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Preface

In the history of the development of electrical light sources from 1882 to date,
relevant theoretical and technological progress has been achieved making the
development of thermal radiators, discharge lamps, LED/OLED, and laser mod-
ules possible. Parallel to this dynamic process, lighting science and engineering
and color science have made a big effort to find out new methods, parameters,
metrics, and measurement methodologies to describe the color perception and
color quality impression of light source users of different subjective character-
istics in order to accurately model and evaluate lighting systems and lighting
situations.

The development of semiconductor light sources on the basis of LED, OLED,
and lasers from 1994 has offered lighting engineers and the users of illuminat-
ing systems novel possibilities for varying the spectral, temporal, and spatial light
distributions of light sources and lighting systems. However, the color-rendering
index (CRI) has remained to date the only official metric for the description of the
color quality of lighting despite its deficits due to the outdated color space, chro-
matic adaptation formula, test color samples used in its definition, and the lack
of its semantic interpretations in terms of easy-to-understand categories (e.g.,
“good” or “moderate” color rendering).

CRI is not able to be used for the evaluation of lighting installations according
to visually relevant color quality attributes such as color preference, color natu-
ralness, and color vividness. New methods for the modeling of color perception
and new experiments for the determination of the relationship between the visual
assessments of the subjects about color quality and usable color quality metrics
(or combinations of color quality metrics) are therefore necessary.

Accordingly, the aim of this book is to analyze the state of the art of color
quality research concerning the concepts of color space, color difference per-
ception, white point appearance, the interaction between scene brightness,
color temperature, and color preference, the relationship between colored
objects, light sources, and the physiological and cognitive processing of the
corresponding human photoreceptor signals. The correlation among currently
discussed color quality metrics and their deficits as well as new models of color
quality constitute the subject of several chapters of the present book. Basic
and advanced knowledge will be presented on color quality to optimize light
source spectral power distributions according to color quality (incorporating
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visual effects) and also the nonvisual effects of light for human well-being in the
context of Human Centric Lighting.

The content of this book is based on the research of the present authors in the
last few years. The authors would like to thank the students Yuda Li, Dragana
Stojanovic, Taras Yuzkiv, and Eva Zhang who conducted the visual experiments
and all students and scientific members of the Laboratory of Lighting Technol-
ogy of the Technische Universitidt Darmstadt (Germany) for their participation
in several sessions during the color quality experiments.

The authors would like to acknowledge the Federal Ministry of Education and
Research (Germany) for the financial support of their LED projects.

Darmstadt, Germany, July 2016 Tran Quoc Khanh
Peter Bodrogi
Trinh Quang Vinh



Introduction

The technology of electrical light sources started in 1880 with the development
of the tungsten lamp based on the thermal radiation principle by Thomas Edison.
From the beginning of the twentieth century until 1990, a variety of light source
types for indoor and outdoor lighting such as fluorescent lamps, compact fluores-
cent lamps, sodium and mercury high pressure lamps, and halogen metal lamps
have been manufactured. Parallel to light source development, the disciplines of
lighting science and illuminating engineering have been established by the use of
conventional photometry and conventional illuminating design methods, which
are based on the spectral luminous efficiency function V(4).

The V(4)-function is valid for photopic vision in order to evaluate light sources
from the point of view of illumination quality. In this process, quantities such
as glare metrics, detection and identification probabilities, contrasts, luminance
level and illuminance level, and illuminance uniformity have been developed in
order to evaluate the illumination quality of light sources. These parameters have
found their way to lighting and technological standards for the development of
lighting products for international trade and lighting design. The use of V(1) is,
however, misleading because it “represents only one of the possible responses of
the retina of the eye to stimulation by electromagnetic radiation” [1], the response
of the luminance channel with a spectral sensitivity limited to the central band
of the visible spectrum around 555 nm, thus ignoring or underweighting rays of
reddish and bluish wavelengths that are important to render or emphasize the
colors of the colored objects in the lit environment.

