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Abstract

Abstract

Recently, there has been a notable rise in the use of colored lighting for both indoor and
outdoor spaces. This trend necessitates a clear understanding of the principles behind
selecting lighting levels that are both ergonomic and energy efficient. The objective of
this study was to establish guidelines for planning colored light. An experiment was
conducted where the perceived brightness of three different near-monochromatic lights
were compared to white light. The stimuli covered a narrow visual field. 33 persons
aged 18-40Y participated. Through the measurement of the participants' perception of
the amount of colored light required -to achieve the same level of brightness as with
white light- the study was able to determine a percentage-based relationship between
colored and white light. The result showed that there were clear differences in the
perceived brightness of the different colored lights, in line with earlier research with
similar conditions. This implicates that the results may be used as a foundation when
planning colored light.

Keywords: colored light, perceived brightness, spectral distribution, visual field, white
light
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Introduction

1. Introduction
This study is carried out as the final thesis of the bachelor program in Lighting Design
at Jonkoping University. It is made in collaboration with the department of Perceived
Quality Illumination at Volvo Cars Corporation. The aim of the collaboration is to find
general guidelines regarding light levels, that can be applicated whenever colored light
is included.

1.1 Background and problem definition
There has been a rapid growth in the application of colored light (Olguntiirk, 2015). Its
primary use is for decorative purposes, such as on facades, parks, tunnels, car interiors,
and in a variety of different work environments. It concerns many areas that are under
law, regulations, and guidelines, regarding levels of white light and other light-
associated parameters (Arbetsmiljoverket, 2022; Swedish Standards Institute, 2014,
2022; Trafikverket, 2022).

Before continuing discussing colored light, it is important to understand that the use of
the term ‘colored light’ is complex as light does not contain color itself. The perception
of color develops in the brain and is partly a result of the reflection of colored surfaces.
The color reflected, depends on the spectral distribution of the light — to simplify - it
depends on the color of the light. How the spectral distribution is perceived depends on
the spectral sensitivity of the cone photoreceptors (Boyce, 2014). Colored light consists
either of a narrow band of wavelengths, which also can be considered near-
monochromatic light, or a mix of various wavelengths (Boyce, 2014; Roufs, 1978;
Ware, 2013). Whether light is considered colored or white depends on its coordinates
on the CIE Chromaticity curve (Boyce, 2014; Khan et al., 2015).

One of the main reasons behind the increasing popularity behind colored light have is
the introduction of LED as the leading light source on the market. Due to its
components, it simplifies the manufacturing of colored light sources and thereby makes
colored light more accessible (Khan et al., 2015). As colored light has become more
prevalent, research has been carried out regarding its effects on humans (Olguntiirk,
2015). Many of the studies showed that the spectral distribution of light highly
determines its effects. Yang et al. (2018) showed that colored light causes higher levels
of discomfort glare than  white light, especially blue light with shorter
wavelengths. Another study showed that the visual acuity declines with near-
monochromatic blue light (Roaf & Sherrington, 1930; Van Buren et al., 2018). The
pupil size is also affected by the spectral distribution, which in turn affects the visual
acuity as well as the psychological aspect of perceived brightness (Berman et al., 1996;
Shlaer et al., 1941; Wardhani et al., 2022). Olguntiirk (2015) showed in a study that
colored light affects the perception of spaces. This is just a few of the physiological and
psychological effects that colored light have on humans. It is clearly important to plan
the use of colored light well, especially the choice of levels and spectral distribution.

In order to plan adequate levels of colored light it is of importance to understand the

perceived brightness of each color. It is proven that two different colored LEDs with

the same intensity can be perceived to have unequal levels of brightness (Aries et al.,

2022). For over a century the psychophysical relationship between brightness and

luminance of different wavelengths have been studied, resulting in the foundations of

photometry (Gibson & Tyndall, 1923). Recent studies have been carried out to
1
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investigate the perceived brightness of colored light in different situations (Caberletti
et al., 2010; Hwang et al., 2012; Leube et al., 2018; Olguntiirk, 2015).

However, there is a gap between the research field and the current practice field; Many
studies within the subject are using other light sources than LED with different spectral
distribution (Gibson & Tyndall, 1923; Guild & Inst, 1931; Olguntiirk, 2015; Wald,
1945). While some studies examine the perceived brightness of colored light, and how
different colored lights affect humans in many aspects, there is no clear definition of
specific wavelengths or intensity levels, making the results barely, or not, applicable in
the practice field (Berman et al., 1990; Caberletti et al., 2010; Hwang et al., 2012;
Olguntiirk, 2015). Consequently, lighting designers, among others, uses empirical
knowledge to plan light application of colored LED (James Anderson, personal
communication, November 9th, 2022; Martin Pélsheden, personal communication,
November 3d, 2022). This could lead to overconsumption of energy and negative
effects on human well-being (Zhang et al., 2022).

Therefore, this study will use a quantitative approach to establish relationships of the
perceived brightness between colored and white light, with the aim that potential
findings could lead to basic guidelines regarding the use of colored light and thereby
create more ergonomic and energy-efficient solutions (Yang et al., 2018).

1.2 Purpose and research questions
The purpose is to investigate what levels is required of colored light to achieve the same
perceived brightness as with neutral white light. The focus is the relationship between
white and colored light, and not the exact values.

e What level of near-monochromatic blue light is required compared to
neutral white light, to achieve the same perceived brightness?

e What level of near-monochromatic red light is required compared to white
neutral light, to achieve the same perceived brightness?

« What level of near-monochromatic green light is required compared to
neutral white light, to achieve the same perceived brightness?

1.3 Delimitations
e Neutral white light with a CCT of 4000K will be used as a reference.
e Three different colored LEDs will be used in the experiment; red, green, and
blue.
e Near-monochromatic light in this study refers to light with a spectral
distribution concentrated within a width of ~75nm and a clear peak.
Effects on the non-image-forming-system will not be considered.
The age of the participants is limited to 18-40Y.
Only participants with normal color vision were included.
The investigated visual field is <2°.
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2 Theoretical framework

2.1 The human visual system
The human visual system is made of an optical system and an image-processing system
(Boyce, 2014). To follow, only those parts of the systems that are relevant to this study
will be described and assumes a certain knowledge from the reader. For an extended
explanation, the book Human factors in lighting by P., Boyce (2014) is recommended.
As earlier mentioned, the non-image-forming system will not be handled at all.

21.1 Theretina
The retina is the part that contains cells sensitive to light and as Boyce (2014) states,

“the retina is an extension of the brain”. It consists of layers: a layer of retinal ganglion
cells of which the axons form the optic nerve (see Figure 1); a layer of collector cells
that links the photoreceptors to the ganglion cells; and a layer of four types of visual
photoreceptors. The four types are grouped into rods and cones. The rods are all the
same and contain the photopigment rhodopsin, and therefore also respond to the same
spectral sensitivity which makes them unable to detect color (Boyce, 2014). They are
sensitive to low light levels which makes them responsible for the night vision (Aries
et al., 2022). The cones consist of three different groups with different photopigments
which make them sensitive to different wavelengths, and by that, color. Short-
wavelength cones (S-cones) are most sensitive to 450nm, medium-wavelength cones
(M-cones) to 525nm and long-wavelength cones (L-cones) to 575nm. The distribution
of rods and cones over the retina is uneven. What is also to be noted is that the retina is
organized in two parts spatially: the fovea, which is the part that detects details, and the
periphery, which is the part that indicates in what direction the fovea should be pointed.
Although the rods are absent in the center of the fovea, they outnumber the cones in
total, with approximately 110 million rods towards 5 million cones (Boyce, 2014). This
also means that the rods are responsible for the peripheral vision (Aries et al., 2022).

Sclera
Vitreous body Ret
etina
Iris
Lens
Fovea
Cornea
Ciliary body
Choroid
Optic nerve

Figure 1. Diagram showing parts of the eye. Note. From Diagram showing the
parts of the eye CRUK 326.svg. [Illustration], by Cancer Research UK,
2014, Wikimedia Commons,
(https://commons.wikimedia.org/wiki/File:Diagram_showing_the parts
of the eye CRUK 326.svg) CC Public domain, 2014. Used with
permission.
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The fovea

In the center of the retina the fovea is located, a small area where mostly the L- and M-
cones are concentrated. There are some S-cones in the fovea, but mostly are
concentrated just outside the fovea and then the density declines gradually as the
eccentricity increases. The center of the fovea is called the foveola (~0,3mm @) and
completely lacks S-cones. The fovea permits detail resolution, due to various reasons.
One being that the network of blood vessels, which almost all the light passes through
in order to reach the retina, does not cover the foveola. Also, the ganglion and collector
layers are pulled away from the fovea which diminishes the scattering and absorption
of light. Another reason is that the shape of the cones which makes them more sensitive
to light arriving along the cone axis rather than light arriving at an angle (also known
as the Stiles-Crawford effect) and therefore making the fovea less sensitive to scattered
light (Boyce, 2014). The distribution of visual photoreceptors over the retina implies
that depending on whether a stimulus is in the fovea or the peripheral part of the retina
the spectral sensitivity will be altered (Weale, 1953). There is no defined border
between the fovea and the surrounding area, and the transition is rather smooth
(Strasburger et al., 2011). According to Wandell, the diameter of the fovea is 5,2 deg
of arc and the diameter of the foveola is 1° (Wandell, 1995).

The image-processing system

The image-processing system extracts the image that is being produced on the retina
and sends it to the visual cortex, located at the back of the cerebral hemispheres. At
different stages of the progress, different aspects of the image are being extracted.
Notable is that the visual system uses most of its capacity to analyze the information
received in the fovea (Boyce, 2014). The image is transmitted from the retina, through
the optic nerves which are connected at the optic chiasm where it is being rearranged
and further expanded to both lateral geniculate nuclei (LGN). The information is then
distributed to the visual cortex where vision occurs (Boyce, 2014).

