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ABSTRACT

The newly discovered system of retinal receptorii@adian rhytms has confirmed an anatomical
basis for the non-visual effects of light. The poers studies have shown that the circadian system
of human is the most sensitive to blue light (468).nThis implies that by choosing a right type of
light by its spectrum it might be possible to endethe learning process.

This study examined the effects of the correla@dwr temperature of light on alertness in lecture
environment. It consisted of two sequential figlddses and a reference study. The participants were
exposed to two different illuminations (4 000 K abhd 000 K) for 90 minute periods and they were
asked to judge their level of alertness on a 9-stegde. The influence of the prior-to-lecture
exposure to light on result was investigated. Othies such as the environmental factors during the
lecture and the individual characteristics of tljscts were also controlled and evaluated. The
language used throughout the study was Finnish.

The use of 17 000 K light source did not show tprove alertness compared to the use of 4 000
light source. However, the correlated colour terapee of light did prove to be associated with the
alertness of the subject in the end so that heehighe T, was during the lecture the better the
alertness was in the end. The results also img@y wising 17 000 K as the,lof the light source
might help the students to maintain a higher lefalertness in the afternoon lecture after thetun
time.

The environmental conditions during the lectureasmad nearly constant and turned out not to have
an effect the behaviour of alertness. Instead|abel of alertness showed positive correlation with

the chronotype, thus the tendency to be alert earliate in the day. Unlike expected, the prior

exposure to daylight and the use of stimulatingstrres such as coffee did not improve the
alertness.

Although no direct effect of the colour of lightirgn alertness was indicated, blue light seemed to
help the students to maintain their alertness @& dfternoon. However, more consisted work is
needed before further conclusion can be drawn abootan’s sensitivity on high correlated color
temperature lighting. In future studies there strang call for objective markers for alertness.



SYMBOLS AND ABBREVIATIONS

cd/nt candela per square meter (unit of luminance)
K degree in Kelvin (unit of temperature)
Ix lux (unit of illuminance)
probability value
ppm parts per million (unit of C&concentration)
p correlation coefficient
Ra colour redering index
Tep correlated colour temperature
°C degree in Celsius (unit of temperature)
AAC alpha attenuation coefficient
ANOVA analysis of variance
CO, carbon dioxide
DALI digital addressable lighting interface
EEG electroencephalography
ipRGC intrinsically photosensitive retinal ganglioell
LC locus coeruleus
NIF non-image forming
RHT retinohyphothalamic track
SCN suprachiasmatic nuclei
SPVZ subparaventricular zone
SPSS statistic package for the social science

VLPO ventrolateral preoptic



TABLE OF CONTENTS

ABSTRACT ..ttt ettt e e e e e e et e e e e 3
SYMBOLS AND ABBREVIATIONS. ... ..ttt ee e 4
TABLE OF CONTENTS ... .ottt s cmmmeiiibtbets ettt e e e e e e e e e e e e e e e e e s s s s s s smmmnneeeaaaaaeeeas 5
1 INTRODUCTION. . .iiiiiiiiii ettt e e e e e e e e e e e e e e s s s e s sssabrresaeeeeesseeanannnns 7
2 NON-VISUAL EFFECTS OF LIGHT ..o 8..
3 LIGHT AND ALERTNESS. ...ttt e e e 9
3.1 Spectral distribution and correlated color temapure..........ccccccceeeeeeiniiicnns 9
3.2 Exposure time, timing and illuminance ......cccccccoeev i 10
MOTIVATION TO WORK AND HYPOTHESIS.......oovtiieeeeiiiiieeeeeeeee e 11
5 RESEARCH ENVIRONMENT .....cciiiiiiiiiiiitcrree e e e e eneaeeeeees 12
5.1 Physical setting and eqUIPMENT.........cceeeeeeiiiieeeeeeee e 12
5.2 SHUAY Lottt et e e e e e e e e e e e e st aeaaaaaaaas 13
o R 1119 01 = Vg o 13
5.2.2 LUMINANCE ...cciiiiiiiiiiiiieee ettt e e e e e e e e e e e eeeeeebebn s mmmmmseee 14
5.3 SHUAY 2 ettt e e e e ettt e e e e as 14
5.3.1 HIUMINANCE ...ttt et enaae e 14
5.3.2 LUMINANCE ....ceeeeeeieiiiieiee e e e e e e e e eeee s s e e e e e e e e e e e aeeeeeeessnensnmmnnnnnnes 15
5.4 ReferenCe StUAY.......iiiiiiiiiiii et eeeee e ee e e e e e 15
T V1 = I = [ ] 5 1 TR 16
B.1  SHUAY L.ttt cmmcm sttt e e e e e e e e e e e e e e e e ear— et raaaaaaaaeas 16
B.1.1 SUDJECES .ot 16
6.1.2 QUESHIONNAIIES ......ciiviieeiii et cmmmmm e et e e e et e e e et e e e et e e e et e e sannnnnns 16
6.1.3 ODJECtiVE MEASUIEIMENTS........ceeiie ettt eeeeeeeeeeeeeeaaasasneeeeeeeees 17
B.2  STUAY 2 ..ttt ittt e e mmmmm ettt e et et e e e e e e e e e e e et taaaaaaaaaas 17
6.2.1 SUDJECES .ooiieeiiiiiii e 17
6.2.2 QUESTIONNAIIES ......uiiiiiieeiii e e e e et e e e et e e e et e e e et e e e ebaeaeennnaans 17
6.2.3 ODJecCtiVe MEASUIEMENTS............e ettt e e e e e e e e e e e e e e 17
6.3 Comparison of the set-up of the two field st8di.............ccoevviiiiiiiiiiiiiieeeen, 18
6.4 ReferenCe StUAY.......ccccuiiiiiiiiiiet e e 19
6.5 StatistiCal analySiS.......cccvvuiiiiii i —————————— 19
6.5.1 COMPAING GIrOUPS ...eveeeeeeeeeeeeeeee s aeeaeeeee e s e e s s sasiieebbbbeeeeseeees 19
6.5.2 FINAING relations.............oovvviiiimmmmme e aeeaee e 19
6.5.3 DeSCriDING Aata..........uuuriiiiiiiiiieeeeeeiiee e 19
T RESULTS ittt 414ttt ettt e et e e e e e e e e e eeees st e e e e e e eeeaaaeeas 20
7.1 Results of the reference Study ... 20
7.1.1 Change iN alertNeSS.........cccciiiiiicceeeeerecee et e e e e e e e 20
7.1.2 Pre-CONAItIONS. . .uuuiiiiei e e e e eeeeeeeeeeie s e e e e e e e e e e e e e eeeeeeeeennmmmanneee 20
7.1.3 Environmental factor measurements.....cccccccvvvvvviiiiiiiiiiiiiiiiiiiieeeeeeeenn 21
7.2 ReSUIts OF the STUAY L.......cooiiiiiiii et e e e 21
7.2.1 Change iN alertNeSS.........ccoeiiiiiicceeeeercee e e e e e e 21
7.2.2 Pre-CONAItIONS .. .uuueiiiii e e e e eeeeeeeeet e e e e e e e e e e e e e eeeeeeeeen s mmmnnneee 22

7.2.3 Environmental factor measuremMents ....ccoccc e, 22



7.2.4 Environmental factor aSSESSMENT ... ...cueeeeeeee e, 23

7.2.5 Other fACIOIS ....cooiiiii it e e e 23
7.2.6 Correlated colour temperature.........cccceeeeeoiiiieee e 23.
7.2.7 Chronotype and iNdiVidUality ............cuummeeeeeeeeeeeeeereeeeeieeeeiiii. 23.
7.3 ReSUIS Of STUAY 2. ..o e e e 24
7.3.1 Change in @lertNESS.........ccvvvevivieemmmmme e e e e e e e e e e eeenaeeas 24
7.3.2 Pre-CONItIONS. ..ottt e e mmmneees 24
7.3.3 Environmental factor measurements.....cccccc.vvvviviiiiiiiiiiiieiiiiieeee e 25
7.3.4 Environmental factor aSSeSSMENt ........cceveeiiiiiiiiiiiiiiiiic e 25
7.3.5 Other faCtOrS ......ccoiiiieeeee e enrr e e 26
7.3.6 Correlated colour temperature.........cccceeeeeeeviiiiiee e, 21.
7.3.7 Chronotype and individUality ... eiiiiiiiiiiiiieieceeeee e 21.
7.4 Effect of the time of year on alertness .cccccc...coooeeiiiiiiiiiie e 27
7.5 Feedback on the field StUdIES...........cummmemeeeiiiiiiee e 28
8 DISCUSSION ...uiiiiiiiiiiiiiiieieietete e e e e s bbbttt e e e e e e eeaaaaaaaaaaaeaasssssannnneeaaeeaaaeeeens 29
9 FURTHER NEEDS FOR RESEARCH .......outiiiiiiieeeeeee e 32
REFERENGCES ...ttt ettt e e e e e e e e e e e e e e e e s e s s nnnnneeaeaeeeaaeeeenanns 33
APPENDICES ... ..ot ettt ettt e e e e e e e e e e e e e e e e s aaamreraaaaaaaaeaaaaaann 36
Appendix 1: Pre-questionnaire (MEQ) ........oueeemciiiiiiiiiiiin et eneees 36
Appendix 2: Questionnaires in th& fleld StUdY ............occcceeeeveveeeeeieeeeeeeeeiens 37

Appendix 3: Questionnaires in thE'eld StUAY ...........oeoveveeeeeeeeee oo, 39



1 INTRODUCTION

This research has been carried out in the Lightedgpratory at Helsinki University of Technology
during 2007. It has been financed by the Finnishdifug Agency for Technology and Innovation
(Tekes), Philips Idman Oy, Helvar Oy and Senatgéntes.

