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ABSTRACT

This thesis proposes that the spectral power distribution (SPD) of lighting can be modified to
enhance spatial brightness. Energy saving is then possible by using SPD that allows
illuminance to be reduced whilst maintaining the same level of spatial brightness. The Akashi
and Boyce study demonstrates an energy saving of 33% by using lamps of higher correlated
colour temperature but it is widely known that this is not a good metric for predicting spatial
brightness.

The aim of this study was to identify a metric for predicting spatial brightness. The first approach
followed the method of Cowan and Ware: use the results of past experiments to test potential
metrics. 65 studies of spatial brightness and SPD were found. Initially, these lead to different
conclusions as to whether SPD affects spatial brightness. The reasons for this are that they
used different methodologies and hence review of method was used to screen the credible data
from within these 65 studies: only 19 of them were considered to be credible. This thesis
focussed on the category rating procedure. The review of methods included an experiment
comparing rating scales with different response ranges and a meta-analysis comparing results
gained when either brightness or visual clarity were the objective of the experiment. Two
potential metrics for spatial brightness are the scotopic to photopic (S/P) luminance ratio and
the area of the colour gamut (GA). Results from the credible studies were used to test these
models: while both models suggest a reasonable prediction, it was found that they were not

independent for this set of data and it was therefore not possible to discriminate between them.

Hence an experiment was carried out to directly test these metrics. The experiment employed
full field sequential evaluation of stimulus pairs, with matching and discrimination procedures.
Three SPDs were compared, these chosen to isolate the S/P and GA effects. Following Berman
et al, one pair had identical chromaticity but different S/P ratios: a second pair had identical S/P
ratio but different gamut area; the third pair had different S/P and gamut area. The two
procedures led to similar results: null condition trials confirmed that doubt about interval bias in
the Berman et al data was unwarranted. It was found that lighting of higher S/P or higher GA
enhance spatial brightness: it was also found that their effects appear to be additive.

When the final remodelling was done by adding the data points from the new experiment to the
data set, the models of the difference of S/P ratio and the log ratio of GA had the best fits with
spatial brightness. Their correlations were equally plausible with mean illuminance ratio of the

data set.

This thesis demonstrates that SPD affects spatial brightness, allowing lower illuminances to be
used when using lighting of higher S/P ratio and gamut area.
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Chapter 1. Introduction

1.1 Electrical Lighting and Work

Commercial buildings, such as office buildings are defined as presenting high-energy
consumption, 20-45% of this consumption is constituted by lighting. It is possible to reduce
lighting energy consumption up to 50% with the new technologies and efficient use of electrical
lighting (Dubois and Blomsterberg, 2011).

There are three possibilities for reducing the electricity consumption of lighting community
(Boyce, 2010).

1. To use daylight more efficiently in combination with better control on electrical lighting.
According to the research, using daylight with lighting control systems has potential to reduce
the electrical energy consumption in office building by 30-60% (Dubois and Blomsterberg,
2011). However, Boyce (2010) suggested that this solution is too slow to achieve: creating new
gaps on outer shells of the buildings in order to take in more sun light or constructing new

buildings with more windows require long time.

2. To develop more energy efficient lighting technology. As scientist and researchers are
developing new technologies and systems with low energy consumption every day, how and
when it is going to be possible to have an ideal technology is still uncertain. Since it costs large
amounts to replace old systems with new ones and most of the purchasers of the technology do
not seem to be convinced to replace their luminaires or systems with them, this approach is not

that practical at the moment.
3. Reducing the illuminances used in new and existing installations.

Lighting for offices in the UK tends to be designed to achieve an average horizontal illuminance
of 500 lux (Dubois and Blomsterberg, 2011). It has been suggested that this could be reduced
by, say, 100 lux, providing up to 20% reduction in energy consumption without significantly
reducing the visibility of the task (Boyce et al, 2006). Task performance though is more than
visibility: if the reduced illuminance led to an environment that was considered to be gloomy this
may affect people’s mood and thus their motivation to work (Boyce et. al., 2003; Knez, 2001).
Visibility is one of the factors of visual performance highly related with illuminance, and the
contrast, colour and size of the task. Increasing the illuminance improves visual performance up
until some level, i.e. with gradually decreasing returns. As shown in Figure 1.1 a larger
improvement can be achieved by changing either the size or the contrast of the task than by

increasing the illuminance.
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Figure 1.1 Visual performance and task illuminance (after Tregenza and Loe, 2014).

However, the reason that these high levels of lighting are still being used in the offices is mostly
related with the users’ preferences. According to Boyce (2014), there are two possibilities for
why office users prefer to have higher levels of light. One might be related with what they are
used to; for the last generation of workers, illuminances in offices were arranged approximately
to 500 lux. When there is no obvious effect on visibility and/or comfort, people prefer the light
level that they are used to. Another possibility is that office users think there is enough light in
the room to see whatever they are expected to do in there. As one of the consistently evaluated
dimensions of the lighting is brightness, the amount of light in the workspace, which can be
described as spatial brightness, is highly related with the users’ expectations. And so, it is
important to fulfil the expectations in order not to negatively affect the mood of the worker as
task performance involves visual performance and mood in relation with motivation (Boyce,
2014). One way to adjust the spatial brightness is to use characteristics of lamp spectral power
distribution (Akashi & Boyce, 2006).

It is well known that photometry based on the standard photopic observer does not fully account
for visual response. For example, it has been demonstrated that lamp spectral power
distribution affects the perception of brightness, so that two different lamps providing the same
illuminance can produce different spatial brightnesses. In the study by Boyce (1977), two
symmetrically arranged booths were presented to the subjects with three different lighting
conditions. When matched for equal visual appearances the required illuminances depended on
the spectral power distributions (SPD) of the lamps. Similarly, in the brightness discrimination
study by Berman et. al. (1990), an effect of SPD on brightness was obtained. These findings
suggest it should be possible to select a lighting spectrum to offset a reduction in illuminance
and so maintain the same level of brightness. Such an approach could allow the mood and
motivation of the worker to be influenced more positively while reducing energy consumption.
However, there is as yet no accepted means by which to characterise the influence of a
spectrum on spatial brightness and thus the trade-off between lamp spectrum and illuminance
for a given level of brightness. Previous studies exploring this effect of SPD on spatial

brightness used different experimental methods. These methods establish different relations



Chapter 1. Introduction

with the environment and include different interactions with the participant. Consequently they

provide different and sometimes contrasting results on how lamp SPD affects spatial brightness.

1.2 Aims and Objectives of This Study

The principle aims of this study are;

e Toinvestigate the effects of lamp SPD on spatial brightness in the photopic viewing
conditions experienced by the user in interior spaces;

* To find out how different experimental conditions affect the assessment of SPD effects

on spatial brightness, and thus promote procedures with reduced systematic bias.

* To identify a lighting metric to help predict the effect of lamp SPD on spatial brightness,
with a focus on simple metrics that are easier to use and more likely to be accepted.

The resulting objectives for the study are disclosed in the structure of this thesis:

The information on current lighting practice in office areas and the visual needs of office workers
in the previous sections of the current chapter provides the necessary context for this study.
The first half of Chapter 2 describes the human visual system and how the amount of light is
being defined. In the second half of the chapter, the metrics related with SPD and how the
changes in light spectrum relevant to affect spatial brightness at photopic light levels are
discussed. This discussion is needed in order to establish that SPD effects have already been
validated, accordingly the research questions for the current study specified at the end of
Chapter 2. A classification of past studies of SPD and spatial brightness according to the
experimental method that has been used is described in Chapter 3 and credible studies are
defined. A detailed investigation on one of the experimental methods, category rating task is
presented in Chapter 4. In the first half of Chapter 4, a new experiment on the number of
response categories is described. In the second half of the chapter, a meta-analysis on
terminology used in brightness studies is explained. A new laboratory experiment testing the
effects of potential metrics on spatial brightness is explained in Chapter 5. Details of the
participants and the apparatus are given. This chapter also describes three different
experimental methods used to measure the lamp spectrum effects and the validation of the
results gained from different methods. An approach to develop spatial brightness models with
potential metrics of SPD using credible data from past studies that is gathered together is
described in Chapter 6. Chapter 7 provides the further discussion on the findings gained from all
of the analyses. Chapter 8 provides the overall conclusions and recommendations for further
work. Additional information is provided in five appendices: Appendix A includes details of the
studies using category rating method with the presented environmental conditions and the

questions asked in the experiment; Appendix B contains the questionnaire used in the
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experiment of number of response categories; Appendix C presents the SPD values of the
lamps used to predict brightness; Appendix D covers information sheet and consent form for the
new experiment; Appendix E shows examples of tabulations used to test the normality of the

distributions in the experiments. A list of referenced work is placed at the end of the thesis.
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Chapter 2. SPD and Visual Response

2.1 Introduction

This chapter presents a summary of standard physical photometry and considers some basic
physiology to demonstrate why an effect of spectral power distribution on spatial brightness is
expected. Then, potential metrics that were proposed to have an effect on spatial brightness at
photopic light levels are discussed. This leads to the research questions of this thesis.

2.2 Visual system

The visual system processes an image with eye and brain working together. A cross-sectional
diagram of the eye can be seen in Figure 2.1. Firstly, light enters the eye through the
transparent area in the front called the cornea. This layer becomes white while curling to the
back of the eye creating an outer layer, which maintains the circular shape of the eye. The next
layer is known as ciliary muscles and it becomes the iris in front of the eye creating the circular
opening called the pupil. Behind the pupil, light passes through to the lens, which is flattened or
fattened by ciliary muscles to vary the refraction. After light passes through the lens, it reaches
the retina where it is absorbed by photoreceptors and converted into neural signals. These
signals pass to the visual cortex via ganglion cells in the retina to continue processing in the
brain (Boyce, 2014).

Blind spot

Lens

Fovea
Cornea

Pupil

Optic nerve

Iris
Retina

Figure 2.1 Cross-sectional diagram of the human eye (after Hunt and Pointer, 2011)

2.21 Rod and cone photoreceptors

The last layer of retina holds four different visual photoreceptors divided into two groups which
are rods and cones. Rods are active at low light levels and are not involved in colour vision.
Cones are active at higher light levels and they have three types. The sensitivity of three cones
varies and their greatest sensitivity lies at 450, 525 and 575 nm wavelengths for short-,
medium- and long-wavelength sensitive cones respectively as shown in Figure 2.2 (Boyce,

2014). Cones provide colour vision.
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Figure 2.2 Spectral sensitivity of the eye for rods and cones (after Hunt and Pointer, 2011).

The region of the retina where cones are most densely packed is the fovea. Medium- and long-
wavelength sensitive (MWS and LWS) cones are mostly present in the central fovea. Short-
wavelength sensitive (SWS) cones have higher density with an increasing eccentricity from the
central fovea. The proportion of LWS, MWS and SWS cone density in the fovea is
approximately 32:16:1. There are no rods in the fovea; they are located outside the fovea and
their maximum density is at about 20 eccentricity from the fovea (Boyce, 2014). Figure 2.3
shows distribution of rod and cone photoreceptors across the retina. There are many more rods
in the retina than cones. As the fovea is where the resolution of details occurs and other fine
discriminations take place, cones play an important part in human vision even though their

number is less than rods. However, rods are more sensitive to the light than cones.
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Figure 2.3 The distribution of rod and cone photoreceptors across the retina (after Sekuler and
Blake, 2014).
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2.2.2 Colour vision

Human colour vision is trichromatic characterized by three cone photoreceptors. Figure 2.4
shows how colour and light-dark input is received through different combinations of three cone
photoreceptors, directed to one achromatic non-opponent and two chromatic opponent
channels to create visual response. Signals from cone photoreceptors are transmitted to
ganglion cells and the output from different cone photoreceptors are compared to gain colour
vision. According to Figure 2.4, MWS and LWS cones which provide the input for achromatic
channel to be transmitted to the visual cortex by magnocellular (MC) ganglion cells. MC cells
are concentrated in periphery and are faster to respond the changes in light levels. The two
chromatic channels used the opponent inputs: MWS vs. (LWS + SWS) signals for red-green
and SWS vs. (MWS + LWS) signals for blue-yellow channels. This information transmitted to
the visual cortex by parvocellular (PC) ganglion cells. PC cells are dominant in fovea and
parafovea, they are better at resolving details than MC cells and sensitive to colour (Boyce,
2014).
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Figure 2.4 The organization of the human colour system showing trichromatic channels (after
Boyce, 2014 and Hunt and Pointer, 2011).

The intrinsically photosensitive retinal ganglion cells (ipRGC) shown in Figure 2.4 were only
recently discovered and are a special type of ganglion cell using melonopsin as photopigments

and having maximum sensitivity at 480nm to short-wavelengths. They are evenly distributed in

10
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the retina outside the fovea. They have slower response to light than rods and cones. These
types of photoreceptors are not included in the image processing of human vision. However, it
has been found that they use the input from rod and cone photoreceptors. It is believed that the

ipRGCs control pupil size (Berman, 2008).

2.2.3 Photopic, scotopic and mesopic vision

The sensitivity of four photoreceptors in retina changes depending on the light level. For
luminance levels higher than approximately 5 cd/m?, photopic vision operates with cone
photoreceptors. Meaning that, at photopic light levels there is colour vision occurs and eye is
able to refine the details with good resolution (Hunt and Pointer, 2011). At the luminance levels
lower than approximately 0.005 cd/m?, scotopic vision functions with only rod photoreceptors.
Rods in scotopic vision only allow the shades of greys to be seen without any colour information
and with low resolution of details. Mesopic vision is in between these two visions, functioning
between 0.005 and 5 cd/m?. Both rod and cone photoreceptors are active in mesopic vision
(Boyce, 2014). Figure 2.5 shows the relationship of luminance and photoreceptors in photopic,
scotopic and mesopic vision. Recommended office illuminances are between 300-500 lux in

many countries. These levels lie in photopic region and so involve cone photoreceptors.
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Figure 2.5 Relationship between luminance and photoreceptor function in the scotopic, mesopic

and photopic regions (after Purves & Lotto, 2003).

2.3 Measuring Light

2.31 Terms used to define light

Section 2.2 explained how the human visual system works. Physiological reactions in the visual
system start with light entering the eye. Light varies in many different ways. This section

describes light properties and how they are measured.

11
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Light is a flow of electromagnetic radiation. This radiation is visible to human at wavelengths
between about 380 and 780nm. Spectral power distribution (SPD) describes the spread of
radiation power within the visible spectrum. A graphical representation of the relative power at
each visible wavelength is called SPD (IES, 2014). Information from the SPD of a light source
can be used to determine the colour characteristics of the lit environment. Each light source has
its own SPD depending on changes in power at different wavelengths. Figure 2.6 presents

SPDs of full spectrum fluorescent (FS) and high pressure sodium (HPS) lamps.
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Figure 2.6 Spectral power distributions of two light sources (SPD data from Fotios and

Levermore, 1997).

The amount of light falling on a unit surface area is called illuminance (Tregenza and Loe,
2014). llluminance measured in lumens per square metre (Im/mz), also known as lux. Light
falling on surface will be transmitted, absorbed or reflected. The amount of light reflected in a
given direction from a unit surface area is known as luminance, measured in candelas per
square meter (cd/mz) (Hunt and Pointer, 2011). These two parameters defining ‘how much light’
are objective and repeatable measures as is essential for comparing light sources. The
evaluations of both illuminance and luminance are precise, while some subjective and not
precise measures of light also exist. A subjective, perceived evaluation of luminance depending
on light-dark adaptation of human eye is called brightness. Brightness is an “attribute of a visual
perception according to which an area appears to emit, or reflect, more or less light” (CIE-elLV,
2014). The main focus of this study is on the amount of light in a space rather than a localised

area of an object. In such cases, the spatial brightness of the interior spaces is considered.

A draft definition of spatial brightness was developed by the llluminating Engineering Society
(IESNA), Visual Effects of Lamp Spectral Distribution committee. This committee has not yet
published the definition, however it has been appeared in four publications (Fotios and Cheal,
2011; Fotios and Atli, 2012; Fotios et al, 2013; CIE, 2014) and it serves as a useful description
for what is meant by spatial brightness in the current study:

“Spatial brightness describes a visual sensation to the magnitude of the

ambient lighting within an environment, such as a room or lighted street.

Generally the ambient lighting creates atmosphere and facilitates larger

12



Chapter 2. SPD and Visual Response

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.”

2.3.2 How much Light: Luminance and Brightness

The emitted energy in the form of radiation called radiant flux (Hunt & Pointer, 2011). Visual
response to a radiant flux is measured with luminous flux which is providing a measure to light
output from a source. Radiant flux is weighted, wavelength by wavelength, by the relative
spectral sensitivity of the human visual system and luminous flux is obtained. The relative
spectral sensitivity curve was first presented by Commission Internationale de I'Eclairage (CIE)
in 1924 as Standard Photopic Observer, represented by V(A). CIE Standard Photopic Observer
described by the measurements using flicker photometry and step by step brightness matching
methods in the central 2° of the fovea (CIE, 1978). In flicker photometry, the quantity of the
chromatic light is adjusted to match with a reference light. The reference and adjustable light
presented alternating temporally and the adjustment done until the minimum flicker is obtained.
The step by step brightness matching, the observer matches two light sources in a bipartite field
until they will have the same brightness (CIE, 1978). As these data collected with 2° in the
central fovea, it is mostly using the responses from LWS and MWS cone photoreceptors
(Lennie, Pokorny and Smith, 1993) and sensing the light level. However, it does not represent

colour vision properly.

The CIE Standard Scotopic Observer was adopted in 1951. This one is dependent on the
responses coming from rod photoreceptors, in which different colours are not seen, only a
sense of the light level. Maximum sensitivities for standard photopic and scotopic observers can
be seen in Figure 2.7 occurring at 555 nm and 507 nm, respectively.
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Figure 2.7 Relative spectral sensitivity curves of photopic V(A) and scotopic V’(A) vision (spectral
sensitivity data from CIE, 1978).

The relationship of power input and light output (luminous flux) is called luminous efficacy (K),
measured in lumens/Watt (Tregenza & Loe, 2014). This function arises from at 555 nm 1W of
radiant flux produces 683 Im, for both photopic and scotopic conditions. As 555 nmis
corresponding to maximum luminous efficacy (K,,) for CIE Standard Photopic Observer is 683
Im/W staying unchanged. It equals to 1699 Im/W for CIE Standard Scotopic Observer.

Luminance is defined as the luminous intensity per unit projected area in a given direction and it
is presented as the photometric measure of radiance by CIE. Thereby, an integrated radiance of
a source (Le)) weighted by the spectral luminosity V(A) of the CIE Standard Observer (CIE,
1978), for photopic luminance (K,=683 Im/W):

830nm
L, =K, fLe,/l(/l)-V(/l)d)L
360nm

Equation 2.1

It is also adapted to scotopic luminance (K’',,=1699 Im/W ) as:

780nm
L'y =K', fLe,,l(A.)-V'(/l)d/l
380nm

Equation 2.2
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This luminance function is based on an addition in spectral efficiency functions. This additivity
law is known as Abney’s Law and it has good compatibility with flicker photometry. However, it
doesn’t work well with the colour sensitivity of human vision. What Abney’s Law tells us is one
light which appears yellow as a mix of red and green has the same luminance with sum of the
luminances of the mixed red and green. When the brightness matching method will be used to
test this law, the lights of red and green having equal brightness with a reference white light
would be mixed to have yellow. As a result, yellow light would not have twice the amount of
original reference white light (CIE, 1978). This shows that the method being used to obtain
luminous efficiency function influences the function itself and can minimise human eye
sensitivity to chromatic channels. As it was mentioned in Section 2.2.2 human vision uses the
information from chromatic channels as well as achromatic channel which are mostly
considering the light level. According to this limitation, it can be said that luminance which is
defined by V(A) cannot always be representative of how bright a stimulus looks. Here occurs a
difference of how something is actually bright (according to its luminance) and how bright a
person perceives it, which is related with different characteristics of either SPD of a light source

or the environment.

The phenomenon known as Helmholtz-Kohlrausch effect describes how the chromatic channels
contribute to perceived brightness. As the colourfulness of a colour increases, there is a
tendency to see it brighter in photopic vision, e.g. if a red light compared side by side with a
white light of the same luminance, the red light looks brighter. This considers the chromatic
adaptation of human eye and can be related with the trichromatic theory of cone photoreceptors
which transmit the information not just with achromatic channels and also with two opponent

chromatic channels of blue-yellow and red-green (Yaguchi and lkeda, 1983).

As a result of incompatibility between additivity essential for CIE Standard observer and non-
additive nature of trichromatic channels in human visual system, there is this difference occur
between luminance and brightness. With the knowledge of this difference, this thesis will focus
on the perceived brightness, spatial brightness in particular. The next section explains how a
light source of different SPD affects spatial brightness and proposed effects of metrics that can
be derived from SPD on spatial brightness.

2.4 Measures of Colour

241 Chromaticity

While moving from photometric quantities to colorimetry system providing predicting perceptual
matches of colour, there are again measurements from colour matching involved. In CIE
colorimetry system, there are three colour matching functions which can be considered as
another form of standard observer. These functions are mathematical calculations to identify the
position of a colour in the CIE colorimetry system with x, y and z chromaticity coordinates so
that colours having same spectral sensitivity are positioned in the same point. These x, y and z

15



Chapter 2. SPD and Visual Response

values can be obtained using spectral power distribution. By multiplying three colour matching
functions x(A), y(A) and z(A) with spectral distribution of a light source, wavelength by
wavelength, tristimulus values of X, Y and Z can be obtained. Then, the individual value divided
by the sum of all three will give the chromaticity coordinates of the light source (e.g. x = X/
(X+Y+2)). Two of the chromaticity coordinates are enough to position the colour in the
chromaticity diagram such as x and y. As spectral power distribution of a light source considers
colour information and can be used to supply luminance, it appears to be a source to quantify
spatial brightness. Using spectral power distribution (SPD), some metrics to identify the
characteristics of a light source are defined to discard the complexity of CIE colorimetry system.
Some of these metrics do not fully describe light source SPD, as they reduce a complex
spectral distribution to a single index, however they are widely known characteristics and

frequently being used by the manufacturers, researchers and lighting designers.

242 Correlated Colour Temperature and Colour Rendering Index

The CIE colorimetry system is the most complete method to quantify colour. However, this
system is too complex to be used in lighting industry. Instead there are two widely used single-
number metrics using CIE colorimetry system known as correlated colour temperature (CCT)
and colour rendering index (CRI). The colour appearance of a white light source having
chromaticity coordinates close to the Plankian locus is quantified with its CCT. This coordinate
originates from spectral emission of a black body and its radiant function represents its
temperature. By using the isotemperature lines, which are plotted from blackbody locus to the
chromaticity coordinates of the source, its CCT can be obtained. High CCT values (e.g. 6500 K)
appear cool and low CCT values (e.g. 2700 K) appear warm. Two light sources can have same
CCT however; they may have different chromaticities and thus may appear very different to the

eye. Table 2.1 shows CCT and CRI values of the FS and HPS lamps shown in Figure 2.6.

Table 2.1 CCT and CRI values of FS and HPS lamps (Fotios and Levermore, 1997).

Lamp CCT (Kelvin) CRI
Full spectrum fluorescent 5900 92
High pressure sodium 1800 -2.5

CIE defines CRI with 14 standard test colours to find out the effect of a light source on surface
colour in comparison with a reference light source of the same CCT. How well are these 14
standard test colours are rendered with a light source is defined according to a reference light
source. The calculations are done with defining the position of a surface colour in colour space
under the reference light and the light source of interest, and then the difference between these
two positions is expressed (CIE, 1995). The smaller this difference, higher the CRI. It can be

told as the light sources ability to show object colours ‘natural’ when compared to the reference
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source. The maximum CRI value is 100 and CRI value decreases, as the colour rendering of

the object gets unnatural under the light source.

2.5 Spectral Power Distribution (SPD) and Spatial Brightness

2.51 Potential metrics of Spatial Brightness

This section focuses on defining these potential metrics of spatial brightness, which were
proposed in past studies. According to the information gained above on human eye physiology,
these metrics can be explained under two categories; the ones located toward the models
which short-wavelength (blue) contribution to brightness with rods and SWS cones (e.g scotopic
luminance/photopic luminance (S/P)) and the other group considering colour contribution (e.g.

gamut area (GA) and trichromaticity).

2.51.1 Models of short-wavelength contribution

The S/P ratio is the ratio of the photopic (P) and scotopic (S) luminances (Equation 2.2 /
Equation 2.1) of a source and this ratio was proposed by Berman et al (1990) as a metric for
brightness at photopic levels. The concern of Berman et al (1990) was the potential contribution
of rod photoreceptors to photopic vision. As it was explained in Section 2.2.4 CIE Standard
Photopic Observer consists of information from cones in central 2° of the fovea neglecting any
contribution of either rod or SWS cone photoreceptors in the periphery. According to the
findings of higher perceived brightness under higher S/P in their study, Berman et al (1990)
determined that there occurs a scotopic contribution on brightness in full field view. Thus, they
proposed to consider sensitivity of scotopic vision with brightness lumens model in order to gain
information on brightness perception in addition to LWS and MWS cones. Spaces lit by two

different lamps of equal brightness lumens (Equation 2.3) would appear equally bright.
Brightness Lumens = P (S/P)o'5 Equation 2.3

Later on, this effect of scotopic vision on brightness perception presented by Berman et al
(1990), was discussed as a potential SWS cone contribution in Fotios and Levermore (1998)
intended to be more consistent with physiological framework of photopic vision and proposed to
be considered using SWS cone/photopic luminance (SWS/P) as an alternative to S/P. In Rea,
Radetsky & Bullough (2011), it was suggested that mesopic brightness can be modelled by the
sum of V(A) and the SWS cone response.

Recently, with the new photoreceptor type called intrinsically photosensitive retinal ganglion
cells (ipRGC) being discovered outside the central fovea with a peak sensitive around 480 nm,
this scotopic component of S/P reported as a proxy for the response of the ipRGC rather than

the rods (Berman, 2008). In their study done by both mice and human Brown et al (2012)
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reported the melanopsin photopigment that are in ipRGC contributed to perceived brightness.
Mice which were rodless and coneless were picking up green light to be brighter than red light
when they arranged to have equal luminance. Additionally, in the experiment done with human
beings, reference stimulus with melanopsin 0%, there were no differences in brightness
distinguished. These results of Brown et al (2012) were providing evidence of the scotopic effect
would be originating from ipRGC cells. Berman (2008) determined the circadian regulated effect

of ipRGC as a replacement of S/P with C/P ratio. He mentions about their relationship as:

S/P = (0.66C/P)*™ or C/P = (1.37S/P)"*° Equation 2.4

2.5.1.2 Models of chromatic contribution

In the second group of potential metrics, CCT and CRI are well known descriptors of the colour
appearance of illumination and illuminated surfaces as explained previously. Fotios (2001)
suggested a simultaneous application of CCT and CRI in order to gain a reliable prediction of

which of two stimuli is brighter.

Gamut area (GA) was suggested in a previous study as another metric to correlate better with
judgements of visual appearance of a lit scene using a matching task than did CCT or CRI
(Boyce, 1977). Gamut area is a measure of the colour differences between a range of coloured
surfaces, with a larger gamut area implying greater saturation of surface colours, and thus that
the lighting is brighter (Boyce, 1977). Figure 2.8 shows gamut areas of two light sources (FS

and HPS) as an example.

07 T
0,6 1,
0,5
04
03
02
01 1
0 : : : : : : !
0 01 02 03 04 05 06 07
U’

eeccee FS
HPS

Figure 2.8 The colour gamut areas of two lamps (SPD data shown in Figure 2.6 from Fotios and

Levermore, 1997).

Gamut area is derived from the area contained within the irregular octagon enclosed by the
chromaticity coordinates of the eight colour samples used in the CIE General Colour Rendering
Index (Equation 2.5). Although Boyce (1977) originally used u,v chromaticity from the 1960

Uniform Chromaticity Scale (UCS) diagram to determine gamut area he subsequently (Boyce,
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2003) suggested using u’,v’ chromaticity from the CIE 1976 UCS diagram, and that is what was
used in the current study.

GA =0.5[(u"Vv'2 - u'av'y) + (U'av's - U'aV'p) + ... + (U'7V'g - U'gV'7) + (U'sV'y - U'1V's)]  Equation 2.5

where U'n, V'n = chromaticity of colour sample n

Another metric was developed by Fotios and Levermore (1998) as cone surface area (CSA) an
extension of gamut area. It is suggested that the volume of a colour solid would correlate with
visual clarity assessments, the 3-dimensional nature of which would correspond with the 3-
dimensional nature of colour appearance, i.e. three tristimulus values or three descriptors (hue,
saturation, brightness) needed to describe colour appearance. CSA is the total surface area of a
regular cone having its base on the CIE 1976 u'-v' uniform chromaticity diagram (Equation 2.6).
The base of this cone is assumed circular, to simplify the calculation of surface area, and of
equal area to the octagonal colour gamut in the u'-v' diagram. The perpendicular height of the
cone is given by the w' chromaticity of the light source. Since w' changes over the chromaticity
diagram, CSA varies with chromaticity, and is therefore sensitive to both the colour rendering

and colour appearance properties of a spectrum.

CSA = area of base + curved surface area Equation 2.6
=GA+ mirL
where r = radius of base of cone = V(GA/)
L = length of slope of cone = V(r* + (W')?)
w' = perpendicular height of cone =1 - (u'+ V")

There were two equivalent brightness equations were developed by Cowan and Ware (1983)
and the CIE (2011) the supplementary system of photometry were also considering chromatic
contribution.

The Cowan and Ware equation is shown in Equation 2.7. This equation was determined from
those of the 29 brightness matching studies they collected which met criteria including photopic
adaptation and field sizes of 0.5° to 2.0° with data obtained using larger or smaller fields being
excluded. Clearly this does not match the data suggested to be pertinent for spatial brightness,
for which a field of at least 20° degrees has been proposed (CIE, 2014). The data used by Ware
and Cowan to derive Equation 2.7 included results from Alman (1977), Alman et al (1983),
Booker (1978) and Thornton et al (1980): of these, the first three have been identified as
inappropriate evidence for spatial brightness which is explained in Chapter 3.

Leg =L.10° Equation 2.7
where C  =0.256 - 0.184y - 2.527xy + 4.656X’y + 4.657xy"
X,y = CIE 1931 chromaticity coordinates

CIE Equivalent luminance (CIE, 2011) (Equation 2.8) was developed to describe the brightness

of a light or an object at any level including mesopic levels for a 10° field centrally fixated, so is
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not ideal for spatial brightness, and for monochromatic reference light with a frequency of
555nm.

Leg = (L)%(L)"™.10° Equation 2.8
where L = CIE 2° photopic luminance

L = CIE scotopic luminance

a = achromatic adaptation coefficient.

C = acf(x,y)

ac = chromatic adaptation coefficient

f(x,y) =0.5log (-0.0054 — 0.21x + 0.77y + 1.44x* = 2.97xy + 1.59y* — 2.11zy*) - log y

One last metric examined to find out about chromatic effect on brightness perception was
trichromaticity. The three spectral channels were already mentioned on Section 2.2.2. In their
study Houser, Tiller and Hu (2004) hypothesized that a SPD having closer match with the
spectral input of human vision can improve brightness perception. They compared lamps with
SPDs having peak —wavelength at 450, 545 and 610 nm (naming them as prime-colours) and

reported perceived brightness differences originated from chromaticity differences.

2.5.2 Brightness: Evidence for Effects of Lamp SPD

65 studies have investigated SPD and spatial brightness. 52 of these reported that SPD effects
spatial brightness, 6 reported no effect, and 7 studies were not clear about their findings. In all
of these studies which investigated SPD and spatial brightness, a range of different metrics
have been used to quantify the magnitude of any effect. Most commonly considered metric in
these studies was CCT. Akashi and Boyce (2006) had 33% of illuminance reduction by
providing higher CCT in a field study of office lighting. Similarly, perceived dimness was
decreased with increasing CCT from 2700K to 6300K at a constant illuminance in Boyce and
Cuttle (1990). In contrast, Davis and Ginther (1990) found no CCT effect on brightness in a full
size laboratory study using same experimental method with these studies. Hu, Houser and Tiller
(2006) were using another experimental method to examine CCT effect on spatial brightness,
and they reported that even though lamp SPD was related to brightness, CCT was too limited to
characterize this relationship with sufficient accuracy. Vienot et al (2009) proposed a model of
brightness for photopic levels that uses lamp CCT to quantify the effect of lamp SPD and
demonstrated a trade-off with decreasing illuminance and increasing CCT. Besides, they
conducted their study with lamps of high CRI which implied that they considered CRI as a
predictor of spatial brightness as well. However, they focused on only one metric as in most of
these studies. This attempt might be inconvenient as it may give false impression of that one
metric described the response of the participant, whereas another feature of the lighting
condition was the main reason of the effect.

Berman et al (1990) also focused on one metric of spatial brightness, S/P ratio. In their study a
trade-off to reduce the room illuminance with high S/P lamp was obtained. The lamp having

higher S/P ratio was perceived as the brighter in spite of lower luminance. However, another
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study using one of the lamps with both high CCT and high S/P ratio to compare with another
lamp of low CCT and low S/P ratio, found no effect of these metrics on spatial brightness
(Houser, Fotios and Royer, 2008). Boyce (1977) also tested multiple metrics of CCT and CRI
with a different experimental method and he reported CCT as not a good predictor of
brightness. He proposed GA to be used as a predictor of spatial brightness instead of CCT and
CRI. He reported that lamps with large GA appeared more saturated and thus were perceived

as brighter.

In one of the two studies conducted by lamp spectrum having three peaks in wavelengths (the
peak-wavelengths were called prime-colours) an effect was reported on spatial brightness
(Houser, Tiller and Hu, 2004). The lamp having higher peak at long-wavelength perceived
brighter by the participants in Houser, Tiller and Hu (2004). In Royer and Houser (2012), they
confirmed that light stimuli measured to be identical according to CIE photometry and
colorimetry do not appear equally bright or the same colour. They also found that S/P ratio,
Cirtopic to Photopic ratio, prime colour theory, correlated colour temperature, photometry,
colour quality metrics (including gamut area), linear brightness models, and colour appearance
models all failed to predict or correctly order the difference in the participants’ perception of
brightness.

There are other studies, which didn’t specifically focus on a metric but compared different lamp
spectra. Vrabel et al (1998) compared 5 different lamps, high grade halophospor (HGHP) and
T8 lamps were reported to be brighter than the other 3 lamps. Similarly, Fotios and Gado (2005)
indicated SPD effect on spatial brightness, in which Verivide lamp was brighter than warm white
fluorescent (WW). According to previous studies, there is evidence that SPD effects spatial
brightness. However, there are some studies which showed contradicting results. One reason
for this difference is the methods used in these studies. These studies were using different
methods and modes of experiment to explore the SPD effect on spatial brightness. Chapter 3
focused on the experimental methods used in brightness tests with a detailed review of SPD

and spatial brightness studies.

2.6 Summary

Until now, how light affects the human visual system and how the visual information gained
through photoreceptors to process the image were determined. Its representation in photometry
and colorimetry were identified in order to understand why the perceived brightness and the
measured illuminance differ from each other. Then, the potential interaction of SPD and spatial
brightness (brightness perception defined as the amount of light in a space) were explained with
potential tools for predicting how these two were linked with each other. Although, appearance
models known as opponent-colour theory (Hunt and Pointer, 2011) are likely to be an accurate

one for spatial brightness, it is too complex for practical use, for this reason the current study
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didn’t include this model. It is based on the characteristics of the photoreceptors over a limited
range of conditions and the most complicated to implement. For the current study, complexity is
an important criterion because it may be a barrier to implementation. Similarly, prime-colour
theory of Houser, Tiller and Hu (2004) was not an easy one to use metric for the current study
as it does require more than one index to be applied. Therefore, the metrics used in lighting
practice today that give simple descriptions of an SPD, such as CCT, CRI, GA, and S/P
(Berman, 1990; Boyce, 1977 and Fotios and Levermore, 1998) will be explored in the current
study. While these do not fully describe light source SPD as they reduce a complex spectral
distribution to a single index, they are established and widely known characteristics and so

would be simple to implement.

A range of previous studies exploring these potential metrics will be examined in Chapter 3 as
classified according to the experimental method they used. As mentioned earlier and also can
be seen in the review on Chapter 3 that GA is considered to be a more precise metric for
judgements of spatial brightness than CCT and CRI. Besides, CSA appear to provide a little
improvement to the information gained from GA and since its proposal would require
establishment of a new metric rather than adopting a widely used existing one, it will be dropped
from further analyses. Similar situation occurs with SWS/P when it is set with S/P ratio at
photopic vision. Therefore, S/P ratio will be kept to continue with further analysis. The
equivalent brightness equation by Cowan and Ware included data of at most 2° visual field and
ignoring either scotopic or ipRGC contribution. Besides, from Chapter 3 it can be seen that
there were data from some unreliable studies included in their analysis; this is also leaving if the
equivalent brightness equation can predict spatial brightness questionable. Both Cowan and
Ware and CIE equivalent brightness equations considered colour appearance, however they
didn’t include CRI to their models.

Accordingly, the questions for this study may be summarized as:

1. Is reducing light level possible while maintaining the spatial brightness? The existing
evidence of electrical lamps, suggests SPD can be an influencing factor to have a trade-off with
luminance levels and still provide sufficient brightness. Different models with characteristics of
SPD and luminance were indicated in the past studies, however the details about how these
metrics relate with brightness demonstrates differences in different studies according to the

experimental method and the environmental features used.

