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Abstract

The studies presented in this thesis explore opportunities and limitations of
using the method of adjustment for occupant controlled lighting. The method
of adjustment is studied with respect to occupant preferences and energy ef-
ficiency.

The work presents three types of studies using the method of adjustment.
Firstly, there was preliminary laboratory study exploring the influence of day-
light on occupant controlled dynamic lighting in a laboratory office environ-
ment. Secondly, there was non-daylit laboratory study on occupant prefer-
ences for illuminance, and thirdly a scale model study on occupant prefer-
ences for correlated colour temperature (CCT).

The results suggest that the method of adjustment, previously used in the
lighting literature, is not adequate to generalize about occupant preferences
for illuminance or CCT. Factors that influence occupants’ lighting preference
when applying the method of adjustment are identified as: stimulus range,
pre-set anchors, adaptation time and control-output relationship of the light-
ing system.



Resume

Studierne, der preesenteres i denne afhandling, undersgger mulighederne
og begreensningerne ved brugerstyret elektrisk belysning, hvor brugeren har
mulighed for at justere lysniveauet og/eller den korrelerede farvetemperatur
indenfor et givet interval. Denne metode til lysstyring er undersggt i forhold til
brugerpraeferencer og energieffektivitet.

Afhandlingen praesenterer tre forskellige studier af metoden. Farst er dags-
lysets indflydelse pa det foretrukne lysniveau og korreleret farvetemperatur
ved brugerstyret belysning, undersggt i et kontormiljg opbygget i et laborato-
rium. Derefter er dagslyset holdt ude og brugerpraeferencer for lysniveauet
er undersggt ved elektrisk belysning alene. | det tredje og sidste studie er
der opbygget en skalamodel, hvor brugerpreeferencer for korreleret farve-
temperatur er undersggt.

Resultaterne viser, at metoden til justering af belysning, som hidtil er blevet
benyttet i litteraturen, ikke er egnet til at generalisere i forhold til brugernes
praeferencer for belysningsniveau og korreleret farvetemperatur. Der er s&-
ledes fundet fglgende faktorer, som har indvirkning pa det foretrukne belys-
ningsniveau og korreleret farvetemperatur ndr justeringsmetoden anvendes:
intervallet der stilles til radighed, startveerdien, tilpasningstiden (adaptionsti-
den) og forholdet mellem indstillinger og lyskildens output.
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Terms used in this study

This table defines terms and the way general terms are used in this thesis

Correlated Colour
Temperature (CCT)

The CCT is the temperature of a Planckian radiator having the chroma-
ticity nearest the chromaticity associated with the given spectral distri-
bution on a diagram where the (CIE 1931 standard observer based) u',
2/3v' coordinates of the Planchian locus and the test stimulus are de-
picted. [Schanda, 2007]

Dynamic lighting

Refers to variation in illuminance and/or CCT from the electrical light-
ing.

Method of adjustment

The occupant is provided with a control dial to adjust the lighting ac-
cording to his preference.

Anchor

A stimulus presented before an adjustment opportunity.
The stimulus is either illuminance or CCT.

Stimulus range

The range available for the method of adjustment

The stimulus is either illuminance or CCT.

Control output relation-
ship

The relationship between control settings and stimulus (illuminance or
CCT)

Glare

The sensation produced by bright areas within the visual field, which
may be experienced either as discomfort glare or disability glare. [EN
12464-1]




Introduction

The presented report Occupant controlled lighting, Investigation of the meth-
od of adjustment, completes the requirements for obtaining the Ph.D. degree
at Aalborg University. The additional articles all relate to the topic of occu-
pant controlled lighting using the method of adjustment. These are: -Energy
Savings by Individual Dynamic Lighting Control, -Dynamic Lighting Concept
in Danish Office Environment with Daylight Contribution, -Investigating the
use of an adjustment task to set preferred illuminance in a workplace envi-
ronment, -Investigating the use of an adjustment task to set preferred illumi-
nation colour, -Investigation of Occupant Controlled Illuminance. The studies
were conducted at the Danish Building Research Institute (SBi), Department
of Energy and Environment, in close collaboration with Dr. Jens Christof-
fersen, VELUX AJS, DK, and Dr. Steve Fotios, School of Architecture, Uni-
versity of Sheffield, UK.

A great deal of resources have been put into the development of advanced
lighting systems considering the limited knowledge and understanding we
have of what people prefer and are comfortable with. Promising approaches
have been made to establishing relationships between different lighting as-
pects and psychological effects, as well as an occupant's assessment of
lighting quality. With consideration for the occupant’s needs and prefer-
ences, lighting controls represent a great opportunity for high quality, energy
efficient lighting. This thesis focuses on occupant preferences for illuminance
and correlated colour temperature (CCT) in office environments. Prefer-
ences were explored in controlled laboratory situations using the method of
adjustment. Figure 1 presents the course of the work presented in this the-
sis. First, there is a preliminary laboratory study exploring the influence of
daylight on occupant controlled dynamic lighting in a laboratory office envi-
ronment. Article | [Logadottir and Christoffersen, 2008b] describes the first
part of the preliminary study on an occupant-controlled dynamic lighting con-
cept for winter season and Article Il [Logadottir and Christoffersen, 2009] re-
ports the findings for the same study performed in autumn. Following the
preliminary study Fotios’ and Cheal’s [Fotios and Cheal, 2010] work on stim-
ulus range bias associated with the method of adjustment has been pub-
lished, online ahead of print, resulting in collaboration with Dr. Steve Fotios.
The collaboration results in the second part of the thesis, an investigation on
the method applied in the preliminary study and tests were performed on the
method with respect to bias potentials (method studies). The three remaining
articles present the results of the method studies: Article 11l [Logadéttir et al.,
submitted to Lighting Research and Technology] focuses on biases for illu-
minance preference using the method; Article IV [Logadéttir et al., submitted
to Colour Research and Application] focuses on biases for CCT preference;
and Article V [Logadéttir et al., in manuscript] explores the use of the method
of adjustment in illuminance preference research and application.
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Figure 1: The course of the work presented in this thesis

Objectives

The objective of this work is to examine the method of adjustment with re-
spect to occupant preferences for illuminance and correlated colour temper-
ature (CCT) in an office setting. The influence of daylight on occupant con-
trol is examined in a preliminary study. The preliminary study is followed by a
more detailed study where attention is focused on the method of adjustment
and potential biases that accompany the method in illuminance and CCT
preferences. The information gathered in this work is important for a better
understanding of occupant preferences when applying the method of ad-
justment.



State of the art

Dynamic Lighting

There are various ways of defining dynamic lighting. In scenes and fagade
lighting the concept usually includes changing colours, intensity and some-
times forms. Focusing on an office environment in this thesis, we narrow the
definition down to occupant-induced variations of illuminances and CCT.