With the appearance of modern triband fluorescent lamps, technological
development has led to the necessity of defining a more color-related figure of
merit: the color rendering index (CRI R,) was introduced in 1965. It was based
on the numeric evaluation of color differences and used test color samples to
describe the color appearance change under a test light source in comparison
to a reference illuminant of similar correlated color temperature (CCT). (More
recently, the color rendering property has been called color fidelity.) The general
CRI uses eight desaturated Munsell colors and the visually nonuniform U*V*W*
color space and the aim was to optimize light source spectra so as to cause small
color differences compared to a reference light source of the same CCT. But
this color difference has to be computed independent of the direction of the

Color Quality of Semiconductor and Conventional Light Sources, First Edition.
Tran Quoc Khanh, Peter Bodrogi, and Trinh Quang Vinh.
© 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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1 Introduction

color shift between the test light source and the reference light source mixing
lightness, chroma, and hue shifts between them.

Although the definition and the calculation method of the CRI have been
improved during the last three decades, color rendering has remained the
only internationally recognized metric to evaluate the color quality of light
sources and its deficiencies turned out to be relevant as more and more flexible
light source spectra became available for the advanced illuminating systems of
lighting practice.

Since 1994, with the development of white LED light sources based on very
bright and efficient blue LED emission and novel phosphor-converting materials,
lighting industry and users of lighting systems have obtained a new technological
platform for varying the spectral power distribution of a certain light source with
previously unknown flexibility. This new era of spectral design is characterized
by previously unknown possibilities to optimize the wavelength of the blue LED
chips between 405 and 465 nm and a huge variety of broadband phosphor systems
between 510 nm (cyan-green) and 660 nm (deep red).

Since about 2000, several types of optimal LED light sources have been com-
bined in modern, so-called multi-LED light engines with separately addressable
and optimizable LED channels including white phosphor-converted LED chan-
nels, colored partially phosphor-converted LED channels as well as colored pure
semiconductor LEDs in the most recent so-called hybrid multi-LED illuminating
systems.

The result of the above-described LED revolution has been a plethora of dif-
ferent spectral power distributions with very different color quality properties
(including not only the variation of color fidelity but also of color harmony, color
vividness, color naturalness for a wide range of white tones between warm white
and cool white) from the same, flexible LED light engine. But a system of unam-
biguous numeric metrics starting from the spectral power distribution of the
light source and providing indices for the different color quality properties avail-
able for lighting practitioners (lighting engineers, developers of LED light sources
and LED lighting systems, lighting architects, lighting designers, scientists and
students, facility managers, and system planners) to systematically evaluate and
consciously design the color quality properties of these illuminating spectra by
considering different applications (e.g., shop lighting or museum lighting) and
different users (e.g., according to region of origin or age) is currently missing.

But from recent literature (from the twenty first century) it is well known that
it is the color quality of high-quality illumination that mainly determines its user
acceptance. Accordingly, from about 2000 on, new models to describe color per-
ception have arisen (including the CIECAMO2 color appearance model and the
CAMO2-UCS color space) and this knowledge has been used to develop more
advanced metrics and indices to describe the different aspects of color quality,
including new ways to describe color fidelity and color preference.

With the above new possibilities of LED spectral design in mind, industry
and research need a system of practically relevant color quality metrics in
order to rank, optimize, and select the color semiconductor LED light sources
and phosphor-converted LED light sources to be used in the future’s LED
light engines and LED illuminating systems (as well as other, conventional



1 Introduction

light sources such as fluorescent lamps or other discharge lamps). Light source
spectra should be adapted to the actual lighting application such as shop lighting,
high-quality lighting of colored museum objects in galleries, or hotel, conference
hall, restaurant, and retail lighting.

