luminance, R is the reflectance of the scene, and

Y, is the equivalent average illuminance removed from the data stream by the adaptation mechanism. w(x)
represents the perceived illuminance or lightness expressed as a Munsell Value within the narrow dynamic range of
the visual system. b equals the coefficient of the logarithmic transformation or can be expressed as the exponent of
the difference (I-1,) as shown. It is this relationship that has been approximated by the expression, y(x) = (I-10)°%
over a limited range and has been supported by the CIE. From the figure, it is seen that the exponential does not go
through unity on the horizontal scale at Value = 0. However, the change in reflectance or luminance is
approximately the square root of two for a value change of one.

The diamond on the left of the figure shows conceptually the chroma range associated with the Munsell Value scale.
The chroma range is a perceptual range associated with the brightness or perceived illuminance after removal of the
average illuminance by the adaptation amplifier. It does not relate directly to the incident illuminance.
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The general conclusion can be drawn that the system
does not include in perceptual space any information
about the absolute luminance of a scene. This decision
defines the fundamental unit of intensity within the
luminance channel as the psychophysical unit known as
brightness. Variation in this unit can be considered
equivalent to the psychophysical unit of lightness.

This fundamental unit is described by the electrical
potential of the pedicles of the bipolar cells within the
S-plane discussed earlier. Creating a 3-dimensional
sensation space based on this unit and the two-
dimensional New Chromaticity Diagram for Research
results in a completely orthogonal presentation space
for the long wavelength trichromat. This space does
not involve any phenomena related to that of color
constancy or reciprocity failure.
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represented in object space. Figure 17.4.1-1 Relationships between illuminance,

reflectance and perceived brightness ADD drawn to
express a linear reflectance scale. Lower frame;
conversion of a luminance scale to a linear reflectance

To obtain a graph representing the performance of the
visual system in object space, the proper unit of
radiance is absolute luminance falling on the pupil of
the eye (although it is sometimes easier to consider the
excitation falling on the retina to avoid discussion of

scale after subtracting a nominal luminance value as part
of the adaptation process. Upper frame; conversion of a
linear reflectance scale back to a logarithmic space
represented by Munsell Values.

the impact of the pupil and the lens group). In addition,

a mechanism must be included to account for the variable gain of the adaptation amplifiers in each spectral channel.
Otherwise, the apparent constancy of the color of an object despite the color of its illuminant cannot be accounted
for.

Using perceived brightness as the fundamental parameter, it is seen that this parameter is represented by the R-
channel signal at any point proximal to the bipolar cells of the retina. This parameter is largely insulated from the
spectral stimuli in object space by the variable gain of the adaptation amplifiers. The maximum dynamic range of
the brightness signal is determined by the dynamic range of the signal path proximal to the pedicels of the
photoreceptor cells. At low illumination levels however, the performance of the perceptual system is limited by
either a cortical threshold or by quantum noise.

17.4.1.1.1 Proposed axes hierarchy
In this sense, the P & Q axes of the New Chromaticity Diagram for Research passing through the perceptual white

point define the Cardinal axes most useful in visual system testing. Again mathematical computation can be
minimized in the laboratory if the illumination used exhibits a color temperature of 7053 Kelvin. Under this
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condition, the variation in illumination intensity as a function of wavelength can be ignored or related entirely to an
object in the illumination path between the source and (generally the pupil of ) the visual system.

Based on the analysis of this work and the above discussion, a hierarchy of axes pertinent to vision can be defined as
follows;

+ The fundamental axis is the visual portion of the electromagnetic spectrum sensed by the particular animal.

+ The secondary axes are the individual portions of the electromagnetic spectrum that are separated by the
wavelengths of peak absorption of the interior chromophores of vision.

+ In tetrachromats, these nominal wavelength are 437 and 532 nm.
+ In short wavelength trichromats, this nominal wavelength is 437 nm.
+ In long wavelength trichromats, such as man, this nominal wavelength is 532 nm.

While these spectral portions may be presented orthogonally for communications purposes, they are not treated
vectorially within the visual system.

+ A set of “cardinal axes” can be defined which are parallel to the above secondary axes and pass through the white
point where all of the bipolar signals O (if present), P & Q are equal to zero. (In the following table, “white” is
actually the neutral point in the 2-dimensional color space indicative of a lack of color. White without the quotation
marks is one extreme of the luminance axis.)

+ It has been shown in this work that the Munsell Color System is nearly perfectly aligned with the above
condition and the color sequence proceeds clockwise in accordance with the New Chromaticity
Diagram for Research.

+ The 10Y-10PB axis is parallel to the P-channel axis while passing through the “white” point and
the spectral locus at 572 nm.

+ The 5BG-5R axis is parallel to the Q-channel axis while passing through the “white” point and
the spectral locus at 494 nm

+ It is expedient to define the j,g axes of the OSA Color System (or a new set of axes, p,q ) to satisfy the
above condition.

+ At the current time, the OSA system is still defined semantically, the color sequence proceeds
counterclockwise and the +j, -j axis is not a straight line passing through the vernacular names for
blue, yellow and “white”.

+ An ideal set of new OSA axes would define narrowband yellow at a wavelength of 572 nm with
ap’ axis parallel to the P-channel axis and passing through yellow, “white” and the off spectral
locus color violet. The orthogonal axis would pass through “white”, a narrow band aqua (at a
wavelength of 494 nm) and a third color that can be described approximately as red although it is
also off the spectral locus. This set of coordinates would progress clockwise from red (at +p’),
through orange, yellow, green, aqua, blue, violet and magenta.

+ The names in above set are in general agreement with the “precisely 11 color names
found in virtually all lexicons®®, However, black, white and gray are reserved for
describing the luminance axes of the 3-dimensional space, brown is only defined as an
internal color, pink is replace by a more technical term for the color between violet and
red (nominally magenta) and “white” replaces white.

+ The new 2-dimensional color space coordinates would be divided into Cartesian (rather
than polar) intervals. The centroid of each interval could be precisely defined, and

23Boynton, R. & Olson, C. (1987) Op. Cit. pg. 94
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verified with specular light, in terms of the secondary axes of the electromagnetic
spectrum.

The above formulation of a new OSA Color Space compatible with the P, Q, R space of vision and the Munsell 3-
dimensional Color Space does not specifically adopt the cuboctahedral shell frequently associated with the current
OSA Color Space since no unigue mathematical relationship could be found between colors located at different
luminance levels in the overall color space. Similarly, there is no defined relationship between the new system and
the CIE (1931) Chromaticity Diagram. However, the cartesian coordinates of the 2-dimensional color space does
lend itself to more precise color chip characterization than does the Munsell Color System.

The New Chromaticity Diagram for Research, the current Munsell Color Space and the proposed new OSA Color
Space are all expandable in order to serve the communications needs of the research community exploring animals
with tetrachromatic vision.

17.4.1.1.2 The role of modulation in psychophysical experiments
xxx lack of an absolute correlation between object radiance and perception at the S-plane and later.
17.4.2 A new combined Luminance/Chrominance Diagram

This work has documented a many dimensional perceptual vector, used in the cortex, as a global element in the
visual system of animals. A subset of this vector can be used to define the aspects of vision associated with the
primary aspects of the visual sensation. It is logical to attempt to present the characteristics of these aspects in a
graphical context. The complete top level schematic of the visual system based on this theory leads to the definition
of an intrinsic color space combining the luminance and chrominance parameters of vision. This color space is a 4-
dimensional space in tetrachromats, represented here by the vector components R, O, P, Q. It can be reduced to an
explicitly graphable 3-dimensional space for a long wavelength trichromat using the vector components R, P, Q.
The parameters leading to this 3-dimensional color space are orthogonal and best represented in a Cartesian
coordinate system as shown in frame (d) of Figure 17.4.1-1. This color space can be interpreted using cylindrical
coordinates when desired but the maximum radii value in such a presentation, representing saturation, is a function
of hue. The proposed color space is not easily expressed in spherical coordinates because of the lack of a fixed
relationship between the intensity scale, R, and the chromatic scales, P & Q.

Although the vectorial components are represented by real signals of finite voltage within the neural system, they are
not easily measured with conventional instrumentation because of their complex encoding. This is because of the
complex encoding of the signals at some points in the projection stage and the cortex in order to accommodate the
spatial information in the scene that is converted to temporal information within the system.

The color space defined above is a natural combination of the previously defined integrated luminosity function
(Section 17.2) and the new Chromaticity Diagram for Research (Section 17.3) into a single composite three
dimensional diagram for a trichromatic eye. Such a diagram can represent the complete psychophysical envelope of
the visual experience, excluding only the spatio-temporal performance of the eye. It can also be used to describe the
object space conditions that result in this perception based presentation. This requires that the incident illumination
regime and the transform between the vector component, R, representing the perceptual parameter brightness and the
vector component, Y, representing object space illuminance be carefully defined. This requirement leads to the
incorporation of the hypertopic, photopic, mesotopic and scotopic illumination levels into the global version of the
color space.

The resulting color space appears similar to that of Munsell and it actually incorporates the Munsell Color Space as a
subset.

Nickerson & Newhall** discussed the concept of their 3-D Munsell Color Space in some detail in conjunction with
the renotation activity also reported in 1943. Their Table 1 listed the highest chroma values perceivable along each
of the major hue axes for values 1 through 9. However, they did not provide any information on the color
temperature or intensity of the light source used. Their chroma numbers were plotted for value 5 but it did not offer
any insights into the theoretical framework. [xxx chroma are plotted on 4color logo.ai figure ]

24Nickerson, D. & Newhall, S. (1943) A psychological color solid J Opt Soc Am vol 33(7), pp 419-421
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[recast the following]

First; although the Munsell system is described as a perceptual system, it is calibrated in terms of a limited
luminance range in object space. The goal in any new Luminance/Chrominance Diagram should be to apply to any
illumination range. Thus, the vertical axis is defined differently. Instead of extending over about 1.5 log units in
object space, the goal is to extend over the entire illumination range wherein the visual system is functional. This
requires the vertical axis extend over about 15-16 logarithmic units. However, as shown in Table 2.1.1-1, a scale of
only 10 logarithmic units is adequate to define the range of color vision. Using such a scale, the entire Munsell
value scale is represented by only 1.5 units on the new vertical scale. This 1.5 unit scale is located within the
nominal 6 log unit interval defined as the photopic region of visual performance.

[xxx put Romney material here ]

Second,; the fact that the so-called “Boundaries of the colorant mixture gamut” approach zero chroma (or saturation)
at the extremes of a dynamic range of only 1.5 log units in the Munsell system suggests another problem. The three
dimensional dynamic range of the Munsell system is significantly constrained by the use of reflectance from a
surface as a parameter. Within the photopic region, this may be partly due to the finite dynamic range of the
signaling channels. However, a majority of the limitation must be attributed to the use of reflectance as an implicit
parameter. To develop a more comprehensive, theory based, combined Luminance/Chrominance Diagram, new
experiments will be required to determine the boundaries of the colorant mixture gamut using lights instead of
reflectances. These experiments may show that the visual system has an instantaneous dynamic range defined
primarily by the Munsell boundaries but that this dynamic range limitation can be found at any illumination level
within the photopic region (assuming adequate time is allowed for adaptation).

Based on this work, the first order color gamut remains a cylinder within the photopic region, between the transition
to the hypertopic region and the transition to the mesotopic region. The second order color gamut would reflect the
dynamic range of the signaling channel proximal to the pedicels of the photoreceptor cells at a given average
illumination level within the photopic region.

Based on this work, the mesotopic region would extend down from the transition for approximately three logarithmic
units . Below this value, the perception of the visual system would be limited to achromatic performance. The
magnitude of the chroma parameter would be equal to zero and the hue parameter would be undefined.

The shape of the mesotopic region would be subject to multiple mechanisms. Neglecting the square law term in the
L-channel equation, the shape would be a simple cone reaching zero saturation at the transition to the scotopic
region. This is due to the loss in signal amplitude within the chrominance channels with the reduction of stimuli
amplitude. Because of the square law term in the L-channel, the chromatic limit defined near a wavelength of 655
nm will begin to move toward zero saturation independent of the mechanism forming the cone. The resulting color
space as a function of brightness may be represented by a cone with a ellipsoidal section removed from it.

The form of the color space above the photopic to hypertopic transition is not definable at this time.

