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Summary

Nocturnal effects of blue (-enriched) light in improving alertness and cognitive
performance have been widely established, while studies in the daytime revealed inconsistent
results. The current study employed a within-subject design (N= 25) and four different one-hour
lighting treatments were given either in the morning or in the afternoon, comparing effects of
color temperature (2700 K, 5600 K vs. 9800 K), effects of illuminance at the eye (400 Ix vs. 600
Ix) and effects of non-blue-spectral light*, with alertness, mood, self-control capacity and
cognitive performance as indicators. Results showed time-dependent effects of CCT on cognitive
performance, i.e., participants responded faster in Psychomotor Vigilance Task (PVT) and were
more accurate in GO/NOGO Task in light at 2700 K vs. 5600 K in the morning, while
participants in the afternoon responded faster in PVT and were more accurate in GO/NOGO
Task in light at 5600 K vs. 2700 K. Besides, higher level of happiness and self-control capacity
were observed in light at 2700 K vs. 5600 K. For illuminance comparisons, participants reported
higher level of alertness and vitality in light at 600 Ix vs. 400 Ix, while they responded faster in
GO/NOGO Task and Paced Auditory Serial Addition Task (PASAT) in light at 400 Ix vs. 600 Ix.
When keeping blue light amount the same, participants felt less tense and more happy, had a
higher level of self-control capacity, and responded faster in PVT, GO/NOGO Task and PASAT
in light of 400 Ix and 9300 K, compared to light of 600 Ix, 5600 K. The findings indicate that
nocturnal acute effects of blue (-enriched) light cannot be easily generalized into effects in the
daytime, and it would be interesting to conduct research to further investigate acute effects of

blue-enriched light in the daytime.

! Two conditions have the same light amount in the spectral region between 446 and 477 nm (a region in which
light is most effective in suppressing nocturnal melatonin) but differed in the non-blue spectrum.
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1. Introduction

The current study aims to investigate the acute effects of blue-enriched light on alertness
and cognitive performance in the daytime. In this section, an overview of the background
literature is provided. The current study is part of the Philips Artificial Daylight Sources (ADS)
Project, thus a brief introduction of ADS and its theoretical foundations concerning effects of
daylight and natural views on humans will be given in Section 1.1, in which some basic concepts
of light characteristics are also introduced.

Bright white light was applied in the treatment of Seasonal Affective Disorder (SAD),
and improved alertness and cognitive performance were also observed under exposure to bright
white light, which will be discussed in Section 1.2. Further research indicated comparable effects
of blue (-enriched) light on SAD treatment with lower light illuminance level, which are
described in Section 1.3, in which nocturnal effects of blue (-enriched) light on improved
alertness and cognitive performance are also discussed. While studies of blue (-enriched) light
were mostly carried out in the evening, its daytime effects were much less investigated.
Furthermore, the findings in effects of blue (-enriched) light on alertness in the daytime were
inconsistent, which are discussed in Section 1.4, and this inconclusive situation is also the main
reason for conducting the current experiment. Research questions and expectations will be given

in details in Section 1.5.

1.1. Philips Artificial Daylight Sources (ADS) Project and its theoretical background
Before entering into any concrete topics, we first introduce some basic concepts of light
characteristics that are relevant to the current study. Light is a kind of electromagnetic radiation.

Wavelength is one of the most fundamental light features, and radiation falling within the



spectral region approximately between 380 and 750 nm is what can be perceived by human eyes
(Starr, 2005). Usually, light between 380 and 450 nm is perceived as violet by human eyes, while
450 and 495 nm as blue, 495 to 570 nm as green, 570 to 590 nm as yellow, 590 to 620 nm as
orange and 620 to 750 nm as red. White light is typically made up by light from a range of
wavelengths. Correlated color temperature (CCT) is a characteristic of white light, referring to
the temperature of an ideal black body radiator that emits light of comparable hue to that of the
light source. White light of a high CCT (e.g., over 5000 K) appears more bluish and leads to cool
feeling, while low CCT (e.qg., below 3000 K) appears more yellowish/reddish and delivers warm
feeling. Emitted electromagnetic radiation is measured in radiant flux. The perceived power of
light is measured by luminous flux (unit: lumen, Im for short), which can be calculated as the
product of radiant flux and the relative spectral sensitivity of the human eye. It indicates the
amount of light emitted by a light source in all directions. Luminance flux falling onto a unit area
is indicated by illuminance, with the unit lumen per square meter or Ix (Boyce, 2003). The
introduction above is for a better understanding in relevant light characteristics in the current
study.

In general people prefer daylight to artificial light as the light source (Meerbeek et al.,
2010). Benefits of daylight on humans have been widely investigated via physiological and
psychological approaches (Boyce et al., 2003). It was reported that office workers achieved
higher self-reported productivity in offices lit by daylight than in offices illuminated by artificial
luminaires alone (Nicol et al., 2006). Moreover, insufficient exposure to natural light at work
may have negative effects on sleep and wake regulation, with low quality sleep and insomnia

found in non-daylight-exposed workers according to Leger et al. (2011). A literature review



(Edwards and Torcellini, 2002) reported benefits of daylight on building occupants’ general
well-being, e.g., better health, reduced absenteeism and increased productivity.

When investigating effects of daylight on humans, it was very likely for researchers to
incorporate outside views into research due to the fact that these two elements usually
accompany each other. It has long been accepted that natural environments have better
restorative effects compared to built environments (Kaplan, 1995; Hartig et al., 2003; Mayer et al.
2009). Besides, both being outdoors in natural environments and being exposed to pictures of
natural elements were found to be associated with better subjective vitality and well-being,
compared to conditions of being indoor and being exposed to pictures of built environments
respectively (Ryan et al., 2010). Furthermore, Bringslimark and colleagues (2011) found that
office workers independent of age, gender, type of office or personalization, were much more
likely to bring plants and/or pictures of nature into their offices if there were no windows,
indicating the need for contact with natural elements for office workers.

Based on literature above, Philips Research Eindhoven is carrying out the Artificial
Daylight Sources (ADS) Project, which aims to develop new concepts for creating artificial light
that can be experienced as daylight (Meerbeek et al., 2010). With either fluorescent tubes or
light-emitting diodes (LEDSs) installed inside, several prototypes of artificial skylight have been
built, which provide white light straight downward, while at the same time blue light when
looking from large angles. The blue-appearing skylight reminds people of the natural sky outside,
according to Meerbeek et al. (2010). In addition, a previous study indicated that in general
people preferred the skylight with bright light over the skylight with dim light, in a patient room

setting (Rajae-Joordens, 2011). For the current study, the LED skylight built in a simulated
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office setting was chosen as the experimental light source to provide different light settings due

to its availability of offering multiple levels of color temperatures and illuminances.

1.2. Effects of bright white light on humans

Bright white light was found to be effective in the suppression of nocturnal secretion of
melatonin (dated back to Lewy et al., 1980), and later it was utilized in the treatment of Seasonal
Affective Disorder (SAD) (Terman et al., 1990; Partonen, 1994; Golden et al., 2005). According
to Rosenthal et al. (1984; p.72), SAD is defined as “a syndrome characterized by recurrent
depressions that occur annually at the same time each year”, which mostly occur in the winter
when opportunities for being exposed to daylight are scarce. According to Lewy et al. (1987,
1988), SAD patients are likely to have their circadian rhythms delayed, as indicated by the
delayed onset of nocturnal melatonin secretion. Although the pathophysiological mechanism of
light therapy in SAD treatment remains to be investigated thoroughly, a frequently raised
hypothesis is the phase-shift hypothesis. It postulates that bright light exposure, if provided at the
right time of day, could phase advance the circadian rhythms. Further studies by Sack et al.
(1990) and Lewy et al. (1998) provided experimental evidence for the phase-shift hypothesis,
indicating that exposure to bright light in the early morning is effective to correct the circadian
rhythm, as indicated by the advanced onset of melatonin production.

Meanwhile, bright (white) light was also found to be efficacious in the treatment of non-
seasonal depression. Golden et al. (2005) performed a meta-analysis to investigate the efficacy of
bright light treatment in mood disorders in studies from Jan. 1975 to Jul. 2003. Results revealed
significantly alleviated depression symptoms in bright light treatment on non-seasonal

depression (three studies, with an effect size of 0.53).
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Besides the effectiveness of bright white light in treating both SAD and non-seasonal
depression, improved alertness and cognitive performance were also observed in studies of
bright white light. In a study carried out by Phipps-Nelson et al. (2003), after two nights of sleep
restriction (5 hours/night), participants were exposed to either 1000 Ix or <5 Ix (at the eye) light
conditions between noon and 17:00 PM. Results indicated that compared to dim light, reduced
subjective sleepiness (indicated by Karolinska Sleepiness Scale; KSS) and improved cognitive
performance (measured by Psychomotor Vigilance Task; PVT) were found in the bright light
condition. Moreover, subjective sleepiness correlated negatively with cognitive performance.
Similarly, RUger and colleagues (2006) observed significantly improved alertness in a bright
light condition (5000 Ix at the eye) in comparison to a control condition (< 10 Ix at the eye),
independent of the timing of bright light exposure (either between 00:00 and 04:00 AM or
between 12:00 and 16:00 PM). Furthermore, a recent study by Smolders et al. (2012) reported
beneficial effects of bright light exposure during daytime even without sleep-deprivation and in
the absence of pre-exposure to very low illuminance level. In their study, participants were
exposed to bright white light (1000 Ix at the eye, 4000 K) for an hour either in the morning or
afternoon, and results showed higher level of self-reported alertness and vitality as well as better
task performance in comparison to control condition (200 Ix at the eye, 4000 K). A
comprehensive literature review by Cajochen (2007) discusses in detail the acute effects of light,
more specifically it describes effects of different lighting aspects (i.e., illuminance levels,
exposure duration, timing and wavelength of light) on alertness based on studies in the past two

decades.
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According to literature above, bright white light was found to be effective in suppressing
nocturnal melatonin, treating mood disorders, regulating circadian rhythm, and improving

alertness and cognitive task performance.

1.3. Effects of blue (-enriched) light on humans

Recent studies demonstrated the possibility of applying blue (-enriched) light as a light
source potentially superior to white light in the light treatment of SAD, considering the smaller
applied illuminance level or shorter exposure duration (Anderson et al., 2009; Meesters et al.,
2011; Gordijn et al., 2012). Anderson et al. (2009) found that after a 3-week 45 min/day
(between 06:00 and 09:00 AM) light treatment, patients’ depression ratings decreased
significantly in both blue-appearing and blue-enriched white-appearing light conditions (with the
decrement of 78% and 86% from baseline respectively; no significant differences between these
two conditions). Equivalent numbers of photons (photon density ~ 3.4*10%* photons/cm?/s)
were emitted between 424 and 532 nm in both conditions, when the white light source emitted
twice as many photons overall and seven times more lux (7.0 *10%* photons/cm?/s and 711 IX in
the white light condition; 3.4*10* photons/cm?/s and 98 Ix in the blue light condition). Thus
the authors contended exposure to short-wavelength light of lower illuminance for the SAD
treatment, compared to doses used in bright white light treatment (e.g., 10000 Ix for 0.5 hour per
day in Terman et al., 1990). Similar recommendations came from Meesters et al. (2011), who
also observed comparable effects on the treatment of SAD between blue-enriched light (750 Ix at
the eye, 17000 K) and standard white light (10000 Ix at the eye, 5000 K). However, more
explicit illuminance dosage of blue (-enriched) light is still to be investigated, as indicated by a

study in which Gordijn et al. (2012) failed to demonstrate the superiority of blue-enriched light
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(17000 K at the eye, 9000 Ix; 30 min/day) over standard white light (5000 K at the eye, 9000 Ix;
30 min/day) in the treatment of SAD patients, potentially because of the saturated responses to
the high light intensities applied.

Before the adoption of blue (-enriched) light in the SAD treatment, researchers already
found physiological evidence supporting the role a new non-rod, non-cone photoreceptor plays
in mediating melatonin suppression and circadian rhythm regulation more than a decade ago
(Lucas et al., 1999; Provencio et al., 2000; Brainard et al., 2001; Thapan et al., 2001).
Inspirations first came from discoveries in other mammals. According to Lucas et al. (1999),
mice lacking of both rods and cones, which were primarily responsive to light input in mammals,
showed a melatonin suppressing effect of light of 509 nm. Following closely, Provencio et al.
(2000) reported the discovery of a novel human opsin, melanopsin, which might mediate non-
visual light responses such as regulating the circadian rhythm and suppressing melatonin. In the
next year, Brainard et al. (2001) conducted an experiment in which the action spectrum of the
newly discovered photoreceptor for melatonin suppression was found to fit within the range
between 446 and 477 nm, while Thapan et al. (2001) reported a similar range from 457 to 462
nm with a peak at 459 nm. Several years later, Brainard and Hanifin (2005) and Peirson and
Foster (2006) independently reported the mediating effects of the newly identified melanopsin-
containing photoreceptor, named intrinsically-photosensitive retinal ganglion cells (ipRGCs), on
non-visual light responses in their review articles.

Subsequent studies investigated more thoroughly the relationship between wavelength of
blue light and its effect on nocturnal melatonin suppression. Cajochen et al. (2005) found that
monochromatic light of 460 nm reduced nocturnal saliva melatonin more significantly in

comparison to light of 550 nm (both conditions had the same photon density of 2.8*1013
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photons/cm?/sec., with the same exposure period between 21:30 and 23:30 PM), when Brainard
et al. (2008) reported a significantly stronger effect on plasma melatonin suppression of
monochromatic light of 460 nm over light of 420 nm (both conditions had the same photon
density of 1.21*10%3 photons/cm?/sec., with the same exposure period between 02:00 and 03:30
AM). In addition, Figueiro and Rea (2010) performed an experiment investigating effects of
narrowband wavelength light (blue light peaked at 470 nm, red light peaked at 625 nm; both had
a full width at half maximum of 25 nm and were 40 Ix at the eye) on melatonin variations, in
which one hour exposure of either light (< 3 Ix at the eye as the control condition) was given
every four hours, from 07:00 AM to 10:00 AM the next day. The results showed that the saliva
melatonin level in the blue light condition decreased significantly in comparison to both the
control condition and the red light condition. Besides, according to West et al. (2011), an
increase in the irradiance of narrowband blue-appearing light (peaked at 469 nm, with a full
width at half maximum of 26 nm; light treatments were given between 02:00 and 03:30 AM)
could induce a stronger effect on plasma melatonin suppression. Furthermore, the effect on
saliva melatonin suppression was found to be significantly weakened (a reduction of 29% vs.
17.3% in comparison to the baseline, in conditions of wearing normal lenses and orange lenses
respectively) when the blue spectrum part of light was largely absorbed by orange contact lenses
(a reduction in transmitted light of 37% between 400 and 700 nm, and 56% between 400 and 530
nm; light of 600 Ix was given between 00:00 and 02:00 AM in experimental conditions and light
was < 10 Ix in baseline condition), as indicated by Gimenez et al. (2009). Notably, adaptation
effect to the blue light loss was observed, that is, after wearing orange lenses for 16 days,

participants no longer showed significant differences between conditions of wearing normal
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lenses and orange lenses, in terms of the effect on melatonin suppression (a reduction of 29% vs.
34.1% in comparison to the baseline, in the former and latter conditions respectively).

Having the same underlying physiological mechanisms, improved alertness and cognitive
performance were also frequently found concomitantly with the suppression of nocturnal
melatonin in blue (-enriched) light experiments most of which were conducted in the late
evening or in the very early morning (e.g., Cajochen et al., 2005; Cajochen et al., 2011,
Chellappa et al., 2011). By exposing participants to either 460 nm light or 550 nm light between
21:30 and 23:30 PM (no light in control condition), Cajochen et al. (2005) found significantly
improved alertness in light of 460 nm condition in comparison to light of 550 nm and a control
condition when there was no significant difference between the latter two, accompanied with
significantly stronger effect on melatonin suppression in light at 460 nm condition than in light at
550 nm condition. In another experiment comparing effects between a white LED backlit screen
and a white non-LED backlit screen (with the photon density of 2.1*10*3 photons/cm?/s and
0.7*103 photons/cm?/s between 454 and 474 nm respectively) on cognitive performance and
circadian physiological indicators such as melatonin levels between approximately 19:30 PM
and 00:30 AM, Cajochen et al. (2011) indicated a significant effect on melatonin suppression in
the LED condition compared to non-LED condition, with improved alertness and better
performance in cognitive tasks associated with sustained attention and inhibition (indicated by
the GO/NOGO Task), working memory (assessed by a timing-identifying task) and declarative
memory (measured by a word-pair learning task) found in the former condition. They did,
however, not find significant relationships between alertness and memory task performance. In
contrast, the study by Phipps-Nelson et al. (2003) investigating effects of bright white light in the

daytime indicated significant correlations between subjective sleepiness and PVT scores. Besides,
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in a study comparing effects of light with different color temperatures (fluorescent lights at 6500
K, 2500K, and incandescent lights at 3000 K separately, all at 40 Ix at the eye) between 21:30
and 23:30 PM, Chellappa et al. (2011) also found similar results indicating stronger melatonin
suppression, improved alertness and better cognitive performance (as indicated by PVT and
GO/NOGO Task) in light at 6500 K compared to the other two conditions, although no superior
effects of light at 6500 K were found in tasks associated with executive functioning (as measured
by Paced Visual Serial Addition Task; PVSAT). Moreover, the effect on melatonin suppression
was found to be significantly correlated with improved PVT and GO/NOGO task performance,
especially in light at 6500 K. Besides, better visual well-being and comfort were also observed in
light at 6500 K.

From the above review we know that blue (-enriched) light could be effective in
regulating melatonin and be efficacious in SAD treatment, and in general improved alertness and
cognitive performance were also frequently observed in the evening experiments, with some
exceptions in certain types of cognitive tasks (e.g., PVSAT in Chellappa et al., 2011). The
melanopsin-containing ipRGCs were found to be principally mediating these non-visual light
responses and they were most efficient in wavelength around 460 nm in suppressing nocturnal

melatonin.

1.4. Effects of blue (-enriched) light on alertness in the daytime
Compared to studies investigating effects of blue (-enriched) light in the evening, studies
in the daytime are scarce. In addition, the effect of blue (-enriched) light on alertness in the

daytime was not always consistent in previous studies, which will be discussed in this section.
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Some literature did show improved daytime alertness in blue (-enriched) light
conditions in comparison to non-blue-enriched light conditions in the field (Mills et al., 2007;
Viola et al., 2008; Rautkyla et al., 2010). In a 14-week field study by Mills et al. (2007) in a
shift-working call center, two different types of light luminaires were applied in two identical
floors respectively, of which one was at 17000 K and approximately 310 Ix at working plane
(170 Ix at the eye level) while the other was at 2900 K and approximately 350 Ix at working
plane (128 Ix at the eye level), with the latter condition as baseline for both conditions before the
light intervention was applied. Indicators for well-being, functioning and work performance were
developed and administered to 69 participants. The results indicated better subjective well-being
and performance (as measured by a modification of Columbia Jet Lag Scale and the 36-ltem
Short-Form Health Survey) as well as improved alertness in light at 17000 K compared to light
at 2900 K. Similar results including improved alertness, better mood and self-reported
performance were also found in another 8-week field experiment by Viola et al. (2008), in which
104 white-collar workers in two similar floors went through both light conditions with four
weeks each in a balanced order (17000 K and averaged 310 Ix on the work plane in blue-
enriched light condition, 4000 K and averaged 421 Ix on the work plane in white light condition;
the original luminaires were used as baseline, with averaged 409 Ix on the work plane).
Furthermore, Rautkyla et al. (2010) investigated effects of two types of luminaires with either
17000 K or 4000 K on students’ alertness in both morning and afternoon lectures in both spring
and autumn (09:15-10:45 AM and 12:15-13:45 PM in spring, while 08:15-9:45 AM and 14:15-
15:45 PM in autumn; 800 Ix and 1000 Ix horizontally measured both at the height of 0.8 meter

in spring and autumn separately). The results indicated that students’ subjective alertness level
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was significantly higher in light at 17000 K than in light at 4000 K in the autumn afternoon,
while comparisons between these two light conditions were non-significant in all other time slots.