Visual Stimuli

There are five parameters that describe any visual stimuli: contrast of luminance, retinal
illuminance, retinal image quality, difference in color and visual size. In order for the
visual system to detect and identify the stimulus these parameters are important (Boyce,
2014). The visual size determinates the image size on the retina (R) and thereby whether
it is detected by the fovea or not. In order to calculate the size of the image on the retina,
the following parameters need to be specified: The physical size of the stimuli (S), the
visual angle (V), the distance from the stimuli (D), and the internal diameter of the
human eye (n (=~17mm)), see Figure 22.

V =2tan"1S/2D (1)

R=tanV .n (2)
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Distant object

D n

Visual angle V in radians [rad] Retinal image size R

{S
V:2~mctan‘2D' R=tanV-n

Figure 22. Calculation of retinal image size. Comment. From Light for health and
well-being — Course booklet (p.24), by M. Aries, et al., 2022, Jonkoping
University. Copyright 2022 by the copyright holder. Used with
permission.

2.1.2 Scotopic, mesopic, photopic

Depending on the retinal illuminance the visual system adjusts its spectral sensitivity.
This is since different photoreceptors operate at different light levels. As follows is a
summarization of how Boyce (2014) states the three different states of sensitivity:

e Photopic vision: Applies when luminance is above 5cd/m?, where cones are
responsible for the retinal response which means that both fine resolution of detail
and color vision is possible.

e Scotopic vision: Applies when luminance is below 0,005 cd/m?, where only rods
respond to stimulation. Therefore, color vision is not accessible and detail vision
is highly limited as the fovea is blind.

e Mesopic vision: Applies when luminance is between 0,005 and 5 cd/m?. As the
luminance declines, the fovea declines in absolute sensitivity, but the spectral
sensitivity remains stable until reaching the scotopic state. At the same time in
the periphery, the rods are increasingly dominating over the cones. The result is
that the color vision in the peripheral part of the retina is gradually being
deteriorated and the spectral sensitivity is being shifted to shorter wavelengths.

As a result of the spectral sensitivity being shifted to shorter wavelengths, red objects
that in the photopic state would appear brighter than blue objects, will in the mesopic
state (reaching the scotopic state) appear darker than the blue object. A phenomenon
that is recognized as the Purkinje phenomenon (Hunt & Pointer, 2011). This is due to
the rod’s spectral sensibility, which lies towards the shorter wavelengths (Shlaer et al.,
1941). As previously mentioned, this shift of sensitivity occurs at different pace
depending on which area of the retina is being stimulated. If only the peripheral area is
stimulated, the shift will occur much slower than if the foveal area is stimulated as well
(Roufs, 1978)

21.3 Color vision

Human color vision is trichromatic which means that humans with normal color vision
can see any color using a combination of the three cones: long, medium, and short
regions of the visible spectrum (Boyce, 2014).

5
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Colorblindness is a condition where a person's ability to perceive colors is different due
to a deficiency in color vision. This can affect the visual acuity for all or some colors,
making it difficult to distinguish between colors, and perceive their brightness or
shades. The reason of colorblindness is the absence, or malfunctioning, of one or more
of the human eye’s cones. Individuals with defective color vision are grouped into three
categories (monochromats, dichromats, and anomalous trichromats) based on the
number and type of visual photoreceptors and photopigments present in those
individuals. Red-green color blindness is the most common form of color deficiency
(L-cone related), making it difficult for individuals to distinguish shades of red and
green (Aries et al., 2022; Boyce, 2014).

2.2 Photometry
Photometry measures and quantifies the electromagnetic radiation within the spectrum
of visible light (380-780nm) weighted against the “relative spectral sensitivity of the
human visual system” (Boyce, 2014, p.6) (Behar-Cohen et al., 2011a; Khan et al.,
2015).

2.21 1924 CIE spectral luminous efficiency function

The spectral sensitivity depends on if the conditions are scotopic or photopic and
thereby which state of sensitivity is active (Boyce, 2014). In 1924 the Comission
Internationale de I’Eclairage [CIE] started to create an international standard of
photometry by defining the ‘spectral luminous efficiency’, former known as the
‘relative visibility function’ and also referred to as the V (L) (Schanda et al., 2002). This
was based upon work by Gibson and Tyndall (1923), which took data from experiments
where the test fields were small (<2°0 of the visual field) and the amount of light put
the visual system in the photopic state. This is also known as the CIE standard photopic
observer. In 1990, CIE recognized a modified version of the standard photopic
observer, which had a higher sensitivity to wavelengths up to 460nm. As it has not been
many applications where this is relevant, it has only been considered a compliment to
the original standard observer (Boyce, 2014). It was also discussed how the spectral
sensitivity changed as the peripheral visual field was used and, and in 1986 CIE
approved the 10° photopic photometric observer. The latter with an even greater
sensitivity to short wavelengths as it covers an area of the retina greater than the fovea.
By 1951 CIE approved the standard scotopic observer (Boyce, 2014). This time the
data was taken from experiments made by Wald (1945) and Crawford (1949), with a
larger test field (20°@ of the visual field) and with a luminance of 0,00003 cd/m?. The
main difference is that the sensitivity peaks at 555nm for the modified, 10°, and
standard photopic observer, and at 507nm for the scotopic observer, see Figure 33
(Boyce, 2014). This is due to the different light levels and the area of test fields
(Schanda et al., 2002).
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—— Standard photopic observer
— — - Modified photopic observer
----- Standard scotopic observer

o --=--- 10° Photopic observer

0.6

04

Relative luminous efficiency

0
300 400 500 600 700 800
Wavelength (nm)

Figure 33. The relative luminous efficiency functions for the CIE standard
photopic observer, the CIE modified photopic observer, the CIE
standard scotopic observer and the CIE 10° photopic photometric
observer. From Human Factors in Light Third Edition (p.6), by Boyce P,
2014, Taylor & Francis Group. Copyright 2014 by Taylor &Francis
Group. Used with permission.

CIE have later on developed a system for mesopic light conditions which is adjustable
according to the light levels. This could be of great use when planning outdoor lighting,
which often neither fit into the photopic nor the scotopic range (Boyce, 2014).

Critique regarding the Luminous efficiency function

There is research showing that the data on which the basics of photometry is founded
on, is inconsistent as well as insufficient (Padgham, 1971; Roufs, 1978; Schanda et al.,
2002). Padgham states that even though photometry “works reasonably well in
practice” (s.578), (where the color saturation of the light typically is low), this
especially concerns highly saturated colored light (s.578, 1971).

2.3 Colorimetry
Colorimetry is the science of color measurement based on the functions of the human
eye, and how the brain receives and interprets different colors. In the human eye, color
perception is influenced by the properties of three cone photoreceptors and their
different spectral sensitivity. Colorimetry also aims to give numerical specification and
measurement of color (Stockman, 2003). CIE colorimetry system and other studies
identified a way of measuring the human eye’s sensitivities to different wavelengths.
These studies are based on observers matching of two colors. They noticed that color
appearance is affected by field size. Increasing the field size from 2° to 10° results in a
greater sensitivity of the visual system to the portion of the visible spectrum below 550
nm (Boyce, 2014). Understanding the spectral sensitivities of the different types of cone
photoreceptors in the human eye, is essential for accurately modeling human color
vision, as well as for practical applications such as color matching and specification

7
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(Stockman, 2019). Earlier research within the field used direct observations to compare
and evaluate colored light with different luminance. As the photometric quantity of
luminance was used as a reference value, the results rather showed the discrepancy
between the perceived brightness and the established luminous efficiency function
(Padgham, 1971).

2.3.1 CIE Chromaticity curve

As colorimetry aims to quantify the human color perception it recommends different
methods to do so. One of the methods is the CIE chromaticity curve (Khan et al., 2015),
see Figure 44Error! Reference source not found.. It is based upon a mathematical
construction where different colors are assigned different coordinates (x, y). It
establishes that all spectral distributions that humans perceive as the same color will
have the same coordinates at the curve, and vice versa, that when it is perceived as
different colors, it will be located at different positions (Boyce, 2014). Further on by
Boyce it is stated that the CIE chromaticity curve consist of four important components:

o The spectrum locus: This is the outer curved boundary. Colors that consist of
single wavelengths are positioned on this curve.

e The purple boundary: Is the straight line between the ending points of the
spectrum locus. This is the locus where the most saturated purples are
positioned.

o The equal energy point: The colorless surface in the middle of the diagram.

e The Planckian locus: This curve runs through the same coordinates as objects
that works in the same way as a black body. To quote Boyce (2014): “that is,
the spectral power distribution of the light source is determined solely by its
temperature.” (p.14).

0.9
0.8
0.7
0.6

500
0.5

y
0.4
0.3

0.2

0.1

Figure 44. The CIE Chromaticity Curve. From PlanckianLocus.png,
en:User:PAR, 2005, Wikimedia Commons,
https://commons.wikimedia.org/wiki/File: PlanckianLocus.png. CC
Public domain, 2012. Used with permission.
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2.4 LED-technology

The spectral distribution of a LED is depending on the materials used in the
semiconductor. The luminance flux is determined by the temperature of the
semiconductor and the current through it. In order to create white light, there are
different methods: either to combine three (or more) LEDs, or, to combine a LED
emitting visible radiation in the short- or long-wavelength spectrum with a layer of
phosphor (Khan et al., 2015). The spectral distribution depends on the components and
the technique, but it is rather the latter the determinates its general outcome (Boyce,
2014).

