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ABSTRACT

Placement of radiant power at different wavelengths within the visible spectrum affects our visual perceptions,
such as color perception, brightness perception, and whiteness perception. In recent years, with the
development of light emitting diodes (LEDs), it is becoming easier and easier to produce highly-structured
spectra—spectra have sharp changes in slope, spikes, or discontinuities—through spectral engineering,
which has been found to have the potential to be beneficial to energy efficiency and visual responses.
Four comprehensive studies (listed below) including various experimental sessions and a numerical analysis,
described here investigate spectral tuning of LED sources for enhanced visual responses, focusing on
whiteness perception and three aspects of color perception (i.e., color preference, color naturalness, and color
attractiveness). These studies provide useful information for LED source development and also further our
understandings about visual responses to optical radiation.
Studies 1 and 2: Whiteness Perception under LED Sources
Objective: To identify the effect of spectral content on whiteness rendition, which cannot be
characterized by the current CIE whiteness index; to reveal the importance of spectral engineering
for whiteness rendition.
Methods: Three psychophysical experiments (described in Chapter 3), with different adaptation
conditions, were conducted to investigate whiteness perception under five 3000 K sources (one
halogen, one typical blue-pumped LED, and three violet-pumped LED with different violet radiation
levels); one numerical analysis (described in Chapter 4) was conducted to compare whiteness
rendition under various sources.
Key Findings: Typical blue-pumped or color-mixed LEDs cannot render whiteness due to the lack of
violet radiation; a new whiteness formula was proposed; chromaticity shift can also enhance
whiteness when the observer is mixed adapted.
Study 3: Whiteness and Color Rendition under LED Sources
Objective: To investigate the possibility for improving whiteness and color rendition simultaneously
under different adaptation conditions for LED sources.
Methods: Four psychophysical experiments (described in Chapter 5 and Chapter 6), with different
adaptation conditions and different evaluations, were compared between two sources, focusing on
whiteness rendition, whiteness preference, color preference, color attractiveness, and color
naturalness.
Key Findings: Whiteness and color renditions can be improved simultaneously with careful spectral
engineering. A blue-pumped LED with decent color rendition may not have noticeable problem to
render colors, when the observer is fully adapted. The failure of whiteness rendition, however, can
be observed regardless of the adaptation conditions. Careful spectral engineering is necessary to
render whiteness in a preferred way.
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Study 4: Color Rendition under Enhanced Spectra
Objective: To investigate the color preference under enhanced spectra with similar gamut area
(based on 370 real objects) but different gamut shapes for different lighting applications.
Methods: Three psychophysical experiments (described in Chapter 7 and Chapter 8) were
conducted to compare color preference among two series of enhanced spectra, with S-series having
a gamut area index around 120 and T-series having a gamut area index around 112. These
enhanced spectra had different gamut shapes, indicating abilities to saturate different colors. The
experiments were focusing on retail application, restaurant, and skin tone rendition.
Key Findings: Sources providing enhanced chroma were generally preferred. For familiar objects,
such as skin tone rendition and food, sources with smaller hue shift were preferred over saturation
enhancement, when the overall color shifts were similar. When characterizing color rendition, both
hue shift and chroma shift are important.

All the studies were carefully conducted to test specific hypotheses. The work clearly reveals the importance
of spectral engineering on the improvement of whiteness rendition and color rendition, and also suggests
possible improvements for existing measures or metrics to better characterize LED sources, which provides
valuable input to the lighting community.
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Chapter 1
Introduction and Background
1.1 Introduction
In 2010, about 41% of primary energy was consumed by residential and commercial buildings in the United
States, with lighting accounting for about 10% of building energy consumption [DOE, 2012]. In an effort to
reduce the energy consumption of electric lighting, manufacturers are making great efforts to provide energyefficient light sources [Wei and Houser, 2012b]. As a new and promising technology for general illumination,
the luminous efficacy of many LED products now exceeds that of most filament lamps and some fluorescent
lamps. Energy efficiency, however, is not the only determinant to evaluate an electric lighting system [IES,
2009; DiLaura and others, 2011; Fotios, 2011; Wei and others, 2014c]. Electric lighting that poorly illuminates
the colors of objects and environments may be unacceptable to occupants. Thus, both efficiency and color
quality are important to an electric light source. This research attempts to make modifications on LED spectra
to improve various visual responses. These modifications will further our understanding of the human visual
system and help the lighting community to improve the performance of measures to characterize light sources.

1.2 Background
The human visual system is a complicated system, which transforms stimuli from our environment into
electrical signals by neurons. These electrical signals are then interpreted by the visual cortex. A
photoreceptor is a special type of neuron in the retina, which converts light stimuli into signals that can simulate
visual and non-visual responses. Two types of photoreceptors—rods and cones—make contributions to visual
responses; the intrinsically photosensitive retina ganglion cells (ipRGCs), which is the third type of
photoreceptors found in 2002, make contributions to non-visual response.
Both rods and cones contain photopigments, which are light-sensitive chemicals and respond to light stimuli
at different wavelengths. The electrical signals triggered by rods and cones affect the activity of the bipolar
and horizontal cells; amacrine and ganglion cells are then affected by bipolar cells. It is the axons of the
ganglion cells that exit the eyes as the optic nerve and terminate in the brain.
In order to quantify the optical radiation seen by the eye, the International Commission on Illumination (CIE)
adopted a standard visibility curve in 1924, which is the known as the luminous efficiency function—V(λ) curve.
It was derived from heterochromatic brightness matching experiments by indirect visual method, the flicker
method and the step-by-step method. The current CIE photometry is based on the 1924 V(λ) curve.
The idea that all colors can be produced by combination of three primary colors can be traced to 350 BC,
when Aristotle argued rainbow only contains three colors. Such an idea is consistent to the existence of three
families of cones—short- (S), middle- (M), and long-wavelength (L) sensitive—absorbing photons in the short-,
middle-, and long-wavelength range of the visible spectrum, which are often misleadingly called red, green,
and blue. Cone fundamentals are the spectral response functions of the three families of cone receptors
measured in the corneal plane, which can help to quantify the bioelectrical signals elicited in the retina. The
color-matching functions (CMFs) derived from color-matching experiments are used to model the tri-chromatic

2

character of the human visual system. The first set of CMFs was developed by Wright and Guild in 1921 and
was adopted by CIE as the basis for colorimetry in 1931.

1.3 Problem and General Hypothesis
The pursuit of light sources with better color quality and higher efficiency has a long history and is ongoing.
Many models and measures have been developed to characterize light sources based on the current
understanding of how the human visual system responds to light stimuli. Some of these models and measures
have known shortcomings, yet they remain the standard in the lighting community, such as V(λ)-based CIE
photometry and CIE colorimetry. Previous studies have well documented the failure of these measures to
accurately characterize human’s visual response to light stimuli, especially for LEDs and light sources with
highly-structured SPDs [CIE, 2007a; Wei, 2011; Royer and Houser, 2012; Wei and Houser, 2012a]. The goal
of this research is to make changes for LED spectrum, which is expected to provide better visual responses
(e.g. whiteness perception, color preference, naturalness) and higher efficiency (e.g. brightness per input
watt), so that we can further the understanding of human’s visual system. These modifications will also provide
insight into the necessary changes to existing measures to accurately characterize light sources.
The general hypothesis for this research is that LED sources with careful spectral engineering are able to
provide better visual responses, in terms of whiteness perception and color quality.

1.4 Outline
The remainder of this dissertation is arranged in chapters.
Chapter 2 reviews relevant literature about photometry, colorimetry, and visual perception under light stimuli.
Chapter 3 presents a study which includes three psychophysical experiments investigating whiteness
perception under LED sources. The results identify the problem of the current CIE whiteness index to
characterize whiteness perception under an arbitrary source and show the failure of a typical blue-pumped
white LED to render white objects. Two whiteness measures were proposed, with one being used under fullyadapted condition and one being used under mixed-adaptation condition. Chapter 4 presents a numerical
analysis on light source’s ability to render whiteness. The measure introduced in Chapter 3 was employed to
make characterization for different light sources. It finds that neither blue-pumped nor color-mixed white LED
without careful spectral engineering can render white objects. It also numerically identifies the relationship
between violet-emission level and whiteness rendition.
Chapter 5 and Chapter 6 investigate whether whiteness rendition and color rendition can be achieved
simultaneously under different adaptation conditions. The study reveals that spectral engineering can help to
improve whiteness and color rendition simultaneously in comparison to a typical blue-pumped LED. The
problem of blue-pumped LEDs to render whiteness of a real white object is more notable than color rendition.
For whiteness rendition, it identifies that there is an optimal whiteness enhancement for spectral engineering,
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which corroborates the numerical analysis in Chapter 4; for color rendition, it identifies that a source that can
enhance the chroma of colored objects is generally preferred.
Chapter 7 and Chapter 8 investigate the effect of enhanced spectra on color preference. These enhanced
spectra were designed to increase the chroma of colors with different hue shifts. The experiments not only
show the higher preference for enhanced chroma, but also suggest the importance of both hue shift and
chroma shift. Coupled with the results that people have different criteria for color preference for different
objects or lighting applications, a two-measure system with a color distortion icon should be helpful to
understand the color rendition of a light source.
Chapter 9 concludes the entire dissertation and also addresses the limitations of the dissertation and future
work in the field.
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Chapter 2
Literature Review
2.1 Vision and Color Vision
People’s interests in color perception can be traced to 350 BC, when Aristotle argued the rainbow only has
three colors [MacAdam, 1970]. In the early 18th century, Newton described the experiments that the sunlight
could be decomposed into different colors by a prism, which laid the groundwork for our understanding of
color [Newton, 1671]. Since then, scientists have made great efforts to understand color vision. Unfortunately,
a complete understanding of the color vision has not been achieved so far.
Trichromatic Theory
In 1801, Thomas Young spearheaded the modern field of color perception. He suggested that the visual
perception of various colors depends on the different frequencies of vibration that distinct colors impart onto
the retina. He suggested that there were three different color receptors in the eye and the three major colors
of red, yellow, and blue could produce all the colors by different mixture [MacAdam, 1970]. Less than one
year later, Young replaced the primary colors with red, green, and violet. In 1856, Maxwell’s color-mixing top
provided the first experimental evidence that the three primary colors of light could produce white color
[MacAdam, 1970]. The trichromatic theory was developed by Helmholtz in 1850, who included spectral colorsensitivity curves of the three color-sensitive fibers (known as “cones”) [MacAdam, 1970]. The trichromatic
theory collaborates to the existence of the three types of cones. The physiological evidence of that was first
given by Svaetichin in 1956 [Svaetichin, 1956].
In comparison to the trichromatic theory described above, Thornton argued that the trichromatic theory is
actually rooted at the back end of perception [Thornton, 1992a]. No matter what primaries are used for color
with brightness matching, the highest sensitivity will occur at the same three wavelengths—450, 530, and 610
nm—which Thornton coined the prime colors [Thornton, 1999]. These three peak wavelengths do not align
with the peak of the cone fundamentals.
Trichromatic theory is the basis for metamerism when the two light stimuli have different spectra but being
perceived to be identical.
Opponent-Color Theory
The trichromatic theory was opposed by Hering, who demonstrated that there were phenomena for which the
trichromatic theory was not valid. Alternatively, he proposed opponent-color theory in 1892 [Hering and
Hurvich, 1964]. He argued that the colors of red, yellow, green, and blue are special in that any of other colors
can be created by mixing of these four colors, however, they exist in opposite pairs. In other words, red or
green is perceived and never greenish-red. Thus, our perception is composed of three independent opposing
pairs: red-green, blue-yellow, and white-black.
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Dual Processes Theory
The two competing theories actually represent different stages of our color perception, which was first raised
by Hurvich and Jameson [Hurvich and Jameson, 1957]. The trichromatic theory describes what happens when
light stimuli strikes our retina; the opponent-color theory describes the visual process beyond the retina. Thus,
the outputs from the three types of cones are the input for the opponent channels. A possible relationship
between these two stages is illustrated as Figure 2-1, though the accurate relationship or interaction is still
unclear to us. The opponent signals derived from such a relationship are shown in Figure 2-2.

Figure 2-1 A possible relationship between cone excitation and opponent channel [Hurvich, 1981].
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Figure 2-2 Opponent signals of three channels [Hurvich, 1981].
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2.2 Luminous Efficiency Functions
In order to correctly quantify how radiant energy at different wavelengths stimulates visual responses, a series
of luminous efficiency functions has been derived from various studies. The V(λ) function, as shown in Figure
2-3, is the most widely known and used in lighting field, which was defined and adapted by the CIE in 1924.
It was derived from three separate studies. In addition to that, another six functions have been well
documented by the CIE. Large deviations can be observed in short-wavelengths [Wyszecki and Stiles, 1982].
The V(λ) functions were derived from indirect methods, such as the flicker photometry or the step-by-step
method, which are less complicated. Either the flicker photometry or the step-by-step method minimizes the
contribution of the two chromatic channels and only takes the contribution of the achromatic channel into
account. The limitation of the V(λ) function related to the experimental method has been well documented
[Thornton, 1990; Houser, 2001]. In 1978, a luminous efficiency function derived from seven experiments
employing hetrochromatic brightness matching was published by CIE [Wyszecki and Stiles, 1982].
Another function, as shown in Figure 2-4, was derived from the studies conducted by Thornton, which had
similar shape to the one found by Stiles and Crawford [Thornton, 1992a]. The three peaks of the curve are
around the prime regions described by Thornton.
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Figure 2-3 Luminous efficiency functions.

Figure 2-4 Luminous efficiency function derived from the experiments conducted by Thornton and Stiles & Crawford
[Thornton, 1992a].
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2.3 Color Matching Functions
Cone Fundamentals
The three fundamental primaries that can produce different colors mentioned by Young, which were called
“fundamental sensations” by Donders in 1880, has a real basis in physiology.
Cone fundamentals are the spectral response functions of the long-, middle-, and short-wavelength sensitive
cones, which are measured in the corneal plane. Any inert pigment included in the eye that will not uniformly
transmit the light throughout the visible spectrum will change the sensitivity of the eye compared to that of the
cones.
The first set of cone fundamental spectral sensitivities (Figure 2-5) provided by psychophysics was measured
by Kö nig and Dieterici in 1886. The challenge for psychophysics, however, is the overlap of the spectral
sensitivities of the three cones exist throughout the spectrum. The measurement of a single type of cone
requires isolating its response from the other two. They also postulated that people having abnormal color
vision was due to the lack of one or more types of cones [Kö nig and Dieterici, 1886]. Some cone fundamentals
derived from different studies are illustrated in Figure 2-6 [Stockman and others, 1999; Stockman and Sharpe,
2000; CIE, 2006].

Figure 2-5 Cone fundamentals measured by Kö nig and Dieterici in 1866 [Kö nig and Dieterici, 1886].

In 1983, Dartnall and others measured the average spectral absorbance of photopigment contained in each
type of cones by using microspectrophotometry, which have maximum sensitivity at 419.0 ± 3.6, 530.8 ± 3.5,
and 558.4 ± 5.2 nm, as shown in Figure 2-7 [Dartnall and others, 1983].
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Figure 2-6 Normalized cone fundamentals from different studies [Stockman and others, 1999; Stockman and Sharpe, 2000;
CIE, 2006].

Figure 2-7 The mean absorbance spectra of the four human photoreceptors measured by microspectrophotometry
[Dartnall and others, 1983].

Color Matching Functions
The CMFs obtained by Guild [Guild, 1932] and Wright [Wright, 1929] around 1930 were adopted by CIE to be
CIE 1931 Standard Colorimetric Observer. They used the maximum saturation method to measure the relative
color matching data, which reduced the variability due to the individual perceptual absorption. The CMFs
derived by Guild and Wright were combined with the spectral luminous efficiency function of the CIE Standard
Photometric Observer (known as CIE 1924 V(λ) curve). It was assumed that the linear combination of the
three CMFs must equal the CIE 1924 V(λ). A further transformation yielded an all positive set of CMFs.

9

Figure 2-8 Color-matching function derived by Wright (primaries: red-650nm, green-530nm, blue-460nm) [Wright, 1929].

The adoption of CIE 1924 V(λ) to derive the CIE 1931 CMFs caused a serious underestimation of sensitivity
below 460 nm. In 1951, Judd proposed a revision of V(λ) and a corresponding set of CMFs [Judd, 1951] that
was further revised by Vos in 1978 [Vos, 1978]. Stiles and Burch directly measured the CMFs for 2-degree
field of view in 1955 [Stiles and Burch, 1955] and for 10-degree field of view in 1959 [Stiles and Burch, 1959],
both of which did not depend on measures of V(λ). The CIE 1964 CMFs, which are applicable to 10-degree
field of view, were derived from the average of Stile and Burch’s and Speranskaya’s CMFs [Speranskaya,
1959].
In 2012, two new CMFs—CIE 2012 2° and 2012 10° CMFs—were tentatively proposed by CIE TC1-36 in
January 2013 [CIE, 2013; CVRL, 2013]. In addition, University of Pannonia developed a set of CMFs for a 2°
field of view (labeled as UP-CMFs) [Csuti and others, 2011a; Csuti and others, 2011b].
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Figure 2-9 Color Matching Functions developed by different scientists.
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Grassman’s Laws
All the basic colorimetry is based on Grassman’s Laws, which was disclosed by Grassman in 1853 [MacAdam,
1970] and formulated in modern terminology by Wyszecki and Stiles [Wyszecki and Stiles, 1982]. These four
laws can be formulated as follows:
Symmetry:

If A = B then B = A

Equation 2-1

Transitivity:

If A = B and B = C then A = C

Equation 2-2

Proportionality:

If A = B then kA = kB

Equation 2-3

Additivity:

If A = B and C = D then A + C = B + D

Equation 2-4

These four laws allow us to evaluate color matches using simple algebra. Especially, different sets can be
transformed based on Grassman’s Laws, which happened to the first set of CMFs derived by Guild and Wright
[Wright, 1929; Guild, 1932].
The additivity law was questioned by a lot of studies [Judd, 1958; Stiles and Wyszecki, 1962; Thornton, 1992a],
but some other studies found it to be valid under some instances [Thornton, 1990]. The failure of additivity
was supported by two phenomena—brightness to luminance ratio and bichromatic brightness matching. The
brightness to luminance ratio describes the phenomenon that the chromatic stimuli appear brighter at constant
luminance with increased saturation. It was quantified either by measuring the luminance value with matched
brightness or by judging the brightness with same luminance. It was found that the chromatic stimuli at long
or short wavelengths appear to be brighter than the stimuli at the middle of the visible spectrum. Bichromatic
brightness matching describes the failure to double the brightness by mixing the two chromatic stimuli with
matched brightness. The brightness is higher when one of the stimuli was around 450, 530, and 610 nm,
which are the same as prime regions [Thornton, 1992a].
The failure of the Grassman’s Laws led to the failure of CMFs transformation and the failure of chromaticity
diagram for matched light stimuli, as found by Thornton [Thornton, 1992b; 1992c; 1992a].

Figure 2-10 An example showing the failure of CMF transformation. The solid curves employed the primaries of 452-533607 nm; the dashed curves employed the primaries of 477-558-638 nm and then were transformed to 452-533-607 nm
[Thornton, 1992b].
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Figure 2-11 An example showing that the matched light stimuli do not have same chromaticity coordinates by using the
Maxwell method (The reference broadband fluorescent is labeled as +; the matched trichromatic mixtures are labeled as
the variable wavelengths) [Thornton, 1992b].

2.4 Spatial Brightness
According to the definition given by CIE, “photometry is a measurement of quantities referring to radiation as
evaluated according to a given spectral luminous efficiency function, e.g. V(λ) or V’(λ)”; “brightness is an
attribute of a visual perception according to which an area appears to emit, or reflect, more or less light” [CIE,
2012b]. In 1958, Judd stated that the CIE photometry does not make any assumption regarding the
relationship between luminous flux and luminous sensation [Judd, 1958].
A lot of studies found that the additivity law applies to luminance because of its definition, but does not apply
to brightness [MacAdam, 1950; Yaguchi and Ikeda, 1982]. When validating the additivity of brightness,
researchers concluded that perceived brightness per lumen appears to vary among lights of varying perceived
color, known as Helmholtz-Kolrausch effect [Chapanis and Halsey, 1955; Breneman, 1958; Guth and Lodge,
1973; Nayatani, 1997; Nayatani and Sobagaki, 2000], and developed contours on the chromaticity diagram
showing the chromaticities providing same perceived brightness. Brightness per lumen also varies with
spectral composition, however, even if the stimuli have same perceived color or chromaticity, as pointed by
Thornton [Thornton, 1992b].
When talking about architectural lighting, the perception of spatial brightness is important. A draft definition of
spatial brightness was recently proposed by the IES Visual Effects of Lamp Spectral Distribution Committee
[Fotios, 2011]:
“Spatial brightness describes a visual sensation to the magnitude of the ambient lighting
within an environment, such as a room or a lighted street. Generally, the ambient lighting
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creates atmosphere and facilitates larger visual tasks such as safe circulation and visual
communication. This brightness percept encompasses the overall sensation based on
the response of a large part of the visual field extending beyond the fovea. It may be
sensed or perceived while immersed within a space, or when a space is observed
remotely but fills a large part of the visual field. Spatial brightness does not necessarily
relate to the brightness of any individual objects or surfaces in the environment, but may
be influenced by the brightness of these individual items.”
In order to characterize the relationship between lamp spectra and spatial brightness, possible tools can be
divided into two groups. The first group includes measures that have been used in the lighting field, such as
S/P ratio (or C/P ratio), CCT, gamut area; the second group includes the measures that are based on visual
physiology, such as prime color theory.
S/P Ratio
As mentioned above, spatial brightness is for a larger field of view, it is believed that both rods and cones
make contributions to our brightness perception [Shapiro and others, 1994], as shown in Figure 2-12. Berman
and his colleagues advocate that the scotopic lumens (S) to photopic lumens (P) ratio can be used to predict
spatial brightness perception, which is directly related to the spectral composition of the light stimulus [Berman
and others, 1990; Berman, 1992]. They state light sources with a higher radiation at short wavelength will be
perceived as brighter, since they can provide higher scotiopic lumens. Several years later, the quantity
P(S/P)0.5 was promoted as a good predictor for spatial brightness perception [Berman and Liebel, 1996].
This idea of adopting sources with higher S/P ratio has been simplified to the adoption of sources with higher
CCT, since lamps with higher S/P ratio also tend to have higher CCTs. For example, the New Buildings
Institute has recommended that 4100 K lamps will appear brighter than 3000 or 3500 K lamps [New Buildings
Institute, 2003]. Steffy made comments about CCT in Architectural Lighting Design “There is some indication
that warm-toned lamps (also known as lower color temperature lamps-color temperature less than 3500 K)
have several influences. First, for equal illuminance, the lighted space may appear somewhat dimmer to many
users” [Steffy, 2002]. The U.S. Department of Energy (DOE) is advocating adoption of “Spectrally Enhanced
Lighting” (SEL), the central tenet of which is that correlated color temperature (CCT) and illuminance can be
traded to maintain equal spatial brightness perception and visual acuity. The SEL method is rooted in the
relationship between the ratio of the scotopic to photopic lumens (S/P) of a stimulus and resulting spatial
brightness provided by the stimulus [PNNL, 2006; DOE, 2013a]. However, the field studies conducted by
PNNL to support the SEL method only employed just one pair of lamp types rather than a full-factorial design,
which was less likely to observe the failure of the SEL method. Furthermore, some of these field studies
improved the CRI and CCT at the same time, so the improvement of CRI was confounded with CCT [DOE,
2013b].
A lot of scientific studies failed to support the S/P theory or the employment of higher CCT sources to improve
spatial brightness perception [Boyce, 1977; Boyce and Cuttle, 1990; Boyce and others, 2003; Houser and
others, 2004; Hu and others, 2006; Houser and others, 2009; Wei, 2011; Royer and Houser, 2012; VidovszkyNé meth and Schanda, 2012; Wei and others, 2013; Wei and others, 2014c]. Wei and others employed a full-
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factorial design to validate the SEL method. Though the SEL was valid for some pairs of the lamps, it was not
always valid [Wei and others, 2014c].