In the last few years, new lighting applications of increasing importance have
emerged and have given rise to human centric lighting (HCL) considerations con-
centrating on the various properties of the human users and their interpersonal
variations — for example, for hospitals, schools, and homes for elderly light source
users. In such applications, the comprehensive modeling of color quality needs
to be co-optimized with dynamic lighting control and the modeling quantities of
nonvisual effects (including the so-called circadian effect).

Lighting engineers need a new, single criterion parameter or spectral optimiza-
tion target parameter (similar to the concept of Perceived Adequacy of Illumina-
tion, PAI [2]) constructed from multiple measures for general lighting practice.
This parameter should combine the following items: illuminance level, a measure
of chromatic visual performance, CCT dependence, nonvisual factors, and a gen-
erally usable color quality measure possibly consisting of a color fidelity index and
another, usable measure that describes how saturated object colors appear under
the given light source.

The task of color quality research is to develop color quality (color rendition)
metrics that correlate well with the visual assessments of the users of lighting
systems and the designers of light sources and luminaires regarding the crite-
ria “color preference,” “color naturalness,” and “color vividness.” If high color
vividness, high color preference, or high color naturalness should be ensured by
the light source illuminating the colored objects, then a saturation term must be
added according to the current development of lighting technology (at the time
of writing at 2016). Concerning CCT, this parameter (as an important parame-
ter for HCL design) has a strong influence on the comfort, well-being, and visual
performance of the light source users. Combined with different types of colored
objects (e.g., bluish objects or reddish objects), the CCT of the light source also
influences subjective color preference assessments.

If a usable model of lighting quality is at the lighting engineers’ disposal, this
will allow a more efficient, human centric optimization of the illuminating sys-
tem fostering user acceptability and the turnover from the sales of such modern
and acceptable lighting systems. This gain, in turn, leads to the possibility of fur-
ther technological improvements to be described by more developed models and
lighting quality metrics. This cyclic nature of technological development and the
scientific development of modeling lighting and color quality aspects is illus-
trated in Figure 1.1, together with the factors of the optimization of illuminating
systems.

As suggested in Figure 1.1, the technological development of light sources
(especially the occurrence of high spectral flexibility, e.g., instead of fluorescent
lamps with fixed spectra, the emergence of spectrally tunable multi-LED
engines) results in the development of new concepts and models of lighting
engineering and color science, enabling a better description of visual perception,
color quality, and visual performance. These advanced models, in turn, allow for
new possibilities of spectral design for better user acceptance, for example, by
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1 Introduction

ensuring an appropriate level of object oversaturation by the use of appropriate
color quality metrics.

To help understand the concepts necessary to accomplish the comprehensive
lighting quality optimization scheme of Figure 1.1, the present book will describe
in the systematic view of its chapters, the following visual aspects of lighting and
color quality evaluation and design:

1) Appreciation and preference of the white tone of the light source including
metameric white light for different observers and field sizes.

2) llluminance level and visual clarity: in order to ensure good visual perfor-
mance at a workplace, illuminance levels of > 5001x are needed but visual
clarity depends on CCT. Brilliantly lit scenes represent an important color
quality effect, for example, in high-quality shop lighting.

3) Color temperature: the preference of white light in warm, neutral, or cool
(daylight) tones between 2500 and 7000 K depends on the individual user’s
characteristics and also the type of colored objects being illuminated (e.g.,
bluish objects only).

4) The so-called ‘color quality” (or “color rendition”) properties: besides the
color fidelity (earlier it was called color rendering) aspect of color quality that
describes the realness and truth of a lit arrangement of colored objects, other
aspects of color quality like vividness (colorfulness), naturalness, attractive-
ness, preference, and object color discrimination ability come into play and
need to be taken into account (depending on the lighting application) if the
aim of the lighting engineer is a modern, highly qualitative lighting design.