241 Color temperature (CCT)

Correlated color temperature (CCT) is used to define different kind of white light by
comparing the color appearance of the light source with the Planckian locus. The
temperatures are usually given in unit Kelvin (K). By using exact chromaticity
coordinates it is possible to get a specific and clear image about the output of the light
source (Boyce, 2014).

To simplify, the industry uses three classifications to define color appearance of white
light: warm white (WW), neutral white (NW) and cool white (CW). These three groups
cover different sections of Planckian locus, according to Khan et al., (2015);

e WW:CCT<3500 K
e NW: 3500 K<CCT<5000 K
e CW:CCT=5000 K

This is further supported by a study about white lighting where Rea and Freyssinier
(2013) defines that high CCTs are above 4000K and that low CCTs are below 4000K.
Notable is that low CCTs “are associated with chromaticities that lie well below the
black body locus” (p.82).

Duv is used to further define white light, which is a metric that specifies the distance
between chromaticity coordinates of a light source and the nearest point on a Planckian
locus. Light sources can be considered white if their Duv values are no greater than
+0.006. In order to determine the color appearance of a light source, two important
variables must be considered: Correlated Color Temperature (CCT) and Duv (Boyce,
2014).

24.2 RGB technology

A RGB LED, or Red-Green-Blue Light Emitting Diode, emits light in multiple colors
by combining different intensities of red, green, and blue light. This LED product
consists of three separate LED chips and has a spectrum with different wavelengths.
Several colors can be produced by adjusting the brightness of each color (Ware, 2013).
Monochromatic light is a visible radiation with only one type of wavelength (Oxford
Reference, 2023). While near-near-monochromatic “[...] is used to refer to a spectrum
consisting predominantly of a single harmonic which will have a bandwidth on the
order of the laser bandwidth.” (Yeung et al., 2013, s.3). The chromaticity coordinates
of all near-monochromatic lights are located on the spectrum locus (Ware, 2013).
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2.5 Psychophysics

One of the fundamental disciplines in the study of the human brain and the visual
capabilities is visual psychophysics, and it is the core methodology in vision research.
(Lu & Dosher, 2013). As G. Gescheider describes it in the book Psychophysics: the
fundamentals, what was former known as a philosophical field, transformed into a
scientific discipline as the physicist G. T. Fechner (1997) started to apply techniques to
measure mental events. The author further concludes that psychophysics mainly
investigates the connection between “sensations in the psychological domain and
stimuli in the physical domain” (Gescheider, 1997, p.1). A central concept in
psychophysics is the sensory threshold. It concludes that in order to experience a
stimulus consciously it has to exceed a certain amount (Falmagne, 1985). One
application of this is to measure the limits of the sense organs of the human, and further
conclude the absolute stimulus threshold; “the smallest amount of stimulus energy
necessary to produce a sensation” (Gescheider, 1997, p.1). In order to define the amount
of stimulus necessary for a person to notice a change, the term difference threshold, or
just noticeable difference (JND) is used (American Psychological Association, n.d.;
Falmagne, 1985). Absolute and difference thresholds can be changed by varying
different parameters of the stimulus and the relations are called stimulus critical value
function. They describe how the aspect of the stimulus changes the threshold (critical
stimulus value) as a function. Examples of aspects of a stimulus are intensity level,
wavelength, adaptation time, etc. (Gescheider, 1997).

In the field of lighting the most common psychophysical concept is the relationship
between the psychological response of brightness, and luminance, a physical stimulus
(Ngai, 2000).

2.5.1 Brightness and luminance
The connection between brightness and luminance follows a power law, that is not
linear, and is as follows:

B = kL* (3)

Where B is the magnitude of the brightness, & is a constant, L is the stimulus luminance
(cd/m?) and n is an exponent. The value of the exponent has been found to be influenced
by various parameters, among them counts the luminance and size of the field
surrounding the target (in relation to the target), the observer’s visual system’s grade of
adaptation, and colors (Boyce, 2014).

2.5.2 Brightness
The term “brightness” has been used in a wide range of contexts and the following
paragraph aims to clarify some and specify the use of it in this study.

In a review made by Behar-Cohen et. al., where explaining radiometry, it was
mentioned that “Radiance is used to describe the “brightness” of a source (Behar-Cohen
et al., 2011). The citation-marks indicates that the word is not established within the
radiometric quantities and rather intends to explain the physical quantity with a sensory
stimulus. What is notable is that the United States Federal Trade Commission [FTC]
have used the word brightness on the Lighting Facts label (that is mandatory on all
packages of light sources since 2012), where it stipulates the amount of lumen the light
source emits, which corresponds to the photometric quantity of luminous flux. Further
10
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on their webpage, it is written that “Lumens measure brightness” (FTC Consumer
Advice, 2021). This take on brightness as a photometric quantity is traceable, not yet
logic, to the fact that luminance was formerly referred to as brightness (Behar-Cohen
etal., 2011). There is a clear link though, to Boyce (2014), that explains that brightness
is the light that is seen to be emitted from a source as well as Ware that writes “The
term brightness usually refers to the perceived amount of light coming from self-
luminous sources.” (Ware, 2021, P.82). He further states that “Perceived brightness is
a very nonlinear function of the amount of light emitted by a lamp.” (p.82). The last
quote affirming the earlier mentioned power law. As a last contribution to the clarifying
of the word, the International Union of Pure and Applied Chemistry [IUPAC] writes
that brightness is an “Obsolete term. This term is reserved for non-quantitative
reference to physiological perception of light [...]”(Gold, 2019, p. 310). In conclusion,
in this study perceived brightness will be used and refers to the psychological response
to the perception of light.

2.5.3 Perceived brightness

Research showed that white light sources with the same luminance and various color
temperatures (CCT) were perceived differently; the white light with higher CCT was
perceived brighter than white light with lower CCT. Further studies showed that
perception of brightness for white lights with the same CCT differed due to the light
spectral distribution (Boyce, 2014).

Lately many studies showed that colored light influences visual acuity and perception
of brightness (Hwang et al., 2012). Monochromatic blue light has been shown to reduce
the visual acuity (Leube et al., 2018; Pokorny et al., 1968). Colored light with different
spectral content affect the cognition of brightness differently. When comparing two
different colored lights with the same luminance, the one with higher color saturation
was perceived brighter. For example, green, red, and blue lights were perceived brighter
than yellow, due to that they were more saturated (Boyce, 2014).

More studies about colored light and perceived brightness showed that lights with
wavelengths between 550 and 560 nm (yellow-green), appear brighter than lights with
wavelengths on the extremes of the visible light spectrum, which is related to the
spectral sensitivity of human vision (Bornstein, 1975). Blue light is perceived brighter,
compared to red and orange light on a wider visual filed (135°) (Caberletti et al., 2010).
Cyan LED light have relative similar brightness compared to white LED light. Green
light is perceived brighter than other colored light, especially red light (Hwang et al.,
2012).

2.5.4 Pupil size

The size of the pupil depends on various factors. The two most important being the
distance to an object on which the vision focuses, and the amount of light reaching the
inner layer of the eye, called retina. The age of the eye and certain emotions also affect
the size of the pupil (Boyce, 2014). As mentioned before, there is a direct relationship
between the spectrum of light and perceived brightness. According to studies made by
Berman, S., et al. (1993) it is shown that the rods affect pupil size, which in turn affects
the perceived brightness. Light sources with a high concentration of short wavelengths,
produce smaller pupil sizes than light sources with a low concentration of short
wavelengths. As a result of a smaller size of the pupil, the quality of retinal image is

11
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much better (Boyce, 2014). There is a tendency to overestimate the brightness of a
stimulus when our pupils are small and vice versa. In contrast, when our pupils are
large, the opposite occurs (Wardhani et al., 2022). Sulutvedet et. al., (2021) explained
that the retinal adaptation to different pupil size affects brightness perception; a large
pupil may result in a retinal adaptation to the decreased brightness perception. The
effect of pupil size on perceived brightness doesn't appear in normal daily activities
(Boyce, 2014; Wardhani et al., 2022).

12




Theoretical Framework

2.6 Research question linked to theoretical field:
In order to perform the experiment and analyze the results, research within respective
fields were necessary. The following graph shows what fields have been studied. See

Figure 55.
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Figure 55. Research questions linked to theoretical field
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3 Method and procedure
3.1 Research strategy

The research strategy in this study was quantitative. This since the collected data was
numeric, and at a ratio scale, which made it suitable for a quantitative study (Bryman,
2018). The study was also suitable for a quantitative approach because statistics was
used to process the collected data. The study was performed as an experiment where
good laboratory practice was exercised (Safsten & Gustavsson, 2019).

3.1.1 Research question linked to choice of method

The choice of the method of experiment was based upon on of the aims of the study; to
strengthen existing theories and thereby contribute to the explanation of them
(Montgomery, 2013). As the question regards psychological sensations (perceived
brightness) as well as physical stimuli (illuminance) an experiment with the classical
psychophysical method; method of limits, were used (Gescheider, 1997). The
psychophysical criterion in this experiment was the visual acuity of Landolt C-rings, in
line with former experiment with similar aims (Ives, 1912; Roufs, 1978)

3.1.2 Data collection strategy

As the primary data was numeric, Gustavsson and Séfsten (2019) recommend
measurement as a data collection strategy. It was collected by measurement of the
intensity levels and Lux, needed for the participants to perform a certain visual acuity
test. The numeric values of the measurements themselves were not of significance as
the aim was to find the relationship / ratio between the different variables. All data
values were at a ratio scale as both intensity levels and Lux have a natural zero point
(Gustavsson & Sifsten, 2019).

3.2 Outline of experiment

3.2.1 Participants

The participants were selected by a convenience sampling with the following inclusion
criterias: Minimum 20 participants in the age range of 18 to 40Y with fully functional
color vision. This in order to avoid deviations from the CIE standard photopic observer
(Roufs, 1978). The gender-division among the participants was intended to be as close
to 50%F-50%M as possible. The participants were students and employees at
Jonkoping University, Sweden, during spring 2023. They were informed through
internal electronic correspondence and further personally invited at the day of the
experiment. A compensation in form of a 75g chocolate bar was given to all
participants.