2. Do the different techniques commonly used to assess spatial brightness yield comparable
results?

Results from the past studies had different experimental methods using different presentation
techniques, environmental conditions and stimuli yield different results and sometimes proposed

different metrics to be effective on spatial brightness (Davis and Ginther, 1990; Berman, 1990).
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Detailed investigations on how these methods used and what are the outcomes are discussed

in Chapter 3 and 4 to figure out how the future experiment of this study will be structured.

3. Can S/P and GA be used to predict a model of spatial brightness? From potential metrics
proposed in the past studies, these two metrics appear to provide a good estimate of brightness
even though they are reducing the whole SPD to one index. Berman et al (1990) demonstrated
S/P effects on spatial brightness. In a different study Houser et al (2008) indicate S/P ratio as
not effecting spatial brightness. Gamut area was proposed as a predictor of spatial brightness
by Boyce (1977). No other known studies indicating GA is not a good predictor for spatial
brightness at photopic levels. All the other proposed metrics had their own limitation to estimate
the spatial brightness as ignoring short-wavelength and chromatic contribution and visual field
size. S/P and GA were indicated to have their bases in physiology of human eye and can be

worth further investigation to find out their applications for spatial brightness.

4. Do the effects of lamp S/P and GA interact with each other to predict spatial brightness? As
previously mentioned, there are many components that are understood to contribute to shaping
spatial brightness in human vision. Fotios (2001) mentioned that when CCT and CRI are
considered together, they may give a reliable prediction of brightness. Similarly, with scotopic
contribution from S/P and chromatic contribution from GA to the model, their interaction may

give a reliable estimate of spatial brightness as well as operating individually.
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Chapter 3. Brightness: Evidence for effects of lamp SPD

3.1 Introduction

This chapter examines the existing evidence for lamp SPD effects on spatial brightness in
photopic conditions. The studies reviewed use one of four psychophysical methods namely
category rating, matching, discrimination and adjustment. This review of past studies was
carried out by giving attention to experimental design, the criteria which suggest whether the
data are considered credible (e.g. by counterbalancing spatial position in a side-by-side test)

and the factors which place the results in a context (e.g. evaluation mode).

3.2 Experimental Methods

In past studies there are unique sets of experimental conditions including the SPDs,
experimental procedures, evaluation modes, visual scenes and field sizes. What it is necessary
to know is whether these differences matter. For example, the results from the discrimination
study of Berman et. al. (1990) disagree with the results in the category rating study of Boyce
and Cuttle (1990) which was indicating an effect of SPD on spatial brightness. As shown in
Table 3.1 there were experimental design differences between these two studies including lamp
SPDs and evaluation modes. The question is which of these differences led to different

conclusions about the relationship of lamp spectrum and spatial brightness.

Table 3.1 A comparison of psychophysical methods used in Berman et al (1990) and Boyce and
Cuttle (1990)

Design factor Boyce and Cuttle (1990) Berman et. al. (1990)

2 SPD
3 SPD
SPDs (equal chromaticity)

(different CCTs)
(different S/P ratios)

Procedure Category rating Discrimination
Evaluation mode Separate Rapid sequential
Visual scene Real office room Room
Field size Full field Full field
Effect of SPD NO YES

A wide range of past studies were analysed in order to get information about how these

experimental designs really work. These past studies of spatial brightness are discussed

according to the experimental procedures that were used and requirements for a controlled and

reliable study are listed. Following the work of Commission Internationale de I'Eclairage (CIE)

TC 1-80, there are four basic types of procedures mentioned for spatial brightness studies:

adjustment, matching, discrimination and category rating. The relationships between these

procedures are shown in Figure 3.1. Further possible methods for evaluating visual scenes,

such as magnitude estimation (assigning a number to the stimuli to describe how intense it is or

so; there might not be any limit to the range of numbers, whole numbers, decimals or fractions
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can be used) (Stevens, 2008), have been used rarely if at all in past research of spatial

brightness. Therefore, these rarely used experimental methods are not included in this study.

Absolute measurement Relative measurement
(No external reference (Presence of an external
present) reference)
Passive
No interaction with Category Rating Discrimination
stimulus
Active
Interaction with Adjustment Matching
stimulus

Figure 3.1 Basic procedures for measurement of spatial brightness (CIE, 2014).

Before a detailed explanation of these four experimental methods, four modes of observing the
stimuli in brightness experiments should be clarified; separate, simultaneous, (rapid) sequential
and in succession. In separate presentation, stimuli are observed and evaluated individually.
One stimulus is isolated from any other stimuli or any reference standard. In simultaneous
presentation, there are more than one stimuli presented at the same time in adjacent spatial
locations. Generally, it is limited to two stimuli in which one of them is being compared with the
other. When it is presented as rapid sequential each stimulus is shown one by one with short
periods generally in 3-5 seconds and they are being compared with each other. In rapid
sequential mode, each stimulus can be presented more than once, for the participants to
complete the comparison. In the last mode, the stimuli are being presented in succession at the
same place and each stimulus is observed and evaluated separately (no comparison with any
other stimulus exists). The main differences between these modes are the chromatic and light
adaptations (Fotios, 2006).

While applying these experimental methods and modes, in order to process the changes in the
level and colour of the illumination a process of adaptation occurs in participants visual system
(Hunt, 1998). The sensitivity to adapt to the changing illumination differs with the spectral power
distribution, which is called chromatic adaptation. As a result of this adaptation, despite the
changes in illuminant SPD the colours of objects will tend to appear constant. This colour
constancy is due to the limits of the level of adaptation, although the illuminant SPD has an
effect on the perception of brightness. According to this, by matching two different light
conditions simultaneously, the colour appearance will give different results than evaluating the

conditions separately. When two stimuli differ from each other in side by side matching,
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participants will not have complete adaptation to either of them. The cone photoreceptors will
reach their maximum sensitivity in 10-12 min while 60 min is needed for rod photoreceptors to
become fully adapted (Boyce, 2003). According to Fairchild and Reniff (1995), 60% of
adaptation is reached after 5 sec. In most of the rapid sequential studies, stimuli are presented
in 5 sec or less which means that the participants are not fully adapted to the presented lighting
conditions (Berman et al, 1990; Houser et al, 2009; Royer & Houser, 2012; Vrabel et al, 1998).
Significant difference between rapid sequential presentation and simultaneous side-by-side
presentation is found by Foster et. al. (2001). A higher degree of colour constancy and lower
variance between participants in rapid sequential evaluation than simultaneous evaluation were
obtained. When the stimuli presented separately, the adaptation duration can be longer than the
other modes. Participant might be observing the lighting condition for minutes, hours or even
days depending on the study. In such cases of longer observation of lighting condition, a full
adaptation to both colour and light level will occur. Accordingly, the brightness effects might be
expected to differ less, however, there are studies which had 15-20 minutes of adaptation and

found significant effects of SPD on spatial brightness (Boyce and Culttle, 1990).

3.3 Category Rating Studies

The focus of this section is the category rating method used in SPD and spatial brightness
studies. The category rating method is explored here in detail because there is already an
ample amount of reviews on matching, discrimination and adjustment methods in the current
literature whereas there is not sufficient reviews on category rating method in the literature
(Fotios, Houser and Cheal, 2008, Logadottir, Christoffersen and Fotios, 2011). Category rating
studies were reviewed by Fotios and Houser (2009) and the recommended measures were
tentative and required further validation: current section presents a critical review of the study of

Fotios and Houser (2009) and chapter 4 presents two pilot studies of category rating issues.

In category rating studies an illuminated space is presented to the subject in order to evaluate it
by using rating scales. The presentation can be either in succession, or as separate conditions
(Vienot et al, 2009; Akashi and Boyce, 2006). As shown in Figure 3.2 two types of scales can
be used to evaluate the scenes namely semantic differential scale or Likert scale. In semantic
differential scale, the brightness is evaluated along the bright-dim axis which is specifying an
evaluation range between the end points. On the other hand, Likert scale is asking for the
agreement of the participant with perceived brightness of the room along the given scale. In
such cases, end points of the given range are not defined as properly as semantic differential
scale. For instance in Figure 3.2, Boyce and Cuttle (1990) gave the statements of very much
and not at all for opposite end points and they were asking for the evaluations of the brightness
and dimness of the room. The paradox with such evaluation is that while they were supplying a

concurrent validity of the experiment by two separate but related evaluations of the same
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stimulus, they allowed participants to make ratings with undefined categories like very much
and/or not at all.

As it can be seen from Figure 3.2, the rating categories were used with a neutral point in the
middle. Another way to apply a category rating procedure can be without a neutral point so that
the participant wouldn’t be allowed to give equally bright answer, which is referred as forced-

choice method.

Vrabel, Bernecker & Mistrick, 1998

Question: Rate the scene according to the scale given.

Bright 1 2 3 4 5 6 7 Dim

(Semantic differential scale)

Boyce & Cuttle, 1990

Question: Mark your impression of the lighting of this room on the following scales.

Very Not at
Much all
Bright 1 2 3 4 5
Dim 1 2 3 4 5
(Likert scale)

Figure 3.2 Examples of semantic differential and Likert rating scale used in past studies of
spatial brightness.

Two types of experimental designs, which are repeated measures and independent samples,
can be used in category rating studies. In repeated measures, more than one stimulus is
presented in succession and the participant rates each condition separately. Independent

sample procedure involves just one condition to be evaluated with the given rating scale.

Category rating studies can be conducted either in booths or in real life conditions like field and
full size lab studies. Using different visual scenes may provide more realistic environments and

different field sizes.

Following review considers the data collection, analysis methods and their presentation in the
studies with sufficient details. Six criteria for data collection proposed by Fotios and Houser
(2009) in order to reduce bias:

(1) Randomised or counterbalanced stimulus order (repeated measures only)
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(2) Equalized number of stimulus magnitudes with the number of points in the response range
(3) Valid data analysis with precise data reporting

)
)
(4) Stimulus range anchored to the response range
(5) Even number of response categories

)

(6) A null condition trial

3.3.1 Randomised or counterbalanced stimulus order

When the stimulus is presented in repeated measures the subject evaluates the scene
according to both present and previous stimuli creating the order effect (Poulton, 1979, Fotios
and Houser, 2009). Which means that ratings awarded to a stimulus may be biased by ratings
awarded to stimuli observed earlier in the experiment (Flynn et. al., 1979, Gescheider, 1997).
This effect generally originates from the subject’s desire to be consistent all through the
questions or the scenes that were being evaluated (Schuman and Presser, 1996). In order to
avoid possible biases, either a randomized and counterbalanced order while presenting the
stimuli is required or the independent samples method can be used (Fotios and Houser, 2009,
Poulton, 1989). In the case of independent samples, different groups of test participants will be
assigned to different stimuli and each subject evaluates only one stimulus, which avoids the
order effect (Akashi and Boyce, 2006). However, while using independent samples, it must be
kept in mind that the differences in perception might be caused by the participant not just by the
stimuli. In such kind of experiments, different groups of participants evaluate different stimulus,
therefore any effect detected might originate from the diversity of participants not the variable
factor of the visual scene. In the current study using either randomised order or independent

samples is one of the essential requirements.

3.3.2 Number of response points

Grouping Bias

According to Miller (1956), the human brain starts to have error while distinguishing between
more than six items, and after eight items it starts to recode them by grouping to facilitate
remembering the items. Thereby, the items that are similar in some important aspects are
grouped together and the minor differences between them cannot be found with more than eight
stimuli. Besides, as shown in Figure 3.3, the range of the stimuli magnitudes being unequal with
response range also causes minor differences not to be distinguished and to be grouped,
especially when the response range is smaller than the stimuli magnitude (Fotios and Houser,
2009, Poulton 1989). A point raised by Poulton (1989) and Green and Rao (1970) on response
categories was the number of stimuli and rating points of response scales covering identical
ranges in order to avoid grouping bias. This makes the subjects’ task more precise and may
help to detect the differences more accurately. According to the analysis of Green and Rao
(1970), the response range should cover at least six points and increasing it to more than six

points provided a little more information. For the current study, using equal numbers of stimulus
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magnitudes with the number of points in the response range is included as another essential

requirement.

a) Stimulus

. . 2 AA
L

1 1

1 1

1 1

1 1

I |

I | I
Smallest Largest

Response Range

b) Stimulus
. 4 A A

Smallest Largest
Response Range

Figure 3.3 lllustration of Grouping Bias. In illustration b, reducing the response range from 5 to 3

forced participants to group 2 different sizes of stimuli into same response point.

Even or Odd Number of Categories

Poulton (1989) also suggests that with a middle point in the response range, contraction bias
may occur (see Figure 3.4), i.e. when people tend to select a response category which is too
close to the centre of the response range (Poulton, 1989). In such cases, participants’ response
is either too small for the stimulus which is above the centre of the range or it is too large for the
stimulus that is below the centre. In the studies in which a middle value is explicitly offered,
people are much more likely to select the middle and have a tendency to avoid using the ends
of the scale (Nowlis et. al., 2002, Bishop, 1987, Presser and Schumann, 1980). This choice
generally arises from the ambivalent attitude of the participant towards the other alternatives
(Nowlis et. al., 2002). Even or odd numbered category ranges affect the mean rating and
distribution of the judgements. In some cases even numbered categories supplied significant
results towards one end of the scale, while odd numbered categories produced neutral results
for the same questions (Dawes, 2008, Nowilis et. al., 2002). Besides, different results occurred
by odd and even numbers of response categories according to the issue that has been asked to
the participant (Moors, 2008).
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a) Stimulus
. . A A A
| | | | i
I | I I I
Smallest Largest
Response Range
b) Stimulus
. . A A A
| R B |
I | I I
Smallest Largest
Response Range

Figure 3.4 lllustration of Contraction Bias. a) Stimuli assessment spread across whole response

range. b) Stimuli assessment converges towards central region of response range.

In order to find out if the response range creates any difference in the subject’s judgement, a
new study was carried out (see Chapter 4). In this study it is found that while the distribution of
the responses have changed, the number of response categories did not affect the central
tendency of opinion. However, according to the results of Akashi and Boyce (1990), an effect of
SPD was detected with one experiment using two category rating points but no effect was found

with a second experiment having five rating points.

All these evidences indicate an ambiguity whether the category numbers effect the participant
judgements. Therefore, in order to further investigate whether an even numbered category
range makes a difference in brightness evaluations or not, this criterion is considered in the
desirable requirements for the current study, which are specified below. This new study on

response categories is explained in detail in Chapter 4.

3.3.3 Anchoring

The method of defining the response range by displaying some of the stimuli before the
experiment is mentioned as anchoring (LeBoeuf and Shafir, 2006; Poulton, 1989). People tend
to underestimate the stimuli with high intensities, which create the contraction bias (Gescheider,
1997). Anchoring the stimulus range provides a reference in evaluating the items and avoids
contraction bias (Fotios and Houser, 2009, Schumann and Presser, 1996). Anchoring can be

done either by presenting all the response levels in the beginning of the experiment or
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presenting the stimuli beyond the two ends of the stimulus set (Poulton, 1989). The method of
anchoring carries great importance, especially for the couple of initial judgments by providing
initial frame of reference as well as the entire experiment. This criterion is covered in desirable

requirements for the current study.

3.3.4 Valid data analysis and reporting

For a credible study, in which there is data analysis and statistical calculations, quantitative
information needs to be provided in the reports. Ideally, presenting the mean ratings with
standard deviations provides some useful information by enabling to run some statistical tests in
order to understand the effects. Reporting all these information in a structure with an
understandable manner such as mentioning mean ratings with the name and the results of
suitable statistical analysis, which was applied to the data, also helps to draw conclusions about
the SPD effect on brightness. The clear interpretation of the data analysis and reporting is the
third essential requirement for the current study. Other than that, the data from null-condition (if

there is any) is also important for the internal reliability of the study.

3.3.5 Null-condition trial

The last criterion is a null-condition trial, which acts like a control group for the whole study by
giving information about the internal reliability. According to the design of the study, a condition
can be repeated during the experiment as null condition. For instance, Akashi and Boyce (2006)
asked participants to evaluate the light settings of four rooms three times with varying
illuminance and CCTs. One of the four rooms had the same light setting for all three evaluations
as control group. However, most of the reviewed studies do not include any null-condition trials;

therefore it is in desirable requirements for the current study.

When the list of previous category rating studies was done and the requirements were
considered, almost none of the studies meet half of these criteria. Therefore, two sets of

requirements were assigned as essential and desirable (see Table 3.2).

Table 3.2 Essential and desirable requirements suggested to determine credible data in

category rating (Fotios and Houser, 2009).

Essential Requirements Desirable Requirements
* randomised or counterbalanced stimulus order * anchored stimulus range
* equalized number of stimulus magnitudes with * even number of response
the number of points in the response range categories
* appropriate data analysis and informative * null condition trial
reporting
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The credible data from past category rating studies are determined as those meeting the
proposed essential requirements. Three criteria are assigned as desirable since just Boyce
(1977), Davis & Ginther (1990) and Flynn & Spencer (1977) have included null condition trials;
Akashi & Boyce (2006) have included both null-condition and even numbers of response range
and only Vrabel et al (1998) had anchored stimulus range. If these criteria would essentially be
considered for the review, only 5 studies would be included and less data would be available for

the review.

3.3.6 Studies Using Category Rating Method

This section of the research will review the studies using category rating method to evaluate
lighting conditions under different types of lamps at photopic levels. The requirements of
category rating method that has been mentioned earlier in section 3.3 are considered in order to
identify credible studies, which give robust evidence on the effects of lamp spectrum on spatial
brightness.

Thirty category rating studies were evaluated regarding the three essential requirements
(randomised or counterbalanced stimulus order, equalized stimulus magnitudes with response
range and quantitative data). Table 3.3 shows ten of the thirty studies meet these requirements
and supply robust evidence to investigate the relationship between light spectrum and spatial
brightness (Akashi and Boyce, 2006; Boyce, 1977; Boyce and Cuttle, 1990; Boyce, Akashi,
Hunter and Bullough, 2003; Davis and Ginther, 1990, Flynn and Spencer, 1977; Han and
Boyce, 2003; Piper, 1981; Vienot, Durand and Mahler, 2009; Vrabel, Bernecker and Mistrick,
1998). Appendix A shows the whole list of studies included in the review.

34



Chapter 3. Brightness: Evidence for effects of lamp SPD

Table 3.3 Ten category rating studies evaluated according to the credible data requirements.

Essential requirements

Desirable requirements

Stimulus Stimulus Quantitative Stimulus Nb response Null
order magnitudes data reported range categories condition
Study randomised equalized anchored even (control
or with group) trial
counterbalan response
ced range
Akashi & N.A v v X v v
Boyce,
2006 N.A v v X X v
Boyce,
1977 v v v X X v
Boyce et
al, 2003 v v v X X X
Boyce &
Culttle,
1990 (exp l/ l/ l/ X X X
2)
Davis &
Ginther, v v v X X v
1990
Flynn &
Spencer, |/ |/ |/ X X [/
1977
Han &
Boyce, N.R N.A v X N.A X
2003
Piper,
1981 v v v v X X
Vienot et
al, 2009 s v v X X X
Vrabel et
al, 1998 v v v v X X

Table 3.4 summarises the methods used in these credible studies. One of the ten studies is a

field study (Akashi and Boyce, 2006), six of them are full size laboratory studies (Boyce and
Cuttle, 1990; Boyce, Akashi, Hunter and Bullough, 2003; Davis and Ginther, 1990; Flynn and
Spencer, 1977; Piper, 1981; Vrabel, Bernecker and Mistrick, 1998) and three of them (Boyce,
1977; Vienot, Durand and Mahler, 2009; Han and Boyce, 2003) are studies done in booths. In

all three of the studies done in booths, an SPD effect was reported. However, the trends in full

size lab or field studies did not appear to show any specific trends on how lamp characteristics
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affect spatial brightness. Hence, no specific effect of experimental environment can be

generalised.

Table 3.4 Summary of methods used in category rating studies considered to be credible.

Study Stimuli Scale Environment Results
3xCCT 2-points With high CCT, high
. Real office )
Akashi & Boyce, (3500K, 5000K, 6500K) Likert scale brightness
2006 2 x llluminance 5-point semantic
Real office No effect
(3 lamps, 2 lamps) differential scale
5 fluorescent lamps . . SPD effect might be
Boyce, 1977 7-point semantic

2 x illuminance

differential scale

Office mock-up

related with CRI and

(350 & 600 lux) GA
2 x fluorescent
(3000K, 1.3 S/P & 6500K, . . .
Boyce et al, 2003 7-point Full size lab with
2.1 8/P) No effect
. . Likert scale office environment
2 x illuminance
(344 & 500 lux)
4 x CCT (2700K, Full size office lab
Boyce & Cuttle, 1990 3500K, 4200K, 6300K) 5-point with achromatic or With high CCT, high
(exp 2) 1 x llluminance Likert scale chromatic brightness
(225 lux) environment
2xCCT
Davis & Ginther, (2750K, 5000K) 7-point semantic Full size lab with
No effect
1990 3 x llluminance scale® office environment
(~270, 590, 1345 lux)
5 lamps
Flynn & Spencer, 7-point semantic
(3 x fluorescents, HPS, Full size lab SPD effect

1977

Warm delux mercury)

scale

Han & Boyce, 2003

3xCCT
(3000K, 4100K, 6500K)

Continues rating line

Office mock-up

With high CCT, high

3 x llluminance (8.4 cm) brightness
(100, 500, 1000 lux)
2 x lamps
Piper, 1981 (CW fluorescent, HPS) 7-point semantic Full size lab with
No effect
1 x llluminance scale office environment
(~540 lux)
3xCCT
Vienot et al, 2009 (2700K, 4000K, 6500K) 7-point semantic
Booth CCT effect
3 x llluminance scale
(150, 300, 600 lux)
5 lamps
(3 x fluorescents, MH,
Vrabel et al, 1998 7-point semantic Full size lab with
HPS) SPD effect
scale office environment
1 x illuminance
(~538 lux)

*Authors reported it as continuous rating line; however there were 7 boxes specified to evaluate the

setting.
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In the ten credible studies eight of them used odd numbered response categories; seven of
them are 7-point scales and one was 5-point Likert scale (Boyce and Cuttle, 1990). All of the 7-
point scales used a semantic differential format (Boyce, 1977; Davis and Ginthner, 1990; Flynn
and Spencer, 1977; Piper, 1981; Vienot, Durand and Mahler, 2009; Vrabel, Bernecker and
Mistrick, 1998) except Boyce et al (2003), which used a Likert scale. In Akashi and Boyce
(1990), two category formats were used as even and odd. Odd category had 5-point semantic
scale and even category had 2-point Likert scale. As a result, a CCT effect was found with the
2-point Likert scale, however no effects were determined with the 5-point semantic scale. This
was the only difference specified on scale format from ten credible studies. Only study, which
didn’t include any specific points in the response range, was Han and Boyce (2003). They used

a continuous rating line in 8.4 cm and mentioned about CCT effect on brightness.

Six of the ten studies mentioned SPD effects on spatial brightness (Akashi and Boyce, 2006;
Boyce, 1977; Boyce and Cuttle, 1990; Han and Boyce, 2003; Vienot, Durand and Mahler, 2009;
Vrabel, Bernecker and Mistrick, 1998). Four of these studies (Akashi & Boyce, 2006; Boyce &
Cuttle, 1990; Han & Boyce, 2003; Vienot et.al. 2009) stated CCT effects on brightness
perception. In all of these studies the environment was perceived brighter as the CCT
increased. In Vienot, Durand and Mahler (2009) a trade-off was obtained by reducing the
illuminance and increasing CCT. For instance, the perceived brightness with a light setting of
4000K at 300 lux was similar to that with a setting of 6500K at 150lux; likewise the perceived
brightness of 2700K at 600lux was similar with that of 4000K at 300lux. In Han and Boyce
(2003) the perceived brightness difference depending on CCTs was getting more distinct as the
light level increases. Similarly, in Boyce and Cuttle (1990) the room was perceived brighter
under higher CCT levels with constant illuminance of 225 lux except 6300K, which appeared
dimmer than 3500K and 4200K. There was some uncertainty with CCT effects on brightness in
Akashi and Boyce (2006) in which two sets of experiments were conducted with different rating
scales. The experiment carried out with 2-point rating scale indicated CCT effects. In this part of
the experiment, perceived brightness for the participants was the same with 6500K when the
light level reduced by 1/3 of the other condition with a 3500K lamp. However, in the second
experiment that was using 5-point rating scale there were no CCT effects on perceived
brightness. This might be referring to an impact of the number of response points as such an

even or odd response range giving different results of perceived brightness.

Other than CCT, in Boyce (1977) effect of CRI and GA on spatial brightness was indicated.
Results of Boyce (1977) showed significant difference between lamps of Natural and Kolor-rite
with White fluorescent. The light settings with Natural and Kolor-rite lamps were perceived more
satisfactory than White lamp. Boyce pointed out that these results might be correlated with CRI

or GA of the lamps.

37



Chapter 3. Brightness: Evidence for effects of lamp SPD

Vrabel, Bernecker and Mistrick (1998) mentioned a SPD effect on spatial brightness. In their
study, T8 fluorescent and HGHP lamps were rated high on all the scales including brightness.
These two had high CCT and CRI levels; however which metric of the SPD generated this result

was not certain.

In the study done by Flynn and Spencer (1977) brightness results were grouped under visual
clarity with three more scaled features (stimulating, distinct and hazy) with factor analysis.
According to the results, an effect of SPD was reported on visual clarity. As the category of
visual clarity covers an overall evaluation of the features, it is not certain that if the mentioned
effect was dependent on brightness or any other factor. Similarly, the results from Piper (1981)
were not certain about the SPD effect. Piper reported that the HPS lighting was perceived to be
slightly dimmer than the CW lighting according to the mean ratings. When an analysis using t-
test were done with the mean ratings and standard deviations provided by Piper (1981), this

difference was not significant.

In Boyce et al (2003), two age groups of subjects (ages between 18-28 and ages between 61-
78) participated in the experiment. When a 3000K lamp at 500 lux was compared with a 6500K
lamp at 344 lux, there was no significant difference between mean pupil areas of young
participants. This might be indicating a trade-off between CCT and illuminance as the light level
decreased and the CCT increased and no difference was perceived. However, Boyce et al
(2003) reported that these results were dominated by the illuminance rather than SPD of the

lamp.

The most precise statement asserting that lamp type does not affect brightness was mentioned
only by Davis and Ginthner (1990), in which the two adjective pairs (bright/dim and
stimulating/relaxing) were grouped under brightness category based on the Pearson correlation
test. As the results were not directly related with bright-dim evaluations of the participants, Davis
and Ginther’s statement might not be giving an answer on relationship of SPD with spatial
brightness. Since the mean ratings and standard deviation values were not reported for the

adjective pair bright/dim, no control tests were likely to be done.
Twenty studies did not present reliable evidence of SPD and spatial brightness. These studies

will not be taken into consideration in further analysis due to not following the specified essential

requirements. The reasons for omitting these studies are presented in Table 3.5.
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Table 3.5 Category rating studies found to provide insufficient data and reasons to be omitted.

Missing requirements Studies found to be not credible

Fleischer, Krueger and Schierz, 2001; Ishida, lkeyama
and Toda, 2007; Ju, Chen & Lin, 2012; Lin et al, 2007; Oi
and Takahashi, 2007; Oi and Takahashi, 2013

failure to randomise, or report whether

presentation sequence were randomised

Boyce and Cuttle, 1990 (experiment 1); Ishida, Ikeyama
and Toda, 2007; Lin et al, 2007; Oi and Takahashi, 2007;
Oi and Takahashi, 2013, Rea, 1982; Takahashi et al,
2013

having a large number of stimuli relative to
the number of response options thus

leading to a suspect grouping bias

Baron, Rea and Daniels, 1992; Bartholomew, 1975;
Cockram, Collins & Langdon, 1970; DeLaney et. al., 1978;
Fleischer, Krueger and Schierz, 2001; Ishida, lkeyama
not reporting sufficient quantitative data or and Toda, 2007; Ju, Chen & Lin, 2012; Knez, 1995; Knez,

procedural design 2001; Lin et al, 2007; McNelis et. al., 1985; Oi and
Takahashi, 2007; Oi and Takahashi, 2013; Rea, 1982;
Rubinstein and Kirschbaum, 2003; Takahashi et al, 2013;
Tiller and Rea, 1992; Wake et. al., 1977; Zhan et al, 2003

and not reporting clearly the precise items Fleischer, Krueger and Schierz, 2001; Rubinstein and

for which ratings were sought Kirschbaum, 2003; Zhan et al, 2003

In conclusion, there is some evidence from studies using category rating that it is possible to
reduce the illuminance and maintain brightness by choice of lamp spectrum. Some of the
credible category rating studies presents significant SPD effects on spatial brightness. However,
not all studies agree with this statement. On one hand some of these studies stated CCT and
CRI effects on brightness. On the other hand, Boyce (1977) mentioned that CCT is not a good
predictor of brightness. To understand this effect more precisely, studies using other

experimental methods will be reviewed in the following sections

3.4 Matching Studies

In matching studies there are two stimuli to be compared. One of the stimuli is the reference
and the other one is the adjusted stimulus. In this method, participants are given the reference
brightness level and asked to adjust the amount of light of the second stimulus until it has the
nearest possible brightness match with the reference. In some cases, the experimenter might
make the adjustment according to commands from the subject. The visual scene that is defined
as reference is lit with a constant luminance. When the brightness of the second visual scene is
adjusted to match the reference, the final light levels are recorded. The output is the ratio of
luminances of the two final visual scenes at perceived equal brightness. In some studies output
ratios can be at equal clarity or equal appearance. Following Fotios & Gado (2005) it is

assumed that these results are a suitable proxy for judgements of equal brightness. A detailed
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investigation of terms and scales used in spatial brightness studies is going to be reviewed and

presented in Chapter 4.

Although most of the matching studies of photopic light levels were carried out side by side in
the current review (Boyce, 1977; Fotios and Levermore, 1997; Fotios and Gado, 2005; Hu,
Houser and Tiller, 2006), it can also be applied in sequential mode (Fotios and Cheal, 2010).
According to Uchikawa and Ikeda (1986), simultaneous matching is more accurate since it
avoids the biases that can occur because of memory limitation. In the experiment that was
compared simultaneous and sequential matching test by Fotios and Cheal (2010), similar
estimates of illuminances were required for equal spatial brightness. Therefore, they suggest

that both modes for evaluation have equal validity.

Five criteria for data collection and reporting in order to reduce bias in matching tasks proposed
by Fotios et al (2008) is summarized:

(1) Balanced stimulus position

(2
(3
4
(5

Illuminance control applied to both stimuli
Starting illuminance balanced
Valid data analysis with precise data reporting

A null condition trial

—_ ~— ~—~— ~—

Fotios et al (2008) reported that in side-by-side matching experiments, both lamps must be
used to illuminate left-hand side and right-hand side spaces for an equal number of trials in
order to avoid positional bias. When the stimuli presented after each other and the same side of
the visual field kept as reference all through the experiment, participants learn which stimulus of
a pair is the standard. After a while they start to evaluate each stimulus against the range of

stimuli presented and avoid comparing the stimulus with the reference (Poulton, 1977).

Similarly, conservative adjustment bias occurs if dimming is applied to only one of the stimulus
in a matched pair. In Houser et al (2003), side by side matching task was applied using identical
lamps in both rooms. A significant difference found with the variable stimulus to be set at a
higher illuminance than the reference. In contrast, Fotios and Gado (2005) reported that the
participant set the illuminance of variable stimulus below that of the reference. In the study on
linear measurements, LaBoeuf and Shafir (2006) also found that the participants tend to
underestimate the target and were matched the shorter length stimulus to the original one. This
might also be related with the initial length of the variable stimulus. When participants were
asked to match a higher brightness level with the reference, variable stimulus tended to be
adjusted to a higher value than the reference and when the dimming started from a lower level
than the reference, the result tended to be the opposite because of the conservative
adjustment. Therefore, the adjustment should be applied to both stimuli in each pair for an equal

number of trials and a precaution can be taken by counterbalancing the initial illuminance of the
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variable stimulus (Fotios et al 2008). As Fotios et al (2008) had contrary evidence on the
application of starting illuminance; it was not possible to give conclusive direction, therefore this

precaution grouped under desirable requirement for the current study.

Reporting the quantitative data is one of the primary requirements of credible studies for all of
the methods used in spatial brightness and in any research. In matching studies reporting the
numeric data to show the central tendency like illuminance ratio at equal brightness, a measure
of dispersion and sample size are important. To determine whether an apparent difference is
real, statistical analysis is needed and sufficient data should be provided to enable such

analysis.

The other criterion is applying a null condition trial in the experiment. For category rating studies
this criterion was kept in desirable requirements due to very few applications in the studies.
Although, it is a desirable requirement all the credible studies except Hu, Houser and Tiller
(2006) included null condition trial in their matching experiment to identify any biases that occur

in the application of the experimental method.

Twenty one studies using a matching method to explore the SPD effects on brightness at
photopic light levels were reviewed in this section. Five requirements to avoid biases in
matching studies that are mentioned above were applied to identify credible data. As shown in
Table 3.6, four studies (Boyce, 1977; Fotios & Gado, 2005; Fotios & Levermore, 1997; Hu,
Houser & Tiller, 2006) using matching procedure is suggested to provide credible estimates of

the illuminance ratio for equal brightness (Fotios et al, 2013).

Table 3.6 Four matching studies evaluated according to the credible data requirements

Essential requirements Desirable requirements
Study Stimulus llluminance Quantitative | Starting Null-
position control applied | data illuminance condition trial
balanced to both stimuli balanced
Boyce, 1977 l/ l/ l/ N A* l/
Fotios &
Gado, 2005 v v v NR v
Fotios &
Levermore, v L v X v
1997
Hu, Houser
& Tiller, v v v v X
2006

*Both stimuli started from a constant reference illuminance.
**Fotios and Levermore (1997) applied the dimming correction factor to offset the effect of conservative

adjustment as found in their null condition trials.
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Hu, Houser and Tiller (2006) and Fotios and Gado (2005) asked participants to match
brightness. However, Fotios and Levermore (1997) and Boyce (1977) asked for visual equality
and equal satisfaction respectively, in order to obtain evaluations of brightness of the
environment. Fotios and Gado (2005) had five other visual objectives to match other than equal
brightness, including equal satisfaction and visual equality. They obtained similar results in all of
these visual objectives that were exploring the relation of SPD and brightness. Therefore, equal

satisfaction and visual equality were referred as spatial brightness.

Table 3.7 summarises the methods used in these credible studies. One of the four studies was
full sized lab study (Hu, Houser and Tiller, 2006) and the other studies were conducted in
adjacent booths (Boyce, 1977; Fotios & Gado, 2005; Fotios & Levermore, 1997). All three of
these booth studies reported a spectrum effect on perceived brightness. The only study that
couldn’t find an effect on brightness was Hu, Houser and Tiller (2006), this result might be
originated from the environment of experiment being a full size lab. But also the metric
examined in the experiment was CCT and this metric of lamp found not be a good predictor of
brightness by Boyce (1977) as well. Instead of CCT or CRI, Boyce (1977) indicated that
perceived brightness fits best with GA. Fotios and Levermore (1997) also reported an effect of
different spectrum on visual equality dependent on colour quality. In their study, lower light
levels were required with lamps of higher colour quality than the lamps of poorer colour quality
for visual equality. According to this study, it was possible to have the same visual equality with
full spectrum fluorescent lamp having approximately 20% less illuminance than warm white

fluorescent.

Table 3.7 Summary of methods used in matching studies considered to be credible.

Study Stimuli Method Environment Results
5 fluorescent lamps ) ) )
o Side-by-side ] SPD effect might be
Boyce, 1977 2 ref. illuminances ) Office mock-up ]
matching related with GA
(300 & 600 lux)
2 x fluorescent )
Booths with
) (2950K, 52 CRI & ) ) )
Fotios & Gado, Side-by-side achromatic or
6500K, 98 CRI) ) ] ] SPD effect
2005 ) ] matching chromatic combined
Ref. illuminance )
environment
(320 lux)
5 fluorescent lamps Booths with o
) ) ) ) ) ) With high colour
Fotios & 3 x illuminance Side-by-side achromatic or ) )
quality, high
Levermore, 1997 (filters with 70, 50 and matching chromatic combined )
o ) brightness
25% transmission) environment
2xCCT
Hu, Houser & Tiller, (3500K, 6500K) Side-by-side Full size lab with
) ] ) ] ) No CCT effect
2006 Ref. illuminance matching office environment
(538 lux)
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Sixteen studies did not present reliable evidence of SPD and spatial brightness. These studies
will not be taken into consideration in further analysis due to not following the specified essential

requirements. The reasons for omitting these studies are presented in Table 3.8.

Table 3.8 Matching studies found to provide insufficient data and reasons to be omitted.

Missing requirements Studies found to be not credible

Alman, 1977; Alman, Breton & Barbour, 1983; Aston &
Bellchambers, 1969; Bellchambers & Godby, 1972; Booker,
failure to balance stimulus position and 1978; Hashimoto & Nayatani, 1994; Houser & Hu, 2004; Ju,

application of dimming Chen and Lin, 2012; Vidovsky-Németh and Schanda, 2012;
Vandhal, Gudd and Schierz, 2009; Worthey, 1985;
Zheleznikova & Myasoedova, 1995

Chee, Yi & Cho, 2005; Harrington, 1954; Lemons &
Robinson, 1976; Thornton, Chen, Morton & Rachko, 1980;
Thornton & Chen, 1978

not reporting sufficient quantitative data or

procedural design

In conclusion Hu, Houser & Tiller (2006) supported Boyce (1977) findings of CCT not being a
good predictor of brightness. There was some evidence that a trade off with lamp spectrum and
light level can be obtained. Features of colour quality and GA of the lamp were indicated as
effective metrics on spatial brightness (Boyce, 1977; Fotios and Levermore, 1997). Next

sections will continue to explore the SPD effects studied in other experimental methods.