Third; the arbitrary definition of hue as consisting of five equally sized sectors, of 72° each, in the Munsell System
requires minor modification based on the theory of this work. Such a re-notation has already occurred once in 1943.
The question is involved in semantics. If it is assumed that the data collection phase was performed carefully, it is
feasible to assume that the semantic labels associated with the hue scale are somewhat arbitrary. Under this
assumption, it is possible to redefine the relationship between these labels and the absolute axes associated with the
P- and Q-channels of the visual system. In this case, the P=0 axis becomes synonymous with the axis labeled 5R -
5BG and the Q=0 axis becomes synonomous with the axis labeled 10Y -10PB.
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17.4.2.1 Outline of the New Visual Volume

In combining the individual diagrams presented earlier in this work, it is desirable to rotate the chromatic color space
due to the asymmetry of the combined presentation. Figure 17.4.2-1 shows the orientation that appears most useful.
It also presents the New Combined Luminance/Chrominance Function in a format compatible with the New
Chromaticity Diagram. This Function is shown wrapped around the vertical axis such that the short wavelength
response, for Q = 0, is presented along the Y-axis and the long wavelength response is presented along the X-axis, P
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Figure 17.4.2-1 I1sometric framework for the New combined Luminance/Chrominance Visual Volume. Scales and
axes in the chromatic plane are the same as for the New Chromaticity Diagram for Research. The 494 nm line
corresponds to zero on the P-scale. The 572 nm line corresponds to zero on the Q-scale [XXX re Purple instead of
blue] Wavelengths of maximum spectral absorption are shown at 437, 532 and 625 nm. The vertical column, at
P=0, Q=0, is achromatic in both object and perceptual space under conditions of equal flux per unit wavelength
illumination. Note the asymmetry of the chromatic space relative to P=0, Q=0. The conventional primary axes (see
text) are best described as the radials indicated by the dashed lines. The two axes relatable to Hering are best
described as Red - Aqua and Yellow - Purple. The Mesotopic regime is a transition region between the bottom of
the Photopic region at value 1 and the top of the Scotopic region at value -2. The Hypertopic regions begins at the
top of the Photopic region at value 8.
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17.4.2.2 The New Visual Volume

By combining the new Luminosity Function with the new Chromaticity Diagram, which are orthogonal to each
other, at the photopic level the new more realistic Diagram of Figure 17.4.2-2 obtained.
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Figure 17.4.2-2 [Color] The New Sensation Space of Vision. A combined luminance/chrominance diagram for
research. This figure defines the envelope of human (trichromatic) vision. Note its asymmetry. The vertical scale
includes an implicit assumption of an equal flux per unit wavelength light source. The envelope includes the
maximum limits of the chromatic range of vision that can be achieved at any specific illumination level. The
following material will introduce additional constraints on the achievable chromatic range as a function of
illumination level.
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17.4.2.3 The New Visual Volume with Munsell Coordinates

Figure 17.4.2-3 provides an alternate view of the New Sensation Space of Vision with the coordinates of Munsell
shown explicitly. This view adds additional precision to the definitions of the Unique colors of vision.
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Figure 17.4.2-3 Isometric framework of the New Sensation Space for Vision with Munsell notation. The P and Q
scales are shown explicitly. Note the intersection of the 5YR radial and the horizontal spectral locus at a wavelength
of 625 nm corresponding to the peak spectral absorption of the L-channel. Note also the intersection of the 10B
radial and the vertical spectral locus at a wavelength of 437 nm corresponding to the peak spectral absorption of the
S-channel. The peak spectral absorption of the M-channel occurs at the intersection of the 3G radial with the
spectral locus.
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17.4.2.3.1 Interpretation of the Munsell color volume

The comments of Section 17.3.5.2 apply to the Munsell color volume as well as the two-dimensional Munsell color
space. The New Visual Volume is defined in terms of a parallelepiped. However, it is well documented that the
Munsell color volume does not extend into the corners of this parallelepiped. These departures are primarily due to
multiple signal-to-threshold conditions within the visual system. These limitations will not be developed here. One
of them is the same falloff in performance in the red due to the square-law performance of the L-channel.

The Munsell Value scale was only defined over a range of 0 (black) to 10 (white). This total Value range has been
found to only cover a range of xxx in illuminance. Obviously, the human visual system is able to perceive color
over a much larger range than this. However, its instantaneous dynamic range for color appears to be limited to
about 200:1 [xxx coordinate with new section 17.2.2X ]

17.4.2.4 The New Visual Volume under Scotopic conditions

As discussed in Section 17.3.3.5, the perceived color space degrades in two ways as the light level associated with
the scene is decreased. The spectral limit of long wavelength vision moves toward shorter wavelengths due to the
performance of the L-channel. Simultaneously, the amplitudes of the P-channel and Q-channel signals approach
zero. This results in a continuous loss in saturation in the chrominance channels until only luminance information is
available to the brain. The result is a colorless perceived color space (not unlike the above figure).

17.4.3 Interpreting the new combined Luminance/Chrominance Diagram

The key to the interpretation of this Diagram is the realization that the visual system is highly dynamic. The
dynamics of vision are continually changing to eliminate the insignificant changes in lighting related to solar
intensity, sun angle, and slowly changing shadows. There are several parameters involved in this dynamic
performance and not all of them play parallel roles. In this way, the performance of the visual system is maintained
over an enormous range in illumination intensity.

A secondary key is the realization of the very limited dynamic range of the portion of the visual system proximal to
the photoreceptor cells. The signaling channels are of fixed, and frequently limited, dynamic range beyond this
point. The visual system must employ a mechanism for extracting the pertinent scene information from the extreme
dynamic range of object space and process the information within the much more confined dynamic range of
signaling space. The dynamic range of perceptual space is limited as a result of the limitations on the dynamic range
of signaling space. There is no auxiliary channel that provides absolute intensity information to the cortical areas.

The adaptation amplifiers of the photoreceptor cells are the key to this selectivity of the visual system with respect to
luminous intensity. The gain parameter of the adaptation amplifiers of vision play two separate and distinct roles in
this accommodation, plus additional roles in the transient response of the system discussed in Section 17.5.

By adjusting their gain in a parallel mode, they essentially subtract out the absolute intensity of the illumination.

The result is a signal compatible with the dynamic range of the signaling channels. By adjusting their gain in a
differential mode, they are able to subtract out a “bias” in the illumination related to color temperature of the source
of illumination, or outright filtering of the source for theatrical purposes. As will be seen below, there are
limitations on the capability of the adaptation amplifiers in both of these modes. Within the photopic region of
vision, a condition of perceived “color constancy” in the face of significant chromatic distortion in object space is
maintained. Outside of this region, color constancy is not even approached (nor discussed).

The iris also plays a role in selecting the portion of the luminous intensity range selected for processing within the
signaling system. However, its role is much smaller because of its limited dynamic range. The iris operates in
parallele with the above adaptation amplifiers but in an achromatic mode only. It plays no role in the differential
mode defined above. As discussed in Section 2.3.3, the primary purpose of the iris is not to control the illumination
falling on the retina but to optimize the spatial frequency response of the lens group as a function of illumination.
The impact on the illumination level is secondary. Although not defined in detail in the literature, it appears that the
iris generally operates within a narrow illumination range near the bottom of the photopic region.

The third key is the realization that there are different mechanisms controlling the minimum sensitivity of the visual
system under different conditions of absolute illumination level. These mechanisms control the absolute envelope of
the chromatic range of vision for a given illumination level. These mechanisms only form the maximum envelope.
There are additional mechanisms that control the instantaneous boundary of the envelope within the signaling
channels at a given instant.
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The following sections will discuss each of these keys to understanding the performance of the visual system
through the use of the new Combined Luminance/Chrominance Diagram for Research. The complexity of the
dynamics involved makes it impossible to discuss this subject in a completely hierarchal manner. Some duplication,
as well as some references to later paragraphs, will be necessary below.

17.4.3.1 Segregation of the luminance axis

The operation of the human eye can be divided into four functionally distinct operating regions. By highlighting the
functional relationships, it is possible to define the demarcation between these regions with some precision. The
four regions are defined explicitly in terms of the illumination intensity arriving at the pupil of the visual system.
They can be defined in terms of the illumination intensity applied to the retina if the transmission characteristics of
the lens group and pupil are noted.

17.4.3.1.1 The photopic region

The photopic region is the most important operating region of the visual system. It can be defined functionally as
that illumination interval in which all of the adaptation amplifiers of the photoreceptor cells are operating between
their maximum and minimum gain capabilities. Within this range, the adaptation amplifiers can operate in parallel
to accommodate average changes in illumination intensity and can operate in differential mode to provide perceived
color constancy. The effective width of this region is extended marginally by the operation of the iris at low
illumination levels. In general, this region exhibits performance that is limited by the dynamic range of the signaling
channels rather than by a specific (absolute or stochastic) threshold level.

17.4.3.1.2 The scotopic region

The scotopic region is identified functionally as the operating region in which the long wavelength or L-channel
photoreceptors have ceased to contribute to the visual experience. They contribute less than one percent of the
response of the M-channel photoreceptors to the formation of the R-channel signal within the visual system. Asa
result, the luminous efficiency function of the visual process in this region is characterized by a long wavelength
characteristic defined by the Fermi-Dirac equation for the M-channel chromophores. All of the adaptation amplifiers
are operating at full gain in this region. The luminance channel of the system is generally internal threshold limited
in this region and the amplitude of the luminance signal is a direct function of the illumination level. As a result, the
perceptual performance of the system is directly related to the illumination level and highly dependent on spatial and
temporal integration within the signaling, perceptual and cognitive stages. The chrominance channels of the system
are also threshold limited internally. The signals generated in the differencing process of stage 2 are generally both
a direct function of the illumination level and below this threshold. As a result, the system is perceptually
achromatic in the scotopic region.

17.4.3.1.3 The mesotopic region

The mesotopic region is identified functionally as the transition region between the photopic and scotopic regions.
Functionally, this region is characterized by changes in several mechanisms. One of the defining characteristics of
the region is that at least one of the adaptation amplifiers is operating at maximum gain throughout the region. The
minimum detectable luminance signal, of a given spatial and transient character, is a function of the illumination
level and is said to be quantum noise limited. Thus the achromatic performance of the system is distinctly different
from that of both the photopic and scotopic regions. The signal levels in the chrominance channels are higher than
in the scotopic region and they are generally functional but constrained. The constraint has two distinctly different
aspects.

The signal level in the P-channel is directly proportional to the intensity of the illumination and the threshold level is
established by the quantum noise level. The resulting signal to noise level is proportional to the square root of the
illumination level. This relatively low signal to noise ratio makes perception and cognition of color difficult. The
quality of the perception may be a function of the spatial and temporal characteristics of the signals. The
performance of the Q-channel varies in a similar manner but according to a different schedule. While the signal
amplitude associated with the M-channel signal is proportional to the illumination intensity, the amplitude associated
with the L-channel varies as the square of the illumination intensity. Thus the L-channel component is
proportionally much smaller at low intensity levels. The threshold in this channel is generally quantum noise
limiting but according to a complex equation involving the differences between two stochastic processes.
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17.4.3.1.4 The hypertopic region

The hypertopic region is identified functionally by saturation at the output of at least one of the photodetection
channels, usually the M-channel. This results from at least one of the adaptation amplifiers having reached
minimum gain. At minimum gain, the amplifier is no longer able to constrain the signal amplitude to be within the
limited dynamic range of the R-channel. In this case, the dynamic range of the signal is constrained at both the high
and low extremes by the limited amplitude capability of the R-channel.

17.4.3.2 Composition and effect of the illumination parameter

The intensity parameter of illumination engineering has not been carefully defined. Historically, it has been defined
primarily conceptually. The fundamental problem has been the lack of understanding of the photodetection and
signal processing mechanisms of vision. Lacking this knowledge, an erroneous concept has developed of assuming
additive mixing of light in a linear manner as part of the visual process. In addition, for some reason, the assumption
has been made that photoreception is a quantum energy related phenomena which is spectrally fixed in each of two
principle, but overlapping, photopic and scotopic intensity regions. With an oversimplified concept and resultant
specification in mind, equipment makers have developed and sold relatively simple, and relatively inaccurate,
photometers.

In fact, vision does not rely on any of the above assumptions.
17.4.3.2.1 Significant variation in the content of the illumination EMPTY

17.4.3.3 Formation of the R-channel signal

The challenge of the visual system is to extract signal information spanning up to 15 orders of magnitude in object
space and process the information in signaling channels with a dynamic range of less than 100:1. This feat is
accomplished in a two step process. First, the adaptation amplifiers employ a great deal of negative internal
feedback to hold the average output signal level at the pedicels at a nearly constant value. This value is maintained
through out the photopic input region. Second, the variance in the signal level in object space is normally skewed
toward higher illumination levels. To compensate for this characteristic, the signal generated within the transduction
process and passed through the adaptation amplifiers is converted logarithmically into a voltage at the pedicels. This
process drastically reduces the possibility of instantaneous saturation in the luminance channel without any
significant negative impact on performance.

17.4.3.3.1 Transition from linearity in signaling

The transition from illumination intensity in object space to luminance intensity in signaling and perceptual space is
best discussed mathematically. As discussed above, the visual system employs three point spectral sampling of the
illumination incident on a pixel of the retina.

The signal level following the photodetection process can be described as a current proportional to the product of the
illumination intensity applied to the Outer Segment of each of the three spectral absorption bands times the quantum
efficiency of the chromophores present in that Outer Segment. The resulting signal current levels can exhibit the
same extreme range as in object space. However, the adaptation amplifiers are designed to “subtract” out an
average signal level from each chromatic channel such that the resulting average signal level is never higher than
that corresponding to the lower levels of the photopic region. The resulting signal current has a dynamic range of
less than 200:1 but may exhibit occasional peak signal levels that are higher. By employing a diode as the load
impedance in the pedicels of the photoreceptor cells, this current signal is converted to a voltage signal level and the
peak signal level is further constrained by this logarithmic process.

As a result of this processing, the signal generated by the incident radiation is processed in two separate non-linear
steps before it is summed or differenced within the signal processing circuits of the luminance and chrominance
channels.