Data was collected from 33 participants, 16 females and 17 males. All the participants’
color vision was controlled by an Ishihara color-blindness test (Ishihara, 1979) (see
Appendix 1). The age range of the participants were 20-40Y with a mean age of 26,6Y
and a median age of 25Y. 8 out of 33 participants used visual aid during the experiment.
Out of 33 participants, 21 hade a background in Lighting Studies, see Appendix 2.
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3.2.2 Experiment (room)

The experiment room was divided into three parts by black fabric, all with the same
area: 5 x 2,5m. The first room that the participants entered was the information room
where they would get information about the procedure of the experiment, perform a
color-blindness test, and sign the consent. In the room there was a desk with an office
chair. On the desk the Ishihara color-blindness test and the consent-papers (see
Appendix 3) were placed. The only source of light in the room was a desk lamp with a
tungsten halogen light source, of 2700K and with a Ra of >99, that would give the
estimated illuminance on the desk was 542 lux. The second room was the test-room
where the experiment would be performed. In the room there was a desk with an office
chair with adjustable height. On top of the desk the apparatus was placed. The only
source of light in the room was a desk lamp on top of the desk which was turned off
during the experiment. Behind the information- and test room the control room was
located. Only the researchers of this study had access to this room. For a detailed
description of the whole setup, see Appendix 4.

3.2.3 Apparatus
According to the study made by Hwang et al. (2011) where the optimal illuminance of
colored LED was investigated, the outlines of the apparatus were based on their method.
The apparatus used in the current study had a size of; length and width: 75cm, and
height: 90cm. At the front of the apparatus a
> window was located. The size of the window was;
width: 68cm and height 12cm. The window was
centered in the x-axis and the bottom of the
30cm window where placed 35c¢m from the bottom of the
;o apparatus. The apparatus was placed on a table
with a height of 73cm resulting in the bottom of
the window being placed at 108cm above the floor.
The apparatus inside and outside was covered in
black cotton fabric. In order to let the participants
comfortably place themselves with their eyes in
the center of the window, an office chair with
XL LR LLL B OCETL LS adjustable height were placed in front of the

apparatus, see Figure 66.

73 cm

Figure 66. The apparatus

In the ceiling of the apparatus a 5V RGBW-LED-strip were mounted. The LED-strip
had 4 chips in every LED (RGBW) and with a wide viewing angle at 120° (see
Appendix 5). It contained 144 LED/m which on 5.6 cm gave 8 LEDs. The LED-strip
were connected to a control unit which was located outside the apparatus and
maneuvered from the information room. The control unit were a RGBW-mixer with a
touchscreen. There were five different parameters that could be controlled: R, G, B, W,
and total intensity, all in the range of 0-255. The maximum intensity levels of every
chip with their respectively Lux-value (measured 90cm directly underneath the LED-
strip) are presented in Table 1. The white light had a CCT of 4000K and Duv of-0.0007,
also known as neutral white (Rea & Freyssinier, 2013). The spectral power distribution
(SPD) of the different LED-chips was measured with a spectrometer of the brand
Asensetek, model Lighting Passport, ALP-01. The SPDs are presented in Figure 77.

15




Method

The LED-strip was mounted at the center of the ceiling of the apparatus parallel to the
window, aimed towards the floor of the apparatus in a 90° angle.

Table 1. Specifications of R, G, B and W

White light Red light Green light Blue light

Max intensity 255 255 255 255
Max illuminance 20 Lux 2,6 Lux 7,7 Lux 3,3 Lux
Ap - 634 nm 519 nm 464 nm

0.0 : H H : : e H H 0.0 H H H : H :
380 420 460 500 540 580 620 660 700 740 780 380 420 460 500 540 580 620 660 700 740 780

Blue White

0.0 H H H H H H H 0.0 H :
380 420 460 500 540 580 620 660 700 740 780 380 420 460 500 540 580 620 660 700 740 780

Figure 77. SPD for the four LED-chips

Directly underneath the LED-strip, on the floor, a visual acuity test of type Landolt C
was placed, see Appendix 6. There were four rows of C-rings, all in the same size, and
with the opening of each ring directed in one out of four possible directions (up, down,
left, and right). The distance from the eye of the observer to the Landolt C test was
~65cm. The size of the test was 7,5x21cm and the Landolt C rings had a @ of 0,4cm
and an opening of 0.01cm. The image size of Landolt C ring on the retina was R=~0.105
mm, and the visual angle of Landolt C ring was V=~0.352° (according to equations 1
and 2, S=~0.4cm, D=~65cm, n =~17mm).

Next to the Landolt-C test an external sensor of a Lux-meter of the brand Hagner (model
EC1, Inst. No: 7832) was placed. The sensor was connected to the Lux-meter that was
placed in the control room.

3.2.4 Data collection
The data was collected in an excel sheet were the demographic information together
with the participants individual codes where listed. Data regarding (R, G, B, and W)
intensity levels and amount of Lux necessary for the participants to read the visual
acuity test where collected.
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3.2.5 Procedure

The participants were first shown into the information room, one by one. There they
received information about the of the study and their color vision were controlled. After
completing an Ishihara color blindness test (see Appendix 1) and signing the consent
the participant was shown into the test room. In the test room the participant were placed
so that the chin was aligned with the bottom of the window of the apparatus.

In order to allow the eyes to adapt, the first 30 second were spent in darkness while the
demographic information about the participant were collected orally. After that the
white light was dimmed up in a regular pace of 1 level/sec by one of the researchers,
located in the information room. The participant then used the word ‘stop’ whenever
she or he felt that he could read the Landolt C-test in a ‘relaxed and comfortable way’.
The participant was then asked to read the test, and if they had more than 50% correct
answers, the dim-level were passed to the researcher in the control room who also noted
the Lux-value. The threshold of percentage of correct answers is, according to Boyce,
“a matter of convention” (2014, p.64). If they had less than 50% correct answers on the
test, the light would be adjusted until they had. After that, 30 sec of darkness followed,
and then the procedure was repeated with red, green, and blue light. The order of the
RGB-lights was randomized using an online randomizer. For a detailed timeline of the
procedure, see Figure 8.8. The data collected was then summarized in an excel sheet
where further statistical analyzes proceeded.

<85 <5 DL <55
RGB RGB RGB
Neutral white light Colored light 1 ~ Colored light 2 Colored light 3

A: Description of experiment & color blindness test for 7 min
B: Dark adaptation for 30 sec

Figure 8.8 Timeline for the experiment

3.3 Analyze method

The data collected was analyzed by descriptive statistic, univariate, and bivariate
analysis (Gustavsson & Séfsten, 2019). The measured levels of Lux and intensity was
compared in order to establish the correlation coefficient between each one of them
(Nyquist, 2021). The demographic data was summarized by descriptive statistic. The
result from the measurments were first analyzed by descriptive statistic, then univariate
analysis and then further on by bivariate analysis from which statistical inference were
made. Last the levels of the colored lights were compared with the levels of the neutral
white light.
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4 Results

In this section the results of the required illuminance levels of colored light, to achieve
the same perceived brightness as with neutral white light, will be presented by color. In
order to compare the results, both intensity and illuminance have been converted to
percent. The maximum intensity level (100%) of each color is based on the value of
255 as the dim-levels range from 0 to 255. The maximum illuminance level reached at
dim level 255 is presented per color. Each part starts with a descriptive statistic of the
illuminance levels followed by a presentation of the correlation between illuminance
and intensity. Subsequently, a t-test comparing the red, blue, and green light to the white
light will be performed, and finally a graphic comparison between the illuminance
levels of white and each color while be presented. Alpha level is set to 0.05. At the end
of the section, descriptive statistic of the demographic data will be shown to provide a
basis for further analysis of possible dependent variables.

411 White

The maximum illuminance level (100%) of white light was measured to 20 lux. The
mean illuminance level was 6.8% (N = 33, Median = 4.5%, SD = 5.5%, range: 1-22%)),
see Appendix 7. The results distributed by illuminance levels in percent are presented
in the following histogram, see Figure 99.

12
11

10

1
0 0 0
[1%,3%] (3%,5%] (5%, 7%] (7%, 9%] (9%, 12%] (12%, 14%)] (14%, 16%] (16%, 18%)] (18%, 20%] (20%, 22%]

llluminance %

Figure 99. The results for white light, distributed by illuminance levels in percent.

The Person’s Correlation Coefficient is set to #(31) = .9963, p = < .00001. This
concludes that the result is significant and as shown in the graph (Figure 1010) there is
a strong positive correlation between the measured illuminance and intensity levels of
white light.

Nl

Figure 1010. Correlation between illuminance and intensity in percent, of white
light.
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41.2 Red

The maximum illuminance level (100%) of red light was measured to 2.6 lux. The mean
illuminance level was 15.3% (N =33, Median =7.7%, SD = 15.8%, range: 3.8-76.9%),
see Appendix 8. The results distributed by illuminance levels in percent are presented
in the following histogram, see Figure 1111.

25
22

20
15
10

5
2
! 1 1
0 0 0

[4%, 14%)] (14%, 24%] (24%, 34%)] (34%, 44%)] (44%, 54%] (54%, 64%)] (64%, 74%] (74%, 84%)]

llluminance %

Figure 1111. The results for red light, distributed by illuminance levels in percent.

The Person’s Correlation Coefficient is set to »(31) = .9967, p = < .00001. This
concludes that the result is significant and as shown in the graph (Figure 1212) there is
a strong positive correlation between the measured illuminance and intensity levels of
red light.
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Figure 1212. Correlation between illuminance and intensity in percent, of red light.