However, some other studies showed an inconsistent pattern in effects on alertness, in
which improved alertness in blue (-enriched) light was observed only in the morning, when in
the afternoon higher level of alertness was observed in warm light conditions (Smolders & de
Kort, 2011; Iskra-Golec et al, 2012). Smolders and de Kort (2011) performed a laboratory
experiment in which they investigated effects of color temperature of light on alertness, cognitive
performance, vitality as well as physiological indicators such as skin conductance (6000 K and
2700 K respectively, both at 500 Ix at work plane). The results indicated time-dependent effects
of color temperature, that is, participants felt more alert and energetic in light at 6000 K vs. 2700
K in the morning, while less sleepy and more energetic states were reported in light at 2700 K vs.
6000 K in the afternoon. In another field study by Iskra-Golec et al. (2012), 30 female office
workers were exposed to blue-enriched white light (17000 K, 500 Ix at the eye) and white light
(4000 K, 500 Ix at the eye) in a cross-over design with three weeks of exposing to each condition.
Subjective alertness was measured by KSS at three time points of every Tuesday and Thursday,
that is, at 07:15 AM, 11:45 AM and 14:15 PM. The results revealed significant main effect of
measurement time on sleepiness (p< .01), indicating that the alertness level increased in the blue-
enriched light condition from morning sessions to afternoon sessions while it decreased in the
white light condition from the morning to the afternoon.

In summary, we saw that findings concerning daytime effects of blue (-enriched) light on
alertness were inconsistent. Some studies showing a superior effect of high color temperature in

improving alertness over the whole day while others refuted it, contending a time-dependent
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pattern of color temperature in which blue (-enriched) light only helped improve alertness in the

morning when higher level of alertness was observed in warmer light conditions in the afternoon.

1.5. Research question and expectations

Based on the literature study above, the current study aims to investigate effects of blue-
enriched light on people’s alertness, mood, self-control capacity and cognitive performance in an
office setting during daytime, using Philips artificial skylight as the light source. Perceived light
characteristics, beliefs, room atmosphere and subjective daylight experience were also evaluated
in the experiment as the results might help improve the design of Philips artificial skylight.

In general four expectations were derived: 1) effects of color temperature (CCT) in the
daytime would be time-dependent, that is, light at high CCT would improve subjective alertness
and cognitive performance in the morning while light at low CCT would be more beneficial on
subjective alertness and cognitive performance in the afternoon; 2) light at higher illuminance
level would be more beneficial in improving subjective alertness and cognitive performance; 3)
light out of the blue-spectral region would play a role in influencing daytime alertness and
cognitive performance, with the direction unclear at this moment; 4) light at high CCT would be
no less or even more preferred compared to light at low CCT. The study will provide
experimental evidence for effects of blue-enriched light on a wide range of indicators such as
alertness and cognitive performance, and the findings could be utilized for Philips to improve the

skylight design.
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2. Method

2.1. Design
The study followed a within-subject design, in which illuminance at the eye (600 Ix in

Conditions A, B and C, and 400 Ix in Condition D, provided by the LED skylight) and correlated
color temperature (2700 K, 5600 K, 9800 K and 9300 K at the eye in Conditions A, B, C and D
respectively) were manipulated as independent variables (see Table 1). Participants’ sleepiness,
vitality, self-control capacity, cognitive performance, perceived light characteristics evaluation,
beliefs, room atmosphere evaluation and subjective daylight experience were measured as
dependent variables. Potential confounding variables included chronotype (indicating a person’s
trait), sleep period and quality the night before the experiment, coffee consumption, daylight
exposure, mental and physical effort expenditure, and social interaction one hour prior to the
experiment.

Table 1
Overview of the experimental design

[lluminance (Ix) Amount of light

CCT (K) at eye

Condition at eye level . in the blue Blue sky effect
. level vertically .
vertically spectral region

A 600 2700 3.00E-02 No

B 600 5600 8.62E-02 No

C 600 9800 1.30E-01 Yes

D 400 9300 8.62E-02 Yes
Baseline 210 4200 1.20E-02 No

Note. Amount of light in the blue spectral region was calculated as Radiance (W/sr/m”2) falling within
the spectral region between 446 and 477 nm, in which light is most efficient in suppressing melatonin. In
Conditions C and D, a special optical structure was installed which enables the skylight providing more
blue light under large viewing angles and offers higher CCT to participants’ eyes. In the meanwhile, the
skylight will look bluish, a phenomenon which we name as ‘blue sky effect’.

The experiment is designed in this way so that we can investigate effects of CCT by
comparing light at 2700 K and 5600 K (and incorporate light at 9800 K as an extension), and
explore effects of illuminance at the eye by comparing light at 600 Ix and 400 Ix when the CCTs

are close to each other (Conditions C and D). In the current study, light in the spectral region
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between 446 and 477 nm is considered as most efficient in suppressing melatonin, based on
findings of Brainard et al. (2001). Thus by keeping light amount the same in the special region
between 446 and 477 nm, it is interesting to investigate effects of light out of this region on
daytime alertness and cognitive performance, by comparing results in Conditions B and D.

The experiment started with a baseline condition of 25 minutes (210 Ix and 4200 K at the
eye, provided by a Philips fluorescent Savio office luminaire), followed by the experimental
condition for 65 minutes, which was consisted of four 15-minute measurement blocks and a final
5-minute questionnaire block. There were five sessions in a single day, starting either at 08:45
and 10:30 AM in the morning, or at 12:30, 14:15 and 16:00 PM in the afternoon. There was no
daylight entering the experimental room and the temperature varied from 20.5 to 20.7 C “over

the experiment.

2.2. Participants

Twenty-five Philips interns were recruited for the experiment via face-to-face and email
invitation, of which 14 were male and 11 were female (mean age 23.6, SD= 2.4, range from 19
to 29). Among them, 15 were from Europe (one Czech, six Dutch, one German, one Greek, one
Polish, one Portuguese and four Romanian), nine from Asia (China), and one from Africa
(Nigeria). None of them reported any health-related problems, was color-blind, or had travelled
to a different time zone one week prior to the experiment. However, there was one participant
who had an extreme late chronotype (MSFsc = 7.84, calculations see section 2.5.1). They went
through all experimental conditions in a random order, with each condition in the same time slot
at different days, and most of them participated once per week. See Appendix 1 (App. 1) for the

distribution of participants in each experimental condition in the sequence they participated, as
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well as distributions of participants with different genders and continents in different lighting

conditions and in different times of day.

2.3. Setting and apparatus
The experiment took place in one of the labs in Building 34, Philips Research, High-Tech
Campus Eindhoven. It was arranged in an office setting with a size of 375 cm (W) by 610 cm (L)
by 300 cm (H). There was a big office table (assembled by three small ones) in the center of the
room with a chair at each end. There were also a table and a chair arranged for the experimenter

in the corner, which participants could not see during the experiment (see Figure 1).

Figure 1. The experimental room (from the door to inside). In this picture the artificial skylight
(with the special optical structure installed) is turned on and the Savio is off.
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A Philips artificial skylight (52.5 cm by 52.5 cm) and Philips Savio office luminaire (60
cm by 60 cm) were surface-mounted next to each other (see Figure 2). There were different types
of LEDs installed in the skylight and a range of illuminance levels and CCTs could be realized.
However, because the skylight is still in the design phase and not yet released to the market, its
specifications are kept confidential here. The Savio office luminaire in the baseline condition had
six fluorescent tubes installed inside, of which two were at 2700 K (TL5-14W/827) and four at
6500 K (TL5-14W/865). Figure 3 depicts the spectral power distributions of both the skylight

and Savio office luminaire measured at participants’ eye level vertically.

Figure 2. The Philips artificial skylight (Left, with the special optical structure) and Philips
Savio office luminaire (Right)
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Figure 3. The spectral power distributions of the light in baseline and experimental conditions.
Note. The measurement was taken at participants’ eye level vertically, which was 100 cm away from the
center of the skylight and at the height of 120 cm (the average height of the eye level when participants
sitting). The two dashed lines indicate the wavelength at 446 nm and 477 nm respectively.

When the special optical structure is installed into the skylight, color temperature of light
increases with horizontal distance away from the skylight while the illuminance level decreases.
Thus the position for the participant was set to be one meter horizontally away from the center of
the skylight (approximately 40 cm horizontally away from the center of the Savio office
luminaire), a location based on a series of measurements where the optimal combination of
illuminance level and CCT was found (600 Ix and 9800 K at the eye, in Condition C). A
spectroradiometer (PR-680, PhotoResearch, Inc.) was used to measure the light spectral
distribution and a chromameter (CL-200, Konica Minolta Sensing, Inc.) was applied for the
illuminance measurements. See App. 1 for the illuminance levels and CCTs of both luminaires

measured at different positions.
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2.4. Procedure

The experiment was carried out in the period of September 4™ to October 4™ 2012.
During the recruitment, introductions of the experiment? were first given to the potential
participants. Upon the agreement of participating, they were instructed to select a certain time
slot for four times in the following weeks, preferably once per week. Also, they were reminded
of avoiding any stimulant intake (e.g., coffee, tea, banana, etc.) one hour prior to the experiment
by email.

In the preparation, the experimenter assigned a random condition to the participant and
turned on the Savio office luminaire as the baseline. The laptop (with the dimensions
37.3*25.2*3.2 cm) was placed 20 cm away from the edge of the table, with the monitor
approximately 60 degrees upright. In this way the influence of the laptop on light parameters
(e.g., illuminance and CCT) was diminished to a minimum level.

Upon arrival, the participant was greeted and asked to fill in the informed consent. After
receiving a brief introduction to the procedure of the experiment, they were asked to adjust the
height of the chair according to a reference stick so that their eye level was set to be at the same
height of 120 cm. Besides, the edge of the table at participants’ side was set to be 90 cm
horizontally away from the skylight center, and participants’ chest was about 10 cm away from
the table edge, thus their eye level was approximately 100 cm horizontally away from the
skylight center. They were then asked to try their best to remain the sitting position across the
whole experiment, and to look forward to the area marked by a cross on the wall when they did

not have to look at the laptop screen (e.g., during a break between tasks).

2 . . . . . .
“The experiment aims to measure people’s alertness and mood, as well as performance (i.e., reaction time), in a
period of 90 minutes in each session. You will need to participate for four times. In the end you will get 40 Euros as

compensation. “
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During the experiment, participants went through a starting questionnaire, five 15-minute
measurement blocks and a closing 5-minute questionnaire block (as demonstrated in Figure 6).
There was an online questionnaire measuring participants’ chronotype (MCTQ) and prior
experimental states (potential confounding variables) in the starting questionnaire. The five
measurement blocks were exactly the same. Each block consisted of a 1-minute break, an
auditory Psychomotor Vigilance Task (PVT) for 4 minutes, an auditory GO/NOGO Task for
another 4 minutes, online questionnaires measuring sleepiness (indicated by KSS), mood and
self-control capacity, another 1-minute break and a Paced Auditory Serial Addition Task
(PASAT) for 4 minutes. Perceived light characteristics, subjective beliefs towards effects of light,
room atmosphere and subjective daylight experience were assessed in the closing questionnaire.

Questionnaires used in the experiment are shown in the App.2.

Timeline (min.)
0 10 25 40 55 70 85 90

p Tt T Try Ty Ty

Instructions T PVT, GO/NOGO I 210 Ix, 4200 K (Baseline)
N 600 Ix, 2700 K (A)
T Chronotype and T PASAT
confounding variables 600 Ix, 5600 K (B)
T Sleepiness, mood T Pr?me“ied 'Lght -y BN 600 Ix, 9800 K (C)
chnaraciernsics, 1215,
and self-control room atmosphere, and 400 Ix, 8300 K (D)

capacity daylight experience
Figure 6. An overview of the experimental procedure
The starting questionnaire and the first measurement block were performed under

baseline conditions, so that participants’ states prior to the experimental lighting exposure can be
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assessed. Measurement block two to four and the closing questionnaire took place in the
experimental lighting exposure, so that effects of lighting condition can be assessed in different
lighting conditions. After the first measurement block, the experimenter switched the light from
the baseline to an experimental condition, and the experimental phase started. Each experimental
session took 90 minutes, and the participant received 40 Euros after participating for four times

(the person who participated in two sessions received 20 Euros) as a compensation for their time.

2.5. Measures
2.5.1. Chronotype and prior-experimental states
In general, chronotype indicates a person’s preference in the timing of sleep and waking
up, and it was found to be associated with one’s circadian rhythm (e.g., Bailey and Heitkemper,
2011). A standard scale called ‘Munich ChronoType Questionnaire (MCTQ)’ was developed by
Roenneberg et al. (2003) to measure the chronotype and a simplified version of MCTQ was
applied in the current study, in which participants’ time of going to bed and waking up both in
the workdays and free days were assessed (calculations of chronotype can be seen in App. 1).
Participants’ prior-experimental states were thought to be possibly confounding with
dependent variables. Participants reported the time they had gone to bed the night before the
experiment and the time they had woken up. Also they rated the quality of the sleep prior to the
experiment on a 7-point scale from (1) ‘very bad’ to (7) ‘very good’. Although the reminder for
avoidance of stimulants intake was given before the experiment, the real situation was still
assessed by an item asking how many cups of coffee/tea they drank one hour prior to the
experiment. The period of daylight exposure prior to the experiment that day and the travelling

time being outside to the experimental room were also assessed. Furthermore, participants were
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asked to rate both mental and physical effort expenditure as well as social interaction one hour
prior to the experiment on 7-point scales from (1) ‘not at all’ to (7) ‘very much’.
All of these were assessed by online questionnaires at the beginning of each experimental

session, during the baseline condition. The questionnaire is shown in App. 2.

2.5.2. Sleepiness, mood and self-control capacity

Subjective sleepiness was measured with the Karolinska Sleepiness Scale (KSS) on a 9-
point scale from (1) ‘extremely alert’ to (9) ‘extremely sleepy, fighting sleep’ (see App. 2 for the
questionnaire). Although a 1-item scale, KSS is frequently used in studies investigating lighting
effects on subjective sleepiness, and it was validated to be highly correlated with objective
measures such as electroencephalographic (EEG) variables (Kaida et al., 2006).

Subjective mood measurement included six items (energetic, sleepy, calm, alert, depleted
and tense) from the activation-deactivation adjective checklist measuring vitality and tension
according to Thayer (1986) and two items (happy and sad) measuring positive and negative
affect (see App. 2 for the questionnaire). These items were measured on a 4-point scale from (1)
‘definitely not feel” to (4) ‘definitely feel’. Results of component factor analysis indicated that
energetic, sleepy, alert and depleted shared a common factor ‘vitality’ with an internal
consistency o = .76. The highest correlation between the remaining four items was .25. Thus
vitality, tenseness, calmness, happiness and sadness were adopted in the further analyses.

Self-control capacity was explained as “the capacity for altering one’s own responses,
especially to bring them into line with standards such as ideals, values, morals, and social
expectations, and to support the pursuit of long-term goals” by Baumeister, et al. (2007; p.351).

According to them, self-control capacity is opposite to ego-depletion, a state of diminished

29



mental resources after executing tasks demanding self-control capacity. Participants’ self-control
capacity in the current study was assumed to be differently responsive to different lighting
conditions and it was assessed by three items extracted from the State Self-Control Capacity
Scale (Ciarocco et al., in press) on 7-point scales from (1) ‘definitely not true’ to (7) ‘definitely
true’ (see App. 2 for the questionnaire). Component factor analysis showed a high internal
consistency between these items, with a = .88. Thus self-control capacity was applied in the
further analyses, with the reversed score for an intuitive expression (i.e., a high score represents a
high level of self-control capacity when a low score indicates a low level of self-control
capacity).

All these variables were assessed by online questionnaires in five measurement blocks, of
which one was in the baseline lighting condition and the other four in experimental lighting

conditions.

2.5.3. Cognitive performance

Three different types of cognitive tasks were applied in the current study, to measure
different aspects of cognitive performance. They were all administered in each of the five
measurement blocks.

The auditory Psychomotor Vigilance Task (PVT) is a simple reaction time task, in which
participants respond to a randomly presented beep signal as fast as possible. It is believed to
effectively measure sustained attention, and thus could be commonly seen in lighting literature
(e.g., Phipps-Nelson et al., 2003; Lockley et al., 2006; Smolders et al., 2012). Auditory PVT for
four minutes was adopted in the study and the mean reaction time, 10% slowest and 10% fastest

responses were used as indicators in the data analysis.
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The second task was a GO/NOGO Task, which always directly followed the PVT in the
current study. There were two types of beep signals presented in a random order, and participants
had to respond as fast as possible only to a certain type of signal, which in the current study was
the one presented earlier in PVT. In each GO/NOGO Task (four minutes per session), the target
signal showed up at the percentage of 80% while the non-target signal appeared at 20%. The hit
rate and mean reaction time of correct responses were taken as indicators for participants’
performance. The GO/NOGO Task is related to sustained attention as well as executive
functioning, with EEG evidences found in Barry et al., (2003).

The third task was the Paced Auditory Serial Addition Task (PASAT), a task related to
multiple cognitive functions most of which are attention-related (see a review by Tombaugh,
2006). This task involved both sustained attention and working memory. During the task, digits
from one to nine randomly appeared at an interval of two seconds and each must be added to the
digit, which preceded it. Thus the participant was asked to report the sum of every two adjacent
digits, by choosing an answer between one and 18 from the on-screen answering lists. The task
also ran for four minutes. The percentage of correct responses and mean reaction time of correct

responses were used in the data analysis.

2.5.4. Light evaluation, beliefs, room atmosphere and subjective daylight experience
In the last five minutes of each experimental session, a set of online questionnaires
concerning perceived light characteristics, subjective beliefs towards effects of light, room
atmosphere and subjective daylight experience were assigned to the participant.
Perceived light characteristics were evaluated by four bipolar items on 5-point scales

(pleasant - unpleasant, comfortable - uncomfortable, activating - relaxing and warm light - cold
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light). In addition, two items asking the appropriateness of light intensity and light color were
applied on a 5-point scale from (1) ‘very inappropriate’ to (5) ‘very appropriate’. These items
were designed to help better understand subjective feelings towards the light (see App. 2 for the
questionnaire).

Seven items were used to assess subjective beliefs towards the effect of light, on 5-point
scales from (1) ‘not at all’ to (5) ‘very much’ (see App. 2 for the questionnaire). The subjective
beliefs were assumed to influence participants’ responses to different lighting conditions on
subjective measures, and the scores themselves were of importance in understanding what kind
of light was thought to be ‘beneficial’. Component factor analysis showed that improves focus,
improves attention and increases performance shared a common factor ‘performance improving’
while improves mood, restores energy, improves vitality and helps relaxing shared another
common factor ‘mood improving’, with the internal consistencies o = .86 and o = .74
respectively.