Effects on humans

Lighting can affect people in different ways. Studies of the biological effects
of lighting on people have focused mainly on the stimulatory effects on dif-
ferent aspects of human behaviour. Gifford [Gifford, 1988] and Biner et al.
[Biner et al., 1989] found that lighting stimulates arousal, and Hanifin and
Brainard [Hanifin and Brainard, 2007] stated that bright light exposure ap-
pears to have an acute stimulatory “alerting” effect on healthy humans. In a
literature review, they conclude that higher CCT lamps induce stronger neu-
robehavioral effects than lower CCT lamps in healthy subjects. Viola et al.
[Viola et al., 2008] found that higher CCT light sources improve self-reported
alertness and performance, while Goérnicka [Gdrnicka, 2008] did not detect
non-visual effects for CCT during the day and further observed that lighting
with very high CCT (17000K) does not seem to be suitable for use in offices.
Gornicka did however find that bright light affects self-reported alertness dur-
ing early office working hours. Furthermore, Boyce [Boyce, 2003] and Veitch
et al. [Veitch et al., 2008] find that the luminous environment may also affect
task performance via mood and motivation. However, research on a pre-
programmed dynamic lighting concept in a well-daylit field study did not es-
tablish the concept as a good means of improving office workers’ health,
well-being or performance [Kort and Smolders, 2010].

Occupant control over lighting may also have an affect on people. Boyce et
al. [Boyce et al., 2000] discovered that offices with lighting control had higher
ratings of lighting quality, and tasks were rated as less difficult. Newsham
and Veitch [Newsham and Veitch, 2001] reported that occupant control over
lighting leads to improved mood and satisfaction by allowing individuals to
attain their preferred luminous conditions. In another study, improved per-
formance on a measure of attention, and improvements in mood, dominance
and arousal were found to be due to the positive effect of receiving and uti-
lizing lighting control [Newsham et al., 2004]. Boyce et al. [Boyce et al.,
20064a] find that people with dimming control show more persistent motiva-
tion over the workday, and Newsham et al. [Newsham et al., 2008] reported
satisfaction with the light level among their subjects who were provided with
occupant controlled lighting.

Energy efficiency

Lighting controls can be used to achieve energy savings. According to
Newsham [Newsham, 2007], all control types save energy, and individual
controls save the least compared to occupancy sensors and daylight har-
vesting.

11
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Estimates of energy savings depend to a great extent on reference condi-
tions. Moore et al. [Moore et al., 2003] and Boyce et al. [Boyce et al., 2000]
estimated savings by comparing the average percentage of energy con-
sumption adjusted by users to the maximum installed load, which led the au-
thors to suggest that there was a significant saving opportunity when aver-
age energy consumption was 54% of maximum installed load for the Moore
et al. study, and 35-42% for the Boyce et al. study. Newsham et al. [News-
ham et al., 2008] and Veitch and Newsham [Veitch and Newsham, 2000]
compared the energy consumption of the tested systems to the consumption
of the system if it was set to provide illuminance levels according to fixed
recommended values. The savings for these two systems were estimated to
be 25% and 10-15%, respectively.

Occupant control behaviour

Previous work suggests that the adjustment of electrical lighting controls is
concentrated at the start and finish of the day [Love, 1998]. People entering
a room at the start of the day will switch on the light and adjust it based on
the visual environment that confronts them. There are indications that people
are not motivated to adjust or turn the lights off until the end of the day. Field
studies show that individual lighting controls are rarely used, but when they
are, they are used to set a preferred light setting, and usually this is only
done at the beginning of the day [Galaciu et al., 2007, Jennings et al., 2000,
Boyce et al., 2006b, Moore et al., 2002, Moore et al., 2003]. Moore et al.
[Moore et al., 2003] compared user behaviour for four types of lighting con-
trol in a field study. They did not find a statistically significant relationship be-
tween external illuminance and occupant controlled luminaire output. In 2001
Newsham and Veitch [Newsham and Veitch, 2001] discovered that prefer-
ence for change is driven by experienced glare from the computer screen,
desktop illuminance and the luminance ratio, and Newsham et al. [Newsham
et al., 2008] found that when using the method of adjustment, the illumi-
nance measured on the desktop is the best predictor of illuminance adjust-
ment in office environment.

llluminance data from method of adjustment

Several studies have used the method of adjustment to explore occupant
control in office environments or office laboratories. Table 1 presents some
of these studies. These studies are both private and open plan offices, with
and without daylight, with one or more adjustable light circuits, with and
without cubicle partitions and generally differently furnished. The table pre-
sents the available electrical lighting range, pre-set anchor (when reported)
and the mean value set in the studies.

One of the studies presented in table 1 is Tenner et al. [Tenner et al., 1997]
who performed two studies with the objectives of identifying a lower limit of
an acceptance band for desktop illuminance. They concluded that occupant
preference for illuminance was very high (on average 800 lux on desktop
from electric lighting), and that an acceptance band was a better approach to
enhancing energy efficiency. The lower acceptance band limit was estimated
by slowly decreasing the set illuminance until the user reacted and increased
the level again. The maximum available illuminance was set by the experi-
menter as 830 lux. If the subject complained or adjusted frequently to maxi-
mum, the available range was increased to 1660 lux and if the same behav-
iour continued, the range was increased further to 3100 lux. The lowest
available range (maximum 830 lux) resulted in average acceptance of 400



lux, the middle available range (maximum 1660 lux) resulted in 700 lux, and
the maximum available range of 3100 lux resulted in 1200 lux from electrical
lighting. Tenner et al. [Tenner et al., 1997] conclude that in order to satisfy
the needs of office workers, high illuminances should be installed, in combi-
nation with a lighting control system in order to achieve maximum flexibility.

Table 1 Overview of studies applying the method of adjustment in office environments or laboratories. The studies are arranged
according to estimated middle of provided range. When the minimum illuminance is not reported, it is assumed to be zero. The ta-
ble informs of office type, if the setup is in a laboratory or a field study, number of adjustable lighting circuits (Nr) and whether day-
light was provided. Anchors, maximum (Max) and minimum (Min) settings are provided as illuminance measures, the middle of the
range (Middle) is estimated from minimum and maximum values and the mean adjusted illuminance (Mean) is shown.

llluminance [lux]

Study Office type  Setup Nr  Daylight Anchor Max Min Middle Mean

Boyce et al., 2000 low Private Laboratory 1 No - 680 7 344 398

Newsham et al., 2008 Private Laboratory 1 Yes 320 700 0 350 355

Veitch and Newsham, 2000 Open plan Laboratory 4 No 500 725 83 404 423

Tenner et al., 1997 low Private Laboratory 1 Yes - 830 0 415 400
Open plan, 200/400/

Newsham et al., 2004, design 1 cubicles Laboratory 1 No 600/800 944 33 489 452

Boyce et al., 2000 high Private Laboratory 1 No - 1240 12 626 518
Open plan,

Boyce et al., 2006b, dimming cubicles Field 1 Yes 365 1176 252 714 458

Tenner et al., 2007 medium Private Laboratory 1 Yes - 1660 O 830 700
Private, 200/400/

Newsham et al., 2004, design 3 cubicles Laboratory 2 No 600/800 1478 188 833 582

Begeman et al., 1997 Private Field >2 Yes - 2000 200 1100 800

Tenner et al., 2007 high Private Laboratory 1 Yes - 3100 0 1550 1200

Boyce et al. [Boyce et al., 2000] applied the method of adjustment in two
small, windowless, private offices. The available illuminance range was max-
imum 1240 lux in one room and 680 lux in another. Within these two ranges,
the subjects set different illuminances. Newsham et al. [Newsham et al.,
2004] performed a study on different lighting designs and two of these (the
ones most relative to this literature review) are shown in Table 1. Design 1 in
their study only included recessed parabolic luminaires with a range up to
944 lux, resulting in a mean settings of 452 lux. Design 3 in their study also
included at task lamp raising the maximum illuminance to 1478 lux and the
mean settings to 582 lux. In another study by Newsham et al. [Newsham et
al., 2008] they provided subjects with an illuminance range up to 700 lux in a
glare-free, daylit office laboratory resulting in subjects setting to an average
of 355 lux.