The only operating region of the visual range that can be considered as operating in a linear mode is the scotopic
region. In that region, the adaptation amplifiers are all operating at maximum fixed gain and the resulting signals are
too small in amplitude to be compressed during the current to voltage transition. Unfortunately, they are also too
small to support chromatic vision.
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17.4.3.3.2 Color Constancy as a result of differential adaptation

In adapting to the varying illumination intensity associated with a typical scene, the adaptation amplifiers, and the
iris have generally operated in parallel. Although the absolute gain of each adaptation amplifier might be different,
they all change in the same direction so as to negate any noticable increase or decrease in apparent brightness, within
the photopic region as a minimum. However, in a natural scene, there is a significant change in the spectral content
of the radiation incident on a scene as a function of time of day. This variation could cause difficulties in perception
and cognition. The adaptation amplifiers, relying as they do on a high degree of negative internal feedback are able
to compensate for this change automatically, and almost completely as long as it occurs within the photopic region.
Over a more extended range, the compensation is less precise until one or more amplifiers reach current saturation or
maximum gain. Beyond those points, compensation is no longer possible

Differential chromatic compensation, resulting in the phenomena known as color constancy, is a result of the three
point spectral sampling used in vision and the adaptation mechanism. The effect is best illustrated in Figure 17.4.3-
1. The solid plane represents the perceptual chromaticity plane, and the equivalent object space chromaticity plane
assuming an equal flux illumination source, i. e., nominal 7053°Kelvin source. Since the visual system employs
three point spectral sampling, any change in the relative amplitude of the scene spectral content affecting the three
sampling wavelengths will introduce a change in the sensed imagery. Such a change is represented by a
parallelogram illustrated by the dotted plane in the figure. In the dotted case, the relative content of the scene in the
blue spectral region has been increased with no change in the other two regions. The color space sensed at the retina
is thus tilted relative to the equal flux condition. This would result in a shift in the perceived white point on the tilted
chromaticity diagram. However, within the photopic region, the S-channel adaptation amplifier will effectively
compensate for this change by reducing its gain. As a result, the chromaticity plane perceived by the subject is
restored to the original chromaticity diagram and the original white point is preserved. Color constancy is achieved.
A similar analysis can be performed for an excess of M- or L-channel illumination or any combination of excesses.
The result is the same as long as the luminance of the scene remains within the photopic region of vision. If the
scene luminance extends outside of the photopic region, color constancy cannot be maintained and many special
situations, such as Land’s color experiments, are encountered.

The above analysis began with the assumption that the visual system was fully dark adapted or equivalently, adapted
to an equal flux illumination source. This is not a necessary condition, as long as the system is operating within the
photopic region as defined here, color constancy will be maintained regardless of the color temperature of the source
illumination. The requirement that all of the adaptation
amplifiers are operating within their normal dynamic
range, effectively eliminates the special cases of
monochromatic light sources or light sources with
highly asymmetric spectral composition from this
discussion.

It is worth noting that theatrical lighting designers
usually employ broad band light sources to maintain
color constancy in the highlighted areas, particularly
the actors faces. Otherwise, color constancy is lost and
undesirable results may be obtained. In areas
surrounding the spotlights, the illumination level is o
reduced and color constancy is quickly lost. Wanelangie in ne

Figure 17.4.3-1 llustration of color constancy based on

17.4.3.4 Limits on overall color perception

The limitation on the perception of color vary
dramatically with illumination intensity. Two distinct
critieria can be defined. The first is the maximum
chromatic envelope perceivable under otherwise ideal
conditions. The second is the perceivable chromatic
boundary achievable under a specific set of real
conditions.

17.4.3.4.1 Determination of the envelope of
overall color perception

differential spectral adaptation. The solid parallelogram
represents the chromaticity diagram for object space at
7053 Kelvin. The heavy bar at 437 nm indicates the
excess S-channel illumination applied to the scene. The
resulting chromatic plane sensed at the retina is shown by
the dotted parallelogram. In the absence of adaptation,
there is a shift in the apparent white point between the two
planes. However, within the photopic region, the S-
channel adaptation amplifier will compensate for the
excess blue light. The perceived chromaticity diagram
will remain that of the original scene illuminated by an
equal flux light source. Outside of the photopic region, a
chromatic shift will be perceived.
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The maximum perceivable chromatic envelope is primarily a function of the signal to threshold ratio occurring in
stage 4, the perceptual stage, of the visual process. It is primarily a function of the subtraction process employed to
generate the chrominance signals and the various threshold levels discussed above. The maximum envelope is that
shown in the New Chromaticity Diagram for Research and also incorporated into the New Combined
Luminance/Chrominance Diagram. It extends from 400 nm to approximately 655 nm under a wide range of
photopic and hypertopic conditions, with the long wavelength limit a function of the definition used to describe that
limit.  Within the mesotopic and the scotopic regions, chromatic envelope extends over a reduced range as discussed
in Section XXX. The reduction in range is due to the signaling mechanism used in the chrominance channels.
Whereas the nominal signal amplitude is independent of the illumination level in the hypertopic and photopic
regions, this is not true in the other regions. Chromatic saturation is normally defined within the chrominance
channels as a voltage amplitude. The highest achievable absolute signal amplitude is interpreted as the maximum
possible chromatic saturation. As the signal level in the chrominance channels begins to decrease with incident
illumination level in the mesotopic region, the maximum perceived chromatic saturation also decreases. The
chromatic signal level continues to decrease until it equals or is less than the applicable threshold level. At that
point, no perceived chromatic information is presented to the cognitive centers and the incident scene is perceived as
achromatic. This level occurs at a slightly different level in the P-channel than in the Q-channel. As is generally
observed, the Q-channel reaches the achromatic threshold at slightly higher illumination intensities than the P-
channel. Most subjects perceive a blue or green tinge in an image as the last chromatic perceptual response.

Based on this analysis, the New Combined Luminance/Chrominance Diagram can be drawn with auxiliary lines to
describe the maximum perceivable chromatic envelope. Below the transition to the mesotopic region, the chromatic
envelope remains rectangular but begins to collapse around the white point. Generally before it has reached the
scotopic region, it has become coincident with the white point. All scenes are completely achromatic at illumination
levels within this region.

17.4.3.4.2 The boundaries of the instantaneous perceptual color palette

Once the visual system has optimized itself to transmit the scene information (from within a limited span of the
overall illumination range) to the cortex, the signals are subject to the dynamic range limitations of the signaling
channels. These limitations form the “boundary of the instantaneous perceptual color gamut.” This label is more
appropriate than either the “boundary of the colorant mixture gamut” or the alternate “pigment boundary” that are
found in the literature for several reasons. First, the boundary is not a limitation of the colorant mixture presented.
Second, the boundary is not restricted to pigments. The boundary is a limitation of the perceptual function caused by
limitations in the signaling system of vision. In the case of the chrominance signals, these limitation include the
logarithmic compression associated with the pedicels and any asymmetries of the projection mechanisms of stage 3.
The general limitations have been well documented empirically by Munsell, etc. and are illustrated in isometric
figures found within the Munsell Book of Color. A problem with many of these illustrations is that they do not
illustrate the primary axis 3G associated with the M-channel. An additional problem is the lack of detailed
specification of the illumination used when acquiring the original data. The illumination is generally described as
“daylight.” However, this description was less than precise in the 1929 time period.

17.4.3.4.3 Misinterpretation of earlier Combined Luminance/Chrominance Diagrams

It is common when introducing the concepts of a Combined Luminance/Chrominance Diagram to suggest
graphically that the empirical data associated with the resulting figure is circularly symmetrical about the
illuminance axis. The figure of Padgham & Saunders®® is excellent in illustrating the terminology used in the
Munsell color system. However, one should not interpret this, or any similar, figure as suggesting the boundary of
the empirical data is circular or that the empirical data can be associated with a percentage of the radius to a circular
outer limit. Although the figures in Wyszecki & Stiles?® would suggest that a chroma value of /10 is related to a
limit in the boundary of the data or represents a nominal numerical value for that coordinate, the tables incorporated
in their appendix illustrate the fallacy of this assumption. The data along the 7.5PB radial can reach chroma
numbers of /38.

25padgham & Saunders XXX (1975) In Leventhal 1991
28\Wyszecki, G. & Stile, W. (1982) Op. Cit. pp. 508-510
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17.4.4 Comparison with other luminance/chrominance presentations EDIT

Many authors have presented conceptual solutions to the display of a luminance/chrominance space for humans.
However, all of these conceptual models have failed when examined in the light of the detailed performance of the
visual system. Most of the conceptual presentations have attempted to account for the performance of the visual
system in object space. They have generally assumed linearity in the visual system. Color perception has invariably
been based on additive color mixing in both object space and internal to the visual system. This work has shown
that the above assumptions are not defendable. The dynamic operation of the overall system as a function of
irradiance makes any interpretation based on the above assumptions particularly difficult.

17.4.4.1 Alternative coordinate systems

Wyszecki & Stiles have provided a broad ranging, sometimes disjointed, discussion of the various 3-dimensional
presentations relative (primarily) to visual excitation space®’. Many of the features discussed in the next paragraph
were from this reference. Unfortunately, although there definition of color on page 486 of Chapter 6 is limited to
sensations other than intensity, and they speak of whiteness as distinctly separate from hue on page 506, they speak
of color in a 3-dimensional context including intensity beginning later on page 506.

Figure 17.4.3-2 [ XXX figure and text need rewrite to add OSA j,g] presents a set of possible 3-dimensional
sensation spaces. Some of these spaces have long histories. The concept shown in (a) has appeared in the literature
since at least the mid 1800's. There was a basic assumption that the visual sensation could be represented by the
color of an element in a scene and a intensity related quantity. Color was described in terms of hue and saturation.
Intensity was discussed in terms of brightness. Brightness was particularized later as a perceptual parameter as
opposed to lightness which was a object space parameter. In those times, the visual system was considered a linear
device. Beginning in the 1890's, efforts were made to define this conceptual space more specifically. Many
investigators attempted to define a system based on spherical coordinates (b), the most currently prominent of these
is that associated with the Optical society of America (OSA). The OSA system is described as a color-appearance
system. In this case, appearance is not related semantically to perception. The OSA representation refers to object
space. It is based on paint chip samples viewed under prescribed illumination conditions. It is based on a cubo-
octohedron representation and therefore defines a relationship between the scale of the three axes. The axes of this
system are labeled lightness (L), and j & g. The L axis is linear based on differences in reflectance of samples
exposed to different levels of Dg illumination. L is orthogonal to j & g. The j axis is defined as extending from
yellow or brownish to blue. The g axis is defined as extending from the greens to the reddish-purples. This system
has not become important in research or industry. Wyszecki & Stiles quote a disclaimer by MacAdam (an
intellectually ramrod straight Scotsman) on page 513 concerning the utility of this presentation.

The equations used to define the the luminance and chrominance scales of the OSA Color Space
and the CIE standards (in powers of 1/3) appear as examples of trying to define an inherently
exponential process using a mathematical form based on an arbitrary power expansion.

2\Wyszecki, G. & Stiles, W. Op. Cit. Chap. 6.
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The alternate approach shown in (c) is associated with Munsell and has become widely used. It is also described by
Wyszecki and Stiles as a color appearance system and is a representation of object space. However, it is intrinsically
based on a cylindrical coordinate system. The vertical scale is defined in terms of intensity “values.” The vertical
axis is clearly a linear representation based on reflectances from color samples when viewed under specified
illumination. However, the vertical scale is not intrinsically locked to the horizontal plane as it is in the OSA
representation. The intent in this presentation is that the color planes at a given intensity level are Euclidean,
represented in cylindrical coordinates and superimposable with all other planes. They share a common “white” point
definable by the saturation parameter being zero. A problem with the Munsell presentation is that the representation
is only stable for a single illumination level. The renotated Munsell intensity value of “5™ corresponds to a
integrated photopic reflectance of 19% and a specified illumination level. Although, the Munsell representation is
usually presented pedagogically as employing a
cylindrical coordinate system, the extent of the color
space represented by hue and saturation is far from

circular.

Neither of these old representation relate to or Brightness

introduce the phenomena of color constancy. Nor are reiSaturation

they usually defined outside the photopic region. - a: Huo { o

Panel (d) describes an entirely different presentation
space. The presentation is fundamentally a description
of perceived color space. This space is Euclidean and
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Figure 17.4.3-2 Alternate coordinate formats for

In this format, the intersection of the vertical axis with
the color plane defines the achromatic condition
regardless of the intensity of the illumination. In the
achromatic case, the P and Q coordinates are zero as
developed in Section 17.3. This condition is defined
fundamentally in terms of the perception of the fully
dark adapted (more than 20 minutes in total darkness)
eye. Until confirmed by experiment, It will be
assumed that this condition is also equivalent to the

perceived response to illumination from a equal photon

describing the color space of animal vision, omitting the
tetrachromats. (a) Early conceptual format. (b) A format
based on spherical coordinates. (c) The widely used
format of Munsell displaying only a limited illuminance
range in object space. (d) A format more directly related
to the fundamental mechanisms of vision and capable of
displaying either perceptual or object color space. See
text.

flux per unit wavelength light source regardless of the illumination level.