Room atmosphere represents the affective evaluation of an environment, according to
Vogels (2008). In her study, originally 38 Dutch terms were created to measure the room
atmosphere, which rendered four underlying factors ‘coziness’, ‘liveliness’, ‘tenseness’ and
‘detachment’. From this set, 12 items were translated into English and were applied in the
current study, on 7-point scales as originally, from (1) ‘not at all’ to (7) ‘very much’ (see App. 2
for the questionnaire). The ratings on these items would allow a deeper insight into the design of
creating an attractive and appealing room atmosphere by suitable light. The component factor
analysis indicated that terrifying, threatening and tense shared a common factor ‘tenseness
(room)®’, while cozy, lively, inspiring and stimulating shared another factor ‘liveliness’ and

business-like and formal shared a third factor ‘detachment’, with the internal consistencies a

* The word ‘room’ was added to distinguish this item from Tenseness in the mood measurement.
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= .81, a=.78 and o = .84 respectively. The other three items chilly, safe and intimate shared a
fourth factor with the internal consistencies o = .32, which was deemed as too low for the items
to be incorporated in the further analyses.

The subjective daylight experience was assessed with eight items selected and modified
from Rajae-Joordens (2011) on 7-point scales, from (1) ‘not at all’ to (7) ‘very much’ (see App.
2 for the questionnaire). The internal consistency of these items was o = .92 with the common
factor named as ‘subjective daylight experience’ for the further analyses. The data collected
enlarged the Philips data pool concerning the daylight experience of the light from the artificial

skylight.

2.5.5. Statistical analyses
The IBM package SPSS Statistics 20.0 was adopted as the statistical software in the

current study. Realizing the fact that each participant had 20 sets of data (4 conditions * 5
measurement blocks) within which the data cannot be assumed to be independent, Linear Mixed
Model (LMM) analyses were applied to investigate effects of Color temperature and Illuminance
at the eye, Time of day and Measurement block on all subjective and cognitive performance
indicators. In LMM the correlated random effects can be specified by formulating a two-level
model, including ‘participant’ as a random intercept variable to group the data per participant. At
Level 1 Color temperature and Illuminance at the eye, Time of day, Measurement block and
potential confounding variables were explored as predictors for dependent variables of each
experimental session, while chronotype was the predictor for dependent variables of each

participant at Level 2.
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Data analyses were performed to investigate effects of different Lighting conditions on
both subjective indicators (sleepiness, vitality, tenseness, calmness, happiness, sadness and self-
control capacity) and cognitive performance (PVT, GO/NOGO Task, and PASAT). Analyses
were performed to assess effects of CCT by first comparing light at 2700 K and 5600 K, i.e., by
comparing Conditions A and B; then by comparing light at 2700 K, 5600 K and 9800 K, i.e.,
comparing Conditions A, B and C, although acknowledging that condition C differs from
Conditions A and B on more aspects than CCT alone. Effects of illuminance at the eye were
assessed by comparing light at 600 Ix and 400 Ix, i.e., comparing Conditions C and D. Effects of
non-blue-spectrum light were assessed by comparing Conditions B and D, in which power in the
spectral region between 446 and 477 nm was similar, yet dissimilar outside this bandwidth.
Differences in evaluations, beliefs, and experience between Lighting conditions or in different
demographical groups were also assessed.

In preparatory analyses (Section 3.1), LMM analyses were performed to assess potential
differences in confounding variables and dependent variables at baseline, with Lighting
condition, Time of day and the interaction between Lighting condition and Time of day as fixed
factors. In the hypotheses testing analyses (Section 3.2%), LMM analyses were performed to
assess effects on dependent variables for Lighting condition, Time of day and Measurement
block (Block 2 to Block 5). The interaction between Lighting condition and Time of day, and the
interaction between Lighting condition and Measurement block were treated as fixed factors as
well. Covariates added to each model are presented in the end of preparatory analyses part.

Before performing the LMM analyses to assess the hypotheses, data preparations were

performed. First of all, outliers of both subjective and objective indicators were detected based

* When assessing differences between different demographical groups in the closing questionnaire, different LMM
analyses were performed, which are reported in Section 3.2.4.2.
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on the 3-SD criterion and were treated as missing values in the further analyses. Secondly, the
normality of the data of each variable was checked by comparing both Skewness and Kurtosis
values with the absolute values of twice their standard deviations, respectively. Results showed

that all data samples were normally distributed.
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3. Results
3.1. Preparatory analyses
The preparatory data analyses are demonstrated in this section. First we investigated

whether there were differences in potential confounding variables (mid-sleep time, sleep duration
and sleep quality the night prior to the experiment, coffee intake one hour prior to the experiment,
time of daylight exposure, travel time being outside on the way to the experiment, physical and
mental energy expenditure as well as social interaction one hour prior to the experiment) across
Lighting conditions (see Section 3.1.1). Secondly we checked whether there were differences in
subjective indicators (sleepiness, mood and self-control capacity) or cognitive performance
indicators (PVT, GO/NOGO Task and PASAT) at baseline across Lighting conditions (see
Section 3.1.2). After these two steps, in Section 3.1.3, we checked correlations between
chronotype, confounding variables, dependent variables at baseline and dependent variables in
experimental Lighting conditions, to assess which variable to be incorporated as the covariate for

each dependent variable in the experimental Lighting conditions in the further analyses.

3.1.1. Baseline differences for potential confounding variables

We report the results of potential confounding variables in two separate sections. First, all
Lighting conditions were included in the analyses. Secondly, specific comparisons were
performed (i.e., comparisons between Conditions A and B, between Conditions A, B and C,

between Conditions C and D, and between Conditions B and D).
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3.1.1.1. Potential confounding variables in Conditions A, B, C and D

The main effect of Lighting condition was non-significant on any of the potential
confounding variables (all p>.05; see App. 3 for the complete view). However, main effects of
Time of day were significant on sleep duration the night prior to the experiment, travel time on
the way to the experiment, mental effort and physical effort expenditure as well as social
interaction one hour prior to the experiment. The results showed that compared to participants in
the morning sessions, participants in the afternoon sessions slept longer the night prior to the
experiment, had shorter travel time outside on their way to the experiment, had expended more
mental effort but less physical effort and had more social interaction with others one hour prior
to the experiment (see Table 2; see App. 3 for the complete view). The effect of Time of day was
non-significant on any other confounding variable (all p> .10).
Table 2

Main effects of Time of day on potential confounding variables in Conditions A, B, C and D
(significant ones only)

Morning sessions  Afternoon sessions — Statistics

EMM SE EMM SE F df p R?
Sleep duration 7.03 19 7.62 16 586 (1,25.13) =.02 .04
Travel time 51 .08 A1 07 1433 (1,25.29) <.01 .09
Mental effort 3.50 49 4.82 40 444 (1,25.12) =.04 .14
Physical effort 3.80 37 1.98 30 1436 (1,24.84) <.01 .07
Social interaction 3.00 .36 4.33 30 8.08 (1,25.20) <.01 .03

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors).

3.1.1.2. Potential confounding variables in specific comparisons
The main effect of Lighting condition was non-significant on any of the confounding
variables in any specific comparison (all p>.10). The results did not reveal any new variable that

was significantly different between times of day in comparisons between light at 2700 K and
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5600 K, in comparisons between light at 2700 K, 5600 K and 9800 K, nor in comparisons
between light at 600 Ix and 400 Ix, and all significant results were in the same direction as those
in Section 3.1.1.1 (see Tables 3 to 5 for each comparison). However, in comparisons between
Conditions B and D, daylight exposure prior to the experiment was significantly different
between times of day, indicating that participants in the morning sessions had had more daylight
exposure than those in the afternoon sessions (see Table 6).

Table 3

Main effects of Time of day on potential confounding variables in light at 2700 K and 5600 K
(only significant ones)

Morning sessions  Afternoon sessions — Statistics

EMM SE EMM SE F df p R2?
Travel time 49 .08 .08 07 1477 (1,25.07) <.01 .10
Physical effort 3.70 42 1.87 34 1156 (1,2256) <.01 .09

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors).

Table 4

Main effects of Time of day on potential confounding variables in light at 2700 K, 5600 K and
9800 K (only significant ones)

Morning sessions  Afternoon sessions  Statistics

EMM SE EMM SE F df p R?
Sleep duration 7.03 19 7.62 16 567 (1,25.13) =.03 .05
Travel time 51 .08 .08 07 1655 (1,25.14) <.01 .07
Physical effort 3.77 .36 1.91 30 1590 (1,24.85) <.01 .09
Social interaction 2.97 42 4.23 34 543 (1,25.15) =.03 .03

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors).
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Table 5

Main effects of Time of day on potential confounding variables in light at 600 Ix and 400 Ix
(comparing Conditions C and D; only significant ones)

Morning sessions  Afternoon sessions  Statistics

EMM SE EMM SE F df p R2?
Sleep duration 6.98 .25 7.77 21 586 (1,25.20) =.02 .04
Travel time .53 .09 14 .08 1066 (1,2593) <.01 .11
Mental effort 3.45 45 5.03 37 741 (1,2520) =.01 .19
Physical effort 3.90 46 2.08 37 955 (1,25.03) <.01 .00
Social interaction 2.85 41 4.38 34 837 (1,2492) <.01 .04

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors).

Table 6

Main effects of Time of day on potential confounding variables in Conditions B and D (only
significant ones)

Morning sessions  Afternoon sessions  Statistics

EMM SE EMM SE F df p R2?
Daylight exposure 57 A1 .88 09 467 (1,24.000 =.04 .00
Travel time 48 .09 15 08 794 (1,2421) =.01 .10
Mental effort 3.15 51 4.89 43 696 (1,24.00) =.01 .08
Physical effort 3.85 44 1.71 37 1392 (1,24.000 <.01 .19
Social interaction 3.15 41 4.50 35  6.38 (1,24.000 =.02 .01

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors).

Results showed that some confounding variables (e.g., travel time on the way to the
experiment) differed in every comparison while others (e.g., mental effort expenditure) differed
only in certain comparisons. The phenomena indicated that there were at least some differences
between those confounding variables. Thus we decided to incorporate confounding variables that
appeared significant at least once (i.e., sleep duration the night prior to the experiment, time of
daylight exposure, travel time on the way to the experiment, mental effort and physical effort
expenditure and social interaction one hour prior to the experiment) into the correlation analyses

in Section 3.1.3, considering their potential effects on the dependent variables.
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3.1.2. Baseline differences for dependent variables

As in the former section, we report the results in two separate subsections. First, all
Lighting conditions were included in the analyses. Secondly, specific comparisons were
performed (i.e., comparisons between Conditions A and B, between Conditions A, B and C,

between Conditions C and D, and between Conditions B and D).

3.1.2.1. Baseline differences for dependent variables in Conditions A, B, C and D

The results did not reveal any significant main effect of Lighting condition on any of the
dependent variables at baseline (all p>.10; see App. 3 for the complete view). However, main
effects of Time of day were significant on sadness, self-control capacity, PVT overall mean RT
and PVT 10% slowest RT. The results showed that compared to participants in the morning
sessions, participants in the afternoon sessions felt sadder and had a lower level of self-control
capacity, but responded faster in PVT overall and 10% slowest responses (see Table 7; see App.
3 for the complete view). The main effect of Time of day was non-significant on any other
dependent variable at baseline (all p>.10).
Table 7

Main effects of Time of day on dependent variables at baseline in Conditions A, B, C and D
(only significant ones)

Morning sessions  Afternoon sessions — Statistics

EMM SE EMM SE F df p R?
Sadness 1.18 15 1.59 12 474 (1,23.67) =.04 .20
Self-control capacity 5.95 .28 4.62 23 1364 (1,2515) <.01 .11

PVT overall mean RT 322.64 8.27 297.71 6.68 550 (1,22.35) .03 .09
PVT 10% slowest RT 406.21 8.65 37735 653 7.09 (1,19.60) =.02 .05

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors).
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3.1.2.2. Baseline differences for dependent variables in specific comparisons

The results did not reveal any new variable that was significantly different between times
of day in any specific comparison, and all significant results were in the same direction as those
in Section 3.1.2.1 (see Tables 8 and 9 for CCT comparisons). Besides, in comparisons between
Conditions C and D, self-control capacity at baseline was significantly different between times of
day [F(1, 25.12)= 8.00, p< .01], indicating that participants in the morning sessions (EMM= 6.03,
SE=.30) had a higher level of self-control capacity than those in the afternoon sessions (EMM=
4.93, SE= .25). It was also significantly different between times of day when comparing
Conditions B and D [(1, 24.00)= 7.67, p=.01], indicating that participants in the morning
sessions (EMM=5.83, SE=.31) had a higher level of self-control capacity than those in the
afternoon sessions (EMM= 4.73, SE= .26) as well. Furthermore, self-control capacity was
significantly different between Lighting conditions when comparing Conditions B and D [(1,
24.00)=5.81, p=.02], indicating that participants had a higher level of self-control capacity in
Condition D (EMM= 5.55, SE=.23) than in Condition B (EMM=5.01, SE= .23).

Because we see baseline differences in some of the dependent variables, we decided to
add the corresponding baseline score for each dependent measures in the subsequent correlation
analyses.

Table 8

Main effects of Time of day on dependent variables at baseline in light at 2700 K and 5600 K
(only significant ones)

Morning sessions  Afternoon sessions — Statistics

EMM SE EMM SE F df p R?
Sadness 1.10 18 1.85 15 1016 (1,23.41) <.01 .15
Self-control capacity 5.88 31 4.31 26 1476 (1,25.18) <.01 .06

PVT overall mean RT 327.17 953 299.16 7.74 520 (1,19.68) .03 .24
PVT 10% slowest RT 410.61 11.49 37950 9.09 451 (1,24.06) <.05 .10

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors).
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Table 9
Main effects of Time of day on dependent variables at baseline in light at 2700 K, 5600 K and
9800 K (only significant ones)

Morning sessions  Afternoon sessions  Statistics

EMM SE EMM SE F df p R?
Sadness 1.13 A5 1.65 12 732 (1,23.79) =.01 .22
Self-control capacity 5.93 .32 4.47 26 1253 (1,25.10) <.01 .11
PVT overall mean RT 322.24  71.77 29764 6.32 6.04 (1,21.93) =.02 .12
PVT 10% slowest RT 410.48 9.78 37832 7.71 6.67 (1,21.85) =.02 .05

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors).

3.1.3. Preparatory correlation analyses

In this section, we show how confounding variables and dependent variables at baseline
relate to each dependent variable in experimental lighting conditions, to guide us in deciding
whether they should be included in the analyses as covariates, or can be left out of the
hypotheses testing analyses. We first performed bivariate Pearson’ correlation tests between
chronotype, potential confounding variables, with each dependent variable in experimental
lighting conditions (see Table 10). Chronotype indicates a person’s trait of sleep-wake rhythm.
As seen in Table 10, it correlated with the majority of dependent variables, so we decided to take
it as the covariate for all dependent variables in experimental lighting conditions. Confounding
variables that significantly correlate with the dependent variable (r> .03, p< .05) will be added as
covariates. From Table 10 we know that sleep duration the night prior to the experiment
significantly correlated with tenseness (r= .31, p< .01), thus it will be a covariate for tenseness in
later analyses. Other potential confounding variables will not be added as covariates in later

analyses.
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Table 10
Correlations between chronotype, potential confounding variables with each dependent variable
in experimental lighting conditions in Blocks 2 to 5

Dependent variable Chronotype Sleep Daylight Travel Mental
duration exposure time effort
Sleepiness ns -.10* ns - 27** 18**
Vitality -.18** ns ns A7** -11*
Tenseness - 14** 31** ns - 14%* ns
Calmness 19** ns ns ns J12*
Happiness ns A7** ns 26%* ns
Sadness ns ns ns -.15** ns
Self-control capacity - 23%* - 16** ns 29%* -.28**
PVT overall mean RT - 14%* ns ns 13* ns
PVT 10% slowest RT ns ns ns 13* ns
PVT 10% fastest RT -.19** 18** ns A12* ns
GO/NOGO hit rate -12* 28** .18* ns ns
GO/NOGO overall mean RT ns ns -.13* ns ns
GO/NOGO 10% slowest RT - 14** ns -.12* ns ns
GO/NOGO 10% fastest RT - 14** A7** ns ns ns
PASAT correct percentage A2* ns -11* -.18** A1*
PASAT mean RT ns - 22%* 18** 14** - 13**

Note. * indicates 2-tailed p< .05; ** indicates 2-tailed p< .01; ns indicates non-significant. Data of
chronotype and potential confounding variables were duplicated for three times, to match data of
respective dependent variable in Blocks 2 to 5.

Secondly, we tested correlations between each baseline levels of dependent variable with
the corresponding scores in experimental lighting conditions (see Table 11). Having noticed that
every dependent variable at baseline significantly correlated with its corresponding variable in
experimental lighting conditions, and some of the baseline levels significantly differed between
times of day (see Section 3.1.2), we decided to take each baseline level of dependent variable as
the covariate for the respective variable in later analyses, to reduce the influence of baseline

differences to a minimum level.
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Table 11
Correlations between baseline level of each dependent variable with its corresponding variable in
experimental lighting conditions in Blocks 2 to 5

Corresponding dependent
variable in experimental
lighting conditions

Dependent variables at baseline r-value 2-tailed p
Sleepiness .39 <.01
Vitality .30 <.01
Tenseness 46 <.01
Calmness .52 <.01
Happiness .66 <.01
Sadness .66 <.01
Self-control capacity .53 <.01
PVT overall mean RT .56 <.01
PVT 10% slowest RT 45 <.01
PVT 10% fastest RT .53 <.01
GO/NOGO hit rate .36 <.01
GO/NOGO overall mean RT .61 <.01
GO/NOGO 10% slowest RT .56 <.01
GO/NOGO 10% fastest RT 44 <.01
PASAT correct percentage .70 <.01
PASAT mean RT .67 <.01

Note. Data of each baseline level of dependent variable were duplicated for three times, to match data of
respective dependent variable in Blocks 2 to 5.

According to the analyses above, chronotype and each baseline level of dependent
variable are covariates for the respective dependent variable in experimental lighting conditions.
Besides, sleep duration the night prior to the experiment is the covariate for tenseness as well. As
a final step in this section, correlations between covariates within each dependent variable in
experimental lighting conditions were performed (see App. 3). When a covariate significantly
correlates with others (r> .03, p< .05), multicollinearity happens. However, in the current there is
no such problem. An overview of covariates for each dependent variable in experimental lighting

conditions is given in Table 12.
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Table 12
Overview of covariates for each dependent variable in experimental lighting conditions in Blocks
2t05

Dependent variables in experimental Covariates
lighting conditions
Sleepiness Chronotype, baseline level
Vitality Chronotype, baseline level
Tenseness Chronotype, baseline level, and sleep
duration the night prior to the experiment
Calmness Chronotype, baseline level
Happiness Chronotype, baseline level
Sadness Chronotype, baseline level
Self-control capacity Chronotype, baseline level
PVT overall mean RT Chronotype, baseline level
PVT 10% slowest RT Chronotype, baseline level
PVT 10% fastest RT Chronotype, baseline level
GO/NOGO hit rate Chronotype, baseline level
GO/NOGO overall mean RT Chronotype, baseline level
GO/NOGO 10% slowest RT Chronotype, baseline level
GO/NOGO 10% fastest RT Chronotype, baseline level
PASAT correct percentage Chronotype, baseline level
PASAT mean RT Chronotype, baseline level

Note. ‘Baseline level’ stands for ‘baseline level (of respective dependent variable)’.