In the last 10 years, the above aspects have been the subject of intensive dis-
cussions and several psychophysical color quality experiments in many lighting
laboratories all over the world. The resulting new descriptor quantities (color
quality metrics) have given rise, according to the above-mentioned cycle, to sig-
nificant technological developments driven by the dynamic development of LED
light source technology. Many of these psychophysical experiments indicated
that the general color rendering index, CIE CRI R,, in its currently standardized
and recommended form, cannot account for the visual scaling results of users in
terms of color preference, color naturalness, or color discrimination. Therefore,
a systematic analysis of all color quality aspects is needed together with a set of
specific and usable principles to optimize the spectral power distributions of LED
lighting systems, correspondingly. According to the above intentions, the present
book deals with the issues to be described below.

The human visual system’s relevant properties will be summarized in Chapter 2
together with all important visual color phenomena to understand how color
appearance comes into existence and behaves, including human eye physiology,
chromatic (opponent) channels and the color attributes lightness, brightness, col-
orfulness, chroma, and hue. Subjective aspects of color quality and their objective
descriptor quantities (naturalness, preference, color gamut, color vividness) will
also be described in Chapter 2 together with cognitive color effects such as color
memory and color semantics. Cognitive color aspects are relevant to developing
decision criteria in terms of limits of continuous lighting quality variables or color

5
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quality indices for lighting practice (e.g., limits of an index to distinguish between
“acceptable”/“not acceptable”; or among “excellent,” “moderate,” or “bad” color
quality).

The issues of white lighting, whiteness perception, white tone acceptance, and
white tone preference will be dealt with in detail in Chapter 3. The reason is that
the white point (white tone) of the light source is an important visual prerequisite
to ensure good color quality in a lit environment with arrangements of colored
objects. The interaction between light source spectral power distributions and
the spectral reflectance of colored objects causes color appearance distortions in
color space in comparison to the most natural light source for human beings, that
is, daylight. To quantify these distortions affecting color discrimination and color
gamut properties, different sets of colored objects from the real world (skin tones,
flowers, paint colors, etc.) have been analyzed and grouped after their spectral
reflectance in a systematic manner in Chapter 4.

A detailed study of scientific literature will summarize the main tendencies of
visual experiments on color quality including the observers’ scaling results and
their correlation with existing color quality metrics. The aim of this part of the
book (Chapter 5: literature review) is to demonstrate the nature and the impor-
tance of color quality issues for lighting practitioners by the brief presentation of
these experiments (research questions, hypotheses, questionnaires, light sources,
colored objects, and results) in a usable way for lighting practitioners.

Research questions include, for example, which figure of merit should be the
second color quality metric besides the color fidelity metric if the perceived color
quality of a lit scene could be described by the aid of two-color quality metrics. A
systematic characterization of all color quality metrics discussed in recent liter-
ature (metrics of color fidelity, color gamut, color preference, color naturalness,
and color memory) and the correlations among the different color quality metrics
(including color preference and naturalness metrics as functions of two-metrics
combinations) will be elaborated in Chapter 6.

In the analyzed literature, several pieces of missing information have been iden-
tified by the authors of the present book. Therefore, a series of own visual color
quality experiments were carried out (at the Laboratory of Lighting Technol-
ogy of the authors and other coworkers at the same laboratory) with different
LEDs and other light sources at different CCTs and object saturation levels. These
results will be presented in a systematic way in Chapter 7 with the final aim of
establishing a novel color quality metric and finding a relevant semantic inter-
pretation of the acceptable value ranges for this metric. This is essential to supply
lighting practitioners with a concrete, numeric guidance to optimize their light
sources, possibly the multi-LED light engines of the future.

The visual experiments on color quality presented in Chapter 7 include studies
on the role of the illuminance level above which good color quality comes into
play, brightness matching in a comparative study between different, metameric
light sources, the effect of the chromaticity (white tone) of the light source
and the effect of the changing relative spectral power distribution of the light
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source that causes the interaction between the emission spectra and the spectral
reflectance of the illuminate objects, and the visual effects of changing color
quality in the user’s human visual system. Results from color preference exper-
iments at different color temperatures (2700-6500 K) including white points at
different chromaticities on the Planckian locus (and also below and above it,
with different spectral power distributions) will be described in Chapter 7.