The previous studies have shown that the circaslfatem of human is the most sensitive to light of
around 460 nm by its wavelength (Berson et al, 2@ainard and Hanifin, 2005). There is
evidence that 460 nm monochromatic light can cawsee the amount afelatonin suppression
compared to 555 nm monochromatic ligahd that the effect is dependent on the duration of
exposure in addition tavavelength. (Lockley et al, 2003). This opens atergsting question
whether it was possible to gain non-visual effeatsong people by using a light source of high
colour temperature and continuous spectrum in géhighting. Furthermore, could it be possible
to save energy and still keep the people alerthanging the light into a source that stimulates the
biological system?

The objective of this research is to find out, viteetthe students can benefit from the light of high
colour temperature in a learning environment. Tleestwo field studies, one in late spring and one
in late autumn, that take place in a lecture hialha Department of Electrical Engineering and
Telecommunications. Between them there is a referstudy that is conducted in a distinct lecture
environment.

The lighting installation of the experimental leguall has been recently renovated. It consists of
two flourescent light sources, 4 000 K and 17 000@\Ktheir correlated colour temperature. The
lights are controlled by the DALI-protocol, whiclicavs us to use either one light source at the
time or combination of the two sources. The powmectrum of the 17 000 K light source is
concentrated around 460 nm. It corresponds to Ibllight and has been shown to improve the
productivity in an office environment (Mills et #007). We set out to investigate the effect of the
colour temperture on alertness during the lectatgdhotopic light levels.



2 NON-VISUAL EFFECTS OF LIGHT

There are two distinct neural pathways which artevated by the light. One of the them is the

visual pathway that supports the vision and visueflexes and the other one the

retinohyphothalamic track (RHT), which regulates thircadian and neuroendocrine systems
(Skene et al, 1999). The RTH connects the retimbtla® hypothalamus, which controls many basic
functions of the body, such as the sleep/wake rhytrore body temperature, hormone secretion
and other physiological parameters including cogmifunction and immune response. There is a
specific nuclei in the hypothalamic, called suprasmatic nuclei (SCN) that is believed to be the
dominant ‘biological clock’ that drives most dailythms in physiology and behaviour. The SCN

passes on information regulating the secretionlrmbst all hormones, including nocturnal pineal

hormone melatonin and serotonin and cortisol, oftdiarred to the ‘mood hormone’ and ‘stress

hormone’ respectively. Hence poor relay of infonmatdamages the immune system and affects
the sleep length and quality and mood.

The rapid advance in understanding how light stated non-image forming (NIF) functions has
been led by the discovery of a new photoreceptonammalian eye (Brainard et al, 2001a; Thapan
et al, 2001). Unlike it was believed before, rodd aones are not the only photoreceptors in the eye
and furthermore they are not the photoreceptorsnietine physiological responses to daylight.
Instead there is a novel photoreceptor, termednsitally photosensitive retinal ganglion cells
(ipPRGCs) which appear to be responsible for stitmdethe RHT. The ipRGCs are actually located
in the ganglion cell layer rather than in the outtina as rods and cones. These cells differ from
the rods and cones also in other important respects

First of all, they respond to light very slowly. \&hrods and cones take only milliseconds to react,
ipPRGCs require an exposure time of over 10 sectmdisre the response is detected. They also
differ from the range of wavelengths they are dermsito. Cones are the most sensitive to 555 nm
and rods to 507 nm (Halonen et Lehtovaara, 199&)wtorresponds to green part of the spectrum.
iIpPRCSs, on the other hand, are highly sensitiveblice-light. This is because they contain

photopigment called melanopsin, (Melyan et al, 20@Bich has its absorption peak in 482-484 nm
(Berson 2003). Considering that melatonin is thesthvg@nsitive to wavelengths around 460 nm
(Brainard et al, 2001b) one can see that the ipR@@&h the peak sensitivity for non-image-

forming responses to light but differ significanfiypom the absorption spectra of rods and cone
photopigments. Ultimately the ipRGCs are biggemntkize traditional photoreceptors but they are
relatively few in number, thus a few thousand coregao millions of rods and cones (Dacey et al,
2005).

The most studied and probably also the most impotsk of the ipRGCs is to synchronise the
circadian rhytmn. Without the light the system wbulin freely and the sleep/wake-cycle would be
over 24 hours. Thus light can be thought as arrexteue that entrains the internal clock to work
properly. By modulating the circadian rhythm byhligt is possible help people with irregular daily

rhythms. Light is e.g. already been used to tréat svorkers that might feel tired because of
working by night when the body is telling them teep (Czeisler et al, 1990). Also jet lag caused
by traveling through times zones can be relievedekposing to bright light and dark light at

appropriate times (Houpt et al, 1996).

Besides shifting the phase of the endogenous chocKight, there is also evidence for the

involvement of the ipRGCs in pupillary reflex, d@less, mood and ultimately in performance. The
next chapter tries to reveal the physiology andsipds mechanisms behind the light's effect on
alertness and furthermore on productivity.



3 LIGHT AND ALERTNESS

Light's effect on alertness has been examined ,ablat the mechanism explaining the detected
reactions still remains unclear. There are varitheories about the pathway of light stimulus;
however, none of the theories has been able taexphy different research groups gain different
results when testing daytime or nighttime alertness

There are a couple of things that have unanimohsbn proven. First of all, it is known that
mechanism behind the alerting effect of light ipagate from melatonin suppression (Phipps-
Nelson et al, 2003). Light exposure at night supgee melatonin and increases alertness, which
refers to the fact that light exerts its alertirftpet through the activation of neurons in the SCN.
However it does not apply during the day, whenedhsrmot melatonin, so there has to be another
mechanism for that.

Another thing commonly recognized is that visuaboipic system is not the primary photoreceptor
system mediating alerting responses to light (Gegacet al, 2005; Gooley et al, 2003). According
to various studies alerting effect is most sensitovlight at short wavelengths (Lockley et al, @00

Revell et al, 2006) but the action spectra forrttechanism for alerting effects of light particujarl

is not yet defined. Some results suggest that longeelengths of light might have an alerting
effect an hour after the exposure has ended, whiadd imply that the cones contribute in some
part to the acute alerting effects of light (Logklet al, 2006). One possibility is that the
photopigments involved depend on the intensityhef light stimulus. Some results are, however,
against this theory of cones taking any part tonthve-visual photoreception (Cajochen et al, 2005).

One promising theory is that the light travels bditectly from the eye to the brain areas involved
in arousal and also indirectly via the suprachiagmaicleus SCN. The SCN, ventrolateral preoptic
nucleus VLPO and subparaventricular zone SPVZ laieeen implicated in the alerting effects of
bright light at night. The SCN also has a diredjgction to the locus coeruleus LC which is a brain
area strongly associated with arousal and slee\taictions (Lu et al, 2000). In rodents, both the
VLPO and SPVZ receive direct projections from peGCs (Gooley et al, 2003).

3.1 Spectral distribution and correlated color temp erature

Cajochen et al (2005) claims that short wavelerigfit (460 nm) is more effective than longer
wavelength light (550 nm) in reducing sleepinesstha evening (Cajochen et al, 2005). The
following year Lockey et al (2006) compared nedhly same light sources and agreed that subjects
exposed to 460-nm light had significantly lower jgghive sleepiness ratings than people exposed
to 555-nm light. Revell et al (2006), however, fdusut that compared to 470 nm light, alertness
levels were significantly higher in 420 nm lightdasignificantly lower than in the 600-nm light.
These data (420 nm>470 nm>600 nm) suggest tha¢ciug alertness may be maximally sensitive
to shorter wavelength light than what has been @&rgde Both animal and human data would
suggest 440-480 nm light to be the most effectivevelengths for all non-image forming
responses.