A two-tailed t-test revealed a significant difference between the illuminance levels of
white light compared to the illuminance levels of red light (z (32) =-3.9186, p <.001),
see Appendix 11.

The mean for the illuminance levels of white light (M = 6.8%, Variance = 0.3%) was
significantly lower than the mean for the illuminance levels of red light (M = 15.3%,
Variance = 2.5%).

To summarize the statistics of the red light, the graph that follows shows the mean of
the illuminance levels of red light compared to the mean of the illuminance levels of
white light (see Figure 1313). Both percentages are calculated according to each color’s
individual maximum illuminance levels.
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16%
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12%
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White Red

Figure 1313. Mean of illuminance levels in percentage of white and red light.
Note that the Y-axis shows the percentage of each colors individual
total. 100% illuminance of white is set to 20 lux and 100% of red is set
to 2.6 lux.

41.3 Green

The maximum illuminance level (100%) of green light was measured to 7.7 lux. The
mean illuminance level was 7.8% (N = 33, Median = 5.2%, SD = 7.9%, range: 1.3-
41.6%), see Appendix 9. The results distributed by illuminance levels in percent are
presented in the following histogram, see Figure 1414.
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Figure 1414. The results for green light, distributed by illuminance levels in percent.

The Person’s Correlation Coefficient is set to #(31) = .9962, p = < .00001. This
concludes that the result is significant and as shown in the graph (Figure 1515) there is
a strong positive correlation between the measured illuminance and intensity levels of
green light.
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Figure 1515. Correlation between illuminance and intensity in percent of green
light.
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A two-tailed t-test revealed no significant difference between the illuminance levels of
white light compared to the illuminance levels of green light (¢ (32) =-1.203, p = 0.238),
see Appendix 11.

The mean for the illuminance levels of white light (M = 6.8%, Variance = 0.3%) was
not significantly lower than the mean for the illuminance levels of green light (M =
7.8%, Variance = 0.6%).

To summarize the statistics of the green light the graph that follows shows the mean of
the illuminance levels of green light compared to the mean of the illuminance levels of
white light (see Figure 1616). Both percentages are calculated according to each color’s
individual maximum illuminance levels.

White Green

Figure 1616. Mean of illuminance levels in percentage of white and green light.
Note that the Y-axis shows the percentage of each colors individual total.
100% illuminance of white is set to 20 lux and 100% of green is set to
7.7 lux.

41.4 Blue

The maximum illuminance level (100%) of blue light was measured to 3.3 lux. The
mean illuminance level was 22.2% (N = 33, Median = 15.2%, SD = 18.7%, range: 3-
81.8%), see Appendix 10. The results distributed by illuminance levels in percent are
presented in the following histogram, seeFigure 1717.
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Figure 1717. The results for blue light, distributed by illuminance levels in percent.

The Person’s Correlation Coefficient is set to #(31) = .9977, p = < .00001. This
concludes that the result is significant and as shown in the graph (Figure /818) there is
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a strong positive correlation between the measured illuminance and intensity levels of
blue light.
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Figure 1818. Correlation between illuminance in % and intensity in % of blue light.

A two-tailed t-test revealed no significant difference between the illuminance levels of
white light compared to the illuminance levels of blue light (¢ (32) = -5.969, p < .001),
see Appendix 11Appendix .

The mean for the illuminance levels of white light (M = 6.8%, Variance = 0.3%) was
significantly lower than the mean for the illuminance levels of blue light (M = 22.2%,
Variance = 3.5%).

To summarize the statistics of the blue light, the graph that follows shows the mean of
the illuminance levels of blue light compared to the mean illuminance levels of white
light (see Figure 7919). Both percentages are calculated according to each color’s
individual maximum illuminance levels.
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Figure 1919. Mean of illuminance levels in percentage of white and blue light. Note
that the Y-axis shows the percentage of each colors individual total.
100% illuminance of white is set to 20 lux and 100% of blue is set to 3.3
lux.

4.1.5 Demographic data

The gender distribution between the participants were 16F and 17M. The following
graphs shows the illuminance levels in percent per participant. They are organized
according to the levels of white light in order to present a more distinct graph, see Figure
2020.
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Figure 2020. Illuminance levels in % according to gender.

The mean age of the participants was 26,6Y (Median = 25, Range: 20-40, SD = 5,4).
The required illuminance levels in percent per participant are presented in Figure 2/21.

100%

90%

80%

70%

60%

50%

llluminance %

40%
30%
20%
10%

0%

20 21 21 21 21 21 22 23 23 23 23 23 23 24 24 24 25 25 26 26 27 27 28 29 30 31 32 33 33 35 36 38 40
Age

White Red Green Blue

Figure 2121. Illuminance levels in percent according to age.
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4.2 Analysis

4.2.1 Correlation between intensity and illuminance

In order to ensure that the measured illuminance was coherent to the dim-levels, the
correlation coefficient was calculated for each color. As all four colors showed a strong
correlation between illuminance and intensity, it proofed that the measured illuminance
was accurate. Therefore, it was presumed reliable to use lux as comparison unit.

4.2.2 Dispersion of result

The following table shows the central tendency as well as the dispersion of the data for
each color, see Table 2. The tendency for all colors is that there is a right-skewed
distribution of the data. The red light showed the most right skewed data with a first
quartile (Q1) at 5.8% and a range of 3.8%-76.9%. Blue light had a similar range but
with a higher dispersion of data. The results for the neutral white and green light showed
similar Standard Deviation- (SD-)values as well as mean, median, min, and Q1 values.

The only value which differs is the max value, where the green max was 41.6% versus
white 22%.

Table 2.  Dispersion of results

Min Max Median Ql Mean Standard Deviation
White light 1% 22% 4.5% 3% 6.8% 5.5%
Red light 3.8% 76.9% 7.7% 5.8% 15.3% 15.8%
Green light 1.3% 41.6% 5.2% 3.2% 7.8% 7.9%
Blue light 3% 81.8% 15.2% 10.6% 22.2% 18.7%

4.2.3 White vs colors

The average illuminance level of each color is compared to the average illuminance
level of white in the following graph, see Figure 2222. In order to compare the results,
the average illuminance of white has been set to 100%. The results show that in order
to achieve the same perceived brightness, more than twice as much red light is required.
As former t-test showed, there is only a marginal difference between the perceived
brightness of green and white light. The highest value was reported with blue light:
more than three times as much as white light was required to reach the same perceived
brightness.

350% 327%
300%
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200%

150%
o 115%
100%
100%

White Red Green Blue

Figure 2222.  Percentage of colored light required, compared to white light, to
achieve the same perceived brightness, according to illuminance in
percent.
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424 Gender

The study showed that female participants in general required slightly higher levels of
illuminance on both white and colored light. As the gender division in this study is set
to 49.5% female and 50.50% male, the result is considered to be representative. As this
parameter is not part of the research question, it will not be further discussed.

425 Age
The results showed no correlation between age and required illuminance levels, see

Figure 2323.
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5 Discussion

5.1 Result discussion
This study investigates what levels of colored light is needed to achieve the same
perceived brightness as with white light and is performed with LED on point sources.
The results showed that nearly three times as much blue light (Ap 464nm), nearly twice
as much red light (A\p 634nm), and nearly the same amount of green light (Ap 519nm),
were required to achieve the same perceived brightness as with white light (CCT
4000K, Duv -0.0007).

The results showed clearly that the majority of the participants needed low light levels
to perform the Landolt C test within all colors, including the neutral white light. There
was a difference between the dispersion of data among the colors though: The results
from the green and white light were unambiguous and showed a low dispersion of data.
The red and blue light had a higher dispersion of data, which indicated a lower precision
of the results. Within the results of red, green, and blue light, outliers on the right end
were found, which affected the mean-values marginally and the range-value
considerably. It also affects the relationships between red, green, blue, and white light.
The outliers in the data of this study are considered to be indicators of individual
differences of the participants.

There were differences in required light levels for different colors of light that
correlated with gender but not with age. As it is not part of the aim of the study, no
further discussion will be held.

The result concurs with several studies that showed that the perceived brightness
depends on the spectral distribution of the light (Berman et al., 1996; Hwang et al.,
2012; Wardhani et al., 2022, Bornstein 1975). The results of the current study showed
that less green light was required compared to red and blue light, which is in line with
the results of Bornstein (1975) and Hwang et al., (2012). The levels of green light were
similar to the levels of white light, which concurs with results of Olguntiirk (2015). The
blue light required the highest percentage of its maximum illuminance, which is in line
with the research by Leube et al., (2018), Pokorny et al., (1968), and Van Buren et al.,
(2018).

One study that contradicts the current result, showed that blue light (A\p 490nm) was
perceived as brighter than white and red (Ap 670nm) light of the same intensity (Shlaer
et al., 1941). The main difference was the adaptation time which affects the exponent
of the power law determining the ratio between brightness and luminance (see equation
3) (Boyce, 2014). In the study by Shlaer et. al. (1941) the adaptation time was long
enough to let the participants “become completely adapted” (p. 554) between each
intensity level of the stimuli, and therefore it was possible to use low levels of intensity.
In the current study an adaptation time of 30 seconds was considered sufficient as in
real-life situations, there are rarely 10 minutes of darkness between different light
colors. This is estimated to be one of the main reasons why the results from Shaler, et.
al. (1941) differ from the current study. When using light with low intensity and short
wavelength, the rods activate and with a simultaneously use of cones, the visual
function increases (the Purkinje phenomenon (Hunt & Pointer, 2011)), which may
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explain why the blue light was perceived as brighter than the white and red light (Shlaer
etal., 1941).