In the study by Newsham and Veitch [Newsham and Veitch, 2001] they pro-
vided the first half of their subjects with occupant control over four different
lighting systems, and invited them to adjust to their preference in the morn-
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ing and than to perform different tasks during the day. The other half of their
subjects also worked under the light set by the first half of subjects in the
morning. At the end of the day, the subjects who had not set the lighting in
the morning adjusted to their preference. Table 1 shows the results of the
first half of the subjects who adjusted from the initial setting (anchor). After-
wards they used a regression method on the two sets of data, gathered in
the morning and at the end of the day leading them to propose 392 lux as
the preferred desktop illuminance within a range of 0-725 lux.

Begemann et al. [Begemann et al., 1997] provided their subjects with an il-
luminance range of 200-2000 lux and CCT of 2800-5000 K. They conclude
that preferred lighting levels are significantly higher than today's indoor light-
ing standards or on average 800 lux. They further found that the average
preferred CCT was around 3300 K for daylighting levels of around 500 lux
(on desk) and increased to 4300 K for daylighting levels of around 1500 K.

In the search for optimum illuminance, Boyce et al. [Boyce et al., 2006b] ap-
plied the method of adjustment, providing a stimulus range of 252- 1176 lux
on desktop, and the mean chosen illuminance was 458 lux. They also com-
pared their data to that of Newsham and Veitch [Newsham and Veitch, 2001]
and drew the following conclusion: that 350 lux is the optimal illuminance on
desktop. The conclusions from these two studies apply to lighting systems
that provide a uniform pattern of illuminance across the working area. The
recommendations are that a range of 175-700 lux should be available when
providing occupant controlled lighting, and that 400 lux is appropriate as a
fixed light level that is close to the preferred illuminance of the maximum
percentage of people. These results are not in accordance with those of
Tenner et al. [Tenner et al., 1997].

Preferences

The dictionary definition of the word preference is the selection or choice of
one thing over another or others [Hornby, 1974]. In a psychology literature

review, Payne et al. [Payne et al., 1992] concludes that there is ample evi-

dence that preferences are often constructed in response to a judgment or

choice-task.

The psychological literature on judgment focuses mainly on availability, an-
chor and frequency and how these factors influence subjective judgment.
Helson’s theory of adaptation-level [Helson, 1947] presents mathematical
models for perception of a stimulus based on experience. He explains an
adaptation-level as a neutral state, such as being luminance-adapted, Hel-
son’s theory of adaptation level has been partly validated and partly criti-
cised by his colleagues [Parducci, 1959, Parducci et al., 1960, Sarris, 1967].
However, his colleagues seem to agree that available range affects a sub-
ject’s judgment to some degree. Available stimulus range seems to be
judged according to its limits (and in some cases frequency), the lower limit
of a range being perceived as low or small, and the higher limit of the range
as high or great [Wever and Zener, 1928].

Hunt and Wolkmann [Hunt and Wolkmann, 1937] showed how anchoring af-
fects judgment on an affective scale. Since then, significant anchor effects
have been detected in psychophysics by different stimuli [Parducci, 1954].
Tversky and Kahneman [Tversky and Kahneman, 1974] defined anchoring
by saying that different starting points yield different estimates, which are bi-
ased toward the initial values. They stated that anchoring, among other heu-
ristics, leads to systematic and predictable errors.



Occupant control and preferences

Fotios and Cheal [Fotios and Cheal, 2010] compared previous studies of de-
termining preferred illuminances using the method of adjustment. A stimulus
bias was noted within all the data they examined. A stimulus bias results in
the mean preferred illuminance approaching the centre of the available stim-
ulus range. This bias is the result of a fairly equal distribution of data across
the available stimulus range. They showed that studies which provided sub-
jects with high stimulus ranges resulted in high preferred illuminances, and
that studies which provided subjects with lower ranges resulted in lower
mean preferred illuminances. Fotios and Cheal [Fotios and Cheal, 2010]
confirmed this bias by applying the method of adjustment in a scale model
where the subjects were instructed to set their preferred illuminance using a
rotary dial and were not aware that the experimenter changed the range of il-
luminances available in successive trials. Three different ranges were tested
with pre-set anchors near the minimum and maximum limits of the provided
range. Their results were that mean preferred illuminance in each range ap-
proached the centre of the range. The larger the range provided, the higher
the mean preferred illuminance. They also identified significant anchor effect
in their studies, where higher pre-set anchors resulted in higher preference
estimates and vice versa.

Studies concerned with occupant controlled lighting seem to agree that there
is a wide variance in illuminance choice between individuals [Boyce et al.,
2006b, Newsham et al., 2004]. However the variance may be due to a cen-
tering bias within the data.

Table 1 suggests there may be a tendency for illuminance settings to grow
with the illuminance interval and also suggests that the anchor may influence
the settings. The study of Tenner et al. [Tenner et al., 2005] indicates a
stimulus range bias, where the minimum acceptance rises with the provided
range. The study of Boyce et al. [Boyce et al., 2006b] provides a large range
of desktop illuminances of 252- 1176 lux where the mean chosen illumi-
nance is 458 lux. The question remains whether the relatively low chosen il-
luminance within this range is the result of a low anchor of 366 lux.

Newsham et al. [Newsham et al., 2005] report a significant anchor effect
where a higher anchor leads to higher mean settings. Juslén found contro-
versial results regarding the anchor effect. Juslén [Juslén, 2005] first ob-
served 11 subjects' preferences for the anchor control settings of 10% and
100% for four months, changing anchor settings every second week. The
low control setting resulted in an average of 1340 lux and a high of 1370 lux.
The stimulus range was not reported. However, in the following year Juslén
[Juslén,2006] found a significant anchor effect (p<0.01) where anchors of
310-400 lux resulted in settings of around 500 lux and anchors of 740-990
lux resulted in settings of around 850 lux. Osterhaus and Bailey [Osterhaus
and Bailey, 1992] applied the method of adjustment to identify the borderline
between different glare thresholds for the brightness of a light source sur-
rounding a PC screen. They presented subjects with different anchors, and
their results show that higher anchors lead to higher estimates of the thresh-
old luminance.

Despite these indications of methodological effects on the results due to the
method of adjustment, many studies that apply the method omit information
on the available stimulus range and/or anchor. This work will further investi-
gate potential biases related to the method of adjustment.

15
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Occupant Controlled Lighting

General introduction

Occupant preferences for illuminance and correlated colour temperature
(CCT) in office environment were investigated using the method of adjust-
ment, and considerations of energy efficiency were on the agenda. The liter-
ature presents divergent data on illuminance preferences in offices [Tenner
et al., 1997, Newsham and Veitch, 2001, Boyce et al., 2006b] and therefore
also suggests different approaches to achieving energy efficiency by means
of preferred illuminance.