The contradictory results may reflect differencasthe photic pathways involved in these NIF
responses. It is possible, for example, that tleerass response uses both melanopsin and cone
inout whereas the phase shifting response is dpviemarily only by melanopsin. It is also possible
that the contribution of photopigments varies delogg on the intensity of the light stimulus. One
explanation to the unexpected results might behhatan melanopsin really is maximally sensitive
to short wavelengths (420-430 nm) and it drivesalleetness response. However, this proposal is
at odds with the vast majority of data that indéctitat melanopsin is maximally sensitive to around
480 nm. (Panda et al 2005; Dacey et al 2005)
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Different wavelengths activate different frequescie brain activities which are connected to
arousal and circadian rhythm of melatonin produrc{ioockley et al, 2003; Aeschbach et al, 1999).
We need to define action spectra for the alertifeces of light on multiple electroencephalography
(EEG) frequencies during both daytime and nighttiex@osures. This is of the most important
things on the way to understand light's effect tartaess.

There is another way to approach alertness, thukitly about how we can benefit from the
decrease of it. A good application is the bedroanotber environments where it is desirable to
facilitate lowered physiological activity. Noguclind Sakaguchi (1999) have used heart rate
variability as an index of the autonomic nervoustemn and alpha attenuation coefficient (AAC)
and mean frequency of EEG to indice the centralones system. Their investigations were done
with two Tees (3000 K, 5000 K) and two levels of illuminanc® (8, 150 Ix) and it turned out that
correlated colour temperture is more relevant patanthan illuminance when illuminance levels
are low. No effect on HRV from illumination was edtbut low color temperature light appeared to
create a smooth lowering of central nervous systetivity indicating that light with low color
temperature could be used to put people in sleep.

3.2 Exposure time, timing and illuminance

Depending on the study method and research settieggeffect of the exposure time and the
duration on alertness varies a lot. Badia and st(E391) found no difference in alertness between
the effects of bright light (5000 Ix) and dim ligfB0 Ix) exposure during the daytime (Badia et al,
1991). At the nighttime sleepiness was considergl#ater under the dim light than under bright
light and the difference became larger as the rpgbgressed. These kinds of results are however
left loose because Badia did not consider the tffdaytime exposure might have on nighttime
alertness and vice versa. Over a decade later $hp[son (2003) came to the conclusion that
daytime bright light (1000 Ix) does indeed affdut ®lertness by reducing sleepiness compared to
dim light (5 Ix).
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4 MOTIVATION TO WORK AND HYPOTHESIS

As can be seen in the previous chapter there asadyl many studies about the effects of colour
temperture of light on alertness. They are, howewnginly carried out in evening or night time
which associates the results with the decreaseetdtonin. In this study, the motivation is to find
out more about the alertness in daytime. Anotherkwess of the previous studies is that they tend
to be conducted in laboratory conditions and nothim field. Here we set up an experiment that
operates in real environment with random subjects.

As the study environment it has been chosen arkettall, because the school is a place were high
alertness level indicates productivity and can thasappreciated. School has been used as test
environment recently in other studies aswell. Istady conducted in an elementary school in
California, USA, Berman (2006) tested the effectcofour temperture on childen’s near visual
acuity. It proved to be better under 5500 K coragéo the 3 600 K light (nominalJvalues of

the lamps provided by the manufacturer were 6 50@nd 4 100 K) in the equal luminance
conditions (Berman & al, 2006). Berman did not, kwer, report the timing or the duration of the
exposure thus it is not known whether it was a enatf an immediate change or a change that
appeared after certain amount of time. One cowd atitize Berman for his tendency to draw
conclusions about the visual environment and enegpsumption based on a simple pupil size
measurement.

A study that takes us closer to understand theioakhip between light and alertness is a recent
study done by Lehr and others (2007) at a uniwersitErlangen, Germany. They assumed that
effects of blue light would occur only a few sedsrafter the exposure and should lead to an
increase in alertness. To investigate that theyseg the participants to illuminations of different
wavelengths for 20 seconds and asked them to jtlggle degree of alertness. There was also a
reading test to measure the speed of informationgssing. The results showed that the alertness
was signicantly higher when comparing blue lighaiagt yellow light. Analogoues to that, the
speed in the reading test increased after switdinarg the yellow to blue light (Lehr & al, 2007).

Although there are many useful characteristichedet-ups decribed above, the test setting would
have to be modified some. First of all, the tesuldaneed to be repeated many times to get reliable
results. Secondly, because the lighting researts ato improvents in general lighting, it would
make more profit to study lighting conditions tl@n improve the alertness while sitting in the
lecture and not to concentrate on short time exgasibtudying the long-term effects of light on
human would also require that other factors, sushindoor environment and prior-to-lecture
exposure to light are investigated. Finally, thalldnge is to come up with measuring techniques
that allow us to compare subjective results gaimithl the test subjects to something objective.

These results let us to hypothise that with thatrigpe of light it is possible to increase alesse
and help the students to sustain their attenticthenlecture. If this hypothesis is true, it shohéd
possible to lower the intensity of the blueish tigh7 000 K) but still get the same alerting effect
than with the whitish one (4 000 K). Considering thnergy consumption, this kind of results
would have a huge impact on lighting designingcaiosls. To test this hypothesis two field studies
and a reference study are conducted. The subjekisgt part in the study represent a random
sample of students. They are, however, assume@uve hormal vision without any age-related
impairements.

11



5 RESEARCH ENVIRONMENT

5.1 Physical setting and equipment

Both experiments were carried out in a lecture halHelsinki University of Technology. The
lecture hall in presented in Figure 1.

= ——| 2

Figure 1.  View ih the lecture hall.

In the lecture hall there were altogether 69 lunn@safrom which 11 were located in the back, 54 in
the middle and 4 in the front part of the room. Phecing of the luminaires is presented in Figure
2.

/ —=
& y,
S 4
SNy,
Figure 2.  General layout of the lecture hall. Figure 3.  Metering points for illuminance

measurements.

The luminaires were OfficeNova 240TCS luminaireshwD6 optics by Idman Philips. In each
luminaire there were two different 49 W flouresckght sources: T5-lamp which was 4 000 K by
its correlated colour temperature,(R80) and Philips ActiViva-lamp with the;Jof 17 000 K (R

> 80). Both lamps had electric ballasts and thesevd@mmable. The lighting control system Helvar
DIGIDIM used DALI-protocol.

As can be seen in Figure 1 the ceiling was mader@i/n wood. Because the perceived colour is
dependant on both the spectral distribution oflidiie source and the properties of the surface of
the objects, the materials used in the lecture dfédlcted the illumination environment. This leads
to the fact that the measureg, With 4 000 K-lamp was actually 3 870 K and withdd0 K-lamps

12



12 370 K. For now on illumination environments wilé referred as 4 000 K- and 12 000 K-
environments.

The spectral power distributions of the two liglgtiset-up were measured with Ocean Optics
HR400 High-resolution Spectrometer and are predeinté-igure 4. In the power spectrum of the
12 000 K lighting condition the wavelengths betwd® nm and 500 nm are well represented. It
corresponds to bluish light. The 4 000 K light ctioth has its peak at around 550 nm and appears
to the observer as yellow.

15
—— 4000 K
------- 12 000 K
E
« - 10 1
£
L
=
Py
o
g ]
5 5 ;
o :
O M ‘
360 560 660 760
Wavelength (nm)
Figure 4.  Light spectrum measured in the lighting environments under the two light sources.

Luminance distribution in the room was recordedhwitikon Coolpix 8400-digital camera and

processed with Photolux 2.1 —software. The camadaahfish eye-lens with a viewing angle of 180
degrees both vertically and horizontally. lllumicarin both field studies was measured with LMN
POCKET LUX on every other seating row and the 1@emeg points are presented in Figure 3.

In the first field study temperature and £&oncentration were measured with Kanomax 2211. In
the second field study temperature was measurddan@Q-concentration meter from Vaisala and
temperature with Coreci Humicor.

5.2 Study 1

5.2.1 llluminance

In the study the lights were set so, that the sitsdeere able to make notes and see the power point
presentations while sitting in the audience. This, horizontal illumination at the table level was
approximately 800 Ix and in the front by the leetu400 Ix. However, as can be seen from Table 1,
the light level was not fully uniform in the lectuhall.

Table 1. lllumination set-ups in the first field study.
4 000 K 12 000 K
Planned illuminance 800 Ix 800 Ix
Real average illuminance 712 Ix 645 Ix
Longitudinal uniformity (EvdEmay) 0,88 0,80
General uniformity (Ein/Eavo 0,67 0,65
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5.2.2 Luminance

Luminance distribution in the two lighting enviroents is presented in Figures 5 and 6. The
average luminance of the luminaires was close t@@D cd/ni whereas the luminance on room
surfaces was between 20 and 100 éd/m

Figure 5. Luminance distribution in 4 000 K Figure 6.  Luminance distribution in 12 000 K
environment. environment.
5.3 Study 2

5.3.1 llluminance

Based on the feedback from the first field studg #xperiment underwent improvements. The
horizontal illumination level at the table leveltime audience was increased from 800 Ix to 1000 Ix
so that after the adjustments the illuminationhi@ hall was approximately 1000 Ix and in the front
by the lecturer 400 Ix. The screen was made beigérle by keeping the four luminaires on top of

the lecturer’'s table switched off. In the seconddgtlight levels reached a better general and
longitudinal uniformity than in the first study ean be seen in Table 2.