Figure 2-12 Photoreceptor density in the retina across a horizontal line that passes through the blind spot. The rod density
is zero at the blind spot, while the cone density is maximum. There are no rods or cones at the place on the retina where
the optic nerve exits the eye [DiLaura and others, 2011].

After the discovery of the ipRGC in our retina [Berson, 2002], Berman advocated that the ipRGC is the true
driver for brightness perception [Berman, 2008]. He argued that because the cirtopic and scotopic sensitivity
curves are close, the S/P ratio can partially predict the spatial brightness. A conversion was noted by him as
S/P = (0.66 C/P)0.74. Two recent studies found the influence of ipRGC was negligible and C/P failed to be a
good predictor [Royer and Houser, 2012; Vidovszky-Né meth and Schanda, 2012].
Though all the measures in this group including S/P or C/P ratio are very simple and easy to use, they are not
adequate to characterize the spatial brightness provided by a spectrum since they oversimplify an illuminant’s
SPD [Hu and others, 2006].
Prime-color Theory
This theory was originated from the work of Thornton, which can be traced back to the invention of the triphosphor fluorescent lamp. Thornton found that the optical radiation in the prime regions, such as 450, 540,
and 610 nm, was beneficial to brightness perception, while the radiation in the anti-prime regions, such as
485 and 570 nm, was less beneficial to brightness perception [Thornton, 1992b; 1992c; 1992a]. Similar
spectral regions were found by other studies [Sperling and Harwerth, 1971; King-Smith and Carden, 1976].
Some other studies supported that the perception of brightness is highly reliant upon the placement of radiant
power within key spectral regions and more energy within the prime regions could lead to enhanced brightness
perception [Houser and others, 2004; Wei, 2011]. Recently, Wilkerson conducted a study and found that the
removal of the radiation in the anti-prime regions could improve the brightness perception [Wilkerson, 2013].
With the development of LEDs, we anticipate that more LED products will appear on the market with purposely
shaped SPDs or with RGB LED mixture. For these LED products, several studies have concluded the failure
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of most existing measures or theories of brightness perception [Houser and others, 2009; Royer and Houser,
2012; Vidovszky-Né meth and Schanda, 2012].

2.5 Color Quality
Brightness perception per lumen output is an important consideration for electric light sources, which could
be beneficial to energy efficiency. It is, however, not the only determinant to evaluate a light source [IES, 2009;
DiLaura and others, 2011]. Electric lighting that poorly illuminates the colors of objects and environments,
especially the human complexion, may be unacceptable to users or occupants [Buck and Froelich, 1948;
Schanda, 1985; Quellman and Boyce, 2002; Fotios, 2011; Wei and others, 2013; Wei and others, 2014a; Wei
and others, 2014c].
Color rendering index (CRI), the most widely used measure characterizing the color rendition ability of an
illuminant, is a measure of fidelity [CIE, 1995]. Limitations of CRI are well known and documented [Worthey,
2003], especially for the illuminants with highly-structured SPDs and LEDs [CIE, 2007a]. With the development
of solid state lighting, the need for better measures of color quality is exigent. In 2006, CIE TC1-69 was formed
“to investigate new methods for assessing the color rendition properties by white-light sources used for
illumination, including solid-state light sources, with the goal of recommending new assessment procedures”
[CIE, 2010]. The committee was closed with a report summarizing different measures rather than a single
recommendation in 2012 [CIE, 2012a]. Two new TCs, TC1-90 and TC1-91, have been formed. TC1-90 is
focusing on color fidelity measure; TC1-91 is focusing on color quality excluding color fidelity [CIE, 2012a]. In
2013, a task group focusing on color metrics was formed in IES with a goal to develop a technical
memorandum providing guidance on color measures [IES, 2013].

2.5.1 Existing Measures
Measures characterizing color quality of a light source fall into three basic categories—fidelity, discrimination,
and preference. Fidelity refers to the accuracy of color rendition under the illuminant in comparison to familiar
reference illuminants; discrimination refers to the capability to allow observers to distinguish between colors
when viewed simultaneously; preference refers to the rendition of colors so that they appear attractive,
pleasant, vivid, or flattering to observers [Judd, 1967; Schanda, 1985; Royer and others, 2011; Houser and
others, 2013]. The existing measures can be classified as follows:



Fidelity:
o

Former CIE Test Color Method [CIE, 1965]

o

Pointer’s Index (PI) [Pointer, 1986]

o

CIE Color Rendering Index (CRI or Ra), together with R9 [CIE, 1995]
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o

Full Spectrum Color Index (FSCI) [Rea and Freyssinier-Nova, 2008]

o

Color Fidelity Index (CFI), also named as Number of Rendered Colors (Nr)
[Zukauskas and others, 2008; Zukauskas and others, 2009]

o

Hue Distortion Index (HDI), together with Luminance Distortion Index (LDI)
[Zukauskas and others, 2009; Žukauskas and others, 2010]

o

Color Quality Scale v9.0c (CQS 9.0) [Davis and Ohno, 2010]

o

CQS 9.0 – Qf [Davis and Ohno, 2010]

o

Rank-Order Color Rendering Index (RCRI) [Bodrogi and others, 2011]

o

Monte Carlo Method [Whitehead and Mossman, 2012]

o

CRI 2012 Color Rendering Index (CRI 2012 ) [Smet and others, 2013]

Discrimination:
o

Color Discrimination Index (CDI) [Thornton, 1972a]

o

Farnsworth-Munsell Gamut (FMG) [Boyce and Simons, 1977]

o

Color Rendering Capacity (RCR 84 and RCR 93) [Xu, 1984; Xu, 1993]

o

Cone Surface Area (CSA) [Fotios, 1997]

o

Gamut Area Index (GAI) [Rea and Freyssinier-Nova, 2008]

o

Categorical Color Rendering Index (CCRI) [Yaguchi and others, 2013]

Preference:
o

Color Preference Index (CPI) [Thornton, 1974]

o

Flattery Index (Rf) [Judd, 1967]

o

Opponent-colors formulation [Worthey, 1982]

o

Feeling of Contrast (FCI 94 and FCI 02) [Hashimoto and others, 2007]

o

Harmony Rendering Index (HRI) [Szabo and others, 2009]

o

Color Saturation Index (CSI), together with Color-dulling Index (CDI) [Zukauskas
and others, 2009; Žukauskas and others, 2010]

o

CQS 7.5 – Qp [Davis and Ohno, 2010]

o

CQS 9.0 – Qg [Davis and Ohno, 2010]
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o

Memory Color Rendering Index (MCRI) [Smet and others, 2010]

o

Preference of Skin Tone Index (PS) [Yano and Hashimoto, 1997; Tsukitani, 2013]

Back to 1960, Nickerson has identified the problems of selection of reference illuminant(s), selection of test
samples, consideration of chromatic adaptation, and need for a uniform chromaticity diagram [Nickerson,
1960]. These problems have not been solved so far. A multidimensional scaling analysis was recently
conducted by Houser and his colleagues to identify the underlying dimensionality of 22 measures of color
rendition. They commented that the newer measures are not remarkably different from the older ones. Newer
measures are employing better test-color samples, CIE color appearance models, chromatic adaptation
models, and color spaces [Houser and others, 2013].
Reference Illuminant
Reference illuminant is employed to allow the comparisons between different light sources. Some measures
employ reference illuminant as a best illuminant for color rendering, which is set to have the highest value;
some measures employ reference illuminant just because of familiarity and convenience, so that a higher
value could be achieved, such as Rf [Judd, 1967].
Which illuminants could be employed? In 1947, Bouma said that sunlight or daylight appears to be an ideal
light in many aspects and “it displays a great variety of colors, makes it easy to distinguish slight shades of
color, and the colors of objects around us obviously look natural” [Bouma, 1947]. On the other hand, memory
colors are believed to be an internal reference illuminant to characterize color quality. In 1920, Hering
commented that the world around us is viewed through the spectacles of memory [Fairchild, 2005]. And Judd
noted that human being prefers to see the colors of some objects different from their colors in daylight [Judd,
1967], which was also found by others [Houser and others, 2004; Smet and others, 2011a].
Should we have a universal reference illuminant or not? It is common for lighting designers to select CCT
based on the application first, and then other color quality can be evaluated and selected [Jerome, 1974;
Houser and others, 2013]. Thus, it is believed that different reference illuminants should be used for lamps
with different colors (i.e., CCT). The most common way is to employ a blackbody radiator below 5000 K and
a phase of daylight at or above 5000 K, as CRI does. Guo and Houser found that CRI is not a good predictor
for sources below 5000 K, since the use of a blackbody radiator as a reference illuminant is not appropriate,
whereas the use of daylight is appropriate [Guo and Houser, 2004]. However, arguments have been made
about the possibility of comparing lamps with different colors and a necessity of having a universal reference
illuminant [Thornton, 1972b; Jerome, 1974]. In daily life, people are living in an environment with mixed
illuminants (e.g. daylight is mixed with electric light). These mixtures are changing from time to time. Even
daylight itself is always changing. Thus, Thornton commented that it is not reasonable to refer lamp
performance to that of an illuminant with same a color and recommended to use D65 or the equal energy
illuminant as a reference [Thornton, 1972b]. Similarly, Jerome recommended to use a blackbody radiator at
5000 K for the illuminants having CCT below 5000 K and D50 for those having CCT above 5000 K [Jerome,
1974].
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Test Color Samples
Color rendition of an illuminant is an interaction of the spectral power distribution of the illuminant and the
spectral reflectance distribution of the surface. Thus, the selection of color samples is critical to characterize
color rendition. The Munsell sample set is one common source for test color samples. For example, CRI uses
eight Munsell samples with medium saturation; CQS uses 15 Munsell samples with higher saturation. An
argument was made that a drawback of some measures is the small number of test color samples [Žukauskas
and others, 2010; Whitehead and Mossman, 2012], which allows ‘gaming’ of the SPD of light sources [Smet
and others, 2013]. Thanks to the considerably improved computational resources, a larger number of test
color samples are used by some measures. For example, CFI, together with other four measures, uses 1296
Munsell samples [Zukauskas and others, 2008; Zukauskas and others, 2009; Žukauskas and others, 2010].
Van der Burgt and Van Kemenade used 5,600 samples to construct a graphical presentation showing color
rendition ability of a source [van der Burgt and van Kemenade, 2010]. Whitehead and Mossman used the
Monte Carlo Method to generate 1,000 spectra and calculated the color shift of these spectra under the test
illuminant [Whitehead and Mossman, 2012]. CRI2012 uses 17 samples (the HL17 set) selected from 1000
spectra (originally from the Leeds 100,000 set of measured measure spectral reflectance distributions of real
samples of all kinds of natural and artificial surfaces) and a set of 210 real reflectance distributions to provide
additional information [Smet and others, 2013]. CCRI uses 292 Munsell chips as color samples [Yaguchi and
others, 2013]. Some other measures use real color chips as the visual task, which actually uses these as test
color samples, such as Farnsworth-Munsell Gamut Area [Boyce and Simons, 1977]. Real objects are another
common source for color samples. In 1948, Buck and Froelich made good comments [Buck and Froelich,
1948]:
“There is one surface, the average human complexion, which presents itself
under nearly every lighting installation and which consciously or unconsciously often
becomes the criterion by which the job is evaluated…In lighting for homes, restaurants,
stores, etc.. the appearance of merchandise, of food, and of appointments may be equally
as important as that of people.”
Many measures characterizing color preference use real objects as test color samples, such as MCRI and Rf.
In addition, these real objects are easy to use in psychophysical experiments to validate these measures.
Cultural difference should not be neglected when using real objects, especially for human complexions
[Sanders, 1959; Yano and Hashimoto, 1997; Quellman and Boyce, 2002; Wei and others, 2014a].

2.5.2 Two-dimensional Scale
As mentioned above, color quality can be classified into three categories. Different measures tend to
characterize different aspects. It has been accepted that color rendering cannot be measured only by one
metric [Guo and Houser, 2004; Rea and Freyssinier-Nova, 2008; Rea and Freyssinier, 2010; Whitehead and
Mossman, 2012]. Some proposals have been made to adopt a two-dimensional scale.


Volume-based & reference-based [Guo and Houser, 2004]
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The factor analysis conducted found the seven measures can be divided into two groups: volume-based and
reference-based. One measure from each group would be appropriate to characterize a source.


FCI & CSI [Žukauskas and others, 2010]

Five statistical indices were developed and two of them can identify the principle color-rendition properties,
with one for fidelity and one for the ability to increase saturation.


MCRI &

𝐶𝑅𝐼+𝐺𝐴𝐼
2

[Smet and others, 2011b]

The meta-analysis conducted suggested that MCRI is a good predictor of perceived appreciation, including
preference and attractiveness and the arithmetic mean of GAI and CRI correlated with the perceived
naturalness. However, it has been commented that SPDs can take the advantage of higher CCT to have
higher GAI [Houser and others, 2013]. Also, the arithmetic mean of GAI and CRI does not have a theoretical
foundation.


Qa & Qg [Houser and others, 2013]

A multidimensional scaling analysis was conducted to identify the underlying dimensionality of 22 measures
of color rendition. It illustrates that the 22 measures cluster into three neighborhoods in a two-dimensional
space. Two measures could be able to characterize overall color rendition, with one fidelity measure and one
relative gamut measure.



Opponent-colors formulation [Worthey, 1982]

Worthey considered color rendering is deeply rooted in vision science. Two parameters, 𝑡̂ and 𝑑̂ , were
developed, with one for red-green and one for blue-yellow contrast of objects. Experimental results
collaborated with this two-dimensional scale [Wei, 2011; Wei and Houser, 2012a; Wei and others, 2014a].

2.5.3 Graphical Presentation
In addition to the color measures list above, graphical presentation has been proposed to present more
comprehensive information, such as hue and saturation shifts.


Color-rendering Vector [van der Burgt and van Kemenade, 2010]

Van der Burget and Van Kemenade proposed a color-rendering vector graph, as shown in Figure 2-13,
showing the average hue and saturation shifts of the color samples in each of 36 hue segments; each hue
segment covers 10 degree hue width in CIE L*a*b* space.
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Figure 2-13 Example of color-rendering vectors indicating average hue and saturation shifts in each hue segment and
magnitude of the color shift [van der Burgt and van Kemenade, 2010].



Saturation Icon [Ohno and Davis, 2013]

Ohno and Davis proposed a saturation icon, as shown in Figure 2-14, and incorporated that into CQS v9.0
[Ohno, 2012]. The saturation icon represents the saturation of the 15 color samples with different hues under
a test SPD compared to that under a reference SPD, either more saturated or desaturated. Past study
indicated the usefulness of the saturation icon [Wei and others, 2014a].

Figure 2-14 Example of a saturation icon or color quality icon included in CQS v9.0 [Ohno and Davis, 2013].

2.5.4 Others
Though multi-dimensional scales are expected to have better performance in comparison to a single measure,
a simple classification may still be necessary to meet the needs of some users, such as residential
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homeowners. A word scale or a Pass/Fail Distinction can be considered [Whitehead and Mossman, 2012;
Houser and others, 2013].

2.5.5 Problems
Though so many different measures have been developed in the last several decades, similarities have been
found among them, as mentioned previously [Houser and others, 2013]. It has been widely accepted that
most of these measures are well-developed and contain enough information. Both CIE TCs and IES Task
Group are expecting to make suggestions or recommendations by using these existing measures [IES, 2013].
Before making final recommendations, some unsolved problems should be investigated through
psychophysical experiments.


Dimension of Color Quality

Measures characterizing color quality of a light source fall into three basic categories—fidelity, discrimination,
and preference, but it is still unclear what is the most important dimension(s) for general lighting. For naïve
observers, whether they evaluate the lighting quality based on naturalness or vividness or something else is
worthwhile for investigation. Color quality measures for general lighting should be applied for common
conditions and applications.



Tolerance of Saturation

It has been widely accepted that an increase of saturation is more acceptable to observers, which has been
considered in some measures, such as Rf, CQS, and most gamut-based measures. However, it does not
necessarily mean that over-saturated colors are also preferred. The tolerance of saturation should be
investigated so that an upper limit of gamut-based measures or the measures crediting saturation can be set.


Chromatic Adaptation

Most measures take chromatic adaptation into account by employing chromatic adaption transformation or
using color appearance models, the psychophysical experiments validating or testing color quality of light
sources, however, always employ side-by-side or rapid-sequential comparison. These methods actually
maximize the color difference under two SPDs with mixed chromatic adaptation. Few studies have compared
the difference between the method with mixed chromatic adaption and that with full chromatic adaptation.

2.6 Whiteness
2.6.1 Fluorescent Whitening Agents (FWAs)
Objects around us that are white or nearly-white include papers, fabrics, curtains, clothing, paints, furniture,
and plastics. The pursuit of whiter whites has a long history and is ongoing. The action of wash and sun-dry
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to remove color on fabrics and cloth can be traced to 5000 B.C. Since 1799, people have been using bleaching
powder invented by Tennant. In 1929, fluorescent whitening agents (FWAs), also known as optical brightening
agents (OBAs), were discovered by Krais, who applied the natural substance aesculin to brighten viscose and
flax [Krais, 1929; Anliker, 1975; Hunger, 2003; Ahmed and others, 2006]. Since that time, it has become
common to employ FWAs in manmade products, such as papers, fibers, textiles, detergents, and cosmetics
[Schanda, 2007].
In the absence of FWAs, whiteness can be increased by increasing reflectance at all wavelengths or by
reducing absorption of blue light. Bleaching has both effects to some extent, but it cannot remove all traces
of a yellowish cast. Before the popularity of FWAs, the most common practice for boosting whiteness was to
add small amounts of blue or violet dyes to the material, known as bluing, but this practice leads to absorption
in the green-yellow part of spectrum and lightness is reduced. By comparison, FWAs are substances that
primarily absorb ultraviolet (λ < 380 nm) and violet (380 < λ < 420 nm) optical radiation and re-emit blue light,
thus boosting blue-tint and increasing lightness [Choudhury, 2006; Katayama and Fairchild, 2010]. Figure
2-15 illustrates the spectral reflectance distribution of a series of whiteness standards under a monochromatic
illumination of 390 nm. The standards with higher amount of FWAs are labeled with higher CIE whiteness
values (W); the standards without FWAs is labeled with W = 81.9, which converts almost none of the 390 nm
radiation to blue light. As can be observed, the spectral power distribution of the illumination plays an important
role in the whiteness perception for materials or objects containing FWAs. Thus, in addition to color rendering,
white rendering is an important property for a light source.
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Figure 2-15 Spectral reflectance distribution of a series of white targets with different amounts of FWAs under
monochromatic illumination of 390 nm. The curves are scaled to the highest value among the six curves. The targets with
higher amounts of FWAs have higher values of W. The target with W = 81.9, whose reflectance curve is almost flat, does
not contain any FWAs [Houser and others, 2014].

2.6.2 CIE Whiteness Formula
In order to characterize the whiteness of a material, various quantitative evaluation methods and formulas
have been proposed, with the first developed in the 1930s [MacAdam, 1934; Judd, 1935]. In 1967, CIE
established a subcommittee on whiteness and recommended the CIE whiteness formula in 1986, which
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characterizes whiteness under CIE Illuminant D65. Within its restrictions, it has a good correlation to the
results of psychophysical experiments [Jordan and O'Neill, 1991]. It has been argued, however, that D65 is
an unrealistic reference since its ultraviolet radiation is much higher than that from light sources for indoor
applications. Two international standards—ISO 11475 and ISO 11476—were published to characterize
whiteness for indoor and outdoor applications. They respectively employ CIE Illuminant C with the CIE 1931
2° CMFs [ISO, 2004] and D65 with the CIE 1964 10° CMFs [ISO, 2010].