3.2. Hypotheses testing analyses
LMM analyses were performed to investigate effects of color temperature (Section 3.2.1),
effects of illuminance at the eye (Section 3.2.2), effects of non-blue-spectral light (Section 3.2.3),
and to assess effects of Lighting condition and demographical information on variables in the
closing questionnaire (Section 3.2.4). Before those comparisons, the actual mean and SD values
of each dependent variable in different Lighting conditions (i.e., baseline lighting, lightings in

Conditions A to D) are illustrated in Table 13.
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Table 13

The mean and SD values of each dependent variable in different Lighting conditions in Blocks 1

to Block 5

Baseline lighting Condition A Condition B Condition C Condition D

M SD M SD M SD M SD M SD

Sleepiness 5.20 2.01 6.19 1.88 6.26 1.62 5.63 1.95 6.06 1.92
Vitality 2.51 .50 2.31 .64 2.24 .58 2.44 73 2.29 .61
Tenseness 1.80 .79 1.80 12 1.84 .80 1.88 g7 1.69 .69
Calmness 3.08 .95 2.97 73 2.95 .86 3.03 .90 3.03 .85
Happiness 2.13 73 2.14 71 1.95 .76 2.16 73 2.05 73
Sadness 1.41 73 1.63 73 1.70 .87 1.52 .70 1.61 .69
Self-control 5.16 1.39 4.60 1.61 4.47 1.65 4,74 1.63 4.73 1.49
capacity
PVT overall 306.70 37.38 389.01 61.67 39520 56.05 379.99 5499 370.36 48.53
mean RT
PVT 10% 388.09 51.08 553.15 145.13 568.52 152.14 550.92 154.52 521.07 124.73
slowest RT
PVT 10% 238.48 20.75 285.14 3374 29137 30.32 28224 2582 283.09 30.88
fastest RT
GO/NOGO 95.36 2.64 95.73 2.50 96.04 2.20 95.74 2.28 95.41 2.39
hit rate
GO/NOGO 481.62 82.05 486.47 77.49 479.16 7279 47935 7540 487.78 74.39
overall
mean RT
GO/NOGO 748.24 20156 73271 182.89 738.00 190.58 721.68 184.17 742.17 186.14
10% slowest
RT
GO/NOGO 320.02 3590 32393 3954 326.13 36.92 32221 37.74 31646 36.02
10% fastest
RT
PASAT 76.79 16.93 80.23 15.11 80.37 14.74 80.07 16.36 82.88 15.62
correct
percentage
PASAT 1767.57 121.42 1719.73 118.82 1749.93 117.12 1723.94 131.28 1698.05 132.67
mean RT

Note. M stands for mean and SD stands for standard deviation. Data in baseline lighting were averaged
over all baseline sessions. Data in each experimental lighting were averaged over blocks (Blocks 2 to 5).

3.2.1. Effects of CCT

Effects of color temperature on sleepiness, mood, self-control capacity as well as

cognitive performance were first investigated by comparing light at 2700 K and 5600 K

(comparing Conditions A and B), and then were investigated by comparing light at 2700 K, 5600

K and 9800 K (comparing Conditions A, B and C), although acknowledging that condition C

differs from Conditions A and B on more aspects than CCT alone.

46



3.2.1.1. Sleepiness, mood and self-control capacity

The main effects of CCT were significant on self-reported sleepiness, happiness and self-
control capacity (see App. 4 for the complete effects of CCT). For sleepiness, the main effect
was only significant in comparisons between the three CCT levels [F(2, 257.62)= 10.57, p< .01].
Post-hoc tests with Bonferroni correction suggested that participants were more alert in light at
9800 K (EMM= 5.63, SE=.26) than in light at 2700 K (EMM= 6.33, SE=.26) and 5600 K
(EMM=6.25, SE= .26), with p< .01 for both. The difference between light at 2700 K and 5600
K was non-significant (p>.10). For happiness, the main effect was only significant in
comparisons between light at 2700 K and 5600 K [F(1, 164.88)= 4.80, p=.03], indicating that
participants were happier in light at 2700K (EMM= 2.11, SE= .07) than in light at 5600 K
(EMM=1.96, SE=.07). Besides, the interaction between Lighting condition and Time of day
was significant in comparisons between the three CCT levels [F(2, 278.06)= 3.41, p=.03]. Post-
hoc tests with Bonferroni correction suggested that participants in the afternoon sessions were
less happy in light at 5600 K (EMM=1.91, SE=.11) than in light at 2700 K (EMM= 2.25,
SE=.11) and 9800 K (EMM= 2.15, SE= .11), with p< .01 and p= .03 respectively. Comparisons
between light at 2700 K (EMM= 2.01, SE= .13), 5600 K (EMM= 2.06, SE= .14) and 9800 K
(EMM=2.09, SE=.11) in the morning sessions were non-significant (all p>.10; see Figure 7).
For self-control capacity, the main effect was only significant in comparisons between light at
2700 K and 5600 K [F(1, 169.42)= 3.88, p=.05], indicating that participants had a higher level
of self-control capacity in light at 2700K (EMM= 4.78, SE= .26) than in light at 5600 K (EMM=
4.53, SE=.26). The interaction between Lighting condition and Time of day was also significant
[F(1, 170.20)= 12.71, p< .01]. Post-hoc tests with Bonferroni correction suggested that

participants in the morning sessions had a higher level of self-control capacity in light at 2700 K
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(EMM=5.63, SE= .42) than in light at 5600 K (EMM= 4.90, SE= .42), with p< .01. The
comparison between light at 2700 K (EMM= 3.93, SE=.34) and 5600 K (EMM= 4.15, SE=.34)
in the afternoon sessions showed the opposite pattern but was non-significant (p> .10; see Figure
8). Besides, the interaction between Lighting condition and Time of day was also significant in
comparisons between the three CCT levels [F(2, 268.99)= 4.23, p=.02]. Post-hoc tests with
Bonferroni correction suggested that participants in the morning sessions had a lower level of
self-control capacity in light at 5600 K (EMM= 4.75, SE= .37) than both in light at 2700 K
(EMM=5.35, SE=.37) and 9800 K (EMM-= 5.35, SE= .37), with p= .01 for both. Comparisons
between light at 2700 K (EMM= 4.13, SE=.30), 5600 K (EMM= 4.26, SE= .30) and 9800 K
(EMM=4.26, SE= .30) in the afternoon sessions were non-significant (all p>.10; see Figure 9).
The main effects of CCT and interaction between Light condition and Time of day were not
significant on vitality, tenseness, calmness and sadness, neither in comparisons between light at

2700 K and 5600 K (all p>.10), nor in comparisons between the three CCT levels (all p>.10).
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Figure 7. The interaction effects between Lighting condition and Time of day on happiness in
light at 2700K, 5600 K and 9800 K. Note. The whiskers represent the 95% confidence interval. *
stands for p< .05 and ** stands for p< .01.
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Figure 8. The interaction effects between Lighting condition and Time of day on Self-control

capacity in light at 2700K and 5600 K. Note. The whiskers represent the 95% confidence interval. **
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Figure 9. The interaction effects between Lighting condition and Time of day on Self-control
capacity in light at 2700K, 5600 K and 9800 K. Note. The whiskers represent the 95% confidence
interval. ** stands for p< .01.

The interaction between Lighting condition and Measurement block was significant on
calmness in comparisons between light at 2700 K and 5600 K [F(3, 161.77)= 3.01, SE=.03].

Post-hoc tests with Bonferroni correction suggested that participants were more calm in light at
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2700 K (EMM= 3.16, SE=.12) than in light at 5600 K (EMM= 2.78, SE= .13) in Block 2, with
p=".01. The comparison between light at 2700 K (EMM= 3.03, SE=.12) and 5600 K (EMM=
3.22, SE=.13) in Block 3 was non-significant (p > .10), nor were comparisons in Block 4
(EMM=3.03, SE = .12 in light at 2700 K; EMM= 3.17, SE= .13 in light at 5600 K; p> .10) or
Block 5 (EMM= 3.07, SE= .12 in light at 2700 K; EMM= 3.13, SE= .13 in light at 5600 K
p>.10; See Figure 10). The interaction between Lighting condition and Measurement block did
not reveal any significant effect on sleepiness, vitality, tenseness, happiness, sadness or self-

control capacity (all p>.10).
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Figure 10. The interaction effects between Lighting condition and Measurement block on
Calmness in light at 2700K and 5600 K. Note. The whiskers represent the 95% confidence interval. **
stands for p< .01

Time of day revealed significant main effects on tenseness, calmness and self-control
capacity (see App. 4 for the complete effects of Time of day). For tenseness, effects of Time of
day were both significant in comparisons between light at 2700 K and 5600 K [F(1, 27.23)=7.17,
p=.01] and between the three CCT levels [F(1, 25.64)= 9.20, P< .01]. Both comparisons showed

that participants in the afternoon sessions (EMM= 2.01, SE= .11 in the former; EMM= 2.03,
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SE= .10 in the latter) were tenser than those in the morning sessions (EMM= 1.53, SE= .14 in the
former; EMM= 1.54, SE= .12 in the latter). For calmness, Time of day showed the significant
effect only in comparisons between the three CCT levels [F(1, 23.83)= 4.83, p=.04], indicating
that participants in the morning sessions (EMM= 3.26, SE=.12) felt calmer than those in the
afternoon sessions (EMM=2.94, SE= .09). For self-control capacity, effects of Time of day were
both significant in comparisons between light at 2700 K and 5600 K [F(1, 26.25)= 5.40, p=.03]
and between the three CCT levels [F(1, 26.13)= 4.23, P= .05]. Both comparisons showed that
participants in the morning sessions (EMM=5.27, SE= .40 in the former; EMM=5.15, SE= .35
in the latter) had higher levels of self-control capacity than those in the afternoon sessions
(EMM=4.04, SE= .33 in the former; EMM=4.21, SE= .28 in the latter). Time of day did not
reveal any significant effects on sleepiness, vitality, happiness or sadness (all p>.10).

Measurement block revealed a significant main effect on self-control capacity, only in the
comparisons between the three CCT levels [F(3, 267.77)= 3.04, p=.03] (see App. 4 for the
complete effects of Measurement block). Post-hoc tests with Bonferroni correction suggested
that participants had a higher level of self-control capacity in Block 2 (EMM= 4.93, SE= .24)
than in Block 4 (EMM= 4.49, SE= .24), with p=.02. Comparisons between any other two blocks
were not significant (EMM=4.70, SE= .24 in Block 3; EMM=4.61, SE= .24 in Block 5; all
p>.10). Measurement block did not reveal any significant effects on sleepiness or mood (all
p>.10).

In summary, participants felt happier and calmer (only in Block 2), and had a higher level
of self-control capacity (only in the morning) in light at 2700 K than in light at 5600 K. They felt
more alert in light at 9800 K than in light at 2700 K and 5600 K. Participants also reported less

happiness (only in the afternoon) and lower self-control capacity (only in the morning) in light at
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5600 K than in light at 2700 K and 9800 K. Participants in the morning sessions felt less tense,
more calm, and had a higher level of self-control capacity than those in the afternoon sessions.

They also reported a higher level of self-control capacity in Block 2 than in Block 4.

3.2.1.2. PVT, GO/NOGO Task and PASAT

The main effects of CCT were non-significant on any of the cognitive performance
indicators, neither in comparisons between light at 2700 K and 5600 K (all p>.10), nor in
comparisons between the three CCT levels (all p>.10; see App. 4 for the complete effects of
CCT). However, interaction between Lighting condition and Time of day was significant on
PVT overall mean RT, PVT 10% slowest RT, GO/NOGO hit rate and PASAT correct percentage.
For PVT overall mean RT, the interaction was only significant in comparisons between light at
2700 K and 5600 K [F(1, 166.40)=9.87, p< .01]. Post-hoc tests with Bonferroni correction
suggested time-dependent effects of CCT, that is, participants in the morning sessions responded
faster in light at 2700 K (EMM= 391.32, SE= 12.03) than in light at 5600 K (EMM= 409.96,
SE=11.63), with p= .02, while in the afternoon sessions participants responded faster in light at
5600 K (EMM= 380.69, SE= 9.41) than in light at 2700 K (EMM= 395.20, SE= 9.58), with
p=.03 (see Figure 11). For PVT 10% slowest RT, the interaction effects were both significant in
comparisons between light at 2700 K and 5600 K [F(1, 146.22)= 13.99, p< .01], and between the
three CCT levels [F(2, 236.57)= 4.97, p< .01]. For comparisons between light at 2700 K and
5600 K, post-hoc tests with Bonferroni correction also revealed time-dependent effects of CCT,
that is, in line with the results on the PVT overall mean RTs, participants in the morning sessions
responded faster in light at 2700 K (EMM= 579.83, SE= 34.32) than in light at 5600 K (EMM=

631.76, SE= 33.29), with p=.02, while in the afternoon sessions participants responded faster in
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light at 5600 K (EMM= 501.28, SE= 26.42) than in light at 2700 K (EMM= 555.82, SE= 26.43),
with p< .01(see Figure 12). For comparisons between the three CCT levels, Post-hoc tests with
Bonferroni correction suggested that participants in the afternoon sessions responded faster in
light at 5600 K (EMM= 496.00, SE= 25.44) than in light at 2700 K (EMM= 545.63, SE= 25.22),
with p< .05, while comparisons between these two CCT levels and light at 9800 K (EMM=
522.41, SE= 24.85) were non-significant (p> .10 for both). Comparisons between light at 2700 K
(EMM= 590.22, SE= 32.34), 5600 K (EMM= 639.91, SE= 31.20) and 9800 K (EMM= 639.62,
SE=31.10) in the morning sessions were non-significant (all p>.10; see Figure 13). For
GO/NOGO hit rate, the interaction effects were both significant in comparisons between light at
2700 K and 5600 K [F(1, 155.20)=9.34, p< .01] and between the three CCT levels [F(2,
250.97)= 4.97, p< .01]. For comparisons between light at 2700 K and 5600 K, post-hoc tests
with Bonferroni correction also revealed time-dependent effects of CCT, that is, participants in
the morning sessions were more accurate in light at 2700 K (EMM= 95.19, SE=.59) than in light
at 5600 K (EMM=94.30, SE=.60), with p=.01, while in the afternoon sessions participants
showed a tendency to be more accurate in light at 5600 K (EMM= 96.57, SE= .49) than in light
at 2700 K (EMM=96.03, SE=.49), with p=.09 (see Figure 14). For comparisons between the
three CCT levels, Post-hoc tests with Bonferroni correction suggested that participants in the
afternoon sessions were more accurate in light at 5600 K (EMM= 96.75, SE=.42) than in light at
2700 K (EMM=95.91, SE= .41), with p< .05, while comparisons between these two CCT levels
and light at 9800 K (EMM=96.11, SE= .40) were non-significant (p> .10 for both).
Comparisons between light at 2700 K (EMM= 95.27, SE=.49), 5600 K (EMM= 94.52, SE=.50)
and 9800 K (EMM=95.11, SE= .50) in the morning sessions were non-significant (all p>.10;

see Figure 15). For PASAT correct percentage, the interaction was only significant in
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comparisons between the three CCT levels [F(2, 213.34)= 3.10, p< .05]. Post-hoc tests with
Bonferroni correction did not reveal any significant effect of CCT, neither in the morning
sessions (all p>.10) nor in the afternoon sessions (all p>.10). However, when the CCT became
higher, a trend of gradual increasing of correct percentage was observed in the morning sessions,
while the opposite trend was observed in the afternoon (see Figure 16). The interaction between
Lighting condition and Time of day was not significant on PASAT (all p>.10), nor was there
any interaction between Lighting condition and Measurement block on PVT, GO/NOGO Task or

PASAT (all p> .10).
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Figure 11. The interaction effects between Lighting condition and Time of day on PVT overall

mean RT in light at 2700K and 5600 K. Note. The whiskers represent the 95% confidence interval. *

stands for p< .05.
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Figure 12. The interaction effects between Lighting condition and Time of day on PVT 10%

slowest RT in light at 2700K and 5600 K. Note. The whiskers represent the 95% confidence interval.

* stands for p< .05 and ** stands for p< .01.
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Figure 13. The interaction effects between Lighting condition and Time of day on PVT 10%
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Time of day revealed significant main effects on PVT 10% slowest RT and GO/GONO
hit rate (see App. 4 for the complete effects of Time of day). For PVT 10% slowest, Time of day
showed the significant effect only in comparisons between the three CCT levels [F(1, 24.65)=
7.97, p< .01], indicating that participants in the afternoon sessions (EMM= 521.35, SE= 22.48)
responded faster than those in the morning sessions (EMM= 623.25, SE= 27.99). For GO/NOGO
hit rate, effects of Time of day were both significant in comparisons between light at 2700 K and
5600 K [F(1, 21.21)= 4.42, p< .05] and between the three CCT levels [F(1, 23.16)= 5.18, P=.03].
Both comparisons showed that participants in the afternoon sessions (EMM= 96.30, SE= .47 in
the former; EMM= 96.26, SE= .36 in the latter) were more accurate than those in the morning
sessions (EMM=94.75, SE= .57 in the former; EMM= 94.97, SE= .44 in the latter). Time of day
did not reveal significant effects on PASAT (all p> .10).

Measurement block revealed significant effects on PVT overall mean RT, in both

comparisons between light at 2700 K and 5600 K [F(3, 153.88)= 3.33, p=.02] and between the

57



three CCT levels [F(3, 242.64)= 3.50, p=.02] (see App. 4 for the complete effects of
Measurement block). For comparisons between light at 2700 K and 5600 K, post-hoc tests with
Bonferroni correction suggested that participants had a tendency to respond faster in Block 2
(EMM= 381.22, SE= 8.12) than in Block 3 (EMM= 398.54, SE= 8.07), Block 4 (EMM= 398.11,
SE=8.27) and Block 5 (EMM= 399.29, SE= 8.25), with p= .06, p= .09 and p= .05 respectively.
Comparisons between any other two blocks were not significant (all p>.10). For comparisons
between the three CCT levels, post-hoc tests with Bonferroni correction suggested that
participants responded faster in Block 2 (EMM= 379.78, SE= 7.43) than in Block 4 (EMM=
397.08, SE=7.59) and Block 5 (EMM= 396.82, SE= 7.54), with p< .05 for both. Besides, they
showed a tendency to respond faster in Block 2 than in Block 3 (EMM= 395.83, SE= 7.42), with
p=.07. Comparisons between any other two blocks were not significant (all p>.10).
Measurement block did not reveal significant effects on GO/NOGO Task or PASAT (all p>.10).
In summary, CCT showed time-dependent effects in PVT and GO/NOGO Task, that is,
participants responded faster in PVT and had a higher GO/NOGO hit rate in light at 2700 K than
in light at 5600 K in the morning, while in the afternoon sessions participants responded faster in
PVT and had a higher GO/NOGO hit rate in light at 5600 K. Besides, participants responded
faster in PVT and had a higher GO/NOGO hit rate in afternoon vs. morning sessions. Also, they

tended to be faster in PVT in Block 2 than in the following three blocks.

3.2.2. Effects of illuminance at the eye

In this section we tested effects of llluminance at the eye on sleepiness, mood, self-

control capacity as well as cognitive performance by comparing light at 600 Ix and 400 Ix
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(comparing Conditions C and D), when keeping the CCT close to each other (9800 K in

Condition C and 9300 K in Condition D).