Table 2. lllumination set-ups in the second field study.
4 000 K 12 000 K
Planned illuminance 1 000 Ix 1 000 Ix
Real average illuminance 904 Ix 920 Ix
Longitudinal uniformity (GvdEmay) 0,90 0,90
General uniformity (Ein/Eavo 0,83 0,84
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5.3.2 Luminance

Luminance distribution in the two lighting enviroents is presented in Figures 7 and 8. The
luminance of the luminaires was as high as 50 ffécand luminance on tables and other
surfaces was between 20 and 200 éd/m

Figure 7.  Luminance distribution in 4 000 K Figure 8.  Luminance distribution in 12 000 K
environment. environment.

5.4 Reference study

In addition to the actual field studies also a mefiee study was made to define boundaries for the
normal change in alertness in constant lightingddmns. The reference study was conducted in a

42 nf lecture room without the ability to change neittier colour temperature nor the illuminance.
The room is presented in Figure 8.

Figure 9.  View in the lecture room used in the reference study.

The room was equipped with 12 TBS315 luminaires tised D6 optics by Idman Philips. In each
luminaire there was one 35 W T5 flourescent lam@O0® K by its E, (Ra >80). Horizontal
illuminance was approximately 440 Ix at table lev@bth general (Ei/Eave and longitudinal
uniformity (EavdEmax Of the light in the test room were very good,Sahd 0,93 respectively.

15



6 METHODS
6.1 Study1

6.1.1 Subjects

The study was conducted in an actual learning sitnaduring the course “Internet Traffic
Measurements” in late spring 2007. The course &ettiles on Wednesdays 9:15-10:45 and 12:15-
13:45 in the test environment and allowed its sttgléo act as test subjects in the study. The test
period was 6 weeks during which 10 lectures to@kcel The lecturer was the same in the first six
lectures and changed in the last four. The lightiag provided either by 4 000 K or 17 000 K
flourescent lamp. The correlating lighting enviraemts in the lectures are presented in Table 3. The
horizontal illuminance at table level was 800 Ixs&sted in chapter 5.3.1.

Table 3. Lighting environments in the test runs provided by either 4 000 K or 17 000 K flourescent lamps.

Week Morning lecture (K) Afternoon lecture (K)
1 4 000 4 000

2 12 000 12 000

3 4 000 12 000

4 - -

5 4 000 12 000

6 12 000 4 000

A total of 16 university students took part in teeidy. They were all male, aged 24 years in
average. Based on the pre-questionnaires, 6 salpéthe 16 were categorized as “morning type”
and 2 subjects as "evening type” by their chronetyywere neither evening nor morning types and
were thus labeled as “neither type”.

The amount of participants decreased as the scooo$e and study went on so that in the first test
lecture there were 15 students and in the lastamig 2. During the whole study the subjects
returned altogether 73 answering sheets.

6.1.2 Questionnaires

The subjects were asked to fill questionnaires beflore and after each lecture. The subjects were
not informed that this is a study of lighting. There told that the study is about environmental
factors in learning situation and that the testadatused for research purposes in Electrical and
Communications Engineering Department. All subjegtse assigned a personal identifier. The
questionnaires are presented in Appendix 2.

Each subiject filled once a pre-questionnaire wiiicked together the age, sex and the identifier
that the subject used throughout the entire st@he essential part of the pre-questionnaire was
Morningness-Eveningness —Questionnaire (Horne ébey 1976), presented in Appendix 1. It

was used to determine the chronotype of the peiGhronotype is an attribute of human beings
reflecting whether they are alert and prefer tatigve early or late in the day (Paine et al, 2006)

Evaluation forms consisted of Karolinska sleepirszsase (Akerstedt et Gillberg, 1990), questions

about environmental factors like air draught, terapere and brightness and questions about how
the lecture felt. Alertness was marked down be&me after the lecture and the other questions are
only answered at the end. In addition to that thigexts are asked to tell whether they have taken
something stimulative, such as coffee within thesed two hours. The subjects were also asked to
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give additional feedback. The feedback and resudta the first study were used for improving the
set-up and the design of the second field study.

6.1.3 Objective measurements

Indoor temperature and G@oncentration were measured in the beginning arttle end of each
lecture.

6.2 Study 2

6.2.1 Subjects

As in the first field study, the subjects were stoid of a course taught in the test environmerg. Th
chosen course was “Signals and systems” which éasres on Thursdays at 8:15-9:45 and on
Tuesdays at 14:15-15:45 in autumn 2007. The tesvgpavas 7 weeks during which 10 lectures
took place. The lecturer was the same in all lestufhe lighting environments in the lectures are
presented in Table 4 horizontal illuminance beiB@Q.Ix as stated in chapter

Table 4. Lighting environments in the test runs provided by either 4 000 K or 17 000 K flourescent lamps.

Week Morning lecture (K) Afternoon lecture (K)
1 4 000 -

2 4 000 12 000

3 12 000 -

4 12 000 4 000

5 12 000 4 000

6 - 4 000

7 - 12 000

In the second study there were 138 university stisd€l7 female, 121 male). Their average age
was 22 years. By chronotype 33 were “morning tyj22’,“evening type” and 83 were categorized
as “neither type”. They returned altogether 309amsg sheets.

6.2.2 Questionnaires

The subjects were asked to fill questionnaires beflore and after each lecture the same way as in
the first field study. The pre-questionnaire renmedirunchanged but other questionnaires were
modified and improved based on the feedback framdystl. The questionnaires are presented in
Appendix 3.

As in the first study, the evaluation forms coreisbf Karolinska sleepiness scale and questions
about environmental factors. However, this timeftiwors were surveyed more detailed than in the
previous study. As a new thing, the subjects weied to tell, where they had been before the
lecture. This was to find out, to what kind of ligty they have been exposed previously.

Besides asking about the use of stimulants, subjetre asked to tell, whether they had eaten
within the passed two hours. In the questionnaliedfafter the lecture there were also statements
about how the lecture felt. Again the subjects wemeouraged to give feedback about the test
environment and the survey.

6.2.3 Objective measurements

Like in the first field study the temperature an@x£toncentration were measured in the beginning
and in the end of each lecture. This time the teatpee was metered both indoor and outdoor to
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know more about the ambient environment. Also tlunination conditions that the subjects had
been exposed to prior to the lecture were measured.

6.3 Comparison of the set-up of the two field studi

The characteristics of the two field study set-aps presented in the Table 5 in short. Table 6

es

shortens the equalities and differences in thetguresires of the two field studies.

Table 5. Characteristics of the two field studies.
Week 1. study 2. study
Number of subjects 16 130

Time of experiment

9:15-10:45 and 12:15-13:45
Altogether 10 lectures

8:15-9:45 and 14:15-15:45
Altogether 10 lectures

Colour temperature

Either 12 000 K or 4 000 K

Either 12 000 K or D00

[lluminance 800 Ix 1000 Ix
General uniformity 0,67 and 0,65 0,83 and 0,84
Longitudinal uniformity 0,88 and 0,80 0,90 and 0,90

Table 6.

1. study

Pre-questionnaire
Age, sex, identifier
Morningness-Eveningness
questionnaire

Comparison of the questionnaires.

2. study

Pre-questionnaire
Age, sex, identifier
Morningness-Eveningness
guestionnaire

Questionnaires
scale (1-9 Karolinska sleepiness scale (1-9 Likert-
scale: alerntess)
Microclimate

Questionnaires

- Karolinska sleepiness
Likert-scale: alertness)

Microclimate (1-5 Likert-scaledraugt,

(-5 Likert-scale;

stuffyness, noise, temperature, draught, air quality, noise, temperature,
sufficiency of light sufficiency of light, change in
Statements about the lectyre temperature, colour of light, dust,
environment (1-5 Likert- scale: totally smell, dryness, electricity

disagree — totally agree, e.g. “l was aple - Statements about the lecture

environment (1-5 Likert-scale: totally
disagree — totally agree, e.g. “l was aple

to concentrate on the lecture”)
Time prior to the lecture (use of

stimulants) to concentrate on the lecture”)
Time prior to the lectureffom where
the subject came to the lectungse of
stimulants angbossible mea)s
Measurements Measurements

Temperature in the beginning and the
end of the lecturandoor and outdoor
CO,-concentration in the beginning and
the end of the lecture, only indoor
lllumination conditions prior to the
lecture

Temperature in the beginning and the
end of the lecturegnly indoor
CO,-concentration in the beginning and
the end of the lecture, only indoor

A4

18



6.4 Reference study

As in the actual field studies the subjects wetglesits in a real course environment. The course
was about indoor climate and it was held once &kweeTuesdays at 14:15-15:45 in early autumn
2007. The number of the test lectures was 5, thifsofi the amount of lectures in the actual field
studies.