3.5 Discrimination Studies

In discrimination studies, generally two stimuli are presented for participant to evaluate the
spatial brightness of the visual scenes (booths, rooms or light patches). In this kind of tasks,
spatial and temporal juxtaposition has been used for the stimuli presentations referring to
simultaneous (side by side) and sequential or successive (after each other), respectively. The
difference between two temporal juxtapositions is in the sequential mode each stimulus is
alternated back and forth by refreshing the memory whereas in successive mode the judgement
is made after only one presentation of the stimulus (Fotios and Houser, 2013). During the
stimuli presentation the luminance of the lamps are kept constant and the participants are asked
to report which scene is brighter. Mostly, they are not allowed to respond with ‘equally bright’

option, this is being forced choice procedure.

Yeshurun et. al. (2008) suggested that two-interval forced choice procedure (i.e. temporal
juxtaposition) needs to be applied with caution and testing for bias as it is potentially difficult to
interpret. For instance, the cases like participants have no idea about their preference of the
stimuli and they answer the questions just by guessing and/or choosing one of the intervals
randomly. Similarly, most of the time interval bias occurs depending on either the presentation

order or the duration. However, Yeshurun et al (2008) was not able to find a specific pattern to
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explain the reason for this bias. Fotios and Houser (2013) also mentioned the biases that can
occur in the application of forced choice discrimination tests. Four criteria for data collection and
reporting in order to reduce bias in discrimination tests suggested by Fotios and Houser (2013)
are summarized:

(1) Counterbalance the spatial and/or temporal location of the stimuli

(2) Compare all possible pairs

(3) Randomized stimulus order

(4) Valid data analysis with precise data reporting

In simultaneous evaluations the scenes are juxtaposed either in left-right or top-bottom spatial
locations, in order to avoid positional bias counterbalancing needed to be applied. In some
studies even though the luminances are equal in both locations or a higher luminance exists in
left-hand side, right side is judged brighter (Rea, Radetsky and Bullough, 2011, Stephens and
Bolander, 2005). Accordingly, in sequential or successive presentation of stimuli an interval bias
may occur if counterbalancing is not applied. In such cases, two or more stimuli are presented
in temporal intervals (interval 1 and then interval 2 and so on) and the order of the stimuli
presented may affect the brightness judgement. One reason is that the participant cannot
record the sensory intensity of the first stimulus to compare with the next one and a memory
limitation occurs. Thus a potential advantage of using successive presentation is that the stimuli
displayed more than one by making back and forth in between the visual scenes (Fotios &
Houser, 2013, Yeshurun et. al, 2008). In such cases how many times the repetition can be done
is an important question. Berman et al (1990) applied 3 times alteration of two intervals of a
pair. At least 72% of the participants evaluated second interval as brighter in two of the
comparisons even though it had lower luminance than the first interval. There was a possible
interval bias in their study and it might be related with the number of alteration between
intervals. Hence, participants’ first reaction to the scene can still be guessing about which one
appeared brighter or answering as having ‘no idea’ (Yeshurun et. al, 2008). Therefore,
counterbalancing the spatial and/or temporal location of the stimuli can be a good prevention. A

more detailed study on using forced choice evaluation is explained in Chapter 4.

In some of the discrimination studies a reference stimulus is assigned to be compared with the
rest of the stimuli (Fotios & Cheal, 2008; Uchikawa & lkeda, 1986). To compare with the
reference the experimenter specifies range of other stimuli and their distribution in the specific
range. If the distribution of the magnitude of the test stimuli above and below than that of the
reference are not equalized a frequency bias occurs. Fotios and Houser (2013) explained this
with the example of displaying 100, 200, 300, 400 and 500 lux to compare with reference of 400
lux. In which just one stimulus higher than and three stimuli lower than reference light condition
are presented. Comparing all possible pairs of stimuli instead of identifying one reference
stimulus may avoid this bias. Similarly, range bias arising from the selected range by

experiment can be prevented by comparing all possible pairs. Using just one range of
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illuminance to compare the brightness may give misleading results if there were no alternative
method that has been used to confirm the effect. Besides, the order of these stimulus pairs

should be in randomized order (Poulton, 1977).

Lastly, the method that is used in the study, the results with numeric data showing central
tendency and statistical analysis must be reported clearly. The reporting must include sufficient
information to enable statistical analysis to determine whether the apparent difference is
significant or not. Besides, a null-condition trial will make it easier to find out if any possible

biases occurred in the experiment.

Eleven studies using discrimination method to explore the SPD effect on brightness at photopic
light levels were reviewed in this section. Four requirements to avoid biases in discrimination
studies that are mentioned above were applied to identify credible data. As shown in Table 3.9
five studies (Berman et.al, 1990; Houser, Tiller & Hu, 2004; Houser, Fotios & Royer, 2009;
Royer & Houser, 2012; Vrabel et. al., 1998) using discrimination procedure provide reliable

estimates of the illuminance ratio for equal brightness (Fotios et al, 2013).

Table 3.9 Five discrimination studies evaluated according to the credible data requirements

Desirable
Essential requirements
requirement
Stimulus
Stimulus
Study position or All pairs d Quantitative Null-
order
order compared data condition trial
randomised
balanced
Houser, Tiller &
Hu, 2004 v v v v v
Royer & Houser,
v’ v’ 1/ v’ v’

2012
Houser, Fotios &
Royer, 2009 v v v v v
Vrabel, Bernecker

’ X
& Mistrick, 1998 v v v v
Berman, 1990 e e L v L

* Potential position bias was tested in null-condition in new experiment that was explained in
Chapter 6.

As shown in Table 3.10, four of the five credible studies were conducted in rooms (Houser,
Tiller & Hu, 2004; Houser, Fotios & Royer, 2009; Vrabel, Bernecker and Mistrick, 1998; Berman
et. al., 1990) and one of them was with booth (Royer & Houser, 2012). Three of them used
sequential discrimination mode (Vrabel, Bernecker and Mistrick, 1998; Berman et. al., 1990;
Royer & Houser, 2012), one used side-by-side mode (Houser, Tiller & Hu, 2004) and one used
both of the modes (Houser, Fotios & Royer, 2009).
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Table 3.10 Summary of methods used in discrimination studies considered to be credible.

Study

Stimuli

Method

Environment

Results

Houser, Tiller &
Hu, 2004

4 x fluorescent
2xCCT
(3500K, 6500K)

3 x peak
wavelength
(different levels at 450,
545, 610 nm)

1 x illuminances
(538 lux)

Side-by-side

discrimination

Full size lab with

office environment

Prime-colour

theory

Royer & Houser,
2012

8 x SPD
(4 lamps different
peaks at blue
wavelength & 4 lamps
different peaks at red
wavelength)
1 x illuminance
(555 lux)

Rapid sequential

discrimination

Booth

Prime-colour

theory

Houser, Fotios &
Royer, 2009

2 x light setting
(2900K, 1.7 SIP &
7200K, 2.6 S/P)
2 x luminance
(24, 30 cdim?)

Rapid sequential
and side-by-side

discrimination

Full size lab

No SPD effect

Vrabel, Bernecker
& Mistrick, 1998

5 x lamps
(3 x fluorescents, MH,
HPS)
1 x illuminance
(~538 lux)

Rapid sequential

discrimination

Full size lab with

office environment

SPD effect

Berman, 1990

2 x metamer
fluorescent
2 x S/P ratios
(0.85, 2.43)
2 x photopic
luminance ratio
(1.3,22)

Rapid sequential

discrimination

Room

S/P ratio effect

Two of these studies mentioned prime-colour theory to effect spatial brightness (Houser, Tiller &
Hu, 2004; Houser, Fotios and Royer, 2009). In the study of Houser, Fotios and Royer (2009)
two parameters of SPD; CCT and S/P ratio were reported to be unrelated with spatial

brightness. CCT had already been reported as not being a good predictor of brightness

perception with studies using other experimental methods (Boyce, 1977; Hu, Houser and Tiller,

2006) and prime-colour theory proposed to be used in order to predict brightness. On the other

hand, S/P ratio, which was determined as not affecting the perceived brightness by Houser,
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Fotios and Royer (2009), reported as an effective metric by Berman et al (1990). The lamp
having higher S/P ratio was perceived brighter even though it had lower luminance than the
other lamp. Thereby, Berman et al (1990) interpreted SPD effect of S/P ratio on brightness
perception. In Berman (1995) this effect of S/P mentioned to be related with the new
photoreceptor of intrinsically photosensitive retinal ganglion cells (ipRGC). Vrabel et. al (1998)
also indicated SPD effect with different lamp types on brightness. The only study, which
reported no SPD effect related with any of the metrics mentioned in previous studies, was
Royer and Houser (2012). According to their results, they were suggesting to develop a new

metric to predict spatial brightness.
Six studies are considered as not providing appropriate evidence for lamp spectrum and spatial
brightness due to not following the specified essential requirements. The reasons why they will

not be taken into consideration in further analysis are presented in Table 3.11.

Table 3.11 Discrimination studies found to provide insufficient data and reasons to be omitted

Missing requirements Studies found to be not credible
failure to balance stimulus position Stephens & Bolander, 2005
failure to compare all the possible pairs Pracejus, 1967

not reporting sufficient quantitative data Cockram, Collins & Langdon, 1970; Harper, 1974; Navaab,
or procedural design 2001; Manav, 2007; Pracejus, 1967

Similar with the results of two other experimental methods (category rating and matching) used
in brightness tests; some effect of SPD is also found in discrimination studies. Different metrics
like CCT, S/P ratio and prime-colour theory were suggested to be influential on perceived
brightness. There were contrary results on S/P ratio effect in Houser, Fotios and Royer (2009)
with Berman (1990) and prime-colour theory effect in Royer and Houser (2012) with Houser,
Tiller and Hu (2004). As the main focus of this study is on S/P ratio, further analysis to define

the effect of S/P ratio on spatial brightness was presented in Chapters 5 and 6.

3.6 Adjustment Studies

In adjustment studies there are no external references presented. Participants are instructed to
adjust the amount of light either with direct control of the dimmer or by leading the experimenter
to do it for them. In such cases, there are no specific scales for participants to evaluate the
stimulus; however the stimuli range is limited with the experimenter’s choice. In this type of
experiment, the stimuli are presented either in succession or separately. Accordingly, each
visual stimulus is evaluated in isolation of any other stimuli. The output is the preferred or

optimum light level according to the participant.

There are not many studies using the adjustment method. Even though a couple of studies that
are using adjustment method (Juslen, 2006; Logadottir et al, 2011; Qiao, 2007) did not directly
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ask for evaluating the brightness of the stimulus, still they can be considered as a proxy for
preferred or optimum brightness (Fotios & Gado, 2005). Four criteria for data collection and
reporting in order to reduce bias in adjustment tests suggested by Logadottir et al (2011) and
Fotios et al (2013) are summarized:

(1) Take extra care to choose presented stimulus range

(2) Randomised presentation order

(3) Anchor the stimulus range

(4) Valid data analysis with precise data reporting

Stimulus range and anchoring biases were investigated in adjustment studies. In the studies,
adjustments were available for participants in some illuminance ranges specified by
experimenter. The reported mean of the preferred illuminances tended to fall near the centre of
the available illuminance range. Therefore, different ranges of stimuli give different preferred
light levels, creating a stimulus range bias (Fotios & Cheal, 2010). Another reason that we
cannot be certain whether these studies provide reliable estimate of illuminance for equal
brightness under lighting of different SPD is the anchor effect. In Logadottir et al (2011), itis
demonstrated that low anchors lead to low estimates of preference and high anchors lead to
high estimates. Such conservative bias was presented in the study done by LaBoeuf and Shafir
(2006), in which the experiment is done with stimuli in different lengths. Similarly, target was
estimated shorter in short anchored stimulus than the long anchored stimulus. As a result, there
is some doubt as to whether the adjustment method provides reliable evidence to compare

preferred brightness under lighting of different SPD.

3.7 Summary

A review of experimental methods used in spatial brightness and the studies using these
methods was done. List of requirements defined in order to present an informative work using
four experimental methods which avoids possible biases. The review focused more widely on
category rating while existing reviews were used for other methods; matching, discrimination
and adjustment. Credible data from past studies according to the identified essential and
desirable requirements were investigated. 19 of the 65 reviewed studies on spatial brightness
were found to be credible. 15 of the 19 credible studies reported SPD effect on spatial

brightness.

According to the results of the past credible data, it is possible to have lower levels of
illuminance while maintaining brightness depending on the spectrum of the lamp. Most of the
studies analysed CCT effects on spatial brightness and some of them present significant results
(Han & Boyce, 2003; Vienot et.al. 2009). However, not all of the studies agree on this particular
effect (Boyce, 1977; Houser, Fotios and Royer 2009; Houser, Tiller and Hu, 2004). Although, an
effect of CRI on brightness was indicated by Boyce (1977), there are not enough past
experiments to discuss these effects of CRI on brightness. Contrary results on S/P ratio was
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presented by Berman et al (1990) and Houser, Fotios and Royer (2009). There were no effects
of S/P ratio on spatial brightness found in both side by side and sequential discrimination tests
done by Houser, Fotios and Royer (2009). On the other hand, the setting, which had lower
luminance with higher S/P ratio perceived brighter in the study of Berman et al (1990). Similarly,
contrary findings presented on prime-colour theory using discrimination method in Houser, Tiller
and Hu (2004) and Royer and Houser (2012).

Even though the hints of an effect of SPD on spatial brightness exist in these past studies, it is
still not possible to name the precise lamp characteristic that causes this effect. Some further
work is done with a new experiment in Chapter 5 and with an analysis in Chapter 6 which is
using the past credible data and the data from new experiment to explore the potential metrics
that have an effect on brightness. Before that, Chapter 4 will include additional examination of

methodology used in category rating tests of brightness.
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4.1 Introduction

This chapter presents two studies carried out to better understand the category rating method.
These were an experiment exploring the number of response categories and a critical review of

past studies to investigate definitions of spatial brightness and visual clarity.

4.2 Detailed Investigations on Number of Response Categories in
Rating Studies

Many previous studies have used category rating to evaluate spatial brightness and other
aspects of the visual environment in order to compare the effectiveness of different lighting
conditions such as the spectral power distribution of the light source. There are suggestions in
the literature stating that the number of response categories in a semantic differential rating
scale can affect judgments. For example, whether or not the response range includes a neutral
(or, middle) category (i.e. an odd or even number of response categories) affects the response
recorded: there is evidence that the presence of neutral categories can enhance response
contraction bias and this reduces the ability to discriminate between stimuli. Scale format has

not been extensively examined for appraisals of the visual environment.

The 7-point scale is commonly used to define the semantic differential rating task (Tiller & Rea,
1992; Houser et al., 2002). Of 21 previous studies of SPD and spatial brightness using category
rating, 12 used 7- point rating scales (Flynn & Spencer, 1977; Wake, Kikuchi, Takeichi, Kasama
& Kamisasa, 1977; Piper, 1981; Rea, 1982; Davis & Ginthner, 1990; Tiller & Rea, 1992; Vrabel,
Bernecker & Mistrick, 1998; Houser, Tiller, Bernecker & Mistrick, 2002; Boyce, Akashi, Hunter &
Bullough, 2003; Ishida, Ikeyama & Toda, 2007; Oi & Takahashi, 2007; Vienot, Durand & Mahler,
2009), for example a scale ranging from 1=dim to 7=bright. Other brightness studies have used
different response ranges; 2-point (Akashi & Boyce, 2006), 5-point (Boyce & Cuttle, 1990;
Akashi & Boyce, 2006; Bartholomew, 1975; Knez, 1995; Knez 2001), 8-point (Fotios & Cheal,
2007), 9-point (Boray et al., 1989) and 10- point (Houser et al., 2002). In two other studies it is
not clear what rating scales were used (Fleischer et al., 2001; Rubinstein & Kirschbaum, 2003).
There is, however, a growing awareness that rating questions may be vulnerable to response
style behaviours causing non-random response errors (Moors, 2008) which led Fotios and
Houser (2009) to suggest that response range is one issue to be considered when screening
previous studies of spatial brightness.

A key question is whether there is an optimal number of response categories, from both
cognitive and statistical considerations: what is needed is a sufficient number of response
categories that optimizes reliability yet does not cause unnecessary burden upon a respondent
(Moors, 2008). In their review of category rating Fotios and Houser (2009) suggested that a

response scale of around seven points is about right. This was based largely on Miller (1956)
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who stated that more than seven categories can lead to greater confusion for respondents.
Alwin (1992) found the 2-point scale to measure attitude direction as reliably as other response
scales, and thus, if the purpose of measurement is to assess only the direction of attitudes the
2-point scale will do as well or better than other forms: longer response scales add information
regarding intensity as well as direction but may also cause rating scale biases.

Dawes (2008) presented previous work to demonstrate that changing the number of response
categories can affect the relative mean rating and the distribution of judgements. His ratings of
price consciousness with a Likert scale used three scale formats, 5-, 7- and 10-point response
ranges, and even though the overall mean ratings had slight differences for three of the
response ranges (6.9, 6.9, and 6.6, respectively) with 10-point response scale the evaluations
were found to be significantly lower than 5 and 7-point response. There were no significant
difference in the results of 5 and 7-point responses. In that case, although the distribution
(skewness and kurtosis) of the assessments in three of the response scales was not different
from each other, there occurred an effect of odd and even numbers of responses on the mean
evaluations. In contrast Parducci and Perrett (1971) compared ratings of the physical size of
squares using semantic differential rating (very large to very small) with either 6 or 9 categories
and concluded there were no significant differences in the information gained.

Response ranges may offer odd or even numbers of categories. A bi-polar response range with
an odd number of categories allows respondents the option of choosing the middle (or neutral)
category and not committing to a positive or negative response as they would with an even
number of points. The presence or absence of the middle category in a survey question can
make a significant difference in the conclusions that would be drawn about the distribution of
public opinion on an issue, because such alternatives usually attract a substantial number of
people who may be ambivalent about other alternatives offered to them (Bishop, 1987). Most of
the literature discussing response range format refers to social issues (Bishop, 1987) so further
data are needed to examine any effects of response range on lighting perception.

In order to set up a valid and reliable research experiment the ambiguity about effects of
different response ranges on lighting perception should be cleared out. For this reason an
experiment is conducted to decide on which response range to employ in the further research
which is subject to this thesis.

421 Method

Evaluations of a lecture theatre were sought using a questionnaire and this asked for ratings of
four items, addressing loudness, thermal comfort, brightness and visual clarity (Figure 4.1). A
written definition of the intended limits of the response scale was given for each question to
anchor the response scale: for brightness this was ‘Assume the brightest is represented by the
light level in an outdoor sports area (when all the floodlights are on) and the dimmest is the light
level of an outdoor parking lot at night’ which was the definition used by Vrabel, Bernecker and

Mistrick (1998, p.33) (See Appendix B for an example of the questionnaire).
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QI1. Please evaluate the loudness of this room from 1 (very quiet) to X (very loud).
Q2. Please evaluate the thermal comfort of this room from 1 (very cool) to X (very warm).
Q3. Please evaluate the brightness of lighting in this room from 1 (very dim) to X (very bright).

Q4. Please evaluate the clarity of lighting in this room from 1 (very hazy) to X (very clear).

Figure 4.1 The four survey questions. The upper limit (X) of each range was either 5, 6, 7 or 8,

with the same upper limit for all four questions on the questionnaire.

A group of 84 university students were asked to provide individual evaluations of environmental
aspects of their lecture room. The questionnaire was administered on two separate days,
approximately one month apart, to the same class of students. Although this was nominally the
same sample it is likely that these were not identical groups, and questionnaires with different
response scales were distributed randomly on both days. A warm air system provided heating
and ventilation; the room had no daylight and was illuminated by electrical lighting, this being
set to the dimmed level to enhance visibility of the projector screen. The lighting was switched
to the same setting for both evaluation sessions.

Four different versions of the questionnaire were used and these differed only in the number of
response categories, i.e. either 5, 6, 7 or 8 categories. Each response scale thus ranged from 1
to either 5, 6, 7 or 8. All four questions on a particular questionnaire used the same number of
response points, and the questionnaires were distributed randomly. The 84 participants
received and completed the questionnaire simultaneously; discussion was not permitted during
this task and the lecturer did not receive any comments that different rating scales were used.
The students were asked to do this as an example of environmental rating during a lecture on
thermal comfort and were not informed about the objective of the study.

It should be noted that this questionnaire was used specifically to compare results obtained with
different response ranges. An alternative design would be used if the primary intention was to
evaluate the environment, including reversing the polarity of some response ranges to counter
repetitive response ticking, repeated questions addressing the same issue to provide alternate-
form reliability (Litwin, 1995), and, in the case of repeated measures, ensuring the number of
response categories allowed the opportunity to distinguish between stimuli (Fotios & Houser,
2009).

4.2.2 Results

Table 4.1 shows the median and mean responses, the standard deviations and sample size for

the evaluations of environmental characteristics.
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Table 4.1 Results of environmental evaluations

Q1 Q2 Q3 Q4
Response range (loudness) (thermal comfort) (brightness) (clarity)
Dayl |Day2 | Dayl | Day2 | Dayl |Day2 | Dayl | Day2
Median rating 2 3 3 3 2 3 3 3
IQR 1 1 1 1 1 1 2 1.5
5- point | Mean rating 241 2.71 2.65 3.25 2.51 2.71 3.03 3.09
Std Dev 0.68 0.71 0.61 0.85 0.63 0.84 1.11 0.88
n 29 21 29 21 29 21 29 21
Median rating 3 3 3 3 3 3 3 3
IQR 1 0.25 1 1 0 1 1 2
6-point | Mean rating 2.56 2.86 3.26 3.40 3.00 3.13 3.56 3.81
Std Dev 0.78 0.63 0.68 0.66 0.60 0.71 1.19 1.00
n 23 22 23 22 23 22 23 23
Median rating 3 3 4 4 3 3 4 4
IQR 1 1 0.5 1 0 0.75 2 2
7- point | Mean rating 3.22 3.20 3.76 4.20 2.95 3.25 4.04 4.30
Std Dev 0.68 0.76 0.72 0.69 0.78 0.78 1.49 1.34
n 22 20 22 20 22 20 22 20
Median rating 3.5 3 35 5 4 4 4.5 4
IQR 1 1 2 1.5 1 2 3 1
8- point | Mean rating 3.50 3.71 3.70 4.71 3.50 4.00 4.50 4.42
Std Dev 0.84 0.90 1.05 1.14 0.70 1.04 1.50 0.97
n 10 21 10 21 10 21 10 21

4.2.2.1 First and second evaluation sessions

Initially, the results were analysed to determine whether there were differences between the first
and second evaluation sessions (Day 1 vs. Day 2). Table 4.1 reveals that mean ratings on the
second day were slightly higher than the first day in 13 of the 16 cases. Figure 4.2 shows the
distribution of responses for ratings of the four environmental items using the 5-point response
scale on the two evaluation days.

The data were assumed to be independent samples as different participant groups evaluated
the room in separate days. Thus the Mann- Whitney and the two-sample Kolmogorov- Smirnov
tests were employed (Field, 2005). This analysis compared responses gained from the same
scale types on both days e.g., comparing ratings of brightness using the 5-point scale on Day 1
with ratings of brightness using the 5-point scale on Day 2, thus there were in total 16 analyses
(4 questions x 4 rating scales). To reduce the incidence of capitalising on chance (increasing
the probability to get low significant results than applying only one test) when carrying out
multiple statistical analyses a decision was taken to adopt p<0.01 as the critical value for
determining significant differences. In that case, the chance to obtain a difference, where there

is no actual difference, was decreased by searching a difference of 1% instead of 5%.
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5-point Rating Scale

80 80

60 Ql 60 02
b
C
S a0 40
[
T T J

0 .._—_'_ _'_‘_'—\ 0 Bl P T = WG _T_“-'_W
1 2 4 5 1 5
Loudness rating Thermal comfort rating
(1=very quite, 5=very loud) (1=very cool, 5=very warm)

80 80
s Q3 o Q4
@
o 40
Q
o

i =

0 2 —-—Y— T = i L
1 2 3 5
Brightnessrating Clarity rating
(1=very dim, 5=very bright) (1=very hazy, 5=very clear)

6-point Rating Scale

80 80
60 60 | 4QL
o
@
© 40 40
a
. h.
0 .._L —r“. I — 0 - '_..__‘._ e __‘_‘_K .
6 1 2 3 4 5 6
Loudness rating Thermal comfort rating
(1=very quite, 6=very loud) (1=very cool, 6=very warm)
80
60 Q4
40
T T T ] 0 - T T T
1 2 3 4 5 6 1 2 3 4 5 6
Brightnessrating Clarity rating
(1=very dim, 6=very bright) (1=very hazy, 6=very clear)

@Day 1 @Day 2

Figure 4.2 Results of evaluations of the four environmental items using the 5- and 6-point
response scales on the two evaluation days. The 6-, 7- and 8-point scales suggested lesser
differences between the evaluation days than did the 5-point scale. Graphs with 5- and 6-point

response scales are presented here as the example.
The Mann-Whitney test suggests differences between the two evaluation sessions only in two of

the 16 cases, which are loudness (Q1; p=0.008) and thermal comfort (Q2; p=0.011) with the 5-
point scale. The Kolmogorov-Smirnov test does not suggest any differences to be significant.
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Field (2005) suggests The Kolmogorov-Smirnov test tends to have better power than the Mann-

Whitney test for sample sizes of less than 25 per group: Table 4.1 shows that all groups in the

current data had samples of less than 25 except for 5-point ratings on Day 1. It was concluded

that similar responses were gained on both evaluation sessions, thus it was decided to combine

the results gained from the two sessions into a single data set for subsequent analyses.

4.2.2.2 Graphical comparisons

Figure 4.3 shows the distribution of responses for the four rating scales across the four

evaluation items. To assist direct comparison of the different rating scales these were converted

to a common scale: a 10-point range was chosen so that all four original response ranges were

subjected to transformation. Following Dawes (2008) the transformation was carried out such

that the lowest rating (1) remained unchanged, the highest rating was set to 10, and middle

categories were uniformly spaced in between these two end points (see Table 4.2).
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Figure 4.3 Distribution of environmental evaluations. The original rating scales were converted

to a 10-point range: numbers above the bars show the original category number. Percentage

values show the distribution of responses to the polar positions, with judgements for the neutral
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category in the odd scales equally divided.

Table 4.2 Original response categories and re-scaled values when converted to a ten-point

range

Response | Original response scales and values when rescaled to a 1-10 scale

scale

5-point 1 2 3 4 5
1.0 3.25 5.50 7.75 10.0

6-point 1 2 3 4 5 6
1.0 2.8 4.6 6.4 8.2 10.0

7-point 1 2 3 4 5 6 7
1.0 2.5 4 5.5 7 8.5 10.0

8-point 1 2 3 4 5 6 7 8
1.0 2.29 3.57 4.86 6.14 7.43 8.71 10.0

Figure 4.3 does not suggest a strong tendency to choose the neutral value available in the odd
ranges as the middle category is the mode response in only three of the eight cases of the 5-
point and 7-point ranges. For the eight cases with an even scale and for the five remaining odd
cases the mode response is the category just below the middle of the range.

Following Bishop (1987), one approach to comparison is to compare the percentage of

judgements above and below neutral category after the division of opinion between the polar
positions. These are shown in Figure 4.3; responses for the neutral category in the 5- and 7-
point ranges were divided equally between the two sides. Comparison of the percentages of

judgements for the polar positions does not suggest any consistent trends.

According to Figure 4.3, in questions 2 and 4 the middle value is the most evaluated point for
odd categories 5 and 7. The tendency percentages with all four categories are close to 50
except the response category 6 in question 2, this shows a high consistency in between even
and odd numbers of response categories. For questions 1 and 3, even though the most
frequently chosen response point is lower than the middle value for all four response categories,
there is a high tendency to choose the middle value in odd categories. This trend might confirm
the results of Dawes (2008) by implying that with even numbers of categories participants
forced to apply their actual preferences, whereas they can be acting ambivalent in odd numbers
of categories.

4.2.2.3 Statistical analysis

The data were considered to be independent samples and were not considered to be drawn
from a normally distributed population using statistical analysis (Shapiro-Wilks, Kolmogorov-
Smirnov). According to both Shapiro-Wilks and Kolmogorov-Smirnov analysis results of four
questions were significantly non-normal at p<0.05 except thermal-comfort question with 8-point

response categories p=0.09.
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The Kruskal-Wallis test was applied to the results of each question to examine the effect of
response range: this did not suggest any differences to be significant. Paired comparisons were
also carried out. The Mann-Whitney test suggests the difference to be significant (p<0.01) in
only one of the 24 cases (4 evaluation items x 6 response scale pairs), and this was between
ratings made using the 6-point and 7-point ranges for brightness (Q3). Parametric tests tend to
be better at detecting differences than non-parametric tests (Coolican, 1994) and therefore the
analysis was repeated using the t-test: this also did not suggest the effect of response range on

ratings to be significant.

What the Mann-Whitney test does is to determine whether there are differences in the location
(i.e. central tendency) of two samples by using the difference between mean ranks of the two
samples as the statistic. An alternative test for unrelated, non- parametric samples is the two-
sample Kolmogorov-Smirnov (K-S) test. The K-S test compares cumulative distributions
(distribution of running total of the mean ratings): if the two samples have been drawn from the
same population then these distributions may be expected to be fairly close to each other
(Siegel & Castellan, 1988). If the two samples are too far apart at any point, which refers to the
maximal distance between cumulative frequency distributions of the two samples, this suggests
the samples come from different distributions. Thus the K-S test is sensitive to the dispersion of
data (e.g. skewness) in the two samples as well as location.

The K-S test suggests significant differences between rating scales as shown in Table 4.3. For
ratings of loudness, thermal comfort and brightness, differences between response scales are
significant in several cases, whereas for ratings of clarity, differences between ratings are not
suggested to be significant. Where the differences between ratings are significant, these

suggest differences mainly between the 6-point range and the rest three ranges.

Table 4.3 Level of significance for differences between pairs of response scales as determined
using the two- sample Kolmogorov-Smirnov test. Differences considered to be significant
(p<0.01) are highlighted in bold.

Response Ql Q2 Q3 Q4

scale pairs (loudness) (thermal comfort) (brightness) (clarity)
5-6 <0.001 0.004 0.015 0.144
5-7 0.006 0.046 0.006 0.063
5-8 <0.001 0.133 0.001 0.037
6-7 0.016 <0.001 <0.001 0.026
6-8 0.005 0.001 0.009 0.061
7-8 0.019 0.036 0.001 0.447

The difference in conclusions drawn from the Mann-Whitney test and the K-S test arise because
the two samples (different response scales) yield the same central tendency of judgement (e.g.
whether an item is considered to be too much or too little) but may affect the distribution profile
(e.g. whether the response pattern indicates a pointy or heavy-tailed distribution; or the
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responses building up towards positive values or negative values) (Dawes, 2008; Siegel &
Castellan, 1988).

That these data suggest response range affects the dispersion of data but not the central
tendency is in contrast to Dawes (2008) findings using Likert scale ratings of price
consciousness, which suggested significant effects on the mean rating but not on dispersion.
There was agreement between the Mann-Whitney and K-S tests when analysing the Day 1 vs.
Day 2 data, which implies that ratings made using the same response scale and evaluation item
but on different days yield the same distribution of responses; the different distribution profiles in
the results were caused by the response scale format and the evaluation item rather than being
an effect of the respondents.

4.2.2.4 Ignoring neutral ratings

To compare ratings recorded using their 4- and 5-point scales, Nowlis et al (2002) used a
procedure in which judgements awarded to the middle category of the 5-point scale were
ignored and they compared the four remaining points directly with the points of the 4-point
response scale. Ratings of 4 or 5 in the 5-point scale were thus shifted to ratings of 3 or 4
respectively in the quasi 4- point scale. For the current data, this provides a means of
comparing results accumulated from 6- and 7-point scales. To compare 5-point scale using this
method would need data with 4-point scale and 8-point scale would need results from 9-point
scale to ignore middle point for this type of comparison. Therefore, it was only possible to use
this method with 6- and 7-point scales with current data. Following Nowlis et al (2002), all
neutral responses in the 7-point scale (i.e. all judgements at category point 4) were ignored, and
ratings of 5, 6 and 7 were shifted to ratings of 4, 5 and 6. Figure 4.4 shows ratings gained using

the 6-point range and the transformed 7-point range.
Figure 4.4 does not suggest that removal of the neutral ratings affects the distribution profile

except for the ratings of thermal comfort (Q2) where the mode rating has moved from slightly

below neutral with the 6-point range to slightly above neutral with the transformed 7-point range.
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Figure 4.4 Evaluations of questions Q1-Q4 in 6-point and 7-point response ranges. These
graphs show responses gained with the original 6-point scale and also the 7-point scale with the
neutral responses omitted, the higher categories shifted, and the remaining frequencies
normalised to 100%.

For thermal comfort (Q2) the mode response with the 7- point range was the neutral category
(4) but it was the category below neutral (3) for the other three questions. The neutral category
of Q2 accounted for 57% of judgements and thus removal of these and normalisation of the
remaining data to 100% forced more attention to be paid to the tails which were previously far
less significant.

Neither the Mann-Whitney test nor the K-S test suggest any significant difference between the
6-point scale and the transformed 7-point scale. This finding is different to the findings of
comparison of the original 7-point scale with the 6-point scale, where the Mann-Whitney test
suggests a difference in Q3 and the K-S test suggests a difference in Q2 and Q3: the
transformation has not affected the central tendency of the data but has reduced differences in
data dispersion. Although, Presser and Schuman (1980) reviewed studies, which used ignoring
the neutral ratings approach and concluded that there was not a significant change in
distributions when the middle responses were excluded. The change between the results of
original comparison and ignoring the neutral ratings was somehow expected as distribution of
two point scales (6-point scale and 7-point scale) became similar when the neutral point is
omitted in the 7-point scale.
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These results suggest that omitting the neutral category in a semantic differential response
scale does not affect the conclusion drawn from the data. Explicitly offering a middle position
significantly increases the size of middle category, but tends not to affect univariate distributions
(Presser & Shuman, 1980).

4.2.3 Conclusion: Number of points in response range

This study was carried out to determine whether the number of response categories in a
semantic differential scale would affect conclusions drawn from the data about evaluations of
acoustic, thermal and visual comfort of a room. In order to test this, an experiment using 5, 6, 7

and 8 response points were conducted.

It was concluded that:

(1) The different scale formats did not lead to significant differences in central tendency. In other
words the same conclusion as to population opinion about the environment would be drawn with

either of these scales.

The traditional view suggests that results between odd and even scales will be unaffected since
if the respondents are truly neutral then they will randomly choose one or other side of the
issue, so forcing them to choose should not bias the overall results (Nowlis et al, 2002). The

current data support this opinion.

(2) The different scales led to different distribution profiles, and this may be associated with
whether or not scales offer a middle, neutral category. Whether this is of importance may

depend on the questions to be asked of the data.

Then, choosing whether or not a scale should allow a neutral opinion becomes a critical
question. There is some advice from Payne (1951): if the direction in which people are leaning
on an issue is the type of information wanted, it is better not to offer the middle category, but if it
is desired to sort out those with more definite convictions on the issue then it is better to offer
the middle category. Thereby, using even number of response points defined to be a desirable
requirement in Chapter 3, in order to provide more information on how to apply category rating

method in brightness studies.

Besides, data of this experiment were collected from independent samples using a semantic
differential rating scale. Further data are needed to examine whether evaluations of lighting
using repeated measures judgements and Likert scales are affected by the response range.
Besides sampling method, greater difference in scale ranges that are compared should also be

taken into consideration for further research. It may be that a greater difference in scale range
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would lead to significant differences since large response ranges have not been used in

previous studies of spatial brightness.

4.3 Defining visual response in Category Rating Tests

This section investigates definitions of spatial brightness and visual clarity by experts and also
how these terms are understood by participants in the context of an experiment carried out to

find out the SPD effects on visual preference using category rating method.

The basis of the complication in psychophysical experiments lies under the fact that individuals
mainly share information through spoken and written words and the information gained through
visual patterns are mostly consist of cultural background, personal experience of vision and
recognition (Flynn et. al., 1979). When the modes, patterns and colours of the lit environment
altered the impression of the space differ unintentionally, depending on previously gained
information through different means. Therefore, an adequate specification of the stimulus and
how it is questioned is needed. When this is not done, inaccurate answers might be collected
from the participants like Rea (1982) had: participants focusing on target brightness (contrast)
instead of evaluating the overall brightness of the room in which getting answers on spatial

brightness was the main purpose of the experiment.

Tiller and Rea (1992) discovered that a few dimensions used in the category rating task would
potentially refer to scalable aspects of the luminous environment: clear-hazy, visually warm-
visually cool, no eye discomfort-great eye discomfort, bright-dim, focused-unfocused, colourful-
colourless, nonspecular-specular, focused-blurred and glare-nonglare. Although, two of these
aspects, clear-hazy (visual clarity) and bright-dim (spatial brightness) were interpreted
separately, there are some intentions by the participants to use these two features in place of
each other. In this section these two features of lit environment are going to be compared to
address two questions: do lighting researchers think there is a difference between these two

scales, and do naive test participants indicate a difference through their judgments?