In other situations the perceived light may be the result of a different color temperature light source or the
reflectance of a surface illuminated by an equal photon flux per unit wavelength light source illuminating the
aperture of the system. In either of these two cases, P and Q will not be zero. The reflecting surface may be

illuminated by a light source of different color temperature without undue complication. The resulting illuminance is
merely a function of wavelength that cannot be assigned exclusively to the source or the reflecting surface. A direct
projection of a light source on the aperture of the eye without a reflecting surface may be described as an aperture

source. A projection of a light source onto the aperture of the eye by means of a reflecting surface may be described
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as a surface source. This nomenclature is slightly different than that of Indow?®. These illuminances exhibit
characteristics of both intensity and color independently.

For the vertical scale to represent object space intensity, the relationship between perceived brightness and
impressed illuminance must be specified. This relationship is complex. A specific range of this relationship
encompasses the phenomena known as color constancy (or color inconstancy if preferred). The subject of color
constancy has a long history but has gained considerable prominence with the recent explosion in the use of personal
computers. The same or a related phenomena, depending on definition, has been known as reciprocity failure in
color photography since the 1920's. Quantifying the reciprocity failure of photographic film led to the development
of trilateral graph paper. The presentation used in the CIE Chromaticity diagram can be traced back to this graph

paper.

The independence between the vertical scale and the horizontal plane introduces a unique feature to this
presentation. It is capable of illustrating object space intensity over the entire range of illumination from pitch black
to the brightest achievable luminous intensity. In the HVS, this range of lightness exceeds 15 decades. By focusing
on a limited segment of this range, the same presentation format can be used to illustrate a range of only two
decades; equivalent to the conventional Munsell color space. Thus, the same basic presentation has value when the
vertical axis is presented at either a large or small scale (in the language of the cartographer) while the scale of the
horizontal plane remains unchanged. The dotted shape in (d) is meant to suggest this capability. It will be discussed
after the next paragraph.

The vertical axis in (d) is shown asymmetric to the box enclosing the total realizable color space. This is the same
feature found in the New Chromaticity Diagram presented in Section 17.3. The vertical axis in this presentation is
the achromatic line connecting the white points formed by a set of New Chromaticity Diagrams, each representing a
different brightness in perceptual space or a different illumination level in object space. If the scale of the vertical
axis is expanded so that the intensity in object space differs by a factor of 100:1 (log intensity of 2) between the
upper and lower surfaces of the box, the dotted shape in (d) is a precise copy of the renotated Munsell color space
for the human eye shown in Wyszecki & Stiles®*® except the polarity of the P scale is reversed. This Munsell figure
was drawn for the color temperature specified for the Munsell data set. If, on the other hand, the scale of the vertical
axis is contracted so that the intensity in object space differs by a much larger factor, the dotted shape in (d)
describes the complete spectral capability of the human eye as a function of object intensity. In this case, the
Munsell data set is compressed into only a thin slice of the overall presentation. Above that slice is a remaing
portion of the photopic illumination region and all of the hypertopic region. Below the slice is another residue of the
photopic region and all of the mesotopic and scotopic regions. By collecting the data from the New Chromaticity
Diagrams of Section 17.3 for different illumination levels and transferring them to this figure, the global envelope of
the performance of the human eye under any illumination conditions is presented. In this case, the dotted shape
converges to the vertical axis, the achromatic condition at scotopic illumination levels. It also converges to a less
well defined but probably achromatic condition at high hypertopic conditions as suggested by the small dotted
contour at the top of the dotted shape centered on the achromatic axis.

This presentation format for the visual color space appears to meet the goals suggested by Indow??®. However, his
suggestion that there may be as many as seven million discernible colors is not supported without further definition.
An alternate proposal is suggested. It is proposed that there are less than 16,000 discernible colors in the color
plane, P,Q, based on pair discrimination in terms of hue and saturation under optimum conditions. However, these
color values can be paired with a wide range of luminous intensity values. The total ensemble of color-intensity
values in the entire color space measured in object space could reach seven million. However, the limited
instantaneous dynamic range of the HVS along the intensity axis is on the order of 100:1 and certainly not over
200:1for normal size color samples. As shown in the referenced figure from Wyszecki & Stiles, even over this
intensity range, the extent of the color space is restricted due to saturation and threshold considerations. These
parameters suggest that the number of individually discernable values in any instantaneous color space are less than
1.6 million and probably closer to 200,000. An additional consideration is the physical size of the samples in object
space. Because of the limited spatial resolution of the eye outside of the fovea and the threshold conditions as a
function of angular size of the perceptual process, it is doubtful if even 200,000 discernible values can be presented

28|Indow, T. (1991) Spherical model of colors and brightness discrimination by 1zmailov and Sokolov: a
commentary. Physiol. Sci. vol. 2, no. 4, pp. 260-262

A9\Wyszecki, G. & Stiles, W. (1982) Op. Cit. pg. 510

2Indow, T. (1991) Op. Cit. pg. 261
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to the eye at one time. The visual system was not designed to achieve such performance. Further details will appear
below.

17.4.4.2 Intrinsic directions, axes, coordinates & a new OSA Color Space

This work has two philosophical goals; to determine how the visual system works at a new level of detail and to
determine better methods of describing the performance of that system. One goal of this work was to determine if
the visual system was capable of computation using transcendental functions, calculating sines and cosines for
instance. The ability to perform such computations would suggest different strategies than would be available
without it. Although the visual system generally operates under large signal conditions, particularly after Stage 1,
and the use of such functions might be convenient— no data has been discovered in the literature that would
suggest transcendental functions are employed in vision.

Lacking the ability to calculate transcendental functions, the visual system is found to employ three distinct signaling
channels related to luminance and chrominance that process either monopolar or bipolar scalar signals (primaily
voltages except in Stage 1). While these signals can be thought of as orthogonal when describing the operation of
the system, the system only treats them as separate. In addition to these signals, the visual system employs a series
of signals from the Precision Optical System (which includes the vestibulary system) to determine the location of
objects in the scene presented to the eyes. These signals also appear to be scalar and multiple channel rather than
vectorial. All of these signals, as well as auditory and other signals, exhibit a time correlation. Rather than take
these multiple signals and use transcendental mathematics to compute a vector, or use a lookup table to determine a
vector (in either two, three or more dimensions), the system appears to use this group of scalar quantities to index a
lookup table that is based on both experience and intrinsic knowledge. Much of this lookup table appears to be
associated with the cerebellum. Some of it may be located in area 17-20 of the neocortex in the higher primates.
The value determined from this table(s) is entered into the global awareness file (the saliency map) of the animal
along with other pertinent information. In the higher chordates, and certainly in the higher primates, this saliency
map appears to be located primarily in the cerebrum or neocortex.

Based on these findings, the discussion of intrinsic geometrical coordinates becomes largely an interest of the
researcher attempting to describe the system to others. Within the system, there does not appear to be any preferred
coordinate system, the saliency map maintains a composite map of the animals past experience, including a current
estimate of all relevant aspects of its immediate environment (whether its eyes are open or not).

For purposes of research and pedagogy, it becomes a matter of convenience as to what coordinate systems are used
to communicate information between people. In the absence of any transcendental calculations in the visual system,
and in the presence of the adaptation system maintaining a high degree of color and brightness and color constancy
in the system, it is tempting to employ a three dimensional coordinate system for the imaging aspects of vision that is
based on the square rod configuration discussed above. The 2-dimensional color space is most easily described in
terms of the j,g space of the OSA. While this system uses two orthogonal dimensions in a Cartesian coordinate
system, this is for convenience of the communications. It is not related to the actual visual system. When discussing
a 3-dimensional color space. The most important consideration appears to be the proper handling of the immense
dynamic range of the system. While only a small portion of this range is ever addressed instantaneously, it is
appropriate to use a system that can describe this entire range rationally.

Since it is clear that the instantaneous illumination range is selected from the total range using a logarithmic
technique associated with the photoreceptors of Stage 1, it appears most appropriate to employ a logarithmic analogy
when describing illumination. This logic opposes the choice of any spherical color space format and suggests the
current OSA approach is not optimum.

Based on the above, a coordinate system most closely emulating the visual system for research and pedagogy would
employ the Cartesian j,g system in the 2-dimensional color space in conjunction with a logarithmic axis to define the
luminance dimension. Such a system would avoid the awkwardness, of defining colors along radials as they
approach a centroid, that is present in the Munsell System. It would also avoid the cumbersome mathematical
description currently employed to describe the luminance dimension in the OSA System.

While the choice of axes in psychophysical experiments is largely arbitrary since the responses obtained are
expressed based on the subjects saliency map and the underlying lookup tables, this is not true in electrophysiology
experiments. By aligning the j,g coordinate system of the test stimuli with the P-Q axes of the actual visual system,
the amount of mathematical computation required can be minimized. Experiments can be defined in such a j,g space
that will exhibit minimal cross coupling in the data obtained by recording the P- and Q-channel signals in
electrophysiology.
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17.4.1.2.1 Proposed axes hierarchy

In this sense, the P & Q axes of the New Chromaticity Diagram for Research passing through the perceptual white
point define the Cardinal axes most useful in visual system testing. Again mathematical computation can be
minimized in the laboratory if the illumination used exhibits a color temperature of 7053 Kelvin. Under this
condition, the variation in illumination intensity as a function of wavelength can be ignored or related entirely to an
object in the illumination path between the source and (generally the pupil of ) the visual system.

Based on the analysis of this work and the above discussion, a hierarchy of axes pertinent to vision can be defined as
follows;

+ The fundamental axis is the visual portion of the electromagnetic spectrum sensed by the particular animal.

+ The secondary axes are the individual portions of the electromagnetic spectrum that are separated by the
wavelengths of peak absorption of the interior chromophores of vision.

+ In tetrachromats, these nominal wavelength are 437 and 532 nm.
+ In short wavelength trichromats, this nominal wavelength is 437 nm.
+ In long wavelength trichromats, such as man, this nominal wavelength is 532 nm.

While these spectral portions may be presented orthogonally for communications purposes, they are not treated
vectorially within the visual system.

+ A set of “cardinal axes” can be defined which are parallel to the above secondary axes and pass through the white
point where all of the bipolar signals O (if present), P & Q are equal to zero. (In the following table, “white” is
actually the neutral point in the 2-dimensional color space indicative of a lack of color. White without the quotation
marks is one extreme of the luminance axis.)

+ It has been shown in this work that the Munsell Color System is nearly perfectly aligned with the above
condition and the color sequence proceeds clockwise in accordance with the New Chromaticity
Diagram for Research.

+ The 10Y-10PB axis is parallel to the P-channel axis while passing through the “white” point and
the spectral locus at 572 nm.

+ The 5BG-5R axis is parallel to the Q-channel axis while passing through the “white” point and
the spectral locus at 494 nm

+ It is expedient to define the j,g axes of the OSA Color System (or a new set of axes, p,q ) to satisfy the
above condition.

+ At the current time, the OSA system is still defined semantically, the color sequence proceeds
counterclockwise and the +j, -j axis is not a straight line passing through the vernacular names for
blue, yellow and “white”.

+ An ideal set of new OSA axes would define narrowband yellow at a wavelength of 572 nm with
a p’ axis parallel to the P-channel axis and passing through yellow, “white’ and the off spectral
locus color violet. The orthogonal axis would pass through “white”, a harrow band aqua (at a
wavelength of 494 nm) and a third color that can be described approximately as red although it is
also off the spectral locus. This set of coordinates would progress clockwise from red (at +p”),
through orange, yellow, green, aqua, blue, violet and magenta.

+ The names in above set are in general agreement with the “precisely 11 color names
found in virtually all lexicons??!. However, black, white and gray are reserved for
describing the luminance axes of the 3-dimensional space, brown is only defined as an

2Boynton, R. & Olson, C. (1987) Op. Cit. pg. 94
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internal color, pink is replace by a more technical term for the color between violet and
red (nominally magenta) and “white” replaces white.

+ The new 2-dimensional color space coordinates would be divided into Cartesian (rather
than polar) intervals. The centroid of each interval could be precisely defined, and
verified with specular light, in terms of the secondary axes of the electromagnetic
spectrum.

The above formulation of a new OSA Color Space compatible with the P, Q, R space of vision and the Munsell 3-
dimensional Color Space does not specifically adopt the cuboctahedral shell frequently associated with the current
OSA Color Space since no unigue mathematical relationship could be found between colors located at different
luminance levels in the overall color space. Similarly, there is no defined relationship between the new system and
the CIE (1931) Chromaticity Diagram. However, the cartesian coordinates of the 2-dimensional color space does
lend itself to more precise color chip characterization than does the Munsell Color System.

The New Chromaticity Diagram for Research, the current Munsell Color Space and the proposed new OSA Color
Space are all expandable in order to serve the communications needs of the research community exploring animals
with tetrachromatic vision.

17.4.1.3 Other color systems

A variety of three dimensional systems, some dating from 1917, have been derived to represent the perceptual color
space. They generally employ a vertical axis extending from black to white and a polar representation about that
axis describing chroma and hue. The similarity ends there.