3.2.2.1. Sleepiness, mood and self-control capacity

The main effects of Illuminance at the eye were significant on sleepiness [F(1, 168.35)=
18.91, p<.01], vitality [F(1, 153.53)= 9.46, p< .01] and tenseness [F(1, 172.89)=4.03, p< .05]
(see App. 4 for the complete effects of Illuminance at the eye). The results revealed that
participants felt more alert, vital and tense in light at 600 Ix (EMM= 5.45, SE= .26 for sleepiness;
EMM=2.39, SE= .10 for vitality; EMM= 1.83, SE= .08 for tenseness) than in light at 400 Ix
(EMM=6.21, SE= .26 for sleepiness; EMM= 2.20, SE= .10 for vitality; EMM= 1.67, SE= .08
for tenseness). Illuminance at the eye did not reveal any significant effect on calmness, happiness,
sadness or self-control capacity (all p>.10). However, the interaction between Illuminance at the
eye and Time of day was significant on happiness [F(1, 171.91)= 6.97, p< .01]. Post-hoc tests
with Bonferroni correction suggested that participants in the afternoon sessions felt happier in
light at 600 Ix (EMM= 2.23, SE=.12) than in light at 400 Ix (EMM= 1.94, SE= .10), with p< .01.
The comparison between light at 600 Ix (EMM= 2.10, SE=.12) and light at 400 Ix (EMM= 2.18,
SE=.10) in the morning sessions was non-significant (p> .10; see Figure 17). The interaction
between Illuminance at the eye and Time of day was not significant on sleepiness, vitality,
tenseness, calmness, sadness or self-control capacity (all p>.10). The interaction between
[lluminance at the eye and Measurement block was not significant on sleepiness, mood or self-

control capacity (all p>.10).
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Figure 17. The interaction effects between Lighting condition and Time of day on happiness in

light at 600 Ix and 400 Ix. Note. The whiskers represent the 95% confidence interval. ** stands for
p<.01.

Time of day revealed a significant main effect on tenseness [F(1, 26.02)= 6.65, p=.02],
indicating that participants in the afternoon sessions (EMM= 1.93, SE= .09) felt tenser than those
in the morning sessions (EMM= 1.57, SE= .11). Time of day did not reveal any significant effect
on sleepiness, vitality, calmness, happiness, sadness or self-control capacity (all p>.10; see App.
4 for the complete effects of Time of day).

Measurement block revealed significant main effects on vitality [F(3, 147.34)= 2.91,
p=.04] and self-control capacity [F(3, 166.48)= 4.55, p< .01] (see App. 4 for the complete
effects of Measurement block). For vitality, post-hoc tests with Bonferroni correction suggested
that participants felt more vital in Block 2 (EMM= 2.42, SE= .10) than in Block 4 (EMM= 2.19,
SE=.10), with p =.03. Comparisons between any other two blocks were not significant (EMM=
2.31, SE=.10 in Block 3; EMM=2.26, SE= .10 in Block 5; all p>.10). For self-control capacity,
post-hoc tests with Bonferroni correction suggested that participants had a higher level of self-

control capacity in Block 2 (EMM=5.08, SE=.23) than in Block 4 (EMM= 4.56, SE=.23), with
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p< .01. They also showed a tendency to had a higher level of self-control capacity in Block 2
than in Block 3 (EMM=4.72, SE= .23) and Block 5 (EMM=4.70, SE= .23), with p=.09 and
p= .08 respectively. Comparisons between any other two blocks were not significant (all p>.10).
Measurement block did not reveal any significant effect on sleepiness, tenseness, calmness,
happiness or sadness (all p>.10).

In summary, participants felt more alert, vital, happy (only in the afternoon) and tense in
light at 600 Ix than in light at 400 Ix. Participants in the afternoon sessions felt tenser than those
in the morning sessions. Besides, participants reported higher levels of vitality and self-control

capacity in Block 2 than in following blocks.

3.2.2.2. PVT, GO/NOGO Task and PASAT

The main effects of Illuminance at the eye were significant on GO/NOGO 10% fastest
RT [F(1, 153.43)=5.56, p=.02] and PASAT mean RT [F(1, 131.01)= 5.62, p=.02], indicating
that participants responded faster in GO/NOGO Task and PASAT in light at 400 Ix (EMM=
312.98, SE=4.31 for GO/NOGO 10% fastest RT; EMM= 1701.48, SE= 16.91 for PASAT mean
RT) than in light at 600 Ix (EMM= 323.97, SE= 4.24 for GO/NOGO 10% fastest RT;
EMM=1730.80, SE=17.23 for PASAT mean RT). llluminance at the eye did not reveal
significant effects on PVT (all p> .10; see App. 4 for the complete effects of Illuminance at the
eye). Besides, the interaction between Lighting condition and Time of day and the interaction
between Lighting condition and Measurement block was not significant on PVT, GO/NOGO
Task or PASAT (all p>.10).

Time of day revealed significant main effects on PVT overall mean RT [F(1, 23.80)=

5.15, p=.03] and 10% slowest RT [F(1, 24.51)= 8.63, p< .01], and GO/NOGO 10% slowest RT
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[F(1, 21.95)=4.35, p< .05] (see App. 4 for the complete effects of Time of day). The results
indicated that participants in the afternoon sessions (EMM= 368.94, SE= 8.54 for PVT overall
mean RT; EMM=506.13, SE= 23.72 for PVT 10% slowest RT; EMM=685.38, SE= 29.42 for
GO/NOGO 10% slowest RT) responded faster in PVT and GO/NOGO Task than those in the
morning sessions (EMM= 400.50, SE= 10.94 for PVT overall mean RT; EMM= 619.83, SE=
30.45 for PVT 10% slowest RT; EMM= 781.05, SE= 34.60 for GO/NOGO 10% slowest RT).
Time of day did not reveal significant effects on PASAT (all p>.10).

Measurement block revealed a significant main effect on PVT overall mean RT [F(3,
144.01)= 3.39, p=.02] (see App. 4 for the complete effects of Measurement block). Post-hoc
tests with Bonferroni correction suggested that participants responded faster in Block 2 (EMM=
372.63, SE=7.98) than in Block 4 (EMM=390.82, SE= 8.13) and Block 5 (EMM= 391.50, SE=
8.12), with p< .05 and p= .03 respectively. Other comparisons between any other two blocks
were not significant (EMM= 383.92, SE= 7.99 in Block 3; all p>.10). Measurement block did
not reveal significant effects on GO/NOGO Task or PASAT (all p>.10).

In summary, participants responded faster in GO/NOGO Task and PASAT in light at 400
Ix than in light at 600 Ix. Participants in the afternoon sessions responded faster in PVT and
GO/NOGO Task than those in the morning sessions. Also, participants responded faster in PVT

in Block 2 than in Blocks 4 and 5.

3.2.3. Effects of non-blue-spectral light

In this section we tested effects of light out of the blue spectral region on sleepiness,

mood, self-control capacity as well as cognitive performance, by comparing Conditions B and D
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(600 Ix and 5600 K in Condition B, 400 Ix and 9300 K in Condition D; both conditions have the

same amount of light in the spectral region between 446 and 477 nm).

3.2.3.1. Sleepiness, mood and self-control capacity

The main effect of non-blue-spectral light was significant on tenseness [F(1, 165.27)=
4.28, p=.04], indicating that participants felt tenser in Condition B (EMM= 1.83, SE=.09) than
in Condition D (EMM=1.66, SE=.09). The main effects of non-blue-spectral light were not
significant on sleepiness, vitality, calmness, happiness, sadness or self-control capacity (all
p>.10; see App. 4 for the complete effects of non-blue-spectral light). The interaction between
Lighting condition and Time of day was significant on happiness [F(1, 188.00)= 7.53, p< .01]
and self-control capacity [F(1, 165.16)=5.90, p=.02]. For happiness, post-hoc tests with
Bonferroni correction suggested that participants in the morning sessions felt happier in
Condition D (EMM= 2.22, SE=.09) than in Condition B (EMM= 1.94, SE= .09), with p=.10.
The comparison between Condition B (EMM= 2.01, SE=.08) and Condition D (EMM= 1.89,
SE=.08) in the afternoon sessions was not significant (p>.10; see Figure 18). For self-control
capacity, post-hoc tests with Bonferroni correction suggested that participants in the morning
sessions had a higher level of self-control capacity in Condition D (EMM= 5.09, SE=.38) than
in Condition B (EMM= 4.69, SE=.37), with p=.30. The comparison between Condition B
(EMM= 4.44, SE= .32) and Condition D (EMM= 4.25, SE= .31) in the afternoon sessions was
not significant (p>.10; see Figure 19). The interaction between Lighting condition and Time of
day was not significant on sleepiness, vitality, tenseness, calmness or sadness (all p>.10). In
addition, the interaction between Lighting condition and Measurement block was significant on

calmness [F(3, 160.06)= 3.79, p=.01]. Post-hoc tests with Bonferroni correction suggested that
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participants felt calmer in Condition D (EMM= 3.29, SE= .14) than in Condition B (EMM= 2.81,
SE=.17) in Block 2, with p< .01. Comparisons between Condition B (EMM= 3.25, SE= .14 in
Block 3; EMM= 3.20, SE= .14 in Block 4; EMM= 3.16, SE= .14 in Block 5) and Condition D
(EMM=3.16, SE= .14 in Block 3; EMM=2.94, SE= .14 in Block 4; EMM=3.03, SE= .14 in
Block 5) were not significant in Blocks 3 to 5 (all p> .10; see Figure 19). The interaction

between Lighting condition and Measurement block was not significant on sleepiness, vitality,

tenseness, happiness, sadness or self-control capacity (all p>.10).
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Figure 17. The interaction effects between Lighting condition and Time of day on happiness in
Conditions B and D. Note. The whiskers represent the 95% confidence interval. ** stands for p< .01.
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Figure 18. The interaction effects between Lighting condition and Time of day on self-control
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Figure 19. The interaction effects between Lighting condition and Measurement block on
Calmness in Conditions B and D. Note. The whiskers represent the 95% confidence interval. ** stands
for p<.01.

Time of day revealed a significant main effect on tenseness [F(1, 25.21)= 4.97, p=.04],
indicating that participants in the afternoon sessions (EMM= 1.93, SE=.11) felt tenser than those

in the morning sessions (EMM= 1.56, SE=.13). Time of day did not reveal any significant effect
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on sleepiness, vitality, calmness, happiness, sadness or self-control capacity (all p>.10; see App.
4 for the complete effects of Time of day).

Measurement block revealed a significant main effect on sleepiness [F(3, 156.44)= 3.28,
p=.02] (see App. 4 for the complete effects of Measurement block). Post-hoc tests with
Bonferroni correction suggested that participants felt more alert in Block 2 (EMM=5.73,
SE=.27) than in Block 4 (EMM= 6.46, SE= .27), and tended to feel more alert in Block 2 than in
Block 5 (EMM=6.39, SE=.27), with p=.04 and p= .08 respectively. Comparisons between any
other two blocks were not significant (EMM= 6.33, SE= .27 in Block 3; all p>.10).
Measurement block did not reveal any significant effect on mood or self-control capacity (all
p>.10).

In summary, participants felt less tense but more calm (only in Block 2), happy (only in
the morning) and had a higher level of self-control capacity (only in the morning) in Condition B
than in Condition D. Participants in the afternoon sessions felt tenser than those in the morning

sessions. Also, participants reported higher alertness in Block 2 than in Blocks 4 and 5.

3.2.3.2. PVT, GO/NOGO Task and PASAT
The main effects of non-blue-spectral light were significant on GO/NOGO 10% fastest
RT [F(1, 151.31)= 8.33, p<.01] and PASAT mean RT [F(1, 137.89)= 7.33, p< .01], indicating
that participants responded faster in GO/NOGO Task and PASAT in Condition D (EMM=
312.42, SE=4.23 in GO/NOGO 10% fastest RT; EMM= 1709.66, SE= 14.50 in PASAT mean
RT) than in Condition B (EMM= 325.78, SE= 4.26 in GO/NOGO 10% fastest RT; EMM=
1739.79, SE=14.77 in PASAT mean RT). The main effects of non-blue-spectral light were not

significant on PVT (all p>.10). Besides, the interaction between Lighting condition and Time of
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day was significant on PVT 10% fastest RT [F(1, 147.35)=5.87, p=.02]. Post-hoc tests with
Bonferroni correction suggested that participants in the morning sessions responded faster in
Condition D (EMM= 285.34, SE= 6.84) than in Condition B (EMM= 296.86, SE= 6.32), with
p=.04. The comparison between Condition B (EMM= 283.25, SE= 5.08) and Condition D
(EMM= 287.58, SE= 5.00) in the afternoon sessions was not significant (p>.10; see Figure 20).
The interaction between Lighting condition and Time of day were not significant on GO/NOGO
Task or PASAT (all p>.10). The interaction between Lighting condition and Measurement block

were not significant on PVT, GO/NOGO Task or PASAT (all p>.10).
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Figure 20. The interaction effects between Lighting condition and Time of day on PVT 10%
fastest RT in Conditions B and D. Note. The whiskers represent the 95% confidence interval. * stands
for p< .05.

Time of day revealed significant main effects on PVT overall mean RT [F(1, 24.38)=
6.56, p=.02] and 10% slowest RT [F(1, 22.03)= 13.88, p< .01], and GO/NOGO hit rate [F(1,
22.35)=10.47, p< .01] (see App. 4 for the complete effects of Time of day).The results indicated
that participants in the afternoon sessions (EMM= 376.35, SE= 6.58 in PVT overall mean RT,;

EMM=491.71, SE= 19.38 in PVT 10% slowest RT; EMM= 96.66, SE= .37 in GO/NOGO hit
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rate) responded faster in PVT and were more accurate in GO/NOGO Task than those in the
morning sessions (EMM=403.81, SE= 8.43 in PVT overall mean RT; EMM= 610.63, SE=
25.35in PVT 10% slowest RT; EMM= 94.76, SE= .46 in GO/NOGO hit rate). Time of day did
not reveal significant effects on PASAT (all p>.10).

Measurement block revealed significant main effects on PVT 10% fastest RT [F(3,
141.26)= 3.15, p=.03] and PASAT mean RT [F(3, 117.45)=5.83, p< .01] (see App. 4 for the
complete effects of Measurement block). For PVT 10% fastest RT, post-hoc tests with
Bonferroni correction suggested that participants responded faster in Block 2 (EMM= 280.75,
SE=4.67) than in Block 5 (EMM= 293.33, SE= 4.59), with p=.02. Comparisons between any
other two blocks were not significant (EMM= 288.44, SE= 4.56 in Block 3; EMM=290.50, SE=
4.53 in Block 4; all p>.10). For PASAT mean RT, post-hoc tests with Bonferroni correction
suggested that participants responded faster in Block 5 (EMM= 1693.70, SE= 15.91) than in
Block 2 (EMM= 1748.98, SE= 15.83) and Block 3 (EMM= 1734.79, SE= 16.13), with p< .01
and p= .02 respectively. Comparisons between any other two blocks were not significant
(EMM=1721.42, SE= 16.08 in Block 4; all p> .10). Measurement block did not reveal
significant effects on GO/NOGO Task (all p>.10).

In summary, participants responded faster in PVT (only in the morning), GO/NOGO
Task and PASAT in Condition D than in Condition B. Participants in the afternoon sessions
responded faster in PVT and had a higher hit rate in GO/NOGO Task than those in the morning
sessions. Also, participants responded faster in PVT in Block 2 than in Block 5, however, they

responded faster in PASAT in Block 5 than in Blocks 2 and 3.
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3.2.4. Perceived light characteristics, beliefs, room atmosphere and subjective daylight
experience
In this section we first tested main effects of Lighting condition on perceived light
characteristics, subjective beliefs, room atmosphere and subjective daylight experience assessed
at the end of each experimental session, with all four Lighting conditions included in the
analyses. Secondly, we checked differences between demographical variables (i.e., gender,

continent where participants come from) in all those variables in each Lighting condition.

3.2.4.1. Effects of Lighting condition

The main effects of Lighting condition were significant on experienced color of the light
[F(3, 73.47)=52.03, p< .01], light color appropriateness [F(3, 71.13)= 2.90, p=.04], mood
improving [F(3, 58.06)= 3.08, p=.04], liveliness [F(3, 64.29)= 3.41, p=.02], detachment [F(3,
64.66)= 3.67, p=.02] and subjective daylight experience [F(3, 68.89)=3.61, p=.02] (see App. 4
for the complete effects of Lighting condition). For experienced color of the light, post-hoc tests
with Bonferroni correction suggested that light in Condition A (2700 K, EMM=1.57, SE=.19)
was experienced as warmer than light in Condition B, (5600 K, EMM= 3.76, SE=.19),
Condition C (9800 K, EMM=4.05, SE=.19) and Condition D (9300 K, EMM=4.04, SE=.19),
with all p< .01. Comparisons between any other two conditions were not significant (all p> .10).
For light color appropriateness, post-hoc tests with Bonferroni correction did not reveal any
significant difference between any two conditions (EMM= 3.28, SE= .21 in Condition A; EMM=
3.24, SE= .21 in Condition B; EMM= 2.62, SE= .20 in Condition C; EMM=2.77, SE= .20 in
Condition D; all p>.10). For mood improving, post-hoc tests with Bonferroni correction

suggested that participants believed that the effect of light on improving mood was larger in
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Condition A (EMM= 3.19, SE= .15) than in Condition C (EMM= 2.71, SE=.15), with p< .05.
Comparisons between any other two conditions were not significant (EMM= 2.81, SE=.16 in
Condition B; EMM= 3.03, SE= .15 in Condition D; all p>.10). For liveliness, post-hoc tests with
Bonferroni correction suggested that light was evaluated as more lively in Condition A (EMM=
3.60, SE=.20) than in Condition C (EMM= 2.88, SE=.21), with p=.03. Comparisons between
any other two conditions were not significant (EMM= 2.96, SE= .22 in Condition B; EMM=
3.22, SE= .22 in Condition D; all p> .05). For detachment, post-hoc tests with Bonferroni
correction suggested that light was evaluated as more detached in Condition B (EMM=4.74,
SE=.30) than in Condition A (EMM= 3.67, SE=.30) and Condition D (EMM= 3.75, SE=.30),
with p=.03 and p< .05 respectively. Comparisons between any other two conditions were not
significant (EMM= 3.95, SE= .30 in Condition C; all p>.10). For subjective daylight experience,
post-hoc tests with Bonferroni correction suggested that participants had a stronger sense of
daylight experience in Condition A (EMM= 3.81, SE=.29) than in Condition C (EMM= 2.65,
SE=.26), with p=.02. Comparisons between any other two conditions were not significant
(EMM=3.34, SE= .27 in Condition B; EMM=2.96, SE= .26 in Condition D; all p>.10). The
effects of Lighting condition were not significant on pleasantness of light, comfortableness of
light, whether the light is activating or relaxing, light intensity appropriateness, effects of light on
performance improving, and tenseness (room atmosphere), with all p>.10. The effects of Time
of day as well as the interaction between Lighting condition and Time of day was not significant
on any of the variables in the closing questionnaire (all p>.10).

In summary, light in Condition A was experienced as warmer than light in Conditions B,
C and D. Participants believed that the effect of light on improving mood was larger in Condition

A than in Condition C. Also, light in Condition A was evaluated as more lively and offered a
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stronger sense of daylight experience than light in Condition C. Besides, light in Condition B

was evaluated as more detached than light in Conditions A and D.

3.2.4.2. Differences between demographical variables

LMM analyses were performed to investigate effects of Gender (male vs. female) and
Continent where participants come from (Europe vs. Asia®) on perceived light characteristics,
beliefs, room atmosphere and subjective daylight experience in Conditions A, B, C and D
respectively, with Gender and Continent as fixed factors.

Effects of Gender were significant on light color appropriateness [F(1, 22)= 15.04, p< .01]
and performance improving [F(1, 18)= 6.64, p=.02] in Condition B. The results indicated that
female participants (EMM= 3.79, SE= .22) evaluated color of the light in Condition B as more
appropriate than male participants (EMM= 2.66, SE=.20) did. Female participants (EMM= 3.68,
SE=.25) also believed more in the effect of light in Condition B on improving performance than
male participants (EMM= 2.82, SE= .21) did. Effects of Gender were not significant on
perceived light characteristics (except for light color appropriateness), room atmosphere or
subjective daylight experience in Condition B (all p>.10). Effects of Gender were not significant
on any of the variables in the closing questionnaire in Conditions A, C and D (all p> .10).