4.3.1 Definitions from Lighting Researchers

One way to determine whether lighting researchers consider spatial brightness and visual clarity

to be different phenomena is to compare the definitions they report for these items.

Brightness is defined as the attribute of a visual sensation according to which a given visual
stimulus appears to be more or less intense; or, according to which the area in which the visual
stimulus is presented appears to emit more or less light (Wyszecki & Stiles, 1982). The current
study is concerned with spatial brightness, a relatively new expression that relates to the

perceived amount of light in a space; it is the ambient lighting of a space rather than lighting of a
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task, object or surface (Fotios and Cheal, 2011). Previous expressions for spatial brightness

have included general lighting and room brightness (SLL, 2002), building lighting (Loe, 1999)

and environmental brightness (Oguichi, Ishida & Hokoi, 1999). A draft definition of spatial

brightness was described in Chapter 2, Section 2.3.1.

Brightness and spatial brightness are two clearly defined terms. However, this is not the case

for visual clarity. Although many previous studies claim to have investigated visual clarity (Aston
and Bellchambers, 1969; Bellchambers and Godby, 1972; Thornton and Chen, 1978; Worthey,
1985; Hashimoto and Nayatani, 1994; Vrabel et al, 1998), it is not a well defined term, in fact

the comments reported in this section and in Table 4.4 are the only ones that exist in the

literature.

Table 4.4 Definitions and explanations for visual clarity used in past studies.

Study Meaning of Visual Clarity
Aston and
“The satisfaction gained by you personally, discounting as far as possible
Bellchambers, 1969 . . . )
any obvious differences in colour and brightness”

(p-260)
DelLaney et al, 1978 “At present the meaning of visual clarity is not clear. There are no objective

(p.74) criteria for understanding the concept visual clarity.”

Hashimoto et al, 2000

One of the most important characteristics of the colour rendering properties
of light sources, and that visual clarity is caused by the feeling of contrast

between coloured objects under illumination

IES Lighting
Handbook, 1984
(cited by Vrabel et al,
1998)

An abstract concept, usually defined as a combination of colour rendering,

colour discrimination, colour preference, and border sharpness

Lyness, 1996 (p.64)

“...for a given illuminance, lamps having good colour rendering properties

tend to make an interior look brighter...This effect is known as visual clarity.”

Thornton and Chen,
1978 (p.85-86)

“Distinctness of detail” and
“The perceived brightness of an illuminated space ... may be closely

related to visual clarity.”

Vrabel et al, 1998
(p-33)

“Clear can be thought of as how a distant mountain will look during a clear
sunny day. Individual trees can be seen and small clearings in the forest are
visible. On an overcast day, with some fog, individual trees might not be

distinguishable, and the clearings are not as easily seen.”

Worthey, 1985

Suggests a link with the apparent contrast between colours, in particular

red and green and for display screens

Thus, according to reported comments, it appears that Aston and Bellchambers (1969) consider

spatial brightness and visual clarity to be different phenomena. Also, Vrabel et al (1998) gives

different definitions to visual clarity and brightness. The visual clarity definitions can be seen

Table 4.4 and for brightness this definition was:
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“Bright is represented by the light in an outdoor sports area (when all the floodlights are on).
Dim is the level of an outdoor parking lot at night” (p.33).

This is not, however, a universal opinion: Hashimoto and Nayatani (1994) suggested that the
term brightness sensation has the same meaning as visual clarity; Flynn et. al. (1973) used
factor analysis to group their rating data and suggested that their perceptual clarity factor could
also have been named spatial brightness since it seemed to relate to variations in illuminance
and the factor included ratings of clear-hazy and bright-dim; and, as noted in Table 4.4,
Thornton and Chen (1978) suggested that the brightness of an illuminated space may be

closely related to visual clarity.

4.3.2 Participant Response to Visual Environment Questions

4.3.2.1 Participant response to Open Questions

Participant response to brightness and clarity questions can be estimated from the responses of
naive test participants when making judgements of spatial brightness and clarity. Firstly,
consider that when Boyce and Cuttle (1990) asked test participants to describe the lighting in a
room in their own words, they found out that participants used mainly terms of brightness and
clarity. This suggests that clarity is not an unfamiliar percept when making visual judgments, or
at least that the term is considered to be relevant for describing lighting. What is not known is
whether individual respondents used only one or both of these terms. In order to find out
participants’ usage of the terms, next section reviews tests which employ category rating
method and in this procedure test participants are free to make separate evaluations of
brightness and clarity.

4.3.2.2 Participant Response in Category Rating

In the following section previous studies, which used category rating to evaluate spatial
brightness and visual clarity judgements were analysed. Note that in these previous studies the
term brightness is used but the visual fields and test procedures suggest judgements of spatial
brightness rather than object brightness (Boyce and Cuttle, 1990, Flynn and Spencer, 1977;
Fotios and Cheal, 2007). In all of these studies, the lamps are presented either in full size rooms
(Bartholomew, 1975; Boyce and Cuttle, 1990, Flynn and Spencer, 1977; Piper, 1981; Rea,
1982; Vrabel, 1998) or as representations of room in smaller sizes (DeLaney et al, 1987; Fotios

and Cheal, 2007; Vienot et al, 2009) aiming to have full field visual scenes.

Three different approaches are used to compare spatial brightness and visual clarity
judgements in these past studies according to the quality and quantity of data reported. Firstly,
some studies reported a statistical analysis by which judgements were compared. Secondly,

some studies report mean ratings and standard deviations which permits simple post-hoc
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analysis using the t-test. Lastly, some studies report only the mean (or median) rating and
these data were used to draw graphs to enable visual comparison. These three approaches are
listed in the order of robustness. There are some studies in which either the data is reported
insufficiently to permit any of these approaches to comparison or the report reveals a weakness
that suggests the results are not reliable.

4.3.2.2.1 Studies reporting statistical analysis

Table 4.5 shows previous studies, which presented statistical analysis to compare spatial
brightness and visual clarity judgements. These studies were reporting correlation results of the

two environmental judgements.
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Table 4.5 Past studies using category rating to evaluate spatial brightness and visual clarity

Comparison | Study Items rated Method of Additional Agreement between ratings
method comparison by method of of brightness and clarity?
study author(s) comparison
DelLaney etal | 14 items including Principal Graph of The Principal Components
1978 bright/dim and component factor | mean ratings | Factor analysis suggests that
clear/hazy using a 7- analysis brightness and clarity ratings
point semantic are not similar but the factor
differential scale groupings are not as expected.
Comparison of their mean
ratings suggests similarity.
Flynn & 19 items including Principal Graph of Yes
Spencer, bright/dim, hazy/clear component factor | mean ratings
1977 using a 7-point semantic | analysis
differential scale.
) Rea, 1982 8 items including Pearson product- | Graph of It is not known whether or not
::::‘:zg bright/dim, hazy/clear moment mean ratings | the reported correlations are
using a 7-point semantic | correlation statistically significant. The
statistical
analysis differential scale. coefficient (r) mean ratings are almost
identical in 3 of the 6 cases.
Vrabel et al 8 items including Correlation Graph of Reported to be not similar but
1998 bright/dim and mean ratings | there is no justification for the
clear/hazy using a 7- threshold value of correlation
point semantic used.
differential scale.
Study from 4 items including Wilcoxon signed Graph of Reported to be similar
Section 4.2 bright/dim and rank mean ratings
clear/hazy using one of
the 5, 6, 7 or 8-point
semantic differential
scale.

Flynn and Spencer (1977) used 7-point semantic differential scales to rate 19 items including

bright-dim and clear-hazy. They analysed their data using principal component factor analysis

and this suggested that observers tended to use clear-hazy and bright-dim scales in similar

way. These two ratings scales were grouped along with distinct-vague and stimulating-subduing

scales in their visual clarity factor. Similarly, Flynn et al (1979) found that clear-hazy, distinct-

vague, bright-dim and faces clear-faces obscure rating scales were used in similar ways and

these were grouped in a visual clarity factor.

Figure 4.5 shows the mean clarity and brightness ratings reported by Flynn and Spencer (1977)

for their two experiments: It can be seen that brightness and clarity ratings tend to follow the

same trend for different lamps. Flynn and Spencer (1977) did not report the standard deviations
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for these ratings but they stated that the difference between mean ratings would be significant,
and this was 0.47 in experiment 1 and 0.67 in experiment 2. Using these critical differences
suggests that in at least 10 of the 13 cases the differences between brightness and clarity rating

are not significant.
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Figure 4.5 Mean ratings of brightness and clarity from Flynn and Spencer (1977); experiment 1
(top) and experiment 2 (bottom). These data were taken from Table V (experiment 1) and Table
VII (experiment 2) of Flynn and Spencer. The endpoints of the original scales were 1 (bright,
hazy) and 7 (dim, clear): the brightness scale has been reversed in this Figure so that for both
scales a rating of 7 represents bright and clear. The lamp types in each graph are arranged in

order of descending brightness ratings.(Fotios and Atli, 2012)

Vrabel et al (1998) used 7-point semantic differential scale to rate items including bright-dim and
clear-hazy. Their initial analysis of variance revealed that rating scale had a significant effect,
but that is unsurprising since ratings of items such as colourfulness, naturalness, visually
warm/cool are likely to evoke different responses. Following a correlation analysis they reported
that judgements of brightness and clarity were not similar because the correlation between

these items (0.66) is less than their reported critical value (0.80). Significant correlation was
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reported between brightness and colourfulness scales, and between clarity, likeness,
pleasantness, naturalness and edge sharpness scales. Two items are not clear in this report;
the method of correlation and determination of the critical value (0.80). Figure 4.6 shows the
mean brightness and clarity ratings from Vrabel et al. It can be seen that the trends for
brightness and clarity ratings show some difference. In the absence of variance data it is not

possible to test whether the differences between lamp pairs are significant.
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Figure 4.6 Mean ratings of brightness and clarity from Vrabel et al (1998). The lamp types are
arranged in order of descending brightness ratings. These data were taken from Figure 8 of
Vrabel et al. In the original data a rating of 1 identified the bright and clear ends of the scales:
for consistency with other Figures in the current review, the polarities of both scales have been
reversed and thus a rating of 7 identifies the bright and clear ends of the scales. (Fotios and Atli,
2012)

Delaney et al (1978) sought judgements of 14 evaluation items including clear and bright using
7-point semantic differential rating scales. This study used side-by-side booths to present lamps
to observers using either simultaneous, separate or sequential-haploscopic evaluations. This
was an ambitious project to investigate the relationship between lamp type, illuminance method
of stimulus presentation and visual scene on the visual assessment of illuminated interiors,
however, the paper is confusing and only partial results are given. Too many comparisons are
discussed with insufficient data for each. Only the few key comparisons reported by DelLaney et
al are permitted, and these fail to completely describe the conditions under which the
comparisons were made. There is no evidence of a balanced design and there is no null
condition data reported to identify the size of differences other than lamp type. Two principal
component factor analyses were reported. The first analysis concerned separate evaluations of
a scene containing coloured rectangles. This suggested bright/dim ratings to be part of a factor
labelled brightness/colour that contained also ratings of colourfulness and colour contrast.
Ratings of clear/hazy were placed in the factor labelled coolness that contained also ratings of

cool/hot: one factor was labelled as clarity and this factor contained ratings of edge sharpness,
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distinctness and saturation but not clear/hazy. These groupings are not as might be expected
from the rating scale labels, i.e. it might be expected that clear/hazy ratings would contribute to
a clarity factor rather than a coolness factor. The second analysis was for observation of a cave
scene; ratings of bright/dim were this time included in their clarity/brightness factor but ratings of
clear/hazy were again in the coolness factor. Figure 4.7 shows mean ratings from Delaney et al
(1978) in these seven lamp pairs, brightness and clarity judgements appear to have similar

mean ratings other than for lamp pair 1.
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Figure 4.7 Results of brightness and clarity ratings from DeLaney et al (1978). These data were
taken from Figures 7 — 13 of DeLaney et al. In trials for these data test participants observed
two stimuli simultaneously and used response scales to report whether the stimuli appeared to
be equal in brightness and clarity, or to give ratings of 1-3 to the stimulus appearing brighter
and/or clearer. For a given lamp pair, the mean brightness and clarity ratings were always in the
same direction, i.e. suggested lighting from the same lamp in the pair to provide the greater

brightness and visual clarity. (Fotios and Atli, 2012)

Rea (1982) investigated the effects of viewing direction and polarisation (but not SPD) on room
evaluation using semantic differential rating scales including hazy-clear and dim-bright. Tiller
and Rea (1992) provided further analyses of these data. For the six combinations of viewing
direction and polarisation the correlation (r) between the brightness and clarity ratings ranged
from 0.102 to 0.521, but it is not reported whether these correlations are statistically significant
or not. Figure 4.8 shows the mean ratings of brightness and clarity for each of the six lighting
conditions (Rea, 1982). For last three conditions there are almost identical ratings, and the other
three appear to be comparable, but it is not possible to perform a statistical test since the
original paper did not report standard deviations. Lighting conditions 1-3 in Figure 4.8 suggest
slightly higher ratings of brightness than clarity whereas in conditions 4-6 the mean ratings are
almost identical. The environmental difference between these two groups is the direction of view
of the test participant relative to the light source, being 0° for conditions 1-3 and 90° for

conditions 4-6.
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Figure 4.8 Mean ratings of brightness and clarity from Rea (1982). Note that the six different
test conditions were variations in viewing direction and polarity. These data were taken from
Table 1 of Rea. Following the original work, the end points of the rating scales are 1 (dim, hazy)
and 7 (bright, clear). (Fotios and Atli, 2012)

4.3.2.2.2 Results of response range study in section 4.2

In the study explained in Section 4.2, judgements of a lecture room of 4 evaluation items
including clarity and brightness were done using four different response ranges (5-, 6-, 7- and 8-
point response scale). Figure 4.9 shows the mean ratings of brightness and clarity for each
response scale. Wilcoxon signed rank test suggests these ratings are not significantly different

from each other for all four response ranges.
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Figure 4.9 Mean ratings of brightness and clarity from response range study explained in

Section 4.2. Note that the four different evaluations are variations in response scales. Following

the original work, the end points of the rating scales are 1 (dim, hazy) and 5, 6, 7 or 8 (bright,

clear).

4.3.2.2.3 Post-hoc statistical analysis of studies not comparing brightness and clarity

Table 4.6 shows the studies that didn’t present any statistical analysis to compare results

gained from spatial brightness and visual clarity judgements. The reported mean ratings and

standard deviations of these judgements were used to make comparisons with Post-hoc

analysis.

Table 4.6 Past studies using category rating to evaluate spatial brightness and visual clarity

Method of Additional Agreement between
Comparison
thod Study Items rated comparison by method of ratings of brightness
metho
study author(s) comparison and clarity?
8 items including hazy,
clear, dim, dark and bright
) . . Wilcoxon test and
Fotios & Cheal using an 8-point response ) Yes
None t-test applied to
2007 scale with end points o
original data.
labelled not-at-all-so and
Post-hoc very-much-so.
statistical 7 items including
analysis of Piper 1981 dim/bright and hazy/clear t-test applied to
None Yes
difference using a 7-point response mean ratings
scale
9 items including
) ) Yes (7 of 9 cases
dark/bright and t-test applied to
Vienot et al 2009 None suggest similar

crepuscular/clear using a

7-point response scale

mean ratings

ratings)
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Piper (1981) sought observers’ responses to lighting in a small room lit alternately by high
pressure sodium (HPS) and cool white fluorescent (CW) lamps using semantic differential rating
scales with these sources giving an illuminance of 538 lux on the desk. Table 4.7 compares
mean ratings of brightness and clarity: note that Piper reports ratings for the HPS lamp relative
to the CW lamp, and for the red filtered HPS lamp relative to the standard HPS lamp, rather
than giving separate ratings for each light source. The standard deviations are large compared
with the difference between the mean ratings: the f-test does not suggest these differences to

be significant (p>0.05).

Table 4.7 Comparison of brightness and clarity ratings reported by Piper (1981).

HPS lamp HPS lamp with red
Rating scale relative to CW filter relative to HPS
lamp lamp
Bright/dim Mean -1.7 -2.3
Std Dev 2.8 46
n 24 24
Clear/hazy Mean -2.0 -3.7
Std Dev 25 1.5
n 24 24
Difference between clarity and
brightness ratings (two-tailed t-test) n-s n-s

Note: data taken from Figures 6 and 9 of Piper.

Vienot et.al (2009) used semantic differential scales to evaluate nine combinations of three
illuminances and three CCT. This study was carried out in French, and the translated ratings
included dark-bright and crepuscular-clear. Crepuscular relates to low light levels at dusk
(Hornby, 2010) and does not provide the expected opposite of clear: it is assumed that this is an
error of translation and the current analysis assumes the rating scale was hazy/clear. Vienot et
al provide the means and standard deviations for all nine of their rating scales under each of the
nine lighting conditions (Table 4.8). The two-tailed t-test does not suggest these ratings to be
significantly different in seven of the nine cases; the difference is close to being significant at
p=0.05 in one case (4000K, 300 lux) and is significant (p<0.05) in one case (2700K, 600 Ix).
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Table 4.8 Comparison of brightness and clarity ratings reported by Vienot et al (2009). Note;
n=30 in all cases.

Rating scale 2700K | 4000K | 6500K | 2700K | 4000K | 6500K | 2700K | 4000K | 6500K

150 Ix 150 Ix 1501x 300Ix 300Ix 300Ix 600Ix 600Ix 600Ix

Dark-Bright ~ Mean 3.85 3.50 5.25 4.35 5.20 5.60 5.05 5.95 6.16

Std 1.27 1.10 1.52 1.04 1.28 1.10 1.05 0.83 0.69
Dev

Crepuscular  Mean 3.55 3.35 5.10 4.00 4.50 5.70 4.25 6.05 6.21

-Clear
Std 1.32 1.31 1.55 1.34 1.40 1.42 1.37 1.00 0.63

Dev

Difference between
brightness and
crepuscular ratings n.s. n.s. n.s. n.s. p=0.05 n.s. p<0.05 n.s. n.s.

(two tailed t-test)

Note: data taken from Table 4 of Vienot et al.

Evaluations of spatial brightness and clarity using category rating were reported by Fotios and
Cheal (2007) for lighting at mesopic levels. Eight items were rated (bright, dim, dark, clear,
hazy, pleasant, warm and cool) along an 8-point scale with end points labelled very much so (1)
and not at all so (8) and this was done under ten combinations of light source and illuminance
by 47 test participants. The original data for these tests are available in the thesis presented by
Cheal, (2007) and the individual ratings were used for the current analyses. Table 4.9 shows

the mean results.

Table 4.9 Mean (and standard deviation) of brightness and clarity ratings as carried out by
Fotios and Cheal (2007).

Lamp ‘ Rating scale
Bright Clear Dim Dark Hazy

15 lux

LPS 5.1 (1.96) 5.4 (1.92) 3.6 (2.03) 3.4 (1.79) 3.4 (1.99)
HPS 6.4 (1.23) 6.3 (1.54) 2.4 (1.28) 2.1 (1.15) 2.7 (1.68)
CFL 7.1 (0.98) 6.9 (1.27) 1.9 (1.29) 1.5 (0.85) 1.9 (1.23)
MH1 7.1 (0.85) 7.0 (1.41) 1.9 (1.07) 1.6 (1.08) 1.9 (1.29)
MH2 7.2 (1.32) 7.4 (0.79) 1.6 (0.92) 1.3 (0.63) 1.7 (0.95)
2 lux

LPS 1.8(0.72) 2.4 (1.38) 6.7 (1.57) 6.3 (1.50) 6.0 (1.75)
HPS 2.2 (1.20) 2.5 (1.07) 6.3 (1.64) 6.1 (1.54) 6.3 (1.34)
CFL 2.8 (1.42) 3.1 (1.49) 5.7 (1.95) 5.3 (1.78) 5.8 (1.74)
MH1 2.8 (1.70) 2.9 (1.62) 6.2 (1.66) 5.7 (1.76) 5.7 (1.89)
MH2 3.2 (1.50) 3.8 (1.61) 5.6(1.48) 4.8 (1.84) 5.0 (1.96)

Note: original data available from Cheal (2007). Note that the end points of the response ranges

for these ratings were labelled very much so (1) and not at all so (8).
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These data were analysed using the Wilcoxon test for each of the ten combinations of lamp
type and illuminance separately. For each combination, the results of ratings were compared for
four pairs: bright-clear, dim-hazy, dark-hazy and dim-dark. Ratings of clear-bright and dim-hazy
were not suggested to be different except for ratings made under the LPS lamp at 2 lux
(p=0.032 and p=0.012 respectively). In only one case were ratings of hazy and dark suggested
to be different (CFL, 15 lux, p=0.043) and in no cases were ratings of dim and dark suggested
to be different. According to two-sample t-test, clear-bright are again suggested to be different
and hazy-dim are close to being considered different under the LPS lamp at 2 lux (p=0.007 and
p=0.060 respectively). Ratings of hazy and dim are close to being different under the MH2 lamp
at 2 lux (p=0.072). Hazy-dark are close to be different under HPS lamp and different under MH1
and MH2 lamps under 15 lux (p=0.059, p=0.046 and p=0.045, respectively).

Thus of the forty comparisons of ratings from the Fotios and Cheal data, the Wilcoxon test
suggests only three to be statistically different and the t-test suggests five to be different with

two further cases close to significant.

4.3.2.2.4 Graphical analysis of studies not reporting variance data

Table 4.10 shows the studies that didn’t present any statistical analysis and variance data
(standard deviation) to statistically compare judgements of spatial brightness and visual clarity.
The reported mean ratings of these judgements were used to draw graphs in order to

investigate any trends between these judgements.

Table 4.10 Past studies using category rating to evaluate spatial brightness and visual clarity

Agreement
Method of Additional
Comparison between ratings
Study Items rated comparison by | method of
method of brightness
study author(s) | comparison
and clarity?
20 items including dull/bright, Graph of Yes for lamp 1;
Bartholomew,
1975 dark/light and blurry/clear using None mean not certain for
a 5 point response scale. ratings lamp 2
Comparison of 19 items including bright, dim,
mean ratings Boyce & Cuttle, | hazy, and clear using a 5-point Graph of
) ) Inconclusive
1990 response scale with end points None mean
labelled not-at-all-so and very- ratings
much-so.

Some studies report the mean ratings for brightness and clarity and comparison of the trends
enables similarity to be judged. In the absence of variance data such as standard deviations,

comparison of mean results is an imprecise approach by which to draw conclusions.
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Bartholomew (1975) evaluated two lamps using 5-point response scales. Figure 4.10 shows the
mean ratings of dark-light, dull-bright and blurry-clear. For lamp 1 these ratings are almost
identical, while for lamp 2 the blurry-clear and dark-light ratings are also almost identical but the

dull-bright rating is slightly different.
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Figure 4.10 Results of brightness and clarity ratings from Bartholomew (1975). These data were
taken from Figure 1 of Bartholomew. In the original 5-point response ranges a rating of 5
identified the bright, light and clear ends of the scales. (Fotios and Atli, 2012)

Boyce and Cuttle (1990) used a 5-point response range of very much so (1) to not at all so (5)
to evaluate room lighting using 19 items including bright, dim, clear and hazy. In the current
review, the ratings of bright and clear have been reversed so that all scales have the same
polarity. A stimulus considered to be bright would have a rating of 5 on both the bright and dim
scales, and thus the two scales provide a measure of internal consistency. Similarly a rating of 5
on the clear and hazy scales denotes a stimulus considered to have high visual clarity. Boyce
and Cuttle presented mean ratings using a graph from which were estimated the data used

below, but the report did not include standard deviations.

Figure 4.11 shows mean ratings at the four different CCT used in experiment 1, and these are
averaged across the four levels of illuminance. For the 2700K lamp the ratings of clear and
hazy, and also dim and bright, are almost identical and this suggests good internal consistency.
That these ratings coincide so precisely suggests that the difference between the bright/dim and
clear/hazy ratings, being larger, may be significant; unfortunately there are insufficient data to

test this. Ratings for the remaining three CCTs do not suggest such a separation.
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Figure 4.11 Mean ratings at the four different CCT used in experiment 1: these are averaged
across the four levels of illuminance (1990). These data were taken from Table 10 of Boyce and
Cuttle. Mean ratings for the bright and clear scale were reversed so that a rating of 5 denotes a

stimulus that appeared bright and clear using all four scales. (Fotios and Atli, 2012)

Figure 4.12 shows mean ratings at the three different CCT used in experiment 2, and these
were carried out at only one illuminance. Similarly to the 2700K lamp in Figure 4.11, the data for
all three lamps on Figure 4.12 show good internal consistency for ratings along the clear and
hazy scales, and also the bright and dim scales, and a clear difference between these two

groups of ratings.
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Figure 4.12 Mean ratings at the three different CCT used in experiment 2 (Boyce & Cuttle,
1990). These data were taken from Table 17 of Boyce and Cuttle. Mean ratings for the bright
and clear scale were reversed so that a rating of 5 denotes a stimulus that appeared bright and

clear using all four scales. (Fotios and Atli, 2012)
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Figure 4.13 shows mean ratings at the four different illuminances in experiment 1 from Boyce
and Cuttle (1990): these ratings are averaged across the four levels of CCT. All four rating
scales demonstrate that with an increase in illuminance there is a concomitant increase in both
brightness and visual clarity. The differences between ratings of brightness and clarity appear to
be smaller at high illuminances than at low illuminances. The Vienot et al (2009) and Fotios and
Cheal (2007) studies also included ratings at more than one level of illuminance: while the
Fotios and Cheal data (2.0 and 15.0 lux) suggest a very slight difference between bright and
clear ratings at low illuminance than at high illuminance, the Vienot et al data (150, 300 and 600
lux) do not. Similarly, the data reviewed in the current study do not suggest that CCT has a

consistent effect on the relationship between ratings of brightness and clarity.
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Figure 4.13 Mean ratings at the four illuminances used in experiment 1: these are averaged
across the four levels of CCT (Boyce & Cuttle, 1990). These data were taken from Table 9 of
Boyce and Cuttle. Mean ratings for the bright and clear scale were reversed so that a rating of 5

denotes a stimulus that appeared bright and clear using all four scales. (Fotios and Atli, 2012)

Thus the data presented by Boyce and Cuttle do not provide a conclusive opinion to agreement
between ratings of brightness and clarity, with some data suggesting similarity and other data
suggesting they are not the same. The absence of mean ratings for individual stimuli (ratings in
experiment 1 are averaged across four levels of CCT or illuminance) and the absence of

variance indices hinder analyses of these data.

Boyce (1977) used questions of “How satisfactory is the lighting level in the office?” and “How
visually distinct are the details in the office?” to relate with brightness and clarity respectively in
the category rating parts of his experiments. His study is of interest because a large number of
stimuli were used in the two experiments. Experiment 1 used three types of lamps, two
illuminances and three levels of interior colourfulness, giving 18 stimulus combinations.
Experiment 2 used four types of lamps, two illuminances and either a coloured or achromatic

environment, giving 16 stimulus combinations. The mean ratings are shown in Figure 4.14 and
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these were gained using 7-point response scales. For the satisfaction with light level question
the scale ranged from 1 (very satisfactory) to 7 (very unsatisfactory), and for the distinct details
question the scale ranged from 1 (very unclear) to 7 (very clear). In Figure 4.14 the rating scale
for the satisfaction with light level question has been reversed so that a rating of 7 indicates a
very satisfactory light level, and the scale polarity is therefore consistent with the previous
figures. It can be seen that mean ratings tend to follow the same relationship for different stimuli
— a stimulus which is considered to be satisfactory in light level would also be considered very
clear in distinctness of details. Linear regression between the 34 mean ratings of satisfaction

with light level and distinction of details has a correlation of R*=0.82.
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Figure 4.14 Mean ratings from Boyce (1977) for How satisfactory is the lighting level in the
office? and How visually distinct are the details in the office?. These are Boyce’s experiment 1
(top) and experiment 2 (bottom) and the data were taken from Table 4 (experiment 1), Table 9
(experiment 2, coloured) and Table 11 (experiment 2, achromatic) of Boyce. The original ratings
of satisfaction with light level have been reversed so that a rating of 7 indicates lighting

considered to be very satisfactory in light level and details are very clear. Note that the stimuli in

79



Chapter 4. Category Rating: Further Analysis of Methodology

each graph are arranged in order of descending ratings of satisfaction with light level. (Fotios
and Atli, 2012)

4.3.2.2.5 Overall Spatial Brightness and Visual Clarity Correlation

Figure 4.15 shows the correlation between 43 pairs of mean clarity ratings and mean brightness
ratings from five previous studies (Boyce, 1977; Flynn and Spencer, 1977; Fotios and Cheal,
2007; Rea, 1982; Vienot et al, 2009; Vrabel et al 1998). These are studies in which both
brightness and clarity scales were used and in which more than two stimuli were used to ensure
meaningful correlation analysis: thus the results from Piper (1981) and Bartholomew (1975) are
not included. Also excluded are the results from Boyce and Cuttle (1990) as these show mean
ratings averaged across multiple levels of lamp type and illuminance but not for each
combination of lamp type and illuminance separately. The brightness scales for Flynn and
Spencer were reversed so that these had the same positive polarity as did their brightness
ratings. For the Fotios and Cheal study Figure 4.15 uses their results for two ratings scales,
bright and clear. Linear regression suggests a coefficient of linear determination R?= 0.86 for
the complete set of 77 pairs of mean ratings which demonstrates a trend for stimuli receiving
high ratings of brightness to also receive high ratings of clarity.

y =0.9691x-0.1925
R?=0.8558

¢ Vienotetal, 2009
m Fotios & Cheal, 2007

clarity ratings

A Flynn + Spencer, 1977
> Vrabel et al, 1998

+ Rea, 1982

e Boyce, 1977

== inear (Overall)

1 2 3 4 5 6 7 8

brightness ratings

Figure 4.15 Mean brightness ratings plotted against mean clarity ratings as reported in previous

studies.

4.3.3 Conclusion: Defining visual response

In four studies, the data do not suggest that brightness and clarity ratings are different (Boyce,
1977; Flynn & Spencer, 1977; Fotios & Cheal, 2007; Piper, 1981; Vienot et al, 2009). In the
DelLaney et al (1978) study, it is reported that brightness and clarity lead to different ratings but
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comparison of the mean ratings suggest otherwise. In the Rea (1992) and Bartholomew (1975)
studies the ratings are almost identical for half of the stimuli examined and similarity for the
remainder cannot be determined. Data from the Boyce and Cuttle (1990) study are inconclusive
as to whether the ratings are different. Thus results from the majority of studies indicate that

ratings of brightness and clarity lead to similar judgements.

In one study (Vrabel et al, 1998) the ratings of brightness and clarity were reported be different.
What is interesting about the Vrabel et al study is that they provided test participants with written
definitions of brightness and clarity prior to trials. This gives rise to a possible explanation for the
findings of this review: when naive test participants are provided with definitions of brightness
and clarity then this encourages different judgements, but they do not discern a difference when
these terms are undefined. Note however that Fotios and Cheal (2007), who used illuminances
in the mesopic region, also provided definitions of their rating items to test participants at the
commencement of each test session: this was a visual demonstration of brightness and written
definition of clarity (and as reported by Cheal (2007) this written definition was taken from
Vrabel et al.) and their results suggest a high degree of correlation between ratings of
brightness and clarity. It should also be noted that further clarification is required as to the
statistical basis for the decision made by Vrabel et al and hence that the reported differences
may in fact be by chance.

A further caveat is that while the results from these tests do not tend to suggest a difference
between spatial brightness and visual clarity, this does not mean that individual test participants
did not perceive and intend to convey a difference. It may be that there is a difference in their
judgements but that this is lost in the variance. It is unfortunate that many studies did not report

the standard deviations or other measures of variance.

In many cases this review concludes that there is no difference between brightness and clarity
ratings for a particular stimulus; “no difference” is almost always a weak conclusion. Further
work is required to provide a higher standard of evidence to demonstrate that the existing
indifference between clarity and brightness phenomena is not due to weaknesses in the way the
experimental questions were asked, the interpretation of the experimental questions by the test
participants, and/or the methods of analysis.

4.3.4 Summary

For the design of future experiments involving evaluations of the visual environment this review
suggests that experimenters need to take further effort to define to test participants the nature of
their rating items, as has previously been recommended (Houser and Tiller, 2003; Tiller and
Rea, 1992). The items rated should be something that can be defined (e.g. spatial brightness)
rather than asking about a fuzzy concept such as visual clarity. There is also a need for caution

when interpreting the results of such tests: just because the test instructions requested
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judgement of a certain parameter it does not mean that the results gained from test participants

are for the same visual phenomena as the experimenter assumed.

Besides the definitions of the rating items, number of response categories might also affect the
answer of the participants. Even though the mean rating of the stimuli wouldn’t change,
providing a middle response might result in different distributions than an even response

category. Therefore, the tendency to choose the middle response may show an increase.
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Chapter 5. New Experiment of Spatial Brightness

5.1 Introduction

This chapter describes an experiment conducted to investigate spatial brightness at photopic
levels under lighting of different S/P ratio and gamut area. This was done to provide additional
examination of S/P ratio and GA. Two experimental methods were used, from studies by
Berman et al (1990) and Fotios and Cheal (2011). Berman et al (1990) considered S/P effects
on spatial brightness at photopic light levels and used rapid sequential discrimination method.
Fotios and Cheal (2011) conducted an experiment with both discrimination and matching
methods to examine the relation of different lamp SPDs with spatial brightness at mesopic light
levels. These two procedures (matching and discrimination) were adopted following review of
methodology (chapters 3 and 4) which suggested that the adjustment and category rating methods
were not sufficiently unbiased or not appropriate for gaining information about the magnitude and

direction of the SPD-illuminance relationship for spatial brightness.

Two different methods of experiment used to understand if two methodologies used to test the
same features give similar answers and can be used to validate the gained results. Besides,
questions rose about if three alterations of two stimuli to discriminate between their brightness
in sequential task are sufficient and if colour surfaces in the space effects spatial brightness

were investigated.

As the study utilised human participants, steps were taken to ensure the treatment of each
person met an approved ethical standard. This approach was a requirement within the
University which gave general guidelines to protect the rights and interests of participants. The
main principle accepted for this type of research can be summarized as not to harm, keep the
confidentiality of personal information and to have informed consent. Copies of the participant
information sheet and consent form (see Appendix D) were approved by the ethics committee at
the University before the experiments were conducted. Participants were accommodated by

word-of-mouth and they attended the experiment voluntarily.

5.2 Lamps

Three SPDs were generated for these trials using an LED array as shown in Figure 5.1. This
comprised two identical, linear arrays of LEDs, with each array containing six clusters of four
types of LED having different chromaticities (Table 5.1). The control system allowed the
intensity of each type of LED to be independently modulated, thus allowing a wide range of
unique spectra to be set. Of particular note for the current work, the four-LED system allowed
for S/P ratio to be varied whilst maintaining a constant chromaticity. The LED arrays were fitted
to the test booth above the position of the observer’s head, and thus there was no direct sight of

the source.
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Figure 5.1 One of the LED arrays with six clusters of four types of LED.

Table 5.1 Chromaticities (CIE 2°) of the LEDs used in the array.

Primary LED X y
Red 0.698 0.302
Green 0.154 0.666
Blue 0.146 0.036
Amber 0.592 0.407

These were supplied by John Barbur and colleagues at City University London.

The current work required three different SPDs, following Berman et al two having identical
chromaticity but different S/P ratios (SPDs A and B), and a third (SPD C) having similar S/P
ratio but different chromaticity to SPD B. While choosing SPDs A and B to have chromaticities
similar to that of Berman et al, main criterion was to seek the highest and lowest S/P ratios
possible with the LED array. For SPDs B and C, the highest difference for GA of the two SPDs
were searched while keeping S/P ratios as similar as possible. These three SPDs are identified
in Figure 5.2 and Table 5.2 displays their chromaticity, S/P ratio and gamut area. The values in
Table 5.2 were derived from spectral power distributions measured from the observers’
viewpoint, and are thus the lamp SPDs as modified by internal reflection in the test apparatus.
Measurements were recorded using a Konika-Minolta CS1000 spectroradiometer, calibrated
immediately prior to this experiment. In Berman et al chromaticities were reported in CIE 10°
and this study tried to obtain similar chromaticities with Berman et al, therefore the values were
reported in CIE 10° in Table 5.2.
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Figure 5.2 Spectral power distributions of the SPDs. These were measured from the observers
view point and hence include modification by the test apparatus, and are normalised for a peak

response of 1.0.

Table 5.2 Description of the LED spectra and blended fluorescent lamps used in brightness

assessments in Berman et al (1990).

10° chromaticity
Light setting S/IP Gamut Area
X10 Y1o
SPD used in current work
A 0.49 0.40 1.02 0.0017
B 0.49 0.40 1.77 0.0041
C 0.44 0.36 1.81 0.0069
Lamps used by Berman et al, 1990
R213 0.46 0.42 2.40 N.R
WWG 0.48 0.41 0.85 N.R

For the current work, all properties were derived from SPD measured from observer’s view of
test apparatus. Note: Berman et al did not report S/P ratios: these were determined from

photopic and scotopic luminances reported in their Table 2. N.R = Not Reported.
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5.3 Apparatus

This experiment was carried out using the single booth shown in Figure 5.3, a similar apparatus
to that used by Royer and Houser (2012). The viewing chamber of the booth was of

approximate dimensions 900 mm deep, 1000 mm wide and 1150 mm high. Test participants sat
at the front of this booth, a distance approximately 700 mm from the rear wall and thus the sides

extended behind their head, giving full field stimulation of the retina.