These systems are all application related. They are designed as aids in illumination and other engineering problems.
The color samples were designed to be viewed under daylight conditions and are generally limited to the range of
reflectances available with conventional papers and inks (reflectance greater than 4% and up to 85-95%). This
range is less than 1.5 units on a logarithmic scale.

The earliest system of Munsell (1929) employs five principle colors equally spaced around the color circle (72
degrees between named colors). By extension of the CIE adopted tristimulus concept, a system based on three
principle colors can be formed (120 degrees between principle named colors). More recently, the Scandinavian
Colour Institute of Sweden has introduced the NCS system based on the Hering opponent color concept. This
representation employs four equally spaced colors (90 degrees between named colors). In any conversion between
these systems, either linearity or semantics must suffer.

The Munsell Color System was first published in 1929, is based on psychophysical experiments and represents a
perceptual system. The investigators asked many subjects to arrange a very large number of color samples in an
array where the perceptual steps between adjacent pairs of samples was always the same under “daylight”
conditions. It then attempts to build a color cylinder where the axis of the cylinder extends from black to white in
ten equally spaced linear steps of “lightness.” Colors of constant chroma are placed in concentric circles around the
axis. Colors of constant hue are represented by radii of the cylinder with a specific hue defined in terms of its angle
from a reference radius.

Two features of this process should be noted. A large number of samples were presented to the observer at one time.
This allowed cognition to play a role in developing the concept of equal spacing among samples. It also allowed the
gain of the adaptation amplifiers to be determined by the large amount of background in the total scene. This
background was specified as a middle gray to white surround. Second, all of the samples were represented by
swatches printed on paper stock. This method limited the range of the stimuli to the reflectance range of the
underlying paper and any limitations of the stimuli reproduction process.

Although Newhall, Nickerson & Judd®? assigned absolute luminance values to the brightness values of the Munsell
Color System in 1943, the breadth of the range they assigned (65:1) is questionable. It is extremely difficult to
achieve a reflectance of less than 4% printing black on paper and the maximum reflectance of the paper is seldom
greater than 90%. Thus, using a matte finish, printing on a titanium oxide filled surface, and an ink reflectance of
4%, the maximum luminance range would be 25:1. To achieve a range of 65:1, would require a minimum
reflectance of 1.6% or less. Such a number is still not achievable at the turn of the century.

22\\yszecki, G. & Stiles W. (1982) Color Science, 2™ ed. NY: Wiley & Sons. Pg. 840-852
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Although the system was designed to represent perceptually equal steps of gray between black and white, the values
assigned by Newhall, et. al. do not appear to meet that criteria. The luminances they assigned to the “value” scale of
the Munsell System are neither linear or exponential in object space. Based on this work, an exponential luminance
increment in object space would correspond to an equal increment in perceptual space. The very limited luminance
range involved in the Munsell System may make the question of equality of step increments moot. However, in a
system designed to account for the overall visual range, the definition of the step increment is critical.

The Munsell Color System was based on five principle perceived colors, red, yellow, green, blue, and purple. The
notation is complex. The “purest” hue of each color is designated by the notation 5R, 5Y, 5B, etc.  As expected, it
has been compared to the CIE Chromaticity Diagram over the years. One important conclusion is that there are only
a few hue lines that are straight in both Munsell space and CIE Space. These are the lines marked 10Y in the yellow
region and one between 5P and 7.5P in the purple region. It has been claimed that this line is related to the Bezold-
Brucke phenomenon. The Bezold-Brucke phenomenon is actually related to a suppression of the M-channel
response through selective adaptation. The more important fact to be gleaned from this representation is that it only
applies to a very limited range of “lightness” around a specific value within the Photopic range. Figure 3(6.6.1) of
Wyszecki & Stiles, is drawn to illustrate that lightness extends to higher values for some hues. It was chosen to
highlight the region of 10Y. 10Y intercepts the spectral locus of the CIE Diagram at 572 nm. This is an area of
peak perceptual brightness in spite of the fact that the peak spectral absorption spectrum of the human eye is near
532 nm. in the region of 9GY.

Although the Munsell loci of constant chroma are grossly non-circular on the C.1.E Diagram, they are believed to be
circular on the proposed New Chromaticity Diagram for Research based on the fact that MacAdam’s ellipses on the
CIE Diagram are circles on this new diagram. If the Munsell constant chroma loci are circular on the new diagram,
the highest chromatic values of Munsell should correspond to the upper right corner of the new diagram. [ Figure
17.3.5-1] suggests this is the actual case. Recognizing the limitations of the color reproductive system used to
prepare the color samples, the Munsell saturation value system is an open ended one. It reaches a value of 38 in this
corner (using the so-called renotated version of 1943) for brightness values of one and two. It is worth noting that
in the Munsell System, the saturated blues and purples can only be perceived at lightness values near 1-3 (closer to
white) while the saturated yellows, greens and blue-greens can only be perceived at lightness values near 8-9 (closer
to black). This difference is due primarily to the luminosity function of the eye and not its chromatic properties. To
perceive the very high saturation values in the first quadrant of the New Chromaticity Diagram for Research, the
illumination must be considerably higher than required to reach lesser saturation levels in the third quadrant.

The agreement between the Munsell color palette and the New Diagram for Research is remarkably good
considering Munsell defined the five colors they considered primary as occurring precisely at 72 degree intervals
(designated by the 5( ) notation).

The DIN Color System is also a perceptual system. It differs from the Munsell Color System in defining the
“lightness” logarithmically relative to a given stimulus value. It also assigns more prominence to the CIE Diagram
by defining hues in the system as straight lines on the CIE 1931 Chromaticity Diagram. The resulting system still
does not conform well to perceived color and brightness. In this system, Din hue #1 intercepts the spectral locus at
572 nm., a location shared with 10Y of the Munsell notation. DIN hue #22 is a straight line from point C to the
intersection with the spectral locus at 530 nm.

The NCS Color System differs from the Munsell Color System in being based on the Hering opponent color concept.
The notation is more easily interpreted. There are only four primary points forming an orthogonal graph. -Y is
purest yellow and its complement is -B. -Y10R means 10%R has been added to pure Y, e. g. -Y(+)10%R. The NCS
system is not open-ended in saturation. It defines 100% as maximum saturation apparently without regard to
lightness. It also appears to define green (instead of blue-green, or aqua) precisely as the complement of red relative
to the perceptual white point. This appears to be semantically unfortunate from a theoretical perspective. The
complement of red is aqua (blue-green) in this work.

The OSA Color System attempts to organize color attributes based on a Cubo-octahedron framework. The lattice
intersections are defined in terms of the CIE 1964 tristimulus values for a 10 degree field. It has a virtue in that the
system defines the surround to be used during comparisons. However, this virtue is a necessity in the absence of a
substantial theoretical framework, and the presence of many undefined parameters. This is the only system that tries
to specify a precise mathematical relationship between distances in chromatic and lightness space.
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17.4.1.4 Other color systems focused on PC and TV monitors

Recently, a great deal of activity has revolved around describing color spaces supporting the perception of color
produced by PC and TV monitors. During the 1980's, a color numbering rationale was developed by Microsoft that
became the default standard. Unfortunately, that rationale had no psychophysical significance. Subsequent effort
has sought to rationalize that color space to a color space of the Munsell type. However, the current monitors only
use three quasi-spectral sources to present to the human eye signals that result in the range of P & Q values required
by the neural system to perceive a broad range of color. A problem with the system is that only the intensity of each
of these sources can be varied. No variation in saturation can be achieved by these sources. The result is an additive
color system where the perceived hue and saturation are both dependent on the intensity of the three components.

This situation has caused great awkwardness on the INTERNET where a Google search on the terms color
conversion & HSV will generate hundreds of different conversion formulas. These formulas lack any theoretical
foundaton or even pedigree in most cases. The generate mundane results that have seldom been checked for
accuracy by any criteria. Many of so-called HSV spaces are based on a cylindrical coordinate system ala Munsell
and the Perceptual Chromaticity Diagram of this work (achievable with lights where saturation can be controlled
independent of intensity and hue) while others are based on a conical coordinate system more tailored to monitors.
Some of the conical color spaces have been reduced to pyramical form with a trilateral base defined by R,G,B while
some of these conical spaces are expanded to a “hexcone” where cyan, yellow and magenta are nodes. This latter
space has no psychophysical significance when related to monitors.

Figure 17.4.3-3 illustrates the problems encountered. The different spaces frequently replace the Munsell parameter
V for value with either B for brightness or L for lightness. Notice the HSV space suggests the saturation varies with
value. Yet the saturation of the primaries is fixed. The HLS space suggests the saturation is a continuous variable
independent of lightness and hue. Yet again, the saturation of the primaries is fixed. These conceptual color spaces
lack any szggentific foundation and are primarily engineering exercises. Foley et al. have reviewed a variety of these
situations®*.

HEV space HLS space

Saturation

Saturation
Ligh 4

Figure 17.4.3-3 Coordinate systems used in TV & PC monitoring systems EDIT to show cylindrical system suitable
for lights. Also mention the tricone and hexcone formats similar to that on the right.

17.3.5.x Comparison with other luminance/chrominance color spaces (move to 17.4.Xxx)

28F0ley, J. et al. (1996) Computer Graphics: Principles and Practice Reading, MA: Addison-Wesley
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There are two primary 3-dimensional color spaces developed in the literature, those based on a rod shaped color
volume and those based on a spherical color volume. The rod shaped space can employ cylindrical coordinates
such as the Munsell color space, or rectangular coordinates such as the OSA color space??*. The Munsell color space
is a purely empirical color space with no claim to a theoretical foundation. On the other hand, the OSA color space
is a theoretical framework to which many authors have attempted to attach empirical data.

A spherical color space has also been defined but has not been widely used. In that system, an attempt is made to
relate an absolute luminance range to a similar absolute chromatic range using a r, 8, @ coordinate system.

24Boynton, R. & Olson, C. (1987) Op. Cit.
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17.3.5.y Comparison with a spherical color space (move to 17.4.xxx)

Derrington, et. al.?®® have attempted to attach a relatively large amount of data to a spherical color space with
interesting results. The philosophy of their paper is interesting in that they define two nominally orthogonal axes in
a plane perpendicular to a luminance axis but never specifically define those axes. One is defined in terms of a
“constant B” value (unspecified) and the other as representing a “constant R & G” value (also unspecified). The
quotation marks are theirs and suggest the equivocal nature of their adoption of a truly spherical color space. They
did specify that these two axes did pass through “a white point” (quotation marks added). They did not define a
scale for the three axes in order to quantify their color space. See Section 17.3.5.4.

17.4.3.5 An alternate uniform color scales presentation

In the context of this work, it is possible to present a differential uniform color space with a strong theoretical basis.
It would be based on both the New Luminance/Chrominance Diagram and the New Chrominance Diagram,
presented above. The exposition would begin with a linear UCS Diagram for Research. This parent UCS diagram
would represent a uniform color space as a function of absolute illumination level and two calculable values of P and
Q. It would still rely on the experimental determination of the change in brightness equivalent to a given change in
chrominance. However, the relationship between colors within the chrominance plane would be the same as in the
New Chromaticity Diagram for Research. Since the chrominance is a function of illumination level, the New UCS
diagram would be different in the hypertopic, photopic and mesotopic regions--becoming merely a vertical line
coincident with the L axis under scotopic conditions. However, changes in the data as a result of changes in
illumination would be properly represented.

As shown earlier the perceived chrominance space in the New Chrominance Diagram is linear and Euclidean in P
and Q to the first order and suitable corrections can be applied if a Euclidean space is needed to the second order.
The chrominance space is nearly Euclidean with wavelength when these scales are calculated from the fundamental
P and Q parameters.

Once obtained, the parent New UCS Diagram for Research can be used to create the New Differential UCS Diagram
analogous to the OSA Color System of 1974. It is analogous in that it uses changes in lightness and chrominance as
its fundamental parameters.

17.4.3.5.2 The three dimensional form of the OSA UCS Diagram

In attempting to prepare a three dimensional UCS diagram based on a strong theoretical foundation, the problem of
the temporal performance of the eye is immediately encountered. The small area perceived brightness of the eye is a
strong function of the visual surround and the state of adaptation immediately prior to presentation of the sample.
Differential adaptation must also be considered since the luminosity function changes with differential adaptation
between the three photoreceptor channels, even within the photopic illumination range. The values of P and Q are
also functions of the state of differential adaptation within the photopic range. It is beyond the scope of this work to
evolve satisfactory approximations within this theoretical structure leading to a useful UCS Color System.

17.1.5.2.2 Three dimensional uniform color space of the OSA

In a parallel activity, an attempt has been made by the colorimetric community to create a three dimensional uniform
color space. This work resulted in the publication in 1974 of the OSA report on the OSA Color System. The
framework has been entirely conceptual and the data entirely empirical. The concept has been closely aligned to the
Munsell Color System and has paralleled similar efforts in Germany and Sweden. From a conceptual perspective,
these systems have been based on perceived color differences (as opposed to differences in object space). They have
also relied upon Weber's Law and that leads to results in a logarithmic color space (as opposed to a linear color
space as would obtain from observing Grassman”s Law). In order to avoid many questions with regard to the
magnitude and extent of absolute values, the system involves differential space. It attempts to define a three
dimensional uniform incremental perception space involving lightness and chrominance. The term "lightness" is

25Derrington, A, Krauskopf, J. & Lennie, P. (1984) Op. Cit.
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introduced to represent a differential value in brightness. Whereas brightness is always positive, lightness can be
positive or negative. The concept suffers from:

+ a lack of definition of the relationship between brightness (or lightness) and chrominance,

+ a lack of definition of the relationship between the possible axes in the two dimensional chrominance space, and
the linearity of space in that chrominance plane.