Visual field is another parameter that may affect the results when studying the perceived
brightness of colored light. In a study by Caberletti et al., (2010) blue light (Ap 471nm)
was shown to be perceived brighter than orange light (Ap 605). In the study by Caberletti
et al., (2010) a visual field of 135° was used which resulted in that the stimulus was
registered in the peripheral part of the retina (Boyce, 2014). In the current study, the
visual stimuli had a retinal image size of R=~0.105mm and thereby it was registered in
the foveola (¥=~0.3mm (Aries et al., 2022; Boyce, 2014)) of the participants. Due to
the distribution of the photoreceptors in the retina (the S-cones are located outside the
foveola (Weale, 1953)) this caused a reduced sensitivity to blue light, compared to if
the peripheral part of the retina had been used (Boyce, 2014).

5.2 Method discussion

The choice of method (experiment with method of limits) was considered to be adequate
since it answered the research questions and is one of the traditional methods of
psychophysics (Gescheider, 1997). Different parameters of the experiment affected the
reliability and validity.

The first parameter was the sample group that had to fulfill certain criteria to participate
in the experiment. They had to pass a color vision test and also had to be between 18-
40 years old. The gender division in the 33 participants were 48,5%F/51,5%M, which
is to consider to be as equal as possible. This gives the study a high external validity
(Gustavsson & Séfsten, 2019).

The second parameter was the procedure. As the measurements took place inside the
apparatus, and all the variables included were strictly controlled, every test was
performed in the same way (except randomization of the order of colors), and the
reliability is calculated to be high (Gustavsson & Sifsten, 2019). However, the validity
may have decreased due to the adaptation time between each stimulus, (as earlier
discussed) as it is one of the aspects that affects the critical stimulus value (Gescheider,
1997).

The third parameter was the apparatus and its components. One of the components was
the light sources. The near-monochromatic light ensured that the colors would contain
specific wavelengths in a cluster. The Ap for each light color is specified in the Method-
section together with the SPD, CCT and Duv of the white light. This reinforces the
internal validity as well as the reliability. As various studies have shown that the
perceived brightness of light depends on the spectral distribution (Berman et al., 1990;
Boyce, 2014; Hwang et al., 2012), the result of the current study is only generalizable
on light sources with similar characteristics. In Table 3. The Ap of the different cones
of the human eye, and light sources used in the experiment the Ap of each light source
is compared to the sensitivity peak of each cone. It shows that the peak for the blue and
green light lies near the peak of the respective cones, however, the red light lies slightly
further away from the peak of the L-cones, which indicates that there might have been
a reduced sensitivity regarding the red light. This may have affected the results, and
thereby the internal as well as the external validity.
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Table 3. The Ap of the different cones of the human eye, and light sources used in
the experiment.

| S-cones  Blue light | M-cones  Green Iightl L-cones  Red Iightl
Ap | 450nm  464nm | 525nm  519nm | 575nm  634nm |

Another component was the psychophysical criterion; visual acuity with Landolt C test.
Studies have shown that the pupil size affects both the perceived brightness (Sulutvedt
et al., 2021) as well as the visual acuity (Shlaer et al., 1941). Problematically, they are
being affected in diametrically opposite ways; according to Sulutvedt et al., (2021) a
contracted pupil decreases the perceived brightness, while Shlaer et al., (1941) states
that it increases the visual acuity. Blue light has been shown to decrease and red light
to increases the size of the pupil (Wardhani et al., 2022). This causes a conflict in the
method of the current study where visual acuity was used as a reference to investigate
the perceived brightness.

The fourth parameter was the tools of measurement, the lux-meter. As earlier studies
have discussed, the accuracy is lacking when measuring near-monochromatic light with
methods and devices based on the V (), such as luxmeters and luminance camera
(Padgham, 1971; Roufs, 1978). Roufs (1978) states that the “[...] discrepancy between
luminance and brightness increases with the saturation of the light.” (p.16). Red, green,
and blue light are stated to be perceived as brighter than less saturated colors (Boyce,
2014; Hwang et al., 2012). This implicates that in a real-life situation, measuring near-
monochromatic light with a luxmeter (or similar photometric tool intended to measure
light-levels, based on the V (1)), would not give adequate results in terms of perceived
brightness (Padgham, 1971). Padgham (1971) states that the international agreement of
photometry "is based on an arbitrary definition of luminous flux which is generally
satisfactory, but for which there is ample evidence of giving seriously misleading
results on the appearance of colors of high purity" (p.588). The conclusion is that studies
regarding colored light, using photometric units as reference values, demonstrates the
deficiency of the photometric system rather than showing adequate results regarding
the perceived brightness of colored light (Padgham, 1971).

Since all photometric quantities are based on the V (L), none would be accurate to use
when planning colored light. In the current study, a more reliable method would have
been the use of radiometry in order to measure the light levels in an objective way. As
the direct observations in this study used a visual acuity test to define light levels, and
the luxmeter was used to produce a comparable value, the mentioned difficulties with
the photometric system were practically omitted. The strong correlation between the
dim-values and the measured lux-values supports the method of measurement and
thereby strengthens the reliability.
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6 Conclusion

This study aimed to investigate the perceived brightness of colored light. The colors which were
studied were red, green, and blue. Neutral white light was used as a reference. The findings of
the study are:

» The perceived brightness of the light was affected by the spectral distribution.

= Green light was perceived as brighter than red and blue light. The blue light was
perceived as less bright than the other lights.

= [tis complex to implement the results of the study as there is no current agreement of
how to measure colored light. According to several studies there are serious doubts
about whether photometry is suitable for measuring colored light, and there is a lack
of complementary units on the market. See discussion further down.

Based on the results of the current study and previous research, the conclusion is that the
perceived brightness is affected by different parameters, among them the size of the visual
field, the spectral distribution (Berman et al., 1996; Bornstein, 1975; Caberletti et al., 2010;
Hwang et al., 2012). As there are various parameters that affect the relationship between
brightness and luminance (the stimulus critical value function), the results of this study are
limited and may only apply in similar situations. The current study used a visual target that
was registered in the foveal part of retina which implicated that the results are only applicable
on smaller visual objects. Some examples may be when planning near-monochromatic light
for detail work such as surgery or manufacturing. Other areas may be car interiors or
decorative purposes, or whenever colored light is preferable to white light. It is of importance
to consider that, whenever using the result as support of planning, the used reference light was
a LED with a CCT of 4000 K.

Colored light has been shown to affect the visual acuity and to cause glare (Roaf & Sherrington,
1930; Shlaer et al., 1941; Yang et al., 2018), which makes it important to use correct levels of
intensity. Therefor the result of this study may be useful to optimize the visual ergonomics.
From a sustainability point of view, by planning correct levels of colored light instead of
estimating, energy can be saved (Yang et al., 2018; Zhang et al., 2022).

The use of colored light is increasing in various fields and the lack of guidelines and standards
is tangible. As earlier mentioned, there are various parameters affecting the perceived
brightness. Therefore, further research is suggested using a different visual field, spectral
distribution, intensity levels and backlit areas, such as point sources or luminous surfaces.

It is also suggested that further research will be performed regarding photometry and near-
monochromatic light, since many studies showed that photometry is not giving adequate result
when measuring colored light. One option might be using radiometry. But as it is not
conventional to mark luminaires or light sources with radiometric quantities, the most suitable
option would be the input power, watt. It is recommended though, that further research is
executed first.

The study showed differences between the genders regarding the perceived brightness. Even
though this was not part of the aim of the study, the results were enough clear to indicate that
further research is needed. This may be of importance when choosing sample groups in future
research within the psychophysical field.
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Appendix 2

Demographic date

Participant Date Time Age Gender Occupation Visual aid?
M201 2023-03-06 14:44 33 M Lightindesigner student 0
M102 2023-03-07 | 09:20 21 M Lightindesigner student 0
M103 2023-03-07 | 09:35 23 M Lightindesigner student X
F104 2023-03-07 | 09:48 23 F Lightindesigner student 0
F105 2023-03-07 | 09:58 24 F Lightindesigner student 0
F206 2023-03-07 [ 10:09 26 F Lightindesigner student X
M207 2023-03-07 11:00 28 M Lightindesigner student 0
M208 2023-03-07 11:14 33 M Lightindesigner student 0
M109 2023-03-07 11:30 23 M Byggingenjor 0
F110 2023-03-07 11:48 22 F Byggteknik 0
M111 2023-03-07 11:55 25 M Bygnadutformning 0
F112 2023-03-07] 12:05 21 F Byggteknik 0
F213 2023-03-07 12:24 26 F Lightindesigner student 0
M114 2023-03-07 12:40 21 M Logistik 0
F215 2023-03-07 [ 12:50 29 F BIM-master 0
F116 2023-03-07 13:07 20 F Lightindesigner student 0
M217 2023-03-07 13:21 27 M Lightindesigner student 0
F118 2023-03-07 13:30 21 F Lightindesigner student 0
M319 2023-03-07 [ 14:06 36 M BIM-master 0
M120 2023-03-07 | 14:15 23 M BIM-master 0
M221 2023-03-07( 14:28 30 M Lightindesigner student X
F122 2023-03-07 14:42 21 F Lightindesigner student 0
F123 2023-03-07 14:53 23 F Lightindesigner student 0
M124 2023-03-07 15:05 24 M Lightindesigner student X
F125 2023-03-07 15:18 24 F Lightindesigner student X
F226 2023-03-07 15:28 27 F Lightindesigner student X
M227 2023-03-07 [ 15:38 32 M BIM-master 0
M128 2023-03-07 | 15:50 23 M BIM-master 0
M129 2023-03-07 | 16:00 25 M BIM-master 0
M230 2023-03-07 16:18 31 M BIM-master 0
F331 2023-03-07 1700 35 F Lightindesigner student X
F332 2023-03-07 [ 16:28 38 F Lightindesigner student 0
F333 2023-03-08 | 09:38 40 F PhD in Lighting Science X




Appendix 3

Consent-papers

Consent to participate in the study ”"Perceived brightness of colored light in
comparison to white light”.