Top View

r F ===y
FIL L
§ L FTEEiSTA
[ L1
g
Front View Section View

Figure 5.3 Drawing (not to scale) of the test apparatus. Dimensions are in mm.

The interior surfaces were painted with a matt white paint having a reflectance of approximately
0.8, this being uniform across the visible spectrum as shown in Figure 5.4. This environment
was purposefully neutral, following Berman et al. Colour was introduced for some trials using a
Mondrian array covering the back wall of the booth as presented in Figure 5.5. This array
contained three colours (red, yellow and blue) of approximately equal proportions. Similarly,
coloured areas and achromatic areas were arranged to have approximately equal proportions.

Table 5.3 shows chromaticity coordinates of the coloured papers under Lamp A at 67 cd/m?.
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Figure 5.4 Spectral reflectance of interior of cabinet (measurements done at 83 cd/m? with X,y of
0.312, 0.324 and S/P of 2.8) Note: The deviation away from a spectral ratio of 1.0 occurs at the
shortest wavelengths where the relative power of the SPD was low (tending towards zero). This

is not considered as a problem since it is associated with a very low luminances.

Figure 5.5 Photography of the test booth and Mondrian pattern. Note: for clarity in this
photograph the test lighting is switched off and the laboratory lighting is switched on.
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Table 5.3 Chromaticity coordinates of coloured papers used in Mondrian like pattern.

2° chromaticity
Colour
X2 y2

Black 0.319 0.334
Blue 0.248 0.253
Red 0.501 0.323
Yellow 0.448 0.436
White booth 0.321 0.341

Past results of Fotios and Cheal (2011) suggest that the degree of colourfulness does not
significantly affect the results of spatial brightness judgements according to the brightness
assessments completed with four field designs and four lamp pairs using matching procedures.
One of the four conditions was an achromatic interior of the side-by-side booths; two of the
chromatic fields included either coloured objects or coloured surface. The last condition was a
uniform field covering the front opening of the achromatic booths with a neutral and uniform
sheet. Their results suggested negligible difference between these four fields. Thus, there was

no a-priori reason for the selection of these particular colours.

5.3.1 Luminance distribution

It was important for the distribution of surface luminances to be stable under changes of SPD
and luminance, i.e. that luminances measured at various points around the cabinet interiors
varied proportionally. Differences were not expected since all SPDs examined were provided by
the same LED array. To assess the stability of the relative luminance distribution between
different SPDs and luminance settings, luminances were measured at a grid of 26 points across
the rear and side walls and floor of the booth, with the luminance meter (Konica-Minolta LS100
calibrated prior to this experiment) aimed from the participant’s viewpoint (Figure 5.6). With all
SPDs and luminances, the luminance distribution was approximately constant along the

horizontal direction and varied 20% from ceiling to floor.
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Figure 5.6 Luminance measurement points (1-26 in red font) in booth. Measurements were
done with angles of 20° and 45° with top and bottom LED arrays, respectively. Distances of

reference points from the edges were shown with arrows in centimetres.

5.4 Test Procedure

Tests with each participant were completed in a single two-hour session. Lighting for the initial
test session was provided by SPD A set to 67 cd/m?. In this time the participant was given
instructions for the test procedure and completed a distraction test of attempting to place FM-
100 colour chips into correct order, each participant finished this session in their own timing
which was at least 10 min. The first lighting condition for the experiment was presented
following this adaptation.

For a given SPD pair, six steps were carried out (three of them with achromatic and the other

three with chromatic environment):

Achromatic environment Chromatic environment
Berman et al discrimination task Berman et al discrimination task
Fotios & Cheal discrimination task Fotios & Cheal discrimination task
Fotios & Cheal matching task Fotios & Cheal matching task
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Table 5.4 Presentation order of the six steps for first three participants

Participant 1 Berman (Ach.) | Berman (Ch.) | F&C Disc. (Ch.) | F&C Disc. (Ach.)
F&C Matching (Ach.) | F&C Matching (Ch.)

Participant 2 F&C Matching (Ach.) | F&C Matching (Ch.)
Berman (Ch.) | F&C Disc. (Ch.) | Berman (Ach.) | F&C Disc. (Ach.)

Participant 3 Berman (Ch.) | F&C Disc. (Ch.) | Berman (Ach.) | F&C Disc. (Ach.)
etc. F&C Matching (Ach.) | F&C Matching (Ch.)

Note: F&C Disc. refers to Fotios and Cheal Discrimination method.
Ch:Chromatic Ach: Achromatic

As shown in Table 5.4 the order of the six steps was counterbalanced between test participants.
Within a test session, the matching and discrimination trials were carried out as separate
blocks, the order of these being balanced. Within the discrimination block, the Berman et al
procedure and Fotios and Cheal procedure were carried out in a balanced order. The three
procedures were used with both achromatic and coloured interior surfaces, the order of which
being balanced. SPD pairs were presented in an order that was randomised between

participants.

The Berman et al task was carried out using two SPDs (A and B), the aim being to replicate
their work while testing the S/P ratio effect on spatial brightness, which was one of the metrics
found to correlate well with brightness both in linear and stepwise regression tests (see Chapter
5). For the Fotios and Cheal task the third SPD was introduced (C) and the three SPDs were
presented in all three possible pairs (i.e. A/B, A/C and B/C). This set of SPD pairs was selected

to test S/P ratio and GA effect on spatial brightness.

Luminance was adjusted using two mechanisms. For the experimenter, this was done by using
the control software to set a previously determined luminance. For test participants during the
matching task, adjustment was carried out using a rotary dial, this having three 360° turns from

minimum to maximum to reduce the chance of a positional cue.

5.4.1 Participants

28 test participants were used and were confirmed as having colour-normal vision using the
Ishihara test were used. Fourteen were male and 14 were female of 28 samples, and their ages

were in the range of 22 to 42 years.
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The results of Fotios and Cheal (2011) mesopic brightness matching data suggested an effect
size of 0.79. The calculation of the effect size was done by Equation 5.1 using the mean ratings
(0.89) and standard deviations (0.14) of Fotios & Cheal (2011) results:

effect size= (u'- p?) /o (Faul et al, 2007) Equation 5.1
u'=population mean (0.89)

u?=no effect of spectrum (1.00)

o=standard deviation in population (0.14)

effect size= 0.79

An effect of 0.8 was suggested to be a large effect by Cohen (1992) for which a sample size of
28 is sufficient to detect the standard level of probability of mistakenly rejecting the null
hypothesis (a=0.05) with a common assumption of power of 0.80 (Field, 2005). When these
values of effect size, a-level, and statistical power applied in G*Power, which was
recommended by Field (2005) to be a powerful tool to calculate sample size, required sample
size was found to be 21 (Faul et. al, 2007). Besides, the demands of the variance stable rank
sums method for analysing data from the Fotios and Cheal discrimination procedure and
judgements, which will be used to analyse the data collected from current study, required 17
test participants to insure the possibility of the three SPD being significantly different at an alpha
level of 0.01 (Dunn-Rankin et al, 2004). This is a slightly larger sample than used in previous

works of Berman et al (n=12) and Fotios and Cheal (n=21).

5.4.2 Procedure I: Berman et al

This part of the experiment used the Berman et al (1990) procedure to compare the brightness
of two sources of identical chromaticity using full field stimulation. Berman et al conducted a
rapid sequential discrimination test using four comparisons of two SPDs in a room. They
selected two SPDs with identical chromaticity but different S/P ratios. Three of the comparisons
had same luminance ratios: two with different SPD, one with the same SPD and fourth
comparison had higher luminance ratio than the other three comparisons. In their study,
comparisons 1 and 2 used to have two different typical interior light levels. Three comparisons
with two SPDs were used to test brightness lumens model (Equation 2.3). The comparison with

the same SPD was a null condition.

The task used by Berman et al (1990) was followed as near as possible. The key differences

were:

* In Berman et al test participants were located inside a small room (2 m deep, 2 m wide and
2.3 m high). The LED array available did not offer sufficient power to light this environment

to the same luminance and uniformity as in Berman et al and hence a smaller space was
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used, as shown in Figure 5.3. This allowed full field stimulation, the critical requirement of
Berman et al.

* An LED array was used rather than blended fluorescents lamps.

* The LED array did not enable the identical chromaticity to that used by Berman et al, but it
is close (see Table 5.2). What was done was to ensure that the two SPDs used (A and B)
were of the same chromaticity.

* The LED array did not permit as great a difference in S/P ratio between the two sources as
did Berman et al. This was accounted for by using Brightness Lumens (see Equation 5.2) to
predict the luminances required for equal brightness and resulted in a smaller luminance
difference being used in trials than were used by Berman et al.

* A null condition with comparison between settings of the same SPD and luminance was
added in order to better validate the procedure. In particular, whether the three successive

presentations of each SPD was sufficient to offset interval bias (Fotios & Houser, 2013).

Berman et al used a sequential discrimination procedure to compare two SPDs. These were not
compared on an equal luminance basis but with the luminances presented in four specific
conditions (Table 5.5). In comparison 1, SPD B (high S/P ratio) was presented at a lower
luminance (40 cd/mz) than was SPD A (low S/P ratio: 47 cd/mz) to demonstrate that test
participants would tend to report SPD B as brighter than A despite the lower luminance.
Comparison 2 repeated comparison 1, using the same ratio of photopic luminances, but at a
higher absolute luminance (67 and 57 cd/m? for A and B respectively), thus to examine spatial
brightness at two typical interior light levels. Note that luminances reported here were as
measured on the rear wall of the booth, at the centre point 700 mm above the floor,

approximately the observer’s view point if looking straight ahead.
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Table 5.5 Lighting conditions examined in the stages of experiment repeating Berman et al

(1990) and additional null condition (comparison 5).

Comparison | Comparison | Comparison | Comparison | Comparison
1 2 3 4 5
Control Null
A/B A/B A/B B/B AlA
Photopic
luminances 47 /40 67 /57 67 /40 67 /57 47 | 47
(cd/m?)
Scotopic
luminances 48 /71 68 /101 68 /71 119/101 48 / 48
(cd/m?)
Luminance ratio
1.18 1.18 1.68 1.18 1.00
(higher /lower)
Predicted brighter Higher
B B A Equal
setting luminance

The luminances at which SPDs A and B would appear equally bright were predicted using
Brightness Lumens (Equation 2.3, Chapter 2), a tentative metric for the effect of lamp spectrum
on spatial brightness (Berman, 1995). Spaces lit by two different lamps of equal brightness

lumens would appear equally bright.

SPD A with a photopic luminance of 67 cd/m?® was chosen as the reference, this being the
luminance as used by Berman et al for their low S/P source in comparison 2. According to
brightness lumens, SPD B requires a photopic luminance of 51 cd/m? for equal brightness (a
photopic luminance ratio of 67/51 = 1.31):

Brightness Lumens = Pa (S/P)AO'5 =Pg (S/P)BO'5 Equation 5.2
= 67(1)*° = x(1.77)°°
Accordingly, X = 51

To promote a tendency for SPD B to be identified as brighter, this was presented in comparison
2 at a luminance of 57 cd/m?, slightly above that was needed for equal brightness but still a
lower photopic luminance than SPD A.

In comparison 3 SPD B (high S/P ratio) was presented at a much lower luminance (40 cd/mz)

than was SPD A (low S/P ratio: 67 cd/mz), a luminance ratio of 1.68 compared with the ratio of

1.18 used in comparisons 1 and 2. In this situation it was expected that test participants would
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tend to identify SPD A as brighter, the higher luminance of SPD A now outweighing the higher
S/P ratio of SPD B. In comparison 4 the two stimuli compared were identical in spectra (SPD B)
but of different luminances, the ratio (1.18) being similar to that as used in comparisons 1 and 2.
This is a control comparison which examines whether the luminance differences used in
comparisons 1 and 2 are discriminable. For this study an additional comparison was added,

comparison 5, a null condition in which both settings had identical SPD and luminance.

Table 5.6 An example of presentation order of the paired lighting conditions in Berman

discrimination task.

Order Comparison 1

*A47 | B40

1 A47 presented for 5 sec

2 dark presented for 100 millisec

3 A40 presented for 5 sec

4 dark presented for 100 millisec

5 A47 presented for 5 sec

6 dark presented for 100 millisec

7 A40 presented for 5 sec

8 dark presented for 100 millisec

9 A47 presented for 5 sec

10 dark presented for 100 millisec

11 A40 presented for 5 sec

12 participant asked to choose the brighter lamp

* A47 denotes SPD A with a luminance of 47 cd/m”.

A rapid sequential evaluation mode was applied during the experiment. As shown in Table 5.6,
in a trial, each source was presented for 5 s, with three presentations of each source separated
by a 100 ms dark interval. For each of the five comparisons, the two stimuli were compared ten
times. Presentation order was counterbalanced, with each SPD presented first for five of the ten
evaluations. Hence this required a test participant to provide 50 evaluations each for the
chromatic and achromatic conditions. The five comparisons were carried out randomly within

the block of 50 evaluations.

Following Berman et al, the two sources being compared were identified by the experimenter to
the test participant by giving each source a random number (from within the range 1 to 9) and
test participants were informed of each source using this number, e.g. ‘Here is number 3, here
is number 7’ repeated three times. The question was then asked ‘Which one appeared
brighter? Responses were recorded by the experimenter with bespoke software to display the
stimuli and record the answers. The last presentation remained on while the question was

asked and until the next sequence began, approximately 6-7 seconds later. The instructions
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were clarified as follows: ‘By brightness we mean the amount of light in the booth, ignoring any
colour differences between lights and surfaces. The two different number labels for the lights in
each pair are taken randomly from the range 1 to 9. When a number comes up again it does not
mean the same light as in a previous pair; judge the current lights only; try to avoid being

influenced by memory of previous lights.’

5.4.3 Procedure lI: Fotios & Cheal matching

The second procedure follows that used by Fotios and Cheal (2011) who examined spatial
brightness at mesopic levels of adaptation. Fotios and Cheal (2011) compared five different
SPDs, for each comparison one SPD was defined as reference and the other one was adjusted
by the participant to have the same spatial brightness with the reference in side-by-side booths.
For validation of the matching results, discrimination task with both booths at reference
illuminance lit by different SPDs were conducted with forced choice procedure. Same
experimental methods applied in this study at photopic levels of adaptation with sequential
mode in one booth instead of simultaneous presentation in side-by-side booths. Since,
experiments conducted by Fotios and Cheal (2010) using both matching and discrimination
tasks with side-by-side and sequential modes presented same results at mesopic light levels, it
was not expected that this difference would significantly affect the results. For concurrent
validation of the matching results a brightness discrimination task was also included within the
procedure, this being the third procedure of the current study.

Light settings were seen in pairs, presented sequentially. Each source was presented for 5 s,
with at least three presentations of each source separated by a 100 ms dark interval.
Participants were able to see the stimuli as many times as they need, before the experimenter
recorded the final evaluation. The first presented SPD was always at the reference luminance
(50 cd/m2) and the participant adjusted the luminance of the second SPD until the two
appeared, as near as possible, equally bright. As above, brightness was described as the
amount of light in the whole scene, which could be judged independently from any other visual

differences such as colour.

Table 5.7 Fourteen lamp pairs presented in Fotios and Cheal Matching task.

A/B B/C A/IC A/A
Null-condition
*A50 / B75 B50/C75 A50/C75 A50/C75
A50/B25 B50/C25 A50/C25 A50/C25
B50 / A75 C50/B75 C50/A75
B50 / A75 C50/B75 C50/A75

*A50 denotes SPD A with a luminance of 50 cd/m®.
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Table 5.7 shows that each test participant provided four brightness matches for each of the
three SPD pairs and two matches for the null condition of SPD A at 50 cd/m2, counterbalancing
both the initial luminance of the variable stimulus (set by the experimenter to a level clearly
higher or lower than the reference, luminances of 75 cd/m? and 25 cd/m? respectively) and
application of dimming to both sources. These trials were carried out in a random order and all
14 pairs were evaluated in both chromatic and achromatic environment by each participant,
which was making a total of 28 lamp pairs.

5.4.4 Procedure lll: Fotios & Cheal discrimination

For discrimination judgements, two SPDs were presented sequentially and test participants
instructed to state which was the brighter, a forced-choice procedure with the equally bright
response option not permitted. Each source was presented for 5 s, with three presentations of
each source separated by a 100 ms dark interval. Both SPDs provided the same luminance, 50
cd/m?. The SPD sequence (first or second) was random within the eight evaluations in each of
the achromatic and chromatic environments. The null condition trial was with SPD A at 50
cd/m?.

5.5 Results and Analysis

5.5.1 Procedure I: Berman et al

The results of trials carried out using the Berman et al procedure are shown in Table 5.8 as
achromatic and Table 5.9 as chromatic. These data presents the number of times the
participant chose the given condition as brighter. In total, 280 trials (28 subjects x 10 repeats)
were evaluated. Thus, 140 votes per SPD in a given pair would indicate equal brightness. This
is the result found with one of the null condition trials (comparison 5), which was having the
luminance and SPD the same with each other, suggesting negligible interval bias. These data
are repeated measures and are not drawn from a normally distributed population. Analysis
using the Wilcoxon signed-ranks test did not suggest differences between the first and second

intervals to be significant, for trials with either the chromatic or achromatic environments.
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Table 5.8 Results of achromatic discrimination trials following the Berman et al procedure.

Comparison 1 Comparison 2 | Comparison 3 | Comparison4 | Comparison 5
Test Control Null
Participant AAT* B40 A67 B57 A67 B40 B67 B57 A47 A47
(1st) (2nd)
1 5 5 6 4 10 0 10 0 4 6
2 3 7 3 7 10 0 6 4 3 7
3 4 6 2 8 10 0 10 0 6 4
4 4 6 2 8 10 0 10 0 3 7
5 7 3 7 3 10 0 10 0 6 4
6 1 9 1 9 10 0 10 0 4 6
7 9 1 9 1 9 1 9 1 9 1
8 10 0 4 6 10 0 10 0 10 0
9 6 4 5 5 6 4 4 6 6 4
10 8 2 6 4 10 0 10 0 3 7
11 3 7 0 10 10 0 10 0 6 4
12 3 7 1 9 10 0 9 1 4 6
13 4 6 1 9 10 0 10 0 6 4
14 0 10 1 9 10 0 10 0 4 6
15 7 3 4 6 9 1 10 0 5 5
16 7 3 2 8 9 1 10 0 6 4
17 2 8 4 6 10 0 10 0 5 5
18 7 3 6 4 10 0 10 0 5 5
19 1 9 0 10 10 0 10 0 8 2
20 0 10 0 10 10 0 10 0 5 5
21 8 2 5 5 10 0 10 0 1 9
22 8 2 3 7 10 0 10 0 3 7
23 5 5 6 4 10 0 10 0 6 4
24 9 1 4 6 10 0 10 0 6 4
25 0 10 0 10 1 9 10 0 4 6
26 6 4 6 10 0 10 0 6 4
27 2 3 7 10 0 10 0 6 4
28 6 8 2 10 0 10 0 6 4
TOTAL 135 145 97 183 264 16 268 12 146 134
Mean 4.8 5.2 3.5 6.5 9.5 0.6 9.6 0.4 5.2 4.8
Std Dev 2.96 2.99 2.55 2.55 1.83 1.83 1.35 1.35 1.89 1.89
Median 5 5 3.5 6.5 10 0 10 0 5.5 4.5

These data are the frequencies by which each of a pair of stimuli was considered to be brighter.
*A47 denotes SPD A with a luminance of 47 cd/m”.
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Table 5.9 Results of chromatic discrimination trials following the Berman et al procedure.

Comparison 1 Comparison 2 | Comparison 3 | Comparison 4 | Comparison 5
Test Control Null

Participant AAT* B40 A67 B57 A67 B40 B67 B57 A47 A47
(1st) (2nd)

1 3 6 4 10 0 10 0 5 5

2 6 4 4 6 10 0 10 0 4 6

3 5 3 6 10 0 10 0 5 5

4 10 0 7 3 10 0 10 0 7 3

5 1 6 4 10 0 10 0 5 5

6 10 1 9 10 0 9 1 6 4

7 10 0 10 0 10 0 10 0 4 6

8 1 9 0 10 8 2 10 0 6 4

9 8 2 4 6 10 0 9 1 4 6

10 10 0 8 2 10 0 10 0 6 4

11 4 6 6 4 9 1 8 2 6 4

12 4 6 3 7 9 1 10 0 5 5

13 2 8 2 8 9 1 10 0 6 4

14 3 7 1 9 10 0 10 0 3 7

15 8 2 9 1 10 0 10 0 5 5

16 8 2 4 6 10 0 10 0 7 3

17 4 6 1 9 7 3 9 1 4 6

18 9 1 10 0 10 0 10 0 5 5

19 10 0 3 7 10 0 10 0 6 4

20 0 10 1 9 0 10 10 0 4 6

21 6 4 7 3 10 0 10 0 5 5

22 9 1 9 1 10 0 10 0 2 8

23 7 3 9 1 10 0 10 0 5 5

24 3 7 1 9 10 0 10 0 3 7

25 0 10 0 10 8 2 10 0 9 1

26 7 3 4 6 10 0 10 0 4 6

27 6 4 4 6 10 0 10 0 4 6

28 3 7 4 6 7 3 10 0 6 4
TOTAL 159 121 127 152 257 23 275 5 141 139
Mean 5.68 4.32 4.54 5.43 9.18 0.82 9.82 0.18 5.04 4.96
Std Dev 3.29 3.29 3.16 3.14 2.02 2.02 0.48 0.48 1.43 1.43

Median 6 4 4 6 10 0 10 0 5 5

These data are the frequencies by which each of a pair of stimuli was considered to be brighter.
* A47 denotes SPD A with a luminance of 47 cd/m?.

In the control condition trial (comparison 4), one of the stimuli was at higher luminance than the

other and the SPDs were equal. Almost 100% of the participants evaluated the stimulus with

higher luminance to be brighter than the other interval. This difference was confirmed to be
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significant for both the chromatic and achromatic environments using the Wilcoxon test
(p<0.01). The result of comparison 4 is of interest because the luminance ratio presented is
identical to that used in comparisons 1 and 2 where the SPDs of the two settings were different,

with the SPD of higher S/P ratio (B) being presented at the lower luminance.

For three of the cases (comparisons 1 with achromatic and comparison 2 both with chromatic
and achromatic settings), SPD B was voted to have brighter environment. However, in
chromatic comparison 1, SPD A was considered to be brighter. Even though there was small
difference between SPD A and B in achromatic comparison 1, the results were close to indicate
equal brightness. Comparisons 1 and 2 provided the same ratio (higher/lower) of photopic
luminances and the same SPD pairs, but comparison 2 was carried out at a higher absolute
luminance than comparison 1. For both the achromatic and chromatic data, at the higher
luminance (comparison 2) there was a higher frequency of reports that the high S/P ratio setting
(B) was brighter: at the lower luminance, the two settings were of near equal brightness in the
achromatic environment and the high S/P ratio source was considered to be the dimmer in the
chromatic environment. Differences between comparison 1 and comparison 2 are suggested to

be significant (p<0.01) using the Wilcoxon test.

These data suggest that the relative luminances required for equal brightness varies with
absolute luminance. Although, this finding disagrees with past studies (Fotios and Levermore,
1997; Boyce, 1977), there are some recent publications suggesting that spectral sensitivity for

spatial brightness might differ for different light levels (Rea et al, 2011).

Following Berman et al, the Wilcoxon test was applied to comparison 1 with comparison 4 and
similarly to comparison 2 with comparison 4 in order to investigate an SPD effect. The
differences were confirmed to be significant for both the chromatic and achromatic
environments for all four cases (p<0.01). For comparisons 1, 2 and 4 the luminance ratios were
the same, the difference was in the compared SPDs. In comparisons 1 and 2 SPD A was
compared with SPD B, however in comparison 4 SPD B was compared with itself. Therefore,
significant difference of these comparisons demonstrate a SPD effect, showing that the higher
S/P ratio of setting B led to fewer reports that setting A was the brighter.

In comparison 3, the SPD of higher S/P ratio (B) was again presented at the lower luminance,
but the difference was much larger than in comparisons 1 and 2. The results demonstrate a
near 100% frequency for the SPD of higher luminance to be brighter. What comparison 3 shows
is that if higher S/P ratio does lead to higher spatial brightness, there is a limit to the effect, as at
some point the majority of responses are for the setting of higher luminance regardless of the
S/P ratio. Figure 5.7 shows the proportion of votes for a particular source to be brighter plotted
against the ratio of photopic luminances, and these six points are for comparisons 1, 2 and 3 for

the achromatic and chromatic environments. A response proportion of 0.5 indicates the two
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SPDs were considered equally bright, and in Figure 5.7 this would be a ratio of photopic
luminances of A/B = 1.22. If the two environments were considered separately then this ratio

would be 1.26 for the achromatic environment and 1.16 for the chromatic environment.
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Figure 5.7 The proportion of votes for SPD A to be brighter than SPD B plotted against the ratio

of photopic luminances. Note: “1C” indicates comparison 1 with the chromatic environment.

Brightness Lumens (Equation 5.2) predicted that these two sources would be equally bright with
a luminance ratio of 1.31, a slightly higher ratio than found in these results. For these data,
changing the index in Equation 5.2 from 0.5 to 0.36 (i.e. Brightness Iumens=P(S/P)0'36) provides
the prediction of luminances for equal brightness. It is not claimed that 0.36 is the more correct
value, and when fitting brightness lumens to the results of past studies found that 0.56 was the
optimum value (See Chapter 6, Table 6.12. Instead, this difference indicates the variability
found in brightness responses and that S/P ratio alone may be insufficient to predict relative

spatial brightness.

5.5.2 Procedure lI: Fotios & Cheal Matching

5.5.2.1 Null Condition Results

Within the matching procedure there were four null condition trials. Two identical SPDs (A) were
matched with the variable SPD starting from either a higher (75 cd/mz) or lower (25 cd/mz)
luminance than the reference (50 cd/m2), and this with the achromatic and chromatic
environments. As shown in Table 5.10, the mean illuminance ratios (fixed/variable) ranged from

0.98 to 1.02 in these four cases.
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Table 5.10 Results of null condition trials in the matching procedure. Note: n.s. = not statistically

significant, p>0.05.

Achromatic Chromatic
*Start high **Start low Start high Start low
Mean luminance ratio 0.98 1.02 1.00 1.01
Std. Dev 0.06 0.06 0.08 0.10
N 28 28 28 28
Difference from unity
n.s. n.s. n.s. n.s.
(t-test)

* Lamp A dimmed from 75cd/m? to have same brightness with Lamp A at 50cd/m”.

** Lamp A dimmed from 25cd/m? to have same brightness with Lamp A at 50cd/m?.

These data were considered to be normally distributed following analysis using measures of
central tendency, dispersion, graphical presentation and statistical analysis (Shapiro-Wilks,
Kolmogorov-Smirnov). Normality checking process is demonstrated in Appendix E. Application
of the t-test does not suggest these mean illuminance ratios to depart significantly from unity in

any of the four conditions and thus that interval bias was negligible.

The results demonstrate an anchor effect: when the variable source started from a low
luminance the equal brightness luminance is lower than that found when starting from a high
luminance. While a similar anchoring effect has been found in some past studies (Fotios &
Cheal, 2007; Fotios & Levermore, 1997), a significant effect in the opposite effect has also been
found (Houser, Tiller & Hu, 2003). The t-test suggests the anchor effect is near significant
(p=0.064) for the achromatic environment but for the chromatic environment did not suggest the
difference to be significant (p=0.63). The initial luminances were balanced in trials to offset the

effect of anchoring.

5.5.2.2 Mixed-SPD Results

In trials, each of the three SPD pairs (A/B, A/C and B/C) was matched four times by each test
participant, in order to balance which of the pair was the variable source and whether this
started from a higher or lower luminance than that of the reference. This was repeated for the
achromatic and chromatic environments. The results of these trials are shown in Table 5.11,

these data being the mean illuminance ratio at equal brightness.
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Table 5.11 Results of the brightness matching tests: mean illuminance ratios at equal
brightness. (n=28, all cases).

Test
Achromatic Chromatic
condition
A/B A/C B/C A/B A/C B/C
15T dimmed, Mean illuminance
1.17 1.44 1.11 1.21 1.42 1.17
start high ratio
Std. Dev. 0.21 0.24 0.17 0.23 0.25 0.21
1" dimmed, | Meanilluminance | 4 4q 1.32 1.11 1.16 1.40 1.13
start low ratio
Std. Dev. 0.17 0.21 0.17 0.19 0.19 0.18
nd . A i
27 dimmed, | Meanilluminance | 4 4q 1.23 1.14 1.18 1.39 1.19
start high ratio
Std. Dev. 0.14 0.15 1.20 0.17 0.22 0.25
nd . A i
27 dimmed, | Meanilluminance | 4 4q 1.30 1.16 1.22 1.45 1.20
start low ratio
Std. Dev. 0.12 0.20 0.16 0.17 0.30 0.29

Analyses of these distributions revealed 10 outlier values from within the 672 data points. These
being: Achromatic: A/B #4; B/C #3, 12, 17: Chromatic: A/B #8, 10, 13, 21; B/C #6, 8, 9; A/C, #8,
8. Note: underlined lamp is the one which was dimmed during trials. Analysis of the distributions
with outlying values omitted suggested they were drawn from normally distributed populations.
Two-way repeated measures ANOVA was applied to examine the effect of SPD order (e.g.
whether A of the pair A/B was the first or second to be presented in the sequence) and the
effect of initial luminance (i.e. luminance of the variable SPD set to a high or low level prior to
the trial) with the outlier values omitted and treated as missing values. ANOVA does not
suggest that starting luminance (high or low) led to significant differences in luminance ratio at
equal brightness. In only two of the six cases, ANOVA suggests SPD order (1St or 2" in the
sequence) to be significant (A/B chromatic and A/C achromatic). In any case, starting luminance
and SPD presentation order were counterbalanced within trials to offset the effects of any such
bias.

For each test participant, the mean of these four trials was therefore used as the best estimate
of their luminance ratio at equal brightness for each combination of SPD pair and interior colour.
These data are shown in Table 5.12. Analysis of these merged distributions suggested they
were drawn from a normally distributed population, the one outlier found in this set being
retained. According to the one-sample t-test, these illuminance ratios depart significantly from
unity in all 6 cases (p<0.01), thus demonstrating that SPD has a significant effect on spatial
brightness.
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Table 5.12 Results of the brightness matching test: after all four conditions of balanced position

and starting illuminance were combined.

Test
Achromatic Chromatic
condition
A/B AlC B/IC A/B AlC B/IC
Mean illuminance | 4 4g 1.32 113 1.19 1.41 117
ratio
Overall Std. Dev. 0.10 0.14 0.10 0.13 0.17 0.14
Difference from
. p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01
unity (t-test)
5.5.3 Procedure lll: Fotios & Cheal Discrimination
Results of the brightness discrimination trials are shown in Table 5.13. These show the
frequency of responses in which one lamp in the pair was considered to be brighter.
Table 5.13 Results of brightness discrimination tests: judgements of brighter SPD when
presented at equal illuminance.
Frequency for first SPD in each pair to be judged as brighter
Achromatic Chromatic
A/B AlC B/C Null A/B AlC B/C Null
Forward order 4 1 6 13 6 0 5 14
(n=28)
Reverse order 5 3 6 14 7 1 3 17
(n=28)
Overall (n=56) 6 4 12 27 13 1 5 31
Frequency
Percentage 10.7% 7.3% 21.4% 49.1% 23.2% 1.8% 8.9% 55.4%
Brighter lamp B C C = B C C =
Difference
) p<0.01 p<0.001 p<0.05 n.s. p<0.05 | p<0.001 | p<0.001 n.s.
(Dunn Rankin)

Note: (1) There was one missing value each in the A/C and null pairs for the achromatic environment.

(2) Forward order means SPD order (1St interval/2™ interval) was A/B, A/C and B/C; reverse order
means this was B/A, C/A and C/B.

In null condition trials, identical SPDs were compared at equal luminance, and test participants

responded whether the first or second interval was the brighter. The results indicate almost

equal frequencies for the first and second intervals (the first interval was reported to be brighter

in 49.1% and 55.4% of trials for the achromatic and chromatic tests respectively) and thus that

interval bias was negligible. The binomial test did not suggest interval bias to be significant in

either case.
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It can be seen in Table 5.13 that the frequency of votes for SPD A in the pair A/B is similar for
both presentation orders (i.e. A/B and B/A), and this is also the case for pairs A/C and B/C. Of
the 335 discrimination trials (i.e. 336 trials with one missing case) test participants gave different
responses in their two trials per SPD pair (i.e. A/B and B/A) on only 22 occasions. This suggests

that presentation order had negligible effect and in any case this was balanced.

Differences between SPDs were examined using Dunn-Rankin Variance Stable Rank Sums
(Dunn-Rankin et al, 2004). This analysis suggests that SPD B is brighter than SPD A (p<0.01,
achromatic; p<0.05 chromatic); SPD C is also brighter than SPD A (p<0.001, achromatic and
chromatic); SPD C is brighter than SPD B (p<0.001 chromatic, p<0.05 achromatic).

5.5.4 Results of Chromatic Environment

In Berman et al discrimination task, Table 5.10 shows that the proportions of test participants
considering SPD A to be the brighter are similar for the achromatic and chromatic environments
in comparison 3 with a larger difference for comparisons 1 and 2. The Wilcoxon test suggested
differences between the chromatic and achromatic environments to be near significant for
comparison 1 (p=0.059) and significant for comparison 2 (p=0.05) but did not suggest
differences in comparisons 3, 4 or 5 to be significant (p=0.50). This pattern may be as expected:
when the settings are of identical SPD (comparisons 4 and 5) or when the difference in
luminance is large (comparisons 3 and 4) then addition of the coloured Mondrian pattern made
little difference, but when the judgement was made more difficult by using settings of different

SPD and little difference in brightness, then the coloured surface had an effect.

As shown in Figure 5.5, the trials carried out with the coloured surfaces inside the booth in
matching task led to illuminance ratios, which depart further from unity and with a higher
variance than trials with the achromatic surfaces. The effect of adding the coloured surface was
examined using the paired samples t-test. For SPD pair A/B the t-test did not suggest a
significant difference (p=0.64). The differences were significant for SPD pairs B/C (p<0.05) and
A/C (p<0.01), with the coloured environment leading to illuminance ratios that depart further

from unity than with the achromatic surface.

As shown in Figure 5.8 proportions of votes for SPD B and C to be brighter were slightly differed
for two environments in Fotios & Cheal discrimination test. However, the lamps preferred to be
brighter in paired comparisons for chromatic and achromatic environments were same. When
SPD A compared with SPD B, SPD B voted to be brighter. SPD C was the brightest in between

these three lamps for both achromatic and chromatic environments.
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Figure 5.8 The proportion of votes for SPDs A, B and C to be brighter in Fotios and Cheal

discrimination test.

5.6 Discussion

This experiment was carried out to identify whether the effect of SPD on spatial brightness is

predicted by S/P ratio and GA, and to compare different experimental procedures.

The results are summarised in Table 5.14. It can be seen that the three procedures concur as to
which of a pair of SPDs would be considered the brighter at equal luminance. For the A/B pair,
luminance ratios for equal brightness were determined using either the matching procedure or
interpolated from the Berman et al discrimination procedure. According to the one sample t-test
these are significantly different (p<0.01) for the achromatic environment but are not suggested
to be different for the chromatic environment. Further evidence is needed to compare these
methods and to determine which provides the more accurate response. What we can confirm is
that the matching procedure can be completed in less time, which is why in the current study we
did not use the Berman et al procedure for the remaining two lamp pairs.
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Table 5.14 Comparison of the results gained from different test procedures.

Procedure Finding Achromatic Chromatic
A/B AlIC B/C A/B Al/C B/C
Brighter SPD B - - B - -
Berman et al .
R Luminance
discrimination ratio for equal 1.26 - - 1.16 - -
brightness
Brighter SPD B C C B C C
Fotios & Cheal, .
. Luminance
matching ratio for equal 1.18 1.32 1.13 1.19 1.41 1.17
brightness
Std. dev. 0.10 0.14 0.10 0.13 0.17 0.14
Fotios & Cheal,
S Brighter SPD B C C B C C
discrimination

This study aimed to repeat, as near as possible, the experiment reported by Berman et al
(1990). One reason for this replication was that Berman et al did not include a null condition trial
sufficient to evaluate interval bias associated with sequential evaluations — the potential
tendency for test participants to consistently report one interval (e.g. the second) as being the
brighter regardless of the stimuli observed. As reported in Chapter 3, this is particularly
expected in procedures where two stimuli are observed only once each, with the judgement
made during observation of the second: there is a tendency for memory to recall the first interval
as being darker than it was (LaBoeuf and Shafir, 2006; Uchikawa and lkeda, 1986) thus
enhancing the frequency by which the second interval is reported to be brighter. Berman et al
used a sequential evaluation where each stimulus was presented three times, and review
(Fotios & Houser, 2013) of these data asked whether this repeated sequential presentation was
sufficient to counter interval bias. In the current study, comparison 5 was included to examine
this, being a null condition where both settings were of equal luminance and SPD. Analysis of
these data did not find a difference between the two intervals which suggests that three
sequential observations of each SPD in alternation is sufficient to offset the interval bias

associated with successive evaluation.

SPD pair A/B were of equal chromaticity but different S/P ratio. Interpolation of the results
suggest significant difference in spatial brightness at equal luminance, thus confirming that in
this case the higher S/P ratio led to higher spatial brightness. SPD pair B/C were of similar S/P
ratio but different gamut area, and the results demonstrate that the source of higher gamut area

was significantly brighter at equal luminance.