+ a lack of precise definition of the end points of the set of Hering like axes.

The chosen framework is a three dimensional space based on lightness (L) and two "Hering" like axes labeled j and
g. The result is a three dimensional space in j, g, L corresponding to X, Y, Z in conventional mathematical space.
The concept is based on the definition of the zero point, 0,0,0, and a unit vector in any of twelve directions pointing
to the 12 corners of an cubo-octahedron. The intent being that each of these vectors will represent an equal change
in the differential quantity represented by j,g,L. However, there is no justification for or hypothecation of a sum of
the squares relationship between the three quantities. In fact, there is no known relationship between L and j and/or
g at all. Lacking such relationships, the development of this concept is torturous. It is presented in detail in pages
503-506 of Wyszecki & Stiles and has recentl2¥ been clarified, from the mathematical perspective by Billmeyer®*®,
The actual foundation paper is by MacAdam?®’. The problem is the lack of the features listed above. One can define
the cubo-octahedron representing this differential space but one cannot predict with precision the appearance of the
values at an arbitrary point a,b,c. MacAdam quotes the OSA report, “Color differences consisting solely of
chromaticity differences without luminance differences are rare; there is no known way of evaluating the
noticeability of combined luminance and chromaticity differences.”

In most of the literature, the axes j and g are not precisely defined in the above frameworks. The +j axis is defined
as passing through a point of the cubo-octahedron in the yellow and -j is defined as a point on the opposite side of
the solid in the blue. Similarly, the +g axis is defined as passing through a point of the solid forming a perpendicular
intersection at 0,0,0 and terminating in the “greens.” The -g axis terminates at the point of the solid designated either
in the “pinks” according to Billmeyer or the “red-blues” according to Wyszecki & Stiles. These definitions are
clearly inconsistent and imprecise. The committee preparing the final report on the OSA Color System felt
compelled to issue a significant disclaimer as to the applicability and adequacy of the proposed system. This
disclaimer is summarized on page 513 of Wyszecki & Stiles. Figure 4 in the MacAdam paper was never accepted as
a standard. As MacAdam relates, it contains several inconsistencies, based primarily on its foundation of tristimulus
values.

17.1.5.3 OSA color spaces

The Optical Society of America has sponsored a three dimensional color appearance system based on Cartesian
coordinates in the chromatic plane and an orthogonal algebraic luminance coordinate. The system has the additional
constraint that there is a direct relationship between the scales of the chromatic and luminance axes so that a regular
rhombohedral lattice is formed. In the primary representation, there is a j-axis extending from yellow at +j to blue at
-j and a g-axis extending from green at +g to reddish-purple at -g. The description of the luminance value associated
with the system is too complex and unwieldy to be given here?®. In the reference, the applicability of the system to
real color situations has been disavowed by the committee that proposed it. An additional problem with the OSA
system is that it does not define the above colors precisely. Billmeyer discussed this system in detail from a
mathematical perspective but using even less well defined color names, yellow-blue and either pink-green or
magenta-green®®, The difference between reddish-purple, pink and magenta is considerable in any color space.
The sequence of hues in the OSA color space is opposite to that of the Munsell Color Space.

17.4.5 Grassman’s Laws are archaic, misleading and refutable

26BjlImeyer, F. (1981) On the geometry of the OSA Uniform Color Scales Committee Space, COLOR
research and applications, vol. 6, no. 1, pp. 34-37

2"MacAdam, D. (1974) Op. Cit.

28\Wyszecki, G. & stiles, W. (1982) Op. Cit. pp 512-513

29BjlImeyer, F. (1981) On the geometry of the OSA Uniform Color Scales Committee Space. COLOR
research and applications, vol. 6, no. 1, pp 34-37
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In 1853, follwing the early work of Young and others to describe the nascent field of photometry and colorimetry,
Grassman proposed a set of relationships that have come to be known as Grassman’s Laws. Grassman’s Laws have
been interpreted differently throughout the literature. The following form is based on the simple tristimulus space
(ignoring the UV sensitivity of the human eye), the linear assumption that R + G+ B = 1 (regardless of how the
terms R, G, & B are defined), as stated by Wyszecki & Stiles in 1982;

“(i) Symmetry Law- If color stimulus A matches color stimulus B, then color stimulus B matches color stimulus A.
(ii) Transitivity Law— If A matches B and B matches C, then A matches C.

(iii) Proportionality Law- If A matches B, then oA matches oB where a is any positive factor by which the radiant
power of the color stimulus us increased or reduced while its relative spectral distribution is kept the same.

(iv) Additivity Law— If A, B, C & D are any four color stimuli, then if any two of the following three conceivable
color matches

A matches B, C matches D, and (A+C) matches (B+D)
holds good, then so does the remaining match
(A+D) matches (B+C)”

where the plus signs represent additive mixtures of the individual stimuli. As noted by Wyszecki & Stiles, these
laws constitute the stronger form of the trichromatic generalization of color matching.

Note carefully that the above laws do not employ an equal sign, or even an approximate equal sign between the left
and right portions of the equations. The word matches is used. The expressions are not meant to be mathematical
equations but instead null conditions at a given point within an undefined color space. Match does not imply that
terms can be transferred from one side of the description to the other.

The limitations on these “laws” were also described by Wyszecki & Stiles and expanded upon by Krantz in 1975.
The three major conditions that are ignored are;

« the dependence of a match on the observation conditions under which the two color stimuli are compared.
« the possible effects on a match of different previous exposures of the eyes to light (state of adaptation).
« differences in the color matches made by different observers.

Efforts to verify these assertions in the laboratory ran into significant problems during the last quarter of the
19" Century. As a minimum, it was discovered that the quality of the match depended on the diameter of the
stimulus presented to the eyes. Then it was discovered that the match depended on where on the retina the
stimulus was applied. Finally, it was discovered that the retina did not exhibit uniform chromatic sensitivity
near the point of fixation (Maxwell’s Spot).

These simple problems were then joined by the more sophisticated realizations that the stimuli represented by bold
letters in the above matches were in fact vector quantities involving an intensity and at least two chromatic elements.
As a result, the laws had to be reformulated to provide matches in each of the orthogonal planes (in the case at hand,
the intensity value, the P-value and the Q-value).

Complicating the problem were;

« the discovery that the photoreceptors of the eye were sensitive to the quantum properties of photons (the photon
was unknown to Grassman) and were not linear radiation detectors.

« the discovery of the Stefan-Boltzman Radiation Law (also unknown to Grassman) which showed the radiation
density of a stimulus at a specific wavelength was a variable described by the color temperature of the source.

« the discovery that the neural system separates the brightness ( R-) signal processing path from the multiple
chrominance signal processing paths (O—, P— & Q-) within the neural system.
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« the discovery that the trichromatic generalization, R + G + B = 1 fails when used to describe the spectral locus.
Experiments have routinely shown that the intensity of the R channel must contain a negative value which is
obviously impossible.

To avoid this problem the spectra associated with each of the components of the RGB color system have
been defined as absolute values and renamed the XYZ color system. The redefined X component still
includes a sub-peak near 500 nm (in the yellow-green). To accommodate these modifications, the CIE was
forced to define a Standard Observer that they routinely note is non-realizable.

« the documentation that the human retina, like that of other mammals, employs four distinct photoreceptor classes,
including an ultraviolet photoreceptor channel.

« the recognition that the lens of the human eye is sufficiently opaque in the ultraviolet region at less than 400 nm to
truncate the sensitivity of the eye relative to that of the retina.

« the demonstration that the brightness channel of the visual system employs logarithmic stage 2 signal processing to
form the visibility ( R-) function from the individual chromatic absorption channels.

» the demonstration that the chrominance channels employ the difference in logarithms within the stage 2 signal
processing to create three individual chrominance channels (O—-, P- & Q-).

17.4.5.1 Grassman’s Laws should have been refuted long ago

It is a unique feature of photometry/colorimetry community of vision that they have never refuted the fundamental
relationships proposed by Grassman in the face of an overwhelming range of evidence. They have not even
attempted to limit them. Instead, as typical of a committee, the various committee’s of the CIE have attempted to
rationalize their shortcomings and to introduce second order modifications that allow the original assertions to be
used, subject to a series of seldom documented constraints.

The community has yet to accept the dominance of the Hering Theory of Color and the Munsell Color Space as a
replacement for the Young-Maxwell Theory based on Grassman’s Laws. However as discussed below and detailed
in Section 17.1.5.2, the CIE has abandoned reliance on Grassman’s Laws in the development of their Uniform Color
Space, including both the CIE Lu*v* and CIE La*b* spaces. These two spaces are perception based rather than the
stimulus basis of the CIE 1931 Chromaticity Diagram and its subsequent versions.

To this day, the dominant portion of the community has continued to rationalize their mathematical models to
conform their laboratory measurements to a non-realizable “Standard Observer” rather than transition to a realizable
“Normal Observer” that conforms to the Hering and Munsell theories of vision.

17.4.5.2 The trichromatic generalization is limited to the small signal case

By rewriting the trichromatic generalization of the historical literature with the logarithm of the “four” individual
chromatic elements summing to 1.0, the Strong Tetrachromatic Generalization (STG) of mammalian vision over a
large signal range. It should be obvious based on simple mathematics that by limiting the range of the signal
intensities ranges used to evaluate the logarithmic summation of the STG of mammalian vision results in the small
signal Strong Tetrachromatic Generalization (ssSTG). This ssSTG is completely supportive of the spectral
sensitivity of the human retina. By multiplying the left side of the STG by the absorption characteristic of the human
lens system, the ssSTG of the overall human visual system is obtained (including the previously considered
anomalous operation in the spectral range of 400-437 nm).

By separating the color responses of mammalian vision into multiple separate and orthogonal chromatic channel
pairwise logarithmic differences, the complete Chromaticity Space of the mammalian retina can be correctly
represented over a large signal range. By including the limited spectral transmission of the lens of the specific
animal (that varies significantly with lens thickness), the complete Chromaticity Space of that animal can be
correlctly represented over a very large signal range.

By approximating the complete multidimensional Chromaticity Space of a mammal, a two-dimensional
approximation of that space (the New Chromaticity Diagram for Research) is obtained. This representation is totally
compatible with and supportive of the Hering Theory of color vision. This New Chromaticity Diagram for Research
can be combined with the Luminance profile of vision to create the three-dimensional Munsell Color Space.
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The fact that the Munsell Color Space exhibits limitations on the overall range of the Color Space describes the
limitations on the range of color vision not incorporated in any analysis based on Grassman’s Laws.

The CIELAB and CIELUV representations, based on the CIE UCS color space approximate the actual color space
based on the strong tetrachromatic generalization, STG, and its simplifications described above. Both of these
representations employ pairwise color component differences. As shown in Figure 17.3.5-12, the a* and b* axes of
the CIELAB representation, when expressed under small signal conditions, are rotated by approximately 20 degrees
relative to the internal P— and Q- axes of the actual neural system and the New Chromaticity Diagram for Research.

Figure 17.3.5-14 shows the u* and v* axes of the CIELUV representation are also rotated by approximately 20
degrees relative to the internal P— and Q- axes of the actual neural system and the New Chromaticity Diagram for
Research.