A total of 41 students took part in the referenealg. 35 of them were male and 6 female. Their
average age was 23 years. 10 of the subjects weyming type”, 4 “evening type” and 27 “neither
type” of their chronotype. They returned altogeth@® answering sheets.

Questionnaires were same as in study 2. Also abgeateasurements and the equipment used for
measuring the environmental factors remained urgddhn

6.5 Statistical analysis

The statistical analysis of the results was doneguthe Statistic Package for the Social Science
(SPSS). The research questions were of three Kifférential, associational and descriptive, in
other words

1. Are there differences in the results of two @rengroups,

2. how are two variables related and

3. what are the key figures (mean, deviation etth® data?

6.5.1 Comparing groups

In the reference study Analysis of Variance (ANOWA&s used to examine whether each set of
data was drawn from the same probability distritnutithus is each lecture represented the same
constant test setting. ANOVA allows more than twoups of data to be tested at the same time
which made it suitable for comparing alertnesdlli® aeference lectures at once.

Examining the differences in alertness was doné wiest, a special case of ANOVA that is used
for comparing only two groups together. The changaertness during the lecture was assessed by
comparing the mean of the alertness in the begintwrthe mean of the alertness in the end with
paired two-sample t-test. This kind of t-test does assume that the variances of both populations
are equal but allows us to determine whether twopsas’ means are distinct (Park 2007).

The differences between two different lighting cibioths were examined with a t-test that assumed
the variances were unequal. The essential differéetween this and the t-test for two samples is
that here the groups are independent from anotitenat one group tested in the beginning and in
the end of the experiment. The significance levas$ wet to 0.05 in all comparisons.

6.5.2 Finding relations

The relation between alertness and other factarsh @s pre-conditions, the lighting, use of
stimulants and the chorotype was analyzed withglaorrelation function. This was done to every
lighting condition separately.

6.5.3 Describing data

The data was assumed normally distributed and cteized with central tendency and variability
figures, such as mean and standard deviation.
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7 RESULTS

7.1 Results of the reference study

The results of the reference study are presenteel first, because they will be later used for
evaluating the significance of the field studiebeTreference study was not analyzed as much in
details as the other two because its purpose wadyria define boundaries for subjects’ normal
behaviour in constant lecture environment.

7.1.1 Change in alertness

As presented in Table 7, the standard deviaticim@ichange in alertness was almost same in all 5
test runs (1.38-1.49). The statistical analysithefsets of data showed that each lecture repezbent
the same test setting. This allowed us to groufeatiruns together and compute the average for the
change in alertness. The average change in alenvees-0.8 (x1.42) in which the minus sign refers
to the decrease in alertness. The same is preserfgglire 10.

Table 7. Change in alertness in the reference study. Number of subjects in parentheses.

1 (24) 2 (23) 3(22) 4 (19) 5 (21)
Mean | Stdev | Mean | Stdev| Mean | Stdev| Mean | Stdev | Mean | Stdev
Change |-1.08 | 1.38 | -1.04| 1.49| -0.73 142 -047 1.39 -0.5Y .431

Change of alertness on average: [-0.78 | 1.42

REF

Change in Alertness

-2

-3

Figure 10. Change in the alertness in the reference study. REF = reference light.

7.1.2 Pre-conditions

The environmental conditions before each test tecare presented in Figure 11. It shows that
when the second lecture was held, the weather essunny and the illuminance outside close to
80 000 Ix. In other test days it was cloudy andillbeninance outside remained in 10 000 Ix or less.

Outdoor temperature was approximately 15 degreasglthe first three test lectures and decreased
as the autumn progressed. According to the colwalanalysis the prior conditions had no effect

on the alertness.
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Figure 11. Outdoor conditions prior to the lecture.

7.1.3 Environmental factor measurements

The behaviour of indoor temperature and,@0Oncentration is presented in Figure 12. As can be
seen from the figure, they did not change notalir the test period or during the lectures. The tes
conditions in the lecture hall can thus be congderonstant. Statistical examination found no
correlation between the environmental factors &edchange in alertness.
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Figure 12. Variation of environmental factors during each lecture.

7.2 Results of the study 1

7.2.1 Change in alertness

The descriptive data of alertness in field studgnbar 1 are presented in Table 8. The alertness in
the beginning and in the end of the lecture weralyaed with paired t-test and it showed no
significant change in alertness during the lectarany of the four lighting conditions. As can be
seen in Figures 13 and 14, the decrease in alerinesmch condition was smaller (0.2-0.4) than the
expected change (0.8) based on the reference ptadgnted in Table 7.
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Table 8.

Alertness in the first field study. Number of subjects in parentheses.

4 000 K 4 000 K 12 000 K 12 000 K
Morning (28) Afternoon (15) Morning (10) Afternoon (20)
Mean Stdev Mean Stdev Mean Stdev Mean Stdev
Beginning | 4.82 2.75 4.87 2.27 5.60 1.38 4.90 1.78
End 5.07 1.92 5.07 2.07 5.80 2.62 5.30 2.54
Change -0.25 2.12 -0.20 3.46 -0.20 2.40 -0.40 3.73
3 3
2 2
¢ . g
5 5 i
< = X I
S 2 ) I 5 2 »
5 4000 K 12 000 K REF 3 4000 K 12060K REF

Figure 13. Change in alertness in the morning
lecture.

Figure 14. Change in alertness in the afternoon
lecture.

7.2.2 Pre-conditions

The environmental conditions prior to the lectuighfing, outdoor temperature) were not measured
in the first field study.

7.2.3 Environmental factor measurements

The variation of temperature and &€€ncentation during the lecture is presented guié 15.
CO,-concentration was very low, approximately 400 pdine temperature followed the heating
period in Finland and decreased from 24 °C to 2@&$Ghe spring progressed. However, there was
no correlation between the changes in temperatu@-concentration and the alertness during
the lecture.
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Figure 15. Variation of environmental factors during each lecture.
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7.2.4 Environmental factor assessment

In subjective evaluation of the environmental fastihere were no noteworthy differences between
different lighting conditions. As presented in Tal8, the draughtiness, stuffiness, temperature,
brightness and noisiness were scored between R ardscale from 1 to 5, 1 referring to “not
draughty at all” and 5 to “very draughty”. Henbe tsubjects did not find the environmental factors
in question disturbing. According to the statidtianalysis the factors did not affect the subjects’
alertness either.

Table 9. Subjective evaluation of the environmental factors in the first study. Number of subjects in
parentheses.

4 000 K 4 000 K 12 000 K 12 000 K
Morning (28) Afternoon (15) Morning (10) Afternoon (20)
Mean Stdev Mean Stdev Mean Stdev Mean Stdev
Draughiness | 1.43 0.79 1.93 1.03 2.00 1.16 1.40 0.60
Stuffiness 1.57 0.74 1.67 0.82 1.50 0.85 1.60 0.82
Temperature | 1.29 0.54 1.33 0.49 1.20 0.42 1.35 0.81
Brightness 1.25 0.52 1.27 0.46 1.40 0.70 1.35 0.74
Noisiness 1.14 0.36 1.27 0.60 1.10 0.32 1.10 0.31

7.2.5 Other factors

Analyses of the data in SPSS showed no correl&ivween subject’s change in alertness and the
his interest in the lecture. The level of the satyyeconcentration did not affect the alertneskegit
The results suggested that drinking coffee or o#tenulants before the lecture might help the
student to remain a certain level of alertness. éi@rwas not supported by the statistical analysis.

7.2.6 Correlated colour temperature

One of the keys points of the study was to deteemwhether the experiment time and the
correlated colour temperature of the light sourceild have some effect on alertness. In this set of
data no correlation was, however, found. Basedherrésults it could not be stated that one of the
light sources would be more suitable to be uselacture at a certain time of the day.

7.2.7 Chronotype and individuality

One interesting approach was to consider alertopsmdividual level. SPSS analyzing tool was
used to determine whether it is possible to pretietalertness and chronotype based on subject’s
age. Age and type had a positive correlatior0(315, p=0.007), which implies that the older the
person is, the more probable is it that the peisomorning type.

The chronotype had, however, no direct correlawath the alertness level, which means that the
age could not be used to predict alertness. Omtther hand, as stated before, both lectures were
held around noon and not at times which requiré Ipgrformance early in the morning or late at
night. This leaves the question open whether thendtype would be a better estimate for alertness
at more extreme times of the day.