For sources of equal chromaticity, the S/P ratio matters, confirming the conclusion drawn by

Berman et al (1990). If instead the S/P ratio is held constant, then gamut area matters. SPD pair
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A/C presented differences in S/P ratio and gamut area, and here the source of higher S/P ratio
and gamut area was found to be significantly brighter. Pair A/C indicates that both S/P ratio and
gamut area matter when neither is held constant, and thus that better prediction of relative
spatial brightness would be found by considering both metrics simultaneously. What is
interesting here is that transitivity holds: within the achromatic and chromatic results individually,
the product of A/B and B/C provides good agreement for the finding of A/C. If one effect (i.e.
S/P ratio or gamut area) were dominant, then assumption of transitivity from A/B and B/C would
tend to over-estimate the result for A/C.

Clearly these results are not confirmation that S/P ratio and gamut area are the optimum
metrics. It may be found that the s-cone or ipRGC response is more appropriate than the
scotopic component of the S/P ratio, and current activity regarding colour rendering may
establish a better metric than gamut area.

The results suggest some differences between brightness evaluations made in the chromatic
and achromatic environments. According to the matching test, the difference is significant for
SPD pairs A/C and B/C, these having different chromaticities, but not for A/B which had similar
chromaticity. This disagrees with the findings of past experiments that the colour of surfaces in
an environment did not affect evaluations of spatial brightness (Fotios & Cheal, 2011; Boyce,
1977; Boyce & Cuttle, 1990; Han and Boyce, 2003). One reason may be that in the current
study the test participant was placed a relatively short distance from the booth surfaces and this
may have led to evaluations of the surface rather than of the illuminated volume. For future

work, this study can be repeated with an experiment using a larger test environment.

5.7 Summary

This chapter describes an experiment carried out to investigate the influence of lamp SPD on
spatial brightness using three different procedures.

The discrimination procedure used by Berman et al (1990) was validated through inclusion of an
additional null condition to evaluate interval bias and through parallel use of alternate
procedures, the matching and discrimination procedures used by Fotios and Cheal (2011).
These different procedures provided converging evidence as to which of a pair of SPDs is the

brighter, and provided similar estimates as to the magnitude of the effect.

This study provides further support for the conclusion reported by Berman et al that for two
lights of equal chromaticity and equal luminance, the one of higher S/P ratio will appear brighter.
Berman et al used only two SPDs to test this proposal. In the current work a third SPD was
added in order to evaluate the impact of a chromatic contribution to spatial brightness for two
lights of equal S/P ratio. The results suggest that both the S/P ratio and chromatic contribution
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are important and that considering both metrics simultaneously enables a better prediction of
spatial brightness under different SPDs. In other words, the results suggest that consideration of

either S/P ratio or gamut area alone would be insufficient.

Further analysis is done with credible past data and data from new experiment to investigate
more on S/P ratio and GA effect on brightness. Regression test is applied to this data set in
order to predict a brightness model with two metrics (S/P ratio and GA).
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6.1 Introduction

This chapter presents an investigation of potential metrics (S/P and GA for the current study) for
spatial brightness by using the results of studies considered to provide credible evidence (as
explained in Chapter 3) and data from new experiment to test predictions. A similar method was
used in Cowan and Ware (1983) with 29 studies supplying brightness matching data being used
to develop a model of predict equal brightness. The aim of this chapter was also to develop a
model that is understandable and easy to use for both researchers and designer following
Cowan and Ware’s method; therefore correlation and stepwise regression analysis were applied
to data collected from past studies. This analysis requires three stages of work:

(1) Establishing reliable and appropriate evidence of SPD and spatial brightness.

(2) Identifying the SPD for these lamps hence to establish their characteristics.

(3) Comparing predictions made using these metrics with correlation and stepwise regression

analysis.

6.2 Past Studies of Spatial Brightness

Empirical evidence of the relationship between lamp SPD and spatial brightness were reviewed
from over sixty studies in Chapters 3. Each study used different combinations of independent
variables and experimental procedures such as lamp SPD, response task, stimulus size,
illuminance and evaluation mode. The first step in interpreting these data was exploration of
research methodologies to identify how these differences in methodology matter and hence
those studies giving credible estimates of lamp SPD effects on brightness. Credible used in
here is intended to mean that the data used in the experimental procedure, is unbiased or at
least the direction and magnitude of bias is reasonably well known. A list of the credible

evidence determined according to analysis in Chapter 3 is presented in Table 6.1.
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Table 6.1 Summary of studies considered to provide credible evidence of lamp spectrum and

spatial brightness by using procedures that meet suggested recommendations for best practise.

SPD characterisation in original report’

> R
z = © c:(')‘:é“;‘fn" ’ Reported metric for
E] Method' s [ = = ® o < spatial brightness (if
& © ® 0 5 £ P Py affect any) ®

e o © o brightness? y
5
Studies using a matching procedure
K Simultaneous
@ evaluation in side-by-
5 side booths; 3 levels X X vV X X X Yes Gamut area
%’. of surface
oM colourfulness
_g
8 N Simultaneous
] evaluation in side-by- 4
o
°£ g side booths: X VLV LV X X X Yes Lamp type
2 achromatic surfaces
b
5 Simultaneous
(]

°§: S .| evaluation in side-by- Cone surface area (3D

Rl % R side booths; X | V| X X VvV X Yes colour gamut) and §-

2 Z * | achromatic surfaces cone contribution.

— with coloured objects
© Simultaneous None provided
S evaluation of side-by- P '
o . . Suggested that any
S side full scale rooms; No derived measures, such
© achromatic surfaces. X X VSNV IV V] X as CCT, are inadequate
© Parallel trials also to predict relative
2 using discrimination top ;
T brightness perception.
task.
. g Rapid sequential
[) g evaluation in booth, S/P ratio and Gamut
%-5 usingboth chromatic | .7 |7 |V |V |V | V| V7 Yes ares
Zc and achromatic
X .
) environment.
Studies using a discrimination procedure
g Sequential evaluation
o ) . .
c&® of two intervals in S/P ratio (as a proxy for
g2 single room; X X X x |V X X Yes the ipRGC). °
@ achromatic surfaces
m
Simultaneous
< .
5S | Roomswerefurnished | X | |V |V |V | V7| X Yes supported. CCT and S/P
2R . ) ratio theories not
3 as private offices and supported
T contained a range of PP '
colourful objects.
Study 1: Simultaneous
3 evaluation when
& facing two side-by-
) side rooms. Study 2: s
5 Rapid-sequential X [V V| X X [V | X Yes None provided.
by evaluations when
4 immersed in one
£ | room. The rooms were
empty and achromatic.
o~ Sequential evaluation
o3 é of a single booth that Prime colour theory
© .~ | enveloped participants supported. CCT and S/P
32 to give a full field; the X VIV V| Yes ratio theories not
x3 booth was empty and supported.
T achromatic.
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© Sequential evaluations
©© | j . ;
2 X | inaroom; achromatic
S22 | surfaces (white walls VIV X X X Yes Lamp type
g and ceiling, grey floor)
Studies using a category rating procedure
© | Separate evaluations
38 in workplace offices;
=] achromatic room
ﬁ 8 | surfaces, greyish-blue V| X X X X Yes cer
<3 furnishing, coloured
@ desk-top objects
R Separate evaluations
®© i - i
B o su":f:c;osognr{ dwdhelszs A trend mentioned about
oS X VLV x|V x No CCT, S/P ratio, but not
O« but one unpainted subported
3 brick wall; diffuse PP
lighting
N~
DN Separate evaluations
AR in in side-by-side
g booths: 3 levels of VoV X X X Yes Gamut area
é‘ surface colourfulness
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3 o &| inaroom; 2 types of
% Q E| surface colour and V| X X X Yes CCT
8~ 8| presence/absence of
> 3 .
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2 .- surface colours not 8
% 2 | stated; artwork on wall VIV X X X No )
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O table.
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s 2 in a room; removed
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s § displays to surfaces of v X X X X Yes Lamp type
“ g | light beige or natural
n wood.
s
o
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T
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o in a room; surface X X X X X No® CCT, S/P ratio, but not
_g_ colours not reported. significant
[N
K] .
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58 in a booth, surface VWV X X X Yes CCT
S colours.
>
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©© | j . ;
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S22 | surfaces (white walls VIV X X X Yes Lamp type
g ceiling, grey floor).
>
Notes:

1
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All studies supplied diffused lighting except Vienot et al (2009) in which the distribution of light was

uncertain. All studies were done by evaluating whole environment except Berman et al (1990) had

flat surface (wall) in front of the participant, Vrabel et al (1998) used head rests looking towards wall
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and desk surfaces ahead (this may have restricted observation of whole environment) and in Piper
(1981) the task was looking at a sheet and reading the letters (this may have restricted observation of
whole environment).

2 Some additional information for SPD characterization was mentioned in Flynn and Spencer (1977)
and Boyce (1977) as lamp names, Boyce (1977) also mentioned GA of two lamps out of six of them.

3 Boyce et al (2003) report a trend but the effect is not significant: they suggest it to be “an effect
masked by noise”.

4 In some studies stimuli were different types of lamps having different SPDs without any certain metric
specified or controlled.

5 Fotios and Levermore (1997) reported evaluation of metrics in subsequent articles (Fotios and
Levermore, 1998a, 1998b) and his thesis (Fotios, 1997).

6 Berman et al (1990) originally promoted a rod contribution to spatial brightness, and hence the S/P
(scotopic to photopic) ratio. Following new findings in vision this was amended to a contribution from
the intrinsically photosensitive retinal ganglion cells (ipRGC) (Berman, 2008).

7 Results of Royer & Houser (2012) showed that S/P, prime-colour theory, CCT, V(A), colour quality
metrics, linear brightness models, and colour appearance models could all fail to predict or correctly
order perceptions of brightness.

8 Davis and Ginther (1990) reported not significant differences between lamps, however the analysis
was including stimulating/relaxing ratings with bright/dim.

9 Piper (1981) reported a trend but the effect was not significant according to the post-hoc analysis

done with t-test using mean ratings and standard deviation reported in original article.

6.3 Establishing Mean llluminance Ratios

The current study intends to screen metrics for predicting the illuminance ratio needed for equal
brightness, and thus required results gained using either a brightness matching procedure or a
two-sample brightness discrimination procedure carried out at multiple levels of illuminance.
Results from matching and discrimination studies will be used as these give the magnitude and
direction of relative spatial brightness. List of the studies providing this data is in Table 6.2. After
the metric results screened from matching and discrimination studies, it was compared with

data from rating studies as these were providing only the direction, not the magnitude.
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Table 6.2 Results from past studies of spatial brightness which used matching and

discrimination procedures. These values were used to screen metrics of spatial brightness.

Mean Included
Reference Std.
Study Lamp pair (A/B) illuminance in
light level(s) Dev.
ratio (A/B) Data Set
Studies using a matching procedure
350 Ix and A&B
Boyce, 1977 Natural/ White 0.75 0.13
600 Ix
Kolor-rite/ White 0.76 0.14 A&B
Kolor-rite/ Natural 1.05 0.13 A&B
Northlight/ Kolor-rite 1.09 0.30 A&B
Northlight/ Daylight 0.85 0.24 A&B
Kolor-rite/ Daylight 1.07 0.29 A&B
Natural/Grolux 1.46 0.22 Only A
Fotios & A&B
320 Ix VeriVide/WW 0.89 0.38
Gado, 2005
approx. 100 to LPS/ WW 2.27 1.54 Only A
800 Ix (3 HPS/ WW 2.1 0.96 Only A
reference CW/ WwW 0.94 0.19 A&B
Fotios & levels gained FS/ WwW 0.80 0.25 A&B
Levermore, using neutral
1997 density filters
of 25%, 50% BG/GLS 0.75 0.27 A&B
and 75%
transmittance)
538 Ix CV35/ CV65 1.00 * A&B
Hu et al, 2006
VT35/ VT65 0.98 A&B
50 cd/m’ AB 1.19 0.12 A&B
Atli (new
A/C 1.37 0.16 A&B
experiment)
B/C 1.15 0.12 A&B
Studies using a discrimination procedure
Berman et. al., 5
30-67cd/m R213/WWG 0.61 * A&B
1990
Houser et. al., 24 cd/m?
) 2900K/7200K 1.08 * A&B
2009 and 30 cd/m

* standard deviation of illuminance ratio at equal brightness not known for these studies.

Some of the studies reported the illuminance ratios of the lamp pairs in their articles (Boyce,
1977; Fotios and Gado, 2005; Fotios and Levermore, 1997; Hu, Houser and Tiller, 2006) and

average illuminance ratios were calculated using the reported values. For two other studies
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(Berman et al, 1990; Houser, Fotios and Royer, 2009) illuminance ratios were calculated using
reported luminance values in the original articles. Table 6.3 shows from which values the
illuminance ratios of the lamps for Boyce (1977), Fotios and Gado (2005), Fotios and
Levermore (1997) and Hu, Houser and Tiller (2006) studies were calculated.

Table 6.3 References of mean illuminance ratios calculations.

Study Lamp pair Reference

Reported in captions of the
original study (ratio of the
Berman, 1990 R213/ WWG reported luminance levels of
the lamps at equal
brightness) (p.40)

Table 3 of the original study
(average of all 6 illuminance
ratios of low, medium and
high colourfulness at both
350 and 600 lux) (p.13)
Table 8 of the original study

Natural/ White
Kolor-rite/ Natural

Northlight/ Kolor-rite (average of all 4 illuminance
Boyce, 1977 Northlight/ Daylight ratios of achromatic and
Kolor-rite/ Daylight chromatic at both 300 and

600 lux) (p.18)
Table 3 and 8 of the original
Kolor-rite/ White study (average of 10
illuminance ratios) (p.13, 18)
Reported on p.16 of the
original article

Natural/ Grolux

Table 5 of the original study
(average of two experiment
Fotios & Gado, 2005 Verivide/ WW results of overall mean
illuminance ratio for equal
brightness) (p.128)

LPS/ WW
HPS/ WW Table 4 of the original study
. CW/ WwW (p.167)
Fotios & Levermore, 1997 FS/ WW
Table 8.1 of Fotios (1997)
BG/GLS PhD thesis (p.227)
Table 6 of the original study
(calculated with the pooled
Houser et al, 2009 Lamp A/ Lamp B percentage of side-by-side
and rapid sequential results)
(p.131)*
Figure 2 of the original study
CV35/ CV65 ratio of the reported mean
Hu et al, 2006 VT35/VT65 (illuminances of the lamps)
(p-78)
A/B Table 5.14 of this thesis
Atli (new experiment) A/C (average of chromatic and
B/C achromatic results)

*Explained in details below.
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Houser, Fotios and Royer (2009) compared two CCTs with each other at 24 and 30 cd/m?in
both side-by-side and rapid sequential discrimination test with two participant groups (expert
and naive). In the results, they reported how many times a lamp evaluated brighter in
percentages. In order to calculate mean illuminance ratio for the lamp pair A/B the combined
results from two participants group were used. The main idea of these calculations was to find
out what would be the luminance levels when two lamps were at equal brightness. Calculations
were done for each lamp both at 24 and 30 cd/m”and using both of the percentages results
from side-by-side and rapid sequential tests. An example of the calculations with Lamp B
(7200K) at 24 cd/m? can be explained. Two lamp pairs which had Lamp B at 24 cd/m?
(comparison 1 done by Lamp A at 24cd/m? with Lamp B at 24cd/m? and comparison 2 was
done with Lamp A at 30cd/m? and Lamp B at 24cd/m2) were included in the calculations as
shown in Table 6.4. As shown in Figure 6.1 luminance levels for 2900K lamp were plotted in the

graph and luminance levels for 50% were determined by calculating x when y=50.

Table 6.4 Brightness results from Houser, Fotios and Royer (2009) for lamp pairs of
2900K/24cd/m?, 7200K/24cd/m?* and 2900K/30cd/m?, 7200K/24cd/m?

Side by side Rapid sequential
(%) (%)
Lamp B 24cd/m? Lamp B 24cd/m?
Lamp A Lamp A Calculated Lamp A Lamp A Calculated
24cd/m? 30cd/m? luminance 24cd/m? 30cd/m? | luminance
for 50% for 50%
30 77 26.6 41 96 25
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Figure 6.1 Results of side by side and rapid sequential brightness discrimination tests from
(Houser, 2009) to show interpretation of luminance for equal brightness. Data for Lamp B at 24

cd/m?.

Using the calculated luminance levels for 50%, two luminance ratios for Lamp A and Lamp B
were found as 1 and 1.1. Same calculations were repeated for Lamp B at 30cd/m® and Lamp A
at both 24 and 30cd/m®. Final luminance ratios used in current study were the average of 8

calculated luminance levels for 50%.

6.4 Establishing Lamp SPD

For some studies, the S/P ratio and gamut area of test lamps were not reported. The spectral
power distributions of lamps used in these studies are therefore required in order to calculate
the S/P ratio and GA. However, none of the studies in Table 6.2 presented their lamp SPD in

numeric form. This section is a discussion of how lamp SPD were obtained and validated.
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SPD were determined for the range between 380nm to 780 nm as is recommended by CIE
(2005). Whilst intervals of 5nm are considered to be acceptable (CIE, 2005) the current study
used 1nm intervals. Where data were provided at 5 nm intervals, it was interpolated to an

interval of 1Tnm.

Two studies were carried out by Houser and his colleagues. Hu, Houser and Tiller (2006)
reported the CCT, CRI, S/P ratios and x,y chromaticity of their four lamps custom-made
fluorescent lamps, VT35, VT65, CV35 and CV65. The second experiment reported them is the
side by side test which is included in the current analysis. Houser, Fotios and Royer (2009)
presented graphs of the SPDs of their lamps, and reported the CCT and the S/P ratio of their
lamps, these being LED lamps of two different CCTs and S/P ratios. The SPDs for the lamps
used in both studies were supplied by Kevin Houser to the author in spread sheet format
(personal communication to D Atli, 15/02/2012).

For the Hu et al (2006) study these were provided at 0.25 nm intervals and were reduced to
1nm intervals for the current analysis. As shown in Figure 6.2 comparison graphs of these two
SPDs were drawn using 0.25nm and 1nm data do not suggest any differences. As shown in
Table 6.5 values of chromaticity, CCT and Ra calculated using the 1nm data show reasonable

agreement with the values presented in the original publication (Hu, Houser and Tiller, 2006).
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Figure 6.2 An example for lamp SPD graphs of Hu, Houser and Tiller (2006) in 0.25 nm and 1
nm intervals. Note: SPD values arranged to have highest value as 1 and for 1 nm interval

wavelength 1 added to those values to present both SPDs separately.
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Table 6.5 Comparison of reported and calculated CCT, CRI and chromaticity of light sources
used by Hu et al. (2006).

Values reported in Hu et al. Values calculated using
Lamp (2006) provided SPD
CCT | CRI X y CCT | CRI X y

VT35 | 3244 | 81.8 | 0.4151 | 0.3863 | 3221 | 81.2 | 0.417 | 0.386
VT65 | 6361 | 82.5 | 0.3143 | 0.3369 | 6583 | 82.4 | 0.311 0.332
Cv35 | 3276 | 84.1 | 0.4157 | 0.3910 | 3349 | 83.8 | 0.413 | 0.392
CVv65 | 6149 | 74.0 | 0.3177 | 0.3425 | 6393 | 73.8 | 0.314 | 0.339

For the Houser et al (2009) study the SPDs were provided at 1 nm intervals. Graphs drawn
using these data match those presented by Houser et al: As shown in Table 6.6, S/P ratios and

CCT calculated using these data are similar to those reported by Houser et al. (2009).

Table 6.6 Comparison of reported and calculated CCT and S/P ratios of light sources used by
Houser et al. (2009).

Lamp Values reported in Houser Values calculated using
et al. (2009). provided SPD
CCT S/P CCT S/P
2900 1.7 2890 1.7
B 7200 2.6 7453 2.6

Two studies were carried out by Fotios and his colleagues. Fotios and Levermore (1997)
provide the graphs of SPD for their lamps. They used seven lamps: LPS, HPS, WW fluorescent,
CW fluorescent, FS fluorescent, blue-glass and GLS tungsten. The SPD were presented in
Fotios’ PhD thesis (Fotios 1997) at 4nm intervals and subsequently interpolated to 1nm
intervals. Values of CCT, CRI, x,y chromaticity and the S/P ratio calculated using the 1nm data
are similar to those reported in Fotios PhD thesis (1997,p.167, 232, 233, 239, 246). Graphs of
SPD drawn using the 1nm and 4nm data appear to match precisely. In Fotios’s second study,
Fotios and Gado (2005) presented graphs of the SPDs of the two lamps they used, which are
warm white and Verivide D65 fluorescent lamps, and reported their CCT and R,. These lamps
were available in the laboratory where the author of the current study is working. To measure
the SPDs, these lamps were placed in the apparatus used in the experimental work (side-by-
side booths) reported by Fotios and Gado and their SPD measured at 1nm intervals using a
KonicaMinolta CS1000a spectroradiometer focused on a reference white in the floor of the
booths. Graphs drawn using these data, and calculated values of CCT and R, matched the data

presented by Fotios and Gado (2005). Table 6.7 presents these values.
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Table 6.7 Comparison of reported and calculated CCT and CRI values of light sources used by
Fotios and Gado (2005).

Lamp Values reported in Fotios Values calculated using
and Gado (2005) measured SPD
CCT CRI CCT CRI
2950 52 3034 51
B 6500 98 6423 98

For two studies (Berman et al, 1990; Boyce, 1977) the SPDs were not available from the
original authors, these being older studies. Berman et al (1990) used two light sources, named
R213 and WWG, and these were each combinations of two types of fluorescent lamps. The
WWG lamp comprised a blend of light from a warm white and a gold fluorescent lamp, and the
R213 lamp comprised a blend of light from a red fluorescent lamp and a fluorescent lamp using
phosphor 213. The x,y chromaticity (10 degree observer) were reported, and there were data
(Table 2 of Berman et al, 1990) to enable calculation of the S/P ratios, but the article did not
include the SPD. Berman provided graphs of the SPD of the four lamps (personal
communication to Fotios, 12" October 2000). These graphs were digitised and the SPD
estimated at 1nm intervals. To check the accuracy of these estimates of SPD the x,y
chromaticities (10 degree) were compared with the values reported by Berman et al (Table 6.8).
These appear to be reasonably similar and thus it was concluded that the digitised spectra were

reasonable estimates.

Table 6.8 Chromaticity (10 degree) of individual lamps used by Berman et al (1990):
comparison of values reported by Berman with values calculated using SPD digitised from

graphs supplied by Berman.

Chromaticities reported Chromaticities calculated
by Berman et al using digitised estimate of
Lamp
(“visually matched”) SPD
X10 Y10 X10 Y10
ww 0.457 0.387 0.470 0.389
G 0.541 0.457 0.554 0.435
R 0.686 0.314 0.669 0.309
213 0.133 0.571 0.136 0.568

The spectra of the combination lamps used by Berman et al were estimated by adding weighted
combinations of the two constituent lamps in order to match their S/P ratios. For the R213
source, Table 2 of Berman et al 1990 shows that this source had a scotopic luminance of 73
cd/m® and a photopic luminance of 30 cd/m?, giving an S/P ratio of 2.4. This was achieved using
a blend of 57% lamp R and 43% lamp 213. For the WWG source, Table 2 of Berman et al 1990

shows that this source had a scotopic luminance of 34 cd/m?and a photopic luminance of 40
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cd/m?, giving an S/P ratio of 0.85. This was achieved using a blend of 78% WW and 22% G.
Table 6.9 shows the values of chromaticity and S/P ratio for these estimated SPD compared
with the values reported by Berman et al. These values are in reasonably close agreement.

Figure 6.3 shows the spectra of these two lamps.

Table 6.9 Comparison of reported and calculated chromaticities and S/P ratios of light sources
used by Berman et al (1990).

Values reported by Berman et Values calculated using
al 1990 estimated SPD
R213 WWG R213 WWG
X10 0.460 0.479 0.446 0.492
Y10 0.419 0.406 0.418 0.401
S/P ratio 2.4 0.85 2.4 0.85
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Figure 6.3 Estimated SPD of the R213 and WWG blended light sources used by Berman et al
(1990). SPD values arranged to have highest value as 1 and for R213 lamp 1 added to those

values to present both SPDs separately.

Boyce (1977) used six different fluorescent lamps: Natural, White, Kolor-rite, Daylight, Northlight
and Grolux. He reported the CCT, R, and gamut area (calculated using the 1960 CIE-UCS
chromaticity diagram) but did not report the SPDs. Boyce’s article was published in 1977:
estimates of SPD were obtained by matching the lamp name and CCT with the typical
fluorescent lamps described in the 1972 edition of Lamps and Lighting (Henderson and
Marsden, 1972) which provided graphs of SPDs (Figure 12.8 and 12.12 of their book). These
graphs were digitised and the SPD estimated at 1nm intervals. CCT and R, determined using

these estimated SPD appear to be reasonably close to the values reported by Boyce for five of
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the lamps, therefore it was considered that the estimated SPDs are reasonable to be used (see
Table 6.10).

Table 6.10 Comparison of CCT and R, for lamps used by Boyce: comparison of values reported

by Boyce with values calculated using estimated SPD.

Lamp Values reported in Boyce Values calculated using
(1977) estimated SPD
CCT CRI CCT CRI
Natural 4000 85 3980 84
White 3500 56 3380 56
Kolorite 4000 92 3970 97
Daylight 4300 65 4320 65
Northlight 6500 95 6620 91
Grolux 5400 9 19970 36

For the Grolux lamp the CCT and R, do not match those reported by Boyce. In subsequent
analyses the CCT and R, reported by Boyce were used and the estimated SPD used to
determine S/P ratios, gamut area, and x,y chromaticity. Due to the uncertainty this lamp was
placed in the category of uncertain data.

Similar to Boyce’s Grolux lamp, there was some uncertainty with LPS and HPS lamps reported
by Fotios and Levermore, (1997). Their LPS/WW and HPS/WW lamp pairs had relatively high
standard deviations as presented in Table 6.2 and thus the mean illuminance ratio reported
(median for the LPS/WW) is not a precise estimate. Furthermore, because of the narrow SPDs
of LPS and HPS lamps, their spectral properties can be extreme relative to the other sources,

leading to a strong anchor on regression.

Table 6.2 shows the twenty data points available from the seven studies considered to give
reliable estimates of illuminance ratio at equal brightness. As, three of these were considered to
be uncertain (the LPS/WW, HPS/WW and Natural/Grolux), all analyses were carried out for two
sets of data: one set contained all 20 data points (Data set A), and a second set omitted the

three lamp pairs leaving 17 data points (Data set B).

Using the numeric values of SPDs as established above, S/P ratio and GA calculations were
carried out for the range 380nm to 780 nm at 1nm intervals. SPD values for all the lamps were
presented in Appendix C. GA values of the lamps were calculated by using Equation 2.5 in
Chapter 2. S/P ratios is the scotopic luminance/photopic luminance of the lamps as already
been explained in Chapter 2. Table 6.11 shows the values of the S/P ratio and GA for the lamps
identified in Table 6.2.
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Table 6.11 Summary of lamp characteristics explored as metrics for spatial brightness.

Study Lamp GA S/IP
Hu, Houser & Tiller, 2006 VT35 0.005958 *1.23
VT65 0.007951 *2.01
CVv35 0.005211 *1.16
CVe65 0.006602 *1.89
Fotios & Gado, 2005 WW (measured) 0.003086 1.02
Verivide (measured) 0.007103 2.44
Houser et al, 2009 3000K 0.005768 *1.71
7500K 0.010573 *2.62
Boyce, 1977 Grolux 0.012442 3.18
Natural 0.006043 1.67
White 0.003577 1.18
Kolorite 0.006276 1.73
Daylight 0.004660 1.59
Northlight 0.007099 2.35
Fotios & Levermore, 1997 Www *0.002860 *0.99
FS *0.006950 *2.30
CW *0.006540 *2.07
LPS *0.000004 *0.24
HPS *0.000390 *0.44
GLS *0.003190 *1.28
BG *0.004080 *1.55
Berman et al, 1990 WWG 0.002480 0.85
R213 0.004569 2.40
Atli (new experiment) A *0.0017 *1.02
B *0.0041 *1.77
C *0.0069 *1.81

* These values of S/P and/or GA were reported in the original studies: all other values were

calculated from estimated SPD.

6.5 Potential metrics of Spatial Brightness

The main focus of the calculations included in this chapter is on S/P and GA which were
proposed previously to provide improvements on brightness perception by Berman et al (1990)
and Boyce (1977). These two metrics are main interest to the current study because they have
their bases in physiology. S/P embodies the receptive property of human eye and GA can be
related to chromatic activity and may thus offer a simple proxy for chromatic contribution to

brightness.
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Firstly, it was questioned whether these two metrics are independent of each other. When the
linear regression of each pair of the two metrics for the 26 lamps identified in Table 6.11 was
calculated, there is a strong correlation between GA and S/P ratio (r°=0.81, n=26, p<0.0001)
(See Figure 6.4). This was indicating that high S/P lamp also had high GA. Therefore, one

would not expect the current analysis to discriminate between GA and S/P ratio.

R?=0,81017

S/P

0 0,004 0,008 0,012
GA

Figure 6.4 Linear regression between GA and S/P ratio for lamps in Table 6.11.

Most of the past studies considered only one metric in their studies and the findings were
related with the values and effects of this single metric (Berman et al, 1990; Boyce and Culttle,
1990; Davis and Ginther, 1990; Han and Boyce, 2003; Piper, 1981; Vienot et al, 2009). For
example, Vienot et al (2009) tested CCT effect on brightness and they did not consider whether
CRI or some other metric was also highly correlated with brightness. However, if more than one
metric would be used it would be possible to make a comparison in between and may be that
one metric found to be influencing the results previously wouldn’t be the actual reason. Hence,
false support for a metric may occur. In order to avoid this limitation, the analyses are carried

out with both metrics by focusing on do they work for predicting brightness.

6.6 Predicting llluminance Ratios

Values of S/P ratio and GA for the credible data were then manipulated to seek a precise and
accurate prediction for illuminance ratios at equal brightness. In order to do the predictions,
functions were designated and regression tests were applied to the data set, which was
generated by using data from credible past studies and the new experiment.

The two basic functions are ratios and differences. Two lamps identified as Lamp 1 and Lamp 2,

for which the mean illuminance ratio at equal brightness is E4/E,. For metric ratios, correlations
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were sought with GA,/GA, and (S/P,)/(S/P4), and for the difference correlations they were
sought with GA4-GA; and (S/P1)-(S/Py).

Berman et al (1990) suggested that the S/P ratio provides an estimate of brightness, proposing
the metric Brightness Lumens which uses the square-root of the S/P ratio, i.e. (S/P)°'5. This
leads to the question as to whether the prediction ability of other potential metrics would be
improved if raised to a non-unity power. Optimum powers were determined for each metric, and
for both data sets of A and B to reduce to a minimum total of square root of difference between
illuminance ratios and the value predicted by the metric for all lamp pairs. For example, [(E{/Ey)-
(GAZ/GA1)"]2 for all 20 lamp pairs calculated and an optimum power (x) was computed in order
to obtain minimum total of all lamp pairs for data set A (it was a total of 17 lamp pairs for data
set B). These optimum powers are shown in Table 6.12. The main reason of using the
difference of illuminance ratio and the predicted metric was to get these two values as close as
possible to each other. For S/P ratio with the data set A, the optimum index was found to be
0.56: this was reduced to 0.50 partly to match the value proposed by Berman et al and partly
because the square-root function provides a more elegant solution. Similar application is also

done for couple other values as shown in Table 6.12.

Table 6.12 Optimised power index for S/P and GA for data sets A and B.

Optimised Power Optimised Power
Metric
(Data set A) (Data set B)
Lamp2/Lamp1* | Lamp1*-Lamp2* | Lamp2*/Lamp1* | Lamp1*-Lamp2”
S/P 0.56* -0.79 0.24 0.51*
GA 0.14 -0.12 0.25 0.18

*values were rounded up to 0.50 for the further analysis

In addition to ratio and differences of S/P ratios and GAs, this study also considered differences
and ratios of logarithmic values. Logarithmic values were determined because previous work
(Boyce, 1977) suggested log (gamut area ratio) as in Equation 6.1 to provide a good model for
lamp spectrum effects. Boyce (1977) was suggesting:

llluminance ratio = 1.06-1.08 log1o (Gamut Area ratio) Equation 6.1
Following Boyce (1977), simpler log equations of ratio and difference were also added to model
predictions such as Log lamp2 /Log lamp1 and Log lamp1 — Log lamp2. The reason to keep
both of the ratio function as Lamp2/Lamp1 was assumed that metric ratios were inversely
proportional with luminance ratio of two lamps. This is meaning, if a Lamp 1 has higher S/P ratio

than Lamp 2, the equal brightness will be obtained with lower light levels of Lamp 1 than Lamp
2.
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Table 6.13 shows the results of linear regression between illuminance ratios at equal brightness
as found in experiments and values predicted by S/P ratio and GA. These data are the
regression coefficient (r2) and the slope and intercept of the regression equation. Ideally, s
high: for ratio functions the slope and intercept of the equation should approach unity and zero

respectively, (and zero and unity for difference equations).

If two lamps of identical GA (or other metric) are compared then it is expected that an
illuminance ratio of unity would be found for equal spatial brightness. An appropriate equation
would also predict an illuminance ratio of unity when lamps of identical GA are input, and this is

shown by the null value column in Table 6.13.

Table 6.13 Regression coefficients (r2) between illuminance ratios at equal brightness and functions of

the proposed metrics.

. . 2 Equation
Metric Function r
slope intercept null value
Analysis with data set A
SIP.”° 1 SIP"° 0.765 0.914 0.130 1.044
SIPY - s/P, Y 0.821 0.650 1.054 1.704
LogS/P+- LogS/P; 0.670 -1.238 1.104 -0.134
LogS/P2/ LogS/P+ 0.022 0.007 1.083 1.090
GA ™/ GA"™ 0.686 1.002 0.017 1.019
GA V- GAY ™ 0.694 0.625 1.023 1.648
Log GA1 - Log GA; 0.777 -0.527 1.020 0.493
LogGA;/ LogGA 0.807 -2.197 3.247 1.052
Analysis with data set B

SIP.’#* 1 SIP{7%* 0.534 1.181 -0.183 0.998
SIP"° - SIP,"® 0.507 -0.421 1.005 0.584
LogS/P+- LogS/P; 0.531 -0.629 1.005 0.376
LogS/P2/ LogS/P+ 0.461 0.014 0.901 0.915
GA"?®/ GA"® 0.694 0.966 0.004 0.970
GA" - GA ™ 0.664 -3.696 0.984 2.712
Log GA:- Log GA; 0.680 -0.578 0.984 0.406
LogGA,/ LogGA 0.646 -1.357 2.350 0.993

Observations about which metrics and functions appeared to correlate well with illuminance
ratios for equal brightness were drawn with regard to the limitations of these data. These
limitations include the small sample size (n=20), that some metrics were determined using
estimates of lamp SPD, and that metrics reported in original articles may have been
manufacturers reported values and did not account for modification by reflectances in the test
apparatus. According to Table 6.13 the ratio function (Lamp2”/Lamp1*) provides the slopes

close to ‘1’, intercept close to ‘0’ and the null value close to ‘1’ for both S/P ratio and GA in both
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sets. For data set A, r*for S/P ratio and GA are 0.765, 0.686, respectively. This r* value is
smaller for S/P ratio in data set B as being 0.534 however it is even higher for GA 0.694.
Hence, ratio of the metrics seems to provide better prediction of brightness than does the
difference or log functions. Figure 6.5 shows a high and a low correlation graph of S/P ratio with
illuminance ratio. The top graph of Figure 6.5 with the equation of ratio of S/P presents a more
proportionate trend than the bottom graph of log ratio equation with S/P in which mean
illuminance ratio changes only slightly with the log ratio equation meaning that not well

correlated with each other.
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Figure 6.5 Examples of correlations of illuminance ratio at equal brightness and ratios and log
ratio functions of S/P. a) example of high correlation with data set A. b) example of low

correlation with data set A.

6.7 Stepwise Regression

Stepwise regression was employed to determine whether a model comprising both S/P ratio

and GA would be of benefit when predicting spatial brightness. There is some reason to suspect
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this. Although, they were testing S/P ratio in Berman et al (1990), they also stated that if their
light conditions would differ in chromaticity, it would introduce a brighter result with the condition
having greater chromaticity relative to achromatic white. Therefore, adding a second term
characterising differences in chromatic properties might be useful. It has been suggested that
two metrics are required to give a more complete characterisation of the colour rendering
properties of a lamp and at mesopic levels it has been proposed that the relationship between

lamp type and illuminance is characterised by S/P ratio and R, (Fotios & Goodman, 2012).

Rules of thumb suggest that 10-15 data points are required per term in an equation determined
by regression (Field, 2005). There are only 20 data points in data set A and 17 data points for
set B, and thus it was determined to explore models with at most two-terms. At first each metric
and function were used to predict a model. Then, a systematic approach was used in which
each combination of metric and function was paired with every other combination, and this was

repeated for both data sets individually.

In only two cases it was found that adding the second term increased the correlation (rz), and
these two cases are shown in Table 6.14. For data set A, correlation (r2) increased slightly from
a value of approximately 0.69 as found for the individual metric to approximately 0.79 for the

models with two metrics. For data set B, no advantage of adding the second metric was found.