170 Processes in Biological Vision

TABLE OF CONTENTS 4/30/17

17 Performance descriptors Of VisSioN . ... ... e 1
17.3.4 New definitions based on the New Chromaticity Diagram .. ....................... 1
17.3.4.1 The general concepts of narrow and broadband colors ................... 1
17.3.4.1.1 First Order definitions . ......... ... .. ... ... .. .. .. 1
17.3.4.1.2 Critical Second Order conditions applicable to some First Order
definitions . ... .. 4
17.3.4.1.3 Impact of Second Order effects on center-surround experiments . .. 4
17.3.4.2 “Unique colors” visible to normal humans .............. ... ... ....... 5
17.3.4.2.1 Unique psychophysical colors ............................. 6
17.3.4.2.2 Unique monochromaticcolors ............. ... ... 9
17.3.4.2.3 The “uniqueness” of white . ............ ... ... .. .. ....... 9
17.3.4.2.4 The “uniqueness” of unique yellow ......................... 9
17.3.4.2.5 Therevised Abney Effect . . .......... ... ... ... .. ........ 10
17.3.4.2.6 The number of uniquely identifiable colors . ................. 10
17.3.4.2.7 The data of Stefurak & Boynton .......................... 11
17.3.4.3 Concepts involving complementary, conjugate and corresponding colors ... 12
17.3.4.3.1 The definition of metamers MERGE ....................... 16
17.3.4.3.2 The experiments of Purdy (1931) . ......... ... ..., 18
17.3.4.4 The second order Abney, Bezold-Brucke and Purkinje Effects............ 19
17.3.5 Comparison with other color spaces . ....... ... i 20
17.3.5.1 Comparison with the Hering opponent colorsspace .................... 22
17.3.5.2 Comparison with the Munsell and MDS 2-D Color Spaces .............. 24
17.3.5.2.1 Three basic questions related to hue in Munsell Color Space .... 25
17.3.5.2.2 More general discussion related /chroma & value/ in the Munsell
Color SpPace . ..o 27
17.3.5.2.3 Color naming relative to the spectral content of the Munsell Atlas
..................................................... 28
17.3.5.2.4 Confirmation of the New Chromaticity Diagram using SVD . . . .. 30
17.3.5.3 Overview of the CIE Chromaticity Diagrams ......................... 38
17.3.5.3.1 A reinterpretation of the C.I.E 1931 x,y Chromaticity Diagram ... 40
17.3.5.3.2 Fundamental assumptions in the CIE Diagram ............... 40
17.3.5.3.3 Representation of the Spectral Locus on the CIE Diagram . ..... 42
17.3.5.3.4 Representation of the Planckian Locus on the CIE Diagram . . ... 42
17.3.5.3.5 The nonconformality of the CIE (1931) Chromaticity Diagram .. 43
17.3.5.3.6 The CIE Color-Rendering Index & associated reference colors .. 44
17.3.5.4 The CIE (more) Uniform Chromaticity Space and alternatives . ........... 46
17.3.5.4.1 Two dimensional (more) uniform colorspace ................ 51
17.3.5.4.2 The familiar CIE CIELAB & CIELUV Standards ............. 51
17.35.43 Recent CIELAB activity ............ ... ... ..., 53
17.3.5.5 A reinterpretation of MacLeod-Boynton based spaces .................. 54

17.3.5.5.1 The M-B color space as a variant of the New Chromaticity Diagram

17.3.5.5.2 The M-B color space compared to the CIE Chromaticy Diagram . 56
7

17.3.5.5.3 A differential M-B or DKL colorspace ..................... 5
17.3.5.6 Remarks on other graphical presentations ............................ 57
17.3.5.6.1 Remarks on a second graphical presentation of Derrington . . .. .. 57
17.3.5.6.2 Remarks on the presentation of Shepherd ................... 59
17.3.5.6.3 Remarks on the presentation of Pridmore .. ................. 59
17.3.5.6.4 Remarks on the presentation of Sun, Smithsonetal. ........... 60
17.3.5.7 Development of the “Elemental Sensation Hypothesis” ................. 60
17.3.5.8 A reinterpretation of the OSA UCS 2-D Chromaticity Diagrams .......... 62
17.3.5.8.1 Comparison of the New Chromaticity Diagram & the OSA 2-D color
S .+ i 62
17.3.5.8.2 Proposed Alternate OSA 2-D Color Space . ................. 63
17.3.5.9 The Retinex Theory of Color Visionby Land ......................... 65

17.3.,5.9.1 Overview of Land's Experiments ......................... 67



Performance Descriptors 17- 171

17.3.5.9.2 Experimental operating conditions ........................ 67
17.3.5.9.3 Observed results ........ ... ... i 68
17.3.5.9.4 Land's Hypothesis ............ .. ... ... 69
17.3.5.9.5 Discussion leading to a comprehensive explanation of Land's
ODSErVALIONS . . .. 69
17.3.5.9.6 Conclusions from thisanalysis ............... ... ... . ... 72
17.3.5.10 Remarks on the SRGB and other cross-platform color standards ......... 73
17.3.5.11 Kruithof’s observations regarding color temperature .................. 73
17.3.6 ColOr CONStANCY . ..ottt e e 74
17.3.6.1 BaCKground . . ... ... 75
17.3.6.2 Color Constancy and adaptation versus the Univariance Principle ......... 77
17.3.6.3 Simplified explanation of the color constancy phenomena ............... 78
17.3.6.3.1 Color constancy in the absence of scene contrast. ............. 78
17.3.6.3.2 Color constancy in the presence of spatially distinct scene contrast
..................................................... 79
17.3.6.4 Broader explanation of the color constancy phenomena ................. 80
17.3.6.4.1 The Individual Adaptation Amplifier ....................... 80
17.3.6.4.2 The Individual Distribution Amplifier ...................... 80
17.3.6.4.3 The combined amplifiers of the Photoreceptor Cell ............ 80
17.3.6.4.4 The dynamics of the visual system . ......... ... ... ... . ... 81
17.3.6.4.5 Initial condition of the adaptation amplifiers ................. 81
17.3.6.4.6 Operation of the adaptation amplifiers in unison .............. 81
17.3.6.4.7 Differential operation of the adaptation amplifiers............. 82
17.3.6.4.8 Combined group and differential adaptation ................. 82
17.3.6.5 Computational approach to color constancy .......................... 83
17.3.6.6 Color constancy versus eccentricity of the visual system ................ 83
17.3.7 The Stiles-Crawford Effects ... ... ... . i 84
17.3.7.1 Historical background .. ....... ... ... . . i 87
17.3.7.2 Defining the Stiles-Crawford Effects ............................... 89
17.3.7.2.1 A definition of the Stiles-Crawford Effect of the first kind ...... 93
17.3.7.2.2 A definition of the Stiles-Crawford Effect of the second kind . ... 93
17.3.7.3 Foundation of the Stiles-Crawford Effects ........................... 93
17.3.7.3.1 Waveguide nomenclature .. .......... ... ... .. ... ... 95
17.3.7.3.2 Recorded mode patterns in real photoreceptors .............. 100
17.3.7.3.3 Potential interference within the optical path ................ 100
17.3.7.3.4 Potential interference within the acceptance pattern .......... 100
17.3.7.4 Stiles-Crawford Effect of the 1% kind—a variation in brightness sensitivity .. 101
17.3.7.4.1 The illumination of the retina by a sub-aperture . . . ........... 103
17.3.7.4.2 The radiation acceptance pattern of a cylindrical outer segment . 103
17.3.7.4.3 The signal processing in Stage 2 leadingto SCEI ............ 105
17.3.7.5 Stiles-Crawford Effect (SCEII) of the 2™ kind—chrominance variation . . . . . 111
17.3.7.6 An on-axis example of the Stiles-Crawford Effect-SCEIIl .............. 114
17.3.7.6.1 Potential mechanisms for large attenuation differences over short wavelength
INterValS . .. 115
17.3.7.7 The optical Stiles-Crawford Effect ............. ... ... ... .. ..... 116
17.3.8 The absolute spectral parameters of a given named color .................... 117
17.3.8.1 Protocol for comparing the Munsell Color Space to the New Chromaticity
DIag M o 121
17.3.8.1.1 Rationalizing A.T. Young paper with the New Chromaticity Diagram
.................................................... 122
17.3.8.1.2 Defining a logarithm - -- .. ... ... ... ... ... .. ..... 125
17.3.8.1.3 The extended value scale of Absolute Munsell Color Space .... 126
17.3.8.1.4 An extended Munsell Color Solid with Absolute Scales .. ... .. 132
17.3.8.1.5 Test conditions for using the Munsell Color Space effectively .. 133
17.3.8.1.6 Number of recognizable colors in absolute Munsell Color Space
.................................................... 134
17.3.8.1.7 Rationalizing Young’s paragraphs 7-9 and the proposed Absolute
Munsell Values . ........ ... 135
17.3.9 The crucial difference between RBG and SML notation in research ............ 137
17.3.9.1 The perception of “green” in Munsell and in Kelly & Judd ............. 139

17.3.9.2 The perception of “red”in Munsell and in Kelly & Judd ............... 139



172 Processes in Biological Vision

17.3.9.3 The perception of “Yellow” in Munsell and in Kelly & Judd ........... 139
17.3.9.4 The perception of “purple” in Munsell and in Kelly & Judd ............ 139
17.3.9.5 The perception of “blue” in Munsell and in Kelly & Judd .............. 139
17.4 Multi-dimensional luminance/chrominance colorspaces. ... nnanns 140
1741 BaCKgroUNd . . . .ottt et e e e e 141
17.4.1.1 The choice between irradiance and brightness as a luminance characteristic
........................................................... 142
17.4.1.1.1 Proposed axes hierarchy . .............. ... ... .. .. ..... 144
17.4.1.1.2 The role of modulation in psychophysical experiments ........ 146
17.4.2 A new combined Luminance/Chrominance Diagram ........................... 146
17.4.2.1 Outline of the New Visual Volume ......... ... ... ... .. . ... 148
17.4.2.2 The New Visual Volume . ... ... .. 149
17.4.2.3 The New Visual VVolume with Munsell Coordinates ................... 150
17.4.2.3.1 Interpretation of the Munsell color volume ................. 151
17.4.2.4 The New Visual Volume under Scotopic conditions . .................. 151
17.4.3 Interpreting the new combined Luminance/Chrominance Diagram ................ 151
17.4.3.1 Segregation of the luminance axis .. .......... ..., 152
17.4.3.1.1 The photopicregion .......... ... .. 152
17.4.3.1.2 The SCOtOPIC regioN ... ...\ttt 152
17.4.3.1.3 The mesotopiC region . ..., 152
17.4.3.1.4 The hypertopic region . .........c.uiiiiiinenennans 153
17.4.3.2 Composition and effect of the illumination parameter .. ................ 153
17.4.3.2.1 Significant variation in the content of the illumination EMPTY . 153
17.4.3.3 Formation of the R-channel signal .. ............................... 153
17.4.3.3.1 Transition from linearity insignaling ... ................... 153
17.4.3.3.2 Color Constancy as a result of differential adaptation ......... 154
17.4.3.4 Limits on overall color perception .. ........ ... ... i 154
17.4.3.4.1 Determination of the envelope of overall color perception . . . .. 154
17.4.3.4.2 The boundaries of the instantaneous perceptual color palette ... 155
17.4.3.4.3 Misinterpretation of earlier Combined Luminance/Chrominance
DIagramS . .o 155
17.4.4 Comparison with other luminance/chrominance presentationsEDIT ............... 155
17.4.4.1 Alternative coordinate Systems . ... 156
17.4.4.2 Intrinsic directions, axes, coordinates & a new OSA Color Space ........ 159
17.4.1.2.1 Proposed axes hierarchy . ........ . ... .. it 159
17.4.1.3 Other color SyStems . ... .. i 161
17.4.1.4 Other color systems focused on PC and TV monitors ................. 163
17.3.5.x Comparison with other luminance/chrominance color spaces (move to 17.4.xxx)
........................................................... 163
17.3.5.y Comparison with a spherical color space (move to 17.4.XxX) . .. .. 165
17.4.3.5 An alternate uniform color scales presentation ....................... 165
17.4.3.5.2 The three dimensional form of the OSA UCS Diagram ........ 165
17.1.5.2.2 Three dimensional uniform color space of the OSA ......... 165
17.1.5.3 0SA Col0r SPaCesS . ..o v i 166
17.4.5 Grassman’s Laws are archaic, misleading and refutable ........................ 166
17.4.5.1 Grassman’s Laws should have been refuted longago .................. 168

17.4.5.2 The trichromatic generalization is limited to the small signal case ........ 168



C=xR+yG+1zB
x+y+z=100

or

Performance Descriptors 17- 173

Chapter 17 Equations
Some complex equations are inserts and are not shown explicitly here
Greek alphabet characters are usually not reproduced here