In our color quality experiments described in Chapter 7, different contexts such
as beauty product lighting (skin tones and cosmetics) and food (grocery product)
lighting have been investigated by selecting a set of representative colored objects
for the above-mentioned applications (e.g., makeups or fruits). Some of the exper-
iments were designed to find out the critical amount of chroma enhancement
(AC¥) at which color preference or naturalness are rated to be maximal and above
which these two subjective attributes are rated to be “no more acceptable.” Exper-
iments have been performed partially in a viewing booth but also in a real exper-
imental room with three-dimensional immersion, observation, and visual color
quality assessment.

Using the current color quality metrics obtained from literature and also the
novel color quality metrics derived from the own experiments, a systematic and
detailed guidance including workflow diagrams will be provided for the lighting
practitioner about how to design and optimize the LED light engine’s spectra
by selecting different blue chips, colored semiconductor LEDs, and phosphor
systems in Chapter 8. The aim of Chapter 8 is to help design such LED spec-
tra (as a result of a comprehensive spectral optimization) that exhibit the best
compromise between color fidelity, colorfulness, and color preference including
the effects of long-term color memory, color discrimination, and the avoidance
of unacceptable color gamut distortions.

By the use of all-inclusive, advanced LED modeling, color quality for different
lighting applications can be co-optimized with HCL aspects including circadian
optimization. This will be shown in Chapter 9 of the book. Finally, Chapter 10
recapitulates the lessons learnt from the book for the practice of lighting engi-
neering including Figure 10.1 summarizing all color quality aspects and their
optimization. As these spectral design and color quality optimization principles
are not LED specific, they can also be applied to any light source including con-
ventional (e.g., fluorescent lamps) or the future’s OLED-based light engines.

According to the above-described aims and content, Figure 1.2 summarizes the
chapter structure of the book.

As can be seen from Figure 1.2, the introduction, the foundations, and the
conclusions are located at the first (upper) level of the structure. White point
issues, the prerequisite of successful color quality design, constitute an individ-
ual level, the next intermediate one. After ensuring a correct white point, the
block of four chapters (within the dashed line frame) dealing with color quality
experiments and color quality metrics (including the most important issue of the
colored objects to be illuminated by the light source) follow. Based on this knowl-
edge, it is possible to carry out the spectral optimization of the light source, the
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2

Color Appearance and Color Quality: Phenomena
and Metrics

This chapter introduces the most important properties of the human visual
system and their mathematical description for the reader to be able to under-
stand the modeling of different color appearance phenomena. Color appearance
models, in turn, constitute the basis for the definition of all types of color quality
metrics used to model the perceived color quality of light sources, the subject
of the present book. The most important visual color quality aspects (e.g., color
fidelity, color preference, color naturalness, color vividness, resemblance to
long-term memory colors) and the corresponding color quality metrics are
described. Semantic interpretations of color quality metrics (e.g., “excellent,”
“good,” “moderate,” or “bad”) will also be introduced as they provide numeric
values to define user acceptance limits in terms of suitable color quality metrics
for LED lighting system design. The most important concepts of basic and
advanced colorimetry and color science are recapitulated based on existing
knowledge from the literature cited in this chapter including several text
modules and figures that are taken from a previous work of the present authors
(and other authors) from the same publisher [1].

2.1 Color Vision

Visual perception (including the perception of color) is the result of a psychophys-
ical process: the human visual system converts electromagnetic radiation reach-
ing the human eye (the stimulus) into neural signals and interprets these neural
signals as different psychological dimensions of visual perception (e.g., shape,
spatial structure, motion, depth, and color) at later processing stages in the visual
cortex [1]; see Figure 2.1. The understanding of human color perception and color
vision mechanisms is essential for lighting engineering in order to model and
optimize the color quality of light sources by applying the methodology of col-
orimetry and color science.