This work begins with a preliminary study based on previous work, Article |
[Logadéttir and Christoffersen, 2008b], where the method of adjustment is
applied to a commercial dynamic lighting concept installed in a laboratory.
Occupant control dependency of daylighting was of special interest. Subjects
were prompted to use the controls every half hour for one day, because pre-
vious studies have shown limited use of lighting controls [Galaciu et al.,
2007, Jennings et al., 2000, Boyce et al., 2006b, Moore et al., 2003]. By
prompting subjects to adjust every half hour, data was gathered according to
the varying daylight contribution throughout the day. Occupant control of the
lighting system was recorded and questionnaires used to obtain further in-
formation on occupant experience of the lighting system. The questionnaire
data is outside of the scope of this work.

The preliminary study was reviewed according to the findings of Fotios and
Cheal [Fotios and Cheal, 2010] on stimulus range bias associated with the
method of adjustment. It was decided to further explore the method of ad-
justment with respect to occupant preferences for illuminance and CCT, fo-
cusing mainly on identifying bias potentials in the method of adjustment.
Fotios and Cheal [Fotios and Cheal, 2010] discovered a stimulus range and
anchor affect when using the method of adjustment to identify illuminance
preferences using a scale model. In the presented work these effects were
further explored in a laboratory furnished as an office, and in a scale model
for CCT. Additional variables of the experimental design that were also of in-
terest were adaptation time and control dial. As discussed in Article IlI
[Logaddttir et al., submitted to Lighting Research and Technology] the litera-
ture regarding the CCT - illuminance relationship was considered mislead-
ing, due to the divergent data it presents, so this possible bias was also test-
ed within this work.

According to Newsham et al. [Newsham et al., 2008] the illuminance meas-
ured on the desktop is the best predictor for illuminance adjustment in an of-
fice environment using the method of adjustment. Desktop illuminance is
therefore reported in this work as the illuminance adjustment variable.



Preliminary study

(Detailed description in Article | [Logadéttir and Christoffersen, 2008b] and
Article 1l [Logadéttir and Christoffersen, 2009])

Introduction

An experiment was designed with the intention of identifying an energy-
efficient, user-accepted approach to a dynamic lighting concept. This was
done by exploring occupant control for one type of dynamic lighting concept
in two different seasons. The first part of this study, done in winter, had al-
ready been performed and documented in a master’s thesis [Logadattir,
2007, Logadottir and Christoffersen, 2008a, Logadéttir et al., 2008b]. The
objective of the first part of the study was to obtain knowledge of how occu-
pants applied the concept and how the concept was experienced, as well as
accounting for energy use. The study was performed from December 2006
to March 2007. Fifty subjects spent one working day each in a laboratory
test room where they performed ordinary office work and chose their own
light setting, using the method of adjustment, every 30 minutes throughout
the day. The illuminance range provided on desktop was 57 to 1270 lux, and
CCT measured vertically at the estimated eye-level position was 2900-
5500K. At start of the day, the lighting was set at 500 lux and 3500K. The
results showed that controls were utilized to some extent to vary light levels
according to daylight contribution, with a mean illuminance value on desktop
extending the recommended practice value. CCT was chosen depending on
personal preferences. Most of the subjects recorded using the controls, de-
pending on daylight condition and their task. Subjects found it important to
have the opportunity to adjust light levels as well as the illumination colour.
The study did not achieve energy savings compared with a fixed light level of
500 lux on desktop according to recommended values.

There were three main focuses in the second part of the study. In the first
place, to explore whether there were different ways of applying the dynamic
lighting concept between seasons. Secondly, whether energy savings would
be achieved for autumn compared to winter, and thirdly to confirm diversity
within individual illuminance and CCT preferences. For further details, see
Article | [Logaddttir and Christoffersen, 2008b] and Article Il [Logadottir and
Christoffersen, 2009].
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Figure 2: Experimental set-up in the laboratory. Subjects are placed in Room A and photometric record-
ing instruments in Room B. Symbols indicate the location of illuminance meters, horizontal (squares)
and vertical (black dots). [Logadéttir and Christoffersen, 2009]
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Study Setup

Both the winter and autumn trials were performed in SBi's daylight laboratory
(see Figure 1) in Hoersholm Denmark, 56°N and 12°E. Inside the laboratory
there were two identical, experimental rooms located side-by-side, one room
for subjects (Room A) and the other for researchers and photometric meas-
uring equipment (Room B). This allowed detailed lighting condition data to
be collected. The experiment was carried out for autumn from 4 September
to 24 October 2008. Figure 3 shows a subject in room A participating in the
study. The window dimensions and position were 3.5 m wide and 1.4 m
high, with a sill height of 0.78m. White venetian blinds were controlled by the
researcher in both rooms simultaneously in order to prevent glare from the
windows.

Lighting system

The lighting system was identical in both rooms. In each room, three lumi-
naries (ceiling-mounted direct) were installed, each containing three TL5
tubes with a general colour rendering index of R, 85. Of the three tubes, two
were 6500 K tubes and one was a 2700K tube. The voltage of the electricity
supplied to these lamps was stabilized at 230V throughout the study. The
lamps were operated on electronic dimming ballasts by a commercial light-
ing control system [Multidim]. The subjects were provided with a control box
to adjust the illuminance and/or CCT by controlling the output from the two
types of tubes, either simultaneously by means of a rotary control dial or in-
dividually with a double slider. The rotary dial provided an illuminance range
of 3% to 100% in one complete turn, but this was open ended so that there
were no obvious physical limits to the range. The double slider was adjusted
for the same range, and the physical limits of the range were apparent.



The control box was placed on the desktop in front of the subjects, who ad-
justed the light setting in both rooms simultaneously. The illuminance condi-
tions in the two rooms were identical to within 3%. The lighting system pro-
vided 57 to 1270 lux on the desktop; a maximum of ~ 860 lux when using
only the 6500K tubes and maximum ~ 400 lux when using only the 2700K
tubes.

Subjects

A total of 22 subjects participated in both seasons (11 male and 11 female),
their age ranging from 22 to 36 years. This was a repeated measures de-
sign. During the autumn season, 22 of the 50 subjects (participating in the
winter trials) returned 18 months later to perform exactly the same procedure
in the same set-up as before. In the data analysis, subjects who did not par-
ticipate in the autumn trials were excluded. All subjects reported having
normal or corrected-to-normal vision, and only one subject occupied the la-
boratory on each test day.

Figure 3: subject participating in the preliminary study

Measurements

Global total and diffuse illuminance and irradiance measurements were rec-
orded by an exterior meteorological station located on the roof of the labora-
tory. The interior position of illuminance meters is shown in Figure 1. The
photometric equipment in Room B was mounted on a tripod at the approxi-
mate level of the occupant’s eyes (1.2m). The equipment included a vertical
illuminance sensor, a spectrometer and a digital camera calibrated as a lu-
minance camera (yielding pixel-by-pixel luminance measurements). The en-
ergy use for lighting, luminance and light spectrum was recorded 23 times
during the day, immediately before and after subjects changed the light set-
ting by means of the remote control box.