EQ.17.33-1 oo 4

EQ.17.332 oo 41

EQ 17.3.7-0 oottt 9%
EQ 17.3.7-2 oo et 98
EQ.17.3.7-3 oo 101

EQ 17.3.7-4 . oo e 104

EQ.17.3.7-5 oo 104

EQ 17.3.7-6 .ot 104

R(l) = Kgp -l0g [#sd | + Kyp log [#,d 1 +K_ . log [#, d 1 EQ. 17.3.7-7 oo 106



174 Processes in Biological Vision

Chapter 17 Figures

Figure 17.3.4-1 (Color) Framework for the New Chromaticity Diagram for Research. ..................... 6
Figure 17.3.4-2 Spectral reflectance curves of ordinary construction papers used in a psychophysical experiment
.................................................................................. 12
Figure 17.3.4-3 Complementary colors illustrated with the Perceptual Chromaticity Diagram ............... 14
Figure 17.3.4-4 Curve relating complementary pairs of wavelengths ..................... ... ... ... ... 16
Figure 17.3.4-5 Curve relating complementary pairs of wavelengths .......... ... ... ... ... .. .. .. ..... 17
Figure 17.3.5-1 (Color) The renotated Munsell Color Space shown as an overlay on the New Chromaticity Diagram
.................................................................................. 24
Figure 17.3.5-2 Reflectance data from Munsell Atlas samples . ........ ... .. i 30
Figure 17.3.5-3Example of the matrix algebra used inthe SVD procedure ............. ... ... . ivn... 32
Figure 17.3.5-4 Composite figure showing SVD basis factors and P & Q overlaysand R match ............. 34
Figure 17.3.5-5 Overlay of the results of Romney & Indows SVD analysis on the New Chromaticity Diagram .. 36
Figure 17.3.5-6 Overlay of the unnormalized locus of Romney & Indow ........... ... . ... ... ... . ... 37
Figure 17.3.5-7 A comparison between the Orthogonal Zone Theory of vision and conventional wisdom .. .. .. 39
Figure 17.3.5-8 A reinterpreted CIE Chromaticity Diagram ... ... i 42
Figure 17.3.5-9 Ambiguities in the representation of metamers in the CIE Chromaticity Diagram ............ 44
Figure 17.3.5-10 The test-color samples defined in the CIE color-rendering index in Munsell Color Space . . ... 46
Figure 17.3.5-11 The CIE test-color samples plotted on a continuous spectrum .. ...............ovvirn... 47
Figure 17.3.5-12 The a*b* axes of CIELAB overlaid on the CIE x,y Chromaticity Diagram ................ 49
Figure 17.3.5-13 MacAdam ellipses plotted upon the CIELAB colorspace . .. ..., 50
Figure 17.3.5-14 An approximate overlay of the CIE UCS (1976) Chromaticity Diagram . ................. 51
Figure 17.3.5-15 The CIE1976 L*u*v* Chromaticity Diagram . ............. ... 53
Figure 17.3.5-16 Comparison of M-B color space and the New Chromaticity Diagram . ... ................. 55
Figure 17.3.5-17 A reinterpretation of MacLeod-Boynton datapoints ............. ... ... ... .. .. ..... 56
Figure 17.3.5-18 A second reinterpretation of MacLeod-Boynton data points in the CIE and New Chromaticity
DIagramM SPACES .« .ottt e 57
Figure 17.3.5-19 A reinterpretation of the color space of Derrington, et.al .......... ... ... ... . ... . ... 58
Figure 17.3.5-20 A reinterpretation of Shepherd’s threshold measurements and comparison ................ 59
Figure 17.3.5-22 (Color) Comparison of the j,g chrominance plane of the OSA Uniform Color Space ........ 63
Figure 17.3.5-23 (Color) Proposed alternate OSA 2-D Color Space with Cardinal Axes ................... 64
Figure 17.3.5-24 Configuration used by Land in his demonstration of color vision anomalies ............... 67
Figure 17.3.5-25 Summary figure showing the range of colors perceived using different pairs of wavelengths .. 68
Figure 17.3.5-26 Land figure with an overlay of peak wavelengths of photoreceptors and P- & Q-channel values
.................................................................................. 70
Figure 17.3.5-27 Observations of Kruithof on the pleasing color temperatures for displayingart ............. 73
Figure 17.3.6-1 The three adaptation amplifiers of trichromatic vision ............... ... ... ... ...... 81
Figure 17.3.6-2 A comparison of several parameters illustrating color constancy ......................... 82
Figure 17.3.7-1 Wavelength dependence of the peakedness for the retinal psychophysical SC effect .......... 86
Figure 17.3.7-2 Alternate optical configurations applicable totheretina ............ ... ... .. ... ... . ... 92
Figure 17.3.7-3 A full theoretical eye schematic for discussing the Stiles-Crawford Effect .................. 94
Figure 17.3.7-4 The acceptance angle condition for total internal reflection at the core/cladding interface ... ... 96
Figure 17.3.7-5 Field distributions for the HE, ; mode in a dielectric waveguide .......................... 97
Figure 17.3.7-6 Bessel function solutions indicating various modes of propagation ....................... 98
Figure 17.3.7-7 The physiology of the eye defining the Stiles-Crawford Effect of the firstkind ............. 102
Figure 17.3.7-8 The calculated SCEI for | = 500 nm, a 2.1 micron outer segment and an unaccommodated eye
................................................................................. 105
Figure 17.3.7-9 Overall schematic of the human (tetrachromatic) visual system including the acceptance element of
the outer segments of each photoreceptor .. ... i e 106
Figure 17.3.7-10 Theoretical and measured values for the Stiles-Crawford Effect of the 1 kind ............ 108
Figure 17.3.7-11 Enoch & Hope off-axis Stiles-Crawford Effect data overlaid with theoretical curves .. ... ... 110
Figure 17.3.7-12 Shift of apparent hue DI as a function of wavenumber ............ . ... ... ... ...... 112
Figure 17.3.7-13 Theoretical and measured values for the Stiles-Crawford Effect of the 2" kind ............ 114
Figure 17.3.7-14 Sensitivity, 1/Le, from measured recognition thresholds for 2° Landolt targets on 0.001 cd/m?
background for observer KM. The statistically relevant notch at 0.55 microns isshown . ........... 115
Figure 17.3.7-15 Acceptance patterns of waveguides supporting different modes ........................ 116
Figure 17.3.8-1 Framework for the Munsell ColorSpace ......... ... ... i i 118
Figure 17.3.8-2 Organization of the colors of constant Munsell hue in the Munsell Book .................. 119



Performance Descriptors 17- 175

Figure 17.3.8-3 A typical color comparison viewing booth . ........ ... ... .. .. .. .. .. .. .. . . .. 121
Figure 17.3.8-4 Munsell value (Book of Color Samples) as a function of reflectance ..................... 128
Figure 17.3.8-5 Modified Figure 2.1.1.1 with relative and proposed Absolute Munsell Values . ............. 130
Figure 17.3.8-6 Locus of color constancy in Munsell Color Space .. ........... i 131
Figure 17.3.8-7 A Munsell Color Solid based on the 1943 renotations without attribution ................. 133
Figure 17.3.8-8 Overlay of figure 7 of Young, 2004 on the New Chromaticity Diagramwith /2 . ............ 136
Figure 17.3.9-1 Insights from merging the New Chromaticity Diagram and Munsell’s extended Color Solid ... 138
Figure 17.4.1-1 Relationships between illuminance, reflectance and perceived brightness ADD ............ 144
Figure 17.4.2-1 Isometric framework for the New combined Luminance/Chrominance Visual Volume. ...... 148
Figure 17.4.2-2 [Color] The New Sensation Space of Vision. A combined luminance/chrominance diagram for
ESBANCN. o 149
Figure 17.4.2-3 Isometric framework of the New Sensation Space for Vision with Munsell notation. ........ 150
Figure 17.4.3-1 lllustration of color constancy based on differential spectral adaptation ................... 154
Figure 17.4.3-2 Alternate coordinate formats for describing the color space of animal vision ............... 157

Figure 17.4.3-3 Coordinate systems used in TV & PC monitoring systemsEDIT ........................ 163



176 Processes in Biological Vision

(Active) SUBJECT INDEX (using advanced indexing option)

-3 | (] o 83, 134, 135
2-POtON o 83
K 15 131
B D 146
Lo 109, 161
08 L 125, 126, 129, 141
aCtion Potential . . ... . 60
ATV . oo e 80
adaptation . . ... 3,4,8, 14, 16, 18, 19, 21, 22, 29, 40-43, 52, 53, 55, 62, 66, 67, 74-83, 99, 106, 113, 121, 122, 124,

126, 128, 134, 135, 141-144, 147, 151-154, 159, 161, 162, 165, 167
adaptation amplifier ... ... . 3,4,67,79-82, 143, 154
AMPITICAION . . o 75
11 C=] 01T o X 89
B S IAN .« oo 62
0] 1Y Tod o R 110
DlEaCNING . .o 26,110
BOL D ..o 167
broadband . . ... ... 1,7-9, 26, 42, 66, 95, 121, 123, 132
CalibratioN . .. 19, 24, 53, 56, 129
CEIEbEIIUM L 159
(oL T=Y o] {1 ] 2 159

CIE ... 3,8,9,13-15, 17, 19-22, 24, 25, 27, 28, 34, 38-53, 56, 57, 59-62, 73, 75, 83, 87, 88, 90, 101, 113, 118, 119,
121, 122, 124-126, 134, 139, 141, 143, 146, 156, 158, 161, 162, 168, 169

CIE 1076 .o 40, 47, 48, 50, 52
CIEUCS . e e 25, 34, 38, 47, 51, 53, 124, 169
CIE UGS 1076 ..ot e 124
CIELAB ..o 47-54, 169
CIELUY o 47,51, 52, 169
(o1 ] o] g =1 T =T T 44, 46
COMPENSAION L . ottt e et e 6, 59, 82, 154
COMPUEAEION . .ot e e 113, 144, 159, 160
comMPUEAtIONAl . . . . o 53, 75, 76, 83
CONTIMALION . . Lo 30, 38
critical FliCKer freQUENCY . .. oo 18
CrOSS SBCLION . .ttt ettt et e e e e 97
CrOSS=SB T ON & o ottt 38
dark adaptation . . ... o 22,80, 121
At DaSE . . ot 28
JataaSE . . o e 18, 31
QIOAE . .o 153
(013 0T 114
dynamicrange .......... .. 78, 79, 126, 130, 131, 140-144, 147, 151-155, 157-159
BlECtrOStENOIYIC PrOCESS . .\ttt e 81
elemental sensation NYPOthESIS . . . ... oo 60, 62
BQUILIOIUM L e 13
BVOIULION . L 125
expanded . ... 16, 50, 88, 97, 105, 106, 112, 123, 134, 137, 158, 163, 167
external feedbacK . ... ..o 81
feedback . ... 4,74,77,78, 80, 81, 153, 154
Tl CKEr frEgUENCY . . .o 18
GaUSSI AN . st e 89, 104, 110
GrassmMaN’s LaWs . . ..ot 19, 54, 125, 166-169
half-amplitude . ... . e 86, 100
ROMOGENEOUS . . . ottt e 57,99
B L et e 126
INNOMOGENEOUS . . . . oottt e e e e e e e 99

internal feedback . ... 4,77,78, 80, 81, 153, 154



Performance Descriptors 17- 177

T YZ=T 1 1o 38, 81, 104
lateral genicUlate . ... ... 20, 21, 31, 142
N OCCIPItal . . . 84
0OKUP taDe . . 159
MACHINE VISION L . e 73
MarCati i . ..o 97
MaXWEI S SPOt . .o 17,113, 167
M . 24,25
MESOIOPIC . .ottt e 65-67, 74, 82, 129, 146-148, 152, 155, 158, 165
1S3 7 L -] 10, 16, 17, 26, 27, 43, 44, 76
MOAUIALION . .o e 57, 75, 95, 146
MUItI-AdIMeNSIoNal . . . ..o e 37, 140
N L o e 98
N o 98, 99
NarroW band .. ... . e e 15, 18, 26, 42, 54, 85, 123, 145, 160
NOUal POINTS .o 104, 109
10 1= 5,18, 33, 62, 109, 124, 135, 144, 152
Dl e 96
DA AMIEE I C . . o ottt e e 141
ParvOCellULar . . . 57, 60
=] (0L o] 11
perceptual Space . ............ i 16, 17, 48-50, 52, 62, 117, 137, 144, 148, 151, 153, 158, 162
PON PUIVINAE . .o 84
PR OMIONE . . oot 125
POINt Of regard . . ..o e e 135
ProtoCol ... 31, 61, 67, 83,121, 126, 127, 134, 139
PUIVINAE L 84
quantumM-mechaniCal . ... ... ... 141
RayIeIgN TEOION . ..o 106, 113
FAUING .+ . ottt e 71,163
TESIAUE ittt i e e 158
FOUGNNESS o . ottt et e e e e 126, 137
SAlIENCY AP . ..ot 16, 135, 140, 159
SBOIEOALION . o o it 152
SIgNAI-T0-N0ISE . .. oo e 18, 124
SIGNAl-t0-N0ISE FALIO . . .. ottt 18, 124
SPECEIAl COIONS . . ..o e 5, 10, 18, 54, 137
01T {00 T o 137
SOUANE LA .o 147
SOUANE-IaW . o o 60, 151
SRG B . e 73
St O .o 83
StA0E L o 105, 125, 134, 135, 137-139, 159
St 2 i 14, 73, 83, 105, 125, 134, 137, 152, 168
SHA0E 3 o 14,59, 83, 134, 155
ST 4 .o 18, 134, 135, 155
SHA0E D o 18, 84, 124, 134, 135
Standard OBSEIVEl . . ottt 17, 39, 43, 118, 168
] (=] | 21 59
Stiles-Crawford . ....... ... 84-96, 99-103, 105, 108-112, 114, 116, 117
I S . . it e e 45
threshold .. ...... ... ... ... .. . 11, 18, 41, 59, 61, 62, 82, 109, 115, 131, 144, 151, 152, 155, 158
LOMOG PNy .o 91, 117
10] 100 T2 12 77
transcendental FUNCHIONS . .. ... . o e e 159
ANSAUCTION .o e 153
TPANS- o e 76
L (=1 1010 4,5,75,78,79
VSt LN SY S M . Lo e 4
VISUAL ACUILY . .ot 18, 89

WaAVEGUIE o 84-93, 95-100, 102, 104, 105, 114-116



178 Processes in Biological Vision

WIKIPEAIA .« . .ot 6, 53, 125, 132
xxx .. 19, 25, 26, 28, 29, 38, 39, 42, 50, 53, 55, 57, 63, 65, 66, 71, 84, 88, 93-95, 104, 105, 109, 113, 124, 125, 129,

131, 140, 146, 151, 155, 163, 165
KTy oot e 8,120, 139
XXX 19, 20, 25, 35, 46, 54, 55, 146-148, 151, 156

(Inactive) DEFINITIONS INDEX (Use individual marks)
Principle of Univariance
Retinal illuminance
Transport delay
net photoreceptor