As canbe seen from Figure 2.1, the electromagnetic radiation of the light source
is reflected from the color sample (here: lilac color) which has a certain spectral
reflectance. After the reflection, the spectrally selective sample (the lilac rectan-
gle in Figure 2.1) changes the spectral radiance distribution of the light source
and this reflected light provides the color stimulus for the human observer who

Color Quality of Semiconductor and Conventional Light Sources, First Edition.
Tran Quoc Khanh, Peter Bodrogi, and Trinh Quang Vinh.
© 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Object Observer

Surround

Figure 2.1 lllustration of how color perception (right) comes to existence from a color
stimulus (left). (Khanh et al. 2014 [1]. Reproduced with permission of Wiley-VCH.)

processes the color stimulus in the visual brain. The result of this processing is
the color perception of the color sample with the perceived color appearance
attributes brightness, colorfulness, and hue (latter concepts will be defined later)
[1]. In the example of Figure 2.1, the lilac color sample is a homogeneous colored
plane surface (so-called surface color) characterized by its spectral reflectance
p(A), which is the ratio of the reflected radiant power to the incident radiant
power at every wavelength or by its spectral radiance factor f(4), the ratio of
the radiance of the material to the radiance of the perfectly reflecting material
that is irradiated in the same way. Such homogeneous surface colors are used as
test color samples (TCSs) in the calculation methods of the different color quality
indices; see Section 2.6 and Chapter 4.

To understand color vision mechanisms, first the structure and functioning of
the human eye including the retina (the biological image-capturing device of the
human observer) shall be understood. Figure 2.2 illustrates the structure of the
human eye.

As can be seen from Figure 2.2, the human eye is an ellipsoid with an aver-
age length of about 26 mm and a diameter of about 24 mm. The eye is rotated
in all directions by the aid of eye muscles. The outer layer is called sclera. The
sclera is continued as the transparent cornea at the front. The choroidea supplies
the retina with oxygen and nutrition. The retina is the photoreceptive (interior)
layer of the eye, also containing the visual preprocessing cells (see below). The
vitreous body is responsible for maintaining the ellipsoid form of the eye. It con-
sists of a suspension of water (98%) and hyaluronic acid (2%). The optical system
of the human eye is a complex, slightly decentered lens system projecting an
inverted and downsized image of the environment onto the retina. The cornea,
the anterior chamber, and the iris constitute the front part of this optical system
and then, the posterior chamber and the biconvex eye lens follow [1]. The lens is
held by the zonule fibers. By contracting the ciliary muscles, the focal length of
the lens can be changed. The visual angle intersects the retina at the fovea (cen-
tralis), the location of the sharpest vision. The most important optical parameters
of the components of the eye media include refractive indices (ranging typically
between 1.33 and 1.43) and spectral transmission factors. All parameters vary
among different persons considerably and are subject to significant changes with
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Figure 2.2 Structure of the human eye (the optic nerve is also called visual nerve). O, optic
disk - the point at which the optic nerve passes through the eye and transmits the
preprocessed neural signals of the retina toward the visual cortex. (Khanh etal. 2014 [1].
Reproduced with permission of Wiley-VCH.)

aging. Especially accommodation, visual acuity, and pupil reactions are impaired
with increasing age. The spectral transmission of the eye media decreases with
age significantly, especially for short wavelengths [1]. After having reached the
retina, light rays have to travel through the retinal layers and in the central retina
also, the so-called macula lutea (a yellow pigment layer that protects the central
retina), before reaching the photoreceptors placed at the rear side of the retina.
The optic disk (also called optic nerve head or blind spot) is the point (designated
by O in Figures 2.2 and 2.3) at which the optic nerve passes through the eye. The
retina is blind at the location O (as the density of rods and cones equals zero
there) [1].