Effects of Continent where participants come from were significant on light pleasantness,
light comfortableness, mood improving, tenseness (room), detachment and subjective daylight
experience in Condition A (see Table 14). The results showed that European participants
evaluated light in Condition A as more pleasant, more comfortable, giving less tense but more
detached feeling of room atmosphere, and giving more daylight experience than Asian

participants did. Besides, they also believed more in the effect of light in Condition A on

> Asian participants are actually all from China. The one from Nigeria was excluded from the continent comparisons.
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improving mood than Asian participants did. Effects of Continent were not significant on
whether the light is activating or relaxing, whether the light is warm or cold, light intensity and
color appropriateness, effects of light on performance improving or liveliness (room atmosphere)
in Condition A (all p>.10).

Table 14

Effects of Continent where participants come from on variables in the closing questionnaire in
Condition A (only significant ones)

Europe Asia (China)  Statistics

EMM SE EMM SE F df p R?
Pleasant vs. unpleasant 1.85 21 291 27 957 (1,24 <.01 .33
Comfortable vs. uncomfortable 1.81 22 312 28 1336 (1,24) <.01 .36
Mood improving 3.49 17 2.86 20 571 (1,22) =.03 .22
Tenseness (Room) 1.65 26 257 31 521 (1,23) =.03 .21
Detachment 3.79 34 244 42 622 (1,21) =.02 .24
Daylight experience 4.14 32 3.10 36 486 (1,21) =.04 21

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square
indicated the proportion of residual variances explained by the model compared to a null model (i.e., a
model with no predictors).

Effects of Continent were also significant on detachment in Condition C and mood
improving in Condition D (see Table 15). The results showed that European participants
evaluated light in Condition C as more detached than Asian participants did, while Asian
participants believed more in the effect of light in Condition D on improving mood. Effects of
Continent were not significant on perceived light characteristics, beliefs, room atmosphere or
subjective daylight experience in Condition C (except for detachment; all p>.10) and Condition
D (except for mood improving; all p>.10). Effects of Continent were not significant on any of

the variables in the closing questionnaire in Condition B (all p> .10).
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Table 15
Effects of Continent where participants come from on variables in the closing questionnaire in
Conditions C and D (only significant ones)

Europe Asia (China)  Statistics
EMM SE EMM SE F df p R?
Detachment in Condition C 4.58 33 288 43 983 (1,22) <.01 .36

Mood improving in Condition D 2.81 20 3.54 28 459 (1,21) =.04 .18

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square
indicated the proportion of residual variances explained by the model compared to a null model (i.e., a
model with no predictors).
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4. Discussion

Several studies investigated effects of blue (-enriched) light on alertness and cognitive
performance in the daytime, with inconsistent results observed. The current study investigated
effects of blue-enriched light on people’s alertness and cognitive performance, as well as on
other subjective indicators (mood, self-control capacity, perceived light characteristics, beliefs,
room atmosphere and subjective daylight experience) during regular work hours in a simulated
office setting. We found mixed effects of CCT as well as illuminance at the eye on subjective
indicators (alertness, mood and self-control capacity) and cognitive performance tasks (PVT,
GO/NOGO Task and PASAT). We also found non-beneficial effects of light outside of the blue
spectral region (between 446 and 477 nm) on both subjective (tenseness, happiness and self-
control capacity) and objective indicators (PVT, GO/NOGO Task and PASAT). Besides, we
found that people of different genders or nationalities differed in perceived light characteristics,
beliefs in the effects of light, perception of the room atmosphere and subjective daylight

experience.

4.1. Effects of CCT
The effects of CCT were mixed in the current study and did not meet our expectations.
First we will consider the comparison between light at 2700K and 5600 K (600 Ix at the eye for
both). Participants in the morning had a higher level of self-control capacity, responded faster in
PVT and were more accurate in GO/NOGO Task in light at 2700 K vs. 5600 K, while in the
afternoon participants responded faster in PVT and were more accurate in GO/NOGO Task in
light at 5600 K vs. 2700 K. The effect of CCT was not significant on PASAT performance. The

effect of CCT on people’s happiness was more consistent across time, i.e., stronger feelings of
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happiness were reported in light at 2700 K vs. 5600 K. Participants also felt more calm in the
first block in the experimental lighting conditions in light at 2700 K vs. 5600 K. Results also
indicated that participants experienced light at 2700 K as much warmer than light at 5600 K, and
light at 5600 K was evaluated as more detached than light at 2700 K. These findings might be
reasons why participants felt happier and more calm (only in the first block in experimental
lighting conditions) in low CCT lighting condition. As a next step, the mediation analyses could
be performed between independent variables (i.e., CCT and Measurement block in Conditions A
and B) and dependent variables (i.e., happiness, calmness) when taking experienced color of the
light and detachment as mediators.

These findings in general are not in line with those found in a recent study by Chellappa
and colleagues (2011), in which light at 6500 K led to enhanced subjective alertness, well-being
and faster responses on PVT and GO/NOGO Task (but not in Paced Visual Serial Addition
Task), compared to light at 2500 K and 3000 K (40 Ix at the eye for all). However, there are
several differences between their study and ours. First, their study was carried out in the evening
(between 21:30 and 23:30) when melatonin levels are higher compared to those in the daytime,
which made it easier for the light with a higher blue-spectral portion to play a role in improving
people’s alertness, by suppressing nocturnal melatonin via the ipRGCs. However, the current
study was carried out in the daytime when people’s melatonin levels are low, rendering the
melatonin suppression mechanism irrelevant to improve subjective alertness or reaction speed.
Secondly, light was provided by either fluorescent or incandescent lamps in their study, while
experimental lighting was offered by LEDs in the current study. Light power distributions are
very different in light from theses three lighting sources (see Figure 3 in this report for

comparisons between fluorescent tubes and LEDs; see Figure 2 in Chellappa et al. (2011) for
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comparisons between fluorescent tubes and incandescent tubes), thus whether the inconsistent
results between their study and ours were caused by the different lighting sources had to be
further investigated. Similar to our study, they did not report significant effects on PASAT
performance. Considering that PASAT is associated with executive functioning, it might be that
performance on a more complex task is not responsive to the acute effects of CCT in the daytime.

Although acknowledging that the light distribution in the room of light at 9800 K was
different from those in light at 2700 K and 5600 K, we take it as an extension to incorporate light
at 9800 K into the CCT comparisons (600 Ix at the eye for all). Although the time-dependent
effects of the lower two CCT levels remained (participants in the morning had a higher level of
self-control capacity in light at 2700 K vs. 5600 K while participants in the afternoon responded
faster in PVT and were more accurate in GO/NOGO Task in light at 5600 K vs. 2700 K), results
indicated more complex patterns on subjective indicators, i.e., higher subjective alertness was
observed in light at 9800 K than in light at 2700 K and 5600 K, and a higher level of self-control
capacity was reported in light at 9800 K vs. 5600 K in the morning. Besides, participants
reported higher levels of happiness in both light at 2700 K and 9800 K than in light at 5600 K in
the afternoon.

The findings on alertness and self-control capacity were in line with what Viola and
colleagues (2008) found in their field study, in which higher levels of alertness and concentration
were reported in long-term exposure to blue-enriched light (17000 K) compared to white light
(4000 K). However, because of the inherent characteristics of the design in the current study,
light distributions in the room were different in light at 9800 K and in light at the other two CCT

levels, thus the results have to be further confirmed. It would be interesting to investigate the
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acute effects of blue-enriched light on e.g., alertness in the daytime as a next step, by performing
studies with more extreme manipulations of CCT alone.

When comparing light at 2700 K and 5600 K, findings on subjective and objective
indicators were consistent (except for self-reported happiness and calmness), i.e., they together
suggested time-dependent effects of CCT. The consistency between subjective and objective
indicators were commonly observed in previous studies (e.g., Chellappa et al. (2011) and
Smolders et al. (2012)). However, when light at 9800 K was incorporated in the CCT
comparisons, objective indicators seemed to be more robust than subjective indicators, i.e.,
directions in effects of CCT indicated by objective indicators remained while mixed results were
observed in the three CCT levels. From this perspective it seems that objective measures are
more resisted to change in assessing effects of CCT. Besides, considering the inconsistencies in
subjective indicators between comparisons of two CCT levels (2700 K vs. 5600 K) and
comparisons between the three CCT levels, we infer that the light distribution in the room might
influence the way people experienced light. The effects of light distribution in the room thus
could also be an interesting research direction assessing effects of blue-enriched light in the

daytime.

4.2. Effects of illuminance at the eye
Exposure to the higher illuminance light turned out to be effective in influencing people’s
subjective feelings in the current study, which was supportive for our expectation. Participants
reported higher levels of alertness, vitality, happiness but also tenseness in light at 600 Ix vs. 400
Ix (both at the eye). These findings were in line with results reported by Phipps-Nelson et al.

(2003), Riger et al. (2006) and Smolders et al. (2012), although we applied a more subtle
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manipulation in the current study. In addition, the effect of illuminance was not significant on

self-control capacity, indicating that the illuminance difference of 200 Ix in the daytime might
not be large enough to evoke a higher level of self-control capacity, especially when both light
illuminances in the current study are quite acceptable for people to work in an office setting.

However, results in cognitive performance in the current study did not meet our
expectation, i.e., participants responded faster in GO/NOGO Task and PASAT in light at 400 Ix
vs. 600 Ix. One possible explanation could be that participants felt tenser in the high illuminance
lighting condition, which might conflict with executive functioning that is involved in
GO/NOGO Task and PASAT, rendering participants less prepared to respond to tasks in the high
illuminance condition. The main effect of illuminance was not significant on PVT performance.
Earlier studies have demonstrated that bright light is effective in improving PVT performance
compared to dim light, however, the differences between illuminance levels in their studies were
generally larger than the illuminance difference in the current study (e.g., ~1000 Ix difference in
Phipps-Nelson et al. (2003); ~5000 Ix difference in RUger et al. (2006); ~800 Ix difference in
Smolders et al. (2012)).

The findings on effects of illuminance at the eye were consistent within subjective
indicators and within objective indicators, however, these two types of measures pointed to an
opposite direction in the effects of illuminance. Participants reported higher levels of alertness
and vitality in high illuminance lighting condition, while the effect of illuminance was not
significant on PVT performance. This indicates that the illuminance difference of 200 Ix with a
typical office ambient light (400~600 Ix at the eye) should be effective in improving people’s
subjective alertness, but is too subtle to improve objective alertness as measured by PVT

performance. Meanwhile, more complex tasks (GO/NOGO Task and PASAT) showed better
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performance in low illuminance lighting condition. This suggests that GO/NOGO Task and
PASAT might measure higher levels of cognitive functioning, rather than sustained attention as

PVT does.

4.3. Effects of non-blue-spectral light

When keeping light amount the same in the spectral region between 446 and 477 nm,
exposure to light of low illuminance but high CCT was more beneficial in both subjective and
objective indicators in the current study. In detail, participants felt less tense and more happy,
had a higher level of self-control capacity, and responded faster in PVT, GO/NOGO Task and
PASAT in light of 400 Ix and 9300 K (with the blue sky effect), compared to light of 600 Ix,
5600 K (without the blue sky effect). Again, higher level of tenseness and slower responses in
GO/NOGO Task and PASAT were observed in the same condition (in Condition B vs. Condition
D), a phenomenon also observed when testing effects of illuminance at the eye. The assumption
that tenseness might conflict with executive functioning tasks thus are more worthy studying.
Besides, results indicated that light in Condition B was evaluated as more detached than light in
Condition D, it might explain why participants reported higher levels of happiness and self-
control capacity, more calmness and less tenseness in Condition D vs. Condition B.

The findings raise the possibility that light out of the spectral region between 446 and 477
nm plays a role in negatively affecting people’s mood and sense of self-control as well as
cognitive performance in the daytime. A study by Revell and Skene (2007) showed that
polychromatic light was more efficacious in suppressing nocturnal melatonin than
monochromatic blue light did, indicating that light out of the typical melatonin-sensitive-

spectrum might also play a role in the melatonin suppression. Our findings in the current study
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disagrees with their assumption. However, as indicated in comparisons between light at 2700 K,
5600 K and 9800 K, light distribution in the room might also have an influence on the measured
variables, thus it is not convincing to draw a conclusion that light out of the melatonin-sensitive-
spectrum plays a negative role in affecting people in the daytime.

The findings of subjective indicators were consistent with those of objective indicators,
indicating that the measures used in the current study are well-defined. However, since there
were three elements being manipulated in the current study, it is nearly impossible to attribute
the differences between these two lighting conditions to a specific light characteristic. Thus it
would be interesting to compare only one light characteristic (e.g., CCT) at one time, while

controlling for the others (e.g., illuminance, light distribution and appearance of the luminaire).

4.4, Effects of Time of day and Measurement block

Effects of time of day were significant on both subjective and objective indicators, i.e.,
participants in the afternoon sessions felt tenser, less calm and had a lower level of self-control
capacity, but responded faster in PVT and were more accurate in GO/NOGO Task compared to
those in the morning sessions. These findings were consistent across different data analysis
sections (in comparisons between CCTs, between illuminances at the eye, between effects of
non-blue-spectral light).

In comparisons between illuminances at the eye and comparisons between effects of non-
blue-spectral light, higher levels of tenseness and slower responses in GO/NOGO Task and
PASAT were both observed. However, in comparisons between times of day, participants with a
higher level of tenseness in the afternoon were found to respond faster in PVT and were more

accurate in GO/NOGO Task, compared to participants in the morning. These inconsistent results
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further confirm the assumption that GO/NOGO Task and PASAT might not measure sustained
attention as PVT does, instead they might measure higher levels of cognitive functioning.
Besides, higher levels of tenseness were observed in association with slower responses but also
higher accuracy in GO/NOGO Task, implying that the reaction time and hit rate in GO/NOGO
Task might indicate different aspects of cognitive functioning.

In general the differences between times of day might be caused by different groups of
persons participating either in the morning or in the afternoon sessions. As indicated by App. 1,
the distribution of continents where participants come from was even in the afternoon group (8
European vs. 7 Asian), while it was not in the morning group (7 European vs. 2 Asian). Results
already showed differences between continental groups in perceived light characteristics, beliefs
in effects of light, room atmosphere evaluation and subjective daylight experiences, thus it could
be highly possible that the differences between continent distributions in times of day rendered
the different results of dependent variables in morning vs. afternoon. The same group of
participants can be applied in both morning sessions and afternoon sessions in the future study,
to diminish the potential inter-personal differences.

We also found that participants got tired and bored during the experiment, as indicated by
more sleepiness, lower levels of vitality and self-control capacity and slower responses in PVT in
the last two measurement blocks than in the first block in the experimental lighting condition.
Concerning the relatively long duration of the experiment and the repetitious tasks, the findings
are not surprising. However, there was one exception, i.e., participants responded faster in
PASAT in the last block than the first two blocks in the experimental lighting condition. This

indicates that participants benefited from practicing this relatively complex and demanding task.
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5. Conclusion

Acute effects of CCT during daytime in the current study showed time-dependent
patterns, i.e., participants in the morning had a higher level of self-control capacity, responded
faster in PVT and were more accurate in GO/NOGO Task in low CCT light (2700 K vs. 5600 K),
while in the afternoon participants responded faster in PVT and were more accurate in
GO/NOGO Task in high CCT light (5600 K vs. 2700 K). Exposure to the higher illuminance
light (600 Ix at the eye) in the daytime was effective in influencing people’s subjective feelings
in the current study, i.e., participants reported higher levels of alertness, vitality, happiness but
also tenseness in high illuminance light (600 Ix vs. 400 Ix, both at the eye). However, the
illuminance manipulation turned out to be too subtle to improve people’s objective alertness (as
measured by PVT). When keeping light amount the same in the spectral region between 446 and
477 nm, exposure to light of low illuminance but high CCT in the daytime was more beneficial
in both subjective and objective indicators in the current study (400 Ix and 9300 K at the eye vs.
600 Ix and 5600 K at the eye), i.e., participants felt less tense and more happy, had a higher level
of self-control capacity, and responded faster in PVT, GO/NOGO Task and PASAT.

In general the subjective and objective indicators were consistent with each other, as
indicated in comparisons between light at 2700 K vs. 5600 K and in comparisons testing effects
of non-blue-spectral light. However, there were also some exceptions. First, when the
illuminance manipulation in the current study was subtle, the effect of illuminance was
significant on self-reported alertness while the objective measure did not show any significant
effect. Secondly, GO/NOGO Task and PASAT turned out to measure higher levels of cognitive

functioning, instead of measuring sustained attention as PVT does.
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Previous studies investigating nocturnal effects of blue (-enriched) light revealed
consistent acute effects on people, e.g., suppressing nocturnal melatonin secretion, improving
both subjective and objective alertness, improving cognitive performance, and improving visual
comfort. However, in the current study mixed results were found in the acute effects of blue-
enriched light on alertness and cognitive performance in the daytime, suggesting that nocturnal
effects of blue (-enriched) light might not be directly generalized into the daytime effects.

As in the future study, it would be interesting to investigate acute effects of blue (-
enriched) light on alertness and cognitive performance in the daytime, when manipulating CCT
alone while controlling for other lighting characteristics (e.g., illuminance at the eye, light
distribution and appearance of the luminaire). Meanwhile, it should also be worthy to investigate
the relationship between self-reported tenseness and GO/NOGO Task and PASAT in the same
study. Besides, since cultural differences were widely observed in self-reported scores,
corporations should take their customers’ culture background into consideration when designing

lighting products.
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Appendix
Appendix 1
Participants information, illuminance and CCT distribution, and chronotype calculations

The distribution of participants in each condition in the sequence of participating

Condition 1% 2" 3" 4™ Total
A 5 6 7 7 25
B 6 10 4 4 24
C 8 2 7 8 25
D 6 7 6 5 24

Note. One participant travelled to Sri Lanka after participating twice (in Condition A and C), who was
thus exempted from attending the other two conditions.

The distributions of participants with different genders and continents in different lighting
conditions

Gender Continent where participant comes from
Male  Female  Europe Asia (China) Africa (Nigeria)
Condition A 14 11 15 9 1
Condition B 13 11 14 9 1
Condition C 14 11 15 9 1
Condition D 13 11 14 9 1

Note. One participant travelled to Sri Lanka after participating twice (in Condition A and C), who was
thus exempted from attending the other two conditions.

The distributions of participants with different genders and continents in different times of day

Gender Continent where participant comes from
Male  Female  Europe Asia (China) Africa (Nigeria)
Morning sessions 6 4 7 2 1
Afternoon sessions 8 7 8 7 0

Calculations for chronotype

MSFsc is used to indicate chronotype, which can be calculated by the formula: MSFsc = MSF -
0.5*(SDk - (5*SDw+ 2*SDg)/7), where MSF is the mid-sleep time on free days, MSFsc is the
corrected MSF from sleep debt, while SD¢ stands for sleep duration on free days and SDyy for

sleep duration on work days (Roenneberg, et al., 2004).
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The illuminance levels measured at different locations in baseline and experimental conditions.
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Note. The illuminance at participants’ eye level was measured vertically at distance =0 cm, at a height of
120 cm. The other illuminance levels were measured horizontally on the table, at a height of 74 cm.
Distance = 100 cm indicated the position directly under the skylight and Distance = 50 cm indicated the
position almost directly under the Savio office luminaire.