23



7.3 Results of study 2

7.3.1 Change in alertness

In the second field study the alertness changedifsigntly during the lecture in each of the four
lighting conditions. As can be seen in Figures 46 47, in each condition the alertness decreased
more than what was expected based on the refestudg (0.8). As presented in Table 10, in the
morning lecture the alertness decreased on avéar8geoints (t=7.92, df=138, P<0.001) with,F

4 000 K, and 1.8 points (t=-6.17, df=49, P<0.00i)hwi, = 17 000 K. In the afternoon the
decrease was 1.4 points (t=-4.36, df=34, P<0.00) &3 points (t=-2.70, df=87, P<0.001)
respectively.

Table 10. Alertness in the first field study. Number of subjects in parentheses.

4 000 K 4 000 K 12 000 K 12 000 K
Morning (139) Afternoon (50) Morning (34) Afternoon (86)
Mean | Stdev Mean | Stdev Mean | Stdev Mean | Stdev
Beginning | 4.61 1.79 4.26 1.73 5.03 3.77 3.77 2.74

End 5.94 1.75 6.02 1.74 6.47 1.60 5.08 3.74
Change -1.32 1.97 -1.76 2.02 -1.44 1.93 -1.31 417
4 4
3 3
@ 24 @ 2
é . 4000 K 12 000 K REF g N 4000 K 12 000 K REF
<, [ [ <, [
T -
g, ] | g, |
O N J o N J
-4 -4

Figure 16. Change in alertness in the morning Figure 17. Change in alertness in the afternoon
lecture. lecture.

7.3.2 Pre-conditions

The outdoor conditions before the lecture are mteskin Figure 17. As can be seen, in the morning
lectures illuminance outside was very low, appratiely 100 Ix, whereas outside illuminance in
the evening lectures was over 1000 Ix. The temperatutside was under 10 °C within the whole
test period. It is clear that at this time of y#s timing of the lectures really made a difference
the environmental conditions such as the illumimaand outdoor temperature. Statistical analysis
showed that the factors in question had, howewegffect on the alertness level in the beginning of
the lecture. It did not matter whether the subjead spent the time prior to the lecture inside or
outside the building.
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Figure 18. Outdoor conditions prior to the lecture. 4M = 4 000 K Morning lecture; 4E =4 000 K
Evening lecture; 12M = 12 000 K Morning lecture; 12E = 12 000 K Evening lecture.

7.3.3 Environmental factor measurements

The behavior of the temperature andx&0ncentration during the lecture is presentedgure 18.
On average the indoor temperature was between 2822 °C within the whole test period. It
showed no significant variation during the lectures

The CQ-concentration in the end of the lecture correlgtesitively with the amount of subjects in
the room (=0.887, p=0.001), which can be seen as strongti@ariam CO,-concentration in Figure
19 with lectures 1 (106 subjects), 2 (33 subjeats) 9 (74 subjects). However the level of carbon
dioxide never rose above 800 ppm, which is oftemstered as a level, where the air starts to feel
stuffy. National Institute for Occupational Safetnd Health considers that only indoor air
concentrations of carbon dioxide that exceed 1 @@ suggest that the ventilation is inadequate
(NIOSH, 1976). The statistical analysis confirmedttthe environmental factors in question had no
effect on subjects’ alertness in any of the foginting conditions.
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Figure 19. Variation of environmental factors during each lecture. 4M = 4 000 K Morning lecture; 4E =
4 000 K Evening lecture; 12M = 12 000 K Morning lecture; 12E = 12 000 K Evening lecture.

7.3.4 Environmental factor assessment

The results of the subjective assessment of enwieoal factors (excluding factors related to
lighting) in the beginning and in the end of thetlge in all four lighting conditions are presenied
Table 11. The table shows that air quality, dusspesmelliness, air dryness, electricity,
draughtiness, temperature and noisiness did natgehaignificantly during the lecture. On scale
from 1 to 5, all factors were evaluated close tt3average, which refers to neutral feeling. Hence
the subjects did not find any of those factorsuesgjion disturbing.
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Table 11. Subjective evaluation of the environmental factors in the second study. Number of subjects in
parentheses.

4 000 K 4 000 K 12 000 K 12 000 K

Morning (139) Afternoon (50) Morning (34) Afternoon (86)
Beg End Beg End Beg End Beg End
Air quality 3.24 3.46 3.26 3.26 3.30 3.16 3.42 3.28
Dustiness 3.44 3.28 3.71 3.68 3.52 3.37 3.82 3.63
Smelliness 3.26 3.40 3.47 3.44 3.36 3.29 3.54 3.44
Dryness 2.76 2.74 2.76 2.71 2.87 2.78 2.94 2.86
Electricity 3.98 3.94 3.68 3.62 3.76 3.67 3.94 3.85
Draughtiness | 3.40 3.10 3.50 2.32 3.53 3.51 3.62 3.42
Temperature | 3.18 3.42 3.32 3.58 3.00 3.12 3.08 3.22
Noisiness 3.16 3.12 3.29 3.21 291 2.97 2.94 3.00

The amount of light and colour of light are repdrteere separately. The results of the subjective
assessment of the amount of light are presente@lalle 12. According to the subjects, the
perceived amount of light did not change duringléoture in any of the four lighting conditions. It
is worth of noticing that when 4 000 K light souneas used, the amount of light was evaluated a
bit lower than when 17 000 K light source was usHus implies bigger sensitivity to the short
wavelengths, although it did not get support frdm s$tatistical analysis. With 4 000 K light source
the score given to the amount of light was clos8.1o With 17 000 K the illumination level was
evaluated 3.4 at the highest. On scale 1 to 5réiéss to a little bit brighter than a pleasantle

Table 12. The subjective assessment of the amount of light.
4 000 K 4 000 K 12 000 K 12 000 K
Morning (139) Afternoon (50) Morning (34) Afternoon (86)
Beg End Beg End Beg End Beg End
Amount 3.11 3.14 3.08 3.12 3.21 3.24 3.42 3.30

The results from the subjective assessment ofdhmicof light are presented in Table 13. When 1
refers to “light is too yellow” and 5 to “light i®o blue”, it can bee seen that as expected, the 17
000 K light source was assessed more blue tha# @@ K light source. The score given to the 17
000 K light was 4 on average whereas the scorengivethe 4 000 K light was 3. Another
interesting thing is that the colour of 17 000 ghli source was assessed significantly more blue in
the beginning than in the end of the lecture irmikibe morning (t=2.39, df=33, P<0.001) and the
afternoon (t=5.18, df=85, P<0.001) tests. This iegpthat the subjects needed time to adapt to the
bluish light and that in the end they were fullyapted and did not find the colour as blue anymore.
The changes in perceived colour temperature didhaotever, correlate with changes in alertness.

Table 13. The subjective assessment of the colour of light.
4 000 K 4 000 K 12 000 K 12 000 K
Morning (139) Afternoon (50) Morning (34) Afternoon (86)
Beg End Beg End Beg End Beg End
Colour 2.93 2.88 3.00 3.02 4.00 3.85 4.24 3.92

7.3.5 Other factors

In the investigations whether the subject’s inteiasthe lecture affects the alertness there was
found no connection. However subject’'s ability toncentrate correlated significantly with the

alertness in the morning lecture with 4 000 K@.213, p=9.913) and afternoon lecture with 17 000
K ( =0.239, p=0.029). Hence the better the subject alds to concentrate the less the level of
alertness decreased. This suggests that light rhmg an affect on concentration and through that

26



to alertness. However the light was not shown teel@nnection with the concentration with any
of the four combinations of light source and tinideature.

In this study there was found no correlation betwiee behaviour of alertness and possible usage
of stimulants, such as coffee. However, there waigr@ficant difference whether the subject had or
had not eaten lunch before the afternoon lectinwas possible to see the effect of so-called post
lunch dip in alertness when 4 000 K light sources waed (=0.321, p=0.028). However, with 17
000 K light there was no decrease in alertness hfteh suggesting that using 17 000 K as the
colour of the light source might help the studdntsemain their alertness in the afternoon lecture
after they have had lunch.

7.3.6  Correlated colour temperature

The second field study gave interesting resultsialnat kind of impact the experiment time and
the correlated colour temperature of the light seurave on alertness. Considering the alertness in
the beginning of the lecture, the study showed ithddes not depend on theg, bf the light source.
Instead it did have an effect on the alertnessl lthee subject had in the end of the lecture-(
0.130, p=0.023). With the light source of higl the alertness was higher than with the light seurc
of low T¢p. The time of the day was significant to alertnlesth in the beginning and in the end of
the lecture (beginning:=-0.226, p=0.000; end:=-0.180, p=0.002). With postponing the starting
time of the lecture one could thus improve thetaéss.