We are students at the bachelor program of Lighting Design at JTH and this is a part of our
thesis where we investigate perceived brightness of colored light in comparison to white
light. The thesis is being executed in collaboration with Volvo Cars.

Through this study we aim to investigate whether it is possible to make guidelines for levels
of colored light and thereby simplify the process of planning colored light.

The results of the study will be published in DIVA.

All information you leave is confidential and will be treated confidentially. Your name or any
other personal identifying information will not be shown in any publications regarding from
this study. The combination of your name and a unique code will only be available to the
main researchers.

According to GDPR participants can at any time as to have their data and personal
information corrected or removed from the study. To do this, contact the main researchers
directly.

The experiment lasts for approximately 15 minutes and where the participants engages in
visual acuity tests in light of different colors. Participants have the right to cancel at any time
during the course of the experiment.

By signing this consent, you indicate that you have understood that the study is completely
voluntary and how the handling of personal data will take place.

1 1 agree to participate in the study "Perceived brightness of colored light in comparison to white
light".
1 1 consent to my personal data being processed in the manner explained above.

Place and date Signature and name clarification
Sofia C Lindén Jonkoéping School of Engineering Razan Albunyaha
+46764066757 Department of Lighting Design +4621273842

sofiaclinden@gmail.com March 2023 razan.albunyaha85@gmail.com
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Samtycke till att delta i forskningsprojektet "Perceived brightness of colored
light in comparison to white light”.

Vi ar studenter vid kandidatprogrammet for Ljusdesign pa JTH och detta ar en del av vart
examensarbete dar vi undersdker upplevd intensitet pa fargat ljus jamfort med vitt ljus.
Examensarbetet skrivs i samarbete med Volvo Cars.

Genom denna studie vill vi underséka om det gar att ta fram riktlinjer for nivaer av fargat ljus
och darmed férenkla processen av projektering av fargat ljus.

Resultatet av studien kommer att publiceras pa DIVA.

All information du lamnar ar konfidentiell och kommer att behandlas konfidentiellt. Ditt
namn eller ndagon annan personlig identifierande information kommer inte att visas i nagra
publikationer som harror fran denna studie. Matchen mellan ditt namn och en unik kod kan
endast nas av huvudforskaren.

| enlighet med GDPR kan deltagare nar som helst be att fa sina uppgifter rattade eller
raderade fran studien. Detta gors genom att kontakta huvudforskarna direkt.

Sjalva experimentet tar ca 15min och innebdar att deltagaren deltar i olika syntester med
olika fargat ljus. Deltagare har ratt att avbryta nar som under experimentets gang.

Genom att signera detta samtycke sd anger du att du har férstatt att studien dr helt frivillig
och hur hanteringen av personuppgifter kommer att ske.

[ Jag samtycker till att delta i studien ”Perceived brightness of colored light in comparison to white
light”.
[ Jag samtycker till att mina personuppgifter behandlas ovan forklarat satt.

Plats och datum Underskrift och namnfértydligande
Sofia C Lindén Jonkoéping School of Engineering Razan Albunyaha
+46764066757 Department of Lighting Design +4621273842

sofiaclinden@gmail.com March 2023 razan.albunyaha85@gmail.com
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Appendix 4

Room description

The following drawing shows the outline of the different rooms used in the experiment. The dividing
walls are made out of black, matt, fabric with a “black-out” function. The Participants entered and

exited through the door at the right. The black square represents the apparatus. The red circles
represent desk luminaires.

- Controll room

5000 mm

"' Testroom, - | "‘Information room .-’

2500 mm




Appendix 5

Product sheet of LED-strip

BTF-LIGHTING

---SHENZHEN BTF-LIGHTING TECHNOLOGY CO.,LTD---

Specification
HAS S

Factory Model/ : BTF-5V-RGBWIC-SK6812RGBNW-1441 -W30

Sending Date/ H# 2022/4/29

Production Unit/

Address/ : 2F, Bld. C-C1, Chuangfu Tech Park, Beihuan Rd., Shiyan St., Baoan District, Shenzhen, Guangdong, China.
bl JTREFEINT c 2

Phone Number/ 86-134 1612 8074 Contact Person/ Sinon-Lee
Email/ contact@btf-lighting.com

Web/Mik: www.btf-lighting.com
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& BTF-LIGHTING

Model: BTF-5V-RGBWIC-SK6812RGBNW-144L-W30

Contents H 3%
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& BTF-LIGHTING

Model: BTE-5V-RGBWIC-SK6812RGBNW-144L -W30

Version History 1&17 )& i

Date Hiff

Revised content &i] N & Version fiR4<

Revised by &1T A

BTF-20220429017

REV: A/O
DATE:2022/04/29

=F 2/ 8




Model: BTF-5V-RGBWIC-SK6812RGBNW-144L-W30

& BTF-LIGHTING

Features CHifib)

1. PRECISION SMT PROCESS ( )

2. BUILT-IN IC ONE IC DRIVES ONE LED RGBW 4 CHANNEL (

IC; :RGBW 4 )

3. WIDE VIEWING ANGLE (f5 K120° KA K6

4. CE/RoHS/FCC/REACH COMPLIANT (%4 CE/RoHS/FCC/REACH #71H:)
5. PACKAGE:1M/REEL. (fu34:35:1%)

Application (M)

1. GENERAL LIGHTING @&

2. LINEAR LIGHTING (£{E:[E5])

3. FURNITURE LIGHTING (5 H.{#& 1)

4. DECORATIVE AND ENTERTAINMENT LIGHTING C4ffi 545 55 e i )
5. ATMOSPHERE LIGHTING 5 )

Package Dimension 500MM = 2MM ( 500MM+ 2MM)

Notes (#7F) :
1. All dimensions are in millimeters (g FriE R A NZE KD

2. Tolerances are = 0.15mm unless otherwise noted (&4 5tniA40, RIFAZEN+0.15mm)

3. Customized 0.5m delivery (F]0. 5mH %)

Product Number Explanation (7=} Zmh5 158D
BTF - OO0 - 00O - OO0 - 000 - 000 000

@ ® @ ® G @
BTF( 75 5 )
FORWARD VOLTAGE (FFFRHIFE) : 5V/12V/24V/36V/48V ... ...
CHIP TYPE ( ) : RGB/RGBW/RGBCCT/RGBIC/RGBWIC/RGBCCTIC......
CHIP NAME (i ) : WS2812B/WS2812E/WS2813/WS2811/WS2815/3535/5050......
LED QTY(LED  ): 18/30/60/74/96/100/144......

PCB COLOR (4] %:PCB ) 1 WHITE/BLACK
WATER PROOF GRADE ( ): 1P30/1P65/1P67/1P68

SECNCGECRONCNCNE

BTF-20220429017

REV: A/O
DATE:2022/04/29

-

3/8

12Zmm



Model: BTF-5V-RGBWIC-SK6812RGBNW-144L-W30

@ BTF-LIGHTING

PARAMETER LIST ( )
PARAMETER ( ) Color Centre (Fith) Parameter value
/v Red (Z09%) 240-450MCD
Green (%) 580-1050MCD
Blue () 120-240MCD
White ¢ ) 1800-2525MCD
/b Red (Z1%) 240-450NM
Green (£4)t) 580-1050NM
Blue (#55%) 120-240NM
White ¢ %) NM
/VF Red (ZI9) 2.0-2.4V
Green (£8%) 2.8-3.2V
Blue (¥ 2.8-3.2V
White () 3.2-35V
Absolute maximum ratings per meter (& K485} 5 K4 EHE)
Item (35 H) Symbol (/55) Range value ( ) Unit (FA7)
Vin 3.7~5.5 \Y
RGB Vds 5 v
Vi -0.5~0.5+VDD v
RGB Loll 8-16.5 MA
Topt -40~85 oC
Tstg -40~85 °C
ESD Vesd 2 KV
Electrical-Optical characteristics (HLP: 5652 R)

Item (35 ) Absolute Maximum Rating (E({EH/M)

Input Voltage C(Hii \HJE) DC5V
Input Current CFi L) 7.2A
Power Dissipation (I 36W+10%
Color Rending Index (&35) 90
View Angle (ffif¥) 120°
Light Efficiency O%:%0) N/A
LED QTY ¥ 144leds/m
Cut length (BIY)KJE) 6.9MM

BTF-20220429017

REV: A/0
DATE:2022/04/29

=F 478
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Model: BTF-5V-RGBWIC-SK6812RGBNW-144L-W30

@& BTF-LIGHTING

BTF-20220429017

Thermal Pad Temperature vs. Relative Light Output

Mormalized Luminous Flux
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0.00

1] 20 40 50 ao 100 120
Tharmal Pad Tempearature (T=25%C)
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& BTF-LIGHTING

Model: BTF-5V-RGBWIC-SK6812RGBNW-144L-W30

NO. Test item Test Conditions Reference Criterion
100 £ 5° C~-40° C £+
I Thermal Shock 5° C MIL-STD-202G 0/22
15min~15min 100 cycles
High Temperature _ o JETA ED-4701
2 Storage Ta=+100°C 1000hrs 200 201 0/22
Low Temperature P JEMTA ED-4701
3 Storage Ta=-40°C 1000hrs 200 202 0/22
High Temperature :
4 High Humidity Ta=40°C RH=90% 1000hrs JE”]’ES?%?O] 0/22
Storage
—40° C~25°C~100°C~25°C
5 Temperature 30min~5min~30min~5mi | JEMA ED-4701 0/22
Cycle n 100 105
100 cycles
4 Resistance to Tsld = 260° C, 10sec. 2 JEITA ED-4701 0/22
Soldering Heat times 300 301
7 Room temp Life 25° C, IF: Typical JESD22-A 0/22
Test current , 1000hrs 108D
Criteria for Judging the Damage:
Lirmit
ltem Symbol Test Condition
Min Max
Lumlngus IV DC=5V, Typical Init. Value*0.7 .
Intensity current
Resistance to - DC=5V, Typical No dead lights or obvious
Soldering Heat current damage