The light spectrum measurements were presented by the CCT of the spec-
trum. Mixing two different CCT fluorescent tubes and the reflection from dif-
ferent surfaces in the room resulted in a CCT value outside the definition for
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CCT [CIE, 2004]. Nevertheless, CCT values were used because the CCT
values made it easier for the reader to relate to warm or cold colours rather
than u' and v' chromaticity coordinates. Borbély et al. [Borébly et al., 2001]
state that CCT is nothing more than a shorthand description of whether the
light is bluish white, neutral or reddish white. In this study, the CCT values
were used as a rough estimate of cold or warm colours only.

To distinguish between measured illuminance and CCT, which includes
electrical lighting and daylight contribution, a model had been made for con-
trol-setting position and luminaire output. The model was based on meas-
urements after blocking out daylight. In the illuminance data, the daylight
component was the difference between the measured values during tests
and the measured electric lighting component for the corresponding control
setting.

Procedure

This project was carried out in cooperation with National Research Council
Canada (NRC) and Lawrence Berkeley National Laboratory (LBNL), USA.
The method applied was the method of adjustment, and the procedure was
adapted to the Newsham et al. [Newsham et al., 2008] study on occupant
lighting control in a daylit space.

The experimental session in the laboratory started between 8:45 and 9:15
am. During this period, the lighting equipment was introduced, the subjects
answered Part 1 of a questionnaire (which is outside the scope of this work)
and tested the remote control box. Before the subject's arrival, the electric
lighting was set by the researcher to provide a desktop illuminance of ~500
lux and CCT of ~3500 K. The subjects were told that they could only change
the lighting scenario when invited to do so by the researcher; the invitation
came every 30 minutes, beginning at 9:15 am. The researcher took lumi-
nance photos, measured the light spectrum at eye level and registered the
energy use immediately before and after the subjects chose their preferred
light setting. There were no breaks other than the lunch break (from 12:00 —
12:30). When subjects returned from lunch, the light level on the desktop
was adjusted by the researcher to maintain a maximum of 500 lux, and the
CCT value was kept as far as possible at the same level as that chosen be-
fore lunch. The final control opportunity occurred at 15:15. At the end of the
day, the subjects completed Part 2 of the questionnaire, which included
guestions on how they used the controls and on their satisfaction with vari-
ous aspects of the indoor and lighting environment. Information on light sen-
sitivity and chronotype was collected but is also outside the scope of this
work.

Results

The results on illuminance and CCT are not statistically tested due to the
strong relationship between the illuminance and CCT adjustment. We do not
know which variable the subject was aiming to adjust (or if he intended to
adjust both), and therefore a descriptive report of the results is provided in-
stead of statistically testing a presumably meaningless variable rather than a
dependent variable. The highly variable daylight contribution would also
have been a difficult confound within the statistics.

An average illuminance value for all 11 trials per day for all 22 subjects
amounted to 1098 lux for winter trials and 1381 lux for autumn trials, thus
relatively 26% higher in autumn than winter. The electric lighting contributed
629 lux of this measure during the winter season and 630 lux during the au-
tumn season, and was thus seasonally independent. Figure 4 shows a trend



line for the average of all 22 subjects where the measured illuminance
throughout the day is split into an electrical lighting component and a day-
lighting component for both seasons. The figure shows the difference in the
daylight contribution, the electrical lighting chosen being fairly stable be-
tween seasons.
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Figure 4 llluminance measured on desktop for winter and autumn seasons split between electrical light-

ing component (EL) and daylighting component (DL).

An average CCT value for all 11 trials per day for all 22 subjects amounted
to 4700 K for winter trials and 5080 K for autumn trials. The average CCT
value for all trials for the electric lighting component was 4060 K during the
winter season and 4030 K during the autumn season, and was thus season-
ally independent.

The installed lighting power density was 26 W/m?, which was much higher
than the recommended installed lighting power density in office environ-
ments in Denmark. The average lighting power density amounted to 13.1
W/m? for the winter trials, compared to 13.3 W/m? for the autumn trials, and
was thus independent of season.

Discussion

According to the electrical lighting results, users preferred the same mean il-
luminance and CCT, independently of the daylight contribution for the two
different seasons. Daylight contribution was on average 469 lux on desktop
in the winter trials, while it averaged 751 lux for the autumn trials. The results
therefore did not result in energy savings in autumn compared to winter. The
same interval and pre-set anchor was used in the two trials, and according
to Fotios and Cheal [Fotios and Cheal, 2010] the results show strong indica-
tion of stimulus-range bias, both within the illuminance range and the CCT
range. It is not known whether one is the result of the other due to depend-
ency between the two variables using this lighting system. Further work
therefore focused on possible biases within the method applied.
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Laboratory Studies on Occupant Preferences

llluminance preferences using the adjustment task
(Detailed description in Article Ill [Logadottir et al., Lighting Research and
Technology] and Article V [Logadéttir et al., in manuscript])

Introduction

According to Fotios and Cheal [Fotios and Cheal, 2010] the preliminary
study indicated a stimulus range bias when determining preferred illumi-
nance. The psychology literature [Parducci et al., 1960, Tyversky and
Kahneman, 1974] supported Fotios’ and Cheal’s findings in different ways.
Preference is based on judgment [Payne et al., 1992], and Parducci puts it
well when he refers to the relativism of absolute judgment [Parducci, 1968].
This gave reason to further explore the influential parameters for preference
when applying the method of adjustment.

This test was designed to investigate the effect of stimulus range, pre-
adjustment anchor, CCT, adaptation time and internal consistency when ap-
plying the method of adjustment to determine occupant preferences for illu-
minance in an office setting (see Atrticle Il [Logadéttir et al., submitted to
Lighting Research and Technology] for detailed information). Of further in-
terest was the satisfaction rating for an energy efficient application using the
method of adjustment (see Article V [Logadottir et al., in manuscript] for de-
tailed information).
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Figure 5: Plan of the test rooms used for the illuminance adjustments. The left room shows the locations
of the luminaires; the right room shows the location of the seven illuminance measurements used to
compare spatial distributions. All windows were shielded and the doors closed during the study to ex-
clude daylight and external views. [Logadbttir et al., submitted to Lighting Research and Technology]



Study setup

The test was carried out in the same laboratory as described in the section
on the preliminary study, and the setup inside the room is shown in figure 5.
Daylight was excluded by shielding the windows. Figure 6 shows a subject
using a mask between trials. During trials, the mask was removed, and read-
ing task and control dials were their assignment. The computer and task light
were turned off during the study.

Figure 6: Subject wearing mask between trials. Reading task and controls are placed in the immediate
vicinity, computer and task light were turned off during the study.

Lighting system

The lighting systems in each room were identical and the same as used in
the preliminary study, however this time all three luminaires in a room con-
tained the same CCT fluorescent tubes. Each room was lit by one CCT at a
time, nominally 3000K, 4000K and 6500K, all having a general colour ren-
dering index of R, 85.