Table 6.14 Results of stepwise regression analysis with two metrics for data set A.

r’ Null

Model Equation r?
change value

1 | E/E2=20.017 + (GALH/GALC4) 0.69 — —

2 | E1/E2=0.466 + 0.604(GAL#/GA*-#) - 0.682(IogS/P+—logS/P2) | 0-78 0.09 0.388

3 | EvE2=1.021 + 0.624(GA012-GAZ0.12) 0.70 — —
4 | Ei/E2=1.052 + 0.382(GAr012-GAz012) — 0.668(logS/P1-logS/P2) | 0.79 0.09 0.766

Except the equation presented in Table 6.14, the calculations done with two metrics in stepwise
regression analysis always determined a model only with one of the metrics which was giving
the same values of slope and intercept as presented in Table 6.13. According to these
regression results, the single metrics of difference of S/P ratio and log ratio of GA were
providing higher correlations than the models presented in Table 6.14. As shown in Figure 6.6,
it was possible to have better predictions of brightness with only one metric instead of using

both of the metrics in a model.
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Figure 6.6 Graphs of models using one metric for data set A. a) difference of S/P ratio model. b)

log ratio of Gamut area model. Data points from new experiment are shown in red

Therefore, for data set A it was concluded that the results were best modelled using these two s

of difference of S/P and log ratio of GA:
E+/E,=1.052 + 0.648(S/P1 - S/P, %) Equation 6.2
E+1/E;=3.23 — 2.182(logGA; / logGA,) Equation 6.3
Equation 6.3 with log ratio of GA was aiming to use a similar function with what Boyce (1977)

proposed. The correlation of 0.81 obtained from this equation showed that Boyce (1977)

proposal can result to a good prediction.
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None of the equations were providing a model with both metrics when the data set B was used.
For this data set, most of the correlations appeared to be lower than data set A except the ratio

of GA. According to the results of data set B GA had better predictions than S/P ratio.

For data set B, it was concluded that the results were best modelled using this equation with the
ratio of GA (r°=0.69):

E4/E»=0.034 + 0.934(GA"%/ GA*?) Equation 6.4

As a result, the best fits of the potential metrics with mean illuminance ratio were obtained with
difference of S/P ratio (r2=0.82) and log ratio of GA (r2=0.8‘l) with 20 data points (Figure 6.6).
Accordingly, both metrics were equally plausible to predict spatial brightness. Both metrics had
similar correlation with Fotios and Levermore (1998) (r2=0.80) model of log ratio of GA. Besides,
these were higher correlation values than Boyce (1977) which was presenting an ‘r’ value of
0.80 (r2=0.64) with GA (Equation 6.1) in Figure 2 of the original article. According to this figure,
12 data points were used, in the current study a larger sample size was used. This was

indicating a better fit of the model with spatial brightness.

6.8 Category Rating Studies

A further test of the potential brightness models was to compare predictions of brighter light
source with those gained using a category rating procedure. Past studies using category rating
have tended to use only a single reference illuminance, and thus the results identify the
direction of difference in brightness (which is brighter) but there is no estimate as to the
magnitude of the difference.

Requirements for reliable data when using a category rating procedure include that the stimuli
are presented in a random order and that the number of stimuli do not greatly exceed the
number of rating points; it is also desirable that stimulus ranges and response ranges are
anchored but few studies have done this as explained in Chapter 3. In Table 6.15 credible
studies which tested three or more SPDs (i.e. for discrimination when testing predictions) were
identified to continue analysing. Two studies meeting these criteria and the ones likely to get the
SPDs are those by Vrabel et al (1998) and the second experiment reported by Boyce & Cuttle
(1990). Firstly, it was required that the SPD of lamps used in these studies were established in

order to calculate values of S/P and GA.
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Table 6.15 Summary of credible rating studies and the ones using 3 or more SPDs.

. SEEKING 3 OR If yes, likelihood of
Study Variables MORE SPD getting SPD
Akashi & Boyce, Field study in 4 open plan offices
2006 2 x illuminance; Y X
3x SPD
Boyce, Akashi, Lab study
Hunter & 2 x illuminance X -
Bullough, 2003 2x SPD
Lab study Y
2 x illuminance (ALREADY USED
Boyce, 1977 3x SPD (exp1) Y SAME AS BRIGHTNESS
4 x SPD (exp2) MATCHING)
Lab. study Y
Boyce & Cuittle, 1 x illuminance (ESTIMATED SPD DID
1990 4 x SPD Y NOT GIVE SAME CCT, CRI
(experiment 2) (8 cases with object and wall colour AS THE ORIGINAL
variations) ARTICLE)
Davis & Ginther, Lab. study
1990 3 x illuminance X -
2x SPD
Flynn & Lab. study
Spencer, 1977 1x |I!um|nance Y X
8 cases incl. 4 x SPD)
Lab study
Han & Boyce, 3 x illuminance v X
2003 3x SPD
3 x décor
Lab study
Piper, 1981 1 x illuminance X -
2x SPD
Vienot, Durand & Lgb sFudy
Mahler. 2009 3 x illuminance Y X
' 3x SPD
Vrabel, Lab study
Bernecker & 1 x illuminance Y Y
Mistrick, 1998 5x SPD

Graphs of the SPD for the lamps used by Boyce and Cuttle (1990) were presented in Figure 3

of their article and these were digitised to get SPD values. Values of CCT and CRI obtained

using these estimated SPD do not compare well with the values reported by Boyce and Cuttle

(1990) as shown in Table 6.16 which suggests the estimated SPD are not reasonable and

therefore these data were not used in analysis.
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Table 6.16 Comparison of CCT and CRI calculated using estimated SPD with values reported
by Boyce & Cuttle (1990).

Values reported in Boyce Values calculated using
Lamp and Cuttle (1990) estimated SPD
CCT CRI CCT CRI
Lamp A 2700 82 2225 56
Lamp B 3500 85 3224 69
Lamp C 4200 85 2817 76
Lamp D 6300 85 5514 83

Graphs of the SPD for the lamps used by Vrabel et al (1993) were obtained from Vrabel’s thesis
(Vrabel, 1993) and digitised. Values of CCT and CRI obtained using these estimated SPD
compare well with the values reported by Vrabel et al (1998) as shown in Table 6.17 which
suggests the estimated SPD are reasonable. Table 6.18 shows the values of S/P and GA as

calculated for these lamps.

Table 6.17 Comparison of CCT and CRI calculated using estimated SPD with values reported
by Vrabel et al (1998).

Values reported in Vrabel Values calculated using
Lamp (1998) estimated SPD
CCT CRI CCT CRI
CwW 4100 62 4189 66
HGHP 5000 91 4826 89
MH 4200 60 4085 61
T8 4100 82 3921 81
WHPS 2700 80 2765 85

Table 6.18 Characteristics of lamps used by Vrabel et al (1998) as determined from estimated
SPD.

Lamp S/P GA
CW 1.558 0.00476

HGHP 1.946 0.00640
MH 1.570 0.00409
T8 1.584 0.00572

WHPS 1.183 0.00363

Table 6.19 compares the results from Vrabel et al (1998) with predictions made using S/P and
GA. Vrabel et al reported differences in brightness ratings (their Figure 8) with an apparent

significance level of p=0.10, although this is not clear. Vrabel et al also used a discrimination
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task, and in two cases the results were different to that found using the rating task according to
Table 3 in their report. In Table 6.19 the identification of brightest lamp is guided by the
discrimination results for these two lamp pairs: for the WHPS-CW lamp pair the rating
conclusion of WHPS being brighter was changed to no difference and for the WHPS-MH lamp

pair, the rating conclusion that WHPS was brighter was changed to no difference.

Table 6.19 Testing predictions of the brightness ratings of Vrabel et al (1998).

o Predictions match
Test results ;:it::;:; results?
(1 =yes, 0 =no)
Lamps Mean brightness | Brighter S/P GA S/P GA
rating lamp
1 2 1 2

MH T8 3.2 4.8 T8 T8 T8 1 1
T8 CW 4.8 3.8 T8 T8 T8 1 1
MH HGHP 3.2 4.6 HGHP HGHP HGHP 1 1
Cw HGHP 3.8 4.6 HGHP HGHP HGHP 1 1
WHPS T8 4.5 4.8 T8 T8 T8 1 1
MH CW 3.2 3.8 Ccw MH CW 0 1
WHPS CW 4.5 3.8 ns CwW CwW 0 0
WHPS | HGHP 4.5 4.6 ns HGHP HGHP 0 0
T8 HGHP 4.8 4.6 ns HGHP HGHP 0 0
WHPS MH 4.5 3.2 ns MH MH 0 0
Total (Yes) 5 6

Mean brightness ratings that originally reported as bright (1) / dim (7) converted to dim (1) /
bright (7) in this table. ns = difference is not significant. Prediction of brighter lamp was chosen

according to the metric values in Table 6.18.

In Table 6.19, the predictions of brighter lamp were established by comparison of the
differences in values of S/P and GA as presented in Table 6.18 for each lamp. A zero difference
would suggest no difference in brightness. In Table 6.19 the six lamp pairs for the test results
suggesting a difference are grouped: for these, S/P ratio and GA tend to identify the differences
but there is little difference between GA and S/P. Neither of the two models is able to
consistently predict the results of the four lamp pairs for which the test results do not suggest

differences in brightness to be significant.
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6.9 Summary

Two metrics for spatial brightness, S/P ratio and GA, were examined in this chapter using data
from past studies. They both appeared to give equally good predictions according to stepwise
regression test; however it was not possible to conclude that any one model is better than the
others. Analysis done by using rating results of Vrabel et al (1998) also seemed not to indicate

that neither of the two metrics tended to predict any difference.

There were some limitations for the model predictions that were conducted by using data from
past studies. The most definite one was the data points that were used to predict the models.
Due to a small amount of availability of credible data, the set including all the lamps had 20 data
points and for data set B, it was even smaller with 17 illuminance ratios. This might be the main
reason of not being able to achieve any models consisting two of the metrics with data set B
and similarly, obtaining higher correlations with models of one metric instead of two metric
models with data set A. Another limitation of this data set was, the SPD information was not
provided in all the studies. Even with the studies presenting SPD graphs or the metric
information, it was not certain that the measurements were taken from actual experiment set up

or just reporting the information of what the manufacturer provides.
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7.1 Work carried out for this study

This research investigates the spatial brightness response to lighting from lamps of different
spectral power distribution (SPD) at photopic levels of illumination. There were three stages of
work. First, past experimental studies were reviewed in the search for credible data of the
relationship between SPD and illuminance. This review used consideration of methodology to
determine which studies were credible, and these requirements were shown in Table 7.1. As
part of this process, further study was carried out of the response range and test instructions in
the category rating procedure. The main requirements for credible data include a balanced or
randomised stimulus presentation order and clear reporting of the study and the analysis used.
Of the 65 studies reviewed it was concluded that 19 provided credible data. Desirable
requirements like having a null-condition trial in the experiment were also specified, however
they were not included in the essential requirements to identify the credible studies as very few
of them included these requirements, like Akashi & Boyce (2006), Boyce (1977), Fotios & Gado
(2005) and Houser, Tiller & Hu (2004).

Table 7.1 Essential requirements for each experimental method.

Procedure

Requirement
Category rating Matching Discrimination | Adjustment

Randomised or
counterbalanced stimulus v v v v
order

Appropriate data analysis
and informative reporting v v v v

The number of points in the
response range and the

number of stimulus v
magnitudes are

approximately equal

Counterbalance the spatial
and/or temporal location of v v
the stimuli

Compare all possible pairs
of the test stimuli v v

llluminance control applied
to both stimull v

Choose stimulus ranges
and starting points with
consideration to range bias v
and anchor bias

Another stage was to conduct a new experiment to evaluate different brightness under lamps of
different SPDs, with lighting specifically chosen to compare S/P ratio and GA. The results
suggested the visual mechanism underlying these responses may have an additive effect.
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These new data were added to the set of credible data from past studies and the brightness
modelling applied with S/P ratio, GA.

This set of data used to screen potential metrics for spatial brightness, an approach similar to
that used by Cowan and Ware (1983) who established a metric for the chromatic contribution to
small field (2 degree) brightness. This thesis reports examination of two metrics, S/P ratio and
gamut area (GA), following evidence in previous studies (Berman et al, 1990; Boyce, 1977) that
these might be suitable. Of the 19 credible studies, this analysis used only those providing a
quantitative relationship between illuminance and SPD, i.e matching and discrimination studies.
To use this set of studies required that the SPD were estimated, this being rarely reported. It
was found that, for these data, S/P ratio and GA were not independent — for a particular lamp,
S/P and GA would both be high or both be low and this meant it was not possible to

discriminate between them.

Finally, as a guide to future work two new metrics, intrinsically photosensitive retinal ganglion
cell (ipRGC) and Bullough (in press 2014) were also analysed in regression tests with this set of
data.

7.2 Research Methodology

7.2.1 Number of response categories

26 past studies of brightness perception out of 30 were using odd numbers of response
categories and more specifically 17 of them had 7 point range. Accordingly, review of past
studies using the category rating procedure required further consideration of two issues: (i) does
the response range matter, and (ii) do evaluations of brightness and visual clarity give the same
or different results?

Further tests on category rating task applied to evaluate environmental condition including
brightness and visual clarity of lighting in the room was carried out with semantic differential
scale and independent samples. Main idea while conducting this experiment was to compare
even and odd numbers of response categories in order to investigate the recommendation done
by Fotios and Houser (2009) suggesting to use even rating scales in brightness rating tasks.
According to the results, there was no significant difference in mean ratings between 5-, 6-, 7-
and 8- point ranges. However, the distribution of the brightness evaluation suggested significant
differences depending on the response categories used for all the point ranges except 5- and 6-
point ranges. There were no significant differences between number of response categories
used to evaluate visual clarity. Accordingly, the traditional view might be followed with the idea
that truly neutral respondents will randomly choose one or the other side of the issue when
there was no neutral point provided (Nowlis et al, 2002); therefore forcing them to choose

shouldn’t bias the overall results.
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The findings of the current study were the opposite of study done by Dawes (2008) on cost of
items in a store and money saving. In Dawes (2008) 5-, 7- and 10- point ranges were compared
and there were little difference between mean ratings of 5- and 7- point ranges found. When the
combined results of 5- and 7- point ranges were compared with 10-point range the difference
between mean ratings were significant. However, when the distribution of the evaluations
depending on the response scale was tested no significant differences were obtained both for
skewness and kurtosis. These different findings between different evaluation items raised the
question of the results of rating studies being related with the topic that was asked to the
participants. There were other examples of different results of even and odd response
categories depending on the topic, like studies done on education, social security and consumer
attitude (Bishop, 1987; Nowlis et al, 2002; Moors, 2008). In that case, Payne (1951) suggested
using even number of categories is better if the purpose is to understand which direction people
are leaning on an issue. Otherwise, offering a middle category may give more definite
convictions on the issue. Accordingly in this study, using even number of response categories
were classified under desirable requirements. It was suggested that using even numbers of
response categories in the future may provide more information to understand how it affects the

results of brightness studies.

7.2.2 Defining visual response

There were different visual objectives being used to evaluate lit environment. Some visual
objectives were used in place of each other in category rating studies which lead the
participants to give similar responses to different visual objectives. Therefore, this part of the
study focused on the visual objectives that were evaluated by the participants in the lighting
experiments. Visual clarity and brightness were two visual objectives that were widely used in
the lighting studies. Although, brightness had more defined explanations, visual clarity had
varying descriptions. Some researchers identify visual clarity as different objective than
brightness (Aston and Belchambers, 1969). Especially, Vrabel et al (1998) gave two different
definitions for brightness and visual clarity. There were other researchers who provide
definitions of visual clarity relating with brightness and metrics that affect brightness like CRI.
When the responses of the participants to brightness and visual clarity in the past studies were
analysed, it was demonstrated that the two objectives were similar to the participants. The most
explicit difference between the results of these two visual objectives was in Vrabel et al (1998)
study, which was giving separate verbal definitions for both brightness and visual clarity. In this

study, it was concluded that there was no difference between brightness and clarity ratings.

According to this information, explaining the features of the experiment in detail and provide

clear instructions about rating items to the participants carry an important role on their decision
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making. Therefore, instructions given to the participants need to be considered carefully for

future research.

7.2.3 Procedures

Most of the past studies that do not meet the criteria for credible data were having missing
information; thus they were not clear about the procedural design and generally the results were
included the trends of the participant evaluations without sufficient quantitative data. In such
cases, the studies lost their reliability. One of the purposes in this thesis was to apply these
requirements in a new experiment and compare if different procedures give different or similar

results. Therefore, two experimental methods were used in the new experiment.

Matching and discrimination methods were applied with both chromatic and achromatic
environments in order to test S/P ratio and GA effects on spatial brightness. Discrimination task
applied in two different ways, one of them used brightness lumens (Equation 2.3) approach
suggested by Berman et al (1990), which was focusing on S/P ratio differences of two SPDs.
The second approach had the main purpose to validate matching test using similar procedure
as Fotios and Cheal (2011) in sequential form instead of side-by-side. To apply these
experimental methods, a booth set to provide fulfilled vision and lamps, which had different

SPDs were presented sequentially.

When the results of Berman et al discrimination and Fotios and Cheal matching compared, the
trends were in the same direction. The effect of S/P ratio was bigger in Berman et al
discrimination procedure in achromatic environment than the matching test. However, there was
no significant difference between two procedures in chromatic environment. The findings of
Fotios and Cheal discrimination task also confirmed the results gained in both Berman et al
discrimination and Fotios and Cheal matching tests. According to the results, the lamps with
higher S/P ratio and GA in the compared pairs perceived brighter which was indicating an SPD

effect on spatial brightness.

Besides, the doubt about Berman et al method of sequential discrimination was tested.
According to null condition results, presenting 2 stimuli with 3 alterations in order to compare

their brightness was found to be a valid application for this method.

7.3 Does SPD affect spatial brightness?

15 of the 19 credible studies supported the SPD of the interior lighting effect on spatial
brightness. Similar with the results of Berman et al (1990), S/P ratio effect on spatial brightness
was investigated in the new experiment. In this experiment higher spatial brightness were
reported by the participants with achromatic environment under lamp SPD having high S/P

ratio, even though it had lower luminance, same as Berman et al (1990). In contrast with the
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results of Berman et al (1990), this difference between SPDs was increased when the
luminance levels increased, which was indicating an effect of absolute luminance on equal
brightness. The same effect also existed in chromatic environment evaluations. When colour
added with a Mondrian like surface to the visual environment, lamp SPD, which had low S/P
ratio and high luminance perceived brighter in one of the comparisons. In the second
comparison, the difference between SPDs was smaller than achromatic environment, however,
lamp having high S/P ratio at lower luminance was still perceived brighter. The discrimination
method was applied to chromatic environment as an additional approach to Berman et al (1990)

and a significant difference between chromatic and achromatic environment was investigated.

In the second part of the experiment three SPDs were included; one SPD had lower S/P ratio
and same chromaticity with second SPD, third SPD had higher GA and similar S/P ratio with
second SPD. Hence, it was possible to investigate S/P ratio and GA effects both separately and

together by evaluating different SPD pairs.

In the matching test each of the three SPDs were compared with each other to examine S/P
ratio and GA effect on spatial brightness. Each pair found to be significantly different from each
other, indicating a SPD effect. Lamps A and B had S/P ratio difference with similar chromaticity
and Lamp B, which had higher S/P ratio was evaluated to be brighter. Lamps B and C had GA
difference with similar S/P ratio, Lamp C, which had higher GA was perceived brighter.
According to these results, both S/P ratio and GA are good predictors of spatial brightness
individually. In the last comparison of Lamps A and C, Lamp C had both higher S/P ratio and
GA than Lamp A and it was evaluated to be brighter. This result demonstrated that their effects

were additive.

7.4 Model analysis

The effect of SPD on spatial brightness was supported with the new experiment in the previous
section. Stepwise regression tests were done to predict this effect using data from previous
studies and the new experiment. Past studies providing either illuminance ratio at equal
brightness or multiple levels of illuminance in two-sample discrimination tests were specified to
test S/P ratio and gamut area (GA). Two groups of data set were arranged to do stepwise
regression tests to predict a model of illuminance ratio with S/P ratio and GA; one set of data
had 20 (data set A) and the other one had 17 (data set B) data points.

With data set A, two models for spatial brightness including both of the metrics were obtained
using log difference of S/P ratio together either with ratio of GA (r2=0.78) or difference of GA
(r2=0.79). However, these models didn’t provide higher correlations than the models using only

one metric. According to the results, both of the metrics provided high correlations with
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illuminance ratio individually (e.i correlation with ratio of log GA, r2=0.8‘l), indicating reliable
predictions of spatial brightness (Equation 7.1).

E4/E;=3.23 — 2.182(logGA,/ logGA,) Equation 7.1

In data set B, there were no models calculated with using two metrics. However, for this set of
data models with GA had explicitly higher correlations than S/P ratio. The best prediction was
obtained using the ratio of GA (r2=0.69) (Equation 7.2).

E4/E»=0.034 + 0.934(GA"%/ GA*?) Equation 7.2

According to these results, GA seemed to predict better brightness models by itself than using it
in combination with S/P ratio. This finding was contrary to the results in new experiment
(Chapter 5). The reason for this difference could be arising from the data set that was used in
model analysis. The data points used for this type of analysis were too small and in data set B it
got even smaller. This might be the reason not to predict a model with two metrics in
regressions test using data set B. Another limitation was with the SPD establishing. Since none
of the studies provided the exact SPD values, which were measured in the actual experiment

environment, the metric values used to run regression tests accommodate some uncertainty.

Therefore, GA and S/P ratio can be used together to predict spatial brightness, however, past
data didn’t provide the conditions to find out this effect, as GA and S/P ratio values of the lamps
were not independent. In order to develop a model with GA and S/P ratio, more experiments

needs to be done with lighting sources which have independent values of GA and S/P ratio.

7.5 Analysis for Future Work

As it was mentioned in Chapter 2, Berman (1995) indicated the rod photoreceptors’ effect on
spatial brightness with brightness lumens, which included an equation of square root of S/P
ratio. Then, a new photoreceptor named as intrinsically photosensitive retinal ganglion cells
(ipPRGC) was discovered having peak sensitivity around 480 nm. Therefore, Berman (2008)
found this metric to be applicable to predict spatial brightness and highly correlated with S/P
ratio. As ipRGC is related with spectral response of circadian system, it was also found to have
effect on alertness and hence on task performance (Boyce, 2014). Therefore, further correlation
analysis were done with ipRGC/P using data set B which didn’t include the comparisons using
lamps of Grolux, HPS and LPS.

Similarly, Bullough (in press 2014) demonstrated an equation to predict brightness including

ipRGC and short-wavelength sensitivity (Equation 7.3).
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B(A) = V(A) + 0.5 Mel(A) + 1.5 S(A) Equation 7.3
B(A) = predicted brightness
Mel(A) = spectral distribution of ipRGC
S(A) = spectral distribution of S-cone
Table 7.2 shows the results of the correlations of ipRGC/P and Bullough brightness model with

illuminance ratios of data set B.

Table 7.2 Regression coefficients () between illuminance ratios at equal brightness and functions of the

proposed metrics.

. . ) Equation
Metric Function r
slope intercept null value
Analysis with data set B
ipRGC/P2"**/ ipRGC/P{"* 0.441 -0.546 0.996 0.450
ipRGC/P1""® - ipRGC/P,""® 0.511 1.262 -0.269 0.993
Log(ipRGC/P+) — Log(ipRGC/P7) 0.020 0.006 0.882 0.888
Log(ipRGC/P2)/ Log(ipRGC/P+) 0.508 -0.509 1.001 0.492
Bullough,™ ™/ Bullough 1™ 0.161 5.235 0.928 6.163
Bullough 1"'®- Bullough "' 0.164 2.654 -1.724 0.930
Log Bullough 1 - Log Bullough » 0.161 1.868 -0.941 0.927
Log Bullough >/ Log Bullough 1 0.164 -0.436 0.930 0.494

Powers for difference and ratio equations were optimised.

According to Table 7.2 correlations of Bullough brightness model with illuminance ratio of data B
were too low. However, difference of ipRGC/P and log ratio of ipRGC/P provided closer
correlation indexes to S/P ratio and GA results of data set B as in Equation 7.2. According to
these results, it will be a good proposal to consider ipRGC/P as brightness metric for future

work.
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8 Conclusion

8.1 General conclusions

8.2 Recommendations for further work
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8.1 General conclusions

The aim of this study was to identify a metric for predicting spatial brightness. The first approach
was to use the results of past studies testing potential metrics following the method used by
Cowan and Ware (1983). 65 past studies investigating SPD effects on spatial brightness were
reviewed; a limitation of drawing conclusions from these data is that they tended to use different
experimental methods. Experimental investigations of the effects of lighting spectrum on the
perception of spatial brightness are susceptible to misleading results owing to the methods
used. A significant number of past studies cannot be considered credible owing to systematic
bias in experiments, poor explanation of methods, or lack of quantitative data. The spectral
power distribution (SPD) of interior lighting influences the level of spatial brightness for
occupants. This conclusion is supported by 15 of 19 previous studies that are considered

credible, together with the results of experiments carried out for the current study.

Review of the methods included an experiment focusing on even and odd numbers of response
scales used in category rating tests and a meta-analysis comparing results of brightness and
clarity rating judgements. It was concluded that using response ranges having 5-, 6-, 7- and 8-
points resulted in the same mean ratings (when converted to a common scale) of brightness
while leading to different distribution profiles (section 4.2.2). Past researchers have mixed
opinions as to whether spatial brightness and visual clarity describe the same, or different,
visual responses. While brightness is reasonably well defined, visual clarity has varying
descriptions, some suggesting similarities with brightness and some identified differences
between brightness and clarity. An analysis was carried out using data from past category rating
studies to compared judgements of brightness and clarity: it was found that they lead to very
similar responses to a given lighting condition (section 4.3.2.2). This study provides evidence for
judgements of spatial brightness and visual clarity made by naive test participants can lead to

the same outcome even the researchers define these terms differently.

One approach was to carry out a new experiment to test these metrics. This experiment
designed with three SPDs chosen carefully to isolate and identify the effects of S/P and GA on
spatial brightness. The experiment enabled full field vision and applied with sequential
evaluations of stimulus pairs with matching and discrimination methods. The two methods
(matching and discrimination) lead to similar results. Null-condition trials assured that three
times alteration between the stimuli in a pair was sufficient to discriminate their brightness
difference. Besides, the doubt about interval bias in Berman et al (1990) was unwarranted. The
results comparing different SPDs show that higher S/P and higher GA enhanced spatial
brightness. When the chromaticities of the lamps were same, higher S/P improved spatial
brightness. When the S/P of the lamps was same, higher GA improved spatial brightness.
Moreover, when both S/P and GA of the lamps were different, lamp having higher S/P and
higher GA provided higher spatial brightness, showing that their effect was additive. Same

experiment was conducted with chromatic environment. Spatial brightness enhanced with
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addition

of chromatic Mondrian like surface except for the lighting conditions having similar

chromaticity.

The focus of this study was to investigate two potential metrics for spatial brightness, S/P ratio

and gamut area (GA). Results from the past studies considered to be credible were used to test

these models. Both of the metrics provided high correlations with illuminance ratio individually,

indicating reliable predictions of spatial brightness, as might be used in studies considering only

one metric to demonstrate success of that metric. However, they were found not to be

independent for this data set and thus it was not possible to discriminate between the two

metrics.

After data from the new experiment was added, remodelling with 20 data points was performed.

As a result, the models of the difference of S/P ratio and log ratio of gamut area had the best fits

with spatial brightness. This was indicating the same effect of S/P ratio and GA on spatial

brightness. Furthermore, with some more future works that use lamps having independent

values of GA and S/P ratio, additive effect of these two metrics can be explored.

8.2 Recommendations for further work

Knowledge gained from the following work would support to provide higher spatial brightness

and correct use of experimental methods:

Models with SWS-cone and different alternatives of chromatic contribution can provide
good spatial brightness predictions. An application of prime-colour theory proposed by
Houser, Tiller and Hu (2007) and SWS/P metric proposed by Rea, Radetsky and
Bullough (2011) can provide accurate applications for predicting spatial brightness.

A study to observe how these metrics work together with ipRGC and provide pupil

response to brain can improve the knowledge of spatial brightness.

Collect or try to find more credible data to gain bigger sample size to predict a spatial
brightness model from past data.

A field study of spatial brightness with both chromatic and achromatic environment. It
will be necessary to consider lower light levels than the ones originally used to

compensate brightness with high S/P and GA.

An investigation of even and odd rating scales with repeated measures and Likert scale.
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The analysis in this thesis of methodology in the category rating procedure suggests three

precautions that should be considered when using this approach in further work:

148

Include null condition trials to give information about bias that occurred during the
experiment. In category rating this might be the repeated evaluation of identical stimuli
to allow comparison of responses gained. In discrimination trials this might be the use of
identical stimuli in both intervals.

Test instructions should accurately identify the visual response sought in an evaluation
and should include steps to check that the participant’s understanding matches that of

the experimenter.



References

REFERENCES

Akashi Y, Boyce PR. (2006) A field study of illuminance reduction. Energy & Buildings, 38,
588-599.

Alman DH, Breton ME, Barbour J. (1983) New results on the brightness matching of
heterochromatic stimuli. Journal of the llluminating Engineering Society, 12(4) 268-274.

Alman DH. (1977) Errors of the standard photometric system when measuring the brightness of
general illumination light sources. Journal of the llluminating Engineering Society, October, 55-
62.

Alwin DF. (1992) Information transmission in the survey interview: Number of response
categories and the reliability of attitude measurements. Sociological Methodology, 22, 83-118

Aston SM, Bellchambers HE. (1969) Illlumination, colour rendering and visual clarity. Lighting
Research & Technology. 1(4); 259-261.

Atli D, Fotios S. (2011) Rating spatial brightness: does the number of response categories
matter? Ingineria lluminatului, 13, 15-38.

Baron RA, Rea MS, Daniels SG. (1992) Effects of indoor lighting (illuminance and spectral
distribution) on the performance of cognitive tasks and interpersonal behaviours: the potential
mediating role of positive affect. Motivation & Emotion, 16, 1-33.

Bartholomew R. (1975) Lighting in the classroom. Building Research & Practice, 3, 32-39.

Bellchambers HE, Godby AC. (1972) llluminance, colour rendering and visual clarity. Lighting
Research & Technology, 4(2): 104-106.

Berman SM, Jewett DL, Fein G, Saika G, Ashford F. (1990) Photopic luminance does not
always predict perceived room brightness. Lighting Research & Technology, 22, 37-41.

Berman S. (1995) Implications of Rod Sensitivity to Interior Lighting Practice. CIE Symposium,
CIE x009-1995, p. 171-176.

Berman SM. (2008) A new retinal photoreceptor should affect lighting practise. Lighting
Research & Technology, 40(4); 373-376.

Bishop GF. (1987) Experiments with the middle response alternative in survey questions.
Public Opinion Quarterly, 51, 220-232.

Booker RL. (1978) Luminance-brightness comparisons of LED alpha-numeric sources at
suprathreshold levels. Journal of the Optical Society of America, 68(7), 949-952.

Boray PF, Gifford R, Rosenblood L. (1989) Effects of warm white, cool white and full-
spectrum fluorescent lighting on simple cognitive performance, mood and ratings of others.
Journal of Environmental Psychology, 9; 297-308.

Boyce PR. (1977) Investigation of the subjective balance between illuminance and lamp colour
properties. Lighting Research & Technology, 9, 11-24.

Boyce PR. (2003) Human Factors in Lighting. Taylor & Francis: London, 2nd edition.

Boyce P. (2010) Editorial: Lighting under pressure. Lighting Research & Technology, 42 (1), 5-
6.

Boyce PR. (2014) Human Factors in Lighting. Taylor & Francis: London, 3rd edition.

Boyce PR, Akashi Y, Hunter CM, Bullough JD. (2003) The impact of spectral power
distribution on achromatic visual task. Lighting Research & Technology, 35, 141-161.

Boyce PR, Cuttle C. (1990) Effect of correlated colour temperature on the perception of
interiors and colour discrimination. Lighting Research & Technology, 38 (4), 358-378

149



References

Boyce PR, Veitch JA, Newsham GR, Jones CC, Heerwagen JM, Myer M, Hunter CM.
(2006) Occupant use of switching and dimming controls in offices. Lighting Research &
Technology, 9, 11-24.

Bullough J. (in press 2014) Spectral sensitivity modelling and nighttime scene brightness
perception. Leukos.

Brown TM, Tsujimura S, Allen AE, Wynne J, Bedford R, Vickery G, Vugler A, Lucas RJ.
(2012) Melanopsin-Based Brightness Discrimination in Mice and Humans. Current Biology, 22,
1-8.

Cheal C. (2007) Light source spectrum, brightness and visual performance in pedestrian
environments. PhD thesis. University of Sheffield. p187-191

CIE Dictionary (elLV). (2014, July 31) Retrieved from http://eilv.cie.co.at/term/111

CIE Technical Report 41. (1978) Light as a true visual quantity: principles of measurement.
Paris: Commission Internationale De L’Eclairage.

CIE Technical Report 13.3. (1995) Method of Measuring and Specifying Colour Rendering
Properties of Light Sources. Vienna: Commission Internationale De L’Eclairage.

CIE Technical Report 167. (2005) Recommended practice for tabulating spectral data for use
in colour computations. Vienna: Commission Internationale De L’Eclairage.

CIE Technical Report 200. (2011) CI/E supplementary system of photometry. Vienna:
Commission Internationale De L’Eclairage.

CIE Technical Report 212. (2014) Guidance towards best practice in Psychophysical
procedures used when measuring relative spatial brightness. Vienna: Commission
Internationale De L’Eclairage.

Cockram AH, Collins JB, Langdon FJ. (1970) A study of user preferences for fluorescent
lamp colours for daytime and night-time lighting. Lighting Research & Technology, 2(4); 249-
256.

Cohen J. (1992) Statistical power analysis. Current Directions in Psychological Science, 1 (3),
98-101.

Coolican H. (1994) Research Methods and Statistics in Psychology. Hodder & Stoughton:
London, 2nd Edition.

Cowan WB, Ware C. (1983) Specification of heterochromatic brightness matches: A conversion
factor for calculating luminances of stimuli that are equal in brightness. NRC Publication
Number 26055. National Research Council of Canada: Ontario.

Davis RG, Ginthner DN. (1990) Correlated color temperature, illuminance level and the
Kruithof curve. Journal of llluminating Engineering Society, 19, 27-38.

Dawes J. (2008) Do Data Characteristics Change According to the number of scale points
used? An experiment using 5-point, 7-point and 10-point scales. International Journal of Market
Research, 50, 61-77.

DeLaney WB, Hughes PC, McNelis JF, Sarver JF, Soules TF. (1978) An examination of visual
clarity with high colour rendering fluorescent light sources. Journal of the llluminating Engineering
Society, 7, 74-84.

Dubois MC, Blomsterberg A. (2011) Energy savings potential and strategies for electric
lighting in future North European, low energy office buildings: A literature review. Energy &
Buildings, 43, 2572-2582.

Dunn-Rankin P, Knezek GA, Wallace S, Zhang S. (2004) Scaling methods. 2" Edition,
Lawrence Erlbaum Associates: Mahwah, New Jersey.

Fairchild MD, Reniff L. (1995) Time course of chromatic adaptation for color-appearance
judgements. Journal of Optical Society of America (A), 12(5), 824-833.

Faul F, Erdfelder E, Lang AG, Buchner A. (2007) G*Power 3: A flexible statistical power
analysis program for the social, behavioral, and biomedical sciences. Behavior Research
Methods, 2007, 39 (2), 175-191.

150



References

Field A. (2005) Discovering Statistics Using SPSS. Sage Publications Ltd.: London.

Fleischer S, Krueger H, Schierz C. (2001) Effect of brightness distribution and light colours on
office staff. Proc. Lux Europa, p. 76-80. Iceland: Rejkjavik.

Flynn JE, Spencer TJ, Martyniuk O, Hendrick C. (1973) Interim study of procedures for
investigating the effect of light on impression and behaviour. Journal of the llluminating
Engineering Society, 3(1); 87-94.

Flynn JE, Spencer TJ. (1977) The effects of light source colour on user impression and
satisfaction. . Journal of llluminating Engineering Society,6, 167-179.

Flynn JE, Hendrick C, Spencer T, Martyniuk O. (1979) A guide to methodology procedures
for measuring subjective impressions in lighting. Journal of llluminating Engineering Society, 6;
95-110.

Foster DH, Amano K, Nascimento SMC. (2001) How temporal cues cana id colour constancy.
Colour Resarch Application, Supplement 26, S180-185.

Fotios S. (1997) The perception of light sources of different colour properties. PhD thesis.
UMIST (University of Manchester Institute of Science and Technology).

Fotios SA. (2001) Lamp colour properties and apparent brightness: A review. Lighting Research
& Technology, 33, 163-181.

Fotios SA. (2006) Chromatic adaptation and the relationship between lamp spectrum and
brightness. Lighting Research & Technology,38, 3-14.

Fotios S, Atli D. (2012) Comparing judgements of visual clarity and spatial brightness using
estimates of the relative effectiveness of different light spectra. Leukos, 8(4), 261-281.

Fotios S, Atli D, Cheal C, Houser K, Logadottir A. (2013) Lamp Spectrum and Spatial
Brightness at Photopic Levels: A basis for developing a metric. Lighting Research &
Technology. Published online: September 20. doi:10.1177/1477153513503170

Fotios SA, Cheal C. (2007) Lighting for subsidiary streets: investigation of lamps of different
SPD. Part 2 — Brightness. Lighting Research & Technology, 39(3); 233-252.