The results do not allow one to claim that onehef light sources would be more suitable than the
other to be used in a lecture at a certain timiefday. However, it looks like it is more profitab
to use 4 000 K light in the morning lecture anddD® K in the afternoon lecture.

7.3.7 Chronotype and individuality

The results of the second study were in congruemitle the results of the first field study
suggesting that age could be used as a predicfidheoperson’s chronotype. The age does not
directly tell about the subject’s alertness, butoading to the study, the subjects with more age ar
more likely to be morning type people=0.152, p=0.07). The morning type people were nateet
both in the beginning €0.000, p=-0.330) and in the end=0.000, p=-0.347) of the morning
lecture than the evening type people. This kinccarfrelation was not detected in the afternoon
lecture.

7.4 Effect of the time of year on alertness

The average change in alertness in spring andtumauis presented in Table 14. When the two
mean figures are compared with each other it caseka that the alertness decreased substantially
more in autumn than in the spring field study (6&.df=126, P<0.001). The reason behind that
might lie in the climate and amount of light outsiduring different seasons. Although the lighting
conditions prior to the lecture did not show caatigin with lecture time alertness in these twaodfiel
studies, light history could have affected alergnieslirectly through mood and sleeping rhythm that
are believed to be controlled by the light.

Table 14. Comparison of the change in alertness in spring and in autumn.

Spring Autumn
Mean Stdev Mean Stdev
Change -0.27 1.66 -1.40 1.99
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7.5 Feedback on the field studies

According to various subjects the 17 000 K lightree generated a clinical atmosphere and made
the lecture hall to feel like a hospital. The 12 ®0lighting condition (created with 17 000 K light
source) was found strange and some people thobghtthie light was too bright. However the
majority of the subjects would have wanted to iasee the illumination level and the contrast
between the screen and its surroundings. For #zeon in the second study the illuminance was
increased from 800 Ix to 1000 Ix but at the sammeetthe spotlights in the front part of the lecture
hall were switched off.

The lighting got feedback also in the second f&lddy. One person found the fluorescent light
unpleasant and considered the illumination level igh. According to him the light made it
difficult to see the teaching material on the soréléhis remark was given, when thg, ®f the light
source was 4 000 K.

Half of the people giving feedback thought that 1#2e000 K lighting was good and it helped to stay
awake. The other half found the light disturbingl aaid that it glares and gives headache. The
12 000 K light condition was also compared to sotarand greenhouse. One person stated that the
lighting was too bright in the beginning but théteagetting used to the light it felt good andead

him to stay alert. One third of the feedback wamglaints about the length of the lecture. It
became obvious that no matter what the light wasvais hard to try remain the concentration
throughout the whole 1,5 hours without a break.
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8 DISCUSSION

Before getting into the results it is good to redhthat the subjects were chosen randomly. The idea
was not to look for super-students that take pawli lectures and only aim to design a lighting
condition for them. Despite the randomness, theigrof subjects in all three studies proved to
represent well a normal sample of population byrttleronotypes (Peine et al 2006). It means that
around 50% of them belonged to either morning @néw type and half of the population fell into
the “neither” category. The reactions discussedweatan therefore be generalized to cover any
person at university age.

The results of the reference study show that inrestant lecture setting there is a natural vamatio
in alertness that does not depend on any of theamental factors examined. Moreover it tells
that it is natural for the students to become sé&¥exs the lecture goes on.

In the first field study the alertness did not aparsignificantly during the lecture although
referential studies predicted that the alertnessldvdecrease. This leaves us with an important
guestion: was there something in the lecture tlegit khe student from becoming sleepier? The
subject’s interest in the lecture did not show &véheffect on alertness. Neither did the subject’s
ability to concentrate.

The time of the day showed no correlation withdhertness, because, as noted before, there was no
real difference in the timing of those two lectuiasthe first field study. For that reason in the
second study the idea was to have more time betébfeemorning and afternoon lecture to see if
the time of the day really makes a difference ertakss. It turned out to be a good idea. There was
a positive correlation between the time of thedest alertness and people’s chronotype. Morning
type people were more alert in the morning than éliening type people. The same kind of
correlation was, however, not found with eveningetypeople in the afternoon lecture. The most
likely reason for that is that the lectures weré meld late enough, but in the afternoon, were both
chronotypes are expected to be alert. The studyewer, showed true the intuition, that the lectures
held at morning hours are suitable for morning typeple.

Another observation concerning the subject’'s chiyp® is that the chronotype appeared to move
from evening type towards the morning type by ade older the subject was the more likely he
was to be morning type according to both field ®sdThe result is consistent with the known fact
that the biological sleep/wake -rhythm becomes madganced by age. The change in the
melatonin suppression rhythm makes older peopiptm sleep early following that they also wake
up earlier and are more alert at morning hourss important, however, to note that person’s age
can not be used as prediction to his alertness.liBasn the study of Lehr at al (2007), there was
found no direct association between age and thaviialr of alertness in lecture environment.

The second field study behaved the way it was drgdesased on the reference study. The alertness
decreased in all four lighting conditions and tharge was in all cases almost of same magnitude,
approximately 1.5 points on the scale from 1 tcABo compared to Lehr’'s study (2007) in the
lecture environment, the change was significans gtioup reported a change of 0.5 points on
alertness scale from 1 to 7.

According to the results the colour of the expent@ht did not have an effect on how alert the
subjects felt in the beginning of the lecture. Huare T, of light did prove to be associated with

the alertness of the subject in the end. The higiherT, was during the lecture the better the
alertness was in the end. These results can baiegglwith the exposure time: non-visual system
needs more time to react to light than the visua.orhis is why alerting effects can only be
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expected to occur after a certain amount of tinehrland his research group (2007) did report an
alerting effect caused by the blue light after thgosure of only 20 seconds, but again, it is
important to be critical and remember that the asal system does not work on on/off-basis, but
collects lighting information through a longer petiof time.

What it comes to the timing of the lecture, postpgnthe starting time proved to improve the
alertness throughout the whole lecture. This typeesult implies that timing would to be essential
on productivity from the alertness point of viewowhkver, there was not found a significant
difference in the change in alertness between mgrand evening. It can be due to the fact that the
composition of the group of subjects changed freature to lecture. Or again, maybe the lectures
were just held too close to each other in time.

It proved to be a wise idea to control also facteos to do with the environment but with the
subjects themselves. The studies found indicatfasome kind of a post-lunch dip, thus increased
tiredness after eating. That occurred only in 4 Bd@ht environment but not when 17 000 K light
source was used. This kind of result implies tisatg 17 000 K as thecJof the light source might
help the students to retain their alertness in afternoon lecture after they have had lunch.
Moreover it shows that light is definitely not tbely cue to affect the circadian system, but vagiou
factors have to be taken under concideration wkafuating non-visual effects.

It has been proven that e.g. caffeine (the actistasice of. coffee, tea, energy drinks and marty sof
drinks) reduces physical fatigue and restores meaidggness (Neilig et al, 1992). For that readon i
was expected, that the use of stimulants would komelso affect the circadian system and help
to increase or retain a certain level of alertn®gs.correlation between those two was, however,
found. Maybe the difference in the subjects’ melisbocaused variance in the result. Or maybe the
subjects had just become immune to the effect aféerg stimulants very frequently. All in all,
these studies found no association between thmessrand the use of stimulative subtances.

Another thing that was expected but not shown kexe the effect of so-called light history. It is
well known that the body sums up the informatioredeives from different lighting conditions, but
here it was found no evidence that the alertnegearbeginning or the change in alertness would
have depended on the prior-to-lecture exposure.nBieral daylight showed no direct simulative
effect on alertness which implies that it would nwdtter whether the subject would stay before the
lecture inside the building in artificial light @utside in daylight. This is in contradiction taeth
study that found evidence of a correlation betwagylight and the increase in productivity among
office workers (Figueiro et al, 2002) and anotheidyg that suggested daylight would enhance the
learning performance of children in schools (Hesghet al, 2002). Clearly the question of the light
history needs more attention in the further stustyups.

The field studies did not show a clear differencéhie results of the 4 000 K and 12 000 K lighting
conditions provided by 4 000 K and 17 000 K flowes# light sources. It means that one can not
expect to gain better level of alertness by using of the sources. Furthermore, because the
biological system of human did not appear to baiSa@antly more sensitive to either of the light
sources, no energy can expected to be saved byiolgoa certain light source. According to the
second field study it might be profitable to us@0® K light in the morning lecture and 17 000 K in
the afternoon lecture. However, the statement doesave scientific value. Therefore, the result of
the study does not support the hypothesis of impgpalertness during the lecture by using high
Tep light.