BTF-20220429017

REV: A/0
DATE:2022/04/29 -*r 6/8



Model: BTF-5V-RGBWIC-SK6812RGBNW-144L-W30

& BTF-LIGHTING

Reel Dimensions (F&#R)

¢129£2mm

14.7:0.2

Note (£%iE) :
Tolerance unless mentioned is £0.3mm; unit=mm |

FFFIEAZ N +0.3mm, ¥4 mm

Packing Process (2 FE)

7 N
<&

A\ 4

v |

Aluminum moisture-proof bag %5
]
QTY: 1m/Reel  %&E: 1K/%&

Inner box KA
—| QTY:100m ( 100Reel
] Kt 100 K (100 %)

Outer box #Mf: 58*35.5*%21.5cm
QTY: 100m ( 100Reel )
J B 100 2K (100 %)

BTF-20220429017

REV: A/O
DATE:2022/04/29



Model: BTF-5V-RGBWIC-SK6812RGBNW-144L-W30

& BTF-LIGHTING

Accessories (it 1)

Model (FZf#FK)

Pictorial (/)

Features (i)

Note (£7F)

3PIN-SM

SM

Cautions (fi FyF =S

1. Avoid contact hard objects on the emitting area.

8 Y R X AR BE) i o

2. Soldering iron temperature should be less than 305, single soldering time should be controlled within 3S.

FREIN IR L T /N T 3057, BRI AHEHIZE 3s LA

3. Min. Vertical Bending Length: 25cm360°, Min. Horizon Bending Length: 1cm, Max. Vertical Bending angle: 50cm720°.
ANEEHMACEE: 25em, Ml 240° , B/ANVKCFHBIEAR Lem, RO EH A EE 50cm 1B 720° .

4. Max. Input Voltage: <110% of standard Input Voltage.
BRI AUE BRI 1.1 65, B RBAR .

BTF-20220429017

REV: A/O
DATE:2022/04/29

=F 8/8




Appendix 6

Landholt C-test
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Appendix 7

Date white light
Descriptive statisitics
Mean 6,8%
Standard Error 1,0%
Median 4,5%
Mode 4,5%
Standard Deviation 5,5%
Sample Variance 0,3%
Kurtosis 105,8%
Skewness 135,1%
Range 21,0%
Minimum 1,0%
Maximum 22,0%
Sum 2,24
Count 33
Participant Intensity | Intensity in % [ Illuminance (x0.1) [ lluminance in %
Max 255 Max 100% Max 200 Max 100%
M201 18 7% 15 8%
M102 31 12% 24 12%
M103 32 13% 26 13%
F104 18 7% 14 7%
F105 21 8% 17 9%
F206 40 16% 32 16%
M207 9 4% 6 3%
M208 8 3% 6 3%
M109 12 5% 9 5%
F110 7 3% 5 3%
M111 12 5% 9 5%
F112 20 8% 16 8%
F213 15 6% 11 6%
M114 8 3% 6 3%
F215 6 2% 4 2%
Fl116 57 22% 44 22%
M217 6 2% 4 2%
F118 11 4% 9 5%
M319 12 5% 8 4%
M120 4 2% 3 2%
M221 47 18% 38 19%
F122 6 2% 4 2%
F123 19 7% 15 8%
M124 14 5% 11 6%
F125 9 4% 7 4%
F226 12 5% 9 5%
M227 5 2% 3 2%
M128 31 12% 25 13%
M129 7 3% 5 3%
M230 2 1% 2 1%
F331 14 5% 11 6%
F332 17 7% 14 7%
F333 50 20% 36 18%




Appendix 8

Date red light
— Descriptive statisitics |
Mean 15%
Standard Error 3%
Median 8%
Mode 8%
Standard Deviation 16%
Sample Variance 2%
Kurtosis 683%
Skewness 242%
Range 73%
Minimum 4%
Maximum 77%
Sum 504%
Count 33
Participant Intensity Intensity in % | llluminance (x0.1) | lluminance in %
Max 255 Max 100% Max 26 Max 100%
M201 88 35% 10 38%
M102 43 17% 5 19%
M103 69 27% 8 31%
F104 38 15% 4 15%
F105 34 13% 4 15%
F206 183 72% 20 77%
M207 23 9% 2 8%
M208 10 4% 1 4%
M109 30 12% 3 12%
F110 9 4% 1 4%
M111 14 5% 1 4%
F112 32 13% 3 12%
F213 27 11% 2 8%
M114 10 4% 1 4%
F215 61 24% 6 23%
F116 86 34% 9 35%
M217 19 7% 2 8%
F118 30 12% 3 12%
M319 19 7% 2 8%
M120 12 5% 1 4%
M221 61 24% 6 23%
F122 13 5% 1 4%
F123 30 12% 3 12%
M124 21 8% 2 8%
F125 21 8% 2 8%
F226 14 5% 1 4%
M227 20 8% 2 8%
M128 21 8% 2 8%
M129 17 7% 2 8%
M230 7 3% 1 1%
F331 29 11% 3 12%
F332 50 20% 5 19%
F333 132 52% 13 50%




Appendix 9

Date green light
Descriptive statisitics
Mean 8%
Standard Error 1%
Median 5%
Mode 6%
Standard Deviation 8%
Sample Variance 1%
Kurtosis 964%
Skewness 274%
Range 40%
Minimum 1%
Maximum 42%
Sum 258%
Count 33
Participant Intensity | Intensity in % | llluminance (x0.1) | lluminance in %
Max 255 Max 100% Max 77 Max 100%
M201 36 14% 10 13%
M102 16 6% 5 6%
M103 39 15% 12 16%
F104 22 9% 6 8%
F105 20 8% 5 6%
F206 46 18% 14 18%
M207 9 4% 2 3%
M208 5 2% 1 1%
M109 15 6% 4 5%
F110 6 2% 1 1%
M111 20 8% 5 6%
F112 33 13% 10 13%
F213 14 5% 4 5%
M114 8 3% 2 3%
F215 27 11% 7 9%
F116 53 21% 16 21%
M217 8 3% 2 3%
F118 12 5% 3 4%
M319 20 8% 5 6%
M120 5 2% 1 1%
M221 45 18% 13 17%
F122 8 3% 2 3%
F123 18 7% 5 6%
M124 15 6% 4 5%
F125 13 5% 4 5%
F226 10 4% 3 4%
M227 14 5% 4 5%
M128 12 5% 3 4%
M129 11 1% 3 4%
M230 5 2% 1 1%
F331 11 4% 3 1%
F332 27 11% 7 9%
F333 116 45% 32 42%




Appendix 10
Date blue light

Descriptive statisitics

Mean 22%
Standard Error 3%
Median 15%
Mode 12%
Standard Deviation 19%
Sample Variance 4%
Kurtosis 212%
Skewness 158%
Range 79%
Minimum 3%
Maximum 82%
Sum 733%
Count 33
Participant Intensity | Intensity in % | llluminance (x0.1) | lluminance in %
Max 255 Max 100% Max 77 Max 100%
M201 82 32% 10 30%
M102 30 12% 4 12%
M103 129 51% 17 52%
F104 38 15% 5 15%
F105 79 31% 10 30%
F206 208 82% 27 82%
M207 48 19% 6 18%
M208 29 11% 4 12%
M109 93 36% 12 36%
F110 10 4% 1 3%
Mil111 31 12% 4 12%
F112 38 15% 5 15%
F213 45 18% 6 18%
M114 11 4% 1 3%
F215 63 25% 7 21%
Fl116 137 54% 17 52%
M217 40 16% 5 15%
F118 31 12% 4 12%
M319 27 11% 3 9%
M120 20 8% 2 6%
M221 156 61% 20 61%
F122 20 8% 2 6%
F123 31 12% 4 12%
M124 33 13% 4 12%
F125 51 20% 6 18%
F226 22 9% 3 9%
M227 28 11% 3 9%
M128 62 24% 7 21%
M129 39 15% 5 15%
M230 27 11% 3 9%
F331 37 15% 4 12%
F332 126 49% 16 48%
F333 132 52% 15 45%




Appendix 11
T-test

t-Test: Paired Two Sample for Means

White Red
lHluminance in % IHluminance in %
Mean 0,068 0,153
Variance 0,003 0,025
Observations 33 33
Pearson Correlation 0,713
Hypothesized Mean Difference 0
df 32
t Stat -3,9186
P(T<=t) one-tail 0,0002
t Critical one-tail 1,6939
P(T<=t) two-tail 0,0004
t Critical two-tail 2,0369
White Green
lHluminance in % IHluminance in %
Mean 0,068 0,078
Variance 0,003 0,006
Observations 33 33
Pearson Correlation 0,783
Hypothesized Mean Difference 0
df 32
t Stat -1,203
P(T<=t) one-tail 0,119
t Critical one-tail 1,694
P(T<=t) two-tail 0,238
t Critical two-tail 2,037
White Blue
lHluminance in % Illuminance in %
Mean 0,068 0,222
Variance 0,003 0,035
Observations 33 33,000
Pearson Correlation 0,775
Hypothesized Mean Difference 0,000
df 32,000
t Stat -5,969
P(T<=t) one-tail 0,000
t Critical one-tail 1,694
P(T<=t) two-tail 0,000001

t Critical two-tail

2,037
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