The researcher set the anchors and changed the stimulus range (i.e. the
number of tubes being adjusted) by means of the DALI based lighting-
control software [Multidim]. Subjects adjusted the illuminance within the pro-
vided range with the same rotary dial used in the preliminary study (see Fig-
ure 6), the double slider was not idle in this study.

Subjects

A total of 36 naive subjects took part in the study. These were 16 males and
20 females, aged 20 to 67 years (mean 27.7 years, std dev 9.9) and were ei-
ther university students or office workers. All subjects reported normal colour
vision except one, who reported red-green colour deficiency. Subjects were
instructed to wear vision-correcting lenses if they were normally worn in of-
fice work situations.
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Measurements

Desktop illuminance was measured for all three CCT, and there were three
measurements for each CCT (3x3) for control settings from 3% to 100%
within all three ranges (3x3x3xcontrol setting). The reported illuminance
measurements are the mean of all these parameters. The maximum differ-
ence in illuminance between the two rooms at any one point was 6.8%. The
measuring points are shown in Figure 5. The maximum CCT difference be-
tween the two rooms was 2% for lamps of nominally the same CCT. The
measurements were performed using a reference white on task location.

Procedure

A detailed description of the procedure is presented in Articles 1l [Logadottir
et al., submitted to Lighting Research and Technology] and V [Logaddttir et
al., in manuscript].

The following is a summarized description of the way the different parame-
ters were tested:

CCT

To investigate interaction between CCT and illuminance preference, the ad-
justment task was carried out using lamps of three different CCT (3000K,
4000K and 6500K). Only two test rooms were available, so the researcher
changed the tubes in one of the rooms during the break. The different CCT
tubes were installed randomly in the two rooms.

Stimulus range

To confirm the presence of a stimulus range bias in the current study, the
adjustment task was repeated using different stimulus ranges. Three differ-
ent stimulus ranges were created by varying the number of active lamps in
each luminaire, i.e. one lamp (range R1, the central tube), two lamps (range
R2, the outer two tubes), or all three lamps simultaneously (range R3).

Anchor

To confirm the presence of anchor bias in the current study, the adjustment
task was repeated using different anchors within the stimulus ranges. Three
anchors within a range were chosen.

A low anchor (Al) was approximately the same across all three sizes of
stimulus ranges. This presented an opportunity to compare an anchor
across stimulus ranges.

A middle anchor (A2) was set at a 50% control setting position within all
three ranges a method previously used by Boyce et al. [Boyce et al.,
2006b]

A high anchor (A3) was set at 90% control setting position. 90% was cho-
sen instead of 100% in order to avoid giving the impression that a down-
ward adjustment was the only preference option available, thereby de-
termining a subject’s preference to some degree.

In an attempt to minimize a sequential anchor bias (a subject comparing his
perception of the previous adjustment task to the anchor set by the re-
searcher), subjects were asked to use a mask while the researcher set the
next anchor (see Figure 6).

Internal consistency



In order to establish whether subjects were consistent in their choices within
one context, the researcher set the middle anchor (A2) twice within all stimu-
lus ranges.

Adaptation time

Two levels of adaptation were used, and they were examined between sub-
jects. Half of the test subjects (luminance adapted subjects) were instructed
to wait for five minutes after removal of the eye mask before attempting the
adjustment task. The other half of the test subjects (non-adapted subjects)
were instructed to carry out the adjustment immediately after removing the
mask.

Satisfaction with estimated preference

At the end of each CCT session, the test subject was presented with a fixed
light level and asked to report his satisfaction, thus giving 36 subjects x 3
CCT's judgements of satisfaction. This illuminance was the mean illumi-
nance which they had set in a total of four anchor trials (the three anchors
and the repeated one) with the lowest of the three illuminance ranges. One
half of the test subjects were informed that this was the mean of their set-
tings (informed subjects), the other half were not (not-informed subjects).
Satisfaction was reported using a three-category response scale: (1) they
would prefer less light, (2) they were satisfied with the light level, or (3) they
would prefer more light.

Test subjects were informed that they were participating in a study of user
preferences for light levels in an office environment. After entering the first
test room and sitting at the desk, they were given instructions regarding the
task and use of the eye mask between trials and were given the opportunity
to try the dimming control device. The light setting at this time was the first
experimental setting for that test subject and was therefore balanced across
subjects. Subjects were instructed to adjust the amount of light in the test
room to the level they would prefer while reading a text placed flat on the
desk surface and this was done using the rotary control device placed on the
desk.

This was a repeated measures design; all test subjects were presented with
the 36 combinations of stimulus range (3), CCT (3), anchor (3 plus one re-
peat), the repeat anchor being anchor A2. When a test subject entered a
room it was lit by only one CCT, and tests using all combinations of stimulus
range and anchor were completed for that CCT before moving to the adja-
cent room set up with a different CCT. At the end of each CCT trial, the
mean value of all four anchors within the lowest range (R1) was presented to
the test subject, and she was asked to rate whether she was satisfied, or
wanted more or less light. The three anchors were carried out in a balanced
order (plus the repeat anchor), and this was repeated for the other two illu-
minance ranges, these being experienced in a balanced order. Subjects
were not informed that the ranges or anchors were being changed.

Results

Due to non-normally distributed data, analyses were performed primarily us-
ing non-parametric statistical tests. Non-parametric tests are sometimes less
effective than parametric tests in revealing differences, and therefore the
analyses were repeated using parametric tests for confirmation. Data anal-
yses were performed using SPSS version 18, and the detailed description of
analysis is reported in Article Il [Logadottir et al., submitted to Lighting Re-
search and Technology].
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The main results are the following:

1 The CCT did not affect the illuminance preference results obtained in this
study. All three CCT 3000K, 4000K and 6500K produced similar prefer-
ence results.

2 Different stimulus ranges lead to significantly different estimated pre-
ferred illuminances. In each case, the higher stimulus range (i.e. higher
maximum value available) lead to the higher preferred illuminance.

3 The three different anchors provided significantly different results within
each stimulus range, which demonstrates that the illuminance immedi-
ately preceding the adjustment task within the method of adjustment in-
fluences the results obtained. The lowest anchor Al (which was the
same anchor for each range) does not suggest a stimulus range bias but
rather suggests similar preferred illuminance for all three ranges.

4 Subjects displayed a reasonable degree of consistency in their preferred
illuminance adjustments within a particular stimulus range, anchor and
CCT.

5 The subjects who were luminance-adapted for 5 minutes did not prefer
different illuminance levels to those of subjects who adjusted immediately
(non-adapted subjects) except within the low range (R1), where adapted
subjects preferred significantly lower illuminance.

6 The test subjects would have preferred more light than presented to
them, despite the presented illuminance being derived from the preferred
illuminances they had personally set. The subjects who had previously
adjusted within the lowest range were those who were most pleased with
their presented level. There was no difference in satisfaction between
subjects who knew of their contribution to the illuminance and those who
did not.

Discussion

The experimental results show that both stimulus range and pre-adjustment
anchor have significant influence on preferred illuminance set by adjustment,
confirming the previous results of Fotios and Cheal [Fotios and Cheal, 2010].
Stimulus ranges with a higher maximum limit yield higher estimates of pre-
ferred illuminance. Within a given range, an anchor of higher illuminance
leads to a higher setting of preferred illuminance.