However, as far as it is know, this is the widestl anost consistent study done in the school
environment with subjects attending lectures iroamal way. It is very challenging to try to prove
the existence of a non-visual reaction becausegedple are individuals with individual daily
timetables and life rhythms and react to the stijraulch as light, differently. Also detecting the
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possible affects is hard, because there are noty majective techniques to measure human
alertness. Field studies give more truthful pictoif@ow human fysiology really works, however, it
might not be possible to determine the actual dtisi(e.g. vertical illumination at the eye levetlan
light reaching the eye) other than in highly colea laboratory conditions. Finally, there is abo
phychological factor. It is believed that light mafluence the performance by affecting the mood
and motivation. That opens another door and mdwespproach to productivity from “what kind
light improves alertness” into “what kind of ligist pleasant for the person”.

31



9 FURTHER NEEDS FOR RESEARCH

It is clear that the role of the correlated coléemperature in the behaviour of alertness needs
further research. It is commonly believed that savelengths give the strongest stimulus to the
human biological system. However, as can be sedmsrstudy, the results gained in a laboratory
experiment do not always apply in real conditioWghat the research needs the most is the
persistence in the study. At the moment one tetihgds often tested only once after which the
group moves on to another study. That kind of wayeorking helps to gain a little information
about many things but does not lead to deeper stadeting of the phenomenon.

Another thing that the current research lacks & ubke of common methods. It seems that every
research group is starting from more or less antenable instead of exchanging ideas and truly
learning from the previous research. It is not fmssto compare results from a study that has
measured the effects of a short time exposurestdtsefrom a study that exposes the subjects to the
light for several hours. The same problem appleeslifferent scales, objective and subjective
measures, timing of the experiment etc. Sharing rieans and methods would enable the
comparison of results within groups and again takeloser to understanding the big picture.

In further study controlling the environment can Ibelieved to become even more and more
important. At the moment there is a lot of reseagoimg on all over the world about the light and
how it could be used to improve human alertnessvéder, the results are often inconsistent with
previous results or they might be even hard torpmét. It is undeniable that light is not the only
stimulus on the biological system of human butaadtthere are a lot of other factors, such as the
sound, the weather and time of year that bring agess to the body. One option is to ask the
subject to retain a certain routine before the erpant. Another way is to investigate what the
subject has done within a certain amount of timeweler, once the controlling of the environment
is done, the effects of other factors should bmiekted before we can draw conclusions about the
light.

The study reported here is a good sample of a shatyaims to improve itself in real time. Here the
same test setting was used in two sequential stadid minor changes and improvements. This is
also a study that took under consideration thetexte of other stimuli, such as the light history
and the environmental factors during the experimdifite biggest weakness of this study is
probably the evaluation methods used. A studyukas subjective assessment as the only measure
does not give a very accurate and tenable pictutkeophenomenon. In further research the field
studies should include also laboratory kind obyectmeasures and measurements of biological
markers, such as dopamine and melatonin levels.
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APPENDICES
Appendix 1. Pre-questionnaire (MEQ)
PRE-QUESTIONNAIRKTo be filled only once during the whole test eikpent)

First, select an identifier. It can be e.g. your iitials. Please, always use the same identifier.
|dentifier: Age: Gender:

Circle the alternative that you find the most suitdole to describe you.

1 very hard

How easy it is for you to wake up in the morninghém 2 moderately hard
you don’t have to wake up unexpected)? 3 moderately easy

4 very easy

1 very tired

How do you feel yourself half an hour after the wak 2 moderately tired
up? 3 moderately alert

4 very alert

. D . 1 very well
A friend has asked you to join him twice a week &or

work-out in the gym at 7-8 in the morning. Bearing? reasonably well
nothing else in mind other than how you normallglife 3 poorly

in the morning, how do you think you would perform?
4 very poorly

1 at 8-10
You have to do 2 hours physically hard work. If yow 5t 11-13
were entirely free to plan your day, in which okth
following periods would you choose to do the work? 3at15-17

4 at 19-21

1 five hours starting 4-8

If you could freely choose your own working timbet 2 five hours starting 8-9
working day would last for 5 hours including breaksl

the work itself would be interesting, what time Wbu
you want to start your day? 4 five hours starting 14-17

3 five hours starting 9-14

5 five hours starting 17-4

1 definitely morning type

One hears about 'morning’ and 'evening' types @plpe 2 More a morning than an evening type
Which of these types do you consider yourself ® be 3 more an evening than a morning type

4 definitely an evening type
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Appendix 2: Questionnaires in the 1 ¥ field study
QUESTIONNAIRE IN THE BEGINNING OF THE LECTURE

|dentifier:
Morning lecture () Afternoon lecture ()

First, write down the time. After that, choose thealternative that describes the best your state
of alertness at the moment.

Time:

1 — Very alert

2

3 — Alert

4

5 — Neither sleepy nor alert

6

7 — Sleepy but no effort to remain awake

8

9 — Very sleepy, fighting sleep, difficulty stayiagvake
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QUESTIONNAIRE IN END OF THE LECTURE

Identifier:
Morning lecture () Afternoon lecture ()

First, write down the time. After that, choose thealternative that describes the best your state
of alertness at the moment.

Time:
1 — Very alert
2
3 — Alert
4
5 — Neither sleepy nor alert
6
7 — Sleepy but no effort to remain awake
8
9 — Very sleepy, fighting sleep, difficulty stayiagvake

Circle the most suitable answer to the following sttements.

Completely Completely
disagree agree
| was able to concentrate on the lecture 1 2 3 4 5
| paid attention to the lecture actively 1 2 3 4 5
The lecture made me more sleepy 1 2 3 4 5
| found the lecture interesting 1 2 3 4 5
The lecture felt too long 1 2 3 4 5
There was too much air draught in the lecture rdom 2 3 4 5
It was too stuffy in the lecture room 1 2 3 4 5
It was too warm in the lecture room 1 2 3 4 5
It was too dark in the lecture room 1 2 3 4 5
The lecture room was noisy 1 2 3 4 5
| have taken stimulants (coffee, tea, coke etdiwithe past 2 hours No sYe

You can write additional feedback on the other sidef the answering sheet!
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Appendix 3: Questionnaires in the 2 ™ field study
QUESTIONNAIRE IN THE BEGINNING OF THE LECTURE
Identifier: (Please, always use the same identifier)

First, write down the time. After that, choose thealternative that describes the best your state
of alertness at the moment.

Time:
1 — Very alert
2
3 —Alert
4
5 — Neither sleepy nor alert
6
7 — Sleepy but no effort to remain awake
8
9 — Very sleepy, fighting sleep, difficulty stayiagvake

| came to lecture from
() outside
() the same building

Circle the alternative that you find the most suitdle to describe the indoor environment.

Air quality Too stuffed 1 2 3 4 5 Very fresh
Dust Too dusty 1 2 3 4 5 Very clean
Smell Annoying 1 2 3 4 5 Pleasant

Air dryness Too dry 1 2 3 4 5 Too wet
Electricity Too electric 1 2 3 4 5 Suitable
Draught Too draughty 1 2 3 4 5 Not draughty
Temperature Too hot 1 2 3 4 5 Too cold
Amount of lighting Too dark 1 2 3 4 5 Too bright
Colour of lighting Too yellow 1 2 3 4 5 Too blue
Noise Too noisy 1 2 3 4 5 Too quiet

| have drunken coffee/tea/other stimulative sub#angithin the past 2 hours No Yes

| have eaten within the past two hours No Yes
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QUESTIONNAIRE IN THE END OF THE LECTURE
Identifier: (Please, always use the same identifier)

First, write down the time. After that, choose thealternative that describes the best your state
of alertness at the moment.

Time:
1 — Very alert
2
3 — Alert
4
5 — Neither sleepy nor alert
6
7 — Sleepy but no effort to remain awake
8
9 — Very sleepy, fighting sleep, difficulty stayiagvake

Circle the best alternative.

Completely Completely
disagree agree
| was able to concentrate on the lecture 1 2 3 4 5
| paid attention to the lecture actively 1 2 3 4 5
The lecture made me more sleepy 1 2 3 4 5
| found the lecture interesting 1 2 3 4 5
The lecture felt too long 1 2 3 4 5

Circle the alternative that you find the most suitdle to describe the indoor environment.

Air quality Too stuffed 1 2 3 4 5 Very fresh
Dust Too dusty 1 2 3 4 5 Very clean
Smell Annoying 1 2 3 4 5 Pleasant

Air dryness Too dry 1 2 3 4 5 Too wet
Electricity Too electric 1 2 3 4 5 Suitable
Draught Too draughty 1 2 3 4 5 Not draughty
Temperature Too hot 1 2 3 4 5 Too cold
Amount of lighting Too dark 1 2 3 4 5 Too bright
Colour of lighting Too yellow 1 2 3 4 5 Too blue
Noise Too noisy 1 2 3 4 5 Too quiet

You can write additional feedback on the backsiddé® answering sheet.
Thank you for participating.
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