The retina (a layer of a typical thickness of 250 pm in average) is part of the opti-
cal system of the eye and, with its photoreceptor structure, also part of the visual
brain. The retina contains a complex cell layer with two types of photoreceptors,
rods, and cones. Both the rod receptors and the cone receptors are connected to
the nerve fibers of the optic nerve via a complex network that computes neural
signals from receptor signals. The retina contains about 6.5 millions of cones and
110-125 millions of rods while the number of nerve fibers is about 1 million. The
density of rods and cones is different and depends on retinal location. Recently, a
third type of photosensitive cell has been discovered, the so-called ipRGC (intrin-
sically photosensitive retinal ganglion cell containing the pigment melanopsin)
responsible for regulating the circadian rhythm; see Chapter 9. Figure 2.3 shows
rod density and cone density as a function of retinal location [1] while the inset
diagram of Figure 2.3 shows the LMS cone mosaic (resembling an electronic
image capturing device) of the rod-free inner fovea.

As can be seen from Figure 2.3, there are no receptors at the position of the
optic disk or blind spot as the optic nerve exits the eye at this place (designated
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Figure 2.3 Rod density (continuous curve) and cone density (dots) as a function of retinal
location (abscissa: a in degrees) drawn after @sterberg’s data [2]. O, optic disk (blind spot);
inset diagram, cone mosaic of the rod-free inner fovea subtending about 1.25°, that is, about
350 pm; red dots, long-wavelength-sensitive cone photoreceptors (L-cones); green dots,
middle-wavelength-sensitive cones (M-cones); blue dots, short-wavelength-sensitive cones
(S-cones). (Source of the inset diagram: Figure 1.1 from Gegenfurtner and Sharpe 1999 [3].
Reproduced with permission of Cambridge University Press.)

by O). The fovea is located in the center of the macula lutea region. A characteris-
tic value to represent the diameter of the fovea is 1.5 mm corresponding to about
5° of visual angle. The fovea is responsible for best visual acuity according to the
high cone receptor density; see the cone density maximum in Figure 2.3. Outside
the fovea, cone diameter increases up to about 4.5 pm, cone density decreases,
and rod (diameter of rods: 2 pm) density increases to reach a rod maximum at
about 20° (temporally rather at 18°) [1].

Rods are responsible for night-time vision, also called scotopic vision at lumi-
nance levels lower than 0.001 cd/m?. Rods are more sensitive than cones but they
become completely inactive above about 100 cd/m?2. Cones are responsible for
daytime or photopic vision (at luminance levels of about 10 cd/m? or higher).
The transition range between scotopic (rod) vision and photopic (cone) vision
is called the twilight or mesopic range in which both the rods and the cones are
active. Acceptable color quality can only be expected in the photopic range (see
Chapter 7). Besides pupil contraction, the transition between rod vision and cone
vision constitutes a second important adaptation mechanism of the human visual
system to changing light levels. There is a third adaptation mechanism, the gain
control of the receptor signals. Photoreceptors contain pigments (opsins, certain
types of proteins) that change their structure when they absorb photons and gen-
erate neural signals that are preprocessed by the horizontal, amacrine, bipolar,
and ganglion cells of the retina to yield neural signals for later processing via the
different visual (and nonvisual, e.g., circadian) pathways [1].
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There are three types of cone, with pigments of different spectral sensitivities,
the so-called L (long wavelength sensitive), M (middle wavelength sensitive), and
S (short wavelength sensitive) cones (see Figure 2.3) that yield the so-called L,
M, and S signals for the perception of homogeneous color patches and for col-
ored spatial structures (e.g., a red-purplish rose with fine color shadings). The
number of different cone signals (three) has an important psychophysical impli-
cation for color science that the designer of an LED light source should be aware
of: color vision is trichromatic, color spaces have three dimensions (Section 2.5),
and there are three independent psychological attributes of color perception (hue,
saturation, brightness). The relative spectral sensitivities of the L, M, and S cones
are depicted in Figure 2.4 together with some other important functions to be
discussed below [1].