Figure 2-16 Geometry corresponding to the CIE whiteness formula. The black dot is the chromaticity of the reference
illuminant. Tint variations are nearly perpendicular to the dominant wavelength; whiteness variations are nearly parallel to
it (the small angle φ accounts for average tint preference). The dotted box illustrates the limits of the CIE formula (upper
and lower bounds for whiteness and tint). The coefficients a and b included in Eq. 4-5 are calculated based on φ and η.

Basically, the CIE whiteness formula considers the color shift of an object compared to the reference illuminant
D65 or C, which affects both whiteness and tint. The formula can be simplified in a general form:
𝑾 = 𝒀 − 𝒂 ∙ (𝒙 − 𝒙𝟎 ) − 𝒃 ∙ (𝒚 − 𝒚𝟎 )

Equation 2-5

Where:
W = Measure of whiteness;
Y = Luminance factor of the sample (a perfect reflector without FWAs has Y = 100, Y can be greater than 100
for materials with FWAs);
(x,y) = Chromaticity coordinates of the sample under consideration when illuminated by the reference
illuminant;
(x0, y0) = Chromaticity coordinates of the reference illuminant;
a, b = Coefficients that are based on sensitivity of whiteness to saturation and tint preference.
For outdoor application, a = 800, b = 1700, (x0, y0) = (0.3138, 0.3310) [ISO, 2004].
The definition of the CIE whiteness formula is based on the geometry shown in Figure 2-16. The main direction
of whiteness perception is along the line connecting the chromaticity of the reference and that of a
monochromatic light at 470 nm on the spectrum locus. Shifts parallel to this line (with a small angle φ)
correspond to actual whiteness; shifts perpendicular to this line correspond to tint [David and others, 2013].
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2.6.3 Whiteness Formula for Light Sources of Arbitrary CCT
Though an ISO standard has been established to characterize the whiteness of objects or materials for indoor
application, the correlated color temperature (CCT) of most light sources is less than that of CIE Illuminant
D65 or C. Even if the CCT is close to 6500 K, whiteness perception under a fluorescent lamp will be much
lower than that under D65 because of the lower ultraviolet and violet radiation from these fluorescent sources
[Katayama and others, 2002; Ayama and others, 2003]. It is desirable to characterize rendition of other colors
at any CCT.
Recently, David and his colleagues proposed a whiteness formula to characterize whiteness perception under
illuminants with arbitrary CCT, which uses a similar idea as the CIE whiteness formula with minor changes
[David and others, 2013]. They replaced the global reference illuminant—D65 or C—with the illuminant or
light source under consideration. The general geometry is the same as Figure 2-16. No psychophysical
experiments have been conducted to validate whether their proposal is valid.

2.6.4 White Rendering of LED
The desire for a generalized whiteness formula is especially strong now due to the popularity of solid-state
lighting. Most white light LED products are manufactured by using a blue LED with a broad emitting phosphor.
The white light is produced by the combination of the emission converted by the phosphor from blue light to
longer wavelengths, while some of the blue light is intentionally allowed to leak [Wei and Houser, 2012b].
FWAs cannot be excited by products having little ultraviolet and violet radiation, and it has been shown that
blue-pumped LEDs fail to enhance whiteness perception compared to other lamps [Zwinkels and Noë l, 2011].
In comparison, white LEDs with violet-pumped phosphors are expected to excite FWAs and to boost
whiteness perception, based on the principles of FWAs and theoretical calculations [David and others, 2013].
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Chapter 3
Study 1: The Effect of Violet-pumped LEDs on Whiteness Perception
The work included in this chapter has been briefly summarized in Houser KW, Wei M, David A, and Krames
MR (2014), Whiteness Perception under LED Illumination, Leukos 10(3): 165-180 [Houser and others, 2014].

3.1 Hypotheses



The current CIE Whiteness Index cannot correctly characterize the whiteness perception under
arbitrary light sources.
The typical blue-pumped white-light LEDs cannot render white objects that contain FWAs, but LEDs
with appropriate violet optical radiation can.

3.2 Methods
Three psychophysical experiments were designed to test the hypotheses listed above. The experiment
procedure and protocol was approved by Penn State’s Institutional Review Board (IRB 42603).

3.2.1 Apparatus
Two identical booths with nominal dimensions of 0.53 meters (width) × 0.53 meters (depth) × 0.79 meters
(height) were built adjacent to each other, as shown in Figure 3-1. The interior of the booths was painted with
Munsell N8 spectrally neutral paint (ρ ≈ 55%).

Figure 3-1 Photograph of the side-by-side viewing booths [Houser and others, 2014].
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A circular arrangement of five identical wooden enclosures, with each containing one of the five lamp types,
was built on top of each booth. Each enclosure contained a mechanical iris for dimming so that all lamps could
be operated at full output and spectral power distributions (SPDs) would not be affected by electrical dimming.
A dado in each enclosure accepted a board, making it possible to block all light without turning off the lamps.
The five enclosures formed a pentagon rotating around a central axis by means of a lazy Susan mechanism.
A circular aperture was cut at the center of the ceiling panel of each booth, whose diameter was similar to that
of the enclosures. A ball/spring stop was built on the top panel, so that by rotating the lazy Susan, one of the
five enclosures could be stopped at a fixed position aligned with the aperture. The structure of each booth is
illustrated in Figure 3-2. The light projected downward through two layers of fused silica that had been ground
on both sides with 40 micron lapping film, which diffused the light, yielding uniform illumination in the two
booths with similar luminance distribution, as illustrated in Figure 3-3.
A chin rest was mounted just outside of the booth(s). The participant looked downward and viewed the
samples at angles of 30° to 45° from normal (the viewing angle varied across the three experiments).
The horizontal illuminance provided by each lamp was calibrated at 300 ± 5 lux, measured at the center of
the floor in each booth using a Minolta T-10 illuminance meter (a NIST traceable calibration certificate is on
file). The calibration was verified just before the arrival of each participant and verified again after the
completion of each participant.

3.2.2 Participants
Forty participants within the range of 19 to 25 years were recruited for the experiment. Most of them were
university students but none of them were studying lighting. Thirty-nine participants (18 female, 21 male) with
a mean age of 22.3 had normal color vision, as tested by the 24 Plate Ishihara Color Vision Test. Data from
the participant with abnormal color vision were discarded. Of the 39 participants retained for analyses, 20
were Caucasian, 17 Asian, and 2 Hispanic.

3.2.3 Experimental Design
3.2.3.1. Independent Variables
The independent variables were SPD of the light sources and CIE whiteness value (W) of the whiteness
standards.
Five SPDs were provided by five lamp types: filtered halogen, BLED, 2.5%-VLED, 5%-VLED, and 6.5%-VLED.
The three VLEDs were designed to have 3%, 7%, and 11% violet emission levels, where violet emission is
defined as the percentage of optical radiation below 430 nm to the optical radiation from 360 to 830 nm. Due
to the absorption in the short-wavelength region by the lens covering the LED chips and the fused silica
diffusers, the violet emissions measured at the floor of the booth were 2.5%, 5%, and 6.5%. The diffusers also
significantly reduced the amount of UV radiation in the SPD of the halogen lamp; its ability at exciting FWAs
was reduced by a factor of about 2 to 3 times. Therefore, we refer to this lamp as filtered halogen. An unfiltered
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3000 K halogen lamp will produce a higher whiteness level than the filtered halogen studied here. The SPDs
of the illumination provided by these five lamp types are shown in Figure 3-4. Chromaticity coordinates were
measured before the arrival and after the completion of each participant in each booth. Each measurement
can be enclosed by a MacAdam Ellipse (a.k.a. Standard Deviations of Color Matching, SDCM) of 0.7 to 1.1
steps centered at the average of the measurements, as shown in Figure 3-5. Thus, all participants
experienced comparable conditions, though small differences existed between the two booths.

(a)

(b)

(c)
Figure 3-2 Photographs of the apparatus. (a) top view of a booth – five wooden cans formed a pentagon rotating around a
central axis by means of a “lazy Susan” mechanism; (b) looking up into interior of a booth – a circular aperture was cut at
the center of the ceiling panel; frames held 7” square of fused silica diffusing light without changing SPD, separated by
about ½”; a ball/spring stopped the lazy Susan at fixed positions when it was rotated; (c) close up of a wooden can – a
lamp or a socket was fixed on a wooden bar mounted on the top of a can; an iris was used for mechanical dimming with a
screw to fix the opening the iris.
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Figure 3-3 Examples of high dynamic range (HDR) images taken by a fish-eye lens showing the similarity of the luminance
distribution of the two booths: (left) under illumination by a same lamp type; (right) under illumination by two different
lamp types.

Nine calibrated whiteness standards, with six nominal CIE whiteness values, purchased from Avian
Technologies (Sunapee, NH, USA), were used in the experiments. The CIE whiteness value of these
standards, measured by the manufacturer, varies between 81.9 and 140.6.We label these samples as W× ×
where the subscript represents the CIE whiteness value. In the forced-choice and selection tasks (described
below), we employed pairs of nominally identical standards. However, the paired samples were not identical
to each other because of limitations in the standards themselves. At a CIE whiteness value of about 82, the
samples have actual CIE whiteness values of 81.9 and 83.3. Similarly, at a CIE whiteness value of about 140,
the samples have actual CIE whiteness values of 140.1 and 140.6. W81.9 and W83.3 do not contain FWAs,
while the others contain greater amounts of FWAs with increasing whiteness values. These standards are
representative of manufactured materials with varying whiteness levels—for example, the standards with the
most FWA are similar to whitened commercial papers and fabrics.
100%

Relative Power

80%
60%
40%
20%

BLED
HALOGEN
6.5%-VLED

2.5%-VLED
5%-VLED

0%
380 430 480 530 580 630 680 730 780
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Figure 3-4 Relative SPDs of the five different lamp types included in the experiments, normalized to peak power.
Measurements were taken from 380 to 780 nm in 4 nm increments with a PhotoResearch PR-655 SpectraScan
spectroradiomter aimed at a diffuse reflectance standard (Labsphere Product No SRT-MS-100, ρ = 99%). The SPDs are
averages of measurements taken in both booths.
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Figure 3-5 Chromaticity coordinates plotted in the 1931 CIE chromaticity diagram for all
measurements taken during the course of the experiments. Each measurement of the five lamp types
in either booth can be enclosed by a MacAdam Ellipse within the range of 0.6 to 1.1 step centered at
the average of the measurements. These measurements were taken within the viewing booths,
accounting for interreflections from interior surfaces and the transmission of the fused silica.

3.2.3.2. Forced-choice
Each participant completed two forced-choice sessions, in which a pair of whiteness standards with the same
nominal FWA content was evaluated under illumination from all possible pairs of the five lamp types. One
session employed standards W81.9 and W83.3. The other session employed W140.1 and W140.6. The lower
whiteness pair does not contain FWAs; the higher whiteness pair does. The pairs were presented in side-byside booths, as shown in Figure 3-6. In addition to the twenty pairs of all combinations of lamp types,
participants also evaluated the five null conditions.
In order to counter a possible positional bias associated with the side-by-side method [Fotios and Houser,
2013], all possible pairs of the five lamp types were presented to each participant in left-right and right-left
scenarios―for example, BLED in the left booth versus filtered halogen in the right and BLED in the right booth
versus filtered halogen in the left. Thus, each participant viewed a pair of whiteness standards under 20 pairs
of dissimilar light settings. Another five pairs of null condition trials (that is, same lamp type in both booths)
were presented, one for each lamp type. In total, each participant evaluated 25 comparisons for W81.9 versus
W83.3, and another 25 comparisons for W140.1 versus W140.6. The order of comparisons was randomized [Fotios
and Houser, 2013].
Because of the small difference in W between the two standards in each pair, the position of the two standards
were counterbalanced between participants―20 participants experienced the lower W in the left booth and
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20 experienced the lower W in the right. The order of the two pairs of standards was also counterbalanced
between participants.
The participant was asked to select which one of the two standards appeared whiter, either the one in the left
or in the right booth, which was a forced choice. If the participant declared that they were the same, then the
experimenter instructed him or her that some pairs might be difficult, but that a selection was required for each
pair.
As will be described further in the discussion, the lower-whiteness pair revealed differences in whiteness
perception resulting from differences in CCT and chromaticity of the sources, and the higher-whiteness pair
revealed differences in whiteness perception resulting from FWA fluorescence.

Figure 3-6 The view behind where the participant sat finishing side-by-side comparison of two whiteness standards in the
forced-choice session.

3.2.3.3. Sorting
For the sorting task, six standards―W81.9, W102.4, W107.8, W115.1, W127.5, W140.6―were placed in random order
in one booth, as shown in Figure 3-7. Each participant was asked to arrange them based on their whiteness.
The task was repeated five times in a randomized order, once under each lamp type. For each lamp type, the
participant was required to look at the standards for 30 seconds to ensure that he or she was chromatically
adapted to the illumination. The dependent variable was the rank of each standard arranged by the participant.

Figure 3-7 The view behind where the participant sat finishing the sorting task [Houser and others, 2014].

3.2.3.4. Selection
In the selection session, W115.5 was the reference standard and six whiteness standards―W81.9, W102.4, W107.8,
W115.1, W127.5, W140.6―were test standards. The reference standard was placed in one booth and the six test
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standards were placed in the other booth, arranged in random order, as shown in Figure 3-8.
Counterbalancing was employed—20 participants saw the reference standard placed in the left booth and the
test standards in the right booth; the other 20 saw the reverse. The participant was asked to compare each of
the six test standards to the reference based on whiteness appearance, and to select those that were
perceived to have the same or higher whiteness than the reference. All possible pairs of the five light settings
were evaluated, including null conditions, totaling 25 pairs of light settings. The dependent variable was the
selection of the standards made by each participant.

Figure 3-8 The view behind where the participant sat finishing side-by-side comparison of whiteness standards in the
selection session [Houser and others, 2014].

3.2.4 Experimental Procedure
Upon arrival, the participant read a brief description of the experiment, signed an informed consent form, and
completed a general information survey. The 24 Plate Ishihara Color Vision Test was then administered.
The participant was then escorted into the experiment room and seated in front of the side-by-side booths for
the forced-choice sessions. He or she was instructed to adjust the height of the seat and to comfortably place
his or her head in the chin rest. The chin rest was fixed on the table to align the participant’s sagittal plane
with the panel dividing the two booths. The observer was positioned just outside the booths, but still far enough
outside that he or she could see both booths with both eyes. The observer was free to rotate his or her head
when making comparisons between booths. The first pair of whiteness standards was placed in the two booths,
with one in each booth. Next, the experimenter read the instructions and answered questions raised by the
participant. After three practice trials, which were identical for all participants, the recorded trials began. The
experimenter adjusted the light settings by rotating the lazy Susan according to a pre-written script with a
random order. The participant was instructed to lower an eye mask when the light settings were changed to
the next pair so that he or she would not compare the new pair to what was previously seen. After several
seconds, the participant was instructed to remove the eye mask, then simply to look at the two standards in
the booths while holding judgment for at least 30 seconds (to allow for adaptation to the new settings). The
experimenter prompted the participant after 30 seconds, but he or she was allowed to take as much time as
needed to judge which standard appeared whiter. The experimenter recorded his or her response and then
moved to the next pair. After finishing all 25 pairs, the participant was instructed to step out of the room to
complete a three-minute washout period. During that time the experimenter changed the whiteness standards
to the other pair. After the washout period, the participant returned into the room to finish the other 25 forced
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choices. Half the participants evaluated the low-whiteness pair first and high whiteness pair second; the other
half performed the evaluations in reverse.
The participant was then escorted out of the room for another three-minute washout period. The experimenter
set up the selection task by placing the six test standards in one booth and the one reference standard in the
other booth; the location and arrangement of the standards were included in a pre-written script with a random
order. The position of the reference standard and the six test standards was counterbalanced between
participants. After three minutes, the participant returned to the room. The experimenter read the instructions
for the selection session and answered questions raised by the participant. The procedure for the 25 pairs of
light settings for the selection task was similar to that for the forced-choice. After holding judgment for 30
seconds, the participant was required to point out each of the test standards that were perceived to have
same or higher whiteness than the reference standard.
The participant was then escorted out of the room for another three-minute washout period. The experimenter
then set up the sorting task by placing the six standards in one of the two booths according to the pre-written
script and moving the chin rest to the front of that booth. A board was inserted into a dado of the enclosure in
the other booth so that no light appeared in the other booth during the sorting session. After three minutes,
the participant returned to the room and placed his or her chin on the rest. The experimenter read the
instructions and answered any questions. The participant was required to look at the standards under the light
setting for 30 seconds and then arrange them based on whiteness. After completing the task under the first
light setting, he or she was instructed to step out of the room for a washout period. The experimenter recorded
the order of the standards arranged by the participant, rearranged the standards in random order, and
switched the light setting to the next one. The same procedure was repeated for the five light settings.
The instructions for the three tasks were always read from scripts to minimize variation between participants.
The entire procedure took between 70 and 90 minutes for each participant.

3.3 Results
3.3.1 Sorting
The order of the six standards arranged by each participant under the illumination of each lamp type was
recorded from 1 to 6, with 6 as the whitest. No significant difference was observed between the two booths,
as tested by Wilcoxon Signed Rank test at the α = 0.05 level. The ranks were pooled and analyzed together.
The average ranks of the standards were consistent with the CIE Whiteness values under illumination from
the filtered halogen, 5%-VLED, and 6.5%-VLED, as shown in Figure 3-9 (b), (d), and (e). The order of W127.5
and W115.1 was flipped under 2.5%-VLED. CIE Whiteness values had no predictive power under the
illumination of BLED. The difference of the rank between each pair of standards was tested by the variance
stable rank sums (VSRS) method, an adaptation of two-way analysis of variance by ranks [Dunn-Rankin and
others, 2004]. It tests all pairs together and accounts for the effect of each participant since the selections
made by each participant were not independent. This method was used in previous lighting studies that
employed forced-choice for an all possible pairs design [Quellman and Boyce, 2002; Fotios and Cheal, 2007;
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Houser and others, 2009; Royer and Houser, 2012]. Only two pairs of standards under the illumination of
BLED were not significantly different; these pairs are shown with identical hachure lines in Figure 3-9 (a).
The BLED was not able to excite the FWAs contained in the standards, due to the lack the optical radiation
in the violet part of the visible spectrum. Participants ranked the standards under the BLED based on small
differences in reflectance and tint, but not based upon the whiteness change caused by FWAs. In contrast,
illumination from the filtered halogen, 2.5-VLED, 5%-VLED, and 6.5%-VLED allowed participants to
discriminate whiteness standards with different amounts of FWAs, and the amount of the FWAs corresponded
with perceived whiteness under these four sources.

3.3.2 Forced-choice
The selection of W81.9 versus W83.3 or W140.1 versus W140.6 under the illumination of each lamp type was not
significantly different from 50% versus 50%, as tested by the Chi-Square Goodness-of-Fit test at the α = 0.05
level. The participants did not observe differences between the two standards in each pair even though their
CIE whiteness values were slightly different. The position of the two standards within each pair was
counterbalanced so that the selection of left versus right was expected to be 50% versus 50%. Eight of the
ten pairs, labeled with asterisks in Figure 3-10, had significant differences between the selection of left versus
right, as tested by the Chi-Square Goodness-of-Fit test at the α = 0.05 level. However, such a bias was not
consistent for the five lamp types―for example, the right booth was always selected under the illumination of
6.5%-VLED, but the left booth was selected under illumination from BLED. The likely cause of this apparent
positional bias is differences between lamps in the two booths, which is further addressed below. The
independence between position and whiteness standard was not rejected for each of the ten pairs, as tested
by the Chi-Squared Test of Independence at the α = 0.05 level.
When disregarding the null condition trials, the left room was selected 51.4% of the time for the standards
without FWAs and 53.3% for those with FWAs, both of which were not statistically different from 50% (with pvalues of 0.431 and 0.063 respectively, as tested by the Chi-Square Goodness-of-Fit test). Only one of the
20 pairs of illumination had a significant difference between the selection of the left booth and right booth. No
difference was observed between the selection of W81.9 versus W83.3 or W140.1 versus W140.6 under the
illumination of each lamp pair. Thus, no significant bias existed between the comparisons of lamp pairs. Lamp
type, position, and whiteness standards were independent to each other for each of the 20 pairs of the lamp
types by testing marginal independence. Thus, selections made by participants were due to their perception
of the whiteness standards under the light settings.
The effect of SPD on whiteness perception was examined by evaluating the selection of each lamp pair. Data
were recorded as left or right as selected by each participant and converted to binary digits for analyses using
the VSRS method. Inverse combinations (for example, BLED in the left versus filtered halogen in the right
and BLED in the right versus filtered halogen in the left) were averaged as a single combination for each
participant. Figure 3-11 (a) and (b) show the results of VSRS analysis for the pair of W81.9 versus W83.3 and
the pair of W140.1 versus W140.6. Larger difference in Ri between two lamp types indicates a greater perceptual
difference. With five stimuli and 39 participants, a difference larger than 31.10 or 37.11 indicates a statistical
difference at the α = 0.05 or 0.01 respectively [Dunn-Rankin and others, 2004].
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Figure 3-9 Results of the average rank of each whiteness standard under each illumination condition with 95% confidence
interval bars. The ranks of each whiteness standard were significantly different from each other under the filtered halgoen,
2.5%-, 5%-, and 6.5%-VLEDs. Two pairs of standards under BLED were not significanlty different; these pairs are shown
with identical hachure lines in (a).
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Figure 3-10 Results of trials of null conditions included in the forced-choice sessions: (left) W81.9 versus W83.3 and (right)
W140.1 versus W140.6. The trials having significant difference between left and right are labeled with an asterisk (*) at the
vertical axis. Though these were expected to be null-condition trials, participants were able to discern differences due to
differences in the whiteness standards and lamps of the same types, both of which were intended to be the same but were
not.
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Figure 3-11 Summary of the VSRS tests for the forced-choice sessions. Values in the matrix are the difference of Ri
between lamp types. Shaded values represent comparisons that are significantly different at the α = 0.05 level (with a value
larger than 31.10), all of which are also significantly different at the α = 0.01 level (with a value larger than 37.11). (a)
Comparisons of whiteness standards without FWAs (W81.9 and W83.3) and (b) comparisons of whiteness standards with
FWAs (W140.1 and W140.6).