Fotios SA, Cheal C. (2010) Stimulus range bias explains the outcome of preferred-illuminance
adjustments. Lighting Research & Technology, 42, 433-447.

Fotios SA, Cheal C. (2011) Predicting Lamp Spectrum Effects At Mesopic Levels. Part 1:
Spatial Brightness. Lighting Research & Technology, 43(2), 143-157.

Fotios S, Gado T. (2005) A comparison of visual objectives used in side-by-side matching
tests. Lighting Research & Technology, 37(2) 117-131

Fotios SA, Houser KW, Cheal C. (2008) Counterbalancing Needed to Avoid Bias in Side-By-
Side Brightness Matching Tasks, Leukos, 4, 207-223.

Fotios SA, Houser KW. (2009) Research methods to avoid bias in categorical ratings of
brightness. Leukos, 5, 167-181.

Fotios S, Houser K. (2013) Using forced choice discrimination to measure the perceptual
response to light of different characteristics. Leukos, 9(4), 245-259.

Fotios SA, Levermore GJ. (1997) The Perception Of Electric Light Sources Of Different Colour
Properties. Lighting Research & Technology, 29(3); 161-171.

Fotios SA, Levermore GJ. (1998) Chromatic effect on apparent brightness in interior spaces,
1: Introduction and colour gamut models. 2: SWS Lumens model. 3: Chromatic Brightness
model. Lighting Research & Technology, 30(3), 97-110.

Gescheider GA. (1997) Psychophysics: The fundamentals. Lawrence Erlbaum Association
Inc.: New Jersey

Green PE, Rao VR. (1970) Rating scales and information recovery — how many scales and
response categories to use? Journal of Marketing 34(3): 33-39

151



References

Han S, Boyce PR. (2003) llluminance, CCT, décor and the Kruithof curve. 25" Session of the
CIE, 25 June to 2 July. 1(2); D3 282-285. San Diego.

Hashimoto K, Nayatani Y. (1994) Visual clarity and feeling of contrast. Color Research and
Application, 19(3), 171-185.

Hashimoto K, Yano T, Nayatani Y. (2000) Proposal of Practical Method for Calculating and
Indexing Feeling of Contrast for Light Source. Journal of the llluminating Engineering Institute of
Japan, 84(11); 843-850.

Hegde AL, Woodson H. (1999) Effects of Light Source, llluminance, and Hue on Visual
Contrast. Family and Consumer Sciences Research Journal, 28(2); 217-237.

Henderson ST, Marsden AM. (1972) Lamps and Lighting. London: Edward Arnold (Publishers)
Ltd.

Houser KW, Fotios SA, Royer MP. (2009) A Test of the S/P Ratio as a Correlate for
Brightness Perception using Rapid-Sequential and Side-by-Side Experimental Protocols.
Leukos, 6(2), 119-137.

Houser KW, Tiller DK, Bernecker CA, Mistrick RG. (2002) The subjective response to linear
fluorescent direct/indirect lighting systems. Lighting Research & Technology, 34, 243-264

Houser KW, Tiller DK. (2003) Measuring the Subjective Response to Interior Lighting: Paired
Comparisons and Semantic Differential Scaling. Lighting Research & Technology, 35(3): 183-
198

Houser KW, Tiller DK, Hu X. (2004) Tuning the fluorescent spectrum for the trichromatic visual
response: A pilot study. Leukos, 1, 7-22.

Hu X, Houser KW, Tiller DK. (2006) Higher colour temperature lamps may not appear brighter.
Leukos; 3(1) 69-81

Hunt RWG. (1998) Measuring Colour. Kingston-upon-Thames : Fountain.
Hunt, Pointer. (2011) Measuring colour. United Kingdom: John Wiley and Sons.

llluminating Engineering Society (IES). (2014, July 31) Retrieved from
http://www.ies.org/pdf/education/IES-Color-3-Webcast-Handout.pdf

Ishida T, lkeyama K, Toda N. (2007) Psychological evaluation of lighting with a wide range of
colour temperatures and illuminances. Proc. CIE 26" Session, p.D1- 17-181. China: Beijing.

Ju J, Chen D, Lin Y. (2012) Effects of correlated color temperature on spatial brightness
perception. Color Research & Application, 37(6); 450-454.

Knez I. (1995) Effects of indoor lighting on mood and cognition. Journal of Environmental
Psychology, 15, 39-51.

Knez . (2001) Effects of colour of light on non-visual psychological processes. Journal of
Environmental Psychology, 21, 201-208.

LeBoeuf RA, Shafir E. (2006) The long and short of it: physical anchoring effects. Journal of
Behavioral Decision Making, 19, 393-406.

Lennie P, Pokorny J, Smith VC. (1993) Luminance. Journal of the Optical Society of America
A, 10(6), 1283-1293.

Lin Y, Ju J, Chen W, Chen D, Wang Z. (2007) Subjective Rating on Indoor Luminous
Environment and Its Effect on Reading Task Performance. CIE 26th Session, p.D3-65. China:
Beijing.

Litwin MS. (1995) How to Measure Survey Reliability and Validity. Sage Publications Ltd:
London.

Loe D. (1999) Measuring the lit appearance of a space. Light & Lighting, 11 (December); 35-37.

Logadottir A, Christoffersen J, Fotios SA. (2011) Investigating the use of an adjustment task
to set preferred illuminances in a workplace environment. Lighting Research &Technology,
43(4), 403-422.

152



References

McNelis JF, Howley JG, Dore GE, DeLaney WB. (1985) Subjective appraisal of colored
scenes under various fluorescent lamp colors. Lighting Design & Application, 15, 25-29.

Miller GA. (1956) The magical number seven, plus or minus two: some limits on our capacity
for processing information. The Psychological Review, 63, 81-97.

Moors G. (2008) Exploring the effect of a middle response category on response style in
attitude measurement. Qual Quant, 42, 779-794.

Nakamura H, Oki M. (2002) Effect of color temperature and illuminance on preference of
atmosphere, and Kruithof curve. Proc. CIE/ARUP Symposium on Visual Environment, 24" &
25" April, CIE publication x024:2002, p.95-100. England: London.

Nowlis SM, Kahn BE, Dhar R. (2002) Coping with ambivalence: The effect of removing a
neutral option on consumer attitude and preference judgments. Journal of Consumer Research,
29, 319-334.

Oguichi Y, Ishida T, Hokoi S. (1999) Quantitative estimation of environmental brightness
based on its perceptual composition. 24th Session of the CIE, vol. 1(1); 92-96.

Oi N, Takahashi H. (2007) Preferred combinations between illuminance and color temperature
in several settings for daily living activities. Proc. CIE 26" Session, p.D3- 178-181. China:
Beijing.

Oi N, Takahashi H. (2013) The preference of living room lighting by LEDs: scale model
experiments assuming residential houses. Proc. Lux Pacifica, 6-8 March, p.86-89. Thailand:
Bangkok.

Parducci A, Perrett LF. (1971) Category rating scales: Effects of relative spacing and
frequency of stimulus values. Journal of Experimental Psychology Monograph, 89, 427-452.

Payne SL. (1951) The Art of Asking Questions. Princeton University Press: Princeton.

Piper HA. (1981) The effect of HPS light on performance of a multiple refocus task. Lighting
Design & Application, 11, 36-43.

Poulton EC. (1989) Bias in Quantifying Judgements. Lawrence Erlbaum Association Ltd.:
London.

Presser S, Schuman H. (1980) The measurement of a middle position in attitude surveys.
Public Opinion Quarterly, 44, 70-85.

Rea MS. (1982) Calibration of subjective scaling responses. Lighting Research & Technology,
14, 121- 129.

Rea MS, Radetsky LC, Bullough JD. (2011) Toward a Model of Outdoor Lighting Scene
Brightness. Lighting Research & Technology, 43(1), 7-24.

Royer MP, Houser KW. (2012) Spatial brightness perception of trichromatic stimuli. Leukos, 9
(2), 89-108.

Rubinstein G, Kirschbaum CF. (2003) Colour temperature and illuminance levels in offices.
Proc. CIE 25" Session, p.D3-110-113. United States: San Diego.

Schuman H, Presser S. (1996) Questions and answers in attitude surveys : experiments on
question form, wording, and context. SAGE Publications: London.

Shin M, Chong JH, Yang SA, Lee E, Lee SB, Berkeley BH. (2011) A New Approach Toward
Visual Clarity Assessment Using Perceptual Contrast Length. SID Symposium Digest of Technical
Papers, 42(1); 1277-1280.

Siegel S, Castellan NJ. (1988) Nonparametric Statistic for theBehavioral Sciences. McGraw-
Hill: New York,London.

Society for Light & Lighting (SLL). (2002) Code for Lighting, p.29. Oxford: Butterworth-
Heinemann.

Stevens SS. C(2008) Psychophysics: Introduction to its Perceptual, Neural, and Social
Prospects. 2™ edition. New Jersey: Transaction Publishers.

153



References

Takahashi H, Irikura T, Chamnongthai K. (2013) Study of ethnic differences in subjective
evaluation of interior lighting. Proc. Lux Pacifica, 6-8 March, p.46-49. Thailand: Bangkok.

Thornton WA, Chen E. (1978) What is visual clarity? Journal of the llluminating Engineering
Society, 7 (January); 85-94.

Thornton WA, Chen E, Morton EW, Rachko D. (1980) Brightness Meter. Journal of the
llluminating Engineering Society, October, 52-63.

Tiller DK, Rea MS. (1992) Semantic differential scaling: Prospects in lighting research. Lighting
Research & Technology, 24, 43-52.

Tregenza P, Loe D. (2014) The Design of Lighting. London: Spon Press.

Uchikawa K, lkeda M. (1986) Accuracy of memory for brightness of colored lights measured
with successive comparison method. Journal of the Optical Society of America A, 3, 34-39.

Vienot F, Durand ML, Mahler E. (2009) Kruithof’s rule revisited using LED illumination. Journal
of Modern Optics, 56, 1433-1446.

Vrabel PL, Bernecker CA, Mistrick RG. (1998) Visual performance and visual clarity under
electric light sources: Part 2-Visual Clarity. Journal of llluminating Engineering Society, 27, 29-
41.

Yaguchi H, Ikeda M. (1983) Contribution of opponent-colour channels to brightness. In Mollon
JD, Sharpe LT (Eds). Colour Vision: Physiology & Psychophysics. Academic Press Ltd; London.

Wake T, Kikuchi T, Takeichi K, Kasama M, Kamisasa H. (1977) The effects of illuminance,
color temperature and colour rendering index of light sources upon comfortable visual
environments in the case of the office. Journal of Light and Visual Environment, 1, 31-39.

Worthey JA. (1985) An analytical visual clarity experiment. Journal of the Illluminating
Engineering Society, 15(1); 239-251.

Wyszecki G, Stiles WS. (1982) Colour Science: Concepts and Methods, Quantitative Data and
Formulae, p.487. 2" Edition. New York: John Wiley & Sons.

Zhan Q, Hao L, Kang B, Hajimu N. (2003) The research about effect of illuminance and color
temperature on Chinese preference. Proc. CIE 25" Session, 25 June to 2 July, 1(2), p.D3 286-
289. United States: San Diego.

154



APPENDIX A

A Category Rating Studies

A.1  List of Category rating studies of Spatial
Brightness

155



‘selq Suned 1€ J0U/0S ol1eulWISIp QY3 s91e311sanul ‘?amn)
uo119BI3U0D G ‘IInwins sainseaw yonw | Jnojod g 30031) Apnis 3
asuodsay ON ON ON SOA SOA 8) SoA SOA paleaday Aian) 5/1 paidepe Ajjn4 GG-02 oL ‘qe| azis ||n4 20Aog
S|oA9] | €00T ‘Y
8/-19 doueulwn||t | 8nojng
‘97 7 "wnuyads ]
(sjuiod (uonnjeaa -gl: UDJDHIP YUM | J91unH
[ ‘Inwins sainseaw | jusawaaide) sdnoub sdwe| z *Apnis | ‘1ysexy
109449 AdS ON ON ON ON SBA SOA ) S9A SBA pajeaday L/T ulw 0T~ [4 d'N ‘qe| azis ||n4 ‘adkog
ELE]
(A1o oueulwN||I
(syuiod 10B4513EBSUN ¢ ‘dwe)
Suneu Aian/ jud2saJonyy
151X £ ‘Inwins sainseaw | AJoyoejsies G *sy100q yum L16T
10943 AdS SOA ON ON SBA SOA S) S9A SBA pajeaday Aian) £/T 4N d'N 144 Juswadxy ‘adkog
Rt 143uq
adS oN oom\vtmu
oye (suiod 001) ¢/Z- uoRIpUO? ‘8uines A8uaua
J9pJo ‘seiq Suneu (uBug A awes Japun 03 Uohe|a.
s Jan/Awoo|3 ul 9duewJopad
uo130eIIu0d S ‘IINwins €) so|dwes ju Aian) 2/2- Supjiom jensin
asuodsay SOA ON ON SOA SO SO V'N apuadapu| 10 syjuow g-¢ g'N 06-0/ pue uondaniad
ssauly3uq uo
(syutod uoipuod 1943 107 1o 900¢C
(1521 Suneu awes Japun pulj 01 s32140 ‘92Aog
SISIXd Aio391e0 7) Z1Inwins g) so|dwes ju 2343esip Supjiom ue|d uado ]
109443 AdS SOA SOA ON SOA S9A S9A V'N apuadapu] 109243y | JO syjuow 6-¢ d'N 06-02 ¥ ul Apnas pjaly yseyy
ysel Sunres Aio8a1ed ay3 ul 34npadoad poos 10y syuawalinbas Suneaw salpnis
(92102 ¢abuel ¢ paoue| (sainseaw
pasioy) asuodsal | equsyunod pajeadai Jo
(dnoib PATET ] yum 1o pa sajdwes ju
104ju02) sallobajed £ 90UdpIN | papodal pazijenba | sjwopuel apuadapui) syoalgns
(ads dwe) Juonipuod asuodsal ¢paioysue a|qeldy : | ejepaan | sapnjubew Japio suofjeleA o|eas awn j0
pue saselq) IINN 10 'ON abues sninwyg | uoisnjouoy | eyuend sninwins sninwins sninwins jo adA) uopeydepy aby JaquinN POyl
sjuawwo) sjyuawalinbay ajqelisaq sjyuawalinbay |enuassy e Apnig

sjuswalinbai ayy 0} Buipiodoe ssaulybuq jeneds jo saipnis ised JO 1S17 |V 919el

ssaujybLig jeneds jo saipnys bune Aiobaje) jo )si7 L'V

[(e]
Yo
—



uneu puel JO "ulw 's@a B
181X L Inwins 9) sainsesw | Yslg/yiep) €) paadepe yumsyjooq | pueing
103443 AdS ON ON ON SOA SOA SaA SOA pajeaday L/T AlInj 10N 9¢-81 oe ul auop Apnis ‘JOUdIA
(jesanau (sajeas
9y3 sl auo Sunes ulw *SUOI}PUOD
IsIx9 ST suohiipuod Lnwins sainseaw €T ueyy asow oc ob sunysi| ¢ yum 1861
199442 AdS ON ON ON 2) S9A SOA SOA 2) S9A SOA pajeaday 1y3uug/wig paidepe Ajjn4 BIOAY 0Z | 1se1qe|azis|ng PELIE
RELE]
aueUIWN||l
€'s120
JUBJI3YIp € yum
(su1] Suneu 1y3ug/wip Sjua2sa40n|4 €002
sanu1uod) sainseaw ‘aul| RUETWIFELE] ‘90hog
'S109449 AdS ON V'N ON SOA SOA V'N d'N pejeadoy snoupuo) d'N 0¥-0C 14 yioog 3 UeH
'sishjeue
10308}
01 SuipJodoe
suolen|eaa
2yl $924Nn0s 13|
J0 9sneJaq (pasn |BJ9A3S pue
10949 suolssadxa s10D "Hip Aq
ads wnoge |eaawnu paonpoud |aA3|
u1edd J0N (sajeas ou) oueulwN||I /116T 4
Suneu Jes|p/Azey Sumeas 1URISUOD 2ouads
‘selq £ ‘1Inwnis salnseaw 3 yoea aJo4ag s.02 YHM 3531 b
uol3oeIIU0) SOA ON ON SOA SOA 8) SOA SOA pajeaday wip/iysug '295 09 Aue3 [e3% ‘qe| azIs ||n4 uuAl4
‘sishjeue
10308}
01 SuipJodoe
auop aiam aueUIWN||l
suolen|ens € pue dwe|
ay1 (sjuiod *aul| Suneds jud2saJonyy
‘JONOMOH Suneu sanuiuo) josadArzyum | 066T 4
"108)18 LInwins sainseaw | wip/ysug | -paidepe Ajny dwadxa | 8yuIo
addsS ON SBA ON ON S9A SOA 9) S9A SBA pejeaday L/T 10N 935 09 S¥-0C oy ‘qe| pazis ||n4 | g SiAeq
("unw
0€-0¢)(924n0s ‘s|enpiaiput ay3
151X9 (4e3p0 ‘Azey Sunysi ayy Jo uondaosad
103442 adS ‘wip 3uq Suienjens Jouaul | (g -dxa)
(syuiod Joy) (os ||e | @4o0jaqsisaru U0 199449 12D 066T

157



S10943 AdS

*s4n0j0d
WaJa1p

*aul| Suneds YHM $924n0S
‘lely sanuiuo) 1y31| Jo sadAy
uolIpuod ‘ejep (syuiod ‘(13 />aep uolIpuod s) 1UDJ34Ip OM]
|Inu ou ‘seiq 1ed Suneu ] sunysi awes | yapnis YHM SWO00JSSe|d S/6T
uo|312e43u0d 13s13e3S S ‘lIlnwns salnseaw 1y3uqg/|Inp) SSe|d sjoym peib ul auop ‘Mmawo
asuodsay o'N ON SOA ON ON ‘ON 2) S9A SOA paleaday S/T ay1 uuung lapun G Apnis pjai4 | |oyueg
109449 AdS ON ‘N3P ‘AUD 3y}
'}S pue Sunenjeas 'S1DD ¢
‘9|eds s3uneu sa|dwes 21043q SYse1 | sjuapn pue asueuiwn||i
Suies oyl ueaw u Azey/iea)d 13430 G %00} 1spelb 4¢l Aq
1odas 1,upig N ON ON ON | ON'ON Yv'N v'N | @puadepu; | “y3ug/wig ‘pardepy | Jopun ‘IN 6G | duop Apnis qe]
("uiw
0z $159838ns
zauy|)
109449 AdS ON ‘N3P "AUD 3y}
‘¥s pue Sunenjend 'S12D ¥ pue 7661 °
*9|eds sSunes 210434 syser | sjuepn oueulwN||l | s[alueg
Sunesayy ueaw so|dwes ju Azey/iea)d Jaylo ¢ oo 1spelb 42 Aq R edy
1odas 1,upig N ON ON ON | ON'ON Yv'N v'N | @puadepu; | “4y3ug/wig -e] ‘pardepy | Jopun ‘N9 | duopApnis-qe] | ‘uoleg
ysel Suines A10831e3 3y3 ul d4npadoad poos 104 syuswaiinbas Sunnesw JON salpns
'sads
juaseyipsey | 866T
(syuiod (Azey/ieapp (fuw T yarym sdwej jo JLISIA
Suneu pue 03 paisadans sadAy 1uauiayip 13 49y
1SIX9 (uonduosep Aq £ ‘inwins sainseaw wip/1y3uq) (900¢) sono4) 1z ob S yum Apnis J9ulag
109449 AdS ON ON Sunoyouy) seA SOA SOA G) saA SOA pajeaday L/T pawodas 10N BIOAY 62 dwe| azis |4 ‘19qeIA
(@2ueuiwny)
(4e3)2/ yoes Joy 6002
(syuiod Jejnasndaud uoileldepe PEIVIN]

158



100C ‘
*ssa20.d 9yl eyep (uonipuod ‘SOLIeUIS | zZJ3IYdS
1nogqe Jes|d =) Sunysi| yoes unysy R
10U ‘elep nsnels 104 $)99M €) JUDIRHIP Yyum | 23anuy|
aAneluenb ON sainseaw paidepe Ajjn4 ‘Apnis ‘qe| azis ‘9
ON ON d'N ON ON ‘ON d'N ON pejeaday d'N d'N oy 1IN} pue pjal4 Yyasiaf4
épasn aiam
‘uoljewoul lInwis
Buissiw Auew
Auew moy noge sainseaw
00} seH N ON N ON SOA | ulenadioN ¥'N pajeaday €+ |enb3
‘510040 AdS "12D ut uayip
sadAy dwe|
‘ssaujybuq (squrod (8uiquassip £ yum 3unel 8.6T
10 s)|nsau Sunel Alys ssauysuq “le
pue ejep £ ‘inwins sainseaw y/3uihysies sapnjaul syr00q ‘19 A
8jesadss oN d'N ON d'N ON ON L) S9A soA | pejeaday | Ayswy) £/1 095 €-C d'N 9l Ag auop -dx3 | auejaq
(s1e18
pue
"Aap (3ybug o ,
18 oyybnous o/61 v
ou ‘pa Wbuq opsuen
uodal 10U ‘UsAIB "y3ijAep 3
Bunes (syuiod siequinu puesdwe| | suljjo)
ueaw) 6 ‘IInwns sainseaw ON)3|eos juddsalonyy € ‘w
ueIa2 10N SOA ON ON ON ON G) soA LSOA pojeaday wiod g N N oy | yumApnmispiai4 | espo)d
109449 ‘S|enplAlpul sy}
ads oN (4e3p0 ‘Azey Jo uondaosad
(1 8dfy ‘wip 1y3uq JouL1ul | (T -dx®)
'selq Joue (syurod loj) (os e uo 323Y3 13D 066T
Buidnous ‘seiq aney Suneu 1e jJ0u/0s QY3 s91ediisanul ‘an)
uo|312e43u0d >mEv S ‘lIlnwns salnseaw yonw Apnis L]
asuodsay ON ON ON ON SOA ZC) ON SOA pajeaday Aian) g/1 paidepe Ajjn4g GG-02 Gl ‘qe| azIs ||n4 22Aog

159



6v

"ssauy8LIq (spurod pue S861
10y synsaJ Bunes (ButAysne o¢: ‘sy300q “le
apnjdul J ‘inuns salnseawl s/3uihysies sdnoub 1udde(pe omy BEES
J0U s?0(Q N ON ON ON ON G) SOA S9A pajeaday 10U) £/T 09S €-¢ N Z Agq auop “dx3 | 1ISNOIN
(uonenjens 's12D L00T
(syuiod 1SI0M ¢ 8uiney ‘sdwe| ‘Buep
Sunes Juonenjeas judsaJonjy | g uayd
v nwins sainseaw poos 81 Yum auop ‘uay)
'$199449 4dS ON SOA ON ON ON CT) ON d'N | pejeaday Aan) v/1 4N | G202 ol Apmisqe|y | ‘nrun
1SIX9
10943 ads ‘ASpP)S 'Xn| 00§ 49pun
‘e pue uonewss 1y3i|
uolipuod sBunel (syuiod (wip 1ysuq W00 U0 103443
-|Inu ou ‘seiq uesw Bunes 104) yanw paienjeAs 12D so1e8insanul
uo130eIIu0d ON G ‘Inwns so|dwes ju Aian/|le 1e Sunysi ayy Apnis T00Z
asuodsay ON ON ON ON "ON €) SOA V'N apuadapu| | joudo U | "UIWGOT JOUY u'N 801 ‘qe| azis ||n4 ‘zauy|
‘Aop *SUOI}PUOD
‘1S pue 142 ‘12D
sBunel (siurod paienjeas ‘@aueulwn||l
uesw Sunel (Sunes sunys 1UBIBHIP
ON S ‘IInwns so|dwes ju Aem auo) QY3 "ulw yum Apnis G661
S199443 AdS ON ON ON ON ‘ON ) S9A V'N spuadapu] | 1ysuq ‘wig 0CT 12UV GG-8L 96 ‘qe| azis ||n4 ‘zauy|
‘Aop
s 1-6 ‘671
sbupel (wopoq uonipuod
uesw 10 yoes
‘ejep doj wouy usamiaq uiw (4194
=) (syuiod BunJels G ‘Buluui8aq (@2ueuiwny) ‘un
nsnejs Sunel Kjuo p (1y8uq ayl € 5100 pue
OoN £Inwns | aoueleq) | sainseaw Asaa-wip | uruoneidepe €) suonipuod uayd
'S109449 AdS ON ON ON ON ‘ON 6) S9A ON pejeaday Aan) /1 34ep ulw 0¢ GZ-8lL 0l 6 "Yiooq uj ‘nr
(quedionued
auo
‘sydesd 031 pamoys
uo Suipuadap sninwins ‘suolleulquod
S103449 AdS ( Gz asnedaq ul pasn aJam
*uol}Ipuod angden/iea|d ‘uoneuidsul sadueuIWN 1002
|Inu ou ‘seiq ejep 2 (syuiod 31 15414 1UDJRHIp G pue ‘epo]
3uidnoJs ‘seiq uawnu Sunel ysiq/xiep) ‘Algeqoud) S1DD1UaIdlIP § Be
uo130eIIU0d ' ON £ ‘inwins sainseaw SCYVAE] pauonusw ‘yrooq Aq suop wehAay|
asuodsay ON ON U'N ON 'ON SZ) oN ¥'N pajeadoy yusu/Aisp 10N N g uawiadx3 ‘eplys|

160



'S120
(erep ¥ pue S|aA3|
1ed (sasea JueuIwN
uawnu 0¢ 404 utw S Agq auop
ou Ot @snedaq ‘S921440 9y} €007
sydesd paidepe ul uolildeysiles ‘wne
$9 AjIny 10u 1ensin | qyasany|
pnjoul) sainsesw ‘Ajgeqo.d) uo JuaWAdx3 B U
'S19442 AdS ON SBA ON ON ON Je3|) 10N SOA pejeaday 4N d'N 96-81 091 ‘qe| azis ||n4 | suiqny
‘uoneziiejod
jusisyip
¢ ‘pabuene
3S9p Jo
(‘6ep 06 pue
(pasn 0) suomisod
(syuiod uolssaldxa JusisyIp ¢
'saselq Suneu |ealswnu ‘JUBISUOD YUMm
uo119eI3U0D £ “Inwins salnseaw ON) juswadxy 86T
pue Suidnoig N ON ON ON ON ¥2)oN soA | pejeadey | wig/ysug N N 9 "qe| pazis ||nd ‘edy
‘sjels
*s3|nsaJ pue ‘sdwe|
ssaulysliq sBunel (a1e08 12D JuaJayip €10C
ayinoqe uesw Sunesz G d3enjend ‘Iys
uoluaw OoN ‘IINwinis salnseaw s9|eas 0} pasn sjapow | eyeje]
1,usaoqg ON ON ON ON ‘ON 8T) ON d'N pejeaday Sunes/ 295 0T 6€-¢¢ 8 9|e3s OT-T B 10
's}nsaJ
pue ejep
ssauly3uq
apnpul (erep
1usaoq |eo 'SallAIdEe PYIp
‘selq Lawnu 9 SuliapiIsuod
Suidnoug ' 10U paJiayaid s1JD ¢ pue
9dIue sydeib (syuiod yonw Aie QdueuUlwN||l “HIp 1002
QY3 ul s|ielsp so Suneu A/patiajaid S yum pasedaud ‘1Ys
Supjoe| Auew pnjour) £ ‘inwins sainseaw |le e lou Sju s|japow eyeye]
0031 sey d'N ON d'N ON ON 07) oN d'N pejeadey | :9duaiajaud 4N apnis 8 9|e3s OT-T B 10

161



8|qeoliddy 10N V'N
papoday JON : ¥'N

pue ¥ yum sdwe, €002
sBunel 1uadsaJsony | nwiley
uesw [ 9ejead | g puey
"8uipiodau ON sainsesw 03 pash 13s ‘oeH
ul Jes|d 10N ON V'N ON ON 'ON V'N SOA pajeadoy 4'N 4'N N 8l wooJ ulnl| ¥ ‘ueyz
LL6T
‘es
'sads esjwey|
‘P BuIWEXS puee
o)Jopiouy | Wes®M
s)sIxe (ueso o sdwej Jo spuy Iy
sjoaye Ads ejep (syuiod ‘ybuq Joy) ay) 1depe 9 Juswiiadxs Jlexel
Mel Bunel (ssaupun 0} JopJo u| 0} pasn !
‘selq ON / ‘inuns salnseaw | 10 SSauUly) | “ulw [BIBASS S| X0q [9pow | 1yonyjiy
uonoeljuo) ON ON ON ON ‘ON 9) SOA SBA pejeaday /L 10} pajiep\ 1€-Gl 8y 8|eds G:| ‘Mem
‘'sg3jo
‘sjels JUOJ} Ul SIS}l
pue ( Aq papinosd
sbunel (so|eos ybuqgpep s10D
‘'sydeub ay} ueaw Bunel ‘9|eos ‘puod J Buiney yjooq €T0C
0} Buipioooe ON / ‘inwns sainseaw Bunel 31| yoes yum suop “le-1e
S}oay8 ads ON ON ON ON "ON 82) ON soA | pejeaday 1) €/¢- 104295 0T o'N o'N juswiiedxy | Iysexel
1099 "8unysi jo
adSoN adAy juaiayip
{ SI9A0D
‘selq aseyd puodas
8uidnoug ‘(¢86T) e9Y Jo
‘ejep (pasn 1uswadxa 9yl
aAneluenb (syuiod uolssaldxa SJ19A02 aseyd
Jadoud Suneu |ealswnu 15414 "aseyd 7661
apnjpul L “jnwins sainseaw ON) T utjuawiiadxe ‘eay
1,Usa0p 3 ON ON ON ON ON ) S9A SOA psjeaday wia/aysug 4N AN 8 ‘qejpazis|ingd | Wy 9L

162



APPENDIX B

B Number of Response Categories

B.1  Questionnaire used in the experiment: example
with 6 rating categories
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APPENDIX B

B.1 Questionnaire used in the experiment: example with 6 rating

categories

The
University . . .

y Of ’ Environmental Satisfaction Survey
Sheffield.

Question 1: Please evaluate the loudness of this room from 1 (very quiet) to 6 (very loud).

*  Assume the loudest is the sound of the music in a night club with fully equipped loud speakers
and the quietest is the sound level in the house in which you are staying alone at night.
Please circle the number;

very quiet very loud
1 2 3 4 5 6

Question 2: Please evaluate the thermal comfort of this room from 1 (very cool) to 6 (very warm).

* Assume the warmest is the hot sunny summer day on the beach and the coolest is the snowy day
with frozen slippery roads.
Please circle the number;
very cool very warm

1 2 3 4 5 6

Question 3: Please evaluate the brightness of lighting in this room from 1 (very dim) to 6 (very bright).

* Assume the brightest is represented by the light level in an outdoor sports area (when all the
floodlights are on) and the dimmest is the light level of an outdoor parking lot at night.
Please circle the number;

very dim very bright
1 2 3 4 5 6

Question 4: Please evaluate the clarity of lighting in this room from 1 (very hazy) to 6 (very clear).

* Assume the clearest is how a distant mountain will look during a clear sunny day, individual trees
can be seen and small clearings in the forest are visible and the haziest is on a overcast day,
with some fog, individual trees might not be as distinguishable, and the clearings not as easily
seen.

Please circle the number;

very hazy very clear
1 2 3 4 5 6

Please return to Deniz Atli, PhD student, School of Architecture, University of Sheffield,
room nb: BS 18.
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APPENDIX C

C Lamps Used in this Study

C.1 Spectral power distribution (SPD) values of the
lamps
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D.1 Information sheet for new experiment

Information Sheet
1. Research Project: Lamp spectrum and spatial brightness

You are being invited to take part in a research project. Before you decide it is important for you to
understand why the research is being done and what it will involve. Please take time to read the following
information and discuss it with others if you wish. Ask us if there is anything that is not clear or if you
would like more information. Take time to decide whether or not you wish to take part.

2. What is the project’s purpose?

This phd project will investigate different types of electric lamp that are used for interior lighting. The
lamps differ in the spectrum or colour of the light that they produce. The research will examine some of
the visual effects caused by these differences, especially the effects on the perception of brightness. We
aim to gather evidence that can be used to improve the quality of interior lighting.

3. Why have | been invited to participate?

We are looking for the participation of a diverse group of people in order to identify average judgements.
There are just a few personal requirements: minimum age of 18 years, normal colour vision, and no
serious visual disabilities.

4. Do | have to take part?

Taking part in this research is entirely voluntary. If you do decide to take part you will be given this
information sheet to keep if you wish and be asked to sign a consent form. You can still withdraw at any
time without giving a reason.

4. What will | have to do if | take part?

You will need to come to the lighting laboratory on the 19th floor of the University Arts Tower on up to
six separate occasions over the space of a few days or weeks depending on other commitments. Each
session will take about two hours. The lighting tests require judgements of brightness. This is done by
comparing two sources of light and then adjusting a dimmer switch to match their brightnesses. You will
also be asked to give some verbal responses, for example to express a preference for one of two separate
lighting conditions.

None of the main tests is designed to measure the state of a person’s eyesight because the focus of this
research is the quality of the lighting. Although participation in this research is not thought to be difficult
the sessions can be quite repetitious and so require a reasonable amount of patience.

5. What are the possible disadvantages and risks of taking part?

The lighting conditions used for this research are similar to those found under normal interior lighting.
This means orange or white illuminations and normal daylight levels. In the unlikely event that you
experience any discomfort you can stop the procedure. There will be no flashing lights. On your first visit
there will be a brief test for normal colour vision. There is only a small chance that this simple test could
reveal a colour vision abnormality that a person was previously unaware of.
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6. What are the possible benefits of taking part?

Whilst there are no immediate benefits for participants in the research, it is hoped that the knowledge
gained will contribute to changes in interior lighting that improve visibility for users while consuming
less electrical energy.

7. What if something goes wrong?

If you are unhappy with the way you have been treated, or with anything that has happened during or
following your participation, then please contact Dr. Steve Fotios (Tel. 0114 2220371) who is leading the
project. If you feel your complaint has not been dealt with satisfactorily then please contact the
University’s Registrar and Secretary (Tel. 0114 2220399).

8. Will my taking part in this project be kept confidential?

The limited amount of personal information that we collect for the project will be kept strictly
confidential. Your test results will contribute to the average results for a group of participants and will not
be analysed individually. No person will be identified in any reports or publications.

9. What will happen to the results of the research project?

The results of this research are likely to be published in lighting journals and presented at lighting
conferences in the two years following your participation as well as being published in a PhD.

10. Who is organizing and funding the research?

This research is being carried out within the School of Architecture at the University of Sheffield.
I am an independently funded student.

11. Who has ethically reviewed the project?

This project has been ethically approved via the School of Architecture’s ethics review procedure. The
University’s Research Ethics Committee monitors the application and delivery of the University’s Ethics
Review Procedure across the University.

12. Contact for further information

Deniz Atli (PhD student) Prof. Steve Fotios
School of Architecture
University of Sheffield
Telephone: 07979926640 University of Sheffield

Email: d.atli@sheffield.ac.uk Telephone: 0114 2220371

School of Architecture

Email: steve.fotios@sheffield.ac.uk

187



APPENDIX D

D.2 Participant consent form of new experiment

Participant Consent Form

[personal information will be kept strictly confidential]

Title of Project: Lamp Spectrum and Spatial Brightness

(An investigation of light sources for interior lighting)

Please tick box

1. | have read the information sheet for the above study
and have had the chance to ask questions.

2. |l understand that my participation is voluntary and that | am
free to withdraw at any time without giving a reason (Contact: Deniz Atli,
d.atli@sheffield.ac.uk, tel:07979926640).

3. lunderstand that my responses will be kept strictly confidential.
| give permission for members of the research team to have access to my
anonymised responses. | understand that my name will not be linked with
the research materials, and | will not be identified or identifiable in the
report or reports that result from the research.

Ea

| agree for the data collected from me to be used in future research.

Your signature will certify that you have voluntarily decided to participate in this study.

Thank you.
X
Name of Participant Date Signature
Deniz ATLI
Researcher Date Signature
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E.1 Tabulating normality profile

Table E.1 Normality profile for null-condition of matching test in new experiment

AA-A AA-A AA-A AA-A low_Chromatic
high_Achromatic | low_Achromatic | high_Chromatic
Central Mean 0.98 1.02 1.00 1.01 1.03
Tendency
Median 0.98 1.02 1.01 1.00 1.04
NORMALITY? Normal Normal Normal Normal Normal
Graphical Histogram N X X N N
Box Plot N Near N X+2 X+1
outliers* outlier
Q-Q plot v \/ v v v
NORMALITY? Normal Near Normal Normal Normal
Measures of Skewness -0.057 0.075 0.185 -0.564 0.762
dispersion o
(within £0.5)
Kurtosis -0.330 -1.322 -0.369 1.870 0.678
(within £1.0)
NORMALITY? Normal Near Normal Not Near
Normal
Statistical
tests
Shapiro-Wilks  statistic 0.992 0.073 0.683 0.120 0.138
level of
significance
Kolmogorov- statistic 0.200 0.111 0.200 0.033 0.044
Smirnov
level of
significance
NORMALITY? Normal Normal Normal Near Near
OVERALL ASSESSMENT NORMAL NORMAL NORMAL NORMAL | NORMAL
OF NORMALITY

* Data Number:8,9
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