Different estimates of preferred illuminances within a range produce different
results. If the results are estimated using only one anchor, this anchor signif-
icantly influences the preference within the range. Furthermore, if results are
estimated using the mean or median of two or three anchors, these methods
are also shown to significantly affect the results for this non-linear control
output relationship.

The consistency in choices within CCT, range and anchor suggests that sub-
jects do present an individual preference within the context and are not just
randomly setting the illuminance.

This test confirms the context-specific results that can be expected using the
method of adjustment.



CCT preferences using the adjustment task
(Detailed description in Article IV [Logaddttir et al., submitted to Colour Re-
search and Application])

Introduction

The Preliminary study (described in a previous section) not only suggested a
stimulus range bias in the illuminance adjustments, but also in the CCT ad-
justments. It is not clear whether the stimulus range bias indicated for the
CCT was the result of the illuminance range bias. The reason for this doubt
is the strong relationship between the illuminance and CCT adjustments in
the lighting system used in the preliminary study. The psychological litera-
ture establishes judgment bias with different types of stimulus [Parducci,
1954], and it was therefore decided to further explore possible influential pa-
rameters when determining CCT preference using the method of adjustment
in a scale model.

The test was designed to investigate the effects of stimulus range, pre-
adjustment anchor, type of control dial, adaptation time and internal con-
sistency when applying the method of adjustment to determine occupant
preferences for CCT.

Study setup

The test was carried out by subjects sitting in front of a scale model as
shown in Figure 7. The dimensions of the visible space were: width 1.1 m,
length 1.1m and height 1.1 m, similar in size to that used by Fotios and
Cheal [Fotios and Cheal, 2010]. Daylight was excluded, because the study
was performed in a windowless laboratory. The internal surfaces of the scale
model were painted white, and typical desktop materials were used to give
the impression of an office desk. The luminaires were placed behind the
front screen of the scale model, where they were not visible to test subjects,
thus avoiding any significant magnitude of glare.
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Figure 7: Subject performing the adjustment task for preferred CCT while reading a text in the scale
model.

Lighting system

Lighting was provided by two identical, specially developed LED luminaires.
To gain continuous variation in CCT by means of the control dial operated by
test subjects, each luminaire contained an array of white and coloured LEDs
that could be varied. The LED array permitted task CCT to be set in the
range of 2736K to 4014K while keeping the general colour rendering index
higher than 92 over the entire range.

- —

3
Figure 8: On the left is the subject’s control box with the two rotary control dials, analogue on the left,
digital to the right. The experimenter’s control box was on the right.

Test subjects used a rotary dial placed on the desk in front of them to adjust
CCT. Two types of dials were used, analogue and digital (see Figure 8). The
analogue control dial was a one-turn potentiometer, meaning that the full
variation of any range was achieved in a single 360° movement. This dial
had physical limits at each end of the control action, so test subjects were
aware that they could not adjust beyond the maximum and minimum points.
The digital control dial was an incremental encoder, an open ended control
that gave no indication of the stimulus end points, i.e. it could be turned in-



definitely. It was set to cover the full variation of a stimulus range in three
turns of the rotary dial.

The experimenter selected the type of control dial and the stimulus range by
electric control independently of that used by the test subject (see Figure 8).
The experimenter controlled which dial was activated by the pin (turning left
or right) and which range was activated by the three-turn dial above. On the
information screen, information about which dial was active, which range
was active and the CCT provided by luminaires was displayed at all times.

Subjects

The participants in this study were the same 36 subjects who participated in
the llluminance adjustment study reported previously.

Measurements

The CCT measurements were performed 220 mm above the floor of the
scale model, facing the task, and the reported values of CCT are thus the
LED spectra as modified by reflectances in the test apparatus. Due to stabil-
ity in control-output parameters, it was not necessary to perform as many
measurements for each parameter (range, control, etc.) as it had been when
measuring output from fluorescent tubes. The illuminance and CCT were
measured and confirmed by Risg-DTU. Measurement data are listed in Arti-
cle IV [Logadéttir et al., submitted to Colour Research and Application].

Procedure

This test examined some of the same parameters for the method of adjust-
ment as performed previously for the illuminance preference study, such as
stimulus range, anchor, consistency and adaptation time. In addition, a dif-
ferent type of control dials was tested. The following are the parameters
tested and a summary description of how they were tested:

Stimulus range

In the current study, a different method was applied for estimating stimulus
range bias than previously used in the illuminance study. Range R3 allowed
test subjects to set a CCT in the range of 2736 to 4014K, i.e. the entire
range available with this apparatus. If the setting of preferred CCT followed a
centering bias, the mean preferred CCT in this range would be approximate-
ly 3375K. Ranges R1 and R2 provided 2736 - 3530K and 3284 - 4014K, re-
spectively, and thus each range included the central value of R3.

Anchor

To confirm the presence of anchor bias in the current study, the adjustment
task was repeated using different anchors within the stimulus ranges. Three
anchors within each range were chosen.

The low anchor (A1) was set at 10% of the control setting for all three
ranges

A middle anchor (A2) was set at a 50% control setting position within all
three ranges

The high anchor (A3) was set at 90% for all three control ranges
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A mask was also used in this study to minimize potential sequential anchor
bias.

Internal consistency

To establish whether subjects were consistent in their choices within a con-
text, the researcher set the middle anchor (A2) twice within all stimulus
ranges.

Adaptation time

Two levels of adaptation were used, and this was examined between sub-
jects. Half of the test subjects (luminance-adapted subjects) were instructed
to wait for five minutes after removal of the eye mask before attempting the
adjustment task. The other half (non-adapted subjects) were instructed to
carry out the adjustment immediately after removing the mask.

Control type

The existence of a physical limit and the number of turns to cover the stimu-
lus range using a control dial was tested within subjects. This experiment
would therefore reveal whether differences in movement of the control dial
affected settings of preferred CCT.

Test subjects were informed that they were participating in a study of user
preferences for illumination colour in office environment. After entering the
laboratory and sitting down in front of the scale model, they were given the
opportunity to use both types of control dial to experience the control action
and resulting variation in CCT. The light setting at this time was the first ex-
perimental setting for that subject and was therefore balanced across sub-
jects. Subjects were instructed to adjust the illumination colour inside the
scale model to their preferred level using the rotary control device while
reading a text placed flat on the floor of the model, as in the previous study.

This was a repeated measures design, where all test subjects carried out the
adjustment tasks with all 24 combinations of stimulus range (3), control dial
(2), anchor (3 plus one repeat), anchor A2 being the repeated anchor. When
a test subject entered the laboratory, the scale model was lit and one of the
two control dials was activated. The order in which the control dials were
used was balanced across subjects. Whether or not a subject was 'adapted'
was also balanced between subjects. The trials using all 12 combinations of
stimulus range and anchor were completed for that control dial before
changing over to the second control dial. The anchor adjustment trials within
one CCT range were carried out in a balanced order (plus the repeat an-
chor) before moving on to the next CCT range. The order in which the three
CCT ranges were used was counterbalanced. Subjects were not informed
that the ranges or anchors were being changed.