The standards without FWAs (W81.9 versus W83.3) had similar whiteness perception under the illumination of
filtered halogen and 2.5%-VLED, both of which provided the lowest whiteness among the five lamps. The
whiteness of the standards under BLED and 5%-VLED were similar, which were higher than those under
filtered halogen or 2.5%-VLED. The standards were ranked to have highest whiteness under the illumination
of 6.5%-VLED.
For the standards with FWAs (W140.1 versus W140.6), the ranks under the illumination of BLED, filtered halogen,
and 2.5%-VLED were approximately equal. 5%-VLED was ranked to provide higher whiteness and 6.5%VLED was the highest.
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To summarize, the whiteness perception for these two pairs of whiteness standards under the illumination of
VLEDs increased with increased violet emission. The 2.5%-VLED and filtered halogen tended to provide
similar whiteness perceptions.

3.3.3 Selection
The error bars in Figure 3-12 show the difference between the conditions when the reference standard was
placed in the left and right booths. Only nine of the 150 pairs had a bias between left and right, as tested by
the Chi-Squared Test of Independence at the α = 0.05 level. The possible reason for these biases is the
difference between the booths.
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Figure
3-12 Results
of theW107.8
selection experiment,
summarizing
the percentage of the selection (vertical axis) for each
Whiteness
Standard
whiteness standard (horizontal
axis) under
each test SPDs (different lines) that were perceived to have equal or higher
whiteness than W115.5 under each reference SPDs (shown as the inset title of each figure). Percentages greater than 67%
are significantly higher than 50%, indicating that those whiteness standard and illumination conditions were perceived to
have equal or higher whiteness than the reference standard (W115.5) under the reference SPD. The error bars show the
difference between counterbalanced conditions (that is, variation from when the reference standard was placed in the left
or right booth).
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Figure 3-12 summarize the results of the selection session, with one figure for each lamp type as the reference.
The data points illustrate the percentage of participants that selected each standard under the illumination of
each lamp type as having equal or higher whiteness than the reference standard (W115.5) under the reference
lamp. Percentages greater than 67% are significantly higher than 50%, as tested by the Chi-Square
Goodness-of-Fit test at the α = 0.05 level, indicating that those standards and illumination conditions were
perceived to have equal or higher whiteness than the reference standard (W115.5) under the reference
illumination.
5%-VLED and 6.5%-VLED were found to have the highest performance for whiteness perception among the
five lamps studied. Under illumination from these two lamp types, a whiteness standard could have a lower
CIE whiteness value but still be perceived to be equally white or whiter than those having higher CIE whiteness
values but being illuminated with BLED, filtered halogen, and 2.5%-VLED. As shown in Figure 3-12(a), four
standards under 5%-VLED and five standards under 6.5%-VLED were perceived to have equal or higher
whiteness than whiteness standard W115.1, which was the standard that appeared whitest under BLED.
The results of the selection experiment corroborated those of the sorting experiment. The standards with
higher rank in the sorting session under each SPD (Figure 3-9) were selected more frequently in the selection
session (Figure 3-12). The forced-choice, selection, and sorting sessions were highly consistent, which gives
us confidence in the validity and reliability of the results.

3.4 Discussions
3.4.1 Whiteness Formula
A formula to characterize whiteness for illuminants from 2800 to 7000 K was proposed by David and his
colleagues [David and others, 2013] in the format of:
𝐖 = 𝐘 + 𝐚(𝐱𝟎 − 𝐱) + 𝐛(𝐲𝟎 − 𝐲)

Equation 3-1

Where:
W = Measure of whiteness;
Y = Luminance factor of the sample (a perfect reflector without FWAs has Y = 100. Y can be greater than 100
for materials with FWAs);
(𝑥, 𝑦) = Chromaticity coordinates of the sample under consideration when illuminated by the source under
consideration;
(𝑥0 , 𝑦0 ) = Chromaticity coordinates of the source;
a, b = Coefficients that are based on sensitivity of whiteness to saturation and tint preferences.
Five sets of CMFs were considered in the analyses: CIE 1931 2° , CIE 1964 10° , TC 1-36 2° , TC 1-36 10° ,
and the University of Pannonia 2° CMFs. The 1931 and 1964 CMFs were considered because they are the
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default standards in the current CIE system of colorimetry. The TC 1-36 2° and 10° CMFs were tentatively
proposed by TC 1-36 in January 2013 [CIE, 2013; CVRL, 2013]. I evaluated them here since they may
eventually supplement or replace the 1931 and 1964 CMFs. Others have proposed use of the University of
Pannonia CMFs for 2° fields [Csuti and others, 2011a; Csuti and others, 2011b], and I evaluated them in our
work in an effort to be thorough.
The chromaticity coordinates of all standards under illumination from the five lamp types in both booths were
computed using these five sets of CMFs. The five sets of plots of chromaticity were compared to the results
of the three experimental sessions. All of the plots are available upon request. Both the CIE 1964 10° and the
TC 1-36 10° CMFs yielded comparable results and both successfully explained the results of our
psychophysical experiments. The other three sets were unsuccessful at quantifying the psychophysical results.
In consideration of the above I employed the TC 1-36 10° CMFs in this manuscript.

New whiteness value based on using
lamp itself as a reference illuminant

I adopted their formulation and computed five whiteness formulas, one for each lamp type, using the 10°
CMFs that have been tentatively recommended by CIE TC 1-36. For brevity, in this paper they are referred to
as the TC 1-36 10° CMFs. Appendix B provides background for the selection of this set of CMFs. The
whiteness values of each standard under each lamp are shown in Figure 3-13. Among the four LED lamps,
the whiteness standards under 5%-VLED have the most similar whiteness values to those under the filtered
halogen lamp.
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Figure 3-13 New whiteness value of the standards under the illumination of the five lamps by adopting the whiteness
formula proposed by [David and others, 2013] and employing the TC 1-36 10◦ CMFs. The dashed line shows the diagonal x
= y. The standards under the filtered halogen and the three VLEDs show increased new whiteness values with CIE
whiteness values; all of the standards have simliar whiteness values under BLED. The standards under 5%-VLED and
filtered halogen have similar new whiteness values.

The whiteness values shown in Figure 3-13 are consistent with the results of the sorting experiment. The
results of the forced-choice and selection sessions, however, do not perfectly corroborate the whiteness
values shown in Figure 3-13. For example, W81.9 and W83.3 do not contain FWAs and they have similar
whiteness values under all five lamps. Yet, the participants perceived these standards differently under
different lamps. One plausible explanation is that the side-by-side method with mixed adaptation employed in
the forced-choice and selection sessions allowed participants to be sensitive to the effect of the lamp’s
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chromaticity. Appendix D provides an alternative method to compute whiteness values, which may be more
appropriate for conditions of mixed adaptation and which support the results of the forced-choice and selection
sessions.

3.4.2 Chromaticity of the Whiteness Standards
The chromaticity coordinates of a white object illuminated by a light source drive whiteness perception. The
main direction for increased whiteness follows the line connecting the chromaticity of the reference illuminant
and the spectrum locus at a dominant wavelength λd = 470 nm. Small shifts parallel to this line correspond to
whiteness; shifts perpendicular to this line correspond to tint [David and others, 2013]. The directions for
whiteness and tint perceptions are from the CIE whiteness formula, and are expected to be CCT independent
[Jordan and O'Neill, 1991; Katayama and others, 2002; Ayama and others, 2003; Katayama and Fairchild,
2010; David and others, 2013].
In our experiments where a participant made a selection between two standards (that is, the forced-choice
and selection sessions), the booths were always viewed side-by-side with mixed adaptation. Observers were
not completely adapted to either of the two illuminations since the visual system cannot simultaneously adapt
to two white points. Under these conditions, the visual system will likely be adapted to a white point mid-way
between the two stimuli [Fotios, 2006]. Since not all the lamps had the same chromaticity or CCT, color
differences between standards under two illumination conditions are expected to be maximal when viewed
side-by-side [Harper, 1974]. Thus, when comparing lamps with different CCTs or chromaticity coordinates, a
lamp may make objects appear whiter simply because its chromaticity coordinates are shifted toward the
direction of increased whiteness. The chromaticity coordinates of all the standards under five lamps, as shown
in Figure 3-13, corroborate to the results of the forced-choice and selection sessions. When considering these
conditions, the standards under 2.5%-VLED are closest to those under the filtered halogen.
When exposed to illumination provided by one lamp type, chromatic adaptation may cause an observer to
perceive the color of the illumination as white or colorless [Kuriki and Uchikawa, 1996]. Thus, for whiteness
perception under a given illumination, the absolute chromaticity of the source may be less important than the
shift in chromaticity that is induced by the source. For the two standards that do not contain FWAs, the
directions and magnitudes of the chromaticity shifts between the sources and standards are similar for all five
lamps. These similar chromaticity shifts can be observed from the points in the yellow circle in Figure 3-15.
For the standards that contain FWAs, the magnitudes of the chromaticity shifts from the standards without
FWAs, to the standards with FWAs, increase with the increasing amount of FWAs under the illumination of
the filtered halogen, 2.5%-VLED, 5%-VLED, and 6.5%-VLED, which contribute to the higher whiteness values
shown in Figure 3-13.

39

0.415
BLED
Halogen
2.5%-VLED
5%-VLED

0.410

y

6.5%-VLED

0.405

0.400
0.446

0.451

x

0.456

0.461

Figure 3-14 Chromaticity coordinates of all nine standards used in this study in the left booth using the TC 1-36 10° CMFs.
The results are similar for the right booth (not shown). The dashed line corresponds to the BB-470-nm line. The solid
trendlines show the shift of chromaticity of the whiteness standards under the filtered halogen and 2.5%-, 5%-, and 6.5%VLEDs, which are consistent with the results of sorting experiment. The grey lines represernt the limits of tint values of ± 3.
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Figure 3-15 Chromaticity shift of the whiteness standards in the CIE u’v’ diagram, employing the TC 1-36 10° CMFs. Points
aligned on the same vertical are for standards with the same CIE whiteness values. The points in the dashed yellow oval
illustrate the magnitude and range of the chromaticity shift from the source to the standards without FWAs (W 81.9 and
W83.3) under each illumination condition; the shifts are similar under all five lamps. The other points represent the
magnitude of the chromaticity shift from the standards without FWAs to the standards with different amounts of FWAs
when illuminated by each lamp type.
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Figure 3-13 and Figure 3-14 illustrate that the FWA-induced chromatic shift for the filtered halogen lamp is
between that of the 2.5% and 5% VLEDs. As previously mentioned, however, the filtered halogen only has a
fraction of the natural UV content of a blackbody radiator (due to the absorption in the booths’ fused silica
diffusers). As shown by David and his colleagues, a 3000 K blackbody radiator is expected to induce a
chromatic shift similar to a 6-8% VLED.
To summarize, when an observer evaluates lamps with different chromaticity coordinates in a state of mixed
adaptation, small differences will be especially apparent. Lamps with chromaticity shifted towards the 470 nm
chromaticity point on the spectrum locus could provide greater perceptions of whiteness for some white
objects, especially if they contain no FWAs. For objects containing FWAs, the amount of ultraviolet and violet
radiation in the illumination is at least as important as the chromaticity coordinates of the illumination for
rendering whiteness. When an observer is fully chromatically adapted (i.e. under illumination by a single light
source), the amount of ultraviolet and violet radiation in the illumination is the mechanism that drives whiteness
perception for objects containing FWAs.

3.4.3 Differences between the Booths
The plot of the chromaticity of the standards under different illumination conditions reveals small differences
between the two booths, which was likely the reason for the small biases found in the forced-choice and
selection sessions.
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Figure 3-16 Illustration of differences between booths during null condition trials. The chromaticity coordinates of the one
pair of whiteness standards used in forced choice (W81.9 versus W83.3) under the illumination of five lamps in the two
booths are plotted. The solid points were measured in the right booth and the hollow points were measured in the left
booth. The dashed line corresponds to the BB-470-nm line; the grey lines represent the region of tint values of ± 3.
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In the forced choice session, a position bias was found in the null condition trials, as shown in Figure 3-10.
The standards under BLED or 5%-VLED in the left booth and under 6.5% in the right booth were always
selected. Figure 3-16 shows the difference of the standards between the two booths. It can be observed that
both W81.9 and W83.3 are whiter in the left booth under 5%-VLED, BLED, and filtered halogen; they are whiter
in the right booth under 2.5% and 6.5%-VLED.
In the selection session, the differences in chromaticity of the whiteness standards between the booths is
consistent with the position biases that were found for the nine pairs noted above; detailed figures are
available upon request.
Chromaticity plots based on the TC 1-36 10° CMFs were able to explain most of the biases found in the
experiment. Some small errors still exist, which are believed to be caused by random error and measurement
noise, and which do not compromise the strong overall trends.

3.4.4 Alternative Method to Compute Whiteness Values with Mixed Adaptation
The range of CCT for the five lamps in our experiments was 2821 – 2895 K. When evaluating lamps side-byside with mixed adaptation, we can reasonably assume that participants were adapted to illumination of about
2,850 K, which is the mean CCT of all five sources. We propose a possible alternative method to compute
whiteness values with mixed adaptation. When a blackbody radiator at 2,850 K is employed as a fixed
reference for all five lamps and the TC 1-36 10° CMFs are employed, Equation 6-1 becomes:
𝐖 = 𝐘 + 𝟏𝟎𝟐𝟗(𝟎. 𝟒𝟓𝟑𝟒 − 𝐱) + 𝟏𝟓𝟕𝟏(𝟎. 𝟒𝟎𝟓𝟑 − 𝐲)

Equation 3-2

Figure 3-17 illustrates the whiteness values of each standard under each lamp type computed with Equation
6-2.
By using this formula, the relationship of the whiteness value for the pairs of W81.9 vs. W83.3 and W140.1 vs.
W140.6 corroborate the results of the forced-choice experiment. Figure 3-17 also provides quantitative support
for the results of the selection sessions. In short, the results from forced-choice and selection sessions with
mixed adaptation can be explained by Equation 6-2, with the results as plotted in Figure 3-17. As can also be
observed, 2.5%-VLED and filtered halogen yield similar whiteness values as computed by Equation 6-2 under
this condition of simultaneous side-by-side viewing with mixed adaptation.
It is instructive to compare the effects of chromaticity shift and FWA excitation in Figure 3-14: as can be seen
for the BLED, a blue shift of the source’s chromaticity raises the whiteness value across the board (in mixed
adaptation settings) but does not differentiate objects with and without FWAs, leading to an inaccurate
rendering of whiteness.
3.4.5 Whiteness Perception under Blue-pumped LEDs
Figure 3-13 shows that all lamps except the BLED yielded higher whiteness values as the amount of FWAs
increased. The lack of ultraviolet and violet radiation of the BLED made it fail to excite FWAs and to
differentiate whiteness standards that contained different amounts of FWAs.
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Figure 3-17 New whiteness value of the standards under the illumination of the five lamps by using Equation 6-2, a
whiteness formula with an adaptation to a 2850 K illuminant on the blackbody locus. The dashed line shows the diagonal x
= y. The standards under the filtered halogen and the three VLEDs show increased whiteness with CIE whiteness values.
All of the standards have simliar whiteness under BLED. The trends corraborate the results from the forced-choice and
selection experiments, when the observers were looking at the standards with mixed chromatic adaptation. The standards
under 2.5%-VLED have similar whiteness values compared to those under the filtered halogen.

As shown in Figure 3-14, the BLED in this experiment happened to have a slightly blue-shifted chromaticity
in comparison to the other four sources examined. This yielded higher whiteness perception for samples with
no or low FWA content, when compared to filtered halogen and 2.5%-VLED in direct side-by-side comparisons.
We expect that this effect would disappear when an observer is chromatically adapted to the illumination, or
if the sources being compared in a side-by-side evaluation were to have exactly the same chromaticity
coordinates.
The 5%-VLED and 6.5%-VLED were both more similar in chromaticity to the BLED and they emitted more
violet radiation. Thus, the 5%-VLED and 6.5%-VLED universally yielded greater whiteness perception than
the BLED.
Our results can be explained by taking into account two effects: fluorescence of FWAs and shift of source
chromaticity. The former effect is proportional to FWA content and enables an accurate white rendering of the
samples. The latter effect, on the other hand, applies indiscriminately to all samples. Thus the BLED exhibited
serious problems in accurately rendering the calibrated whiteness standards. We would expect similar
problems to occur with the many manmade objects that contain FWAs.
It should be noted that the BLED included in this study had a respectable CRI of 85. CRI is not designed to
characterize the rendition of whites. The failure of the blue-pumped LED to accurately render whiteness is
especially concerning since this is the dominant method for producing white light in solid-state lighting [Wei
and Houser, 2012b]. When the FWAs contained in objects cannot be excited, as is the case with blue-pumped
LEDS, observers will be unable to differentiate white objects. This has implications for the illumination of white
textiles, plastics, makeup, paints, and papers.
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3.5 Conclusions
Whiteness perception of a series of whiteness standards containing various amount of fluorescent whitening
agents (FWAs) was studied under the illumination of five different lamps—a filtered halogen, a typical bluepumped LED, and violet-pumped LEDs with three violet emission levels. Our experimental results can be
understood in light of two effects: FWA fluorescence, which produces a whiter-than-white effect in FWAcontaining objects; and chromaticity shift, which displaces the chromaticity of the light source and all the
objects it illuminates.
In an adapted situation, the relevant effect is FWA fluorescence. As confirmed by our sorting experiment,
sufficient UV or violet radiation is necessary to induce whiteness enhancement. The whiteness formula
proposed in David and his colleagues [2013], adapted to the TC 1-36 10° CMFs, properly quantifies this effect.
Blue-pumped LEDs do not induce FWA fluorescence, whereas violet-pumped LEDs with a carefully chosen
violet emission can emulate the behavior of a halogen lamp.
The other two experiments, forced-choice and selection, were side-by-side comparisons of light sources. They
are therefore more complex to interpret as they occur under mixed adaptation and combine both effects.
However, when the chromaticity of objects is considered, the results are consistent with expectations. Overall,
a blue-shift is associated with higher whiteness perception.
Our results are relevant for the visual rendering of white objects. It is sometimes believed that a chromaticity
shift can be used in lieu of FWA enhancement in order to enhance whiteness. Yet, our results illustrate that
the two effects are not equivalent. Chromaticity shift can indeed increase whiteness in mixed adaptation
conditions, but this occurs across-the-board for all objects, regardless of the presence of FWAs—and
therefore regardless of the intended whiteness of a manufactured object. FWA excitation, on the other hand,
produces the differential chromatic shift intended in the design of white objects.
We conclude that desirable rendering of white objects is only enabled by appropriate engineering of the
source’s spectrum. With the widespread use of FWAs, and the fact that blue-pumped phosphor is now the
most common method for creating white light with LEDs, this problem is especially significant. We believe that
whiteness rendering should be considered alongside color rendition when evaluating a source’s overall color
quality. The results of the psychophysical experiments could be explained by the formulas employed herein,
and support the general method proposed by David and his colleagues [2013].
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Chapter 4
Study 2: Numerical Analysis of Light Sources’ Ability to Render Whiteness
The work included in this chapter has been briefly summarized in Wei M, Houser KW, David A, and Krames
MR (2014), Blue-pumped White LEDs Fail to Render Whiteness, CIE x039:2014 Proceedings of CIE 2014
Lighting Quality & Energy Efficiency, Kuala Lumpur, Malaysia: 150-159 [Wei and others, 2014b].

4.1 Hypotheses


LED sources without spectral engineering cannot render whiteness.

4.2 Methods
4.2.1 Whiteness Standards
Six of the whiteness standards described in Chapter 3.2.3.1 were employed for this study; they are
representative of commercial papers with varying amounts of FWAs. We label these as W× × , where the
subscript represents the CIE whiteness value. One whiteness standard, W82, did not contain any FWAs; the
other five samples—W102, W108, W116, W128, and W140—contain greater amount of FWAs with increasing
whiteness values.
The optical properties of a whiteness standard are a combination of spectral reflectance and bispectral
luminescence properties. When a whiteness standard is illuminated by a monochromatic light at certain
wavelength λ with a unit power, the spectral radiance of the light reflected by the standard can be written as:
E(λ, λ’) = R(λ) + L(λ, λ’)

Equation 4-1

where:
E(λ, λ’) is the spectral radiance of the light reflected by the standard measured at the wavelength of λ‘,
when illuminated by a monochromatic light at the wavelength of λ;
R(λ)

is the spectral reflectance of the standard at the wavelength of λ;

L(λ, λ’) is the luminance of the standard due to FWAs at the wavelength of λ’, when illuminated by a
monochromatic light at the wavelength of λ.
If E(λ, λ’) is measured with a variety of λ, the optical properties of a standard can be characterized by a twodimensional matrix M (the Donaldson matrix), whose diagonal is the reflectance of the standard. The
double-monochromator method as described in CIE [CIE, 2007b] was employed to measure E at various λ.
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4.2.2 SPDs
Figure 4-1 summarizes the 406 SPDs employed in this study, comprised of 401 SPDs from an existing dataset
[Houser and others, 2013] and 5 SPDs included in Study 1. All computations performed here were based on
SPDs from 380 – 780 nm with an interval of 5 nm.
Counts and Abbreviations
Type of Illuminant

LED
FL
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Counts
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29

LP-T
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51
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17

LM-R

Fluorescent Broadband

45
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FB-R
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Fluorescent Narrowband

Abbr.