The CCTs measured at different locations in baseline and experimental conditions.
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Note. The CCT at participants’ eye level was measured vertically at distance =0 cm, at a height of 120 cm.
The other CCT levels were measured horizontally on the table, at a height of 74 cm. Distance = 100 cm
indicated the position directly under the skylight and Distance = 50 cm indicated the position almost
directly under the Savio office luminaire.
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Appendix 2 Questionnaires

Chronotype and potential questionnaire

On work days...

At what time do you usually go to bed?

At what time do you usually wake up?
On free days (only normal free days, i.e., without parties, etc.) ...
At what time do you usually go to bed?

At what time do you usually wake up?
At what time did you go to bed last night?

At what time did you wake up this morning?

Very Neutral Very
bad good
How well did you sleep last night? @) @) O O @) @) @)
How many cups of coffee/tea did you drink one hour prior to the experiment?
(Report O if you did not drink any)
How long have you been outside (with daylight) today? h. min.
How long was your travel time (only outside) on your way to this experiment? h. min.
Not
much,
Not at not a Very
all little much
How much did you spend mental effort @) @) @) @) @) 0
(e.g., reading an article or writing a
paper) one hour prior to the experiment?
How much did you engage in physical @) @) @) @) @) @)
effort (e.g., cycling, squash) one hour
prior to the experiment?
How much social interaction (e.g., talk, 0] 0] 0] 0 0 0]

chat, sms, call) did you have one hour
prior to the experiment?
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Karolinska Sleepiness Scale

Please indicate how alert/sleepy you feel at this moment...

] Sleepy, but Extremely
Neither
Extremely no difficulty sleepy,
Alert alert nor
alert remaining fighting
sleepy
awake sleepy
0] @) @) O 0] 0] 0] 0] 0]
Mood questionnaire
Please indicate how you feel at this moment...
Definitely not feel Feel very little Feel slightly Definitely feel
Energetic @) @) O @)
Sleepy @) @) @) O
Sad @) O 0] 0]
Calm 0] 0 @) 0]
Alert @) 0 0] 0]
Depleted @) @) @) O
Happy O @) 0] 0]
Tense 0] O 0] 0]

Note. Depleted here means ‘mental energy used up/ exhausted’.

Self-control capacity questionnaire

Please indicate how well you think the descriptions below fit you...

Definitely Quite not A little Neutral A little Quite true  Definitely

not true true not true true true
Right now, it would
take a lot of effort for 0 0 0 0 0 0 0
me to concentrate on
something.
| feel like my 0 0 0 0 0 0 0
willpower is gone.
| am having a hard
time controlling my 0] 0] 0 0 0] 0] @)

urges .

Note. Urge here means ‘strong impulses/desires to do something’.
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Perceived light characteristics evaluation

How would you evaluate the light in this room?

Pleasant O @) @) @) @) Unpleasant
Comfortable @) O O @) @) Uncomfortable
Activating @) @) @) @) @) Relaxing
Warm light @) ) ) @) @) Cold light

Please indicate how appropriate the light intensity and color of the light are for you to work in a

room like this one...

Very Inappropriate Neither Appropriate Very
inappropriate inappropriate appropriate

nor appropriate

Light intensity O @) @) @) @)
Color of the light @) @) O @) @)

Subjective beliefs questionnaire

Please indicate to what extent you think the light in this room...

Not at all Neutral Very much
Improves mood @) @) @) @) @)
Improves focus @) @) @) @) O
Restores energy O O O O O
Improves vitality @) @) @) @) @)
Improves attention @) @) @) @) @)
Helps relaxing @) @) @) @) O
Increases performance O O O O 0]
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Room atmosphere questionnaire

Please indicate to what extent you think the word below fits the room atmosphere...

) ) Reasonably
Not at all A little bit
well

Very much

O
o

Cozy O
Terrifying
Lively
Chilly
Inspiring
Stimulating
Business-like
Threatening
Safe

Tense

Intimate

O OO 0o oo oo o o
©O O 0O OO0 oo oo oo o
O OO 0o oo oo o o
©O OO0 OO0 oo oo oo o
O OO 00O oo oo o o
O OO OO0 Oo oo oo o

Formal

©O OO OO0 OO0 oo oo o

Subjective daylight experience questionnaires
Please indicate to what extent you think ...

Reasonably

Not at all A little bit
well

Very
much

The light luminaire
O O O 0] 0]
looks natural.
The light luminaire
O O O 0] 0]
looks sunny.
Light in the room
looks natural.
Your skin color looks
natural.
The light luminaire is
pleasant compared to O O 0] ) )
normal office lights.
You like the light

luminaire.
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To what extent you have the feeling that ...

Reasonably Very
Not at all A little bit
well much
Daylight enters the
room via the light @) O O 0] O O
luminaire.
It is a sunny day. @) 0 0 @) ) O
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Appendix 3
Preparatory analyses

Overview of differences between Lighting conditions in all potential confounding variables in
Conditions A, B, C and D

Condition A ConditionB  Condition C  ConditionD  Statistics

EMM SE EMM SE EMM SE EMM SE F df p
Mid-sleep time 393 .17 378 .18 392 .17 386 .18 .53 (3,73.09) =.67
Sleep duration 728 19 728 19 742 19 733 .19 .17 (3,73.73) =.91
Sleep quality 462 27 457 27 477 27 432 27 .83 (3,73.50) =.48
Coffee intake 22 11 07 .11 27 11 35 .11 212 (3,68.58) =.11
Daylight exposure 74 .09 73 .09 .69 .09 71 .09 .08 (3,72.84) =.97
Travel time 31 .06 27 .06 31 .06 35 .06 .86 (3,71.61) =.47
Mental effort 397 37 419 37 462 37 387 .37 229 (3,73.33) =.09
Physical effort 297 32 257 32 298 .32 305 .32 .78 (3,73.25) =51
Social interaction 365 3 378 3 337 35 387 .35 .53 (3,73.77) =.67
Note. EMM stands for estimated marginal mean and SE stands for standard error.
Overview of differences between Times of day in all potential confounding variables in
Conditions A, B, C and D
Morning sessions ~ Afternoon sessions  Statistics
EMM SE EMM SE F df p
Mid-sleep time 3.66 24 4.09 20 184 (1,24.93) =.19
Sleep duration* 7.03 19 7.62 16 586 (1,25.13) =.02
Sleep quality 4.70 31 4.43 .26 43 (1,25.11) =.52
Coffee intake 18 13 .28 11 37 (1,20.74) =.55
Daylight exposure 61 10 .82 .08 268 (1,25.23) =.11
Travel time** 51 .08 11 07 1433 (1,25.29) <.01
Mental effort* 3.50 49 4.82 40 444 (1,25.12) =.04
Physical effort** 3.80 37 1.98 30 1436 (1,24.84) <.01
Social interaction** 3.00 .36 4.33 30 8.08 (1,25.20) <.01

Note. EMM stands for estimated marginal mean and SE stands for standard error. * indicates p< .05 and
** indicates p< .01.
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Overview of differences between Lighting conditions in all dependent variables at baseline in
Conditions A, B, C and D

Condition A  Condition B Condition C  Condition D  Statistics

EMM SE EMM SE EMM SE EMM SE F df p
Sleepiness 5.12 .40 5.36 41 5.27 .40 4.96 41 19 (3,73.40) =.90
Vitality 241 10 2.42 A1 2.64 A1 2.60 A1 143 (3,65.52) =.24
Tenseness 1.75 15 1.74 .16 1.75 .15 1.81 .16 .08 (3,73.34) =.97
Calmness 3.02 19 2.97 .19 3.15 .19 3.20 .19 91 (3,73.33) = .44
Happiness 2.10 14 2.14 14 2.25 14 2.04 14 76 (3,73.49) =.52
Sadness 1.38 14 1.57 14 1.23 14 1.35 14 151 (3,72.15) =.22
Self-control 5.18 24 5.00 .24 5.42 .24 5.55 24 169 (3,73.55) =.18
capacity
PVT overall 309.12 7.41  316.75 7.30 304.28 7.22 310.53 7.71 .78 (3, 68.20) =51
mean RT
PVT 10% 391.98 10.62 398.32 10.39  392.92 10.10 383.91 11.83 .28 (3,62.44) =.84
slowest RT
PVT 10% 239.69 430 243.80 431 236.60 425 237.21 457 .95 (3, 65.51) =42
fastest RT
GO/NOGO 95.19 .53 94.89 .55 95.22 .54 95.73 .58 .55 (3, 65.50) =.65
hit rate
GO/NOGO 485.30 16.27  485.05 1742  479.35 16.74  476.00 17.06 .14 (3, 63.85) =.93
overall
mean RT
GO/NOGO 727.72 39.91 76281 41.89  754.09 41.26  761.97 41.49 .28 (3,66.24) =.84
10% slowest
RT
GO/NOGO 316.85 7.45 323.46 7.72 321.50 7.44  319.12 7.62 .25 (3, 63.86) =.86
10% fastest
RT
PASAT 74.51 3.50 74.90 3.78 76.27 3.68 77.39 69.53 .20 (3,61.91) =.90
correct
percentage
PASAT 1757.49 2533 1793.30 2573 1784.29 26.92 1757.55 26.03 78 (3,58.80) =51
mean RT

Note. EMM stands for estimated marginal mean and SE stands for standard error.
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Overview of differences between Times of day in all dependent variables at baseline in

Conditions A, B, Cand D

Morning Afternoon Statistics
sessions sessions
EMM SE  EMM SE F df p

Sleepiness 5.03 32 5.33 27 52 (1,24.44) =.48
Vitality 2.55 .09 2.48 .08 35 (1,23.12) =.56
Tenseness 1.55 18 1.98 A5 319 (1,24.99) =.09
Calmness 3.10 25 3.07 21 01 (1,25.12) =.92
Happiness 2.15 17 2.11 14 .03 (1,25.14) =.87
Sadness* 1.18 15 1.59 12 474 (1,23.67) =.04
Self-control capacity** 5.95 .28 4.62 23 1364 (1,25.15) <.01
PVT overall mean RT* 322.64 827 297.71 6.68 550 (1,22.35) =.03
PVT 10% slowest RT* 406.21 8.65 377.35 6.53 7.09 (1,19.60) =.02
PVT 10% fastest RT 241.24 5.07 23741 4.02 35 (1,22.69) =.56
GO/NOGO hit rate 94.95 59 95.57 48 64 (1,25.23) =.43
GO/NOGO overall mean RT ~ 494.82 20.54 468.03 16.94 1.01 (1,25.40) =.32
GO/NOGO 10% slowest RT ~ 790.57 47.21 71273 39.10 1.61 (1,25.47) =.22
GO/NOGO 10% fastest RT 31896 8.85 321.50 7.26 .05 (1,25.01) =.83
PASAT correct percentage 74.44  3.95 77.10 3.21 27 (1,23.70) =.61
PASAT mean RT 1785.76 28.40 1760.56  23.55 A7 (1,2490) =.50

Note. EMM stands for estimated marginal mean and SE stands for standard error. * indicates p< .05 and

** indicates p< .0L1.

Correlations between covariates for each dependent variable in experimental lighting conditions

in Blocks 2 to 5

Sleep duration Chronotype
Baseline levels of dependent variables r-value 2-tailed p r-value  2-tailed p
Sleepiness n.a. n.a. .08 = .44
Vitality n.a. n.a. -.19 =.08
Tenseness 23* =.02 -.15 =.14
Calmness n.a. n.a. A7 =.10
Happiness n.a. n.a. -.06 = .58
Sadness n.a. n.a. -.19 =.06
Self-control capacity n.a. n.a. -.18 =.08
PVT overall mean RT n.a. n.a. -.14 =.17
PVT 10% slowest RT n.a. n.a. -.09 = .43
PVT 10% fastest RT* n.a. n.a. -.26 =.02
GO/NOGO hit rate n.a. n.a. .08 = .47
GO/NOGO overall mean RT* n.a. n.a. -.24 =.03
GO/NOGO 10% slowest RT* n.a. n.a. -.22 =.04
GO/NOGO 10% fastest RT* n.a. n.a. -.24 =.03
PASAT correct percentage n.a. n.a. -.02 =.87
PASAT mean RT n.a. n.a. -11 =.35

Note. * indicates 2-tailed p< .05. * indicates p< .05.
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Appendix 4

Hypotheses analyses

Effects of CCT on sleepiness, mood, self-control capacity and cognitive performance indicators
in light at 2700 K and 5600 K

Light at 2700 K Light at 5600 K Statistics

EMM SE EMM SE F df p R?
Sleepiness 6.35 .26 6.26 .26 31 (1,164.33) =.58 .07
Vitality 2.27 .09 2.24 .09 A1 (1,163.37) =.74 .04
Tenseness 1.70 .09 1.84 09 365 (1,167.83) =.06 .04
Calmness 3.07 .09 3.07 .09 .00 (1,163.52) =.99 .07
Happiness* 2.11 .07 1.96 07 478 (1,164.88) =.03 .19
Sadness 1.67 .08 1.62 .08 70 (1,176.04) =.41 .04
Self-control capacity* 4.78 .26 4.53 26  3.88 (1,169.42) =.05 .10
PVT overall mean RT  393.26 7.47 395.32 7.47 17 (1,155.23) =.68 .06
PVT 10% slowest RT ~ 567.82 21.43  566.52 21.29 01 (1,145.44) =.93 .08
PVT 10% fastest RT 28750 4.13 291.00 416 1.05 (1,149.31) =.31 .07
GO/NOGO hit rate 95.61 .38 95.43 .39 59 (1,155.28) =.44 .06
GO/NOGO overall 486.07 7.54  479.05 8.18 76 (1,154.20) =.39 .06
mean RT
GO/NOGO 10% 746.19 19.66 734.90 20.53 40 (1,158.09) =.53 .04
slowest RT
GO/NOGO 10% 323.64 438 325.79 4.43 21 (1,152.28) =.65 .07
fastest RT
PASAT correct 79.17  2.47 78.85 2.52 .08 (1,131.52) =.78 .08
percentage
PASAT mean RT 172421 12.77 1739.30 13.14 167 (1,138.96) =.20 .10

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained

compared to a null model (i.e., a model with no predictors). * indicates p< .05.

102



Effects of CCT on sleepiness, mood, self-control capacity and cognitive performance indicators
in light at 2700 K, 5600 K and 9800 K

Light at 2700 K

Light at 5600 K

Light at 9800 K Statistics

EMM SE EMM SE EMM SE F df p R?
Sleepiness** 6.33 .26 6.25 .26 5.63 26 1057 (2,25762) <., 01 .11
Vitality 2.28 .09 2.24 .09 2.37 09 164 (2,247.09) =.20 .08
Tenseness 1.69 .09 1.83 .09 1.83 09 246 (2,26350) =09 .04
Calmness 3.09 .09 3.09 .09 3.12 .09 06 (2,261.02) =94 .03
Happiness 2.13 .09 1.98 .09 2.12 09 290 (2,26476) =.06 .16
Sadness 1.63 .07 1.59 .07 1.55 .08 .62 (2,26363) =54 .08
Self-control 4,74 .23 4.50 .24 4.80 24 270 (2,26952) =07 .08
capacity
PVT overall 391.65 7.22 395.33 7.23 390.15 7.17 43 (2,24363) =65 .06
mean RT
PVT 10% 567.93 20.30 567.96 20.16 581.01 19.82 46 (2,237.03) =63 .04
slowest RT
PVT 10% 286.68 3.56 290.49 3.62 28554 356 1.13 (2,24195) =32 .07
fastest RT
GO/NOGO hit 95.59 32 95.64 32 9561 .32 02 (2,24804) =98 .04
rate
GO/NOGO 487.19 9.61 481.25 10.09 483.11 10.04 30 (2,21664) =74 .05
overall mean
RT
GO/NOGO 746.60 23.86 743.44 2459 725.63 2452 .68 (2,231.32) =051 .04
10% slowest
RT
GO/NOGO 324.25 425 326.12 430 32470 4.22 .09 (2,231.23) =92 .06
10% fastest RT
PASAT correct 79.39 2.42 78.93 2.45 79.55 243 A4 (2,21272) =87 .12
percentage
PASAT mean 1729.96  14.32 174692 1455 174007 14.72 .88 (2,203.73) =42 .07
RT

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors). ** indicates p< .01.
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Effects of Time of day on sleepiness, mood, self-control capacity and cognitive performance
indicators in light at 2700 K and 5600 K

Morning sessions  Afternoon sessions  Statistics

EMM SE EMM SE F df p R?
Sleepiness 6.26 .38 6.35 31 .04 (1,2550) =.84 .07
Vitality 2.24 13 2.28 10 .06 (1,2437) =.81 .04
Tenseness** 1.53 14 2.01 A1 717 (1,27.23) =.01 .04
Calmness 3.22 12 2.92 09 391 (1,2227) =.06 .07
Happiness 1.99 10 2.08 08 45 (1,1872) =51 .19
Sadness 1.56 A1 1.72 09 116 (1,25.49) =.29 .04
Self-control capacity™ 5.27 40 4.04 33 540 (1,26.25) =.03 .10
PVT overall mean RT 400.64 11.16 38794 890 .77 (1,26.90) =.39 .06
PVT 10% slowest RT 605.79 32.02 52855 24.87 3.60 (1,24.04) =.07 .08
PVT 10% fastest RT 295.12 594 28339 4.67 240 (1,19.27) =.14 .07
GO/NOGO hit rate* 94.75 57 96.30 A7 442 (1,21.21) <.05 .06
GO/NOGO overall mean RT ~ 493.97 1056  471.15 843 285 (1,16.14) =.11 .06
GO/NOGO 10% slowest RT ~ 772.35 27.83  708.74 22.78 3.13 (1,20.08) =.09 .04
GO/NOGO 10% fastest RT 330.08 578 31935 478 2.03 (1,21.19) =.17 .07
PASAT correct percentage 76.35 3.82 81.67 299 121 (1,19.68) =.29 .08
PASAT mean RT 1752.78 17,51 1710.74 15.22 3.27 (1,21.26) =.09 .10

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors). * indicates p< .05 and ** indicates p< .01.
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Effects of Time of day on sleepiness, mood, self-control capacity and cognitive performance
indicators in light at 2700 K, 5600 K and 9800 K

Morning sessions  Afternoon sessions  Statistics

EMM SE EMM SE F df p R?
Sleepiness 6.10 37 6.04 30 .01 (1,2529) =91 11
Vitality 2.29 13 2.30 11 .00 (1,24.65) =.98 .08
Tenseness** 1.54 12 2.03 10 9.20 (1,25.64) <.01 .04
Calmness* 3.26 12 2.94 09 483 (1,23.83) =.04 .03
Happiness 2.05 12 2.10 10 .09 (1,17.94) =.77 .16
Sadness 151 10 1.68 08 167 (1,2311) =.21 .08
Self-control capacity* 5.15 35 4.21 28 423 (1,26.13) =.05 .08
PVT overall mean RT 404.02  10.07 380.73 8.06 3.21 (1,24.99) =.09 .06
PVT 10% slowest RT**  623.25  27.99 521.35 2248 797 (1,24.65) <.01 .04
PVT 10% fastest RT 292.90 4.69 282.24 377 3.13 (1,2257) =.09 .07
GO/NOGO hit rate* 94.97 44 96.26 36 5.18 (1,23.16) =.03 .04
GO/NOGO overall 494.00 13.45 473.71 11.02 137 (1,15.09) =.26 .05
mean RT
GO/NOGO 10% 770.62  33.40 706.50 27.47 220 (1,16.97) =.16 .04
slowest RT

GO/NOGO 10% fastest ~ 329.41 5.16 32063 422 1.73 (1,21.47) =.20 .06
RT

PASAT correct 77.68 3.68 80.90 288 .48 (1,21.12) =.50 .12
percentage
PASAT mean RT 1763.14 1899 171483 16.26 3.73 (1,19.22) =.07 .07

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors). * indicates p< .05 and ** indicates p< .01.
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Effects of Measurement block on sleepiness, mood, self-control capacity and cognitive

performance indicators in light at 2700 K and 5600 K

Block 2 Block 3 Block 4 Block 5 Statistics
EMM SE EMM SE EMM SE EMM SE F df p R?