The spectral sensitivities in Figure 2.4 were measured at the cornea of the eye.
They incorporate the average spectral transmission of the ocular media and the
macular pigment at a retinal eccentricity of 2°; they are the so-called Stockman
and Sharpe 2000 2° cone fundamentals [4—6]. As can be seen from Figure 2.4,
the spectral bands of the L, M, and S cones yield three receptor signals for
further processing in the human visual brain. From these signals, the retina
derives two so-called opponent or chromatic signals: (i) L — M (the red—green
opponent signal or its mediating neural channel yielding a signal for the visual
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Figure 2.4 Relative spectral sensitivities of the L, M, and S cones (the so-called Stockman and
Sharpe 2000 2° cone fundamentals; for a 2° viewing field) [4-6] as well as other visual
mechanisms that use the LMS cone signals as input. The sensitivity of the ipRGC mechanism is
also shown (see Chapter 9). The spectral sensitivity of the rods (dark green curve) is
approximated by the so-called V' (4) function. V(4), luminous efficiency function (the basis of
photometry, for stimuli of standard viewing angle, about 1-4°); V,(4), its alternative version
for stimuli of greater viewing angle (about 10°). (Khanh et al. 2014 [1]. Reproduced with
permission of Wiley-VCH.)
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brain to compute the perceived red or green content of the stimulus) and (ii)
L+ M — S (the yellow—blue opponent signal or channel yielding a signal for the
visual brain to compute the perceived yellow or blue content of the stimulus)
and one so-called achromatic, L + M. The L + M channel is usually considered
as the luminance channel. The most important role of the luminance channel
is that it enables the vision of fine image details and the temporal resolution of
fast events. In the above signals, the “+” and “—"characters are only symbolic. In
color vision models, the L, M, and S signals are usually weighted (see also Section
7.4), for example, with the weighting factors a and b to yield (L +aM — bS) [1];
the modeling of color appearance (the so-called color appearance models) will
be described in Section 2.4.

As can be seen from Figure 2.4, the L, M, and S cone sensitivity curves have
their maxima at 566, 541, and 441 nm, respectively [3]. In photometry, for stim-
uli subtending 1-4° of visual angle, the spectral sensitivity of the L + M channel
is approximated by a standardized function, the so-called luminous efficiency
function (V(4)), which constitutes the basis of photometry while for spatially
more extended (e.g., 10°) stimuli, the so-called V,(4) function (the CIE 10° pho-
topic photometric observer [7]) is used. Note that for more extended stimuli
that cover, for example, a 10° viewing field, different LMS spectral sensitivities
shall be used — for example, the so-called Stockman and Sharpe 2000 10° cone
fundamentals [4].

Standard radiometric and photometric quantities (e.g., radiance, luminance,
irradiance, illuminance) will not be defined here; they are introduced, for
example, in [1]. For practical applications (see, e.g., Figure 9.10 in which the rela-
tive spectral radiance of the channels of a multi-LED engine are shown together
with the spectral sensitivity of the mechanisms), it is important to compare in
Figure 2.4 the spectral sensitivity of the rod (R) mechanism approximated by
the so-called V(1) function with the spectral sensitivities of the L, M, and S
cones, the spectral sensitivity of the two chromatic mechanisms (L —M and
S—(L+M)), with V(4) and V,(4) (that roughly represent the L + M signal as
mentioned above) and also with the already mentioned ipRGC mechanism [1].
In lighting practice, receptor signals shall be computed by multiplying their
relative spectral sensitivity by the relative spectral radiance of the stimulus at
every wavelength and integrating; see Eqs. (9.1)—(9.3).

2.2 Colorimetry

The understanding of the basics of colorimetry is very important because it
contains mathematical models of human color vision suitable for straightforward
application in lighting practice if the spectral radiance distribution or some other
physically measurable quantities of the stimulus are at the lighting engineer’s
disposal. Colorimetry is the science and metrology that quantifies human color
perception and recommends methods to derive colorimetric quantities from