High-Intensity Discharge

-
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-
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Blackbody Radiation

8
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-
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6

DS-T

-

Otherb

6

OT-T

-

a

Fluorescent models include broadband and narrowband

b

e.g., Equal-Energy, Clipped Incandescent, Ideal Prime Color

Figure 4-1 Summary of the SPDs included in this study.

4.2.3 Numerical Computation
The spectrum of the light reflected from a whiteness standard under an illuminant can be computed as the
product of the matrix M characterizing the optical properties of the standard and the SPD of the illuminant.
The accuracy of this computational method was validated by comparing the spectra computed to those
measured directly from the standard under various real light sources; Figure 4-2 shows an example of the
comparison for a typical blue-pumped LED.
The whiteness of these standards under each illuminant was computed using the adapted whiteness formula
described in Chapter 3.4.1, employing the 10° color matching functions (CMFs) that have been tentatively
recommended by CIE TC1-36 [CIE, 2013].
Because our data starts at 380 nm the computations are not fully accurate for illuminants that contain a great
deal of UV radiation. This is not the case for most illuminants, especially LEDs, but the accuracy of the
calculation is limited for some illuminants with a high CCT, as we will discuss.
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Figure 4-2 The comparisons of the reflected spectrum from a whiteness standard derived from numerical computation and
real measurement. Left: a standard does not contain FWAs—W82; right: a standard contains FWAs—W140,
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4.3 Results
4.3.1 Chromaticity Shift
Manufacturers modulate the amount of FWAs to provide the desired degree of whiteness rendering. White
objects containing more FWAs are expected to have a larger chromaticity shift in the direction of increased
whiteness. Figure 4-3 illustrates the chromaticity shifts of the six standards under six illuminants. It can be
observed that four of the illuminants plotted create a chromaticity shift, while the others do not.
The magnitude of the chromaticity shift from the standard without FWAs, W82, to each standard containing
FWAs under each illuminant in the CIE u’v’ diagram was computed (i.e., five Du’v’ differences were computed:
Du’v’(82-102), Du’v’(82-108), Du’v’(82-116), Du’v’(82-128), and Du’v’(82-140)). Large variation of these five values of Du’v’
differences would indicate the effectiveness of the illuminant at eliciting different degrees of whiteness for
standards containing different amount of FWAs. The standard deviation of these five Du’v’ differences, σ(Du’v’),
is employed to characterize the variation for each illuminant, allowing comparison of the ability to excite FWAs
between illuminants. As summarized in Figure 4-4, most LED products have a small chromaticity shift
difference between whiteness standards.
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Figure 4-3 The chromaticity coordinates of the six standards under six illuminants with similar CCT using the TC 1-36 10°
CMFs [Wei and others, 2014].
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Figure 4-4 The standard deviation, σ(Du’v’), of the five Du’v’(i.e., Du’v’(82-102), Du’v’(82-108), Du’v’(82-116), Du’v’(82-128), and Du’v’(82-140) )
under each illuminant. These five Du’v’ values characterize the chromaticity shift from the standard without FWAs, W82, to
each standard containing FWAs under each illuminant in CIE u’v’ digram [Wei and others, 2014].

4.3.2 Whiteness Value
The whiteness value of these six whiteness standards was computed for each of the 406 illuminants using
our adapted whiteness formula, as shown in Figure 4-5. Figure 4-5 illustrate that most LED illuminants,
whether phosphor-converted or color-mixed, fail to render the whiteness differences intrinsic to these
calibrated whiteness standards.
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Figure 4-5 The whiteness value of each whiteness standards using the proposed formula described in Study 1 under each
illuminant.

In order to numerically compare how whiteness rendition of these six whiteness standards is different under
each illuminant, two statistical measures are employed: 1) The difference between the highest and the lowest
whiteness value of the six standards, ∆W. The larger ∆W, the more effective the illuminant is at activating
FWAs. 2) The standard deviation of the whiteness values of the six standards, σ(W). The larger σ(W), the
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more effective the illuminant is at eliciting differences between whiteness standards containing different
amount of FWAs.

4.3.3 Violet-emission Level
The amount of UV and violet optical radiation emitted by an illuminant governs FWAs excitation and whiteness
rendering. UV radiation is generally undesirable in sources for general illumination because it is damaging to
objects; it is more prudent to engineer the violet region of the spectrum. Violet emission, defined here as the
percentage of optical radiation between 380 and 430 nm to that between 380 to 780 nm, is employed to
characterize the relative amount of violet optical radiation contained in an illuminant. As shown in Figure 4-6,
there is modest correlation between violet emission and ∆W, and between violet emission and σ(W).
Most LED illuminants have a violet emission of less than 5% and typically 1-2%, which is lower than other
illuminants. Most phosphor-converted LEDs considered here employ a blue LED with a blue-pumped
phosphor, which is a dominant technique to produce white light using LEDs [Wei and Houser, 2012b]. Bluepumped LEDs have very low violet emission, resulting in poor performance to render whiteness of white
objects containing FWAs.
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Figure 4-6 The violet emission of each illuminant versus ∆W and σ(W) of the six whiteness standards under each
illuminant. The black dots are for all illuminants, the red dots are for LEDs.
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4.4 Discussion
It might be rational to postulate that an illuminant with higher CCT will yield better whiteness rendering, since
an illuminant with higher violet radiation tends to have higher CCT. This is certainly true for standard
illuminants (i.e., blackbody radiations and daylight illuminants). Figure 10, however, illustrates that there is not
a strong correlation between CCT and either ∆W or σ(W) for artificial sources. These computations suggest
that higher CCT is not a guarantee to achieve FWAs excitation and appropriate whiteness rendering; this is
because, despite their high CCT, many artificial light sources have very little violet emission. Illuminants with
any CCT can render white objects with FWAs, but only by purposeful engineering of the source’s spectrum.
We stress again that the present computation may somewhat underestimate the whiteness rendering under
the illuminants with high CCT because UV radiation is not accounted for, and illuminants with high CCT usually
have some UV radiation. On the other hand, LEDs are accurately characterized here as they typically do not
have UV emission.
Nevertheless, illuminants with excessively high violet emission may not render whiteness in a desired way.
Figure 4-8 summarizes the whiteness values of the standards under six phosphor-converted LED real
illuminants having various violet emission levels with similar CCT (2900 ± 100 K), and whiteness values under
a 3000 K blackbody radiator. All these illuminants are violet-pumped LEDs. Although the illuminant with 11.2%
violet emission can activate FWAs, it achieves a very high degree of whiteness which may be undesirable or
unnatural. A source with 6-8% violet emission is expected to induce whiteness rendering comparable to a
3000K blackbody radiator. Thus, the mere presence of violet optical radiation is not sufficient and desirable;
rendering of white objects containing FWAs can only be achieved by appropriate engineering of the source’s
spectrum.
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Figure 4-7 CCT of each illuminant versus ∆W and σ(W) of the whiteness standards under each illuminant.
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Figure 4-8 (a) The SPD of six illuminants with similar CCT but various violet emission; (b) The whiteness value of the six
whiteness standards under each of the six illuminants versus those under a 3000 K blackbody radiator.

4.5 Conclusions
The whiteness value of six calibrated whiteness standards containing varying amount of fluorescent whitening
agents (FWAs) was computed under 406 illuminants using an adapted whiteness formula. We conclude that
blue-pumped LED sources fail to render whiteness due to the lack of UV and violet emission. Most
conventional sources are able to excite FWAs to some extent, although there is great variation even for a
given CCT due to the lack of control of the short-wavelength radiation. Violet emission is found to be well
correlated with whiteness rendition. Appropriate engineering of the spectral content of LED sources, providing
proper violet emission, is necessary to control the degree of whiteness rendition for FWA-containing materials.
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Chapter 5
Study 3-1: The Effect of Violet Optical Radiation on Whiteness and Color Rendition under
Fully-Adapted Conditions
5.1 Hypotheses




When the observer is fully-adapted to the lighting condition, the evaluations of naturalness and
attractiveness are generally the same.
The ability to detect color rendition between light sources is lower when the observer is fully-adapted
compared to when the observer is mixed-adapted.
The failure of blue-pumped white LEDs to render white objects can be observed under fully-adapted
conditions.

5.2 Methods
This study included two sessions: Evaluation of skin tone and teeth and evaluation of man-made objects with
different colors. The experimental procedure and protocol was approved by Penn State’s Institutional Review
Board (IRB 43778).

5.2.1 Apparatus
The two booths described in Chapter 3.2.1 were employed in this study, with one for the evaluation of manmade objects and the other for the evaluation of skin tone and teeth.
In the booth for the evaluation of man-made objects, a series of objects were placed in the booth, as shown
in Figure 5-1. A headspot chin and forehead rest was mounted outside the booth, centered on the opening.
Illuminance was measured and calibrated at 500 lx at the center of the floor in the booth, using a Minolta T10 illuminance meter with a current NIST traceable calibration.
A mirror was placed in the booth for the evaluation of skin tone and teeth, so that the participant was able to
see himself or herself in the mirror. Also, a headspot chin and forehead rest was mounted just outside the
booth, as shown in Figure 5-2. Illuminance was measured and calibrated at 500 lx at the center of the floor in
the booth, using a Minolta T-10 illuminance meter with a current NIST traceable calibration.

5.2.2 Participants
Forty-eight participants (33 males, 15 females) within the age range 18 to 25 years (mean = 21.5, std. dev. =
1.95) were recruited. All participants had normal color vision as tested by the 24 Plate Ishihara Color Vision
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Test. Most of them were university students but none of them were studying lighting. Twenty-nine selfidentified as Caucasian, 16 Asian, 2 Black, and 1 Hispanic/Latino.

Figure 5-1 The single booth used for the evaluation of man-made objects when the observer was fully adapted.

Figure 5-2 The viewing booth used for the evaluation of skin tone and teeth when the observer was fully adpated or mixed
adpated.

5.2.3 Experimental Design
5.2.3.1. Independent Variables
The independent variable was SPD, with two levels. Both of them had a CCT of 2900 K. The first is a typical
white LED (BLED85) and the second a white LED with improved color rendition (VLED97).
BLED85 is a typical blue-pumped white LED: A LED die generates blue light (λ ≈ 450 nm), some of which is
converted to green and red light by phosphors. This type of white LED is common and offers modest color
rendition: it has a Ra = 85 with a special index for deep-red of R9 ≈ 25. This low R9 value is due to the use
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of a red phosphor that does not radiate in the long-wavelength portion of the spectrum, which is beneficial to
LER but detrimental to the rendition of saturated red objects. In addition, BLED85 emits just 1.2% of its optical
radiation (watts) between 380 and 430 nm (0.01% between 380 and 400 nm). The enhanced whiteness effect
introduced by FWAs cannot be effectively harnessed with this small amount of short-wavelength radiation.
VLED97 employs a violet-emitting pumped LED (λ ≈ 415nm) with three phosphors, which enables high
external quantum efficiency at high current density and good color rendition. The spectral power distribution
(SPD) has been engineered to achieve Ra = 97 and R9 = 89 through the use of violet radiation and the choice
of phosphors. In addition, the violet radiation contained in VLED97 can excite FWAs and render enhanced
whiteness. The SPD has been engineered so that the violet radiation excites FWAs with a similar magnitude
to a 3000 K blackbody radiator—specifically, about 7.5% of the radiated watts of the SPD are in the violet
range of 380 to 430 nm (0.40% between 380 and 400 nm).
Figure 5-3 shows the normalized SPDs of the two LED sources and Table 5-1 summarizes the corresponding
colorimetric data. The SPDs were measured in the booths with a diffuse reflectance standard (Labsphere
SRT-MS-100, ρ = 99%) thereby accounting for interreflections from booth surfaces and the absorption of the
fused silica. Measurements were taken from 380 to 780 nm in 4 nm increments with a PhotoResearch PR655 SpectraScan spectroradiomter.
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Figure 5-3 Relative SPDs of the two lamp types, normalized to peak power.
Table 5-1 Summary of the spectral data for the two lamp types and a blackbody radiator at 2900 K [Wei and others, 2015].
x
y
Duv
BLED85
0.4426 0.4085 0.0010
VLED97
0.4468 0.4104 0.0012
2900 K Blackbody Radiator 0.4442 0.4064 0.0000

CCT
2943
2891
2900

Ra
85
97
100

R9
24
89
100

Qf
85
94
100

Qa
85
94
100

Qg
97
100
100

LER MCRI*CDI*GAI* CRI2012 FMG*FSCI*CSA*Pointer* Rf
313 86 52 53
87
48 60 0.03
76 80
249 87 52 53
93
48 77 0.03
77 90
156 90 54 55
100
50 76 0.03
77 90

CPI FCI94*FCI02*
85 111 105
100 119 109
100 122 112

In order to evaluate man-made objects, skin tone, and teeth under a fully-adapted condition, each participant
only evaluated these under the illumination of one of the two SPDs described above, either BLED85 or
VLED97, so that the between-subject difference can be evaluated to compare the color quality of BLED85
and VLED97.

54

5.2.3.2. Evaluations of Man-made Objects
The 48 participants were randomly divided into four groups, with 12 participants in each group, as shown in
Table 5-2. The 24 participants in Group 1 and Group 2 only evaluated the objects under VLED97; the 24
participants in Group 3 and Group 4 only evaluated the objects under BLED85.
Table 5-2 Illustration of how participants were divided into four groups during the session on evaluations of man-made
objects with fully adaptation.
VLED97

BLED85

Group 1 (n=12) Group 2 (n=12) Group 3 (n=12) Group 4 (n=12)
Q.A (Overall) Attractiveness

Naturalness

Attractiveness

Q.B (Colors) Attractiveness

Naturalness

Attractiveness

Naturalness

Attractiveness

Naturalness

Attractiveness

Q.C (Overall)

Naturalness

Naturalness

Q.D (W hiteness)

Each participant finished three questionnaires (Questionnaire A to C) to evaluate the objects in the booth, as
shown in Figure 5-1. For those who only made evaluations under VLED97, half of them evaluated the overall
attractiveness of the objects (Questionnaire A), the attractiveness of various colors in the booth (Questionnaire
B), and then evaluated the overall naturalness of the objects (Questionnaire C), the other half evaluated the
overall naturalness of the objects (Questionnaire A), the naturalness of various colors (Questionnaire B) in
the booth, and then evaluated the overall attractiveness (Questionnaire C), as shown in Table 5-2. Betweensubject difference based on Questionnaire A can be evaluated to investigate whether the naturalness and
attractiveness under BLED85 and VLED97 are different.
In addition to the evaluation of the objects shown in Figure 5-1, each participant was also asked to evaluate
the whiteness of a business card placed in the booth, as shown in Figure 5-4. The participants in Group 1 and
Group 2 finished the evaluation under VLED97; the participants in Group 3 and Group 4 finished under
BLED85.

Figure 5-4 The viewing booth used for the evaluation of man-made objects when the business card was placed in for
whiteness evaluation.

The dependent variables were the ratings of each evaluation, as shown in Figure 5-5.
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Figure 5-5 The questionnaires used for the evaluation of man-made objects, including naturalness, attractiveness, and
whiteness.
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5.2.3.3. Skin Tone and Teeth Evaluations
Similar to the evaluations of man-made objects described in Chapter 5.2.3.2, the 48 participants were divided
into 4 groups, as shown in Table 5-3. The 24 participants in Group 1 and Group 2 only made evaluations
under VLED97; the 24 participants in Group 3 and Group 4 only made evaluations under BLED85.
Table 5-3 Illustration of how participants were divided into four groups during the session on evaluations of skin tone and
teeth with full adaptation.
VLED97

BLED85

Group 1 (n=12) Group 2 (n=12) Group 3 (n=12) Group 4 (n=12)
Q.A (Skin Tone) Attractiveness
Q.B (Teeth)
Q.C (Skin Tone)

Naturalness

Naturalness Attractiveness
Whiteness

Naturalness

Attractivness

Attractivness

Naturalness

Each participant finished three questionnaires (Questionnaire A to C) based on their observations from the
mirror. For those who only made evaluations under VLED97, half of them evaluated the attractiveness of the
skin tone (Questionnaire A), the whiteness of the teeth (Questionnaire B), and then evaluated the naturalness
of the skin tone (Questionnaire C), the other half evaluated the naturalness of the skin tone (Questionnaire
A), the whiteness of the teeth (Questionnaire B), and then evaluated the attractiveness of the skin tone
(Questionnaire C), as shown in Table 5-3. Between-subject difference based on Questionnaire A can be
evaluated to investigate whether the naturalness and attractiveness of the skin tone rendition under BLED85
and VLED97 are different.
The dependent variables were the ratings of each evaluation, as shown in Figure 5-6.

Figure 5-6 The questionnaires used for the evaluation of naturalness/attractiveness of the skin tone and whiteness of the
teeth.
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5.2.3.4. Experimental Procedure
Before the arrival of each participant, the experimenter randomly assigned the participant to one of the four
groups listed in Table 5-2 and Table 5-3, and adjusted the light setting in each booth.
Upon arrival, the participant read a brief description of the experiment, signed an informed consent form, and
completed a general information survey (e.g., sex, age, race). The participant then experienced a three-minute
washout period, sitting in a room illuminated by 3000 K linear fluorescent lamps at 300 lx. After three minutes,
the participant was escorted into the experiment space and seated in front of the booth for the evaluation of
the man-made objects. He or she was instructed to adjust the height of the seat and to comfortably place his
or her head in the chin and forehead rest. The experimenter read the instructions from a pre-written script and
answered questions raised by the participant, then the participant was asked to look into the booth and
observe all the objects placed in the booth for 30 seconds so that he or she can fully adapted to the illumination.
After 30 seconds, the experimenter gave Questionnaire A to the participant, which only contained one
question. After giving the rating, the participant was asked to return Questionnaire A to the experimenter and
Questionnaire B was given to the participant. The same procedures were followed for Questionnaire C and
D. The questionnaires are shown in Figure 5-5. Before giving Questionnaire D to the participant, the
experimenter placed the business card into the booth, as shown in Figure 5-4.
Then the participant was instructed to step out of the space to complete another three-minute washout period.
After the washout period, the participant was seated in front of the booth for the session evaluating skin tone
and teeth. He or she was instructed to adjust the height of the seat and to comfortably place his or her head
in the chin and forehead rest. The experimenter read the instructions from a pre-written script and answered
questions raised by the participant, then the participant was asked to look at the mirror to observe his or her
skin tone and teeth for 30 seconds so that he or she were fully adapted to the illumination. After 30 seconds,
the experimenter gave Questionnaire A to the participant. After giving the rating, the participant was asked to
return Questionnaire A to the experimenter and Questionnaire B was given to the participant. The same
procedures were followed for Questionnaire C. The questionnaires are shown in Figure 5-6. After finishing the
session, the participant was instructed to step out of the space and to prepare for the study described in
Chapter 6.
The entire procedure for the two sessions took 15 minutes for each participant.

5.3 Results
5.3.1 Evaluation of Man-made Objects
The mean ratings, together with the 95% confidence intervals, of the evaluation of overall attractiveness or
naturalness included in Questionnaire A as listed in Table 5-2 are shown in Figure 5-7. No difference between
naturalness and attractiveness, or between BLED85 and VLED97 was found, as tested by ANOVA (p = 0.462
for both factors).
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(Naturalness)

VLED97
(Naturalness)

Figure 5-7 The mean ratings, together with the 95% confidence interval bars, of attractivenss and naturalness evaluations
of BLED85 and VLED97, included in Questionnaire A.

Similarly, the means and the 95% confidence intervals for the 6 questions included in Questionnaire B are
summarized in Figure 5-8. As can be observed in Figure 5-8, no statistical difference can be found between
the two SPDs and between the evaluations of naturalness and attractiveness, which was also verified by
ANOVA for each question.
6

Rating

5

4

BLED85 (Attractiveness)
BLED85 (Naturalness)
VLED97 (Attractiveness)

3

VLED97 (Naturalness)

2

1
Red

Orange

Yellow

Green

Blue

White

Figure 5-8 The mean ratings, together with the 95% confidence interval bars, of attractivenss and naturalness evaluations
of varoius colors under BLED85 and VLED97, included in Questionnaire B.

Figure 5-7 and Figure 5-8 summarize the difference between the participants in each group as listed in Table
5-2. Within-subject difference was also investigated by comparing the evaluation of overall attractiveness and
that of overall naturalness included in Questionnaires A and C. As can be observed in Figure 5-9, no withinsubject difference was found between the evaluation of naturalness and attractiveness for either SPDs.
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Difference between naturalness
and attractiveness

1

0

-1
BLED85

VLED97

Figure 5-9 The mean difference, together with 95% confidence interval, of the overall naturlaness and attractiveness
ratings of BLED85 and VLED97 of each observer, included in Questionnaire A and C.

The means and confidence intervals for the evaluation of the whiteness of the business card are summarized
in Figure 5-10. The whiteness of the business card under VLED97 was rated statistically higher than that
under BLED85, as tested by two-sample t-test (t = -3.40, p = 0.001).
10
9

8

Whiteness

7
6
5

4
3
2
1
BLED85

VLED97

Figure 5-10 The mean rating, together with the 95% confidence interval bars, of the whiteness of the business card of
BLED85 and VLED97, included in Questionnaire D.
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5.3.2 Skin Tone and Teeth Evaluations
Figure 5-11 summarize the mean ratings and confidence interval of the evaluation of attractiveness and
naturalness of the skin tone under the illumination of the two SPDs, as listed in Table 5-3. No difference
between naturalness and attractiveness, or between the two SPDs was found.
6

Rating

5

4

3

2

1

BLED85
(Attractiveness)

VLED97
(Attractiveness)

BLED85
(Naturalness)

VLED97
(Naturalness)

Figure 5-11 The mean ratings, together with the 95% confidence interval bars, of attractivenss and naturalness evaluations
of the skin tone under BLED85 and VLED97, included in Questionnaire A.