Results

Determination of whether the data in this study was drawn from a normally
distributed population was carried out by analysis of graphical and statistical
methods. The results are shown in Table 4 Article IV [Logadottir et al., sub-
mitted to Colour Research and Application]. In the case of normally distribut-
ed data, parametric tests were used, i.e. ANOVA and the t-test. When the
data was not considered normally distributed, it was initially analysed using
non-parametric statistical tests. Conclusions were drawn by using these
tests and were subsequently reviewed using parametric tests. Data analyses
were performed using SPSS version 18 and in Article IV [Logadottir et al.,
submitted to Colour Research and Application], the analysis is described in
more detail.



The main results are the following:

1 Different stimulus ranges lead to significantly different estimated CCT
preference.

2 The three different anchors provided significantly different results within
each stimulus range. This demonstrates that the CCT immediately pre-
ceding the adjustment task influences the results obtained.

3 Subjects displayed a reasonable degree of consistency in their preferred
CCT adjustments within a particular stimulus range, anchor and control
dial.

4 Chromatically adapted subjects (5 minutes adaptation) preferred signifi-
cantly lower CCT than subjects who adjusted immediately (non-adapted
subjects).

5 The different control dials did not produce significantly different CCT
preferences according to the method of best estimate (explained in Arti-
cle Il [Logaddttir et al., submitted to Lighting Research and Technology])

Discussion

The experimental results show that both stimulus range and pre-adjustment
anchor have significant influence on preferred CCT set by adjustment. High-
er stimulus range yields a higher estimate of preferred CCT than does a
lower range, and a large range produces more variance in the results than
do smaller ranges.

Different estimates of preferred CCT within a range did not produce different
results in all cases. Taking a mean or a median of two or three anchors as
well as comparisons to the middle anchor resulted in similar results. This is a
different result from that of the illuminance preferences study and is consid-
ered to be the cause of different control-output relationships, the control-
output relationship being linear for the presented test and unlinear for the il-
luminance test. However, if the results are estimated using only one anchor,
this anchor significantly influences the preference within the range.

The consistency in choices within the control dial, range and anchor sug-
gests that subjects do present an individual preference within the context
and are not just randomly setting the CCT.

This test further confirms the context-specific results that can be expected
using the method of adjustment.
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Discussion

Method of adjustment

The results of the studies presented in this thesis demonstrate that the re-
sults gained from using the method of adjustment are dependent on the con-
text of the study setup. The significant effects on the results have been iden-
tified as the stimulus range available and the anchor. Another confounding
factor is adaptation time before adjusting CCT.

The context-specific results demonstrate that the method of adjustment is
not adequate in research to identify a generally preferred illuminance or CCT
value. The larger the stimulus range provided, the larger the variance ob-
tained in the data, which results in the mean preference approaching the
middle of the stimulus range. However, this stimulus-range bias can be used
intentionally in application to design a range with an objective.

The anchor is a difficult variable when applying the method of adjustment in
research. The higher the anchor is set within a range, the higher the esti-
mated preference within the range. Different anchor treatments (mean or
median values of anchors) to estimate preference can also have significant
effects on the results. The results presented in Articles Ill [Logadottir et al.,
submitted to Lighting Research and Technology] and 1V [Logadéttir et al.,
submitted to Colour Research and Application] suggest that when using a
linear control-output relationship within the lighting system, the results are
more consistent between anchor treatments than for a non-linear control-
output relationship. Furthermore, the middle anchor is the anchor most likely
to produce normally distributed data, which is convenient for data analysis.

The effect of anchor also presents an opportunity for application. One exam-
ple is given in Article Il [Logadottir et al., submitted to Lighting Research and
Technology] where it is suggested that the preference results for the low an-
chors (70 lux on desktop) were independent of range size, presenting an
opportunity for energy efficiency.

In Article V [Logadéttir et al., in manuscript], it is suggested against using the
method of adjustment in research to identify the recommended illuminance
levels in offices. The article further suggests that using the method of ad-
justment could result in occupants choosing lower light levels than recom-
mended today while still remaining satisfied.

The results of the preliminary study on the effect of daylight on occupant
preferences suggest that the stimulus-range bias exists and is independent
of season. Further work on occupant controlled lighting should focus on limit-
ing the available range, utilizing a relatively low anchor within the stimulus
range and simultaneously testing for satisfaction.



User preferences

The results of the studies presented in this thesis have confirmed the find-
ings of Fotios and Cheal [Fotios and Cheal, 2010], and the conclusion is that
the method of adjustment is not adequate to determine an absolute value for
user preferences for illuminance or CCT. However, Payne et al. [Payne et
al., 1992] discovered that when using different methods to determine prefer-
ences (i.e. choosing from a group or adjusting to a personal preference), in-
dividuals apply different approaches when determining their preference. This
is not the only cause of variance, since even when applying only one meth-
od, individuals use different strategies to determine their preference. The
variance in results from applying different methods complicates the search
for a small set of underlying principles that could describe the behaviour that
determines preference. However, Payne et al. [Payne et al., 1992] state that
using an unstructured intuitive approach to judgment may be even more bi-
ased. The authors also suggest that decisions might be improved through ei-
ther more straightforward changes in information environments or more
complicated methods of decision analysis, such as decision-procedure mod-
els or the provision of decision aids, where the method is matched to the in-
dividual. One example of such a model is a context-dependent model pre-
sented by Tversky and Simonson [Tversky and Simonson, 1993]. Their
model provides a framework for analyzing context-dependent preferences.
However, they state that the analysis of context effects in perception has
produced numerous examples of individuals performing unnecessary com-
putations and attending to irrelevant aspects of the situation under study,
thereby complicating rather than simplifying the task.

Scientists are still trying to understand the underlying behaviour that deter-
mines preferences. For example, Palmer and Schloss [Palmer and Schloss,
2010] present an ecological valence theory of human colour preference that
is based on people’s average affective responses to colour-associated ob-
jects. The researchers performed a large-scale study aimed at understand-
ing human colour preference in which they applied a massive repeated-
measures design for different tasks related to colour affectiveness. These
tasks included colour-preference, colour-appearance, and colour-emotion
rating tasks.

Future research on lighting preferences should consider a multi-method ap-
proach.
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Summary

The studies presented in this thesis have confirmed the findings of Fotios
and Cheal [Fotios and Cheal, 2010] that stimulus-range bias and anchor in-
fluence user preferences for illuminance in laboratory office setting. Fur-
thermore, similar effects of stimulus-range bias and anchor are detected in a
scale model when testing CCT preferences, and higher CCT was chosen
when subjects adjusted immediately, rather than chromatically adapting for 5
minutes.

Results from this thesis highlight the importance of reporting the range avail-
able and the anchor(s) when applying the method of adjustment, in order to
place the results presented in their rightful context.

It is concluded that the results gained from using the method of adjustment
are context-specific and should not be used to generalize regarding pre-
ferred illuminance or CCT.

The method of adjustment can be used to reduce energy consumption rela-
tive to a fixed recommended light level. In order to do so, the stimulus range
should be limited to the recommended level, or just above it, and a low an-
chor set as a preset value.

The preliminary study for this thesis indicated that stimulus-range bias was
independent of daylight contribution.

In the spirit of energy efficiency the term tuning the light instead of dimming
the light should be implemented.
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