Sleepiness 6.15 .28 6.23 .28 6.59 .28 6.23 28 147 (3, 22 .07
159.13)

Vitality 2.32 .10 2.22 .10 2.20 .10 2.29 .10 74 (3, .53 .04
154.41)

Tenseness 1.80 A1 1.65 A1 1.76 A1 1.86 A1 156 (3, .20 .04
163.58)

Calmness 2.97 10 3.12 .10 3.10 .10 3.10 .10 92 (3, A4 .07
161.77)

Happiness 2.05 .09 2.01 .09 2.05 .09 2.03 .09 .08 (3, .97 .19
162.54)

Sadness 1.66 .09 1.72 .09 1.61 .09 1.59 .09 81 (3, 49 .04
167.26)

Self- 4.87 .28 4.70 .28 4.48 .28 457 28 1.83 (3, 14 .10

control 168.23)

capacity

PVT 381.22 8.12 398.54 8.07 398.11 8.27 399.29 825 333 (3, .02 .06

overall 153.88)

mean RT*

PVT 10% 537.54 23.05 567.38 23.05 583.30 23.32 580.47 23.09 261 (3, .06 .08

slowest RT 141.69)

PVT 10% 283.04 472 288.98 4,72 290.19 4.68 294.81 470 220 (3, .09 .07

fastest RT 144.72)

GO/NOGO 95.88 A1 95.48 41 95.46 41 95.28 41 137 (3, .26 .06

hit rate 149.54)

GO/NOGO 488.51 9.29 490.38 9.38 480.08 9.42 471.27 956 132 (3, 27 .06

overall 137.76)

mean RT

GO/NOGO 743.69 23.38 762.15 23.21 727.81 23.34 728,55 23.21 91 (38, A4 .04

10% 148.97)

slowest RT

GO/NOGO 326.69 5.33 331.33 5.45 322.73 5.32 318.11 535 159 (3, .20 .07

10% 135.32)

fastest RT

PASAT 77.78 2.62 79.44 2.62 78.62 2.61 80.20 2.61 .88 (3, .45 .08

correct 129.69)

percentage

PASAT 175252 1465 1736.79 15.05 1722.74 1474 171498 1479 243 (3, .07 .10

mean RT 123.59)

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained

compared to a null model (i.e., a model with no predictors). * indicates p< .05.
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Effects of Measurement block on sleepiness, mood, self-control capacity and cognitive
performance indicators in light at 2700 K, 5600 K and 9800 K

Block 2 Block 3 Block 4 Block 5 Statistics
EMM SE EMM SE EMM SE EMM SE F df p R?
Sleepiness 5.95 .26 6.05 .26 6.28 .26 6.01 26 113 (3, =34 .11
255.11)
Vitality 2.38 .10 2.31 .10 2.20 .10 2.30 10 2.03 (3, =.11 .08
238.64)
Tenseness 1.81 .09 1.71 .09 1.79 .09 1.84 .09 93 (8, =.43 .04
261.44)
Calmness 3.02 .09 3.18 .09 3.08 .09 3.12 .09 1.07 (3, =.36 .03
259.44)
Happiness 2.10 .09 2.05 .09 2.07 .09 2.09 .09 A7 (3, =92 .16
261.12)
Sadness 1.56 .08 1.67 .08 1.56 .08 1.59 .08 1.01 (3, =.39 .08
258.54)
Self-control 493 .24 4.70 .24 4.49 .24 4.61 24 3.04 (3, =.03 .08
capacity* 267.77)
PVT overall 379.78 7.43 395.83 7.42 397.08 7.60 396.82 754 350 (3, =.02 .06
mean RT** 242.64)
PVT 10% 549.61 20.72 570.13 20.77 587.55 20.92 581.90 20.76 1.88 (3, =.13 .04
slowest RT 231.30)
PVT 10% 282.71 3.77 286.72 3.77 288.52 3.77 292.33 378 231 (3, =.08 .07
fastest RT 235.52)
GO/NOGO hit 95.92 .34 95.56 .33 95.53 .33 95.44 33 1.05 (3, =.37 .04
rate 243.25)
GO/NOGO 487.66 10.28 489.78 10.23 483.54 10.45 47444 1030 1.16 (3, =.33 .05
overall mean 210.26)
RT
GO/NOGO 749.29 25.23 752.22 25.17 719.49 25.50 73323 2511 1.01 (3, =39 .04
10% slowest 226.09)
RT
GO/NOGO 326.31 458 330.56 4.62 325.59 453 317.63 453 223 (3, =.09 .06
10% fastest RT 220.83)
PASAT correct 77.56 2.48 78.96 2.47 79.72 2.46 80.92 247 234 (3, =.07 .12
percentage 211.33)
PASAT mean 1754.02 15.10 1748.97 1515 1728.87 15.10 1724.06 1505 2.26 (3, =.08 .07
RT 192.34)

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors). * indicates p< .05 and ** indicates p< .01.
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Effects of Illuminance at the eye on sleepiness, mood, self-control capacity and cognitive

performance indicators in light at 600 Ix and 400 Ix (comparing Conditions C and D )

Lightat 600 Ix Lightat400Ix  Statistics

EMM SE EMM SE F df p R?
Sleepiness** 5.45 .26 6.21 26 1891 (1,168.35) <.01 .09
Vitality** 2.39 10 2.20 10 946 (1,15353) <.01 .10
Tenseness* 1.83 .08 1.67 .08 403 (1,172.89) <.05 .05
Calmness 3.17 .09 3.13 .09 24 (1,16249) =.62 .04
Happiness 2.13 .08 2.09 .08 52 (1,170.05) =.47 .04
Sadness 1.47 .08 1.59 08 257 (1,169.05) =.11 .08
Self-control capacity 4.84 22 4.69 22 174  (1,167.07) =.19 .08
PVT overall mean RT 386.04 7.21 38340 7.61 25 (1,151.64) =.62 .10
PVT 10% slowest RT 559.88 20.03  566.08 21.87 14 (1,153.44) =71 .04
PVT 10% fastest RT 283.39 354 283.60 3.75 01 (1,149.96) =.94 .08
GO/NOGO hit rate 95.62 .33 95.43 34 71 (1,14590) =.40 .05
GO/NOGO overall 476.26 9.29 48329 9.24 69  (1,131.75) =.41 .05
mean RT
GO/NOGO 10% 721.94 25.05 74449 25.04 1.04 (1,144.44) =31 .04
slowest RT
GO/NOGO 10% 32397 424 31298 431 556 (1,153.43) =.02 .05
fastest RT*
PASAT correct 81.04 171 8325 171 299 (1,139.48) =.09 .12
percentage
PASAT mean RT* 1730.80 17.23 170148 1691 562 (1,131.01) =.02 .07

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained

compared to a null model (i.e., a model with no predictors). * indicates p< .05 and ** indicates p< .01.
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Effects of Time of day on sleepiness, mood, self-control capacity and cognitive performance
indicators in light at 600 Ix and 400 Ix (comparing Conditions C and D)

Morning sessions  Afternoon sessions  Statistics

EMM SE EMM SE F df p R?
Sleepiness 5.93 .38 574 31 .16 (1,24.85) =.69 .09
Vitality 2.29 14 2.30 A1 00 (1,25.44) =.95 .10
Tenseness* 1.57 A1 1.93 09 6.65 (1,26.02) =.02 .05
Calmness 3.29 14 3.01 A1 261 (1,2259) =.12 .04
Happiness 2.16 A1 2.06 .09 .60 (1,2324) =.45 .04
Sadness 1.43 A1 1.63 09 190 (1,24.39) =.18 .08
Self-control capacity 5.18 33 4.34 27 391 (1,25.14) =.06 .08
PVT overall mean 400.50 10.94 368.94 854 515 (1,23.80) =.03 .10
RT*
PVT 10% slowest 619.83 30.45 506.13 23.72 8.63 (1,2451) <.01 .04
RT**
PVT 10% fastest RT 284.38 5.33 282.61 4.00 07 (1,22.72) =.79 .08
GO/NOGO hit rate 95.08 49 95.96 40 192 (1,2456) =.18 .05
GO/NOGO overall 490.22 12.61 469.33 1093 153 (1,16.87) =.23 .05
mean RT
GO/NOGO 10% 781.05 34.60 685.38 29.42 435 (1,21.95) <.05 .04
slowest RT*
GO/NOGO 10% 319.00 5.56 317.95 4.54 02 (1,24.28) =.89 .05
fastest RT
PASAT correct 80.13 2.44 84.16 204 161 (1,19.36) =.22 .12
percentage
PASAT mean RT 1732.29 24.90 1699.99 19.88 1.03 (1,19.13) =.32 .07

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors). * indicates p< .05 and ** indicates p< .01.
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Effects of Measurement block on sleepiness, mood, self-control capacity and cognitive
performance indicators in light at 600 Ix and 400 Ix (comparing Conditions C and D )

Block 2 Block 3 Block 4 Block 5 Statistics

EMM SE EMM SE EMM SE EMM SE F df p R?

Sleepiness 5.54 .28 5.97 .28 5.95 .28 5.88 28 149 (3, =22 .09
162.90)

Vitality* 2.42 10 231 .10 2.19 .10 2.26 10 291 (3, =.04 .10
147.34)

Tenseness 1.78 .09 1.76 .09 1.76 .09 1.70 09 22 (3 =.88 .05
169.34)

Calmness 3.22 A1 3.24 A1 3.01 A1 3.11 A1 190 (3, =13 .04
160.55)

Happiness 2.17 .09 2.07 .09 2.05 .09 2.15 09 91 (3, =.44 04
165.05)

Sadness 1.43 .09 1.53 .09 1.49 .09 1.66 .09 208 (3, =.10 .08
158.71)

Self-control 5.08 .23 4.72 .23 4.56 .23 4.70 .23 455 (3, <.01 .08
capacity** 166.48)

PVT overall 37263 7.98 38392 7.99 39082 813 39150 812 339 (3, =.02 .10
mean RT* 144.01)

PVT 10% 547.64 2221 556.99 2236 574.08 2221 57321 2253 .98 (3, =40 .04
slowest RT 135.13)

PVT 10% fastest 27892 411 28255 4.04 28335 407 28915 413 234 (3, =.08 .08
RT 142.86)

GO/NOGO hit 95.66 37 95.53 .36 95.50 .36 95.40 36 .27 (3, =85 .05
rate 138.58)

GO/NOGO 48157 10.78 47434 1059 48359 10.93 47960 1056 .25 (3, =.86 .05
overall mean RT 118.78)

GO/NOGO 10% 761.39 29.11 72184 28.77 72129 29.12 72834 2841 81 (3, =49 .04
slowest RT 136.95)

GO/NOGO 10% 321.70 529 31941 528 32021 533 31259 516 .85 (3, =47 .05
fastest RT 141.21)

PASAT correct 80.13 1.88 81.79 1.89 8325 1.87 8342 1838 171 (3, =17 .12
percentage 128.82)

PASAT mean 1730.23 1858 1726.25 1853 171255 1848 169552 1844 209 (3, =.11 .07
RT 120.80)

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors). * indicates p< .05 and ** indicates p< .01.
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Effects of Non-blue-spectral light on sleepiness, mood, self-control capacity and cognitive
performance indicators in Conditions B and D

Condition B Condition D  Statistics

EMM SE EMM SE F df p R?
Sleepiness 6.18 24 6.27 24 20 (1,164.03) =.66 .05
Vitality 2.28 .09 2.20 09 139 (1,159.25) =.24 .05
Tenseness* 1.83 .09 1.66 .09 428 (1,165.27) =.04 .03
Calmness 3.11 .90 3.10 09 .00 (1,167.81) =.95 .06
Happiness 1.97 .06 2.05 .06 1.45 (1,164.91) =.23 .04
Sadness 1.61 .07 1.66 .07 .33 (1,169.43) =.57 .10
Self-control capacity 4.56 24 4.67 25 .68 (1,173.16) =.41 .09
PVT overall mean RT 39554 588 384.62 6.32 3.37 (1,153.04) =.07 .12
PVT 10% slowest RT 555.30 16.98 547.04 18.70 .27 (1,140.08) =.61 .07
PVT 10% fastest RT 290.06 1.05 286.46 4.25 1.14 (1,148.42) =.29 .13
GO/NOGO hit rate 95.81 31 95.61 32 .83 (1,138.83) =.37 .06
GO/NOGO overall meanRT ~ 471.79 9.16 47959 9.00 1.13 (1,143.71) =.29 .03
GO/NOGO 10% slowest RT 738.20 24.17 736.07 24.08 .01 (1,147.35) =.92 .02
GO/NOGO 10% fastest RT** 32578 4.26 31242 423 8.33 (1,151.31) <.01 .08
PASAT correct percentage 79.06 2.65 81.11 2.63 3.44 (1,126.59) =.07 .09
PASAT mean RT** 1739.79 14.77 1709.66 14.50 7.33 (1,137.89) <.01 .17

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained

compared to a null model (i.e., a model with no predictors). * indicates p< .05 and ** indicates p< .01.
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Effects of Time of day on sleepiness, mood, self-control capacity and cognitive performance
indicators in Conditions B and D

Morning sessions  Afternoon sessions Statistics

EMM SE  EMM SE F df p R?
Sleepiness 6.33 34 6.13 .29 19 (1,24.48) =.67 .05
Vitality 2.16 A3 2.31 A1 79 (1,2254) =.38 .05
Tenseness* 1.56 A3 1.93 A1 497 (1,25.21) =.04 .03
Calmness 3.23 12 2.98 10 262 (1,2321) =.12 .06
Happiness 2.08 .08 1.95 06 163 (1,20.71) =.22 .04
Sadness 1.53 .09 1.73 .08 250 (1,21.68) =.13 .10
Self-control capacity 4.89 .36 4.34 31 128 (1,25.62) =.27 .09
PVT overall mean RT* 403.81 8.43 376.35 6.58 6.56 (1,24.38) =.02 .12
PVT 10% slowest RT**  610.63 25.35 491.71 19.38 13.88 (1,22.03) <.01 .07
PVT 10% fastest RT 291.10 5.99 28541 4.66 56 (1,21.79) =.46 .13
GO/NOGO hit rate** 94.76 46 96.66 37 1047 (1,22.35) <.01 .06
GO/NOGO overall 485.97 12.78  465.40 10.68 152 (1,22.68) =.23 .03
mean RT
GO/NOGO 10% slowest RT 772.34 3357 701.93 2829 255 (1,21.28) =.13 .02
GO/NOGO 10% fastest RT 32140 550 316.80 4.54 42 (1,22.62) =.53 .08
PASAT correct 76.16  3.88 84.01 343 229 (1,19.73) =.15 .09
percentage
PASAT mean RT 1741.04 20.55 1708.40 1754 1.47 (1,18.87) =.24 .17

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors). * indicates p< .05 and ** indicates p< .01.
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Effects of Measurement block on sleepiness, mood, self-control capacity and cognitive
performance indicators in Conditions B and D

Block 2 Block 3 Block 4 Block 5 Statistics

EMM SE EMM SE EMM SE EMM SE F df p R?

Sleepiness* 5.73 .27 6.33 .27 6.46 .27 6.39 27 328 (3, =.02 .05
156.44)

Vitality 2.35 10 2.18 10 2.19 .10 2.24 10 148 (3, =22 .05
150.25)

Tenseness 1.80 A1 1.69 A1 1.76 A1 1.74 A1 .32 (3, =.32 .03
163.34)

Calmness 3.05 A1 3.20 11 3.07 A1 3.09 A1 65 (3, =59 .06
160.06)

Happiness 2.04 .08 2.02 .08 1.98 .08 2.02 .08 .18 (3, =91 .04
159.98)

Sadness 1.64 .09 1.64 .09 1.56 .09 1.69 09 56 (3, =64 .10
158.63)

Self-control 4.87 .26 4.63 .26 4.42 .26 4.55 26 258 (3, =.06 .09
capacity 164.54)

PVT overall 37943 7.04 38953 691 39385 7.16 39750 722 207 (3, =11 .12
mean RT 144.57)

PVT 10% 537.66 19.75 540.70 19.66 552.85 19.76 57348 19.79 147 (3, =.23 .07
slowest RT 128.82)

PVT 10% fastest 280.75 4.67 28844 456 29050 453 29333 459 315 (3, =.03 .13
RT* 141.26)

GO/NOGO hit 95.75 .34 95.80 .34 95.74 .34 95.55 34 32 (3 =81 .06
rate 134.52)

GO/NOGO 479.73 1015 470.11 10.20 476.20 10.05 476.71 1020 .36 (3, =.79 .03
overall mean RT 132.76)

GO/NOGO 10% 756.25 2758 73132 27.60 730.34 2733 730.62 2733 .44 (3, =73 .02
slowest RT 139.27)

GO/NOGO 10% 32201 526 32473 525 31494 533 31472 516 129 (3, =.28 .08
fastest RT 139.16)

PASAT correct 79.21 272 79.84 273 80.85 2.71 8045 272 53 (3, =.66 .09
percentage 121.68)

PASAT mean 174898 15.83 173479 16.13 172142 16.08 1693.70 1591 583 (3, <.01 .17
RT** 117.44)

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors). * indicates p< .05 and ** indicates p< .01.
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Effects of Lighting condition on perceived light characteristics, beliefs, room atmosphere and
subjective daylight experience in Conditions A, B, C and D

Condition A Condition B Condition C  Condition D  Statistics

EMM SE EMM SE EMM SE EMM SE F df p R?
Pleasant vs. unpleasant 218 .19 243 .19 238 .20 261 19 105 (3,69.55) =.38 .05
Comfortable vs. uncomfortable 213 .20 229 21 254 21 267 .21 138 (3,92.000 =.25 .13
Activating vs. relaxing 3.08 .21 254 21 280 .21 296 .21 153 (3,7384) =.21 .16
Warm light vs. cold light** 157 .19 3.76 .19 405 .19 4.04 19 5203 (3,73.47) <.01 .67
Light intensity appropriateness 357 .18 353 .19 341 .19 314 19 131 (3,71.83) .28 .06
Light color appropriateness* 3.28 21 324 21 262 .20 277 20 290 (3,71.13) =.04 .13
Performance improving 3.20 .16 3.14 .17 320 .16 3.06 .16 28 (3,64.97) =.84 .08
Mood improving* 319 .15 281 .16 271 .15 303 .15 3.08 (3,58.07) =.04 .21
Tenseness(room) 208 .21 252 21 220 .21 224 21 130 (3,69.70) =.28 .09
Liveliness* 3.60 .20 296 .22 2.88 .21 322 .22 341 (3,6430) =.02 .20
Detachment* 3.67 .30 474 .30 3.95 .30 3.75 .30 3.67 (3,64.75) =.02 .28

Subjective daylight experience* 3.81 .29 3.34 .27 265 .26 296 .26 3.61 (3,68.89) .02 .18

Note. EMM stands for estimated marginal mean and SE stands for standard error. Adjusted R-Square is
given for the total mixed model at level 1, which indicated the proportion of residual variances explained
compared to a null model (i.e., a model with no predictors). * indicates p< .05 and ** indicates p< .01.
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