Regarding the whiteness of the teeth under the two SPDs which was evaluated in Questionnaire B, no
difference was found between the two SPDs, as shown in Figure 5-12.
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Whiteness
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Figure 5-12 The mean ratings, together with the 95% confidence interval bars, of the whiteness of the teeth under BLED85
and VLED97, included in Questionnaire B.
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5.4 Discussions
Ra, a measure quantifying color fidelity, is supposed to be a proxy for perceived naturalness. It indicates how
similar the colors under a test illuminant compared to those under a reference illuminant. The two SPDs here,
BLED85 and VLED97, have a 12-point difference, but such a difference was not perceived by observers when
they were fully adapted to the luminous condition. The whiteness of the business card under the two SPDs,
however, was perceived to be different. In other words, the threshold of the color difference for detection is
likely reduced when an observer is fully adapted to the lighting condition and evaluating the colors in
comparison to his or her memory rather than directly comparing to a reference. Nevertheless, an observer is
still able to detect color difference if the color is really different from what he or she recalls.
Regarding the two SPDs, even though the various colors under BLED85 were not evaluated to be worse than
those under VLED97, the ability of BLED85 to render whiteness was worse than that of VLED97. Coupled
with Chapter 3 and Chapter 4, the colors under the illumination of a typical blue-pumped LED with a decent
Ra may not be so bad when people are fully adapted to the luminous condition and viewing the objects without
directly making comparisons to other sources, the failure to render whiteness is really a shortcoming for a
typical blue-pumped LED.
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Chapter 6
Study 3-2: The Effect of Violet Optical Radiation on Whiteness and Color Rendition under
Mixed-Adaptation
The work included in this chapter has been briefly summarized in Wei M, Houser KW, David A, and Krames
MR (2015), Perceptual Responses to LED Illumination with Color Rendering Indices of 85 and 97. Lighting
Research & Technology. Online first (DOI: 10.1177/1477153514548089) [Wei and others, 2015].

6.1 Hypotheses


Enhancement of color and whiteness renditions can be achieved simultaneously by appropriate
engineering of the source’s spectrum.

6.2 Methods
This study included two sessions: Evaluation of skin tone and teeth and evaluation of man-made objects. The
experimental procedure and protocol was approved by Penn State’s Institutional Review Board.

6.2.1 Apparatus
Two viewing structures were employed in this study—a single booth for the evaluation of skin tone and teeth
and two side-by-side booths for the evaluation of man-made objects.
The same booth employed for the evaluation of skin tone and teeth described in Chapter 5.2.1 was employed
in this study for the evaluation of skin tone and teeth.
Figure 6-1 (a) illustrates the side-by-side booths employed for the evaluations of manmade objects. Each
booth had the dimensions of 21 inches (width) × 15 inches (depth) × 32 inches (height). The front side of the
booth was partially covered to prevent observers from seeing the source of illumination; the lower 15 inches
was open. An MR16 socket was installed above each booth and a circular aperture was cut at the center of
the ceiling of each booth. A Wybron 87250 Eclipse IT Iris 1K Dowser and a piece of diffuse fused silica were
placed between the lamp and the ceiling panel. The fused silica diffused the light, yielding similar luminance
distributions in the two booths, as shown in Figure 6-1 (b). A black rotary wheel by Doug Fleenor Design was
installed on the front panel of each booth to open and close the Wybron irises. With this mechanical-dimming
arrangement, the lamps were always operated at full output and the SPD was not affected by dimming.
Each booth was enclosed by three panels that were painted with Munsell N8 paint. The floor of each booth
was covered by a piece of hardwood floor and the back panel was covered with fabrics of various saturated
colors. Figure 6-2 shows the spectral reflectance distribution of each fabric and the hardwood floor. A white
shirt and eight patches of eye makeup with unsaturated colors were placed in each booth. The content of the
display booths was designed to be representative of a retail environment. A Minolta T-10 illuminance meter
with NIST traceable calibration was placed in the center of each booth. They were set up in the remote-head
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mode so that the readings could be remotely recorded by the experimenter and the participant was not able
to see the readings.

(a)

(b)
Figure 6-1 The side-by-side viewing booths used for the evaulation of the colored objects and brightness matching. (a) the
photo of the booths; (b) false color of the HDR image of the booths, showing simliar luminance distribution between the
booths under different SPDs [Wei and othersl, 2015].

During the experiment, the participants were asked to sit in front of the two booths and fix their chin and
forehead on a rest, aligning his or her sagittal plane with the panel dividing the two booths. The chin-forehead
rest was 17 inches away from the front of the booth and 7 inches above the floor panel of the booth.
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Figure 6-2 Spectral reflectance distributions of fabrics and hardwood floor, measured in an integrating sphere. The white
shirt contains fluorescent whitening agents (FWAs), which cannot be characterized by the spectral reflectance distribution.

6.2.2 Participants
All 48 participants described in Chapter 5.2.2 participated in this study.

6.2.3 Experimental Design
6.2.3.1. Independent Variables
The independent variable was the SPD, with a BLED85 and VLED97 as described in Chapter 5.2.3.1.

6.2.3.2. Skin Tone and Teeth Evaluations
For the preference of skin tone and the whiteness of teeth, the experimenter read the following instructions to
the participant:
“You will see two lighting conditions that are presented in an alternating sequence. Please compare
the skin tone of your face under these two lighting conditions and select the lighting condition that
you prefer. Each lighting condition will be on for 5 seconds, then I will switch to a second light setting
for 5 seconds. And then back and forth in an alternating way. I will say out loud A-B-A-B-A-B as the
lighting is alternating. Please observe at least three alternations before you select the condition for
which you prefer the appearance of your skin tone. You can let the light setting switch back and forth
for as long as you want until you are ready to make your selection. When making your judgment,
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please keep your chin and forehead on the rest and look at your own face in the mirror. Please simply
tell me which light setting you prefer by saying ‘A’ or ‘B’”.
The experimenter rotated the Lazy Susan to alternate between the two lighting conditions. This rapidsequential presentation mode yields mixed chromatic adaptation — however, the chromaticities of the two
sources are very similar, so that adaptation effects are expected to be small. Immediately after evaluating skin
tone, an identical procedure was followed for evaluating the whiteness of the teeth. If the participant declared
that skin tone or teeth appeared the same under both conditions, the experimenter reiterated that a selection
was required. The illuminance at the bottom center of the booth was set to 500 lx under both stimuli. The
order of the two stimuli was counterbalanced between participants.

6.2.3.3. Evaluations of Man-made Objects
The dependent variables were the 13 ratings of the appearance between the two booths made by using a sixpoint rating scale, which was designed as a forced-choice without a neutral point. The 13 questions appeared
on four different questionnaires, focusing on different aspects of the color appearance, as shown in the
Appendix. Each participant was given the questionnaires in the order A to D, one at a time, and without
knowledge that another questionnaire was coming. The questionnaires were given in this order because we
did not want latter inquiries to bias earlier ones. For example, we wanted the participant to make his or her
choice about overall preference before prompting the participant to evaluate specific colors. Similarly, we
wanted participants to focus on preference before prompting them to consider naturalness. In addition to
providing a rating, participants were given the opportunity to briefly explain the reason for their rating.
The location of the two lamps was counterbalanced between experimental days. All participants on the same
day observed the same left/right presentation. Twenty-four participants observed BLED85 in the left booth
and VLED97 in the right booth; 24 participants observed BLED85 in the right and VLED97 in the left. The
illuminance of the two booths was set at 500 lx.

6.2.3.4. Experimental Procedure
Upon arrival, the participant read a brief description of the experiment, signed an informed consent form, and
completed a general information survey (e.g., sex, age, race). The participant then spent about 15 minutes
completing an experiment that is not described in this paper. The participant then experienced a three-minute
washout period, sitting in a room illuminated by 3000 K linear fluorescent lamps at 300 lx. After three minutes,
the participant was escorted into the experiment space and seated in front of the booth for the session on skin
tone and teeth evaluations. He or she was instructed to adjust the height of the seat and to comfortably place
his or her head in the chin and forehead rest. After reading the instructions from a pre-written script and
answering questions raised by the participant, the experimenter rotated the Lazy Susan to alternate the two
stimuli with 5 second intervals. The experimenter also spoke aloud “A, B, A, B…” as the alternation happened.
The participant was instructed to observe and compare the skin tone under two stimuli for at least three
alternations before making the selection, but was allowed to observe as many alternations as desired. After
making the selection for skin tone, the participant was asked to evaluate teeth whiteness following the same
process.
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Then the participant was instructed to step out of the space to complete another three-minute washout period.
After the washout period, the participant was seated in front of the side-by-side booths for the session
evaluating man-made objects. He or she was instructed to adjust the height of the seat and to comfortably
place his or her head in the chin-forehead rest. The participant was free to rotate his or her head during the
sessions. Next, the experimenter read the instructions from a pre-written script and answered questions raised
by the participant. Then the participant was asked to observe the objects in the two booths for 30 seconds to
allow for adaptation to the stimuli. After 30 seconds, the experimenter gave Questionnaire A to the participant,
which only contained one question. After giving the rating, the participant was asked to return Questionnaire
A to the experimenter and Questionnaire B was given to the participant. The same procedures were followed
for Questionnaire C and D. The questionnaires are shown in Figure 6-3.

Figure 6-3 The questionnaires used for the evaluation of man-made objects [Wei and others, 2015].
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After finishing all questionnaires, the participant stepped out of the space and was then escorted to a table
where the 24 Plate Ishihara Color Vision test was administered. The entire procedure for the three sessions
took 15 to 20 minutes for each participant.

6.3 Results
6.3.1 Skin Tone and Teeth Evaluations
75% of the participants preferred their skin tone under VLED97, which was significantly higher than the
selection of BLED85, as tested by a Chi-Square Goodness-of-Fit tests (χ2d.f.=1 = 12, p < 0.001). This preference
was associated with ethnicity, as tested by a Fisher’s Exact Test (d.f. = 1, p = 0.014) and shown in Figure 6-4.
86% of the Caucasians preferred skin tone under VLED97, which was significantly higher than BLED85 (χ2d.f.=1
= 15.21, p < 0.001). Asians had no preference between the two lamp types: BLED85 was preferred by 50%
of the Asians.
Under VLED97 teeth were selected to be whiter regardless of ethnicity: 89.6% of the participants selected
their teeth under VLED97 to be whiter than under BLED85 (χ2d.f.=1 = 30.08, p < 0.001).
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Figure 6-4 Percentage of participants that preferred skin tone and teeth under BLED85 (white) and VLED97 (grey), broken
down by Caucasians (n = 29), Asians (n = 16), and all participants (n = 48). Preference for VLED97 was statistically
significant for all the contrasts except Asian Skin, for which there was no preference.

6.3.2 Colored Objects Evaluations
The rating scales that appeared in the questionnaires were converted to numerical scales for statistical
analyses, with higher numbers assigned to VLED97 and lower numbers to BLED85. Namely, the numerical
scale for Questionnaires A and B was: 1. Strongly prefer BLED85; 2. Moderately prefer BLED85; 3. Slightly
prefer BLED85; 4. Slightly prefer VLED97; 5. Moderately prefer VLED97; 6. Strongly prefer VLED97.
No statistically significant difference was observed for any question between the left-right and right-left
conditions, as tested by both two-sample t-tests and Mann-Whitney tests. By combining the left-right and rightleft conditions, the mean rating of each question is shown in Figure 6-5. Although no neutral point was included
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in the scales, a mean rating of 3.5 corresponds to no difference between the two lamp types. The participants
generally preferred the colors under the VLED97 illumination. Specifically, the unsaturated red, pink, and
white colors were preferred under VLED97; while no statistically-significant preference was found between
the two lamp types for orange, yellow, green, blue, violet, and wood colors. The participants also felt the colors
under VLED97 were more natural than those under BLED85. The overall preference for VLED97 was
pronounced, with an average numerical rating of 4.98. Phrases given by the participants as reasons for the
overall preference and preference for specific colors when illuminated by VLED97, included: Saturated (9
participants), vibrant (7), pop-out (4), defined (3), natural (3), attractive (2), and contrast (1). In comparison,
the booth under BLED85 was evaluated as too dull (3) and washed out (1).
Q1: Overall preference
Q2: Neutral
Q3: Red

Preference

Q4: Orange
Q5: Yellow
Q6: Green
Q7: Blue
Q8: Violet

Q9: Pink
Q10: Wood
Q11: White
Q12: Overall naturalness
Q13: Whiteness of shirt

1

2

3

BLED85

4

5

6

VLED97

Rating

Figure 6-5 Mean responses to colored object evaluations shown with 95% confidence intervals. When the confidence
interval does not overlap the neutral (dashed) line, the two lamp types yielded perceptions that were statistically
significantly different.

The whiteness of the shirt was perceived to be significantly higher under VLED97. 98% of the participants (all
but one) thought the shirt was whiter under VLED97, with an average numerical rating of 5.67. The white shirt
under VLED97 was also preferred: 90% of the participants preferred the white shirt under VLED97, with an
average numerical rating of 5.0. Seven participants specifically noted that the shirt under BLED85 was yellowtinted. The rating of whiteness of the shirt and that of the preference of the shirt was significantly different, as
tested by both Paired-Sample t-Test (td.f.=47 = -3.66, p < 0.001) and Wilcoxon Signed Rank Test (Z = 18, p <
0.001). Figure 7 illustrates that ratings of the perception of whiteness (i.e., six point scale of “significantly
whiter”, “moderately whiter”, “slightly whiter” for left and right booths) under VLED97 were stronger than ratings
of preference for the appearance of the white shirt (i.e., six point scale of “strongly prefer”, moderately prefer”,
“slightly prefer” for left and right booths). See Questionnaires B and D in the Appendix for the exact wording
of the questions.
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No significant differences were found between Caucasians and Asians, or between males and females, as
tested by Mann-Whitney tests. Table 6-1 summarizes the results of the statistical analyses.
Table 6-1 Summary of statistical analyses of the colored object evaluations [Wei and others, 2015].
All participants (N = 48)
Mean

One sample t-test
μ = 3.5

H0 :

Median

Between groups

Wilcoxon Signed Rank test

Mann-Whitney test

Mann-Whitney test

H0 : M = 3.5

H0 : M (Asian) = M (Caucasian)

H0 : M (Male) = M (Female)

μ

t47

p-value

M

Z

p-value

W

p-value

W

p-value

Q1: Overall preference

4.98

8.72

<0.001

5.00

1100.0

<0.001

237.5

0.897

282.0

0.407

Q2: Neutral

4.42

3.82

<0.001

4.50

897.5

0.002

295.5

0.122

265.5

0.687

Q3: Red

4.81

7.60

<0.001

5.00

1080.5

<0.001

266.0

0.409

261.5

0.754

Q4: Orange

3.88

1.98

0.054

4.00

769.0

0.064

276.5

0.285

266.5

0.672

Q5: Yellow

3.50

0.00

1.000

3.50

601.0

0.898

256.5

0.560

178.5

0.118

Q6: Green

3.60

0.66

0.510

3.50

640.0

0.597

258.0

0.530

332.5

0.060

Q7: Blue

3.15

-1.70

0.096

3.00

422.0

0.090

304.5

0.076

206.5

0.349

Q8: Violet

3.75

1.17

0.248

4.00

693.5

0.282

297.5

0.115

219.0

0.525

Q9: Pink

4.10

3.16

0.003

4.00

882.0

0.003

252.0

0.633

238.5

0.845

Q10: Wood

3.75

1.17

0.248

3.50

700.5

0.251

272.5

0.331

208.0

0.373

Q11: White

5.00

7.20

<0.001

5.50

1021.0

<0.001

288.5

0.152

231.5

0.709

Q12: Overall naturalness

3.92

2.22

0.031

4.00

783.0

0.046

234.0

0.971

281.0

0.451

Q13: Whiteness of shirt

5.67

23.82

<0.001

6.00

1174.5

<0.001

278.5

0.168

299.0

0.143

6.4 Discussions
6.4.1 Color
Color appearance and perception are closely related to light level. Perceived hues increase with light level,
making colors appear more saturated (Bezold-Brucke and Hunt effects [Fairchild, 2005]). The results from the
brightness matching session indicate that the spatial brightness under these two lamp types was not different
when the illuminances were identical. Thus, the evaluations made by the participants regarding the
appearance of the objects were not affected by brightness perception.
Figure 8 compares the chromaticity of the displayed objects in CIELAB space, under illumination by both
sources. The chromaticities under VLED97 are closer to those under a reference illuminant (i.e., a 2900 K
blackbody radiator), as expected based on the high Ra of the source. Some colors have slightly enhanced
saturation under VLED97 in comparison to BLED85, which is often preferred [Buck and Froelich, 1948;
Thornton, 1974; Ohno, 2005; Wei and others, 2014a]. In contrast, BLED85 causes rather large color shifts.
Notably, for warm colors (red, orange, pink) BLED85 causes a de-saturating shift. The higher color saturation
of VLED97 for these colors is well correlated with the observers’ preference. Interestingly, other differences
in saturation (more saturated green under VLED97, more saturated yellow under BLED85) did not translate
into observer preferences. This is compatible with past studies which suggested that people are more
sensitive to the changes of red-green colors [Ohno, 2005; Wei and others, 2014a]. The ability to appropriately
render red-green colors, including red/green color contrast, is believed to be important for good color rendition
[Worthey, 1982; Davis, 2006; Hashimoto and others, 2007]. Therefore, the color preference results can be
explained both in terms of color fidelity and color saturation, since the improved color fidelity of VLED97 for
warm colors also corresponded to an increase in saturation.
Finally, yet another approach to quantify this difference in saturation is the opponent process model of the
visual system [Hurvich, 1981]. When the two SPDs are scaled to have equal luminous flux, the ratio of the
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total red-green (R/G) signal of VLED97 to BLED85 is 1.06 and the ratio of total blue-yellow (B/Y) signal is
0.97. This analysis yields similar conclusions to those of Figure 6-6.
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Figure 6-6 Chromaticity shifts of objects and test color samples under illumination from BLED85 and VLED97 plotted in the
a*b* plane of the CIE L*a*b* space.

VLED97’s ability to enhance the saturation of red colors also contributed to the favorable skin tone rendering
for Caucasians, but not for Asians. Both of these results are consistent with previous studies [Sanders, 1959;
Yano and Hashimoto, 1997; Quellman and Boyce, 2002; Smet and others, 2011a] and are tentatively
attributed to cultural differences in color preference.
Gamut-based measures have been identified as proxies for color preference; a source with a larger gamut is
expected to provide higher preference. The two SPDs studied here, however, have quite similar values for
the gamut-based measures as listed in Table 5-1. This is because the increase of the area in the red-green
region is offset by the decrease of the area in the blue-yellow region, leading to the similar overall gamut area.
For gamut-based measures, all test color samples are weighted equally and only the area enclosed by these
samples is considered. Our results, however, suggest that the red-green signal is given more importance by
observers. Therefore, gamut metrics can be inaccurate predictors of color preference because they
oversimplify saturation change.

6.4.2 Whiteness
Most participants rated the white shirt to be significantly whiter and preferred under VLED97 than under
BLED85. Likewise for the teeth evaluation, most participants observed a whiter appearance under VLED97.
The whiteness enhancement under VLED97 is due to the interaction between FWAs contained in the shirt
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and teeth and the violet optical radiation provided by VLED97. The ability of VLED97 to enhance the whiteness
of the objects containing FWAs cannot be characterized by any measures listed in Table 1, since none of
them is designed for such a purpose.
To evaluate whiteness quantitatively, we employ the whiteness formula recently proposed by David and others
[David and others, 2013] and adapted in Chapter 3. The spectrum of the white shirt was measured under both
light sources. Then, chromaticities were computed and plotted in a chromaticity diagram based on the 10°
color matching functions that have been tentatively recommended by CIE TC1-36. As shown in Figure 6-7,
the chromaticity of the shirt under VLED97 is shifted towards the chromaticity of 470 nm on the spectrum
locus, which is the main direction for increased whiteness perception. The chromaticity of the shirt under
BLED85 is hardly shifted, due to the absence of FWA excitation. This pronounced difference in the shirt’s
chromaticity explains the pronounced observer response.
0.410

y

0.405

0.400
2900 K Blackbody Radiator
BLED85

0.395

VLED97
Shirt under BLED85

0.390
0.435

Shirt under VLED97

0.440

0.445
x

0.450

0.455

Figure 6-7 The chromaticities of two lamp types, VLED97 and BLED85, and the white shirt under the illumination of each
lamp type using the TC 1-36 10° color matching functions. The dashed line connects the chromaticities of a blackbody
radiator at 2900 K and that of 470nm on the spectrum locus, which is the main direction for increased whiteness
perception. The solid lines with arrows show the shift of chromaticities from the source to the white shirt illuminated by
the source. The grey region represents tint values of ± 3.

We did not perform the same analysis for teeth since we were unable to measure the luminescence properties
of the participants’ teeth quantitatively. However, qualitative observation indicates that the amount of FWA
fluorescence is more moderate for human teeth than for the shirt (possibly by a factor of three). Since the
experimental signal was still quite strong for the teeth, we conclude that participants were highly sensitive to
the enhanced whiteness effect of FWAs, even when present in moderate amounts.
The difference between the ratings for whiteness of the shirt and for the preference of the shirt, as summarized
in Figure 6-8, indicates that the whitest white is not always the most preferred. Of the 35 participants who
evaluated the shirt as being whiter under VLED97, 15 did not strongly prefer the white shirt under VLED97.
Of those 15 participants, 12 moderately preferred VLED97, one slightly preferred VLED97, and two strongly
preferred BLED85. These results suggest that the most desirable rendering of FWA-containing white objects
cannot be achieved by simply adding any amount of violet radiation. Rather, an appropriate amount is needed
to renders whites at a desirable degree of whiteness.
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Figure 6-8 Grey bars: Ratings of preference for the appearance of the white shirt on a six point scale of ‘strongly prefer’,
‘moderately prefer’ and ‘slightly prefer’. White Bars: Ratings along a six-point scale of ‘significantly whiter’,
‘moderately whiter’ and ‘slightly whiter’. The figure illustrates that the preference for the appearance of the white shirt
was not identical to the ability to distinguish differences in the whiteness of the shirt.

6.4.3 Adaptation
The difference between the two parts (Chapter 5 and Chapter 6) of this study merits comments. The same
pair of SPDs were included in these two parts with similar questions focusing on color quality, except different
adaptation conditions.
Observers had different observations or different evaluations under different adaption conditions. Generally
speaking, when an observer is mixed-adapted, it is easier for him or her to make evaluation, while when an
observer is fully-adapted, the ability to detect color difference reduces as long as the colors are not far from
his or her memory.
Applying the effect of adaptation to the evaluation of color rendition of light sources, two sources with different
color rendition ability may not cause significant differences when an observer is fully-adapted, but the
difference may be visible when the two sources are compared side-by-side under mixed-adaptation. Both
scenarios—mixed-adaption and full-adaptation—are common in daily life. For example, we may experience
mixed-adaption in a shopping mall when we compare the colors of the objects in the retail displays of two
adjacent stores or on two adjacent stalls, but full-adaptation will happen when we are evaluating objects in a
fitting room or in a closed area.

6.5 Conclusions
The color rendition of skin tone, teeth, colored fabrics, a white shirt, and unsaturated cosmetics were studied
under the illumination from two 2900 K LED lamps—a typical blue-pumped LED (BLED85) and a violetpumped LED with improved color rendition (VLED97). VLED97 provided higher overall preference and overall
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naturalness of the objects. Specifically, the neutral, red, and pink colors were preferred under VLED97.
Participants commented that colors were then more saturated, vibrant and attractive. The white objects—
teeth and a white shirt—were perceived to be whiter and preferred under VLED97. In addition, Caucasians
preferred their skin tone under the VLED97 illumination.
For color preference, the results can be interpreted with reference to color fidelity and saturation. VLED97
rendered most colors with high fidelity and no change in saturation; the colors closely matched a reference
illuminant at 2900 K. BLED85 rendered warm colors with a large color error and a desaturating shift. These
differences were easily perceived, and the higher fidelity and saturation of the VLED97 was valued. The same
analysis is valid for skin tones, although cultural factors also influenced preference. VLED97 yielded higher
red-green opponent process signals and a larger gamut area in the red and green regions. Although the
increase of gamut area and opponent signal for red-green colors came with a decrease for blue-yellow colors,
the changes for blue-yellow were not large enough to affect perception. This indicates that the rendition of
red-green colors is especially important to overall satisfaction with color rendition.
For white objects, the results are due to the rendering of enhanced whiteness—that is, appropriate excitation
of FWAs. The VLED97 source was able to induce this effect, resulting in a whiter shirt and teeth. The BLED85,
having very little violet radiation, did not induce enhanced whiteness. The difference was easily perceived by
participants and the enhanced whiteness was strongly valued.
There was a pronounced difference in user ratings between the two sources for the items studied. This is an
important result in the drive to optimize LED spectra for both color quality and luminous efficacy: It illustrates
that high-end color rendering has the potential to improve end-user experience and should not be understated.
Therefore, we believe that color and whiteness rendition must be considered as important factors, along with
luminous efficiency, in order to ensure end-user adoption of solid-state lighting. As with past work, we again
suggest that the appropriate engineering of an LED’s spectrum is necessary for both color and whiteness
rendition.
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Chapter 7
Study 4-1: The Effect of Gamut Shape on Color Preference for Retail Lighting
7.1 Hypotheses


Color preference among the light settings with similar relative gamut index but different gamut shape
are different.

7.2 Methods
The experimental procedure and protocol were approved by Penn State’s Institutional Review Board.

7.2.1 Apparatus
The side-by-side viewing booths, together with the iris and the diffuse silica, described in Chapter 6.2.1 were
used for this experiment. Various light stimuli were created by using two spectrally tunable luminaires—
Telelumen Light Replicator, with one mounted above each booth. Fifteen LED channels included in Telelumen
were employed to create various light stimuli as described below. The integrating chamber in the Telelumen
and the diffuse silica provided similar luminance distribution between the two booths, as show in Figure 7-1.

Figure 7-1 Falsecolor of the HDR image of the side-by-side booths under the illumination of Telelumen, showing similar
luminance distributions between the two booths.

During the experiment, the participants were asked to sit in front of the two booths and fix their chin and
forehead on a rest, aligning his or her sagittal plane with the panel dividing the two booths. The chin-forehead
rest was 17 inches away from the front of the booth and 7 inches above the floor panel of the booth.
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Various objects were placed in the booth, including ties and shirts with different colors, with a reflectance
distribution shown in Figure 7-3. The arrangement was made to mimic a typical scenario for a retail application,
as shown in Figure 7-2.

Figure 7-2 The layout of the side-by-side booths.
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Figure 7-3 Spectral reflectance distributions of ties and shirts placed in the booths, measured in an integrating sphere.
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7.2.2 Participants
Forty participants (30 males and 10 females) with the age range 19 to 25 years (mean = 21.7, std. dev = 1.75)
were recruited. All participants had normal color vision as tested by the 24 Plate Ishihara Color Vision Test.
Most of them were university students but none of them were studying lighting. Thirty self-identified as
Caucasian, 8 Asian, 1 Hispanic/Latino, and 1 mixed.

7.2.3 Experimental Design
7.2.3.1. Independent Variables
The independent variable was SPD, with 12 in total.
As mentioned in Section 2.5, relative gamut area was regarded as a proxy for color preference. Colors under
the illumination of SPDs with larger gamut tend to have higher chorma compared to those under the
illumination of SPDs with smaller gamut [David and others, 2015]. In order to better predict the ability to
enhance chorma of various objects in the real world, the relative gamut area was calculated based on the
reflectance distribution of 370 real objects that were selected from an existing dataset [David, 2013]. The
distribution of these 370 samples under a 3000 K blackbody radiator in CIEL*a*b* space is shown in Figure
7-4.
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Figure 7-4 The chromaticities of the 370 real objects, used for the gamut area calculation, under the illumination of a 3000
K blackbody radiator plotted in the a*b* plane of the CIE L*a*b* space.

Many past studies have shown that colors with enhanced chroma tend to be preferred by human beings;
human beings seem to be more sensitive to the change of chroma in red colors [Wei and othersl, 2014]. A
relative gamut area index can only characterize the general change of chroma under a test illuminant. It is
possible that two illuminants have the same gamut area index, but one can increase the chroma of red and
the other can increase the chroma of blue.
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Figure 7-5 The spectral power distributions of the light settings created by Telelumen for this study. (a) Reference SPD; (b)
the enhanced spectra in S-series; (c) the enhanced spectra in T-series.

All the SPDs included in this study were designed to be metameric to a 3000 K blackbody radiator using the
1964 10° CMFs, which seems to better characterize our visual perception. One SPD (shown in Figure 7-5
(a)), labeled as “Reference SPD”, was designed to render these 370 samples in the same way as the
blackbody radiator, as shown in Figure 7-6 (a). Two sets of enhanced spectra, with a set of 5 S-series SPDs
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(from S0 to S4) having a relative gamut index around 120 (shown in Figure 7-5 (b)) and a set of 6 T-series
SPDs (from T0 to T5), having a relative gamut index around 110 (shown in Figure 7-5 (c)) were created.
The SPDs in S-series and T-series were designed to have very similar gamut area index, but with different
abilities to change the chroma of different colors, characterized by gamut shape (Figure 7-6 (b)-(f) are for Sseries and Figure 7-6 (g)-(l) are for T-series). Figure 7-6 illustrates that the chroma in the red region increases
as the series goes from S0 to S4 and from T0 to T5, but the gamut area stays nearly constant. Table 7-1
describes colorimetric properties of these SPDs, which were based on the average SPDs measured during
the course of the experiment. Due to the power of different channels included in Telelumen, the horizontal
illuminance provided by S-series was calibrated at 300 lx; that provided by T-series was calibrated at 350 lx,
which were measured by the Minolta T-10 illuminance at the center of the floor in each booth.

(a) Ref
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80
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Figure 7-6 The gamut shape of each SPD included in this study. The gamut shape is calculated based on 370 real objects
in CIECAM02 UCS.

Table 7-1 Summary of the spectral data included in the study.

No.

x

y

CCT

Duv

Ref
S0
S1
S2
S3
S4
T0
T1
T2
T3
T4
T5

0.4224
0.4180
0.4269
0.4214
0.4215
0.4263
0.4163
0.4171
0.4153
0.4193
0.4213
0.4206

0.3772
0.3864
0.3857
0.3823
0.3720
0.3646
0.3841
0.3824
0.3758
0.3754
0.3720
0.3698

3029
3197
3021
3093
2997
2837
3211
3180
3156
3072
3003
2995

-0.009
-0.004
-0.006
-0.007
-0.011
-0.015
-0.005
-0.006
-0.009
-0.009
-0.011
-0.012

CRI
Ra
85.4
78.7
73.5
65.1
53.5
37.2
88.1
86.8
82.1
78.4
71.6
63.5

Based on 370 real
samples

CQS
R9
62.9
82.4
76.5
27.2
-28.2
-90.5
70.9
92.2
74.6
54.8
23.4
-12.1

Qa
92.0
75.4
75.9
74.7
68.3
54.0
89.2
89.9
88.7
87.2
84.4
78.2

Qf
90.5
70.5
70.7
69.1
62.6
50.5
85.3
86.0
83.8
81.9
77.7
71.5

Qg
99.4
120.8
123.8
124.5
127.8
129.7
110.2
110.7
112.9
112.7
113.6
113.9

Rf
86.8
67.0
72.9
73.8
69.1
56.7
83.4
85.8
85.5
82.5
79.2
71.4

Rg
101.2
121.5
119.8
121.4
121.7
121.6
111.6
110.6
110.4
111.0
111.1
109.0

7.2.3.2. Dependent Variables
Under each pair of light settings, the participant was required to evaluate the overall preference between the
two booths and the preference of the objects in different colors by observing the objects in the two booths;
the observer was asked to evaluate the preference of the skin tone of his or her own hands by placing the two
hands into the booths, with one in each booth. All the evaluations were made using a six-point rating scale,
which was designed to be a forced-choice scale without a neutral point.
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Figure 7-7 Questionnaire used for color preference evaluations.

Each observer made 13 pairs of comparisons, which were divided into two sets. The first set was comprised
of six paired comparisons, which were made under 350 lx between Reference and each of the five S-series
SPDs and a null-condition pair between Reference and Reference; the second set was comprised of seven
paired comparisons, which were made under 300 lx between Reference and each of the six T-series SPDs
and a null-conditional pair between Reference and Reference. The order of these two sets of comparisons
were counter-balanced between observers; the position of the Reference SPD was also counter-balanced
between observers. Within each set of the comparisons, the order of the pairs were randomized. The
questionnaire for each pair of comparison is shown in Figure 7-7, the same questionnaire was used for all 13
pairs of comparisons.
After evaluating each set of the comparisons, the observer was asked to finish another questionnaire
regarding the purchasing experience using a questionnaire shown in Figure 7-8.

Figure 7-8 Questionnaire for purchasing experience.
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7.2.3.3. Experimental Procedure
Upon arrival, the participant read a brief description of the experiment, signed an informed consent form, and
completed a general information survey (e.g., sex, age, race). The participant finished these under the
illumination of 3000 K linear fluorescent lamps at 300 lx. Then the participant was escorted into the experiment
space and seated in front of the side-by-side booths. He or she was instructed to adjust the height of the seat
and to comfortably place his or her head in the chin and forehead rest. The experimenter read the instructions
from a pre-written script and answered questions raised by the participant. Then the settings of the two
Telelumens were set based on a pre-written script. Half of the participants made evaluations among S-series
at 300 lx first and the other half made evaluations among T-series at 350 lx first. For all the comparisons within
each series, one of the two booths was always under the illumination of Reference (i.e., reference booth),
while the other was one of the SPDs in the series (i.e., test booth). The locations were counterbalanced
between participants.
Before the evaluation of all comparisons within each series, the Telelumen providing the enhanced spectra
was programed to present each SPD, including Reference for the null condition, for 10 seconds in random
order; the entire cycle was repeated twice. During this period, the participant was asked to compare the
appearance of all the objects between the two booths, allowing the participant to have an idea about the range
of the conditions to be experienced.
After presenting all possible conditions to the participant, the experimenter set the SPD for the test booth
based on a pre-written script. The participant was asked to carefully compare the appearance of the objects
between the two booths for 30 seconds, allowing the visual system to adapt to the condition. Then the
questionnaire as shown in Figure 7-7 was given to the participant. The participant was instructed to put their
hands into the two booths when completing the last question regarding the skin tone appearance of the hands.
After finishing all the questions, the experimenter took the questionnaire back and set the SPD for the test
booth to a new setting. The same procedure was followed for all comparisons. After finishing all the
comparisons for the series (i.e.5 comparisons for S-series or 6 comparisons for T-series, plus a null condition
trial), the questionnaire as shown in Figure 7-8 was given to the participant to finish. After that, the participant
was asked to leave the seat and experience a three-minute wash-out period under the illumination of 3000 K
linear fluorescent lamps at 300 lx.
After the wash-out period, the participant returned to the booth and finished the other set of the comparisons,
either S-series at 300 lx or T-series at 350 lx. The same procedures described above were followed.
After finishing all comparisons, the participant stepped out of the space and was then escorted to a table
where the 24 Plate Ishihara Color Vision test was administered. The entire procedure for the three sessions
took 15 to 20 minutes for each participant.
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7.3 Results
The rating scales that appeared in the questionnaires were converted to numerical scales for statistical
analyses, with higher numbers assigned to the enhanced spectra and lower numbers to Ref. Namely, the
numerical scale was: 1. Strongly prefer Ref; 2. Moderately prefer Ref; 3. Slightly prefer Ref; 4. Slightly prefer
the enhanced spectrum; 5. Moderately prefer the enhanced spectrum; 6. Strongly prefer the enhanced
spectrum.

7.3.1 Null Condition Trials
For null-condition trials, both booths had Reference SPDs. Higher numbers were assigned to the test booth
and lower numbers were assigned to the reference booth. As shown in Figure 7-9, no statistical difference
was observed between the two booths when both of them were under the illumination of Reference SPD,
regardless of which of the two booths was employed as the reference booth.
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Figure 7-9 Mean ratings, together with 95% confidence interval bar, for null condition trials.
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7.3.2 Effect of SPDs in S-series on color preference
The mean of the ratings, together with a 95% confidence interval, of preference rating of difference colors
between Reference and each SPD in S-series are shown in Figure 7-10.
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Figure 7-10 Mean ratings, together with 95% confidence interval bars, for preference evaluations of various color and skin
tone between each enhanced spectra in S-series and Reference SPD.

Overall preference, preference of red, orange, green, cyan, blue, pink under all SPDs in S-series were higher
than those under Ref. For yellow, only S1 and S2 had higher preference; for skin tone, S0, S1, S2, and S3
had higher preference.
For the evaluation of each color, a repeated-measures ANOVA was employed to test the effect of SPD, as
summarized in Figure 7-11 (when the assumption of Sphericity was violated, the Huynh-Feldt or GreenhouseGeisser correction was employed).
Mauchly's Test of Sphericity

Effect of SPD

Overall

χ2 (9) = 20.58; p = 0.015

F (3.23) = 2.30; p = 0.076

Red

χ2 (9) = 14.11; p = 0.119

F (4) = 7.00; p < 0.001

Orange

χ2 (9) = 17.09; p = 0.048

F (3.37) = 5.65; p = 0.001

2

Yellow

χ (9) = 12.65; p = 0.180

F (4) = 1.45; p = 0.220

Green

χ2 (9) = 9.11; p = 0.428

F (4) = 1.26; p = 0.287

2

Cyan

χ (9) = 16.61; p = 0.055

F (4) = 5.36; p < 0.001

Blue

χ2 (9) = 12.11; p = 0.207

F (4) = 0.33; p = 0.857

Pink
Skin

2

χ (9) = 44.92; p < 0.001
χ2 (9) = 36.43; p < 0.001

F (2.79) = 1.80; p = 0.156
F (2.94) = 1.49; p = 0.247

Figure 7-11 Summary of statistical analyses regarding the effect of SPDs in S-series on color preference evaluations.

85

For the colors that SPD was significant, pair-wise comparison with Bonferroni adjustment was employed
(family-wise error rate was set at 5%).




Red: S4 was significantly higher than S0;
Orange: S3 and S4 were significantly higher than S0;
Cyan: S4 was significantly higher than S0 and S1.

7.3.3 Effect of SPDs in T-series on color preference
The mean of the ratings, together with a 95% confidence interval, on preference ratings of difference colors
between Reference and each SPD in T-series are shown in Figure 7-12.
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5

T0

4

Rating

T1
T2
T3

3

T4
T5

2

1
Overall

Red

Orange

Yellow

Green

Cyan

Blue

Pink

Skin

Color

Figure 7-12 Mean ratings, together with 95% confidence interval bars, for preference evaluations of various color and skin
tone between each enhanced spectra in T-series and Reference SPD.

Overall preference, preference of red, orange, green, cyan, blue, pink under all SPDs in T-series were higher
than those under Ref. For yellow, only T0 and T1 had higher preference; for skin tone, T4 and T5 had higher
preference.
Similar repeated-measures ANOVA, together with pair-wise comparisons, were conducted on the evaluations,
as summarized in Figure 7-12 and Figure 7-13.



Red: T4 and T5 were significantly higher than T0; T4 was significantly higher than T1;
Orange: T5 was significantly higher than T0, T1, and T2
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Mauchly's Test of Sphericity
2

Effect of SPD

Overall

χ (14) = 26.38; p = 0.023

F (3.77) = 0.83; p = 0.503

Red

χ2 (14) = 24.83; p = 0.037

F (4.03) = 5.68; p < 0.001

Orange

χ2 (14) = 18.37; p = 0.191

F (5) =7.63; p < 0.001

Yellow

χ2 (14) = 31.06; p = 0.006

F (3.83) = 1.47; p = 0.217

2

Green

χ (14) = 11.09; p = 0.680

F (5) = 1.33; p = 0.254

Cyan

χ2 (14) = 14.81; p = 0.392

F (5) = 1.35; p = 0.245

Blue

χ2 (14) = 14.07; p = 0.445

F (5) = 0.82; p = 0.540

2

Pink

χ (14) = 18.98; p = 0.166
χ2 (14) = 42.57; p < 0.001

Skin

F (5) = 1.80; p = 0.114
F (3.16) = 1.28; p = 0.284

Figure 7-13 Summary of statistical analyses regarding the effect of SPDs in T-series on color preference evaluations.

7.3.4 Skin Tone Preference
In order to further investigate whether skin tone preference under various illumination conditions varied
between Asian (n = 8) and Caucasian (n = 30) (note: data from the 1 Hispanic/Latino and the mixed were
discarded), race was regarded as a between-subject factor in the repeated-measure ANOVA. Figure 7-14
summarizes the mean ratings and 95% of the confidence interval.
For the evaluations between Reference and SPDs in S-series, race was a significant factor (F (1) = 4.254, p
= 0.046) and the interaction between race and SPD was also significant (F (2.865) = 4.886, p = 0.004).
For the evaluations between Reference and SPDs in T-series, neither race nor the interaction between race
(F (1) = 1.619, p = 0.211) and SPD was significant (F (3.160) = 0.448, p = 0.729).
Generally speaking, the Asians did not have preference between Reference and any enhanced spectra; the
Caucasians preferred to have their skin tone under the illumination of S0, S1, S2, S3, T4, and T5 in
comparison to Ref.
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Caucasian
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3

Caucasian
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Rating

Rating

Asian
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3

2

2

1

1
S0
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S2
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S4

T0

T1

T2

T3

T4

T5

SPD

Figure 7-14 Mean ratings, together with 95% confidence interval bars, for preference evaluations of skin tone, broken down
by Caucasians and Asians, between each enhanced spectra and Reference SPD.
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7.3.5 Purchasing Experience
The mean ratings together with 95% confidence interval of the three questions related to purchasing
experience that were finished after S-series and T-series are summarized in Figure 7-15. After observing the
difference of the colors under various illumination conditions, the participants agreed that the illumination
would affect their purchasing experiences.
6

S-series

T-series

Rating

5

4

3

2

1

Q1: The lighting differences that I just
experienced would be large enough to
affect the pleasantness of my shopping
experiences.

Q2: The lighting differences that I just
experienced would be large enough to
affect where I do my shopping

Q3: I would recommend to shop in stores
that render colors in more preferable
ways

Figure 7-15 Mean ratings, together with 95% confidence interval bars, for purchasing behavior evaluation after finishing all
comparisons among S-series and T-series.

7.4 Discussion
The chromaticity of each shirt and tie placed in the booth under the illumination of each SPD was plotted in
CIECAM02-UCS, as shown in Figure 7-16.
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Figure 7-16 The chromaticity shift of various objects in the booth under various illuminations in CIECAM02-UCS. (a) under
each enhanced spectra in S-series; (b) under each enhanced spectra in T-series. (the circles represent shirts, the squares
represent ties, the open circles/squares are the chromaticity under Ref, the arrows are showing the shifts from S0 to S4 or
from T0 to T5.
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Under either S-series or T-series SPDs, the ties or the shirts in red, orange, green, and pink had higher
chroma, which were generally preferred by the participants, as shown in Figure 7-10 and Figure 7-12. For the
colors which the participants generally had no preference between Reference and enhanced spectra, the
enhanced spectra mainly introduced hue shifts or small chroma shifts. These hue shifts, however, did not
cause a lower color preference.
For these objects, the higher the chroma, the higher the preference. The preference of enhanced chroma
corroborates to past studies [Wei and others, 2014a; Wei and others, 2015].
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Chapter 8
Study 4-2: The Effect of Gamut Shape on Color Preference for a Restaurant Setting
This is a continuation of Study 4-1 included in Chapter 7. The working hypothesis and independent variables
are similar to those described in Chapter 7. The results in this chapter allow us to compare the color preference
under different applications.

8.1 Hypotheses



Color preference among the light settings with similar relative gamut index but different gamut shape
are different.
Color preference varies with lighting applications.

8.2 Methods
This study included two sessions: Evaluation of real objects under a restaurant setting and evaluation of skin
tone. The experimental procedure and protocol was approved by Penn State’s Institutional Review Board.

8.2.1 Apparatus
A viewing booth with nominal dimensions of 0.81 m (width) × 0.41 m (depth) × 1.04 m (height) was built. The
interior of the booth was painted with Behr Premium Plus Ultra Paint and Primer in One, which had a relatively
flat reflectance distribution across the visible spectrum. Light stimuli were created by using a spectrally tunable
luminaire, TeleLumen Light Replicator, which was mounted above the booth. A circular aperture was cut at
the center of the ceiling panel of the booth, which had a similar size as the lens and cylindrical diffuser of the
luminaire, allowing the light to penetrate into the booth, as shown in Figure 8-1.

Figure 8-1 The top view of the viewing booth and Telelumen
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The front side of the booth was partially covered, with the bottom 0.61 m open, preventing the observers from
seeing the luminaire directly. A chin-forehead rest was mounted on the floor of the booth, centered on the
opening. The floor of the booth was partially cut, allowing the observer to be immersed in the light setting and
to increase the light level on the face of the observer. The horizontal illuminance provided by each light
stimulus was calibrated at 500 lux, measured at the center of the floor in the booth using a Minolta T-10
illuminance meter (a NIST traceable calibration certificate is on file). The illuminance level was selected within
the range of photopic vision and for architectural illumination.
Various objects were placed in the booth, including a cutting board, cured meats, bread, olives (placed in a
bowl), sliced peppers (placed in a bowl), flowers, sushi (placed on a plate), red salt shaker, drink bottle with a
label, napkin, and chopsticks. It was arranged purposely to mimic a restaurant setting. A mirror was also
placed in the booth, leaning against the back wall, allowing the observers to observe the skin tone of their
face. Figure 8-2 shows the arrangement of the booth; the spectral reflectance distribution of each object is
shown in Figure 8-3.

Figure 8-2 The layout of the objects in the booth, viewing behind where the observer sits.
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Purple Flower
Yellow Flower1
Yellow Flower2

Figure 8-3 The spectral reflectance distributions of various objects included in the study, measured in the booth.
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8.2.2 Participants
Forty participants (23 males and 17 females) with the age range 19 to 25 years (mean = 21.4, std. dev = 1.84)
were recruited. All participants had normal color vision as tested by the 24 Plate Ishihara Color Vision Test.
Most of them were university students but none of them were studying lighting. Twenty-six self-identified as
Caucasian, 12 Asian and 2 black.
8.2.3 Experimental Design
8.2.3.1. Independent Variable
The independent variable was SPD, with 10 SPD in total. The 5 SPDs in S-series described in Chapter 7.2.3.1
were included; 5 of the SPDs—T0, T2, T3, T4, and T5—in T-series described in Chapter 7.2.3.1 were included.
The readers are referred to Section 7.2.3.1 for details about these SPDs. In order to keep the time of the
experiment to be reasonable, T1 was dropped in this experiment (We also found T1 had similar effects
compared to T0 and T2 in Study 4-1).

8.2.3.2. Dependent Variables
The dependent variable was color preference. Pairs of light stimuli were presented in a rapid-sequential mode
to each participant, with each stimulus being presented for 5 seconds with a dark period of 0.01 seconds
between the two stimuli. The participant was asked to choose under which of the two stimuli in each pair he
or she prefer the overall color of the objects placed in the booth or his or her skin tone in the mirror, which is
a forced choice. If the participant declared that they were the same, the experimenter instructed him or her
that some pairs might be difficult, but a selection was required for each pair.
For the five SPDs in each series, all possible pairs of SPDs were presented to each participant, including 10
pairs of mixed stimuli (i.e., the pair included two different SPDs) and 5 pairs of null condition trials (i.e., the
pair included two identical SPDs). In order to counter a possible interval bias or order bias, the 10 pairs of
mixed stimuli were presented in two orders (e.g., AB and BA), which was counterbalanced between
participants. In total, each participant evaluated 30 pairs of stimuli for skin tone, with 15 pairs of S-series SPDs
and 15 pairs of T-series SPDs, and also evaluated 30 pairs of stimuli for objects, with 15 pairs of S-series
SPDs and 15 pairs of T-series SPDs. The order of skin tone and object evaluation was counterbalanced; the
order of T-series and S-series was also counterbalanced. Before the first 30 pairs of evaluation, either for skin
tone or objects, 3 practice pairs of stimuli were presented to each participant, which were not randomized and
purposely selected to present different conditions that the participant could observe, including a pair having
big difference, a pair with subtle difference, and a null condition pair.
After finishing all 30 pairs of evaluation for objects, each participant was asked to finish the two questionnaires,
as shown in Figure 8-4, regarding how different objects affected his or her judgements.
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Figure 8-4 Questionnaires on how objects affected participants’ judgements.
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8.2.3.3. Experimental Procedures
Upon arrival, the participant read a brief description of the experiment, signed an informed consent form, and
completed a general information survey.
The participant was then escorted to the viewing booth and seated in front of the booth, with his or her chin
and forehead comfortably fixed on the rest. The experimenter read the instructions from a script and answered
questions raised by the participant. Then the experimenter instructed the participant that the following
evaluations should be made based on objects in the booth or the skin tone of his or her face seen from the
mirror. Half of the participants completed skin tone evaluations first, the other half completed objects
evaluations first.
The experiment proceeded with three practice pairs. The participant was free to ask any questions. After
answering the questions, the experiment continued with the presentation of the 30 pairs listed on the recording
sheet, with 15 pairs of S-series and 15 pairs of T-series. The order of S-series and T-series was
counterbalanced between participants (i.e., 20 participants finished 15 pairs of S-series first and 20
participants finished 15 pairs of T-series first). The order of the 15 pairs within S-series or T-series was
randomized.
For each pair of the stimuli, the experimenter loaded a script through the software which alternated the lighting
in the booth every 5 seconds with a dark period of 0.01 seconds between each alternation. The dark period
was included to let the participant know the lighting was changing, especially for null condition pairs when two
stimuli were identical. As the lighting was changing, the experimenter spoke aloud “A, B, A, B…”. The
participant was instructed to observe at least four alternations before providing a response, but he or she was
free to observe and compare the two stimuli within each pair as long as necessary. After the participant made
a selection, the experimenter recorded the selection and proceeded to the next pair. After completing the 25
paired comparisons, the participant finished two questionnaires if he or she just finished the evaluations of
objects in the booth and then left the seat to experience a three-minute washout period. The participant
finished the questionnaires one by one separately and had no idea that the other questionnaire would be
coming.
After the three-minute washout period, the participant returned to the booth and finished the 30 pairs of
evaluation for skin tone or objects in the booth, following the same procedure described above.
After finishing all the evaluations, the participant stepped out of the space. The 24 Plate Ishihara Color Vision
Test was then administered in a windowless room. The entire procedure took about an hour for each
participant. The objects were purchased every other day from the same grocery store, trying to minimize the
variation of the colors of the objects.
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8.3 Results
8.3.1 Data Reliability
The experiment was designed for complete counterbalancing; the SPDs included in each pair of comparisons
had an even chance to be presented first or second. Random chance suggests an even number of selections
for first/second throughout the experiment. As summarized in Figure 8-5, the first stimulus in the pair was
selected 49.9% of the time, which was not statistically different from 50%. Chi-Square Test of Independence
test was also conducted for each pair of the SPDs for skin tone and objects evaluation, to test whether the
selection within each pair was dependent upon the order of presentation. The selection and the order were
found to be independent to each other for all pairs.

Objects
Skin tone
Objects
T-series
Skin tone
Total
S-series

Order
First Second
203
197
204
196
203
197
188
212
798
802

Figure 8-5 Summary of selections of preferred stimuli and presentation order.

8.3.2 Effects of SPD on Color Preference Evaluations
The effects of SPD on preference evaluations were examined by analyzing the results of the pairs of mixed
stimuli. Variance Stable Rank Sums (VSRS), an adaptation of two-way analysis of variance by ranks
developed by Dunn-Rankin [Dunn-Rankin and others, 2004] and used in past lighting research [Houser and
others, 2009], was employed to test the effect of SPDs. Figure 8-6 and Figure 8-7 summarize the results of
VSRS tests for objects evaluation and skin tone evaluation respectively.
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Figure 8-6 Summary of the VSRS tests for preferred stimulus selection. Values in the matrix are the difference of Ri
between spectra. Shaded values represent comparisons that are significantly different at the α = 0.05 level (with a value
larger than 31.10). When the value is larger than 37.11, it is significant at the α = 0.01 level.
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Figure 8-7 Summary of the VSRS tests for preferred stimulus selection. Values in the matrix are the difference of Ri
between spectra. Shaded values represent comparisons that are significantly different at the α = 0.05 level (with a value
larger than 31.10). When the value is larger than 37.11, it is significant at the α = 0.01 level.

For five stimuli with 40 participants, a statistically different pair needs to have a difference of Ri, as listed within
the matrix, larger than 31.10 (at α = 0.05) or 37.11 (at α = 0.01).
Thus, for objects evaluations:



The participants preferred the colors of the objects under S1, S2, and S3 over those under S4, and
those under S2 over those under S0;
The participants preferred the colors of the objects under T3, T4, and T5 over those under T0.

For skin tone evaluations:



S2, S1, S0, and S3 were preferred over S4; S1 and S2 were preferred over S3; and S1 and S2 were
preferred over S0;
T0, T2, and T3 were preferred over T4; T2 and T3 were preferred over T5.
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Figure 8-8 Interval scales of the five stimuli observed by the participants derived by Thurstone case V method [Thurstone,
1994]. The scales are standardized, with a mean of zero and a standard deviation of 1 for the stimuli included in each
group.
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In addition to VSRS, Thurstone case V was employed to derive an interval scale of the SPDs in each series
for objects and skin tone evaluation, which graphically presents the relationship between the SPDs, as shown
in Figure 8-8. It can be observed that the profile of the interval scales for objects and skin tone evaluation are
not always similar. For S-series, S1 and S2 were generally preferred for skin tone and objects; for T-series, it
is difficult to say which SPDs were commonly preferred for skin tone and objects appearance.

8.3.3 Rating and Rank of Influential Objects
Each participant was asked to finish two questionnaires after finishing all pairs of comparisons of object
evaluations. One questionnaire asked the participant to rate how strong each objects influenced his or her
judgements on a scale between “had no influence on my judgements” and “very strongly influenced my
judgements”; the other asked the participant to rank the importance of the objects from most important (rank
1) to least important (rank 10).
Very strong
influenced my 7
judgments
6

Rating

5

4

3

2
Had no
influence on
1
my judgments

Cutting Cured
Board Meats

Bread

Olives Peppers Flowers Sushi

Salt
Bottle Napkin
shaker

Objects

Figure 8-9 The mean ratings, together with 95% confidence intervals, of how various objects affected participants’
judgements.

Figure 8-9 summarizes the mean ratings, together with 95% confidence interval, of how each object affected
the participants’ judgements; Figure 8-10 summarizes the mean ranks, together with a 95% confidence
interval, of the importance of each object on the participants’ judgements. The peppers and the sushi were
the two objects most strongly affected and were ranked top two objects affecting the evaluations; followed by
the cured meats and the flowers. The mean ratings and the mean ranks of these objects were highly negatively
correlated to each other (Pearson correlation r = -0.979, p < 0.001)..
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Figure 8-10 The mean rank, together with 95% confidence interval, of the importance of each object on participants’
judgements.

8.4 Discussions
8.4.1 Hue Shift and Chroma Shift for Objects Evaluation
The chromaticity of the objects placed in the booth under each SPD are plotted in CIECAM02-UCS, as shown
in Figure 8-11. Objects under the SPDs in S-series and T-series all have color shift, both hue shift and chroma
shift.
For the objects that the participants did not select to affect their evaluations, such as flowers, cutting board,
bread, napkin, salt shake, label of wine, these enhanced spectra do not cause big hue shift or chroma shift,
as shown in Figure 8-11 (d) and (e). For peppers and a piece of sushi, color shift is comprised of both hue
shift and chroma enhancement. By comparing the shifts under S-series and T-series, it can be observed that
the hue shift under S0 to S4 is larger than that under T0 to T5, although S0 to S4 also has larger chroma shift
than T0 to T5.
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Figure 8-11 The chromaticity shift of various objects in the booth under various illuminations in CIECAM02-UCS. The
arrows are showing the shifts from S0 to S4 or from T0 to T5.

Many psychophysical experiments suggest that enhanced chroma is generally preferred [Davis and Ohno,
2010; Wei and others, 2014a; David and others, 2015; Lin and others, 2015; Wei and Houser, 2015; Wei and
others, 2015], which is the reason to employ gamut area as a proxy for color preference. It has also been
claimed that decreased chroma is worse than an increase chroma or hue shift [Ohno, 2005]. As chroma shift
always comes with hue shift, as shown in Figure 8-11, it merits discussion about which one is important.
Coupled with participants’ evaluations summarized above and shown in Figure 8-8, participants were not in
favor of the spectrum providing highest chroma in S-series, but in favor of the spectra providing higher chroma
in T-series with smaller hue shift. It suggests hue shift is worse than chroma increase. Thus, in addition to a
simple relative gamut area index (e.g., GAI, Rg), gamut shape also matters.
The Color Saturation Icon included in CQS v9.0 is well known to the lighting industry; it only shows the chroma
shift of different hues. The Color Distortion Icon included in IES TM-30-15 [David and others, 2015; IES, 2015]
represents both hue shift and chroma shift. Figure 8-12 (a) shows the saturation icon using the 99 samples
included in IES TM-30-15 of an SPD, which does not include hue shift; Figure 8-12 (b) is the Color Distortion
Icon of a same SPD, which includes hue shift. There is no doubt that more information is presented in the
Color Distortion Icon than the Saturation Icon, which may be important for certain applications.
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Figure 8-12 The saturation icon and color distortion icon for the same SPD. The saturation icon cannot present the hue
shift information [Wei, 2015].

8.4.2 Skin Tone Preference
As past studies and the studies above found, people with different races had different preferences of their
skin tone. Although the sample size in this study was not high enough to draw statistically sound conclusion
about the preference of Asian or Caucasian, the general trend can still be presented in the VSRS matrix, as
shown in Figure 8-13.
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Figure 8-13 Summary of the VSRS tests for preferred stimulus selection for skin tone rendition, broken down by
Caucasians and Asians. No statistical tests can be performed due to the small number of samples.

The chromaticity of Asian and Caucasian skin tone under S-series and T-series are plotted in CIECAM02UCS, as shown in Figure 8-14. The effect of these SPDs on skin tone rendition of Asians and Caucasians are
similar, skin tones having higher chroma in comparison to those under Reference.
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Figure 8-14 Chromaticity shifts of typical Asian and Caucasian skin tone under various illuminations in CIECAM02-UCS.
The arrows are showing the shift from S0 to S4 and T0 to T5. (left) under S-series; (right) under T-series.

When comparing the skin tone under each of the enhanced spectra in S- or T-series, Asian participants
generally were not in favor of enhanced chroma, but Caucasian participants were, as summarized in Chapter
7.3.4. When comparing the skin tones among the SPDs in S- or T-series, it is interesting that the SPDs having
smaller hue shift were generally preferred.
Coupled with the results in Study 4-1, skin tone with enhanced chroma is generally preferred by Caucasians,
the illumination providing higher chroma and smaller hue shift would be the most preferred. Asians do not
have a strong preference for enhanced chroma, but smaller hue shift is also preferred.

8.4.3 Characterization of Color Rendition
The SPDs under which the colors of the objects were preferred by participants were not always preferred for
skin tone. In other words, color preference actually varies among different lighting applications. Certain SPDs
may be preferred for real objects but may not be preferred for skin tone. For familiar objects (e.g., the sushi,
peppers) hue shift may be worse than chroma enhancement, as people have a good idea about how the
objects should appear; for unfamiliar objects (e.g., shirts, flowers, etc), chroma enhancement may be more
important than hue shift, as people do not have a color in their memory about how the color should appear.
A two-measure system, with one for color fidelity and one for color gamut, can capture the most important
information about color rendition of a light source, but these two measures cannot always accurately
characterize the color preference of various objects under a light source. A Color Distortion Icon, presenting
both hue shift and chroma shit, could provide more information to lighting professionals to understand the
color rendition of a light source and to specify a light source for a lighting project.

102

8.5 Conclusions
Color rendition of man-made objects, skin tone, and familiar objects were studied under various enhanced
spectra, all of which had similar chormaticities using 1964 10° CMFs. These enhanced spectra were designed
to increase the chroma of colors in comparison to a reference illuminant (i.e., a 3000 K blackbody radiator),
characterized by a larger relative gamut area in CIECAM02-UCS using 370 real objects. There are 11 SPDs
in total, with 5 SPDs in S-series having a relative gamut area index of 120 and 6 SPDs in T-series having a
relative gamut area index of 112. The spectra in each series had similar gamut area, but different gamut
shapes, so that they had different abilities to enhance the colors.
Forty participants evaluated color preference of man-made objects (i.e., ties and shirts) and the skin tone of
their hands between each of these enhanced spectra and a reference spectrum. Participants generally
preferred the overall appearance of the objects under these enhanced spectra than those under the reference
spectrum, especially for red, orange, green, and pink colors, which had higher chroma under these enhanced
spectra. For other colors, no preference was found between enhanced spectra and the Reference spectrum,
as no chroma enhancement was introduced by these enhanced spectra. After observing the effect of lighting
on the appearance of the objects, participants agreed that lighting had effects on their purchasing experience
and they would prefer to have the lighting render the colors in their preferred way. For the skin tone rendition,
Asians had no preference between the enhanced spectra and the reference spectrum, but Caucasians had
higher preference for their skin tone under most of the enhanced spectra.
Another forty participants evaluated the general preference of a series of real objects and the skin tone of
their faces among the enhanced spectra in S-series and T-series. The participants preferred the appearance
of the objects with a higher chroma and smaller hue shift. For familiar objects, hue shift could be worse than
chroma enhancement. For skin tone rendition, the spectra with smaller hue shift are preferred over those with
large hue shift.
A spectrum may introduce color shift in different ways to different objects. Coupled with the fact that people’s
criteria for color preference evaluation vary among different lighting applications, it is not easy to characterize
color preference of a light source. A two-measure system, like Rf-Rg introduced in IES TM-30-15, with one
for color fidelity and one for gamut area, can capture the most important general information of a light source
regarding color shift and chroma shift. A color distortion icon, presenting both hue and chroma shifts, should
be employed to provide more detailed information for lighting professionals to understand or specify a product
based on their needs. Future work to separately evaluate hue shift and chroma shift can help us to better
understand our visual system, to develop additional metrics or tools to characterize color rendition for a light
source, and to develop light sources with better color rendition characteristics.
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Chapter 9
Conclusions
Four comprehensive studies are included in this dissertation, all of which were designed to investigate how to
tune the LED spectra to enhance whiteness and color rendition. Meanwhile, these studies were designed to
further understanding about human perception of light stimuli regarding color perception and whiteness
perception. All of these studies provide valuable input to the lighting community and professional organizations
(i.e., IES and CIE). From these studies, it can be concluded:











Typical blue-pumped white LED cannot render whiteness due to the lack of violet optical radiation,
which cannot be characterized by the current CIE Whiteness Index;
The enhancement of whiteness can be achieved by simply shifting the chromaticites towards a
certain direction when an observer is mixed adapted, or by including violet optical radiation to excite
the FWAs when an observer is fully adapted. Two whiteness metrics are introduced to characterize
these two effects;
LEDs with violet optical radiation can excite the FWAs contained in white objects; a proper amount
of violet optical radiation is necessary to render whiteness in a preferred way;
Through numerical analysis, not only typical blue-pumped LEDs, but also color-mixed LEDs, cannot
accurately render whiteness, due to the lack of violet content in the spectrum;
Whiteness rendition and color rendition can be achieved simultaneously by spectral tuning. For a
typical blue-pumped LED with decent color rendition ability, the enhancement of color rendition can
only be observed when an observer is mixed adapted, but its failure in whiteness rendition can easily
be observed even when an observer is fully adapted;
A spectrum which can enhance the chroma of objects is generally preferred. Chroma enhancement,
however, is generally introduced with hue shift. For familiar objects, large hue shift may be worse
than chroma enhancement, as an observer has an idea about how the object should appear; for
unfamiliar objects, chroma enhancement could be more dominant for people’s evaluations;
Combining the fact that a spectrum may introduce hue shift and chroma shift to different objects in
different ways and that people have different criteria to evaluate color appearance of objects under
an illumination, it is difficult to make generalizations of the color rendition ability of a light source. A
two-measure system, with one for color fidelity and one for color gamut, can capture the most
important information about color rendition of a light source, but it cannot be applied for all different
lighting applications. A color distortion icon, presenting both hue shift and chroma shift, should be
employed as a tool for lighting professionals to better understand the color rendition ability of a light
source or to specify a product for a certain lighting application.

Although the hypotheses were carefully developed and experiments were carefully designed, these
conclusions are made upon specific lighting conditions, viewing conditions, and light stimuli. With the ability
of LED sources for spectral tuning, these conclusions cannot be easily generalized and applied to all lighting
conditions or LED sources.
Future studies are still necessary to further our understanding about visual responses to light stimuli, to
develop better lighting systems, and to characterize the property of light sources.
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